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Background: Calnuc is a multidomain Ca2�-binding protein with many interacting partners but whose function is still
elusive.
Results: Calnuc is a serine protease with its active site catalytic triad present in the C-terminal domain.
Conclusion:The serine protease activity of calnuc is allosterically regulated by Zn2�-binding and its interaction with G protein
� subunit.
Significance: Novel proteolytic function of calnuc will have vital implications in its physiological role.

The functions of calnuc, a novel Ca2�-binding protein with
multiple structural domains and diverse interacting partners,
are yet unknown. We demonstrate unknown facets of calnuc,
which is a serine protease in which Ser-378 of GXSXG motif,
Asp-328 of DTG motif, and His-339 form the “catalytic triad,”
locating the enzyme active site in the C-terminal region. Analo-
gous to the active site of Zn2� carboxypeptidases, calnuc has two
high affinity (Kd � 20 nM), well conserved Zn2�-binding sites
near its N terminus, although it is inactive as a peptidase. Zn2�

binding allosterically and negatively regulates the serine prote-
ase activity of calnuc, inhibition being caused by an “open to
close” change in its conformation not seen upon Ca2� binding.
Most strikingly, interaction with G protein � subunit com-
pletely inhibits the enzymatic activity of calnuc. We thus illus-
trate that G proteins and Zn2� act as two “keys” that control
enzymatic activity of calnuc, arresting it in “locked” state. Cal-
nuc, therefore, exists dynamically in two different forms, (i) as a
Ca2�-binding protein in Zn2�-bound form and (ii) as a protease
in Zn2�-free form, commissioning it to perform multiple
functions.

Ubiquitously expressed, multidomain Ca2�-binding pro-
teins are vital for the physiology of cells (1, 2). Because of their
complex structure, understanding their diverse functions is an
arduous task. Calnuc is one such Ca2� binding, Golgi-resident
protein with multiple domains, highly conserved in species as
varied as Ciona intestinalis to Homo sapiens (3–6). Earlier
reports on calnuc conferred it with aDNAbinding property (4),
and subsequently the presence of other domains was estab-
lished including EF-hand Ca2�-binding sites (3), a cyclooxyge-
nase (COX)-binding site (7, 8), a G protein-binding site (9), and
a species-specific variable C-terminal region. The presence of

these domains potentiates interactions of calnuc with its cog-
nate partners. As the list of diverse interacting partners of cal-
nuc, such as amyloid precursor protein (APP) (10), COX-2 etc.,
is growing (7, 8), its involvement in Ca2� storage in the Golgi
and other pathophysiological conditions is delineated (11–16).
Its central importance in the regulation of many cellular events
is becoming increasingly intriguing. Co-localization of G pro-
tein and calnuc to the Golgi apparatus was followed by evi-
dences toward co-trafficking of these two proteins and that it
acts as a guanine nucleotide dissociation inhibitor (17–20).
Detailed structural aspects and ion binding properties of calnuc
have been recently reported (21).
The ubiquitous expression pattern of calnuc combined with

its structural complexity generates a large set of varied interact-
ing partners.We hypothesize that its complex structural design
is deliberate and determinant for its probable assorted bio-
chemical roles. In an effort to discover novel physiological func-
tions of calnuc, we assessed the role of its predominant, non
EF-hand regions. In this work we demonstrate an unknown
function of calnuc, i.e. its significant inherent “serine proteo-
lytic” activity, employing Ser-378 from the GXSXGmotif, Asp-
328 from theDTGmotif, andHis-339 in the vicinity of theDTG
motif forming the active site catalytic triad. In addition, we
identify calnuc as a Zn2� sensor with high affinity Zn2�-bind-
ing (Kd� 21nM) resulting in a conformational switch that allos-
terically locks its protease activity leading to a sharp inhibition.
Serine protease activity of calnuc was also attenuated signifi-
cantly by � subunit of G proteins, thus establishing a functional
link between these two proteins. We propose that both Zn2�

and G proteins function as two different keys that lock and
regulate the protease activity of calnuc. Themultidomain struc-
ture of calnuc is a design to help in adopting conformational
polymorphisms to be able to do multiple functions.

EXPERIMENTAL PROCEDURES

Subcloning of Calnuc Gene—The human calnuc gene lacking
the first 31 amino acid (most of which code for a signal peptide)
residues was subcloned from pET28a expression vector into
pTYB12 vector using the restriction sites NdeI and NotI. The
recombinant clone was confirmed by nucleotide sequencing
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after initial screening. The protein cloned into pTYB12 is
expressed as a fusion to a chitin-intein tag that is self-cleavable
upon incubation with dithiothreitol, releasing a “tag less”
protein.
Construction of Calnuc Fragments andMutants—TheN-ter-

minal fragment of calnuc (31 �220 amino acids) was con-
structed by insertion of a stop codon after amino acid number
220 in pTYB12 vector using mutagenic primers with the STOP
codon. The C-terminal fragment of calnuc (residues 221–461)
was generated by PCR amplification. The fragment was initially
cloned into pGEMT vector with unique restriction sites (NdeI
and EcoRI) and then subcloned into the expression vector
pTYB12.
The point mutations of serine, aspartate, and histidine in

calnuc were generated using site-directed mutagenesis. The
serine double mutant (S224V and S378V) and the truncated
fragment of calnuc (residues 239–461) were also generated.
Leucines at positions 314 and 318 in calnuc were mutated to
alanines (LL/AAmutant). Four residues in the two zinc binding
sites, His-67 and His-147, and Glu-70 and Glu-150, were
mutated to alanines, respectively. The primer sequences used
to generate point mutation are presented in supplemental
Table 1. Mutations were confirmed by sequencing, and the
clones were transformed in BL21 (DE3) cells. The expression
conditions and purification protocol is similar to that of wild
type calnuc.
Overexpression and Purification of Calnuc, Its Mutants, and

G�i1—For overexpression in BL21(DE3) cells, calnuc and its
fragmentswere inducedwith 200�M isopropyl-thio-�-D-galac-
toside at A600 nm 0.6 and grown at 23 °C for 16 h. Cells express-
ing recombinant chitin-intein-fused calnuc, its fragments, and
the mutants were lysed in buffer A (20 mM Tris, 300 mM NaCl,
pH 8.0) using an ultrasonicator (Vibracell Sonics andMaterials,
Inc. Newtown, CT). The supernatant was loaded on to a chitin
resin (New England Biolabs), equilibrated with buffer A,
washed with 20 column volumes of buffer A followed by flush-
ing with wash buffer B (20mMTris, 300mMNaCl, 50mMDTT,
pH 8.0), and incubated at 4 °C for 24 h. The protein was eluted
with 20 mM Tris, 50 mM NaCl, pH 8.0, and checked on SDS-
PAGE (12%) gel. The concentration and yield of the protein
obtained was estimated using the method of Lowry (22).
Recombinant rat G�i1 was expressed in Escherichia coli

BL21(DE3) cells that were grown at 37 °C to A600 nm of 0.5 and
then induced with 100 �M isopropyl-thio-�-D-galactoside with
a post induction period of 20 h at 23 °C. The purification pro-
tocol was similar to that of calnuc except for the buffers used.
Lysis, equilibration, and wash buffer contains 20 mM Tris, 150
mMNaCl, 2 mMMgCl2, and 6–10 �M GDP. Protein was eluted
with 20mMTris, 50mMNaCl, 2mMMgCl2, and 10�MGDP, pH
8.0. Activity of the protein was established according to the
protocol of Fahmy and Sakmar (23).
Fluorescence Spectroscopy—Protein intrinsic fluorescence

measurements were carried out in fluorolog fluorimeter
(HORIBA Jobin Yvon). Tryptophan emission of calnuc (0.95
�M) and its C-terminal fragment (1.5 �M) was studied in a
buffer containing 20 mM Tris, 50 mM NaCl, pH 7.5, by exciting
the sample at 295 nm and scanning the emission spectra from
310 to 450 nmwith the emission and excitation slit widths set at

5 nm each. The effect of Zn2� on apocalnuc and the apo formof
calnuc-C fragment was monitored by titrating with ZnCl2 (up
to 20�M). All the spectra were corrected for contribution of the
buffer by subtracting a “blank” spectrum of buffer alone. Tyro-
sine fluorescence measurements were carried out for the apo
form of calnuc-N fragment by exciting the sample at 275 nm
and scanning the emission spectra from 285 to 385 nm. The
effect of Zn2� on the apocalnuc-N fragment was studied by
titrating with ZnCl2 (up to 20 �M). Similar experiments were
also performed with calnuc containing mutations in the Zn2�-
binding site.
Surface hydrophobicity changes in calnuc (apo) and the

Zn2�-bound form were monitored by 8-anilino naphthalene
sulfonic acid (ANS)3 fluorescence. ANS spectra were recorded
by exciting 2 �MANS (in 20 mM Tris buffer, pH 8.0, containing
50 mM NaCl) at 365 nm and recording the emission spectrum
from 440 to 600 nmwith the emission and excitation slits set at
5 nm each. In all of these experiments, 0.4�M concentrations of
protein and 5, 10, and 15�MZnCl2 were used. In the absence of
the protein the fluorescence of ANS was unaffected upon the
addition of the above-mentioned concentrations of ion only.
The spectra were corrected for ANS fluorescence in buffer
without protein. All data are representative of experiments per-
formed several times.
Binding Analysis—The saturation binding of Zn2� with cal-

nuc and its fragments is shown by plotting the change in fluo-
rescence emission signal along the y axis versus Zn2� concen-
tration on the x axis. Scatchard analysis (plot of bound/free
ligand versus bound) was performed to estimate the quantita-
tive parameters, stoichiometry (n) and affinity of interaction
(24).
Zn2� Binding by Isothermal Titration Calorimetry (ITC)—

ITCmeasurementswere carried outwith aVP-ITC calorimeter
(MicroCal Inc.). All the titrationswere carried out at 30 °C in 20
mMTris, pH7.8, and 50mMNaCl. Calnuc (18�M) in the sample
cell was titratedwith 200�MZnCl2 solution in the syringe; each
injection of 3 �l until saturation in heat changes was reached.
Appropriate buffer titrations were carried out to determine the
heat of dilution and subtracted from the Zn2� binding thermo-
grams. Data analysis was done with Microcal Origin 7.0
software.
The binding energetics of the calnuc Zn2�-binding site (His-

67/147; Glu-70/150 to alanine) mutant with Zn2� was mea-
sured at 30 °C using MicroCal ITC200. Protein sample (con-
centration 18 �M) was loaded in a sample cell, and 30
consecutive injections of 1�l (duration and spacing 2 and 120 s,
respectively) of 200 �M Zn2� concentration was titrated with
the help of rotator stirrer-syringe. Using same parameters, con-
tribution of heat of dilution of buffer versus Zn2� titration was
also measured.
CD Spectroscopy—Near- and far-UV CD spectra of proteins

were recorded on a Jasco-815 spectropolarimeter at room tem-

3 The abbreviations used are: ANS, 8-anilino-1-naphthalenesulfonic acid;
AEBSF, 4-(2-aminoethyl) benzene sulfonyl fluoride hydrochloride; BANA,
N-benzoyl-L-Arg �-naphthylamide; FVRpNA, n-benzoyl-Phe-Val-Arg-p-ni-
troanilide; VGRpNA, n-benzoyl-Val-Gly-Arg-p-nitroanilide; ITC, isothermal
titration calorimetry; A�, amyloid-� peptide.
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perature in 1- and 0.1-cm path length cuvettes, respectively. All
spectra were recorded in 50mMTris, pH 7.5, containing 50mM

NaCl in the presence or absence of Zn2� as per the requirement
of the experiment, and the appropriate buffer spectra were
recorded and subtracted from the protein spectra.
Protease Assay of Calnuc Using Fluorescein Isothiocyanate

(FITC)-casein—Fluorescence protease assay was carried out by
incubating the fluorescent substrate (FITC-casein) with calnuc
for 1 h at 37 °C in 20 mM Tris and 100 mM NaCl, pH 7.5. An
increase in fluorescence intensity as a result of proteolysis of the
substrate was monitored by exciting the sample at 485 nm and
scanning the emission spectra from 500 to 600 nm with slits
widths of 5 nm each (25). The proteolysis of FITC-casein in the
presence of trypsin was used as a control for the assay.
Alternatively, the protease assay was performed by monitor-

ing the fluorescence of the cleaved product from the FITC-
casein byTCAprecipitationmethod (25). Proteolytic activity of
calnuc was also analyzed electrophoretically using Hammer-
stein casein as a substrate. The reaction mixture containing 20
�l of casein (2 mg/ml) and 10 �l of calnuc (2 mg/ml) or its
mutants was incubated for 12 h. Samples were analyzed by 15%
SDS-PAGE. Protein bands were monitored by silver staining.
Protease Activity in the Presence of Inhibitors—To elucidate

the mechanism of proteolytic cleavage, we checked the activity
in the presence of different inhibitors like EDTA for metallo-
proteases, pepstatin for aspartate protease, and PMSF and
AEBSF for serine protease. Calnuc (2.7 �M) was incubated with
different concentrations of inhibitors or for different time
intervals and protease assay performed as mentioned above.
Methodology to Elucidate the Mode of Enzyme Action of

Calnuc—N-Benzoyl-L-Arg �-naphthylamide (BANA), n-ben-
zoyl-Phe-Val-Arg-p-nitroanilide (FVRpNA), and n-benzoyl-
Val-Gly-Arg-p-nitroanilide (VGRpNA), hippuryl-L-phenylala-
nine (from sigma) were used to examine the mode of protease
action. A fluorescence assay was performed to monitor the
release of �-naphthylamine on the hydrolysis of BANA. The
increase in fluorescence intensity was monitored by exciting
the sample at 335 nm and the emission peak at 410 nm (26). For
the substrates FVRpNAandVGRpNA, absorption spectrawere
recorded to monitor the release of p-nitroaniline and intensity
at 405 nm used for analysis (27, 28). Calnuc and its mutants
were incubated with different substrates for different time
intervals to monitor the changes in their fluorescence or
absorption spectra respectively. In the case of hippuryl-L-phe-
nylalanine, the release of phenylalaninewasmonitored spectro-
photometrically at 254 nm (29). For deducing the role of
GXSXG motif of calnuc in exhibiting the esterase activity,
assays were performed with phenyl acetate and p-nitrophenyl
acetate to assay the release of phenol and p-nitro phenol by
monitoring absorbance at 270 and 405 nm, respectively (30).
Measurement of Protease Activity of Calnuc in the Presence of

G�i—Wemonitored the protease activity of calnuc in the pres-
ence of G-protein � subunit (G�i1). Equimolar concentrations
of calnuc and G�i1 (0.6 �M) were incubated for 30 min (in 20
mMTris buffer containing 100mMNaCl, 2mMMgCl2, and 1�M

GDP), and this complex was further incubated with fluorescent
substrate (FITC casein). The fluorescence spectra were

recorded (as mentioned above for the protease assay) at differ-
ent time intervals.
In Vitro Pulldown Assay—Chimera of calnuc with chitin

binding domain were used to pull down purified native G�i
protein. The matrix-bound calnuc was incubated with purified
G�i (in GDP bound form) for a period of 30 min and eluted as
described above. Purified calnuc without the addition of G�i
served as a negative control. The elution fractions were ana-
lyzed by SDS-PAGE for the presence of both calnuc and G�i.
The same procedure was repeated with the LL/AA double
mutant of calnuc to evaluate its interaction with G�i protein.
All the steps involved in the assay were performed at 4 °C.

RESULTS

Novel Function of Calnuc as a Serine Protease Enzyme—Cal-
nuc is a multidomain protein with several known interacting
partners (Fig. 1). Our results now demonstrate a novel serine
protease function of calnuc. Increase in fluorescence of a probe
covalently attached to casein due to the addition of test protein
is a standard assay to determine the proteolytic property of the
test protein (25). Apocalnuc caused a linear increase in fluores-
cence of the probe FITCwhen incubated with FITC-casein in a
time-dependent manner, thereby indicating the proteolytic
activity of calnuc (Fig. 2A). Various inhibitors were tested to
determine the nature and the type of protease activity exhibited
by calnuc. Although EDTA (inhibitor of metalloproteases) and
pepstatin (inhibitor of aspartate proteases) in the micromolar
to millimolar range do not inhibit activity of calnuc, significant
inhibition was observed in the presence of serine protease
inhibitors, i.e.PMSF (16�M) andAEBSF (7�M), suggesting that
calnuc possesses serine protease activity (supplemental Fig. S1).
Mutational Analysis Reveals the Catalytic Site Residues—

Comparative analysis of amino acid sequences of calnuc from
various organisms established the presence of highly conserved
serine, histidine, and aspartate residues (Table 1). Several
mutants of serine, aspartate, and histidine were generated to
determine the residues that form the catalytic site (Fig. 1).
We chose serine (Ser-224) because it is highly conserved

among all organisms and Ser-378 because as it is part of a well
conserved GXSXG motif. Substitution of S378A or S378V
exhibited a 64%decrease in the protease activity comparedwith
that of wild type (Fig. 2B). Ser-224, the most conserved serine,
when replaced either with alanine or valine exhibited a 46%
decrease in enzyme activity with respective to FITC-casein.
Interestingly the S224A and S378A double mutant showed

more inhibition (78–80%) compared with that of individual
serine mutants. For further evaluation of the determinants of
protease activity, other serinemutants, S369A and S320A, were
also generated. These mutants did not exhibit significant
changes compared with that of calnuc (WT) (Fig. 2, B–D). The
role of several highly conserved histidines and aspartic acid res-
idues was explored for the identification of a possible classic
“serine protease catalytic triad” site in calnuc. Substitution of
alanine for Asp-328 (of DTG motif) and His-339 reduced the
activity by 73 and 83%, respectively (Fig. 2B). All the mutants
exhibited a basal level of residual activity. From these results, we
infer that Ser-378 of the GXSXG motif or Ser-224 (conserved
serine), Asp-328 of DTGmotif, and His-339 are involved in the
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formation of the catalytic triad site. Proteolytic activity was also
confirmed electrophoretically wherein the extent of proteolysis
of casein upon incubation with calnuc and its mutants for
16–18 h at 37 °C as observed on a SDS-PAGEmatchedwith our
fluorescence protease assay (supplemental Fig. S2).
Mechanism of Protease Activity—The mechanism of proteo-

lytic cleavage by calnucwas assayed using a variety of substrates
(Table 2) (26–29). BANA, FVRpNA, and VGRpNA were
hydrolyzed significantly by calnuc monitored by the change in
spectral property of the released product. An increase in fluo-
rescence of �-naphthylamine indicating cleavage of BANA at
the carboxyl side of the arginine residue suggested a trypsin-like
mode of action (Fig. 2C). Further evidence for trypsin-like
action by calnuc was provided by monitoring an increase in
absorbance at 405 nm upon release of p-nitroaniline on the
hydrolysis VGRpNA (Fig. 2D). The Ser-378, Ser-224/378 dou-
blemutant, Asp-328, andHis-339mutants showed low levels of
activity with these substrates compared with that of wild type.
Calnuc does not hydrolyze hippuryl-L-phenylalanine, indicat-
ing the absence of carboxypeptidase-like activity (30). The pres-
ence of GXSXG, a motif conserved in esterases, in calnuc
prompted us to monitor the esterase activity using phenyl ace-
tate and p-nitrophenyl acetate by the release of phenol and
p-nitrophenol, respectively. The absence of spectral changes
infers the lack of esterase activity. Our results, therefore, imply
that calnuc exhibits trypsin-like protease mechanism.
Prediction of Zn2�-binding Sites in Calnuc—Comparative

analysis of calnuc sequences revealed the presence of two puta-
tive Zn2�-binding sites. Among the Zn2� binding motifs
known to exist in proteins, we noticed two putative carboxy-
peptidase-like (HFREXnH and HFTEXnH (n � 108 to 135 res-
idues)) Zn2� binding motifs in the sequence of human calnuc
located near the N terminus of the protein. The distribution of
these sites among different species follows a distinct pattern.

The second Zn2� binding motif is largely conserved in lower
organisms (only exception being Caenorhabditis elegans). In
higher organisms both the Zn2� binding motifs are conserved
in isoform-1, whereas only the second Zn2� binding motif was
present in isoform-2 (Fig. 3). To pinpoint both Zn2�-binding
site and the active site of the protease function, separate N- and
C-terminal fragments of calnuc were generated. The N-termi-
nal fragment (first 220 amino acids) comprised the putative
DNA binding region. On the other hand, the C-terminal frag-
ment contained the two EF-hand motifs, G protein-binding
site, and the leucine zipper domain (Fig. 1).
High Affinity Zn2� Binding to Calnuc—The data of heat

change upon Zn2� titration to calnuc, monitored by ITC (Fig.
4), were best fitted to the “one set of sites”model (supplemental
Table S2). Zn2� binding to calnuc is an exothermic reaction
with favorable enthalpy (�H � �1.05 � 104 kcal/mol) and
entropy (�S� 0.73 cal�mol�1). The dissociation constant (Kd�
1/Ka) of Zn2� binding was 32 nM with one set of binding sites
(n � 2.13 � 0.007), suggesting that both the binding sites are
almost identical (macroscopic binding constants for both Zn2�

bindingmotifs are similar). Mutations in the Zn2�-binding site
(of residues that coordinate with the ion, H67A/147A; E70A/
150A) did not elucidate any heat changes, signifying the total
loss of binding. Thus, calnuc can be classified as a Zn2�-binding
protein. Similarly we checked the binding affinity of the cal-
nuc-N fragment by Scatchard plot analysis from fluorescence
data. The calculated binding affinity (Kd) of Zn2� to the N frag-
ment is 20 nM, identical to calnuc (supplemental Fig. S3).
Zn2�-mediated Conformational Changes in Calnuc; Evi-

dence for Being aZn2� Sensor—Our results reveal Zn2�-depen-
dent changes in conformation of calnuc. Incremental addition
of Zn2� exhibited a dose-dependent (5–20 �M Zn2� to 1.6 �M

calnuc) increase in tryptophan fluorescence emission spectra
with a blue shift of 5 nm in the �max,em (from 351 to 346 nm) as

FIGURE 1. Schematic representation of calnuc illustrating the constructed mutants and fragments. A, calnuc (31– 461 amino acids), a multi-domain
protein, has two Zn2�-binding sites (located near the N terminus), a basic region with a nuclear localization signal (*) and the C-terminal region consisting of
two calcium binding EF-hand motifs, a G�i binding region, and a leucine zipper region (LZ). B, the constructed mutants generated for determining the active
site of protease function are illustrated. S224V, S378V, D328A, and H339A mutants were generated to evaluate their involvement in the active site for protease
activity of calnuc. H67A, E70A, H147A, and E150A were generated to check the Zn2�-binding site. L314A and L318A were generated to check the binding of G
protein. C, shown is the construction of N- and C-terminal fragments for examining the catalytic site of protease action in calnuc. The C-terminal (239 – 461)
fragment was generated to investigate the involvement of the Ser-224 (conserved serine) in the active site.
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a result of conformational changes in the protein (Fig. 5A). Inci-
dentally, Ca2� does not influence the Zn2�-dependent changes
in fluorescence.
An increase in tyrosine emission fluorescence intensity

(�65%) of the N-terminal fragment was observed upon Zn2�

binding, similar to the full-length protein, whereas the trypto-
phan fluorescence signature of the C-terminal fragment
remained unaffected by Zn2� (Fig. 5, C and D). Further confir-
mation of the binding site was obtained by alanine-scanning
mutants of the histidine and glutamate residues in the HXXE
motif, which did not exhibited any change in fluorescence spec-
tra (Fig. 5B).

Zn2� binding (5 - 20 �M) to calnuc (1.6 �M) (Fig. 6A) and its
N-terminal fragment (Fig. 6C) also led to increased ellipticity
(in far-UV CD spectra), confirming marked structural changes
in the protein. The calnuc Zn2� motif mutant and C-terminal
fragment (that lacks the zinc binding motif) did not exhibit any
spectral changes upon titrationwith in presence of Zn2� (Fig. 6,
B and C).
Zn2�-induced Changes Leads to Exposure of theHydrophobic

Surface in Calnuc—Dramatic changes were observed in the
surface hydrophobicity in calnuc uponZn2�binding,measured
using the fluorescence signature of ANS, namely, enhancement
and blue shift in spectra (�max,em) of the probe (0.5 �M) bound

FIGURE 2. Serine protease activity of calnuc. The protease activity of calnuc and its fragments in the presence and absence of metal ions was carried out by
incubating the protein with the fluorescent substrate (FITC-casein) for 1 h at 37 °C in 20 mM Tris and 100 mM NaCl, pH 7.5. An increase in the fluorescence
intensity as a result of proteolysis of the substrate was monitored by exciting the sample at 485 nm and scanning the emission spectra from 500 to 600 nm. Data
represented are fluorescence intensity at 521 nm (�max,em). Panel A, protease activity of calnuc full-length and its N and C fragments in the presence of metal
ions is shown. The black bar graph (f) represents protease activity of apo form of calnuc and its fragments; the light gray bar represents ( ) activity in the
presence of Ca2� (1 mM), and the dark gray bar (f) represents activity in the presence of Zn2� (20 �M). Inset, protease activity of calnuc full-length in
the presence of metal ions is shown. The squares (f) represent protease activity of the apo form of calnuc, closed circles (F) represent protease activity upon
the addition of Ca2� (1 mM), and the triangle (Œ) represents protease activity in presence of 20 �M Zn2�. Panel B, mutational analysis confirms the serine
protease catalytic triad. The protease activity of calnuc mutants was assayed as mentioned above and represented in the bar diagram depicting relative
fluorescence units (n � 6) using FITC-casein as the substrate. S378V and S224V mutants exhibit decrease in activity compared with that of wild type. The serine
double mutant (S224V/S378V) showed further inhibition compared with that of individual serine mutants. S369A and S320A mutants did not exhibit any
change in activity. D328A and H339A also demonstrate a significant inhibition compared with that of wild type and serine mutant. For the mode of protease
activity of calnuc, to elucidate the mechanism of activity of calnuc, a proteolysis assay was performed with a variety of substrates. Calnuc and its mutants were
incubated with respective substrates to monitor spectroscopic changes as mentioned below. Panel C, the protease activity of calnuc and its mutants using
BANA (10 �M) as the substrate was monitored by an increase in fluorescence intensity (due to the release of �-napthalamide) at 410 nm. Compared with wild
type, S378V and truncated calnuc (residues 239 – 461) fragment devoid of Ser-224 (conserved serine), the Ser-224/378V double mutant showed more inhibi-
tion (dark gray bars). AU, arbitrary units. Panel D, light gray bars (f) represent the increase in absorbance at 405 nm monitored by the release of p-nitroaniline
from the substrate VGRpNA by calnuc and its mutants.
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to calnuc (1.6 �M) or its N-terminal fragment upon titration
with Zn2� (5 �M to 20 �M) (supplemental Fig. S4, A and B).
Spectral properties of the probe bound to C fragment were not
affected upon the addition of Zn2�. These spectral changes
imply the presence of a Zn2�-operated conformational switch
located at the N-terminal region and that calnuc could be
defined as a Zn2� sensor.
Protease Activity Is Dependent on Zn2� but Not on Ca2�—

The fact that the Zn2� bindingmotif in calnuc is identical to the
active site of family of carboxypeptidases initially led us to
explore for the protease activity in the protein. Protease assay
was performed with both the N and the C fragments. The
N-terminal fragment, with the two Zn2� binding motifs (lack-
ing Ca2�-binding motif), did not exhibit protease activity. In
contrast, proteolytic activity demonstrated by the C-terminal
fragment is comparable with the activity shown by the full-
length protein and is unaffected by Ca2� binding (Fig. 2A).
Studies to check the effect of metal ions on the protease activity
established that Zn2� exhibits significant inhibition. The two
Zn2� binding motifs (HXXE-AXXA) mutants did not show
inhibition of enzyme activity upon the addition of increasing
concentrations of Zn2� (Fig. 7A). From these observations we
hypothesize that Zn2�-induced structural changes in theN ter-
minus of calnuc affect the formation of the catalytic triad and
hence its proteolytic activity.
GProteinModulates the Protease Activity of Calnuc—To fur-

ther understand the possible role of calnuc in signal transduc-
tion, mainly implicating its interactions with G proteins, we
probed the involvement of these interactions on its protease
activity. Protein-protein interactions with G protein � subunit

(G�i1) led to a sharp inhibition of protease activity of calnuc.
Significant inhibition in the protease activity was elicited by G
protein � subunit (Fig. 7, B and C). To ensure the effect of the
G�i protein on the protease activity of calnuc, L314A/L318A
(LL to AA) double mutant, which has been demonstrated to
lose its ability to bind toG protein (20), was generated. Protease
activity of this double mutant is not attenuated by G�i protein.
Furthermore, pulldown assay results reveal the interaction of
calnuc with G�i, whereas the LL/AA mutant did not show any
interaction (Fig. 7B, insert).

DISCUSSION

Calnuc is a structurally intricate Ca2�-binding protein impli-
cated to be vital for many cellular processes that are attributed
to its highly modular structure designed strategically to gener-
ate multiple interacting partners (for a recent review, see Ref.
31). Despite the variety of interactions with important mole-
cules, physiological functions of calnuc are elusive. The multi-
domain structure of calnuc led us to search for the role of its
non EF-hand regions. We report here several hitherto
unknown properties of calnuc, i.e. its inherent serine protease
activity and ability to bind Zn2�. Our data project a regulatory
role for both Zn2� and G proteins, that of holding the protease
activity of calnuc in a locked state, and hence attributing a pos-
sible physiological function resulting from these interactions.
Calnuc Has Inactive Carboxypeptidase-type Zn2�-binding

Sites—Calnuc (NUCB1 or isoform-1) has two putative Zn2�

binding motifs, HFREXnH and HFTEXnH (n � 108 to 135 res-
idues), that are well conserved among various organisms (Table
3). Both the Zn2�-binding sites in calnuc, located in the vicinity

TABLE 1
Conserved serine in calnuc among various organisms
Conserved serine, histidine, and aspartic acid residues can be observed on the basis of the multiple sequence alignment (MSA) of calnuc from a variety of organisms.
Residues forming the serine protease active site in calnuc among the different species are denoted. A, the Ser-224 residue although highly conserved among all of them
except in Drosophila melanogastermay not be involved in the catalysis. B, Ser-378, Asp-238, and His-339 form the catalytic triad of the active site.

TABLE 2
Various substrates used in to elucidate the mode of cleavage by calnuc
Activities were monitored as mentioned in the parentheses.

Serial no. Substrate (product monitored) Mode of enzyme action Activity

1 FITC-casein (increase in fluorescence emission at 520 nm) Trypsin Yes
2 N-Benzoyl-L-Arg-�-napthalamide (increase in fluorescence emission at 410 nm) Trypsin cathepsin Yes
3 N-Benzoyl-Phe-Val-Arg-p-nitroaniline (release of p-nitroaniline at 405 nm) Trypsin Yes
4 N-Benzoyl-Val-Gly-Arg-p-nitroaniline (release of p-nitroaniline at 405 nm) Trypsin Yes
5 Hippuryl-L-phenylalanine (release of phenylalanine at 254 nm) Carboxypeptidase No
6 Phenyl acetate (release of phenol at 270 nm) Esterase No
7 p-Nitrophenyl acetate (release of p-nitro phenol at 405 nm) Esterase No
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FIGURE 3. Zn2�-binding sites (HXXEXnH) in calnuc. On the basis of the multiple sequence alignment of calnuc, organisms can be conveniently grouped as
lower organisms and higher organisms. Among higher organisms, two different isoforms of calnuc are found. The lower organisms include Ciona, Caenorh-
abditis, Drosophila, Aedes, and Spodoptera, compared here with human calnuc (H. calnuc). In higher organisms, isoform 1 includes calnuc from Macaca, Danio,
pongo, salmon, and Xenopus in addition to Rattus, Mus, Canis, and Homo. Isoform 2 includes calnuc from Rattus, Mus, Pan, Canis, and Homo. The two
Zn2�-binding sites are compared among these species with respect to human calnuc isoform-1. Regions enclosed in blocks demonstrate the conserved
residues in the upper and middle panel, whereas the right side of lower panel highlights lack of the conserved histidine residue (see Table 3). In lower organisms
the second Zn2�-binding site is conserved in all species except in C. elegans. In the case of isoform-1 from higher organisms, both zinc binding motifs are
conserved. In isoform-2 only the first zinc binding motif is conserved.

FIGURE 4. Calnuc is a high affinity Zn2� binding protein. Panel A, ITC data demonstrate heat changes upon titration of 18 �M apo calnuc with 3-�l aliquots
of 200 �M ZnCl2 solution at 30 °C. All solutions were prepared in 20 mM Tris, pH 7.5, buffer containing 50 mM NaCl. A plot of heat change (kcal/mol) per injection
of ZnCl2 as a function of molar ratio (metal/protein) is shown in the lower trace (heat differences obtained per injections). The best least-squares fit of the data
(f) to a one set of sites model is given by the solid line. Results obtained are represented in Table 2. Panel B, mutations pinpoint Zn2�-binding site. The upper
panel of the thermogram demonstrates integrated heat change is due to heat of dilution during each injection. In the lower panel, ITC profiles (�) correspond
to the Zn2�-binding site mutant calnuc (H67A, E70A, H147A, and E150A) with Zn2�, whereas (F) represents Zn2� titration in buffer alone at 30 °C. Concentra-
tions of protein, Zn2�, and buffer conditions are same as in panel A.
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of N terminus (Fig. 1), are similar to the active site of carboxy-
peptidase A family of proteases (24). Examination of the HXX-
EXnH (the two histidine and the glutamate residues act as
ligands for Zn2�) type of active sites among carboxypeptidases
revealed the requirement of additional conservation of amino
acid residues around the histidine that acts as the third ligand
for coordinating Zn2� (either LHSYSQ or LHGGD) at a dis-
tance of 108–135 amino acids from the HFREX site. This
sequence signature seems to be an absolute requirement to per-
form peptidase activity (32) (Table 3). Calnuc lacks the above-
mentioned residues around the third coordinating histidine
and, therefore, is unable to cleave substrate proteins by the
Zn2�-bound HFREXnH and HFTEXnH sites. This renders the
site to be proteolytically inactive even as two histidine and glu-
tamate residues coordinate and bind Zn2�. We have compared
and contrasted the Zn2�-binding sites in the isoform-2 of cal-
nuc (NUCB2) among different species in addition to its com-
parison with NUCB1 (calnuc). Sequence analysis demonstrates
that NUCB2, in most of the organisms, possesses only one
Zn2�-binding motif (HXXEXnH) (Fig. 2B) (see below for more
discussion).
Zn2� Sensing and Protease Active Site Are Exclusive of Each

Other—Fragment-based approach also revealed that theN-ter-
minal fragment, containing the Zn2�-binding sites, did not
exhibit protease activity (Fig. 2A). On the other hand, theC-ter-

minal fragment with twoCa2�-binding sites exhibited inherent
protease activity. The extent of activity from the C-terminal
fragment was similar to that of the full-length calnuc. Full-
length protein and the N-terminal fragment exhibited specific
Zn2�-dependent (Kd � 32 nM) structural changes (Fig. 5,A and
C). These results establish that theZn2�-binding site, located in
the N-terminal region, is distant to the protease active site in
the C-terminal region.
The protease function of calnuc is inhibited by PMSF and

AEBSF, confirming it to be a serine protease (supplemental Fig.
S1). Examination of the amino acid sequences of calnuc from
various organisms revealed a highly conserved serine residue
(Ser-224) (Table 1). Mutation of the calnuc Ser-224 either to
alanine or valine caused significant inhibition but retention of
40–50% of the activity compared with wild type, whereas a
Ser-378 mutation exhibited up to a 65% drop in activity. The
involvement of Ser-224 in catalysis is indicated by the protease
assay of the calnuc 239–461 fragment, which exhibited
60–65% inhibition. The S224A/S378A double mutant showed
a 80–85% decrease in activity, implicating that both serines
have the capacity to be a part of the enzymatic active site. This
observation is supported by our preliminary structural analysis
of the protein by homology modeling (result not shown). We
observe that calnuc adopts a long coiled-coil-like structure.
This probably leads to the two serines being close to each other,

FIGURE 5. Zn2� induced conformational changes in calnuc and its fragments. Conformational changes induced by Zn2� in calnuc and its fragments were
monitored by the intrinsic fluorescence emission spectra of the protein. All spectra were recorded in 20 mM Tris buffer containing 50 mM NaCl, pH 7.5. Spectra
are representative of independent experiments repeated several times at 25 °C. Panel A, shown are tryptophan fluorescence spectra of calnuc WT, recorded by
exciting the protein at 295 nm. The solid line represents apocalnuc (0.04 �M). Dashed, dotted, and dash-dot-dash lines represent the changes upon the addition
of 5, 10, and 20 �M Zn2�, respectively. AU, arbitrary units. Panel B, mutations in the Zn2�-binding site in calnuc led to a lack of spectral changes upon titration
with Zn2�. The solid line represents the apo form of the Zn2�-binding site mutant (0.04 �M). Dashed, dotted, and dash-dot-dash lines represent the presence of
5, 10, and 20 �M Zn2�, respectively. Panel C, tyrosine fluorescence spectra of the calnuc N fragment were recorded by exciting sample at 275 nm. The solid line
represents apocalnuc N fragment (0.04 �M). Dashed, dotted, and dash-dot-dash lines represent the changes upon the addition of 5, 10, and 20 �M Zn2�,
respectively. Panel D, tryptophan fluorescence spectra of calnuc C-terminal fragment were recorded by exciting the protein at 295 nm. The solid line represents
apocalnuc C fragment (0.04 �M). Dashed, dotted, and dash-dot-dash lines represent the changes upon the addition of 5, 10, and 20 �M Zn2�, respectively.
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and therefore, either of them is able to partially fit in to the
active site. The probable structure emanating from the model-
ing is also supported by the tryptophan fluorescence signature
of the protein, with the �max,em 351 nm due to the tryptophans
experiencing a polar environment. This would happen only if
the protein is not globular and adopts a coiled-coil extended
structure. The partial activity exhibited by the mutants is also
similar to many other serine proteases known to exhibit the
residual enzyme activity even when the residues forming the
catalytic triad are mutated (33). Distinctly sharp differences
between the wild type and mutants are observed when well
defined substrates are used (Fig. 2,C andD). Based on a detailed
analysis, we inferred that Ser-378 of GXSXGmotif and/or con-
served Ser-224, Asp-328 of the DTG motif, and the His-339
construct the catalytic triad site. These residues are conserved
among the spectrumof calnuc isofom-1 sequences fromdiverse
species, suggesting that irrespective of the species calnuc,
(NUCB1) should be classified as an EF-hand containing Ca2�

binding serine protease. Furthermore, we have confirmed the
site at which calnuc cleaves other proteins. Using a variety of
substrates, we demonstrate that the cleavage site is C terminus
to an arginine residue, similar to the mechanism of trypsin.
It is interesting to note that, among the amino acid residues

required for protease active site, NUCB2 possesses only the

conserved Ser-224 and lacks Ser-378 (GXSXGmotif), Asp-328
(DTG), and His-339 in those positions. NUCB2, however, pos-
sesses other conserved aspartate and histidine residues that
might be involved in catalysis. As the structure of the two iso-
forms is still unknown, it is difficult to predict the role of Nucb2
as a protease based on the sequence alignment (experiments in
this direction are under way in our laboratory).
Allosteric Regulation of the Protease Activity—In general,

Zn2� bound to proteins plays either a structural role or a cata-
lytic role (34). Metal ion binding studies and their effect on the
protease activity of calnuc have yielded extremely interesting
results. Although Ca2� binding does not affect the protease
activity, Zn2� causes a dramatic inhibition of the activity of
calnuc. Our results, based on ITC and spectroscopy, demon-
strate that calnuc is a high affinity Zn2�-binding protein in
addition to being a Ca2�-binding protein. Zn2� andCa2� bind-
ing processes are independent of each other. Because Zn2�

binding changes the protein conformation from open-to-close
state, this might be a mode by which Zn2� modulates the pro-
teolytic activity of calnuc. A conformational switch caused by
Zn2� arrests the protease activity in a locked state; on the other
hand, Ca2� binding, known to cause minimal changes in pro-
tein conformation (21) thus does not affect its enzyme activity.
Therefore, we propose a plausible model that calnuc has the

FIGURE 6. Zn2� induced changes in secondary structure of calnuc. Changes in the secondary structure of the protein upon interaction with Zn2� were
determined using far-UV CD spectra. The far-UV CD spectrum of calnuc and its mutants, illustrating a largely �-helical structure, were recorded in 20 mM Tris
buffer containing 50 mM NaCl, pH 7.5. Spectra are representative of independent experiments repeated several times at 25 °C. Panel A, changes in the
secondary structure of apocalnuc full-length upon Zn2� binding are shown. The solid line denotes the spectra corresponding to apocalnuc only (0.4 �M), and
the dashed and dotted lines represent the changes upon the addition of 10 and 20 �M Zn2�, respectively. Panel B illustrates that mutation at the Zn2�-binding
site does not exhibit any changes in the secondary structure upon Zn2� addition. The solid line denotes the spectra corresponding to the apo form of the
Zn2�-binding site mutant (0.4 �M), and dashed and dotted lines represent the presence of 10 �M and 20 �M Zn2�, respectively. Panel C, changes in the secondary
structure of the apocalnuc N fragment upon Zn2� binding. The solid line denotes the spectra corresponding to apocalnuc N fragment (0.8 �M), and the dashed,
dotted, and dash-dot-dashed lines represent the changes upon the addition of 10, 15, and 20 �M Zn2�, respectively. Panel D shows changes in the secondary
structure of apocalnuc C fragment upon titration with Zn2�. The solid line denotes the spectra corresponding to apocalnuc C fragment (0.6 �M), and the dashed,
dotted, and dash-dot-dashed lines represent the changes upon the addition of 10, 15, and 20 �M Zn2�, respectively.
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ability to “sense” Zn2� that mediates its enzymatic activity.
Zn2� elucidates its inhibitory action by switching the confor-
mation of the protein, probably distorting the geometry of the
serine protease active site. Additional structural analysis of
Zn2� binding to the fragments also validates that the serine
protease activity of calnuc (located in its C-terminal region) is

allosterically regulated by a conformational switch due to Zn2�

binding at the N-terminal HFREXnH and HFTEXnH sites.
Distribution of Zn2�-binding sites in calnuc among diverse

organisms revealed a discrete pattern of conservation display-
ing both isoform and organism dependence. It would be inter-
esting to analyze the comparative activity of calnuc with varia-
bility in its Zn2� binding sequences. It is tempting to propose
that although calnuc from all the organisms would exhibit ser-
ine protease activity, there would be significant differences in
the activity based on the number and pattern of distribution of
the Zn2�-binding sites.
Interaction of calnucwithGproteins, both organellar (on the

Golgi) and cytoplasmic, and the ensuing biochemical effects are
its best understood properties (17–21). In this study we dem-
onstrate an important feature of this interaction. G protein �
subunit attenuates the protease activity of calnuc. Interestingly,
the G protein-binding site is located in the vicinity of the active
site serine; thus, this interaction holds the enzymatic activity in
a locked state similar to the Zn2�-bound form. Both calnuc
(having many interacting partners) and G proteins are very
important molecules for the physiological functioning of a cell.
Interactions between calnuc and G proteins assume vital
importance due to the already known fact that they are involved
in regulating each other’s trafficking behavior in cells (18). The
fact that these two proteins are targeted to the Golgi and the
cytoplasm and that calnuc is also secreted to the outside sug-
gests that the interaction might play a role in keeping the enzy-
matic activity in the off state until calnuc is sequestered from
the G protein for its enzymatic function.

FIGURE 7. G protein � subunit and Zn2� modulate the protease activity
calnuc. In a two-way locking system, G protein � subunit and Zn2� allosteri-
cally inhibit the protease activity of calnuc. A, dose-dependent inhibition of
enzyme activity of calnuc by Zn2� was observed in wild type (closed squares)
and not exhibited by the calnuc in which the Zn2�-binding site has been
mutated (closed circles). AU, arbitrary units. B, calnuc (0.6 �M) was incubated
with G�i1 (0.6 �M). The sample was further incubated with fluorescent sub-
strate (BANA) and then monitored by the increase in fluorescence intensity.
The protease activity of calnuc (light gray bar) was reduced upon its interac-
tion with G�i (GDP)-bound form (gray bar). C, VGRpNA was used as the sub-
strate, and activity was monitored by checking the absorbance at 405 nm. All
other conditions were same as in panel B. In the case of the LL/AA calnuc
mutant (light gray bar) the protease activity is not affected in the presence of
the G�i (GDP)-bound form (gray bar). An in vitro pulldown assay demon-
strated calnuc interaction with G-protein. The LL/AA calnuc mutant did not
interact with the G protein (inset). Lane 1, marker; lane 2, calnuc (WT); lane 3,
calnuc (WT) � G�i (GDP); lane 4, G�i alone; lane 5, LL/AA double mutant alone;
lane 6, LL/AA double mutant � G�i (GDP).

TABLE 3
Comparison of the calnuc HXXE zinc motif with consensus sequences
of carboxypeptidase family of enzymes
Comparison of zinc binding motif (HXXEXnH) present in calnuc with the consen-
sus sequences of carboxypeptidases is shown. The table shows the zinc binding
motif, marked in bold, is conserved, whereas the sequence involved in the protease
activity of carboxypeptidases is not conserved. Calnuc therefore binds Zn2� but
does not exhibit protease activity.
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The functions of the “Zn2� key” in calnuc, which locks the
enzymatic activity, is similar to that observed in several other
proteases that are regulated by Zn2�-mediated conformational
switches (35–40). The intracellular concentration of Zn2� var-
ies from the picomolar (in the cytosol) to 100 mM in various
organelles (e.g. Zn2� storage vacuoles), whereas the extracellu-
lar concentrations are in the micromolar range (34). The low
cellular levels of Zn2� results in acquiring the high affinities of
proteins toward Zn2� varying from picomolar (classic zinc fin-
gers) to nanomolar (Zn2�-binding proteins like metallothion-
ein) (34). Calnuc possesses a high affinity for Zn2� in the nano-
molar range that suggests its importance in cellular physiology.
From our studies we hypothesize that Zn2� probably plays a
structural role in calnuc, and the varying concentrations of the
metal ion in different compartments of the cell effect the func-
tion of the protein differently.
It will be interesting to understand the exact physiological

and functional role of interaction between calnuc and the Zn2�

ions. Interestingly, Zn2� has a vital link in the accumulation of
amyloid-� peptide (A�) and formation of plaques in Alzheimer
disease wherein calnuc involvement has been demonstrated
(10). Zn2� plays a protective role, causing a conformational
change in the A� peptide and preventing the association of
other metals and consequent oxidative damage associated with
themetal-A� complex (41). Oxidative and nitrosative stress led
to a release of Zn2� from the vesicular zinc pool, and the excess
Zn2� promotes aggregation of A� (42, 43). It will be interesting
to look into the role of the tripartite association of A�:calnuc:
Zn2� in the pathophysiology of the disease.

We hypothesize that in a tissue- and isoform expression-de-
pendent manner, G proteins and Zn2� fine-tune the enzyme
activity of calnuc either to adjust to the condition of the cell or
as a physiological response to a molecular signal. Involvement
of G proteins in regulating activity also generates the possibility
of selectivity based on expression pattern of the G proteins and
extracellular signals. The complex and multidomain structure
has evolved in to gain conformational plasticity to be able to
perform multiple functions.
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