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Abstract

To understand protein structure emergence is to comprehend the evolutionary transition from messy
chemistry to the first heritable molecular systems. Early proteins were probably flexible in structure,
promiscuous in activity and ambiguous in sequence. Moreover, first sequences were presumably composed
of prebiotically plausible amino acids from endogenous and exogenous sources which form only a subset
of the extant protein alphabet. Here we investigate the effect of most recent additions to the amino acid
alphabet on protein structure/function relationship and the properties of random proteins as the evolutionary
point-zero for the earliest sequences as well as for proteins emerging de novo from the non-coding parts of
the genome. Random or never born proteins are of a special interest for the contemporary biology as they
unveil the unexposed side of the protein sequence space. We constructed an in silico library of random
proteins with the natural amino acid alphabet, analyzed its structure/disorder/aggregation content and
selected 45 sequences for subsequent experimental preparation and biophysical characterization. We
observed that structure content in random sequence space does not differ significantly from the natural
proteins. However, the analyses of the aggregation propensity showed a significant level of optimization in
natural protein space. Experimental characterization led to the surprising discovery of random disordered
proteins being the most tolerated sequences upon the in vivo expression. Next, we designed a high
throughput pipeline for experimental library preparation with proteins composed either of canonical 20
amino acids as well as of prebiotically plausible set of 10 amino acids. In order to implement this design
experimentally we built CoLiDe — COmbinatorial Library Design tool based on degenerate codon
composition optimization. We designed the libraries using CoLiDE, prepared them in a cell free expression
system, and tested their properties by means of chaperone interaction analysis and selective proteolysis.
Preliminary results suggest structure formation in prebiotic amino acid library and higher disorder content
in canonical amino acid library of random proteins. Subsequently, as a case study we analyzed structure
and function of contemporary protein dephospho coenzyme A kinase upon substitution of its aromatic
amino acids by their prebiotically plausible counterparts. This analysis showed that protein function can be
maintained in the absence of aromatic amino acids although structure is inevitably destabilized. Moreover,
we observe significant structural changes upon ligand binding in aromatic-less mutants foreshadowing the
essential effects of ancient cofactors on early protein stabilization. Overall, this thesis represents one of the
first windows into properties of evolutionary early proteins, with respect to prebiotically plausible amino
acids. Its results imply that even proteins composed of prebiotically early amino acids have structural and

functional propensities and could play an important role in the early biosphere.



Introduction

Evolution of proteins and their amino acid alphabet

Contemporary proteins are the most versatile molecules of life. The evolution of their structure
dates back to the simplest, short oligopeptides able to support basic catalytic functions and perhaps to
interact with the primordial RNA. First proteins probably consisted of limited amino acid set representing
the prebiotic chemical variety . These amino acids could have come from endogenous and exogenous
sources. Two independent meta-analyses on temporal order of amino acid incorporation into the proteins
were carried out by compiling the results from numerous reports on amino acid formation in prebiotic
chemistry experiments, analyses of meteorite composition and hydrothermal chemistry dynamics **. These
meta-analyses agree on approximately ten amino acids being the prebiotically available to the first protein
formation, with the rest being gradually incorporated via biosynthetic pathways. These analytical
conclusions were further confirmed by the observations of increased occurrence of prebiotically plausible
amino acids in the vicinity of enzyme’s active centers and with the non-essentiality of some evolutionary
younger amino acids in ancestrally reconstructed proteins and pathways >,

Evolution of sequence, structure and function from the simple prebiotic oligopeptides presents a
thought-provoking conundrum. Even a short 100 amino acid protein with the 10 amino acid alphabet can
be constructed in overwhelming 10'% possible ways. Several studies focused on identification of the earliest
protein sequences and structures. Alva et al. analyzed sets of non-homologous protein domains and
identified 40 short sequences shared in
otherwise unrelated proteins 8. Moreover, 14
of these conserved short sequences establish
folds by repetition. Alternatively, Caetano-
Annoles and coworkers investigated the fold
usage across all three domains in life and
derived the temporal order of protein fold
emergence based on phylogenetic analysis.

The authors discovered that most ancient

protein structures included P-loop NTPases

(SCOP fold c.37), TIM /o barrel (c.1),

. . Figure 1. Most ancient protein folds by Caetano-Annoles and
NAD(P)-binding Rossman fold domains coworkers. (A) P-loop NTPase, (B) TIM B/u barrel, (C)
(c.2), DNA/RNA binding 3-helical bundle NAD(P)-binding Rossman fold, (D) DNA/RNA binding 3-
helical 1 E loli leoti li hari
(a.4), and oligonucleotide/oligosaccharide E.ch.l bundle, (E) ololigonucleotide/oligosaccharide

binding fold

binding fold (b.40) (Fig. 1) >



Functions of these folds are notably connected with carbohydrate and nucleotide metabolism.
Indeed, another study of Goldman et al. identified that 9 of 10 of the most ancient folds described by
Caetano-Annoles et al. are widespread in translation-related proteins and were involved in functions such
as RNA modification, binding, and phosphoryl transfer '°.

In summary, protein evolution can be traced back in time by the analysis of contemporary proteins
and reconstruction of most widely shared fragments. However, the origin and identity of the first sequences

which gave rise to the modern protein world remains obscured.

Chaperones and cofactors in protein evolution

The complexity of the contemporary folding pathways has grown over the past 4 billion years and
gave rise to the sophisticated folding assistance machinery represented by chaperones '*. These molecules,
however, are also the products of protein structure and function evolution. It was hypothesized that organic
and metallic cofactors could and still play a crucial stabilizing role in protein structure and activity .
Interestingly, the free energy released by cofactor/protein binding is comparable to the free energies of
protein folding (~10-15 kcal/mol vs 10-20 kcal/mol, respectively) '°. Thus, it was proposed that protein
function and its conformation could have been selected by ligand binding from the early pool of disordered
proteins 7. Furthermore, it was recently demonstrated that ancient organic cofactor ATP promotes the
peptide/DNA complex coacervation (or liquid-liquid phase separation), foreshadowing one of the potential
mechanisms of the early compartments formation and global biological system organisation '8,

Moreover, modern protein chaperones were shown to be evolutionary capacitors allowing novel
and still evolving proteins to reach otherwise impossible folding trajectories and avoid detrimental
aggregation. The interaction of protein with chaperones was shown to be directly correlated with protein
age and evolutionary rate '°!. Houben et al. hypothesised that chaperone emergence is connected with the
amino acid alphabet evolution and suggested that introduction of basic amino acids coincided with the first
chaperoning activity 2. Indeed, the expansion of the world of protein sequences and structures is related
to higher intracellular chaperone concentrations and with the establishment of complex interaction networks
of chaperones and co-chaperones ',

Here we investigate an effect of chaperones on random unevolved sequences as a model of novel
and prebiotic proteins. In addition, we provide an insight into the interaction between ancient organic

cofactor and a simplified variant of a contemporary protein.

Characteristics of unevolved sequence space

Natural protein sequences altogether represent only a minute fraction of the possible sequence
space. Do alternative structures and functions exist beyond the known? Several computational and

experimental studies approached the unevolved sequence space exploration. It has been suggested that



structured molecules frequently occur in random sequence space and that their structural repertoire is
comparable to the natural protein universe ****. Experimental investigations of random proteins with
different amino acid alphabets confirmed frequent occurrence of secondary and tertiary structures in
unevolved sequences. Several studies on random proteins with reduced amino acid alphabets pointed out
that proteins consisting of prebiotically plausible amino acids have higher solubility than their 20 amino

acid counterparts 2326,

Along with the investigation of structure and solubility of random proteins, an
attempt to screen for a simple protein function — ATP-binding was made. Using mRNA display technique,
Keefe and Szostak detected 4 ATP binders in the library of 6x10'2 random sequences. Interestingly, the
structure of one ATP-binder revealed a completely unknown, flexible, and a metal-cofactor dependent
protein fold 278,

In addition, exploration of unevolved sequence space has a direct relevance to novel proteins
generated by contemporary organisms de novo. The genes for these proteins emerge from previously
untranscribed and untranslated parts of the genomes, thus novel sequences do not have any homology to
the known proteins and their levels of evolutionary optimization are on par with random proteins (reviewed
in %°). Moreover, a recent study has shown that random or pseudo-random sequences could affect the

organismal fitness both in negative and positive ways suggesting the importance of de novo gene formation

in contemporary evolutionary processes *°.

Combinatorial protein library design

The most efficient path for investigation of collective protein properties is via the combinatorial
library approach. Construction of protein mutant libraries is a traditional methodology in protein
engineering, design, and selection. Contemporary computational methods facilitate construction of such
libraries based on various experimentalist demands including cost efficiency and thermodynamic stability
or even functional promiscuity *'°. However, the common feature of these algorithms consists in a rational
approach to the library variability minimalization in order to screen only pre-selected mutagenized
positions. For effective random protein screening an alternative approach is required.

Here we designed an algorithm for combinatorial DNA template construction coding the vast
randomized protein libraries constrained only by their amino acid composition. This tool fills the gap in the
modern repertoire of computational techniques and may serve for studies of amino-acid content dependent
protein properties and dynamics of de novo gene formation from organisms with distinct genomic

nucleotide compositions.



Aims of the thesis

The overall aims of this work were to (i) investigate properties of random protein space and relation of
random protein sequences to the natural proteins and (ii) study the effect of amino acid alphabet on protein

structure and function.

The specific goals were:

e To analyze structure occurrence in random protein sequence pool and characterize selected random

proteins in vitro.

e To build a computational tool for degenerate protein library construction capable to design a diverse

library of random proteins with specified amino acid occurrencies.
e To experimentally characterize libraries of random proteins with different amino acid alphabets.

e To investigate the effect of latest amino acids on a selected protein structure and function.



Results and discussion

Scarce sampling of random sequence space

Contemporary proteins are the result of 4 Gy of evolutionary optimization. Our knowledge of

protein structure, function and evolution heavily relies on theoretical and experimental analyses of natural

proteins. However, the behaviour of proteins lacking any evolutionary background and optimization

remains largely unexplored. Therefore, we performed a systematic computational and experimental

investigation of random proteins (never born proteins, NBP’s) with canonical amino acid alphabet and

studied their relevance to naturally evolved sequences.

We generated 4 in silico datasets with 10 000 protein sequences of 100 amino acids to investigate

properties of random proteins and compare them to their natural counterparts. We used 5 secondary

structure predictors, 3 protein disorder predictors and one protein aggregation predictor to compare libraries

of (A) random sequences with natural-like amino acid occurrences (Random), (B) fragments of natural

proteins from the TOP8000 database

of non-redundant structurally

characterized proteins from PDB
database (PDB), (C) natural protein
fragments from the UniProt database
(Uni) and (D) fragments of natural
intrinsically disordered proteins from
the Disprot database (Dis).

The results of the analysis
showed that although secondary
structure content in random sequence
space is not significantly different
from the natural proteins, optimization
of protein aggregation is higher in
natural proteins in comparison with
random sequences (Fig. 2). Based on
structural and solubility prediction, 45
proteins from random sequence pool

were selected for the following
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Figure 2. Predictions of secondary structure occurrence in the (A)
Random, (B) PDB, (C) Uni, and (D) Dis datasets. a-helical and B-
sheet content was determined by five different predictors. The center
of the box represents the median; upper, and lower borders are 3™ and
1%t quartile respectively. The solid lines illustrate maximum and
minimum contents, which are shown as dots. The Dis dataset is
included as a negative reference

experimental characterization. The expression and solubility analysis demonstrated that the most tolerable

and soluble proteins are of a disordered nature (Fig. 3). The structural characterization of the purified



random proteins showed a good agreement with structure and aggregation predictions. Moreover, dynamic
light scattering of purified random proteins confirmed the computationally derived conclusion of direct
correlation between random protein structure content and its aggregation tendency.

In summary, this study emphasized the importance of disordered proteins on either prebiotic or
contemporary de novo protein formation and thoroughly validated the efficacy of computational secondary

structure/aggregation prediction beyond the natural protein space.

e o o o o o o o ot0* -
4712 2423 4090 6387 7144 8836 8636 1687 I
kDa I s1 s1 s1 s§1 s1 s1 5§ " 40
18 - ‘ . ~ 30
- - = R
SR g & ® ..
“ 1x10°
o
Group1 8
® o o o o o o 2 0]
8600 1441 2298 3451 1856 3027 6620 S k0t 4
kDa 5 | s 1 5 |1 s | I s 1 s 1 @ {
15*. - -2x10* 1
~ . -3x10*
e - 200 220 240
Wavelength (nm)
® © o o o o o o 5x10° 1 T
2920 7106 2436 642 7530 9121 5493 1155 4x10* -
asS | S 1 S1 S1 S1 S1S1 §I ] @ 798
15 - — 3o’ ~rf} \
1 e -— ‘ ‘ g 20
- . T ot
X
e © o o o o o Group 2 5§
4954 1684 31 5872 27 1259 7968 . g ]
kba S 1 S I S 1 81 81 § 1 5§ 2 a0t

T e - - "." -2x10°
-3x10*

260 V ZéO ‘ 2‘2,0

Wavelength (nm)

L ] [ @ [ ] @ [ ] ® L 5x10*

4680 665 3703 9927 4789 9803 933 8569 . 1 @ 6851 @ 8511 @ 8352
a1 SI SI1 SI1 SI S1 S1 S1I “" 10| ® 9927 @ 9693 @ 3703
15 - -#'_.l . ‘ a0’ ® 6007 @ 8569 @ 933

- °
0 _- g a0t @ 4789 @ 9803 @ 665
E .
. - S s
e o o o o o ﬂl’ﬂllll:" S
8352 6851 6007 9693 5702 8667 8511 ' g
kDa S | [ [ 1 s | I ] ' ' g_
15
- = 40 |
mL-. 3x10* | ‘ . .
200 220 240
Wavelength (nm)
Insoluble [ Soluble (high, average, low) B Degraded

Figure 3. Summary of expression/solubility analyses and circular dichroism spectra of random proteins from
Group 1, 2 and 3. (Left) western blot expression analysis of NBP’s in E. coli. S — soluble fraction of the lysate,
I - insoluble fraction; (Middle) a pie graph summarizing the solubility of NBP’s based on western blot profiles;
(Right) electronic circular dichroism spectra of successfully overexpressed and purified proteins from groups 1-



Development of combinatorial library design tool (CoLiDe)

Following the scarce characterization of random protein space, we decided to undertake an
investigation of collective protein structural features via the library approach. Unfortunately, existing
design tools are not optimal for the stated tasks. While current algorithms allow for an efficient design of
small, targeted libraries for protein engineering, our objective was to construct a diverse protein library with
each protein sequence constrained only by its amino acid composition rather than the sequence. For that
reason, we implemented the combinatorial library design (CoLiDe) tool which is optimized for a
computationally efficient and accessible diverse library construction.

The purpose of CoLiDe is to compute such a combination of degenerate codons which, when combined
into one DNA template, will produce a protein-coding library with a user defined amino acid ratios. Inputs
to the algorithm are the length of the target library, its amino acid composition, the degeneration level
(maximum number of amino acids per codon) and the expressing organism codon preferences. Moreover,
the algorithm allows the user to remove specified non-degenerate codons from inclusion into the library or
to reassign certain codons to the user defined amino acids and include them into the target distribution. The
primary output of the CoLiDe is a degenerate codon string which encodes the target protein library with a
defined amino acid distribution.

The principle of CoLiDe consists in a simplified evolutionary algorithm - specimens are optimized via
random mutations, however since only one template is optimized during the calculation there is no
population to select from. After initialization of the input parameters, the pool of total 3375 possible
degenerate codons is filtered to contain only those which code for amino acids from the input distribution.
Subsequently the program generates an initial random set of filtered degenerate codons in the size of the
library's protein amino acid length. The deviation of the amino acid distribution given by this initial codon
set from the target distribution is calculated as the sum of squared errors for each amino acid. Next, one
degenerate codon in the initial set is exchanged for a randomly picked codon from the filtered set and the
error is recalculated. If the error decreases, the exchanged codon is kept, otherwise the exchange is rejected.

This cycle is repeated until 1000 x / subsequent rejections (where / stands for a protein library length in



amino acids) are reached. This set, where no other exchanges provide a decrease in a sum of squared errors

is returned as a solution. The computational pipeline is depicted in Fig. 4.
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Figure 4. Schematic representation of CoLiDe computational pipeline. Input is user defined library length and
amino acid distribution of protein library. Program filters degenerate codon pool and excludes all codons which
code non defined amino acids. Subsequently algorithm randomly generates a string of degenerate codons of the

library length and introduces codon exchanges until the input amino acid distribution is approximated

The algorithm performance was tested on a 45 amino acid library with a variable 33 amino acid part.

The library was synthesized as a semi-
25
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to double stranded DNA template by Klenow 20 1
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-
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acid analysis (Fig. 5). The resulting
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the designed template.

In summary, we implemented and experimentally validated a computational tool for diverse

degenerate library construction and provided the executable code for the broad scientific community.



Characterization of combinatorial protein libraries with distinct amino

acid alphabets

The previously described sampling of 45 random proteins allowed us to focus on individual NBP’s
in detail. However, to infer general characteristics of random protein space as well as to deduce the impact
of amino acid alphabet on protein structure, high-throughput approaches are necessary. Here we utilized
CoLiDe to design two libraries with 20 (canonical set, 20F) and 10 (early set A, S, D, E, G, T, I, L, P and
V, 10E) amino acid alphabets and studied their behaviour in the presence of contemporary protein folding
enhancers (DnaK, DnalJ and GrpE apparatus). We assessed libraries solubility, aggregation propensity and
sensitivity against two different proteases.

We designed 106 amino acid long libraries with 85 amino acid variable part, thrombin cleavage
site in the middle of the protein sequence and two tag sequences for the affinity purification and detection
by a chemiluminiscent antibody. The libraries were ordered as two overlapping single stranded DNA
oligonucleotides, converted to double stranded DNA template, and produced by cell free expression system.
We tested the effects of DnaK chaperone system on library solubility and potential structure formation.
Moreover, we used selective proteolysis to assess the total folding state of the library proteins by unspecific
Lon protease and specific thrombin cleavage on the central part of the molecule.

The preliminary results from solubility and proteolysis assays suggest the different interaction

modes of library 20F and 10E (Fig. 6, Fig. 7). Library 20F shows significant solubilization and protease

resistance upon the chaperone treatment in all tested temperatures of 25, 30 and 37 °C (Fig. 6B).
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Figure 6. Western blot analysis of 10E (A) and 20F (B) solubilities in 25, 30 and 37 °C. Reactions were performed

in absence (-DnaK) and presence (+DnaK) of chaperones. Equal volumes of total (T) and soluble (S) reaction
products were analysed

Moreover, in the absence of chaperones soluble fraction of library 20F appears to be effectively

cleaved by the Lon protease which specifically cleaves unfolded proteins (Fig. 7B). This signifies that



without chaperone assistance, most of the 20F proteins appear to be insoluble or in an unfolded state. With
addition of chaperones, 20F random proteins become completely solubilized. However, most of this soluble
protein fraction is unfolded as is indicated by the analysis of chaperone and Lon supplemented reaction
(Fig. 7B). Nevertheless, chaperones do provide a significant protection against Lon protease which is
manifested in higher fraction of soluble and uncleaved proteins in Lon/chaperone supplemented reaction
(Fig. 7B). In contrast, the library 10E is highly soluble independently on chaperone supplementation (Fig
6A, Fig 7A). Moreover, chaperones do not provide any protection against proteolysis by Lon as was
concluded from the comparison of Lon supplemented and both chaperone absent and supplemented
reactions (Fig. 7A). Interestingly, chaperone supplementation appears to suppress expression rates of the
10E library (Fig. 6A, Fig. 7A). This initial screening suggests that although the occurrence of folded or
compact structures is present in both libraries under some circumstances, the lower digestion rates of 10E

proteins might indicate higher occurrence of the early-alphabet protein folding.
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Figure 7. Western blot analysis of 10E (A) and 20F (B) libraries solubilities in co-translational presence/absence
of chaperones (K+/K-) and Lon protease (L+/L-). Same volumes of total (T) and soluble (S) reaction products
were analysed

These preliminary results will be further verified by quantitative western blotting of protein

digestions in different conditions and by analytical gel chromatography.



Characterization of aromatic-less variant of dephospho coenzyme A

kinase (DPCK)

Aromatic amino acids are hypothesized to be among the latest arrivals into the amino acid alphabet
and, at the same time, are the strongest structure promoters of contemporary proteins. However, early
proteins probably served their function in their absence. To test the hypothesis that aromatic amino acids
might be dispensable for the basal protein function we designed an aromatics-less version of a contemporary
enzyme dephospho-coenzyme A kinase (DPCK). Since none of the aromatic amino acids in the protein are
known to be essential for enzymatic function, DPCK represents an ideal candidate for alphabet/structure
relationship investigation.

We successfully expressed the wild type DPCK from Aquifex aeolicus (DPCK-WT) and two
mutant variants with either all aromatic amino acids except histidine substituted with leucine (DPCK-LH)
or rationally designed variant where all aromatics including histidine were substituted by prebiotically

plausible hydrophobic amino acids (DPCK-M) (Fig. 8A)

A

Position 21 27 36 38 39 43 16 53 74 8 92
DPCK-WT H H H
DPCK-LH H H H
DPCK-M R S

Position 108 121 124 131 134 151 155 167 170 182 189
DPCK-WT
DPCK-LH

DPCK-M

Figure 8. Summary of mutated aromatic residues and their positions in comparison to the DPCK-WT sequence
(A) and (B) structure of the DPCK enzyme with highlighted aromatic amino acids (grey) and bound ATP substrate
(yellow)

All proteins were expressed in E. coli BL21-DE3, purified to homogeneity via a three step
purification protocol and their catalytic activity and efficiency were compared. DPCK-WT showed similar
activities to the previously reported DPCK from E. histolytica. While DPCK-WT and -LH had both ATP
hydrolytic and dCoA-dependent phosphotransferase activity, DPCK-M variant exhibited only ATPase
activity. Furthermore, upon DPCK-LH catalysis 100x less CoA was detected in comparison with the
DPCK-WT.

Structural characterization of all DPCK variants by electronic circular dichroism and 1D/2D HN
NMR spectroscopies showed higher disorder content in mutant variants in comparison to DPCK-WT.
However, the signal dispersion in the -NH- region implies that the -LH variant is at least partially folded in

contrast to DPCK-M which showed a lack of tertiary structure formation.



Furthermore, limited proteolysis of DPCKs by LysC protease indicated different proteolysis
dynamics of mutant variants in comparison to protease resistant DPCK-WT enzyme. While DPCK-LH was
hydrolysed to yield large fragments with the approximate sizes of 15 kDa, DPCK-M variant was fully

digested indicating lack of the intradomain folding patterns and overall tertiary structure (Fig. 9).
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Figure 9. 14% SDS-polyacrylamide gels of limited proteolysis of dephospho CoA kinase (DPCK) proteins
visualized by imidazole-zinc staining after SDS-PAGE with the protein samples exposed to LysC endoproteinase
for different times

In addition, we investigated the dynamics of the proteins upon ATP binding via NMR, dynamic
light scattering and titration by 8-anilinonaphthalene-1-sulfonic acid (ANS). These approaches confirmed
the molten globular nature of the ATP-unbound form of DPCK-LH and interestingly, indicated protein
compaction upon the ligand binding. According to the DLS measurements, hydrodynamic radius of DPCK-
LH is reduced by ~20 % and reached that of DPCK-WT value upon ATP addition (Table 1). This
observation supports the previously stated hypotheses that cofactors might play a crucial role in early

protein structure stabilization.

Table 1. Summary of DLS measurement of DPCK-WT and DPCK-LH variants with and without ATP

Mean hydrodynamic radius (nm) Polydispersity index (%)

DPCK-WT 2.52 £ 0.15 6.8
DPCK-WT with 200 uM ATP  2.44 + 0.17 8.3
DPCK-LH 3.30% 0.15 8.0

DPCK-LH with 200 uM ATP  2.68+ 0.18 18.2




Summary

The overall aims of this work were to (i) investigate properties of random protein space and their
relationship to natural proteins and (ii) study the effect of amino acid alphabet on protein structure and
function.

The following results were obtained and included in the three attached scientific publications and

preliminary data which will lead to a subsequent publication.

e Computational analysis of random protein library showed similar secondary structure content but

different aggregation tendencies in comparison to natural proteins.

o Experimental characterization of 45 random proteins showed agreement with computational
analysis in the secondary structure content and aggregation propensity and revealed that
disordered random sequences are better tolerated in intracellular mileu than their structure-rich

counterparts.

e Combinatorial library design tool (CoLiDe) was implemented and made available to the broad

scientific community.

e The CoLiDe algorithm was validated experimentally. The validation demonstrated the biases in

library preparations for further experiments.

e Combinatorial protein libraries with different amino acid compositions were prepared and
purified in vitro and their biochemical characterization suggest different structural tendencies

within the random sequence space.

o Characterizations of aromatic-less variants of dephospho coenzyme A kinase supported the role
of aromatic amino acids in achieving the structural stability of contemporary proteins but

demonstrated that enzyme activity can still be gained even in their absence.

e Enhanced compaction upon the interaction of aromatic-less mutant of dephospho coenzyme A
kinase with its ligands indicated the plausible importance of cofactor on early protein structure

stabilization.
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Abstrakt

Porozuméni piivodu prvotnich proteinti je pochopenim pfechodu komplexnich chemickych smési k prvnim
biologickym systémiim. Prvotni proteiny byly pravépodobné strukturné flexibilni, s promiskuitni aktivitou
a se sekvencemi pfedstavujicimi spiSe fyzikdlné chemické vlastnosti nez definované sekvencni motivy.
Rané proteiny byly rovnéz pravdépodobné slozeny pouze z prebioticky dostupnych aminokyselin z
endogennich a exogennich zdroji. V této praci jsme se zaméfili jak na studium vlivu nejpozd€jsSich
priristki aminokyselinového repertoaru na strukturu a funkci proteinti tak na charakterizaci nahodnych
sekvenci jakozto prekurzord pro vznik nejranéjSich tak i soucasnych proteini generovanych z pivodné
transkripéné/translacné neaktivnich oblasti genomu. Vyzkum nahodnych proteinti je obzvlast zajimavy z
pohledu neprobadané strany svéta proteinovych sekvenci. Charakterizovali jsme in silico soubor nahodnych
proteinovych sekvenci s pfirozenymi vyskyty aminokyselin pomoci predikce sekundarnich
struktur/proteinové nesuporadanosti/agregace a rovnéz jsme vybrali 45 sekvenci pro nasledujici in vitro
charakterizaci. Pomoci analyzy in silico knihovny jsme mohli konstatovat, Ze vyskyt sekundarnich struktur
v ndhodném sekvenénim prostoru neni vyrazné odlisny od toho v ptirodnich proteinech. Na druhou stranu,
evoluéni optimizace se nejvice projevovala v antiagregacnich vlastnostech pfirozenych proteinovych
sekvenci. Experimentalni charakterizace vedla k piekvapivému odhaleni, Ze neusporadané sekvence jsou
nejvice tolerovanymi nahodnymi proteiny in vivo. Nasledné jsme piipravili experimentalni strategii pro
charakterizaci proteinovych knihoven slozenych z 20 a prebioticky dostupnych 10 aminokyselin. Navrhli
jsme algoritmus CoLiDe pro optimizaci aminokyselinovych pomért v rozsahlych knihovnach ndhodnych
proteinti pomoci kombinace degenerovanych kodont. S pouzitim CoLiDe jsme pfipravili obé knihovny a
otestovali jejich vlastnosti in vitro pomoci selektivni proteolyzy a vyhodnoceni interakci s chaperony.
Ptedbézné vysledky naznaCuji vyssi pritomnost struktury v knihovné proteinu s prebiotickym
aminokyselinovym slozenim a vysokou neuspofadanost knihovny slozené ze vSech 20 proteinogennich
aminokyselin. V posledni studii této prace jsme vyhodnotili vliv substituce vSech aromatickych
aminokyselin v sekvenci defosfo koenzym A kinazy jejimi prebiotickymi protéjsky. Pomoci této
modifikace jsme ukazali, Ze protein je schopen funkce pfii absenci aromatickych aminokyselin i pies
zna¢nou destabilizaci terciarni struktury. Pozoruhodnym vysledkem byla vyrazna zména struktury proteinu
bez aromatickych aminokyselin pfi interakei s ligandy jenz naznacuje kli¢ovou roli kofaktort pfi stabilizaci
ranych proteinovych struktur. Tato prace je vhledem do evoluéné nevyvinutého sekvenéniho prostoru
proteind s dirazem na charakterizaci rané proteinové abecedy. Vysledky disertace naznacuji, Ze proteiny
slozené z ranych aminokyselin disponuji strukturnimi a funkénimi vlastnostmi jenz mohly hrat dileZitou

roli v v ¢asech prvotniho vyvoje biosféry.



Uvod
Evoluce proteinti a jejich aminokyselinového repertoaru

Soucasné proteiny jsou nejvSestrannéjSimi molekulami Zivota. Pocatky jejich strukturni evoluce
prameni z kratkych oligopeptidd schopnych jednoduché katalyzy a pravdépodobné také interakei s
prvotnimi molekulami RNA. Nejrangjsi proteiny nejspiSe disponovaly omezenym aminokyselinovym
repertoarem ktery reprezentoval chemické poméry prebiotického prostiedi 2. Tyto aminokyseliny mohly
pochazet jak z endogennich tak z exogennich zdroji. Casové zatazeni aminokyselin do strukturniho
repertoaru proteinli bylo odvozeno ve dvou na sobé€ nezavislych metaanalyzach na zaklad¢é zpracovani
experimentalnich dat ze simulaci prebiotického prostiedi, analyz slozeni meteoritl a chemickych pochodi
v okoli oceanskych hydrotermalnich pramenti **. Tyto metaanalyzy se shoduji v pfifazeni pfiblizné deseti
aminokyselin k prebioticky dostupnym zdrojim a v odvozeni dalSich deseti prostiednictvim
biosyntetickych pochodt. Tyto zavéry byly dale utvrzeny analyzou struktur enzymt, jeZ vykazuji vysokou
miru obohaceni prebioticky dostupnymi aminokyselinami v okoli jejich aktivnich center. Dodatecné bylo
ukazano, ze nékteré pozd¢jsi aminokyseliny jsou postradatelné pro tvorbu jejich vlastnich biosyntetickych
proteint >,

Evoluce proteinové sekvence, struktury a funkce z jednoduchych oligopeptidi predstavuje jeden z
mnoha dosud neobjasnénych ptirodnich hlavolamu. Pro pfiblizeni, kratky protein sloZzeny z pouhych 100
aminokyselin s 10 aminokyselinovym repertoarem muize byt poskladan 10'® riznymi kombinacemi.
Identifikaci prvotnich proteinovych sekvenci a struktur se zabyvalo n€kolik studii. V jedné z nich, Alva et
al. vyhodnotil soubor nehomolognich proteinovych domén a odhalil 40 kratkych sekvenci jez byly sdileny
mezi nepiibuznymi proteiny 8. Kromé& toho, 14 z t&chto sekvenci vykazaly schopnost tvorby nativni
proteinové struktury prostfednictvim repetice. V jiné praci, Caetano-Annoles se spolupracovniky se zaméfil
na vyuziti proteinovych strukturnich podjednotek (angl. folds) napfi¢ vSemi fiSemi zivota. Autorim se
pomoci fylogenetické analyzy podafilo odvodit ¢asovou osu vzniku proteinovych podjednotek, mezi
nejstarSimi strukturami byly ATPazy obsahujici WalkerGv motiv (SCOP fold ¢.37), TIM f/a barel (c.1),
NAD(P) vazebné domény s Rossmanovou strukturou (c.2), DNA/RNA vazebné trihelikalni svazky (a.4) a
oligonukleotid/oligosacharid vazebné motivy (b.40) (Obr. 1) *'2,

Funkce téchto proteini jsou nejcastéji spojeny s metabolismem uhlovodiki a nukleotidii. Goldman
et al. ukézal, ze 9 z 10 nejstarSich proteinovych struktur ze studie Caetana-Annollese jsou hojné€ zastoupeny
v proteinech souvisejicich s translaci a jejich funkce jsou Casto reprezentovany modifikaci RNA, jeji vazbou

a pfenosem fosfatové skupiny 3.



Na zaver této kapitoly lze fici, Ze evoluce proteind se da vystopovat pomoci rekonstrukce nejvice
zastoupenych a tedy i nejkonzerovangjSich proteinti az ke kratkym sekvencnim a strukturnim prekurzorim
soucasnych proteintl. Nicméng¢, identita prvnich proteinovych sekvenci jez staly u zrodd vSech modernich

proteinti je i nadale zahalena rouskou neznama.
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Obrazek 1. Nejstar$i proteinové struktury dle Caetana-Annolese a spolupracovnikii. (A) ATPaza obsahujici
Walkertiv motiv (SCOP fold ¢.37), (B) TIM B/a barel (c.1), (C) NAD(P) vazebné domény s Rossmanovou strukturou
(c.2), (D) DNA/RNA vazebné trihelikalni svazky (a.4) a (E) oligonukleotid/oligosacharid vazebné motivy (b.40)

Role chaperonil a kofaktorii v proteinové evoluci

Mechanismus provazejici dosazeni nativni proteinové konformace je vysledkem 4 miliard dlouhé
evoluce, ktera dala vznik sofistikovanym proteinovym asistentim — chaperoniim '*. Nicméné, vznik t&chto
molekul je také spojen s jejich samotnou evoluci struktury a funkce. Je predpokladano, ze organické a
kovové kofaktory mohly hrat podobnou roli na proteinovou strukturu jak v ¢asech davno minulych tak i v
soucasnosti 1. Stoji za zminku, Ze volna energie uvolnéna vazbou kofaktori k proteiniim je v praméru
podobna té, uvolnéné pti pochodech spojenych s dosazenim nativni proteinové konformace (~10-15
kcal/mol pfti vazbé kofaktoru a ~10-20 kcal/mol pii skladani proteint) '°. Tyto ptedpoklady vedly k
domnénce, Ze funkce a konformace proteini mohla byt selektovana ze souborl prebiotickych
neuspoiadanych sekvenci pravé pomoci vazby kofaktori 7. V nedavné studii bylo také demonstrovano, ze
odveéky organicky kofaktor ATP stimuluje koacervaci komplexu peptid/DNA jez je velmi diskutovanym
mechanismem vzniku prvotnich molekularnich kompartmenti '®.

Na druhou stranu, soucasné proteinové chaperony se projevuji evolu¢nimi zprostfedkovateli
umoziujicimi dosaZeni nativni proteinové konformace i stale se vyvijejicim proteiniim vystavenym riziku
nespecifické agregace. Chaperon-proteinova interakce byla prokazateln¢ spojena s v€kem a rychlosti
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evoluce proteinil . Houben ef al. poukazal na moznou souvislost vzniku proteinovych chaperonil s



evoluci aminokyselinového repertoaru 22. Podle této studie je inkorporace bazickych aminokyselin piimo
spojena s vyvojem chaperonti. Tento vztah je dale podpofen analyzami globalniho vyvoje proteomt, jez
zachycuji evolucni rozvoj a expanzi proteomt v souvislosti s vyssi intracelularni abundanci chaperont a
rozvojem komplexnich interakci chaperonu a ko-chaperond 4.

V této praci jsme se zaméfili na studium vlivli chaperonti na nahodné proteinové sekvence které
zde slouzi modelovym ptikladem novych a ptivodnich prebiotickych proteint. Navic je v této praci uveden
nazorny piiklad jak interakce prastarého organického kofaktoru ovliviiuje strukturu zjednoduSeného

moderniho proteinu.
Charakteristiky ndhodného sekvenéniho prostoru

Pocet vsech piirodnich proteinovych sekvenci predstavuje zanedbatelny podil ze vSech moznych
proteind. Je kompaktni proteinova struktura a funkce dosazitelnou mimo tento prirodni sekven¢ni prostor?
Prizkumem nahodného sekvenéniho prostoru se zabyvalo nekolik vypocetnich a experimentalnich praci.
Teoretické analyzy naznacuji vysoky vyskyt strukturovanych proteini v nahodném sekvencnim prostoru a
jejich podobnost pfirodnimu strukturnimu repertoaru >4, Tyto anlyzy jsou v souladu s experimentalnimi
charakterizacemi nahodnych proteinli s riznymi aminokyselinovymi repertoary, které potvrzuji vysoky
vyskyt sekundarnich a terciarnich struktur v ndhodném sekvencnim prostoru. Nékolik studii nahodnych
proteint slozenych z prebioticky dostupnych aminokyselin poukazuji na jejich vyssi rozpustnost ve
srovnani s jejich 20 aminokyselinovymi prot&jsky 2>%. Paraleln& s prizkumem strukturniho potencialu
nahodnych proteinil byl také studovan vyskyt funkénich molekul v nahodném sekven¢nim prostoru. Keefe
a Szostak izolovali 4 ATP vazebné proteiny z knihovny ndhodnych sekvenci &itajici 6x10'? molekul. Jeden
z téchto vazebnych proteini byl charakterizovan strukturné, coz vedlo k odhaleni dosud neznamé flexibilni
proteinové struktury obsahujici kovovy kofaktor 2728,

Nahodné proteinové sekvence maji také piimou relevanci k pfirodnim proteintim generovanym de
novo z diive nekodujicich ¢asti genomu. Tyto proteiny nejsou homologni s Zadnou dosud znamou rodinou
proteinll a jejich stupen evoluéni optimalizace se da srovnat s nahodnymi proteinovymi sekvencemi
(shrnuto v ?°). V nedavné studii bylo ukézano, Ze ndhodné a pseudo-ndhodné proteiny mohou ovlivnit
zivotaschopnost organismu jak negativnim tak i pozitivnim smérem coz poukazuje na dilezitost formace

de novo proteinii v soucasné evoluci *°.



Navrh kombinatoridlnich proteinovych knihoven

Nejefektivnéjsim zptusobem prizkumu kolektivnich vlastnosti proteinii je prostiednictvim
kombinatoridlnich proteinovych knihoven. Pfiprava proteinovych knihoven je nedilnou soucasti
racionalniho navrhu proteind a proteinového inzenyrstvi. Soucasné vypocetni metody umoznuji navrh na
zéklad¢ riznorodych experimentdlnich pozadavki jako je cenova dostupnost, termodynamicka stabilita
nebo dokonce funkéni promiskuita proteinovych produktii 13, Nicméné spole¢nou charakteristikou vSech
téchto pfistupu je navrh co nejkompaktnéjsi knihovny za ucelem maximalniho pokryti vSech variant s
n¢kolika mala variabilnimi pozicemi. Pro ucely charakterizace nahodnych proteinti, u kterych neni kladen
diraz na specifickou sekvenci, je vyzadovan alternativni pfistup. V této praci jsme navrhli a implementovali
vypocetni algoritmus pro navrh vysoce komplexnich kombinatorialnich knihoven nahodnych proteint se
specifikovatelnymi poméry aminokyselin. Tento nastroj je doplikem k stavajicimu arzenalu vypocetnich
metod a slouzi ke studiu vlastnosti proteind s charakteristikami danymi spiSe aminokyselinovym slozenim

nez jejich specifickou sekvenci.



Cile prace

Cilem této prace bylo (i) studovat vlastnosti nahodného sekven¢niho prostoru a vztah nahodnych
proteinovych sekvenci k pfirozenym proteinim a (ii) studovat vliv aminokyselinového repertoaru na

strukturu a funkci bilkovin.

Konkrétnimi cili byly:

e  Prozkoumat strukturni obsah ndhodného sekvenéniho prostoru a charakterizovat vybrané ndhodné
proteiny in vitro.

o Implementovat vypocetni nastroj, ktery by umoznil navrh degenerované proteinové knihovny se
zadanymi aminokyselinovymi pomery.

e Experimentalné charakterizovat knihovny nahodnych proteinovych sekvenci s odlisSnymi
aminokyselinovymi pomeéry.

e Prostudovat vliv nejnovejsich prirastkli do aminokyselinového repertodru na strukturu a funkci

vybraného proteinu.



Vysledky a diskuze

Selektivni charakterizace nahodného sekvenc¢niho prostoru

Soucasné proteiny jsou vysledkem procesu evoluéni optimalizace trvajici 4 miliardy let. Nase
znalosti proteinové struktury, funkce a evoluce vychazi z experimentalnich a teoreticky zalozenych analyz
prirodnich proteinti. Nicméng, vlastnosti proteinti jez neprosly evolu¢nim vyvojem a optimalizaci nejsou
probadany. V této praci jsme provedli systematickou vypocetni a experimentalni analyzu nahodnych
proteini s kanonickym aminokyselinovym repertodrem a prozkoumali jejich vztah k pfirozenym
proteinim.

Za ucelem srovnani ndhodnych proteinti s jejich prirodnimi protéjsky jsme pfipravili 4 in silico
datasety o 10 000 proteinovych sekvencich o délce 100 aminokyselin. S pomoci 5 prediktori sekundarnich
struktur, 3 prediktor( proteinové neuspotadanosti a jednoho prediktoru proteinové agregace jsme srovnali
knihovny (A) ndhodnych proteini s piirozenymi vyskyty aminokyselin (Random), (B) fragmenti
pfirozenych proteinii z databaze TOP8000 neredundantnich strukturné charakterizovanych proteind z

databaze PDB (PDB), (C) fragmenti A B
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Vysledky této analyzy naznacuji,
ze prestoze obsah sekundarnich struktur v
nahodném sekvenénim prostoru neni
vyrazné odlisny od pfirozenych proteint,
stupen potlaceni proteinové agregace je
vy$$i u pfirodnich sekvenci ve srovnani s
proteiny ndhodnymi (Obr. 2).
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na predchozi analyzu obsahu sekundarnich
struktur a neuspotadanosti. Ukazali jsme, ze

nejvice exprimovanymi a rozpustnymi

Qbsah sekundarni struktury (%)
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Obrazek 2. Predikce wvyskytu sekundarnich struktur v
datasetech (A) Random, (B) PDB, (C) Uni, and (D) Dis. Obsah
a-helixt a B-listd byl stanoven péti riznymi prediktory. Stred
krabicového diagramu piedstavuje median; horni a spodni okraj
krabice jsou tietim a prvnim kvartilem. Céara znazorfiuje

Tvwr

teCkami. Dataset Dis byl zahrnut jako negativni kontrola

nahodnymi proteiny in vivo jsou sekvence postradajici stabilni obsah sekundarnich struktur (Obr. 3).

Strukturni charakterizace purifikovanych ndhodnych proteinti vykézala vysokou miru shody s vypocetnimi




predikcemi obsahu sekundarnich struktur a miry agregace. Méfeni dynamického rozptylu svétla
purifikovanych vzorkd nahodnych proteinti potvrdilo diive odvozenou pfimou korelaci mezi obsahem

sekundarnich struktur a mirou agregace proteinu.
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Obrazek 3. Souhrn z testovani expresi/solubilit a spektra cirkularniho dichroismu ndhodnych proteinti ze Skupiny
1, 2 a 3. (Vlevo) analyza solubilit proteinti exprimovanych v E. coli pomoci metody western blot. S — solubilni
frakce lyzatu, I — nerozpustna frakce; (Stfed) kolacové grafy shrnujici pocty solubilnich proteini v kazdé skuping;
(Vpravo) spektra cirkularniho dichroismu uspésné pipravenych nahodnych proteini ze Skupin 1 az 3

Vysledky této prace vytycCili vyznam neuspotfadanych sekvenci jak v prebiotické tak i souc¢asné de novo
formaci proteinti a ovértila €innost predikei agregace a sekundarnich struktur v kontextu neptirozenych

aminokyselinovych sekvenci.



Vyvoj nastroje pro navrh kombinatoridlnich proteinovych knihoven

(CoLiDe)

Po selektivni charakterizaci ndhodného sekvenéniho prostoru jsme se rozhodli podniknout kroky k
charakterizaci kolektivnich vlastnosti proteinovych knihoven. Bohuzel, soucasné néstroje pro navrh
kombinatoridlnich knihoven nenabizi optimalni prostfedky pro navrh nahodnych proteind. Tyto algoritmy
umoznuji efektivni ptfipravu malych cilenych knihoven v proteinovém inZenyrstvi zatimco naSim cilem
byla knihovna o co nejvys$si variabilit¢ s kazdou proteinovou sekvenci omezenou pouze jejim
aminokyselinovym slozenim. Za timto ucelem jsme implementovali nastroj CoLiDe pro navrh
kombinatoridlnich proteinovych knihoven, néstroj je optimalizovan pro efektivni a uzivatelsky ptistupny
navrh experimentalnich knihoven ndhodnych sekvenci.

Ugelem nastroje CoLiDe je nalézt takovy soubor degenerovanych kodont, ktery pii kombinaci do
jednoho kodujiciho DNA templatu a jeho nasledné translaci poskytne proteinovou knihovnu o daném
aminokyselinovém sloZeni. Vstupy algoritmu jsou délka pozadované knihovny, jeji aminokyselinové
sloZeni, stupeinl variability (maximalni pocet aminokyselin kodovanych jednim kodonem) a organismalni
kodonové preference. Program navic umoziuje vytadit specificky nedegenerovany kodon ze zafazeni do
knihovny nebo piekodovat nékteré kodony ke specifickym, uzivatelem definovanym aminokyselinam,
které budou nasledné vlozeny do kombinatorialni knihovny. Hlavnim vystupem CoLiDe je fetézec
degenerovanych kodoni jez koduje kombinatorialni knihovnu proteind s definovanym obsahem
aminokyselin.

Principem CoLiDe je zjednoduSena verze evoluc¢niho algoritmu — jedinci jsou selektovani
prostfednictvim nahodnych mutaci, pfi¢emz se soucasné optimalizuje pouze jeden jedinec a ne cela
populace jak je tomu zvykem u evolucnich algoritmtli. Po nacteni vstupnich parametrii jsou ze souboru
vSech dostupnych 3375 degenerovanych kodonti odstranény ty, jez nekoduji aminokyseliny ze zadani.
Nasledovné je z tohoto souboru vybran nahodny set degenerovanych kodonti o délce zadané proteinové
knihovny a je z n¢j vypoctena odchylka aminokyselinového sloZeni od zadané distribuce. Odchylka je
spocitana jako soucet Ctverct odchylek pro kazdou aminokyselinu. Poté je jeden degenerovany kodon v
pocateCnim setu vyméneén za ndhodné vybrany kodon z celkového souboru kodonti a odchylka je
prepoctena. Pokud je vysledna distribuce touto vyménou odchylena od zadani vice nez pted substituci,
vymeéna je zamitnuta. V opacném piipadé je piijata. Tento cyklus vymena-piepocet-rozhodnuti je opakovan

dokud neni dosazeno 1000 x [ konsekutivnich zamitnuti. Vysledny fetézec kodond, ve kterém Zadna dalsi



nahodna vyména nepiinasi lepsi aproximaci zadani, je vracena jako feSeni. Vypocetni postup je ilustrovan

na Obr. 4.
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Obrazek 4. Schématicka reprezentace vypocetniho algoritmu CoLiDe. Vstupem je uzivatelem definovana délka
degenerované knihovny a jeji aminokyselinové sloZeni. Program nejdfive odstrani ty degenerované kodony jez
nekoduji zadané aminokyseliny. Poté je vygenerovan nahodny fetézec degenerovanych kodonti o délce knihovny
a kodony jsou vyménovany dokud neni dosazeno pozadované aminokyselinové distribuce

Efektivita algoritmu byla otestovana na 45 aminokyselinové knihovné s 33 aminokyselinovou
variabilni ¢asti. Knihovna byla pfipravena z
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Obriazek 5. Aminokyselinova analyza purifikované knihovny

smé&s proteinll vykdzala dobrou shodu ve své e soe  PUTITIRS
a srovnani jejiho sloZeni se zadanou distribuci

hmotnostni a obsahové distribuci s
teoretickymi hodnotami (Obr. 5).
Ve vysledku jsme implementovali a experimentalné ovéfili vypocetni nastroj pro navrh komplexnich

degenerovanych proteinovych knihoven a ucinili tento nastroj pristupnym Siroké védecké verejnosti.



Charakterizace kombinatorialnich proteinovych knihoven se
specifickymi aminokyselinovymi poméry

Selektivni charakterizace 45 nahodnych proteini zprostiedkovala detailni popis jednotlivych
nahodnych proteini. Nicméné k odvozeni obecnych charakteristik ndhodného sekvencniho prostoru a
rovnéZ vlivu aminokyselinového repertoaru na strukturu proteinii je zapotiebi hromadné charakterizace
statisticky vyznamného vzorku sekvenci. V této praci jsme vyuzili nastroje CoLiDe k navrhu dvou
knihoven s 20 (knihovna 20F) a 10 (knihovna 10E; A, S, D, E, G, T, I, L, P a V) aminokyselinovym
repertoarem a prostudovali efekty chaperonit DnaK, DnaJ a GrpE na nahodné proteiny. Zaméfili jsme se
na rozpustnost, agregacni tendence a senzitivitu proteinovych knihoven vici proteolyze dvémi odlisnymi
proteazami.

Byly navrzeny dvé proteinové knihovny o délce 106 aminokyselin s 85 aminokyselinovou
variabilni ¢asti, St€pnym mistem pro proteazu trombin uprostted proteinovych sekvenci a dvémi afinitnimi
kotvami pro afinitni purifikaci a chemiluminscenéni detekci. Knihovny byly syntetizovany v podob¢ dvou
prekryvajicich se jednotetézcovych DNA oligonukleotidii, pfevedeny na dvoufetézcovy DNA templat a
proteiny byly pfipraveny pomoci bezbunééného expresniho systému. Otestovali jsme vliv DnaK
chaperonového systemu v kontextu modulaci proteinové rozpustnosti a potencidlné formace
strukturovanych molekul. Dodatecné jsme vyuzili selektivni proteolyzy k estimaci celkové strukturalizace
knihovny pomoci protedz Lon a trombin. Predbéznéd charakterizace solubilizace a proteolytické
experimenty proteinovych knihoven naznacuji odlisné chaperon/proteinové interakce v knihovnach 20F a
10E (Obr. 6, Obr. 7). Knihovna 20F je v pfitomnosti chaperonii vyznamné solubilizovand ve vSech

testovanych teplotach 25, 30 a 37 °C a zaroven prokazala vyssi rezistenci vici proteolyze ve srovnani s

AT s T s T s T S T S T s

kDa B
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Obrazek 6. Western blot analyza solubilit proteinovych knihoven 10E (A) a 20F (B) v pfitomnosti (+DnaK) a
absenci (-DnaK) chaperont pfi teplotach 25, 30 a 37 °C. Analyzovana byla celkova frakce exprimované knihovny
(T) ajeji rozpustna frakce (S)



knihovnou exprimovanou v nepfitomnosti chaperontl, jejiz rozpustna frakce byla G¢inné $tépena protezou
Lon specifickou pro neuspotradané proteiny (Obr. 6B, Obr. 7B).

Toto pozorovani naznacuje, ze v nepiitomnosti chaperoni se vétSina proteinti 20F nachazi v
neusporadané konformaci. Suplementace 20F knihovny chaperonem DnaK solubilizuje vétSinu ptivodné
nerozpustnych proteinii, které jsou vsak posléze také aktivné degradovany Lon proteazou (Obr. 7B).
Nicméné chaperony poskytuji vyznamnou ochranu pred degradaci coz je zfejmé z porovnani pomeéru
rozpustnych frakci v chaperony suplementované a nesuplementované reakci v pfitomnosti Lon proteazy
(Obr. 7B). Na druhou stranu, knihovna 10E je vysoce rozpustnd i bez chaperonové asistence (Obr. 6A,
Obr. 7A). Navic, chaperony neposkytuji zddnou ochranu proti Lon dependentni degradaci jak je zfejmé ze
srovnani reakci s a bez chaperonti v pfitomnosti Lon proteazy (Obr. 7A). Stoji za zminku, Ze suplementace
chaperony dokonce snizuje celkovou miru exprese knihovny 10E (Obr. 6A, Obr. 7A). Tento pocatecni
screening naznacuje, ze piestoze kompaktni struktury jsou pfitomny v obou knihovnach 20F i 10E, nizsi

mira proteolyzy proteinti knihovny 10E mize byt vysvétlena vyssi frekvenci formace nativnich struktur.
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Obrazek 7. Western blot analyza solubilit a Stépeni knihoven 10E (A) a 20F (B) proteazou Lon v pfitomnosti
(K+) a absenci (K-) chaperoni. Pfitomnos Lon proteazy je vyznacena L+, jeji absence L-. Analyzovana byla
celkova frakce exprimované knihovny (T) a jeji rozpustna frakce (S)

Tyto predbézné vysledky budou ovéfeny pomoci kvantitativni analyzy proteolytického $tépeni z PVDF

membran a analytické gelové chromatografie.



Charakterizace variant defosfokoenzym A kinazy (DPCK) bez

aromatickych aminokyselin

Aminokyselinam obsahujicim aromaticky kruh je pfisuzovan nejvétsi vliv na stabilizaci proteinové
struktury a zaroven jsou povazovany za nejnovejsi priristky do aminokyselinového repertoaru protein.
Nicméné, prvotni proteiny pravdépodobné disponovaly strukturou a funkci i v neptitomnosti téchto rezidui.
V této praci jsme ovéfili hypotézu neesenciality aromatickych aminokyselin na prikladu varianty enzymu
defosfo koenzym A kinazy (DPCK) neobsahujici aminokyseliny s aromatickym kruhem. Zadna z
aromatickych aminokyselin neni vyzadovana k enzymatické aktivité¢ DPCK, proto je tento protein idedlnim
kandidatem pro studium vztahu aminokyselinového repertoaru na proteinovou strukturu.

Podatilo se ndm uspésné piipravit DPCK z hypertermofilni bakterie Aquifex aeolicus (DPCK-WT)
a jeho dvé mutantni varianty bud’ se vSemi aromatickymi aminokyselinami s vyjimkou histidinu
substituovanymi leucinem (DPCK-LH) nebo se vSemi aromatickymi kyselinami vcetné histidinu

substituovanymi racionaln¢ navrzenymi prebioticky dostupnymi hydrofobnimi aminokyselinami (DPCK-
M) (Obr. 8A).
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Obrazek 8. Souhrn substituovanych aromatickych rezidui ve variantich DPCK-LH a DPCK-M v porovnani s
ptirodni verzi DPCK-WT (A) a (B) struktura DPCK enzymu s vyznacenymi aromatickymi aminokyselinami

(Sed@) a navazanym ATP (zluté)

Vsechny proteiny byly pfipraveny v bunkach E. coli BL21-DE3, purifikovany pomoci
tiistupiiového purifikaéniho protokolu a otestovany na pfitomnost katalytické aktivity. Pfirodni forma
DPCK-WT méla podobnou aktivitu jako dfive charakterizovana DPCK z E. histolytica. Zatimco DPCK-
WT a-LH varianty vykazaly ATP hydrolytickou i dCoA-dependentni fosfotransferazovou aktivitu, varianta
DPCK-M disponovala pouze ATPazovou aktivitou. Pii kvantifikaci produktu katalyzy varianta DPCK-LH
vyprodukovala 100x méné CoA nez piirodni varianta DPCK-WT.

Strukturni charakterizace vSech variant DPCK pomoci spektroskopie cirkularniho dichroismu a

1D/2D HN NMR spektroskopie odhalila vy$si obsah neuspofddanych struktur v obou mutovanych



variantach ve srovnani s DPCK-WT. Nicméné, na rozdil od varianty DPCK-M disperze NMR signald
DPCK-LH varianty naznacCuje ¢aste¢nou formaci terciarniho uspotradani. Komplementarn€é, dynamika
proteolyzy vsech variant DPCK protedzou LysC ukézala na rozdilné terciarni usporadani proteinti. Zatimco
varianta DPCK-WT proteolyze odolavala, varianta DPCK-M je kompletn¢ degradovana v Case Stépného
experimentu a varianta DPCK-LH je §tépena za vzniku velkych 15 kDa fragmentt (Obr. 9).

Molekulova DPCK-WT Molekulova DPCK-LH Molekulova DPCK-M
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Obriazek 9. 14% SDS-polyakrylamidové gely znazoriiujici prub¢h selektivni proteolyzy DPCK proteinti pomoci
proteazy LysC. Gel byl vizualizovan imidazol-zinkovou metodou barveni

Na zaveér této studie jsme se soutfedili na konformaéni dynamiku varianty DPCK-LH souvisejici s
vazbou ATP pomoci spektroskopie nuklearni magnetické resonance, dynamického rozptylu svétla a titraci
8-aminonaftalen-1-sulfonové kyseliny (ANS). Pomoci téchto technik jsme potvrdili relaxovanou strukturu
(angl. molten globule) DPCK-LH a vyraznou zménu v konformaci pii vazbé ATP. Podle méfeni
dynamického rozptylu svétla této varianty se hydrodynamicky polomér zmensil o 20 % a dosahl tak
hodnoty odpovidajici struktute DPCK-WT (Tabulka 1). Tato pozorovani podporuji hypotézu dle niz

kofaktory mohly hrat nezaménitelnou roli pfi stabilizaci ranych proteinovych struktur.

Tabulka 1. Souhrn méfeni dynamického rozptylu svétla variant DPCK-WT a DPCK-LH v pfitomnosti a absenci
ATP

Stiedni hydrodynamicky polomér (nm) Index polydisperzity (%)

DPCK-WT 2.52:%0:15 6.8
DPCK-WT + 200 uMATP 2.44 = 0.17 8.3
DPCK-LH 3.30+ 0.15 8.0

DPCK-LH +200 pM ATP 2.68+ 0.18 18.2




Souhrn

Cilem této prace bylo (i) prostudovat vlastnosti nahodného sekvencniho prostoru a vztah ndhodnych
proteinovych sekvenci k pfirodnim proteinim a (ii) studovat vliv aminokyselinového repertoaru na

proteinovou strukturu a funkeci.

Byly ziskany niZe uvedené vysledky jez jsou soucastmi tii ptilozenych publikaci a popsanych ptedbéznych

vysledki které budou rozvinuty v dalsi studii:

e Vypocetni analyza nahodné proteinové knihovny ukazala jeji podobnost v obsahu sekundarnich

struktur a zaroven odhalila rozdily v agregacnich tendencich ve srovnani s pfirodnimi proteiny.

e Experimentélni charakterizace 45 nahodnych proteinovych sekvenci potvrdila in silico predikce
obsahu sekundarnich struktur a agregace a odhalila, Ze neuspofadané nahodné sekvence jsou

nejvice tolerovanymi proteiny v intracelularnim prostredi.

e Byl vyvinut nastroj CoLiDe pro navrh kombinatorialnich proteinovych knihoven a byl poskytnut

Sirokému védeckému publiku.

e Nastroj CoLiDe byl otestovan experimentalné, testovani odhalilo nastrahy jez vedou k odchylkam

danym experimentalni pfipravou knihovny.

e Byly pfipraveny kombinatorialni proteinové knihovny s riznymi aminokyselinovymi repertoary.
Vysledky jejich biochemické charakterizace naznacuji odlisné strukturni tendence v nahodném

sekven¢nim prostoru.

o Charakterizace variant enzymu defosfo koenzym A kinazy bez aromatickych aminokyselin ukazala

na dulezitou roli téchto rezidui pfi stabilizaci nativni proteinové struktury.

e Redukce hydrodynamického poloméru varianty DPCK bez aromatickych aminokyselin pii vazbé

kofaktoru poukazuje na vyznamnost kofaktoru pii stabilizaci ranych proteinovych struktur.
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