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ABSTRACT: Cyclophilins catalyze cis <> trans isomerization
of peptidyl—prolyl bonds, influencing protein folding along
with a breadth of other biological functions such as signal
transduction. Here, we have determined the microscopic rate
constants defining the full enzymatic cycle for three human
cyclophilins and a more distantly related thermophilic bacterial
cyclophilin when catalyzing interconversion of a biologically
representative peptide substrate. The cyclophilins studied here
exhibit variability in on-enzyme interconversion as well as an
up to 2-fold range in rates of substrate binding and release.
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However, among the human cyclophilins, the microscopic rate constants appear to have been tuned to maintain remarkably
similar isomerization rates without a concurrent conservation of apparent binding affinities. While the structures and active site
compositions of the human cyclophilins studied here are highly conserved, we find that the enzymes exhibit significant variability
in microsecond to millisecond time scale mobility, suggesting a role for the inherent conformational fluctuations that exist within
the cyclophilin family as being functionally relevant in regulating substrate interactions. We have additionally modeled the
relaxation dispersion profile given by the commonly employed Carr—Purcell—-Meiboom—Gill relaxation dispersion (CPMG-RD)
experiment when applied to a reversible enzymatic system such as cyclophilin isomerization and identified a significant limitation
in the applicability of this approach for monitoring on-enzyme turnover. Specifically, we show both computationally and
experimentally that the CPMG-RD experiment is sensitive to noncatalyzed substrate binding and release in reversible systems
even at saturating substrate concentrations unless the on-enzyme interconversion rate is much faster than the substrate release

rate.

he cyclophilins are a ubiquitously expressed family of

peptidyl-prolyl isomerases (PPlases) found in all families
of life and often existing in multiple isoforms, including 17 in
humans.' ™ Among the human cyclophilins, the most abundant
and well-characterized is the prototypical Cyclophilin A
(CypA). Within the cell, CypA is predominantly localized to
the cytoplasm,” but is also secreted under certain contexts.’
Alternatively, two of the other human cyclophilins, Cyclophilin
B (CypB) and Cyclophilin C (CypC), contain signal peptides
that localize them to the endoplasmic reticulum,” while CypB
has also been identified extracellularly.’ In addition to their
originally identified biological roles as chaperones that aid in
folding, cyclophilins also function in signal transduction
pathways.”® Human cyclophilins have also been implicated in
viral infectivity, including HIV and hepatitis,”'® and can
contribute to the progression of multiple inflammatory diseases
and cancers.”"’

With the exception of proline, the N-terminal peptide bonds
of the other 19 common amino acids exist almost exclusively in
the trans population in both unstructured peptides and in the
context of proteins. However, X-Pro peptide bonds in free
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peptides, where X is any other amino acid, adopt the cis
conformation ~5—40% of the time, depending predominantly
on the identity of X. In the context of a folded protein, X-P
bonds adopt the cis conformation ~3—10% of the time and are
generally locked into a single conformation in the context of a
given protein structure.'”” The inherent isomerization of the
peptidyl—prolyl bond occurs with a rate constant on the order
of 107 s, while cyclophilins and other PPlases increase the
rate of isomerization by ~5 orders of magnitude, facilitating
proper protein folding and other isomer specific out-
comes. >~

Despite the diversity in cellular localization and biological
roles of cyclophilins, few studies have directly compared
enzymatic function across multiple members of the family or
the degree to which the enzymatic cycles are conserved among
them. Multiple human cyclophilins have been previously
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compared with respect to their binding affinity for the cyclic
peptide inhibitor cyclosporine A (CsA) and qualitatively
compared with respect to their catalytic activity toward a
weakly binding model tetrapeptide substrate.” However, we
sought here to characterize the full enzymatic cycle among
multiple cyclophilins as they catalyze a biologically representa-
tive peptide substrate. Because prolyl cis <> trans interconver-
sion is a reversible process and both isoforms are significantly
populated at equilibrium, direct determination of the micro-
scopic rate constants via measurement of substrate depletion or
product formation is not possible. Measurement of the
unidirectional cis-to-trans interconversion of isomerases can
be achieved through a chymotrypsin-coupled assay, although
this approach has significant limitations that have been
previously outlined, including severe restrictions on the
substrate, a low si§nal-to-noise ratio, and protease degradation
of the enzyme.'® Alternativelyy, NMR line shape analysis
provides a powerful means of determining microscopic rate
constants on arbitrary substrates at equilibrium. NMR line
shapes are exquisitely sensitive to exchange processes that occur
on the time scale of chemical shift differences (tens to
thousands of Hz); when line shapes are measured at multiple
concentrations of an enzyme and substrate and combined with
additional functional constraints, the microscopic rate constants
defining the catalytic cycle can be determined. Specific to
PPlases, line shape analysis has been previously employed to
characterize the microscopic rate constants defining CypA
catalysis of a non-native modified tetrapeptide'’ and for
another structurally unrelated PPlase, Pinl, to a biologically
relevant peptide substrate.'® Thus, here we have functionally
characterized and applied line shape analysis to three human
cyclophilins, CypA, CypB, and CypC, as well as to a distant
related cyclophilin we have recently characterized that is
encoded by the thermophilic bacterium Geobacillus kaustophilus
(GeoCyp).

An additional tool that has been applied to study microscopic
rate constants in PPlases is the Carr—Purcell-Meiboom—Gill
relaxation dispersion (CPMG-RD) experiment. CPMG-RD
permits quantitative measurement of chemical exchange
phenomena in the ~100—5000 s' range. Two-dimensional
(2D) spectra are collected while a refocusing pulse is varied
between ~50 and 1000 s (Vgpg), allowing, for each gy,
calculation of R, relaxation rates, which comprise an intrinsic
relaxation rate (R,,) and an exchange-induced relaxation rate
(R,)-"”*° The R,, component can be fit to the Carver—
Richards equations to extract kinetic (exchange rate, k),
thermodynamic (population occupancies), and structural
(chemical shift difference, Aw) information about the
exchange.”' Studies of both CypA and Pinl have measured
chemical exchange via CPMG-RD on the enzyme in the
presence of near-saturating concentrations of substrate and
interpreted the motions as being reflective of on-enzyme
turnover.'**>** Here, we identify a significant limitation in this
approach by providing both computational and experimental
evidence indicating that CPMG-RD can be used to measure on-
enzyme catalysis only in systems for which substrate release is
much slower than on-enzyme interconversion.

B MATERIALS AND METHODS

Protein Expression and Purification. CypA, GeoCyp,
and the substrate peptide were purified as previously
described.”* The cyclophilin domain of CypB (residues 39—
216) was purified following a protocol similar to that of CypA.
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Briefly, for CypB, cells were lysed in lysis buffer [SO mM Tris
and 50 mM NaCl (pH 7.0) with 1 mM DTT], purified over an
SP Sepharose exchange column, dialyzed back into the lysis
buffer, and passed through a Q Sepharose column, followed by
size exclusion chromatography in NMR buffer [S0 mM
Na,HPO, (pH 6.5) with 1 mM DTT and 1 mM EDTA].
The cyclophilin domain of CypC (residues 25—212) was
purified following a protocol identical to that of GeoCyp.
Briefly, for CypC, cells were lysed and purified over a nickel
affinity column and the six-His tag was removed with thrombin,
followed by size exclusion chromatography in NMR buffer [SO
mM Na,HPO, (pH 6.5) with 1 mM DTT and 1 mM EDTA].
All deuterated proteins were refolded following the protocol
previously published for CypA and GeoCyp.”* The TA-peptide
substrate was synthetically generated by WuXi AppTec, further
purified via reverse phase high-performance liquid chromatog-
raphy, and resuspended in NMR buffer.

NMR Assignments. Backbone assignments of CypA, CypB,
and GeoCyp in the unbound forms have been previously
published.”>™*" For CypC, isotopically *H-, 3C-, and "N-
labeled protein was purified, followed by collection of N
HSQC, HNCACB, HN(CO)CA, and HN(COCA)CB experi-
ments at 25 °C on an Agilent DD2 800 MHz spectrometer
with a cryogenically cooled probe, allowing near-complete
backbone sequential assignments to be determined (BMRB
25341). For CypC, titrations in temperature and with the
peptide substrate, along with a >N NOESY-HSQC experiment,
allowed assignment of the amide resonances of CypC at 10 °C
in the bound form (BMRB 25339). To determine amide peak
assignments in the bound form for CypA (BMRB 25337),
CypB (BMRB 25338), and GeoCyp (BMRB 25336) at 10 °C,
peaks were followed during titration of the model peptide.
Additionally, HNCACB and CBCA(CO)NH experiments were
collected on "C- and '*N-labeled proteins, using a either a
Varian 600 MHz spectrometer or an Agilent DD2 800 MHz
spectrometer in the presence of saturating concentrations of the
model peptide to resolve assignment of any ambiguous peaks.
Data were processed using NMRPipe”® and analyzed using
CCPNmr.”’

Measuring Isomerization Rates. Catalytic isomerization
rates were measured as previously published.”* Briefly, ZZ-
exchange spectra were collected on 1 mM '*N-labeled peptide
with 20 #M enzyme at multiple mixing times. Peak heights
were fit to the equations described by Farrow et al.” All data
were collected at 10 °C.

Measuring Apparent Binding Affinity. N HSQC
spectra were collected on 0.5 mM "“N-labeled CypA, CypB,
CypC, or GeoCyp in the presence of 0, 0.1, 0.2, 0.5, 1, or 2 mM
unlabeled peptide substrate. Titration data were collected at 10
°C on a Varian 900 MHz spectrometer with a cryogenically
cooled probe and fit as previously described.”*

NMR Relaxation Experiments. SN TROSY CPMG-RD
experiments were conducted with 0.5 mM *H- and "*N-labeled
CypA, CypB, CypC, or GeoCyp with 6 mM peptide substrate,
6 mM TA-peptide substrate, or 0.7 mM CsA. Data were
collected on both a Varian 900 MHz spectrometer with a
cryogenically cooled probe and a Varian 600 MHz
spectrometer. Constant time relaxation periods of 60, 30, 40,
and 70 ms were used for CypA, CypB, CypC, and GeoCyp,
respectively. The R, relaxation rate was calculated by’'
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where T is the constant time relaxation period, I, is the peak
intensity at a given refocusing time 7, and I, is the peak
intensity in the absence of the constant time relaxation period.
Exchange parameters were determined by least-squares fitting
to the Carver—Richards equations, which describe generalized
two-state exchange.”’ R, relaxation was measured using 0.5 mM
5N-labeled protein with mixing times of 10, 30, 50, 70, 90, and
110 ms. All data were collected at 10 °C.

Line Shape Analysis. For a given set of microscopic rate
constants, the equilibrium concentrations of states A—D
(Figure 4a) were determined by solving the set of coupled
equations:

[A] [Efree]kAB - [B]kBA =0
[Blkgc — [Clkcy =0
[B]kCD [ ][Efree]kDC =0
[B] + [C] + [Egee] = [Eioe
[A] + [B] + [C] + [D] = [S,,] ()
_Zﬂi(wA +J)-R kga
- kAB[Efree]
knp Egeo] 2zi(wy + J) — R
- kBA — RBC
K=
0 kpe
0 0

where @ —wp are the chemical shift of states A—D,
respectively, R,y,—R,p are the proton R, relaxation rates of
states A—D, respectively, and [Eg..] is the concentration of
unbound enzyme. ] is the scalar coupling constant, given by

J=*hu * ]HH,, (3d)

where Jyy is the coupling between the amide proton and
nitrogen and Jyy, is the coupling between the amide proton

and the C, proton. The free induction decay (FID) of the
system is given by

FID = V 'Me*V (4a)

where V is the matrix of eigenvectors of K, 4 is the eigenvalues
of K, and M, consists of the equilibrium concentrations of
states A—D determined from eq 2:

M,

(4b)

FID, given in eq 4a, consists of four decaying exponential
vectors describing each of states A—D. The frequency domain
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using the Levenberg—Marquardt algorithm (LMA) for solving
nonlinear least-squares systems, where [S,,] is the total
substrate concentration, [E,,] is the total enzyme concen-
tration, and [Eg,.] is the concentration of unbound enzyme.
The evolution of magnetization M for a given residue is

described by

a _
dt (32)
where M is the magnetization of states A—D:
M,
Mg
M=
M
My (3b)
and K is the evolution matrix:
0 0
kg 0
271.1.(60C + ]) - RZC kDC[Efree]
- kCB - kCD
kep 27”’(CUD +]) - Ryp
- kDC[Efree] (3C)

spectra were generated by taking the real component of the
Fourier transform of the appropriate component (i.e., state A,
free cis, or state D, free trans) of the FID, which were then fit to
line shapes extracted from 2D "N HSQC spectra. Spectra were
generated for the free cis and free trans states of each residue
used for each concentration of protein and peptide. Fits were
performed using LMA, allowing each of the six microscopic rate
constants and the bound chemical shift values to vary, while
fitting to the measured line shapes (recorded at 10 °C on a
Varian 900 MHz spectrometer with a cryogenically cooled
probe), the apparent Kj, (Kp. app), the observed isomerization
rate (k,,), and the chemical shift of each residue when
saturated with each cyclophilin. Proton R, values of the bound
form were directly measured on *H- and *N-labeled CypA in
the free form and found to be ~40 s™;* variation of this value
by +10 s had a minimal effect on the solution for CypA,
indicating an insensitivity of the solution to the particular
bound R, value used (Table S1). R,y and R, were therefore
fixed at 40 s™' for all cyclophilins. At pH 6.5, at which all data
were collected, the rate of amide exchange with solvent in an
unstructured peptide is ~2 s}, much lower than rates
determined via line shape analysis.”> Additionally, because
any exchange with water would be with a noncoherent proton,
the net effect of solvent exchange would be a small increase in
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background R, (eq 3c, diagonal); because R, values are
determined independently for each isoform of each residue, any
variability in solvent accessibility would be accounted for by
variability in these calculated R, values, precluding solvent
exchange from impacting rate the rate constants determined
here. Kp_,,, was calculated by16

1+ K,
K, 1

KD—app - e
Kpis

©)

The isomerization rate (k) given by a single set of
microscopic rate constants was determined by generating
artificial evolution matrices in which magnetization may only
flow from cis to trans or from trans to cis:

Kp-trans

[0 kg 0 0
0 _kBA - kBC kCB 0
Mcis—»tmns =
0 kBC _kCB - kCD kDC[Efree]
_0 0 kCD _kDC[Efree]
(6a)
[ kAB[Efree] kBA 0 0
M _ _kAB[Efree] _kBA - kBC kCB 0
trans—cis
0 kBC _kCB - kCD 0
0 0 kep 0
(6b)

calculation of eigenvalues from these matrices yields two
numbers of large magnitude that describe the rapid
equilibration of the bound forms and a number of small
magnitude, which describes the flux away from the cis or trans
states (i.e, K mans OF Kyansais)- The observed isomerization
rate is then given by

k. =k +k (7)

cis—trans
CPMG-RD Simulations. For each model run, 10° individual
atoms were simulated. Atoms were distributed among the three
states depicted in Figure 4b as given by the equilibrium
concentrations and begun with coherent magnetization.
Magnetization was allowed to evolve over a 20 ms simulation
time, while stochastically transitioning between states as
proscribed by the microscopic rate constants. trans-bound
and cis-bound chemical shifts were arbitrarily set to 0.5 and 1
ppm downfield of the free enzyme chemical shift at 21.1 T,
respectively, for all simulations. Refocusing pulses were applied
with a Vg, of 50—1000 s™! by taking the complex conjugate of
the magnetization. The absolute value of the sum of the
magnetization all atoms after the simulation time yields the
peak intensity, and R, values are calculated as for measured
data, using eq 1, for which I is set to the sum of magnetizations

before evolution.

iso trans— cis

B RESULTS

Functional Characterization of Multiple Members of
the Cyclophilin Family. While the enzymatic activities of
multiple human cyclophilins toward a short tetrapeptide have
been qualitatively compared,” we sought here to quantitatively
compare both binding affinities and catalytic activity toward a
biologically representative substrate that binds tighter to
multiple members of the family than previously used model
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peptide substrates. Specifically, we utilized a previously
characterized and solution resonance-assigned peptide sub-
strate,”" GSFGPDLRAGD, initially derived from a phage
display screen by Piotukh et al,’* which was shown to be
representative of multiple putative cyclophilin targets.”> We
have previously demonstrated that CypA and GeoCyp both
bind to and catalyze isomerization of this peptide.”* Here, we
have also characterized the activities of two additional human
cyclophilins, CypB and CypC, toward this substrate. The
chemical shifts of CypA,”® CypB,”” and GeoCyp’® have been
previously published, but not those for CypC. We therefore
also determined the backbone chemical shift assignments for
CypC (BMRB entry 25341) as described in Materials and
Methods.

The GSFGPDLRAGD peptide substrate exists with Pro S in
both the cis and trans conformations, but titration of the
substrate into any of the cyclophilins studied here results in a
single set of bound peaks (Figure la), indicating that the
enzyme—substrate interaction remains in the fast-exchange
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a3 1221
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Figure 1. Functional characterization of cyclophilins. (a) Titrations of
the peptide substrate into '*N-labeled cyclophilins. "*N HSQC spectra
were collected on 0.5 mM cyclophilin with 0 mM (red), 0.1 mM
(orange), 0.2 mM (green), 0.5 mM (cyan), 1 mM (blue), and 2 mM
(violet) unlabeled peptide substrate. (b) ZZ-exchange spectra for
residue Leu 7, collected with mixing times of 0 ms (black) and 144 ms
(red) on 1 mM "N-labeled peptide with the addition of 20 uM
cyclophilin.
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regime once near-saturating concentrations are reached.
Titration of the substrate allows for the determination of an
apparent dissociation constant (KD_aPp), which is influenced by
binding to both the cis and trans isoforms. As shown in Table 1,
all of the cyclophilins studied here bind to the peptide with
affinities in the micromolar range, with an ~2.5-fold range in

binding affinity among the human cyclophilins.

Table 1. Apparent Binding Affinities and Observed
Isomerization Rates for Multiple Cyclophilins

enzyme Kp.app (M) ki (571
CypA 76 + 3“7 10.0 + 0.5°
CypB 171 5 84 + 04
CypC 146 + 4 9.0 + 0.5
GeoCyp 39 +2° 47 £ 03"

“Errors are in fits to a single experiment. bPreviously published.”*

Because the peptidyl-prolyl isomerization catalyzed by
cyclophilins is a reversible reaction, an isomerization rate of
each enzyme was determined by addition of a low, catalytic
enzyme concentration (20 uM) to 1 mM "“N-labeled peptide
substrate, followed by collection of a ZZ-exchange experiment
as previously described.”* Multiple residues exhibit distinct cis
and trans amide chemical shifts, including two resides (Asp 6
and Leu 7) for which the cis, trans, and cross-peaks are
resolvable (one cross-peak for Asp 6 is overlapped with another
residue peak). The time-dependent disappearance of the cis and
trans peaks and appearance of cross-peaks can be used to
determine an isomerization rate (k,,) between the two free
isoforms under the given conditions.”® k, does not report
directly on the catalytic turnover on the enzyme, which will be
addressed below, but is dependent on both substrate and
enzyme concentrations and is influenced by cis and trans
binding affinities as well as turnover on the enzyme. As shown
in Table 1 and Figure 1b, each of the cyclophilins studied here
catalyzes isomerization of the substrate. Notably, the human
cyclophilins catalyze isomerization with nearly identical ki,
values, despite the much larger variability in substrate affinity,
suggesting that the microscopic rate constants have been

evolutionarily “fine-tuned” to maintain similar isomerization
rates.

Structural and Dynamic Comparison of Multiple
Human Cyclophilins. Previous studies have implicated both
structural and dynamic factors in regulating cyclophilin function
and in explaining functional differences within the family.»***°
Given the variable binding affinities of the three human
cyclophilins for the model peptide and the more similar rates of
turnover, we sought to determine whether the functional
differences were dictated primarily through structure or
dynamics. The structures of each of the three human
cyclophilins have been previously determined by X-ray
crystallography, although only for CypC in the presence of
CsA. As such, we overlaid the structures of CypA, CypB, and
CypC, each determined as bound to CsA. As shown in Figure
2a, despite only modest sequence conservation (64 and 54%
identical to CypA for CypB and CypC, respectively), the
crystallized backbone conformations of the three proteins are
nearly identical (backbone rmsds of 1.40 and 1.06 A with
respect to CypA for CypB and CypC, respectively), with the
only notable variability occurring in the orientation of the
a2—f8 loop. A comparison of the side chains of the highly
conserved active site and “gatekeeper” residues likewise reveals
nearly identical conformations.” While these structures were all
determined in the presence of CsA, the X-ray structure
determined for CypA alone™ reveals minimal perturbations
relative to CypA’s structure when CypA is bound to CsA,
suggesting that the protein ground state is not altered
significantly upon CsA binding (Figure S1).

Given the high degree of structural conservation among these
enzymes, we next measured dynamics over multiple time scales,
as conformational flexibility may have a role in influencing
function. As described previously,”* we have been unable to fit
data collected on CypA to the model-free formalism, possibly
because of the large number of residues exhibiting microsecond
to millisecond motions. We therefore determined N
longitudinal (R,) relaxation rates for each of the three
cyclophilins as reflective of fast time scale motions (Figure
2b). R, rates report on the rigidity of the backbone and are
predominantly reflective of the secondary structure of the

® CypA
e CypB
® CypC

20 40 60 80 100 120 140 160

Residue #

CypA CypB CypC of 5

30},

® CypA
® CypB
@ CypC

10%-
0

20 40 60 80 100 120 140 160

Residue #

Figure 2. Highly conserved structure and fast time scale dynamics among CypA, CypB, and CypC, and variable microsecond time scale exchange.
(a) Overlaid ribbon diagrams of the previously determined crystal structure of CypA (PDB entry 2RMA, white™®), CypB (PDB entry 1CYN, blue’’),
and CypC (PDB entry 2ESL, red, to be published). Side chains of active site and gatekeeper residues are depicted as sticks. (b) '*N R, relaxation

rates, collected at 900 MHz for '*N-labeled CypA, CypB, and CypC. (c) "N Ry, relaxation rates, estimated by CPMG-RD with a v

-1
cpmg ©f 1000 s

collected on “H'*N CypA, CypB, and CypC at 900 MHz. Rates are shifted by up by 15 s™ (CypB) and 30 s (CypA) to facilitate comparison. For
both panels b and ¢, residue numbers are those for CypA, dots represent individual values, and lines represent a five-residue moving average, with

lines plotted only for regions with three or more residues per window.
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protein. Therefore, it is unsurprising that the pattern of R rates
is largely conserved among the three proteins, with the only
major variability being localized to the highly dynamic loop
comprising residues 65—73 (all residue numbering is given for
CypA).

Slower (microsecond to millisecond) time scale motions
have been previously reported as playing a role in the CypA
catalytic cycle and can be measured quantitatively by CPMG-
RD.”>*>** However, we found that CypB weakly self-associates
on the slow microsecond to millisecond time scale, as
demonstrated by a concentration dependence of exchange-
induced relaxation (Figure S2) and as we have previously
reported for GeoCyp.”* We have instead estimated the R,
independent component of R, relaxation (R,,) by measurement
of CPMG-RD with the highest imparted v, of 1000 sl As
shown in Figure 2c¢, the patterns of baseline deviations are
largely similar among the three proteins. Notably, variability
exists in the magnitude of Ry, deviations in both of the two
large active site loops (residues 65—80 and 101—110 for
CypA), with larger values for CypC and reduced values for
CypB, relative to those of CypA. Structural variability in these
regions has been previously suggested to impact substrate
affinity and specificity,” and we have shown for GeoCyp that
specific side chain differences and dynamic alterations in this
region underlie its altered function relative to that of CypA.**

CypA and CypC do not self-associate on the microsecond to
millisecond time scale (Figure S2 and ref 38), so we compared
microsecond to millisecond time scale motions between them
by collecting CPMG-RD data on *H- and "*N-labeled protein.
Both enzymes exhibit mobility in and around the active site on
this time scale; however, the localization and rates of motion
are altered significantly (Figure 3ab). Generally, inherent
measured rates of motions in CypC are increased relative to
CypA and localized predominantly to one side of the protein.
In combination with the highly conserved crystal structure and
the variability in R,, rates, these data suggest that varied
conformational sampling about a highly conserved ground state
underlies the observed functional variability among the human
cyclophilins studied here.

Elucidation of the Complete Catalytic Cycle for
Multiple Cyclophilins Utilizing Line Shape Analysis. To
more thoroughly determine the underlying mechanism of
altered functionality among the cyclophilin family, we decided
to characterize the enzymatic cycle of each of the human
cyclophilins studied here, as well as the distantly related
thermophilic cyclophilin, GeoCyp, using line shape analysis.
The minimal reaction model of cyclophilin isomerization is
depicted in Figure 4a and consists of eight microscopic rate
constants. The uncatalyzed interconversion of the peptide
substrate (described by k,p and kp,) occurs at a rate many
orders of magnitude slower than that of the catalyzed reaction™*
and is therefore irrelevant on the NMR time scales utilized
herein to experimentally determine the rate constants. We have
therefore set this interconversion rate to zero for the remaining
calculations. As demonstrated in previous studies utilizing line
shape analysis,'®"” the information content of the NMR line
shapes alone is generally insufficient to effectively constrain the
parameters given in Figure 4a; therefore, as in previous studies,
we have included additional, independently determined
constraints that are described below and allow for determi-
nation of the microscopic rate constants describing cyclophilin
catalysis.
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Figure 3. Divergent microsecond to millisecond motions in CypA and
CypC. (a) k, values measured for CypA and CypC. Data were
collected at 600 and 900 MHz and fit individually for each residue to
the Carver—Richards equations. Example data (dots) and fits (lines)
are shown for homologous residues Cys 62 and Ile 96 at 600 MHz
(dashed lines) and 900 MHz (solid lines). Residues are included for
which R, is greater than 0.5 s™" and the error in k,, is both less than
50% of k., and less than 2000 s™*. (b) k,, distributions for CypA and
CypC. Smoothed histogram showing the microsecond to millisecond
rate distribution for CypA (black) and CypC (red). For each k,, value,
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Figure 4. Minimal exchange models of cyclophilin catalysis. (a) Four-
state peptide-perspective exchange model. k,p and kp, are many
orders of magnitude slower than the other exchange parameters. (b)
Three-state enzyme-perspective exchange model.
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Figure 5. Extraction and fitting line shape data. (a) High-resolution "N HQSC spectra were collected on '*N-labeled peptide with variable
concentrations of unlabeled cyclophilin without nitrogen decoupling during signal acquisition. Shown here is the peptide in the absence of enzyme.
Peaks corresponding to residues Asp 6 and Leu 7 with Pro S in the cis and trans conformations were extracted using the windows indicated and
summed over nitrogen to yield 1D proton spectra. (b) Line shape fitting for CypA. Fitting was performed as described in Materials and Methods,
with data colored black and best-fit line shapes, determined simultaneously for all peptide and enzyme concentrations, colored red. For the sake of
clarity, 1D spectra are shown only for I mM '*N-labeled peptide with S, 10, 20, 50, and 100 uM CypA (top to bottom for each residue). Because of
the low intensity relative to that of trans peaks, cis peak intensities have been scaled up by a factor of 5 in the bottom graphs for the purpose of

visualization.

Table 2. Best-Fit Solutions of Cyclophilin Microscopic Rate Constants”

CypA
kyp (X10° s M) 32 402
ks (s71) 550 + 160
ke (s71) 1660 + 660
kep (s71) 1070 + 230
kep (s71) 170 + 40
kpe (x10° 58 M) 100 + 0.3
Kp.gs (uM) 17 + 4
Ko trans (M) 170 + S0
bound cis/trans 1.6 + 0.8
Otpansbound D6 (ppm) 8.65 + 0.04
@gisbound D6 (ppm) 843 + 0.03
O pyansbound L7 (ppm) 8.30 + 0.01
@gisbound L7 (ppm) 8.26 + 0.01

“Standard deviation determined from the 20 best fits to the data.

CypB CypC
2.1+ 02 42 + 08
960 + 430 1620 + 820
550 + 290 370 £ 170
320 + 100 210 + SO
200 + 70 260 + 100
49 £ 0.2 79 +£03
40 + 14 32+ 11
460 + 230 400 + 180
21+ 1S5 21+ 14
8.63 + 0.07 8.63 + 0.06
9.76 + 0.96 8.20 + 1.0S
8.38 + 0.05 8.36 + 0.04
8.25 + 0.02 8.23 + 0.0S

GeoCyp

52+ 1.8
720 = 270
2410 + 1330
810 + 370
50 = 10
7.0 £ 0.1
7+1

140 + 30
3.1+ 1.0
8.14 £ 0.50
8.93 + 0.04
8.05 + 0.16
8.36 + 0.07

We collected high-resolution "N HSQC spectra for each of
the cyclophilins with multiple '*N-labeled peptide (0.5—1 mM)
and unlabeled enzyme (5—100 xM) concentrations. To
minimize perturbations to the line shapes imposed by

truncation of the free induction decay (FID) data or
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windowing, we collected the full FID by acquiring data for

2.5 s after completion of the pulse sequence. This long

acquisition time precludes application of decoupling during

data application, preventing averaging of Jyy and Jyy, scalar

coupling interactions and resulting in four peaks per residue per
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Figure 6. CPMG-RD can report on uncatalyzed exchange in reversible enzymatic systems. (a) Using the rate constants determined from line shape
analysis (Table 2), CPMG-RD data were simulated from the cyclophilin perspective with (black) or without (blue) on-enzyme catalysis, with in silico
concentrations of 1 mM cyclophilin and 10 mM peptide. For all cyclophilins, significant exchange persists even in the absence of catalysis. (b) State
map of a single simulated atom over a 10 ms simulation, using the microscopic rate constants determined for CypC. Vertical lines represent
transitions between states, while horizontal lines represent time spent in a single state. Transitions between Cyp:Pep,,, and Cyp:Pep,; occur both
through on-enzyme catalysis (A) and through the free enzyme intermediate (*).

isoform. As shown in Figure Sa, even with these coupling
interactions, for residues Asp 6 and Leu 7, all cis and trans peaks
are fully resolved and therefore have been utilized for line shape
analysis. Each of the sets of peaks was excised from the 2D
spectrum as shown in Figure Sa and summed over the nitrogen
dimension to eliminate effects of line broadening in the
nitrogen dimension, yielding a series of one-dimensional (1D)
traces in proton. Data were also normalized such that the total
area under the 1D trace for each cyclophilin/substrate
concentration is set to be equal for all conditions for both
measured data and calculated line shapes, eliminating effects
from variability in experiment-to-experiment signal intensity.

Data collected on the peptide alone were fit first, permitting
determination of transverse relaxation rates for each isoform of
each residue, scalar coupling constants, and free peptide
chemical shifts to be utilized for fits once enzyme was added.
The free variables were then simultaneously fit to the measured
line shape data over the multiple enzyme and substrate
concentrations as described in Materials and Methods, allowing
each of the microscopic rate constants to vary along with the
chemical shifts of the bound cis and bound trans forms;
additional restraints were imposed to fit the experimentally
measured Kp ., and ki, described above (Table 1), as well as
the averaged proton peak position in the bound form, which
was determined by collection of "N HSQC spectra in the
presence of saturating concentrations of each of the cyclo-
philins. To fully search the parameter space, 200 fits were
performed for each cyclophilin while the initial conditions were
randomly varied. The best 20 fits, as measured by the
coefficient of determination, were then averaged as representa-
tive of the best-fit solution and are listed in Table 2.

To estimate the extent to which experimental variability may
impact determined rate constants, a second, independent data
set was also collected for CypA and fit using an identical
routine. As shown in Table S2, the fitted rate constants can be
reproduced from a second data set, with errors between the
data sets comparable to or lower than fitting uncertainties for
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most parameters in Table 2; we do observe somewhat larger
experimental variability for both trans and cis on rates, with
differences of 0.6 X 10° and 0.4 X 10° s~ M™! between the data
sets for kyg and kpc, respectively, suggesting that the true
uncertainty in these values may be marginally higher than
indicated from the uncertainty in the fitted parameters listed in
Table 2.

The catalytic cycles of the cyclophilins fall broadly into two
categories: one comprising CypA and GeoCyp, for which on-
enzyme interconversion is much faster than substrate release,
and a second comprising CypB and CypC, for which on-
enzyme interconversion occurs at a rate comparable to the rate
of substrate release. For CypA and GeoCyp, the rate constants
kgc and kcp, describing cis <> trans interconversion on the
enzyme, are poorly defined by the fitting routine. For these two
enzymes, substrate release is the rate-limiting factor in catalysis,
allowing the substrate to stochastically equilibrate on the
enzyme before release; under these conditions, the line shape
remains largely unaffected by increasing on-enzyme exchange,
explaining the poor fits of these parameters. As has previously
been reported for CypA catalyzing a tetrapeptide substrate, all
of the cyclophilins maintain a much higher binding affinity for
the cis isoform,"” leading to an overall slightly higher population
of the cis-bound enzyme than of the trans-bound form, even
though the unbound substrate exists in ~87% trans.”*

A major result here is that, although the structures of these
cyclophilins are largely similar, the specific microscopic rate
constants vary, as do the measured dynamics on the slower
microsecond to millisecond time scale, suggesting a relationship
between these rate constants and motions. However, it remains
difficult to extract a direct correlation between the microscopic
rates constants and rates of motions from the free enzymes
considering that only substrate-free CypA and CypC can be
monitored by CPMG-RD because of the self-association of
CypB and GeoCyp. Moreover, our findings presented above
also indicate that the motions are highly localized within
substrate-free CypA and CypC (Figure 3b,c), further clouding
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Table 3. Calculated trans < cis Exchange Rates for Each Cyclophilin and Chemical Exchange Rates Measured by CPMG-RD at

the Catalytic Arginine

enzyme kexcatayzed (57 Kexuncatatyaed (57) kecapp (s71) kex.arg

CypA 2740 + 7007 290 + 30 3030 + 700 1600 + 210"
CypB 880 + 210 390 + 80 1270 + 280 980 + 330
CypC 580 + 130 560 + 120 1130 + 240 1080 + 420
GeoCyp 3200 + 1600 160 + 30 3380 = 1610 4010 + 2000

“Standard deviation determined from the 20 best fits to the data. “Errors in fitting the Carver—Richards equations.

such direct correlations. However, the microscopic rate
constants determined here do provide for direct assessment
of the specific microscopic factors underlying observed
functional differences between these cyclophilins (Table 1).
For example, we recently reported structural and mutagenesis
data demonstrating that GeoCyp has a somewhat occluded
ground state active site but that upon substrate binding the
increased binding affinity and decreased catalytic efficiency of
GeoCyp are mediated predominantly through a substrate
“clamp” mechanism that holds the peptide in place in the active
site.”* From our line shape analysis, it appears that the
increased affinity of GeoCyp for the peptide as compared to
that of CypA is due predominantly to an increased affinity for
the cis isoform, and consistent with our previous study, both the
cis on rate and off rate are decreased relative to those of CypA,
in accord with our proposed clamp mechanism. Via comparison
of CypA to the more weakly binding CypC and CypB, affinities
for both the cis and trans isoforms are decreased by similar
percentages, effected by both decreased on rates and increased
off rates.

Major Limitations in Utilizing CPMG-RD for Measur-
ing On-Enzyme Catalysis in Reversible Systems. Multiple
studies have measured exchange phenomena during catalytic
turnover via measurement of CPMG-RD on enzymes in the
presence of saturating concentrations of substrate, including for
CypA and Pinl, and have concluded that these measured
exchange phenomena may be representative of on-enzyme
catalysis.'**>*>***? To assess the validity of this approach for
our current study, we have modeled the expected CPMG-RD
data given by the minimal three-state exchange model from the
enzyme perspective (Figure 4b) by simulating the individual
magnetizations of 10° atoms as they proceed through the
CPMG-RD pulse sequence for each v, with each atom
stochastically switching states as described by the microscopic
rate constants determined by line shape analysis (Table 2). We
have validated this model by applying it to a simple two-state
exchange simulation, for which it aligns with the expected
results as described by the Carver—Richards equations over a
range of input parameters (Figure S3). We have additionally
simulated the CPMG-RD data but blocked on-enzyme catalysis
from occurring by setting kyc and kcp to zero.

As shown in Figure 6a, even in the absence of on-enzyme
catalytic turnover (blue lines), and at arbitrarily high substrate
concentrations (see Figure S4), significant exchange-induced
relaxation is expected for all four cyclophilins using the
microscopic rate constants determined by line shape analysis.
The origin of this exchange in the absence of catalysis lies in
interconversion, from the enzyme perspective, between the cis-
bound form and trans-bound form via the free enzyme
intermediate, by binding to different substrate molecules in
opposite conformations (Figure 6b, blue arrows). The enzyme-
perspective free < trans (where kgeeesyrans = [Alkag + kpa) and
free © cis (where kgeeosis = kep + [D]kpc) interconversions
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each occur on time scales much faster than the CPMG-RD
regime at high substrate concentrations, such as the peptide
concentration of 6 mM utilized for all CPMG-RD experiments
here, and therefore do not directly influence R,, (see Figures S2
and S4); however, the effective cis <> trans interconversion via
the free enzyme intermediate lies squarely in the CPMG regime
for these parameters. In other words, at high substrate
concentrations, a residue with identical cis-bound and trans-
bound chemical shifts and a different free chemical shift would
register no chemical exchange via CPMG-RD, while a residue
with different cis-bound and trans-bound chemical shifts would
register chemical exchange even in the absence of isomer-
ization. The apparent exchange rate (k) that would be
measured by any probe monitoring cis <> trans exchange is
given by

ex-app = kex—catalyzed + kex—uncatalyzed (Sa)
with
kex—catalyzed = kBC + kCB (Sb)
kex—uncatalyzed = (kBAkDC[D ] + kCDkAB[A])
/(kpc[D] + kyp[A]) (8¢c)

where [A] and [D] are the equilibrium concentrations of
unbound trans and cis peptide, respectively. This phenomenon
is illustrated in Figure 6b by following the state occupancy of a
single simulated atom over a 10 ms simulation. While virtually
no time is spent in the free state, substrate release permits
noncatalyzed exchange of the cis and trans isoforms on the
enzyme (Figure 6b, ey yncatalyze “*7) in addition to catalyzed
exchange (Figure 6b, keccualyrer “A”). Given that ke, is
dependent all six rate constants (eq 8), the conditions under
which CPMG-RD measurements may be indicative of on-
enzyme catalysis cannot be readily generalized to a given
system without consideration of the full catalytic cycle.
However, to estimate the range over which ke yncatalysed Mmay
significantly impact CPMG-RD measurements in CypA, we
simulated data over a range of Ke.cyaiyred and Kp.yp, values,
keeping the remaining rate constants unchanged from those
listed in Table 2 (Figure SS). In general, only in the limiting
case for which substrate release (i.e., kg, and kcp) is much
slower than on-enzyme catalysis can measured CPMG-RD data
possibly be predominantly representative of on-enzyme
catalysis. For all other cases involving reversible enzymatic
catalysis, measured CPMG-RD data are instead influenced by
both on-enzyme interconversion and interconversion via the
free enzyme intermediate. These two components cannot be
readily parsed from the CPMG-RD data alone but can be
separated by utilizing line shape analysis as we have described
above.

Kexappr Kex-catalyredr a0 Kexuncatalyrea Values for each of the
cyclophilins studied here, calculated from the microscopic rate
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constants in Table 2, are listed in Table 3. k., is minimally
impacted by uncatalyzed interconversion for CypA or Geo,
while it is significantly impacted for both CypC and CypB. To
compare the measured CPMG-RD exchange rates to the keyqpp
values predicted by the microscopic rate constants, CPMG-RD
experiments were conducted at multiple magnetic field
strengths on *H- and '*N-labeled versions of each of the
cyclophilins in the presence of saturating concentrations of the
peptide substrate, and data were fit to the Carver—Richards
equations. To ensure that interconversion with the free protein
(ie., free < trans and free < cis) would not directly impact
measured exchange by CPMG-RD, data were collected at
multiple substrate concentrations (Figure S2). Additionally, the
weak self-association of CypB and GeoCyp is blocked upon
addition of saturating concentrations of substrate (Figure S2),
therefore allowing CPMG-RD data to be compared among all
four cyclophilins. While all measured motions in the enzyme
are not necessarily indicative of trans <> cis interconversion,
measured motions detected at the conserved catalytic arginine
(Arg 55 in CypA) are compared to the expected k., values in
Table 3. With the exception of CypA, the expected ke, values
are similar to those experimentally observed at this reside. The
overestimation of ke, for CypA may be due to the poorly
defined kg and kcg values that define k.y.cqt1y,eq because of their
minimal impact on line shapes (Table 2).

To experimentally demonstrate the existence of measurable
CPMG-RD exchange under saturating conditions in the
absence of catalysis, we utilized a previously described substrate
for which the G-P peptide bond in the peptide is replaced by a
thioamide bond (TA-peptide). This substrate binds only ~50%
weaker than the standard GSFGPDLRAGD peptide but is not
isomerized by CypA.** We collected N CPMG-RD data on
*H- and "“N-labeled CypA in the presence of saturating
concentrations of either the peptide substrate or the
uncatalyzed TA-peptide (see Figure S2 for validation of
saturation by the TA-peptide). As shown in panels a and b of
Figure 7, chemical exchange can be measured throughout most
of the active site for both substrates, albeit at a significantly
slower rate for the modified peptide (~1500 s™* for the peptide
vs ~300 s~* for the TA-peptide). This lowered exchange rate is
expected and indeed recapitulated in our simulation (Figure
6a), as the interconversion is proceeding through only the free
enzyme intermediate as opposed to a combined exchange
through both the free enzyme intermediate and on-enzyme
exchange. To demonstrate that this exchange is reporting on
binding and release of the substrate, we also collected N
CPMG-RD data on *H- and "N-labeled CypA in the presence
of the inhibitor CsA, which binds with an affinity of 7 nM.” The
exchange observed for CypA in the presence of both the
catalyzed peptide and uncatalyzed TA-peptide that both exist in
two unbound isoforms is quenched by CsA throughout most of
the active site, as expected because of both the lack of cis and
trans isoforms of CsA and the slow off rate associated with
binding at an affinity of 7 nM (Figure 7ab).

Segmental Dynamics in CypA in the Bound Form.
Despite the limitations in utilizing CPMG-RD to directly
measure on-enzyme catalytic turnover in cyclophilins due to the
contribution of uncatalyzed exchange, CPMG-RD still allows us
to identify the existence of localized dynamics in CypA in the
presence of uncatalyzable binding partners. We mapped k.,
values measured on *H- and "*N-labeled CypA in the presence
of saturating conditions of the peptide, the uncatalyzed TA-
peptide, and CsA onto the structure of CypA. As described

5824

CypA Leu98 CypA Leu122

15 ® Peptide 8 ® Peptide
~ ® TA-Peptide| 6 ® TA-Peptide
» 10 ®CsA . ®CsA
x5 2

0 0 _

c CypA:CsA
CypA Phe67
10 20 ® Peptide
~ 8 16 S ® TA-Peptide
o6 12l0a, N\ °®CsA
4 8
2 4
0 0
0 500 1000 0 500 1000
Veoma (s Veomg (s)

Figure 7. Measured CPMG-RD data on “H- and '*N-labeled CypA
when it is saturated with catalyzable and uncatalyzable substrates. (a)
SN CPMG-RD data collected at 900 MHz (dots) and best-fit curves
(lines) using the Carver—Richards equations, fit to data collected at
600 and 900 MHz for representative residues in *H- and '*N-labeled
CypA with saturating concentrations of the peptide substrate (black),
the TA-peptide (blue), or CsA (red). (b) Measured exchange rates
(ko) mapped onto the CypA structure in the presence of saturating
concentrations of peptide, TA-peptide, or CsA. Data for each residue
were individually fit. Residues are included for which R, is greater than
0.5 s™! and the error in k., is both less than 50% of k., and less than
2000 s™%. (c) CPMG-RD traces of representative residues in CypA that
are not directly reporting on exchange between Cyp:Pep,,, and

CYP:PePciy

above and plotted in panels a and b of Figure 7, for much of the
active site, dynamics are completely quenched for CypA:CsA
and slowed dramatically in CypA:TA-peptide as compared to
those of the CypA:peptide complex. Within one region of the
active site, however, comprising a loop of residues ~65—78 and
adjacent residues ~108—110, significant exchange is observed
for CypA:CsA and much faster motions (~2000 s™') are
observed for CypA:TA-peptide (Figure 7b). The measured
chemical exchanges for residues in this region are not fully
independent of substrate binding, as R, is altered significantly
among the three binding partners (Figure 7c); nonetheless,
these residues are not reporting directly on trans < cis
interconversion and demonstrate the existence of localized, yet
coupled, microsecond to millisecond conformational dynamics
in CypA when bound to substrate.
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B DISCUSSION

We have functionally characterized the interactions of multiple
cyclophilins with a biologically representative peptide substrate
and found that the catalytic efficiency is well-conserved among
human family members, while the binding affinities differ more
substantially. Because we have recently characterized a distantly
related cyclophilin isoform, GeoCyp, and found that its catalytic
efficiency and apparent dissociation constant are lower than
those of its human counterparts, here we sought to determine
the underlying differences between catalysis among the
cyclophilins. To this end, here we compared previously
determined structures, monitored dynamics on various time
scales, and determined the complete catalytic cycle of three
human paralogues (CypA, CypB, and CypC) and a
thermophilic homologue, GeoCyp. The high degree of
structural similarity among human cyclophilins along with the
variability in microsecond to millisecond dynamics suggests
that conformational flexibility plays a role in fine-tuning the
catalytic cycle.

The application of line shape analysis in combination with
fitting functional data of binding and catalysis yields well-
defined parameters for the full catalytic cycle of multiple
cyclophilins. Particularly notable is the degree to which
substrate on rates vary between cyclophilins. The one previous
study'” utilizing line shape analysis as applied to CypA reported
substrate on rates of 18 X 10° and 27 X 10% s™ M~ for the
trans and cis isoforms, respectively, near diffusion-limited, and
many times the largest rates reported here. That study utilized a
modified tetrapeptide, which may account for the difference in
measured values; conformational selection has been suggested
to play a major role in the cyclophilin binding mechanism, and
the larger peptide utilized here may require a more restrictive,
and thus less frequently sampled, conformation for binding.
CypA has been shown to exhibit a relatively low substrate
specificity, implicating the high degree of active site conforma-
tional mobility in sampling a wide range of states competent to
interact with diverse substrates.”*' The variability in substrate
on rates between cyclophilins may, then, be reflective of subtly
altered conformational landscapes whereby each cyclophilin has
adapted its particular landscape to the suite of substrates with
which it is likely to interact. Indeed, variability in substrate
binding energetics between cyclophilins has already been
demonstrated and likely plays a role in modulating substrate
release.” Nonetheless, the full catalytic cycle appears to have
been evolutionarily constrained, yielding nearly identical
catalytic efficiencies for each of the human cyclophilins.

We have also identified significant limitations in applying
CPMG-RD experiments to monitor on-enzyme catalytic
activity in reversible enzymatic systems. Specifically, unless
the enzyme-perspective substrate exchange via the free enzyme
intermediate [k yncatalyzed (Figure 6)] is much slower than on-
enzyme exchange (kex{mlyzed) , the effective cis <> trans exchange
(Kexeapp) does not report solely on ke, cylyzea- Of previous studies
analyzing substrate-saturated CypA dynamics, two utilized a
weakly binding (Kp,,, of ~1 mM, kg of ~10* s7')
tetrapeptide,”™*° while another used a domain of the HIV
capsid protein,”” which binds much more tightly (Kp,, of 16
UM, ko of ~45 s7'). In the former cases, the high value of
Kex-uncatalyzed T€NAers Ky o, too fast to be observed via CPMG-
RD such that any observed dynamics by CPMG-RD cannot be
indicative of cis <> trans interconversion; notably, a majority of
the residues with measured exchange under substrate-bound
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conditions in these studies colocalize with dynamics identified
in panels b and ¢ of Figure 7 as not reporting directly on cis <>
trans interconversion. Alternatively, because of the slow off
rates, CPMG-RD measured dynamics during catalysis of the
HIV capsid protein are potentially indicative of on-enzyme
exchange as reported. A previous study that analyzed Pinl
dynamics during catalysis also utilized a weakly binding
substrate (Kp.,,, of ~0.8 mM), likewise precluding direct
measurement of ke, cialysed DY CPMG-RD."® Thus, great care
must be taken in interpreting CPMG-RD data collected on any
multispecies systems with schemes more complex than a simple
two-state binding model.
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mean-square deviation; KD»app’ apparent dissociation constant;
Kex.appr apparent exchange rate; ki, observed isomerization rate;
LMA, Levenberg—Marquardt algorithm; PDB, Protein Data
Bank.
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