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ABSTRACT:. Spermadhesins are a family of seminal plasma proteins composed of a single CUB domain,
which appear to be involved in various aspects of the fertilization process in pigs. PSP-I and PSP-II, the
most abundant porcine spermadhesins, occur in seminal plasma as noncovalent heterodimers devoid of
heparin-binding capability. Of note is the stability of this dimer, which is significantly affected by
physiologically relevant conditions such as?Zions. Here, we show that PSP-I and PSP-Il when separated
appear to conserve the overall fold of the CUB domain observed in the crystal structure of the PSP-I/
PSP-II heterodimer, as concluded from gel filtration, analytical ultracentrifugation, differential scanning
calorimetry, and circular dichroism analyses. However*Ztoncentrations in the range of those found

in boar seminal plasma induce the unfolding and self-association of PSP-I, apparently as a consequence
of the exposure of hydrophobic core residues, whereas they have no effect on PSP-Il. RemarRkably, Zn
denatured and self-associated (but not structured monomeric) PSP-I is retained on a heparin column,
resembling the behavior of free PSP-I and homologous spermadhesins of the heparin-binding fraction of
boar seminal plasma, which also exhibit different aggregation states. Thus, the modulation of the structural
organization and heparin-binding ability of PSP-I by?Zmight be a physiological phenomenon in seminal
plasma.

The interaction of heparin and heparan sulfate with fertilization process. In the boar, spermadhesins represent
heparin-binding proteins plays important roles in numerous more than 80% of the total protein content of seminal plasma;
physiological and pathological processes. Heparin binds atheir concentration ranges from 0.6 to 7 mg Thi(7). PSP-I
large variety of proteins, including enzymes and enzyme and PSP-Il, the most abundant porcine spermadhesins, occur
inhibitors, growth factors and their receptors, chemokines, as noncovalent heterodimers. The isolated PSP-II subunit
lipid- and membrane-binding proteins, cell adhesion proteins, exhibits mannose-6-phosphate and heparin binding abilities
and microbial receptors. The seminal plasma from many (8), whereas conflicting results concerning the heparin-
mammalian species also contains heparin-binding proteinshinding ability of PSP-I have been reported11). These
that bind to the sperm surface at ejaculation and appear topinding sites are nonetheless cryptic in the heterodimer,
mediate sperm capacitation induced by glycosaminoglycanswhich is typically isolated from the nonheparin-binding
present in the female reproductive trat).(In the boar, the  fraction of boar seminal plasma)( The other porcine
majpr heparin-binding proteins belong to the Spermadhesmspermadhesins, AWN-1, AQN-1, AQN-3, and excess free
family. _ _ o PSP-I, constitute the heparin-binding fraction of seminal

'Spermadhesms' are i_ZG kDa proteins cory&stmg of a plasma and occur in different aggregation state (3),
single CUB domain, which have been found in the seminal \yhich are predicted to be of functional significance. For
pla_sma and/or atta_ched to the spermatozoal surface of dexample, only nonaggregated AWN-1 and AQN-3 are able
variety of mammalian ungulate species (e.g., boar, bull, 1 interact with phospholipid matrixed2), suggesting that
stallion, and ram)3, 3). Besides their heparin-binding ability, ;g spermadhesin subpopulation can bind directly to sperm
”?e”.‘bers qf.th|s family have aI;o been show_n to exh'b't membrane lipids. Aggregated spermadhesins could then
bmdmg-aghvyty for zona pellucida .g!ycoprotems, SEINNE  hacome coated on top of this first layer, serving as stabilizing
protease |nh|b|tor_s, and/or_phqsphohplds—@), SUggesting - ¢4 tors that protect the acrosome membrane from premature
that they may be involved in different steps of the complex acrosome reactions. This spermadhesin coating would sub-

sequently be released during sperm capacitation.

T This work was supported by DGICYT (BQU2000-1501-C02-02,

BQU2003-03550-C03-03, BI02003-01952, and BFU2004-1432). The crystal structure of the PSP-I/PSP-II heterodimer was

. f* To whom correspondence should be addressed. E-mail: d.solis@ sp|yed at 2.4 A resolutiorild), revealing the architecture of

q g'fﬁé%ﬁé de Qimica Fsica Rocasolano. thg CQB domain. Ea_ch subuqit cqnsists of_ a compact
8 |nstituto de Biomedicina de Valencia. ellipsoidal beta-sandwich organized into two five-stranded

10.1021/bi052621g CCC: $33.50 © 2006 American Chemical Society
Published on Web 06/15/2006



8228 Biochemistry, Vol. 45, No. 27, 2006 Campanero-Rhodes et al.

(parallel and antiparallel) beta sheets, whereas the hydro-sector six-channel centerpieces with quartz windows. Data
phobic residues that define the CUB signatur® @re tightly were collected at 0.003 cm radial step size with five
packed within the protein core. However, no information on replicates. Under these conditions, hydrodynamic equilibrium
the architecture and stability of isolated PSP-I and PSP-II was reached before 12 h of centrifugation because the same
and on the structural organization of spermadhesins fromresults were obtained from scans taken at 12 and 14 h.
the heparin-binding fraction is available. Furthermore, the Baseline offsets were determined from radial scans of the
nature of the self-association of spermadhesins is unknown.samples run fo6 h at 160 009. Weight-average molecular
It is clear that seminal plasma is a complex solvent massesy,, were calculated with the XLAEQ program using
environment, and therefore, the interactions of spermadhesinghe signal conservation algorithring).
with other molecules and/or cosolute effects may govern Sedimentation velocity experiments were carried out in
protein behavior. Indeed, we have recently obsend®) (  the same ultracentrifuge at 150 @dX@nd 20°C, using 400-
that in the presence of physiological concentrations fZn  uL samples of 0.45 mg mit! concentration. Up to 20 scans
a cation unusually abundant in boar seminal plasma-0.3 were carried out every 5 min, also at 0.003 cm radial step
0.7 mM) (17, 18), the thermostability of the PSP-I/PSP-Il  size, and the corresponding buffer signal was subtracted.
heterodimer decreases significantly, and the dissociation of Sedimentation coefficients were calculated using the pro-
the heterodimer, occurring at low nanomolar protein con- grams XLAVEL, supplied by Beckman, and SEDFIZ0J
centrations, is promoted. Although the integrity of the with similar results.
heterodimer in seminal plasma seems to be guaranteed by The partial specific volume and degree of hydration of
the high concentration of PSP-I/PSP-II, cryptic binding sites PSP-I1 were calculated from the amino acid (Swiss-Prot AC:
in the heterodimer subunits could be exposed upon dilution P35495) and carbohydrat2l) composition to be 0.716 ¢n
of the protein in the female genital tract. g tand 0.413 Gater Jorotein *, respectively, using the Sednterp
In this work, we have examined the structural organization software g2). An average carbohydrate composition of 3
of separate PSP-1 and PSP-Il and the effect fZm such ~ mannoses, 1 galactose, 1 fucos&l-acetyl-neuraminic acid,
organization. Information on the quaternary state and hy- and SN-acetyl-hexosamine residues, which yields a calcu-
drodynamic behavior of the proteins was obtained by FPLC lated molecular mass of 14 095 Da, very close to the average
gel filtration and analytical ultracentrifugation, whereas their mass experimentally determined by mass spectrometry
thermal stability and conformation were evaluated using (14 089 Da), was used for the calculation. Solvent densities
differential scanning calorimetry and circular dichroism. The at 20°C were calculated using the data set included in the
results reveal a dramatic effect of zinc on the stability and Sednterp program plus the density increments for ZnCl
heparin-binding ability of PSP-I and provide a rationale for experimentally determined using a Paar Precision Density
the simultaneous occurrence in seminal plasma of PSP-IMeter DMA 02D. Solvent viscosity was also calculated using
forms with different conformational states and ligand-binding the Sednterp program.

capabilities. The PSP-I samples were extensively dialyzed tC4
against TBS alone or with 2 mM EDTA. The samples
EXPERIMENTAL PROCEDURES containing either ZnGlor MgCl, were prepared by the

addition of the corresponding salt to the PSP-I solution in

Isolation of Spermadhesins PSP-I and PSP-Il from the 15 anq to the reference buffer followed by preincubation
PSP-1/PSP-II HeterodimerThe PSP-I/PSP-II heterodimer o 15 p 4t 4°C before ultracentrifugation, unless otherwise

was isolated from the nonheparin-binding fraction of the ;,qicated.

seminal plasma of German Landrace boars by size-exclusion Differential Scanning CalorimetryFor DSC, the samples

chromatography on Sephadex G-50, and the PSP-land PSPye 6 gialyzed extensively against a 20 mM Hepes buffer at

Il subunits were separated by reverse-phase HPLC on aC18pH 7.0, in the absence or presence of zndlhe DSC
column using a linear gradient of 0.1% trifluoroacetic acid o < rements were performed using a Microcal MCS

in water (solution A) and 0.1% trifluoroacetic acid in instrument at a heating rate of 0.38 min-* under an extra
acetonitrile (solution B)9). constant pressure of 2 atm. The standard Microcal Origin
Gel Filtration ChromatographyGel filtration was carried  software was used for data acquisition and analysis. The
out at 20°C in a Superose 12 HR 10/30 column (Pharmacia excess heat capacity functions were obtained after the
Biotech) equilibrated with 10 mM Tris/HCl at pH 7.8, 0.15  gyptraction of the buffer baseline. The reversibility of the
M NaCl (TBS!) containing 0.02% Nab and, where stated,  transitions was checked by performing a second scan after
ZnCl, or CaC} at the indicated concentration. The flow rate the first run.
was 0.5 mL min, and the elution was monitored at 280 Gjrcular Dichroism SpectraCD spectra were acquired
nm. Control proteins were chromatographed under similar for pPSP-| solutions in 20 mM Hepes buffer at pH 7.0 in a
conditions. JASCO J-720 spectropolarimeter fitted with a water-bath
Analytical Ultracentrifugation Sedimentation equilibrium  thermostated cell holder or in a J-810 spectropolarimeter
experiments were performed by centrifugation of 80-  equipped with a Peltier temperature control system, using a
samples of 0.30.6 mg mL*concentration at 30 0@land bandwidth of 0.2 nm and a response time of 2 s. Far-UV
20°C in an Optima XL-A analytical ultracentrifuge (Beck- spectra were recorded in 0.02 and 0.1 cm path length quartz
man Instruments, Inc.) equipped with UWis optics and cells at a protein concentration of 1 and 0.2 mg L
an An50Ti analytical rotor, using 12 mm path length double- respectively. Near-UV spectra were registered at 1.0 mg
mL~?! protein concentration in 1 cm path length cells. For

L Abbreviations: CD, circular dichroism; DSC, differential scanning @ll CD spectra, the corresponding buffer baseline was
calorimetry; TBS, Tris buffered saline. subtracted. The observed ellipticities were converted to mean
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residue ellipticities using mean molecular masses per residue 10 1234 1.2 34
of 129.26, 125.65, and 127.4 for PSP-I, PSP-II, and PSP-I/ . A B
PSP-II heterodimer, respectively. These values were calcu- 2 o8] ]f |
lated by dividing the average molecular masses obtained by c |
MALDI mass spectrometry (14 089 Da, 14 575 Da, and § 06 | ]
28 664 Da for PSP-1, PSP-II, and PSP-I/PSP-II, respectively) e ’f E
by the number of amino acid residues of the mature protein s i
(109, 116, and 225). Secondary structure elements were 8 %47 i I
calculated from the CD spectra using the Lincomb method § ;’ ‘=
(23) as previously describe@4). < 0.24 i 1
Thermal denaturation experiments were carried out by i\
increasing the temperature from 5 to 70 at a scanning 0.0 ==

rate of 0.33C min%, allowing the temperature to equilibrate 10 20 30 40 50 10 20 30 40 50
for 5 min before recording the spectrum. Variations in Time (min) Time (min)
ellipticity were monitored every 0.2C at one or more Ficure 1: Gel filtration chromatographic behavior of PSP-I. The

ffect of Zr#t. (A) PSP-I alone €) or in the presence of an
wavelengths and the complete spectrum was recorded ever)gqunmoIar amount of PSP-Il () was chromatographed on a

5—15 °C, after equilibration for £5 min at the selected Superose 12 column equilibrated with 10 mM Tris/HCl at pH 7.8,
temperature. No significant differences between the ellipticity 0.15 M NaCl, and 0.02% NaNTBS); comparison with the PSP-
values registered at a given wavelength and those obtained/PSP-II heterodimer (....). (B) PSP-I samples in TBS containing 3
from the spectrum were observed. Thermal denaturationmM EDTA (—), 0.2 mM Zr¢* (---+-), or 2 mM Zre* (....) were

: ; ; : ; ; chromatographed on the same column equilibrated with the
profiles were described in terms of the following sigmoidal corresponding buffer. The elution positions of 1, Blue dextran (2000

function: kDa); 2,8-amylase (200 kDa); 3, chymotrypsinogen (25 kDa); and

4, cytochrome C (12.4 kDa) are indicated in the top axes.
O (1) =065 (T) — [6p(T) — Oy (MI{1+

eXp[A(T - Tl/Z)/RT-E./Z]} 0.754
whereT is the absolute temperatui®y; is the half-transition
temperatureR is the gas constanf is the temperature ~ 0504
constant accounting for the ratio between the native and 5
denatured states, ait®h (T) and®y (T) are the ellipticities
of the denatured and native states at temperdi|i®). ©p 0.25

and ®y were approximated as linear functions of tempera-
ture: @ (T) = B; (To) + m (T — To), whereTy is a reference

temperature, anah is the temperature dependencedpffor 0.00{ ==X e —
i = N or D). 2 4 6 8 10 12
Affinity Chromatography on Heparin-Acrylic Bead& S20,w (S)

sample of PSP-I in TBS containing either 2 mM EDTA or Ficure2: Effect of Zr#+ on the sedimentation coefficient distribu-
1 mM ZnCh was applied to a 5-mL heparin acrylic bead tion of PSP-I. The sedimentation velocity behavior of PSP-Iin the

i il i absence-{) or presence of 0.5 mM (----), 2 mM (....), or 5 mM
column (Sigma) equilibrated with the same buffer. The bound (L) Zr?" was analyzed at 150 0Gifter a 48 h preincubation

protein was eluted by the addition DM N_aCI to the bu_ffer. period at 4°C. Experimental data were analyzed using SEDFIT.
The flow rate was 15 mL 1, and the elution was monitored
at 280 nm. PSP-I eluted as a manifestly asymmetric peak with a
RESULTS maximum at 26.6 min. This behavior was reversed by the
subsequent addition of EDTA (not shown). However, the
Gel Filtration StudiesOn gel filtration chromatography, presence of 3 mM C& neither produced any observable
PSP-I eluted predominantly as a single sharp peak (Figurealteration in the chromatographic behavior of PSP-I nor
1A) with an apparent molecular mass of about 14 kDa counteracted the effect of Zn No effect of Zr#™ on the
(elution time 28.4 min), as previously reportet).(PSP-I| chromatographic behavior of PSP-Il was observed.
also eluted as a monomer, although a variable percentage Analytical Ultracentrifugation Studie§he molecular mass
depending on the batch of aggregated material was alsoof PSP-I and the particle hydrodynamic behavior in the
observed (data not shown). The elution time of PSP-I/PSP-presence and absence of?Znvere further investigated by
Il was 26 min, consistent with the time predicted for the analytical ultracentrifugation.
dimer. When an equimolar mixture of PSP-l and PSP-lIlwas  Sedimentation velocity studies of PSP-I revealed a single
chromatographed, a single peak at 26 min was obtainedcomponent (Figure 2) with ao value of 1.8 S, consistent
(Figure 1A), highlighting the ability of the two proteins to  with an apparent molecular mass of 14.1 kDa (Table 1). The
reassociate into heterodimers. translational friction coefficientf(f, = 1.23) and the equiva-
The addition of increasing concentrations of Za@kulted lent radius (1.59 nm) for the anhydrous sphere with the same
in a progressive broadening of the elution peak for PSP-I, sedimentation coefficient were estimated from the experi-
with a displacement of the maximum toward shorter elution mental data using the Sednterp program. The approximation
times and the concomitant appearance of earlier-eluting of the anhydrous protein shape to either prolate or oblate
species (Figure 1B). Thus, in the presence of 2 mM"Zn  ellipsoids of revolution with the saméf, value yielded
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Table 1: Sedimentation Coefficient and Distribution of PSP-|
Species in the Absence and Presence &f Zn

12 h preincubation period 48 h preincubation period 50 50
[Zn2+] S20,w Mw,app RAP So.w Mw,app RAP =

(mM)  (S) (kDa) (%) (S) (kDa) (%) 40- /y a0 3
-34.0

0 1801005 140:05 99 18:005 14£05 99
05 1.80+005 15040590 25+005 200+ 06 89.5 50, 0
40+£01 450£159 47+01 56+2 85 Lo 2 &
70£01 11242 2

M,0 (kDa)
(eqy)

2 250+ 0.05 20.0+0.6 86 3.05+ 0.05 29.0+ 0.7 94 . 20
48+01 59+15 14 65-1% 90-250 6 166 5§ &
5 2.90+0.05 27.04+ 0.7 87 3.40+ 0.05 37.0+ 0.8 75
52401 65+2 13 75401 12042 16 e : : :
12.4+ 0.15 270+ 5 9 0.0 0.3 0.4 0.5 0.6

aThe samples were prepared by the addition of Zn@t the Protein concentration (mg/mi)

indicated concentration, to a PSP-I solution (0.45 mg #lin TBS Ficure 3: Zr**-induced dependence on protein concentration of

and subsequently incubated for either 12 or 48 h& #efore running the weight-average molecular mass of PSP-lI determined by

the sedimentation velocity experimentRRA, relative abundance; the  sedimentation equilibrium. PSP-I samples at different loading

estimated error is 196.The species sedimenting in a broad distribution concentrations were analyzed at 30 §dA the absencel) or

within thesesyo values. presence of 0.2 mMX), 1 mM (@), or 5 mM (©) Zn?*, after a 12

h preincubation period at 4C. The scans were taken after 12 h of

] ) ) ) ) centrifugation. Apparent weight-average molecular masses are

particles with axiab/b ratios of 2.18 and 2.23, respectively. shown on the righy-axis and the molecular masses obtained by

Thus, PSP-I would be hydrodynamically equivalent to an extrapolation to zero protein concentration are indicated on the left

anhydrous prolate ellipsoid with axial dimensions of 5.2 nm Y-aXis.

(2a) and 2.4 nm (2b) or to an oblate ellipsoid with axial . ) )

dimensions of 4.0 nm (2a) and 1.8 nm (2b). These dimen- Mentation velocity results for PSP-I unveils the presence of

sions are satisfactorily comparable to those reported for the@ Minute percentage (1.4%) of high molecular mass species

ellipsoidal PSP-I and PSP-II subunits in the crystal structure (UP t0 205 kDa), which might account for the increased

of the PSP-I/PSP-II heterodimer (4:22.7 x 2.3 nn¥) (14). average molecular weight. Because of the small proportion
The addition of ZA" resulted in an increase in thea, of these species, their nature was not investigated further.

,W

value of the predominant PSP-I species and the appearance !N the presence of 21, the sedimentation equilibrium

of faster-sedimenting components (Figure 2), with the Profiles could not be fitted to a single component and became
sedimentation coefficient distributiaz(s) being dependent ~ dependent on protein concentration (Figure 3), thus revealing
on the concentration of 2h and on the length of the self-association. The radial absorbance distribution data of
previous incubation period (Table 1). When samples were PSP-lin the presence of 6:2 mM Zr?* could be well fitted
analyzed 12 h after the addition of 8:3 mM Zr2* to a by a monomer/dimer/tetramer equilibrium. At 5 mMZn
PSP-I solution, the main component exhibitggl, values somewhat higher weight-average molecular masses were
ranging from 1.8 to 2.5 S, depending on the concentration Obtained, in agreement with the pattern of molecular mass
of Zn?*, and a small peak centered at448 S, accounting distributions observed in the sedimentation velocity experi-
for 9—14% of the protein, was also observed. The molecular Ments.

mass distribution (Table 1) could be compatible with the  No increase in the molecular mass of PSP-| was observed
existence of a monomedimer equilibrium, together with  in the presence of Mg concentrations up to 10 mM, and

a subsequent tetramerization process proceeding at a slovthe average molecular weight (16 600 Da) was independent
rate in the time-scale of sedimentation. Longer preincubation of protein concentration (data not shown). When a PSP-I
periods (48 h) resulted in higher , values, and the dimers  solution in 20 mM sodium acetate/acetic acid buffer at pH
became the predominant species, although small fractions6.0 was analyzed, a slightly higher weight-average molecular
of heavier components were also detected. At 5 mM ZnCl weight (17 800+ 300 Da) was observed, possibly indicating
significantly above the range of Znconcentrations found  some self-association, but most importantly, at this pH, the
in boar seminal plasma, the sedimentation coefficients andmolecular mass remained invariant upon the addition éf Zn
the molecular mass distribution could be compatible with at a final concentration of 1 mM. This marked influence of
dimers still being the predominant species, along with the the pH is suggestive of the possible involvement of histidine
slow formation of tetramers and higher-order oligomers.  residues in Zfi" coordination.

The sedimentation equilibrium data for PSP-I alone  Differential Scanning CalorimetnAlthough certain batch-
showed no dependence on protein concentration (Figure 3)to-batch variations were observed in the thermal denaturation
and could be fitted to a single ideal component with a weight- parameters obtained for PSP-I and PSP-Il, the DSC data
average molecular weight of 16 6@D 600, either in the  consistently showed that the thermal stability of the isolated
presence or absence of 2 mM EDTA. This value is 2.5 kDa subunits is substantially smaller than that of the PSP-I/PSP-
higher than the molecular mass experimentally determined|l heterodimer (Figure 4). Average transition temperatures
by mass spectrometry (14 089 Da). Although the estimation of the different batches dropped from 604 0.3 °C, as
of the partial specific volume might be affected by the previously found for the heterodimet§, 24), to 41+ 1 °C
heterogeneous glycosylation of PSFP2L), the uncertainty  for isolated PSP-I and 516 0.2°C for PSP-II, with a large
in its value cannot account for the observed difference in simultaneous decrease in the apparent enthalpies of dena-
molecular mass. However, a closer inspection of the sedi-turation (Table 2). Nevertheless, when an equimolar mixture
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and pooled PSP-I and PSP-Il. The excess heat capacity function Z
(ACp) of PSP-I (....), PSP-II (----), and an equimolar mixture of @ 10 20 30 40 80
PSP-I and nonaggregated PSP-H) (vas determined at a scanning : . 1
rate of 20°C h™1 in 20 mM Hepes at pH 7. The daskot line c
(-+-+-) corresponds to the control PSP-I/PSP-II heterodinidy. ( - 100 1
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£
Table 2: Thermal Denaturation Parameters of Spermadhesins PSP-I &
and PSP-Il as Determined by Circular Dichroisi/4) and £
Differential Scanning CalorimetryT, AHca)? g)
[ZnCl;] Tz Tn AHea g, =
spermadhesin  (mM) (°C) (°C) (kJ molY) 2 Loy *
PSP-I 43.6t0.6 41+1 77+ 10 : : '
1 27.3+04 nd. n.d. 260 280 300
4 243+ 05 27.7£05 nd. A (nm)
PSP-II 52606 51.6+02 87+5 FicurRe 5: Near-UV CD of PSP-I and PSP-II; variation with
4 50.0-04 51.1+02 7346 temperature. (A) Spectra were obtained af@For 1 mg mL* of
PSP-I (----) and PSP-II (....) solutions in 20 mM Hepes at pH 7.0.
PSP-I+ PSP-IF n.d. 60.1+0.1 390+ 10 The solid line corresponds to the control PSP-I/PSP-II heterodimer.
PSP-I/PSP-H 62.2+ 0.5 60.7£0.3 405+ 17 (B) Representative PSP-I spectra acquired at 5 (solid line), 20
4 46.840.2 51.840.3 240+10 (dashed line), 35 (dotted line), 45 (dastotted line), 50 (short

~ *Data reported previously for the PSP-I/PSI_:’-II heterodimer are also ﬂas?;:g:;ngz:’qﬁ:jegoa(tsyg rzsdocl)itéeltijnlzlalgééé)(:({jgsﬁézsl?gé?,tl\é% F()dSoF;t-e d
included for comparafive purposéData obtained at 5 mM 2. 0885 ook dotted line), 60 (short dashed line), and 70 (short
- Using a PSP-Il preparation containings% of aggregated material. dotted line) °C. Insets in B and C show the variation with
dData from ref 14; md., not determined T ;

i : temperature of ellipticity at 268 and 255 nm, respectively. The
continuous lines correspond to the fit of a sigmoidal function to
of PSP-I and PSP-Il was analyzed, the corresponding heat-experimental data.
capacity curve approached that of the heterodimer, with the
degree of recovery being PSP-II batch-dependent. Thus,were phenomenologically analyzed using a sigmoidal func-
when a batch showing negligible aggregatiorb$) was tion (see Experimental Procedures) and yielded a value of
used, the reconstructed dimer exhibiledandAHg, values 43.6 + 0.6 °C for Ty This value is very close to the
very close to those of native PSP-I/PSP-II (Figure 4, Table transition temperature obtained by DSC (Table 2).

2). This result corroborates that PSP-1 and PSP-Il are capable The near-UV spectrum of PSP-II also presented a positive
of fully reassociating into a native-like heterodimer. band in the tryptophan region but differed significantly at
The presence of 2n drastically decreased the thermal shorter wavelengths from those of PSP-I and the PSP-I/PSP-
stability of PSP-I, thd,, dropping to around 27.7C (Table Il heterodimer, showing a broad positive region with a
2). However, the broadening of the heat-capacity curve andmaximum at 255 nm (Figure 5A). The intensity of these
the low enthalpy of denaturation, together with the irrevers- bands varied with the degree of PSP-II aggregation and
ibility of the process, made further analysis of the transition decreased irreversibly upon thermal denaturation with a
curve unfeasible. In contrast, no significant effect ofZn  concomitant increase in ellipticity below 250 nm (Figure 5C).
on the thermostability of PSP-1l was observed (Table 2). From the monitoring of the decrease with temperature of
Circular Dichroism SpectroscopyThe near-UV CD the ellipticity at 255 nm (Figure 5C, inset),Ta,, value of
spectrum of PSP-| resembled that of PSP-I/PSPLE),( 52.6+ 0.6 °C was estimated. This value is also close to the
showing a large negative band with minima at 287 and 268 transition temperature obtained by DSC (Table 2).
nm and a sharp positive band at 290 nm in the tryptophan The far-UV CD spectrum of PSP-I was also very similar
region (Figure 5A). The thermal denaturation of PSP-I led to that of the PSP-I/PSP-II heterodime¥4), with a large
to a gradual decrease in the intensity of positive and negativepositive band centered around 201 nm and a negative band
bands (Figure 5B), along with an increase in ellipticity below at 216 nm (Figure 6A). Deconvolution of the spectra using
250 nm. These changes were irreversible and reflect the losghe Lincomb procedure showed that in solution the major
of the tertiary structure of the protein. The ellipticity at 268 structural elements of PSP-I gfesheets and turns (over 65%
nm was monitored as a convenient probe of thermal of j-structure), which is consistent with the structure
denaturation (Figure 5B, inset). The experimental curves observed by X-ray crystallography. A similar far-Uv CD
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FiGURE 6: Effect of Zr** on the CD spectra of PSP-I. (A) Far-UV CD spectra were acquired’a for 1 mg mL* of PSP-| solutions
in 20 mM Hepes at pH 7.0 in the absenee) (or presence of 1 mM Z (----) or 1 mM C&™" (.....). The dashdot line (~-+-) corresponds
to the control PSP-I/PSP-II heterodimer. (B) Near-UV CD spectra were acquired, as in Figure 5A, in the ab3emgedsence of 3gM
(-O-), 300uM (----), 750 uM (-O-), 2 mM (....) or 4 mM (a-) Zn?*. (C) Variation in ellipticity at 268 nm®.sg) as a function of Z#a"
concentration. Inset: Scatchard plot of the data in terms of relative ellipticity chafA\@Bg(AO 268 may, taking A® 65 maxas the difference
in ©,63 between 0 and 4 mM 2. (D) Variation with temperature 08,6 in the absence) or presence of 4 mM Zft (»). The
continuous lines correspond to the fit of a sigmoidal function to experimental data.

spectrum was also observed for PSP-II, although the intensity
of the bands varied, again, with the degree of aggregation.
The addition of ZA" to the PSP-I solution (in 20 mM
HEPES at pH 7) resulted in a decrease in the secondary-
structure content of the protein, whereas*Cimduced no
observable effect (Figure 6A). At 1 mM Zngla loss of
30% in S-structure was estimated. Furthermore, the near-
UV spectrum underwent similar changes, although not
identical to those produced by thermal denaturation (Figure
6B) showing a decrease in the intensity of the positive and
negative bands and an increase in ellipticity below 250 nm.
These changes were dependent on th&€ Zoncentration,
as clearly evidenced by th@.gs versus [Z/'] plot (Figure
6C). A Scatchard analysis of these data, taking the relative
decrease in ellipticity at a given Zhconcentration 40,69
AB263may) as the saturation function, yielded a straight line —
(R=0.97) (Figure 6C, inset) from which an apparent binding 260 280 300
constant for ZA* of 2.0 + 0.2 mM was estimated. - . Time denend ?(t';]m) prinduced ch -
Monitoring the decreasing ellipticity at 268 nm with increas- HGURE 72 TIme dependence ot (e Zninduced changes in the
ing temperature (Figure 6D) confirmed the reduction in the &%?gg(\:/qa?ej?gft{unrrg ?;Lfif F',"Slrje_\llifiﬁligr{slzir? gé'nfﬁn) Sgsgga
thermal stability of PSP-I in the presence of?Zmevealed at pH 7.0, in the absence (solid line) or presence of @AEZnz",
by DSC (Table 2). The ellipticity change associated with either immediately upon the addition of the cation to the protein
the PSP-I thermal denaturation and the slope of the CD solution (short dashed line) or after incubation 3ch (dotted line),
profiles were also smaller, indicating thatZrperturbed the ~ ©F 24 h (dashed line). (B) After incubation for 24 h with 30M

- e Zn?* (dashed line), 1 mM EDTA was added and the spectrum
protein structure and decreased the cooperativity of theacquired after incubation for 20 h (dotted line). Finally, additional

denaturalization process, despite the PSP-I self-associatiolEpTA was added up to a final concentration of 10 mM and the
induced by the cation. spectrum obtained immediately (thin solid line) and after incubation

Although the above-mentioned effects were observed for 3 days (short dashed line). The thick solid line denotes the
; ; e _ control PSP-I. All spectra were acquired &t and the incubations
!mmedlgtely after the addition of anlto'PSP I, the were performed at the same temperature.
incubation of the samples for longer periods—@4 h)
resulted in a further and progressive decrease in the intensitysecond slow Z#-induced process, as revealed by the
of the bands (Figure 7A). This indicates the existence of a analytical centrifugation studies. Both events could be almost
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completely reversed by adding EDTA. The recovery induced
by EDTA was very slow and dependent on its concentration
(Figure 7B). Thus, the spectrum changes promoted by the
incubation of PSP-I with 0.3 mM 2 for 24 h were about
75% reverted after the incubation with 10 mM EDTA for 3
days. In contrast, no effect of €aon the CD spectra of
PSP-I was observed. Interestingly, the effect of'Zon both
the far-UV and near-UV CD spectra became negligible when
the pH of the PSP-I solution was lowered to 6; this suggests
the possible involvement of histidine residues in?Zn
coordination. No appreciable effect of Znon the CD
spectra of PSP-1l was discerned. ] ) . ) .
Affinity Chromatography on Heparin-Acrylic Beads a Ficure 8: Ribbon diagram of PSP-I showing the relative position

- L A of residues Asp-2, Tyr-3, and His-4 with respect to the hydrophobic
previous study &), no binding of radioiodinated PSP-1t0 ;0" Residues of the hydrophobic core are colored in yellow, except

heparin immobili;eq on plastip micro'WeIIs was observed. for Tyr-3 and Trp-29, which are colored in CPK code. The residues
However, low-affinity interactions might not have been are numbered according to the amino acid sequence of the mature

detected in this binding assay because of the minute, protein.
nanomolar concentrations of protein and ligand present in
the well. On the contrary, PSP-I has been found in the below O ppm (data not shown); this data further supports
fraction of seminal p|asma bound to a Sephafdw)arin the C-OI"IC|USi0n that PSP-I is a folded and well-ordered
column @5). Therefore, here, we have examined the Protein.
chromatographic behavior of PSP-1 on heparin immobilized  Bearing in mind that no major changes in the architecture
on acrylic beads to minimize possible interfering interactions of the subunits seem to occur upon dissociation of the PSP-
with the support. Negligible binding of PSP-I to the heparin- I/PSP-II heterodimer, the higher thermostability of the dimer
acrylic bead column equilibrated with TBS containing 2 mM over the isolated subunits, detected by DSC and CD thermal
EDTA was observed. In contrast, in the presence of 1 mM denaturation experiments, can be primarily attributed to
Zn?t, most of the protein was retained in the column and intersubunit interactions. Besides, the heterodimer interface
could be eluted by the additionfd M NaCl (data not is largely nonpolar, consisting of a central solvent-inacces-
shown). Alternatively, the bound protein could also be eluted sible hydrophobic nucleus flanked on both sides by a cluster
by the addition of free competing heparin (10 mg/mL) to of polar or charged residues and a solvent exposed aromatic
the buffer. However, chondroitin-6-sulfate, a different sul- residue 14). The desolvation of this hydrophobic nucleus
fated polysaccharide, was ineffective for desorbing bound will definitely contribute to an increase in the denaturation
PSP-1 from the column at the same concentration. This enthalpy change and thermostability of the dimer.
behavior suggests a seemingly specific recognition of heparin -~ A second major conclusion is that PSP-| stability is notably
by PSP-I in the presence of Zn diminished in the presence of Znas evidenced by DSC
and CD, whereas no effect on PSP-II is observed. Changes
DISCUSSION in the CD spectra of PSP-I are indicative of a loosened
The first salient conclusion that can be drawn from this protein core packing and a decrease in the content of the
study is that separate spermadhesins PSP-I and PSP-Il seesecondary structure. The critical dependence on the pH of
to preserve the overall fold of the CUB domain observed in these changes is compatible with histidine residues being
the crystal structure of the PSP-I/PSP-II heterodimer. The involved in metal ion coordination, as is frequently found
isolated subunits behave in solution as monomeric proteins,in Zn*"—protein complexes. PSP-I contains two histidine
although PSP-II often shows a variable degree of aggregation.residues at positions 4 and 95 of the protein amino acid
Moreover, the hydrodynamic shape and dimensions of the sequence. Although His-95 is located on a loop far away
PSP-I monomer, deduced from sedimentation velocity stud- from the protein core, His-4 is at the end/strand 1, which
ies, are comparable to those found for the ellipsoidal subunitsholds Tyr-3 (Figure 8). This tyrosine residue lies on top of
of the PSP-I/PSP-II heterodimer. In addition, the similarity the hydrophobic core and acts like a small lid. Thus, it is
of the far- and near-UV CD spectra to those of the conceivable that a displacement of this shidtrand as a
heterodimer24) supports the conservation of secondary and result of Zr#* coordination by His-4 and also possibly Asp-2
tertiary structures in the isolated subunits. In particular, the may shift the lid and expose the core residues, thus
near-UV CD spectra are characterized by the presence of adecreasing the stability of the domain. Moreover, the
sharp positive band in the tryptophan absorption region. Both exposure of a hydrophobic region on the protein surface
PSP-I and PSP-II contain a single tryptophan residue, which could account for the self-association of PSP-I, as reported,
is accommodated within the hydrophobic core of the CUB for example, for calreticulin26), which, in the presence of
domain in the PSP-I/PSP-II structure. Thus, the Trp band Zn?", associates reversibly into dimers and precipitates at
reflects the specific environment of this residue in the folded high concentrations of the cation. At Znconcentrations in
tertiary structure, and it can be regarded as a characteristidhe order of the total amounts found in seminal plasma, the
fingerprint of the native fold of PSP-1 and PSP-II. In addition, predominant PSP-I species is also a dimer. Yet| &inding
a preliminary inspection of thtH NMR spectrum of PSP-I1  is not apparently mediated by two different PSP-I molecules
has revealed the presence of narrow lines and significant shiftas has been proposed for other proteins such as the
dispersion, together with a large number of signals in the Alzheimer's amyloid3-peptide 27) because changes in the
aromatic region and signal dispersion beyond 8.5 ppm andCD spectra are manifestly perceptible at concentrations below
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those inducing the protein self-association. The effects of released during subsequent in vitro sperm capacitafipn (
Zn?" on PSP-I provide a rationale for the previously reported However, the involvement of the spermadhesin PSP-I/PSP-
decrease in stability of the PSP-1/PSP-II heterodinié).( Il complex in capacitation-related events has not been
Evidently, the dissociation of the heterodimer (detectable at demonstrated, probably because heterodimerization modu-
the low nanomolar range of protein concentrations) will be lates the biological activities of the subunits. Accumulating
enhanced in the presence of the cation because of the Zn evidence points to a role for these spermadhesins as
induced unfolding and self-association of PSP-I. exogenous modulators of uterine immune activity. Hence,

A final noteworthy observation is that the Zrmediated PSP-1 and PSP-IlI are immunostimulatory for lymphocyte
structural changes in PSP-I have a profound effect on its activity in vitro (30), and the binding of PSP-I to lymphocytes
heparin-binding capability. Although in the absence otZn  has been demonstrate8lj. Furthermore, the PSP-I/PSP-II
PSP-I is not retained on a heparin-acrylic bead column, in heterodimer and its isolated subunits induce the recruitment
the presence of the cation, the protein is bound and elutedof neutrophils into the peritoneal cavity of ra82( and pigs
with 1 M NaCl, resembling the behavior of the free PSP-1 (33). In the rat, the neutrophil migration-inducing activity
present in the heparin-binding fraction of seminal plasma. of PSP-I/PSP-II, and possibly of the PSP-II subunit, is
The fact that heparin but not chondroitin-6-sulfate behaves mediated by the stimulation of resident macrophages, which
as the effective competitor for the desorption of bound PSP-| release a neutrophil chemotactic substar2®, (whereas
suggests that binding to the heparin column does not merelyPSP-1 appears to act directly on neutrophdd)( Thus, the
result from a nonspecific ion exchange process. Thus, only dissociation of the heterodimer upon the dilution of the
Zn?*t-denatured and self-associated PSP-I exhibits a seem-protein in the female genital tract might be of physiological
ingly specific heparin-binding capability in the assayed importance for the immune modulation inside the uterus. The
system. The activation of the heparin-binding activity through purpose of these proinflammatory and immunostimulatory
protein oligomerization is not an unusual strategy, and it has activities would be to prevent possible infections of the lower
been previously reported for the bovine seminal plasma reproductive tract and to purge the uterine environment of
protein PDC-10928) and other unrelated biological systems foreign cells for the descending early embryos, thus ensuring
such as the above-mentioned amyloidogé¢hpeptide 29). reproductive success.
Of note is the fact that spermadhesins in the heparin-binding
fraction of boar seminal plasma appear as polydisperseACKNOWLEDGMENT
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