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Abstract A sperm motility inhibitor isolated from porcine
seminal plasma is identical to porcine PB-microseminoprotein
(MSP). Circular dichroism (CD) and nuclear magnetic reso-
nance (NMR) data showed that the native and recombinant
porcine MSPs exhibit very similar structure. The five disulfide
pairings on porcine MSP were unambiguously assigned based on
NMR data and further confirmed using structural calculations.
Surprisingly, our derived pairings differ from those recently re-
ported for ostrich MSP based on matrix-assisted laser desorp-
tion ionization-time of flight (MALDI-TOF) analysis. Further-
more, the secondary structure was determined to comprise one
four-stranded and two double-stranded antiparallel B-sheets. As
we know, this is the first detailed secondary structure reported
among several types of MSPs.

© 2003 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

B-Microseminoprotein (MSP) was originally isolated from
human seminal plasma [1], and the human MSP has also been
designated as prostate secretory protein of 94 amino acids
(PSPy4) to reveal both the size of the secreted protein and
the high concentration in prostatic secretion [2]. A variety
of MSPs as well as their primary sequences have subsequently
been identified from several different species, including ba-
boon [3], rhesus [4], tamarin [2], pig [5], rat [6], mouse [7]
and ostrich [8]. It has been found that MSPs are all non-gly-
cosylated and disulfide bond rich, but show a relatively low
level of conservation. This finding suggests that MSPs have
undergone a rapid and unusual evolution. Although the pu-
tative biological roles, such as immunoglobulin binding factor
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[9] and tumor marker for gastric carcinoid disease [10], have
been suggested for some MSPs, the biological functions that
MSPs possess are still poorly understood. In addition, their
sequences bear no significant resemblance to proteins of
known function, making it difficult to speculate about their
biological functions. Therefore, to gain insight into the struc-
ture/function relationship of MSPs, a detailed structural anal-
ysis of MSPs is necessary. To date, structural studies on MSPs
are scarce and there is no known structure related to MSP in
the Protein Data Bank. Most recently, three of the five disul-
fide pairings of ostrich MSP have been identified based on the
technique of matrix-assisted laser desorption ionization-time
of flight (MALDI-TOF) mass spectrometry [§8], but the link-
ages between Cys®’ and Cys® to the Cys residues composing
the pair 46-47 in ostrich MSP however could not be unam-
biguously assigned.

A sperm motility inhibitor, isolated from porcine seminal
plasma, has been confirmed to be identical to porcine MSP
based on peptide sequence, amino acid composition and mass
spectral analysis [11]. Porcine MSP contains 91 amino acid
residues with a pyroglutamate at its N-terminus and is linked
with five disulfide bridges. The previous biochemical studies
showed that porcine MSP not only inhibits competitively the
activity of Nat,K*-adenosine triphosphatase (ATPase) but
also binds to both the head and tail regions of sperm [11].
Multiple sequence alignment of porcine MSP with other
MSPs (Fig. 1) shows that all Cys residues are conserved and
located at the same positions. One may suggest that the di-
sulfide pairings would be the same based on the conservation
of Cys residues. In this work, we cloned, expressed, and pu-
rified recombinant unlabeled as well as ’N/'3C double-labeled
porcine MSP to carry out its structural analysis. On the basis
of heteronuclear multidimensional nuclear magnetic resonance
(NMR) techniques using recombinant '"N/'3C-labeled pro-
tein, we identified the five disulfide bond pairings of porcine
MSP and surprisingly these disulfide patterns are different
from those of ostrich MSP. The detailed secondary structure
of porcine MSP was also determined and will be discussed.

2. Materials and methods

2.1. Preparation of porcine MSP

The native porcine MSP was obtained as previously described [11].
The unlabeled and uniformly N/'*C double-labeled porcine MSP
with an additional 17 amino acids, MRGSHHHHHHGSDDDDK,
at the N-terminus was expressed in Escherichia coli M15 containing
the constructed vector [pQE30] at 37°C. Isopropyl-B-thiogalactopy-
ranoside (IPTG) was added to a final concentration of 2 mM when
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Fig. 1. Multiple sequence alignment of porcine MSP with eight other MSPs was generated using CLUSTAL-W [24] and ESPript [25] programs.
Residues that are identical are shown in white type with a black background and those that are highly conserved are shown within boxes. The
sequence number shown on the top of the figure is based on the sequence of human MSP.

ODygq reached 0.6, and the culture was then incubated for another 4 h.
After harvesting the E. coli by centrifugation at 2000 X g for 20 min at
4°C, the pellet was washed with 40 ml resuspension buffer (50 mM
sodium phosphate, 200 mM sodium chloride, pH 8.0). The bacteria
were then disrupted by a microfluidizer and the supernatant was re-
covered by centrifugation at 50000X g for 30 min at 4°C. The super-
natant was mixed with 6 ml nickel-nitrilotriacetic acid (Ni-NTA) resin
for 1 ~2 h, and then loaded in a 40 ml (25X 100 mm) column. The
column was first washed with the sufficient washing buffer (5 mM
imidazole in 50 mM sodium phosphate, 200 mM sodium chloride,
pH 8.0) to remove the contaminants. The binding protein was finally
eluted with washing buffer containing 120 mM imidazole. To improve
the purity of recombinant protein, the reversed-phase high perfor-
mance liquid chromatography (HPLC) was applied for further puri-
fication. The purity of the recombinant porcine MSP was checked by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) and emission/mass spectrometry.

2.2. Circular dichroism (CD) experiment

CD experiments were carried out using an Aviv 202 SF CD spec-
trometer (Lakewood, NJ, USA) calibrated with (+)-10-camphorsul-
fonic acid (CSA) at 25°C. In general, a 2 mm path-length cuvette
with 20 uM porcine MSP in 20 mM phosphate was used for CD
experiments. The steady-state CD spectra were recorded from 180
to 260 nm at different temperatures and pH values. After background
subtraction and smoothing, all the CD data were converted from CD
signal (millidegree) into mean residue ellipticity (deg cm? dmol™").
The secondary structure content was estimated from the CD spectra
according to the methods of CONTIN, SELCON and CDSSTR [12].
Equilibrium thermal denaturing experiments were performed by mea-
suring the change of ellipticity at 231 nm.

2.3. NMR experiment

All NMR experiments were performed on a Bruker AVANCE 600
spectrometer equipped with a triple (‘H, '*C and "N) resonance
probe including a shielded z-gradient. NMR samples were prepared
in 50 mM phosphate buffer in 90% H,0/10% D,O at pH 5.0 and
contained 0.35 ml of 1.5 mM protein in a Shigemi NMR tube (Allison
Park, PA, USA). For the native porcine MSP, two-dimensional (2D)
"H NMR spectra, scalar-correlated spectroscopy (COSY) [13], total
correlation spectroscopy (TOCSY) [14] and nuclear Overhauser en-
hancement spectroscopy (NOESY) [15] spectra were collected. All
heteronuclear NMR experiments for recombinant MSP were carried
out as described elsewhere [16]. The amide proton exchange rates were
identified from residual amide proton signals observed in several 2D
TOCSY and 'H-PN heteronuclear single-quantum correlation
(HSQC) spectra recorded at 310 K and pH 5.0 in D,0O. 2,2-Dimeth-
yl-2-silapentane-5-sulfonate (DSS) was used as an external chemical
shift standard at 0.00 ppm. The N and '*C chemical shifts were

—_

indirectly referenced using the consensus = ratios of the zero-point

frequencies at 310 K [17]. All spectra were processed using XWIN-
NMR and analyzed using AURELIA on an SGI O, workstation.
Linear prediction was applied in the '*C and >N dimensions to im-
prove the digital resolution.

2.4. Tertiary structure calculations

Distance restraints of porcine MSP were derived primarily from
three-dimensional (3D) NOESY-HSQC spectra recorded in aqueous
solution at 310 K, pH 5.0. Peak intensities were classified as large,
medium, small, and very small, corresponding to upper bound inter-
proton distance restraints of 2.5, 3.5, 4.5, and 6.0 A, respectively. An
additional correction of 1.0 A was added for methylene and methyl
groups. The backbone ¢, y torsion angles were calculated using the
TALOS program [18] and those in good agreement with nuclear Over-
hauser enhancement (NOE) correlations were used for structure gen-
erations. All minimization and dynamical simulated annealing calcu-
lations were carried out with the program X-PLOR 98 [19] on an SGI
0, workstation. The INSIGHT II (Molecular Simulation Inc., San
Diego, CA, USA), MOLMOL [20] and GRASP [21] programs were
used to visually observe sets of structures and to calculate and gen-
erate the electrostatic surface potential of the final 3D models. The
distributions of the backbone dihedral angles of the final converged
structures were evaluated using PROCHECK-NMR [22].

3. Results

3.1. Conformational stability and secondary structure based on
CD data

CD spectra of the recombinant porcine MSP at different
pH values are very similar, indicating that its secondary struc-
ture is independent of pH factors (Fig. 2A). Also, CD spectra
of the native and recombinant proteins acquired under iden-
tical conditions are similar (Fig. 2B), revealing that they pos-
sess very similar secondary structures. The secondary struc-
ture contents of the recombinant and native porcine MSPs
estimated using CONTIN-LL, SELCON3 and CDSSTR pro-
grams [12] showed that porcine MSP is mainly composed of
B-sheet structures and contains a very small content of
o-helix, if any. Since both native and recombinant proteins
are not completely denatured even at temperature as high as
95°C, their T;, values could not be accurately obtained, but
we could conclude that both proteins are highly thermal stable
with an almost identical Ty, value since the profile of their
titration curves could be nicely superimposed.
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Fig. 2. A: CD spectra of the recombinant porcine MSP at different
pH values are similar, revealing that the secondary structure of por-
cine MSP is pH independent at pH 3.0-8.0. B: CD spectra between
native and recombinant porcine MSPs under the identical conditions
are very much alike, indicating that their secondary structures are
similar.

3.2. Comparison of NMR data and NMR assignment

Fig. 3A shows a comparison of one-dimensional (1D) spec-
tra between native and recombinant porcine MSPs. It was
found that most of the residues display identical chemical
shifts, indicating that their tertiary structures are also very
much alike. In addition, we checked and compared NOE con-
nectivities, particularly long-range NOEs, between native and
recombinant proteins. Again, we did not observe any signifi-
cant change and this finding is in good agreement with the
result based on the change of chemical shifts.

With high stability and well-dispersed NMR data, porcine
MSP is suitable for NMR structural studies. We chose pH 5.0
for the structural study since under this condition the sample
possesses slow amide exchange in addition to having well-re-
solved NMR data. Sequence-specific assignment of the back-
bone atoms was achieved by independent connectivity anal-
ysis of CBCA(CO)NH, HNCACB, HNCO, HN(CA)CO
and C(CO)NH. The 'H resonances were assigned using
3D TOCSY-HSQC, HAHB(CO)NH, HCCH-TOCSY and
HC(CO)NH. Combined information from 2D !'H-PN
HSQC and 3D NOESY-HSQC experiments yielded assign-
ments for the side-chain amide resonances of the Asn and
Gln residues. Aromatic resonances were assigned using 2D
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'H-13C HSQC, 2D NOESY and 2D TOCSY data in D,O.
All proline residues (Pro®, Pro'?, Pro?*, Pro®> and Pro%’) were
assigned by sequential connectivities. We have so far assigned
the resonances of all backbone *N, 'HN, H*, 13C*, 13C’" and
side-chain '*CB, with the exception of 'HN resonance in Lys?,
which is presumably exposed to the surface and has a very
fast exchange rate with H,O. The backbone 'H, '*C and N
chemical shifts of porcine MSP at pH 5.0 and 310 K have
been deposited to BioMagResBank under accession number
BMRB-5565. Based on the CD and NMR data comparison,
we concluded that the extra 17 residues at the N-terminus in
the recombinant protein do not affect the conformation of the
mature protein. Thus, we did not attempt to assign resonances
of these residues. The resonance assignments are clearly an-
notated in the 2D 'H-N HSQC spectrum (Fig. 3B).
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Fig. 3. A: Comparison of 1D spectra of the native and recombinant
porcine MSPs is shown. Due to the effect of the extra 17 residues
at the N-terminus in the recombinant protein, a few small regions
of chemical shifts are different. B: A 2D 'H-'>’N HSQC spectrum
of recombinant porcine MSP obtained at 310 K. The NMR sample
contained about 1.5 mM porcine MSP in 50 mM phosphate buffer,
pH 5.0. The resonance assignments are indicated with the one-letter
amino acid code and residue number. Side-chain amide protons of
Asn and Gln are indicated by horizontal lines.
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Fig. 4. A: A partial region of 2D NOESY spectrum extracted
from 3D BC-NOESY-HSQC in D,0O at 3C=47.47 ppm shows the
NOE connectivities of two disulfide pairings, C2-C47 and C37-C46.
B: Comparison of the disulfide pairings between ostrich and porcine
MSPs is shown. The disulfide pairings for ostrich MSP are deter-
mined based on MALDI-TOF mass analysis [8] and the two disul-
fide pairings that could not be unambiguously identified are indi-
cated by a dotted line.

3.3. Disulfide pairings and proline cis-trans conformation

Based on the detection of dgg(i,j) and/or d,g(i,j)) NOEs (Fig.
4A) between the two Cys residues that form a disulfide bridge,
the connections of five disulfide bridges in porcine MSP,
which include Cys?>-Cys*’, Cys!>-Cys¥, Cys*-Cys™, Cys¥7-
Cys*, and Cys®'-Cys®, were unambiguously assigned. Inter-
estingly, these pairings are different from the pairings of os-
trich MSP derived based on MALDI-TOF techniques [8]. In
comparison only two pairings (34-70 and 61-84) are the same
among the five disulfide pairings between porcine and ostrich
MSPs (Fig. 4B). There are five proline residues in the se-
quence and they all form frans conformations, based on the
criteria that all prolines possess strong dyg(i,i+1) NOEs with
their preceding residues.

3.4. Secondary structure and amide proton exchange rate

A consensus chemical shift index (CSI) [23] generated using
IHe, Bce, BCB, and *C’ chemical shifts revealed that the
secondary structure of porcine MSP is primarily composed
of eight B-strands (data not shown) and contains no o-helical
structure. In addition, we did not detect characteristic o-heli-
cal NOEs, dun(i,i+3), dup(i,i+3), and dnn(i,i+1), in the NO-
ESY data, further indicating the absence of a-helix for por-
cine MSP. Given the observed crossover NOEs between the
B-strands and the slowly exchanging amide protons (Fig. 5A),
we concluded that these B-strands clearly form a four-
stranded (Cys>-Ile’, Ser’-Thr', Glu*-Cys* and Ile*-
Asn*®®) and two double-stranded antiparallel B-sheets (Cys®!—
Thr® and Thr’'-Lys’”; [le>~Thr** and Gly%®-Leu®!), as rep-
resented by the topology diagram of Fig. 5B. A detailed com-
parison of exchange rate data reveals that all of very slowly
amide protons (Ile’, Trp®, Glu®¢, Thr*®®, and Ser®) are lo-
cated at the four-stranded antiparallel B-sheet, indicating that
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this B-sheet region possesses stronger H bonds and is the most
stable in the structure of porcine MSP. In comparison, there is
no medium or slow amide proton observed in the double-
stranded PB-sheet (Ile’’-Thr’* and Gly®-Leu’!), revealing
that this B-sheet is the least stable among all B-sheet struc-
tures.

3.5. Structure calculation

To further confirm the disulfide pairings of porcine MSP
using structural calculations, we initially built three starting
structures of porcine MSP with different disulfide pairings,
that is, a structure with our derived disulfide pairings (P1:
2-47, 15-39, 34-70, 37-46 and 61-84) and two structures
based on disulfide pairings of ostrich MSP (P2: 2-15, 34—
70, 37-46, 39-47 and 61-84; P3: 2-15, 34-70, 37-47, 39-46
and 61-84). A set of 90 restraints, including 43 long-range
distance restraints, 32 dihedral angle restraints, and 15 hydro-
gen bond restraints, was applied for simulated annealing and
energy minimization calculations using the program X-PLOR.
30 structures were generated for each of P1, P2 and P3, and
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Fig. 5. A: Definition of the B-sheet structure of porcine MSP is
shown based on the NOEs and amide proton exchange rate. Cross-
over NOEs between B-strands are indicated by double arrows.
Dashed lines between backbone amide protons and backbone car-
bonyl oxygens indicate hydrogen bonds consistent with slow ex-
changing HN observed in D,0O. The amide protons with slow ex-
change rates are circled. B: The topology diagram of porcine MSP
is shown. For clarity, the residues that form a B-strand are speci-
fied.
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Table 1
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The average energy (kcal/mol) of each target function from the X-PLOR program for the P1, P2, and P3 final structures, which were generated
using three different disulfide pairings (P1: 2-47, 15-39, 34-70, 37-46 and 61-84; P2: 2-15, 34-70, 37-46, 39-47 and 61-84; P3: 2-15, 34-70,

37-47, 39-46 and 61-84)

Structure type E (total) E (bond) E (angle) E (impr) E (VDW) E (CDIH) E (NOE)
PI1 396.2+£7.9 36.1+£0.9 208.9£4.8 14.2£0.6 131.5£4.38 39+0.7 1.5£0.8
P2 514.0t16.4 441125 2453+1.3 25.0%+2.8 160.3+7.7 13.2+1.7 26.2%+9.9
P3 444.6£19.5 364%1.5 215.4+£8.0 18.1+3.3 138.1£3.9 4.5+£0.9 32069
the best five structures of each type were chosen for analysis. References

Table 1>0.5 A for distance restraints of dyx(35,48) and
Ao >1.0 A for distance restraint of dyx(37,46). In addition,
structural analysis using PROCHECK-NMR also revealed
that P1 structure is the best, due to the higher percentage of
its residues which lie in the most favored and additional al-
lowed regions (plot not shown). As a result, the structural
calculation further proves the accuracy of disulfide pairings
determined using NOE correlations for porcine MSP.

4. Discussion

The similarities of CD and NMR spectra between native
and recombinant proteins indicate the correct tertiary fold for
the recombinant porcine MSP. Based on the specific NOEs,
we identified the five disulfide pairings of porcine MSP. To
ensure the accuracy of these disulfide pairings, we further
applied structural calculations using 90 restraints, which
were all double checked and included several key long-range
distances in B-sheet regions. Of three types of structures gen-
erated, only P1 structures that were generated using our di-
sulfide pairings could fit these restraints. Accordingly, we be-
lieve that our disulfide pattern assignments for porcine MSP
are correct. However, we still don’t know why porcine and
ostrich MSP exhibit different disulfide pairings. One possible
explanation is that due to the rapid evolution and low se-
quence identities, MSPs intrinsically possess different disulfide
patterns even though Cys residues are all conserved and lo-
cated at the same positions. Obviously, to further confirm the
existence of different disulfide patterns on MSPs, more in-
depth structural study, especially in the identification of disul-
fide patterns, is needed. Furthermore, the secondary structure
of porcine MSP was determined to be composed of a four-
stranded and two double-stranded antiparallel B-sheets. As we
know, this is the first detailed secondary structure reported
among several types of MSPs. The disulfide patterns and
the secondary structure on porcine MSP determined in this
work are novel and can provide valuable information for
subsequent MSP structural studies and additional data for
understanding the biological functions of MSP.
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