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ABSTRACT: Prostate-specific antigen (PSA) and its SDS-stable complex with the serine proteinase inhibitor
(serpin)R1-antichymotrypsin (ACT), which is the dominant form of PSA in serum, are in widespread use
as markers for the diagnosis of prostate cancer, and there is increasing evidence for the involvement of
PSA proteinase activity itself in the development of prostate and other cancers. However, both the formation
and degradation of the PSA-ACT complex, denoted PSA*ACT* to indicate substantial changes in the
structure of both proteins on complex formation, have been incompletely studied. Here we determine rate
and equilibrium constants for the steps involved in PSA*ACT* formation and demonstrate that (a) the
effects of added NaCl, polyamines, and Zn2+ on this process parallel their effects on PSA catalytic activity
[Hsieh, M.-C., and Cooperman, B. S. (2000)Biochim. Biophys. Acta1481, 75-87], (b) the effect of
added NaCl in dramatically increasing the rate of ACT inhibition of PSA correlates with salt-induced
changes in PSA conformation, and (c) the PSA*ACT* complex is subject to proteolysis by human
neutrophil elastase. Possible clinical implications of these findings are considered.

The human serine proteinase, prostate-specific antigen
(PSA),1 is a member of the kallikrein family, has chymo-
trypsin (Chtr)-like specificity, and is found mainly in prostatic
tissue and seminal fluid, in which its activity is principally
directed toward proteins found in the coagulum secreted by
seminal vesicles. It is a glycoprotein of about 28 kDa
composed of a single chain polypeptide with one attached
carbohydrate chain (1). PSA and its SDS-stable complex with
the serine proteinase inhibitor (serpin)R1-antichymotrypsin
(ACT), which is the dominant form of PSA in serum, are in
widespread use as markers for the diagnosis of prostate
cancer (2, 3). There is also increasing evidence for the
involvement of PSA activity itself in the development of
prostate and other cancers (4).

We recently demonstrated an overall similarity in the
properties of cloned and refolded recombinant PSA (rPSA)
to PSA purified from seminal fluid with respect to its
hydrolysis of both a model substrate, S-2586 (3-carbomethoxy-
propionyl-L-arginyl-L-prolyl-L-tyrosine-p-nitroanilide) and
several protein substrates (5). We also found that added salts,
in particular NaCl, give rise to dramatic increases in rPSA
catalytic activity, and that Zn2+, spermine, and spermidine,
each a major component of seminal and prostatic fluid,
strongly inhibit rPSA activity, with Zn2+ being a noncom-
petitive inhibitor while spermine is a competitive inhibitor.

Despite its importance in the diagnosis of prostate cancer,
both the formation and degradation of the PSA-ACT complex
have been only incompletely studied (6, 7). We denote this
complex PSA*ACT* by analogy with the corresponding
SDS-stable complex, Chtr*ACT*, that Chtr forms with ACT.
Here the asterisks indicate substantial changes in the structure
of both ACT and Chtr on complex formation (8). PSA*ACT*
formation results in cleavage of the Leu358-Ser359 linkage
in ACT (6). Such cleavage is typical of ACT complexes with
serine proteinases, in which the active site Ser is acylated
with the 1-358 fragment of ACT (9, 10) and the reaction
center loop inserts as an additional strand inâ-sheet A.

In this study, we examine the interaction of rPSA with
ACT, determining rate and equilibrium constants for the steps
involved in PSA*ACT* formation and demonstrating that
the effects of added NaCl, polyamines, and Zn2+ on this
process parallel their effects on PSA catalytic activity. We
further demonstrate that the effect of added NaCl in
dramatically increasing the rate of ACT inhibition of PSA
correlates with salt-induced changes in PSA conformation
and that the PSA*ACT* complex is subject to proteolysis
by human neutrophil elastase (HNE). These results are
potentially important both for the use of PSA as a marker
and for efforts to manipulate PSA levels in vivo.

EXPERIMENTAL PROCEDURES

Standard buffer (SB): 50 mM Tris-HCl, pH 7.8 (measured
at room temperature).

Materials.S-2586 was purchased from Pharmacia-Hepar-
Chromogenix (Franklin, OH). rACT and rPSA were purified
as described (5, 11). rACT concentration was determined
by titration against standardized Chtr (11). The values
obtained were typically∼65% of that estimated by Bradford
(12) analysis, using a bovine serum albumin standard. All
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rPSA concentrations are given as active rPSA, which was
determined by titration with standardized rACT at 2.0 M
NaCl. The ACT concentration required for full PSA reaction,
evaluated using SDS-PAGE analysis and quantitative gel
scanning (13), was divided by the SI value (the stoichiometry
of ACT required for inhibition of 1 equiv of PSAssee
Results) to yield the active PSA concentration. The fraction
of active rPSA, 78( 8% (6 independent determinations),
was estimated from the intensity of the band corresponding
to rPSA that was unreactive with ACT. Active rPSA
concentration was typically 40-45% of that estimated by
Bradford analysis.

DTT, iodoacetamide, subtilisins, trichloroacetic acid (TCA),
trypsin, and type XVII-B protease were purchased from
Sigma (St. Louis, MO). Proteinase K was from Boehringer
Mannheim Biochemicals. All salts were obtained from
Sigma, ICN Biochemicals, or Fisher Scientific. Midrange
protein molecular weight markers were purchased from
Promega (Madison, WI). HNE was purchased from CalBio-
chem (La Jolla, CA). Solvents were from Aldrich, Burdick
& Jackson, or Fisher.

Methods. SDS-PAGE Analysis.Proteins were precipitated
by addition of an equal amount of 20% TCA, incubated at
room temperature for 30 min and isolated by centrifugation
at 16000g for 10 min. The resultant pellet was dissolved in
10 µL of distilled water, 4µL of 5× sample buffer (62.6
mM Tris-HCl, pH 6.8, 50% glycerol, 10% SDS, and
0.0625% bromophenol blue,( 25%â-mercaptoethanol) and
1 µL of 1 M Tris base. Analyses were carried out according
to Laemmli (14) using a Bio-Rad Mini Protean II electro-
phoresis system. Gels were stained for 30 min in Coomassie
Blue staining solution (0.1% Coomassie Blue R-250 in 40%
MeOH and 10% AcOH) and then destained for 12-15 h
with 7.5% AcOH and 5% MeOH. Destained gels were
scanned (ScanMaker 9600XL, Microtek) using Adobe Pho-
toshop. As appropriate, band density was quantified using
the National Institutes of Health Image program (version
1.61). Suitable controls demonstrated that band intensity was
proportional to protein amount.

Enzyme Assay.All assays were performed at either room
temperature (20-23 °C) or 37 °C in SB in a total volume
of 80 µL, using S-2586 as substrate and monitoring the
increase inA410 (5). In assays conducted in the presence of
added salt, enzyme was preincubated with salt for 30 min
prior to enzyme assay.

CurVe Fitting. Kinetics of PSA*ACT* Formation.Values
of kobs were obtained by fits to eq 1, where [E]o is the total
concentration of PSA added to the solution. The PSA*ACT*
band was quantified as described above.

Values ofk′, the rate constant for PSA*ACT* formation at
saturating [I], andKI, the apparent dissociation constant for
ACT binding to PSA, were determined by fittingkobsvalues
to eq 2.

Fits to eqs 1 and 2 were carried out with Igor Pro 3.16
(Wavemetrics, Oswego, Oregon).

Kinetics of Inhibition of PSA by ACT.rPSA was added to
an SB solution containing various concentrations of ACT
and 0.5 mM S-2586, and the increase inA410 was monitored
continuously. This increase is mainly due top-nitroaniline
(P) formation resulting from substrate hydrolysis. In addition,
there is a slow decomposition ofp-nitroaniline, yielding
product(s), denoted P′, having higherε410 thanp-nitroaniline.
From Scheme 1 (15), the change inA410 is given by eq 3, in
whichε410,pis the extinction coefficient ofp-nitroaniline, and
C is a constant term that is a function ofkp andε410,p′, the
apparent extinction coefficient of P′.

A410 progress curves were fit to eq 3 and Scheme 1 by
numerical integration (Micromath Scientist) yielding values
for k3 and C as fitted parameters. Fits were carried out using
measured values ofkcat, KS (as the Michaelis constant for
S-2586),KI, SI [(k3 + k4)/k3], and k′ [k2k3/(k2 + k3 + k4)]
(16). Evaluatingk3 permits evaluation ofk4, knowing SI,
and ofk2, knowingk′.

For complex formation in the presence of polyamines or
Zn2+, rPSA was preincubated with inhibitors, rACT was
added, and, following further incubation, the reaction mixture
was quenched and analyzed by SDS-PAGE. The depen-
dence of E*I* formation on [polyamine] or [Zn2+] was fit
to Scheme 2, panels A or B, respectively, using determined
values ofKI, k2, k3, andk4, and yielding values forKPA and
KZn.

Proteolysis of PSA.PSA (1.8-3.6µM) was incubated with
subtilisin (Carlsberg and BPN′), type XVII-B protease from
Staphylococcus aureus(stain V8), proteinase K, or trypsin.
Protease concentration was 0.09-0.18µM, except for trypsin
(0.04µM). Incubations were performed at 37°C in SB for
0.5-1 h. Samples were analyzed by SDS-PAGE (20% gel)
under reducing conditions.

Spectral Analysis.Fluorescence emission spectra employed
excitation at 290 nm on a luminescence spectrometer
(Hewlett-Packard). CD spectra (200-260 nm) were recorded

[PSA*ACT*] ) [E]o(1 - e-kobst) (1)

kobs) k’ × [I] 0/([I] 0 + KI) (2)

Scheme 1

Scheme 2

d(A410/ε410,p)/dt ) kcat[ES] + C[P] (3)

Antichymotrypsin Inhibition of PSA Biochemistry, Vol. 41, No. 9, 20022991



on a CD spectrometer, model 62DS (AVIV, Lakewood, NJ).
Spectra were taken on 2µM PSA in SB at room temperature.

RESULTS

Stoichiometry of Inhibition (SI) of PSA by ACT.Reaction
of PSA with rACT (Scheme 1) yields two products, one
corresponding to the PSA*ACT* complex (the inhibitor
pathway) and one giving rise to cleaved ACT (denote Ic)
(the substrate pathway). Such branching is seen in a number
of serpin-serine proteinase reactions (15, 17), and is
characterized by an SI (stoichiometry of inhibition) value,
which is equal to the ratio of (k3 + k4)/k3. The SI value at
2.0 M NaCl was determined to be 2.2 by SDS-PAGE
analysis of the reaction of rACT with excess PSA (Figure
1A). This value was obtained from the intensity of the band
corresponding to cleaved rACT following full reaction of
rACT with excess PSA (lanes 9-13), as compared with the
intensity of the band corresponding to the intact rACT added

to the reaction mixture (lane 3). Values of SI at 0.0 and 0.2
M NaCl were higher, 7.5 and 3.2, respectively, as determined
by comparison of titration curves of ACT inhibition of PSA
activity at these NaCl concentrations with the curve at 2.0
M NaCl (Figure 1B). SI values of∼2 have previously been
reported for both cloned (18) and seminal plasma (6) PSA,
and similar decreases in SI with rising [NaCl] are seen for
human mast cell chymase interaction with ACT (19) and
other serpins (19, 20).

Rate of PSA*ACT* Formation.Apparent first-order rate
constants for PSA*ACT* complex formation (kobs) (eq 1) at
fixed, excess ACT were determined in both the presence and
absence of NaCl. The amounts of PSA*ACT* complex were
determined by SDS-PAGE analysis of quenched reaction
mixtures, as described previously (10, 21). With the quench
procedure employed, all forms of PSA not present as
PSA*ACT* are seen as free PSA. Fitting of plots of the
apparent first-order rate constantskobsas a function of [ACT]
to eq 2 (Figure 2) allowed determination of the values ofKI

andk′ displayed in Table 1. As these values make clear, the
dependencies ofKI and k′ on [NaCl] parallel those seen
earlier (5) for Km and kcat, respectively. Thus, with added
NaCl, KI and Km both decrease whereask′ and kcat both
increase. The magnitude of these changes are also similar.
Relative to 0 NaCl,kcat/Km increases by 1.7- and 12-fold at
0.2 M NaCl and 2.0 M NaCl, respectively, whereas the
corresponding factors fork′/KI are 1.8- and 8-fold. The values
of k′/KI at 0 and 0.2 M NaCl are 2-4 times higher than a
value reported earlier, measured at 37°C in phosphate-
buffered saline, in a more limited study using PSA purified
from seminal fluid (22).

Slow Inhibition of PSA by ACT (Progress CurVe).Addition
of rPSA to solutions containing S-2586 and variable amounts
of ACT led to slow inhibition kinetics, in which the amount
of substrate hydrolyzed at infinite time drastically decreases
as [ACT] is increased (Figure 3). The results obtained at 0,
0.2, and 2.0 M NaCl, were fit to eq 3 and Scheme 1,
permitting evaluation ofk2, k3, andk4. Attempts to fit these
results to a simpler scheme omitting EI′ were unsuccessful,
even when the requirement that EI be in equilibrium with E
and I was dropped. As is clear from the values presented in
Table 1, the increase ink′ with rising [NaCl] is due both to

FIGURE 1: Stoichiometry of inhibition. (A) By nonreducing SDS-
PAGE (12%) analysis. ACT (11.2µM, 2.5 µL) was incubated with
various added volumes of 2.9µM PSA in 2.0 M NaCl and protein
was precipitated with TCA. Lane 1, midrange protein markers; lane
2, PSA (5µL); lanes 3-13, ACT/PSA as indicated. Arrows: C,
PSA*ACT* complex; I, intact ACT; Ic, cleaved ACT; E, PSA. (B)
By activity measure. Varying amounts of ACT were incubated with
1 µM PSA in the presence of 0 (b), 0.2 ((), 2 (9) M NaCl.
Following incubation, an equal volume of 1 mM S-2586 in SB
was added and residual activity was determined at room temper-
ature. Linear regression analysis of the decrease in protease activity
with increasing [ACT] yielded estimates for SI. In both parts A
and B, PSA and ACT were incubated in SB for 2 h at 37°C prior
to analysis.

FIGURE 2: Rates of PSA*ACT* formation. rPSA (0.13µM) and
various amounts of excess ACT were incubated in SB at 37°C
ACT in the presence of 0 (b), 0.2 ((), 2 (9) M NaCl. Aliquots
were withdrawn at various times, quenched by addition of an equal
volume of 20% TCA and subject to 12% SDS-PAGE analysis
under reducing conditions. Fits of PSA*ACT* complex formation
as a function of time at a given [ACT] to eq 1 yieldedkobs values.
Plotted arekobs values as a function of [ACT], fit to eq 2.
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increasedk3 and decreasedk4. In contrast, the value ofk2

shows no clear trend as a function of [NaCl].
Inhibitory Effect of Polyamines and Zn2+ on PSA*ACT*

Formation.Both the polyamines spermine and spermidine,
and Zn2+, are present in high concentrations in seminal
plasma and are inhibitors of PSA proteolytic activity.
Spermine and Zn2+ are competitive and noncompetitive
inhibitors, respectively (5). As shown in Figure 4A, all three
inhibitors also inhibit PSA*ACT* complex formation. Fitting
the dependence of PSA*ACT* formation on [spermine] or
[Zn2+] to Scheme 2, panels A or B, respectively (Figure 4B),
yields values ofKPA (spermine, 5( 4 mM) andKZn (75 (
4 µM) that are comparable to those obtained earlier (5) from

inhibition of PSA proteolytic activity, measured at 20-23
°C (2 mM and 50-78 µM, respectively).

Conformation Change Induced by NaCl.The acceleration
caused by added NaCl of both PSA reaction with ACT and
PSA turnover of S-2586 (Table 1) implies that NaCl induces
conformational change in PSA, since no such acceleration
is seen, for example, for Chtr reaction either with standard
substrates or with ACT (8). Direct evidence for such
conformational change is provided by examination of the

Table 1: Rate and Equilibrium Constantsa

[NaCl]
(M)

KS
b

(mM)
kcat

b

(s-1)
kcat/Ks

b

(M-1 s-1)
kcat

c

(s-1) SI
KI

(µM)
103 k
(s-1)

k′/KI

(M-1 s-1)
103 k2

(s-1)
103 k3

(s-1)
103 k4

(s-1)

0 4.9( 0.3 0.25( 0.01 51( 3 0.87( 0.05 7.5( 0.1 7.8( 3.1 1.4( 0.2 180 13.9 5.7( 0.6 37
0.2 4.5( 0.4 0.40( 0.02 89( 9 1.2( 0.1 3.2( 0.1 5.8( 2.1 1.9( 0.4 330 8.7 6.2( 1.8 14
2 0.9( 0.1 0.53( 0.03 590( 60 4.1( 0.5 2.2( 0.1 2.6( 0.7 3.7( 0.4 1400 13.4 9.4( 2.0 11
a Determined at 37°C except as otherwise noted.b Determined at 20-23 °C (5). c Derived from data in Figure 3, usingKS values determined

earlier (5).

FIGURE 3: Slow inhibition of PSA by ACT. At zero time, PSA
(33 nM) was added to an SB solution containing 0.5 mM S-2586
and various concentrations of ACT as indicated, at 37°C, in the
absence or presence of NaCl, andA410 was monitored continuously.
Data were fit to Scheme 1, yielding estimates fork2, k3, and k4
(Table 1). Experimental data, red lines; fits, blue lines.

FIGURE 4: Polyamine and Zn2+ inhibition of PSA*ACT* formation.
PSA (66 nM) preincubated in SB containing 2 M NaCl with various
concentrations of inhibitors for 20 min at room temperature was
further incubated with 150 nM ACT (all final concentrations) at
37 °C for 2 h. Reaction was stopped by TCA addition. (A)
PSA*ACT* formation was analyzed by 12% SDS-PAGE under
nonreducing conditions. The first two lanes are PSA and ACT
controls. Arrows indicating PSA (E), ACT (I), cleaved ACT (Ic),
and PSA*ACT* complex (C) are shown. (B) Normalized density
of the complex band was fit to Scheme 2, panel A [(b), spermine]
or panel B [((), Zn2+].
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dependencies on added NaCl of both DTT reduction and
thermal denaturation of PSA (Figure 5).

PSA reduction by DTT proceeds via at least one inter-
mediate, as shown by SDS-PAGE analysis (Figure 5, panels
A and B). While partial reduction is achieved at quite low
[DTT] in both the absence and presence of added NaCl, as
NaCl concentration is increased full reduction requires higher
[DTT]. Similarly, thermal denaturation of PSA, as measured
by heat-induced precipitation, requires higher temperatures
in the presence of NaCl than in its absence (Figure 5C).

These changes cannot be rationalized with a simple two-
state model, since they have different dependencies on
[NaCl]. Thus, whereas addition of 0.2 M NaCl hardly
changes the concentration of DTT required for full reduction
and a marked increase is only seen in the presence of 2 M
NaCl, addition of 0.2 M NaCl is sufficient to increase the
temperature for 50% PSA precipitation from 52 to 58°C,
and little additional increase results from further raising NaCl
to 2.0 M. The comparative effects of added NaCl onKm and
kcat for S-2586 hydrolysis (5, Table 1) also lead to the

conclusion that added NaCl induces more than one confor-
mational change.

Such conformational changes may be quite limited in
scope. Thus, neither intrinsic fluorescence, circular dichroism
(200-260 nm), nor the partial digestion patterns produced
by various proteases acting on PSA (subtilisin, type XVII-B
protease, proteinase K, or trypsin) were appreciably affected
by addition of NaCl up to 2.0 M (data not shown). However,
in work published after the original submission of this paper,
Huang et al. (23) report significant alteration in the near-
UV CD spectrum of PSA (260-300 nm) on addition of 0.5
M Na2SO4.

Proteolysis of PSA*ACT*.As is true for other Chtr*ACT*
(8), PSA*ACT* is subject to proteolytic degradation by HNE
(Figure 6A, lanes 5-18). A separate control experiment
(lanes 1 and 2) demonstrates that PSA alone is stable toward
HNE hydrolysis under similar conditions. Loss of the
electrophoretic band corresponding to PSA*ACT* is ac-
companied by formation of two transient bands X1 and X2,
having apparent molecular masses slightly larger and con-

FIGURE 5: NaCl effects on PSA Conformation. Experiments were conducted in the presence of 0 (b), 0.2 M ((), or 2 M NaCl (9) in SB.
(A) DTT reduction. PSA (0.6µg in 20 µL) was incubated with various concentrations of DTT, as indicated, for 1 h atroom temperature.
Iodoacetamide was added at a concentration equal to that of DTT and the mixture was allowed to stand for another 20 min at room
temperature. Protein was precipitated by TCA addition. Samples were analyzed by SDS-PAGE (12% gel) under nonreducing conditions.
Arrows indicate bands corresponding to nonreduced, partially reduced, and fully reduced forms of PSA. (B) Plots of band density of fully
reduced form of PSA as a function of [DTT]. (C) Heat-induced precipitation. PSA (0.14 mg/mL) was incubated at various temperatures for
10 min, followed by centrifugation (16000g, 10 min). At each temperature, protein remaining in the supernatant was determined by Bradford
analysis.
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siderably smaller than that of intact ACT, respectively. As
neither of these bands is seen on HNE proteolysis of ACT
alone, they must represent products of PSA*ACT* proteoly-
sis which are themselves unstable toward further proteolysis.
The apparent rate constant for loss of PSA*ACT*, 2.3×
10-4 s-1, corresponds to a calculated second-order rate of
400 M-1 s-1 at 37°C (pH 7.8), which is considerably slower
than the value of 30 000 M-1 s-1 at 25°C (pH 7) previously
found for HNE proteolysis of Chtr*ACT* (17). Thus, the
target of HNE proteolysis is less exposed in PSA*ACT* than
in Chtr*ACT*. By analogy with Chtr*ACT* (8) and other
E*I* complexes (24-26), we presume this target to be the
PSA moiety in PSA*ACT*.

DISCUSSION

PSA Interaction with ACT.Our results provide strong
evidence for the presence of at least one intermediate, EI′,
between the EI encounter complex and the E*I* acyl-
enzyme complex formed on reaction of PSA and ACT. This
conclusion is based on our ability to satisfactorily fit two
independent measures of PSA interaction with ACT to
Scheme 1, as presented in Figures 2 (PSA*ACT* formation)
and 3 (inhibition of PSA), which contrasts with our inability
to obtain satisfactory fits to a simpler scheme omitting EI′.
In Scheme 1, which conforms to the classic scheme for
serpin:proteinase interactions having an SI> 1 (15, 17),
equilibration of E and I with EI is followed by two first-
order processes, characterized by rate constantsk2 and k3,
leading to E*I* formation, with a branching step, leading to
cleaved I (Ic) formation, characterized by rate constantk4.

PSA has been considered as a Chtr-like enzyme, and it is
noteworthy that the PSA*ACT* complex is similar to the
Chtr*ACT* complex in two important respects. First, the

k2/k3 ratio of 1.4-2.4 for all three salt conditions (Table 1)
parallels the value of 1.5-2.0 obtained when rate data for
Chtr*ACT* formation, obtained under similar conditions (pH
7, 40°C), were fit to Scheme 1 (21). Second, it is subject to
proteolysis by HNE (Figure 5), as is the Chtr*ACT* complex
(8). Indeed, protease digestion of E*I* complexes may be a
general phenomenon (8, 24-26).

However, we find two significant differences as well, each
making ACT a less efficient inhibitor of PSA than of Chtr.
In particular, PSA has a much higher SI value for interaction
with ACT (7.5-2.2, Table 1) vs a value of 1.0 for Chtr (11,
17). Also, PSA reacts much more slowly with ACT, with
values fork2 andk3 (Table 1) some 3-4 orders of magnitude
lower than those found for Chtr (21). Also contributing to
the poor reactivity of PSA with ACT is the relatively high
value forKI, 3-8 µM. By contrast, the value for cathepsin
G interaction with ACT is 0.06µM (27) and other cognate
serine proteinase:serpin complexes have values ranging from
0.09 to 0.5µM (28-30). These differences lead to apparent
second-order rate constants for ACT inhibition of PSA (200-
1400 M-1 s-1), even when multiplied by SI to correct for
the substrate pathway (giving a range of 1500-3100 M-1

s-1), that are much lower than those observed for reaction
of ACT with either Chtr or cathepsin G, for which the
corresponding constants are 1× 106 M-1 s-1 (11) and 5×
107 M-1 s-1 (31), respectively. Such low rate constants for
serpin-serine proteinase pairs are, however, not without
precedent. Thus, Factor XIa reacts with C1 inhibitor,R1-
proteinase inhibitor,R2-antiplasmin, and antithrombin III with
rate constants of 1.8, 0.1, 0.43, and 0.32× 103 M-1 s-1,
respectively (32), and the direct reaction of thrombin with
antithrombin III has a rate constant of 2.5× 103 M-1 s-1

(33).

FIGURE 6: PSA*ACT* complex degradation by HNE. (A) PSA (3.4µM) was preincubated for 5 h with ACT (5.6µM) in SB containing
0.2 M NaCl. HNE (final concentration, 0.6µM) was then added for various periods of time. Reactions were quenched by addition of TCA.
All steps were carried out at 37°C. Quenched samples were analyzed by SDS-PAGE under nonreducing conditions. Lane 1, PSA control;
lane 2, PSA treated with HNE for 3 h; lane 3, ACT control; lane 4, ACT treated with HNE for 3 h; lane 5, PSA incubated with ACT for
8 h without HNE treatment. Arrows: C indicates PSA*ACT* complex, X1 and X2 are proteolysis products. Lanes 6-18, PSA/ACT complex
treated with HNE for the times indicated. (B) Density of band C as a function of time of HNE digestion. The line is a first-order decay fit.
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The low reactivity of PSA toward ACT parallels its low
reactivity toward the standard substrate S-2586, for which
the kcat and kcat/Km values found previously are also 103-
104 less than those found for Chtr (34). This parallelism is
also seen with respect to the activating effects of NaCl and
the inhibitory effects of polyamines and Zn2+ (see Results)
and is not unexpected, since both E*I* formation and
substrate turnover involve acyl-enzyme formation. Such low
reactivity may be a direct result of two features of PSA
structure.

Although no crystal structure of PSA itself has been
reported, high-resolution structures are available for other
kallikreins and for the related proteinase tonin, including
some complexed with small protein inhibitors (35-41), and
have been used to construct structural models for PSA (42-
44) and the PSA‚ACT complex (45). As noted by Bode et
al. (35), loops surrounding the active site form a circular
wall that is much more prominent in porcine pancreatic
kallikrein than, for instance, in trypsin, and might contribute
to the restricted accessibility of the kallikrein active site vs
the trypsin active site. In addition, vis-a`-vis proteinases such
as Chtr and trypsin, kallikreins contain a characteristic loop
inserted at position 95 (Chtr numbering) that is both highly
flexible and proximal to the active site (40). Both of these
features are preserved in models of PSA structure. Further-
more, molecular dynamics simulations suggest that the
kallikrein loop can exist in two conformations, a “closed”
form in which access to the active site is restricted, and an
“open” form with an accessible active site (42), although
only the open form has been seen experimentally (40).

In light of these results, it is tempting to speculate that
the apparent structural changes induced in PSA by added
NaCl correspond to a change from the closed to the open
conformation, although, as we have seen, more than two
states must be involved. Given the observed reduction in
SI, such a change would favor not only a catalytically more
active form of PSA, but also the inhibitory pathway over
the substrate pathway (step 3 vs step 4 in Scheme 1) in the
PSA‚ACT complex.

Potential Clinical Implications of This Work.PSA is of
clinical interest both because of its utility as a serum marker
in the diagnosis of prostate cancer and of its possible role
as an agent in the development of prostate and other cancers.
Due to the relatively high levels of ACT in the serum [2-10
µM, with the higher levels reached in acute phase (46)], the
bulk of PSA found in the serum is in the form of the
PSA*ACT* complex. Sophisticated immunochemical assays
have been developed to determine serum levels of both
complexed PSA and free PSA and to relate such levels to
disease states (3). Our results demonstrating HNE proteolysis
of the PSA*ACT* complex (Figure 6) have potential
consequences for such assays, since enzymatically active
HNE levels as high as∼40 nM in blood serum have been
reported (47). It would thus clearly be of interest to examine
the effect of HNE on the efficiency of antibody recognition
of the complex, and if significant effects are found, to locate
the major sites of cleavage within the HNE-proteolyzed
complex.

The role of PSA catalytic activity in cancer development
is poorly understood and likely to be complex. As recently
reviewed (4), while PSA proteolysis of insulin-like growth
factor binding protein-3, the latent form of transforming

growth factor-â, and basement membrane proteins have been
linked to proliferation of prostatic stromal and epithelial cells
(48-50), tumor spread (51), and invasion and metastasis
(52), PSA has also been shown to be a tumor suppressor
(53), a negative regulator of cell growth (54), and an
angiogenesis inhibitor (55, 56). These results suggest that
both up- and downregulation of PSA activity in vivo could
have important therapeutic applications. Understanding the
regulation of PSA activity in vivo is also important for
optimizing attempts to use PSA-specific pro-drugs for
treatment of advanced prostate cancer (57, 58).

Our results provide important information toward such an
understanding. It is generally agreed that active PSA released
into human serum reacts principally with two inhibitors,R2-
macroglobulin and ACT. Reaction withR2-macroglobulin
is favored by a factor of approximately two (6, 22, 59). That
the PSA-ACT complex is nonetheless the predominant form
of PSA found in serum is due to faster clearance of the PSA-
R2-macroglobulin complex than of the PSA-ACT complex
(60, 61). However, in interstitial fluid surrounding PSA-
producing cells, where [ACT ]. [R2-macroglobulin], the
PSA-ACT complex is likely to be dominant (6). Our results,
in determining rate and equilibrium constants involved in
PSA*ACT* formation, demonstrate that it will take consid-
erable time for all of the catalytically active PSA released
into such fluid to be converted to the inactive PSA*ACT*
complex, even if the level of ACT present in such fluid were
to attain that present in serum. For example, in 0.2 M NaCl
at ∼8 µM ACT, 15-20% of PSA remains active after 10
min (Table 1), and this percentage would be further increased
in the presence of substrate (Scheme 1). Thus, when PSA is
being continuously released into interstitial fluid, active PSA
can build to appreciable steady-state levels, making possible
hydrolysis of protein substrates by PSA, even in the presence
of large excesses of ACT. A similar argument can be made
for buildup of steady-state levels in serum, but the values
would necessarily be lower because of PSA complexation
by R2-macroglobulin.

While efforts to inhibit PSA activity have relied on a
classical active-site directed approach (43), our evidence that
PSA exists in several conformations with differing reactivity
toward both substrates and ACT raises the prospect that other
agents, either endogeneous or exogenous, can be found that
would raise PSA activity levels by mimicking the effects of
NaCl [or of Na2SO4 (23) or glycerol (5)]. A 13-mer peptide,
selected from a random library, that binds to PSA and
increases its specific activity may provide an example of just
such an agent (62). Although higher PSA specific activity
would not necessarily result in an increase in total PSA
activity in interstitial fluid or serum, where it could be offset
by an increased rate of PSA reaction with ACT and possibly
R2-macroglobulin, such an increase should occur in tissues
containing levels of PSA exceeding those of these inhibitors,
such as prostate (1, 63) and possibly breast (4) tissue.
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