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Wavelet coherence phase analysis
decodes the universal switching
mechanism of Ras GTPase superfamily

Zenia Motiwala,’?* Anand S. Sandholu,’-?* Durba Sengupta,”® and Kiran Kulkarni'2>*

SUMMARY

The Ras superfamily of GTPases regulate critical cellular processes by shuttling
between GTP-bound ON and GDP-bound OFF states. This switching mechanism
is attributed to the conformational changes in two loops, SWI and SWII, upon
GTP binding and hydrolysis. Since these conformational changes vary across
the Ras superfamily, there is no generic parameter to define their functional
states. A unique wavelet coherence (WC) analysis-based approach developed
here shows that the structural changes in switch regions could be mapped onto
the wavelet coherence phase couplings (WPCs). Thus, WPCs could serve as
unique parameters to define their functional states. Disentanglement of WPCs
in oncogenic GTPases shows how breakdown of structural allostery leads to their
aberrant function. These observations stand out even for simulated ensemble of
switch region conformers. Overall, for the first time, we show that WPCs could
unravel the latent structural deviations in Ras proteins to decode their universal
switching mechanism.

INTRODUCTION

Proteins utilize reversible transformations, such as covalent modifications (example: phosphorylation) and
ligand-induced conformational changes, to exert signal transduction events. For instance, Ras superfamily
of GTPases act as biomolecular switches to regulate diverse biological functions such as cell migration,
proliferation, and fate. They achieve this switching mechanism by shuttling between GDP bound "OFF”
and GTP bound “ON" states (Figure 1A). Comparative analysis of different states of protein structures
has found to be a useful technique to gain functional insights. However, in a few cases, simple structure
comparison has proved to be inadequate to derive generalized inferences, as the observed differences be-
tween structures are either not quantifiable or they exhibit complex incomprehensible patterns. This is well
exemplified in the Ras superfamily of GTPases, which comprises of 5 families: Rho, Ras, Rab, Ran, and Arf
GTPase.'* All the members of this superfamily possess the conserved nucleotide binding G domain, which
harbors five conserved sequence motifs termed G1-G5 that stabilize the nucleotide-protein interactions.
Of these, the P loop, GxxxxGKT (G1), and the two switch regions (SWI and SWII), containing the xT/Sx (G2)
and DxxG (G3) motifs, interact with phosphates of the nucleotide to function as sensors for the presence of
the gamma-phosphate.'™ Structures of GDP- and GTP-bound proteins have shown that primarily the SWI
and SWIll regions of the protein undergo conformational changes to deploy the conserved “loaded-spring”
mechanism (see Figure S1). Thus, it was inferred that the functional states of Ras superfamily GTPases are
the consequence of the conformational changes in their SWI and SWII regions.*”

However, the quantum of conformational change in SWI and SWII regions, upon change in their bound nu-
cleotides, varies across different sub-families. For example, among GTPases considered here, Rho, Ras,
Rab, and Arf, the Rho family exhibits insignificant changes in the conformation of SWI and SWII regions,
whereas in the other three, itis little more dramatic (Figures 2A-2D and S2). Therefore, correlating the func-
tional states of GTPases from their SWI and SWII conformations is really challenging. Furthermore, this clas-
sical way of ascertaining their functional states would be inaccurate, as GTPases have been proposed to
exhibit intermediate conformational states such as “ON-like” state.®”'” Furthermore, the correlation of
functional states of GTPase with the structural changes in them becomes even more pertinent while deci-
phering the impact of oncogenic mutants on their functioning, as the crystal structures of mutants at po-
sitions 12, 13, or 61 (numbering as per Cdc42 sequence) do not show significant conformational deviation
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Figure 1. Schematic representation of GTPase switching and wavelet based methodology to study this switching in the current study

(A) Switching mechanism of the Ras superfamily GTPases. The switching between GTP-bound ON and the GDP-bound OFF state is regulated by guanine
nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs); GEFs catalyze the exchange of their bound GDP with GTP and GAPs promote
intrinsic GTP hydrolysis. The Rho GTPase subfamily, has an additional level of regulation involving guanine dissociation inhibitors (GDls), which sequester

GDP-bound Rho GTPases in the cytosol.
(B) Flowchart of the wavelet based methodology developed for analyzing the GTPases.

from their wild-type structures (Figures 3A, 3B, and 52) and some of the mutants, despite not falling in either
SWI or SWIl regions affect their functional states. Molecular dynamics (MD) simulations® 81012715
tistical coupling analysis of evolutionarily conserved residues have attempted to address these issues by
suggesting an allosteric model where the coupling of different structural regions dictate the dynamics
and hence the functioning of GTPases and aberrations in the coupling due to mutations would result in
their abnormal functioning. However, these techniques do not clearly bring out the unified modus operandi
of GTPases, manifested in terms of the structural allostery. In this paper, we have developed a unique
wavelet-based tool (Figure 1B) to address questions like how the unified “loaded-spring” mechanism man-
ifests across the Ras superfamily, despite exhibiting significant sequence and structural divergence? And
how do oncogenic mutations alter the loaded-spring mechanism?

and sta-

Continuous wavelet transformation (CWT) has emerged as a powerful tool for feature extraction purposes,
which can analyze localized and intermittent oscillations in the time series.'®"” Coherence analysis of
wavelet transform (WT) of two signals, known as wavelet coherence analysis (WCA), simultaneously pro-
vides information on the relative changes between the signals and occurrence of these changes in the
time domain, with reasonable resolution (see STAR Methods 2 and Figure S5). In the current study, we
have mapped the three-dimensional (3D) structures of proteins into one-dimensional(1D) signals and
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Figure 2. Superposition of GTP- and GDP-bound structures of GTPases (left), residue contact order (RCO) & wavelet coherence (WC) plots
(middle), and wavelet coherence phase (WCP) vector plots (right) of GTPase

(A) Cdc42 (PDB: 2QRZ and 1ANO) (B) KRas (PDB: 6GOD and 40BE) (C) Rab11 (PDB: 10IW and 101V) (D) Arfé (PDB: 2J5X and 1E0S). In all the structure
superimposition figures, GTP-bound structures are shown in olive, the GDP-bound structure is shown in gray, and SWI region is highlighted with a
black circle.

applied WCA to unravel the latent conformational changes that influence their functional states. Our results
show that indeed there is a unified switching mechanism in the Ras superfamily, which manifests as
coupling between wavelet coherence (WC) phase angles corresponding to the SWI and SWII regions.
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Figure 3. Structure superposition (left), RCO & WC plots (middle), and WCP vector plots (right) of Cdc42 and KRas G12V GDP-bound mutants with

their corresponding GTP-bound wild-type structures

(A) Cdc42 (PDB: 2QRZ and 1A4R) (B) KRas (PDB: 6GOD and 4TQ9). Scheme of color coding for structures is same as in Figure 1.

We tested the statistical significance of the observed correlation by populating the SWI and SWII con-
formers through MD simulation. These tests further support our observations obtained from the compar-
ison of just two (GTP and GDP) structures.

RESULTS AND DISCUSSION
Interpretation of wavelet transform of protein structures

To subject protein structures to WT analysis, we first transformed the 3D structure of the protein to a 1D
signal18 by plotting the residue contact order (RCO) (see STAR Methods 1). RCO essentially represents
change in the environment of a particular amino acid as a function of structural modulations and captures
both short-range and long-range interactions in protein structures. However, for extended protein struc-
tures such as collagen and large helical transmembrane proteins, RCO representation may appear to be
skewed. The choice of distance cut-off used in the RCO plot is critical in capturing the structural modula-
tions. For example, a 2.5 A cut-off would largely capture the short-range interactions, localized to the
neighboring amino acids. On the other hand, a higher 10 A cut-off would largely mask the local modula-
tions. In this study, we found that 3.5 A cut-off for calculating RCO to be appropriate to map the 3D struc-
ture (see Figure S3). This cut-off was found to work well with other globular proteins like Lysozyme and Hea-
moglobin (see Figures S3B and S3C). Next, we obtained the Fourier transform (FT) of the RCO (henceforth
referred to as RCO-FT) as a first step to interpret the frequency content of structural modulations present in
RCO (see Figure S3). For example, if 4™ residue in the structure of interest has two interactions with 10"
residue, and 12" residue has 4 interactions with 24" then the RCO for both the residues would be equal
to 3 (Equation 1). On the contrary, there could exist other type of modulation such as 32" residue interact-
ing with the 36" residue and having 10 contacts. The RCO for this residue (32" would be 0.2. Thus, for this
structure the FT of RCO would show two peaks, corresponding to 0.2 and 3, however, the positional (res-
idue) information, i.e., where the modulation is happening is lost. Interestingly, from RCO-FT analysis of
globular proteins we noticed that the meaningful signal in the Fourier space exists only up to 10 frequency
units (see Figure S3). Furthermore, RCO-FT analysis provides hints on the optimal distance cut-off for calcu-
lating the RCO (see Figure S3). The frequency information gets quenched for lower (2.5 A) as well as for very
high (10 A) distance cut-off values (see Figure S3).
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In contrast with FT analysis, WT captures both modulation (frequency) and location (time) information
simultaneously with reasonable resolution. Therefore, WT of RCO should provide deconvoluted modula-
tions at every residue in terms of scales reflecting different types of interactions (both long-range and short-
range) (see Figure S4). Thus, the co-relation between WT of two structures, known as WCA, would provide
amount of relative change in the modulations at every amino acid and also the direction of propagation of
the changes. Here the quantum of change is represented by the magnitude of correlation (Equation 6) and
the direction of change is represented by the WC Phase (Equation 7).

Morlet wavelet captures the variations in the backbone conformation of the protein

Toward WC analysis of GTP- and GDP-bound structures, as a first step, we obtained continuous WT of in-
dividual structures from their respective RCO plots. Details of the features that could be captured by the
CWT depend on factors like the choice of the mother wavelet and scales chosen for the transformation
(see Figures S5 and Sé). Here, we choose the Morlet wavelet (with wo = 6) and default scales (see Figure S5)
used in the Python module of CWT (https://pypi.org/project/pycwt/), to obtain the CWT of the protein 1D
signal. Hence, it was essential to check whether the chosen CWT parameters are good enough to extract
the structural features of proteins. To achieve this, we sorted all known GTP- and GDP-bound Rac and
Cdc42 structures (see Table S1), using unsupervised Kmeans clustering, from their CWT plots (STAR
Methods 4). The outcome of this exercise would validate whether the CWTs used here are suitable enough
to capture the conformational state of the GTPases. Our analysis shows that the chosen CWT parameters
are optimal in capturing the conformational states of GTPases, as Kmeans clustering sorted the GTP- and
GDP-bound structures with more than 80% efficiency (see Table S2).

Cross wavelet phase relationships show unique structural coupling between SWI and SWII
regions of small GTPases

Next, we asked whether cross correlation between the wavelet transformations (WC analysis) of GTP- and
GDP-bound Ras GTPases provid tangible parameters to correlate the structure and functional states of
GTPases. Since for Cdc42, KRas, Rab11, and Arf6 GTPases, complete (without breaks in the chains)
GDP- and GTP-bound structures were available, they were chosen for the current analysis (Figure 2).
Like the structure superpositions, even the overlay of RCO plots by themselves do not show significant
changes in the SWI, SWII, and P loop regions (Figure 2). On the contrary WCA of RCOs unravel the latent
differential features of the structures. The y axis of the WC plots corresponds to an arbitrary unit of period,
which in the current context is a determinant of the range over which a particular residue has “influence”
and the x axis represents the residue numbers. The color gradient of the plot is a measure of the strength
of structural correlations between the GTP- and GDP-bound states, which is in the range of —1 (100%
inversely correlated) to +1 (100% correlated). The arrows (shown in black) in the plot indicate the phase an-
gles, measured in counter-clockwise direction. The arrows pointing right and left correspond to a zero
angle (in phase) and 180°(out-of-phase), respectively. Similarly, upward and downward pointing arrows
correspond to part of the signal with 90° and 270° phase relationship, respectively.

The WC plots show changes in P loop, SWI, and SWIl regions and these changes appear to be propagating
from N- to C-terminal regions (Figures 2A-2D [middle]). The quantum of change in these regions, as indi-
cated by the WC-power (color of the region), appears to be the same, which hints at the structural coupling
between these regions. Another common feature in all of these plots is deviations at the C-terminus. Even
though we have excluded about 5 residues at the N- and C-terminus of the structures, as they are floppy
and disordered in many crystal structures, we see significantly correlated conformational differences at
extreme regions. From these plots, quantifying absolute structural correlations of the individual regions
in terms of WC power (color gradient) appears to be challenging, as they are heterogeneous across the
GTPases considered here. However, given the definition of the signal as a 1D map of protein structure,
the physical interpretation of arrows in the present context is the propagation of relative conformational
change.

Next, we asked whether WC analysis delineates the convergent switching mechanism, as there are no
conserved conformational signatures between different GTPase families. To address this, we looked at
the collective propagation of phase vectors corresponding to the P loop, SWI, and SWIl regions to explore
the signatures of conserved structural couplings that result in an orchestrated motion of these functional
regions upon a change in the bound nucleotide (Figure 2). For this, we calculated the resultant of the cor-
relation-weighted phase vectors belonging to these regions (Equation 8), as the magnitude coherence
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Table 1. Conformational deviations between the two different states of GTPases in terms of angles made by the
resultant phase vectors corresponding to P loop, SWI, and SWII regions with y axis

Structures used for the comparison P loop SWI swil
Cdc42 ™ (GTP) — Cdc42 ™ (GDP) 10.16 7.49* 6.76*
KRas"! (GTP) — KRas"* (GDP) 27.69 7.43* 6.05*
Rab11 " (GTP) - Rab11 “ (GDP) 1.45 8.54* 6.37*
Arf6™ (GTP) - Arf6"t (GDP) 17.13 7.41% 9.79*
Cdc42 ™ (GTP) — Cdc425' (GDP) 13.34 14.239 6.269
KRas"t (GTP) — KRas®'?¥ (GDP) 12.70 8.969 10.399
Cdca2mePhed (GTP) — Cdc42 ™ (GDP) 13.14 21.29% 11.19%
Cdc42 ** (GDP) — Cdc425'? (GDP) 7.68 22.79 11.53
KRas™ (GDP) — KRas®'?" (GDP) 0.80 1.73 3.45

The GTPases that show similar trend in their SWI and SWII phase angles are highlighted with *, the divergent Arf6 is high-
lighted with +. G12V mutants are highlighted with § and the phase angles for the morphed Cdc42 (GTP) is highlighted
with §.

provides the strength of change between the structures and the phase vector provides the direction of
change. Since from Fourier space, we can see that the meaningful structural modulations exist only up
to 10 units of frequency (see Figure S3), the phase vectors corresponding to the frequency levels greater
than 10 were omitted for the calculations. Thus the resultant vector for a particular region (set of amino
acids) provides a measure of net conformational change and the direction indicates the cumulative corre-
lated change of that region. From the definition of phase vectors, the net conformational propagation, in
terms of the angle between the vector corresponding to a particular region and the y axis would be zero if
there is absolutely no coordinated conformational change between the GDP- and GTP-bound states and a
finite value of this angle serves as an index to compare the conformational changes across the GTPases.

Interestingly, phase vector plots (Figure 2) show that there is a well-defined phase relationship between
SWI and SWII regions (Table 1, highlighted with *), irrespective of the conformational changes seen in
the crystal structures (Figures 2 and S2). For almost all the structures considered here, the angles between
the Y axis and the resultant phase vector corresponding to SWI and SWII regions lie in the range of 7°-8°
and 6°-7°, respectively. However, the SWII phase vector of Arfé (Table 1, highlighted with +) deviates from
this trend. Perhaps, this could be due to the role of additional regions in the Arf switching mechanism.'”
Further, to test whether the observed phase vector relationship is a consequence of the switching mech-
anism or it is an artifact of the methodology, we randomly morphed the SWI region in Cdc42°P? structure
and plotted the WC phase vector plot between the wild-type GTP-bound and the GDP-bound morphed
structures (Figure S7B). We clearly see that, in this instance, the conserved phase vector relationship is
completely abolished, as the conformational changes introduced are random (Table 1, highlighted
with §). Thus, the phase vector plots unambiguously bring out the conserved switching mechanism, which
is not apparent in otherwise conformationally divergent Ras superfamily GTPases.

Oncogenic mutations in the P loop disrupt the structural coupling between the functional
regions of the GTPases

Although it is well known that oncogenic point mutations at the 12", 13t (P loop), and 61 (SWII), (residue
numbering is with respect to the KRas structure) of the GTPases””" abrogate their GTP hydrolyzing capac-
ity, the exact role of the mutants in disrupting the GTP hydrolysis is not clear. Several studies, employing
X-ray crystallography®”?® and Nuclear magnetic resonance (NMR)®">** have shown that there are no sig-
nificant structural differences between the wild-type and mutant proteins, including their P loop and switch
regions (RMSD between the mutant and wild-type structures is in the range 0.5-0.7 A). Thus, in the absence
of major structural rearrangements (Figures 3 and S2), just from structural analysis, it is difficult to explain
how subtle changes at the nucleotide binding pocket alter the intrinsic hydrolyzing capacity of the
GTPases. We probed this problem using WCA. The conserved phase coupling between SWIand SWII, pre-
sent in wild-type proteins, gets completely disrupted in the G12V mutant structure (Figures 3A and 3B, Ta-
ble 1 values highlighted with ¥, Figures S9A and S9B). However, the extent of disruption varies between
Cdc42 and KRas. Here we are tempted to hypothesize that the disentanglement between the P loop

6 iScience 26, 107031, July 21, 2023
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Figure 4. RMSD of MD trajectories of Cdc42 and KRas and bivariate distribution of SWI and SWIl Wavelet
coherence phase (WCP) angles

RMSD plots from MD simulations, corresponding to the GTP-bound structures are shown in left. Bivariate distribution of
SWI and SWII WC phase angles obtained from the MD simulation trajectories sampled at every 50ps with the static GTP-
or GDP-bound forms of the respective GTPase are shown in right.

(A) Cdc42 (B) GDP-bound G12V mutants of Cdc42. PDB codes for the structures are same as given in Figures 1 and 2.

and SWII regions, as observed in terms of WC phase coupling, could result in alterations in the solvent
configuration of catalytically important residue Q61 (present in the SWII region), which could in turn affect
the GTP hydrolysis.

MD simulations validate the WC phase coupling analysis

If we focus on experimentally resolved data, involving the comparison of just two end-point structures, it
may introduce bias in our observations due to the limited sampling of the conformational space. Hence,
we generated multiple conformers of one of the structures (either GTP- or GDP-bound) and analyzed
the distribution of WC phase vectors between the static structure and conformers generated for the other
structure. The idea here is not to expect highly correlated distribution of phase couplings but to examine
the ability of WCA to detect the coupling in the large conformational samples as, however small may be, a
fraction of MD trajectories would contain conformer that resembles their native (initial) states. Therefore,
we tested the correlation between the wavelet phase vectors, corresponding to the SWI and SWIl regions,
for different conformers of both wild-type and mutant structures of KRas and Cdc42, generated through
100ns MD simulations. The trajectories were sampled at every 200 ps to obtain 500 different conformers
for which phase vectors were calculated using the WCA tool (see Figure S7). This exercise (Figure 4) clearly
shows that even for a larger conformational space, the phase angles corresponding to SWI and SWII
regions follow the trend observed with just two structures. The phase coupling pattern could be discerned
even from a dynamically larger sample size, obtained from 1pus simulation of KRas®™" structure (see Fig-
ure S9C). For Cdc42, we also performed reverse analysis by keeping GTP-bound structure static and gener-
ating conformers for the GDP-bound structure using MD simulation. Even this exercise showed similar WC
phase coupling between SWI and SWII regions (see Figure S9D). However, for mutants (Table 2;
Figures S9A and S9B), the joint distribution appears to be getting broadened. The Pearson-R correlation
values for the joint (bivariate) distribution of SWI and SWII WCA resultant phases angles for the wild-type
proteins lie in the range of 0.4-0.8 [0.10 to 0.20 for mutants] (with p values in the range 0.05-0.9), suggesting
amodest linear correlation between the distributions with poor statistical significance (Table 2). However, it
is worth noting that these Pearson-R values must be taken with caution, as the exact nature of the correla-
tion (linear or non-linear) between the distributions is not clear. Recently, “distance correlation” (DCORR)
and “multiscale graph correlation” (MGC) have emerged as potential statistical tests to unravel the nature
(geometry) of the relationship underlying multi-dimensional and/or nonlinear data.”>?’ Therefore, we
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Table 2. p-Values from different correlation tests performed on the wavelet phase angles distributions
corresponding to SWI and SWII regions

Structures used in MD Counterpart Structure Pearson Distance

Simulations used for WCA (Correlation) Correlation MGC
Cdc42 ™ (GTP) Cdc42 ** (GDP) 0.026(0.38) 0.0001 0.009
Cdc42 "t (GDP) Cdc42 "t (GTP) 0.432(0.44) 0.0051 0.004
KRas"* (GTP) KRas"* (GDP) 0.212(0.61) 0.0028 0.020
KRas™* (GTP) with 1us Simmulation KRas"* (GDP) 0.05(0.78) 0.0091 0.009
Cdc42%'? (GDP) Cdc42 " (GTP) 0.13(0.11) 0.2130 0.721

KRas®'2Y (GDP) KRas"* (GTP) 0.889(0.18) 0.8840 0.851

For Pearson, correlation values are shown in the parenthesis.

performed the MGC test (Table 2; Figures S9C and S9D) on our dataset to further validate the correlations
between phase angles. For the wild-type protein, the MGC p value lies in the range of 0.004-0.009, with an
exception for KRas short (100 ns) MD simulation data. On the contrary, mutant MD data indicate poor cor-
relation between the SWI and SWII phase angle distribution with MGC p values in the range of 0.8 to 0.7
(Table 2). These statistical tests suggest that, indeed the distributions of WCA phase angles have a mean-
ingful correlation for the wild-type proteins, which breaks down in the mutants that show aberrations in
their switching action. This observation merits further investigations involving other GTPases.

Conclusions

It is evident that the function of proteins manifests in their sequence, structure and dynamics. However, in
some cases, such as for Ras superfamily GTPases, simple structure and sequence comparison would be
inadequate to decipher their functional states. Hence, novel computational approaches need to be devel-
oped to address this type of problem. Here we report one such approach involving WC analysis to dissect
the functional states of Ras superfamily GTPases. These observations even stand out among a larger sam-
ple of conformers.

The methodology developed here is powerful enough to bring out the subtle dynamical aspects of pro-
teins and it is computationally inexpensive. Thus, the study presented here could be a stepping-stone in
delineating more complex dynamical aspects of protein structures and can be extended to other classes
of proteins, such as kinases, which exhibit conformational changes upon ligand binding.

Limitations of the study

This study offers a unique strategy for exploring the operational states of proteins, but its applicability is
restricted by the need for multiple structures of the same protein, captured in different functional states.
Furthermore, this technique cannot eliminate bias in the analysis arising due to the conformational differ-
ences between the structures, introduced by the experimental artifacts. These aspects potentially limit the
generalizability of the technique.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Wave Protein This paper https://github.com/drkakulkarni/WaveProtein
DOCRR & MGC hyppo https://hyppo.neurodata.io/contributing.html
Molecular dynamics simulations Shivakumar et al.”® Bowers et al.”” Schroédinger Software & Desmond v3.6
PyCWT Python Package Index https://pypi.org/project/pycwt/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to lead contact, Dr. Kiran Kulkarni (ka.
kulkarni@ncl.res.in).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e All original code has been deposited on GitHub (GitHub: https://github.com/drkakulkarni/
WaveProtein).

® The software and algorithms used in this study is described in the above section and the key resources
table in details.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS
Conversion of 3D protein structures to 1D signal

Mathematically, a signal is nothing but changes in space or time, in some cases both. For example, an elec-
trocardiogram (ECG) is a representation of a signal, which shows the electrical impulse passing through the
heart as a function of time. Determination of fluctuations, such as discontinuities and breakdown points, in
the signal will be of prime importance in delineating the information carried by the signal. Mathematical
tools like Fourier or Wavelet transform (WT) aid in dissecting the meaningful information from the signals,
which are otherwise not easily detectable. For instance WT has proved to be a powerful tool in accurate
detection of QRS complex, T and P segments of ECG.*"*" These parameters determine how long the elec-
trical wave takes to pass through the heart and pace of the wave to travel from one part of the heart to the
other. This type of analysis provides information on the patho-physiology of the heart. Fourier Transform of
any signal would give the frequency component present in it. Cardiac arrhythmias clearly reflect in the fre-
quency based features of the ECG and have thus acted as a potential analytical tool for ECG. However, one
of the major limitations of Fourier Transform is that the time resolution is lost in the frequency representa-
tion of the signal (see Figure S2). In simpler words, from simple Fourier Transform, it is difficult to know at
what time point in the signal did the frequency change. Short term Fourier Transform (STFT) provides some
recourse to this problem but suffers from major drawbacks.*” The supplementary section elaborates further
on this discussion.

The advantages of WT are that it may decompose a signal directly according to the frequency domains,
which would be then represented in the time domain (see Figure S3). Thus, both time and frequency infor-
mation of the signal is retained. In simpler words, from WT one can know with reasonable resolution “when
and how much” fluctuation occurred in the signal. Here, we have used WT techniques to determine both
the quantum and the location of conformational changes in proteins, occurring due to change in their func-
tional states. Proteins are the linear polymers of amino acids with distinct three-dimensional structures,
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which define their function. Thus, three-dimensional structures of proteins can be looked as spatial changes
of amino acids along the length of the ploy-peptide chain. For many class of proteins their functional states,
like substrate/ligand bound-unbound & active-inactive states, could again be viewed as motions intro-
duced in their polypeptide chains. To apply WT techniques on proteins we first transformed the three
dimensional (3D) structure of the protein to a one dimensional signal'® (1D)'® by plotting the Residue Con-
tact Order (RCO) for each of the residue against their respective positions. Mathematically, RCO of the it"

residue is defined as®***

1T, . .
RCO; = = Z\l — j|6 (Equation 1)

where n is the number of contacts between residue i and the others (j) belonging the polypeptide chain of
length L, which lie within 3.5 A of the it residue. Previous reports have defined RCO by excluding the con-
tacts between the immediate neighbours of the residues.”*** However, to generate a continuum model we
have included the immediate neighbouring residues, as well, for the calculations. RCO captures the spatial
separation between the residues, which may not have covalent interactions, hence, encodes long range
interactions present in the protein structure.®*?*

Fundamentals of wavelet transform

Dissecting signals into smaller or sub-signals to extract features of interest is at the heart of signal process-
ing. Mathematically, the objective is to decompose the signal and express it as a linear combination of
other signals. These other signals are functions (eg. Sine, Cosine, Gaussian) that are often shifted and

dilated.

i.e., if X(t) is the signal and y(t) is the other function then in terms of transformation the signal can be ex-
pressed as,

X(t) = > Catha(t) (Equation 2)

To putitsimply, if a pianist simultaneously presses multiple keys of the piano to produce a particular sound,
then, using signal processing, this signal can be decomposed in terms of sound produced by each of the
keys pressed.

The numbers of functions depend on the type of signal and the functions used to decompose it. These
functions are also known as bases functions and are generally orthonormal in nature. In Fourier Transform,
these bases functions are sinusoidal in nature. Thus, Fourier Transform of any function provides information
on the frequency content of the signal. However, the localization information of the frequency in the time
domain gets diminished.

For example, in Figure S4, there are two waves (A, P) shown in the top panel. The first wave (see Figure S4A)
has lower frequency content at the beginning 2 seconds and subsequently attains higher frequency con-
tent. On the contrary, the second wave (see Figure S4P) is the opposite of first wave. However, the Fourier
Transform of both waves (Figures S2B and S2Q) is identical, as this method provides the frequency content
present in the wave notwithstanding the occurrence of these frequencies in the time domain.

To obtain the localized frequency content, a Fourier Transform combined with a window w(t — 7) that
moves over the signal is necessary. This type of Fourier Transform is termed as Short Time Fourier Trans-
form (STFT). The primary limitation of STFT is that the resolution is bounded with the chosen window size. In
simpler words, a smaller window would give better time resolution but compromise the frequency resolu-
tion and vice-versa. This problem is circumvented to a great extent in Wavelet Transform (WT).

In WT, the window is combined with the analyzing function and thus the information to be obtained de-
pends on the analyzing function. This function is also known as the mother wavelet and it is not only trans-
lated along the signal but can also be dilated (Figure S5). The dilation of the mother wavelet (analyzing
function) is known as scaling (s). The mother wavelets can be of different functions and in our current study
we have used Morlet wave (Equation 3) as the mother wavelet with scale=1.
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iScience



iScience

Wavelet transformation

As explained earlier, the wavelet transform decomposes a signal as a combination of a set of basis func-
tions, obtained by means of dilation (s) and translation (1) of a proto type wave yq, called as mother
wavelet. As a characteristic, it has sliding windows that expand or compress to capture low- and high-fre-
quency signals, respectively.'® CWT of a signal X(t) is defined as

W,(s, ) EX(t)\V (7“ — T)ét) (Equation 3)
t\S,7) =
2 0 S 9
Where ¥} indicates complex conjugate of ;. s represents the scale, by varying which the wavelet can be
dilated or contracted. By translating along localized time position one can calculate the wavelet coeffi-
cients W;(s,7), which describe the contribution of the scales s to the time series X(t) at different time posi-
" 35

tions t.

The mother wavelet, which forms the orthonormal basis for the transformation, could be of different forms.
For the current study, we have use Morlet mother wavelet, which is defined as
1 iwot =2 H

Yo = maeNe (Equation 4)
Here wg is the wavenumber, which gives the number of oscillations within the wavelet. Wavelet coefficients
are normalized to unit variance in order to allow direct comparisons of the wavelet coefficients. The local
wavelet power, which describes how the special range of interaction of the residues in the structure varies
along the residue positions, can be computed from wavelet coefficients as

Puisr = 2°|Wi(s, 7)\2 (Equation 5)

If the signal has finite length, as in the present case, wavelet transformation of it introduces zero padding
effects. These are the artefacts present in the transformation that get more pronounced at the ends of the
signal. Hence the wavelet power spectrum at the edges, in the region known as cone of influence (COI) (Fig-
ure Sé), is omitted for the analysis.35

The COl is demarcated in Figures 2 and 3 (middle figures) and Sé. Other than mother wavelet, choice of
scale (s) and wave number (wp) also influences the feature detected by WT. Therefore, we obtained WT
of RCOs with different s and wp and found that s=1 and wg = 6 is optimal for current analysis (Figure S7).

Unsupervised clustering of GTPase structures

Python implementation of KRas image clustering was employed to cluster the wavelet transforms of the
GTPase structures.’® For this purpose, only main chain atoms of the proteins were used to calculate the
RCOs and subsequent CWTs, as this would be sufficient to delineate the backbone conformation and at
the same time mask the deviations in the structures due to mutations present in them. The COIl of Wavelet
transformation spectrums of the structures were masked to avoid influence of the artefacts in sorting.

Wavelet coherence analysis

Wavelet coherence analysis provides insights on the variations between two signals. As mentioned earlier,
wavelets are useful in delineating the “when and how much” of the variations between signals with rea-
sonable resolution. The strength of the covariation between two signals (here conformational changes
between two structures of a given protein in different states), represented as, x(t) and y(t) signals, can be
quantified from the Wavelet coherence (WC) analysis. WC can be obtained from their cross wavelet trans-
form (w,,), defined as

Wiy (5,7) = wi(s, T)w; (s, 7) (Equation 6)

Where w, is the CWT of the first structure [x(t)] and w;‘ is the complex conjugate of CWT of the second struc-

ture [y(t)]. The power of the cross-spectrum is modulus of the CWT, |wyy (s, 7)|. The statistical significance
of wavelet coherence is obtained by using Monte Carlo randomization techniques.”” The direction of
the covariation between the signals can be obtained from the wavelet coherence phase (WCP),
which can be calculated from the real, R(wyy (s,7)), and the imaginary, I(wyy (s,7)),parts of the cross wavelet
transform as
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M} (Equation 7)

(ny(S,T) = tan‘1 |:R(ny(s T))

In the present situation, WCP provides propagation of the conformational variation for each of the residues
as a function of their position in space. To quantify the net phase for a particular region a coherence
weighted vector sum of all the phases, corresponding to the residues in that region, was obtained as

Ne A
Py = Z Wie @ ny (Equation 8)

n=1
where 7....Nare the residues from the region Aand wj,c = wi(s,7)w;, (s,7), strength of the coherence at the
n' residue.
The algorithm is represented as a flowchart in Figure 1B and it is realized as a C program and a Python
script. Both can be accessed on our GitHub page: https://github.com/drkakulkarni/WaveProtein.

To perform DOCRR and MGC test we used the Hyppo software package (https://hyppo.neurodata.io/
contributing.html).

MD simulation methods

Molecular dynamics (MD) simulations were carried out using Desmond v3.6,°*?” implemented in Schro-
dinger-maestro 2020 (Schrédinger Release, 2019). Simulation system was prepared by placing the GTPase
in an orthogonal box with 10.0A buffered distance in all the directions, after assigning bonds. The hydrogen
atoms were added to the protein keeping pH 7.0 of the model. The system was solvated with TIP3P*® sol-
vent atoms and neutralized by the addition of Na+/Cl- ions. Subsequently, the system was subjected to
energy minimization followed by 2000 steps of conjugate gradient algorithm with 120.0 kcal/mol/A conver-
gence threshold energy under NPT ensemble. Finally, simulation of the system was performed for 100 ns.
Trajectory recorded in each 200 ps. For KRas GTP, a longer simulation of 1 ps was performed and the tra-
jectories were sampled at every 1ns. All the simulations, except the 1 pus KRas simulation, were performed in
triplicates.
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