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Abstract: In several previous studies, we performed sensitivity analysis to gauge the relative importance of different
atomic partial charges in determining protein—ligand binding. In this work, we gain further insights by decomposing
these results into three contributions: desolvation, intramolecular interactions, and intermolecular interactions, again
based on a Poisson continuum electrostatics model. Three protein kinase—inhibitor systems have been analyzed:
CDK2-deschloroflavopiridol, PKA-PKI, and LCK-PP2. Although our results point out the importance of specific
intermolecular interactions to the binding affinity, they also reveal the remarkable contributions from the solvent-
mediated intramolecular interactions in some cases. Thus, it is necessary to look beyond analyzing protein—ligand
interactions to understand protein—ligand recognition or to gain insights into designing ligands and proteins. In analyzing
the contributions of the three components to the overall binding free energy, the PKA-PKI system with a much larger
ligand was found to behave differently from the other two systems with smaller ligands. In the former case, the
intermolecular interactions are very favorable, and together with the favorable solvent-mediated intramolecular inter-
actions, they overcome the large desolvation penalties to give a favorable electrostatics contribution to the overall
binding affinity. On the other hand, the other two systems with smaller ligands only present modest intermolecular
interactions and they are not or are only barely sufficient to overcome the desolvation penalty even with the aid of the
favorable intramolecular contributions. As a result, the binding affinity of these two systems do not or only barely benefit
from electrostatics contributions.
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Introduction In this study, we try to gain further insight by resolving the
intermolecular, intramolecular, and desolvation components of the
One way to determine the importance of a parameter in affecting sensitivity, AAG,;.4» of a binding affinity to switching off or on

a property of interest is to perturb that parameter and observe the
resulting change in the property. This technique, known as sensi-
tivity analysis, has been used in a number of disciplines, including Correspondence to: C. F. Wong; e-mail: wongch@umsl.edu

our recent applications to l?iomolecular modeling and simula- Contract/grant sponsors: the NIH, NSF, Howard Hughes Medical
tions.'~” In one series of studies, we employed a Poisson model to Institute, Accelrys Inc., National Biomedical Computation Resource,
examine the significance of each atomic partial charge to the Center for Theoretical Biological Physics (UCSD), and the W. M. Keck
binding affinity (or AG,,,) of a ligand to a receptor.®~'! Foundation
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Thr-Thr-Tyr-Ala-Asp-Phe-lle-Ala-Ser-Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-lle-His-Asp
PKI

Figure 1. Structures of deschloroflavopiridol and PP2 with the se-
quence of PKI-(5-24).

each atomic partial charge. In studying protein—ligand interactions,
one often focuses on analyzing the direct interactions between
protein and ligand atoms/functional groups/residues. However,
direct interactions are not the only factors that determine the value
of a binding affinity. When a ligand binds to a receptor, the
dielectric environments of both the ligand and the receptor are
changed. This change in dielectric environments can introduce a
desolvation penalty and alter the solvent-mediated intramolecular
interactions in the protein and the ligand. For example, consider an
atom of the ligand near the protein—ligand interface. It is relatively
exposed to solvent before but is less exposed after binding. There-
fore, a desolvation penalty results upon binding. Also, because the
charge of this atom is less screened by the solvent after binding
due to the displacement of solvent molecules in the binding pocket,
the strength of its electrostatic interactions with other atoms, not
only those with the proteins but also those within the ligand itself,
is increased because of the diminished effective dielectric constant.
Thus, in studying protein—-ligand binding, it is important to exam-
ine the change in the solvation energy of each atom, and the
change in the solvent-mediated intramolecular interactions within
the ligand and within the protein in addition to the direct and
solvent-mediated interactions between the protein and the ligand.
Here, by using a Poisson model, we quantify the relative magni-
tude of these contributions in three protein kinase systems.

CDK2-Deschloroflavopiridol System

Deschloroflavopiridol, which appears in Figure 1 with the other
three ligands considered in this study, is an analog of the potent
CDK inhibitor flavopiridol (which is nearly identical except for the
presence of a chloro substituent on the phenyl ring). Synthetic
inhibitors of CDK2 are of interest because of the role of this
protein kinase in cell cycle regulation.'> CDK2 forms a complex
with Cyclin E during the S-phase of the cell cycle at the restriction
point. The CDK2-Cyclin A complex is a requirement for the
completion of the S-phase. Cancerous cells are known to under-
express natural inhibitors of CDK2 known as cyclin-dependent
kinase inhibitors (CKIs), which compete with ATP.'? Synthetic
inhibitors can therefore help to treat cancers. The IC, of flavopiri-
dol with respect to CDK2 is estimated to be 0.17-0.40 uM."? In

a previous work, we used sensitivity analysis to identify the most
significant atomic partial charges in contributing to binding.® Here,
we also analyze these results in terms of the desolvation, intermo-
lecular, and intramolecular contributions.

PKA-PKI System

This is another system that we have studied with sensitivity anal-
ysis and charge optimization.®'* PKI is a much larger ligand than
deschloroflavopiridol, giving us an opportunity to examine the
influence of ligand size on the relative contributions of the three
electrostatic components. The particular form of the PKA-PKI
system addressed in this article is known as PKA-PKI(5-24),
because the ligand consists of residues 5-24 from a larger peptide.
Its sequence is shown in Figure 1.

LCK-PP2 System

We also modeled the electrostatic interactions in a lymphocyte
specific kinase (LCK) ligand-receptor system. This protein—ty-
rosine kinase is only expressed in T cells and has a pivotal role in
the T-cell receptor (TCR) signal transduction cascade. LCK phos-
phorylates several important components that appear early in the
TCR cascade.'® Because of LCK’s importance to T-cell activation,
it is considered a promising target for inhibitor design against
autoimmune diseases.'” Its structure is also shown in Figure 1.

Methods

Electrostatic Binding Free Energy Change

Our model of receptor-ligand binding involves the computation of
the electrostatic binding free energy change from Coulomb’s Law
and the solution to the Poisson Equation. We can write this
electrostatic binding free energy change in matrix—vector form in

terms of interaction potentials:'®'”

1 1
AGelecl = EQZLQL + EQ;RQR + Q;CQL (1)

In this expression, Q, is the vector containing the ligand atomic
partial charges and Q is the vector containing the receptor atomic
partial charges. The matrices L and R determine the desolvation
penalties of the ligand and receptor, respectively. An element of
the matrix L is defined as:'®!”

Lij — d)liaound(er) _ d)?nbound(l}_L) (2)

where ¢°*"(r) and ¢"**""(r}) are the electrostatic potentials
generated by atom i on atom j for the bound and unbound forms,
respectively. The elements of matrix R for the receptor can be
written in an analogous fashion. Additionally, we can define the
elements of the following vector:'®!”
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which allows one to calculate the electrostatic potential at atom i
of the ligand resulting from charges in the receptor. In eq. (3), qf
is the point charge on receptor atom j and qb}’““"d(er) is the
potential generated at ligand atom i by a unit charge on receptor
atom j. m is the number of receptor atoms. This includes both
direct Coulombic and solvent-mediated contributions.

All the solvent-mediated terms were computed numerically
with the UHBD Poisson—Boltzmann solver'®' along with a sep-
arate script for calculating direct Coulombic interactions analyti-
cally. In all UHBD calculations for the CDK2-deschloroflavopiri-
dol and related systems, we employed a 175 X 250 X 215 grid
with 0.3-A grid spacing. A 240 X 240 X 240 grid was used with
0.4-A grid spacing for the PKA-PKI system. For the LCK—PP2
and related systems, we used a 180 X 230 X 200 grid with 0.35-A
grid spacing. A solvent dielectric of 78 and a solute dielectric of 2
were used in all applications of UHBD.'®-"?

Calculations of Electrostatic Components

In our previous work, we employed sensitivity analysis to gain
insight into the charge utility of individual atoms and functional
groups on a ligand and on its receptor active site.” In this type of
calculation, one estimates the effect of turning off or switching on
a charge or group of charges on binding affinity. To measure the
effect of turning on a charge, one can calculate the change in
binding free energy as:’

AAG, = AG(g; = qeac) — AG(g, = 0) 4

In eq. (4), the first term on the right-hand side is the binding
energy obtained from a “standard” set of charges while the second
term is similar except that the charge of atom k is set to zero. The
“standard” set of charges are taken from the CHARMM?® force
field for the protein and from quantum chemical calculations for
the ligand.® Note that eq. (4) is not meant to imply that AG is a
function of only one charge; we show explicitly only the charge
that is perturbed in the sensitivity analysis. In each case, AG is a
function of all the ligand and receptor atomic partial charges, the
relative positions of all atoms in the system, and the van der Waals
radii of all atoms in the system.

The equations for sensitivity analysis that we have employed in
our studies of the CDK2—deschloroflavopiridol system” and in our
work with charge optimization'* can be written in several ways.
One formulation that we have found to be quite useful involves
writing AAG for an atom k in terms of intermolecular, intramo-
lecular, and desolvation contributions:

AAGI( = AAGimer,k + AAGimm,k + AAGalc»mﬁk (5)

When a ligand binds to a receptor, the interactions between a
given ligand atom k and all other ligand atoms change. AAG; ... x
is the sum over these intramolecular interaction energy changes. In
a fixed conformation model, this is exclusively a solvent-mediated

term that can be computed from the solution to the Poisson
equation; the direct Coulombic interactions will cancel in the
initial and final states in the rigid-conformation model. AAG;, .
is the sum over the intermolecular interactions between atom k and
the receptor. Finally, there is a desolvation penalty term
AAG 41> Which is a function of the charge on atom k but not of
any other charges. A similar formulation applies to protein atoms
as well.

We can write all three of these terms as functions of the
interaction potentials such that each term can be computed indi-
vidually. This allows us to analyze the relative contributions of
each type of interaction to the overall change in binding affinity.
Using the matrix elements defined above:

AAGippay = qL.kZ;LikQL./‘ 6
o
AAGinlcr,k = qL,kECkaqR..f (7)
j=1
1 2
AAC;a[om,k = EkaQL,k (8)

In each of the above equations, g, ; or g ; refer to the point
charges on the jth ligand or receptor atom, respectively. The
matrices L and C are those defined in egs. (2) and (3), respectively.
The same mathematical forms apply to analyzing the components
of a receptor atom k. One needs only to replace the matrix L with
the matrix R and exchange g, with g, ; (and vice versa) in egs.
(6), (7), and (8).

We will also apply the relationships in egs. (6), (7), and (8) to
decompose the electrostatic binding affinity itself. Our original
matrix—vector expression for AG,,.., given in eq. (1) can be written
in terms of the components:

AGelect = AGinL\'a.lig + AC;mom,lig + AGimer + AGimm,rec

] n ) n ) n )
+ AGatom.recA(;elecl = EEAAG:ET‘“ + EAAGILII%)mx + EAAGllngterr

i=1 i=1 i=1

l m m
+ 53 2AAGE + DAAGER,; ()

i=1 i=1

The last two terms for the receptor are more expensive to
calculate because the size of matrix R is determined by the number
of atoms, which is quite large for the three protein kinases studied
here. However, the sum of the two receptor terms can be deter-
mined by subtracting the ligand and intermolecular terms from the
total electrostatic binding affinity, which can be obtained without
first generating the matrix R. We will also show that summation
over a sufficiently large shell of receptor atoms in the ligand
binding region gives a good approximation of the relative magni-
tudes of the receptor intramolecular and desolvation terms.



Binding Affinity in Protein Kinase Systems 671

Molecular Modeling

We also study some computationally generated derivatives of
deschloroflavopiridol and PP2 whose structures were generated
using similar protocols to those outlined in our previous stud-
ies.”'* Their parent structures were obtained by X-ray crystallog-
raphy. Briefly, we used the Insightll Builder, Biopolymer, and
Discover Modules for making structural modifications and for
energy minimization.>' Hypothetical derivatives of deschlorofla-
vopiridol and PP2 were constructed from the crystal structure
coordinates and energy minimized using the Insightll CVFF force
field with the steepest descent algorithm to an RMS derivative less
than or equal to 0.001 kcal/mol - A (InsightIl, Accelrys Inc., San
Diego, 2000). The energy minimizations allowed the modified
functional groups on the ligands to relax in the receptor crystal
structures with a distance-dependent dielectric (Insight II).

For all ligand-receptor systems, van der Waal radii were taken
from the CHARMM?27 all-atom force field.?° Partial charges for
CDK2, PKA, PKI, and LCK were taken from this same force field.
For PP2, deschloroflavopiridol, and all hypothetical ligand struc-
tures, the partial charges were generated from quantum calcula-
tions using the Merz—Kollman method with Gaussian 98 (6-31G*
basis set).>'">3

Results and Discussion

Sensitivity Analysis of Receptor Atoms

As we mentioned in the Methods section, egs. (6), (7), and (8) can
also be applied to receptor sensitivity analysis where the effects of
turning on protein partial charges are examined. The only neces-
sary modification is the replacement of all occurrences of L (li-
gand) with R (receptor). This method was applied to all three
systems mentioned in the Introduction, but not all atoms in the
three receptors (CDK2, PKA, and LCK) were included to save
computational time. In each case, component analysis was only
applied to shells of atoms in and around the active sites of the three
proteins. A receptor atom is defined to be a member of the shell if
it is a member of an amino acid that has at least one atom within
5 A of any ligand atom in the complex crystal structure (including
modeled hydrogens). The structures of the three ligands that ac-
company each receptor in the complex crystal structures are de-
picted in Figure 1.

In the case of the CDK2-deschloroflavopiridol system, the shell
included 369 receptor atoms. We found that for 112 of the 369
atoms (~30%) AAG, is dominated by the intramolecular term. For
248 of the 369 atoms (~67%) AAG, is dominated by the inter-
molecular term, which leaves the remaining seven atoms (~2%)
with the desolvation term dominating. Additionally, we found that
for 244 of the 369 receptor atoms (~66%), AAG;,,., . Was favor-
able for binding, but that AAG,, .., was favorable for only 144
atoms (~39%). To aid in the comparison of the relative magnitude
of the terms, we present plots of the intramolecular and intermo-
lecular components as functions of distance from the closest ligand
atom in Figure 2. Figure 3 includes plots of the atom desolvation
term and AAG, as functions of distance from the closest ligand
atom. The average magnitude of the intramolecular term is about

0.24 kcal/mol, whereas the intermolecular term has an average
magnitude of about 0.37 kcal/mol. The atom desolvation term is
much smaller (0.09 kcal/mol on average).

Our thermodynamic model of deschloroflavopiridol binding to
CDK2 suggests that the receptor pays a substantial desolvation
penalty from its atom term. The receptor atom desolvation term is
the fifth term in eq. (9). We did not compute the atom desolvation
term for each atom in CDK2, but the sum of the 369 terms that we
did compute is 34.4 kcal/mol (which is likely to be close to the
actual AG, o, re because atoms far away from the receptor-ligand
interface are not expected to experience significant desolvation
penalty because their immediate dielectric environments change
little upon binding). The intramolecular contributions, obtained
from half of the sum over the 369 AAG,,,., , terms, comes out to
—28.3 kcal/mol (an approximation of AGj,..).- The favorable
intramolecular term offsets a large part of the desolvation penalty
but is not enough to make binding favorable. The intermolecular
term (AG,,.,), which can be computed exactly within this model,
favors binding but only contributes —6.6 kcal/mol. We can also
compute the ligand intramolecular (AG;,, iz) and the ligand de-
solvation (AG,m1;e) terms and they were found to be —55.7
kcal/mol and 60.2 kcal/mol, respectively. The total electrostatic
contribution to the binding free energy change was found to be 4.5
kcal/mol for CDK2-deschloroflavopiridol. One can see from this
example that although the direct and solvent-mediated interactions
between the protein and the ligand favor binding, they are over-
come by the large desolvation penalty of the protein and ligand
atoms, although the penalty is reduced somewhat by the favorable
intramolecular terms for the protein and the ligand. Understanding
protein—ligand binding affinity thus needs to go beyond analyzing
the direct and solvent-mediated interactions between the protein
and the ligand.

Figure 2 shows the dependence of the intramolecular contribu-
tions of different protein atoms as a function of their distance to the
closest ligand atoms. Protein atoms that are closer to the protein—
ligand interface are expected to have larger magnitudes for these
terms because solvent-mediated interactions are altered to a larger
extent upon binding. Figure 2 shows this general trend, although
there are some fluctuations, probably because this simple use of
distance to estimate the degree of exposure of the protein atoms to
the ligand-binding pocket is crude, and that different intramolec-
ular interactions are involved for different protein atoms. Our
earlier work used AAG, as a measure of the charge utility of an
atom k in facilitating ligand-receptor binding. It can be decom-
posed into contributions from intramolecular, intermolecular, and
desolvation terms. Typically, desolvation presented a penalty to
binding affinity but this penalty is often offset by the receptor
intramolecular term, which is more often favorable than unfavor-
able. As can be seen from Figure 2, the receptor—ligand interaction
contribution can also have favorable or unfavorable effects on
binding. Whether the charge on an atom is profitable for binding
depends on the collective effects of these three terms.

In our previous sensitivity analysis study of the CDK2-des-
chloroflavopiridol system, we computed the charge utilities of 103
receptor atoms in 20 active site amino acids.” Our new component
analysis of these charge utilities has revealed a more complete
picture of where these contributions originate. For example, the
backbone N-H group of Leu83 and the backbone carbonyl group
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Figure 2. Plot of AAG,,,,,.., Vs. distance from the closest ligand atom (top) and AAG;,,,,,, Vs. distance from the closest ligand atom (bottom) for

the 369 CDK2 atoms in the shell of interest.

of Glu81 were both found to have favorable electrostatic contri-
butions to binding in our previous analysis.” In this study, we
found that the AAG;,.,, term for the hydrogen in Leu83:NH is
quite large for a receptor atom (—2.4 kcal/mol). However, the
intramolecular contribution is almost as significant (—2.3 kcal/
mol). Thus, this hydrogen contributes favorably to binding not
only by interacting favorably with the ligand, but also by improv-
ing its solvent-mediated intramolecular interactions within the
protein upon binding. On the other hand, the carbonyl oxygen
has a negligible AAG;, ., term, and its beneficial effects on
binding result solely from having a favorable intramolecular term
(AAG,,rax = —2.7 kecal/mol). This is another example that illus-
trates that one cannot simply look at the interactions between an
atom on the protein and nearby atoms on the ligand to deduce
whether the atom is beneficial to binding. In this case, the protein
atom makes favorable contributions to binding because its
intramolecular interactions with the protein are enhanced upon
ligand binding, with little contribution from protein—ligand inter-
actions.

We used the same approach to analyze the PKA—PKI system.
In this case a large, 306 atom peptide ligand is bound to a long cleft

of protein kinase A in contrast to our previous discussion where a
small 49-atom ligand is buried in the CDK2 active site. Using the
definition of shell membership described above, we assigned 712
PKA atoms to the protein-ligand interface. In this model, the
intramolecular term dominates the charge utility of only 81 of the
tested atoms (~11%), whereas the intermolecular term dominates
607 (~85%) of the atoms. The atom desolvation term dominated
in the case of seven atoms. These trends are much different from
what we computed in the CDK2 case. However, the ratio of atoms
that had favorable intramolecular and intermolecular terms is sim-
ilar to that of the CDK2-deschloroflavopiridol system: 471
(~66%) of the 712 atoms had favorable intramolecular terms and
279 (~39%) atoms had favorable intermolecular terms.

Figures 4 and 5 are analogous to Figures 2 and 3 but for the
PKA-PKI receptor analysis. Figure 4 shows that the majority of
the large magnitude intramolecular contributions to the charge
utility are favorable, and that protein atoms further away from the
ligand than in the CDK2 case also present appreciable intramo-
lecular terms. This is probably because of the large size of the PKI
ligand, which displaces more water molecules and thus diminishes
the solvent-screening effects to a larger extent. In general, the
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Figure 3. Plot of AAG
369 CDK2 atoms in the shell of interest.

charge utility and all of its components are larger in magnitude as
a group than in our previous case of a small ligand-kinase com-
plex. The AG ,;om rec term dominates AGy,, ., .. o a large extent for
the PKA-PKI system. We estimated these terms to be 110.0
kcal/mol and —79.2 kcal/mol, respectively, from our 712 atom
shell. These two numbers sum to 30.8 kcal/mol. (As mentioned
earlier, a better estimate comes from subtracting the explicitly
calculated ligand intramolecular and intermolecular terms from the
total electrostatic binding affinity. This type of calculation gives a
value of 31.7 kcal/mol, which is very close to the estimate given by
the shell model). Despite this large penalty and the inability for the
change in intramolecular interactions to compete with the desol-
vation penalty, we found the total intermolecular term to be very
favorable, —92.3 kcal/mol. As a result, electrostatics effects can
still make a favorable contribution to the binding affinity.

For the LCK-PP2 case, the ligand is comparable in size to
deschloroflavopiridol. Our model suggests that in this system, the
favorable changes in intraprotein interactions compete very effec-
tively with the desolvation term. Figures 6 and 7 include plots of
all three charge utility components along with the total charge
utility for the 359 shell atoms near the LCK-PP2 interface as

atomx VS- distance from the closest ligand atom (top) and AAG, vs. distance from the closest ligand atom (bottom) for the

functions of distance from the closest ligand atom. The charge
utilities of 248 (~69%) LCK shell atoms are dominated by the
intramolecular term, whereas the magnitude of the intermolecular
term is largest for only 78 (~22%) of the shell atoms. The
remaining 31 atoms (~9%) have charge utilities that are domi-
nated by the atom desolvation term. About 74% of the shell atoms
have favorable intramolecular terms, and 48% have favorable
intermolecular terms. We calculated that the average magnitude of
AAG, . for the 359 LCK shell atoms to be about 0.17 kcal/mol
compared to average magnitudes of 0.07 kcal/mol and 0.09 kcal/
mol for AAG,.., and AAG,, ;. respectively.

Using the LCK shell, we can approximate AG,;, ... and
AG 4 iom.rec t0 be about —28.3 kcal/mol and 31.1 kcal/mol, respec-
tively. The sum of these two numbers give 2.8 kcal/mol, which is
very close to the 2.7 kcal/mol obtained by using the subtraction
method mentioned above. The intermolecular contribution to the
electrostatic binding affinity is —5.2 kcal/mol. Two particular
atoms stand out in the bottom half of Figure 6 for making signif-
icant favorable contributions to the intermolecular term. The
hydrogen on the backbone amide nitrogen of Met:319 has a
AAG;r.x of —2.7 kecal/mol and the backbone oxygen of Glu:317
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Figure 4. Plot of AAG;
the 712 PKA atoms in the shell of interest.

has a AAG;er, of —2.6 kcal/mol. These two atoms are said to be
hydrogen bonding sites in the crystallographic study of this sys-
tem.'> We note however, from the lower half of Figure 7 that the
charge utilities of these two atoms are very different. This is
because the contributions from the intramolecular and atom des-
olvation terms are different for these two atoms. The oxygen has
an intramolecular contribution of —2.5 kcal/mol and an atom
desolvation term of 1.4 kcal/mol, whereas the hydrogen’s intramo-
lecular and atom desolvation terms are —1.5 and 2.2, respectively.
These two important atoms are an example of how the intramo-
lecular competition with the atom desolvation term can ultimately
determine their relative charge utility even though they have
similar intermolecular contributions.

Sensitivity Analysis on Ligand Atoms:
CDK2-Deschloroflavopiridol

Figure 8 shows the intramolecular terms for each ligand atom in
the CDK2-deschloroflavopiridol system mapped onto the ligand
structure. In our previous computational analysis of this system,
we described the key protein—ligand electrostatic interactions in

7 8 9 10 11 12

interx VS. distance from the closest ligand atom (bottom) for

some detail.” One consensus that we arrived at with the experi-
mental results for this system was the importance of the hydrogen
bonding regions of the ligand that include the carbonyl group and
the adjacent hydroxyl group (which appear at the top of Fig. 8).°
It seems that along with substantial and favorable charge utilities,
these atoms also make the most significant contributions to their
intraligand terms. The intramolecular terms for the carbonyl group
are most noteworthy—the carbon atom (C4) has a AAG;,,,,, . value
of —16.5 kcal/mol and the oxygen atom (O4) has a AAG;, ..
value of —10.9 kcal/mol. The C5-O5-H21 hydroxyl group atoms
have AAG,,,,,.. . values of —5.2 kcal/mol, —8.4 kcal/mol, and —8.5
kcal/mol, respectively. In all five of the atoms mentioned thus far,
the intramolecular term dominates all charge utility contributions.
In fact, the charge utilities of 30 of the 49 ligand atoms (~61%) are
dominated by the intramolecular term and the intermolecular term
dominates for only 18 of the 49 ligand atoms (~37%). The
intramolecular term is favorable in 67% of atoms and the inter-
molecular term is favorable in 57% of atoms. Not only does the
intramolecular term dominate the charge utility of the majority of
deschloroflavopiridol atoms, it also has the highest average mag-
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Figure 5. Plot of AAG
712 PKA atoms in the shell of interest.

nitude of the three terms. The average magnitudes of the intramo-
lecular, intermolecular, and atom desolvation terms are 2.5 kcal/
mol, 1.1 kcal/mol, and 1.2 kcal/mol, respectively. Thus, it takes
more than simple hydrogen bond interactions between the protein
and the ligand to explain the useful contributions of these atoms to
binding; the intramolecular terms are also quite significant.

The ligand desolvation penalty for this system (4.6 kcal/mol) is
less than that of the receptor. AG,,, 1i (—55.7 keal/mol) competes
more effectively with AG,;15¢ (60.2 kecal/mol) than AG, i rec
does with the receptor atom desolvation term for this system.
Nevertheless, the sum of the intramolecular and desolvation terms
is unfavorable for both the protein and the ligand and their com-
bined effects overwhelm the favorable intermolecular interactions
between the protein and the ligand. As a result, the total electro-
static contribution to the binding affinity of deschloroflavopiridol
for CDK2 is a 4.5 kcal/mol penalty.

To gain further insights, we have constructed two analogs of
deschloroflavopiridol A and B as shown in Figure 9. The two
hypothetical structures were modeled using the modeling protocol
described in the Methods section and in our previous computa-
tional study of this system.® We applied the same techniques for

7 8 a 10 ™ 12

atom. VS- distance from the closest ligand atom (top) and AAG, vs. distance from the closest ligand atom (bottom) for the

ligand sensitivity analysis to the two modeled structures that we
used to analyze the CDK2-deschloroflavopiridol system. To-
gether, the three structures show very little variation in their
electrostatic contributions to the binding affinity. AAG,,.., for
structures A and B differs from that of deschloroflavopiridol by
only about 0.6 kcal/mol and 0.1 kcal/mol, respectively. As we
mentioned earlier, the change in intraligand interactions plays a
major role in competing with the ligand desolvation penalty in the
CDK2-deschloroflavopiridol system. Because the matrix elements
that govern these changes (along with the partial charges) as
defined in eq. (2) are functions only of the system’s spatial pa-
rameters, there is very little change in these matrix elements when
a slightly different atom is substituted at a given position. For
example, structure B involves the replacement of the key deschlo-
roflavopiridol hydroxyl group with a thiol group. The sulfur atom
in structure B is only slightly larger than the oxygen in deschlo-
roflavopiridol such that the ligand desolvation penalty matrix for
structure B is similar to that of deschloroflavopiridol. However, the
partial charges of the atoms in structure B are distributed differ-
ently than in deschloroflavopiridol. We see that although this gives
structure B a much smaller intramolecular contribution to the
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Figure 6. Plot of AAG;

intra,

the 359 LCK atoms in the shell of interest.

binding affinity (—30.1 kcal/mol as compared to —55.7 kcal/mol
for deschloroflavopiridol), the atom desolvation term AG ., i 18
also much lower in magnitude (35.0 kcal/mol vs. 60.2 kcal/mol for
deschloroflavopiridol). The sum of these two contributions for
structure B is about 4.9 kcal/mol (vs. 4.7 kcal/mol for deschlo-
roflavopiridol). Furthermore, the spatial parameters of structure B
result in a somewhat smaller unfavorable receptor contribution
than in the case of CDK2-deschloroflavopiridol. Recall that the
latter case gives an unfavorable receptor contribution of about 6.6
kcal/mol, whereas structure B gives 5.8 kcal/mol in our model.
Although the intermolecular interaction energy suffers somewhat
(by 0.6 kcal/mol) for structure B due to the loss of the hydroxyl
group, the less unfavorable collective effects of the protein and
ligand intramolecular and desolvation contributions allows this
hypothetical ligand to limit its electrostatic penalty to the overall
binding affinity. As a result, CDK2-deschloroflavopiridol and
CDK2-structure B have very similar electrostatic binding affinity
penalties of about 4.5 kcal/mol and 4.6 kcal/mol, respectively.
We observed the same phenomenon for CDK2-structure A.
The collective effects of the intramolecular and desolvation terms
for the ligand and the receptor introduce a smaller penalty for

« vs. distance from the closest ligand atom (top) and AAG;

L] 7 g8 a 10 11

interx VS. distance from the closest ligand atom (bottom) for

structure A than for deschloroflavopiridol (4.5 kcal/mol vs 6.0
kcal/mol). As a result, although the chloro group severely damages
the intermolecular interactions between structure A and CDK2
relative to deschloroflavopiridol, the electrostatic penalty to the
binding affinity increases only slightly (5.2 kcal/mol).

PKA-PKI Ligand Sensitivity Analysis

Despite having very large unfavorable combined contributions
from the ligand and receptor intramolecular and desolvation terms,
the PKA-PKI complex actually has a very favorable electrostatic
contribution to the total binding affinity (—27.5 kcal/mol). This is
largely due to the many favorable intermolecular interactions
formed between the peptide ligand and the long PKA cleft. We
mentioned earlier that the unfavorable intramolecular and desol-
vation penalty for the receptor was calculated to be 31.7 kcal/mol.
The corresponding penalty for the ligand is even worse at about
33.2 kcal/mol. Although it appears that PKI has a more favorable
change in intramolecular interaction energies than the receptor, it
has a severe atom desolvation penalty of about 119.8 kcal/mol.
Nevertheless, for this large ligand system, the intermolecular con-
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Figure 8. AAG,,,, and AAG,,,,,, (in parentheses) for atoms and
functional groups in deschloroflavopiridol (bound to CDK?2) in kcal/
mol. In the cases where functional groups are labeled with values, the
numbers represent the sum of the AAG,,,,.., or AAG, ., , values for all
atoms in the group.

Deschloroflavopiridol
AGgect = 4.5 keal/mol

Structure A
AGegjeqt = 5.2 keal/mol

Structure B
AGg)pqq = 4.6 keal/mol

Figure 9. Deschloroflavopiridol along with two hypothetical, mod-
eled structures A and B and their computed AG,,.., values for binding
to CDK2.
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Figure 10. AAG,,,, and AAG,,,,, (in parentheses) for atoms and
functional groups in PP2 (bound to LCK) in kcal/mol. In the cases where
functional groups are labeled with values, the numbers represent the sum
of the AAG, ;s Of AAG,, , Values for all atoms in the group.

tribution dominates, with a favorable contribution of —92.3 kcal/
mol, giving a favorable overall electrostatic contribution to the
binding affinity.

The intermolecular term dominates charge utilities on an atom-
by-atom basis in the ligand sensitivity analysis. Of the 306 charge
utilities computed for PKI, 247 of them are dominated by their
intermolecular term (~81%). Only 53 atoms had charge utilities
dominated in magnitude by the intramolecular term, and only four
are dominated by the atom term. Furthermore, the average mag-
nitude of AAG;, .., for the 306 ligand atoms was 1.5 kcal/mol
compared to 0.8 kcal/mol and 0.4 kcal/mol for the average in-
tramolecular and atom desolvation terms. It appears that the elec-
trostatics of at least this large receptor—peptide complex is much
different from what we observe in the CDK2-deschloroflavopiri-
dol system and what we will discuss for the LCK-PP2 ligand
sensitivity analysis.

LCK-PP2 Ligand Sensitivity Analysis

Figure 10 maps the AAG;,, . values for the LCK-PP2 ligand
sensitivity analysis onto each atom of the PP2 structure. This figure
highlights the intramolecular contributions of several noteworthy
atoms. First, we should note that a crystallographic study of the
LCK-PP2 system suggests that this ligand forms three major

Cl

H,C

PP2
AG,., =

elect

HC CH,

AG, . =

elect —

Figure 11. PP2 along with five hypothetical modeled structures and their computed AG
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hydrogen bonds with the receptor.'® The first of these is between
the amino group on PP2 and the carbonyl oxygen of Glu:317 on
LCK."> We computed the interaction energies between the three
amino ligand atoms (N25, H25A, and H25B) and the carbonyl
oxygen of Glu:317 and found the sum of the three energies to be
—1.3 kcal/mol. A second hydrogen bond is said to form between
the N4 heterocyclic nitrogen of PP2 and the backbone N-H group
of Met:319 on LCK."> The sum of the interaction energies between
the N-H atoms of Met:319 and the N4 heterocyclic nitrogen of
PP2 comes to —2.4 kcal/mol in our model. A third hydrogen
bonding interaction is said to exist between the PP2 amino group
and the hydroxyl group of Thr:316 on LCK.'? The total interaction
energy between the amino group of PP2 and the hydroxyl group on
LCK is about 0.5 kcal/mol, not a favorable one. Taking other
intermolecular interactions into account gives an overall protein—
ligand interaction term, AG,,,. for the LCK-PP2 system to be
—5.15 kcal/mol. The ligand suffers a smaller intramolecular/
desolvation penalty (2.2 kcal/mol) than the protein in this case
(which we reported previously to be 2.7 kcal/mol). This results
from a favorable intramolecular contribution of —52.8 kcal/mol
and an atom desolvation penalty of 55.0 kcal/mol. Overall, the

favorable intermolecular contributions edge over the intramo-
lecular/desolvation penalty of the protein and the ligand to give
a slightly favorable electrostatic contribution to the binding
affinity.

The major sources of favorable intramolecular interaction en-
ergy changes in the PP2 ligand come from the same atoms that
participate in intermolecular hydrogen bonding interactions. The
amino nitrogen of PP2 has a AAG;,,,,, , of —26.8 kcal/mol and the
two amino hydrogens contribute —7.8 kcal/mol and —3.0 kcal/
mol, respectively. The carbon to which the amino group is attached
has a AAG;, .« of —20.0 kcal/mol and the adjacent heterocyclic
nitrogen has a AAG, ., of —14.5 kcal/mol.

The PP2 ligand seems to change its intramolecular interaction
energy with drastic alterations in a few atoms. Unlike deschlo-
roflavopiridol, the majority of the PP2 charge utilities are domi-
nated by the intermolecular term (26 out of 37 atoms or about
70%) as opposed to the intramolecular term (11 out of 37 atoms or
about 30%). However, the average magnitudes of AAG .
AAGier o and AAG . . for PP2 are 2.9, 1.2, and 1.5 kcal/mol,
respectively, giving them the same ordering that we computed for
deschloroflavopiridol.
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We also explored the effects of modifying key groups of the
PP2 ligand just as we did for deschloroflavopiridol. Figure 11
depicts five structures, in addition to PP2, that were modeled into
the active site of LCK using the PP2 coordinates as a template and
refined with energy minimization. Two of these five structures
have electrostatic contributions to the binding affinity that are
favorable overall. The other three have unfavorable AG,,..,., but
they are still less penalizing than the electrostatic contribution in
the CDK?2-deschloroflavopiridol system.

In hypothetical structure PP2a, we substituted a methyl group
in place of the amino group. The electrostatic binding affinity is
about 1.3 kcal/mol less favorable than PP2 according to our model.
We note that this modification would effectively remove two
hydrogen bonds between the ligand and the receptor compared
with the original ligand. Although the unfavorable combined con-
tributions from the intramolecular and desolvation terms are 1.2
kcal/mol, better than that of PP2, the corresponding penalty from
the receptor increases to 3.3 kcal/mol. Overall, the total electro-
static effects make PP2a a less favorable binder than PP2.

Structure PP2c is particularly interesting because, despite our
modifications, the electrostatic contribution to the binding affinity
remains the same as in the original ligand. In this hypothetical
structure, a methyl group converts the amino group present in PP2
into a methylamine substituent. This change damages at least one
of the two hydrogen bonding interactions that form between the
amino group and the LCK active site (AG,,., actually increases by
more than 0.5 kcal/mol). Despite the weakening of some favorable
intermolecular interactions, the intramolecular and desolvation
penalty of the ligand suffers less than that of PP2 by about 0.6
kcal/mol (the receptor contributions are nearly identical for the two
systems).

PP2e is a somewhat unusual case because the modifcation
involves the removal of a large portion of the original ligand. We
simply replaced the bulky, hydrophobic fers-butyl group with a
single hydrogen and found that the electrostatic contribution to the
overall binding affinity remained favorable within this model.
Although the modified LCK-PP2e complex suffers some loss in
intermolecular interactions, the dramatic change in ligand shape
diminishes the unfavorable combined contributions of the intramo-
lecular and atom desolvation terms for both the ligand and the
receptor (which we found to be 2.1 and 2.6 kcal/mol, respectively).

Figure 12 is a plot of the computed components of the electro-
static binding affinity for the five hypothetical derivatives of PP2
along with PP2 itself. It demonstrates that there is little variation in
the receptor AG oo T AG contributions compared with
the corresponding contributions from the ligand and from the
intermolecular interaction terms. The ligand AG;, . iie T AGuomig
contributions also vary significantly less than the intermolecular
interaction term. As a result, the intermolecular interactions
roughly describe the trend for the binding affinity of these six
molecules, although the other two terms need to be included to
distinguish the binding affinity of the three molecules (PP2, PP2c,
and PP2e) having comparable intermolecular terms. Therefore, in
general, it is necessary to look beyond direct and solvent-mediated
protein—ligand interactions to understand protein-ligand binding
or to design proteins or ligands. Desolvation effects and intramo-
lecular interactions may also play a significant role.

atom,rec

Conclusions

In several previous studies,®™'! we carried out sensitivity analysis
to study the relative importance of different atomic partial charges
in determining protein—ligand binding affinity using a continuum
solvent model based on solving the Poisson equation. Here, we
also analyze the results in terms of three components: desolvation
effects, intramolecular interactions (solely solvent-mediated in the
fixed-conformation model used here), and intermolecular interac-
tions (both direct and solvent-mediated). We found that intermo-
lecular interactions do not necessarily dominate the contributions
to binding affinity. In some cases, the favorable effects of an
atomic charge on binding arise from its improved intramolecular
interactions. This change in the solvent-mediated intramolecular
interactions results from the displacement of solvent molecules
from the protein and the ligand surfaces upon binding. Thus, it is
necessary to look beyond protein—ligand interactions to understand
protein—ligand recognition and to design proteins or inhibitors.

In comparing the results for the three systems (CDK-deschlo-
ropiridol, PKA-PKI, and LCK-PP2) studied here, we find that the
case of PKA—PKI with a significantly larger ligand is quite differ-
ent from the cases of CDK-deschloroflavopiridol and LCK-PP2,
in which the ligands are much smaller. In the PKA-PKI case, the
intermolecular interactions are very strong, and their favorable
interactions help to overcome the unfavorable desolvation effects
to give a very favorable electrostatic contribution to binding free
energy (—27.5 kcal/mol). On the other hand, although the inter-
molecular interactions in the other two cases also have favorable
contributions to binding, they are not sufficient to overcome the
desolvation penalty. As a result, the overall electrostatics contri-
bution to binding free energy is either unfavorable (in the CDK2-
deschloroflavopiridol system) or negligible (in the LCK-PP2 sys-
tem).
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