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ABSTRACT. Tryptophan 59 forms the seat of the hydrophobic ligand-binding site in the small immunophilin
FKBP12. Mutating this residue to phenylalanine or leucine stabilizes the protein by 2.72 and 2.35 kcal
mol~1, respectively. Here we report the stability data and 1.7 A resolution crystal structures of both mutant
proteins, complexed with the immunosuppressant rapamycin. Both structures show a relatively large
response to mutation involving a helical bulge at the mutation site and the loss of a hydrogen bond that
anchors a nearby loop. The increased stability of the mutants is probably due to a combination of improved
packing and an entropic gain at the mutation site. The structures are almost identical to that of wild-type
FKBP12.6, an isoform of FKBP12 that differs by 18 residues, including Trp59, in its sequence. Therefore,
the structural difference between the two isoforms can be attributed almost entirely to the identity of
residue 59. It is likely that in FKBPX2ligand complexes Trp59 provides added binding energy at the
active site at the expense of protein stability, a characteristic common to other proteins. FKBP12 associates
with the ryanodine receptor in skeletal muscle (RyR1), while FKBP12.6 selectively binds the ryanodine
receptor in cardiac muscle (RyR2). The structural response to mutation suggests that residue 59 contributes
to the specificity of binding between FKBP12 isoforms and ryanodine receptors.

Human FKBP12, a peptidylprolyl isomerase that binds
the immunosuppresant drugs FK506 and rapamycin, is a
ubiquitous cytosolic protein implicated in several physi-
ological processes; yet its mechanism of action is not fully
understood (Schreiber, 1991; Harding et al., 1989; DeCenzo
et al., 1996; Harrar et al., 2001). FKBP1EK506/rapamycin
complexes inhibit key events in the cytoplasmic signal
process, leading to immunosuppression (Schreiber, 1991).
FKBP12 and its isoform FKBP12.6 have been found to be
crucial regulators of intracellular €arelease due to their
association with ryanodine receptors, thus playing essential
roles in excitation-contraction coupling in skeletal and cardiac
muscle (Jayaraman et al., 1992; Brillantes et al., 1994; Xin
et al., 1999; Carmody et al., 2001; Gaburjakova et al., 2001).
Disruption of the FKBP12.6 gene in mice results in cardiac
hypertrophy (Xin et al., 2002), while developmental cardiac
defects have been reported in FKBP12-deficient mice (Shou
et al., 1998). Despite normal skeletal muscle, the mutant mice
compared with wild type were observed to have both RyR1
and RyR2 C#&" channels in more frequent open-states. The
results of Shou et al., (1998) are consistent with the finding loopl
that paediatric organ transplant patients given high doses of
FK506 developed hypertrophic cardiomyopathy associated Ficure 1: The structure of human FKBP12. The secondary
with clinically severe heart failure (Atkinson, 1995). Further, structure representation was produced using MolScript (Kraulis,
genetically transmitted mutations in the hRyR2 gene causes1991) and rendered using Raster3D (Merrit and Murphy, 1994).
stress-induced bidirectional ventricular tachycardia (Laitinen
et al., 2001; Priori et al.,, 2001), leading to cardiac arrest  Owing to its small size (12 kDa) and its two-state folding
and sudden death. It has been suggested that these mutatiomghavior, FKBP12 is a good model system for protein folding
disrupt the FKBP12.6 association, leaving RyR2 in an open and engineering studies (Main et al., 1999). Its structure, in
state (Marks, 2002). free form and complexed with FK506 and rapamycin, has
been solved by X-ray crystallography to high resolution
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1999; Main etal., 2001). FKBP12.6, an isoform (_)f FKBP12, Table 1: Thermodynamic Parameters for the Reversible Unfolding
differs in its sequence by 18 out of 108 residues (83% of wild-Type and Mutant FKBP12

sequence identity; Timerman et al., 1996). One notable [Ureahod Mo® bAAGH
difference is residue 59, which forms the seat of the drug  mutant M) ' (kcal mof* M~?) (kcal mol?)
binding site and which is a tryptophan in FKBP12 and a —

- Id t 3.87+£0.02 1.43£0.05 0
phenylalanine in FKBP12.6. To explore the role of Trp59 V\,VV'F53"G 5.58+ 0.20 111+ 0.16 —2.7240.32
in FKBP12, we have investigated the structural and energetic WL59 5.35+ 0.05 1.20+ 0.08 —2.354+0.09

consequences of mutating this residue to phenylalanine and" « grors are from the data fitting.Calculated using an average
leucine. Both mutations produced proteins with increased value of 1.59+ 0.02 kcal mot* M~ calculated from data for wild
stability. We describe their structures, determined by X-ray type and a large number of mutants (Main et al., 1998). A negative
crystallography at 1.7 A resolution. and provide a structural sign indicates that the mutant is more stable than the wild-type protein.
rationalization for the stabilization. We then discuss the

structural response to mutation in the context of the variation Table 2: Results of Crystallographic Data Processing and Structure
in binding specificity between FKBP12/FKBP12.6 and Refinement Statisti¢s

ryanodine receptors. FKBP12 wT WF59 WL59
Data Collection
MATERIALS AND METHODS space group P2,1212; P21212; P2,212;

] o ] cell dimensions (A): 44.6,48.8,54.0 44.5 49.1,51.7 44.1,49.4,51.6
Expression and Purification of the Wild-Type and Mutants. 4 b, ¢

Wild-type and mutant FKBP12 were constructed, expressed, resolution (A) 22.41.7 20.4-1.7 20.3-1.7
and purified as described (Main et al., 1998). Protein Sg%ﬁeteness %) 5-86(1158)1 0 5-gé127-(g)5 0 ~r>-25’3€()227-é)l 2
concentration was detgrmmed spectrophotometncall;;usmg multiplicity 6.4 (6.4) 37 (3.5) 3.7(33)
a molar extinction coefficient, of 9927 and 4243 M cm _ WolO 39.2 (7.0) 23.7 (3.8) 20.3 (2.6)
at 278 nm for wild-type and mutant FKBP;?, respectively. Structure Refinement

Ultra-grade urea was used (Fisher Scientific UK Ltd.). All R @) 25.8 22.9 27.0
stock solutions of urea were made using volumetric flasks, Royst(%) 21.8 19.0 20.9
flash-frozen, and stored at 20 deg C to prevent degradation.ﬁbond(é) 01-0708 01-(;08 2-309

In all gxperiments the final buffer concentration.s were 50 magg;é &gz)) 152 (1379 18.6 (17.3) 253 2513
mM Tris-HCI (pH 7.5), 1 mM DTT. All other materials were  no. of solvent 165 144 145
analytical grade and purchased from Sigma. molecules in model

no. of glycerol 1 1 2

Equilibrium Unfolding. Unfolding experiments under molecules in model

equilibrium conditions to measure the relative stabilities of - - - -
wild type, WF59, and WL59 were performed and analyzed aFigure in par_enthes_gs refer to the highest-resolution shitiree-
. . ment between intensities of repeated measurements of the same

as described elsewhere (Main et al., 1998). For the mutants,efiections and can be defined a§i(ln; — Tn/S In;, wherely; are
an excitation wavelength of 280 nm was used and the individual values andl,is the mean value of the intensity of reflection
emission at 303 nm recorded. h. ¢ The freeR factor was calculated with the 10% of data omitted

Structure Solution and Refinement of Wild-Type and from the refinement.
Mutant FKBP12-Rapamycin Complexéghe structure of
wild-type FKBP12, both in free forms and complexed with response to mutation, discussed below. It is also noteworthy
rapamycin and FK506, is known from both crystallographic that cooling to 100 K does not cause significant changes to
and solution studies (Michnick et al., 1991; van Duyne et the unit cell volume.
al., 1991, 1993; Moore et al., 1991). All published structures ~ Datasets were indexed and the reflection intensities
were derived from experiments conducted at 298 K. Data measured using MOSFLM (CCP4, 1994). The CCP4 suite
for the mutants WF59 and WL59 were collected from cryo- was used for data reduction (CCP4, 1994). Five percent of
cooled crystals at 100 K. To eliminate differences due to the dataset for each mutant was flagged for calculation of
the temperature of data collection, the structure of the wild- the freeR factor (Brunger, 1992, 1993) during refinement.
type protein was also determined from data collected at The same reflections were flagged for all structures to
100 K. minimize coupling of reflections between calculated and

Crystals of wild-type FKBP12 and mutants WL59 and observed structure factors_(KIeyweg_t and Brunger, 1996).
WF59, complexed with rapamycin, were obtained by hanging Structures were solved using the wild-type FKBP12-rapa-
drop vapor diffusion (McPherson, 1982), in 30% PEG MME Mycin complex (PDB code 1fkb, van Duyne et al., 1991a,
2K, 0.2 M (NH:),SO; (pH 4.6) and belong to spacegroup 1991b, 1993) as a starting moqel f_or r|g|d-b_ody refmem_ent.
P2:2:2;. In all three cases, a complete dataset to 1.7 A Iterative cycles of maximum likelihood refmemer_wt using
resolution was collected from a single crystal cooled to 100 REFMAC (Murshudov et al., 1997) and model building in
K using a 345 mm Mar Research image plate detector, with © (Jones et al., 1991) were used to further improve the
in-house monochromatic CudkX-rays generated by a Elliot ~ Model, until there was no further drop in fréefactor. All
GX13 rotating anode. This crystal form is isomorphous with structures consist qf 107 protein residues corresponding to
that of the published FKBP12-rapamycin complex (van the full-length protein.
Duyne et al., 1991a, 1991b, 1993), with the notable distinc- RESULTS
tion that for both mutants there is a 3.4 A reduction in the
unit cell ¢ axis (due to a rigid body shift of the protein Equilibrium unfolding data are shown in Table 1. For both
molecule: see below). This is a direct result of the structural mutants a large stabilization is observed. For FrPhe59,
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Ficure 2: 2F,—F. electron density maps. Calculated with SIGMAA coefficients (Read, 1986), contoured atd the root-mean-square
deviation from the mean electron density in the unit cell). Superimposed is the refined atomic model. Drawn with BobScript (extensions
to the program MolScript (Kraulis, 1991), Robert Esnouf), and Raster3D (Merrit and Murphy, 1994). (a) Rapamycin molecule in WF59;
(b) Phe59 and surrounding residues in WF59, looking dowrelix from the N-terminus, away from rapamycin binding site; (c) Leu59

and surrounding residues in WL59, looking dowhelix from the N-terminus, away from rapamycin binding site.

AAGp_ny = —2.72 kcal mot?, and for Trp — Leu59 diffused into the crystals during the very brief% s) period
AAGp_n = —2.35 kcal mot?. In general, removal of such  of soaking in the cryoprotectant, are involved in hydrogen
a large number of methyl(ene) groups from the hydrophobic bonding interactions with the protein surface. The electron
core is predicted to result in a large destabilization of the density around residues 90 and 98, which are discretely
protein. This was seen in the case of barnase, wheredisordered in the wild-type structure at 298 K (van Duyne
tryptophan mutations resulted in a large destabilization of et al., 1993), is very well defined for wild-type and mutant
the protein: AAGp—y = 1.52 kcal mot? (Trp—Leu94) and structures at 100 K, with no indication of more than one
AAGp_n = 0.87 kcal mot? (Trp — Phe94) (Alan Fersht, conformation. It is likely that the low temperature has
personal communication, 2002). “frozen” the conformation of both of these relatively solvent
Crystallographic data are summarized in Table 2. The exposed side chains, possibly via the ordering of surrounding
quality of the electron density in all models is excellent solvent. In all three cases, fragmented electron density is
throughout. Overall, the models have excellent stereochem-observed for additional N-terminal residues Gyer-Met
istry. On the basis of a stereochemical analysis with the which are the result of the cloning and expression in
program PROCHECK (Morriset et al., 1992), 90% of PRSETA-His tag vector. However, it was impossible to
residues have backbogéy angles within the most favored  model these residues into the electron density.
regions of the Ramachandran plot. No residues have disal- The Structural Response to the Mutations WF59 and
lowed backbon@/y angles. The main-chain and side-chain WL59. The structures of wild-type, WF59 and WL59
stereochemistry of the model is better than that derived from FKBP12, complexed with rapamycin are shown in Figure 3.
the 118 protein structures solved at 2.0 A resolution used in The rapamycin and FK506-binding site is a shallow hydro-
the PROCHECK analysis. Several residues in all three phobic cleft between ther-helix and the five-stranded
models have clearly defined multiple side-chain conforma- antiparallel 5-sheet. The overall structures of WF59 and
tions (see Table 2). Disordered atoms in these residues weray|L59 are very similar to the wild-type structure. A least-
given fractional occupancies and included in the refinement. squares superposition of backbones of WF59 and WL59 with
One or more molecules of glycerol could be built into the wild type gives an average root-mean-square deviation (rmsd)
electron density in all cases. These molecules, which hadof 0.35 and 0.38 A for all the main-chain atoms of WF59
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Ficure 3: Structural overlay of wild-type (red), WF59 (white), and WL59 (blue) FKBP12, showing residue 59 and rapamycin. Drawn with
MolScript (Kraulis, 1991) and Raster3D (Merrit and Murphy, 1994).

60 T . T . I side chains, which are extremely well resolved in the electron
i ] density (Figure 2), occupy similar volumes. Both have low-
energy, preferred conformations (Ponder and Richards,
1987). Thea-helix (56—66) has shifted inward toward the
cavity created by the removal of the tryptophan side chain
(Figures 3, 5, and 6). This is more pronounced at the
N-terminal end of thex-helix (58—62) (the shift in G atoms
is maximal at residue 59: 0.9 A for WF59 and 0.8 A for
WL59). Since the shifts diminish further toward the C-
terminus of the helix, the result is a “bulging” at the middle.
Although the cavity created by removal of Trp59 cannot
be filled by the smaller Phe side chain, Phe59 has moved
toward the center of the cavity such that the center of its
side chain is at approximately the same position as the center
of the side chain of Trp59 in wild type. These shifts have
important consequences for the loop region-5. It appears

Atomic Temperature Factor (Az)

4] 20 40 B0 80 100
. that the hydrogen bonds between Glu6Ghelix) and the
Residue Number backbone amide NH groups of residue 51 and 53 (loop4)
FicurRe 4: Plot of average atomic temperatuB) factors for wild- are important anchors for this loop. The helical “bulging”
type (red), WF59 (green), and WL59 (blue) structures. toward the mutation site disrupts the side chain of Glu60

and hence the hydrogen bond with the backbone nitrogen

and WL59, respectively. The rmsd values for side-chain of res_,idue 5:_% (Figures 5b and 6b). .In both mutant stryctures,
atoms are somewhat larger, 0.52 A for WF59 and 0.48 A the side chain of Glu60 adopts a different conformation and
for WL59. The atomic temperatureBY factors for each  the hydrogen bond with the backbone nitrogen of residue
structure are shown and compared in Figure 4. The averagedl iS retained, albeit with altered geometry. In summary,
B factors for main-chain atoms, side-chain atoms, rapamycin the conformation of this loop region is directly affected by
atoms, and water are as follows: 13.9, 16.7, 13.7, and 29.3the mutations.
A2 for WT; 17.4, 20.0, 17.3, and 32.82%or WF59; and There are no significant structural shifts of rapamycin
24.0, 26.8, 25.1, and 40.424or WL59, respectively. atoms. Generally, the flexibility around the mutation site has
There are some large deviations in the positions and increased in both mutants, as indicated by the comparison
conformations of surface side chains but these are mainly of atomic temperature factors (Figure 4) and by the increased
attributable to changes in crystal packing. The structural number of discrete conformations that can be modeled for
response to both mutations is restricted to the local structuresurrounding side chains (Table 3). In particular, the confor-
surrounding Trp59 and can be described as follows. Theremational disorder at residues 50 and 74 is of significant
are no significant movements in tiesheet structure adjacent interest (Figure 7). This loop region 564 packs against
to the mutation site. In both structures the Leu59 and Phe59the a-helix, and the decrease in conformational order is
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Ficure 5: Superposition of the structures of WF59 (white bonds) and wild-type (yellow bonds) FKBP12 shown in stereo. Drawn with
MolScript (Kraulis, 1991) and Raster3D (Merrit and Murphy, 1994): od)elix and residues surrounding mutation site; (b) loop4 region
(residues 56-54) showing the hydrogen bonds between Glu@hé¢lix) and the backbone amide NH groups of residues 51 and 53.

strongly correlated to the inward helical movement described DISCUSSION
above. In the WL59 mutant, Leu74 adopts two discrete
conformations, but in the wild-type and WF59 structures,
only one (the same) conformation is modeled. Disorder of
Leu74 in the case of WL59 is directly related to the

conformational space created at residue 74 from the Shlf'[Spacking as a result of the structural shifts. Indeed, structural

at residue 59 (Figure 7b). shifts upon mutation must always occur to lower the free
Structural Comparisons with FKBP12.@n Isoform of  energy. There is no evidence of strain present in the wild-
FKBP12.FKBP12.6 is an isoform of FKBP12, differing in  type structure, but it is possible that the decrease in order of
sequence in only 18 out of 107 residues (Figure 8). Seventhe loop region 5653 upon mutation could bring about a
of these residues are polar or charged and are found on thgavorable entropic gain. Further stabilization in WL59 may
surface. The remaining nine residues are hydrophobic andbe attributed to the disorder of Leu74. Mutagenesis studies
are found in the protein interior. Residue 59, located at the on several proteins have shown that there is a compromise
base of the rapamycin and FK506-binding sites, is a between stability and activity: residues at active sites are
phenylanine in FKBP12.6 and a tryptophan in FKBP12. The optimized for function, often at the expense of protein
structures of FKBP12 mutants are almost identical to that stability (Meiering et al., 1992). It is likely that this
of wild-type FKBP12.6 (Figures 8 and 9) (Deivanayagam phenomenon is responsible for the stabilization observed
et al.,, 2000). Thus, the structural differences between here. Indeed, this is a proven method of increasing protein
FKBP12 and FKBP12.6 are due almost entirely to the stability: using an empirical approach of exploring naturally
difference at residue 59. occurring variations among a family of homologous proteins,

Increased Stability of Mutants Suggests a Tradeoff between
Stability and FunctionMutants WF59 and WL59 are 2.72
and 2.35 kcal moi* more stable than the wild-type protein.
The gain in stability is very likely associated with improved
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FiGure 6: Superposition of the structures of WL59 (white bonds) and wild-type (yellow bonds) FKBP12 shown in stereo. Drawn with
MolScript (Kraulis, 1991) and Raster3D (Merrit and Murphy, 1994): od)elix and residues surrounding mutation site; (b) loop4 region
(residues 5654) showing the hydrogen bonds between Glu@hé¢lix) and the backbone amide NH groups of residues 51 and 53.

Table 3: Residues Having Multiple Conformations cardiac ryanodine receptor (RyR2) (Carmody et al., 2001,
, Gaburjakova et al., 2001; Xin et al., 1999). Ryanodine
no. of discrete .
conformations WT WF59 WL59 WT (298 K) receptors govern the release of’Cérom the sarcoplasmic
> Ser77 Ser38. Ser77 Met29, Ser3ale90, Valos retlculum in skeleta] and heart muscle, thus trlggenng.muscle
Glus4, Leu74° contraction (Gaburjakova et al., 2001). A mutagenesis study
3 - Leus0® c - identified three residues, GIn31, Asn32, and Phe59, in

avan Duyne et al., 1993.The residues shown in bold are buriedin  FKBP12.6 that confer specificity in binding cardiac RyR2
the hydrophobic core of the proteifiThe side chain of Leu50 is too  (Xin et al., 1999). Residues 31 and 32 are located B+itan
mobile to be modeled in the WL59 mutant, indicating significant on the protein Surface, some 10 A from Pheb59 and the
e FK506/rapamycin binding site. In FKBP12 these residues
are Glu31 and Asp32, representing a net charge difference

single stab|I|2|ng_ mutations have been pomblned tocreate ays 5 nits It is possible that the charge difference may have
superstable multiple mutant for the proteins: barnase (Serrang

et al., 1993): GroEL apical domain (Wang et al., 2000); a role in receptor binding affinity and association kinetics,

barstar (Schreiber et al., 1994); and p53 (Nikolova et al or both. But, there is likely to be little structural differences
1998) v ' P " at this site between the two proteins. Given the large

Biological Significance of Structural Differences between Struc;tural response to substltu_tlon_ at. res!due 59 ar_1d Its
FKBP12 and FKBP12.6 Isoformhile it is striking that  PrOXimity to the FK506/rapamycin binding site, this residue
the structural differences between two isoforms of a protein MOSt likely has a role in receptor binding.
arises from just one residue change out of 18, there may be In FKBP12, Val63 is located on the same face of the helix
significance for the functional differences between FKBP12 to Phe59. It has been suggested that in FKBP12.6 an alanine
and FKBP12.6. FKBP12 associates with the skeletal ryano-at this position would facilitate the helical shift into the cavity
dine receptor (RyR1), while FKBP12.6 selectively binds the created by substituting tryptophan for phenylalanine (Dei-
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LY ) LY )
V101 ‘\, V101
Ficure 7: Multiple side chain conformations and surrounding residues, shown in stereo. Alternative side chain conformations are shown

in white and green. Drawn with MolScript (Kraulis, 1991) and Raster3D (Merrit and Murphy, 1994): (a) Leu50 in the WF59 mutant; (b)
Leu74 in the WL59 mutant.

Ficure 8: Structural overlay of WF59 FKBP12 and wild-type FKBP12.6, showing all 18 residue differences and rapamycin. Drawn with
MolScript (Kraulis, 1991) and Raster3D (Merrit and Murphy, 1994).

vanayagam et al., 2000). The results presented here cast som® substitution at residue 59. Similarly, differences at residue
doubt on this, as the shifts seem to be unrelated to all other90 (Val— Ala) at the opposite face of the FK506/rapamycin-
differences between FKBP12 and FKBP12.6 and due solelybinding site to Phe59 are probably too small to have any
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FIGURE 9: Superposition of the structures of WF59 mutant (white bonds) and wild-type FKBP12.6 (yellow bonds), showirigelhe
and residues surrounding mutation site. Shown in stereo. Drawn with MolScript (Kraulis, 1991) and Raster3D (Merrit and Murphy, 1994).

significant effect on selective receptor binding. Structural REFERENCES

studies of “conservative” mutations Ilte- Val and Val—
Ala show, in general very modest structural response to
mutation (Buckle et al., 1993; Jackson et al., 1993).
Binding specificity may also arise from sequence variation
of RyR: a conserved Val-Pro peptide (LSRLVPLDDLYV)
in RyR1 forms part of the FKBP12 binding site, whereas
the FKBP12.6-binding site of RyR2 consists of a conserved
lle-Pro peptide (LSRLIPLDDLV) (Cameron et al., 1997).
In the absence of any structural data for RyR, it is difficult
to correlate this subtle sequence difference with the structural
differences between FKBP12 and FKBP12.6 caused by
variation at residue 59. Residues GIn31 and Asn32 in
FKBP12.6 also contribute to specificity in binding cardiac
RyR2. The quantitative contribution that each residue makes
to binding specificity will be revealed only from binding

studies between FKBP variants and the ryanodine receptor.

CONCLUSIONS

The high-resolution crystal structures of FKBP12 mutants
WL49 and WF59 complexed with rapamycin offer several
insights into the stability, structure, and function of FKBP12.
The increased stability of the mutants is probably due to a
combination of improved packing and a favorable entropic
gain at the mutation site. The structural differences between
FKBP12 and FKBP12.6 can be attributed to residue 59, even
though there are 18 amino acid differences in total. Previous
work has identified several residues that govern the specific-
ity of binding of FKBP12 and FKBP12.6 for skeletal and
cardiac muscle ryanodine receptors. Our findings corroborate
the finding that residue 59 plays some part in binding
specificity. Further, the combination of structural and
thermodynamic analysis show how the protein structure
displays a structurefunction tradeoff common to many
proteins: the presence of Trp59 is required for optimal
function, but at the expense of protein stability.
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