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Cyclophilin A (CypA) plays an important role in many physiology processes and its overexpression has
been involved in many diseases including immune disease, viral infection, neuro-degenerative disease,
and cancer. However, the actual role of CypA in the diseases is still far from clear, and a complete under-
standing of CypA is necessary in order to direct more specific and effective therapeutic strategies. Based
on the screening of our in-house library through the isomer-specific proteolysis method, we find a CypA
activator (1-(2,6-Dibenzyloxybenzoyl)-3-(9H-fluoren-9-yl)-urea), compound 1a, which can increase
CypA’s PPIase activity and give allosteric behavior. The binding affinity of compound 1a to CypA has been
confirmed by Fortebio’s Octet RED system and the increased phosphorylation of ERK in H446 cells is
observed by treatment with both compound 1a and CsA. In order to further evaluate the binding mode
between the activator and CypA, the allosteric binding site and allosteric mechanism of CypA are inves-
tigated by molecular dynamics (MD) simulations in combination with mutagenesis experiments. The
results show that the allosteric binding site of CypA is 7 Å away from its catalytic site and is composed
of Cys52, His70, His54, Lys151, Thr152 and Lys155. Compound 1a binds to the allosteric site of CypA, sta-
bilizing the active conformation of catalytic residues, and finally promotes the catalytic efficiency of
CypA. We believe our finding of the CypA allosteric activator will be used as an effective chemical tool
for further studies of CypA mechanisms in diseases.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Cyclophilin A (CypA), a member of the ubiquitous cyclophilin
family, is initially purified from bovine thymocytes [1]. CypA cata-
lyzes the cis–trans isomerization of peptidyl–prolyl bonds in pep-
tides and proteins [2,3], and plays an important role in many
physiological processes including protein folding, transportation,
assembly, immune modulation and cell signaling [4–7]. It has been
reported that the overexpression of CypA is associated with many
diseases such as immune disease, viral infection, neuro-degenera-
tive disease, and cancer [8–13].

CsA (Cyclosporin A) is an undecapeptide produced by a variety
of fungi imperfecti, notably Tolypocladium inflatum, and can specif-
ically bind to the catalytic site of CypA with high affinity, which is
now widely used as immunosuppressant for human organ and
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tissue transplantation [14]. However, the side effects in clinical
CsA therapy are thought to induce cancers [15], such as skin can-
cer, lymphoma and Kaposi sarcoma [16]. Therefore, the mechanism
of CypA is still far from clear in physiological and pathological con-
ditions and a more complete understanding of the biological pro-
file induced by CypA needs to be resolved. In recent years,
chemical probes are widely utilized to investigate the underlying
mechanism in the biological network and much impressive pro-
gress in this field has been made in a remarkably short time [17–
19]. Considering the advantages in the investigation of biological
profiles achieved through chemical tools, the finding of this CypA
probe may make an important effect on unraveling the secrets of
CypA transduction. Herein, we report a small molecular compound
1a (1-(2,6-Dibenzyloxybenzoyl)-3-(9H-fluoren -9-yl)-urea) as an
allosteric activator of human CypA. Compound 1a was screened
by the PPIase activity and confirmed through binding affinity as-
say, and its effect on ERK (extracellular regulated protein kinases)
phosphorylation was tested at the cell level. The allosteric binding
site and the allosteric mechanism of compound 1a were also pre-
sented by mutagenesis experiments and molecular dynamics
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(MD) simulations. The above studies suggest that compound 1a is
an allosteric activator of CypA and could be used as a chemical
probe for uncovering mechanisms of CypA in the biological
network.

2. Materials and methods

2.1. Protein expression and purification

Expression plasmid pET15b-CypA was a kindly gift from the
center of medical laboratory sciences, Nanjing PLA Hospital. Wild
type or mutant CypA was expressed in Escherichia coli BL21 cells
and purified as described previously [19].

2.2. PPIase activity assay

PPIase activity assays of human wild-type or mutant CypA were
performed as our previously procedures with a little modification
[19]. Briefly, 20 ll CypA stock solution (500 nM, in 20 mM Tris–
HCl, 50 mM NaCl, pH 7.8) was diluted in 460 ll assay buffer
(20 mM Tris–HCl, 50 mM NaCl, pH 7.8) at 4 �C, then 10 ll of a-chy-
motrypsin (20 mg/mL in 1 mM HCl) was added, and the reaction
was initiated by adding 10 ll of substrate (AAPF, 2 mg/mL in
500 mM LiCl in THF). The absorption at 384 nm was measured
immediately when the reaction was initiated. To determine the
activation activity, compound 1a with various concentrations
was incubated with the CypA solution for 2 h at 4 �C, and then
the PPIase activity assay was carried out.

2.3. The binding affinity assay of 1a and CypA by Fortebio’s Octet
system

Before the experiment, 50 lM purified CypA was dissolved in
dialysis buffer (40 mM HEPES, pH 7.8) and biotinylated by adding
equivalent biotin for 30 min. Then the unconjugated biotin was re-
moved by using PD-10 desalting column (Catalog number
17-0851-01, GE Healthcare). The sensors (Super Streptavidin,
SSA) were pre-wet in dialysis buffer for 15 min prior to use. For
binding affinity assay, the sensors were loaded with biotinylated
CypA for 15 min, then quenched in 10 lM biocytin for 1 min. Com-
pound 1a was prepared in a serial dilution (25, 50 and 100 lM),
and the concretely empirical procedure installation was shown
as Supporting information, Table S1. The sensors without loading
biotinylated CypA were used as a control to correct for baseline
drift. The whole process of experiment was carried out at room
temperature.

2.4. Site-directed mutagenesis of CypA

All the 27 mutants were generated from the expression plasmid
pET15b-CypA, according to QuickChange Site-Directed Mutagene-
sis Kit manual. Forward primers for generation of each mutant
were listed in Supporting information, Table S2. All the mutations
were verified by sequencing at Invitrogen.

2.5. Cell culture

H446 cells were cultured in RPMI-1640 supplemented with 10%
FBS, and maintained at 37 �C in 5% CO2 atmosphere.

2.6. Western bolt

H446 Cells were lysed by adding lysis buffer (20 mM Tris,
150 mM NaCl, 1% Triton X-100, pH 7.5), supplemented with prote-
ase inhibitor cocktail and phosphotase inhibitor cocktail, and then
the supernatant was collected. Proteins were separated by SDS–
PAGE, and were transferred to polyvinyldifluoride membrane by
electroblotting. Anti-phospho-ERK (T202/Y204) and ERK (D196)
antibodies (Bioworld) were used, and the immunodetection was
performed by standard techniques using chemiluminescence.
2.7. Docking simulation between compound 1a and CypA

The X-ray crystal structure of CypA (PDB entry: 1M9C, 2.0 Å res-
olution) [20] was extracted as docking receptor template, and then
the GLIDE software [21,22] was used to probe location of com-
pound 1a in the CypA. All the default parameters were used during
the docking after the protein structures were prepared in ‘‘Protein
Preparation Wizard’’ and SK compounds were prepared in ‘‘Lig-
Prep’’. The binding pocket in the docking was defined to the whole
CypA. Multiple docking runs were iteratively performed till no
remarkable difference (RMSD > 2.0) in new conformations has
been generated. Then, a conformational clustering script encoded
in the Autodock [23,24] was used to classify docking poses and
the second binding site topologically distinct from orthosteric site
was selected according to main cluster of conformations on the
non-orthosteric site of CypA.
2.8. Molecular dynamics (MD) simulations

The structures of CypA and CypA-compound 1a were taken as
the starting points for molecular dynamics simulations. Each MD
simulation was carried out using the AMBER suite of programs
(version 8.0) with the parm99 force field [25]. The charges of the
atoms of compound 1a were calculated by using the RESP method
[26] encoded in the AMBER at the level of RHF/6-31G⁄. Covalent
and nonbonded parameters for the activator atoms were assigned
by analogy or through interpolation from those already present in
the AMBER force field [25]. Each system was prepared by using the
xLeap module in AMBER, in which protons were added to the
structure. All ionizable side-chains were maintained in their stan-
dard protonation states at pH 7.4. The proteins were solvated in cu-
bic box of TIP3P water molecules, with a water thickness extending
at least 10 Å apart from the protein surface. To avoid the instability
that might occur during the MD simulations, the solvated system
was subjected to minimization for 5000 cycles with protein re-
strained and followed by another 5000 cycles with the whole sys-
tem relaxed. Then, the system was gradually heated from 0 to
300 K during the first 60 ps by three intervals, followed by equilib-
rium for 80 ps under constant volume and temperature (NVT) con-
dition. Afterwards, the system was switched to constant pressure
and temperature (NPT) condition and equilibrated for 100 ps to ad-
just the system to a correct density. Finally, the production simu-
lations were carried out in the absence of any restraint under
NPT condition and two 4-ns MD simulations were then conducted
on the CypA and CypA-compound 1a to probe the function of com-
pound 1a. This protocol was applied to all of the simulation
systems.

All the MD simulations were performed using the parallel ver-
sion of PMEMD in AMBER suit. The particle mesh Ewald method
was employed to calculate the long-range electrostatic interac-
tions, whereas the lengths of the bonds involving hydrogen atoms
were fixed with the SHAKE algorithm [27,28]. During the simula-
tions, the integration time step of 2 fs was adopted and structural
snapshots were flushed every 500 steps (1 ps). The non-bonded
cutoff was set to 10.0 Å, and the non-bonded pair list was updated
every 25 steps. Each production simulation was coupled to a 300 K
thermal bath at 1.0 atm pressure by applying the Berendsen algo-
rithm [29]. The temperature and pressure coupling constants were
set to 2.0 and 1.0 ps, respectively.
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2.9. Preparation of compound 1a

The synthesis details of compound 1a were described in the
Supporting information.
Fig. 2. ERK phosphorylation level in H446 cells treated with different concentra-
tions of compound 1a. (A): H446 cells were exposed to CsA (0.1 lM) at increasing
concentrations (0–100 lM) of compound 1a for 48 h; (B): H446 cells were exposed
to different concentration (0–100 lM) of compound 1a for 48 h.
3. Results and discussion

3.1. Compound 1a can bind to CypA and increase the PPIase activity of
CypA

By screening an in-house library of �500 compounds against
human wild type (wt) CypA protein, we found a compound 1a that
could improve catalytic activity on CypA (Fig. 1). Synthetic proce-
dures and structural characterizations of compound 1a were de-
scribed in Supporting information. PPIase activities of CypA were
determined by a spectrophotometric method based on isomer-spe-
cific proteolysis. First, CypA was incubated with compound 1a
(10 lM) for 2 h, the catalytic efficiency of CypA (PPIase) was ob-
served to increase about 54% (Fig. 1A). Then, compound 1a
(10 lM), CsA (10 lM) and CypA were incubated for 2 h, lead the
catalytic efficiency of CypA to increase around 51% (Fig. 1B). Simi-
lar result with almost 53% increase of CypA PPIase was also found
when compound 1a (10 lM) was incubated with CypA for 1 h fol-
lowed by the treatment with CsA (10 lM) for one more hour
(Fig. 1C).
Fig. 1. The allosteric efficiency of compound 1a to the PPIase activity of CypA and the binding affinity of compound 1a to CypA. (A) Curve 1, control, without CypA; Curve 2,
the PPIase activity of CypA; Curve 3, the PPIase activity of CypA which incubated with 10 lM compound 1a for 2 h. (B) Curve 1, control, without CypA; Curve 2, the PPIase
activity of CypA; Curve 3, the PPIase activity of CypA which incubated with both 10 lM CsA and 10 lM compound 1a for 2 h; Curve 4, the PPIase activity of CypA which
incubated with 10 lM CsA for 2 h. (C) Curve 1, control, without CypA; Curve 2, the PPIase activity of CypA; Curve 3, the PPIase activity of CypA which incubated with 10 lM
compound 1a for 1 h, then add 10 lM CsA and incubated for more 1 h; Curve 4, the PPIase activity of CypA which incubated with 10 lM CsA for 2 h. (D) The binding affinity of
compound 1a to CypA. Left part represents the dissociation curve of compound 1a and CypA; right part shows the association curve, the concentrations of compound 1a used
for the test were 25, 50 and 100 lM, respectively.



Table 1
The catalytic efficiency of compound 1a to different CypA mutations.

Residue num Mutation Position Catalytic efficiency

None (wide type) 43.7%
Cys52 Phe Binding site 0%
Cys52 Ser Binding site 6%
Cys52 Leu Binding site 19.8%
Cys52 Ala Binding site 39.2%
His54 Trp Binding site 34.3%
Arg55 Ala Binding site 24.8%
Arg55 Trp Binding site 22.6%
His70 Arg Binding site 2.3%
His70 Trp Binding site 37.8%
Lys151 Ala Binding site 38.0%
Thr152 Phe Binding site 19.5%
Thr152 Trp Binding site 17.5%
Thr152 Ala Binding site 49.5%
Lys155 Ala Binding site 25.8%
Glu23 Ala Periphery 37.9%
Phe46 Ala Periphery 45.2%
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To investigate the action of compound 1a, the binding affinity of
compound 1a to CypA in vitro was tested by Fortebio’s Octet RED
System (Supporting information, Table S1), and the result showed
the dissociation constant KD of 4.50 ± 0.03 � 10�5 M (Fig. 1D).

3.2. The activation effect of Compound 1a in cells

It was reported that CypA could bind and activate the cell sur-
face receptor CD147, leading to the activation of the ERK signaling
Fig. 3. The allosteric binding model of compound 1a to CypA with the presence of substr
CypA. For protein, carbon atoms of the human CypA were shown in green, oxygen atom
binding site are shown as stick and labeled. For ligands, carbon atoms of substrate are co
between ligands and protein were depicted in dotted line in yellow. (For interpretation
version of this article.)
pathway, and that CsA could block this effect of CypA [30]. In order
to determine whether the activation effect of compound 1a existed
at the cell level, H446 cells were exposed to different concentra-
tions of compound 1a in the absence or presence of CsA and the ef-
fect of compound 1a on ERK phosphorylation was evaluated.
Western blot analysis showed that treatment with compound 1a
for 48 h had little effect on the phosphorylation of ERK in cells.
But in the treatment combined with CsA, compound 1a could im-
prove the phosphorylation of ERK in a dose-dependent manner
(Fig. 2). All the above observations indicated that compound 1a
was not only a low-affinity ligand to CypA, but also an allosteric
activator of CypA.
3.3. The molecular mechanism between compound 1a and CypA

To research the molecular mechanism of compound 1a behind
allosteric activation, a hybrid method integrating docking simula-
tion with mutagenesis validation was used to identify the binding
site of compound 1a to CypA. The docking analysis showed that
residues around Cys52 might be the binding site of compound
1a. Based on the results, several amino acid residues, which were
thought to play a vital role in the binding mode of compound 1a,
were further tested by site-directed mutagenesis experiments.
The catalytic efficiency of compound 1a on 27 CypA mutants was
determined (Table 1). Compared with wt-CypA, we found the
mutations of Cys52, Arg55, His70, Thr152 and Lys155 significantly
decreased the catalytic efficiency of compound 1a (Table 1), indi-
cating their involvement in the allosteric pocket. It should be
ate. CypA predicted docking model revealed both substrate site and allosteric site of
s in red, and nitrogen atoms in blue. Side chains of crucial residues in the allosteric
lored in white and those of allosteric activator are colored in cyan. Hydrogen bonds
of the references to colour in this figure legend, the reader is referred to the web



Fig. 4. The allosteric mechanism of compound 1a in CypA from MD simulations. The stability of key residues in the active pocket (A) and the whole protein (B) in 4-ns
simulations of CypA, in which the system of CypA with compound 1a is colored in red and CypA without compound 1a is colored in black; (C) The view of substrate binding
pocket from the simulation of CypA without compound 1a, carbon atoms in the crystal CypA as superimposed reference are green and in the final snapshot from the
simulation are pink; (D) The view of substrate binding pocket from the simulation of CypA with compound 1a, carbon atoms in crystal CypA as superimposed reference are
green and in the final snapshot from the simulation are white. All side chains of crucial residues in the binding site of substrate are shown as stick and labeled in (C) and (D).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pointed out that the CypA PPIase activity was totally lost when
Cys52 was mutated to Phe, implying that Cys52 might be a crucial
residue for compound 1a to bind CypA. Furthermore, His70 was
believed as an important residue for the binding of compound 1a
to CypA, as the p-p interaction may exist between the imidazole
ring of histidine and 9H-fluorene group of compound 1a. This find-
ing was verified by the lost catalytic efficiency of the H70 W mu-
tant (Table 1). The binding model of compound 1a to CypA with
the presence of substrate was shown in Fig. 3. Our findings located
the allosteric site of compound 1a and demonstrated the function
of key residues.

In order to fully understand the allosteric mechanism of the sys-
tem at the atomic detail, two models of CypA with (model I, red
color) and without (model II, black color) compound 1a were
respectively designed for molecular dynamics (MD) simulations,
and 4-ns simulations were performed to explore both the stability
of some key residues in the active pocket (Fig. 4A) and the confor-
mational changes of the whole system (Fig. 4B). Seven key resi-
dues, including His54, Arg55, Phe60, Gln111, Phe113, Trp121 and
His126, were involved in the catalytic activity of CypA as shown
in Fig. 3. RMSD of the key residues in the simulations was found
to be more stable when compound 1a bound to the allosteric site
(Fig. 4A), although the stability of the whole system did not show
an obvious difference between model I and model II (Fig. 4B).
Furthermore, the final snapshots from the simulations were ex-
tracted and superimposed into the crystal of CypA, and the seven
key residues were carefully evaluated in Fig. 4C and 4D. When
compound 1a was absent (Fig. 4C, pink color), Arg55 and Phe60
moved away from the catalytic site, made the catalytic pocket en-
larged, and the substrate to escape easily, resulting in the reduc-
tion of the catalytic efficiency. Conversely, the residues kept their
active orientation in the catalytic pocket when compound 1a ex-
isted. This result indicated that compound 1a, as a CypA activator,
could maintain the catalytic pocket in a stable and efficient confor-
mation and furthermore accelerate the catalysis of substrate,
which had been partly proven by Donald’s report [31] where
Arg55 acted as an anchor for the substrate in the binding site.
We believe this CypA activator and its allosteric mechanism might
have important implications for the design of CypA allosteric acti-
vators and compound 1a could be used as a probe for further stud-
ies in vivo.
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