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Almost all aspects of life are engineered at the molecular level, and without understanding molecules,
we can only have a very sketchy understanding of life itself.
— Francis Crick
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ABSTRACT

ABSTRACT

The development of new orthogonal tRNA and aminoacyl-tRNA synthetase pairs enabling unnatural
amino acid incorporation by amber codon suppression led to the expansion of the genetic code by
over hundred unnatural amino acids. These unnatural amino acids represent a variety of structures
and functions not found in the canonical 20 amino acids. These novel amino acids offer scientists a
powerful tool to generate unique proteins with enhanced or novel properties in a tailored way with
high molecular precision as well as probes to study protein structure and function in Escherichia coli,
yeast, and mammalian cells. This technique has been used not only in fundamental research but also
in research applications as well therapeutic drug design, including the generation of bi-specific
antibodies and antibody drug conjugates. In the framework of this thesis, several methods related to
the incorporation of unnatural amino acids into proteins were used for three different approaches to

study protein structure and function.

The incorporation of the photocaging ortho-nitrobenzyl-tyrosine into a superfolder green fluorescent
protein revealed an unexpected domain-swapped dimeric arrangement, which suggests implications
for the folding pathway of green fluorescent protein. The unusual domain-swap suggests that green
fluorescence protein indeed folds via equilibrium or kinetic intermediates along one of four postulated

pathways.

In a second approach, the photo-crosslinker para-benzoyl-phenylalanine could be successfully
incorporated in the virulence-related outer membrane protein X and in vivo crosslinked to antigen-
representing cells of the human immune system. Extracellular loop truncation variants showed that

these are indeed required to function as a molecular fishing rod to attach to eukaryotic cells.

Additional emphasis was placed on the investigation of protein labels and their effect on native
structure and dynamics. The analysis of cysteine thiocyanate labelling in lysozyme underlined the use
of thiocyanates not only as infrared probes for vibrational spectroscopy but also as pH sensitive probes
to characterize the microenvironment of the probe. A first analysis of molecular dynamics simulations
and neutron spectroscopy furthermore showed that these small infrared label indeed cause changes

on local and global native structure.
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Die Entwicklung neuer orthogonaler tRNA- und Aminoacyl-tRNA-Synthetase-Paare, die einen Einbau
von unnatirlichen Aminosduren durch Amber-Codon-Suppression ermoglichen, fihrte zur
Erweiterung des genetischen Codes um Uber hundert unnatirliche Aminosauren. Diese unnattrlichen
Aminosduren reprasentieren eine Vielzahl von Strukturen und Funktionen, die nicht in den 20
kanonischen Aminosauren vorkommen und erlauben die Entwicklung von Proteinen, die durch die
ausschlieBliche Verwendung der 20 kanonischen Aminosduren nicht moglich waren. Sie bieten
Wissenschaftlern daher ein wirkungsvolles Werkzeug, um mit hoher molekularer Prazision
maligeschneiderte Proteine mit verbesserten oder neuartigen Eigenschaften sowie Sonden zur
Untersuchung der Proteinstruktur und -funktion in Escherichia coli, Hefe und Saugetierzellen zu
entwickeln. Diese Technik wird vielfach nicht nur in der Grundlagenforschung, sondern auch in
zahlreichen Forschungsanwendungen sowie fir die Entwicklung therapeutischer Wirkstoffe
einschlieRlich der Produktion von bi-spezifischen Antikorpern und Antikérper-Wirkstoff-Konjugaten
verwendet. Im Rahmen dieser Arbeit wurde fiir drei verschiedene Ansitze die Anderung der
Proteinstruktur und —funktion untersucht, die sich durch den gezielten Einbau unnatirlicher

Aminosauren ergibt. Hierbei kamen unterschiedliche Methoden der Proteinmodifizierung zum Einsatz.

Der Einbau des photo-aktivierbaren ortho-Nitrobenzyl-Tyrosins in ein griines fluoreszierendes Protein
zeigte eine unerwartete dimerische Anordnung mit ausgetauschten Domanen, welche auf einen
Faltungsweg des griin fluoreszierenden Proteins hindeuten. Der seltene und unerwartete Domain-
Swap lasst vermuten, dass sich griin fluoreszierendes Protein lber Gleichgewichts- oder kinetische

Intermediate entlang eines von vier postulierten Faltungswegen faltet.

In einem zweiten Ansatz konnte der Photocrosslinker para-Benzoyl-Phenylalanin erfolgreich in das
AulRenmembranprotein X, welches Virulenz und Pathogenitat beeinflusst, eingebaut und anschliefend
in vivo mit Antigen-reprasentierenden Zellen des menschlichen Immunsystems vernetzt werden.
Extrazelluldre Loop-Verkirzungsvarianten zeigten, dass diese als molekulare ,,Angelrute” zur Bindung

von eukaryotische Zellen fungieren.

Ein weiterer Schwerpunkt lag auf der Untersuchung von Proteinlabeln und deren Auswirkungen auf
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die native Struktur und Dynamik von Proteinen. Die Analyse der Thiocyanat-Label in Lysozym
unterstrich die Eignung von Thiocyanaten nicht nur als Infrarotsonden fir die
Schwingungsspektroskopie, sondern auch als pH-empfindliche Sonden zur Charakterisierung ihrer
Mikroumgebung. Eine erste Analyse der Simulation von Molekulardynamiken und von
Neutronenspektroskopie-Messungen zeigte auBerdem, dass diese kleinen Infrarotmarkierungen

Anderungen der lokalen und globalen nativen Proteinstruktur verursachen.

Xi
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CHAPTER 1

1. AN OVERVIEW OF PROTEIN ENGINEERING BY UNNATURAL AMINO ACID
INCORPORATION

1.1. The genetic code

Over 50 years ago, the historic and groundbreaking “The Crick, Brenner et al. experiment” proved that
codons consist of three DNA bases and code for one amino acid and thereby established the triplet
nature of the genetic code [1]. The same year, Marshall W. Nirenberg and Heinrich J. Matthaei cracked
the genetic code by discovering that the amino acid phenylalanine was assigned to the codon UUU
[2].These groundbreaking conclusions revealed the rules by which the genetically encoded information
on a nucleotide sequence is translated into the amino acid sequence of a protein's polypeptide chain
and confirmed the central dogma of molecular biology, hypothesized already in 1958 by Francis Crick
[3]. According to the central dogma of biology, the protein biosynthesis starts with the transcription of
the genetic information written in the DNA into an intermediate molecule, the mRNA, which is later
translated into a protein by the ribosome, a complex molecular machinery. By 1966, all 64 codons
could be mapped to 20 proteinogenic amino acids and three stop codons (TAA “ochre”, TGA “opal”
and TAG “amber”) encoding for termination of protein biosynthesis. Since then, scientists have been
studying the processes that synthesize biomolecules at the molecular level leading to an enhanced and
detailed understanding of the molecular processes involved in protein biosynthesis. Milestones since
the discovery of the triplet nature of the genetic code include the isolation of the first DNA polymerase
in 1955 by Arthur Kornberg [4, 5] enlightening how DNA sequences are transcribed into mRNA
molecules as well as the identification of the first sequence of a tRNA and the identification of the anti-
codon in it in 1965 by Robert Holley illuminating how ribosomes translate mRNA into amino acid
sequences [6]. These scientific milestones finally made it possible to understand the processes of

protein biosynthesis at the molecular level.

DNA transcription, the first step in protein biosynthesis, occurs in the nucleus. The protein-coding gene
is transcribed via a three-step process into mRNA [7]. Each stage is highly regulated by a large number

of proteins such as transcription factors and coactivators to ensure correct gene expression.
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Transcription begins with the binding of RNA polymerase, together with one or more general
transcription factors, to the promoter DNA and separates the DNA double strands by hydrogen bond
breakings. The RNA polymerase then adds complementary RNA nucleotides to the template DNA
strand and forms an RNA sugar-phosphate backbone, thereby synthesizing an mRNA single-strand.
After transcription, the hydrogen bonds of the RNA-DNA helix break, releasing the newly synthesized
nascent mRNA strand, which is further processed by polyadenylation, capping, and splicing. The mRNA

molecules exit to the cytoplasm through the nuclear pore complex.

During translation, mRNA that has been transcribed from the DNA is used as a template to link amino
acids into a polypeptide chain determined by codons consisting of three base pairs [8] (Figure 1.1). This
is achieved by the use of aminoacylated tRNAs containing anticodons that are able to recognize the
codon by Watson-Crick base-pairing [9]. Aminoacyl-tRNA synthetases (aaRS) catalyze the ligation of
amino acids to tRNAs enabling the crucial linkage of a codon to its cognate amino acid. Cells contain
20 aaRSs, one for each of the 20 standard proteinogenic amino acids [10]. Each aaRS specifically
recognizes and binds only its cognate aminoacyl-tRNA containing the corresponding anticodon to base
pair with the codon on the mRNA. Translation itself occurs in the cytoplasm, executed by the ribosomes
and proceeds in four phases: activation, initiation, elongation, and termination [11, 12]. First, the
amino acid is activated using adenosine-5’-triphosphate (ATP) to form the acid anhydride between the
carboxylate and the phosphate group of adenosine-5’- monophosphate (AMP) by the aaRS. The
activated amino acid is then esterified with the 2’-OH or 3’-OH of the 3’- terminal ribose of the tRNA,
and the AMP is released. In the initiation phase, the ribosome assembles with the help of initiation
factors around the mRNA, and the first tRNA, usually a Met-tRNAMe, is attached at the start codon.
The elongation of the polypeptide chain is facilitated by peptide bond formation of the amino acids by
elongation factors and the energy of GTP hydrolysis [13, 14]. Once the ribosome encounters one of
three stop codons, release factors bind and catalyze the hydrolytic cleavage of the nascent polypeptide
chain resulting in translation termination and polypeptide chain release from the ribosome [15].
Hence, the ribosome is a molecular machine that is capable of producing unidirectional movement of
mRNA and tRNA driven by the hydrolysis of GTP. The ribosome uses Brownian motion for directed
movements with elongation factors and the hydrolysis of GTP as driving force for forward movement

and fixation of the post state [16].

DNA translation is a highly orchestrated process and due to the complexity of codon recognition and
the assembly of amino acids into proteins the most elaborated biosynthetic process. Due to the

intricacy of proteins and their distinct functions, it is necessary to guarantee extremely accurate
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translation of the genetic information [17]. This high level of accuracy is achieved by the aaRSs, which

have each evolved highly precise mechanisms for codon recognition and proofreading [18-20].
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Figure 1.1: Schematic overview of the prokaryotic translation cycle. Translation can be subdivided
into: initiation, elongation and termination (or release), which are followed by ribosome recycling.
Aminoacyl-tRNA synthetases aminoacylate cognate tRNAs with the corresponding amino acids.
Aminoacylated tRNAs bind to elongation factor EF-Tu for trafficking to the ribosome. Aminoacylated
tRNAs accommodate the A-site, recognizing the presented codon on the mRNA by base pairing. In the
next step, the nascent protein chain is transferred from a tRNA located in the ribosome's P-site,
elongating the chain by one amino acid. Finally, the ribosomal subunits briefly dissociate and migrate
on the mRNA, ejecting the tRNA from the P-site and placing the tRNA formerly in the A-site, now
carrying the nascent protein chain, in the P-site, freeing the A-site. A stop codon in the A-site triggers
binding of a release factor instead of a tRNA, leading to dissociation of the ribosome and release of the
protein chain (termination). IF, initiation factor; EF, elongation factor; RF, release factor (Adopted from
Schmeing & Ramakrishnan, 2009 [8]).

1.2. Genetic code engineering

The genetic code is read by an evolutionary conserved translational machinery in all living organisms
and all proteins are synthesized from the limited number of 20 canonical amino acids (Figure 1.2). The
set of these 20 building blocks prescribed by the universal genetic code often does not contain all

chemistries necessary for the diverse cellular functions of proteins in multicellular organisms.
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Therefore, not all proteins have a final covalent structure after DNA transcription and mRNA
translation and often contain additional chemical modifications. Thus, the release of a completed
polypeptide chain from a ribosome is often not the last step in protein formation. A large part of
proteins is post-translationally processed by enzymatic cleavages or selective binding of different
chemical functional groups at specific sites of the protein or thereby converted into the active form
[21]. Crucial posttranslational modifications of amino acids include hydroxylation (Pro),
phosphorylation (Ser/Thr, Tyr, Asp, His), methylation/acetylation (Lys), modification with small
molecules, cofactors (non-protein chemical compounds or metallic ions) or proteins (glycosylation,
ubiquitination and prenylation of nucleophilic amino acids), and complex modification of ribosomal
peptides (macrocyclisation and reduction/oxidation) [22-24]. Post-translational modifications are
strictly separated from decoding and proof reading as well as selectively and timely coordinated by

specific enzymes and enzymatic complexes.
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Figure 1.2: The genetic code. The consensus genetic code (DNA notation) used by the majority of
organisms with semicanonical amino acids encoded by reassigned stop codons (shown in red). For each
amino acid possible chemical functional groups via posttranslational modification are indicated.

Even though most aminoacyl tRNA synthetases are notable specific for their cognate amino acid,
infrequently misacylation can occur with structurally similar amino acids [25]. This inability of

aminoacyl-tRNA synthetases to distinguish close structural analogues from their cognate amino acid
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can result in nascent proteins with residue-specific surrogate noncanonical amino acid analogues or
misincorporated canonical amino acids [24, 26] (Figure 1.3). For instance, leucine and isoleucine
swapping during aminoacylation can be frequently observed. However, some noncanonical amino
acids are structural surrogates to canonical ones and share high structural similarities, these often

result in toxic effects for the organism [27, 28].
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Figure 1.3: Overview of incorporation of amino acids analogues and unnatural amino acids into
target proteins. Aminoacyl-tRNA tRNA synthetases link amino acids to their complementary tRNAs by
aminoacylation. The three major steps in the aminoacylation process are the activation of the amino
acid using ATP, the tRNA binding and aminoacylation and the release of aminoacylated tRNA. The
aminoacylated tRNA is then delivered to the ribosome for protein synthesis. Whereas amino acid
analogues can be incorporated residue-specific by endogenous tRNA and tRNA-synthetase pairs,
unnatural amino acids can only be site-specific incorporated by specific orthogonal tRNA and tRNA-
synthetase pairs in response to unique codons, for instance “amber” codons (Modified from Wang,
2017).

A limited number of archaea and eubacteria naturally incorporate the special noncanonical amino
acids pyrrolysine [29] and selenocysteine [30] co-translationally in a small fraction of their proteins by
the reassignment of the termination codons [31, 32] (Figure 1.2 +1.3). Pyrrolysine can be found in
methanogenic archaea and bacteria: the archaea Methanosarcinaceae genetically encodes pyrrolysine

in the methylamine methyltransferase genes via the UAG stop codon (“amber” codon) as well as the
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gram-positive Desulfitobacterium hafniensein in the trimethylamine methyltransferase homolog [33,
34]. The incorporation of pyrrolysine does not only depend on the presence of the “amber” codon but
also on the specific structural element pyrrolysine insertion sequence located in the mRNA. The
presence of the insertion sequence enables the “amber” codon suppression and allows subsequent
pyrrolysine incorporation. Analogically, selenocysteine is encoded by the UGA stop codon (opal codon)
and depends on the presence of the selenocysteine insertion sequence located adjacent to the opal

codon in the mRNA in prokaryotes or the 3’-untranslated region in eukaryotes [35].

Hence, evolutionary two different strategies evolved to increase the variety of the 20 amino acid side
chains contributing to protein structure and function diversity: a majority of proteins that is
posttranslational modified with functional groups in a strictly separated process and a small fraction
of proteins containing cotranslationally incorporated special proteinogenic amino acids such as
pyrrolysine and selenocysteine via stop codon suppression. Interestingly, the second strategy
demonstrates that organisms have an efficiently cellular uptake and metabolic stability for useful
noncanonical amino acids and a translational machinery tolerating the addition of novel amino acids

to the standard collection of amino acids.

1.3. Introduction to Unnatural Amino Acid Incorporation

However, even with the extension of the standard genetic code by the noncanonical amino acids
pyrrolysine and selenocysteine, the variety of amino acids side chains is still very limited to generate
all natural proteins in living organisms. The number of possible gene products is theoretically infinite
due to flexibility in protein length and amino acid position in the polypeptide chain [36, 37]. Though
the theoretically variability of proteins is immense, it is practically limited due to functional capacity of
proteins including the necessity of functional groups like hydroxyl, methyl and aromatic side chains.
Thus, the addition of novel side chains would increase the variety of chemical and physical properties
of proteins with the addition of e.g. fluorine, azide, alkene, and alkyne functionalities [36]. The creation
of organisms with expanded genetic codes that include additional building blocks might also allow the
design of proteins with enhanced or new activities facilitating the analysis, control and imaging of
protein structure and function in vitro and in living cells [38]. Finally, an expanded genetic code may
provide advantage in the study, manipulation and evolution of proteins with new molecular or
organismal function [39]. These novel functionalities can be realized through the incorporation of

unnatural amino acids into proteins and the rewiring of translation.
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The evolutionary posttranslational modification apparatus is exceptionally complex and practically
impossible to mimic. Thus, research focuses on alternative possible ways to exploit and divert cellular
systems to gain additional chemical variety, including efficient cellular uptake of unnatural amino acids,
metabolic stability, translational incorporation, (re)assignment of codons as well as chemical synthesis
of useful unnatural amino acids [36]. These methods to engineer proteins containing unnatural amino
acids advanced and improved significantly in the last decade and constitute a powerful, easy to use
and implement tool valuable for various applications. While research on unnatural amino acid
incorporation has seen major interest and growth since the development of recombinant DNA
technology [40], this area of research dates back to the 1960’s. Dean B. Cowie and Georges N. Cohen
were the first to completely replace methionine by selenomethionine in E. coliin 1957 [41]. This simple
substitution method was for instance widely used since 1990 to improve structure determination by
x-ray crystallography using single- or multi-wavelength anomalous diffraction ([42, 43]. Due to heavy
atom incorporation, the phase problem in crystallography could be solved. While simple substitution
methods marked the beginning of unnatural amino acid incorporation, recent research focuses mainly
on the reprogramming or the orthogonalization of the protein’s natural translation machinery. This
includes the advanced reassignment of the genetic code (codons) to unnatural amino acids, the
engineering of orthogonal tRNA and aminoacyl-tRNA synthetase pairs and the increase of mainly
synthetic unnatural amino acids in order to expand the scope of protein biosynthesis and the molecular

toolbox for protein engineering [36, 38, 39, 44-47].

As mentioned, unnatural amino acids represent an extensive range of chemical and physical properties
and can carry out a variety of new structures and functions not found in the common natural amino
acids, such as infrared probing [48, 49], photo-induced switching [50], redox sensitive proteins [51],
hyperstable proteins [52], heavy atom-proteins for x-ray crystallography [53] and protease-resistant
proteins [54]. These methods allowed scientists and engineers to incorporate over hundred unnatural
amino acids (Figure 1.4) into proteins for various applications in a residue-specific or site-specific

fashion [55] [38, 56-59].
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Figure 1.4: Overview of selected chemical structures of genetically encoded unnatural amino acids
(Adopted from Liu & Schultz, 2010).

1.3.1. Residue-specific vs. Site-specific Incorporation

As mentioned, for different technological purposes novel unnatural amino acids can be genetically
incorporated residue-specific or site-specific by two principal methods in vivo: selective pressure
incorporation or codon suppression, respectively. While both techniques achieve the incorporation of
noncanonical amino acids in a different way, they are not opposing, but rather complementary

methods (Table 1).

Residue-specific unnatural amino acid incorporation is easily applicable to an array of diverse surrogate
building blocks with readily adaptation for multiple different amino acids and often high efficiencies,
which allows global replacement of natural amino acids by their analogues utilizing the loose substrate
recognition and inability of aminoacyl-tRNA synthetases to distinguish between analogues and their

cognate substrate [36, 60, 61]. Since the analogues are integrated in all positions, where the
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corresponding cognate substrate is located, the resulting engineered protein has a greater probability
for considerably different chemical and physical properties relative to the wild-type protein and
multiple incorporations of surrogates into the protein may not be tolerated. Due to efficient
discrimination of non-cognate analogues against their corresponding natural building block, the
residue-specific approach requires several necessities including culturing cells in defined growth
medium, a media shift procedure to reduce the cognate canonical amino acid, the use of auxotrophic
strains for the natural amino acid to be replaced, and an isostructural amino acid analogue to one of
the proteinogenic amino acids [61, 62]. The unneeded manipulation of the genetic information

constitutes a major advantage of this method.

Site-specific unnatural amino acid incorporation allows the insertion of novel building blocks with
minimal perturbation to the overall structure of a protein via point mutations in the gene. This feature
makes site-specific incorporation a great versatile tool and especially suitable for applications in
protein structure determination [63, 64]. Today, the method is applicable to a large number of
organisms including bacteria, yeast, nematodes and mammalian cells [38, 39, 46, 65, 66]. On the
downside, the use of site-specific incorporation requires an unassigned codon (sense codon
suppression), manipulation of the target sequences to introduce unique stop codons (stop codon
suppression) or frameshifts (frameshift/quadruplet codon suppression) as well as the establishment
of an orthogonal tRNA and aminoacyl-tRNA synthetase pair in the host system without any cross-
reactivity with host’s natural translation system as unnatural amino acids are in many cases not
accepted by natural orthogonal systems [67-70]. Due to these circumstances, extensive redirected
evolution procedures are necessary to generate orthogonal systems activating and incorporating the
desired unnatural amino acid often leading to lowered protein yields of approximately 50% compared
to normal expression levels for stop codon suppression [36, 38, 65, 66, 68] and suppression of sense
and frameshift codons with even lower protein yields [71, 72]. Moreover, incorporation is often limited
to only one or a few novel unnatural amino acids, as unique codons, such as the “amber” codon, are
the only available triplet codons and the nonsense suppression rate in living cells is extremely low [73].
As an alternative to overcome the limitation problems, new developments, such as quadruplet-
decoding ribosomes might be a solution [74]. A final limitation of site-specific incorporation and codon
suppression techniques might be the dependency on the codon context. While for the incorporation
of pyrrolysine the pyrrolysine insertion sequence located downstream on the mRNA is necessary, it
has been shown that these structural elements do not play a significant role for stop codon suppression
using the pyrrolysine-tRNA/pyrrolysine-tRNA synthetase pair [25, 75]. In contrast the efficiency is

strongly affected by the particular position of the suppressed codon. Generally, stop codons near the
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N-terminus of the protein are more efficient, but the codon context can alter suppression events of
both stop and sense codons [66, 76, 77]. The underlying mechanism of this phenomenon is still poorly
understood, but efforts have been made to decipher the codon context for stop codon suppression
efficiency [77]. Consequently, a screening of stop codon positions is advisable for each desired target

protein. Nevertheless, the vast possibilities of site-directed unnatural amino acid incorporation makes

codon suppression a substantial and versatile tool for protein engineering.

Table 1: Comparison of selective pressure incorporation and codon suppression.

Selective pressure
incorporation

Codon suppression

Mode of incorporation

residue-specific

site-specific

Amino acid composition

unnatural amino acid replaces
canonical amino acids

Additional unnatural amino
acid to the 20 standard amino
acids

Amino acid limitations

only isostructural analogues

undetermined, limited by
evolvability of orthogonal
tRNA/aaRS

Target gene sequence

unchanged

mutated (insertion of unique
suppression codons)

Amino acid activation

natural tRNA/aaRS of host

additional engineered
orthogonal tRNA/aaRS

Competition with host’s
translational machinery

isostructural analogues
compete with standard
substrate for aminoacylation

unnatural amino acids have
own unique tRNA/aaRS

Host requirements

auxotrophic strains (for amino
acid to be replaced by

absence of strong natural
suppressors, additional strain
engineering to reduce

surrogate) competing processes
advantageous
conditionally possible, might
Multiple incorporations possible require strain

engineering

Multiple incorporations of
different unnatural amino
acids

possible, requires multiple
auxotrophies

difficult, requires multiple
orthogonal tRNA/aaRS pairs
and two or more suppressed
codons

11
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1.3.2. Residue-specific Unnatural Amino Acid Incorporation

Residue-specific approaches exploit the organism’s native translational apparatus to replace a natural
amino acid with an isostructural analogue. The resulting protein contains 19 standard canonical amino
acids and one additional unnatural amino acid analogue. As the isostructural analogue will not only be
incorporated in the protein of interest, but rather in the whole proteome, global alterations in protein
structure and function can occur [78]. Due to the necessity of reassigning sense codons to the
isostructural analogues by exploiting the substrate tolerance of endogenous aminoacyl-tRNA
synthetases, this can be achieved by three technical possibilities: enhancing the host’s natural
aminoacyl-tRNA synthetase activity by overexpression of the synthetase [79, 80], altering the amino
acid binding pocket of the aminoacyl-tRNA synthetase [81] [82-84] or manipulating the editing domain

of the aminoacyl-tRNA synthetase to incorporate different analogues [85].

Since the majority of amino acid analogues are not capable of supporting cell growth, the auxotrophic
host organism must first be grown in media containing the standard 20 natural amino acids. To avoid
expression of recombinant target protein without the desired isostructural analogue, tight repression
of protein expression is required. Upon accumulation of an adequate cell mass, a media-shift is
conducted to substitute the natural amino acids with its unnatural analogue. Recombinant DNA
technology allows overexpression of the target protein via induction. This method was firstly used to
globally replacement methionine with its analogue selenomethionine [41]. Since then this method has
been used to incorporate a variety of analogues including analogues of methionine [79, 86, 87],
isoleucine [88, 89], leucine [52], phenylalanine [90], proline [60] , tryptophan [60], tyrosine [90], and

valine [88] in bacterial [89] and mammalian expression systems [91].

1.3.3. Site-specific Unnatural Amino Acid Incorporation: Codon suppression

Unlike residue-specific unnatural amino acid incorporation, the site-specific approach does not utilizes
the organism’s native translational machinery to integrate novel amino acid analogues but reassigns a
codon to a new building block ignoring its actual canonical assignment in the genetic code. As
mentioned, natural stop codon suppression can be found in several archaea and eubacteria, which
naturally incorporate the noncanonical amino acids pyrrolysine and selenocysteine co-translationally
in response to unique termination codons [29-31]. Hence, the site-specific incorporation of unnatural
amino acids via nonsense suppression is a useful strategy and depends on two crucial components:

the presence of a unique termination codon and an orthogonal engineered/evolved suppressor tRNA
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and aminoacyl-tRNA synthetase pair. The stop codon, integrated via mutagenesis at a specific site in
the gene of interest, is recognized and decoded by the corresponding orthogonal suppressor tRNA
resulting in the insertion of the novel unnatural amino acid (Figure 3). Hardly worth mentioning, the
used termination codon for the integration of the novel building block must not coincidence with the
actual termination codon of the gene of interest. Since the “amber” stop codon is the least used stop
codonin E. coli, it is the most favourable codon for this technique. Nevertheless, the utilization results
in a substantial loss of fitness and affects at least 83 peptides by the stop codon read-through in E. coli
[92]. To minimize the cross-reactivity in the translational apparatus in the host, suitable orthogonal
tRNA and aminoacyl-tRNA synthetase pairs normally derive from other organisms [93]. Tremendous
work on the engineering of this orthogonal tRNA and aminoacyl-tRNA synthetase have been done by
Schultz and coworkers, who developed Tyr-tRNA and tyrosyl-tRNA synthetase from the
archaebacterium Methanococcus jannaschii [68]. Since then, several orthogonal tRNA and aminoacyl-
tRNA synthetase have been successfully generated not only derived from M. jannaschii [47, 48, 68, 89,
94-97], but also from S. cerevisiae [98-101], M. maize [102], M. barkeri [103], E. coli [104, 105], B.
stearothermophilus [106], and B. subtilis [96]. These engineered orthogonal pairs can be applied to a
variety of host cells including E. coli [97, 98, 107, 108], S. cerevisiae [102, 104, 109], P. pastoris[110],
mammalian cell lines [96, 102, 106, 111-113] and even the first multicellular organism, C. elegans,
[114]. The incorporated unnatural amino acids harbour a great variety of functional groups including
alkyne [115], azido [94, 104, 115], bromo [101], chloro [101], fluoro [95, 98, 107], iodo [70] and nitro
[116] side chains. The variety of hosts, engineered orthogonal tRNA and aminoacyl-tRNA synthetase
pairs and the collection of hundreds of unnatural amino acids demonstrates the modularity, versatility

and capacity of possible applications and exciting new opportunities in research.

1.3.4. Frameshift Codons for Site-specific Incorporation

In contrast to stop codon suppression for site-specific incorporation of novel amino acids, frameshift
suppression replaces stop codons and uses a quadruplet code utilizing tRNAs with quadruplet
anticodons to integrate unnatural amino acids in response to a four-base sequences [117]. This
alternative codon system offers the great advantage that the integration of unnatural amino acids is
independent from the read-through of the stop codon and no competition with release factors at
designated stop codon sites occurs. Quadruplet frameshift assignment has been successfully used in
E. coli cell free-protein expression systems [118, 119] as well as insect [120] and mammalian cell-free
expression systems [119]. Frameshift codon suppression is not limited to a quadruplet code as Sisido

and coworkers could even develop a five-base codon [117]. In a joint approach, even frameshift and
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stop codon suppression could be simultaneously applied to integrate the two unnatural amino acids
L-homoglutamine, via a four-base codon, and O-methyltyrosine, in response to the “amber” stop

codon, into myoglobin in E. coli [121].

1.3.5. O-ribosome/O-mRNA Pairs for Site-specific Incorporation

Similarly to orthogonal tRNAs and aminoacyl tRNA synthetases, since 2005 several orthogonal
ribosome and mRNA pairs (O-ribosome/O-mRNA, Ribo-X, Ribo-Q) have been developed to further
minimize competition of release factors of the host’s natural translational machinery with stop codon
suppression [74, 122-124]. This was achieved by creating an O-ribosome library on the A-site of the E.
coliribosome to screen and isolate suitable mutants. O-ribosome/O-mRNA pairs work in parallel to the
host’s natural ribosomes [122]. Ribo-X is optimized both for “amber” codon suppression and
prohibition of release factor binding [123]. The latest Ribo-Q has redirected quadruplet anti-codons to

recognize quadruplet codons, instead of the natural triplet codons [74].

1.3.6. Engineering Aminoacyl-tRNA Synthetases: Rational and Evolved Variants

The same translational mechanisms that guarantee the high selectivity and fidelity in protein
biosynthesis also limit the variety of protein structure and function. While the incorporation of an
isostructural amino acid analogue may be enhanced by simple alterations such as overexpression of
the corresponding wild-type aminoacyl-tRNA synthetase [80], many other unnatural amino acids
require further engineering of this evolved enzyme to expand the set of novel amino acids that can be
successfully activated and incorporated. Despite the extraordinary high selectivity of aminoacyl-tRNA
synthetases, which challenge the engineering of the amino acid specificity, the first engineered
orthogonal pair for “amber” codon suppression was created in 2001, based on an engineered
Methanocaldococcus jannaschii tyrosyl-tRNA synthetase and its cognate tRNA™" with a changed CUA
anticodon, evolved for the incorporation of O-methyltyrosine [68]. Nevertheless, the frequent use of
incorporation of unnatural amino acids via stop codon suppression propagated only after discovery of
the orthogonal pair for pyrrolysine in 2002 [29]. Today, most engineered aminoacyl-tRNA synthetases
for incorporation of unnatural amino acids are based on Methanocaldococcus jannaschii tyrosyl-tRNA
synthetase or pyrrolysyl-tRNA synthetase from Methanosarcina mazei or barkeri [38, 39, 65, 125, 126].
The high evolvability and general applicability of pyrrolysyl-tRNA synthetase makes it the
predominantly used orthogonal suppression system [67]. The wild-type pyrrolysyl-tRNA synthetase

shows already low substrate specificity and a great acceptance to various noncanonical amino acids

14



CHAPTER 1: INTRODUCTORY PREFACE

and has been later engineered to incorporate several lysine analogues [125]. Due to the additional
direct translatability between different host organisms of the system, this method allowed a range of
protein modification based on lysine derivatives. A second-generation of pyrrolysyl-tRNA synthetase
variants uses the activation of phenylalanine to encode for various phenylalanine derivatives [66, 127].

Novel pyrrolysyl-tRNA synthetase variants use histidine analogues [128] and cysteine derivatives [129].

As it is generally impossible to rationally predict which residues to change within the amino acid
binding pocket to incorporate a certain noncanonical amino acid, the engineering process requires a
library of mutant tRNA and aminoacyl-tRNA synthetase pairs, containing randomized residues in the
amino acid—binding site, from a foreign organism, for instance archaea or eukaryotes [38, 39] (Figure
1.5). The most common method to create such a library is the site saturation mutagenesis using PCR-
based methods to replace codons encoding amino acids to be randomized by the degenerate NNK or
NNN codon [130]. The anticodon loops of these tRNAs have to be mutated to generate special tRNAsg
suppressing a blank codon that does not encode for a natural amino acid in protein biosynthesis. The
engineering of directed evolution of orthogonal tRNAsz and unnatural aminoacyl-tRNA synthetase
pairs requires a two-step selection relying on a positive and a negative selection step for each member
of the library. For positive selection, the aminoacyl-tRNA synthetase library is cotransformed with an
“amber”-disrupted (codong) positive selector, for instance the gene for the green fluorescent protein
as well as an “amber”-disrupted resistance gene such as the B-lactamase gene. Cells encoding
aminoacyl-tRNA synthetase variants capable of charging either the UAA or an endogenous canonical
amino acid onto tRNAsg survive and additionally produce GFP as selection marker. The isolated
enriched library is then cotransformed with an “amber”-disrupted negative selector, e.g. the toxic gene
for barnase. In the presence of the desired unnatural amino acid, only aminoacyl-tRNA synthetase
variants that accept the unnatural amino acids allow “amber”-suppression, inactivating the negative
selector, whereas aminoacyl-tRNA synthetase variants accepting endogenous natural amino acids will
activate the negative selector resulting in cell death. The result is a highly orthogonal tRNAsg and
cognate aminoacyl-tRNA synthetase pair in E. coli. The two selection steps are iteratively cycled to
enrich the desired aminoacyl-tRNA synthetase variants with aminoacylation activity for the unnatural

amino acids of interest.

15



CHAPTER 1: INTRODUCTORY PREFACE

Mext round of positive selection

l

F{/f-— tRNA:g Ka;\\.\'l
Codong - Ter +UAA Cells encoding aaR5 variants
(/ +Cm that charge either the UAA oran
cnr| pRep2/YC pBK- — - * endogenous amino acid onto
-7 aaRSLib Positive selection tRNAgg survive and also produce
Prr%, Codong, GE .

P
| GFPuv T7 RNAP aaR5 |
\Q& mutant r J,f
Undesired Desired
& &

Charges Charges
natural amino acid UAA
rl’l/;— ‘%H Kan'
Amp’
BK-
pLWJ17B3 et - UAA
aaRsLib Barnase No barmnase
% Codong . .
Yog = Megative selection 1 l,
\\ Barnase TR 5’/)
Cell dies Cell lives

Figure 1.5: Selection schemes for engineering orthogonal aminoacyl-tRNA synthetases in E. coli.
Engineering of directed evolution of orthogonal tRNAss and unnatural aminoacyl-tRNA synthetase
pairs require a two-step selection relying on a positive and a negative selection step. For positive
selection, the aminoacyl-tRNA synthetase library is cotransformed with an “amber”--disrupted positive
selector, e.g GFP. Cells encoding aminoacyl-tRNA synthetase variants capable of charging either the
UAA or an endogenous canonical amino acid onto tRNAsg survive and additionally produce GFP as
selection marker. The isolated enriched library is then cotransformed with an “amber”--disrupted
negative selector, e.g. the toxic gene for barnase. In the absence of the desired unnatural amino acid,
only aminoacyl-tRNA synthetase variants that accept the unnatural amino acids allow “amber”-codon
suppression, inactivating the negative selector, whereas aminoacyl-tRNA synthetase variants
accepting endogenous natural amino acids will activate the negative selector resulting in cell death.
The two selection steps are iteratively cycled to enrich the desired aminoacyl-tRNA synthetase variants
with aminoacylation activity for the unnatural amino acids of interest. Abbreviations: aaRS, aminoacyl-
tRNA synthetase; codong, blank codon; GFPyy, green fluorescent protein; Pr;, bacteriophage T7
promoter; T7 RNAP, bacteriophage T7 RNA polymerase; tRNAsg, suppressor tRNA; UAA, unnatural
amino acid (Modified from Liu & Schultz, 2010).

1.4. Designing Novel Proteins by genetically UAA Incorporation

Although 20 common amino acids are sufficient for all known forms of life, altering proteins using
genetically encoded unnatural amino acids to seamlessly integrate new chemistries into biology can
provide useful insights into the chemical and physical properties of proteins. Many groups around the
world have therefore used unnatural amino acid incorporation to engineer the photophysical

properties of recombinant proteins for a number of applications. This section discusses the utility of
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unnatural amino acid incorporation for applications in protein structure and function research,
highlights various ways in the widespread use of this technique leading to novel therapeutic proteins

as well as protein evolution with an expanded genetic code.

A great variety of novel probes have been introduced into proteins through genetic code expansion
including redox probes to study electron transfer processes, spin labels for electron paramagnetic
resonance, isotopically labelled amino acids for nuclear magnetic resonance spectroscopy,
spectroscopic handles for infrared spectroscopy, heavy atom-containing amino acids for X-ray
crystallography, photo-crosslinkers for mapping transient protein-interactions, small fluorescent
amino acids as direct probes of local structure imaging, novel side chains (including keto, azido, alkenyl
and alkynyl groups) participating in bio-orthogonal reactions as well as optical probes for spectroscopy
and in vivo super-resolution imaging [38, 39, 131, 132]. Combining genetically encoded incorporation
of unnatural amino acids with other labelling methods even further enhances potential applications
including the recently enabled creation of an in vitro metabolic Forster resonance energy transfer

sensor with improved dynamic range [133].

The expanded genetic code and its unnatural amino acid mutagenesis is beginning to find many
applications not only in protein research, but also in protein therapeutics with the ability to site-
specifically modify cytokines, growth factors, antibodies as well as antibody domains with unnatural
amino acids bearing bio-orthogonal reactivity opens new field for generating therapeutic proteins that
are precisely derivatized with diverse molecules [134]. This includes polyethylene glycosylated
proteins, antibody—drug conjugates, antibody—antisense conjugates and bi-specific antibodies for

cancer and inflammatory, autoimmune and metabolic diseases [134-136].

From an evolutionary viewpoint, the unnatural mutagenesis methodology can easily be adapted to
proteins with novel or enhanced function as the template-based synthesis of polypeptides directly
links the information (genome) to the phenotype (proteome). Therefore, phage-based evolution
experiments for the use with 21 amino acid organisms were developed [137, 138]. These systems use
phage-displayed protein libraries generated in E. colito encode 21 amino acids creating X-E. coli strains.
The resulting library members contain an “amber” termination codon in a gene of interest as well as
the corresponding unnatural amino acid in the specific phage-displayed protein. The phages containing
the altered proteins are then subjected to selection, and the surviving phage clones are used to reinfect
X-E. coli strains. The repeated cycle of mutation, amplification, and selection might result in the

discovery of new proteins with novel properties through unnatural amino acid incorporation.
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AIM OF THE THESIS

The aim of this study was to investigate and utilize the incorporation of novel unnatural amino acids
into (membrane proteins) with the objective to use them as photo-caged probes to investigate protein
dynamics and conformational changes in serial X-ray crystallography, as infra-red probes for the
analysis of local structural heterogeneity in proteins, and as light-activated crosslink probes to study
protein-protein interactions. In this work, three different model proteins were used: the green

fluorescent protein, the integral outer membrane protein X and recombinant T4-lysozyme.

GFP, originally discovered in the jellyfish Aequorea Victoria [139], and its engineered derivatives are
often used as reporter and model proteins due to their unique spectroscopic features [140, 141]. Their
spectral characteristics can be controlled and modified by irradiating them with light of a specific
wavelength, intensity, and duration, leading to a fluorescence state [142]. The protein forms a
cylindrical barrel structure of elven B-sheets interconnected by loop regions, with an a-helix
harbouring the chromophore spanning straight through the barrel centre [162]. Due to its ability to
auto-catalytically form its highly visible, efficiently emitting internal chromophore [143-145], GFP has
become a well-established and powerful tool for many applications in cell and molecular biology [146].
As time-resolved structural biology is the key to understand the mechanisms and principles of
biological processes [147] we wanted to develop and apply a GFP-based system that can be used for
simultaneous time-resolved structural and spectroscopic studies utilizing photocaged unnatural amino

acids as triggers.

The integral outer membrane protein X (OmpX) of Escherichia coli belongs to the family of outer
membrane proteins [148] and consists of an 8-stranded antiparallel B-barrel which shows two girdles
of aromatic amino acid residues and a ribbon of nonpolar residues that attach to the membrane
interior [149, 150]. The core of the barrel consists of an extended hydrogen-bonding network building
up an inverse micelle. OmpX seems to promote bacterial adhesion via elongated B-strands elongated
into the extracellular space and bacterial cell internalization to mammalian cells and confer resistance
against the human complement system [149]. Understanding the function and biochemical

interactions of OmpX structure, as well as factors determining protein interaction with its surrounding
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lipid environment, is critical to decipher its role in virulence and pathogenicity. Therefore the photo-
crosslinker para-benzoyl-L-phenylalanine was introduced into OmpX at probable binding sites at the

extracellular B-strands to identify protein interaction partners in vivo.

Lysozyme, accidently found in 1922 by Alexander Flemming during a deliberate search for medical
antibiotics [151], is a small and stable enzyme, making it an ideal system for research into protein
structure and function. Lysozyme is a cornerstone of innate immunity and plays a crucial role in cell
wall hydrolysis of pathogens as well as the modulation of the host immune response to infection [152].
Today, it is a well-characterized model protein system in research and was due to its characteristics
chosen for the analysis of the effects of infrared labels on native protein structure and dynamics. These
studies aim to elucidate how vibrational labels can be used to obtain information about local
heterogeneity and asses changes in protein structure and dynamics due to incorporation and labelling

with unnatural amino acids by simple one-dimensional infrared spectroscopy.
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CHAPTER 2

2. PHOTOACTIVATABLE GFP

Parts of this work were accomplished in collaboration with Dr. Johannes Heidemann & Dr. Knut Kélbel
(Uetrecht Lab, HPI, Germany), Dr. Briony Yorke (Pearson Lab, University Hamburg, Germany) & Anke

Puchert (Huse Lab, University Hamburg, Germany).

2.1 Introduction

Photoactivatable fluorescent proteins (PA-FPs) are molecular probes exhibiting naturally fluorescence.
Their spectral characteristics can be controlled and modified by irradiating them with light of a
specific wavelength, intensity, and duration, leading to a fluorescence state [142]. Inactivated PA-
FPs are non-fluorescent, whereas activated PA-FPs yield bright signals in contrast to a dark background.
These properties allow the spatial and temporal labelling of specific subcellular structures and thus
enable the visualization of protein, organelle, and cell dynamics making PA-FPs a powerful non-invasive
tool for high-resolution live-cell imaging [153] [154]. Various PA-FPs have been engineered, especially
proteins of the green fluorescent protein (GFP) family, with altered properties such as shifted emission
wavelengths, enhanced fluorescence and higher quantum yields [153] [155] [156] [157] [158] [159].
GFP, originally discovered in the jellyfish Aequorea victoria, exhibits bright green fluorescence when
exposed to light in the blue to ultraviolet range [160]. The eleven B-strands form a cylindrical B-barrel
with the a-helix harbouring the chromophore spanning straight through the barrel centre (Figure 2.1)
[161] [162]. Due to its ability to auto-catalytically form its highly visible, efficiently emitting internal
chromophore [143] [144] [145], GFP has not only become a well-established and powerful tool for
many applications in cell and molecular biology [146] such as reporter genes for the in vivo detection
of gene expression [163], fusion tags to monitor protein localization [144], pH biosensors [164], and

Ca? sensors [165] [166], but also a well-characterized model protein.
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threonine

Figure 2.1: Green fluorescent protein. The protein backbone forms a cylindrical B-barrel with the a-
helix harbouring the chromophore spanning straight through the barrel centre. The tight packing of
the protein allows the shielding of the chromophore from the surrounding environment. The internal
chromophore (shown in the close-up) is auto-catalytically formed by the three central amino acids
glycine, tyrosine and threonine creating an unusual five-membered ring (pdb: 1ema).

The most commonly used radiation sources for high-intense X-ray experiments are currently
synchrotrons. First generation synchrotrons with an electron storage ring have been built in the 1970s.
Nowadays synchrotrons of the third generation are in use providing a multitude of energy and
potential applications in many research fields. In parallel, X-ray sources of the fourth generation are
currently constructed at several locations worldwide. These new third and fourth generation radiation
sources allow new applications in the field of time-resolved structural biology such time-resolved X-
ray diffraction or time-resolved small-angle X-ray scattering as well as serial femtosecond X-ray
crystallography [167-169]. Time-resolved structural biology is a central key to understand the
mechanisms of biological processes [147]. In order to perform time-resolved experiments an ensemble
of molecules first needs to be populated/trapped in a defined state. Conformational changes can then
be triggered by means of rapid mixing or light irradiation [147] [170] [171] [172]. The use of light in
principle allows observations in the ps-regime if the decaging reaction is fast enough. Currently, time-
resolved X-ray crystallography is the technique providing the greatest spatial and temporal resolution.

However, the requirement for well diffracting crystals still limits its application. Although great
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advances have been made in this field, crystallization remains an art rather than an exact science [147].
The specific intrinsic fluorescence makes GFP a perfect tool to study dynamics with time-resolved
techniques. In order to develop and apply a GFP-based system that can be used for simultaneous time-
resolved structural and spectroscopic studies, a photoactivatable GFP variant, originally designed by
Schultz and coworkers [173], that contained the photocaged tyrosine analogue ortho-nitrobenzyl-
tyrosine (ONBY) was further investigated [116] [174]. Photocaged unnatural amino acids are
synthetically modified amino acids which can be controlled by light, usually by photolytic conversion
from an inactive to an active form [175]. The most common photocaging groups are ortho-nitrobenzyl-
groups and their derivatives, which can be readily cleaved upon irradiation with 365 nm light [176].
The incorporation of photocaged ONBY in E. coliis achieved by genetically encoding it using an “amber”
stop codon in combination with an orthogonal suppressor tRNA / aminoacyl-tRNA synthetase pair as
mentioned before [116]. Incorporation of ONBY at residue 66, a key residue of the chromophore, leads
to a non-fluorescent (“dark-state”) GFP molecule. Upon irradiation with light, the photocaging ortho-
nitrobenzyl-group dissociates and the fluorescent state is re-established (Figure 2.2). However, the
structure of this photocaged GFP variant, the decaging mechanism, as well as its suitability for time-

resolved structural studies are still not understood.
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Figure 2.2: Decaging of the non-fluorescent GFP660NBY by photolysis results in a reestablished
fluorescent protein.
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2.2 Materials and Methods

2.2.1 Ortho-nitrobenzyl-tyrosine (ONBY) synthesis

The protocol for the synthesis of ONBY has been initially established by Henry A. Lester and coworkers
[177] and has been adapted. L-Tyrosine (2.0 g, 11.0 mmol) was dissolved in 2 M NaOH ag. (10 ml), and
CuS04-5H,0 (1.9 g, 7.28 mmol), dissolved in a minimal amount of water, was added slowly at room
temperature (RT). The solution was heated to 60 °C and stirred for 20 min and then allowed to cool to
RT before adjusting to pH = 7 using 1 M HCI. The light-blue solid was filtered and washed three times
with 25 ml water, before it was suspended in 75% aqueous dimethylformamide (60 ml). K.COs3 (1.5 g,
11.04 mmol) and ortho-nitrobenzyl bromide (1.8 g, 8.49 mmol) were added and the reaction was
allowed to proceed for 72 hours at RT while kept in the dark. The solid was filtered, washed with 75%
aqueous dimethylformamide (40 ml x 2), water (40 ml x 2), 75% aqueous acetone (40 ml), and ice-cold
acetone (10 ml), and then suspended in 1 M HCI (100 ml) to stir for 2 hours at RT. The white solid was
filtered and stirred once more with fresh 1 M HCI (100 ml) for another 30 min. The solid was finally
filtered, washed with water (40 ml x 2) and ice-cold acetone (10 ml), and dried to give ortho-

nitrobenzyl-tyrosine as an off-white solid (1.85 g, 68%).

2.2.2 Cloning, protein expression and purification

The gene for wild-type ‘superfolder GFP’ [178] was a gift from Scott Gradia (Addgene plasmid #29663.
The gene was sequenced prior usage. To produce photoactivatable ortho-nitrobenzyl-photocaged
sfGFP (sfGFP660NBY), the stabilized GFP variant ‘superfolder GFP’ was cloned into a pET28a vector
with an N-terminal fusion consisting of a Hise-tag and a TEV protease cleavage site. For incorporation
of ONBY at residue position 66, tyrosine 66 was mutated to the “amber” codon, TAG, via site-directed
mutagenesis, to generate pET28a-sfGFP66TAG. This plasmid was cotransformed into E. coli BL21 (DE3)
Gold cells together with the plasmid pEVOL-ONBY, containing the orthogonal aminoacyl tRNA
synthetase (aaRS) and an amber suppressor tRNA, both derived from the Methanococcus jannaschi
tyrosyl tRNA/aaRS pair [56] [116]. To produce the sfGFP660NBY-F145A variant, phenylalanine 145
was mutated to alanine by site-directed mutagenesis. This was followed by the cotransformation of
this plasmid into E. coli BL21 (DE3) Gold cells together with the plasmid pEVOL-ONBY, containing the
orthogonal aminoacyl tRNA synthetase (aaRS) and an amber suppressor tRNA, both derived from the
Methanococcus jannaschi tyrosyl tRNA/aaRS pair [56] [116]. A single colony of the cells, grown on a

LB-agar plate with kanamycin (25 pg/ml) for the wild-type sfGFP, with kanamycin (25 pg/ml) and
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chloramphenicol (34 pg/ml) for the sftGFP660ONBY and sfGFP660ONBY-F145A variants overnight at 37
°C, was used to inoculate a 20 ml preculture with LB-medium containing the same antibiotics. The
preculture was grown for 16 hours at 37 °C at 180 rpm and subsequently used to inoculate the
expression culture (1L Terrific Broth medium at 37 °C und 180 rpm, supplemented with the same
antibiotics selection). Cells were grown at 37 °C to an ODeggo= 0.9 in Terrific Broth medium and shifted
to 20 °C. ONBY was added (for sSfGFP660NBY and sfGFP660NBY-F145) to a final concentration of 1 mM
and arabinose to a final concentration of 0.02 % for induction of the tRNA/aaRS pair, and protein
production was induced by the addition of 1 mM IPTG with a delay of 60 min. After 20 h, the cells were
harvested by centrifugation at 4000 x g for 20 min. The cell pellet was resuspended in lysis buffer (40
mM TrisHCI, pH 8.0, 300 mM NaCl, 5 % glycerol), supplemented with a 0.5 pl lysozyme (100 mg/ml)
(Gallus gallus, Sigma Aldrich, Germany). The cells were disrupted twice by sonication on ice for three
minutes each (30 % duty cycle). The lysate was centrifuged at 4 °C at 20 000 x g for 30 minutes to
remove cell debris and the protein was obtained in the supernatant. Metal ion affinity chromatography
using a Ni-NTA column with gravity flow was applied as a first purification step. All steps were
performed at room temperature with ice-cold buffers. The column was equilibrated with lysis buffer
and the cleared lysate was loaded on the matrix. The flow-through was collected and the resin was
washed three times with 20 ml lysis buffer supplemented with 20 mM imidazole to remove
unspecifically bound protein. The protein was eluted in several steps with 10 ml elution buffer
containing 50 mM TrisHCI, pH 8.0, 200 mM imidazole. The elution fractions were analysed by SDS-
PAGE and suitable fractions were combined. The combined fraction was dialyzed overnight against
imidazole free elution buffer at 4 °C. Subsequently, the sample was concentrated to a suitable volume
and a second purification step using a size exclusion chromatography (SEC) was applied and operated
by an AKTApure (GE Healthcare, USA). For the SEC a Superdex 75 (GE Healthcare, USA) column was
used at 4 °C and equilibrated with 40 mM Tris, pH 8.0. SEC was used to separate the monomer and
dimer species from aggregates. Finally, the purified protein was concentrated using an Amicon-15
centrifugal filter concentrator (Merck Millipore, Germany) with a MWCO = 10 kDa. Protein identity and
purity were assessed using mass spectrometry and SDS—PAGE as described in Appendix — General
Sample Preparation Techniques. For all proteins the final protein concentration was determined using

a Nanodrop 2000 (Thermo-Scientific, Germany).

2.2.3 Crystallization and data collection

For the crystallization of the purified GFP660NBY variant the protein solution was concentrated to a

range of 8 - 11 mg/ml by using a Amicon-15 centrifugal filter concentrator (Merck Millipore, Germany)
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with an MWCO =10 kDa. The protein solution was centrifuged for 15 minutes at 15,000 x g prior usage
for crystallization experiments. For the crystallization experiments 48-well SWISSCI MRC2 plates were
used (Molecular Dimensions, USA). Initial crystallization conditions were screened using commercially
available matrices from Hampton Research and Molecular Dimensions using the vapour-diffusion
technique in sitting drops. Sitting drops containing 2 ul of protein solution and 2 pl of precipitant
solution were equilibrated at 20 °C against 1 ml of the same buffer in the reservoir. The plates were
sealed, stored at room temperature and regularly inspected for crystal formation using a microscope.
Crystals in nylon loops were mounted and flash-cooled in liquid nitrogen. Diffraction data were
collected at 100 K at the MASSIF1 beamline at ESRF, Grenoble, France at fixed energy of 12.835 keV
(0.966 A). Full datasets with an oscillation angle of 0.1° per image were collected to a resolution limit

of 2.7 A. All datasets were processed with XDS [179] and merged with POINTLESS [180].

2.2.4 Structure determination, refinement, and analysis

Structures were solved by molecular replacement with PHASER [181] using pdb:1ema [161] as search
model. Building of the photocaged chromophore was achieved using phenix.eLBOW [182]. Subsequent
rounds of manual building using Coot [183] and refinement using phenix.refine [184] allowed complete
model building. Molecular graphics images were produced using UCSF Chimera [185]. The structural

data have been deposited in the Protein Data Bank with accession code pdb: 6HO1.

2.2.5 Spectroscopy

Spectroscopy was performed in collaboration with Dr. Briony Yorke (Pearson Lab, University Hamburg,
Germany) and Anke Puchert (Huse Lab, University Hamburg, Germany). UV/Vis absorption spectra of
sfGFP660ONBY during pulsed 355-nm irradiation were measured using a QE Pro spectrometer and a
DH-2000 light source (both from Ocean Optics). A Q-switched diode-pumped Nd:YAG laser (Standa
Q1TH) operating at 1 kHz and producing 35 mW average power of 355 nm light was used to initiate
photo-dissociation of the ONBY group. The laser was continuously pulsed with pulse durations of 750
ps and a beam size of 600 microns FWHM. 1000 pl protein samples (30 uM protein in 40 mM Tris, pH
8.0) was used in a rectangular quartz cuvette (4 mm x 10 mm lateral dimensions) without stirring with
excitation along the short cuvette axis and absorption/fluorescence measurements in orthogonal
direction. The integration time of each absorption spectrum was 22 ms. Fluorescence spectra of
photolysed sfGFP660ONBY were recorded with an integration time of 100 ms using an Ocean Optics

QE Pro spectrometer via a quartz lens and a UV grade optical fibre with a diameter of 400 microns.
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Samples were photolysed for 30 min before fluorescence spectra were recorded. The Standa-Q1-TH
laser was used in the operating mode described above for both, sfGFP660ONBY photolysis and

fluorescence spectroscopy.

2.2.6 Native Mass Spectrometry

Native mass spectrometry was performed by Dr. Johannes Heidemann and Dr. Knut Kélbel (Uetrecht
Lab, HPI, Germany). Proteins were exchanged into 50 mM ammonium acetate pH 8.0 using centrifugal
filter units (Vivaspin 500, 10k MWCO, Sartorius, Germany). Samples were filled into ESI capillaries that
were prepared as follows: Borosilicate capillaries (1.2 mm OD, 0.68 mm ID, with filament, World
Precision Instruments, Germany) were produced with a micropipette puller (P-1000, Sutter
Instruments, USA), equipped with a squared box filament (2.5 x 2.5 mm, Sutter Instruments, USA).
Capillaries were gold-coated using a sputter coater (Q150R, Quorum Technologies, United Kingdom,
40 mA, 200 s, tooling factor 2.3, and end bleed vacuum 8 x 102 mbar). Samples were analysed in
positive ion mode on a QToF2 (Waters, USA and MS Vision, Germany) modified for high mass
experiments [186]. Data were acquired with 7 mbar source pressure and 1.5 x 102 mbar argon as
collision gas, 1.3 kV capillary voltage and 100 V sample cone voltage. MS measurements were

performed with 5 uM protein concentration and spectra were acquired with 30 V collision energy.

2.3  Results and Discussion

2.3.1 Recombinant expression and purification

In order to investigate the suitability of GFP variants for time-resolved structural and spectroscopic
studies, a superfolder GFP (sfGFP) variant was generated, which had incorporated the genetically
encoded unnatural amino acid ONBY at position 66, replacing the central tyrosine residue of the
chromophore. The photocaged sfGFP660ONBY was expressed recombinantly in E. coli BL21 (DE3) cells
for 16 hours. An expression profile before and after induction of expression is shown in Figure 2.3 A.
The sfGFP660ONBY variant protein was purified from the cleared lysate by Ni-NTA affinity
chromatography and the resulting eluation fraction contained around 90 % pure protein, as can be
seen in the SDS-PAGE in Figure 2.3 B. No significant amount of sfGFP660NBY is observed in the flow
through (FT) and the both washing steps (W1 + W2). In the elution fraction several bands are visible,

revealing that the sample contained low amounts of impurities. Subsequently, a second purification
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step was performed by size exclusion chromatography to remove the remaining impurities. The
resulting chromatogram is shown in Figure 2.4 A (blue curve). For comparison, a chromatogram of the
wild-type sfGFP is presented (green curve). In the chromatogram the first peak represents the void
fraction containing aggregated protein as well as other impurities whereas both other distinct peaks
could be assigned to monomeric and dimeric species after calibration of the size exclusion column.
Compared to the wt-sfGFP, sfGFP660NBY shows an increased height of the void peak and a slightly
reduced monomer to dimer ratio. For further experiments of sSfGFP660NBY, the central fractions for
the monomeric species under the third peak were combined and further concentrated. Without heat

treatment, the protein migrates as a dimer on an SDS-PAGE gel (Figure 2.4 B).
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Figure 2.3: SDS-PAGE showing the expression of sSfGFP660NBY and fractions from its purification. A.
Expression profile of sSfGFP660ONBY in E. coli BL21(DE3) Gold cells before and 16 hours after induction
of expression by IPTG at 20 °C (M = molecular weight marker). B. Elution fractions of the first
purification step, the Ni-NTA affinity chromatography (M = molecular weight marker, FT = flow
through, W1/2 = washing step 1 + 2, E = elution).
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Figure 2.4: SDS-PAGE and SEC analysis of sfGFP variants. A. wt-sfGFP (green), sfGFP660ONBY (blue),
sfGFP660ONBY-F145A (red) and decaged sfGFP660ONBY (black) predominantly elute as monomers from
SEC B. Without heat treatment wt-sfGFP, sfGFP660ONBY, sfGFP660NBY-F145A and decaged
sfGFP660ONBY migrate as dimers (54 kDa) in the SDS-PAGE gel (5 — 8). In contrast, after heat treatment
(1 — 4) proteins migrate as monomer (27kDa) (M = molecular weight marker, 1 + 5 = wt-sfGFP, 2 + 6 =
sfGFP660ONBY, 3 + 7 = sSfGFP660ONBY-F145A, 4 + 8 = decaged sfGFP660NBY).
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2.3.2 Spectroscopic and hydrodynamic properties of sSftGFP660ONBY

The wt-GFP chromophore is formed by the autocatalytic cyclization of the Ser/Thr 65-Tyr 66-Gly 67
tripeptide [161] [162], which is associated to an intramolecular hydrogen-bonding network linking the
two ends of the chromophore in the protein pocket (Figure 2.5). Upon excitation with light of
wavelength 355 nm, an excited-state proton transfer (ESPT) is induced which enables structural
transitions and involves multiple proton transfers through the hydrogen bonding network resulting in
fluorescence [187] [188]. In contrast to wt-GFP, the sfGFP660ONBY variant protein is non-fluorescent.
The bulky ortho-nitrobenzyl-group most likely blocks the proton-wire, resulting in a non-functional
chromophore [189]. Moreover, it has been reported, that ortho-nitrobenzyl-groups quench excited
fluorophores through a photo-induced electron transfer from the S1 excited chromophore to the

ortho-nitrobenzyl-group upon irradiation [190] [191].

(280 fs)

Figure 2.5: Excited-state proton transfer (ESPT) in GFP. The chromophore is associated to an intra-
molecular hydrogen-bonding network where the hydroxyl-group of Tyr 66 is linked to a water molecule
(Wat 22), the side-chain hydroxy-group of Ser/Lys 205, the carboxy-group of Glu 222, and the sidechain
hydroxyl-group of Ser 65. Upon excitation with light of wavelength 365 nm, the ESPT is induced and
the proton from Tyr 66 is transferred to Glu 222. This enables structural transitions assigned to ESPT
and involves multiple proton motions through the proton wire resulting in fluorescence (Adopted from
Fang et al., 2009 [189]).

The decaging characteristics of sSfFGFP660ONBY were investigated by absorption spectroscopy. Upon
photolysis with 355 nm pulsed light, the UV/Vis absorption spectrum exhibits a loss of the absorption
centred at 390 nm for the caged protein while a new absorption band centred at 488 nm for the
photolysed protein appeared (Figure 2.6 A, 2.6 B). Photolysed sfGFP660ONBY shows an absorption
spectrum similar to wild-type sfGFP. Additionally, fluorescence spectra of photolysed GFP660ONBY

29



CHAPTER 2: PHOTOACTIVATABLE GFP — RESULTS AND DISCUSSION

using 355 nm excitation and wild-type sfGFP are similar with fluorescence maxima at 509 nm and 517
nm respectively, indicating a shift to higher energy by 18 nm (Figure 2.6 C). A pronounced shoulder at
441 nm is also present in both spectra. The similarity of absorption and fluorescence spectra between
photolysed sfGFP660ONBY and wild-type GFP confirm previous measurements and dissociation of the

ortho-nitrobenzyl group from the mutant [20].
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Figure 2.6: Spectroscopic characterization of sSfGFP660NBY. Spectra of sSfGFP660NBY before and after
photolysis were multiplied by 0.8 for better comparison with wt-sfGFP A. Evolution ofUV/vis
absorption spectra of sfGFP660ONBY during 355-nm pulsed irradiation. Samples were irradiated for 0
min (black), 1 min (purple), 4 min (red), 9 min (orange), and 30 min (blue). B. UV/vis absorption spectra
of sfGFP660ONBY before (black) and after photolysis (blue) and wt-sfGFP (green). C. Fluorescence
emission spectra of photolysed sfGFP660ONBY (blue) and wt-sfGFP (green) after pulsed excitation at
355 nm. For B) and C) samples were irradiated with 355-nm pulses at 1 kHz and 35 mW average power
for 30 min.

2.3.3 Crystallization, data collection and refinement of dark-state sSftGFP660NBY

To visualize the chemical environment of the caged chromophore, the dark-state (photocaged)
sfGFP660ONBY was crystallized. Crystallization trials were performed using commercially available
crystallization screens according to the protocol described in section 2.2.3. Protein crystals formed
after 6 — 8 weeks in several crystallization conditions (see Figure 2.7). Successful crystal formation has
been observed in crystallization experiments, which have been set up with a protein concentration of

8- 11 mg/ml. Crystals were colourless and possessed cubic or rhombic shapes. Best diffracting crystals
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were obtained in a condition containing 1.1. M tri-Na-citrate, 0.1 M Na-HEPES pH 7.5 using 11 mg/ml
protein (Figure 2.7). For X-ray diffraction data collection, crystals were mounted in a nylon loop, flash
cooled in liquid nitrogen at 100 K and mounted at the MASSIF1 beamline at the European Synchrotron
Radiation Facility. Diffraction was recorded and the structure was determined to a resolution of 2.7 A.
The GFP660NBY crystal belonged to space group P4,212 with unit-cell dimensions a =155.3, b = 155.3,
€c=162.0, a =B =y =90°. Asummary of the data collection statistics is given in Table 2. The final model
yielded crystallographic R factors of 0.20/0.24 (Rwork/Rree) With 97% of residues falling within the
Ramachandran favoured region and no outliers in disallowed regions, and a MolProbity [192]
clashscore of 4.34. Molecular graphics images were produced using the UCSF Chimera package [185].

The structural data have been deposited in the Protein Data Bank with accession code pdb: 6HO1.

0.2 MMgCl, 0.18 MMgCl, 0.1 M Tris pH 7.0 1.1 M tri-Na-citrate
0.1MTris pH 8.5 0.09 M Na-HEPES pH 7.5 20% PEG 1000 0.1 M Na-HEPES pH 7.5
25% 1,2-propanediol 27% PEG 400

10% glycerol 10% glycerol

Figure 2.7: Exemplary crystals of GFP660NBY. Crystallization conditions were screened using the
vapour-diffusion technique in sitting drops. Sitting drops containing 2 pl of protein solution and 2 pl of
precipitant solution were equilibrated at 20 °C against 1 ml of the same buffer in the reservoir.

Unexpectedly, the dark-state sfGFP660ONBY structure revealed a domain-swapped dimeric
arrangement with residues 1- 143 (domain 1) of the first molecule associating with the residues 148 —
235 (domain 2) of the second molecule (Figure 2.8 A). Clear electron density identified the connecting
loops ranging from residues Tyr143 to His148 (Figure 2.8 C), while no electron density was present in
the position corresponding to B-strand B7 in the search model (as previously observed by Groff et al.
[173]). The electron density extends away from the search model, leading to the second monomer
where the protein backbone is also shifted due to the steric interference of the bulky ortho-

nitrobenzyl-group with the normal tight packing of the Bs-strand against the chromophore. The pep-
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Table 2: Data collection and refinement statistics for dark-state sSfGFP660NBY (pdb:6H01)

Data collection

Space group

Cell dimensions
a, b, c(A)
o B,y (°)

Resolution (A)
Rmerge

1/ ol

CC(1/2)
Completeness (%)

Multiplicity

P4, 2,2

155.3, 155.3, 162.0
90, 90, 90

90.93 -2.70 (3.34 - 2.70)
0.055 (0.609)

9.7

0.997 (0.546)

99.90 (99.87)

2.0 (2.0)

Refinement

Resolution (A)

No. reflections

49.32 - 2.70 (2.78-2.70)
54873 (5387)

Ruork / Riree 0.201/ 0.239 (0.35/0.37)
No. atoms
Protein 7273
Chromophore 128
Water 133
Average B-factors (A?)
Protein 47.14
Chromophore 44.28
Water 48.20
R.m.s. deviations
Bond lengths (A) 0.009
Bond angles (°) 1.37
Ramachandran plot analysis
Most favoured region [%] 96.7
Allowed regions [%] 3.2
Generously allowed regions [%] 1

*Values in parentheses are for the highest-resolution shell.
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tide side chains of the B;-strand are reoriented and the bulky side chain of Phe 145 is rotated by 180°
to the outside of the barrel. These backbone rearrangements lead to the exchange of half of the
structure of one monomer with the other monomer, as the backbone of each monomer folds back on
itself between residues 143 and 148 to form intertwined domain-swapped dimers (Figure 2.8 A). The
electron density clearly shows the presence of the ortho-nitrobenzyl group and the cyclized backbone
of the chromophore (Figure 2.8 B) indicating that the ortho-nitrobenzyl-group allows proper

chromophore formation.

A B

Figure 2.8: Crystal structure of the domain-swapped sfGFP660NBY. A. Structure of domain-swapped
sfGFP660ONBY dimer with each chain coloured in blue and green, respectively (pdb: 6H01). B.
sfGFP660NBY was purified and crystallized to yield crystals that diffracted to 2.7 A. The 2Fo-Fc map
contoured at 1 r.m.s.d. clearly shows the presence of the ortho-nitrobenzyl group and the cyclized
backbone forming the chromophore. C. Omit map of the open interface and hinge loop region of the
domain-swapped dimer contoured at 1 r.m.s.d showing the continuous electron density along the loop
connecting the two domains of each chain. This open interface exists only in the domain-swapped
dimer, but not in the wild-type monomer or dimer.

The domain-swapped dimer structure of sSfGFP660ONBY shows a significantly different dimer interface
compared to the wild-type sfGFP structure, which also crystallizes as a dimer (Figure 2.9 A). In the wt-
sfGFP structure the dimer interface is formed by B-strands B; and Bio. In the domain-swapped
sfGFP660ONBY structure the Bio strands are far apart and the only connection between the two barrels
are the loops formed by residues 143-148 (Figure 2.9 A). While the loops (residues 143-148) connecting
the swapped-domains are clearly distinct from the wild-type sfGFP structure, the overall structures of

the individual barrel moieties are very similar with an all-atom RMSD of 1.27 A (0.35 A for Ca atoms).
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Both structures show an 11-strand B-barrel as well as a mature cofactor derived from cyclisation of the
Thr 65 — Tyr 66/0ONBY 66 — Gly 67 tripeptide differing only in the presence of the photocaged tyrosine
(ONBY) in the sSfGFP660ONBY structure, which is clearly visible in the electron density (Figure 2.8 B). The
phenomenon of domain-swapped oligomers has been described in several proteins [193] [194], and in
3DSwap, the curated knowledgebase of proteins involved in 3D domain swapping, nearly 300
depositions can be found [195]. As domain-swapped structures have been mainly observed in crystals,
clear evidence for their functional role in vivo is lacking. However, three possible in vivo functions have
been suggested: regulation of protein function, a mechanism for protein misfolding and aggregation,
and structural diversification during evolution [193]. The sfGFP660NBY structure presented here
constitutes a bona fide domain-swapped structure [196], an arrangement where the dimer adopts a
domain swapped conformation and the monomer adopts a closed conformation [195], as previously

observed for diphtheria toxin or RNase A [197] [198].

Phe 145
Phe 145

Figure 2.9: Structural comparison of sfGFP660NBY domain-swapped structure (cyan, (pdb: 6H01))
with wild-type sfGFP dimer structure (green, pdb:2B3Q). A. One monomer of the dimer is
superimposed. The different orientation of the second monomer in the domain-swapped structure
and the corresponding lack of dimer interface are clearly visible. The second dimer is shifted by 19 A.
B. Chromophores are shown as sticks. Tyr 66 of the chromophore is superimposed. Comparison of the
orientation of Phe 145 in the sfGFP660ONBY structure (cyan) with Phe 145 in the wt-sfGFP structure
(green) indicates that a clear steric clash between Phe 145 in its wt-sfGFP conformation and the ortho-
nitrobenzyl-group of ONBY at position 66 would occur, thus causing the structural rearrangement.
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2.3.4 Structural model interpretation

The surprising observation of a domain-swapped GFP structure prompts to speculate about its
assembly mechanism. Due to the huge thermodynamic stability of folded GFP [107] [199] [200] it is
very unlikely that the domain-swapped structure forms via unfolding of properly folded monomeric
GFP, for example during crystallization. Therefore it was examined whether conclusions regarding
possible folding pathways and intermediates from this domain-swapped structure could be inferred. .
The folding of GFP and its variants has been excessively investigated experimentally and theoretically
[201] [202] [203] [204] [205] [206] [207] [107]. Thirumalai and coworkers used molecular dynamics
simulations to map the folding landscape of GFP and, consistently together with previous studies,
suggest that GFP folds via equilibrium or kinetic intermediates along one of four possible pathways
(EQL, KIN1, KIN2, KIN3) with the so-called EQL pathway characterized by an equilibrium intermediate
[208]. The sfGFP protein chain is built by eleven B-strands forming a cylindrical barrel, with one a-helix
threading straight through the B-barrel. The B-strands can be divided into four folding units: the N-
terminal B-strands (strand 1 — 3), the chromophore-containing helix at the centre of the B-strand
barrel, the three B-strands in the centre (strands 4 — 6), which form local contacts, and the five C-
terminal B-strands (strands 7 — 11) (Figure 2.10). In the EQL folding pathway, the N-terminal B-sheets
B1—Bs and the central helix fold and join to build half of the B-barrel structure. The C-terminal B-sheets
B7— B are unstructured and flexible and are not part of the B-barrel structure. Hence, the C-terminal
B-sheets do not interact with the ordered N-terminal strands B1 - s in this equilibrium intermediate
state. Finally, the C-terminal B-sheets B; — B11 fold and join with the rest of the structure folding into
the B-barrel structure. This EQL folding pathway agrees well with experimental HDX/NMR data that fit
a three-state model and indicate higher flexibility for B-strands B7— B1o as well as stable intermediate
states along the folding pathway of GFP. These folding intermediates retain considerable secondary

and tertiary structure [202].

The domain-swapped sfGFP660ONBY structure presented here contains two domains, Bi- Bs (res. 1-
143) and Bs- Bu1 (res. 148-235), which makes it tempting to speculate that the domain swapped
structure is formed from an intermediate resembling the EQL intermediate postulated by Reddy et al.
[208]. In the sfGFP660ONBY protein, steric clashes of the Phe 145 sidechain with the bulky ortho-
nitrobenzyl group interfere with tight packing around the chromophore, which prevents the folding
and joining of B; — B11to the structured Bi1 — Bs and inhibits folding into the correct monomeric form.
Hence, it is not surprising that sSftGFP660NBY is able to access an alternate domain-swapped folded

structure (Figure 2.8, Figure 2.9, Figure 2.10 C) under certain conditions. It is likely that the domain-
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swapped form of sfGFP660ONBY derives from the same folding intermediate as that postulated for the

EQL folding pathway.

1 2 311107 8 9 4 5 6

Figure 2.10: Postulated folding mechanism of wt-GFP and its implications for the formation of
domain-swapped sfGFP660NBY (pdb: 6H01). A. Topological depiction of wt-GFP. The N-terminal B-
strands are represented in blue, the helix containing the chromophore in the centre of the B-strand
barrel is in green, the central three B-strands are in grey, and the C-terminal B-strands are in red. B.
The postulated folding of wt-GFP in the EQL pathway occurs in a two-state manner via equilibrium
intermediates. The EQL intermediate comprises two domains: a structured N-terminus (B: — Bs) and
structured C-terminus (B7 — B11 in red) connected by a loop. The EQL intermediate is able to fold into
the correct monomeric species. C. In the sfGFP660ONBY protein, steric clashes of Phe145 with the
ortho-nitrobenzyl group interferes with folding and joining of C-terminal 7 — B11(red) to the structured
B1—Bs at the N-terminus and prevent folding of the correct monomer. Hence, the intermediate of the
EQL pathway can only fold into the unusual domain-swapped sfGFP660NBY dimer.

Phe 145 was identified as key residue preventing folding of SfGFP660NBY into a monomeric structure
due to its steric clashes with the nitrobenzyl moiety of the ONBY chromophore. | investigated whether
it adopts the conformation observed in wild-type or sfGFP660ONBY (see above). Therefore, a
sfGFP660ONBY-F145A point mutant was expressed and purified and compared regarding its oligomeric
status to wild-type sfGFP and sfGFP660ONBY. Wild-type GFP and sfGFP are active as a monomers,
however, sfGFP migrates as a dimer on an SDS-PAGE gel without heat treatment and as monomer with
heat treatment and predominantly elute as a monomer from SEC [178] (Figure 2.4). The ONBY variants

sfGFP660ONBY and sfGFP660ONBY-F145A show similar behaviours in SDS-PAGE and SEC as wt-sfGFP. In

36



CHAPTER 2: PHOTOACTIVATABLE GFP — RESULTS AND DISCUSSION

order to verify the oligomeric state of the sfGFP660ONBY variant and to gain further insight into the
postulated folding intermediate as a building block for the domain-swapped structure, native mass
spectrometry was employed (NMS) [209]. For both wt-sfGFP and sfGFP660ONBY, monomeric and
dimeric species were present at low uM concentration with the dimeric fraction representing the
minor population (Figure 2.11). For wt-sfGFP the monomeric and dimeric species were assigned to the
properly folded monomer and dimer structures as observed in the crystal structure [178]. For
sfGFP660ONBY, the dimer mass was assigned to the domain swapped dimer, while the monomer mass
could correspond to the partly unfolded intermediate (Figure 2.10B). This suggests that the samples
used for spectroscopy and crystallography (see above) contained a mixture of monomeric and dimeric
domain-swapped sfGFP660NBY and that only decaging of the monomeric sfGFP660NBY population is
able to restore the wt-sfGFP phenotype and fluorescence, and that the crystallization process may
force the monomers into domain-swapped dimers. In contrast to wt-sfGFP and sfGFP660NBY, the
sfGFP660ONBY-F145A variant is predominantly monomeric in NMS analysis and shows less dimeric

species (Figure 2.11). These results suggest that the F145A mutation indeed allows proper folding of

sfGFP660ONBY.
monomer
+10
dimer
+15
. .

SFGFP660ONBY-F145A =m—————ommqt~ N e S UM o e i N =g
sfGFP660ONBY A ) 4 / L i V- I~
decaged AT AT E. AR AT O e s
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Figure 2.11: Native mass spectrometry analysis of sfGFP variants. Native mass spectra indicate the
presence of monomeric and dimeric species for wt-sfGFP (green), sSfGFP660ONBY (blue) as well as for
decaged sfGFP660ONBY (black) and predominantly monomeric species for sfGFP660ONBY-F145A (red).
Main peaks are annotated with their charge states; positions of equal charge states are depicted in

grey.
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2.4 Conclusion

In summary, the crystal structure of sfGFP660ONBY containing a genetically incorporated unnatural
amino acid as part of the chromophore revealed a novel and unexpected domain-swapped
arrangement. While the suitability of this construct for time-resolved structural studies remains to be
investigated, the domain-swapped structure provides experimental evidence in support of the EQL

GFP folding pathway.
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3. OMPX BINDING STUDIES

3.1 Introduction

Gram-negative bacteria such as E. coli are surrounded by two concentric lipid bilayer membranes. In
contrast to the phospholipid containing inner cytoplasmic membrane, the outer membrane is highly
asymmetric, with its inner side having the same lipid composition as the inner cytoplasmic membrane
and the outer side composed of lipopolysaccharides. This outer membrane is not only protecting
bacteria against their harsh environment, but also plays a crucial role in the transport of molecules and
information. About 50% of the outer membrane mass consists of protein, either in the form of integral
membrane proteins or as lipoproteins that are anchored to the membrane, fulfilling the variety of
completely different functions that are crucial to the bacteria such as solute and protein translocation,
signal transduction and metabolic processes [210]. So far, more than a dozen different outer
membrane proteins have been identified in E. coli [211] and classified into six outer membrane protein
families [210]. Characteristically, integral outer membrane proteins do not consist of transmembrane
a-helices, but instead fold into anti-parallel B-barrels [212]. In recent years, the atomic structures of
several outer membrane proteins have been determined by X-ray crystallography including the OmpA
membrane domain [213], the OmpX protein [214], phospholipase A [215], general porins such as
OmpF [216] and PhoE [217], substrate-specific porins such as LamB [218] and ScrY [219] and the TonB-
dependent iron siderophore transporters FhuA and FepA [220-222]. These crystallographic studies did
not only yield remarkable advances in the understanding of the function of these outer membrane
proteins, but may additionally allow conceptual models for membrane proteins with similar functions
or common principles with unknown structures. Moreover, B-barrels have been studied excessively
since then and are well-described systems as well as suitable objects for engineering, due to their
simple structure and the production in inclusion bodies allowing recovery therefrom in the native
conformation via micelles [223].

The integral outer membrane protein X (OmpX) of E. coli belongs to a family of highly conserved

proteins that appear to be important for virulence by neutralizing the host’s defence mechanism and
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enabling cell adhesion and entry [224]. The protein consists of an 8-stranded antiparallel -barrel [149,
150], which shows two girdles of aromatic amino acid residues and a ribbon of nonpolar residues that
attach to the membrane interior (Figure 3.1). The core of the barrel consists of an extended hydrogen-
bonding network building up an inverse micelle. A peculiarity of OmpX compared to other known outer
membrane proteins is the organization of four elongated B-strands extending beyond the region of the
outer membrane into the extracellular space that feature much less conserved residues compared to
the membrane-spanning part of the barrel [150]. This structural motif, similar to a “fishing rod', has
been proposed to promote cell adhesion and bacterial cell internalization as well as to confer
resistance to the complement system by binding at least one essential external protein containing
complementary B-strands [150]. Consistently, it has been shown that in other bacteria OmpX is also
involved in the invasion of host cells [225-227], neutralizing host defence mechanisms, and bacterial
defence against the complement systems of the host [224]. As there is no direct pathway between the
periplasmic space and the extracellular end of the barrel, OmpX is very unlikely to function as a pore

and involved in secretion or transport processes.

A

Extracellular

Lipid bilayer

Periplasm

Figure 3.1: Topology and Structure of OmpX. A. Topological depiction of OmpX. Extracellular loops
are labelled L1 -L4. Periplasmic end turns are labelled T1 —T3. Residues pointing to the nonpolar
membrane moiety are coloured in yellow. Residues in B-strands are shown in squares; other residues
are in circles. Residue positions involved in virulence and defence of Rck of S. typhimurium (Lys20 and
Thr88) and of Ail of Y. enterocolitica (Asn60, Gly92, Tyr98, His100, Thr102, Val135 and Val137) are
marked in red. The dashed black line indicates the hydrogen-bonding register within the B-barrel
(Modified from Vogt & Schulz, 1999). B. Crystal structure of OmpX (pdb: 1QL8) with extracellular loop
2 coloured in purple and extracellular loop 3 in green.
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Another outer membrane protein belonging to the outer membrane family is OmpA, which is also
expressed in the cell wall of Gram-negative bacteria. Whereas the primary sequence differs from
OmpX, both exhibit a similar eight-stranded transmembrane domain structure, which is highly
conserved throughout evolution [228]. OmpA additionally contains a periplasmic domain, which is not
present in OmpX. Previous studies showed that OmpA is involved in virulence by binding and
selectively activation antigen presenting cells [229]. Based on this structural homology, OmpX may

interacts in a similar fashion with immune cells and exhibits similar biological properties.

Photo-crosslinking agents such as benzophenones, aryl azides, diazoesters and diazarenes have been
extensively used as photophysical probes to identify and map protein—protein or protein-nucleic acid
interactions in vitro and living cells [38, 39, 131, 230]. Among these, benzophenones are the most
useful since they are chemically stable, can be routinely manipulated under ambient light and do not
photo-dissociate [231, 232]. Upon excitation at 350—-360 nm, the reactive groups interact with other
adjacent carbon-hydrogen bonds. In 1986, DeGrado and coworkers were the first to demonstrate that
the photo-crosslinking amino acid para-benzoyl-L-phenylalanine (BPA) could be site-specifically
incorporated into synthetic proteins via solid-phase peptide synthesis [233]. Although this method has
been used intensively since then for protein-peptide interaction analysis [231], the method was limited
to small proteins or peptides and amino acids on the surface proteins cacheable by solid-phase peptide
synthesis. In 2002, Schultz and coworkers developed a method based on orthogonal aminoacyl-tRNA
synthetase/tRNA pairs for the in vivo incorporation of BPA into proteins in response to the “amber”

codon, which is not limited to protein size or accessibility of the amino acid [94].

Understanding the function, biochemical characteristics and stabilizing agents of the OmpX structure,
as well as factors determining protein interaction with its surrounding lipid environment, is critical to
decipher its role in virulence and pathogenicity. Hence, the light-activatable crosslink probe BPA was
used to analyse the function of OmpX and identify possible protein-protein-interactions in in vivo
experiments. Since BPA is an analogue of tyrosine (Figure 3.2) both amino acids share high structural
similarity making tyrosine residues easily replaceable by BPA. Crucial tyrosine residues in the
extracellular loops were selected and replaced by BPA to identify possible interaction partners and

elucidate the function of OmpX.
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NH» COOH NH2 COOH
N O
0
L-tyrosine para-benzoyl-L-phenylalanine

Figure 3.2: L-Tyrosine and its analogue para-benzoyl-L-phenylalanine (BPA).

3.2 Materials and Methods

3.2.1 Cloning and expression of OmpX variants

The plasmid pET21a-OmpXAS-6His was a generous gift from Franz Hagn (TU Minchen, Germany).
Cloning of the ompX gene containing the signal peptide for insertion in the membrane was achieved
by the generation of pET21a-OmpXSP via site-directed PCR mutagenesis using primers containing the
signal peptide motif. This plasmid was cotransformed into E. coli BL21 (DE3) Gold cells together with
the plasmid pET-sfGFP-His6, containing the gene for sfGFP. The cotransformation and expression of
sfGFP allows localisation of bacterial cells in fluorescence microscopy. Proteins were overexpressed in
E. coli strain BL21(DE3) Gold in terrific broth (TB) medium. A single colony of the cells, grown on a LB-
agar plate with ampicillin (100 pg/ml) and kanamycin (25 pg/ml) overnight at 37 °C, was used to
inoculate a 10 ml pre-culture with LB-medium containing the same antibiotics. The pre-culture was
grown for 16 hours at 37 °C at 180 rpm and subsequently used to inoculate the expression culture (50
ml TB-medium at 37 °C und 180 rpm, supplemented with the same antibiotics). Gene expression was
induced at an ODggo of 0.6-0.8 by addition of 1 mM isopropyl thiogalactopyranoside (IPTG) and the

expression was conducted for 5 hours. Purity was assessed by NMR.

For incorporation of para-(benzoyl)-phenylalanine (BPA) at two specific extracellular loop positions,
the residues Y57 or Y95 were mutated to the “amber” codon, TAG, via site-directed mutagenesis, to
generate pET21a-OmpXSP-Y57BPA and pET21a-OmpXSP-Y95BPA. This plasmid was cotransformed
into E. coli BL21 (DE3) Gold cells together with the plasmid pET-sfGFP-His6, containing the gene for

sfGFP, and pEVOL-pBpF, containing the orthogonal tRNA / aaRS pair for incorporation of BPA. Proteins
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were overexpressed in E. coli strain BL21(DE3) Gold in terrific broth (TB) medium. A single colony of
the cells, grown on a LB-agar plate with ampicillin (100 pg/ml), kanamycin (25 pg/ml) and
chloramphenicol (34 pug/ml) overnight at 37 °C, was used to inoculate a 10 ml pre-culture with LB-
medium containing the same antibiotics. The pre-culture was grown for 16 hours at 37 °C at 180 rpm
and subsequently used to inoculate the expression culture (50 ml TB-medium at 37 °C und 180 rpm,
supplemented with the same antibiotics). BPA was added to a final concentration of 1 mM and
arabinose to a final concentration of 0.02 % for induction of the tRNA/aaRS pair, and protein
production was induced by the addition of 1 mM IPTG with a delay of 60 min and the expression was

conducted for 5 hours.

Truncated extracellular loop variants were generated by site-directed mutagenesis changing the motif
of the extracellular loops to a “GSSG” (glycine-serine-serine-glycine) motif, yielding pET21a-OmpX-SP-
Y95BPA-EL2, pET21a-OmpX-SP-Y57BPA-EL3 and pET21a_OmpX-SP-EL2-EL3. Sequences of all isolated
plasmids were verified by sequencing. Plasmids were cotransformed into E. coli BL21 (DE3) Gold cells
together with the plasmid pET-sfGFP-His6, containing the gene for sfGFP, and pEVOL-pBpF, containing
the orthogonal tRNA / aaRS pair for incorporation of BPA. Proteins were overexpressed in E. coli strain
BL21(DE3) Gold in terrific broth (TB) medium. A single colony of the cells, grown on a LB-agar plate
with ampicillin (100 pg/ml), kanamycin (25 pug/ml) and chloramphenicol (34 ug/ml) overnight at 37 °C,
was used to inoculate a 10 ml pre-culture with LB-medium containing the same antibiotics. The pre-
culture was grown for 16 hours at 37 °C at 180 rpm and subsequently used to inoculate the expression
culture (50 ml TB-medium at 37 °C und 180 rpm, supplemented with the same antibiotics). BPA was
added to a final concentration of 1 mM and arabinose to a final concentration of 0.02 % for induction
of the tRNA/aaRS pair, and protein production was induced by the addition of 1 mM IPTG with a delay

of 60 min and the expression was conducted for 5 hours.

3.2.2 Human cell culture

Human embryonic kidney 293 cells (HEK 293) were cultivated in DMEM GlutaMAX media (Gibco)
supplemented with 10 % fetal calf serum (FCS) and 1 % Penicillin / Streptomycin at 37 °C and 5 % CO..
Hela cells were cultivated in DMEM GlutaMAX media (Gibco) supplemented with 10 % FCS and 1 %
Penicillin / Streptomycin at 37 °C and 5 % CO,. THP-1 cells were cultivated in RPMI1640 GlutaMAX
media (Gibco) supplemented with 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
0.05 mM 2-mercaptoethanol, 10 % FCS and 1 % Penicillin / Streptomycin at 37 °C and 5 % CO.. Jurkat
cells were cultivated in RPMI1640 GlutaMAX media (Gibco) supplemented with 25 mM HEPES, 7.5 %
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newborn calf serum and 1 % Penicillin / Streptomycin at 37 °C and 5 % CO..

3.2.3 Adhesion assay

Liquid adhesion tests: To determine bacterial adhesion to human cells, adhesion assays were
performed as described previously with minor alterations [234]. Briefly, bacteria were prepared by
transferring sufficient inoculum from overnight cultures into fresh, prewarmed TB media to reach an
ODeoo of 0.1, followed by incubation at 37°C with constant shaking until ODgg of 0.6 — 0.8 and gene
expression for 5 hours. Bacterial cells were washed three times with PBS and resuspended in
corresponding human cell growth medium without antibiotics. Human suspension cells were collected
by centrifugation at 200 x g, washed three times with phosphate-buffered saline (PBS) at pH 7.4
(Gibco), and resuspended in corresponding growth medium without antibiotics for adhesion assays.
Human adhesion cells were treated with trypsin for detachment, collected by centrifugation at 200 x
g, washed three times with PBS (pH 7.4), and resuspended in corresponding growth medium without
antibiotics for adhesion assays. Human cell cultures were infected with bacteria at a multiplicity of

infection (MOI) of 10, 20 and 50 and incubated for 1 h at 37 °C with mild agitation.

Adhesive adhesion test: To determine bacterial adhesion to human cells, adhesion assays were
performed as described previously with minor alterations [234]. Briefly, bacteria were prepared by
transferring sufficient inoculum from overnight cultures into fresh, prewarmed TB media to reach an
ODeoo of 0.1, followed by incubation at 37°C with constant shaking until ODgg of 0.6 — 0.8 and gene
expression for 5 hours. Bacterial cells were washed three times with PBS and resuspended in
corresponding human cell growth medium without antibiotics. Human suspension cells were collected
by centrifugation at 200 x g, washed three times with PBS (pH 7.4), and resuspended in corresponding
growth medium. Cells were plated in appropriate cell concentrations according to the American Type
Culture Collection’s manuals on fibronectin-coated [50 pg/ml] 35 mm MatTEK glass bottom dishes (14
mm glass diameter) and incubated for 45 min at 37 °C and 5 % CO,. Cells were washed three times
with PBS and growth medium without antibiotics was added. Monolayer cells were infected with
bacteria at a multiplicity of infection (MOI) of 50 and incubated for 1 h. Cell viability was determined
by trypan blue staining. Human adhesion cells were treated with trypsin for detachment, collected by
centrifugation at 200 x g, washed three times with PBS (pH 7.4), resuspended in corresponding growth
medium. Cells were plated in appropriate cell concentrations according to the American Type Culture
Collection’s manuals on fibronectin-coated 35 mm MatTEK glass bottom dishes (14 mm glass diameter)

and incubated for 16 hours at 37 °C and 5 % CO,. The cells formed monolayers after 1 day and cell
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viability was determined by trypan blue staining. Cells were washed three times with PBS and growth
medium without antibiotics was added. Monolayer cells were infected with bacteria at a multiplicity

of infection (MOI) of 50 and incubated for 1 h. Cell viability was determined by trypan blue staining.

3.2.4 Photo-crosslinking

To perform in vivo crosslinking, liquid samples and dishes containing cells were subjected to UV
irradiation at 365 nm light (Spectroline” E-Series 6 W UV lamp) for 1 h. To remove unbound bacterial
cells, liquid samples were centrifuged at 200 x g and washed with PBS and the procedure was repeated
twice. Afterwards crosslinked cells were transferred to a microscope slide, covered with a cover slip
and sealed before imaging. To remove unbound bacterial cells from adherent cells, dishes were
washed three times with PBS, followed by adding PBS before imaging. As control, bacterial cells
expressing only green fluorescent protein were crosslinked with para-formaldehyde (3.7% in PBS; 15

min) and washed three times with PBS.

3.2.5 Confocal laser fluorescence microscopy

To monitor bacterial cell location, all bacterial cells were cotransformed with green fluorescent protein
(GFP) by electroporation. The presence of the plasmid and cytosolic GFP did not affect the adhesion
capabilities. Fluorescence signals were recorded using an inverted confocal laser scanning Leica DM
IRBE microscope combined with fluorescence correlation spectroscopy (Leica, Germany) with a 40 x

oil immersion objective. Bright field and fluorescence images were analysed and merged with Fiji [235].

3.2.6 Statistical analysis

All experiments were performed at least in triplicate. Data from cell culture experiments were analysed

using GraphPad Prism (version 7.04 for Windows, GraphPad Software, La Jolla California USA).

3.2.7 Membrane preparations

Crosslinked cells were collected from 35 mm MatTEK glass bottom dishes (14 mm glass diameter),
centrifuged at 4,000 x g for 20 min at 4°C and resuspended in 50 mM Tris-HCI pH 7.5, 200 mM NaCl,
5% (v/v) glycerol, 1 mM PMSF. Lysozyme was added to the concentration of 300 pug/ml and the cells
incubated for 4h at 4° C. 1 mM MgCl, and 1 pl of DNase | (Img/ml) were added and incubated for 30
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min at 4° C. Disrupted cells were centrifuged at 16,000 x g for 30 mins, and the supernatant centrifuged

at 40,000 x g for 90 min in an ultracentrifuge to retrieve the membranes.

3.2.8 Western Blot

SDS-PAGE was performed as described in the section Appendix — General Sample Preparation
Techniques. Proteins were transferred to a polyvinylidene difluoride membrane (activated before
usage in methanol) by western blotting at 50 V for 1.5 h at RT with ice-cold transfer buffer (20 mM
Tris, 150 mM glycine, 10 % SDS and 20 % methanol). Blotted membranes were carefully rinsed with
ddH,0. The membrane was blocked for unspecific binding with 5 ml 5 % milk powder in PBS with 0.1
% Tween 20 for 1 hours at RT. The blocking buffer was removed and membranes washed three times
for 10 min with PBS. The membrane was incubated with 1:5,000 diluted Penta-His-HRP conjugate
antibody (Qiagen) in 5 ml and 3 % for 16 hours at 4 °C. The antibody was removed and the membranes
washed three times for 10 min with PBS. 1 ml of ECL solution (Supersignal West His Probe Kit, Thermo
Fisher Scientific) was added to the membrane and incubated for an appropriate time. The picture was

acquired with a Bio-Rad ChemiDoc MP imaging system.

3.3 Results and Discussion

3.3.1 Adhesion assay and imaging

Understanding the function and biochemical interactions of OmpX is critical to decipher its role in
virulence and pathogenicity. Based on this lack of knowledge, OmpX mutant variants were designed
for protein-protein-interaction studies with the photo-crosslinker BPA in human cell lines in order to
elucidate possible interaction partners indicating the function of OmpX. A sequence analysis of the
ompX gene revealed three tyrosine residues in the extracellular loops: Y57 in extracellular loop 2 (EL2)
and Y95 and Y98 in extracellular loop 3 (EL3) with Y95 stretching away from the protein and Y98
pointing towards the protein. Based on these findings, Y57 and Y95 were chosen for possible positions
for BPA incorporation, and OmpX variants containing the “amber” codon at corresponding position
were generated. After mutagenesis, the mutant variants were coexpressed with an orthogonal tRNA

and aminoacyl-tRNA-synthetase pair recombinantly in E. coli BL21(DE3) Gold cells.

For protein-protein interactions studies, the human cell lines HEK293, Hela, THP-1 and Jurkat were
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chosen for a high cell lines diversity, whereof HEK293 and Hela cells are adherent cells and THP-1 and
Jurkat cells are suspension cells. HEK293 cells are epithelial cells originally derived from human
embryonic kidney [236]. Characteristic for these cells is the expression of an unusual cell surface
receptor for vitronectin composed of the integrin B-1 subunit and the vitronectin receptor a subunit.
Hela cells are also epithelial cells and were originally derived from cervical cancer cells. It is the oldest
and most commonly used human cell line [237]. THP-1 is a human monocytic cell line derived from
the peripheral blood an acute monocytic leukaemia patient [238]. This cell line expresses the cytokine
signalling molecule interleukin-2 (IL2) of the human immune system as well as the antigen cluster of
differentiation 3 (CD3) T cell co-receptor involved in T cell and T helper cell activation. Additionally it
harbours the T cell antigen receptor. Jurkat cells are lymphoblasts derived from T lymphocyte cells also
from the peripheral blood. This cell line produces several proteins involved in the human immune
system such as HLA A2, A9, B5, DRw1 and DRw2. Moreover, it expresses several antigens and features
the complement receptor 3 as well as the Fc receptor. The cells are phagocytic and lack surface and

cytoplasmic immunoglobulin [239].

Figure 3.3: Schematic overview of experimental setup for adhesion assays. A. For liquid adhesion
assays, human cells in suspension were infected with an excess of bacterial cells overexpressing ompX,
crosslinked with light of 365 nm, excessively washed to remove unbound bacterial cells and transferred
to microscope slides for imaging. B. For adherent adhesion assays, human cells growing on glass
bottom dishes were infected with an excess of bacterial cells overexpressing ompX, crosslinked with
light of 365 nm, excessively washed to remove unbound bacterial cells, followed by direct imaging.

For in vivo liquid adhesion assays, all cell lines were used in suspension. In contrast to the suspension
cells THP-1 and Jurkat, the adherent HEK293 and Hela cells therefore required a trypsin treatment

resulting in suspended cell. Suspension cells were infected with bacterial cells expressing the different
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OmpX variants at a multiplicity of infection (MOI) of 10, 20 and 50 and crosslinked and imaged on
microscope slides with a Leica DM IRBE inverted microscope with a 40 x oil immersion objective (Figure
3.3A). E. coli expressing only endogenous OmpX level were not crosslinked, whereas E. coli
overexpressing OmpX were crosslinked with 3.7 % para-formaldehyde for 15 min and E. coli expressing
the both OmpX-Y57BPA and OmpX-Y95BPA variants were crosslinked by irradiation of 365 nm light for
60 min. All bacterial cells coexpressed gfp as probe for easy and quick visualization and localization.
The cells were first imaged using conventional light microscopy allowing identification of the large
eukaryotic cells in bright field illumination. Eukaryotic cells had excellent spreading and good
dispersions allowing single cell imaging. To identify bacterial cells, fluorescence was induced by
irradiation of 355 nm light. Images were analysed by Fiji software and bright field and fluorescence
images were merged. Imaged eukaryotic cells with an MOI of 50 are exemplary shown in Figure 3.4.
For all three experiments with different MOI of 10, 20 and 50 similar observations could be made: For
HEK293 and Hela nearly no adhesion of E.coli cells and only scattered E. coli could be overserved after
infection and crosslinking with E.coli expressing the different OmpX variants. For Jurkat and THP-1 cells
a slightly higher adhesion could be observed for E. coli overexpressing OmpX variants crosslinked either
with para-formaldehyde or with 365 m light and no adhesion for E. coli with endogenous levels of
OmpX (Figure 3.4). The fact that no attachment of bacterial cells could be observed might have several
reasons. First, in the most obvious case OmpX might not bind specifically to any of the selected
eukaryotic cells. Since HEK293 and Hela are epithelial cells from internal organs, these might be no
direct targets in cell adhesion of OmpX. THP-1 cells are monocytes found in the peripheral blood and
are a key player in the human innate immune system. Similar to THP-1 cells, Jurkat cells are also
involved in the immune system: as T lymphocytes they play a central role in cell-mediated immunity.
Furthermore, the crosslinking experiments might have not been successful since no difference
between conventional crosslinking with para-formaldehyde or BPA can be detected. Additionally, the
excessive washing steps after crosslinking might have been too harsh and destroyed the crosslinks.
Apart from this a liquid test may not be suitable for adhesion assays since it complicates the binding

due to continuous agitation during the experiment.

Based on the experiences gained with liquid adhesion assays, a fixed-cell adhesion assay was
performed. In this regard, MATtek glass bottom dishes with 14 mm glass windows for direct imaging
were coated with fibronectin for eukaryotic cell adhesion. The adherent cell lines HEK293 and Hela
formed monolayers after 1 day. The suspension cell lines Jurkat and THP-1 were fixed 1h before the
experiment to maintain high cell viability. Eukaryotic cells were infected with a MOI of 50 to exclude

too low infection rates in the former experiment, followed by crosslinking and imaging with a Leica DM
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HEK293 HelLa Jurkat THP-1

N . - . .
GFP x
OmpXSP
GFP x
OmpXSP-Y57BPA
GFP x
OmpXSP-Y95BPA

Figure 3.4: Confocal fluorescence micrographs of liquid adhesion assay. HEK293, Hela, Jurkat and
THP-1 cells were infected with bacterial cells with a MOI of 50. All bacterial cells coexpress gfp for
visualisation. Bacterial cells overexpressing ompXSP were crosslinked with para-formaldehyde.
Bacterial cells overexpressing ompXSP containing BPA were crosslinked with 365 nm light for 60 min.
Scale bars represent 10 um in all images. A Leica DM IRBE inverted microscope with a 40 x oil
immersion objective were used. Abbreviations: GFP, bacterial cells expressing only endogenous ompX;
OmpXSP, bacterial cells overexpressing ompXSP crosslinked with para-formaldehyde, OmpXSP-
Y57BPA, bacterial cells overexpressing ompXSP containing BPA at position 57 crosslinked with 365 nm
light, OmpXSP-Y95BPA, bacterial cells overexpressing ompXSP containing BPA at position 95
crosslinked with 365 nm light.

IRBE inverted microscope with a 40 x oil immersion objective (Figure 3.3B). As previously, E. coli
expressing only endogenous OmpX level were not crosslinked, whereas E. coli overexpressing ompX
were crosslinked with 3.7 % para-formaldehyde for 15 min and E. coli expressing the both OmpX-Y57
and OmpX-Y95 variants were crosslinked by irradiation of 365 nm light for 60 min. All bacterial cells
coexpressed gfp as probe for easy and quick visualization and localization. The cells were first imaged
using conventional light microscopy allowing identification of the large eukaryotic cells in bright field

IRBE inverted microscope with a 40 x oil immersion objective (Figure 3.3B). As previously, E. coli ex-
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pressing only endogenous OmpX level were not crosslinked, whereas E. coli overexpressing ompX were
crosslinked with 3.7 % para-formaldehyde for 15 min and E. coli expressing the both OmpX-Y57 and
OmpX-Y95 variants were crosslinked by irradiation of 365 nm light for 60 min. All bacterial cells
coexpressed gfp as probe for easy and quick visualization and localization. The cells were first imaged

using conventional light microscopy allowing identification of the large eukaryotic cells in bright field

HEK293 HelLa Jurkat THP-1
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GFP x
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Figure 3.5: Confocal fluorescence micrographs of fixed-cell adhesion assay. HEK293, Hela, Jurkat and
THP-1 cells were infected with bacteria with a MOI of 50. All bacterial cells coexpress gfp for
visualisation. Bacterial cells overexpressing ompXSP were crosslinked with para-formaldehyde.
Bacterial cells overexpressing ompXSP containing BPA were crosslinked with 365 nm light for 60 min.
Scale bars represent 10 um in all images. A Leica DM IRBE inverted microscope with a 40 x oil
immersion objective were used. Abbreviations: GFP, bacterial cells expressing only endogenous ompX;
OmpXSP, bacterial cells overexpressing ompXSP crosslinked with para-formaldehyde, OmpXSP-
Y57BPA, bacterial cells overexpressing ompXSP containing BPA at position 57 crosslinked with 365 nm
light, OmpXSP-Y95BPA, bacterial cells overexpressing ompXSP containing BPA at position 95
crosslinked with 365 nm light.
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illumination. Again, good cell spreading was achieved to allow single cell imaging. To identify bacterial
cells, fluorescence was induced by irradiation of 355 nm light. Images were analysed by Fiji software
and bright field and fluorescence images merged. Imaged infected eukaryotic cells with an MOI of 50
are shown in Figure 3.5. For HEK293 cells no bacterial cell adhesion could be observed for all four
bacterial variants, although a higher number of unbound, randomly moving bacteria is present
compared to the liquid adhesion assay. Similar to HEK293, no adhesion of bacterial variants to Hela
cells can be observed and a higher number of unbound, randomly moving bacteria compared to the
liqguid adhesion assay. In case of the Jurkat cells, no interaction could be seen for bacterial cells with
endogenous OmpX and some adhesion for bacteria overexpressing ompX and crosslinked via para-
formaldehyde. Interestingly, the BPA-crosslinked bacteria cluster around the eukaryotic cells indicating
a distinct adhesion visible as green circles and crescents in intersections as well as spheres in focus
stacking. In the presence of THP-1 cells, the bacteria show a similar behaviour as in presence of Jurkat
cells: para-formaldehyde- as well as BPA-crosslinked bacteria appear as bright green clusters around
the eukaryotic cells. In all experiments a higher number of randomly moving bacteria can be observed
compared to the liquid adhesion assay indicating either insufficient washing steps or already detached

bacteria due to excessive washing, with the first one more likely.

Additionally to the qualitative observations by confocal fluorescence microscopy, the ability of the
bacteria with endogenous OmpX levels, overexpressed ompX levels and the BPA-crosslinking-variants
to attach to eukaryotic cells have been analysed quantitatively (Figure 3.6). Experiments were
performed in triplicate and for each experiment at least 20 cells were analysed with respect to
adhesion. For HEK293 and Hela cells, there was no significant difference between the different
bacteria and no adhesion could be observed at all. In case of the Jurkat cells, the differences in
adhesion ability between the para-formaldehyde crosslinked and between the BPA-crosslinked
variants were statistically significant, with the number for the BPA-crosslinked attached bacterial cells
at least twice as high. A similar high number of attached bacterial cells was reached for THP-1 cells
either crosslinked with para-formaldehyde or BPA. Both Jurkat and THP-1 cells show no adhesion to
bacterial cells with non-crosslinked endogenous OmpX levels. These results suggest that OmpX
specifically binds to Jurkat and THP-1 cells upon higher expression levels. Both EL2 and EL3 seem to
play a crucial role since similar ratios of adherent bacterial cells could be observed for both BPA-
containing OmpX variant proteins. Additionally, BPA shows a slightly higher crosslinking compared to

para-formaldehyde.
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Figure 3.6: Statistical analysis of adhesion by bacterial calls expressing different ompX variants.
Eukaryotic cells grown on 35 mm glass bottom dishes (14 mm glass diameter) were infected with E.
coli expressing ompX variants at an MOI of 50 and incubated for 1 h, followed by crosslinking for 1 h.
The bars represent means plus standard deviations from three independent performed experiments.
Abbreviations: GFP, bacterial cells expressing only endogenous ompX; OmpXSP, bacterial cells
overexpressing ompXSP crosslinked with para-formaldehyde, OmpXSP-Y57BPA, bacterial cells
overexpressing ompXSP containing BPA at position 57 crosslinked with 365 nm light, OmpXSP-Y95BPA,
bacterial cells overexpressing ompXSP containing BPA at position 95 crosslinked with 365 nm light.

This coincides with work done by Delneste and coworkers using fluorescence-activated cell sorting
(FACS) showing also that OmpX from E. coli bind various human and murine antigen presenting cells
such as monocytes, macrophages and T cells and is internalized by them, but surprisingly does not
activate them [240]. It further might suggest that OmpX binds similar as OmpA to cells involved in the
immune reaction but not to the same structures. This indicates that OmpX-binding molecules or
structures may exist on Jurkat (T lymphocytes) as well as THP-1 (monocytes) cells.

In order to investigate the role of both extracellular loops EL2 and EL3, truncated extracellular loop
variants were generated with either one or both extracellular loops 2 and 3 being shortened (Figure
3.7) and additional replacing the loop regions by a glycine-serine-serine-glycine (“GSSG”) motif,
yielding OmpXSP-Y57BPA-EL3 (EL3 truncation), OmpXSP-Y95BPA-EL2 (EL2 truncation) and OmpXSP-
EL2-EL3 (EL2 and EL3 truncation). Extracellular loop truncations does not seem to impact gene
expression or protein folding since normal cell growth was observed during gene expression and

protein sequence was confirmed with mass spectrometry afterwards.
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EL3 EL2

Figure 3.7: Construction of extracellular loop 2 (EL2) and 3 (EL3) mutants. Residues in B-strands are
shown in squares; other residues are in circles. Residues from the wild-type OmpX also used for
mutants are coloured in orange for better comparison A. Arrangement of EL2 and EL3 in wild-type
OmpX. Position Y57 in EL2 and Y97 in EL3 for BPA incorporation are coloured in blue. B. Arrangement
of EL2 and EL3 in OmpX mutant variants. Extracellular loops were truncated and replaced by the
“GSSG” motif.

The abilities of the extracellular truncation mutants to attach to HEK293 cells, Hela cells, Jurkat cells
and THP-1 cells were compared using adhesion assays. For OmpXSP-Y57BPA-EL3, OmpXSP-Y95BPA-
EL2 and OmpXSP-EL2-EL3 the fixed-cell adhesion assay was repeated as described above. Eukaryotic
cells were infected with a MOI of 50 with the extracellular loop truncation variants and OmpXSP-
Y57BPA-EL3 and OmpXSP-Y95BPA-EL2 were again photo-crosslinked with 365 nm light and OmpXSP-
EL2-EL3 was crosslinked with 3.7 % para-formaldehyde, followed by direct imaging with a Leica DM
IRBE inverted microscope with a 40 x oil immersion objective (Figure 3.3B). The resulting micrographs
are shown in Figure 3.7. Again no adhesion could be observed for any of the variants with HEK293 or
Hela cells. The adhesion ability of the truncated extracellular versions decreased drastically, with
basically no adhesion for the double truncated version for both Jurkat and THP-1 cells, whereas the
single truncated variants show a weak ability to adhere to Jurkat and THP-1 cells (Figure 3.8 + Figure
3.9) with a slightly higher ability of OmpXSP-Y95BPA-EL2. These finding suggest that both EL2 and EL3
are essential for binding to Jurkat and THP-1 cells and deletion of at least one of the extracellular loops

leads to decreased adhesion ability.
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Figure 3.8: Confocal fluorescence micrographs of fixed-cell adhesion assay of OmpX extracellular
loop variants. HEK293, Hela, Jurkat and THP-1 cells were infected with bacteria with a MOI of 50. All
bacterial cells coexpress gfp for visualisation. Bacterial cells overexpressing ompXSP were crosslinked
with para-formaldehyde. Bacterial cells overexpressing ompXSP containing BPA were crosslinked with
365 nm light for 60 min. Scale bars represent 10 um in all images. A Leica DM IRBE inverted microscope
with a 40x oil immersion objective were used. Abbreviations: GFP, bacterial cells expressing only
endogenous ompX; OmpXSP-EL2-EL3, bacterial cells overexpressing ompXSP with EL2 and EL3
truncated crosslinked with para-formaldehyde, OmpXSP-Y57BPA-EL3, bacterial cells overexpressing
ompXSP containing BPA at position 57 and a truncated EL3 crosslinked with 365 nm light, OmpXSP-
Y95BPA-EL2, bacterial cells overexpressing ompXSP containing BPA at position 95 and an truncated EL2
crosslinked with 365 nm light.
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Figure 3.9: Statistical analysis of adhesion by bacterial calls expressing different ompX extracellular
loop variants. Eukaryotic cells grown on 35 mm glass bottom dishes (14 mm glass diameter) were
infected with E. coli expressing ompX variants at an MOI of 50 and incubated for 1 h, followed by
crosslinking for 1 h. The bars represent means plus standard deviations from three independent
performed experiments. Abbreviations: GFP, bacterial cells expressing only endogenous ompX;
OmpXSP-EL2-EL3, bacterial cells overexpressing ompXSP with EL2 and EL3 truncated, OmpXSP-
Y57BPA-EL3, bacterial cells overexpressing ompXSP containing BPA at position 57 and a truncated EL3,
OmpXSP-Y95BPA-EL2, bacterial cells overexpressing ompXSP containing BPA at position 95 and an
truncated EL2.

3.3.2 Membrane preparations

In order to identify possible interaction and binding partners of OmpX, the fixed-cell adhesion assay
was performed as previously describe with bacterial cells overexpressing ompXSP crosslinked with
para-formaldehyde, bacterial cells overexpressing ompXSP containing BPA at position 57 crosslinked
with 365 nm light, and bacterial cells overexpressing ompXSP containing BPA at position 95 crosslinked
with 365 nm light, as well as the eukaryotic cell lines Jurkat and THP-1 and Hela cells as negative
controls. Crosslinked cells were imaged as above to control successful crosslinking and adhesion,
followed my membrane preparation. Membranes were isolated by ultracentrifugation and crude
membrane extracts were used to perform a SDS-PAGE as well as western blot analysis (Figure 3.10). A
faint band appears around 20 kDa corresponding to OmpX. OmpX can be clearly identified by western
blot, but no additional bands for possible OmpX crosslinked proteins appear. Subsequently, the gel

was cut into small appropriate fractions for each crosslinking experiment and analysed by mass
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spectrometry to identify possible interactions partners (data not shown). The received list of possible
interaction partners was not conclusive and revealed only impossible interaction partners. This might
be due to two possible reason: either the crosslinked interactions were not stable enough and broke
during membrane preparation or OmpX does not bind to any protein or peptide structures but rather
binds to oligo- or polysaccharide structures present on the surface of eukaryotic cells involved in
immune reactions. To exclude disruption of the crosslinks, crude crosslinked cell extracts were also
analysed by SDS-PAGE and mass spectrometry yielding the same results indicating that OmpX might

indeed bind to oligo- or polysaccharide structures present on the human antigen presenting cells.

Hela Jurkat THP-1
1 2 3 4 5 67 8 9

' ! 4 : »

Hela Jurkat THP-1
1 2 3 4 5 67 8 9

20 kDa

Figure 3.10: SDS-PAGE and western blot analysis of OmpX variant membrane preparations. A faint
band corresponding to OmpX becomes visible in the sample after membrane and a strong band in the
western blot appears (1 = OmpXSP, 2 = OmpXSP-Y57BPA, 3 = OmpXSP-Y95BPA, 4 = OmpXSP, 5 =
OmMpXSP-Y57BPA, 6 = OmpXSP-Y95BPA, 7 = OmpXSP, 8 = OmpXSP-Y57BPA, 9 = OmpXSP-Y95BPA).

3.4 Conclusion

Fixed-cells adhesion assays were the key to allow attachment of E. coli cells to human antigen
presenting cells. Crosslinking with BPA improved stabilization and fixation of crosslinks between
bacterial and eukaryotic cells compared to conventional para-formaldehyde crosslinking. Consistent
with previous studies, OmpX binds to monocytes and T lymphoblasts of the human immune system
but not to human epithelial cells. Overexpression of ompX is required for establishment of binding
indicating that upon recognition and binding of antigen presenting cells a complex signal cascade needs
to be activated. The adhesion of bacterial cells is established by the extracellular loops 2 and 3 of OmpX
since extracellular loop truncations lead to much less effective binding. Analysis of membrane fractions

of crosslinked cells could not reveal any peptide-interactions but might indicate a possible interaction
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with distinct oligo- or polysaccharide structures found on the cell surface. In the future, highly
interesting information about the still poorly understood binding mechanism as well as possible
interaction partners might be obtained from saccharide microarrays or peptide microarrays for high-
throughput screenings. Further experiments might also provide valuable insights into possible binding

motifs and mechanism.
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RESIDUE-SPECIFIC PROTEIN LABELLING
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CHAPTER 4

4. THIOCYANATE LABELLING IN LYSOZYME

Parts of this work were accomplished in collaboration with Dr. Stephan Niebling (Huse Lab, University

Hamburg, Germany).

4.1. Introduction

Vibrational spectroscopy utilizes the interaction of light with matter on the femtosecond timescale,
making it a perfect tool for the study of structure and dynamics in a wide variety of molecular systems
and biological applications [241-244]. Each molecule absorbs specific frequencies in dependence on its
structural characteristics including spatial arrangements, constitution of atoms as well as the
multiplicity of the related chemical bonds. As a result the frequency of the absorbed radiation of a
molecule coincides with its vibrational frequency which occurs in different so-called vibrational modes
that can be classified according to symmetry and type of mode: symmetric and antisymmetric
stretching, scissoring, rocking, wagging and twisting. The activation of a vibrational mode in the context
of infrared spectroscopy requires a change in the dipole moment [245]. The endogenous vibrational
modes of the protein backbone including the amide | mode (1600 — 1700 cm?), amide Il mode (1480 —
1575 cm?), amide 11l (1230 — 1330 cm™) and amide A mode (3250 — 3300 cm) has been widely used
in the analysis of changes in local structure, solvation status, electrostatics, and dynamics of proteins
[246-249]. However, in many cases it is difficult, if not even impossible, to investigate the local
structural changes in proteins based on the intrinsic vibrational modes as these represent the global
structural state of a protein leading to spectral crowding and difficult signal assignment. To overcome
these limitations, recent research focused on the development and application of a variety of methods
to incorporate exogenous vibrational that can be used for site-specific studies [244]. An alternative
way to study local conformational changes in proteins with vibrational spectroscopy uses specific
unnatural amino acids as infrared probes, which can be either site-specifically incorporated for
instance in vivo via “amber”-codon suppression [48] or residue-specifically by in vitro side chain

modifications such as cysteine alkylation [250] or cysteine thio-cyanylation [251]. These infrared
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probes are often rather small causing minimal structural perturbations, have a strong transition dipole
moment allowing low sample concentrations, and show a strong dependence on the physical property
of interest, such as the local electric field [252]. In addition, an ideal probe features a simple and
localized transition that is only sensitive to its microenvironment, since vibrational couplings and
spectral overlap might significantly render the interpretation, as well as a spectrally separated and
intense absorption in the infrared spectrum. Commonly used side chain-based infrared probes contain
nitrile or azide groups, such as 4-cyano-L-phenylalanine [252, 253], 4-azido-L-phenylalanine [254], B-
cyano-L-alanine [255] and S-cyano-L-cysteine [251, 256], which provide a strong infrared signal in an
uncongested region of the infrared spectrum of proteins and water, and have been used for diverse
applications, ranging from protein folding to enzymatic reactions (Figure 4.1). Their absorption is highly
characteristic in shape and spectral position to the local chemical environment, making them sensitive
probes of the surrounding structure and dynamics and providing highly localized information on
structural dynamics. The spectroscopic behaviour of the infrared active functional groups has been
analysed by several groups in order to draw a more quantitative conclusion from spectral positions
and shapes [256-261]. However, a broader application is impaired by the lack of computational tools
assessing promising labelling positions and evaluating experimental infrared spectra. In particular, a
detailed study of the effect of infrared probes on native structure and dynamics is still missing and only

a few publications discuss the structural impact of labelling [241, 262].
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Figure 4.1: Overview of selected site-specific infrared probes.
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This chapter is hence reporting on the investigation of structural and dynamic effect of thiocyanate
labelling in proteins with infrared spectroscopy, MD simulations and neutron spectroscopy. To assess
the structural and dynamic effect of thiocyanate labelling, S-cyano-L-cysteine (Figure 4.1.) was selected
as unnatural amino acids candidate due to its extremely small size and its vibrational frequency
location in an isolated region of the spectra. T4 lysozyme [263] was chosen as a model system since it
is a small, stable protein, contains two intrinsic unpaired cysteine residues, is one of the best-
characterized model proteins [264] and could be easily produced in sufficient amounts. As mentioned,
T4 lysozyme contains only two unpaired cysteine residues at position 54 and position 97, of which the
cysteine at position 54 is slightly more buried inside the protein and not solvent accessible, whereas
the cysteine at position 97 is more solvent accessible (Figure 4.2.A). These distinct characteristics of
the two cysteines allow the investigation of the sensitivity of the infrared label with respect to
differences in the chemical protein microenvironment. Vibrational spectroscopy was complemented
by molecular dynamics (MD) simulations as well as neutron spectroscopy allowing conclusions about
global changes in protein structure. Whereas vibrational spectroscopy only allows the analysis of the
local microenvironment of the probes, neutron spectroscopy offers the possibility to measure the
atomic and magnetic motions of atoms in a complete molecular system by observing the changes in
the energy of the neutron as it scatters from the sample and can be used to probe a wide variety of
different physical phenomena such as the motions of atoms (diffusional or hopping), the rotational

modes of molecules, molecular vibrations, or even electronic transitions.

A

Figure 4.2: T4 Lysozyme as model system to investigate the influence of infrared label in local
structural changes. A. Structure of wild-type T4 lysozyme (pdb: 256L). Wild type T4 lysozyme contains
two cysteines: one of which is more buried inside the protein (C54) whereas the other is more solvent
accessible (C97). B. Cyanate labelled cysteine yielding S-cyano-L-cysteine.
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4.2. Materials and Methods

4.2.1. Cloning, expression, purification and cyanylation of T4 lysozyme variants

The gene for wild-type T4 Lysozyme was a gift from Brian Matthews (Addgene plasmid #18110) in the
pHS1403 expression vector. The gene was sequenced to confirm the location of cysteine residues. The
T4 lysozyme WT gene was cloned into a pET28a plasmid with a C-terminal Hiss-tag. Single cysteine-
containing mutant variants of the T4 lysozyme WT protein were generated by site-directed
mutagenesis. Proteins were overexpressed in E. coli strain BL21(DE3) Gold in terrific broth (TB)
medium. A single colony of the cells, grown on a LB-agar plate with ampicillin (100 pg/ml) overnight at
37 °C, was used to inoculate a 20 ml pre-culture with LB-medium containing the same antibiotic. The
pre-culture was grown for 16 hours at 37 °C at 180 rpm and subsequently used to inoculate the
expression culture (1L TB-medium at 37 °C und 180 rpm, supplemented with the same antibiotic). Gene
expression was induced at an ODggo of 0.6-0.8 by addition of 1 mM isopropyl thiogalactopyranoside
(IPTG), the temperature was reduced to 20 °C and the expression was conducted for 16 hours. The
cells were harvested after 16 hours by centrifugation at 4000 x g for 20 minutes at 4 °C. Cells were
disrupted by sonication twice for 3 min on ice (30 % duty cycle). The lysate was pelleted at 20,000 x g
for 30 min to remove cell debris and the protein was obtained in the supernatant. Proteins were
purified by a Ni-NTA resin purification system. Metal ion affinity chromatography using a Ni-NTA
column with gravity flow was applied as a first purification step. All steps were performed at room
temperature with ice-cold buffers. The column was equilibrated with lysis buffer (40 mM Tris pH 8.5,
300 mM NaCl, 5 % glycerol) and the cleared lysate was loaded on the column. The flow-through was
collected and the resin was washed twice with 20 ml lysis buffer supplemented with 20 mM imidazole,
to remove unspecific bound protein. The protein was eluted in several steps with 10 ml elution buffer
containing 40 mM Tris pH 8.5, 300 mM NaCl, 5% glycerol, 200 mM imidazole. The elution fractions
were analysed by SDS-PAGE (see Appendix — General Sample Preparation Techniques) and suitable
fractions were combined. The combined fractions were dialyzed overnight against imidazole free
elution buffer at 4 °C. Subsequently, the sample was concentrated to suitable volumes using a Vivaspin

6, 5-kDa MWCO concentrator (Sartorius, Germany).

To obtain single-labelled T4 lysozyme variants, the purified single cysteine containing mutant variants
were incubated at room temperature for 15 min with 1.1 molar equivalents of 5,5’-dithiobis-(2-
nitrobenzoic acid) [251]. When the reaction was initiated, a rapid rise (t12< 1 min) in TNB concentration

was observed by monitoring the absorbance at 412 nm. 20 equivalents of potassium cyanide were
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added and incubated at room temperature for 30 min before applying it to a size exclusion column
(PD-10, GE Bioscience), equilibrated with 40 mM TrisHCI, pH 8.5. The protein was concentrated using
an Amicon Ultra-4, 5-kDa MWCO concentrator. To obtain double-labelled T4 lysozyme, the purified
wild-type protein was incubated at room temperature for 15 min with 2.2 molar equivalents of 5,5’-
dithiobis-(2-nitrobenzoic acid). Afterwards, 40 equivalents of potassium cyanide were added and
incubated at room temperature for 30 min before applying it to a size exclusion column (PD-10, GE
Bioscience), equilibrated with 40 mM TrisHCI, pH 8. The protein was concentrated using an Amicon
Ultra-4, 5-kDa MWCO concentrator. For infrared measurements at pH 6, the thiocyanate-labelled
proteins were dialyzed for 16 hours against 40 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 6

and concentrated using an Amicon Ultra4, 5-kDa MWCO concentrator.

4.2.2. Infrared spectroscopy

Infrared spectra were acquired on a Bruker Vertex 70 FT-IR spectrometer. Each measurement was
performed using a Harrick cell with 2 mm CaF, windows and a 25 um teflon spacer as sample cell
loaded with 30 pl 3 — 4 mM protein solution. Experimental spectra were smoothed in the spectral
window between 2100 cm™ and 2250 cm™. To estimate the number of spectral components, the
second derivate of the smoothed spectrum was determined. Before fitting the data, a baseline (6™
order polynomial) taking into account all points except the peak region of the thiocyanate signal (2145
cm™ = 2190 cm™ for C54A_C97CN (pH 8) and 2145-2175 cm™ for the other measurements) was
defined. Based on the number of zero-crossings in the second derivative spectrum, two Gaussian
curves were fitted to the baseline corrected spectrum. All spectra processing and plotting was done

with self-written Python scripts.

4.2.3. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed by Dr. Stephan Niebling (Huse Lab, University
Hamburg, Germany). MD simulations were performed with GROMACS 4.5.5 [265] using the Amber03
force field [266] with parameters as published by the Webb Group (University of Austin, Texas). Initial
coordinates were taken from pdb 256L [267]. Single cysteine mutants and its labelled derivatives were
created with PyMol (The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC). The
peptides were solvated in a cubic box with periodic boundary conditions and a side length of ~78 A
(10 A initial minimum distance of solute to all boundaries) comprising the peptide and ~15000 H,0

molecules and 8 chlorine ions to neutralize the protein charge. For all systems, the same molecular
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dynamics protocol was used. After a steepest descent energy minimisation (convergence criteria
500000 steps or maximum force < 10 k mol™ nm™) two 100 ps equilibration MD runs were performed.
The first one in the constant particle number, volume, temperature ensemble (NVT; with modified
Berendsen thermostat with velocity rescaling at 300 K and a 0.1 ps time step; separate heat baths for
peptide and solvent/ions); the second one in the constant particle number, pressure, temperature
ensemble (NPT; Parrinello-Rahman pressure coupling at 1 bar with a compressibility of 4.5 x 107 bar™
and a 2 ps time constant). During both equilibration runs, a position restraint potential with a force
constant of 1000 kJ mol™* nm™ was added to all peptide atoms. For all MD simulations the leap-frog
integrator was used with a time step of 2 fs. Coordinates were saved every 2 ps. The same temperature
and pressure coupling schemes as applied for the equilibration runs were used for the subsequent MD
simulations. All bonds to hydrogen atoms were constrained using the Linear Constrained Solver [268]
with an order of 4 and one iteration. A grid-based neighbour list with a threshold of 10 A was used and
updated every 5 steps (10 fs). The particle-mesh Ewald method [269] was used for long-range
electrostatic interactions above 10 A with a fourth order interpolation and a maximum spacing for the
FFT grid of 1.6 A. Lennard-Jones interactions were cut-off above 10 A. A long-range dispersion
correction for energy and pressure was used to compensate for the Lennard-Jones interaction cut-off.
In total six independent trajectories were generated: wild type (WT), WT control, C97A, C97A-C54CN,
C54A, C54A-C97CN. For analysis and visualisation of MD trajectories self-written Python scripts using
the modules MDAnalysis [270, 271], NumPy [272] and Matplotlib [273] were used.

4.2.4. Neutron spectroscopy

Neutron spectroscopy has been performed in collaboration with Dr. Stephan Niebling (Huse Lab,
University Hamburg, Germany). For neutron spectroscopy protein samples were dialyzed against
ammonium acetate to exchange out the bulk of residual nonvolatile counterions. To this end, lysozyme
was dissolved in 2.0 mM ammonium acetate buffer of pH 9.5 (at 4°C) and to concentrations of 100
mg/ml. Protein samples then were dialyzed against 20 volumes of the same solution for 4 h at 4°C.
Followed by flash-freezing in liquid N, the samples were lyophilized on a Modulyo freeze drier
(Edwards, United Kingdom) overnight. Samples were resuspended in D,O pH 8.5 to concentrations of
100 mg/ml to exchange internal protons, flash-frozen again in liquid N> and lyophilized using a freeze
dryer overnight. For liquid neutron spectroscopy measurements at IN5 and IN16B at Institute Laue
Langevin (ILL, Grenoble, France), samples were resuspended to a protein concentration of 150 mg/ml
in 40 mM TrisHCI pH 8.5 in D,0. For each measurement 1.5 ml protein solution were used. All samples

were measured in round aluminium containers (Tlibingen-type containers).
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IN16b is a sub-micro-eV energy resolution backscattering spectrometer with a very high count rate and
wide dynamic range. The flux at the sample position is enhanced by a new 'quasi-ballistic' neutron
guide and its focusing to a fast rotating Phase Space Transformation chopper at the end-of-guide
position. The chopper together with a linear motor Doppler drive enables to double the energy transfer
range at sub-micro-eV energy resolution. The vertical increase of the analyser surface together with a
new vertically position sensitive multi-tube-detector will nearly double the count rate for the large
angles. The background is optimized by placing the analysers and the entire flight path in vacuum and
by using a background chopper. The beam size at the sample is 30 x 30 mm?2. At IN16B T4
Lysozyme_C54CN_C97A, the unlabelled variant T4 Lysozyme_C97A as well as buffer only and
vanadium references were measured. Samples were measured at 295 K with 10 A for 7.5 hours, buffer
only was measured for 6.5 hours and the vanadium reference for 2 hours. IN5 is a high precision direct
geometry time-of-flight spectrometer to study low-energy transfer processes as a function of
momentum transfer. The time regime is between a few ps —few 10s of ns. Typically this instrument is
used for measurements in the small energy and momentum transfer region with values of about 1 %
for the energy resolution (e.g. quasi-elastic scattering in liquids and inelastic scattering with small
energy transfers in the range 10 peV - 100 meV). Samples were measured with a chopper velocity of
7100 rpm. The beam size at the sample is 15 x 50 mm?, elastic energy resolution at 5.0 A, 8500rpm is
~ 100 peV and flux at the sample at 5.0 A is 6.83 x 10° [n/cm2/s]. At IN5 T4 Lysozyme_C54CN_C97A,
the unlabelled variant T4 Lysozyme_C97A as well as buffer only and vanadium references were
measured. Samples were measured at 295 K with 10 A, 295 K with 5 A, 283 K with 5 A and 150 K with
5 A for each 1 hour. Data were processed using LAMP (Large Array Manipulation Program, ILL, France)
and Mantid software [274, 275]. TOSCA is an indirect geometry spectrometer optimised for the study
of molecular vibrations in the solid state with a beam size at sample of 40 mm x 40 mm and an energy
resolution of ~1% AE/E. For dry protein measurements at TOSCA at ISIS (Didcot, United Kingdom),
between 0.2 — 0.5 g protein samples were used for each measurement. All samples were prepared in
a4 x 4.8 cm aluminium foil sachet and measured in 1 mm flat aluminium containers sealed with indium
wires. At TOSCA T4 Lysozyme_C54CN_C97A, the unlabelled variant T4 Lysozyme_C97A, T4
Lysozyme_C54A_C97CN, the unlabelled variant T4 Lysozyme_C54A, as well as aluminium can with an
empty foil sachet as reference were measured. Samples were measures at 10 K for at least 8.5 hours.

Data were processed by Mantid software [274, 275].
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4.3. Results and Discussion

4.3.1. Recombinant expression, purification and cyanylation

A broad application of vibrational probes to study structure and dynamics in a wide variety of
molecular systems is impaired by the lack of detailed studies investigating the effect of infrared probes
on native structure and dynamics. Based on this lack of knowledge, single-cysteine T4 lysozyme mutant
variants were designed for cysteine-specific thiocyanate labelling in order to analyse the effect of the
vibrational probe on local and global structural changes. The two single-cysteine T4 lysozyme mutant
variants (T4 Lysozyme_C54A and T4 Lysozyme_C97A) were designed by site-directed mutagenesis.
After mutagenesis, the mutant variants were expressed recombinantly in E. coli BL21(DE3) Gold for 16
hours. The mutant variant proteins were purified from the cleared lysate by Ni-NTA affinity
chromatography. To obtain single S-cyano-L-cysteine labelled T4 lysozyme variants, the purified
mutant variants T4 Lysozyme_C54A and T4 Lysozyme_ C97A were post-translationally modified via
cysteine cyanylation in a two-step chemical reaction [251] yielding T4 Lysozyme_C54A_C97CN and T4
Lysozyme_C54A_C97CN, respectively (Figure 4.3.). Subsequently, size exclusion column was
performed as a second purification step to remove remaining impurities. SDS-PAGE was used to

analyse the purity of the proteins during purification, labelling and concentration.

COOH COOH COOH COOH
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Figure 4.3: Cysteine cyanylation. Purified protein cysteine thiols (PS) were reacted with 5,5’-dithiobis-
(2-nitrobenzoic acid) (DTNB) to form the mixed protein-thionitrobenzoic acid disulfide (PS-TNB)
followed by displacement by cyanide (CN-), to form the protein-thiocyanate (PS-CN) after addition of
potassium cyanide (KCN) (Adopted from Fafarman et al., 2006 [251]).
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4.3.2. Infrared spectroscopy

Infrared spectroscopy of single S-cyano-L-cysteine labelled T4 lysozyme mutant proteins were acquired
to investigate the sensitivity of the vibrational label towards differences in its microenvironment. For
both variant proteins T4 lysozyme_C54A _C97CN and T4 lysozyme_C54CN_C97A the infrared spectra
at pH 6 and pH 8 were recorded in a frequency range of 800 cm™ to 4000 cm™. The full infrared
spectrum for T4 lysozyme_C54CN-C97A at pH 8 is exemplary shown in Figure 4.4. The signal of the
thiocyanate label appears around 2165 cm™in the spectra (Figure 4.5.). This signal can be assigned to
the distinct nitrile C=N stretching usually occurring between 2153 and 2164 cm™ in proteins [255, 256,
258]. T4 lysozyme_C54A_C97CN at pH 8 shows a broad signal for the label in the spectra between 2150
cm™ and 2185 cm™ with its maximum at 2165 cm, whereas the signal for T4 lysozyme_C54CN_C97A
at pH 8 is slightly shifted and rather narrow between 2155 cm™ and 2175 cm™ with its maximum at
2165 cm™. In contrast to the measurements at pH 8, the signals for the labels at pH 6 are shifted to
lower wavenumbers: for T4 lysozyme_C54A_C97CN between 2155 cm™ and 2175 cm™ with its
maximum at 2163 cm™ and T4 lysozyme_C54CN_C97A between 2150 cm™ and 2175 cm™ with its
maximum at 2162 cm™. The discrepancy in signal width at pH 8 indicates that the proposed different
microenvironments of the two cysteines (of which the cysteine at position 54 is more buried inside the
protein, hence less solvent-exposed, and the cysteine at position 97 is more solvent-exposed) might
have an influence on the spectral behaviour of the probe. These might directly reporting on changes
in the probes’ local environment which have been reported previously such as local electrostatic
changes as well as hydrogen-bonding effects [241, 276]. An effect of the introduced cysteine to alanine
mutations (C54A / C97A) on the structure of lysozyme leading to an alternated infrared spectra can be
excluded as shown by Brian W. Matthews [277]. The frequency-shifting of the infrared signals of the
thiocyanate label at pH 6 suggests a dependency of the infrared signal on pH indirectly indicating the
use of this specific vibrational probe as indicator for local changes in pH. Interestingly, at pH 6 the

signal of the probe appears rather similar in spectra, compared to the notable shift at pH 8.
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Figure 4.4: Full spectra of T4 lysozyme-C54CN-C97A at pH 8. Amide | and Il, C=N stretching as well as
aliphatic C-H stretching are visible.

A good initial approximation to estimate the number of components of the signal is to count the zero-
crossings in the second derivative. The second derivative of the smoothed spectra in this region shows
two zero-crossings suggesting at least two components. After smoothing and baseline correction, two
Gaussian curves were fitted whose sum is in good agreement with the experimental data. It is
important to note that the choice of Gaussian curves for the fitting is motivated by practical aspects
such as better descriptions of the experimental data. The purpose of these fits is to measure the
absorption band positions as well as widths in order to quantitatively compare these parameters of
the label in different positions. The infrared signal of the label can be described by the sum of two
Gaussians. The first Gaussian can be assigned to the free label (Free), whereas the second Gaussian
can be assigned to a hydrogen bonded (HB) label. By integrating the two Gaussians, the ratio between
the two species can be estimated in a first approximation (Table 3). The fitted Gaussian curves of T4
lysozyme_C54CN_C97A show maxima at 2162 cm™ for the free label and 2166 cm™ for the hydrogen-
bonded label with a width of 6 cm™® and 5 cm™, respectively and for T4 lysozyme_C54A_C97CN maxima
at 2162cm™ for the free label and 2171 cm™ for the hydrogen-bonded label with a width of 7 cm™ and
8 cm, respectively. Both cyanylated cysteines do not only exhibit strong differences on the width of
the curves, but also show strong differences in the ratio in free label to hydrogen-bonded label: For T4
lysozyme_C54A _C97CN a much higher band can be observed for the free label compared to the
hydrogen-bonded label and, whereas for T4 lysozyme_C54CN_C97A exactly the opposite can be
observed with a higher band for the hydrogen-bonded label compared to the free label. This is of

particular interest as both cysteines have a proposed different local environment.
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Figure 4.5: Infrared spectra of the vibrational active thiocyanate label from single S-cyano-L-cysteine
labelled T4 lysozyme variant proteins at pH 8 and pH 6. The signal of the thiocyanate label appears
around 2165 cm™ in the experimental data. The second derivative of the smoothed spectra in this
region shows two zero-crossings suggesting at least two components. Zero-crossing values are given
above. After baseline correction, experimental data was fitted with two Gaussian curves. Maxima of
the Gaussian curves are indicated above as well as the width in parentheses. Infrared signal of the
thiocyanate label at pH 8 show slight alternations in linewidth indicating that the microenvironment
might have an influence on the behaviour of the probe. Infrared signals of the thiocyanate label at pH
6 are blue-shifted suggesting a dependency of the infrared signal on pH.

These findings of a slightly shifted spectral position to lower frequencies of T4 lysozyme_C54A_C97CN
as well as the an alternate broader spectral shape of the signal compared to T4 lysozyme_C54CN_C97A
coincides with previous findings showing also a shift to lower wavenumbers as well as an alternate
spectral shape for 4-cyano-L-phenylalanine (Figure 4.6) [252, 278]. Interestingly, this indicates that
although the cysteine at position 97 is more solvent-accessible the label itself is located in more
hydrophobic environment and the cysteine at position 54 buried deep inside the protein is situated in

a more aqueous environment.
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Table 3: Comparison of the infrared signal of the thiocyanate label of single S-cyano-L-cysteine
labelled T4 lysozyme variant proteins at pH 8. Baseline corrected, experimental data was fitted with
two Gaussian curves. The first Gaussian curve can be assigned to the free label, whereas the second
Gaussian can be assigned to a hydrogen bonded label. Infrared signals of the thiocyanate label at pH 8
show slight alternations in linewidth for free and hydrogen-bonded labels. Abbreviations: Free, free
infrared label; HB, hydrogen-bonded label.

Type Position Width

C54CN  Free 2162 cm™ 6 cm™?

HB 2166 cm™ 5cm?

C97CN  Free 2162 cm™ 7 cm?

HB 2171 cm™ 8cm?
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Figure 4.6: Spectral behaviour of 4-cyano-L-phenylalanine in different local environments. In
aqueous solutions the spectral signal of 4-cyano-L-phenylalanine is located at 2235cm™. In
hydrophobic environments the signal shifts to lower wavenumbers and shows a different spectral
shape (Adopted from Lindquist et al., 2009 [278]).

4.3.3. Hydrogen bond analysis by molecular dynamics simulations

As static structures can explain the difference in linewidth of the infrared signals only to a limited
extent for the two different labelled cysteine systems, 1000 ns molecular dynamics (MD) simulations
have been performed to structurally explain the differences observed in experimental infrared signals
and screen for possible hydrogen bond contacts between the infrared label and hydrogen bond donors

in its vicinity such as solvent molecules or polar groups of the protein itself. Hence, a distance threshold
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of d <3 A and an angle threshold of >120° (CN---H) was chosen to obtain hydrogen bond ratios that are
in good agreement with the experimental infrared data. The smoothed curves for the two systems
show distinct differences in the hydrogen bond modes (Figure 4.7). Whereas T4
lysozyme_C54CN_C97A shows a relatively stable ratio between hydrogen bond modes with
simultaneous hydrogen bonds with the solvent and the proteins, T4 lysozyme_C54A C97CN shows
two populations with a slow exchange resulting in hydrogen bonds either with the solvent or the
protein suggesting hydrogen bond heterogeneity around the infrared label. This might explain the

larger linewidth of the infrared signal of C97CN.
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Figure 4.7: Hydrogen bond analysis of the two different cyanylated cysteine systems. Whereas
C54CN shows a relatively stable ratio between hydrogen bond modes, C97CN shows two populations
with a slow exchange. Hydrogen bond interaction with the solvent are shown in blue, with the polar
groups of the protein in orange and the total in green (At the date of this thesis, the trajectories with
the Amber03 parameters, as described in the methods section, were still being processed. Instead older
data for the Amber99SB force field is shown here).
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4.3.4. Neutron Spectroscopy

Infrared spectroscopy allows us to investigate the local microenvironment around the infrared labels.
Neutron spectroscopy complements these experiments by investigating the effects of labelling on
global dynamics. In particular we want to study the influence of the attached infrared probe on low-
frequency protein modes by acquiring density of states curves for pairs of the labelled and unlabelled
single cysteine T4 lysozyme variant proteins with inelastic neutron scattering techniques provided by
the IN5 and IN16B beamlines of Institute Laue-Langevin (ILL, Grenoble, France) as well as the TOSCA
beamline at ISIS (Didcot, United Kingdom). While experiments at the ILL allow us to analyse low-
frequency modes of the protein around 3-10 THz, experiments at the TOSCA beamline allow us to
study the week label signal at 2160 cm™ and the low THz regime (2-10 THz, approx. 12-40 meV) at the
same time enabling the analysis of both effects in the microenvironment around the label and the
global low-frequency modes of the protein simultaneously. In advance to the neutron spectroscopy
experiments, long MD simulations (1 s simulation time) of the two labelled T4 lysozyme variants and
their unlabelled counterparts (Figure 4.8 A+B) were performed as computational tool. The analysis
scheme based on internal coordinates can be used to assess the effect of labelling on the structure
and dynamics. These predict pronounced notable effects of labelling in position C54 both for global

structure and dynamics, whereas for position C97 only minor effects were predicted (Figure 4.8 B).

For experiments at IN5 and IN16B beamlines at ILL (Grenoble, France) protein solutions in D,O were
measured. In a simple first observation, the measurements provided sufficient strong signals with a
count rate of 7800 c/s for the unlabelled proteins and 12000 c/s for the labelled protein in contrast to
430 c/s for the buffer control at IN5 and a count rate of 4500 c/s for the unlabelled proteins and 8000
c/s for the labelled protein in contrast to 13 c¢/s for the buffer control at IN5. The analysis and
evaluation of the neutron spectroscopy measurements is very complex and has not yet been finally
completed. For experiments at TOSCA beamline at ISIS (Didcot, United Kingdom) dry protein samples
were measured, whereby for each measurement 0.2 — 0.5 g protein were used. Although all samples
were lyophilized, the labelled proteins did not dry properly yielding a yellow honey-like state indicating
that the labelling might influence drying capacity. The preliminary results of the inelastic neutron
spectroscopy are summarized in Figure 4.9. For comparison, additionally the spectra of D,O and H,0
are shown. At first glance, it is obvious that the strong signal of the C=N stretching at 2165 cm™ is not
visible. This might be due to the limited sensitivity of the TOSCA beamline to only 2000 cm™

wavenumbers or to the poor neutron scattering cross section for vibrations not involving hydrogens.
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Figure 4.8: Influence of the cyanate-labelling of cysteines on the protein backbone
structure/dynamics. A. 1 us trajectories of T4 lysozyme cyanylated at C54 (right, orange) and C97 (left,
blue). The label atoms are shown as spheres in dark blue. B. The influence of labelling on backbone
structure/dynamics can be assessed by comparing trajectories of labelled and unlabelled proteins with
dihedral statistics. The differences in the median absolute deviations (mad) can be used to detect
differences in dynamics. The differences of the flexible termini are omitted for clarity (At the date of

this thesis, the trajectories with the Amber03 parameters, as described in the methods section, were
still being processed. Instead older data for the Amber99SB force field is shown here).

Unlabelled and labelled protein variants show distinct features in the spectra between 1100 cm™ and
1600 cm™ below the amide Il signal indicating that upon labelling changes in both systems appear. For
all samples the aliphatic C-H stretching is clearly visible (2900 cm™ — 3000 cm™). For the unlabelled
protein variants additional spectral signals appear around 1300 cm™, whereas the labelled variants
show a pronounced triplet signal between 1200 cm™— 1550 cm™ as well as several bands in the lower
frequency range (< 300 cm™). To exclude that the signals are an effect of uneven water or D,0 content,
the spectra were compared to D,O/H,0 data. Only the spectra of the unlabelled T4 lysozyme_C54A

variant seems to have minor contributions from water or DO spectra. To higher frequencies (>1700
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cm™?) no strong differences between labelled and unlabelled species could be detected. Interestingly,
the both infrared and neutron spectroscopy are very complementary as the infrared spectroscopy
features the amide | and Il modes, and the C=N stretching of the label, whereas in neutron scattering
neither the NH/OH stretching nor the amide | or Il are visible and the aliphatic C-H stretching as well
as several notable spectral bands below the amide Il frequency appear, for instance between 1200 cm”
1—1550 cm™, at 700 cm™ and 900 cm™. The challenging part will be the assighment of the spectral

bands to corresponding vibrational modes. This is still ongoing work.

— C54A_C97CN
C54A_C97C

Intensity /a.u.

—— CB54CN_C97A
C54C_C97A

Intensity /a.u.

—— D20
— H,0

Intensity /a.u.

0 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber/cm ™

Figure 4.9: Inelastic neutron scattering spectra of the labelled and unlabelled T4 protein variant
pairs. The inelastic neutron scattering of T4 lysozyme_C54A_C97CN (blue) and its unlabelled
complement (orange) are shown in the upper panel, T4 lysozyme_C54CN_C97A (blue) and its
unlabelled complement (orange) are shown in the middle panel and inelastic neutron scattering of D,O
(red) and H20 (green) in the lower panel.

4.4. Conclusion

Small infrared labels can be used to study local environments in proteins in a site-selective manner.
Unlike Forster resonance energy transfer and electron paramagnetic resonance labels, the use of
infrared labels is not limited to the protein surface. For instance, they can also be placed inside a
protein to study the local environment around its active site. Neutron scattering experiments
complement Raman and infrared spectroscopy by delivering information about delocalized vibrational

modes independent of spectroscopic selection rules that might be vital for enzyme activity. Combining
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these experimental methods opens up new possibilities of a better understanding on how proteins
and enzymes work. For a broader application of infrared labels, the structural change upon infrared
labelling needs to be assessed. Hence, for the first time the influence of the infrared label S-cyano-L-
cysteine on the global protein dynamics of T4 lysozyme was investigated. Molecular dynamics
simulations predict a small but significant influence of labelling on dynamics. Additionally, the
preliminary neutron scattering experiments supports these findings, but further effort towards the
analysis of the data is required, especially the assignment on the low frequency modes. Infrared
spectroscopy of the same system at different pH values suggested the use of this specific vibrational
probe as indicator for local changes in pH as well changes in solvation-accessibility. Furthermore, it
would be also interesting to investigate whether global and local changes due to the label also occur
in the crystal structure of the T4 lysozyme variants and could provide further evidence for the previous

findings.
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GENERAL SAMPLE PREPARATION TECHNIQUES

Buffer and solution preparation

Buffers and solutions were prepared using de-ionized water from a Milli-Q ultrapure lab water system
(Merck Millipore, Germany). Buffer pH was measured using a peqMeter 1.14 (peglab via VWR, United
Kingdom) and monitored while adjusting. All buffers and solutions were filtered through a 0.22 um

Millex-GP filter (Merck Millipore, Germany) prior to usage.

Maintenance and growth of bacteria

All bacterial cells were grown on LB media (Lennox) (Carl Roth, Germany) or Terrific Broth (TB) media
(recipe provided in Table 4). All media were autoclaved. For overexpression 900 ml of TB media was
supplemented with 100 ml TB phosphate buffer. All cells were grown at 37 °C unless otherwise
specified. For antibiotic selection ampicillin was used at a concentration of 100 pg/ml, kanamycin 25

pg/ml and chloramphenicol 34 pug/ml.

Table 4: Growth media

Media Composition

TB media 24 g/l yeast extract
12 g/l tryptone

3.8 ml/I glycerol

TB Phosphate buffer 0.017 M KH;PO4

0.072 M K;HPO4

Determination of bacterial growth by optical density
Bacterial growth was determined by optical density using a SmartSpec Plus spectrophotometer (Bio-

Rad, USA).

Preparation of electrocompetent E. coli cells
E. coli cells were grown in LB media at 37 °C until ODgoo reached 0.4-0.6. Bacterial culture was chilled

on ice or in the cold room for 20-60 min, followed by centrifugation at 4000 x g and 4 °C for 15 min.
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The pellet was washed with 800 ml ice-cold ddH20, followed by centrifugation at 4000 x g and 4 °C for
15 min. The pellet was washed with 500 ml ice-cold ddH20, followed by centrifugation at 4000 x g and
4 °C for 15 min. pellets were resuspended in 20 ml 10 % glycerol and transferred to 50 ml tube and
centrifuged for 15 min at 4 °C and 3800 x g. The pellet was resuspended to final volume of 2-4 ml 10 %
glycerol. Resuspended cells were aliquoted into 50 ul fractions, frozen in liquid nitrogen and stored in

-80 °C until further use.

Protein sample concentration

Protein samples were concentrated using an Amicon Ultra-15 (Merck, Germany) centrifugal filter unit
with a molecular weight cut-off (MWCO) of 10 kDa or a Vivaspin 6 (Sartorius, Germany) centrifugal
filter unit with a molecular weight cut-off (MWCO) of 5 kDa as appropriate. The protein solutions were
then centrifuged at 4 °C at 3,500 x g until the desired concentration was reached. Protein
concentrations were determined photometrically using a Thermo Fisher Nanodrop 2000 device, which
uses the specific absorption of aromatic amino acids at a wavelength of 280 nm to calculate the

concentration according to the equation:

A280 Mw
cC=————
ed
In the equation above A,g is the measured specific absorption at 280 nm, Mw the molecular weight
of the protein, d the sample depth and e the extinction coefficient of the protein at 280 nm. A list of

the parameters used for the individual proteins can be found in Table 5.

Table 5: Protein properties used for concentration determination protein molecular weights and
extinction coefficients used for the protein concentration determination.

Protein Molecular Weight [kDa]  Extinction Coefficient [M™ cm™]
Lysozyme 14 27,000
GFP 27 55,000
OmpX 18 35,000

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is a method separating
biological macromolecules according to their molecular weight and electrical charge. Protein samples
are pipetted into pockets of a vertically orientated polyacrylamide gel and then an electrical current is
applied. Due to the varying sizes of individual molecules, the velocity at which they traverse the gel

varies, and therefore they travel different distances along the gel in a specified amount of time. Adding
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SDS to the gel results in all molecules acquiring a negative charge so that they are now only separated
according to the respective molecular weight. The gel itself comprises two layers, the first of which is
the stacking gel where the proteins are applied. This smaller layer is used to focus the proteins and the
subsequent separating gel through which the proteins are then separated according to their respective
sizes. A list of the buffers used for SDS-PAGE can be found in Table 6. Prior to being applied to the gel,
protein sample where mixed with an appropriate amount of 2x sample buffer and heated to 96°C for
5 min. The Roti-Mark STANDARD (Carl Roth) was used for assigning the protein bands to corresponding

molecular weights.

Table 6: List of buffers and solutions used for SDS-PAGE.

Buffer/Solution Composition

190 mM Glycine
1x Electrode buffer 24.8 mM Tris-HCl
0.1% (w/v) SDS

0.5 M Tris-HCI pH 6.8
Stacking Buffer
0.4% (w/v) SDS

1.5 M Tris-HCl pH 8.8
Separating Buffer
0.4% (w/v) SDS

50 mM Tris-HCl pH 6.8
10% (w/v) SDS
5x Sample Buffer 50% (v/v) Glycerine
125 mM DTT

0.1% (w/v) Bromophenol blue

2 tablets PhastGel Blue R in 95 % EtOH (40% (v/v))
Coomassie Staining
25% (v/v) 2-Propanol
Solution
10% (v/v) Acetic Acid

10% (v/v) Acetic Acid
De-staining Solution
25% (v/v) 2-Propanol

Polymerase chain reaction (PCR)

PCR was used to amplify DNA fragments of interest. A typical amplification PCR reaction consisted of
1 pl Phu DNA polymerase (Thermo Fisher, USA), 10 ul of 5x Phu HF buffer, 100 pmol of forward and
reverse primers with appropriate restriction sites, 0.05 - 0.1 pug of template DNA and 0.2 mmol of each

nucleotide from the dNTP mix (NEB, United Kingdom) and made up to a final volume of 50 pl. The
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reactions were carried out in the peqlab peqSTAR 2x Gradient Thermocycler. The amplification
program consisted of an initial denaturation step at 95 °C for 120 s, followed by 30 cycles of
denaturation (95 °C, 30 s), annealing (58 °C, 30 s) and elongation (72 °C, 180 s) with a final extension
step (72°C, 600 s). Amplified products were separated using agarose gel electrophoresis. Polymerase
chain reaction was also used for whole plasmid site directed mutagenesis as described above. After
reaction was complete, products were digested with 0.5 pl of the restriction enzyme Dpnl at 37 °C for
1 hour (Thermo Fisher, USA). 5 ul of the digested product were used for transformation into

electrocompetent E. coli cells.
Bacterial strains & Plasmids
Bacterial strains and plasmids used are shown in Table 7 and 8, respectively. For plasmid sequences

see Appendix — plasmid sequences.

Table 7: Bacterial strains.

Strain Genotype and description Remarks

Blue/White screening,
EndA-endAl gyrA96(nalR)
thi-1 recAl relAl lac gInvV44
Escherichia coli XL1 blue Used for plasmid preparations
F'[ ::Tn10 proAB+ laclq
A(lacZ)M15] hsdR17(rK-

mK+)

EndA-, F—ompT gal dcm lon
hsdSB(rB- mB-) A(DE3 [lacl
Escherichia coli BL21(DE3) Gold Used for gene expressioon
lacUV5-T7 gene 1 ind1 sam7

nin5])
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Table 8: Table of used plasmids.

Plasmid

Description

Source

pET-His6-GFP-TEV-LIC

Superfolder GFP; N-terminal

hexahistidine-tag; resistance: Kan

Scott Gradia Lab, via Addgene
#29663

pPET21a-OmpXAS-6His

OmpX without signal peptide; C-
terminal hexahistidine-tag;

resistance: Amp

Franz Hagn Lab, TU Miinchen,

Germany

Protein overexpression plasmid;

pET28a-His C-terminal hexahistidine-tag; Via Invitrogen
resistance: Kan; promoter: T7
M.j. p-benzoylphenylalanine RS (2
Peter Schultz Lab, via
pEVOL-pBpF copies +tRNA); resistance: Chlor;
Addgene #31190
promoter: araBAD, p15A vector
M.j. o-nitrobenzyl tyrosine RS (2
Peter Schultz Lab, Scripps
pEVOL-ONBY copies +tRNA); resistance: Chlor;

promoter: araBAD, p15A vector

Research Institute, USA

pHS1403-T4-lysozyme-WT

T4 lysozyme WT; N-terminal
hexahistidine-tag; resistance:

Amp

Brian Matthews Lab, via

Addgene #18110

PET-His6-GFP660NBY

Superfolder GFP with amber
codon at position Y66; N-terminal

hexahistidine-tag; resistance: Kan

This study

PET-His6-GFP660NBY-F145A

Superfolder GFP with “amber”
codon at position Y66 and F145A
pointmutation; N-terminal

hexahistidine-tag; resistance: Ka;

This study

pET21a-OmpXSP

OmpX with signal peptide; C-
terminal hexahistidine-tag;

resistance: Amp

This study

pET21a-OmpXSP-Y57BPA

OmpX with signal peptide and
“amber” codon at position Y57; C-
terminal hexahistidine-tag;

resistance: Amp

This study
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pPET21a-OmpXSP-YO5BPA

OmpX with signal peptide and
“amber” codon at position Y95; C-
terminal hexahistidine-tag;

resistance: Amp

This study

pET21a-OmpXSP-Y57BPA-EL2

OmpX with signal peptide and
“amber” codon at position Y57
and truncated EL2; C-terminal
hexahistidine-tag; resistance:

Amp

This study

PET21a-OmpXSP-Y95BPA-EL3

OmpX with signal peptide and
“amber” codon at position Y95
and truncated EL3; C-terminal
hexahistidine-tag; resistance:

Amp

This study

pPET21a-OmpXSP-EL2-EL3

OmpX with signal peptide and
truncated EL2 and EL3; C-terminal
hexahistidine-tag; resistance:

Amp

This study

pET28a-T4-lysozyme-WT

T4 lysozyme WT; N-terminal

hexahistidine-tag; resistance: Kan

This study

pET28a-T4-lysozyme-C54A

T4 lysozyme with C54A point
mutation; N-terminal

hexahistidine-tag; resistance: Kan

This study

pET28a-T4-lysozyme-C97A

T4 lysozyme with C97A point
mutation; N-terminal

hexahistidine-tag; resistance: Kan

This study

Oligonucleotide primers

All oligonucleotide primers used in this study were synthesized by Sigma-Aldrich
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Table 9: Table of used primers.

Primer Additional feature Sequence
OmoX SP fud Signal peptide GCCGCAGTTCTGGCTTTCACCGCAGGTACTTCCGT
PAST_ sequence insert AGCTGCGACTTCTACTGTAACTG
Signal peptide CAGAACTGCGGCCAGTGCTGAAAGACATGCAATT
OmpX_SP_rev

sequence insert

TTTTTCATATGTATATCTCCTTC

EGFP_Y66TAG_fwd

Stop codon insert

GTGACCACCCTGACCTAGGGCGTGCAGTGC

EGFP_Y66TAG_rev

Stop codon insert

GCACTGCACGCCCTAGGTCAGGGTGGTCAC

OmpX_Y57TAG_fwd

Stop codon insert

AGCTCTGGTGACTAGAACAAAAACCAG

OmpX_Y57TAG_rev

Stop codon insert

CTGGTTTTTGTTCTAGTCACCAGAGCT

OmpX_Y95TAG_fwd

Stop codon insert

CAGACCACTGAATAGCCGACCTAC

OmpX_Y95TAG_rev

Stop codon insert

GTAGGTCGGCTATTCAGTGGTCTG

T4Llys_Cys54Ala_fwd

C54A point mutation

TTAGATAAAGCTATTGGGCGTAATGCG

T4Lys_Cys54Ala_rev

C54A point mutation

CGCATTACGCCCAATAGCTTTATCTAA

T4lys_Cys97Ala_fwd

C97A point mutation

ATGCGGTTCGTCGCgcgGCATTGATT

T4Lys_Cys97Ala_rev

C97A point mutation

AATCAATGCcgcGCGACGAACCGCAT

T4Lys_C-ter_His_fwd

C-terminal
hexahistidine-tag

insertion

ACTTGGGACGCGTATAAAAATCTACATCATCATCA
TCATCATTAA

T4lLys_C-ter_His_rev

C-terminal
hexahistidine-tag

insertion

TTAATGATGATGATGATGATGTAGATTTTTATACG
CGTCCCAAGT

OmpX_EL2_GSSG_fwd

EL2 truncation and

“GSSG” motif insertion

ATCGGTTCTTTCACTTACACCGAGAAAGGATCTTC
TGGAAACCAGTACTACGGCATCACTGC

OmpX_EL2_GSSG_rev

EL2 truncation and

“GSSG” motif insertion

GCAGTGATGCCGTAGTACTGGTTTCCAGAAGATCC
TTTCTCGGTGTAAGTGAAAGAACCGAT

OmpX_EL3_GSSG_fwd

EL3 truncation and

“GSSG” motif insertion

AGTGGGTGTGGGTTATGGTAAATTCGGATCTTCTG
GAACCAGCGACTACGGTTTCTCCTACG

OmpX_EL3_GSSG_rev

EL3 truncation and

“GSSG” motif insertion

CGTAGGAGAAACCGTAGTCGCTGGTTCCAGAAGA
TCCGAATTTACCATAACCCACACCCACT
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Restriction enzyme digest

All restriction enzymes were purchased from New England Biolabs (NEB), United Kingdom or Thermo
Fisher, USA. Typically, 10 - 20 pug of DNA was mixed with 1.5 pl of 10x restriction enzyme buffer (Thermo
Fisher, USA) and appropriate restriction enzymes, made up to 15 ul and incubated at 37 °C for 3 - 4

hours. Digested DNA was separated by agarose gel electrophoresis

Agarose gel electrophoresis

Agarose gels were made using 0.8% (w/v) agarose and TAE buffer (0.17 M TrisHCI, 1 mM EDTA, pH 8,
20 mM acetic acid) followed heating in a microwave until the agarose was dissolved. The mixture was
allowed to cool to approximately 40 - 50 °C before Roti-GelStain (Carl Roth, Germany) was added
(1:25,000) and poured into gel tray (Thermo Fisher, USA). Once the gel was set, TAE buffer was added
to cover the gel entirely. All DNA samples were made up with 5x DNA loading dye. 1 kb GeneRuler
(Thermo Fisher, USA) was loaded as a molecular size reference. Gels were run at 80 V for 40 - 60 min.

Gels were documented using a Bio-Rad GelDoc 200 system (Bio-rad, United Kingdom).

Agarose gel DNA extraction
DNA bands of interest were excised from agarose gels under a transilluminator and extracted using a
Qiagen gel extraction kit (Qiagen, United Kingdom) following the manufacturer’s instructions. DNA was

eluted in 25 - 50 pl of elution buffer (10 mM TrisHCI, pH 8.0) and stored at -20 °C.

DNA fragment ligation

0.1 - 1 pg of digested plasmid DNA was mixed with a 5-fold excess of digested ligation fragment, 1.5 pl
of 10x T4 DNA ligase buffer (Thermo Fisher, USA) and 1 pl of T4 DNA ligase (Thermo Fisher, USA). The
ligation reaction volume had a final volume of 15 pul and incubated overnight at RT. 5 pul of the reaction

was used for the transformation into electrocompetent E. coli cells.

Transformation of electrocompetent E. coli cells

Competent E. coli cells were thawed at room temperature and 0.5 pl of pure plasmid (50 - 100 ng/ml)
was added to 50 ul of cells. In the case of a ligation reaction, 5 ul of the ligation mixture was added to
the cells. Cells were electro-shocked using a Bio-Rad MicroPulser (Bio-Rad, USA). 0.3 ml of LB media
was added to the cells. Cells were then placed at 37 °C for 45 - 60 min for recovery and plated out on

agar plates with appropriate selection antibiotics; transformed cells were grown overnight at 37 °C.
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INSTRUMENTATION AND CHEMCIALS

INSTRUMENTATION

Table 10: Instrumentation (listed alphabetically).

Instrument Manufacturer

Aktapure GE Healthcare, USA
Analogue tube rollers: SRT6 Stuart Equipment, United Kingdom
Analytical balance: ABJ Kern, Germnay
Autoclave: VX-120 Systec, Germnay
Centrifuge: 5415 R Eppendorf, Germany
Centrifuge: 5810 R Eppendorf, Germany
Centrifuge: Avanti J-26SXP Beckman & Coulter, USA
Centrifuge rotor: 70 Ti UZ Beckman & Coulter, USA
Centrifuge rotor: JA 25.50 Beckman & Coulter, USA
Centrifuge rotor: JLA-8.1 Beckman & Coulter, USA

Confocal fluorescence Microscope: Leica DM

IRBE inverted microscope & 40 x oil immersion Leica, Germany

objective
Electrophoresis system: Mini Protetra Cell Bio-Rad, USA
Electroporation system: MicroPulser Bio-Rad, USA
Freeze drier: Modulyo Edwards, United Kingdom
Gel documentation: Gel Doc 200 & ChemiDoc
Bio-Rad, USA
MP
Gel tray for SDS-PAGE Precision mechanics, University Hamburg,
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Germany

Heat block: MKR13

HLC, Germany

High-pressure homogeniser: Emulsiflex-C3

Avestin, Canada

Incubator: Ecotron

Infors HT, Germany

Incubator: Multitron Standard

Infors HT, Germany

Infrared spectrometer: Vertex 70 FT-IR

Bruker, USA

Laminar airflow cabinet: BDK

Weiss Technik, Germany

Laser: Q1TH Q-switched diode-pumped Nd:YAG

laser

Standa, Lithuania

Magnetic stirrer: Hei-Mix L

Heidolph Instruments, Germany

Mass spectrometer: QToF2 modified for high

mass experiments

Waters, USA

MS Vision, Germany

micropipette puller: P-1000 equipped with a

squared box filament (2.5 x 2.5 mm)

Sutter Instruments, USA

Microscope: SZX12 with camera DP10

Olympus, Japan

Microwave

Bosch (via Carl Roth), Germany

PCR instrument: Thermocycler peqSTAR2x

Gradient

Peqlab (via VWR International), USA

pH-Meter: pegMeter 1,14

Peqlab (via VWR International), USA

Pipetting aid: accu-jet pro

Brand, Germany

Platform shaker: Polymax 1040

Heidolph Instruments, Germany

Power supply unit: peqPower

Peqlab (via VWR International), USA

Precision balance: EG

Kern & Sohn, Germany

Scanner: LiDE 110

Canon, Japan

Spectrophotometer: Nanodrop 2000

Thermo Fisher Scientific, USA

Spectrophotometer: SmartSpec Plus

Bio-Rad, USA

Spectrophotometer: QE Pro spectrometer and a

DH-2000 light source

Ocean Optics, United Kingdom
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sputter coater: Q150R

Quorum Technologies, United Kingdom

Ultracentrifuge: Optima XE-90

Beckman & Coulter, USA

Ultrasonic cell disruptor: Sonopuls

Bandelin, Germany

UV hand lamp: H466.1

Carl Roth, Germany

Vacuum pump: BVC control

Vacuubrand, Germany

Vortexer: Vortex-Genie 2

Scientific Industries, USA

CHEMICALS USED (GHS CLASSIFICATION)

Table 11: Chemicals (listed alphabetically).

. Hazard Precautionary
Compound CAS-No. Supplier GHS hazard
Statements Statements
P280, P304+P340
2- GHSO05,
) ) 3958-60-9 Th. Geyer H314, H335 P305+P351+P338
Nitrobenzylbromid GHSO07
P310
4-Benzoyl-L- 104504-
. Bachem - - -
phenylalanine 45-2
b s . H315,
5,5'-Dithiobis(2- Sigma- P261,
. L. 69-78-3 . GHS07 H319,
nitrobenzoic acid) Aldrich P305+P351+P338
H335
. . GHSO02, P280,
Acetic acid, 96 % 64-19-7 Carl Roth H226, H314
GHSO05 P305+351+338, P310
P210, P280,
P304+P340+P312,
GHSO02, H225, H319,
Acetone 67-64-1 Carl Roth P305+P351+P338,
GHS07 H336
P337+P313,
P403+P235
Active carbon 7440-44-0 Carl Roth - - -
H301, H312,
P201, P280,
H315, H317,
P301+310,
] GHSO06, H319, H332,
Acrylamide 37 % 79-06-1 Carl Roth P305+351+338,
GHS08 H340, H350,
P308+313
H361f, H372
Sigma-
Agar-Agar 9002-18-0 . - - -
Aldrich
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Agarose 9012-36-6 B
g Aldrich
Albumin Fraktion V.  90604-29-
Carl Roth - - -
BSA 8
Ammonium Sigma H315, H319,
540-69-2 . GH202 P261, P305+351+338
formate Aldrich H335
Ammonium
631-61-8  Carl Roth - - -
acetate
I GHSO P280, P261,
Ampicillin 69-52-3 Carl Roth H334, H317
8 P302+352, P342+311
H272, H302, P280,
GHS03
H315, H317, P305+351+338,
APS 7727-54-0 Carl Roth  GHSO07
H319, H334, P302+352,
GHS08
H335 P304+341, P342+311
Arabinose 5328-37-0 CarlRoth - - -
P260, P262, P273,
H301 +
GHSO05, P280,
) H331-H310-
beta- Sigma- GHSO06, P301+P310+P330,
60-24-2 . H315-H317-
Mercaptoethanol Aldrich GHSO0S, P302+P352+P310,
H318-H373-
GHS09 H410 P305+P351+P338+P3
10, P391, P403+P233
6104-58-1
Brilliant blue G 250 Carl Roth - - -
Bromphenol 115-39-9 Sigma-
blue Aldrich
10043-52- Sigma-
CaCl2 ) GHS07 H319 P305+P351+P338
4 Aldrich
Chloramphenicol 56-75-7 Sigma-
) GHS08 H351 P280
Aldrich
o P305+P351+P338,
Citric acid 77-92-9 Carl Roth  GHSO05 H318
P311
Coomassie Sigma-
- 6104-59-2 ) - - -
Brilliant Blue R250 Aldrich
. P264, P273, P280,
Copper (ll) 1758.98.7 Sigma- GHSO5, H302-H315- P3374P313. P391
sulphate 7" Aldrich GHS09 H319-H410 ’ ’
P501
Sigma-
DO 7789-20-0 ) - - -
Aldrich
Di-Potassium
16788-57-
hydrogen 1 Carl Roth - - -
phosphate
GHSO02, H226- P201-P210-P261-
Dimethylformamid 68-12-2 Carl Roth  GHSO07, H312+H332- P280-P308+P313-
GHS08 H319-H360D P370+P378
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>
Dnase | Sigma-
Aldrich
H302, H315, P302+352,
DTT 578517 Carl Roth  GHSO07
H319, H335 P305+351+338
EDTA 60-00-4 Carl Roth  GHS07 H319 P305+351+338
Ethanol 64-17-5 Carl Roth  GHS02 H225 P210
Sigma-
Fibronectin - - - -
Aldrich
P201-P210-P260-
P280-
H226-
P301+P310+P330-
GHSO02, H301+H311+
P303+P361+P353-
GHSO05, H331-H314-
Formaldehyde 50-00-0 Carl Roth P304+P340+P310-
GHSO06, H317-H335-
P305+P351+P338+P3
GHS08 H341-H350-
10-P308+P311-
H370
P370+P378-
P403+P233
Glycerol 56-81-5 Carl Roth - - -
P260-P280-
Hydrochloric acid, GHSO05 H290 P303+P361 +P353-
7647-01-0 Carl Roth
6N GHS07 H314, H335 P304+P340+P310-
P305+P351+P338
HEPES 7365-45-9 Carl Roth - - -
P260, P281,
GHS05 P303+361+353,
. H301, H314,
Imidazole 288-32-4  Carl Roth  GHS06 H361 P301+330+331,
GHS08 P305+351+338,
P308+313
IPTG 367-93-1  Carl Roth - - -
GHS02 H225, H319, P210, P233,
Isopropanol 67-63-0 Carl Roth
GHSO07 H336 P305+351+338
. 25389-94-
Kanamycin sulfate 0 Carl Roth  GHS08 H360 P201-P308+P313
LB-medium Lennox - Carl Roth - - -
L-Tyrosine 60-18-4 Carl Roth - - -
Lysozyme (Gallus 12650-88- Sigma-
gallus) 3 Aldrich
P280, P312,
2- . H302, H411,
Sigma- GHS06 P302+350, P261,
Mercaptoethanol 60-24-2 ) H315, H335,
Aldrich GHS09 P273, P301+312,
H311, H319

P305+351+338
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MES 4432-3-9  CarlRoth - - -
P210-P280-
. GHS02, H225- P302+P352+P312-
igma-
Methanol 67-56-1 Ali ih GHSO06, H301+H311+ P304+P340+P312-
ric
GHS08 H331-H370 P370+P378-
P403+P235
MgCi2 7786-30-3 Carl Roth - - -
68514-61-
Milk powder 4 Carl Roth - - -
Sigma-
NaOAc 127-09-3 . GHSO07 H319 P305+P351+P338
Aldrich
NacCl 7647-14-5 Carl Roth - - -
P280, P310,
NaOH 1310-73-2 Carl Roth  GHS05 H314
P305+351+338
H226-H317- P201-P273-P280-
) GHS02 .
. Sigma- H350i- P308+P313-
Ni-NTA-Agarose . GHSO07
Aldrich H360D- P333+P313-
GHSO08
H373-H412 P370+P378
H302+332,
H315, H317,
. 10101-97- GHSO07 P201, P261, P273,
Ni(ll)sO4 H334, H341,
0 Carl Roth  GHS08 H350i P280, P284,
i,
GHS09 P304+340+312
H360d, H372
H410
Potassium Sigma- H315, H319, P302+P352,
584-08-7 ) GHS07
Carbonate Aldrich H335 P305+P351+P338
P280, P261, P264,
P284, P271,
- P302+P352,
Penicillin- ) GHSO07 H315, H317,
. - Gibco P333+P313,
Streptomycin GHSO07 H334, H335
P304+P340,
P342+P311, P312,
P403+P233, P501
P260, P262, P264,
H290- P273, P280, P284,
GHSO05
. H300+H310+ P301+P310,P301+P3
) . Sigma- GHS06
Potassium cyanide 151-50-8 . H330-H370- 10 +P330,
Aldrich GHS08
H371-H372-  P302+P352+P310,
GHS09
H410 P304+P340+P310,
P391, P403+P233
Potassium di-
hydrogen 7778-77-0 Carl Roth - - -
phosphate
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Roti-GelStain - Carl Roth - - -
H228, H302, P210, P261,
GHS02
SDS 151-21-3  Carl Roth GHSO6 H311, H315, P280, P312,
H319, H335 P305+351+338
. . Sigma-
Sodium citrate 1545832 ) - - -
Aldrich
H315, H319,
TEMED 1185-53-1 Carl Roth  GHSO07 H335 P261, P305+351+338
Tris hydrochloride  1185-53-1 Carl Roth - - -
P280,
GHSO05
H302-H315- P301+P312+P330,
Triton X 100 9002-93-1 Carl Roth  GHS07
H318-H410 P305+P351+P338+P3
GHS09
10
Tryptone/Peptone 8952.4 Carl Roth - - -
P261, P280, P284,
. GHSO07 H315-H319-  P304+P340,
Trypsin 9002-07-7 Carl Roth
GHSO08 H334-H335 P337+P313,
P342+P311
Yeast Extract 8013-01-2 CarlRoth - - -
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Table 12: Crystallisation screens with HP-statements.

PROTEIN CRYSTALLIZATION SCREENS

Compound Supplier GHS hazard Hazard Precautionary
Statements Statements
H225, H315
GHSO02 ! !
. . ! H319, H350, P201, P210, P280,
JCSG Core Suite | Qiagen g::gg, H360, H335, P3084+P313
H412
JCSG Core Suite Il Qiagen ! H319, H350, ! ! !
GHSO08, P308+P313
GHS09 H360, H335,
H373, H411
H225, H302,
GHS02, H314, H317, P201, P210, P260,
GHSO05, H318, H340, P264, P280,
JCSG Core Suite Il Qiagen GHSO06, H350, H360, P305+P351+P338+P310
GHSO08, H336, H335, P308+P313
GHS09 H373, H400, P403+P233
H410
JCSG Core Suite IV Qiagen GHS08, H335, H336, P280, P308+P313
GHS09 H350, H360,
H373, H410
GHSO02 H225, H301,
GHSO05 H312, H315, P101, P201, P270,
JCSG+ Suite Qiagen GHS06 H318, H331, P280, P305+351+338,
GHSO07 H335, H350, P309+311, P313
GHS08 H411
P260, P280,
H302, H312, P301+P310+P330
Pi-minimal_HTS Jena GHSO7 H332, H315, P303+P361+P353
screen Bioscience H319, H317, P304+P340+P310
H335 P305+P351+P338
P403+P233
H225, H290, P201, P210, P233,
H301, H302, P260, P261, P264,
GHS02 H311, H312, P270, P273, P281,
tompton S50 11 kaie pa10, ot b3,
. ampton . A , , ,
Additive Screen HT g coarch 2:283 H319, H330,  P321, P330, P362,
GHSO8 H331, H332, P391, P405, P501,
H334, H335, P301+P310,
H336, H340, P301+P312,
H341, H350, P301+P330+P331,
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H351, H360, P302+P352,
H370, H372, P303+P361+P353,
H373, H400, P304+P341,
H410, H411, P305+P351+P338,
H412 P308+P313,
P309+P311,
P332+P313,
P333+P313,
P337+P313,
P342+P311,
P370+P378,
P370+P378,
P370+P378,
P403+P233,
P403+P235,

GHS AND RISK SYMBOLS

SOOSOP®

GHS02 GHS03 GHSO05 GHSO06 GHSO07 GHS08 GHS09
Figure Appendix 1: GHS pictograms (from https://www.ohsa.gov)

GHS HAZARD STATEMENTS
H225 Highly flammable liquid and vapour
H226 Flammabile liquid and vapour
H228 Flammabile 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
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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
H360FD May damage fertility. May damage the unborn child

H361 Suspected of damaging fertility or the unborn child

H361d Suspected of damaging the unborn child.

H361f Suspected of damaging fertility

H370 Cause damage to organs

H372 Causes damage to organs through prolonged or repeated exposure
H373 May cause damage to organs through prolonged or repeated exposure.
H400 Very toxic to aquatic life with long-lasting effects

H410 Very toxic to aquatic life with long lasting effects

H411 Toxic to aquatic life with long lasting effects

H412 Harmful to aquatic life with long lasting effects.

EUHO032 Contact with acids liberates very toxic gas

EUHO066 Repeated exposure may cause skin dryness or cracking

GHS PRECAUTIONARY STATEMENTS

P101 If medical advice is needed, have product container or label at hand

P201 Obtain special instructions before use

P210 Keep away from heat/sparks/open flames/hot surfaces — No smoking

P233 Keep container tightly closed

P260 Do not breathe dust/fume/gas/mist/vapours/spray

P261 Avoid breathing dust/fume/gas/mist/vapours/spray

P264 Wash thoroughly after handling

P270 Do not eat, drink or smoke when using this product

P273 Avoid release to the environment

P281 Use personal protective equipment as required

P280 Wear protective gloves/protective clothing/eye protection/face protection

P284 Wear respiratory protection

P309 IF exposed or you feel unwell

P310 Immediately call a POISON CENTER or doctor/physician

P311 Call a POISON CENTER or doctor/physician

P312 Call a POISON CENTER or doctor/physician if you feel unwell

P321 Specific treatment (see respective MSDS)

P330 Rinse mouth

P362 Take off contaminated clothing and wash before reuse

P391 Collect spillage

P405 Store locked up

P501 Dispose of contents/container in accordance with local/regional/national/international
regulations

P301+P310 IF SWALLOWED: Immediately call a POISON CENTER or doctor/physician

P301+P312 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 clothing. Rinse
skin with water/shower

P304+P341 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 contact lenses if
present and easy to do - continue rinsing
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P308+P313
P309+P311
P332+P313
P333+P313
P337+P313
P342+P311
P370+P378
P370+P378
P370+P378

P403+P233
P403+P235

IF exposed or concerned: Get medical advice/attention

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

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

Store in a well-ventilated place. Keep container tightly closed
Store in a well-ventilated place. Keep cool

DISPOSAL

All chemicals used during the experimental phase were handled and disposed according to their H-

and P-Sentences. Solvents and contaminated waste was stored in the specific boxes and disposed

according to the safety instructions. Genetically modified organisms and related waste were

autoclaved according to the “Gentechnikgesetz” before disposal for 20 min at 121°C and 5 bar.
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