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Abstract

The Zn(II) binding by partial peptides of human protamine HP2: HP2,  ;HP2  HP2  ,  HP2_ _ and HP2  _ was studied
by circular dichroism (CD). Precipitation of a 20-mer DNA by these partial peptides and the effects of Zn(II) thereon were
investigated using polyacrylamide gel electrophoresis (GE). The results of this study suggest that reduced HP2 (thiol groups
intact) can bind Zn(II) at various parts of the molecule. In the absence of DNA, the primary Zn(II) binding site in reduced HP2
is located in the 3747 sequence (involving Cys-37, His-39, His-43, and Cys-47), while in the presence of DNA, the strongest
Zn(II) binding is provided by sequences 12—22 (by His-12, Cys-13, His-19, and His-22) and 43—57 (His-43, Cys-47, Cys-53,
and His-57). In its oxidized form, HP2 can bind zinc through His residues of the 722 sequence. Zn(II) markedly enhances
DNA binding by all partial peptides. These findings suggest that Zn(II) ions may be a regulatory factor for sperm chromatin
condensation processes. (Mol Cell Biochem 222: 97—-106, 2001)
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Introduction

DNA in vertebrate sperm is stabilized through the binding to
protamines, small basic proteins rich in arginine, which pro-
vide positive charges required for the neutralization of DNA
phosphates [1, 2]. In mammals, protamines also contain cys-
teine residues, which form intermolecular disulfide bridges,
increasing the stability of the DNA-protein complex. Con-
sequently, protamine-bound DNA in sperm head is compacted
severalfold compared to somatic nuclei [3]. This function is
exerted by protamine P1, expressed in all mammalian spe-
cies. A few species, including mouse and man, express an
additional protamine, P2, also containing histidine, [1, 2].
Strikingly, its presence at 50—70% of total protamine is re-
quired for male fertility in humans [4]. The sequence of hu-
man P2 (HP2) is as follows [1, 2]:

RTHGQ-SHYRR-RHCSR-RRLHR-THRRQ-HRSCR-
RRKRR-SCRHR-RRHRR-GCRTR-KRTCR-RH

Zn(1II) binding in sperm chromatin is necessary for maintain-
ing sperm viability [5]. HP2 is believed to provide these zinc
binding site(s). A recent paper indicated that Zn(II) content
of mammalian sperm cells (including human) correlates with
protamine 2 abundance and it is sufficient in the majority of
cases to form 1:1 complex with P2 [6]. The identity and lo-
calization of this site(s) within HP2 is, however, uncertain.
One proposal, based on the effects exerted by Zn(II) on HP2
CD spectrum and structure prediction algorithms, suggests
that two Zn(II) ions are coordinated to four separate histidine
nitrogens each, producing multiple loops in the HP2 molecule
[7]. This suggestion, neglecting the participation of Cys sulfur
donors in the binding, is contrary to known coordination

Address for offprints: W. Bal, Faculty of Chemistry, University of Wroclaw, F. Joliot-Curie 14, 50-383 Wroclaw, Poland



98

preferences of Zn(Il). The other proposal, based on Co(II)
substitution and UV-vis spectra, suggests a single Cys2/His2
binding site, more or less analogous to zinc-finger domains
[8]. Such a coordination set is chemically viable, but the cri-
teria of selection of the particular coordinating residues out
of many available (two out of nine His and two out of five
Cys side chains) are not clear. Our preliminary study, using
CD spectroscopy, indicated that HP2 may bind two Zn(II)
ions in vitro with a relatively high affinity [9].

Human protamine HP2 possesses another metal-binding
domain. It is the N-terminal tripeptide Arg-Thr-His, a spe-
cific Cu(Il)- and Ni(II)-binding site, analogous to the physi-
ological Cu(Il) carrier in human serum albumin, and also
involved in nickel toxicity [ 10]. In our recent studies of Cu(II)
and Ni(II) interactions with HP2, we used its N-terminal
pentadecapeptide (HP2 ) as a functional model. We have
shown that the binding of either of these metal ions is very
strong and specific [11]. Also, the Ni(II) complex can acti-
vate oxygen and hydrogen peroxide, leading to the oxidative
damage of DNA and the peptide itself [12, 13], while the
activity of the Cu(II) complex is limited to peptide destruc-
tion. In a subsequent work, we used NMR to elucidate the
structure of the Ni(II) complex of HP2,_ _[14]. We found that
the Ni(II) binding results in long-range peptide structuring,
which may be responsible for the enhancement of DNA bind-
ing and precipitation upon the N-terminal metal ion coordi-
nation, seen previously [12, 13].

Previous studies suggested that the Zn(II) binding has no
effect on HP2-DNA interactions [ 15]. Taking into account the
essentiality of Zn(II) for sperm viability on the one hand, and
clear enhancement of DNA-HP2 _  binding by Cu(1I)/Ni(II)
on the other hand, we have decided to reanalyze this issue.
We undertook an attempt to localize the Zn(II) binding site(s)
within the HP2 molecule in the absence and presence of
DNA. The multiplicity of potential Zn(II) donor groups, com-
bined with an absence of a secondary structure, makes the
identification of the actual binding site(s) a very difficult task.
We assumed, based on previous CD studies [7, 9] that the
highly charged HP2 molecule (+29 per 57 residues, from
arginine and lysine side chains) would maintain an extended
conformation, as the one minimizing electrostatic repulsion.
Therefore, the most likely binding sites would be formed
locally, involving four consecutive His and/or Cys donor
groups. His/Cys metal binding domains are most specific to
Zn(IT) when the binding is provided by two Cys and two His
residues, and such domains are most frequently encountered
in DNA binding [16, 17]. Therefore, we decided to dissect
the HP2 sequence into five partial peptides containing such
residues, and to study their properties comparatively.

Cys residues are present in HP2 in positions 13, 29, 37,
47 and 54. We assumed that Cys-13 is too distant from Cys-
29 to be combined in the same peptide. On the other hand, it
is surrounded by many His residues; thus the selection of

peptides A(HP2 _ )and B (HP2 ). The other four Cys resi-
dues could be combined in three sequential pairs, allowing
for the design of three partially overlapping peptides: C
(HP2,, ,), D (HP2, ,),and E (HP2,, ). Each of them con-
tains just two His residues. In this way each of our partial
peptides provided just one potential Zn(II) binding site with
a Cys/His3 or Cys2/His2 donor set. We synthesized these
peptides and studied their Zn(II) binding properties in the
absence and presence of a short double-stranded oligonucle-
otide to create a dataset that should allow to propose the lo-
calization of one or more Zn(II) binding sites in the whole
HP2. This paper presents the results of our studies.

Materials and methods
Materials

ZnCl, (99.99% purity) was purchased from Aldrich (Mil-
waukee, WI, USA). Other simple chemicals were obtained
from Sigma Chemical Co. (St. Louis, MO, USA) or E. Merck
(Darmstadt, Germany).

Peptide synthesis

Peptides HP2 __(A), HP2, , (B),and HP2,_, (C) were syn-
thesized by Fmoc strategy [18] on a solid support, using an
Applied Biosystems Inc. (ABI, Foster City, CA, USA) model
430A automated peptide synthesizer. The substrates, N-Fmoc
protected amino acids, Fmoc-amide resin, and all other pep-
tide synthesis reagents were obtained from ABI. Acetylation
of the N-terminal was performed using N-acetylimidazole
(Sigma) in dimethylformamide. Peptides HP2, . (D) and
HP2,, . (E) were also synthesized by Fmoc strategy on a solid
support, but using a manual setup. Materials for theses syn-
theses were obtained from Calbiochem-Novabiochem AG,
Laufelfingen, Switzerland (N-Fmoc protected amino acids,
amide MBHA resin, Fmoc-Cys Wang resin and benzotriazol-
1-yl-oxy-tripyrrolidinophosphonium hexafluorophosphate
(PyBOP)), and Sigma or Riedel-deHaén GmbH, Seeize,
Germany) (other standard peptide synthesis reagents). Cleav-
age was effected on a 0.25 mmol scale, using a mixture of
trifluoroacetic acid (TFA), thioanisole and ethanedithiol (v/
v/v =92/5/3), over a period of 2 h for automated synthesis
or on a 0.05 mmol scale, using a mixture of trifluoroacetic
acid (TFA), phenol, water, thioanisole and triisopropylsilane
(v/viviviv=_80/5/5/5/5), over a period of 9 h for manual syn-
thesis. The crude peptides were purified by preparative HPLC
on the Wat?rs Delta Pak (Waters, Milford, MA, USA) C . col-
umn, 300 A pore size, 15 um particle size, 19 x 300 mm, elut-
ing with 0.1% TFA/water (solvent A) and 0.1% TFA/80%
acetonitrile/water (solvent B), using a gradient of 5-25% B/



40 min at a flow rate of 12.5 mL/min with detection at 215 nm.
Fractions collected across the main peak were assessed by
HPLC analysis on a Rainin Dynamax (Ridgefield, NJ, USA)
C, 300 A, 5 um, 4.6 x 250 mm column, using gradient of
0%—35% B over 20 min, flow rate of 1 mL/min and detec-
tion at 215 nm. Correct fractions were pooled and lyophilized
to yield white solids of purity exceeding 95% as assessed by
HPLC analysis of the final materials. Identity of all peptides
was confirmed by mass spectrometry, utilizing a Voyager RP
MALDI-TOF instrument from PerSeptive Biosystems, Inc.
(Framingham, MA, USA).

While the four shorter sequences were found to be homog-
enous, the longer, very basic peptide B was still contaminated
by the truncated sequences missing one or more arginine
residues. That peptide was further purified by a semi-prepara-
tive HPLC on an ion exchange column (PolyCAT A; 300 A,
5 pum, 4.6 x 200 mm) from The Nest Group, Inc. (South-
borough, MA, USA), eluting with 10 mM ammonium acetate/
10% acetonitrile/water (solvent A) and 10 mM ammonium
acetate/1 M sodium perchlorate/10% acetonitrile/water (sol-
vent B), using a gradient of 35—-100% B/35 min at a flow rate
of 4 mL/min with detection at 220 nm. Fractions collected
across the main peak were assessed by HPLC analysis on the
same column and solvent system, at the flow rate of 1 mL/
min. Correct fractions were pooled and desalted by prepara-
tive HPLC on the Waters Delta Pak C,, column, same as
above, eluted with 0.1% TFA/water (solvent A) and 0.1%
TFA/80% acetonitrile/water (solvent B), using a gradient of
5-35% B/40 min at a flow rate of 12.5 mL/min with detec-
tion at 215 nm. Fractions collected across the main peak were
pooled and lyophilized to yield a white solid of purity exceed-
ing 95% as assessed by HPLC and MALDI-TOF MS analy-
sis.

Oligonucleotide synthesis

The complementary 20-mer oligodeoxynucleotides, 5'-GGA-
GGCGTCCGGTTCCAATA-3' (SS1) and 5'-TATTGGAAC-
CGGACGCCTCC-3' (SS2) were obtained purified from
SAIC-Frederick and annealed to form a double-stranded 20-
mer nucleotide (DS). The annealing occurred with a 100%
efficacy. However, the final preparation contained an 18%
surplus of SS1 and was used as such. This composition ap-
peared to be advantageous by allowing us to make compari-
sons of peptide binding to the two forms of DNA in single
experiments.

Potentiometry

The protonation constants of the peptides in the presence
of 0.1 M KNO, were determined at 25°C using pH-metric
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titrations over the pH range 3—11 (Molspin automatic titrator,
Molspin Ltd., Newcastle-upon-Tyne, UK) with NaOH as ti-
trant. Changes in pH were monitored with a combined glass-
calomel electrode calibrated daily in hydrogen concentrations
by HNO, titrations [19]. Sample volumes of 1.5 mL and pep-
tide concentrations of 0.3—0.5 mM were used. All measure-
ments were performed under argon. The data were analyzed
using the SUPERQUAD program [20].

CD spectra

The spectra were recorded on a Jasco J-720 spectropolarim-
eter (Japan Spectroscopic Company, Hiroshima, Japan) in the
spectral range of 190-350 nm, for 2.5-10 uM peptides dis-
solved in 10 mM sodium phosphate buffer, containing 20 pM
DTT. Without the latter, the spectra could not be measured
due to autooxidation and precipitation of the peptides under
ambient atmosphere. Duplicate runs were averaged to reduce
measurement noise at short wavelengths.

Gel electrophoresis

The samples dissolved in the modified TB running buffer
(90 mM Tris-borate, pH 7.4, no EDTA) containing olig-
onucleotides, 1 uM DS and 0.18 uM SS1 (high concentra-
tion) or 0.4 uM DS and 0.072 pM SS1 (low concentration)
and combinations of various concentrations of HP2 partial
peptides and Zn(Il) in a total volume of 12 pL. were incu-
bated for 15 min, mixed with 2 pL of loading buffer (30%
Ficoll and 0.05% bromophenol blue and xylene cyanol in
10 x running buffer) and loaded on Novex Pre-Cast 12%
polyacrylamide gels (Invitrogen, Carlsbad, CA, USA). The
electrophoresis was run for 2 h at 120 V, using the running
buffer. In some experiments, the samples also contained
0.5 mM DTT. The gels were stained with ethidium bromide
(Bio-Rad, Hercules, CA, USA) and photographed and pro-
cessed with an IS-1000 Digital Imaging System (Alpha
Innotech Corp., San Leandro, CA, USA). DNA in indi-
vidual lanes was quantified using reference lanes of un-
treated oligonucleotides, present in each gel.

Results

Potentiometry

Protonation constants of peptides A, C, D and E are presented
in Table 1. Peptide B was not measured because we were not
able to obtain it in amounts required by potentiometry. Aver-
age values of protonation constants of His residues are also
presented in Table 1.
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Table 1. Protonation constants of HP2 partial peptides in 0.1 M KNO, at
25°C (pK values)?

Peptide His, His, His, Cys, Cys, AverageHis Other

A 548 590 6.47 833 595 7.13,9.83¢
C 5.64 6.56 7.67 8.82 6.10 9.97¢
D 545 594 7.56 8.15 5.70 6.54°
E 538 597 6.83 8.67 5.68 11.06¢

*S.D. based on statistical error distributions yielded by SUPERQUAD are
within 0.01-0.02 log units; "terminal amine; “Tyr phenol; ‘Lys side-chain
amine.

Circular dichroism

In order to measure the Zn(II) binding to protamine partial
peptides directly, CD spectra of peptides A—E, dissolved in
10 mM sodium phosphate buffer containing 20 uM DTT were
recorded in the presence of increasing amounts of Zn(II), until
the saturation of spectral changes. DTT, an efficient peptide
thiol reductant [21], was used to preserve peptide thiols in
their reduced state and thus assure peptide solubility. Two
saturable effects were seen in the spectra (Fig. 1): a decrease
and a slight redshift of the short wavelength spectral mini-
mum, and the appearance of a new, positive band at ca. 220
nm. These two effects allowed for the construction of two
independent titration curves for each peptide, from which log
K, values (conditional constants for pH 7.4, which ignore
peptide protonation) for ZnP complexes (P=A, B, C, D, E),
were calculated. These constants take into account the com-
petition for Zn(II) binding from DTT [22] and phosphate [23].
Formal stability constants () were obtained from K_ values
using potentiometry-derived protonation constants for the
peptides. Both are presented in Table 2.

The log K values may be somewhat overestimated due of
uncertainties in actual concentrations of reduced DTT, e.g. a
2-fold decrease of DTT concentration results in a decrease
of the calculated log K_ value by 0.2-0.4 units. The curves
for peptides B, D and E did not exhibit deviations from the
1:1 binding model. On the contrary, an apparent increase of
log K_values was found for initial titration points for peptides
A and C. This may be interpreted as formation of 2:1 pep-
tide-to-zinc complexes at high peptide surplus over free
Zn(II) ions. These points were not used in the calculations
of K_values.

Gel electrophoresis

The binding of HP2 partial peptides to DS and SS1 olig-
onucleotides was studied by polyacrylamide gel electro-
phoresis. Two oligonucleotide concentrations were used:
1 uM DS + 0.18 uM SS1 (high concentration) or 0.4 uM DS
+0.072 uM SS1 (low concentration). In order to correlate the
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Fig. 1. CD of HP2 partial peptides (2.5-10 uM) in 10 mM Na phosphate
buffer, pH 7.4. Arrows indicate the directions of spectral changes upon Zn(1I)
additions. (a) Spectra in the absence of Zn(Il): W, peptide A; @, peptide B;
A, peptide C; ¥, peptide D; @, peptide E. (b) Zn(Il) titration of peptide B
(04 mol equivalents of Zn(II), 0.8 mol equivalent steps). (c) Zn(1) titration
of peptide D (03 mol equivalents of Zn(II), 1.0 mol equivalent steps).

redox status of the thiol groups of the peptides with their DNA
binding abilities, the experiments were done in the presence
and absence of DTT. The nucleotide mixtures were incubated
with varying amounts of individual peptides for 15 min, then
loaded onto gels and analyzed. In all cases only the free (solu-
ble) oligonucleotides, migrating in the gel, and not their non-
migrating peptide complexes (insoluble), were measured.
Examples of the gels are presented in Fig. 2, and examples
of the titration curves obtained from them by densitometry
are presented in Fig. 3. It was uniformly found that the titra-
tion curves for SS1 followed those for DS, indicating the
same affinities of both forms of DNA to the individual re-
duced peptides. The sigmoidal curves obtained were very
similar to those seen by Bianchi et al. in their study of HP2
binding to DNA fragments of various lengths [15]. These
authors demonstrated that the binding of HP2 to DNA caused
precipitation of the resulting complex. Their results, obtained
using DNA fragments much longer than ours, indicated that
the precipitation occurred at the arginine/phosphate ratio of
1.2, independently of the length of DNA. This interpretation
does not allow for calculation of binding constants. We ob-
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Table 2. Conditional stability constants (K )* at pH 7.4 and overall stability constants (8)* of Zn(IT) complexes with HP2 partial peptides, calculated from

CD spectra

Peptide log K_(minimum)® log K_(CT)* Average log K Log Byue Log By
A 6.0(1)¢ 6.0(2) 6.0(2) 17.0 7.2

B 7.0(1) 7.1(3) 7.1(3) — -

C 4.9(4) 5.4(2) 5.2(4) 17.1 7.1

D 7.6(1) 7.8(4) 7.7(3) — 8.9

E 6.0(2) 5.9(2) 6.0(2) 18.5 7.4

K, = [MP]/[M][P]; where [MP] is the total molar concentration of the metal-peptide complexes; [M] is the molar concentration of uncomplexed metal; [P]
is the total concentration of uncomplexed peptide in its all protonation states; *3 = [MH,P]/[M][H]"[P]; ‘From the minimum and charge transfer (CT) wave-

lengths, respectively; ¢S.D. of the last digit are given in parentheses.

served DNA precipitation at the excess of peptide charges
over DNA phosphates higher than 1.2 (see Fig. 3). High ionic
surplus of peptide in the precipitate is impossible for elec-
trostatic reasons. One possible explanation is based on an
assumption that the titration curves represent an equilibrium
phenomenon that can be described by a binding constant of
some kind.
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Fig. 2. Examples of polyacrylamide gels of DNA interactions with HP2
partial peptides and Zn(II). (a) DNA titration with peptide D in the absence
of DTT. Lane 1: DNA molecular weight markers; lane 2: DNA control (1 pM
DS +0.18 uM SS1); lanes 3—12: DNA as in lane 2, with incrementally in-
creasing amounts of peptide D, from 2.95-29.5 pM. (b) DNA titration with
Zn(II) in the presence of peptide D and the absence of DTT. Lane 1: DNA
molecular weight markers; lane 2: DNA control (1 pM DS +0.18 uM SS1);
lane 3: DNA as in lane 2, with 14.75 pM peptide D; lanes 4-11: DNA and
peptide D as in lane 3, with increasing amounts of Zn(II): 1, 2, 10, 20, 50,
100, 150,200 x 8.33 uM, respectively; lane 12: DNA as in lane 2, with Zn(II)
as in lane 11 (1.67 mM). (c) DNA titration with peptide A in the presence of
DTT. Lane 1: DNA molecular weight markers; lane 2: DNA control (1 pM
DS + 0.18 uM SS1); lanes 3—12: DNA as in lane 2, with incrementally in-
creasing amounts of peptide A, from 2.9-29 uM. (d) DNA titration with Zn(II)
in the presence of peptide A and DTT. Lane 1: DNA molecular weight mark-
ers; lane 2: DNA control (1 uM DS + 0.18 uM SS1); lane 3: DNA as in lane
2, with 8.7 uM peptide A; lanes 4—11: DNA and peptide A as in lane 3, with
increasing amounts of Zn(II): 1, 2, 10, 20, 50, 100, 150, 200 x 8.33 puM, re-
spectively; lane 12: DNA as in lane 2, with Zn(II) as in lane 11 (1.67 pM).

The attempts to analyze the titration curves in this way pre-
sented difficulties. We found just one formula that yielded
consistent values of constants for any (and all) of the peptides
in both the absence and presence of DTT. This formula rep-
resents a modified solubility product (K_), with the peptide
concentration in the first power instead of (formally appro-
priate) stoichiometric coefficient derived from the peptide
charge (between 4 and 8 for individual peptides):

K =I[DS], . x[P]l, . (P=A,B,C,D,orE)

free
The K values were consistent between high and low con-
centration experiments, supporting the validity of this ap-
proach. We might also presume that the alternative cause of
the observed deviation from the approximate 1:1 charge stoi-
chiometry could be coprecipitation of very high amounts of
the buffer anion (borate) with the DNA-peptide complex.
However, if this were true then such coprecipitation would
systematically decrease the K  values at lower concentrations
of peptides and DNA; but this was not observed.
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Fig. 3. Examples of quantification of gel electrophoresis titrations of DS
DNA (0.4 uM) with HP2 partial peptides in the presence of DTT: W, pep-
tide B; @, peptide C.
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From the electrostatic neutrality condition, the stoichiom-
etry of the DNA-peptide complex should be based on the bal-
ance of positive peptide charges and negatively charged DNA
phosphates (40 for DS). Bianchi et al. included only Arg resi-
dues as charged at neutral pH [15]. In fact, Lys residues,
which are charged at pH 7.4, should also be included. The
question was open for His residues, which are relatively
acidic in HP2 partial peptides (Table 1), with average pK
values below 6. This might, however, change in the vicinity
of a highly negatively charged oligonucleotide, making His
side chains effective DNA binding sites [24]. The calculations
were done for all these possibilities. We found that in our
experimental conditions of high molar peptide excess over
oligonucleotides, the inclusion of His side chains had a neg-
ligible impact on calculations of K values (increase by less
than 0.05 log units, well within the S.D.) The presence of SS1
in our DS preparation was taken into account in the calcula-
tions by assuming identical K values (as indicated directly
by titration curves) and using the precipitate stoichiometry
provided by the electroneutrality principle. The log K_ val-
ues thus obtained for reducing (with DTT) and oxidizing
(without DTT) conditions are presented in Table 3. Figure 4
shows the relationship between the peptide charge (taken as
number of Arg and Lys residues) and log K . Note that in
reducing conditions, the dependence of log K value on pep-
tide charge is perfectly linear (R = 0.996). In the absence of
DTT, this linearity is lost.

Another set of gel electrophoresis experiments was aimed
at estimating the effect of Zn(II) on the interaction of HP2
partial peptides and oligonucleotides. These were performed
as Zn(II) titrations of oligonucleotide-peptide mixtures, us-
ing peptide excess that previously precipitated of 10-20% of
the added DNA. In all cases titration curves had sharp sig-
moidal shapes (see Fig. 5 for examples). The enhancement
of DNA precipitation was invariably seen for higher Zn(II)
concentrations. In some cases, the concentration of free oli-
gonucleotide fell below the detection limit. This effect was
absent in the absence of peptides (lanes 12 of Zn(II) titration
gels). The appropriate log K values at Zn(II) saturation,

Table 3. Log K values determined for oligonucleotide precipitation by HP2
partial peptides (free) and their Zn(II) complexes in the absence and pres-
ence of DTT*"

DS DS/DTT
Peptide Free AZn free AZn
A —11.8(2) 1.2(5) —11.5(3) 0.5(2)
B —12.2(4) 1.4(3) -12.1(2) > 1.8
C —12.3(3) >1.6 —12.0(2) >2.3
D ~11.9(2) 0.4(1) ~11.6(2) 1.2(6)
E —12.5(2) 2.1(4) —11.9(2) >2.0

*‘AZn=1logK_ (free)—log K  (Zn);*S.D. on the last digit are given in pa-
rentheses.
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Fig. 4. The dependence of log K_ values of peptide-DS DNA complexes
on peptide charge: B, with DTT; O, without DTT.

compared to Zn(II)-free situation (or their lower limits when
DNA was precipitated out) are presented in Table 3.

The results of gel electrophoresis experiments did not al-
low to calculate meaningful binding constants because of a
possibility for free Zn(Il), DTT, and their complexes to dif-
fuse out of the gel wells (and thus change the equilibrium)
just after loading. However, the experiments were fully re-
producible. Therefore, the relative orders of Zn(II) affinities
to the DNA complexes with various peptides could be estab-
lished using values of total Zn(II) concentration at titration
mid-points (Fig. 5). They are presented in Table 4 in com-
parison with affinity orders for peptide-DNA and Zn(II)-pep-
tide interactions.

600
2
.a -
5
£3 4004
ot
cD ]
B >
[0
Q5 200-
ol
£< ]
g
k=
= 0
T T T T
-6 -5 -4 3
no Zn2+ log [Zn2+]

Fig. 5. Examples of the effects of Zn(II) on DS precipitation by HP2 par-
tial peptides (expressed as the amount of DS migrating in the gel); B, pep-
tide B with DTT; @, peptide C with DTT; O, peptide B without DTT; O,
peptide C without DTT.



Discussion

Zn(1l) binding to partial peptides in the absence of DNA

CD titrations were evaluated using two mutually independ-
ent, direct features of Zn(II) coordination to the peptides. The
minimum at 200 nm, which decreased in the presence of in-
creasing amounts of Zn(Il), originates in coupled peptide
carbonyl chromophores and reflects the overall conformation
of the peptide’s main chain [25]. Analogous decreases of such
bands were seen previously in Zn(I) titrations of the whole
HP2[7, 9], as well as zinc finger proteins [26, 27]. The maxi-
mum at 220 nm, which appeared upon Zn(II) addition to each
of the peptides studied in this work, is a charge transfer (CT)
band of the Zn(I)-S bond [27, 28]. Therefore, these spectral
changes reflected the peptide folding due to multidentate
Zn(II) binding, as well as specific contributions to the bind-
ing from thiolates. As shown in Table 2, both effects inde-
pendently yielded the same values of K, thus assuring that
the formation of zinc binding domains was really measured..
Peptide D provided the strongest Zn(II) binding, with log K
of 7.7; peptide B came second with log K_of 7.0; and the
remaining HP2 partial peptides bound Zn(II) much more
weakly. Interestingly, there was no preference for 2Cys/2His
(C, D and E) over 3His/Cys sites (A and B). The presence of
the CT band at 220 nm assures Cys sulfur usage by peptide
B for Zn(1I1) binding and excludes an alternative His4 coor-
dination. The values found for HP2 partial peptides are much
below the lower limit of log K values measured for regular
zinc fingers, 9—12 [16, 17, 26, 29-31]. This is likely due to
the electrostatic repulsion from many charged Arg residues,
counteracting the peptide folding required for tetradentate
Zn(II) coordination as opposed to cooperative protein fold-
ing present in typical zinc fingers [17]. Our results correspond
well with the affinity constants obtained for HP2, equal to
7.1 (log K_ for the primary site) and 5.6 (log K_ for the sec-
ondary site) [9]. The two highest log K values for partial
peptides are 7.7 and 7.0. Noting that these values may be
somewhat overestimated, and that the electrostatic repulsion
should be stronger in the whole peptide than in its fragments,
the localization of the primary Zn(II) site of HP2 within pep-
tide D is more than likely. Our results also suggest that the

Table 4. Relative affinity orders for HP2 partial peptides interactions with
DNA and Zn(II) in the absence and presence of DTT®

Components DS DS/DTT

Zn + P + DNA; Zn binding B>A>C>D>E B=E>D>A>>C
Zn + P + DNA; Zn enhancement

of DNA precipitation E~C>B>A>D
Zn+P —

P+ DNA E>B=C>D2=A

E~C~B>D>A
D>B>A=E>C
B>C>E>D2>2A

2>, difference within S.D.; ~, probably of similar magnitude; >, difference
within 1 log unit; >>, difference higher than 1 log unit.
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secondary Zn(II) binding site is localized in peptide B. It can
a priori contain any three of five His residues (the involve-
ment of Cys-13 residue was confirmed directly). The 1 log
unit enhancement of binding compared to peptide A suggests
that His-19 and/or His-22 belong to the binding site. Assum-
ing its sequentiality, it may be composed of either His-12,
Cys-13, His-19, and His-22, or His-7, His-12, Cys-13, and
His-19. The Zn(II) complex of peptide B may be a mixture
of both. The +1 charge of the Zn(II) site, resulting from the
3His/Cys coordination mode, less favorable in the highly
charged whole HP2, may be responsible for the stability dif-
ference between it and peptide B.

According to a previous proposal [8], Zn(II) should bind
to two Cys donors from our peptide E (Cys-47 and Cys-54)
along with two His donors from peptide B (His-19 and His-
22). Our results indicate that peptide D offers a much higher
zinc-binding affinity than peptide E, and thus do not support
that proposal.

DNA interaction with partial peptides of HP2

DNA binding is the fundamental physiological function of
HP2. We aimed at gaining insight into the details of this in-
teraction by studying the binding of its partial peptides to a
short oligonucleotide. We hoped that its small size would
prevent precipitation seen in previous studies of the whole
HP2[15]or HP2 _  [12, 13] binding to DNA of various sizes.
This failed, as DNA precipitation was the only effect we could
measure. Nevertheless, valuable information was obtained.
Table 3 presents the apparent solubility products calculated
from gel electrophoresis experiments performed at reducing
(DTT present) and oxidizing (DTT absent; ambient atmos-
phere) conditions. Note that the K values obtained by us are
valid only for our particular experimental settings, and are
used here only for comparative purposes.

Under the reducing conditions, the precipitating capacity
ofthe peptides is a linear function of the number of their posi-
tively charged arginine and lysine residues (Fig. 4). Arginines
and lysines are distributed differently in the sequences of
particular partial peptides, and so the adoption of any non-
extended conformation would result in deviations from the
linearity observed. This finding is in agreement with mod-
els of DNA binding by various protamines in the absence
of Zn(II) [32-34]. The linearity is lost in the absence of DTT,
but the binding becomes somewhat stronger, by ca. 0.3 log
units on average, apparently due to the formation of intra-
and/or intermolecular disulfide bridges. Such enhancement has
been relatively highest for peptide E, which correlates with a
low pK value for one of its cysteines (Table 1), bearing in
mind that thiols are oxidized to disulfides as anions [35]. This
effect corresponds to the process of sperm chromatin conden-
sation by the formation of disulfide bridges.
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Zn(1l) interactions with peptide-DNA complexes

The titrations of the oligonucleotide/peptide mixtures with
Zn(II) showed that, at sufficient excess, Zn(Il) is able to en-
hance DNA precipitation by all the investigated peptides. This
enhancement typically exceeded 1 log unit of apparent K |
in both the presence and absence of DTT (Table 3). The Zn(II)
titration curves exhibited very sharp sigmoidal shapes (Fig.
5). Such effect is characteristic for two-state systems and thus
indicates the formation of specific peptide-Zn(II)-DNA com-
plexes, which are less soluble (i.e. stronger) than the parent
peptide-DNA aggregates. Zn(II) added to peptide-free DNA
at the highest concentration used in titrations did not cause
DNA precipitation, nor affected its mobility (Fig. 2, lane 12
in all Zn(1I) titration gels), indicating that Zn(II) binds to the
peptide rather than the DNA part of peptide-DNA com-
plexes. Zn(II) affinities to peptide-DNA complexes could
be ordered using total Zn(II) concentrations at transition mid-
points, thus providing insight into Zn(II) binding prefer-
ences in the DNA-bound peptides (Table 4). Peptides B and
E provide strongest Zn(II) binding for reducing conditions.
Peptide B remained dominant for oxidizing conditions, while
E lost its binding capabilities due to sulfur oxidation. The total
Zn(II) concentrations at transition midpoints were lower in
the presence of DTT even though a large proportion of Zn(II)
was sequestered by the latter. Therefore, Zn(Il) binding in-
volving Cys residues was much stronger than with His resi-
dues only. Peptide specific Zn(II) effects on DNA binding
suggest that peptide-Zn(Il) complexes retain specific, par-
tially folded, conformations in the presence of DNA. Inter-
estingly, these complexes precipitate DNA more efficiently
than free peptides, with stoichiometries approaching thel:1.2
value found previously for the whole HP2 [15].

We have obtained relative Zn(II) affinities for individual
peptides covering the whole sequence of HP2 for reduced,
DNA-free conditions, as well as for the reduced and oxi-
dized DNA-bound states. Our results suggest that Zn(II)
may bind at various sites in HP2, depending on external con-
ditions. These possibilities are presented graphically in Fig.
6.

Kvist et al. demonstrated the importance of Zn(II) bound
to thiols in sperm chromatin for maintaining sperm viability
[5, 36-39]. In particular, the Zn(II) level in sperm head in-
creases upon ejaculation as a result of Zn(II) transfer from
prostatic fluid [36]. Balhorn and coworkers studied the roles
of HP1 and HP2 in DNA condensation, including formation
of intra- and intermolecular disulfide bridges [40—43] and
recently showed that Zn(IT) was abundant enough to bind
whole HP2 in human sperm at a 1:1 stoichiometry [6]. Our
results suggest that Zn(II) binding to HP2 in sperm chroma-
tin may be heterogeneous, depending on the involvement of
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H—C——C—H
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Fig. 6. A proposal of patterns of Zn(II) binding to HP2 at various condi-
tions. Two highest affinity binding sites are shown for reduced HP2, and
one for oxidized HP2, where binding constants are much lower. See text
for details. (a) Schematic representation of the peptides; (b) Reduced HP2
in the absence of DNA; (¢) Reduced HP2 in the presence of DNA; (d)
Oxidized HP2 in the presence DNA.

particular Cys residues in the disulfide formation, and on
DNA binding. The enhancement of DNA binding by HP2
partial peptides in the presence of Zn(II) indicates that Zn(II)
ions may play a regulatory role in specific structuring of
sperm chromatin.

Conclusion

We described Zn(1I1) binding to a series of peptides represent-
ing partial sequences of human protamine HP2. DNA precipi-
tation by these peptides and the effects of Zn(II) thereon were
investigated as well. The results enabled us to suggest possi-
ble binding sites for Zn(Il) in the whole HP2 molecule un-
der various conditions. The major conclusion emerging from
these investigations is that HP2 may exhibit heterogeneity of
Zn(1I1) binding in vivo. Zn(Il) enhanced DNA precipitation
by all partial peptides. This effect indicates that Zn(II) may
participate in the physiological regulation of sperm chroma-
tin condensation. However, more definitive data regarding
the positions and coordination modes of the Zn(II) binding
sites and their physiological significance to sperm chroma-
tin structure can be only provided by future studies under
conditions securing solubility of the DNA-protamine com-
plexes.
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