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Abstract

Among the 22 FKBP domains in the human genome, FKBP12.6 and the first FKBP domains
(FK1) of FKBP51 and FKBP52 are evolutionarily and structurally most similar to the archetypical
FKBP12. As such, the development of inhibitors with selectivity among these four FKBP domains
poses a significant challenge for structure-based design. The pleiotropic effects of these FKBP
domains in a range of signaling processes such as the regulation of ryanodine receptor calcium
channels by FKBP12 and FKBP12.6 and steroid receptor regulation by the FK1 domains of
FKBP51 and FKBP52 amply justify the efforts to develop selective therapies. In contrast to their
close structural similarities, these four FKBP domains exhibit a substantial diversity in their
conformational flexibility. A number of distinct conformational transitions have been
characterized for FKBP12 spanning timeframes from 20 s to 10 ns and in each case these
dynamics have been shown to markedly differ from the conformational behavior for one or more
of the other three FKBP domains. Protein flexibility-based inhibitor design could draw upon the
transitions that are significantly populated in only one of the targeted proteins. Both the
similarities and differences among these four proteins valuably inform the understanding of how
dynamical effects propagate across the FKBP domains as well as potentially how such
intramolecular transitions might couple to the larger scale transitions that are central to the
signaling complexes in which these FKBP domains function.
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Alternate orientations of the Val 90 sidechain in two crystal forms of FKBP12.6 at the tip of the
Ba—Ps loop where it packs against residues of the B, and B3, strands.
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INTRODUCTION

The archetypical FKBP domain protein FKBP12 is best known for forming binary
complexes with the immunosuppressants FK506 and rapamycin which, in turn, form
inhibitory ternary complexes with the protein phosphatase calcineurin [1] and the protein
kinase mTOR [2], respectively. Although these FKBP12-mediated immunosuppressant
interactions have proven to be highly useful in pharmacological therapies, there is little
evidence to indicate that analogous endogenous interactions play a significant role in
physiological signal processing. Despite more than two decades of research [3], no
endogenous small molecule ligand has been shown to mediate protein-protein interactions
for any of the 22 FKBP domains within the human genome [4]. In addition to the closely
homologous FKBP12.6 and the more evolutionarily divergent FKBP13, there are 19
different FKBP domains that are modules within larger proteins. Some, but not all, of these
FKBP domains catalyze the cis-trans prolyl isomerization reaction. The relative significance
of this catalytic activity in the overall biological function for many of these FKBP proteins
remains an open question, although the prolyl isomerization activity of FKBP12 has been
proposed to contribute to the interactions of this protein with the misfolded forms of a-
synuclein [5], tau [6] and amyloid precursor protein [7] while prolyl isomerization has also
been proposed to have a role in the activities of larger FKBP domain proteins such as in the
regulation of NF-xB by FKBP52 [8]. Due to the challenges posed by the particularly close
structural similarity of FKBP12 and FKBP12.6 to the first FKBP domains of FKBP51 and
FKBP52, as also reflected in their ungapped sequence alignments (Fig. 1), these four FKBP
domains have been the primary focus of the conformational dynamics studied considered
herein.

Although crystal structures are available for a number of the human FKBP domains, the only
reported structures of a physiological protein-protein complex involving an FKBP domain is
for FKBP12 bound to the TGF B4 receptor and the closely related activin and bone
morphogenetic protein receptors [9, 10]. In these structures, the site of catalytic
isomerization in FKBP12 is occupied by a Leu-Leu dipeptide from the receptor. It appears
that for these complexes the catalytic cleft of FKBP12 is being utilized for protein
recognition interactions without any participation of peptide isomerization, indicating that
catalytic site mutations which disrupt signaling function need not imply a role for
isomerization.

Genetic and cell biology studies indicate that the physiological roles for various FKBP
proteins primarily involve protein-protein recognition interactions that contribute to the
regulation of various signaling pathways as typified by the FKBP12/FKBP12.6 regulation of
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ryanodine receptor calcium channels [11-14] and the FKBP51/FKBP52 regulation of steroid
receptor complexes [15-18]. FK506 and rapamycin bind to many of the FKBP domains
resulting in disruption of function. Given the wide range of processes in which the FKBP
proteins participate in regulation, selective inhibition among the various FKBP domains is
an important pharmacological goal. Clinical observations on the effects of non-
immunosuppressant FK506 derivatives developed for neurological therapies demonstrate
excellent tolerance to broad range inhibition among the FKBP domain proteins [19, 20],
indicating the potential for selective FKBP inhibitors exhibiting good clinical tolerance [21].

In part stimulated by the considerable challenges to standard structure-based design of
selectivity that is posed by FKBP12 and FKBP12.6 and the FK1 domains of FKBP51 and
FKBP52, NMR and crystallographic studies of these four domains are being pursued to
examine the degree to which transient conformations that are sampled by each of these
domains might offer a degree of structural diversity among the four domains that could
prove useful for selectivity design. Similarly of interest for these studies is the question of
whether characterizing the conformational transitions for these four domains might provide
valuable insights into their physiological functions within the large signaling complexes in
which they are found. As large scale conformational transitions play a central role in the
signaling process of both the ryanodine receptor and the steroid receptor, it is of
considerable interest to determine whether conformational transition within the FKBP
domains enable these domains to have direct allosteric coupling to the overall signaling
transition of the receptor as a key aspect of their role in regulating these receptors.

FKBP12 preferentially binds to the ryanodine receptor isoform RyR1 found in skeletal
muscle [11], while FKBP12.6 preferentially binds to the RyR2 isoform present in cardiac
muscle [12, 22]. Correspondingly, most research on the ryanodine receptors has been
interpreted in terms of distinct skeletal muscle regulation by FKBP12 and cardiac muscle
regulation by FKBP12.6, although some studies have argued for a more interdependent
pattern of regulatory interactions [14, 23]. Phosphorylation of the cardiac RyR by protein
kinase A during myocardial infarction has been argued to cause FKBP12.6 to dissociate
from the receptor [24]. Drugs designed to block this dissociation have been proposed to
inhibit the progression of heart failure pathologies in mice [25], although the validity of this
approach is controversial [26, 27].

In addition to its presence in cardiac muscle, the FKBP12.6-sensitive RyR2 isoform is
predominant in pancreatic islet cells where it plays a role in Ca2*-dependent insulin
secretion [28-30]. RyR2 is also quite abundant in the central nervous system. Antisense
oligonucleotide knockdown experiments in mice have shown impairment of memory
processes, while analogous experiments on the RyR1 channels showed no such effect [31].
Recent evidence suggests that release of FKBP12.6 from neuronal RyR2 channels may play
a crucial role in stress-induced cognitive dysfunctions such as posttraumatic stress disorder
[32]. Following on the logic of earlier cardiac studies, it has been proposed that drugs which
selectively inhibit the dissociation of FKBP12.6 may provide a useful approach for
neurological therapy [32].
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Recent advances in cryo-electron microscopy have enabled the determination of the closed
state of the RyR1 receptor at a resolution near 4 A [33, 34], while structural analysis of the
open state at 8 A resolution has facilitated the characterization of the large changes in
conformation that accompany this transition [35]. Although tantalizing, it is still not feasible
to gain detailed structural insight into how FKBP12/FKBP12.6 differentially interacts with
the two conformational states of the receptor, in part, because the quality of the cryo-EM
maps diminish as one moves away from the central channel to the more distal regions of the
complex.

FKBP51 and FKBP52 are two closely homologous proteins each containing a pair of
FK506-binding domains (FK1 and FK2) followed by a tetratricopeptide (TPR) repeat
domain which mediates their interactions with Hsp90. FKBP52 was first characterized as a
cochaperone of Hsp90 in the activated hormone-bound steroid receptor complexes that are
formed with the progesterone, androgen or glucocorticoid receptor proteins [16]. In contrast,
FKBP51 serves as the predominant Hsp90 cochaperone in the unliganded state for these
steroid receptors [17, 18]. Mediated by the FK1 domain [36], steroid binding to the
FKBP51-bound receptor is believed to induce the exchange for FKBP52 [37]. While
FKBP51 reduces the hormone binding affinity of the receptor, FKBP52 substitution
increases that affinity. Substitution with FKBP52 also enhances binding to dynein via its
FK1 domain [38], thus facilitating microtubular transport of the receptor from the cytosol to
the nucleus [39, 40].

FKBP51 and FKBP52 play qualitatively similar antagonistic roles in regulating the transport
from cytoplasm to nucleus for the NF-xB transcription factors [41-43] with the FK1 domain
of FKBP52 directly participating in stimulating transcriptional activation [8]. Also mediated
by the FK1 domains, FKBP51 and FKBP52 act as antagonists in regulating the
phosphorylation state of the tau protein and its proper recycling [44, 45]. In addition to
normal regulation of microtubule polymerization, excessive tau phosphorylation contributes
to the neurofibrillary tangles that are characteristic of various tauopathies. FKBP51 serves to
mediate the regulation of the protein kinase Akt/PKB [46—49]. In addition to its more widely
studied role in the control of cell survival and apoptosis, Akt/PKB reciprocally regulates the
glucocorticoid receptor via phosphorylation.

Despite considerable effort, it has not been possible to reconstitute the activity of FKBP51 or
FKBP52 with Hsp90, p23 and the receptor protein to form a biochemically defined steroid
hormone receptor system [21, 50]. On the other hand, a low resolution (38 A) cryo-EM
reconstruction has recently been reported for the complex formed by Hsp90, Hsp70, Hop
and the ligand binding domain of the glucocorticoid receptor protein (GR-LBD) [51],which
corresponds to an obligatory intermediate in the ATP-dependent assembly process for the
mature steroid receptor. Several aspects of the interactions of Hsp70 reported in this study
bear an interesting analogy to those of FKBP51 with the mature glucocorticoid receptor
complex. The isolated apo-GR-LBD binds hormone with high affinity, and that binding is
markedly inhibited upon the binding of Hsp70 which induces a conformational transition
affecting residues neighboring the ligand binding pocket of the GR-LBD. Hsp70 not only
inhibits the binding of hormone by the apo-GR-LBD, it also stimulates the release of
hormone from the liganded receptor. The subsequent binding of Hsp90 to this complex is
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insufficient to induce an increased hormone binding affinity until the Hsp90 hydrolyzes its
bound ATP molecule which, in turn, induces the release of Hsp70. Reflecting the fact that
the hormone affinity of the glucocorticoid receptor is modulated in the course of this cycle,
Agard and colleagues [51] have proposed that the resultant sensitivity to the intracellular
hormone concentration could provide the basis for an ATP-dependent regulatory mechanism
for the receptor.

As noted above, the unliganded glucocorticoid receptor complex predominantly incorporates
FKBP51 as its TPR cochaperone [17]. The FKBP51-bound form has a lower binding affinity
for glucocorticoids than does the FKBP52-bound form [52]. Sanchez and colleagues have
provided strong evidence that an initial effect of glucocorticoid binding to the FKBP51-
bound receptor is to induce the release of FKBP51 and the subsequent binding of FKBP52
[37]. Using yeast heterologous expression systems for the human glucocorticoid and
androgen receptors, Riggs et al. [36] demonstrated that a L119P mutation near the tip of the
B4—Ps loop in the FK1 domain of human FKBP51 yielded a 3.5-fold increase in reporter
gene expression, approaching the transcriptional level for the FKBP52-bound receptor
complex. The complementary P119L mutation in FKBP52 yielded a 2-fold decrease in
reporter gene expression. Similar results were also obtained for these FKBP51 and FKBP52
variants in an embryonic fibroblast cell line derived from FKBP52 knockout mice [36],
indicating that the differing effects of these two cochaperones on the transcriptional activity
of the steroid hormone receptor can be substantially reversed by a single point mutation.

As discussed below, the B4—ps loop in the FK1 domain of human FKBP51 undergoes an
extensive conformational transition that occurs in the submillisecond timeframe, while no
such transition is apparent in FKBP52. Introduction of the FKBP52-like L119P mutation
into FKBP51 suppresses this transition, while the complementary P119L substitution
induces an analogous conformational transition in FKBP52. The reported interactions of
Hsp70 discussed above provide a useful framework for considering how this conformational
transition in the p4—ps loop of FKBP51 might function in the regulation of the steroid
receptor complex. Both Hsp70 and FKBP51 bind to the activated and inactivated hormone
binding states of the glucocorticoid receptor in a differential manner as indicated by their
effect of lowering the hormone binding affinity of the receptor. By replacing FKBP51 and
stabilizing the activated state of the receptor, FKBP52 can then serve a role analogous to the
Hsp90-catalyzed hydrolysis of ATP which leads to the release of Hsp70. If the
conformational transition observed in the isolated FK1 domain of FKBP51 were to
correspond to its differing conformation when bound to the activated and inactivated
hormone binding states of the receptor, no such transition would be required for the FKBP52
interaction. Such a mechanism could potentially provide a means for establishing a hormone
concentration-dependent regulation of the activity of the steroid receptor complex analogous
to that proposed for the Hsp70 interactions [51] which would function without the
requirement of a coupled ATP hydrolysis cycle.

Crystal structures have been obtained for the ligand binding domains from several steroid
receptor proteins in various ligand-bound states. These studies demonstrate that the ligand-
induced transitions for steroid antagonists generally differ from those induced by steroid
agonists, and these distinct conformations can, in turn, differentially interact with co-
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regulators [53]. A concurrent conformational transition in the Hsp90 subunits has been
proposed as a component of a larger scale allosteric response [54] providing further
justification for consideration of a potential allosteric coupling to the FKBP domain.

If such allosteric processes are utilized by FKBP domains in mediating their protein-protein
interactions within various signaling pathways, it is reasonable to expect that the underlying
conformational transitions may often exploit the dynamical behavior that is intrinsic to the
isolated FKBP domain. Combined with the further expectation that diversity among the
various FKBP domains in the range of significantly populated conformations may provide a
basis for the design of selective inhibitors, NMR and crystallographic characterization of
such transitions have been actively pursued for the wild type and engineered variants of
FKBP12/12.6 and the FK1 domains of FKBP51/52.

NMR CHARACTERIZATION OF CONFORMATIONAL TRANSITIONS IN FKBP
DOMAINS

NMR enables the characterization of protein conformational dynamics in several time
regimes. Conformational transitions that occur in a timeframe < slower than ~10-100 ms
will generally give rise to distinct resonances for each state. If the timeframe for that
transition is shorter than a few seconds (i.e., similar to the T relaxation time of the observed
nucleus), the rate of the transition can be quantified. As the rate of a conformational
transition increases, it approaches the rate defined by the difference in frequency between
the resonances arising from the exchanging states. For increasing exchange rates across this
so-called conformational exchange linebroadening regime (T ~ms-ps), the distinct
resonances observed for a slow limit transition broaden and migrate together into a single
resonance which then progressively sharpens to a fast exchange limit linewidth. The third
readily accessible time regime (t ~ns-ps) monitors conformational transitions that occur
more rapidly than the rate of global molecular tumbling (t. = 6 ns for FKBP12 at 25°C
[55]). Most commonly, a combination of 1°N Ty, T, and heteronuclear NOE experiments are
used to characterize the amplitude and timeframe of transitions in the protein backbone that
cause a more rapid increase in the orientational disorder of the 1H-1°N bond vector than
does the overall tumbling of the protein molecule.

Generally most problematic to characterize by NMR are conformational transitions that
occur within the time regime which spans ~3 orders of magnitude between the fast exchange
limit of conformational exchange linebroadening and the global molecular tumbling time. In
this time regime, conformational transitions are usually identified from structure-based
analysis that indicates the presence of motional averaging for observed NMR signals such as
spin coupling constants [56], residual dipolar couplings [57] or homonuclear NOE
intensities as further discussed below.

Conformational transitions of FKBP12 have been observed in each of these time regimes
which in each case have been shown to differ from the dynamical behavior of at least one of
the FKBP domains: FKBP12.6 or the FK1 domains of FKBP51 and FKBP52. Dynamical
processes from each of these time regimes are discussed and the current understanding of
their structural basis is considered.
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RESONANCE DOUBLING EXCHANGE DYNAMICS IN FKBP12 AND
FKBP12.6

During the course of amide hydrogen exchange experiments on FKBP12 [58], a substantial
set of minor peaks were noted to be approximately 7-fold weaker than the intensities for the
major amide resonances in the standard H-1°N 2D correlation spectrum (Fig. 2) [55].
Numerous previous publications had presented 1H-1°N 2D correlation spectra of unliganded
wild type FKBP12 with no such minor peaks being indicated [59-64]. Two other
publications had presented such correlation plots at apparently lower contour levels that
indicated a pattern of minor peaks [65, 66], although no discussion of this heterogeneity was
offered. Mass spectral analysis of the FKBP12 samples indicated a single chemical species,
and backbone resonance assignment experiments on a U-13C, 15N labeled sample provided
the sequential connectivities for these minor crosspeaks [55].

In sum, 31 of the 99 backbone amides and the indole sidechain of Trp 59 at the base of the
catalytic cleft were observed to give rise to both major and minor resonances. Excluding
significantly overlapped and severely broadened resonances, the mean peak volume ratio
between the corresponding minor and major peaks was 14% with an rmsd of 2%, indicating
that 12% of the protein adopts this minor conformational state. The largest chemical shift
differences for the doubled resonances are seen in the 80’s loop (or B4—p5 loop) which
extends from the 31 turn at the end of the B4 strand to the start of the final Bs strand (Fig.
3). The resonance doubling extends beyond the 80’s loop into the underlying p sheet,
including residues in the contiguous B, and B3a, and Ps strands. The doubling also extends
backwards along the chain into the 31 turn which forms a hydrogen bonded junction with
the N-terminus of the central a-helix that bears the Trp 59 residue. The resonance doubling
further extends throughout the a-helix and into residues of the 50°s loop (or B3p-a loop) that
surrounds the C-terminus of the helix at the far side of the protein.

Given that the largest differential chemical shifts for these resonance doublings are
concentrated around the tip of the B4—ps5 loop, the most straightforward interpretation is a
slow local conformational transition centered in this region which has structural effects that
propagate across much of the protein structure. Strong support for that interpretation is
provided by the H87V mutation which suppresses the resonance doublings to below the
population level detection limit (~0.2%) [55]. Given the 12% population of the minor state
in wild type FKBP12, the H87V substitution shifts the equilibrium of the slow exchange
transition by at least 60-fold or by more than 10 kJ/mol. On the other hand, the 1.7 A
resolution crystal structure of the H87V variant [55, 67] reveals strikingly little structural
change (0.25 A C* rmsd) with respect to the 0.92 A crystal structure of the wild type protein
[68]. This conclusion is reinforced by the high similarity between the 1H-15N 2D correlation
spectra for the H87V variant and for the resonances of the major slow exchange state in the
wild type protein spectra [55]. Minimal structural changes were observed near the site of
mutation (Fig. 4) with the newly introduced CY2 of Val 87 being pressed against the phenyl
ring of the absolutely conserved Tyr 82 [69]. Although the aromatic ring of Tyr 82 is not
significantly displaced by the interaction with the Val 87 sidechain, its crystallographic B-
factor is markedly decreased, relative to the other aromatic rings of the protein. The minimal
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displacement of the Tyr 82 aromatic ring following the H87V substitution presumably
reflects the fact that this ring is tightly packed against the sidechain of Ile 56 which, in turn,
is packed against the indole ring of Trp 59 at the base of the catalytic cleft. These data are
consistent with the structural constraints imposed by the interactions between the Tyr 82 and
Val 87 sidechains serving to block the slow conformational transition which gives rise to the
set of minor crosspeaks.

A structural mechanism for propagating dynamical effects away from the tip of the Bs—ps
loop might utilize the set of sidechain interactions spanning from near the tip of the p4—Bs
loop to the indole ring of Trp 59 in the a-helix as illustrated in Fig. 4. A number of groups
have observed that a shifting in the position of the Trp 59 sidechain appears to be coupled to
a corresponding lateral shift in the a-helix itself [68, 70, 71]. An additional set of
predominantly backbone-mediated interactions may also significantly contribute to
propagating these dynamical effects from the tip of the B4—p5 loop to the a-helix and
beyond. Central to this set of interactions is the junction between the 31 turn at the
beginning of the B4—ps loop and the N-terminus of the central a-helix mentioned above. In
addition to van der Waals packing interactions, there is only one direct mainchain-mainchain
hydrogen bond spanning this junction (Gly 58 HN — Tyr 80 O). Either one or both sets of
these interactions may provide the basis for the spatial selectivity in the propagation of
conformational dynamics as evidenced by the distribution of resonance doublings.

The FK1 domains of FKBP51 and FKBP52 do not exhibit an analogous pattern of amide
resonance doublings [72]. In contrast, the more similar FKBP12.6 does show doublings of
its amide resonances in the B4—Ps loop and in the neighboring segments of the By, Bza and Bs
strands [72]. On the other hand, no resonance doublings were observed for residues within
the a-helix or in the other more distal regions of the FKBP12.6 structure. The interactions
which enable the conformational coupling to propagate across the FKBP12 molecule are
apparently disrupted in FKBP12.6. In this regard, the most obvious difference in sequence
between FKBP12 and FKBP12.6 is the substitution of Trp 59 with Phe 59 at the base of the
catalytic cleft. Indeed, FKBP12.6 is the only human FKBP domain protein having a
phenylalanine at this position [73]. The crystal structure of the W59F variant of FKBP12
does not exhibit the shifted position in the a-helix seen in the wild type protein that has been
ascribed, in part, to the steric interaction of the larger indole ring with the aromatic ring of
Phe 99 [71]. With regards to potentially altered interactions at the junction between the 31
turn and the N-terminus of the a-helix, it may be noted that the hydrogen bond acceptor
residue Tyr 80 of FKBP12 is replaced with Val 80 in FKBP12.6.

The single chemical species identified from mass spectral analysis of FKBP12 and the
H87V mutational studies indicate that the resonance doubling of FKBP12 and FKBP12.6
presumably arises from a slow conformational exchange. To determine whether this
conformational exchange could be directly detected, a series of zz-exchange experiments
[74] were carried out. This experiment monitors the chemical shift of a given nucleus at both
the beginning and the end of a specified mixing period. For a two-state transition, two
diagonal peaks will arise from magnetization of the 1H nuclei that remain in the same
conformational state at both the beginning and the end of the exchange mixing period, while
the nuclei that change conformational state during that mixing period will give rise to two
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off-diagonal crosspeaks. If the rate of conformational exchange is comparable to the 1H
longitudinal relaxation rate Ry or faster, the transition rate for a two-state process can be
determined by fitting the diagonal and crosspeak intensities as a function of the length of the
mixing period. Sufficiently rapid transition rates were only observed at elevated
temperatures. During the moderately long collection times required, wild type FKBP12
samples began to precipitate, despite the presence of both dithiothreitol and tris(2-
carboxyethyl)phosphine reducing agents, thus necessitating the use of the cysteine-free
evolutionarily conservative C22V variant.

As illustrated for the indole sidechain of Trp 59 in a U-2H,15N enriched sample of the C22V
variant (Fig. 5A), the conformational transition of this sidechain is sufficiently rapid so as to
yield observable off-diagonal crosspeaks at 43°C. When the intensities of these peaks were
analyzed as a function of the exchange mixing period, an exchange lifetime of 3.0 s was
obtained (Fig. 5B). A conformational transition lifetime measurement of 1.8 s at 48°C
implied an activation energy of 70 kJ/mol. Using this activation energy to extrapolate the
exchange rate to 25°C yields a predicted conformational transition lifetime of 20 s. This
conformational exchange rate is 102-fold slower than the global folding reaction of FKBP12
under similar conditions which occurs with a rate of 4 s71 at 25°C [75]. A similar analysis of
cysteine-free FKBP12.6 yielded an exchange lifetime of ~2.4 s at 43°C [76].

Protein conformational transitions in this timeframe most commonly arise from either cis-
trans isomerization at proline residues or disulfide bond transitions. As no disulfides are
present in these FKBP domains, the conformational state for the seven proline residues of
FKBP12 were characterized utilizing the dependence of the CP and CY chemical shifts on
the equilibrium of the proline ring pucker distribution which, in turn, depends upon the cis-
trans equilibrium of the peptide linkage [77]. Across a large number of proteins of known
structure, the difference between the CP and C¥ chemical shifts for trans prolines averaged
4.51 (£ 1.17) ppm while the corresponding value for cis prolines was 9.64 (+1.27) ppm [78].
Each of the seven proline residues of FKBP12 adopts a trans peptide linkage in both the
major and minor conformations, indicating that this slow transition is not the result of prolyl
isomerization [70].

The first direct indication of the site within the tip of the f4—ps5 loop of FKBP12 which
undergoes a slow conformational transition was drawn from the 1H,13C and 15N backbone
chemical shifts for the minor state resonances. These chemical shifts are sensitive to the
neighboring ¢ and  backbone torsion angles and various algorithms have been developed
for empirically predicting the backbone conformation from chemical shift values. For the
chemical shifts of both the major and minor states across the p4—ps loop, the TALOS+
algorithm [79] predicted the largest change at Gly 89 with a ¢ torsion angle of +88° in the
major slow exchange state (similar to the X-ray structure [68]), while a ¢ torsion angle of
-59° was predicted for the minor slow exchange state. These results suggest that the switch
from a positive to a negative ¢ angle for Gly 89 constitutes a major aspect of the structural
transition underlying the resonance doubling behavior of FKBP12. This observation offers a
straightforward rationalization for why the FK1 domains of FKBP51 and FKBP52 do not
exhibit a similar resonance doubling behavior. For both domains the homologous residue is
Pro 120 which is covalently constrained to a negative ¢ torsion angle.
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Since the chemical shift analysis indicated that the minor slow exchange state of FKBP12
has Gly 89 transitioned to a negative ¢ conformation, the G89P variant was generated as a
means of enforcing a negative ¢ torsion angle at that position. The proline substitution
eliminates peak doubling for all of the amide resonances. The similarity in chemical shift
behavior for the G89P variant and the minor slow exchange conformation of the wild type
protein strongly indicates a corresponding similarity in structure [70]. The superposition of
these two 2D 1H-15N HSQC spectra indicate appreciable differences only in the absence of
an amide resonance for the G89P variant and for the Ile 90 crosspeak in which the 15N of the
G89P variant is shifted downfield as anticipated from the inductive effects resulting from the
sidechain substitution for the preceding residue [80, 81].

The B4—Ps loop conformation in the G89P crystal structure at 1.50 A resolution [70] differed
from wild type FKBP12 primarily at residues 88, 89 and 90, and it closely resembled that
reported for the PDB code 1N1A crystal structure of FKBP52 [82] which has a cis-peptide
conformation at Pro 120 analogous to the cis-peptide linkage that was observed at Pro 89 in
the FKBP12 variant (Fig. 6). If the transition of the Gly 89 peptide linkage to a cis
configuration is responsible for the minor slow exchange state of FKBP12, the G89P crystal
structure provides an explanation for how the H87V substitution for FKBP12 might suppress
this transition. The C¥2 atom of that valine is 3.7 A from the C81 atom of the evolutionarily
invariant Tyr 82 sidechain in the H87V crystal structure (Fig. 4) [55]. Modeling the His 87
sidechain of the G89P crystal structure as a valine results in the valine C¥2 atom being only
2.9 A from the C51 atom of Tyr 82, suggestive of a substantial steric hindrance to such a
conformational transition.

The prediction that the peptide linkage of Gly 89 adopts a cis conformation in the minor
slow exchange state of FKBP12 is exceptional as non-proline cis-peptide linkages occur in
protein crystal structures at a frequency of only 0.03% [83]. Cis-peptide linkages result in a
short range distance between the sequential H* atoms. In the more common trans peptide
linkage, the sequential H* atoms are separated by a longer distance around 4.5 A that is
nearly independent of the intervening j,¢j+1 torsion angles [84]. Based on the G89P crystal
structure, the Pro 88 H® would be separated from the two Gly 89 H® atoms by 2.0 A and 3.4
A

3D 13C-13C-1H NOESY measurements were carried out to determine whether the H* atoms
of Pro 88 and Gly 89 exhibit a strong NOE interaction in the minor conformation. The
intensities of the sequential NOE connectivities between the 1H® resonances of Gly 89 and
the TH® of Pro 88 for the minor slow exchange state conformation of wild type FKBP12 are
more intense than the intraresidue NOE crosspeaks between Pro 88 IH* and its own 1HP
resonances [70]. On the other hand, the sequential NOE connectivities between the 1H*
resonances of Gly 89 and the 1H® of Pro 88 are much weaker than the intraresidue
crosspeaks from the YHP resonances for the major slow exchange state conformation. A
similar pattern of NOE crosspeak intensities were observed for transfer in the reverse
direction from the 1H® of Pro 88 to the IH® resonances of Gly 89 for both the major and
minor slow exchange states. These results indicate that the peptide linkage at Gly 89 in the
minor slow exchange state of FKBP12 is in a cis configuration.
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Although the 1IN1A crystal structure of FKBP52 mentioned above adopts a cis-peptide
linkage at Pro 120 as does the 4LAV [85] crystal structure, it should be noted that the 1Q1C
[86] and 4LAW [85] crystal structures of FKBP52 have a trans peptide linkage at this
residue. [78]. To determine the peptide linkage conformation of this residue in solution, a 2D
CT-HSQC spectrum resolved the 1H8-13C8 resonances for all seven prolines of FKBP52.
With the proline 1H8-13C58 resonances of FKBP52 exhibiting an average S/N ratio above 50,
no evidence was detected of peak doublings arising from prolyl isomerization. The large
10.0 ppm difference in CP and CY chemical shifts for Pro 120 indicates a cis-peptide linkage
for that residue in solution [70].

CONFORMATIONAL EXCHANGE LINEBROADENING IN FKBP12

Conformational exchange linebroadening in 13C or 15N relaxation experiments arises from
transitions between states that differ in their 13C or 15N chemical shift values, respectively.
The magnitude of the linebroadening effect depends upon the difference in the resonance
frequencies, the relative population of the states and the rate of the conformational
transition. As germane to the FKBP domains, for dynamical processes having rates near the
fast exchange limit, the R, relaxation data or relaxation dispersion data used to measure the
exchange linebroadening effect are often insufficient to separately quantify the values for the
underlying chemical shift differences, populations and transition rate(s).

13C relaxation dispersion measurements on FKBP12 identified 12 exchange-broadened
methyl resonances which the authors interpreted as representing a single global
conformational exchange process with time constant of ~130 ps [87]. Subsequently, Brath
and Akke [88] carried out an analogous °N relaxation dispersion study to characterize
conformational dynamics in the backbone of FKBP12. They identified 23 amides that
exhibited conformational exchange which when combined with their earlier 13C
measurements were fitted to a single global time constant of 120 us. Brath and Akke [88] as
well as Sapienza, Mauldin and Lee [89] observed that the binding of FK506 to FKBP12
quenches the conformational exchange broadening of the backbone resonances. Noting that
many of the exchange-broadened residues line the catalytic cleft, it was proposed this
apparently collective conformational transition directly participates in the catalytic process
for prolyl isomerization [87, 88].

Subsequent 1°N relaxation measurements on the H87V variant indicated additional
complexity to the conformational exchange linebroadening dynamics of FKBP12. The Ry
and NOE values for the H87V variant are quite similar to those for the major species of the
wild type protein [55], indicating that both proteins exhibit a similar magnitude of
conformational dynamics in the timeframe more rapid than global molecular tumbling.
However, the R, values for the H87V variant differ markedly from those of the major slow
exchange state of wild type FKBP12. The conformational broadening for the residues in the
80’s loop (B4—Ps loop) was completely suppressed, while the broadened resonances in the
40’s loop (B3a—P3p loop) were seemingly unaffected. For residues in the 50°s loop (Bsp-a
loop), the conformational broadening contribution is ~35% smaller in the H87V variant as
compared to the wild type protein.
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A similarly selective effect was observed when valine was introduced at residue 44.

The 1H-1°N 2D correlation spectrum of the K44V variant closely follows the resonances for
the wild type protein, indicating how precisely the structure is preserved upon this mutation.
Conformational exchange linebroadening for residues 39, 42 and 44 in the 40’s loop is
reduced 3-fold by the K44V substitution, while the other exchange broadened residues of
FKBP12 appear to be unaffected by this mutation [55]. Interestingly, none of the resonance
doublings exhibited by the wild type protein were affected by the K44V mutation, including
that for the immediately adjacent Ser 38.

The H87V substitution does not alter the peptidyl proline isomerase activity of FKBP12 [67]
thus implying that the exchange linebroadening behavior that is observed for much of the
active site in the wild type protein does not correspond to a catalytically relevant
conformational transition. The H87V and K44V mutations significantly decouple the
conformational broadening dynamics among three different regions of the protein. The
implied localization of these conformational exchange linebroadening processes clearly
indicates that the apparent global character of the motions in this timeframe proposed in
previous relaxation studies [87—89] is coincidental.

Many of the residues for which the H87V substitution causes a suppression of exchange
broadening also exhibit resonance doublings that are suppressed in the H87V variant. In
addition, the largest of these exchange linebroadening effects also occur near the tip of the
long B4—Ps loop. This correspondence is intriguing, given that the timeframe for the slow
conformational exchange differs by five orders of magnitude from that for the
linebroadening transition. On the other hand, the structural details must clearly differ
between these two conformational transitions as indicated by the fact that the differences

in 15N chemical shift between peaks from the major and minor slow exchange states do not
closely correlate with the magnitude of the magnetic field-dependent °N R, linebroadening
as would be expected if the minor state conformations for both the resonance doubling
transition and linebroadening transition were structurally similar [70].

Particularly informative is the fact that for the residues which exhibit exchange
linebroadening and resonance doubling that are both suppressed by the H87V substitution,
only the major slow exchange resonance exhibits conformational linebroadening [55]. Since
the minor slow exchange state corresponds to the cis-peptide conformation for Gly 89, this
peptide isomerization must either suppress the conformational transition that underlies the
exchange broadening, or alternatively, it must markedly accelerate that transition so as to
shift the rate into the fast exchange limit.

The G89A mutation was introduced so as to shift the conformational equilibrium toward a
negative ¢ value for this residue. The 2D *H,1°N HSQC spectrum of the G89A variant
yielded a pattern of amide resonance doublings with chemical shift values quite similar to
that observed for the wild type protein [55]. On the other hand, the set of crosspeaks that
correspond to the two distinct slow exchange conformations have markedly different relative
intensities for these two proteins. The minor slow exchange state represents only 12% of the
total population in the wild type spectrum, while the analogous set of crosspeaks yield 67%
of the total protein signal for the G89A variant. This 15-fold change in relative population,
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induced by the alanine substitution, corresponds to a 6.7 kJ/mol difference in the relative
stability of the two slow exchange conformations.

Interestingly, the GB9A substitution also markedly enhances the conformational
linebroadening for resonances of the 80’s loop which arise from the trans peptide state of
residue 89. Indeed for many of the residues near the tip of this loop the crosspeak intensities
are too weak to allow for satisfactory relaxation measurements or even too weak for
detection. On the other hand, for the resonances corresponding to the cis peptide
conformation of the Ala 89 residue, no conformational exchange linebroadening was
observed, analogous to the results obtained for wild type FKBP12 [70].

These dynamics data are consistent with a statistically coupled pair of transitions (Fig. 7).
First is an exchange linebroadening transition (t ~100 ps) in which ¢gg switches from
positive to a negative value along with a corresponding shift in ygg torsion angle. This
second state then undergoes a much slower (t ~20 s) trans-to-cis peptide transition for the
Gly linkage. The fourth conformational state of this cycle (cis peptide with a positive ¢gg) is
absent to reflect the fact that no exchange linebroadening is observed for the cis peptide state
suggesting that the faster transition for ¢gg is suppressed in this conformation so that the cis-
trans peptide transition for Gly 89 predominantly occurs only when the ¢gg torsion angle is
negative.

Since the magnitude of the exchange linebroadening effect for a given residue depends upon
the difference in chemical shift for the exchanging conformations, structure-based
predictions of chemical shifts provides a means of testing the potential validity of models for
those exchanging conformations. Complementary to the chemical shiftbased predictions of
protein backbone conformation (e.g., TALOS [79]) discussed above, empirical library-based
algorithms have been introduced for predicting backbone chemical shifts from a given
protein structure. One such algorithm SPARTA+ [90] was used to calculate backbone
chemical shifts from models of the B4—P5 loop of FKBP12 mimicking the proposed transient
conformation having a negative ¢gg torsion angle and a trans peptide linkage. As noted
above, two of the published crystal structures of FKBP52 exhibit the analogous Pro 120
peptide linkage in a trans configuration FKBP52 (PDB codes 1Q1C [86] and 4LAW
molecules A and B [85]). The ¢ angle for this residue is covalently forced to be negative. To
enable a differential SPARTA+ analysis with respect to the FKBP12 crystal structure (PDB
code 2PPN [68]), the sidechains of the B4—Ps loop for these FKBP52 structures were
computationally mutated to a sequence mimicking FKBP12 as illustrated by the dipeptide
model above (Fig. 7).

The strongest correlation between the predicted differences in 15N chemical shift and the
experimentally observed 1°N linebroadening effects was obtained by averaging the
predictions over the three FKBP52-derived structures (Fig. 8) [55]. Given the challenges that
typically confound quantitative structure-based predictions of conformational exchange
linebroadening effects, the degree of correlation that was obtained between the predicted and
observed linebroadening for the 80’s loop of FKBP12 strongly suggests that the observed
exchange linebroadening does arise from Gly 89 transiently adopting a negative ¢ torsion
angle when that residue is in a trans peptide configuration.

Curr Mol Pharmacol. Author manuscript; available in PMC 2017 September 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LeMaster and Hernandez Page 14

CONFORMATIONAL EXCHANGE LINEBROADENING IN FKBP51 AND

FKBP52

With respect to motions in the ps-ms timeframe, the FK1 domains of FKBP51 and FKBP52
exhibit strikingly different patterns of exchange linebroadening despite their strong sequence
homology. As evidenced by the occurrence of elevated R, values, only one region of the
FK1 domain of FKBP52 exhibits a small amount of the resonance linebroadening from this
timescale of motion (Fig. 9). The residues most affected lie within the B3, strand and extend
up to the start of the B3o-P3p loop. It should be noted that such linebroadening transitions
within the strands of a p-sheet are relatively uncommon. In contrast, strongly elevated R,
values are observed for residues of FKBP51 in the B34 -P3p l0op and for many of the
residues throughout the long B4—ps loop (Fig. 9). Residues Ser 70, Arg 73 and Glu 75 in the
B3a-P3p loop of FKBP51 exhibit the large linebroadening effect that are closely similar to
those observed for the homologous residues in FKBP12 [55].

The 15N R, relaxation values for residues in the Bz, strand, the B3 -B3p l0op, and in the Ba—
Bs loop of FKBP51 exhibit magnetic field-dependent increases in conformational
linebroadening that are approximately proportional to the square of the magnetic field. This
implies that the conformational transition rate(s) is substantially faster than the strength of
the spinlock field used in the relaxation experiments (1245 Hz at 600 MHz and 1085 Hz at
900 MHz). A similar frequency range for the conformational exchange linebroadening of
FKBP12 has been reported [87-89].

Following the mutagenesis studies on steroid receptor transcription activity by Riggs et al.
[36], the introduction of the FKBP52-like L119P mutation at the tip of the B4—ps loop in
FKBP51 completely suppressed the exchange linebroadening in this loop while partially
suppressing the linebroadening in the neighboring B, and B3, strands (Fig. 10). Introducing
the complementary mutation P119L into FKBP52 induces exchange linebroadening
dynamics into this loop, although the magnitude of the effects was ~5-fold smaller than that
observed for FKBP51. NMR relaxation analysis of the FKBP51-like P119L, P124S double
mutant of FKBP52 yielded a linebroadening effect in the B4—ps loop that was 60% of that
observed for FKBP51. For both the P119L and the P119L,P124S variants of FKBP52, the
pattern of differential linebroadening for residues in the B4—ps loop was quite similar to that
for FKBP51. Since the magnitude of the exchange linebroadening depends upon the
difference in °N chemical shift (hence backbone conformation) for the exchanging states as
well as their populations and rate of exchange, a proportionality in the linebroadening effects
across the residues of the loop strongly indicates that a similar conformational transition is
being monitored for each mutant with a differing rate or population applying in each case.
The similarity between this pattern of mutational alteration in the conformational dynamics
in the B4—P5 loop and the corresponding pattern of transcriptional activity levels for this
same set of mutations is striking. Regarding the issue of potential physiological relevance for
this conformational transition, it should be noted that only residues 119 and 124 differ
between FKBP51 and FKBP52 within the long B4—f5 loop sequence extending from Cys
107 to Leu 128. In contrast, there is only a 63% sequence identity for the rest of the 120
residue FK1 domains analyzed in these studies.
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Although introduction of the P119L and P124S substitutions into FKBP52 resulted in a
pattern of conformational exchange linebroadening quite similar to that observed for wild
type FKBP51, there was no corresponding enhancement of the linebroadening effects within
the B, and B3, strands as had been observed in the comparison between the wild type and
L119P variant of FKBP51. These results suggest that linebroadening observed within the p,
and B3, strands for both wild type FKBP51 and FKBP52 arise from a distinct
conformational transition which exhibits a different degree of interaction with the
conformational transition centered in the B4—p5 loop for the variants of these two proteins. In
this regard, it was noted [72] that the largest differential linebroadening effects within the B,
and B3, strands were centered around the bifurcated hydrogen bond formed between the
amides of Phe 67 and Asp 68 of the B3, strand with the carbonyl oxygen of Gly 59 in the B,
strand, disrupting the canonical antiparallel hydrogen bonding pattern (Fig. 11). It was
proposed that the rearrangement of this bifurcated interaction could serve as a component of
the conformational transition underlying the linebroadening behavior [72].

Subsequently, the supposition of such a conformational transition was strongly vindicated by
the recent report of the crystal structure for an altered conformation of FKBP51 when bound
to a selective inhibitor [91]. Previous studies of FKBP12 had demonstrated that the F36V
mutation introduces a hydrophobic pocket along the side of the packing interface between
the B4—Ps loop and the underlying B3, strand which provided a structural basis for designing
selective inhibitors [92, 93]. Hausch and colleagues [91] introduced the analogous F67V
mutation into FKBP51 and used the earlier reported selective F36V-FKBP12 inhibitor
Shield1 [94] as the initial scaffold for developing a FKBP51-selective inhibitor. In contrast
to the earlier FKBP12 studies, they found that for their so-called iFit variants of the Shieldl
ligand were bound to a conformation of wild type FKBP51 in which the sidechain of Phe 67
is flipped out toward the solvent phase from its typical position packed underneath the tip of
the B4—Ps loop (Fig. 12). In this alternate conformation, a canonical antiparallel g-sheet
hydrogen bonding pattern is established that extends from the carbonyl oxygen of Tyr 57 to
the amide of Leu 61 in the B, strand and from the carbonyl oxygen of Lys 66 to the amide of
Ser 70 in the B3, strand.

Differences in the backbone ¢ and  dihedral angles of the iFit-inhibited FKBP51 crystal
structures provide an initial indication that a transition involving a similar transient
conformational state of the unliganded FKBP51 domain may be responsible for the observed
exchange linebroadening in the B, and B3, strands. The 15N exchange linebroadening effect
depends upon the difference in 1°N chemical shift for the exchanging conformational states
which, in turn, strongly depends upon the adjacent -1 and ¢; dihedral angles. The sum of
the absolute differences for these two dihedral angles were calculated for all of the residues
in the selective iFit4-inhibited (PDB code 4TW?7 [91]) and the structurally similar
nonselective iFitl-inhibited (PDB code 4TW6 [91]) as compared to the reference FK506-
inhibited (PDB code 305R [95]) crystal structures. With the exception of the substantially
disordered Arg 73, the only residues having (yi-1,¢;) differences greater than 35° for both
the iFitl and iFit4 structures occur in the B, and B3, strands (Fig. 12) immediately
surrounding the site of the bifurcated hydrogen bonding in the reference structure. Note that
the amide of the highlighted Lys 60 is covalently conjugated to the Gly 59 carbonyl oxygen
which is the hydrogen bond acceptor at the site of bifurcation.
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Hausch and colleagues [91] have interpreted their crystal structures of the iFit inhibitor-
bound FK1 domain of FKBP5L1 in terms of a process of induced fit. However, the similar
structural distribution of the residues exhibiting 1°N exchange linebroadening in the B, and
B3a Strands suggests that a closely related conformational transition is significantly
populated in the unliganded FK1 domain, a result that is more readily identified with a
population selection mechanism of binding interaction.

Various lines of evidence indicate that the conformational transition which gives rise to the
extensive exchange linebroadening in the p4—Bs loop of FKBP5L1 is structurally distinct from
the transition that gives rise to the iFit-inhibited crystal structures. None of the residues in
this long loop exhibit (Ayi-1, A ¢;) values above 30° in both the iFitl and iFit4 structures,
despite the fact that the tip of the B4—ps loop exhibits substantial conformational variability
among the 24 crystal structures of the unliganded FK1 domain with resolution limits of 2.0
A or better that have been reported to date [95-97]. On the other hand, the conformational
variability illustrated among these 24 crystal structures would also seem unlikely to provide
a useful model for the comparatively slow exchange linebroadening transition of the B4—fs
loop, in large part due to the fact that most of that conformational variability can be
accounted for by a single mode of flexibility involving the concerted rotations of the y angle
of Ser 118 and the ¢ angle of Lys 121 [76] which does not appear to have a substantial
kinetic barrier to rationalize the slow dynamics of the linebroadening transition.
Furthermore, while the f4—p5 loop of FKBP52 exhibits no conformational exchange
linebroadening, Hausch and colleagues did find that the FK1 domain of FKBP52 undergoes
a qualitatively similar rotation of the Phe 67 sidechain out toward the solvent phase upon
binding a structural related iFit-FL ligand (PDB code 4TW8 [91]).

Given the implication that the interactions between the B3, strand and the B4—f5 loop are
crucial to steroid receptor function and that the conformational dynamics effects of
mutations at residues 119 and 124 in FKBP51 and FKBP52 exhibit an intriguing parallel
with the effects of these mutations on steroid receptor transcriptional activity, it seems
warranted to consider whether physically plausible conformational transitions might provide
a useful model for interpreting the differing roles of FKBP51 and FKBP52 in steroid
receptor regulation. In further effort to characterize the structural basis of the exchange
linebroadening in the B4—fs5 loop in FKBP51, it should be noted that the pattern of
conformational linebroadening observed for this loop in FKBP12 is qualitatively similar.
However, as discussed above, a large transition in the ¢ torsion angle of Gly 89 lies at the
center of the exchange linebroadening dynamics of the B4—fs loop in FKBP12. Since the
analogous ¢ angle of Pro 120 in FKBP51 is covalently constrained, the linebroadening
transition in that f4—ps5 loop must be mechanistically different.

One plausible qualitative model for the relevant structural transition in the p4—fs loop of
FKBP51 can be drawn from the P2, crystal form of FKBP12.6 in the unliganded state (PDB
code 41Q2 [76]). In contrast to the P3121 crystal form of unliganded FKBP12.6 (PDB code
41QC [76]) and the more than thirty crystal structures of FKBP12, the P24 crystal form of
FKBP12.6 exhibits a substantial rearrangement at the tip of the p4—p5 loop. Transitions in
the ygg and ¢gg torsion angles of 130° and 60°, respectively, cause the peptide unit linking
Gly 89 and Val 90 to be flipped. This transition results in the sidechain of Val 90 switching
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from an orientation pointed toward the catalytic cleft to one in which that sidechain is
pointed in nearly the opposite direction (Fig. 13).

Lys 121 is one of the residues most characteristic of the FKBP51/52 family of FK1 domains
as is the homologous lle/Val 90 for the FKBP12/12.6 family of FKBP domains. Due to the
cis-peptide linkage of Pro 120 in FKBP51, the neighboring backbone torsion angles
significantly differ from the homologous positions in the FKBP12.6 structures so as to
preclude a direct structural equivalence to the two FKBP12.6 conformations. However, a
qualitatively similar transition which reorients the Lys 121 sidechain between either side of
the B3, Strand - B4—Ps loop interface in FKBP51, while FKBP52 adopts only one such
orientation, could provide a dynamical basis for their differential interactions within the
steroid receptor complex.

CONFORMATIONAL DYNAMICS OF FKBP DOMAINS BEYOND THE FAST
EXCHANGE LIMIT

15N relaxation measurements on FKBP51 and FKBP52 [72] and to a lesser extent FKBP12
[55] indicate a small degree of internal motion in the ps-ns timeframe for the backbone
residues near the tip of the p4—ps loop, evidenced by modest decreases in both the
longitudinal relaxation rate Rq and the heteronuclear NOE value. Unlike FKBP12, FKBP51
and FKBP52 also exhibit a small degree of internal motion in this timeframe for residues in
the B3a—P3p loop (Fig. 14), a region which also shows substantial conformational exchange
linebroadening in FKBP51 and FKBP12 but not in FKBP52 as discussed above.

By far the most extensive internal dynamics in the ps-ns timeframe for both FKBP51 and
FKBP52 occurs for the p1—f, loop which corresponds to the outer strand of a topological
crossing of two loops that connect B-strands of the central sheet (Fig. 14). No comparable
dynamics are apparent for the qualitatively similar backbone geometry of FKBP12. Earlier
crystal structure studies of FKBP12 [98] have called attention to the rarity of this type of
topology for the linking of strands in antiparallel p-sheets [99]. In the structurally related
FKBP13, this loop crossing is stabilized by a disulfide bridge linking the two loops [100].

A closely integrated analysis of crystal structure studies and NMR data have provided
further insight into conformational transitions of the FKBP domains that are too rapid to
yield exchange linebroadening effects, particularly for a set of interactions surrounding the
catalytic cleft. The P3121 crystal form of unliganded FKBP12.6 has two nonequivalent
monomers in the asymmetric unit which exhibit a backbone rmsd of only 0.35 A [76]. In
molecule B the aromatic ring of Phe 59 at the base of the catalytic cleft superimposes upon
that seen in the rapamycin-inhibited FKBP12.6 [101] and is also closely similar to the
orientation of the Trp 59 indole ring in the large number of X-ray structures reported for the
wild type FKBP12 protein. In contrast, the electron density map of molecule A clearly
indicates a perpendicular orientation of the Phe 59 ring (Fig. 15). This reorientation of the
Phe 59 ring leaves the rest of the catalytic cleft largely unperturbed, as illustrated for the
other aromatic rings which line the walls of this cavity.
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The highly similar backbone conformations for the nonequivalent monomers and the
absence of any interactions with the neighboring lattice molecule that directly involve this
phenyl ring suggest that lattice interactions do not contribute significantly to the difference
in free energy between the parallel and perpendicular orientation of the Phe 59 ring. This, in
turn, suggests only a modest difference in free energy for the two Phe 59 ring orientations in
solution.

Among the 22 FKBP domains in the human genome, only FKBP12.6 contains a
phenylalanine residue at the base of the catalytic site [102]. FKBP12 and six other FKBP
domains have a tryptophan residue at this position, while the other 14 FKBP domains
contain a leucine, isoleucine or methionine at this site. The plasticity of the Phe 59 phenyl
ring orientation in FKBP12.6 offers the potential for an energetically accessible catalytic site
stereochemistry that could enable the design of binding selectivity with respect to the other
FKBP domains.

Crystallographic evidence for a larger scale transition in the catalytic site is provided by the
structure for the G89P variant of FKBP12. Despite the 21 A between the C* atoms of
residues 59 and 89 and seeming absence of appreciable structural changes for the residues
lying between these two sites, the indole ring of Trp 59 is oriented perpendicular to the
conformation observed in each of the more than thirty crystal structures of wild type
FKBP12. In contrast to the crystal structure of unliganded FKBP12.6, the aromatic rings of
Phe 48 and Phe 99 in the G89P structure appear to move slightly inward toward the
reoriented indole ring, relative to the orientations observed in the wild type FKBP12
crystals. A small cavity lies beneath the indole ring in the wild type structure. Rotation of the
indole ring leaves the sidechains surrounding this cavity are essentially unperturbed [70].

This perpendicular reorientation of the Trp 59 aromatic ring in the G89P crystal structure is
strikingly similar to that recently reported for the E60Q variant of FKBP12 (PDB code 2PPP
[68]). In that earlier study, the indole ring reorientation was proposed to be linked to
disrupting the interactions between the residue 60 sidechain and the backbone atoms of the
50’s loop. However, those interactions remain largely intact in the G89P structure. These
observations on the G89P crystal structure stimulated a more detailed analysis of the degree
to which the reorientation of the Trp 59 indole ring occurs in wild type FKBP12.

The 3D 13C-15N-1H NOESY spectrum on U-13C, 15N labeled FKBP12 revealed substantial
crosspeaks from the indole HNe1 of Trp 59 to both methyl groups for Val 24 and Val 63 as
well as to the C¥1 methyl of Val 101. This observation was surprising given the fact that
these methyls lie ~7 A from the indole HNel in the crystal structure of the wild type protein
[70]. To more accurately quantify these NOE interactions, a sample of FKBP12 was
prepared with 13C enrichment for the methy! groups of valine, leucine and isoleucine
residues with uniform 15N and perdeuteration at all other carbon bound sites as previously
described by Kay and colleagues [103]. This labeling pattern largely eliminates the effects of
dipolar relaxation interactions involving more than two nonequivalent protons (i.e., spin
diffusion) so that effective interproton distances can be estimated with reasonable accuracy.
In turn, these data can provide a useful test for whether the observed NOE cross relaxation
rates can be robustly explained in terms of an admixture of the two crystallographically
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observed perpendicular orientations of the Trp 59 indole ring. Each crystal structure
provides a set of interproton distances between the Trp 59 HNe1 and various methyl groups.
Generalized order parameter calculations [104] were applied to the two crystal structures to
predict the relative NOE volumes for each of these methyl - indole HNe! interactions. For an
admixture of 80% and 20% for the wild type and the G89P conformations, respectively, the
observed NOE volumes were fitted with a correlation coefficient r of 0.976 (Fig. 16).

Given that both indole ring orientations are significantly occupied for wild type FKBP12 in
solution, the crystal structure of the G89P variant was re-examined. The 1.50 A resolution
dataset initially used for solving the crystal structure did not provide clear evidence for
multiple conformations of the Trp 59 indole ring. To gain further data regarding the potential
conformational heterogeneity in the catalytic cleft, a more extensive 1.20 A resolution
dataset was collected. During the later stages of refinement, dual conformers were allowed
for both Trp 59 and Glu 60. A second conformer was identified for each of these residues
with occupancy levels of 0.29 and 0.34, respectively. Looking down along the plane of the
Trp 59 ring in its the major conformer state, the electron density for a perpendicular
orientation of the indole ring is readily apparent (Fig. 17). In the minor conformational state
of Glu 60, the mainchain carbonyl oxygen is shifted toward the 50’s loop into the position
seen in the wild type FKBP12 crystal structure.

Such a shift of the backbone in the second turn of the central a-helix, centered around Glu
60, was first observed in the crystal structure of the W59F variant of FKBP12 as compared
to the wild type structure [71]. This helix is kinked in the wild type protein and the smaller
phenylalanine sidechain at the base of the catalytic cleft enables this segment of the helix to
shift so as to form canonical hydrogen bonding geometry with the following turn of the
helix. Subsequently, Saven and colleagues [68] carried out a 0.92 A resolution
crystallographic analysis of wild type FKBP12 to study the highly conserved solvent
inaccessible water molecule which mediates the interaction of the Glu 60 carboxylate with
the backbone of the 50°s loop. The E60Q structure [68] not only has the flipped indole ring
as discussed above, the peptide unit that links Lys 52 and GlIn 53 is flipped with a
corresponding change in the coordination interactions for the buried water molecule. In
addition, the helical backbone is shifted so as to yield a canonical hydrogen bonding
geometry similar to that which was subsequently observed for the G89P variant (Fig. 18)
[70].

In the crystal structure of wild type FKBP12, Glu 60 adopts a gauche™ x 1 sidechain torsion
angle, while in contrast, the G89P variant exhibits a trans x 1 torsion angle for this residue.
This sidechain transition allows the backbone atoms of Trp 59 and Glu 60 to shift toward the
active site indole ring without disrupting the hydrogen bonding interactions with the 50°s
loop. Contrary to the analysis drawn from the E60Q crystal study [68], both the wild type
and G89P structures indicate a similar pattern of interactions among the Glu 60 sidechain,
the backbone of the 50°s loop and the buried water molecule. In comparing to the E60Q
structure, these results suggest that disruption of these interactions are sufficient but not
necessary to enable the shift of the backbone of Trp 59 and Glu 60 into a canonical a-helical
hydrogen bonding geometry and enable the reorientation of the indole ring.
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The readily accessible perpendicular reorientation of the Trp 59 indole ring in FKBP12
appears to be allosterically coupled to interactions with the backbone of the 50’s loop which,
in turn, exhibits an appreciable degree of conformational plasticity. These interactions raise
the possibility that intermolecular binding interactions at the 50’s loop might modulate the
conformational geometry within the catalytic cleft and vice versa. These observations bring
two questions to mind: do similar transitions occur to a significant degree in other FKBP
domains and can the presumed allosteric interaction between the indole ring and the 50’s
loop be analyzed in more quantitative detail.

Carrying out analogous 3D NOESY experiments on selective 13C methyl-labeled FK1
domains of FKBP51 and FKBP52 provide no evidence of a perpendicular reorientation of
the homologous Trp 90 ring at a population sensitivity level of ~0.5% [105]. The absence of
detectable reorientation of the indole ring in these proteins was anticipated, primarily due to
the fact that the Glu 60 of FKBP12 is replaced by the shorter aspartate sidechain which
forms similar interactions with the backbone of the 50’s loop, and it is unclear how these
interactions could be preserved while undergoing the shift in the a-helical backbone to allow
for an analogous reorientation of the tryptophan ring.

An independent line of evidence consistent with the Trp 90 ring of FKBP51 and FKBP52
being resistant to a reorientation transition can be drawn from the highly anomalous H
chemical shift of this indole HN=1, Craescu and colleagues first correctly identified this
resonance at 5.35 ppm in FKBP52, shifted upfield by ~4.8 ppm compared to standard
reference values, which they ascribed to the ring current shielding effect from the Phe 99
aromatic ring as well as possibly bond-polarization effects arising from the tight packing of
the indole HNel against this ring [106, 107]. The homologous resonance in FKBP12 is less
strongly shifted by 0.6 ppm, while that of FKBP51 is more strongly upfield shifted by 0.1
ppm. Although not a quantitative measure, the more weakly shifted indole resonance in
FKBP12 is consistent with an averaged chemical shift arising from ~15% population of a
reoriented indole ring conformation exhibiting a typical reference HNe1 chemical shift value.

In addition to FKBP12, FKBP51 and FKBP52, crystal structures have been reported for
FKBP13 [100] and FKBP25 [108], each of which contain both a tryptophan ring at the base
of the catalytic cleft and the shorter aspartate sidechain at the following residue. Indeed,
during the evolution of FKBP12 this position is occupied by an aspartate throughout lower
eukaryotes. The glutamate substitution first appeared at this position during the evolution of
bony fish at approximately the time that FKBP12 and FKBP12.6 began to diverge [69]. A
further indication that the reorientation of the active site indole sidechain may be
energetically disfavored in these other FKBP domains is that the unoccupied volume beneath
the plane of the Trp 59 ring in FKBP12, which accommodates one edge of the indole ring in
the reoriented position, appears to be occluded in these other crystal structures. Thus a well-
populated conformation of FKBP12 which differs substantially from conformations that are
appreciably sampled by any of the other FKBP domain may provide a useful design target
for selective inhibition within this family.

These NMR studies of the indole ring flip transition in FKBP12 provide little information
regarding the timeframe of this transition beyond the fact that the absence of discernible
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exchange linebroadening effects for the resonances involved would indicate a timeframe that
is shorter than ~10-50 ps. °N NMR relaxation analysis for the Trp 59 N¢1 resonance
yielded an order parameter estimate that was modestly smaller than that expected for the
absence of any substantial internal motion although not as small as predicted from a 20%
population sampling of a perpendicular orientation [70]. These results tentatively suggest
that the indole ring flip is likely to be somewhat slower than the global molecular tumbling
time of 6.0 ns so that only a portion of the rotational disorder effect of the ring flip is
experimentally detected. Another line of evidence for internal mobility of the Trp 59 indole
ring comes from the time-resolved fluorescence anisotropy measurements [109] in which S2
order parameter values of 0.75 and ~1.0 were derived for the unliganded protein and the
FK506-bound complex, respectively. The time constant of 5.43 ns for the slowest
component of the fluorescence anisotropy decay in the FK506-bound protein was decreased
to 4.75 ns for uncomplexed FKBP12. The authors interpreted their data in terms of a change
in the slowest component of the signal due to unresolved contributions from a local
conformational transition of the indole ring and the global molecular tumbling [109].

The indole ring flip appears likely to occur in the timeframe of ~10 ns while the sidechain
rotamer transition of Glu 60 and the shifting of the hydrogen bonding geometry in the
central a-helix may occur at least as rapidly. To exploit the relatively rapid timescale
anticipated for these transitions, full atom molecular simulations were carried out on the ps
timescale to examine whether these three distinct local transitions could be satisfactorily
sampled. Such simulations would enable the degree of thermodynamic coupling between
these local transitions to be analyzed and the degree to which this allosteric process arises
from concerted transitions could be assessed. Interpreting the thermodynamics of protein
allosteric coupling in terms of specific mechanistic structural models continues to present a
significant challenge for the field [110, 111]. Although models invoking concerted
conformational transitions have long been a central aspect of these mechanistic analyses, the
kinetics underlying many of the best studied allosteric systems are too slow to allow for
unbiased molecular dynamics simulations to provide estimates of the transition rates and
equilibria to assess the degree to which concerted transitions contribute to the predicted
coupling equilibria.

A set of three parallel 400 ns CHARMMZ27 molecular simulations were carried out on
FKBP12 to examine how the Trp 59 indole ring flip might be energetically coupled to a
transition of the Glu 60 sidechain which interacts with the backbone of the 50’s loop located
~12 A from the indole nitrogen [105]. At 5 ps intervals during the simulation the
conformational states for the Trp 59 and Glu 60 sidechains and the Glu 60 O — Ala 64 HN
hydrogen bonding interaction were assessed. As illustrated by sampling across one of the
three simulations, the conformational state of the Trp 59 sidechain is clearly sensitive to the
Glu 60 sidechain torsion angle and vice versa (Fig. 19). Note that the predicted population
ratio for the Trp 59 ring reorientation deviates from the experimental value, likely reflecting
inaccuracies in the modeling of the interactions of the Glu 60 sidechain with the backbone of
the 50’s loop and the bridging structural water molecule [68]. Analogous methyl-indole
HNel NOESY measurements and CHARMM27 simulations were carried out on a V101l
variant of FKBP12 designed to inhibit the rotation of the indole ring and the experimental
difference in the free energy of the indole ring flip for the wild type and V1011 variant was
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reasonably accurately predicted [105], indicating an increased robustness in the differential
free energy predictions.

The transition matrix formed among the 23 states of trans or gauche™ X1 rotamers for Trp 59
and Glu 60 and the presence or absence of a Glu 60 O — Ala 64 HN hydrogen bond was used
to analyze the strength of correlation among these transitions (Fig. 20). Since the indole ring
reorientation combines a trans to gauche™ 1 rotamer transition with a smaller shift in the x »
torsion angle, the larger -1 transition was used as diagnostic. The diagonal values in the
transition matrix correspond to conformations that remain in the same state after a 5 ps
sampling interval. The states are ordered within the transition matrix so that the rapidly
interchanging hydrogen bond breakage/formation transitions lie within 2x2 submatrices.
The much slower transitions between the torsion angle states of Glu 60 and Trp59 lie further
from the diagonal. The value of each off-diagonal element is generally similar to that of the
symmetrical element, indicating reasonably complete statistical sampling of most transitions
in both directions.

Most strikingly, there are no transitions that occur within the 2x2 blocks that lie along the
anti-diagonal. Although the sidechain conformations of Trp 59 and Glu 60 are clearly well
correlated (Fig. 19), this result indicates that throughout the entire 1.14 ps of simulation not
a single concerted transition occurs for these two sidechains. Nevertheless, the statistical
sampling is quite adequate since even the site of the slowest rotamer transition, Trp 59,
underwent 57 x 1 transitions during this time period.

The allosteric coupling between the transitions of the Trp 59 and Glu 60 sidechains is
determined by how the population ratio for the 59, and 59 states depends upon the state of
the Glu 60 sidechain, this is to say [(59¢-/59¢)|60g-]1/[(59¢-/59)|60¢]. By symmetry, this
population ratio also equals [(604-/604)|59g-]/[(604-/60¢)|59¢]. The transition matrix yields a
predicted coupling ratio of 63 for wild type FKBP12 which corresponds to a coupling free
energy of 10.3 kJ/mol. Since the predicted coupling free energy is larger than the free energy
difference between any pair of Trp 59 and Glu 60 sidechain states, the molecular dynamics-
derived energy level diagram deviates from the generic diamond pattern typically assumed
(Fig. 21). Indeed, such a chevron pattern can be generally anticipated for efficiently coupled
allosteric systems in which the coupling free energy is larger than that for the population
ratio at either site.

CONCLUSIONS

Challenges continue in the efforts to gain a direct structural understanding for the
physiological role of the various FKBP domains within the large protein complexes in which
they function. Despite the considerable structural similarities within this protein family,
individual FKBP domains appear to have evolved quite distinct sets of protein recognition
interactions which enable them to serve as cofactors in a diverse range of signaling
processes. The difficulties in developing selective inhibitors for specific FKBP domain
proteins has contributed to the ongoing challenges in adequately characterizing the
physiologically significant interactions for each of the FKBP domains. A large proportion of
these efforts have been directed toward FKBP12/12.6 and the FK1 domains of FKBP51/52,
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each of which participate in a number of processes beyond their best characterized roles in
the regulation of ryanodine receptor calcium channels and steroid receptor complexes.

Given the particularly strong similarity among the crystal structures of these four FKBP
domains, the range of conformational flexibility exhibited by these domains is being studied
to determine whether the transient conformations sampled by each protein might be
sufficiently distinct so as to offer an opportunity for selective inhibitor design. It has been
shown that the Trp 59 indole ring of FKBP12 undergoes a well-populated transition which
dramatically altered the geometry of the catalytic cleft, a transition that does not appear to be
significantly sampled by any of the other FKBP domains containing an active site Trp.
Furthermore, this transition within the catalytic cleft of FKBP12 is allosterically linked to
the spatially remote backbone of the 50°s loop which is known to be conformationally
plastic, thus presenting a potential mechanism for protein-protein signaling interactions. In
contrast to the homologous FKBP52, the B4—f5 loop of FKBP51 FK1 domain undergoes a
conformational transition at the site of its regulatory interaction with the steroid receptor
protein. Mutations that largely interchange the transcriptional activity levels controlled by
these FKBP proteins likewise interchange the dynamical properties of this loop. An
allosterically coupled transition in the B, and B3, strands of FKBP51 which underlie the tip
of the B4—Ps loop has been identified and appears to exhibit structural similarity to the
conformations recently reported for iFit inhibitor-bound FK1 domains. Several other
conformational transitions have been characterized in one or more of these four FKBP
domains. Although the detailed structural understanding of these transitions will require
significant future efforts, the diversity in dynamical behavior among these FKBP domains
offers promising opportunities both for therapeutic design and for gaining insight into how
these small domains might participate in the collective transitions that occur within the
signaling complexes in which they function.
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ABBREVIATIONS
FKBP FK506-binding protein
FK1 first FKBP domain
rmsd root mean square deviation
RyR ryanodine receptor
TGF transforming growth factor
HSP heat shock protein
TPR tetratricopeptide repeat
NOE nuclear Overhauser effect

NOESY nuclear Overhauser effect spectroscopy
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Ry longitudinal (spin-lattice) relaxation rate
R, transverse (spin-spin) relaxation rate

CT-HSQC constant time heteronuclear single quantum coherence
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Fig. 1. Sequence alignment for FKBP12/12.6 and the FK1 domains of FKBP51/52
To preserve similarity in the structural description, the initial B strand in the FK1 domains of

FKBP51 and FKBP52 is denoted as Bo.
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Fig. 2. 1H-15N 2D NMR correlation spectrum of U-2H,15N enriched wild type FKBP12
Residues exhibiting resolved resonances for the minor slow exchange conformation are

indicated in black while all other residues are indicated in gray. Ala 84 and Gly 89 exhibit
the most rapid amide hydrogen exchange in the protein [58], resulting in severe broadening
in the 1H dimension at pH 6.5. These resonances are readily observed at pH 5.5. The
severely broadened resonance for the major conformation of Tyr 82 is visible at a lower
contour level. The hydrogen exchange rate for this residue is too slow to contribute to
linebroadening. Folded sidechain resonances are indicated with ‘x’. lllustration as modified
from research originally published [55], the Biochemical Society copyright holder.
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80's loop

Fig. 3. Structural distribution of residues exhibiting amide resonance doubling due to slow
conformational exchange in FKBP12

Residues that yield doublings of their amide resonances are indicated in black. Aromatic
sidechains to be further discussed are also indicated. Illustration as modified from research
originally published [55], the Biochemical Society copyright holder.
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Fig. 4. Superposition of region surrounding residue 87 from the 1.70 A resolution structure of the
H87V variant of FKBP12 and the 0.92 A resolution wild type structure

The carbon atoms of the H87V variant are indicated in dark gray (blue) while those of the
wild type protein (including dual conformers for the His 87 sidechain) are indicated in light
gray (green). The C¥2 atom of Val 87 is 3.7 A from both the CY and C5! atoms of Tyr 82.
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Fig. 5. Kinetics of the slow conformational exchange in the C22V variant of FKBP12 at 43°C
(A) zz-exchange diagonal and crosspeaks of the Trp 59 indole HNe1 in the major and minor

conformational states at a mix time of 2.2 s. (B) Time course for the normalized peak
intensities for the AA and BB diagonal peaks and for the AB crosspeak. The modest

deviations in the predictions of the AA and BB diagonal peaks for early timepoints likely

reflect a weak violation of equal R4 values for all states that is assumed in the model

analysis which has a minimal effect upon the derived conformational exchange constant.
Ilustration from research originally published [55], the Biochemical Society copyright

holder.
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Fig. 6. Superposition of region surrounding the Pro 88-Pro 89 peptide bond in the crystal
structure of the G89P variant (light gray/green) as compared to the homologous segment from
the first FKBP domain of FKBP52 (dark gray/purple)

The structural changes induced by the cis-peptide linkage in the G89P variant yields a
backbone conformation that closely follows that of the first FKBP domain of FKBP52 (PDB
code 1N1A). The His 87 sidechain is truncated at CP to facilitate visualization of the
backbone conformations. Illustration as modified from research originally published [70],
the Biochemical Society copyright holder.
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Fig. 7. Modeling the conformational transitions at the Pro 88 — Gly 89 peptide bond
At the lower left is displayed the Pro 88 — Gly 89 crystal structure conformation for wild

type FKBP12 (PDB code 2PPN [68]). At the top is the backbone for this dipeptide derived
from the FKBP52 structure (PDB code 4LAW [85]) which illustrates the result of a
concerted (ygg,dgg) transition. At the lower right, the corresponding Pro-Gly model
conformation derived from the crystal structure for the G89P variant of FKBP12 (PDB code
4N19 [70]) illustrates the cis state of this peptide linkage with a negative ¢gg torsion angle
value.

Curr Mol Pharmacol. Author manuscript; available in PMC 2017 September 11.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LeMaster and Hernandez Page 37

Aex (Hz)

10 4

8

l II I .

G823 AB4 Tab GBS HBY P88 G89 120 191 P92 P93 H94 A95 Toé

6

4

2
0

Residue

Fig. 8. Correlation between the 15N conformational exchange linebroadening (Aex) in the 80’s
loop of FKBP12 (black) and the differential chemical shift predictions derived from two crystal
forms of FKBP52 (gray)

Model-free [104] analysis of the Ry, R, and NOE 1N relaxation measurements was used to
estimate conformational exchange linebroadening [55]. The differences in 1 N chemical
shift were predicted with SPARTA+ [90] applied to FKBP12 (PDB code 2PPN [68]) and the
first FKBP domain of FKBP52 (PDB code 1Q1C [86] and non-equivalent monomers of
PDB code 4LAW [85]). An asterisk indicates no statistically significant conformational
exchange linebroadening (< ~0.4 Hz). The amide resonances for both Ala 84 and Gly 89 are
severely broadened due to rapid hydrogen exchange [55], precluding a reliable
determination of conformational exchange linebroadening, and the predicted chemical shift
differences for these two residues are indicated as open bars. Illustration reproduced from
[70] Hlustration from research originally published [70], the Biochemical Society copyright
holder.
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Fig. 9. 15 N Transverse relaxation measurements for the backbone amide resonances in the FK1
domain of FKBP52 and FKBP51 at 25°C

Transverse (Ry) relaxation rates at 600 (gray) and 900 (black) MHz 1H are shown for
FKBP52 (upper panel) and FKBP51 (lower panel). In addition to proline residues, relaxation
data is not reported for overlapped resonances and for the severely broadened resonances.
Illustration as modified from research originally published [72], the Biochemical Society
copyright holder.
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Fig. 10. Differential 15 N transverse relaxation measurements for the wild type and L119P
variant of FKBP51 at 25°C

The differential transverse relaxation rates at 600 MHz 1H are shown in the upper panel,
while those for 900 MHz 1H are shown in the lower panel. The data for the two fields are
plotted on the same vertical scale to illustrate the approximate 2.25-fold increase for the 900
MHz data indicative of conformational transitions occurring near the fast exchange time
limit. As a result, the AR, values for residues 117, 119 and 122 at 900 MHz are truncated.
At each field, the median R, values for the two data sets are scaled to correct for small
variations in the global molecular correlation times. Outside of the regions exhibiting
significant differential linebroadening (i.e., residues 57—77 and 108-128), the rmsd for the
AR, values were 0.15 and 0.18 s~1 for 600 MHz and 900 MHz, respectively, corresponding
to 1.5% of the median R, values in each case. The AR, value for Leu 119 in the wild type
protein is given relative to the median R, value and at 900 MHz this AR value is too large
for reliable quantitation (gray). Due to decreased statistical reliability for the more severely
attenuated resonances, the residues in which the R, value is > 18 s™1 for both wild type and
the L119P variant were excluded (Ser 70, Arg 73 and Glu 75). lllustration as modified from
research originally published [72], the Biochemical Society copyright holder.
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Fig. 11. Structural distribution of residues in the B2 and B35 strands of FKBP51 that exhibit
elevated Ro values

Residues for which the 15N R, value decreases by more than 0.5 Hz at 900 MHz H in the
L119P variant are indicated in dark gray (purple). There are no other differences in Ry
greater than 0.5 Hz outside of the B4—fs loop. A kink in the B3, strand occurs at residues Phe
67 and Asp 68 where the amide hydrogen of Asp 68 is slightly too far from the carbony!l
oxygen of Gly 59 to form a canonical antiparallel B sheet hydrogen bonding interaction.
This kink occurs at the site of direct contact with the tip of the B4—ps loop as indicated by
Lys 121. Hllustration as modified from research originally published [72], the Biochemical
Society copyright holder.

Curr Mol Pharmacol. Author manuscript; available in PMC 2017 September 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

LeMaster and Hernandez Page 41

Fig. 12. Structural distribution of residues in the B2 and B35 strands of FKBP51 that exhibit
large changes in backbone dihedral angles upon binding either the selective inhibitor iFit4 or the
nonselective inhibitor iFitl

As displayed upon the crystal structure of iFit4-inhibited FKBP51 (PDB code 4TW7 [91]),
four of the residues in the B, and B3, strands, indicated in dark gray (purple) exhibit (Ay-1,
A¢;) dihedral angle values greater than 35° in both the iFitl and iFit4-inhibited structures,
relative to the reference FK506-inhibited structure [95]. The sidechain of Lys 65 was
truncated for clarity.
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Fig. 13. Superposition of region surrounding the Gly 89-Val 90 peptide bond from the two
crystal forms of FKBP12.6

This region of the P3121 crystal form structure of cysteine-free FKBP12.6 is illustrated on
the left. The CY of Val 90 (sphere) is pointed toward the catalytic cleft as is typical of
analogous crystal structures for FKBP12. On the right is displayed this region from the P21
crystal form structure in which the Val 90 C7 is pointed away from the catalytic cleft. The
difference in conformation primarily arises from the peptide linkage between Gly 89 and Val
90 being flipped in the P21 crystal form relative to its position in the £3121 crystal form.
Van der Waals surfaces are illustrated for the evolutionarily conserved hydrophobic
sidechain interactions between the B, and B3, strands and the tip of the B4—p5 loop.
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Fig. 14. Structural distribution for residues of the FK1 domain of FKBP52 that exhibit
conformational dynamics in either the ps-ns or ps-ms timeframe

The mainchain conformational schematic of the FK1 domain as viewed from the back side
of the B sheet. Discounting the termini, residues that exhibit order parameter values of S? <
0.78 are indicated in black, while the residues between Asp 63 and Ser 70 exhibiting
conformational exchange broadening above 0.5 Hz at 600 MHz 1H and above 1.0 Hz at 900
MHz IH are indicated in gray. Illustration as modified from research originally published
[72], the Biochemical Society copyright holder.
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Fig. 15. Superposition of region surrounding the aromatic ring of Phe 59 from the two non-
equivalent monomers in the 1.90 A resolution structure of the P3121 crystal form for the
cysteine-free variant of FKBP12.6

The heavy atoms from molecules A and B are superimposed with the electron density grid
(2mFo-DFc at a contour level of 0.0114 e/A3 = 1o) for molecule A also illustrated, The
aromatic ring of Phe 59 from this molecule is oriented perpendicular to that from molecule
B. In the latter case, the plane of the ring forms the base of the catalytic cleft as is seen in
previously reported crystal structures of FKBP proteins. Illustration as modified from [76].
Reproduced with permission of the International Union of Crystallography.
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Fig. 16. Predicted vs. observed NOE volumes for the methyl crosspeaks to Trp 59 HNel
The experimental NOE volumes were normalized to the maximum value (Val 101 C¥2) and

to the volumes of the corresponding 1H-13C crosspeaks in the 2D HSQC spectrum to
compensate for relaxation and differential enrichment effects. Generalized order parameter
calculations were performed on the crystal structures of the wild type protein and G89P
variants and then weighted at 80% and 20%, respectively. Illustration reproduced from
research originally published [70], the Biochemical Society copyright holder.
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Fig. 17. Electron density omit map for Gly 58, Trp 59 and Glu 60 in the active site of the G89P
variant of FKBP12 at 1.20 A resolution

Viewed along the plane of the indole ring for the major conformer (occupancy of 0.71),
electron density for the perpendicular orientation of the minor conformer is readily apparent.
The carbonyl oxygen in the minor conformer of Glu 60 (occupancy of 0.34) is shifted away
from the canonical a-helical hydrogen bonding geometry seen in the major conformer and
to a position close to that observed in the wild type FKBP12 structure [68]. The contour
level for the electron density grid is 0.1261 e/A3 = 2c. Illustration as modified from research
originally published [70], the Biochemical Society copyright holder.
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Fig. 18. Superposition of the wild type (dark gray/purple) and G89P (light gray/green) crystal
structures
The transition of the Glu 60 x 1 rotamer from gauche- to trans facilitates the formation of

canonical hydrogen bonding geometry between the Glu 60 O and the Ala 64 HN as well as
the reorientation of the indole ring of Trp59. Illustration as modified from [105], Elsevier
copyright holder.
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Fig. 19. CHARMMZ27 simulations of the sidechain conformation for Trp 59 and Glu 60 in
FKBP12

Ilustrated at 400 ps intervals, the orientation of the Trp 59 indole N&1 — HNe1 hond vector is
plotted relative to that of the initial frame (A). The 1 sidechain torsion angle of Glu 60 is
plotted at the same intervals (B) using a 0° to 360° scale to circumvent the discontinuity at
180°/-180°. Illustration reproduced from [105], Elsevier copyright holder.
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Fig. 20. Transition matrix for wild type FKBP12 characterizing the trans-to-gauche™ 1 rotamer
transitions for the sidechains of Trp 59 and Glu 60 and the hydrogen bonding status between Glu
60 O and Ala 64 HN (> or <25 A)

The 1.14 ps of molecular simulation was sampled at 5 ps intervals. A small set of transitions
of the 1 rotamers with residence times less than 15 ps were disregarded. These generally
corresponded to conformations that move only slightly beyond the torsional barrier
maximum at 240° separating the trans and gauche™ rotamers. The 594 denotes Trp 59
sidechains with a gauche™ 1 rotamer and a N&1-HNel angle (relative to the initial frame) <
50°, while 59; denotes the trans x 1 rotamer with a N2-HNel angle > 50°. The population
average for each state is listed along the bottom. The use of either 2.3 A or 2.7 A for the
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cutoff distance in the hydrogen bonding analysis had minimal effects on the differential free
energy predictions. Illustration reproduced from [105], Elsevier copyright holder.
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Fig. 21. The free energy diagram (kJ/mol) for the gauche™ and trans x; rotamer states of Trp 59
and Glu 60 predicted from 1.14 ps of simulation for wild type FKBP12

Ilustration reproduced from [105], Elsevier copyright holder.
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