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Conserved structural topologies in RNase
A-like and trypsin-like serine proteases:
a sequence-based folding analysis
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Abstract

Background Protein folding is a complex process in which amino acid sequences encode the information required
for a polypeptide chain to fold into its functional three-dimensional (3D) structure. Many proteins share common
substructures and recurring secondary structure elements that contribute to similar 3D folding patterns, even across
different protein families. This study examines two distinct groups of proteins, the RNase A-like fold and the trypsin-
like serine protease fold, classified by SCOPe. These proteins share only some substructures that contribute to their
folding cores. Despite minimal sequence identity, they exhibit partial structural similarities in their 3D topologies.
We used a sequence-based approach, including inter-residue average distance statistics and contact frequency
prediction, to explore these folding characteristics. Structural observations guided further analyses of conserved
hydrophobic residue packing, highlighting key folding units within each fold.

Results Our analysis predicted two compact regions within each protein group. Interactions between these
regions form a partially shared topology. We identified conserved hydrophobic residues critical to these interactions,
suggesting a common mechanism for establishing these structural features. Despite overall structural differences
between the RNase A-like and trypsin-like folds, our findings emphasize the presence of a shared partial folding core.

Conclusions The partially shared structural features in the RNase A-like and trypsin-like serine protease folds reflect
a convergent folding mechanism. This mechanism underscores the evolutionary adaptation of protein folding, where
distinct folds can still retain critical, conserved structural motifs. These findings highlight how proteins with overall
different topologies can evolve to share key folding features, demonstrating the elegance and efficiency of protein
evolution.
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Background

Proteins are fundamental to a wide array of biological
functions, and for each function, the protein must adopt
a highly specific three-dimensional (3D) structure [1].
Over the course of billions of years, these complex struc-
tures have evolved to facilitate essential cellular activi-
ties and offer valuable insights for drug discovery and
therapeutic interventions [2]. The primary sequence of
amino acids in a protein contains the instructions for its
final folded form. Despite recent breakthroughs in arti-
ficial intelligence (AI) for predicting protein structures
from sequences [3, 4], it is still a significant and difficult
problem to determine accurately how a sequence folds
into a functional 3D form, as Al tools focus on final
structures but do not reveal the folding pathways. Under-
standing these pathways is critical for elucidating folding
mechanisms and addressing disorders related to protein
misfolding. Therefore, complementary sequence-based
methods are essential to uncover these dynamic folding
processes, which remain beyond the scope of current Al
approaches [5].

The prediction of protein fold is fundamentally differ-
ent from understanding the protein folding problem and
the biophysics of folding pathways. While protein fold-
ing studies focus on the physical principles that guide
a polypeptide to its native structure, fold prediction
deals with identifying recurring structural motifs across
diverse proteins [6]. Many existing Al-driven approaches
have advanced fold prediction; however, the evolutionary
mechanisms that give rise to protein folds remain largely
unexplored.

Protein folding is the intricate process by which a linear
chain of amino acids transforms into a functional three-
dimensional structure. While the idea that a protein’s
sequence determines its final shape, known as Anfinsen’s
dogma, has long been understood, the actual mecha-
nisms behind this transformation have remained elusive
[7, 8]. Given the enormous number of potential confor-
mations, pinpointing the correct native structure without
a clear guide is nearly impossible. The key to this folding
puzzle lies in the specific interactions encoded within the
amino acid sequence, which drive the protein to adopt its
final shape [9].

Recent advancements have significantly enhanced
our understanding of folding pathways through innova-
tive experimental techniques and enhanced computa-
tional methods [10, 11]. Nevertheless, extracting folding
information directly from amino acid sequences using
conventional bioinformatics tools remains a significant
challenge. Super-secondary structures, such as the Ross-
mann fold and four-helix bundle, are often indicative of
potential folding sites within proteins. In this study, we
identify a newly observed common structural motif in
ribonuclease A from Bos taurus (PDB code: 6ETL) and
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a-chymotrypsin from Bos taurus (PDB code: 6CHA),
despite their classification into different SCOPe (https://
scop.berkeley.edu/) classification—RNase A-like and try
psin-like serine proteases (Fig. 1). Our study sheds light
on the formation and conservation of common struc-
tural topologies across the RNase A-like and trypsin-like
serine protease folds. Understanding these conserved
features is essential, as it provides insight into the funda-
mental principles of protein evolution and stability.

Ribonuclease is an enzyme that catalyzes the break-
down of RNA into smaller components, playing a cru-
cial role in RNA metabolism and regulation. In contrast,
chymotrypsin is a serine protease that hydrolyzes peptide
bonds, specifically targeting the carboxyl side of large
hydrophobic amino acids such as phenylalanine, trypto-
phan, and tyrosine. Despite their functional differences,
both enzymes share a common structural motif charac-
terized by specific B strands, indicating a shared folding
topology beyond their SCOP classifications. These func-
tional differences and their structural similarities make
them compelling models for studying conserved folding
topologies.

Careful examination of the 3D structures reveals the
common topology constituted by b1, b4, b5, b6 and b7
in ribonuclease A and b1, b4, b5 and b6 in a-chymotryp-
sin in Fig. 1(A) and (C). As shown in Fig. 1, the b strands
constituting the common topology and intervening b
strands are named as ba, bb, bc, bd, be, bf (or be-f) and
bg (According to the PDB annotation, b5 and b6, that is,
be and bf in ribonuclease (PDB code: 6ETL) corresponds
to b5, that is, be-f in a-chymotrypsin domain B (PDB
code: 6CHA)).

This structural motif, involving specific p strands, sug-
gests a shared folding topology that transcends their
SCOP classifications. The common topology looks like a
B hairpin is linked to a two-stranded b-sheet, as seen in
Fig. 1(B) and (D). RNase A, a well-characterized enzyme
consisting of 124 amino acid residues [12, 13], and
a-chymotrypsin, a proteolytic enzyme with a 131-residue
domain B [14, 15], provide ideal models for this inves-
tigation. Their sequences and secondary structures are
illustrated in Fig. 2. It is a reasonably noteworthy prob-
lem whether this structural similarity is just by chance
or by a folding mechanism common to these proteins.
In other words, we consider whether a common folding
mechanism exists beyond the SCOP classification cat-
egory. Such a common partial topology might be a kind
of super-secondary structure.

Our study aims to extract detailed folding information
from the sequences of ribonuclease and chymotrypsin
using inter-residue average distance statistics (ADM) and
evolutionary analyses. Given their low sequence identity
(12.38%), traditional bioinformatics approaches, such as
sequence alignment, are insufficient for studying their
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Fig. 1 (A)The 3D structure and secondary structures of ribonuclease A from Bos taurus (PDB code: 6ETL). (B) Partially common topology observed in ribo-
nuclease A from Bos taurus observed in proteins of RNase A-like fold and trypsin-like serine proteases fold in SCOPe classification. The part corresponding
to the partially common topology is colored by purple. (C) The 3D structure and secondary structures of a-chymotrypsin from Bos taurus domain B (PDB
code: 6CHA). Only the structure of the core part (not the whole sequence) is shown (Fig. 2 can be referred to the entire sequence of 6CHA domain B). (D)
Partially common topology observed in a-chymotrypsin from Bos taurus domain B in proteins of RNase A-like fold and trypsin-like serine proteases fold in
SCOPe classification. The part corresponding to the partially common topology is colored by purple. A different number may be used for each b-strand

according to PDB annotations. Thus, we also used a common name of each b-strand for all proteins as ba-bg

folding properties. For example, a sequence alignment
technique provides a structural and/or functional unit
in a protein but does not give information on an initial
folding unit along the sequence of a protein. We focus
on identifying key residues that contribute to the fold-
ing nucleus and examining the evolutionary pressures on
these nucleation residues.

Employing predicted contact maps based on ADM, we
have previously validated our methods by successfully
extracting folding properties consistent with experimen-
tal data for various protein families [16—-20]. We have
confirmed in previous studies that our prediction meth-
ods successfully extract the folding properties that well
to the data from experimental analyses (H/D exchange
experiment of NMR technique, ¢ value analysis and so
on) of the following proteins: fatty acid binding proteins
and globin-like fold proteins [18], IgG binding and albu-
min binding domains [16], Globin E-to-H helix units [21],
Ig-like fold proteins [22], ferredoxin-like fold proteins
[23], beta-trefoil fold proteins [24, 25], and lysozyme-like
superfamily proteins [26]. Applying these techniques to

ribonuclease and chymotrypsin, we aim to elucidate their
folding mechanisms and common topologies from their
sequences. In particular, ADM predicted regions corre-
spond well to structured regions in early stage of folding
detected by the NMR H/D exchange experiments in the
folding of myoglobin and leghemoglobin [27].

Materials and methods

Targeted proteins

This study focuses on two distinct classes of proteins
as categorized by the SCOPe classification system: the
RNase A-like fold and the trypsin-like serine proteases
fold. For the RNase A-like fold, we selected three pro-
teins: ribonuclease A from Bos taurus (PDB code: 6ETL),
RNase ZF-3E from Danio rerio (PDB code: 2VQ9), and
turtle egg white ribonuclease from Chelonia mydas
(PDB code: 2ZPO). From the trypsin-like serine prote-
ases fold, we selected the domain B of a-chymotrypsin
from Bos taurus (PDB code: 6CHA_B), al-tryptase from
Homo sapiens (PDB code: 1LTO), and prostasin from
Homo sapiens (PDB code: 3DFJ). These six proteins were
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Fig. 2 Sequences of trypsin-like serine proteases fold (PDB code: 6ETL), and a-chymotrypsin from Bos taurus domain B (PDB code: 6CHA). An a-helix or a
b-strand is indicated by red or blue characters, respectively. A part constituting the common topology is enclosed by a purple rectangle

Table 1 Pairwise comparisons of sequence identity (Sl, %), root-mean-square deviation (R, A), and TM-scores [28] (TM) for proteins

within and between the RNase A-like and Trypsin-like folds

RNase A-like fold

Trypsin-like serine proteases fold

PDBID 6ETL 2VQ9 2ZPO 6CHA 1LTO 3DFJ
6ETL Sl 100
R 0.0
™ 1.0
2VQ9 Sl 25.83 100
R 2.02 0.0
™ 0.81 1.0
27PO Sl 39.83 37.29 100
R 1.81 1.89 0.0
™ 0.89 0.82 1.0
6CHA Sl 12.38 9.61 11.88 100
R 4.22 4.68 4.81 0.0
™ 0.30 0.31 0.27 1.0
1LT0 Sl 12.06 9.17 6.60 37.27 100
R 4.48 4.91 4.56 1.62 0.0
™ 0.22 0.20 0.22 0.50 1.0
3DF Sl 11.21 10.38 13.59 3333 3750 100
R 4.64 4.74 4.50 1.25 1.78 0.0
™ 0.23 0.26 0.22 0.50 0.90 1.0

Bold values denote the values for a protein pair from both folds

chosen to compare their folding properties derived from
their amino acid sequences, despite belonging to differ-
ent structural classes.

The sequence identity within each protein fold class is
relatively low, making it challenging to study their fold-
ing properties using standard bioinformatics techniques.
As indicated in Table 1, the maximum sequence identity

within the trypsin-like serine proteases fold is 37%, while
the minimum is 33%. For the RNase A-like fold, the
maximum sequence identity is 39%, and the minimum
is 25%. The sequence identity between the two different
folds is even lower, ranging from 12% to as little as 6%
(bold numbers in Table 1). Despite these low sequence
identities, the proteins within each class share a similar
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3D topology, characterized by a B-hairpin linked to a
two-stranded p-sheet. In RNase A-like fold proteins, this
topology is formed by the Ba, Bd, Pe, Bf, and Pg, while in
trypsin-like serine proteases fold proteins, it is formed by
Ba, Bd, pe-f, and Pg.

We also present the RMSD values and TM scores [28]
between these proteins in Table 1. As the 3D structures
in the trypsin-like serine proteases fold proteins for the
calculations of these values are used in the 3D structures
presented in Figs. 1 and S2. Within the same fold, com-
parisons consistently show higher TM scores (>0.80)
and lower RMSD values (<2.02 A), reflecting structural
similarity within each fold. In contrast, different fold
comparisons yield significantly lower TM-scores (<0.31)
and higher RMSD values (>4.22 A), indicating substan-
tial structural divergence between the RNase A-like and
Trypsin-like folds.

The common structural regions among these proteins
are illustrated in Figs. S1-S2, and the specific locations
of the segments contributing to these common struc-
tures are highlighted in Fig. S3. (The number of figures
becomes too large in this study. Therefore, we put only
the figures to explain the basis of the present study and
those related to the results of ribonuclease A from Bos
taurus (PDB code: 6ETL) and a-chymotrypsin from Bos
taurus (PDB code: 6CHA) in the main text. The rest of
the figures is put in the supplementary material.)

All protein structures and associated figures were gen-
erated using the software Discovery Studio V19.1.0.18287
(Dassaul Systémes Biovia Corp).

Average distance statistics map (ADM)
The average distance map (ADM) is constructed using
a protein’s amino acid sequence information. ADM is a
predicted contact map that is made in the following way.
We present each step of the method.

Definition of range along a protein sequence and
computation of the interresidue average distances in each
range

The inter-residue average distances and standard devia-
tions were calculated using known 3D structures con-
sidering the amino acid types and sequence separation.
Known structures of 42 proteins are used to calculate the
average distances between Ca atoms of residues in each
range [29]. The range is defined as the separation of two
residues along the sequence of a protein. Symbolizing a
range as M, M =1 when 1<k<8, wherek =|i-j|, and i and
j are the residue numbers in the sequence; M =2 when
9<k<20; M=3 when 21<k<30; M=4 when 31<k<40,
and so on. For a protein with an unknown 3D structure,
ADM is constructed by making a plot on a map when the
average distance of a pair of residues is less than a cutoff
value determined in advance [29].
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Determination of cutoff values of each interresidue average
distance in each range to make a kind of predicted contact
map

A cutoff value is defined in each range so that the contact
density of an entire contact map constructed based on
the 3D structure of a protein is reproduced. The detailed
procedure is as follows;

An average distance, d(A, B, M), where A and B are
mentioned to amino acid types, of every residue pair in
each range M was calculated. The cutoff distance for each
range M can be defined in the following Eq.

PO, = (1) PoD, (1)

Here, P (M), is a number of statistically significant resi-
due pairs, that is, 20 minus the number of statistically
insignificant residue pairs (The definition of statistically
significant residue pair can be referred by [29]). P (M),
is the number of residue pairs with the average inter Ca
atomic distances less than a cutoff distance at the range
M. That is, the order of the average inter-residue Ca
atomic contact distances in each range M specifies the
cutoff value (d. (A, B, M)). D is an adjustable parameter
that gives the average plot density of entire ADM close
to that of the contact map constructed based on the 3D
structure of a protein. The details of the determination of
the value D can be referred by Ref [29]. (From now, PDB
code is referred to as the name of a protein.)

Definition of contact density of a map

The many interactions between two segments in a pro-
tein exhibit a high-density region on a contact map. A
sudden change in the density of plots would be observed
at a limit of such a region on a map. Suppose that we have
a contact map. This map is divided into two parts, tri-
angle and trapezoid parts, by a line parallel to the x-axis
of the map, as shown in Fig. 3(A). Suppose that a map is
divided at the residues i and i+ 1. Then, let p " be the plot

density of the triangle region, and p :’ be that of the trap-
ezoidal region. The same procedure is applied with a line
parallel to the y-axis of the map (Fig. 3(B)), that is, the

~h
pjh and p ; are defined for the regions divided by this

line in the same way as the definitions of p; and 0 :] (
see Fig. 3 (B)). The density differences are defined as the
following equations.

~V

ApY=pi~-p; @
~ h
Api=pi-p, (3)
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Fig. 3 Anillustration of ADM analysis. (A) Corresponding to the step (3), ADM is divided into a triangle and trapezoid parts at i-th residue by a horizontal

~

line. p; and p inenote density of plots in the triangle and trapezoid parts respectively. A p Ymeans density difference between pNi and p 7Y, thatis,

~ ~h
ApY=p :] — p . (B) Corresponding to the step (3), ADM is divided into a triangle and trapezoid parts at i-th residue by a vertical line. p ; and p}‘ de-

~h ~h
note density of plots in the triangle and trapezoid parts respectively. A pjh means density difference between p ; and p Jh thatis, A p}‘ =p; —p Jh

(Q) Corresponding to the step (3), a part with high density plots is detected by a valley and a peak of the scanning plotsof A p Y and A p Jh in this figure.
The high-density plot region in this figure denotes the interaction between the segments a-b and c-d along the sequence. (D) Corresponding to the step
(4), a region with high density plots along the diagonal can be detected by peaks of the scanning plots of A p Y and A p h This schematic figure shows
that the region a-b forms a compact region. (E) Corresponding to the step (4), a region interacts with regions outside of this region also shows peaks at b
and a in the scanning plots of A pYand A p Jh In this case, the region a-b is not a compact but constitutes a structured part

When we make a scanning plot A th for the map in

Fig. 3(C), the plot will exhibit a peak and a valley at a and
b as shown below of Fig. 3(C) (the figure is a schematic
drawing). For the case of A p 7, the plot will show a valley
and a peak at c and d as presented in the left of Fig. 3(C).
Thus, the interaction between segments defined by a-b
and c-d in the given protein, as indicated in Fig. 3(C), is
detected by this procedure. When we apply these pro-
cedures to a map with a high-density region along the
diagonal, the scanning plots of A th and Ap? are like

Fig. 3(D). As indicated in Fig. 3(D), two peaks of the plots
of A pJh and A p}(ie, aandb) where sudden changes

of the contact densities are observed suggest a compact
region in the given protein.

Pinpointing a location of a compact region

The summation of the differences in densities defined
by lines parallel to the y-axis and the x-axis is called
n-value, and this value is considered to be a measure of
strength compactness of the region (1 = Ap? + A oy
in the example of Fig. 3(D)). A compact region predicted
by ADM is regarded as a stable compact or structured
region in the early stage of folding. In the case that the
segment a-b interacts with the several parts of a protein
outside of the segment a-b, also peaks at b in the verti-
cal scan and at a in the horizontal scan as indicated by
Fig. 3(E). In such a case, the region a-b is also identified
as a structured region on ADM (see Fig. 3(E)). We take
such a region as a structural region; for convenience, we
call it a compact region though such a region is not com-
pact. We regard a predicted compact region by ADM
with a high n value as a compact or a structured region
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in the early stage of folding. It has been confirmed that
compact regions correspond well to experimental results
of protein folding mechanisms [18-26].

Contact frequency analysis (F-value)

The contact frequency of a residue with other residues
in a random state is estimated using a potential derived
from the present inter-residue average distance statis-
tics to determine where initial folding events happen,
such as hydrophobic collapse. In the present analysis,
we employed a Ca bead model to represent a protein’s
structure. (The details of the procedure can be referred
to [16].)

Monte Calro simulation of a protein Ca bead model
For a simulation of protein conformations, the Metrop-
olis Monte Carlo method with the potential energy ¢, ;

derived from average distance 7 ; and its standard devia-
tion o ; ; was used. The bond and dihedral angles of an

initial conformation were randomly chosen. During a
simulation, the bond and dihedral angles between the
residue i and i+1 are bent and rotated randomly, fol-
lowed by the Metropolis judgment to decide whether the
new conformation can be accepted or not. We started a
simulation with a random distribution with the restric-
tion derived from the average distance statistics. One
step includes residues i=1...N-1, that is, all the bond and
dihedral angles are altered and judged.

Definition of interresidue potential based on average
distance statistics

It is assumed that the probability density with the poten-
tial energy between two residues, P(g; ;), is equivalent to
the probability density derived from the standard Gauss-
ian distribution calculated with its average distance and

standard deviation, p (7 j, 0; ;), as follows:
Pej)=» (i,jv o i.,j) @

This equation can be expressed by Eq. (4);

N2
HEREON

202

exp (i)

1
eXx’
Z \/ 2T 0i;j P

Equation (4) leads to Egs. (5) and (6):

_ 2
S ()
il InZ = —In (\/ﬁ) - 202,

i
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2
T R N ?)
kT 202 /27 0y

Z is the partition function of the present system. Where
KT is set so that the acceptance ratio is 0.5. Thus, this
potential is expected to obtain ensembles reproducible in
regard to inter-residue average distance statistics. How-
ever, it is noted that a significant value is the difference
between those of two conformations, and Z does not
appear in the calculation explicitly. Thus, Z is ignored in
calculations.

Calculation of contact frequency and definition of F-value
From the results of simulations, the contact frequency,
g(i, j), for each pair of residues is calculated with sampled
structures generated using the potential energy function.
(The contact is defined as a distance between Ca atoms of
the residues i and j, ry, shorter than a thﬂreshold, I, ie.,
rij < rc. The threshold is taken as 10 A in this study.)
Then, we normalize the residue contact frequencies, g(i,
j), in the same range M as follows:

2
D (M) = JZHV(Wg(”’v)u—VEM) (8)
( )7 Z |ln—vie M

.. Z ln —vle M1 ,v)
g{L]))1i—; - N
( )l ileM Z|p—v|€M' (9)

Q) = D (M)

Where p or v is a residue number. Finally, we obtain the
relative contact frequency, F, by summing the normalized
contact frequencies, Q(i, j), from j=1 to N for each resi-
due i, where N is the total number of residues:

Fi= ) ;Q(J) (10)

We call F; the F-value. Residues at peaks of the plot of
F-values are expected to be located in the centre of many
inter-residue contacts, such as at a hydrophobic cluster.
A region around a peak in an F-value plot is plausible to
be significant for folding, especially at the initial stage.
We performed 100 simulations with 60,000 steps, calcu-
lating the average of the F-values for residue i (We cal-
culate the sampled structure from the very beginning of
the simulation). We attached a sequence of 10 glycine to
both N- and C-termini to avoid too dynamic motions of
residues at both ends.
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Definition of a peak of F-value plot

A peak is defined when the difference in the values of a
valley and a peak is more than the following cut-off value,
F

cut*

1
2
Feut = {1\11—1 S NN F - B (11)
Where F, is the F-value of residue i, and N is the total res-
idue number. That is, the difference between a valley and
a peak should be more than the intrinsic fluctuation of a
plot.

It is considered that a hydrophobic residue near the
F-value plot for a protein tends to be buried in the initial
stage of folding and folding core of the protein. We have
confirmed that a hydrophobic residue near the F-value
plot for a protein tends to form hydrophobic packing
in the native structure of a protein for the IgG binding
domain [16] and ferredoxin-like fold proteins [23]. Thus,
we consider that the folding is initiated with residues
near the F-value plot for a protein in this study.

Evolutionary analysis and hydrophobic packing

Our previous studies have suggested that experimen-
tal results of the folding processes of proteins can be
explained well when we focus on hydrophobic residues
[16-25], especially corresponding well to H/D exchange
experiments. Thus, we also focus on the hydrophobic res-
idues in the present work.

Evolutionarily conserved residues in a protein are
responsible for its function, stability, and native struc-
ture formation [30-33]. In this study, we attempt to dis-
tinguish conserved hydrophobic residues for each of the
targeted proteins. We regard the following residues as
hydrophobic residues, Ala, Phe, Ile, Leu, Met, Val, Tyr,
and Trp. When 90% of residues at an aligned site are
hydrophobic in multiple alignments, this site is regarded
as an “evolutionarily conserved hydrophobic site”. We use
the term “conserved hydrophobic residues” in this sense,
and we use CHR as an abbreviation of “conserved hydro-
phobic residue”

To obtain homologues for each of the targeted pro-
teins, homology searches were conducted using BLAST
[34] using proteins in Table 1 as queries with the e-value
is 0.01 to make sure to obtain evolutionary homologous
sequences. UniPort database [35] is used to search the
homologs. Then we excluded sequences from search
results with a length less than 85% of the query sequence,
with more than 90% of sequence identity, and with a
gap of more than five residues within a secondary struc-
ture from the searched sequences. Multiple sequence
alignment was conducted using the ClustalW program,
which is integrated into the software MEGA [36]. We
also constructed a molecular phylogenetic tree using the
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neighbor-joining method [37]. Finally, the evolutionary
distances were computed using the JTT matrix-based
method [38].

In this study, we also assume that conserved hydropho-
bic residues especially those around a peak of the F-value
plot of a protein are significant for folding.

Conservation of predicted compact regions (PdCRs)

Let us use the abbreviation “PdCR” as a predicted com-
pact region by ADM. The similarity of the location of
PdCRs can be relevant to the conservation of PdCRs
during molecular evolution. Once a sequence alignment
of proteins in a family is performed, the conservation of
PdCRs can be defined. The procedure to determine the
conservation of regions predicted by ADMs is as follows.
First, a multiple-sequence alignment is obtained. Then, a
“site” is referred to as the common sequential number in
the multiple alignments.

I. The number of residues at a given site commonly
included or excluded from the PdCRs is calculated.

II. The ratio of this number to the number of aligned
sequences is calculated.

III.We make a histogram of this ratio vs. the site
number. (An example of a histogram can be seen in
Fig. S8. (See the bottom of a corresponding figure)

IV.A region encompassing several residues with high
ratios denotes a conserved PACR during evolution.

V. Currently, the PdCR is regarded to be conserved
when the conservation ratios exceed 70% in the same
position of the aligned samples [26].

Definition of an inter-residue contact

When a heavy atom in a residue is close to a heavy atom
in another residue within 5A, these two residues are
regarded to make contact. We believe the interaction
between two residues in different secondary structures is
a contact. However, the closed residues in the same sec-
ondary structure are not regarded as forming a contact.

Results

Analyses of RNase A-like fold and trypsin-like serine
proteases fold proteins based on inter-residue average
distance statistics

Tables 2, 3 and 4 summarize the results of the ADM anal-
ysis for each protein in this study, along with statistics on
conserved hydrophobic residues and the detailed posi-
tions of F-value plot peaks.

RNase A-like fold

The location of the corresponding common segments
in ribonuclease A (6ETL) is illustrated in Fig. 1(B). Fig-
ures 4 and 5 present the ADM and F-value analyses for
6ETL, respectively, alongside data from the NMR H/D
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Table 2 Summary of the ADM predicted regions in every study protein

Protein name PDBID Sequence length  ADM predicted region Total number of ADM  Ratio of residues  Domi-
with n value predicted residues in PdCRs nant

region
RNase A-like fold 6ETL 123 19-84:0.219 93 0.76 N ter-
92-118:0.146" minal
2VQ9 123 8-85:0.227 95 0.77 N ter-
93-109:0.108 minal
27PO 119 1-81:0.372? 97 081 N ter-
92-107:0.154 minal
Trypsin-like serine  6CHA 131 26-53:0.188 92 0.70 N ter-
proteases fold 65 -128:0.180 minal
170 115 12-60:0.164 97 0.84 Cter-
65-112:0.277 minal
3DH 115 7-43:0.232 76 0.66 Cter-
76-114:0.251 minal

" The n value, 0.146, of this region is slightly smaller than that of 92-110 (n=0.151) but the value is very close (within 0.85%, see [25]), and thus we take 92-118 as a PdCR
2 The n value of this region, 0.372, is slightly smaller than that of 1-58 (n= 0.385) but the value is very close (within 0.85%, see [25]), and thus we take 1-81 as a PdCR

Table 3 Statistics of conserved hydrophobic residues in study proteins

Protein name PDBID Total number of Con-  Conserved hydrophobic  Highly (=70%) Ratio of the conserved hydro-
served hydrophobic residues in ADM pre- conserved phobic residues in predicted
residues dicted regions regions regions to the total number of

conserved hydrophobic residues

RNase A-like fold 6ETL I 1M 1M 1.00

2VQ9 10 10 1.00
27PO 11 9 0.82
Trypsin-like serine  6CHA 22 18 17 0.82
proteases fold 1LTO 18 1 14 061
3DFJ 16 16 13 1.00

Table 4 The summary of the F-value peak positions

Fold PDBID  F-value peaks
RNase A-like 6ETL 26-Cys, 57-Val, 63-Val, 72-Cys, 95-Cys
fold 108-Val

2VQ9 13-Val, 56-Thr, 80-Val, 109-Cys

27PO 55-Thr, 77-Ala, 103-lle

Trypsin-like ser-  6CHA
ine proteases 1LTO

fold 3DF

38-Val, 69-Lys, 88-lle, 106-Val, 120-Thr
38-Trp, 78-lle, 103-lle
26-Cys, 36-Val, 58-Ala, 70-Val, 77-lle, 93-Leu

exchange experiment by Neira et al. [39]. The ADM anal-
ysis predicts two predicted compact regions (PdCR), the
N-terminal region from residue 19-84 is the prominent
structured unit compared to their C-terminal region,
which is from the residue 92 to 118 and their h-values
(strength of compactness), 0.219 and 0.146 respectively.
In Fig. 4(B), these ADM-predicted regions are high-
lighted in red and green in the 3D structures of 6ETL (see
also Table 2), with the higher n-value region colored red
(From here, the red and green colors are used to distin-
guish PACRs).

The first PACR (residues 19-84) includes the 1 and 4
strands from the common segments, while the second
PdCR (residues 92—118) corresponds to B5, p6, and p7.

The interaction between these two PdCRs is likely to con-
tribute to the formation of the common structure.

Taking higher h value into account, the N-terminal site
is expected to form an initially stable folding core during
the folding. The F-value plot of 6ETL has six high peaks
as presented in Table 4. The peaks are in a2, a3, 2, B3,
and 6. The first PACR includes the a2-a3 and p1-B4; on
the other hand, the second PdCR includes the 35, 6 and
a part of B7. The F-value analysis in Fig. 5 indicates that
the a3 and 6 are the keys to their folding because they
have high contact frequency. NMR H/D exchange result
showed that the highly protected parts are the a3 and (6,
as shown in Fig. 5. The orange bars with broken lines in
Fig. 5 correspond to residues with high H/D exchange
free energy from the study by Neira et al. [39] (see also
the legend of Fig. 5 in detail). The number of such resi-
dues is 19. Among these 19 residues with high H/D
exchange free energy, 12 residues are near the peaks of
the F-value plot within * 4 residues, with 11 of these resi-
dues clustered around the two highest peaks near con-
served hydrophobic residues (CHRs, red dots in Fig. 5),
namely 57-Val and 108-Val. This suggests that these resi-
dues are likely centers of folding during the early stages.
Notably, a3 and 6, which are part of the first and sec-
ond PdCRs, respectively, act as folding centers, with a3
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(B)

92 -118 (n = 0.146)

Fig. 4 (A) ADM for 6ETL. The location of a secondary structure is indicated by a bar or an arrow for a-helix or b-strand along the diagonal. The red (green)
triangle denotes PACR with a higher (lower) h value. (B) The regions of PACRs in the 3D structure of 6ETL. The red (green) part denotes PACR with a higher

(lower) h value (See Table 2 for the assignment of the second PdCR)

serving as the leading folding initiation site due to its
higher n-value. The number of these residues with high
H/D exchange free energy are 19 and, among them, 8 res-
idues are within the first PACR and 8 residues are within
the second PdCR, that is, two folding initiation sites
identified by H/D exchange experiment are in respective
PdCRs. The h value of the second one is smaller than the
first one, and the peak of the F-value plot around 108-Val
is relatively low. Therefore, the main center is the first
ADM-predicted region, and the interaction with the first
one may stabilize the second one.

In the RNase ZF-3E (PDB code: 2VQ9) protein, the
corresponding common segments B1, P4, and P6 are
presented in Fig. S1(B). Notably, the corresponding 5
and P6 strands in 6ETL are combined into B5 in 2VQ9
according to PDB annotations. ADM analysis of 2VQ9
reveals a highly compact N-terminal region (residues
8-85) with an n-value of 0.227, encompassing al-a3 heli-
ces and 1-P4 (Fig. S4(A), (B)). The second PACR (resi-
dues 93-109) corresponds to B5 with an n-value of 0.108.
Similar to 6ETL, the first PACR in 2VQ9 exhibits higher
compactness, suggesting that it forms a stable folding
core, while the second PdCR acts as a smaller structural
unit stabilized by the interaction with the first PACR.
Fig. S4(C) shows the peaks of the F-value plot for 2VQ9,
which are located near conserved hydrophobic residues.

The two highest peaks (positions 56 and 80) in a3 and
B4 are likely early-stage folding sites, forming part of the
first PACR. Additionally, a high F-value peak at 109-Cys
in B5 indicates another compact predicted region in the
C-terminal region, suggesting that the N-terminal region
initiates folding, similar to 6ETL. As no experimental
data on the folding of 2VQ9 is available, comparisons can
only be made with the experimental data for 6ETL.

The ADM analysis of turtle egg white ribonuclease
(PDB code: 2ZPO) shows a similar pattern to the other
RNase A-like fold proteins, with two PdCRs identified
(Fig. S5(A), (B)). The primary PACR spans residues 1-81
with an n-value of 0.372, and the secondary PdCR spans
residues 92-107 with an n-value of 0.154. The first PACR
is predicted to have a higher potential for initiating fold-
ing compared to the second PACR. The F-value plot of
2ZPO, presented in Fig. S5(C), has three peak positions
at the residues in Table 4. Three peak positions in a3, B4,
and P6 indicate that these regions are critical to folding.
The early-stage folding likely begins with the helix in the
region 1-81 which then forms a core folding unit with
the 6 strand, stabilized by residues 92-107.

Interestingly, despite the relatively low sequence iden-
tity among these RNase A-like fold proteins (25—-40%),
they all exhibit similar PACRs according to ADM analy-
ses. Each protein has two predicted compact regions,
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Fig.5 F-value plot with the NMR H/D exchange experimental data [39] for 6ETL. The blue line denotes the F-value plot. A residue number indicates the
position of a peak. The H/D exchange free energy of a residue is characterised by an orange bar. The value of exchange free energy for a residue was
estimated from the experimentally obtained H/D exchange rate constant of a corresponding residue [39]. The value of exchange free energy for a residue
is sometimes presented as >9.5 and so on in [39]. The number of the orange lines with the broken lines is 19. To explain this situation, we use an orange
broken line for the corresponding values. A red dot denotes the position of a CHR. The x-axis denotes the residue number. A grey bar and a grey arrow
on the x-axis mean a position of a-helix and b-strand, respectively. In the lowest part of this figure, two PdCRs are indicated by the red and green bars

with the N-terminal region being more compact than
the C-terminal region (Table 2). Importantly, the second
PdCR in each protein contains 5 and 6 strands, which
are part of the common 3D topology described in Figs. 1
and S1. The NMR H/D exchange experiment for 6ETL
showed that the o3 helix, $3, and 6 strands exhibit the
slowest exchange rates (high H/D protection), forming
a highly stable hydrophobic core [39—-41]. ADM analysis
predicts two PdCRs, which include the a3 helix and 3
strand in the primary compact region and the 6 strand
in the secondary compact region. Based on these find-
ings, we can infer that the first PACR is likely the folding
initiation site for all these proteins, with the interaction
between the PACRs forming a stable folding core during
the folding process, consistent with experimental results
[39].

Trypsin-like serine proteases fold

ADM prediction for 6CHA domain B exhibits two com-
pact regions. One is from residue 26 to 53, and the other
is from residue 65 to 128, illustrated in Fig. 6(A). The
highly compact region in the N-terminal has the h-value
of 0.188 (first PACR) that includes al helix and B2-p4
(bb-bd). Another one has the h-value of 0.180 (second

PdCR), which contain B5 (be-f) and p6 (bg) (as men-
tioned b5 (be-f) in 6CHA corresponds to b5 (be) and b6
(bf) in 6ETL, that is, one b strand in the PDB annota-
tion). The compactness of the predicted regions is quite
similar, and their N-terminal region is slightly higher
than the second PACR. As shown in this figure, the
N-terminal compact region covers p2(bb), f3(bc), al and
B4(bd) secondary structures. The F-value plot is in Fig. 7.
The highest F-value peak appears at 3 at residue number
38-Val. The second PdCR ranges from p5(be-f) to b7 and
has four high peak positions as Table 4 presents. These
are possible folding sites. From the results of the F-value
analysis, we can expect that the B3(bc), b5(be-f), and
B6(bg) strands will make the folding core in the common
topology. The meaning of the peaks at 106-Val and 120-
Thr will be discussed later.

Though the results of our present analyses should be
examined by objective experimental data, to our best
knowledge, no experimental analyses on folding of a pro-
tein in Trypsin-like serine proteases fold have been per-
formed so far.

Figure S6(A), (B) and Table 2 represent the ADM of
1LTO having two PACRs, the first PACR includes residues
12-60 with n value 0.164, and the second PdCR includes
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Fig.6 (A) ADM for 6CHA (For the construction of ADM, the whole sequence of 6CHA is used). The location of a secondary structure is indicated by a bar or
an arrow for a-helix or b-strand along the diagonal. The red (green) triangle denotes PACR with a higher (lower) h value. (B) The regions of PACRs in the 3D
structure of 6CHA (Only the structure of the core part (not the whole sequence) is shown). The red (green) part denotes PACR with a higher (lower) h value
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Fig. 7 F-value plot for 6CHA. The blue line denotes the F-value plot. An
arrow with the corresponding residue indicates the position of a peak. A
red dot represents the position of a CHR. At the bottom of the figure, the x-
axis denotes the residue number. A grey bar and a grey arrow on the x-axis
mean a position of a-helix and b-strand, respectively. In the lowest part of
this figure, two PdCRs are indicated by the red and green bars

residues 65—112 (n value of 0.277). The C-terminal site
contains a3 helix and p6-B7strands, which are expected
to be stable in the early stage of folding based on the h
values. The F-value for 1LTO shown in Figure S6 (C) indi-
cates that there are three prominent peaks at 38-Trp (in
[B4), 78-1le (in b6) and 103-Ile (near b7) (see also Table 4),

predicting that the p4 and B7 strands with many CHRs
are significant for their folding of this protein. The hydro-
phobic residues in p4 and B7 are highly conserved during
the evolution, that is, a lot of CHRs in B4 and p7. Thus,
B4 and P7 strands seem to be very important for the fold-
ing of this protein. Those high peaks at 4 and p7 are in
two different PDCRs. It is plausible that these conserved
hydrophobic residues near an F-value peak are significant
in stabilizing the interaction between two PdCRs. From
here, we use the abbreviation “CHRnF” as conserved
hydrophobic residues near an F-value peak.

ADM and F-value results of 3DF]J are shown in Figs. S7
(A)-(C) (See also Table 2). Two PdCRs are predicted by
ADM,; the first PACR covers 7—43 with a 0.232 h value,
and the second one is 76-114 with h value of 0.251.
F-value analysis in Fig. S7 (C) exhibits six peaks in the
data plot, and many CHRnFs are distributed around the
peak at 26-Cys and 36-Val in the first PACR and 93-Leu
in the second PACR (Table 4). Thus, these CHRnFs would
be prominent for the folding of 3DF]. Considering these
results, we can assume that the folding core will be made
by B3-p4 and B8 strands.

In conclusion, our analysis of ADM predictions,
F-value data, and conserved hydrophobic packing sug-
gests that the folding properties of all studied proteins
within the Trypsin-like serine proteases fold are remark-
ably consistent. These findings highlight the critical role
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RNase A-like fold

Trypsin-like serine proteases fold

6ETL 2VQ9 2ZPO 6CHA 1LTO 3DFJ
Average sequence identity (%) 384 418 337 319 325 319
Maximum sequence identity (%) 89.3 896 88.6 89.1 89.3 894
Minimum sequence identity (%) 11.8 16.2 8.7 122 16.7 1.2
Table 6 Table of conserved hydrophobic residues
Protein name PDBID  Conserved Hydrophobic Residues
RNase A-like fold  6ETL 29-Met. 30-Met, 46-Phe, 47-Val, 54-Val, 57-Val, 79-Met, 81-lle, 97-Tyr, 106-Ile, 108-Val

2VQ9 26-Met, 46-Phe, 47-lle, 54-Val, 57-Val, 78-Phe, 80-Val, 96-Tyr, 105-lle, 107-Val
2ZPO 46-Phe, 47-Val, 54-lle, 57-le, 76-Phe, 78-Leu, 94-Tyr, 103-lle, 105-Ile, 113-Val, 115-Tyr

Trypsin-like 6CHA 1-lle, 14-Trp, 16-Val, 18-Leu, 31-Leu, 32-lle, 36-Trp, 37-Val,
serine proteases 38-Val, 40-Ala, 41-Ala, 74-Phe, 88-lle, 90-Leu, 91-Leu, 93-Leu, 103-Val, 106-Val, 108-Leu, 122-Val
fold 170 14-Trp, 16-Val, 18-Leu, 33-Leu, 34-Ile, 38-Trp, 39-Val, 40-Leu, 42-Ala, 43-Ala, 92-lle, 93-Ala, 94-Leu, 95-Leu, 97-Leu, 101-Val,
107-Val, 112-Leu
3DH 16-Val, 18-lle, 30-Leu, 31-Val, 35-Trp, 36-Val, 37-Leu, 39-Ala, 40-Ala, 91-lle, 92-Ala, 93-Leu, 94-Leu, 96-Leu, 106-Ile, 111-Levy,

of conserved hydrophobic residues and their interactions
in guiding the folding process and stabilizing the protein
structure.

Evolutionary analysis of the RNase A-like fold and trypsin-
like serine proteases fold proteins

We examined the evolutionary conservation of predicted
folding units (PdCRs) in RNase A-like and trypsin-like
serine proteases fold proteins using multiple sequence
alignments combined with ADM results for homologous
sequences obtained via BLAST search. Figs S8(A)-(F)
show these alignments, with PACRs highlighted in red.
A histogram below each figure, indicated by a blue line,
shows the ratio of residues at aligned sites within PdCRs
to the total number of aligned sequences. Higher ratios
suggest that these regions are evolutionarily conserved
folding units. Table 1 represents the sequence identities
of around 33-40% within the same group but only about
10% identity between proteins from different groups.

In ribonuclease A (6ETL), the alignment of 76
sequences (average sequence identity ~38%) shows that
regions with higher n-values are concentrated in the
N-terminal region illustrated in Fig. S8(A). Conserved
folding units include p1, a3, f2, f4, and regions contain-
ing B5 and P6. All 11 conserved hydrophobic residues
are within PdCRs, with 7 near peaks in the F-value plot
(Table 5). It is important to note that the properties of
PdCRs and F-value profiles exhibit considerable variabil-
ity among the proteins analyzed here. Despite these dif-
ferences, the overarching features, such as critical folding
nuclei, remain consistent across homologous proteins.
This variability may reflect nuances in the specific folding
properties of homologous proteins, as discussed in refer-
ences [18-19], and [22].

The plot denoted by an orange line in Fig. S8 indi-
cates a ratio of hydrophobic residues to the total number

of sequences at an aligned site. We regard a more than
90% ratio that the current site shows the conservation
of hydrophobic residues. The conserved hydrophobic
residues in PdCRs are indicated by yellow letters, and
out of PdCRs are indicated by blue letters in this figure.
For 6ETL, the conservation of hydrophobic residues is
observed at 11 sites in Fig. S8(A), and all of the conserved
hydrophobic residues are in PACRs of 6ETL. If we con-
sider a region with more than 70% ratio of conservation
of predicted regions tentatively (indicated by an orange
line in the bottom of Fig. S8(A)) as an evolutionarily con-
served predicted unit, then 11 out of the 11 conserved
hydrophobic residues are included in the evolutionarily
conserved predicted unit (The blue line above the orange
line in the bottom of Fig. S8(A)). Moreover, 7 of these
residues are near the peaks of the F-value plot of 6ETL
within + 5 residues represented in Fig. 5; Tables 6 and 7.

For RNase ZF-3E (2VQ9), analysis of 78 sequences
(average sequence identity~40%) reveals that PdCRs
include B1, B2, P4, a3, and p5-p6 (Fig. S8(B)). The his-
togram indicates that over 70% of conserved predicted
folding units involve these regions, which contain 9 out
of 10 conserved hydrophobic residues, 6 of which are
near F-value peaks (Fig. S4(C), Tables 3, 6 and 7).

In turtle egg white ribonuclease (2ZPO), analysis of 29
sequences (average sequence identity ~33%) shows that
high n-values are primarily in the N-terminal region,
with PdCRs covering a2-p4 and p5-p6 as shown in Fig.
S8(C). More than 70% of conserved folding units involve
B1-B3 and p4-p6, with 6 out of 11 CHRnFs located within
these regions (Fig. S5(C), Table 7).

The sequence alignment of a-chymotrypsin domain
B (6CHA) is shown in Fig. S8(D), incorporating 110
sequences with an average sequence identity of about
31%. The alignment results suggest that both N-ter-
minal and C-terminal regions exhibit similar levels of
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Table 7 Conserved hydrophobic residues near F-Value peak (CHRnFs)

Fold PDB ID

F-value peak

Conserved hydrophobic residues near F-value peak

RNase A-like fold 6ETL 26-Cys
57-Val
63-Val
72-Cys
95-Cys

108-Val

2VQ9 13-Val
56-Thr

80-Val

109-Cys

27P0O 55-Thr
77-Ala
103-lle
38-Val
69-Lys
88-lle

Trypsin-like serine proteases fold 6CHA

106-Val
120-Thr

1LTO 38-Trp
78-lle
103-lle
3DF 26-Cys
36-Val
58-Ala
70-Val
93-Leu

29-Met, 30-Met
54-Val, 57-Val
97-Tyr

106-Ile, 108-Val

54-Val, 57-Val
78-Phe, 80-Val
105-Ile, 107-Val

54-lle, 57-lle

76-Phe, 78-Leu

103-lle, 105-Ile

36-Trp, 37-Val, 38-Val, 40-Ala, 41-Ala
74-Phe

88-lle, 90-Leu, 91-Leu, 93-Leu

103-Val, 106-Val, 108-Leu

122-Val

34-lle, 38-Trp, 39-Val, 40-Leu, 42-Ala, 43-Ala
101-Val, 107-Val

30-Leuy, 31-Val
35-Trp, 36-Val, 37-Leu, 39-Ala, 40-Ala
91-lle, 92-Ala, 93-Leu, 94-Leu, 96-Leu

conservation, covering B1-p4 and P5-f7, respectively.
Highly conserved regions are observed in 2, B3, al, p4,
6, and B7, with more than 70% conservation. Of the 22
conserved hydrophobic residues identified, 18 are located
within these highly conserved regions, all of which corre-
spond to peaks in the F-value plot (Fig. 7; Tables 6 and 7).

Figure S8(E) shows the multiple sequence alignment
for al-tryptase (1LTO), which included 117 sequences
with an average sequence identity of approximately 32%
(Table 5). ADM analysis predicts two folding units: one in
the N-terminal region covering 3 to a2, and another in
the C-terminal region covering 36 to p7. Of the 18 con-
served hydrophobic residues, 14 are located within these
evolutionarily conserved units, and 9 are near F-value
peaks within + 5 residues (Fig. S6(C), Tables 6 and 7).

Finally, the analysis of prostasin (3DF]J) shown in Fig.
S8(F) includes 76 sequences with an average sequence
identity of 31%, with maximum and minimum identities
of 89% and 11%, respectively. The regions with higher
n-values are primarily located in the C-terminal region.
The conservation of hydrophobic residues is observed at
16 sites, all within PACRs. The histogram indicates that
B4, al, p6, and B8 are evolutionarily conserved folding
sites, with 13 out of 16 conserved hydrophobic residues
located within these regions, adjacent to F-value peaks
(Fig. S7(C), Tables 6 and 7).

Hydrophobic packing of evolutionarily conserved residues
In this section, we analyze the interactions of conserved
hydrophobic residues within predicted folding units
(PACRs) based of the 3D structures of the studied pro-
teins. The basic assumption is that conserved hydropho-
bic residues near F-value peaks (CHRnFs) are buried
early in protein folding, serving as folding initiation resi-
dues [23-24, 26]. The folding process is thought to prog-
ress mainly through interactions among CHRnFs and
other conserved hydrophobic residues (CHRs).

We start by identifying CHRnFs near the highest
F-value peak within +5 residues [26] for each pro-
tein and then examine the compact regions (PdCRs)
where these residues are located. We investigate the
hydrophobic contacts within these PACRs and between
them, summarizing the results as contact maps (e.g.,
Fig. 8 for 6ETL). In the main text, we focus on interac-
tions between secondary structure elements containing
CHRnFs or CHRs, with detailed descriptions provided in
the figure legends.

RNase A-like fold proteins

For ribonuclease A (6ETL), the PACRs are located at
residues 19-84 and 92-118, with the first PACR exhibit-
ing a higher n-value (Table 2). Figure 5 indicates that the
highest F-value peak, 57-Val in a3, is a CHRnF within the
first PACR, suggesting o3 as the folding center. Figure 8
shows that hydrophobic contacts form among CHRnFs
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Fig. 8 Kind of contact map for 6ETL. Conserved hydrophobic residues are
mainly presented. A red or green colored residue means a concerned resi-
due is in a PACR with the same color as in Fig. 4. The secondary structure
containing a concerned residue is also indicated. A residue with an under-
line denotes CHRnF. A residue within a parenthesis is not CHR nor CHRnF,
A contact colored by yellow means stabilization of a part of the common
structure and a contact colored by violet means a contact between a resi-
due in the common structure and a3. The CHRnFs in the second PACR, 92—
118, that is, 106-Ile and 108-Val make hydrophobic packing with 120-Phe

and CHRs in a2, a3, f1 (fa), and P4 (Bd) within this
region. The second PACR, spanning residues 92—118, has
a peak of the F-value plot at 108-Val as shown in Fig. 5 (a
CHRnF in p6). Contacts between a2 and p6, as well as
among a3, 4, B5 (Pe), and P6 (Bf), indicate interactions
between the first and second PdCRs, stabilizing the com-
mon structure (Figs. 8 and 9(A)-(E)). The a3 helix can be
regarded as a center of contacts that support the forma-
tion of the common structure. In Fig. 8, contacts colored
yellow indicate those that directly stabilize the common
structure, while contacts colored violet signify those that
provide stabilization through their interaction with a3.
For RNase ZF-3E (2VQ9), PACRs are at residues 8—85
and 93-109 (Table 2), with 56-Thr in a3 being the highest
F-value peak, and CHRnF near to this residue is 57-Val
(Fig. S4). Similar to 6ETL, a3 is predicted as the folding
center, with hydrophobic contacts forming among CHRs
in a2, a3, B1 (Pa), and 4 (Bd) within the first PACR (Figs.
S9, S10(A), (B)) stabilizing a part of the common struc-
ture (Fig. S9). The second PACR, with a peak at 109-Cys
(the CHRnF is 107-Ile in B6(bf). See Fig. S4(C).), also
shows interactions between p6(bf) and 7(bg) within this
PdCR. Furthermore, a contact between bl and p6, that
is, the interactions between PdCRs is also observed (Fig.
S9). The contacts among a2, a3, b4(bd), b5(be) and b6(bf)
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also stabilizing the interaction between two PdCRs and
leading to stabilize the common structure under the sup-
port of a3 (Figs. S9, S10(C)-(D)).

In turtle egg white ribonuclease (2ZPO), PdCRs are
located at residues 1-81 and 92-107 (Table 2), with
55-Thr in a3 identified as the highest F-value peak.
CHRnE, 54-Ile, in o3, regarded as a folding center in
2ZPO, forms contacts with p1 (fa) and P4 (Bd), stabi-
lizing the structure within the first PACR with higher
h-value (Figs. S11, S12(A)-(B)). Fig. S11 also indicates the
contacts among a2, a3, bl(ba) and b4(bd) within the first
PdCR stabilizing a part of the common structure. The
second PACR, with an F-value peak at 103-Ile (CHRnF)
in B6(bf), shows interactions between p6(bf) and $7(bg),
further stabilizing the structure (Figs. S12C-D). Interac-
tions among P1(ba), p4(bd), p6(bf) directly stabilize the
common structure, and a3, similar to 6ETL and 2VQ9,
reinforces the common structure (Figs. S11 and 12(A),

(©).

Trypsin-like serine proteases fold

In a-chymotrypsin domain B (6CHA), PdCRs are located
at residues 26-53 and 65-128, with a slightly higher
n-value in the first PACR (Table 2). As presented in Fig. 7,
the highest F-value peak at 38-Val (a CHRnF in B3) sug-
gests that f3(bc) is the folding center. Hydrophobic con-
tacts among p2(bb), B3(bc), and p4(bd) stabilize the four
stranded partial B-barrel structure (Figs. 10 and 11(A)),
with additional interactions between p5(be-f) and p6(bg)
contributing to the stability of the second PACR (CHRnF
is 90-Ile in b5(be-f) in this PACR. Figures 10 and 11(A)-
(C)). The common structure is stabilized by direct inter-
actions among B1 (Ba), p4 (Bd), B5 (Be-f), and P6 (Pg), as
indicated by contacts colored yellow in Fig. 10. Addition-
ally, B3 (Bc) plays a supportive role in these interactions,
as reflected in the violet-colored contacts in Fig. 10 (see
also Fig. 11(D)).

106-Val and 122-Val are CHRnFs (see Table 6). How-
ever, a detailed examination of the 3D structure of 6CHA
B and C reveals that the segment 96—128 form interac-
tions with domain C, as shown in Fig. S17. Hence, these
CHRnFs seem to contribute to the interactions between
domains B and C, not within the 6CHA B domain.
Although the peaks in the F-value plot of Fig. S17 sug-
gest the tendency to form some interactions with other
hydrophobic residues, these peaks do not mean the
actual interactions within 6CHA domain B.

For al-tryptase (1LTO), PdCRs are at residues 12—60
and 65-112 (Table 2), with the highest F-value peak at
38-Trp (CHRnF) in B4(bc) as presented in Fig. S6(C) (the
predicted folding center). Hydrophobic contacts among
B2(ba), p4(bc), and B5(bd) stabilize the four stranded
partial b barrel structure and thus the first PACR, while
interactions between 6 and 7 stabilize the second
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120-Phe

Fig.9 (A)Hydrophobic packing formed by CHRnFs (indicated by a bold stick representation), 54-Val and 57-Val, and CHRs (indicated by a thin stick repre-
sentation), 47-Val and 79-Met stabilizing the interactions among a3, b1 and b4 within the first PACR in 6ETL. (B) Hydrophobic packing formed by CHRnFs,
29-Met and 30-Met, and CHR, 46-Phe stabilizing the interactions between a2 and b1 within the first PACR. The interaction between CHRs, 47-Val and
81-lle, stabilizes interaction between b1 and b4 within the first PACR. (C) Hydrophobic packing formed by CHRnFs, 54-Val and 57-Val, 106-lle and 108-Val
stabilizing the interactions between a3 and b6, that is, the interaction between the first and second PdCRs. (D) 102-Ala makes a contact with 81-lle and
this contact contributes to the stabilization of the b-sheet between b4 and b5. 102-Ala is relatively close to a peak of the F-value plot at 108-Val (Fig. 5)
separating by 6 residues. 102-Ala is not CHR but expected to be involved in the early stage of folding though it may be not so strong. (E) Hydrophobic
packing is formed by CHRnFs, 106-lle,108-Val and a hydrophobic residue 120-Phe within the second PdCR. 120-Phe, a residue which is not CHR nor CHRnF,
is indicated by a line representation. The corresponding residue appears in both 2VQ9 and 2ZPO (See Figs. 9,510,511 and S12). It is considered that the
3D structure of the region 92-118 is stabilized mainly by the interaction with the region 19-84. That is, PACR 92-118 is the case in Fig. 3(E); that is, the

region 92-118 interacts with the major part of the other part from this region (see the legend of Fig. 9(E)). See the legend of Fig. 3(E)

PdCR (Figs. S13, S14(A)-(C)). The common structure is
formed by interactions among p2(ba), 5(bc), f6(bd), and
B7(bg), with p4(bc) supporting these contacts (Figs. S13,
S14(D)).

In prostasin (3DFJ), PACRs are located at residues
7-43 and 76-114, with a higher n-value in the second
PdCR (Table 2). The second highest F-value peak in the
first PACR is at 36-Val (CHRnF) in p3(bc), with contacts
among P2(bb), f3(bc), and P4(bd) stabilizing this region
(Figs. S15, S16A-C). The CHRs around the F-value peak
at 26-Cys and 36-Val is predicted as a folding center of
this protein. The common structure is stabilized by inter-
actions among B2(bb), p5(bd), p6(be-f), and p7(bg), with
B4(bc) supporting these contacts as shown in Figs. S15
and S16, consistent with the patterns observed in 6CHA
and 1LTO.

Discussion

In this study, we investigated the folding mechanisms
of two distinct protein classes—RNase A-like fold pro-
teins (a+ [ class) and trypsin-like serine proteases fold

proteins (all B class)—utilizing a sequence-based ana-
lytical approach. Although these protein families exhibit
very low sequence identity (as illustrated in Table 1), our
analysis revealed striking structural similarities, particu-
larly in their C-terminal regions. These regions, which
feature two B hairpin-like structures, appear to play a
crucial role in guiding the folding process. Our primary
aim was to explore whether these common structural
motifs arise from shared folding mechanisms, despite
the proteins’ divergent evolutionary origins. By applying
sequence-based techniques, we identified potential con-
served elements that contribute to the folding pathways
of these seemingly disparate proteins, providing new
insights into the underlying principles that govern their
structural formation.

The sequence-based evolutionary analyses (Fig. S8)
revealed strong conservation of hydrophobic resi-
dues across all the studied proteins, even though their
sequence identities are low. Notably, these conserved
hydrophobic residues (CHRs) are predominantly located
on helices and 3-strands.
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Fig. 10 Kind of contact map for 6CHA. Mainly conserved hydrophobic
residues are presented. A red or green colored residue means a concerned
residue is in a PACR with the same color as in Fig. 6. The secondary struc-
ture containing a concerned residue is also indicated. A residue with an
underline denotes CHRNF. A residue within a parenthesis is not CHR nor
CHRnf. A contact colored by yellow means stabilization of a part of the
common structure and a contact colored by violet means a contact be-
tween a residue in the common structure and b3(bc)

ADM analyses further showed that each protein pos-
sesses two PdCRs (Predicted Compact Regions), with
the N-terminal regions generally exhibiting higher com-
pactness than the C-terminal regions. Among the six
proteins studied, four displayed higher compactness in
their N-terminal regions, one (3DF]J) had similar n values
in both regions, and only one (1LTO) exhibited greater
compactness in the C-terminal region. This suggests that
these proteins typically contain two folding units, with
the N-terminal regions being more stable in the early
stages of folding.

Interestingly, the C-terminal PdCRs consistently con-
tain hairpin structures, regardless of whether the pro-
tein belongs to the RNase A-like fold or the trypsin-like
serine proteases fold. For RNase A-like fold proteins, the
N-terminal PdCRs are composed of three helices and
two antiparallel 3-sheets (e.g., fa-pd and pb-pc), as illus-
trated in Fig. 1. In contrast, for trypsin-like serine pro-
teases fold proteins, the N-terminal PACR corresponds
to a four-stranded partial -barrel stabilized by CHRnFs
(conserved hydrophobic residues near F-value peaks)
and CHRs. These CHRnFs and CHRs are structurally
analogous across the three proteins studied, as shown in
Figs. 11, S14, and S16.
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We propose that CHRnFs are likely buried early in the
folding process, forming folding cores in conjunction
with other CHRs. In RNase A-like fold proteins, a3 con-
tains several CHRnFs, which play a crucial role in stabi-
lizing the common structure through interactions with
Ba, Bd, Be, Bf, and Pg. In trypsin-like serine proteases fold
proteins, Bc serves a similar role, as illustrated in Figs. 8
and 10, S9, S11, S13, and S15.

Figure 12 provides a schematic representation of this pro-
cess. Figures 12(a) and (b) illustrate the interactions between
a3 in 6ETL and Bc in 6CHA with pf and/or 3g. The oval part
in Fig. 12(c) represents the structural components o3, pb,
and fBc in RNase A-like fold proteins and b and Bc in tryp-
sin-like serine proteases fold proteins. It is predicted that
these interactions contribute to the formation of the B-sheet
comprising Pa, Bd, Be, Bf, and pg — the common structural
motif shared by both protein classes.

Although the common structure does not constitute an
autonomous or highly robust structural entity, it plays a
significant role in the overall stability of these proteins by
interacting with other structural elements. Consequently,
while it may not qualify as a standalone supersecondary
structure, we argue that such structural motifs deserve
recognition and definition within the broader context of
protein folding.

Conclusion

This study provides new insights into the folding mecha-
nisms of RNase A-like fold proteins and trypsin-like ser-
ine proteases, two distinct classes of proteins with low
sequence identity yet remarkable structural similarities.
Our sequence-based analysis highlights a shared fold-
ing topology, particularly in the C-terminal  hairpin-
like structures, suggesting a conserved mechanism that
transcends their evolutionary divergence. Despite their
classification into different SCOPe categories, these pro-
teins demonstrate commonalities in their folding path-
ways, driven by key structural elements that stabilize the
partial three-dimensional architecture. Understanding
these conserved folding principles is crucial for bridging
sequence-based predictions with experimental valida-
tion. While structural bioinformatics has made signifi-
cant progress, our findings emphasize the importance of
integrating sequence-derived insights with experimental
folding studies to elucidate fundamental protein stabil-
ity mechanisms. By exploring these conserved topolo-
gies, we contribute to a broader understanding of how
evolutionary forces shape protein architecture, ultimately
aiding in the design of novel proteins and therapeutic
targets.
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Fig. 11 (A) Hydrophobic packing formed by CHRnFs (indicated by a stick representation), 36-Trp and 38-Val, and CHR (indicated by a line representation),
32-lle stabilizing the interactions between b2 and b3 within the first PACR in 6CHA. (B) Hydrophobic packing formed by CHRnF, 37-Val, and CHR, 31-Leu
stabilizing the interactions between b2 and b3 within the first PACR. 31-Leu and 37-Val are also interacting hydrophobic residue, 14-Trp, 16-Val and 18-Leu
stabilizing the interactions among b1, b2 and b3 within the first PACR. (C) Hydrophobic packing formed by CHRnFs, 74-Phe and 90-Leu stabilizing the in-
teractions between b5 and b6 within the second PACR. (D) Hydrophobic packing formed by CHRnFs, 36-Trp, 74-Phe and 90-Leu stabilizing the interaction
between the first and second PdCRs. (E) Hydrophobic packing formed by CHRNnF, 91-Leu and 18-Leu stabilizing the interaction between b1 and bé. (F)
Hydrophobic packing is formed by CHRnF, 37-Val, and hydrophobic residue, 51-Val stabilizing the interaction between b1 and b3. There is no CHRs in b4,
and b4 seems not to be actively involved in the folding of the first PACR. However, CHRnF, 37-Val makes a contact with 51-Val in b4. This contact stabilizes
the interaction between b3(bc) and b4(bd) although this contact would not be so strong during the folding. Furthermore, CHRs, 16-Val and 18-Leu make
hydrophobic contact with 51-Val indicating the stabilization of b1(ba) and b4(bd), that is, a part of the common structure
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2nd PdCR

PdCR

Fig. 12 The common structures appeared in 6ETL (Rnase A-like fold) (a) and 6CHA (trypsin-like serine proteases fold) (b). The region colored by light vio-
letis a common structure. The deep blue part means a3, bb and bc in 6ETL and bb and bc in 6CHA. (c) Schematic drawing of the common structure with
the region preceding part to bd (a3, bb and bc) in an RNase A-like fold protein and bb, bc and a1 in a trypsin-like serine proteases fold protein). An arrow
denotes a b-strand. An arrow enclosed by a red or a green lines denote that this arrow is in the first or the second PdCRs respectively. The deep blue part
indicates a3, bb and bc in an RNase A-like fold protein and bb, bc and a1 in a trypsin-like serine proteases fold protein. A yellow double arrow denotes an
interaction between two b strands in the common structure. The violet double arrow denotes the interactions between the blue oval part and residues

bf and/or bg. These interactions are considered to support the common structure
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