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Many cellular functions involve the assembly of biomolecular complexes, a
process mediated by water that gets displaced as subunits bind. This process
affects water frustration, that is, the number of unmet hydrogen-bonding
opportunities at the protein–water interface. By searching for least-frustrated
aqueous interfaces, this study delineates the role of frustration in steering
molecular assemblage. The search entails a trajectory sampling using a func-
tional that measures the gradient of frustration and computing the resulting
non-Debye electrostatics within relaxation times for coupled protein–water
systems. The minimal frustration principle is validated against spectroscopic
measurements of frustration-dependent dielectric relaxation, affinity scanning
of protein–protein interfaces, and NMR-inferred association propensities of
protein-complex intermediates. The methods are applied to drug design,
revealing the targetable nature of the aqueous interface.

Keywords: aqueous interface; drug design; molecular modeling; protein
associations; structural biology

With the recognition that no cogent theory fully recon-
ciles thermodynamic and structural characterization of
protein associations, and that hydrophobicity is hardly
operative at Angstrom-level curvatures, the forces that
steer the formation of protein complexes remain under
intense scrutiny [1–6]. This work addresses this prob-
lem, investigating protein-complex formation from a
solvent-centric perspective that takes into account the
unusual properties of water near biomolecular sur-
faces. The approach requires a variational procedure
to optimize the frustration state [7] of the aqueous
interface. Frustration refers to the unmet opportunities
for hydrogen-bonding that cause interfacial tension [6].
It is at present unclear whether force fields and solva-
tion models adopted in molecular dynamics (MD)
computations can properly model frustration or cap-
ture interfacial tension [8–12]. It is also unclear—and

unlikely—that the global free-energy minimum would
be a state of minimal interfacial frustration and, while
the biological relevance of the former is still debated,
the latter is clearly decisive in driving complex forma-
tion, as this work shows [5,11].

As shown in this work, a special microstate sam-
pling strategy steering MD computations toward the
least-frustrated interface proves essential to identify
the molecular factors that trigger complexation.
Accordingly, we implement and experimentally vali-
date an explicit-solvent MD algorithm with microstate
sampling guided by a functional that defines a varia-
tional principle to enable the search for minimally
frustrated interfaces. The functional form of the varia-
tional principle hinges on the ansatz that frustration
creates a polarization component decoupled from the
electrostatic field [5,6]. The functional adopted exploits
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the link between frustration and electrostatics and
computes the non-Debye electrostatic energy equiva-
lently stored as the frustration-related interfacial ten-
sion [5]. Experimental evidence supports this
assumption, as shown in the Appendix S1. Thus, the
trajectories generated entail the computation of the
gradient of frustration at each spatial location.

We demonstrate that frustration-related water polar-
ization steers protein–protein (PP) associations with
high specificity and drives the dynamics of complex
formation. The validation of these assertions entails
contrasting optimally frustrated states with affinity
scanning of PP-interfaces [13] in complexes that assem-
ble to mitigate frustrated hydration of free subunits,
and with NMR information on the dynamics of com-
plex formation [14]. Subsequently, we identify the opti-
mal sequence of steps that maximize the mitigation of
interfacial tension, funneling complex formation.
Finally, we apply the solvent-centric approach to drug
design in order to demonstrate the efficacy of the vari-
ational approach to engineer ultraspecificity, creating
ligands that discriminate isoforms of target proteins.

Methods

All operating concepts, equations and symbols are
introduced and described in the next section.

Computing the least-frustrated interface

The least-frustrated state of the aqueous interface is
represented by an extremal frustration field / that sat-
isfies the Euler-Lagrange equation [15]:

r@
Lð/Þ
@r/

¼ @
Lð/Þ
@/

; ð1Þ

written explicitly as

r2/ ¼ kBT

4x

! "
ðq0 $ qÞ 1$ /

4

! "$1

: ð2Þ

Equation (2) constitutes the fundamental relation
controlling water frustration at protein interfaces. For
small frustration 0 < /%4, the linear approximation
dSifð/Þ & $½kBðq0 $ qÞð/=4Þ(dr~ yields the simplified
equation r2/ ¼ ðkBTÞ=4xð Þðq0 $ qÞ.

As shown in Appendix S1, to obtain x, we use
Eqn (5) applied to an equilibrating computation of /
obtained as a function of the distance X to a rigid
nonpolar interface [6,16] consisting of a concave region
of fixed curvature radius. The equilibration is carried
out for 1 ns, a time incommensurably larger than the
relaxation timescale for the decoupled water lattice
(~ 1 ps) [17]. Thus, at T = 298 K, Eqn (5) yields

x ¼ 9:18) 10$20mJÅ
$1
, an estimation validated by

contrasting it with the Young-Laplace computation of
interfacial free energy [18].

Microstate sampling strategy to steer the search
for the least-frustrated state

As shown in the microstate sampling scheme in Fig. 1,
we can select at each stage of the simulation a repre-
sentative from the set of a priori equiprobable micro-
states to ensure a probable decrease in DGifð/Þ ¼ =ð/Þ,
thus steering the search toward a state of minimal
frustration. Let [Qn, Pn] denote the state of the system
at stage n, specified by Qn ¼ Qp

n ⊕ Qw
n = atomic

coordinates vector, and Pn ¼ Pp
n ⊕ Pw

n = momentum
vector, both decomposable as direct sums of protein
(p) and water (w) contributions. The next state
½Qnþ1;P

p
nþ1 ⊕ Pw

nþ1( resulting after 5 ps of MD simula-
tion is retained depending on a comparison of the sca-
lar fields /n = /n(Qn) and /n+1 = /n+1(Qn+1). State
½Qnþ1; Pp

nþ1 ⊕ Pw
nþ1( is retained provided that either

one of the following conditions holds:

=ð/nþ1Þ+=ð/nÞ;

=ð/nþ1Þ[=ð/nÞ and r+ expf$b½=ð/nþ1Þ $ =ð/nÞ(g

with r = realization value of random variable adopting
real values in the interval [0, 1] and b = [kBT]

$1. If
=ð/nþ1Þ[=ð/nÞandr[ expf$b½=ð/nþ1Þ$=ð/nÞ(g, we
perform 5 ps MD runs on 1000 initial randomly
selected a priori equiprobable microstates ½Qn;P

p
n ⊕

PwðjÞ
n (; j¼ 1;2; . . .;1000, with randomly chosen water

momenta PwðjÞ
n ðPwð1Þ

n ¼Pw
n Þ subject to the constant

kinetic energy constraint, and select the state ½Q,
nþ1;

Pp,
nþ1 ⊕ Pw,

nþ1( as the (n + 1)-destiny state that realizes
the lowest value =ð/nþ1ðQ

ðjÞ
nþ1ÞÞ.

Identification of packing defects in proteins

To identify packing defects (dehydrons) in soluble pro-
teins, a dehydron calculator may be used. One such
calculator that uses structural PDB coordinates as
input is obtained as a PYMOL plugin and has been
deposited in the PYMOL script repository at the url:
https://github.com/Pymol-Scripts/Pymol-script-repo/blob/
master/plugins/dehydron.py.

Results

Water configurations with minimal frustration

To describe locally frustrated hydration, we introduce
a ‘frustration scalar field’ / = /(r) that indicates the
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expected number of missed hydrogen bond opportuni-
ties of a test water molecule at spatial location r rela-
tive to the quasi-tetrahedral coordination associated
with bulk water. The frustration field is defined as
/(r) = 4 $ g(r), where g(r) ≤ 4 is the time-averaged
number of hydrogen bonds engaging a water molecule
visiting a sphere of radius r = 4 "A centered at position
r for a minimum time period s = 1 ps, a permanence
time typically associated with the relaxation timescale
for a decoupled water lattice [17]. The hydrogen bond
is operationally defined via geometric constraints
[5,12]: O–O distance < 3.2 "A and O–H–O angle aHB

satisfying 120° aHB ≤ 180°.
Water frustration is caused by partial nanoscale con-

finement at the protein surface and hence introduces a
component P#

#!
of the polarization vector P~ that is

uncoupled from the electrostatic field E~ and orthogo-
nal to the Debye polarization component Pk

#!
[5,6].

Thus, the interfacial energy is stored in the electro-
static energy term

DU# ¼ 1

2
e$1
0

Z
jjP#
#!

jj2dr~¼ 1

2

Z
xjjr~/jj2dr~ ð3Þ

where the elastic integral on the r.h.s. results from the
ansatz [5]:

P#
#!

¼ $nr/; n ¼ ðxe0Þ1=2 ð4Þ

pointing to water frustration, with its lack of partial
charge cancellation, as causative of the anomalous non-
Debye polarization. The conceptual link between frus-
tration and non-Debye electrostatics defined by Eqn (4)

is experimentally validated as shown in Appendix S1,
where the prior determination of the constant x is also
provided. Equation (4) implies that the non-Debye elec-
trostatic energy may be equivalently stored as interfa-
cial tension, which is frustration-related [5]. Thus, the
link between frustration and electrostatics combined
with a standard entropic model used in the derivation
of a Poisson-Boltzmann equation [19] motivates the
choice of a Lagrangian Lð/Þ defining a free-energy
functional =ð/Þ ¼

R
Lð/Þdr~. This functional is thus

introduced to compute the free-energy cost DGifð/Þ of
generating the water frustration field / when spanning
an aqueous interface enveloping the solute:

DGifð/Þ ¼ =ð/Þ

¼
Z $

1

2
xjjr~/jj2 $ kBTðq0 $ qÞ ln 1$ /

4

! "%
dr~:

ð5Þ

The elastic energy term
R
1=2xjjr~/jj2dr~ from Eqn (3)

is a Dirichlet-type functional [12,15] penalizing
departures from bulk structure, and the interfacial
entropy differential dSifð/Þ ¼ kB ln ½ð4$ /Þ=4(ðq0$qÞdr~

¼ ½kBðq0 $ qÞ ln 1$ ð/=4Þð Þ(dr~ corresponds to the
transference of a water molecule from bulk solvent
(number density q0 = 0.033 "A$3) to a differential vol-
ume region dr~ located at position r with number den-
sity q(r) and frustration / = /(r). For small structural
distortions at 0 < / % 4, a linear approximation
yields dSifð/Þ & $½kBðq0 $ qÞð/=4Þ(dr~.

The least-frustrated state of the aqueous interface is
represented by an extremal frustration field /

Fig. 1. Scheme of microstate sampling

strategy to steer the search toward the

state of minimal frustration. Retention or

further selection step for a 5 ps-MD

iteration controlled by interfacial frustration

functional =ð/Þ. The upper box indicates

flow under which the destiny microstate

½Qnþ1;P
p
nþ1 ⊕ Pw

nþ1( is retained in the

n ? n + 1 iteration based on a

comparison of scalar fields /n = /n(Qn)

and /n+1 = /n+1(Qn+1). The lower box

indicates the sampling procedure that

takes place when the destiny state is not

retained and further exploration is

required.
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determined as described in the Methods section. The
minimization of interfacial frustration is shown to
translate into a major factor steering protein associa-
tions (Fig. 2). Frustration cannot be incorporated
explicitly into the canonical-ensemble molecular
dynamics of soluble proteins since there is no energetic
penalty for missed interactions. Yet, as shown in
Methods section, we can select at each stage of the
simulation a representative from the set of a priori
equiprobable microstates to ensure a likely decrease in
DGifð/Þ ¼ =ð/Þ that would ultimately lead to an effec-
tive search for a state of minimal frustration.

Maximal reduction of water frustration steers
highly specific protein–protein associations

To assess the steering power of the functional given in
Eqn (5) toward the minimally frustrated interfacial
state, and illustrate the role of frustrated hydration as
promoter of protein associations, we generated 500 ps-
trajectories for soluble proteins known to engage in
complexes with structures reported in the protein data
bank (PDB). A TIP3P explicit solvent [20] within an
AMBER package [21,22] and Coulombic interactions
evaluated with the Ewald summation scheme [23] were

Fig. 2. Scheme of frustrated hydration funneling protein association: A solvent-exposed backbone hydrogen bond, known as dehydron [5,6],

constitutes a packing defect that generates frustration at the interface (g < 4) as a water molecule hydrogen bonds to the backbone

carbonyl (exploiting the lone an unused electron pair in the carbonyl oxygen) and thus gets confined in the dehydron cavity. The reader is

reminded that the carbonyl oxygen is a double proton acceptor because of its two lone electron pairs in the outer shell orbitals. The

transference of the frustrated molecule (marked by the asterisk) to the bulk quasi-tetrahedral lattice of hydrogen bonds is thermodynamically

favored and prompts the PP association as an expedient to reduce the interfacial tension.

Fig. 3. Water frustration as steer of protein associations probed by alanine scanning: (A) Steering power of microstate sampling defined by the

functional in Eqn (5) (Methods). The search for the minimally frustrated interface state is evidenced by the time evolution of DGifð/Þ ¼ =ð/Þ
during 500 ps-MD trajectories. The single trajectory is in solid thin line, the average over 20 trajectories in thick gray line, while the dashed gray

line represents an average over 20 control 500 ps-trajectories with no microstate sampling. Initial structural coordinates were obtained for the

corresponding hGHbp receptor chain in the free state that forms a 1 : 1 complex with the human growth hormone (hGH) (PDB 3HHR). The

minimal DGifð/Þ-value is reached within the 350–400 ps range. (B) Correlation (R2 = 0.88) between $DDGif and DDGa for site-directed

mutational substitution of interfacial residues in hGHbp, yielding the approximate relation$DDGif & DDGa. (C) Interfacial tension reduction in the

MDM2-p53-transactivation domain complex (PDB 1YCR). Hot spots are identified as preformed backbone hydrogen bonds exposed to water

(dehydrons) in the free p53 subunit, undergoing displacement of vicinal water upon association. The displacement results from the approach of

a side chain of the binding partner and is marked by a thin line from the a-carbon of the displacing side chain to the center of the dehydron. The

dehydrons from the MDM2 peptide are induced upon binding. Hydrogen bonds are represented as lines joining paired residues in a virtual-bond-

a-carbon representation. The ribbon rendering on the right is an aid to the eye. (D) Displacement by MDM2 residue L26 of frustrated water

around preformed hot-spot dehydrons in the p53-transactivation domain upon association. (E) Residue classification for PDB-reported protein

complexes with available affinity scanning data according to DDGa-values and $DDGif-values. In the upper row for each PP interface, the

classification is established according to the ranges DDGa -3 kcal.mol$1 (red), 1 kcal.mol$1 +DDGa \3 kcal.mol$1 (white), and

DDGa\1 kcal.mol$1 (blue). In the lower row residues are labeled following the second classifier ($DDGif), according to the ranges

$DDGif - 3 kcal.mol$1 (red), 1 kcal.mol$1 + $DDGif\3 kcal.mol$1 (white), and $DDGif\1 kcal.mol$1 (blue).
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adopted for MD simulation steered by the microstate
sampling strategy described in Methods. An isother-
mal/isobaric ensemble at T = 298 K was adopted with
initial structural coordinates for the protein chain
obtained for the corresponding free subunit extracted

in silico from the PDB-reported complex. The free
(uncomplexed) protein subunits were solvated in a
water box extending at least 10 "A beyond any prot-
ein atom and were thermalized for 5 ns [24]. Following
relaxation, positional restraints defined by force

A

B

C

D

E
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constant = 5 kcal."A$2 were imposed on all protein non-
hydrogen atoms.

In Fig. 3A, we report the time evolution of
DGifð/Þ ¼ =ð/Þ for the free human growth hormone
(hGH) receptor subunit hGHbp that forms the recep-
tor/hGH complex, adopting the structural coordinates
for the individual subunits provided in PDB entry
3HHR [13] with the structures thermalized as previ-
ously indicated. The thin solid line reports a single tra-
jectory, the thick solid gray line, the average over 20
trajectories following the iterative scheme given in
Methods, and the dashed line represents the control
consisting of an average over 20 trajectories of 500 ps-
MD simulation without enforcing the microstate sam-
pling strategy. The minimal DGifð/Þ-value is
DG,

ifð/Þ ¼ 121 kJ.mol$1, corresponding to interfacial
tension c = 2.13 mJ.m$2. A significant relaxation is
observed in the 350–400 ps range (Fig. 3A), in agree-
ment with experimental relaxation times for the cou-
pling of protein motion and hydration pattern [23]. It
should be noted that such values are incommensurably
larger than the relaxation time for the decoupled water
lattice (~ 1 ps) previously incorporated [17].

To assert the role of interfacial water frustration as
promoter of PP association (cf. Fig. 2), we determine
the effect of site-directed mutations on the interfacial
free-energy increment DGifð/Þ, and compare the
DDGifð/Þ values with the change in affinity quantified
by the calorimetrically measured DDGa ¼ RT
ln½ðKdðmÞÞ=ðKdð0ÞÞ(, where DDGa is the change in asso-
ciation free energy that results from a site-specific muta-
tion [13], with Kd(m), Kd(0) indicating the equilibrium
dissociation constants for mutant (m) and wild-type (0),
respectively. Hot spots in PP associations were experi-
mentally identified by alanine scanning of the PP inter-
face [13]. This technique involves site-specific amino
acid substitution for alanine (effectively, a side-chain
truncation). The most comprehensively scanned inter-
face corresponds to the 1 : 1 hGH-hGHbp complex
[13]. Thus, the changes in affinity measured by DDGa

and obtained from alanine scanning were contrasted
with in silico substitution effects computed as changes in
interfacial free-energy DDGif ¼ DGifðmÞ $ DGifð0Þ. A
tight correlation (R2 = 0.88) between $DDGif and DDGa

corresponding to the scanning of the receptor hGHbp
(Fig. 3B), supports the relation $DDGif & DDGa, and
upholds the view that the complexes assemble to reduce
the interfacial tension of the free subunits.

To further support this assertion, other protein asso-
ciations were considered where DDGa-values were avail-
able [13,25–28]. For example, the p53 transactivation
domain, that forms a complex with MDM2 (PDB
1YCR) [28], has been thermalized and equilibrated in

free form following the protocol previously indicated to
identify hot spots representing contributions
≥ 3 kcal.mol$1 to DGif. Such hot spots correspond to
the frustrated water partially confined in the cavities
formed by packing defects in the protein structure
(Fig. 2) [5,6]. These defects consist of solvent-exposed
backbone hydrogen bonds, known as dehydrons
(Fig. 3C). The backbone hydrogen bonds in the MDM2
fragment are induced upon binding and do not consti-
tute hot spots, since no stable structure can be sustained
by the MDM2 peptide in free form. Upon forming the
complex, residues F19, W23, and L26 in MDM2 have
been identified as removing frustrated water from the
vicinity of the hot-spot p53 dehydrons shown in
Fig. 3C. For example, L26 displaces frustrated water
from hot-spot dehydrons M50-L54, L54-G58, L94-H96,
H96-Y100, and Y100-Y104, as shown in Fig. 3D. These
considerations lead us to identify MDM2 residues F19,
W23, and L26 as the significant contributors, yielding
$DDGif - 3 kcal.mol$1 upon in silico scanning of the
PP interface. This result is in accord with the experimen-
tal alanine scanning yielding DDGa - 3 kcal.mol$1 solely
for these three residues in MDM2 [28].

To extend and simplify the analysis, we classified resi-
dues according to DDGa-ranges and independently
according to DDGif-ranges. Adopting the affinity
classifier, hot-spot residues are labeled (upper row for
each PP interface, Fig. 3E) according to the ranges
DDGa - 3 kcal.mol$1 (red), 1 kcal.mol$1 +DDGa\
3 kcal.mol$1 (white), and DDGa\1 kcal.mol$1 (blue).
Adopting the interfacial tension classifier (lower row for
each PP interface), residues are labeled according to the
ranges $DDGif - 3 kcal.mol$1 (red), 1 kcal.mol$1 +
$DDGif\3 kcal.mol$1 (white), and $DDGif\
1 kcal.mol$1 (blue). Using these two classifiers, the PP
interfaces for five complexes with scanning data avail-
able were examined: hGH/hGHbp receptor (3HHR)
[13], HIV-1-CD4/GP120 (1GC1) [25], trypsin inhibitor/
beta-trypsin (2PTC) [26], colicin E9 immuno-protein/
colicin E9 DNase domain (1BXI) [27] and p53/MDM2
(1YCR) [28]. The significant correlation between the
DDGa and $DDGif classifiers (Fig. 3E, P-value < 10$5)
upholds the view that interfacial tension generated by
frustrated hydration drives protein association.

Interfacial frustration and association propensity
in complex-denaturation intermediates

To further validate the variational frustration principle
we analyze the complex dissociation intermediates aris-
ing from progressive cold denaturation of homodimeric
repressor protein CgIR2, a system for which the dynamic
intermediates have been resolved at atomic resolution
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[14]. Thus, the frustration-related interfacial tension is
given in Fig. 4A for PDB entries (absolute temperatures
in brackets) 2LYJ (298 K), 2LYK (270 K), 2LYL

(266 K, dimer), 2LYP (266 K, monomer), 2LYQ
(262 K), 2LYR (259 K), and 2LYS (257 K). The open
disks correspond to the computation of interfacial ten-
sion = DGifð/Þ=A for the free subunit with A = solvent-
accessible surface area, while the filled disks represent the
interfacial tension corresponding to one half of the
DGifð/Þ-value for dimeric states, a valid estimation of the
interfacial free-energy contribution for each subunit
within a homodimer. It is clear that the inflexion point at
266 K represents a critically high interfacial tension
beyond which the dimeric state prevails to mitigate the
higher thermodynamic cost of spanning the interface as
the temperature for complex renaturation is approached.
A tight correlation (R2 = 0.921, Fig. 4B) is obtained
between dimer/monomer molar ratio X, a measure of
association propensity obtained from average values of
hydrodynamic radius [14], and the interfacial tension.
This correlation validates the variational frustration

Fig. 4. Interfacial frustration and dimerization propensity of cold-

denaturation intermediates of a protein complex: (A) Free-energy

cost of interfacial frustration per unit surface area for the free

monomeric subunit (open disks) and the subunit within the dimer

(filled disks) for intermediate states resulting from progressive cold

denaturation of the native homodimeric repressor protein CcIR2.
The PDB files for the intermediates (absolute temperature in

brackets) are 2LYJ (298 K), 2LYK (270 K), 2LYL (266 K, dimer),

2LYP (266 K, monomer), 2LYQ (262 K), 2LYR (259 K) and 2LYS

(257 K). (B) Correlation between molar dimer/monomer ratio and

free-energy cost of interfacial frustration per unit surface area for

the free (uncomplexed) subunit in the cold-denaturation

intermediates. (C) Hot spots of interfacial frustration (shown in

green on the protein structure) for denaturation intermediate at

257 K (PDB 2LYS), and the inflexion-point intermediate with

monomeric state in PDB 2LYP and dimeric state in PDB 2LYL. The

inflexion-point intermediate is attributed two DGifð/Þ-values, one as

free monomer and the other as subunit within the dimer. Hot

spots are shown as solvent-exposed backbone hydrogen bonds or

dehydrons (cf. Fig. 2). The chain conformation featuring hot-spot

location is schematically represented by virtual bonds joining a-
carbons. (D) Optimal frustration pathway leading to protein subunit

association generated following the microstate sampling strategy in

Methods (T = 298 K, computation time: 0.1 ms, number of

iterations: 2–21 9 109). Initial conditions were provided by the

structural coordinates of two dissociated CgIR2 subunits (PDB

2LYS). The chains are represented as virtual bonds joining a-
carbons and intermolecular water exclusion from a PP interfacial

dehydron is indicated by a line from the a-carbon of the

approaching residue that promotes water removal to the center of

the interfacial hydrogen bond. The latter are displayed as lines

joining the a-carbons of the paired residues. Four runs reveal a

unique nucleating configuration (1) at ~ 1 ls (/0.31 ls). Other

reproducible configurations (2, 3) occur at ~ 19 ls and ~ 90 ls,
with the latter (3 and ribbon representation) presenting the fully

dehydrated PP interface with RMSD < 0.80 "A relative to the

homodimer crystal in PDB entry 2LYJ.

A

B

C

D
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principle and its dynamic steering role in complex forma-
tion. The protein surface regions causative of interfacial
frustration [5] are shown in green on Fig. 4C. Thus, hot
spots in interfacial frustration (green, cf. Fig. 2) are
shown for the most denatured intermediate (PDB 2LYS,
257 K), and the inflexion-point intermediate whose criti-
cally high interfacial frustration promotes significant

dimerization at 266 K, with monomeric state in PDB
2LYP and dimeric state in PDB 2LYL. The inflexion-
point intermediate is attributed two DGifð/Þ-values, one
as free subunit (PDB 2YLP) and the other as subunit-
within-dimer (PDB 2LYL).

Finally, the non-Debye frustration pathway leading
to maximal reduction of interfacial tension conducive

A

B

C

D

E

F
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to protein subunit association is generated following
the flowchart (Fig. 1) in Methods at renaturation
T = 298 K. We computed the path to minimally frus-
trated hydration adopting the structural coordinates of
two fully dissociated CgIR2 subunits (PDB 2LYS) as
initial condition. Four runs reveal a unique nucleating
step at ~ 1 ls, ultimately leading to formation of the
fully dehydrated PP interface. This step consists of
intermolecular dehydration of dehydron Leu109–
Ala112 and Leu109–Leu113 by Leu43 in the comple-
mentary binding subunit (Fig. 4D). The pathway leads
to optimal mitigation of interfacial tension and ulti-
mate formation of the dimer with RMSD < 0.80 "A
relative to the homodimer crystal in PDB entry 2LYJ.

Discussion

The results presented reveal a protein ‘epistructure’
defined by the frustration state of the aqueous inter-
face [5]. This concept is likely to impact drug design
geared at impairing protein function through target–
drug association whereby the interfacial tension of the
target is reduced. As shown subsequently, such a
design strategy is expected to enable an ultraselective
control of the drug impact with discriminatory molec-
ular recognition even at the level of isoforms of the
target protein (> 80% sequence identity). Homologous
proteins typically possess high structural similarity but
the differences in composition translate into differences
at the epistructural level which may be harness to
design selective drugs that can tell them apart.

For example, it has been recognized that the phos-
phoinositide 3-kinase (PI3K) family is implicated
in human cancer through its role in the regulation
of diverse cellular processes [29]. Yet, pan-PI3K inhibi-
tors that bind indiscriminately with nanomolar (nM)
affinity to isoforms PI3K a, b, d (class IA) are not

desirable therapeutically due to off-target side effects
[30]. It has become imperative to design drugs that can
tell apart such isoforms. It would be desirable to re-
engineering lead compounds to improve selectivity
toward the b–isoform recognized as a crucial target in
PTEN (phosphatase and tensin homolog)-deficient
cancers [31]. In this regard, the lead compound 2-[2-
(2,3-dihydro-indol-1-yl)-2-oxo-ethyl]-6-morpholin-4-yl-
3H-pyrimidin-4-one (Fig. 5A) binds with nM affinity to
PI3K b and d isoforms (IC50 = 4 and 28 nM, respec-
tively) [31]. The specificity toward the b-isoform may
be significantly enhanced by comparing the epistruc-
tures of both isoforms and modifying the lead com-
pound to target epistructural differences (Fig. 5B,C).
A first substitution (R-isomer, Fig. 5A) would in prin-
ciple be suitable to selectively remove upon binding a
preformed tension hot spot of interfacial tension pre-
sent only in the b-isoform (cf. Fig. 5B,C). Indeed,
there is an interfacial tension hot spot in drug target
PI3Kb corresponding to frustrated water partially
hydrating dehydron Ala856–Leu859 (Fig. 5B). The
crystal structure of the complex reveals that the methy-
lation of the lead compound displayed in Fig. 5A tar-
gets dehydron Ala856–Leu859 upon drug–target
association. However, the R-substitution does not
endow the drug with higher discriminatory power
toward the b-isoform [31]. This is a priori surprising
because the Ala856–Leu859 dehydron in PI3Kb aligns
with solvent-shielded backbone hydrogen bond Ala836–
Leu839 in PI3Kd (Fig. 5B,C) which does not frustrate
water nearby (cf. Fig. 2). The reason for the lack of
specificity is that PI3Kd features in lieu of a dehydron
the exposed salt bridge Asp832–Asn836 (Fig. 5D) which
gets dehydrated upon binding with the R-ligand,
thereby becoming stabilized to an extent comparable to
the dehydron [5]. The interfacial thermodynamics for
ligand association reflect this observation, yielding

Fig. 5. Drug design guided by the interfacial tension hot spots of the target protein: (A) Chemical structure of lead compound with nM

affinity toward the b and d-isoforms of PI3K. Two methylation substitutions intended to improve selectivity are shown: R-isomer in red, S-

isomer in gray. The latter is predicted to endow the compound with discriminatory power, enhancing its selectivity toward the b-isoform.

The R-isomer is named using IUPAC convention. (B) Hot spot of interfacial tension in drug-target PI3Kb corresponding to dehydron Ala856–
Leu859 (inset, PDB 4BFR). Dehydrons are displayed as green segments joining the a-carbons of residues paired by solvent-exposed

backbone hydrogen bonds (cf. Fig. 2). The structure of the complex (panel with space-filling atoms) reveals that the S-isomer methylation

shown in (A) targets dehydron Ala856–Leu859 with retention of hydrating molecule (red circle). The ligand binding does not appreciably

increase the frustration of the water molecule that was already frustrated due to sub-nanoscale confinement within the dehydron cavity and

re-accommodates upon binding to the S-ligand. (C) Dehydron pattern for PI3Kd (PDB 4V0I). The Ala856–Leu859 dehydron in PI3Kb aligns

with backbone hydrogen bond Ala836–Leu839 in PI3Kd, which is not solvent-exposed and hence does not cause significant water

frustration (/ < 1). This local difference in interfacial tension between PI3Kb and PI3Kd suggests the modifications featured in Fig. 1A as a

means to enhance drug selectivity toward the b-isoform. (D) Salt bridge (dashed line) in PI3Kd absent in PI3Kb. (E) Scheme of frustration

effects on dehydron-vicinal water upon binding the R- and S-isomer. Upon binding, the R-isomer excludes vicinal water, thus stabilizing the

dehydron, while the S-isomer retains a water molecule but does not increase its frustration relative to the ‘apo’ form. The frustrated loner

pair on the oxygen is marked by an asterisk. (F) Scheme of frustration effects on water vicinal to a salt bridge upon binding the R- and S-

isomer. Upon binding, the R-isomer excludes vicinal water, thus stabilizing the salt bridge, while the S-isomer retains a water molecule

significantly increasing its frustration relative to the ‘apo’ form.
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DDGifðb; d;RÞ & 0/ 0:22kcal
mol for the difference in the

interfacial free-energy change between the d- and b- iso-
forms upon binding to the R-ligand. To achieve speci-
ficity one may instead retain the frustrated interfacial
water molecule upon ligand binding, adopting the
methylated S-ligand to that effect (Fig. 5B,C). In the
respective apo-states, the </> = 1.7 water frustration of
water around dehydron 856–859 in the b-isoform
becomes </> = 0.6 for the water molecule closest to
Asn836 in the d-isoform. The resulting local difference
in interfacial tension between PI3Kb and PI3Kd sug-
gests adopting the S-ligand with retention of interfacial
water upon binding, as shown in Fig. 5B,C in order to
enhance specificity toward the b-isoform. Thus, the
already frustrated water molecule around dehydron
856–859 simply rearranges to accommodate the S-ligand
with </> = 1.7 ? </> = 1.9 upon binding, whereas
the </> = 0.6-water hydrating salt bridge Asp832–
Asn836, becomes severely frustrated, with </
> = 0.6 ? </> = 1.8, upon binding to the S-ligand
(Fig. 5E,F). This trend is reflected in the thermodynam-

ics: DDGifðb; d;SÞ & 2:8/ 0:61 kcal
mol indicative of a signifi-

cantly higher affinity of the S-ligand toward the
b-isoform. Experimental results uphold this prediction
[31]. With IC50 = 23 and 468 nM for the b and d-iso-
forms, respectively, the S-ligand is three times more
selective toward PI3Kb than the parental compound
(IC50 = 4 and 28 nM, respectively).

This example illustrates the power of variational
computations of frustrated hydration as a guide to
design ultraselective drugs that could not be rationally
conceived adopting standard structure-based
approaches.

To reconcile thermodynamics and structural data
on protein complexation, this work focused on the
steering role of frustrated hydration in biomolecular
associations. To make frustration at the aqueous
interface amenable to variational methods, we intro-
duced a ‘frustration field’ identifying locally unmet
hydrogen-bonding opportunities due to sub-nanoscale
confinement at each point in space. The frustration
field was optimized variationally, and the dynamics
resulting from the computational search were shown
to drive protein associations with great specificity in
order to mitigate frustration-related interfacial ten-
sion. Our computations entailed a microstate sam-
pling method implemented to search for the state of
minimal interfacial frustration within relaxation times
for protein–water dynamic coupling. Spectroscopic
measurements of dielectric relaxation upheld the
basic tenets of the theory, while the crystallographic,
affinity scanning and NMR record on protein

assemblages attested to the validity of the minimal
frustration principle.

The frustration model reported could be improved
to deal with more realistic solvents reflective of physio-
logical conditions in the cytosol. For example, ions in
micromolar concentrations are likely to titrate surface
charges on the protein surface or be engaged in coor-
dination complexes that will affect the hydration pat-
terns and interfacial frustration thereof.

The solvent-centric approach introduced in this
work was shown to impact the design of ultraselective
drugs, as it highlighted the targetable nature of the
aqueous interface enabling the discrimination of clo-
sely related protein isoforms that could not be opera-
tionally distinguished using structure-based designs. In
this regard, the role of dehydrons as selectivity filters
has been recognized by this author [5] and others [32],
yet the physical underpinnings of the concept are only
provided in this paper.
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validation of equation (4).
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