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Abstract

Over the last two decades, both the sensitivity of NMR and the time scale of molecular dynamics (MD) simulation have
increased tremendously and have advanced the field of protein dynamics. HIV-1 protease has been extensively studied using
these two methods, and has presented a framework for cross-evaluation of structural ensembles and internal dynamics by
integrating the two methods. Here, we review studies from our laboratories over the last several years, to understand the
mechanistic basis of protease drug-resistance mutations and inhibitor responses, using NMR and crystal structure-based
parallel MD simulations. Our studies demonstrate that NMR relaxation experiments, together with crystal structures and
MD simulations, significantly contributed to the current understanding of structural/dynamic changes due to HIV-1 protease

drug resistance mutations.
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HIV-1 protease structure, dynamics
and inhibitor interactions

The human immunodeficiency virus type-1 (HIV-1) protease
is a homodimeric aspartyl protease, with 99 amino acids
comprising each subunit. The protease is indispensable in
the HIV-1 life cycle as it processes the Gag and Gag-Pol
polyproteins to yield individual mature proteins and thus
is a target for antiviral drug design (Pearl and Taylor 1987;
Copeland and Oroszlan 1988; Kohl et al. 1988; Oroszlan
and Luftig 1990). Structural studies have revealed distinct
protease structures for the inhibitor-free and bound forms
(Wlodawer et al. 1989; Navia et al. 1989; Erickson et al.
1990; Spinelli et al. 1991; Murthy et al. 1992; Baldwin et al.
1995; Yamazaki et al. 1996). Following the determination
of these crystal structures, various molecular dynamics
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(MD) simulations and related calculations were performed
to understand the dynamics of protease on various times
scales (Harte et al. 1992; York et al. 2002; Harrison and
Weber 1994; Collins et al. 1995; Silva et al. 1996; Rick et al.
1998). Results of MD simulations have been complemented
with NMR relaxation experiments to obtain a better under-
standing of dynamical aspects of wild-type protease in solu-
tion, especially for highly flexible flap regions and f-hairpin
structure that are dynamic on a wide range of time scales
(Nicholson et al. 1995; Tjandra et al. 1996; Ishima et al.
1999; Freedberg et al. 2002).

HIV-1 protease is a molecular target that has proven struc-
ture-based drug design to be effective (Wlodawer and Erick-
son 1993; Erickson and Burt 1996; Walch et al. 1998), with
ten FDA approved protease inhibitors developed to date (Arts
and Hazuda 2012). However, drug resistance mutations can
severely hamper the long-term effectiveness of the inhibitors
(Ridky and Leis 1995; Lee et al. 1998; Shafer et al. 2000;
Quinones-Mateu et al. 2008), motivating many structural stud-
ies to elucidate the molecular mechanisms by which mutations
confer drug resistance (King et al. 2004; Surleraux et al. 2005a;
Altman et al. 2008; Ghosh et al. 2008; Nalam and Schiffer
2008; Galiano et al. 2009; Weber and Agniswamy 2009; Van
Marck et al. 2009; Koh et al. 2010; Nalam et al. 2010; Ghosh
et al. 2015; Roche et al. 2015), as well as various simulations
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(Perryman et al. 2004; Foulkes et al. 2006; Galiano et al.
2009; Dirauf et al. 2010; Ragland et al. 2014; Yu et al. 2015).
These studies elucidated direct and remote mutation effects
on inhibitor interaction with the protease. Similarly, a signifi-
cant number of thermodynamic studies of protease-inhibitor
interactions have been conducted over the past two decades,
showing that both binding entropy and enthalpy became more
favorable in the second-generation inhibitors, compared to the
first-generation inhibitors (Luque et al. 1998; Todd et al. 1998;
Velazquez-Campoy et al. 2000, 2001; Prabu-Jeyabalan et al.
2002; Velazquez-Campoy et al. 2003; Vega et al. 2004; King
et al. 2004; Ohtaka and Freire 2005; Layten et al. 2006; Ban-
dyopadhyay and Meher 2006; Foulkes et al. 2006; King et al.
2012; Foulkes-Murzycki et al. 2013). These structural, ther-
modynamic, and dynamics studies have provided insights into
the molecular mechanisms by which protease mutations confer
resistance, but our understanding has not reached a degree
to predict future resistance mutations or their impact. Drug-
resistance is not limited to HIV-1 protease but is a common
mechanism of escape for viruses and bacteria, and the lessons
that we learn should be generally applicable.

Current opportunities in studying HIV-1 protease involve
leveraging the plethora of data that exist on resistance muta-
tions and determine the relational biophysical mechanism
by which these changes confer resistance. Our interest has
been to understand the interdependence of drug resistance
mutations, i.e., to elucidate how a set of mutations affects
the structure and dynamics of HIV-1 protease and the ther-
modynamics of inhibitor-protease interactions. Toward this
aim, our laboratories, Ishima and Schiffer, have closely
collaborated to characterize the biochemical and structural
features of HIV-1 protease and drug resistant variants. Here,
we summarize our efforts to combine solution NMR (Ishima
laboratory) with structural studies and parallel MD (pMD)
simulations (Schiffer laboratory) to understand the resist-
ance mechanisms of HIV-1 protease. Various comparisons
of NMR-derived parameters with those calculated from MD
simulations have been published (Lienin and Bruschweiler
2000; Case 2002; Showalter and Bruschweiler 2007; Wong
and Case 2008; Robustelli et al. 2012). However, our aim
with this review is not a comparison of these parameters, but
instead a description of how our NMR and MD data were
utilized to examine variation in the protease and inhibitor
structure and dynamics, as well as impact on water structure
and stability.

Structural and dynamic effects of drug
resistance mutations

We have focused on a biophysically fascinating multi-drug

resistant HIV-1 protease variant (termed Flap+) containing
L10I/G48V/154V/V82A (King et al. 2012) mutations that
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occur simultaneously in sequences from patients undergo-
ing drug therapy. The drug resistance mutations in Flap+
are located in the flap region (residue 45-55), P1 loop
(residue 79-84) and a region remote from the inhibitor
interaction site, (Fig. 1) (Shafer et al. 2000). Our previous
thermodynamic analysis of inhibitor binding to Flap+ indi-
cated entropy-enthalpy compensation: compared to wild-
type, Flap+ protease exhibits extremely large and opposite
changes in the entropy and enthalpy of binding with several
FDA approved inhibitors. These changes however did not
drastically alter the binding free energy (King et al. 2012).
Although crystal structures of Flap+ in complex with inhibi-
tors revealed packing rearrangements around the bound
inhibitor (King et al. 2012), these were not sufficient to
explain the extreme entropy-enthalpy compensation. More-
over, the individual mutations at the flap region, G48V or
154V, did not cause any significant entropy-enthalpy com-
pensation, suggesting interdependent effects of the muta-
tions (Foulkes-Murzycki et al. 2013).

As afirst step in characterizing the entropy-enthalpy com-
pensation observed for Flap+, we compared the dynamics
of the inhibitor-free forms of Flap+ and WT protease using
NMR and a series of twenty 100 ns MD simulations (Cai
et al. 2012). As expected, the two proteins exhibited differ-
ences in their dynamics: both MD and NMR data consist-
ently indicated a more open flap region in Flap+ than in WT
(Fig. 2a) in the inhibitor-bound form of the enzyme. Using
double electron—electron resonance (DEER) EPR, the dis-
tance between spin-labels at residue 55 in the two subunits
was measured to be 26 to 48 A (Galiano et al. 2007, 2009).
Our MD simulations of WT protease indicated a similar dis-
tribution for this distance with a mean of 35.8 A (0 2.7 /3;).
For Flap+, the mean distance increased to 36.9 A with a

Fig.1 HIV-1 protease structure, showing the locations of residues
L10, G48, 154 and V82 (yellow spheres) that are mutated in Flap+.
Two subunits, A and B, are depicted in green and light blue, respec-
tively. The flap region (residues 45-55), the P1 loop (residues 79 to
84) and the o-helix (residues 85 to 94) are highlighted in pink, green
and red. Key residue numbers are indicated in small font. The struc-
ture was generated using PDB: 1T3R (Surleraux et al. 2005b)
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wider distribution (¢ 4.0 10\) (Fig. 2a) (Cai et al. 2012). In
NMR experiments, a lower ’N—{'H} NOE and less chemi-
cal exchange (R.,) for the residues in the flap region were
observed for Flap+ compared to WT protease (Cai et al.
2012), indicating faster dynamics of the flap region (Fig. 2b),
presumably due to less flap—flap interaction (Ishima and
Louis 2008). Thus, both NMR and MD indicated differen-
tial dynamics of the flap region in the Flap+ variant due to
resistance mutations.

We next examined Flap+ and WT protease in inhibitor
darunavir (DRV)-bound form, again combining MD simula-
tions with >N NMR relaxation data (Cai et al. 2014). The flaps
of protease are known to be mobile in the unliganded form and
closed upon inhibitor binding (Wlodawer et al. 1989; Navia
et al. 1989; Erickson et al. 1990; Spinelli et al. 1991; Yamazaki
et al. 1996; Nicholson et al. 1995; Tjandra et al. 1996; Ishima
et al. 1999; Freedberg et al. 2002). Our MD and NMR data
were consistent with this, revealing a basically closed confor-
mation of Flap+ and WT in the DRV-bound forms. A total of

Fig.2 a Distribution of dis-
tances between the nitrogen
atoms in the amino group of
residue K55 and K55' side
chain, calculated from MD
trajectories for WT (blue)

and Flap+ (purple) protease;
b NMR relaxation data for
WT (filled circles) and Flap+
protease (open triangles). The
red dashed rectangle indicates
the flap region. The figures were 0
adapted from (Cai et al. 2012).

Reprinted with permission Cai

et al. (2012). From Copyright
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20 parallel fully solvated MD trajectories of 100 ns each were
generated, enabling rigorous statistical analysis of dynamic
changes between the two protease variants. MD simulations
further indicated that the whole backbone of protease is more
rigid in Flap+ compared to WT in DRV-bound form (p <0.05;
Wilcoxon rank-sum test), with average Co root-mean-squared
fluctuations (RMSFs) decreasing to 1.30 from 1.43 A with a
dispersion of 0.50 and 0.53, respectively (Cai et al. 2014).
This RMSF difference was observed throughout the protein
except for the active site region, suggesting a change in the
protein’s overall rigidity but not in the internal motion of a
specific region. However, the generalized-order parameter,
S?, determined using amide longitudinal relaxation rate R,
transverse relaxation rate (R,) and 15N—{ 1H} NOE, was con-
sistent with those calculated from the MD trajectories, except
for residues in the loop and p-turn regions, and did not detect
such dynamical differences between the two proteins. This
may be primarily because, unlike RMSF that does not have any
directionality, S2? reflects only rotational motion. In addition,
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although the overall dynamics are slightly different between
Flap+ and WT protease in the DRV-bound forms, S* derived
from NMR relaxation may not sensitively detect this difference
because such overall relaxation change does not necessarily
affect S but also affect the rotational correlation time.

In the NMR part of the above studies, we optimized our
analysis method to enable a direct comparison of NMR-
derived S? values of the two proteins, WT and Flap+: we used
“same-model selection” (Cai et al. 2012), which decreases the
model’s dependency on S%. Specifically, when the dataset for
a particular residue in one protein, either WT or Flap+, was
not fit by a standard model with two parameters (S* and a cor-
relation time for internal motion, t;) but was instead fit using
a three-parameter model that contained an additional param-
eter (either chemical exchange, R.,, or an extended motion
(Mandel et al. 1995); data is usually explained with only one
of the two but not both), the dataset for that residue in the
other protein was also analyzed using the same three-param-
eter model. Note, even if the relaxation rates of two proteins
are intrinsically the same, the associated errors can differ and
these differences affect model selection. Thus, our applica-
tion of same-model selection for a given residue minimized
model-dependent artifacts in the comparison of two closely
related proteins.

Overall, our integrated interpretation of NMR and MD
studies revealed that resistance mutations alter the flap dynam-
ics in the inhibitor-free form, and MD suggested a more rigid
Flap+ compared to WT protease. Although the inhibitor has
an asymmetric chemical structure, the observed dynamical
differences between WT and Flap+ were largely limited to
symmetric conformational changes. Additional NMR meth-
ods may provide more comprehensive information than >N
relaxation alone, particularly Coo NMR relaxation experiments
that provide rotational orientation information orthogonal to
15N probes (LeMaster and Kushlan 1996; Richarz et al. 2002;
Sun et al. 2013); cross-correlated relaxation experiments that
probe dihedral angle information (Yang et al. 1998; Kloiber
and Konrat 2000; Wang et al. 2003; Lundstrom et al. 2005);
and methyl side chain dynamics that are sensitive to hydro-
phobic packing (LeMaster and Kushlan 1996; Muhandiram
et al. 1995; Skrynnikov et al. 2001; Korzhnev et al. 2004;
Lundstrom et al. 2007). Similarly, as described below, other
dynamic changes not captured in our analysis, particularly
involving the water structure, may have a role in the observed
entropy—enthalpy compensation of inhibitor binding.

Efforts to identify the effect of inhibitor
chemical moiety changes

To gain more site-specific information about inhibitor inter-

actions with protease, we systematically changed the chemi-
cal moiety of inhibitors: designed a series of DRV analogs
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by altering the functional groups at the P1" and P2’ positions,
i.e., R! and R? groups (Fig. 3a) (Nalam et al. 2013). All ten
analogs synthesized, with two different R! groups and five
different R? groups, had similar pico-molar inhibition con-
stants to WT protease but not to resistant variants (Nalam
et al. 2013).

To identify how the individual inhibitor—protein contact
site affects the interdependence of resistance mutations
throughout the protein, we generated a series of 100 ns
pMD trajectories starting from high-resolution structures of
protease co-crystallized with DRV or the ten DRV analogs.
The pMD trajectories were analyzed in terms of correlated
fluctuations, van der Waals (vdW) contact energies, and
electrostatic interactions between the inhibitor and protease
to illuminate subsite interdependence (Paulsen et al. 2017).
The two protease monomers had differential cross-correla-
tions with inhibitor fluctuations due to the asymmetry of the
inhibitor, in agreement with analysis of crystal structures
(Nalam et al. 2013; Paulsen et al. 2017). The cross-corre-
lation analysis also revealed that monomer containing the
P2 moiety, but not the P2' moiety, was always highly cor-
related with the inhibitor motions. The most striking feature
revealed is that inhibitor modification at P1’ significantly
impacted van der Waals contacts at the P2’ subsite (Fig. 3b,
left), but the reverse was not true: alterations at P2’ did not
influence P1’ subsite (Fig. 3b, right). Analysis of the electro-
static interactions further revealed that hydrogen bond for-
mation with the catalytic residue was affected by modifica-
tions at P1’, regardless of the P2" moiety. These pMD results
indicated specific couplings between the subsites where the
inhibitor binds, suggesting inhibitor moieties cannot neces-
sarily be independently optimized as their interactions with
the protease active site are interdependent.

By NMR, we elucidated how modification of each inhibi-
tor chemical moiety affects protease residues outside of the
inhibitor-binding pocket (Khan et al. 2018). The amide
chemical shift differences, ACSPs, which are a sensitive
parameter for detecting remote conformational changes,
were compared among protease complexes with DRV and
four selected analog inhibitors. Since ACSP is generated by
subtraction of the chemical shifts of one inhibitor-bound
form of protease from that of another inhibitor-bound form,
it ideally removes any intrinsic chemical shift effect and
extracts changes due to protein structural/dynamic differ-
ences and/or chemical moiety differences. We determined
the uncertainty of ACSP by calculating the 20%-trimmed
mean ACSP among the homologous inhibitor-bound
forms of the protease, which was 0.017 (+0.003) ppm,
and assessed ACSP above 0.025 ppm (Khan et al. 2018).
Overall ACSP patterns between the WT and Flap+ were
predominantly similar to each other, except for a few sites
that had a key effect due to mutation (Fig. 3c) (Khan et al.
2018). Importantly, ACSPs obtained upon subtraction
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Fig.3 a Chemical structure (a)
of DRV and its analogs with
substitutions at P1" and P2’
moieties, b van der Waals
contact energies for P1" analogs
(DRYV, Ul and U6) and those for
P2’ analogs (U1-US), c differ-
ences in ACSP between DRV
and UX-bound forms (here,
X=2,3,7, 10; orange and red,
ACSP>0.05 ppm) for WT (left)
and Flap+ (right). a Only the
analog inhibitors that are pre-
sented in this review article are
listed. b The figure was adapted
from the reference (Paulsen

et al. 2017). Reprinted with per-
mission Paulsen et al. (2017).
from Copyright 2017 American
Chemical Society. ¢ Residues (b) P2 P1
that exhibit ACSP > 0.05 ppm 0

explicitly either to subunit A

or B are red-highlighted while 2

degenerated residues that

exhibit ACSP>0.05 ppm in two 4

subunits are orange-highlighted.
¢ The figure was adapted

with permission from “Khan

et al. (2018)”. Copyright 2018
American Chemical society.
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of shifts between UX-(X =2, 3, 7, 10) and DRV-bound
forms were asymmetric for the two subunits, with long-
distance effects, > 10 10\, across the remote single a-helix
of the protein (Khan et al. 2018). Such long-range effects
are not explained by direct inhibitor-origin chemical shift
effects, but only by propagation of conformational changes
(Fig. 3c). Differences in the inhibitor interactions of WT and
Flap+ were further elucidated by taking the double ACSPs,
AACSP, i.e. subtraction of ACSP of two inhibitors of WT

from that of Flap+ (Khan et al. 2018). AACSPs effectively
eliminated local environmental effects stemming from dif-
ferent chemical groups and enabled exploiting these sensi-
tive parameters to detect subtle conformational changes in
the mutant relative to the wildtype protein. For example,
although inhibitor binding produced significant ACSPs in
both WT and Flap+, AACSPs of the two proteins indicated
no differences between the proteins at the active site region,
which is critical for catalytic activity (Khan et al. 2018).
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Although the sensitive chemical shifts detected long-
distance effects propagating to the distal helix, '°N relaxa-
tion could not detect significant dynamic differences in the
inhibitor-bound forms (Khan et al. 2018). Further, we did
not conduct chemical shift calculations, because the inhibi-
tors affect electron shielding of the proteases. As mentioned
above, NMR relaxation (except for chemical exchange)
reflects only spatial rotational motion and thus is sensi-
tive to the local chain dynamics but not to displacement
of secondary structural units. To understand the molecular
mechanism behind the long-distance effects due to inhibitor
modifications, we performed MD simulations of inhibitor-
bound protease. The MD trajectories clearly demonstrated
that occurrence (frequency) of side chain hydrogen bonds,
both within and surrounding residues in the a-helix, differ
among the inhibitor-bound forms, indicating that the con-
formational perturbations propagate to the remote helix via
varying tertiary interactions of the helix in the two subunits
(Khan et al. 2018). Although the determinants of ACSP are
complex and their utility is limited (such as evaluation of
the long-range effect only), ACSP was able to capture the
differences among different inhibitor-bound forms, which
was further evaluated by MD simulations.

To assess conformational differences at surrounding
region of the inhibitor by NMR, '°N-half filtered NOESY
spectra of [U=2H/U-'N] inhibitor-bound protease were
acquired, which detect NOEs between protease amide pro-
tons and inhibitor protons, as well as NOEs between amide
protons and hydroxyl side chains or water protons (Persons
et al. 2018). Comparison of the NOEs of the two analogous-
inhibitor bound forms elucidated a similar NOE pattern
of the conserved P2 site to each other, but with a differ-
ence in the P1’ and P2’ site, consistent with the previous
MD data (Paulsen et al. 2017). However, since correlated
motion between protein and ligand is difficult to investi-
gate by NMR, we used half-filtered NOESY to assess the
conformational similarity of the analogous inhibitor-bound
forms. Taken together, comparison of analogous inhibitor-
bound forms sensitively elucidated site-specific features of
the asymmetric conformational changes of protease-inhibitor
complexes by both NMR experiments and MD simulations.

Understanding effect of water structure
and dynamics on inhibitor interactions

Water can significantly modulate entropy and enthalpy of
binding in inhibitor—protein interactions (Lafont et al. 2007;
Luque and Freire 2002). NMR, specifically water NOE, has
previously shown the presence of long-lived water molecules
trapped between inhibitor and protease (Wang et al. 1996).
To analyze the water structure around DRV-bound protease,
from the MD trajectories we calculated the water density,
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occupancy and hydrogen bonds, and compared those of
Flap+ with WT protease (Paulsen et al. 2017; Leidner et al.
2018). The analysis identified 145 symmetric water site pairs
in the two subunits of WT protease, reflecting overall sym-
metry of the dimer structure, and 55 hydration sites that did
not have a symmetry partner. The latter included a water
positioned between residue 50 and inhibitor, named “flap
water”’, which was previously detected by NMR (Wang et al.
1996). Many of the high occupancy (> 0.6) water positions
were observed near the active site (Fig. 4). The water density
and occupancy of DRV-bound Flap+ were similar to those
of DRV-WT protease complex, reflecting an overall similar
structure. However, occupancies and asymmetric hydration
sites at the inhibitor—protease interface were significantly
altered in DRV-Flap+ compared to WT complex. The
occupancy of the flap water decreased from 90 to 82%, four
water sites coordinating the inhibited conformation of pro-
tease were completely lost and the remaining had drastically
reduced occupancy in Flap+ protease. Effect of changes in
surrounding water on the entropy-enthalpy compensation is
well known (Ryde 2014; Fox et al. 2018). Thus, these altera-
tions in water structure stabilizing the inhibitor-bound form
of protease likely contribute to potency loss and entropy-
enthalpy compensation in inhibitor binding due to drug
resistance mutations.

To validate the MD-detected high-occupancy water posi-
tions, ’N-half filtered NOESY spectra of [U-H/U-"N]
protease bound to DRV or to a DRV-analogue, U10, were
recorded and assessed. NOEs both between protease amide
protons and water protons as well as amide protons and
inhibitor protons or hydroxyl side chains were analyzed (Per-
sons et al. 2018). "N-half filtered NOESY spectra, together
with water-NOE/ROE, suggested the presence of resident
waters, including the flap water, near some amides in the
inhibitor-bound protease. Since the time-scale of MD and
NOESY differ, especially with regard to assessing water
exchange, we cannot quantitatively compare water data
from MD with that of NOESY. Nevertheless, some of the
water positions found by MD were similar to the amides that
exhibited water-amide NOESs, and validated the MD obser-
vations (Persons et al. 2018) (Fig. 5).

Summary and future directions

With the described studies, we aimed to combine NMR
and MD data to gain a clearer view of how dynamics and
structure modulate drug resistance, and obtain insights
that may be more generally applicable possibly even
beyond HIV-1 protease. We found a more opened flap-flap
configuration in Flap+ compared to WT protease in the
inhibitor-free form; this observation indicates burial of the
hydrophobic flaps upon inhibitor interaction may correlate
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Fig.4 a Close-up views of
hydration sites around the
protease active site facing the
aniline moiety of DRV. Active
site residues are color coded as
yellow: apolar, blue: polar, red:
charged. b Mean occupancies.
¢ Close-up views of hydration
sites around the protease active
site facing the bis-THF moiety
of DRV. Active site residues
are color coded as in a. d Mean
occupancies Reprinted with
permission from “Leidner
et al. (2018)”. Copyright 2018
American Chemical Society

Fig.5 Altered resident water positions (mean occupancy>65%)
for WT (transparent cyan spheres) versus Flap+ (solid red spheres)
protease bound to DRV, in (a) an orientation in which P2’ position
is on left in the panel and (b) an orientation in which P2’ position is
on right in the panel (the same orientation as that in Fig. 3c¢). Hydra-

with more favorable entropy changes in inhibitor binding.
For the inhibitor-bound forms, our MD simulations indi-
cated that the whole backbone of DRV-bound protease is
more rigid in Flap+ compared to WT (Cai et al. 2014).
NMR experiments were qualitatively consistent with this
result, given long-range ACSP but lack of AACSP in the
active site region. Conservation of active site dynamics
may be important for catalytic activity, as the active site

tion sites of WT and Flap+ are shown as transparent cyan spheres
and solid red spheres, respectively. Reprinted with permission from
“Leidner et al. (2018)”. Copyright 2018 American Chemical Soci-
ety. Water positions that are close to the amides that exhibited water-
NOEs in WT protease are indicated by red-dashed circles

is the least affected due to resistance mutations and the
mutated protease has to maintain activity.

Since MD and NMR have distinct but complementary
advantages, with the parameters detected not necessarily
overlapping, integration of these methods is ideal to obtain
a comprehensive picture of the structure and dynamics of
proteins in solution. This combined approach, together with
additional complementary techniques such as elucidation
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of binding thermodynamics, provides valuable information
on the conformational dynamics aspects of drug resistance
mechanisms that cannot be gained from crystal structures
alone. Such integrative methods, together with other bio-
physical and virologic data, will aid our efforts to understand
interdependent effects of drug resistance mutations. With
more work addressing these complex mechanisms of inter-
dependence, the information gained will hopefully lead to
general principles that can guide the design of robust inhibi-
tors and may be valuable for machine learning models to
predict drug resistance in future.
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