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Figure 1. The structures of aromatic spacers (upper) and cationic moleties
{R' and R?). The shaded circle represents the position of the metal cation
{Zn" or Cu") in the chelate.

Jurkat cells, which express CXCR4.”¥ The percent inhibition of

(16, 17, 20-22, 28, and 29, Table 1) resulted in greater than

87 % inhibition. The high activity of 16 is consistent with_frg:_ :
sults reported previously.?%* The anti-HIV activities of 17 and

29, which contain only cyclam or cyclal rings, were«réported

by De Clercq et al®** Compounds with only pyridine and/of

cyclen rings did not show any high binding activity. The pres-
ence of azamacrocyclic rings is presumably indxspensable to
the interaction of these compounds with CXCR_{# and the size
of rings appears to be important because not only c_ompouni’ds
16 and 17, with two cyclam rings in the molecule, but also
compounds 28 and 29, with two cyclal rings, have remarkably
more potent CXCR4 binding activity than compounds 14 and

15, which have two cyclen rings. Compound 22, 'with a p-
xylene moiety, exhibited higher activity. “than compound 23:
which has an m-xylene mmety, indicating that p-xylene i is more

suitable than m-xylene as a spacer for approximate posmonmg

of cationic moieties. At0.1 um, compound 22 resulted in 86% .
inhibition of [*[JCXCL12 binding, while the other six com-

pounds exhibited :37-66% inhibition. The IC;, value of com-
pound 22 was estimated to be 37 nm.

ZnCl, was added to phosphate—buffered saline (PBS) solu-
tions of these 20 compounds, 12-31, to form zinc(ll) com-
plexes. The percent mhlbmon for each compound at 1um
against [®]JCXCL12 bmdmg was determined and is given in
Table 1. Zinc complexation of 12-15, 18, 19, and 23 resulted in
a remarkable increase in CXCR4 binding activity compared to
the corresponding zinc-free compounds. These molecules con-
tain dipicolylamine and/or cyclen moieties, suggesting that
chelation of the nitrogen atoms with the zinc(ll}) ion significant-
ly affects their interactions with CXCR4. The high activity of the
zinc chelates of 12 and 13 is consistent with results provided
in our previous paper®” Additionally, the anti-HIV activity of
zinc complexes of 14 and 15 was reported by Kimura et al.®”
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For compounds with only dipicolylamine and/or cyclen macro-
cycles as cationic moieties (12-15, 18, and 19), zinc complexa-
tion is critical to achieve high binding activity; the correspond-
ing zinc-free compounds exhibit no significant activity. Com-
pounds 16, 17, 20-22, 28, and 29 demonstrated high binding
affinity in metal-free states as well as in zinc complexation
states, indicating that zinc complexation of either of the mac-
rocyclic rings in these compounds is not essential for high ac-
tivity. The CXCR4 binding activity and anti-HIV activity of the
zinc complex of 16 were reported previously.*** Measured in-
hibition percentages for 0.1 um of the zinc complexes of 12,
14-23, 28, and 29 are given in Table 1. The zinc complexes of
20-22, 28, and 29 at 0.1 um exhibited greater than 79% inhibi-
tion of [®CXCL12 binding, and the other eight zinc com-
plexes (of 12, 14-19, and 23/)5showed less than 55% inhibi-
tion. The IC;, values of zinc 'coin exes of 20-22, 28, and 29
were estimated to be 11, 8.3, 22,40, and 52 nwm, respectively,
Zinc complexes of compounds: containing a combination of
cyclen and cyclam: moleties, 20 and 21, had remarkably small
B o low? potentll 1C.5 values.

To form chelates with a copper(ll) cation, CuCl, was added
to solutions in PBS of 12-31. The inhibition percentages of all

.the compounds at:1pum against [[JCXCL12 binding are
all compounds at 1 um is shown in Table 1. Seven compounds ™

shown"in' Table 1. Copper coMﬁleXes of 14 and 15 exhibited a
significant increase in CXCR4 bmdmg activity as compared to

::the, corresponding copper-free:, compounds, a phenomenon
'whlch is also seen in the zinc chelates These compounds have

two cyclen moieties in the rpo1ecules, suggesting that zinc or
copper complexation‘is ;;x;tcal for high binding activity. Com-
pounds 16, 17,“and “20-22 showed high binding affinity in

. metal-free states and zinc- and copper-complexed states, indi-
* cating that metallic complexation of the cyclam rings in these

compounds'is not necessary for high activity. The CXCR4 bind-
ing activity of the copper complex of 16 was previously report-
ed.“?-For compounds 17, 22, 23, 28, and 29, copper complex-

‘3tion caused a significant decrease in binding activity com-

pared to the corresponding copper-free compounds, whereas .
for:compounds 14, 15,
,'ca_used an increase in binding activity. This phenomenon may
be due to the difference in ring sizes and structures of macro-

18, and 19, copper complexation

cycles, and was not observed upon zinc-complex formation. In-
hibition at 0.1 um of the copper complexes of 16 and 20-22,
which exhibited greater than 85% inhibition of [**[JCXCL12
binding at 1 um, are given in Table 1. The copper complexes of
16, 20, 21, and 22 at 0.1 um showed 39, 69, 88, and 39% in-
hibition, respectively, with the IC;, value of the copper com-
plex of 21 estimated to be 16 nm.

Molecular modeling analysis of compound 21 and its zinc(ll)
and copper(ll) complexes predicted that these complexes
would form a stable coordinate conformation as shown in
Figure 2. In general, zinc(ll) complexes @i Mare predicted tol
B adopt a tetrahedral conformation, while copper(ll) com-
plexes form a planar four coordinate/square conformation. The
zinc(ll) complex of 21 has@ B is predicted to have il a tetra-
hedral conformation and the copper(ll) complex a square
planar conformation in both the cyclen and cyclam rings. The
carboxyl group of either Asp171 or Asp262 in CXCR4 is
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~ Tabie «
3 Compd Spacer R R? Metal free Zinc complex Copper complex 3
A Inhibition® (%] IC™  Inhibition® [9] IC®  Inhibition®® (3] ICe™ P
5 1M 0.1 pm nM]  Tpum 0.1 um (oM} tpm 0Tpm [nm] z
A 12 p-xylene 7 A 2 7 A }1 0 nd nd 83%2 24%5 nd 104 nd. nd 4
7 13 m-xylene = N i N 0 nd  nd  31£3 nd. n.d 0 nd. nd -
8 N N= o
U RY pxylene I M\ 304 nd  nd  87:4 0 nd  60+2 nd.  nd 10
11 15 m-xylene [NH N] [NH N] 332 nd nd  94%1 13%6 nd  80%3 nd nd 11
e NH HN NH HN
6 _/ \—
VA 16 p-xylene m 3 m "& 94+4 5946 n.d.  97+5 28+3 nd 98x1 393 n.d.
15 17 m-xylene NH N7 NH N7 953  49%9 n.d. 984 55%7 . ..nd. 75+ nd nd
(ond () £
17 NH HN NH HN
L L oz
10 18 p-xylene N N,‘g ™\ A 3207 nd ndo 976 0 nd. 523 nd. nd
19 m-xylene =N NH N 17::5 nd nd 914 .0 nd 22%6 nd. nd
- Ns. [ ] B
v} \ NH HN
Y _/ :
52 |20 p-xylene o (\ 5 893  62:3 n.d. Y >1000 7941 1 >100 6943 n.d.
5. | B mexylene [N‘H N ’j [NH ,hj 89%3  66=3  .nd 923 >100 834 >100 881 16
< NH HN NH HN =
o
il F - p-xylene N 5y m % : 37, 9948 85+3 3943 n. d.
23 23 mxylene [/ ] N NH N7 588 nd. “ind. 9017 84 nd  nd
\ NH HN
/ U i
24 pxylene " s, 3209 n.d g nd nd 0 nd  nd
25 m-xylene @—N/ 7 N s , n.d 0 nd nd. 0 nd  nd
26 14%2 indnd. 1023 nd. nd 0 nd  nd
27 #10£3 . nd. nod. 1024 nd. n.d. 0 nd  nd
0
28 91204 7209 nd  97x4 >0 40 s7ie nd nd
29 8742 5021 n.d.  >100 91+4 52 5541 nd nd
30 0 nd  nd  14=3 nd nd  14%3 nd nd
31 b 242 nd nd  20=£3 nd. nd nd n.d
FC-131  cyclo-[D-Tyr-Arg-Arg-Nal-Gly-] 100 100 1.8 - - - - - - .
[a] CXCR4 binding activity was assessed based on inhibition of ["*IJCXCL12 binding to Jurkat cells. Percent inhibition for all compounds at 1 and 0.1 1M 50
were calculated relative to the percent inhibition by FC131 (100%). [b]IC;, values are the concentrations which correspond to 50% inhibition of E1
["#)CXCL12 binding to Jurkat celis. All data are mean Bl =SD? £ SEM?BM values of at least three independent experiments. n.d = not determined, g

55 thought to coordinate strongly with zinc ions but not copper  complex@l Blok? M. This order of binding affinities is com-
Iz ions in the complexes ¥ and as a consequence, the zinc  monly seen for these compounds and their zinc(ll) or copper(ll)
complex of 21 would bind more strongly than 21 or its copper = complexes.
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zinc complex of 21, which was the most active compound in
terms of CXCR4 bmdlng activity, also exhlbxted potent anti-HIV ¢
activity (EC5,=36 nM). V7

Taken together, these results show that all of the com- 1%
pounds exhibiting'-CXCB4 binding activity also showed signifi- %
cant anti-HIV activity (ECs, values <300 nm), and none of the 20
tested. - compounds exhibited significant cytotoxicity (CCs, '

We investigated the CXCR4 antagonistic activity of com-
14 pound 22 and the zinc complexes of 20, 21, 22, and 28, all of
17 which possess strong CXCR4 binding activity. The CXCR4 an-

tagonistic activity was assessed based on the inhibitory activity
1% of the compounds against Ca’* mobilization induced by
{t CXCL12 stimulation through CXCR4 (figure S1 in the Support-
ing Information). All of the tested compounds showed signifi-

a2

cant antagonistic activity at 1 pum.
The representative compounds 14, 16, 20-23, 28, and 29, as

well as their zinc chelates, were evaluated for anti-HIV activity. -

CXCR4 is the major co-receptor for the entry of T-cell-line-

values >10 |im; Table 2). Conversely, zinc complexes of 20, 21,
22, and 28 did not exhibit sigmf‘cant anti-HIV activity against
macrophage—trop;c (R5) HiV-1 --X4—HIV-17II (NL(ADS8)
strain)-induced cytopathogenicity in PM-TEBMT-47H B cells

O~ in D

2&  tropic (X4) HIV-1."%" nhibitory activity against X4-HIV-1 (NL4-3 -

L strain)-induced cytopathogenicity in MT-4 cells was assessed' CCRS instead of CXCR4 as the major co-receptor for entry, this

72 and s shown in Table 259 A correlation between CXCR4 bind-  suggests that these compounds do not bind CCRS but rather
< »  are highly selective for CXCR4.lll Ml Previously talked of X4-HIV-  Z

1 and MT-4 cells?. Please danfy 1]

Table 2. Anti-HIV activity and cytotoxicity of representatxve compounds st

in the metal ion-free and zing chelates. 3

at. ‘concentrations below 10 pm. Since RS-HIV-1 strains use

H

P2 PO R R B RO

P

ch chelate

Compd Metal ion-free
EC.o™ [nm) CCso™ [um) EC,‘,lal {n M] CCy™ um)

14 200 >10 200 >10 i

16 21 >10 - 82 f>10 ;

20 38 >10 39 “>10 G g

54 50 210 % +10 Conclusions

s 10 Vg ,

;i 259;3 i:g ! 2:3 S ;o;w . |5 The present study introduces a new class of low-molecular- ot
U 28 36 S1090 iise >10 “|. ‘weight CXCR4 antagonists and their zinc(li) or copper(ll) com- o
41 29 130 >10 42 >10 - plexes, which contain pyridyl or azamacrocycle moieties with

FC131 93" >10

47 . : p-xylene or m-xylene spacers. These compounds demonstrated .
3 cal - cbid strong CXCR4 binding activity. Zinc complexes of 20 and 21, &3
{8] EC,, values are the toncen&@;'oz Cofresm:d ing to 50%;?;6(":“ which were the two most active compounds, contain cyclen &
- - enicity in ceills. . . e

?bclmgcfv::t\fes a(:\leL:l;: csot:\ac‘:r)\t‘?anl:;«:s a.czvt:i:a; t:Z v;ab:‘ty of MT-4 cells and cyclam rings with p- and m-xylene spacers and exhibited “
= is reduced by 50%. All data dre mean vaiues from at least three inde- remarkably smallBiBlow? potent?B B I[Cy, values (11 and 46
pendent experiments., d 8.3 nm, respectively). These compounds showed significant
B CXCR4 antagonistic activity, based on inhibitory activity against

4% Ca’* mobilization induced by CXCL12 stimulation through 4%

*0 ing activity and anti-HIV activity was observed. For compound

16 and its zinc complex, anti-HIV activity was significantly
stronger than CXCR4 binding activity, and for the zinc com-
plexes of compounds 20-22, the CXCR4 binding activity is two
to four-times stronger than the anti-HIV activity. The anti-HIV
activity of the zinc complex of 16 was the most potent (ECs,=
8.2 nm). This is comparable to the anti-HIV activities of 16 and

its zinc complex that were reported previously2*#44 The

B B ——~ s L

4 www.chemmedchem.org
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CXCR4, as well as potent anti-HIV activity, as assessed by pro-
tection from X4-HIV-1-induced cytopathogenicity in MT-4 cells.
These results provide useful insights into the future design of
novel CXCR4 antagonists, complementing information from
other CXCR4 antagonists such as T140, FC131, and KRH-1636.
Furthermore, these new compounds are useful for the devel-
opment of therapeutic strategies for CXCR4-relevant -diseases
and chemical probes to study the biological activity of CXCR4.

ChemMedChem 2011, 6, 1-7
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Experimental Section
Chemistry

Compounds 12-17, 20, 21, 24, 25, 27-29, and 31 were synthe-
sized as previously reported,?%#¥ 48447 compounds 18, 19, 22,
23, 26, and 30 were synthesized in the present study; details are
provided in the Supporting Information. A representative com-
pound, 18, was synthesized by coupling p-dibromoxylene (1,4-bis(-
bromomethyl)benzene) with tri-Boc-protected 1,4,7,10-tetraazacy-
clododecane, followed by treatment with trifluoroacetic acid and
subsequent coupling with bis(pyridin-2-ylmethyl)amine. All crude
compounds were purified by RP-HPLC and identified by FAB/ESI-
HRMS. Zinc(ll) or copper(il) complex formation was accomplished
by treatment of the above compounds with 10 equiv of ZnCl, or
CuCl, in PBS. All zinc(ll) or copper(ll) complexes were characterized
by chemical shifts of their methylene protons in 'H NMR analysis.
The pyridyl zinc(ll) complex was characterized previously®” and
zinc(ll) or copper(ll) complex formation with these macrocyclic
compounds has been reported elsewhere.*"**%%) Datajled proce-
dures and data are provided in the Supporting Information.

Biological assays

A CXCR4 binding assay for compounds, based on the inhibition of
["**ICXCL12 binding to Jurkat cells, was performed as reported by
Tanaka et al®®¥ CXCR4 antagonistic activity was evaluated as de-
scribed by Ichiyama et al®™, measuring inhibitory activity against

Ca’* mobilization induced by CXCL12 stimulation in HOS cells: ex—:—».; [1'5] N. Tsukada, J. A. Burger, N.J. Zvaifler, T:)., Kipps, Blcod 2002, 99, 1030~

pressing CXCR4. Anti-HIV activity was determined by mhlbltory ac-
tivity against X4-HIV-1(NL4-3)-induced cytopathogenicity. in MT-4
cells as reported by Tanaka et al.®® An X4 HIV-1 infactious molecus,
lar clone (pNL4-3) was obtained from the AIDS Research and Refer-
ence Reagent Program. The virus NL4-3 was obtained from the
culture supernatant of 2937 cells transfected with pNL4—3

Molecular modeling

Molecular modeling calculations were pe_r»forme'd using Sybyl (ver-
sion 7.0, Tripos). Energy minimization was performed ‘Using the
Tripos force field and Gastelger—Hﬁckel charge parameters. The

lowest energy conformation was: obtamed by random search

methods. e R
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Abstract

We compared binding affinity evaluations for 10 FKBP ligands with such state-of-the-art
computational methods as FMO, QM/MM, MM-PB/SA, and MP-CAFEE. For the FKBP
ligands, we confirmed that each method could provide good correlations between the
experimental and computational binding affinities. From the calculated results, we
discussed the importance of solvation effect and structural sampling for these methods in
detail. In addition, we addressed the issues of computational time and present arguments on

the future perspective of the computational binding affinity evaluations.
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1. Introduction

Recent advances in computational resources and increasing numbers of registered three
dimensional (3D) protein structures have accelerated the application of computer simulations to
large biomolecular systems. Further, recent progresses of computational methods of evaluation of
binding affinity, which are expected to improve drug design efficiency, manifest various features in
each method employed [1][2]. For example, the fragment molecular orbital (FMO) method [3] can
deal with whole large biomolecules quantum mechanically. In the FMO method, a large molecular
system is divided into small fragments, and the conventional molecular orbital (MO) calculations
are performed for each fragment and fragment pair. The FMO method overcomes the size limitation
of the conventional MO method while maintaining chemical accuracy for energy evaluation. The
quantum mechanics/molecular mechanics (QM/MM) method is another method for overcoming the
size limitation of quantum chemical methods [4]. In the QM/MM method, a region that requires
accurate analysis is studied quantum-mechanically, and other regions are assigned to be studied by
classical force field calculations. The molecular mechanics Poisson-Boltzmann surface area
(MM-PB/SA) method [5] is often used for binding affinity evaluation as well. In the MM-PB/SA
method, the free energy is calculated by using the snapshots of solute molecules obtained from
explicit-solvent MD simulation. At this time, the explicit solvent is replaced with implicit models.
The massively parallel computation for absolute binding free energy (MP-CAFEE) method
[61(71[8][9][10][11] directly evaluates free energy difference by the Bennet acceptance ratio (BAR)
method, which can be interpreted as a maximum likelihood estimate of free energy differences [9]
from the non-equilibrium work based on the non-equilibrium identity [10][11]. Auxiliary restraints
for keeping the ligand position are not employed, while such restraints are used in the standard
scheme for evaluation of absolute binding affinities by thermodynamic integration or the fiee
energy perturbation method [1].

Successful results have been published by employing these methods [6][71[81[12][13][14][15][16]
which provides us with the expectation that such methods can be put to practical use. In these
reports, however, the target proteins were not identical for the different methods. Even if the target
proteins were identical, their structures might be different, thus making it difficult to perform
reliable comparisons among the different methods. In addition, unsuccessful results of binding
affinity evaluations were rarely reported [17]. Thus, it is difficult to determine which methods are
useful for each specific situation. To provide the answer for this question, in this paper, we attempt
to perform reliable comparisons of binding affinity evaluations among the state-of-the-art
calculation methods. To achieve this, we evaluated protein-ligand binding affinity by different
methods for the same target protein and ligands, with the same structures. As a test set for binding
affinity evaluation, we employed one of the FK506 binding proteins (FKBPs), FKBP12, which is
well known as a target protein of the immune suppressor tacrolimus (FK506), and its 10 ligands
because this protein is often used as the test set for computational binding affinity evaluations
[61(7I[14][16].

The computational methods for evaluation of binding affinities are characterized by several
aspects such as energy evaluation based on quantum mechanics (QM) or molecular mechanics
(MM) force field, a way of incorporating entropic contributions, and solvation effects. To clarify
which contributions are important for obtaining good correlations between computational binding
affinities and experimental ones, a systematic comparison of results obtained from various
computational methods is important. Thus, we used four state-of-the-art computational methods,
FMO, QM/MM, MM-PB/SA, and MP-CAFEE, for evaluating the binding affinity of the

33



Chem-Bio Informatics Journal, Vol.2010, pp.32-45(2010)

protein-ligand bound state. Features of these methods are given in Table 1.

We believe the results of our comparisons will become a benchmark for choosing appropriate
methods for practical application. In addition, we expect that they would also become a basis for
the development of a new binding affinity evaluation method.

Table 1. Features for each computational method employed in the present study
(* In the MP-CAFEE method, free energy difference is directly evaluated by the BAR method.
The entropic contribution is incorporated as a part of free energy difference.)

Method FMO QM/MM MM-PB/SA MP-CAFEE

Quantum or Classical Quantum  Quantum + Classical Classical Classical

Entropic effect No No Normal mode analysis ~ BAR method*

Solvation effect No No Implicit (PB equation)  Explicit (TIP3P)

Selection of atomic coordinate  Single Point Single Point Sampling by MD Sampling by MD
2. Methods

2.1 Preparation of protein-ligand structures

The 10 complex structures of FKBP12 and ligands were constructed based on four X-ray
crystallographic structures (PDB 1D 1FKG (L8), 1FKH (L9), 1FKI (L13) and 1FKF (L.20)), where
the numbering of the ligand molecules is in accordance with the literature [6][7](18]. As all ligands
have common binding elements, a pipecolate and an alpha-keto amide region, we assumed that
bound conformations of the other ligands are similar to the known four complexes.
Three-dimensional structural image of complex of FKBP and FK-506 (L20) is shown in Figure 1.
The molecular formulas of 10 ligands are shown in Figure 2 and the experimental binding affinities
and molecular weights are shown in Table 2 [18]. To obtain the initial structures for FMO and
QM/MM  methods, we performed MM energy minimizations of respective protein-ligand
complexes above with the TIP3P water solvent molecules [19] with AMBER 8 [20]. After that,
each initial structure of protein-ligand complex for the FMO and QM/MM calculations was
constructed by removing water molecules from energy-minimized structure.

2.2 FMO method

For the FMO calculations we used the ABINIT-MP program [21]. The Schrddinger equation
was solved by the Hartree-Fock (HF) and Maller-Plesset second order perturbation (MP2) methods
with the 6-31G basis set. Fragmentation was performed by the following rule. For the protein
region, each fragment has an amino acid residue, and a ligand is included in the fragment.
Thresholds for electrostatic interaction approximations [22] such as Laoc, Ly and Lgimer were 0.0,
2.0 and 2.0, respectively. In FMO calculations, we evaluated binding energics without entropies to
reduce computational time. We regarded those values as the approximate values of binding free
energies.

2.3 QM/MM method

In this article, we used the QSite program for the QM/MM calculations [23]. This software
adopts a frozen-core orbital for the QM/MM boundary [4]. The QM region contained side-chain
atoms of 7 residues (Tyr26, Asp37, Arg42, Phed6, Trp59, Tyr82, and Phe99), entire atoms of 3
residues (Glu54, Val55, and lle56) and ligand atoms. The Schrodinger equation for each structure
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was solved by the HF and MP2 methods with the 6-31G basis set and the OPLS force field was
used for MM region. In the QM/MM calculations, entropic contributions are neglected as well as in:
the FMO calculations.

2.4 MM-PB/SA method

We performed MD simulations of protein-ligand complexes in explicit water molecules to
calculate MM-PB/SA binding free energy. All of the MD simulations were performed using
AMBER 8.0 [20] modified for use on the special-purpose computer MDGRAPE-3 [24][25]. All of
the protein-ligand complex structures were solvated in a rectangular box containing TIP3P water
molecules (explicit solvent) [19] under periodic boundary conditions. The box dimensions were
chosen so that the minimum distance of any protein atoms from the wall of the box was 15 A. The
SHAKE algorithm [26] was applied to bonds involving hydrogen atoms, considering an integration
time step of 1.0 fs. Long-range Coulomb interactions were treated by applying the particle mesh
Ewald (PME) method [27]. The real-space component of the PME method was calculated by using
MDGRAPE-3, while the wave number-space component for this method and bonded interactions
were calculated by the host computers. To optimize the balance between the calculation times for
these components, a cutoff distance of 14 A was used for the real-space component. Each system
was gradually heated to 298 K for the first 50 ps. The Berendsen’s temperature and pressure control
methods [28] were used to maintain the temperature and pressure constant at 298 K and 1 atm,
respectively. The force-field parameters and charges for the protein and ligands which were the
same ones as in the MP-CAFEE method, were determined by the force field formulator for organic
molecules (FF-FOM) [7]. The production MD trajectory (500 snapshots) was collected for the last
period of 5 ns. In the calculation of the binding free energies by the MM-PB/SA method, the water
molecules were replaced with implicit solvation models, that is, the PB equation and the SA term,
while TIP3P explicit solvent model was employed for obtaining the trajectory. The entropic
contribution was evaluated by the normal mode analysis. The evaluations of binding free energy
using the MM-PB/SA method have been reported in previous studies [28][29][30](31].

2.5 MP-CAFEE method

The results we show in this paper for the MP-CAFEE method were published by Fujitani et al.
[7]. We again show the results by this method in this paper for the comparison with the results by
the other methods. Thus, the calculation procedures are to be found in the literature [7]. Here, we
summarize the calculation procedure and the setting of the study. We used an in-house modified
version of the GROMACS package to perform the MP-CAFEE calculation [32]. MD calculations
were performed with the following conditions. A Nose-Hoover thermostat was used for temperature
control at 298K and with a time constant of 0.3ps. We used Berendsen’s algorithm was employed
with time constant of 1.0ps and the pressure of 1.0 atm. In addition, we calculated Coulomb
interaction by the PME method. The equilibration process was as follows. First a conjugate gradient
minimization was performed, followed by an MD simulation for 200ps with the solute position
being restrained. After that, long time equilibration at 298K between the ligand and surrounding
system was performed. The equilibration times were Sns for the solvated ligand and from 10ns to
50ns for solvated protein-ligand complex. After the equilibration, structural samplings for work
measurements were performed. In the annihilation process, the Coulomb interaction and van der
Waals interaction were turned off by using 32 intermediate A; points. For each A; point, 12 MD
simulations with different initial momenta were performed, where the sampling times for each A,
point were 2.5 ns for the solvated protein-ligand complex and 1.0 ns for the solvated ligand. The
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MD calculations were performed by on a FUJITSU Bioserver test machine with 1920 VLIW
architecture processors in a rack. The force fields for both proteins and ligands were determined by
the FF-FOM [7], which properly assigns atom types of the general amber force field (GAFF) [33],
and RESP charge [34] was used for ligand charges. A more detailed explanation is described in the
literature [7].
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Figure 2. Molecular structures of 10 FKBP ligands, where the numbering of the
ligand molecules is in accordance with the literature [6][7][18]

Table 2. Experimental binding free energy of each ligand
AG.x, and MW indicate the experimental binding affinities and molecular weights for 10 ligands
respectively.

Ligand L2 L3 L5 L6 L8 L9 L12 L13 L14 L20

AGep -7.8 -8.4 -95  -108  -109 -11.1  -10.3 9.5 -123  -128
MW 2954 2834 3735 463.6 449.6 4556 4115 4376 581.4 804.0
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3. Results

3.1 FMO method

The correlation between the binding energies evaluated by the FMO method and experimental
binding affinities is shown in Figure 3. The results by the FMO-HF and FMO-MP2 [36][37]
methods are depicted in Figure 3(a) and (b), respectively, where the 6-31G basis set was used.
These figures indicate that the binding energies by the FMO-HF methods were hardly correlated
with the experimental values, while the result by the FMO-MP2 method showed better correlation.
The bound ligands were surrounded by several hydrophobic residues in the binding pocket. Thus, a
better result by the FMO-MP2 method would thus be due to the inclusion of the dispersion force
between the ligands and hydrophobic residues. The regression slope was far from unity in the case
of the FMO-MP2 (slope=4.13). This result is reasonable, however, because both the entropic
contribution and the solvation effect are ignored in the present FMO calculation.
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Figure 3. Correlations between the experimental binding affinities and calculated ones by the
FMO method, (a) FMO-HF, and (b) FMO-MP2

R is the correlation coefficient.

3.2 QM/MM method

The correlation between binding energies by the QM/MM method and the experimental binding
affinities is shown in Figure 4. The QM/MM (HF) and QM/MM (MP2) results are shown in Figure
4(a) and (b), respectively, where the 6-31G basis set was used and the OPLS force field was used
for the MM region. The QM/MM (MP2) result (correlation coefficient R=0.86) showed a slightly
better correlation than the QM/MM (HF) result (R=0.82). The slopes of regressions, however, were
far from unity for both QM/MM (HF) and QM/MM (MP2). In the same way as FMO method, this
would be due to the fact the entropic and solvation effects are not included in the present
calculations.
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Figure 4. Correlations between the experimental and calculated binding affinities by the
QM/MM method, (a) QM/MM HF/6-31G, and (b) QM/MM MP2/6-31G

3.3 MM-PB/SA method

The correlation between binding free energies evaluated by the MM-PB/SA method and
experimental binding affinities is shown in Figure 5. In this work, we compared the MM-PB/SA
energies with and without entropic term (Figure 5(a) and (b)). This comparison indicated the
introduction of the entopic effect improves the absolute binding energies in the MM-PB/SA method,
but the MM-PB/SA energies with entropic term show a worse correlation (R=0.76) as compared
with the MM-PB/SA energies without entropic term (R=0.83). In addition, for the MM-PB/SA
energies with entropic contribution, the slope of regression is far from unity although all the energy
components of free energy are incorporated. It is noticeable that these results are in contrast to an
carlier binding affinity evaluation for FKBP ligands by the MM-PB/SA method performed by Xu et
al. [16]. In their results, the binding affinity evaluation with the entropic contribution provided a
better correlation than did the evaluation without the entropic contribution. This difference might be
caused by the difference in ligands used for evaluations. In the present evaluation, 4 compounds out
of 10 are macrocyclic compounds (see Figure 2). It would be difficult to predict accurate entropic
values for these macrocyclic compounds by the normal mode analysis.
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3.4 MP-CAFEE method

The correlation between binding free energies evaluated by the MP-CAFEE method and the
experimental binding affinities is shown in Figure 6. This result was previously published in the
literature (7] and is shown here for comparison with the other methods. Not only was the
correlation very good (R=0.98). but also the slope of regression was 1.26, which is close to unity. In
addition, it is remarkable that the calculated absolute binding free energies calculated by this
method reproduced the absolute values of the experimental binding affinities.
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Figure 6. Correlation between the experimental binding affinities and calculated ones by the
MP-CAFEE method
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4. Discussion

To analyze the relationship between experimental and computational binding affinities, the
correlation coefficients, the regressing slopes and intercepts are summarized in Table 3. From this
table, it is obvious that MP-CAFEE method showed extremely good correlation with experimental
data. The slope of the regression is so close to unity; moreover, the absolute values of the
computational binding free energy are so close to those of experimental binding free energies. On
the other hand, the other methods show relatively good correlations (correlation coefficients
R=0.76-0.86) with experimental results. For the FMO and QM/MM calculations, the correlation
coefficients by MP2 level calculations are better than those by the HF calculations. Considering
that FKBP ligands interact with the hydrophobic residues in the binding pocket, this improvement
is due to the effect of the dispersion force incorporated in the MP2 calculation [38][39]. However,
the values of regression slopes deviate from unity since the entropic contribution and the solvation
effect are not taken into account in the present FMO and QM/MM calculations. The MM-PB/SA
(with entropic term) calculations take into account all contributions approximately, but the slope s
far from unity in contrast with that of MP-CAFEE method. To achieve improvement of the
correlation coefficient and the regression slope, the precise evaluation of entropic term and
incorporation of more accurate solvation energy are essential. In the following, we discuss the
importance of solvation effect and structural sampling for these methods in detail.

Table 3. Summary of calculation results

Regression equation is AG(E)ompu=a AGexyth, Where  AGey, AG(E) compus @ and b are experimental
binding affinities, calculated binding free energies (or binding energies), regression slopes and
intercepts, respectively. Values in parentheses are standard errors.

Method FMO FMO QM/MM QM/MM MM-PB/SA MM-PB/SA MP-CAFEE
(HF) (MP2) (HF) (MP2) (with entropy)  (without entropy)

Correlation 0.27 0.76 0.82 0.86 0.76 0.83 0.98

Intercept: b -14.98(9.09) -19.90(13.10) -20.92(6.69) -24.28(6.84) 19.13(8.94) 8.67(10.10)  3.56(1.06)

Slope: a 0.69(0.87) 4.13(1.25) 2.60(0.64) 3.07(0.65) 2.90(0.86) 4.04(0.97) 1.26(0.10)

4.1 Structural sampling

Structural sampling is important for two reasons. One is to find the appropriate stable structures,
and the other is to cover enough phase space for entropy estimations. Although the structural
sampling was not performed into the FMO and QM/MM methods, the fairly good correlations were
obtained by these methods. These results may suggest the structural sampling is not important to
obtain good correlations for the current target. However, Ishikawa et al. [39] pointed out that
appropriate selection of atomic coordinate is crucial to obtain good correlations. Since the structural
sampling may contribute to select appropriate atomic coordinates, this would lead to good
correlations found in other cases. Further, these methods produce fair correlations in spite of the
neglect of entropies. This may be a result of specific structural properties of the current system, or
entropy-enthalpy compensation. Since the enthalpy changes are roughly proportional to the entropy
changes, the free energy changes, which consist of the sum of both contributions to energy changes,
are proportional to enthalpy changes.

In the MM/PB-SA method, the inclusion of the entropic contribution by normal mode analysis
made the correlation somewhat worse. In the normal mode analysis, it is known that conformations
at different local energy minima provide rather similar entropy values even though there are
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differences in the case of finite temperature [40]. One of alternative methods is principal
component analysis. The values are sensitive to the data sampling frequency [40][41] and are likely
to be overestimated [42]. Therefore, in order to predict more accurate binding free energy by
MM/PB-SA method, it is necessary to improve the calculations for the entropy terms. In the
MP-CAFFE method, entropic contribution can be treated exactly. If the sampling is enough, the
entropy will converge to the theoretical value. The very precise results from the method confirm
that the entropic contributions can be estimated precisely after enough structural sampling.

4.2 Solvation effect

Although solvation effect was not incorporated into the FMO and QM/MM methods, relative
good correlations were obtained with both of the methods for the current system. Retegan et al. [43]
reported that incorporation of solvation effects in semi-empirical QM/MM method significantly
improved the correlation between experimental binding affinities and computational binding
energies for the CK2 proteins and its ligands. Therefore, introduction of solvation effect into the
FMO and QM/MM methods would be one of the improvement means of the correlation coefficients.
Furthermore, we discuss the influence of different strategies to treat solvation by MM-based
free-energy evaluations. In the MM-PB/SA method, the implicit solvent model described by the PB
equation is used for energy evaluation. Many reports suggest that the MM-PB/SA method can
provide the fairly good correlation like in the case, and the implicit solvent model seems to be a
good and easy way to approximate solvent effects in single-point or short-trajectory calculations
[44](45]. In addition, since it was suggested that the implicit solvent model provided slightly worse
evaluation of solvation energies than the explicit solvent model did [46], improvement of the
implicit solvent model would lead to a better binding affinity evaluation. Also for the solvation
energies, the MP-CAFFE method provides the accurate estimations within the framework of
classical force fields. It is difficult to distinguish the origin of the difference between the
MP-CAFFE and the MM/PB-SA methods, since in the MP-CAFFE method energetic contributions
are not estimated separately. As we have already discussed partly, there are several possibilities —
solvation effect, entropy estimation, sampling length — and these all will be related to the
differences in the results.

4.3 Computational time

Computational time of each method is summarized in Table 4, where the calculation time for
the MP-CAFEE method is represented by the converted value in the Pentium4 case for convenience
whereas this calculation was performed with the FUJITSU Bioserver. Although the methods based
on the quantum mechanics generally require extensive computational time, the present FMO and
QM/MM calculations required less computational time because in the present treatment the
structural sampling was not performed in the cases of both QM based methods. If structural
sampling were to be performed with the quantum mechanical method, much more computational
time would be required. Concerning the classical MD based free energy evaluation method, the
MP-CAFEE method required much more computational time than the MM-PB/SA method. This
difference is caused by the fact that MP-CAFEE method requires a number of MD runs (12x32x 2
runs for a FKBP ligand) for obtaining binding affinity of one protein-ligand complex.

b
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Table 4. Typical computational time for the evaluations of binding affinity and of
computational resources

Method FMO FMO QM/MM  QM/MM  MM-PB/SA MM-PB/SA MP-CAFEE
(HF) (MP2) (HF) (MP2) (with entropy)  (without entropy)

Typical time 7hours 22hours 2.Thours  1.25days l4days 15days 4.5days

Computational ~ Opteron246 x 16 cores Xeon5450 3.0GHZ Xeon3150+MD-GRAPE3 Pentium4

resource x 300cores

4.4 Further Perspectives

We will discuss the future perspective of computational binding affinity evaluation for drug
designs. Although the four state-of-the-art methods discussed here require large computational
resources, such computation will become daily in near future by continuous growth of computer
performance. We believe our present analysis would provide an important basis for making
practical use of the computational binding affinity evaluation. To provide the significant
information for practical use, we should continue to work on the comparison of binding affinity
evaluation. Current results with only one target protein are not enough to clarify merits and
demerits of each method in different situations. This paper is just the first report of our attempt.
When many target proteins will have been studied for the comparison of the state-of-the-art
methods, our aim will truly be achieved. We will report our next comparison results based on other
target proteins.

In this paper we have mainly discussed the correlation coefficients between experimental and
computational binding affinities. Although this focused point is suitable for judging which effect is
important for reproducing experimental binding affinity, other points would also be needed to
satisfy the aim of practical use in drug design because there are many kinds of demands in the
pharmaceutical industry. For example, throughput of the screening should be at least more than 100
compounds per week for practical use. Prediction in weak affinity region is important for the
fragment-based drug design, since the affinity of a small fragment, which will form the skeleton of
lead compound, is very weak. To answer these kinds of questions, the way to assess the
computational methods should be reconsidered.

5. Conclusion

To clarify the merits and demerits of various computational approaches for binding free-energy
estimation in drug design, we compared the results of the binding energy evaluations by the four
state-of-the-art computational methods, such as the FMO, QM/MM, MM-PB/SA and MP-CAFEE
methods. We assessed the computational binding affinity evaluation methods from several aspects
such as correlation with experimental binding affinity, slope of the regression and computational
costs, and discussed which contributions are related to the good correlation.
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