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Abstract

The process of alternative splicing (AS) is known to account for a major source of human
proteome diversity. Among various known types of AS events, Mutually eXclusive Exon
(MXE) splicing results in isoforms having one (or more) out of two (or more) exons
mutually eliminated in a coordinated manner. MXE events are known to generate highly
diverse function protein variants from the same gene. These splicing events can lead to

proteins with similar length and scaffold but highly specific functions.

It has been of great interest to understand how change(s) in region(s) of a protein can
significantly alter the function of protein. In order to gain insights into structural changes
in isoforms generated from MXEs events, we considered human Pyruvate Kinase M
(PKM) as a model system because tertiary structures are known for both isoforms (PKM1
and PKM2). It is known that PKM1 is a constitute enzyme and PKM2 shows allostery on
binding various effectors. In the present study, we have systematically analyzed the origin
of allosteric behavior in monomeric structures by extensive analyses of structural features
of both PKM1 and PKM2. Our analyses showed that differences in the inherent dynamics
of loop, which is a region encoded by the mutually exclusive exons, in PKM1 and PKM?2
could affect oligomerization as well as affect allosteric transitions. The analyses of
allosteric paths suggest that FBP-mediated allostery is greatly enhanced in PKM2

whereas in PKM1 the path has low significance.



Chapter I

Introduction



1. Introduction

Eukaryotic pre-mRNA undergoes a process called splicing wherein the intronic regions
are removed to combine together the exons, thus forming a continuous mature mRNA
transcript, which is then translated to a protein. Splicing of pre-mRNA occurs when a set
of proteins and ribonucleoproteins specifically recognize the splice site sequence at the
exon-intron boundaries. Alternative splicing on the other hand, occurs when two or more
such splice sites compete, resulting in different splice variants (proteins) from the same
gene. (Srebrow & Kornblihtt, 2006) It therefore accounts for protein diversity in
eukaryotes by allowing a single gene to generate multiple mRNA transcripts which can be
translated into distinct proteins. Alternative splicing can be of different types depending

on how the set of exonic sequences are combined together into a mature transcript

[Figure 1].
Alternative 3'SS selection Exon skipping
(b) (e)
Alternative 5SS selection Mutually exclusive splicing
(c) ®
Intron retention Pai’rwise mutually echL;;ive splicing

Figure 1: Types of Alternative Splicing (adapted from Jin et al., 2017)

Mutually exclusive exon (MXE) splicing is a specific type of splicing wherein only one
from amongst the set of tandemly arranged exons is included or spliced in the mature
transcript. (Jin et al., 2018). The term “mutually exclusive” implies that two (or more)
exons do not co-occur in any of the transcripts. A recent high throughput study predicted
that the human genome contains 1399 high confidence MXEs of which 1116 were found

to belong to a cluster of two exons. (Hatje et al., 2017). In addition to their arrangement



in tandem, they are also found to exhibit a high sequence similarity, suggesting that they
have resulted from an exon duplication event. (Kondrashov & Koonin, 2001). Despite
sharing a high sequence similarity, they are usually functionally non-redundant, their
inclusion in the transcript being highly regulated. (Hatje et al., 2017) Deregulation of
MXEs have been implicated in diseases like Timothy syndrome (mutation in CACNAI1C
gene) (Splawski et al., 2004), cardiomyopathy (defect in SLC25A3) (Mayr et al, 2011)
and cancer (mutations in pyruvate kinase PKM) (Chen et al., 2019 & David et al., 2010).
Exon duplication coupled with MXE splicing presents an interesting strategy for
generating molecular and functional diversity, and hence we wanted to understand how
these changes are manifested at the level of protein structure of the resulting isoforms.
However, studying the implications of such MXE splicing on the protein structure is
limited by the fact that not all splice variants are translated to functional proteins.
Although various groups have studied the functional implications of alternative splicing
based on computational predictions (Menon et al., 2011, Li et al., 2016 & Mishra et al.,
2020), another problem is finding such an MXE spliced isoform pair for which the
structures of both the isoforms have been experimentally determined. We wanted to study
the cases wherein MXE splicing led to a functional switch in the isoforms while retaining
the length of the isoforms.

We made use of our in-house database, NextRAPdb to find examples of such
isoform pairs from the human proteome. This is when we came across the isoforms of
Pyruvate Kinase M (PKM, muscle isoform), a metabolic enzyme catalyzing the last step
of glycolysis, thereby committing the cell to undergo oxidative phosphorylation. It
catalyzes the transfer of a phosphate from phosphoenolpyruvate (PEP) to ADP generating
pyruvate and ATP, in an irreversible reaction. Pyruvate kinase also regulates the supply of
phospho metabolites, and its down regulation leads to accumulation of the phospho
metabolite pool preceding the final glycolytic reaction to be channelized into biosynthetic
processes. As a result, the regulation of pyruvate kinase becomes important in controlling
tumor growth. (Dombrauckas et al., 2005). MXE splicing of the human pkm gene gives
rise to the non-allosteric M1 isoform (PKM1) encompassing exon 9 and the allosteric M2
isoform (PKM2) comprising exon 10, both of the exact same length of 531 amino acids,

differing from each other only at 22 residue positions (~96% sequence identity) in the



alternate exon region. Pyruvate kinase monomer is composed of four domains namely, the
N-terminal domain, A domain, a mobile B domain and the effector binding C domain
[Figure 2]. It is known to catalyse the reaction only upon forming a functional tetramer of
D2 symmetry with the A domains of adjacent monomers forming one interface (A-A’)
and the C domains forming the other interface (C-C’) [Figure 2]. The reaction substrates,

Phosphoenolpyruvate and ADP bind in a cleft formed between the A and the B domains.

Domain Architecture

C - domain

~~ Substrate

C - domain

Figure 2: Human Pyruvate Kinase M Domain Architecture and Tetramer Symmetry

The non-allosteric PKM1 is found to always exist as a tetramer and is the constitutive
isoform in heart, muscles and brain. On the contrary, PKM?2 is the fetal isoform and is
found to be in mixed populations of monomer, dimer and tetramer, and is allosterically
regulated by Fructose-1,6-bisphosphate (FBP), amino acids (Yuan et al., 2018), SAICAR
(Yan et al., 2016) and T3. (Morgan et al.,, 2013) FBP is a strong allosteric regulator of
PKM2 (exhibits K-type allostery) and reduces the Km value of PEP binding to its

binding site 40 A away in addition to aiding the formation of a functional tetramer.

Regulation of PKM2 by FBP is crucial for maintaining metabolic homeostasis.
Recent studies have shown that dimeric and monomeric PKM?2 can be translocated to the

nucleus and undergo HIFa-mediated transactivation and enhance cell proliferation. (Chen



et al, 2019) Studies have also shown the up-regulation of the M2 isoform in many
cancers and its role in cancer metabolism. (Christofk et al., 2008). Both PKM1 and PKM2
catalyze the same reaction but differ in their mode of regulation. In the present work, we
investigate tertiary structures of PKM to understand how structural dynamics
accompanying MXE leads to drastic shift in protein function from non-allosteric to
allosteric (or vice-versa).

Allostery refers to the communication that occurs between spatially separated,
non-overlapping sites upon binding of an effector to a site distinct from the catalytic site,
thereby regulating a protein’s function. It was in 1904, when Bohr, Hasselbalch & Krogh
first reported their observation of such a phenomenon wherein CO; influenced the binding
of Oz to hemoglobin. This further led to the proposition of the two classic models of
allostery, the MWC model by Monod, Wyman & Changeux, 1965 and the KNF model by
Koshland, Nemethy & Filmer, 1966, which suggested conformational change to be a
signature of allosteric transition. The understanding of the concept of allostery underwent
a paradigm shift when Cooper & Dryden 1984, proposed their model of allostery without
a conformational change, and that it could also be an outcome of changes in thermal
fluctuations in the protein upon effector binding. This new perspective of “dynamic
allostery” served as a stepping stone (foundation) for new concepts and theories
(Nussinov et al, 1999 & Ranganathan et al., 2003) in the quest for unravelling the
mechanistic details of the second secret of life. (Fenton et al., 2008) The current view of
allostery proposed by Nussinov et al., 2004 suggests that all dynamic proteins can have
the potential to be allosteric by redistribution of the underlying conformational ensemble
in presence of ligands or mutations, which can enable such a shift. Although FBP and
amino acid mediated allostery is quite well studied in case of PKM2 and the R and T
transitions of the tetramer have been explained by the seesaw model (Wang et al., 2014)
and the dock-rock-lock model (Morgan et al., 2013); the structural basis of allostery in an

individual monomer is not well understood.



In this study, we have employed several computational approaches to address two
key questions; firstly, what structural changes occur as a result of MXE splicing, at the
level of monomer/tetramer in PKM1 and PKM2; and, distinguishing structural feature to
understand allostery exhibit within a monomer. This will provide insights into structural

changes accompanying sequence variation responsible for functional shift in PKM.
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2. Methodology

As a broad question, we wanted to study the role of structural dynamics in the function of
nearly identical length splice variants (isoforms) of human proteins. To construct a
starting dataset to work with, we filtered out protein isoform pairs from our in-house
database, NextRAPdb. Isoform pairs were chosen based on the criteria that the two
isoforms should have been spliced from the same gene and their protein length shouldn’t
vary more than £ 5 amino acid residues. Next, we looked for known functional
implications with respect to dysfunction, disorder, and disease, as a result of such
alternative splicing giving rise to the respective isoforms. From amongst the filtered
examples, the isoforms of the metabolic enzyme Pyruvate Kinase M (PKM) presented a
really interesting case. PKM isoforms M1 and M2 are a result of a mutually exclusive
splicing event of the human pkm gene such that the transcript of the former includes exon
9 while that of the latter includes exon 10. Apart from differing by the mutually exclusive
exons, the two isoforms are of the exact same lengths and share a very high sequence
identity of 96 %. We found that the structures of both the PKM1 and PKM2 isoforms had
been determined at a good resolution (2.85 A and 2.90 A respectively) in the PDB. We
examine the role exon 9 and exon 10 in altering the functional regulation of PKM1 and
PKM2 respectively.

A systematic approach for computational structural analyses of PKM1 and PKM2
was employed to understand the role of structural dynamics in altered functional

regulation, as described in the following flow diagram. [Figure 3]



Role of Exon 9/10 in functional
shift in Human PKM1/M2

Overall Structural changes
RMSD calculations

Structural changes relevant to
allostery in PKM2

(Chimera)

Interfacial Energies per Global Network Principal Component
Angstrom sq. parameters Analysis (Bio3D)
(FoldX and Naccess) (RING 2.0 and
NetworkX)

Anisotropic Network Model
(ProDy & VMD NMWiz)

Allosteric Paths
(OHM)

Figure 3: Flowchart of Methodology

2.1 RMSD Calculation

To calculate conformation change in proteins, we used Root Mean Square Deviation
(RMSD) after optimal superposition of two structures. A basic structural comparison of
representative PDBs of PKM1 and PKM2 was performed by superimposition of C-alpha
atoms and RMSD was calculated using Chimera (Pettersen et al., 2004), which is the
known standard method for structural comparison. The calculation of the RMSD involves
two main steps: (i) alignment and (ii) optimal superposition. It aligns two proteins by
establishing a one-to one correspondence between equivalent atoms by superimposing the
two structures. This optimal superimposition is achieved by rotating and translating one
structure with reference to the other so as to minimize the weighted sum of squares of

distances between equivalent atoms. (Coutsias et al., 2019)

RMSD =

The global RMSD was calculated by superimposition of full length, comparable
structures (w.r.t. bound-state) of PKM1 (3SRF) and PKM2 (3SRD). In order to compute
local RMSD we superimposed only this region of interest for calculation of RMSD. For
computing the orientation of loop, we extended this loop by +5 residues, considering as a

stem region and superposed this whole region.



2.2 Calculation of Interfacial Energy and Area

PKM is functional in its tetrameric state, which comprises two distinct interfaces i.e. the
substrate binding A-A’ interface and the C-C’ interface mostly formed by the respective
alternate exons in the M1 and M2 isoforms [Figure 3 & 4]. The exon’s contribution to
formation of one entire interface prompted us to compare the interfacial energies of the
whole tetrameric complexes of both PKMI1 and PKM2. Interfacial energies were
calculated using tetramers of 3SRF, 3SRD and 1ZJH, representative structures of PKM1
(substrate bound structure), PKM2 holo (substrate and allosteric activator (FBP) bound
structure) and PKM?2 apo respectively, using FoldX’s AnalyseComplex. (Durme et al.,
2011) The interfacial buried surface area (BSA) was calculated using Naccess with
default parameters. (Thornton and Hubbard, 1992-6) To calculate the accessible area

buried between 2 chains, we performed three separate calculations as follows:

For eg., If one wants to find the area buried between a complex AB, the one for chain A,
second for chain B and a third time for the AB complex. Then one can calculate the BSA
between A and B by subtracting the Surface Area (SA) of AB from the sum of SAs of A
and B as follows

BSA = (SA of A+ SA of B) - SA of AB

2.3 Network Analysis

Global network properties were calculated for all-atom networks of PKM1 and PKM2.
We used monomers of 3SRF, 1ZJH, 3BJT, 3SRH and 3SRD as representatives of M1 holo
(+substrate), M2 apo, M2 holo (+FBP), M2 holo (+substrate) and M2 holo (+substrate,
+FBP) respectively. RING 2.0 (Piovesan et al., 2016) was used to get all atom
interactions in these monomers with residue separation of 1 and one interaction per
residue pair. The list of edges from RING 2.0 was used to construct a network with a
distance cut-off of 3.4 A and global network parameters were calculated, using NetworkX

in Python. The following graph parameters were calculated as shown below:
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Average clustering coefficient (C) = 1/n Z c,

veG

® Diameter, Radius and,

Average shortest path length (a) = Z dis,t)+n(n—-1)

s,teV

2.4 Principal Component Analysis (PCA)

Principal Component Analysis is a multivariate statistical technique applied to
systematically reduce the number of dimensions needed to describe protein dynamics
through a decomposition process that filters observed motions from the largest to smallest
spatial scales. PCA 1is a linear transform that extracts the most important elements in the
data using a covariance or a correlation matrix. An eigenvalue decomposition (EVD) of
the C-matrix leads to a complete set of orthogonal collective modes (eigenvectors), each
with a corresponding eigenvalue (variance) that characterizes a portion of the motion,
where larger eigenvalues describe motions on larger spatial scales. When the original data
is projected onto an eigenvector, the result is called a principal component (PC). (David et
al., 2014). We wanted to capture protein dynamics relevant to allostery in case of PKM2
from its many structures crystallized with different ligand molecules. Therefore, we
subjected a total of 24 wild-type PKM2 structures along with one PKMI1 structure to a
PCA using Bio3D, which is an R package. (Grant et al., 2006) Monomers with non-

terminal missing residues were completed using Schrodinger.

2.5 Normal Mode Analysis (NMA): Anisotropic Network Model(ANM)

While a PCA can be performed on any high dimensional dataset, Normal Mode Analysis
derived from an Elastic Network Model (ENM) provides an alternative method to probe
for large-scale protein dynamics. Atilgan et al. suggest that fluctuation dynamics of
proteins can be modelled as those of elastic networks, the nodes being the residues and
the springs being the corresponding inter-residue potentials. Although the Gaussian
network model provides close to experimental information on the magnitude of

fluctuations, it does not account for their direction and therefore considers them to be

11



isotropic. Because the directional fluctuations predicted by NMA can give useful insights
into biologically relevant mechanisms like allostery, (Atilgan et al, 2001) we performed a
NMA derived from an Anisotropic Network Model using ProDy, (Bakan et al., 2011) at
default parameters for monomers of 3SRF (+substrate) and 3BJT (+substrate, -FBP) as
representatives of PKM1 and PKM2 respectively. The overlap (RMSIP - Root mean
square inner product) of the first 10 modes of both PKM1 and PKM2 was calculated
using the “calcSubspaceOverlap” function from the Comparison Functions in Prody.

Other PKM2 structures used were /ZJH (apo) and 3SRD (+substrate, +FBP).

2.6 OHM: Calculation of Allosteric Paths

From the insights derived from both PCA and NMA on underlying protein dynamics, we
sought to find plausible coupling between the predicted fluctuating elements and role in
allosteric transmission. Predicting a single allosteric path with confidence can be
challenging from amongst the multiple available communication paths between the
specified source and sink.

Wang et al., (2020) have given an efficient methodology for predicting allosteric paths in
protein structures in a robust and exhaustive manner. The algorithm uses information
from the all-atom contact matrix of the protein structure which is further used for
probabilistic calculations involving perturbation propagation for finding the most likely
path between the user-defined source and sink residues with confidence. This perturbation
propagation algorithm with default parameters was used to predict the allosteric paths as
it accounts for structural, network and statistical aspects thereby predicting the most

likely allosteric path with confidence.
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Chapter III
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3. Results

We obtained human PKM1 and PKM2 structures, which do not have any mutations and
are either unbound or bound to ligands from Protein Data Bank. The structures having
missing residues were modelled based on another structure using Schrédinger. The list of
PDB structures used in the present work is tabulated in Table 1. First, we compared
tertiary structures (tetrameric form) of PKM1 and PKM2 to find conformational changes
due to MXE event. The superposition of tetramers of PKM1 and PKM2 superposed well
with a global RMSD of 0.9 A. On analyzing the superposed structures, we identified three
regions having high local RMSD [Figure 4] that include FBP binding site, Exon 9/10 loop
region and B-domain. It is well established that B-domain undergoes conformational
change with open and close states for releasing product and binding substrate
respectively. There are multiple residue changes in region of exon 9/10 that may
contribute to RMSD and the loop in FBP binding region undergoes conformational
change to accommodate FBP activator. Apart from these, rest structure is highly similar in
PKMI1 and PKM2. This suggests that apart from local perturbations, exon swapping does

not result in any major conformational variations.

Global RMSD : 0.908

B-loop
RMSD: 1.937 (14 pairs)

FBP-activating loop Exon 9/10 loop
RMSD: 2.310 (13 pairs) RMSD: 2.517 (10 pairs)

M2 PyK (exon 10) — 3SRD (holo - substrate and effector)

Figure 4: Superposed structures of PKM1 and PKM2
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Table 1: Information of PKM PDB ids used in the study

PKM1/2 PDBID  Ligands

PKM1 3SRF PO4, GOL, PYR, K, MG

PKM?2 1ZJH )

PKM2 3GQY DZG, FBP, TLA, UNX

PKM2 3GR4 ADP, DYY, FBP, TLA, UNX
PKM2 3H60 FBP, D8G, UNX

PKM2 3ME3 3SZ, FBP, SO4, UNX

PKM2 3SRD FBP, GOL, K, MG, OXL

PKM2 3SRH PO4

PKM?2 30272 07T, FBP, UNX

PKM2 4B2D FBP, MG, SER

PKM2 4GIN NZT, OXL, MG

PKM?2 4JPG FBP, 10X

PKM2 5X1V FBP, 7XX

PKM2 SX1W FBP, 7Y0

PKM2 6GG3 ALA, PO4

PKM2 6GG4 PHE, PO4, K

PKM2 6GGS5 TRP, PO4, K

PKM2 6GG6 SER,PO4, MG, K

PKM?2 6JFB SER,PO4

PKM2 6NU1 FBP, CYS, OXL, K, MG

PKM2 6TTF FBP, LZ2

PKM2 6TTQ FBP, NXH

PKM2 6V74 FBP, ASN, 144, GOL, OXL, K, CL, MG
PKM?2 6V75 FBP, ASP,PEG, GOL, OXL, K, CL, MG
PKM2 6V76 FBP, VAL, GOL, OXL, K, CL, MG

15



Since we did not observe large conformational changes between PKM1 and PKM2, we
compared the protein-protein interaction (PPI) interface strength to find whether exon
swap results in a stable tetrameric structure for either isoforms. There are two distinct
symmetry related PPI interfaces referred to as A-A’ and C-C’ [Figure 4]. It is a well-
established fact that a stable tetramer in the it’s correct conformation is necessary for
optimal enzyme activity. Additionally, the differences in populations of oligomeric states
in case of PKM1 being constitutively tetrameric while PKM2 existing as monomer, dimer
and tetramer further prompted us to probe the properties of interfaces formed by tetramers
of the respective PKM isoforms.

As described in methods, we computed buried surface area and interfacial energies of the
PPI interfaces (A-A’ and C-C’) formed in hPKM1 (holo) and hPKM2 (both apo and
holo). Since buried surface area varied in different structures, we compared the
normalized interfacial energy by their respective buried surface area to compute
interfacial energies/A2. These results are tabulated in Table 2. As can be seen, we did not
find any significant difference in normalized interfacial energies between hPKM1 and
hPKM?2 PPI interfaces. This clearly suggests that both isoforms are able for form a stable
interface. Surprisingly, the C-C’ interfaces were also found to be energetically equivalent
despite being mostly formed by the residues from the alternate exons. It is worthwhile to
note that hPKM2 structures are bound to FBP, which may indicate that tetramer interfaces

are already formed and we may not be able to see differences in interfacial energies.
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Table 2: Interfacial energy per Angstrom sq. buried surface area

PDB Interface Energy (Kcal/mol) | Buried Surface Area (A2) | Energy/A2
Ml holo  A-A -43.496 6028.5 -0.007
M2 holo @ A-A -56.303 5974.2 -0.009
M2 apo A-A -42.554 5457.8 -0.008
Ml holo = A-A -50.597 5895.9 -0.009
M2 holo @ A-A -51.730 6054.7 -0.008
M2 apo A-A -42.975 5457.8 -0.008
Ml holo @ C-C -17.247 2937.5 -0.006
M2 holo @ C-C -20.785 2676.6 -0.008
M2 apo c-C -19.963 2852.5 -0.007
Ml holo @ C-C -16.218 2863.3 -0.006
M2 holo @ C-C -18.814 2730.6 -0.007
M2 apo c-C -19.892 2852.5 -0.007

Having observed no significant changes in the RMSD and interfacial energies between
PKMI1 and PKM2 structures, we sought to find whether underlying residue interaction
network undergo any change due to MXE events. We obtained all atom residue
interaction network (RIN) for both isoforms considering them as monomer (see methods)
and calculated global network properties such as average clustering coefficient, diameter,
radius, and average shortest path length [Table 3]. The visual comparison of RIN [Figure
5] showed no drastic differences and these seem to form a cohesive connected
component. A similar observation is seen from comparison of global properties [Table 3].
This suggests that the network representation and parameters used in the present analysis
cannot assist in understanding functional shift in the isoforms of human pyruvate kinase

M.

17



Figure 5: All atom contact network of PKM1 and PKM2

Table 3: Global network properties of PKM1 and PKM?2

All atom network M1 holo M2 apo M2 holo M2 holo

(Dist. cutoff - 3.4 A) (t+substrate) (+substrate, | (+substrate,
-FBP) +FBP)

Avg. clustering coeff. | 0.26 0.28 0.27 0.25

Diameter 19 19 19 18

Radius 10 10 10 10

Avg. shortest path len |7.54 7.38 7.35 7.49

The above analyses could not identify how exon changes lead to change in allosteric

behavior on hPKM isoforms. This prompted us to investigate change in dynamics of exon

9/10 region to find whether it can play any role in allostery.
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In this section of study, we analyzed isoform structures to identify characteristic internal
dynamics using Normal Mode Analysis and find region of proteins, which show large
conformational variation using Principal Component Analysis (PCA). The work of
Macpherson et al., (2019) used AlloHubMat to predict hubs of allosterically important
residues and showed that these were evolutionarily conserved; while Tang & Fenton
(2017) showed that a large fraction of protein contributed to the allosteric regulation, by
alanine scanning mutagenesis of the liver isoform of Pyruvate kinase. Despite these
studies along with several others, the structural basis of FBP-mediated allostery at the
level of an individual monomer is not very clearly understood. Here, we have used a
different approach to finding the mechanistic details of allostery in PKM2 at the level of
monomer and also tried to understand absence of allostery in PKM1 despite sharing high
sequence and structural similarity with the former. Although only one human PKMI1
structure has been determined till now, there exist many structures of the human PKM?2
isoform that have been solved under different conditions and ligand-bound states. We
subjected monomers of 24 wild-type PKM2 structures in different bound-states and the
lone PKM1 structure to clustering using Principal Component Analysis (PCA) using
Bio3D. As can be seen, ~85% of variation could be explained by first two principal
components (PCs) and ~91% of variation is captured by 3 PCs. Further the projection of
structures on first two PCs showed that these cluster into three distinct groups across
Principal Component (PC) 1 as shown in [Figure 6]. The red cluster includes the PKM2
structures with the B domain in an open (inactive) conformation while the green cluster is
composed of PKM2 structures having their B domains in a closed (active) conformation.
The blue Alanine bound PKM?2 structure falls in between the two groups with B domain
in a half closed position. It is known that Alanine is inhibitor of PKM2 catalytic activity.
Based on PCA, it can be suggested that Alanine bound structures is stuck between open
and close state that may explain its inhibitory activity. Interestingly, substrate bound
PKM1 was found to cluster along with the PKM2 active state conformers. This suggests

that structural conformations of hPKM1 and active hPKM?2 are similar.
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Figure 7: Contribution to structural variance by the first three PCs
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We further projected the first three PCs on tertiary structures to find regions, which
contribute, to various PCs [Figure 7]. As is evident, the B-domain contributes maximally
to variation along PC1 that is known to undergo conformation changes during enzymatic
function. This B domain movement is known to be common to almost all Pyruvate
Kinases wherein the closing of B domain on the active site cleft is crucial for catalysis.
(Schormann et al., 2019) Although the catalytic mechanism is common to all pyruvate
kinases, they are known to show evolutionarily divergent allosteric strategies. (Morgan et
al., 2014). The variation captured in PC2 from two distant loops was therefore interesting,
although its contribution was very less, 8.36% as compared to PC1. The loops showing
variance are found to be the FBP-activating loop from the C domain and the B-loop from
the B domain, which also had a high local RMSD value as seen from our structural
analysis. Therefore, we thought that the variance captured by PC2, although small, might
be significant in the context of FBP-mediated allostery in human PKM?2.

Although MD simulation data is quite insightful when it comes to probing the molecular
motions of a protein by sampling the conformational space available to it; can become
computationally expensive with increase in the size of the protein. Coarse-grained elastic
network models with simplified force fields have been shown to effectively capture these
equilibrium fluctuations. (Bahar et al., 1999). Thus to further understand the differences
between PKM1 and PKM2 with respect to their conformational flexibility and to gain
insights into allostery in PKM2, we performed a Normal Mode Analysis (NMA) with an
Anisotropic Network Model (ANM) in ProDy (Bakan et al., 2011). NMA essentially
describes the slow motions adopted by a protein around an equilibrium position and these
states have shown to be biologically and functionally relevant in several instances. (Eyal
et al., 2011, Ayyildiz et al., 2020 & Hu 2021) Substrate bound PKM1 and PKM2 (3SRF
and 3BJT - apo for FBP) were subjected to NMA with ANM using ProDy with default
parameters. The first 10 modes of PKM1 and PKM2 were found to be comparable on a
one-on-one basis from RMSIP values, showing a perfect subspace overlap of 1 in each
case. The first two modes did not show any significant differences in the dynamics of
PKM1 and PKM2 [Figure 8]. Interestingly, the residue-wise squared fluctuation plot
showed differences in the overall trend of the peaks upon comparing PKM1 with PKM2
[Figure 9].
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Figure 9: Plots of residue-wise squared fluctuations in PKM1 and PKM2

While the residue with the highest fluctuation value was G128 from the B-loop, in case of
PKM1, S406 (T406 in M1) from the Exon-loop was found to have the highest fluctuation
value in case of PKM2. Although, to a lesser extent, G128 also showed a peak in case of

PKM2 however, the same was not true in case of T406 in PKM1, which was found to be
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quite rigid. Importantly, T/S406 is a part of exon 9/10. To further understand how
fluctuation values of these two residues changed with change in the bound-state of
PKM2, we performed NMA using ANM for monomers of PKM2 apo (/ZJ/H), PKM2
holo (+substrate, +FBP - 3SRD). From the plots showing residue wise squared
fluctuations, we observed that going from PKM2 apo to PKM2 holo the squared
fluctuation value of S406 from the Exon loop decreases from 1.1 to 0.3 (but is still greater
than 0.1 in PKM1). Conversely the squared fluctuation value of G128 from the B-loop
increases from 0.35 to 0.7 (but is still lesser than 1.6 in PKM1). [Table 4] This suggested
that these residues might be important players in the FBP-mediated allostery and

oligomerization of PKM?2.

Table 4: Fluctuation values of residues from the B-loop. Exon-loop and FBP-

activating loop

Sq. fluctuations | M1 holo M2 apo M2 holo M2 holo
(+substrate) (+substrate, (+substrate
-FBP) +FBP)
G128 1.623 0.252 0.416 0.731
S406 0.106 1.084 0.952 0.391
G518 0.099 0.174 0.089 0.056

Drawing insights from the information of per residue contribution to structural variance
captured by PC2, we decided to check whether these residues were physically connected
via allosteric paths. OHM'’s perturbation propagation algorithm for finding allosteric paths
was the method of choice because of its exhaustive nature of predicting the most likely
allosteric path in static structures. The choice of source (allosteric site) and sink (active
site) residues was key as it determined the validity of the generated paths. We knew from

literature that B domain closure is crucial to catalysis and this was also captured in our
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PCA and ANM results. From the residue-wise squared fluctuation values given by ANM,
we were able to select residues of interest in the context of allostery. Additionally,
Dombrauckas et al., (2005) had proposed a role of the FBP activating loop and the
significant difference in its backbone and side-chain orientation in PKM?2 as compared to
PKM1. We therefore hypothesized that the movement of the FBP-activating loop could be
important for B-domain closure and stabilizing the exon loop fluctuation in PKM?2.
Taking into account all of the above we sought to find allosteric paths between three pairs
of source-sink residues; being G518-G128, S406-G128 and G518-S406. We used PKM2
apo (1ZJH), PKM2 holo (+substrate, +FBP 3SRD), PKM2 holo (+substrate, -FBP 3BJT).
Although PKM1 is non-allosteric we still decided to check if there was a path available
connecting the respective source and sink residues. In all the three source and sink pairs
we found residues connecting the allosteric site with the active site [Figure 10].

Overall, we observed that the weight of the paths connecting the source and sink
gradually decreased as PKM?2 attained a tetramer, favourable state for catalysis, from M2
apo to M2 holo. [Table 5] PKMI1 despite being non-allosteric still showed allosteric paths

with the path weights being comparable with those found in case of PKM?2 holo.

Figure 10: Allosteric Paths
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Table 5: Allosteric Path weights signifying their likelihood in PKM2 and PKM1

S406-G128 (path wt.) S518-G128 (path wt.) G518-S406
(path wt.)
PKM2 apo 0.13 0.13 0.13
PKM2 (+subs, -FBP) 0.07 0.07 0.11
PKM2 (+subs, +FBP) 0.02 0.02 0.11
PKMI1 (+subs) 0.02 0.02 0.03
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4. Discussion

In the present analysis, we investigated the effect of MXEs on the structure-function
dynamics hPKM isoforms (M1 and M2). The comparison of structures and residue
interaction networks s of PKM1 and PKM2 were unable to capture any significant
differences at the global level of these proteins that can provide insight into their function
shifts. Subsequently, we employed PCA to multiple structures of PKM and identified
regions of proteins responsible for large conformational change, which were mostly B-
domain. This is already known to contribute in enzyme function. Interestingly, we could
identify relatively lower contribution of FBP binding loop and exon region fluctuations in
PC modes. Further, ANM based study provide residue-wise fluctuations to slower modes
of protein and we identified residues G128 and S406 having differing fluctuations
between PKM1 and PKM2. This possibly could be allosterically coupled structural
elements. The change in squared fluctuation values of G128 and S406 with a change in
the bound-state of PKM2 further suggested their importance in the context of allostery.
Allosteric paths found using these unusual non-binding site residues as source and sink
were found to show an interesting trend in the path weights, again, depending on the
bound-state of PKM2. The likelihood of allosteric paths was found to decrease gradually
with increase in the likelihood of attaining the tetrameric state i.e. upon going from an
unbound to a completely bound state. The weights of allosteric paths found in the fully
bound state of PKM2 tetramer were comparable to those of PKM1. Therefore, this gives a
plausible explanation as to how FBP-mediated allostery could be affecting PEP binding
and oligomerization in PKM2 and absence of this effect is not seen in the case of PKMI.

Our results from ANM suggest that the exon 10 loop dynamics resulting from the high
squared fluctuation value of S406, does not allow the formation of a stable C-C’ interface
and therefore a functional tetramer of PKM2, under normal circumstances. We think that
FBP-binding, which directly affects the conformation of the FBP-activating loop as
suggested by Dombrauckas et al.,(2005); might be having an effect on stabilizing the
exon 10 loop as observed by the decrease in its squared fluctuation and the weight of
allosteric path in between G518 and S406, in the completely bound PKM2. This FBP-

mediated stabilization might be allowing the formation of a functional tetramer.
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Additionally, our results also suggest the plausible roles of S406 from the exon 10 loop
and G518 from the FBP-activating loop in B domain closure by affecting B-loop
dynamics via G128. The missing peak of 406 residue position in PKM1 from exon 9 loop
along with the low weights of allosteric paths comparable to fully-bound PKM2, found in
it also suggest that because it has already attained the tetrameric state, the allosteric
coupling might not be required despite there being a path physically connecting these
distant sites.

Therefore, our analyses present a probable explanation for the functional shift in isoforms
by change in the underlying loop dynamics of the PKM isoforms as a result of the MXE
splicing. The allosteric paths provide evidence for physical connectedness between
distant loops in both the isoforms and also suggests a plausible mechanism of the effect of

FBP-mediated allostery on enzyme oligomerization.
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