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Packaging of cyclophilin A (CypA) into HIV-1 virions is essential for
efficient replication; however, the reason for this is unknown.
Incorporation is mediated through binding to the Gly-89–Pro-90
peptide bond of the N-terminal domain of HIV-1 capsid (CAN).
Despite the fact that CypA is a peptidyl-prolyl cis�trans isomerase,
catalytic activity on CAN has not been observed previously. We
show here, using NMR exchange spectroscopy, that CypA does not
only bind to CAN but also catalyzes efficiently the cis�trans isomer-
ization of the Gly-89–Pro-90 peptide bond. In addition, conforma-
tional changes in CAN distal to the CypA binding loop are observed
on CypA binding and catalysis. The results provide experimental
evidence for efficient CypA catalysis on a natively folded and
biologically relevant protein substrate.

An interaction between the HIV-1 Gag-encoded capsid (CA)
protein and the prolyl isomerase cyclophilin A (CypA) is

required for efficient HIV-1 replication (1). As a result of this
interaction, CypA is packaged into HIV-1 virions during viral
replication at a molar ratio of 1:10 CypA�CA (2–4). CypA is
thought to be involved in an early step of HIV-1 replication (5,
6); however, its precise role has not been determined.

CypA belongs to the highly conserved cyclophilin family,
members of which are abundantly expressed within many tissue
types in both eukaryotic and prokaryotic organisms (7). Cyclo-
philins are peptidyl prolyl cis�trans isomerases (PPIases) (8, 9)
that catalyze the cis�trans isomerization of prolyl peptide bonds
(Xaa-Pro), where Xaa can be any amino acid. The cis�trans
isomerization by CypA has been extensively characterized using
test peptides in vitro (8, 10–12). Despite the ubiquitous nature of
PPIases, the biological significance of their isomerase activity in
vivo remains elusive and controversial (13–15). In vitro evidence
for isomerase activity exists mainly with respect to the acceler-
ation of proline-limited steps in protein folding (7, 16). However,
in vivo evidence for this activity is sparse (16). An example of a
putative folding catalyst is the trigger factor, a ribosome-
associated prolyl isomerase that binds nascent polypeptide
chains during protein synthesis (17, 18). Human CypA, a cyto-
solic isomerase, initially gained recognition when it was found to
be the target of the immunosuppressive drug cyclosporin A
(CsA) (19, 20). The inhibition of PPIase activity by CsA is not
related to its immunosuppressive role. Instead, the CypA�CsA
complex inhibits the phosphatase calcineurin (21), which in turn
suppresses T cell activation.

CypA binds to the Gly-89–Pro-90 (G89-P90) prolyl peptide
bond located in a flexible loop within the N-terminal domain of
CA (CAN) (22, 23). The CAN�CypA interface is formed exclu-
sively through the CA loop sequence Pro-85–Pro-93 (22, 24). The
significance of the CA�CypA interaction for HIV-1 virulence
has eluded the field for almost a decade. Mutation of either G89
or P90, or addition of CsA, prevents CypA packaging into HIV-1
virions (3, 25), leading to the formation of noninfectious parti-
cles. Structural studies of CAN by NMR revealed that only the
G89-P90 peptide bond exists in both a cis (14%) and trans (86%)
conformation (23). Interestingly, only a few proteins are known
to exhibit such conformational heterogeneity for a prolyl peptide
bond in the folded state (ref. 26 and references therein) and, thus
far, catalysis of those prolyl peptide bonds by PPIases could not

be detected when assayed (27). An intriguing hypothesis for the
role of CypA in HIV-1 virulence is that it catalyzes cis�trans
isomerization about G89-P90 in CAN, resulting in a conforma-
tional change necessary for CA core disassembly (23). However,
because only the trans conformation of G89-P90 is bound to
CypA in the CAN�CypA cocrystal structure, a general view is
that CypA most likely plays a chaperone role rather than a
catalytic role in HIV-1 virulence (28–30). Here, we present
direct experimental evidence for CypA catalysis of the isomer-
ization about the G89-P90 peptide bond in CAN. To our knowl-
edge, there is no previous direct evidence of CypA isomerase
activity on a folded, biologically relevant protein substrate. In
addition, we observe chemical shift changes for CAN residues
distal from the CypA binding loop upon CypA wild-type
(CypAWT) and CypAR55A binding that are indicative of confor-
mational changes not predicted by the CAN�CypA cocrystal
structure (22). The results discussed herein suggest that CypA
may have a catalytic role in HIV-1 replication.

Materials and Methods
Protein Purification and Sample Preparation. Vectors for expressing
human CypA and CAN (1–146) have been described (24).
CypAR55A was constructed using a quick-change protocol from
Stratagene. Proteins were expressed in BL21 (DE3) Escherichia
coli cells, induced with 1 mM isopropyl �-D-thiogalactoside
(IPTG), and harvested after 3 h. Uniformly, 15N-labeled CAN

was grown in M9 minimal media supplemented with 15NH4Cl.
CypA was purified using an S-Sepharose column equilibrated
with 25 mM Mes (pH 6.1)�5 mM �-mercaptoethanol, followed
by a QP-Sepharose column equilibrated with 50 mM Tris (pH
6.8)�5 mM �-mercaptoethanol. CypA activity was measured by
the coupled chymotrypsin assay (8). CAN was purified using an
S-Sepharose column equilibrated with 100 mM citric acid (pH
4.5)�1 mM DTT, followed by a QP-Sepharose column equili-
brated with 75 mM Tris (pH 8.0)�1 mM DTT. Peaks containing
CAN were collected from the flow through. Finally, the buffer of
each protein solution was exchanged to 50 mM Na2HPO4 (pH
6.5)�1 mM DTT containing 10% D2O.

NMR samples for 1H-15N heteronuclear exchange and three-
dimensional (3D) 15N edited nuclear Overhauser effect spec-
troscopy (NOESY)–heteronuclear single quantum coherence
(HSQC) experiments were prepared with a molecular ratio of
12:1 (CAN�CypA). Samples inhibited by CsA (Sigma–Aldrich)
were incubated overnight in the presence of excess CsA. For the
titration of 15N CAN with unlabeled CypAWT and CypAR55A, a
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series of titration points were collected ranging from 1:12
CypA�CAN to 6:1.

NMR Experiments. Two-dimensional (2D) 1H-15N heteronuclear
exchange (31), 3D 15N edited NOESY-HSQC (32), and trans-
verse relaxation-optimized spectroscopy (TROSY)-HSQC (33)
spectra were collected on Varian INOVA 600 MHz and 500
MHz spectrometers at 25°C. All NMR spectra were processed
with NMRPipe (34). The assignments for free CAN were pro-
vided by M. Summers (23). The CypA catalyzed exchange rate
could be determined from the 3D 15N-edited NOESY-HSQC
according to ref. 35, because the longitudinal relaxation times for
the cis and trans isomer were measured to be equal. ANSIG
software (36) was used to compare spectra of 15N-labeled CAN

in the absence and presence of unlabeled CypA. The chemical
shift differences between the amide signals of CAN alone and in
the presence of saturating CypA were calculated as follows:

�� � ����1H�2 � ��15N�2�,

where �1H and �15N are the chemicals shift differences in the
proton and nitrogen dimensions, respectively.

Results
Catalysis of Cis�Trans Isomerization of the G89-P90 Peptide Bond by
CypA. NMR exchange spectroscopy was used to detect catalysis
of cis�trans isomerization in CAN by CypA. This technique
identifies conformational exchange processes in a time regime of
about 10�1 to 10 s between nuclei with different chemical shifts
(37). In contrast to most spectroscopic methods, NMR can be
used to measure dynamics under steady state or equilibrium conditions, making NMR exchange spectroscopy a powerful tool

for analyzing the reversible cis�trans isomerization (11, 12). As
previously shown, separate resonance signals can be observed for
the cis (14%) and trans (86%) conformation of several amide
resonances in close proximity to the G89-P90 peptide bond in
CAN (23), because each conformation resides in distinct chem-
ical environments, and because cis�trans isomerization is slow on
the NMR time scale (rate constant of exchange, kex � 0.1 s�1).

To detect catalysis of cis�trans interconversion by CypA, we
performed 2D 1H-15N heteronuclear exchange experiments (31)
on a uniformly 15N-labeled CAN sample in the absence and
presence of catalytic amounts of unlabeled CypA (Fig. 1).
Because the uncatalyzed isomerization rate is within the slow-
time-scale regime, only the individual peaks (auto peaks) for the
cis and trans conformer are observed in the absence of CypA.
Addition of catalytic amounts of CypA results in the appearance
of exchange peaks connecting G89 cis and trans auto peaks (Fig.
1 B and C). These results show that cis�trans isomerization about
the G89-P90 peptide bond is efficiently catalyzed by CypA.
Because of peak overlap, only one exchange peak is completely
resolved in the exchange spectrum (Fig. 1 B and C). Exchange
peaks are not observed after inhibition of the isomerase activity
by CsA (Fig. 1D), or when the catalytically inactive CypAR55A

mutant is used in place of CypAWT (data not shown), thus
implicating CypA catalysis as the cause for these exchange peaks.
These data provide direct evidence that CypA catalyzes the
cis�trans isomerization about the G89-P90 peptide bond in
native CAN.

Quantification of Catalysis. The 2D 1H-15N heteronuclear ex-
change experiment results (Fig. 1) are further substantiated by
the exchange spectra obtained from a 3D 15N-edited NOESY-
HSQC experiment (Fig. 2). A chemical exchange peak at 1H 8.0,
1H 8.4, and 15N 109.3 ppm is clearly visible in the presence of
catalytic amounts of CypA. From this experiment, the exchange
rate is calculated as 10 � 5 s�1 at 25°C from the ratio of the
off-diagonal (exchange) peaks to the diagonal (auto) peaks (35).

Fig. 1. CypA catalysis of cis�trans isomerization at G89-P90 in folded CAN.
Expansion of 1H-15N heteronuclear exchange spectra showing the amide
signal of G89 for the trans and cis isomer, respectively. Chemical exchange
between the cis and trans conformation of G89-P90 is slow in the absence of
CypA (A) and is accelerated in the presence of catalytic amounts of CypA, as
indicated by the appearance of exchange peaks between the cis and the trans
auto peaks (B and C). The intensity of the exchange peak increases with longer
mixing time and concurrently the less abundant cis auto peak decreases
because of additional loss in magnetization from chemical exchange and
longitudinal relaxation (C). Inhibition of isomerase activity by CsA results in a
loss of the exchange peaks (D). The mixing times used in NMR experiments are
indicated.

Fig. 2. Quantification of CypA catalysis on CAN and inhibition by CsA. 1H�1H
plane of a 3D 15N-edited NOESY-HSQC shows the diagonal peak of amide
G89trans at 8.0 (1H) and 109.3 ppm (15N). (A) An off-diagonal exchange peak
between the amide proton of G89 in the trans and cis conformation is
evidence for CypA catalysis and its intensity was used to calculate a cis�trans
isomerization rate of 10 � 5 s�1. (B) Addition of excess CsA to sample (A) results
in a loss of the exchange peak because of inhibition of isomerase activity.
Spectrum B is identical to a spectrum of CAN alone (data not shown).
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Only an upper limit of the uncatalyzed exchange rate can be
estimated as 0.1 s�1, consistent with cis�trans isomerization rates
of Gly-Pro peptide bonds measured in peptides (38). An appar-
ent acceleration factor of at least 100-fold can be calculated for
the CypA concentration used. The exchange peak is not ob-
served after inhibition of the isomerase activity by CsA (Fig. 2B).
In the absence of CypA, the exchange spectrum is identical to
that obtained with CsA (data not shown).

Characterization of the Catalytically Active CAN�CypA Complex by
NMR. In the experiments showing the catalytic action of CypA
(described above), only catalytic amounts of CypA were used.
We now want to characterize the CAN�CypA complex and
therefore performed NMR experiments at saturating concen-
trations of CypA. The catalysis of CAN at G89-P90 by CypA
indicates that CypA must bind both the trans and cis conforma-
tions of that peptide bond. In contrast, only the trans confor-
mation is seen in the cocrystal structure of the CAN�CypA
complex. In an effort to gain structural information about the
active CAN�CypA complex in solution, a titration of 15N-labeled
CAN with unlabeled CypA was performed. The expected mo-
lecular weight of the CAN�CypA complex is �34 kDa. Because
of the relatively large molecular weight of the complex, 1H-15N
HSQC-TROSY (33) was used. The TROSY method effectively
suppresses transverse (T2) relaxation, thereby resulting in im-
proved spectral resolution for large macromolecules (39). On
addition of increasing amounts of CypA, several amide reso-
nances of CAN disappear and reappear at different chemical
shift locations, indicating slow exchange between free and bound
CAN. This finding is in agreement with a KD of 15 �M as
measured by plasmon resonance biosensor and isothermal titra-
tion calorimetry experiments (24). The relatively high affinity
between CypA and CAN enabled us to obtain a 95% saturation
of CAN with CypA (Fig. 3), but prevented us from unambigu-
ously following the chemical shifts. A comparison of free CAN

with the CAN�CypA complex identified all residues that change
in chemical shift in the active complex (Fig. 3 A and B).

Surprisingly, a number of amide signals in CAN have altered
chemical shifts when bound to and catalyzed by CypA. Based on
the CAN�CypA cocrystal structure, it has been proposed that
only residues 85–93 within CAN are affected by CypA binding
(22). However, in addition to the expected chemical shift
changes within this f lexible binding loop, chemical shift changes
also occur within helices � 4, 5, and 6 (Fig. 4). Chemical shift
changes are very sensitive markers for conformational changes;
however, they do not provide a physical picture of the altered
structure.

Dissecting CypA Catalysis and Binding. The minimal reaction
scheme for CypA catalyzed cis�trans isomerization of CAN is
shown in Scheme 1. In the presence of CypA, at least four
different states of CAN exist in solution. However, the two
CypA-bound forms of CAN cannot be separated because the
cis�trans isomerization in the enzyme-bound states is fast rela-
tive to the chemical shift difference between the two states, ��.
Thus, when saturated with CypAWT, chemical shift averaging for
the enzyme-bound cis and trans conformers of G89 is observed
(Fig. 3C, Scheme 1). To dissect binding from catalysis, CypAR55A

was used with 15N-labeled CAN in titration experiments similar
to those described above for CypAWT. It was shown previously
that the CypA active site mutation R55A exhibits �1% wild-type

Fig. 3. Characterization of conformational changes in CAN upon catalysis
and�or binding to CypA. (A) Comparison of 1H-15N HSQC-TROSY spectra for
CAN alone (black) and saturated with CypAWT (green) illustrates that residues
remote from the CyPA binding loop are affected by CyPA binding and�or
catalysis. (B) The magnitudes of chemical shift changes for the CAN amides on
complex formation with CypAWT (��) are shown as a bar graph. Secondary
structure elements and the CypA binding loop (85–93) are labeled. Residues
for which �� is at least 23 Hz, but which could not be unambiguously
determined because of signal overlap, are labeled with an asterisk. Chemical
shift changes for the side chain NH of Trp 23, 80, 117, and 133 are shown in
orange. An expanded view of the G89 region, highlighted in the full spectrum
A, is shown in C and D. At saturating concentrations of CypAWT (CAN�CypA
molar ratio of 1:2), the cis- and trans-bound forms resonate at an average
chemical shift because of fast chemical exchange between the two isomers (C).
Conversely, both the cis and trans conformers of G89 are observed in the en-
zyme-bound state when the titration is performed with catalytically inactive

CyPAR55A (D). The chemical shift changes for G89trans can be followed on
titration with CyPAR55A as shown for ratios of CAN�CypAR55A at 1:1 (red), 1:2
(orange), and 1:6 (yellow). However, for G89cis, the bound form is only
observed at higher CyPAR55A�CAN ratios in agreement with a higher affinity of
the CAN cis isomer for CypA.
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activity (40). As expected, the bound cis and trans conformations
of CAN G89-P90 can now be separately detected in the complex
with CypAR55A (Fig. 3D). Although the binding events (charac-
terized by K2 and K3) do occur for CypAR55A and CAN, an
approximate 100-fold reduction in binding affinity is observed
for the mutant protein. An apparent KD of �1.3 mM was
calculated based on the NMR titration experiments. The weak
binding affinity of CypAR55A for CAN may explain why this
mutant is not incorporated into HIV-1 virions (41, 42). At a
molar ratio of 6:1 CypAR55A�CAN, approximately 60% of CAN

is bound to CypAR55A, as compared with 95% CAN bound to
CypA at a ratio of 2:1 CypA�CAN.

Overall, the same CAN amide signals shift when the titration

is performed with CypAWT or with CypAR55A. In addition, these
CAN residues shift toward similar chemical shift locations, taking
into account that CAN is only �60% saturated by CypAR55A and
that there may be minor effects due to the altered chemical
environment as a result of the mutation. We therefore conclude
that the mutant protein CypAR55A is a suitable model for a
qualitative study of the binding events between CAN and
CypAWT.

Different chemical shifts are detected for the backbone
amides of residues 88, 89, 92, and 95 for the two enzyme-bound
forms of CAN on titration with CypAR55A. This observation
suggests that the chemical environment for residues in this
region is different depending on whether they are bound to
CypA in the cis or the trans conformation. For example, the
chemical shifts for the cis and trans conformations of A92 are
partially overlapped when CAN is free in solution, but a relatively
large chemical shift difference between the cis and trans con-
formations is observed when bound to CypAR55A. For all other
amides, no differences in chemical shift between the cis- and
trans-bound states could be measured. In addition, the percent-
age of the cis conformer appears to increase from 14% free in
solution to �45% when bound to CypAR55A based on the relative
signal intensities of the trans- and cis-bound form of CAN (Fig.
3D). This population change corresponds to a 5-fold difference
in binding affinity for the two conformers. A higher affinity of
the cis conformer is further supported by the fact that the signal
of G89 trans shifts with increasing concentrations of CypAR55A,
whereas the signal of the cis conformer disappears and then
reappears (Fig. 3D). In other words, exchange between free and
CypA-bound CAN is faster than the chemical shift difference for
the trans isomer, but slower for the cis isomer. We note that the
equilibrium constant between the CAN cis and trans isomer when
bound to CypAWT (K4 in Scheme 1) cannot be directly measured
based on the binding studies with CypAR55A. However, the
titration experiments with CypAWT reveal that both isomers
have comparable affinities: signals from the cis and trans isomer
of CAN decrease about equally in intensity and later appear at
an average chemical shift for the two enzyme-bound isomers
during titration with CypAWT (Fig. 3C). Furthermore, the
average peak position for the two enzyme-bound isomers can be
used to approximate the equilibrium constant K4 for the CA�
CypAWT complex. For amides of residues 88, 89, 92, and 95, the
average peak is located on a trajectory between the cis and
trans-bound form of the CypAR55A�CA complex, but shifted
toward the position of the trans-bound form (Figs. 3 C and D).
Because the average peak position is directly determined by the
relative populations of the two states, a cis�trans equilibrium
constant for the CA�CypAWT complex can be estimated as
similar to that of CAN free in solution (14% cis�86% trans). The
change in affinity of the two isomers of CAN for CypAR55A is
likely a direct result of the mutation, because the side chain of
R55 within CypA is in hydrogen bond distance to CAN (22).

Discussion
The detailed mechanism of how cyclophilin A promotes HIV-1
replication is not understood, although several mechanisms have
been discussed in recent years (5, 6, 22, 23, 28, 30, 43–45). In light
of the CAN�CypA cocrystal structure showing CA G89-P90
bound exclusively in the trans conformation (22), models de-
picting CypA as having a chaperone role in HIV-1 virulence have
been suggested (28). In fact, a chaperone role has been ascribed
to other PPIases (46), and there is speculation as to whether the
isomerase activity of PPIases is relevant to their biological
function in vivo (13, 15, 26). In contrast, our results show that
CypA does not simply bind to CAN, but efficiently catalyzes the
cis�trans isomerization about the G89-P90 bond. The finding
that CypA can catalyze cis�trans isomerization in a folded

Fig. 4. Identification of residues within CAN that change in chemical shift on
binding and catalysis by CypA (22). CypA (blue) is shown bound to the flexible
loop between Pro-85 and Pro-93 of CAN (yellow). Backbone amides of CAN that
shift on CypA binding by more than 14 Hz are highlighted in red. These
residues are not only located within the flexible loop (85–100), but also in �4,
�5, and �6. Prolines within CAN (1–146) are shown in green.

Scheme 1. Four-state model of CypA catalysis on CAN. The capsid protein
exists in two free forms with the G80-P90 peptide bond in the trans (CAtrans

89–90)
and cis conformation (CAcis

89–90). Both forms bind to CypA and are intercon-
verted on the enzyme. The rate of uncatalyzed cis�trans isomerization is slow,
whereas the catalyzed rate is fast, resulting in an average chemical shift for the
two enzyme-bound forms. The relative affinities of the two isomers of CAN for
CypA determine the cis�trans equilibrium constant on the enzyme, K4.
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protein may be of more general importance for elucidating the
biological mode of action of PPIases on other protein substrates.

CypA Catalysis and HIV-1 Virulence. What are the implications of
CypA catalysis for HIV-1 virulence? The present data cannot
answer the question of whether the catalytic activity or only pure
binding by CypA is responsible for HIV-1 virulence. However,
the identification of catalytic action by CypA on CAN justifies
further consideration of a catalytic role for CypA in the en-
hancement of HIV-1 replication. Dissecting binding from catal-
ysis in the CA�CypA interaction is difficult because mutations
rendering CypA catalytically inactive also diminish the ability for
Gag to incorporate CypA into HIV-1 virions (41, 42). The fact
that the CypA�Gag ratio is substoichiometric in virions is
consistent with CypA functioning as a catalyst. Increasing the
CypA�Gag ratio to 1:1 ratio actually alters the efficacy of HIV-1
replication (29, 47). Furthermore, the kinetics of HIV-1 repli-
cation is largely influenced by the presence of CypA, where
replication will still occur in the absence of CypA albeit at a
slower rate (1). This finding suggests a kinetic control by CypA
rather than an absolute requirement of CypA for replication,
again consistent with a catalytic role.

An elegant experiment by Bukovsky et al. (48) provided in vivo
evidence that the CypA binding loop in CAN is not only
responsible for CypA incorporation but is a functional target for
CypA. Transfer of the segment between residues 86 and 93 from
HIV CA into the corresponding position in simian immuno-
deficiency virus SIVmac resulted in efficient incorporation of
CypA into SIVmac. These SIVmac viruses now showed HIV-1-like
sensitivity toward a nonimmunosuppressive CsA analog. The
authors further propose that the ability of residues C-terminal to
P90 to form a type II turn determines whether CypA is required
or will inhibit viral replication. These data support a model
where this CAN type II turn is important for the functional role
of CypA in HIV-1 replication, possibly for the destabilization of
CA–CA interactions (48), which has also been proposed for the
CsA-resistant CAA92E and CAG94D mutants (28, 49, 50). Our
results lend support to this model. Interestingly, we observe
chemical-shift differences between the cis and trans isomer when
bound to CypAR55A for residues within 88–95, indicating that the
chemical environment of the type II turn is sensitive to the
conformation of the G89-P90 peptide bond. Thus, binding and
catalysis by CypA could alter a conformation involving the type
II tight turn formed by residues A92 through Q95. In fact, a
crucial NOE indicative of a type II turn is absent in the CsA
resistant mutant CAG94D (51). Alternatively, the binding event
alone between CA and CypA may be sufficient for viral repli-
cation. Amide signals of residues distal from the CypA binding
loop in CAN are shifted upon binding to CypA, suggesting that
the interaction with CypA may result in conformational changes
outside the flexible loop. Some of the observed changes in
chemical shift could be a result of a hinge motion about CAN

residues 86–98 (22). It is possible that the conformational
changes due to binding could effectively disrupt CA–CA inter-
actions in the virion core, and facilitate CA core disassembly. It
remains to be determined whether the catalysis of CAN by CypA
is relevant to HIV-1 virulence in vivo.

Catalysis of Cis�Trans Isomerization by Cyclophilin in a Folded Protein.
PPIases were originally discovered as enzymes that accelerate
folding of certain proteins by catalyzing the rate limiting prolyl
cis�trans isomerization (8). Their catalytic activity toward un-
folded or partially folded proteins has been extensively studied
in vitro (7, 15, 16) and has been suggested to be the biological
function of the ribosome-associated PPIase trigger factor (17,
18). However, there are a growing number of examples where
PPIases are involved in different cellular events (ref. 26 and
references therein, refs. 52–55), in which they interact with

protein substrates in their folded state. Consequently, the tra-
ditional view of PPIase-function needs to be extended to binding
and catalysis of prolyl peptide bonds in native substrates.

There are two fundamentally different ways PPIases may
control biological activity of a folded protein substrate: (i)
proline-directed binding or (ii) catalysis of cis�trans isomeriza-
tion (26). For the systems studied to date, the molecular mech-
anism of PPIase action is poorly understood, and the dissection
between the two different modes of action has proven difficult.
Moreover, there are a few reports on proteins containing prolyl
peptide bonds exhibiting conformational heterogeneity in the
folded state (ref. 26 and references therein), a circumstance that
most likely reflects the difficulty in detecting native state cis�
trans isomerization. In Calbindin D9k, conformational hetero-
geneity for the G42-P43 peptide was detected (56); however,
CypA catalysis was not observed (27).

PPIases have been implicated in the acceleration of cis�trans
isomerization for several other proteins, where the conformation
of the peptide bond appears to regulate the function (26). For the
Ca2�-free form of a C-type mannose binding protein, addition of
equimolar amounts of CypA slightly increased the isomerization
rate (57). Using 8-anilino-1-naphthalenesulfonic acid (ANS)
binding to probe induced-fit conformational changes associated
with ATP binding in rabbit muscle adenylate kinase, Sheng et al.
showed that CypA accelerates ANS binding (58). In both cases,
the biological relevance of prolyl isomerization remains unclear.
In vitro and in vivo evidence indicates a possible biological
involvement of the FKBP12 PPIase in the inhibition of epider-
mal growth factor (EGF) (59). A more compelling example of a
PPIase that accelerates cis�trans isomerization of prolyl peptide
bonds in biologically relevant protein substrates is Pin1. Pin1 is
essential for cell cycle regulation in vivo via its interaction with
the mitosis specific protein cdc25 (60, 61). It is believed that Pin1
catalysis of cis�trans isomerization about phosphorylated Ser-
Pro or Thr-Pro peptide bonds in cdc25 and tau, another protein
substrate of Pin1, accelerates the dephosphorylation by the
phosphatase PP2A (52, 62, 63). For all of the examples described
above, the concentration of PPIase required to significantly
accelerate cis�trans isomerization of the respective protein
substrate was not in catalytic proportions, and rate enhance-
ments were either very small (less than 2-fold; refs. 57 and 58)
or the reaction involving the PPIase was completed on the time
scale of minutes (52, 59). A recent report shows that substoi-
chiometric amounts of Pin1 can catalyze a conformational
change within cdc25 (62).

In contrast to these reports, the catalysis of HIV-1 CAN by
CypA described here is directly visualized, and is found to exhibit
an acceleration factor of at least 100-fold when using a substoi-
chiometric CypA�CAN ratio of 1:12. Taken together, the inter-
action between CypA and CAN represents the first example of
efficient CypA catalysis on a natively folded and biologically
relevant protein substrate. It will be of great interest to further
investigate the role of binding versus catalysis for the functions
of other PPIases with respect to their natural protein substrates.

Conclusions. The importance of the host protein CypA for HIV-1
virulence has been extensively stated and studied in the last few
years. The crystal structure of CAN in complex with CypA
provided a detailed atomic resolution picture of the interface.
However, all present data do not explain the mode of action of
CypA for virulence. Our results illustrating the catalytic action
of CypA on CA call for a more serious consideration of CypA
catalysis in HIV-1 replication. Solution NMR enabled not only
the detection of catalysis, but also a characterization of both the
cis- and trans-bound forms of CAN. The lack of information
about catalysis and the cis-bound form provided by the CAN�
CypA crystal structure is most likely due to trapping one of the
existing conformers, a phenomenon often seen in crystallogra-
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phy. Furthermore, monitoring the active complex in solution
identified residues in CAN outside the CypA binding loop that
are affected by binding. The results shown in this paper, together
with the atomic resolution structure of the CAN�CypA complex,
demonstrate how x-ray crystallography and NMR spectroscopy
complement each other. Ultimately, additional in vivo experi-
ments are needed to elucidate the significance of catalysis

and�or binding of the different conformers by CypA for HIV-1
replication.
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