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bstract

Prostate-specific antigen (PSA) is a serine protease secreted both by normal prostate glandular epithelial cells and prostate cancer cells. We
xplored “thiophilic-interaction chromatography” (TIC) to isolate tissue prostate-specific antigen (T-PSA) from fresh human prostate cancer tissue
arvested by radical prostatectomy for the purpose to characterize T-PSA for its enzymatic activity and sensitivity to zinc ions. We have shown,
or the first time, that T-PSA has strong affinity for the thiophilic gel (T-gel). The average recovery of T-PSA from T-gel is over 87%. The presence
f PSA in the column eluate was confirmed by ELISA and SDS/PAGE. Western blot developed with monoclonal antibody to PSA revealed that
-PSA was predominantly in the “free” form having a molecular weight of 33 kDa. Furthermore, T-PSA was found to be enzymatically active.
-PSA was found to be less enzymatically active as compared to seminal plasma PSA. The inhibition of enzymatic activity of both f-PSA and

-PSA over a wide range of concentrations of Zn2+ ions (10 nM to 50 �M) was comparable. In contrast, the enzymatic activity of chymotrypsin,
nother serine-protease, was affected differently. At higher concentrations of Zn2+ (10 �M and higher) the enzymatic activity of chymotrypsin was
nhibited, whereas, at lower concentrations of Zn2+ (5 �M and lower), the enzymatic activity was enhanced.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Prostate-specific antigen (PSA) is a member of the tissue
allikreine family of serine proteases [1]. PSA is a 33-kDa
lycoprotein with chymotrypsin like activity that is produced

rimarily by the human prostatic epithelium and secreted into
he seminal fluid [2,3]. The only well-recognized physiologi-
al function of PSA is the digestion of the seminogelins and

Abbreviations: PSA, Prostate-specific antigen; f-PSA, free-PSA; T-PSA,
issue-PSA; TIC, Thiophilic Interaction Chromatography; T-gel, Thiophilic-gel;
LISA, Enzyme-linked immunosorbant assay; SDS/PAGE, sodium dodecyl-
ulfate/polyacrylamide gel electrophoresis; PSA-ACT, PSA complexed with
lpha-1 antichymotrypsin; PSA-A2M, PSA complexed with alpha-2 macroglob-
lin; PSA-PCI, PSA complexed with protein C inhibitor; PSA-AT, PSA
omplexed with anti-trypsin.
� This paper was presented at the Biochromatography and Nanotechnologies
onference, Vellore, Tamil Nadu, India, 12–15 February 2007.
∗ Corresponding author. Tel.: +1 7168453101; fax: +1 7168458389.

E-mail address: kailash.chadha@roswellpark.org (K.C. Chadha).
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bronectin present in seminal coagulum, liquefying the sem-
nal clot shortly after ejaculation [4]. In addition, PSA is a
idely utilized serum biomarker for the diagnosis and man-

gement of prostate cancer [5]. In the seminal plasma, the
ajority of PSA is present as free PSA (f-PSA), and is enzy-
atically active. Approximately, 10% of seminal plasma PSA

s complexed with protein C inhibitor (PSA-PCI) [6,7]. In
ontrast, the majority of PSA in serum is bound to serine pro-
ease inhibitors, including �-1-antichymotrypsin (PSA-ACT),
-2-macroglobulin (PSA-A2M), and �-1-antitrypsin (PSA-AT)

8]. f-PSA accounts for only 5–10% of total PSA in the
erum [9]. The major portion of prostatic T-PSA is f-PSA,
hereas, the complexed PSA forms are <2% of the total PSA

10]. The physiological relevance of T-PSA, and its value in
rostate cancer progression or management, is unclear. How-

ver, available evidence suggests that PSA is down-regulated in
rostate cancer tissue and, thereby, T-PSA concentrations are
ower in cancerous than in non-cancerous parts of the prostate
11].

mailto:kailash.chadha@roswellpark.org
dx.doi.org/10.1016/j.jchromb.2007.11.039
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were obtained from Bio-Rad Labs (Hercules, CA, USA). Chemi-
luminescence reagents (ECL) were acquired from NEN Life
28 A.K. Satheesh Babu et al. / J. C

“Thiophilic-interaction chromatography” (TIC) technique
as introduced originally by Porath and his colleagues for the

solation of immunoglobulins [12]. TIC has been used success-
ully for characterization of human transferrin [13], Alzheimer’s
eta-amyloid peptides [14] and for purification of immunoglob-
lins from chicken sera [15]. This chromatographic step is
ased upon salt-promoted adsorption of proteins to the resin,
here the binding of proteins to a sulfone and thio-ether-

ontaining hetero-aliphatic ligand takes place mainly through
ccessible tryptophan and/or phenylalanine residues. The des-
rption of bound proteins is achieved when the salt concentration
s reduced [12]. In our earlier studies, we have shown that PSA
nd PSA complexes have strong affinity for different thiophilic
els (T-gels), and that T-gel affinity can be successfully applied
or the purification of PSA and PSA-complexes from biological
uids, including serum and seminal plasma [16,17]. We have
hown that f-PSA purified from seminal plasma by T-gel chro-
atography is enzymatically active [18]. In the present study,

or the first time, the use of TIC technique has been applied
or the isolation and subsequent characterization of T-PSA from
reshly harvested human prostate cancer tissue. TIC was selected
or isolation of T-PSA because we earlier have shown that T-gel
as strong affinity for all molecular forms [free and complexed
orms] of PSA [16,18]. Taking this approach, we were able to
how that T-PSA, isolated from human prostate tumor tissue
ontains only the “free” form of PSA and that this PSA is enzy-
atically active. The enzymatic activity of T-PSA isolated from

rostate tumor tissue is lower than enzymatic activity of f-PSA
solated from seminal plasma.

It is known that, Zn2+ concentrations that is abundantly
resent in prostate gland, varies significantly in normal and
alignant human prostate tissue [19,20]. Zinc is also known

o have a significant influence upon enzymatic activity of ser-
ne proteases that includes PSA [21,22]. The f-PSA isolated
rom seminal plasma and T-PSA isolated from prostate tissue
acilitated studying the effect of zinc, and other essential trace
lements, on the enzymatic activity of PSA. For comparative
urposes, chymotrypsin, another serine protease, was used as
control. The substrate used for determination of enzymatic

ctivity of PSA is highly specific for this serine protease [23].

. Experimental

.1. Seminal plasma

Based upon a protocol approved by the Institutional Review
oard at Roswell Park Cancer Institute, large pools of leftover

eminal fluid were obtained from the Infertility and IVF Medical
ssociates of Western New York after they were finished with

ll of their needs. The seminal fluid was spun at 10,000 × g for
0 min to remove cellular debris and the supernatant dialyzed
vernight against 15 mM sodium phosphate buffer containing
.15 M sodium chloride, pH 7.0. After dialysis, the seminal

lasma was spun again at 10,000 × g for 20 min and the super-
atant containing the PSA was frozen in small aliquots at −70 ◦C
ntil used. None of the samples were frozen and thawed more
han once.
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.2. Tissue samples

De-identified human prostate cancer tissue samples were
btained from the Tissue Procurement Core Resource at Roswell
ark Cancer Institute under approval of the Institutional Review
oard. Small pieces of tissue were dissected immediately after

emoval of the prostate and immediately stored in liquid nitrogen
ntil analysis.

.3. Preparation of tissue extracts

Fifty milligrams of frozen prostate cancer tissue samples
ere cut into small pieces and homogenized in a Wheaton
lass homogenizer in 500 �l of extraction buffer that contained
.05 M Tris–HCl, pH 7.4, 0.001 M EDTA, 0.001 M dithio-
hreitol, and 0.01 M NaCl. The homogenized tissue samples
ere sonicated three times, with 5 s of sonication and 30 s

ooling between each sonication. The sonicated tissue extract
as centrifuged at 100,000 × g for 30 min. The supernatant
as removed and stored at −80 ◦C until analysis. The pel-

et was suspended in 500 �l of 0.05 M phosphate buffer, pH
.4, 2 M NaCl, 0.002 M EDTA until analyzed for DNA con-
ents.

.4. DNA determination

DNA concentrations in the pellets of the prostate can-
er tissue homogenates were determined using bis-benzimide,
ommonly known as Hoechst 33258 dye (H33258, Cal-
iochem, San Diego), according to the procedure described
y Labarca and Paigen [24]. Tissue pellets were resus-
ended in 0.05 M phosphate buffer that contained 2.0 M
odium chloride and 2.0 mM EDTA, pH 7.4. Calf thymus
NA was used as a standard. Briefly, 5.0 �l of the dye

10 �g/ml) was added to 490 �l of 0.05 M phosphate buffer,
.0 M NaCl, pH 7.4 and 5.0 �l of appropriately diluted tis-
ue pellet test solution. Fluorescence was measured with a
erkinElmer LS-45 Luminescence Spectrometer (excitation
56 nm and emission 458 nm). Calf thymus DNA at con-
entration range 0.1–1.0 �g was used to prepare a standard
urve.

.5. Chromatographic ligands and other chemicals

Fractogel TA 650 (s) (T-gel) was purchased from EM
eparation Science (Gibbstown, NJ, USA). Ultrogel AcA-54
as purchased from BioSepra, SA, Division of Ciphergen
iosystems (Fremont, CA, USA). Precast gradient gels and
olecular weight standards for SDS/PAGE gel electrophoresis
cience Products (Boston, MA). �-chymotrypsin and BTEE
ere purchased from Sigma Chemical Company (St. Louis, MO,
SA). All other chemicals and reagents used were of analytical
rade, or of the highest purity available.
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.6. Thiophilic gel chromatography

T-gel slurry was packed in a BioRad Column (0.5 cm ×
.0 cm) and equilibrated with 25 mM HEPES buffer contain-
ng 1.0 M sodium sulfate, pH 7.0. Human prostate cancer tissue
xtract (500 �l) prepared in column equilibrating buffer was
pplied to the column. The column was washed with 20 ml of
olumn equilibrating buffer at a flow rate of 12 ml/h. The bound
ellular proteins, including the T-PSA, were eluted with 25 mM
EPES buffer, pH 7.0 that contained no salt. One-milliliter frac-

ions were collected. The protein concentration was monitored
y absorbance at 280 nm. The presence of PSA in the eluted
ractions was detected by ELISA and SDS-PAGE/Western blot
nalysis using a monoclonal anti-PSA antibody.

.7. SDS-PAGE and Western blot analysis

SDS-PAGE was performed under non-reducing conditions on
–15% pre-cast gradient polyacrylamide gels using a Bio-Rad
ini-Protein II Unit (Bio-Rad, Hercules, CA) by the method of

aemmli [25]. Samples were mixed in a ratio of 1:1 (v/v) with
ample buffer (125 mM Tris–HCl, pH 6.8) that contained 20%
lycerol, 4% SDS, and 0.05% bromophenol blue. Ten micro-
iters of each sample that contained 1.0 �g PSA was loaded into
ach well, and the separation gel run for 40 min at 200 V. Proteins
ere transferred electrophoretically to polyvinylidene difluo-

ide (PVDF) membranes using mini trans-blot electrophoretic
ransfer cells (Bio-Rad, Hercules, CA). The transfer buffer con-
ained 25 mM Tris, 192 mM glycine, and 20% methanol at pH
.3. The transfer was completed in approximately 1 h at 100 V.
fter the transfer, the membrane was blocked with NAP-sure
locker (Geno Technology Inc., St. Louis, MO) with gentle agi-
ation. The membrane was probed with a monoclonal anti-PSA
ntibody purchased from Dako (Carpinteria, CA, USA) in NAP-
ure blocker for 1 h. Subsequently, the membrane was incubated
or 45 min with secondary antibody, a peroxidase-conjugated
oat anti-mouse IgG (Jackson Immuno Research Laboratories,
est Grove, PA, USA), at 1:5000 dilution in 1.0% albumin in

BS containing 0.1% Tween 20. The membrane was washed
nd developed in chemiluminescent reagent (NEN, Boston, MA,
SA) according to manufacturer’s instructions. Blots were visu-

lized by exposing the chemiluminescence reacted blot to X-ray
lm.

.8. PSA measurement by ELISA

The quantitation of PSA in prostate tissue extracts and in
arious column eluates was carried out by sandwich ELISA.
olyclonal anti-PSA antibody (Dako, Carpinteria, CA, USA)
as used as a “capture” antibody and a monoclonal anti-PSA

ntibody was used as the “detection” antibody. The assay was
alibrated with purified PSA (Calbiochem) and a linear correla-
ion was obtained in the range of 0.75–25 ng/ml PSA. Microtiter

lates (Nunc-Immuno plate, Maxisorp. Nunc Inc., Naperville,
L, USA) were coated overnight with 50 �l/well of appropriately
iluted capture antibody in PBS at 4 ◦C. The plate was washed
hree times with 400 �l of PBS that contained 0.01% Tween 20
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wash buffer) and was blocked with 200 �l of 2.0% BSA solu-
ion in PBS (block buffer) for 1 h. Fifty microliters of each test
ample at appropriate dilutions were added to triplicate wells and
ncubated for 1 h. After incubation with the primary antibody,
lates were washed three times with 400 �l of wash buffer, 50 �l
f appropriately diluted detection antibody added to each well,
nd the plate incubated for 1 h. After washing each well three
imes with 400 �l of wash buffer, 50 �l of peroxidase-labelled
gG was added and incubated for 45 min. After incubation, the
late was again washed three times with 400 �l of wash buffer,
00 �l of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate solu-
ion added to each well, and the plate incubated for 15–20 min
voiding direct light. The reaction was stopped by adding 50 �l
f 2.0 N sulphuric acid and the color intensity was measured at
50 nm in an ELISA plate reader.

.9. Separation and purification of f-PSA from seminal
lasma

f-PSA was purified from seminal plasma by a two step
rocedure described previously [18]. Briefly, thiophilic-gel
hromatography was used as a first step in the purification pro-
edure. PSA and PSA-complexes are retained on this matrix,
long with immunoglobulins. In the second step of the purifi-
ation, f-PSA was separated from the PSA-complexes and
mmunoglobulins by size-exclusion chromatography on an
cA-54 column. Fractions containing f-PSA were collected,

oncentrated and filter sterilized. The purity of f-PSA was con-
rmed by 2D-gel electrophoresis.

.10. Enzymatic activity of PSA

The enzymatic activity of f-PSA purified from seminal
lasma, and T-PSA purified from prostate cancer tissue, was
haracterized by the procedure described by Denmeade et al.
23] using a highly “selective” fluorogenic substrate (Mu-His-
er-Ser-Lys-Leu-Gln-AFC) obtained from Calbiochem (San
iego, CA, USA). The hydrolysis of this fluorogenic sub-

trate was monitored on a LS 45 Luminescence Spectrometer
PerkinElmer) using the FL-Winlab® program. Assays were per-
ormed by mixing f-PSA from seminal plasma, or T-PSA from
rostate cancer tissue, at a concentration of 5.7 nM with the flu-
rogenic substrate (38 �M) dissolved in assay buffer (50 mM
ris–HCl, pH 7.9 that contained 10 mM NaCl) to a final volume
f 530 �l, and the mixture incubated at 25 ◦C. Enzymatic activity
as determined by recording the linear increase of fluorescence

or 20 min: excitation was set at 400 nm and emission at 505 nm.
he blank was prepared containing the substrate in assay buffer.
he details of the procedure are described elsewhere [18,26].

.11. Modulation of enzymatic activity of f-PSA and T-PSA
y Zn2+ ions
The effect of Zn2+ ions on the enzymatic activity of f-PSA
rom seminal plasma and T-PSA from prostate cancer tissue
as evaluated by incubation of f-PSA or T-PSA (5.7 nM) with
range of concentrations of ZnCl2 (0.001–50 �M) in assay
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Fig. 1. Chromatography of human prostate cancer tissue homogenate on Fracto-
gel TA650s: 500 �l of tissue homogenate was applied to the column equilibrated
with 25 mM Hepes buffer containing 1 M sodium sulfate, pH 7.0 (1). After wash-
ing the column with column equilibrating buffer, the bound proteins containing
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prostate cancer tissue was expressed as nanogram PSA/�g DNA.
The levels of T-PSA in the tumor specimens ranged from 0.8 to
80 ng PSA/�g DNA. Table 1 shows that the percent recovery of

Table 1
Recovery of human prostate cancer tissue-PSA (T-PSA) after Fractogel TA650s
chromatography

Prostate
cancer tissue #

T-PSA
applied (�g)

T-PSA
recovered (�g)

Recovery (%)

1 13.59 11.59 85.3
2 14.16 13.00 91.8
3 4.20 3.70 88.0
4 0.14 0.12 85.0
5 3.67 3.24 88.2
30 A.K. Satheesh Babu et al. / J. C

uffer [50 mM Tris–HCl, containing 10 mM NaCl, pH 7.9] for
0 min at 25 ◦C. Substrate concentration was constant (38 �M)
n all reactions. In the presence of ZnCl2, fluorescence readings
ere consistently lower, suggesting quenching of fluorescence.
herefore, ZnCl2 blanks also were prepared. Enzymatic activity
f any PSA preparations was determined by recording the initial
inear increase of fluorescence for 20 min.

.12. Effect of trace elements on the enzymatic activity of
-PSA

The effect of different essential trace elements on the enzy-
atic activity of f-PSA purified from seminal plasma was tested.
he enzymatic activity of f-PSA (5.7 nM) in an assay buffer
ontaining increasing concentrations (0.01–50 �M) of different
race elements was studied. In all the cases, the substrate con-
entration was kept constant at 38 �M. The different essential
race elements under investigation included copper, cadmium,
ickel, boron, and selenium. Appropriate blanks were prepared
nd the residual enzymatic activity of f-PSA was determined by
ecording the linear increase of fluorescence for 20 min.

.13. Assay of the enzymatic activity of chymotrypsin

The enzymatic activity of chymotrypsin was determined
sing N-�-Benzoyl-l-tyrosine ethyl ester (BTEE) as the sub-
trate. Chymotrypsin readily acts upon amides and esters of
usceptible amino acids, and hydrolyses this specific substrate
nto N-�-Benzoyl-l-tyrosine and ethanol. The reaction veloc-
ty was determined according to the procedure of Hummel
27] by measuring the increase in absorbance at 256 nm using
6405 UV–vis-Spectrophotometer (Jenway Limited, Felsted,
unmow, Essex, UK). Assays were performed by mixing �-

hymotrypsin (26 nM) with increasing concentrations of BTEE
100–600 �M) dissolved in assay buffer (80 mM Tris–HCl,
H 7.8 that contained 100 mM CaCl2), to a final volume
f 3.0 ml, and incubating the reaction mixture at 25 ◦C. The
ncrease in absorbance at 256 nm was recorded for 10 min, and

A256 nm/min was calculated using the maximum linear rate.
hymotrypsin (26 nM) was incubated with a range of concentra-

ions of ZnCl2 (0.3–300 �M) in assay buffer at 25 ◦C for 10 min.
fter incubation with ZnCl2, chymotrypsin specific substrate
TEE (100–600 �M) was added to the reaction mixture sepa-

ately. Then the residual enzymatic activity of chymotrypsin was
etermined by recording the increase in absorbance at 256 nm for
0 min, and �A256 nm/min was calculated using the maximum
inear rate.

. Results

.1. Chromatography of human prostate cancer tissue
omogenate on Fractogel TA650s
Human prostate cancer tissue extract that contained 13.59 �g
f T-PSA was reconstituted in 25 mM HEPES, 1 M sodium sul-
ate, pH 7.0, and applied to a column (0.5 cm × 2 cm) packed
ith T-gel slurry as described in Section 2.6. The column was

6
7
8
9

SA were eluted with 25 mM Hepes buffer, pH 7.0 (2). The presence of protein
n various column eluates was monitored by their absorbance at 280 nM and
resence of PSA was monitored by sandwich ELISA.

ashed with 20 ml of column equilibrating buffer. One-milliliter
ractions were collected. Approximately, 90% of the proteins
pplied to the column had no affinity for the column matrix
nd were eluted in the breakthrough region. T-PSA was bound
ightly to the matrix in the presence of high salt (1.0 M sodium
ulfate). After the unbound proteins were washed from the col-
mn, the bound proteins were eluted with 25 mM HEPES buffer
hat contained no sodium sulfate. Fig. 1 presents a chromatogram
f the separation of a prostate tissue homogenate on Fracto-
el TA650s. The presence of protein in the column fractions
as monitored by absorbance at 280 nm. PSA in the break-

hrough/wash fractions and in eluted fractions was monitored
y a sandwich ELISA assay. Approximately, 85% of the T-PSA
pplied to the column was recovered after T-gel chromatography.

Tumor tissue homogenates were prepared individually from
0 mg of prostate cancer tissue from nine separate tumor speci-
ens and were processed through Fractogel TA 650s columns.
SA levels in various column fractions were monitored by sand-
ich ELISA. DNA content in the tissue pellets was determined
sing the Hoechst 33258-dye method. The level of T-PSA in
3.18 2.75 86.4
14.70 12.40 84.3
86.90 78.20 89.9

3.22 2.82 87.6
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Fig. 3. Effect of different essential trace elements on the enzymatic activity of f-
PSA. The enzymatic activity of f-PSA (100 ng) in a total assay volume 530 �l of
buffer containing increasing concentrations of different essential trace elements
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-PSA from the nine tumor tissue samples ranged from 85 to
1.8%, with an average recovery of 87%.

.2. SDS-PAGE/Western blot analysis of T-PSA

T-PSA from prostate cancer tissue, after processing through
-gel chromatography step, was further analyzed under non-
educing conditions by SDS/PAGE Western blot analysis using
onoclonal antibody to PSA. The objective here was to deter-
ine what molecular form(s) of PSA are present in the prostate

umor tissue extract. Since PSA is a low abundant protein, it
s essential that majority of proteins are removed from prostate
umor tissue extract before different molecular forms (free and
omplexed) of PSA can be detected by SDS/PAGE Western blot
nalysis. T-gel chromatography made it possible to accomplish
his goal. Sera from prostate cancer patients are known to have
ifferent molecular forms of PSA including free and complexed
SA. Both T-gel processed prostate cancer patient serum and f-
SA acquired from a commercial source (Calbiochem, Santiago,
A, USA) were included in SDS/PAGE Western blot analysis
s controls. The results are shown in Fig. 2. The serum from
rostate cancer patient, as expected, has both f-PSA and com-
lexed PSA. Monoclonal antibody to PSA used here is known
o recognize all known molecular forms of PSA. The identity of
complex-PSA can be further confirmed by using specific anti-
ody to a specific serine protease inhibitor. However, prostate

umor tissue extract gave a single band corresponding f-PSA.
his band was identical to commercially acquired f-PSA that
as a molecular weight of 33 kDa. No additional PSA band was
ver seen in any of T-PSA preparations analyzed by SDS/PAGE.

ig. 2. SDS/PAGE Western blot analysis of PSA under non-reducing conditions
n prostate cancer patient serum (left lane); in prostate cancer tissue (middle lane)
nd in seminal plasma (right lane) as detected by monoclonal anti-PSA antibody.
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as monitored. The f-PSA-mediated release of AFC from the highly specific
uorogenic substrate (38 �M) is expressed as a percentage of maximal f-PSA
ctivity in the absence of any trace elements.

his strongly suggests that prostate tumor tissue has largely
-PSA.

.3. Effect of Zn2+ and other trace elements on the
nzymatic activity of f-PSA

We reported previously that f-PSA isolated from seminal
lasma by T-gel chromatography had a significant level of enzy-
atic activity [18]. Human prostate tissue and seminal plasma

re known to have the highest concentration of zinc in the human
ody [28]. Therefore, it is of relevance to know the effect of
inc on the enzymatic activity of PSA. Fig. 3 demonstrates that
n2+ inhibited enzymatic activity of purified f-PSA in a con-
entration dependent manner. Zinc at a 1.0 �M concentration
ave a 50% inhibition of enzymatic activity of f-PSA. Among
he trace elements tested, at equimolar concentrations, selenium
ave the maximal inhibition of PSA enzymatic activity while
oron was least effective in inhibiting f-PSA enzymatic activ-

ty. Under these reaction conditions, a 1578-fold molar excess of
oron to f-PSA was required to achieve 50% inhibition. Table 2
hows the concentration for each of the trace elements that
re required for 50% inhibition of enzymatic activity of f-PSA

solated from seminal plasma. Over 11-fold and 9-fold higher
oncentrations of boron were needed compared to selenium and
inc, respectively, to produce a 50% inhibition of f-PSA activity.

able 2
ffect of different essential trace elements on the enzymatic activity of f-PSA

race elements Concentration (�M)a Molar excess (fold control)b

inc 1.0 175
elenium 0.8 140
opper 4.0 701
admium 5.0 877
ickel 7.5 1315
oron 9.0 1578

a Concentration of the essential trace elements at which the enzymatic activity
f f-PSA is half-maximal (50%).
b Number of fold molar excess of essential trace elements compared to f-PSA
oncentration (5.7 nM).
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Fig. 4. Enzymatic activity of prostate cancer tissue PSA (T-PSA). (a) The reaction mixture contained 20 �g of highly specific chromogenic substrate and 100 ng of
T-PSA or f-PSA in a 530 �l of total assay volume. The enzymatic activity of T-PSA was found to be reduced compared with that of f-PSA activity when all other
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onditions were identical. The activity was determined by recording the initial
ean ± S.D. values from three different experiments. (b) A bar diagram show

ompared with that of f-PSA when all other assay conditions are kept constant.

.4. Enzymatic activity of T-PSA
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Fig. 6. Effect of Zn2+ concentration on the enzymatic activity of chymotrypsin. (a) �-Chymotrypsin (26 nM) was incubated with a range of concentrations of ZnCl2
(0.3–300 �M) in an assay buffer (80 mM Tris–HCl, 100 mM CaCl2, pH 7.8) at 25 ◦C for 10 min. The assays were performed by mixing increasing concentrations of
BTEE substrate (100–600 �M) to the reaction mixture. The residual enzymatic activity of chymotrypsin was determined by recording the increase in absorbance at
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nzymatic activity (50%) compared to PSA isolated from sem-
nal plasma (Fig. 4(a) and (b)) when evaluated at equivalent
oncentrations. There may be several reasons for the reduced
ctivity of T-PSA. Firstly, it is possible that T-PSA loses some
f its enzymatic activity during the process of extraction from
issue. Secondly, the two respective sources of PSA may have
ifferent levels of zinc, and the level of zinc may alter enzy-
atic activity. Finally, PSA isolated from seminal plasma and

rom prostate cancer tissue may have different specific activity.
he f-PSA obtained from seminal plasma has a component that
as no intrinsic enzymatic activity [18]. Two peptide sequences
ere identified for the PSA from seminal plasma; one corre-
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rowth, and an apoptotic molecule [33–35], whereas, others sug-
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est that PSA may, through its serine protease activity, promote
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Zinc is known to play an important role in the development
nd normal functioning of the prostate, and normal prostate tis-
ues from healthy individuals accumulate the highest zinc levels
n the body; the zinc concentration in the prostate and prostatic
uid is around 9.0 mM [39]. Zinc ions inhibit PSA at micro-
olar levels, indicating that Zn2+ is a tightly binding inhibitor

f PSA activity [21], and that the endogenous level of Zn2+ in
he human prostate could suppress the invasion and metasta-
is of prostate cancer cells through regulation of the proteolytic
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uman prostate cancer tissue extracts by comparing the Zn2+-
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ost effective inhibitors are zinc and selenium (Fig. 3). Fur-
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rostate tissue samples, and the difficulty in recovery of suffi-
ient quantities of T-PSA, prevented us from evaluating the effect
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inding of Zn2+ to the amino acid residues of the catalytic triad
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he binding of a Zn2+ ion in this part of the molecule may mod-
fy the conformation of the loop 95, blocking the entrance to the
pecificity pocket [43].

Zinc ions act as effectors for serine proteases, such as
hymotrypsin. Serine proteases can be either activated [44]
r inhibited [45], depending upon the Zn2+ concentrations.
ig. 6(a) and (b) demonstrate that Zn2+ ions affect the enzy-
atic activity of chymotrypsin in a ‘dose-dependent manner’.
t lower concentrations, Zn2+ ions increased the activity of chy-
otrypsin. When the concentration of Zn2+ ions was increased,

he enzymatic activity of chymotrypsin decreased proportion-
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In conclusion, the data presented in this report suggest that
-gel affinity can be employed for the isolation of T-PSA
rom prostate tissues, and the availability of a large quantity
f T-PSA would facilitate greatly the development of efficient
nhibitors/modulators for in vitro and in vivo evaluation. Our
ndings on the regulation of PSA activity by low concentra-

ions of zinc could greatly facilitate further research focused on
nderstanding the importance of PSA enzymatic activity at both
ntracellular and extracellular levels in prostate homeostasis.
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