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SUMMARY

Many protein systems rely on coupled dynamic net-
works to allosterically regulate function. However,
the broad conformational space sampled by non-
coherently dynamic systems has precluded detailed
analysis of their communication mechanisms. Here,
we have developed a methodology that combines
the high sensitivity afforded by nuclear magnetic
resonance relaxation techniques and single-site mul-
tiple mutations, termed RASSMM, to identify two
allosterically coupled dynamic networks within the
non-coherently dynamic enzyme cyclophilin A. Using
this methodology, we discovered two key hotspot
residues, Val6 and Val29, that communicate through
these networks, the mutation of which altered active-
site dynamics, modulating enzymatic turnover of
multiple substrates. Finally, we utilized molecular dy-
namics simulations to identify the mechanism by
which one of these hotspots is coupled to the larger
dynamic networks. These studies confirm a link be-
tween enzyme dynamics and the catalytic cycle of
cyclophilin A and demonstrate how dynamic allo-
stery may be engineered to tune enzyme function.

INTRODUCTION

Conformational fluctuations within proteins are essential for
their function, which includes motions on the microsecond to
millisecond timescale that are critical for ligand binding and
release, in the conformational search for the transition state in
enzymatic reactions, and in allosteric communication (Bhabha
et al., 2011; Carroll et al., 2012; Cole and Loria, 2002; Henzler-
Wildman et al., 2007; Kern et al., 2005; McElheny et al., 2005;
Xiao et al., 2014). With recent methodological advances, a
growing number of studies have now also recognized that these
motions often comprise contributions from non-coherent seg-
ments that are nonetheless coupled to form larger dynamic net-
works (Khirich and Loria, 2015; Kleckner et al., 2012; McDonald
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et al., 2012; Xiao et al., 2014). A range of approaches has been
applied to elucidate the pathways through which allosteric com-
munications propagate (Cole and Loria, 2002; Doucet et al.,
2009; Popovych et al., 2006; Selvaratnam et al., 2011; van den
Bedem et al., 2013). For example, nuclear magnetic resonance
(NMR)-based techniques, such as chemical shift covariance
analysis, provide an elegant means to identify coupled networks
using multiple ligands together with their induced chemical shift
changes. However, the inherently broad conformational space
sampled by non-coherently coupled dynamic systems often re-
sults in small changes to chemical shifts that may be below the
detection limit and has limited our ability to identify allosteric
networks in some systems. Moreover, such chemical shift-
based methods offer little insight into the potential underlying
dynamic basis of allostery. To address these limitations, we
have developed a novel but simple methodology that affords
the high sensitivity of NMR relaxation techniques and single-
site multiple mutations, referred to as RASSMM, which expands
upon previous studies that have combined mutagenesis with
NMR metrics as a means to monitor allostery (Boyer and Lee,
2008; Du et al., 2015). Even in the absence of large chemical
shift changes, we show that this method can monitor dynamic
changes distal to an enzyme’s binding site and identify networks
of dynamic, allosteric communication that can be exploited to
tune enzyme function.

The RASSMM approach is depicted in Figure 1. It first utilizes a
sensitive NMR relaxation parameter to monitor the dynamic im-
pacts of active-site perturbations, such as mutagenesis or sub-
strate binding, in order to identify distal dynamic regions (hot-
spots) that are coupled to active-site dynamics. Subsequently,
multiple mutations are made to these hotspots themselves and
subjected to the same NMR relaxation experiment in order to
identify how these distal regions are allosterically coupled to
the active site. Recent advances in NMR relaxation techniques
have provided powerful methodologies to probe the conforma-
tional landscape of proteins, which allows us to choose the
particular relaxation experiment that adequately suits the dy-
namics of any particular system. Here, we have selected R, relax-
ation dispersion (R,-RD), which allows for atomic-resolution,
quantitative measurement of low-population states that are
dynamically sampled with an exchange rate of ~100-5,000 s~
(Carr and Purcell, 1954; Meiboom and Gill, 1958), as our NMR
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Figure 1. Schematic of Our Experimental Approach

Top, distal hotspot residues are identified by comparing R.-RD dispersions
between apo CypA and CypA in the presence of saturating concentrations of a
peptide substrate. For residues that are dynamically linked through allosteric
networks to the active site, we expect that, upon addition of substrate, the
dynamics of distal hotspot residues will be altered, which will manifest in
measurable changes to the R,-RD dispersion. Bottom, identifying networks of
allosteric communication. We generate multiple single-site mutations to an
identified hotspot and monitor global dynamic response to these mutations by
R2-RD. We expect that residues along a given allosteric network will exhibit a
similar response signature, allowing distinct networks to be identified.

relaxation measure for RASSMM to probe dynamic allostery
within the enzyme cyclophilin A (CypA).

CypA is a peptidyl-prolyl isomerase (PPlase) with a wide range
of biologically and pathologically relevant roles (Fischer et al.,
1989; Gothel and Marahiel, 1999; Jin et al., 2004; Kim et al.,
2005; Lee and Kim, 2010), which we have found represents a
compelling example of a dynamically coupled allosteric system.
Utilizing deuteration, data collection at multiple field strengths,
and temperature variation, we have recently shown that micro-
to millisecond dynamics in apo CypA are more prevalent and
segmental than originally observed (Eisenmesser et al., 2005;
Schlegel et al., 2009). Specifically, R>-RD experiments have re-
vealed that nearly 50% of residues within CypA exhibit micro- to
millisecond timescale dynamics and that they comprise rates of
motion spanning nearly an order of magnitude. More recently,
the segmental nature of dynamics in CypA has also been indepen-
dently confirmed by variable-temperature X-ray crystallography
(Keedy et al., 2015) and we have shown that distinct segmental
dynamics persist in solution in the presence of saturating concen-
trations of substrate (Holliday et al., 2015a). Collectively, these

studies reveal that significant global communication occurs be-
tween non-coherent regions such that mutagenesis or substrate
binding affects motions across the protein at sites reporting on
distinct structural transitions. However, it remains to be deter-
mined how these localized motions are organized to mediate func-
tion and whether they can be exploited to engineer catalytic turn-
over. Here, we have used the RASSMM approach to identify
residues within CypA that are remotely coupled to active-site dy-
namics, characterized dynamically coupled allosteric networks,
determined mechanistically how these networks fine-tune sub-
strate binding/release, utilized this knowledge to modulate CypA
turnover, and provided insight into the mechanism of hotspot
coupling to these networks via analysis of chemical shift-based
molecular dynamics (MD) ensembles.

RESULTS

An Active-Site Distal Residue Allosterically Linked to
Active-Site Dynamics

To determine the role of dynamic allostery in regulating CypA func-
tion, we developed an approach to identify active-site distal hot-
spots in the protein by examining the impact of substrate addition
on Ro-RD-monitored dynamics at distal sites. We reasoned that if
we could identify sites distal to the substrate binding site that were
dynamically coupled, we would be able to modify these distal sites
in order to modulate active-site dynamics without perturbing the
ground-state structure of the substrate interface, permitting ex-
amination of the role of long-range dynamically coupled networks
in enzymatic function (see experimental schemes, Figure 1). To
identify such sites in CypA, we first collected R,-RD data on
CypA alone and during isomerization of a peptide substrate
(GSFGPDLRAGD, herein referred to as the FGP peptide). The
R2-RD experiment consists of a series of refocusing pulses with
frequency vepmg; line broadening due to chemical exchange-
induced relaxation (Rex) on the micro- to millisecond timescale is
refocused by these pulses with a signature dependent upon the
rate of exchange (key), the minor state population (Pg), and the
chemical shift difference (Aw) between the states. As shownin Fig-
ure 2A, many residues within the binding site exhibit altered Rgx
values during isomerization relative to apo CypA, as would be ex-
pected due to changes in both the local dynamics and the local
chemical environment. Because the non-coherent nature of
CypA dynamics in both the apo and isomerizing states prevents
simultaneous fitting of multiple residues and because FGP-bound
CypA dynamics are potentially influenced by both catalysis and
the binding/release cycle (Holliday et al., 2015a), we hesitate to
directly interpret these Rox changes mechanistically. However,
compared with the large number of residues with altered Rex
proximal to the substrate, we detect an increase in Rey for only
two residues distal to the active site, Val29 and Val6 (Figure 2A).
These putative hotspots are thus utilized within this study to
map mechanisms of allosteric coupling and to determine their
influence on dynamics in regulating CypA function.

Focusing first on Val29, which is >15 A from the substrate and
exhibits the larger Rox change of the two distal hotspots, we
observed a dramatic increase in Rgx upon addition of the FGP
substrate, corresponding to an increased population of a minor
conformer (discussed further below) and indicating a link to
active-site dynamics. We likewise mutated several residues

Structure 25, 276-286, February 7, 2017 277

CellPress




A 30 r r r r

20 -
o | . = Val29
g)/x 10 . . I = ) Valé
o’ O} el s e - oo
g .

-10}F = =

=20+ I T I

0 5 10 15 20 25
Minimum distance to substrate (A)

Val29

within the active site which are involved in direct substrate inter-
actions (R55 and F113) or substrate gatekeeping (K82) and have
been previously demonstrated to participate in active-site dy-
namic interactions (Davis et al., 2010; Eisenmesser et al., 2005;
Fraser et al., 2009); in addition, we introduced mutations to
C52, which interacts with and we predicted would affect the dy-
namic active-site loop comprising residues 165-175. For each of
these mutations, we observed an altered Val29 R,-RD signature
(Figures 2B and 2C), further illustrating an allosteric link to the
active site in both the isomerizing and apo forms of CypA. As a
comparison, Val20, which is representative of the majority of
distal residues unaffected by changes in active-site dynamics,
exhibits no increase in Rex in response to either substrate addi-
tion or active-site mutation. Our identification of Val29 here as
a hotspot has recently prompted us to examine this residue by
standard MD simulations and functional studies, which revealed
that the conformational distributions within the active site are
altered upon introducing a single mutation to Val29 (V29L) with
a slower rate of catalytic turnover monitored experimentally
(Doshi et al., 2016). However, the underlying communication
network mediating this allostery remained unclear. The use of
Ro-RD along with active-site perturbations via either substrate
binding or active-site mutations have thus identified residues
distal to the CypA active site, which represents the first step in
our RASSMM approach (Figure 1).

Single-Site Multiple Mutations to a Hotspot Residue
Identifies Pathways of Dynamic Allostery

To determine the pathway(s) by which the Val29 hotspot alloste-
rically communicates with the active site, we utilized the
RASSMM strategy of generating multiple mutations to a single
hotspot in order to discern the networks through which dynamic
allostery is propagated (Figure 1). We expected that residues
communicating along a non-coherent network would nonethe-
less exhibit similar responses to a given mutation.

We mutated Val29 to numerous charged, polar, and hydro-
phobic residues and found that only three other amino acids
that were tolerated at this site, CypAY2%A, CypAY?°T, and
CypAV2° with all other mutants tested yielding insoluble pro-
teins. CypAV2%*, CypAV2®T, and CypAY?°“, however, are stable,
with no global perturbations to the overall structure of the
enzyme (Figure S1). As shown in Figures 3 and S2, these muta-
tions alter micro- to millisecond dynamics for nearly every resi-
due that exhibits chemical exchange in the enzyme, consistent
with the involvement of Val29 in dynamic allostery within CypA.
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Figure 2. Localized Dynamics Are Allosterically Coupled

throughout CypA

(A) Rex changes measured at 900 MHz upon FGP substrate binding for all
residues for which data is available in both the free and bound states, plotted
as a function of the minimum distance between a given residue’s amide ni-
trogen and any heavy atom in FGP in a previously generated MD ensemble
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(Camilloni et al., 2014). Rex values shown are the fit values to the Carver-Ri-
chards equations for the slowest refocusing frequency (33 s~ ). Bars represent
error propagation of SDs of the residuals of R,-RD data to the Carver-Richards
fit calculated for each residue individually. See Figure S2 for Rex values of
CypAWT in the apo and bound state on a per-residue basis. A representative
CypA structure is shown below with the FGP peptide (black) and the iso-
merized proline (magenta). Residues exhibiting Rex changes of greater than
2 s~ ' upon FGP substrate binding are shown as gray spheres.

(B) CypA structure bound to FGP with mutated residues in green.

(C) Ro-RD data (dots) collected at 900 MHz for CypA"" (black, solid lines),
CypA mutants (red or blue), and CypA™T in the presence of a saturating
concentration (6 mM) of FGP (black, dotted line), as measured for the amide
nitrogen of Val29 or Val20. Lines are determined from single residue fitting to
the Carver-Richards equation (Carver and Richards, 1972).
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Figure 3. Multiple Mutations of the CypA Val29 Hotspot Monitored via R>-RD Identify Allosterically Coupled Dynamic Networks

Ro-RD data collected at 900 MHz (dots) and individual fits (lines) for CypA™™ (black), CypA'2°T (green), CypA'2* (blue), and CypA“2°" (red). Two response
patterns, labeled response 1 and response 2, were identified based on distinct patterns of Rex responses among the three mutants: response 1 residues exhibit
near equal and elevated responses in CypAY2°T and CypAY2°", with little effect in CypAY2%A. Response 2 residues exhibit modest increases in Rex in CypAY2** and
CypAY?°T with a much larger increase in CypAV2°". Two representative residues are shown for each of the two response patterns. All residues exhibiting response
1 (magenta spheres) and response 2 (cyan spheres) are plotted onto the CypA structure. Arrows represent putative communication pathways through which
mutation to Val29 affects the active site. Only residues for which data were available for CypA"" and all mutants are included. See Figure S1 for the impact of
mutation on CypA chemical shifts and Figure S2 for the impact of mutation on Re, values and 5N chemical shifts for all residues within response 1 and response 2.

Furthermore, the pattern of change in Re falls into two distinct
groupings: one for which the alanine mutation has no effect,
but CypAY2°T and CypAY2®“ exhibit comparable increases in
Rex over CypA™T (Figures 3 and S2, response 1), and a second
group for which CypAY?°* and CypAY2°T exhibit comparable
small increases in Rex over CypAYT, while CypAY?°- induces a
much larger increase over CypA"" (Figure 3 and S2, response
2). Strikingly, the patterns are sharply delineated within the
CypA structure, as exemplified by the distinct patterns exhibited
by adjacent residues Phe112 and Phe113 within the active site.
By mapping residues exhibiting each response pattern onto the
CypA structure (Figure 3), two clear groupings emerge that
correspond to distinct networks of communication. In contrast
to the clearly delineated responses observed by R,-RD, we
observe minimal changes in '®N chemical shifts for most of the
residues within the two pathways and no clear response pattern
among the Val29 mutants (Figure S2), highlighting the improved
sensitivity of our approach.

Changes in Rex, due to mutation or substrate binding, can in
principle result from the alteration of any of three different prop-
erties of the exchange: Aw, the chemical shift difference be-
tween states; kex, the exchange rate constant; and Pg, the minor
state population occupancies. For residues that may be sam-
pling more than two states, the specific dependence of Ry is
more complex, but remains affected by the equivalent parame-
ters. Because of the non-coherent nature of the exchange of
CypA, determination of the specific property or properties
affected at a given site is not generally possible. However, given
the conserved response of Rey across residues within responses
1 and 2 in Figure 3, we can eliminate Aw and kex changes as

being the predominant parameter altered across the responses.
Specifically, Rex increases with an increase in Aw, and so to
observe the response-wide increases in Rex shown in Figure 3,
Aw would have to increase for all residues in the response, which
is highly unlikely given the overall conservation of the major state
(Figure S1). Likewise, Rex is maximal when kex and Aw are equal
(Millet et al., 2000), such that across a given non-coherent
response, residues exist with kex < Aw and ke > Aw and a
response-wide increase or decrease in keyx would result in dispa-
rate impacts on Rex across a response. Thus, given the uniform
response signature across each response in Figure 3, we inter-
pret the Rex increases as being predominantly mediated by
increasing minor state occupancy across the responses, with
additional relatively minor and residue-specific impacts from
alterations to key Or Aw.

Multiple Mutations to a Second Hotspot Identifies
Consistent Allosteric Networks

In addition to Val29, Val6 was also identified as the second distal
hotspot (Figure 2A) that exhibits increased chemical exchange
upon addition of substrate (Figure 4A), thereby providing an addi-
tional residue to probe the allosteric connection to the active site
within CypA. Unlike Val29, no observed changes appear in the
Ro-RD profiles of Valé upon mutation to active-site residues in
the apo form, suggesting that the allosteric link to the active site
in CypA™"T exists only in the presence of the FGP substrate. None-
theless, we applied our single-site multiple mutation approach in
accord with RASSMM to this second hotspot to determine if net-
works connecting this site to the active site could be identified. As
with Val29, only structurally conservative mutations were tolerated
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(A) Ro-RD data collected for CypA"'" alone (solid
line) or in the presence of 6 MM FGP (dashed line),
measured at the amide nitrogen of Val6.

(B) Representative R,-RD data for CypA™T (black),
CypAYe- (green), CypA'®T (blue), and CypA"®S
(red), plotted as in Figure 3. Residues for which
dynamics are altered (cyan) or not altered
(magenta) in the V6 mutants are shown with their
side chains as spheres. See Figure S3 for com-
plete Rex values among residues responsive and
non-responsive to mutation at Val6. Only residues
for which data were available for CypA™" and all
mutants are included.
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for Val6 (CypAVA, CypAY®, CypAYeS, CypAY®T, and CypA'®H), and
those with significant impacts on isomerization, CypAVSS,
CypAY®", and CypA'®" (see Table 1) were utilized for dynamic
studies. Mutations to Val6 do not lead to clearly delineated R sig-
natures as are seen for Val29 in Figure 3, preventing us from iden-
tifying the specific pathways by which Valé communicates with the
active site. The structural basis for this discrepancy remains un-
clear, but may result from Val6 mutations impinging upon the
active site through multiple interacting pathways that interfere
with one another in unpredictable ways. Nonetheless, by identi-
fying those residues for which one or more mutations at Val6 alters
Rex-monitored dynamics we converge on a comparable group of
residues as are identified in response 2, providing support for the
distinct dynamic networks identified in Figure 3.

In addition, through combined mutation of Val6 and Val29, we
found that the influences of the two mutated hotspots interfere
both constructively and destructively, such that the Val6 muta-
tion can complement or short-circuit the influence of Val29 in
different regions of the active site (Figure S3). These findings
highlight the potential to engineer specific dynamic motions
within an enzyme active site by modulating allosterically,
coupled dynamic networks at distant sites with functional conse-
quences, as described below.

Tuning CypA Catalytic Function through Dynamic
Networks

The distinct advantage of altering active-site dynamics through
distal hotspots is that the impact of dynamics on function can
be assessed without directly disturbing the enzyme/substrate
interface. Specifically, we monitored the functional effects of
perturbing active-site dynamics by assaying CypA"" and each
of the distal hotspot mutants for both binding and isomerization
activity toward multiple substrates.
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Binding was assayed via titration of
the FGP substrate into '°N-labeled
CypA and mutants, which provides an
apparent dissociation constant (Kp-app)
that includes contributions from binding
to both the trans and cis isoforms of the
substrate (Holliday et al., 2015b). Single
mutation of CypA hotspots induced
small, but significant, changes in binding affinity for FGP,
inducing up to a 50% change in Kp_spp compared with CypAWT
(Table 1). The apparent binding affinity of CypA"T and Val29 mu-
tants toward FGP were additionally measured via isothermal
titration calorimetry (ITC). When utilizing ITC, we systematically
measured binding affinities (Kp_app-irc) of about 2-fold weaker
than by NMR titration, likely due the two-species nature of the
substrate and the different physical parameters being measured
(i.e., the heat given off by the bulk combination of cis and trans
isoform binding as measured by ITC does not directly corre-
spond to the fraction of bound CypA as measured by NMR).
Nonetheless, Kp_app-itc Values indicate a similar relative change
in affinity for the substrate as when measured by NMR titration
(Table S1 and Figure S4).

CypA-mediated isomerization was monitored by ZZ exchange
as described previously (Farrow et al., 1994; Holliday et al.,
2015b). In brief, ZZ exchange spectra were collected for
®N-labeled FGP upon addition of catalytic concentrations of
unlabeled enzyme. This experiment provides an observed isom-
erization rate, kiso, Where Kiso = Kejs - trans + Kirans —cis- Single
mutation of CypA hotspots caused a 35% decrease to 20% in-
crease in isomerization (Figure 5A and Table 1), demonstrating
a role for active-site dynamics in modulating CypA catalysis.
Notably, the double mutants CypAY6™V2%- and CypAV6TV2T
exhibit combinatorial effects on isomerization rates, highlighting
the promise of rationally engineering enzyme function through
combinations of mutants that alter active-site dynamics through
allosteric communication.

To determine the degree to which the observed functional
effects are substrate specific, we identified another peptide sub-
strate with little sequence similarity to the FGP peptide, the hem-
agglutinin (HA) tag sequence YPTDVPDYA, originally identified in
influenza HA (Green et al., 1982). Although previous work has

1,000



Table 1. Impact of Active-Site Distal Mutations on FGP Binding
Affinity and Isomerization Rates

Enzyme Ko-app (1M)° kiso (5 1)
WT 76 + 3° 10.4 = 0.3°
V29A 57 +2 8.9+0.2
V29T 73+3 123 +1.1
V29L 38 + 2° 6.9 +0.3
V6A 82+5 10.1 £ 0.2
Vel 86 +4 10.2 £ 0.1
V6S 65+ 3 8.9+0.2
VeT 48 + 2 9.1+0.1
VeL 69 + 3 9.4 + 0.1
V6TV29L 37+3 6.1 +0.2

See Table S1 for select ITC binding data and Figure S4 for representative
titration spectra, fitted titration data, raw ITC data, and fitted ITC data.
WT, wild-type.

See Figure S3 and Table S1 for equivalent binding and catalytic data with
the hemagglutinin peptide.

Errors in Kp.app are in fits to a single experiment.

PErrors in kiso are SDs of two or more independent experiments.
°Published previously by Doshi et al. (2016) and Holliday et al. (2015b).

shown that host CypA acts as a restriction factor for influenza
infection through interactions with the viral M1 protein (Liu et al.,
2009), our discovery here, which has detailed one of the highest
CypA affinity interactions for a substrate, reveals another potential
role of CypA in influenza infection that may warrant future studies
(Figure S5). Since Pro2 of the HA peptide is not isomerized by
CypA, we generated a P2A mutant (HA?%) which exhibits compa-
rable affinity with CypA as the standard HA peptide, yet simplifies
the spectrum sufficiently to allow collection of Pro6 isomerization
data (Figure S5). As shown in Table S2, Kp_p, and kiso are
affected in a generally similar manner by CypA hotspot mutations
for the HAP?A substrate as for the FGP substrate, indicating that
the CypA mutations influence enzyme function generally, and
not in a manner limited to a single substrate. However, some vari-
ation does exist between the functional effects on each substrate,
most notably in the catalytic activity of CypAY2°T, which increases
kiso for the FGP substrate, but decreases it for the HAP?* sub-
strate, and in the minimal impact of the V6T mutations on the
binding affinity toward the HAP?* substrate. This variability indi-
cates that, while altering conformational sampling does influence
enzymatic function in CypA toward multiple substrates, the
specific outcomes are somewhat substrate specific, likely due
to differences in the substrate/active-site interactions within
each enzyme/substrate complex. While previous correlative mea-
sures have hinted at a role for micro- to millisecond dynamics in
the catalytic cycle of CypA (Eisenmesser et al., 2005; Fraser
et al., 2009; Holliday et al., 2015a), here we have shown a direct
connection between the dynamic networks of CypA identified
via our RASSMM approach and catalysis of multiple substrates.

Distal Hotspot Mutants Impact Conformational

Selection in CypA

Although the RASSMM approach allowed us to identify dynamic
networks within CypA and alter CypA catalytic function via mu-

tations to key hotspots, the underlying mechanism modulated
by these mutations remained unknown. The minimal catalytic
cycle of PPlases consists of six microscopic rate constants
defining the on and off rates for each isomer, as well as the
two rate constants defining the on-enzyme interconversion (Fig-
ure S6). Lineshape analysis has provided a powerful means to
elucidate these rate constants, which are not readily accessible
by classic enzymatic assays (De et al., 2012; Greenwood et al.,
2011; Holliday et al., 2015a; Kern et al., 1995). Thus, to determine
the specific impact that perturbations to the dynamic networks
of CypA have on the catalytic cycle, we collected high-resolution
SN-heteronuclear single quantum coherence (HSQC) spectra of
N-FGP in solution with varying concentrations of CypA™T or
mutants (representative example shown in Figure 5B).

An examination of the microscopic rate constants that define
the full catalytic cycle mediated by CypA reveals that on-enzyme
isomerization rates remain relatively unaffected when the
hotspots are mutated (Figure S6). In contrast, as shown in Fig-
ure 5C, lineshape analysis demonstrates that both CypAY2?T
and CypAV2°" exhibit an increase in the trans peptide on rate
and that CypAY2°A, CypAV?®T, and CypAY?°" exhibit an increase
in cis peptide on rate.

These increases in on rates monitored through lineshape anal-
ysis qualitatively parallel the observed increases in Rey, which
predominantly report on the sampled minor conformations, as
described previously (Figures 3, 5D, and S2). Residues within
the dynamic network defined by response 1 mirror the changes
for Kon-trans @nd residues within the dynamic network of response
2 mirror the changes for kon-cis. Consistent with this finding, in
chemical shift-restrained MD simulations of the CypA:FGP com-
plex (Camilloni et al., 2014), both protein and peptide root-mean-
square deviations indicate isomer-specific, localized constraints
in mobility. Specifically, the N terminus of the peptide, which in-
teracts predominantly with residues in response 2, is more con-
strained for the cis peptide, while the C terminus, which interacts
predominantly with residues in response 1, is more constrained
for the trans peptide (Figure S7). Mutations that differentially
affect conformational sampling with responses 1 and 2 would
thus be expected to differentially affect binding to the cis and
trans substrate isoforms.

These findings suggest that mutation of the CypA hotspots
has altered catalytic function via shifting the inherent conforma-
tional sampling of the CypA active site. Lineshape analysis indi-
cates that the V29L mutation additionally imparts a decrease in
the cis peptide off rate alone both alone and in the context of
the V6T mutation (Figure S6), implicating conformational fluctu-
ations as potentially relevant to substrate release in CypA as
well as in substrate binding. Collectively, these data reveal that
modulations imparted by mutations to active-site distal hotspots
within CypA serve to fine-tune active-site dynamics to regulate
substrate binding and release.

Chemical-Shift-Restrained MD Ensembles Identify
Coupling to CypA Dynamic Networks

Given the surprisingly distinct networks identified via conserva-
tive mutation to Val29 (Figure 3), we sought an atomistic view
to further understand how Val29 is coupled to each of these net-
works. We have previously demonstrated that chemical shifts
can be utilized as replica-averaged structural restraints that
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Figure 5. Engineering CypA Function
through Shifting Conformational Sampling
in the Active Site

(A) Isomerization rate, ks, monitored for CypA"T;
single mutants CypA"®", CypA"?°", and CypAY?°T;
and double mutants CypAY6™V2%" and CypAVETV29T,
Dots represent independent experiments with lines
at the mean value. By two-sided t test, *p < 0.05
compared with CypAVT, #p < 0.05 compared with
Cyp AV29L (Cyp AVGTVZQL), or Cyp AVET (Cyp AveTvng)_
kiso Values for CypA"T and CypA"?°" have been
published previously (Doshi et al., 2016; Holliday
et al., 2015b). See Figure S3 for the dynamic im-
pacts of CypAVeTV29L,

(B) Representative lineshape data that are slices
extracted from high-resolution ">N-HSQC spectra
(black dots) and fits (red lines) for the cis and trans
isoforms of residues Asp6 and Leu7 of '°N-FGP
with CypAY2°L, For clarity, data are only plotted for
1 mM "®N-FGP and 5, 10, 20, 50, and 100 uM un-
labeled CypAV2°- (top to bottom for each isoform of
each residue). Peak-splitting results in four peaks
per residue per isoform as described in Experi-
mental Procedures. For visualization purposes, cis
peaks intensities are magnified 5-fold compared
with trans peaks. See Figure S6 for full lineshape
fitting results.

(C) On rates for the cis and trans peptide isoforms
as determined by lineshape analysis for CypA™"
and Val29 mutants. Error bars represent SEs, by
two-sided t test, *p < 0.05 compared with CypA™T.
(D) Examples of residues exhibiting response 1
(left) and response 2 (right) to Val29 mutants,
plotted as in Figure 3. See Figure S4 for represen-
tative ZZ exchange spectra and fitted data and
Figure S7 for isomer specific root-mean-square
deviation comparisons from MD ensembles.

method also accurately recapitulates
observed flexibility in CypA, as shown in
Figure S7. Thus, here we utilized chemi-
cal-shift restrained MD ensembles to
determine the interactions through which
Val29 is linked to the dynamic networks
of CypA.

First, we determined whether the chem-
ical-shift-restrained MD simulations quali-
tatively corroborated the existence of
chemical exchange measured by Val29
(Figure 2A). Specifically, we back-calcu-
lated the chemical shifts of the Val29
amide nitrogen in free CypA by applying
the SPARTA+ (Shen and Bax, 2010)
method of empirical chemical shift pre-
diction to every structure within the
ensemble. As shown in Figure 6A, we
were clearly able to identify two distinct
chemical environments experienced by

can accurately recapitulate the free-energy landscape of a dy- the Val29 amide that correspond to rotation of its side chain

namic protein (Camilloni et al., 2012) and we have previously about the % angle.

applied this approach to CypA as a means to probe the catalytic Second, we identified how this rotation of Val29 is coupled
mechanism (Camilloni et al., 2014). Moreover, this ensemble to conformational changes in adjacent residues that link Val29
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Figure 6. Mapping Dynamic Interactions through Chemical-Shift Restrained MD Ensembles
(A) Top, Val29 samples two rotameric states. Bottom, the predicted chemical shift of the Val29 amide nitrogen over all structures (black), structures corresponding

to Val29 4 state 1 (blue), and structures corresponding to Val29 y4 state 2 (red).

(B) Maximum squared correlation coefficient for Val29 4, Cy4 PC1, or Cy, PC1 compared with the PC1 values for all other heavy atoms in CypA. Highlighted

peaks (gray) correspond to residues that are partially coupled to Val29.

(C) The Val29 y, angle is plotted against the PC1 value of representative atoms within the two coupled clusters. Means are shown as solid lines (black), with
structures grouped and colored based on k-means clustering of the Val29 y; angle. Representative structures from each cluster are shown next to each cor-
relation graph and colored based on the cluster in which they fall. See Figure S7 for a comparison of experimental and MD simulated global dynamics.

to the larger dynamic networks. To identify correlations between
the spatial localization of different residues within CypA over the
ensemble, we mapped the 3xN position matrix (i.e., x, y, and z
positions for all N ensemble structures) of each atom to a single
normalized spatial variable (1xN vector) using principle compo-
nent analysis (described further in Supplemental Experimental
Procedures). This single spatial variable, the first principle
component (PC1), compresses the data along the axis of
maximum spatial variance and thus provides a single variable
that can then be straightforwardly compared between any two
atoms by linear least-squares analysis. PC1 values can likewise
be directly compared with dihedral angles, allowing identification
of correlations between side-chain rotameric states and atomic
localizations between residues. We applied this analysis to Val29
and identified direct conformational coupling of Val29 to other
residues in the protein (Figure 6B). Two distinct clusters, distant
in sequence yet proximal in tertiary structure, comprising residue
129 and residues 85-87, exhibit elevated r® values when calcu-
lated against Val29, indicating a direct conformation coupling
between each cluster and Val29 (Figure 6C). As shown in Fig-
ure 6C, both Phe129 and Asp85 sample a continuum of states
in the MD simulations, suggestive of conformational coupling be-
tween micro- to millisecond timescale motions of Val29 and
faster motions than those monitored by R,-RD at Phe129 and
Asp85; correspondingly, we observe minimal exchange-induced
relaxation in CypA™T or mutants directly at these sites.

Phe129 is located between Val29 and those residues identi-
fied in response 1, and the 85-87 loop is located between
Val29 and those residues identified in response 2, prompting
us to hypothesize that Phe129 and the 85-87 loop link Val29 to
the networks corresponding to responses 1 and 2, respectively.
To test this hypothesis, we generated a mutation to Asp85
(CypAPE™N) which dramatically affects many residues within
response 2, while minimally affecting residues within response
1 (Figures 7 and S2).

DISCUSSION

Despite the inherently complex, multidimensional nature of con-
formational dynamics in propagating allosteric communication
and regulating enzyme function, a comprehensive understand-
ing of these processes is necessary to rationally target distal
sites pharmacologically or to engineer enzyme dynamics to
modulate function. Segmental dynamic systems, such as
CypA, provide particular challenges compared with globally
coherent motions, namely that a full description of the dynamic
landscape of these systems must include mechanisms of inter-
communication between these distinct segmental processes.
Here, we have developed a straightforward methodology of uti-
lizing NMR relaxation, specifically Ro-RD, with perturbations to
the active site to identify hotspots within an enzyme and then uti-
lized this information to create single-site multiple mutations that
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have revealed the dynamically coupled networks. This approach
could readily be extended to other timescales for which changes
in any dynamic parameter can be measured in response to
hotspot mutations. This includes a relatively broad range of
timescales, such as fast microsecond motions monitored by
R4, dispersions (Loria et al., 2008), micro- to millisecond motions
monitored here using R.-RD, or slower millisecond motions that
can be monitored by chemical exchange saturation transfer ex-
periments (Vallurupalli et al., 2012).

The RASSMM approach has allowed us to alter the conforma-
tional sampling of the CypA active site independent of changes
to the ground-state substrate binding site in order to modulate
catalysis. We contrast this approach with the findings of Fraser
et al. (2009), in which the CypAS®®T mutant was utilized to invert
the population occupancy of many substrate-interacting resi-
dues, including Phe113, inducing a severe reduction in substrate
isomerization. While the studies outlined by Fraser et al. (2009)
were instrumental in identifying the conformational states
sampled within the active site and in demonstrating the role of
side-chain rotations in mediating dynamics in CypA, this partic-
ular mutation dramatically alters the ground-state active-site
structure, precluding deconvolution of steric and dynamic ef-
fects in modulating substrate interactions.

We have used our approach to additionally identify multiple
dynamic pathways that underlie allosteric communication in
CypA (Figure 3). Notably, this inter-residue communication oc-
curs between residues mobile on different timescales (Fig-
ure 2C). Furthermore, analysis of chemical-shift-restrained MD
ensembles indicates communication between residues that
occupy two distinct states (Figure 6C, Val29) and those that
occupy a continuum of states (Figure 6C, Phe129 and Asp85),
demonstrating a representative mechanism to propagate allo-
steric information between non-coherent residues. Given the
complex responses due to crosstalk among multiple interacting
pathways (Figure S3), communication across timescales, and
the challenges in monitoring dynamics in the substrate-bound
state that we have recently reported (Holliday et al., 2015a),
the RASSMM approach nonetheless allows identification of ther-
modynamically coupled networks in a non-coherent system.

The functional changes associated with the mutations charac-
terized in this study (Figure 5, Tables 1 and S1) demonstrate a
link between conformational sampling within the CypA active
site and progression through the enzymatic cycle, thereby
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defining a mechanism by which dynamic

allostery modulates substrate binding/

release. Although significant hurdles re-
main before precise predictions of macromolecular dynamics
and the impact of a given mutation match those now achieved
for structural predictions (Das and Baker, 2008), our studies indi-
cate that enzyme dynamics act to fine-tune the catalytic function
of CypA. Such findings have powerful implications for under-
standing the role of dynamics in enzyme function, and particu-
larly for future enzyme engineering efforts.

EXPERIMENTAL PROCEDURES

NMR Relaxation Experiments

SN-transverse relaxation optimized spectroscopy R.-RD experiments were
collected on a Varian 900 MHz spectrometer with a cryogenically cooled
probe and on a Varian 600 MHz spectrometer using a constant relaxation
time of 60 ms and v¢pmg Of 33.3, 100, 200, 300, 400, 533.3, 666.7, 800,
900, and 1,000 s~". All R,-RD data were collected on ?H'®N-labeled protein
samples. Data were collected at 10°C using 1 mM protein for apo samples
or 0.5 mM protein with 6 mM peptide for substrate-bound samples. Data
were least-squares fit to the Carver-Richards equation (Carver and Ri-
chards, 1972) using data collected at both 900 and 600 MHz as described
previously (Schlegel et al., 2009). Inherent in the application of the Carver-
Richards equation is the assumption that the data are reporting on two-
state conformational exchange. Given the localized nature of dynamics
within CypA, we were unable to simultaneously fit groups of residues, pre-
venting accurate determination of the exchange parameters available in a
more coherent system. Given these limitations, the Carver-Richards equa-
tions have been applied only as a means to provide a fit line for the reader
to more readily identify changes in Rex, With interpretation limited to quali-
tative comparison of Rex values. All NMR data were processed using
NMRPipe (Delaglio et al., 1995) and analyzed using CCPNmr Analysis
(Vranken et al., 2005).

Measuring Binding Affinity

Binding affinity was measured via collection of ">N-HSQC spectra of '*N-CypA
upon serial addition of unlabeled FGP, as described previously (Holliday et al.,
2015b). Spectra were collected on a Varian 900 MHz spectrometer upon addi-
tion of 0, 0.1, 0.2, 0.5, 1, and 2 mM unlabeled peptide to 0.5 mM "®N-CypA. For
all non-overlapping residues, data were first fit individually to the steady-state
equilibrium binding equation; data were then fit simultaneously for affected
residues exhibiting fast exchange (identified by an individual fit with r> >
0.99, between 46 and 50 residues per titration experiment). "®N and "H chem-
ical shifts were treated independently in this analysis. Binding affinity was
measured for FGP, HA, and HAP?A via ITC. HA and HAP?? ITC data were
collected using 0.5 mM protein and titrating in up to a 1:2 molar ratio of
each peptide on a MicroCal iTC200 and processed using MicroCal ITC-
ORIGIN. FGP ITC data were collected with 0.5 mM protein and titration up
to a 1:5 molar ratio on a TA Nano ITC and processed with NanoAnalyze. All
data were collected at 10°C.



Measuring Isomerization
Isomerization was measured for FGP via ZZ exchange using 1 mM "®N-labeled
peptide with 20 pM protein and fit as described previously (Holliday et al.,
2015b). Data were collected with mixing times of 0.036, 0.072, 0.144, 0.24,
0.3, 0.36, 0.54, 0.72, 0.9, 1.08, and 1.2 s. The intensity of the cis peaks, trans
peaks, and cross peaks of peptide residues Asp6 and Leu7 (one cross peak of
Aspb is overlapped with another residue and so was excluded) were simulta-
neously fit the equation described by Farrow et al. (1994) to determine the
effective isomerization rate kiso, Where Kiso = Keis —trans + Ktrans—cis- At least
two independent experiments, comprising data collected on different samples
generated from different protein purifications, were performed for each mutant
to ensure reproducibility. For HAP?A, data were collected on samples with
1 mM "®N-labeled HAP?A and 50 1M protein, and fits were performed simulta-
neously using residues Tyr3, Val5, and Tyr8. All data were collected at 10°C.
Additional Experimental Procedures are detailed in Supplemental Experi-
mental Procedures, including detailed descriptions of protein purification, line-
shape analysis, and MD simulations.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.str.2016.12.003.
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