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Abstract: PAS domains are widespread in archaea, bacteria, and eukaryota, and play important
roles in various functions. In this study, we aim to explore functional evolutionary relationship
among proteins in the PAS domain superfamily in view of the sequence-structure-dynamics-
function relationship. We collected protein sequences and crystal structure data from RCSB Pro-
tein Data Bank of the PAS domain superfamily belonging to three biological functions (nucleotide
binding, photoreceptor activity, and transferase activity). Protein sequences were aligned and then
used to select sequence-conserved residues and build phylogenetic tree. Three-dimensional struc-
ture alignment was also applied to obtain structure-conserved residues. The protein dynamics
were analyzed using elastic network model (ENM) and validated by molecular dynamics (MD) simu-
lation. The result showed that the proteins with same function could be grouped by sequence simi-
larity, and proteins in different functional groups displayed statistically significant difference in
their vibrational patterns. Interestingly, in all three functional groups, conserved amino acid resi-
dues identified by sequence and structure conservation analysis generally have a lower fluctuation
than other residues. In addition, the fluctuation of conserved residues in each biological function
group was strongly correlated with the corresponding biological function. This research suggested
a direct connection in which the protein sequences were related to various functions through
structural dynamics. This is a new attempt to delineate functional evolution of proteins using the
integrated information of sequence, structure, and dynamics.
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Statement: How protein functions are evolved in a protein superfamily is an important and interesting question. In this study, we
attempt to answer this question by integrating the information of protein sequence, structure and dynamics. Our research suggested
a direct connection in which the protein sequences were related to various functions by changing structural dynamics. This could
serve as a new approach to study functional diversity in protein superfamily using the integrated information of sequence, structure
and dynamics.
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Introduction

PAS domains can be found in all domain of life,
including archaea, bacteria and eukaryota' and com-
prise of more than 6000 proteins based on multiple-
sequence alignment analysis.2 They were named by
combining the first letter of the period clock protein
in Drosophila (PER), aryl hydrocarbon receptor
nuclear translocator in vertebrate (ARNT), and
Single-minded protein in Drosophila (SIM), which
are proteins in this family.>* PAS domains normally
contain around 100 residues and are conserved in
three-dimensional (3D) structure.>® PAS domains
play important roles in many biological processes,®
such as transducing regulatory signal in many cellular
processes through binding events.*” Protein photoac-
tive yellow protein (PYP) and the light-oxygen-voltage
sensing (LOV) domains are two common types of PAS
domains and act as protein sensors with blue light.”®

Recently, as an increasing number of PAS
domains have been found,” more studies were carried
to investigate the biological functions and mechanisms
of PAS domains by analyzing their sequences and
structures.>®'° For instance, structure alignment for
63 PAS proteins showed that the structural relation
among PAS domains could be explained by their loca-
tion to cell membrane and their binding ligands.®
However, the information from sequences and struc-
tures may be insufficient to fully understand the
relationship between structure and function in this
protein family. Dynamics as an important property of
protein serve as critical connection between struc-
tures and functions.!® It could also be a key factor
contributing to the mechanisms of protein biological
functions. Recently, the vibrational motion at second-
ary structure level was shown to be influential on the
PAS domain functions through dynamical analy-
sis.’*1® In these studies, molecular dynamics (MD)
simulations also revealed different stability/flexibility
of different parts. For example, the central alignment
part of six PAS domains (HERG, phy3, PYP, FixL,
hPASK and HIF-2a) containing a-helix was revealed
to be very flexible.!? Therefore, it is necessary to
bridge between structure and function using informa-
tion from dynamics.!

Elastic network model (ENM),
grained normal mode analysis (NMA),'®'7 is a power-
ful tool to characterize dynamics of biomolecules based
on their crystallographic structures.!'® Recently,
dynamics were shown through ENM analyses to be
important to further understand protein functions
including catalysis and allostery, as well as evolution
of proteins.’®?2 ENM predicts the dynamics of protein
using much fewer parameters and lower computa-
tional cost than all atomic force field models.’® The
low frequency normal modes from NMA are sufficient
to show the intrinsic collective motions in proteins'!
and thus ENM is suitable to describe the functional

as a coarse-
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dynamics of proteins.?®> Previous studies indicated
that the protein motions calculated by ENM show a
good agreement with the results from experimental
observation of protein dynamics.?* Therefore, ENM
have been widely used to compare the dynamic pat-
terns among multiple proteins. In the present study,
ENM were employed to compare functional motions
and construct the evolutionary relationship among
proteins in PAS domain superfamily. Evolution analy-
sis of protein sequences and structures has been
widely applied as a powerful computational tool.?
And protein dynamics have also been proven to play
an important role in protein evolution.'®2%26 There-
fore, in this study sequence and structure alignment
combining with ENM were used to delineate func-
tional evolution of proteins by integrating sequence,
structure and dynamics information.

We aimed to explore the functional evolution of
PAS domain superfamily using a five-step approach.
(1) We collected protein sequences and crystal struc-
ture data of PAS domain superfamily from RCSB Pro-
tein Data Bank divided into three groups based on
their (Group_1: binding,
Group_2: photoreceptor activity, and Group_3: trans-
ferase activity). (2) Protein sequences were aligned
and then used to select sequence-conserved residues
and to build phylogenetic tree showing the evolution-
ary relationship among different functional groups. (3)
In each functional group, structure alignment was also
applied to obtain structure-conserved residues. Both
sequence- and structure-conserved residues are identi-
fied as conserved sites. (4) The fluctuation difference in
conserved residues and other residues was illustrated
through comparison of ENM results. (5) Finally, the
ENM results were validated through comparison with
fluctuation results via molecular dynamics (MD) simu-
lation, and the correlation between conserved sites’
fluctuation and biological functions is revealed. Using
this approach, this study provides insight into the
functional evolution of PAS domain superfamily.

functions nucleotide

Results

Proteins clustered together by their biological
functions

The sequences of the selected proteins were used to
determine evolutionary relationships among PAS
domain proteins in different functional groups. The
phylogenetic tree was constructed by maximum like-
lihood method and shown in Figure 1. The selected
proteins from PAS domain superfamily were clus-
tered together based on the sequence alignment. To
further analyze the relation between protein sequen-
ces and evolution of PAS functions, the sequence-
conserved residues were selected from alignment
result (the number of the sequence-conserved resi-
dues: Group_1: 80, Group_2: 67, and Group_3: 64).

In addition, structure-conserved sites were also

Functional Evolution Analysis of PAS Domains
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Figure 1. The phylogenetic tree for PAS domain superfamily. Function 1: nucleotide binding, Function 2: photoreceptor activity

and Function 3: transferase activity.

identified based on the structure alignment (the num-
ber of the structure-conserved residues: Group_1: 34,
Group_2: 65, and Group_3: 96). Residues that are
both sequence-conserved and structure-conserved are
referred as conserved site (the number of the con-
served sites: Group_1: 14, Group_2: 33, and Group_3:
51) (see Supporting Information Table SII). All other
residues are referred as normal sites. The conserved
sites are highlighted in red in representative protein
structures illustrated in Figure 2 and Supporting
Information Figure S1. Most of the conserved sites
are located in the beta-sheets of proteins with few in

B

loops, especially in groups 1 and 2, suggesting that
the special distribution of conserved sites in protein
secondary structure might play a central role in evo-
lutionary process of PAS domain superfamily.

Conserved sites have lower fluctuations

In the present study, we compare the fluctuation
between conserved sites and normal sites in three dif-
ferent ways. One is the comparison of the averaged
fluctuation of the conserved sites as well as the nor-
mal sites at residue level. The result showed that the
conserved sites had significantly lower fluctuations

C

Figure 2. The conserved residues in the secondary structure of proteins. A, 2WKP in Group_1 (nucleotide binding); B, 1F9l in
Group_2 (photoreceptor activity); and C, 3AOT in Group_3 (transferase activity), respectively.

Dong et al.
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Figure 3. The comparison of fluctuation between conserved sites and normal sites by elastic network model. A, B, and C are
the comparison in residue level among Groups 1 (nucleotide binding), 2 (photoreceptor activity) and 3 (transferase activity),
respectively. D, E, and F are the comparisons in PDB structure level among Groups 1, 2 and 3, respectively. P value less than

0.05 was considered statistically significant.

than the normal sites in all three biological functional
groups of PAS domain superfamily with P value of
0.04, 5.12E-03 and 3.63E-05, respectively [Fig. 3(A—
C)]. Another is the comparison of the averaged fluctu-
ation at individual protein structure level among var-
ious groups. Results also indicated significantly lower
fluctuations in the conserved sites than in the normal
sites (P = 1.88E-04, 1.80E-37 and 2.85E-03, respec-
tively) [Fig. 3(D-F)]. Finally, to validate the above
results, MD simulations were also carried out, and
the results have a good agreement with the ENM
results with P value of 2.22E-05, 1.05E-03 and 4.48E-
05, respectively (Fig. 4). In summary, the conserved
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sites in PAS domain proteins are associated with the
protein dynamics and have significantly lower fluctu-
ations than the normal sites.

Fluctuation patterns in different biological
functions

The fluctuation patterns along the aligned sequence
of three selected biological functional groups in PAS
domain superfamily are plotted in Figure 5. For
each group, the averaged fluctuation was calculated
for each aligned residue and used for the plot. In
general, the conserved sites are shared by more pro-
teins than the normal sites in each functional group.
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|
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Figure 4. The comparison of fluctuation between conserved sites and normal sites by molecular dynamics simulations. A, B,
and C were performed in Groups 1 (nucleotide binding), 2 (photoreceptor activity) and 3 (transferase activity), respectively.

P value less than 0.05 was considered statistically significant.
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The results showed that the fluctuation patterns
vary significantly in different biological function
groups. Residues’ fluctuation in function of photore-
ceptor activity (Group 2, green plot in Fig. 5) is the
largest, and some of the transferase activity group
conserved sites have the lowest fluctuation compar-
ing to the conserved sites in other two groups (Fig.
5). The conserved sites in each group are marked by
asterisk in Figure 5 and showed relative lower
fluctuations than others. As a summary,
biological function in PAS domain superfamily is
likely to adopt a specific residue fluctuation pattern.

each

The correlation between conserved sites
fluctuation and biological function

The overall goal of this study is building connections
among different aspects of PAS domain proteins:
sequence, structure, dynamics, and functions. There-
fore the correlation among these aspects is explored
through comparison of fluctuation of conserved sites
associated with each functional group. The comparison
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of conserved sites fluctuation was carried out between
each pair of group and plotted in Figure 6. The com-
putational details of these plots are described in the
functional fluctuation analysis section in the Materials
and Methods part of the article.

The plots in Figure 6 show that the proteins
with the same function are clustered together based
on the averaged fluctuation of function-specific con-
served sites, and the different clusters are clearly
separated. Regarding the comparison of Group_1
and Group_2 corresponding conserved residues,
Group_1 proteins show lower fluctuations in the
Group_1-specific conserved sites (averaged fluctua-
tion: 0.044) than in the Group_2-specific conserved
sites (average fluctuation: 0.056), while Group_2
proteins have similar averaged fluctuations of the
Group_1- and Group_2- specific conserved sites
(averaged fluctuation: 0.066 vs. 0.068) [Fig. 6(A)]. In
the comparison of Group_l- and Group_3-specific
conserved sites, proteins in Group_l show lower
fluctuations in the Group_1-specific conserved sites
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Figure 6. Functional clustering analysis of proteins based on conserved sites’ fluctuations. A, B, and C were performed in
Groups 1 versus 2, Groups 1 versus 3 and Groups 2 versus 3. Group 1: nucleotide binding; 2: photoreceptor activity; 3:
transferase activity. The center of each cluster was calculated and labeled in a green color symbol.
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Figure 7. The three-dimensional cluster of proteins based on
conserved sites’ fluctuations. Group_1 (nucleotide binding);
Group_2 (photoreceptor activity), and Group_3 (transferase
activity), respectively.

than in the Group_3-specific conserved sites (aver-
aged fluctuation: 0.044 vs. 0.056) and Group_3 pro-
teins have lower fluctuations in the Group_3-specific
conserved sites than in the Group_l-specific con-
served sites (averaged fluctuation: 0.044 vs. 0.068)
[Fig. 6(B)l. In the comparison of Group_2- and
Group_3-specific conserved sites, proteins also show
lower fluctuations in their corresponding group-
specific sites (averaged fluctuation: Group_2, 0.066
vs. 0.078 and Group_3, 0.057 vs. 0.046) [Fig. 6(C)],
which is consistent with the above results that the
group-specific core sites have smaller motions than
all other sites (Figs. 3 and 4). All three groups were
also compared together, and a 3D plot shows distinct
clusters based on the fluctuations of conserved sites
(Fig. 7). These analyses suggest that the conserved
site fluctuation is significantly correlated with the
generation of PAS proteins’ functions.

Discussion

PAS domain superfamily contains proteins that exist
widely in living organisms' and contribute to many
biological functions.® Many studies were carried out to
analyze the biological functions and mechanisms of
PAS domain superfamily using sequences and struc-
tures.>>1% The information from protein sequences
and structures is helpful but limited since protein
dynamics play crucial roles to different protein func-
tions.! ENM is an efficient computational tool to
describe the functional dynamics of proteins®® and
helpful to bridge between structure and function using
the protein dynamical information.!! In addition,
many studies suggested a strong correlation between
sequence evolution and structural motions.?”?® There-
fore, it is important to explore the functional evolution
of proteins with the integrated analyses of sequence,
structure and dynamics.

426 PROTEINSCIENCE.ORG

In this study, we illustrated probable functional
evolution of PAS domain proteins by integrating
analyses of sequence, structure, and dynamics, sug-
gesting a potential evolution correlation from protein
sequence to function. The sequences and functions
could be linked by two factors: conserved sites and
protein dynamics. The correlation among protein
sequence, conserved site, dynamics, and biological
function for PAS domain superfamily are elucidated.
In addition, we identified the relationship between
conserved sites and dynamics using both ENM and
MD simulations.

Although protein sequences in the PAS domain
superfamily are highly diverse,?® we constructed a
phylogenetic tree to show the functional evolution of
PAS domain superfamily (Fig. 1). Those proteins
with the same biological function are -clustered
together and significantly distinguished from other
functional proteins, suggesting that the same func-
tional proteins share the same conserved residues
belonging to the common evolutionary legacy. There-
fore, those shared residues were selected in this
study for dynamical analysis.

3D structure alignment for PAS domains was
proven to be a powerful tool to study the function
diversity.® Therefore, we carried out 3D structure
alignment and combined these results with sequence
alignment to obtain the candidate function-associated
residues (called conserved sites in our study, see Sup-
porting Information Table SII). Although one previ-
ous study showed that the buried sites are likely to
be in hydrophobic core of proteins and have a higher
conservation due to the local environment of protein
core,?? and some conserved sites identified in this
study are hydrophobic core sites of proteins (54.54%
in a blue light photoreceptor protein of Group_1
(PDB code: 5J3W); 32.35% in a photoactive yellow
protein of Group_2 (PDB code: 10TD) and 49.02% in
a histidine kinase of Group_3 (PDB code: 3A0X)),
many other conserved sites identified in this study
not belonging to hydrophobic core still show high con-
servation in evolutionary process. This might be due
to their potential role in controlling protein biological
functions.

The conserved sites identified in this study,
including hydrophobic core and hydrophilic residues,
have a good agreement with the previous studies.
Regarding the conserved sites related to nucleotide
binding function, S98 and T100 affect the dimer
interaction of LOV domain (PDB code: 3SW1) by
modifying H-bonding interactions,®® suggesting con-
served sites might contribute to nucleotide binding
function through the modification of dimer interac-
tion. The key residues (R451, F494, N482 and N492
for photoactivatable Racl, PDB code: 2WKP) inter-
acting with mononucleotide substrates were also
identified as conserved sites in the present study.
The conserved sites associated with photoreceptor

Functional Evolution Analysis of PAS Domains



are also important. For example, one mutation from
arginine to glutamine in residue 52 (PDB code:
R52Q) of photoactive yellow protein can elevate the
chromophore pKa by one pH unit and lose two
hydrogen bonds formed by R52 with T50 and Y98.3
Residue R52 also plays a role as a lid on the binding
pocket of chromophore and influences the exterior
solvent accessibility.?! Therefore, mutation at R52
are likely responsible for the regulation of pKa and
thus might control photocycle process.®! This is con-
sistent with the result in the present study. Because
the number of crystal structures of PAS proteins
with transferase activity is limited in PDB, part of
structure-conserved sites could come from false posi-
tive and lead to a relative larger number of con-
served sites in Group_3 (51 residues). However,
many conserved sites found in the study have been
reported to affect their conformations and functions.
For example, K710 might influence the side chain
entering the pocket for nucleotide-binding and
facilitate the electrostatic interaction between B-
phosphate and E664 residue carboxylate.>> Another
conserved site T709 plays a key role in stabilizing
the binding of ADP by hydrogen bond interaction.??
Above all, the conserved sites identified in this study
can influence their biological function through
changing conformations and interactions.

PAS domain superfamily conserved sites have
lower fluctuation than other sites (Figs. 3 and 4). This
is consistent with the results that the most conserved
residues have decreased mobility in other pro-
teins.26%3 One reason behind this could be that the
low fluctuation residues increase the thermostability
of protein.®® The other one could be that the con-
served residues are critical for proteins to maintain
low fluctuations in their active states. For example, a
previous study based on Gaussian network model
showed that proteins had lower structural fluctua-
tions in active states than in inactive states.?*
Another study about PAS domains stated that B-
strands had lower mobility than the inter-strand
loops.*2 Most of the conserved sites identified in this
study are in B-sheet with very few in loops, agreeing
with the observation of low fluctuation in conserved
residues. In the present study, we analyzed the rela-
tionship between conserved sites and dynamics using
elastic network model (Fig. 3) with validation based
on molecular dynamics simulations (Fig. 4). Our over-
all results indicate that the conserved sites in PAS
domain superfamily have a lower fluctuation than
other residues. This could be utilized as a new way to
identify function-associated residues in proteins. Fur-
thermore, the function-associated residues contrib-
uted to the diverse fluctuation patterns in different
biological functions (Fig. 5).

By building the relations among protein sequence,
structure, dynamics, and biological function for PAS
domain superfamily, we aimed to construct a theoreti-
cal framework integrating protein sequences, struc-
tures, and dynamics to biological functions in this

Dong et al.

study. The results showing a specific cluster of proteins
with the same function (Figs. 6 and 7) are in a good
agreement with the previous result from sequence evo-
lution analysis. The outliers for specific clusters are
one form of photoactive yellow protein (PDB code:
2D02) [Fig. 6(A,C)] and a blue-light activated histidine
kinase (PDB code: 4R39) [Fig. 6(B)]. A critical func-
tional mutant R52Q in the photoactive yellow protein
might contribute to the difference from other proteins.
The selected histidine kinase is an isolated DHp/CA
catalytic construction and not the full-length protein,
which might also affect its structural movements.

Overall, this study suggests an important role of
conserved sites dynamics as the connection between
sequence and the biological function generation in
PAS domain superfamily. It also implies the impor-
tance of integrating the information of sequence,
structure, and dynamics for protein functional and
evolutionary analysis.

Conclusion

Our study is a new approach to delineate functional
evolution of protein superfamily using the integrated
information of sequence, structure and dynamics.
This study systematically revealed the key role of
dynamics on the potential path of PAS domain super-
family from sequence to biological function, and sug-
gested a direct connection from protein sequences and
structure to dynamics and functions. In addition, the
present research also revealed that the conserved res-
idues in evolution and function showed a lower fluctu-
ation than other residues. Our study sheds light on
the understanding of PAS domain superfamily and
provides a new insight to study the functional evolu-
tion of protein superfamily.

Materials and Methods

Data collection

The crystallographic structures of PAS domain
superfamily were searched in the Protein Data Bank
(PDB) in Europe (http://www.ebi.ac.uk/pdbe/). A total
of 344 proteins were found. Both sequences and
structure data were downloaded. Based on the selec-
tion of protein functions, 89 proteins belonging to
three biological function groups (Group_1: nucleotide
binding, Group_2: photoreceptor activity and Group_3:
transferase activity) were selected in our study. Other
proteins with different biological functions were not
considered due to the limited number of proteins in
those functional groups. The detailed information of
the candidate protein including data quality, resolu-
tion, gene name, gene ontology id and super kingdom,
is presented in Supporting Information Table SI.

Sequence alignment, phylogenetic analyses,
and conservation analysis

All coding sequences of proteins in three biological
function groups were aligned by using MUSCLE

PROTEIN SCIENCE ‘ VOL 27:421-430 421
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program in MEGA 7.0.352® The default parameters
in MUSCLE were used for the analysis. The aligned
sequences were applied to construct a maximum
likelihood (ML) tree in Poisson model.3>3” ML trees
were reconstructed by bootstrap analysis with 1000
replication.?®3” Finally, The phylogenetic tree was
visualized by iTOL (http:/itol.embl.de).3®

Furthermore, the aligned sequences in each
biological function group were used to do residue con-
servation analysis through the Protein Residue
Conservation Prediction website (http:/compbio.cs.
princeton.edu/conservation/score.html) with Shannon
entropy scoring method.?® After scoring, residues
with conservation scores among top 10%, which are
measured according to the evolutionary relations of
proteins and the substitution rate of one residue to
another residue in amino acid substitution table*°
(averaged conservation score of all sites: Group_l,
0.239; Group_2, 0.460; and Group_3, 0.212; averaged
conservation score of selected sites: Group_1, 0.507,;
Group_2, 0.730; and Group_3, 0.403), and with fewer
than 3 gaps in aligned sequences were considered as
sequence-conserved sites.

Structure alignment

Multiple structural alignments of protein structures in
each biological function group were performed by Mul-
tiProt,*! which is a powerful tool for multiple protein
structure alignments.*! In MultiProt method, multiple
structural superposition is carried out for input pro-
teins to maximize the number of aligned residues
among these proteins. The alignment with the largest
number of aligned residues was used for further anal-
ysis. These structurally aligned residues are referred
as structure-conserved residues. Residues belonging to
both of sequence-conserved residues and structure-
conserved residue are grouped together and referred
as conserved sites. All other residues are referred as
normal sites.

Elastic network models analysis

The elastic network model (ENM) implemented in
CHARMM*%*% was employed to approximate protein
dynamics. ENM treats macromolecule as a network
of beads connected by Hookean springs.** Each
amino acid residue is represented as a bead center-
ing at its Ca atom. The twenty lowest frequency
modes corresponding to large-scale protein motions
were selected to calculate the averaged fluctuation
value for each residue using the following equation

Flu,.s and Flu,, are the averaged fluctuation for
each residue and the amplitude for each mode,
respectively. Eig,, is the mith lowest eigenvalue
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among all vibrational normal modes using ENM. 67
out of 89 selected protein structures from PDB were
subjected to ENM analysis. The remaining 22 struc-
tures were not considered due to the incompleteness
of the structure. The comparison of the averaged
fluctuation between conserved sites and normal sites
was calculated in two ways: residue-based and pro-
tein structure-based. The residue-based fluctuation
is the averaged fluctuation of either conserved or
normal sites across different proteins in one specific
functional group. The protein structure-based fluctu-
ation is the averaged fluctuation of conserved or nor-
mal sites in each protein structure in one specific
functional group. These two ways of fluctuation cal-
culation were designed to explore the correlation of
residues across different proteins in one group and
of residues in each individual protein.

MD simulations and root-mean-square
fluctuation (RMSF) calculation

MD simulations were conducted to validate the
result of our analysis using ENM. One protein was
randomly selected for each group for validation pur-
pose: a blue-light photoreceptor protein (PDB code
5J3W)*? in Group_1, a histidine kinase ThkA (PDB
code 3A0X)*2 in Group_2, a photoactive yellow pro-
tein (PDB code 10TD)*® in Group_3. The initial pro-
tein structures were processed by adding missing
hydrogen atoms and solvated using explicit water
model (TIP3P).*” Sodium cations and chlorine anions
were added to systems to balance the overall charge
and maintain ionic concentration of simulation box
around 100 mM. Afterwards, those simulation sys-
tems were subjected to energy minimization with
200 steepest descent steps, and sufficient adopted-
basis Newton-Raphson (ABNR) minimization steps,
which yielded a total gradient of less than 0.03 kcal/
(moleA). Each simulation box was subjected to 12
picoseconds equilibrium with temperature raising
from 100K to 300K, followed by 12 nanoseconds
isothermal-isobaric (NPT) MD simulation. The 12
nanoseconds simulation trajectory was used for RMSF
analysis, which is the measurement of averaged
atomic fluctuation during MD simulation.® Three
independent MD simulations were conducted for each
protein. The RMSF value of each residue was calcu-
lated based on these MD simulations.

The cubic periodic boundary conditions were
used in all three simulations. Particle mesh Ewald
method was applied to calculate electrostatic inter-
actions.”* CHARMM version c40bl was used to
carry out all the simulations with CHARMM force
field of version 27.%3

Functional fluctuation analysis

To characterize conserved sites specific to each group
for the comparison, any shared conserved sites are
excluded for the analysis. For example, Group_1 has
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14 conserved sites. Two of these conserved sites are
shared with Group_2. Therefore, the remaining 12
conserved sites specific to Group_1 (with reference
to Group_2) were used for residue fluctuation analy-
sis (see Supporting Information Table SIII). Similar
to Group_2, after excluding the two shared con-
served sites with Group_1, the remaining 31 con-
served sites specific to Group_2 were used for
residue fluctuation analysis. The similar process
was carried out for Group_1:Group_3 and Group_2:-
Group_3 comparison, respectively. The residues used
for this analysis are referred as function-specific
conserved sites. When comparing Group_1 and
Group_2, the averaged fluctuation of function-
specific conserved sites for Group_1 (total of 12) and
the averaged fluctuation of function-specific con-
served sites for Group_2 (total of 31) are calculated
for each protein and plotted in Figure 6(A). There-
fore, for Group_1 proteins plots [red round plots in
Fig. 6(A)], 12 function-specific conserved sites for
Group_1 are actually conserved sites. But 31
function-specific conserved sites for Group_2 are not
conserved for the proteins in Group_1. It should be
noted that not all proteins in Group_1 contain resi-
dues corresponding to all 31 function-specific con-
served sites for Group_2. Therefore, for each protein
in Group_1, the averaged fluctuation was calculated
for the only existing residues corresponding to the
function-specific conserved sites for Group_2. It is
similar for Group_2 proteins plots [blue triangle
plots in Fig. 6(A)]. 12 function-specific conserved
sites for Group_l are not conserved sites for
Group_2 proteins. But 31 function-specific conserved
sites for Group_2 are conserved. It is a reminder
that these residues are identified through sequence
comparison among all selected proteins.

Statistical analysis

Data on residue fluctuations are illustrated as violin
plots. The differences in fluctuation between con-
served sites and normal sites were calculated by
Student’s ¢-test. P value below 0.05 was considered
statistically significant. All statistical analyses in
this study were performed using R script (Version
3.3.0: www.r-project.org/)
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