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Previous studies have shown the usefulness of
the substrate envelope concept in the analysis and
prediction of drug resistance profiles for human
immunodeficiency virus protease mutants. This
study tests its applicability to several other thera-
peutic targets: Abl kinase, chitinase, thymidylate
synthase, dihydrofolate reductase, and neuramini-
dase. For the targets where many (>6) mutation data
are available to compute the average mutation sen-
sitivity of inhibitors, the total volume of an inhibitor
molecule that projects outside the substrate enve-
lope V,, is found to correlate with average muta-
tion sensitivity. Analysis of a locally computed
volume suggests that the same correlation would
hold for the other targets, if more extensive muta-
tion data sets were available. It is concluded that
the substrate envelope concept offers a promising
and easily implemented computational tool for
the design of drugs that will tend to resist muta-
tions. Software implementing these calculations is
provided with the ‘Supporting Information’.
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Abbreviations: CHARMM, Chemistry at Harvard Molecular Mech-
anics; DHFR, dihydrofolate reductase; FP2/FP3, Tanimoto coefficient
based on daylight/hexadecimal type fingerprints; HIV, human immunode-
ficiency virus; ICso concentration to achieve 50% of inhibition; M.W.,
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Drug resistance is a serious challenge in the treatment of many dis-
eases, leading to morbidity, mortality, and medical costs (1-3).
Resistance typically emerges when a population of pathogens or
cancer cells is subjected to selection pressure in the course of
treatment with a drug. Under these conditions, resistant variants
can come to dominate the cellular population, making the drug inef-
fective. A number of mechanisms can lead to drug resistance,
including decreased transport of drug to its site of action, increased
elimination from the site of action, metabolic inactivation of the
drug, ineffective activation of a prodrug, upregulation of alternative
pathways, overexpression of the targeted protein, and mutation of
the target to reduce its affinity for the drug (4). Ideally, such mech-
anisms would be accounted for in the course of drug discovery to
prevent the emergence of resistance at the outset, rather than hav-
ing to address it after it appears. The present study explores a
method of designing drugs that will be robust in the face of muta-
tions in a targeted enzyme.

Adaptive inhibitors (5), which contain rotatable bonds that can posi-
tion several alternative functionalities at variable regions of the
binding site, offer one important strategy for the design of muta-
tion-resistant inhibitors. Such compounds may retain affinity when
the target protein mutates, because they can adapt conformational-
ly, apposing their most complementary moieties to the mutated resi-
due. The present study elaborates a different approach, the design
of enzyme inhibitors that fit within the known 'substrate envelope'
of the targeted enzyme (6).

According to the substrate envelope hypothesis, inhibitors fitting
within the three-dimensional region occupied by the enzyme's natu-
ral substrate should tend to resist mutations, because mutations
that could knock out inhibitor binding would also knock out sub-
strate hinding, rendering the enzyme ineffective. This idea was first
advanced in the context of human immunodeficiency virus (HIV),
which cleaves the Gag-Pol polyprotein at sites with a number of
different amino acid sequences (7). Chellappan et al. retrospectively
evaluated the substrate envelope hypothesis for HIV protease by
computing the volumes of clinically approved HIV-1 protease inhibi-
tors lying outside the substrate envelope (V,.) (8), and comparing
these volumes with the mutation resistance profiles of the respec-
tive inhibitors. They found that the values of V correlated with



the sensitivity of the inhibitors to clinically relevant mutations,
although the correlation was somewhat dependent on the mutation
set chosen. In a second study, Chellappan et al. furthermore used
Vout prospectively, as part of a scoring function for the computa-
tional design of a compound library targeting HIV protease, and
observed that the compounds with the smallest values of V,, were
most robust to clinically relevant protease mutations (9). Thus,
although the substrate envelope hypothesis is based upon a some-
what simplistic steric model, early studies suggest that it may be a
useful guide to the design of mutation-resistant drugs. More
recently, Altman et al. applied inverse design using substrate
envelope to develop mutation robust subnanomolar inhibitors of HIV
protease (10).

It is now interesting to consider whether the substrate envelope
hypothesis is applicable to other drug targets, as recently suggested
(11). Encouragingly, Colman and co-workers (12—14) have observed
that those inhibitors of flu virus neuraminidase, which are most
similar to the transition state of the enzyme's natural substrate,
are the most mutation-resistant, although they did not suggest a
quantifying measure of this relationship. This paper describes a
retrospective study of the applicability of a quantitative form of
the substrate envelope concept, suitable for use in structure-based
drug design, to a series of additional enzymes regarded as drug
targets.

Methods

Concepts and approach

The central question to be addressed is whether the volume of an
inhibitor falling outside the region of the active site occupied by
bound substrate correlates with the tendency of the inhibitor to
lose affinity in the face of mutations that do not destroy enzyme
activity. Answering this question retrospectively requires affinity
data for multiple inhibitors with wild type and mutant enzyme,
along with three-dimensional structural data. An ideal data set
would include mutations in many parts of the active site, so that
any extension of the inhibitor outside the substrate envelope would
be probed by at least one mutation. In this case, the total volume
of inhibitor outside the substrate envelope, V., (see 'Calculation of
inhibitor volumes outside substrate envelope'), might be expected to
correlate with the average, over all mutants, of the loss of affinity,
expressed for each mutant / as the sensitivity s; = log % . Here
Kt @and K, are, respectively, the dissociation constants “or |1Csg
values of the inhibitor with mutant / and the wild type, and the log-
arithm generates a quantity proportional to the difference in binding
free energy. When a large set of mutation data are available, the
average of s; over the mutants / quantifies the overall sensitivity of
the inhibitor to mutations.

When less comprehensive mutation data are available, an extension
of the ligand outside the substrate envelope may not be probed by
any of the available mutations, so loss of affinity may fail to corre-
late with ;. However, such an instance does not necessarily
invalidate the substrate envelope hypothesis, because, in the clini-
cal setting, it is likely that the targeted cell population will in fact
generate mutations that probe other parts of the active site. In this
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case, the full degree to which the ligand extends outside the
substrate envelope may indeed become important. For less compre-
hensive mutation sets, it is still of interest to determine whether
the volume of an inhibitor outside the substrate envelope in the
vicinity of the mutated residues in the available data set, here
termed Voue o (se€ 'Calculation of inhibitor volumes outside sub-
strate envelope'), correlates with sensitivity to those mutations.
Such a result would tend to support the general idea that the most
mutation-resistant inhibitors are those which fall entirely within the
substrate envelope.

Experimental data

For each enzyme to be analyzed, the present study employs crystal
structures with substrate and the inhibitors of interest, along with
the measured affinities of the inhibitors for the wild-type enzyme
and a collection of mutants. Table 1 lists the enzymes, substrates,
and inhibitors studied here, along with the Protein Data Bank (PDB)
IDs (15) of the crystal structures employed. Table 2 shows the
mutations considered, the inhibitors, and the nature of the affinity
data (Ky, K or ICsp). The mutation sensitivities for each inhibitor
used in this paper are listed in Table S1. Most of the affinity data
were drawn from BindingDB (16). The investigated mutations arose
in vivo as a response to a drug, or were produced in the course of
directed mutagenesis studies aimed at discovering resistance muta-
tions of the inhibitors.

As shown in Table 2, all 4 Abl kinase inhibitors have been tested
experimentally against the same set of 8 mutant enzymes, all 3
chitinase inhibitors have been tested against the same set of 6
mutants, and both thymidylate synthase (TS) inhibitors have been
tested against the same 11 mutants. However, two of the four
inhibitors of dihydrofolate reductase (DHFR) have been tested
against two mutants, and the other two inhibitors have been tested
against a different mutant. For the sake of consistency, the two
pairs of inhibitors are analyzed separately, each with respect to its
own set of mutant data. Similarly, two separate analyses are done
for the neuraminidase inhibitors, one for the inhibitors tested only
against R292K, the other for the inhibitors tested against the larger
set of six mutants, as listed in Table 2.

Calculation of inhibitor volumes outside
substrate envelope

The volume of an inhibitor outside the substrate envelope, V.
was computed much as done previously (8). One difference is that
the prior studies of HIV protease constructed a model of the sub-
strate envelope from multiple crystal structures, each with a differ-
ent substrate bound, but here, there is only a single substrate
structure for each enzyme. Another important difference, detailed
below, concerns the treatment of inhibitor atoms that extend out
of the active site and far into solution. The algorithm works as
follows.

A cubic lattice with 0.2 A spacing is superimposed on the binding
site of the enzyme with bound substrate, and each grid point ijk
within the van der Waals volume, using commonly accepted van
der Waals radii (17), of any substrate atom other than hydrogen is
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Table 1: Structures of substrates and ligands used for calcula-

tions
Species/variant
Substrate or ligand PDB of receptor RMSD?
Abl kinase
ADP 2921 Homo sapiens -
Imatinib Topj Mus musculus 1.08
Dasatinib 2gqg Homo sapiens 0.80
PD180970 2hzi Homo sapiens 1.05
VX-680 2f4j Homo sapiens 0.78
Chitinase
(NAG)5 Tebn Serratia marcescens -
Argadin wu  Aspergillus fumigatus 1.41
Argifin w9y Aspergillus fumigatus 1.43
Pentoxifylline 2a3c Aspergillus fumigatus 1.41

Thymidylate synthase

Methylenetetrahydrofolate ~ Ttsn Escherichia coli -

BW1843U89 1tle Escherichia coli 0.44
Raltitrexed 2kce Escherichia coli 0.32
DHFR

Dihydrofolate 1qzf Cryptosporidium hominis ~— —

WR99210 1j3i Plasmodium falciparum 1.24

Pyrimethamine 1j3] Plasmodium falciparum, 1.17
mutant

Pyrimethamine 2h19 Plasmodium vivax 1.16

Deschloropyrimethamine 2blb Plasmodium vivax 1.16

Neuraminidase

Sialic acid Tmwe  A/Tern/Australia/ -
G70C/ 75 (HING)

Zanamivir 2cml English duck subtype N6 0.39

G20 2qwi  A/Tern/Australia/ 0.22
G70C/75 (HIN9)

G28 2qwj  A/Tern/Australia/ 0.09
G70C/75 (HIN9)

Oseltamavir 2qwk  A/Tern/Australia/ 011
G70C/75 (HIN9)

Peramivir 117f A/Tern/Australia/ 012
G70C/75 (HIN9)

NeubAc2en 1f8b A/Tern/Australia/ 0.09
G70C/75 (HIN9)

4AM 1f8c A/Temn/Australia/ 0.08

G70C/75 (HIN9)

Rows with PDB entries used for substrate envelope generation are italicized.
Long (chemical) ligand names were replaced by codes used in the PDB file.
¥Coc atom RMSD between the aligned substrate and ligand containing struc-
tures reported by SHEBA (18).

assigned a value of Sy = 1. All other grid points are assigned a
value of Sy =0. (The present software also allows fractional
values between 0 and 1 as an indication of the percentage of
substrate molecules lying on each grid point to handle cases, such
as HIV protease, in which multiple substrate-bound structures are
available.) The structure of the inhibitor-bound complex of interest
is aligned with the substrate-bound complex using structural align-
ment program SHEBA (B. Lee, National Cancer Institute, Bethesda,
MD) (18), and an analogous, overlapping cubic lattice with values
lii is computed for the inhibitor. The value of Vg, can then be com-
puted as the number of grid points jk with /=1 and Sy =0,
multiplied by the volume of one grid cell, 0.008 AS. Similarly, the
volume of the inhibitor inside the substrate envelope, Vj, can be
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computed from the number of inhibitor grid points with [ =
S,'j'k =1.

Inhibitor atoms that protrude far outside of the protein and into
solution are not likely to be affected by mutations and thus, argu-
ably, should not contribute to V. This issue is addressed by
neglecting lattice points from the inhibitor grid that lie more than
4 A from the nearest protein atom (see also 'V, correlates with
overall mutation sensitivity of an inhibitor'). This threshold can
cause part of the van der Waals volume of a ligand within a large
binding cavity also to be excluded. This should not pose a problem,
because these atoms presumably contribute little to the interaction
with the protein.

Crystallographic water molecules are ignored in the present calcula-
tions. However, when crystallographic water that bridges the sub-
strate and enzyme is thought to be critical to substrate binding,
one may expect that mutations near the water molecule will affect
substrate binding. In such cases, it may be useful to include the
bound water as part of the substrate when defining the substrate
envelope. If, on the contrary, a displaced water molecule is not
thought to be essential for substrate binding, it likely can be
ignored in the present approach.

Section 'Vout10c probes the local environment of the substrate enve-
lope" analyzes the neuraminidase and DHFR systems, for which only
a few mutation data are available. In these cases, values of Voo
were computed by furthermore neglecting lattice points from the
inhibitor grid that lie more than 4 A (unless specified otherwise)
from any atom of a residue in the mutation set.

The 'Supporting Information' provides the FORTRAN source code for
generating the substrate envelope grid, calculating Vou and Voug joc,
and converting the substrate envelope grid into a DX grid format,
viewable with molecular graphics programs.

Results

V,u: correlates with overall mutation sensitivity
of an inhibitor

The proposed correlation between V,, and the average sensitivity
to mutation is best evaluated for a system with well-investigated
mutant resistance profiles for multiple inhibitors, such as HIV prote-
ase. Figure 1 examines this correlation for the 5 inhibitors and 11
mutants with data taken from a previous study by Chellapan et al.
(8). Good correlation is observed for the largest mutation set,
ANAM-11, whereas a relatively low correlation is observed for
L101/L90M. Encouragingly, the overall sensitivity of an inhibitor to
mutation, captured by the average of s; over all mutants / (see
'Concepts and approach’), shows a smooth, monotonic increase with
Vout. @S shown by the thick line in Figure 1.

Similarly, Figure 2 plots average sensitivity to mutation against Vy,
for the other enzymes studied here; the plot for HIV protease,
drawn from Figure 1, is included for comparison. The number of
mutated residues is highest for the top graphs and falls for the
lower graphs. It is therefore expected that any correlation that is
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Table 2: Mutation set data sources used in this paper
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Data
Ligand type Mutation sets used in calculations® Enzyme variant
Abl kinase
Imatinib, dasatinib, PD180970, VX-680 (34) Ky 0252H, Y253F, E255K, T315I, T315N, Human Abl1 kinase
M351T, F359V, H396P
Chitinase
Argadin, argifin (23), pentoxifylline (35) Ky T138A, D175A, A217G, M243A, Aspergillus fumigatus
R301K, E322A ChiB1 chitinase
Thymidylate synthase
BW1843U89, raltitrexed ICso K47E, D49G, G52S (36), 1108A, 1108F, L221A, Human
L2211, L2218, F225L, F225W, F225Y (37)
Dihydrofolate reductase
Pyrimethamine, WR99210 (38) K; K1 CB1 (C59R/S108N), V1/S (N511/ Plasmodium falciparum
C59R/S108N/1164L)
Pyrimethamine, deschloropyrimethamine (39) K; SP21 (S58R/S117N) Plasmodium vivax
Neuraminidase
Zanamivir, oseltamivir, G20, G28, Neu5Ac2en, ICso R292K A/Tern/Australia/G70C/
4AM (12), peramivir (40) 75 (HIN9) influenza
Peramivir, oseltamivir, zanamivir (41) ICso E119G, E119A, E119D, R292K Influenza subtype A/N2
H274Y Influenza subtype A/N1
R152K Influenza subtype B

?Single-site mutants, except for DHFR, where simultaneous mutations are parenthesized.
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Figure 1: Correlation between the mutation sensitivity and Vi,
for five clinically approved HIV protease inhibitors and 11 mutation
sets. From left to right, the points correspond to the following inhibi-
tors: amprenavir, nelfinavir, indinavir, saquinavir, ritonavir. The thick
line denotes the average of the resistances. The data are taken
from Chellappan et al. (8). This and other plots in this paper were
produced with Grace (http://plasma-gate.weizmann.ac.il/Grace).

observed will be clearest for the top graphs. This expectation is
borne out by the data, as the top four graphs show a fairly high
correlation between the mutation sensitivity and V., whereas the
two bottom graphs do not. The latter will be analyzed below using
the quantity Voutoc. The slopes of the graphs, however, vary from
system to system, even among the top graphs with their more
extensive mutation sets. Despite the different slopes, these results
show that V,,; correlates with the inhibitors' sensitivity to target
mutation for several different systems.
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The three systems with the broadest data sets, HIV protease, Abl
kinase, and chitinase, were further analyzed. Table 3 presents the
correlation coefficients A of the average mutation sensitivity with
Vio, Vour, ratio Vou/ Vi, several measures of inhibitor size [V,
molecular weight (M.W.), Nieay], and the Tanimoto coefficients
(FP2, FP3) representing chemical similarity between substrate and
ligands. Only V,: consistently correlates with the average mutation
sensitivity for all the systems (£ > 0.90). Interestingly, although one
might expect that measures of chemical similarity between sub-
strate and ligand, such as the Tanimoto coefficients, would be use-
ful in this context, in fact they do not perform as reliably as Vi,
(Table 3). This might reflect the fact that most of the ligands con-
sidered in Table 3 are very chemically different from the substrate:
the average Tanimoto coefficient is only 0.38. It is also worth
inquiring why the molecular size descriptors correlate with inhibitor
sensitivity in only two of three cases, whereas Vj correlates well
in all the three cases. When the inhibitors lie in essentially the
same region as the substrate, as in HIV protease and chitinase, it
is reasonable to expect that V. will be roughly proportional to the
size of the ligand. Indeed, V;,; and M.W. are strongly correlated for
HIV protease and chitinase (R = 0.97 and 0.99, respectively). How-
ever, if the inhibitor and substrate binding modes differ markedly,
as in the large binding site of Abl kinase (Figure 3), the correlation
between V,,; and M.W. can be much lower (0.45 for Abl kinase),
and the sensitivity of the inhibitors to mutations correlates with
Vout. but not with simple measures of molecular size. These results
are in accordance with the substrate envelope hypothesis.

The spatial overlap between inhibitor and substrate is quantified by
Vi, and the ratio r = V;,/V,, may be expected to bear on the abil-
ity of the molecular size descriptors to correlate with overall muta-
tion sensitivity, based upon the logic in the preceding paragraph.
This suggestion is born out by the fact that r< 0.5 for the Abl
kinase inhibitors, and r> 0.8 for chitinase and r> 1.2 for HIV
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Figure 2: Average sensitivity to mutation of enzyme inhibitors versus volume outside the substrate envelope, V., for six systems: (A) HIV
protease [amprenavir, nelfinavir, indinavir, saquinavir, ritonavir; data from Chellappan et al. (8)]. (B) Abl kinase (VX-680, PD-180970, dasatinib,
imatinib). (C) Chitinase (pentoxifylline, argadin, argifin). (D) Thymidylate synthase (raltitrexed, BW1843U89). (E) Solid line: Plasmodium
falciparum DHFR (pyrimethamine, WR99210); dashed line: Plasmodium vivax DHFR (deschloropyrimethamine, pyrimethamine). (F) neuraminidase
(zanamivir, oseltamivir, peramivir). (Inhibitors are listed in order of increasing V) Each panel lists the number of mutant enzymes over which
the average sensitivities are computed, and the number of residues involved in these mutations. Neuraminidase inhibitors G20, G28,
NeubAc2en, and 4AM (Table 2) are omitted from panel (F), because they have affinity data for only one mutant, R292K; this mutant is there-

fore considered separately.

Table 3: Correlation R between the average mutation resistance
and volume outside of substrate envelope V, volume inside of
substrate envelope V., ratio Vj/ V., total molecular volume (heavy
atoms) Vi, molecular weight (M.W.), the number of non-hydrogen
atoms (Mheav). and Tanimoto coefficients representing chemical sim-
ilarity between substrate and ligand, for receptors with >6 mutated
residues and >3 data points

Receptor Vo VY Vo' Vie Vit MW, Mygayy, FP2*  FP3?
Abl kinase 090 —-068 0.87 046 045 055 —0.18 0.18
Chitinase 097 051 062 099 099 099 098 0.99
HIV protease 0.98  0.81 0.95 098 094 097 05° 055

Systems with two data points are not included because of the trivial fit.
Tanimoto coefficients (number of bits in substrate/number of bits in ligand)
were calculated using Daylight type fingerprints (FP2) and hexadecimal type
fingerprints (FP3) between substrate and ligands.

®The average Tanimoto coefficients between individual ligands and six sub-
strates (9) were used to generate data.

protease. In summary, although simple measures of size of the
inhibitor may correlate with its sensitivity to mutation for some
receptors, only V., is expected to be a more broadly applicable
guide to the design of robust inhibitors.

The present results are reasonably robust with respect to the cutoff
distance used in calculating V,; (see 'Calculation of inhibitor vol-
umes outside substrate envelope'). For example, using 3, 4, and 5 A
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cutoffs for Abl kinase yields correlations A =0.89, 0.90, and 0.81,
respectively, whereas chitinase yields the same correlation
(R =10.97) for all three cutoffs.

Analysis of individual enzyme systems

Abl kinase

The values of V,y for four inhibitors of Abl tyrosine kinase, an
important anti-cancer target (19), correlate well with their mutation
sensitivity averaged over eight imatinib-resistant mutants, as evi-
dent from Figure 2B and Table 3. The molecular graphics in Figure 3
provide insight into the spatial relationships in this system. None of
the inhibitors conform well to the shape of the substrate, and imati-
nib, in particular extends into a completely different region of the
protein. As a consequence, only 62 A3 of its total volume of 405 A®
lie within the substrate envelope. The other three inhibitors are
smaller and fit the substrate envelope better (Figure 3), although
still not especially well: their total volumes range from 312 to
366 A%, and their volumes within the substrate envelope range from
67 to 84 A% A recent report on the emergence of dasatinib-resis-
tant mutations, V299L, T315A, and F317I that were not observed for
imatinib previously (20), supports the observed lack of fit of dasati-
nib to the substrate envelope, and its consequent sensitivity to Abl
kinase mutations. The large values of Vg, for other inhibitors,
although they are smaller than imatinib, suggest that new mutations
could lead to resistance to the non-imatinib inhibitors.

Chem Biol Drug Des 2009; 74: 234-245
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Figure 3: Abl kinase substrate envelope (orange) with superim-
posed inhibitors VX-680 (purple), PD-180970 (yellow), dasatinib
(blue), and imatinib (green). Superposed ADP-peptide substrate con-
jugate (PDB entry 2g1t) is shown in gray. The inhibitors are repre-
sented as licorice sticks for clarity, but one should bear in mind
that for substrate envelope calculations, the van der Waals radii
were used. Mutated residues are depicted as red balls-and-sticks.
Molecular graphics in this and other figures was produced using
vMD (University of lllinais, Urbana-Champaign, IL) program (42).

Whether these four inhibitors would fit the substrate envelope bet-
ter if one considered the substrate to be a protein tyrosine instead
of the ADP substrate needs also to be considered. Superposition of
a crystal structure of Abl kinase with a bound ADP-peptide conju-
gate (gray sticks in Figure 3) shows that the peptide moiety extends
away from the bound inhibitors. Indeed, V., computed for the
investigated ligands using substrate envelope based upon ADP-pep-
tide conjugate yields the same results as using ADP only.

It should be noted that Abl kinase can adopt both active and inac-
tive conformations (21). While the calculations presented in the
paper were performed using an active form of the kinase, we also
computed values of V,, volumes using substrates bound to inactive
(PDB ID: 2g2f) and Src-like inactive (2g1t) conformations of Abl
kinase (21). The correlation of the V., versus s results are
essentially the same (R differs by 0.01) for the three investigated
conformations.

Chitinase

Chitinases belong to the glycohydrolase family of enzymes and are
responsible for the degradation of chitin into p(1,4)-N-acetyl-p-
glucosamine monomers (22). Inhibitors of chitinases have chemo-
therapeutic potential against pathogenic fungi, insects, malaria
transmission, and human asthma (23). The values of V[, for 3
inhibitors solved with a family 18 chitinase are found here to corre-
late well with their sensitivity to mutation, averaged over 6
mutants, which emerged in organisms exposed to 2 of the inhibitors
considered here, argifin and argadin (23) (Figure 2C and Table 3).

Chem Biol Drug Des 2009; 74: 234245
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THR128

ASP175

Figure 4: Chitinase substrate envelope (orange) with superim-
posed inhibitors pentoxifylline (white and purple), argadin (blue),
and argifin (green). Argifin has the largest V,, followed by argadin.
Out of two pentoxifylline molecules in the binding site, the mole-
cule drawn in white sticks has a smaller V.

The substrate in the present analysis is an N-acetylglucosamine
pentamer, which occupies a narrow and deep groove in the enzyme
spanning subsites —2 to +3 (24). Argifin and argadin are large, cyc-
lic pentapeptides that overlap with part of the substrate, occupying
subsites between —1 and +2 (23), and somewhat extending out of
the binding cavity into solution, especially argifin (not illustrated
here). This extension outside the binding site was one of the main
motivations for employing a ligand—protein distance cutoff in the
calculation of V. (see 'Methods').

Pentoxifylline, the third inhibitor considered here, is considerably
smaller than argifin and argadin, and crystallography shows two
molecules of pentoxifylline in distinct locations of the active site
(Figure 4). It is not known which location is more stable and hence
more relevant enzymatically, although binding energy estimates (not
detailed here) with the CHARMM (25) and DREIDING (26) force
fields suggest that the first molecule (residue 1434 in the PDB file)
binds more strongly than the second molecule (residue 1435), per-
haps because the former occupies a deeper hinding site inside the
protein. Pentoxifylline, in the conformation of residue 1434 (white
in Figure 4), fits the substrate envelope much better (Vo = 75 A)
than the other residue 1435 (purple in Figure 4; Vi, = 141 A%).
According to the substrate envelope hypothesis, conformation 1434
should be the one less affected by mutation and hence should be
the preferred mode of hinding to the mutants. Therefore, this con-
formation was the chief focus in the present study.

The enzymatic assay used to study this system provided quantita-
tive data only for chitinase mutants that still bind the inhibitors
fairly strongly. As a consequence, no data are available for highly
resistant mutants, and the average resistance values in Figure 2C
and Table 3 accordingly are relatively small. Interestingly, the Y245F
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chitinase mutant, which for the same reason is absent from Fig-
ure 2C and Table 3, abrogates binding to argifin within the sensitiv-
ity limit of the method (23) but binds argadin detectably. This
observation is consistent with the smaller V,, for argadin relative
to argifin.

The structure with bound substrate corresponds to Aspergillus
fumigatus chitinase, but the crystal structures with the three inhibi-
tors correspond to the chitinase of the bacterium Serratia marces-
cens. The sequence identity of the two chitinases is only 27%, but
the structural match is good: the root mean square deviation
(RMSD) between the Ce coordinates of the two chitinases is 1.4 A
for all three inhibitor-bound structures. The match is even better
inside the binding site. For example, residues that neighbor argifin
in A. fumigatus chitinase have 71% identity with those in Serratia
marcescens, and the RMSDs of argifin and argadin bound to Serra-
tia marcescens chitinase (27), relative to A. fumigatus chitinase, are
only 1.02 and 1.03 A, respectively. These similarities support the
significance of the present substrate envelope analysis.

Thymidylate synthase

Human TS is the target of a number of existing and developmental
cancer drugs (28), and has been the subject of extensive studies.
For the present study, we identified two TS inhibitors, raltitrexed
and BW1843U89, for which there are crystal structures bound to TS
as well as resistance data for 11 TS mutants involving 6 sequence
locations. Raltitrexed (V. = 85 A% fits the substrate envelope bet-
ter than BW1843U89 (V. = 188 A3) (Figure 5). This is consistent
with the substrate envelope hypothesis, because it retains affinity
for the mutants of TS better than BW1843U89 does (Figure 1D).

PHEZ225

Figure 5: Thymidylate synthase substrate envelope (orange)
with superimposed inhibitors BW1843U89 (blue) and raltitrexed
(green). Only residues 1108 and F225 whose mutations most strongly
affect binding of these inhibitors are labeled. The larger sensitivity
of BW1843U89 to the mutations is in agreement with the larger
Vout.
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Mutations of residues lle 108 and Phe 225 have the strongest
effect upon the binding of these inhibitors, and they, along with
Leu 221, are also the residues that lie closest to the bound inhibi-
tars, especially BW1843U89 (Figure 5).

The mutational affinity data considered here are based upon
human TS, whereas the structural data are for Escherichia coli
TS, because the requisite inhibitor structures were not available
for the human enzyme. The structural data are considered rele-
vant, however, because the two enzymes have overall 0.77 A Ca
RMSD with 97% of structurally matched residues. Furthermore,
the gap between the values of V, for the two inhibitors is sub-
stantial and cannot be accounted for by a structural mismatch
between the two enzymes.

Dihydrofolate reductase and neuraminidase
Dihydrofolate reductase is a target for anticancer (29), antibacterial
(30) and antiprotozoal (31) treatments, whereas neuraminidase is
one of the main therapeutic targets in the treatment of influenza
(32). Here, the substrate envelope hypothesis is analyzed for two
inhibitors and two mutants, involving four residues, of Plasmodium
falciparum DHFR (Figure 2E, solid line); two inhibitors and one
mutant, involving two residues, of Plasmodium vivax DHFR (Fig-
ure 2E, dashed line); and three inhibitors and six mutants, involving
four residues, of neuraminidase (Figure 2F). The data summarized in
Figure 2E and F do not show an overall correlation between an
inhibitor's V4, and its sensitivity to mutation. This lack of correla-
tion may result in part from the fact that the values of V;, for the
inhibitors of DHFR and neuraminidase studied here cover relatively
small ranges: compare the horizontal axes of Figure 2A-D with
those of Figure 2E and F. Furthermore, the loss of correlation on
moving to these two systems from the ones represented in Fig-
ure 2A-D is consistent with our expectation that the correlation
would weaken as the number of residues probed by mutations falls
(see 'V, correlates with overall mutation sensitivity of an inhibi-
tor'): few mutated residues means more parts of the binding site
where an inhibitor can project outside the substrate envelope with-
out penalty.

Vout,10c Probes the local environment of the
substrate envelope

This subsection examines in more detail those systems for which
Vout was not found to correlate well with an inhibitor's sensitivity
to mutation; these are the same systems for which we have only
a few mutation data, as noted above. In particular, we explore
the idea that the sensitivity of an inhibitor to mutation correlates
with the volume of the inhibitor outside the substrate envelope
and close to the specific residues that are mutated, Voyioc.- The
value of Vo is closely related to the sum of Vju o across multi-
ple mutations. Therefore, if we find a correlation between the
sensitivity to an individual mutation and Vo e, We can expect
that a good correlation would be obtained between V,,; and over-
all mutation sensitivity if we had a larger set of mutations that
more completely probed the region around each inhibitor. Thus,
the study of Vouoc bears on the utility of V,, as a predictor of
mutation sensitivity.
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SER108

Figure 6: Plasmodium falciparum DHFR  substrate envelope
(orange) with superimposed inhibitors pyrimethamine (blue),
\WR99210 (green). Residue Cysb9 is hidden behind the substrate
envelope.

Dihydrofolate reductase

We focus first on P falciparum DHFR (Figure 2E, solid line), for
which the inhibitor with the larger value of V;,, WR99210, is less
sensitive to the studied mutations than the inhibitor with the smal-
ler value of V. pyrimethamine. The part of WR99210 which
extends outside the substrate envelope (Figure 6) remains far from
the four residues affected by the mutations considered here. Pyri-
methamine, on the contrary, does not extend as far outside the
substrate envelope, but its extension is close to one of the mutated
residues, Ser 108. These observations rationalize the observation
that pyrimethamine is more sensitive than WR99210 to the muta-
tions studied here, although its value of V;, is smaller. This idea is
quantified by calculation of Vi, 0e, Which limits attention to places
where an inhibitor extends outside the substrate envelope and also
is close to a mutated residue. Figure 7 shows that this quantity
does, in fact, correlate with the sensitivity of pyrimethamine and
WR99210 to the mutations considered here.

In the case of P vivax DHFR (Figure 2E, dashed line), the inhibitor's
sensitivity to mutation increases with U, for these mutations. The
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Figure 8: Plasmodium vivax DHFR substrate envelope (orange)
with superimposed inhibitors pyrimethamine (blue) and deschloro-
pyrimethamine (purple).

location where pyrimethamine (Figure 8) extends outside the sub-
strate envelope is near one of the mutated residues, Ser 117. Des-
chloropyrimethamine fits the substrate envelope better there, and
thus has a lower value of ,; and less sensitivity to mutation.

Neuraminidase

Strains of the influenza virus show resistance to some of the neur-
aminidase inhibitors (33). Varghese et al. (12) noted a qualitative cor-
relation between the degree of resistance of the R292K mutant and
the degree of structural dissimilarity of the inhibitor to the transition-
state analog. Here, similarly, Vou and Vou oc are used to quantify the
dissimilarity between substrate and inhibitors. Plots of Vo and Vout joc
against mutation sensitivity are compared (Figure 9) for six single-
point mutations. Note that mutation sensitivity data for R292K are
available for seven inhibitors, whereas the other five mutations
(E199G, E119A, E119D, R152K, H274Y) have data for three inhibitors;
for this reason, Figure 2F also contains three data points. Figure 10
shows that all the neuraminidase inhibitors analyzed here have
shapes closely resembling the substrate; accordingly, their V,, and

A 4 B4
B B Pyrimethamine
13 3
¥~. i Pyrimethamine I
g2 I~
g - L
Figure 7: Mutation sensitivity & 1 WR99210 1
. -4 L WR99210
as a function of local V, for Plas-
modium falciparum DHFR: (A) mut- 0 . ' ' . ' 0 . ' : ' '
. ) 0 10 20 30 20 30 40 50
ation set K1 CB1, and (B) mutation .3 .3
set V1/S. Vout, loc /A Vout, loc /A
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Figure 9: Mutation sensitivity
against total (A) and local (B) vol-
umes outside substrate envelope
plotted for several neuraminidase
mutations. The black points and
line (corresponding to the average
for three inhibitors) in (A) corre-
sponds to the graph in Figure 2F.
The Vouttoe = 0 for H274Y mutation
in (B), because His274 is situated
beyond the used 4 A cutoff from

HIS274

GLU119

Figure 10: Neuraminidase substrate envelope (orange) with
superimposed inhibitors 4AM (yellow), G20 (green), G28 (cyan),
NeubAc2en (red), oseltamivir (purple), peramivir (blue), zanamivir
(pink).

Voutjoc Values are relatively small, as evident from Figure 9B. Table 4
shows, not surprisingly, that V. correlates poorly with the individual
mutation sensitivities s of the inhibitors, with a mean correlation
coefficient R = 0.06. However, Vo oc €xhibits @ much better correla-
tion with sensitivity (Figure 9B and column 2 of Table 4): R = 0.69.
When the distance cutoff used in calculating Vo, ¢ 1S changed from
4103 0r5 A, the mean correlation for Voutjoc DECOMes 0.56 and 0.62,
respectively. We therefore used the same 4 A cutoff for the Vout,oc
calculations as in the V,, calculations. However, the 4 A cutoff failed
to include H274Y mutation into the Vo ioc analysis (Figure 9), as van
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the inhibitors. To keep the graphs
less busy, the names of compounds
were not annotated.

Table 4: Correlation A between the mutation sensitivity against
Vour @nd Voue 1oc-0f neuraminidase inhibitors used in this study

Mutation Data points Vout Voutoc
E119G 3 —-0.51 0.56
E119A 3 -0.74 0.28
E119D 3 -0.08 0.87
R152K 3 0.78 0.86
H274Y 3 0.31 nat
R292K 7 0.61 0.89

The ligand atoms are beyond default 4 A cutoff from the His 274 residue.

der Waals spheres of all ligand atoms are beyond the 4 A from His
274 residue.

The correlations observed here are consistent with the intuitive
nation that a larger value of Vo means a stronger interaction
between the ligand and the mutated residue, and hence greater
sensitivity to the mutation. On the contrary, the degree to which
affinity is lost upon mutation of a given residue necessarily
depends upon the details of the mutation (e.g., E199G, E119A or
E119D); as Vot ioc is insensitive to these chemical details, it cannot
be expected to provide precise predictions.

The comparatively extensive data for R292K were examined in more
detail. The correlation coefficient, A, between V1o and mutation
sensitivity is 0.89, significantly higher than A= 0.61 for V. In
addition, the inhibitor that is most sensitive to the mutation, osel-
tamivir, is also the inhibitor with the largest value of Voo the
van der Waals volume of oseltamivir extends beyond the substrate
envelope near R292 (purple wireframe in Figure 11). On the con-
trary, the plot of sensitivity versus Voo for R292K (Figure 9B)
shows significant scatter. This may result in part from the small
range of Vo oc for the inhibitors for which R292K sensitivity data

Chem Biol Drug Des 2009; 74: 234-245



Figure 11: Visualization of volumes Vo Of neuraminidase
inhibitors and off the substrate envelope (silver) in the neighbor-
hood of Arg292 (represented by red balls-and-sticks): 4AM (yellow),
G20 (green), G28 (cyan), NeubAc2en (red), oseltamivir (purple), per-
amivir (blue), zanamivir (pink).

are available. In addition, the range of mutation sensitivity is quite
high, extending from 16- to 540-fold losses in affinity for the four
inhibitors. The large range of sensitivities, despite a small range of
Voutloc, Means that additional factors contribute significantly to the
sensitivity of these inhibitors.

While we showed that V. 1oc can be a useful quantity, which could
help our understanding of a sensitivity of a ligand toward a particu-
lar mutation, other factors may need to included into a more com-
prehensive analysis, such as the chemical nature of the part of the
ligand extending outside of the substrate envelope, shape and
chemical moiety change invoked by the mutation, ligand flexibility
and protein conformational changes upon binding and/or mutation.
Because this paper introduces a simple shape-based descriptors of
Voutjoc (@and Vo), extended analysis of these factors is beyond the
scope of this paper.

Discussion

This retrospective analysis further supports the hypothesis that
enzyme inhibitors, which fit the substrate envelope tend to retain
affinity in the face of clinically relevant mutations. By analyzing five
additional enzyme systems, it generalizes prior studies that were
limited to HIV protease (8,9). The present analysis also provides a
deeper understanding of the underlying rationale for the substrate
envelope hypothesis. In particular, we observe better correlation
between V,,, and the overall sensitivity of an inhibitor to a set of
mutations when the set of mutations is extensive and thus probes
ligand interactions with much of the binding pocket.

It is important to consider situations in which the substrate enve-
lope concept might break down. One is the case where the receptor

Chem Biol Drug Des 2009; 74: 234245
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adopts significantly different conformations in the context of bound
substrate relative to bound inhibitor. This issue is addressed in part
in the context of Abl kinase (see 'Abl kinase'), where the correlation
between V,, and the mutation sensitivity of various inhibitors was
found to be insensitive to the choice of receptor conformation.
However, when more extensive conformational changes occur, it
may become difficult to convincingly overlay the substrate envelope,
computed from the substrate-bound conformation, on the inhibitor,
bound to its very different protein conformation. In such cases, it
might be possible to generalize the present approach by designing
inhibitors which contact only those residues which contact the sub-
strate, in relevant conformations of the enzyme. Alternatively, one
could define the substrate envelope separately for each variant con-
formation of the enzyme, and total mutation resistance for the pur-
pose of drug design could be considered as a combination of the
Vot values for each conformation. The correlation between V,; and
the sensitivity of an inhibitor to mutations could also break down
because of flexibility of the inhibitor itself, as previously noted (10).
In particular, an inhibitor that extends outside the substrate enve-
lope may retain affinity to a mutant enzyme if the inhibitor adapts
to the mutant by a change of conformation. Such adaptive inhibitors
(5) offer another important avenue to robust inhibitors, which may
be pursued in parallel with inhibitors that achieve robustness by
remaining within the substrate envelope.

The functional dependence of I, and mutation sensitivity is not
necessarily linear, largely because V,, is insensitive to the specific
chemistry of the inhibitor and mutations. Nonetheless, when a large
mutation set is analyzed, a monotonic or close to monotonic increase
is expected because sensitivity should not drop as I, increases.
This expectation is confirmed by the correlation between V and s
for Abl kinase, chitinase, thymidylate synthase, and P vivax DHFR,
although the strength of the dependence of mutation sensitivity to
Vout varies from one system to the next. However, for P falciparum
DHFR and neuraminidase, the mutation sensitivity drops as Vi
increases. This observation was rationalized by the fact that the
available mutations are few and thus do not probe all the interac-
tions of the inhibitors with their binding pockets. However, the muta-
tion sensitivity of these inhibitors correlates with the quantity Vout joc
which measures the degree to which an inhibitor projects from the
substrate envelope near known mutations. This observation strongly
suggests that the sensitivity of inhibitors to mutation would indeed
correlate with ;. if a larger mutation set were available.

The fit of an inhibitor or candidate inhibitor to the substrate enve-
lope, as measured by the quantity V. represents a simple way to
anticipate its robustness in the face of mutations both known and
unknown, and the present study shows that this idea is applicable
to many therapeutic targets. The software included in the 'Support-
ing Information' quickly provides the value of Vjy (@nd Vot ioc) for a
bound ligand, and the V,, can then be used as a figure of merit
along with the usual binding score. Although the quantity Voutoc
can be useful in analyzing known mutations, V. should be more
useful in the prospective design of new inhibitors. The use of such
relatively simple parameters should help future novel inhibitors to
retain affinity to the wide and unpredictable range of target muta-
tions that can occur in a quickly evolving, highly mutable therapeu-
tic enzyme target.
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Supporting Information

Additional Supporting Information may be found in the online ver-
sion of this article:

1. Mutation sensitivities which were used in the paper, by the inhi-
bitor and mutation (Table S1); 2. FORTRAN programs: (a) to generate
the substrate envelope grid; (b) to convert it into a grid format
viewable with several molecular graphics programs; and (c) to
compute Voue and Voug joc-

Please note: Wiley-Blackwell is not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

245



