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Our results show that the presence of the
ferale-specific rra and the fra-2 produces
promote female-specific splicing of dsx pre-
mRNA and that the 13-nt sequences in the
female exon and the female-specific acceptor
sequence participate i regulation of dsx
expression. The fre and fra-2 products may
interact directly with the 13-nt sequences in
the female-specific exon, and such interac-
tivns may allow the suboptimal female-spe-
cific polypyrimidine stretch to be recognized
as a splicing signal, dws resulting in en-
hancement of the use of the female-specific
acceptor site,
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Solution Structure of FKBP, a Rotamase Enzyme and
Receptor for FK506 and Rapamycin

Strerniny W, MIcHNICK, MicHARL K. RoseN, THOMAS J. WaNDLESS,
MazrrTovw KarrrLus,* STUART L, SCHREIBER®

Immuneophilins, when complexed to immunosuppressive ligands, appear to inhibit
signat transduction pathiways that result in cxocytosis and transeription, The sofution
structure of ane of these, the human FK506 and rapamycin binding protein (FKBP),
has been determined by nuclear magnetic resonance (NMR), FIBP has a previously
unobserved aatiparatlel f-sheet folding topology that results in a novel toup crossing
and produces a lacge cavity lined by a conserved array of aromatic residues; this cavity
serves as the rotamase active site and drug-binding pocket. There are other signiticant
structural features (such as a prooruding positively charged loop and an apparently
flexible loop) that may be involved in the biological activity of FIXBY,

KBP 15 A SOLUBLE, CYTOSGLIG RE-
Fccptor (1, 2) for the immunosuppres-
- sants FK&06 and rapamycin (3). Both
FEBP and cycophilin {4-6), which is a
receptor for the immuamuppressane cyelo-
sporin A (CsA), catalyze the interconversion
of cis- and trans-roramers of the peptidyl-
prolyl amide bond of pepride and protein
substrates. These rotamases are inhibited by
their respective immunosuppressive ligands.
Mechanistic smdies supgest that a complex of
immunophilin (immunosuppressant binding
protein) and ligand interferes with the intracel-
ol wansport of proteins involved in signal
transduction pathways associared with both
exocyiosis {7) and transcription (3, 8).

In this report we presenc the solutien
structure of hunnan FKBP obtained by nu-
clear Overhauser effect (NOE)-vestrained
molecular dynamics GMD) simudations (9).
The NMR stiuctures satisfying the NOE
ad empirical energy function  restraints
have backbone root-mcan-square deviations
(RMSDs) (rom the refined average structure
in the range of (.80 to 14 A for the B
steands, .19 to 0.40 A for the o helix, and
1.02 A to 1.72 A for all residues except 83
w0 90 (see below). Many side chains, partic-
ularly aromatics, are well defined, FKBE has
a novel Mulding tpalogy in that two [oops
that conneet the strands of an antiparallel p
sheet cross one another. Hydrophobie side

Depactment of Chomistry, Flarvard Univeesity, Cam-
beidge, MA 02138,

Tq whom correspondence should be addressed.

chains in the core ot the prowin form a
large, decp pocket that includes the rota-
mase active site and the drug-binding site.
The structuee of the binding site appears 1o
be highly conserved in related FK506- and
rapamycin-binding proteins,
Sequence-specific assignments of 92% of
the obscrvable *H resonances in FKBP have
been made by use of a combination of
hamonuclear and heteronuclear two-dimen-
sinnal NM R rechniques as reported earlier
{10). Suuctural resteaints for the dynamics
simulations were obtained through empiri-
cal calibration of cross-peak magnitudes in
nuclear  Overhauser  effect  spectroscopy
(NOESY) spectra recorded with mixing imes

Fig. 1. c-Carbon ribbon drawing of human
BKBP; the fve-stcanded B sheet, o helix, and
connecting loops are indicated, as well as the
COOH- and NH j-teemind and certain residues of
frerest.
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Fig. 2. (A) "The a-carbon waces of 13 structures
generated by sestirained molecular dynamics are
shown in blue. {SA),.p, which includes side chains
of aromatic residues in the drug-binding pocket,
is shown as the heavy line. Aromatic side chains
are color-coded: Trp, yellow; Phe, crange; and
Tyr, green. The RH,- and COOH-tenmini are
indicated with green and red dot sucuces, Tespee-
tively. (B) (SA),. showing Jocation of the ligand
binding site formed by the B sheet and the o helix;
certain residdues are qumbered. (C) Bepanded
view of {SA),., showing crossing of the foops
connecting the first and fourtd {relevant residues
n orange) and the fifth and second (relevant
cesiducs in yellow) steands of the f sheet; known
interstrand hydrogen honds are indicated. Rele-
vant residues in the third strand are shown in
green. (D) Hydrophobic residues in the drog-
binding pucket of {SA),. Side chaing are color-
coded as in {A), with additional aliphatic residues

in pucple,

of 50, 100, 150, and 200 ms versus known
distances in regular secondary structural ¢l-
ements {17}, OF particular use in unambig-
uously determining long-range NOEs were
two BKBP samples biosynthetically deuter-
ated at the methyl protons of Len and Tle
and of Val and Ile (12, 13). A total of 860
NOE-derived distance constraints was used
in the simuiations. In addition, 43 x, dibc-
dral angle restmaints (in the range +60° or
£120°) and 44 backbone & angle restraints (in
the range =60°, +50°, or + 4(°) werc used,; the
angle constraints are based on amalysis of cou-
pling constants and cross-peak nagnitades
measured in correlated spectroscapy (COSY)
spectra, and on NOE data {14). In 32 cases, x,
could be resuicted o a 2607 range, allowing
stercospecitic assigntent of side chain protons
based on intraresidue NOEBs from NH and
CaH. Hydrogen bond constrainis were used
for 25 slowly exchanging amide protons, Sev-
enty-ninc NOEs, six hydrogen bonds, and six
backbone dihedral angles were determined in
an iterative manner bascd on unrefined, re-
strained structures. The rMD simulations
were carried out by using a simulated anneal-
ing protocol with the program X-PLOR. ().
Statistics indicative of the accuracy and preci-
ston of the experimentally determined strue-
ture of FKBP and a description of the proto-
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col used to gencrate these structures aec
provided in Table 1,

The solution structure of FKBDP (Pigs, 1
and 2} is chamcterized by a large am-
phiphilie, antiparalie] five-steanded f sheer
with +3, +1, =3, +1 wpology (15), The
strands of the shect are composed of resi-
ducs 1w 7, 20 10 29, 46 to 49, 71 to 77,
and 96 to 107, An amphiphilic e helix,
formed from residues 59 w 65, packs
against the hydrophobic face of the sheet at
ancangle of 60° with vespect to the long axis.
The helix is tethered to the fifth and second
strands of the sheet by ninc- and five-residue
loops, respectively. The sheet has a right-
handed twist and wiaps around the helix to
form a well-ardered hydrophobic core (Fig.
1}; this structure is in accord with a large
number of long-range side chain NOE in-
teractions, Backbone hydropgen-bomd pro-
pensitics ave satisfied for the B sheet by
interstrand amide-carbonyl contacts and for the
o helix by interresidue anude-carbonyl i, i+3
contacts, There are no side chain hydrogen
bonds between the hefix and the sheet, indicat-
ing stabilization of these structures through
hydrophobit {(van der Waals) interactions, The
loups connecting the B strands contain second-
ary stacrural elemenss (inchading several B
s} rat satdsty some of the backbone hydro-
gen bond propensities, The loaps are well
defined by medinm- and long-range NCOE con-
tacts except for two regions, residues 37 to 43
ad 83 to 90 (see Fig. 2, A and B),

A notable feature of FKBI* resulting from
the +3, +1, =3, -+ 1 topology of the B sheet is
a topological crassing of the loops Ser-Gly'?
and Leu®®-Gln"™, A view of this region of the
protein is shown in Fig, 20, Although crossing
topalogics have been observed in proteins con-
taining parallel b sheews (16), they were pre-
sumed to be forbidden in antiparallel sheets
{17). The absence of lobp crossings has been
attributed o the difficultics of obtaining efi-
cient side chaie packing, of satisfying rthe hy-

drogen botd propensities of the backbone

amides of bath segments, and of describing a
simple tolding pathway (18). In FKBD, the
structure of the crossing segments s deter-
mined by NOEs including Thr*-8er®”, Gly'2-
Ser® f\rg13-5c1'67, Pro' o val®® and Prott-
Leu*™, There are van der Waals contacts be-
tween the side chains of Pro'® aud Leu!"®,
Val™ and Leu'™, and The'* and Val®®, The
hydrogen-bonding propensities of many resi-
ducs in the crossing region (Pro”, Asp'',
The'd, Met®®, Ser™”, and Val®®) are satisficd
through backbone-backbone and backbone-
side chain interacdons. All amide protons in
the inner strand and two amide protons in the
outer strand (Lys' and Gln?) exchange slow-
ly when the protein is dissolved in D,O; this
result is indicative of hydrogen bonds stabiliz-
ing this topology,
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In a preliminary swdy of the FKBY-
PK506 and FKBP-rapamycin complexes we
noted NOFs from the indole ring of Trp®®
and several ather unidentified aromartic pro-
tons 1o the pipicoliny] ring of the bound
drugs (13). Based on the solution contorma-
tion of FKRBP, it was possible to define the
binding region as an extensive aromatic clus-
tr composed of Tye®®, Phet, Phed®,
Trp®®, Tye®?, and Phe®™. These residues
pack together with a sumber of aliphatic
residues to form a large, well-defined hydro-
phobic core (Fig, 2D). Thus, FK506 and
rapamycin bind in the hydrophobic packet
that consists of a twisted and eurved antipar-
allel B-sheet platform with walls formed by
an « helix and a long loop (Fig. 2B). The
location and detailed stevctare of the bind-
ing site has been confirmed by the suhse-
quent x-ray strocture of the FKBP-FR506
complex (19). The archireeture of the bind-
ing site, whose natural ligands are not

known but may include peptides, is very
different from those formed by p barrets ina
number of proteins that bind hydrophaobic
ligands {such as P2 myelin protein (20) and
hilin binding protein (21)]. However, al-
though the overall structures are very differ-
ent, the FKBP binding site has elements in
common with that of the class T major
histocompatibility complex (MHC) glyco-
provein HLA-A2 (22), which has a fager
antiparallel  B-sheet  plaform with walls
formed by two long o helices, Peptide seg-
ments that form loops at the open end of the
pocket, specifically, Asp™ to Asn*? and
Gly®2 1o He®®, are nor well defined (see Fig.
2, A and B). The lack of long-range NOEs
in both segments coupled with previous
evidence ol conformational exclange in the
second {10} indicate that they may be flexi-
ble in solution. A comparison of 'H and
"N chemical shifts obrained from single-
quantum coherence (8QC) spectra of *N-

Table 1. Stewcrural and encrgetic statistics for FKRP, Structure determination was achieved with a
simulated anncaling protocol consisting of three stages: (i} @ conformational search phase; (if) an
annealing phase; and (ii) a refinement phase {9, 30). Numbers in parentheses are the number of
resteaints 0 each ¢lass or the number of bonds, angles, and dihedrals in the structure pemneury
statistics. SA; is the ith structure obrained by the protocol given ahove. The SA; calumn gives the
average and standard deviations for the indicated variables obtained from the 21 straciares with the
lowest empirical energies and tesiduat viokations of experimental restraints, (SA); represents the
average structure of 84, least-square fit to each other including all aroms (except tor residucs 83 to
90) and vefined with 1004 steps of steepest-descent encrgy minimization. The RMSDs are from the
upper or lower bounds of the distance restraints; none of the structures showed deviations geearer
than 0.25 A. Restraines were classified into the following catepgories based on steong, medium, and
weak NOEs (11): backbone, 2.5 # 0.5 A 275 + 075 A, 35 + 1.5 A; side chain, 2.5 + 0.5 A,
30+ 10 A 35 = 1.5 A; 0.5 A was added to the upper limits for distances involving methyl
protons, Average RMSDs and standard deviations of the final srrucrures SA, apainst the refined
average structure (SA),» For 8 sheet: backbone, 1.01 & (.16; all atoms, 1,92 £ 0.14, For « helix:
backbone, 0.31 + 0.07; all atoms, 1,05 + 0,16, For all ateins except residues B3 to Y0t backbone,
145 + 0.20; all atoms, 249 = 0,17,

Parameter SAy {SAY.;
RALS D from experitnental diskavce restrnints (A}
Total {910} 0024 = 0002 0.008
Peptide backbone restraints
Intraresidue (246} G811« 0003 0,822
Tnterresidue sequential (H-+1 = 1) {254) 0024 = 0,003 608
Intereesidue shove-range (i1 < 5) (3N G041 = 0,008 0.021
Tntereesidue long-range (=4l > 3) (146) .031 = 0004 (.051
Side-chaln restraints
Intearesidue (12) 0o0s = DOy (1.024
Interresidue sequential {1 = i} (8) 0012+ 0013 0.003
Interresidue shore-tange {(—f1 = 5) (25) 0018 = 0.0 0.000
Interresidue long-range (=71 > §) {133) 023 £ 0004 0.020
Hydrogen-bond restraints* (s 0034 = 0008 0.037
Deviations from idealized peometry~
Bonhs (A {1682) 0013 00 0.083
Angles (degrees) (3047) 3360 x  N.O64 3,240
Impropers (degrees) {498) 0460 = 0030 EE DL
Botential enermpy statistice (keal/imel)
E, s -2170.0 =+ 20 —2280.0
L 178 = Al 9.9
By 4360 == 20 652.0
Egredrnt 512.0 =+ I8 532.0
E pnperper 158 = 18 165
i —3360 = 15 358.0
E\:kclmmri: -2920.0 + 120 — 320000
Baise 6 = 1.7 5.9
Enon 270 & a9 22.3

t
*Backbane hydrogen bond sestraints were assigned 1o ranges ryp o = 1.9 = 0.5 Aand reg = 2.8 = 05
t1dealized geometries based on CHARMM parameters (1),
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