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Background: Human Prostate Secretory Protein of 94 amino acids (PSP94) has been shown to bind human
CRISP-3 (cysteine-rich secretory protein 3) with very high affinity. CRISP-3 belongs to the CRISP family of pro-
teins having a PR-1 (pathogenesis related protein 1) domain at its N-terminal and ion channel regulatory
(ICR) domain at its C-terminal connected by a hinge region. Functional significance of this complex is not yet
known.
Methods: In order to identify the residues and/or regions involved in PSP94–CRISP-3 interaction, site-directed mu-
tagenesiswas employed. Effect of themutations on the interactionwas studied by co-immunoprecipitation (Co-IP).
Results: For PSP94, amino acids Y3, F4, P56 and the C-terminal β-strand were found to be crucial for interacting with
CRISP-3. A disulfide bond between the two domains of PSP94 (C37A–C73A) was also important for this interaction.
In case of CRISP-3, the N-terminal domain alone could not maintain a strong interaction with PSP94 but it required

presence of the hinge region and not the C-terminal domain. Apart from CRISP-3, CRISP-2 was also found to inter-
act with human PSP94. Based on our findings themost likely model of PSP94–CRISP-3 complex has been proposed.
Conclusion: The terminal β-strands of PSP94 contact the first α-helix and the hinge region of CRISP-3.
General significance: Involvement of the hinge region of CRISPs in interaction with PSP94 may affect the domain
movement of CRISPs essential for the ion-channel regulatory activity resulting in inhibition of this activity.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Prostate Secretory Protein of 94 amino acids (PSP94), also known
as beta-microseminoprotein (β-MSP) is one of the three most abun-
dant proteins in the human seminal plasma [1]. It has been shown to
interact with Cysteine Rich Secretory Protein 3 (CRISP-3) in human
seminal plasma [2]. CRISP-3 belongs to the CRISP family of proteins
which show presence of 16 conserved cysteine residues [3]. CRISP
family proteins are found in various animal species including
Xenopus [4], Caenorhabditis elegans [5] and reptiles [6]. Interestingly,
apart from human CRISP-3, snake venom CRISPs including latisemin,
pseudecin and triflin have also been shown to interact with human
PSP94 [6]. On the other hand, a PSP94-like protein (SSP-2) has
been isolated from snake venom and shown to bind trifilin [7].
Thus it is evident that PSP94 homologs as well as CRISPs are
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evolutionarily conserved and their interaction possibly has an im-
portant physiological role.

Sequence analysis of PSP94 proteins from different species shows
considerable variation but the number of cysteine residues is con-
served indicating a structural similarity among the homologues
[8,9]. Various functions have been proposed for PSP94 including inhi-
bition of spermmotility [10] and spontaneous acrosome reaction [11],
binding to human immunoglobulin IgG [12] and candidacidal activity
in post-coital seminal plasma [13]. It is also considered as a diagnostic
and/or prognostic marker for prostate cancer due to its reduced ex-
pression during prostate tumorigenesis [14,15].

Like PSP94, CRISP-3 has also been implicated in prostate cancer but
unlike PSP94, it is found to be one of the most upregulated genes in
prostate cancer [16]. It was first identified in human neutrophils as
SGP28 (Specific Granule protein of 28 kDa) [17] and subsequently
shown to be present in the pancreas and salivary glands [18,19]. CRISP
family proteins share sequence similarity at their N-terminus to PR-1
(Pathogenesis Related proteins of group 1) proteins in plants which
are expressed in response to pathogenic stimuli or stress [20,21].
Though exact function of CRISP-3 remains unknown, its presence in
neutrophils and its similarity with PR-1 proteins, suggest it to be a
part of innate immune system.

Structure of human CRISPs is not yet deciphered but crystal struc-
ture of several snake venom CRISPs including stecrisp [20], pseudecin
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(Pdc), pseudechetoxin (PsTx) [22] and trifilin [23] has been reported.
These structures show that CRISPs consist of two domains connected
by a short hinge region. The N-terminal large globular domain with
an α-β-α sandwich core forms the PR-1 domain and is also known
as the SCP (sperm coating protein) domain [2,20]. The C-terminal
cysteine-rich domain (CRD) shows presence of 10 cysteine residues.
Several snake venom CRISPs show ion-channel regulatory activity
which is associated with the C-terminal subdomain of the CRD.
Hence, this subdomain is also known as ion-channel regulatory
(ICR) domain. Interaction of CRISP-3 with PSP94 has been hypothe-
sized to inhibit such an activity [2]. Similarly α1B-glycoprotein
(A1BG), a serum glycoprotein that interacts with CRISP-3 is also
thought to prevent the harmful effect of free CRISP-3 in circulation
[24].

Two models have been proposed for PSP94–CRISP-3 interaction.
Both these models suggest involvement of one of the beta strands in
the PR-1/SCP domain of CRISP-3 and terminal beta strands of PSP94 in
the interaction [25,26]. But molecular evidence supporting them is
still lacking. Identification of the exact molecular determinants of
PSP94–CRISP-3 interaction would be helpful in gaining insights about
the functional significance of this evolutionarily conserved complex.

In an attempt to identify the key regions/residues of PSP94 and
CRISP-3 involved in the interaction, series of mutations in these
two proteins were created. These mutations included alanine substi-
tution, disruption of the disulfide bond and deletions of the
sub-domains. Effect of these mutations on the interaction of two pro-
teins was evaluated by Co-IP. Apart from CRISP-3, ability of human
CRISP-2 to interact with PSP94 was also evaluated by Co-IP. Based on
our experimental data and molecular modeling and docking studies,
we propose the most likely model of PSP94–CRISP-3 complex.

2. Materials and methods

PC3 cells (human prostate cancer cell line) obtained from National
Centre for Cell Science, Pune, India were maintained in RPMI-1640
supplemented with 5% fetal calf serum (FCS) containing penicillin
(100 U/ml) and streptomycin (100 μg/ml) at 37 °C in the presence
of 5% CO2 in a humidified environment. All cell culture reagents
were purchased from Invitrogen (Carlsbad, CA, USA). The antibodies
used for this study included goat anti-CRISP-3 antibody (R&D Systems
Inc., Minneapolis, USA), biotinylated goat anti-CRISP-3 antibody (R&D
Systems Inc., Minneapolis, USA), mouse anti-Flag antibody (Sigma,
St. Louis, MO, USA) and rabbit anti-PSP94 antibody (raised against
native PSP94 protein purified from human seminal plasma in our
laboratory). The horseradish peroxidase-conjugated rabbit anti-
goat, goat anti-rabbit, goat anti-mouse secondary antibodies
(Santacruz Biotech Inc., CA, USA) and streptavidin HRP conjugate
(GE healthcare, Buckinghamshire, UK) were used at 1:2000 dilution.
CRISP-2 Myc-Flag clone (Myc-DDK-tagged ORF clone of human
CRISP-2, accession no. NM_003296.1) was purchased from OriGene
Technologies (Rockville, MD, USA). Protein A-Agarose beads were pur-
chased from Pierce (Rockford, IL, USA) and Protein G-Sepharose beads
from GE Healthcare Life Sciences (Buckinghamshire, UK). Protease in-
hibitor cocktail was purchased from Roche (Penzberg, Germany). PCR
reagents including Taq Polymerase and dNTPs were purchased from
Invitrogen (Carlsbad, CA, USA).

2.1. Mutagenesis

Human PSP94 cDNA was cloned in pcDNA3.1+ (Invitrogen,
Carlsbad, CA, USA) at Hind III and EcoR I site. This construct was
used as a template to generate 8 mutants of PSP94. Two of the mu-
tants causing disruption of disulfide bond C2A–C50A and C37A–C73A
were generated using QuikChange multi-site-directed mutagenesis
kit (Stratagene, La Jolla, CA, USA). The other five alanine substitution
mutations were made using QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA, USA). A deletion mutant was made by
conventional polymerase chain reaction (PCR) technology using de-
letion specific reverse primer followed by restriction enzyme diges-
tion and ligation of the PCR product in pcDNA3.1+.

For wild type human CRISP-3 expression construct, CRISP-3 cDNA
(Human MGC-verified FL cDNA clone ID 8069045) was purchased
and cloned in pEFIRES-P (a kind gift from Dr. Steve Hobbs, Institute
of Cancer Research, Sutton, UK) at EcoR I and Xba I site. This construct
was used as a template for generation of 11 mutant constructs in-
cluding 3 deletions and 8 alanine substitutions. All the mutants
were generated manually by PCR followed by restriction enzyme di-
gestion and ligation of the product in pEFIRES-P. Three C-terminal
deletion mutants namely CP3-163HA, CP3-165HA and CP3-186
were made by using specific reverse primers in a single round of
PCR. Two of these which have HA tag had the specific coding se-
quence for the tag present in the reverse primer. The remaining
8 mutants were made by 2 rounds of PCR. In the first round, two sep-
arate fragments were generated using either the mutation specific
forward or the reverse primers having an overlapping sequence
where the mutation was introduced. The second round was
overlapping PCR where the external primers were used to get the
full length fragment harboring the mutation which was then cloned
in pEFIRES-P. All the constructs were verified by DNA sequencing.

2.2. Transient transfection and Western blotting

PC3 cells were grown in 6-well plates in antibiotic free medium to
~80–85% confluence. They were co-transfected the following day with
the wild type CRISP-3 construct along with individual mutant PSP94
constructs or wild type PSP94 construct along with individual mutant
CRISP-3 constructs (1.5 μg of each construct). Cells co-transfected
withwild type PSP94 andwild type CRISP-3 construct served as positive
control. Cells transfected either with wild type PSP94 or with wild type
CRISP-3 construct alone (1.5 μg) served as a negative control. These
transfections were performed using Fugene HD transfection reagent
(Roche Diagnostics, Penzberg, Germany) in serum free medium
(1 ml) as per manufacture's protocol. 24 h post transfection condi-
tioned medium was harvested and ~200 μl (1/5th volume) of which
was precipitated using 20% trichloroacetic acid (TCA) followed by two
washes of chilled acetone. Remaining conditioned medium (~800 μl)
was taken for Co-IP. The transfected cells were rinsed once with PBS
and lysed in lysis buffer (50 mM Tris–HCl, 2 mM EDTA, 100 mM NaCl,
1% NP40, 0.1% SDS and protease inhibitors) to obtain total cell lysate
which was also used for Co-IP. A part of the total cell lysate as well as
TCA precipitated proteins were separated on a 12.5% SDS-PAGE and
subjected to Western blot analysis to detect the expression of proteins.
Expression of PSP94, CRISP-3 and CRISP-2 Myc-Flag was detected using
rabbit anti-PSP94, goat anti-CRISP-3 and mouse anti-Flag antibody
respectively.

2.3. Co-immunoprecipitation

For Co-IP, the conditioned medium or cell lysate was precleared
with 20 μl Protein A Sepharose beads for IP with anti-PSP94 antibody
or 20 μl Protein G Agarose beads for IP with anti-CRISP-3 antibody
and anti-Flag antibody in order to eliminate any nonspecific binding
of the proteins to the beads. These beads were then discarded and
1 μg antibody (anti-CRISP-3 or anti-Flag or anti-PSP94) was added to
the supernatant. This mixture was subjected to end-to-end mixing at
4 °C overnight. The next day, fresh beads were added to the tubes and
tubes were further incubated for 3 h at 4 °C. The beads were washed
thrice with IP wash buffer (50 mM Tris–HCl, 2 mM EDTA, 100 mM
NaCl, 0.5% NP40 and protease inhibitors). The co-immunoprecipitated
proteins were separated on a 12.5% SDS PAGE followed by Western
blotting. CRISP-3was detected using biotinylated anti-CRISP-3 antibody
and other proteins were detected as described earlier.
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2.4. Homology modeling of CRISP-3 and building models for mutants of
PSP94 and CRISP-3

The homology model of human CRISP-3 was built using Discovery
Studio 2.0 (Accelrys, Inc., San Diego, CA, USA) based on Stecrisp (PDB
ID: 1RC9) and Pseudechetoxin (PDB ID: 2DDA) structures. Multiple se-
quence alignment (MSA) of CRISP-3, stecrisp and pseudechetoxin
(PsTx) sequences showed 39.45% identity and 56.6% similarity among
the proteins. The loops and side-chains were refined using Prime 2.1
module (Schrodinger, LLC, NY, USA; 2009). The CRISP-3modeled struc-
ture was validated at the Structural Analysis and Verification Server
(SAVS) (http://nihserver.mbi.ucla.edu/SAVES_3/) using PROCHECK
[27], ERRAT [28], WHAT_CHECK [29] and VERIFY 3D [30,31].

This modeled structure of CRISP-3 and NMR solution structure of
PSP94 (PDB ID: 2IZ3, chain A) were utilized to generate models for
mutants. Point mutations were carried out by substituting the wild
type residues with alanine. The point mutant models of both
CRISP-3 and PSP94 were built using Discovery Studio Build Mutant
protocol. The Root Mean Square Deviation (RMSD) with the wild
type protein structure and the potential energies of these mutant
models were computed.

2.5. Docking studies of CRISP-3 and PSP94

The PSP94 structure (PDB ID: 2IZ3, chain A) was minimized at 50
steps. While the modeled structure of CRISP-3 was minimized at 150
steps. Minimization was carried out using Adopted Basis Newton–
Raphson (ABNR) method [32]. The minimized structure of CRISP-3
was docked with PSP94 using ZDOCK at Discovery Studio 2.0. The
inter-molecular interactions between CRISP-3 and PSP94 of the selected
Fig. 1. Residues selected for mutagenesis of PSP94. (A) Structure of human PSP94 (PDB ID:
β-strands and different mutations created. Amino acid numbers correspond to the mature P
olive baboon (Papio anubis), rhesus monkey (Macaca mulatta), rat (Rattus norvegicus), mou
letters on the black background. The identical residues are shown on grey background. The
indicate residues in human PSP94 which were alanine substituted. Filled circles indicate th
mature human PSP94 protein.
pose were calculated using Protein Interactions Calculator (PIC) server
[33] and the distance of various interactions was verified in Discovery
Studio 2.0.

3. Results

3.1. Identification of key residues and regions of PSP94 mediating its
interaction with CRISP-3

3.1.1. Generation of PSP94 mutants
N- and C-terminal beta strands of PSP94 are proposed to form

the probable binding interface of PSP94 for different interacting
proteins (Fig. 1A). In order to experimentally validate this, we
made series of mutations in PSP94 (Fig. 1B). The C-terminal beta
strand (β8, Fig. 1B) was eliminated in a C-terminus deletion mu-
tant, labeled as PSP87, where the last seven amino acids of PSP94
were deleted. Three independent alanine substitutions were
made in the first β-strand (Y3A, F4A and P6A) which comprises of
four amino acids. Two of these, Phe4 and Pro6, are conserved in
PSP94 from human, baboon, rhesus monkey, and pig whereas
Tyr3 is present only in human and pig (Fig. 1C). According to
Ghasriani et al. [25] apart from β-strand 1 and 8, β-strand 4 and 5
of PSP94 are also important for PSP94–CRISP-3 interaction. Ile47
(beta strand 4) and Pro56 (beta strand 5) which are highly conserved
among species (Fig. 1C) were chosen to be substituted by alanine
(I47A and P56A respectively). The two domains of PSP94 are connected
to each other via a single disulfide bond between Cys37 and Cys73. Dis-
ruption of this disulfide bond was hypothesized to release the con-
straint on the alignment of two domains with respect to each other.
To study if this disruption would have any effect on the PSP94–
2IZ3, chain A). (B) Schematic representation of secondary structure of PSP94 showing
SP94 sequence. (C) Sequence alignment of PSP94 proteins from human (Homo sapiens),
se (Mus musculus) and pig (Sus scrofa). The conserved residues are indicated by white
filled diamond indicates the first amino acid of the mature human PSP94. Open circles
e deleted residues in PSP87. Numbers on right side of the alignment correspond to the

http://nihserver.mbi.ucla.edu/SAVES_3/
image of Fig.�1
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CRISP-3 interaction, C37A–C73Amutant wasmade where the individual
cysteine residues were changed to alanine. A disulfide bond between
Cys2 and Cys50 keeps the first and fourth beta strand of the
N-terminal Greek-key motif in place (Fig. 1B). This bond was also
disrupted by substituting both cysteine residues to alanine (C2A–C50A).

3.1.2. Effect of PSP94 mutants on the PSP94–CRISP-3 interaction
All mutant PSP94 proteins (C37A–C73A, C2A–C50A and PSP87) were

expressed and secreted similar to the wild type PSP94 (Fig. 2 upper
panel). Wild type CRISP-3 protein could co-immunoprecipitate the
wild type PSP94 as expected (Fig. 2 middle panel, lane 2). Deletion of
the last seven amino acids (PSP87) resulted in almost total loss of the
PSP94–CRISP-3 interaction highlighting the importance of the β-strand
8 in this interaction (Fig. 2 last lane). Disruption of the disulfidebondbe-
tween C37 and C73 affected the PSP94–CRISP-3 interaction severely. This
suggested that the constraint on the domain orientation of PSP94 is
critical for interaction with CRISP-3. Similarly disruption of disulfide
bond between β-strand 1 and 4 (C2A–C50A) which keeps the
Greek-key motif intact also affected the PSP94–CRISP-3 interaction,
indicating that the Greek-key motif or these 2 β-strands in particular
are important for PSP94–CRISP-3 interaction. These results were
confirmed by IP using anti-PSP94 antibody (Fig. 2 lower panel). Mo-
bility of C2A–C50A mutant was slightly faster than that of the wild
type PSP94 or other mutants of PSP94 (evident in Fig. 2 middle and
lower panel), but the reason behind this is not known. Out of the
five alanine substitutions in PSP94, Y3A (β-strand 1), F4A (β-strand
1) and P56A (β-strand 5) showed an effect on the interaction with
wild type CRISP-3 when compared to the wild type PSP94 whereas
Fig. 2. Effect of different mutations of PSP94 on the PSP94–CRISP-3 interaction. PC3 cells were c
CRISP-3 construct. Cells transfectedwith wild type CRISP-3 expression construct alone served a
ume of the medium was TCA precipitated (20% input) and subjected to Western blot analysi
detected by goat anti-CRISP-3 and rabbit anti-PSP94 antibodies respectively. The non-glycosyla
PSP94 shows a single band at around 17 kDa. Remaining conditionedmediumwas immunopre
panel). The immunocomplexes were subjected to Western blot analysis and Co-IP of CRISP-3 a
respectively. Arrows on the left indicate position of the protein molecular weight marker.
P6A (β-strand 1) and I47A (β-strand 4) mutants interacted with
CRISP-3 similar to the wild type PSP94 (Fig. 2 middle panel). These
results suggested involvement of β-strand 1 and 5 of PSP94 in bind-
ing with CRISP-3. Similar to C2A–C50A, the electrophoretic mobility
of P56A was also found to be slightly faster than that of the wild
type PSP94 (Fig. 2 top and lower panel).

3.2. Identification of key residues and regions of CRISP-3 mediating its
interaction with PSP94

3.2.1. Generation of CRISP-3 mutants
Human CRISP-3 is believed to interact with human PSP94

through its N-terminal PR-1/SCP domain.We generated two deletion
mutants (Fig. 3A) having either the PR-1/SCP domain (CP3-165HA)
alone or the PR-1/SCP domain along with the hinge region
(CP3-186). In the first deletion mutant, HA tag was incorporated to
detect and immunoprecipitate this truncated protein in case the
anti-CRISP-3 polyclonal antibody failed to detect it. Proline and tyro-
sine, the two hydrophobic amino acids at the end of the PR-1 domain
of the stecrisp (structure of stecrisp depicted in Fig. 4A) from snake
venom, are thought to cover the critical hydrophobic core made up
of the three alpha helices in the PR-1 domain [20]. These two
amino acids are conserved in human CRISP-3 protein as well
(Fig. 3B). We hypothesized that elimination of these two amino
acids may affect the integrity of the PR-1 domain which in turn
may affect the PSP94–CRISP-3 interaction. Therefore, an additional
deletion mutant labeled CP3-163HA was also made. Ghasriani et al.
have suggested that, amino acids 77–83 (GENLYMS) forming one of
o-transfectedwith either wild type PSP94 ormutant PSP94 construct alongwithwild type
s a negative control. 24 h post transfection, conditioned mediumwas collected. 1/5th vol-
s to detect expression of the proteins in the input (top panel). CRISP-3 and PSP94 were
ted and glycosylated forms of CRISP-3 get detected at around 28 and 31 kDa respectively.
cipitatedwith either anti-CRISP-3 antibody (middle panel) or anti-PSP94 antibody (lower
nd PSP94 was detected by biotinylated goat anti-CRISP-3 and rabbit anti-PSP94 antibody

image of Fig.�2
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the β-strands of CRISP-3, is the most likely interacting site for PSP94
[25]. Gly77, Glu78, Asn79 andMet82 of CRISP-3 are highly conserved
in CRISP family (Fig. 3B and C) including human CRISP-2 and CRISP-1
proteins. We created an internal deletion of four amino acids in this
region so as to produce a recombinant protein lacking amino acids
77–80 (data not shown). But this construct upon transfection did
not result in production of mature protein (as per the Western blot
analysis) suggesting that this deletion caused a major loss of struc-
tural integrity. Therefore effect of such a deletion on PSP94–
CRISP-3 interaction could not be studied. We created alanine substi-
tutions in this region where E78 and N79 were together changed to
alanine. Apart from highly conserved regions, there are certain vari-
able regions in CRISP family proteins. Guo et al. have identified three
hypervariable segments in CRISPs [20]. Amino acids 157–162
(WANRLY) from CRISP-3 which are at the C-terminal end of the
PR-1/SCP domain form one of these hypervariable segments
(Fig. 3B and C). These segments might be involved in species specific
functions, including species specific protein-protein interaction. Two
Fig. 3. Residues selected for mutagenesis of CRISP-3. (A) Schematic representation of different
ture CRISP-3 sequence. (B) Sequence alignment of the N-terminal parts of human CRISP-3 and
proteins from human (Homo sapiens), chimpanzee (Pan troglodytes), sheep (Ovis aries), cow (
mulatta). The numbers on the right correspond to the mature human CRISP-3 sequence. The fi

dicate residues in human CRISP-3 which were alanine substituted. The boundary of hinge regi
alanine substitutions were made in this segment to change Trp157
and Tyr162 which are the least conserved residues (Fig. 3B and C)
among different species.

3.2.2. Effect of CRISP-3 mutants on the PSP94–CRISP-3 interaction
Expression and secretion of themutant CRISP-3 proteinswas similar

to the wild type CRISP-3 protein (Fig. 4B, top panel). The three deletion
mutants- CP3-163HA, CP3-165HA and CP3-186 showed higher electro-
phoretic mobility as expected. Wild type CRISP-3 exists in glycosylated
and non-glycosylated form (Fig. 4B, lane 2) and both the forms are
known to interact with PSP94 [2]. The three deletion mutants showed
presence of only one form (Fig. 4B) indicating absence of glycosylation
due to deletion of the glycosylation site present at the C-terminal. Inter-
estingly, we observed that CP3-163HA and CP3-165HA (lacking the
hinge as well as the ICR region of CRISP-3) could not interact with
PSP94 (Fig. 4B, middle and lower panel). This indicated that the PR-1/
SCP domain of CRISP-3 alone could not bindwith PSP94with high affin-
ity as compared to the wild type CRISP-3. Binding with PSP94 could be
mutations created in human CRISP-3 protein. Amino acid numbers correspond to the ma-
PSPBP along with snake venom CRISP family proteins. (C) Sequence alignment of CRISP-3
Bos taurus), horse (Equus caballus), mouse (Mus musculus) and rhesus monkey (Macaca
lled diamond indicates the first amino acid of the mature human CRISP-3. Open circles in-
on is marked by filled triangles. The conserved Cys-Thr-Asn residues are underlined.

image of Fig.�3
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restored by incorporation of the hinge region of CRISP-3 (CP3-186)
(Fig. 4B). The observed effect of the hinge region on the PSP94–
CRISP-3 interaction could be either due to direct involvement of the
hinge region in the interaction with PSP94 or loss of stability of PR-1/
SCP domain due to elimination of the hinge region. E78A–N79A and
W157A–Y162A mutants of CRISP-3 showed interaction with PSP94 simi-
lar to the wild type CRISP-3 (Fig. 4B, last two lanes) suggesting that
these residues were probably not involved in the interaction with
PSP94.

3.2.3. Evaluation of direct involvement of the hinge region of CRISP-3 in
binding with PSP94 by generating alanine substitution mutations

As hinge region of CRISP-3 was found to be crucial for PSP94–
CRISP-3 interaction, further studies were carried out to evaluate its
involvement. The compact structure of hinge region of CRISP-3 is
maintained by two disulfide bonds. We disrupted one of these
bonds by substituting Cys174 and Cys183 by alanine (C174A-C183A)
(Fig. 3A). Asp180, Leu182 and Thr184 which are at the C-terminal
end of the hinge region were also changed to alanine to study if it af-
fected PSP94 binding. Leu182 and Thr184 are conserved across
human CRISP-2, CRISP-1, and different snake venom CRISPs (Fig. 3B
and C). The N-terminal alpha helix of CRISPs is positioned very
close to the hinge region as can be seen from the crystal structure
of stecrisp (Fig. 4A). We hypothesized that if PSP94 protein directly
contacts the hinge region of CRISP-3, it is likely to contact the
N-terminal alpha helix as well. Certain amino acids in this α-helix
which include Gln19, Ile22, His26, Asn27 and Arg30 are conserved
across CRISP-3 proteins from different species and in certain snake
venom CRISPs (Fig. 3B and C) which are shown to bind human
PSP94 [6]. His26, Asn27 and Arg30 are also conserved in PSP94 bind-
ing protein (PSPBP), which has a PR-1/SCP domain at its N-terminal
similar to CRISPs [34]. We substituted Asn27 with alanine (N27A) to
determine if it has any role in PSP94–CRISP-3 interaction. Presence of
hinge region forms a concave surface between the PR-1/SCP domain
and the ICR domain [22,23]. The ICR has no direct contact with the
PR-1/SCP domain but the hinge contacts the PR-1/SCP domain via
two hydrogen bonds. Leu41 in the PR-1 domain is involved in the hy-
drogen bonding with the hinge region [20]. It was also substituted by
alanine in another point mutation in CRISP-3 to check its importance
in the interaction.

Expression and secretion of the additional mutant CRISP-3 pro-
teins was similar to the wild type CRISP-3 protein (Fig. 4C and D,
top panel). Disruption of the disulfide bond between Cys174 and
Cys183 in the hinge resulted in total loss of interaction with PSP94
as shown by the Co-IP with anti-CRISP-3 and anti-PSP94 antibody
(Fig. 4C and D). This clearly demonstrated that structural integrity



Fig. 4. Effect of different mutations of CRISP-3 on the PSP94–CRISP-3 interaction. (A) Structure of stecrisp (PDB ID: 1RC9) with N-terminal first α-helix highlighted in yellow and
hinge region highlighted in red. (B, C and D) PC3 cell were co-transfected with either wild type CRISP-3 or mutant CRISP-3 construct along with wild type PSP94 construct.
CP3-163HA, CP3-165HA, CP3-186, E78A-N79A, W157A-Y162A are shown in (B). N27A, L41A, D180A, L182A, T184A, and C174A–C183A are shown in (C) and (D). Cells transfected with ei-
ther wild type PSP94 alone or wild type CRISP-3 alone served as negative control. Expression of respective proteins in the conditioned medium (B and C) or in the lysate (D) was
detected by Western blot analysis (top panel). Co-IP of conditioned medium (B and C) or the lysate (D) using anti-CRISP-3 or anti-PSP94 was performed. The immunocomplexes
were subjected to Western blot analysis and presence of CRISP-3 and PSP94 was detected by biotinylated goat anti-CRISP-3 and rabbit anti-PSP94 respectively. Vertical arrows in
the lower panels of (C) and (D) indicate non-specific signal possibly arising from the light chain of the antibody used for IP. Arrows on the left indicate position of the protein mo-
lecular weight marker.
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of the hinge region of CRISP-3 is essential for PSP94–CRISP-3 interac-
tion. The three individual amino acid substitutions in the hinge
(D180A, L182A and T184A) as well as the L41A substitution in the
PR-1/SCP domain had no effect on PSP94 binding. However, N27A
mutant of CRISP-3 showed weaker interaction with PSP94 as com-
pared to wild type CRISP-3 (Fig. 4C and D), suggesting involvement
of the first α-helix of CRISP-3 in interaction with PSP94. The hinge
region of CRISP-3 could be one of the major contacting points for
PSP94 in the PSP94–CRISP-3 complex and the first α-helix of
CRISP-3 could be another contacting point for PSP94.
3.3. Interaction of CRISP-2 with PSP94

In order to study if PSP94 can interact with other members of CRISP
family, we evaluated its interaction with CRISP-2, which shares 71%
identity with human CRISP-3. Human CRISP-2 Myc-Flag expression
construct was co-transfected along with wild-type PSP94 in PC3 cells.
Recombinant CRISP-2 Myc-Flag protein was expressed and secreted in
the conditioned medium (Fig. 5, top panel). Co-IP using either
anti-Flag antibody (Fig. 5, middle panel) or anti-PSP94 antibody
(Fig. 5, lower panel) demonstrated CRISP-2 to be an interacting partner
of PSP94.

3.4. Modeled structure of PSP94–CRISP-3 complex

3.4.1. Building models of mutants of PSP94
Eight mutant models of PSP94 were generated using the NMR solu-

tion structure (Supplementary Fig. 1A and Table 1). All the mutant
models showed a change in the conformation as well as in the
intra-molecular interactions. Mutant model Y3A showed RMSD of
0.45 Å and a higher potential energy compared to wild type PSP94
structure. Similar results were observed for mutant P6A and P56A but
for F4A there was the least change in the RMSD (0.12 Å). Mutant
model of I47A did not differ much in the RMSD and potential energy
compared to the wild type PSP94. C2A–C50A and C37A–C73A mutant
models showed a prominent effect in the RMSD due to change in ste-
reochemistry and side-chains.

3.4.2. Homology modeling of wild type and mutants of CRISP-3
X-ray crystal structures of stecrisp and pseudechetoxinwere used as

templates to model human CRISP-3 (Supplementary Fig. 1B) and the
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Fig. 5. Interaction of CRISP-2 with PSP94 by co-immunoprecipitation. PC3 cells were co-transfected with CRISP-2 Myc-Flag construct along with wild type PSP94 construct. Cells
transfected with either wild type CRISP-2 or wild type PSP94 construct alone served as negative control. 24 h post transfection, expression of CRISP-2 and PSP94 proteins was
detected in the conditioned medium by mouse anti-Flag and rabbit anti-PSP94 antibody respectively (top panel). CRISP-2 got detected at around 32 kDa. Co-IP of conditioned me-
dium with either anti-Flag antibody (middle panel) or anti-PSP94 antibody (lower panel) was performed and the immunocomplexes were subjected to Western blot analysis.
CRISP-2 and PSP94 were detected as mentioned above. Arrows on the left indicate position of the protein molecular weight marker.
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mutants. Themutant N27A and CP3-186 showed very high potential en-
ergy (Table 1) indicating dramatic effect on the stability. The mutants
D180A, L182A and C174A–C183A also showed relatively higher potential
energy as compared to wild type CRISP-3 and other mutants. Substitu-
tion of Asn27 with Ala showed a change in the side chain as well as
change in polarity from hydrophilic to hydrophobic and had very low
RMSD of 0.03 Å. Substitution of Cys174 and Cys183 with Ala showed
no change in the polarity but change in the side chain aswell as the ste-
reochemistry. This C174A–C183A mutant model, therefore, showed a
high RMSD of 0.35 Å (Table 1) resulting in a drastic effect in the confor-
mation as well as intra-molecular interactions.

3.4.3. Docking studies
The modeled structure of CRISP-3 and the solution structure of

PSP94 were successfully docked. The final docked complex of PSP94–
CRISP-3 was selected based on the findings of mutagenesis and Co-IP
experiments. The various inter-molecular interactions were computed.
It was observed that the PSP94–CRISP-3 docked complex essentially
interacted at two specific sites: one at the N-terminal Greek-key motif
of PSP94 with the first α-helix of CRISP-3 and second at the
C-terminal β-strand 5 and 8 of PSP94 with the hinge region of CRISP-3
(Fig. 6). The N27 residue of the first α-helix of CRISP-3 is in close prox-
imity to β1 strand of PSP94. The interaction data for the proposed
model is listed in Supplementary Table. It showed that Asn27 of
CRISP-3 formed hydrogen bonds with Cys2 of PSP94. Similarly it was
found that Cys174 and Cys183 of CRISP-3 showed side chain-side
chain hydrogen bonding with Glu91 in PSP94 (Supplementary Table).
Apart from these CRISP-3 residues, it was observed that Y3, F4, C2 and
C50 present on the Greek key motif of PSP94 interacted with the
N-terminal α-helix of CRISP-3 while P56 interacted with the hinge
region of CRISP-3. Interaction data did not show any interaction be-
tween P6 of PSP94 and any residue of CRISP-3. It was observed that
side chain of P6 is not in direct contact with the N-terminal α-helix of
CRISP-3 hence P6 is probably not an interacting residue.

4. Discussion

Solution structure of human and porcine PSP94 was reported by
Ghasriani et al. in 2006 [10]. Crystal structure of human PSP94 was
later published by Kumar et al. [33]. The overall structure of human
PSP94 reported by both these groups is similar, except for a slight
change in the relative orientation of the N- and C-terminal domains.
PSP94 is a two domain protein with the N-terminal domain having a
beta sheet with four strands according to the Greek key-motif. The
C-terminal domain has two two-stranded beta sheets. The N-and
C-terminal ends of PSP94 are in close proximity to each other and
the interaction between them restrains the relative orientation of
the two domains [10,33]. Due to their close proximity, β-strands 5
and 8 appear to be an extension of β-strands 4 and 1 respectively.
A long two-stranded β- sheet comprising of these β-strands of C-
and N-terminal domain was proposed as the binding interface for
CRISP-3 by Ghasriani et al. [25] whereas Kumar et al. proposed the
straight edge formed by the β-strands 1 and 8 of PSP94 to be the
binding interface [33]. An accessible β-strand in the N-terminal do-
main of CRISP-3 was thought to be contacting PSP94 by both the
groups.

Our results demonstrated that the terminal beta strands of PSP94 in-
deed have a role in mediating the interaction with CRISP-3. The Greek
key motif and the relative orientation of the N- and C-terminal
domains were also found to be important in maintaining a strong
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Table 1
The RMSD (Root Mean Square Deviation) of the mutant models with respect to the
wild type model and the potential energy values of the mutants are summarized.

PSP94 Models RMSD (Å) with respect to
wild type PSP94

Potential energy
(kcal/mol)

WT – −3600
Y3A 0.45 −1700
F4A 0.12 −1600
P6A 0.46 −1700
I47A 0.19 −2700
P56A 0.25 −1700
C2A–C50A 0.55 −1700
C37A–C73A 0.85 −1900
PSP87 – −3300

CRISP-3 models RMSD (Å) with respect to
wild type CRISP-3

Potential energy
(kcal/mol)

WT – −5800
N27A 0.03 4800
C174A–C183A 0.35 140
D180A 0.11 580
L182A 0.13 240
T184A 0.09 −680
L41A 0.17 −1000
CP3-165HA – −4300
CP3-163HA – −4200
CP3-186 – 1100

3027A.A. Breed et al. / Biochimica et Biophysica Acta 1830 (2013) 3019–3029
interactionwith CRISP3. Involvement of the two cysteine residues of the
Greek-key motif (Cys2 and Cys50) in forming hydrogen bonds with
Asn27 of CRISP-3 (Supplementary Table) supports importance of the
Greek-key motif in the inter-molecular interaction.

In case of CRISP-3, surprisingly, presence of only the first 163 or
165 amino acids was not sufficient to maintain the interaction with
PSP94. We also used anti-HA antibody to immunoprecipitate
CP3-163HA and CP3-165HA in order to eliminate any bias that may
exist with polyclonal anti-CRISP-3 antibody for immunoprecipita-
tion of truncated CRISP-3 molecules; but we still could not detect
Fig. 6. Modeled structure of PSP94–CRISP-3 complex. PSP94 is shown in purple and CRISP-3
teraction, are highlighted in green and pink respectively. The β-strand 8 of PSP94 (PSP87)
interaction with PSP94 (data not shown). When the hinge region
(166–186 amino acids) was added to the PR-1 domain, it showed in-
teraction with PSP94 similar to the full length CRISP-3 protein. In-
volvement of the hinge region of CRISP-3 in binding with PSP94 is
further supported by the observation that disruption of one of the
two disulfide bonds in the hinge region (C174A-C183A) caused total
loss of interaction though the PR-1/SCP domain was kept intact. As
all the cysteine residues are conserved in CRISP family members
they maintain certain structural similarity among CRISPs from differ-
ent species. The disulfide bond in the hinge region which we
disrupted maintains a well-defined left handed knot in the hinge re-
gion of CRISPs [20]. This compact fold of the hinge region of CRISP-3
appears to be crucial for interactionwith PSP94. Apart from the hinge
region alanine substitution of Asn27 in the first α-helix of CRISP-3
decreased the affinity of CRISP-3 for PSP94 binding. The high poten-
tial energy of N27A mutant indicates weaker stability for this protein
which might be due to disruption of the intra-molecular interaction
in the first α-helix of CRISP-3. The possibility of weaker stability of
N27A resulting in weaker interaction with PSP94 cannot be ruled
out. However, the marginal change in RMSD suggested minimal
change in overall structure of N27A. In contrast to the predicted
weaker stability, we observed that the mutant N27A was expressed
and secreted at a level similar to wild type CRISP-3. Asn27 in the
first α-helix is conserved in PSPBP as well as various snake venom
CRISPs which are shown to interact with human PSP94 [6]. It is also
conserved in human CRISP-2 which we have shown to interact
with human PSP94 in this study. The hinge region of CRISPs is posi-
tioned right above this first α-helix. Therefore, we propose that the
hinge region along with the first α-helix of CRISP-3 may form the
binding interface for PSP94. A truncated His-tagged CRISP-3 protein
(first 156 amino acids) used by Ghasriani et al. showed interaction
with PSP94 that was studied by 3D NMR spectra [25]. Though the
N-terminal of CRISP-3 can contact PSP94, this interaction alone
might not be strong enough to be detected by Co-IP. Binding of the
hinge region of CRISP-3 with PSP94 may strengthen the interaction
further. A high sequence similarity between the first α-helix of
is shown in white. The residues of PSP94 and CRISP-3 affecting the PSP94–CRISP-3 in-
is highlighted in yellow which when deleted hampered the interaction with CRISP-3.
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CRISPs as well as the structural similarity in the hinge region due to
four conserved cysteine residues indicates that other CRISP family
proteins might be interacting with PSP94 through the same binding
interface. Ability of CRISP-2 to bind with PSP94 supports this
hypothesis.

Crystal structures of PsTx and Pdc, which are CRISP family proteins
from snake venom, have shown that the concave surface between the
N-terminal PR-1 domain and the C-terminal cysteine-rich domain
(CRD) is important for blocking the cyclic nucleotide-gated (CNG)
ion-channels [22]. Upon binding to Zn2+, this concave surface can
open and close due to the movement of the C-terminal subdomain of
CRD (ICR). It has been proposed that themovement of the ICR occurs in-
dependent of the rest of the molecule and it might be due to rotations
around Cys-Thr-Asn residues in the hinge region [27]. Similar domain
movement of the ICR has also been proposed for triflin, a Ca2+-channel
blocker, from snake venom [23]. Murine CRISP-2 (Tpx-1) has ryanodine
receptor (RyR) regulating activity that resides in the C-terminal domain
which also shows presence of Cys-Thr-Asn motif [35]. The ICR domain
of the Tpx-1 is also able to freely rotate relative to the hinge and PR-1
domain. Thus, the mechanism of free rotation of ICR relative to the
hinge and the PR-1/SCP domain seems to be conserved across different
CRISP family proteins and appears to be essential for ion-channel regu-
latory activity. The Cys-Thr-Asn motif in the hinge region is conserved
across different snake venom CRISPs as well as human CRISP-3,
CRISP-2 and CRISP-3 from other mammals (Fig. 3B and C). Substitution
of this particular cysteine residue in human CRISP-3 (C183) resulted in
loss of interaction with PSP94 (Fig. 4C and D). As per the interaction
data (Supplementary Table) for our proposed model, Glu91 in the last
beta-strand of PSP94 could make side chain-side chain interaction
with Cys174 and Cys183 of the hinge region of CRISP-3. This raises an
interesting possibility where interaction of PSP94 with CRISPs can
cause inhibition of the free rotation of ICR around the covalent bonds
in the Cys–Thr–Asn region. This in turn would hamper the domain
movement and opening and closing of the concave surface which is re-
quired for the ion-channel regulatory activity. Binding of PSP94 at or
near this region could be a mechanism of inhibition of the ion-channel
regulatory activity of CRISPs. Further experiments are needed to under-
stand if PSP94 can inhibit the RyR regulating activity of mouse Tpx-1 or
the CNG channel blocking activity of PsTx and Pdc.

The present study identifies the binding interface of the PSP94–
CRISP-3 complex and highlights the importance of the hinge region
of CRISP-3 in binding with PSP94. It provides molecular evidence for
the involvement of terminal β-strands of PSP94 in binding with
CRISP-3 and identifies Y3, F4 and P56 as the key amino acids for the in-
teraction. Interaction of PSP94 with CRISP-3 also requires maintaining
a particular orientation of the two domains of PSP94. The proposed
model for PSP94–CRISP-3 complex suggests that the first α-helix of
CRISP-3 along with the hinge region may act as the binding interface
for PSP94. Validation of the proposed model needs co-crystallization
of PSP94–CRISP-3 complex. A1BG may interact with CRISP-3 through
the same binding interface which is involved in the interaction with
PSP94 and bring about the inhibition of CRISP-3 activity as proposed
for PSP94. On the other hand human CRISP-2, which we have demon-
strated to bind to human PSP94, has been shown to have a role in
sperm–egg interaction [36]. The question whether PSP94 interferes
with this interaction as well remains open for future investigations.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbagen.2013.01.015.
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