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Abstract: Targeting conserved ligand binding pockets in homologous proteins with selective
inhibitors presents a difficult challenge in drug discovery. The recently discovered
SAFit class inhibitors against the Hsp90 co-chaperone FKBP51 show >10,000--fold
selectivity over its closely related paralog FKBP52, demonstrating that excellent
selectivity within highly conserved protein families is possible. However, the
mechanism underlying this selectivity remained unknown. Here, by combining NMR,
biophysical and computational methods with mutational analysis, we unravel the
binding mechanism of the SAFit inhibitors to FKBP51. We show that the SAFit
molecules bind to a transient pocket that represents a weakly populated conformation
resembling the inhibitor-bound state of FKBP51, suggesting conformational selection
and not induced fit as major binding mechanism. The inhibitor-bound conformation of
FKBP51 is stabilized by an allosteric network of residues located away from the
inhibitor-binding site. Theses residues stabilize the Phe67 side chain in a dynamic
outward conformation and are distinct in FKBP52, thus rationalizing the basis for the
selectivity of SAFit inhibitors. Our results represent a paradigm highlighting principles
for the selective inhibition of transient binding pockets.
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Selective inhibitors of FKBP51 employ conformational selection
of dynamic invisible states
by
Pravin Kumar Ankush Jagtap, Sam Asami, Claudia Sippel, Ville R. I. Kaila,
Felix Hausch, and Michael Sattler

Selectively targeting conserved ligand binding pockets in homologous proteins with
isoform-selective inhibitors presents a difficult challenge in drug discovery, but is
essential to develop specific and safe drugs. Some of us have recently developed
isoform-specific SAFit class of inhibitors against the Hsp90 co-chaperone FKBP51 with
>10,000--fold selectivity over its closely related paralog FKBP52. Differences in free
and ligand bound crystal structures might suggest an induced fit binding mechanism.
However, given that the binding pocket for the ligand is not accessible in the unbound
form suggests a more complex binding mechanism that must involve an essential role
for conformational dynamics. Thus, the molecular mechanisms that explain the unique
selectivity of SAFit inhibitors remained unknown.

As the mechanistic principles underlying this selectivity are expected to represent a
general paradigm that could be utilized for the development of selective inhibitors in
other systems, we studied these in the current manuscript.

Here, we combine NMR, biophysical and computational methods (molecular dynamics,
quantum chemical calculations) with mutational analysis to unravel the binding
mechanism of selective FKBP51 inhibitors.

Key findings of our manuscript are:
•Access to the ligand binding pocket of FBKP51 is gated by the aromatic side chain of
Phe67. We show that this side chain dynamically samples inward and outward
conformations using NMR relaxation dispersion experiments.
•We provide evidence that FKBP51-selective SAFit inhibitors bind to a dynamic,
weakly populated binding pocket that is sampled <1% of existing conformations in
solution resembling the inhibitor-bound state of FKBP51.
•Our findings suggests a key role for conformational selection and not induced fit as
major binding mechanism.
•The inhibitor-bound conformation of FKBP51 is stabilized by an allosteric network of
residues located away from the inhibitor-binding site. These residues stabilize the
Phe67 side chain in a dynamic outward conformation and are distinct in FKBP52, thus
rationalizing the basis for the selectivity of SAFit inhibitors.
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Our results represent a paradigm highlighting principles for the selective inhibition of
transient binding pockets.
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Selective inhibitors of FKBP51 employ conformational selection 

of dynamic invisible states 

Pravin Kumar Ankush Jagtap,[+] Sam Asami,[+] Claudia Sippel, Ville R. I. Kaila, Felix Hausch, and 

Michael Sattler* 

Abstract: Targeting conserved ligand binding pockets in homologous 

proteins with selective inhibitors presents a difficult challenge in drug 

discovery. The recently discovered SAFit class inhibitors against the 

Hsp90 co-chaperone FKBP51 show >10,000--fold selectivity over its 

closely related paralog FKBP52, demonstrating that excellent 

selectivity within highly conserved protein families is possible. 

However, the mechanism underlying this selectivity remained 

unknown. Here, by combining NMR, biophysical and computational 

methods with mutational analysis, we unravel the binding mechanism 

of the SAFit inhibitors to FKBP51. We show that the SAFit molecules 

bind to a transient pocket that represents a weakly populated 

conformation resembling the inhibitor-bound state of FKBP51, 

suggesting conformational selection and not induced fit as major 

binding mechanism. The inhibitor-bound conformation of FKBP51 is 

stabilized by an allosteric network of residues located away from the 

inhibitor-binding site. Theses residues stabilize the Phe67 side chain 

in a dynamic outward conformation and are distinct in FKBP52, thus 

rationalizing the basis for the selectivity of SAFit inhibitors. Our results 

represent a paradigm highlighting principles for the selective inhibition 

of transient binding pockets. 

Protein dynamics plays a crucial role in ligand binding[1]. However 
rational drug design is generally focused on targeting low energy 
conformations observed in static protein structures[2], while the 
conformational dynamics of the binding surface is usually 
neglected during this process. Notably, exploiting differential 
conformational dynamics could provide a unique strategy to 
design selective inhibitors against homologous proteins, where 
selective targeting of highly conserved active sites is challenging. 
Targeting dynamic regions involving less conserved residues thus 

offers an attractive strategy to selectively inhibit homologous 
proteins. 

FK506 binding protein 51 (FKBP51) is a co-chaperone of the 
heat shock protein Hsp90 and is best known for its regulation of 
steroid hormone receptor responsiveness[3]. Notably, the 
regulation of glucocorticoid hormone receptor activity by FKBP51 
is antagonized by its close paralog FKBP52, where FKBP51 
inhibits and FKBP52 enhances glucocorticoid receptor activity, 
respectively. Inhibition of FKBP51 has been suggested as a novel 
treatment option for stress related disorders[3b, 4], obesity[5] and 
chronic pain[6]. However, discrimination against FKBP52 is 
thought to be critical due to the counteracting roles of FKBP51/52, 
e.g., in development, stress-coping behavior, stress hormone 
signaling and metabolism. Prior to the recent discovery of the 
SAFit class of inhibitors such as SAFit1 and iFit4 (Figure S1) that 
selectively target FKBP51[7], the distinct roles of FKBP51/52 could 
not be pharmacologically delineated due to their highly conserved 
binding pockets. NMR[8] and MD[9] studies indicated the presence 
of protein dynamics at nanosecond timescales in FKBP51. 
Moreover, mutational analysis revealed that the Lys58, Lys60 and 
Phe129 in FKBP51, which are distinct from FBKP52 and are 
located remote from the SAFit binding site, are responsible for the 
selectivity[7a]. However, the underlying molecular mechanism for 
the selective SAFit binding to FKBP51 remains unknown.  

Figure 1. A) Structural superposition of the FK506-binding domain of FKBP51 
in complex with FK[431]-16h (light cyan, PDB ID: 5OBK) and the SAFit analog 
iFit4 (light orange, PDB ID: 4TW7). FK[431]-16h and iFit4 are shown in cyan 
and brown sticks. The two conformations of Phe67 (Phe67in and Phe67out) 
observed in FKBP51+FK[431]-16h and FKBP51+iFit4 complex structures, 
respectively, are highlighted as purple and red sticks. B) Side view of A) with 
the ligands omitted for clarity. The residues which stabilize Phe67out (Lys58, 
Lys60 and Phe129) are shown as light blue and orange sticks for the FK[431]-
16h and iFit4 complexes, respectively. 

The crystal structure of the ligand binding FK1 domain of FKBP51 
(called FKBP51WT hereafter) bound to various SAFit derivatives 
indicates[7] that the side chain of Phe67, which is displaced to 
accommodate the cyclohexyl moiety of SAFit1, is stabilized by the 
side chains of Lys58 and Lys60 and indirectly by Phe129 in the 
outward conformation (Figure 1). FKBP52 exhibits distinct amino 
acids in these positions (Thr58, Trp60, and Val129). A swap of 
these residues between FKBP51 and 52 leads to a complete 
reversal of selectivity for SAFit ligands[7a]. As there are only minor 
differences in the side chain conformations of FKBP51 between 
the free and the SAFit-bound crystal structures except for the 
side-chain conformations of Lys58, Lys60 and Phe67, we 
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hypothesize here that conformational dynamics of these and 
surrounding residues could provide clues for the selectivity of 
SAFit-type inhibitors for FKBP51. NMR 15N relaxation data 
indicate that the unbound FK1 domain exhibits significant internal 
motion[8b, 10], but it remains unclear how this relates to the 
selective inhibition of FKBP51. In order to quantitatively measure 
internal motion at ps-ns and s-ms time scales we recorded 15N 
backbone NMR autorelaxation[11] and relaxation dispersion 
experiments[12], respectively for the free and SAFit1-bound 
FKBP51 FK1 domain (Figure S2 and S4). 

An analysis of the 15N transverse relaxation data in FKBP51WT 
indicates substantially increased R2 relaxation rates in the 
presence of the selective inhibitor SAFit1 as compared to 
unbound FKBP51WT (Figure S2B). These increased R2 rates are 
most prominent for residues in the 3a strand, which contains 
Phe67 (Figure S2E). Moreover, when bound to SAFit1, the amide 
NMR resonances of Lys58 to Ser62 in the 2 strand and the 3a-
3b loop are broadened beyond detection (Figure S3). This 
suggests that SAFit1 binding induces a gain of motion in the s-
ms time scale. Such increased dynamics is unexpected as 
inhibitor binding usually rigidifies and thus suppresses 
conformational dynamics in proteins. Indeed, binding of the 
canonical inhibitor compound FK[431]-16h[13] (Figure S1), a 
bicyclic analogue of FK506, that does not induce the iFit-typical 
conformational change in FKBP51 and binds with similar affinity 
to FKBP52[14], is associated with the expected loss of motion 
(Figure S2). This demonstrates that the unusual gain of motion is 
a unique feature of SAFit binding. 

Figure 2. Relaxation dispersion experiments of FKBP51WT free and bound to 
SAFit1 or FK[431]-16h ligands. A) 15N backbone relaxation dispersion curves of 
Phe67 and Gly50. Phe67 shows minor dispersion in FKBP51WT, but significantly 
increased dynamics upon SAFit1 binding. For comparison, Gly50 does not 
show dispersion in ligand free and bound states. B) Backbone amides of 
residues, which show gain (red spheres) or loss (blue spheres) of motion (with 
Rex ≥ 2 rad/s) upon SAFit1 binding relative to FKBPWT are shown with the 
crystal structure of the FKBP51WT+iFit4 complex (PDB ID: 4TW7). The ligand 

and the Phe67 side chain are shown in orange and red sticks, respectively. 
Black spheres represent residues that are line-broadened beyond detection. 

To characterize the change in dynamics at s-ms timescale 
upon SAFit1 binding to FKBP51 and to probe if FKBP51WT 
samples the SAFit1 bound state even in the absence of ligand, 
we performed 15N CPMG relaxation dispersion experiments[12b, 15] 
on FKBP51WT, FKBP51WT+SAFit1 and FKBP51WT+FK[431]-16h 
(Figure 2, S4). Intriguingly, these experiments show that while 
binding of the canonical inhibitor FK[431]-16h almost completely 
abolishes internal motion at s-ms timescales, binding of the 
selective inhibitor SAFit1 leads to a redistribution of s-ms motion 
within the protein. The relaxation dispersion data in the absence 
of inhibitors indicate that residues, which experience motion at s-
ms timescales, mainly affect the 4-5 loop and that internal 
dynamics is also seen for residues near Phe67 (Figure S4). 

Figure 2A shows the relaxation dispersion profile for Phe67 
in the apo and SAFit1-bound state, respectively, for which clear 
conformational exchange is observed in the unbound state. When 
fitting the CPMG data for all residues in the 3a strand 
simultaneously and assuming a 2-site exchange, we obtain a 
minor state population of 0.34% and an absolute chemical shift 
difference, |CPMG(15N)|, between the minor and the major state 
of 4.38 ppm (Supplementary Table 1). In order to validate the 
origin of this large chemical shift difference, we performed 
atomistic 100 ns molecular dynamics (MD) simulations of apo- 
and SAFit-bound FKBP51. The chemical shielding of Phe67 using 
was estimated using quantum chemical density functional theory 
(DFT) calculations based on the MD-relaxed structures (Supple-
mentary Material). During the MD simulations, Phe67 remains in 
the outward conformation of the SAFit-bound structure, whereas 
in the apo-form, Phe67 turns towards the protein framework, 
leading to conformational changes in the backbone contacts 
(Figure S6). We also find that removal of the ligand from the 
SAFit-bound simulations, perturbs the Phe67 conformation 
towards the apo-bound form. Interestingly, the DFT calculations 
suggest that these conformational changes lead to a 15N chemical 
shift difference for the backbone nitrogen of Phe67 of ≈ +4-7 ppm 
by DFT, which compares well to the chemical shift difference of 
+4.52 ppm extracted from HSQC spectra of free and bound 
FKBP51WT (Figure S5) as well as to the CPMG-derived absolute 
chemical shift difference of 4.4 ppm. This chemical shift difference 
likely reflects changes in the electronic structure when the 
backbone N-H of Phe67 is in contact with protein backbone or 
bulk solvent water (Figure S6C). The DFT and experimental 
chemical shifts thus support the notion that the CPMG-identified 
minor conformation corresponds to an apo-Pheout–like state, seen 
in the FKBP51-iFit4 complex, thus indicating conformational 
selection as binding mechanism. 

In the SAFit1-bound form the pattern of residues showing slow 
exchange dynamics is largely different compared to the unbound 
protein. Conformational exchange in the loop connecting 4 and 
5 is suppressed, possibly due to multiple interactions and 
stabilization of this loop with the ligand. However, Phe67 shows a 
significant enhancement of s-ms motion in the presence of 
SAFit1 along with several residues spread throughout the protein 
(Figure 2; Figure S2). Interestingly, the conformational flexibility 
gained in the presence of SAFit1 is most prominent for helix 0, 
which is most distal from the ligand-binding site (Figure 2B). This 
suggests, that the conformational dynamics in the ligand-binding 
site is coupled allosterically via Phe67 to the distal 0 helix by a 
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collective movement of amino acids in the 3a, 2, 5, 4 and 1 
strands. Moreover, most of the residues, which exhibit increased 
dynamics upon SAFit1 binding, are located remote from the 
ligand-binding interface, further supporting this notion (Figure S4). 
This is in contrast to the strong reduction of conformational 
dynamics observed in the FK[431]-16h-bound state, where 
addition of ligand quenches protein dynamics for almost all 
residues. 

As NMR relaxation dispersion experiments on FKBP51WT 
suggest the presence of a minor apo-Phe67out state and 
considering that we observe increased line broadening in the 
presence of SAFit1, we hypothesized that this broadening is 
linked to the Phe67 outward conformation. To test this, we 
designed the FKBP51Phe67Tyr mutant, where Tyr67 is expected to 
more often sample the outward conformation in the apo form 
relative to the wildtype protein, as the para-hydroxyl group of 
tyrosine may cause steric clashes in the inward conformation. 
Consistent with this hypothesis, the 1H,15N HSQC spectrum of 
FKBP51Phe67Tyr shows severe line broadening of residues at the 
tip of the 2 strand, especially for amide signals of Gly59, Lys60 
and Phe129 in strand 5 (Figure S7A). This pattern of line 
broadening is similar to that observed in FKBP51WT+SAFit1 
(Figure S7C) suggesting that the line broadening observed for 
residues in 3a and 2 of the FKBP51Phe67Tyr mutant is linked to 
conformational dynamics associated with an outward 
conformation of Tyr67.  

As all canonical FKBP51 inhibitors studied so far 
unequivocally bind to FKBP51 with an inward conformation of 
Phe67[14, 16] , we sought to stabilize the inward conformation of 
Tyr67 by titrating FKBP51Phe67Tyr with compound FK[431]-16h. 
This leads to a significant reduction of line broadening (Figure 
S8) for Gly59, Lys60 and Phe129 amide signals in the 1H, 15N 
HSQC spectrum of FKBP51Phe67Tyr+compound FK[431]-16h. 
Amide NMR signals of these residues are also detected for the 
unbound FKBP51WT (Figure S3A), which adopts the inward 
conformation in the crystal structure. Therefore, line broadening 
of amide signals from the tip of 2 strand (Gly59 and Lys60) and 
of Phe129 reports on the conformation of Phe67 and represents 
a signature of the conformational state of the Phe67 side chain. 
Notably, Lys58, Lys60 (both neighbours to Gly59) and Phe129 
are the residues that have been shown to confer selectivity for 
SAFit1 binding. 

The outward conformation of the Phe67 sidechain in SAFit1-
bound FKBP51WT exposes the aromatic sidechain from a 

hydrophobic to a hydrophilic solvent environment. This is 
expected to be associated with an energetic penalty. In order to 
test if the shape and hydrophobicity of the residue at position 67 
affects inhibitor binding to FKBP51, we studied the FKBP51Phe67Val 

mutant. The smaller valine side chain and its lower desolvation 
energy compared to phenylalanine[17] might thermodynamically 
favour the inward state. Thus, Val67 in the FKBP51Phe67Val mutant 
is expected to prefer the inward conformation in the absence of 
SAFit1, similar to FKBP51WT and stabilize the outward state in the 
presence of SAFit1 in comparison to FKBP51WT. Indeed, in the 
FKBP51Phe67Val mutant the signature amide NMR signals of Gly59, 
Lys60 and Phe129 do not exhibit line broadening, consistent with 
the inward conformation of Val67 in this mutant in the absence of 
SAFit1 (Figure S7 B,C).  

To characterize the thermodynamic features of SAFit-type 
binding we performed ITC experiments with wildtype and mutant 
FKBP51 proteins (Table 1). We expected a stronger interaction 
of SAFit1 with both mutants: an outward conformation of Tyr67 in 
FKBP51Phe67Tyr should increase the population of a preformed 
binding pocket in the apo state without requiring a major 
conformational rearrangement. Binding of SAFit1 to the 
FKBP51Phe67Val mutant should also be more favourable as 
compared to FKBP51WT due to reduced enthalpic penalty for 
displacing the smaller Val67 sidechain from the binding pocket to 
accommodate the cyclohexyl moiety of SAFit1. Indeed, both 
mutants show a 4-fold increase in affinity for SAFit1 relative to 
FKBP51WT. The increased affinity is associated with a ~1.6 fold 
increase in binding enthalpy likely due to tighter interaction of 
SAFit1 with the mutants (Supplementary discussion). The 
canonical inhibitor FK[431]-16h shows a modest 2-fold increase 
in affinity for FKBPPhe67Val binding presumably due to extra space 
in the binding pocket and a 4-fold decrease in binding affinity for 
FKBPPhe67Tyr binding likely due to steric clashes in the binding 
pocket of the additional para-hydroxyl group of Tyr67. 

To assess the kinetic features of SAFit1 binding to FKBP51WT, 
FKBP51Phe67Tyr and FKBP51Phe67Val mutants, we determined the 
kinetic binding rates by surface plasmon resonance (SPR) (Table 
2, Table S2, Figure S9).  

Table 2. SPR parameters for ligand binding to FKBP51WT and mutants. 

Sample kon (x105) (1/Ms)a koff (x10-2 ) (1/s) a 

FKBP51WT+SAFit1 1.17 ± 0.02 2.13  ± 0.04 
FKBP51Phe67Tyr+SAFit1 7.96  ± 0.46 2.68  ± 0.16 
FKBP51Phe67Val+SAFit1 1.53  ± 0.02 0.98  ± 0.01 
FKBP51WT+FK[431]-16h 3.40  ± 0.04 1.49  ± 0.01 
FKBP51Phe67Tyr+FK[431]-16h 1.83  ± 0.03 n.d. 
FKBP51Phe67Val+FK[431]-16h 5.78  ± 0.14 3.2  ± 0.08 
[a] Errors represent standard error of fitting.    n.d.: not determined 

FKBP51Phe67Tyr shows a ≈7 -fold faster association rate kon 
for SAFit1 binding with no significant change in koff rates 
compared to the wildtype protein. (Figure 3), consistent with an 
increased population of the outward conformation of Tyr67. On 
the other hand, the increase in affinity of SAFit1 for FKBPPhe67Val 

appears mainly driven by the slower koff rate (2.2-fold) with only a 
minor increase in the kon rate (1.3 fold), consistent with valine 
being more stable in a solvent-exposed environment than the 
bulky aromatic side chains as discussed above. As the 
hydrophobicity of the residue at position 67 in FKBP51 modulates 
the off-rate for SAFit1 binding, the stability of the outward 

Table 1. ITC-derived thermodynamic parameters for inhibitor binding 
to FKBP51 wildtype and mutants 

Sample[a] KD (nM) H 
(kcal/mol) 

-TS 
(kcal/mol) 

G  
(kcal/mol) 

FKBP51WT 

  +SAFit1 
 
40.4±9.3 -7.2±0.07 -2.9±0.34 -10.1±0.35 

FKBP51Phe67Tyr 

  +SAFit1 
 
9.2±2.7 -11.9±0.07 0.9±0.04 -11.1±0.41 

FKBP51Phe67Val 

  +SAFit1 
 
14.7±2.7 -11.7±0.05 1.0±0.07 -10.7 ±0.91 

FKBP51WT 

  +FK[431]-16h 
 
148.9±17.1 -12.5±0.11 3.2±0.10 -9.3±0.15 

FKBP51Phe67Tyr 

  +FK[431]-16h 
 
636.2±67.8 -8.4±0.13 -0.1±0.03 -8.5±0.1 

FKBP51Phe67Val 

  +FK[431]-16h 
 
76.0±8.7 -11.0±0.04 1.3±0.08 -9.8±0.90 

[a] Errors calculated from two independent measurements. 
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conformation of Phe67out in the FKBP51WT in the solvent 
environment seems a crucial factor governing the SAFit1 affinity. 

In conclusion, our NMR experiments show that a minor 
population of FKBP51 pre-exists in a dynamic equilibrium with the 
Phe67out conformation, which is conformationally selected upon 
binding to SAFit1. Considering that the overall binding affinity is 
governed by both kon and koff rates, stabilizing Phe67 in the 
solvent-exposed environment outward conformation appears 
important. Dynamic interactions with residues Lys58, Lys60 and 
Phe129 stabilize the Phe67out conformation in FKBP51WT+SAFit1. 
This is consistent with and rationalizes the residue-swap 
mutations in FKBP51 and 52 that lead to a reversal of selectivity 
[7a]. This concerted conformational motion at s-ms timescales is 
supported by the line broadening upon SAFit1 binding indicated 
by our NMR experiments. 

Ligand  dissociation rates have been previously correlated 
with protein dynamics[1b]. Minor variations of homologous proteins 
even remote from the ligand-binding site could significantly affect 
the koff rates and thus the selectivity of the ligand binding by 
directly modulating the protein dynamics. Our results show that 
understanding protein dynamics provides crucial clues for the 
design of new selective inhibitors.  

Figure 3. Binding mechanisms for the interaction of FK506-binding domain of 
FKBP51 with selective and non-selective ligands. (A) Phe67 adopts an inward 
orientation in the crystal structure of apo-Phe67in. (B) NMR data show that this 
conformation is in a dynamic equilibrium (kex = k1 + k1 = 4212 rad/s) with a 
weakly populated apo-Phe67out state. (C) The non-selective FK506 analogue 
FK[431]-16h binds to the apo-Phe67in state. (D) The selective ligand iFit4/SAfit1 
binds to the minor pre-existing population of apo-Phe67out detected by NMR.  
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 S3

Supplementary Methods 

 

Protein expression and purification 

The FK1 domain of FKBP51WT (residue 16-140), FKBP51Phe67Tyr and FKBP51Phe67Val was 

expressed as previously reported[1] in LB for ITC and SPR or M9 media supplemented 

with either 15NH4Cl for producing 15N labelled protein Or 15NH4Cl and 13C D-glucose  for 

producing 13C, 15N labelled protein. The protein was purified on Ni2+ column followed by 

overnight cleavage of His tag with TEV protease, 2nd Ni2+ column to remove the cleaved 

His tag and a final size exclusion in 10mM potassium phosphate, 100mM NaCl, and 1mM 

DTT, pH 6.8. Protein was concentrated to 1mM and snap-frozen in liquid nitrogen until 

further use. 

NMR experiments 

NMR backbone experiments for FKBP FK1 domain (HNCA, HNCACB and CBCACONH), 

FKBP+1.5X compound FK[431]-16h (HNCACB and CBCACONH) and FKBP+1.5X 

SAFit1 (HNCACB and CBCACONH) and transverse relaxation experiments (R1, R2, 

heteronuclear NOE) experiments were recorded at 600 MHz spectrometer at 298 K. For 

transverse relaxation data peaks were integrated and fit with Pint software[2]. Peaks with 

severe overlap were omitted from further analysis. For 15N relaxation dispersion 

experiments, data were recorded at 600 MHz and 900 MHz at 283 K. 

NMR relaxation dispersion 

The s-ms dynamics of the amide backbone of FKBPWT in the presence and absence of 

1.5X SAFit1 and 1.5X compound FK[431]-16h, respectively, was probed by SQ CPMG 

relaxation dispersion experiments.  Dispersion profiles were obtained at 283 K and 

external magnetic field strengths of 14.1 T (600 MHz 1H) and 21.1 T (900 MHz 1H), 

respectively. 1H continuous wave decoupling was employed throughout both constant-

time echo periods with a rf ampltiude of 12.5 kHz.[3] The CPMG field 𝜈CPMG was varied 

from 25 to 1000 Hz, while 𝑇rel was set to 40 ms and the pre-scan delay to 2 s. 15N 180° 

refocusing pulses were applied at ~5.6 kHz. The equilibration delay to achieve equilibrium 

populations of ground and excited states prior to the CPMG train was set to 5 ms. Amid 

resonance intensities 𝐼ሺ𝜈CPMGሻ  were converted to transverse relaxation rates by 
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𝑅ଶ,effሺ𝜈CPMGሻ ൌ െ1 𝑇relൗ ln 𝐼ሺ𝜈CPMGሻ 𝐼଴
ൗ , where 𝐼଴ is the intensity, when omitting the CPMG 

train. The experimental error was set to two times the standard deviation of the spectral 

noise. 

The fitting procedure is described in the following. Dispersion curves were fitted 

employing the Carver-Richards equation for a system undergoing chemical exchange in 

two states, while fitting four independent parameters, namely the exchange rate 𝑘௘௫, the 

population of the excited state 𝑝௔, the absolute chemical shift difference between both 

states ||, and the transverse relaxation rate in the absence of exchange 𝑅ଶ,଴, assuming 

equal relaxation rates in both states.[4] For each residue curves at both available fields 

were fitted simultaneously. To quantitatively discriminate exchanging from non-

exchanging residues, all curves were additionally fit by a linear function. The model, which 

represents the data the best, was selected based on the comparison of AICc (Akaike 

information criterion, with a correction for small sample size) values.[5] To improve the 

fitting performance, several residues that are located on the same secondary structure 

element were grouped together, while employing the 𝜒ଶ ratio for group over individiual 

fitting.[6] Residues with ratios larger than two were discarded, assuming they undergo 

conformational fluctuations distinct from the global process. 

 

DFT calculations 

The structure of apo- and ligand-bound FKBP (PDB ID: 3D5Q and 4TW7) was inserted 

into a water-ion box with 150 mM NaCl salt concentration. Parameters for the SAFit-ligand 

were derived from the CHARMM General Force Field (CGenFF) [7], and the remaining of 

the protein-water-ion system was modelled with the CHARMM36 force field [8]. The 

systems were simulated for 100 ns, using a 1 fs timestep, T=310 K, and by treating the 

long-range electrostatics with the particle mesh Ewald (PME) approach. Based on 

structure extracted from the MD simulations, we constructed quantum chemical cluster 

models with 56-74 atoms, which were optimized at the B3LYP-D3/def2-SVP level [9], by 

fixing the position of terminal carbon atoms. Polarization of the protein-water interface 

were modeled with the conductor-like screening model (COSMO) [10] (7) with a dielectric 

constant set to e=18. Magnetic shieldings were calculated at the B3LYP-D3/def2-TZVP 
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level. All classical calculations were performed using NAMD2 [11], and quantum chemical 

calculations with TURBOMOLE v. 6.6 [12] 

 

ITC experiments 

ITC experiments were performed at 25 ˚C on MicroCal iTC200 instrument with titrating 

inhibitor in protein. The purified protein was dialyzed overnight against 10mM KPi pH 6.8, 

100mM NaCl, 1mM BME and 0.5% DMSO (v/v final concentration) were added to the 

protein prior to the experiment. Protein concentrations used for different experiments 

varied from 10-30 M and corresponding 10-fold inhibitor concentration in the syringe. 

Data fits were performed with the Microcal Origin software provided with the instrument 

with a single binding site model. All titrations were performed as duplicates, errors were 

calculated by error propagation. 

 

Surface plasmon resonance 

For SPR experiments, His tag FKBPWT or its mutants were used. The experiments were 

performed on Biacore X100 system (GE Healthcare). The protein was covalently 

immobilized on the Biacore sensor chip NTA using His tag mediated capture coupling 

essentially as described in [13]. Briefly, the flow channel 2 of Biacore sensor chip NTA was 

regenerated initially by injecting 20 L of regeneration buffer (10 mM HEPES pH 7.4, 150 

mM NaCl, 350 mM EDTA, 0.05% (v/v) NP-40 and after washing the chip with 10 mM 

HEPES pH 7.4, 150 mM NaCl, 0.05% NP-40, by injecting 40 L of 500 M Nickle 

Sulphate solution. 30 L of coupling solution (1:1 (v/v) mixture of 100mM N-

hydroxysuccinimide (NHS) / 500mM N-ethyl-N-(3-diethylaminopropyl)carbodiimide 

(EDC)) was injected immediately followed by 1M HisFKBP51 (in 10 mM HEPES pH 

7.4, 150 mM NaCl, 0.05% NP-40) or its mutant at a rate of 5 L/min till protein 

immobilization of approximately 2500 RU was achieved on flow channel 2. The EDC/NHS 

crosslinking was quenched by injecting 35 L of 1M ethanolamine and the bound Ni2+ 

was further stripped off by injecting 20 L of regeneration buffer. Similar modification on 

flow channel 1 was performed but without protein and flow channel 1 was used as a 
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reference channel. The experiments were carried out in 10 mM potassium phosphate, 

100 mM NaCl, 0.05% NP40 and 0.5% DMSO, pH 6.8. Various concentrations of ligands 

were injected in random order for 180 s at a flow rate of 30 L/min and the complex was 

allowed to dissociate in running buffer for another 1200 s. Two concentrations were 

injected in duplicates along with a buffer blank. Reference channel subtracted data were 

fit to a simple 1:1 interaction model using global data analysis option available in the 

BIAEvaluation software provided by the supplier. koff rates for FKBP51Phe67Tyr+FK[431]-

16h were very fast due to its very weak affinity and could not be reliably determined as 

they were outside the limits that could be measured by the instrument. 

 
 
Supplementary Discussion 

ITC and SPR data analysis 

In order to assess the thermodynamic and kinetic features of SAFit1 binding to FKBP51 

and its mutants, we performed ITC and SPR experiments, respectively, to determine the 

contributions of enthalpy and kon/koff rates on the binding of inhibitors to wildtype and 

mutant FKBP5WT. ITC provides information about the enthalpy change associated with 

ligand binding. However, it does not provide any measure of binding kinetics. SPR 

provides information about the binding kinetics of molecular interactions. 

From ITC measurements, both FKBP51WT mutants, FKBP51Phe67Tyr and FKBP51Phe67Val 

show a ≈4-fold increase in binding affinity to SAFit1 compared to FKBP51WT. This is 

accompanied by a ≈4.5 kcal/mol improved binding enthalpy, consistent with the tighter 

interaction of SAFit1 with the mutant proteins. This is consistent with our NMR data 

showing that the tyrosine side chain at position 67 in FKBP51Phe67Tyr already preferentially 

adopts a flipped-out state. The larger binding enthalpy also is consistent with our 

hypothesis that the energetic penalty for the displacement of Valine at position 67 in 

FKBP51Phe67Val is relatively minor compared to Phe in FKBP51WT. However, the 4.5-fold 

kcal/mol increase in binding enthalpy associated with binding of SAFit1 to both mutants 

is counteracted by a unfavorable entropy compared to FKBP51WT binding (difference in 

TS ≈ 3.9 kcal/mol). Accordingly, the minor overall change in Gibb’s free energy yields 

only a 4-fold increase in binding affinity to SAFit1 for FKBP51WT. This is a classic case of 

enthalpy-entropy compensation effect observed in protein-ligand interactions[14]. 
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The equilibrium dissociation constants (KD) obtained from ITC and SPR for the titration of 

SAFit1 in FKBP51WT and mutants (Figure S10; Table S2) are in good agreement. A 

systematic offset is found for the titration with SAFit1 where SPR-derived KD values are 

~4-fold higher than those obtained by ITC. This may reflect differences in buffer conditions 

and method, i.e. possibly related to the immobilization of one binding partner in the SPR 

studies. The correlation of SPR and ITC derived KD values for the canonical FK[431]-16h 

inhibitor show a low correlation (Figure S10; Table S2).  
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 S8

Table S1 

Residue |(15N)| R2,0(14.1 T) R2,0(21.1 T) 
 [ppm] [rad/s] [rad/s] 
Phe67  4.38  0.04  15.2  0.5 19.3  0.5 
Asp68 4.59  0.04 16.0  0.4 20.0  0.6 
Ser69 5.48  0.03 19.6  0.2 29.6  0.2 

Table S1. Group fitting of relaxation dispersion data for residues in strand 3a in unbound 

FKBP51WT. Globally fitted parameters are: kex = 4212  48 [rad/s], pA = 0.9966. All residues on 

this strand show mobility on the s-ms timescale (Figure S4). Note, that Glu75 in the loop flanking 

3a shows overall the largest exchange contribution (Figure S4). However, this residue was not 
further considered for quantitative analysis of the dynamics, as its dispersion appears to be a 
singularity. The strong exchange contribution to relaxation of this residue is likely induced by 
dynamic ring current effects induced by dynamics of the aromatic side chain of Phe77, which is 
in close spatial proximity to the Glu75 amide. Consistent with this Asn74, the residue next to 
Glu75, shows no dispersion. 

To illustrate the significance of these parameters for Phe67 (circles for experimental points), 
relaxation dispersion curves were plotted, varying the population of the excited state (pB = 1 - pA) 

and the chemical shift difference (): 
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Table S2 

Sample KD (nM)a KD (SPR)/KD(ITC) 

FKBP51WT+SAFit1 182 ± 4.7 4.5 
FKBP51Phe67Tyr+SAFit1 33.7  ± 2.8 3.6 
FKBP51Phe67Val+SAFit1 64.7 ± 1.0 4.4 
FKBP51WT+FK[431]-16h 43.9 ± 0.6 0.29 
FKBP51Phe67Tyr+FK[431]-16h N.D. N.D. 
FKBP51Phe67Val+FK[431]-16h 56.8 ±  1.9 0.74 
[a] Errors calculated from error propagation of fitting errors. 
ND: Note defined 

Table S2. Binding affinity of SAFit1 and FK[431]-16h to FKBP51 and its mutants from the kinetic 
on and off-rates determined by SPR and the ratio of affinities determined by SPR and ITC 
respectively.  
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Figure S1  

 

 
 
Figure S1. Structures of inhibitors used in this study. 
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Figure S2 

 
Figure S2. 15N NMR relaxation data. (A) R1, (B) R2 (C) c and (D) heteronuclear {1H}-15N NOE 
for FKBP51WT (black), FKBP51WT+SAFit1 (red) and FKBP51WT+compound FK[431]-16h (green). 
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 S12

Local correlation time (c) derived from 15N NMR relaxation experiments for amides in FKBP51WT 

(black dots; average c = 7.6 ns), FKBP51+SAFit1 (red bars; average c = 7.8 ns) and FKBP51+ 

FK[431]-16h (green bars; average c = 7.5 ns). Upon SAFit1 addition, residues Lys58-Ser62 from 

the 2 strand are exchange broadened. Upon addition of SAFit1, residues from 2, 3a sheets and 

0 helix show a significant increase in R2 relaxation (highlighted by a grey box) signifying the 
presence of slow exchange in these residues as compared to free and compound FK[431]-16h-

bound FKBP51. Besides this, from heteronuclear NOE experiment, residues from the 2 strand 
show increased flexibility in the presence of SAFit1 and rigidification in the residues of loop 

between 2 and 3a strands. E) Residues, which exhibit increased R2 relaxation rates upon SAFit1 
binding, are plotted as red spheres on the structure of FKBP51 bound to the SAFit1-analog iFit4 
(Figure S1). Black spheres show residues that were not observed in the 1H-15N HSQC spectrum 
due to exchange broadening. 
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Figure S3 

 

Figure S3. 1H,15N HSQC spectra of the FK1 domains of free and inhibitor bound FKBP51. 
A) Backbone assignments annotated of the FK1 domain of FKBP51 (residues 16-140). Spectra 
of the FK1 domain B) in presence of 1.5-molar excess of the canonical inhibitor FK[431]-16h, and 
C) and 1.5-molar excess of SAFit1. D) Superposition of HSQC spectra of FKBP51 free (black) 
and FKBP51 bound to inhibitors (red, green). E) Chemical shift perturbations plot of FKPB51 upon 
titration with 1.5x FK[431]-16h (red) or 1.5x SAFit1 (green).  
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Figure S4 
 

 

Figure S4. Representation of internal motion at s-ms timescales (Rex) based on 15N CPMG 
relaxation dispersion experiments recorded for FKBP51WT, FKBP51WT+SAFit1 and FKBP51WT+ 
FK[431]-16h. A) The exchange rates experienced by different amides are graphically indicated 
as colored spheres on the structures, cyan and magenta for presence and absence of relaxation 
dispersion, gray indicates missing data. B) Rex vs. residue measured at B0 = 21.1 T, T = 283 K at 
sample concentrations of 1 mM. 
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Figure S5 
 

 

Figure S5. 1H (H) and 15N (15N) chemical shift differences for NMR spectra recorded at 

283K for A)  {FKBP51WT  (FKBP51WT + 1.5x SAFit1)} and B)  {FKBP51WT  (FKBP51WT+ 
1.5x FK[431]-16h)}.  
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Figure S6 

 
Figure S6. Molecular dynamics (MD) simulations and density functional theory (DFT) 
models of FKBP51WT in apo and ligand-bound states. A) 100 ns MD simulations of FKBP51WT 
in the apo-state (blue), with the iFit4 ligand (brown), and after removal of iFit4 (red). Phe67 is 
shown in its inward (Phe67in) and outward (Phe67out) conformations. B) Conformational dynamics 
of the Phe67 in the apo- and ligand-bound states, and after ligand removal. Fluctuation of 
distances between the backbone amide (NH) and the aromatic side chain Cz atom of the Phe67 
residue during the MD simulation, along with their percentage occurrence in ligand-bound, apo 
and ligand-removed states are shown. Removal of the ligand leads to an increased sampling of 
short N-H/aromatic ring distances. C) MD snapshots and optimized DFT models of the ligand-
bound and apo-conformations, with the Phe67 N-H forming contacts with bulk water and with the 
protein peptide bond/the Phe-aromatic ring, respectively. This leads to an average +5.5 ppm 15N 
chemical shift increase of the Phe67 backbone nitrogen at the B3LYP-D3/def2-TZVP level. The 
standard deviation of 10 optimized DFT-structures selected from the 100 ns MD trajectory was 
+1.7 ppm. D) Gas-phase DFT models (B3LYP-D3/def2-TVZP) tested on a small model system in 
vacuum showing how relative N-H chemical shifts are affected by interaction with a water 
molecule, peptide bond, and an aromatic interaction. Qualitatively, these calculations support the 
interpretation above. However, due to the small system and vacuum calculations all effects are 
larger than they would be with full environment screening. 
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Figure S7 

 

  
  

Figure S7. Spectral changes in 1H,15N 
HSQC spectra of FBKP51 wild type and 
mutants.  A) FKBP51Phe67Tyr vs. FKBP51WT, 
B) FKBP51Phe67Val vs. FKBP51WT. 
FKBP51Phe67Tyr shows severe line 

broadening at the tip of strand 2 (Gly59, 

Lys60) and in strand 5 strand (Phe129), that 
resemble those observed with 
FKBP51+SAFit1. This indicates that Tyr67 
adopts a flipped out conformation. The line 
broadening in FKBP51Phe67Val is relatively 
minor. Residues where NMR signals are not 
visible in the spectra of mutants are shown 
as negative bars. C) Superposition of 1H-15N 
HSQC spectra of FKBP51WT, FKBP51Phe67Tyr 
and FKBP51Phe67Val. 
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Figure S8 

 

Figure S8. Superposition of 1H 15N HSQC spectra of FKBP51Phe67Tyr free and in the presence 
of 1.5-molar excess of FK[431]-16h. Spectra of the FKBP51Phe67Tyr mutant exhibit severe line 

broadening at the tip of 2 strand resembling FKBP51WT+SAFit1. If Tyr67 is stabilized in the 
flipped-in conformation in the presence of the ligand, a reduction of dynamics and thus line-
broadening is expected. Tyr67 is likely stabilized in a flipped-in conformation and contributes to 
the binding pocket for FK[431]-16h. This is indeed observed for FKBPPhe67Tyr in the presence of 

1.5-molar FK[431]-16h, where signals for residues Gly59 and Lys60 present at the tip of 2 strand 
are now observable.  
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Figure S9 

 

Figure S9. Surface Plasmon Resonance experiments of FKBP51 wild type and mutants with 
different ligands. 
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Figure S10 

 

 
 
Figure S10. Correlation of equilibrium binding values (KD) derived from ITC and SPR.   
Dissociation constants (KD) derived from ITC (orange) and SPR (light blue) for SAFit1 show an 
~4-fold higher affinity compared to ITC values.  
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