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Proteins from Thermophilic Thermus thermophilus Often Do Not
Fold Correctly in a Mesophilic Expression System Such as Escherichia
coli
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ABSTRACT: Majority of protein structure studies use Escherichia coli (E. coli) and other model
organisms as expression systems for other species’ genes. However, protein folding depends on - .
cellular environment factors, such as chaperone proteins, cytoplasmic pH, temperature, and ionic
concentrations. Because of differences in these factors, especially temperature and chaperones,

native proteins in organisms such as extremophiles may fold improperly when they are expressed in ?
mesophilic model organisms. Here we present a methodology of assessing the effects of using E. coli -

as the expression system on protein structures. We compare these effects between eight mesophilic 5

bacteria and Thermus thermophilus (T. thermophilus), a thermophile, and found that differences are
significantly larger for T. thermophilus. More specifically, helical secondary structures in T. ¢ =
thermophilus proteins are often replaced by coil structures in E. coli. Our results show unique N =
directionality in misfolding when proteins in thermophiles are expressed in mesophiles. This ‘

indicates that extremopbhiles, such as thermophiles, require unique protein expression systems in

protein folding studies.

1. INTRODUCTION protein production quality; however, their effectiveness is not
uniform across different protein source species. For many
thermophilic species, production of recombinant protein in E.
coli in active form is still a major challenge. For example,
multiple studies show that a large fraction of Thermus
thermophilus (T. thermophilus) proteins are formed in insoluble
and/or in inactive form when grown in recombinant E.
coli”® " potentially because T. thermophilus has optimal
growth temperatures around 70—80 °C, which are much

evolution, =7 computational enzyme, ® and drug design,"® as higher than that of E. coli (37 °C). It has been previously

. . . D reported that soybean Late Embryogenesis Abundant proteins
well as for training computational protein structure prediction b hvdrated heating > ino th .
algori thms 20—24 ecame more hydrated upon heating,” suggesting that protein

: . . . solubility is influenced by the cellular environment; therefore
angn;gzrf?lgpgglj: il;:ekri:ilz;bifslaficgaifmtlroici-roet;;r;ets}s?:; what is not soluble in mesophilic E. coli may well be soluble in
)

i I . . T. thermophilus. In fact, induction temperature is one of the
systems used in structure determination experiments. Protein i . i .33
) . ) ) most critical growing conditions to produce soluble protein.
source species are the species that the protein-coding These findings suggest that proteins may misfold in
sequences were taken from, and protein expression systems recombinant expression systems having dissimilar cellular
are the species that these proteins were grown in (Figure 1). A P 4 5
L. p . p g . . & i i environments. Nevertheless, expression system is not always
majority of PDB experiments use Escherichia coli (E. coli) as the considered important or even reported in structural studies.
expression system'.'For examp .le, b PI_)B entries Moreover, protein structure prediction models, including the
with Bacillus subtilis (B. subtilis) as the source organism, more 24
; ) ) most advanced ones, such as AlphaFold2,”™ do not use
than 1700 were grown in E. coli. For most other species, the
proportion of proteins that were grown in E. coli is even higher.
While using recombinant model organisms—those with
genetically recombined genes—for protein production is
generally effective, lower protein activity and solubility can
be observed in many cases, including the formation of
inclusion bodies.”*~” Various protocols and methodologies
have been developed in an effort to improve recombinant

Identification of protein structure is a major requirement in
studies on protein functions"” and interactions® > and in the
design of novel enzymes.”™® As of July 2022, there were more
than 190000 records in Protein Data Bank (PDB),” the largest
database of protein structures,'* of which almost 180000 were
protein structure entries. The deposited structures can be used
in various fields of research. For example, PDB data had been
recently used in research related to COVID-19,"'~"* protein
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Figure 1. Example of protein structures in different expression
systems. TT_EC file is formed using proteins that have T.
thermophilus as source organism and E. coli as expression system.
TT_TT is formed using proteins that have T. thermophilus as both
source and expression system (sometimes referred to as “native”
expression system in this research).

expression system and cellular environment as factors in
training and validation. This disparity highlights the need for a
methodology to assess the effect of different expression
systems on protein structure determination.

Here we present a metric to evaluate protein secondary
structure (SS) differences and analyze how changing the
expression system from “native” to E. coli affects protein SS.
We used PDB data to create AA/SS data sets for T.
thermophilus (TT) and seven nonthermophilic bacteria species
(where AA means amino acid and SS means secondary
structure). For each species (say XX), there are two sets of
protein structure data, one obtained with XX as both the
protein source and the expression system and the other with
XX as the source species but E. coli as the expression system.
These two sets of protein structures are represented as XX XX
and XX_EC (Figure 1, where XX is TT). We then processed
the data into probability matrices and calculated Jensen—
Shannon divergence (JSD) between the XX XX matrix and
the XX EC matrix. This JSD measured the difference in
protein structure between XX XX and XX EC. We found that
JSD was significantly hlgher between TT TT and TT EC
than between XX XX and XX _EC (where XX is a mesoph111c
bacterial species). . This 1mphes that T. thermophilus proteins in
nonthermophilic species do not fold in the same way as in their
“native” thermophilic expression system, while for the other
species the expression system did not affect protein folding.

2. MATERIALS AND METHODS

For a fair comparison, we need the same protein from a source
species but expressed in different expression systems, one

being the source system (native) and the other being E. coli.
An overview of our methodology generating such data is
summarized in Figures 2 and 3.
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Figure 2. Overview of methodology (part 1). Relevant structure IDs
were found through a search on PDBe (A) and processed into
AA fasta files (B). The found structures with the same protein origin
species and different expression species were paired on the basis of AA
sequences using BLASTp (C), and the paired AA/SS were saved as
datafiles (D).

2.1. Data Collection. Bacterial species from which we
collected the data are listed in Table 1 and were selected
because they have sufficient data available on PDB both as
protein source and expression systems. The PDB online
advanced searching tool was used to create separate ID lists for
each source/expression pair. More specifically, PDB Europe
(PDBe) was used because of its more advanced filtering
interface; however, its data are the same as on PDB. Advanced
search can be accessed through this link: https://www.ebi.ac.
uk/pdbe/entry/search/index/?advancedSearch:true=. We
used several filters to obtain protein ID lists: (1) organism
name, (2) expression host name, (3) resolution, and (4)
molecule type. Protein source and expression system were set
in accordance with Table 1, molecular type was set to “protein”
and experimental method was set to X-ray diffraction only with
resolution between 0 and 2.5 A. Note that proteins are purified
in their naturally folded state in the expression system, ideally
in their functional forms, before crystallization and X-ray
diffraction.

Structure IDs were taken for each protein origin/expression
system pair found using the online search and used to obtain
the corresponding SS and AA sequences. We used a PDB
Secondary Structure file in FASTA format (latest version is
accessible at https://cdn.rcsb.org/etl/kabschSander/ss.txt.
gz—sometimes multiple refreshes of the page are required to
obtain the file; alternatively, a copy of the file is available at
https://github.com/alibekk93/project-protein_folding
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Figure 3. Overview of methodology (part 2). Datafiles were used to construct AA/SS count (A) and proportion matrices (B). For each studied
species, JSD was calculated between the “native” proportion matrix and the recombinant E. coli proportion matrix (D). The differences between the

matrices were also visualized using heat maps (C).

distances/ss.txt.gz) to collect SS and AA. Each structure in this
file is represented by AA and SS strings, where each single AA
corresponds to a single SS at the same position. The numbers
of structure IDs identified for each ID list are shown on Table
1. Identical AA sequences from the same expression systems
were allowed as their corresponding SS sequences could differ
and provide relevant data.

2.2. Filtering the Data Using BLASTp. To identify
proteins whose structure has been determined when they were
expressed in both the source species (native environment) and
in E. coli, we processed the AA sequences obtained from the
previous step into BLASTp database files using DAMBE.>* For
each pair of compared protein databases a BLASTp search was
performed using AA sequences of the proteins, with the
recombinant E. coli expression system database as query and
the native database as BLASTp database.

We used ungapped BLASTp with three-letter words to
match proteins from different databases. Minimal matching
accuracy was set to 95% to allow for small variations of AA
sequence due to point mutations and random errors in
experiment without allowing different proteins to be matched.
Minimal matching length was set to S0 to remove short
matching sequences, and the maximal E-value was set to 0.01.
BLASTp parameters were set so that only proteins with very
similar AA chains and those likely to be the same protein were
kept in both databases and so that only matching parts could

37799

contribute to the analysis. For each pair obtained, sequence
start and end were used to cut out the matching parts of the
sequences and not include the nonmatching parts.

Filtering protein databases using BLASTp removed most of
the proteins from the original Protein ID lists. This happened
because most entries on PDB are only available with one
expression system (grown in E. coli). On the other hand, those
entries available in the native expression system are also not
always available with the E. coli expression system. For
example, the original BS_BS database contained eight entries
and the original BS_EC database had 1145 entries; however,
after BLASTp only four entries from BS_BS matched with 17
entries from BS_EC. The full list of numbers of entries in the
databases before and after BLASTp is shown in Table 1.

2.3. Construction of Probability Matrices. First, tabular
BLASTYp results were used to create data files in FASTA format
for each protein source species/expression system combina-
tion, each containing the AA and SS sequences. Structure IDs
were used to obtain AA and SS sequences from the PDB file.
Query and database start and end positions were used to cut
the matching parts from the obtained sequences. This way only
matching parts of the proteins would be left.

In many cases a single-query structure would match more
than one database structure and vice versa; therefore, it was
necessary to multiply AA and SS sequences in those cases to
make sure that matching parts are the same length. In this way

https://doi.org/10.1021/acsomega.2c04786
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Table 1. Species Used in the Analysis”

protein source expression structure  entries before  entries after
species system IDs list BLASTp BLASTp

Bacillus subtilis ~ B. subtilis BS_BS 8 4

Bacillus subtilis  E. coli BS_EC 1145 17

Desulfovibrio D. vulgaris DV_DV 26 4
vulgaris

Desulfovibrio E. coli DV_EC 67 20
vulgaris

Lactococcus L. lactis LL_LL 25 5
lactis

Lactococcus E. coli LL EC 166 6
lactis

Pseudomonas P. fluorescens PF_PF 13 4
fluorescens

Pseudomonas E. coli PF_EC 275 2
fluorescens

Pseudomonas P. putida PP_PP 3 1
putida

Pseudomonas E. coli PP_EC 542 37
putida

Salmonella S. enterica SE_SE 34 29
enterica

Salmonella E. coli SE_EC 860 17
enterica

Streptomyces St. rubiginosus  SR_SR 17 17
rubiginosus

Streptomyces E. coli SR_EC 11 11
rubiginosus

Thermus T. TT_TT 19 7
thermophilus thermophilus

Thermus E. coli TT_EC 1091 3

thermophilus

“For each protein source species there are two expression systems
used—that of the source species (“native” expression system) and E.
coli. Lists of structure IDs were created for each source/expression
pair. For example, BS_BS contains IDs of structures with B. subtilis as
both protein source organism and protein expression system, while
BS_EC has IDs of structures with B. subtilis as protein source
organism and E. coli as protein expression system.

we obtained chains from the BLAST database with identical
AA sequences, but possibly different SS sequences, and had
each variation of SS in correct proportions. AA and SS
sequences were concatenated for each of the databases so that
all AA sequences were in one line and all SS sequences were in
another line of the resulting file.

Data files were processed into count matrices to count each
AA/SS combination. We converted count matrices into
probability matrices by simple division of each count value
by count matrix sum. Protein SS can be described with three
SS types: H (helix), E (sheet), and C (coil) or with eight SS
types: H (a-helix), I (z-helix), G (3;¢-helix), E (-sheet), B (-
bridge), C (coil), S (bend), and T (turn).. We refer to the two
classification systems as 3-SS (three types of SS) and 8-SS
(eight types of SS) in this work. While many models and
studies, especially the earlier ones, use 3-SS, using 8-SS can
give more details. In order to work with both 8-SS and 3-S§,
we transformed the original 8-SS matrices to 3-SS by adding up
the matrix values.

2.4, Jensen—Shannon Divergence Calculation and
Statistical Analysis. After the matrices were created, they
were compared to each other, so that for each protein source
species the two matrices compared were with E. coli and
“native” expression systems. Jensen—Shannon divergence
(JSD) was used to evaluate differences between matrices. A
common measure of probability distribution differences is

Kullback—Leibler divergence (KLD). It is nonsymmetric,
which means that KLD of distribution P from distribution Q
does not have to be equal to KLD of distribution Q from
distribution K. KLD is defined as

KLD(PIQ) = ) P(x)1 g[ Q(x)]

where P(x) and Q(x) are discrete probability distributions.
JSD is a metric similar to KLD, and it could be called a
symmetrized and smoothed version of it. It is defined as

JSD(PIQ) = %D(PHM) + %D(QIIM)

where P(x) and Q(x) are discrete probability distributions, M

= %(P + Q), and D is KLD.

In our case JSD is a more suitable measure than KLD due to
the large number of zeros in our data. KLD requires a division
of one probability by another, and when the denominator
probability is zero (which is very often the case in our data),
calculation results in infinity. Standard practice is to drop zeros
completely, but in our case that would be dropping a very
significant amount of our data, because probability matrices
contain a lot of zeros. Contrary to KLD, JSD does not have this
problem thanks to its symmetric nature. Probability distribu-
tions are compared not with each other but with their average
distribution, which means that only positions where both
probability matrices are zero need to be dropped—those
positions are exact in any case and therefore dropping them is
not an issue.

Larger JSD would mean that changing the protein
expression system from “native” to E. coli had more effects
and that a recombinant protein SS is a worse representative of
native SS. Moreover, in order to deduce possible mechanisms
of how the change of the expression system affects protein
folding, we calculated difference between the matrices by
subtracting recombinant proportion matrix values from native
proportion matrix. Subtraction results would not be a good
evaluation of matrix divergence but can show at which AA/SS
positions the differences between matrices are large.

We estimated the statistical significance of calculated JSD
using resampling techniques. Bootstrapping was used to
calculate 95% confidence intervals of JSD—AA/SS positions
were randomly resampled with replacement 1000 times from
the original data files and JSD were calculated for them. In
addition, we used permutation to test the significance of
differences between species’ JSD values by combining all data
files into a uniform distribution and resampling positions from
it 10000 times to form data of 1000 residues in length.

3. RESULTS

3.1. Magnitude of Expression System Effect. Calcu-
lated results are summarized on Table 2. In addition, we
visualize bootstrapping results on box plots (Figures 4 and 5)
and permutation results on histograms (Figure 6). The largest
JSD was found between T. thermophilus matrices, and this was
the case using both 8-SS and 3-SS. Moreover, bootstrapping
results show that T. thermophilus JSD is the only one
significantly higher than other species’ JSD for both 8-SS
and 3-SS.

3.2. Directionality of Expression System Effect. Heat
maps in Figures 7 and 8 show differences between proportion
matrices used in JSD calculations. These figures help in

https://doi.org/10.1021/acsomega.2c04786
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Table 2. Mean Jensen—Shannon Divergences between
Native and Recombinant AA/SS Matrices”

protein source species JSD8  JSD8 p-value  JSD3  JSD3 p-value

Bacillus subtilis 0.010 0.082 0.001 0.697
Desulfovibrio vulgaris 0.008 0.343 0.003 0.004
Lactococcus lactis 0.007 0.594 0.003 0.012
Pseudomonas fluorescens ~ 0.009 0.270 0.002 0.101
Pseudomonas putida 0.002 1.000 0.000 1.000
Salmonella enterica 0.003 0.999 0.000 1.000
Streptomyces rubiginosus 0.004 0.995 0.001 0.992
Thermus thermophilus 0.033 0.000 0.014 0.000

“p-values are from bootstrapping analysis testing the null hypothesis
that different expression systems have no effect on protein structure.
JSD8 and JSD3 are the calculated JSD using 8 or 3 types of SS. Both
JSD8 and JSD3 are the greatest for T. thermophilus matrices, and that
is the only species where both metrics are significantly different from
bootstrapped distributions. This indicates that switching the protein
expression system from “native” to E. coli affects the folding of T.
thermophilus proteins more than other species’ proteins.

identifying which particular elements of matrices were most
different and display potential directionality of the differences.
In line with JSD results, T. thermophilus matrices show more
differences than any other species’ matrix pair. It can be seen
that using E. coli as an expression system for thermophilic
proteins leads to lower frequencies in helices and higher
frequencies of coils. The 8-SS heat map shows that this effect is
particularly strong on 3,y -helices (structure G). Other protein
expression systems considered in this study show smaller
differences from that of E. coli as there are no large JSD values
detected for them.

No strong patterns have been discovered in terms of
variability of secondary structures between different amino
acids (Figures 7 and 8). While distances between matrices of
T. thermophilus proteins seem to be high with hydrophobic
alanine, valine, and glycine, that is also the case for histidine

(charged) and threonine (polar and uncharged).

4. DISCUSSION

4.1. Lack of Required Chaperones. There are several
possible explanations for variations in JSD for different species.

Because T. thermophilus is a thermophile, it is adapted to
protein denaturation, partially through chaperone-dependent
protein folding. It is possible that when E. coli is used as an
expression system, certain helices are not formed or repaired
due to a lack of these chaperones and coils are formed instead.
For example, DnaK chaperone expression requires less ATPase
activity in T. thermophilus than in E. coli and it participates in
protein folding mediation.”> Trigger factor proteins also show
differences in structure and activity between the species.’®
Such effects are likely to be particularly important for any
intrinsically unstructured proteins that require chaperone
activity for correct folding and structural stability.”” While a
common way around this problem is to co-express required
folding chaperones together with the studied protein, it is not
always clear whether that was done on PDB because not all
structures there have publications and, even if they do, it is not
always clearly explained whether co-expression of chaperones
was performed. Moreover, co-expression of chaperones does
not always provide the desired effects as differences in other
cell-specific factors may lead to chaperones losing their activity
or even becoming toxic for the host.”®

4.2. Suboptimal Cellular Environment. Due to
thermophilic adaptations of T. thermophilus, it is possible
that the tendency toward coil structures instead of helical
structures in E. coli as an expression system is a result of
differences in cellular conditions of the expression systems,
namely, nonoptimal folding temperatures. This would explain
why this effect is more apparent for 3;y-helices than a-helices,
as the latter are more stable.”’ Regardless, future research
directions may prompt researchers to study varying environ-
mental conditions of expression systems and their effect on
protein folding using data with varying temperature, pH, and
salinity.

Differences in protein solubility due to temperatures could
have affected protein crystallization and thus structure
identification.**™** To assess this possibility, an analysis of
structures with different crystallization techniques performed
might be necessary. That kind of analysis would help to
determine whether effects observed in this experiment are due
to differences in cellular environments and chaperones or due
to experimental design.

Jensen-Shannon divergence of 8-state matrices

0.06

0.04

0.03

Jensen-Shannon divergence

0.02

0.0

=1

'}—I—$'i'_*_

——— —p—

0.00 T T T
B. subtilis D. vulgaris L lactis

P. fluorescens

P putida S. enterica S. rubiginosus T. thermophilus

Figure 4. Box plots of bootstrapped JSD (8 SS types). High JSD indicates larger differences between “native” and E. coli expression systems. T.

thermophilus JSD are much higher than those of other bacteria.

https://doi.org/10.1021/acsomega.2c04786
ACS Omega 2022, 7, 37797-37806


https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

Jensen-Shannon divergence of 3-state matrices

0.030

0.025

0.020

0.015

Jensen-Shannon divergence

0010

0.000

e

B. su‘btms D. vu'!gans L Iécu: P ﬂuuréscens

P pu‘nda S. en'ren'ca S. rubiﬁinosus T r_herrr;aphi!us

Figure S. Box plots of bootstrapped JSD (3 SS types). High JSD indicates larger differences between “native” and E. coli expression systems. T.

thermophilus JSD are much higher than those of other bacteria.

Permuted )S divergence using 8 SS types

-« Other species
Permuted JS divergence using 3 SS types «+=+ T.thermophilus

0.05

004
0.04

°
=
2

Probability
Probability

°
S
5

0.01 001

0.00

0005 0010 0015 0020 0025 0030
Jensen-Shannon divengence

0000 0002 0004 0006 0008 0010 0012 0014

Jensen-Shannon divengence

Figure 6. Distributions of permuted JSD results. T. thermophilus JSD (red line) is much larger than JSDs of the other species (gray lines) and the

nonspecific JSD (gray histogram).

Bacillus subtilis

F I

w- w -

o - o -
[ T S S T S N N B S T B ] ()
ACDEFGHI KLMNPQRSTVWXY A C

- -
w- w
o - o -
T R A R R T N B S S S S R ] "
ACDEFGHI KLMNPQRSTVWXY A C

I T

w - w -

o - o -
[ T S S T T S S S N S T B ] ()
ACDEFGHI KLMNPQRSTVWXY A C

F I

w - w -

o - (S
[ S S S T S B B B S T B I )
ACDEFGHI KLMNPQRSTVWXY AC

Desulfovibrio vulgaris

[ R T I N S S I B R T
DEFGHIKLMNPQRSTVWXY I0,0IS

Pseudomonas fluorescens 0.010

-0.005

DEFGHIKLMAPOQRSTVWXY  -000
- —0.005

[ -0.010
' -
v 0.015

[ D e e N B
DEFGHIKLMNPQRSTVWXY

Figure 7. Heat maps of proportion matrices differences with 3 SS types showing directionality of the effect induced by using E. coli as the
expression system. More negative values (red) indicate larger proportions in E. coli as the expression system; more positive values (green) indicate
larger proportions in “native” expression systems. The effects were most visible in T. thermophilus, where helices (H) were observed more
frequently when proteins were expressed in T. thermophilus and coils (C) were instead more abundant when proteins were expressed in E. coli. No
such effect nor directionality of differences could be seen in other species. The three SS types are H (helix), E (sheet), and C (coil).

4.3. Codon Optimization. Protein folding can be affected
by the rate of protein synthesis, which can be controlled by
codon usage.*”** Assuming equal translation initiation rates,
nonoptimal codon usage in the recombinant expression system
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will lead to slower rates of protein production, which in turn
may lead to protein misfolding and aggregation.”> Unfortu-
nately, the PDB itself has no information about codon
optimization in experiments and nucleotide sequences are

https://doi.org/10.1021/acsomega.2c04786
ACS Omega 2022, 7, 37797-37806


https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04786?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
Bacillus subtilis
- T-
o- o
o - -
o - o -
- -

Lactococcus lactis

- -
o - o-
w- w -
@ - m -
- o -
w (0]
- - -

[ T T S S S S S S S B S S S S B S
ACDEFGHI KLMNPQRSTVWXY

Pseudomonas putida

[ R T T S R S Y S BRI '
ACDEFGHIKLMNPQRSTVWXY

Streptomyces rubiginosus

e I q
o- o-
w - w -
@ - o -
o- ol
w - w -
- - - -

o

[ T T T S S T S S S S R S S SR S
ACDEFGHI KLMNPQRSTVWXY

[ S T T T T B N R S S BRI
DEFGHIKLMNPQRSTVWXY

Desulfovibrio vulgaris

[T T S S S T S S N B S S I S I 0.015
ACDEFGHIKLMNPQRSTVWXY

Pseudomonas fluorescens

-0.010
- 0.005
-0.000

DEFGHI KLMNPQRSTVWXY
Salmonella enterica - -0.005
- -0.010

I -0.015

Thermus thermophilus

P T T S S T T T S e B B S S S BRI
ACDEFGHI KLMNPQRSTVWXY
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not provided. Moreover, not all records have corresponding
publications with full description of experimental and even the
ones that had been published often do not have information on
whether codons were optimal. This means that lack of codon
optimization is a potential factor that caused high differences
between E. coli and T. thermophilus expression systems in our
analysis.

4.4. Protein Crowding. Macromolecular crowding is
another potential explanation of our results. As concentrations
of proteins and other macromolecules inside the cells increase,
the volume available for new proteins being produced
falls.**™** Crowding leads to an increase in protein
thermodynamic activity, which affects folding, among other

49-51
processes.

In prokaryotes this effect is more profound
than in eukaryotes.*®
Naturally, protein crowding may occur in both E. coli and T.
thermophilus expression systems, as well as other systems, but
recombinant expression systems are more likely to have this
52,53
effect. E.

unsuitable for T. thermophilus protein folding and may lead to

coli natural cellular concentration could be

increased crowding and inclusion body formation.”® In
addition, chaperone-assisted misassemble prevention mecha-
nisms may be compromised in recombinants as they would
lack the required chaperones.””>*
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4.5. Significance. The connection between protein
structure and protein function is established, as structure
directly dictates function.”® Improperly folded proteins often
lose their initial functions and can even gain novel toxic
functions in their place. For example, many misfolded proteins
related to Parkinson’s and Alzheimer’s diseases have neuro-
toxic functions.’® It is possible that thermophilic proteins
grown in E. coli lose their functions entirely or partially.
Previous studies identified that T. thermophilus enzyme activity
is reduced when using mesophilic recombinant hosts, such as
E. coli.***"*7%% Additionally, E. coli had been previously shown
to be an inadequate expression system for thermophilic
proteins in functional metagenomic®® °' and directed
evolution studies.”””** Our results are in line with the previous
findings; we also expand on them, showing how a mesophilic
expression system can affect secondary structures of
thermophile proteins and that the change has directionality
toward less helices and more coils.

Additionally, helical structures have been shown to be more
common in thermostable proteins and are associated with
thermostability.”>°° The higher tendency for helix formation
for T. thermophilus proteins when grown in “native” expression
system could be a mechanism of protein stabilization under
higher temperatures. Using E. coli as an expression system led
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to higher proportions of coils and therefore might have
reduced thermostability adaptation.

In some cases, thermophile protein misfolding can be
removed by subunit rearrangement caused by heating of the
protein.58 However, that is not very common and more often
the problem of misfolding can be solved by using thermophiles
as expression systems for thermophilic proteins can be a
solution to the problem of misfolding.”>” These facts suggest
that the protein expression system cellular environments need
to be matched with those of protein source organisms in order
to facilitate correct folding.

4.6. Study Limitations. Our study has multiple limitations
which we should address here as well. First, it is evident that
the number of protein structures which remain after all filtering
procedures is very small for many of the species, including T.
thermophilus. While we attempt to lower the impact of the low
number of structures with resampling, it is still possible that
the differences that we observe are related to specific protein
structures or even by some errors in PDB experiments. In
addition to the main results, described previously, we
calculated JSD between matrices without BLASTp filtering.
The rest of the procedures were kept the same as before. This
way we could greatly increase the data size; however, the
drawback is that proteomes now consisted of very different
proteins and therefore these results cannot be fully conclusive
either. Nevertheless, we found that JSD between T.
thermophilus matrices is much higher than for all other species,
the same as with the main results. We provide these additional
results in the Supporting Information (Figures S1 and S2).

Second, our approach of using matrices in calculating JSD is
double-edged. On one hand, using matrices allows us to
compare entire proteomes rather than single proteins in a
simple and computationally efficient way. This way we can
compare proteomes which consist of very different proteins.
On the other hand, only a pairwise comparison would show
what effect protein type has on differences in folding. Ideally,
all proteomes in our study should consist of the same proteins
and in that case a pairwise comparison would be highly
advantageous. Additionally, for the sake of simplicity and easier
interpretation, our matrices were computed using one-to-one
AA/SS pairing. This approach neglects potential effects that
neighbor AA has on SS. It may be beneficial to use windows of
several AA/SS to compute matrices in future research.

As we allowed AA sequences to differ by 5% during our
BLASTYp filtering step, the datafile AA sequences had some
level of variation and this could have an effect on SS and JSD8/
JSD3. We looked at how AA similarity affected JSD8 and JSD3,
and there seems to be no relationship (Figures S3 and $4). T.
thermophilus large JSD8 and JSD3 results are highly unlikely to
be explained by AA differences; however, this is still possible
due to the complex nature of the AA/SS relationship and this
possibility should not be ignored completely.

We believe that obtaining more structural data would be
essential in order to design a study which would not have the
limitations that we discussed. This is especially the case with
data of expression systems other than E. coli. Often predicted
structures could be used when PDB does not have sufficient
data; however, to our knowledge, no protein structure
prediction model has an expression system as a feature.

5. CONCLUSION

In conclusion, our results show that thermophilic protein
folding in mesophilic E. coli introduces significant changes on

the structure level. Misfolding of thermophilic proteins grown
using mesophilic hosts can lead to loss or change of protein
functions which will harm both research and industrial
applications. While there can be many possible explanations
for the reasons of misfolding, it is important to study T.
thermophilus and other extremophiles protein expression with
protein source species as protein expression systems in order to
minimize expression system effects. It is also evident that a
much higher diversity of expression systems on PDB is
essential for more thorough understanding of expression
system effects on protein folding.
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