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ABSTRACT

Irreversible EGFR inhibitors can circumvent resistance to first-generation ATP-competitive inhibitors in
the treatment of non-small-cell lung cancer. They covalently bind a non-catalytic cysteine (Cys797) at
the surface of EGFR active site by an acrylamide warhead. Herein, we used a hybrid quantum
mechanics/molecular mechanics potential (QM/MM) in combination with umbrella sampling in the
path-collective variable space to investigate the mechanism of alkylation of Cys797 by the prototypical
covalent inhibitor N-(4-anilinoquinazolin-6-yl)acrylamide. Calculations show that Cys797 reacts with
the acrylamide group of the inhibitor through a direct addition mechanism, with Asp800 acting as a
general base/general acid in distinct steps of the reaction. The obtained reaction free energy is negative
(AA = -12 kcal/mol) consistent with the spontaneous and irreversible alkylation of Cys797 by N-(4-
anilinoquinazolin-6-yl) acrylamide. Our calculations identify desolvation of Cys797 thiolate anion as a
key step of the alkylation process, indicating that changes in the intrinsic reactivity of the acrylamide

would have only a minor impact on the inhibitor potency.



INTRODUCTION

The epidermal growth factor receptor (EGFR) is a cell surface receptor which is primarily activated
by the epidermal growth factor (EGF).! Upon binding by EGF, EGFR undergoes a transition from a
monomeric to a homodimeric form, leading to the activation of its intracellular kinase domain.” These
events trigger intracellular signals that are needed to control cell proliferation, survival, and
differentiation.” Overexpression of the wild-type form of EGFR or insurgence of specific mutations in
the EGFR sequence conferring abnormal kinase activity (i.e. activating mutations L858R or G719S)
have been related to cell division and insurgence of several type of carcinomas, including lung, breast
and head and neck cancers.*” Small molecule inhibitors of EGFR kinase activity are currently used for
the therapeutic treatment of non small-cell lung cancer (NSCLC) and breast cancer.® The first
generation of clinically approved EGFR inhibitors includes the 4-anilinoquinazoline derivatives
gefitinib (Iressa, 1)’ and erlotinib (Tarceva, 2),° which reversibly and competitively bind the ATP-
binding site of the EGFR kinase domain. Gefitinib and erlotinib are effective inhibitors of the drug-
sensitive L858R mutant associated with NSCLC. However, their clinical efficacy is limited by acquired
mutations or by the activation of alternative signaling pathways.” Indeed, mutation at the gatekeeper
residue threonine 790 with methionine (T790M mutation) in the catalytic domain of EGFR was found in
nearly 50% of the NSCLC patients treated with gefitinib or erlotinib.'” Compared to EGFR harboring
the single mutation L858R, the double mutant T790M-L858R shows increased affinity for ATP and
decreased affinity for gefitinib.'" Although these mutations can affect various factors related to EGFR
signaling, including equilibrium between active and inactive conformation,'? receptor dimerization and
hyperphosphorylation of its intra-cellular domain,"® competition with ATP plays a major role in
reducing the in vivo efficacy of reversible EGFR inhibitors toward tumors also harboring T790M
mutation.

The insurgence of cancer cell resistance to gefitinib and erlotinib has prompted the development of a
second generation of inhibitors having a Michael acceptor group, generally in position 6 of an

anilinoquinazoline or anilino-3-cyanoquinoline scaffold. Such a warhead was introduced with the aim to



alkylate a non-catalytic cysteine (Cys797) in the ATP binding site of EGFR." Formation of a stable
carbon-sulfur bond between these inhibitors and EGFR ' confers an irreversible mechanism of action to
the class, along with significant advantages over reversible inhibitors.'® In fact, irreversible inhibitors of
EGFR display a remarkably high receptor residence time, circumventing competition with ATP and
being active also on EGFR T790M mutant resistant to gefinitib and erlontinib. The N-(4-((3-
bromophenyl)amino)quinazolin-6-yl)acrylamide PD168393 (3)" can be considered as the prototypical
irreversible inhibitor of EGFR, and starting from its structure several second generation inhibitors were
developed with dacomitinib (4),'® advanced to phase III studies, and afatinib (5)," recently approved by
the Food and Drug Administration for the treatment of NSCLC.* A third generation of EGFR inhibitors
has been recently developed. This includes the mono anilino-pyrimidines AZD-9291,*' WZ4002** and
CO-1686 which are potent inhibitors of the T790M-L858R double mutant form of EGFR with
selectivity over the wild type. These inhibitors might provide clinical benefit in T790M-positive
patients, as they should devoid the dose-limiting toxicities due to the inhibition of EGFR wild type.
Although EGFR covalent inhibitors are emerging as clinically superior to reversible drugs,* the detailed

mechanism of their reaction with the target cysteine has not been investigated so far.
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Figure 1. Chemical structures of selected EGFR inhibitors. For reference covalent inhibitors 3-5, the

overall biochemical potency on L858R/T790M EGFR (expressed as k;,,./K,) is also reported.”’

1mact’

While the X-ray structures of a number of covalent adducts involving Cys797 of EGFR and

acrylamide-based alkylating groups have been disclosed,'>*>°

only very recently the kinetics of EGFR
inactivation by several classes of covalent inhibitors appeared in the literature.”” These data show that
the intrinsic reactivity of the acrylamide warhead linked to the 4-anilinoquinazoline scaffold is only one
of the chemical determinant affecting EGFR inhibition and that other factors, such as reactant

alignment, enforced local concentration, and cysteine pKa also contribute to the inactivation rate

constants (Kiaer) observed.”’



Prompted by these findings we simulated at atomic level, by applying a quantum
mechanics/molecular mechanics (QM/MM) approach,” the reaction that can occur between Cys797 of
EGFR and the acrylamide fragment of a covalent inhibitor. To keep the interaction system as simple as
possible, we started from N-(4-(phenylamino)quinazolin-6-yl)acrylamide (13-JAB, compound 6, Figure
1), a congener of PD168393. The crystal structure of the covalent adduct formed by compound 6 and
EGFR had been previously published.” Calculations of this kind had already proved to give
signification information for drug discovery,” i.e. clarifying the mechanism of action of covalent
inhibitors,” understanding drug resistance,”' and predicting drug metabolites.”

In the present work, we propose a mechanism for the reaction involving EGFR and the prototypical
irreversible inhibitor 6 and we report the corresponding free energy surface obtained combining a hybrid
SCC-DFTB/AMBER potential®® with umbrella sampling in the space of path collective variables
(PCVs).** This computational strategy has been shown to be effective in studying reaction

35,36

mechanisms™ and to explicitly account for conformational and solvent reorganization events coupled

with chemical transformation in solvent-exposed active sites.”’

RESULTS AND DISCUSSION
Identification of Asp800 as key residue in the addition mechanism

The possible reaction paths for the addition of Cys797 to the acrylamide of compound 6 are depicted
in Figure 2. While at physiological pH cysteine thiols are usually present in their neutral form (Cys-
SH),’® the thiolate (Cys-S") anion is much more reactive toward o.p-unsaturated carbonyls.”” Thus, the
presence of a basic group in the proximity of Cys797 could activate the thiol group by abstracting its
proton. The resulting thiolate could then react with the acrylamide following one of two alternative
mechanisms. In the direct addition mechanism (Figure 2, path A) the thiolate attacks Cp of the
acrylamide and a proton is transferred from the protonated base at the EGFR active site to the Ca of the

acrylamide. In this way, a beta-substituted amide is obtained as the final product of the reaction. In the



1,4 addition mechanism (Figure 2, path B), after the nucleophilic attack and the formation of enolate
intermediate, the proton is transferred from the protonated base to the oxygen atom, leading to the
formation of the enolic form of the amide. Solvent-assisted tautomerization (‘“ketonization™) is then
required to obtain the final product of the reaction. A recent investigation by Paasche et a/ on the
reactivity of unsaturated carbonyl substrates showed that, differently from o,f-unsaturated aldehydes,
o,B-unsaturated amides react with thiols following preferentially direct addition mechanism, as the
ketonization process after /,4 addition is an unlikely event, due to high energy content of the enol
intermediate.*” The preference for the direct addition is also supported by experimental findings
showing that addition of thiols to substituted o,f-unsaturated carboxylic acid derivatives at room
temperature is featured by high diastereoselectivity, consistent with anti addition of thiolate and proton,

respectively.*!
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Figure 2. Possible reaction mechanisms for the addition of cysteine to a substituted acrylamide, in the

presence of a residue acting as general base (B)/general acid (BH").

We thus hypothesized that acrylamide-based inhibitors, such as compound 6, bind Cys797 of EGFR
through a direct addiction mechanism. We visually inspected a number of X-ray structures of EGFR
bound to covalent and non-covalent 4-anilinoquinazoline inhibitors deposited in the PDB to search for a
residue in the proximity of Cys797 that may act as general base/general acid catalyst. Our inspection

(which is summarized in Table 1) identified Asp800, a residue placed at the boundary between the



quinazoline binding site and the solvent-exposed region, as a key residue involved in a proton shuttle
mechanism. We noticed that the carboxylate group of Asp800 crystallized close to the thiol group of
Cys797 when EGFR was in complex with reversible inhibitors (i.e. gefitinib and iressa). Conversely, it
crystallized close to the Coa of the former acrylamide group when Cys797 sulfur atom of EGFR was

covalently bound to irreversible inhibitors (i.e. 13-JAB, PD168393, afatinib and daconitinib).

Table 1. Selected X-ray structures of EGFR in complex with non covalent (rows I-V) or covalent 4-
anilinoquinazoline inhibitors (VI-XI). The distance between the closest carboxyl oxygen of Asp800 and
the sulfur atom of Cys797 is reported for structures I-V, while the distance between the closest carboxyl

oxygen of Asp800 and Ca of the acrylamide of the inhibitor is reported for structures VI-XI.

Distance Distance
# (I;DB Protein-Ligand Complex or Adduct RE& C797-D800 Ca-D800
ode ) &) A)
I | 21TY* EGFR-IRESSA 3.4 3.41 -
I | 3UG2* EGFR (G719S) - GEFITINIB 2.5 4.06 -
I | 21TO* EGFR (G719S) - IRESSA 3.2 3.81 -
v | 21TZ* EGFR (L858R) - IRESSA 2.7 3.98 -
v | IM17* EGFR - ERLOTINIB 2.6 3.54 -
VI | 4124°° | EGFR (T790M) - DACONITINIB ADDUCT | 1.8 - 3.46
VII | 4G5J% EGFR - AFATINIB ADDUCT 2.8 - 4.05
VIII | 4G5P% EGFR (T790M) - AFATINIB ADDUCT 3.2 - 3.14
IX | 2J5E" EGFR - 13JAB ADDUCT 3.1 - 4.25
X | 2J5FP EGFR - PD168393 ADDUCT 3.0 - 4.52
XI | 4LQM* EGFR (L858R) - PD168393 ADDUCT 2.5 - 3.58

To assess if the observed arrangements of Asp800 in EGFR active site correspond to free-energy
minima we performed molecular modeling studies using the empirical force field AMBER99SB.*
Starting from the crystal structure of the covalent adduct EGFR-compound 6 (2J5E.pdb)," we firstly
prepared a molecular model of a putative Michaelis-like complex in which the N-(4-anilinoquinazolin-
6-yl) acrylamide 6 binds the EGFR active site only through non-covalent interactions. Compound 6 was
modeled in the active of EGFR with the 6-acrylamide group in s-cis conformation. Previously

performed docking simulations showed that this arrangement is preferred over the s-trans




conformations.*’ Furthermore, the s-cis conformer allowed to accommodate the oleofinic double bond
close to Cys797, with the B-carbon atom at only 4 A from the reactive thiol group of the cysteine.

This non-covalent complex was submitted to energy minimization followed by 100 ns of unbiased
molecular dynamics (MD) simulations in NVT conditions. The quality of the MD simulations was
assessed by determining the root-mean-square deviation (RMSD) of the frames with respect to the first
frame of the simulation as well as by checking the stability of defined secondary structure of the protein
(DSSP). Detailed plots of RMSD values and DSSP secondary structure analysis vs the simulation time
are reported in the Supporting Information (SI). After the first 5 ns of MD the complex was stable and
showed average RMSD value of 1.8 A over the whole simulation time of 100 ns (Figure S1).
Furthermore, analysis of the secondary structure indicates that the structural elements of the protein
were retained over the entire simulation (Figure S2). The inhibitor remains tightly bound to the hinge
region of EGFR, with the olefinic double bond stably placed in s-cis conformation, and no conversion in
the s-trans form was observed. Conversely, Asp800 fluctuated between two alternative conformations.
In the first one, Asp800 maintained its crystallographic position, with its carboxylate close to Cys797
(“IN” conformation, Figure 3A). In the second one, the carboxylate pointed toward the outer side of the
ATP-binding site, where its negatively charge favored interactions with water molecules (“OUT”
conformation, Figure 3B). The same simulation also showed that the transition between IN and OUT
conformations occurred through rotation of the x, dihedral angle of Asp800 (Figure 3C). Frequency

analysis of x, values obtained from the simulation trajectory, applying the Boltzmann law, allowed us to

estimate a Helmholtz free energy difference (AA) of 1.6 kcal mol”' between the two conformations.
Although the "IN" conformation is predicted to be less favorable than the "OUT", the low energy
difference indicates that they are both energetically accessible, suggesting that Asp800 can remain close
to Cys797 for sufficient amount of time, and potentially act as the general base deprotonating the thiol

group of EGFR Cys797.
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Figure 3. Representative "IN" (Panel A) and "OUT" (Panel B) conformations of Asp800 obtained from
classical MD simulations of EGFR in complex with compound 6. Conformations for the Michaelis-like
complexes and covalent adducts are depicted as solid (orange carbon atoms) and transparent (yellow

carbon atoms) ball-and-sticks, respectively. Plots of the distances between Asp800, Cys797 and the
acrylamide fragment of compound 6 are reported in function of the angle ¥, for the simulation of the

Michaelis-like complex (Panel C) and the covalent complex (Panel D).

For comparison, we also performed 100 ns of unbiased MD simulations (NVT regime) of the EGFR-6
covalent adduct, starting from the crystal structure. Also in this case, the structural features of the
protein were retained over the whole simulation time (Figure S3) showing an average RMSD values for
the alpha carbon of 2.1 A (Figure S4). As expected, the anilinoquinazoline and the propanamide

fragments were rather stable, showing very small fluctuation along the whole simulation. Also in this
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simulation Asp800 assumed the two alternative conformations described above (Figure 3D). The
frequency analysis of ; indicates that the “IN” conformation is less stable than the “OUT” one by
nearly 3 kcal/mol and this energy difference still indicates that these two states are both accessible at the

simulated temperature of 300 K (Figure 3D). In the “IN” conformation Asp800 pointed toward one of

the two hydrogen atoms emerging from the Ca of the former acrylamide.

Reaction path calculations

Also based on the previously described simulations, we hypothesized Asp800 as a key actor in the
reaction leading to EGFR inhibition (Figure 4). We thus focused our attention on a mechanism in which
Asp800 worked as a base deprotonating Cys797 in an early phase of the alkylation process (step 1), and
as an acid after the nucleophile attack at the CP of the acrylamide (step 2), protonating the Ca of the

acrylamide portion (step 3).
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Figure 4. Proposed reaction mechanisms for the addition of Cys797 to the 6-acrylamide group of

compound 6 assisted by Asp800.

Free energy simulations of multi-step reactions are often carried out through a convenient separation
of the overall chemical transformation into discrete and consecutive events. While rather practical, this
approach does not capture the concerted nature of chemical reactions.”® The path method here applied
overcomes this limitation using two collective variables representing the progression along (S) and the
distance from (Z) a reference reaction pathway (see experimental section for details). To obtain a
reasonable reference pathway, we initially simulated the directed addition mechanism of Figure 4 in a
stepwise manner (1->2->3), using simple distances among atoms as reaction coordinates, i.e. (O ,s00-

Hey97) Tor step 1; d(S¢y0-CPucrytamiae) for step 2, and d(Hey 9~ COlerytamiae) Or step 3. These simulations
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were performed combining a SCC-DFTB/AMBER99SB potential with the steered-MD approach. The
role of these QM/MM steered-MD simulations was only to provide a collection of putative geometries
lying along an ideal reaction coordinate separating the EGFR-compound 6 non-covalent complex (the
reactants R) from the covalent adduct (the product P). The collection of geometries connecting R to P
constituted the guess-path which was subject to an iterative geometrical optimization procedure, similar
to that reported in references 35 and 37. In brief, employing the guess-path as a “reference route”, the
alkylation of Cys797 by compound 6 was simulated in the S and Z space using a series of independent
steered-MD simulations applying the SCC-DFTB/AMBER99SB potential. While the variable S ensured
the progress of the reaction up to the formation of P, the variable Z allowed the system to explore new
geometries and thus alternative pathways in the proximity of the guess-path. The collection of
geometries defining the guess-path was updated at every steered-MD run, allowing the exploration of
reaction paths with lower energy. When we reached convergence the optimization process was stopped.
Finally, to have a better description of the reaction energetics, umbrella-sampling (US) simulations were
carried out along S on the converged reaction pathway to estimate the free energy associated with
alkylation of Cys797. The exploration with US of the converged minimum free-energy path resulted in a
region of low Z values, indicating that the optimized path was reasonable in term of explored geometries
with the SCC-DFTB/AMBER99SB Hamiltonian (Figure S5). Furthermore, the work-curve obtained
with the final steered-MD and the free-energy curve computed with US shared the same shape (Figure
S6) indicating that the position of the key stationary points was not affected by the sampling methods.
Based on the free energy profile reported in Figure S5A, the direct addition mechanism can be divided
into 5 chemically relevant regions: i) the Michaelis-like complex area where the 4-aniniloquinazoline
moiety of the inhibitor occupies the ATP binding site in the “crystallographic” pose, with the 6-
acrylamido group in proximity of Cys797 and Asp800 in the so-called “IN” conformation; (ii) a rather
large area which accounts for the first transition state (TS), where the proton of Cys797 thiol group is
being transferred to the carboxylate group of Asp800; (iii) a wide area where Cys797 lives as thiolate

and Asp800 as aspartic acid; (iv) a rather broad area, which accounts for a second TS where Cys797
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thiolate undergoes desolvation before attacking the CP of the acrylamide generating a transient

carbanion, which is readily protonated at the Co. by Asp800; the last region (v) which accounts for the
products of the overall reaction, where Cys797 is alkylated by compound 6 and Asp800 is present in its

anionic form.
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Figure 5. Alkylation of EGFR by compound 6. Panel A, Free energy profile of the reaction with
relevant steps (i-v) highlighted. Panel B, evolution of the distance between O,,;; and the Hc;9; along

the collective variable S. Panel C, evolution of distance between the Sc 4, and the CR along S.

acrylamide
Panel D, number of waters within 3.5 A of the thiolate S. Values are represented as average with error

bars representing the standard deviations.

In Figure 5B and 5C, the evolution of relevant interatomic distances is plotted as a function of the
collective variable S to monitor the progress along the path. At values of S in the range between 0 and
0.2, Cys797 and Asp800 interacted tightly, at first through the formation of water mediated H-bonds

(configuration A, Figure 6A) and then with a proton being directly transferred (S between 0.2 and 0.4,
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configuration B, Figure 6B) from Cys797-SH to Asp800-COOQO" generating the Cys797-S/Asp800-
COOH pair (configuration C, Figure 6C). A range of different geometries with similar energies (i.e.
within a k,T from the top barriers) can be considered possible transition-state (TS) structures along the
‘edge’ dividing configurations A and C. Overall, the free energy barrier is 6 kcal/mol at SCC-
DFTB/AMBER99SB level of theory. Also considering the 1.6 kcal/mol estimated for moving the
aspartate toward cysteine, this barrier is indicative of a fast reaction. The regions of the path
corresponding to S values between 0.4 and 0.6 are featured by the presence of the Cys797-S/Asp800-
COOH pair with the inhibitor maintaining its interaction with the hinge region of EGFR. The free-
energy of this intermediate (configuration C) is 6 kcal/mol lower than that of the reactants. Visual
inspection of the reaction-path trajectory relative to transformation of A to C showed that two water
molecules tightly interacted with Cys797-S accounting for the stabilization of the thiolate anion. These
results suggest that Cys797-S/Asp800-COOH is the most stable and abundant ionization state for this
pair within EGFR, at least in this specific holo form.

The region of S between 0.6 and 0.7 described small but significant movements of Cys797, Asp800
and the acrylamide that are necessary to place their key atoms in a reactive configuration. In particular,
the thiolate group of Cys797 approached the 3 carbon of the inhibitor acrylamide (S-C distance from
~4.5 A to ~3.2 A, Figure 5C), while Asp800 places its acid proton toward the o carbon of the
acrylamide (Ca-H distance from ~5.0 A to ~2.8 A). The shortening of these distances did not
significantly affect the s-cis conformation of the acrylamide double bond of 6.

In the S interval 0.7-0.75, the free energy of the system increased due to a further shortening of the S-
C and Ca-H distances and to a significant reduction in the number of H-bonds formed by Cys-S™and its
neighboring water molecules (Figure 5D). The free-energy cost for this step resulted in 8.6 = 0.2
kcal/mol (14.6 kcal/mol compared to C, the most stable configuration of the system) and resulted in the
highest free-energy point along the path (configuration D, Figure 6D). Desolvation of the thiolate anion

is a costly process due to the ability of the negatively charged sulfur to tightly bind water molecules.
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Similar results have been reported for the enzyme glutathione S-transferase, which also has a cysteine

thiolate nucleophile placed in a solvent-exposed environment.*

Figure 6. Structures of important configurations (A-F) identified along the QM/MM reaction pathway
for the alkylation of Cys797 (pink carbon atoms) of EGFR (brown ribbons) by compound 6 (pink
carbon atoms. Asp800 (pink carbon atoms) and key water molecules interacting with the Cys-Asp dyad

are also displayed. Figur

The so-obtained activation barrier (Eact = 14.6 kcal/mol) is in reasonable agreement with the
experimental one (= 20 kcal/mol),”” considering that the semi-empirical SCC-DFTB Hamiltonian has
been reported to underestimate chemical barriers by about 20-25%.>° This remains true when the
energy cost for moving the key Asp800 from the out-conformation to the in-conformation (1.6
kcal/mol) is considered, as the overall barrier for the reaction becomes 16.2 kcal/mol.

At the S value of 0.76, the chemical events leading to the direct addition mechanism began (S-C

distance = 2.80 A; Co-H distance =2.30 A), ending at S = 0.82, with the complete formation of an S-C
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bond (S-C distance = 1.85 A) and of Ca-H bond (Ca-H distance 1.10 A). With the progressive
reduction of the S-C distance in the 0.78-0.80 range of S, a significant elongation of the C=O bond of
the acrylamide group was observed (i.e. from the reference value of 1.23 A to 1.28 A). This transient
carbanion/enolate species was a high-energy configuration representing a third transition state along the
path (configuration E, Figure 6E). The energy barrier necessary to overcome E (S = 0.8, S-C distance =
2.13 A; Co-H distance = 1.96 A; C=0 distance = 1.28 A) was 6 kcal/mol (12.6 kcal/mol compared to
configuration C). The direct addiction reaction took place in a concerted manner where nucleophile
addition at Cf and protonation at Co. were synchronous events. These results are consistent with
potential energy calculations performed by Grazioso et al on a similar system (i.e. alkylation of
falcipain-2 cysteine by an o,B-unsaturated methyl ester inhibitor) where thiolate attack and Co
protonation by a protonated hystidine were also concerted.”'

In the last region of the reaction path (S values: 0.83-1.0) the EGFR-compound 6 adduct underwent to
a minor conformational relaxation that led to the highly stable product F. The free-energy of the product
is significantly lower than that of configurations A (-18 kcal/mol) and C (-12 kcal/mol), indicating that
alkylation of Cys797 by the acrylamide inhibitor 6 is a spontaneous and irreversible process, which is in

27,52

agreement with kinetic, structural” and pharmacological data.'’

CONCLUSIONS

Herein we investigated the mechanism of EGFR inhibition operated by the prototypical covalent
inhibitor N-(4-anilinoquinazolin-6-yl)acrylamide by applying a free-energy based method combining a
hybrid SCC-DFTB/AMBER potential>® with umbrella sampling and the path collective variable
approach. Our simulations support a direct addition mechanism in which Asp800 acts both as a base
and as an acid in distinct steps of Cys797 alkylation. Specifically, the reaction between EGFR and
acrylamide 6 starts with deprotonation of the thiol group of Cys797 by Asp800. After the key

desolvation of the nucleophile Cys-S’, the thiolate attacks Cf of the acrylamide fragment of the inhibitor
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while Asp800, in a concerted and synchronous manner, protonates the adjacent Ca leading to a stable
tioether product. The proposed mechanism is energetically reasonable with a reaction free-energy (AA =
-12 kcal/mol), consistent with the spontaneous and irreversible alkylation of Cys797. Kinetic
experiments aimed at determining the kina Of acrylamide derivative 6 on EGFR D800A or D80OON
mutants could confirm or reject this direct addition mechanism. In the meanwhile, we believe our that
results shed light on two recent experimental findings relative to the functioning and inhibition of
EGFR. First, the existence of a free-energy minimum state of EGFR featured by the presence of a
Cys797-S/Asp800-COOH pair is consistent with the easy oxidation of Cys797 to sulfenic acid in
presence of oxidative stimuli, which leads to EGFR activation.’® Thus, not only could the presence of
the side chain of Asp800 be important for irreversible inhibition of EGFR by cysteine-trapping agents,
but it could also play a role in EGFR activation by reactive oxygen species. Secondly, the identification
of desolvation of Cys797 thiolate as a key event in the alkylation process makes reason of the similar
rate constants observed for EGFR inactivation by a series of acrylamide-based inhibitors including
afatinib, dacomitinib and PD168393 (Figure 1), displaying izt values of 0.9 ms™, 1.5 ms™ and 2.3 ms’
! respectively, either having or not a terminal basic amine.”” The direct addition mechanism here
reported, along with these kinetic data, suggests that the terminal tertiary base attached to the
acrylamide moiety of second generation EGFR inhibitors is not likely to participate to chemical step of
Cys797 alkylation (i.e. by deprotonating thiol group of nucleophile)'® but rather it improves the

recognition phase and thus the non-covalent binding affinity for EGFR.”’

EXPERIMENTAL SECTION

Model building and equilibration of the system by MD simulations

The EGFR-compound 6 non covalent complex was built starting from the crystal structure of the
corresponding covalent adduct 2J5E.pdb by conveniently changing atom and bond types of the 4-
anilinoquinazoline inhibitor as well as of Cys797. The resulting complex was immersed in a box of

TIP3P water molecules™ and neutralized with 2 CI ions by using the xleap tool implemented in
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AMBERI11.%° The total system size amounted to 52429 atoms (box size of 78.2 A x 91.7 A x 73.2 A).
The system was energy-minimized and gradually heated to 300 K in NVT ensemble and equilibrated at
pressure of 1 atm in NPT ensemble. The system was then submitted to a MD simulation in the NVT
ensemble for 100 ns applying the AMBER99SB force field*® for the protein and the generalized Amber
force field (GAFF)”’ for the ligand. The pmemd module of AMBER11 was used to perform these tasks.
Full electrostatic and Van der Waals interactions were computed within a cut-off of 10 A and long-range
electrostatic interactions were treated using the particle mesh Ewald (PME)>® with 128x128x128 grid
points. The covalent bonds involving hydrogen atoms were constrained with the SHAKE algorithm and
a time-step of 2 fs was applied. The same approach was employed for the system of the EGFR-
compound 6 covalent adduct. The final system was composed by 52425 atoms (box size of 81.5 A x
95.4 A x 76.4 A), of which 2 CI ions to neutralize the total charge. MD simulations of the system were

performed applying the same protocol described for the non-covalent complex.

Application of the QM/MM potential

The hybrid quantum mechanical and molecular mechanical approach (QM/MM) has been extensively
applied to study enzymatic reaction mechanisms. This approach has the advantage that large system
such as an enzyme can be investigated with an affordable computation cost. The fundamental idea
behind the QM/MM scheme is the partition of the simulated system into two regions: i) a small QM
region, where the chemical bond breaking and forming occur, and ii) and a large MM region which
surrounds the QM atoms. In the present work we used the self-consistent charge- density functional
tight binding (SCC-DFTB) model’® to describe the QM region and the AMBER99SB force field* to
describe the MM region. The SCC-DFTB approach is based on the second-order expansion of the total
DFT energy with respect to the charge-density variation. It is more efficient than ab initio QM

approaches and therefore suitable for extensive QM/MM free-energy simulations. Furthermore, hybrid
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QM/MM potentials derived from the SCC-DFTB theory have been widely applied to enzyme catalysis
and reported to give reasonable descriptions of reaction geometries and energetics. ®

In the EGFR-compound 6 system, side chain atoms of Cys797, Asp800 and the whole compound 6
were treated with the SCC-DFTB method with dispersion correction. All the other atoms of the system
were described with AMBER99SB force field. The resulting QM system was composed of 49 atoms
including two link atoms, placed along the C-C bond connecting Cp of Cys797 and Asp800 to their
backbone Ca. The adjust_q function of AMBER was applied to conserve the total charge of the system.
During QM/MM MD simulations, all the atoms of the system (including hydrogens) were free to move,
and a time step of 0.2 fs was used to integrate the equation of motion. The SHAKE option was turned
off for the QM region during all QM/MM simulations. A modified PME approach was used to treat the

QM/MM long-range electrostatic interactions.

Definition of the reaction path
A preliminary guess-path between reactants and products was generated using steered-MD and simple
reaction coordinates. The reaction was initially divided into three consecutive steps using simple

distances among atoms as reaction coordinates, i.e d(O,y500-Heye07) TOr step 1; d(Sc,797-CPBcrytamiae) fOr

step 2, and d(Hc97- Co, ) for step 3 (Figure 5). In all these steps, the RCs were pulled to their

acrylamide
target values by using a force constant of 300 kcal/mol A for a total simulation time of 15 ps. From the
resulting steered-MD trajectory, a set of frames, representing the preliminary path between reactants and
products, was extracted. 12 representative atoms of the side chains of Cys797 and Asp800 and the 6-
acrylamide fragment of compound 6 were used as template structure for the frame selection procedure
for PCVs.>* We obtained 70 equally spaced frames that were used to define the collective variables S

and Z in a subsequent steered-MD simulation. In detail, S and Z describe the position of a point in the

configurational space (R) relative to an initial path, and are defined as follows:
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9

where i is a discrete index (in this study ranging from 0 to 1), and (R -R(i))’ is calculated as the mean
square displacement from the initial path. The system was thus pulled along S from 0 (reactants) to 1
(products) in 550 ps, applying a force constant of 300 kcal/mol. The variable Z was constrained by a
quartic wall to allow a relative freedom of the system to relax, while preventing it to escape from the
reactive region. The upper limit over Z was set to 0.05 A* with a force constant of 300 kcal/mol A™. At
the end of the steered-MD/PCVs simulation, a new set of frames was extracted and employed as a novel
reference path for a subsequent steered-MD/PCVs run. This procedure was repeated iteratively until the
reaction path did not change passing from a steered-MD/PCVs run to a new one. Convergence of the

reaction path was achieved after 8 iterative cycles (Figures S7 and S8).

Free Energy calculation

PCVs were employed as reaction coordinates in umbrella sampling (US) simulations, using the
converged steered-MD configurations as the reference path. US simulations were carried out using a
spring constant of 10 kcal/mol on S and an upper limit on Z was set at 0.05 with force constant of 300
keal/mol A™. 40 ps of simulation per umbrella were performed, of which the first 10 ps were discarded
to ensure the equilibration of the system. The normal distribution of the configurations along S was
evaluated for each umbrella and a total of 4.4 ns of productive simulation was employed to estimate the
FES by the weighted histogram analysis method (WHAM).*** Average error on the FES was estimated
to be 0.3 kcal/mol (see SI for details). All the steered-MD and US simulations were carried out with

sander module of AMBER11 patched with the PLUMED 1.3 package.”
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