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Rescue of conformational dynamics in enzyme
catalysis by directed evolution
Renee Otten 1, Lin Liu2, Lillian R. Kenner2, Michael W. Clarkson1,4, David Mavor2, Dan S. Tawfik3,

Dorothee Kern1 & James S. Fraser 2

Rational design and directed evolution have proved to be successful approaches to increase

catalytic efficiencies of both natural and artificial enzymes. Protein dynamics is recognized as

important, but due to the inherent flexibility of biological macromolecules it is often difficult

to distinguish which conformational changes are directly related to function. Here, we use

directed evolution on an impaired mutant of the proline isomerase CypA and identify two

second-shell mutations that partially restore its catalytic activity. We show both kinetically,

using NMR spectroscopy, and structurally, by room-temperature X-ray crystallography, how

local perturbations propagate through a large allosteric network to facilitate conformational

dynamics. The increased catalysis selected for in the evolutionary screen is correlated with an

accelerated interconversion between the two catalytically essential conformational sub-

states, which are both captured in the high-resolution X-ray ensembles. Our data provide a

glimpse of an evolutionary trajectory and show how subtle changes can fine-tune enzyme

function.
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The importance of protein dynamics in enzyme function has
been under extensive investigation by experimental and
computational methods and has become more widely

accepted1–5. However, because proteins are inherently flexible,
assigning a direct functional role to specific conformational
changes has proved challenging. For human peptidyl-prolyl cis/
trans isomerase CypA, a combination of biophysical experimental
techniques has elucidated general principles of the energy land-
scape during catalysis6–8. As evolutionary selection acts on
function, a new challenge is to understand how evolution shapes
these energy landscapes9. This challenge is best exemplified by the
common implication of protein dynamics as speculative expla-
nation for the impressive functional improvements achieved via
directed evolution, to improve enzyme activity10–12, where often
only minimal structural changes are observed10,13. More recently,
studies using experimental and computational approaches have
been reported that investigate the role of protein motions in
evolution14–19. Here, we experimentally characterize changes in
the energy landscape that emerge from directed evolution of
CypA for enhanced catalytic activity. We find a direct corre-
spondence of increased protein dynamics and faster catalysis with
rate constants mirroring the catalytic turnover numbers along an
evolutionary trajectory.

To directly observe the changes in an enzyme’s energy land-
scape upon directed evolution, we turned to a previously designed
second-shell mutation, S99T, in CypA that had three effects:
inverting the equilibrium between two states that are essential for
catalysis, decreasing their interconversion rate, and causing a
parallel reduction in catalysis8. Can we restore the catalytic
function via directed evolution and discern how the acquired
mutations compensate for the impaired conformational dynamics

of the S99T mutant at the molecular level? Here, we use directed
evolution to identify mutations that rescue the catalytic activity of
S99T CypA. We measure the effect of the mutations kinetically,
using NMR, and structurally, using room-temperature X-ray
crystallography and multiconformer modeling. The rescued var-
iant displays increased conformational exchange between two
catalytically essential sub-states that are revealed directly by the
X-ray measurements.

Results
Directed evolution of S99T CypA increases catalytic activity.
To enable directed evolution on S99T CypA, first a 96-well plate
screen was developed that reports on the enzymatic activity of
CypA. Proline isomerase activity is difficult to screen because of
its high thermal background rate (2–9 × 10−3 s–1)20,21. In addi-
tion, there are several proline isomerases in Escherichia coli,
which complicates screening in cell lysate. To overcome these
limitations, we took advantage of the Pseudomonas syringae
phytopathogenic protease AvrRpt2, which is activated by eukar-
yotic, but not prokaryotic, cyclophilin homologs22. We expressed
a library of CypA S99T variants created by random mutagenesis
tuned to 1–3 mutations per gene, added inactive AvrRpt2 to cell
lysate and monitored the cleavage of an AvrRpt2 substrate23

(Fig. 1a). Besides revertants to wild-type CypA (Ser99), our initial
screen of ~1000 variants identified a variant (S99T/C115S) with
increased activity (Fig. 1b). A second round of ~1500 variants in
the background of S99T/C115S CypA identified an additional
mutation (I97V) with a further increase in activity. Extensive
efforts to further improve enzymatic activity by many more
rounds of evolution were unsuccessful. Both gain-of-function
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Fig. 1 Directed evolution selects rescue mutations for catalysis. a Scheme of the assay used in directed evolution to identify CypA mutations with increased
catalytic activity: CypA activity for folding of AvrRpt2 protease measured by AvrRpt2-mediated cleavage of the peptide Abz-IEAPAFGGWy-NH2 (y= 3-
nitro-Tyrosine). b Assay of directed evolution performed on cell lysate in 96-well plates to identify rescue mutations for S99T with increased CypA activity.
Kinetics of peptide cleavage is shown for wild-type (yellow), S99T (green), and S99T/C115S (blue) CypA. c, d The severely catalytically compromised
S99T mutant (green) is rescued by second-shell mutations (C115S, blue and I97V, red). c Sites of mutations are plotted onto the crystal structure
(1RMH68) of CypA bound to Suc-AAPF-pNA (gray sticks) and the active-site residues Arg55 and Phe113 are shown in black stick representation. The
overlay of NMR spectra shows that the overall structure of all CypA forms is very similar, with perturbations observed for residues close to the mutation
site or in the dynamic network (Supplementary Fig. 1). d kcat/KM values for wild-type, S99T, S99T/C115S, and S99T/C115S/I97V CypA measured by
protease coupled hydrolysis24 of Suc-AFPF-pNA and Suc-AAPF-pNA peptides (see Table 1). Error bars indicate the standard deviation obtained from
triplicate measurements on at least three different enzyme concentrations. e KD values for the three mutant forms of CypA for Suc-AFPF-pNA measured by
NMR chemical shift analysis from peptide titrations (see also Supplementary Fig. 2 and Table 1). Error bars denote the standard errors in the fitted
parameters obtained from the global fit
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mutations are in proximity of Thr99, but not in direct contact
with the peptide substrate (Fig. 1c).

To quantitatively characterize the mutants selected by directed
evolution, catalytic efficiency was measured for purified proteins
using the well-established coupled chymotrypsin assay24. This
spectrophotometric assay is based on chymoptrysin’s isomer-
specificity for only trans-peptide bonds, and product formation
(i.e., para-nitroanalide) is measured. Each mutation contributes
additively to the increase in activity, measured as kcat/KM

24, and is
consistent across two substrate peptides (Fig. 1d and Table 1).
The intrinsic limitation of this enzymatic assay is the inability to
measure at substrate-saturating concentration and, therefore, kcat
and KM cannot be separated. In an effort to determine whether
the observed changes in kcat/KM are due to changes in turnover
number or substrate affinity, substrate binding was detected
directly by NMR titration experiments. The dissociation con-
stants are only slightly changed relative to the S99T mutant
(Fig. 1e, Supplementary Fig. 2 and Table 1) suggesting that the
two mutations function by modulating the turnover rate rather
than substrate binding. This finding is in agreement with the
comparison between wild-type CypA and the S99T mutant,
where the KD was only weakened by 3.7-fold, whereas kcat/KM

decreased 300-fold8. Our data show that the S99T/C115S and
S99T/C115S/I97V mutations increase kcat/KM relative to S99T by
3-fold and 5-fold, respectively. However, directed evolution in the
context of the S99T mutation only restores about 2% of the full
catalytic efficiency of the wild-type protein (Fig. 1d).

NMR dynamics measurements of rescue mutants. To determine
whether the rescue in catalysis is due to faster protein motion, we
performed NMR dynamics experiments on the S99T, S99T/
C115S, and S99T/C115S/I97V mutants (Fig. 2, Supplementary
Fig. 1 and Supplementary Data 1–6). Previous NMR CPMG
dispersion experiments suggested a direct link between catalytic
efficiency and the speed of a conformational change in a dynamic
network, labeled group-I, for both wild-type (WT) and S99T
CypA (Fig. 2a, red)7,8. In short, in S99T motions of the group-I
residues became slow on the NMR timescale compared to fast
motions observed in WT (a decrease of about two orders of
magnitude). In contrast, a second dynamic process, group-II,
comprised of loops adjacent to the active site (Fig. 2a, blue), is
insensitive to mutation and displayed faster dynamics. Despite
the lack of correlation between the dynamics and catalysis in the
group-II residues in S99T, these residues have recently been
proposed to be directly linked to catalysis in CypA25.

To understand the changes in the energy landscape during the
directed evolution that led to faster enzymes, we first turned to

well-established 15N-CMPG experiments. Interestingly, the
exchange contribution, Rex, for group-I residues gets bigger with
consecutive rescue mutations (Fig. 2b and Supplementary Data 3),
indicating that these mutations increase the slow interconversion
rate from the major to minor state (i.e., Rex= kmaj→min). However,
rate constants and populations are often not accurately
determined by CPMG profiles for processes in the slow-
exchange regime. We note that the fast loop motion of group-II
(residues 65–80) is observed in all enzyme forms and
remains essentially unaltered (Fig. 2a–c, e, g and Supplementary
Data 1–3).

For a quantitative understanding of the mechanism underlying
the increased catalysis along the directed evolution trajectory, we
applied a powerful NMR method for studying systems in slow
exchange, chemical exchange saturation transfer (CEST) spectro-
scopy26. The 15N-CEST experiments identified a large number of
residues in slow exchange in all mutant forms of CypA
(Fig. 2c–h and Supplementary Figs. 3–5 and Supplementary
Data 4–6) and delivered two key results. First, for the rescue
mutants we observe two distinct slow dynamic clusters that differ
in kinetics and populations (Fig. 2e, g, Supplementary Figs. 4
and 5 and Table 2). The exchange profiles of 46 residues for the
double-, and 55 residues for the triple-mutant were globally fit to
a linear, three-state exchange model (see Methods). Second, we
discover a gradual increase in the interconversion rate from the
major to the minor conformation for the slow process centered
around group-I residues (kmaj→min 2.3 ± 0.1 s–1 for S99T, 8.2 ± 0.4
s–1 for S99T/C115S and 11.5 ± 0.5 s–1 for S99T/C115S/I97V,
respectively).

NMR relaxation experiments enable us to “see” the prevalence
of exchange on different timescales and to unravel their
importance in biological processes1. The correspondence between
kmaj→min and kcat/KM (Fig. 3a) corroborates our hypothesis that
the increased dynamics of group-I residues is indeed responsible
for the rescue in enzymatic activity. The good correlation between
the chemical shift differences, ΔδAB and ΔδAC, in the two rescue
mutants (Fig. 3b) indicates that the exchange processes are the
same by nature. The newly identified second slow-exchange
process is located on the opposite side of the protein and partially
overlaps with the faster loop motion detected by CPMG
experiments (Fig. 2e, g). The rather large chemical shift
differences observed for this exchange process (Fig. 3b, green
squares) agree well with the predicted values of going to a more
extended/unfolded state (Supplementary Fig. 6) and are, there-
fore, unlikely to be relevant for catalysis.

In wild-type CypA, overall turnover is dictated by the
interconversion between the major and minor conformations as
the dynamics measured on the substrate-bound enzyme coincides
with the rate of cis-to-trans isomerization of the bound
substrate7,20. This suggests that the two distinct protein
conformations are needed to accommodate the trans and cis
form of the substrate. Secondly, the conformational exchange
occurs on similar timescales in both the apo enzyme and during
turnover7. To confirm that such a correspondence between the
measured dynamics in the apo and turnover protein holds true
for the mutants, CPMG and CEST experiments were performed
on S99T during enzymatic turnover of a substrate peptide. These
experiments on the mutants proved to be difficult and only
possible for S99T due to stability, and the weak affinity for the
peptides allowed for a maximum of ~70% saturation. For S99T
during catalysis, we indeed observe both fast loop movement, and
slow conformational dynamics in the group-I residues, very
similar to the apo protein (Fig. 3c–e and Table 2). We conjecture
that the increase in kmaj→min in the rescue mutants is responsible
for the increase in kcat/KM. Note that interconversion in the apo
state (“recycling” of the enzyme from the trans- to the cis-binding

Table 1 Kinetic parameters and substrate affinity for wild-
type CypA and mutants measured at 10 °C

kcat/KM (· 105 s−1 M−1) KD (mM)

CypA variant Suc-AFPF-
pNA

Suc-AAPF-
pNA

Suc-AFPF-
pNA

Suc-AAPF-
pNA

wild-type 42.82 ±
2.38

123.22 ±
9.95

1.8 ± 0.14a

S99T 0.13 ± 0.01 0.42 ± 0.01 5.4 ± 0.5 6.7 ± 0.8a

S99T/C115S 0.44 ± 0.01 1.67 ± 0.07 4.8 ± 0.4
S99T/C115S/
I97V

0.69 ± 0.02 2.88 ± 0.26 3.3 ± 0.2

C115S 53 ± 8
I97V 122 ± 12
I97V/C115S 88 ± 9

aMeasured for Suc-AAPF-pNA at 6 °C as described earlier8
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conformation in the chymotrypsin assay) and/or in the substrate-
bound form can be rate-limiting. In summary, these data show
that the intrinsic dynamics in the group-I residues are rate-
limiting for the catalytic cycle, as the severe reduction of the
protein’s interconversion rate parallels the reduction in kcat/KM

(see Tables 1 and 2)7,8.

Structural basis of increased dynamics in rescue mutants. To
reveal the structural basis of the increased dynamics in the group-
I residues and hence increased catalysis along the evolutionary
trajectory, we collected room-temperature X-ray data for S99T/
C115S/I97V (Fig. 4). Alternate conformations were identified
using qFit27 and the final multiconformer model was obtained
after subsequent manual adjustments and occupancy refinement
(Supplementary Fig. 7). In S99T/C115S/I97V the Phe113-in to
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Phe113-out conformations have refined occupancies of ~20 and
80%, which is intermediate between the 65 and 35% ratio
observed for WT (3K0N)8 and the 100% occupancy of the
Phe113-out conformation observed for S99T (3K0O)8 and S99T/
C115S (6BTA, Supplementary Table 2). Although we hypothe-
size, based on the NMR data, that the Phe113-in conformation is
present at low occupancy in both S99T and S99T/C115S, it is not
observable in the crystallography data. A swap of the major/
minor states from WT to S99T/C115S/I97V is observed for the
group-I residues, thereby directly delivering the atomic structures
of the conformations for which we measured their interconver-
sion rate by NMR. Both the C115S and I97V mutations subtly
reduce the amino acid size, and combined partially restore the
“Phe113-in” conformation as a minor conformation that can now
be directly observed in the electron density (Fig. 4b, d–f). The
interpretation of increased conformational heterogeneity of
Phe113 and Thr99 was additionally confirmed by an alternative
ensemble refinement method (Supplementary Fig. 8). The size
reduction by the C115S mutation could contribute to the faster
transition between the major and minor conformation due to the
relief of a clash between the larger sulfur atom and Thr99
(Fig. 4e).

Discussion
The connection between these alternate conformations and the
collective fitting of the NMR dynamics is further buttressed by
analysis of contacts between alternative conformations28, which
identifies a network across the protein that coincides with the
group-I residues (Fig. 4g). Although the detection of alternate
conformations by X-ray diffraction does not per se deliver
information about correlated motions, a detailed analysis of the
steric constraints of group-I residues (Fig. 4d–f) exposes how
motions from the active site are propagated in a correlated

manner. These structural results, together with the characteriza-
tion of collective dynamics by NMR, reveal how the mutations
selected by directed evolution have rewired the internal packing
to increase the dynamics of Phe113, which likely makes distinct
contacts with the cis- and trans-substrate (Supplementary Fig. 9),
correlated with surrounding group-I residues during the catalytic
cycle.

Why did additional rounds of directed evolution fail to yield
further improvement in the catalytic rate? We speculate that the
enzyme may be in a local minimum in the fitness landscape, and
that a specific combination of mutations is needed for further
improvement, including mutations that are neutral or mildly
deleterious mutations on their own, in agreement with the
dominance of epistasis in protein evolution29. There is a weak
epistatic relationship for C115S: it decreases activity in the wild-
type background and increases activity in the S99T background
(Table 1). Alternatively, any further catalytic improvement via
additional mutations may be precluded in the context of the
severe S99T mutation.

Characterizing how directed evolution shaped the energy
landscape for enhanced catalytic activity by solely increasing the
conformational interconversion rates in a specific dynamic net-
work has broad implications for resolving controversies about the
role of protein dynamics in enzyme catalysis of modern enzymes,
and in discovering the mechanism of improved catalysis via
directed evolution. We briefly discuss both points in respect to
pertinent current views in these fields. Fueled by a strong dispute
about protein dynamics impact on catalysis30,31, the field has
focused on characterizing several enzymes mechanistically in
great detail using a combination of experimental and computa-
tional approaches, including CypA6–8,25,32. A two-state ensemble
calculation using exact NOEs as constraints revealed an open-
and closed-state of free CypA with respect to the position of the

Fig. 2 Rescue mutants alter the conformational dynamics of CypA as measured by NMR. a Dynamics on WT CypA7 (shown here) and S99T8 (c) identified
a slower (group-I, red) and faster dynamical process (group-II, blue). Residues Gly74 (blue) and Asn102 (red) are indicated with a sphere. b For the three
mutants, 15N-CPMG dispersion profiles for a representative residue in fast exchange (Gly74, group-II) and slow exchange (Asn102, group-I)8. The fast-
exchange process is virtually unaltered by the mutations, whereas Rex increases consecutively from single via double to triple-mutant (see also
Supplementary Data 3). c, e, g Quantitative analysis of fast and slow protein dynamics of CypA rescue mutants by CPMG relaxation and CEST experiments
are plotted onto the structure. Blue and red color coding of the cartoon representation denotes fast and slow dynamics, respectively, as determined from
the temperature-dependence and shape of CPMG relaxation dispersion profiles (Supplementary Data 1 and 2). Spheres represent residues in slow
exchange with quantifiable CEST profiles. c CEST data for all 15 residues (red spheres) in S99T can be globally fit to a two-site exchange process
(Supplementary Fig. 3, Supplementary Data 4 and Table 2). e, g Residues with CEST profiles in S99T/C115S (e) and S99T/C115S/I97V (g) are well-
described by two distinct slow processes (red and green, respectively), whereas residues shown in orange sense both processes and require a three-site
exchange model (Supplementary Figs. 4 and 5, Supplementary Data 5 and 6 and Table 2). d, f, h Representative 15N-CEST profiles of residue Asn102,
measured at the indicated field strengths are shown for single (d), double (f), and triple (h) mutants of CypA. The chemical shifts for the major (solid line)
and minor states (– – – and – · – lines) are indicated. Uncertainties in R2,eff (b) are determined from the rmsd in the intensities of duplicate points (n= 4)
according to the definition of pooled relative standard deviation; uncertainties in I/I0 for CEST data (d, f, h) are determined from the rmsd in the baseline of
the profile where no intensity dips are present (typically, n > 50)

Table 2 Exchange parameters extracted from 15N-CEST experiments for CypA variants measured at 10 °C

Exchange parameters

CypA variant process 1 (A↔B) kmaj→min

(s−1)
process 2 (A↔C) kmaj→min

(s−1)

S99T kex,AB= 188.3 ± 9.5 (s−1), pB= 1.22 ± 0.03 (%) 2.3 ± 0.1
S99T/C115S kex,AB= 422.9 ± 14.7 (s−1), pB= 1.93 ± 0.05 (%) 8.2 ± 0.4 kex,AC= 177.7 ± 16.1 (s−1), pC= 0.31 ± 0.01 (%) 0.55 ± 0.05
S99T/C115S/I97V kex,AB= 265.1 ± 10.8 (s−1), pB= 4.32 ± 0.09 (%) 11.5 ± 0.5 kex,AC= 186.5 ± 18.1 (s−1), pC= 0.73 ± 0.02 (%) 1.36 ± 0.1
S99T + Suc-AFPF-pNA kex,AB= 118.3 ± 37.0 (s−1), pB= 2.5 ± 0.27 (%) 3.0 ± 1.0
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64–74 loop25. The authors postulate that this loop dynamics is
directly linked to catalysis via long-range concerted motions
extending to the active site. This model is incompatible with the
loop dynamics measured here, which remains fast for all CypA
forms and is not correlated to catalytic turnover. In contrast, the
group-I residues could be directly linked to catalysis via con-
curring changes in dynamics between WT, S99T, and the evolved
enzyme forms, and catalytic turnover rates. This highlights the
importance of NMR dynamics measurements and their quanti-
tative comparison to corresponding changes in catalytic rates,
which cannot be extracted from an ensemble-averaged NOE-
based structure calculation. The slowness of conformational
interconversion in CypA requires enhanced computational sam-
pling methods for MD simulations. Transitions between the
experimentally determined conformational states8 were calcu-
lated using parallel-tempering metadynamics resulting in a free
energy difference for S99T33 that is in excellent agreement with
the experimental value of −2.5 kcal/mol obtained here from the
CEST data. A two-state ensemble for the cis- and trans-peptide
bound CypA calculated by replica-exchange MD simulations in
combination with NMR constraints32 show only minimal protein
conformational differences compared to the starting crystal
structures (Supplementary Fig. 10). This is in sharp contrast to
our NMR dynamics for WT7 and S99T during catalysis measured
here, which clearly shows that conformational sub-states inter-
convert across the core catalytic network and that this rate is
correlated to catalysis.

It is notable that the function of CypA was modulated by
mutations that do not directly contact the substrate. While the
results of numerous “second shell” mutations emerging from
directed evolution experiments have been interpreted based on
speculative links between protein dynamics and changes in
activity, experimental evidence of alterations of populations or
kinetics of alternative conformations has been sparse13,14. Here,
the increased dynamics can be rationalized by the ability of
Phe113, which directly abuts the substrate, to transition between
different rotameric states. This transition is controlled by the
repacking of alternative conformations of core residues, such as
Thr99, and is enabled by the decreased bulk of the mutated
residues (Cys>Ser; Ile>Val). NMR spectroscopy directly reveals
how the kinetics of these transitions between alternative internal
packing arrangements is correlated with the increased catalytic
activity accumulated during directed evolution. The slow
dynamics associated with the catalytic cycle of CypA, and likely
for many other enzymes, are only now becoming accessible to
molecular simulations34. Therefore, the lessons of how non-active
site mutations can alter conformational dynamics, derived from
our integrated analysis of room-temperature X-ray data and
NMR dynamics measurements, could be applied more broadly to
aid the long-term goal of rationally improving enzymes generated
by directed evolution.
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Fig. 3 Protein dynamics during turnover and catalytic efficiency correlate. a Correlation between kcat/KM and kmaj→min measured by CEST across all rescue
mutations for apo protein fitted using orthogonal distance regression through the origin (AFPF: adj. R2= 0.999, χ2red= 1.1; AAPF: adj. R2= 0.995, χ2red=
3.7). b Correlation of the chemical shift differences between major and minor conformations for the two processes observed in S99T/C115S and S99T/
C115S/I97V. Residues within 5 Å of mutation site (I97V) are shown in black and assignments are given if the variation in Δδ is >1.5 ppm. c Quantitative
analysis of fast and slow protein dynamics of CypA S99T during catalysis of Suc-AFPF-pNA peptide (gray sticks) measured by NMR. CPMG relaxation
dispersion experiments revealed, similarly as in apo S99T, fast motion mainly in the flexible loop (blue) and a slow process (red) consistent with the CEST
data (spheres). d Representative CPMG profiles for a residue in fast (Gly74) and slow (Glu120) exchange and e CEST profile for Glu120 during catalysis
(see Supplementary Data 7 and 8 for all profiles). Error bars in a and b denote the (propagated) standard errors in the fitted parameters. The uncertainties
in CPMG (d) and CEST (e) data are determined as described in Fig. 2
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Methods
Library screen. Mutant libraries were created using error prone PCR as in Rockah-
Shmuel et al.35 For the initial library used to isolate S99T/C115S and subsequent
screening efforts, the mutation rate was tuned to <3 new mutations per gene. Over
1000 individual clones were screened in the initial screen that identified S99T/
C115S and an additional 1500 clones were screened in a second library to identify
S99T/C115S/I97V. Subsequent screens of more than 5000 variants, including
random mutations and focused libraries randomizing contacting residues, to
identify additional mutations did not yield any new mutations with gains of
function.

From transformations of >10,000 individual colonies, individual isolates were
picked into 96-well blocks and grown overnight at 37 °C. For induction, 4 μl of the
overnight culture was diluted into a fresh 96-well block containing 1 ml of LB and
grown for 3 h prior to addition of 100 μM IPTG. The induced culture was then
grown overnight at room-temperature and harvested by centrifugation at 3000×g
for 15 min. The media was decanted from the 96-well block and 125 μl of lysis
buffer (20 mM Tris, pH 8, 1% Triton S100) was added. The block was shaken for
30 min at room-temperature and then frozen at −80 °C.

Prior to assaying the AvrRpt2 activity, the 96-well block was thawed. To remove
the membrane and unlysed cells, the thawed lysate was centrifuged at 3000×g for
15 min. Overall, 30 μl of the extract was transferred carefully to a 96-well plate. A
master mix of inactive 0.25 mg/ml AvrRpt2 and 1 mM substrate peptide (Abz-
IEAPAFGGWy-NH2, where y= 3-nitro-Tyrosine) were mixed in reaction buffer
(20 mM HEPES, pH 8.5, 50 mM NaCl, 1 mM DTT). The reaction was initiated by
mixing 10 μl of lysate with 30 μl of master mix in a Costar Black Flat bottom 96-
well plate (Corning, product #3694) and measured in a Safire microplate reader
monitoring fluorescence at 418 nm (excitation at 340 nm).

Sample preparation. CypA mutants were generated using site-directed muta-
genesis on the CypA S99T plasmid using the Phusion High-Fidelity DNA Poly-
merase (New England Biolabs) and the primer sequences listed in Supplementary
Table 3. Wild-type CypA and mutant proteins were essentially expressed and
purified as described previously6. Briefly, LB medium or M9 minimal medium
containing 2 g/l U-[13C]-D-glucose and/or 1 g/l 15NH4Cl (Cambridge Isotope

Laboratories, Tewksbury, MA, USA) as the sole carbon and nitrogen source were
used to express unlabeled and 13C/15N-labeled or 15N-labeled CypA, respectively.
Cells were grown at 37 °C to an OD600 ~0.6 after which protein expression was
induced with 0.3 mM IPTG for 4 h at the same temperature (wild-type and S99T)
or overnight at 20 °C (S99T/C115S and S99T/C115S/I97V). Cells were lysed in 25
mM MES, pH 6.1, 5 mM β-mercaptoethanol and purified on a SP-Sepharose
column using a NaCl gradient. Fractions containing CypA were pooled and dia-
lyzed overnight into 50 mM Na2HPO4, pH 6.8, 5 mM β-mercaptoethanol.
Remaining DNA and other impurities were removed using a Q-Sepharose column
by collecting the flow-through. CypA was purified to homogeneity on a size-
exclusion column (HiLoad 16/600, S75) equilibrated in 50 mM Na2HPO4, pH 6.5,
250 mM NaCl, 5 mM β-mercaptoethanol. Samples were dialyzed overnight into
their final buffers (50 mM Na2HPO4, pH 6.5, 1 mM TCEP for NMR and 20mM
HEPES, pH 7.5, 100 mM NaCl, 0.5 mM TCEP for activity measurements, respec-
tively). All purification steps were performed at 4 °C.

Crystallography. S99T/C115S/I97V and S99T/C115S CypA were produced and
crystallized similarly to previous studies of wild-type CypA8. Briefly, crystals were
grown by mixing equal volumes of well solution (100 mM (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) HEPES, pH 7.5, 23% PEG 3350, 5 mM Tris (2-
carboxymethyl) phosphine [TCEP]) and protein (60 mg/ml in 20 mM HEPES, pH
7.5, 100 mM NaCl, 0.5 mM TCEP) in the hanging-drop format. To collect the
room-temperature synchrotron data set, paratone oil was applied to cover a 2 μl
hanging drop containing a single large crystal. The crystal was harvested through
the paratone and excess mother liquor was removed using a fine paper wick.
Attenuated data were collected at ALS beamline 8.3.1 with a collection wavelength
of 1.115 Å at 273 K controlled by the cryojet using an ADSC Q315r detector. Data
were processed using XDS36, monitoring scaling statistics to confirm a lack of
radiation damage37 and CC statistics for high-resolution cutoffs38.

Molecular replacement was performed in Phaser39 using 2CPL40 as an initial
search model. Residues were manually mutated in Coot41 and subjected to multiple
rounds of refinement using phenix.refine42. To add alternative conformations in a
systematic manner, the refined single conformer model was rebuilt using qFit27. To
finalize the model, further manual improvements to the connectivity of alternative
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conformations and the ordered solvent molecules were performed iteratively with
cycles of phenix.refine. Structure validation was performed using MolProbity and
yielded the following statistics for S99T/C115S/I97V: Ramachandran (favored:
96%, allowed 4%, outliers: 0%), 1.4% rotamer outliers and a clashscore of 0.98 and
S99T/C115S: Ramachandran (favored: 96.3%, allowed 3.7%, outliers: 0%), 1.8%
rotamer outliers and a clashscore of 2.52.

Analysis of contacting residues using CONTACT was performed (parameters:
Tstress 0.35 and Relief 0.9), as for wild-type CypA28. Ensemble refinements were
performed using phenix.ensemble_refinement43. All figures were prepared using
PyMol44.

Enzyme activity. kcat/KM for the enzyme-catalyzed cis-to-trans isomerization of
succinyl-AAPF-p-nitroanilide and succinyl-AFPF-p-nitroanilide (Suc-AXPF-pNA;
Bachem) was measured at 10 °C using the standard chymotrypsin-coupled assay24.
The increase in absorbance at 390 nm was fit to a single exponential to yield a rate
constant for the interconversion between cis- and trans-peptide. Both the unca-
talyzed, background (triplicates), and enzyme-catalyzed reaction were (average/
standard deviation of at least three different enzyme concentrations, each measured
in triplicate) measured for both peptides and different enzyme concentrations
chosen such that the rate of the enzyme-catalyzed reaction is between 3- and 15-
fold faster than the uncatalyzed reaction.

NMR spectroscopy and data analysis. NMR experiments were recorded on an
Agilent DD2 600MHz four-channel spectrometer equipped with a triple-resonance
cryogenically cooled probe-head or a Varian Unity Inova 500MHz spectrometer
equipped with a room-temperature triple-resonance probe. NMR samples con-
tained 0.25 mM (for peptide KD experiments) or 1 mM (all other experiments)
CypA in 50 mM Na2HPO4, pH 6.5, 1 mM TCEP, 0.02% NaN3 and 10 (v/v) % D2O.
The CypA S99T+AFPF sample contained ~0.85 mM CypA and 10.5 mM Suc-
AFPF-pNA. Sample temperatures were calibrated using the 4% methanol+ 96%
methanol-d4 sample (DLM-5007, Cambridge Isotope Laboratories). All data sets
were processed with the NMRPipe/NMRDraw software package45 and visualized/
analyzed using the program NMRFAM-SPARKY46.

Backbone assignments. TROSY-versions of a 3D HNCACB47 and CBCA(CO)
NH48 experiments were recorded at 25 °C to obtain a nearly complete sequential
backbone resonance assignment (HN, N, Cα, Cβ) of CypA S99T/C115 and S99T/
C115S/I97V. The HNCACB experiments were acquired with 50 (15N) × 70 (13C) ×
537 (1H) complex points, with maximum evolution times equal to 22.2 (15N) × 8.3
(13C) × 64.0 (1H) ms. An interscan delay of 1 s was used with 8 scans per transient,
giving rise to a net acquisition time of 36 h. The CBCA(CO)NH experiments were
acquired with 59 (15N) × 50 (13C) × 537 (1H) complex points, with maximum
evolution times equal to 26.2 (15N) × 5.9 (13C) × 64.0 (1H) ms. An interscan delay
of 1 s was used with 8 scans per transient, giving rise to a net acquisition time of 30
h. Cross peak assignments were propagated to CPMG and CEST experiments at
lower temperatures using [1H-15N]-TROSY-HSQC49,50 spectra recorded at dif-
ferent temperatures between 10 and 25 °C and where necessary confirmed using a
3D 15N-edited NOESY51 data set recorded at 10 °C. Cross peaks for Val2 and
Glu81 were not visible at 25 °C, but could be assigned from the data recorded at 10
°C. The chemical shift assignments of CypA S99T/C115S and S99T/C115S/I97V
have been deposited in the BioMagResBank52 with accession codes 27217 and
27218, respectively.

KD measurements. Dissociation constants for Suc-AFPF-pNA at 10 °C were
obtained by titrating the peptide (final concentrations: 0, 1, 3, 5, 9 mM) into a
solution of 0.25 mM CypA. Line-shape fitting was performed using PINT53,54 to
obtained cross peak positions in the individual spectra. The combined chemical
shift difference Δδ was calculated according to Eq. (1):

ΔδðppmÞ ¼ ΔδH
2 þ ΔδN=Rscaleð Þ2� �1=2

;

where Rscale= 6.3 was determined according to Mulder et al.55 Resonances with
sufficient signal-to-noise and for which Δδ ≥ 0.035 ppm were included in the fits to
determine dissociation constants using Eq. (2):

Δδ ¼ Δδsat�apo

�
AFPF½ � þ CypA½ � þ KDð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AFPF½ � þ CypA½ � þ KDð Þ2�4 � AFPF½ � � CypA½ �

q

2 � CypA½ � ;

where [CypA] is the total enzyme concentration, [AFPF] is the concentration of
peptide and Δδsat–apo is the combined chemical shift difference between apo and
saturated CypA.

All resonances (13, 23, and 26 for CypA S99T, S99T/C115S, and S99T/C115S/
I97V, respectively) were fit simultaneously in Mathematica 11.256 and standard
errors are obtained from the global fit. The solubility of the peptide and sample
stability limits the highest achievable concentration in our titration experiments
and we could only attain data up to 5 mM AFPF for the double- and triple-mutant.

We note that to calculate relative changes in kcat, the assumption was made that the
KD values obtained as described above are equal to the KM.

CPMG relaxation dispersion experiments. Relaxation dispersion experiments on
CypA were recorded on a 600MHz spectrometer at different temperatures (10 and
15 °C for all mutants, and additionally at 20 °C for the triple-mutant). A TROSY-
version of the relaxation-compensated 15N-CPMG pulse sequence57,58 was used,
with the CPMG period implemented in a constant-time manner59.

The experiments were recorded as a series of 16 interleaved 2D data sets, with
the constant-time relax period set to 40 ms. The CPMG field strengths were equal
to 100, 200, 300, 400, 500, 600, 700, 800, 900, 950, and 1000 Hz, with duplicate
experiments recorded for the reference experiment and 200, 800, and 1000 Hz.
Experiments were acquired with 128–155 (15N) × 536 (1H) complex points, with
maximum evolution times equal to 56.9–68.9 (15N) × 63.9 (1H) ms. An interscan
delay of 2 s was used with 16, 24, or 32 scans per transient, giving rise to net
acquisition times between 40–88 h for a complete pseudo-3D data set.

CPMG data analysis. Line-shape fitting was performed using PINT53,54 and the
obtained cross peak volumes were used to calculate the values of R2,eff. Error
estimation in the experimental data using the four duplicate data points was
performed as described earlier by Mulder et al.60 For ease of comparison, the values
of R2,inf were calculated by taking the average of the R2,eff at the three highest υCPMG

values (i.e., 900, 950, and 1000 Hz) and normalized to the lowest temperature. Data
sets for each mutant at the different temperatures were fitted using PINT53,54 to
analytical equations for two-site exchange61–63 and the F-test was used to deter-
mine whether a residue experiences exchange. If at any of the temperatures the
exchange is determined to be significant (p < 0.05) for a residue, it is included in the
respective supplementary data. To determine whether a residue is in the fast or
slow-exchange regime, we compared the CPMG relaxation dispersion profiles at
the different temperatures to estimate the exchange contribution, Rex. The
exchange contribution in slow-exchange depends solely on the rate constant for the
major-to-minor transition (i.e., Rex ~ kmaj→min), whereas in the fast-exchange
regime it is inversely proportional to the rate of interconversion (i.e., Rex ~ pA pB
Δω2/kex)64. Depending on the exchange regime, Rex will have different a tem-
perature-dependence: Rex increases with temperature in the slow-exchange regime,
whereas it decreases in the fast-exchange regime. In cases where the temperature-
dependence was inconclusive, we determined the exchange regime from the overall
shape of the dispersion profile: quenching of the exchange contribution already at
low υCPMG values indicates a slow(er) process. Finally, if an exchange contribution
was deemed significant in any of the data sets, this residue is included in the
comparison between all mutant forms in Supplementary Data 3.

CEST experiments. 15N-CEST experiments26 on CypA were recorded on a 500
MHz spectrometer at 10 °C for two (single- and triple-mutants) or three (double-
mutant) different 15N B1 field strengths. The weak irradiation fields applied during
the relaxation delay were calibrated from 1D spectra as described by Guenneugues
et al.65 with the irradiation position set to an isolated cross peak that did not show
exchange.

The experiments on CypA S99T were recorded with a 1H decoupling field
strength of 2.3 kHz (using 90x240y90x composite pulses) during the relaxation
delay, TEX, of 0.5 s. Two different 15N B1 fields, 16.3 and 29.7 Hz, were used and a
series of 2D data sets were acquired with 15N offsets ranging between 96.5 (97.7)
and 140.4 (139.2) ppm, in 112 (85) increments of 20 (25) Hz for ν1= 16.3 Hz (ν1=
29.7 Hz), and one reference experiment. Each 2D data set comprised of 110
(15N) × 512 (1H) complex points, with maximum evolution times equal to 52.4
(15N) × 64 (1H) ms, an interscan delay of 1.5 s and eight scans per transient were
used, giving rise to net acquisition times of about 118 h (ν1= 16.3 Hz) and 94 h (ν1
= 29.7 Hz).

For CypA S99T in the presence of Suc-AFPF-pNA, two different 15N B1 fields,
12.1 and 22.2 Hz, were used and a series of 2D data sets were acquired with 15N
offsets ranging between 98.7 and 138.5 ppm, in 73 increments of 28 Hz, and one
reference experiment. The experiments were recorded with a 1H decoupling field
strength of 2.25 kHz (using 90x240y90x composite pulses) during the relaxation
delay, TEX, of 0.4 s (ν1= 22.2 Hz) or 0.5 s (ν1= 12.1 Hz). Each 2D data set
comprised of 110 (15N) × 512 (1H) complex points, with maximum evolution times
equal to 52.4 (15N) × 64 (1H) ms, an interscan delay of 1.5 s and twelve scans per
transient were used, giving rise to net acquisition times of about 112 h (ν1= 22.2
Hz) and 116 h (ν1= 12.1 Hz).

For CypA S99T/C115S, three different 15N B1 fields, 12.2, 23.6, and 34.7 Hz,
were used and a series of 2D data sets were acquired with 15N offsets ranging
between 97.8 and 139.2 ppm, in 106 increments of 20 Hz, and one reference
experiment. The experiments were recorded with a 1H decoupling field strength of
2.3–2.4 kHz (using 90x240y90x composite pulses) during the relaxation delay, TEX,
of 0.4 s (ν1= 23.6 Hz) or 0.5 s (ν1= 12.2 and 23.6 Hz). Each 2D data set comprised
of 110 (15N) × 512 (1H) complex points, with maximum evolution times equal to
52.4 (15N) × 64 (1H) ms, an interscan delay of 1.5 s and eight scans per transient
were used, giving rise to net acquisition times of about 107 h (ν1= 23.6 Hz) and
112 h (ν1= 12.2 and 23.6 Hz).
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The experiments on CypA S99T/C115S/I97V were recorded with a 1H
decoupling field strength of 2.4 kHz (using 90x240y90x composite pulses) during
the relaxation delay, TEX, of 0.4 s. Two different 15N B1 fields, 10.8 and 22.0 Hz,
were used and a series of 2D data sets were acquired with 15N offsets ranging
between 97.8 and 139.2 ppm, in 106 (85) increments of 20 (25) Hz for ν1= 10.8 Hz
(ν1= 22.0 Hz), and one reference experiment. Each 2D data set comprised of 110
(15N) × 512 (1H) complex points, with maximum evolution times equal to 52.4
(15N) × 64 (1H) ms, an interscan delay of 1.5 s and eight scans per transient
were used, giving rise to net acquisition times of about 86 h (ν1= 22.0 Hz) and
107 h (ν1= 10.8 Hz).

CEST data analysis. Line-shape fitting was performed using PINT53,54 and the
obtained cross peak volumes were used to calculate the ratio I/I0. The 15N-CEST
profiles (ratio versus irradiation position) were analyzed using the Python package
ChemEx v0.6 (available from https://github.com/gbouvignies/chemex), which
numerically propagates the Bloch–McConnell equations66, as described earlier26.
Uncertainties in the ratio I/I0 were estimated from the apparent scatter in the
baseline of the CEST profiles as implemented in the ChemEx package, whereas
uncertainties in the fitting parameters (i.e., rate constants, populations and che-
mical shift differences) were determined from either the covariance matrix or
400–500 Monte-Carlo runs.

We analyzed all the CEST profiles assuming the absence of exchange, a two-site
exchange model and, if required, a three-site exchange model (only for CypA S99T/
C115S and S99T/C115S/I97V). In the “no-exchange” situation, the values of kex, pB,
Δω, and ΔR2 were fixed at 0 and only R1, R2, and I0 were fit on a per-residue basis.
Residues that showed elevated R2 values and for which the χ2red was significantly
above 1, are likely candidates to experience an exchange process (Supplementary
Figs. 3b, 4f and 5f).

For the two-site exchange model, initially only residues that showed a clear
second dip or asymmetry were included. A per-residue fit was performed where in
addition to the parameters above also kex, pB, and Δω were allowed to float.

The clustering of kex/pB values for this initial subset indicated a single exchange
process for CypA S99T (Supplementary Fig. 3a), and a global fit was performed
after updating the initial kex, pB, and residue-specific Δω values. As a third step, we
fixed the global exchange parameters, (kex and pB) and re-fitted all residues.
Residues that had a fitted value of |Δω| ≥ 1 ppm, an improved χ2red and consistent
fitting parameters in Monte-Carlo runs (not fixing kex and pB), were included in the
list of probes experiencing exchange. Finally, a global fit and 500 Monte-Carlo runs
were performed with every exchanging residue and now allowing all parameters
[kex/pB (global) and Δω, R1, R2, ΔR2, and I0 (residue-specific)] to float. The results
of this Monte-Carlo analysis are shown in Supplementary Fig. 3c for kex/pB and
chemical shift differences are plotted on the structure (Supplementary Fig. 3d).
Furthermore, assuming a two-state exchange model, the χ2red and fitted R2 values
for exchanging residues went down to their expected values, with the exception of
the loop region undergoing exchange on the millisecond timescale that still exhibits
high R2 values (Supplementary Fig. 3b).

On the contrary, for CypA S99T/C115S and S99T/C115S/I97V the clustering of
kex/pB values for the initial subset suggested the presence of two different processes
(Supplementary Figs. 4a and 5a). Residues that seemingly fitted well to a two-site
exchange model were grouped into two clusters and separately fitted to a global
process, yielding two different rates of interconversion and populations
(Supplementary Figs. 4b and 5b). In a similar manner as for CypA S99T we
separately fixed the two combinations of global exchange parameters and re-fitted
all data. Residues that had a fitted value of |Δω| ≥ 1 ppm, an improved χ2red and
consistent fitting parameters in Monte-Carlo runs (not fixing kex and pB), were
included in the appropriate cluster of probes experiencing exchange. The two
clusters were obtained consistently even when kex/pB values from the other one
were used as starting points of the minimization. The residues present in the
clusters are found in two different parts of the protein (cf. green and red spheres in
Fig. 2e, g) and also have different Rex contributions in the CPMG relaxation
dispersion profiles (Supplementary Data 1 and 2). Furthermore, CEST data for
several residues, including F88 and N102, could not be fit to a two-site exchange
model (Supplementary Figs. 4c and 5c).

Taken together, these observations show that the CEST data for the double- and
triple-mutant require a three-state exchange model to explain the data. We note
that for some residues (cf. orange spheres in Fig. 2e, g), the fast loop motion and
slow processes give rise to convoluted exchange data. However, this does not
automatically mean that any (or all) of these processes are correlated; it can simply
be that a probe participating in one exchange process “feels” the fluctuating field of
another, nearby exchange phenomena.

There are several possibilities to connect three different states (A= ground
state, B=minor state 1, and C=minor state 2): one triangular model, where all
states are connected, and three linear models (A↔B↔C, A↔C↔B, and B↔A↔C)
as described earlier by Sekhar et al.67 We did not consider the triangular model as it
requires one additional fitting parameter and our NMR data is not of high enough
quality to warrant this. From fitting the individual residues, we already obtained
two values for kex/population (Supplementary Figs. 4b and 5b) and Δω values, and
those were used as starting values in the linear models. The combination with
highest population was used as kex,AB/pB/ΔωAB and the other as kex,AC/pC/ΔωAC.

The ACB-model, where the least populated minor state is the intermediate, did not
fit the data; whereas the other two models gave very similar results and seem to
describe the data equally well. On the basis of our current NMR and
crystallography experiments and earlier data on CypA S99T8, we favor the
B↔A↔C model, where both processes are independent and this model has been
used for further analysis.

For a number of CEST profiles, including F88 and N102, we do see two dips/
asymmetry in the CEST traces (Supplementary Figs. 4d and 5d) and can, therefore,
determine the chemical shift of all three states. The CEST data for these residues
could be fitted to the BAC-model, with rate constants and populations very similar
obtained for the “pure” two-state exchange models, indicating that the observed
profiles are caused by these two, independent, slow-exchange processes. For others
only one dip was visible, and there we determined the best initial value for Δω of
the second minor state by starting from the two possible options (i.e., the chemical
shift of the other minor state is either close to the major state or to observable
minor state) and comparing the χ2red value.

Finally, a global fit and 400–500 Monte-Carlo runs were performed with every
exchanging residue and now allowing all parameters [kex,AB/pB; kex,AC/pC (global)
and ΔωΑΒ, ΔωΑC, R1, R2, ΔR2 and I0 (residue-specific)] to float. The results of this
Monte-Carlo analysis are shown in Supplementary Figs. 4e and 5e for kex/
population and chemical shift differences are plotted on the CypA structure
(Supplementary Figs. 4f and 5f). Furthermore, assuming a three-state exchange
model, the χ2red and fitted R2 values for exchanging residues went down to
their expected values, with the exception of the loop region undergoing exchange
on the millisecond timescale that still exhibits high R2 values (Supplementary
Figs. 4f and 5f).

Data availability. Structure factors and refined model of CypA S99T/C115S/I97V
and S99T/C115S has been deposited in the PDB under accession codes 5WC7 and
6BTA, respectively. The NMR assignments of CypA S99T/C115S and S99T/C115S/
I97V have been deposited in the BMRB under accession codes 27217 and 27218,
respectively. Other data are available from the corresponding authors upon rea-
sonable request.

Received: 18 September 2017 Accepted: 23 February 2018

References
1. Kay, L. E. New views of functionally dynamic proteins by solution NMR

spectroscopy. J. Mol. Biol. 428, 323–331 (2016).
2. Boehr, D. D., Dyson, H. J. & Wright, P. E. An NMR perspective on enzyme

dynamics. Chem. Rev. 106, 3055–3079 (2006).
3. Smock, R. G. & Gierasch, L. M. Sending signals dynamically. Science 324,

198–203 (2009).
4. Palmer, A. G. 3rd Enzyme dynamics from NMR spectroscopy. Acc. Chem. Res.

48, 457–465 (2015).
5. Shukla, D., Hernandez, C. X., Weber, J. K. & Pande, V. S. Markov state models

provide insights into dynamic modulation of protein function. Acc. Chem. Res.
48, 414–422 (2015).

6. Eisenmesser, E. Z., Bosco, D. A., Akke, M. & Kern, D. Enzyme dynamics
during catalysis. Science 295, 1520–1523 (2002).

7. Eisenmesser, E. Z. et al. Intrinsic dynamics of an enzyme underlies catalysis.
Nature 438, 117–121 (2005).

8. Fraser, J. S. et al. Hidden alternative structures of proline isomerase essential
for catalysis. Nature 462, 669–673 (2009).

9. Harms, M. J. & Thornton, J. W. Evolutionary biochemistry: revealing the
historical and physical causes of protein properties. Nat. Rev. Genet. 14,
559–571 (2013).

10. Blomberg, R. et al. Precision is essential for efficient catalysis in an evolved
Kemp eliminase. Nature 503, 418–421 (2013).

11. Romero, P. A. & Arnold, F. H. Exploring protein fitness landscapes by
directed evolution. Nat. Rev. Mol. Cell Biol. 10, 866–876 (2009).

12. Arnold, F. H. The nature of chemical innovation: new enzymes by evolution.
Q. Rev. Biophys. 48, 404–410 (2015).

13. Ma, B. & Nussinov, R. Protein dynamics: conformational footprints. Nat.
Chem. Biol. 12, 890–891 (2016).

14. Campbell, E. et al. The role of protein dynamics in the evolution of new
enzyme function. Nat. Chem. Biol. 12, 944–950 (2016).

15. Tokuriki, N. & Tawfik, D. S. Protein dynamism and evolvability. Science 324,
203–207 (2009).

16. Klinman, J. P. & Kohen, A. Evolutionary aspects of enzyme dynamics. J. Biol.
Chem. 289, 30205–30212 (2014).

17. Chao, F. A. et al. Structure and dynamics of a primordial catalytic fold
generated by in vitro evolution. Nat. Chem. Biol. 9, 81–83 (2013).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03562-9 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:1314 | DOI: 10.1038/s41467-018-03562-9 |www.nature.com/naturecommunications 9

https://github.com/gbouvignies/chemex
http://www.pdb.org/pdb/search/structidSearch.do?structureId=5WC7
http://www.pdb.org/pdb/search/structidSearch.do?structureId=6BTA
http://www.bmrb.wisc.edu/data_library/summary/index.php?bmrbId=27217
http://www.bmrb.wisc.edu/data_library/summary/index.php?bmrbId=27218
www.nature.com/naturecommunications
www.nature.com/naturecommunications


18. James, L. C. & Tawfik, D. S. Conformational diversity and protein evolution—
a 60-year-old hypothesis revisited. Trends Biochem. Sci. 28, 361–368 (2003).

19. Whitney, D. S., Volkman, B. F. & Prehoda, K. E. Evolution of a protein
interaction domain family by tuning conformational flexibility. J. Am. Chem.
Soc. 138, 15150–15156 (2016).

20. Kern, D., Kern, G., Scherer, G., Fischer, G. & Drakenberg, T. Kinetic analysis
of cyclophilin-catalyzed prolyl cis/trans isomerization by dynamic NMR
spectroscopy. Biochemistry 34, 13594–13602 (1995).

21. Harrison, R. K. & Stein, R. L. Mechanistic studies of peptidyl prolyl cis-trans
isomerase: evidence for catalysis by distortion. Biochemistry 29, 1684–1689
(1990).

22. Coaker, G., Zhu, G., Ding, Z., Van Doren, S. R. & Staskawicz, B. Eukaryotic
cyclophilin as a molecular switch for effector activation. Mol. Microbiol. 61,
1485–1496 (2006).

23. Aumuller, T., Jahreis, G., Fischer, G. & Schiene-Fischer, C. Role of prolyl cis/
trans isomers in cyclophilin-assisted Pseudomonas syringae AvrRpt2 protease
activation. Biochemistry 49, 1042–1052 (2010).

24. Kofron, J. L., Kuzmic, P., Kishore, V., Colon-Bonilla, E. & Rich, D. H.
Determination of kinetic constants for peptidyl prolyl cis-trans isomerases
by an improved spectrophotometric assay. Biochemistry 30, 6127–6134
(1991).

25. Chi, C. N. et al. A structural ensemble for the enzyme cyclophilin reveals an
orchestrated mode of action at atomic resolution. Angew Chem. Int. Ed. Engl.
54, 11657–11661 (2015).

26. Vallurupalli, P., Bouvignies, G. & Kay, L. E. Studying “invisible” excited
protein states in slow exchange with a major state conformation. J. Am. Chem.
Soc. 134, 8148–8161 (2012).

27. Keedy, D. A., Fraser, J. S. & van den Bedem, H. Exposing hidden alternative
backbone conformations in X-ray crystallography using qFit. PLoS Comput.
Biol. 11, e1004507 (2015).

28. van den Bedem, H., Bhabha, G., Yang, K., Wright, P. E. & Fraser, J. S.
Automated identification of functional dynamic contact networks from X-ray
crystallography. Nat. Methods 10, 896–902 (2013).

29. Tokuriki, N. et al. Diminishing returns and tradeoffs constrain the laboratory
optimization of an enzyme. Nat. Commun. 3, 1257 (2012).

30. Nagel, Z. D. & Klinman, J. P. A 21st century revisionist’s view at a turning
point in enzymology. Nat. Chem. Biol. 5, 543–550 (2009).

31. Kamerlin, S. C. & Warshel, A. At the dawn of the 21st century: Is dynamics
the missing link for understanding enzyme catalysis? Proteins 78, 1339–1375
(2010).

32. Camilloni, C. et al. Cyclophilin A catalyzes proline isomerization by an
electrostatic handle mechanism. Proc. Natl Acad. Sci. USA 111, 10203–10208
(2014).

33. Papaleo, E., Sutto, L., Gervasio, F. L. & Lindorff-Larsen, K. Conformational
changes and free energies in a proline isomerase. J. Chem. Theory Comput. 10,
4169–4174 (2014).

34. Dodani, S. C. et al. Discovery of a regioselectivity switch in nitrating P450s
guided by molecular dynamics simulations and Markov models. Nat. Chem. 8,
419–425 (2016).

35. Rockah-Shmuel, L., Toth-Petroczy, A. & Tawfik, D. S. Systematic mapping
of protein mutational space by prolonged drift reveals the deleterious
effects of seemingly neutral mutations. PLoS Comput. Biol. 11, e1004421
(2015).

36. Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 66, 125–132 (2010).
37. Keedy, D. A. et al. Mapping the conformational landscape of a dynamic

enzyme by multitemperature and XFEL crystallography. eLife 4, e07574
(2015).

38. Karplus, P. A. & Diederichs, K. Linking crystallographic model and data
quality. Science 336, 1030–1033 (2012).

39. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40,
658–674 (2007).

40. Ke, H. Similarities and differences between human cyclophilin A and other β-
barrel structures. J. Mol. Biol. 228, 539–550 (1992).

41. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486–501 (2010).

42. Afonine, P. V. et al. Towards automated crystallographic structure
refinement with phenix.refine. Acta Crystallogr. D Biol. Crystallogr. 68,
352–367 (2012).

43. Burnley, B. T., Afonine, P. V., Adams, P. D. & Gros, P. Modelling
dynamics in protein crystal structures by ensemble refinement. eLife 1, e00311
(2012).

44. PyMOL. The PyMOL Molecular Graphics System v. 1.8.6 (Schrödinger, New
York, 2017).

45. Delaglio, F. et al. NMRPipe: a multidimensional spectral processing system
based on UNIX pipes. J. Biomol. NMR 6, 277–293 (1995).

46. Lee, W., Tonelli, M. & Markley, J. L. NMRFAM-SPARKY: enhanced
software for biomolecular NMR spectroscopy. Bioinformatics 31, 1325–1327
(2015).

47. Muhandiram, D. R. & Kay, L. E. Gradient-enhanced triple-resonance three-
dimensional NMR experiments with improved sensitivity. J. Magn. Reson. Ser.
B 103, 203–216 (1994).

48. Grzesiek, S. & Bax, A. Correlating backbone amide and side chain resonances
in larger proteins by multiple relayed triple resonance NMR. J. Am. Chem. Soc.
114, 6291–6293 (1992).

49. Kay, L., Keifer, P. & Saarinen, T. Pure absorption gradient enhanced
heteronuclear single quantum correlation spectroscopy with improved
sensitivity. J. Am. Chem. Soc. 114, 10663–10665 (1992).

50. Weigelt, J. Single scan, sensitivity- and gradient-enhanced TROSY for
multidimensional NMR experiments. J. Am. Chem. Soc. 120, 10778–10779
(1998).

51. Zhang, O., Kay, L. E., Olivier, J. P. & Forman-Kay, J. D. Backbone 1H and 15N
resonance assignments of the N-terminal SH3 domain of drk in folded and
unfolded states using enhanced-sensitivity pulsed field gradient NMR
techniques. J. Biomol. NMR 4, 845–858 (1994).

52. Ulrich, E. L. et al. BioMagResBank. Nucleic Acids Res. 36, D402–D408 (2008).
53. Ahlner, A., Carlsson, M., Jonsson, B. H. & Lundstrom, P. PINT: a software for

integration of peak volumes and extraction of relaxation rates. J. Biomol. NMR
56, 191–202 (2013).

54. Niklasson, M. et al. Comprehensive analysis of NMR data using advanced line
shape fitting. J. Biomol. NMR 69, 93–99 (2017).

55. Mulder, F. A., Schipper, D., Bott, R. & Boelens, R. Altered flexibility in the
substrate-binding site of related native and engineered high-alkaline Bacillus
subtilisins. J. Mol. Biol. 292, 111–123 (1999).

56. Wolfram. Mathematica (Wolfram Research, Inc., Champaign, IL, 2017).
57. Loria, J. P., Rance, M. & Palmer, A. G. A relaxation-compensated Carr

−Purcell−Meiboom−Gill sequence for characterizing chemical exchange by
NMR spectroscopy. J. Am. Chem. Soc. 121, 2331–2332 (1999).

58. Tollinger, M., Skrynnikov, N. R., Mulder, F. A., Forman-Kay, J. D. & Kay, L. E.
Slow dynamics in folded and unfolded states of an SH3 domain. J. Am. Chem.
Soc. 123, 11341–11352 (2001).

59. Mulder, F. A. A., Skrynnikov, N. R., Hon, B., Dahlquist, F. W. & Kay, L. E.
Measurement of slow (μs−ms) time scale dynamics in protein side chains by
15N relaxation dispersion NMR spectroscopy: application to Asn and Gln
residues in a cavity mutant of T4 lysozyme. J. Am. Chem. Soc. 123, 967–975
(2001).

60. Mulder, F. A., Hon, B., Mittermaier, A., Dahlquist, F. W. & Kay, L. E. Slow
internal dynamics in proteins: application of NMR relaxation dispersion
spectroscopy to methyl groups in a cavity mutant of T4 lysozyme. J. Am.
Chem. Soc. 124, 1443–1451 (2002).

61. Carver, J. P. & Richards, R. E. A general two-site solution for the chemical
exchange produced dependence of T2 upon the carr-Purcell pulse separation.
J. Magn. Reson. 6, 89–105 (1972).

62. Jen, J. Chemical exchange and NMR T2 relaxation—the multisite case. J.
Magn. Reson. 30, 111–128 (1978).

63. Davis, D. G., Perlman, M. E. & London, R. E. Direct measurements of the
dissociation-rate constant for inhibitor-enzyme complexes via the T1 rho and
T2 (CPMG) methods. J. Magn. Reson. B 104, 266–275 (1994).

64. Millet, O., Loria, J. P., Kroenke, C. D., Pons, M. & Palmer, A. G. The
static magnetic field dependence of chemical exchange linebroadening
defines the NMR chemical shift time scale. J. Am. Chem. Soc. 122, 2867–2877
(2000).

65. Guenneugues, M., Berthault, P. & Desvaux, H. A method for determining B1
field inhomogeneity. Are the biases assumed in heteronuclear relaxation
experiments usually underestimated? J. Magn. Reson. 136, 118–126 (1999).

66. Mcconnell, H. M. Reaction rates by nuclear magnetic resonance. J. Chem.
Phys. 28, 430–431 (1958).

67. Sekhar, A. et al. Thermal fluctuations of immature SOD1 lead to separate
folding and misfolding pathways. eLife 4, e07296 (2015).

68. Zhao, Y. & Ke, H. Crystal structure implies that cyclophilin predominantly
catalyzes the trans to cis isomerization. Biochemistry 35, 7356–7361 (1996).

Acknowledgements
We thank N. Ollikainen, T. Kortemme, and H. van den Bedem for discussions. We are
grateful to Drs. L.E. Kay, R. Muhandiram, and G. Bouvignies for sharing their NMR
pulse sequence codes and help with the ChemEx software. F. Pontiggia is acknowledged
for his help to implement the NMR data fitting workflow on the Brandeis HPC cluster.
We thank G. Coaker for AvrRpt2 constructs. This work was supported by the Howard
Hughes Medical Institute, the Office of Basic Energy Sciences, Catalysis Science Program,
U.S. Dept. of Energy, award DE-FG02-05ER15699 and NIH (GM100966) to D.K., and a
Searle Scholar Award from the Kinship Foundation, a Pew Scholar Award from the Pew
Charitable Trusts, a Packard Fellowship from the David and Lucile Packard Foundation,
NIH (GM110580), and NSF (STC-1231306) to J.S.F. R.O. was supported as an HHMI
Fellow of the Damon Runyon Cancer Research Foundation (DRG-2114-12). Data col-
lection at BL831 at the Advanced Light Sources is supported by the Director, Office of
Science, Office of Basic Energy Sciences, of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231, UC Office of the President, Multicampus Research

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03562-9

10 NATURE COMMUNICATIONS |  (2018) 9:1314 | DOI: 10.1038/s41467-018-03562-9 |www.nature.com/naturecommunications

www.nature.com/naturecommunications


Programs and Initiatives grant MR‐15‐32859, and the Program Breakthrough Biomedical
Research, which is partially funded by the Sandler Foundation.

Author contributions
R.O., L.L., D.K., and J.S.F. designed experiments. L.L. and D.M. performed the library
screen and developed the assay for screening activity in cell lysate with supervision of D.
S.T. and J.S.F. L.L. performed the activity assay and R.O. analyzed the data. L.L., L.R.K.,
and J.S.F. performed the X-ray experiments; R.O. and M.W.C. performed the NMR
experiments and R.O. analyzed the data. R.O., J.S.F., and D.K. wrote the paper. All
authors contributed to data interpretation and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-03562-9.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03562-9 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:1314 | DOI: 10.1038/s41467-018-03562-9 |www.nature.com/naturecommunications 11

https://doi.org/10.1038/s41467-018-03562-9
https://doi.org/10.1038/s41467-018-03562-9
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications


 
Supplementary Information for 

 
 

Rescue of Conformational Dynamics in Enzyme Catalysis by Directed Evolution 

 

Otten et al. 

 

 
 

 
This PDF file includes: 
 
 
Figures 1 – 10 
Tables 1 – 3 
References  



 
 
 
Supplementary Figure 1 | Overlay of 15N-[TROSY]-HSQC spectra for wild-type CypA (yellow), S99T (green) 
and rescue mutants (S99T/C115S, blue; S99T/C115S/I97V, purple). All spectra were recorded on ~1 mM protein 
samples using a 600 MHz spectrometer at 10 °C. Sequence-specific assignments given in red indicate residues that 
have moved significantly due to proximity, in sequence and/or space, to the mutation site (<5 Å). Cross peaks 
connected with a solid line or in a solid circle show the population inversion upon the Ser99 mutation and the partial 
shift towards wild-type for the rescue mutants. Aliased Arg-Ne side chain signals are shown in grey for all spectra.  



 
 
 
 
Supplementary Figure 2 | KD determination for the three mutant forms of CypA for Suc-AFPF-pNA measured 
by NMR chemical shift analysis from peptide titrations. Resonances for which Dd ≥ 0.035 ppm (thirteen for CypA 
S99T (a), twenty-three for S99T/C115S (b) and twenty-six for S99T/C115S/I97V (c), respectively) were fit 
simultaneously in Mathematica1 (version 11.2)  and standard errors are obtained from the global fit. 
  



 
 
 
 
Supplementary Figure 3 | Analysis of the 15N-CEST data for CypA S99T. (a) Per-residue fit of the CEST profiles 
for the initial 10 residues that clearly show slow exchange by visual inspection. Clustering of the kex/pB values indicate 
the presence of one global exchange process. (b) Comparison of R2 and c2red values for no-exchange model (blue) and 
one global, slow-exchange process (green).  For ease of comparison residues that are included in the global fit are also 
shown with a red marker for the no-exchange model. Fitting the data assuming no exchange results in elevated R2 
values (left) for the loop region (residues 65-80), whereas c2red values (right) are close to one. This observation is 
consistent with line broadening of the ground-state signal due to dynamics on the millisecond timescale and the 
absence of a second dip or asymmetry that would indicate a slow-exchange process. In contrast, assuming a no-
exchange model for residues that, in fact, do experience a slow-exchange process, results in large c2red values in 
addition to a higher R2 in an attempt to –unsuccessfully– explain the asymmetry in the CEST profiles. The data show 
that the data can be explained satisfactory by one, global exchange process as judged from the R2 and c2red values. (c) 
Uncertainties in the fitting parameters for the global fit were determined from 500 Monte-Carlo simulations and the 
resulting scatter plot for kex vs. pB is shown. The values and their uncertainties obtained using this method and 
estimated from the covariance matrix are nearly identical. (d) The chemical shift difference between the states, |Dd|, 
for the 15 residues is plotted on the structure of CypA. 



 
 
 
Supplementary Figure 4 | Analysis of the 15N-CEST data for CypA S99T/S115S indicates the presence of more 
than one exchange process. (a) Per-residue fit of the CEST profiles for the initial 30 residues that clearly show slow 
exchange by visual inspection. Clustering of the kex/pB values suggests the presence of two distinct exchange 
processes. (b) Residues that are well-described by a two-state exchange model were split into two clusters (c.f., red 
(11 residues) and green (22 residues) spheres in Fig. 2e). Here, only the residues that are present in panel a and are 
used in the two-state global fit are shown together with their respective global kex/pB values (grey triangles). (c-d) 
Several residues, including F88 and N102, do not fit to a two-site exchange process even if all fitting parameters are 
allowed to float (c). However, a three-site exchange model can explain the experimental data (d) and the vales of 
kex/pminor correspond well to the two observed clusters assuming a single two-site exchange model (panel b). (e) 
Uncertainties in the fitting parameters for the three-state global fit that include all 46 residues were determined from 
400 Monte-Carlo simulations and the resulting scatter plot for kex vs. pminor is shown. The values and their uncertainties 
obtained using this method and from the covariance matrix are nearly identical. (f) Residue-specific values of R2 and 
c2red assuming there is no exchange (blue) or a global, three-site process (green). For ease of comparison, the 46 
residues that experience exchange and are included in the global fit are also shown with a red marker for the no-
exchange model. Fitting a no-exchange model shows significantly elevated R2 and c2red values for a large number of 
residues. After fitting an appropriate exchange model R2 and c2red drop to expected values, with the exception of the 
loop region (residues 65-80), where elevated R2 values are still observed, consistent with line broadening of the 
ground-state signal due to dynamics on the millisecond timescale. (g) The chemical shift differences between the 
states, |DdAB| (left panel) and |DdAC| (right panel), for the 46 residues are plotted on the structure of CypA. 
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