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ABSTRACT: The dual kinase inhibitor lapatinib has a high affinity for
EGFR and HER2 but a weak affinity for ErbB4, although the factors driving
specificity for these highly homologous members of the ErbB family of
receptor tyrosine kinases are not well understood. In this report, homology
modeling, molecular dynamics simulations, and free energy calculations are
employed with the goal of uncovering the energetic and structural
molecular basis of lapatinib specificity and resistance. The results reveal a
distinct network of three binding site water molecules that yield strikingly
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similar hydration patterns for EGFR and HER2 in contrast to that of ErbB4,

which shows a different pattern with a reduced occupancy at one of the positions. The primary cause was traced to a single amino
acid change in the binding site (EGFR position 775), involving a swap from C or S (EGFR and HER2) to V (ErbB4), for which
the side chain is bulkier, is hydrophobic, and lacks the ability to form a H-bond with water. Notably, excellent quantitative
agreement with experimental activities is obtained across the series (EGFR > HER2 > ErbB4) when key waters are included in
the calculations. Quantitatively, Coulombic interactions and H-bond counts between network waters and species involved in the
network are less favorable in ErbB4 by ~40% relative to those in EGFR or HER2. Additional simulations with clinically relevant
EGEFR (C77SF, T854A, and T790M) and HER2 (T790I) mutants demonstrate that resistance can also be understood in terms
of changes that occur in the binding site water network. Overall, the results of this study have yielded a physically reasonable
water-based mechanism for describing lapatinib specificity and resistance.

Excluding skin cancer, breast cancer is the most common
type of cancer for women in the United States, and one in
eight women is expected to develop breast cancer." Members of
the highly homologous ErbB family of receptor tyrosine kinases
(EGFR, HER2, HER3, and ErbB4) play key roles in breast
cancer,” and EGFR* and HER2® are important prognostic
markers. The design of agents targeting EGFR or HER2 alone,
or in combination, has been a major therapeutic focus.”?
Successful examples include the HER2 neutralizing antibody
trastuzumab (Herceptin) and the small molecule inhibitor
lapatinib (Tykerb) (Table 1), which targets EGFR and HER2.6
Unfortunately, less than one-third of patients with HER2
amplification benefit from trastuzumab.? Importantly, lapatinib
has shown activity against trastuzumab-treated breast cancer
cell lines” and in patients previously treated with trastuzumab.®
However, acquired resistance to lapatinib involving alternative
signaling fathwaysg_13 or potentially deleterious point
mutations'*** will likely hamper long-term clinical utility.
Uncovering mechanisms associated with sensitivity and
resistance to ErbB family inhibitors is an important long-term
therapeutic goal. The focus of this work is an improved
understanding of the atomic- and molecular-level details driving
lapatinib dual specificity for EGFR and HER2 (strong) versus
ErbB4 (weak)'®'” (Table 1) and what leads to a loss of binding
with specific point mutations."*"

Members of the ErbB family share a similar overall structural
architecture comprising (i) an extracellular ligand binding

domain, (i) a transmembrane domain, (iii) an intracellular
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juxtamembrane domain, (iv) an intracellular tyrosine kinase
domain, and (v) a C-terminal regulatory region where
phosphorylation occurs.'® Interestingly, no exogenous ligands
that bind to HER2 have been identified, and HER3 lacks kinase
activity.”> Figure 1 highlights the similarities in sequence
(EGFR numbering), including the lapatinib binding site, across
the kinase domains of the proteins studied in this report
(EGFR, HER2, and ErbB4). Binding of a ligand to the
extracellular domain of EGFR, HER3, or ErbB4 can promote
homo- or heterodimerization with another ErbB family
member, resulting in activation of the intracellular kinase
domain.>> Activation (inactive — active form) is mediated by a
structural reorganization that primarily involves conformational
changes in the C-helix and activation loop regions.'® Active
homodimeric—heterodimeric complexes can, in turn, cause
activation of a series of downstream signaling cascades.
Aberrant signal transduction can promote cell proliferation,
promote differentiation, and eventually lead to malignant
transformation.”?

From a therapeutic standpoint, small molecule kinase
inhibitors that preferentially target either the inactive [lapatanib
(Table 1)]'7 or the active (erlotinib'® and gefitinib>®) kinase
forms have been developed. These compounds bind com-
petitively at the ATP-binding site, blocking phosphorylation
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Table 1. Experimental Activities for Lapatinib with ErbB Family Members
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“From ref 16. "EGFR and HER2 (K,) and Erb4 (calculated K,) values from ref 17. “AGy;q(exptl) &~ RT In(K) at 298.15 K. Note that N* indicates a
key ligand atom involved in water-mediated H-bonding (see the text for a discussion).
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Figure 1. Sequence comparisons among the kinase domains of EGFR, HER2, and ErbB4. The numbering is that of EGFR (PDB entry 1XKK).

and subsequent downstream signaling. Lapatinib is approved
for the treatment of HER2-overexpressing breast cancer, while
erlotinib and gefitinib are approved for the treatment of non-
small cell lung cancer.® Unlike erlotinib and gefitinib that
primarily target EGFR, lapatinib is a dual kinase inhibitor”"
targeting both EGFR and HER2. Interestingly, despite the high
degree of sequence homology (Figure 1), lapatinib only weakly
inhibits ErbB4 (Table 1). This fact may be clinically relevant as
it has been reported that ErbB4 may lead to a potentially
beneficial antiproliferative response in human breast cancer
cells,”* and overexpression of ErbB4 correlates with reduced
recurrence of breast cancer.”® Prior studies, including crystallo-
graphic reports of lapatinib in complex with inactive form
EGFR" or ErbB4,>* have not offered clear reasons why
lapatinib preferentially binds EGFR and HER2 but not ErbB4.

There is growing concern that drug resistance, as has been
observed with the related kinase inhibitors erlotinib and
gefitinib, may occur upon long-term treatment with lapati-
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nib."*'3?% Known EGFR mutations associated with acquired
resistance to erlotinib or gefitnib include T790M and
T854A.>°® Here, the so-called gate keeper mutation at
position 790 (EGFR or HER2) is similar to the T315I mutation
arising from treatment with imatinib (Gleevec) in the BCR-
ABL kinase system.” Avizienyte et al.'* and Trowe et al.'* have
reported that several ErbB family mutations, including those in
EGFR (C775SF, T854A, and T790M) and HER2 (T790I), also
negatively affect lapatinib. Proposed resistance mechanisms
include (i) a steric clash for EGFR C775F,"* EGFR T790M,>®
or HER2 T790L"° (i) increased affinity for ATP for EGFR
T790M,*° and (iii) a loss of contact for EGFR T854A.”® An
improved understanding of what contributes to lapatinib
binding at the structural level will be important in explaining
the impact of observed mutations as well as the design of next-
generation EGFR and HER2 inhibitors with improved
resistance profiles.
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Examples of prior computational work addressing ligand
binding in ErbB systems have employed homology and
molecular modeling,*' ™>* comparative molecular field anal-
ysis,34’35 docking/virtual screening,34_36 molecular dynam-
ics,*#>3*353773% and Monte Carlo simulations.** Surprisingly,
few studies have addressed binding across multiple members of
the ErbB family. Exceptions include the work of Kamath et
al,* who explored ATP selectivity between EGFR and HER2
using molecular dynamics, and Scaltriti et al,** who explored
binding of lapatinib with EGFR, HER2, and HER3 using
homology modeling in combination with energy minimization.
Prior calculations addressing drug resistance include reports by
Liu et al”’ for gefitinib in complex with EGFR (T790M,
L858R, and T790M) and Balius et al.>* for erlotinib, gefitinib,
and AEE788 with EGFR (wild type, L8S8R, L8S8R, and
T790M). Focusing on the latter study, Balius et al.*’
compellingly showed that drug resistance in EGFR, in contrast
to proposed mechanisms primarily involving a steric clash®”*!
or altered affinity for ATP,** more likely involves disruption of
favorable interactions, including an important water-mediated
H-bond network. Free energy calculations for inhibitors with
EGFR, reported by Michel et al,** similarly revealed a local
water network that mediates binding. In general, hydration is
known to be an important factor in drug design.*”**™* In
particular, specific waters can help to mediate protein—ligand
binding.* Examples of other FDA-approved drugs® that make
water-mediated interactions include erlotinib,'® zanamivir,*®
and nevirapine.47 For the lapatinib simulations presented here,
bridging waters also appear to play a key role in modulating
both specificity and resistance among ErbB family tyrosine
kinases.

Our long-term goal is the development of improved
anticancer small molecule drugs. Goals of this study are
threefold: (i) to construct robust all-atom computational
models to quantify lapatinib binding with inactive forms of
wild-type EGFR, HER2, and ErbB4 and deleterious mutations,
including EGFR C775F, EGFR T854A, EGFR T790M, and
HER2 T790], (ii) to determine how receptor sequence and
associated structural changes lead to variation in computed
lapatinib activities for comparison with experimental results,
and (iii) to elucidate the primary factors controlling lapatinib
specificity and resistance. The design of inhibitors with tailored
selectivity and resistance profiles will ultimately be enabled
through use of well-tested models for quantifying and
predicting molecular recognition at the atomic level.

B METHODS

Model Construction. Simulation-ready models for three
different ErbB systems (EGFR, HER2, and ErbB4) were
constructed using one of two crystallographic structures termed
here template 1 (PDB entry 1XKK containing EGFR with
lapatinib'”) and template 2 (PDB entry 2R4B containing ErbB4
with a lapatinib-like covalent inhibitor*®). IXKK was chosen as
a template because it was the only inactive structure available
for EGFR. 2R4B was chosen as a template for inactive ErbB4
because there was only a short section missin§ (six residues) in
comparison to an alternative structure 3BBT* that was missing
14 residues in the activation loop region. No inactive structures
were available for HER2, although an active form structure was
recently published.*” Structural changes in the binding site
reveal lapatinib is compatible only with inactive conformations.
Modeller9v6>® was employed to construct homology models
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using both inactive templates. Figure 2 outlines the overall
workflow schematically.

Crystallographic Crystallographic

template #1 template #2
(EGFR, pdb code 1xkk) (ErbB4, pdb code 2r4b)
______ | v,
receptor | | receptor |
| _preparation_| | _preparation |
EGFR (x-ray) Model EGFR (homology)
e oo [ evauaion [~fe8 fronle
ay) ErbB4  (x-ray)
| minimization [ minimization |
| __equilibration __| | __equilibration _|
|

MD production runs
6 x 20 ns each system

Figure 2. Overall workflow schematic showing model construction for
EGFR, HER2, and ErbB4 using two crystallographic templates.

For lapatinib, the ligand conformation observed in template
1XKK was used as the initial set of coordinates for all
simulations. Template 2R4B contained a lapatinib-like covalent
inhibitor, and there was incomplete ligand electron density in
3BBT. Interestingly, 3BBT contained an alternative rotamer
amounting to an ~180° ring flip of the fluorophenyl moiety
relative to 1XKK or 2R4B. However, average ligand B factors in
3BBT were more than double (100.2) compared to those in
IXKK (41.8), which suggests substantial uncertainty. In
addition, preliminary studies showed an energetic preference
for the 1XKK conformation, and some simulations starting
from the 3BBT conformation flipped to 1XKK but never vice
versa. Additional studies to investigate the discrepancy observed
in the two crystallographic structures are in progress.

On the basis of sequence alignments using ClustalW,>" the
kinase receptor domains share very high levels of sequence
identity: EGFR and HER2 (81%), EGFR and ErbB4 (78%),
and HER2 and ErbB4 (77%). Thus, homology models for the
receptors can be constructed with high degrees of confidence.
To assess the effects of homology modeling, two complete sets
of three systems each were constructed (EGFR, HER2, and
ErbB4) using both templates (1XKK and 2R4B). Missing
regions in 1XKK (residues 734—737, 750—753, and 868—875)
were completed on the basis of PDB entry 2GS7'® containing
inactive EGFR with ligand AMP-PNP, while the missing region
in 2R4B (residues 755—760) was completed using Modeler.
Otherwise, conformations for identical residues in the align-
ments were kept the same as those in the relevant template.

For each complex, 10 homology models were generated and
the model with the lowest discrete optimized protein energy
(DOPE)>* score was selected as the initial structure for
molecular dynamics simulations. Models were evaluated using
PROCHECK,** which showed no residues in disallowed
regions and ~90% of the residues in the most favored regions.
These metrics help confirm the structures are of overall good
quality. In general, the six completed receptors, based on
template 1XKK (EGFR, HER2, and ErbB4) or template 2R4B
(EGFR, HER2, and ErbB4), were structurally similar except for
some differences in the activation loop, C-helix, and N-lobe
regions (Figure 3, arrows).

To probe how point mutations would affect ligand binding,
additional setups for mutant forms of EGFR (C77SF, T854A,
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kinase kinase
template 1 template 2 |
(1xkk) (2r4db)

Figure 3. Homology modeling templates derived from crystallographic
coordinates of inactive EGFR (PDB entry 1XKK) or inactive ErbB4
(PDB entry 2R4B). Arrows denote regions with structural differences
between the templates.

and T790M), HER2 (T790I), and ErbB4 (V775C) were
constructed through modification of the relevant wild-type
structures using MOE.** Starting rotamers for mutant side
chains were chosen to overlap well with the wild-type side
chains subject to visual inspection to ensure there were no
steric clashes. The same equilibration and production protocols
described below for wild-type systems were employed for the
mutants.

Simulation Setups and Molecular Dynamics Details.
Molecular dynamic simulations were performed with
NAMD2.6*° using input files prepared using the AMBERS*®
suite of programs that was used to assign force field parameters
and assemble and solvate each complex in a periodic box
containing ~45000 waters (~80 A’). No crystallographic
waters were employed. The following force field parameters
were used: FF99SB®” for the protein, GAFF*® for the ligand,
and TIP3P* for water. Ligand charges were obtained at the
HF/6-31G* level of theory using the ChelpG*® method as
implemented in Gaussian98.°" On the basis of the environ-
ment, residue His 803 in the ErbB4 binding site was modeled
as protonated. Lapatinib was modeled as neutral. Prior to the
production runs, a nine-step equilibration procedure was used
to relax the protein and solvent in a sequential way and
consisted of three minimization steps (1000 steps of steepest
decent) and six molecular dynamics runs (50 ps each). The
production runs employed weak restraints only on short
stretches of the N-termini (10 amino acids) and C-termini (14
amino acids). Slightly different equilibration protocols were
used for crystallographic versus homology models. Table 2
summarizes the various equilibration steps.

Molecular dynamics simulations were performed in the NPT
ensemble using Langevin dynamics® at a specified constant
temperature of 298.15 K and a pressure of 1.01325 bar. MD

equilibrations employed a 1 fs time step, while production runs
employed a 2 fs time step that required the use of SHAKE.*®
Additional key input parameters include use of the particle
mesh Ewald®* to compute long-range electrostatics (1.0 A grid
spacing) and a 12 A direct space cutoff (10 A smoothing
switch) for nonbonded interactions. MD snapshots were saved
every 1 ps during the productions runs for subsequent analysis.
For each wild-type system, six 20 ns production simulations
were performed (different random seeds), while for each
mutant system, one 20 ns production simulation was
performed.

Calculation of Binding Free Energies. Free energies of
binding [AGy(calcd)] were estimated using the well-described
MM-GBSA method®>*® with AMBER, which our laboratory
has emglo;red to successfully characterize a number of
systems,”’ "’ including active form EGFR.*® For this work,
free energies were estimated using a four-term equation
[AGy(caled) = AEy, + AE y + AAG,q, + AAG

W coul polar nonpolar]

consisting of the intermolecular van der Waals energy (AE,4,),
the intermolecular Coulombic energy (AE,), changes in polar
hydration energy (AAG,,,), and changes in nonpolar
hydration energy (AAG,opo1.r)- No additional entropic terms
were included. Polar hydration energies were obtained using
the GB model described by Onufriev et al.”' (igb = 5) with
mbondi2 radii and interior and exterior dielectric constants of 1
and 78.5, respectively. Nonpolar hydration energies were
obtained from solvent accessible surface areas through the
relationship AG,,qnpoier = 7 X SASA + f3, where y = 0.00542 kcal
mol™ A= and 8 = 0.92 kcal/mol.”> The AMBER distribution
file src/sander/mdread.f was modified to include radii of
fluorine (1.50 A) and chlorine (1.70 A) required by GBSA
calculations for lapatinib. Free energies of binding were
computed using three different protocols (OWAT, 3WAT,
and 1WAT) depending on the number of explicit waters
retained from the fully solvated MD trajectories. OWAT
includes no waters and is the default MM-GBSA protocol;
3WAT includes the three waters closest to N* (labeled in
Table 1), and 1WAT includes one water if it is within 3 A of
N*,

B RESULTS AND DISCUSSION

System Behavior and Convergence. Structural
Stability (crystallographic versus homology starting coor-
dinates). To assess the behavior of the simulations and, in
particular, to assess stability of the homology models, we
examined root-mean-square-deviations (rmsds) as a function of

Table 2. Equilibration Protocol for Crystallographic and Homology Models

step” crystallographic restraints” (weight)®
1 min wat O (S), pro all (5), lig all (S)

2 min pro all (5), lig all (5)

3 min pro hev (5), lig hev (5)

4 md pro hev (5), lig hev (5)

Smd pro hev (1), lig hev (1)

6 md pro Ca (1), pro hev (0.1), lig hev (0.1)
7 md pro Ca (1)

8 md pro Ca (0.5)

9 md pro Ca (0.1), 702—711, 969—982

homology restraints (weight)

wat O (S), pro homo all (S), pro nonhomo hev (5), lig all (5)
pro hom all ($), pro nonhomo back (S), pro nonhomo side (1), lig all (5)
pro homo hev (5), pro nonhomo back (5), lig hev (S)

pro homo hev ($), pro nonhomo back (5), lig hev (5)

pro homo hev (1), pro nonhomo back (1), lig hev (1)

pro Ca (1), pro homo hev (0.1), pro nonhomo back (0.1), lig hev (0.1)
pro Ca (1)

pro Ca (0.5)

pro Ca (0.1), 702711, 969—982

“Abbreviations: min, energy minimization; md, molecular dynamics. Y Abbreviations: wat, water; pro, protein; lig, ligand; hev, heavy atoms; homo,
residues homologous to those of the template; nonhomo, residues not homologous to those of template; back, backbone Ce, C, N, O; side, side
chain. “Restraint weights in parentheses in kilocalories per mole per square angstrom.
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Figure 4. Root-mean-square-deviation (rmsd) vs time (nanoseconds) for lapatinib with EGFR (top), HER2 (middle), and ErbB4 (bottom) for six
MD runs based on template 1XKK. The rmsds are shown for the receptor backbone (green line), ligand (red line), and ligand scaffold quinazoline

plus aniline rings (blue line).
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Figure S. Autocorrelation functions (ACFs) (top) for free energies of binding of lapatinib with EGFR (left), HER2 (middle), and ErbB4 (right)
computed from six independent 20 ns MD simulations each. Block-averaged standard errors of the mean (BASEM) (bottom) in kilocalories per
mole as a function of block size. Free energies of binding calculated with three binding site waters (3WAT protocol).

time for each wild-type setup. To more accurately estimate
binding free energies, six simulations using different random
seeds were performed. Figure 4 plots results initiated from the
crystallographic structure of EGFR (1XKK) and the two
homology models of HER2 and ErbB4 constructed using
1XKK as the template. Here, light gray points show
instantaneous rmsds with colored lines representing the
running average of the previous 100 snapshots for receptor
Ca, C, N, and O backbone atoms (green line), lapatinib heavy
atoms (red lines), or lapatinib quinazoline plus aniline rings
defined as the scaffold (blue lines). The rmsds were computed
after each MD production snapshot was fit to the initial model
coordinates using receptor Ca backbone atoms as the match
criteria. Importantly, for each of the six replicas across all
systems, the receptor backbone rmsds are within 2 A of each
other, which is an indication that both the crystallographic and
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the homology models have structural integrity. While ligand
total rmsds, in some cases, show fluctuations of >2 A, the ligand
scaffold rmsds always remain low (1—1.5 A), which suggests it
is only the solvent-exposed methyl sulfone tail (see Table 1)
that fluctuates significantly. Similar ligand rmsd results were
obtained in an earlier study of inhibitors that target the active
form of EGFR.*®

Binding Free Energy (crystallographic versus homology
starting coordinates). To help gauge convergence of the
computed free energies of binding [AGy(caled)], autocorrela-
tion functions (ACFs) and block-averaged standard error of the
mean (BASEM) analysis were also performed.”*”* For a given
time series, as demonstrated in Figure S for the group of six
simulations based on template 1XKK, ACFs provide a means of
assessing the extent to which data are correlated, while BASEM
plots can be used to quantify statistical noise. The AG(calcd)

dx.doi.org/10.1021/bi2016553 | Biochemistry 2012, 51, 2390—2406
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Table 3. Autocorrelation Function Percent Uncorrelated Data (ACF %) and Block-Averaged Standard Errors of the Mean
(BASEM) for AGy(calcd) Values from Simulations of Lapatinib with EGFR, HER2, and ErbB4 for Various Block Lengths Based

on 1XKK and 2R4B Templates

N=1ps N =100 ps N = 1000 ps N = 2000 ps
ACF %” BASEM® ACF %° BASEM® ACF %* BASEM® ACF %" BASEM®

Template 1¢

EGFR 47.55 0.03 26.79 0.18 10.11 0.45 3.68 0.56

HER2 52.68 0.03 31.78 021 11.24 0.54 643 0.68

ErbB4 44.50 0.03 23.64 0.17 8.93 0.43 422 0.57

average 4824 0.03 27.40 0.19 10.09 0.47 4.78 0.60
Template 2

EGFR 4336 0.03 2291 0.16 7.84 0.41 1.51 0.52

HER2 48.75 0.03 27.44 0.19 10.81 0.48 6.29 0.63

ErbB4 46.71 0.03 2526 0.18 8.95 0.43 6.77 0.55

average 4627 0.03 25.20 0.18 9.20 0.44 4.86 0.57

“Template 1 based on PDB entry 1XKK, template 2 based on PDB entry 2R4B. YACF as a percentage of correlated data. “BASEM energies in
kilocalories per mole. Free energies of binding calculated with three binding site waters (3WAT protocol).
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Figure 6. Per-residue van der Waals (VDW) and Coulombic (ES) interaction energies for lapatinib with EGFR (left), HER2 (middle), and ErbB4
(right) in which the receptors were constructed using different homology modeling templates based on PDB entry 1XKK (EGFR) or 2R4B (ErbB4).
Average energies computed from 120000 MD snapshots (see the text for details). For each plot, red squares denote the four residues with the largest

variation between the two templates. Diagonal line Y = X.

values in Figure S were obtained using a three-water protocol
(3WAT), as described further below; however, two other
protocols (OWAT and 1WAT) led to similarly good
convergence. Focusing on the EGFR results, Figure S reveals
the ACFs drop quickly, and by the ~1 ns lag time, the data are
largely uncorrelated (80—90%). In addition, the accompanying
BASEM results show the expected monotonical increase as
block averaging size increases (from 1 ps to 10 ns), which
begins to reach a plateau indicating the error estimates are
converging. The same general trend observed for EGFR is
maintained for the other systems, including the simulations
based on the alternative template 2R4B or other protocols.
Interestingly, one HER2 simulation yielded ACF and BASEM
results that showed poor convergence behavior in comparison
to that of others simulations. A simulation generated using an
alternative random seed that was better behaved was
substituted for the unconverged run. For comparison, Table
3 quantifies ACF and BASEM values computed at four different
lag time and block size values (1, 100, 1000, and 2000 ps).
Overall, by using a 1 ns block size, uncertainties in AG(calcd)
values on the order of 0.5 kcal/mol may be considered to be a
reasonable estimate. ACF data at this interval are relatively
uncorrelated (~90%), and a sufficient number of blocks (N =
20) can be employed for BASEM calculations.

Influence of Homology Model Templates on Interaction
Energy Variability. To further explore how the use of different

templates might affect the energetic results, protein—ligand van
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der Waals and Coulombic interaction energies, on a per-residue
basis, were plotted against each other as shown in Figure 6 for
the range from —7 to 3 kcal/mol. Notably, both homology
templates yield very similar energetics. In all cases, per-residue
van der Waals interactions are essentially identical [Figure 6
(open circles)], and only a few residues (D8SS, N842, R841,
D837, D800, K745, G719, and L718) show variability in their
gas-phase Coulombic energies [Figure 6 (red squares)]. It is
interesting that many of the residues showing Coulombic
differences are charged and/or in loop regions;1 thus, larger
variation may not be unexpected. Overall, the strong similarity
in per-residue interaction starting from two different homology
modeling templates is striking. We attribute the good
correspondence to (i) the fact that the homology models are
based on a very high level of sequence homology of ~80% and
(ii) the fact that the EGFR, HER2, and ErbB4 kinase domains
are all of the same length (no insertions or deletions), which
minimized the actual homology modeling required (i.e., side
chains in common were kept in their respective crystallographic
template position).

Importance of Binding Site Waters. In general, water
molecules are known to play important roles in molecular
recognition.*”*™* Our laboratory’s prior study of the active
form of EGFR identified an important network of waters
involved in mediating resistance to the anti-EGFR drugs
erlotinib and gefitinib. ® For the inactive forms studied here,
examination of explicit solvent MD trajectories of EGFR,
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HER2

ErbB4

Figure 7. Representative MD trajectories showing primary hydration sites labeled S1, S2, and S3 from simulations of lapatinib with EGFR (left, red),
HER2 (middle, green), and ErbB4 (right, blue) based on template 1XKK. Images show overlaid waters (O atoms) within 3 A of ligand atom N*
(S1), kinase carbonyl oxygen at residue 791 (S2), and ligand aniline hydrogen (S3) from 10000 evenly spaced MD snapshots (20 ns trajectories).

Table 4. Calculated versus Experimental Free Energies of Binding

absolute OWAT? AG,(calcd)? 3WAT? AG,(calcd) IWAT® AGy(calcd) AGy(exptl)®
EGFR avgf —61.73 —68.23 —65.33 —-11.62
EGFR 18 —62.19 —68.80 —65.84
EGER 2" -61.27 —67.66 —64.81
HER?2 avg —61.08 —67.71 —64.57 -10.75
HER2 1 —61.39 —67.82 —64.53
HER2 2 —60.77 —67.60 —64.61
ErbB4 avg —62.96 —66.91 —63.20 —8.81
ErbB4 1 —62.93 —67.19 —63.35
ErbB4 2 —-62.99 —66.63 —63.05
difference (avg) OWAT AAG,(calcd) 3WAT AAG,(calcd) IWAT AAG,(calcd) AAGy(exptl)
EGFR — HER2 ~065 -052 ~076 -0.87
HER2 — ErbB4 1.88 ~0.80 -137 ~1.94
EGEFR — ErbB4 123 -132 -2.13 —281

“OWAT protocol computed with zero waters. b3WAT protocol computed with the three waters closest to N* (labeled in Table 1). “TWAT protocol
computed using one water if it is within 3 A of N*. 9AG,(calcd) values in kilocalories per mole from six 20 ns simulations. “AG,(exptl) ~ RT
In(activity) at 298.15 K using K; values from Table 1. fAverage of templates 1 and 2. *Computed using template 1 (1XKK). hComputed using

template 2 (2R4B).

HER2, and ErbB4 with lapatinib reveals a similar network of
waters. As illustrated in Figure 7, which plots a representative
MD trajectory for each system, the analysis identified that for
EGFR and HER2 there are three distinct sites with high water
occupancies (defined here as S1, S2, and S3) in contrast to
ErbB4 for which the S1 site, on average across all six runs,
shows a much lower occupancy. The definitions are based on
waters within 3 A of ligand atom N* (S1), kinase carbonyl
oxygen at residue 791 (S2), or ligand aniline hydrogen (S3).
On the basis of such solvation patterns, we hypothesized that
ligand binding would be influenced by differences in hydration
that could occur as a result of differences in the primary amino
acid sequence. It is important to note that these water positions
are a result of MD sampling as no crystallographic waters were
included in the initial setups. Comparison with available
crystallographic data is interestingly mixed. For EGFR with
lapatinib (1XKK), the water at site S1 is observed. For HER2,
no inactive structures have yet been published. For ErbB4 with
lapatinib (3BBT), strangely, no waters are included in the
binding site, although the surrounding environment contains
water. For ErbB4 with a related covalently bound analogue
(2R4B), water at site S1 is observed. In an attempt to quantify
the effects of hydration at these sites, as described below, we
computed binding free energies using different numbers of key
explicit waters.

Correlation with Experimental Binding Trends. Table 4
shows free energies of binding [AG,(calcd)] obtained using
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one of three calculation protocols that includes zero explicit
waters (OWAT), three explicit waters (3WAT), or one explicit
water (IWAT). OWAT represents the default MM-GBSA
protocol, 3WAT is designed to capture hydration effects at sites
S1-S3, and IWAT is designed to isolate effects primarily due
to site S1. It is important to note that for any given simulation a
single solvated trajectory is postprocessed to derive OWAT,
3WAT, and IWAT protocols, the underlying protein—ligand
ensembles in each case are identical, and it is only the numbers
of explicit waters retained that are different. A number of prior
studies”>~”” have also included key binding site waters using
related free energy calculation protocols. For each receptor
setup, AG(caled) values are presented for the combined
average (avg) of templates 1XKK (template 1) and 2R4B
(template 2) as well as each individual template. Each template
group represents the average of six well-converged 20 ns
simulations. The discussions that follow employ the template-
averaged data. In terms of magnitude, the overestimation of
absolute AGy(calcd) values in Table 4 relative to experiment is
a well-known occurrence when explicit solute entropic terms
are omitted, as was the case in this study. Focusing on the
differential energies (AAG,), for which neglected entropic
terms may be reasonably assumed to cancel, we found the
template-averaged results show remarkable agreement with the
experimental trends provided that key explicit waters (3WAT
or IWAT protocol) are included in the calculations.
Calculations in which no explicit waters are retained (OWAT
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Table S. Absolute (A) Binding Energy Components (kilocalories per mole)

AE 4, AE AGyqpr AGonpolar AGy(caled) AGy(exptl)

OWAT

EGEFR avg —7591 -31.40 53.17 —7.56 —61.73 —11.62

HER?2 avg —75.83 —32.89 55.22 —7.58 —61.08 —10.75

ErbB4 avg —77.00 —35.59 57.22 —7.60 —62.96 —8.81
3WAT

EGEFR avg —76.86 —40.61 56.67 —7.44 —68.23 —11.62

HER2 avg —76.54 —42.50 58.78 —7.45 —67.71 —10.75

ErbB4 avg =77.74 —42.61 60.93 —7.49 —66.91 —8.81
IWAT

EGEFR avg —76.22 —35.64 54.07 —7.53 —65.33 —11.62

HER?2 avg —76.07 —36.92 55.95 —7.53 —64.57 —10.75

ErbB4 avg —77.00 —35.94 57.33 =7.59 —63.20 —8.81

protocol) incorrectly predict lapatinib to bind most tightly to reasonable. The largest changes in AE 4, are <1 kcal/mol. In

ErbB4.

As shown in Table 4, use of the 3WAT protocol increases the
averaged absolute binding energies, relative to those derived
with the OWAT protocol, nearly identically for EGFR (—6.50
kcal/mol) and HER2 (—6.63 kcal/mol) in contrast to that of
ErbB4 (—3.95 kcal/mol), which is smaller. The smaller
energetic gain for ErbB4 makes physical sense given the lack
of S1 water observed in the hydration patterns (Figure 7). For
the IWAT protocol, again nearly identical increases in binding
energy are observed for EGFR (—3.60 kcal/mol) and HER2
(—3.49 kcal/mol) in comparison to that of ErbB4, which is
significantly smaller (—0.24 kcal/mol). Here, the effect for
ErbB4 is more pronounced given that only the S1 water is
considered. Notably, the IWAT protocol yields remarkable
numerical agreement with the experimental AAG,, differences:
(i) EGFR — HER2 = —0.76 for calcd versus —0.87 for exptl, (ii)
HER2 — ErbB4 = —1.37 for calcd versus —1.94 for exptl, and
(iii) EGFR — ErbB4 = —2.13 for calcd versus —2.81 for exptl.
Overall, the solvated results underscore the importance of
considering binding site waters in these systems. In particular,
as discussed further below, different amounts of solvent in the
S1 site appear not only to drive the specificity of lapatinib for
the three different receptors but also to play a role in how
clinically relevant point mutations affect ligand binding.

Component Contributions to Affinity. To gauge which
of the underlying energy terms comprising AG(calcd) change
most as a result of including explicit waters, component analysis
was performed as shown in Table 5 for the different protocols.
Here, as was observed in our earlier study of active form EGFR,
the affinity for lapatinib with the inactive kinases also appears to
be most strongly driven by favorable intermolecular van der
Waals interactions (Table 5). Favorable intermolecular AE_,
terms are roughly half of the accompanying favorable AE 4,
terms, and the unfavorable desolvation terms (AGPOIM) are
significant. Taken together, the results suggest molecular
association in these systems is primarily driven by steric
packing. However, selectivity across the series (EGFR > HER2
> ErbB4) does not appear to correlate with variation in
packing. In every case, AE, terms for ErbB4 are more
favorable (< —77 kcal/mol) compared with the other two
receptors (> —77 kcal/mol).

As shown in Table S, addition of binding site waters (SWAT
or 1WAT) affects electrostatic contributions (AE,, and
AGPOIM) much more dramatically than the packing terms
(AE,4, and AG,ppo1r)- As water-mediated hydrogen bonding
is primarily electrostatic in nature, this observation is
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sharp contrast, for the 3WAT protocol relative to the OWAT
protocol, AE_; favorably increases by approximately —9 kcal/
mol for EGFR and HER2 versus —7 kcal/mol for ErbB4, and
for the IWAT protocol, the differences are approximately —4
kcal/mol for EGFR and HER2 versus —0.4 kcal/mol for ErbB4.
The negligible AE_,; change for ErbB4 is a function of less
favorable hydration at site S1. In support of this conclusion, all
the energetic terms (AE, g, AEcu AGpopy and AG gl for
ErbB4 from the OWAT or 1IWAT results are nearly identical. In
fact, the smaller increases in AE, (favorable) and AG,y,
(unfavorable) for ErbB4 versus the other two systems are the
primary reasons why the correct experimental ordering (EGFR
> HER2 > ErbB4) is obtained using solvated AG(calcd)
protocols. Finally, it is interesting to note that of all the terms,
AGp,, most closely tracks the experimental trend. This
provides additional evidence that selectivity for these receptors
is a function of differential solvation in the bound state.
Footprint Contributions to Affinity. Although struc-
ture—activity relationships can often be explained using per-
residue energetic decompositions (molecular footprints), an
examination here suggests lapatinib specificity is not governed
directly by changes in residue-specific intermolecular inter-
actions. As shown in Figure 8, which plots results based on
template 1XKK simulations, the remarkably high degree of
overlap in the three van der Waals (AE,y,) footprints derived
from the EGFR, HER2, and ErbB4 results reveals no specific
residue(s) that might play a role. While not a particularly useful
indicator of ErbB family specificity, the tight AE 4, overlap in
Figure 8 does provide additional evidence that the homology
model results are robust and well-converged. In contrast,
Coulombic energy (AE.,) footprints do show variability at
approximately five positions (KKK 74S, CSV 775, DDE 800,
RRH 803, and DDD 855), and these sites were examined in
greater detail. This nomenclature refers to the amino acid
present at any given position following the EGFR—HER2—
ErbB4 receptor order. At positions KKK 745, CSV 775, and
RRH 803, the interactions between lapatinib and the
accompanying residue in ErbB4 are in fact less favorable than
those in EGFR, HER2, or both; thus, these residues could
possibly play a role in the weakened binding. However, these
ErbB4 losses are not enough to compensate for gains in
favorable AE_ energies at positions DDE 800 and DDD 855.
While a localized increase at position 800 with ErbB4 may
make physical sense, in terms of a DDE change contributing to
a more favorable global AE_, term (see the OWAT results in
Table S), the net effect is in the wrong direction if ligand—
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Figure 8. Average per-residue van der Waals (AE,4,) and Coulombic (AE,,) footprints for lapatinib with EGFR, HER2, and ErbB4 from six 20 ns
simulations derived from the 1XKK template. Single-letter amino acid codes on the x-axis indicate, at any given position, the side chain present for

EGFR (bottom), HER2 (middle), or ErbB4 (top).

protein intermolecular Coulombic interactions alone were
driving specificity. Similarly, the favorable increase at residue
855 with ErbB4 is counterintuitive, although it is interesting
that this position involves the DFG motif (residues 855—857)
that can adogt an inactive (DFG-out) or active (DFG-in)
conformation.”” Although the footprints do not provide a direct
route for understanding specificity, indirectly, the relatively
small energetic change at position 775 involving a swap from a
polar (C or S) residue in EGFR or HER2 to a nonpolar (V)
residue in ErbB4 has very large consequences in terms of
changing ligand hydration.

Primary Sequence Differences Alter the Solvation
That Drives Specificity. Examination of MD trajectories with
explicit solvent reveals hydration at sites S1 and S2 to be
mediated primarily by four residues close to the ligand: CSV
775, TTT 790, QQQ 791, and TTT 854 (Figure 9). Of these
positions, only position 775 involve an amino acid change. The
representative snapshots shown in Figure 9a highlight the
quadrifurcated H-bonding network involving sites S1 and S2,
while Figure 9b quantifies differences in terms of H-bond
counts and Coulombic energy for the three waters closest to
N* with nearby functionality (ligand N* atom, all ligand heavy
atoms, or residue CSV 775, TTT 790, QQQ 791, or TTT 854).
H-Bond counts employed a 3 A acceptor—donor pair cutoff
and an Xp-Hp----X, angle between 120° and 180°. Values
represent averaging over 120000 MD snapshots using the
structures derived from template 1XKK. Importantly, the
results show high-occupancy waters of >70% with all four
residues being examined, which indicate long-lived interactions,
with the notable exception that for simulations of lapatinib with
ErbB4 the H-bound counts and Coulombic energies are
dramatically lower.

The binding site graphic in Figure 9a visually highlights why
a bulkier side chain at position 775 in ErbB4 (V), without the
same H-bonding capability as in EGFR (C) or HER2 (S), is the
most likely cause of reduced water occupancy. Quantitatively
(Figure 9b), there are zero waters H-bonding at this position in

2398

ErbB4 compared to 0.71 and 0.85 in EGFR and HER2,
respectively, and the change to valine reduces the number of
counts involving the N* atom of lapatinib with ErbB4 (0.11)
compared with EGFR (0.88) and HER2 (0.75). Counts for the
total ligand show a similar trend (1.65 for ErbB4 vs 2.30 for
EGFR vs 2.15 for HER2). It is probable these differences are
the primary contributors to the larger desolvation penalties in
ErbB4 (larger AG,y,, terms in Table ). Interestingly, water H-
bonds involving residue TTT 790 do not appear to be reduced
in simulations of ErbB4 relative to EGFR; however, at QQQ
791, and in particular for TTT 854, there are reductions
(Figure 9b). In the latter case for T854, the number of
interactions ErbB4 (0.11) versus EGFR (0.89) or HER2 (0.76)
is essentially the same as those obtained from calculations
involving only the ligand N* atom. The correspondence here
confirms a highly coupled water site. Interestingly, counts with
the ligand track with the experimental ordering: EGFR (2.30) >
HER2 (2.15) > ErbB4 (1.65). Overall, the summed H-bond
counts for waters with the ligand and the four nearby residues
are ~40% lower in ErbB4 (3.51) than in EGFR (6.03) or HER2
(5.79).

Examination of Coulombic energies (AE,,) reveals a similar
trend with averaged water—residue interactions being signifi-
cantly less favorable in the ErbB4 binding site than in EGFR or
HER2 (Figure 9b). The fact the summed AE,, interactions
(ligand and four nearby residues) are again reduced by roughly
40% for ErbB4 (—18.91 kcal/mol) versus EGFR (—29.28 kcal/
mol) or HER2 (—31.88 kcal/mol) indicates that in these
systems Coulombic losses scale linearly with changes in
hydrogen bonding. As before, the most significant losses
occur at CSV 775 and TTT 854, and similar to the H-bond
results, variation in AE_,, for waters with the ligand also tracks
with experiment: EGFR (—9.26 kcal/mol) > HER2 (—9.19
kcal/mol) > ErbB4 (—7.21 kcal/mol). Interestingly, the ~2
kcal/mol lower AE_, for ErbB4 versus those of the other
receptors is roughly similar in magnitude to AAG,(exptl)
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Population (count)

AE,. energy (kcal/mol)

Residues EGFR HER2 ErbB4 EGFR HER2 ErbB4
ligand atom N* 0.88 0.75 0.11
ligand 2.30 2.15 1.65 -9.26 9.19 721
(b) CSV 775 0.71 0.85 0 -1.63 -4.47  -0.90
TTT 790 0.76 0.90 0.77 -3.87 -455  -3.36
QQQ 791 1.37 1.13 0.98 -6.33 -6.77  -5.63
TTT 854 0.89 0.76 0.11 -8.19 -6.90  -1.81
sum (excluding N*) 6.03 5.79 351 -29.28 -31.88 -18.91

Figure 9. Water-mediated H-bonds involving lapatinib and nearby residues in EGFR, HER2, and ErbB4. (a) Representative snapshots showing the
quadrifurcated H-bonding network involving S1 and S2 waters. (b) Averaged H-bond counts and pairwise Coulombic interaction energies (N =
120000 frames each) for the three waters closest to N* with N*, the entire ligand, or residue CSV 775, TTT 790, QQQ 791, or TTT 854. Results

are based on template 1XKK.

(ErbB4 — EGFR = 2.81 kcal/mol, and ErtbB4 — HER2 = 1.94
kcal/mol).

Effects of Mutation. At least two mechanisms of resistance
impact anticancer drugs that target receptor tyrosine kinases:
(i) redundant survival pathways activated as a consequence of
inhibition and (ii) point mutations that directly alter ligand
binding. With a focus on the latter mechanism, although point
mutations in EGFR or HER2 are not commonly associated
with lapatinib resistance as a result of clinical use to treat breast
cancer, there is a concern that mutation sites observed as a
result of treatment with related inhibitors for other cancers
could eventually impact lapatinib."*'*** Using in vitro
screening, Avizienyte et al.'* and Trowe et al."> both reported
numerous ErbB family mutations that negatively affect lapatinib
activity. Compellingly, several mutations identified (C775F,
T854A, T790M, S775P, and T790I) map here to sites involved
in water-mediated ligand binding. Analogous to the EGFR >
HER2 > ErbB4 selectivity arguments discussed above, it is
reasonable to propose that changes affecting water-mediated
binding would also lead to drug resistance. To test this
hypothesis, additional MD simulations and analysis (Figure 10
and Table 6) for lapatinib in complexes with the following
mutant kinases were performed: EGFR (C775F, T8544, and
T790M), HER2 (T7901), and ErbB4 (V775C). Simulations
were based on template 1XKK, and for each mutant system, a
single 20 ns MD run was performed.

ErbB4 V775C. The first mutation studied, ErbB4 V775C
(Figure 10h and Table 6h), is a hypothetical mutation that was
primarily introduced to reaffirm the conclusions reached above
that the observed differences in experimental activity for the
EGFR > HER2 > ErbB4 series are primarily driven by the
character of the side chain at position 775. It was hypothesized
that mutating the native nonpolar valine back to a polar
cysteine (as in EGFR) would restore the water network, and
the affinity of lapatinib for ErbB4 would improve. As expected,
the simple swap at position 775 indeed restores the bridging
water at S1 as illustrated visually by a comparison of the
patterns before and after hydration (Figure 10g vs Figure 10h).
Further, the ErbB4 V775C patterns (Figure 10h) are
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remarkably similar to that of wild-type EGFR (Figure 10a) or
wild-type HER2 (Figure 10e). Quantitatively (Table 6), water
counts for the ErbB4 V775C mutant localized to site 775 show
an increase (0 — 0.80) that yields remarkable accord with
values observed in wild-type EGFR (0.71) or HER2 (0.85)
simulations. Good agreement is also seen for the increase
occurring at position 854: ErbB4 V775C (0.11 — 0.97) versus
EGFR (0.89) and HER2 (0.76). Ligand—water values also
increase (1.65 — 2.57) to values that are similar to that
observed in the EGFR (2.30) and HER2 (2.15) wild-type
systems. Only minor changes are observed at positions 790 and
791, which make physical sense, given that occupancies at site
S2 are not expected to be as drastically altered by this mutation.

Energetically, it is gratifying that the accompanying
AGy(calcd) values for the ErbB4 V775C mutant also show
favorable increases relative to that of wild-type ErbB4 (Table 6h
vs Table 6g) as originally hypothesized, using either the SWAT
or 1IWAT protocol, and values for the ErbB4 V775C mutant
(=69.21 kcal/mol for SWAT and —66.18 kcal/mol for IWAT)
are close to that of wild-type EGFR, which the V — C mutation
was designed to mimic (—68.80 kcal/mol for 3WAT and
—65.84 kcal/mol for IWAT). Overall, the simulation results
strongly suggest that a valine at position 775 is a primary factor
that contributes to the selectivity of lapatinib for EGFR and
HER?2 relative to ErbB4.

EGFR C775F. Avizienyte et al."* proposed that a direct steric
clash with the lapatinib aniline group was a likely cause of
reduced activity with the EGFR C77SF variant identified using
in vitro screening. However, on the basis of simulation results
for this mutant, positional sampling of lapatinib in the binding
site appears similar to that in wild-type EGFR, which suggests
unfavorable intermolecular interactions are not introduced as a
result of the amino acid swap. In fact, a comparison of protein—
ligand van der Waals interaction energies, localized to position
775, actually shows enhanced interactions for the C77SF
mutant relative to those of the wild type (—3.24 kcal/mol for
EGFR C775F vs —1.56 kcal/mol for the wild type), which
indicates a clash at this position is unlikely. This is not
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(a) EGFR wild (b) EGFR C775F

(e) HER2 wild (f) HER2 T7901

(c) EGFR T790M (d) EGFR T854A

(g) ErbB4 wild

Figure 10. Water-mediated H-bonding patterns (sites S1—S3) for lapatinib with wild-type and mutant forms of EGFR (red), HER2 (green), and
ErbB4 (blue). Images show overlaid waters (O atoms) within 3 A of ligand atom N* (S1), kinase backbone oxygen at residue 791 (S2), and ligand
aniline hydrogen (S3) from 10000 evenly spaced MD snapshots (20 ns trajectories).

Table 6. Average Numbers of Water-Mediated H-Bonds and Binding Free Energies for Lapatinib with Wild-Type and Mutant

Kinases
residue (a) EGFR (b) EGFR (c) EGFR (d) EGFR (e) HER2 ® H.ERZ (g) ErbB4 () ErbB4
(wild type) wild® C775F? T790M> T854A” wild® T7901° wild® v775C?
H-Bonds with Water (counts)®
ligand (N*) 0.88 0 0 0.22 0.75 0.54 0.11 0.95
ligand 2.30 1.37 1.40 1.76 2.15 2.29 1.65 2.57
CSV 775 0.71 0 0.10 0.22 0.85 0.36 0 0.80
TTT 790 0.76 0.09 0.06 0.87 0.90 0 0.77 0.75
QQQ 791 1.37 0.27 0.99 1.0 1.13 0.62 0.98 091
TTT 854 0.89 0 0 0.03 0.76 0.54 0.11 0.97
sum (exclude N*) 6.03 1.73 2.55 393 5.79 3.81 3.51 6.00
AG(caled) (keal/mol)?

3WAT protocol —68.80 —67.61 —67.15 —66.60 —67.82 —65.25 —67.19 —69.21
IWAT protocol —65.84 —63.56 —63.28 —62.57 —64.53 —62.10 —63.35 —66.18

“Wild-type values averaged from six MD runs (120000 frames). “Mutation values averaged from one MD run (20000 frames). Averaged H-bond
counts employ the three waters closest to N* (defined in Table 1) with N*, the entire ligand, or residue 775, 790, 791, or 854. Bmdmg energies
computed using the 3WAT protocol (three closest waters to N*) or the IWAT protocol (one water if it is within 3 A of N*). Simulations based on

template 1XKK (see Methods).

unexpected as the related C to V swap is tolerated at this
position in ErbB4.

What does dramatically change, as a result of the increased
hydrophobicity and bulk of phenylalanine relative to cysteine, is
the water occupancy at both sites S1 and S2 (Figure 10b and
Table 6b). Relative to the wild type, the EGFR C775F mutant
(Table 6a vs Table 6b) leads to the total or nearly total loss of
H-bonding with F775 (0.71 to 0), T790 (0.76 to 0.09), T854
(0.89 to 0), or the ligand N* (0.88 to 0). Counts at Q791 (1.37
to 0.27) or with the total ligand (2.30 to 1.37) are also
significantly reduced. Decreases in overall computed binding
energies between 1.19 (3WAT) and 2.28 kcal/mol (1WAT)
again suggest a resistance mechanism involving network waters.

Interestingly, the EGFR C77SF mutation was identified only
in lapatinib in vitro resistance screenings but not in erlotinib."*
Although differences in bound inactive versus active EGFR
could be a factor, an examination of EGFR crystal structures
with lapatinib (1XKK) and erlotinib (1M17) did not reveal any
obvious reason why, in principle, C77SF could not negatively
impact erlotinib. Structurally, an EGFR C775F mutant should
negatively affect S1 water occupancy in both active and inactive
forms. It should be noted that EGFR T790M and EGFR
T854A do negatively affect both lapatinib and erlotinib."*
Although not yet reported, the related EGFR C775V mutation
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would also be expected to be detrimental to both classes of
inhibitors.

The analogous mutation for HER2 is S775P. Trowe et al."®
suggest this mutation may act by direct steric interference, by
analogy to the spatially homologous V299L mutation associated
with resistance to imatinib in BCR-ABL. However, the V299L
mutation in this system involves a nonpolar-to-nonpolar change
that would not directly affect changes in H-bonding with water
in contrast to the S775P polar-to-nonpolar change introduced
into HER2. Thus, while a steric mechanism might be
appropriate for describing the effects of the V299L mutation
in BCR-ABL, for lapatinib with HER2 S775P, a water-based
mechanism is more likely. Additional simulations would be
needed to more fully explore this issue.

EGFR T790M. The gatekeeper mutation T790M, associated
with clinical resistance to gefitnib and erlotinib with EGFR, 2627
has also been identified as a mutation affecting lapatinib.'*
Although it has been suggested® that the T790M mutation
sterically hinders binding of lapatinib to EGFR, again our
results indicate changes involving water are much more likely.
Results here, from simulations of EGFR T790M, reveal that H-
bond counts localized to M790 (0.06), the ligand N* (0), or
T854 (0) are essentially zero relative to the wild-type counts
(Table 6¢ vs Table 6a). The increased bulk in going from T to
M and the fact that sulfur is a weaker H-bond acceptor than
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oxygen are the most likely causes.*” Visually, the accompanying
T790M graphic (Figure 10c) show S1 waters are no longer
present, which is reflected well in the total H-bond counts with
ligand, which goes from 2.30 to 1.40.

Using analysis similar to that reported here, Balius et al.*”
showed that mutations at the T790 site (and T854 as described
below) would disrupt water-mediated binding. The prior study
not only resolved the ambiguity surrounding which residue
(T790 or T854) was primarily involved in water-mediated
interactions (both are) but provided convincing quantitative
evidence of why a T790M steric clash mechanism is unlikely.
Given the positional similarity for high-occupancy water sites in
both active and inactive kinase forms, and on the basis of our
results that show disruption of the water network, lapatinib
resistance due to EGFR T790M in the inactive form is also not
likely driven by a steric clash. The favorable increase in van der
Waals energy observed at the site of the mutation (—5.85 kcal/
mol for EGFR T790M vs —3.56 kcal/mol for the wild type)
reaffirms this conclusion. The fact that the mutant also yields
less favorable computed binding energies [ AGy(caled)] relative
to that of the wild type (Table 6¢c vs Table 6a), with losses of
between 1.65 and 2.56 kcal/mol, when solvent is included
(B3WAT and 1WAT protocols, respectively), provides addi-
tional evidence of a water-based mechanism.

HER2 T790I. The analogous gatekeeper mutation in HER2
is T790I, which was the most frec}uent mutation identified from
in vitro screening by Trowe et al.” and is correlated with a high
level of lapatinib resistance. Although direct steric interference
was again suggested,'> on the basis of our computational
results, a water-mediated mechanism is more likely. In
agreement with results from the EGFR T790M simulations,
occupancy at S1 in the HER2 T790I mutant becomes reduced
and the increase in “favorable” van der Waals interactions
occurring at residue 790 (—3.72 kcal/mol for the mutant vs
—3.67 kcal/mol for the wild type) indicate no clash.
Quantitatively, counts for S775, T790, and T854 become
reduced. As expected, the reduced S1 occupancy also affects S2
waters that are reflected in reduced counts at Q791.
Interestingly, counts with the total ligand slightly increase,
which is somewhat counterintuitive but could be a function of
slight differences occurring at, for example, the solvent-exposed
methyl sulfone tail. In any event, the reduction at the key ligand
N* atom (from 0.75 to 0.54) indicates a lack of S1 water, which
is consistent with a water-based resistance mechanism.

EGFR T854A. The final mutation studied, EGFR T854A,
can confer resistance both to lapatinib and to erlotinib,"***
which for the latter case was identified from a patient with lung
adenocarcinoma.”® Possible resistance mechanisms proposed
by Bean et al.*® for erlotinib include a loss of contact with the
inhibitor, altered specificity for ATP, or conformational changes
in the protein. Balius et al.** hypothesized mutations at this site
could disrupt erlotinib binding through alteration of the water-
mediated network. For lapatinib, our results suggest both a
contact and a water-based mechanism of T854A resistance in
the inactive kinase system. Per-residue decomposition shows
that van der Waals interactions, localized to position 854,
become less favorable in simulations of the EGFR T8S54A
mutant (—2.61 kcal/mol) relative to the wild type (—4.29 kcal/
mol). Water H-bond counts with nearby residues also become
reduced (Table 6d). For example, counts with N* (0.88 —
0.22), the ligand (2.30 — 1.76), residue 775 (0.71 — 0.22),
residue 791 (1.37 — 1.05), and residue 854 (0.89 — 0.03) are
all lower than that of the wild type. Interestingly, a slight
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increase is observed at residue 790 (0.76 — 0.87), which is
counterintuitive. A possible explanation involves the fact that,
compared to the other mutations studied, the T854A mutation
involves a swap to a smaller amino acid. As a result, although
waters may be less favorably accommodated, they are not
sterically blocked from site S1 (see Figure 10d). This could
allow water to more freely occupy site S2, thereby increasing
the possibility of it interacting favorably with T790 and thus
explaining the observed increase. In any event, from a
quantitative standpoint (Table 6), summed H-bond counts
are significantly reduced in simulations of T854A (3.93) versus
the wild type (6.03).

Future Directions. These results suggest additional studies
(both computational and experimental) that could be used to
further characterize molecular recognition in these systems. For
example, the prediction made here that ErbB4 V775C would
improve lapatinib binding was verified computationally;
however, the mutation should be tested experimentally. The
related mutation, ErbB4 V775S, as a surrogate for HER2,
should also be examined. Other avenues include the use of
more quantitative computational methods (free energy
perturbation and thermodynamic integration) and alternative
force fields (polarizable and quantum-based) to probe the
energetic effects of including bound waters at specific locations
in the binding site or investigating resistance mutations in finer
detail. Additional mutations to study, which are induced by
lapatinib, include L747S, R776P, L777Q, L7881/V, K860T,
G863S, and R889S."*

A growing body of evidence also suggests that the use of
kinase domain inhibitors leads to upregulation of a fourth ErbB
member, HER3, which in turn causes drug resistance through
alternative signaling pathways.””~" Thus, HER3 could be
considered as a potential therapeutic target. Interestingly,
HER3 has historically been classified as an inactive kinase,
although recent studies® indicate there is weak catalytic activity
that could be clinically relevant. On the basis of our simulation
results, and comparison with available inactive form structures
of HER3,*>®® we hypothesize that lapatinib would bind HER3
only weakly. Similar to ErbB4, the HER3 catalytic domain
contains a valine at position 775 and thus should have weaker
water-mediated H-bonding ability compared to EGFR or
HER2. Weaker binding and weaker catalytic activity could
both contribute to HER3 upregulation. Additional simulations
to assess the binding of lapatinib to HER3 are planned for the
future.

Finally, from the point of view of development, strategies for
achieving improved ErbB inhibitors include modifications that
yield tighter binding to wild-type enzymes, restore binding lost
as a result of resistance mutations, or both. These results
suggest that exploiting differences in the number of binding site
waters could be important. As a first step, we performed
simulations involving a straightforward modification of lapatinib
at the N* position from N* to C* (Figure 1la). We
hypothesized the swap would yield a lower affinity for wild-
type EGFR as a result of water occupancy becoming reduced at
site S1 caused by a lack of H-bonding capability at C*. Indeed,
a simulation of the analogue with wild-type EGFR revealed a
lower water occupancy at site S1 and a less favorable
AGy(caled) value of —63.59 kecal/mol (analogue) versus a
value of —65.84 kcal/mol (lapatinib) computed via the IWAT
protocol (Figure 11a) from a single representative run.

On the other hand, we reasoned the analogue would not be
as detrimentally affected as lapatinib by mutations that alter S1
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Figure 11. (a) Hydration patterns (sites S1—S3) and absolute binding energies [AG,(calcd)] from wild-type EGFR simulations of lapatinib (top)
and a N* — C* analogue (bottom). Images show overlaid waters (O atoms) within 3 A of ligand atom N*/C* (S1), the kinase backbone oxygen at
residue 791 (S2), and the ligand aniline hydrogen (S3) from 10000 evenly spaced MD snapshots (20 ns trajectories). (b) AH-bond and
AAGy(calcd) values (mutant — wild type) from simulations of wild-type EGFR and C77SF, T790M, and T854A mutants with lapatinb (top) and a
N* — C* analogue (bottom). Relative H-bonds (counts) computed among the three waters closest to N*/C* with N*/C*, the entire ligand,
residues 775, 790, 791, and 854, and the overall sum excluding N*/C*. Relative binding free energies (kilocalories per mole) computed using the
3WAT (three waters closest to N*/C*) or IWAT protocol (one water if it is within 3 A of N*/C*).

occupancy. As illustrated in Figure 11b, which shows fold
resistance profiles for both ligands, additional simulations of
C775F, T854A, and T790M mutants with the analogue
confirmed the hypothesis. In all three cases (C77SF — WT,
T790M — WT, and T854A — WT), and across both calculation
protocols (3WAT and IWAT), simulations with lapatinib
yielded unfavorable fold resistance values [mutant minus wild-
type AGy(caled)] in contrast to the analogue that interestingly
showed enhanced binding (Figure 11b, bottom vs top graphs).
The increase in binding affinity computed for the analogue with
the mutants appears to involve overall more favorable
hydrophobic (AE,4, + AG,eupop) interactions for T790M
and T854A (Figure 11b, red and green bars) and a combination
of more favorable hydrophobic and hydrophilic (AE.,; +
AG,,,,) interactions for C775F (Figure 11b, black bar). As
expected, the simulations of lapatinib showed losses larger than
those for the analogue for H-bonding of key waters in the
pocket (three waters closest to N*/C*) with the ligand at N*/
C*, the entire ligand, residues 775, 790, 791, and TTT 854, and
the overall sum (Figure 11b, top vs bottom). Provided
sufficient affinity to wild-type domains could be achieved,
analogues that rely less on water at site S1 could have utility in
combination therapies given the potential for orthogonal
resistance profiles. This strategy might also benefit the
development of HER3 inhibitors given the expected lower
water occupancy at site S1 due to the valine at position 775.
The design of analogues capable of displacing water at site S1,
while mimicking the network seen between lapatinib and EGFR
or HER2, should also be pursued.
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B CONCLUSION

In this report, all-atom molecular dynamics, free energies of
binding, and energy decomposition analyses were performed
for the kinase inhibitor lapatinib in complex with wild-type
EGFR, HER2, and ErbB4, and relevant mutants, including
C775F, T854A, T790M (EGFR), T7901 (HER2), and V775C
(ErbB4). The primary goal was to develop robust computa-
tional models consistent with experimental activity data (Table
1) and determine how variation in receptor sequence (Figure
1) and structure contributes to binding specificity and drug
resistance. The simulations employed both crystallographic and
crystallographically derived homology models. Convergence
and stability were carefully evaluated using multiple MD runs
(N = 6) for each wild-type system for which rmsds (Figure 4),
autocorrelation functions (Figure S), and block-averaged
standard errors of the mean (Figure S and Table 3)
demonstrate good system behavior. The remarkable numerical
agreement obtained using homology models, derived from one
of two different crystallographic templates, is particularly
notable (Figure 6 and Table 4).

Analysis of MD trajectories with explicit solvent revealed
three high-occupancy sites for water termed S1, S2, and S3 (see
Figure 7) that mediate ligand binding in EGFR and HER2. In
contrast, ErbB4 showed low occupancy at site S1. The results
suggested hydration differences could play a role in
determining receptor specificity, and subsequent free energy
calculations in which explicit waters were included confirmed
the hypothesis. Relative free energies of binding
[AAGy(calcd)], using template-averaged data, in which three
key waters (BWAT protocol) or one key water (IWAT
protocol) is included in the calculations, correctly predict the
experimental trend: EGFR > HER2 > ErbB4 (Table 4).
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Calculations in which water was not included (OWAT
protocol) incorrectly predict the order. Quantitatively, the
IWAT protocol leads to excellent numerical agreement for
AAG,: (i) EGFR — HER2 = —0.76 for calcd versus —0.87 for
exptl, (ii) HER2 — ErbB4 = —1.37 for calcd versus —1.94 for
exptl, and (iii) EGFR — ErbB4 = —2.13 for calcd versus —2.81
for exptl, which underscores the importance of hydration and in
particular site SI.

Examination of the underlying AG,(calcd) energy compo-
nents with (3WAT and 1WAT) or without (OWAT) explicit
waters reveals that electrostatic contributions (AE., and
AGPOIM) change much more dramatically than the accompany-
ing steric packing terms (AE., and AGnonpolar), especially for
EGFR and HER2 (Table 5). Smaller changes for ErbB4 are a
function of occupancy of site S1 and the primary reason why
solvated protocols yield the correct experimental ordering.
Occupancies at site S1 appear to be a function of sequence
changes at position 775 (Figure 9a) involving a swap from C or
S (EGFR and HER2) to V (ErbB4), for which the side chain is
bulkier, is hydrophobic, and has no H-bonding capability.
Otherwise, no specific residues that might explain specificity
through direct modulation of protein—ligand interactions were
identified (Figure 8). The fact that AG,y,, and not AE_,, or
AE 4,, most closely tracks with experiment provides additional
support for the suggestion that selectivity is a function of
differential hydration in the bound state (Table $).

At position 775, an important quadrifurcated H-bonding
network that involves the ligand, S1 and S2 waters, and residues
CSV 775, TTT 854, TTT 790, and QQQ 791 was identified
(Figure 9a). A similar network was observed in an earlier study
of active form EGFR.** Quantitatively, water H-bond counts
and Coulombic interactions with species in the network are
reduced by ~40% for ErbB4 relative to EGFR or HER2 (Figure
9b). Water H-bond counts with the ligand N* atom or the total
ligand compellingly track with the experimental order: EGFR >
HER2 > ErbB4 (Figure 9b). The nearly identical counts across
all three systems, for waters interacting with TTT 854 versus
the ligand N* atom, confirm a highly coupled S1 site (Figure
9b). Other group527'31’34’36’40 have also discussed the
importance of binding site waters in these and related systems,
although to the best of our knowledge, differential hydration as
the primary mechanism for ErbB family specificity has not yet
been proposed. Additional studies to more precisely quantify
the energetic impact of including water molecules in these sites
would be worthwhile.

To determine if drug resistance could also be influenced by
changes in water-mediated binding, a series of additional
simulations were performed (Figure 10 and Table 6) for
lapatinib with mutant kinases identified by in vitro screening. In
good qualitative agreement with experiment, for four
deleterious mutations studied (EGFR C77S5F, EGFR T854A,
EGFR T790M, and HER2 T7901), computed free energies of
binding using solvated AGy(calcd) protocols become less
favorable relative to that of the wild type (Table 6). In all cases,
S1 occupancies are significantly reduced, which suggests
specificity and resistance share a common mechanism (Table
6). In support of this argument, results from a hypothetical
mutant (ErbB4 V775C), designed to restore S1 hydration,
show a remarkable increase in S1 occupancy and a favorable
increase in computed binding free energy (Table 6). The
computational results also provide a testable prediction for
future experimental work. Importantly, in contrast to previously
proposed steric clash mechanisms for EGFR C775F,"* EGFR
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T790M,% and HER2 T790L"° our results indicate a water-
based mechanism of resistance. This conclusion is based on
several observations. (i) Visualization of MD trajectories and
ligand rmsds reveals no identifiable changes in sampling
suggestive of a steric clash. (ii) Localized per-residue
interactions show favorable increases in the favorable van der
Waals energy at the sites of mutation. (iii) Water occupancies at
site S1 become significantly reduced. (iv) H-Bond counts are
lower, and Coulombic interactions are less favorable for binding
site waters with nearby species. (v) Solvated AGy(calcd)
protocols yield less favorable energies. Somewhat differently,
for EGFR T854A, the results are consistent with both a water-
based mechanism® and a previously proposed loss-of-contact
mechanism.*®

An improved understanding of molecular factors that drive
ligand binding for important anticancer targets such as EGFR
and HER2 will ultimately allow the design of improved drugs
with greater clinical utility. This work has contributed to this
goal through the development of robust simulation models for
lapatinib with inactive form kinases and by providing a
physically reasonable water-based mechanism for understand-
ing what drives ErbB family specificity and resistance. The
simulations demonstrate that in these systems water is as
important as any specific residue interaction for binding. The
fact that the affinity of lapatinib for ErbB4 is disfavored because
of a reduction in binding site water is, perhaps fortuitously,
likely to be of beneficial outcome.*>** Future work could try to
exploit this mechanism to further enhance selectivity as a result
of hydration differences at site S1. However, analogues that
further rely on the water network would also be vulnerable to
mutations that alter the network. Alternatively, as suggested by
the results from simulations of a lapatinib analogue (Figure 11),
inhibitors that do not rely as strongly on water may be less
vulnerable. The observation that the network can be altered in
different ways (i.e., steric blockage of water, reduced H-bonding
capability with water, or both) suggests that orthogonal binding
motifs will likely be required to effectively combat drug
resistance in the long term.
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