Applying novel methods to analyze
structure, dynamics and intermediates
of B-lactamases opening new routes for

drug discovery

An der Universitat Hamburg eingereichte
Dissertation
zur Erlangung des Doktorgrades der Naturwissenschaften (Dr. rer. nat.)
an der Fakultat fir Mathematik, Informatik und Naturwissenschaften der
Universitat Hamburg

Fachbereich Chemie

vorgelegt von
Andreas Prester

Hamburg, 2023






Die vorliegende Arbeit wurde im Zeitraum von Mai 2018 bis Dezember 2022 in der
Arbeitsgruppe von Prof. Dr. med. Holger Rohde im Institut fir Medizinische Mikrobiologie,
Virologie und Hygiene am Universitatsklinikum Hamburg-Eppendorf und in der Arbeitsgruppe
von Prof. Dr. rer. nat. Dr. Sc. Christian Betzel im Laboratorium fiir Strukturbiologie von
Infektion und Entziindung am Institut fir Biochemie und Molekularbiologie des Fachbereichs

Chemie der Universitat Hamburg durchgefihrt.

Gutachter
1. Prof. Dr. Dr. Christian Betzel
2. Prof. Dr. Holger Rohde

3. Prof. Dr. Thilo Stehle

Prifungskommission
1. Prof. Dr. Dr. Christian Betzel
2. Prof. Dr. Ralph Holl

3. Dr. Thomas Hackl

Datum der Disputation: 08.12.2023






Publications

Publications

Perbandt, M., Werner, N., Prester, A., Rohde, H., Aepfelbacher, M., Hinrichs, W. & Betzel, C.
(2022). Structural basis to repurpose boron-based proteasome inhibitors Bortezomib and

Ixazomib as B-lactamase inhibitors. Scientific reports, 12(1), 1-12.

Zielinski, K. A.*, Prester, A.*, Andaleeb, H.*, Bui, S., Yefanov, O., Catapano, L., Henkel, A.,
Wiedorn, M.O., Lorbeer, O., Crosas, E., Meyer, J., Mariani, V., Domaracky, M., White, T.A,,
Fleckenstein, H., Sarrou, |., Werner, N., Betzel, C., Rohde, H., Aepfelbacher, M., Chapman,
H.N., Perbandt, M., Steiner, R.A. & Oberthuer, D. (2022). Rapid and efficient room-
temperature serial synchrotron crystallography using the CFEL TapeDrive. IUCrJ, 9(6), 778-
791.

Mehrabi, P., Sung, S., von Stetten, D., Prester, A., Hatton, C. E., Kleine-Doepke, S., Berkes, A.,
Gore, G., Leimkohl, J., Schikora, H., Kollewe, M., Rohde, H., Wilmanns, M., Tellkamp, F. &
Schulz, E. C. (2023). Millisecond cryo-trapping by the spitrobot crystal plunger simplifies

time-resolved crystallography. Nature Communications 14, 2365.

Prester, A., Perbandt, M., Galchenkova, M., Oberthuer, D., Werner, N., Henkel, A., Maracke,
J., Yefanov, O., Hakanpaa, J., Pompidor, G., Meyer J., Chapman, H.N., Aepfelbacher, M.,
Hinrichs, W., Rohde, H. & Betzel, C. (2023). Time-resolved crystallography of boric acid
binding to the active site serine of the B-lactamase CTX-M-14 and subsequent 1,2-diol
esterification. PREPRINT (Version 1) Research Square, (Manuscript submitted for

publication, under review)

*shared first authorship






Table of contents

Table of contents

PUBIICATIONS ...ttt s h e bt e bt et e bt e a bt ea b e eh e e sh e e eh e e sheeshe e be et e e abeeateeabesaaesatesheesheenbeeteen i
TADIE OF CONTENES ...ttt ettt b e s bt e bt e s bt e be e be et e eat e eateeabeshbesbeesbeesaeenbeenbeenbeenbeeatens iii
List OF @DDrEVIAtIONS .. ..ottt b e bt e st et ettt e st e e abesheesbeesaeenbe e be e beeatean Vi
WAV TY: 10 Y0 Y= ) £ 13 U] =PSRRI 1
Y o1 4 - [ot A OO OO O OO OO OO TS SP T OU TP PR URUPURUPRRUPRRPIOt 4
L INEFOTUCTION ..ttt ettt ettt et eht e s bt e e bt e bt e bt e b e e b e et e eabeeabeeabeeateebbesbeesheesbeenbeenbeanbeanteenteas 6
1.1. Antimicrobial resistance and the importance of multidrug-resistant bacterial pathogens.........c.ccccuee...... 6
1.2. Antibiotics and their MOde Of @CtION......cocui ittt 9
1.3. Mechanisms of antimicrobial resSiStanCe. .......cc.eiiiiiiiieriee ettt 14
I I Tot =10 - 1 < J PSPPSRt 19
1.5, B-lactamase iNNIDITOIS ....ccuiiiiiieie et e st e e st esbe e sbeeebeeesaaeenbeeesaseessteesbeenane 26
1.6, X-ray CryStallOgraphy ...cecuii ettt et e s e e te e st e e s beesbeesabaesbeeessaeenseeesaseensteesseennne 30
1.6.1. The meaning and origin of X-ray crystallography .......ccccocveeiiiiiieiiie e e 30

1.6.2. Protein CrystalliZation ......ccc.eiicuii ittt et s be et e s baeereas 33
1.6.3. Conventional single crystal protein X-ray crystallography .......cccceciieiieiiiienieeseeeee e e 35

1.6.4. Serial X-ray crystallography ....c.coccee it b e s baeereas 37
1.6.5. Time-resolved serial crystallography ......cccccuieciiiiieiiiie e 41

2. ATM OF e TN@SIS ..ttt b ettt ettt eeat e e a e e sbtesbeesbeesbeenbeebeenbeenbeeateas 45
3. Materials aNd IMETROMS.........coiuiieieeee ettt ettt ettt ettt e e bt e sbbesbeesbeesbeesbeebeebeeabeeateas 46
B0 IMIAEEIIANS ettt ettt h bt b e b bt ettt et ea bt eat e eh b e eh b e eb e e eheeebe e bt e bt eteeabeeatean 46
300 CREIMICAIS ettt ettt b e bt e bt e bt e be et e et eat e e at e e h e e eh b e e bt e e bt e ehe e nbeenbeebeeteeateeareas 46
3.0.2. CONSUMADIES ...ttt b e b e e bt e bt e bt et e eat e eae e ebeesbeesbeesbeesbeenbeebeeateeateeatens 46
0 S TR Lo TU T o700 [=T 0 ) S PP U PP PPPUPPTPUOPPIOY 47
3.1.4. Buffer, Media and SOIUTIONS ......ccuvveiiiiiiiiciieee ettt e e e e st bb e e e e e s sebaabeeeeeseesssasseeees 49
3.1.5. Molecular WeIght SIZe MArKEIS......ccuiiiiiiiiiiecii ettt e e s e sre e sae e st esbeesbeeesaeeebaeenseeens 53
3.0.6. COMMEICIAN KItS c.nveeneeieeieee ettt et ettt ae e s b e e s bt e s bt e sbeesbeebeebeeabeeaeens 53
I A - - Tot {1 A =1 o] 1Y 1 1o £ SRRSO 53
3.0.8. BACLEITAl SEFAINS c..eeeeeetieieeie ettt et ettt ettt et e e at e eae e e bt e s beesbe e sbeenbeenbe e bt e beeateeateas 54
309, SOTEWAIE ..ttt ettt h e bt b e b e e bt e bt e bt e bt e a et eat e eh e e eh e e eh e e eheeeheeabe e bt e bt ebeeateeateas 55

3.2. Molecular biology and biochemical Methods .........cciiiiiiiiiiiiiiiiieciee e s 56
3.2.1. Agarose el ElEeCtrOPRNOIESIS ...uiiiii ittt ete e e ae e te e s be e st e e s beesbeeeaee e baaenaaeens 56
3.2.2. DNA PCR cleanup and gel @Xtraction ........ccueccvieiieeniieeiiiecies e esiesesaeesite e ste e sbe e saeesbeessaeessbaaenaneens 56
P =TS i g ora o g e =Ty o o SRR OUSP 57
3.2.4. Determination of nucleic acid concentration and PUIILY .....cccccueeriieriieeiiienieesiee e eee e 57
3.2.5. Preparation of chemically COMPELENt E. COli.....ccuuiriiiiiiiieiiiiiie ettt e saae e 58
3.2.6. Transformation of COMPELENt E. COli.....uiovuiiiiiiiiiiiiie ittt ae e saae s 58
3.2.7. Bacterial plasmid DNA iSOIAtioN ........eccueiiiiiiiiiiiieeciee sttt et sre e sae e s e s be e sbeeeaeesbaaenaeeens 58



Table of contents

3.2.8. DINA SEOUEBNCING eieeeiettieeee e e ettt e e e e e e e eeb ettt e e e e e s ubet et eeeeeaaaaasbeeeeeaesasansebaeeaeeeesaasnsaeeeaeesasaannnnnees 59
3.2.9. DNA asSEMDBIY @Nd ClONING «...vvieieiiiieciee ettt ste e s ae e ate e sbeesabe e sbeessbeeeseeesaeansneens 59
3.3. Protein biochemistry IMETNOUS. ........ciiiiiiiieciie et et e e te e st e e s be e sabeesbaeenseas 59
3.3.1. Recombinant gene expression of CTX-M-14 variants in E. COli..........cccuevvuierieeriieesiieesiiieeseeesieesneens 59

IR 0 0= I 1YY TSR UUSP 60
333, DHAlY SIS ettt ettt ettt e e et e e e e—e e e e eb—eeeeatbeeeeaa—eeeeatbaaaeatbeaeaabaaaeaataeeeeantaeaeannraeas 60
3.3.4. Cation-exchange chromMatograpNy ....cccviiiiiiciieiieectee et re e st sbe e st e e e beeebaeenaneens 60
3.3.5. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) .......ccccvivuieriiiiiiieeiieesieesreesreesreeesieeesvaeesaeeens 61
R N SR 1] o] [l oo s ol =T 0 { = o] o FO SRRSO 62
3.3.7. Determination of protein CoNCENTratioN ......ccuiiiieiriie e aeesane e 62
3.3.8. ENZYME KINETIC SSAYS. uteiuriiiuriieiiieiiieeiteeeitteestteesteesteesteesbeesbaesbeeessaeesseesaseessseesnseesnsesenseessenenseeens 63
3.3.9. ENZYME INNIDITION @SSAYS . .uviiiiiiiieieciiee ettt eete e e ettt e e ettt e e e ette e e e tbeeeeetbeeeeeasaeaesatseeeeentaeeeasneeas 63
I 2 TTeT o] o V2 [or= | I Y =Y d o Vo o O SRRUPPR 64
3.4.1. DyNamic light SCAttErING (DLS) ... .eiiiuieeiieiiiiieeiieesieestee st e et eeteeete e e saeesate e sbeessbeesbeesabeesseesseaensneens 64
3.5, Protein CryStalliZation.....c..iicie ittt e et e et e et e s teesareesbaeeareas 65
3.5.1. Sitting drop vapor diffusion crystallization..........ccceecueiiiieiiei e 65
TR Y =YY I o - S SO RRURTOUSRP 65
3.5.3. Batch crystallization for MiCroCrystals.......cueiciiiiieeiciie et e e e aeesane e 66
NI = Vo V) 7 oY ={ =T o o |V SRR 67
3.6.1. Single-crystal X-ray Crystallography.....c.ccocieeciieiieeciee et e ae e naee e 67
3.6.2. Time-resolved serial X-Ray crystallography.......ccceecieiiiiieccii e 67
3.6.2. 1. CFEL TAPEDIIVE - ettt ettt ettt et e ettt e e e e e ettt et e e e e e s abebbeeeeeeeaeannbeeeeaeeeesaannnnneen 68
3.6.2.2. Chip data collection using a combination of HARE and LAMA ...........coceeieiiiieeiieenieesieesieenane 68
3.6.3. Structure solution and refiNE@MENT ...ttt 69
3.6.4. Generation Of POIAEI MAPS ...viicii it e e e s e e be e s be e s beesbeesabeeebeeebeaensneens 70

A RESUILS .ttt ettt h e bttt e bt e bt et e e a b e ea b e ea b e e ae e she e ehe e ehe e bt e bt e b e e ke e be e be et e eateeateeheeehaeebeenbeenbeers 71
4.1. CTX-M-14 expression, purification and characterization ........ccccevveeviieiieeniee e 71
4.2, CTX-M-14 CryStalliZation.....ccccueeiciieeiee et este ettt e e s s te e e sbe e e st e e sateesabeesateessaeenbaeesssaessseessseennne 73
4.3. Stability of CTX-M-14 microcrystals at low PEG8000 CONCENLIatioNS ........eevveeiiveeriieeiiiieriireeseeesveesaeenans 75
4.4, Hydrolysis activity of the CTX-M-14 Crystal.......ccccceeiiiirriiiiiiieeiiteiieesteesteesree e e sresssreesbeeesaaeessseessseesnne 77
4.5. Determination of enzyme KinetiC PAramMELErS .......c.uiiiiciiie ittt e e et e aaeeas 79
4.5.1. Kinetic parameters of CTX-M-14 at various PH ValUES ........cceeeueeiiieeiie et 79
4.5.2. Kinetic parameters of CTX-M-14 at various tEMPEratures......c.cccevcieeeceerieeesieeesreeseeesireessseessseessses 80
4.5.3. Kinetic parameters of CTX-M-14 with various antibiotiCS ......cccccervveeriieiiieccie e, 82
4.5.4. INhibItion Of CTX-IM-14 ..ottt b ettt ettt et e at e satesbeesbeesbeesbeenbeeabeeatens 83
4.6. Time-resolved serial crystallography eXperimeEnts.......occiiicieecir i sae e sre e sae e 85
4.6.1. Serial synchrotron crystallography using the CFEL TapeDIiVe........ccveceeiiieeiieeiieesiee e 85
4.6.1.1. First room temperature structure of inhibitor-free CTX-M-14.........ccccceeeiiiieeciiie e, 85

4.6.1.2. Comparison of CTX-M-14 X-ray structures at room temperature and cryogenic temperature 89



Table of contents

4.6.1.3. Optimization of the measurement environment for the detection of ceftazidime binding to

CTXAMLA ettt h ettt heeh e a et et e s et e bt e aeea e et e besheeb e e atea b et et e sbeeheen b et e besaeeheeneenes 92
4.6.1.4. Time-resolved analysis of relebactam binding processes to CTX-M-14 ......cccccccevvvveveeenveennenn. 98
4.6.1.5. Time-resolved analysis of boric acid binding to Ser70 in the active site of CTX-M-14 ............ 106

4.6.1.6. Time-resolved analysis of glycerol esterification to bound boric acid in the active site of
CTXAML4 ettt h et ettt heehe e st et e be s et eb e e aeeat et e besheeheeatentenbesbeebeeaeententenbesbeeneenean 112
4.6.1.7. Detailed analysis of the steady-state equilibria of boric acid binding and subsequent glycerol
esterification in the active site Of CTX-IM-14 ..ottt 117
4.6.2. Serial synchrotron crystallography using the HARE Chip .....cccoviiiiiiiniee et 122
4.6.2.1. Time-resolved analysis of piperacillin hydrolysis by CTX-M-14 revealing four states including

iSTINCt INTEIMEAIATES. ...ttt ettt st st st sateebeesb e e beenbeeneas 122

T T o U 1Y (o] o PO PP PPRR PPN 133
5.1. Kinetic parameters Of CTX-IMI-14 .......oooiiii ettt e ettt e e e ettt e e e eta e e e e bt e e e eebaeseeasaeeeeabseeeessaeaeannseeas 133
5.2. Significance of the anion BiNdING SILE.......ccciiiiiiiiiii e e sae e sae e 136
5.3. Relebactam binding modes in CTX-M B-laCtamases .........ccueeveeiiieenieerireeniieesiieesereeesieessseeeseaesssseesseesnne 139
5.4. Time-resolved boric acid binding and subsequent esterification ..........ccccoceevveeriee e 142
5.5. Ceftazidime binding Mode in CTX-M-14......cc.uiiiiiiiiiieeiee ettt sre e ste e st e ssbaeesbaeesaaeessaeesaseennne 152
5.6. Time-resolved analysis of piperacillin hydrolysis by CTX-M-14.......cccccoioiiriieiiieeiie e esie e saee e 155

6. CONCIUSION AN OULIOOK ......viiieiteieeee ettt b e bt e b e b et e e be st e sateeaeasbeenbeenbeenees 159
6.1. Time-resolved Crystallography ......c.co i ste e sbe e st essbeeesbeeesaaeessaeesseennne 159
6.2. Important characteristics for B-lactamase iNhIDILOrS........cuvivieiiieiriieieece e 162
6.3. Unraveling the mechanism of action of B-laCtamases ..........cccueeiiiiriiiiiieniee e 164

T REFEIEINCES ...ttt sttt e s bt et e bt e bt e be st e sat e sat e eheeeb e e bt e b e e b e e beeabeeateeateeaeeebeenbeenbeenes 168
i o 01T a Vo [ SRS 191
AL SUPPIEMENTANY fIUIES ..eiiitiieiieeiieeeieestteeeeeerte et st e e ste e s beesbeessbeeebeeesaaeeseeessbeessteessseesateeeseesseeensenans 191
A2. ChemiCals @aNd HAzZards .......ooeoeiiieii ettt ettt ettt st sae e s bt e be e be e besabesabesatesaeesaeenae 196
A2. 1. CREMICALS ..ttt ettt ettt ettt ettt et eeabesbeesutesheesbeesae e beenbeeabeeabesabesabesaeesaeenne 196
A2.2. GHS and RisK SYMDOIS .....ccuviiiiieiiiiciecce ettt te e st e e s be e sbaesebeeessaeesseeesaseennne 200

A2.3. GHS Hazard SEAatEMENTS. ...cccueiiieiietiiiteet ettt ettt ettt st she e bt et et e et eeabesabesaeesaeesaeene 200

A2.4. GHS Precautionary Statements. ... ... e e e e e e e e e e 201

F T I Ao ] T ={ ] Y-SR OUSRP 203
A4, List OF SUPPIEMENTANY fIGUIES...ccuiiieiee ettt e e sae et e e sbe e s teesbeesabeeenseeebaeenseaens 206
AS. LIST OF tADIES ...ttt ettt st she e bt e b et et eabe st e st saeesaeeae 206
Vel [TV =Te F==Y 3 =T Y £ PSPPSR 208
EideSStattliCN@ EFKIGIUNE....ccitiieiee ettt sttt st et e e s e et b e e st e e sabeessbeesabaeesbeeesaeeseaessseensseesnseennee 210



List of abbreviations

List of abbreviations

°C
A
APS
AU
BA
BAB
bp
BSA

CaCl
CAZ

cC
CFEL
CRE
cryoMX
CTX
CTX-M
cv

Da
DBO
DESY
ddH20
DLS
DNA
DTT

E. coli
EDTA
EMBL

Vi

degree Celsius

Angstrom

ammonium persulfate

absorption units

boric acid

boric acid bound

base pair

bovine serum albumin

concentration

calcium chloride

ceftazidime

correlation coefficient

Centre for Free-Electron Laser Science
carbapenemase-producing Enterobacteriaceae
cryo macromolecular crystallography
cefotaxime

cefotaximase, B-lactamase

column volume

diffusion constant

Dalton

diazabicyclooctane

Deutsches Elektronen Synchrotron
double-distilled water

dynamic light scattering
deoxyribonucleic acid

dithiothreitol; (2S,3S)-1,4-disulfanyl-2,3-butanediol
Escherichia coli
ethylenediaminetetraacetic acid
European Molecular Biology Laboratory

molar extinction coefficient



List of abbreviations

ESBL

etal.

KPC

K. pneumoniae
I

LB medium
Li2SO4

m

M

MBL

MDR

MES

MgCl
MgSO4

extended-spectrum B-Lactamase

et alii/et aliae

greek letter eta, dynamic viscosity
gram

glycerol — boric acid ester

Global Harmonized System of Classification and Labelling of Chemicals
glycerol

hour

hydrochloric acid

50 % inhibitory concentration

ion exchange chromatography
isopropyl B-d-1-thiogalactopyranoside
kilo

kelvin

Boltzmann constant

turnover rate

kilodalton

dipotassium hydrogen phosphate
potassium dihydrogen phosphate
Michaelis-Menten constant
Klebsiella pneumoniae carbapenemase
Klebsiella pneumoniae

liter

lysogeny broth medium

lithium sulfate

meter

molar (mol/l)

metallo-B-lactamase

multi-drug resistance
2-(N-morpholino)ethane sulfonic acid
magnesium chloride

magnesium sulfate

Vii



List of abbreviations

ml

mol
min
MISC
MRSA
ms
MW
MWCO
NaCl
NaOAc
NaOH
Na;HPO4
NaH2PO4
NDM
nm
ODeoo
OXA
PAGE
PBP
PBS
PCR
PDB
PEG

pH

RMS
RMSD
RNA
rnm

RT

SAD

viii

milliliter

mole

minute

mix-and-inject serial crystallography
metbhicillin-resistant Staphylococcus aureus
millisecond

molecular weight

molecular weight cut-off

sodium chloride

sodium acetate

sodium hydroxide

sodium phosphate dibasic

sodium dihydrogen phosphate
New Delhi metallo-B-lactamase
nanometer

optical density at 600 nM wavelength
oxacillinase, B-lactamase
polyacrylamide gel electrophoresis
penicillin-binding protein
phosphate buffered saline
polymerase chain reaction

Protein Data Bank

polyethylene glycol

potentia hydrogenii

hydrodynamic radius

root mean square

root mean square deviation
ribonucleic acid

rounds per minute

room temperature

second

single-wavelength anomalous dispersion



List of abbreviations

S. aureus
SAXS
SBL
SDS
SEC
SFX
S04
spp.
SSX

T

TB
TEMED
Tris
TRX
UHH
UKE
uv

VRE

v/v

wat
WHO
XFEL

Staphylococcus aureus

small-angle X-ray scattering

serine B-lactamase

sodium dodecyl sulfate
size-exclusion chromatography
serial femtosecond crystallography
sulfate

species pluralis

serial synchrotron crystallography
temperature

terrific broth medium
N,N,N’,N’-tetramethylethane-1,2-diamine
tris(hydroxymethyl)aminomethane
time-resolved crystallography
Universitat Hamburg
Universitatsklinikum Hamburg-Eppendorf
ultraviolet

volt

vancomycin-resistant enterococci
volume per volume

weight per volume

water molecule

World Health Organization

X-ray free electron laser

relative centrifugal force (rcf), multiples of g (9.81 m/s?)
alpha

beta

gamma

epsilon

micro

Omega

sigma



List of abbreviations

One letter Code Three letter Code  Amino acid
A Ala alanine

C Cys cysteine

D Asp aspartate

E Glu glutamate
F Phe phenylalanine
G Gly glycine

H His histidine

I Ile isoleucine
K Lys lysine

L Leu leucine

M Met methionine
N Asn asparagine
P Pro proline

Q Gln glutamine
R Arg arginine

S Ser serine

T Thr threonine
v Val valine

W Trp tryptophan
Y Tyr tyrosine
Abbreviation Base

A adenine

C cytosine

G guanine

u uracil

T thymine



Zusammenfassung

Zusammenfassung

Das Auftreten und die Verbreitung von Antibiotikaresistenzen stellen eine wachsende
Bedrohung fir die Gesundheit der Menschen dar. Besonders besorgniserregend ist die
Produktion von B-Laktamasen vor allem durch gramnegative Bakterien, da diese Enzyme die
Fahigkeit haben, die wichtigste Klasse von Antibiotika, die B-Laktame, zu hydrolysieren und zu
inaktivieren. Trotz jahrelanger umfangreicher B-Laktamase-Forschung bleiben einige Aspekte
umstritten, besonders der Reaktionsmechanismus und welche Aminosaurereste tatsachlich
an dem Acylierungsmechanismus zur Bildung des Acyl-Enzym-Zwischenprodukts beteiligt
sind.

Gleichzeitig gab es bemerkenswerte Fortschritte auf dem Gebiet der zeitaufgeldsten seriellen
Kristallographie (TRX), die die Beobachtung molekularer Prozesse mit atomarer Auflésung und
in Zeitrdumen von Millisekunden ermoglicht. Diese Arbeit beschreibt einen Ansatz zur
Aufklarung der Katalyse- und Hemmungsmechanismen der Klasse A B-Laktamase mit
erweitertem Spektrum CTX-M-14 aus Klebsiella pneumoniae durch die Anwendung neuartiger
zeitaufgeloster kristallographischer Methoden. Dabei wurden ihre Struktur, Dynamik und
Zwischenprodukte im Komplex mit Substraten, Inhibitoren und Inhibitormodellen bestimmt.
Zundachst wurden Vorversuche durchgefiihrt, um optimale Bedingungen fiir die zeitaufgel6ste
Kristallographie zu ermitteln. Dazu gehodrten die Optimierung der Proteinexpression
und -reinigung, die Herstellung von Mikrokristallen mit der fir die verschiedenen Methoden
geeigneten Grofle und die Bestimmung der kinetischen Parameter des Enzyms. AuRBerdem
musste das am besten geeignete Substrat und die besten Umgebungsbedingungen gefunden
und ein geeigneter Zeitrahmen fir TRX-Experimente abgeschatzt werden. Eine Verringerung
des pH-Wertes von 7.4 auf 3 fihrte zu einer Abnahme der Umsatzzahl kcat um einen Faktor
von 2.5 =5, und eine Verringerung der Temperatur von 28 °Cauf 4 °Cfihrte zu einer Abnahme
von ket um einen Faktor von 2.5. Daruber hinaus wurde eine Zeitreihe mit einem
Lichtmikroskop aufgezeichnet, die die katalytische Hydrolyse des chromogenen B-Laktams
Nitrocefin durch einen CTX-M-14 Kristall im makroskopischen Malstab durch einen
Farbwechsel der Substratlosung zeigte. Damit wurde die enzymatische Aktivitat auch im
Proteinkristall bestatigt.

Das B-Laktam-Antibiotikum mit dem langsamsten Umsatz, Ceftazidim mit kea:=0.9£0.2,

wurde fir erste TRX-Experimente mit dem am CFEL entwickelten TapeDrive an einer



Zusammenfassung

Synchrotron-Beamline (DESY, P11) verwendet. Leider konnte fiir das Ceftazidim-Molekil im
aktiven Zentrum von CTX-M-14 zu keinem der analysierten Zeitpunkte zwischen 62 msund 5 s
eine Elektronendichte beobachtet werden, auch nicht beim Screening verschiedener pH-
Werte. Anschliefend wurden weitere potenzielle Antibiotika-Kandidaten unter Verwendung
des HARE-Chips mit LAMA-Reaktionsinitiierung fur Fixed-Target-TRX an einer Synchrotron-
Beamline (EMBL, P14.2) untersucht, bis schlieBlich Piperacillin als geeignetes Substrat
identifiziert wurde. Unter Verwendung von Piperacillin wurde der Zeitverlauf der
Hydrolysereaktion durch CTX-M-14 mit der Bildung eines Michaelis-Menten-Zustands, eines
kovalenten Acyl-Enzym-Zwischenprodukts und eines Enzymproduktkomplexes innerhalb
eines Zeitrahmens von 2 s — 12 s verfolgt. Diese Reaktion wurde unter Verwendung von TRX
bei 30°C (303 K) beobachtet. Es wurden wesentliche strukturelle Unterschiede zu
bestehenden Proteinstrukturen von inaktiven CTX-M-Mutantenvarianten gefunden, die in der
Proteindatenbank (PDB) hinterlegt sind, insbesondere im Enzymproduktkomplex, was die
groBen Vorteile von TRX mit Wildtyp-Enzymen bei nahezu physiologischen Temperaturen
hervorhebt. Die Unterschiede ergeben sich aus der Tatsache, dass die mutierten Varianten

kinstlich induzierte Veranderungen aufweisen.

B-Laktamase-Inhibitoren sind von grofler Bedeutung, da sie die Aktivitat von B-Laktamasen
hemmen und somit in Kombination mit B-Laktam-Antibiotika zur Uberwindung von
Resistenzen eingesetzt werden kénnen. In einem weiteren Teil der Arbeit wurden die
zeitlichen Abldufe bei der Bindung von Inhibitoren an CTX-M-14 mit dem CFEL TapeDrive
untersucht. Dabei zeigte sich, dass der neuartige Diazabicyclooctan-B-Laktamase-Inhibitor
Relebactam bereits nach 250 ms bei nahezu vollstandiger Besetzung bindet. Unter
Verwendung von Borsaure als vereinfachtes Inhibitormodell fiir eine Klasse von kiirzlich
zugelassenen Boronat-basierten p-Laktamase-Inhibitoren wurde TRX eingesetzt, um
mechanistische Einblicke in die Bindung an das Serin im aktiven Zentrum von CTX-M-14 zu
erhalten, wobei ein Reaktionszeitrahmen von 80— 100 ms ermittelt wurde. In einem
nachfolgenden Reaktionsschritt wurde die anschliefende 1,2-Diol-Borsaureesterbildung mit
Glycerin im aktiven Zentrum in einem Zeitrahmen von 100 — 250 ms beobachtet. Dariiber
hinaus wurde die Verdrangung des entscheidenden Anions im aktiven Zentrum der
B-Laktamase als wesentlicher Bestandteil des Bindungsmechanismus von Substraten und

Inhibitoren bestatigt. Aus diesen Erkenntnissen und dem Vergleich verschiedener Inhibitoren
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konnten besondere Merkmale fiir die Entwicklung neuer B-Laktamase-Inhibitoren identifiziert
werden.

Die gewonnenen mechanistischen Einblicke in die Serin-B-Laktamase-vermittelte Hydrolyse
und ihre Hemmung tragen zu einem besseren Verstandnis der Resistenz bei und liefern
wichtige Informationen fir den Kampf gegen Antibiotikaresistenzen. Darliber hinaus sind
diese Informationen von groRer Bedeutung fir die zuklnftige Entwicklung von B-Laktam-

Antibiotika und B-Laktamase-Inhibitoren.
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Abstract

The emergence and spread of antibiotic resistance represent a growing threat to public health.
Of particular concern is the production of B-lactamases mostly by Gram-negative bacteria, as
these enzymes have the ability to hydrolyze and inactivate the most important class of
antibiotics, the B-lactams. Despite years of extensive B-lactamase research, some aspects
remain controversial, particularly the reaction mechanism and which amino acid residues are
actually involved in the acylation mechanism to form the acyl-enzyme intermediate.
Concurrently, there have been remarkable advances in the field of time-resolved serial
crystallography (TRX), enabling the observation of molecular processes at atomic resolution
and millisecond time frames. This thesis describes an approach to elucidate the catalysis and
inhibition mechanisms of the Class A extended-spectrum serine B-lactamase CTX-M-14 from
Klebsiella pneumoniae by applying novel time-resolved crystallographic methods, thereby
determining its structure, dynamics, and intermediates in complex with substrates, inhibitors
and inhibitor models.

First, preliminary experiments were conducted to find optimal conditions for time-resolved
crystallography. This included optimization of protein expression and purification, production
of microcrystals with the appropriate size for the different methods, and determination of
enzyme kinetic parameters to find the most suitable substrate and environment and to
estimate an appropriate time frame for TRX experiments. A reduction of pH from 7.4 to 3
resulted in a decrease of turnover number ket by a factor of 2.5-5, and a reduction of
temperature from 28 °C to 4 °C resulted in a decrease of ket by a factor of 2.5. Furthermore,
a time series was recorded with a light microscope, demonstrating the catalytic hydrolysis of
the chromogenic B-lactam nitrocefin by a CTX-M-14 crystal on a macroscopic scale by a color
change of the substrate solution. Thus, the enzymatic activity was also confirmed in the
protein crystal.

The B-lactam antibiotic with the slowest turnover, ceftazidime ket =0.9 £ 0.2, was used for
initial TRX experiments at a synchrotron beamline (DESY, P11) using the TapeDrive developed
at CFEL. Unfortunately, no electron density could be observed for the ceftazidime molecule in
the active site of CTX-M-14 at any of the time points analyzed between 62 ms and 5 s, even
when screening different pH values. Then, more potential antibiotic candidates were screened
using the HARE chip with LAMA reaction initiation for fixed target TRX at a synchrotron
beamline (EMBL, P14.2) until finally piperacillin was identified as a suitable substrate. Using
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piperacillin, the time course of the hydrolysis reaction by CTX-M-14 was followed by the
formation of a Michaelis-Menten state, a covalent acyl-enzyme intermediate, and an enzyme
product complex within a time frame of 2 s— 12 s. This reaction was observed using TRX at
30 °C (303 K). Essential differences to existing protein structures of inactive CTX-M mutant
variant structures, deposited at the protein data bank (PDB) were found, especially in the
enzyme product complex, highlighting the major advantages of TRX with wild-type enzymes
at near-physiological temperatures. The differences arise from the fact that the mutant

variants have artificially induced changes.

B-Lactamase inhibitors are of great relevance as they inhibit the activity of B-lactamases and
thus can be used to overcome resistance when combined with B-lactam antibiotics. In another
part of the thesis, the temporal processes during inhibitor binding to CTX-M-14 were
investigated using the CFEL TapeDrive. This revealed binding of the novel diazabicyclooctane
B-lactamase inhibitor relebactam after only 250 ms with nearly complete occupancy. Utilizing
boric acid as a simplified inhibitor model for a class of recently approved boronate-based
B-lactamase inhibitors, mechanistic and structural insights into binding to the serine in the
active site of CTX-M-14 were obtained by applying TRX, identifying a reaction time frame of
80 — 100 ms. In a next step, the reaction time frame of the subsequent 1,2-diol boric acid ester
formation with glycerol in the active site was determined to be within 100 -250 ms. In
addition, the displacement of the crucial anion in the active site of the B-lactamase was
confirmed to be an essential aspect of the binding mechanism for both substrates and
inhibitors. From these experiments and data, and the comparison of several inhibitors,

particular features for the development of new B-lactamase inhibitors could be identified.

The obtained mechanistic insights in serine B-lactamase mediated hydrolysis and its inhibition
contribute to a better understanding of resistance and provide important information for the
fight against antibiotic resistance. Moreover, this information will be of great importance for

future development of B-lactam antibiotics and B-lactamase inhibitors.
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1. Introduction

1.1. Antimicrobial resistance and the importance of multidrug-resistant

bacterial pathogens

The discovery of penicillin in 1929 became one of the greatest milestones in clinical therapy
(Fleming, 1929). However, it took more than 10 years before the structure of penicillin G was
elucidated and large-scale production became possible, so that it entered clinical use in 1940
and helped safe millions of lives (Abraham & Chain, 1940).0nly a few years later in 1945, the
first resistances to penicillin in therapy were already observed (Lewis, 2013).

This was the beginning of an arms race between scientists developing new antibiotics and
microorganisms that already possess, develop, or acquire, and spread diverse resistance
mechanisms through conjugation, transformation, or transduction of the resistance genes.
Usually, bacterial organisms manage to develop resistance within two to three years after the
introduction of a new antibiotic (Davies, 2006). This is particularly evident in the continuous
evolution of B-lactamases under the selection pressure of the frequent introduction of new
penicillins, cephalosporins, carbapenems, and monobactams. Irrational and improper use of
antibiotics has led to the emergence of multidrug-resistant pathogens that are spreading at a
dangerous rate (Jacoby & Bush, 2005). Antibiotic resistance is linked to 1.2 million deaths
worldwide in 2019 (Murray et al., 2022). Based on scenarios for increasing drug resistance, it
is estimated that the number of deaths related to antibiotic resistance could rise to 10 million
per year by 2050 if no action is taken (O'Neill, 2016). While it is nearly impossible to predict
the course of evolving antibiotic resistance, there is a clear trend and without intervention,

this trend is likely to continue.

For a long time, there was no precise definition of what an MDR organism is. Strictly speaking,
multidrug-resistant organisms (MDROs) are referred to as such because they are resistant to
more than one antimicrobial agent in vitro (Magiorakos et al.,, 2012). However, precise
standardized international terminology needed to be defined to improve the comparability of
surveillance data for these MDROs and to better assess their global, regional, and local
epidemiological significance and public health impact (Magiorakos et al., 2012). Thus, as part

of a joint initiative of the European Center for Disease Prevention and Control (ECDC) and the
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US Centers for Disease Control and Prevention (CDC), a group of experts proposed a
systematic approach to defining MDRs and other categories. Epidemiologically significant
antimicrobial categories were established for each bacterium and corresponding lists were
proposed for antimicrobial susceptibility testing (Magiorakos et al., 2012). Accordingly,
multidrug-resistance (MDR) is defined as non-susceptibility to at least one agent from three
or more antimicrobial categories. Extensively drug-resistance (XDR) is defined as non-
susceptibility to at least one agent in all but two or fewer antimicrobial categories. The most
critical classification, pandrug-resistance (PDR), is defined as non-susceptibility to all agents in
all antimicrobial categories. Thus, organisms that are characterized as PDR are always also
characterized as XDR, and these in turn are always also characterized as MDR. (Magiorakos et

al., 2012)

While in recent decades multidrug-resistant Gram-positive bacteria such as methicillin-
resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci (VRE) were the
main cause of nosocomial infections (hospital-acquired infections), since the end of the 20th
century an increasing number of Gram-negative bacteria have been primarily responsible
(Livermore, 2012). These include MDR Gram-negative bacteria such as Acinetobacter
baumannii, Pseudomonas aeruginosa, extended-spectrum B-lactamase (ESBL) producing
enterobacteria, and carbapenem-resistant enterobacteria (CRE) (Laxminarayan et al., 2013;
Teerawattanapong et al., 2017). The MDR enterobacteria are mainly represented by
Escherichia coli and Klebsiella pneumoniae. Enterobacteriaceae are naturally occurring
bacteria of the human bowel flora, but they can also be pathogenic and cause urinary tract
infections, pneumonia, and bloodstream infections (Bevan et al., 2017). The resistance of
these Gram-negative pathogens is mostly based on the production of B-lactamases, enzymes
that degrade or modify B-lactam antibiotics, rendering them ineffective (Drawz & Bonomo,
2010). Due to the increased use of these B-lactam antibiotics, the bacteria have developed
extended-spectrum B-lactamase (ESBL) enzymes that allow them to survive by inactivating a
much broader spectrum of antibiotics like penicillins, cephalosporins and monobactams. This
has severely limited the options in the treatment of infections caused by ESBL-producing
Gram-negative enterobacteria, leaving only the combination with B-lactamase inhibitors or
the use of carbapenems (Laxminarayan et al., 2013). This in turn has led to increased use of

carbapenems and the emergence of carbapenemase-producing Enterobacteriaceae (CRE)
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(Hawkey, 2015). Treatment of infections with these organisms is particularly difficult because
multidrug-resistance often leaves only few options, resulting in high mortality rates. CRE often
have multiple mechanisms of antibiotic resistance such as co-production of ESBLs together
with carbapenemases as well as other mechanisms and are therefore classified as MDR or XDR
Gram-negative bacteria. Recently, an increasing number of clinical isolates have been found
to produce even more than one carbapenemase. Of these, Klebsiella pneumoniae is the most
frequently reported enterobacterial species of CRE (Meletis et al., 2015). Especially the rapid
spread of carbapenemase-producing Klebsiella pneumoniae strains is of concern and
highlights the urgent need for novel therapeutic options (Munoz-Price et al.,, 2013). In
addition, bacteria that produce B-lactamase enzymes can acquire an extended-spectrum of
these enzymes through point mutation during treatment with an antibiotic, resulting in non-
susceptibility and treatment failure (Both et al., 2017). Moreover, the corresponding genes for
the resistance mechanisms are often encoded on plasmids and can thus be easily transferred
to other bacteria (including different bacterial species) by horizontal gene transfer, which

extremely accelerates the spread of resistance and the emergence of MDR (Livermore, 2012).

Having effective antibiotics available has made a variety of medical advances possible in the
first place, including organ transplants, cancer chemotherapy, and complex surgeries. Many
of these procedures would no longer be possible with rising antimicrobial resistance because
patients' risk of infection is increased due to their weakened immune systems (O'Neill, 2016).
This puts pressure on drug development because there is no obvious next line of antibiotics
that can be used against carbapenemase producing bacteria as there was with carbapenems
against ESBL producing bacteria (Livermore, 2012). As a result, an increasing number of
B-lactam/B-lactamase inhibitor combinations are being developed that are also effective

against MDR and especially CRE organisms (Bush, 2015; Yahav et al., 2020; Zhanel et al., 2018).

However, according to a 2019 World Health Organization (WHO) report, the clinical pipeline
remains insufficient to address the challenge of the increasing emergence and spread of
antibiotic resistance (WHO, 2019). One reason for this is that, unfortunately, most large
pharmaceutical companies have withdrawn from the field of anti-microbial drug discovery, so
this work is now mainly done by academic laboratories and small to medium-sized companies

(Hutchings et al., 2019). The development of new antibiotics is difficult, complex and involves
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high costs for clinical trials (Finch et al., 2011; Livermore et al., 2011). Approved antibiotics are
usually only used for a relatively short time for acute infections or can be classified as reserve
antibiotics and thus only used for severe cases of XDR infections (White et al., 2011). This
makes them less profitable than, for example, drugs for the treatment of chronic diseases.

This makes academic research even more important in order to gain new insights into the
mechanisms of antibiotic resistance. Ideally, the new findings can be used for the
development of new antimicrobial substances. The focus on B-lactamase inhibitors is
particularly important because it enables antibiotics that have already been approved to
regain efficacy. However, it should be clear that the emergence of new antibiotic resistance is
practically inevitable, but it is possible to slow it down through responsible use of antibiotics

and development of new therapeutic options (Chawla et al., 2022).

1.2. Antibiotics and their mode of action

As previously mentioned, antibiotics are utilized in the treatment of infections caused by
bacteria. Most antibiotics are either derived from natural products or natural product
derivatives, while some are fully synthetic (see Figure 1) (Hutchings et al., 2019; Newman &
Cragg, 2016). Antibiotics can exhibit bactericidal or bacteriostatic activity, depending on the
specific antibiotic and the targeted bacterial organism (Ocampo et al., 2014; Pankey & Sabath,
2004). Bactericidal antibiotics typically act on the bacterial cell wall, cell membrane, or
essential enzymes, leading to bacterial lysis. In contrast, antibiotics that target protein
synthesis often exhibit a bacteriostatic effect and only prevent bacterial growth. Although the
bactericidal activity of an antibiotic seems preferable to the bacteriostatic, there is little
clinical evidence to support this proposition (Pankey & Sabath, 2004).

In fact, bacteriostatic antibiotics may be beneficial in certain situations, such as when rapid
lysis of bacteria would result in the release of exotoxins and cause toxic shock syndromes, as
occurs in infections with staphylococci and streptococci. In these cases, it has been observed
that a bacteriostatic antibiotic such as clindamycin can effectively fight the infection while
inhibiting exotoxin production (van Langevelde et al., 1997).

Antibiotics are usually classified according to their mode of action, chemical structure, or
spectrum of activity and usually target bacterial functions or growth processes that are not

present in human cells, thus achieving high specificity (Calderén & Sabundayo, 2007).
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Figure 1: Clinically relevant classes of antibiotics are until today mostly derived from natural
sources. From Hutchings et al. (2019).

For example, one mode of action of antibiotics is the inhibition of bacterial cell wall synthesis,
which is essential for both Gram-positive and Gram-negative bacteria (Figure 2). These
antibiotics include the B-lactams, glycopeptides, bacitracin, and fosfomycin. The most
successful class of antibiotics, the B-lactams, target the DD-transpeptidases, also known as
penicillin-binding proteins (PBPs), which are necessary for crosslinking of peptidoglycan
strands and therefore the formation of the bacterial cell wall. The B-lactam moiety of these
antibiotics mimics the terminal D-Ala-D-Ala motif (Tipper & Strominger, 1965) of the nascent
peptidoglycan and therefore acts as an analogue but forms a covalent acyl-enzyme complex
that is stable against hydrolysis and therefore inhibits the transpeptidase. As a result, the
amount of peptidoglycan precursors increases, triggering the activation of autolytic cell wall
hydrolases (autolysins) and leading to lysis and death of the bacteria (Holtje, 1995; Kitano &
Tomasz, 1979; Tomasz, 1979).

The four main classes of B-lactam antibiotics include penicillins, cephalosporins, carbapenems
and monobactams which are based on the four membered 2-azetidinone ring (Figure 3).
However, some pathogens have acquired resistance through expression of B-lactamases,
which are able to hydrolyze the antibiotics and thus render them ineffective as previously
described.

B-Lactam antibiotics are by far the most commonly used drugs to treat bacterial infections
(Hamad, 2010). During 2004 — 2014, the antibiotic class of B-lactams was the most commonly
prescribed injectable antibiotic at 65.24 % (Figure 4)(Bush & Bradford, 2016). According to the

Centers for Disease Control and Prevention (USA), penicillins and cephalosporins were the
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most commonly prescribed oral antibiotics in the U.S. in 2021 with 77.8 million prescriptions
out of a total of 211.1 million (CDC, 2022). This highlights the important role of this class of

antibiotics and the significance of research on resistance mechanisms to them.
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Figure 2: Mode of action of different classes of antibiotics on various bacterial targets.
Adapted from “Antimicrobial Therapy Strategies”, by BioRender.com (2023). PABA:
4-aminobenzoic acid; DHF: dihydrofolate; THF: tetrahydrofolate.
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Figure 3: Core structures of penicillins (A), cephalosporins (B), carbapenems (C) and
monobactams (D) with the B-lactam ring (2-azetidinone) highlighted in red.
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Figure 4: Proportion of prescriptions in the United States for injectable antibiotics by class
(left) and the percentage of B-lactam class used (right) in 2004 — 2014. The percentage of
standard units for the injectable antibiotics: B-lactams 65 %; glycopeptides 9 %;
fluoroquinolones 8 %; macrolides/ketolides 6 %; aminoglycosides 5 %; polymyxins 1 %;
trimethoprim/sulfamethoxazole 0.5 %; tetracyclines (excluding tigecycline) 0.4 %; all other
antibiotics (including daptomycin, linezolid, and tigecycline) 4 %. The percentage of B-lactams
by class: narrow spectrum penicillins 3 %; broad spectrum penicillins 37 %; cephalosporins
47 %; monobactams 2 %; carbapenems 11 %. Adapted from Bush and Bradford (2016).

Some antibiotics, such as polymyxins, colistin, and daptomycin target the membranes of either
Gram-negative or Gram-positive bacteria, causing permeabilization of the outer and inner
membranes, resulting in lysis and cell death. The disruption of the membrane results in the
formation of visible protrusions that facilitate the uptake of molecules that were previously
unable to permeate the membrane (e.g. other antibiotics), as well as the leakage of

periplasmic proteins (Straus & Hancock, 2006; Trimble et al., 2016).

Other antibiotics target the protein synthesis that is essential for bacterial cell function and
survival. These antibiotics inhibit the prokaryotic 70S ribosome by various mechanisms,
preventing the correct translation of mRNA into bacterial proteins.

Prokaryotic 70S ribosomes consist of a large 50S and a small 30S subunit and are very different
from eukaryotic 80S ribosomes consisting of a 60S and a 40S subunit. Both ribosomes differ
not only in size but also in protein composition, which is why antibiotics specifically target
bacterial ribosomes. While tetracyclines bind to the 30S subunit and prevent the entry of
aminoacyl-tRNA into the ribosome, aminoglycosides cause reading errors of the mRNA,
leading to the production of defective proteins (Krause et al., 2016; Mohr, 2016). In contrast,
macrolides, lincosamides and streptogramin antibiotics bind to the 50S ribosomal subunit and

inhibit the protein synthesis by blocking peptide elongation (Tenson et al., 2003; Zhanel et al.,
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2001). Rifampicin, on the other hand, prevents the synthesis of mRNA by inhibiting bacterial
DNA-dependent RNA polymerase (Campbell et al., 2001).

A few antibiotics target the synthesis of bacterial DNA, disrupting the replication and
transcription of DNA and ultimately leading to the death of the bacteria (Newman & Cragg,
2016). Nitroimidazoles, such as metronidazole inhibit nucleic acid synthesis by forming
reactive nitroso species in anaerobic bacteria, disrupting the DNA of bacterial cells (Engleberg
et al., 2007; Freeman et al., 1997). Quinolone antibiotics inhibit the ligase activity of DNA
gyrase and topoisomerase IV while leaving nuclease activity unaffected, resulting in the
release of DNA with single- and double-strand breaks, leading to cell death (Aldred et al.,
2014). DNA gyrase and topoisomerase IV are bacterial enzymes that usually cut DNA and
introduce supercoiling.

Antibiotics can also target the synthesis of folic acid, which is essential for the formation of
nucleic acids. Sulfonamides inhibit the enzyme dihydropteroate synthase in the folic acid
pathway, thus preventing the synthesis of dihydropteroate, a precursor of dihydrofolate (DHF)
(Skold, 2000). The subsequent step in folic acid synthesis can be inhibited by trimethoprim,
that binds to dihydrofolate reductase and inhibits the reduction of dihydrofolic acid (DHF) to
tetrahydrofolic acid (THF) (Brogden et al., 1982).

Unlike bacteria, mammalian cells have a folate uptake system, so they do not require their

own folic acid synthesis and generally do not possess the inhibited enzymes.

The emergence and spread of antimicrobial resistance to classical antibiotics have led to the
investigation of alternative ways to treat bacterial infections. These include new structure-
based drug design in addition to classical natural-product based drug discovery (Ferreira et al.,
2015; Hutchings et al., 2019; Moloney, 2016). Furthermore, antibody treatments, phage
therapy, antisense RNA-based treatments and CRISPR-Cas9-based treatments are also being

developed (Abedon et al., 2011; Ghosh et al., 2019; Theuretzbacher & Piddock, 2019).
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1.3. Mechanisms of antimicrobial resistance

Due to the use of antibiotics to treat bacterial infections, some pathogens have developed
resistance to these drugs. These mechanisms of antimicrobial resistance are as diverse as the
modes of action of antibiotics and the understanding of the molecular processes provide the
essential knowledge for new drug development (Blair et al., 2015). They can be divided into
antibiotic resistance mechanisms of individual bacteria (Figure 5 A), mechanisms that depend

on bacterial communities (Figure 5 B) or on the environment of the bacteria (Figure 5 C).

Mechanisms of individual bacteria include reduced membrane permeability, expression of
efflux pumps, antibiotic target alteration and protection, and most importantly, enzyme-
catalyzed modifications of antibiotics, such as the expression of B-lactamases (Darby et al.,
2022; Drawz & Bonomo, 2010; Llarrull et al., 2010). In some bacterial genera, certain of these
mechanisms occur naturally and therefore provide intrinsic resistance, whereas in other
bacterial genera these mechanisms can be obtained through the acquisition or mutation of
new genetic material, resulting in acquired antibiotic resistance (Darby et al., 2022). The error
rate of bacterial DNA polymerase is low, but in the context of millions of bacterial cells and
rapid generation times, accumulation of mutations in bacterial populations is unavoidable. In
the presence of antibiotics, these mutations can then provide an advantage, for example, if
they enable one of the aforementioned mechanisms, ultimately allowing the mutants to
rapidly dominate in a population, leading to the emergence of resistance (Cook & Wright,

2022). The interplay of multiple molecular mechanisms can result in high levels of resistance.

Starting with reduced permeability, a mechanism of antibiotic resistance that is intrinsic to
some microbes, particularly Gram-negative bacteria that results in reduced drug influx (Figure
5 A). Many antimicrobial agents need to pass through the bacterial cell envelope to reach their
target and thus exert their effect. Since Gram-negative bacteria have a double cell wall,
penetration of the cell envelope is more difficult and thus intrinsic resistance to many
antibiotics, that are otherwise effective for Gram-positive bacteria, is provided (Darby et al.,

2022).
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Figure 5: Individual antimicrobial resistance mechanisms (A) and resistance based on

bacterial lifestyle (B) and environment (C). Created with BioRender.com (2022)

In addition, alteration of the cell envelope due to a reduced number of porins or altered
phospholipid and fatty acid content of the cytoplasmic membrane may impair drug passage
(Mishra et al., 2012). The bacterial membranes provide protection and a barrier function while
allowing the sufficient uptake of nutrients, through various porins. These porins extend across
the membrane, forming pores and allowing for diffusion-driven uptake of hydrophilic
compounds up to a certain size, including some antibiotics like B-lactams (Fernandez &
Hancock, 2012). However, mutations in porin-encoding genes can lead to decreased
expression of porins, a narrower porin channel not suitable for antibiotics, or the complete

loss of some porins, resulting in the development of resistance due to reduced permeability
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(Fernandez & Hancock, 2012). In the development of new active substances, therefore, it is
not only efficacy against the individual target that is important, but more importantly reaching

the target site. (Darby et al., 2022)

Bacteria can not only prevent antibiotics from entering the cell, but also selectively remove
them from inside the cell into the extracellular space via active transport with efflux pumps
(Figure 5 A). All bacteria possess multiple efflux pumps, which transfer a large variety of
harmful compounds, including antibiotics, out of the bacteria (Darby et al.,, 2022) and
generally allow rapid adaptation and survival in challenging environments. These are
transmembrane proteins, which, in contrast to porins, provide energy-dependent transport
of molecules. Because efflux pumps occur naturally in bacteria, they can provide intrinsic
antibiotic resistance, which can have a synergistic effect with the previously mentioned
decreased permeability (Poole et al., 1993). However, the occurrence of a mutation that leads
to an increased expression level of a given efflux pump can result in the acquisition or boost
of resistance to the antibiotics transported by that pump (Fernandez & Hancock, 2012; Salehi
et al.,, 2021). Furthermore, mutations can also lead to improved efflux pump efficiency
(Vettoretti et al., 2009). Since efflux pumps can transport and thus remove multiple classes of
antibiotics, they contribute strongly to MDR. Understanding the molecular mechanisms of
efflux pumps is beneficial for rational development of suitable inhibitors to prevent drug efflux

and restore antibiotic susceptibility (Zwama & Nishino, 2021).

Another mechanism of resistance to antibiotics is the alteration, protection or bypass of the
primary target (Figure 5 A). This is particularly effective because a central component of the
high efficacy of antibiotics relies on specific targeting of bacterial proteins and binding with
high affinity to the main target that has an essential cellular function (Baquero & Levin, 2021).
In case the target is not accessible, either because it has been altered or it is protected, the
antibiotic cannot exert its effect, leading to resistance. For example, one possible type of
resistance to B-lactam antibiotics is achieved by mutations in the penicillin-binding protein
(PBP) that result in decreased affinity of the aforementioned antibiotics (Periasamy et al.,
2020). In addition, the target molecule can be chemically modified to prevent interaction with
the antibiotic. In this way, a resistance mechanism against macrolides works by methylation

of the 16S rRNA, which prevents macrolide binding (Bhujbalrao & Anand, 2019) and therefore

16



Introduction

prevents inhibition of the ribosome. One of the best studied examples of target protection is
tetracycline resistance by Tet(M) and Tet(O) (Munita & Arias, 2016). These proteins belong to
the translational factor superfamily and bind to the ribosome, resulting in an altered
ribosomal conformation that displaces the tetracycline from its binding site and prevents its
rebinding. This allows protein synthesis to resume unhindered. Bacteria are also capable of
evolving new variants of the antibiotic target that perform similar biochemical functions to
the original protein but are not inhibited by the antimicrobial molecule. Key clinical examples
include methicillin resistance of S. aureus due to acquisition of a gene for PBP2a, a PBP that
has low affinity for all -lactams (Munita & Arias, 2016).

The three target-related mechanisms, mutation, protection, and bypass of the target site, can

in combination lead to greatly reduced susceptibility to antibiotics (Darby et al., 2022).

One of the most important resistance mechanisms is mediated by the expression of enzymes
that alter or degrade the antibiotic agent, resulting in inactivation of the antibiotic (Figure 5 A)
(Drawz & Bonomo, 2010; Forsberg et al., 2015). Enzyme-catalyzed inactivation of antibiotics
by hydrolysis is the oldest and the most relevant mechanism since the first use of antibiotics,
with the discovery of a B-lactamase in 1940 (Abraham & Chain, 1940). Thousands of such
enzymes have been identified to date and enable the degradation of various classes of
antibiotics, including B-lactams, aminoglycosides, phenols, and macrolides (Blair et al., 2015).
Particularly noteworthy are the B-lactamases, which are able to inactivate one of the most
widely used classes of antibiotics, the B-lactams. The development of increasingly broad-
spectrum [-lactam antibiotics has also driven the evolution of B-lactamases with an
increasingly extended hydrolysis spectrum (ESBLs), ultimately resulting in the emergence of
bacterial isolates resistant to all available B-lactam antibiotics (Lima et al., 2020; Lynch Il et
al., 2013). In addition, the rapid spread of these B-lactamases via plasmids poses a threat to
the health care system, hence they are discussed in more detail in section 1.4. In addition to
hydrolysis, bacteria have evolved proteins that can modify antibiotics by transferring a
chemical group such as a methyl, acetyl, phosphate, or nucleotidyl group and thus achieve
antibiotic resistance by preventing antibiotic binding through steric hindrance (Blair et al.,
2015). Such antibiotic-modifying enzymes have been discovered for several classes of
antibiotics, including aminoglycosides, macrolides, rifamycins, streptogramins, and

lincosamides (Darby et al.,, 2022). Among the best-known examples is the group of
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chloramphenicol acetyltransferases, which are used as a selection marker on plasmids in
molecular biology. These enzymes transfer an acetyl group to chloramphenicol, thus
preventing binding to the ribosome and conferring resistance to this antibiotic (Roberts &

Schwarz, 2017).

In addition to individual antibiotic resistance mechanisms, particular bacterial lifestyles are
capable of generating resistance to certain antibiotics. This category also includes growth in a
biofilm, a surface-adherent group of bacteria that are enclosed in an extracellular matrix,
making them less susceptible or even resistant to antibiotics (Figure 5 B). This extracellular
matrix is composed of exopolysaccharides, extracellular DNA (eDNA), proteins, and lipids that
compromise antibiotic access to bacteria (Flemming & Wingender, 2010). Enzymes secreted
in the matrix, such as B-lactamases, can degrade antibiotics. Furthermore, the cells in a biofilm
are in different metabolic states, which is why individual cells of the biofilm can survive
antibiotic treatment due to reduced permeability, reduced metabolic activity and therefore
reduced expression of the antibiotic target, and production of persister cells (Darby et al.,
2022).

Many bacterial species can grow in a biofilm, including, for example, Staphylococcus aureus,
Klebsiella pneumoniae, Escherichia coli, Pseudomonas aeruginosa, and Acinetobacter
calcoaceticus (Hall & Mah, 2017; Stewart & Costerton, 2001; Yuan et al., 2020).

Biofilm formation is initiated by the interaction of the bacteria with a surface. With time,
accumulations of multiple cells in small biofilm colonies mature into large macrocolonies.
Subsequently, cells can escape from mature biofilms and then colonize new surfaces (Hall &
Mah, 2017; Petrova & Sauer, 2016). This prevalence and the difficulty of treating biofilms with
antibiotics makes them particularly important in medicine, as they often lead to chronic
infections. In particular, colonization of indwelling medical devices such as prostheses or
pacemakers by S. aureus biofilms threatens many advances in modern medicine and poses a
high risk to patients (Hall & Mah, 2017). It is widely accepted that the basis of antibiotic
resistance due to biofilm formation is multifactorial and the underlying molecular mechanisms
vary depending on the antibiotic, bacterial strain and species, stage of biofilm development,
and biofilm growth conditions (Alhede et al., 2011; Craft et al., 2019; Ito et al., 2009; Stewart,
2015). However, it is clear that survival in biofilms is not based on just one mechanism, but on

a combination of multiple mechanisms (Uruén et al., 2020).
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The environment in which bacteria reside is critical to whether and how antibiotics can affect
them, and thus represents an important mechanism of antibiotic resistance (Figure 5 C). Some
organisms classified as extracellular pathogens have the ability to replicate inside cells. These
include Escherichia coli (Subramanian et al., 2008), Pseudomonas aeruginosa (Heimer et al.,
2013), Staphylococcus aureus (Horn et al., 2018), Yersinia spp. (Pujol & Bliska, 2003) and
several more (Casadevall & Fang, 2020). A good example of this is the adoption of an
intracellular lifestyle by S. aureus in eukaryotic host cells (Flannagan et al., 2016; Lowy, 2000).
S. aureus is a commensal pathogen found on the human skin but is also equipped with
virulence factors and can cause severe infections. The adoption of an intracellular lifestyle by
S. aureus is an important aspect of its pathogenesis, as it allows to evade host immunity and

antibiotics (Soe et al., 2021).

A better understanding of the molecular mechanisms of antibiotic resistance can guide the

development of new strategies to treat infectious diseases and address current health threats.

1.4. B-Lactamases

Since the structure and function of B-lactamases have been extensively studied in this thesis,
these enzymes are addressed in more detail in this separate chapter of the introduction. As
described above, they represent an antibiotic resistance mechanism that ensures the survival
of the bacteria by degrading the drug itself. Expression of these enzymes provides one of the
most important resistance mechanisms, as they cause inactivation of the most widely used
class of antibiotics, the B-lactams (Drawz & Bonomo, 2010; Forsberg et al., 2015). The list of
characterized B-lactamases continues to grow, resulting in the Beta-Lactamase DataBase
(BLDB) reporting over 7,800 different B-lactamase variants (Naas et al., 2017; accessed
12.02.2023). These B-lactamases can be categorized into four Ambler classes (A-D) according
to their sequence (Ambler et al., 1991; Bush, 2013; Bush & Jacoby, 2010; Hall & Barlow, 2005).
Classes A, C and D belong to the serine B-lactamases (SBLs), which have a catalytic serine in
the active site. Class B enzymes, represent the metallo-B-lactamases (MBLs), which have two
Zn-ions facilitating the hydrolysis of B-lactam antibiotics.

The early B-lactamases, also called penicillinases, like some TEM and SHV variants were mainly
active against first-generation B-lactams. To counteract resistance by expression of these

B-lactamases, antibiotic classes have been expanded to include derivatives with improved
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properties and hydrolytic stability. However, simple point mutations in the ubiquitous TEM
and SHV plasmid-encoded bla genes altered key amino acid residues of the active site,
allowing the new enzyme variants to degrade the new derivatives (Bonnet, 2004). These are
a new class of extended-spectrum B-lactamases (ESBLs) that have gained the greatest clinical
importance due to their extended hydrolysis spectrum, which allows them to hydrolyze
penicillins, narrow-spectrum and broad-spectrum cephalosporins and monobactams (Nepal
et al., 2017). Rapid spread on plasmid-encoded bla genes ensured that the ESBLs represent
the most prevalent class of B-lactamases with over 10 enzyme families associated with ESBL,
including CTX-M, SHV, TEM, PER, VEB, BES, GES, TLA, SFO and OXA (Paterson & Bonomo, 2005;
Zhao & Hu, 2013). Apart from the OXA family (class D), all ESBLs belong to Ambler class A and
are particularly widespread in Enterobacteriaceae such as K. pneumoniae and E. coli (Paterson
& Bonomo, 2005). Consequently, class A B-lactamases are the most intensively studied of all

B-lactamases (Tooke et al., 2019a).

Among the ESBLs, the strong increase of CTX-M variants stands out, with CTX-M-14 and
CTX-M-15 being the most widely isolated variants worldwide (Blair et al., 2015; Cantén et al.,
2012; Cantén et al., 2008; Zhao & Hu, 2013). This explosive spread around the world has been
even referred to as the CTX-M pandemic, with CTX-M ESBLs becoming dominant (Cantéon &
Coque, 2006; Livermore et al., 2007). The name of CTX-M B-lactamases is originated from the
highly effective hydrolysis of the oxyimino-cephalosporin cefotaxime (CTX) and the first
reported isolation in Munich (M) (Bauernfeind et al., 1990). CTX-M-14 B-lactamase is also
widely used as a model system for the study of CTX-M structure and function (Brown et al.,
2020; Chen et al., 2005a; Patel et al., 2018; Patel et al., 2017).

CTX-M enzymes were initially described in K. pneumoniae, E. coli, and Salmonella spp. but
rapidly emerged in other Enterobacteriaceae (Cantdn et al., 2012). These B-lactamases
originated from mobilization of chromosomal bla genes from Kluyvera spp. into mobile
genetic elements (Cantén et al., 2008). These blacrx-m genes can be integrated into plasmids
or transposons for effective transfer, which has enabled the rapid dissemination (Coelho et
al., 2010). As a result, CTX-M enzymes have become the most prevalent ESBL in the world and
are considered responsible for a large proportion of cephalosporin resistance in E. coli and K.
pneumoniae (Munita & Arias, 2016). Like other ESBLs, CTX-Ms have diverged from an

evolutionary perspective through point mutations, probably as a consequence of antibiotic
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selection pressure, resulting in at least six main clusters, including the five CTX-M lineage
groups (CTX-M-1-group, CTX-M-2-group, CTX-M-8-group, CTX-M-9-group, CTX-M-25-group)
and one Kluyvera spp. group (KLUC) (Cantdn et al., 2012; D’Andrea et al., 2013). These groups
are distinguished from each other by differences of more than 10 % in amino acid sequence,
while within a group they have only minor allelic variants and less than 5 % differences in
amino acid sequence. The CTX-M-14 lactamase studied in this thesis is a member of the CTX-
M-9 lineage group (D’Andrea et al., 2013). According to the BLDB, 230 CTX-M variants have
now been identified (Naas et al., 2017; accessed 12.02.2023).

The success of CTX-M dissemination is likely to be based on a combination of factors, such as
efficient propagation of the blactx-v genes by mobile genetic elements, the low fitness costs
of CTX-M production, and the high selection pressure caused by the massive use of extended-
spectrum cephalosporins. The CTX-M pandemic has been a key factor in the rapid spread of
resistance to extended-spectrum cephalosporins among enterobacteria. This in turn has
facilitated the use of carbapenems, thus leading to the emergence of carbapenem-resistant
pathogens. Therefore, it is particularly important to address CTX-M B-lactamases in drug
discovery and antibiotic resistance research and to classify them as a major target in infection

control (D’Andrea et al., 2013).

Carbapenems are now becoming the first choice in the treatment of hospital-associated
Gram-negative infections, as they are the only B-lactam antibiotics that are still effective
against ESBL-producing pathogens (Paterson, 2000). However, carbapenem resistance is
mediated by the expression of carbapenemases capable of inactivating a wide range of B-
lactams, including extended-spectrum cephalosporins and carbapenems (Blair et al., 2015).
These enzymes include members of Ambler class A, B and D B-lactamases, are now mostly
plasmid-mediated, and have been reported in Enterobacteriaceae, A.baumannii, and
P.aeruginosa (Queenan & Bush, 2007; Tzouvelekis et al., 2012). Especially important
representatives are Klebsiella pneumoniae carbapenemases (KPC; class A), New Delhi metallo-
B-lactamases (NDM; class B), and oxacillinases (OXA-48 type; class D), which are spreading
worldwide and therefore become a major concern in clinical therapy (Tooke et al., 2019a). In
2017, WHO published a list of priority pathogens for research and development of new
antibiotics. All three bacterial species listed in the highest category "Priority 1: Critical" exhibit

carbapenem resistance (Tacconelli et al., 2018; WHO, 2017). A better understanding of ESBLs
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and new agents against them, as an alternative to carbapenems, may slow the spread of
carbapenem resistant bacteria by reducing the need to use carbapenem antibiotics. Since
there are currently no last resort drugs against carbapenemase-producing bacteria,
combinations of B-lactam antibiotics with B-lactamase inhibitors are becoming increasingly
important (see section 1.5).

B-Lactamases hydrolyze the amide bond of the B-lactam ring, degrading the drug (Darby et
al., 2022). A proposed general mechanism of a serine B-lactamase is shown in Scheme 1. All
three serine B-lactamase classes (Ambler class A, C, and D) use an acylation and deacylation

mechanism via an acyl-enzyme intermediate for the hydrolysis of B-lactams (Scheme 1).
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Scheme 1: Overview of the proposed general serine B-lactamase acylation (A-C) and
subsequent deacylation (C-E) mechanism for hydrolysis of a generic penicillin substrate. The
acylation reaction begins with the convergence of enzyme and substrate into a non-covalent
Michaelis complex (A). Subsequently, a general base activates Ser70 for a nucleophilic attack
on the amide carbonyl carbon atom (atom C7), resulting in a tetrahedral acylation transition
state (blue, B). The transition state is resolved by formation of a covalent acyl-enzyme
intermediate (C). For the deacylation step, a general base activates the catalytic/deacylating
water molecule for a nucleophilic attack on the acyl-enzyme carbonyl carbon atom (C),
resulting in a tetrahedral deacylation transition state (D) that finally releases the hydrolyzed
penicilloate product after hydrolysis (E). The identity of the general base varies between the
different B-lactamase classes and may also vary in the acylation or deacylation mechanism
(Chen et al., 2007; Tooke et al., 2019a; Vandavasi et al., 2016).
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This mechanism is reminiscent of that of serine proteases and indeed they possess similar
structural key features. The catalytic serine is activated by a general base and performs a
nucleophilic attack on the carbonyl carbon atom of the scissile B-lactam-amide bond, resulting
in the acyl-enzyme intermediate via a tetrahedral transition state. Resolution of the acyl-
enzyme involves activation of a catalytic/deacylating water by a general base to hydrolyze the
ester bond. The three Ambler classes differ substantially in their amino acid sequence and
therefore it is not surprising that they also differ in the mechanistically relevant identities of
the bases and precise interactions of these (Tooke et al., 2019a). Furthermore, it is not clear
which amino acid residues actually act as the general bases. Thus, the exact mechanism is still
debated since the 1990s.

In the class A B-lactamases investigated in this study, activation for nucleophilic attack of Ser70
is mediated by either Lys73 or Glu166 via a water molecule (Tooke et al., 2019a). As early as
the 1980s, Fourier transform infrared (FTIR) spectroscopy first indicated an acyl-enzyme
intermediate for class A B-lactamases, and initial mutagenic studies replacing the active site
serine have clearly demonstrated that Ser70 is involved in the hydrolysis of B-lactam
antibiotics (Chen et al., 1996; Fisher et al., 1980). Moreover, the role of Ser130 as a general
acid in the transfer of a proton to the B-lactam nitrogen of the substrate during acylation is
well established (Scheme 1 B) (Galleni et al., 1995; Tooke et al., 2019a).

However, there has been controversy regarding the involvement of Lys73 and Glul66 in the
hydrolysis mechanism of class A B-lactamases resulting in two main proposals that have been
put forward (Majiduddin et al., 2002; Tooke et al., 2019a). They differ mainly in which of the
two conserved amino acid residues, Lys73 or Glul66, acts as a general base in the acylation
mechanism and thus activate Ser70 for nucleophilic attack on the B-lactam carbonyl carbon.
In contrast, for the deacylation mechanism, there is agreement that Glu166 provides optimal
conditions for deacylation of the enzyme-substrate complex via a water molecule (Fisher et
al., 2005; Tooke et al.,, 2019a). Both acylation mechanism proposals are supported by
experimental evidence from biochemical and crystallographic studies of enzyme mutant
variants, as well as by modern computational simulations (Tooke et al., 2019a). In particular,
high-resolution crystal structures of native enzymes as well as covalent enzyme substrate
complexes obtained by X-ray or neutron diffraction provide direct evidence for protonation
states in the active site of B-lactamases and thus about possible hydrogen bonds and proton

transfers involved in the reaction mechanism.
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Support for the involvement of Glul66 as a general base for acylation is provided by high-
resolution X-ray and neutron diffraction structures of native CTX-M enzymes, showing that
Glul66 is linked to Ser70 through a conserved water molecule by a hydrogen bonding network
(Scheme 2 B) (Tooke et al., 2019a). Moreover, in these native structures, Lys73 is present in
the protonated state and therefore unable to activate Ser70 (Scheme 2 A) (Chen et al., 2007;
Tomanicek et al., 2011). This is also confirmed by combined quantum mechanical/molecular
mechanical (QM/MM) studies on TEM-1 class A B-lactamase, according to which no stable
species with neutral Lys73 and protonated Glu166 were observed in the simulations (Hermann
et al., 2005; Hermann et al., 2009; Hermann et al., 2003).

Support for Lys73 acting as a general base for acylation is provided by mutational studies at
the Glul66 position, as these mutant variants were able to form stable acyl-enzyme
complexes but were unable for deacylation (Adachi et al., 1991; Guillaume et al., 1997,
Strynadka et al., 1992). This is consistent with the essential role of Glu166 in the deacylation
reaction but indicates the presence of an acylation mechanism via Lys73 (Fisher et al., 2005;
Tooke et al., 2019a). X-ray and neutron diffraction structures of these Glu166 mutant and
substrate acyl-enzyme complexes show that Lys73 is neutral/deprotonated and therefore able
for activation of Ser70 (Pan et al., 2017; Vandavasi et al., 2017). This indicates that the binding
of the substrate can sufficiently lower the pKs of Lys73 side chain and thus deprotonate it
(Scheme 2 C) (Tooke et al., 2019a). Further studies with alanine mutants of Lys73 showed that
formation of an acyl-enzyme complex was impaired but formation of a non-covalent Michaelis
complex was obtained, indicating an essential role of Lys73 in acylation (Tremblay et al., 2010).
An ab initio QM/MM study of TEM-1 with penicillin supports the competitive coexistence of
both a Lys73-dependent and a Glul66-dependent pathway (Meroueh et al., 2005). Another
study demonstrated ligand-induced proton transfer using an acylation transition state
analogue, revealing a low barrier hydrogen bond between Lys73 and Ser70 for stabilization

(Scheme 2 C) (Nichols et al., 2015).
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Scheme 2: Two potential acylation mechanisms of class A B-lactamases with either Lys73 or
Glul66 acting as the general base for activation of Ser70, as proposed by several studies. (A)
The active site of the native protein shows protonated Lys73 and deprotonated Glul66.
Activation of Ser70 for nucleophilic attack on the amide carbonyl carbon atom of B-lactam
then occurs either by (B) Glu166 via a water molecule or by (C) Lys73 after the protonation
states have changed due to substrate binding and Lys73 has become neutral. This forms a
tetrahedral acylation transition state (blue, D), which is resolved by protonation of the amide
nitrogen by Ser130 resulting in the acyl-enzyme intermediate (E) (Tooke et al., 20193;
Vandavasi et al., 2016).
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Despite the wealth of information on the mechanism, no clear conclusion can yet be drawn as
to which of the two possible bases, Lys73 or Glu166, is ultimately responsible for the activation
of the catalytic Ser70. This is due to the fact that mainly mutant variants or artificial substrate
analogues have been used for structural characterization resulting in altered hydrogen
bonding networks compared to the wild type enzyme or genuine substrates. Furthermore,
QM/MM simulations are sensitive with respect to the initial model and the respective QM

method.

Recent advances in fast-mixing technologies and the availability of X-ray free-electron lasers
as well as bright X-ray synchrotrons facilitate the application of time-resolved serial
femtosecond crystallography (TR-SFX) and time-resolved serial synchrotron crystallography
(TR-SSX) (Martin-Garcia et al., 2016; Schulz et al., 2022). This eliminates the need for
catalytically defective mutant variants and artificial substrate analogues to capture
mechanistically relevant but transient reaction states. In particular, the major medical impact
of B-lactamases and the rapid spread of antibiotic resistance have led first groups to conduct
such studies on B-lactamases (Kupitz et al., 2017; Olmos et al., 2018; Schmidt et al., 2023;
Wiedorn et al., 2018; Mateusz Wilamowski et al., 2022; Zielinski et al., 2022). However, the
great diversity of B-lactamases and B-lactam antibiotics requires a comprehensive analysis of
several B-lactamase enzyme and substrate classes to allow any general conclusions to be

drawn.

1.5. B-lactamase inhibitors

Many B-lactam antibiotics are used in combination with B-lactamase inhibitors (BLI) such as
tazobactam or avibactam because multidrug resistant bacteria will develop resistance to all
B-lactam antibiotics unless the enzyme is inhibited (Craig & Andes, 2013; Takeda et al., 2007;
Zhanel et al., 2014). Blocking resistance mechanisms by inhibiting resistance elements, such
as B-lactamases, is a proven therapeutic strategy in medical practice (Wright, 2011). The
development of BLIs enables already approved antibiotics to restore efficacy to otherwise
resistant pathogens when combined with an inhibitor (Gonzalez-Bello et al., 2019). These
inhibitors are able to effectively acylate most serine-B-lactamases and form long-lived acyl-

enzymes, thereby blocking the B-lactamase function.
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The first generation B-lactam-based B-lactamase-inhibitors clavulanic acid, sulbactam and
tazobactam were approved in the 1980s and 1990s (Bush & Jacoby, 2010; Vena et al., 2019;
Watkins et al., 2013) but they only inhibit a subset of serine B-lactamases and are increasingly
susceptible to evolved resistance. They act irreversibly and form a stable acyl-enzyme complex
with serine B-lactamases. Even most extended-spectrum B-lactamases (ESBLs) are inhibited
by B-lactam inhibitors, making the clinical use of classic B-lactam/B-lactamase inhibitor (BLBLI)
combinations such as amoxicillin-clavulanic acid, ampicillin-sulbactam, and piperacillin-
tazobactam effective against ESBL producers in the absence of other resistance mechanisms
(Paterson & Bonomo, 2005; Pitout & Laupland, 2008; Rodriguez-Bafio et al., 2018).

However, expression of multiple B-lactamases can impede therapy with classic BLBLIs as
demonstrated in a Klebsiella pneumoniae isolate expressing CTX-M and OXA enzymes (Both
et al., 2017).

The susceptibility of B-lactams and B-lactam-based inhibitors to B-lactamases has long sparked
interest in the development of non-B-lactam inhibitors. A notable recent advance was the
discovery of diazabicyclooctanes (DBO) such as avibactam and relebactam, which were
approved in 2015 and 2019, respectively (Andrei et al., 2019; Liscio et al., 2015). Unlike
previous inhibitors, these non-B-lactam BLIs bind in a reversible way that the active BLI can be
released after re-cyclization and thus can inhibit additional B-lactamases. They exhibit broader
specificity than previous BLIs and can inhibit Ambler class A (including KPC), C and D serine
B-lactamases, but not class B metallo-B-lactamases (Bush & Bradford, 2016).

However, as the clinical incidence of metallo-B-lactamases increased, the identification of
effective inhibitors targeting these enzymes became more important (Mojica et al., 2022;
Wright, 2011). This resulted in the development of another new class of BLls represented by
boronate-based compounds such as vaborbactam and taniborbactam (Hecker et al., 2015;
Krajnc et al., 2019). The inhibitory effect of boronic acid derivatives on serine proteases has
long been known and served as a basis for the study of similar effects on serine B-lactamases,
because the active sites of these enzymes share the same key structural features required for
the catalytic mechanism (Nakatani et al.,, 1975). Subsequently, inhibition of serine
B-lactamases by various boronic acid derivatives was demonstrated as early as the 1980s
(Beesley et al., 1983; Cartwright & Waley, 1984; Kiener & Waley, 1978). Additionally, boric
acid itself is known to function as a reversible competitive inhibitor of serine-B-lactamases

(Beesley et al., 1983; Kiener & Waley, 1978).
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Nevertheless, it took until 2017 for Vabomere (meropenem-vaborbactam combination), the
first inhibitor in this class and the first carbapenem/B-lactamase-inhibitor combination with
activity against carbapenemases in CRE infections, to actually be approved for clinical use by
the FDA (Lee et al., 2019). Boronate-based inhibitors are of particular interest for two reasons.
First, Boron has the ability to mimic the tetrahedral transition state of the catalytic reaction
mechanism of serine B-lactamases, and second, unlike their predecessors, these BLls can also
inhibit some clinically important metallo-B-lactamases (Krajnc et al., 2019).

Moreover, the application of 3-aminophenylboronic acid as a potentiator in disc diffusion
sensitivity assays facilitates the identification of Klebsiella pneumoniae carbapenemase (KPC)-
type B-lactamase positive isolates. This compound enhances the inhibition zone diameter on
the agar plate, enabling differentiation from isolates that produce other types of B-lactamases
(Doi et al., 2008; Prester et al., 2023).

Because of these properties, further investigation and optimization on boronate-based BLIs is
certainly of high relevance. The ability to repurpose inhibitors of protease enzymes, such as
the boronate based proteasome inhibitors bortezomib and ixazomib to inhibit serine
B-lactamases, supports the particular importance and potential of boronate-based BLls
(Perbandt et al., 2022). In addition, an increasing number of these boronate-based BLIs have
recently been investigated (FDA.gov, 2018; Hecker et al., 2015; Krajnc et al., 2019; Lomovskaya
et al., 2017), such as mono- and bicyclic boronates that provide inhibition of carbapenemases
like KPC-2 B-lactamase (Tooke et al., 2020). This is particularly important as the development
of new BLIs is crucial for the treatment of extensively or pandrug-resistant pathogens due to

the continued emergence of extended-spectrum B-lactamases and carbapenemases.
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Figure 6: Chemical structures of several B-lactamase inhibitors. The classic B-lactam-based
inhibitors clavulanic acid, sulbactam, tazobactam, the diazabicyclooctane inhibitors avibactam
and relebactam, the monocyclic and bicyclic boronic acid derivative inhibitors vaborbactam
and taniborbactam, as well as the proteasome inhibitors bortezomib and ixazomib are shown.
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1.6. X-ray Crystallography

1.6.1. The meaning and origin of X-ray crystallography

The correlation of regulation, mechanism, and function of proteins with their atomic
molecular structure has become a major interest in modern biochemistry and molecular
biology (McPHERSON, 1991). Understanding these complex relationships is essential for the
understanding of biological systems in detail and for many practical applications such as
disease prevention and treatment in modern medicine, including antibiotic resistance
management.

Proteins represent by far the most important molecules in the biological world, and their
function is often closely related to the atomic structure and the interaction with other
biological components (Yang et al., 2015). Insights into the atomic structure allow conclusions
to be drawn about the specificity of active sites and binding sites, providing valuable
information for biotechnological and medical research, such as structure-based drug design
(Ferreira et al., 2015). Proteins are built from a set of only 20 standard proteinogenic amino
acids (excluding selenocysteine and pyrrolysine) that differ chemically only in their side chains.
Nevertheless, the wide variety of compositions in a primary chain allows for tremendous
structural diversity and variety of proteins. Thus, proteins can handle important tasks in many
parts of cellular life, such as enzymatic catalysis of reactions in metabolism as well as in DNA
replication. Proteins are also an important component of the immune system, are involved in
cell signaling and signal transduction, and can form transport proteins or structural proteins
necessary for cellular integrity. Because proteins are generally too small to observe with a light
microscope, various alternative methods have been developed to determine the unique
three-dimensional structure of proteins and thus also to draw important conclusions about
their function and how it can be affected. These methods include X-ray crystallography
(Kendrew et al., 1958; Shi, 2014), electron crystallography (Shi et al., 2013), neutron
crystallography (Blakeley et al., 2008; O'Dell et al., 2016), X-ray scattering methods (SAXS)
(Lipfert & Doniach, 2007; Mertens & Svergun, 2010), cryo-electron microscopy (Danev et al.,
2019; Garcia-Nafria & Tate, 2020; Yip et al., 2020) and nuclear magnetic resonance
spectroscopy (NMR) (Cavalli et al., 2007; Kay, 2011).
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To date, X-ray crystallography is the most widely used method for the determination of three-
dimensional protein structures with atomic resolution for proteins of any size. Thus, about
85.7 % of the more than 202.764 structures in the Protein Data Bank (PDB) have been
elucidated by this method (Berman et al., 2000; RCSB.org on 27.03.2023). However, it should
be noted that cryo-EM has caught up in the number of PDB structures published annually in
recent years. For example, in 2022, 4113 new structures were determined using cryo-EM,
which is almost half the number of the 9846 structures determined using X-ray crystallography
(Berman et al., 2000; RCSB.org on 27.03.2023). Despite the many entries of already solved
structures in the PDB, we are far from knowing the structure, let alone the function, of all
known proteins. Recently developed deep learning algorithms like the neural-network based
system AlphaFold are trained with the existing database of protein structures and can predict
unknown three-dimensional structures of proteins based on their amino acid sequence with
relatively high precision (Jumper et al., 2021). Current limitations of these algorithms are the
prediction of interactions with protein partners, multimers and post-translational
modifications. In addition, the prediction of interactions with metal ions, cofactors and
ligands, which is a very crucial part of structural biology and crystallography, is still limited.
However, the latest research indicates that this could also be possible at some point (Evans et

al., 2022; Hekkelman et al., 2023).

X-rays were discovered by Wilhelm Conrad Rontgen in 1895 and have been fundamental to
the investigation of molecular processes and atomic structures ever since (Rontgen, 1895). In
1912, Max von Laue and colleagues confirmed that X-rays are a form of electromagnetic wave
radiation by exposing a copper sulfate crystal with X-rays and observing the resulting
diffraction pattern of well-defined spots (Friedrich et al., 1913).

Crystals are regular arrangements of atoms. When exposed to X-ray waves, they scatter them
mainly through their electrons, which generate secondary spherical waves by elastic
scattering. Since the scatterers (electrons) are regularly arranged in a crystal, they also
produce a regular array of spherical waves. These waves cancel each other out in most
directions by destructive interference, but in some specific directions, determined by Bragg's
law, they add constructively. This fundamental discovery was made by Henry and William
Bragg (Bragg & Bragg, 1913; Bragg, 1912), allowing information about the three-dimensional

structures of any crystallized molecule to be obtained from the diffraction pattern. Therefore,
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the arrangement in a crystal acts like an amplifier of the signal. The waves with constructive
interference appear on a detector/film as spots called reflections or Bragg peaks, resulting in
a diffraction pattern.

Father and son Bragg interpreted the diffraction patterns as the result of reflections of X-rays
from the evenly spaced planes of the crystal. They derived the previously mentioned Bragg’s
law from these findings as a special interpretation of Laue diffraction, where specular
reflected waves from the various crystal lattice planes interfere constructively at specific

incident angles and wavelengths:

nl = 2dsiné

Equation 1: Bragg’s law for constructive interference in X-ray diffraction.
Where n is any integer, A is the wavelength of the beam, d is the distance between diffracting
crystal planes and @ is the incidence angle of the beam.

They found that the diffraction phenomenon could be considered geometrically as shown in
Figure 7. The Bragg condition for constructive interference of X-ray waves by scattering in a
crystal is then obtained as follows: The crystal is considered as crystal planes uniformly
distributed with the spacing of d. When an X-ray wave with the incident angle 6 hits the
crystal, it is specularly scattered by the electrons of the atoms of the individual crystal planes.
In Figure 7 this is exemplarily shown with 2 atoms A and B. Wave 2 obviously passes a longer
distance (by CB and BD) than wave 1. Based on the geometric consideration of the path-
difference, two right triangles in the form of ABC and ABD can be formed and the sides CB and
BD can be calculated by d sin 8 respectively. Wave 2 thus travels a distance 2d sin 8 longer
than wave 1. If this path-difference is a multiple n (any integer) of the wavelength A, then the
two waves arrive in phase at the detector and thus have constructive interference and
contribute to the diffraction pattern. In such a case the Bragg condition from Equation 1 is
fulfilled. Using this method, William Henry Bragg and William Lawrence Bragg succeeded in
solving the first crystal structure on an atomic level, which was that of a sodium chloride
crystal (Bragg & Bragg, 1913). With this technique, it was possible for the first time to
determine the atomic bond distances and bond angles, making this method one of the biggest
breakthroughs in scientific research. Nevertheless, it took several years before the atomic
structure of the first protein, sperm whale myoglobin, was solved in 1958 (Kendrew et al.,

1958).
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Figure 7: Schematic representation of Bragg diffraction. Where A is the wavelength of the
beam, d is the distance between diffracting crystal planes and 8 is the incidence angle of the
beam.

1.6.2. Protein crystallization

To determine a protein structure by X-ray crystallography, a protein crystal has to be grown
first. Crystallization is a phase transition phenomenon that can be visualized by a phase
diagram, which indicates the state of the protein (liquid, crystalline, or precipitate) under a
variety of crystallization parameters (Figure 8). Crystallization is so complex because it is not
possible to know the individual conditions of the phase diagram in advance. Ultimately, it also
represents only a small part of the parameters relevant to crystallization.

The phase diagram shows an undersaturated area, where the protein is fully soluble, and a
supersaturation area, that can be divided into three zones represented by the precipitation
zone, where proteins form amorphous aggregates, the nucleation zone, where both
nucleation and growth of crystals occur, and the metastable zone, where only crystal growth
is sustained. Various techniques are used to reach the nucleation zone, which is crucial for
crystallization. The most commonly used techniques include (A) batch, (B) vapor diffusion, (C)
dialysis, and (D) free-interface diffusion (Figure 8) (Chayen & Saridakis, 2008). In the batch
process, protein solution and crystallizing agent are mixed to directly reach the nucleation
zone and allow crystal nucleation and growth to occur. Vapor diffusion is the most widely used
method of crystallization. A drop of the protein solution is mixed with the crystallizing agent
and equilibrated in a sealed chamber (e.g., sealed 24 well plate) against a reservoir containing
the crystallizing agent at a higher concentration than in the drop. The advantage of this

method is that both the concentration of protein and crystallizing agent increase over time
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due to vapor diffusion, and thus a larger overall area of the phase diagram is covered. This
increases the probability that the nucleation zone will be reached. The dialysis method
separates the protein solution from the solution containing the crystallizing agent by a
semipermeable membrane. Thus, the concentration of the crystallizing agent in the
crystallization solution is slowly increased, while the protein concentration remains constant
until the nucleation zone is eventually reached. Free interface diffusion is a technique in which
the protein and crystallizing solutions are positioned side by side and a concentration gradient
that changes with time is established by slow diffusion of the solution into each other.
However, not all methods always lead to protein crystals, as it can also happen that the

nucleation zone cannot be reached at all or only with a certain method.
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Figure 8: Schematic representation of a phase diagram depicting the kinetics of protein
crystallization of the four main techniques (A) batch, (B) vapor diffusion, (C) dialysis, and (D)
free-interface diffusion. The state of the protein is shown depending on the concentration of
the protein against the crystallization parameters. A protein solution becomes
supersaturated, when it is pushed above its solubility limit by increasing the concentration of
the protein and/or the crystallizing agent. Each crystallization technique involves a different
pathway to reach the nucleation and metastable zones. The colored circles represent the
starting conditions with two alternative starting points for dialysis and free-interface diffusion
as the starting solution can contain either protein alone or protein already mixed with the
crystallizing agents. Adapted from Chayen and Saridakis (2008).
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1.6.3. Conventional single crystal protein X-ray crystallography

Conventional single crystal protein X-ray crystallography, often referred to as macromolecular
X-ray crystallography (MX), generally provides static snapshots of systems at equilibrium
(Brandén & Neutze, 2021). X-rays relevant for protein crystallography are in a wavelength
range of ~0.8 — 2.3 A (Rupp, 2009). Originally, sealed vacuum tubes like the Coolidge tube were
used as X-ray sources (Coolidge, 1913). For this, a filament cathode and an anode were located
in a sealed vacuum tube. When a high voltage current was applied, electrons generated at the
cathode accelerated to the anode and emitted X-rays upon collision. Due to the high stress on
the anode, this method was later improved by using a rotating anode target that rotates at
high speed to efficiently distribute and dissipate the generated heat. This allowed the use of
higher energies and thus the emission of X-rays with higher intensities. Such X-ray sources are
still frequently used nowadays as in-house sources and thus allow simple X-ray crystallography
experiments in the laboratory. However, the intensity of these X-rays is much lower than that
of a synchrotron and the emitted wavelength is fixed by the choice of the rotating anode

material.

In conventional X-ray crystallography, synchrotrons are currently the X-ray source of choice
for obtaining the best diffraction data from protein crystals. These are facilities that accelerate
bunches of electrons with several GeV in energy and maintain them in a storage ring. Electrons
are kept in orbit by bending magnets. The resulting acceleration causes the electrons to emit
intense polychromatic radiation from soft UV to hard X-rays at a defined angle tangential to
the ring. Monochromators can then be used to selectively pass the wavelength required for a
particular experiment. Due to the high intensity of X-rays generated by modern 3rd generation
synchrotron sources, radiation damage of crystals has become a major concern. Therefore,
almost all conventional single crystal X-ray crystallography experiments are nowadays
performed under cryogenic conditions to minimize radiation damage (Garman & Schneider,
1997; Rupp, 2009). Upon sample freezing, ice crystals can form, creating strong diffraction
patterns that can contaminate the diffraction pattern of the protein crystals (Rupp, 2009). To
prevent ice crystal formation during freezing, it is necessary to apply a cryoprotectant to the
crystals beforehand (Pflugrath, 2015). The choice of cryoprotectant must be determined in

advance.
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In conventional protein crystallography, a single protein crystal with dimensions typically in
the order of 50 um — 500 pum is mounted on a goniometer and exposed to an X-ray beam to
collect diffraction patterns (Figure 9) (Hunter et al., 2011). During this procedure, the crystal
is kept at cryogenic temperature and rotated in the X-ray beam to obtain a complete dataset.
At modern synchrotron facilities such as PETRA IIl (DESY, Hamburg, Germany), a complete
dataset can be collected in a few minutes.

After diffraction data collection, the data is processed, which starts with the determination of
the crystal system and the unit cell dimensions as well as the orientation of the crystal in the
beam. Then each spot of the diffraction pattern is indexed and the intensity is measured. The
intensity of the diffracted spots depends on both the amplitude and the phase difference of
the diffracted waves (Smyth & Martin, 2000). The amplitude and phase can be used to
determine the structure factor, a parameter from which an electron density map can be
calculated that provides information about the arrangement of atoms in the unit cell. While
amplitudes can usually be calculated using the square root of the intensity, the phase
information cannot typically be obtained directly from the diffraction data, which represents
a fundamental limitation in macromolecular crystallography.

The most common method for solving the phase problem is molecular replacement, which
requires the availability of an already known homologous protein structure (Rossmann, 1990).
The method involves the reverse crystallographic calculation. Thus, the phases are extracted
from the structure factors of the known coordinates and applied to the new dataset to
calculate the new structure factors. Therefore, this method always introduces a bias towards
the molecular replacement model.

An alternative method for structures where no homologues are known is isomorphous
replacement, where a dataset of a native crystal and a dataset of a derivative crystal with
introduced heavy atoms are collected (Ke, 1997; Otwinowski, 1991). The differences in the
scattering amplitudes can then be used to calculate the phases.

Another alternative is anomalous X-ray scattering (Multi-wavelength anomalous diffraction,
MAD or single-wavelength anomalous diffraction, SAD), which is used to determine the phase
and the substructure of the anomalously diffracting atoms and thus the phase for the entire
molecule (Hendrickson et al., 1985; Hendrickson & Teeter, 1981). Often seleno-methionine,
which has a different scattering power, is used to introduce anomalous scattering atoms into

protein crystals.
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With the obtained amplitudes and phases, the structure factors can then be calculated using
the fast Fourier transform method (Ten Eyck, 1973). Subsequently, a protein model can be
placed in the obtained electron density map. The fit between model and electron density can
be improved with multiple rounds of manual and computational refinement (Liebschner et al.,
2019). Once the structure refinement is finished, it can be deposited in the PDB and is thus
accessible to everyone. X-ray crystallography structures have several quality factors for the
data collection and the refined structures that provide an indication of the quality of the data

and the agreement of the model with the experimental data.

1.6.4. Serial X-ray crystallography

In contrast to single crystal macromolecular X-ray crystallography, in which a single crystal is
typically rotated to obtain a complete diffraction dataset as described in section 1.6.3, serial
crystallography exposes thousands of microcrystals in random orientations at room
temperature to collect a complete dataset (Barends et al., 2022; Chapman et al., 2011;

Zielinski et al., 2022).

As the brightness of new synchrotron radiation sources (3rd and 4th generation) increased,
the minimum crystal size required to measure Bragg spots steadily decreased (Smith et al.,
2012; Su et al., 2015). The achievable high flux densities made it necessary to distribute the
total X-ray dose either by exposing multiple positions of a single crystal or by exposing multiple
microcrystals to avoid global and specific radiation damage (Riekel et al., 2005). By exposing
and measuring multiple crystals at random orientation, in sequence and each crystal only once
to collect a complete merged dataset, this type of data collection is described as serial X-ray
crystallography. When performed at a synchrotron, it is called serial synchrotron
crystallography (SSX).

Another advance in recent years has been the development of X-ray free electron lasers
(XFELs) with a peak brilliance of about 10 orders of magnitude higher compared to 3rd
generation synchrotrons that has enabled the use of even smaller crystals in the nanometer
regime (Bostedt et al., 2016; Liu & Lee, 2019). XFELs are usually large facilities that produce
fully coherent, ultrabright, femtosecond X-ray pulses by passing high energy free electrons
through periodic alternating magnetic fields (Liu & Lee, 2019; Madey, 1971). When serial X-

ray crystallography experiments are performed at an XFEL with its femtosecond X-ray pulses,
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the term serial femtosecond crystallography (SFX) is used to distinguish it from serial
synchrotron crystallography (SSX).

The difference between the two methods lies mainly in the exposure time and the intensity
of the X-rays, which, however, cause major differences in their application. X-ray intensity at
modern 3rd and 4th generation synchrotron sources enables exposure times for microcrystals
in the low millisecond to microsecond range in SSX. Thus, the exposure time is much longer
than at XFELs for SFX, which is typically in the femtosecond range. This influences especially
the maximum temporal resolution of time-resolved experiments (Zielinski et al., 2022).
Radiation damage is an unavoidable phenomenon in macromolecular X-ray crystallography
experiments. Nowadays, two types of radiation damage are known. The global radiation
damage, which mainly corresponds to a degradation of the diffraction properties of a protein
crystal, and the specific damage, which mainly corresponds to the breakage of covalent bonds
(for example disulfide bridges), decarboxylation of acidic residues, the photoreduction of
metal centers, and the photoreduction of photoactive protein chromophores (Burmeister,
2000; Gotthard et al., 2019; Ravelli & McSweeney, 2000).

While cryogenic conditions are used in conventional X-ray crystallography to increase the
absorbed dose that a crystal can tolerate before the radiation affects its diffraction properties
(see Section 1.6.3), in serial X-ray crystallography a crystal is exposed only once and therefore
does not necessarily need to be cooled. The radiation damage is distributed among all
measured crystals, so that the collection of a complete diffraction dataset is possible even at
room temperature. Global and specific radiation damage are decoupled under cryogenic
conditions (Gotthard et al., 2019). These conditions minimize mainly the global damage, while
the specific damage may increase due to the prolonged X-ray exposure time.

In contrast, global and specific radiation damage are again coupled at room temperature,
making specific radiation damage a much smaller problem (Gotthard et al., 2019). Therefore,
serial crystallography structures show less specific radiation damage compared to
conventional cryoMX structures, since they are exposed to the X-rays only once and for a short

time.

This even extends to the fact that the intense short XFEL pulses in SFX experiments are
powerful enough to destroy the crystal. However, the phenomenon of "diffraction-before-

destruction" is observed, as the radiation damage (destruction) occurs only after the
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diffracted radiation has left the sample (Chapman et al., 2014; Chapman et al., 2011; Neutze
et al., 2000). Moreover, the diffraction signals were shown to be self-terminating when
measured with XFEL pulses, since the diffraction intensity decreases when the crystalline
order is damaged by the radiation damage (Barty et al., 2012).

In addition to the potential artifacts induced by specific radiation damage, a second potential
problem with X-ray crystallography at cryogenic conditions is the fact that the cooling process
can artificially trap biologically inactive conformations of amino acid side chains (Gotthard et
al.,, 2019). This can result in the misinterpretation of enzyme mechanisms. Therefore, it is
advisable to perform such studies using serial X-ray crystallography methods at room
temperature. This has also made the development of time-resolved X-ray crystallography

methods at synchrotron sources attractive again.
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Figure 9: Schematic representation of conventional single crystal MX in comparison with
serial crystallography sample delivery methods. While in conventional rotation
crystallography only a single protein crystal (purple cube) is rotated during diffraction data
collection, serial crystallography requires new methods to continuously deliver new crystals
into the X-ray beam (red line). These sample delivery methods include fixed target approaches
on a chip, liquid jet injectors, hybrid methods such as tape drive and microfluidic devices.
Created with BioRender.com (2022).
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To prevent re-exposure of destroyed or damaged crystals, it requires entirely new sample
delivery methods that rapidly provide large quantities of microcrystals passing through the
X-ray beam (Figure 9).

Starting with liquid jet injectors, the first sample delivery technique utilized at XFELs. It is best
suited for SFX with short and intense X-ray pulses in the femtosecond range, but less ideal for
SSX due to the fast flow and high sample consumption. Liquid jet injectors come in a variety
of configurations. The gas dynamic virtual focusing nozzle (GDVN) is a device that uses a gas
sheath to focus a crystal suspension stream into a jet with a diameter of a few micrometers
(Martiel et al., 2019). Further developments of the device resulted in the double-flow focusing
nozzle (DFFN), which uses an additional liquid sheath around the crystal suspension stream to
increase the focusing, reduce the sample consumption, and stabilize the flow (Oberthuer et
al., 2017). Liquid jet injectors also allow the use of viscous media such as LCP. At the same
time, this usually reduces the flow rate, making this approach is also suitable for SSX
(Weierstall et al., 2012).

Fixed target approaches are typically either mesh loops on conventional spine mounts for SSX
or one of the various solid-support solutions that can be either used at SSX or SFX (Schulz et
al., 2022). The solid-support solutions are mostly chips with notches for the crystals (Gati et
al., 2014; Meents et al., 2017; Owen et al., 2017). Moving these crystals into the X-ray beam
requires a setup with high positioning accuracy and extreme dynamic capabilities. SFX
equipment usually has to allow faster translation of the crystal mounts and has to withstand
the extremely bright XFEL pulses. The advantage of solid support devices is the very low
sample consumption compared to the other methods and the high hit rate of up to 100 %. In
addition, the crystals can also be imaged several times in SSX experiments, which allows
unique data collection schemes such as the hit-and-return (HARE) approach (Schulz et al.,
2018).

Microfluidic devices are 3D printed and X-ray compatible designs with multiple channels.
Syringe pumps allow the crystal suspensions to pass through these channels and into the X-ray
beam while still in a closed environment. These devices, although still underrepresented,
allow SSX data collection of protein microcrystals with very high hit and indexing rates while
keeping the sample consumption low (Monteiro et al., 2020).

Finally, hybrid methods such as the tape drive setups (based on a conveyor belt apparatus)

are also used for SSX (Beyerlein et al., 2017; Zielinski et al., 2022) and SFX (Fuller et al., 2017).
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Either individual drops or a stream of the microcrystal suspension are deposited on a Kapton
film and transported into the X-ray beam via the movement of the tape.

All of these methods deliver single microcrystals in such a rapid rate that collection of
complete diffraction datasets is facilitated because only a single diffraction patternis recorded
from each microcrystal in a microcrystal suspension. The development of SFX and SSX has

since introduced a new era for protein structure determination.

1.6.5. Time-resolved serial crystallography

Enzymes in crystals, can maintain the conformational flexibility required to carry out biological
processes, making crystallographic studies of protein dynamics possible (Martiel et al., 2019).
Previously, mechanisms of proteins were unraveled by combining conventional structural
biology approaches with other biochemical or biophysical methods, resulting in mutation
studies, studies of substrate analogs, or freeze-trapping experiments (Schulz et al., 2022).
Macromolecular X-ray crystallography usually provides static snapshots of biological systems
at equilibrium and protein structures derived from mutant variants or substrate analogs and
inhibitors may reflect artifacts that are present only because of the artificially introduced
modifications (Brandén & Neutze, 2021). For a complete insight into the function of an
enzyme, it is therefore important to combine the structural information with temporal
changes during the enzymatic reaction. Furthermore, the true dynamics of the protein can
only be displayed by the wild-type enzyme, as it is not affected by artificially introduced
modifications. This information can reveal metastable intermediates and previously hidden
features of protein function that can provide new insights into catalysis, allostery, oxidation
states, side chain motions, isomerization reactions, molecular breathing, and molecular

binding events (Schulz et al., 2022).

Theoretically, it is possible to trap reaction states of an enzyme either by soaking a typical
protein crystal for X-ray single crystal crystallography with the substrate or by inducing light-
activated reactions with a laser pump and subsequently freeze the crystal after defined time
points. However, the disadvantage is that diffusion in the large crystal takes a relatively long
time (Schmidt, 2013), which leads to an uneven distribution of reaction states in the crystal.
Similarly, in laser-pumped experiments, laser penetration may not be sufficient for large

crystals to activate all active sites/caged compounds. These limitations lead to an overlapping
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of the different reaction states in the collected protein structure, which ultimately prevents a
clear conclusion about the reaction state. Since it takes a few milliseconds for a crystal to
freeze, thermodynamically stable states are trapped. However, the goal of time-resolved

crystallography is to detect kinetic transition states that may not be thermodynamically stable.

Another important consideration of time-resolved experiments is reaction kinetics, as
intermediate states can only be observed if they are sufficiently populated in the active site
of the enzymes (Schmidt, 2013). Assuming a chemical kinetic reaction proceeds according to
the typical Michaelis-Menten pattern as shown in Equation 2. If the reaction kinetics of
individual steps are particularly fast and substrate diffusion times are relatively slow (e.g.,
large crystals), the preceding intermediate states may not obtain a sufficiently high population
to be observed with TRX. To observe reactions with a fast turnover, it is therefore crucial that
the concentration of the substrate in the crystal is very high right at the beginning. This can

only be achieved by using microcrystals.

k1 ks k3 Ka
E+So[ES|>[E—-S]->[EP]>E+P

Equation 2: Kinetic mechanism of a hypothetical enzymatic reaction similar to 3-lactamases.
Where E + S is the free enzyme and the substrate, [ES] the Michaelis-Menten complex,
[E — S] the covalent bound acyl-enzyme intermediate, [EP] the enzyme product complex,
[E + P] the free enzyme and product, and k,, as the respective rate.

Advancements in serial crystallography techniques at synchrotrons and free-electron lasers
have expanded the range of applicable crystal sizes for macromolecular crystallography,
encompassing the low micro- and nanometer scale. The use of microcrystals shortens
diffusion times tremendously and allows for homogenous reaction initiation, which has
enabled the measurement of many new interesting biological targets (Schmidt, 2013). The
same applies to crystal penetration of laser beams for reaction initiation.

Thus, time-resolved serial crystallography (TRX) enables to capture structure and dynamics in
various biomolecules. Nevertheless, the delay time and temporal resolution limiting factors

such as diffusion times and laser penetration have to be considered for TRX.

Reaction initiation often is triggered via laser pump or diffusion of the substrate via mix-and-

inject (Olmos et al., 2018; Schmidt, 2013) mix-and-diffuse (Beyerlein et al., 2017; Zielinski et
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al., 2022), and Liquid application method for time-resolved analyses (LAMA) (Mehrabi et al.,
2019a). All sample delivery techniques for serial crystallography already presented in section
1.6.4 are suitable for this purpose.

Liquid jet injectors for TRX can mix the microcrystal suspension with the substrate already in
the nozzle, thus the time for the solution to reach the X-ray interaction region can be
considered as the delay time. In addition, a laser beam can be directed at the liquid jet to
initiate a light-induced reaction. For fixed target approaches, each well of the chip can be laser
pumped, or the substrate can be deposited using LAMA technique (Mehrabi et al., 2019a).
The chip can be placed in an environmental control box and thus diffraction data can be
collected at different temperatures, enabling 5D crystallography (Mehrabi et al., 2021).
Recently, it has become possible to perform TRX experiments with microcrystals on mesh
loops at microfocus beamlines initially designed for conventional rotation crystallography data
collections. This is facilitated by automation devices such as the so-called spitrobot, a device
that sprays substrate solution via LAMA nozzles onto microcrystals that are on a mesh
mounted on a standard spine base to initiate the enzymatic reaction and plunge-freezes the
microcrystals after defined time points (Mehrabi et al., 2022). This approach, while fast and
simple, generally requires cryo-conditions and thus has the some disadvantages of cryo X-ray
crystallography.

Microfluidic devices can have an additional channel for a substrate to mix with the
microcrystal suspension (Monteiro et al., 2020). For tape drive devices, the microcrystalline
suspension can pass through different environments (e.g. temperature, different gases) or is
pumped with a laser while the tape transports the droplets into the X-ray beam. In addition,
mix-and-diffuse or drop-on-drop methods can be used to mix the microcrystal suspension
with a substrate solution in the nozzle or directly on the Kapton tape, so that the path from
mixing to the X-ray beam can be considered as the delay time for time-resolved studies

(Beyerlein et al., 2017; Fuller et al., 2017).

In principle, laser pumped TRX can achieve much shorter delay times. However, caged
compounds or light-induced enzymatic reactions that are suitable for laser activation are
necessary for this but very rare. Therefore, laser induced TRX is not an option for the
determination of structure and dynamics of many biologically relevant and interesting

enzymes. However, if very short delay times are desired for fast light-inducible reactions with
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a time resolution in the femtosecond regime, this method in combination with SFX is

particularly suitable.

Since most reactions in biological systems cannot be initiated by light, it must be achieved by
simple mixing of protein crystals and substrate. The diffusion time for the distribution of a
substrate in very small microcrystals is fast enough for protein dynamics to be observed on
millisecond or longer timescales, which is a suitable time frame for many biological processes
(Schmidt, 2020).

Furthermore, there are increasing possibilities to adapt the environmental conditions during
a time-resolved TRX data collection to physiological conditions of the investigated protein and
thus to observe reaction processes and times as close to nature as possible (Mehrabi et al.,
2021). This also allows the observation of an enzymatic reaction at various temperatures,

which can be used to create a free energy landscape of the reaction mechanism.

Ultimately, the goal of TRX is to record the protein structure after various delay times
following reaction initiation and thus, in the optimal case, to obtain a time course of the
binding process and the enzymatic reaction. Ideally, this allows to draw conclusions about the
mechanistic processes involved and about any transient or intermediate states. This
information can be used for a better understanding of biological function and also for
improved targeted structure-based drug development.

First experiments with this aim have already been performed and have revealed
groundbreaking results and very promising perspectives for the future of time-resolved serial
crystallography (Kupitz et al., 2014; Kupitz et al., 2017; Olmos et al., 2018; Schmidt et al., 2023;
Tenboer et al., 2014; Wiedorn et al., 2018; Mateusz Wilamowski et al., 2022).
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2. Aim of the thesis

Antibiotic resistance is one of the major challenges in modern medicine and the spread of
multidrug-resistant pathogens urgently requires a better understanding of the underlying
mechanisms to facilitate development of new compounds. In this context, this thesis will
investigate understanding of molecular resistance mechanisms as an essential prerequisite to
develop novel strategies (e.g. anti-resistant, anti-virulent) to combat multidrug-resistant
bacteria. The special focus is on resistance to B-lactam antibiotics caused by expression of
B-lactamases. These B-lactamases are bacterial enzymes that can inactivate B-lactam
antibiotics by hydrolyzing the B-lactam ring. In this context, the CTX-M B-lactamases, which
constitute the majority of extended-spectrum B-lactamases in clinical isolates, should be
highlighted in particular. This work will mainly involve research on CTX-M-14, one of the most
widely spread B-lactamases worldwide. To analyze the extended substrate spectrum of this -
lactamase in detail and to prepare for intended time-resolved studies, extensive screening
experiments with substrates and inhibitors shall be conducted. Time-resolved structural
analyses with the most suited substrates and inhibitors shall then be performed, to provide
insights into the dynamics and structure of enzymatic reaction mechanisms at atomic
resolution and millisecond time frames. In particular, the acylation and deacylation
mechanisms of B-lactamases have long been the subject of scientific debate and shall be
investigated by applying novel mix-and-diffuse serial crystallography techniques with
synchrotron and XFEL radiation. Corresponding workflows for the use of the B-lactamase
CTX-M-14 with the TapeDrive and HARE chips shall be established and conducted in this
context. Many previous scientific efforts to elucidate the hydrolysis mechanism were based
on inactive mutant variants of different B-lactamases or computational studies. However, in
this work, the function of the wild-type enzyme shall be investigated to avoid
misinterpretation of the mechanism caused by artificially inserted mutations. These findings
shall support future structure-based development of novel antibiotics as well as specific

inhibitors to treat antibiotic resistance.
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3. Materials and Methods

3.1. Materials

3.1.1. Chemicals

All chemicals used in this work were purchased in analytical grade from AppliChem GmbH

(Germany), Carl Roth GmbH + Co. KG (Germany), Honywell Fluka (USA), Lonza Group AG

(Switzerland), MedChemExpress LLC (USA), Merck KGaA (Germany), Molecular Dimensions

Limited (USA), Sigma-Aldrich Corp. (USA) or Thermo Scientific Inc. (USA).

3.1.2. Consumables

Table 1: Consumables overview.

Description

Manufacturer

48-well SWISSCI MRC plates

96-well UV-Star® plates

96-well plates

Amicon® Ultra 3, Ultra 15, MWCO 10 kDa
Bottle top filter, Filtropur BT 50

Celltrics gravity flow filter

Cuvettes, semi-micro

Cuvettes, ultra-micro quartz glass

Crystal Crusher glass rod

Dialysis Cassettes, 30ml, MWCO 10 kDa

Falcon Tubes

Neubauer cell counting chamber C-Chip

Pipette tips
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Hampton Research Corp., USA

Greiner AG, Austria

Greiner AG, Austria

Merck Millipore (Merck KGaA), Germany
Sarstedt AG & Co. KG, Germany

Sysmex Corp, Japan

Brand GmbH, Germany

Hellma GmbH & Co. KG, Germany
Hampton Research Corp, USA

Thermo Fisher Scientific Inc., USA

Sarstedt AG & Co. KG, Germany

Greiner AG, Austria
NanoEnTek, South Korea

Sarstedt AG & Co. KG
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Description Manufacturer

Reaction tubes Sarstedt AG & Co. KG, Germany

Eppendorf AG, Germany

Seed Bead Glass Kit Hampton Research Corp, USA

Serological Pipettes Sarstedt AG & Co. KG

Syringes 1ml, 2ml, 5ml, 10ml, 20ml BD (Becton, Dickinson and Company), USA
Syringe Filter 0.22 um, Millex® Merck Millipore (Merck KGaA), Germany

3.1.3. Equipment

Table 2: Overview of used Equipment.

Device Model/Manufacturer

Agarose gel - Owl agarose gel system, Thermo Fisher Scientific Inc., USA

electrophoresis - Power Supply PS3002, Life Technologies GmbH, Germany

Beamlines - P11, DESY, PETRA Ill, DESY, Hamburg, Germany
- T-REXX, P14.EH2, EMBL, Petra lll, DESY, Hamburg, Germany

Centrifuges - 5415 R (Eppendorf AG, Germany)
- 5418 R (Eppendorf AG, Germany)
- 5424 R (Eppendorf AG, Germany)
- 5810 R (Eppendorf AG, Germany)
- Multifuge 1 S-R (Heraeus GmbH, Germany)
- Sorvall Lynx 6000 (Thermo Fisher Scientific Inc., USA)
- Sigma 3-18K (Sigma Laborzentrifugen GmbH, Germany)

Crystallization robots - Honeybee 961 (Genomics Solutions, USA)

- Oryx4 (Douglas Instruments, UK)

DLS device - SpectroLight 300 (Xtal Concepts GmbH, Germany)

FPLC - AKTA purifier 10 (GE Healthcare, USA)
- AKTA pure 25 (GE Healthcare, USA)

FPLC columns - Hitrap SP FF 5 ml (GE Healthcare, USA)
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Device Model/Manufacturer

- HisTrap FF 5 ml (GE Healthcare, USA)
- Superdex 200 Increase 10/300 GL (GE Healthcare, USA)

Freezer -20 °C - Liebherr premium (Liebherr International S.A., Switzerland)

- Liebherr comfort (Liebherr International S.A., Switzerland)

Freezer -80 °C - B35-85 (FRYKA-Kéltetechnik GmbH, Germany)
- HERAfreeze basic (Thermo Fisher Scientific Inc., USA)

Fridge - Liebherr profi line (Liebherr International S.A., Switzerland)

- Kirsch super (Philipp Kirsch GmbH, Germany)

Imaging - Leica M205 C (Leica Microsystems GmbH, Germany)
- Microscope SZX12 with camera DP10 (Olympus, Japan)

Incubator - Heraeus B 5060 (Heraeus GmbH, Germany)

Incubation shaker - Multitron Pro (Infors AG, Germany)
- Ecotron (Infors AG, Germany)

- Certomat BS-1 (Sartorius Stedim Biotech GmbH, Germany)

Magnetic stirrer - RCT basic (IKA Werke GmbH & Co. KG, Germany)

Microbalance - TE3102S (Sartorius AG, Germany)
- CP224S-0CE (Sartorius AG, Germany)

PCR thermocycler - pegSTAR (Peqlab Biotechnologie GmbH, Germany)
pH meter - SevenEasy (Mettler-Toledo Inc., USA)
Photospectrometer - Nanodrop 1000 (Thermo Fisher Scientific Inc., USA)

- Nanodrop 2000c (Thermo Fisher Scientific Inc., USA)
- DS-11 FX pVolume (DeNovix Inc., USA)
- OD600 DiluPhotometer (Implen GmbH, Germany)

Pipettes - Eppendorf Research and Research plus, 2 ul, 10 pl, 200 ul,
1000 pl (Eppendorf AG, Germany)

- PIPETBOY (INTEGRA Biosciences AG, Switzerland)

Plate reader - BioTek Synergy H1 (BioTek Instruments Inc., USA)
- Tecan infinite M200 (Tecan Group AG, Switzerland)

SDS-PAGE - Mini-PROTEAN Tetra System (Bio-Rad Laboratories Inc., USA)
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Device Model/Manufacturer

- Bio-Rad PowerPac 1000 (Bio-Rad Laboratories Inc., USA)

Sonifier - Digital Sonifier 400 (Branson Ultrasonics Corporation, USA)

Thermomixer

- Thermomixer 5436 (Eppendorf AG, Germany)

In house X-ray source

- 1S (Incoatec GmbH, Germany)

In house X-ray detector - Mar345S (MarXperts GmbH, Germany)

Vortex mixer

- VF2 (IKA Werke GmbH & Co. KG, Germany)

3.1.4. Buffer, Media and Solutions

The individual buffer, media and solutions were prepared with double distilled water (ddH,0).

The pH was adjusted with HCl or NaOH solution.

Table 3: Generally used buffers and solutions.

Name of buffer/solution Composition Concentration

Isopropyl-B-D- IPTG 1M

thiogalactopyranosid (IPTG)

Citrate-phosphate buffer Citric acid 40 mM
NaxHPO4 20 mM

Coomassie staining solution ddH20 50 % (v/v)
Methanol 40 % (v/v)
Acetic acid 10 % (v/v)

Coomassie Brilliant Blue
R-250

0.025 % (w/v)

Coomassie destaining solution  ddH20
Methanol

Acetic acid

50 % (v/v)
40 % (v/v)
10 % (v/v)

NuPage LDS sample buffer (4x) Glycerol
Lithium Dodecyl Sulfate

SERVA Blue G250 &
Phenolrot

40-70 % (w/v)
<10 % (w/v)
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Name of buffer/solution Composition Concentration
NuPage MES SDS running MES -
buffer (20x) SDS 1-5% (w/v)
Rothiphorese NF- Acrylamide 29 % (w/v)
Acrylamid/Bis-solution N,N'-Methylen-bis- 1% (w/v)
acrylamide
Agarose gel staining solution RedSafe DNA stain 20000x
PBS NacCl 135 mM
KCl 2.6 mM
KoHPO4 8 mM
KH2PO4 2.6 mM
Separating gel buffer Tris-HCI, pH 8.8 15M
SDS 0.4 % (w/v)
Stacking gel buffer Tris-HCI, pH 6.8 0.5M
SDS 0.4 % (w/v)
DNA loading dye (5x) Bromophenol blue 0.05 % (w/v)
Xylene cyanol 0.35 % (w/v)
EDTA 1mM
Glycerol 60 % (w/V)

Table 4: Buffers for protein purification.

Name of buffer /solution Composition Concentration

His-tag binding buffer pH 7.4 NacCl 500 mM
NaH;PO4 20 mM
Imidazol 40 mM

His-tag elution buffer pH 7.4 NacCl 500 mM
NaH;PO4 20 mM
Imidazol 250 mM

IEX binding buffer pH 6 MES 20 mM
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Name of buffer /solution Composition Concentration
IEX elution buffer pH 6 MES 20 mM

NaCl 1M
SEC buffer pH 6 MES 50 mM

NaCl 150 mM

Table 5: Buffers for protein crystallization.

Name of buffer /solution Composition Concentration
Cryo-solution Li»SO4 200 mM
NaOAc 100 mM
PEG 8000 30 % (w/v)
Glycerol 25 % (w/v)
Crystallization buffer pH 4.5 Li»SO4 200 mM
NaOAc 100 mM
PEG 8000 30 % (w/v)
Crystallization buffer for Li»SO4 200 mM
microcrystals pH 4.5 NaOAc 100 mM
PEG 8000 40 % (w/v)
Microcrystal stabilization MES 6 mM
buffer pH 4.5 NaCl 21 mM
Li»SO4 140 mM
NaOAc 70 mM
PEG 8000 28 % (w/v)
Ligand solution buffer pH 4.5 MES 10 mM
NaCl 35 mM
Li»SO4 100 mM
NaOAc 50 mM
PEG 8000 20 % (w/v)
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Table 6: Growth media and antibiotics for bacterial cultures.

Media Composition Concentration

LB-Agar (Luria/Miller, pH 7) Tryptone 10 g/l
Yeast extract 5g/l
NaCl 10 g/l
Agar agar 15 g/l

LB medium (Luria/Miller, pH 7) Tryptone 10 g/l
Nacl 5g/l
Yeast Extract 10 g/l

SOC medium Tryptone 20 g/
Yeast extract 5g/l
NacCl 10 mM
KClI 2.5 mM
MgCl, 10 mM
MgSO4 10 mM
Glucose 20 mM

TB medium (pH 7.2) Casein 12 g/l
Yeast extract 24 g/
K2HPO4 12.5 g/l
KH2PO4 2.3 g/l
Glycerol 0.4 % (v/v)

Ampicillin stock (1000x) Ampicillin sodium salt 100 mg/ml
in 100 % Methanol

Chloramphenicol stock (1000x) Chloramphenicol 34 mg/ml
in 100 % Methanol

Kanamycin stock (1000x) Kanamycin sulfate 50 mg/ml

in ddH20
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3.1.5. Molecular weight size markers

Table 7: Molecular weight size marker overview.

Name

Size range

Supplier

PageRuler Prestained Protein

Ladder

Generuler 1 kb Plus DNA
Ladder

10 kDa — 180 kDa

75 bp — 20 kbp

Thermo Fisher Scientific
Inc., USA

Thermo Fisher Scientific
Inc., USA

3.1.6. Commercial kits

The commercially available QlAprep Spin Miniprep Kit (Qiagen N.V., Netherlands) was used

for plasmid purifications. The Phusion High Fidelity PCR Kit (Thermo Fisher Scientific Inc., USA)

was used for PCR reactions. The NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel GmbH

& Co. KG, Germany) was used for agarose gel extraction and purification of PCR products. The

NEB Gibson Assembly Cloning Kit (New England BioLabs Inc., USA) was used for cloning.

3.1.7. Bacterial plasmids

Table 8: Overview of the bacterial plasmids used.

Plasmid

Properties

Supplier/Reference

pCR4::Prom+CTX-M-14

pCR4::Prom+CTX-M-14
P167S

pCR4::Prom+CTX-M-14
P167S5 T262I

pET302-nt-His::CTX-M-14

CTX-M-14 WT sequence with
bacterial promoter, T7 promoter
for overexpression

CTX-M-14 P167S variant sequence
with bacterial promoter, T7
promoter for overexpression

CTX-M-14 P167S T264I variant
sequence with bacterial promoter,
T7 promoter for overexpression

CTX-M-14 WT sequence with
His-tag, T7 promoter for
overexpression

(Both et al., 2017)

(Both et al., 2017)

(Both et al., 2017)

This work
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Plasmid

Properties

Supplier/Reference

pET302-nt-His::CTX-M-14
P167S

pET302-nt-His::CTX-M-14
P167S T262|

pET302-nt-His::CTX-M-14
Asignal

pPET302-nt-His::CTX-M-14
P167S Asignal

pET302-nt-His::CTX-M-14
P167S T262I Asignal

pET24a(+)::CTX-M-14
E166A

CTX-M-14 P167S T264I variant
sequence with His-tag, T7
promoter for overexpression

CTX-M-14 P167S T264I variant
sequence with His-tag, T7
promoter for overexpression

CTX-M-14 WT Sequence with

His-tag and without signal peptide,

T7 promoter for overexpression

CTX-M-14 P167S T2641 variant

sequence with His-tag and without

signal peptide, T7 promoter for
overexpression

CTX-M-14 P167S T2641 variant

sequence with His-tag and without

signal peptide, T7 promoter for
overexpression

CTX-M-14 E166A variant sequence

with His-tag, T7 promoter for
overexpression

This work

This work

This work

This work

This work

This work;
BioCat GmbH, Germany

3.1.8. Bacterial strains

E. coli strains DH5a and Top10 were used for plasmid transformation and plasmid storage,

while various BL21 (DE3) strain derivatives were used for recombinant protein production.

The B-lactamase CTX-M-14 discussed in this thesis was found in a clinical isolate of a

multidrug-resistant K. pneumonia (isolate DT1, (Both et al., 2017)).

Table 9: Overview of the bacterial strains used.

Strain

Genotype

Supplier/Reference

K. pneumoniae

E. coli BL21 (DE3)

E. coli BL21 (DE3) star

54

Isolate DT1

F—ompT hsdSB (rB—, mB-) gal dcm
(DE3)

F—ompT hsdSB (rB—, mB-) gal
dcm (DE3) pLysS (CamR)

(Both et al., 2017)

Thermo Fisher
Scientific Inc., USA

Thermo Fisher
Scientific Inc., USA
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Strain

Genotype

Supplier/Reference

E. coli DH5a

E. coliTop10

F— $80lacZA M15 A (lacZYA-argF)
U169 recAl endAl hsdR17 (rK— mK+)
phoA supE44 A- thi—-1 gyrA96 relAl

F—mcrA A( mrr—hsdRMS—mcrBC)
®80LacZAM15 A LacX74 recAl
araD139 A( araleu) 7697 galU galK
rpsL (StrR) endAl nupG

Thermo Fisher
Scientific Inc., USA

Thermo Fisher
Scientific Inc., USA

3.1.9. Software

Table 10: Overview of the software used.

Software Application Reference

APBS PyMOL plugin for electrostatic surface (Jurrus et al., 2018; Lerner

electrostatics representation & Carlson, 2006)

Benchling DNA plasmid sequence management (www.benchling.com,
2022)

BioRender Creation of illustrations for figures (BioRender.com, 2022)

CCP4i Dimple, Refinement, Matthews Cell (Winn et al., 2011)

(v.8.0.007) Content Analysis

ChemDraw Illustration of chemical structures and (v.20.1, PerkinElmer, USA)

Clustal Omega
(1.2.4)

CrystFEL
(v.0.8.0; v.0.9.1;
v0.10.1)

ESPript 3.0
Expasy
GraphPad Prism

LigPlot+, v.2.2

MolProbity

reaction equations

Multiple sequence alignment

Processing of serial crystallography data

Representation of multiple sequence
alignment

Calculation of MW and extinction
coefficient

Diagrams, data statistics, regressions and
calculations

2D representation of protein and ligand
interactions

Evaluation of protein models

(Madeira et al., 2022)

(White et al., 2012; White
et al., 2016)

(Robert & Gouet, 2014)

(Gasteiger et al., 2005)

(v.5.0.0, GraphPad
Software, USA)

(Laskowski & Swindells,
2011)

(Chen et al., 2010;
Williams et al., 2018)
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Software Application Reference

NEBioCalculator Calculation of DNA mass and moles (nebiocalculator.neb.com,
2022)

NEBuilder Design of Gibson Assembly primer (nebuilder.neb.com,

Assembly Tool 2022)

PHENIX Refinement (Paul D Adams et al.,
2010)

PyMOL Preparation of figures of protein structures (Delano, 2002)

XDS Data processing (Kabsch, 2010b)

3.2. Molecular biology and biochemical Methods

3.2.1. Agarose gel electrophoresis

In this work, 1 % agarose (w/v) gels were used to separate nucleic acids by size. To prepare
these gels, 1 g agarose was dissolved in 100 ml TBE buffer by heating the suspension for
1 -3 min. in the microwave. After cooling for 2 min., 5 ul of RedSafe was added, the liquid
agarose was poured into a horizontal gel caster and a suitable comb was inserted. After
polymerization the gel was covered with TBE- buffer, the combs were pulled out and the gel
was loaded with 7 ul DNA. The DNA was previously mixed with 5x DNA loading dye. In
addition, 4 pl of the DNA size standard was applied in one pocket. A constant voltage of 120 V
was applied for 45—60 min. The resulting band pattern was visualized by UV light and

documented using a BioRad imager.

3.2.2. DNA PCR cleanup and gel extraction

For the ligation of DNA fragments or the sequencing of DNA sections, it is necessary to purify
this DNA beforehand. This can be done either by purification after PCR or by extraction of the
DNA from an agarose gel. PCR cleanup and gel extraction was performed using the NucleoSpin
Gel and PCR Clean-up Kit (Macherey-Nagel GmbH & Co. KG, Germany) according to the
manufacturer's instructions. Elution was performed using 30 — 50 pl ddH20 or elution buffer.

The isolated DNA was stored at -20 °C.
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3.2.3. Restriction digestion

Restriction digestion was performed either to prepare plasmid DNA for a ligation method or
to verify the correct plasmid DNA. For a reaction batch of 20 pl, 2 pl of the corresponding 10x
restriction buffer and an appropriate amount of ddH20 as well as 1 ug of DNA were added to
a reaction tube. For the digestion of 1 ug DNA, 1 ul (20 units) per restriction enzyme was
added. The reaction mixture was briefly mixed and incubated at 37 °C for 3 h in a PCR thermo

cycler. The result of the restriction digestion was verified by agarose gel electrophoresis.

3.2.4. Determination of nucleic acid concentration and purity

The concentration of a nucleic acid solution can be estimated by photometric measurement
of absorbance at a wavelength of 260 nm. At this wavelength, the nucleic acids have an
absorption maximum. For an accurate measurement of the concentration, an extinction
coefficient for the respective nucleic acid sequence would have to be determined, which
would make the measurement in the laboratory much more difficult. Therefore, the
concentration can be estimated according to a rule of thumb for longer nucleic acid
sequences. An absorbance Ayeo of 1.0 (at 1 cm path length) corresponds to a concentration of
50 ng/ul for double-stranded DNA and 40 ng/ul for RNA.

Protein impurities in the DNA sample can be estimated by the ratio of absorbance at 260 nm
to 280 nm, since proteins have their maximum absorbance at 280 nm. For pure DNA the
Azs0/A2s0 ratio should be 1.8 and for pure RNA 2.0. In addition, high absorbance at 230 nm
may indicate contamination with phenol, EDTA or carbohydrates.

The measurements were performed on a DeNovix DS-11 or a Nanodrop instrument using 1 pl
of sample. Before the measurement, the device was blanked with either ddH20 or elution
buffer. The concentration can be calculated using the modified Lambert-Beer equation in

Equation 3.
Azeo - MW
c=———
e-d
Equation 3: Calculation of nucleic acid concentration according to the Lambert-Beer Law.
With ¢ = concentration of nucleic acid solution in g/I; A;éo = measured Absorption at 260 nm;

MW = molecular weight of nucleic acid sequence in g/mol; € = molar extinction coefficient of
specific nucleic acid sequence at 260 nm in M - cm™; d = pathlength in cm.
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3.2.5. Preparation of chemically competent E. coli

To transform a DNA plasmid containing the protein of interest for recombinant expression
into an E. coli strain, the strain must first be prepared to be chemically competent. For this
purpose, 5 ml LB medium, which was optionally supplemented with an appropriate selection
antibiotic, was inoculated with either a colony from a cultivated plate or cells from a cryogenic
stock of an E. coli strain. The preculture was grown overnight at 37 °Cand 180 rpm in a shaking
incubator. For the main culture, 100 ml LB medium was inoculated with 1 ml of the preculture.
The LB medium was optionally supplemented with an appropriate selection antibiotic. The
main culture was incubated at 37 °C and 180 rpm until it reached an ODsgo of 0.5. It was then
transferred into 50 ml falcon tubes and cooled on ice for 15 min. From this point on, all further
steps had to be done under cooling. The culture was then centrifuged for 10 min at 5000 x g
and 4 °C and the supernatant was discarded. Each pellet was resuspended with 5 ml of an ice-
cold sterile filtered 100 mM CacCl; solution and then centrifuged again for 10 min at 5000 x g
and 4 °C. The supernatant was discarded, the pellets were resuspended with 1 ml of ice-cold
100 mM CacCl; and flash frozen in 50 pl aliquots using liquid nitrogen. Competent cells were

stored at -80 °C until use.

3.2.6. Transformation of competent E. coli

For transformation of a DNA plasmids into an E. coli strain, an aliquot (50 pl) of a chemically
competent cell line in a reaction tube was thawed on ice for 10 min. The cells were briefly
mixed with 100 ng plasmid DNA and incubated on ice for 30 min. A heat shock at 42 °Cfor45 s
was then performed to transform the DNA into the cells. The cells were directly placed on ice
for 5 min and then incubated with 950 ml of sterile SOC medium for 1 h at 37 °C and 800 rpm
in a thermomixer. From this preparation, 50— 100 pl were plated on LB agar with the

appropriate selection antibiotics and incubated overnight at 37 °C.

3.2.7. Bacterial plasmid DNA isolation

For isolation of plasmid DNA, 5 ml of LB medium was mixed with the antibiotic (1:1000 stock)
and a single colony, of the colonies obtained from transformation, was inoculated with a
pipette tip. The cultures were incubated overnight at 37 °C and 180 rpm. The following day,
cultures were centrifuged at 5000 x g for 10 min at room temperature. Plasmid DNA was
extracted using the QlAprep Spin Miniprep Kit according to the manufacturer's instructions.
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Elution was performed using 30 —50 pl ddH20 or elution buffer. The isolated plasmid DNA

was stored at -20 °C.

3.2.8. DNA sequencing

To verify that the DNA plasmids were correct or that ligation had worked, the plasmids were
sent to Eurofins Genomics Germany GmbH (Germany) for sequencing using their TubeSeq
service. The reaction tube was enclosed in an envelope and placed in a Eurofins collection box.
Sequencing results were usually available the following day and were compared using the

online tool Benchling via a sequence alighment.

3.2.9. DNA assembly and cloning

The NEB Gibson Assembly Cloning Kit was used for cloning of DNA plasmids. Gibson assembly
enables the successful assembly of multiple DNA fragments and was used to transfer the
sequence of CTX-M-14 wildtype and variants into a pET302 vector for enhanced
overexpression of the target proteins. The kit was used according to the manufacturer's
instructions. Specific primers were designed using the NEBuilder Assembly Tool and the molar

amount of fragments for assembly was calculated using NEBioCalculator.

3.3. Protein biochemistry Methods

3.3.1. Recombinant gene expression of CTX-M-14 variants in E. coli

For recombinant expression of the target protein CTX-M-14, a preculture of 70 ml LB medium
with the appropriate antibiotic was inoculated with one colony of the plasmid carrying
E. coli BL21 (DE3) or E. coli BL21 (DE3) star strain from an agar plate or from a glycerol stock.
Cultivation of the preculture was performed overnight at 37 °C and 180 rpm. For the main
culture, 10 ml of preculture was added to 1 | of LB with the appropriate antibiotics. The culture
was incubated at 37 °C and 180 rpm. The growth of E. coli bacteria was monitored by
measuring ODsoo until the culture reached log phase at ODeoo 0f 0.5 — 0.7. At this point, protein
expression was induced by adding 150 pl of 1 M IPTG. After 3 — 4 h of protein expression, the
cell suspension was transferred to 1 | centrifuging buckets and centrifuged at 5500 x gand 4 °C
for 10 min. The supernatant was discarded, and the cell pellet was transferred into a 50 ml

falcon tube and frozen at -80 °C.
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3.3.2. Cell lysis

Cell pellets of a 11 culture were thawed at room temperature and then resuspended with
10 ml of IEX binding buffer. The cell suspension was then sonicated five times for 30 s with
30 s break intervals in between. Cell debris was removed by centrifugation for 30 min at 4 °C
and 20000 x g. The supernatant containing the soluble cell lysate was filtered with a 0.22 um

bottle top filter before dialysis or purification.

3.3.3. Dialysis

Dialysis of the cell lysate was used primarily to reduce the salt concentration of the sample to
allow later purification by ion exchange chromatography. In addition, the use of a 10 kDa
molecular weight cut off (MWCO) membrane also removed low molecular weight compounds.
Dialysis cassettes (Thermo Fisher Scientific Inc., USA) were used for this purpose according to
the manufacturer's instructions. The membrane of the cassettes was hydrated in IEX binding
buffer for 2 min before loading the sample. Depending on the sample volume, 30 — 60 ml of
cell lysate was dialyzed against 4 — 5 | of IEX binding buffer. Dialysis was carried out overnight

at 4 °C with constant stirring.

3.3.4. Cation-exchange chromatography

In cation exchange chromatography, positively charged molecules are separated from
negatively charged molecules. The cation exchange chromatography column is composed of
a Sepharose matrix with negatively charged groups so that only positively charged molecules
such as the CTX-M-14 protein (pl = 8.0) bind to it while the negatively charged molecules flow
through. The bound molecules can be eluted from the column by an increasing salt gradient.

For cation exchange chromatography of CTX-M-14, the HiTrap SP FF 5ml column was used on
an AKTA purifier or AKTA pure system according to the manufacturer's instructions. The
column was equilibrated with 5 column volumes (CV) of ddH20 followed by 5 CV of IEX binding
buffer at a constant flow rate of 3 ml/min. The previously filtered cell lysate was applied using
a 50 ml super loop. The column was then washed with 10 CV of IEX binding buffer to remove
non-specific or weakly bound molecules. CTX-M-14 was eluted at a flowrate of 1 ml/min using
an increasing gradient of IEX elution buffer from 0—5 % over 5 CV. The UV monitor of the
AKTA systems can measure the light absorption of aromatic amino acids of proteins at a

wavelength of 280 nm, which enables the detection of protein peaks and thus the correct
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selection of elution fractions. CTX-M-14 was eluted at a salt concentration of approx. 40 mM
NaCl. The proteins from the cell lysate that bind more strongly to the column were removed
with 5 CV of 100 % IEX elution buffer. The column was rinsed with 0.5 M NaOH for 2 CV and
then with ddH20 for 10 CV to regenerate it. For long-term storage, the column was rinsed
with 5 CV of 20 % EtOH and stored at 4 °C. The purity of CTX-M-14 fractions was checked by
SDS-PAGE as standard.

3.3.5. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was used to separate proteins according to their size (Laemmli, 1970). For this, the
main component acrylamide is polymerized in a reaction catalyzed by ammonium persulfate
(APS) and TEMED forming a molecular sieve. The pore size of the molecular sieve is
determined by the amount of Acrylamide and is usually smaller than that of agarose, which
enables the separation of smaller molecules such as proteins from 5 — 250 kDa.

The addition of SDS (or LDS) and, if required, reducing agents such as DTT, enables the
complete denaturation of proteins. The hydrophobic part of the SDS accumulates on the
hydrophobic regions of the denatured proteins so that the negatively charged sulfate group is
directed outwards. All reduced polypeptides bind the same amount of SDS on a weight basis
independent of the amino acid composition. This covers the intrinsic charge of the protein so
that all proteins are negatively charged and have the same charge density, which is why
separation is based on size only (Shi & Jackowski, 1998).

In a discontinuous buffer system, an SDS gel consists of a large pore stacking gel with pH 6.8
and a small pore separation gel with pH 8.8 (Laemmli, 1970). The composition of the used SDS
gels is summarized in Table 11. The protein mixture is first focused in the stacking gel and then
separated by size in the separation gel. Smaller molecules migrate faster through the
molecular sieve. The Mini-PROTEAN Tetra System (Bio-Rad Laboratories Inc., USA) was used
for SDS-PAGE. Protein samples were mixed with 4x NUPAGE LDS sample buffer and denatured
at 95 °C for 10 min. Samples were centrifuged and 10 — 20 pl as well as 5 pl of a protein size
standard were applied onto the gel. The SDS PAGE chamber was filled with 1x NuPage MES
SDS running buffer and the gels were run at a constant voltage of 120—-140V for 1-1.5 h.
Then, the SDS gels were stained in the Coomassie staining solution for 30 min to overnight.
Subsequently, the gels were destained in the Coomassie destaining solution until protein

bands were visible and the background was destained.
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Table 11: SDS-PAGE gel composition. Volume specification for casting 4 SDS gels.

Gel type Compound/solution Volume
Stacking gel (4 %) ddH20 6.1 ml
Rothiphorese NF- 1.3 ml

Acrylamid/Bis-solution

Stacking gel buffer pH 6.8 2.5ml

10 % (w/v) SDS 100 pl
TEMED 10 ul
10 % (w/v) APS 50 ul
Separating gel (12 %) ddH20 6.8 ml
Rothiphorese NF- 8.0 ml

Acrylamid/Bis-solution

Separating gel buffer pH 8.8 5.0 ml

10 % (w/v) SDS 200 ul
TEMED 10 ul
10 % (w/v) APS 100 pl

3.3.6. Sample concentration

Protein samples were concentrated using an Amicon centrifugal concentrator (Merck KGaA,
Germany) with a MWCO of 10 kDa according to the manufacturer’s instructions. The protein
solutions were repeatedly centrifuged for 10 min at 4000 x g and 4 °C until the desired
concentration was reached. Between each centrifugation step, the sample was thoroughly

mixed with a pipette. The protein was stored at 4 °C.

3.3.7. Determination of protein concentration

The concentration of a protein solution can be estimated by photometric measurement of
absorbance at a wavelength of 280 nm. At this wavelength, the aromatic amino acids have an
absorption maximum. Based on the protein sequence, a specific extinction coefficient is thus
obtained. DNA has an absorption maximum at 260 nm, which allows to determine DNA
impurities in the protein sample by using the absorbance ratio at 260/280 nm. A 260/280 ratio
of less than 0.60 is a good indication of pure protein with minimal nucleic acid contamination.

Protein concentration is calculated via a derivation of the Lambert-Beer law as in Equation 4.
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_A280'MW
€= e-d

Equation 4: Calculation of protein concentration according to the Lambert-Beer Law.

With A;s0 = measured Absorption at 280 nm; MW = molecular weight of CTX-M-14 in g/mol;
c = concentration of protein solution in g/l; € = molar extinction coefficient of CTX-M-14 at
280 nm in Mt - cm™; d = pathlength in cm.

The specific molar extinction coefficient and the molecular weight of CTX-M-14 were
calculated based on the peptide sequence using the ProtParam tool (Gasteiger et al., 2005).
CTX-M-14 without its signal peptide has a molecular weight of 27.96 kDa and a molar
extinction coefficient of 23.950 Mlcm™. The actual measurement was performed on a
DeNovix DS-11 or a Nanodrop instrument using only 2 ul of sample. Before the measurement,

the device was blanked with the elution buffer.

3.3.8. Enzyme kinetic assays

The CTX-M-14 steady-state parameters kcat and Km were determined for several antibiotic
substrates by photometrically measuring the initial hydrolysis rates of the antibiotics at
various concentrations. Moreover, these kinetic parameters were studied at different
temperatures and in various buffer systems with pH values ranging from pH 7.4 to pH 3.
Kinetic assays were performed in triplicates. Substrates were added to a 96-well UV-Star
microplate (Greiner AG, Austria) at the appropriate final concentration. Enzyme was added at
a final concentration of 100 nM and the sample was mixed well. The absorbance at the specific
wavelength for each antibiotic was measured in a BioTek Synergy H1 microplate reader
(BioTek Instruments, Inc., USA). For the calculation of k..t and Knm, for each antibiotic, the initial
velocity rates were plotted against the corresponding antibiotic concentrations and calculated

using the kcat equation of GraphPad Prism (GraphPad Software, USA).

3.3.9. Enzyme inhibition assays

Enzyme inhibition assays were performed as we have previously published in scientific reports
(Perbandt et al., 2022). The 50 % inhibitory concentration (ICso) of CTX-M-14 was determined
as the concentration of inhibitor required to decrease the initial rate of hydrolysis of the
substrate by 50 %. Inhibition assays were performed in triplicates. Dilution series of the

various compounds were prepared in PBS buffer at pH 7.4. The enzyme was added to the
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inhibitor solution at a final concentration of 100 nM and the solution was incubated at 37 °C
for 15 min. The substrate cefotaxime was then added at a final concentration of 100 uM, and
hydrolysis of the cefotaxime was monitored in 96-well UV-Star microplates (Greiner AG,
Austria) at 260 nm for 10 min using a BioTek Synergy H1 microplate reader (BioTek
Instruments, Inc., USA). Initial hydrolysis rates were plotted against the logarithm of inhibitor
concentration and the ICso was calculated using the nonlinear regression function of GraphPad

Prism (GraphPad Software, USA).

3.4. Biophysical Methods

3.4.1. Dynamic light scattering (DLS)

Dynamic light scattering (DLS) was used to characterize the protein sample in solution before
crystallization. DLS provides information about the hydrodynamic radius Ry of a protein in
solution and thus about the size distribution of particles in a polydisperse sample. Thus,
impurities due to other proteins or multiple oligomerization states can be indicated by a large
size distribution of particles. However, to increase the probability of successful crystallization,
a monodisperse sample with a small size distribution of particles is beneficial (D'Arcy, 1994;
Niesen et al., 2008; Price li et al., 2009). The hydrodynamic radius Ry of a globular protein can

be estimated using the Stokes-Einstein equation.
kgT
R, =
B 6mnD

Equation 5: Calculation of hydrodynamic radius Ry according to the Stokes-Einstein
relation. k; = Boltzmann constant, T = absolute temperature, n = dynamic viscosity,
D = diffusion constant

For DLS measurement, the sample was centrifuged for 60 min at 20000 x g and 4 °C. Then,
20 ul of the sample was pipetted into a DLS suitable quartz cuvette (Hellma GmbH & Co. KG,
Germany) and measured at a constant temperature of 20°C in a SpectroSize 300
(XtalConcepts, Germany). Scattered light was measured at an angle of 90°. Each measurement

was performed for 20 s and was repeated 20 times to obtain reliable data.
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3.5. Protein crystallization

3.5.1. Sitting drop vapor diffusion crystallization

The optimal crystallization conditions for macrocrystals have already been determined in a
high-throughput screening (Werner, 2020). The JCSG-plus-screen provided the best
conditions, which were further optimized. The best results were obtained with the optimized
conditions of 25—-35% (w/v) PEG8000, 200 mM Li»SO4, 100 MM NaOAc at pH4.5 as a
crystallizing agent.

For the preparation of macrocrystals, sitting drop vapor diffusion experiments were
performed in MRC maxi plates. The reservoir was filled with 100 pl crystallizing agent and
1.5 pl CTX-M-14 protein solution (20 mg/ml) were mixed with 1.5 ul crystallizing agent in the
sitting drop well. The plates were then sealed with adhesive tape and stored at RT. The plates

were checked for crystal growth at regular intervals.

3.5.2. Seeding

Seeding allows crystals to grow in the metastable zone, where crystal growth from seeds can
occur, but not spontaneous nucleation. This can be used to increase reproducibility and to
increase the probability of a successful crystallization attempt. Furthermore, by adding seeds
to a droplet in a vapor diffusion crystallization experiment that is in the metastable zone, the
number and size of crystals grown can be controlled. The number of seeds introduced is
determined by testing a dilution series of the prepared seed stock.

To prepare such a seed stock, existing macrocrystals were crushed with a Crystal Crusher glass
rod (Hampton Research Corp, USA) and pipetted into a 1.5 ml reaction tube together with
50 pl reservoir solution. Then 3 glass beads were added and the tube was vortexed for 3 min,
stopping every 30 sec to cool the tube on ice. A dilution series of this seed stock was made
and used for further vapor diffusion experiments. The crystal seeds were transferred to a

crystallization droplet using a horse hair.
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3.5.3. Batch crystallization for microcrystals

The batch crystallization method is particularly suitable for producing a very large quantity of
microcrystals. This requires the seed stock to be highly concentrated and as homogeneous as
possible. A first batch crystallization experiment was performed with the undiluted previously
described seed stock and the crystals obtained were used to prepare the new highly
concentrated seed stock. This preparation was performed by mixing 50 % (v/v) CTX-M-14
protein solution (20 mg/ml) with 45 % (v/v) crystallizing agent (40 % (w/v) PEG8000, 200 mM
LiSO4, 100 mM NaOAc at pH 4.5) and 5 % (v/v) undiluted seed stock in a 1.5 ml reaction tube.
The resulting microcrystals grew over night at 20 °C, were centrifuged for 5 min at 200 x g and
20 °C and the crystal pellet was crushed with the Crystal Crusher (Hampton Research Corp,
USA). This procedure was repeated 10 times. In a final centrifugation step, the supernatant
containing the crystal seeds was separated, resulting in a highly concentrated seed stock.
This seed stock was then used to produce the homogeneous microcrystals for serial
synchrotron crystallography (SSX) and serial femtosecond crystallography (SFX) experiments.
The size of the crystals was determined by adding different amounts of seed stock. In a typical
approach, volumes of 50 % (v/v) CTX-M-14 protein solution (20 mg/ml) and 40 — 49 % (v/v)
crystallizing agent (40 % (w/v) PEG8000, 200 mM Li;SO4, 100 MM NaOAc at pH 4.5) and
1-10% (v/v) highly concentrated seed stock were mixed in a 1.5 ml reaction tube. The
prepared CTX-M-14 microcrystals grew within 1—=5 hours and had a homogeneous size
distribution from 5 —12 um for SFX or 11 — 23 um for SSX experiments, which was measured
by light microscopy. To prevent further crystal growth, these microcrystals were centrifuged
for 10 min at 200 x g and 20 °C, the supernatant was removed and replaced with microcrystal
stabilization buffer (28 % (w/v) PEG8000, 140 mM Li;SO4, 70 mM NaOAc, 6 mM MES and
15 mM NaCl at pH 4.5).
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3.6. X-ray crystallography

3.6.1. Single-crystal X-ray crystallography

The rotation oscillation technique was used for data collection applying single crystal X-ray
crystallography. A macrocrystal was rotated in the X-ray beam during multiple exposures. If a
crystal structure with ligands was to be determined, then the macrocrystals, prepared in the
vapor diffusion experiment, were placed in a crystallizing agent solution containing the ligand
and soaked for a defined amount of time. Data collection was performed at cryogenic
temperatures because radiation damage is significantly reduced at this temperature.
Therefore, this technique is later referred to as cryoMX (cryo macromolecular
crystallography). To prevent the formation of crystalline ice, the crystals had to be protected
with a cryo protection solution. Crystals were picked up with a polymer loop, immersed in cryo
solution (crystallizing agent with 25 % (w/v) glycerol) and frozen in liquid nitrogen. Data
collection was performed either at the Laboratory for Structural Biology of Infection and
Inflammation (DESY, Build. 22a, Hamburg, Germany) in-house source IuS (Incoatec GmbH,
Germany) with a Mar345S detector (MarXperts GmbH, Germany) or at the P11 beamline at
Petra Il (DESY, Hamburg, Germany) with a Pilatus 6M-F detector (Dectris Ltd., Switzerland).
Frozen crystals were placed on a goniometer and cooled to 100 K with a stream of nitrogen
gas. The crystals were exposed to an X-ray beam with a diameter suitable for the crystal size.
Diffraction data were processed using auto processing pipelines or XDS (Kabsch, 2010a,

2010b).

3.6.2. Time-resolved serial X-Ray crystallography

In serial X-ray crystallography, individual microcrystals are measured in random orientation.
The crystals are usually exposed to an X-ray beam only once. This reduces radiation damage
and allows data collection at RT and without cryoprotectants. Furthermore, it is possible to
perform mix-and-diffuse experiments at very short delay times, since very small microcrystals

are used and thus the diffusion times are significantly shortened (Schmidt, 2013).
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3.6.2.1. CFEL TapeDrive

The application of the CFEL TapeDrive was described in detail in our recently published paper
(Zielinski et al., 2022). A microcrystal suspension with a homogenous size distribution of
11 —15 um was produced in a batch crystallization setup and filtered using a 30 um Celltrics
gravity flow filter (Sysmex Corp, Japan). Ligands have been dissolved in ligand solution buffer
(20 % (w/v) PEG8000, 100 mM Li>SO4, 50 mM NaOAc, 10 mM MES and 25 mM NaCl at pH 4.5)
for mix-and-diffuse experiments. The microcrystal suspension and the ligand solution vials
were each connected to a channel of the Elveflow OB1 flow controller (ElveSys, France). A
microfluidic flow sensor allowed to monitor and control the flow rates of the sample solutions.
In mix-and-diffuse experiments, the same flow rate was chosen for microcrystal suspension
and for ligand solution to achieve 1:1 (v/v) mixing. The samples flowed through a capillary
onto a non-sticky polyimide tape (Capling, Netherlands), creating a continuous stream of the
mixed microcrystal suspension. This tape was part of the conveyor belt apparatus called
TapeDrive. It was moved continuously and thus ensured that the stream of microcrystal
suspension was carried into the X-ray beam. For time-resolved experiments, the delay time
between the mixing of the microcrystals with the ligand and the measurement by the X-ray
beam was adjusted by varying the tape speed and changing the distance of the capillary to the
X-ray beam. The CFEL TapeDrive was mounted on the crystallography endstation at the P11
beamline at Petra Il (DESY, Hamburg, Germany). Data collection was performed using the
Eiger 2 16M detector and data processing was carried out using the CrystFEL package (White
et al., 2012; White et al., 2016).

3.6.2.2. Chip data collection using a combination of HARE and LAMA

Additionally, a second method for time-resolved serial synchrotron data collection was used
with a combination of the hit-and-return (HARE) method (Schulz et al., 2018) and the liquid
application method for time-resolved analyses (LAMA) (Mehrabi et al., 2019a). For this
purpose, a fixed target approach was employed for sample delivery using HARE chips (Mehrabi
et al., 2020). The microcrystal suspension with a homogenous size distribution of 15 —20 um
was produced in a batch crystallization setup. Microcrystal concentration was measured by
depositing 10 pl of the crystal slurry into a Neubauer cell counting chamber (NanoEnTek,
Korea) and counting the crystals using a benchtop light microscope. The HARE chip was loaded

with 125 pl of a microcrystal suspension at a concentration of 1 x 10° — 1.5 x 10° ml? crystals.
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Residual mother liquor was removed during the chip loading procedure by applying a vacuum
to the chip-loading block. The substrate piperacillin was dissolved at a concentration of
333 mM in ligand solution buffer without PEG8000 to reduce viscosity for optimal droplet
formation (140 mM Li;SOs, 70 mM NaOAc, 6 mM MES and 15 mM NaCl at pH 4.5). The
reaction was initiated using LAMA, a mixing approach for serial crystallography that shoots
picoliter sized drops of the substrate into each feature of a chip containing protein crystals. In
addition, the advantages of the HARE approach were exploited to collect diffraction data and
reduce the total data collection time while minimizing sample consumption for crystals and
ligands. This technique involved measuring a chip according to a specific pattern. According to
the desired delay time, a dark image (no reaction initiation) of one feature of the chip was
recorded and then the reaction was initiated by substrate droplet deposition using LAMA. This
was repeated for the next features until the desired delay time has elapsed. Then the chip was
moved back to the position of the first feature to collect diffraction data after the set delay
time. The other features were then measured in the same order. This process is fully
automated and was repeated until the whole chip was collected. Thus, two datasets were
collected. A dark image dataset without reaction initiation and a dataset after reaction
initiation. The dark image was used to check for contamination with the ligand (misaligned
ligand nozzle, big ligand droplets) and thus evaluate the quality of the time-resolved dataset
with respect to the delay time. Due to the multiple X-ray exposures, the crystals had to be
checked for radiation damage. These data collections were performed at the P14.2 endstation
of beamline P14 operated by EMBL Hamburg at PETRA Il (DESY, Hamburg, Germany). Data
processing was carried out employing the CrystFEL package (White et al., 2012; White et al.,

2016) using an automated script by David von Stetten (EMBL, Hamburg).

3.6.3. Structure solution and refinement

The published structure of CTX-M-14 (PDB 6gth, Wiedorn et al. (2018)) collected at the
European XFEL was used as the initial model for molecular replacement by phaser (McCoy et
al., 2007) after removal of the water molecules and the ligand. Initial refinement was carried
out using phenix.refine (Afonine et al., 2012) with all isotropic atomic displacement
parameters (ADPs) set to 20 A2 and using simulated annealing. Repeated cycles of TLS

refinement with phenix.refine and manual model building with Coot (Emsley et al., 2010) were
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performed until convergence. A thorough manual inspection as well as the programs Polygon

and Molprobity (Chen et al., 2010) were used for validation of the final models.

3.6.4. Generation of polder maps

The crystallographic maps used for structure solution are almost always model-biased since
model information is used for their calculation. Any small molecule added to the model will
manifest itself in the map, hindering validation. Therefore, it is difficult to see whether a low
occupancy ligand is actually present or not. To overcome this problem, polder (OMIT) maps
can be generated (Liebschner et al., 2017). These polder maps are calculated by excluding
selected atoms and bulk solvent mask. The newly generated polder map then shows a less
biased map of the selected atoms. Since the bulk solvent is also excluded, this method is
excellent for improving the map of parts of the structure with weak density. This is especially
useful for the interpretation of electron density maps in time-resolved structural analyses,
since small changes in the map will not be obscured by bulk solvent.

Polder maps were generated using the phenix.polder tool from the PHENIX software suite (P.
D. Adams et al., 2010; Liebschner et al., 2017). The model file and the reflection file of the
refined structure were used for the calculation and the region for which the polder map was

generated was defined in the OMIT selection.
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4. Results

4.1. CTX-M-14 expression, purification and characterization

Anna Both provided the pCR4::Prom+CTX-M-14 plasmid containing the blacrx-m-12 gene that is
derived from a clinical K. pneumoniae isolate (Both et al., 2017). The blacrx-v-14 gene contains
the genetic information for the expression of a 291 amino acid protein (Figure S2), 28 amino
acids of which encode a signal peptide. This protein is the investigated CTX-M-14 B-lactamase,
which provides resistance of bacteria to B-lactam antibiotics by hydrolyzing the B-lactam ring.
Upon expression, CTX-M-14 is guided by the signal peptide to the periplasm of Gram-negative
bacteria, the site of action of B-lactam antibiotics (Laminet & Pliickthun, 1989; Mansell et al.,
2010; Selas Castineiras et al., 2018). Once at the target site, the signal peptide is removed,
resulting in a 27.96 kDa protein.

A protocol for expression and purification of the CTX-M-14 construct was previously
established by Nadine Werner, a colleague from the group of Prof. Betzel (Werner, 2020). This
protocol was adapted and optimized to achieve optimal protein yields in our laboratory.
Expression, cell lysis, dialysis, and purification with a cation exchange column were performed
as described in the methods section 3.3. A5 ml HiTrap SP FF column (GE Healthcare, USA) was
used for purification (Figure 10 A). For elution of CTX-M-14, the salt concentration was
increased by a linear gradient of IEX elution buffer (20mM MES, 1 M NaCl, pH 6) from 0 -5 %.
As a result, weakly bound impurities were removed in a first peak (peak 1) before eluting the
target protein at about 40 mM NaCl after 65 ml retention volume (Figure 10 A, peak Il).
CTX-M-14 purified by this approach was particularly pure and required no further purification
steps. In addition, a 12 % SDS-PAGE (Figure 10 B) was performed to monitor protein
expression and purity. The lane with the applied lysate (L) showed a strong overexpressed
band at the level of about 28 kDa, confirming the successful expression of CTX-M-14. Whereas
the absence of this band in the lane for the cation exchange flow through (FT) confirmed
successful binding to the column. The elution (E) lane of the pooled fractions showed only one

band at the level of about 28 kDa, indicating successful purification of CTX-M-14.
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Figure 10: Purification of CTX-M-14. (A) Exemplary representation of the elution profile of
CTX-M-14 purification with a HiTrap SP FF cation exchange column. The target protein was
eluted in the highest absorption peak (ll, blue) of 2200 mAU at a concentration of about
3-5% of the elution buffer (green). This corresponded to a salt concentration of about
40 mM NaCl. (B) 12 % SDS polyacrylamide gel of an SDS-PAGE for analysis of the protein
purification. Samples of the lysate (L), the flow through of the purification (FT), the eluted
fraction of CTX-M-14 (E) and a protein molecular weight marker (M, PageRuler Prestained
Protein Ladder) were applied on the gel. The bands corresponding to CTX-M-14 were circled
in red. In the pooled elution fraction, a single band was observed at about 28 kDa, which
matches the MW of CTX-M-14.

Prior to crystallization, characterization by DLS was performed to ensure that the sample is
free of impurities and is in a monodisperse state best suited for crystallization. DLS
measurements were performed as described in the methods section 3.4.1. The purified
CTX-M-14 sample was concentrated to 11 mg/ml using an Amicon centrifugal concentrator
(Merck KGaA, Germany) with a MWCO of 10 kDa. This concentration was chosen as it
corresponds to the final concentration present in the crystallization droplet after mixing
protein und crystallizing agent. Before DLS measurements, the sample was centrifuged for
60 min at 20000 x g and 4 °C. Calculations for the hydrodynamic radius determined a value of
Ry =2.37 £0.03 nm (Figure 11). Assuming a globular protein, this corresponds to a MW of
23.85 kDa, which is slightly smaller than the actual MW of 27.96 kDa. The slight deviation may
be due to the fact that CTX-M-14 is not a perfectly globular protein. Nevertheless, the DLS
measurements indicated that CTX-M-14 was present as a monomer in a monodisperse

solution, providing perfect conditions for crystallization.
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Figure 11: DLS measurements of purified CTX-M-14. (A) Radius distribution over time for
CTX-M-14 after purification. The contour plot's color scale indicates the relative intensity of
the particle, where blue corresponds to zero intensity, and dark red to the maximum intensity.
(B) Mean autocorrelation function, mean radius distribution and radius plot showing that CTX-
M-14 is pure and monodisperse as only one particle size species is present. The calculated
hydrodynamic radius Ry = 2.37 £ 0.03 nm indicates that CTX-M-14 is present as a monomer.

4.2. CTX-M-14 crystallization

Macrocrystals of CTX-M-14 were prepared by the vapor diffusion technique as described in
the methods section 3.5.1. For this purpose, a CTX-M-14 protein solution with a concentration
of 20 mg/ml and a crystallizing agent containing 25— 35 % (w/v) PEG8000, 200 mM Li,SO4,
100 mM NaOAc at pH 4.5 were used. To cover a wide range of crystallization conditions, the
concentration of PEG8000 was varied from 25-35 % (w/v). However, most crystals were
formed at a concentration of 30 % (w/v) PEG8000. Initial crystals grew over night, looked
intergrown (Figure 12 A, B) and were therefore used for a seed stock preparation. Seeding
approaches as described in section 3.5.2 increased the number of successful crystallization
experiments and improved the crystal morphology (Figure 12 C, D). The obtained crystals had
either a hexagonal (Figure 12 C) or trigonal (Figure 12 D) shape, depending on the main crystal
shape of the used seed stock. Thus, the seed stock had a significant influence on the crystal
shape. These macrocrystals were used to determine the high resolution cryo-crystal structure
of the CTX-M-14 native enzyme and for soaking experiments with antibiotic substrates and

inhibitors.
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Figure 12: Crystallization of CTX-M-14. (A-B) Macrocrystals with different morphologies
obtained by vapor diffusion crystallization experiments with 25-35% (w/v) PEG8000,
200 mM Li;SO4, 100 mM NaOAc at pH 4.5. (C-D) Macrocrystals obtained by vapor diffusion
crystallization experiments optimized by a seeding approach. As a result, only one crystal
morphology is present in each crystallization droplet. (E-F) Microcrystals with a homogeneous
size distribution of 16 — 21 um obtained by batch crystallization experiments with 40 % (w/v)
PEG8000, 200 mM Li>SOa4, 100 mM NaOAc at pH 4.5 used for SFX and SSX data collection.

Time-resolved structural analysis of CTX-M-14 with various substrates and inhibitors requires
very small and well-diffracting microcrystals with a homogeneous size distribution suitable for
serial crystallography. Such microcrystals were prepared by batch crystallization method as
described in section 3.5.3. In a typical batch crystallization approach, volumes of 50 % (v/v)
CTX-M-14 protein solution (20 mg/ml) and 40 —49 % (v/v) crystallizing agent (40 % (w/V)
74



Results

PEG8000, 200 mM Li;SO4, 100 mM NaOAc at pH 4.5) and 1 —10 % (v/v) highly concentrated
seed stock were mixed in a 1.5 ml reaction tube. Resulting microcrystals had a homogenous
size distribution of 16 — 21 um (Figure 12 E, F). However, the crystal size could be varied by
changing the percentage of seed stock in the batch crystallization setup. A higher percentage
of seed stock increases the number of crystallization nuclei added to the batch, resulting in
the growth of more and smaller crystals. Once the microcrystals reached the desired size, they
were centrifuged for 10 min at 200 x g and 20 °C and the supernatant was replaced with
microcrystal stabilization buffer (28 % (w/v) PEG8000, 140 mM Li,SO4, 70 mM NaOAc, 6 mM
MES and 21 mM NaCl at pH 4.5). The prepared CTX-M-14 microcrystals diffracted very well

and were stable for at least 6 months.

4.3. Stability of CTX-M-14 microcrystals at low PEG8000 concentrations

The PEG8000 concentration in the microcrystal stabilization buffer (28 % (w/v) PEG8000,
140 mM Li,SO4, 70 mM NaOAc, 6 mM MES and 21 mM NaCl at pH 4.5) was chosen slightly
higher than in the actual crystallization conditions to keep the equilibrium on the side of the
crystals, since the free protein has been removed. The intention was to prevent the crystals
from dissolving and keep them stable for a longer time. However, the increased PEG8000
concentration leads to a higher viscosity of the sample, which was a disadvantage in some
serial crystallography procedures. Using the LAMA approach (described in section 3.6.2.2) for
mix-and-diffuse time-resolved crystallography experiments, a small droplet of a few picoliter
of the substrate is injected onto an individual well of a chip containing a microcrystal. For
substrate solutions with high viscosity, the formation of a uniform drop was problematic.
Adding the substrate in a solution with a lower PEG8000 concentration than in the
microcrystal approach could have a negative impact on the microcrystal stability. Therefore,
it was investigated to what extent the PEG8000 concentration could be decreased while the
concentration of all other buffer components remained the same. The CTX-M-14 microcrystals
were centrifuged for 10 min at 200 x g and 20 °C and the supernatant was replaced with
microcrystal stabilization buffer (140 mM Li.SO4, 70 mM NaOAc, 6 mM MES and 21 mM NacCl
at pH 4.5) containing 28 % (w/v) PEG8000, 10 % (w/v) PEG8000 or 5 % (w/v) PEG8000 (Figure
13). While the crystals at 28 % PEG8000 did not show any microscopically visible limitations in
crystal stability over the time course of 60 min., the condition at 10 % (w/v) PEG8000 has

resulted in a slightly cracked surface of the crystals after 30 min. After 60 min, many crystals

75



Results

are still present, but a clear crystal surface is hardly visible. However, the crystals at 10 % (w/v)
PEGS8000 after 10 min. still look comparable to the crystals at 28 % (w/v) PEG8000, so it can
be assumed that they have not been damaged during this time period. Thus, it could be shown
that the CTX-M-14 microcrystals survive a short-term reduction of the PEG8000 concentration
to 10 % (w/v). The 5 % (w/v) PEG8000 exhibited a drastically reduced number of microcrystals
after only 10 min. Therefore, the PEG8000 concentration can be reduced to 10 % (w/v) for up

to 10 min. in time-resolved serial crystallography setups with viscosity constraints.

28 % PEG8000

10 % PEG8000 5 9% PEG8000
7 s T - Sttt

10 min

30 min

60 min

Figure 13: CTX-M-14 microcrystals tested for stability by exposure to low PEG8000
concentrations in crystallizing agent for 10, 30 and 60 min. 28 % PEG8000 corresponds to the
standard concentration in the stabilization buffer and is shown for comparison. With 10 %
PEG8000, the crystals begin to show the first changes after 30 min., whereas with 5%
PEG8000 the majority of all crystals have dissolved in less than 10 min.
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4.4. Hydrolysis activity of the CTX-M-14 crystal

It has been demonstrated several times that enzymes arranged in the crystal lattice retain
their catalytic activity, allowing time-resolved structural analysis (Brandén & Neutze, 2021;
Kupitz et al., 2014; Mehrabi et al., 2019b). To visualize the hydrolysis activity of CTX-M-14
within the crystal, a CTX-M-14 crystal was placed in a crystallization drop containing nitrocefin
and was observed over a period of 40 min. Nitrocefin is a chromogenic cephalosporin
routinely used to detect the presence of B-lactamase enzymes produced by various microbes.
It comprises a B-lactam ring that is susceptible to B-lactamase mediated hydrolysis. The
hydrolysis results in a shift of the absorption maximum from 390 nm to 486 nm, which is
reflected in a color change from yellow/green to red and allows visual detection of
B-lactamase activity on a macroscopic level.

A CTX-M-14 crystal with the size of 200 x 200 x 300 um was transferred into a fresh droplet of
crystallizing solution (20 % (w/v) PEG8000, 100 mM Li;SO4, 50 mM NaOAc at pH 4.5) to
remove residual free protein. Subsequently, the crystal was transferred into a droplet of
crystallizing solution (20% (w/v) PEG8000, 100 mM Li,SOs, 50 mM NaOAc at pH 4.5)
containing 2 mM nitrocefin (Figure 14). Due to the nitrocefin, this droplet was colored
yellow/green. A slight red coloration around the crystal could be observed as early as 0.5 min
after the addition of the CTX-M-14 crystal to the droplet, indicating the B-lactamase activity
of the crystal (Figure 14, 0.5 min). The red coloration continues to spread due to diffusion and
further hydrolytic cleavage of nitrocefin. Thus, this experiment successfully demonstrated that

CTX-M-14 retains its catalytic activity in the crystal.
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2 min 3 min

Figure 14: Nitrocefin hydrolysis by CTX-M-14 crystal in a crystallization droplet. CTX-M-14
crystal was placed in a crystallization droplet containing 2 mM nitrocefin and the color change
(yellow/green to red) due to the hydrolysis of nitrocefin was observed over a time period of
0.5—-40 min.
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4.5. Determination of enzyme kinetic parameters

The steady state parameters such as the turnover number k..t and the Michaelis constant Km,
are important quantities of enzyme kinetics. The rate constant of the rate-determining step
of the reaction is denoted by kca: and indicates the number of substrate molecules that are
converted in one second. In addition, the Michaelis constant K indicates the substrate
concentration at which the turnover rate is half-maximal.

Literature survey of the kinetic parameters of CTX-M-14 revealed turnover numbers ranging
from 3 —2700 molecules per second for the hydrolysis of various antibiotics (Bonnet, 2004;
Ishii et al., 2007). Thus, even with the slowest substrate ceftazidime (CAZ) with a ket of 3 s
(Bonnet, 2004), the probability of detecting transient intermediate states in time-resolved
crystallography approaches is very limited as a single ceftazidime molecule would be
hydrolyzed in about 333 ms. Initial time-resolved serial crystallography diffraction data
collections using the CFEL TapeDrive failed to show electron density for ceftazidime in the
active site of CTX-M-14 after a mixing delay time of 250 ms (see section 4.6.1.3). Therefore,
the turnover number of CTX-M-14 had to be decreased. In addition to the adaptation of
chemical parameters (viscosity, pH, concentrations), temperature is an important parameter
for regulating the catalytic rate of an enzyme according to van't Hoff's rule and Eyring
transition state theory. The influence of these parameters on the environment-dependent
enzymatic turnover number was investigated by determining the steady state kinetic
parameters kcat and Km. Furthermore, the kinetic parameters of 10 different antibiotics were
tested to determine the best substrate for the time-resolved structural analyses. In addition,
the efficacy of different B-lactamase inhibitors on CTX-M-14 were investigated by determining
the 50 % inhibitory concentration ICso. Inhibitors have the advantage of having a relatively
long lasting terminal state bound to the B-lactamase, making them easier to capture by time-
resolved data collections. For example, it is easier to estimate whether the selected time point
is suitable for the experiment. If there was no electron density for the inhibitor, the chosen
time point probably represented a state before the binding process, so a longer delay time

point should be chosen.

4.5.1. Kinetic parameters of CTX-M-14 at various pH values

Since crystallization was performed at pH 4.5, alkaline pH values were not considered for

determining the kinetic parameters of CTX-M-14. Alkaline pH values could not have been
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applied to time-resolved serial crystallography experiments because such a large change in pH
could have a negative impact on the stability and diffraction quality of the microcrystals.
Therefore, the steady state parameters ket and Km (Table 12) for the hydrolysis of ampicillin
and cefotaxime by CTX-M-14 were determined at pH 7.4 (PBS), pH 6 (20 mM MES), pH 4.5
(20 % (w/v) PEG8000, 100 mM Li;SO4, 50 mM NaOAc) and pH 3 (40 mM citric acid, 20 mM
NaxHPOg). It should be noted that the conditions at pH 4.5 correspond to the crystallization
conditions and thus also consider the viscosity of the solution. The experiments were
performed as described in section 3.3.8.

For ampicillin, lowering the pH from 7.4 to 3 reduced the enzymatic turnover number by a
factor of 5 from 77 + 2 s to 15 + 8 s (Table 12). At the same time, the Michaelis constant Km
increased and thus the half-maximal velocity is only reached at higher substrate
concentrations. Cefotaxime showed the same decreasing tendency in turnover number at
acidic pH, but with a smaller reduction by a factor of about 2.5 when the pH was reduced to
pH 3. Thus, a possibility of reducing the reaction rate of CTX-M-14 B-lactamase by lowering
the pH was demonstrated. However, the effect of pH change on the diffraction quality of the
crystals would need to be investigated if applied to time-resolved serial crystallography
experiments.

Table 12: CTX-M-14 WT steady-state parameters kcat and Kn for ampicillin and cefotaxime
at various pH.

Keat [s7'] Km [uM]
Antibiotic
pH 7.4 pH 6 pH 4.5 pH 3 pH 7.4 pH 6 pH 4.5 pH 3

ampicillin{ 77+2 49+1 40+23 15+8 {130+11 62+6 850400 1250 *400

cefotaxime; 81+4 753 49+3 33+4 1158+19 23+5 680+74 313+74

4.5.2. Kinetic parameters of CTX-M-14 at various temperatures

The temperature dependence of B-lactam hydrolysis by CTX-M-14 was investigated using
ampicillin (Figure 15) and cefotaxime as substrates at 28 °C and 4 °C. Low temperatures were
of particular interest as reaction rates needed to be reduced for time-resolved experiments.
Unfortunately, this turned out to be a problem, as most photometric instruments do not have

a refrigeration function. Therefore, the experiments were performed in the cold room at a
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temperature of 4 °C. Nevertheless, the comparison of the reaction rate at the two
temperatures showed a reduction of the turnover number ket by a factor of 2.5 for both
investigated substrates (Table 13). For ampicillin, the turnover number k..t decreased from
49+1stat28°Cto 19 +1s!at4°Cand for cefotaxime from 75 + 3 s to 31 + 3 s, With this
information, time-resolved structural analysis can be optimized after introducing temperature
control features in time-resolved serial crystallography setups at the CFEL TapeDrive. Thus,
the reaction rate can be reduced accordingly, and possible transient states can be investigated

with high temporal resolution.
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Figure 15: Michaelis-Menten plot of ampicillin hydrolysis by CTX-M-14 B-lactamase at pH 6
(20 MM MES) and 28 °C or 4 °C. Initial rates of enzymatic hydrolysis were plotted against the
corresponding concentration of the antibiotic. A reduction in the initial rate of hydrolysis of
ampicillin at colder temperatures is evident, which is also reflected in the reduction of the
corresponding kca: values by a factor of 2.5.

Table 13: CTX-M-14 WT steady-state parameters kcat and Kn for ampicillin and cefotaxime
at pH 6 and different temperatures.

Keat [s7] Ko [UM]
Antibiotic
28 °C 4°C 28 °C 4°C

ampicillin 49+1 19+1 62+6 4012

cefotaxime 75+3 31+3 70+ 8 12+6
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4.5.3. Kinetic parameters of CTX-M-14 with various antibiotics

In search of a relatively slowly hydrolyzed substrate, the kinetic parameters of hydrolysis of
10 different B-lactam antibiotics (Table 14) by CTX-M-14 B-lactamase were determined using
a photometric approach as described in section 3.3.8. Corresponding Michaelis-Menten-plots
of these antibiotics are shown in the appendix in Figure S3 and the corresponding molar
extinction coefficients used for calculations in Table S1. Chemical structures of the antibiotics
are shown in Figure S4. The penicillin antibiotics ampicillin, benzylpenicillin and piperacillin
showed a wide range of turnover numbers. While ampicillin and piperacillin had very similar
turnover numbers with a ket of 49 + 0.9 st and 45 + 2.0 s}, respectively, benzylpenicillin was
the second fastest hydrolyzed of the studied antibiotics with a ket of 254 +5.7s2,
Interestingly, although having a similar turnover number to ampicillin, piperacillin had a much
lower Km of 10+6.5uM and thus the half-maximal rate was reached at much lower
concentrations of the antibiotic. The only tested first-generation cephalosporin, cefalotin, was
by far the most rapidly hydrolyzed antibiotic with a kcat of 565+ 13.2 s}, which made it
unsuitable for later time-resolved experiments. The second-generation cephalosporin
cefuroxime and the fourth-generation cephalosporin cefepime vyielded ket values of
96 + 3.1 stand 129 + 13.1 s}, respectively. Thus, these antibiotics were also hydrolyzed faster
than ampicillin or cefotaxime and were therefore also not suitable for the time-resolved
experiments. Only the third generation cephalosporins showed relatively low turnover
numbers, except for cefotaxime with a ket of 75 + 2.6 s1. The hydrolysis of ceftriaxone was
the third slowest of the antibiotics measured, with a ket of 25+ 0.8 s. Ceftazidime and
cefdinir exhibited the smallest turnover rates with a ket of 0.9+0.2s? and 2+0.157,
respectively. Thus, these two antibiotics were particularly well suited for the following time-
resolved serial crystallography experiments. However, it should be noted that ceftazidime
showed a relatively high Km of 676 + 177 uM compared to the other antibiotics investigated,
which could be caused by a low affinity for the CTX-M-14 active site. In contrast, ceftriaxone
and piperacillin could be also considered for the time-resolved experiments due to their low

Km values of 7.5 + 1.4 uM and 10 = 6.5 uM, respectively.
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Table 14: Kinetic parameters of CTX-M-14 with various substrates at 28 °C and pH 6.

Antibiotic Keat [s71] K [UM]
ampicillin 49+ 0.9 62+5.9
benzylpenicillin 254 £5.7 38+8.3
cefalotin 565 +13.2 16+3.3
cefdinir 2+0.1 7.4+12
cefepime 129+13.1 381+69.2
cefotaxime 75%+2.6 70+8.1
ceftazidime 09+0.2 676+177
ceftriaxone 25+0.8 75+14
cefuroxime 96 +3.1 41+7.9
piperacillin 45+2.0 10+ 6.5

4.5.4. Inhibition of CTX-M-14

In addition to the substrates of CTX-M-14, B-lactamase inhibitors were investigated in this
work. To assess the inhibitory effect of the compounds on CTX-M-14, the 50 % inhibitory
concentration 1Cso was determined as described in section 3.3.9. The ICso corresponds to the
concentration of inhibitor required to decrease the initial rate of hydrolysis of the substrate
by 50 %. The approved non-B-lactam based B-lactamase inhibitor avibactam was used to
investigate the feasibility of the assay. Avibactam showed an inhibitory effect on CTX-M-14
even at low concentrations, reaching an ICso value of 3.4 + 0.3 nM (Figure 16).

Furthermore, the proteasome inhibitors bortezomib and ixazomib were studied in a
repurposing approach in search of new opportunities for inhibitor development (Perbandt et
al., 2022). Both proteasome inhibitors exhibited a dual mode of inhibition, so in addition to
inhibition of proteases, they were able to effectively reduce the hydrolysis activity of
CTX-M-14. However, the inhibitory effect was observed only at relatively high concentrations
for inhibitors in the micromolar rather than nanomolar range, resulting in ICso values of

68 + 19 uM for bortezomib and 13 + 2.4 uM for ixazomib (Figure 16) (Perbandt et al., 2022).
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Nevertheless, the inhibitory effect of ixazomib was about five times stronger than that of
bortezomib.

In addition, boric acid was tested in combination with glycerol as an inhibitor model to further
investigate the basis of many new boronate-based B-lactamase inhibitors and the proteasome
inhibitors mentioned here. The boric acid and glycerol combination, however, only achieved
an ICso value of 913 + 342 uM (Figure 16), which is about 3 x 10° times higher than that of
avibactam. Additionally, it should be noted that the standard error is very large compared to
the other tested compounds, which could be attributed to the generally low inhibition of the

boric acid and glycerol combination.
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Figure 16: Inhibition assays showing the effect of avibactam, boric acid with glycerol,
bortezomib and ixazomib on B-lactam hydrolysis by CTX-M-14 B-lactamase. The initial
velocities of cefotaxime hydrolysis were plotted against the log concentration of each
inhibitor, showing the decrease in hydrolysis rates at higher concentrations of the compounds.
Calculated ICso values are 3.4+ 0.3 nM for avibactam, 913 + 342 uM for boric acid with
glycerol, 68 £ 19 uM for bortezomib and 13 + 2.4 uM for ixazomib.
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4.6. Time-resolved serial crystallography experiments

4.6.1. Serial synchrotron crystallography using the CFEL TapeDrive

The results described in this section were obtained using the CFEL TapeDrive (Beyerlein et al.,
2017) at the P11 beamline (Burkhardt et al., 2016) of the PETRA Ill synchrotron (DESY,
Hamburg, Germany) as described in section 3.6.2.1. A research article in which | am co-first
author, describing the procedure and the first serial crystallography data in detail, was

published in the International Union of Crystallography Journal IUCrJ (Zielinski et al., 2022).

4.6.1.1. First room temperature structure of inhibitor-free CTX-M-14

In the initial experiments with the CFEL TapeDrive, microcrystals of CTX-M-14 were measured
to determine a native reference structure at room temperature and to evaluate the feasibility
of the TapeDrive for this project. In addition, the sample consumption was evaluated to adjust
the production quantities of the protein, if necessary. Furthermore, the time required for the
collection of a complete dataset was determined in order to plan the following beam times
accordingly. CTX-M-14 diffraction data was collected at room temperature resulting in
datasets with 5000 detector images (5k, represents first 5000 images of the full dataset),
10000 detector images (10k) and a full dataset with 127171 detector images (full dataset).
Data processing was performed using CrystFEL (White et al., 2012; White et al., 2016), and
structure solution and refinement was performed using the Phenix software suite (Paul D
Adams et al., 2010; Liebschner et al., 2019). Corresponding data collection and refinement
statistics are shown in Table 15. The Matthews coefficient of the crystals was 2.15 A3/Da,
corresponding to a solvent content of 43 %. According to Matthews Cell Content Analysis
(CCP4i; Winn et al., 2011) the asymmetric comprised a single protein molecule. All datasets
were complete and could be used to solve the crystal structure of CTX-M-14. Thus, it was
shown that a complete dataset with only 5k images could be acquired in 200 s at an acquisition
rate of 25 Hz. This consumed a total of no more than 34 pg of protein in about 3.3 pl of
microcrystal suspension (Zielinski et al., 2022). The resolution cut-off during processing was
set to CCy/2 = 0.15. Of the 5000 detector images, 5109 crystals could be indexed by CrystFEL,
resulting in a complete dataset with a resolution of about 1.55 A. The 10k dataset yielded only

4286 indexed lattices by CrystFEL, likely due to a lower hit rate than the 5k dataset.
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Table 15. Data collection and refinement statistics for CTX-M-14 B-lactamase native enzyme

using the CFEL TapeDrive (Zielinski et al., 2022).

CTX-M-14 CTX-M-14 CTX-M-14
(full dataset) (10000 frames) (5000 frames)
PDB entry 7zpv 8af7 8af8
Temperature (K) 293 293 293
Crystal size (um) 10-20 10-20 10-20
No. of collected images 127170 10382 5000
Total measuring time (s) 5086 415.3 200
Average acquisition rate (Hz) 25 25 25
Indexed patterns 61331 4286 5109
Indexed per second 12.1 10.3 25.6
Space group P3,21 P3,21 P3,21
a, b, c(A) 42.2,42.2,234.4 42.2,42.2,234.4 42.2,42.2,234.4
a,B,y(°) 90, 90, 120 90, 90, 120 90, 90, 120
Solvent content 0.397 0.397 0.397
Resolution (A) 1.40-17.77 1.55-17.77 1.55-17.77
(1.40-1.42) (1.55-1.58) (1.55-1.58)
Unique reflections 49225 (4733) 36504 (3514) 36495 (3514)
(I/a(l)) 9.11(0.69) 3.25(0.62) 3.75 (0.63)
Completeness (%) 100 (100) 99.98 (100) 99.98 (100)
Multiplicity 2217 (1400) 114 (65.0) 149 (75.1)
R spiit 7.2 (165.91) 27.8(172.41) 22.97 (170.30)
CCyp2 0.991 (0.266) 0.815 (0.268) 0.907 (0.262)
cc* 0.998 (0.648) 0.948 (0.650) 0.975 (0.644)
Wilson B factor (A2) 24.22 23.58 23.14
Resolution range in 1.40-17.78 1.55-16.54 1.55-14.95
refinement (A) (1.40-1.47) (1.55-1.61) (1.55-1.61)
Reflections used in refinement 49225 (4832) 36504 (3523) 36495 (3521)
Reflections used for Rfree 1033 (100) 768 (74) 765 (73)

Rwork
Rfree
RMS (bonds)

0.1410 (0.3338)
0.1561 (0.3827)
0.009

0.1797 (0.3015)
0.2147 (0.3192)
0.006

0.1758 (0.3775)
0.1988 (0.3643)
0.011

RMS (angles) 1.01 0.82 1.18
Ramachandran favored (%) 97.68 97.27 98.06
Ramachandran allowed (%) 1.93 2.34 1.55
Ramachandran outliers (%) 0.39 0.39 0.39
Rotamer outliers (%) 1.87 1.83 0.95
Clashscore 2.19 6.90 3.47
Average B-factor 34.26 32.61 34.56
macromolecules 33.23 31.50 32.66
ligands 78.08 45.56 46.35
solvent 45.06 44.97 123.90
MolProbity score 1.27 1.27 0.89

Statistics for the highest-resolution shell are shown in parentheses.

Nevertheless, a structure with a similar resolution and similar Rwork and Rfree Values could be
determined with this dataset (Table 15). However, the full dataset with 127171 detector
images and 61331 indexed crystals yielded an even higher resolution of 1.40 A. This is mainly
due to the higher multiplicity and better I/sigma and therefore more observed unique

reflections of the full dataset. This also resulted in the Rwork = 0.141 and Rfree = 0.156 values of
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the full dataset being lower than those of the 5k dataset with Rwork = 0.176 and Riree = 0.199.
Nevertheless, the calculated electron density maps of the three datasets did not show any
significant differences. Thus, it could be shown that a complete dataset could be acquired
after 200 s of data collection. However, a longer measurement of the sample offered a slightly
better data quality, so that priorities can be set accordingly when planning beam times. These
initial experiments demonstrated the potential of the TapeDrive for serial crystallography data
collection, so this method was utilized to collect time-resolved data to study biological

questions. (Zielinski et al., 2022)
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Figure 17: X-ray structure of CTX-M-14 with a resolution of 1.4 A collected at room
temperature using the CFEL TapeDrive (PDB 7zpv, Zielinski et al. (2022)). The structure
consists of an a+B-domain (salmon) and an a-domain (yellow). A sulfate ion is located in the
anion binding site in close proximity to the active site, which is located in the groove between
the two domains.

The resulting model of CTX-M-14 demonstrates excellent geometry and the overall structure
is similar to other Ambler class A B-lactamases and other members of the CTX-M family (Lahiri
et al., 2013). CTX-M-14 consists of two domains, an a+B-domain and an a-domain (Figure 17).
The a+B-domain (residues 27 — 60 and 216 — 289) comprises the N- and C-terminal helices of
the protein and five antiparallel B-sheets. The a-domain (residues 61 —215) consists of the
other a-helices and four small B-sheets. A sulfate ion is present in the anion binding site in
close proximity to the active site, which is located in the groove between the two domains

and consists of conserved amino acid residues of Ambler class A B-lactamases (Figure 18).
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Ser70 is responsible for the covalent binding of substrates. The core catalytic residues are
Ser70, which forms a covalent bond with the substrate, and the three main residues Lys73,
Ser130 and Glul66 involved in the proton shuttling mechanism for B-lactam hydrolysis (Chen
et al., 2007; Chen et al., 2005b). In this native structure without a substrate, however, only a
sulfate ion is present in the anion binding site and is coordinated by the side chains of Ser130,

Lys234, Thr235 and Ser237 (Figure 18).
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Figure 18: Active site of CTX-M-14 (PDB 7zpv) with a stick representation of residues
conserved in Ambler class A B-lactamases. The groove between the a+B-domain (salmon)
and the a-domain (yellow) forms the active site that is flanked by the Q-loop (blue). The water
molecule in the oxyanion hole and the catalytic water molecule are marked with a red arrow.

Looking at the surface charge of the protein, the anion binding site is represented by a
positively charged pocket (Figure 19). Right next to the anion binding site is the oxyanion hole
formed by the backbone amide groups of Ser70 and Ser237, which is important for stabilizing
a negatively charged oxygen and is occupied by a water molecule in the native structure
(Murphy & Pratt, 1988; Rodkey et al., 2012). At this site, an acyl carbonyl of covalently bound
substrates or inhibitors is usually stabilized (e.g., relebactam, section 4.6.1.4). The side chains
of Asn104 and Asn132 are located close to each other forming a part of the cationic patch in
the active site that interacts with carboxamide carbonyl oxygens of the core B-lactam
structure (Lahiri et al., 2013). However, in the native enzyme, these residues coordinate a

network of water molecules.
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The Q-loop (Figure 18) consists of the amino acid residues 161 — 179 and plays an important
role in substrate and inhibitor binding (Poirel et al., 2001; Shurina & Page, 2021). Specific
mutations (e.g., P167S) in this Q-loop cause an extended-spectrum of the B-lactamase,
primarily by increasing the size and flexibility of the binding pocket and thus eliminating steric

hindrance (Both et al., 2017).

Figure 19: Electrostatic surface representation of (A) CTX-M-14 and (B) a focus on the active
site. Positively charged areas of the enzyme surface are displayed in blue and negatively
charged areas in red. The binding pocket of CTX-M-14 forms a strong positively charged region
in which a sulfate is present in the native structure. This region is referred to as the anion
binding site. The electrostatic surface representation is calculated and visualized by the APBS
Electrostatics plugin in Pymol (Jurrus et al., 2018; Lerner & Carlson, 2006).

4.6.1.2. Comparison of CTX-M-14 X-ray structures at room temperature and

cryogenic temperature

The CTX-M-14 X-ray structures at room temperature were determined by serial synchrotron
crystallography (Zielinski et al., 2022) or serial femtosecond crystallography (Wiedorn et al.,
2018) using microcrystals, while the X-ray structures at cryogenic temperature were
determined by standard rotational series single crystal crystallography using macrocrystals at
cryogenic temperatures (Perbandt et al., 2022). In this chapter the already mentioned
TapeDrive structure 7zpv (1.4 A) and the CTX-M-14 cryoMX structure 7q0z (1.0 A) are being
compared. It should be noted that the cryoMX structure (7q0z) was solved by the colleague

Nadine Werner from the group of Prof. Betzel (Hamburg University) and published in a joint
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research article (Perbandt et al., 2022). However, it is the best structure for this comparison
because it was produced according to the same protocol and crystallization conditions.
Although the micro and macrocrystals were produced under similar conditions, they differ in
their symmetry and unit cell parameters. The macrocrystals were arranged in the
orthorhombic P212121 space group, while the microcrystals were arranged in the trigonal
P3,21 space group (Figure 21). In addition, the microcrystals did not require cryo protection
since data collection was performed at room temperature, whereas the macrocrystals were
briefly soaked in glycerol to protect them from freezing solvent molecules that might
otherwise disrupt the crystal lattice. As a result, three glycerol molecules are present in the
cryoMX structure. Due to the sulfate-containing crystallization conditions, both structures
include sulfate ions. In both structures, a sulfate ion is present in the anion binding site as it
can be stabilized by the amino acid side chains described above. The cryoMX structure has
four more sulfate ions distributed in the periphery of the protein, whereas the TapeDrive

structure has only one more sulfate ion.
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Figure 20: Comparison of the overall structures of CTX-M-14 collected at room temperature
(yellow, PDB 7zpv, Zielinski et al. (2022)) and the cryoMX structure (grey, PDB 7q0z,
Perbandt et al. (2022)). Good alignment of the asymmetric unit with an RMSD of 0.293 A
despite the differences in space group symmetry and unit cell dimensions.
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Furthermore, it is noticeable that 490 water molecules are present in the CryoMX structure,
while only 154 water molecules are present in the TapeDrive structure. Nevertheless, both
structures include the well-coordinated water molecules in the active site, such as the catalytic
water or the water in the oxyanion hole (Figure 20).

Alignment of both structures was performed using PyMOL and showed that the structures
matched very well despite the differences in symmetry and unit cell dimensions resulting in
an RMSD of 0.293 A (Figure 20). Solvent channels within the crystals were calculated using the
MAP_CHANNELS tool (Juers & Ruffin, 2014), revealing slightly larger solvent channels for the
microcrystals used for TapeDrive experiments compared to the macrocrystals used for

cryoMX, making mix-and-diffuse studies more feasible (Zielinski et al., 2022).

Figure 21: Crystal packing of (A) CTX-M-14 microcrystals used for serial synchrotron
crystallography and (B) macrocrystals used for cryoMX. The microcrystal packing is
represented by the TapeDrive CTX-M-14 native structure (7zpv) with symmetry pairs of space
group P3,21 in the unit cell, which is outlined in black (A). The macrocrystal packing is
represented by the cryoMX CTX-M-14 native structure (7q0z) with symmetry pairs of space
group P212121 in the unit cell (B).
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4.6.1.3. Optimization of the measurement environment for the detection of

ceftazidime binding to CTX-M-14

Initial experiments with the CFEL TapeDrive were used to mix CTX-M-14 with 100 mM
ceftazidime (Figure 22) with the goal to obtain time-resolved structural information of the
catalytic mechanism. To ensure that the measured datasets were complete, and due to the
limited amount of microcrystal suspension, diffraction data were collected for only a single
time point with a delay time of 250 ms. The crystals diffracted well to a resolution of 1.70 A,

yielding R-factor values of Rwork = 0.163 and Rsree = 0.201 for the refined model (Table 16).

o-%

H
s p N
) 1 ﬁ
| 0
~NZ N A
OH
0 (0]
O (@]

Figure 22: Chemical structure of ceftazidime.

Unfortunately, the obtained structure did not show difference electron density for a
ceftazidime molecule. To further confirm the absence or presence of ceftazidime, a polder
map was generated omitting the Ser70, the sulfate ion and some water molecules in the active
site. Polder maps are particularly well suited to visualize weak electron density of ligands,
since bulk solvent is excluded in the calculation (Liebschner et al., 2017). Therefore, these
polder maps can be used to verify the presence of atoms in the model. However, the polder
map also showed no electron density for ceftazidime. To be more precise, absolutely no
differences could be found compared to the structure of the native enzyme (Figure 23). Thus,
in the structure of CTX-M-14 mixed with ceftazidime at 250 ms, the sulfate ion was also
present in the anion binding site as well as the catalytic water (wat10) and the water molecule
in the oxyanion hole (wat353). In addition, the other water molecules in the active site were
also distributed very similarly (Figure 23). Consequently, it can be assumed that ceftazidime

did not bind in the active site of CTX-M-14 during the 250 ms period.

92



Results

A native B 250 ms CAZ
SO4 SO4
g (4] ’g (*]
© wat353 © wat353
SR~ S S~ 5
— &/~
Ser70 @ wat10 Ser70 ® watlo

Figure 23: Active site of (A) CTX-M-14 native enzyme and (B) CTX-M-14 mixed with
ceftazidime with a delay time of 250 ms. Both structures were determined using the CFEL
TapeDrive. For the CTX-M-14 native, no ligand was added, while for the other structure CTX-
M-14 was mixed with ceftazidime and measured with a delay time of 250 ms. Both structures
and the corresponding polder electron density maps contoured at 5 o (green mesh) of the
active site looked identical. Ceftazidime could not be observed in the active site of CTX-M-14.

It is assumed that the ceftazidime molecule was hydrolyzed and released too quickly to
generate clear electron density. Based on this, the reaction rate of the B-lactamase should be
reduced. Measurement of the kinetic parameters ket and Km of CTX-M-14 against different
antibiotics revealed that ceftazidime was already the slowest hydrolyzed substrate with a
turnover rate ket of 0.9 + 0.2 s (section 4.5.3, Table 14). However, it was also shown that the
reaction rate could be further reduced by lowering the temperature (section 4.5.2) or the pH
(section 4.5.1). Since temperature control for the CFEL TapeDrive was not available at this
time, the pH of the measurement environment was lowered. The initial data collection was
performed at pH 4.5 provided by the crystallization conditions. To lower the pH in TapeDrive
experiments, a microcrystal stabilization buffer (28 % (w/v) PEG8000, 140 mM Li2SO4, 70 mM
NaOAc, 6 mM MES and 15 mM NaCl) with the appropriate pH was injected into the
microcrystal lane at a 1:1 (v/v) ratio. This allowed the crystals to mix with the buffer for a few
seconds until they were applied to the tape via a capillary and mixed with the substrate
directly on the tape. Timelines of CTX-M-14 mixed with ceftazidime at pH 4 (Figure 24) and
pH 3 (Figure 25) were collected with delay times ranging from 62 ms to 5000 ms. Data
collection and refinement statistics are shown in Table 16. The achieved resolution was in the
range of 1.60 A —1.76 A. Differences in resolution could be explained by number of images

per dataset and thus a different number of unique reflections. The structure of CTX-M-14
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mixed with ceftazidime at pH 3 and a delay time of 100 ms had the lowest number of unique
reflections (24756) and the lowest resolution of 1.76 A. Nevertheless, the resolution should
be sufficient for the identification of ligands in the active site. Resulting structures had R factor
values in the range of Rwork =0.138 —0.153 and Rfree = 0.171 — 0.185 for the refined models
(Table 16).

Despite the wide range of delay times and pH adjustments to lower reaction rates, it was not
possible to detect ceftazidime in the active site of CTX-M-14 B-lactamase (Figure 24 and
Figure 25). The polder electron density showed the same state as in the structure of the native
enzyme described above.

It could not be concluded with certainty whether the chosen delay times were too early or too
late to observe the reaction of ceftazidime, as reaction rates in the crystal may differ from
those observed in solution. Therefore, an inhibitor was used for the following TapeDrive

experiments.
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Figure 24: Timeline of the active site of CTX-M-14 mixed with ceftazidime (blue) at pH 4 and
delay times of 62 ms — 5000 ms. Also shown is a structure of the native enzyme (yellow) for
comparison. As before, no sufficient polder electron density contoured at 5 o (green mesh)
for ceftazidime was observed over the entire time course of the experiment.
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Figure 25: Timeline of the active site of CTX-M-14 mixed with ceftazidime (orange) at pH 3
and delay times of 62 ms — 5000 ms. The structure of the native enzyme (yellow) is shown for
comparison. Even at lower pH values and thus slower reaction rates, sufficient polder electron
density contoured at 5 o (green mesh) for ceftazidime was not observed over the entire time

course of the experiments.
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4.6.1.4. Time-resolved analysis of relebactam binding processes to CTX-M-14

Inhibitors have the advantage of having a relatively long-lasting endpoint with a covalent bond
to the enzyme. Therefore, it is easier to estimate whether a chosen delay time has been too
early or too late to observe a reaction mechanism. If no inhibitor was yet present in the active
site, the delay time was probably too short and had to be increased. This circumvents the
problem encountered with the substrate ceftazidime and allowed the observation of binding
processes.

Previously, the novel diazabicyclooctane (DBO) derivative inhibitor avibactam has been shown
to bind in the active site of CTX-M-14 B-lactamase with high occupancy (Wiedorn et al., 2018).
However, at the time of these experiments, another promising DBO B-lactamase inhibitor,

relebactam, was already available and was used for time-resolved experiments (Figure 26).

avibactam relebactam

Figure 26: Chemical structures of the diazabicyclooctane inhibitors avibactam and
relebactam.

Time-resolved diffraction data of CTX-M-14 mixed with relebactam at delay times of 0.25 s,
1.7s,40s, 100 s and 140 s were collected using the CFEL TapeDrive as described in section
3.6.2.1. In addition, a cryoMX structure of CTX-M-14 soaked with relebactam was collected.
The above described CTX-M-14 native structure (7zpv), also collected using the TapeDrive
(Zielinski et al., 2022), was used for comparison. Data collection and refinement statistics are
shown in Table 17 and Table 18. All time-resolved crystallography (TRX) TapeDrive structures
have reached a resolution of about 1.52 A, except for the structure with a delay time of 0.25 s
with a resolution of only 1.70 A. It should be noted that the achieved resolution is also
reflected in Wilson-B-factor. While the data of the time points 1.7 s — 140 s have Wilson-B-
factor of approx. 20 A%, the 0.25 s data only had Wilson-B-factor of 33.18 A2 This was also

reflected in the calculated R factors.
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Figure 27: Crystal structure and zoom in the active site of (A) TapeDrive CTX-M-14 native
(7zpv), (B) TapeDrive CTX-M-14 mixed with the inhibitor relebactam with a delay time of
140 s and (C) cryoMX CTX-M-14 soaked with relebactam. In the active site, the catalytic
Ser70, the sulfate ions, the water molecules and the bound relebactam are highlighted as stick
representation. The corresponding polder map (green mesh) contoured at 5 o verifies the
presence of relebactam (magenta) in the active site. Relebactam shows a second
conformation (pink) in the cryoMX structure.
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The structure with a delay time of 0.25 s showed R factors of Rwork = 0.206 and Riree = 0.256,
while the other TapeDrive structures showed R factors of Rwork=0.145-0.163 and
Rfree = 0.166 — 0.186. Nevertheless, this resulted in qualitatively very good structures that
allowed a reliable interpretation of the processes. The cryoMX structure of CTX-M-14 soaked
with relebactam achieved a resolution of 1.14 A and the obtained model yielded R factors of
Rwork = 0.102 and Riree = 0.131.

For TapeDrive and cryoMX relebactam structures there was clear Fo-Fc difference electron
density for relebactam in the active site of the enzyme. In combination with the high
resolution, this allowed modeling of the bound inhibitor in the active site with a high degree
of confidence. As before, polder maps were generated to verify the presence of molecules in
the active site (Figure 27). There is a clear difference from the polder electron density of the
native structure to the structures with relebactam. The structures mixed or soaked with
relebactam show distinct polder electron density for the relebactam molecule, confirming the
presence of the inhibitor. Thus, a room temperature and a cryo structure of CTX-M-14 with
bound relebactam were successfully obtained. The polder electron density clearly reveals the
covalent bonding of relebactam and the nucleophilic Ser70 via formation of a carbamoyl ester,
which is accompanied by the opening of the DBO ring by cleavage of the N6 — C7 bond (Figure
26, Figure 28). In addition to the covalent carbamoyl ester with Ser70, relebactam is stabilized
by interaction with various other side chains in the active site (Figure 28). The relebactam
molecules of both structures (TRX-140s/cryoMX) form polar contacts with the same
conserved amino acid residues. The coordination of relebactam thus occurs via the same
hydrogen bonds in both structures. The relebactam sulfate moiety is stabilized by
Lys234 (3.5 A/3.3 A), Thr235 (3.2 A/3.1 A) and Ser237 (3.1 A/3.0 A) in the anion binding site.
Furthermore, the oxygen of the carbamoyl group is stabilized in the oxyanion hole by the main
chain amide groups of Ser70 (2.7 A/2.6 A) and Ser237 (2.9 A/2.8 A). Stabilizing interactions
also include hydrogen bonding of the side chains of Asn104 (3.4 A/3.1 A), Asn132 (2.9 A/2.9 A)
and Asn170 (3.5 A/3.5 A) with the carboxamide group of relebactam. Further hydrogen bonds
with relebactam are formed by the side chains of Lys73 (3.5 A/3.5 A) and Ser130 (3.1 A/3.1 A).
The catalytic water is positioned by Glu166 and Asn170 with close distance of 3.3 A/3.0 A to
the C7 atom (Figure 26) of relebactam in the TapeDrive and cryoMX structure, respectively. It
is apparently positioned for decarbamoylation and recyclization of relebactam to ensure the

reversible pathway of the inhibitor.
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Figure 28: Visualization of polar contacts of ambient sulfate ions and water molecules in the
active site of CTX-M-14 (TRX-native; PDB 7zpv; A and B). Furthermore, the polar contacts of
CTX-M-14 and relebactam are shown in the (C) CTX-M-14 (TRX-140 s-relebactam) structure
and in the (D) CTX-M-14 (CryoMX-relebactam) structure. Potential hydrogen bonds are
depicted as black dashes with the atomic distance in Angstrém.

Both relebactam structures show only small differences in their polder electron density. The
piperidine ring adopts the energetically preferred chair configuration in both, cryo and RT
structures. The cryoMX structure could display the electron density for the relebactam much
better due to the high resolution, especially the coverage of the piperidine ring. Moreover,
the electron density of the cryoMX structure allows interpretation of a second alternative
orientation of the relebactam. However, in the cryoMX structure it can adopt two
orientations, and both are twisted slightly differently towards the Asn104 residue compared
to the TapeDrive structure (Figure 27 B and C). This is not surprising, since the terminal

piperidine ring is not directly stabilized by any interactions with the enzyme and is exposed to
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the solvent. It also explains why the piperidine ring is less well defined in the polder electron
density than the rest of the relebactam.

Binding of relebactam does not cause any apparent global conformational changes or major
changes in the active site of CTX-M-14 compared to the native structure. This is represented
by the small RMSDs of 0.109 A (TapeDrive: relebactam-140s versus native) and 0.151 A
(cryoMX: relebactam versus native) for superposition of the structures. Furthermore, the
position of amino acid residues conserved in Ambler class A B-lactamases in the active site is
also almost unchanged compared to the native protein (Figure 28).

The time-resolved structures (Figure 29) of CTX-M-14 mixed with relebactam reveal a distinct
polder electron density for the inhibitor in the active site of CTX-M-14 after a delay time of
only 0.25 s. In particular, the highly coordinated parts of relebactam, such as the sulfate, the
carbamoyl and the carbamide moieties, are covered in strong polder electron density (Figure
29). At this point, the relebactam is refined with an occupancy of 77 %, indicating that the
binding processes proceed much faster. After a delay time of 1.7s, the cleaved
diazabicyclooctane ring is covered in stronger polder electron density compared to 0.25 s. This
also raises the refined occupancy of relebactam to 96 %. The longer delay time of 40 s appears
to show weaker polder electron density than before at 1.7 s. However, the polder maps are
contoured at 5 o and therefore display only very strong electron density. Moreover, even at
the delay time of 40 s, the refined occupancy for relebactam is 94 %, which is only a small
decrease and within an acceptable tolerance range. The occupancy of relebactam reaches
100 % at a delay time of 100 s. In addition, the polder electron density for the nitrogen of the
piperidine ring is visible for the first time in this observed time series. After 140s, the
piperidine ring is slightly better defined in polder electron density and the occupancy remains
at 100 %.

Unfortunately, no changes in the orientation of relebactam, active site residues, or
displacement of surrounding water molecules were observed over the investigated time.

For comparison, in the cryoMX CTX-M-14 structure, relebactam is completely covered in
polder electron density contoured at 5 o, except for one carbon atom in the piperidine ring.
Due to the high resolution, it is possible to define the exact position of the individual atoms.
The occupancy of the two relebactam molecules in alternative positions is refined to 29 % and

56 %.
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native 0.25s

1.7s 40 s

100 s 140 s

cryoMX soak

relebactam

Figure 29: Timeline of CTX-M-14 mixed with relebactam (orange ribbon) using the TapeDrive
at delay times of 0.25 s — 140 s showing the active site. The structure of the native enzyme
(PDB 7zpv, yellow) and the cryoMX CTX-M-14 with soaked relebactam (purple) are shown for
comparison. Even at the shortest delay time of 0.25s, a clear polder electron density
contoured at 5 o is visible for relebactam. As the delay time increases, relebactam shows a
clear increase in polder electron density (green mesh), covering parts of the piperidine ring.
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Table 17. Data collection and refinement statistics for CTX-M-14 B-lactamase native enzyme
and CTX-M-14 mixed with relebactam using the CFEL TapeDrive.

CTX-M-14 CTX-M-14 CTX-M-14 CTX-M-14 CTX-M-14 CTX-M-14
native relebactam relebactam relebactam relebactam relebactam
140s 100s 40s 1.7s 0.25s
PDB entry 7zpv n.a. n.a. n.a. n.a. n.a.
Temperature (K) 293 293 293 293 293 293
Crystal size (um) 10-20pum 10-20pum 10-20pum 10-20pum 10-20pum 10-20pum
No. of collected images 127170 120000 200000 160000 268202 120000
Total measuring time (s) 5086 4800 8000 6400 10728 4800
Average acquisition 25 25 25 25 25 25
rate (frames s™%)
Indexed patterns 61331 29861 107066 13996 108656 35897
Indexed per second 12.1 6.22 13.38 2.19 10.13 7.47
Space group P3,21 P3;21 P3;21 P3;21 P3;21 P3:21
a, b, c(h) 42.2,42.2, 42.2,42.2, 42.2,42.2, 42.2,42.2, 42.1,42.1, 43.3,433,
234.4 234.9 234.8 234.7 234.5 238.7
a, B, v(°) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120
Resolution range (A) 1.40-17.77 1.52-17.77 1.52-17.77 1.52-17.77 1.52-17.77 1.72-17.29
(1.40-1.42) (1.52-1.55) (1.52-1.55) (1.52-1.55) (1.52-1.55) (1.72-1.76)
Unique reflections 49225 (4733) 36665 (3546) 37167 (3662) 36623 (3541) 36424 (3545) 29551 (2858)
(I/o(1)) 9.11(0.69) 6.64(0.83) 12.29(1.48) 4.46(0.55) 10.72(0.61) 6.39(0.54)
Completeness (%) 100 (100) 100 (99.35) 100 (100) 100 (98.62) 100 (98.47) 100 (100)
Multiplicity 2217 (1400) 867 (86) 3091 (314.7) 381 (52.5) 3453 (120.4) 1057 (614.3)
R spiit 7.2 (165.91) 9.14 (168.53) 5.21(96.76) 13.90(218.83)  6.31(280.19) 9.10 (204.21)
CCiy2 0.991 (0.266) 0.993 (0.177) 0.998 (0.363) 0.966 (0.173) 0.997 (0.080) 0.994 (0.111)
cc* 0.998 (0.648) 0.999 (0.549) 0.999 (0.730) 0.992 (0.544) 0.999 (0.385) 0.999 (0.447)
Wilson B factor (A2?) 24.22 19.94 19.63 20.01 19.63 30.97
Resolution range 1.40-17.78 1.55-17.45 1.54-17.41 1.55-17.45 1.55-17.41 1.72-17.29
in refinement (A) (1.40-1.47) (1.55-1.61) (1.54-1.60) (1.55-1.61) (1.55-1.61) (1.72-1.78)

Reflections used
in refinement

49225 (4832)

36665 (3544)

37167 (3645)

36623 (3534)

36424 (3544)

29551 (2712)

Reflections 1033 (100) 934 (186) 1932 (189) 1951 (185) 1895 (186) 1465 (133)
used for Riree
Rwork 0.1410 0.1551 0.1449 0.1630 0.1529 0.2064
(0.3338) (0.3282) (0.3009) (0.3509) (0.3413) (0.4140)
Réree 0.1561 0.1700 0.1661 0.1862 0.1745 0.2562
(0.3827) (0.3545) (0.3262) (0.3642) (0.3524) (0.4575)

RMS (bonds) 0.009 0.003 0.004 0.003 0.004 0.013

RMS (angles) 1.01 0.70 0.73 0.69 0.70 1.19

Ramachandran favored 97.68 97.68 97.68 98.08 97.68 98.08

(%)

Ramachandran allowed 1.93 1.93 1.93 1.53 1.93 1.53

(%)

Ramachandran outliers 0.39 0.39 0.39 0.39 0.39 0.39

(%)

Rotamer outliers (%) 1.87 0.93 0.93 1.40 0.93 0.90

Clashscore 2.19 0.49 0.73 0.73 0.97 0.71

Average B-factor 34.26 30.24 30.59 30.40 31.17 45.50
macromolecules 33.23 29.41 29.77 29.44 30.27 45.55
ligands 45.06 9.85 28.02 43.92 37.74 39.47
solvent 78.08 41.01 41.60 40.84 41.78 45.96

MolProbity score 1.27 0.80 0.74 0.68 0.80 0.73

Statistics for the highest-resolution shell are shown in parentheses.
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Table 18. Data collection and refinement statistics for cryoMX structure of CTX-M-14 in

complex with relebactam.

CTX-M-14
Relebactam
cryoMX
Temperature (K) 100
Space group P2,2:24
a, b, c(A) 41.56 62.94 85.82
a,B,v(%) 90, 90, 90
Resolution range (A) 1.14-34.68
(1.14-1.18)
Unique reflections 76602 (6972)
(I/o(l)) 17.32 (7.39)
Completeness (%) 92.14 (84.71)
Multiplicity 4.1(3.5)
R merge 0.04705 (01301)
R meas 0.05349 (0.152)
CCip2 0.998 (0.977)
cc* 0.999 (0.994)

Wilson B factor (A2)
Resolution range
in refinement (A)
Reflections used
in refinement
Reflections
used for Riree
Rwork
Rfree
RMS (bonds)
RMS (angles)

Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)

Rotamer outliers (%)

Clashscore

Average B-factor
macromolecules
ligands
solvent

MolProbity score

8.92
1.40-17.78
(1.40-1.47)
76519 (6971)

1986 (180)

0.1019 (0.1228)
0.1315 (0.1553)
0.009

1.22

98.08

1.53

0.38

0.44

3.69

14.77

11.26

19.24

28.84

1.16

Statistics for the highest-resolution shell are shown in parentheses.
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4.6.1.5. Time-resolved analysis of boric acid binding to Ser70 in the active site

of CTX-M-14

Previously, it was shown that the buildup of electron density of relebactam is coupled with
increasing delay time and lead to increased occupancy of the inhibitor. However, the inhibitor
was already bound at the fastest time point. Therefore, the TapeDrive was improved and could
thus achieve even shorter delay times of up to 50 ms. An in-line microscope was installed to
measure the distance between the sample nozzle and the X-ray interaction region more
accurately to obtain a more precise delay time. To observe the binding process even better, a
small molecule with faster diffusion was needed. This could give better uniformity of the active
sites of the enzymes in the crystal, as the ligand would distribute faster to all active sites.
Recently approved inhibitors based on boric acid derivatives, such as vaborbactam
(Lomovskaya et al., 2017) and taniborbactam (Liu et al., 2019), for the treatment of multidrug-
resistant bacteria, represent a promising new inhibitor class to overcome emerging antibiotic
resistance. Boric acid was utilized as a simplified inhibitor model of this class to gain
mechanistic insights into binding to the serine in the active site of B-lactamase CTX-M-14
employing time-resolved serial crystallography. For this purpose, the CFEL TapeDrive was used
for mix-and-diffuse experiments collecting time-resolved datasets for CTX-M-14 microcrystals
with boric acid at various delay times from 50 ms to 10000 ms. Based on relevant electron
densities and calculated occupancies, a reaction time frame of 80 ms — 100 ms was identified
for boric acid binding. Data collection and structure determination were performed as
described in sections 3.6.2.1 and 3.6.3 with the corresponding statistics shown in Table 19.
The structures with a delay time of 100 ms and 150 ms reached a resolution of 2.04 A and
1.97 A, respectively. All other structures of this experiment achieved a resolution of
1.40 - 1.69 A using a cutoff at CC* = 0.5. The calculated R factors of the final models reached
values of Rwork =0.135—-0.188 and Rsree = 0.161 —0.231, resulting in qualitatively very good
structures that allowed a reliable interpretation of the time-resolved processes of boric acid
binding. Boric acid was placed in the active site of the B-lactamase once the corresponding
Fo-Fc difference electron density was apparent. The boron atom of the bound boric acid (BAB)
is in a tetrahedral configuration, and no longer in a trigonal planar configuration as in native
boric acid. As before, polder maps were generated to verify the presence of molecules in the

active site and to show the build up of polder electron density of bound boric acid (Figure 30).
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Figure 30: Timeline of the active site of CTX-M-14 mixed with boric acid at delay times of
50 ms — 10000 ms. The active site residue Ser70 as well as nearby water molecules, e.g. the
catalytic water or the water in the oxyanion hole, as well as the rotationally disordered sulfate
(S04-A magenta; SO4-B yellow) and, if present, the bound boric acid (BAB) are shown as stick
representation. Polder map electron density (green mesh) was generated for all shown
molecules and is contoured at 5 o. Structures of the native enzyme and of CTX-M-14 soaked
with boric acid (1 h) are shown for comparison. A clear buildup of the polder electron density
for boric acid is observed over the time period studied, indicating that boric acid binds to the
active site of CTX-M-14 within 80 — 100 ms. As boric acid is not fully occupied at any time,
mixed states of native enzyme and enzyme with bound boric acid are shown. (Prester et al.,
2023)
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Alignment of the structures of different delay time points against the structure of the native
enzyme yielded RMSD values of 0.118 — 1.154 A (Table 20). Due to these minor deviations of
the different time points compared to the native enzyme, a large conformational change of

the whole enzyme due to boric acid binding can be excluded.

Table 20. Root-mean-square deviation (RMSD) calculations and alignments of TapeDrive
CTX-M-14 B-lactamase structures mixed with boric acid against the native enzyme.

CTX-M-14 TapeDrive

structures RMSD [A]
50 ms versus native 0.122
80 ms versus native 0.128
100 ms versus native 0.145
150 ms versus native 0.154
250 ms versus native 0.133
500 ms versus native 0.118
2000 ms versus native 0.118
5000 ms versus native 0.121
10000 ms versus native 0.127
1 h soak versus native 0.119

The time course of boric acid binding is described by the build-up of the polder electron
density for the boric acid molecule and by the shift of the polder electron density for the
sulfate ion and water molecules (Figure 30). Boric acid reached a maximum occupancy of 53 %
after a delay time of 10 s in the mixing experiments. Even soaking the microcrystals with boric
acid for 1 h resulted in a maximum occupancy of only 57 %. This comparatively low occupancy
led to the inevitable presence of mixed states of native enzyme and enzyme with bound boric
acid in all delay time points. These two equilibrium states could be observed side by side
because the ligand was not uniformly distributed within the crystal. However, the total
occupancy of the molecules in both equilibrium states combined never exceeded 100 %. The

individual equilibrium states are represented and analyzed independently in section 4.6.1.7.

The active site of the native enzyme is characterized by the sulfate ion in the anion binding
site, the water in the oxyanion hole (wat353), and the catalytic water (wat10). Notably, the
rotationally disordered sulfate ion was found in two slightly displaced alternative positions
(S04-A and SO4-B, Figure 30). Upon mixing the microcrystals with boric acid, no immediate

electron density corresponding to boric acid was observed at a delay time of 50 ms. However,
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the electron density of the sulfate ion changed, indicating a slight shift between the two
alternative locations. In the native enzyme, the sulfate ions in the alternative positions
originally refined to occupancies of 47 % and 44 % for SO4-A and SO4-B, respectively. At a
delay time of 50 ms, these occupancies shifted to 54 % for SO4-A and 41 % for SO4-B,
indicating a preference for the position closer to Ser70 before the covalent binding of boric
acid to Ser70 OG. Subsequently, at a delay time of 80 ms, weak electron density corresponding
to the bound boric acid (BAB) was observed in the calculated polder map, with a BAB
occupancy of 35 % (Figure 30). Concurrently, the sulfate ion in the SO4-B position underwent
slight translation and rotation, causing one oxygen atom of the sulfate to be at a distance of
2.6 A to the 02 hydroxyl group of BAB. After a delay time of only 100 ms, boric acid reached
an occupancy of 51 %, which was almost the maximum observed occupancy. This indicated
that the binding of boric acid proceeded within a time frame of 80 — 100 ms. The evaluation
of the polder electron density maps revealed that the hydroxyl groups of the bound boric acid
occupied a position similar to that previously occupied by an oxygen of SO4-A and the two
water molecules wat352 and wat353. Consequently, these had to be displaced during boric
acid binding. Nevertheless, the calculated occupancy for BAB (Figure 31) and its corresponding
electron density progressively increased with longer delay times after mixing (Figure 30). After
only 250 ms delay time, this resulted in a well-defined electron density for BAB in the
calculated polder map. At this delay time, the occupancy of bound boric acid reached 49 %,
while the occupancy of SO4-A, which was originally present in the equilibrium state of the
native structure, decreased to 33 %. In the remaining time course investigated, the occupancy
of the bound boric acid increased only slightly until it reached the maximum of 53 % after 10
seconds. At this time, the occupancy of the molecules of the native equilibrium state SO4-A
and the two water molecules wat352 and wat353 (oxyanion hole) were only 35 %. Thus, a
total calculated occupancy of the active site of 88 % was observed in the mixing experiments.
Even after the CTX-M-14 microcrystals were soaked in boric acid for 1 h, the occupancy of the
bound boric acid could only reach 57 %. This indicated that the equilibrium of BAB formation
was reached under these conditions. (Prester et al., 2023)

Note the outliers of the occupancy at 150 ms and 500 ms. The BAB occupancy at these delay
times dropped to 42 % and 36 %, respectively. A clear explanation for this cannot be found in
the diffraction data. Nevertheless, a clear trend can be seen, as the occupancy fluctuated very

well around the 50 % value besides these outliers (Figure 31).
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Figure 31: Plot of bound boric acid (BAB) occupancies against the respective delay times (not
displayed linearly) when mixing with boric acid (BA). The BAB occupancy increased with
longer delay times after mixing with boric acid and reached a maximum at 57 %. (Prester et
al., 2023)
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4.6.1.6. Time-resolved analysis of glycerol esterification to bound boric acid in

the active site of CTX-M-14

After monitoring the time-resolved structure and dynamics of boric acid binding in the active
site of CTX-M-14, another subsequent reaction, the esterification of the bound boric acid with
glycerol, was additionally explored (Prester et al., 2023). The TapeDrive setup was employed
again to mix glycerol with CTX-M-14 microcrystals that had previously been complexed with
boric acid. It was shown that the esterification of boric acid with two diol groups of glycerol
takes place within 100 — 150 ms, forming a glycerol boric acid diester (GBE).

Data collection and structure determination were performed as described in sections 3.6.2.1
and 3.6.3. Corresponding data collection and refinement statistics are shown in Table 22. The
high-resolution limit of the collected datasets was set to 1.50 — 1.90 A according to a cutoff at
CC* = 0.5. All structures showed completeness values of >99 % for the full resolution range.
Wilson B-factor values ranged from 17.55 to 24.15 A2, except for the datasets for the 80 ms
and 100 ms delay times, which had Wilson B-factors of 36.86 A2 and 42.53 A2, respectively.
The calculated R factors of the final models reached values of Rwork =0.137 -0.167 and
Rfree = 0.160 — 0.210. Thus, the collected datasets and refined models were of good quality and
ideally suited for the interpretation of the time-resolved esterification process. As before,
polder maps were used to verify the presence of glycerol-boric acid ester (GBE) in the active

site of CTX-M-14 (Figure 32).

Asin section 4.6.1.5, the different equilibrium states overlap. Thus, the state with bound boric
acid and the state with bound glycerol-boric acid ester are shown together as an overlapping
mixed state.

CTX-M-14 microcrystals saturated with boric acid for 1 h were used as the initial condition.
Thus, the time point 0 ms is equivalent with the 1 h soak time point from the boric acid time
series. No glycerol has been added at this time point. The occupancy of bound boric acid was
at 57 % for the 0 ms delay time. The initial change in the polder electron density map was
already evident at the 50 ms mixing/delay point. In the region where the bound boric acid
hydroxyl groups were located, an extension of electron density was observed, indicating the

formation of a glycerol diester.
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This allowed the insertion and refinement of the glycerol-boric acid ester (GBE), resulting in a
calculated GBE occupancy of 26 %, while the BAB occupancy remained nearly constant at 55 %
(Figure 33). Furthermore, the electron density for the sulfate decreased, leaving no space for
the SO4-A position, which was then occupied by the newly formed glycerol diester. At the
80 ms and 100 ms delay times, there was only a slight increase in GBE occupancy. (Prester et
al., 2023)

However, at the 150 ms time point, a significant increase in GBE occupancy to 51 % was
observed and refined, while the BAB occupancy dropped to 35 % (Figure 32). This was the first
time that the occupancy of GBE exceeded that of the BAB state, indicating that the
esterification of boric acid bound to CTX-M-14 with glycerol occurred within a time frame of
100 - 150 ms. After a delay time of 750 ms the entire glycerol boric acid ester was well
covered by the calculated polder electron density map, resulting in an occupancy of 65 %.
Due to the lack of hydrogens at GBE 02, the GBE could no longer act as a hydrogen bond donor
for SO4-B, leading to the displacement of the sulfate ion by the water molecule wat357. This
was accompanied by an increase in the occupancy of the GBE state and a decrease in the BAB
state, as reflected by the lower electron density at the SO4 binding site.

Notably, the GBE reached 67 % occupancy within only 10 s delay time, in contrast to the BAB
occupancy which dropped to 21 %. However, it is important to note that the overall occupancy
of the ligands (BAB and GBE) bound to Ser70 increased with prolonged mixing, which was
observed with the increase in the polder electron density obtained and refined for the cyclic
ester (Figure 33). Consequently, the total boron occupancy in the binding site increased from
57 %, observed for only soaking/mixing with boric acid, up to 88 % when additionally mixed
with glycerol up to a delay time of 10 s (Figure 33). (Prester et al., 2023)

As before, esterification of glycerol with boric acid in the active site did not induce major
conformational changes in the enzyme, as indicated by the low RMSD values of
0.127 —0.148 A for the alignment of the structures against the native structure (Table 21).
(Prester et al., 2023)
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Figure 32: Timeline of the active site of CTX-M-14 presoaked with boric acid and
subsequently mixed with glycerol at delay times of 50 ms — 10000 ms. The active site residue
Ser70 as well as nearby water molecules, the rotationally disordered sulfate, bound boric acid
(BAB) and, if present, the bound glycerol boric acid ester (GBE) are shown as stick
representation. Polder map electron density (green mesh) was generated for all shown
molecules and is contoured at 5. A clear buildup of the polder electron density for the
glycerol boric acid ester was observed over the time period studied, indicating that
esterification with glycerol and the boric acid in the active site of CTX-M-14 occurs within
50 — 150 ms. Moreover, the sulfate ion was displaced by the limited space due to the binding
of GBE and replaced by the wat357. As GBE was not fully occupied at any time, mixed states
with overlapping of BAB and GBE states are shown. (Prester et al., 2023)
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Figure 33: Plot of glycerol boric acid ester (GBE) occupancies against the respective delay
times (not displayed linearly) when mixing with glycerol (GOL). Microcrystals have been
presoaked with boric acid. The bound boric acid (BAB) occupancy decreased when mixing with
glycerol, while occupancy of GBE increased as esterification progressed. Nevertheless, the
total boron content continued to increase when mixing with glycerol. (Prester et al., 2023)

Table 21. Root-mean-square deviation (RMSD) calculations and alignments of TapeDrive
CTX-M-14 B-lactamase structures presoaked with boric acid and mixed with glycerol.

CTX-M-14 TapeDrive
structures

RMSD [A]

0 ms versus native

50 ms versus native
80 ms versus native
100 ms versus native
150 ms versus native
250 ms versus native
500 ms versus native
750 ms versus native
1250 ms versus native
2500 ms versus native
5000 ms versus native
10000 ms versus native

0.119
0.131
0.141
0.148
0.132
0.132
0.127
0.128
0.130
0.131
0.130
0.133
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4.6.1.7. Detailed analysis of the steady-state equilibria of boric acid binding

and subsequent glycerol esterification in the active site of CTX-M-14

A no mixing — native

#  so4-A
»" _

b
>y

wSer70

C boricacid mixing—10s D glycerol mixing—10s

N

Figure 34: (A) Overview of CTX-M-14 B-lactamase and a close-up view of the active site of
the three equilibrium states - (B) the native form, (C) the bound boric acid, and (D) the bound
glycerol boric acid ester. Ribbon diagram of the overall structure of CTX-M-14 with the active
site region highlighted by a surface representation (A). The close up shows the amino acid
residues of the active site as well as the sulfate ions (SO4-A magenta; SO4-B yellow) in the
native form (B) and covalently bound boric acid (C; BAB, pink) or covalently bound glycerol
boric acid ester (D; GBE, palegreen) as a stick representation. The CTX-M-14 crystals were
mixed with boric acid (C) or soaked with boric acid and subsequently mixed with glycerol (D)
in order to collect data at a delay time of 10 s, which corresponds to the latest time point
measured and thus resulted in the high BAB and GBE occupancies of 53 % and 67 %,
respectively. (Prester et al., 2023)
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Based on the time-resolved structures shown in section 4.6.1.5 and 4.6.1.6, two equilibrium
reactions could be derived with the three equilibrium states: native enzyme, bound boric acid
and bound glycerol-boric acid ester (Figure 34). Although these equilibrium states exist as
mixed overlapping states in mix-and-diffuse serial crystallography experiments due to the
unequal distribution within the crystal, they were considered separately here to highlight
relevant interactions between ligand and enzyme (Figure 35).

The structure and possible interactions in the active site of the native enzyme have already
been described in detail in section 4.6.1.1. However, the polar contacts of the rotationally
disordered sulfate in the anion binding site have not yet been addressed in detail. This sulfate
ion is represented in two slightly displaced alternative positions (SO4-A and SO4-B, Figure
34 B). SO4-A is strongly coordinated by possible hydrogen bonds with the side chain groups of
Ser70 (3.1 A), Ser130 (2.6 A), Lys234 (3.5 A; weak), Thr235 (3.1 A) and Ser237 (3.3 A) as well
as the main chain nitrogen of Ser237 (3.1 A). SO4-B is coordinated by hydrogen bonds with
the same side chain groups of Ser70 (3.4 A), Ser130 (2.9 A), Lys234 (3.2 A), Thr235 (3.3 A) and
Ser237 (2.8 A) as well as the main chain nitrogen of Ser237 (3.2 A) and additionally the main
chain carbonyl group of Thr235 (2.8 A) (Figure 35 A).

Boric acid binds to the active site of CTX-M-14 forming an ester with the catalytic side chain
hydroxyl group of Ser70 (Figure 34). The stabilization of the tetrahedral transition state during
initial binding involves hydrogen bonding interactions facilitated by the oxyanion hole,
consisting of Ser70 and Ser237 main chain amide groups. Similar to the binding mechanism
observed in typical substrates, the nucleophilic attack of Ser70 on the boron atom is facilitated
via activation of the Ser70 hydroxyl oxygen by the general base Lys73 or Glul66 (Fisher et al.,
2005; Strynadka et al., 1992; Tooke et al., 2019a). The Glul66 via a catalytic water molecule
or the unprotonated Lys73 assist in the nucleophilic attack by acting as a general base, thereby
accepting the proton from the Ser70 side chain, when the tetrahedral intermediate is formed
(Prester et al., 2023).

Similar to the carboxylate of the acyl-enzyme intermediate, a hydroxyl group of boric acid (O1)
establishes hydrogen bonds with the main chain nitrogen atoms of Ser70 (2.8 A) and
Ser237 (2.8 A), which form the oxyanion hole. Additionally, BAB 01 forms a hydrogen bond
with the main chain carbonyl oxygen of Ser237 (2.8 A) (Figure 35 B). Unlike bortezomib,
ixazomib or other boronate based inhibitors, the two remaining hydroxyl groups of bound

boric acid do not engage in hydrogen bonding interactions with Asn170 and Glu166 (Perbandt
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etal., 2022). Instead, the boric acid is shifted in the opposite direction within the anion binding
site, forcing a reorientation of the sulfate ion from SO4-A to SO4-B position (Figure 35 B), to
avoid too close atomic contacts. In this particular position, boric acid receives additional
stabilization via hydrogen bonding interactions of the BAB hydroxyl group (02) with the
Ser130 (3.0 A) side chain hydroxyl group and the sulfate ion (SO4-B, 2.6 A). Additionally, the
third BAB hydroxyl group (03) forms hydrogen bonds with the water molecule wat10 (2.8 A).
Collectively, these intermolecular interactions result in a highly coordinated bound boric acid,

with no rotational disorder observed around the Ser70 borate ester bond. (Prester et al., 2023)

Boric and boronic acids are known to form esters with polyalcohols forming five- or six-
membered ring systems (Turker, 2006). In the case of the triol glycerol, both ring systems can
be formed, but the formation of a six-membered ring is energetically favored over the five-
membered ring (Turker, 2006). However, within the active site of an enzyme, steric constraints
and other intermolecular interactions play a crucial role in guiding the esterification process
of boric acid with glycerol, determining the preferential formation of one of these cyclic
diesters (Lei et al., 2016; Nitsche et al., 2017). In the CTX-M-14 active site, glycerol forms a
five-membered cyclic diester with two hydroxyl groups (02, 03) of bound boric acid (Figure
35 C) (Prester et al., 2023). The remaining hydroxyl group (01) of the boric acid is critical for
maintaining the stabilizing hydrogen bonds with the main chain nitrogen atoms of Ser70
(2.9 A) and Ser237 (3.0 A) in the oxyanion hole. The remaining free hydroxyl group of glycerol
(04) also forms an additional hydrogen bond with the amide group of Asn132 (3.0 A) and a
weak hydrogen bond with Asn104 (3.5 A) to stabilize the GBE. (Prester et al., 2023)

As the esterification proceeds, the electron density for the sulfate ion is substantially reduced
(Figure 32). This is probably because the resulting cyclic ester lacks a proton at the 02 (GBE)
and thus, in contrast to BAB, cannot act as a hydrogen bond donor for the sulfate ion. The
sulfate ion is then completely displaced from the anion binding site by a water molecule
wat357, which forms hydrogen bonds with the GBE (02, 2.7 A) and the hydroxyl group of
Thr235 (2.8 A).

The central carbon atom (C2) of glycerol becomes a stereo center with (S)-configuration in the

glycerol — boric acid diester. During esterification, the boron atom in GBE also becomes a
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stereo center with (S)-configuration. The absence of any racemic disorder in both

stereocenters emphasizes the unique and specific environment of the B-lactamase active site.

Throughout all observed time steps, wat10 remained consistently well-defined in the same
position. This particular water molecule is considered the catalytic water molecule essential
for the deacylating step in B-lactam hydrolysis (Tooke et al., 2019a). It has a crucial role in the
initiation of the nucleophilic attack on the carbonyl carbon atom of the acyl-enzyme complex,
resulting in the hydrolysis of the acyl bond. Wat10 is highly coordinated through short
hydrogen bonds with the side chains of Ser70 (2.6 A), Glu166 (2.6 A), Asn170 (2.5 A) and BAB
(03, 2.8 A). Such particularly short hydrogen bonds of a serine-B-lactamase with the catalytic
water have been previously reported by other researchers (Nichols et al., 2015). (Prester et

al., 2023)
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Figure 35: Visualization of polar contacts between the active site of CTX-M-14 and ambient
sulfate ions and water molecules (A), bound boric acid (B) and glycerol boric acid ester (C)
in 3D (left) and 2D (right) view. Potential hydrogen bonds are depicted as black dashes (left)
or green dashes (right) with the atomic distance in Angstrom. (Prester et al., 2023)
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4.6.2. Serial synchrotron crystallography using the HARE Chip

4.6.2.1. Time-resolved analysis of piperacillin hydrolysis by CTX-M-14 revealing

four states including distinct intermediates

To fully exploit the potential of time-resolved serial synchrotron X-ray crystallography, a fixed
target - based approach was used in addition to the CFEL TapeDrive to generate time-resolved
structural data and obtain insights into enzymatic function and dynamics. The LAMA method
(Mehrabi et al., 2020) was used in combination with HARE (Schulz et al., 2018), as described
in section 3.6.2.2. The CTX-M-14 microcrystals were loaded onto a chip and the reaction was
then initiated by applying a picoliter sized drop of the substrate piperacillin directly to each
crystal well of the chip before collecting diffraction data. The delay time is defined as the time
between droplet deposition and X-ray diffraction collection of each individual crystal well.
These time-resolved experiments were performed at 30 °C at various delay times ranging from
2s5s—12s in order to analyze the hydrolysis of the broad spectrum B-lactam antibiotic

piperacillin by CTX-M-14.

Data collection and structure determination were performed as described in sections 3.6.2.2
and 3.6.3. Corresponding data collection and refinement statistics are shown in Table 23. The
native structure diffracted to a resolution of 1.65 A. All other structures of this experiment
achieved a resolution of about 1.70 A. Diffraction data showed good quality with a CC* of at
least 0.97 overall and at least 0.73 for the highest resolution shells. The Matthews coefficient
of the crystals is 2.15 A3/Da, corresponding to a solvent content of 43 %. According to
Matthews Cell Content Analysis (CCP4i; Winn et al., 2011) the asymmetric unit contains one
molecule of the protein, as in the crystals in previous chapters. The calculated R factors of the

final refined models reached values of Rwork = 0.163 — 0.185 and Rfree = 0.190 — 0.208.
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Table 23. Data collection and refinement statistics for CTX-M-14 B-lactamase mixing with
piperacillin using the LAMA approach and HARE data collection on a chip.

CTX-M-14 CTX-M-14 CTX-M-14 CTX-M-14 CTX-M-14 CTX-M-14 CTX-M-14
native piperacillin piperacillin piperacillin piperacillin piperacillin piperacillin
Os 2s 245 3s 45s 6s 12s
PDB entry n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Resolution range (A) 117.65-1.65 117.65-1.70 117.65-1.70  116.28-1.70  116.28-1.70  117.65-1.70  117.65-1.70
(1.71-1.65) (1.76-1.70) (1.76-1.70) (1.76-1.70) (1.76-1.70) (1.76-1.70) (1.76-1.70)
Space group P3221 P3221 P3221 P3221 P3221 P3221 P3221
a, b, c (A) 42.15, 42.15, 42.15, 42.15, 42.15, 42.15, 42.15,
42.15, 42.15, 42.15, 42.15, 42.15, 42.15, 42.15,
234.2 234.2 234.2 234.2 234.2 234.2 234.2
a, B, v(°) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120
Unique reflections 30415 27863 27878 27314 27300 27883 27878
(2968) (2729) (2732) (2582) (2578) (2733) (2731)
(I/o(1)) 5.94 (1.83) 3.6 (1.05) 5.74 (1.47) 4.46 (1.04) 4.37 (0.92) 4.85 (1.38) 4.35(1.17)
Completeness (%) 99.90 99.90 99.95 99.60 99.54 99.97 99.95
(99.73) (99.71) (99.85) (96.20) (96.05) (99.89) (99.82)
Multiplicity 287 (155) 102 (62) 173 (105) 131 (81) 116 (72) 122 (74) 103 (63)
Rsplit 13.85 26.02 14.92 18.16 18.13 18.77 20.57
(54.03) (96.41) (96.68) (99.47) (118.56) (71.00) (88.30)
cC 0.970 0.898 0.962 0.952 0.959 0.944 0.927
(0.727) (0.432) (0.621) (0.446) (0.361) (0.599) (0.530)
cc* 0.992 0.973 0.990 0.988 0.990 0.986 0.981
(0.918) (0.777) (0.875) (0.786) (0.729) (0.866) (0.832)
Wilson B-factor (A?) 20.18 21.71 22.42 22.27 22.24 20.54 21.24
Resolution range in 78.07-1.65 78.07-1.70 78.07-1.70 78.07-1.71 78.07-1.71 78.07-1.70 78.07-1.70
refinement (A) (1.71-1.65) (1.76-1.70) (1.76-1.70) (1.77-1.71) (1.77-1.71) (1.76-1.70) (1.76-1.70)
Reflections used 30415 27863 27878 27314 27300 27883 27878
in refinement (2964) (2728) (2732) (2582) (2578) (2733) (2731)
Reflections used 1526 1377 1378 1352 1351 1378 1378
for Rfree (165) (154) (154) (145) (144) (154) (154)
Rwork 0.1626 0.1846 0.1626 0.1663 0.1704 0.1662 0.1696
(0.2318) (0.3145) (0.2783) (0.3014) (0.3233) (0.2704) (0.2959)
Rfree 0.1907 0.2083 0.1903 0.1992 0.2048 0.2000 0.2038
(0.2914) (0.3378) (0.3190) (0.3093) (0.3624) (0.2807) (0.3222)
RMS (bonds) 0.005 0.005 0.005 0.007 0.006 0.007 0.007
RMS (angles) 0.76 1.04 1.06 1.11 1.08 1.16 1.13
Ramachandran 98.45 98.06 98.06 98.06 97.67 98.45 97.67
favored (%)
allowed (%) 1.16 1.55 1.55 1.55 1.94 1.16 1.94
outliers (%) 0.39 0.39 0.39 0.39 0.39 0.39 0.39
Rotamer outliers (%) 0.89 0.89 0.89 1.33 1.33 1.33 1.33
Clashscore 0.70 0.90 1.12 0.89 1.56 1.56 0.67
Average B-factor 27.10 30.16 31.35 29.97 29.99 28.03 28.52
macromolecules 26.03 27.89 29.41 28.68 28.50 26.78 27.58
ligands 34.73 55.07 48.38 35.20 41.09 34.87 28.60
solvent 40.35 41.91 44.26 42.80 41.35 39.31 40.37
MolProbity score 0.73 0.77 0.82 0.87 1.06 0.99 0.88

Statistics for the highest-resolution shell are shown in parentheses.

The study of the molecular reaction pathway of the enzymatic hydrolysis of B-lactam

antibiotics by a B-lactamase is complex, not only because of the many potential antibiotics.

However, the results of the kinetic assays (see 4.6.1.3) served as a reference for the choice of

antibiotics to be investigated. Slowly hydrolyzed antibiotics were selected to allow the

observation of the reaction with the available time-resolved crystallography methods.

Nevertheless, many antibiotics and inhibitors had to be screened until finally piperacillin

(Figure 36) was found to be the ideal substrate for time-resolved studies. Piperacillin is a

B-lactam antibiotic that is often used in combination with the B-lactamase inhibitor
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tazobactam and offers broad spectrum activity against Gram-positive and Gram-negative
aerobic and anaerobic bacteria, including some ESBL producers (Gin et al., 2007; Paterson &
Bonomo, 2005). This allowed the first time-resolved protein structure of the enzyme-
substrate/product complex of a functional wild-type serine-B-lactamase with a medically
relevant antibiotic to be determined. In addition, information on intermediate states during

hydrolysis was obtained.

The kinetic mechanism of B-lactamases can be represented in a flow diagram (Equation 6) as
already mentioned in section 1.6.5. The enzyme and substrate are initially free in solution until
they form a non-covalent Michaelis-Menten complex. During hydrolysis, an acyl-enzyme
intermediate is then formed, which is finally converted to the product. Initially, the product is
still located in the active site forming the enzyme product complex but is then released so that
enzyme and product are free in solution. A corresponding reaction scheme is shown in the

introduction (section 1.4; Scheme 1).

Michaelis acyl-enzyme product
-Menten intermediate complex
( ]| ]| J
| [ |
ky ks ks ks
E+S 2 [ES] - [E — S] - [EP] - E+P

Equation 6: Kinetic mechanism of enzymatic hydrolysis of B-lactam antibiotics by a
B-lactamase. Where E + S is the free enzyme and the substrate, [ES] the non-covalent
Michaelis-Menten complex, [E — S] the covalent bound acyl-enzyme intermediate, [EP] the
enzyme product complex, [E + P] the free enzyme and product, and k,, as the respective rate.

21, A
20 ” 20 26
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Figure 36: Chemical structure of the B-lactam antibiotic piperacillin and the hydrolyzed
product piperacilloic acid.
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Figure 37: Close-up view of the CTX-M-14 B-lactamase active site of the piperacillin
hydrolysis reaction states — (A) all states merged, (B) the native state, (C) the Michaelis-
Menten state with non-covalent piperacillin in the active site, (D) the covalently bound
piperacilloic acid forming the acyl-enzyme intermediate, and (E) the product state with
hydrolyzed piperacilloic acid still present in the active site.

The four reaction states obtained by time-resolved crystallography are summarized and
merged in Figure 37 A, and shown individually in Figure 37 B-E. In principle, they accurately
reveal the protein coordinates of the reaction states described in Equation 6. This
demonstrates that the active site in the native state is already occupied by some water
molecules and the sulfate already discussed (Figure 37 B). Then, the piperacillin converges to
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the active site and forms the Michaels-Menten complex with the enzyme. This is followed by
the nucleophilic attack of Ser70 on the C7 of piperacillin, resulting in cleavage of the B-lactam
ring and formation of an acyl-enzyme intermediate. This intermediate is deacylated by the
catalytic water molecule, leaving a temporary enzyme product complex that subsequently
dissociates.

The time course of this reaction can be observed in Figure 38 and Figure 39 based on the
change in the polder electron density maps of the time-resolved crystallography structures,
leading to the various occupancies of the distinct reaction states (Table 24). Some of the water
molecules present in the native state and the sulfate are displaced upon binding of piperacillin,
as has already been observed with the binding of other inhibitors (sections 4.6.1.4 — 4.6.1.6).
Itis particularly noticeable that some of the oxygen atoms of the carbonyl and carboxyl groups
of piperacillin occupy exactly the positions previously occupied by water molecules. This
includes the oxyanion hole, which is occupied by the O8 of the B-lactam ring of piperacillin
(Figure 38, 2 s). Furthermore, the anion binding site is occupied by a carboxylate group of the
piperacillin and thus enhances the interactions with the enzyme. Admittedly, the polder
electron density for the piperacillin substrate is relatively weak at the 2 s time point, yet the
refinement calculated an occupancy of 15 %. At the same time, the occupancy of the native
state is 74 %. Nevertheless, it is the time point with the highest occupancy for the piperacillin
in the Michaelis-Menten state (Table 24). This indicates that this state is relatively short-lived
and is removed from the equilibrium by the formation of the products.

The B-lactam ring of piperacillin is perfectly positioned for nucleophilic attack by the hydroxyl
group of Ser70 mainly due to the coordination of O8 in the oxyanion hole. In this position, the
distance between the Ser70 hydroxyl and the C7 carbon atom of piperacillin is 3.0 A. After
nucleophilic attack and cleavage of the B-lactam ring, the acyl-enzyme intermediate can first
be observed at 2.4 s with an occupancy of 12 % (Figure 38). In particular, the polder electron
density for the dioxopiperazine ring of piperacillin is the first moiety to be well defined,
suggesting that it plays an important role in the binding and recognition of piperacillin. At the
same time, it is apparent that only little polder electron density is observed in the region of
the acyl bond or in the vicinity of the B-lactam ring, the region of particular interest for the
observation of the hydrolysis reaction. However, this could also be the reason why the polder
electron density is very weak at this region, since the reaction occurs at this area but is not

uniformly in sync throughout the protein crystal. After 3 s, polder electron density can be
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observed for the first time for the state with the product complex with an occupancy of 33 %.
It is particularly notable that the newly formed carboxylate group (at C7) of piperacilloic acid
is rotated away from the oxyanion hole (Figure 39, 3 s). This simultaneously caused the Ser70
to rotate in the opposite direction to the oxyanion hole to avoid steric clashes, leaving
sufficient space for both moieties. These movements are evidenced by the emergence of
additional polder electron density (Figure 38 and Figure 39; 3 s) and corresponding difference
electron density (not shown). Moreover, at the 3 s time point, the ligand is increasingly better
represented with polder electron density, resulting in increasingly better representation of
the phenyl ring. At 4.5s, the entire piperacilloic acid molecule is fully covered in polder
electron density and reaches an occupancy of 49 %, which is for the first time higher than the
occupancy of the native state (35 %). In the further observed course of the reaction, the polder
electron density becomes even better defined and the occupancy of the product complex
increases to 63 %. It should be noted that at this point, according to the refinement, the acyl-
enzyme intermediate state is also present with 20 % and the native state with 15 %. It is
particularly noteworthy that the catalytic water is always completely covered in polder
electron density over the entire time course. This indicates that it is likely to be quickly
repopulated after hydrolysis. Nevertheless, some dynamics can be determined for the
catalytic water over the observed time period. The difference in the position of the catalytic

water molecule at 2 s versus 12 s is 0.5 A (Figure 37 A).
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Figure 38: Timeline of enzymatic piperacillin hydrolysis in the active site of CTX-M-14 at
delay times of 0 s — 12 s. The active site residue Ser70 as well as nearby water molecules, the
sulfate (rotational disorder omitted for clarity), piperacillin and, the hydrolyzed piperacilloic
acid are shown as stick representation. Generated polder electron density maps (green mesh)
are contoured at 3 0. A clear buildup of the polder electron density for the piperacillin is
observed over the time period studied. In addition, hydrolysis of piperacillin is observed by
the formation of the product, piperacilloic acid, after 3 s. This shows that the hydrolysis
reaction occurs within 2 -3 s and leads to an increased occupancy of the product state at
subsequent time points. As observed previously, the sulfate ion is displaced by the carboxylate
group of the piperacillin substrate, which utilizes the anion binding site.
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Figure 39: Timeline of enzymatic piperacillin hydrolysis in the active site of CTX-M-14 at
delay times of 0 s — 12 s with special focus on Ser70 conformational changes. The active site
residue Ser70 as well as nearby water molecules, the sulfate (rotational disorder omitted for
clarity), piperacillin and, the hydrolyzed piperacilloic acid are shown as stick representation.
Generated polder electron density maps (green mesh) are contoured at 3 o. This perspective
allows to observe the function of Ser70. It is in an identical position to the native state until
the piperacillin binds, forming the acyl-enzyme. After hydrolysis and the formation of the
product, piperacilloic acid, the carboxylate group is too close to Ser70. This favors a rotation
of the Ser70 in the direction of the oxyanion hole and a rotation of the carboxylate of
piperacilloic acid in the opposite direction as indicated by black arrows.
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Figure 40: Visualization of polar contacts in the active site of CTX-M-14 with reaction states
during hydrolysis of piperacillin showing the (A) Michaelis-Menten state with intact
piperacillin, (B) the acyl-enzyme intermediate with a covalent bonded piperacilloic ester and
(C) the product complex of CTX-M-14 and the piperacilloic acid. Potential hydrogen bonds

are depicted as black dashes with the atomic distance in Angstrom.
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The polar contacts of piperacillin and its hydrolysis product with the active site residues of
CTX-M-14 are visualized in Figure 40. As mentioned previously, the O8 of the B-lactam ring of
piperacillin is located in the oxyanion hole and thus forms hydrogen bonds with the main chain
nitrogen atoms of Ser70 (3.4 A) and Ser237 (2.5 A). These hydrogen bonds are preserved in
the acyl-enzyme state until they are disrupted in the product complex as the newly formed
carboxylate group of piperacilloic acid rotates aside and is subsequently coordinated by
hydrogen bonds with Lys73 (3.1 A), Asn170 (3.3 A), and wat10 (2.5 A). The catalytic water is
coordinated throughout all states by hydrogen bonds with Glu166 (2.5 - 2.6 A) and Asn170
(2.5-2.7 A). In addition, it forms a hydrogen bond with the Ser70 hydroxyl in the Michaelis-
Menten (2.6 A) and acyl-enzyme (2.7 A) states until this interaction is replaced by a weak
hydrogen bond with the carboxylate 08 atom (3.3 A) in the product complex. It should be
mentioned that these particularly short hydrogen bonds of a serine B-lactamase with the
catalytic water have already been reported by other researchers (Nichols et al., 2015). Lys73
forms a hydrogen bond with the Ser70 hydroxyl group in the Michaelis-Menten (2.6 A) and
acyl-enzyme (2.7 A) states. This hydroxyl bond is proposed to remove a proton from Ser70 and
thus increase the nucleophilicity, allowing the acylation process to take place. However, in the
product complex, the Lys73 side chain adopts a different alternative position and can no
longer form a hydrogen bond with the Ser70 side chain, due to Ser70 rotation in the oxyanion
hole (Figure 40 C). Therefore, the Lys73 side chain in the product complex forms a hydrogen
bond to the newly formed carboxylate 037 (3.1 A) if the piperacilloic acid.

The carboxylate group of piperacillin at C3 forms hydrogen bonds in the Michaelis-Menten
complex with the side chains of Lys234 (3.1 A) and Thr235 (2.5 A), as well as a weak hydrogen
bond with wat125 (3.5 A). In the acyl-enzyme and product state, the hydrogen bond with
Thr235 (2.6 A) is preserved, whereas that with Lys234 is likely to be omitted due to the too-
long distance of 3.6 A. In addition, a hydrogen bond is formed with a different water molecule
wat38 (2.6 A). Particularly noticeable is the adoption of an alternative position of the Ser237
side chain in a different rotamer configuration (Figure 40 B and C). In this position,
Ser237 (2.7 - 3.0 A) can form a hydrogen bond with the C3 carboxylate group of piperacilloic
acid in the acyl-enzyme and product state.

The carbonyl 016 of piperacillin forms hydrogen bonds with Asn132 (3.0 3.2 A) and in the
acyl-enzyme and product state additionally weak hydrogen bonds with Asn104 (3.0 - 3.5 A).

Moreover, the 033 of the dioxopiperazine moiety also forms hydrogen bonds with
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Asn104 (2.8 — 2.9 A) in all states. In the acyl-enzyme and product states, the piperacilloic acid
carbonyl 026 can form a weak hydrogen bond with Gly238 (3.4 A). Furthermore, in the
product complex, a water bridge is also formed by the 026 via wat169 (3.3 A) to the Asp239
side chain (2.7 A).

For the calculation of the occupancies, all possible reaction states (native, Michaelis-Menten,
acyl-enzyme, product complex; see Figure 37 A) were incorporated into the pdb model files at
each time point and refined. Thus, a rough time course of the reaction can be observed over
the calculated occupancy values.

The molecules of the different states were assigned their own alternative location groups so
that they did not influence each other except for the occupancies. It should be noted that the
default restraint that alternative locations should add up to 100 % was removed in the
refinement program. Nevertheless, the total occupancy of all states of a delay time point
should theoretically still add up to 100 %. Thus, there is a control for the calculated occupancy
numbers. With a maximum deviation of £ 5 %, this value is maintained for all delay times

(Table 24).

Table 24. Occupancies of the four reaction states at the respective delay times during
piperacillin hydrolysis by CTX-M-14 obtained by time-resolved crystallography. In addition,
and as a control, the occupancies of the individual states were summed to provide an overview
of the total occupancy of the active site.

delay time native  Vichaelis- acyl- product | sum
Menten enzyme :

0s 100 % 0% 0% 0% | 100%

2s 74 % 15 % 9% 6% | 104%

245 52 % 9% 12 % 30% | 103%

3s 43 % 5% 14 % 33% 1 95%

45s 35 % 5% 16 % 49% | 105%

6s 28 % 0% 23 % 54%  105%

12's 16 % 1% 20 % 63% | 100%
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5. Discussion

5.1. Kinetic parameters of CTX-M-14

Synchrotron beamtimes are very limited and therefore precious, and the production of
crystals consumes a lot of time and resources as well. Especially the SSX methods, which are
not yet permanently available, require a lot of time to set up and are therefore not (yet) usable
at every beamtime.

Therefore, it is particularly important to carefully plan the beamtimes in advance and to
perform as many experiments as possible, in order to provide initial recommendations for the
experimental setup and procedure.

Since B-lactamases have many substrates and substrate classes that are hydrolyzed at very
different rates, it is particularly important to choose a good candidate for time-resolved
studies beforehand. Assays for the determination of kinetic parameters can be used to assist
in the selection process, as they can be performed quickly on a daily basis and provide fast
results. These kinetic parameters are commonly used for the characterization of newly
discovered B-lactamase variants in order to classify them by substrate profile. However, in this
case, the kinetic parameters were used to identify the most suitable substrates for time-
resolved crystallography studies. Less suitable antibiotics were also identified and excluded
for further TRX studies.

A very big advantage of these assays is that the influence of different reaction parameters can
also be determined quickly. Having determined that the observed reaction had been too fast
for current TRX methods, it was thus possible to find conditions where the reaction rate was
slower. For ampicillin, for example, a reduction in the turnover rate ket by a factor of 5 was
determined with a pH reduction from pH 7.4 to pH 3 (section 4.5.1). Furthermore, the
turnover rate decreased by a factor of 2.5 when the temperature was reduced from 28 °C to
4 °C (section 4.5.2.).

Investigation of various antibiotics as potential substrates CTX-M-14 in TRX experiments
revealed that ceftazidime was the slowest hydrolyzed antibiotic with a kcat =0.9 £0.2 5%
However, ceftazidime had the highest value for Km =676 £ 177 uM among all antibiotics
tested, which may imply a lower affinity for the enzyme. The K value is inversely related to

the affinity of the enzyme for its substrate, as high Km values result in the need for a higher
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substrate concentration to achieve half vmax. Based on these findings, not only ceftazidime but
also other antibiotics such as piperacillin (kcat = 45 + 2.0 s%; Km = 10 £ 6.5 uM) were used for
TRX experiments.

It has been shown that ceftazidime was indeed not suitable for TRX studies despite the low
turnover rate. Even after lowering the pH, no electron density could be observed for
ceftazidime in the active site of CTX-M-14 (section 4.6.1.3). With piperacillin, it has been
possible for the first time to capture a time-resolved structure of the complex of a medically

relevant antibiotic and functional wild-type serine B-lactamase (section 4.6.2.1).

Table 25: Kinetic parameter kc.: of CTX-M-14 with various substrates determined in this

study compared with literature values.

keat [51] keat [51] keat [51] keat [s7] keat [s]

Antibiotic (this work)  (Dutour et al., (Ishiietal., (Heetal., (Tian et al.,

2002) 2007) 2015) 2016)
ampicillin 49 +0.9 - - 252 197 +18
benzylpenicillin 254 +5.7 290 48 +3 - -
cefalotin 565+13.2 2700 510+ 30 357+18 1117 £ 254
cefdinir 2+0.1 - 83+3 - -
cefepime 129+13.1 - N.D. - 1311
cefotaxime 75+2.6 415 1400+ 180 37+2 761 £ 149
ceftazidime 0.9+0.2 3 n.d. N.D. 0.9+0.15
ceftriaxone 25+0.8 - - 42 +4 -
cefuroxime 96 +3.1 320 - 56+3 -
piperacillin 45+2.0 200 39+3 - -

N.D., not determined; n.d., not detectable

For the literature comparison of the kinetic parameters of this study with the values from 4
research articles, the focus was placed on kca: as the crucial parameter for the reaction rate.

Some of the values measured here differ greatly from those in some research articles.
However, the ket values also differ greatly among those research articles referred to. For
example, CTX-M-14 with cefotaxime showed kcat values in the range of 37 — 1400 s. Overall,

the values measured here agree well with those from at least one article. For example, a kcat
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of 0.9s? for ceftazidime was determined in this work. Exactly the same value was also
determined in another article (He et al., 2015).

Nevertheless, the data obtained should be handled with care. The sometimes large
differences in the kinetic parameters are probably due to different expression and purification
methods of CTX-M-14 as well as different measurement methods. For example, Dutour et al.
performed a pH titration measurement, while all others performed UV absorbance
measurements to determine the kinetic parameters. UV absorbance measurements were
performed in 50 mM phosphate buffer at pH 7 and 25 °C (He et al., 2015) or 30 °C (Ishii et al.,
2007), whereas 20 mM MES buffer at pH 6 and 28 °C was used in this study.

Overall, it can be said that these measurements for determination of kinetic parameters can
be performed in a variety of experimental setups. Therefore, it was even more important that
the kcat values were determined according to the conditions given in this study. In this way,
protein expression and purification could be taken into account. Ultimately, the most
important thing was to determine the differences between the various antibiotics, which was

accomplished.

One of the reasons why a time-resolved crystallography analysis with ceftazidime was not
possible despite the low kcat could be the high Km value. If the high Km is due to a low affinity
of ceftazidime to the active site of CTX-M-14, then it could mean that ceftazidime binds only
slowly or at high concentrations to the B-lactamase but is then hydrolyzed very quickly. This
would make a uniform distribution of ceftazidime in the active sites of the crystal nearly

impossible.

However, the determined kinetic parameters served only as a reference, because in the
crystalline environment the reactions may exhibit different reaction rates. Nevertheless, it
could be shown how the determined kinetic parameters can be used to select suitable
candidates for time-resolved crystallography studies. Adjusting the reaction rate by changing
the environmental conditions did yield expected results and gave a better insight into the

extent of the effects.

In addition, the proteasome inhibitors bortezomib and ixazomib were studied as part of a drug

repurposing approach in search of new opportunities for the development of B-lactamase
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inhibitors. Both drugs are used to treat multiple myeloma, a type of cancer of the white blood
cells (Adams & Kauffman, 2004; Mina et al., 2021). Using cryo X-ray crystallography, it was
demonstrated that bortezomib and ixazomib also bind to the catalytic Ser70 in the active site
of CTX-M-14 B-lactamase (Perbandt et al., 2022). These findings suggest a possible inhibition
of the B-lactamase. Therefore, the inhibitory effect of these proteasome inhibitors on
CTX-M-14 was investigated by determination of 1Cso. This revealed that bortezomib
(68 £ 19 uM) and ixazomib (13 +2.4 uM) had an inhibitory effect, albeit much weaker
compared with B-lactamase specific inhibitors such as avibactam (0.0034 + 0.0003 uM).

The dual inhibition mode is not unexpected, as protease and B-lactamase enzymes share
important key features in their catalytic mechanism. Although the proteasome inhibitors
investigated here would have to be used at relatively high concentrations to achieve an
inhibitory effect. In this case, however, the particularly strong side effects of the drugs would
have to be taken into account. The already approved B-lactamase inhibitors have been
developed in such a way that they achieve a higher affinity to the active site of the B-lactamase
through various chemical groups and thus also exhibit better effects. For example, the anion
binding site has been utilized, with many inhibitors having sulfate or carboxyl groups
occupying this very site. Nevertheless, the boronic acid-based protease inhibitors discussed

here are suitable as promising lead compounds.

5.2. Significance of the anion binding site

B-lactamases like CTX-M-14 have a crucial anion binding site adjacent to the active site as
clearly indicated by a positive charged pocket (blue, Figure 41 A and B). In the native enzyme,
this anion binding site is usually occupied by a tetrahedral anion, such as a phosphate
(PDB 4uab6, Nichols et al. (2015)) or a sulfate (PDB 790z, Perbandt et al. (2022)). The anion
binding site is always occupied in both cryoMX and SSX structures to balance the electrostatic
requirements of the side chains of Lys73 and Lys234.

During the catalytic hydrolysis of B-lactam antibiotics, their carboxylate moiety is located in
the anion binding site (Brown et al., 2020) as shown by the mutant variant CTX-M-14 E166A
acyl-enzyme complex with ceftazidime (Figure 41 F, PDB 5u53, Patel et al. (2017)).

However, time-resolved experiments of this study have shown that the anion binding site is
very important during the binding process. For example, when boric acid was bound, the

sulfate was reoriented at this point to avoid steric conflicts. During the esterification process,
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the sulfate was replaced by a water molecule because hydrogen bonding with GBE was not
possible. GBE lacks the proton at 02 and cannot act as a hydrogen bond donor for the sulfate
ion, while the water at this position is able to act as hydrogen bond donor for GBE. Thus, the
possible hydrogen bonds in the anion binding site are an additional feature that can be used
especially for ligand stability. Comparison of the surface charge of several inhibitors in the
binding pocket of CTX-M-14 or related B-lactamases confirms this (Figure 41). Similar to BAB
and GBE, the proteasome inhibitors bortezomib (PDB 7q0y) and ixazomib (PDB 7q11), which
were investigated in a drug repurposing approach (Perbandt et al., 2022), do not have a
moiety that occupies the anion binding site. However, a chloride ion is located there to
balance the charge, as the sulfate ion would be too large to bind in presence of the covalently
bound bortezomib and ixazomib. As mentioned in the previous section, the observed lower
inhibitory effect on B-lactamases is probably due to the fact that the anion binding site is not
utilized by bortezomib and ixazomib.

In contrast, in the recently approved diazabicyclooctane (DBO) inhibitors avibactam and
relebactam, the sulfonate groups occupy the mentioned anion binding site (King et al., 2015;
Perbandt et al., 2022). This characteristic molecular mimicry was also used for vaborbactam
(PDB 6v7h, Pemberton et al. (2020)) and taniborbactam (PDB 6sp6, Liu et al. (2019)), as the
carboxylate appendage occupies the same position (Figure 41 G and H). These groups were

introduced during drug development to increase the stability and activity of inhibitors.

In summary, the displacement of the anion of the native enzyme (e.g., sulfate ion) isimportant
for enzymatic hydrolysis, as it creates space for the carboxylate appendage of antibiotics. At
the same time, this anion binding site can also be used for enhanced binding of inhibitors with

a suitable group at the site.

This anion binding site thus represents an important property of the enzyme to be considered

in drug development. In addition, the time course of the displacement of the sulfate ion was

shown (section 4.6.1.5 and 4.6.1.6).
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Figure 41: Electrostatic surface representation of B-lactamase active site with various
inhibitors and substrates. (A) CTX-M-14 native enzyme overview, (B) CTX-M-14 native
enzyme, (C) CTX-M-14 in complex with bound boric acid (BAB, pink/red), (D) CTX-M-14 in
complex with bound glycerol boric acid ester (GBE, palegreen), (E) CTX-M-14 in complex with
bound relebactam (pink), (F) CTX-M-14 E166A mutant variant in complex with bound
ceftazidime (5u53, raspberry), (G) CTX-M-14 in complex with bound vaborbactam (6v7h, teal),
(H) CTX-M-15 in complex with bound taniborbactam (6sp6, orange), (I) CTX-M-14 in complex
with bound bortezomib (7q0y, green), (J) CTX-M-14 in complex with bound ixazomib (7q11,
blue). Positively charged areas of the enzyme surface are displayed in blue and negatively
charged areas in red. The binding pocket of CTX-M-14 forms a strong positively charged region
which is used by negative charged groups of several inhibitors for stronger binding. The
electrostatic surface representation is calculated and visualized by the APBS Electrostatics
plugin in Pymol (Jurrus et al., 2018; Lerner & Carlson, 2006).
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5.3. Relebactam binding modes in CTX-M B-lactamases

The first crystal structures of CTX-M-14 in complex with relebactam at room temperature and
at cryogenic temperature were successfully solved and refined. In addition, the analysis of the
time-resolved structures obtained with the CFEL TapeDrive showed the buildup of the polder
electron density for the relebactam molecule. The DBO inhibitor was covalently bound in the
active site after only 0.25 s with an occupancy of 77 %. To investigate the molecular basis for
the inhibition of class A B-lactamases by relebactam, further analysis of the binding process
by comparison with other relebactam structures is appropriate. Especially the CTX-M-15
structure in complex with relebactam (PDB 6qw8, Tooke et al. (2019b)) is very suitable for this
purpose. The high sequence identity of 83 % (Figure S5) between CTX-M-15 and CTX-M-14
allows the comparison of the structures of these two enzymes (Figure 42).

All three studied structures reveal relebactam covalently attached to the nucleophilic Ser70.
Binding to C7 of relebactam opens the ring and forms a carbamoyl enzyme complex as seen
in previous DBO inhibitors (Blizzard et al., 2014; Ehmann et al., 2012). The remaining six-
membered ring of the DBO scaffold adopts a chair conformation, as does the terminal
piperidine ring. Most of the interactions of relebactam with the enzyme are similar in all three
structures. Relebactam is positioned to form hydrogen bonds with Ser70 and Thr237
backbone amide groups (oxyanion hole), Asn132, Ser130 and with the anion binding site. In
the anion binding site, differences in the binding mode of CTX-M-14 and CTX-M-15 are
apparent. While the sulfate moieties of relebactam form hydrogen bonds with the side chains
of Lys234, Thr235 and Ser237 in the CTX-M-14 structures, only Lys234 and Thr235 can form
hydrogen bonds in CTX-M-15. In CTX-M-15, the distance of Ser237 side chain hydroxyl to
relebactams sulfate moiety is too large, resulting in an indirect hydrogen bond via a water
molecule (Figure 42 C).

The active sites of CTX-M-14 and CTX-M-15 differ significantly in the position of Asn104.
Asn104, together with Asn132, coordinate the carbamide group of relebactam in the
CTX-M-14 active site via hydrogen bonds. In CTX-M-15, only Asn132 forms such a hydrogen
bond, as Asn104 is strongly rotated outward from the active site to avoid steric hindrance with
relebactam (Figure 42 C). Tooke et al. (2019b) proposed that the flexibility of Asn104 is
important for relebactam binding. However, it is shown here that this is not the case, as the
identified CTX-M-14 structures (cryoMX and TapeDrive) do not show displacement of the

Asn104 in any way compared to the native enzyme (Figure 18). One reason for these different
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binding modes of CTX-M-14 and CTX-M-15 could be the interactions of the enzyme with the
piperidine ring linked to C2 of relebactam. On the one hand, the Asn104 residue displaced in
CTX-M-15 prevents steric conflicts, but on the other hand, it can act as a hydrogen bond
acceptor to the piperidine amino group. However, both CTX-M-14 structures show completely
different hydrogen bonds with the piperidine amino group. The amino acid residue 239 of
CTX-M-14 is an aspartate (Gly239 in CTX-M-15) that forms indirect hydrogen bonds with the
piperidine NH via a water molecule (Figure 42 A and E).

Piperidine prefers a chair conformation, of which there are two distinguishable chair
conformations, one with the N-H bond in the axial position and the other in the equatorial
position. The distinct conformations can be switched by ring or NH inversion (Anet & Yavari,
1977; Blackburne et al., 1975; Eom et al., 2020). However, the conformation with equatorial
NH position is energetically preferred as measured by IR spectroscopy (Baldock & Katritzky,
1968). Thus, there is a free electron pair in axial position at the piperidine NH. This provides
an ideal geometry to serve as a hydrogen bond acceptor for the respective water molecule.
This water molecule is then in turn coordinated with the Asp239 via a hydrogen bond. Since
the water molecules in the CTX-M-14 cryo and RT structures are in different positions, this
also explains the twisted orientation of the piperidine ring in these two structures. Since
CTX-M-15 has a Gly239 at the comparable position, it cannot form indirect hydrogen bonds to
the relebactam. This probably makes it necessary for relebactam to displace Asn104 and form
hydrogen bonds with it in CTX-M-15. Importantly, the positioning of the deacylating water
appears to be little affected, although the relebactam binds somewhat differently. In all 3
structures, the hydrogen bonds of the deacylating water are preserved, and the distance for
decarbamoylation is also almost unchanged (Figure 27 B,D,F). The deacylating water is
activated by Glul66 as in the catalytic hydrolysis of B-lactam antibiotics and performs a
nucleophilic attack on the carbamoyl carbon C7. However, as reported for other DBO
inhibitors, there is another pathway for de-carbamoylation. It has been proposed that Lys73
serves as a general base for activation of Ser130 for avibactam recyclization (Lahiri et al.,
2013). This may also apply here as Ser130 is in short hydrogen bond distance (2.8 —3.0 A) to
N6 of relebactam and N6 in turn interacts closely with the carbamoyl carbon C7 (2.9 — 3.0 A).
In this position, relebactam is in a recyclization primed state that is in favor for recyclization
of relebactam followed by release of the intact inhibitor. This results in the reversible

inhibition mode of relebactam and other DBO inhibitors (Tooke et al., 2019b).
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Figure 42: Comparison of CTX-M-14 (blue) and CTX-M-15 (green, PDB 6qw8, Tooke et al.
(2019b)) active sites with covalently bound relebactam (magenta). Also shown is the RT
structure of CTX-M-14 collected with the TapeDrive for comparison (orange, E and F). The
polar contacts and the residue positions of CTX-M-14 (A), CTX-M-15 (C) and CTX-M-14 at room
temperature (E) reveal differences in the binding mode of relebactam. Nevertheless, the
position of the deacylating water molecule is the same in CTX-M-14 (B) and CTX-M-15 (D)
cryoMX structures. Potential hydrogen bonds are depicted as black dashes with the atomic
distance in Angstrom.
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5.4. Time-resolved boric acid binding and subsequent esterification

Boronate-based inhibitors are of particular interest as boron has the ability to mimic the
tetrahedral transition state of the catalytic reaction mechanism of SBLs (Scheme 3) and can
also inhibit some clinically important metallo-B-lactamases. In addition, the boronate-based
inhibitors lack the B-lactam recognition motif and are chemically distinct enough to
circumvent the resistance mechanisms that have already evolved (Eidam et al., 2010). In this
study, It was observed that boric acid itself can play a versatile role for inhibition of
B-lactamases, which also explains why boric acid-based compounds are currently of great

interest in drug discovery (Hecker et al., 2015; Krajnc et al., 2019; Perbandt et al., 2022; Tooke

et al., 2020).
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Scheme 3: Comparison of (A) the common tetrahedral transition state (colored blue) during
B-lactam hydrolysis by serine B-lactamase and (B) the tetrahedral mimicry of bound boric
acid and glycerol boronic acid ester. Boric acid is covalently bound to the catalytic serine
resulting in the formation of a tetrahedral boronate, that mimics the tetrahedral transition
state of a B-lactam. (Prester et al., 2023)

The inhibition of CTX-M-14 by boric acid was characterized by determining values for half
maximal inhibitory concentration (ICso) of 913 + 324 uM. Compared to approved inhibitors
such as avibactam (ICso = 3.4 £ 0.3 nM), this value is too high to have an inhibitory effect in a

practical use case. Effective inhibition can therefore only be achieved at very high boric acid
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concentrations. This in turn would increase the likelihood of further undesirable side effects.
Thus, boric acid must be modified to provide more potent inhibition. In addition to inhibition,
it is essential that the inhibitor can also reach its target site. For example, development must
consider the need to cross the outer membrane of Gram-negative bacteria. The already
approved inhibitors vaborbactam (CTX-M-14 : 1Cso = 0.11 + 0.04 uM, Tsivkovski et al. (2020))
and taniborbactam (CTX-M-15 : ICso = 0.01 uM, Liu et al. (2019)) show that it is possible to
transform boric acid derivatives into a very effective inhibitor.

Even more impressive is that the active site of CTX-M-14 is nevertheless occupied by up to
53 % bound boric acid (BAB) in TapeDrive mix-and-diffuse experiments (see section 4.6.1.5).
This is probably due to the very high final concentrations of 100 mM boric acid that were used.
However, the concentration had to be so high to accelerate the diffusion into the crystal by a
higher concentration gradient to achieve a more uniform distribution within the crystals.

A glycerol-boric acid ester (GBE) was formed by mixing glycerol to the boric acid-soaked
CTX-M-14 microcrystals. As a result, a mixed state of bound BAB (21 %) and bound GBE (67 %)
has formed. Taken together, the total occupancy of ligands covalently bound to the enzyme
has increased from 53 % (mixing boric acid) to 88 % (Figure 33). Hence, the total occupancy of
the active site has increased due to esterification. The addition of glycerol, which led to the
formation of GBE, increased the affinity of the boric acid compound to the active site Ser70.
While BAB alone only achieved a maximum occupancy of 53 %, GBE was able to reach 67 %
after a mixing delay time of 10 s.

Since the binding of boric acid is an equilibrium reaction, it can also proceed in reverse.
Unfortunately, the process of deacylation cannot be observed in the time-resolved structures
of BAB or GBE, so only a hypothesis is possible. Similar to the deacylation of other B-lactam
antibiotics, the deacylating wat10 is probably activated by Glu166 and performs a nucleophilic

attack on the boron atom. Subsequently, the boric acid is released again.

The formed GBE was bonded to the already bound boric acid in two esterification steps. In the
time-resolved structural analyses (Figure 32, section 4.6.1.6), it is unfortunately not possible
to show unambiguously which ester bond is formed first on the basis of the observed electron
density. The first sign of increased electron density in the polder map is at BAB 02
(nomenclature — Figure 43), but this does not necessarily mean that ester bonding occurs

there first.
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However, the probability of the first ester bond occurring at 02 is slightly higher, because the
hydroxyl group of 02 is strongly stabilized by donating hydrogen bonds to the sulfate ion in
the anion binding site. The second ester bond to form the cyclic ester then probably develops
very quickly. The first ester bond greatly shortens the distance between the second hydroxyl
group of glycerol and the boron atom. In addition, the glycerol molecule has less degrees of

freedom.

Based on the time-resolved data, an equilibrium reaction equation (Scheme 4) for the binding
of boric acid can be derived. The amino group of Lys73 is in hydrogen bond distance with
Asn132 (2.5 A) and Ser130 (3.2 A) and possibly acts as hydrogen bond donor. Thus, it is
possible to be hydrogen bond acceptor to the Ser70 (2.9 A). At the same time, the catalytic
water wat10 (coordinated by Glu166 and Asn170) is in a distance of 2.7 A to the Ser70 OG and
thus also suitable as a potential hydrogen bond acceptor. Unfortunately, the time-resolved
structures cannot provide any conclusions about the protonation of the residues involved, so
no more precise statement about the mechanism can be made.

However, one of these interactions makes Ser70 OG more nucleophilic. Catalysis is initiated
by a nucleophilic attack of Ser70 OG on the boron atom. The nucleophilic attack is assisted by
either Lys73 or Glul66 via watl0 acting as a general base and accepting the proton of the
Ser70 hydroxyl group. This nucleophilic attack on the boron atom results in the formation of
covalent bound boric acid (BAB).

The reaction sequence of boronic acid with a diol system is concluded from Furikado et al.
(2014). Accordingly, the bound boric acid is present as a borate ion in the active site, which
can also be observed by the electron density from time-resolved experiments (Figure 32). The
glycerol can initiate the esterification with a nucleophilic attack on the boron atom and take
the position of the 02 with the ester bond. The 02 of BAB is probably the first hydroxyl group
to be subtracted, as it acts as a hydrogen bond donor for the sulfate ion in the anion binding
site. During esterification a water molecule is released. Due to the resulting proximity of boric
acid and glycerol, the second esterification step to cyclization likely occurs very rapidly.

Basically, this second esterification step proceeds in the same way as the first.
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The esterification of boric acid and glycerol to form a cyclic ester resulted in two new stereo
centers at the C2 atom and the boron atom of GBE. According to the Cahn-Ingold-Prelog
priority convention, both have (S)-configuration. The (S)-configuration of the boron atom is
determined by the position of the initially bound boric acid. For C2, the (S)-enantiomer
appears to be preferably formed due to the environment in the active site of the B-lactamase,
as clearly indicated by the polder electron density (Figure 32). No electron density was
observed for the position of a potential (R)-enantiomer.

It seems reasonable that no (R)-enantiomer is observed, since the (R)-configuration would
lead to a collision of 04 with the Asn132 side chain (~ 1.6 A) if the GBE position was otherwise
unchanged. The GBE cannot circumvent this steric hindrance because it has too many
constraints due to the strong coordination with hydrogen bonds in the anion binding site and
the oxyanion hole. Moreover, the Asn132 acts as a hydrogen bond partner for the glycerol 04
and presumably provides the appropriate orientation already when the glycerol is
approaching the active site. Therefore, it is likely that the Asn132 side chain forces the glycerol

into the GBE (S)-configuration during the binding process.

Theoretically, the glycerol could also bind to the boric acid in such a way that the free hydroxyl
group of the GBE would point to the anion binding site. In practice, however, this does not
seem to be the case. On the one hand, the glycerol would then have to displace the
sulfate/water from the anion binding site during the binding process, and on the other hand,
the hydroxyl group of GBE in the anion binding site could only be stabilized by hydrogen bonds
with the side chain of Ser237. This would result in the loss of interactions with the side chains
of Asn104 and Asn132. Overall, fewer hydrogen bonds would be obtained with the active site
of CTX-M-14. In contrast, in the observed position of the GBE, the free hydroxyl of GBE O4 can
form hydrogen bonds with two side chains Asn104 and Asn132 and at the same time there is
the possibility of stabilization via the water bridge of GBE O2 with wat357 in the anion binding

site.

To prevent correlation between occupancies and B-factors during refinement, precautions
were taken to ensure that the individual B-factors of each ligand in datasets of consecutive
time points did not differ more than their Wilson B-factors or their average B-factors. The B-

factors of the boron atoms are not unusually high even for the delay times with low
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occupancies of the ligands (Figure 44). Variations in the boron atom B-factors at different
delay times roughly correspond to the deviations of the average B-factors and Wilson B-
factors. The B-factors of the boron atom at short delay times are slightly increased. However
the average B-factors are also elevated at exactly these times. Consequently, it can be
assumed that the occupancy of the boron atom was calculated correctly. If the occupancy was
calculated too high, the individual B-factors would increase to a greater extent than the
average B-factors. Overall, the B-factors are in an acceptable range for room temperature
protein structures and do not show any anomalies. However, they might indicate dynamic

movement during binding processes, as they are increased at exactly the delay times when
the binding occurs.
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Figure 44: Diagram of various B-factors of bound boric acid (BAB) and glycerol boric acid
ester (GBE) protein structures at the respective mixing delay times with boric acid (BA) or
glycerol (GOL). The Wilson B-factor (gray), based on the collected data, and the average B-
factor (green), based on the refined protein coordinates, show an equal trend as a function of
the delay times. The ligands B-factors show the refined B-factors of all ligands, including the
sulfates, whereas the BAB and GBE boron atom B-factors are intended to highlight only the
boron atoms. Overall, it can be observed that all B-factors show a similar pattern and decent

values for room temperature X-ray protein structures. Adapted from Prester et al., (2023).
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Figure 45: Comparison of B-lactamase active sites with various inhibitors and substrates for
the analysis of advantageous features for consideration in the development of B-lactamase
inhibitors. CTX-M-14 in complex with (A) bound boric acid (8pcj, BAB, pink/red), (B) bound
glycerol boric acid ester (8pcv, GBE, palegreen), (C) bound bortezomib (7q0y, green), (D)
bound ixazomib (7g11, blue), (E) bound vaborbactam (6v7h, teal). (F) CTX-M-15 in complex
with bound taniborbactam (6sp6, orange), (G) CTX-M-14 in complex with bound relebactam
(pink), (H) CTX-M-14 E166A mutant in complex with bound ceftazidime (5u53, raspberry).
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In addition to the temporal analysis of binding events, the comparison of multiple inhibitors
and substrates can be utilized for the development of new pharmaceutical substances. For
example, beneficial properties can emerge from the analysis of multiple structures with
various compounds. The following structures were used for this analysis: CTX-M-14 in complex
with BAB (PDB 8pcj, Prester et al. (2023)), GBE (PDB 8pcv, Prester et al. (2023)), relebactam
(this study), bortezomib (PDB 7q0y, Perbandt et al. (2022)), ixazomib (PDB 7g11, Perbandt et
al. (2022)), vaborbactam (PDB 6v7h, Pemberton et al. (2020)), CTX-M-14 E166A mutant variant
in complex with ceftazidime (PDB 5u53, Patel et al. (2017)) and CTX-M-15 in complex with
taniborbactam (PDB 6sp6, Liu et al. (2019)). This includes simple boric acid compounds, cyclic
boronate-based BLIs, diazabicyclooctane BLls, boric acid-based proteasome inhibitors, and a
B-lactamase substrate for analysis (Figure 45).

The structures are all very similar and have an RMSD value of only 0.27 —0.31 A when aligned
against the CTX-M-14 native enzyme. Although CTX-M-15 belongs to the CTX-M-1 lineage
group, it can still be compared to CTX-M-14 (CTX-M-9 lineage group) because they share a
protein sequence identity of 83 % (Figure S5). The active sites of the B-lactamases contain
highly conserved amino acids. However, it is striking that even the positional coordinates of
these amino acids differ little in the various structures, although the ligands are very different
(Figure 45). Only the side chain hydroxyl group of Ser237 adopts different rotamer
configurations. In the structures with bortezomib, ixazomib and ceftazidime, Ser237 has only
one position, whereas in the other structures it has two alternative positions. In most cases,
this is one alternative position pointing towards the ligand to allow for possible hydrogen bond

interactions and one alternative position pointing away from the ligand.

Analysis of the different inhibitors revealed that the following 4 features of the B-lactamase
active site are particularly commonly used and therefore very important for binding in the
active site of B-lactamases: the anion binding site, the oxyanion hole, the position of the

deacylating water, and the coordination of a carbonyl oxygen by Asn104 and Asn132.

The oxyanion hole is a feature utilized by every compound studied here and is therefore one
of the most important requirements to be considered in future drug development. In boric
acid derivatives, it is occupied by a hydroxyl group of boric acid. In the case of relebactam, it

is occupied by the carbamoyl group, and in the case of ceftazidime by the carbonyl group of
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the ester bond. In the oxyanion hole, the inhibitors and substrates are stabilized by hydrogen
bonds with the main chain amide groups of Ser70 (2.7 — 2.9 A) and Ser237 (2.8 — 3.1 A) (Figure
45). The stabilization in the oxyanion hole is so strong that the atoms coordinated in it are
always at the same position with only 0.2 —0.5 A variance. In addition, the oxyanion hole is
assumed to provide electrophilic assistance for the nucleophilic attack of Ser70 hydroxyl by
stabilizing the carbonyl oxygen of, for example, B-lactam antibiotics in the oxyanion hole prior

to acylation (Strynadka et al., 1992).

All approved B-lactamase inhibitors, relebactam, vaborbactam and taniborbactam, as well as
the antibiotic ceftazidime utilize the anion binding site. They occupy the anion binding site
with a sulfate or carboxylate group. Hydrogen bonds can then be formed with the side chains
of Ser130, Lys234, Thr235 and Ser237. The strongest interactions involve Thr235 (2.5 - 3.0 A)
and Ser237 (2.7 — 3.0 A) due to their relatively short hydrogen bond distance.

In the other structures, the anion binding site is also occupied, but not by the inhibitor itself.
In bortezomib and ixazomib structures, it is occupied by a chloride ion from the buffer. The
boric acid and glycerol boric acid ester structures studied in this work have a sulfate ion or a
water molecule occupying this anion binding site. However, the compounds with a suitable
moiety in the anion binding site develop much higher ICso values and thus stronger inhibitory
effects. It can be assumed that there is a clear advantage if the inhibitor compound itself can
use this anion binding site for stabilization and displaces the previous anion. Indeed, if the
anion cannot be displaced, then steric hindrance with this anion may occur and the position
of the drug candidate might be altered. This important point could also be demonstrated in
the time-resolved experiments of this work, as it was shown that the sulfate had to be
reoriented during binding of boric acid. During the subsequent esterification with glycerol, the
sulfate was finally displaced by a water molecule. Nevertheless, the glycerol boric acid ester
could be stabilized via a hydrogen bond to this water molecule (wat 357, 2.7 A) and another

hydrogen bond from the water to Thr235 (2.8 A) (Figure 45 B).

The catalytic water is coordinated by the side chains of Glu166 and Asn170 and occupies a
position approximately 3.0 — 3.5 A away from the boron atom or carbonyl carbon of the acyl-
enzyme (Figure 45). The catalytic water is then activated by Glul66 and can perform a

nucleophilic attack on the boron atom or carbonyl carbon of the acyl-enzyme and thus release
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the hydrolyzed ligand. This process cannot occur in the CTX-M-14 E166A mutant variant,
where Glul66 is not present for coordination of the deacylating water. Bortezomib and
ixazomib are the only inhibitors that displace this deacylating water, since a hydroxyl group of
the conjugated boric acid occupies exactly this position (Figure 45 C and D).

The boric acid moiety of bortezomib and ixazomib takes a slightly more downward position
than the other boric acid compounds. These two proteasome inhibitors thus use the position
of the deacylating water to get the stabilizing interactions with Glul166 and Asn170 and
displace the deacylating water. All other inhibitors hardly changed the position of the
deacylating water. Therefore, the question arises why bortezomib and ixazomib are not much
more potentinhibitors since they are not hydrolyzed or are hydrolyzed by a different pathway.
For the efficacy of an inhibitor, not only the stability in the active site of the target is crucial,

but also the affinity and many more factors.

The side chain amide groups of Asn104 (2.8 —3.2 A) and Asn132 (2.8 — 3.0 A) act as hydrogen
bond donors for specific carbonyl groups of all inhibitors and substrates (Figure 45 C—H).
Thus, they are among the few stabilizing interactions used by all inhibitors. In the case of the
GBE, these hydrogen bonds are formed with the terminal hydroxyl group at 04 (weak 3.5 A
and 3.0 A) (Figure 45 B). BAB is not directly stabilized by these asparagine residues, but via a
water bridge to the BAB 03 hydroxyl group (2.9 A and 3.4 A) (Figure 45 A). In the development

of new drugs, a potential hydrogen bond acceptor should be considered at this point.

Asp239, located at the exit of the active site, also appears to be important for large ligands.
For example, the Asp239 carboxyl group can form hydrogen bonds with the amino thiazole
moiety of ceftazidime (3.1 A and 3.3 A). However, it cannot be conclusively said how crucial
this interaction is, since this direct interaction is only adapted by one of the ligands studied.

However, relebactam also forms an interaction via a water bridge to Asp239 in CTX-M-14.

In summary, the following features should be considered in future drug design: A hydrogen
bond acceptor such as a carbonyl oxygen adjacent to the atom to be acylated so that it can
utilize the oxyanion hole, a negatively charged group that can be coordinated in the anion
binding site, a polar group that displaces the deacylating water, and a hydrogen bond acceptor

coordinated by hydrogen bonds with Asn104 and Asn132.
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It should be noted that all these predictions are based on inhibitors that are already working.
Of course, it is also possible that other very important features remain undiscovered and may
be even stronger. For further development of B-lactamase inhibitors, it is exactly these
features that have not yet been exploited that would be very important.

However, it would be important to look at even more B-lactamase substrates in the wild type
active site in order to derive important key features from them as well. Time-resolved SSX is

particularly well suited for this purpose.

5.5. Ceftazidime binding mode in CTX-M-14

Unfortunately, the SSX mixing experiments with CTX-M-14 and ceftazidime (CAZ) did not lead
to the formation of a corresponding complex structure. Until recently, it was only possible to
capture antibiotic complexes with CTX-M-14 mutant variants in which deacylation and thus
catalytic hydrolysis was prevented by specific mutation of catalytic key residues Ser70, Lys73
or Glu166 (Adamski et al., 2015; Brown et al., 2020; Patel et al., 2018; Patel et al., 2017; Soeung
et al., 2020).

As already shown in section 4.6.1.3, there are no differences between the CTX-M-14 native
structure and structures mixed with ceftazidime. Fortunately, there is already a CTX-M-14
E166A mutant variant structure in complex with ceftazidime (PDB 5u53, Patel et al. (2017))
that can be used for structural comparison (Figure 46 A). This mutant variant lacks Glu166,
which positions the deacylating water for nucleophilic attack and subsequent deacylation. The
structure indicates that ceftazidime could in principle bind in the active site of CTX-M-14.
However, the electron density for the pyridinium moiety at the C3 position of ceftazidime is
absent even in the mutant variant (PDB 5u53, Patel et al. (2017)), indicating elimination of this
group, which is consistent with the observations in other mutant variant acyl-enzyme
complexes with serine-B-lactamases (Powers et al., 2001; Tooke et al., 2021).

If the CAZ in the CTX-M-14 WT structures is bound with only a very small occupancy,
interpretation of the electron density would be difficult. To be sure that CAZ did not bind, the
CAZ molecule was modeled into the TapeDrive CTX-M-14 WT mixed with ceftazidime structure
(Figure 46 C) and compared with the water molecules (Figure 46 D). The corresponding polder
electron density of the CAZ molecule of 5u53 and the CTX-M-14 WT structure differ
significantly. In CTX-M-14 there is almost no coverage of the CAZ. In contrast, the modeled

water molecules indicate a very good representation of the native active site (Figure 46 D).

152



Discussion

Thus, it can be further clarified that ceftazidime did not bind to CTX-M-14 WT in the mix-and-
diffuse SSX experiments.

It can be assumed that ceftazidime indeed binds poorly to CTX-M-14. As a result, it cannot
accumulate in the intact WT enzyme and dissociates from the active site immediately after
hydrolysis. Crystals of the 5u53 structure were soaked in 50 mM ceftazidime overnight. The
high ceftazidime concentration and the fact that ceftazidime can accumulate in the active site
due to the deacylation defective enzyme have ensured that such a complex could be acquired.
This advantage, of course, does not exist with the WT enzymes in the SSX experiments. The

aim was to observe the catalytic mechanism in the intact enzyme.

Studies by Patel et al. (2017) have shown that ceftazidime binding in the E166A is not as good
as in the E166A/P167S variant. This is due to fewer hydrogen bonds and van der Waals
contacts between bound ceftazidime and the E166A enzyme. This is also believed to be the
reason for the higher K, value of WT versus P167S variants. Overall, the catalytic efficiency
(kcat/Km) of the WT enzyme is 10-fold lower than that of the P167S variant (Patel et al., 2017).
The P167S is a natural mutation that is located in the Q-loop near the active site. Due to the
exchange of the proline residue, this Q-loop acquires increased flexibility, so that the
ceftazidime molecule has more space in the active site and can form more hydrogen bond
contacts (Patel et al., 2017). This is also believed to be the reason for the extended-spectrum
activity of this CTX-M-14 P167S B-lactamase (Both et al., 2017).

For the time-resolved structures performed here, this means that, as already suspected, the
affinity of ceftazidime for the CTX-M-14 WT active site is probably too low to perform these
types of studies. A possible alternative would be to use the P167S mutant for time-resolved
SSX experiments, which provides more space and hydrogen bond contacts for the ceftazidime
due to the flexible Q-loop. However, it should be noted that the turnover rate of the P167S
mutant must not be too high, otherwise the current fastest delay times may not be sufficient

to capture important intermediate states.
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Figure 46: (A) CTX-M-14 E166A (PDB 5u53, Patel et al. (2017)) acyl-enzyme complex with
ceftazidime (CAZ) compared to (C) TapeDrive CTX-M-14 WT structures mixed with
ceftazidime with modeled CAZ or (D) water molecules in the active site. Corresponding
polder electron density is contoured at 3 o. The polder electron density clearly confirms the
absence of CAZ in the active site of CTX-M-14 WT. Modeled water molecules fit better into

the polder electron density. Chemical structure of the intact ceftazidime is shown for
reference (B).
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5.6. Time-resolved analysis of piperacillin hydrolysis by CTX-M-14

Time-resolved analysis of the hydrolysis of a B-lactam antibiotic like piperacillin, used in clinical
contexts, by one of the most widely spread B-lactamases CTX-M-14 can provide important
insight into antibiotic resistance mechanisms. Three main goals of any time-resolved
crystallography experiment are to determine the physical properties such as the atomic
structure of the intermediate states, the time-dependent concentration of these intermediate
states and the rate coefficients of the kinetic reaction (Schmidt, 2013). In section 4.6.2.1, the
time-resolved crystallography protein structures were already discussed and the main
differences during the reaction were mentioned. However, the time-resolved analysis of this

reaction can also help to better understand enzyme-catalyzed reactions in general.

Piperacillin mixing — reaction state occupancies
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Figure 47: Diagram showing the occupancy of the individual states as a function of the delay
times. Occupancies were refined using phenix.refine software with grouped molecules and
alternative conformations that represent the individual states.

To generate an approximate overview of the relative concentrations of the reaction states,
the occupancies of these states within the crystal can be extracted from the time-resolved
protein structures. A plot of occupancies as a function of the delay time based on the values

of Table 24 is shown in Figure 47. For the enzymatic reaction, the kinetic mechanism from
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Equation 6 is again applied. In this reaction consideration, it must be taken into account that
new substrate is supplied to the protein crystal by diffusion from the surrounding solution
over a longer period of time. The native, the Michaelis-Menten, the acyl-enzyme and the

product complex states are considered as possible observable states.

The reaction starts with a delay time of 0 s. At this point, no piperacillin state is present, only
the native state with an occupancy of 100 %. Low occupancies of the other states are observed
as early as 2s, most notably the Michaelis-Menten state with non-covalently bound
piperacillin with an occupancy of 15 %. At the same time, native state occupancy begins to
decrease to 74 %. Subsequently, the occupancy of the product state increases the most and
rises via 30 % at 2.4 s and via 49 % at 4.5 s to the maximum of 63 % at 12 s. The occupancy of
the Michaelis-Menten state quickly decreases and from 6s onwards has hardly any
occupancy. This indicates that the acylation process (transition from Michaelis-Menten state
to acyl-enzyme) is relatively fast and the rate k5 (Equation 6) is high, while the binding of
piperacillin is comparably slower. As a result, the piperacillin cannot accumulate in the
Michaelis-Menten state but continues to be acylated directly. The acyl-enzyme state, on the
other hand, can accumulate with an occupancy of 20 % at 12 s. This indicates that the
deacylation process is somewhat slower than the acylation process.

A certain time after the start of the reaction, a quasi-steady state is established, as new
piperacillin is added via diffusion from the solution and the hydrolyzed piperacilloic acid in the
product complex is released from the enzyme at a constant rate. This point is approached at
6 s and is finally reached at 12 s. At this delay time, there is only a modest change in the

occupancies observed.

The progression of the diagram is comparable to a diagram in a publication by Marius Schmidt
(2013), in which a simulation was made of the enzymatic reaction of a kinetic mechanism with
3 observable states. It looks similar to a reaction whose turnover time is much faster than the
diffusion time. Overall, however, it looks like the enzymatic reaction is relatively slow,
especially compared to the kinetic parameters obtained in solution (section 4.5 and 5.1). In
the crystal, a turnover seems to take place in seconds, whereas in solution only 22 ms
(keat = 45 + 2 s1) were determined. However, diffusion alone is unlikely to be the determining

factor, since a diffusion time of approx. 15 ms was calculated for crystals of this size (Schmidt,
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2013), which is in the same order of magnitude as the turnover time in solution. Apparently,
enzymatic reactions in a crystal are much slower than in solution, possibly due to
conformational space limitations, unfavorable buffer conditions, and to some extent slower

diffusion times.

A CTX-M-9 S70G and CTX-M-14

B CTX-M-9 S70G C CTX-M-14

G|u166

Lys73

Figure 48: CTX-M-14 product complex with hydrolyzed piperacilloic acid and CTX-M-9 S70G
(PDB 3qg1f) mutant variant in complex with hydrolyzed piperacilloic acid (A) merged in one
figure for comparison and separate with (B) only the CTX-M-9 S70G and (C) only CTX-M14
structures for detailed analysis of polar contacts. Potential hydrogen bonds are depicted as
black dashes with the atomic distance in Angstrém. Obviously, the carboxylate formed by
hydrolysis of piperacillin at C7 and the five-membered thiazolidine ring occupy different
positions. The carboxylate group of CTX-M-9 S70G occupies a position that is only possible
with the S70G mutation and thus represents an engineered artifact. The mutant variant
protein structure is therefore not very reliable for making conclusions about the wild type.
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Usually, inactive mutant variants of B-lactamases were used to obtain a protein crystal
structure in complex with a substrate. This is also the case with piperacillin. There are only
two entries of a B-lactamase cryo structure in complex with piperacillin in the PDB. Both times
it is an inactive CTX-M-9 S70G mutant variant. One protein crystal structure shows it in
complex with the substrate piperacillin and the hydrolyzed product, piperacilloic acid (PDB
3g07), but with not very good electron density for the ligands. The second protein crystal
structure shows the CTX-M-9 S70G mutant variant in complex only with the hydrolyzed
product, piperacilloic acid (PDB 3q1f), which is well covered in difference electron density.
Both structures are deposited in the PDB but without a corresponding publication. The latter
is used for comparison with the CTX-M-14 piperacilloic acid protein structure (12 s time point)
determined in this work to evaluate conclusions about the quality, reliability, and accuracy of
the time-resolved structures. CTX-M-9 has very high sequence identity (99.62 %;
Supplemental Figure S6) to CTX-M-14 and both enzymes belong to the same CTX-M-9 lineage
group, therefore they can be compared with respect to piperacillin binding.

When merging the protein structures into one figure (Figure 48), it is immediately apparent
that the ligands are positioned differently in the active site. This is especially the case for the

carboxylate formed by hydrolysis of piperacillin at C7 and the five-membered thiazolidine ring.

It is particularly noticeable that the position of the carboxylate group of CTX-M-9 S70G (PDB
3q1f) would overlap with the Ser70 hydroxyl group in the wildtype enzyme. Therefore, the
carboxylate group can only occupy this position in the S70G mutant variant and thus this
represents an engineered artifact. The protein structure of the mutant variant is consequently
not reliable for drawing conclusions about the enzymatic reaction mechanism or binding
modes. In addition, the rotation of the carboxylate group out of the oxyanion and the rotation
of the Ser70 in the direction of the oxyanion as described in section 4.6.2.1 is completely
overlooked. This shows one of the biggest advantages of time-resolved crystallography, which
allows the accurate observation of the wild type enzyme function and dynamics without the
need of mutation variants. Therefore, these novel methods should be considered for
complementation with existing mutation studies to avoid misinterpretation and thus incorrect

depiction of the binding mode or reaction mechanism.
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Furthermore, these different positions also result in different hydrogen bonding patterns,
which represent a leaving group with a vastly different impact. The hydrogen bonding pattern
of CTX-M-14 active site residues in complex with piperacilloic acid (12 s) has already been
described in detail in section 4.6.2.1 (Figure 40). The major differences are that the C7
carboxylate group does not form a hydrogen bond with the catalytic water wat10 and the
Asn170 side chain in CTX-M-9 S70G. Instead, this carboxylate group is located in the oxyanion
hole with one of the oxygen atoms and therefore forms hydrogen bonds with main chain
nitrogen atoms of Gly70 (2.8 A) and Ser237 (2.9 A) (Figure 48). Moreover, the hydrogen bonds
of the C3 carboxylate group with Lys234, Thr235, Ser237 are lost due to the rotation of the
thiazolidine ring and are not replaced by other hydrogen bonds. The nitrogen atom of the
thiazolidine ring can form a hydrogen bond with the hydroxyl group of Ser237 (2.9 A) in the
CTX-M-9 S70G structure. In addition, the piperacilloic acid N14 forms a hydrogen bond with
the main chain carbonyl oxygen of Ser237 (2.9 A).

6. Conclusion and Outlook

6.1. Time-resolved crystallography

In this work, 4 novel methods were used for the determination of time-resolved protein
structures. Mainly, the TapeDrive with mix-and-diffuse for the study of inhibitor and inhibitor
model systems. This included contributing to the further development and testing of these
methods for new end users (Zielinski et al., 2022). In addition, the fixed target approach using
HARE chips and the liquid-application-method (LAMA) for reaction initiation was employed
for the analysis of B-lactamase substrate hydrolysis. Two other methods applied have not
been mentioned here so far:

Initial experiments with a liquid jet mix-and-inject approach were performed at the Linac
Coherent Light Source (LCLS) using the X-ray free electron laser (XFEL). The aim was to
investigate the binding and hydrolysis of ceftazidime by CTX-M-14 at fast time scales. Due to
the pandemic-related travel restrictions in the USA in 2020, the experiments had to be
performed remotely. In addition, due to difficulties with customs and transport of the

microcrystals, antibiotics and injector nozzles, the experiments could not be performed
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optimally. This resulted in data collection being limited to fewer time points than planned.
Unfortunately, no electron density was observed for the substrate.

Furthermore, | collaborated on the development of a system to simplify time-resolved
crystallography and make it more accessible to the large user base that already has access to
standard macromolecular crystallography at synchrotron beamlines. This resulted in the
creation of the spitrobot, a protein crystal plunger, enabling reaction quenching from
physiological temperatures via cryo-trapping with millisecond time-resolution (Mehrabi et al.,
2023). It uses micro meshes on SPINE standard sample holders suitable for automatic sample
changing systems available at most modern beamlines. The protein crystals are placed on the
micro meshes and sprayed with picoliter-sized droplets of the substrate using a LAMA nozzle
to initiate the reaction. The crystals are then automatically immersed in liquid nitrogen with a
specified delay time (up to 50 ms). Diffraction data for samples prepared in this way can be
collected on standard cryoMX beamlines. In this case, CTX-M-14 was used as a model system
to demonstrate that the system performs well.

With all the mentioned methods, time-resolved structures could be determined. What they
all had in common was the overlapping of multiple states at a single time point. As in any time-
resolved experiment, multiple states can mix at a single time point during the reaction
(Schmidt et al., 2023; Steinfeld et al., 1999). This is due to the nature of diffusion, since not all
active centers in the crystal can be reached simultaneously. This effect can be reduced by
using small microcrystals (Schmidt, 2013). With the increasing accessibility of X-ray free-
electron laser (XFEL) facilities with extremely brilliant and short pulsed radiation, smaller
crystals can be used to obtain sufficient diffraction. This can further shorten the diffusion time
and minimize the overlap of multiple states. Laser-triggered reactions with photocaged
substrates are easier to handle in this respect, since the substrates can already be uniformly
distributed in the crystal before reaction initiation. However, other factors such as the depth
of penetration of the laser into the crystal must then be considered.

Nevertheless, reaction initiation by mix-and-diffuse is one of the methods suitable for most
enzymatically catalyzed reactions, since photocaged compounds or photochemical reactions

are rarely available.

The CFEL TapeDrive is also ideally suited for a rapid high-throughput screen of different

compounds whose binding to a target enzyme is to be investigated on a crystallographic basis.
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Mixtures with several compounds were investigated, demonstrating that only the best binding
ligand is actually visible in the active site of the B-lactamase in the resulting model.
Substrates that have a high affinity for the active site but are slowly converted are beneficial.
The hydrolysis of ceftazidime, for example, probably could not be observed because its Km is
relatively high and the affinity for the active site is probably relatively low. With piperacillin,
on the other hand, it was possible to observe intermediates, although it has a higher turnover
rate.

TRX is particularly important to observe interactions of ligands in the wild-type enzyme. Since
mutations can be avoided, no artifacts introduced by these mutations will give a false
representation of the protein-ligand interactions. For example, it was shown that the position
of a carboxylate group of the hydrolyzed piperacillin in the wild type is quite different from
that in the mutant variant. In this case, it was easy to observe that the position in the mutant
variant was "wrong", as it could not be present in the wild type due to steric hindrance. Only
the absence of the catalytic serine side chain due to the S70G mutation enabled this position.
Essentially, the combination of room temperature TRX and cryoMX structures provides huge
advantages. While cryoMX can currently achieve much higher resolutions, the room
temperature TRX data can provide information about the dynamics and conformational space
of the protein residues, as has been observed with the dynamic of the piperidine ring of

relebactam (section 4.6.1.4).

The serial crystallography and macromolecular crystallography methods differ with respect to
possible radiation damage during data collection. Since for the cryoMX method only a single
macrocrystal is measured repeatedly in a rotation series, it is exposed to a higher radiation
dose. Therefore, it is cooled to cryogenic temperatures to avoid this radiation damage.
However, this decouples global and specific radiation damage. While the global radiation
damage is reduced, the specific radiation damage affecting certain amino acid residues is not
reduced by the same amount (Gotthard et al., 2019). In serial crystallography, on the other
hand, the microcrystals are measured only once, so that protection against radiation damage
can be omitted and experiments are performed at room temperature. For serial femtosecond
crystallography using XFELs the principle of diffraction-before-destruction is applied. The
microcrystals are exposed to a very intense and short X-ray pulse, allowing to collect

diffraction data before the crystal is destroyed.
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The accessibility of TRX measurements has greatly improved in recent years. However,
evaluation is currently still very difficult, especially if no allosteric effects or large
conformational changes are observed, because then very small differences have to be
identified and interpreted. Evaluation can be facilitated, for example, by the use of specialized
software such as Xtrapol8 (De Zitter et al., 2022), PanDAA (Pan-Dataset Density Analysis)
(Pearce & Gros, 2021) or RoPe (Representation of Protein Entities) (Ginn, 2023). These
software packages allow a better differentiation of ligands with very low occupancies or use
the torsion angles to describe a proteins conformational space. However, it also requires
training and was not suitable for the size of the dataset or not available at the time of the
evaluations conducted in this thesis.

Finally, additional parameters such as temperature or the pH value can be varied to achieve
more observables. In this way, five-dimensional crystallography is possible and the energetics
of the reaction can be investigated. These include entropy and enthalpy values of the
activation barriers in the chemical and kinetic mechanism, which enables the determination
of free energy landscapes of the enzymatic reaction (Schmidt, 2013). Such experiments are
already being conducted with the CTX-M-14 B-lactamase and piperacillin using the

environmental control box (Mehrabi et al., 2021).

6.2. Important characteristics for B-lactamase inhibitors

Developing new antibiotics is difficult and expensive. On the one hand, they obviously must
exhibit antibacterial activity against a broad spectrum of bacterial organisms, must not be
susceptible to current resistance mechanisms, and must be tolerated by the patient. In the
following, particular attention will be given to B-lactam antibiotics, as they are relevant to this
thesis. Basically, a B-lactam antibiotic must bind as effectively as possible to penicillin binding
proteins (PBP) and thus unfold its antibacterial effect, while at the same time being a poor
substrate for B-lactamases. As mentioned in section 1.4, B-lactamases represent the most
common resistance mechanism to B-lactam antibiotics. Therefore, it is reasonable to develop
B-lactamase inhibitors that allow already approved antibiotics (to which resistance has already
emerged) to be reused in a combined drug.

A comprehensive review of current inhibitors of serine B-lactamases and the observed time-
resolved binding of inhibitors as well as inhibitor models revealed important characteristics

for B-lactamase inhibitors. In summary, the following features should be considered in future
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drug design: A hydrogen bond acceptor such as a carbonyl oxygen adjacent to the atom to be
acylated so that it can utilize the oxyanion hole, a negatively charged group that can be
coordinated in the anion binding site, a polar group that displaces the deacylating water, and

a hydrogen bond acceptor coordinated by hydrogen bonds with Asn104 and Asn132.

This information could be used as it has been for other systems such as in "metallo-
B-lactamase inhibitors inspired on snapshots from the catalytic mechanism" (Palacios et al.,
2020). In this article, the potential of intermediates and product mimicking compounds for
inhibition of metallo-B-lactamases was evaluated. Using the intermediates and tetrahedral
transition state mimics described in this thesis, such a study can also be applied to serine
B-lactamases.

There are already many approaches that use structure-based drug discovery (Fischer et al.,
2021; S Ferreira & D Andricopulo, 2014; Shi et al., 2019; Staker et al., 2015). Accordingly, of
course, all the available knowledge about the structural conditions is already used. Among
other things, information about which conditions are necessary for binding, how large the
binding pocket is, how polar/hydrophobic the binding pocket is, in which environment the
target object is located and how to get there, and many more. This method already works,
and many drugs have already been developed without the help of time-resolved protein
structures. Nevertheless, this information, especially about the intermediate states, can
generate additional value and thus make targeted drug development much more precise and

thus more efficient.

The characteristics for in vitro inhibition are important, but then the potential drug candidates
must also be able to reach their site of action. First, the antibiotic compound must reach the
site of infection, but even more importantly, it must be able to cross the outer membrane of
multiple clinically relevant Gram-negative pathogens (Liu et al., 2019). Typically, the transport
of nutrients through the outer membrane is facilitated by porins and is strongly regulated.
These are transmembrane proteins forming hydrophilic channels that enable the passive
transport of molecules into the periplasm. For example, polar groups can be attached to the
compounds to increase the permeability with the help of porins (Liu et al., 2019). In order to
obtain an effective B-lactam inhibitor, all these aspects must be considered, and in the end,

many potential drug candidates have to be screened for their activity.
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Since enzymes have distinct binding pockets and perform unique chemical reactions,
understanding the structure and molecular mechanisms of these enzymes provides a path for
rational design and improvement of inhibitors that can, for example, restore susceptibility to

B-lactams (Schaenzer & Wright, 2020).

6.3. Unraveling the mechanism of action of B-lactamases

Research in the field of time-resolved crystallography is becoming increasingly popular. At the
same time, the research field of B-lactamases is gaining importance in the face of the ever-
increasing threat of emerging antibiotic resistance. Since the beginning of this thesis project,
more and more scientific articles have been published in this field. This emphasizes the
importance and brisance of the topic and shows that it is absolutely up-to-date.

In 2018, mix and inject serial crystallography (MISC) experiments were performed using the
Mycobacterium tuberculosis BlaC B-lactamase and the third-generation cephalosporin
antibiotic ceftriaxone (Olmos et al., 2018). The determined time-resolved protein structures
with delay times of 30 ms, 100 ms, 500 ms and 2 s enabled the observation of the binding and
formation of the acyl-enzyme, but not that of the product complex.

A more recent preprint addresses the heterogeneity in the same BlaC B-lactamase inhibition
by sulbactam by using serial mix-and-inject crystallography (MISC) at X-ray free-electron laser
systems (Schmidt et al., 2023). According to the authors, the binding process and the
formation of the covalent bound inhibitor sulbactam (equivalent to the acyl-enzyme state)
could be observed. The utilized crystals have 4 subunits in the asymmetric unit. It was
observed that the acyl-enzyme intermediate is coordinated differently in the subunits. While
in one subunit pair the carbonyl oxygen of the cleaved B-lactam ring seems to be coordinated
in the oxyanion hole, in the other subunit pair it is rotated to the other side and coordinated
by Lys73 and Glul68 (equivalent to CTX-M-14 Glu166). The latter is not consistent with the
observations reported in this thesis, regarding the acyl-enzyme state in CTX-M-14.

Another research article describes the binding and cleavage of a B-lactam antibiotic
moxalactam by L1 metallo-B-lactamase from Stenotrophomonas maltophilia (M. Wilamowski
et al., 2022). Since metallo-B-lactamases require zinc ions for hydrolysis, a caged compound
for zinc ions was used for light induced reaction initiation. In this way, diffusion effects were
completely minimized. Time-resolved serial synchrotron crystallography structures (2.20 A

resolution) revealed binding of moxalactam at 100 ms and cleavage of the same at 150 ms.
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However, metallo-B-lactamases function mechanistically completely different than serine-
B-lactamases, therefore no conclusion about mechanistic details of serine-B-lactamases can
be drawn from these results. In addition, most protein structures of this thesis were
determined at a higher resolution, which allows a better definition of the individual atomic

positions.

In this study, CTX-M-14 was investigated with both hydrolysable substrates and non-
hydrolysable inhibitors. In the former, the 4 states mentioned in section 4.6.2.1 were
observed: native state, Michaelis-Menten complex, acyl-enzyme intermediate, and the
product complex. All of them were observed in time-resolved experiments, although some of
them had low occupancies. In addition, the temporal change of occupancies of the individual
states could be observed. However, this allowed to determine the time course of the increase
in calculated occupancy for each state. This represents a significant extension of the findings
from the previously mentioned research articles.

In the case of the non-hydrolysable inhibitors, only two states were observed for CTX-M-14,
the native state without inhibitor and the covalently bound inhibitor. The TapeDrive
experiments showed that the inhibitor relebactam was bound to CTX-M-14 with 77 %
occupancy after a very short delay time of only 250 ms. The inhibitor model with boric acid
and the subsequent glycerol esterification showed even shorter delay times until the ligands
were observed in the active site of the enzyme. This clearly confirms that diffusion limitations

can be reduced by using small microcrystals for time-resolved studies (Schmidt, 2013, 2020).

Despite the high enzyme activity of CTX-M-14, it was possible to perform time-resolved data
collections of the wild-type protein at synchrotron sources and observe intermediates. In
order to monitor the fast and short-lived transition states during binding, pulsed X-rays from
XFELs could be used. Initial experiments on this have been conducted at the Linac Coherent

Light Source (LCLS) but have so far been unsuccessful.

Hydrogen bonds are one of the most fundamental inter- and intramolecular interactions and
form important linkages between ligands and proteins, defining the stability and affinity of
their complexes (Chen & Unkefer, 2017). In order to elucidate the reaction mechanism, it is

important to be able to determine not only the temporal processes but also the present
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protonation states of the active site residues. They are crucial for a statement about where a
proton migrates to and where it comes from. After all, the observed reaction is a hydrolysis.

However, despite their significance, hydrogen atom positions are very difficult to determine
by X-ray crystallography. Hydrogen atoms have only one electron, which only weakly diffracts
X-rays. Therefore, the determination of the position of hydrogen atoms is only possible at sub
Angstrom resolution below 1.0 A, which could not be achieved with the used time-resolved
crystallography methods. It is known that the CTX-M-14 macrocrystals diffract very well and
resolutions of 0.8 A can be achieved. In fact, we have already collected native CTX-M-14
datasets with 0.8 A resolution. The aim is now to reproduce the intermediate states observed
in the time-resolved studies with macrocrystals and conventional cryoMX revealing ultra high
resolution structures. Of course, this is not trivial either, since the substrates could simply be
unevenly distributed in the crystal due to the long diffusion times. In an extreme case, this
would result in no substrate being observed in the active site by X-ray crystallography. With
the inhibitors, on the other hand, it should work because the covalent bond is relatively stable,
allowing the inhibitor to accumulate in the active site and thus achieve sufficient occupancy.

This could provide a better understanding of the hydrogen bond interactions of active site

residues with the inhibitors.

Species such as H+ or mobile hydrogen atoms with relatively high B-factors, which are often
found in the active sites of enzymes, can hardly be determined by X-ray crystallography (Chen
& Unkefer, 2017). In this case, neutron diffraction could be used for determination. Neutron
crystallography is another method that allows to directly determine the position of hydrogen
atoms (Kono & Tamada, 2021). The neutrons are diffracted by the protons of the hydrogen
atoms. Often the protein crystals are deuterated beforehand to reduce the background of the
measurement and to improve the signal-to-noise ratio. The exact position of the hydrogen
atoms can provide further insight into the hydrolysis mechanism of B-lactamases, since, for
example, the exact orientation of the catalytic water can be determined.

The functional and structural mutagenesis studies of previous efforts to elucidate the
hydrolysis mechanism are clearly valuable and have contributed to great progress in the
understanding of the same. However, the results obtained should always be treated with
caution, as the modification of single amino acid residues in the active site can have a great

effect on the structure and function of enzymes. Especially in reaction mechanisms such as
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the hydrolysis mechanisms of p-lactamases, in which protons are transferred, the
environment of the active site is very important. This is because specific mutations of amino
acids in the active site can change the protonation states of the surrounding amino acid
residues involved in the reaction, leading to a possibly incorrect interpretation of the reaction
mechanism. Therefore, studies with the wild-type enzyme, as conducted here, are always
more representative than those with hydrolysis defect mutant variants. The time-resolved
data provide a better understanding of antibiotic resistance mechanisms, thus contributing to

the future development of new drugs.

In summary, the mechanism of serine B-lactamases is far from being fully elucidated. This is
not surprising, since research on this very topic has been conducted for decades and
represents a serious challenge. Nevertheless, the current development and technology makes
it possible to finally come very close to the goal. To unravel the mechanism of B-lactamases,
the data obtained from the time-resolved studies must now be combined with high resolution
X-ray structures and possibly even neutron structures to gain a comprehensive overview. The
results would both finally unravel the mechanism that has been studied for decades and

provide important information for the fight against antibiotic resistance.
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Appendix

Al. Supplementary figures

Figure S1: Photographs of the CFEL TapeDrive. (A) Image by in-line microscope of P11
beamline showing the stream of microcrystal suspension. The capillary through which the
sample is applied to the tape is located on the left side of the image. The movement of the
tape transports the microcrystal stream from the left side of the image to the right side,
passing through the X-ray interaction region marked by the red cross. (B) Another picture of
the capillary applying the microcrystal stream to the tape. The tape is moving in the left
direction. The X-rays are emitted in the direction indicated by the red arrow. (C) General view
of the TapeDrive setup. (D) Onda for real time monitoring of the experiments with a
cumulative plot of the diffraction patterns (left) and a graph showing the hit rate (top right)
and the hits with too many saturated peaks (bottom right).
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10 20 30 40 50 60
MVTKRVQRMM FAAAACIPLL LGSAPLYAQT SAVQQKLAAL EKSSGGRLGV ALIDTADNTQ
70 80 90 100 110 120
VLYRGDERFP MCSTSKVMAA AAVLKQSETQ KQLLNQPVEI KPADLVNYNP TAEKHVNGTM
130 140 150 160 170 180
TLAELSAAAL QYSDNTAMNK LIAQLGGPGG VTAFARAIGD ETFRLDRTEP TLNTAIPGDP
190 200 210 220 230 240
RDTTTPRAMA QTLRQLTLGH ALGETQRAQL VTWLKGNTTG AASIRAGLPT SWTVGDKTGS
250 260 270 280 290
GDYGTTNDIA VIWPQGRAPL VLVTYFTQPQ OQNAESRRDVL ASAARIIAEG L
Figure S2: Amino acid sequence of CTX-M-14 B-lactamase.
Table S1: Molar extinction coefficients of 10 antibiotics.
Antibiotic Molar extinction coefficient Reference
ampicillin Ex35nm = —900 M 1em™1 (Ishii et al., 2007)
benzylpenicillin E333nm = —780 M~ 1em™1 (Ishii et al., 2007)
cefalotin Er62nm = —7660 M~1cm™1 (Ishii et al., 2007)
cefdinir £310mm = —5390 M~1cm™1 (Ishii et al., 2007)
cefepime Er67nm = —9120 M~1em™1 (Ishii et al., 2007)
cefotaxime Ex6amm = —7250 M~1em™1 (Ishii et al., 2007)
ceftazidime Er65mm = —10300 M~ 1em™1t (Ishii et al., 2007)

ceftriaxone
cefuroxime

piperacillin

Ers6mm = —25410 M~1em™1

826271111 = _14550 M_lcm_l

823271111 = _1640 M_lcm_l

Determined experimentally
Determined experimentally

(Ishii et al., 2007)
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Michaelis-Menten plot

Michaelis-Menten plot
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Figure S3: Michaelis-Menten plots of 10 antibiotics. The steady-state parameters kcat and Kn
have been determined at 28 °C and pH 6 (20mM MES buffer). Initial rates of enzymatic
hydrolysis of antibiotics by CTX-M-14 were plotted against the corresponding concentration
of the antibiotic. Steady-state parameters kcat and K were calculated using the ket equation
of GraphPad Prism.
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Figure S5: Multiple sequence alignment of CTX-M-14 with related B-lactamases CTX-M-15
and CTX-M-9. Multiple sequence alignment was performed using Clustal Omega (Madeira et
al., 2022) and the graphical representation was generated using ESPript 3.0 (Robert & Gouet,
2014). Identical amino acid residues are highlighted with a red background and similar amino
acid residues with a yellow background. Secondary structure of CTX-M-14 7zpv is displayed
with a-helices (spirals, a), 310 helices (spirals, n), B-strands (arrows, B) and turns (TT). The
corresponding percent identity matrix reveals an identity of 82.76 % for CTX-M-15 and
99.62 % for CTX-M-9 compared to CTX-M-14.
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A2. Chemicals and Hazards

A2.1. Chemicals

Compound CAS-No.  Supplier GHS Hazard Precautionary
hazard Statements Statements
Acetic acid 64-19-7 Chem- GHS02 H226,H314 P280,
solute GHS05 P305+351+338,
P310
Acrylamide 30 % 79-06-1 Carl Roth GHS06 H301, P201, P280,
GHS08 H312, P301+310,
H315, P305+351+338,
H317, P308+313
H319,
H332,
H340,
H350,
H361f,
H372
N,N'-Methylen-bis- 110-26-9 Carl Roth GHS06 H301, P202, P264, P270,
acrylamide GHS08 H340 P280, P301+310,
P405
Agar 9002-18- CarlRoth - - -
0
Agarose 9012-36- Lonza - - -
6
Ampicillin sodium 69-52-3 Sigma GHS08 H334,H317 P280, P261,
salt P302+352,
P342+311
Ammonium 7727-54-  Carl Roth GHS03 H272, P280,
persulfate (APS) 0 GHS07 H302, P305+351+338,
GHS08 H315, P302+352,
H317, P304+341,
H319, P342+311
H334, H335
Avibactam sodium 1192491- Hycultec GHS08 H317,H334 P261, P272, P280,
salt 61-4 P285, P302+352,
P304+340,
P333+313,
P342+311,
P362+364
Boric acid 10043- Sigma GHS08 H360FD P201, P280,
35-3 P308+313
Bortezomib 179324- Merck GHS06 H330, P280, P302+352,
69-7 GHS08 H372, P304+340, P310
H301+311
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Compound CAS-No.  Supplier GHS Hazard Precautionary
hazard Statements Statements
Bromphenol 115-39-9  Applichem - - -
blue
BSA 9048-46- Serva - - -
8
Calcium chloride 10043- Merck GHS07 H319 P305+351+338
52-4
Cefalotin sodium salt  58-71-9 Sigma GHS08 H317,H334 P261, P280,
P342+311
Cefdinir 91832- Sigma - - -
40-5
Cefepime 123171-  Sigma - - -
hydrochloride 59-5
Cefotaxime sodium 64485- Hycultec GHS08 H317 P261, P280,
93-4 H334 P342+P311
Ceftazidime 72558- Hycultec GHS08 H317 P261, P272, P280,
82-8 H334 P284, P302+352,
P333+313
Ceftriaxone sodium 74578- Hycultec GHS07 H315, P260, P264, P280,
salt 69-1 GHS08 H317, P305+351+338
H319,
H334, H335
Cefuroxime sodium 56238- Sigma GHS07 H317 P261, P272, P280,
salt 63-2 P302+352,
P333+313,
P362+364
Chloramphenicol 56-75-7 Sigma - - -
Citric acid 77-92-9 Sigma GHS05 H318 P305+351+338,
P311
Coomassie 6104-59- Serva - - -
Brilliant Blue R250 2
DTT 3483-12- Applichem GHS07 H302, P302+352,
3 H315, P305+351+338
H319, H335
EDTA 60-00-4 Sigma GHS07 H319 P305+351+338
Ethanol 64-17-5 Carl Roth  GHS02 H225 P210
Glycerol 56-81-5 Sigma - - -
Hydrochloric acid 7647-01- Merck GHSO05 H314,H335 P261, P280,
>25% 0 GHS07 P310,
P305+351+338
Imidazole 288-32-4  CarlRoth  GHS05 H301, P260, P281,
GHS06 H314,H361 P303+361+353,
GHS08 P301+330+3 31,
P305+351+3 38,
P308+313
IPTG 367-93-1 Thermo - - -
Fisher

197



Appendix

Compound CAS-No.  Supplier GHS Hazard Precautionary
hazard Statements Statements
Isopropanol 67-63-0 Carl Roth  GHS02 H225, P210, P233,
GHS07 H319, P305+351+338
H336.
Ixazomib 1072833- AmBeed GHS07 H302, P261,
77-2 H315, P305+351+338
H319, H335
KCl 7447-40- CarlRoth - - -
7
Lithium Dodecyl 2044-56- Thermo GHS07 H315 P264
Sulfate 6 Fisher H319 P280
P302+352
P337+313
P362+364
P332+313
Lithium sulfate 10102- Merck GHS07 H302 -
25-7
Magnesium chloride  7786-30- Carl Roth - - -
3
2-Mercaptoethanol 60-24-2 Carl Roth  GHS06 H302, P280, P312,
GHS09 H411, P302+350, P261,
H315, P273, P301+312,
H335, P305+351+338
H311, H319
MES 4432-31- Sigma GHS07 H315, P261,
9 H319, P305+351+339
H336
Methanol 67-56-1 Carl Roth  GHS02 H225,H301 P210, P270, P280,
GHS06 H311 P303+361+353,
GHS08 H331 P304+340,
P308+311
NuPage MES SDS - Thermo - H316 P302+350
running buffer (20x) Scientific
NuPage LDS sample - Thermo - H316 P332+313
buffer (4x) Scientific
RedSafe - Intron - - -
Relebactam 1174018- MedChem GHS07 H302,H410 P264,P270, P273
99-5 Express GHS09 P301+312, P330,
P391, P501
Sodium acetate 127-09-3  Applichem - - -
Sodium chloride 7647-14- Carl Roth - - -
5
Sodium dihydrogen 10049- Applichem - - -
phosphate 21-5
Sodium phosphate 7558-79-  Sigma - - -
dibasic 4
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Compound CAS-No.  Supplier GHS Hazard Precautionary
hazard Statements Statements
Sodium hydroxide 1310-73- Merck GHS05 H314 P280, P310,
2 P305+351+338
Ni(11)SO4 10101- Applichem GHS07 H302+332, P201,P261, P273,
97-0 GHS08 H315, P280, P284,
GHS09 H317, P304+340+312
H334,
H341,
H350i,
H360d,
H372 H410
PEG 8000 25322- Sigma - - -
68-3
Penicillin G sodium 69-57-8 Sigma GHS07 H317 P261, P272, P280,
salt P302+352,
P333+313,
P362+364
Piperacillin sodium 59703- Sigma - - -
salt 84-3
PMSF 329-98-6 Applichem GHS06 H301, H314 P280,
GHS05 P305+351+338,
P310
Relebactam 1174018- Hycultec - - -
99-5
SDS 151-21-3  Sigma GHS02 H228, P210, P261,
GHS06 H302, P280, P312,
H311, P305+351+338
H315,
H319, H335
Sodium borate 411303_96_ Sigma GHS08 H360FD P201, P308+313
Sodium citrate 6132-04- Sigma - - -
3
Tazobactam 89786- Hycultec - - -
04-9
TEMED 110-18-9 Merck GHS02 H225, P261, P280,
GHS05 H302, P305+351+338
GHS07 H314, H332
Tris 1185-53-  Fluka GHS07 H315, P261,
1 H319, H335 P305+351+338
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A2.2. GHS and Risk Symbols

SOOLDP G

GHS02 GHSO03 GHSO05 GHS06 GHS07 GHS08 GHS09

Figure Appendix 1:  GHS pictograms

(https://unece.org/transportdangerous-goods/ghs-pictograms)

A2.3. GHS Hazard Statements.

H225 Highly flammable liquid and vapor
H226 Flammable liquid and vapor

H228 Flammable solid

H272 May intensify fire; oxidizer

H290 May be corrosive to metals

H301 Toxic if swallowed

H302 Harmful if swallowed

H303 May be harmful if swallowed

H311 Toxic in contact with skin

H312 Harmful in contact with skin

H313 May be harmful in contact with skin
H314 Causes severe skin burns and eye damage
H315 Causes skin irritation

H316 Causes mild skin irritation

H317 May cause an allergic skin reaction

H318 Causes serious eye damage

H319 Causes serious eye irritation

H330 Fatal if inhaled

H331 Toxic if inhaled

H332 Harmful if inhaled

H333 May be harmful if inhaled

H334 May cause allergy or asthma symptoms or breathing difficulties if inhaled
H335 May cause respiratory irritation

H336 May cause drowsiness or dizziness

H340 May cause genetic defects

H341 Suspected of causing genetic defects
H350 May cause cancer

H350i May cause cancer by inhalation

H360 May damage fertility or the unborn child
H360D May damage the unborn child

H360F May damage fertility

H360Fd May damage fertility. Suspected of damaging the unborn child
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H360FD
H361
H361d
H361f
H370
H372
H373
H400
H410
H411
H412

May damage fertility. May damage the unborn child

Suspected of damaging fertility or the unborn child

Suspected of damaging the unborn child.

Suspected of damaging fertility

Cause damage to organs

Causes damage to organs through prolonged or repeated exposure
May cause damage to organs through prolonged or repeated exposure.
Very toxic to aquatic life with long-lasting effects

Very toxic to aquatic life with long lasting effects

Toxic to aquatic life with long lasting effects

Harmful to aquatic life with long lasting effects.

A2.4. GHS Precautionary Statements.

P101
P201
P210
P233
P260
P261
P264
P270
P272

P273
P281
P280

P284
P301+P310

P301+P312

If medical advice is needed, have product container or label at hand
Obtain special instructions before use

Keep away from heat/sparks/open flames/hot surfaces. No smoking
Keep container tightly closed

Do not breathe dust/fume/gas/mist/vapors/spray

Avoid breathing dust/fume/gas/mist/vapors/spray

Wash thoroughly after handling

Do not eat, drink or smoke when using this product

Contaminated work clothing should not be allowed out of the
workplace.

Avoid release to the environment

Use personal protective equipment as required

Wear protective gloves/protective clothing/eye protection/face
protection

Wear respiratory protection

IF SWALLOWED: Immediately call a POISON CENTER or
doctor/physician

IF SWALLOWED: Call a POISON CENTER or doctor/physician if you feel
unwell

P301+P330+P331 IF SWALLOWED: Rinse mouth. Do NOT induce vomiting

P302+P352

IF ON SKIN: Wash with soap and water

P303+P361+P353 IF ON SKIN (or hair): Remove/Take off immediately all contaminated

P304+P341

clothing. Rinse skin with water/shower
IF INHALED: If breathing is difficult, remove victim to fresh air and keep
at rest in a position comfortable for breathing

P305+P351+P338 IF IN EYES: Rinse cautiously with water for several minutes. Remove

P308+P313
P309
P309+P311

P310
P311

contact lenses if present and easy to do - continue rinsing
IF exposed or concerned: Get medical advice/attention

IF exposed or you feel unwell

IF exposed or you feel unwell: Call a POISON CENTER or
doctor/physician

Immediately call a POISON CENTER or doctor/physician
Call a POISON CENTER or doctor/physician
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P312
P321
P330
P332+P313
P333+P313
P337+P313
P342+P311
P362+P364
P370+P378
P370+P378
P370+P378
P391
P405
P501

202

Call a POISON CENTER or doctor/physician if you feel unwell
Specific treatment (see respective MSDS)

Rinse mouth

If skin irritation occurs: Get medical advice/attention

If skin irritation or rash occurs: Get medical advice/attention
If eye irritation persists: Get medical advice/attention.

Call a POISON CENTER or doctor/physician

Take off contaminated clothing and wash before reuse

In case of fire: Use for extinction: Alcohol resistant foam.

In case of fire: Use for extinction: Fire-extinguishing powder.
In case of fire: Use for extinction: Carbon dioxide.

Collect spillage.

Store locked up

Dispose of contents/container in accordance with
local/regional/national/international regulations
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