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Abstract—This paper explores the use of computational methods to direct engineered biosynthesis based on the desired properties
of the target compounds. The immunosuppressive properties of rapamycin are a result of the formation of the complex FKBP12—
rapamycin—FRAP. Neuroregenerative properties are exhibited by the complex or complexes of rapamycin with FKBP proteins.
Our objective has been to design biosynthetically available analogues of rapamycin that bind tightly to FKBP12 but not to FRAP.
This has been carried out by successive single ketide deletions from the effector domain of rapamycin. The approach described here
has yielded modified rapamycin analogues (RP2 and RP3) as targets for biosynthesis by modified polyketide synthases. RP2 and
RP3 have an identical binding affinity (linear interaction energy calculation) to FKBP12 as rapamycin but little or no affinity for
binding to FRAP. © 2000 Published by Elsevier Science Ltd. All rights reserved.

Introduction

The immunosuppressive drugs FK506 and rapamycin
(Chart 1) form complexes with the immunophilin
FKBP12. The FKBP12-FK506 complex subsequently
binds to the protein calcineurin, and the FKBP12-rapa-
mycin complex binds to a protein known as FRAP. The
binding of the second protein to the FKBP12-drug com-
plexes is responsible for the immunosuppressive activities
of the drugs.' Modifications to FK506 or rapamycin
that preclude binding to calcineurin or FRAP, respec-
tively, lead to loss of immunosuppressive activity.

Binding of rapamycin and FK506 to FKBP12 occurs at
structurally similar regions of the drugs known as the
binding domain (Chart 2). The binding domains of
rapamycin and FK506 have been proposed to act as
proline-leucine mimics.*> Structural features resembling
the binding domains of rapamycin and FK506 are
found in a large number of known FKBP12 binders.

The binding of the FKBP12-rapamycin and FKBP12-
FK506 complexes to FRAP and calcineurin, respec-
tively, occur at structural regions of the drugs known as
the effector domains (Chart 2). The effector domains of

Abbreviations: PKS, polyketide synthase; SASA, solvent accessible
surface area; LIE, linear interaction energy.
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the drugs differ greatly, as is required by their different
target proteins. The effector domain of rapamycin,
which is the target of this study, has been proposed to
act as a peptide mimic in binding to FRAP.¢ It has been
reported that the interactions between rapamycin and
FRAP are mainly hydrophobic interactions with the
three adjacent double bonds in the effector domain of
rapamycin (Fig. 1).”

Rapamycin and FK506 have been reported to promote
neurite outgrowth as secondary activities.® Further-
more, the immunosuppressive and neurite outgrowth
activities of these drugs can be separated: the toxicity of
these compounds is related to their immunosuppressive
abilities while neuroregenerative activity is retained by
non-immunosuppressive agents which bind to FKBP12
but not to the effector proteins Calcineurin or FRAP.?
Synthetic, non-immunosuppressive FKBP12 ligands
have been shown to promote nerve regrowth in vitro
and in vivo without the addition of exogenous growth
factors.”'>  Several synthetic FKBP binders that
resemble the binding domain of FK506 and rapamycin
have also been shown to have neuroregenerative abil-
ities, as has been reviewed by Hamilton and Steiner.!?
Recent studies indicate that the neuroregenerative
properties of these compounds are due to their ability to
bind to the protein FKBP52.!3 Far less is known about
the structure of FKBP52 than the structure of FKBP12,
but it has been shown that the structure of the FK506
binding site of FKBPS52 differs by less than 1A from the
binding site of FK BP12.'# A strong, albeit not fully linear,

0968-0896/00/$ - see front matter © 2000 Published by Elsevier Science Ltd. All rights reserved.

PII: S0968-0896(99)00323-5



618 H. Adalsteinsson, T. C. Bruice | Bioorg. Med. Chem. 8 (2000) 617—624

OMe
OMe

"“OH
FK506 rapamycin

Chart 1. The structures of the immunosuppressants FK506 and rapa-
mycin.
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Chart 2. The division of rapamycin into the binding domain, which is
responsible for binding to FKBPI12, and effector domain, which is
responsible for binding to FRAP.

correlation is also seen between FKBP12 binding affi-
nity and neuroregenerative ability.!?

Rapamycin and FK506 are biosynthesized by enzyme
systems known as modular polyketide synthases (PKS).
The chemistry of PKSs was reviewed extensively in the
10 November 1997 issue of Chemical Reviews and will
not be outlined in detail here. Modular PKSs, e.g. the
PKS responsible for the biosynthesis of erythromycin,
have been modified to produce non-natural analogues
of the naturally occurring polyketide.!>"!® The biosyn-
thetic gene cluster responsible for synthesizing rapa-
mycin has been sequenced,’” making engineered
modifications to rapamycin feasible. The goal of this
study has been to propose modifications to rapamycin
that give rise to non-natural analogues which: (i) bind to
FKBP12 in an identical manner as rapamycin; (ii) do
not form the ternary FKBP12-ligand—-FRAP complex
of rapamycin; and (iii) are accessible by engineered bio-
synthesis through modifications of the PKS responsible
for generating rapamycin.

Methods

The crystal structures of the FKBP12-rapamycin com-
plex?® and the FKBPI12-rapamycin—-FRAP complex?!
were used as the basis for the molecular dynamics (MD)
studies in this work.

Phe2108
Tyr21

»
FT e

Phe2039

Figure 1. The orientation of the rapamycin effector domain bound to
FRAP. The triene unit in the effector domain is nested between the
sidechains of the amino acids Phe2039, Trp2101, Tyr2105 and
Phe2108 throughout the MD simulation. The lower protein in the fig-
ure is FKBP12 and the upper protein is FRAP.

All MD simulations were performed using Amber 5.0.%2
The FKBP12-ligand (binary) complexes and FKBP12—
ligand-FRAP (ternary) complexes were placed in peri-
odic water boxes that extended at least 9 A from all
atoms in the complex. This resulted in box sizes of
roughly 63x63x57 A for the binary complexes and
74x84x60 A for the ternary complexes.

The protein structures were protonated using the ‘pro-
tonate’ utility in Amber, and subsequently equilibrated
using a geometry optimization (200 steps of steepest
descents and 9800 steps of conjugate gradient optimiza-
tion) and a 500 ps MD run of the protein—rapamycin
complexes. The equilibrated protein structures were
used as the starting structures for the MD runs of the
modified rapamycin analogues. In all MD simulations,
a constant dielectric (¢=1) was used, the non-bonded
cut-off was set to 8 A, 1-4 van der Waals interactions
were divided by 2.0, and 1-4 electrostatic interactions
were divided by 1.2. Separate temperature scaling was
used for the solvent and solute, the time constant for
coupling to the external heat bath was 0.01 ps, the tem-
perature was set to 300 K, the time step was set to 1 fs,
and the non-bonded pair list was recalculated every
25 steps. During equilibration runs, bonds involving
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hydrogens were constrained using the SHAKE algo-
rithm and interactions involving hydrogens were omit-
ted. During the production portion of the dynamics
runs, all interactions were calculated and the SHAKE
algorithm was, therefore, not used. Subsequent runs
consisted of a geometry optimization (200 steps steepest
descent, 9800 steps conjugate gradient), a 10 ps constant
pressure equilibration run in which only waters were
allowed to move, a 10 ps constant volume equilibration
run using SHAKE, and a 100 ps constant volume pro-
duction MD run (without geometry constraints or
SHAKE) for each system examined. Each ligand was
studied unbound (in water) and bound to FKBPI2.
Additionally, the dynamics of some of the ligands were
studied in ternary FKBP12-ligand—FRAP complexes.

Charges for the ligands were calculated using averaged
PM3 Mulliken charges for eight to ten distinct conforma-
tions of each ligand, using Ampac 6.0.2> This was done
after the calculation of standard RESP charges had pro-
ven prohibitively expensive (due to the large size and flex-
ibility of the ligands, multiple conformations are required
to get a reasonable ESP fit). The B-keto amide in the
binding domain was assigned zero torsional parameters
(i.e. the torsional energy profile was purely determined by
electrostatic and van der Waals interactions) resulting in
the energy profile shown in Figure 2. The single bonds
separating the adjacent double bonds in the binding
domain were assigned parameters calculated by Hermone
and Kuczera for retinal,>* which reproduced the HF/6-
31G(d) energy profile for rotation around the C3-C4
bond in 2,4-hexadiene at torsional angles close to 180°
(Fig. 3). The fit to the energy profile at torsional angles
close to 0° was poor. This is, however, not a problem,
since the adjacent double bonds cannot assume a 0° tor-
sion angle due to constraints placed by the macrocycle.

The binding of rapamycin and the modified ligands was
assessed based on the following criteria: (i) The mobilities
of the protein and ligands during the MD simulations.
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Figure 2. A comparison of the torsional energy barriers for bond
rotation around the C-C(=0)-C(=0)-N bond in N,N-dimethyl-2-
oxopropionamide calculated using HF/6-31G(d) (o) and the Amber
parameters devised for this study using PM3 charges (+). The bond
torsion being varied is indicated by a thick bond in the inset structure.
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Figure 3. A comparison of the rotational energy barrier around the
C2=C3-C4=CS5 torsion angle in 1,2-hexatriene using HF/6-31G(d) (o)
and the Amber parameters of Hermone et al. with PM3 charges (+). The
torsion being varied is indicated by a thick bond in the inset structure.

(i) The differences in the average solvent accessible
surface area of the binding site of the protein bound to
the different ligands. (iii) The formation of cavities
between the protein and ligands during the MD simu-
lations. (iv) The difference in the interaction energies of
the ligands with the protein relative to the free ligand
and protein, scaled using the linear interaction energy
(LIE) method of Aqvist et al.>>2° Each of the analysis
methods used is described in more detail below.

(i) The mobilities of the protein and ligands during the
MD simulation were determined by estimating the
average deviation of each atom from the average struc-
ture during the MD simulation. These can be compared
to the crystal structure Debye—Weller B-factor (assum-
ing that the B-factors are free from contributions from
lattice effects and that the motions of atoms are iso-
tropic) using the relationship (Ar?)!/?2=(3B/8n?)!/2.27
The comparison of the atom mobilities in the FKBP12-
rapamycin and FKBP12-rapamycin—-FRAP complexes
with the Debye—Weller B-factors was used to verify that
the secondary structure of the crystal structure
remained intact during the MD simulation. The com-
parison of the mobilities of the protein bound to differ-
ent ligands was used to indicate how the protein—ligand
binding was affected by the modifications to the ligand.

(i) The differences in the average solvent accessible
surface area (SASA) of the protein binding site bound to
the different ligands was used as a gauge of whether the
modifications to the ligands affected the surface of
FKBP12 as presented to FRAP. This was only relevant
for the binary FKBP12-ligand complexes. Solvent acces-
sible surface areas were calculated at each point during the
simulation using the program NACCESS.?® All residues
that had at least one atom within 5 A of rapamycin in the
binary complex of rapamycin with FKBP12 (Tyr26,
Gly28, Phe36, Asp37, Phed46, GIn53, Glu54, Val55,
Ile56, Arg57, Trp59, Tyr82, His87, 11e90, 11e91, Leu97
and Phe99) were used in the SASA calculation.
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(iii) The formation of cavities between the protein and
ligands during the MD simulations was used to gauge
how closely the ligand filled the binding sites on
FKBP12 and FRAP. This measurement was mainly
relevant for the ternary FKBP12-ligand—-FRAP com-
plexes as a test of whether the binding to FRAP had
been sufficiently affected by the modifications to rapa-
mycin to let water into the binding site. The volumes of
gaps formed between the ligand and protein were cal-
culated at each step of the simulation using the program
SURFNET.? The gaps were calculated using a 6x6x6
A boundary around the atom range, a grld separation
of 0.8 A, an initial sphere size of 1 A, a maximum sphere
size of 4 A, and a scaling factor of 1.0.

(iv) The difference in the interaction energies of the
ligands with the proteins relative to the free ligand and
protein, scaled using the LIE method of Aqvist et al.,
was used to estimate the relative free energy of binding
for rapamycin and the modified ligands to FKBPI12.
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“ OH

RP3

MeO

RP6 RP7

The LIE binding free energy was also estimated for the
ternary complexes, but it should mainly be taken as a
qualitative measurement for the relative binding free
energy in those cases. The LIE method is based on the
assumption that, using molecular dynamics or Monte
Carlo conformational simulations, the free energy of
ligand binding to a protein target can be expressed using
the equation:

AGbind = (O(prot( V;f:V>prot_awat<szV)Wm>

 (Borod B o) 7 v

where opror and oLy, are scahng factors for the average
potential van der Waals energies (< 1" >), B prot and
Pwar are scaling factors for the average potent1a1 elec-
trostatic energies (< yel >),y is an empirical constant
to reproduce experimental free energies of binding, and
the subscripts prot and wat refer to the FK BP12-ligand
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Chart 3. The structures of the modified rapamycin analogues evaluated in this study.
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complex in water and the free ligand in water, respec-
tively. Aqvist and co-workers fit eq (1) to a large
number of experimental binding constants and arrived
at several possible combinations for the scaling factors
o and B. In this study, we used parameters which gave
a good general fit in Aqvist’s studies, which are
Oprot = Owat = 0.163, B =0.348, B, =0.340, and
v=—1.89. Snapshots were taken at 1 ps intervals from
the MD studies. The potential energies (van der Waals
and electrostatic) were calculated for the ligand at each
snapshot conformation using the ‘anal’ program in the
Amber suite of programs, and the average potential
energies were used in calculating the free energies of
binding from the LIE equation.

Results and Discussion

The rapamycin analogues studied here are shown in
Chart 3. All the analogues studied here share the same
binding domain but have effector domains that differ by
the number of deletions from the effector domain of
rapamycin (Chart 3). It is reasonable to expect larger
differences in the interaction energies of the ligands with
FRAP than with FKBP12, since all the differences focus

Rapamycin

on the part of rapamycin associated with binding to
FRAP. The changes in interactions between the ligands
and the target proteins can be evaluated both from the
interaction energies between the ligands and proteins
and from the different dynamics of the ligand—protein
complexes.

Binary ligand—-FKBP12 complexes

The ability of the FKBP12-rapamycin complex to bind
to FRAP is due, in large part, to the rigid nature of
rapamycin bound to FKBP12. When the binding
domain of rapamycin is bound to FKBPI12, the three
adjacent double bonds in the rapamycin effector domain
protrude away from the protein surface, forming a rigid
arm suitable for affixing to FRAP. Figure 4 provides a
sense of how the different ligands fit into the binding site
on FKBP12. The largest ligands protrude significantly
from the protein surface, whereas the shortest ones are
nearly completely engulfed by the protein. Figure 5 is a
tube representation of the ligand RP7, with the remaining
portion of the effector domain shown in magenta. When
ketides were removed from the effector domain of
rapamycin, the solvent accessible surface area (SASA)

Figure 4. A space filling view of rapamycin and the modified rapamycin analogues RP1-RP8 docked in the binding pocket of FKBP12. The position of
the ligand is generated by matching the binding domain of the ligand with rapamycin in the FKBP12-rapamycin complex. The adjacent double bonds in
rapamycin are colored magenta. Other ketide units that are deleted from the effector domain in this study are colored cyan. Note that the effector domain
of the smallest ligands barely protrudes from the surface of the protein, indicating a complete loss of ability to bind to the effector protein FRAP.
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of the residues near the binding site of FKBP12 stayed
nearly constant during the first three deletions,
decreased during the next three deletions, and then rose
sharply (Table 1). These changes in SASA reflect that
the shorter effector domains of RP4, and RP6 do not
protrude from the surface of FKBP12 as much as the
effector domain of rapamycin does, but are instead in
rather close contact with the protein surface. These
close contacts between protein and ligand are reflected
in less favorable free energies of binding than for rapa-
mycin, RP2, and RP3. For the shortest ligands, RP7
and RP8, the effector domain is too short to protrude
from the protein surface, and the ligands no longer
favor the conformation required to bind to FKBP12.
The poor fit of RP8 in the binding site of FKBP12 is
reflected by the mobilities of the binding domains of the
two ligands bound to FKBP12 (Fig. 6), which indicates
that RP8 is making little or no favorable contacts with
the binding site.

These findings are also reflected in the LIE free energies
of binding, although RP1 does not fit the overall energy
profile (Fig. 7). The free energy of binding for RP2 and

Figure 5. The structure of RP7 with the binding domain in the con-
formation required for binding to FKBP12. Note the close proximity
of the substituents on the modified effector domain (carbons colored
cyan) relative to the ligand binding domain.

Table 1. The effects of sequentially deleting ketides from the effector
domain of rapamycin on the formation of FKBP12-ligand complexes

Ligand® SASA (A2)b RMS dev. LIE (kcal/mol)
Rapamycin 645 42 =72
RPI 612 33 -6.5
RP2 616 32 -7
RP3 621 30 7.4
RP4 595 38 -6.5
RP6 571 44 —5.6
RP7 630 45 —4.6
RPS 694 43 -43

2The ligands are shown in Chart 3.
"The average solvent accessible surface area (SASA) is given along
with its standard deviation for each dynamics run.

RP3 is nearly identical to the free energy of binding cal-
culated for rapamycin, but the free energies of binding
start getting less favorable as the effector domain is
truncated further. The results of this study, therefore,
indicate that up to three ketide units can be removed
from the effector domain of rapamycin without adversely
affecting the ability of the drug to bind to FKBP12.
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Figure 6. The mobilities of the binding domains of rapamycin and
RP8 bound to FKBP12. The mobilities are measured as RMS devia-
tions from the average structures of the ligands during the simulations.
The atom numbers are those of rapamycin, shown in Chart 2.

-45 |-

-55

LIE free energy of binding (kcal/mol)

<75

8 | L L L L L L I 1
Rapamycin RP1 RP2 RP3 RP4 RP8 RP7 RP8

Ligand

Figure 7. The free energies of binding of rapamycin and the modified
ligands RP1-RP8 with FKBP12 using the method of linear interaction
energies. The scaling factors used are those of Aqvist et al., shown in

eq (1).
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Ternary ligand—FKBP12 complexes

The interactions of rapamycin and the modified ligands
RP1, RP2, and RP3 bound in ternary complexes with
the proteins FKBP12 and FRAP were evaluated using
the same methods as were used for the binary FKBP12—
ligand complexes. The way that the modified ligands
interact with FRAP was likely to be significantly differ-
ent from the interactions between rapamycin and FRAP.
The formation of cavities between the ligand and protein
were, therefore, used as a qualitative measure of the
effect that the changes in ligand structure had on the
FRAP binding. The LIE free energies of binding were
also calculated. The LIE interaction energies might dif-
fer significantly from the experimental free energies of
binding due to the long equilibration periods required
to fully accommodate the nesting of the novel ligand in
the binding site of FRAP, which are outside the scope
of this project.

As ketide units were removed from the effector domain
of rapamycin, increased cavities were formed between
the ligand and proteins. In the case of the smaller
ligands, RP2 and RP3, water molecules from the simu-
lation environment found their way into these cavities
as the simulation progressed, indicating the loss of
favorable interactions between FRAP and the modified
effector domain of the ligands (Table 2). The same trend
is reflected in the LIE free energies of binding, which

Table 2. The effects of sequentially deleting ketides from the effector
domain of rapamycin on the formation of FKBP12-ligand-FRAP
complexes

Ligand® Gap (A3 RMS dev. LIE (kcal/mol)
Rapamycin 904 147 —10.7
RPI 997 144 -7.1
RP2 1027 127 -58
RP3 1098 108 -58

4The ligands are shown in Chart 3.
"The average gap volume between the ligand and proteins is given
along with its standard deviation for each dynamics run.

LIE free energy of binding (kcal/mol)

11 1 1 1 1 I
Rapamycin RP1 RP2 RP3

Ligand

Figure 8. The energies of binding of rapamycin and the modified
ligands RP1, RP2 and RP3 with the proteins FKBP12 and FRAP
using the method of linear interaction energies, eq (1).

grow steeply less favorable as the first double bonded
ketide unit is removed and are identical for the modified
ligands RP2 and RP3.

Conclusion

The binding energies of rapamycin and the modified
ligands RP1 through RP8 are summarized in Figure 7.
These results indicate that several deletions can be per-
formed from the effector domain of rapamycin without
adversely affecting the ability of the ligands to bind to
FKBPI12. Indeed, the binding free energies calculated
using the LIE method are predicted to become more
favorable when one or more of the adjacent double
bonded ketide units in the rapamycin binding domain
are deleted. This indicates that the role of the adjacent
double bonds in binding to FRAP might be important
enough for nature to accept the unfavorable effect this
part of the ligand has on the binding to FKBP12. The
affinities of the modified ligands for binding to FKBP12
are predicted to drop off sharply when the deletions from
the effector domain are numerous enough to bring sub-
stituents on the effector domain close to the surface of
the protein (ligands RP6 and higher). The drop in
binding affinities becomes even sharper when the dele-
tions become severe, as is seen for the ligands RP7 and
RPS.

The binding energies for the rapamycin and the mod-
ified ligands RPI, RP2, and RP3 in the ternary
FKBPI12-ligand-FRAP complexes are summarized in
Figure 8. As can be seen from these results, the predic-
tion of the MD simulations is that the favorable inter-
actions between rapamycin and FRAP are severely
affected by the removal of one of the adjacent double
bonded ketide units in the effector domain of rapamy-
cin. The interactions between the ligand and FRAP are
nearly eliminated with the removal of the second of the
adjacent double bonds. An examination of Figure 4
shows that the effector domains of the smaller ligands
(notably RP6 through RP8) barely protrude from the
protein surface, such that these ligands would not be
able to associate with FRAP.

The best ligands found in the current study, RP2 and
RP3, show that the ease of formation of the ternary
FKBPI12-rapamycin—-FRAP complex can be selectively
varied through modifications to the effector domain of
rapamycin. It is also clear that the modifications per-
formed to achieve these changes can be kept within the
range of changes accessible by modifications to polyketide
synthases.

Acknowledgements

This project was funded by the Christopher Reeve Paraly-
sis Foundation grant No. BA1-9904-2. Contributions
from Kosan Biosciences, Inc. were of great assistance in
the maintenance of our computational facilities. The
authors thank Dr. Dan Santi and Dr. Gary Ashley for
helpful ideas and discussions. The authors are grateful



624 H. Adalsteinsson, T. C. Bruice | Bioorg. Med. Chem. 8 (2000) 617—624

for access to UCSB’s Origin2000 system, which is par-
tially supported by grants from the National Science
Foundation (CDA96-01954) and Silicon Graphics, Inc.

References and Notes

1. Schreiber, S. L. Science 1991, 251, 283.

2. Dumont, F. J.; Staruch, M. J.; Koprak, S. L.; Siekierka, J.
J.; Lin, C. S.; Harrison, R.; Sewell, Y.; Kindt, V. M.; Bettie, T.
R.; Wyvratt, M.; Sigal, N. H. J. Exp. Med. 1992, 176, 751.

3. Bierer, B. E.; Somers, P. K.; Wandless, T. J.; Burakoff, S. J.;
Schreiber, S. L. Science 1990, 250, 556.

4. Albers, M. W.; Walsh, C. T.; Schreiber, S. L. J. Org. Chem.
1990, 55, 4984.

5. Ikeda, Y.; Schultz, L. W.; Clardy, J.; Schreiber, S. L. J. Am.
Chem. Soc. 1994, 116, 4143.

6. Odagaki, Y.; Clardy, J. J. Am. Chem. Soc. 1997, 119, 10253.
7. Babine, R. E.; Bender, S. L. Chem. Rev. 1997, 97, 1359.

8. Lyons, W. E.; George, E. B.; Dawson, T. M.; Steiner, J. P.;
Snyder, S. H. Proc. Natl. Acad. Sci. USA 1994, 91, 3191.

9. Hamilton, G. S.; Huang, W.; Connolly, M. A.; Ross, D. T.;
Guo, H.; Valentine, H. L.; Suzdak, P. D.; Steiner, J. P. Bioorg.
Med. Chem. Lett. 1997, 7, 1785.

10. Steiner, J. P.; Hamilton, G. S.; Ross, D. T.; Valentine, H.
L.; Guo, H.; Connolly, M. A.; Liang, S.; Ramsey, C.; Li, J.-H.
J.; Huang, W.; Howorth, P.; Soni, R.; Fuller, M.; Sauer, H.;
Nowotnik, A. C.; Suzdak, P. D. Proc. Natl. Acad. Sci. USA
1997, 94, 2019.

11. Steiner, J. P.; Connolly, M. A.; Valentine, H. I.; Hamilton,
G. S. Nature Medicine 1997, 3, 421.

12. Hamilton, G. S.; Steiner, J. P. J. Med. Chem. 1998, 41, 5119.
13. Gold, B. G.; Densmore, V.; Shou, W.; Matzuk, M. M_;
Gordon, H. S. J. Pharm. Exp. Ther. 1999, 289, 1202.

14. Craescu, C. T.; Rouviere, N.; Popescu, A.; Cerpolini, E.;
Lebeau, M. C.; Baulieu, E. E.; Mispelter, J. Biochemistry 1996,
35, 11045.

15. Fu, H.; Khosla, C. Mol. Diversity 1996, 1, 121.

16. Jacobsen, J. R.; Hutchinson, R.; Cane, D. E.; Khosla, C.
Science 1997, 277, 367.

17. Tsoi, C. J.; Khosla, C. Chem. Biol. 1995, 2, 355.

18. Khosla, C. Chem. Rev. 1997, 97, 2577.

19. Scwecke, T.; Aparicio, J. F.; Molnar, I.; Konig, A.; Khaw,
L. E.; Haydock, S. F.; Oliynyk, M.; Caffrey, P.; Cortés, J.;
Lester, J. B.; Bohm, G. A.; Staunton, J.; Ledlay, P. F. Proc.
Natl. Acad. Sci. USA 1995, 92, 7839.

20. Van Duyne, G. D.; Standaert, R. F.; Schreiber, S. L.;
Clardy, J. J. Am. Chem. Soc. 1991, 113, 7433.

21. Choi, J.; Chen, J.; Schreiber, S. L.; Clardy, J. Science 1996,
273, 239.

22. Case, D. A.; Perlman, D. A.; Caldwell, J. W.; Cheetham,
T. E.; III; Ross, W. S.; Simmerling, C. I.; Darden, T. A;
Mertz, K. M.; Stanton, R. V.; Cheng, A. L.; Vincent, J. J.;
Crowley, M.; Ferguson, D. M.; Radmer, R. J.; Seiberl, G. L.;
Singh, U. C.; Weiner, P. K.; Kollman, P. A. Amber. 5th ed.;
University of California: San Fransisco, 1997.

23. Ampac; 6.0 ed.; Semichem: 7128 Summit, Shawnee, KS
66126, 1997.

24. Hermone, A.; Kuczera, K. Biochemistry 1998, 37, 2843.
25. Aqyist, J.; Hansson, T. J. Phys. Chem. 1996, 100, 9512.
26. Marelius, J.; Hansson, T.; Aqvist, J. Int. J. Quantum Chem.
1998, 69, 77.

27. McCammon, J. A.; Harvey, S. C. Dynamics of Proteins and
Nucleic Acids; Cambridge University Press: Cambridge, 1987.
28. Hubbard, S. J.; Thornton, J. M. NACCESS 1993,
Department of Biochemistry and Molecular Biology, Uni-
versity College London.

29. Lakowski, R. A. J. Mol. Graph. 1995, 13.



