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Abstract

In solution, the Trp 59 indole ring at the base of the active site cleft in the FKBP domain protein 

FKBP12 is rotated by ~90° at a population level of 20%, relative to its canonical crystallographic 

orientation. NMR measurements on the homologous FK1 domains of human FKBP51 and 

FKBP52 indicate no observable indole ring flip conformation, while the V101I variant of FKBP12 

decreases the population having a perpendicular indole orientation by 10-fold. A set of three 

parallel 400 ns CHARMM27 molecular simulations for both wild type FKBP12 and the V101I 

variant examined how this 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 Å from the indole 

nitrogen. Analysis of the transition matrix for the local dynamics of the Glu 60 sidechain, the Trp 

59 sidechain, and of the structurally interposed α-helix hydrogen bonding pattern yielded a 

statistical allosteric coupling of 10 kJ/mol with negligible concerted dynamical coupling for the 

transitions of the two sidechains.
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Introduction

The FK506-binding domain protein FKBP12 is best known for its role in mediating the 

immunosuppressive effects of FK506 and rapamycin. Among the fourteen FKBP domain 

proteins in the human genome [1], FKBP12.6 and the first FKBP domain of FKBP51 and 
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FKBP52 exhibit the closest sequence homology to FKBP12 and they are believed to provide 

the largest functional overlap [2–5], although the significance of that overlap remains open 

to debate [6]. While each of these FKBP domains retain the cis-trans isomerization activity 

on model prolyl peptides found in their eubacterial homologs, genetic and cell biology 

studies indicate that the primary physiological roles for FKBP12 and FKBP12.6 as well as 

for FKBP51 and FKBP52 involve protein recognition interactions that contribute to the 

regulation of various signaling pathways, most notably the FKBP12/FKBP12.6 regulation of 

ryanodine receptor calcium channels [7–10] and the FKBP51/FKBP52 regulation of steroid 

receptor complexes [11–14]. Given the current challenges of structurally characterizing the 

regulatory conformational transitions within these large complexes, useful insights may be 

derived from a more detailed understanding of the energetically accessible conformational 

transitions of the isolated FKBP domains which may facilitate coupling to the larger scale 

transitions of the complex.

The long β4-β5 loop (or 80’s loop) is known to provide critical protein recognition 

interactions for various signaling functions of FKBP12 [15–18] in addition to its role in 

mediating the regulatory interactions of FKBP51 and FKBP52 with the steroid receptor [19]. 

In characterizing the structural basis for two distinct conformational transitions of FKBP12 

centered in this loop which give rise to NMR resonance doubling (τ of 3.0 s at 43°C [20]) 

and conformational exchange linebroadening (t ~ 120 μs at 20°C [21–23]), respectively, we 

reported the crystal structure of the G89P variant [24].

Surprisingly, although the Cα atoms of Trp 59 and Gly 89 are separated by 21 Å, the indole 

ring in the G89P structure is rotated ~90° with respect to its canonical position in the crystal 

structure of the wild type FKBP12 (Graphical Abstract), resulting in the occlusion of most 

of the active site cleft. This sidechain transition, involving a χ1 torsional rotation from the 

gauche− to trans rotamer and a smaller shift in the χ2 torsion angle, had previously been 

reported in the 0.94 Å resolution X-ray structure for the E60Q variant of FKBP12 by Saven 

and colleagues [25]. Both the G89P and the E60Q crystal structures also exhibit a ~1 Å shift 

in the backbone of the central turn of the α-helix which enables the amide of Ala 64 to form 

a canonical hydrogen bond to the carbonyl oxygen of residue 60. In contrast to wild type 

FKBP12, the crystal structures of the highly homologous FKBP12.6 [26,27] exhibit an 

undistorted α-helix with canonical hydrogen bonding geometry between Glu 60 and Ala 64. 

This shift of the α-helix in FKBP12.6 has been proposed to be sterically accommodated due 

to its smaller Phe 59 sidechain at the base of the active site [28].

The E60Q substitution partially disrupts the hydrogen bonding interactions that occur 

between wild type Glu 60 sidechain and the backbone amides of the 50’s loop in the wild 

type structure. In the E60Q structure, a flip of the (ψ52, ϕ53) torsion angles brings the 

carbonyl oxygen of Lys 52 into a hydrogen bond with the sidechain amide of Gln 60. In a 12 

ns CHARMM27 molecular simulation analysis by Park and Saven [29], they found that the 

Trp 59 indole ring in wild type FKBP12 flipped to a perpendicular orientation after ~8 ns. 

Although the absence of a return transition precluded any conclusions about the predicted 

equilibrium for the indole ring flip, their molecular dynamics study suggested the energetic 

accessibility of this transition.
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In contrast to the crystal structure of the E60Q variant, the backbone geometry in the 50’s 

loop is not disrupted in the G89P structure. The sidechain carboxylate of Glu 60 in the G89P 

structure maintains hydrogen bonding interactions with the backbone amides of the 50’s 

loop, but in contrast to the gauche− χ1 rotamer seen in the crystal structure of wild type 

FKBP12, Glu 60 adopts a trans χ1 rotamer conformation in the G89P structure. This 

extended sidechain conformation enables the backbone of Glu 60 to shift toward the indole 

ring allowing for formation of a canonical α-helical hydrogen bonding geometry between its 

carbonyl oxygen and the amide of Ala 64.

Following up on our initial observation that the indole HN resonance of Trp 59 in wild type 

FKBP12 exhibits NOE crosspeaks to methyl resonances that are incompatible with the 

canonical crystal structure, we carried out quantitative NOE buildup analysis to show that 

the crosspeak pattern is consistent with a 20% population of the rotated indole conformation 

[24]. In the present study, we wished to establish whether this indole ring reorientation is 

suppressed in the FK1 domains of FKBP51 and FKBP52 since the marked alteration of the 

active site geometry offers an opportunity for design of selective inhibitors to facilitate 

discrimination among the FKBP domain proteins. Furthermore, the presence of trans χ1 

rotamers for both Trp 59 and Glu 60 in the G89P structure, in contrast to the gauche− 

rotamers at both positions in the wild type crystal structure, is suggestive of an energetic 

coupling between the interactions of the 50’s loop backbone and the Trp 59 indole ring 

which might enable binding interactions at the 50’s loop to allosterically modulate the 

geometry of the active site.

Our 15N NMR relaxation analysis indicated that the indole ring flip may occur at a rate 

similar to that of the global molecular tumbling of the protein [24]. Since it appeared likely 

that the sidechain rotamer transition of Glu 60 and the shifting of the hydrogen bonding 

geometry in the central α-helix might occur at least as rapidly, we investigated whether 

molecular simulations on the μs timescale could usefully sample these three distinct local 

transitions to examine the degree of thermodynamic coupling between them and to analyze 

the degree to which this allosteric process arises from concerted transitions. The integration 

of thermodynamic analysis with the various mechanistic structural models of protein 

allostery continues to present a significant challenge for the field [30,31]. The role played by 

concerted conformational transitions has long remained a central aspect of the mechanistic 

analyses. Unfortunately, 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. The comparatively rapid kinetics of the indole ring flip in 

FKBP12 provides an allosteric system that is amenable to such a molecular simulation 

analysis.

2. Materials and methods

2.1. Protein preparation

Genes for wild type [20] and the V101I variant of FKBP12 as well as the FK1 domains of 

FKBP51 and FKBP52 [32] were chemically synthesized (Genscript), with codon 

optimization for expression in Escherichia coli. The genes were cloned into the expression 

vector pET11a and then transformed into the BL21(DE3) strain (Novagen) for expression. 
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The protein expression and purification procedure were carried out as described for FKBP12 

[20,33] as well as for the FK1 domains of FKBP51 and FKBP52 [32]. For the selective 13C-

methyl labeled samples, 85 mg/L of [3-2H, 4-13C] α-ketoisovalerate and 50 mg/L of [3-2H2, 

4-13C] α-ketobutyrate [34] were supplemented into a medium for U-2H,15N enriched sample 

growths as previously described [24]. For back exchanging the amide hydrogens, 1 mM 

tris(2-carboxyethyl)phosphine and solid Tris base was added to a solution of the purified 

protein to obtain a pH value above 9, and the samples were incubated at 25°C for 3 hours 

and then neutralized with solid monobasic sodium phosphate. All protein samples were 

concentrated via centrifugal ultrafiltration and then equilibrated into a pH 6.50 buffer 

containing 25 mM sodium phosphate, 2 mM dithiothreitol and 2 mM tris(2-

carboxyethyl)phosphine by a series of centrifugal concentration steps.

2.2. NMR spectroscopy

NMR data for the wild type and V101I variant of FKBP12 were collected on a Bruker 

Avance 600 MHz spectrometer and the NMR data for the FK1 domains of FKBP51 and 

FKBP52 were collected on a Bruker 800 MHz spectrometer at 25°C. Resonance 

assignments for the wild type FKBP12 (BMR Data Bank accession numbers 19240 and 

19241 [20]) and FK1 domains of FKBP51 and FKBP52 (BMR Data Bank accession 

numbers 19787 and 19788 [32]) have previously been reported. The indole ring 

reorientation analyses were carried out using a 3D F1-filtered 1H-13C-1H NOESY 

experiment [35]. FELIX software (Felix NMR) was used for NMR data processing.

2.3. Molecular dynamics simulations

To form a model of the V101I variant, coordinates from the 0.92 Å resolution X-ray 

structure of FKBP12 (PDB code 2PPN [25]) were modified with CHIMERA [36] by adding 

a methyl group to Val 101 which positions this Cδ atom below the Trp 59 indole ring. 

Coordinates from the 1.00 Å resolution structure of the FK1 domain of FKBP51 (PDB code 

3O5P [37]) were used for the simulations. Hydrogen atoms were added to the protein heavy 

atoms and crystallographically-defined water molecules with all carboxylate and aliphatic 

amine groups being charged using VMD [38]. VMD was then used to form a rectangular 

solvent box with no protein atoms within 10 Å of the boundary filled with TIP3P waters, as 

modified for CHARMM. Sodium and chloride ions added to establish electroneutrality and 

an ionic strength near 150 mM. For each protein, three parallel simulations were prepared, 

differing solely by independent placement of the added ions. MD simulations were carried 

out in NAMD2 [39] using the CHARMM27 force field [40] with Particle Mesh Ewald 

summation for long range electrostatics using a 1 Å grid spacing. Short range interactions 

utilized a switching distance of 10 Å and a cutoff of 12 Å. SHAKE constraints were applied 

for all bonds to hydrogen, and a step size of 1 fs was used. Steepest descent minimization 

was applied for 3,000 steps with 25 cal/mol/Å2 restraints applied to all protein heavy atoms 

and crystallographic water molecules, followed by a second minimization of 3,000 steps and 

a 30 ps warming protocol to 298 K in 25 degree increments with 5 kcal/mol/Å2 restraints. 

After 200 ps of NPT equilibration with constant temperature conditions enforced with a 

Langevin damping factor of 1.0 ps−1 and constant pressure conditions using Langevin piston 

pressure control, the heavy atom restraints were decreased from 5 kcal/mol/Å2 to 1 

kcal/mol/Å2 at a rate of 5 ps per unit. The system was then allowed to stabilize under NPT 
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conditions for 200 ps followed by another 200 ps with the heavy atom restraints reduced to 

0.1 kcal/mol/Å2. The heavy atom restraints were then removed, and 400 ns of simulation 

were carried out under NVE conditions with the first 20 ns being treated as equilibration. 

Coordinate files were stored at 5 ps intervals. Temperature drift over the trajectory was 

minimal with the averages over consecutive 10 ns intervals remaining within 0.1 degrees of 

the overall average temperature.

3. Results and discussion

3.1. NOESY analysis of indole ring flipping in the FK1 domains of FKBP51 and FKBP52

As in our previous analysis of ring flipping for Trp 59 of FKBP12 [24], samples of the FK1 

domains were prepared in which the Cγ positions of valine, the Cδ positions of leucine and 

the Cδ position of isoleucine were substituted with 1H,13C while all other positions of the 

protein were uniformly labeled with 2H, 12C and 15N [34]. The amide and indole HN 

positions were back exchanged to yield a sample in which the NOESY interactions between 

the methyl and N-bound protons can be observed at high sensitivity with minimal effects 

from spin diffusion to complicate quantitative interpretation. In contrast to FKBP12, the 

active site Trp 90 of FKBP51 and FKBP52 have indole 1HNε1 resonances quite close to the 

solvent peak (5.05 ppm and 5.20 ppm, respectively). Exploiting the fact that no other N-

bound protein resonance overlaps that 1H frequency, 3D F1-filtered 1H-13C-1H NOESY 

spectra were collected using a 200 ms mix time which we had previously found to yield 

approximately linear crosspeak buildups for FKBP12 [24]. For the F2-F3 plane at the 

indole 1HNε1 frequency, only crosspeaks for both FKBP51 (Fig. 1A) and FKBP52 (Fig. 1B) 

were observed for methyl groups that are near to the active site indole ring in the crystal 

structure. The relative intensities of those crosspeaks are consistent with the relative 

interproton distances derived from the crystal structure (to the inverse sixth power as 

expected for isolated spin pairs). Of particular note is the absence of crosspeaks to the 

methyl resonances of Val 55. The methyl groups of Val 55 are beyond 7 Å from the 

indole 1HNε1 in the crystal structures of FKBP51 and FKBP52 as are the analogous Val 24 

methyl groups in the crystal structures of wild type FKBP12. However, strong NOE 

crosspeaks are observed for both methyls of Val 24 in FKBP12 (S/N of 50 for Cγ2), 

consistent with the flipped indole ring orientation seen in the crystal structure of the G89P 

variant [24]. Assuming a 20% population for the ring flipped FKBP12 conformation, the 

absence of the analogous crosspeaks to the Val 55 methyl groups in FKBP51 and FKBP52 

indicates that the population of the flipped indole ring orientation must be less than ~0.5%.

In addition to FKBP51 and FKBP52, crystal structures have been reported for two other 

active site Trp-containing FKBP domains of FKBP13 [41] and FKBP25 [42]. All of these 

four domains contain an aspartate residue at the position homologous to Glu 60. Indeed, 

during the evolution of FKBP12 this position is occupied by an aspartate throughout lower 

eukaryotes. The glutamate substitution did not appear until the evolution of bony fish at 

approximately the time that FKBP12 and FKBP12.6 began to diverge [43]. As illustrated for 

FKBP51, superpositioning onto the structure for the major conformer of the G89P variant of 

FKBP12 yields a close alignment for both the backbone conformation of the 50’s loop (Fig. 

2A) and the residues which lie beneath the active site indole ring (Fig. 2B). The carboxyl 
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oxygens of Asp 91 in FKBP51 and of Glu 60 in FKBP12 hydrogen bond to the backbone 

amides of residues 82/51 and 84/53 as well as to the highly conserved internal water at that 

site. On the other hand, not only does the orientation of the Trp indole ring differ between 

the structures of FKBP51 and the G89P variant of FKBP12, the backbone atoms of Trp 90 

and Asp 91 in FKBP51 are shifted away from the canonical α-helical hydrogen bonding 

geometry (Fig. 2A), similar to what is observed in the wild type FKBP12 crystal structure. It 

would appear that the extended aspartate sidechain is too short to allow for shifting to the 

canonical α-helical hydrogen bonding geometry while still maintaining the hydrogen 

bonding interactions with the backbone of the 50’s loop.

Regarding the residues that underlie the Trp 59 indole ring in the wild type FKBP12 crystal 

structure, Ile 132 in the FKBP51 structure is substituted for Val 101 (Fig. 2B). This added 

Cδ atom neatly fills the empty volume that lies directly underneath the indole ring in the 

wild type FKBP12 structure which becomes occupied following the indole reorientation that 

occurs in the G89P crystal structure. This apparent increase in steric hindrance to the 

reorientation of the indole ring combined with the restricted extension that results from the 

shorter Asp91 sidechain, suggests that such a reorientation of the indole ring may be 

significantly less energetically accessible for FKBP51 and is likely to be similarly 

inaccessible for the other active site tryptophan-containing FKBP domains.

3.2. NOESY analysis of indole ring flipping in the V101I variant of FKBP12

The additional methyl group arising from the V101I substitution would appear to be readily 

accommodated into the crystal structure of wild type FKBP12 with minimal perturbation. If 

that pre-existing cavity is energetically significant in allowing for the flipping of the indole 

ring, the V101I variant would be predicted to reduce the probability of that transition. In this 

regard, it should be noted that one of the high resolution crystal structures of this FKBP51 

domain (PDB code 3O5P) published by Hausch and colleagues [37] has a minor (10%) 

conformer of the homologous Ile 132 sidechain in an alternate rotamer state which does not 

significantly occlude the cavity lying under the indole ring.

The F2-F3 plane at the Trp 59 indole 1HNε1 frequency from the F1-filtered 1H-13C-1H 

NOESY spectrum of the V101I variant (Fig. 3A) yields a simpler pattern of NOE crosspeaks 

to the neighboring methyl groups than what is seen for wild type FKBP12 (Fig. 3B). The Cδ 

crosspeaks of Ile 56 and Ile 76 dominate the NOESY interactions with the indole 1HNε1 of 

the V101I variant as predicted from the crystal structure of the wild type FKBP12. On the 

other hand, there are also a weak crosspeak for the Cγ2 resonance of Val 24 that is 10-fold 

less intense than the corresponding crosspeak in the wild type spectrum. This crosspeak 

from Val 24 would not be anticipated from the FKBP12 crystal structure conformation. As 

noted above, the structurally homologous Val 55 of FKBP51 and FKBP52 do not give rise 

to crosspeaks to the indole 1HNε1 resonance, even though the S/N ratio of these spectra, 

particularly for the FKBP52 data, is above that for the V101I variant. These results are 

consistent with the population of the flipped indole conformation being reduced 10-fold in 

the V101I variant, relative to wild type FKBP12.
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3.3. Molecular dynamics analysis of indole ring flipping in wild type and the V101I variant 
of FKBP12 and in the FK1 domain of FKBP51

For each FKBP domain, three parallel 400 ns simulations were carried out at 298K in 

NAMD2 [39] using the CHARMM27 force field [40]. As illustrated for one of the three 400 

ns simulations of wild type FKBP12 (Fig. 4A), the perpendicular orientation of the Trp 59 

Nε1-HNε1 bond vector markedly predominated over conformations similar to the initial 

frame in the canonical ring orientation. In contrast, the MD simulations for the V101I 

variant yielded a more equal distribution of the two indole ring orientations (Fig. 4C). 

Excluding the initial 5% of each MD run for equilibration, 1.14 μs of simulation for wild 

type FKBP12 predicted a canonical indole ring conformation population of only 7.9% which 

rose to 59.6% for the V101I variant. The predicted 17-fold (7.0 kJ/mol) shift in the indole 

ring flip equilibrium that is induced by the V101I substitution agrees reasonably well with 

the experimentally determined value despite the fact that the predicted populations for each 

state differ markedly from the experimental observations.

The orientation of the χ1 sidechain torsion angle for Glu 60 is predicted to be significantly 

correlated with the Trp 59 indole ring conformation for both wild type FKBP12 (Fig. 4B) 

and the V101I variant (Fig. 4D). In contrast to the crystal structures of wild type FKBP12, 

these simulations predict a high population for the trans χ1 rotamer of Glu 60. Given the 

correlation between the conformational states for the sidechains of Trp 59 and Glu 60, the 

errors in predicting the absolute population of the sidechain conformations may largely arise 

from inaccuracies in the modeling of the interactions between the Glu 60 sidechain and the 

backbone of the 50’s loop, including the bridging interactions of the conserved structural 

water molecule. Using the same force field in the NAMD2 simulation program, Park and 

Saven [29] observed that the predicted orientation of the Trp 59 ring is quite sensitive to the 

modeling of the interactions between the residue 60 sidechain and the 50’s backbone.

In contrast to the MD simulations for both the wild type and V101I variant of FKBP12, the 

FK1 domain of FKBP51 was predicted to overwhelmingly adopt the canonical active site 

indole ring orientation for Trp 90 with the Asp 91 sidechain being in a trans χ1 rotamer state. 

Alternate conformations for these residues were populated on the order of 0.1%.

The issue of correlated conformational transitions for the Trp 59 and Glu 60 sidechains and 

the hydrogen bond geometry for the α-helical backbone was analyzed by examination of the 

transition matrix for the 23 states of the trans (120° to 240°) or gauche− (240° to 360°) χ1 

rotamers of Trp 59 and Glu 60 and the presence or absence of a Glu 60 O – Ala 64 HN 

hydrogen bond, defined at the van der Waals separation of 2.50 Å [44]. The diagonal values 

in the transition matrix calculated from the simulations of wild type FKBP12 correspond to 

conformations that remain in the same state after a 5 ps sampling interval across 1.14 μs of 

simulation (Fig. 5). The ordering of the states is such that the rapidly interchanging 

hydrogen bond breakage/formation transitions lie within 2×2 submatrices, while the much 

slower torsion angle transitions 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.
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Most striking is the absence of transitions lying within the 2×2 blocks along the anti-

diagonal. Despite the marked statistical correlation between the sidechain conformations of 

Trp 59 and Glu 60 (Fig. 4A and 4B), this result indicates that throughout the entire 1.14 μs 

of simulation not a single concerted transition occurs for these two sidechains. There did 

occur 57 χ1 rotamer transitions for Trp 59 during this time period (63 such transitions for 

V101I – Fig. S1) indicating an average residence time of 20 ns. A similar calculation yields 

an average residence time of 1.5 ns for the Glu 60 χ1 rotamer states.

The allosteric coupling between the transitions of the Trp 59 and Glu 60 sidechains is 

determined by how the population ratio for the 59g− and 59t states depends upon the state of 

the Glu 60 sidechain (i.e., [(59g−/59t)|60g−]/[(59g−/59t)|60t]) which by symmetry equals 

[(60g−/60t)|59g−]/[(60g−/60t)|59t]. The predicted coupling ratio of 63 for wild type FKBP12 

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. 6).

As illustrated in the four 2×2 blocks along the diagonal of the transition matrix (Fig. 5), the 

kinetics of hydrogen bond formation and rupture for the Glu 60 O – Ala 64 HN interaction 

occurs on the timescale of the 5 ps sampling interval. Assuming exponential kinetics for the 

hydrogen bond dynamics yields time constants ranging from 3 ps to 5 ps for the four states 

of the Trp 59 and Glu 60 sidechains. The population ratios for the hydrogen bonded and the 

non-hydrogen bonded states vary over a 17.6-fold range from the (59g−,60t) state to the (59t,

60t) state. Expressing these hydrogen bonding population ratios in terms of an energy level 

diagram strongly indicate that the conformational shift underlying the Glu 60 O – Ala 64 HN 

interaction provides a substantial component of the coupling energetics linking the sidechain 

conformations of Trp 59 and Glu 60, although other contributions are clearly required (Fig. 

7). Shifting the hydrogen bond distance cutoff to either 2.30 Å or 2.70 Å had minimal 

effects on the derived energy level diagram (Fig. S2).

Inspection of the transition matrix also provides mechanistic insight into how the transition 

of the Glu 60 O – Ala 64 HN hydrogen bonding facilitates transitions in the two sidechains. 

Focusing on the lower right hand quadrant of the transition matrix (Fig. 5) for which the Trp 

59 sidechain remains in a trans χ1 rotamer state, the transfer from HB(60g−) to noHB(60t) is 

more populated (92) than would be expected for the sequence HB(60g−) → HB(60t) → 

noHB(60t) since by that pathway the off-diagonal block population ratio for noHB(60t)/ 

HB(60t) could not be more than the corresponding diagonal block ratio (25233/114417). 

This implies that the dominant pathway for this transition is HB(60g−) → noHB(60g−) → 

noHB(60t). A similar argument applies for the nominally reverse transition noHB(60t) → 

HB(60t) → HB(60g−). Although the sampling statistics for the Trp 59 χ1 transitions are 

limited, preferred kinetic pathways in the Glu 60 trans state appear to be present for the 

noHB(59g−) → HB(59g−) → HB(59t) and the HB(59t) → noHB(59t) → noHB(59g−) 

transitions.

If the 1.14 μs of molecular simulation for the V101I variant of FKBP12 were to model a 

pure modulation of the Trp 59 – Glu 60 sidechain allostery, the transition matrix (Fig. S1) 
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would yield a free energy diagram in which the two 59t states would be shifted upward 7.0 

kJ/mol (Fig. 8A), relative to that of the wild type FKBP12 simulation (Fig. 6), to reflect the 

difference in population for the 59t state in these simulations (Fig. 4A and 4C). However, 

the MD-derived energy level diagram for the V101I variant differs appreciably, particularly 

with regards to the lower free energy of the (59t,60g−) state (Fig. 8B). One potential source 

for the resultant decrease in modeled allosteric coupling is the high population (96.6%) 

predicted for the alternate χ1 rotamer of Ile 101 which corresponds to the minor (10%) 

rotamer in the 3O5P structure of FKBP51. At least in part, this strong biasing against the 

initially assigned χ1 rotamer state for Ile 101 likely reflects limitations in the force field as 

the corresponding simulations for the FKBP51 domain predict a 70% population for the χ1 

rotamer of Ile 132 that is present at only 10% in one high resolution crystal structure and 

undetected in several other crystal forms of comparable resolution [37]. As a result of the 

altered sidechain packing arrangement of Ile 101 in FKBP12, the predicted orientation of the 

flipped indole ring of Trp 59 in this variant is slightly rotated away from its position in the 

wild type protein, as indicated by the center of the Nε1-HNε1 vector distribution being 

shifted up to ~110° relative to the initial ring orientation in the simulation (Fig. 4D).

4. Conclusion

The conformational transition of the Trp 59 indole ring in FKBP12 is highly sensitive to the 

sidechain transitions of the adjacent glutamate residue. Given the structural constraints 

imposed by the shorter asparate sidechain found in the FK1 domains of FKBP51 and 

FKBP52 and several other human FKBP domains containing an active site tryptophan, it 

appears likely that among these proteins only FKBP12 significantly populates a 

perpendicular orientation of the indole ring which largely occludes the active site cleft. 

Molecular simulations have provided a structural interpretation of how this ring flip 

transition is linked to interactions in the backbone of the 50’s loop with a predicted allosteric 

coupling of 10 kJ/mol that could provide a basis for how binding interactions at this distal 

site might modulate the geometry of the catalytic site.

This allosteric interaction involves a negligible contribution from concerted dynamical 

transitions. At least three distinct local conformational transitions with markedly differing 

characteristic time constants participate in this allosteric coupling: the active site Trp 59 

sidechain reorientation, the sidechain transition of Glu 60 interacting with the 50’s loop 

backbone, and the shift in hydrogen bonding geometry for the backbone atoms of those two 

residues which provides a significant component of the structural mechanism for the 

coupling between the first two transitions. The conformational equilibria for both the 

sidechains of Trp 59 and Glu 60 are determined by sets of interactions with the surrounding 

protein structure, and it is the overlap between these two sets of interactions that provide the 

energetic coupling of these sidechain transitions.

Viewed in terms of two statistically coupled but dynamically decoupled transitions, allostery 

can be expected to be the rule rather than the exception for such nearby transition sites as 

those considered herein. Long range concerted intramolecular motion, as with the helical 

shift in the aspartate receptor of chemotaxis [45,46], can modulate the conformational 

equilibria surrounding the extracellular aspartate binding site as well as the cytoplasmic 
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binding site of the HAMP domain over a distance of 100 Å. Yet allostery need not require 

that this helical shift to be dynamically coupled to the transitions underlying the 

conformational equilibria at either binding site of the aspartate receptor. Although 

transitions such as the helical piston model of the aspartate receptor offer an efficient 

mechanism to transmit the modulation of interactions at the two distant binding sites, it is 

unnecessarily restrictive to assume that, in general, the coupling mechanism within an 

allosteric process must be dynamically concerted [47]. In the ongoing efforts to identify 

large scale collective transitions in proteins, the FKBP12 system offers a valuable cautionary 

example. The presence of μs-ms conformational exchange NMR linebroadening throughout 

much of that protein led several groups to propose a single collective transition [21–23], an 

assumption later shown to be severely in error [20]. Analyzing how nature might exploit the 

dynamical heterogeneity of protein conformational transitions may provide a more fruitful 

path for understanding the structural basis of allostery.
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HIGHLIGHTS

Unlike FKBP12, the active site Trp 90 ring of FKBP51 and FKBP52 does not flip

The V101I substitution decreases the indole ring flipping in FKBP12 by 10-fold

Transitions of the Trp 59 and Glu 60 sidechains are strongly correlated

1.14 μs of CHARMM27 simulation indicate no concerted transitions for these 

residues

Allosteric analysis of statistically coupled but dynamically uncoupled transitions
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Fig. 1. 
NOESY crosspeaks between the active site Trp 90 HNε1 and nearby methyl groups in 

FKBP51 (A) and FKBP52 (B). The homologous position in FKBP12 is indicated in 

parentheses. The F2-F3 plane at the indole 1HNε1 frequency from a 3D F1-

filtered 1H-13C-1H NOESY spectrum of collected using a 200 ms mix time (black) is 

superimposed upon the reference 2D 1H,13C HSQC spectrum containing all selectively 

enriched valine Cγ, leucine Cδ and isoleucine Cδ positions (green). The observable 

crosspeaks from the 3D NOESY spectrum have intensities that are consistent with the 

canonical orientation of the indole ring.
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Fig. 2. 
Superposition of the 0.96 Å resolution crystal structure for the first FKBP domain of 

FKBP51 (green) onto the G89P (blue) crystal structure. (A) The positioning of the 50’s loop 

backbone and the interactions of the Glu 60 / Asp 91 carboxylate groups are similar in the 

structures of the G89P variant [24] and the FK1 domain of FKBP51 [37]. However, the 

backbone segment connecting to the indole sidechain is shifted further away by ~1Å in the 

G89P crystal structure. (B) Underneath the indole ring of Trp 59, the Cδ1 of Ile 132 in 

FKBP51 projects into where a cavity is formed by the sidechains of Val 63, Leu 74 and Val 

101 in the FKBP12 structure.
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Fig. 3. 
NOESY crosspeaks between the active site Trp 59 HNε1 and nearby methyl groups in the 

V101I variant (A) and wild type FKBP12 (B) for the F2-F3 plane at the indole 1HNε1 

frequency from a 3D F1-filtered 1H-13C-1H NOESY spectrum of collected using a 200 ms 

mix time (black) is superimposed upon the reference 2D 1H,13C HSQC spectrum containing 

all selectively enriched valine Cγ, leucine Cδ and isoleucine Cδ positions (green). The 

observable crosspeaks from the 3D NOESY spectrum of the V101I variant predominantly 

reflect intensities that are consistent with the canonical orientation of the indole ring. The 

crosspeak for Val 24 Cγ2 is 10-fold weaker in the V101I spectrum. This crosspeak would be 

unobservable for the canonical orientation of the indole ring and is consistent with a 
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corresponding 10-fold decrease in the population of the perpendicular reoriented indole ring, 

relative to the wild type protein.
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Fig. 4. 
CHARMM27 simulations of the sidechain conformation for Trp 59 and Glu 60 in wild type 

(A and B) and the V101I variant (C and D) of FKBP12. Illustrated at 400 ps intervals, the 

orientation of the Trp 59 indole Nε1 – HNε1 bond vector is plotted relative to that of the 

initial frame (A and C). The χ1 sidechain torsion angle of Glu 60 is plotted at the same 

intervals (B and D) using a 0° to 360° scale to circumvent the discontinuity at 180°/−180°.
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Fig. 5. 
Transition matrix for wild type FKBP12 characterizing the trans-to-gauche− χ1 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 < 2.5 Å). The 1.14 μs of molecular simulation was sampled at 

5 ps intervals. A small set of transitions of the χ1 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 59g− denotes Trp 59 sidechains with a gauche− χ1 rotamer and a Nε1-HNε1 angle 

(relative to the initial frame) < 50°, while 59t denotes the trans χ1 rotamer with a Nε1-HNε1 

angle > 50°. The population average for each state is listed along the bottom.
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Fig. 6. 
The free energy diagram (kJ/mol) for the gauche− and trans χ1 rotamer states of Trp 59 and 

Glu 60 predicted from 1.14 μs of simulation for wild type FKBP12.
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Fig. 7. 
The differential in free energy corresponding to the shift in hydrogen bond formation 

between Glu 60 O and Ala 64 HN as a function of the χ1 rotamer state for both Trp 59 and 

Glu 60 in wild type FKBP12 assuming hydrogen bond formation at van der Waals distance 

(2.50 Å).
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Fig. 8. 
Free energy diagrams (kJ/mol) for the gauche− and trans χ1 rotamer states of Trp 59 and Glu 

60 in the V101I variant of FKBP12. If the V101I variant were to act as a pure allosteric 

modulator, the energy levels for the states containing the trans χ1 rotamer of Trp 59 would 

be shifted 7.0 kJ/mol (A) from the free energy diagram predicted for wild type FKBP12 to 

reflect the 17-fold predicted shift in population for this state in the V101I variant (Fig. 4C). 

The energy levels for this variant were then predicted directly from its 1.14 μs of simulation 

(B).
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