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ABSTRACT

A non-negligible proportion of human pathogenic variants are known to be present as
wild-type in at least some non-human mammalian species. The standard explanation for
this finding is that molecular mechanisms of compensatory epistasis can alleviate the
mutations’ otherwise pathogenic effects. Examples of compensated variants have been
described in the literature but the interacting residue(s) postulated to play a compensatory
role have rarely been ascertained. In this study, the examination of five human X-
chromosomally-encoded proteins (FIX, GLA, HPRT1, NDP and OTC) allowed us to
identify several candidate compensated variants. Strong evidence for a
compensated/compensatory pair of amino acids in the coagulation FIXa protein
(involving residues 270 and 271) was found in a variety of mammalian species. Both
amino acid residues are located within the 60-loop, spatially close to the 39-loop that
performs a key role in coagulation serine proteases. To understand the nature of the
underlying interactions, molecular dynamics simulations were performed. The predicted
conformational change in the 39-loop consequent to the Glu270Lys substitution
(associated with hemophilia B) appears to impair the protein’s interaction with its
substrate but, importantly, such steric hindrance is largely mitigated in those proteins that

carry the compensatory residue (Pro271) at the neighboring amino acid position.

Keywords: Evolutionary conservation; pathogenic variants; molecular interactions;

molecular dynamics; compensatory epistasis
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INTRODUCTION

It is almost a truism that the evolutionary conservation of any given amino acid residue
in a particular protein reflects its relevance to that protein’s function. Thus, if a specific
amino acid position is evolutionarily highly conserved, this is indicative of enduring
functionality for the position and any substitution in humans is predicted to be associated
with pathogenicity (de Beer et al. 2013; Kumar et al. 2009; Subramanian and Kumar
2006). The corollary to this is that as the evolutionary conservation of the site in which
the amino acid substitution occurs decreases, the lower is the severity of the resulting
clinical phenotype (Miller and Kumar 2001; Wacey et al. 1994).

This notwithstanding, the genetic context in which any given pathogenic variant
occurs may be responsible for exacerbating its deleterious effect or, conversely, for
ameliorating its pathogenicity through an epistatic mechanism of compensation between
variants (Genin et al. 2008; Jordan et al. 2015; van Leeuwen et al. 2016). Such a pairwise
compensatory interaction is exemplified by the occurrence of deleterious variants in
humans that in non-human species constitute wild-type residues (Azevedo et al. 2009;
Azevedo et al. 2016; Mouse Genome Sequencing Consortium 2002; Ferrer-Costa et al.
2007; Kondrashov et al. 2002; Marin et al. 2019; Rhesus Macaque Genome Sequencing
and Analysis Consortium 2007). If a deleterious variant in a human disease-associated
protein does not have the same detrimental effect on an orthologous protein in other
evolutionarily related species, the toleration of the variant in non-human genomes can be
explained, at least in some cases, by antagonistic epistatic interactions, in which the effect
of a deleterious allele is ameliorated by the co-occurrence of another variant that acts so
as to introduce a compensatory amino acid residue into the same protein or an interacting
partner protein (Jordan et al. 2015; Kondrashov et al. 2002; Suriano et al. 2007). Such
sequence variants have been termed ‘compensated pathogenic deviations’ (CPDs)
(Kondrashov et al. 2002). Numerous descriptions of CPDs have emerged through
comparative analyses of genomes from multiple mammalian species (Chimpanzee
Sequencing and Analysis Consortium 2005; Rhesus Macaque Genome Sequencing and
Analysis Consortium 2007; Xue et al. 2015; Zhang et al. 2011; Zhang et al. 2010). Further
examples of CPDs were identified among human inherited pathogenic variants, and it has
been estimated that at least 3.7% of human pathogenic missense variants correspond to
CPDs (Azevedo et al. 2016). Despite the increasing number of CPDs reported in the

literature, only rarely has the compensatory site been identified (Azevedo et al. 2009;
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Jordan et al. 2015; Kondrashov et al. 2002) and even more rarely has experimental
validation been obtained (e.g.Jordan et al. 2015; Suriano et al. 2007).

Since in almost all mammals the X-chromosome is present as a single copy in males,
the process of identifying and validating CPDs can be simplified by examining X-linked
genes. Therefore, taking advantage of this natural model system, in which the action of
purifying selection is expected to be fully exposed in hemizygous individuals, we opted
to study X-chromosome-encoded disease proteins. Five X-chromosome-encoded proteins
were specifically targeted viz. coagulation factor IX (FIX), alpha-galactosidase A (GLA),
hypoxanthine-guanine phosphoribosyltransferase (HPRT1), norrin (NDP) and ornithine
transcarbamylase (OTC).

With few exceptions, eutherian X-chromosomes are evolutionarily highly conserved
both in terms of gene content and function, with only a few genes known to escape dosage
compensation and monoallelic expression. We therefore operated under the assumption
that if an allele that was deleterious in humans appeared to be fixed in a non-human
species, it was very likely to co-occur in the latter with compensatory partner amino acid
residue(s), otherwise it would have been long since removed from the population under
the action of purifying selection. This study represents a concerted attempt to explore the
molecular basis of the epistatic interactions between two residues in mammalian
genomes. To address the issue, we employed protein modeling and molecular dynamics
simulations, key tools for the study of intra-molecular amino acid interactions (Castellana
et al. 2021; O'Rourke et al. 2016).

METHODS

Proteins and disease-causing variants

Missense mutation density (i.e. the number of pathogenic missense variants per protein
sequence length in amino acids) was determined from data retrieved from the Human
Gene Mutation Database (HGMD) (Stenson et al. 2020). The five proteins encoded by
X-linked genes with the highest mutation density and with high resolution crystal
structures available from the Protein Data Bank (Berman et al. 2000) were selected for
this study: FIX, GLA, HPRT1, NDP and OTC. These proteins are associated,
respectively, with the following Mendelian conditions: hemophilia B (OMIM 300746),
Fabry disease (OMIM 300644), Lesch-Nyhan syndrome (OMIM 308000), Norrie disease
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(OMIM 300658) and ornithine transcarbamylase deficiency (OMIM 300461). A
graphical representation of the analyses performed are shown in Fig. 1 and are detailed

below.

Multiple sequence alignment and evolutionary analysis

DNA coding sequences (CDS) from placental mammals were retrieved from Ensembl
Genome Browser v.97 and v.100 (Cunningham et al. 2019; Yates et al. 2020). The
corresponding protein accession numbers are given in Supplementary Table S1. Using an
in-house Python script, sequences with more than 1% unknown nucleotides in a DNA
sequence and/or with a size difference of at least 25% compared to the human reference
sequence were removed from the dataset to ensure valid comparisons between bona fide
orthologous sequences and to avoid the analysis of less well characterized sequences. A
codon-based multiple sequence alignment (MSA) was built using PRANK (Loytynoja
and Goldman 2010) and the resulting alignments were manually inspected.

CPD variants dataset and their putative compensatory partners

A total of 628, 428, 259, 170 and 76 disease-causing missense variants for FIX, GLA,
OTC, HPRT1 and NDP respectively, were retrieved from the HGMD (Stenson et al.
2020). Protein residues in the mammalian orthologues that harbored the human
deleterious variants as wild-type amino acids were classified as potential CPDs. In order
to maximize the probability of correctly identifying the corresponding compensatory
partners, only cases in which the CPD was shared by at least six mammalian species were
considered, under the assumption that the larger the number of species harboring a given
CPD, the higher the probability that they would share a recent common ancestor and,
therefore, the higher the probability that all the species in which the CPD occurs will
share the same compensatory partner (Supplementary Table S2).

Three-dimensional (3D) analysis was performed on the crystal structure of the
serine protease catalytic domain of coagulation FIXa (the active enzymatic form of FIX)
(6MV4 (Vadivel et al. 2019)) and a dimeric structure of a-galactosidase (3s5z (Guce et
al. 2011)) available from the Protein Data Bank (Berman et al. 2000). For each CPD
shared by at least six species and located within the crystal structure of the corresponding

protein (6MV4 and 3S5Z for FIXa and GLA, respectively), putative compensatory
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variants were identified by protein sequence comparisons. A variant was considered to be
a putative compensatory partner for a CPD when it co-occurred in all species in which
the CPD was present and the amino acid residue differed from the wild-type found in
humans. The molecular distance between the CPD and its putative compensatory variant
was determined with PyMOL software (The PyMOL Molecular Graphics System,
Version 2.0 Schrodinger, LLC) (Supplementary Table S3).

Human coagulation FIXa model set-up and parameterization

A molecular model for the serine protease domain of wild-type human coagulation FIXa
was prepared from 6MV4 (Vadivel et al. 2019), an X-ray crystallographic structure with
aresolution of 1.37 A. The protonation states of all the amino acid residues were predicted
using PropKA version 3.0 at pH 7.0 (Olsson et al. 2011). The system was prepared using
the AMBER18 software package and LEAP, using the ff14SB force field (Maier et al.
2015). Charges on the system were neutralized through the addition of counter-ions (Na*)
and the system was placed in a TIP3P water box with a minimum distance of 12 A
between the protein-surface and the side of the box, using the LEAP module of AMBER.
For the mutants, the initial wild-type molecule was modeled with the mutagenesis feature
in PyMOL 1.7.2.1 using the Dunbrack rotamer libraries available (Shapovalov and
Dunbrack 2011). Selection of the initial amino-acid conformation of each mutant was
based on the dominant conformer predicted, excluding clashes with other amino acid
residues in the protein. This computational mutagenesis protocol has been previously
used successfully in the study of other enzymes (Ferreira et al. 2017). The mutant systems
were subject to the same solvation and neutralization protocol described for the wild-type

protein. The modelled FIXa systems are listed in Table 1.

Molecular Dynamics simulations

All systems were subjected to four consecutive energy minimization stages to remove
clashes prior to the molecular dynamics (MD) simulation. In these four stages, the
minimization procedure was applied to the following atoms of the system: 1 - water
molecules (2500 steps); 2 - hydrogen atoms (2500 steps); 3 - side chains of the amino
acid residues (2500 steps); 4 - full system (10,000 steps). The energy minimized systems

were then subjected to a two-stage MD equilibration procedure: in the first stage (50 ps),
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the systems were gradually heated to 310.15 K using a Langevin thermostat at constant
volume (NVT ensemble); in the second stage (50 ps), the density of the systems was
further equilibrated at 310.15 K.

Finally, MD production simulation runs were performed for 100 ns for the wild-
type FIXa protein and for the three mutants listed in Table 1. These were performed with
an NPT ensemble at constant temperature (310.15 K, Langevin thermostat) and pressure
(1 bar, Berendsen barostat), with periodic boundary conditions, with an integration time
of 2.0 fs using the SHAKE algorithm to constrain all covalent bonds involving hydrogen
atoms. A 10 A cutoff for nonbonded interactions was used during the entire molecular
simulation procedure. Coordinates were saved at each 10 ps. This procedure (energy
minimization to MD production simulation) was repeated twice in order to obtain two
MD replicates for each FIXa variant listed in Table 1. Final trajectories were analyzed in
terms of backbone Root-mean-square deviation (RMSD), root-mean-square fluctuation
(RMSF), cluster analysis, hydrogen bonds formed, solvent accessible surface areas
(SASAS) and dynamic cross-correlation maps (DCCM). The DCCMs were obtained with
the Bio3D R package (Grant et al. 2006).

RESULTS AND DISCUSSION

Identification and evolutionary conservation of CPDs in non-human placental

mammals

For each protein (FIX, GLA, HPRT1, NDP and OTC), an MSA alignment derived from
placental mammalian sequences was analysed, and manually annotated with disease-
causing variants. Initially, homologous mammalian amino acid positions harboring a
human pathogenic allele as the wild-type in any of the species studied, were considered
to be potential CPDs. The complete set of the potential CPDs identified is given in Fig.
2a and Supplementary Table S2. The proportion of pathogenic missense variants assumed
to be CPDs varied between 0.5% (HPRT1) and 4.2 % (GLA) in the set of proteins
examined (Fig. 2b), which is in accord with previous findings (Azevedo et al. 2016). In
some cases, the CPDs were detected in only one or very few species, whereas in other
cases the CPDs were spread over a large number of species. For example, the FIX
pathogenic variants Glu142Lys, Val2571le and Glu323Lys were present in about one half
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of the mammalian species examined whereas Arg75GIn and Thr84Ala were each found

in only one species (Fig. 2a and Supplementary Table S2).

Identification of putative compensatory amino acid partners

Under the hypothesis that our candidate CPDs are tolerated in the genomes of non-human
mammalian species due to compensatory interactions with other amino acids, we next
attempted to identify the putative compensatory partners so that the CPD/compensatory
pairs could be studied by MD. The strategy adopted was to seek amino acid differences
between the human protein and its orthologues harboring the CPDs, under the assumption
that any difference between the human and non-human sequences would represent a
potential compensatory amino acid position. If the analysis was based on comparisons
made with one or a very few species, the amino acid differences with respect to the human
protein would be too numerous to reach meaningful conclusions. Therefore, to increase
the prospect of finding bona fide compensatory sites among those common to a group of
species while being distinct from the human sequence, we adopted a conservative
approach whereby the results were filtered so that we considered only CPDs present in at
least six mammalian species. A total of seven candidate CPDs (Arg3His, Cys18Phe,
Glul42Lys, Phe224Leu, Val257lle, Glu270Lys and Glu323Lys) in FIX, two (Met72lle
and Arg363Cys) in GLA and one (Thr125Met) in OTC, matched this criterion. Because
the OTC Thr125Met has been previously studied by enzyme activity assays (Suriano et
al. 2007), it was not explored further by MD simulations.

Since the available 3D structures for F1Xa and GLA do not encompass the entirety
of these proteins, only three candidate CPDs in FIXa (Val257lle, Glu270Lys and
Glu323Lys) and two in GLA (Met72lle and Arg363Cys) were contained within the
retrieved 3D structures. The list of all shared amino acid differences between the human
and other mammalian FIXa and GLA proteins for these five CPDs are shown in
Supplementary Table S3. In four out of the five putative CPDs, the number of differences
between the human and non-human proteins was too high to identify the compensatory
site(s) with any degree of certainty, according to the aforementioned criteria. However,
in the case of Glu270Lys in FIXa, two putative compensatory residues were disclosed:
Pro271 and 11e368. As far as 11e368 is concerned, the 3D distance to the mutated amino
acid at residue 270 (24 A, Supplementary Table S3) renders it unlikely to be the

compensatory partner. By contrast, the immediate proximity of Pro271 reinforces our
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argument that Pro271 could be the sought after compensatory site. We therefore retained
the F1Xa 270/271 pair to be further investigated by MD simulations. Thus, from our initial
list of 44 possible CPDs, we ended up with a single high-confidence CPD/compensatory
pair suitable for MD simulations. This protracted process demonstrates how challenging
the identification of a bona fide compensatory partner for a given CPD can be, a process
which can be hampered by the extensive background genetic variability that exists
between orthologous protein sequences.

Despite the juxtaposition of Lys270 and Pro271 in the FIXa 3D structure, the
question nevertheless remained as to whether they constituted a genuine
CPD/compensatory pair. We next recruited MD simulations as a tool to establish whether
the putative compensatory variant might serve to stabilize the protein that would
otherwise be destabilized by the pathogenic variant. To this end, MD simulations were
performed and compared i) between sequences containing Glu270 or Lys270, to assess
whether the differences between both simulations could provide clues as to the changes
in function and likely pathogenicity associated with Lys270, and ii) between sequences
containing different combinations of Glu270Lys and Thr271Pro to establish if the variant

Thr271Pro could act as a suppressor of the pathogenic effect of Glu270Lys.

Analyses of the impact of amino acid variants at positions 270 and 271 in the

catalytic domain of FIXa

To investigate the possible interactions between Glu270Lys and Thr271Pro, four FIXa
structures were prepared containing the four variants described in Table 1 (wild-type,
Glu270Lys, Glu270Lys+Thr271Pro and Thr271Pro); and the RMSD of the alpha carbon
atoms (Ca) of all residues from the FIXa catalytic domain were calculated along the 100
ns of the MD simulations.

The analysis of the graphical representation of the RMSD of all structures (Fig. 3)
shows that the protein containing the Glu270Lys deleterious variant has a distinctive
profile when compared with the other three FIXa structures. In line with the data from
both the graphical RMSD representation and the 2D RMSD plots, the calculated RMSD
mean and respective standard deviation of the RMSD values reveal that the FIXa
Glu270Lys protein has a higher mean RMSD and a higher standard deviation when
compared with the other three protein variants (Supplementary Table S4). The addition
of the compensatory variant (Glu270Lys + Thr271Pro) reduced the RMSD of the protein
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to a value closer to that of the wild-type protein. The RMSD profiles also indicated that
F1Xa proteins stabilize at 40 ns of simulation, with the exception of the FIXa Glu270Lys
protein which shows an irregular pattern with a higher standard deviation. Analysis of
equilibrium properties were based on the last 60 ns of the MD simulations. These results
are in agreement with the analysis of the RMSD of the Ca atoms from the residues 265
to 274 of the loop containing the mutated residues (60-loop) (Supplementary Table S4).
The analysis of the overall solvent accessible surface area (SASA) of the different
proteins (Supplementary Table S4) did not reveal any meaningful differences.

To evaluate the influence of the Glu270Lys, Glu270Lys + Thr271Pro and Thr271Pro
mutations in the dynamic behavior of the FIXa protein, dynamic cross-correlation maps
(DCCMs) of Ca atoms of all residues from the catalytic domain were calculated for the
four variants. Comparison of the four resulting DCCMs (Fig. 4) clearly shows a distinct
pattern for the FIXa with the Glu270Lys variant, with an increased level of correlated and
anti-correlated motions, particularly in the ranges between residues 257 and 277 (which
includes the 60-loop) and between residues 377 and 477.

At this stage, both RMSD and DCCM analyses clearly indicated that the structural
impact of the human deleterious variant Glu270Lys is particularly evident in the 60-loop
but that such an impact is ameliorated by the inclusion of the putative compensatory
partner Thr271Pro.

Analyses of the flexibility of the FIXa catalytic domain

To identify the amino acid residues associated with the differences in behavior
observed between the four FIXa protein sequences in the previous analyses, a Root-Mean-
Square Fluctuation (RMSF) calculation of the Co atoms of all residues from the catalytic
domain was performed. RMSF measures the relative positional variability (i.e. flexibility)
of the different amino acid positions along the protein backbone, in other words how
much a particular residue fluctuates during a simulation, thereby allowing a distinction to
be made between highly and poorly mobile regions of a protein. The analysis of the four
different profiles demonstrated that the residues which stand out in the overall profile are
Lys247 (from the 39-loop), plus residues Arg384 and Lys387. The flexibility of these
three residues is clearly increased in the Glu270Lys protein and reduced in the

Glu270+Thr271 protein, becoming closer to that of the wild-type protein (Fig. 5a).
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The analysis of the RMSF values from the residues that comprise the active site
(Fig. 5b; active site) further demonstrates that the flexibility of residue Ser411 (which
contributes to the catalytic triad His221-Asp269-Ser365) is markedly higher in the wild
type FIXa. All three mutant FIXa proteins present similar RMSF values, even though a
small difference is evident in the double mutant FIXa Glu270Lys + Thr271Pro, whose
RMSF is slightly higher and closer to the wild-type. The flexibility of the 39-loop (Fig b:
39-loop) is significantly affected by the introduction of the Glu270Lys variant. The
RMSF values of this loop are clearly higher for the FIXa Glu270Lys protein than for the
remaining three proteins. The introduction of a putative compensatory Thr271Pro variant
serves to revert this increase in flexibility to values closer to the wild-type, whereas the
single mutant Thr271Pro does not appear to affect the 39-loop.

Analysis of the 60-loop (Fig. 5b; 60-loop), where the Glu270Lys and Thr271Pro
variants are located (yellow bars in Fig. 5b), reveals some small differences between the
four RMSF profiles, although the overall behavior of the loop in terms of RMSF is similar
between the four FIXa proteins.

The flexibility of the region between residues 375 to 393 (Fig. 5b, last group) is
profoundly disturbed by the introduction of the Glu270Lys variant. Residues 384 and
387 from the FIXa Glu270Lys protein clearly stand out from the RMSF profile. The
introduction of the compensatory Thr271Pro variant however reverses this effect and
lowers the flexibility of residues 385 to 390 to values significantly lower than those
obtained for the wild-type FIXa protein. The Thr271Pro replacement on its own does not
appear to have such a marked effect in this region, although it increases the flexibility of
residues 385 and 386 to RMSF values very close to those obtained for the FIXa
Glu270Lys mutant.

Taken together, the results obtained from the RMSF analyses are in agreement
with data from both the RMSD and DCCM analyses in which the structural disturbance
caused by the FIXa disease-associated variant Glu270Lys was less dramatic in relation to
the wild-type when the Thr271Pro was added to the background, thereby reinforcing the
compensatory effect that a proline at position 271 has when it co-occurs in cis with a
lysine at position 270. We performed these analyses in order to explain the structural
differences between the Glu270Lys mutant and the wild-type using a cluster analysis as
described in the next section.
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Cluster analysis of the 39-loop and residues 375 to 393

In order to obtain the representative structures of the FIXa variants containing different
conformations for the 39-loop and residues 375 to 393, a cluster analysis was performed
of the protein conformations adopted along the MD for the four variants, based on the
variability at these regions. The MD structures of each FIXa protein were grouped into
two clusters according to the RMSD for these regions. Table 2 summarizes the proportion
of structures along each MD simulation that comprise each cluster. The wild-type,
Glu270Lys+Thr271Pro and Thr271Pro proteins adopt a set of conformations distributed
between two main clusters: a dominant cluster, that represents between 72.6% (WT) and
74.7% (Thr271Pro) of the conformations, and an alternative cluster, representing between
27.4% (WT) and 25.3% (Thr271Pro) of the conformations observed in the MD
simulations. By contrast, Glu270Lys remains almost locked in a single dominant
conformation during 98.5% of the simulation.

To obtain further insights into the major structural differences between the wild-
type and mutant FIXa proteins, representative structures of the dominant cluster of each
FIXa protein were structurally aligned. This alignment showed that Lys247 (39-loop)
from the Glu270Lys + Thr271Pro structure adopts a rather distinctive conformation when
compared with the other three versions of the protein. In addition, residues Arg384 and
Lys387 also assume distinctive conformations in the Glu270Lys and Glu270Lys +
Thr271Pro proteins when compared both with each other and with the other two proteins
(Fig. 6). Finally, the analysis of the 2D RMSD plots for the 100 ns of MD simulations of
the 39-loop and residues 375 to 393 from the different FIXa variants shows that the
GIu270Lys protein has the highest RMSD variation (1-10 A) during the last 70 ns of the
MD simulation whereas the Glu270Lys+Thr271Pro protein has the lowest range of
RMSD variation (1-5 A) during the 100 ns of simulation (Supplementary Figure S1).
Both the mean RMSD and SASA from the 39-loop and residues 375-393 are consistent
with the RMSF values that suggested relevant conformational changes in these particular

locations between the different FI1Xa proteins (Supplementary Table S5).

In-depth analysis of the structural changes resulting from the Glu270Lys

replacement
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Analysis of the tertiary structure of the different proteins (Fig. 6) showed that residues
Arg384 and Lys387 are too distant from the 60-loop to be able to interact directly with
the loop and therefore with amino acid positions 270 and 271. Although the results from
the RMSF, RMSD and SASA analyses clearly show that these residues undergo a
conformational change in the Glu270Lys mutant protein that is not observed in the other
proteins, it is not possible to directly correlate these changes with the Glu270Lys
replacement. Nevertheless, we cannot rule out that the observed alterations in this region
could have resulted from the influence of Lys270 via long-range electrostatic interactions
or from the rearrangement of the network of hydrogen bonds.

On the other hand, analysis of Lys247 (part of the 39-loop, Fig. 5) revealed that it
is spatially close to Glu270 and Thr271 (60-loop) and may therefore be influenced by the
mutated residues. More specifically, inspection of the 3D structure of FIXa harboring
Glu270Lys shows that the conformational change observed at Lys247 results from the
formation of a stable hydrogen bond between the positively charged -amino group of
Lys247 and the oxygen from the peptide bond of Cys268. Analysis of the distance
between the nitrogen atom of the e-amino group of Lys247 and the oxygen atom of the
Cys268 confirms that these residues are closer together in the FIXa Glu270Lys protein
than in the other three 3D structures during the last 60 ns of the simulation. This difference
is particularly markedin the last 20 ns of simulation, as shown in Supplementary Table
S6. Given this result, we then attempted to clarify how Lys247 (from the 39-loop) is
affected by residues 270 and 271 of the FIXa protein.

Closer inspection of the spatial arrangement of the moiety surrounding residue
Cys268 clearly indicates that a bulky and charged amino acid such as a lysine requires
free access in order to bend and become hydrogen bonded to the oxygen of Cys268. In
the Glu270Lys + Thr271Pro and Thr271Pro mutant proteins, the protruding side chain of
Pro271 appears to prevent access of the lysine to the Cys268 oxygen (Fig. 7a). In the case
of the wild-type and Glu270Lys proteins, the 271 residue is the same but, the proximity
of a negatively charged Glu or a positively charged Lys affects its RMSF and hence its
conformation. The RMSF of Thr271 is 2.65 A for the wild-type and 2.02 A for the
Glu270Lys protein. The higher RMSF for the wild-type protein is consequent to the
hydrogen bond interactions that the hydroxyl group of Thr271 may establish with Glu270
and which are absent in the Glu270Lys mutant.

In order to evaluate how the absence of a nearby glutamate residue influences the

conformational freedom of Thr271 in the wild-type and Glu270Lys mutant, the potential
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hydrogen bonds established between the Thr271 hydroxyl oxygen (271@0G1) and the
neighboring amino acid residues were identified and characterized. Two hydrogen bonds
were identified (represented by green dotted lines in Fig. 7b), one of them between the
Thr271@O0GL1 and the nitrogen from the peptide bond of Gly272 (272@N); the other
between the Thr271@0OG1 and the nitrogen from the peptide bond of Val273 (273@N).
According to the data in Supplementary Table S6, both Thr271@0G1-272@N and
Thr271@0G1-273@N distances and standard deviations are greater for the wild-type
protein suggesting that in the FIXa Glu270Lys protein the side chain of Thr271 is
stabilized in a conformation that allows Lys247 to interact with Cys268. The Thr271 from
the wild-type protein has greater conformational freedom which precludes access of
Lys247 to the Cys268 oxygen.

Functional implications of replacements at residues 270 and 271 of the FIX protein

At a functional level, it is well established that the 39-loop has a vital role in all serine
proteases of coagulation (Yang and Rezaie 2013), accounting for the restriction of
substrate and inhibitor specificity. We therefore examined whether the human Glu270Lys
deleterious variant might interfere with these functions. The alignment of the
representative structure from the dominant cluster in the Glu270Lys simulation with the
high-resolution structure of the Michaelis complex between pentasaccharide-activated
antithrombin (AT) and human FIXa (PDB ID 3KCG) (Johnson et al. 2010) revealed that
the conformational change of the 39-loop in the Glu270Lys mutant protein is likely to
impair its interaction with the reactive center loop (RCL) from AT (Fig. 8). Since AT is
a suicide-substrate inhibitor of FIXa (Law et al. 2006), its binding mode is expected to be
similar to the binding mode of the natural substrate of FIXa - coagulation factor X. The
alignment of catalytic domains from the compensated protein and from the 3KCG
crystallographic structure showed that the presence of a proline at position 271 serves to
reverse the conformational change observed in the Glu270Lys in the 39-loop, thereby
strengthening the evidence supporting a structural compensatory effect for Pro271 when
in cis with Lys270. The FIX protein with compensatory amino acid Pro271 on a wild-
type background behaved similarly to the wild-type protein with Thr271, and it may
therefore be assumed that Pro271 per se should not significantly affect F1Xa activity.

Evolutionary history of the FIX Glu270Lys CPD and its compensatory partner
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Having obtained strong evidence through MD simulations that positions 270 and 271
harbor respectively a CPD and its cis-compensatory partner, we sought to complete our
analysis by integrating an evolutionary perspective into the alternative combinations
involving the Glu270Lys-Thr271Pro pair during mammalian evolution. To this end, we
constructed a phylogenetic tree of FIXa with sequences encompassing our amino acid
residues of interest at positions 270 and 271.

The ancestral Pro271 appears to have mutated to a threonine in the primate lineage
that preceded the divergence of Old World and New World monkeys approximately 43
MYA (Fig. 9). Mammalian FIX homologs harboring Pro271 have, over evolutionary
time, also accepted residues with very different biochemical properties at position 270
such as Lys and His (basic), Glu (acidic), Val (nonpolar), and GIn and Asn (polar).
However, once threonine became fixed at position 271, only two different residues with
similar biochemical properties (both acidic) were subsequently found at position 270,
namely aspartate and glutamate. This concurs with the considerable flexibility conferred
by Pro271 in terms of its toleration of an evolutionary replacement at position 270. It
should also be noted that residue Lys270 emerged recurrently (on at least four occasions)
during mammalian evolution, but always on a background where residue Pro271 is
present, suggesting that the two residues have indeed been subject to compensatory
interaction.

In summary, we have provided evidence showing that is possible to identify CPDs
and their compensatory partners by means of a combination of fine-scale computational
and physicochemical methods. In the case of the CPD/compensatory pair identified,
characterized and validated in this study, the lack of toleration of a FIX Glu270Lys
substitution in humans (as evidenced by the hemophilia B phenotype) appears to be due
to the replacement of the ancestral Pro271 by a threonine prior to the radiation of the
primate lineage. Such epistatic interactions between amino acid residues are likely to have
shaped the acceptability of certain amino acid residues on an evolutionary timescale. One
consequence of this is that novel variants identified in human disease-associated proteins
will sometimes be located at less evolutionarily conserved sites and may, therefore,
escape detection by conventional methods of pathogenicity assessment that rely heavily
upon measures of evolutionary conservation (Azevedo et al. 2016). In other words, a low
level of evolutionary conservation at a particular amino acid residue in a given protein

should not automatically be interpreted as a predictor of negligible pathogenicity when
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that residue is substituted. To circumvent this issue, variant prioritization should take into
account the epistatic interactions between amino acid residues (e.g. Kim et al. 2019), in
order to potentiate the identification of pathogenic mutations that occur at less well

conserved amino acid positions.
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TABLES

Table 1. Protein models with FIXa variants simulated through molecular dynamics.

Protein Position 270 Position 271
Wild-type Glutamate Threonine
Glu270Lys Mutant Lysine Threonine
Glu270Lys + Thr271Pro Mutant Lysine Proline
Thr271Pro Mutant Glutamate Proline

Table 2. Summary of the cluster analysis with the estimated proportion of time spent in

each cluster during the last 60 ns of MD simulation.

Glu270Lys
Wild-type | Glu270Lys + Thr271Pro
Thr271Pro
Dominant Cluster (%) 72.6 98.5 714 74.7
Alternative Cluster (%) 27.4 15 28.6 25.3

22



FIGURE LEGENDS

Fig. 1 Workflow of the strategy used in this work.

Fig. 2 a CPDs detected through the comparison of FIX, GLA, HPRT1, NDP and OTC in
different mammalian species. Orange spheres represent the human deleterious missense
variants that correspond to the wild-type amino acid residues in non-human mammalian
species. Numbers below the orange spheres indicate the number of species in which the
CPD was found. b Proportion of CPDs found in each protein.

Fig. 3 a Graphical representation of the RMSd of the alpha carbon atoms from the
catalytic domain residues from the wild-type, Glu270Lys, Glu270Lys + Thr271Pro and
Thr270Pro FIXa proteins along the 100 ns of MD simulation. b 2D RMSd plots for the
MD simulations of the different FIXa variants. The simulation time is plotted on both the
X and Y axes with the RMSd values represented as a gradation in color.

Fig. 4 DCCM analyses of Ca atoms of all amino acid residues from the FIXa catalytic
domain.

Fig. 5 a Graphical representation of the RMSF of the Ca atom of each amino acid residue
in the catalytic domain of wild-type, Glu270Lys, Glu270Lys + Thr271Pro and Thr270Pro
proteins along the last 60 ns of MD simulation. b Graphical representation of the RMSF
of all atoms from the residues of the active site, 39-loop, 60-loop and 375-393 of wild-
type, Glu270Lys, Glu270Lys + Thr271Pro and Thr270Pro proteins along the last 60 ns
of MD simulations.

Fig. 6 Visual Molecular Dynamics (VMD) representation of the alignment of the
representative structure from the dominant cluster from each FIXa protein. The residues
with the higher RMSF variation are represented in licorice.

Fig. 7 VMD representation of a the spatial arrangement of residues Glu/Lys270,
Thr/Pro271, Cys268 and Lys247 in the four F1Xa proteins. b Hydrogen bonds established
by the 271@0G1 atom from Thr271 in the wild-type and Glu270Lys mutant proteins.

Fig. 8 VMD representation of the alignment between the catalytic domains of the
representative structures of the dominant clusters taken from the MD simulations studies
on the different FIXa protein variants and the catalytic domain from the crystallographic
structure.

Fig. 9 Species tree of major mammalian lineages demonstrating the evolution of the
residues homologous to the amino acid positions 270 and 271 of human FIX, constructed
in TimeTree (Kumar et al. 2017). Values at tree nodes indicate the approximate time (in
MYA) of divergence of each lineage.
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