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Abstrakt

Inkorporace nepfirozenych aminokyselin (NNAA) je Siroce pouzivany zpusob
pro zavedeni bioorthogonalnich funkénich skupin do proteini®®. Tyto funkéni skupiny
lze vyuzit pouzitim click chemie, konjugaci znaCenych proteinti na afinitni nebo
fluorescencni sondy.  Méné rozSitené vyuziti NNAA =zahrnuje vyzkum vlivu
bioorthogonalnich funkénich skupin na strukturné — funkéni vztahy v znacenych
proteinech*’. Pro vyzkum téchto vztahd je zapotiebi exprimovat velké mnoZstvi proteinu

s maximalni inkorporaci NNAA.

V nasi praci jsme nahrazovali methionin (Met) tfemi NNAA: foto-methioninem (pMet),
azidohomoalaninem (AHA) a homopropargylglycinem (HPG). Zkoumali jsme vliv
téchto NNAA na rtst prototrofnich E. coli BL21 a Met-auxotrofnich E. coli B834 v MM-
-M9 médiu. Sledovali jsme expresi cytochromu bs a MBP-GFP. Pro urCeni miry
inkorporace jednotlivych NNAA do téchto rekombinantnich proteini jsme pouzili

MALDI-ToF MS a LC-MS.

V porovnani s Met-auxotrofnimi E.coli B834, prototrofické E. coli BL21 exprimovaly
vyrazné vy$$i mnozstvi cytochromu bs s pMet a AHA, avsak s nizkymi inkorporacemi
téchto NNAA. Situace byla opacna v B834, které exprimovaly vyrazné€ niz§i mnozstvi
proteinu, avSak s inkorporaci pMet od 50 — 70 % a AHA kolem 50 %. Oba bakteridlni
kmeny s HPG exprimovaly podobné mnoZstvi cytochromu bs s porovnatelnou

inkorporaci od 50 — 80 %.

Nase zjisténi poskytuji informace pro vybér vhodného vhodniho expresniho systému
pro exprimaci rekombinantnich proteini s maximalni inkorporaci NNAA a ukazuji

na rozdily v naméfené inkorporaci NNAA pomoci MALDI-ToF MS a LC-MS.

Nepftirozené aminokyseliny, modifikace proteinti, hmotnostni spektrometrie
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Abstract

Residue-specific non-natural amino acid (NNAA) incorporation has become a widely
used approach to introduce bioorthogonal groups and therefore functionalities
into proteins?®. These functionalities are harnessed through click chemistry, conjugating
labelled proteins to affinity or fluorescent probes. A less utilized approach involves
probing the effects of bioorthogonal groups on the structure-function relationship
of labelled proteins*’. In order to investigate these relationships, there is a need to express

large amounts of proteins with maximal incorporation of NNAAs.

Here, we employed photo-methionine (pMet), azidohomoalanine (AHA)
and homopropargylglycine (HPG) as methionine (Met) surrogates. We investigated
the impact of these NNAAs on bacterial growth of prototrophic E. coli BL21 or Met-
-auxotrophic E. coli B834 in Met-free MM-M9 medium. We monitored the expression
of cytochrome bs (cyt bs) and MBP-GFP. Using MS and LC-MS based approaches,

we determined the NNAA incorporation in these recombinant proteins.

Prototrophic E. coli BL21 expressed significantly higher amounts of cyt bs compared
to B834 with pMet and AHA, but the incorporation rates fell sharply after 4 hours.
In contrast, Met-auxotrophic B834 expressed smaller amounts of protein,
but with incorporation of pMet in 50 — 70% range and AHA about 50%, after 26 hours.
Intriguingly, both strains expressed comparable amounts of cyt bs with HPG,

with incorporation in 50 — 80% range.

Our observations offer direction towards choosing an appropriate expression system
to maximize incorporation of NNAAs and highlight a discrepancy in NNAA
incorporation assessment by MS and LC-MS.

Unnatural amino acids, protein modification, mass spectrometry
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1 List of abbreviations

AA — alpha amino acid

ACN — acetonitrile

AHA - azidohomoalanine

CBBR-250 - coomassie Brilliant Blue R-250

Cyt bs — cytochrome bs

dH>O — deionised water

EtMf — ethylmorpholine

FA — formic acid

FUNCAT - fluorescent non-canonical amino acid tagging
GFP — green fluorescent protein

MBP-GFP — maltose binding protein — green fluorescent protein (fusion protein)
HPG - homopropargylglycine

IAA - 2-iodoacetamide

IPTG - isopropyl B-D-1-thiogalactopyranoside

LB — lysogeny broth

LC-MS — liquid chromatography coupled with mass spectrometry
MALDI — matrix assisted laser desorption and ionization
MM-M9 — minimal medium M9

Met — methionine

MetOx — methionine oxide

MetRS — methionyl tRNA synthetase

MS — mass spectrometry

MSMS — tandem mass spectrometry



m/z — mass to charge ratio

NNAA — non-natural amino acid

PBS — phosphate-buffered saline

pMet — Photo-methionine

PPIs — protein-protein interactions

SDS — sodium dodecyl sulphate

SOC — super optimal broth with catabolite repression
TCEP - tris(2-carboxyethyl)phosphine hydrochloride
TFA - trifluoroacetate

tRNA — transfer ribonucleic acid

ToF — time of flight

XL-MS - cross-linking mass spectrometry



2 Introduction

Natural selection of amino acids in evolutionary processes has resulted
in a remarkably limited collection of amino acids that form proteins?®. These amino acids
play a crucial role in maintaining a delicate equilibrium: their side chains need to remain
stable under biological conditions while also being reactive when necessary for specific
catalytic functions. They participate in a range of molecular interactions, which provide
necessary diversity to form well-defined three-dimensional structures and complex
molecular arrangements. However, despite these impressive qualities, natural amino
acids have inherent limitations, which create valuable opportunities for chemists
and chemical biologists to explore. Residue-specific non-natural amino acid (NNAA)
incorporation is a technique widely employed to introduce bioorthogonal functionalities

into proteins.

In our research laboratory, we have previously observed an increase in kinetics of
electron transport facilitated by cytochrome bs (cyt bs) containing a photo-activatable
NNAA, photo-methionine*’. In order to explore this structure-function relationship
further, we are planning to investigate the kinetics using other NNAAs incorporated into
cyt bs, specifically azidohomoalanine (AHA) and homopropargylglycine (HPQG).
However, this investigation demands large amounts of cyt bs with maximal NNAA

incorporation.

In order to maximize incorporation of NNAAs, the choice of a proper expression host
1s imperative. We employed prototrophic E. coli BL21 and Met-auxotrophic
E. coli B834 and monitored growth of their suspensions in Met-free limited medium
supplemented with either pMet, AHA or HPG, expression of cytochrome bs and MBP-

-GFP and assessed the incorporation of NNAAs in these recombinant proteins.



2.1 Amino acids

Amino acids are organic compounds characterized by the presence of both an amino
group (-NHz) and a carboxyl group (-COOH)'. When both of these functional groups are
bound to the alpha carbon of the molecule, the amino acid is referred to as an alpha amino
acid (AA) (Figure 2.1). In addition, AAs possess a side chain attached to the alpha carbon.
The structure of this side chain varies among different amino acids, ultimately

determining their unique properties.

COOH

-G
H“;/ SNH,

Figure 2.1 A general structural formula of an alpha amino acid. “R” denotes a variable side chain.

Within universal genetic code, only 20 AAs are encoded'.These AAs are known
as proteinogenic or canonical amino acids. Canonical AAs have been selected

and preserved throughout billions of years of evolution and occur ubiquitously.

The canonical AAs are loosely classified into four major groups based on the nature
of their side chains'. These are hydrophobic AAs, polar uncharged AAs, positively
charged AAs and negatively charged AAs. They play a fundamental role in all biological

systems, with their primary importance being the building blocks of proteins’.

2.2 Transcription and proteosynthesis

The synthesis of proteins (proteosynthesis) is a multi-step process'. Firstly a gene
encoding a protein gets transcribed into mRNA. This mRNA is then recognized
and bound by the ribosome. Ribosome reads the sequence of codons (three-nucleotide
combinations) in the mRNA molecule and binds to them corresponding anticodons
contained on appropriate aminoacyl-tRNA. The ribosome then elongates growing peptide
chain using individual amino acids carried by aminoacyl-tRNA molecules. The tightly
controlled process of proteosynthesis ensures fidelity of amino acid sequence

and 1s conducive to the life as we know it.
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2.3 Proteins and genes

Proteins are composed of chains of proteinogenic amino acids connected by peptide
bonds!. These linear chains, which exhibit variations in both length and composition
are formed by peptide bonds between the carboxyl and amide groups located on the alpha
carbons of adjacent amino acids. The side chains of the bound amino acids are exposed,
allowing for interactions with the surrounding environment. The sequence of amino

acids, known as the protein's primary structure, is determined by its corresponding gene.

The gene holds information about post-translational modifications, folding

and cellular localization?

. Information contained within proteins gene culminates
in the execution of eventual planned function of a given protein. This capability
of proteins to execute a vast array of different functions is rooted in their ability to adopt
specific three-dimensional structures. These structures allow proteins to interact

selectively with other molecules.

Excluding some types of RNA, majority of other biological molecules are relatively
inert’>. Proteins act upon these molecules and enable metabolic catalysis, DNA
replication, structural support, response to stimuli and myriad of other functions?.

The set of all proteins a cell expresses is referred to as its proteome’.

2.4 Proteome profiling

The proteome of the cell is dependent upon the cell identity, its state and function!~.
Changes in the proteome enable cells to adapt to signals and stresses encountered in their
environment. In order to understand how cells respond to stress and adapt
to environmental changes, it is essential to profile the cell's proteome. Proteome profiling
involves a comprehensive analysis that encompasses the characterization

and quantification of degraded, modified, and newly synthesized (nascent) proteins.

2.5 Click chemistry, bioorthogonal reactions

The 2022 Nobel Prize in chemistry was awarded to K. Barry Sharpless,
Carolyn R. Bertozzi and Morten Meldal for their pioneering contributions
to the development of click chemistry and biorthogonal chemistry*. Click chemistry
reactions are often described as “spring-loaded” due to their high thermodynamic driving
force, which irreversibly leads the reaction to the formation of a single product with high

yields’.

11



Certain click reactions are classified as biorthogonal, meaning non-interfering
with native biological processes®. Bioorthogonal reactions have emerged as powerful
tools for selective labelling, imaging and manipulation of biomolecules within biological
systems, enabling the exploration and further understanding of biology
and biochemistry’. This is achieved by employing reaction conditions that are compatible
with the chemical and physical environment of the cell (temperature, pH, low
concentration of reagents)’. The careful selection of reagents is paramount, as they need

to have exquisite selectivity and not occur in living systems naturally’.

Meeting the aforementioned criteria, the azide group has gained prominence
as a bioorthogonal group®. Azide is absent from biological systems except for a single
species of dinoflagellate, G.breve, which produces an azide-containing toxin’. Moreover,
the azide group is relatively small, metabolically stable and non-reactive towards
naturally occurring molecules'®. Azide group can participate in several types of click
reactions, most importantly in cycloaddition with alkyne, an another bioorthogonal

group®.

2.5.1 Alkyne-azide cycloadditions, their applications for bioorthogonality

Alkyne-azide cycloaddition (AAC) is the most widely employed click chemistry
reaction®!'!. In this reaction, an alkyne and an azide group react to form a triazole ring.
The uncatalyzed version of AAC suffers from slow kinetics® (figure 2.2,a, page 13).
However catalyzed versions of AAC are available, enabling its application in living

systems. Two main catalytic routes are employed for AAC>!!,

Copper-catalyzed alkyne-azide cycloaddition (CuAAC) (figure 2.2,b, page 13)
utilises Cu" ions to significantly enhance the reaction kinetics''. However, challenges
arose due to the inherent instability of Cu” ions, as they readily oxidize to more stable
Cu”' ions in solution. To overcome this limitation and to provide a sufficient pool
of Cu” for the cycloaddition, Cu* is generated from Cu®" in situ, using an excess of

sodium ascorbate (1 — 2,5 mmol.dm™).

Unfortunately, the use of Cu” with sodium ascorbate has been shown to have
detrimental effects on proteins, namely the oxidation of cysteine, methionine
and histidine residues''. Moreover, Cu” toxicity limits the use of CuAAC in cell-based

systems where long-term cell viability is required! "2,
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Consequently, considerable effort has been made to develop alternative strategies
to enhance the kinetics of AAC without the use of copper’. This effort has led
to the development of strain-promoted alkyne-azide cycloaddition (SPAAC)?
(figure 2.2 c). This variant of AAC relies on a highly reactive strained cyclooctyne ring
that accelerates the reaction by relieving ring strain. This strain relief allows the reaction
to be performed in the absence of Cu” (6). The cyclooctyne ring strikes a balance between
reactivity and stability. More membered rings are more stable but less reactive and vice
versa®. The modification of the cyclooctyne ring with electrophilic substituents further

enhances reactivity and consequently the reaction rate?.

Despite disadvantages such as low solubility of molecules containing cyclooctyne
rings and higher cost of reagents, SPAAC exhibits no apparent cytotoxicity and shows

a comparable reaction rate to that of CUAACS.

A significant downside of the SPAAC reaction is its lack of regiospecificity'.
This drawback may negatively impact its application, unlike CuAAC, which is

regiospecific.
a Azide-alkyne cycloaddition (AAC)
ve RS Rty
R—N3 + =——-o~R - L + o
5 4 5 4
R' R'
b Copper-catalysed azide-alkyne cycloaddition (CuAAC)
2
Rl N3
Cu(T) N N
R—N3 ~« =7FR —
s 4
RI
C Strain-promoted azide-alkyne cycloaddition (SPAAC)
N
S
RL"H-N \N
R_N3 + RI _Rl

Figure 2.2 An overview of several azide-alkyne cycloaddition reactions including non-catalyzed AAC
(a), copper-catalyzed AAC (b) and strain promoted AAC (c).
Copper-catalyzed AAC and SPAAC are widely regarded as the gold standard of click
chemistry reactions'®. They can be performed in aqueous solutions, at physiological pH,
ambient temperature, form minimal amount of byproducts and most importantly, can be

performed in vivo®.
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2.5.2 Residue-specific non-natural amino acid incorporation

A widely used application of AAC in living systems is the residue-specific incorporation
of non-natural amino acids (NNAAs) into proteins®. This approach involves substituting
a selected natural amino acid with a structurally similar NNAA that possesses azide or
alkyne functional groups (handles). It relies upon recognition and utilisation of NNAAs

by the translational machinery of the cell, akin to their endogenous counterparts'>.

An important step in this process involves the recognition of NNAA
by aminoacyl-tRNA synthetases, key enzymes responsible for selectively attaching
specific AAs to their cognate tRNA molecules®. Only upon successful ligation
to the appropriate tRNA molecules can NNAA be effectively incorporated into the

growing polypeptide chain during protein synthesis®.

2.6 Aminoacyl-tRNA synthetases
Aminoacyl-tRNA synthetases (AARSs) are housekeeping enzymes that facilitate the
attachment of proteinogenic AAs to their cognate tRNA!6,

The attachment of an amino acid to its cognate tRNA is a two-step process'’.
The first step is the activation, or adenylation of the AA to form an aminoacyl-AMP
intermediate. In the second step, the activated AA is transferred to the cognate tRNA

molecule, forming aminoacyl-tRNA that is subsequently released from an enzyme.

The specificity of AARSs is crucial to ensure the accuracy of protein translation'”.
Therefore, AARSs have developed an exceptional fidelity for their substrates. To explain
this exceptional fidelity, the double-sieve model was proposed'®. According to this
model, the amino acid binding site of AARS serves as the first sieve activating cognate,

1sosteric and smaller amino acids while excluding larger amino acids.

Following successful activation of an AA in the active site, AARS undergoes
a conformational change and binds the activated AA to the editing site!’. The editing site
serves as a second sieve, distinguishing non-cognate amino acids based on their
hydrophobicity, size or differing charge and rejecting them. Only AAs that pass

the stringent control of both sieves are ligated to the corresponding tRNAs.

AARSs possess editing functions to differentiate between naturally occurring
structurally similar AAs'’. Non-natural amino acids structurally similar to canonical

AAs, as the name implies, do not exist in nature'®. Therefore, they can override natural

14



editing mechanisms of AARSs and get ligated onto the tRNAs cognate to their AAs'®.
Subsequently, NNAA get incorporated into proteins using the cell’s proteosynthetic

machinery'>!°.

Some AARSSs, such as lysyl tRNA synthetase, seryl-tRNA synthetase and notably
methionyl-tRNA synthetase (MetRS) possess a less stringent editing site, or the second

sieve!”.

2.6.1 Surrogating methionine with non-natural amino acids

According to current understanding, Methionine (Met) is considered to be the most recent
addition to the genetic code?. A major function of Met in proteins is believed to facilitate
minor hydrophobic interactions®® and act as a protective agent against endogenous
oxidative stress, as it can be reversibly oxidized to methionine sulfoxide?!. In the case
of the blue copper protein azurin, Met plays a role as a minor axial ligand that regulates

the redox potential of its copper-containing active center’>?>,

Due to the substrate promiscuity of MetRS** and the relatively limited number

20,21

of significant roles Met plays in protein function”™"', MetRS is commonly targeted

as a vector to incorporate NNAAs into proteins'®.

Among the widely used substitutes for a natural AA  Met
are azidohomoalanine (AHA) and homopropargylglycine (HPG) (figure 2.3)!*?*. These
Met surrogates enable the introduction of azide or alkyne groups into proteins, thereby
providing specific sites for subsequent click reactions. This expands the range

of possibilities for studying and manipulating biological processes'>.

(0] (0] (0]

A

\

NH, NH, NH,
methionine (Met) azidohomoalanine (AHA) homopropargylglycine (HPG)

Figure 2.3 Structural formulae of methionine and its NNAA surrogates azidohomoalanine and

homopropargylglycine

The rate of tRNA activation was determined for Met, AHA and HPG by Kiick
et. al”>. Both NNAAs possess significantly lower activation rates compared to Met (Table
2.1, page 16) with AHA possessing a slightly higher affinity towards MetRS compared
to HPG.

15



Table 2.1 Comparison of kinetic parameters for Met, AHA and HPG to
MetRS. Values are shown in s”'.uM! and relative to Met®’.

Amino acid

Keat/Km (S_l .llM'l)

Keat/Km (relative)

Met 5.47*107! 1
AHA 1.42%1073 1/390
HPG 1.16%107 1/500

Met

AHA

Figure 2.4 Electron density maps (coloured surfaces) and negative isopotential surfaces (mesh) of Met,

AHA and HPG?.

Kiick et.al®® also demonstrated that NNAAs lacking high electron density

at the d-position of the side chain (figure 2.4) exhibit significantly lower affinities towards

MetRS. Based on their findings, they proposed that this characteristic of the side-chain

electronic structure might be paramount the activation of AHA and HPG by MetRS. The

importance of electron density at the o position is further supported by the observation

that the thioether of the bound methionine substrate forms hydrogen bonds with both

the hydroxyl group of Tyr-260 and the backbone NH of Leu-13 in the enzyme's active

site (Figure 2.5).

Figure 2.5 Illustration of an active site of MetRS showing its interaction with Met”. Two lone electron

pairs at Mets sulphur are interacting with hydroxyl of Tyr260 and backbone NH of Leul3. This
interaction appears to be paramount for Met/NNAA analog activation®.
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2.7 Bio-orthogonal non-canonical amino acid tagging, putting a ring on nascent
proteins

Bio-Orthogonal Non-Canonical Amino acid Tagging (BONCAT) is an approach
developed by Dieterich et al (2006) to label newly synthetized (nascent) proteins?
This method involves the addition of AHA or HPG to the growth medium?®.
Subsequently, cells start incorporating the NNAA into nascent proteins, therefore
distinguishing them by possession of azide or alkyne group?’. These chemical handles
can then be utilised to further process newly synthetized proteins®. They can be
selectively conjugated to affinity probes using CuAAC or SPAAC?®. Following
conjugation, they can be selectively enriched using purification protocols exploiting

the biotin-streptavidin interaction (figure 2.6)*".

With the invent of BONCAT, a technique termed fluorescent non-canonical amino
acid tagging (FUNCAT) has been reported'>?®. This complementary method involves
the conjugation of incorporated azide or alkyne amino acids with fluorescent dyes.
The subsequent detection of fluorescence serves as a marker for the expression of nascent
proteins. With sufficient resolution, the spatial distribution of NNAA-labelled nascent

proteins can be obtained through fluorescent imaging (figure 2.6).

BONCAT and FUNCAT have found widespread use in proteomic profiling of nascent
proteins and in the monitoring of response-induced protein synthesis (changed
conditions, infection, disease)*®®. These methodologies provide insight
into proteome-wide stimuli response and may provide new information about

the nature of diseases?®

enrichment

lag
BONCAT /> -=> U —
h

emo-selective ./ ?\ identification

by LC/MS

reaction (e.g. click)
enrlchment

digestion

) protein T 2
V expression  J fé new\y synthesized proteins
T S |=D a

ncAA chemo-selective
- lick)

reactive functional group yoachion (64.¢

T@
FU NCAT =4 —
ﬂuurophore W

visualization

Figure 2.6 graphic representation of BONCAT (top) and FUNCAT (bottom) reactions?®. Both reactions
begin with incorporation of NNAA into proteins, followed by click reaction with enrichment tag
(BONCAT) or fluorofore tag (FUNCAT)
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2.8 Protein-protein interactions
Proteins rarely operate in isolation'. Even in simple configurations, such as one enzyme-
-one substrate relationship, proteins are often regulated through interactions
with other proteins?. Moreover, the majority of protein-mediated functions are driven
by multiprotein complexes, with as much as 80% of proteins being components of such
complexes®®, or through signalling cascades'. The functional integrity of these
multiprotein complexes and signalling cascades heavily relies on the precise and specific
protein-protein interactions (PPIs) that maintain their structural and functional stability?.
Protein-protein interactions are highly specific physical contacts between two or more
proteins®’. These contacts are the key to organizing protein functions in space and time>!.
Van der Waals forces, hydrogen bonding, and the hydrophobic effect are the primary
driving forces that facilitate PPIs*. Consequently, the interaction between proteins
is predominantly dictated by the amino acid composition of the interacting regions>?.
Numerous types of PPIs exist, encompassing interactions such as enzyme-substrate
interactions, receptor-ligand interactions, antibody-antigen interactions, and interactions

that allow for construction of protein complexes>>.

PPIs can be split into two broad categories relating to their duration:

e Stable PPIs, being the mechanism by which multiprotein complexes are held
together. Proteins that are parts of these complexes have functional
and/or structural roles.

e Transient PPIs happening between two reaction partners in a signalling
or metabolic cascade. This interaction may be reversible and may happen only

during highly specific conditions™.

2.9 Capturing transient protein-protein interactions

Cross-linking approaches have been proven to be an exceptional tool in capturing
transient PPIs**. Two main cross-linking approaches exist: Chemical and photo-chemical
cross-linking.

Chemical cross-linking involves the utilisation of moderately reactive bifunctional
reagents that target free amino groups, resulting in the formation of covalent protein
cross-links**. On the other hand, photo-chemical cross-linking involves the generation
of highly reactive intermediates in situ through the irradiation of a photoactivatable
precursor. One significant advantage of photo-chemical cross-linking is its enhanced

specificity due to the short lifetimes of the excited intermediates.
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2.9.1 Photo-induced cross-linking of proteins, cross-linked mass spectrometry

Photo-cross linking, or photo-induced cross-linking (PIXL)?* relies on introduction
of photoactivatable group into proteins®*. This is accomplished by replacing certain AAs
with photoactivatable NNAA analogues, with the most notable substitution being photo-

methionine (pMet) for Met?>34,

Photo-methionine is a NNAA that contains a diazirine ring instead of the thioester

t22. The three-membered diazirine ring is inherently unstable upon

group found in Me
exposure to UV light, undergoing rapid photolysis and generating a carbene radical.
This radical can either terminate or form a covalent bond with a neighbouring molecule?”
potentially an interacting protein partner (figure 2.7). PIXL therefore enables the capture
of PPIs through covalent bond formation®*. Sufficient information about cross linking
distances and the amino acid composition of crosslinked peptides can be obtained?.

This information allows for the characterization of the PPI molecular interface>®

“00C ‘00C ‘00C
N H3* N H3+ NH
] OR
UV irradiation
(350-370 nm) /
| :
N

photo-Met carbene radical cross-linking
radical termination

Z

Figure 2.7 Structure of photo-methionine (left) and depiction of its photolysis mechanism with

subsequent radical termination or cross linking??.

PIXL is a highly efficient method for protein cross-linking, thanks to its relatively
simple reaction mechanism and the formation of short-lived carbene intermediates*
The reaction is defined in space and time, dependent on a position of pMet in a protein
sequence and the illumination with UV light. The reaction is not pH dependent, does not

require any additional reactants, nor specific solvents.

Similar with other cross-linking methods, PIXL can be employed in tandem
with cross-linking mass spectrometry (XL-MS)®. This mass spectrometry method
has demonstrated exceptional capabilities in providing structural information about
proteins and capturing transient PPIs in their native environment. Consequently, XL-MS

is a key player in the field of structural biology.
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2.10 Studying NNAA incorporation in recombinant model proteins
Studying the incorporation of NNAAs in recombinant proteins offers numerous
advantages over studying them in non-recombinant proteins®’. Recombinant proteins
are synthesized using recombinant DNA technology, where the target gene is inserted
into an expression vector and expressed in a host organism. Induction of protein
expression after the NNAA addition guarantees a direct and controlled incorporation
of the desired NNAA into the recombinant proteins'>. Furthermore, these expression
systems have been extensively optimized, resulting in high yields of the recombinant
proteins’®.

This advantageous setup enables a more straightforward and streamlined
investigation of NNAA incorporation compared to studying cellular proteins’®.

A notable advantage is the availability of large quantities of recombinant protein,

simplifying downstream analyses.

2.10.1 Cytochrome bs

Cytochromes b are a large family of electron transporting proteins containing heme b
(39). Among them, cytochrome bs (cyt bs) (figure 2.8) is a ubiquitous protein, having
multiple isoforms in all animal kingdoms®’. Among them, mammalian membrane-bound
cyt bs is a 17kDa haemoprotein® associated with the endoplasmic reticulum membrane*’,

mitochondrial membrane*® and microsomes®'.

Figure 2.8 Structural cartoon model of mammalian cytochrome bs.
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Cytochrome bs functions as a single-electron transporter®. This capability is made

possible by the Fe3+/Fe2+ redox pair located within its heme prosthetic group.

4243 and fatty acid desaturation pathways**.

It plays important roles in steroidogenesis
Together with cytochrome P450, cyt bs is a crucial component of the microsomal
monooxygenase system (figure 2.9)*'. This system is involved in the metabolism
of bilirubin, xenobiotics, and other potentially toxic compounds*. This system mainly
facilitates the addition of a single hydroxyl group (hence the name monooxygenase)
to its substrate. Hydroxylated product has higher hydrophilicity, which in turn makes

it more available for excretion®’.

— | desaturases
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oyt by |,--§~\] | eytochrome | 5
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Figure 2.9 Diagram of interaction between cyt bs and its respective reductases and oxidases®.

The regulatory role of cyt bs in relation to cytochrome P450 is complex and not fully
understood*!*. Furthermore, the redox potential of cyt bs spans a wide range
of 400 mV and is influenced by the hydrophobicity and surface charge surrounding

its active site®.

Given that cyt bs previously expressed with pMet in our laboratory*® has exhibited
enhanced electron transport kinetics compared to cyt bs with Met*’, our objective is to
investigate potential disparities in the electron transport kinetics by utilizing cyt bs
expressed with either AHA or HPG. To facilitate this experiment, it is crucial to achieve
a significant cyt bs yield for subsequent purification, with maximal incorporation of AHA

or HPG. Therefore, the optimal host strain for the expression needs to be identified.

2.10.2 Green fluorescent protein, protein quantification — let there be light
Green fluorescent protein (GFP) is a protein expressed by several jellyfish species*®.
It exhibits fluorescence, the ability of absorption in certain wavelengths of light

and subsequent emission in longer wavelengths®.

Green fluorescent protein has two absorption peaks: a major one at 395 nm
and a minor one at 475 nm°, Its emission peaks at 509 nm, making the GFP appear bright

green. The fluorescence of GFP is dependent on its chromophore, derived from
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its primary structure®. The folding of GFP’s chromophore does not require any additional
enzymes/cofactors or substrates other than molecular oxygen*®. Due to this self-folding
fluorescent chromophore, GFP is widely employed as a tool to study gene expression®!,
PPIs*!*® and protein quantification®!.

Quantification of proteins is often performed using intrinsically destructive processes
such as protein assays and quantitative western blots>!. Protein quantification using GFP
i1s a non-destructive method to quantify protein of interest in vivo. The gene coding
for GFP is spliced just upstream of the protein of interest’s gene, under the same
promotor. The gene is then translated into a fusion protein. The number of proteins
of interest produced is equivalent with the amount of GFP produced, therefore relative
concentration of protein of interest is obtainable. Furthermore, multiple datapoints can

be obtained, yielding information about differential expression in time.

2.11 Methods to increase incorporation efficiency, methionine auxotrophy

High fidelity of AARS to its cognate substrate coupled with proof-reading suggests
that NNAAs will compete with Met in binding to MetRS'. Protein labelling
in the presence of Met could therefore result in a poor incorporation of NNAAs into
proteins®®. For applications such as nascent proteins labelling or studying protein-protein
interactions, low incorporation rates are sufficient>*>2. However under certain conditions,
quantitative substitution of Met can be achieved'®.

Multiple methods to increase NNAA incorporation efficiency have been

developed'>!”, most notably employing biological systems auxotrophic for Met!".
Met auxotrophy is intrinsic in the mammalian cells*’ or purposefully induced by
manipulating genes involved in Met biosynthesis™.

When levels of Met are low, compensationary cellular processes are employed™.
Wild-type E. coli are able to synthetise Met de novo to sustain physiological

concentration of 1.5.10* mol.dm™ in the cytosol>

. This biosynthetic pathway begins
with homoserine and succinyl-CoA and ends with methylation of homocysteine to Met
(figure 2.10, page 23)>.

This last methylation step is facilitated by two enzymes coded for by two genes™.
Gene metH codes for cobalamin-dependent methyl transferase. Gene metE codes
for cobalamin-independent methyl transferase (figure 2.10, page 23, last step). In the
latter case, methylation is facilitated by the transfer of methyl group from

tetrahydrofolate.

22



Aspartate Threonine

4

\")\/\ )Ws -con

Homosenne Succinyl- COA

Homoserine
0O-succinyltransferase

(metA) CoASH

(o}
HOMMOH
O

O-Succinylhomoserine

Cystathionine NHz Cysteine
y-synthase (metB)
Succinate

S OH

Cyslathwomne

Cystathionine

P-lyase (metC) Pyruvate + NHg

47—

SH

Hcmocysteme
Me-THF or Me-THPTG
Methionine synthase
(metH or metE)
THF or THPTG

S
O Methionine

Figure 2.10 Met biosynthetic pathway in E. coli**
The B834 strain of E. coli has been engineered to be auxotrophic for Met>.
This bacterial strain was modified to have a large insert in the metE gene, rendering
the coded protein (methionine synthase) incapable of its original function®
Met auxotrophy imposes a growth restriction on the organism, as it heavily relies upon

t°5. Without an external Met supply, these living systems

the availability of exogenous Me
cannot generate sufficient amount of Met to satisfy cellular needs, leading to pathological
conditions including a reduction in the rate of translation®®. However, in the conditions

where concentration of Met is lowered, higher incorporations of NNAA are observed'”.

2.12 Non-natural amino acids in proteosynthesis initiation

N-formyl Met is widely conserved as a protein synthesis initiation factor in bacteria®’
In E. coli, MetRS can aminoacylate Met to its cognate tRNA for elongation, as well
as to a specific tRNA dubbed tRNA¢’. Post-aminoacylation, methionyl-tRNA¢
is formylated by an enzyme methionyl-tRNA formyltransferase. This enzyme transfers

the formyl group from N-10-formyl-tetrahydrofolate to the amino group

23



of methionyl-tRNAf. N-formyl methionyl-tRNA¢ is then recognized and bound
by the ribosome, initiating the process of protein synthesis®. After translation,
the N-terminus containing N-formyl Met is removed by the action of enzymes peptide

deformylase and methionine aminopeptidase’®.

Inactivation of genes involved in Met-tRNAr formylation has a severe negative
impact on the growth of E. coli*’. In the context of NNAA incorporation, the cell must
therefore use formylated Met or formylated NNAA to initiate proteosynthesis.

In a metabolomic study by Steward et. al (2020)*°, N-formyl-AHA,
and N-formyl-HPG were not detected. This finding suggests a conserved role of N-formyl
Met in cellular translation initiation and supports the hypothesis that neither AHA
nor HPG can function as direct substitutes for N-formyl Met*.

2.13 Methionine and non-natural amino acids beyond protein synthesis

2.13.1 The effects of lowered methionine concentration

Methionine may have a relatively minor role in protein structure?!, but it is irreplaceable
in other cellular processes®®. Lowered Met concentration induces negative effects

to the metabolism of E. coli*.

Methionine is a precursor of S-adenosyl methionine (SAM), a methyl group donor>®.
E. coli express various SAM-dependent methyltransferases that target DNA’, RNAS!
and proteins®?. Lowered levels of SAM have been associated with cell division defects
in E. coli® and were observed during growth of Met-prototrophic 4. thaliana® with AHA
and HPG.

The growth of Met-auxotrophic E. coli in the minimal medium without Met
eliminates post-synthetic methylations® including DNA and protein methylations®.
SAM is also involved in synthesis of polyamines putrescine, spermine and spermidine®’.
The main function of these polyamines seems to be interaction with ribosomal RNA
and subsequent support of proteosynthesis®®. In summary, we expect a poor growth of

Met-auxotrophic E. coli in Met-deficient media.

Methionine-auxotrophic E. coli strains need higher concentrations of Met in their
growth medium (100-200 pmol.dm™) compared to prototrophic strains in order to grow>°.
This suggests that uptake of exogenous Met is not sufficient to compensate for Met

auxotrophy.
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2.13.2 Methionine transporters and non-natural amino acid import

Methionine transport system in E. coli is regulated by the size of the internal Met pool®’.
Met starvation therefore results in a substantial increase in the rate
of Met import®’. E. coli has several Met transport systems®®. The key proteins in one
of the transport systems are MetNI, an ATPase, and its cognate binding protein, MetQ®%.
It is currently unknown whether pMet, AHA and HPG utilize E. coli Met transport

systems, or enter the cell by an alternate pathway.

However, Sharaf et. al*® conducted an experiment in which they expressed the Met
transport system MetNI : MetQ from N. meningitidis in E. coli. They subsequently
investigated the affinity of this complex for various non-native amino acids (NNAAs).
The findings of their study revealed a substrate promiscuity for several Met analogs.
Additionally, Sharaf et. al noted that the wild type MetNI : MetQ complex is highly
abundant in E. coli, suggesting that this abundance might enhance the efficiency of Met
uptake, particularly in environments with low Met availability. They however didn’t
investigate import of AHA, HPG or pMet. Consequently, cellular import of NNAAs

cannot be ruled out as an important limiting factor in NNAA incorporation.

2.13.3 Do non-natural amino acids enter the metabolism?
It remains unknown whether enzymes, apart from MetRS, mistakenly recognize AHA
or HPG as Met!*. If such recognition occurs, the azide and alkyne groups present

in AHA and HPG could potentially be transferred to alternative molecules.

In a metabolomic study by Steward et. al* no AHA or HPG-derived degradation
products were observed. However, their findings hinted at a more severe metabolomic

impact of HPG compared to AHA.

Based on their findings, they suggested that the main sink of AHA and HPG is protein
synthesis. However, there is some evidence that cytosolic glutathione can reduce azide®.

consequently, AHA could undergo reduction to form 2,4-diaminobutyrate.

2.13.4 Impact of non-natural amino acid incorporation on protein structure

The impact of NNAA incorporation on protein structure remains poorly understood
and requires further investigation®. Incorporating NNAAs into proteins can induce
changes in the physical and chemical properties of the protein®®. These changes can occur

through two mechanisms.
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First, if the NNAA is incorporated within or near the active site of the protein, it may
disrupt the functional mechanism of the protein®>*. Second, even when incorporated
outside of the active center, NNAAs can still affect protein activity by interfering

with the folding process, which relies on the specific sequence of natural amino acids
28,38

A detailed study by Lehner et. al* investigated the effect of AHA incorporation on
the structure and ligand binding of the PDZ3 domain of the protein azulene.
The researchers found that AHA incorporation had a minimal impact, causing only

localized structural changes in the vicinity of the incorporated NNAA.

However, different proteins can be affected in unique ways due to variations in their
amino acid composition and folding patterns®. Therefore it is crucial
to consider the potential impact of NNAAs on protein structure-function relationship.
Detailed studies are necessary to evaluate the consequences of NNAA incorporation

and determine the relevance of the obtained experimental data.

Collectively, all these points support the emerging hypothesis that NNAA
incorporation does have a substantial effect on E. coli, contrary to previously published
literature®2%>2, Therefore, our study aims to assess the global impact of bacterial growth
with NNAAs on a bacterial population and the local effects at the level of NNAA
incorporation in recombinant model proteins. All these data may shed a light
on incorporation dynamics and factors involved in NNAA incorporation. The best

strategy may therefore be applied to yield the best possible results for a given application.

2.14 Beyond Boncat, frontiers in the non-natural amino acid incorporation
In addition to PIXL and BONCAT, there have been notable advancements in the field
of NNAA incorporation into proteins'®. These innovative approaches provide researchers

with versatile tools to study and engineer biological systems.

2.14.1 Electron transfer in proteins, photo-induced electron release

The incorporation of NNAAs and the introduction of biorthogonal handles can benefit
the field of enzymatic electrochemistry’’. In addition to studying enzyme mechanisms
or improving their stability, NNAAs are being employed to research electron transfer

in electron-transferring proteins.
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Protein electron transfer plays a crucial role in a wide range of biological processes,
such as photosynthesis, respiration, and enzymatic reactions’!. By introducing novel
chemical groups into proteins, NNAA incorporation may help decipher internal electron

transfer mechanisms and shed light on the set of factors affecting the electron transfer’!.

One of the promising methods of studying artificially induced electron transfer
is photo-induced electron release (PIER)*2. In this method, a non-conventional
application of pMet is employed. Under certain conditions, the carbene intermediate
(figure TBD) is a potential source of an electron capable of reducing the protein’s active
site via an electron transfer. This promising method utilises a novel approach to study

electron transfer in proteins.

2.14.2 AARS mutagenesis, genetic code expansion

The wild-type AARSs and adjacent proteosynthetic =~ machinery allow
for the incorporation of a surprising number of NNAAs. However, several teams have
been probing modifications of translational apparatus to support the incorporation
of NNAAs not activated by wild-type AARSs!>!°. Examples include overexpression
of wild-type AARS", introduction of orthogonal translation systems'® and mutations
in the amino acid binding pocket”. In the latter case, shifted specificity of MetRS
for NNAA azidonorleucine and significantly lower sensitivity for Met was reported.
In contrast, wild-type MetRS activates azidonorleucine very poorly. This modification
allows for proteome-wide labelling of live cells using azidonorleucine’ or potentially

other NNAAs with different properties.

2.14.3 A toolbox for protein engineering

The invent of NNAA incorporation has revolutionized protein engineering.
By incorporating NNAAs with specific chemical functionalities, proteins with novel
catalytic activities, binding sites or PPIs can be designed, allowing construction
of macromolecules with unprecedented diversity!”. For example, introduction
of NNAAs 3-amino-tyrosine and 3-fluoro-tyrosine have shifted fluorescence maxima

and increased quantum yields in red fluorescent protein’®.

2.14.4 A roadmap to synthetic biology, genetic firewall
Non-natural amino acid incorporation has proven to be an invaluable tool for accurately
studying protein function and exploring various applications in biocatalysis'®. However,

in order to fully harness the potential of synthetic organic chemistry, there may arise
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a need for containment of the modified biological systems. The experimental evolution
of organisms incorporating NNAAs conducive to their function may enable the creation
of an intrinsic "genetic firewall" that can achieve the biocontainment

of “xenoorganisms”.

Expansion of the amino acid repertoire will not only change our understanding
of biological processes but will also allow re-examination of our concepts about the origin

of the genetic code and life itself!”.
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3 Thesis goals

Compare growth characteristics of £. coli BL21 and B834 in limited medium
supplemented with either Met, pMet, AHA, or HPG.

Compare expression of recombinant proteins and NNAA incorporation
in cytochrome bs and MBP-GFP in both E. coli strains in Met-free limited
medium with pMet, AHA or HPG

Based on the obtained trends, select a E. coli strain more suited
for the expression of cyt bs with the maximal incorporation

of pMet, AHA and HPG.
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4 Materials and methods

4.1 Chemicals

Acetic acid (Penta)

Acetonitrile (Merck)

Acrylamide (BioScience)

Ammonium chloride (Lachema)
Ammonium persulphate (Sigma)
Ampicillin (Sigma, Roth)
Azidohomoalanine (Jena Bioscience)
Bis-acrylamide (BioScience)

Boric acid (Lachema)

Bromophenol blue (Sigma)

Calcium chloride (Penta)

Cobalt(II) chloride (Lachema)
Coomassie Brilliant Blue R-250 (Serva)
Copper(II) sulphate (Lachema)
D-glucose (Sigma)

Deionised water

Disodium hydrogen phosphate (Penta)
Ethanol

Ethylenediaminetetraacetate (EDTA) (Fluka)
4-ethylmorpholine (Sigma)
Homopropargylglycine (Jena Bioscience)
Hydrochloric acid 35 % (Penta)

2-iodoacetamide (Sigma)



Iron(II) sulphate (Sigma)

Isopropyl B-D-1-thiogalactopyranoside (Roth)
L-isoleucine (Sigma)

L-leucine (Sigma)

L-lysine (Sigma)

L-phenylalanine (Sigma)

L-photomethionine (Thermo Scientific)
L-threonine (Sigma)

L-valine (Sigma)

Magnesium chloride (Sigma)

Magnesium sulphate (Sigma)

Manganese(II) chloride (Lachema)
2-mercaptoethanol (Sigma)
N,N,N’,N*-tetramethylethylendiamine (Fluka)
Oligo R3 (Applied Biosciences)

Potassium carbonate (Sigma-Aldrich)
Potassium dihydrogen phosphate (Lachner)
Potassium hydroxide (Penta)

Potassium chloride (Lachema)

Precision Plus Protein™ Dual Color Standards (BioRad)
Sodium chloride (Fluka)

Sodium dodecyl sulphate (Sigma-Aldrich)
Sodium hydroxide (Penta)

Sucrose (Penta)
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Thiamine hydrochloride (Roth)

Trifluoroacetic acid (Fluka)
Tris(2-carboxyethyl)phosphine hydrochloride (Aldrich)
Trizma base (Sigma)

Trypsin (Promege)

Tryptone (BioTech)

Yeast extract (Biotech)

Zinc(II) sulphate (Sigma)

Kits used

QIAGEN plasmid mini kit
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4.1.1 Media
4.1.1.1 Lysogeny broth medium
Lysogeny broth medium (LB medium) was used to provide all nutrients for bacterial
growth. LB medium was also used to produce recombinant protein containing
methionine.

e 1% (w/v) Tryptone

e 1% (w/v) Sodium chloride

e 0.5% (w/v) Yeast extract

e pH 7.7. Autoclave-sterilised

4.1.1.2 Super optimal medium with catabolite repression
Super optimal medium with catabolite repression (SOC medium) was used for growing
bacteria after transformation.

e 2% (w/v) Tryptone

e 0.5% (w/v) Yeast extract

e 10mmol.dm™ Sodium chloride

e 2.5mmol.dm™ Potassium chloride

e 10mmol.dm~ Magnesium chloride

e 10mmol.dm™ Magnesium sulphate

e 20mmol.dm™ Glucose

e pH 7.0, autoclave-sterilised

4.1.1.3 Phosphate-buffered saline
Phosphate-buffered saline (PBS) was used to wash bacteria and remove residual
methionine. It was also used as a dilutant.

e 137mmol.dm™ sodium chloride

e 2.7mmol.dm™ potassium chloride

e 10mmol.dm™ disodium hydrogen phosphate

e 1.8mmol.dm™ potassium dihydrogen phosphate

e pH 7.4, autoclave-sterilised
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4.1.1.4 Minimal medium M9

Minimal medium M9 (MM-M9) was used for incorporation of synthetic amino acids

into proteins. The medium was prepared immediately before use by mixing the following

stock solutions.

5x concentrated solution A: 210mmol.dm™ Disodium hydrogen phosphate
110mmol.dm™ Potassium dihydrogen phosphate
90mmol.dm™ Ammonium chloride
43mmol.dm™ Sodium chloride
200x concentrated solution B: 1mol.dm™ Magnesium sulphate
1000x concentrated solution C: 0.1mol.dm™ Calcium chloride
1000x concentrated solution D: 80.6mmol.dm= EDTA
2.15mmol.dm™ Cobalt(II) chloride
92.5mmol.dm™ Iron(II) sulphate
1.56mmol.dm™ Zinc(II) sulphate
13.5mmol.dm™ Copper(II) sulphate
10.6mmol.dm™ Manganese(II) chloride
1.62mmol.dm™ Boric acid
pH=7.5
50x concentrated solution E: 1mol.dm™ Glucose
100x concentrated solution F: 30mmol.dm™ Thiamine hydrochloride
10x concentrated solution G: 3.8mmol.dm™ L-isoleucine
4.3mmol.dm™ L-valine
3.8mmol.dm™ L-leucine
6.8mmol.dm™ L-lysine
6.4mmol.dm™ L-phenylalanine
8.4mmol.dm™ L-threonine
50x concentrated solution H: 50mmol.dm™ Met or NNAA (pMet/AHA/HPG)
1000x concentrated solution I: 0.29mmol.dm™ ampicillin
Soutions A, B, C were autoclave-sterilised.
Solutions D, E, F, G, H, I were sterilised using 0.22 pm filters.

dH>0O was added to final volume.
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4.1.2 Biological material

E.coli bacteria were used for our experiments. E. coli are versatile, functional, and widely

used biological systems to produce recombinant proteins.

4.1.2.1 Bacteria

E. coli BL-21(DE3) Gold
E. coli B834(DE3)
E. coli DH5a

4.1.2.2 Plasmids

pPMAL-c5X-MAP plasmid coding a gene for maltose-binding protein-green
fluorescent protein fusion protein (MBP-GFP) together with a gene coding
the resistance to ampicillin. Kindly provided by RNDr. O. Vanék, Ph.D.
(department of biochemistry, faculty of science, Charles university, Prague,

Czech Republic). The sequence of MBP-GFP was:
KIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAH
DRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKT
WEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGL
TFLVDLIKNKHMNADTDYSIAEAAFNKGETAMT INGPWAWSNIDTSKVNYGVTVLPTFKGQPSK
PFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELVKDPRIAAT
MENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIE
GRISHSENLYFQGHHHHHHGSGSSASKGAELFTGIVPILIELNGDVNGHKFSVSGEGEGDATYG
KLTLKFICTTGKLPVPWPTLVTTLSYGVQCFSRY PDHMKQHDFFKSAMPEGY IQERTIFFEDDG
NYKSRAEVKFEGDTLVNRIELTGTDFKEDGNILGNKMEYNYNAHNVY IMTDKAKNGTKVNFKIR
HNIEDGSVQLADHYQQONTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMIYFGFVTAAAITHG
MDELYKSGSGTGSGSGYARAAARQARASGSGHHHHHH

pET22b plasmid coding a gene for cyt bs (G46M mutant) together with a gene

for the resistance to ampicillin’. The sequence of cytochrome bs was:
AAQSDKDVKYYTLEETIKKHNHSKSTWLILHHKVYDLTKFLEEHPMGEEVLREQAGGDATENFED
VGHSTDARELSKTFIIGELHPDDRSKLSKPLETLITTVDSNSSWWTNWVIPATSALIVALLYRL
YLADD
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4.2 Instrumentation

Analytical balance (Ohaus Discovery)

Centrifuge Universal 320 R with angular rotor 1620A (Hettich)

Electronic balance ScoutTM Pro (Ohaus)

Electrophoresis kit mini Protean II (Bio Rad)

Homogenizer UP100H (Hielscher)

Incubator Lab. Companion SI-600R (Jeio Tech)

Light stand LP 555 5000K (Hama)

Lyophilizer Finn Aqua (Gemini lab)

Mass spectrometer ESI-qTOF maXis PLUS (Bruker Daltonics)

Orbital shaker MS1 Minishaker (IKA)

Peptide MicroTRAP column (Michrom Bioresources)

pH meter pH 7110 (inoLab)

Pipettes and tips (Gilson, Eppendorf)

Spectrophotometer DS-11+ with FX fluorescence module (DeNovix)

Tabletop centrifuge minispin plus, rotor F-45-12-11 (Eppendorf)

Ultimate Dry bath incubator (Cleaver Scientific)

UHPLC system 1290 Infinity II (Agilent)

Ultraflex II1 MALDI-TOF/TOF mass spectrometer (Bruker Daltonics)

Vacuum concentrator CentriVap®micro IR (Labconco)
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4.3 Methods

4.3.1 Preparation of competent cells

Suspension of E. coli grown overnight (37 °C, 200 RPM, Lab. Companion SI-600R)
in LB medium was used to inoculate 30 ml of fresh LB medium to ODgoo of 0.05.
The suspension was cultivated until ODgoo = 0.5 — 0.6 was reached (37 °C 200 RPM Lab.
Companion SI-600R). The suspension growth was arrested in an ice bath
for 15-20 minutes. The cells were pelleted (Hettich Universal 320R, 4°C, 380 x g,
10 min) and gently resuspended in 10 ml of ice-cold 100mM CaCl;, 10mM Tris-Cl,
pH = 7.4. The suspension was incubated on ice for 10 minutes.

Competent cells were harvested (Hettich Universal 320R, 4°C 380 x g, 10 min)
and gently resuspended in 1 ml of ice-cold 50mM CaCl,, 10Mm Tris-Cl, 15% glycerol
pH = 7.4. The suspension containing competent cells was divided
into aliquots (50-100 pl), flash frozen in liquid nitrogen and stored at -80 °C until further
use.

4.3.2 Transformation of competent cells

An aliquot of competent cells was thawed on ice and divided into 2 equal-volume
samples. Into one suspension, 1 ul of plasmid solution (concentration
in 10 g/dm? range) was added.

Transformation of competent cells was carried out using standard heat shock protocol
(incubation for 20 minutes on ice, then 90 seconds at 42°C, then 3 minutes
on ice). Afterwards, 500 pl of SOC medium was added to both samples
and the suspensions were incubated for 1 hour (37°C, 200RPM, Lab. Companion
SI-600R).

Bacterial suspensions were centrifuged (Eppendorf MiniSpin, 1073 x g, 4 min)
and 500 pl of supernatant was removed. Pellets were resuspended
into remaining 50 pl of supernatant. Both suspensions were spread on separate plates
containing LB agar with 0.29mmol.dm™ ampicillin and the plates were incubated
in upside down position at 37°C overnight.

Both plates were evaluated for the presence of bacterial colonies. The plate containing

transformant colonies was sealed with parafilm and stored at 4°C.
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4.3.3 Plasmid production and isolation

Extraction and isolation of plasmids from the suspension of E. coli DH5a grown
overnight in LB medium (37°C, 200 RPM Lab. Companion SI-600R) was carried out
using the QIAGEN plasmid miniprep kit following the manufacturer’s protocol’’.
The final plasmid solution was divided into aliquots (50 pul) and stored at -20°C.

4.3.4 Bacterial growth with NNAAs

E. coli BL21 and B834 suspensions grown overnight in 30 ml of LB medium containing
0.29 mmol.dm™ ampicillin (37°C, 200 RPM, Lab. Companion SI-600R) were used
to inoculate 25 ml of MM-M9 containing either Met, pMet, AHA or HPG(1 mmol.dm™)
to ODsoo of 0.05. The ODgoo of each suspension was measured using
a DeNovix DS11+ spectrophotometer. Suspension samples with ODgoo values larger
than 0.8 were diluted using PBS.

Growth metrics were generated and growth curves were fitted to the ODgoo timepoints
of each bacterial suspension using the Growthcurver plugin for R (76). Subsequently,
derived growth characteristics defining start (10 % of maximum population size K)
and end (90% of maximum population size K) of the logarithmic growth phase were

calculated using the formula 4.1:

S

Where Nt = population size at time t (10 % of K or 90 % of K), No = population size

(4.1)

at the t = 0 h, K = max population size, r = max growth rate of the population, t = time.
4.3.5 Recombinant protein expression
Suspension of E. coli BL21 and B834 grown overnight (37°C, 200 RPM, Lab.
Companion SI-600R) in LB medium containing 0.29 mmol.dm™ ampicillin were used
to inoculate 150 ml of fresh LB medium containing 0.29 mmol.dm> ampicillin.
The suspensions were grown to ODeso of 0.7-0.8 (37 °C 200 RPM,
Lab. Companion SI-600R, 2-3 hours).

Next, the suspensions were centrifuged (H320R, 8981 x g, 10 min, 4 °C) and pellets
were resuspended in 15 ml of cold PBS. The washing step was repeated once under
the same conditions. The pellets were subsequently used to inoculate MM-M9 containing

either pMet, AHA or HPG (1 mmol.dm™) to the ODeoo of 0.5.
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Cytochrome bs or MBP-GFP expression was induced 30 minutes after inoculation
of MM-M9 by adding isopropyl-B-D-1-thiogalactopyranoside (IPTG) to final
concentration of 0.6 mmol.dm™. Bacterial suspensions expressing recombinant protein
were incubated (37 °C 200 RPM, Lab. Companion SI-600R). During expressions,
the increase in biomass of suspensions was monitored and suspensions were aliquoted
for electrophoresis (chapter 5.3.7).

Fluorescence of suspensions expressing MBP-GFP was monitored in the blue region
(Excitation 442 - 497 nm emission 514 — 567 nm) using
a DeNovix DS-11+ spectrophotometer equipped with the FX fluorescence module
in 50 pl suspension samples diluted 10x with PBS.

4.3.6 Electrophoresis

A volume of 0.5 ml of bacterial suspension was pelleted (Eppendorf
MiniSpin, 13148 x g, 2 min). The pellets were resuspended in 100 pl of dH>O and stored
at -18 °C.

Next, the suspensions were thawed and homogenized (Hielscher UP100H,
40% amplitude, 10 seconds per sample). Then, they were mixed with 5x concentrated
reducing sample buffer [(10% (w/v) SDS, 20% (w/v) glycerol, 0.25% (w/v) bromophenol
blue, 10% (w/v) 2-mercaptoethanol, 30mmol.dm™ Tris-Cl, pH = 6.8] and incubated
at 95 °C for 5 minutes.

All electrophoresis separations were conducted using a discontinuous sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) (10% separating gel for MBP-

-GFP, 15% separating gel for cyt bs). The constituents of gels can be found in Table 4.1.
Table 4.1 Constituents for casting SDS-PAGE gels

Constituent Separating gel =~ Separating gel = Stacking gel
(10 %) (15 %) (5 %)
Volume per one gel (ml)

dH,O 1.93 1.10 1.40

28% (w/v) acrylamide

+ 0.2‘EA) (vz/v)rl:,is—acrylamide 167 230 033

1.5mol.dm™ Tris (pH 8.8) 1.3 1.3

1.0mol.dm™ Tris (pH 6.8) - - 0.25

10% (w/v) SDS 0.05 0.05 0.02

N,N,N’,N*-tetramethylethylendiamine 0.004 0.004 0.004

10% (w/v) Ammonium persulfate 0.05 0.05 0.02
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The polymerized gel, measuring 10 x 6 x 0.1 cm and containing 10 wells, was placed
into an electrophoresis apparatus (Electrophoresis kit mini Protean II (Bio Rad).
The apparatus was filled with a running buffer (25mmol.dm™ Tris-Cl, 200mmol.dm™
glycine 3.5mmol.dm™ SDS, pH = 8.3). The prepared samples were loaded into the pre-
-formed sample wells. To gauge the relative molecular mass of the separated proteins,
1.5 pl of the Precision Plus Protein™ Dual Color Standard by Bio-Rad was loaded into
a single well. Electrophoresis was performed with a voltage and current not exceeding

200 V and 25 mA, respectively.

The gels were stained by Coomassie Brilliant Blue R-250 [staining
solution: 35% (v/v) methanol, 10% (v/v) acetic acid, 0.25% (w/v) Coomassie Brilliant
Blue R-250] and destained [35% (v/v) ethanol, 10% (v/v) acetic acid] until the desired
contrast of protein bands was achieved. The gels were stored at 4°C in dH>O.

4.3.7 Digest of proteins for mass spectrometry

Gel zones containing proteins of interest were excised and diced. Gel pieces were
repeatedly washed with 100 pl of 50mmol.dm™ ethylmorpholine (EtMf)
in 50% acetonitrile (ACN) (pH = 8.1) until destained.

Cysteine residues were reduced in 30 mmol.dm™ Tris(2-carboxyethyl) phosphine
(TCEP) in 100 mmol.dm™ EtMf at 70°C for 20 minutes. The remaining TCEP solution
was washed away with 100 pul of ACN. Cysteines were alkylated
in 30 mmol.dm™ 2-iodoacetamide (IAA) in 100 mmol.dm™ EtMf, pH = 8.0
for 60 minutes at room temperature in the dark. The samples were washed with ACN,
dH20, ACN, dH20 (100 pl of 100% solution each step), followed by 50% ACN,
and dried using Labconco CentriVap®micro IR for approximately 10 minutes.

The samples were digested wusing trypsin [29 ul of cleaving buffer
(45 mmol.dm™ EtMf, 10% ACN, pH 8.1), 1 ul of 5ng/ul trypsin)] at 37°C overnight.
The enzymatic cleavage was terminated by adding formic acid (FA) to final concentration
of 2.5% (v/v).

4.3.8 Obtaining MS m/z values and tandem MS m/z values of peptides

Monoisotopic theoretical m/z values were generated from the protein sequence
(cyt bs/ MBP-GFP) using GPMAW software’®. Values were generated at charge
states 1-5 for peptides containing pMet, AHA, HPG, their derivatives, oxidized
methionine (MetOx) and Met. In order to confirm the identity of peptide peaks in mass

spectra, a list of theoretical tandem MS m/z values was calculated for each peptide.
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4.3.9 Matrix-assisted laser desorption ionization — time of flight mass spectrometry
analysis
A volume of 0.5 pl of peptide mixture obtained in the chapter 4.3.7 was spotted onto
a MALDI-ToF target plate, dried at ambient conditions, overlaid with 0.5 pl of matrix
solution [Smg/ml a-cyano-4-hydroxycinnamic acid in 50% (v/v) ACN and 0.1% (v/v)
TFA] and dried once again at ambient conditions. Mass spectra were acquired using
the Ultraflex III MALDI-ToF mass spectrometer (Bruker Daltonics) over a m/z range
of 600 — 3000 using a positive ion detection mode.

The acquired mass spectra were evaluated manually using Data Analysis 4.4 (Bruker
Daltonics). Baseline was subtracted from the spectrum using the flatness parameter set
to 0.8. The intensities of first 3 isotopic peaks were determined for the peptides containing

Met, MetOx and NNAAs.

4.3.10 Sample preparation for LC-MS
The remaining volume of a peptide mixture obtained in the chapter 4.3.7 was transferred
into a separate test tube. The gel pieces in the original tube were washed
with 50 pl of 50% ACN 2.5% FA, then with 50 ul of 80% ACN, 2.5% FA (both solutions
were agitated for 15 minutes in a sonicating water bath). Washing solutions were
combined with the peptide mixture, lyophilised until dry (1.5 hours) and stored at -18 °C.
Lyophilized samples were resolubilized in 50 pl of 0.5% FA and desalted using
areverse phase chromatography [Peptide MicroTRAP column (Michrom Bioresources)].
The samples were loaded on the column previously equilibrated with 200 ul of 0.5% FA,
washed with 100 pl of 0.5% FA, eluted using 50 pl of 80 % ACN, 0.5% FA, lyophilised
until dry (1 hour) and stored at -18 °C.

4.3.11 LC-MS analysis and peptide peaks integration

The desalted and lyophilized samples were resolubilized in 10 ul of 0.5% (v/v) FA.
A volume of 8 ul was loaded onto the LC column and separated using a mobile phase
gradient (0.5% (v/v) FA in dH2O with 0.5% (v/v) FA in ACN) over 30 minutes
with a flow rate of 250 ul/minute. Mass spectra were acquired over a m/z range of 150-
-2200 using a positive ion detection mode. Charge states 2 to 5 were analysed by tandem
MS using collision-induced dissociation. The analysis was performed using the UHPLC
1290 LC-MS (Agilent) coupled with ESI-qTOF maXis PLUS Mass spectrometer (Bruker

Daltonics).
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Positive ion mass spectra acquired using LC-MS were screened using DataAnalysis
4.4 (Bruker Daltonics). Baseline was subtracted from spectra using the flatness parameter
set to 0.8. Using the function “Edit chromatogram traces” for theoretical m/z values
obtained in chapter 4.3.8 were added as traces (charge state +1 to +5) to the extracted ion
chromatogram using m/z width interval of £0.02. The resulting peaks were manually
identified by matching the obtained theoretical tandem MS m/z values (chapter 4.3.8)
with fragments present in the tandem mass spectra.

Peaks with confirmed identity (corresponding to peptides containing Met, MetOx,
NNAA and derivatives) were integrated using the “chromatogram compounds” function,
yielding the relative areas under curve.

4.3.12 Non-natural amino acid incorporation determination
For peptides containing a single position for Met, NNAA incorporation was calculated
using the following formula (4.2):

Y. signals NNAA
Y signals (NNAA+Met+MetOx)

NNAA Incorporation = * 100 (%)

(4.2)

For peptides containing 2 positions for Met, NNAA incorporation was calculated

using the following formula (4.3):

Y. signals 2xNNAA + ) Slgnalsz 1xNNAA

Y. signals NNAA + Met + MetOx

NNAA Incorporation = * 100 (%)

(4.3)

Where “signals” represent either the sum of intensities of 3 isotopic peaks obtained

from MALDI-ToF spectra (Chapter 4.3.9) or the area under the curve of peaks obtained
from LC-MS spectra (Chapter 4.3.11).
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5 Results

In this study, we conducted a comparison of the growth of prototrophic E. coli BL21
and Met-auxotrophic E. coli B834 with NNAAs pMet, AHA, and HPG. We monitored
recombinant protein expression, as well as the incorporation of the aforementioned
NNAA, in recombinant cytochrome bs and MBP-GFP. Our aim was to determine

the more suitable strain for expressing proteins with high NNAA incorporation rates.

5.1 Transformation of competent cells

To observe protein expression and provide selection pressure, both E. coli BL21
and B834 were transformed following the chapter 4.3.2 using plasmids carrying genes
either for cyt bs or MBP-GFP. Both plasmids contained genes conferring the resistance
to ampicillin. Following a 24-hour incubation at 37 °C on an LB agar plate, successful
transformations were confirmed by the absence of bacterial colonies on the control plate
and their presence on the experimental plate. These colonies were used as inocula

to conduct further experiments.

5.2 Growth curves of E. coli BL21 and B834 with methionine and non-natural amino
acids

To investigate the impact of NNAAs on E. coli growth in Met-free MM-M9,
an experiment was conducted following the protocol outlined in chapter 4.3.4.
The increase in biomass was measured in each bacterial suspension throughout
the 26-hour expression duration. Growth curves were fitted to the obtained ODsoo data

of each suspension (Figure 5.1, page 44), and the growth characteristics were calculated

(Table 5.1, page 4.4).
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Figure 5.1 Bacterial growth in MM-M9 with Met, pMet, AHA or HPG. Aggregated growth curves
of E. coli BL21 (A) and B834 (B) and growth comparison of both strains with Met (C), pMet (D),
AHA (E) and HPG (F). OD600 — optical density.

Table 5.1 Growth metrics of £. coli BL21 and B834 grown with Met, pMet, AHA and HPG.
R — unrestricted growth rate; K — maximum population size; 10 %/90 % K — time defined as start
and end of logarithmic growth phase x — metric not applicable, absence of a logarithmic phase
in the observed time frame
Growth curve BL21 B834
metrics Met pMet AHA HPG Met pMet AHA | HPG
r 0.82 | 047 0.52 X 0.63 X X X
K 1.762 | 1.986 1.966 0.103 1.764 0.054 0.223 0.098
10 % K (h) 5.01 9.03 8.21 X 4.42 X X X
90 % K (h) 10.26 | 18.26 16.63 X 11.18 X X X

In the presence of Met, E. coli B834 entered the logarithmic growth phase earlier than
BL21 (Figure 5.1, C), but exhibited a lower unrestricted growth rate (table 5.1).
These growth patterns were also consistently observed in all suspensions cultivated
in LB medium.

Prototrophic E. coli BL21 suspensions with pMet and AHA entered the logarithmic
growth phase significantly later compared to the BL21 suspension with Met (Figure 5.1,
A). This delay in biomass increase suggests an adaptation of BL21 to Met-free MM-M9,
likely establishing de novo Met biosynthesis. Notably, BL21 suspensions with pMet
and AHA reached a maximum population size ~10 % higher than the BL21 suspension
with Met. This observation could be attributed to the inhibitory effect of a high
concentration of Met or the earlier onset of a death phase in the BL21 suspension

with Met.

44



Methionine-auxotrophic E. coli B834 suspensions with pMet and AHA didn’t reach
the logarithmic growth phase (Figure 5.1 B). The difference between the growth of BL21
and B834 suspensions with pMet and AHA is evident in figure 5.1 D and E.

In a sharp contrast, BL21 suspension with HPG never reached the logarithmic growth
phase, mirroring the behaviour of the B834 suspension with HPG (Figure 5.1, page 44,F).
This observation implies that HPG severely affects the growth of bacterial suspensions
either by inhibition of Met biosynthesis, or through an alternative inhibitory mechanism.

However, the cells maintained their viability throughout the course of our experiment.
After 26 hours, all suspensions exhibited growth following the inoculation
of LB medium.

In conclusion, both pMet and AHA exert a similar, albeit slightly different, effect
on bacterial suspensions grown without Met. The presence of a logarithmic growth phase
in BL21 with pMet and AHA suggests compensation for Met deficiency through de novo
synthesis of Met. B834 suspensions are incapable of this compensation, as they are Met-
-auxotrophic. The similarity of growth curves of both strains with HPG suggests a severe

impact of HPG on E.coli growth, independent of Met auxotrophy.

5.3 Expression of cytochrome bs and MBP-GFP in E. coli BL21 and B834 with
non-natural amino acids

In our following experiment, we monitored the recombinant protein expression
with pMet, AHA or HPG following the chapter 4.3.5. The increase in quantity
of cyt bs was monitored using SDS-PAGE (chapter 4.3.6), while the expression of MBP-
-GFP was monitored by measuring the fluorescence of suspensions. In similarity
with the last experiment, we monitored the biomass increase of each suspension,

with the main difference being the inoculation of MM-M9 to OD600 = 0.5.
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5.3.1 Growth of E. coli BL21 and B834 suspensions expressing cytochrome bs and MBP-

-GFP with non-natural amino acids

pMet AHA HPG
3 3 3
A B I C
* P
a? 2 2
Gg LI J
[ P i 4
g o S P cn® L)
--------- D s, 4
1 ; s . 1 ‘p’b 1 e 3
¢ L -
BL21 B834 ®BL2: 34 L2, 134
0 0 0
0 5 10 15 20 25 Time(h) | o 5 10 15 20 25 Time(h) | © 5 10 15 20 25 Time (h)
3 ; 3 3
K| E Freae
«"" ®
2 2 )
wn
2g - R
59 . X .
[\ e - e R
1 o - 1 . =4 —
e 3 Ll
P 2 o
BL21 B834 ®BL21 oB834 BL21 oB3M
0 ] 0
0 5 10 15 20 25 Time (h) 0 5 10 15 20 25 Time (h) [] 5 10 15 20 25 Time (h)

Figure 5.2 Bacterial growth in MM-M9 after the induction of MBP-GFP (A-C) and cyt bs (D-F).
0OD600 — optical density, E. coli B834 (dotted line), E. coli BL21 (dashed line).
Error bars represent the standard deviation of duplicate suspensions.

All suspensions exhibited an increase in biomass until the 10-hour time point,
followed by the onset of a stationary growth phase at 10-15 hours. Subsequently,
suspensions of prototrophic E. coli BL21 with pMet (Figure 5.2, A,D) and AHA (Figure
5.2, B,E) subsequently entered a second phase of diauxic growth. In contrast, Met-
-auxotrophic E. coli B834 with all three NNAAs remained in a stationary phase,
with a gradual decline in ODggo. Both strains exhibited an absence of diauxic growth

with HPG (Figure 5.2, C,F).

Since the amount of biomass present in all suspensions was an order of magnitude
higher than in previous experiment (Chapter 5.3), the amount of residual Met present
was sufficient to meet cellular demands. Therefore, prototrophic E. coli did not need
to synthetise Met within the initial 10 hours, as indicated by the similarity in biomass
increase with B834 suspensions. The onset of a stationary phase in all suspensions
indicated the depletion of residual Met. Following an adaptation period, BL21 entered
a second phase of diauxic growth, indicating an activation of cellular machinery
for de novo synthesis of Met. The absence of diauxic growth in both strains with HPG

further underscores the severe impact of HPG on E. coli growth.

The activation of cellular machinery for de novo synthesis of Met, the preceding
stationary phase in prototrophic E. coli BL21 with pMet and AHA, together with a lack
of diauxic growth in with HPG is in

suspensions line with our prior

experiment (chapter 5.2).
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5.3.2 Expression of cyt bs and MBP-GFP with non-natural amino acids
A pMet B AHA c HPG
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Figure 5.3 Cyt b5 expression levels in E. coli BL21 (A-C) and E. coli B834 (D-F) with pMet (A,D),
AHA (B,E) and HPG (C,F). Samples collected from expressions at time points indicated by numbers
above were separated using 15% SDS-PAGE and stained using Coomassie Brilliant Blue R250.
Annotations “A” and “B” indicate samples taken from duplicate suspensions.

“0O” annotates cyt bs bands, “X” annotates pspA bands.

Prototrophic E. coli BL21 exhibited higher overall ODgoo with pMet and AHA
when compared to Met-auxotrophic E. coli B834 (Figure 5.2, page 46), Consequently,
BL21 suspensions expressed higher amount of cyt bs with pMet (Figure 5.3 A,D)
and AHA (Figure 5.3 B,E).

In prototrophic BL21 grown with pMet and AHA we observed an initial difference
in cyt bs expression. Whereas expression with pMet showed an intense cyt bs band
at the earliest time point (2 h) (Figure 5.3, A), the expression with AHA displayed
similarly intense bands only at later time points (6 h) (Figure 5.3, B). However,
the amount of cyt bs present at 19 — 26 hours is comparable between both expressions,
as evidenced by the similar intensity of band staining.

In contrast to the expressions with pMet and AHA, suspensions of both strains
with HPG exhibited comparable ODsoo (figure 5.2, F, page 46) alongside similar amounts
of cyt bs expressed (figure 5.3, C,F). The amount of cyt bs present at 26 hours in both
strains was synthesized in BL21 with pMet and AHA within 2 and 6 hours, respectively.

47



4 BL21 4 B834
b= "‘-_;‘\‘ .................
8 A ’/’ ! B < ¢
8 . L Se— L]
-3 3
-
oy 3
£
c
g2 § ?
-é / oo — L s @
B - o
8 1 [ % A
@ g o P —— . G P —— o
2 g e e A I N N () o
] T mame 8 )
2 e
0
0 5 10 15 20 25 time(h) | o 5 10 15 20 25 time (h)
epMet ©AHA  ®HPG opMet ©¢AHA ¢ HPG
834 pMet 2 AHA 1 HPG
[=]
(=] AT
g C e D E wid
o / - '] - o o
> 7 T T . Rt
B / * / 8 e
2 i o s .
£ 4 ' e A
@ g . 7
o /i @ <
c s 3
; ! " g'% ’3‘
5 0 sape®” 0 oot? 0 ¥
£ 10 20  time (h) 0 10 20 time (h) 0 10 20 time (h)
© pMetBL21 ¢ pMet B834 ® AHABL21 o AHAB834 e HPGBL21 ¢ HPG B834

Figure 5.4 Fluorescence of E.coli BL21 (A) (dashed line) and E.coli B834 (B) (dotted line) suspensions
expressing MBP-GFP with pMet (C), AHA (D) and HPG (E).
Excitation: 442—497 nm, emission: 514-567 nm. Fluorescence intensity displayed in arbitrary units.

Error bars represent the standard deviation of duplicate suspensions.

In both bacterial strains, expression of MBP-GFP with pMet reached the highest
levels compared to the other NNAAs (Figure 5.4, A,B). The expression of MBP-GFP
with pMet was faster in BL21 (Figure 5.4, C). However, comparable amounts of protein
expressed with pMet were present in both strains at 26 hours.

In BL21, MBP-GFP with AHA also exhibited accelerated expression compared
to B834, with similar amount of expressed MBP-GFP in both strains
at 26 hours (Figure 5.4, D).

In both bacterial strains, comparable amount of MBP-GFP was expressed with HPG
(Figure 5.4, E), in line with the cyt bs expression (figure 5.3, C,F, page 47).

In summary, BL21 expressed higher amount of both recombinant proteins with pMet
and AHA compared to B834. Both bacterial strains expressed similar amount
of recombinant proteins with HPG. Since there is a rather significant difference between
the amount of cyt bs and MBP-GFP expressed in B834, we suggest that cyt bs was
expressed rather poorly, potentially due to pET22b system being unsuitable

for expression with NNAAs or due to another inhibitory mechanism.
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5.3.2.1 Growth of E. coli with AHA and HPG during the expression of cytochrome bs
induced overexpression of the phage shock protein A.
We examined SDS-PAGE gels containing samples from expressions of E. coli BL21
and B834 for the presence of a relative overexpression of host cell proteins. Notably,
a significant overexpression of a band corresponding to an approximate molecular weight
of 26 kDa was observed (figure 5.3, page 47). This protein was identified as phage shock
protein A (pspA) by RNDr. Tomas Je¢men, PhD.

Phage shock protein A is a component of the bacterial phage shock protein response’”.
This system is generally activated in response to stress conditions.

The overexpression was limited to cyt bs expressions, specifically in BL21 with HPG

(Figure 5.3, C, page 47) and in B834 with AHA and HPG (Figure 5.3, E,F, page 47).

5.4 Determination of non-natural amino acid incorporation into cyt bs and MBP-GFP
To determine incorporation of pMet, AHA and HPG in recombinant proteins, SDS-
-PAGE zones containing either cyt bs or MBP-GFP from each time point of the sampled
expressions were proteolytically digested (chapter 4.3.7). The resulting peptide mixtures
were analysed by MALDI-ToF MS (chapter 4.3.9) and LC-MS (chapter 4.3.11).

The obtained mass spectra were analysed for the presence of signals corresponding
to the cyt bs tryptic peptide (detailed in table 5.3) and MBP-GFP tryptic peptides (detailed
in table 5.4), containing residues listed in table 5.5, page 50. The intensities and area-
under-curve values of these identified signals were used to calculate the incorporation

of NNAAs following chapter 4.3.12.

Table 5.3 m/z values and sequence of analysed cyt bs peptide containing Met
From-To MH+ M2H+ M3H+ M4H+ MS5H+ Sequence Abbreviation
39-51 1585.7679 793.3876 | 529.2608 | 397.1974 | 317.9594 | FLEEHPMGEEVLR FLEE

Table 5.4 m/z values and sequences of analysed MBP-GFP peptides containing Met

From-To MH+ M2H+ M3H+ M4H+ MS5H+ Sequence Abbreviation
327-344 | 2110.0249 1055.5161 704.0131 5282617 | 422.8108 | GEIMPNIPOMSAFWYAVR GEIM2x
220-239 | 2179.0124 1090.0099 727.0090 | 545.5086 | 436.6083 | GETAMTINGPWAWSNIDTSK GETA
203-219 1897.8385 949.4229 633.2844 | 475.2151 380.3735 | HMNADTDYSIAEAAFNK HMNA
317-326 1076.5405 538.7739 359.5183 | 269.8906 | 216.1139 | ITAATMENAQK IAAT
494-504 1280.5940 640.8006 427.5362 | 320.9039 | 256.9246 | SAMPEGYIQER SAMP

In some cases, derivatives of NNAAs are detected in the mass spectra. For instance,
the diazirine ring in pMet undergoes photolysis upon exposure to the UV laser
of MALDI-ToF MS, resulting in a product with a mass difference of -19.9721 Da
(table 5.5, I, page 50). Similarly, peptides containing AHA form derivatives either due to
action of bacterial metabolism, or reactions during sample processing, as indicated

by the presence of four distinct signals in the mass spectra (table 5.5, E,F,G page 50).
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Table 5.5 mass differences, structures, annotations and residue origin information about
peptides containing Met, MetOx, NNAAs and their derivatives found in the mass

spectra. N.A. — not applicable
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5.5 Non-natural amino acid incorporation in recombinant proteins
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Figure 5.5 Incorporation rates of pMet (A,D), AHA (B,E) and HPG (C,F) in MBP-GFP (A-C) and cyt bs
(D-F). Specific marks found in the legend of each chart denote the bacterial strain with a MS method
used to measure NNAA incorporation at each time point. Trend lines were obtained by interleaving
incorporation values at 4-26 hours linearly by dotted line (LC-MS) and dashed line (MALDI-ToF).
Error bars indicate a standard deviation of NNAA incorporation in a set of analysed peptides.

The mass spectra of peptides within the first 2 hours exhibited weak signals, attributed
to the limited protein quantity available for analysis. As a result, the assessment of NNAA
incorporation at the 2-hour mark yielded inaccurate results. However, after reaching the
4-hour timepoint and experiencing an increased protein expression level, consistent linear
trends were observed in all expressions.

In the prototrophic E. coli BL21, both proteins were expressed with a pMet
incorporation of 20 — 30% (figure 5.5 A,D). There was a slight decrease in AHA
incorporation in MBP-GFP, from 45 % to 30% over the course of expression
(figure 5.5 B). In contrast, cyt bs expressed in BL21 exhibited a rapid decrease in AHA
incorporation, dropping from 30 % at 2 hours to less than 10 % in subsequent time points
(figure 5.5 E).

The incorporation of pMet was significantly higher in B834 compared to BL21
for both recombinant proteins, rising to 80 % in MBP-GFP (figure 5.5 A), and exhibiting
slight decline (50 — 40 %) in cyt bs (figure 5.5 D). The incorporation of AHA was also
higher in B834 compared to BL21, plateauing at 50 — 60 % in MBP-GFP (figure 5.5 B)
and at 40 — 60 % in cyt bs (figure 5.5 E).
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Both recombinant proteins exhibited higher incorporation of HPG (figure 5.5 C,F
page 51)., with B834 expressing both proteins with incorporation of 40 — 70 % and BL21
exhibiting incorporation of 60 — 80 %. In addition, almost all HPG incorporation values
exhibit rising trends.

The lower incorporation of NNAAs in prototrophic BL21 compared
to Met-auxotrophic B834 was expected, due to competition of NNAAs with de novo
synthetised Met in binding to MetRS. However, the consistently higher incorporation
of HPG in BL21 compared to B834 was unexpected. The incorporation rates of HPG
in comparison to AHA did not reflect their kca/Km values (relative to Met) towards
MetRS (Table 2.1, Page 16). This suggests that activation of tRNA by MetRS is not
the only limiting factor in incorporation of NNAA into proteins.

Both MALDI-ToF and LC-MS spectra showed similar trends with systematically
offset NNAA incorporations. This discrepancy was detected in pMet and AHA samples
in both cyt bs and MBP-GFP.

We attribute the lower (~10 %) incorporation values of pMet to the MALDI-ToF
laser-induced photolysis of the diazirine group of pMet. This phenomenon may have
lowered the desorption and ionization efficiency of pMet-containing peptides relative
to Met-containing peptides. Electrospray ionization utilised in LC-MS analyses does not
cause photolysis the diazirine group, as evidenced by the absence of signals
corresponding to the pMet termination product in LC-MS spectra.

In the case of AHA samples, NNAA incorporation detected by MALDI-ToF exceeded
values obtained by LC-MS by ~10 %. This discrepancy was attributed to error
accumulation arising from the summation of signals containing various AHA-derived

residues.
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6 Discussion

Since the inception of techniques exploiting residue-specific NNAA incorporation,
the perspective on the impact of NNAAs on host cells has shifted. It has now become
evident, contrary to the pioneering research’®**, that cultivation in the presence
of NNAAs does exhibit significant effects on the growth and metabolism of the host cell.

In one study, Landor et.al*®® have shown that while AHA does not inhibit the cell
growth, HPG does so even at concentrations lower than those used in our experiments.
Our observation align with the differential impact of AHA and HPG. However,
the growth inhibition was studied in 96-well microplates and without the expression
of any recombinant proteins. Therefore, for our application, we prefer expression
in a larger suspension volume (25 ml) due to the possibility of aliquoting samples
for subsequent downstream analyses.

Previous experiments conducted in our laboratory have shown an increase in kinetics
of electron transfer reaction involving cyt bs containing pMet relative to cyt bs with Met*’.
To expand on this observation, we want to perform this experiment with cyt bs containing
AHA and HPG. Therefore, a choice of a proper expression host producing high amount
of cyt bs with maximal incorporation of AHA and HPG is imperative.

Living systems can be broadly classified into two categories: prototrophic
and Met-auxotrophic systems. To explore differences in growth between these systems
with Met, pMet, AHA and HPG in limited MM-M9 medium, we employed two strains
of E. coli as models: BL21 (prototrophic) and B834 (Met-auxotrophic). We also
examined residue-specific incorporation of NNAAs in recombinant proteins
cyt bs and MBP-GFP. Our observations revealed NNAA-dependent and strain-dependent
characteristics in  suspension  growth, recombinant protein  expression
and NNAA incorporation.

Both strains exhibited immediate growth following the inoculation of Met-free MM-
-M9 containing either pMet, AHA or HPG, plateauing at 10-15 hours. This residual
growth of suspensions was attributed to the proteolytic degradation of host cell proteins,
providing a sufficient Met pool for growth. This residual growth post-inoculation
was observable in suspensions expressing recombinant proteins (figure 5.2, page 46),
but not in growth curve experiments (figure 5.1, page 44), due to the order of magnitude

higher amount of biomass present in the former.
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Met-auxotrophic B834 suspensions either maintained this stationary phase plateau or
entered the death phase at later timepoints. In contrast, BL21 suspensions entered
a second phase of diauxic growth after 10-15 hours. This observation is in line
with the growth curve experiment, where BL21 with pMet and AHA reached
a logarithmic phase after 9.03 and 8.21 hours, respectively. The delay in biomass increase
in BL21 is attributed to the time required for adaptation, including the biosynthesis
of the enzymatic apparatus necessary for de novo Met synthesis, considering
BL21's prototrophic nature.

An intriguing observation was the absence of diauxic growth of BL21 with HPG
mirroring the behavior of B834. This behavior was in line with the lack of logarithmic
growth phase observed in both suspensions during growth curve experiments, suggesting
an inhibitory effect of HPG on E. coli cells independent of Met auxotrophy. This effect
may involve the inhibition of Met biosynthesis or an alternative mechanism.

The amount of expressed recombinant protein mirrored the ODegoo trends
of suspensions, except in B834, where cyt bs was expressed in notably low amount
with pMet and AHA. The amount of recombinant proteins expressed with HPG was
comparable between strains.

Ayyadurai et. al*® published a study claimeing that the pET expression system (under
which the plasmid coding cyt bs operates) was inefficient in producing recombinant
proteins containing NNAAs. In this system, transcription of a recombinant protein
is driven by T7 polymerase, expression of which is induced by IPTG. However, since
NNAAs were added to growth medium before the addition of IPTG, there is a possibility
that NNAAs may get incorporated into 25 Met positions (including a single residue
in an active site) in T7 polymerase, potentially lowering its activity. It has therefore been
proposed that addition of an exogenous T7 polymerase (or choice of a different
expression system) may improve the amount of recombinant protein expressed
with NNAAs.

We observed the overexpression of phage shock protein A (pspA) in SDS-PAGE gel
scans of B834 suspensions expressing cyt bs with AHA and HPG, as well as in BL21
suspensions with HPG (figure 5.3, page 47). This protein is overexpressed in high
quantities in response to the stress conditions’. Intriguingly, we did not observe the pspA
overexpression in any GFP-MBP expression. It is possible that a connection exists

between pspA overexpression and a small quantity of expressed recombinant protein,
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as in B§34 MBP-GFP was expressed in higher quantity compared to cyt bs. Our data are
however insufficient to make such a claim.

Non-natural amino acids were consistently incorporated into the analysed
recombinant proteins in each analysed expression (figure 5.5, page 51) , demonstrating
the capability of MetRS to charge pMet, AHA and HPG to its cognate tRNA.
BL21 suspensions consistently exhibited lower incorporation of pMet and AHA
compared to B834, as anticipated due to the prototrophic nature of the BL21 strain. This
discrepancy can be attributed to the competition between NNAAs and Met for binding to
MetRS.

Noteworthy was the higher incorporation of HPG (60-80%) compared to AHA (40-
-20%) in B834. This observation contradicted the anticipated incorporation trends based
solely on the relative kca/Km values of AHA (1/370 of Met) and HPG (1/500 of Met)
towards MetRS?®. This suggests that NNAA incorporation is influenced by factors
beyond tRNA activation by MetRS.

In agreement with our findings, Tivendale et. al.®*, investigating the effect of NNAAs
on the growth of A. thaliana cells (Met prototrophic), also reported low incorporation
of AHA and high incorporation of HPG into proteins. Interestingly, they reported that
AHA stimulated de novo Met biosynthesis, whereas HPG did not. Consequently, cell
cultures grown with AHA displayed threefold higher Met levels compared to HPG-grown
cultures, which likely contributed to the observed disparities in their respective
incorporation levels.

It is crucial to note that our experiments were conducted in Met-free MM-M9 limited
medium, unlike the aforementioned study where Met was present at endogenous levels.
However, if a similar phenomenon occurred in our experiments, where AHA stimulated
de novo Met synthesis and HPG did not, this could plausibly account for the distinct
incorporation patterns observed for both AHA and HPG and the variations in recorded
growth of suspensions.

Regarding the methodology for determining NNAA incorporation, it's imperative
to acknowledge that both matrix-assisted laser desorption/ionization time-of-flight
(MALDI-ToF) and liquid chromatography-mass spectrometry (LC-MS) analyses rely
on desorption and ionization processes. The signal intensities representing NNAA-
-containing peptides may therefore not precisely reflect their actual quantities
in the sample, leading to a certain degree of systematic error in incorporation

determination. For instance, we identified a systematic offset
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in pMet and AHA incorporation in MBP-GFP. In the case of pMet, this was attributed
to MALDI-ToF laser-induced photolysis of the diazirine group, causing reduced
desorption and ionization efficiency for pMet-containing peptides relative to Met-
-containing ones.

The higher AHA incorporation detected in MALDI-ToF was attributed to cumulative
errors arising from the summation of four distinct signals corresponding to peptides
expressed with AHA, as presented in chapter 5.5. Since LC-MS analyses a significantly
larger sample volume (approximately 20 times more), it is a preferred robust method

for determining NNAAs incorporation. However, MALDI-ToF offers faster results.

7 Conclusions

Prototrophic E. coli BL21 grown in MM-M9 with Met entered the logarithmic growth
phase later than Met-auxotrophic E. coli B834 but exhibited higher unrestricted growth
rate (table 5.1, page 44). E.coli BL21 grown with pMet and AHA reached logarithmic
phase significantly later than BL21 with Met. This delay is attributed to the time required
for the activation of cellular machinery responsible for de novo Met biosynthesis. In
contrast, Met-auxotrophic B834 with pMet and AHA never reached the logarithmic
phase. An intriguing observation was the absence of logarithmic phase of BL21 grown
with HPG, in line with B834 grown with HPG, suggesting a significant impact of HPG
on the cell.

The choice of a prototrophic/Met-auxotrophic expression system has a significant
impact on recombinant protein expression levels when grown with pMet, AHA,
and HPG (figure 5.3, page 47 and 5.4, page 48). Specifically, prototrophic BL21
generally produce larger amount of protein with lower incorporation of pMet and AHA,
while Met-auxotrophic B834 produce smaller amount of recombinant protein but with
higher pMet and AHA incorporation (figure 5.5, page 51). However, both strains showed
comparable amounts of recombinant protein expressed and NNAA incorporation when
grown with HPG.

Based on our findings, we conclude that only prototrophic BL21 are capable
of producing high quantities of cyt bs, but with low incorporation of pMet and AHA.

However, BL21 are well-suited for expression of cyt bs with HPG.
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