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. Protein thermostability has received growing attention in recent years. Little is known about

. the determinants of thermal resistance in individual protein families. However, it is known that

: the mechanism is family-dependent and not identical for all proteins. We present a multivariate

. statistical analysis to find the determinants of thermostability in one protein family, the serine
hydroxymethyltransferase family. Based on principal component analysis, we identified three amino

. acid fragments as the potential determinants of thermostability. The correlation coefficients between

. all the putative fragments and the protein thermostability were significant according to multivariable
linear regression. Within the fragments, four critical amino acid positions were identified, and they
indicated the contributions of Leu, Val, Lys, Asp, Glu, and Phe to thermostability. Moreover, we
analyzed the insertions/deletions of amino acids in the sequence, which showed that thermophilic
SHMTs tend to insert or delete residues in the C-terminal domain rather than the N-terminal domain.

. Our study provided a promising approach to perform a preliminary search for the determinants of

. thermophilic proteins. It could be extended to other protein families to explore their own strategies for

: adapting to high temperature.

: Serine hydroxymethyltransferase (SHMT) is a pyridoxal 5’-phosphate (PLP)-dependent enzyme that catalyzes
. the reversible transfer of serine to glycine, transferring C3 to tetrahydropteroylglutamate (H,PteGlu) and forming
: 5,10-methylene-H,PteGlu'. SHMT is one of very few enzymes to contain tightly-bound PLP as a cofactor?, and
: because it plays a key role in amino acid metabolism and the biosynthesis of most neurotransmitters, it has been
: considered a potential target for the development of anticancer and antimicrobial agents®=>.

SHMT is found in all living organisms, leading to its broad adaptation in various environments, including
extremely high temperatures above 75 °C°. Compared with mesophilic SHMTs, thermophilic SHMTs share a
nearly 80% amino acid sequence identity. Their 3D structures are highly conserved, and very few structural
changes have occurred during evolution'. Although they have adapted to different temperatures, the enzymatic
activities of mesophilic and thermophilic SHMTs are not significantly different. Because of this, we can find and

: create enzymes that can withstand harsh conditions for industrial applications”® and make a greater impact on
. the field of biocatalysis and cellular metabolism.

In the past few decades, considerable attention has been paid to thermophilic proteins, and many sequence
and structural factors have been correlated with protein thermostability. One of the most noteworthy features
is the amino acid composition of the sequence, especially the charged and hydrophobic residues’. Likewise, the
substitution of certain amino acids may enhance or decrease the thermostability of a protein'®!!. Increasing the
number of salt bridges and hydrogen bonds, applying tighter hydrophobic packing, and decreasing the unfolding
entropy also contribute to protein thermostability'?-1°. However, many features show a strong protein family
dependence and are not useful for all proteins'®-'°. The contribution of these factors to protein thermostability is
still debatable, and some features even make negative contributions. Additionally, amino acids can be affected by
neighboring sites within their local environment.
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Figure 1. Variance of principal components. The histogram indicates the variance proportion of each
principal component from P1 to P6. The line chart indicates the cumulative proportions of the six principal
components.

A better understanding of protein thermostability can be achieved by discriminating between the mesophilic
and thermophilic proteins within a family and predicting the determinants of the protein thermostability of the
family. Accordingly, 378 SHMT sequences were included in the dataset, including 305 mesophilic SHMTs, whose
OGTs are higher than 20 °C and lower than 40 °C, and 73 thermophilic SHMTs, whose OGTs are higher than
50°C. Then, we selected several amino acid features that may be related to protein thermostability according to
previous studies. In this study, principal component analysis (PCA) was introduced to predict the determinants
of protein thermostability, and the accuracy of the prediction was evaluated by a multivariable linear regression
(MLR) test. We found three amino acid fragments to be the determinants of thermostability in SHMT. Moreover,
we analyzed the insertion and deletion of amino acids and found that they rarely occurred in the PLP-binding
domain of the chain. Thermophilic SHMTs tend to insert or delete residues in the C-terminal sub-domain and
insert residues at the N-terminal domain, which indicates the importance of the C-terminal domain to the pro-
tein thermostability.

Result

SHMT thermostability source identification. Previous studies have revealed that a variety of factors
contribute to the protein thermostability, and most of these factors are correlated. In this work, we used PCA
to reduce the original number of factors that were reported to be related to protein thermostability. According
to previous research?*-%2, six physico-chemical properties of amino acids are considered the original factors.
We extracted indexes from the original factors and estimated the correlations between thermostability and the
extracted indexes. As shown in Fig. 1, two principal components (PCs), P1 and P2, are shown to represent 73%
and 22% of the variance of the original factors, and they can explain more than 90% of the variance together.
From the variance interpreted by the principal components, the proportion of the variance interpreted by the first
PC is 73%, and according to the loadings of the first PC, the weighting coefficient of the variable side chain is the
largest. In the second PC, the proportion of variance is 22%, and the weighting coefficient of the variable hydro-
phobicity is the largest. By these, we can speculate that the side chain and hydrophobicity are the most important
factors and could explain most of the variance. We used these two PCs as SHMT thermostability sources, termed
factor loadings (FLs). PCs that had a standard deviation less than 1 (from P2 to P6) were neglected as they were
less important.

Detection of crucial amino acid positions. Our method used PCA to determine the variation between
meso- and thermophilic SHMTs for different amino acid fragments, and each fragment received a score indicat-
ing the extent of variation. The trend of the scores of all amino acid fragments is shown in Fig. 2a. It is obvious
that fragments 30-35 and 330-333 are outstanding compared to the rest of the fragments. However, we note that
positions in these sections are deleted in more than two hundred SHMTs, and this may affect the scores of the
fragments. As a result, we calculated the missing numbers at each site in the multiple alignment. Figure 2b shows
the trend of the missing statistics, which represents insertions/deletions at each site. When the missing number
equals zero, the insertion or deletion of an amino acid is unlikely at that site. In this situation, a point mutation of
an amino acid is the only way to alter the properties of that site.

To rule out underlying factors that are introduced by the insertion or deletion of amino acids, we identified
and removed fragments that contained positions with missing numbers. The scores of the remaining amino acid
fragments were calculated, and Fig. 3 shows the frequency distribution of the scores. Fragments with a score >1.2
can be easily discriminated with a p < 0.01. On this basis, three amino acid fragments were found to be potential
determinants. To validate the thermostability contribution of the three candidate fragments, multivariable linear
regression (MLR) was used to analyze the relationship between the physico-chemical features of the fragments
and the thermostability of the SHMTs.

As shown in Table 1, the first fragment is from residues 115 to 121 in the multiple alignments. This fragment
was localized in the PLP-binding region of the chain. The score of this fragment was 1.26, and the p-value was
0.009. According to MLR, the coefficient of multiple correlation was 0.59 (p < 0.001). Of the six physico-chemical
features probed, the hydrophobicity, polarity and side chain were significant impact factors. The second fragment
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Figure 2. (a) Scoring trend of the amino acid fragments. The X axis indicates the positions of the fragments
along the multiple alignment of the SHMTs sequence, and the Y axis indicates the score of the fragment at each
position. (b) Trend of the missing numbers at all positions. The X axis indicates the position along the multiple
alignment, and the Y axis indicates the numbers of sequences with missing residues at each position.
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Figure 3. Frequency distribution of scores. The X axis is the score with a bin of 0.5, and the Y axis is the
frequency of each bin score.

115-121 PLP-binding 1.26 | 0.59 hydrophobicity, polarity and side chain
242-248 PLP-binding 1.22 | 0.57 | molecular weight, side chain and buriability

462-468 C-terminal 1.31 | 0.58 | hydrophobicity, side chain and buriability

Table 1. Potential determinant fragments. R: coefficient of multiple correlation.

was from residues 242 to 248 in the multiple alignments and was localized in the PLP-binding region of the chain.
The score of this fragment was 1.22, and the p-value was 0.01. According to MLR, the coeflicient of multiple
correlation was 0.57 (p < 0.001). Of the six physico-chemical features tested, the molecular weight, side chain
and buriability were significant impact factors. The third fragment was from residues 462 to 468 in the multiple
alignment and was localized in the C-terminal region of the chain. The score of this fragment was 1.31, and the
p-value was 0.007. According to MLR, the coeflicient of multiple correlation was 0.58 (p < 0.001). Of the six
physico-chemical features, the hydrophobicity, side chain and buriability were significant impact factors.

As candidate fragments for thermostability in SHMTs, single amino acid positions within the three fragments
were studied to determine the ones that were important. By analyzing the fragment from residues 115 to 121, two
critical positions, 116 and 120, were identified (Fig. 4a). The first position was position 116, and thermophilic
SHMTs showed a significant increase in the side-chain contributions to the stability. The amino acid position 120
of the thermophilic SHMTs similarly showed a strong increase in hydrophobicity and a strong decrease in the
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Figure 4. Profile of the differences in the physico-chemical properties of thermophilic SHMTs and
mesophilic SHMTs. (a) Fragment of residues 115-121; (b) fragment of residues 242-248; and (c) fragment

of residues 462-468. The X axis indicates the six physico-chemical properties: 1, hydrophobicity; 2, molecular
weight; 3, polarity; 4, side chain; 5, flexibility; and 6, buriability. The Y axis indicates the profile of the differences
between the thermophilic SHMTs and mesophilic SHMTs.

polarity contribution to the stability. At position 116, the content of Lys was 29% in the thermophilic SHMTs and
7% in the mesophilic SHMTs. At position 120, the content of Leu was 25% in the thermophilic SHMTs and 0.3%
in the mesophilic SHMTs.

For the 242 to 248 fragment, position 244 was the most crucial. At this position in the thermophilic SHMTs,
there was a significant increase in side chains and buriability and a strong decrease in polarity with respect to the
mesophilic SHMTs (Fig. 4b). The thermophilic SHMTs showed a higher content of the hydrophobic residue Val
(32%) and aromatic residue Phe (52%) compared to the mesophilic SHMTs (0.7% and 45%, respectively).

An analysis of the fragment of 462 to 468 showed that position 462 was very important (Fig. 4c). This site
showed a significant decrease in hydrophobicity, side chains and buriability in the thermophilic SHMTs. Amino
acid composition analysis revealed a remarkably higher content of the charged residues Asp and Glu (29%) in
thermophilic SHMTs with respect to mesophilic SHMTs (1%).

The structure of SHMT is presented in Fig. 5. As we can see, positions 116 and 120 are in the loop region and
at both ends of a 3-sheet. They are located in a cluster of hydrophobic residues, which is essential for protein
folding. Position 244 is located in a (3-sheet and is buried in a hydrophobic core, which was demonstrated to be
important for the SHMT stability. Position 462 is in the loop region and appeared to be important for the FTHF
binding, which could change the protein conformation®.

Result of molecular simulation. Molecular simulation has been used in previous studies to analyze the
protein thermostability and unfolding behaviors, where the dynamic behavior of the proteins under various sim-
ulation temperatures have been utilized as a criterion for the protein thermostability****. In our research, to
validate our method, we performed molecular simulations to explore the differences in the thermal stability
between the wild type of thermophilic SHMT and those with mutations in the key positions or in the randomly
selected positions. Four mutants were designed for comparison, including two site-directed-quadruple-mutants
(sdgm_A and sdgm_Q) and two randomly-selected-quadruple-mutants (rsqm_1 and rsqm_2). Simulations
of wild type SHMT and four mutants were carried out for 30 ns at 350 K. We analyzed the root mean square
deviation (RMSD), root mean square fluctuation (RMSF) and radius of gyration (Rg) for these pro-
teins. The RMSD and Rg as a function of the simulation time for those five proteins are plotted in Fig. 6a
and c. The wild type and randomly-selected-quadruple-mutants remained relatively stable, although the
randomly-selected-quadruple-mutants showed a slightly greater fluctuation than the wild type. For both of the
two site-directed-quadruple-mutants, Rg starts to increase after 12 ns and RMSD then increases immediately.
As well as change in conformation, flexibility of the structure is also altered by site-directed mutations. We cal-
culated the RMSF to measure overall flexibility and observed a significant increase RMSF in both of the two
site-directed-quadruple-mutants (Fig. 6d). It can be noticed that the site-directed-quadruple-mutants affect the
neighboring residues, indicating a gain of flexibility due to mutations. As a control, the five proteins were simu-
lated for 30 ns at 300 K. As shown in Fig. 6b, the structures of the wild type and mutants are stable and the RMSDs
of the five proteins remain unchanged throughout the 30-ns simulation. These are consistent with our prediction
that mutations in the determinant amino acids would decrease the thermostability of the protein.
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Figure 5. 3D structure of the thermophilic Bacillus stearothermophilus. (Protein Data Bank accession
number 1KK]J.) The regions in color indicate the 4 candidate amino acid positions for thermal stability (red for
positions 116 and 120, green for position 244, and blue for position 462; the positions are converted according
to the multiple alignment).
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Figure 6. RMSD as a function of the simulation time averaged over 30 ns (a) at 350 K and (b) at 300K. (c) Rg
as a function of the simulation time averaged over 30 ns at 350 K. (d) RMSF as a function of the simulation
time averaged over 30 ns at 350 K. The black line indicates the wild type, the red line and blue line indicate the
site-directed-quadruple-mutants (sdqm_A and sdgm_Q), the magenta line and the green line indicate the
randomly-selected-quadruple-mutants (rsqm_1 and rsqm_2).
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Figure 7. Deletion status of the three domains. N1 indicates the N-terminal domain. N2 indicates the PLP-
binding domain, and C indicates the C-terminal domain.

Detection of amino acid insertions and deletions.  Positions with non-zero missing numbers may lead
to an incorrect prediction of insertions or deletions using the above method. As a result, we performed a separate
statistical analysis for amino acid insertions and deletions.

In multiple alignments, there were 206 positions with missing numbers not equal to zero, and an amino acid
could be inserted or deleted at these positions. To probe the effect of an insertion or deletion on the SHMT ther-
mostability, we calculated the missing rate of each position in the mesophilic and thermophilic SHMTs, and then
we obtained the MRT value (missing rate of thermostability) to evaluate the thermal contribution of the insertion
or deletion at each position.

A statistical analysis showed that more than 60% of MRTs are located near a positive with a zero value. The
Supplementary information shows the detailed data (see Supplementary Table S1). Here, we focus on positions
with a high absolute value of the MRT: more than 0.5 or less than —0.5. An insertion or deletion at these positions
would make sense for the SHMT thermostability.

According to the region of the chain, the positions were divided into three groups: NIMRT, located in the
N-terminal sub-domain; N2MRT, located in the PLP-binding domain; and CMRT, located in the C-terminal
domain. Figure 7 shows that N2MRT (insertion and deletion in the PLP-binding domain) contributes mini-
mally to thermostability, and almost 90% of the high absolute values of the MRTs were located in the two ends
of the sequence, the N-terminal sub-domain and the C-terminal domain, with more than 70% in the C-terminal
sub-domain. This indicates that for thermophilic SHMTs, most insertions or deletions happen in the C-terminal
domain.

Discussion

The mechanism by which proteins adapt to extreme temperature has been studied for several decades. By com-
paring the sequences and structural characteristics of thermophilic proteins with those of mesophilic proteins,
some features were determined to be related to the protein thermostability. Of these, the composition and sub-
stitution of certain amino acids were most noticeable, such as charged and hydrophobic residues. However, it is
still unclear how to identify specific positions responsible for protein thermostability, which would be very useful
for the industrial application of thermophilic enzymes. Additionally, the contribution of some factors to protein
thermostability may vary, and they can even play opposing roles when their positions change. Thus, it is necessary
to find specific positions that are responsible for protein thermostability.

According to previous research, each protein family seems to have its own strategy to adapt to high or low
temperatures, and the factors to which thermostability may be attributed may not be appropriate to all proteins.
This indicates that thermostability depends not only on specific factors but also the local environment. In this
study, we analyzed one typical family, SHMTs. Because of their ubiquitous nature and critical metabolic role,
SHMTs represent an ideal paradigm of enzymes to study protein adaptations for extreme environments. Based
on the sequences of SHMTs from organisms with known optimal growth temperatures (OGTs), we proposed a
statistical approach for predicting the determinant of thermostability in SHMTs.

PCA detected three amino acid fragments as putative substitution positions affecting protein stability. Two
of the fragments were located in the PLP-binding domain. As PLP has been shown to play a significant role in
the functional activity and stability of SHMTs, substitutions in the region would have significant consequences
in the structure and stability of SHMTs?. All of the putative positions are in the middle of a loop and point to the
interior of the protein and are a part of a hydrophobic fragment?. Mutations within these positions would alter
the structural integrity and result in a change in folding. For example, changes in the conserved sequence may
be exploited for designing SHMT drugs?. When examining the determinate fragments, we detected four amino
acid positions critical for thermostability. The identification of the residue that most frequently occurs in each
of the four critical positions yielded three types of residues as the consensus sequence of thermophilic SHMTs:
the hydrophilic residues Leu and Val; the charged residues Lys, Asp and Glu; and the aromatic residue Phe. The
contents of these residues in thermophilic SHMTs are significantly higher than those in mesophilic SHMTs. In
general, they would lead to increasing hydrophobicity, electrostatic charge, cation-w and packing while decreasing
the flexibility in thermophilic SHMTs, which is consistent with previous studies?-*!.

By examining the missing numbers of amino acids, we found that thermophilic proteins tend to insert or
delete residues in the C-terminal domain. In a previous experiment study, it has been demonstrated that the
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C-terminal domain plays a vital role in the stabilization of the quaternary structure and is associated with unfold-
ing processes®. Additionally, hydrophobic interactions at intersubunit interfaces have been proposed to contrib-
ute to the thermostability of thermophilic proteins®**. In this light, the C-terminal domain may be exploited to
improve the chemical-physical stability of SHMTs.

Based on the study of SHMTs, this paper improves the understanding of the protein thermostability in an
individual family. Hydrophobic residues, charged residues and aromatic residues are shown to have significant
effects on the protein thermostability. On the other hand, our study indicates the importance of the C-terminal
of SHMT to the protein stability. These findings in SHMTs are expected to lead to improved understanding of the
biochemical and structural properties of thermophilic proteins and the development of novel catalytic function
and enzyme production.

Methods

Dataset construction. SHMT sequences were collected from Swiss-Prot (http://www.ebi.ac.uk/uniprot/).
Information about the organisms was obtained from NCBI, and those with known optimal growth temperatures
(OGTs) were chosen for the dataset. 378 SHMT sequences were included in the dataset, including 305 mesophilic
SHMTs, whose OGTs are higher than 20 °C and lower than 40 °C and 73 thermophilic SHMTs, whose OGTs are
higher than 50 °C. The length of the sequence ranged from 406 to 497.

Data pretreatment. To obtain the standardized position, Bacillus stearothermophilus SHMT (bsSHMT)
was joined for an alignment. The sequences of the SHMTs in the dataset and bsSHMT were aligned using
ClustalX?, and a multiple alignment of mesophilic SHMTs and thermophilic SHMTs was produced respectively.
As a template, bsSHMT was concluded in both of the groups. To assess the alignment result, we calculated the
confidence scores using GUIDANCE?®*. The scores of the mesophilic SHMTs and thermophilic SHMTs are 0.96
and 0.93, which proved a good alignment. Then, based on the position of the bsSHMT, all the multiple alignments
were merged. Finally, according to the model of bsSHMT, the positions of the SHMTs in the dataset were divided
into two domains¥, the N-terminal domain (residues 1-370) and the C-terminal domain (residues 371-562). In
the subsequent steps, the N-terminal domain was divided into two sub-domains, a small N-terminal sub-domain
(residues 1-111) and a PLP-binding domain (residues 112-370). Briefly, three domains were generated.

Physico-chemical properties of amino acids.  Six physico-chemical properties of amino acids were selected
as factors for linear discriminant analysis, including three general properties (hydrophobicity, molecular weight
and polarity) and three specific properties (side chain, flexibility and buriability) based on previous studies®*-?2.
According to the AAindex database®®, the AAindex codes of the 6 properties were set as COWR900101,
FASG760101, GRAR740102, TAKK010101, VINM940101 and ZHOH040103.

For each sequence, an amino acid was moved from the N-terminal region to the C-terminal region with a
sliding window of 7 residues and a step of one residue®. The average of the six properties over the seven residues
in a fragment was calculated.

If we define s as the length of the multiple alignment sequence, there will be s-6 fragments. If i was the position
in the sequence, p(i) is the property index of position i. For a given sequence of a thermophilic SHMT, the prop-
erty index of each fragment was defined as Pt(i), which was calculated as follows:

i+6
Pr(i) =Y p(i) i=1,2,-,5—6
i (6V)
Thus, we can obtain the average of the Pt(i) of all thermophilic SHMTs, p (i).
For a given sequence of a mesophilic SHMT, the property index of each fragment was defined as Pm(i), which
was calculated as follows:
i+6
Pm(i) =3 p@i) i=1,2,-,5—6
: @)
Thus, we can obtain the average of Pm(i) of all mesophilic SHMTs, pm (i).
The difference in the property index between thermophilic SHMTs and mesophilic SHMTs was regarded as

the thermostability contribution of the property from the fragment. For a given fragment, it was calculated as
follows:

v(i) =Pt@) — Pm(i) i=1,2,-,5—6 3)

Establishment of a mathematical model. According to the previous equation, there were 383 amino
acid fragments. We considered all of the 383 fragments as samples, and each sample has six factors, V, V,, ..., V.
Thus, the original database can be defined as

Vig Y2 0t Ve
V V e 1/
2,1 V2.2 26| _
V= . . . . = (Vp st T V6)

Vul Va2 0 Vaes (4)
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Temperature (K) 300 350 300 350
Counterions (Na*) 8 8 7 7

Box size (A%) 80 x 100 x 90 80 x 100 x 90 80 x 100 x 90 80 x 100 x 90
Ensemble NTP NTP NTP NTP
Total time (ns) 30 30 30 30

Table 2. Setup of the simulations.

Vik
v
whereV, = 2k k=1,2,...,6

Vn,k
Vi is an n-dimensional vector, n is the number of fragments, and k is the index of the factor.
According to matrix V; a linear combination can be made as

Fi=a;Vi+ayVy,+ -+ agVs (5)

where F; is eigenvector j. a;; to ag are the coefficients of their respective variables, and the values of
a’ +a,+ ... +-a5” are set as 1. F; is decreasing as j increases.

PCA analysis. Allvalues in the matrix were standardized using R software. A smaller set of independent var-
iables, principal components (PCs), were generated by PCA, explaining the variance of the whole set. To increase
the reliability of our interpretation, the PCs were rotated using a varimax rotation to minimize the complexity
of the components. Using PCs with a standard deviation greater than 1, new variables, known as factor loadings
(FLs), were obtained. We chose FLs with a cumulative variance contribution rate larger than 80% for the score
calculation, and the score of the fragment in position i was

6
Score; = (L Ay) xVy
k=1 (6)

where

L=(o, 0, -~ 0,)

_T
AT = (% G o Gy)

where L is a one-dimensional vector, A, is w-dimensional vectors, and w is the number of FLs that we chose.

Simulation procedures. The wild-type structure was obtained from the crystal structure of the ther-
mophilic SHMT (PDB code: 1KK]). The positions of original sequence were changed after the alignment, and
residues 85, 89, 180 and 351 were in positions 116, 120, 244 and 462, respectively, in the multiple alignment.
Accordingly, for the original sequence of the wild type, 85, 89, 180 and 351 were the four crucial residues we
determined. Using PYMOL (http://www.pymol.org), two site-directed-quadruple-mutants were constructed,
including E85A, V89A, F180A and F351A (sdgm_A) and E85Q, V89Q, F180Q, F351Q (sdqm_Q). For com-
parison, two randomly-selected-quadruple-mutants were constructed, including Y61A, V139A, P258A, N310A
(rsqm_1) and G83A, T111A, D153A, F270A (rsqm_2). All the generated structures were solvated and neutralized
in TIP3P water with a minimum of 10 A between the model and the wall of the box. Simulations were performed
using NAMD 2.9 with periodic boundary conditions (PBC) applied*’ and a CHARMM36 force field*!. The par-
ticle mesh Ewald method was applied, and the van der Waals interactions cutoff was set at 12 A. The pressure was
held at 1 atm. Four MD simulations were carried out at 300K or 350K for both wild-type and mutated models.
All systems followed a 3-step pre-equilibration totaling 1.4 ns, and then the MD simulations were carried out for
the total times listed in Table 2. The simulations were analyzed with GROMACS 5.2*? and viewed using VMD*.
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