
Structure and Dynamics of GeoCyp: A Thermophilic Cyclophilin with
a Novel Substrate Binding Mechanism That Functions Efficiently at
Low Temperatures
Michael J. Holliday,† Carlo Camilloni,‡ Geoffrey S. Armstrong,§ Nancy G. Isern,∥ Fengli Zhang,⊥

Michele Vendruscolo,‡ and Elan Z. Eisenmesser*,†

†Department of Biochemistry and Molecular Genetics, University of Colorado Denver, 12801 East 17th Avenue, Aurora, Colorado
80045, United States
‡Department of Chemistry, University of Cambridge, Cambridge CB2 1EW, U.K.
§Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309-0215, United States
∥W. R. Wiley Environmental Molecular Sciences Laboratory, High Field NMR Facility, Richland, Washington 99354, United States
⊥National High Magnetic Field Laboratory, Tallahassee, Florida 32310, United States

*S Supporting Information

ABSTRACT: Thermophilic proteins have found extensive use
in research and industrial applications because of their high
stability and functionality at elevated temperatures while
simultaneously providing valuable insight into our under-
standing of protein folding, stability, dynamics, and function.
Cyclophilins, constituting a ubiquitously expressed family of
peptidyl−prolyl isomerases with a range of biological functions
and disease associations, have been utilized both for conferring
stress tolerances and in exploring the link between conforma-
tional dynamics and enzymatic function. To date, however, no active thermophilic cyclophilin has been fully biophysically
characterized. Here, we determine the structure of a thermophilic cyclophilin (GeoCyp) from Geobacillus kaustophilus,
characterize its dynamic motions over several time scales using an array of methodologies that include chemical shift-based
methods and relaxation experiments over a range of temperatures, and measure catalytic activity over a range of temperatures to
compare its structure, dynamics, and function to those of a mesophilic counterpart, human cyclophilin A (CypA). Unlike those of
most thermophile/mesophile pairs, GeoCyp catalysis is not substantially impaired at low temperatures as compared to that of
CypA, retaining ∼70% of the activity of its mesophilic counterpart. Examination of substrate-bound ensembles reveals a
mechanism by which the two cyclophilins may have adapted to their environments through altering dynamic loop motions and a
critical residue that acts as a clamp to regulate substrate binding differentially in CypA and GeoCyp. Fast time scale (pico- to
nanosecond) dynamics are largely conserved between the two proteins, in accordance with the high degree of structural
similarity, although differences do exist in their temperature dependencies. Slower (microsecond) time scale motions are likewise
localized to similar regions in the two proteins with some variability in their magnitudes yet do not exhibit significant temperature
dependencies in either enzyme.

The cyclophilins make up a widely distributed family of
proteins, found across all kingdoms of life and known to

be absent in only a small number of bacteria and archaea.1,2

Among organisms with cyclophilins, they are found in every cell
and are often present as multiple isoforms (e.g., 17 isoforms
exist in humans, eight in Saccharomyces cerevisiae, and two in
Escherichia coli).3,4 Most, although not all, cyclophilins catalyze
the cis−trans isomerization of peptidyl−prolyl bonds. Cyclo-
philins play a role in a range of biological functions, including as
chaperones in protein folding and trafficking, in multiple signal
transduction pathways, in pre-mRNA splicing, and as
extracellular signaling molecules.1,5−9 Multiple viruses, includ-
ing HIV-1 and hepatitis C, have been shown to utilize human
cyclophilins in promoting viral replication and infectivity.10,11

Increasingly, cyclophilins are also being recognized for their

dual roles in driving a number of cancers and other
inflammatory diseases, acting both intracellularly to protect
tumor cells against stresses, including hypoxia and high levels of
reactive oxygen species, and extracellularly as cytokines driving
disease progression.8,12−16 Among the many biological roles
identified for cyclophilins, their ability to provide tolerance to a
range of stresses, including high salinity, oxidative stress,
osmotic stress, infection, cold, and heat, has been identified in
many species.17−20 The specific mechanism by which cyclo-
philins provide these various stress appears to be multifaceted;

Received: March 10, 2015
Revised: April 26, 2015
Published: April 29, 2015

Article

pubs.acs.org/biochemistry

© 2015 American Chemical Society 3207 DOI: 10.1021/acs.biochem.5b00263
Biochemistry 2015, 54, 3207−3217

pubs.acs.org/biochemistry
http://dx.doi.org/10.1021/acs.biochem.5b00263


however, the breadth of protection provided has led most
studies to hypothesize that, in general, tolerance is mediated
through protein chaperone activity as cyclophilins act to
maintain protein homeostasis and promote proper protein
folding.21

Aside from their broad biological relevance, cyclophilins, and
namely the prototypical cyclophilin, human cylophilin A
(CypA), have been used extensively to study the relationship
among enzyme structure, dynamics, and function, yielding
important insights into the role of inherent protein motions in
regulating and/or directing catalysis. Specifically, early work on
CypA indicated that the inherent dynamic motions of the
protein correlate strongly with rates of catalytic turnover,
suggesting that dynamics have been evolutionarily tuned for
function.22 More recently, however, it has become clear that the
dynamic landscape of CypA is significantly more complex than
originally thought, with significant cross-talk between distinct
dynamic segments.23 A powerful tool for revealing this dynamic
landscape in CypA, as well as in studying dynamic motions in
other systems, has been measuring motions over a range of
temperatures.22 As fruitful as this approach has been, CypA’s
reduced long-term stability above ∼30 °C has limited the range
over which these studies can be conducted. While two
thermophilic proteins with cyclophilin-like folds have been
previously characterized, they are catalytically inactive as
peptidyl−prolyl isomerases and have likely evolved to fulfill
some other function.24 Therefore, probing the structure,
dynamics, and function of a catalytically active thermophilic
cyclophilin counterpart would allow us to determine the degree
of evolutionary conservation among cyclophilins.
In this study, we have characterized the structure, dynamics,

and enzymatic function of the sole cyclophilin (GeoCyp)
encoded in the genome of the thermophilic bacterium
Geobacillus kaustophilus and compared them to those of the
prototypical human homologue, CypA. Initially discovered by
Takami et al. in deep sea sediment of the Mariana Trench, G.
kaustophilus live at an optimal temperature of 60 °C, with a
maximal temperature of 74 °C.25,26 GeoCyp is 49% similar and
37% identical to CypA and, on the basis of secondary structural
predictions, adopts many, if not all, of the same secondary
structural elements as CypA.27 As we have shown previously,
GeoCyp is much more thermostable than CypA; while CypA
denatures entirely with a Tm of 51 °C, GeoCyp exhibits a single
secondary structural transition at 68 °C yet maintains some
structure with significant secondary structural elements as high
as 95 °C.27 Additionally, while CypA precipitates from solution
when maintained above ∼30 °C for an extended period of time,
GeoCyp is structurally stable at 40 °C for at least several weeks.
Therefore, we have determined the NMR solution structure of
GeoCyp, revealing a typical cyclophilin fold but with several
shortened loops relative to CypA. By generating ensembles of
substrate-bound GeoCyp, we have identified specific conforma-
tional changes with a key residue involved in substrate binding
and revealed a conserved electrostatic mechanism of isomer-
ization compared to that described in our recent study of
human CypA.28 We have also quantitatively characterized
GeoCyp’s ability to bind and catalyze isomerization of a peptide
substrate. Finally, combining experimental and computational
approaches, we compared dynamic motions between GeoCyp
and CypA over fast (pico- to nanosecond) and slower
(microsecond) time scales. These studies reveal that, despite
the vast evolutionary time separating the two cyclophilins and
the drastically different environments for which the two

proteins are adapted, their in vitro binding and catalytic
functions are remarkably similar, and that they likewise exhibit
similar dynamic profiles over a broad range of time scales and
temperatures. These findings contrast with most previous
findings for other thermophile/mesophile enzyme pairs, hinting
that the specific roles of cyclophilins within the cell may have
subjected the proteins to evolutionary pressures different from
those of other protein families previously studied.

■ MATERIALS AND METHODS

Protein Expression and Purification. CypA and GeoCyp
were expressed and purified as previously published, finishing
with the purified protein in 50 mM Na2HPO4, 1 mM DTT, and
1 mM EDTA (pH 6.5).22,27 To allow for amide proton
exchange, for deuterated proteins, pellets were lysed in 5 M
guanidine hydrochloride, 100 mM Tris, and 100 mM EDTA
(pH 7.5) and then dialyzed for 24 h into 1 M arginine, 100 mM
Tris, and 100 mM NaCl (pH 7.5) and then into the nickel
equilibration buffer (GeoCyp) or SP equilibration buffer
(CypA). From this point, all purifications proceeded as
described above. The peptide substrate was purified as
previously published, finishing with a suspension in 50 mM
Na2HPO4, 1 mM DTT, and 1 mM EDTA (pH 6.5).29

NMR Assignments. The model peptide was assigned
(Table 1 of the Supporting Information) by collecting 15N
HSQC, 13C HSQC, and HH TOCSY experiments on a 13C-
and 15N-labeled peptide at 25 °C using a Varian 600 MHz
spectrometer, with assignments at other temperatures deter-
mined by following amide peak positions. All spectra were
processed using NMRPipe, and all data were analyzed using the
CCPNmr analysis software package.30,31

Measuring Catalytic Efficiency. Catalytic efficiency was
measured via the ZZ-exchange NMR experiment. Isotopically
15N-labeled peptide substrate (1 mM) was mixed with 1 or 20
μM protein, depending on the temperature used (20 μM for
0−20 °C and 1 μM for 30−45 °C). Data were collected with
mixing times of 0, 0.036, 0.072, 0.144, 0.24, 0.3, 0.36, 0.54, 0.72,
0.9, 1.08, and 1.2 s on a Varian 600 MHz spectrometer and fit,
via linear least-squares fitting, to the equations described by
Farrow et al.32 The trans state of the peptide was found to
comprise 89% of the total peptide by measuring peak intensities
in the absence of enzyme. Cis, trans, and both exchange peaks
of Leu 7 and cis, trans, and one exchange peak (the other is
overlapped with another residue) of Asp 6 were simultaneously
fit to determine kex

eff values. Longitudinal relaxation was found
to be nearly identical for both cis and trans conformations of
both Asp 6 and Leu 7, so a single longitudinal relaxation
parameter was used. For CypAR55A, CypAR55A/A103R, Geo-
CypR47A, and GeoCypR47A/R92A, 1 mM 15N-labeled peptide was
mixed with 100 μM protein, and data were collected at 30 °C
using mixing times of 0, 0.192, 0.384, 0.576, 0.768, 1.014, 1.152,
and 1.344 s.

Measuring Binding Affinity. Binding affinity was
measured by NMR titration. 15N HSQC spectra were collected
on 500 μM 15N-labeled protein in the presence of 0, 0.1, 0.2,
0.5, 1, and 2 mM peptide substrate on a Varian 900 MHz
spectrometer. For peaks with significant chemical shift changes
upon titration, chemical shift changes were least-squares fit
individually to the steady state equilibrium binding equation
below.
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where F([L]) is the ligand-dependent chemical shift change,
Fmax is the chemical shift change upon full saturation, [P] is the
total protein concentration, [L] is the total ligand concen-
tration, and KD is the dissociation constant. All chemical shifts
that could be fit well individually (r2 > 0.99; indicating they are
in the fast exchange regime needed to accurately calculate
binding affinity) were then fit simultaneously, yielding a single
dissociation constant determined for each protein.
NMR Relaxation Experiments. 15N TROSY CPMG-RD

experiments were conducted with 1 mM deuterated, isotopi-
cally 15N-labeled CypA and GeoCyp on a Varian 900 MHz
spectrometer with a cryogenically cooled probe. Data were
collected at 0, 10, 20, and 30 °C for CypA, as indicated, using
constant time relaxation periods of 50, 60, 80, and 90 ms. Data
were collected at 0, 10, 20, and 30 °C for GeoCyp, using
constant time relaxation periods of 60, 70, 90, and 100 ms. R1
relaxation was measured on 0.5 mM [15N]CypA or GeoCyp,
using mixing times of 10, 30, 50, 70, 90, and 110 ms.
NMR Solution Structure Determination. 15N-edited and

13C-edited NOESY experiments were conducted with isotopi-
cally 15N- and 13C-labeled GeoCyp and used with previously
determined chemical shift assignments27 to identify long-range
interactions. Chemical shifts were analyzed using TALOS+33

and used to guide Rosetta34 fragment analysis. NOESY peak
assignments were analyzed using CYANA version 2.135and
converted to Rosetta constraint format using the CS-Rosetta
Toolkit (www.csrosetta.org). The RASREC-Rosetta algo-
rithm36 was then used to calculate an ensemble of 20 lowest-
scoring structures. This was run using the Janus super-
computing cluster at the University of Colorado, employing
Message Passing Interface (MPI) over 528 CPUs. Violation
analysis of the resulting ensemble of structures was performed
using PDBStat37 and PSVS analysis (psvsnesg.org). Electro-
static potentials were determined using the APBS web server38

(www.poissonboltzmann.org).
Molecular Dynamics Ensembles. Ensembles of GeoCyp

were generated as previously described for CypA.28 Briefly, the
bound cis and bound trans states of GeoCyp were modeled
starting from the free state of GeoCyp determined in this
work.28 The two bound states where then simulated using the
Amber99SB*-ILDN force field in explicit TIP3P water for 100
ns each at 300 K; the two final structures were then used as the
starting structures for a chemical shift and NOE replica-
averaged restrained simulation.28,39−42 CamShift was used to
back-calculate the chemical shifts from both replicas at each
time step. The force constant for the chemical shift restraints
was set to 5.2 kJ/mol, and the force constant for the NOEs was
set to 250 kJ mol−1 nm−2 with a bottom flat potential that is
zero between 0.3 and 0.5 nm.43 Each replica has evolved
through a series of annealing cycles between 300 and 450 K
(100 ps at 300 K, 100 ps during which the temperature
increased linearly to 450 K, 100 ps of constant-temperature
molecular dynamics at 450 K, and 300 ps during which the
temperature decreased linearly to 300 K). Each replica has
evolved for a total nominal time of 150 ns. The final ensembles
comprise all the 300 K structures sampled by both replicas after
the first 50 ns. The averaged NOE and chemical shift restraints
were added to GROMACS by using PLUMED2 and
ALMOST.44−46

Electric Field Calculations. The electric field in the active
site of GeoCyp has been calculated on the center of mass of the
Gly−Pro peptide bond, using the partial charges of the force
field for the whole GeoCyp. The z, x, and y components of the
field were defined, following our previous work,28 as the normal
to the ring plane defined by the N, Cα, and Cγ atoms of the
proline residue; the Gly-C′−N-Pro peptide bond; and the
normal to the such defined xz plane, respectively. The electric
field calculated for CypA with the partial charges is in
remarkable agreement with that calculated ab initio. Indeed,
the average difference between the two methods is ∼1 MV/cm.

Sequence Alignment. All Bacillaceae cyclophilins in the
NCBI RefSeq database (www.ncbi.nlm.nih.gov/refseq) for
which a full species name was indicated were included in the
analysis. Alignment was perform using the Clustal Omega
sequence alignment program.47

■ RESULTS

GeoCyp Structure Determination and Comparison of
It to That of Human CypA. As we have previously shown
GeoCyp to be a catalytically active, thermophilic cyclophilin,27

here we sought to structurally compare it to a mesophilic
counterpart. Using the CS-ROSETTA36 implementation of the
ROSETTA34 structure prediction platform, we determined the
NMR solution structure of GeoCyp with a backbone rmsd
among the 20 lowest-energy structures of 0.72 Å [Protein Data
Bank entry 2MVZ (see Figure 1a and Table 1 for full

Figure 1. Structural comparison of GeoCypA and CypA. (a) Solution
structure of GeoCyp. The 20 lowest-energy structures are shown, with
β-sheets colored blue and helices colored red. (b) Superimposed
structures of CypA (from the previously generated molecular
dynamics ensemble,28 white) and GeoCyp (lowest-energy structure,
blue). Three short loop deletions from CypA are colored green, while
the large α2−β8 loop deletion is colored red. (c) Surface
representations of free CypA and GeoCyp structures. Structures are
colored according to surface charge, with blue indicating basic charge
and red indicating acidic charge. S1 and S2 binding pockets are
indicated, including the occluded S2 pocket of GeoCyp.
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statistics)]. GeoCyp adopts a typical cyclophilin fold, consisting
of eight antiparallel β-strands arranged in a β-barrel, with two or
three turn α-helices capping either end of the barrel, and an
additional short 3-10 helix aligned parallel to the β-strands
within the catalytic active site. Despite being only 41% identical,
the β-barrel structures of GeoCyp and CypA are nearly
superimposable, as are the 3-10 helix and the first of the α-
helices (backbone rmsd of α-helices and β-sheets of 0.95 Å vs a
global backbone rmsd of 1.55 Å). Figure 1b shows an alignment
of CypA with the lowest-energy GeoCyp structure determined.
GeoCyp contains several significantly shortened loops relative
to CypA. Residues 12−15, 43−45, and 77−79 in CypA are
absent from GeoCyp (Figure 1b, green); additionally, a 12-
residue span (Figure 1b, red) comprising the final turn of the
second α-helix (α2) and a loop between the helix and final β-
sheet (β8) is absent from GeoCyp, which instead contains a
two-residue stretch directly linking the truncated α-helix to the
β-sheet. This α2−β8 loop comprises CypA residues 143−154
that are replaced by GeoCyp residues 132 and 133.
Previous studies have shown that thermophilic proteins tend

to be shorter in sequence length and contain deletions in
solvent-exposed loops relative to their mesophilic homologues,
suggesting that the overall shorter length of GeoCyp, including
the significantly shortened α2−β8 loop, and perhaps other loop
deletions, may play roles in enhancing the stability of
GeoCyp.48,49 While the α2−β8 loop is a region of structural
diversity among cyclophilins, the extent of the deletion in
GeoCyp is present in only two other cyclophilin-like domains
whose structures have been determined, both from other
thermophilic bacteria, Archaeoglobus fulgidus and Thermotoga
maritima.24 While these other two thermophilic proteins do
adopt typical cyclophilin folds, they retain a very low degree of
homology to catalytically active cyclophilins, including lacking
the absolutely conserved catalytic arginine (Arg 55 in CypA and
Arg 47 in GeoCyp), indicating that they are not functional

isomerases. Alternatively, the deletions of residues 12−15 and
43−45 have been previously identified in other cyclophilins,
including other human homologues.4

While GeoCyp retains most of the canonical cyclophilin
active site residues, there are two exceptions: His 110 in
GeoCyp, which is typically a tryptophan but is present as a
histidine in several catalytically active cyclophilins, and Val 53,
which is typically a methionine but occasionally is replaced by
other hydrophobic residues.4 Notably, in the unbound state for
which we have determined the structure, the GeoCyp
“gatekeeper” residues adopt an occluded conformation, with
Arg 92 and Thr 64 blocking the hydrophobic groove into which
substrate residues N-terminal of the isomerized proline
generally fit (Figure 1c). While some cyclophilins with
occluded active sites are still competent to bind substrates,
bulky and occluding gatekeeper residues have been associated
with a reduction or ablation of substrate binding.4 GeoCyp
retains the hydrophobic active site characteristic of cyclophilins,
and a charge distribution similar to that of CypA, with a
number of basic residues flanking the active site pockets (Figure
1c).

Differential Conformational Sampling between Geo-
Cyp and CypA When They Are Bound to a Peptide
Substrate.We have previously reported a peptide substrate for
cyclophilins, GSFGPDLRAGD, a slightly modified version of
one identified by Piotukh et al. in a phage display screen, in
which the G−P peptide bond is readily isomerized by both
CypA and GeoCyp (see Table 1 of the Supporting Information
for peptide NMR assignments).27,29,50 The peptide is
representative of a large class of putative biological cyclophilin
targets, and amino acid substitutions have shown that residues
Phe 3 and Gly 4 are critical in mediating the cyclophilin−
substrate binding interaction.50 To investigate the conforma-
tional landscape of GeoCyp during turnover of this peptide, we
docked the peptide to the solution structure using inter-nuclear
Overhauser effect (NOE) distance restraints and generated an
ensemble of structures in the bound cis and bound trans forms,
following a previously described method applied to CypA.28,42

The peptide binds in a mode similar to that of CypA, consistent
with chemical shift perturbations observed upon addition of the
substrate, which map to the canonical active site in both
proteins (Figure 1 of the Supporting Information). As shown in
panels a and b of Figure 2, in both CypA and GeoCyp, the
substrate proline localized to the hydrophobic S1 pocket, while
Phe 3 of the peptide samples into and out of the S2 pocket in
the peptide-bound ensembles. While the structure of the CypA
S2 pocket remains relatively static throughout the ensemble,
the loops creating the S2 pocket are highly dynamic in GeoCyp,
permitting access to the pocket despite the occluded nature of
the pocket in the unbound form. This mobility is reflected in
the significantly higher root-mean-square fluctuation (rmsf)
values of these loops in GeoCyp compared to CypA (Figure
2c). In particular, Arg 92 in GeoCyp is highly mobile, acting
both to clamp Phe 3 in place when in the pocket and forming
π−cation interactions with the Phe 3 aromatic ring when out of
the pocket (Figure 2a).

A Gatekeeper Residue That Regulates Substrate
Binding. Given the apparent role of S2 pocket-adjacent
residues in regulating substrate binding in the substrate-bound
GeoCyp ensembles, we sought to experimentally examine the
role of Arg 92 (Ala 103 in CypA), as the bulkiest “gatekeeper”
residue present and because of the apparent π−cation
interactions between the side-chain guanidinium group and

Table 1. Structural Statistics for the GeoCyp RASREC
Rosetta Structuresa

no. of residues 146
no. of NOE-based distance restraints

NOE distance restraints (violations of ≥0.5 Å) 1687 (146 ± 10)
intraresidue 387
inter-residue 1300
sequential (|i − j| = 1) 548
medium-range (|i − j| < 4) 265
long-range (|i − j| > 5) 487

no. of other restraints
φ + ψ dihedral angle restraints (violations of
≥5°)b

224 (29 ± 3.6)

average rmsd from the average structurec

backbone (Å) 0.72 ± 0.14
heavy atom (Å) 1.2 ± 0.14

Ramachandran plot summaryd (%)
most favored regions 84.5
allowed regions 14.8
generally allowed regions 0.6
disallowed regions 0.1

deviations from idealized geometry
bond lengths (Å) 0.011
bond angles (deg) 0.4

aStatistics are given for the 20 best scored structures. bTorsion angle
restraints derived from TALOS+. cThe rmsds calculated using the
iCing server. dAnalysis performed using PROCHECK.
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the substrate phenol ring when Phe 3 shifts out of the S2
pocket. Homologous swap mutations were thus generated in
each protein (CypAA103R and GeoCypR92A). NMR titrations
with the peptide substrate revealed that the mutations
strengthened and weakened binding in CypA and GeoCyp,
respectively, such that, in each case, the presence of arginine led
to tighter binding (Table 2), consistent with clamping of the
substrate and/or π−cation interactions as identified in
ensembles of GeoCyp. In addition to binding, catalytic
efficiency was measured for both wild-type and mutant
proteins. Because of the reversible nature of the proline
isomerization process, catalysis is measured via a ZZ-exchange
NMR experiment in which the substrate is 15N-labeled and a
low, catalytic concentration (20 μM) of protein is added. The
time-dependent appearance of cross-peaks indicates turnover

and can be used to determine an effective exchange rate (kex
eff),

which is a measurement of catalytic efficiency as previously
described.29,32 This assay is not a measure of the catalytic rate
on the enzyme that is not readily measurable but, instead, is a
measure of the catalytic efficiency at the particular catalytic
enzyme concentration used. Nonetheless, ZZ-exchange is an
effective way to compare the catalytic rates of cyclophilin-
mediated isomerization. As shown in Table 2, CypAA103R and
GeoCypR92A catalyzed less and more efficiently than the wild-
type proteins, respectively, indicating that the increase in
substrate affinity caused by the presence of arginine at this
position corresponds to a reduction in the rate of catalytic
turnover. Analysis of cyclophilin protein sequence within the
Bacillaceae family, of which G. kaustophilus is a member, reveals
that only thermophilic bacteria contain an arginine at this site
(see Discussion). Thus, evolution has apparently fine-tuned the
S2 pocket to mediate a trade-off between a reduced binding
affinity and a higher rate of turnover.
To further probe this trade-off between substrate binding and

catalytic turnover in cyclophilins, we sought to examine the
impact of altering affinity in the context of a second mutation
that is known to significantly reduce the background binding
affinity. We therefore generated the R92A and A103R swap
mutations in the context of mutation to the “catalytic” arginine
(Arg 55 in CypA and Arg 47 in GeoCyp). In addition to
significantly reducing binding affinity, mutation of the catalytic
arginine alone also nearly, but not entirely, ablates catalysis (see
cross-peaks in Figure 3a, only in the presence of enzyme). For
these double mutants (CypAR55A/A103R and GeoCypR47A/R92A),
both proteins still bind more tightly with an arginine than
alanine at the GeoCyp-92/CypA-103 site, as evidenced by a
larger change in the chemical shift of 15N-labeled peptide peaks
upon addition of protein (Figure 3a). As shown in Figure 3b,
however, catalytic turnover follows an opposite trend when the
catalytic arginine mutation is present, with CypAR55A/A103R

catalyzing more efficiently than CypAR55A and GeoCypR47A

catalyzing more efficiently than GeoCypR47A/R92A. Because
significant line broadening occurs due to protein binding at
the high concentrations needed to observe turnover in the
context of mutation to the catalytic arginine, kex

eff cannot be
accurately quantitated. However, the ratio of cis peak intensity
to cross-peak intensity is used as a proxy for the rate of
turnover, where a larger slope corresponds to faster turnover
(Figure 3b). Collectively, these data provide a rationale for the
trade-off between binding affinity and substrate turnover in
cyclophilins, wherein binding must be sufficiently tight to
engage the substrate yet sufficiently weak to allow for substrate
release after turnover.

An Active Site Electric Field Is Conserved between
CypA and GeoCyp. As described above, we utilized chemical
shift-guided molecular dynamics methods to assess the
mechanism by which cyclophilins catalyze proline isomer-
ization. Recently, we demonstrated the existence of an electric

Figure 2. (a) Representative structures, with the peptide in the trans
conformation, from the molecular dynamics ensemble of GeoCyp
bound to the model peptide. Within the ensemble, Phe 3 of the
peptide samples the S2 pocket (top structure) and also exits the S2
pocket (bottom structure). Residues Arg 92 (blue) and Asp 66 (red)
serve to clamp Phe 3 of the peptide into the pocket or partially occlude
the pocket when Phe 3 is not in it. (b) Representative structures, with
the peptide in the trans conformation, from the previously generated
molecular dynamics ensemble of CypA bound to the model peptide.28

Phe 3 of the peptide also samples in (top structure) and out (bottom
structure) of the S2 pocket within the CypA ensemble; however, the
S2 pocket structure remains fully open, and no clamping occurs.
Residues Ala 103 and Gly 75, homologous to Arg 92 and Asp 66 in
GeoCyp, respectively, are colored green. (c) Root-mean-square
fluctuation (rmsf) values for the backbone residues of CypA and
GeoCyp in chemical shift-guided molecular dynamics simulations of
the proteins bound to the peptide substrate in the cis (red) and trans
(blue) conformations. GeoCyp residue numbers are shifted to match
CypA, such that homologous residues are in line with one another.

Table 2. Binding Affinities and Catalytic Efficiencies for
CypA, GeoCyp, and Their Mutants

protein KD (μM) kex
eff (s−1)

CypAWT 76 ± 3a 10.0 ± 0.5
CypAA103R 42 ± 3 7.6 ± 0.3
GeoCypWT 39 ± 2 4.7 ± 0.2
GeoCypR92A 118 ± 2 7.1 ± 0.3

aErrors are fit errors from a single experiment.
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field within the CypA active site in the −Z direction (defined as
normal to the pyrrolidine ring of the isomerized proline) that
acts, in a so-called “electrostatic handle” mechanism, to
facilitate isomerization. Specifically, this electric field exists in
both the cis bound and trans bound states and functions to
reduce the energy of the ω = 90° transition state barrier by ∼30
kJ/mol.28 To determine whether this catalytic mechanism is
also conserved, we analyzed the ensembles of peptide-bound
GeoCyp described above. As shown in Figure 4, GeoCyp
exhibits a similar −Z electric field within the active site in both
the cis and trans conformations, with a mean value of ∼30 MV/
cm, compared to a mean value of ∼45 MV/cm previously
identified in CypA. Relative to CypA, this weaker field in
GeoCyp, along with the tighter binding affinity identified
above, explains the reduction in catalytic efficiency (Table 2).
These results suggest that GeoCyp and CypA utilize an
evolutionarily conserved mechanism of isomerization that is
fine-tuned with respect to binding via the S2 binding pocket.
GeoCyp and CypA Exhibit Comparable Temperature-

Dependent Activities. Thermophilic enzymes are generally
optimally functional at the source organism’s optimal temper-

ature, exhibiting a significant reduction in catalytic turnover at
lower temperatures.51−58 As such, we measured the catalytic
efficiency (kex

eff) of both CypA and GeoCyp, using ZZ-
exchange with 15N-labeled peptide substrate, over the range of
temperatures that can be accessed by NMR spectroscopy. For
the ZZ-exchange-based catalytic experiment, kex

eff can be
accurately measured only between ∼0.5 and 30 s−1. To remain
within this range, two different enzyme concentrations were
used, 20 μM for 0−20 °C and 1 μM for 30−45 °C, with 1 mM
15N-labeled peptide used in all cases. As shown in Figure 5, over

the range of 0−37 °C, GeoCyp consistently catalyzes
isomerization at ∼70% of the rate of CypA. Only at 45 °C,
above the physiologically optimal temperature for CypA and
approaching its denaturation temperature of 51 °C,27 does the
increase in turnover rate with temperature slow for CypA and
continue for GeoCyp such that they catalyze turnover at a
comparable rate. Unlike many previously studied thermophiles,
therefore, GeoCyp does not exhibit a substantial impairment of
function at lower temperatures relative to that of its mesophilic
counterpart, CypA.

Dynamics Are Similar over Multiple Time Scales
between CypA and GeoCyp, with Variability in Temper-
ature Dependence and Magnitude. Given the surprisingly
high activity of GeoCyp at low temperatures, we decided to
examine whether, like many other thermophilic proteins,

Figure 3. (a) ZZ-exchange spectra for the peptide substrate alone
(black), with 100 μM protein with mutation to the “catalytic” residue
CypAR55A or GeoCypR47A (red), and with 100 μM protein with
mutation to both the “catalytic” residue and swap mutant
CypAR55A/A103R or GeoCypR47A/R92A (blue). All spectra were collected
at 30 °C, with a mixing time of 0.768 s. For both CypA and GeoCyp,
arginine in the swap mutation position leads to tighter binding, as
evidenced by larger chemical shift changes of the Leu 6 cis peak and
cross-peak. (b) In the context of mutation of the “catalytic” arginine to
an alanine, tighter binding corresponds to faster turnover. Because of
significant line broadening due to protein binding at the high
concentrations needed to observe turnover in the context of mutation
to the catalytic arginine, kex

eff cannot be accurately determined, so the
ratio of cis peak intensity to cross-peak intensity is used as a proxy for
rate of turnover, where a larger slope corresponds to faster turnover.

Figure 4. GeoCyp exhibits a −Z electric field within the active site.
Population distribution of the Z electrostatic fields in GeoCyp in the
cis (black) and trans (gray) peptide conformations, where Z is defined
as normal to the pyrrolidine ring of Pro 5 in the peptide substrate.

Figure 5. Catalytic efficiency (kex
eff) for CypA and GeoCyp from 0 to

45 °C. 15N-labeled peptide (1 mM) and 20 μM (0−20 °C) or 1 μM
(30−45 °C) unlabeled protein were used. Error bars represent fit
errors within a single experiment.
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GeoCyp is hyperstabilized at low and moderate temperatures
or, as might be predicted from our functional data, GeoCyp
exhibits dynamics similar to those of CypA over these
temperatures. NMR relaxation experiments were thus collected
over a range of temperatures for both CypA and GeoCyp. As
described in more detail below, by utilizing the Carr−Purcell−
Meiboom−Gill relaxation dispersion (CPMG-RD) experiment,
we found that GeoCyp exhibits weak self-association on the
millisecond time scale, precluding direct analysis of these
motions. To determine whether self-association would
significantly impact measurement of faster time scale dynamics,
we examined both fast time scale (pico- to nanosecond)
dynamics via longitudinal (R1) relaxation experiments and
slower (microsecond) motions via R20, the Rex-independent
component of transverse relaxation that was estimated via the
CPMG-RD experiment collected with a νcpmg of 1000 s−1.59,60

As shown in Figure 2 of the Supporting Information, we
collected data at multiple concentrations and found minimal
concentration-dependent changes to either R20 or R1 values,
indicating that the weak self-association predominantly impacts
motions on the slower, millisecond time scale and allowing
comparison of CypA and GeoCyp dynamics over faster time
scales such that we are able to determine the degree to which
dynamics are stabilized in GeoCyp. We attempted to determine
order parameters (S2) for both CypA and GeoCyp by
measuring R1, R2, and

1H−15N heteronuclear NOE relaxation
values and applying Modelfree 4.15 via the FAST-Modelfree
implementation.61−63 However, using either an isotropic or
axially symmetric diffusion model, a large number of residues
were unable to be fit by any set of model-free parameters for
either CypA (34 of 144 residues unassigned) or GeoCyp (24 of
120 residues unassigned), indicating that the model-free
formalism is unable to accurately describe the dynamics of
these cyclophilins, perhaps because of the large number of
residues exhibiting micro- to millisecond internal motions
(nearly 50% in CypA23). We have therefore directly compared
R1 and R20 values between CypA and GeoCyp.
For CypA and GeoCyp, regions with elevated R1 values

localize well to homologous regions within the proteins (Figure
6), corresponding to the high degree of structural similarity
(Figure 1).64 Namely, these regions include the two large active
site loops (residues 60−80 and 100−110 in CypA and residues
57−76 and 89−99 in GeoCyp), as well as the β7−α2 loop
(residues 135−137 in CypA and residues 124−126 in
GeoCyp). For each protein, R1 data were collected over a
range of temperatures from 0 to 30 °C. Fast time scale
dynamics in CypA are largely unaffected by temperature over
this range, aside from slight elevations in R1 in the β7−α2 and
α2−β8 loops. GeoCyp, however, exhibits significant temper-
ature-dependent changes in active site R1 values over the same
temperature range, including both large active site loops,
suggesting that on the pico- to nanosecond time scale, GeoCyp
may exhibit some of the low-temperature dynamic dampening
that has been identified in other thermophilic proteins relative
to their mesophilic counterparts.51,52

R20 relaxation rates were determined for both GeoCyp and
CypA over the same temperature ranges as for R1 relaxation. As
shown in Figure 7, localized variability in R20 relaxation is
largely independent of temperature for both GeoCyp and
CypA, indicating a lack of low-temperature dynamic dampening
of GeoCyp on the microsecond time scale. R20 relaxation
exhibits similar patterns throughout the two proteins, including
the largest elevations mapping predominantly to loops within

the active site, although with variability in the magnitudes.
Notably, as with R1 values, loop 89−99 in GeoCyp exhibits
much higher R20 values relative to those of the homologous
loop in CypA, residues 100−110, consistent with the elevated
flexibility identified in the molecular dynamics ensembles and
required to access the occluded S2 binding pocket (Figures 1c
and 2c).
Interestingly, neither R1 nor R20 values were dramatically

impacted upon addition of saturating concentrations of the
peptide substrate in CypA or GeoCyp (Figures 6b and 7b).
The only significant changes seen are reductions in R20 values
in the active site loops of each protein, likely corresponding to a
reduced mobility upon substrate binding.

GeoCyp Weakly Self-Associates on the Millisecond
Time Scale. The CPMG-RD experiment allows quantitative
measurement of rates of motion in the slow micro- to
millisecond range (∼100−5000 s−1), which have previously
been linked to enzymatic function in CypA.22,65 As deuteration
has been previously shown to drastically improve the quality of
CPMG-RD experiments applied to CypA, we generated
uniformly 2H- and 15N-labeled GeoCyp.23 Previous studies
have demonstrated that there is no dependence of CPMG-RD
on protein concentration for CypA, indicating that no weak
self-association is contributing to measured chemical exchange
(Rex). To test for self-association of GeoCyp, we measured 15N
CPMG-RD on GeoCyp over a concentration range of 0.5−2
mM and found that, unlike CypA, GeoCyp does exhibit

Figure 6. (a) R1 relaxation rates for CypA and GeoCyp at 0 °C
(black), 10 °C (blue), 20 °C (green), and 30 °C (red). Baseline values
were subtracted off of each data set to normalize values between
temperatures, facilitating comparison of dynamic variations. (b) R1
relaxation rates for CypA and GeoCyp at 10 °C alone (blue) and in
the presence of saturating concentrations (4 mM) of the peptide
substrate (red). For all plots, dots represent individual measurements
and lines depict a five-residue moving average. GeoCyp residue
numbers are shifted to match those of CypA, such that homologous
residues are in line with one another.
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concentration-dependent chemical exchange, indicating weak
self-association (see Figure 3 of the Supporting Information).
15N CPMG-RD is a particularly sensitive means for monitoring
weak self-association that is not readily observed in 15N HSQC
spectra because of relatively small chemical shift perturbations
that are induced. However, the high solubility of GeoCyp
allowed us to collect a 15N HSQC spectrum at 9 mM and
pinpoint the chemical shift perturbations (see Figure 3 of the
Supporting Information). The majority of chemical shift
changes between 0.5 and 9 mM mapped to the active site,
suggesting that interactions between hydrophobic active site
residues underlie this weak association. Thus, in the case of
GeoCyp, this weak self-association precludes quantitative
determination of self-association-independent rates on the
millisecond time scale.

■ DISCUSSION
In this study, we have combined both recently developed
chemical shift-based methods and standard NMR relaxation
experiments to perform a comprehensive comparison of the
structure, dynamics, and catalytic mechanism of a thermo-
philic/mesophilic pair of cyclophilins. GeoCyp adopts a typical
cyclophilin fold, albeit with shortened loops commonly found
in thermophilic proteins. Strikingly, despite the >20 °C
difference in optimal growth temperature of humans and G.
kaustophilus and the 17 °C increase in thermal melt transition
of GeoCyp over CypA, catalytic activity is minimally reduced

(∼30%) for GeoCyp compared to that of CypA (Figure 5).27

This reduction in the level of catalysis appears to be mediated
predominantly through higher binding affinity, with an
additional, independent contribution from a somewhat reduced
active site electric field. These findings contrast with multiple
other studies of thermophile/mesophile pairs, for which
thermophilic protein activities are significantly impaired at
lower temperatures and become efficient only as the optimal
organismal temperature is approached. Given cyclophilins’ roles
in responding to cellular stress, including to heat and cold
stress, perhaps maintenance of significant catalytic activity
across a range of temperatures allows GeoCyp to respond
efficiently to these stresses, especially given the temperature
extremes that may be experienced in and around a deep-sea
vent. Further investigation of other thermophilic cyclophilins
may reveal whether this feature is unique to GeoCyp or
common across thermophilic cyclophilins.
Studies here illustrate how cyclophilins have dynamically

evolved to fine-tune mechanism. Specifically, structural analysis
of GeoCyp in the free and substrate-bound forms has revealed a
loop in the “gatekeeper” region of the protein that occludes the
S2 binding pocket in the free enzyme but is nonetheless
sufficiently mobile to permit binding to the substrate. The
homologous mutational analysis of Arg 92 in GeoCyp (Ala 103
in CypA) highlights the evolutionary trade-off that exists
between substrate affinity and rates of turnover. A previous
study66 examining a different cyclophilin substrate demon-
strated that rates of substrate release are comparable to rates of
enzyme-bound isomerization; therefore, off-rates and isomer-
ization rates both significantly impact kex

eff, such that a reduced
off-rate, caused by an arginine at residue GeoCyp-92/CypA-
103, likewise reduces kex

eff. However, under conditions of
significantly weakened binding caused by mutation of Arg 47 in
GeoCyp (Arg 55 in CypA), the rapid rate of substrate release
becomes a limiting factor in isomerization, such that the
increased binding affinity now increases kex

eff. These data appear
to be consistent with the optimal temperatures at which the
mesophilic/thermophilic cyclophilins function; CypA binding
affinity for the peptide substrate is highly temperature-
dependent, indicating a significant entropic cost to binding.
Thus, at the lower temperatures under which CypA operates,
Ala 103 maintains sufficiently weak binding to allow efficient
catalysis. In contrast, as the entropic cost of binding increases
with the higher temperatures under which GeoCyp exists, the
tighter binding that is mediated by loop clamping by Arg 92
functions to increase catalytic efficiency.
Our hypothesis of evolutionary tuning of the S2 loop is

further bolstered by comparison of cyclophilin protein
sequences across the Bacillaceae family. As shown in Table 2
of the Supporting Information, among Bacillaceae cyclophilins
annotated in the RefSeq database, only in the closely related
thermophilic genera Geobacillus and Anoxybacillus67 is the
homologous site occupied by an arginine. The site contains
alanine, or occasionally threonine or serine, throughout the
other 71 members of the family, as in human CypA. Combined
with our functional mutagenesis data, these results indicate an
evolutionarily tuned functional role for this S2 site in regulating
substrate interactions. The one other thermophilic Bacillaceae
cyclophilin annotated, from Caldalkalibacillus thermarum,68

does contain an alanine at this homologous site, indicating
that acquisition of this arginine adaptation is not universal
among all thermophiles.

Figure 7. (a) R20 relaxation rates for CypA and GeoCyp at 0 °C
(black), 10 °C (blue), 20 °C (green), and 30 °C (red). Baseline values
were subtracted off of each data set to normalize values between
temperatures, facilitating comparison of dynamic variations. (b) R20
relaxation rates for CypA and GeoCyp at 10 °C alone (blue) and in
the presence of saturating concentrations (4 mM) of the peptide
substrate (red). For all plots, dots represent individual measurements
and the lines depict a five-residue moving average. GeoCyp residue
numbers are shifted to match those of CypA, such that homologous
residues are in line with one another.
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Numerous studies have focused on the interplay among
protein dynamics, stability, and enzymatic function among
thermophiles. In addition to maintaining stability at high
temperatures, thermophilic proteins face the related challenge
of retaining sufficient dynamic mobility to function efficiently.
Given this balance, many studies have promoted the
“corresponding state hypothesis” wherein evolution has tuned
the dynamics of proteins to render all members of a given
family equally dynamic at their source organisms’ optimal
temperatures, rendering them hyperstabilized at lower temper-
atures and unstable at higher temperatures.53,54,56,57,69,70 Other
studies, however, have refuted this notion, demonstrating cases
for which thermophilic proteins exhibit dynamics comparable
or elevated relative to that of a mesophile.58,71−73 The
contradictions in these studies may reflect variability in the
mechanisms of stabilization between different protein families
but are also likely influenced by the time scale of dynamics that
are observed, which can vary substantially depending on the
technique utilized.71 Given the unusually high activity of
GeoCyp at low temperatures relative to that of CypA (Figure
5) when compared to those of other thermophile/mesophile
pairs, analyses of GeoCyp dynamics are unable to contribute
directly to the debate over the corresponding state hypothesis;
without substantial impairment of function at lower temper-
atures, the hypothesis makes no prediction about how motions
should be affected. However, the temperature-dependent
increases in deviations of R1 relaxation observed in GeoCyp
but not CypA (Figure 6) suggest that comparable fast (pico- to
nanosecond) time scale mobility exists in both proteins at lower
temperatures, and that these motions increase more dramat-
ically in GeoCyp with temperature. These findings are in line
with several computational and experiment studies of other
thermophiles, which found more fast time scale mobility at
multiple temperatures when compared to that of meso-
philes.71−74 Among these proteins, it appears that a more
dynamic folded form of the protein contributes to a reduced
entropic folding penalty, especially as temperature increases,
such that more flexibility may actually stabilize the folded form.
In conclusion, while some dynamic variability exists between

CypA and GeoCyp that may contribute to GeoCyp stability
(elevated fast time scale dynamics) and function (magnitudes
of loop motions around the S2 pocket), the analyses presented
here of CypA and GeoCyp largely highlight the high degree of
structural, dynamic, and mechanistic conservation in the
cyclophilin family.
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