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Abstract 

FK506 (tacrolimus) is a natural product now approved 
in the US and Japan for organ transplantation. FK506, in 
complex with its 12kDa cytosolic receptor (FKBP12), 
is a potent agonist of immunosuppression through the 
inhibition of the phosphatase activity of calcineurin. 
Rapamycin (sirolimus), which is itself an immunosup- 
pressant by a different mechanism, completes with FK506 
for binding to FKBP12 and thereby acts as an an- 
tagonist of calcineurin inhibition. We have solved the 
X-ray structure of unliganded FKBP12 and of FKBP12 
in complex with FK506 and with rapamycin; these 
structures show localized differences in conformation 
and mobility in those regions of the protein that are 
known, by site-directed mutagenesis, to be involved 
in calcineurin inhibition. A comparison of 16 addi- 
tional X-ray structures of FKBP12 in complex with 
FKBP12-binding ligands, where those structures were 
determined from different crystal forms with distinct 
packing arrangements, lends significance to the observed 
structural variability and suggests that it represents an 
intrinsic functional characteristic of the protein. Similar 
differences have been observed for FKBP12 before, but 
were considered artifacts of crystal-packing interactions. 
We suggest that immunosuppressive ligands express 
their differential effects in part by modulating the con- 
formation of FKBP12, in agreement with mutagenesis 
experiments on the protein, and not simply through 
differences in the ligand structures themselves. 

Introduction 

FK506 (Prograf~; USAN tacrolimus) is a natural prod- 
uct screening lead (Kino et al., 1987) that acts as a 
down-regulatory agonist on Ca2+-dependent activation 
pathways in T-cells, by interrupting transcription of 
interleukin-2 and other T-cell activation genes (Tocci 
et al., 1989; Mattila et al., 1990; Schreiber, 1991). 
This mechanism is dependent on the inhibition of cal- 
cineurin, an intracellular Ca2+-dependent phosphatase 
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(Klee & Cohen, 1988) by the FKBP12-FK506 com- 
plex (Liu et al., 1991). FKBP12 also binds a related 
immunosuppressant, rapamycin (Vezina, Kudelski & Se- 
hgal, 1975) (Rapamune®; AY22989; USAN tacrolimus), 
which inhibits lymphocyte-induced proliferation through 
a mechanism distinct from that of FK506 (Dumont, 
Staruch, Koprak, Melino & Sigal, 1990). The mecha- 
nism of action of immunosuppressive agents has been 
reviewed recently (Schreiber, 1991; Sigal & Dumont, 
1992; Rosen & Schreiber, 1992; Schreiber & Crabtree, 
1992; Schreiber, Albers & Brown, 1993; Liu, 1993a,b; 
Navia & Peattie, 1993a,b; Armistead & Harding, 1993). 

Roughly half of the chemical structure of FK506 is 
found to be homologous in rapamycin, an observation 
that led to a renewal of interest in that ligand's im- 
munosuppressive properties (Tocci et al., 1989). FK506 
and rapamycin can each antagonize the distinct im- 
munosuppressive effects of the other by competing for 
FKBP12 through the common interaction of their 'bind- 
ing domains'. The structure of the bound ligands has 
been characterized in detail by X-ray crystallography of 
the respective FKBP12-1igand complexes (Van Duyne, 
Standaert, Karplus, Schreiber & Clardy, 1991, 1993; Van 
Duyne, Standaert, Schreiber & Clardy, 1991; Rotonda, 
Burbaum, Chan, Marcy & Becker, 1993; Becker et al., 
1993). Those structural studies also showed that the non- 
homologous 'effector-domain' regions of the ligands 
protrude beyond the surface of the protein with distinct 
conformations that might well accommodate calcineurin 
binding and inhibition with FK506, but neither with 
rapamycin. 

An elegant effector-domain model has been proposed 
(Schreiber, 1991; Rosen & Schreiber, 1992; Schreiber & 
Crabtree, 1992; Liu, 1993a,b; Schreiber et al., 1993) to 
explain the different functional consequences of ligand 
binding to FKBP12 in terms of these structural features. 
[The FKBP12-rapamycin complex, common binding 
to FKBP12 notwithstanding, as well as free FK506, 
rapamycin, and the uncomplexed FKBP12 itself, are 
all ineffective as calcineurin inhibitors (Schreiber, 1991; 
Sigal & Dumont, 1992).] The model has enjoyed broad 
acceptance because it is consistent with the observed 
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Table 1. Solved crystal  s tructures 

Resolut ion = resolut ion o f  the X-ray data. R factor  = crys ta l lographic  residual .  R.m.s.  bonds  and r.m.s, angles  = root -mean-square  devia t ion  o f  bond 
lengths and angles  from ideal values.  The space group and unit-cel l  d imens ions  for each solved structure are given.  R.m.s.d.  = root -mean-square  
devia t ion  for main-chain  a toms after least-squares superpos i t ion  with Na t i -FK506  structure. 

R R.m.s. R.m.s.  R.m.s.d.  
Resolut ion factor bonds  angles  Space  a b c ot 13 y main  chain 

Crysta ls  (,~,) (%) (,~,) (°) group (,~) (,~,) (~,) (o) (o) (o) (,~) 
Native 2.2 15.8 0.017 3.5 P432~2 34.1 34.1 202.2 90 90 90 0.51 
Nati-FK506 1.7 16.2 0.014 2.9 P42212 58.1 58.1 55.7 90 90 90 - -  
Nati-Rapa 1.7 18.1 0.016 2.9 P21212j 48.9 49.5 55.2 90 90 90 0.64 

Complex 1 !.7 18.7 0.014 2.9 R3 41.9 41.9 41.9 83.9 83.9 83.9 0.63 
Complex 2 2.3 17.5 0.019 3.7 P2t 36.5 92.2 32.9 90 117.9 90 0.47 
Complex 3 1.5 18.2 0.017 2.9 P212121 34.9 40.6 80.6 90 90 90 0.46 
Complex 4 1.9 18.5 0.017 3.1 P21221 28.8 37.3 98.4 90 90 90 0.42 
Complex 5 1.8 18. I 0.015 3.1 P2~ 2121 29.7 52.4 85. ! 90 90 90 0.53 
Complex 6 1.9 19.2 0.017 3.2 P2122 96.2 37.3 30.7 90 90 90 0.45 
Complex 7 2. I 18.2 0.017 3.4 P212 z 21 32.5 45.3 67.9 90 90 90 0.39 
Complex 8 1.8 18.9 0.014 3.1 P212~21 29.4 62.4 112.1 90 90 90 0.44 
Complex 9 1.9 18.7 0.013 3.1 P212121 30.6 59.6 66.7 90 90 90 0.41 
Complex 10 2.1 20.1 0.015 3.3 P212121 28.9 49.9 75.1 90 90 90 0.45 
Complex 11 1.8 17.8 0.014 2.9 P212121 94.9 36.4 33.5 90 90 90 0.43 
Complex 12 2.2 18.7 0.015 3.3 P212121 50.0 56.2 73.0 90 90 90 0.49 
Complex 13 1.8 18.1 0.013 2.9 P32 56.2 56.2 79.8 90 90 120 0.49 
Complex 14 1.8 18.9 0.013 3.1 P212121 53.1 69.7 54.8 90 90 90 0.40 
Complex 15 2.2 20.9 0.016 3.4 PI  45.0 42.9 37.3 90 I01 108 0.47 
Complex 16 i .8 20.5 0.012 1.8 P2212121 44.0 72.9 36.4 90 90 90 0.42 

reciprocal antagonism of FK506 and rapamycin, be- 
cause it can be extended to rationalize the reduction in 
calcineurin inhibitory activity that accompanies minor 
modifications of FK506 (Tocci et al., 1989; Sigal & 
Dumont, 1992; Armistead & Harding, 1993; Organ 
et al., 1993; Dumont et al., 1992; Parson, Sigal & 
Wyvratt, 1993; Kawai et al., 1993; Goulet, Rupprecht, 
Sinclair, Wyvratt & Parsons, 1994), and because it 
has had predictive value in ligand design. [Support 
for the model was provided, for example, by the syn- 
thesis of 506BD, a binding-domain mimic devoid of 
effector-domain structural elements, which proved to be 
an antagonist of FK506-mediated calcineurin inhibition 
(Bierer, Somers, Wandless, Burakoff & Schreiber, 1990; 
Somers, Wandless & Schreiber, 1991).] 

In contrast to the pivotal role assigned to FK506 in the 
effector-domain model, the FKBP12 protein itself was 
left with the minimal function of a scaffold or 'presenter' 
(Schreiber, 1991) of ligands to calcineurin. This hypoth- 
esis was supported by a comparison of the structures 
of FKBP12 in its complexes with FK506 and with ra- 
pamycin, as determined by X-ray diffraction (Van Duyne 
Standaert, Karplus et al., 1991; Van Duyne, Standaert, 
Schreiber et al., 1991; Van Duyne, Standaert, Karplus, 
Schreiber & Clardy, 1993), and of unliganded FKBP12, 
as determined by solution NMR methods (Michnick, 
Rosen, Wandless, Karplus & Schreiber, 1991; Moore, 
Peattie, Fitzgibbon & Thomson, 1991; Rosen, Michnik, 
Karplus & Schreiber, 1991), which suggested that the 
structure of the protein was unaffected in its conforma- 
tion and mobility by ligand binding. Differences were 
observed between the three structures, but these were 
attributed to experimental artifacts, including crystal- 
packing interactions (Van Duyne, Standaert, Karplus 

et al., 1991; Van Duyne, Standaert, Schreiber et al., 
1991; Van Duyne et al., 1993) and a paucity of NMR 
constraints (Michnick et al., 1991; Moore et al., 1991; 
Rosen et al., 1991), in specific regions of the protein, an 
assumption that would be prudent in a structural com- 
parison involving a small protein like FKBP12 on the 
one hand, and a mix of structure-solution methodologies 
on the other. 

Here, we report the structure of FKBP12 in its native 
unliganded state and in complex with FK506, with 
rapamycin, and with 16 other synthetic FKBP12-binding 
ligands (Table 1). A comparison of these structures 
shows that the conformation of FKBP12 can be lo- 
cally modulated (Fig. 1), with differences comparable 
in magnitude to the structural differences observed in 
mutant FKBP12-FK506 complexes that are unable to 
inhibit calcineurin (Itoh et al., 1995). These observations 
reinforce the view (Aldape et al., 1992) that ligand- 
induced changes in the structure of FKBP12 may play 
a role in the calcineurin inhibitory potential of the 
protein-ligand complex. 

Materials and methods 

Bovine thymus FKBP 12 (bFKBP 12) purification 

Fresh bovine thymus was trimmed and cut into 
approximately 2.5 cm 3 cubes, frozen in liquid N2 and 
stored at 203 K for later use. 3--4 kg of frozen tissue 
was thawed, 1 kg at a time, in 5 volumes of cold 
extraction buffer (100 mM potassium phosphate, 0.5 mM 
EDTA, 1 mM/%mercaptoethanol, 0.02% NAN3, 0.1 mM 
PMSF) and homogenized using a Polytron (Brinkmann 
PT-6000, with large scale generator). After complete 
homogenization, chloroform was added to a final 
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concentration of 2.5%(v/v) and briefly mixed using the 
Polytron. The homogenate was centrifuged at 12000g 
for 50 min at 278 K. The pelleted material, containing 
the majority of the excess chloroform, was discarded 
and the supernatants were combined and adjusted to 
1.7M potassium phosphate by addition of a 4.0M 
(pH 7.1) stock. The solution was centrifuged again, as 
above, to remove any precipitated protein, and the entire 
supernatant from 3-4 kg of tissue was applied (flow rate 
15-20mlmin -~, at 295 K) to a 5 × 30cm hydrophobic 
interaction (HIC) column (Rainin Hydropore-HIC) 
which had been previously equilibrated in 1.7M 
potassium phosphate, 1 mM/3-mercaptoethanol, pH 7.1. 
After washing with two column volumes of the same 
buffer, the bound protein was eluted at 295 K with 
degassed dH20 containing 1 mM fl-mercaptoethanol. 
The eluted protein was concentrated by ultrafiltration to 
about 150ml, and then fractionated by size-exclusion 
chromatography on a Pharmacia Sephacryl S-100 HR 
column (10 x 110cm) equilibrated in extraction buffer. 

The FKBP12-containing fractions (around 65-70% of 
the column volume) were pooled and then adjusted 
to 1.7M potassium phosphate by addition of a 4.0M 
(pH 7.1) stock. This material was loaded directly onto a 
second HIC column (Rainin Hydropore-HIC; 2 x 30 cm; 
flow rate 4mlmin -1, at 295 K). The proteins were 
eluted at 4mlmin -1 with a 3h linear gradient into 
degassed dH20 containing 1 mM fl-mercaptoethanol. 
The bFKBP12 peak, eluting around 1.1M potassium 
phosphate, represented more than 90% of the protein. 
The final yield was typically about 10-12mg per kg 
of tissue. 

Human recombinant FKBP 12 (hrFKBP 12) expression 
and purification 

High-level expression of hrFKBP12 in E. coli was 
achieved by construction of vectors containing the 
complete sequence for the gene, subcloned behind a 
phage T7 RNA polymerase promotor vector (Studier, 

loop 
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Fig. 1. Superposition of the 
coordinates of the 19 FKBP12 
structures described in Table 
1, with all main-chain and 
side-chain atoms shown, and 
with main-chain (C, N, Ca,  O) 
atoms only. This comparison 
identifies regions of FKBP12 
whose conformation is largely 
conserved (mostly localized in 
the framework d-sheet and o-  
helix secondary structure), and 
other regions that show variable 
conformation and mobility 
(mostly localized in loops). The 
correspondence between the 
19 structures shown, all from 
different crystal forms, suggests 
that experimental artifacts such 
as crystal contacts are not 
responsible for the structural 
differences observed, and that 
the rigidity of the framework and 
the conformational flexibility of 
the loops may have functional 
relevance. 
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Rosenberg, Dunn & Dubendorff, 1990). Production of 
hrFKBP12 was initiated by the addition of isopropyl-/3- 
D-thiogalactopyranoside (IPTG), tO a final concentration 
of 1 mM. This induces a chromosomal copy of T7 RNA 
polymerase (behind the lac UV promotor) in the host 
JM109/DE3, which then initiates transcription of the 
protein gene (Studier & Moffat, 1986). The yield from a 
typical culture in a 101 fermentor (Biostat ED, B. Braun) 
was about 250 g of wet cell paste. The cell paste was 
stored frozen at 203 K prior to protein purification. Full 
details of the hrFKBP12 expression will be presented 
elsewhere. (Chambers et al., unpublished work) 

Typically, about 500 g of frozen cell paste was thawed 
and slurried in four additional volumes of cold buffer 
[50mM potassium phosphate, l mM EDTA, 1 mM /3- 
mercaptoethanol and 0.1 mM phenylmethylsulfonylfluo- 
ride, pH (278 K) = 7.0]. The slurry was briefly homog- 
enized by mechanical disruption in a Polytron blender, 
as above, and then the cells were fully lysed by three 
serial passages through a high-pressure laboratory ho- 
mogenizer (Rannie, Mini-lab 8.30H) at 9000 psi. After 
each passage, the lysed cell suspension was collected on 
ice, and afterwards centrifuged at 12 000g for 50 min at 
278 K. The clarified extract was passed through a 5 × 30 
cm column of Pharmacia Fast Flow DEAE Sepharose 
(equilibrated at 278 K in the cell-extraction buffer), and 
the column flow-through and wash were collected. This 
was concentrated by ultrafiltration and subjected to size- 
exclusion and hydrophobic interaction chromatography 
essentially as described for the bovine thymus protein. 
From the 500g of cell paste, about 3.5 g of hrFKBP12 
was obtained. 

Protein characterization 

Both bFKBP12 and hrFKBP12 were judged bet- 
ter than 99% pure by sodium dodecyl sulfate poly- 
acrylamide gel electrophoresis and reversed phase high 
pressure liquid chromatography. Purity and enzymatic 
integrity were further confirmed by N-terminal sequence 
analysis, by analysis of (3H)dihydro-FK506 binding 
activity (essentially as described by Park, Aldape, Futer, 
DeCenzo & Livingston, 1992), and by enzymatic analy- 
sis of the peptidyl-prolyl isomerase activity (essentially 
as described by Harrison & Stein, 1990). The specific 
peptidyl--prolyl isomerase and tacrolimus binding activi- 
ties of both proteins were equal to or greater than those 
previously reported (Siekierka, Hung, Poe, Lin & Sigal, 
1989; Harding, Galat, Uehling & Schreiber, 1989; Park 
et al., 1992), and all of the peptidyl-prolyl cis-trans 
isomerase activity of each protein was inhibitable by 
FK506 and was unaffected by cyclosporin A. All buffer- 
exchange and protein concentration steps were carried 
out by ultrafiltration, in a stirred cell (5000 M r cut- 
off membrane) under N2 pressure at 278 K. The protein 
was stored in 10mM sodium cacodylate (pH 6.5), at 
203 K until needed. All protein concentrations were 

3.0 

oy z0 
-6 

E 
o¢ 

i 

0 . 0  , L , r , i , i , i , i , i , l , l , i , 

0 10 20 30 40 50 60 70 80 90 100 10 
Residue number 

Fig. 2. Plot of the r.m.s, deviations in main-chain atom positions 
of the structures included in Table 1 after superposition onto the 
hrFKBP12-FK506 complex structure. The conformational flexibility 
in the loop regions is once again evident. 
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Fig. 3. Plot of the temperature factors (/I~2) of the Co atoms of the 
structure of the unliganded bFKBPI2 superimposed on the r.m.s. 
deviation motion of the Cc~ atoms from the 100 ps dynamics runs 
on solvated unliganded bFKBP12. 
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determined using a molar absorption coefficient (A280) 
of 9600 M-1 cm- 1 

Preparation of FKBP 12--drug complexes 
Protein-drug complexes were prepared by addition of 

a drug stock solution (ligand at 20 mg m1-1 in dimethyl 
sulfoxide) to 1 mg ml -~ solutions of FKBP12 to achieve 
a protein:drug molar ratio of from 1:1.25 to 1:1.5. The 
protein complexes were then concentrated by ultrafiltra- 
tion and washed with fresh 10mM sodium cacodylate 
(pH 6.5) until the dimethyl sulfoxide concentration was 
less than O.O01%(v/v). The protein complexes were con- 
centrated to 15-150 mg ml -~, depending on the observed 
solubility of each complex. Samples were finally cen- 
trifuged at 278 K for 20-30min at about 30000g to 
remove microscopic debris, and stored at 253 K until 
crystallization trials began. 

Structure determination of unliganded bFKBP 12 
Crystals of unliganded bFKBP12 were grown both 

in the laboratory and in a microgravity environment 
on board the United States Microgravity Laboratory-1 
(USML-1) during mission STS-50 of the space shuttle 
orbiter Columbia, as described (DeLucas et al., 1994). 
The crystallization conditions used were developed and 
optimized for earth-bound crystals. In both situations, 
tetragonal crystals of bFKBP12 (P43212; a = 34.38, 
c = 202.01 A) were grown at room temperature from 
140 mg m1-1 protein solutions by vapor diffusion against 
1.4-1.6M sodium sulfate in 100mM cacodylate buffer 
at pH 7.5; macroseeding was required for diffraction- 
quality crystals. On the whole, crystals of unliganded 
bFKBP12 diffract poorly when compared to crystals 
of FKBP12 complexes (Table 1). Crystal growth in 
microgravity significantly improved the signal-to-noise 
ratio and resolution of the diffraction data obtained, 

however, as described previously (DeLucas et al., 1994). 
All data were collected on an R-AXIS II area detector 
(Rigaku/MSC, Woodland, TX). 10 574 reflections (3977 
unique) were measured from a single crystal obtained 
from the microgravity experiment, to 2.3/~ resolution 
(68% of total available), with a symmetry R factor for 
the data of 4.9% on intensities. Initial phase informa- 
tion was obtained by Patterson correlation molecular 
replacement (Brtinger, 1990a) using coordinates from an 
earlier structure determination of the FKBP12-FK506 
complex (Van Duyne, Standaert, Karplus et al., 1991); 
Protein Data Bank accession number 1FKF (Bemstein 
et al., 1977). Alternating cycles of map interpretation 
using the program QUANTA (Version 3.3; Molecular 
Simulations Inc., 1993) and of simulated annealing with 
X-PLOR (Brfinger, 1990b; Brfinger, Krukowski & Er- 
ickson, 1990) were used to refine the model, with 67 
water molecules built into difference electron density. 
Final refinement reduced the R factor to 15.8% at 2.3/~ 
resolution with reasonable geometry [deviation from 
ideality was 0.017 A for bond lengths, 3.45 ° for bond 
angles and 1.90 ° for improper dihedrals; see Brfinger 
(1990b) for definitions]. In contrast, an equivalent level 
of refinement (R factor = 15.9%) with similar geometry 
was only achievable at 3.1/~ resolution with unit-gravity 
data. 

Structure of the bFKBP12-rapamycin complex 
A 10 mg m1-1 solution of bFKBP12 in complex with 

rapamycin was crystallized by vapor diffusion against 
50mM ammonium sulfate and 200 mM potassium 
phosphate at pH 5.5, the space group is P212121 with 
cell dimensions a = 45.86, b = 49.46, c = 55.20A. 
Crystals were similar to those reported earlier for the 
hrFKBP12-rapamycin complex (Van Duyne, Standaert, 
Schreiber et al., 1991), even though bFKBP12 was 
used here instead. The crystal structure was solved 

Fig. 4. Schematic comparison of 
the structures of unliganded 
bFKBP12, hrFKBP12 in com- 
plex with FK506, and bFKBPI2 
in complex with rapamycin. 
Structures are color coded by 
temperature factor; lowest in 
blue and highest in red. These 
data suggest that FK506 binding 
to FKBP12, which leads to a pro- 
ductive inhibition of calcineurin 
activity, may considerably 
restrict the overall mobility of 
FKBP12, in agreement with 
molecular-dynamics simulations. 
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by molecular replacement using coordinates from the 
hrFKBP12-FK506 complex structure described below. 
11 083 unique reflections were observed to 1.77A 
resolution (90% of the total available). Refinement led 
to an R factor for the final model of 17.7%. Deviation 
from ideality was 0.016/1. for bond lengths, 2.94 ° for 
bond angles and 1.24 ° for improper dihedrals. The final 
atomic model consisted of 889 heavy protein atoms and 
102 water molecules. 

Structure of  the hrFKBP12-FK506 complex 

Crystals of the hrFKBP12-FK506 complex were ob- 
tained as described previously (Van Duyne, Standaert, 
Karplus et al. 1991), except that the crystallization was 
carried out at pH 7.0 instead of pH 5.6. Crystals were 
grown by vapor diffusion from a 20 mg m1-1 solution of 
hrFKBP12 in complex with FK506, against a reservoir 
of 1.7 M ammonium sulfate in 200 mM cacodylate at pH 
7.0; the space group is P42212 with cell dimensions a = 
58.07, c = 55.65 A. Data were collected and processed as 
above. 8743 unique reflections were observed to 1.76/~ 
resolution (90% of those available). Refinement was as 
described above, with starting coordinates taken from the 
earlier determination of the hrFKBP12-FK506 complex 
(Van Duyne, Standaert, Karplus et al., 1991). Refinement 
led to a final R factor of 16.2% with good geometry 
(deviation from ideality was 0.014/~ for bond lengths, 
2.87 ° for bond angles, and 1.15 ° for improper dihedrals). 
No significant differences were noted between the re- 
ported hrFKBP12-FK506 complex structure at pH 5.6 
(Van Duyne, Standaert, Karplus et al., 1991) and our 
structure at pH 7.0. The final atomic model consisted of 
889 heavy protein atoms and 97 water molecules. 

Structure comparisons 

Structures of the unliganded FKBP12 and of the 
FKBP12 complexes with FK506 and with rapamycin 
were superimposed by a least-squares procedure within 
X-PLOR (Briinger, 1990b) that overlapped all main- 
chain atoms (C, N, O, Ca)  of the protein. Calcu- 
lated r.m.s, positional differences between the structures 
were 0.51 A for the unliganded bFKBP12 versus the 
hrFKBP12-FK506 complex, 0.64 A for bFKBP12 ver- 
sus the bFKBP12-rapamycin complex, and 0.67/~ for 
the hrFKBP12-FK506 versus the bFKBP12-rapamycin 
complexes. Crystallization, structure determination and 
refinement parameters for these structures, and the 16 
other inhibitor complex structures under discussion are 
summarized in Table 1. 

Molecular-dynamics simulations 

Molecular-dynamics simulations used the program 
C H A R M m  (Version 2.2) (Brooks et al., 1983), as imple- 
mented within QUANTA (Version 3.3, Molecular Simu- 
lations Inc., 1993). Starting bFKBP12 coordinates were 
taken from this study. A subset of approximately ten 
crystallographically determined bound waters were in- 
cluded in the simulation, where the choice of these was 
based on thermal-factor data and visual examination 
of coordinates and maps. H atoms were added with 
CHARMm,  and the resulting structures were energy min- 
imized to a gradient of 0 .04184kJA -2 (0.01 kcal/~-2). 
For these simulations, a distant-dependent dielectric 
(e = r) was used. Molecular dynamics were initiated by 
heating the structures from OK to 300K during 5 ps, 
and then allowing the systems to equilibrate at 300 K 
for 25 ps. At that point, data accumulation was begun, 

Fig. 5. Electron-density map of the ligand-binding 
cavity of unliganded bFKBP12, calculated with 
2[Fol- IFcl 2.0 standard deviation units above 
background (blue), and with [Fo[- [Fc[ coeffi- 
cients, contoured at 2.0 (yellow) and 3.0 (orange) 
standard deviation units above background. 
Superimposed on the density are the coordinates 
of the unliganded bFKBP12 (green) and of the 
hrFKBP12 complex with FK506 (violet). The 
excellent overall fit of these coordinates is 
indicative of how similar are the conformations 
adopted by the three FKBP12's are in this region 
of the protein (for clarity, the rapamycin complex 
coordinates are not shown). Note that binding of 
FK506 (and of rapamycin) rotates the side chain 
of Trp59 when zompared to the unliganded 
structure. The perturbation of Trp59 upon ligand 
binding may be responsible for the fluorescence 
changes previously reported on binding (Park et 
al., 1992). 
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and continued for an additional lOOps at 300 K with 
trajectories saved every 0.5 ps (for a total of 201 coor- 
dinate sets for each system). To test the stability of our 
model, native FKBP12 was subjected to an additional 
200 ps of simulation, with trajectories saved every 0.5 ps. 
As a control, a fully solvated run was carried out on 
the native enzyme using a constant dielectric (e = 1). 
Approximately 200 water molecules were placed in the 
active site and a weak restraining force was used to 
prevent solvent drift. A non-bond cutoff of 12 A, was 
used for all simulations. 

Results 

Comparison of  the structure of  liganded and unliganded 
FKBP 12' s 

In order to explore the possible mechanistic role of 
subtle conformational variability in FKBP12, we have 
solved the structures of unliganded bovine bFKBP12 
(at 2.3,~ resolution, R = 15.8%) and of bFKBP12 
in complex with rapamycin (1.77A, resolution, R = 
17.7%). Both are reported here for the first time. We 
have also re-determined independently the structure of 
the hrFKBP12 complex with FK506 (1.76 A resolution, 
R = 16.2%). Our analysis of protein conformation and 
mobility has been extended to include 16 other FKBP12 
complex structures from our immunosuppressant drug 
design program (unpublished data), where these have 
been solved in different crystal forms with distinct pack- 
ing arrangements and crystal contacts. These structures 
are summarized in Table 1, which lists space group, 
unit cell, data collection and refinement parameters. 
The ligands used were typically tight-binding linear di- 
keto pipecolate analogs, including the compound whose 
complex structure is described in the accompanying 
paper (Armistead et al., 1995); none of these ligands 
is able to inhibit calcineurin in complex with FKBP12, 
however. 

All 19 FKBP12 structures are superimposed in Fig. 
1, which contrasts the close alignment found in the 
framework regions of the molecule with the mobility 
of the loops. Taken together with the r.m.s, deviation 
of main-chain atoms calculated for the 19 superimposed 
structures (Fig. 2), these data suggest that the observed 
variability in FKBP12 is intrinsic to the protein, and 
that FKBP12 is subject to significant localized changes 
in conformation and mobility as a consequence of lig- 
and binding. Support for this view is derived from an 
analysis of molecular-dynamics simulations and from 
generalized order parameter data obtained by ~H-~SN 
NMR spectroscopy (Cheng et al., 1993). 

Molecular-dynamics simulations 

Fig. 3 shows that there is general agreement between 
the r.m.s, deviation of Ca-atom positions taken from 
the 300ps molecular-dynamics simulation of solvated 

unliganded FKBP12, and the scaled Ca-atom temper- 
ature factors taken from the corresponding unliganded 
bFKBP12 structure. The molecular-dynamics simulation 
suggests that the '80's loop' (Fig. 1) delimited by Thr85 
and Asn94 may move cooperatively, as a flap (see Fig. 
3), with the variability for the ~p--'~ angles of the residues 
at the ends of the loop suggesting a hinge. The overall 
mobility of the 80's loop can be monitored by the 
average distance from the Ca atom of Trp59 at the base 
of the ligand-binding site to that of His87 at the tip of 
the 80's loop. In the unliganded FKBP12 simulation, 
the average distance is 18.2/~ with an r.m.s, deviation 
of +1.7 A,. For the FK506 complex, however, the average 
distance decreases to 16.7/~ and the r.m.s, deviation is 
only 0.8 A. This restriction in flap mobility is apparently 
due to favorable van der Waals interactions between the 
pyran ring and its substituents on FK506 with residues 
His87 and Ile91 on the protein. Dynamics simulation of 
the FKBP12-rapamycin complex shows that the average 
distance and r.m.s, deviation between Trp59 and His87 is 
only slightly reduced when compared to the unliganded 
protein. Rapamycin has a different substitution pattern 
on the pyran ring and consequently makes fewer van 
der Waals interactions. This pattern of restricted mobil- 
ity suggests that the structure of FKBP12 in complex 
with FK506 is significantly more ordered than either 
the rapamycin complex or the unliganded protein, in 
agreement with corresponding X-ray temperature-factor 
data (Fig. 4). NMR dynamics studies of free and FK506- 
bound FKBP12 (Cheng et al., 1993) also show that the 
80's loop becomes fixed on binding ligand. 

Solvent structure in the active site 

Few ordered water molecules are found in the gener- 
ally hydrophobic environment of the binding cavity of 
unliganded FKBP12 (Fig. 5). Nonetheless, these solvent 
molecules appear to be important contributors to the 
binding of FKBP12 ligands and substrates. A com- 
parative thermodynamic and structural study of wild- 
type and mutant (Tyr82Phe) hrFKBP12's in complex 
with FK506 (Connelly et al., 1993) concluded that the 
expulsion of two of these water molecules made a 
favorable entropic contribution to the overall binding of 
FK506. 

The C8 carbonyl O atom of FK506 (nomenclature 
as defined in the accompanying paper, Armistead et al., 
1995) is thought to resemble the trans-prolyl carbonyl 
of a peptide substrate; the C9 carbonyl O atom is 
thought to mimic the twisted amide transition state for 
the PPIase activity of FKBP12 (Schreiber, 1991; Rosen 
& Schreiber, 1992; Rosen, Standaert, Galat, Nakatsuka 
& Schreiber, 1990). In the structure of the complex 
with FKBP12, the C8 carbonyl O atom of FK506 forms 
a good hydrogen bond with Tyr82 OH (2.8 A), while 
the C9 carbonyl O atom interacts with the edges of 
Phe36 (3.4A to CZ), Tyr26 (3.5/~ to CE1) and Phe99 
(3.6 A to CE1) (Van Duyne, Standaert, Karplus et al., 
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1991; Van Duyne et al., 1993; and this work). The 
elect/'on density corresponding to water molecule O1 is 
centered 3.3/~ from Tyr82 OH, and 3.4 and 3.8/~ from 
CE2 and CZ of Phe36 and Phe99~ respectively (Fig. 
5). The temperature factor for O1 is high (55.8/~2), 
however, with diffuse density suggestive of multiple 
solvent sites, each of which may satisfy the interactions 
observed for FK506. Water molecule 02  occupies a 
small hydrophobic/aromatic cavity composed of Va155, 
Ile56, Phe46 and Trp59 with strong electron density, and 
is directly hydrogen bonded to the amide N atom of 
Ile56; 02  corresponds most closely to the C1 carbonyl 
O atom of FK506. Connected density to water molecules 
03 and 04  is evident in this region when one contours at 
a lower level, however. This density partially overlaps 
the space occupied by bound FK506, which acts as a 
twisted amide peptide analog, and may be suggestive of 
a partially occupied dipeptide in the active site. 

We also observe a distinct difference in the orientation 
of the side chain of Trp59 in the unliganded state 
when compared to that observed on binding of either 
FK506 (Fig. 5) or rapamycin (similar data not shown). 
The perturbation of Trp59 upon ligand binding may 
be responsible for the fluorescence changes previously 
reported (Park et al., 1992). 

Comparison of  sequence and structural data 

FKBP12 sequences across species as distant as mam- 
mals and fungi are strongly conserved, more so than the 
sequences of other FK506 binding proteins (FKBP's) 
within a species (Peattie et al., 1992, and references 
therein). This is not surprising for those residues that 
are directly involved in ligand binding. However, many 
conserved residues are found on the distal side of the 
/3-sheet framework of the molecule, well away from the 
binding cavity for immunosuppressant ligands and the 
prolyl isomerase active site. Some of these residues are 

clearly involved in hydrophobic and salt-bridge interac- 
tions that may serve to stabilize the protein, but some 
have no obvious reason to explain their conservation, and 
may well be involved in as yet undiscovered interactions. 

Synthesis of FK506 by its producing organism may 
confer a competitive advantage upon it, by inhibiting 
the FKBP 12' s of competing microbial species. As fungal 
metabolites (Kino et al., 1987; Vezina et al., 1975), how- 
ever, neither FK506 nor rapamycin are likely themselves 
to be the endogenous ligand(s) that normally interact 
with the mammalian FKBP12's; nor is there currently 
any direct evidence for the existence of such. By looking 
at the pattern of contiguous conserved residues in the 
structure of FKBP12, however, one can discern what 
might be the 'footprint' of such an endogenous ligand 
(Fig. 6), in the form of a continuous slot extending 
beyond the FK506-binding site. The slot is largely 
hidden by residues of the 80's loop, but these have been 
shown to behave as a mobile flap in the molecular- 
dynamics simulations described above. As with the 
aspartyl proteases (Davies, 1990; Wlodawer & Erickson, 
1993) and various lipases (Cambillau & van Tilbeurgh, 
1993), conserved structural elements protected by a flap 
hint at functionality (Sali et al., 1992), and one can 
speculate on the possible displacement of the flap as 
a component of the binding of the unknown endogenous 
ligand, or of calcineurin. Site-directed mutagenesis of the 
conserved residues of the footprint region may clarify 
their role in the function of FKBP12. 

Discussion 

The differences in FKBP12 structure that we have de- 
scribed suggest that the conformation of the protein 
may be important in establishing the calcineurin in- 
hibitory potential of a given ligand complex, and that 
immunosuppressive ligands like FK506 may express 

Fig. 6. Cot trace of the structure of 
unliganded bFKBP12 shown in stereo. 
Conserved residues associated with 
FK506 binding are shown in blue; 
conserved residues contiguous to the 
latter are in yellow; contiguous back- 
bone atoms are in orange. The 
combined pattern of conserved resi- 
dues is suggestive of a 'footprint' of 
interaction for the putative endogenous 
FMBP12 ligand that FK506 may 
mimic. The footprint of conserved 
residues on the surface of FKBP12 
forms a slot that extends away from the 
FK506 binding cavity to the surface of 
the protein. The slot is protected by 
residues Thr85 to Asp94, which mole- 
cular-dynamics simulations suggest 
may be mobile as a unit, acting as a 
'flap', such as is found, for example, in 
HIV-1 protease and other members of 
the aspartyl protease family (see text). 
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their differential effects in part by modulating the protein 
conformation. This point is illustrated by the break- 
down of the effector-domain model in explaining the 
remarkable behavior of L-658,818 (a close 18-hydroxyl- 
21-ethyl analog of FK506) (Rotonda et al., 1993; Becker 
et al., 1993; Parson et al., 1993). In complex with 
hrFKBP12, L-658,818 acts as an antagonist of cal- 
cineurin inhibition, much like rapamycin; in complex 
with yeast FKBP12, however, L-658,818 becomes a 
more potent inhibitor of calcineurin phosphatase activity 
than FK506 itself (Rotonda et al., 1993; Parson et al., 
1993). The Merck group has compared the structures of 
FK506* in complex with human and yeast FKBP12's, 
respectively, and has found, in addition to the obvi- 
ous side-chain substituents, main-chain r.m.s, differences 
corresponding to those found in the regions of mobility 
identified in this study (Figs. 1--4). Least affected by 
its binding to the human and yeast FKBP12's was the 
conformation of FK506 itself, with an r.m.s, deviation 
between structures of only 0.35 tl, (Rotonda et al., 1993), 
a figure that is roughly comparable to the expected error 
of the method (Rotonda et al., 1993; Becker et al., 1993). 

The structures of mutant FKBP12's in complex with 
FK506 (Itoh et al., 1995; Lepre et al., unpublished 
work), along with the limited functional data avail- 
able for FK506 analogs (Tocci et al., 1989; Sigal & 
Dumont, 1992; Armistead & Harding, 1993; Organ et 
al., 1993; Dumont et al., 1992; Parson et al., 1993; 
Kawai et al., 1993; Goulet et al., 1994), all support 
the existence and importance of a composite surface 
of ligand and protein structural elements whose in- 
tegrity is critical for calcineurin inhibition (Aldape et 
al., 1992). Within this interaction region (Fig. 7), we 
have identified several prominent depressions on the 
surface of the FKBP12-FK506 complex that are either 
distorted or blocked outright in antagonist complexes. 
Significantly, the constituent amino acids that form a 
part of these composite depressions are those whose 
mutation most severely affects calcineurin inhibition by 
the corresponding FKBP12-FK506 complex, and whose 
location can also be mapped to the regions of FKBP12 
conformational variability that we have identified (Figs. 
1-4) in this study. 

et al., 1993), and the differences in structure between 
the two ligands in their respective FKBP12 complexes 
(Van Duyne, Standaert, Karplus et al., 1991; Van Duyne, 
Standaert, Schreiber et al., 1991; Van Duyne et al., 
1993). If one is to generalize the model beyond those 
defining examples and specifically, if one is to attribute 
a special role to the particular FK506 effector-domain 
conformation that is seen in its FKBP12 complex, then 
it becomes necessary to assume that the protein remains 
'nearly identical' (Schreiber et al., 1993) in the various 
possible ligand bound and unbound states, and hence 
functionally irrelevant to any of them. These assump- 
tions have been particularly attractive with respect to 
structure-based drug design in this area, since they justify 
simple mimicry of the FK506 effector-domain confor- 
mation as a target strategy (see, e.g., the accompanying 
paper, Armistead et al., 1995, and references therein). 

Our results suggest that the interactions involved 
in calcineurin inhibition by FKBP12-1igand complexes 
are more complicated than previously recognized, and 

Concluding remarks 

The foundations of the effector-domain model depend on 
a correlation between the agonist and antagonist behav- 
ior of FK506 and rapamycin in promoting calcineurin 
inhibition (Schreiber, 1991; Rosen & Schreiber, 1992; 
Schreiber & Crabtree, 1992; Liu, 1993a,b; Schreiber 

* The conformation of L-685,818 strongly resembles that of FK506 in 
its complex with human recombinant FKBP12 (r.m.s. A for all atoms 
= 0.35/~,, Becker et al., 1993). As such, it was reasonably assumed that 
L-685,818 would adopt the same conformation found for FK506 in the 
yeast complex (Rotonda et al., 1993). The structure of yeast FKBP12 in 
complex with L-685,818 has not been reported, however. 

Fig. 7. Solvent-accessible surface representation of the FKBP12-FK506 
complex structure. The surface is color coded with respect to its 
curvature, from concave (in red) to convex (in blue), as calculated 
by the program G R A S P  (Nicholls & Honig, 1992). Side chains for 
those residues known to be involved in calcineurin inhibition by 
site-directed mutagenesis studies (Aldape et  al., 1992; Yang, Rosen 
& Schreiber, 1993) are also displayed. A number of suggestive 
depressions are found in the functionally important region of the 
complex surrounding the bound ligand, including the 'catcher's mitt' 
(see text) formed by FK506 and protein residues Asp37, His87 
and Ile90. A second depression involves residues Arg42 and Phe46. 
Ligand-induced conformational changes, or mutations (Aldape et  al., 
1992; Itoh et al., 1995) in this mobile region of the protein could 
alter the conformation of these surface depressions (or could eliminate 
them altogether), thereby preventing the binding and inhibition of 
calcineurin. 
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that local conformational flexibility may be an intrinsic 
characteristic of FKBP12 that has functional implica- 
tions. In this context, the observed antagonism of the 
synthetic effector-less ligand 506BD (Bierer et al., 1990; 
Somers et al., 1991), though critical in gaining ac- 
ceptance for the model, fails to support the proposed 
sufficiency of the effector-domain in promoting agonist 
caicineurin inhibitory activity. In addition, the structural 
and biochemical consequences on calcineurin inhibi- 
tion of FK506 analogs like L-688,518 in complex with 
FKBP12 (Rotonda et al., 1993; Becker et al., 1993; 
Parson et al., 1993), and of FK506 itself in complex with 
site-directed mutants of FKBP12, are consistent with a 
critical role for the FKBP12 protein, but are difficult 
to reconcile with the effector-domain hypothesis as it 
stands. 

Success in the design of novel immunosuppressants 
that operate through the calcineurin pathway may have to 
take specific account of the participation of the FKBP12 
protein in the interaction with calcineurin, and may 
ultimately require that we reconsider the design process 
as an enzyme inhibitor problem in the context of a 
solved structure of the FKBP12-FK506 complex bound 
to calcineurin itself. 

We would like to thank our colleagues for their contin- 
uing support, and especially Stephen Chambers, David 
Armistead, Michael Badia, John Duffy, Jeff Saunders, 
David Livingston, Steve Park and Vicki Sato. 
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