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Our results show that the presence of the 
fcmak-spedfit: tM and the tra-2 product~ 

pro1notc fcn1alc·spedfic splicing of dsx pre
rnRNA and tlrnt the 13-nt sequences in the 
fc1nalc exon and the fcn1alc·spccific acceptor 
sequence participate in regul~tion of dsx 
cxprcs.~ion. The IM and tr.r-2 product.~ m~1y 

interact directly 'vith the 13-nt sequences in 
the female·spedfie cxon, and such interac
tion,<; may allo\v the suboptimal female-spe
cific polypyrin1idinc stretch to be recognized 
as a splicing signal) thus resulting in cn
lrnnccmcnt of the wa; of the fr1nalc-~pcl:ilic 
acceptor site. 
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Solution Sttucture ofFKBP, a Rotamase Enzyme and 
Receptor for FK506 and Rapamycin 

STEPHEN w. MICHNICK, MICHAEL K. ROSEN, THOMAS J. WANOLF.SS, 
MARTIN I<ARrr.us1 * STUART L. Scr-nlETI1ER * 

Inm1tu1ophilins, ,vhen eo1nplexed to inununo~upprcssivc ligands, appear to inhibit 
signal tr<lnsduetion patlnv;lys that result in cxocytosis and transcription, 'The solution 
structure of one of these, the hun1an FI(506 and tap.unycin binding protein (FKBP)> 
has been dctern1ined by nude<lr 1nagnetic resonance (NMR). PK.BP h;ts a previously 
unobserved antiparalh:I l~-1:1hcct folding topology that results in <l no\•el loop ct·ossing 
and produces a large cavity Lined b)' a conserved array of aron1atic residues; this cavity 
serves as the rotaniase active site ;ind drug-binding pocket. 'fhere arc other .~igniticant 
structural f'c<llure.~ (such as a protn1ding positively charged loop and an apparently 
flexible loop) th;tt nrny be involved in the biological activity ofFJ(UP. 

F KRP TS ,\ $OUiHLE, C'ITOSOLTC. 1u-:

ceptor ( J, 2) for the iln1nunon1pprcs· 
_ sanrn FK50fi and rapa1nycin (3). Both 
FKBP ;u1d cydophilin (4--6), which is a 
recepttir fi>r the immun11~u11pre.<;.~ant cyclo· 
sporin A (CsA), cat•llyzc the interconversion 
of cis- and trans·rotan1ers of the pcptidy!
prolrl an1idc bond of peptide and protein 
sub.~tr:ltes. These rot;m1ase.~ ouc inhibited by 
their respective immunosupprcssivc ligands. 
f..1.l"Chanistic studies suggest that a complex of 
i111nu1nophili11 (in1nnu1osupprcss.uu binding 
protein) and lig.u1d interferes v;ith the ir1n-.1cd
lul.u· tra.nspott of proteins in\•olvcd in sign:tl 
tran~dnction p.uhways <l~socfated \Vith hath 
exocytosis (7) and trouiscription (J> 8). 

In this report \\'e presen[ the solution 
structure of hun1an FKRP obtained by nu· 
clear Overhauser eflCct (NOE)-rcstraincd 
n1olecular dyo•ln1ics (r1'1D) simulations (9). 
The NlviR stnKtures satisfying the NOE 
11nd empirical energy function ro:straints 
have backbone root-1ne.u1·squarc deviations 
(RlvfSDs) from the relined averngc structure 
in the range of 0.80 to 1.4 A for tht' f. 
strnnds, 0.19 to 0.40 A for till' ct bdb:, and 
1.02 A to 1.72 A for all residues except 83 
to 90 (sec below). i\iany side d1ain~, partic
ularly aro1n,ltics, are 'vell defined. FKBP has 
a novel fiilding topology in .that two lnops 
that co1uicct the str,lnds of an ;u1tiparallcl ~ 
sheet cross one another. Hydrophobic side 

Dtpanm.:nt of Chcmi1t1y, H.irvlt<l llnivn!ity, C1m· 
bridge, MA 02.138. 

'To whom rn1re1pondenct st10uld bl' 'u:klrt<-.~d. 

chains in the core of the protl'in form a 
fargc, deep pocket that includes the rota-
1nase acti\•e site and the drug-binding site. 
The structure of the binding site appears to 
be high!}' conserved in related FK506- and 
r.1pamycin-binding proteins. 

Sequence-specific assign1ncnts of 92% of 
the obscrv.1b[e 1H resonances in FKBP have 
been n1adc by use of a co1nbination of 
hou1onuclcar and hcteronude.tr two-tlimen· 
sinn;il NJ\-IR rechnique~<> as reported earlier 
(10), Stn1ctur<ll restraints for the dyn.unic5 
siinulations were obtained through empiri
cal c;11ibr.ltion of cross-peak magnih1de.s in 
nuclear O\'crhauser effect spectroscopy 
(NOESY) spectra recorded with 1nixing tin1es 

1 07 

Fig. 1. a·C~rhon riblXJn drawing of hmn.in 
IlKBP; th<' li\•c·~tr,,nded [l sheet, C( helix, and 
connecting !oops arc indicated, a~ wd! ;1$ the 
COOl-1· and NHi·lccmini and <.:c:rtain K>idm:~ of 
interest. 

sr:JHNCE, VOL. 2SZ 
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Fig. 2. (A) The u·carbon tr:ux~ uf 13 >trucnHfS 
gcneraled by n:~tiaintd molecular dynamics are 
~hown in blu(', (SA)<<h which includes side chaim 
of aromatic residues in the drug· binding pocket, 
is ~hown ;1S the bcJ.V}' line. Aromatic side chains 
:in: colnr·rodcd: Trp, yellow; Pbe, orange; and 
Tyr, grccu. The NHi· amt COOH-ccunini ;ire 
irul.ic1t.::d witli green and red dot ~urfaces, u:~pcc
tivcl)'. (13) (SA)icri showing ]ocition of the ligand 
binding site formed hy rhc ft sheet .md then hdix; 
certain re5iduc~ arc numbered. (C) Exp.u1dcd 
view of (SA).,r, showing crossing of the !oops 
connecting the lirst and IU11rrh (rekl'ant residul!!; 
in orange) and the fifth aud M:um<l (rdcv.1nt 
rc.~iducs in yellow) str-J.nds of the ~sheet; km>wn 
interstrand hydrogen hond~ arc indk.ltrd. Rele
vant residues in tht: third strand nc shown in 
green. (0) Hydrophobic residties in the drug
biuding pt.X:kt:t of (SA},.,p Side chains ;ire color
coded ;l.5 in (A), with 01ddi1io11J[ ;1fiphatic rc~idurs 
in purpk. 

of 50, 100, 150, and 200 ins versus known 
distances in regular second;i.ry stnKlural cl
e1nents (11). Of particular use in una1nbig
uouslr dett:nnining long-range NOEs W{'rc 

t\vo FKBP sampks biosyuthetku.ll}' dcuter
ated at the methyl protons of Leu and Ile 
and of Val and lie (12, 13). A total of 860 
NOE-derived distance constraints \Vas used 
in the simulations. In addition, 4~ Xi dihe
dral angle restraints (in 1hc range ±60° or 
± 12<f) !lnd 44 backbone q, angle rc.st1aints (in 
the r.1ngc ±60°, ±SOa, or :±-40') were used; the 
angle con'itraint<> are ba.'ied on analrsi<; of cou
pling constants and cros.s-pcak nugnilucle.s 
1nc;\sun:d in correlated sp<:<.troscopy (COSY) 
5petLrn, and on NOE dat,1 ( 1'1). Jn 32 cases, X; 
could Ix n.--suictc<l to a ±60° r.mgc, allowing 
stcrcospecific a._--signtncnt of side chain protons 
h:i~ed on in!r;wcsidue NOE~ front NI-I and 
CaH. Hydrogen bond constraints \Vere u~ed 
for 25 slo,vlr exchanging :un!dc protons. Sev
enty-nine N()Es, six hydrogen bonds, and six 
backbone dihedral angles \VCrc dctcrn1ined in 
an iterative n1anncr bast:d on unrefined, re
strained StLucturcs. The ri\1D sinndations 
\Vere carried out by using a si1nulatcd anneal
ing protocol \Vith the prograsn X·PLOR (9). 
Statistics indicative of the accuracy and preci
sion of the cxpcri1nenta!lj' detern1ined stn1c
n1rc of FKRP and a de.~cription of the proto-

R.EPORTS 837 
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l'OI used ro gener,uc these srrucn1res are 
provided in ·rabk 1. 

The solution stn1cturc of FKBP (Pigs. 1 
and 2) is ch.1ractcrizcd br a large an1-
phiphilk, antiparal!rl fivc-.~trnndcd ~ sheet 
with +3, +l, -3 1 +l tupulogr (15). Thc 
str;\nds of the sheet arc cotnposed of resi
dues 1 to 7, 20 to 29, 46 to 49, 71 to 771 

and 96 to 107. An :unphiphilk n: helix, 
fonned fron1 rc.'iiduc.~ 59 to 65, packs 
against the hydrophobic face of the sheet at 
an angle of 60~ 'vith n•spcct to the long axis. 

The helix is tethered to the fifth and si:\'.ond 
.<1tr.u1ds of the sheet by nine- and fi\•c-rcsiduc 
loops, ri:spcctivcly. The sheet h;ls a right
handed twist ;u1d \\'r.1ps around the helix to 
fonn a 'veil-ordered hydrophobic core (Fig. 
l); this structure is in accord \\'ith :l large 
n111nher of long-r,u1ge ~idc chain N()F. in
lt-rauiuns. Bad~bont' hydrogen-bond pru
pcnsitic.\ arc satisfied !Or the ~ slwct by 
intcrstr,uui a1nidc-carhon)'I conrncts and !Or the 
a helix by intcrrcsiduc a1nidc-c.ubonyl i, i+3 
conracts. 'l11ere are no side chain hydrogen 
bonds bt:t"'een the helix and the sheet, indic.1t
ing st.1hiliz.uion of tht'!iC ~tnKhircs thron~\h 

hydrophobic (van dcr Waal<;) interactions. The 
loops connecting the~ Stl",\11ds cont.1in sccond
•UY sn11cturn1 clcmcnt'I (indnding scvcrnl ~ 
tunt'i} that satisfy soinc of the backbont' hydro· 
gen bond propt:n'>itie.'i, 'll1c loops arc \Yell 
ddim:d by 1nediu1n- and !ung-nu1ge Nl)E cun· 
tacts t'Xcept for t\\'O rcgiot1~, rrsichies 37 to 43 
and 83 to 90 (sec l~ig. 2, A .u1d B). 

A not.lblc fc,1tur.: of l'KBP resulting frotn 
the +3, + l, -3, + l topo!ogyofthc p sheet is 
a topological cros'>ing of the loops Ser8-Gly19 

and Lcu50-Gln70
• A view of this region of the 

protein is shown i11 Fig. 2C. Although crossing 
top-0!ogics ha\'c lx-en observed in protein~ ron· 
t:iining paralli.:I f~ sheer,.; ( /6), the}' "'ere pre· 
stunrd to br forbidden in antiparallcl sheets 
(17). The absence or loop crossings ha.~ been 
;'ttributcd to the dillicultic.'i of obt,Uning dfi
cient side chain p<irking, of satisfying the hy
drogen bond p1ope1t~itics of the backbone 
amide.~ of both segments, .tnd of dc8cribing a 
~iinpk !Olding pathw,ly (JS). In FKBP, the 
structure of the cro"-'iing ~cgnicnts is deter-
1nirn:d by NC)E~ induding '11u14-&r67

, G!r11
-

&r67, Arg13-Scr<'7, Prol<'-V:tl68, and Pro16-

Leul0'•. There are van dcr \.Yaals t:ontacts bc
t,vecn the side chain_'i of Prot6 mul J.eu 11)(', 

Va!0
1-l and Leuw3 , :tnd Thr 14 and \ 1111 611

, The 
hydrogcn-OOnding p1opcn.~itil·.s uf nll-111)' resi
due.> in the Cto.\~ing region (Pro9, Asp 11 , 
111r1

·
1

, lvktM', Scr67
, and Val68

) an: smisficd 
through backbonc-b.Kkbone and b,\ckbone
si<lc chain interactions. All ;u-nidc protons in 
the inner strand and lwo a1nidc proto11~ in the 
outt'r str;\rnl (I,ys17 01n<l Gln20

) cxcholngc slo\\'· 
ly when the prott:in is di~oln::d in DJO; this 
result i~ indkati\'e of hydrogen bonds stabiliz
ing this topology. 

In a pre!i111inary sn1dy of the FKBP
FK506 and FKBP·rap;ln-1ycin co1np!cxes we 
noted NO Es fron1 the indole ring of 'l'rp59 

and several other \1nidcntifi.:d aron1,uic pro· 
tons to the pipicolinyl ring of the hound 
drugs (/J). Bai.t:d on the solution con!hrn1a
tion of FKBP, it 'vas possible to dl'li11c the 
binding region as an cxtcnsi\'C aron10Hic dus
ter cotnposcd of 'l'yr26

, Phc46
, Phe-1 8

, 

Trp59
, Tyr82

, and Phc9
'1. The.~c residues 

pack together with a number of aliph~1tic 
residues to tOrn1 a large, well-defined hydro· 
phobic core (Fig. 2D). 'l'hus, FK506 and 
rapainycin bind in the hydrophobic pocket 
that consists of a twisted and curved anti par
allel µ-sheet platfonn with \'l,\lls fonncd by 
an a helix :tnd a long loop (Fig. 2B). The 
loc.,tion and detailed structure of the bind
ing .~ite h,1:; been contirn1ed by the .~uhsc

qul·nt x-ray strw:tlire uf the FKBP-FK506 
con1pkx (19}. The ;1rchitcct11rc of thl~ bind
ing site, \Yhosc naturnl ligands art' not 

k.no\\'ll but n1ay include peptides, is very 
difiCrent fron1 thos.: fanned by 13 barrels in a 
nun1ber of protein~ that bind hydrophobic 
ligands lsuch as 1'2 1nyclin protein (20) ;1nd 
bilin binding protein (21)]. Ho\VC\'er, al
though thc overall structures an: very difiCr
cnt, the FKBI' binding site has clcn1e11ts in 
com1non with that of the class I tnajnr 

histoco1np.ltibility con1pkx (i\1HC) glyco
prorcin HLA-A2 (22)1 \vhich has a flatter 
;111tip;1r;1\ld p-shcet platfonn \Vith \Valls 
forrned by nvo !ong r'I helices. Peptide $Cg

ments that frJrn1 loops at the open end of the 
pocket, spccilicaHy, J\spJ 7 to Asn-l.i and 

G!y82 to Ile90
, arc not well dclincd (see Fig. 

2, A and B). The i.Kk of !ong·rangc NOE.<; 
in both ~eg1nent5 coupled with prc\·iou:o. 
cvidc11ce of conforlll<Hiona] excl1augc in the 
second ( 10) indic1tc th;tt lhf'.y rnay be tkxi
blt: in ~olutiun. A Ctnnp;irison of 11-1 and 
lf,N cl1c1nic;tl shifts obt,1incd from single· 

qlrnnnlln coherence (SQC) ~pcctra of L5 N-

Table 1 •. ~tntctur.11 and energetic statiHic.~ fi:ir FKfll'. Structure dctem1ination \\'.lS ;;chicnxl with;\ 
simulated ,1nncaling prot()(ol consisting of thtcc stage~: (i) a conformational ~e.trch phase; (ii) an 
annealing phaw; and (iii) a refit11:rncnt pha~c (9, 30), Nurnbns in par~·ndu:~cs arc the number of 
restraint~ in each class or the number of bonds, angles, and dihedrals in tht stn1ct1.1re geometry 
st~tistin. SA; is the ith structure oht'1incd hy the protocol given ahnvc. 'r11c S1\ cnlmnn gi\'CS the 
avccJgc and stand:trd dcdations for the indkatcd varilbks obt,1incd from the 21 ~tructure..\ with the 
!ownc empirical cncrgil'~ ;1nd rc~idul! viubtion~ of cxpcrimtnta! rntraint.;, (SA),.r reprc>cnts tht 
a\·erag1.· ~tn1cture of SA1 !east·sqnJre fit to each other including all atonu (e:.:n:pt for residues 83 tu 
90) and rcfinl."d with 1000 .~tcps ofstccpc.\t"dc.1ccnt energy minimization. The R.\1SDs arc from the 
\lpper or lower bountl~ of the distJ.Jtcc rcstr.1int.s; none of the strucrnres ~howctl dc\'i:ltion$ gre.ltcr 
1han 0.25 A. ReMraints were da.-,sificd into the following cJtcgocie~ ba.\t'tl 011 :-trong, nitdium, :rnd 
wc.1k NOE~ (J 1): backbone, 2.5 :I: 0.5 A, 2.75 -± 0.75 A, 3.S l: l.S A; side clui11, 2.5 l: 0.5 A, 
3.0 ± 1.0 A, 3.S ± 1.5 A; 0.5 A wa~ added to the upper limiB for diManccs invoking methyl 
protons. Aver.ige lli\fSDs and stand,trd deviation~ of the !lnJ! srrucmtcs SA, ag.1inst the relined 
average ~tn1crun:: (SA),d· For P ~beet: b.1ckbone, l.01 ±' 0.16; ;ill ;1toins, 1.92 ± 0.14. Fur a hdix: 
b1ckhonc, 0,31 ± 0.07; all atonu, 1.05 ± 0.16. For all atoms CXC('pt residue~ 83 to 90: lnckbone, 
1.45 ± 0,20j all aton\5 1 2.49 ± 0.17. 

Parameter 

RAfSDs_Ji-cm1 r.\·11··rimi-11t11/ dl#,111re r.-ilflli1111 (AJ 
Tot,11 
Peptide backbone rcstuint~ 

l111r.ircsidue 
lntcrrc~iduc .~equcnti:il (11 jl = 1) 
Interresiduc short-r.u1gc (li-j1 ~ S) 
Intcrcc~itluc luug-r;iuge (li--:/1 > 5) 

Sid('-d1,1in restrJints 
lntr.ue;;iduc 
Intcrrcsidue bcquenthtl {Ii-JI = l) 
lntcrrc~idw: ~horr-1.1ng;e {Ii-JI :,; S) 
lntecrc:-idue lon!J;·r.1ngc (li-jl > 5) 

Hrdrogcn·b(md restr,1inu;' 
Deviations from idcali7_cd gcomctn.---

Bumb (A) ' 
Angks (degrees) 
Impropcrs (degrees) 

(910) 0.024 ± 0.002 

(246) 0.011 ~t 
(7.fi4) 0.1124 ± 

(39) 0.0·1 l ± 
(146) ().031 ± 

I 121 0.008 ± 
(SJ 0.012 ± 

(2') 0.018 ::!: 

(133) 0.023 ± 
(50) 0.034 ± 

(1682) 0.013 ± 
(3047) 3.360 ;I; 

(498) 0.460 ± 

o.oo:'l 
0,003 
0,008 
0.004 

0.010 
O.OIR 
0.008 
U.004 
o.oos 

0.000 
0.064 
0,030 

p,1/t·miiil 01ci:i:J' slalistlcs (J.mi//111,1/) 
E,,~>I 
li1.x,_,J 

E•nr.k 
E,1·1c.<1.,1 

EitnpcH;"• 

R,-J" 
E<latramtio 

Bc1,w~ 
ENnR 

-2170.0 
·17.8 

486.0 
512.0 

15.8 
-336.0 

-2920.0 
5.6 

27.0 

_!. 120 
± 3.1 
± 20 
± IR 
± l.8 
± IS 
± 120 
:t 1.7 
± 3.9 

0.008 

0.022 
0.00R 
0.021 
0.051 

0.024 
0.003 
0.000 
n.020 
o.n.17 

O.Ol3 
3.240 
0.490 

-2280.0 
49.9 

652.0 
532.0 

16.S 
.~58.0 

-3200.0 
5.9 

22.3 

'Backbone hydrogen ll<lnd IL-Straint.< were ;15sig11e<I to rJ . .ngcs 'NH 0 = 1.9 ± 0.5 A rnd '"'-u "" 2.8 :!: 0.5 
A. tidcJh7.td g<'O!nrofrs bJse1l on CHAR,\lM p.lr~m~tas (JI). 
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