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Abstract

Advances in biomolecular sciences are closely linked to our ability to chart the energy
landscapes of biomolecules with atomic details. Here we validate a new paradigm to
characterise thermodynamics and kinetics of millisecond timescale conformational
transitions between ground state and transient excited states in the enzyme cyclophilin
A (CypA). We describe a novel methodology that combines molecular dynamics
simulations and Markov State modelling with NMR measurements to provide atomic-
level insights into the nature of CypA transient conformational states. The computed
conformational ensembles also enabled the predictive design and experimental
validation of a single-site mutant that dramatically perturbs millisecond timescale loop
motions, converting a CypA excited state into the ground state. The resulting modek
open up new horizons for targeting CypA with inhibitors and pave the way towards
rational design of protein energy landscapes for protein engineering and drug discovery

purposes.
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The structural characterization of conformational changes between long-lived low-
energy (ground) states and short-lived sparsely populated (excited) states in biological
macromolecules remains a major unsolved challenge in structural biology. Despite

2 atomistic

advances in integrating data from multiple biophysical techniques,*
descriptions of the conformational changes that link the ground and excited states of a
protein remain scarce. New approaches to provide such descriptions could transform the
fields of drug discovery and protein engineering.”* ™

While X-ray diffraction provides atomic resolution structures, it struggles to resolve
lowly populated states (ca. <20%), and time-resolution of conformational motions has
been possible in only a handful of special cases.'®*” Molecular dynamics (MD)
simulations provide atomic resolution, but their accuracy s limited by the approximate
nature of potential energy functions. MD ako only readily characterizes transient states
that exchange with a ground state within few microseconds, and efforts to surpass this
timescale are generally accompanied by loss of temporal resolution.’*** NMR
relaxation experiments provide temporal resolution on a broad range of timescales but
lack spatial resolution in comparison with X-ray diffraction or molecular modelling
techniques.??

Here we implement and validate an approach that combines MD, NMR and X-ray
crystallography, to characterize in atomic detail a millisecond timescale conformational
change in the human enzyme cyclophilin A (CypA).?*® Extensive biophysical studies
have previously sought to characterize its diverse millisecond timescale motions using
X-ray and NMR, but a detailed atomistic description of the conformational changes

involved has remained elusive.?®

CypA 8 a major drug target, but atomic level
description of its ground state has proven insufficient to develop soform selective

CypA inhibitors.*** The structural ensembles reported herein give key insights into the
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nature of a millisecond conformational change in CypA, and these guided the design
and experimental validation of a single-site mutant that converts a transient state into a

ground state, thereby unlocking new opportunities for CypA inhibitors design efforts.

Results anddiscussion
An experimentally validated ensemble of Cyclophilin A conformations

The workflow outlined in Fig. 1a was applied to CypA. Previous NMR results had
identified a set of residues displaying significant chemical-exchange contribution (Rex>
4 s to the transverse relaxation rate R,.”° The majority of those residues clustered in
the region between Asp66 and Gly75, herein referred to as the 70s-loop. Accelerated
molecular dynamics @MD) simulations were initiated from the X-ray structure of wild
type CypA that entailed enhanced motions specifically in the vicinity of the 70s-loop

42,43

while maintaining the integrity ofthe overall fold (Fig 1a, step I and Sl for details.)
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Figure 1 Workflow for generating a conformational ensemble describing millisecond timescale protein
motions. a 1) Combination of accelerated MD (aMD) simulations to generate rare event loop motions and iterative
rounds of MD simulations and Markov States Models (MSM) construction to recover equilibrium properties. II)
Model validation against arange of NMR observables. b Structure of the ground-state of CypA. Residues displaying

significant R,, contributionsare highlighted in blue.
aMD-biased simulations successfully generated large-scale rearrangements of the

70s-loop as well as of the loop between residues Alal01 and GIn111 (hereafter referred
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to as the 100s-loop) on timescales of a few hundred ns. To recover the equilibrium
properties of the aMD-generated conformational changes, CypA snapshots that were
representative of the conformational transition were pooled with snapshots from the
initial and final conformational states sampled during the aMD simulations. These
structures were used as inputs for a follow-up stage that featured rounds of equilibrium
MD simulations and Markov state model (MSM) construction. This step was iterated
until a self-consistent MSM was obtained. Three rounds amounting to a cumulative
sampling time of 187.5 ps were sufficient to produce a numerically stable MSM (Fig.

51-S2).
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Figure 2 .CypA loop dynamics, model validation, description and interpration. a Agreement between measured
and back-calculated eNOE and NOE derived distances for the MD ensemble, two previously published NMR
ensembles, and an X-ray diffracted structure of CypA. Bar heights indicate the fraction fulfilled allowing a 0.5 A
deviation tolerance. b RMSD between measured and back-calculated %J couplings. ¢ Q-factor values for measured
and back-calculated Residual Dipolar Couplings. d MSM describing thermodynamics and kinetics of70s- and 100s-
loop motions in CypA. e Details of Asp66 interactions with CypA in the orange, teal and magenta macrostates. Error

bars on all reported quantities were obtained by bootstrapping.
The conformational ensemble was cross-validated by back-calculation of a set of

NMR observables that included standard and exact NOEs, *J-coupling measurements
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and Residual Dipolar Couplings (RDCs).>** Observables were ako back-calculated
from a 40-structures CYANA NMR ensemble,® a 20 structures DYANA NMR
ensemble,” and a representative CypA X-ray structure.”® The MD ensemble was found
to reproduce about 90% and 95% of derived proton{proton distances from eNOE and
NOE measurements, which was comparable to both NMR ensembles and slightly better
than the X-ray structure. *Jcoupling values were also computed for backbone HN-HA,
HN-C, and HN-CB pairs (Fig 2b). HN-HA RMSDs values for the MD ensemble are

4148 and above

slightly above those reported in benchmark studies of smaller proteins,
those obtained with the CYANA ensemble. The DYANA ensemble that was not refined
against the particular set of J coupling values used here shows poorer agreement. The
RMSD for *J coupling values derived from the X-ray structure is similar to the one
obtained from the MD ensemble. There is little difference in accuracy for HN-C and
HN-CB pairs between the MD and NMR ensembles, whereas the X-ray structure is
slightly worse. Finally, the RDCs are better reproduced with the CYANA ensemble,
whereas the X-ray structure, MD and DYANA ensembles are of similar accuracy (Fig
2c). Overall the accuracy of the MD ensemble, which does not include any refinement

step against NOEs, *J-coupling or RDCs, was deemed encouraging, and further insights

into loop motion mechanisms were soughtby detailed inspection of the MSM.

Atomic-lewel insightsin millisecondtimescale CypA loop motion mechanisms

A MSM description of CypA 70s- and 100s-loop dynamics is presented in Fig. 2d.
For ease of interpretation, the MSM states were further grouped into a coarser, five-state
description (see Sl for details). The most populated macro-state (orange in Fig. 2d)
resembles the conformation observed in most X-ray structures reported for CypA, with

the 70s- and 100s-loops in ‘closed’ and ‘open’ conformations, respectively. In this 70s-
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loop closed/100s-loop open (closed/open, orange in Fig. 2d) macro-state both loops
undergo low positional fluctuations (average Co. RMSF values of 1.1 A and 2.7 A for
the 70s and 100s loops respectively). This closed/open macro-state interchanges with a
similarly flexible closed/closed macro-state (red, RMSF 1.1 A and 2.6 A). The 100s-
loop & as flexible in the open/open (magenta, RMSF 2.49 A) and open/closed (blue,
RMSF 3.33 A) states as in the orange and red macro-states. However the 70s-loop
displays greater positional fluctuations (RMSF 4.4 A and 4.1 A). This suggests that the
open 70s-loop is disordered in these states, in contrast with the rigid structure observed
in both the X-ray structure and in the closed/open macro-state. The transition between
closed and open 70s-loop conformations proceeds via an intermediate (teal) semi-open
70s-loop macro-state (teal) that features positional fluctuations intermediate between the

other macro-states (RMSF ca. 2.9 A).

The order-disorder transition of the 70s-loop s critically controlled by a network of
hydrogen bonds established between the backbone nitrogen atons of residues Thr68 to
Gly74 and the side-chain of Asp66. Progression from the well-populated closed/open or
closed/closed macro-states to the intermediate semi-open macro-state requires partial
breaking of this array of hydrogen-bonds (Gly72-Gly75), to allow partial unwinding of
the 70s-loop, before progression to completely disordered 70s-loop macro-states, where
no interaction between the side chain of Asp66 and backbone amide N of Thr68-Gly74
is observed (Fig. 2e). Structures of rhesus macaque TRIMCyp (RhTC) showing that a
D66N-R69H double substitution promotes the opening of the 70s-loop strengthens the
proposed mechanism.**® However, whereas RhTC adopts a structured open 70s-loop
conformation that is resolved in X-ray experiments, the present calculations suggest that
the closed 70s-loop observed in the X-ray structure of human CypA exchanges with a

previously uncharacterized openand disordered 70s loop conformation.
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A rationally designed singlesite mutant conwerts a transient CypA state into the

ground state and disrupts millisecondtime scale motions of the 70s loop

This led to the hypothesis that mutation of Asp66 to Alanine (D66A) would shift the
70s-loop towards a conformation resembling the intermediate semi-open state. The
hypothesis was assessed by applying the same MD/MSM protocol to CypA structures
featuring the D66A mutation (Fig 3a). Calculations were ako carried out for the H70A
mutant as a negative control. Although His70 is spatially close to Asp66, this mutant

has previously beenreportedto only cause a minor changein the 70s-loop motions.?

10
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Figure 3. Rational modulation of 70s-loop order-disorder transition via single site mutations in CypA.a MSM

model for D66A. b MSM model for H70A. Other details as in Fig 2d. ¢ Heatmap of calculated mean first passage

times (MFPT) between non-adjacent macro-states.

The computations predicted that the open/closed (orange) state s significantly

destabilized in the D66A mutant with a population decreasing from ca. 40% to less than

11
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15% (Fig. 3a). Meanwhile, the intermediate (teal) state seen in CypA is considerably
stabilized, becoming the most abundant (40%). Overall with respect to CypA the
population of states in which the 70s-loop s ordered has decreased from about 70% to
25%. In addition, while Mean First Passage Times (MFPT) among closed and open
macro-states are similar between CypA and H70A, they have decreased by 10-15 fold
(Fig. 3c) in D66A, thus suggesting that ordered to disordered transitions in the 70s loop

happenfasterin D66A than in CypA or H70A.

Experimental evidence for the dramatically altered energy landscape of D66A was
sought by carrying out NMR experiments. Thus single-labelled and double-labelled
CypA and D66A were expressed in and purified from BL21(DE3)pLysS E. coli cellks

(Fig. S4-S5).

12
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Figure 4. Biophysical characterisation of CypA-computed conformational ensembles for CypA, D66A and
H70A. a Measured CSPs per residue (w.rt CypA) for D66A, and for H70A as reported elsewhere.”® b Calculated
CSPs perresidue (w.r.t to CypA) for D66A and H70A fromthe MSMs. ¢ Perresidue projection ofthe vector joining
D66A and CypA peaks in HSQC spectra on the unit vector joining the CypA peak and predicted random coil peak
position. A large positive value indicates a significant shift towards a random-coil chemical shift in the mutant. d X-
ray structure of CypA in complex with ligand 1. Magenta meshes indicate the 2Fo — Fc electron density map at an
isocontour of 1.0c for 1 and protein residues 65 to 75. e X-ray structure of D66A:1 complex. Same details asin d. f
Binding isotherm of compound 1 to CypA. g Binding isotherm of compound 1 to D66A. h Measured °N -'H
hetereonuclear NOE values for CypA and D66A. i Calculated *N -'H hetereonuclear NOE values for CypA and

D66A.

The well dispersed HSQC spectra recorded for the D66A mutant indicated the protein
was natively folded (Fig. S6). A chemical shift perturbation (CSP) analysis, with

respect to CypA, indicated strikingly larger changes for the D66A mutant compared to
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the previously reported H70A mutant (Fig. 4a, Table S1). The largest deviations are
observed in the 70s-loop region with CSP values of up to 9.0 ppm. Additional
perturbations occur around residues 50 and 110 that flank the 70s-loop region. These
measurements are in good agreement with the predicted CSP pattems obtained through
back-calculation of chemical shifts from the computed ensembles for CypA, D66A and
H70A (Fig. 4b). Moreover, the neighbour corrected intrinsically disordered protein
(ncIDP) web server was used to compare chemical shift changes with respect to random
coil values (Fig 4c). The collective displacement of chemical shifts in the 70s-loop

towards random-coil values supported the M D predicted order-disorder transition.

Further corroboration was provided by co-crystallization and X-ray diffraction
experiments on CypA and D66A in complexwith inhibitor 1 (Table S2).** Comparison
of electron density profiles revealed that the 70s-loop adopts an ordered and closed
conformation in the CypA:1 complex (Fig 4d) while in the D66A:1 complex electron
density in the 70s-loop region is largely absent (Fig. 4e), consistent with a
predominantly disordered conformation. The electron density for other parts of the
protein and for 1 was similar, suggesting that the conformational change is restricted to
the 70s-loop region. Moreover, the ITC estimated K4 value of 1 is ca. 12-fold weaker
for D66A than for CypA (Fig. 4f and 4g) suggesting that the order-disorder transition of
the 70s-loop weakens binding of compounds to the Abu and Pro pockets without
completely disrupting the CypA active site. This is in line with the conservation of

binding mode between CypAand D66A observedfor 1 by X-ray crystallography.

The narrow difference between effective correlation time for intemal motions of a
large number of residues and global tumbling times for both CypA and D66A precluded
the obtention of generalized S? order parameters to characterize differences in ps-ns

timescale motions between CypA and D66A (Fig. S7). Instead {"H}-"°N heteronuclear

14
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NOE values were back-calculated by combining MD trajectories with NMR
measurements of global tumbling times. The measured heteronuclear NOE values for
D66A are consistently lower than for CypA in the 70s-loop region, even though the
global tumbling times are similar (9.1 and 9.2 ns respectively). This suggests increased
ps-ns time scale motions for D66A (Fig. 4h), an observation that is in line with the
back-calculated NOE values, which show a significant dip in the 70s-loop region for

D66A (Fig. 4i).

CPMG measurements turned out to be insufficient to reliably fit intermediate
exchange parameters for D66A. However additional R;, experiments provided

sufficient data to enable a combined fit of the R;, and CPMG measurements (Fig. S7).
The data for CypA and D66A could be fitted in both cases to a two-state exchange
model with similar k., values (ca. 2000 s™) for CypA and D66A, but with significant
differences in excited state populations (p, ca. 0.5% for D66A and ca. 2% for CypA).
The fit also enabled determination of the magnitude of the chemical shift changes Aw
for residues showing significant dispersions for CypA, and the magnitude and sign of

chemical shift changes for D66A.

Remarkably the pattem and magnitude of Aw between ground state and excited state
is dramatically different between CypA and D66A (Fig. 5a, 5b, Table S3). Major
differences are ako apparent in the comparison of measured R., values for CypA and
D66A, which shows that the large dispersions measured for residues in the 70s-loop in
CypA have been completely quenched in D66A (Fig. 5c, Table S4) while R
contributions can be measured in D66A for residues outside the 70s region. This
suggests that D66A may undergo different millisecond exchange processes. CPMG
dispersion profiles for individual residues (Fig. 5d) further support this hypothesis.

Residues in the 70s-loop region (eg. Asp/Ala66; Gly74) that exhibited strong

15
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dispersion in CypA are no longer sensitive to CPMG pukes in D66A, whereas other
residues show more pronounced or similar dispersions elewhere in the structure (e.g.
Gly80, Asn87). Furthermore, the difference in chemical shifts measured between CypA
and D66A proteins in their ground states correlates well with the difference in chemical
shifts between CypA ground and excited states (Fig. 5e). This provides additional
evidence that the exchange process involving the 70s-loop in CypA is an order-disorder
transition. By contrast the differences in chemical shifts measured between CypA and
D66A ground states do not correlate with the differences in chemical shifts between
D66A ground and excited states (Fig. 5f). Altogether the data suggests that the
exchange process measured for D66A s unrelated to an order-disorder transition of the

70s-loop region.
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Figure 5. Characterisation of us-ms dynamics in CypA and D66A. a Location of residues showing significant
changes in chemical shifts between ground and excited states in CypA as determined from exchange parameters. b
Same as a for D66A. c estimated contribution to relaxation from exchange, taken as the average of the difference
between the two lowest and highest frequency measurements from CPMG dispersion curves. d Comparison of
selected dispersion profiles measured for CypA (orange) and D66A (blue) at 283 K and 600 MHz. e Comparison of
magnitude of differences in chemical shifts between CypA and D66A & observed by HSQC measurements and
between CypA ground and excited states as determined from exchange parameters. f Same as e but for differences in
chemical shifts between D66A and CypA as observed by HSQC measurements, and between ground and excited

states ofD66A as determined from exchange parameters.

Discussion

The present results demonstrate comprehensive description of specific millisecond-
timescale processes in proteins by combining molecular simulations with NMR
measurements. The resulting conformational ensemble for CypA describes a range of
NMR observables with accuracy comparable to that of NMR structure-refinement
protocok. Yet there are remarkable structural differences. The DYANA ensemble does
not display large amplitude conformational changes of the 70s-loop or the 100s-loop.*®

Conformational variability in the CYANA ensemble is mostly in the 70s-loop region,*
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but the closed state structures in that ensemble do not resemble that observed in the X-
ray structure. By contrast the present MD-derived ensemble suggests that both the 70s-
loop and 100s-loop undergo large amplitude motions. The source of these discrepancies
may be linked to the nature of the NMR measurements used to validate the ensembles.
Indeed, back-calculated NOE, J-coupling and RDC values froma single X-ray structure
are only slightly less accurate than those obtained with the various NMR and MD
ensembles (Fig. 2a-c). Most of the available NMR observables report on the position of
residues in structured regions of the protein, and experimental data to characterize the
flexible loop regions are relatively scarce. Indeed reanalysis of the MD ensemble using
only states from the closed/open (orange) macro-state yields observables of similar
accuracy to the full ensemble (Fig. S8). This stresses the need to validate

conformational ensembles with experimentally testable hypotheses.

Our results open the door to in silico generation of such hypotheses for manipulating
thermodynamics and kinetic parameters in a protein ensemble, information that is
lacking in traditional workflows for NMR-based structure calculations. There has been
much debate about the relationship between millisecond timescale motions in CypA and
catalysis.”> The present results suggest that the previously reported millisecond
timescale process involving the 70s-loop region in CypA is a local order-disorder
transition that does not dramatically perturb the shape of the active site, as evidenced by
X-ray and ITC measurements on a CypA-ligand complex. These results are in line with
previously reported observations that millisecond time scale motions of the 70s-loop do
not appear to be linked with the catalytic cycle.***® Previous work has shown that while
human CypA only weakly restricts the HIV-2 virus, mutations in the 70s-loop region of
RhTC confer potent HIV-2 restriction.”® The proposed mechanism involved altemative

conformations of the 70s-loop thought to be inaccessible to CypA.> Our results suggest
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instead that CypA’s energy landscape readily permits exploration of large scale
rearrangement ofthe 70s-loop; thus detailed characterisation of transient conformational
states emerge as a powerful strategy to understand how mutations in protein sequence

may evolve newfunction.

Altemative conformational states of the 70s-loop in CypA also offers prospects for
the design of next-generation inhibitors that could potentially overcome isoform-
selectivity concems.>** The D66A mutant offers a template for such efforts and further
work to validate the mechanism of order-disorder transition in the 70s-loop of other
cyclophilin isoforms is warranted. Engineering methodologies based on antibodies have
been developed to trap transient conformational states and facilitate ligand discovery
efforts.>®>® Our results suggest that molecular simulations may be used enhance the

effectiveness of conformational trapping technologies.

The ability to describe millisecond timescale conformational changes in proteins by
MD simulations is shedding new light on NMR relaxation measurements. The
interpretation of such experiments is traditionally performed by fitting data to two or
three states phenomenological models. By contrast MSMs constructed from MD
datasets typically use a much larger number of states to describe protein dynamics. In
the present case there is an apparent discrepancy between CPMG-derived populations
for the CypA excited state (ca. 2%, Table S3) and those for the CypA open 70s-loop
macro-states from the MSM (ca. 25%, Fig. 2e). Quantitative agreement is not expected
owing to technical limitations of the simulations. However other factors may contribute
to this discrepancy. Inspection of the distributions of chemical shifts of snapshots
sampled from the various macro-states show that in many cases there is a significant
overlap in chemical shift values between distinct macro-states (Fig. S10). Re-analysis of

the MSMs, under the assumption that open 70s-loop conformations with chemical shifts
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similar to closed 70s-loop conformations cannot be distinguished from the ground state
lead to populations for the ground state and excited state (ca. 91/9% respectively, Table
S5) that are in closer agreement with the NMR measurements. This suggests that two-
state CPMG analyses may underestimate the populations of minor states owing to a

degree of degeneracy of chemical shifts with respect to different protein conformations.

Overall this work has demonstrated that molecular simulation methodologies may
now be combined with NMR to offer atomic-level details about millisecond-timescale
conformational changes in proteins. Such ability is expected to be widely enabling for
protein structure-dynamics-function relationships studies, and for unlocking new

opportunities in bioengineering or drug discovery.
Methods

Detailed simulation and experimental methods are providedin the SI.
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