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Summary

Hsp90 is an attractive chemotherapeutic target be-
cause it chaperones the folding of proteins found in
multiple signal transduction pathways. We describe
the 1.75 A resolution crystal structure of human
Hsp90a (residues 9-236) complexed with 17-desmeth-
oxy-17-N,N-dimethylaminoethylamino-geldanamycin
(17-DMAG). The structure revealed an altered set of
interactions between the 17-substituent and the pro-
tein compared to geldanamycin and the 17-dimeth-
ylaminoethyl moiety pointing into solvent, but other-
wise was similar to that reported for the complex with
geldanamycin. Targeted molecular dynamics simula-
tions and energetic analysis indicate that geldana-
mycin undergoes two major conformational changes
when it binds Hsp90, with the key step of the conver-
sion being the trans to cis conformational change of
the macrocycle amide bond. We speculate that 17-
DMAG analogs constrained to a cis-amide in the
ground state could provide a significant increase in
affinity for Hsp90.

Introduction

Hsp90 is an essential protein that chaperones multiple
growth-regulatory signaling proteins, including protein
kinases [1] and transcription factors [2, 3]. Geldana-
mycin (Figure 1A), a benzoquinone ansamycin antibiotic,
binds to the N-terminal domain ATP binding site of
Hsp90 [4, 5], inhibiting the chaperone activity of the
protein. This leads to disruption of the Hsp90 client
protein complexes and subsequent ubiquitination and
degradation by the proteosome of the client proteins.
Because the Hsp90 client proteins are so important in
signal transduction and transcription, geldanamycin and
its analogs have the potential of serving as chemothera-
peutic agents in a number of diseases.

Although geldanamycin displays high potency in cyto-
toxicity assays, it showed significant hepatotoxicity in
preclinical trials [6]. Likely, this can be attributed to the
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quinone moiety and/or the high reactivity of the 17-C-
methoxy group toward nucleophiles. Analogs with 17-
alkylamino groups in place of the 17-methoxy moiety
have excellent activity in cell-based cytotoxicity assays
[7, 8], are less reactive toward nucleophiles, and show
reduced hepatotoxicity (vida infra). One of these com-
pounds, 17-allylamino-17-demethoxygeldanamycin (17-
AAG; NSC 330507), demonstrated antitumor activity in
vivo and was brought into Phase | clinical trials. How-
ever, 17-AAG’s relative water insolubility makes it diffi-
cult to formulate, and early reports indicate some degree
of hepatotoxicity that might be averted by more potent
analogs. Preclinical evaluation of 17-desmethoxy-17-
N,N-dimethylaminoethylamino-geldanamycin (17-DMAG;
NSC 707545) showed that it is more potent and water
soluble than 17-AAG, is active against in mouse-human
xenografts, and has excellent oral bioavailability [9].

Here we report the three-dimensional structure of the
N-terminal domain of human Hsp90a complexed with
17-DMAG determined by X-ray crystallography and re-
fined to 1.75 A resolution. We also report a targeted
molecular dynamics study and an energy analysis of the
conformational changes that convert the free into the
bound conformation of geldanamycin. Taken together,
the results presented here provide a structural template
for further development of drugs based on the geldana-
mycin scaffold.

Results and Discussion

Overall Protein Structure
The 1.75 A resolution crystal structure of 17-DMAG com-
plexed to the N-terminal domain of human Hsp90a was
determined using molecular replacement (Table 1). Al-
though the crystallization conditions of the 17-DMAG
complex (MPD/pH 4.5) were different from those of the
previously published geldanamycin complex (PEG/pH
8.5) [4], crystals of the 17-DMAG complex grew in the
same space group (P2,) with unit cell dimensions (a =
47.7 A;b = 41.7 A;c = 56.0 A; p = 102.8°) similar to those
of the geldanamycin complex structure (a = 53.7 A; b =
44.3 A;c = 54.6 A; B = 116.1°). The final model comprises
residues 9-223, 277 waters, 1 molecule of 17-DMAG, 2
MPD molecules, and 2 acetate molecules. All residues
lie within the allowed regions of the Ramachandran plot.
There is a single amino acid difference between this
structure and the previously published human Hsp90
structure [4]. The 17-DMAGe®Hsp90 structure shows a
serine at position 63 rather than the threonine reported
in the geldanamycineHsp90 complex. The presence of
Ser63 in our Hsp90 was confirmed by DNA sequencing,
and is likewise present in the authentic full-length Hsp90
clone reported by Hickey et al. [10]. We presume that
the serine and threonine variants in the structural models
reflect the origin of the respective clones.

In the complex with 17-DMAG, the overall structure
of the N-terminal domain of human Hsp90a adopts the
“open” ATP binding site conformation that allows ligand
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Figure 1. Geldanamycin and Analogs

(A) Structures of geldanamycin (R = CH;0-) and 17-substituted
analogs (17-AAG, R = CH,=CHCH;NH- and 17-DMAG, R =
(CH;),NCH,CH,NH-).

(B) Conformations of geldanamycin in the free (left) and the Hsp90-
bound (right) forms.

binding [4] (Figure 2). The 17-DMAG complex structure
is similar to the geldanamycin complex structure [4] with
a root-mean square deviation (RMSD) of the C-atoms
of 0.77 A. The largest local coordinate shifts of 2-4 A
between the protein backbones of the two structures
occur between residues 34-37, 115-128, and 156-157.
Different loop conformations account for changes in the
positions of residues 34-37 and 156-157. With residues
115-128, the changes result from different crystal con-
tacts between the two structures.
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Figure 2. Structure of the Hsp90e17-DMAG Complex

Ribbon representation of the N-terminal domain of human Hsp90a
(a helices, gold; B strands, blue) showing the location of 17-DMAG
(green ball-and-stick model). The N and C termini residues are indi-
cated.

17-DMAG Binding in the Active Site
Clear electron density in the ATP binding cleft of Hsp90
indicated unambiguously the location and orientation of
17-DMAG (Figure 3A). The site where 17-DMAG binds
is centered between three o helices («2, a4, and a7) on
the face of the core antiparallel g sheet structure (Figure
2). As expected, the interactions between the residues
of the binding site and the ansa ring of 17-DMAG are
similar to those observed with geldanamycin [4]. Like-
wise, the network of water molecules observed at the
bottom of the binding site in the geldanamycin complex
is conserved in the 17-DMAG structure.

Embedded in the ATP/geldanamycin site, the ansa
ring of 17-DMAG adopts a C-like conformation with the

Table 1. Data Collection and Refinement Statistics

Space group

Cell dimensions

Resolution

Reflections (total/unique)

Completeness (highest shell)

<l/o> (highest shell)

Rym* (highest shell)

Reyst/ Rieo’

Rms. deviation bond lengths

Rms. deviation bond angles

Average B factor, main chain/side chain
Average B factor, water

Average B factor, 17-DMAG/MPD/acetate

P2,

a=477A;b=417A;c =56.0A; p = 102.8°
10-1.75 A

97,350/21,560

99.2% (97.9%)

5.3 (2.2)

6.5% (31.7%)

18.4%/21.9%

0.005 A

1.3°

14.9 A2/18.8 A?
32.4 A2
13.5 A%/46.1 A%/53.9 A?

2Rgym = 2l — <Iy>|/3l,, where <I,> is the average intensity over symmetry equivalent reflections.
°Reyst = 2|F, — Fl/2F,, where summation is over the data used for refinement.
°Rye is defined the same as R, but was calculated using 5% of data excluded from refinement.
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carbamate group at the bottom back of the site and the
benzoquinone ring at the solvent-exposed top of the
pocket (Figure 3B). Multiple protein-ligand interactions
(Figure 4) lock the macrocyle of 17-DMAG in a conforma-
tion similar to that of geldanamycin. The C7-carbamate
group and a water molecule form a hydrogen bond net-
work with the side chains of Asp93 and Thr184 and the
backbone nitrogens of Gly95 and Gly97. Extensive van
der Waals contacts between the ansa ring of 17-DMAG
and binding pocket residues are supplemented by addi-
tional hydrogen bonds with other substituents of the
macrocycle. The amide of the ansa ring interacts with
the backbone nitrogen of Phe138 and a water molecule
on the surface of the binding site. The methoxy groups

Figure 3. Binding of 17-DMAG

(A) Stereoview of the composite omit, cross-
validated, sigma-A weighted map electron
density (contoured at 1.2 o) of 17-DMAG.
(B) Stereoview of residues in the binding cleft.
17-DMAG (green) and waters (red spheres)
are also shown. Hydrogen bond interactions
are indicated by dotted lines (rose).

at positions 6 and 12 form hydrogen bonds with the
amide nitrogen of Asn106 and a water molecule buried
at the back of the site, respectively. Likewise, the amine
of Lys58 interacts with the C11-hydroxyl group. Finally,
the C18-ketone hydrogen bonds with the amine of
Lys112 and the C21-ketone contacts a water molecule
that in turn interacts with the amide oxygen of Asn51.
Positioned at the top of the ATP/geldanamycin bind-
ing site, the 17-dimethylaminoethylamino substituent of
17-DMAG points into solvent. The electron density is
weaker for the dimethylaminoethyl group (Figure 3A)
and the B-factors are higher for the atoms of this side
chain (average of 30.3 /3\2) compared to those of the ansa
ring (average of 10.8 A2) also reflecting this moiety’s
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flexibility and its solvent exposure. Although the 17-
position side chain of 17-DMAG is longer than the C17-
methoxy group of geldanamycin, the dimethylaminoe-
thylamino moiety is oriented into solvent and does not
interfere with binding of the ligand to the target site. This
observation corroborates structure-activity relationship
studies demonstrating that small alkylamino groups,
either unfunctionalized or bearing hydroxyl or amino
moieties, are the best inhibitors in cell-based toxicity
assays [7, 8].

There is a rearrangement of protein-ligand interac-
tions in the binding site accompanying the substitution
of an alkylamino group at the 17-position of 17-DMAG
for the methoxy moiety of geldanamycin. In the geldana-
mycin complex, the side chain amine of Lys58 forms
hydrogen bonds with both the C11-hydroxyl group and
the C17-methoxy group of the macrocycle. With 17-
DMAG, the amine of Lys58 only hydrogen bonds with
the C11-hydroxyl group, as described above, and a hy-
drogen bond between the 17-NH group of the substitu-
ent and the carboxylate of Asp54 replaces the interac-
tion between the oxygen of the C17-methoxy group of
geldanamycin and Lys58. With the altered interactions
in the binding site, the position of the quinone ring shifts
0.5-0.8 A away from Lys58 and toward Asp54. The hy-
drogen bond between the 17-amino group of 17-DMAG
and Asp54 is the only protein-ligand interaction provided
by the dimethylaminoethylamino group, since the re-
mainder of the side chain is oriented away from the
binding site and into solvent. Based on the 17-DMAG
structure, we propose that the 17-alkylamino analogs,
including 17-AAG, bind with the 17-NH group, forming
a hydrogen bond with Asp54, with the remainder of the
side chain pointing into solvent.

Conformational Changes of Geldanamycin

from the Free to Bound Forms

As described above, the structure of the Hsp90-bound
macrocycle of 17-DMAG closely resembles that re-
ported for bound geldanamycin. It adopts a C-like con-
formation quite different than the structures of free gel-
danamycin [11] or 17-azetidinyl-geldanamycin [12]. In
the bound conformation, the benzoquinone ring folds
over the macrocycle into a highly compact structure
with aremarkable rearrangement of the polyketide back-
bone. Moreover, although obvious from the crystal
structures but to our knowledge not explicitly mentioned
in previous reports [4, 5], the trans-amide bond of the
free polyketide is bound to the protein as a cis-amide
bond (Figure 1B).

To gain insight into the conformational path taken to
convert free geldanamycin into the Hsp90-bound form,
targeted molecular dynamics (TMD) simulations were
employed. Although the time scale of transition in TMD
is arbitrary, the relative order of events in the conforma-
tional changes is determined by the intrinsic energy sur-
face of the system, and TMD has been highly successful
in modeling conformational changes [13-15]. Figure 5
shows superimpositions of averaged structures col-
lected during the time course of an 800 ps TMD simula-
tion, with the stationary points identified along the con-
version explicitly shown.

Starting from the free conformation, the 0-360 ps time
interval is characterized by the folding of the benzoqui-
none over the macrocycle. This folding is accompanied
by conformational changes at the C10-C15 and the
C2-C6 regions of the polyketide. The conformation gen-
erated (Intermediate 1 in Figure 5), which lasts between
330 ps and 500 ps, is still significantly open and the
amide bond is still trans. Remarkably, it is not possible
to dock this conformation into Hsp90 without severe
steric conflicts with active site residues. Conversion of
the amide bond to the cis form occurs at about 550 ps.
The 360-640 ps frame shows that when the amide bond
isomerizes to cis, the C11-C15 portion of geldanamycin
moves toward the diene moiety, leading to a highly
packed C-like structure with the C14-methyl and C2-
methyl groups bridging the two halves of the ansa ring
(Intermediate 2 in Figure 5). The last conformational
change seen at 670 ps involves an axial/equatorial swap
of the C11-hydroxyl and the C12-methoxyl groups. This
rearrangement moves the C11-hydroxyl group closer to
the 17-methoxyl group as seen in the 640-800 ps frame.
In the crystal structure of the Hsp90egeldanamycin com-
plex, Lys58 bridges these two groups.

Results from the energetic analysis of geldanamycinin
the free, bound, and the two intermediate conformations
found by TMD are shown in Table 2 for the MM-PBSA
and the molecular orbital AM1 methods. They both pre-
dict that the conformation that binds Hsp90 is less stable
than the free conformation: the MM-PBSA method by
2.2 kcal mol™' and the AM1 method by 6.4 kcal mol™
(free energy differences in water relative to the free con-
formation, AG,..). Intermediates 1 and 2 are 0.4 kcal
mol~" and 4.6 kcal mol~' (MM-PBSA) and 1.2 kcal mol™’
and 4.5 kcal mol~' (AM1) less stable than the free confor-
mation, respectively. Both methods suggest that the
stability of the bound conformation is favored by a higher
solvation free energy compared to the free conforma-
tion. However, they indicate that there is a significant
entropic penalty in the bound conformation. Indeed,
while the free and Intermediate 1 conformations are
significantly open and coherently have larger entropy
values (the AS is even positive for Intermediate 1), Inter-
mediate 2 and the bound conformations are highly
packed and have lower entropy values. The decrease
in entropy when going from the free to the bound form
is —3.4 cal mol™' K' (MM-PBSA) and —5.46 cal mol™’
K~ (AM1).

Implications for Inhibitor Design

Several results obtained in this study may be of rele-
vance in future design of inhibitors of the ATPase site
of human Hsp90. First, the structures of the ansa ring of
17-DMAG and geldanamycin are nearly identical when
bound to Hsp90. Thus, one can be secure in using either
structure for conventional structure-based design ap-
proaches toward enhancement of 17-methoxy or 17-alkyl-
amino analogs. Second, the alkyl moiety of 17-alkylam-
ino-geldanamycins points toward solvent and appears
to be flexible. The speculation that a wide variety of 17-
alkyl substitutions should be tolerated by Hsp90 without
impact is borne out by structure activity relationship
studies at this position [7, 8]. Finally, modeling studies
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Figure 5. Molecular Dynamics of the Conformational Change of Geldanamycin

Superimposition of averaged structures collected during the 800 ps TMD simulation that converts the free into the bound form of geldanamycin.
In the superimpositions, the initial structures are colored in yellow, and the final structures are colored in cyan. The intermediate conformations

are explicitly shown. For clarity, only the polar hydrogens are shown.

suggest that geldanamycin undergoes two major con-
formational changes during the free to bound conver-
sion. The folding of the benzoquinone ring precedes the
amide bond conversion, and two intermediate confor-
mations could be detected. Notably, the folding of the
quinone by itself is not sufficient to generate a conforma-
tion likely to bind Hsp90, while the trans-to-cis conver-
sion appears to be the more relevant step. Experimental

evidence for a large conformational change induced
upon binding comes from isothermal titration calorime-
try experiments, which show that binding of geldana-
mycin to Hsp90 suffers a high entropic penalty, while
binding of radicicol (which binds without conformational
changes) has a favorable entropic contribution [5]. The
AS values of —3.4 cal mol~' K~' (MM-PBSA) and —5.46
cal mol~' K~' (AM1) calculated here compare well with

Table 2. Energetic Analysis of the Free, Bound, and Intermediate Conformations of Geldanamycin Found by TMD

He sv Giacuo® AGio Giater AH?  AS?  AGuecw”  AGuae
MM-PBSA
Free 52.8 = 489 2494 +14 -21.6+48 -438+*18 65448 0 0 0 0
Intermediate 1 57.3 4.8  251.5+13 —17.7+49  -473x15 -650+49 45 21 39 0.4
Intermediate 2 61.6 4.9 2467 +09 -11.9+49  -489+16 -608+48 88 -27 97 46
Bound 575+ 54  2460+17 -158=54 -474+16  —-632x54 47 -34 58 2.2
AM1
Free —-173893.6  268.75 -173973.7 -17.3 -173991.0 0 0 0 0
Intermediate 1~ —173892.0  269.19 -173972.3 -17.5 —173989.8 1.6 044 14 1.2
Intermediate 2  —173887.7  264.05 —173966.4 -20.1 —173986.5 59  -470 7.3 4.5
Bound -173887.1  263.29 —173965.6 -19.0 —173984.6 65  —546 8.1 6.4

@ Enthalpy (kcal mol~") at 298.15 K.

® Entropy (cal mol~' K™') at 298.15 K.

©Free energy (kcal mol~") according to G = H-TS

@Free energy of solvation (kcal mol~")

©Free energy in water (kcal mol~") calculated as G,.cso + AGeon

" Energy and entropy differences relative to the most stable conformer (kcal mol™)

@ Averaged values and standard deviations of the 400 ps trajectory.
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the measured value of —6.4 calmol~' K" (—26.8 J mol !
K~'[5]). We speculate that if a geldanamycin analog had
a constrained cis-amide bond in the ground state, the
remainder of the molecule would adopt the C-like con-
formation and bind to the open form of Hsp90 without
the large energy loss required for a conformational
change induced by the protein. If all the energy were
conserved by a conformationally restricted analog, one
might expectincreases in affinity of >1,000-fold. Studies
to construct such conformationally constrained analogs
are in progress.

Significance

Hsp90 is an essential protein that chaperones the fold-
ing of multiple growth-regulatory signaling proteins.
In general, disruption of the Hsp90-client protein com-
plexes leads to ubiquitinylation of the client proteins
and subsequent degradation by the proteosome. Be-
cause the client proteins are so important in signal
transduction and transcription, geldanamycin and its
analogs have the potential of serving as chemothera-
peutic agents in a number of diseases. Use of geldana-
mycin and 17-allylamino-17-demethoxygeldanamycin
(17-AAG) as Hsp90 inhibitors has encountered various
problems, including hepatotoxicity and formulation
difficulties, thus requiring continued development of
new compounds. Preclinical evaluation of 17-des-
methoxy-17-N,N-dimethylaminoethylamino-geldana-
mycin (17-DMAG) shows that it is active against breast
cancer, lung cancer, and melanoma xenografts; orally
active; and has excellent bioavailability. Determination
of the crystal structure of the N-terminal domain of
human Hsp90« complexed with 17-DMAG reveals the
detailed interactions of this compound with the ATP
binding site. Furthermore, targeted molecular dynam-
ics simulations of the conformational changes that
convert the macrocyclic ring from the free into the
bound conformation suggest that a geldanamycin an-
alog with a constrained cis-amide bond in the ground
state would bind without the large energy and entropy
loss required for the conformational change induced
by the protein, resulting in a significant increase in
affinity. Taken together, these results provide a struc-
tural template for the development of such conforma-
tionally constrained Hsp90 inhibitors.

Experimental Procedures

Materials

The pET-28a expression vector was from Novagen. The Ni?"-nitrilo-
triacetic acid (NTA) agarose was purchased from Qiagen. Benzami-
dine-Sepharose and the HiLoad 16/60 Superdex-75 FPLC column
were from Amersham Biosciences. Thrombin, kanamycin, and iso-
propyl-1-thio-B-D-galactopyranoside (IPTG) were obtained from
Sigma. Amicon centrifugal filter units were purchased from Millipore.

Cloning, Expression, and Purification

The 0.7 kb DNA fragment corresponding to the N-terminal fragment
of human Hsp90a [10] (residues 9-236) was excised from pKOS200-
236 (A. Schirmer, unpublished data) by restriction digest with Ndel
and Xhol and sub-cloned into pET-28a at the same sites. The re-
sulting construct (pKOS227-126) adds an N-terminal hexahistidine
tag, a thrombin cleavage site, and a methionine residue before resi-
due 9 of human hsp90a. Transformed E. coli BL21(DE3) were grown

at 37°C in 1 | of LB media containing 50 pg mL~" kanamycin until
Asoonm = 0.8-1.0. After induction with 1 mM IPTG, cultures were grown
at 30°C for 4-6 hr. Cells were pelleted by centrifugation (10,000 g;
10 min.) and resuspended in 50 ml lysis buffer (50 mM Tris-HCI [pH
8.0], 500 mM NaCl, 20 mM imidazole [pH 8.0], 10% [v/v] glycerol,
and 1% [v/v] Tween-20). Following sonication, cell debris was re-
moved by centrifugation (50,000 g; 1 hr) and the supernatant (~500
mg protein) loaded by gravity on a 3 ml Ni?*-NTA agarose column.
After washing with 10 column volumes of lysis buffer and 10 column
volumes of wash buffer (lysis buffer minus Tween-20), the bound
protein was eluted in 50 mM Tris-HCI (pH 8.0), 500 mM NacCl, 250
mM imidazole (pH 8.0), and 10% (v/v) glycerol. Thrombin (~20 pg;
weight equal to 1/2000 of eluted protein) was added to the Hisg-
tagged protein (~40 mg) and dialyzed overnight at 4°C against wash
buffer. Dialyzed protein was passed over a 1 ml Ni2*-NTA/benzami-
dine-Sepharose column (1:1 v/v) equilibrated with 20 column vol-
umes of wash buffer. Gel filtration on a Superdex-75 FPLC column
equilibrated with 25 mM Hepes (pH 7.5) and 100 mM NacCl using
isocratic conditions for 1.5 column volumes (4 ml fraction size) was
the final purification step. The peak fractions (12 mL) were pooled
with typical final yields of 30-35 mg of homogenous protein, as
determined by SDS-PAGE. Protein was then concentrated using
Amicon centrifugal filter units to 35 mg mL~" and stored at —80°C.

Crystallography

For cocrystallization with 17-DMAG, 250 p.l of purified protein (0.341
pmol) was mixed with 2 ml of 2.1 mM 17-DMAG (6-fold molar excess)
in 26 mM Hepes (pH 7.5) and 100 mM NaCl, then concentrated to
24 mg mL™". Crystals grew in 3-5 days at 5°C from 2 pul hanging
drops of a 1:1 mixture of complexed protein and mother liquor
(5%-10% [v/v] 2, 4-methylpentane diol [MPD], 20 mM CacCl,, and
100 mM sodium acetate [pH 4.5]) using the vapor diffusion method.
Crystals were dark red/purple in color, suggesting that 17-DMAG
was bound in the active site. Prior to freezing in liquid nitrogen,
crystals were briefly washed with 35% MPD, 20 mM CacCl,, and 100
mM sodium acetate (pH 4.5). Diffraction data were collected at 105
K from a single crystal on beamline 7-1 of the Stanford Synchrotron
Radiation Laboratory (\ = 1.08 A) using a MAR345 image plate
(Table 1). Data were indexed and scaled using MOSFLM [16] and
SCALA [17]. The structure was solved by molecular replacement
with CNS [18] using the open active site form apoenzyme model
of the N-terminal fragment of human Hsp90« (Ref. 4; PDB1YES).
Crossrotation and translation searches yielded a single solution (6, =
268.95°, 6, = 30.08° 6, = 82.65°, x = 2.56, y = 10.53, z = 27.35)
with monitor and packing values of 0.620 and 0.649, respectively,
consistent with the presence of a single monomer in the asymmetric
unit. After rigid-body refinement using CNS (R.,+=42.4%;
Ri..=42.6%), difference electron density indicated the presence of
17-DMAG in the binding site. Following an initial round of simulated
annealing, positional and B-factor refinement (R.y=30.0%;
Riee=32.3%,), 17-DMAG was added to the model. CNS parameter
and topology files for 17-DMAG were generated using the HIC-
Up Server (http://xray.bmc.uu.se/hicup/menu.html). In subsequent
iterative rounds of manual rebuilding in O [19] and refinement in
CNS, waters were gradually added using CNS with the R-factors
converging to those reported in Table 1. All figures were generated
using MOLSCRIPT [20] or BOBSCRIPT (http://www.strubi.ox.ac.uk/
bobscript) and were rendered with POV-Ray (http://www.povray.
org). The coordinates and structure factors for the structure reported
in this paper have been deposited in the Protein Data Bank
(PDB10OSF).

Molecular Modeling

Molecular dynamics (MD) simulations were performed with the
sander module of AMBER? [21], using the Cornell et al. force field
[22] on an IBM-SP3 computer at the Centro Interdipartimentale di
Calcolo Elettronico of the University of Modena. Silicon Graphics
02 workstations running MIDAS [23] were used for graphical display.
The atomic charges of geldanamycin were obtained from an electro-
static potential (ESP) fit to the 6-31G* ab initio wave function, using
GAUSSIAN98, followed by standard RESP [24] fit. Force-field pa-
rameters consistent with the Cornell et al. parameterization were
assigned and, in a few cases, derived from conformational analysis
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performed with AM1. To assure that the resulting conformations
were in agreement with the crystal structures, the free and bound
forms of geldanamycin were energy minimized. The standard gener-
alized Born/surface area (GB/SA) [25, 26] implicit model for aqueous
solvation, with the solvent dielectric set to 80, was used for all
simulations. The free conformation of geldanamycin was first mini-
mized with 3,000 steps of conjugate-gradient energy minimization,
followed by 200 ps of MD equilibration at 300 K. SHAKE [27] was
not used, and a time step of 1 fs was adopted. After equilibration,
targeted molecular dynamics (TMD) [28] was used to convert the
free (initial structure) into the bound (reference structure) conforma-
tion. In TMD, the standard molecular mechanics force-field is sup-
plemented by an additional term based on the mass-weighted root-
mean-square deviation (RMSD) of a set of atoms compared to a
reference structure. The conformational transition was performed
with an 800 ps TMD simulation employing a 1 kcal mol~' force
constant to achieve conversion. A longer simulation did not give
qualitatively different results. The RMSD of the initial structure was
decreased gradually during the simulation, using the weight change
option of sander. Coordinates were collected every 0.1 ps and aver-
aged every 10 ps for visual inspection. The energy analysis of gelda-
namycin in the free, bound, and the two intermediate conformations
found by TMD was performed using either the MM-PBSA approach
[29] or the AM1 Hamiltonian in the AMSOL [30] package. For MM-
PBSA, the free, bound, and intermediate conformations were heated
to 300 K in 100 ps and equilibrated for 400 ps without constraints
and using the conditions described above, with coordinates col-
lected every 0.1 ps. The averaged structures were in all similar to
the structures found by TMD, suggesting that the free, bound, and
intermediate conformations seen during the conformational path
correspond to true stationary points. The gas-phase energies were
calculated for each 0.1 ps snapshot using the same molecular mechan-
ics potential that was used to perform the simulation. The polar contri-
bution to the solvation free energy was calculated using DELPHI [31]
with the grid spacing set to 0.5 A and the dielectric constants inside
and outside the molecule set to 1.0 and 80.0, respectively. The
nonpolar contribution to the solvation free energy was calculated
with the Molsurf [32] program as implemented in AMBER?, using
values of vy and b of 0.00542 kcal mol™" A? and 0.92 kcal mol™,
respectively, and a probe radius of 1.4 A. The entropy of geldana-
mycin was calculated using normal mode analysis. To this end,
each snapshot was minimized with a distance-dependent dielectric
constant (e = 4r) to include solvent screening effect, until the root-
mean-square of the gradient vector was less than 1.0-10°° kcal
mol~" A=, Then, entropy was estimated with the nmode module of
AMBER?.

The energetic analysis with the molecular orbital method AM1 in
AMSOL [30] was performed with complete geometry optimization
and increased convergence criteria. Force constants and vibrational
frequencies were calculated on the optimized geometries, and the
thermodynamic quantities internal energy, enthalpy, entropy, and
free energy were calculated for translation, rotation, and vibrational
degrees of freedom at 298.15 K. Enthalpy was determined as the
sum of the internal energy plus the zero-point energy correction
and the enthalpy required to reach 298.15 K. Free energy G was
determined as H-TS, with T = 298.15 K. The solvation free energy
was determined using the SM2 [33] model of solvation.
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