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Effects of metal ions and disulfide bonds on the
activity of phosphodiesterase from
Trimeresurus stejnegeri venom

Lili Peng, Xiaolong Xu,* Mingchun Guo, Xincheng Yan, Shasha Wang, Shang Gao
and Shanshan Zhu

Obviously different from the other known phosphodiesterases, the phosphodiesterase from

Trimeresurus stejnegeri venom (TS-PDE) consists of two different chains linked with disulfide bonds and

contains both endogenous Cu2+ and Zn2+. Cu2+ and Zn2+ are important for its phosphodiesterase

activity. In this study, the effects of metal ions and small-molecule reductants on its structure and

activity have been investigated by polyacrylamide gel electrophoresis, high performance liquid

chromatography, fluorescence and electron paramagnetic resonance spectroscopy. The results show

that TS-PDE has one class of Zn2+ binding site and two classes of Cu2+ binding site, including the high

affinity activator sites and the low affinity sites. Cu2+ ions function as a switch for its phosphodiesterase

activity. The catalytic activity of TS-PDE does not have an absolute requirement for Cu2+ and Zn2+. Mg2+,

Mn2+, Ni2+, Co2+ and Ca2+ are all effective for its phosphodiesterase activity. TS-PDE has seven disulfide

bonds and ten free cysteine residues. L-Ascorbate inhibits the phosphodiesterase activity of TS-PDE

through reduction of the Cu2+, while dithiothreitol, glutathione and tris(2-carboxyethyl)phosphine

inhibit the phosphodiesterase activity of TS-PDE by reducing both the Cu2+ and disulfide bonds. The

catalytic activity of TS-PDE relies on its disulfide bonds and bimetallic cluster. In addition, biologically-

relevant reductants, glutathione and L-ascorbate, have been found to be endogenous inhibitors to the

phosphodiesterase activity of TS-PDE.

Introduction

The phosphodiesterases (PDEs) are a superfamily of enzymes
that have multiple roles in nucleotide metabolism and in the
regulation of nucleotide-based intercellular signaling.1,2 PDEs
hydrolyze a variety of biologically important nucleotides such
as nicotinamide adenine dinucleotide (NAD+), nicotinamide
guanine dinucleotide (NGD), ATP and ADP.3 PDEs with diverse
physiological functions have become new therapeutic targets
for treatment of various diseases, such as Alzheimer’s disease,
inflammation, erectile dysfunction, and cardiac or vascular-
related diseases.1,4–8 Most PDEs are high molecular mass single
polypeptide chain proteins with alkaline isoelectric points
between 7.5 and 10.5.3,9,10 Some PDEs exist as homodimers.11

PDEs are metalloenzymes, most of which contain Zn2+.12,13

Some PDEs contain Ca2+, Mg2+, Ni2+, Mn2+ or Fe2+.14–16

Snake venoms are rich in a large variety of proteins and
enzymes,17,18 including PDEs. TS-PDE is a unique PDE isolated
from the venom of Trimeresurus stejnegeri; among all identified
PDEs, only TS-PDE is a disulfide-linked heterodimer with an
acidic isoelectric point of 5.1 and contains both endogenous
Zn2+ and Cu2+.19 TS-PDE inhibits ADP-induced platelet aggre-
gation and may be useful as a basis for designing anticoagulant
drugs to treat thrombosis. Currently, the sequences and struc-
tures of all PDEs from snake venoms, including TS-PDE, are not
yet available.3

In our previous study, we reported that Cu2+ and Zn2+ are
important for the PDE activity of TS-PDE. But it remains
unclear whether there is an absolute requirement for Cu2+

and Zn2+ for the PDE activity of TS-PDE, and whether the
valence of the copper ion and the intact disulfide bonds affect
the PDE activity of TS-PDE. In the present work, the effects of
metal ions and small molecule reductants on the PDE activity
and structure of TS-PDE have been investigated. The results
indicate that the PDE activity of TS-PDE does not have an
absolute requirement for Cu2+ and Zn2+. Ca2+, Co2+, Ni2+,

Department of Chemistry, University of Science and Technology of China,

Hefei, 230026, P. R. China. E-mail: xuxl@ustc.edu.cn; Fax: +86-551-63603388;

Tel: +86-551-63603214

Received 28th January 2013,
Accepted 10th June 2013

DOI: 10.1039/c3mt00031a

www.rsc.org/metallomics

Metallomics

PAPER

Pu
bl

is
he

d 
on

 1
1 

Q
as

a 
D

ir
ri

 2
01

3.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

02
5 

8:
09

:4
0 

A
M

. 

View Article Online
View Journal  | View Issue

https://doi.org/10.1039/c3mt00031a
https://rsc.66557.net/en/journals/journal/MT
https://rsc.66557.net/en/journals/journal/MT?issueid=MT005007


This journal is c The Royal Society of Chemistry 2013 Metallomics, 2013, 5, 920--927 921

Mn2+ and Mg2+ ions are all activators for its PDE activity. One
class of Zn2+ binding site and two classes of Cu2+ binding site
have been identified in the enzyme. The disulfide bonds are
essential for the PDE activity of TS-PDE.

Experimental
Chemicals

Lyophilized Trimeresurus stejnegeri venom powder was supplied
by the Xinyuan Snake Venom Company (Guangzhou, P. R.
China). Tris (2-carboxyethyl)phosphine (TCEP), 5,50-dithiobis-
(2-nitrobenzoic acid) (DTNB), glutathione (GSH) and L-ascorbate
(Vc) were obtained from Amresco (USA). Dithiothreitol (DTT) was
obtained from Merck & Co Inc. (USA). NAD+ was obtained from
Roche (USA). Chelex-100 was purchased from Bio-Rad Laboratories
(Richmond, CA, USA). All other reagents were of analytical reagent
grade and purchased from Shanghai Chemical Reagent Co. Ltd.
(Shanghai, China).

Purification of TS-PDE

The purification of TS-PDE was performed as previously
described.19 Protein purity was confirmed using SDS-PAGE.
The concentration of TS-PDE was calculated from the absorption
coefficient (A0.1%

1cm = 0.69) at 280 nm and the relative molecular
weight (Mr = 100 kDa). Metal-free TS-PDE (apo-TS-PDE) was
prepared by incubation of as-purified TS-PDE with a suspension
of Chelex-100 in 20 mM Tris-HCl (pH 7.4). Cu2+–Zn2+-TS-PDE
(holo-TS-PDE) was prepared by dialysis of apo-TS-PDE extensively
against 20 mM Tris-HCl (pH 7.4) containing 5 mM Cu2+ and 5 mM
Zn2+. Zn2+-reconstituted TS-PDE (Zn2+-TS-PDE) was prepared by
dialysis of apo-TS-PDE extensively against 5 mM Zn2+ in 20 mM
Tris-HCl (pH 7.4). The molar ratios of Cu2+ and Zn2+ to holo-TS-
PDE were determined to be 1.08� 0.16 and 0.95� 0.12 (mean�
SD, n = 3), respectively, and the molar ratio of Zn2+ to Zn2+-
TS-PDE was determined to be 2.06 � 0.19 (mean � SD, n = 3),
and no Cu2+ or Zn2+ was detected in apo-TS-PDE by inductively
coupled plasma-atomic emission spectrometry (ICP-AES) (Perkin
Elmer Corporation, USA).

Effect of metal ions on the PDE activity of TS-PDE

0.1 mM NAD+ was incubated with 2 mM holo-TS-PDE or apo-
TS-PDE in 20 mM Tris-HCl (pH 7.4) in the presence of 1 mM
Zn2+, Cu2+, Mg2+, Mn2+, Ni2+, Co2+ or Ca2+ at 37 1C for 15 min.
All products were analyzed by an 1100-dHPLC Instrument
(Agilent, USA) with a SymmetryShield RP18 column (4.6 �
250 mm) (Waters, USA) at 260 nm. The mobile phase contained
10 mM ammonium phosphate (pH 5.5) and acetonitrile
(100 : 1.2 v/v).

0.1 mM NAD+ was incubated with 2 mM apo-TS-PDE in
20 mM Tris-HCl (pH 7.4) with increasing concentrations of
Zn2+ or Cu2+ at 37 1C for 15 min. The products were analyzed by
HPLC. The PDE activity of holo-TS-PDE was taken as 100%.

Fluorescence titration of apo-TS-PDE with Cu2+ and Zn2+

For titration of apo-TS-PDE with Cu2+ and Zn2+, the metal ion
solutions at an appropriate concentration were added serially

to 2 mM apo-TS-PDE in 20 mM Tris-HCl (pH 7.4), respectively, in
small aliquots following the method of Kumar and Duff.20 All
fluorescence measurements were performed using a Shimadzu
RF-5000 spectrofluorometer using an excitation wavelength of
295 nm at 25 1C. The excitation and emission bandwidths were
both set at 5 nm. All spectra were corrected by subtracting the
spectrum of the blank, lacking the protein but otherwise
identical to the sample. All titrations were performed three
times. Data were fitted by a modified Stern–Volmer equation.21

The fraction of the fluorescence that is accessible to the
quencher, fa, and the Stern–Volmer quenching constant (K)
that represents the apparent association constant between the
fluorophore and quencher22 can be determined graphically by
the following eqn (1):

F0/(F0 � F) = 1/( faKX) + 1/fa (1)

where F0 and F are the respective fluorescence intensities in the
absence and presence of quencher (metal ion), and X is the
concentration of the metal ion. A plot of F0/(F0 � F) vs. 1/X yields
fa
�1 as the intercept on the y-axis and ( faK)�1 as the slope.

Reduction of Cu2+ in as-purified TS-PDE by small-molecule
reductants

10 mM as-purified TS-PDE was incubated with 25 mM DTT,
15 mM GSH, 10 mM TCEP or 20 mM Vc in 20 mM Tris-HCl
(pH 7.4) containing 0.15 M NaCl at 37 1C for 60 min. The
absorbance spectrum (400–800 nm) of the mixture was
recorded after addition of 1 mM bicinchoninic acid (BCA) by
a UV-2100 spectrophotometer (Shimadzu, Japan).23

Electron paramagnetic resonance spectroscopy (EPR)

X-band EPR spectra were acquired on a JES-FA200 spectrometer
operating at a microwave frequency of 9.03 GHz according to
the method of Wang et al.24 The spectra were acquired over a
sweep width of 2000 G, modulation amplitude of 10 G, and a
temperature of 100 K.

Reduction of disulfide bonds of TS-PDE by small-molecule
reductants

2.5 mM as-purified TS-PDE was incubated with 25 mM DTT,
15 mM GSH, 10 mM TCEP, or 20 mM Vc in 20 mM Tris-HCl
(pH 7.4) at 37 1C for 60 min. The mixtures were electrophoresed
in 5% stacking and 12% resolving SDS-polyacrylamide gels and
stained with Coomassie Brilliant Blue R250.

Determination of the number of disulfide bonds

The number of protein disulfide bonds was determined by the
reaction of as-purified TS-PDE with DTNB.25 As-purified TS-PDE
(2.5 mM) in 20 mM Tris-HCl (pH 7.4), containing 0.2 M NaCl,
was incubated with 1.0 mM DTNB at 25 1C for 90 min under the
following conditions: (I) only TS-PDE; (II) with 6 M guanidi-
nium chloride (GdnCl); and (III) with 6 M GdnCl and 10 mM
TCEP. The excess TCEP was removed from the reaction mixture
by dialysis under nitrogen protection. The A412 was monitored
to estimate the number of cysteine residues present as protein–
TNB mixed disulfide. A standard curve prepared using several
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different concentrations of GSH was used in the calculation of
the number of cysteine residues. The number of total cysteine
residues (n1) and the number of cysteine residues present as
protein–TNB mixed disulfide (n2) were determined by relative
quantification using the standard curve. The number of
cysteine residues present as protein–protein disulfide (n3) was
calculated by eqn (2):

n3 = n1 � n2 (2)

Inhibition of holo-TS-PDE and Zn2+-TS-PDE by small-molecule
reductants

0.1 mM NAD+ was incubated with 2 mM holo-TS-PDE or Zn2+-
TS-PDE in 20 mM Tris-HCl (pH 7.4) with increasing concentra-
tions of DTT, GSH, TCEP or Vc at 37 1C for 15 min. The
products were analyzed by HPLC. The PDE activities of holo-
TS-PDE and Zn2+-TS-PDE were taken as 100% for the inhibition
of holo-TS-PDE and Zn2+-TS-PDE, respectively.

Results
Effect of metal ions on the activity of TS-PDE

The effect of 1 mM Cu2+, Zn2+, Mg2+, Mn2+, Ni2+, Co2+ or Ca2+ on
the PDE activities of holo-TS-PDE and apo-TS-PDE have been
determined and the results are shown in Fig. 1. Among the
tested metal ions, Zn2+, Mg2+, Mn2+, Ni2+, Co2+ and Ca2+ do not
have significant effects on the PDE activity of holo-TS-PDE. In
contrast, Cu2+ significantly inhibits the PDE activity of holo-
TS-PDE. Apo-TS-PDE can acquire 6.3%, 85.9%, 14.4%, 26.2%,
41.0%, 60.4% and 61.4% of the PDE activity in the presence of
1 mM Cu2+, Zn2+, Mg2+, Mn2+, Ni2+, Co2+ and Ca2+, respectively.
This result indicates that the PDE activity of TS-PDE does not
have an absolute requirement for Cu2+ and Zn2+. Mg2+, Mn2+,
Ni2+, Co2+ and Ca2+ ions are all effective for its PDE activity.

As mentioned previously, Zn2+ and Cu2+ are present in the
native TS-PDE.19 However, Fig. 1 shows that the PDE activity of
holo-TS-PDE is inhibited by 1 mM Cu2+ and 1 mM Cu2+ restores
6.3% of the activity in apo-TS-PDE. In order to analyze the roles
of Cu2+ and Zn2+ in the PDE activity, the effects of the concen-
tration of Cu2+ and Zn2+ on the PDE activity of apo-TS-PDE were
further determined by HPLC. As shown in Fig. 2A, Cu2+

activates the PDE activity of apo-TS-PDE at low concentration
(r4 mM), but significantly inhibits its PDE activity at high
concentration (>4 mM) in a concentration-dependent manner.
The results suggest that TS-PDE may have two classes of Cu2+

binding site, the activator sites and the inhibitor sites. By contrast,
although Zn2+ also activates the PDE activity of apo-TS-PDE at low
concentration (r5 mM) in a concentration-dependent manner, it
does not significantly affect its PDE activity at high concentration
(>5 mM) (Fig. 2B), suggesting that TS-PDE only has one class of
Zn2+-binding site, i.e., the activator sites.

Analysis of Cu2+ and Zn2+ binding sites by fluorescence titration

To analyze the Cu2+- and Zn2+-binding sites in TS-PDE and their
binding affinities, the fluorescence titration of apo-TS-PDE with
Cu2+ and Zn2+ was performed at an excitation wavelength of
295 nm. Fig. 3(A and C) show the fluorescence spectra of apo-
TS-PDE in the presence of various amounts of Cu2+ and Zn2+,
respectively, which demonstrate a typical fluorescence quenching

Fig. 1 Effect of various metal ions on the PDE activity of holo-TS-PDE and apo-
TS-PDE. 0.1 mM NAD+ was incubated with 2 mM holo-TS-PDE or apo-TS-PDE in
20 mM Tris-HCl (pH 7.4) in the presence of 1 mM Zn2+, Cu2+, Mg2+, Mn2+, Ni2+,
Co2+ or Ca2+ at 37 1C for 15 min. All products were analyzed by HPLC as described
in the Experimental section. The PDE activity of holo-TS-PDE was taken as 100%.
Each value represents the mean of three independent determinations.

Fig. 2 Activation of the PDE activity of apo-TS-PDE by Cu2+ and Zn2+. 0.1 mM
NAD+ was incubated with 2 mM apo-TS-PDE in 20 mM Tris-HCl (pH 7.4) with
increasing concentrations of Cu2+ (A) or Zn2+ (B) at 37 1C for 15 min. All products
were analyzed by HPLC as described in the Experimental section. The PDE activity
of the holo-TS-PDE was taken as 100%. Each value represents the mean of three
independent determinations.
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of protein by the two metal ions. Fig. 3(B and D) depict
modified Stern–Volmer plots for the quenching of intrinsic
fluorescence of apo-TS-PDE by the two metal ions. A linear
modified Stern–Volmer plot was observed for the binding of
apo-TS-PDE with Zn2+, yielding a fa of (12.8 � 0.2)% and a K of
(4.38 � 0.07) � 105 M�1 (means � SD, n = 3), while the plot for
the binding of apo-TS-PDE with Cu2+ obviously shows two
intersecting straight lines yielding a fa1 of (99.6 � 1.7)% and
a K1 of (1.59 � 0.02) � 105 M�1 for line 1 and a fa2 of (52.9 �
0.4)% and a K2 of (7.62� 0.08)� 105 M�1 (means� SD, n = 3) for
line 2. There are one and two apparent association constants for
the binding of apo-TS-PDE with Zn2+ and Cu2+, respectively,
suggesting the presence of one type of Zn2+-binding site and two
types of Cu2+-binding site in apo-TS-PDE, respectively.

Reduction of Cu2+ in as-purified TS-PDE by small-molecule
reductants

As mentioned earlier, among all identified PDEs, only TS-PDE
contains Cu2+. DTT, GSH, TCEP and Vc have all been reported
to reduce Cu2+ in Cu2+-containing proteins to Cu+.26–28 There-
fore, we investigated the effect of reductants on the valence of
the copper ion in as-purified TS-PDE. As shown in Fig. 4, free
Cu2+ ion produces a peak at 560 nm after incubation with
20 mM Vc and 1 mM BCA. This is because Vc reduces Cu2+ to
Cu+ and then Cu+ binds to BCA to form a Cu+-BCA2 complex
which has a high absorption coefficient at 560 nm.29 Similarly,
an absorbance peak at 560 nm appears after incubation of

as-purified TS-PDE with 20 mM Vc and 1 mM BCA, which
corresponds to the peak of the Cu+-BCA2 complex, revealing that
Cu2+ in as-purified TS-PDE is reduced to Cu+ by Vc. However, no
peak is observed at 560 nm after incubation of as-purified
TS-PDE with other reductants (25 mM DTT, 15 mM GSH or
10 mM TCEP) and 1 mM BCA. It was reported that DTT, GSH and
TCEP could all bind with Cu+ 28,30,31 and the Cu+-DTT2 complex
had a stability constant higher than that of Cu+-BCA2.32 DTT,
GSH and TCEP might also reduce the Cu2+ in TS-PDE to Cu+ and
bind with Cu+, thus blocking the interaction of Cu+ with BCA.

Fig. 3 The fluorescence titration of apo-TS-PDE in 20 mM Tris-HCl (pH 7.4) with Cu2+ and Zn2+ at 25 1C. (A) The intrinsic fluorescence spectra of apo-TS-PDE with
increasing concentrations of Cu2+ at an excitation wavelength of 295 nm. (B) Modified Stern–Volmer plots of the fluorescence quenching of apo-TS-PDE by Cu2+. The
inset in the figure shows a zoomed view of the 0–0.5 mM�1 region. (C) The intrinsic fluorescence spectra of apo-TS-PDE with increasing concentrations of Zn2+ at an
excitation wavelength of 295 nm. (D) Modified Stern–Volmer plots of the fluorescence quenching of apo-TS-PDE by Zn2+. F0 and F are the fluorescence intensities of
apo-TS-PDE at 344 nm in the absence and presence of metal ion, respectively.

Fig. 4 Reduction of Cu2+ in as-purified TS-PDE by DTT, GSH, TCEP and Vc.
As-purified TS-PDE (10 mM) was incubated with 25 mM DTT, 15 mM GSH,
10 mM TCEP or 20 mM Vc in 20 mM Tris-HCl (pH 7.4) containing 0.2 M NaCl at
37 1C for 60 min and then the absorbance spectrum of the mixture was recorded
after addition of 1 mM BCA. The concentration of free Cu2+ ion is 10 mM.
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The reduction of Cu2+ by DTT, GSH, TCEP and Vc was
confirmed by using EPR spectroscopy. As shown in Fig. 5, a
typical paramagnetic signal of Cu2+ is observed for as-purified
TS-PDE due to the d9 electron configuration of Cu2+. The
paramagnetic signal of Cu2+ disappears after incubation of
as-purified TS-PDE with 25 mM DTT, 15 mM GSH, 10 mM
TCEP or 20 mM Vc, indicating that paramagnetic Cu2+ in
as-purified TS-PDE is reduced by DTT, GSH, TCEP or Vc to
diamagnetic Cu+ with a d10 electron configuration.

Reduction of disulfide bonds by small-molecule reductants

The effects of reductants on the disulfide bonds in as-purified
TS-PDE were analyzed by SDS-PAGE. As shown in Fig. 6,
as-purified TS-PDE gives a single band at 100 kDa (lane 1).
After prior incubation with 25 mM DTT, 10 mM TCEP or 15 mM
GSH, as-purified TS-PDE gives a single band at about 50 kDa
(lanes 3, 4, and 5). This observation reveals that the disulfide
bonds between the two chains of the enzyme have been
completely cleaved by DTT, TCEP, or GSH. In contrast, after
prior incubation with 20 mM Vc, as-purified TS-PDE gives a
single band at 100 kDa (lane 6), which is equal to the molecular
weight of whole protein, indicating that Vc does not reduce the
disulfide bonds between the two chains of the enzyme.

To quantitatively analyze small-molecule reductant-induced
cleavage of disulfide bonds in as-purified TS-PDE, the enzyme
was incubated at 25 1C for 90 min in the absence or presence of
each reductant. The number of sulfhydryl groups was estimated
by measuring the absorbance value at 412 nm following reac-
tion with 1 mM DTNB. The DTNB absorption value of 0.0821 at
412 nm is equivalent to one sulfhydryl group. Four free cysteine
residues have been detected in as-purified TS-PDE, suggesting
that these cysteine residues are exposed and accessible to
DTNB. After addition of 25 mM DTT, 15 mM GSH or 10 mM
TCEP, the absorbance at 412 nm increases from 0.339 � 0.002
to 0.812 � 0.005, 0.654 � 0.05 or 0.817 � 0.007 (means � SD,
n = 3), indicating that the number of sulfhydryl groups in the
protein increases from 4 to 10, 8, or 10. The total number of free
cysteine residues in the protein after unfolding by 6 M GdnCl
has been determined to be 10 and 24 in the absence and
presence of 10 mM TCEP, respectively, indicating that each
as-purified TS-PDE molecule contains seven disulfide bonds.
GdnCl-induced unfolding of as-purified TS-PDE results in an
increase in the number of free cysteine residues from 4 to 10,
which demonstrates that six free cysteine residues are buried in
the folded protein. Incubation of as-purified TS-PDE with
another reductant, Vc (20 mM), results in a slight change in
the absorbance value at 412 nm from 0.339 � 0.002 to 0.347 �
0.005 (means � SD, n = 3). This small difference is within the
experimental error, suggesting that the number of sulfhydryl
groups in the protein is not affected by Vc. This observation is
consistent with the result from SDS-PAGE.

Inhibition of holo-TS-PDE and Zn2+-TS-PDE by small-molecule
reductants

To examine whether the disulfide bonds and Cu2+ in holo-TS-
PDE are required for its PDE activity, we have investigated the
inhibition of the PDE activity of holo-TS-PDE by small-molecule
reductants. As shown in Fig. 7, DTT, GSH, TCEP and Vc inhibit
the PDE activity of holo-TS-PDE in a concentration-dependent
manner. The values of the half maximal inhibitory concentra-
tions (IC50) were obtained based on the data from Fig. 7.
As shown in Table 1, the calculated IC50 values are 6.90 �
0.06 mM, 2.56 � 0.04 mM, 1.48 � 0.03 mM and 2.87 � 0.04 mM
(means � SD, n = 3) for DTT, GSH, TCEP and Vc, respectively,
indicating that their inhibition efficiencies follow the trend:
TCEP > GSH > Vc > DTT.

DTT, GSH and TCEP can reduce both Cu2+ and disulfide
bonds in as-purified TS-PDE. To determine whether disulfide
bonds are essential for the PDE activity of TS-PDE, we have
investigated the inhibition of the PDE activity of Zn2+-TS-PDE
by small-molecule reductants. All DTT, GSH and TCEP inhibit
the PDE activity of Zn2+-TS-PDE in a concentration-dependent
manner. The calculated IC50 value are 8.62 � 0.09 mM, 3.45 �
0.03 mM and 1.84 � 0.03 mM (means � SD, n = 3) for DTT, GSH
and TCEP (Table 1), respectively, indicating that their inhibi-
tion efficiencies follow the trend: TCEP > GSH > DTT. However,
Vc does not inhibit the PDE activity of Zn2+-TS-PDE up to a
concentration of 20 mM.

Fig. 5 The effects of reductants on electron paramagnetic resonance spectro-
scopy (EPR) of as-purified TS-PDE. 150 mM as-purified TS-PDE was incubated with
25 mM DTT (2), 15 mM GSH (3), or 10 mM TCEP (4) or 20 mM Vc (5) in 20 mM
Tris-HCl (pH 7.4) containing 0.1 M NaCl and 20% (v/v) dimethylformamide at
37 1C for 60 min and then EPR spectrum of the mixture was recorded at 100 K.
The microwave frequency is 9.03 GHz.

Fig. 6 SDS-polyacrylamide gel electrophoresis of TS-PDE. As-purified TS-PDE
was electrophoresed in 12% polyacrylamide gel containing 0.1% SDS under
reducing (lanes 2–6) or nonreducing (line 1) conditions. Lane 1: TS-PDE only; lane 2:
molecular mass markers; lane 3: TS-PDE + 25 mM DTT; lane 4: TS-PDE + 10 mM TCEP;
lane 5: TS-PDE + 15 mM GSH; lane 6: TS-PDE + 20 mM Vc.
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Discussion

TS-PDE is different from other PDEs, since it consists of two
different chains linked with disulfide bond(s) and contains
both Cu2+ and Zn2+.19 DTT, GSH and TCEP can reduce Cu2+ in
as-purified TS-PDE and the disulfide bonds between its two
chains as determined by EPR spectroscopy and SDS-PAGE
(Fig. 5 and 6), which results in inhibition of its PDE activity.
Vc reduces Cu2+ in the as-purified TS-PDE to Cu+, as evidenced
by the formation of the Cu+-BCA2 complex (Fig. 4) and the
disappearance of the paramagnetic signal of Cu2+ (Fig. 5), but
it can not reduce disulfide bonds between the two chains of
TS-PDE (Fig. 6). The reduction of Cu2+ to Cu+ by Vc results in
the inhibition of the PDE activity of the enzyme. These observa-
tions indicate that Cu2+ is the activator of TS-PDE. By contrast,
Cu+ can not stimulate its PDE activity.

The fluorescence titration data demonstrate that TS-PDE has
two classes of Cu2+-binding site (Fig. 3). Fig. 2A shows that Cu2+

activates the PDE activity of apo-TS-PDE at low concentration,

but significantly inhibits its PDE activity at high concentration,
suggesting that the Cu2+ ions as activators may bind in the
catalytic site with high binding affinity, while the Cu2+ ions as
inhibitors may bind in low-affinity sites. Valério et al. also
found that Cu2+ at high concentration (>1 mM) significantly
inhibited the activity of PDE from Bothrops alternatus snake
venom.9 Cu2+-induced significant fluorescence quenching of
TS-PDE with an obvious blue-shift of the maximum emission
from 344 nm to 338 nm suggests that (1) a dramatic conforma-
tional change of TS-PDE is induced upon Cu2+ binding to the
low-affinity sites; (2) this conformational change may affect the
microenvironment of the catalytic site or mask the catalytic site
which results in the inhibition of the enzyme. Hoffmann et al.33

reported that the substrate NAD+ can bind with Cu2+. TS-PDE
may not be able to hydrolyze the complex of Cu2+-NAD+, which
may be another explanation for the inhibition of the PDE
activity of the enzyme by the Cu2+ ions. Although we cannot
infer the actual mechanism of the activation and inhibition by
Cu2+ ions from the present data, it is certain that Cu2+ ions
function as a switch for the PDE activity of TS-PDE. Further
investigation is necessary to elucidate the mechanism of the
activation and inhibition by Cu2+ ions.

In contrast to Cu2+ binding sites, there is only one class of
Zn2+-binding site in TS-PDE as determined by fluorescence
titration (Fig. 3). Zn2+ activates the PDE activity of apo-TS-PDE
at low concentration, and does not inhibit its PDE activity at
high concentration (Fig. 2B), suggesting that the Zn2+ ions only
act as activators and may bind in the catalytic site with high

Fig. 7 Inhibition of PDE activities of holo-TS-PDE and Zn2+-TS-PDE by DTT, GSH, TCEP, and Vc. 0.1 mM NAD+ was incubated with 2 mM holo-TS-PDE or Zn2+-TS-PDE in
20 mM Tris-HCl (pH 7.4) at 37 1C for 15 min with increasing concentrations of DTT (A), GSH (B), TCEP (C), or Vc (D). All products were analyzed by HPLC as described in
the Experimental section. The PDE activity of holo-TS-PDE and Zn2+-TS-PDE were taken as 100% for the inhibitions of holo-TS-PDE and Zn2+-TS-PDE, respectively. Each
value represents the mean of three independent determinations.

Table 1 IC50 values of reductants for holo-TS-PDE and Zn2+-TS-PDE and redox
potentials of reductants. The IC50 values are mean � SD of n = 3

Reductants
IC50 for
holo-TS-PDE (mM)

IC50 for
Zn2+-TS-PDE (mM)

Redox
potential (V)

TCEP 1.48 � 0.03 1.84 � 0.03 �0.29
GSH 2.56 � 0.04 3.45 � 0.03 �0.16
Vc 2.87 � 0.04 — �0.127
DTT 6.90 � 0.06 8.62 � 0.09 �0.33
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binding affinity. Mg2+, Mn2+, Ni2+, Co2+ and Ca2+ have no
obvious effects on the PDE activity of holo-TS-PDE (Fig. 1),
revealing that these metal ions are not inhibitors of the enzyme.
The PDE activity of apo-TS-PDE is partially recovered by Mg2+,
Mn2+, Ni2+, Co2+ and Ca2+, indicating that these metal ions are
all effective for its PDE activity. The mechanism of activation of
TS-PDE by these metal ions has not been studied in detail and
could be a subject for further investigation.

As shown in Fig. 2, apo-TS-PDE (2 mM) exhibits the maximum
PDE activity in the presence of 4 mM Cu2+, suggesting that
TS-PDE has two high-affinity Cu2+-binding sites. Fig. 3B shows
that the two straight lines cross at 4 mM Cu2+, suggesting that
2 mM apo-TS-PDE can bind with 4 mM Cu2+ in the high-affinity
sites. These results taken together indicate that TS-PDE has two
high-affinity Cu2+-binding sites.

Previous studies show that as-purified TS-PDE probably has
a bimetallic cluster (Cu2+–Zn2+) in its hydrolysis center.19 Vc
does not reduce the disulfide bonds (Fig. 6) and Zn2+, but it
can reduce Cu2+ to Cu+, as evidenced by the formation of the
Cu+-BCA2 complex (Fig. 4). The reduction of Cu2+ results in the
loss of the PDE activities of holo-TS-PDE (Fig. 7D), indicating
that although one Zn2+ is still in its hydrolysis center, the
enzyme loses almost all PDE activity after reduction of Cu2+

by Vc. Therefore, the bimetallic Cu2+–Zn2+ hydrolysis center is
critical for its PDE activity. Apo-TS-PDE can acquire 96.4% or
60.8% of the PDE activity in the presence of 5 mM Zn2+ or 4 mM
Cu2+ (Fig. 2), suggesting that the Zn2+–Zn2+ or Cu2+–Cu2+

hydrolysis center is also effective for its PDE activity.
TS-PDE is rich in cysteines. The total number of cysteine

residues in as-purified TS-PDE is 24. The number of free
cysteine residues detected in as-purified TS-PDE increases from
4 to 10, 8 or 10 after interaction of as-purified TS-PDE with
25 mM DTT, 15 mM GSH or 10 mM TCEP, indicating that three
disulfide bonds have been reduced by DTT or TCEP and two
disulfide bonds have been reduced by GSH, which may be the
reason why GSH-reduced TS-PDE runs faster than DTT- or
TCEP-reduced TS-PDE in SDS-PAGE gel (Fig. 6). These results
also suggest that the three exposed disulfide bonds are located
between the two chains and/or on the surface of the protein.
The disulfide bonds between the two chains of the protein can
be completely cleaved by DTT, TCEP, or GSH. Although DTT,
GSH and TCEP cannot reduce Zn2+, they are able to inhibit the
PDE activity of Zn2+-TS-PDE (Fig. 7). These findings agree with
data for PDE from Walterinnesia aegyptia, the activity of which
is inhibited by GSH.10 The reduction of disulfide bonds is
simultaneous with the inhibition of Zn2+-TS-PDE, suggesting
that at least one of the three exposed disulfide bonds is critical
for the PDE activity of TS-PDE. Interestingly, the IC50 value of
Zn2+-TS-PDE is greater than that of as-purified TS-PDE for each
reductant (DTT, TCEP, or GSH) (Fig. 7), suggesting that the
three reductants inhibit the PDE activity through the reduction
of both Cu2+ and disulfide bonds in as-purified TS-PDE.

Comparison of the IC50 values of holo-TS-PDE and Zn2+-TS-
PDE with the redox potentials of each reductant34–37 shows that
the inhibition efficiency of the reductant increases with the
decrease of its redox potential, except that DTT with the lowest

redox potential has the lowest inhibition efficiency (Table 1).
The possible reasons may be that these reductants have differ-
ent redox potentials under the present conditions (pH 7.4,
37 1C) compared with their reported redox potentials at pH
7.0 and DTT, GSH and TCEP can bind with Cu+,28,30,31 which
may affect the reduction of Cu2+ to Cu+ by these reductants.
Further investigation is necessary to clarify this issue. TCEP,
among the three reductants, has the lowest IC50, due to the fact
that TCEP is the most stable and most effective reductant for
disulfide bonds.38,39

Vc and GSH are biologically-relevant reductants. In living
organisms, Vc, as an antioxidant, protects the body against
oxidative stress.40 GSH, as a cellular reductant, reduces
disulfide bonds in proteins by acting as an electron donor.
The IC50 value of GSH is 2.56 � 0.04 mM for holo-TS-PDE,
which is within the range (0.5–10 mM) of GSH concentrations
found in eukaryotic cells.41 Therefore the intracellular concen-
tration of GSH is adequate to affect the PDE activity of TS-PDE.

Conclusion

The present study reveals that TS-PDE has one class of Zn2+

binding site and two classes of Cu2+ binding site, including the
high affinity activator sites and the low affinity sites. Cu2+ ions
function as a switch for its PDE activity. Vc inhibits the PDE
activity of holo-TS-PDE through reduction of the Cu2+, while
other reductants, DTT, GSH and TCEP, inhibit the PDE activity
of holo-TS-PDE by reducing both the Cu2+ and the disulfide
bonds. The catalytic activity of TS-PDE relies on the disulfide
bonds and the bimetallic cluster.
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