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ABSTRACT: Prostate specific antigen (PSA, also known as human kallikrein 3) is an important diagnostic
indicator of prostatic disease. PSA exhibits low protease activifydf-fold less than chymotrypsin) under

the usual in vitro assay conditions. In addition, PSA does not react readily with prototypical serine protease
inactivators. We expressed human PSA (rh-PSAjscherichia coliand have demonstrated that rh-PSA

has properties similar to those of native PSA isolated from human seminal fluid. Both PSA and rh-PSA
are>10P-fold more active in the presence of 1.3 M48&,. This activation is anion-dependent, following

the Hofmeister series when normality is considered:4’S@: citrate > Ac™ > ClI= > Br~ > |I~. The

nature of the cation has little effect on salt activation. The rate of inactivation of rh-PSA by DFP is
30-fold faster in the presence of 0.9 M 2, and the rate of inactivation by Suc-Ala-Ala-Pro-Phe-CK

is >20-fold faster under these conditions. Azapeptides containing Phe or Tyr at posiitsofhactivate

rh-PSA in the presence of high salt concentrations. These compounds represent the first described inhibitors
designed to utilize the substrate binding subsites of PSA. CD spectroscopy demonstrates that the
conformation of rh-PSA changes in the presence of high salt concentrations. Analytical ultracentifugation
and dynamic light scattering indicate that PSA remains monomeric under high-salt conditions. Interestingly,
human prostatic fluid contains as much as 1b8ol citrate/g wet weight, which suggests that salt
concentrations may regulate PSA activity in vivo.

Prostate specific antigen (PSA)s a member of the of the most abundant proteins in seminal plasBba6).
chymotrypsin family and is closely related to human tissue Patients with prostate cancer and benign prostatic hyperplasia
kallikrein (1—3). PSA contains 237 amino acids and a single often have elevated plasma PSA levéls PSA is presently
N-linked oligosaccharidedj. PSA is primarily expressed in  used as a tumor marker in diagnosis and management of
the glandular epithelial cells of the prostate gland and is one human prostate cancer. The physiological role of PSA
appears to be the liquefaction of the seminal coagulum by
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conventional in vitro assay condition8, (8, 14, 15). The dialyzed against 25 mM MES, 2 mM CaQpH 6), 0.1%
heterogeneity of PSA and the presence of contaminating Triton X-100, and 5 mM.-cysteine, followed by two changes
proteases continue to complicate the characterization of thisof 25 mM MES, 2 mM Cadl (pH 6), and 0.1% Triton
protein (L6—18). Moreover, while DFP and peptidyl chlo- X-100. SDS-PAGE demonstrated a purity 8f95% rh-PSA
romethyl ketones are potent inactivators of most serine under both reducing and nonreducing conditions, indicating
proteases, these compounds react slowly with PSA. Thethat renaturation results in a single folded species. rh-PSA
reasons for the low protease activity of PSA are not was activated with %g of enterokinase. The enzyme was
understood. further concentrated to-12 mg/mL and transferred to 50
We have expressed human PSAHscherichia colito mM HEPES (pH 8.0) by dialysis. rh-PSA was routinely
characterize the protease activity of the protein. We have stored at-20 °C with 50% glycerol. The rh-PSA concentra-
found that the activity of PSA is increased 1000-fold in the tion was based on the absorbance at 280 nm and a calculated
presence of high salt concentrations and that the structureextinction coefficient of 1.75. This value is in close agree-
of PSA becomes more compact under these conditions.ment with that previously determined experimenta®p)(
Interestingly, human prostatic fluid contains from 150- to as well as enzyme concentrations obtained using the method
1000-fold higher citrate concentrations than prostatic stromal of Bradford @1).
tissue (9). Thus, this salt activation phenomenon may  Assay of Enzymatic Aetty. The hydrolysis of fluorogenic
regulate PSA activity in vivo. substrates was monitored on a Hitachi F-2000 fluorescence
spectrophotometer with excitation at 380 nm and emission
MATERIALS AND METHODS at 460 nm. The hydrolysis op-nitroanilide substrates
Materials. The full-lengthcDNA clone of human PSA  (Sigma) was monitored by the absorbance at 410 nm. Assays
(PGEM3PSA) @) was kindly provided by A. Lundwall of  were performed at 23C in 50 mM Tris-HCI (pH 7.8) and
Malmo General Hospital (Malmo, SwedelR). coli expres- 100 mM NaCl with Suc-Ala-Ala-Pro-Phe-AMC (Bachem)
sion vector pT7-7 was a gift from S. Tabor (Harvard Medical as the substrate except where otherwise specified ke
School, Boston, MA). Suc-Ala-Ala-Pro-Phe-CK was pur- K., for this substrate under these conditions was 0.64 M
chased from Enzyme System Products. Monoclonal anti- s~ The Bz-Lys-Val-Phe-AMC substrate was synthesized
(human PSA) mouse IgG was purchased from ICN. Entero- using conventional solution peptide chemistry. Bz-Lys-Val-
kinase was purchased from Biozyme. Native human PSA Phe-AMC: 'H NMR (CDCl) 6 8.70 (s, 1), 7.148.0 (m,
was obtained from Novabiochem and Calbiochem. DFP was12), 6.42 (m, 1), 6.18 (s, 1), 4.87 (m, 1), 4.75 (m, 1), 4.37
purchased from Aldrich. IPTG, Triton X-100, guanidine (t, 1), 3.87 (t, 2), 3.15 (t, 2), 2.38 (s, 3), 1.40 (m, 6), 0.95 (d,
hydrochloride, TPCK, and Suc-Ala-Ala-Pro-Phe-AMC were 3), 0.80 (d, 3). The proteolytic activity was also measured
purchased from Sigma. qualitatively by a nonreducing SDFPAGE casein gel. A
Vector Construction The PSA coding sequence was 15% SDS-PAGE gel with a casein content of 2 mg/mL was
amplified by PCR from pGEM3PSA usingPfu DNA prepared. A 1:1 mixture of PSA ancdk2honreducing sample
polymerase with primers containifEcoR| andSal restric- buffer was loaded without preboiling. After electrophoresis,
tion sites and the sequence encoding an enterokinase cleavaghe protein gel was washed in 2.5% Triton X-100 for 45
site at the N-terminus of mature PSA. The PCR fragment min and then gently shaken overnight at room temperature
was ligated into vector pT7-7 to create pT7-7-PSA. The in 50 mM Tris-HCI (pH 7.0) and 10 mM Caglbefore
sequence of PSA was verified using the PRISM dye deoxy routine staining and destaining. A light halo surrounding the
terminator cycle sequencing method (Applied Biosystems, rh-PSA band demonstrated the digestion of casein.
Inc.). pT7-7-PSA was transformed ino coli strain BL21. Inactivation of rh-PSArh-PSA (10uM) was incubated
The expected sequence (ATG GCT AGA ATT CCT AGG at room temperature with varying concentrations of known
GAC GAC GAC GAT AAG ATT) was observed, confirm-  serine protease inhibitors (DFP, TPCK, and Suc-Ala-Ala-
ing the presence of the engineered N-terminus (Met-Ala- Pro-Phe-CK) in 50 mM Tris-HCI (pH 7.8) in the presence
Arg-lle-Pro-Arg-Asp-Asp-Asp-Lydle, wherelle is the first or absence of 0.9 M N&QO,, conditions found to be favorable
residue in mature PSA). for substrate and inhibitor solubility and stability. Aliquots
Expression, Purification, and Refolding of Recombinant were assayed for activity at appropriate intervals. The
PSA PSA expression was induced with the addition of 0.1 resulting fraction of activity was plotted against time on a
mM IPTG at an Oy 0f 0.5, and the culture was incubated semilog plot to yield the apparent inactivation rate constant
for 4 h at 37°C. The cells were harvested by centrifugation, kapp, Azapeptide inactivation was monitored by diluting PSA
washed with a 0.85% NaCl solution, and then lysed by into a cuvette containing inhibitpt M potassium phosphate
sonication in 50 mM Tris-HCI (pH 8), 10 mM EDTA, and  (pH 7.0), and 4.5 mM Suc-Ala-Ala-Pro-Phe-pNA under these
5% sucrose. Inclusion bodies were harvested by centrifuga-conditions k.s = 0.35 st andK,, = 3.6 mM). The values
tion. The pellet contained rh-PSA and one other major protein of kopsWere determined by fitting the progress curves to the
as detmined by SDSPAGE. The contaminating protein was equationA(t) = A, + Vi(1 — e *wd)/kops WhereA is the
removed by washing with Triton X-100. The resulting pellet absorbance at 410 nm at timé?, is the absorbance at time
was washed twice with #D and dissolved in 100 mL of 50  zero,V, is the initial velocity, and,ps is the observed first-
mM Tris-HCI (pH 8), 10 mM EDTA 6 M guanidine-HCI, order rate constant. The values & and ki Were
and 10 mM DTT. The solution was adjusted to a final protein determined from the secondary plot relationslips =
concentration of 0.3 mg/mL and diluted 10-fold into 50 MM Kinac{ll/ Ki app + [1], Where K; 4 is the apparent inhibition
Tris-HCI (pH 8), 10 mM EDTA, and 5 mM-cysteine. The constant. The tru&; was determined from the relationship
solution was stirred at 4C for 24 h and then concentrated K; = K 4p/(1 + [S]/Kw). The values foke were determined
by ultrafiltration to 0.3 mg/mL. The protein was subsequently by inactivating 5Q«g of PSA and separating the EI complex
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from free inhibitor usig a 1 mLPenefsky column. The eluate zymogen containing an N-terminal extension. A similar PSA
was assayed for activity owa 5 htime period. The value  expression system has been reported elsewl2ie Re-

of kot was determined by plotting the percent inhibition combinant PSA accumulated exclusively in inclusion bodies.
versus time and fitting the result to a first-order exponential. It was purified, solubilized, and refolded using the procedures

Size Filtration ChromatographyA Superose 6 column  described in Materials and Methods. The resulting protein
(Pharmacia) was equilibrated with 50 mM Tris-HCI (pH 7.8) was>98% pure as judged by SB$AGE. Mature recom-
or 50 mM Tris-HCI (pH 7.8) and 0.5 M N&OQ,. Protein binant PSA (rh-PSA) was obtained by removing the N-
samples were incubated in the absence or presence of 0.%erminal extension with enterokinase. The N-terminus was
M Na,SO, for 10 min and then applied to the corresponding verified by amino acid sequencing. The typical yield was 6
equilibrated column. The samples were eluted at a rate ofmg of purified rh-PSA per liter of culture. rh-PSA reacted
0.5 mL/min with the same buffer used for equilibration. The with mouse monoclonal anti-human PSA antibody and
elution was monitored at 280 nm. exhibited chymotrypsin-like substrate specificity as previ-

Circular Dichroism Studies CD measurements were ously reported, 3, 18). rh-PSA has no detectable trypsin-
performed at room temperature on a Jobin-Yvon Mark V like activity. To ensure that the protease activity was not
Autodichrograph. The spectra were collected in the near- due to contaminating proteases, a nonreducing-SBXSGE
UV range (326-240 nm) usig a 1 cmpath length cell with casein gel was prepared as described in Materials and
a sensitivity of 5x 1076 and a response time & s at 0.2 Methods. Casein digestion occurred exclusively at the PSA
nm intervals. All samples contained 0.2 mg/mL rh-PSA in band, indicating that the protease activity observed is not
10 mM HEPES (pH 8). Spectra were monitored in the likely to be due to contaminating proteases (data not shown).
presence or absence of 0.5 MJS&. These conditions were  rh-PSA is also inhibited bg1-antichymotrypsin, forming a
chosen to maximize PSA solubility and minimize sample 78 kDa complex as previously observed for human seminal
handling. PSA (data not shown)l( 20). Incubation of PSA with excess

Analytical Ultracentrifugation The molecular mass of  oal-antichymotrypsin indicated that70% of the rh-PSA is
rh-PSA was evaluated under different buffer conditions using active as determined by examination of Coomassie-stained
a Beckman XL-A analytical ultracentrifuge by sedimentation gels. Similar active fractions of recombinant PSA prepara-
equilibrium analysis. PSA was examined at two concentra- tions have been reported in other laboratories2¢). The
tions in the absence of salt (31 and GKI) and in the specific activity of rh-PSA (0..xmol min~t mg™1) is similar
presence of 0.5 M N&Q, (27 and 46uM). The data were  to that of human seminal PSA (0.34nol min~! mg!) as
collected at 9000 rpm at 2T and analyzed with the XL-A  monitored by the hydrolysis of 0.2 mM Bz-Lys-Val-Phe-
software provided by Beckman using the single-ideal speciesAMC in the absence of salt. Takayama and co-workers also
model. The partial specific volume) of rh-PSA in 50 mM reported comparable activities for rh-PSA and seminal PSA
HEPES (pH 7.8) was calculated to be 0.744 using the method(20). These observations indicate that glycosylation is not
of Cohn and Edsall22). The v for rh-PSA in 0.5 M Na- required for proteolytic activity. The hydrolysis of Bz-Lys-
SO, was adjusted to 0.762 as a result of a correction applied Val-Phe-AMC by rh-PSA displays typical Michaetis
as previously describe@®) using interaction parameters for Menten kinetics K.oc = 0.0014 s* and K, = 0.86 mM).

0.5 M N&SQ, (24). The densities of 50 mM Tris (pH 7.8)  However, the commercially available substrate Suc-Ala-Ala-
(1.008 g/mL) and the same buffer containing 0.5 M8, Pro-Phe-AMC Ko/ K = 640 M1 s71) used in the following
(1.069 g/mL) were measured. experiments does not exhibit saturable kinetics.

Dynamic Light ScatteringDLS studies were performed PSA Actiity Increases in the Presence of Sdh the
using the DynaPro LSR instrument from Protein Solutions. course of characterizing PSA, we observed that protease
The partial specific volumes described for the analytical activity increased in high salt concentrations. The magnitude
ultracentrifugation experiment were used. Values for refrac- of this effect is highly dependent on the nature of the anion
tive indices and the viscosity of citrate solutions were from (Figure 1); the nature of the cation has only a modest effect
the literature 25). The viscosities of the sulfate solutions on PSA activity (Table 1). PSA is 10°-fold more active in
were measured with a Cannon A334 viscometer. The analysisthe presence of 1.3 M N&Q,, and the overall anion effect
was preformed using the Dynamics software provided with follows the Hofmeister series when normality is considered
the instrument, and data were fitted using the volume shape(Figure 1) 7): SO~ ~ citrate> Ac™ > CI- > Br~ > |".
hydration model and a frictional ratio for an average-24  The activity of native PSA also increases in the presence of
110 kDa protein provided by the program. Experiments were salt (Figure 2, compare panels A and B). While native PSA
conducted with 55M rh-PSA [50 mM HEPES (pH 7.8)],  and rh-PSA have similar activities under low-salt conditions,
38 uM rh-PSA [50 mM HEPES, 16 mM Tris, and 0.5 M native PSA is approximately 2-fold more active than rh-PSA
NaSO;, (pH 7.8)], and 3&M rh-PSA [16 mM HEPES and  under high-salt conditions. This observation suggests that
0.5 M citrate (pH 6.8)]. glycosylation may modulate salt activation.

N-Terminal Sequencing and Mass Spectrometiyfer- The Rate of Inactiation of PSA Increases in the Presence
minal sequence determination and MALDI mass spectrom- of Salt Serine proteases are inactivated by DFP and peptidyl
etry were performed at the peptide facility of the Department chloromethyl ketones. DFP (2 mM) inactivates rh-PSA in a
of Physiology, Tufts University School of Medicine (Boston, first-order process under conditions of low ionic strength.
MA). The rate of inactivation increases 30-fold (from 0.0042 to
RESULTS 0.12 s) in the presence of 0.9 M N80O,. The molecular

mass of DFP-inactivated rh-PSA determined by MALDI

Expression of Human PSA in E. cdiSA was subcloned mass spectrometry is 26 276 26 Da, which agrees with
into vector pT7-7 and expressedin coli BL21 cells as a  the theoretical mass of 26 254 Da for PSA modified by a
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Ficure 1: Effect of anions on rh-PSA activity. rh-PSA (11 nM)
was assayed with 126M Suc-Ala-Ala-Pro-Phe-AMC in 50 mM
Tris-HCI (pH 7.8) containing 0.5, 1.0, 1.5, or 2.5 N sodium citrate
(), NaSOy (), and NaOAc 4); 0.05, 0.1, 0.2,0.3,0.5, 1.0, 1.5,
2.5, 3.5, or 4.5 N NaClK); 0.5, 1, 1.5, or 2.5 N NaBr®); and
0.1, 0.2, 0.5, or 1.0 N Nalw).

Table 1: Sulfate Activation of rh-PSA
N&SO, LiSO; (NH4)2SO, KzSO, MgSQ,
0.87 0.84 0.72 0.70

a Assays were performed in 50 mM Tris buffer containing the
indicated salts (0.5 M) at pH 7.8 and 26.
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Ficure 2: Effect of 0.8 M NaSQ, on the time course of product
formation. All reaction mixtures contained 1251 Suc-Ala-Ala-
Pro-Phe-AMC and 50 mM Tris-HCI (pH 7.8). PSA (A) or rh-PSA
(C) (1.2 uM) was preincubated for 10 min at 2% with 0.8 M
NaSO, and then added to assay buffer containing subst®j}e (
The final concentration of N8O, was 38 mM. In the control
experiment ©), enzyme was added to initiate a reaction in assay
buffer containing 38 mM N&5O,. PSA (B) or rh-PSA (D) (11 nM)
was added to initiate a reaction in assay buffer containing 0.8 M
NaSQO, (@). In a parallel experiment, the substrate was added to
initiate a reaction in assay buffer containing enzyme and 0.8 M
N&SO, (O).
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diisopropyl phosphate moiety. In contrast to DFP, TPCK and
Suc-Ala-Ala-Pro-Phe-CK do not inactivate rh-PSA under
low-salt conditions. The rate of inactivation by Suc-Ala-Ala-
Pro-Phe-CK (2 mM) increases by at least 20-fold to 0.021
s 1in the presence of 0.9 M N&Q,. However, no inactiva-
tion of rh-PSA by TPCK is observed even in the presence
of high salt.

Biochemistry, Vol. 40, No. 39, 200111737

Table 2: Azapeptide Inhibition of rh-PSA

azapeptide Ki (uM) Kinact (571 Kinac/Ki (M~1s7)
1 64 1.8x 1078 31
2 41 1.7x 1072 410
3 5 1.3x 1072 2600
4 0.5 15x 1072 32000

a See Figure 3 for structures. Azapeptide inactivation was monitored
by diluting PSA into a cuvette containing inhibitot M potassium
phosphate (pH 7.0), and 4.5 mM Suc-Ala-Ala-Pro-Phe-pNA at@5

Azapeptide Inhibitors of PSAzapeptides inhibit cysteine
and serine protease®3—30). Azapeptides undergo the same
reaction as a peptide substrate. However, when the aza-amino
acid is in the PR position, the resulting acylenzyme
intermediate is stable. The results cited above suggested that
azapeptides might inhibit PSA under high-salt conditions.
We screened our collection of azapeptides and discovered
that N-acetyl+-Phe-azaGly-phenyl ester inhibits rh-PSA at
a concentration of 5uM. Slow binding kinetics are
observed, and the activity approaches zero (data not shown).
The potency of this lead compound was increased by
optimizing S-P interactions (nomenclature of rgf). PSA
reportedly has a strong preference for substrates with Tyr in
the R position, and the following preferences in the other
subsites: Ser infand Tyr > Val/Leu/Phe in R (32). As
expected, AzaTyr is preferred over aza-Phe in thpdBition
of the inhibitor by 12-fold as measured ky,./Ki (Figure 3
and Table 2). The introduction of BaeSer at the Pposition
increases the value dfina/Ki by a factor of 80. Both
compounds and4 produce stable acylenzyme intermedi-
ates that hydrolzye slowly, resulting in half-lives of 4.4 and
3.8 h, respectively.

The Conformation of PSA Changes in the Presence of 0.8
M Na:SQ,. The following observations suggest that the anion
effect is the result of a change in PSA conformation and not
a nonspecific effect from “salting out” the substrate. A lag
in activity was observed when assays containing 0.8 It Na
SO, were initiated by the addition of either rh-PSA or native
PSA [Figure 2A,C (circles)]. However, no lag was observed
when either enzyme was incubated in 0.8 M.8l@,, and
the assay was initiated by the addition of substrate [Figure
2A,C (triangles)]. These observations suggest that PSA
undergoes a slow conformational change in the presence of
SO .

This hypothesis predicts that when PSA is preincubated
in the presence of S®& and diluted into an assay mix at a
low ionic strength, the protein will slowly convert to the less
active conformation. Therefore, a rapid initial phase of
substrate hydrolysis should be observed, followed by a slower
steady-state rate when the protein has relaxed to the less
active conformation. This prediction is confirmed. A sig-
nificant rapid phase is observed when PSA is preincubated
with 0.8 M NaSQ, at 25°C [Figure 2B,D (triangles)]. No
rapid phase is seen when enzyme is preincubated under low-
salt conditions [Figure 2B,D (circles)].

The Structure of PSA Changes in the Presence ot SO
The near-UV CD spectra of rh-PSA in the presence and
absence of 0.5 M N&Q, are significantly different (Figure
4). In the absence of S®, the spectrum shows little
negative ellipticity between 250 and 320 nm, indicating few
tertiary interactions are present in PS23(34). However,
in the presence of S&, the CD spectrum of rh-PSA exhibits
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such as citrate and S© are known to promote nonpolar Ficure 5: Elution profiles of rh-PSA from size filtration chroma-
interactions in proteins3g). Proteins are consequently more tography. (A) Molecular markers ribonuclease A and ovalbumin
likely to associate37, 38). Therefore, the salt activation of \(/Si;[?] ?ogrr?slc?zigyﬁg '(rr‘)lﬁcfg) gﬂﬁ%‘g?giem%g'mgSei%‘ijlgﬁ;ated
PSA could result from the formation of dimers or higher- jniected and eluted(-). (B) As for panel A, but the column was
order multimers. The salt activation of hCMV and HSV  equilibrated and eluted with 50 mM Tris-HCI (pH 7.8) and 0.5 M
proteases results from such a dimerization mechar2®mn ( NaSO,. Ribonuclease A and ovalbumin-f or rh-PSA ¢-+).

42). To test this hypothesis, PSA was eluted from a Superose

6 size filtration column in the presence or absence of 0.5 M we used analytical centrifugation methods to determine the
N&aSO, as described in Materials and Methods. In the quaternary structure of PSA.

absence of N&O,, PSA eluted at 32.3 min, between Sedimentation equilibrium experiments show that the
ribonuclease A (14 kDa, 37.8 min) and ovalbumin (43 kDa, apparent molecular mass of rh-PSA in the absence of salt
26.9 min) (Figure 5). In the presence of 0.5 MJS@&y, the (28.3 kDa) is not significantly different from that determined
elution of ribonuclease A was unchanged (37.2 min) and in the presence of 0.5 M N8O, (26.5 kDa) when comparing
the elution time of ovalbumin increased by 3.5 min (Figure the results from two different concentrations of rh-PSA
5). However, the elution time of PSA increased to 38.2 min. (Figure 6). A slight deviation between the data and the model
An increase in elution time is inconsistent with the formation is observed in Figure 6 (panels C and D) at higher absorbance
of a dimer but does suggest that PSA may adopt a morevalues. Examination of thil,, appVErsus enzyme concentra-
compact conformation under high-salt condition43)( tion plot revealed thai,, .p, decreases at higher protein
Alternatively, the increase in elution time could also indicate concentrations (data not shown). This has been previously
that rh-PSA interacts with the gel matrix in the presence of described for hCMV proteasel%), and was attributed to
salt as has been observed with other protelds Therefore, positive thermodynamic nonideality.
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A B mechanism of regulation of PSA activity will enable the
development of more specific and potent inhibitors of this
enzyme.

PSA SpecificityThe substitution of Tyr for Phe in the P
position of the azapeptide resulted in a 12-fold increase in
kinac/Ki (Figure 3). This is consistent with several independent
observations. PSA exhibits specificity for a Pyr residue
in semenogelins | and 114@), and the site of cleavage of
IGFBP-3 by PSA has been recently determined to be a@fTyr
(49). Identification of peptide substrates using the phage

] display technique has also indicated a preference for a P
fay : : oss : , , Tyr (32).
' Salt Actvates PSAWe observe that S and citrate
enhance the protease activity of PSA by 1000-fold. Salt
ocz R o %o oo activation is also observed with native glycosylated PSA.
it e i Lol The inhibition of PSA by DFP, CK, and azapeptides is

; ' similarly accelerated. This activation is strongly anion-

dependent and follows the Hofmeister series. Activation was
independent of the nature of the cation under our assay
conditions. Unfortunately, we are unable to determine the
effect of salt concentrations on Michaetislenten param-
eters due to experimental constraints (the substrate solubility
% is too low to permit concentrations in excess of the value of
f o Km under both low- and high-salt conditions).
i T N P Com T ew | w s o While the manuscript was in preparation, Cooperman and
FiGURE 6: Equilibrium sedimentation of rh-PSA. The data were Hsieh published a description of the salt activation of PSA
collected at 9000 rpm at 20C and analyzed as described in (26). However, unlike our work, these authors observed only
Materials and Methods. Samples of rh-PSA in 50 mM Tris (pH g 10-fold increase in activity. Further, activation was reported

7.8) in the absence (A and B) or presence (C and D) of 0.5 M T ; ;
Na.S0; and molecular mass determination resuits: (A)aF rh- to be cation-dependent with NaCl as the strongest activator.

PSA (28 096+ 1289 Da), (B) 46uM rh-PSA (24 877+ 807.4 This discrepancy may result from the use of reactive

Residuals
°
g8
Residuals

Residuals
g
‘%ﬁa%
i
0
%

Absorbance
o o o
2 8
L

8
)

Da), (C) 30uM rh-PSA (26 741+ 328.5 Da), and (D) 6ZM rh- p-nitroanilide substrates in the Cooperman experiments.
PSA (29 994+ 270 Da). Reactive substrates frequently mask catalytic lesions in
mutant serine proteasesQj.

Table 3: Dynamic Light Scattering of Native and rh-PSA Mechanism of Salt Aatation of PSA.Salt-induced in-
additive radius MW (kDa) polydispersity (%)  Creases in protease activity have been previously observed

th-PSA 500 mM citrate  2.489 26 48 with HSV type | protease and hCMV proteasi®&{42). In

rh-PSA 480 mM NaSO, 2.577 29 48 both cases, increases in salt concentration promote formation

rh-PSA none 2.439 25 49 of an active protease dimer. PSA remains monomeric at high

a Experiments were conducted with 551 rh-PSA [50 mM HEPES ~ Salt concentrations as indicated by size exclusion chroma-
(pH 7.8)] or 38uM rh-PSA [50 mM HEPES, 16 mM Tris, and 0.5 M tography, sedimentation equilibrium, and dynamic light
N&SQ, (pH 7.8) and 16 mM HEPES and 0.5 M citrate (pH 6.8)l.  scattering experiments. Thus, PSA activation does not

involve dimer formation and must occur by a distinct

Dynamic light scattering was also utilized to evaluate the mechanism. CD spectroscopy indicates that PSA undergoes
possibility of PSA dimerization. Table 3 shows that the 5 conformational change under high-salt conditions. The

apparent MW of rh-PSA does not increase under high-salt 5ctive conformation is likely to be more compact than the
conditions. This observation indicates that the activation of j,4ctive conformation as suggested by the retardation of PSA
PSA does not involve dimerization. Polydispersity is noted g|ytion during size exclusion chromatography experiments
to be high under all three conditions (489%) and could 414 the more constrained movement of aromatic residues
indicate the presence of several species of rh-PSA. Whilegicated by CD spectroscopy. Interestingly, the ellipticity
increased polydispersity has been seen in conjunction with 5+ 270 nm (0.8x 1072 deg cnd dmolY) is similar to the
oligomerization 40), this has also been noted for the ellipticity at 277 nm observed for bovine trypsin (10102
p-lactamase monome#§). deg cn dmol?) (51). The interconversion of the inactive
and active conformations of PSA is slow, resulting in the
DISCUSSION burst and lag phases illustrated in Figure 2. Christianson et
PSA and Prostate Diseas&he role of PSA in prostate  al. also observed a rapid phase of substrate hydrolysis when
cancer and benign prostatic hyperplasia is unknown. PSAPSA, stored at a low ionic strength at’@, is diluted into
may be directly involved in the cell proliferation process via assay mix in the absence of $O (1). The origin of the
cleavage of insulin-like growth factor 3 binding protein 3 rapid phase in Christensson’s experiments is unclear. We
(IGFBP-3) @7). The resulting IGFBP-3 fragments are unable have observed a similar rapid phase when a cold enzyme
to bind and sequester insulin-like growth factor 1 (IGF-1), solution is diluted into assay buffer. This rapid phase is not
thus releasing a potent mitoget?]. Inhibition of PSA may observed when the enzyme solution is pre-equilibrated at
provide a treatment for prostate disease. Elucidation of the room temperature (Figure 2B,D). These observations suggest
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that low temperature also favors the active conformation of 18. Yoshida, E., Ohmura, S., Sugiki, M., Maruyama, M., and
PSA.

Thermodynamic Basis for Regulation of PSA #Attiby
Salts The in vitro activation of the enzyme by high
concentrations of salt, following the Hofmeister series,

suggests that the regulation is exercised by a totally general

nonspecific thermodynamic solvent effect, namely, the
preferential exclusion of the salt from the surface of the
protein. Since this interaction is thermodynamically unfavor-
able, the system will tend to reduce it by driving the protein
to the more compact active conformation, in which the

solvent-protein surface area of the contact is reduced. The
activator (salt) acts, therefore, by not coming into contact

with the molecule that it activates. The thermodynamic
details are presented in the Appendix.
Implications for in Vbo Regulation of PSA Actity. The

citrate concentration in human prostatic fluid is as high as

150 umol citrate/g wet weight, which is 1561000-fold
higher than the concentration found in prostatic stromal

tissue. Prostatic fluid also contains abundant free amino acids

and proteins which might exert a similar effect. Thus,

changes in anion concentration may regulate PSA activity

in vivo.
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APPENDIX: THERMODYNAMIC
INTERPRETATION OF THE ACTIVATION BY
CONCENTRATED SALTS

It is known that salts at high concentrations1( M) are
preferentially excluded from the surface of proteins in
aqueous solutionlfj. The preferential exclusion follows the

Hofmeister series. Preferential exclusion means that, at

dialysis equilibrium, the binding stoichiometny,, is found

to be negative. This means that the ligand (salt) has a lower

affinity than water for the protein surface. Very weak ligands,

such as concentrated salts, interact in a general nonspecific part of the original surface vanishes into the *

manner over the entire surface of the protein.

The thermodynamic meaning of bindingis = [d(m.)/
d(my)],, [moles of ligand per mole of protein at constant
chemical potential of ligand, i.e., at chemical (dialysis)
equilibrium].

The measured binding;., is a measure of the mutual
perturbations of the chemical potentials of the ligand and
protein by each other:

v = ~[9(up)/3(m)] m /3G )/A(M)] . (1)

and
[0(up)/A(M)] . = [t )/A(M)] 1y ()

whereu is chemical potential = x° + RT(In m + In y),
wherem is the concentration in molal units andis the
activity coefficient].

Integration gives

S o) = dm = Ay, = AGY  (3)

where Ay is the free energy of transferring the protein
from water to an aqueous solution of ligand of the given
concentrationrfy), i.e., 1.3 M NaSQ,. This is the definition
of the free energy of bindingAG;,

Now if the measured binding;., is negative, §(up)/0-
(m)]m, is positive (eq 1) andAG; is positive (eq 3). A

Biochemistry, Vol. 40, No. 39, 200111741

positive free energy change is unfavorable, and the system
will tend toward a more favorable state. Since weak ligands
such as concentrated salts interact over the entire surface of
the protein, one way to reduce the unfavorable interaction
is to reduce the protein surface by a conformational change
to a more compact structure (lower surface-to-volume ratio).
This is shown schematically.

NazSO4

_—

-0 <

(inactive) (active)

inside” of
the protein; the molecule becomes more symmetrical, and
groups exposed to solvent in state | and, hence, freely
rotating, are drawn into the asymmetric environment of the
protein interior in state Il.

This simple mechanism of activation by a general ther-
modynamic effect can explain the observed salt effect. The
enzyme must be capable of existing in two states in
equilibrium, state | (inactive) and state Il (active). The salt
only displaces the equilibrium toward state Il. This can
account for the following observations. (1) The active form
elutes more slowly from a size filtration column (more
compact). (2) Some groups (Trp and Tyr) that are freely
rotating on the surface in the inactive state become optically
active, as they are drawn into the asymmetric environment
of the protein interior.

This proposed mechanism of activation has the unusual
features that the activator (salt) acts by not coming into
contact with the enzyme (it is preferentially excluded), and
that the driving force is repulsive (positive free energy of
binding). For a detailed discussion of the theory, seeref
and references therein.
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