labeled FKBP and the '*N-labeled FKBP-
FK506 complex suggests that significant
changes occur in these loop regions follow-
ing drug binding. Thus, the distinct inhibi-
tory effects that result from FK506 and
rapamycin binding (8) may involve their
influence on the geometry of these loops.

We have recently provided evidence sug-
gesting that the mechanism of rotamase
catalysis is due to noncovalent stabilization
of a twisted amide in the transition state of
the reaction (23, 24), rather than formation
of a covalent tetrahedral intermediate. A
similar mechanism has been proposed for
the rotamase cyclophilin (25, 26). All Lys,
Ser, and Thr side chains in FKBP are direct-
ed away from the active site, and the Co of
Cys?2 is 11 A from that of Trp®® toward the
narrow end of the molecule. The pipecolinyl
ring of FK506, which contacts Trp®?, prob-
ably mimics the proline ring of a natural
peptide substrate that is subject to rotamase
catalysis. Thus, the aforementioned residues
are too far from the active site to add to the
peptidyl-prolyl amide carbonyl and facili-
tate rotation about the C-N bond. Site-
directed mutagenesis is being used to deter-
mine the role of the tyrosines and other key
residues found in the active site (Fig. 2D).

Several higher molecular weight FK506-
and rapamycin-binding proteins have re-
cently been reported (27). The immunophil-
ins of molecular weight 13,000 and 27,000
contain FKBP-like domains of ~110 amino
acids that share high sequence identity to
FKBP (28). Aromatic residues that corre-
spond to Trp®®, Tyr®2, and Phe®®, which
line the drug-binding pocket, are conserved in
these proteins and in all FKBPs identified from
different organisms to date (8), suggesting that
the ligand-binding pocket is similar in all FK-
BPs. Thus, the present structure of human
FKBP may be relevant to understanding not
only its own enzymatic and drug-binding
properties, but those of all members of this
emerging family of proteins.

Note added in proof: A report has appeared
noting the identity of FKBP to inhibitor-2 of
protein kinase C (PKCI-2) (29); however, we
find that FKBP does not inhibit the kinase
activity of isolated protein kinase C or protein
kinase C-mediated events in cells (32).
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Atomic Structure of FKBP-FK506, an
Immunophilin-Immunosuppressant Complex

GREGORY D. VAN DUYNE, ROBERT F. STANDAERT,
P. ANDREW KARPLUS, STUART L. SCHREIBER,* JON CLARDY*

The structure of the human FK506 binding protein (FKBP), complexed with the immu-
nosuppressant FK506, has been determined to 1.7 angstroms resolution by x-ray crystal-
lography. The conformation of the protein changes little upon complexation, but the
conformation of FK506 is markedly different in the bound and unbound forms. The drug’s
association with the protein involves five hydrogen bonds, a hydrophobic binding pocket
lined with conserved aromatic residues, and an unusual carbonyl binding pocket. The nature
of this complex has implications for the mechanism of rotamase catalysis and for the

biological actions of FK506 and rapamycin.

N AN ACCOMPANYING REPORT (1), THE Overhauser effect (NOE)-restrained molecular
function of FKBP (2, 3) was discussed, dynamics, was described. After this structure
and its structure, determined by nuclear had been determined, experiments were under-
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taken to examine the nature of FKBP-ligand
interactions. In this report, we present the
atomic structure of the complex formed by
human FKBP and FK506 based on a single-
crystal x-ray diffraction study to 1.7 A resolu-
tion. The protein component (Fig. 1) is a
five-stranded antiparallel B sheet wrapping with
a right-handed twist around a short a helix.
The five-stranded antiparallel B-sheet frame-
work includes residues 2 to 8, 21 to 30, 35 to
38 with 46 to 49, 71 to 76, and 97 to 106 (4)
with topology +3, +1, =3, +1 (5). The a
helix is formed by residues 57 to 63. Thus, the
fold of the protein is identical to that indepen-
dently seen in the solution structure of uncom-
plexed FKBP (1).

FK506 binds in a shallow cavity between
the o helix and the B sheet, with roughly
430 A2 (50%) of the ligand surface being
buried at the protein-ligand interface and
the remainder, encompassing the region
around the allyl and the cyclohexyl groups,
being exposed to solvent. Loops composed
of residues 39 to 46, 50 to 56, and 82 to 95
flank the binding pocket, which is lined with
conserved, aromatic residues. The side
chains of Tyr?S, Phe*$, Phe®®, and Val®s-
Ile5® make up the sides of the pocket, while
the indole of Trp®®, in the a helix, is at the
end of the pocket and serves as a platform
for the pipecolinyl ring, the most deeply
buried part of FK506 (Fig. 2). Both the
location and the orientation of the pipecoli-
nyl ring are consistent with NOEs observed
between FK506 and Trp%°, Phe*S, and
Tyr?® (6). As might be expected, there are
no water molecules in the hydrophobic
binding pocket.

There are five hydrogen bonds between
FKBP and FK506: Ile*-NH to C-1 lactone
carbonyl, Glt®*-00 to C-24 hydroxyl, Gln®3-
CO to C-24 hydroxyl (through a water mole-
cule), Asp*’-CO3 to C-10 hemiketal hydroxyl,
and Tyr®2-OH to C-8 amide oxygen. The first
three, involving residues near the NH,,-termi-
nus of the helix, form an array reminiscent of
the antiparallel sheet interactions in many pep-
tide-protein (especially protease) complexes,
suggesting that the region of FK506 spanning
C-24 to C-1 through the lactone linkage may
mimic a dipeptide. As has been noted (7), the
adjacent pyranose-pipecolinyl region also re-
sembles a dipeptide, and thus FK506 may
prove to be an illustrative example of extended
peptidomimicry. The fifth hydrogen bond, in-
volving the C-8 amide, is the most conspicuous
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because it is nearly orthogonal to the carbonyl
plane and thus may be relevant to the mecha-
nism of rotamase activity.

Protein-protein hydrogen bonds help main-
tain the organization of the binding pocket,
particularly in restraining the flexible loops,
which assume well-defined conformations in
the complex. For instance, Asp®”-CO; forms
hydrogen bonds not only with the C-10
hemiketal hydroxyl of FK506, but also with
the Arg*? and Tyr®® side chains (8). Two
well-ordered water molecules bridge the loop
from Tyr®? to Al® by mediating hydrogen
bonds from Tyr®2-NH to Ala®>-CO and from
Gly?3-CO to Pro”>-CO. Three residues within
this loop, Tyr®?, His®’, and Ile®!, contact
FK506, with the side chains of the latter two
forming a surface complementary to the pyra-
nose methyl group region. The observed loop
geometry thus plays a major role in ligand
binding, but it also forces Ala®' to adopt
unfavorable ¢,¥ values of —141° and —120°,

respectively.

The conformation of bound FK506 was
determined unambiguously (strong electron
density and low thermal parameters). The con-
formational difference between free and bound
FK506 is striking. The molecular geometries of
free FK506 as determined by x-ray diffraction
(9, 10) and of FK506 bound to FKBP are
shown in Fig. 3. A provocative finding in view
of FKBP’s rotamase activity is the nature of the
amide bond. In both the bound and unbound
forms of FK506, the amide is planar; there is
no intimation of partial rotation (no constraints
were imposed on the planarity of the amide
during refinement of the bound ligand). How-
ever, in unbound FK506, the amide bond is
cis, while in the complex the bond is trans (Fig.
3, B and D, arrow). A model for FK506’s
ability to inhibit rotamase activity has focused
on the orthogonality of the adjacent carbonyls
at C-8 and C-9 (11). It was postulated that the
keto carbonyl acts as a mimic of the carbonyl in

Fig. 1. A stereo view of the FKBP-FK506 complex showing a Ca tracing for the protein (cyan) with
bound FK506 (yellow) and aromatic side chains of the binding pocket (Tyr, green; Phe, red-orange;
and Trp, yellow); green and red dot surfaces denote the NH,- and COOH-termini, respectively. The
overexpression and purification of recombinant human FKBP have been described (19). Crystals of
FKBP-FK506 were grown within 1 to 2 weeks at room temperature from 10-pl hanging droplets
containing 10 mg/ml protein-FK506 complex, 1.7 M (NH,),SOy, and 0.1 M phosphate, pH 5.9. The
crystals are tetragonal, space group P4,2,2, with cell constants a = 58.07 = 0.02 A, ¢ = 55.65 = 0.02

and contain one protein-FK506 complex in the etric unit. Data to 1.7 A [69,770
measurements of 10,855 unique reflections, 99% complete, R, .., = 0.0539 (20)] were measured from
one crystal with dimensions 0.4 mm by 0.4 mm by 0.3 mm with the use of a San Diego Multiwire
Systems Mark IT detector (21) and graphite-monochromated Cu Ka radiation. Experimental phases at
3" A resolution were obtained by using conventional multiple isomorphous replacement (MIR)
techniques with HgCl, (2 mM), K,PtCl, (2 mM), and Se-Met derivatives. The MIR electron density
map allowed the chain to be traced and showed the positions of buried side chains. The availability of
a preliminary structure from NMR studies (1) greatly facilitated the chain tracing. The initial model was
refined first at 3.0 A and then at 2.6 A by simulated annealing followed by manual adjustments.
Traditional restrained least squares refinement was used at higher resolution. Electron density for the
bound FK506 could be seen in the MIR map, but the ligand was not included in the model until
electron density maps calculated at higher resolution (2.2 A) showed its conformation more clearly. The
stereochemical restraints used in ligand refinement were restricted to terms for bond lengths, bond
angles, and improper dihedral angles (for planar sp? carbons and chiral centers). Model building was
carried out with the program FREIBAU (22), and all of the refinements were carried out with X-PLOR
(23). The current model, including FKBP, FK506, and 79 water molecules, has an R factor of 0.170
(20) for data from 10 to 1.7 A. The root-mean-square deviations of bond lengths, bond angles, and
improper dihedral angles (planarity and chirality) from their ideal values are 0.01 A, 2.8°, and 1.4°,
respectively. All main chain atoms, buried side chain atoms, and ligand atoms are well defined in the
final 2F, — F_ electron density map (20).
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a twisted peptidyl-prolyl amide bond. This
orthogonality is maintained in the complex.
Interestingly, although there are no hydrogen
bonds to the C-9 keto oxygen, there are three
e-hydrogens in contact with this atom, one
each from the conserved aromatic residues
Tyr?%, Phe3®, and Phe®® (Fig. 2). [Aromatic

C-H-O stabilizing interactions have been
noted previously (12).] This carbonyl binding
pocket, which resides out of the plane of the
amide bond in FK506, might also prove to be
relevant to catalysis; a novel form of transition-
state stabilization involving C-H-O interac-
tions would then be implicated.

Fig. 2. (A) A stereo view of the binding region of FKBP-FK506 showing FK506 (yellow) and selected
residues of the hydrophobic binding pocket (Tyr, green; Phe, red-orange; and Trp, yellow). Hydrogen
bonds are shown between the C-1 ester carbonyl and the NH of 11e%6, the C-24 hydroxyl and the main
chain carbonyl of Glu>4, and the C-8 amide and the phenolic-OH of Tyr®2. The C-9 carbonyl binding
pocket is illustrated with van der Waals dot surfaces for the e-CHs of Tyr?S, Phe3¢, and Phe®. The side
chains from residues Tyr?®, Phe3¢, Asp®’, Arg*?, Phe®S, Glu®4, Val®%, 1le%6, Trp®®, Tyr®2, His¥’, 1le®!,
and Phe®® are within 4 A of FK506. (B) A stereo view of a selected region of electron density in the
binding pocket showing the pipecolinyl ring, the C-8 amide and C-9 keto carbonyls, and the three
aromatic residues that make up the C-9 carbonyl binding pocket. The electron density is from a
2F, — F_ map (20) calculated at 1.7 A resolution and contoured at 18% of the maximum value (20).

FK506 (unbound)

FK506 (bound)

Fig. 3. Structures of FK506 and rapamycin. (A) Chemical formula of FK506
with the numbering scheme used in the text and perspective drawings of (B)
unbound FK506 as determined from x-ray diffraction analysis (7). (C)
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The two conformations also differ in the
orientation of the pyranose ring. In the un-
bound form, the pyranose ring is on the out-
side of the large macrocycle, while in the bound
form it is on the inside, creating a tghtdy
packed hydrophobic region. The orientation of
the loop C-15-C-26 also differs in the two
forms in that the methoxyl at C-15 is inside the
macrocycle in the free form and outside in the
complexed form. This methoxyl is brought
much closer to the methoxyl on the pyranose
ring in the complex, with a water molecule
located between them. In both forms the lac-
tone has the expected trans conformation.

These conformational changes have modest
energetic consequences—~3 kcal mol~! more
steric energy for bound FK506 than for un-
bound (13). Notably, complexed FK506 more
closely resembles free rapamycin (14) (Fig. 3)
than it does free FK506, which suggests that
the higher affinity of rapamycin to FKBP [dis-
sociation constant K; = 0.2 nM for rapamycin
versus 0.4 nM for FK506 (15)] reflects its
greater preorganization. Earlier it had been
suggested that FK506 and rapamycin are com-
prised of common structural elements neces-
sary for binding to FKBP and distinct connect-
ing loops that confer their distinct biological
properties (15). The x-ray structure reveals that
the proposed binding elements of FK506 are
contacting FKBP. The similarity in the confor-
mation of this region to the corresponding
region in rapamycin (Fig. 3) and the similarity
in the pipecolinyl resonances in the nuclear
magnetic resonance (NMR) spectra of the two
FKBP-drug complexes support a common
mode of drug binding. Indeed, these contact
elements constitute the predominant structural
features of 506BD (16), thus suggesting a
structural basis for the tight binding of this
nonnatural ligand to FKBP.

These investigations provide a structural
framework to improve upon the high-affinity
interactions of a clinically promising immuno-
suppressant with its predominant cytosolic re-
ceptor in the T cell. The high sequence homol-
ogy of other members of the FKBP family (17)

Rapamycin (unbound)

FK506 bound to FKBP, and (D) rapamycin as determined from x-ray
diffraction analysis (14).
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suggest that their interactions may be evaluated
with use of this structure. A detailed compari-
son of the structure of FKBP and the FKBP-
FK506 complex is likely to provide additional
insights into the mechanism of rotamase catal-
ysis. The determination of the molecular inter-
actions of the binary complex reported herein
with protein targets implicated in studies of
signaling mechanisms could provide profound
insights into the biological properties of these
molecules (18).
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HBYV X Protein Alters the DNA Binding Specificity
of CREB and ATF-2 by Protein-Protein Interactions

HuGH F. MAGUIRE, JAMES P. HOEFFLER, ALEEM SIDDIQUI*

The hepatitis B virus (HBV) X gene product trans-activates viral and cellular genes.
The X protein (pX) does not bind independently to nucleic acids. The data presented
here demonstrate that pX entered into a protein-protein complex with the cellular
transcriptional factors CREB and ATF-2 and altered their DNA binding specificities.
Although CREB and ATF-2 alone did not bind to the HBV enhancer element, a
pX-CREB or pX—ATF-2 complex did bind to the HBV enhancer. Thus, the ability of
pX to interact with cellular factors broadened the DNA binding specificity of these
regulatory proteins and provides a mechanism for pX to participate in transcriptional
regulation. This strategy of altered binding specificity may modify the repertoire of
genes that can be regulated by transcriptional factors during viral infection.

ONTROL OF EUKARYOTIC GENE TRAN-
scription is a tightly regulated process
mediated by nuclear factors whose
availabilities are determined by cell type, differ-
entiation state, and cell cycle (7). During viral
infection, this system of coordinate regulation
is perturbed by the activity of one or more viral
gene products. In many cases, these viral pro-
teins activate cellular transcription factors that
interact with cis-acting elements present in viral
promoters and enhancers, resulting in the
expression of viral genes (1, 2).
Human HBYV infects hepatocytes and causes
acute and chronic liver disease. Infection is

H. F. Maguire and A. Siddiqui, Department of Micro-
biology and Immunology, University of Colorado
School of Medicine and Cancer Center, Denver, CO
80262.

J. P. Hoeffler, Division of Medical Oncology, University
of Colorado School of Medicine and Cancer Center,
Denver, CO 80262.

*To whom correspondence should be addressed.

842

associated with the development of hepatocel-
lular carcinoma (3). The small genome of this
virus encodes four genes whose transcriptional
activities are controlled by at least four promot-
ers and two enhancer elements (3, 4). The
16.5-kD product of the HBV X gene, pX, is a
transcriptional trans-activator capable of elevat-
ing transcription governed by a variety of viral

Fig. 1. Elements of the
HBV enhancer that are pX-
responsive. Luciferase gene
expression (18) was under
the control of the simian vi-
rus 40 (SV40) early pro-
moter, which was linked to
elements within the HBV
enhancer. HepG2 or a stably
transformed pX-expressing
cell line (GET) was trans-
fected with the HBV en-
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and cellular control elements (5, 6). Similar to
the herpes virus VP16 or adenovirus E1A4 gene
products (7, 8), pX does not bind independent-
ly to responsive DNA sequences. An alterna-
tive mechanism through which pX might acti-
vate gene expression is through protein-protein
interactions with cellular transcription factors
7).

Several investigators have described tran-
scriptional stimulation of reporter genes linked
to the HBV enhancer element that is mediated
by pX (5, 6). The NF-xB sequence motif
within the human immunodeficiency virus
long terminal repeat is the target of pX-medi-
ated activation (6). A cryptic NF-kB element is
located within the HBV enhancer at nucleotide
984. Although a reporter construct containing
this HBV sequence is activated tenfold com-
pared to control plasmids (Fig. 1), purified
NF-kB does not bind to this sequence motif
(9). A second pX-responsive element was also
localized within the HBV enhancer (Fig. 1).
This region contains overlapping binding sites
for multiple transcription factors, including
NE-1, C/EBP, AP-1, CREB, and ATF (10). In

Fold
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hancer constructs indicated by the black lines, either alone or with a plasmid that encodes pX (19). Fold
stimulation of transcription in the presence of pX is compared to basal levels achieved with the SV40
early promoter alone. Transfection efficiency was normalized with the pSV2B-galactosidase plasmid.
EP, footprint sites protected in the DNase I assay, numbered in the order of their discovery.
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