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Bovine erythrocyte Cu,Zn-superoxide dismutase (BESOD) is a dimeric enzyme com-
posed of identical subunits associated through unusually strong non-covalent inter-
actions. The state of the unique tyrosyl residue (Tyr 108) of BESOD was examined,
and the kinetics of subunit exchange was studied using Tyr 108 as a probe. UV-
absorption difference spectra demonstrate that Tyr 108 is exposed to the solvent, and
that the accessibilities to ethanol, ethylene glycol, and polyethylene glycol 600 are
53.5, 52.0, and 44.6%, respectively. Tyr 108 was fully nitrated by tetranitromethane.
The pK, values of the phenolic hydroxyl group of native and nitrated Tyr 108 were
determined to be 11.3 and 7.9, whereas those of model compounds, L-tyrosine and 3-
nitro-L-tyrosine, are 9.8 and 6.8, respectively. When the native and nitrated BESODs
of an equal concentration were mixed, the hybrid dimer was formed. From the
amount of hybrid dimer formed, the rate constant (k_;) of the subunit dissociation at
pH 7.8, 25°C was assessed to be (4.17 + 0.13) x 106 571, The activation energy of the sub-
unit dissociation at pH 7.8 was determined to be 117 + 4 kJ-mol-l. The k_ value
remains constant at BESOD concentrations ranging from 0.62 to 6.8 pM and at pH
ranging from 6.0 to 10.0, but increased remarkably with a decrease in the dielectric
constant of the reaction mixture. It is suggested that hydrophobic interaction may
play a significant role in the subunit interaction.

Key words: Cu,Zn-superoxide dismutase, difference spectrum, nitration, subunit ex-
change, subunit interaction.

Abbreviations: BESOD, bovine erythrocyte Cu,Zn-superoxide dismutase; EtOH, ethanol; EG, ethylene glycol;
PEG 600, polyethylene glycol 600; MtOH, methanol; N-Ac-Tyr-NH,, N-acetyl-l-tyrosine amide; TNM, tetrani-

tromethane; XaNa, xanthine sodium salt; XOD, xanthine oxidase.

Superoxide dismutase (SOD) [EC 1.15.1.1] catalyzes the
dismutation of the superoxide anion radical (O,”) into
molecular oxygen and hydrogen peroxide. The enzyme is
believed to take part in the cellular defense mechanism
against the toxic effect of oxygen radicals (1).

The copper- and zinc-containing superoxide dismutase
from bovine erythrocytes (BESOD) is a homodimer with
the molecular weight of 32,000 (1—4). Two identical subu-
nits composed of an antiparallel eight-stranded B-barrel
with Greek key topology, three external loops, a catalytic
copper, and a structural zinc are associated through unu-
sually strong non-covalent interactions (4, 5), but no
cooperativity between the two subunits is observed in the
activity (6). The dimer is related by a non-crystallo-
graphic 2-fold axis, and the contact comprising about 9%
of total external surface of each subunit includes both
hydrophobic and hydrophilic interactions involving the N
and C termini, the first and last pair of p strands, and
two loop regions (5).
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BESOD is also characterized by unusual stability and
has a conformational melting temperature T, of 83—
104°C (7-9). Instead of some disagreements in the T,
values observed, these values are among the highest val-
ues so far reported for proteins. BESOD remains active in
8 M urea (10), is not dissociated into subunits even by 4%
sodium dodecyl sulfate (SDS) (11), and is only gradually
denatured in the presence of 6 M guanidine hydrochlo-
ride plus EDTA (4, 11-13). In this context, interest in the
subunit interactions led to several studies of the effects of
urea on the activity and subunit structure of Cu,Zn-
SODs (14-18). On the other hand, the engineered mono-
meric human Cu,Zn-SODs produced by replacing two
hydrophobic residues located in the contact region of the
subunits were shown to have much lower activities than
that of the native enzyme (19-21). The significance of the
stable dimeric structure and the structure-function rela-
tionship of Cu,Zn-SOD have not been clearly defined.

Each subunit of BESOD contains a unique tyrosyl res-
idue (Tyr 108) near the contact region, and these are
expected to be good probes to explore the nature of the
stable dimeric structure of BESOD. In this paper, we
describe the state of Tyr 108 as investigated by UV-
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absorption difference spectroscopy, nitration with tetran-
itromethane (TNM), and spectrometric titration of pH-
dependent ionization. The kinetics of the subunit
exchange between the native and nitrated BESODs is
also described, as well as the effects of temperature,
enzyme concentration, pH, and dielectric constant of the
reaction mixture on the subunit interaction. Evidence of
the nature of the protein-protein interactions of the
BESOD subunits is also provided.

MATERIALS AND METHODS

Materials—Bovine erythrocyte Cu,Zn-superoxide dis-
mutase (BESOD) was purified according to the methods
reported by McCord and Fridovich (1) with some modifi-
cations (22). The contents of Cu and Zn in 15,700 g
BESOD were 0.98 and 0.96 g-atom, respectively, by
flameless atomic absorption analyses. The concentrations
of BESOD were determined by the Lowry method using
bovine serum albumin (BSA) as a standard (23). The spe-
cific activity of the preparation was 3,600 units/mg
according to the method of McCord and Fridovich (1). N-
Acetyl-L-tyrosine amide (IN-Ac-Tyr-NH,) (Lot V2R6714),
tetranitromethane (TNM) (Lot FFP209), xanthine sodium
salt (XaNa) (Lot 7980) were purchased from Nacalai
Tesque (Kyoto). Buttermilk xanthine oxidase (XOD) (Lot
SAH7206), ethanol (EtOH), ethylene glycol (EG), and pol-
yethylene glycol (PEG) 600 (average molecular weight:
600) were from Wako Pure Chemicals (Osaka). 3-Nitro-L-
tyrosine (Lot TG10309TG) was from Aldrich Chemicals
(Milwaukee, WI). Sephadex G-15 (Lot 12849) was from
Pharmacia Fine Chemicals (Uppsala). Horse heart cyto-
chrome ¢ (Type III, Lot 118F8060) was from Sigma (St.
Louis, MO).

Superoxide Dismutase (SOD) Assay—The SOD activ-
ity was measured according to the method of McCord and
Fridovich (7). The assay was performed with a Shimadzu
UV-VIS recording spectrophotometer UV-2200 in 3.01 ml
of 50 mM potassium phosphate buffer (pH 7.8) plus 0.1
mM EDTA (buffer A) in a 10-mm cell at 25°C. The reac-
tion mixture contained 10 pM ferricytochrome ¢, 50 uM
XaNa, and a sufficient activity of XOD to produce a rate
of reduction of ferricytochrome ¢ at 550 nm of 0.025
absorbance unit per min. Under these defined conditions,
the amount of SOD required to inhibit the rate of reduc-
tion of cytochrome ¢ by 50% (i.e., to a rate of 0.0125
absorbance unit per min) is defined as 1 unit of activity.
The reaction was started by adding 100 ul of the XOD
solution to the mixture (2.91 ml) of other components.

UV-Absorption Difference Spectra—UV-absorption dif-
ference spectra obtained upon mixing BESOD with per-
turbants (EtOH, EG, or PEG 600) were measured in a 10-
mm cell in buffer A at 25°C with 0.5-nm slit width (24,
25). Two sets of matched cells were used in a double tan-
dem cell system. Equal volumes of BESOD and pertur-
bant solutions were mixed in a cell on the sample side.
The BESOD and perturbant solutions were placed sepa-
rately in the cells on the reference side. The concentra-
tions of BESOD and perturbants (0-20%, v/v) were
adjusted so as to be the same on both the sample and ref-
erence sides. Difference spectra of a tyrosine model com-
pound, N-Ac-Tyr-NH,, were measured in place of BESOD.
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Nitration of BESOD—Nitration was carried out by the
addition of tetranitromethane (TNM) dissolved in MeOH
to BESOD in buffer A. The BESOD and TNM concentra-
tions in the reaction mixture were 30.4 uM and 0.336—
30.2 mM, respectively. The reaction mixture was kept at
25°C for 1 h, and the reaction was terminated by passing
the mixture through a Sephadex G-15 column [size: 1 cm
(inner diameter) x 8 cm] equilibrated with buffer A. The
degree of nitration was determined from the absorbance
at 275 and 381 nm using the molar absorption values for
N-acetyl-3-nitro-L-tyrosine of 4,000 and 2,200 M-1-cm,
respectively (26-28). The purity and molecular mass of
the nitrated BESOD’s was examined by gel-filtration
HPLC on a TSKgel G3000SWy;, column [size: 7.8 mm
(inner diameter) x 30 cm] (Tosoh, Tokyo) in 20 mM Tris-
HCIl buffer (pH 7.8) (buffer B) at 25°C, at a concentration
of 3.4 pM.

Spectrophotometric Titration—The spectrophotometric
titration of tyrosine was performed by measuring the
decrease in fluorescence that accompanies ionization
(29). Four molar sodium hydroxide or hydrochloric acid
was added to the BESOD or N-Ac-Tyr-NH, solutions, and
the pH value of the solution and the fluorescence inten-
sity at 306 nm with excitation at 275 nm were measured.
The concentrations of BESOD and N-Ac-Tyr-NH, were
19.5 and 30.9 uM, respectively. In the same way, the titra-
tion of nitrotyrosine was performed by measuring the
increase in absorbance at 428 nm that accompanies ioni-
zation (26). The concentrations of the nitrated BESOD
and 3-nitro-L-tyrosine were 31.4 and 190 uM, respec-
tively.

High-Performance Liquid Chromatography (HPLC)—
The HPLC apparatus, composed of a solvent-delivery
system CCPM, a UV monitoring system UV-8010, a com-
puter-control system PX-8010, a degasser SD-8023, and a
column oven CO-8020, was purchased from Tosoh (Tokyo).
Anion-exchange HPLC was performed on a Mono Q HR 5/
5 column [size: 5 mm (inner diameter) x 50 mm] (Phar-
macia, Uppsala, Sweden) equilibrated with 20 mM
borate buffer (pH 10.0), and eluted by a linear gradient
from 50 to 200 mM NaCl at a flow-rate of 0.5 ml/min over
40 min from the beginning of the elution (time zero) at
25°C. A sample loop of 50 pl was used throughout this
study, and the elution was monitored by absorbance at
260 nm.

Kinetic Studies of Subunit Exchange—Equal concen-
trations of native and nitrated BESOD were mixed in
buffer B. At various incubation times, 50 ul of the sample
was taken out and immediately analyzed by anion-
exchange HPLC. Hybrid dimer formation, if it occurred,

OOOOQO“

hybrid
dimer

nltrated
dimer

native
dimer

Fig. 1. Reaction scheme of the subunit exchange between
native and nitrated BESODs. &, and %_; are the rate constants of
subunit association and dissociation, respectively. Open and solid
circles represent the native and nitrated BESOD monomer, respec-
tively.
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was quantified from peak areas at each time point.
Assuming that the rate constants of subunit dissociation
and association are not affected by the nitration of Tyr
108, the reaction is represented as shown in Fig. 1, and
the ratio of the amounts of native dimer, hybrid dimer,
and nitrated dimer must be 1:2:1 at equilibrium. The
time-dependence of the three dimer species is expressed
in the following equations (30):

AAA) - k(A7 - £y (AA) (D)

dBB] _ ; [BJ*~%_,[BB] @)
dt

dIAB) _ ok, [AI[B] -k, [AB] 3

where A and B represent the subunits or monomeric
forms of the native and nitrated BESOD, respectively.
Thus, AA and BB represent homodimers of native and
nitrated BESOD, respectively, and AB is a heterodimer
composed of A and B subunits. £, and %k_; are the rate con-
stants of the association of the subunits into dimers and
the dissociation of the dimer into subunits, respectively.
The concentrations of the respective species at time t are
expressed by brackets [ ]. The initial concentrations are
expressed by brackets with a suffix zero, as [ |,. Assum-
ing that [AB], = 0, [A] <« [AA], and [B] « [BB], the total
concentration of the three species of dimeric BESOD is
expressed as:

[AA] + [BB] + [AB] = [AA], + [BB], (4)

Under the initial condition of [AA], = [BB],, the concen-
tration of the hybrid dimer, AB, is shown by

[AB] = [AA] {1 — exp(—k_;-1)} (5)
The ratio of hybrid dimer formation is,
[AB] _l1-exp(-k-?) ©)
[AA]+[AB]+[BB] ~ 2

Thus, the rate constant of subunit dissociation can be
determined so as to fit experimental data to Eq. 6, using
the least-squares regression method (31).

Thermodynamic Analysis of the Dissociation of BESOD—
The activation energy (E,) of the dissociation of BESOD
was determined from the slope (-E/R) of the Arrhenius
plots of k_; against 1/T, and the activation parameters of
the dissociation were determined according to the follow-
ing equations (32):

. kT
AGE = —RT(lnkfl—lnT) )
AHf! =Ea — RT (8)
ASH = (A_Hi—@ 9)

T

where kg, h, and R are the Boltzman, Plank, and gas con-
stants, respectively, and T is the temperature shown in
Kelvin.

Evaluation of the Dielectric Constant of the Reaction
Mixture—The dielectric constant (D) of the reaction mix-
ture was estimated by the following equation (33-35):
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Fig. 2. UV-absorption difference spectra of BESOD. Panel A:
UV-absorption difference spectra observed upon mixing of N-Ac-
Tyr-NH, (a—c) or BESOD (d—f) with EG. The concentrations of N-Ac-
Tyr-NH, and BESOD were 1.36 mM and 155 pM, respectively. The
concentrations of EG were 0% (c, f), 10% (b, e), and 20% (a, c),
respectively. The spectra were measured in buffer A at 25°C. Panel
B: Dependence of the molar absorptivity difference (Ag)) on the con-
centration of EG. The molar absorptivity differences, Agyg, 5 of N-Ac-
Tyr-NH, (solid circles) and Agygs 5 of BESOD on a monomer basis
(open circles), were plotted against the concentration of EG.

D=fW'Dw+fa'Da (10)

where f,, and f, are the volume fractions of the water and
alcohol, respectively (and thus f;, + f, = 1), and D, and D,
are the dielectric constants of the water and alcohol,
respectively.
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Table 1. Molar absorption difference (Ath) of N-Ac-Tyr-NH,
and BESOD.2

Agh (M-1-cm™V)/[perturbant] (%, v/v)

Perturbant ~ N-Ac-Tyr-NH,P BESOD¢ Accessibility(%)
EtOH! 4.30 £0.10 2.25+0.04 52.3
EGe 4.35+0.04 2.26 £0.04 52.0
PEG 600f 104 +£0.2 4.64 +0.08 44.6

250 mM phosphate buffer (pH 7.8) plus 0.1 mM EDTA, 25°C. ’) =
284.5 nm. °A = 286.5 nm. dEtOH, ethanol. °EG, ethylene glycol. PEG
600, polyethylene glycol 600.

RESULTS

UV-Absorption Difference Spectra—UV-absorption dif-
ference spectra were obtained upon the mixing of N-Ac-
Tyr-NH, or BESOD with EG (Fig. 2A). Two peaks were
observed in the difference spectra with N-Ac-Tyr-NH, at
277.0 and 284.5 nm. BESOD showed difference spectra
similar to those observed with N-Ac-Tyr-NH,, with peaks
at 279.5 and 286.5 nm. The tyrosyl residue alone might
contribute to the difference spectra above 275 nm,
because BESOD has no tryptophyl residue, and the con-
tribution of phenylalanyl residues (4 residues per subu-
nit) to the difference spectra is almost negligible. The
molar absorption difference (Ael) of N-Ac-Tyr-NH, at
284.5 nm and that of BESOD at 286.5 nm increased line-
arly with increasing EG concentration from 0 to 20% (v/v)
(Fig. 2B). Assuming that N-Ac-Tyr-NH, is fully accessible
to the solvent, the accessibility of Tyr 108 to EG can be
estimated from the ratio of the slopes obtained with
BESOD to that obtained with N-Ac-Tyr-NH,, and was
estimated to be 52.0%. Similar plots were obtained with
EtOH and PEG 600, and the parameters are summarized
in Table 1.

Nitration of BESOD—The nitration of BESOD was
carried out by the addition of TNM dissolved in MeOH to
BESOD in buffer A at 25°C, for 1 h (Fig. 3). Under these
conditions, a 700-fold molar excess of TNM was required
to achieve the maximal nitration, which corresponds to
1.9 nitrotyrosyl residues/mole BESOD dimer. The
nitrated BESOD showed almost the same activity (3,500
+ 260 units/mg protein) as that of the native BESOD. The
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Fig. 3. Nitration of BESOD with tetranitromethane (TNM).
Nitration of BESOD was carried out in buffer A at 25°C for 1 h. The
concentration of BESOD was 30.4 uM.
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native and nitrated BESODs at a concentration of 3.4 uM
eluted together as a single peak in gel-filtration HPLC on
a TSKgel G3000SWy; in buffer B (data not shown). This
suggests that both BESODs are dimers with a molecular
mass of 32.0 kDa.

Spectrometric Titration—The pK, values of N-Ac-Tyr-
NH, and Tyr 108 in the native BESOD were determined
to be 9.8 and 11.3, respectively. On the other hand, the
pK, values of 3-nitro-L-tyrosine and Tyr 108 in the
nitrated BESOD (namely, the nitrated Tyr 108) were
determined to be 6.8 and 7.9, respectively. It is suggested
that the nitrated BESOD dimer carries two extra nega-
tive charges at pH 10.0 in comparison with the native
dimer based on the difference in the pK, of Tyr 108 in the
native and nitrated BESODs.

Anion-Exchange HPLC Analyses of BESOD—The
native and nitrated BESODs at an equal concentration
(3.4 uM) were mixed and incubated for various periods in
buffer B at 45°C. The effect of the incubation time on the
elution patterns of the BESODs in anion-exchange HPLC
was examined (Fig. 4). Before examining the effect, the
native and nitrated BESODs were applied separately to
the anion-exchange HPLC to confirm their elutions as
single peaks at 18.2 and 33.2 min, respectively (data not
shown). This suggests that dissociation or aggregation of
the BESOD dimers might not occur during HPLC. The
difference in the retention time might be due to the dif-

0.2 T T

NaCl

0.1 | | |

10.002

i

10 20 30 40
Retention time (min)

Fig. 4. Time-dependence of the subunit exchange between
native and nitrated BESODs as followed by anion-exchange
HPLC. The native and nitrated BESODs at equal concentrations
(3.4 pM) were mixed in buffer B at 45°C and incubated for the
period indicated. Aliquots (50 pl) of the mixture solution were col-
lected at various times and immediately subjected to HPLC on a
Mono Q column equilibrated with 20 mM borate buffer (pH 10.0) at
25°C. The column was eluted with a linear gradient from 50 to 200
mM NaCl at a flow-rate of 0.5 ml/min over 40 min. The incubation
times were 0 (a), 20 (b), 84 (c), 189 (d), 325 (e), and 605 min (f).
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Fig. 5. Time course of the formation of hybrid dimers of
native and nitrated BESODs. The native and nitrated BESODs
at equal concentrations (3.4 pM) were mixed in buffer B at 25
(squares), 37 (triangles), and 45°C (circles) for the time indicated.
The rate constants of subunit dissociation at 25, 37, and 45°C were
determined to be (4.17 + 0.13) x 108, (1.50 = 0.04) x 10-5, and (7.69 *
0.28) x 10-% s71, respectively.

ference in the net charge between the native and nitrated
BESOD dimers. When the incubation time of the mixture
was zero, two peaks were observed at 18.2 and 33.2 min,
suggesting that the native and nitrated BESOD dimers
eluted independently. Equal concentrations of the native
and nitrated BESODs were mixed in buffer B and incu-
bated for appropriate periods up to 605 min at 45°C. The
mixtures were then analyzed on the same column. A new
peak appeared at an elution time of 25.8 min, just in the
middle between the native and nitrated dimers, and its
height increased with increasing incubation time. This
peak was attributed to the hybrid dimer carrying one
extra negative charge in comparison with the native
dimer. The ratio of the molar absorption coefficient at 260
nm of the nitrated BESOD to that of the native enzyme

-9 T T

-10

In k.4
T
@)
1

-12

3 ] ]
31 3.2 3.3 3.4
(1/Ty x 103(K™)

Fig. 6. Arrhenius plots of the rate constant (k_;) of the subu-
nit dissociation. The native and nitrated BESODs at equal con-
centrations (3.4 uM) were mixed in buffer B. The activation energy
(E,) was determined to be 117 + 4 kJ-mol-.
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was determined to be 2.9 at pH 10.0. Therefore, when the
reaction reached an equilibrium at ¢ = 605 min, the molar
ratio of the dimer species of the native, hybrid, and
nitrated dimers was determined to be 1:2:1. No hybrid
dimer peak was detected at time zero, indicating that
subunit exchange during HPLC is negligible.

Thermodynamic Analysis of Subunit Exchange—Figure
5 shows the time courses for the formation of the hybrid
dimer in buffer B at 25, 37, and 45°C. The solid lines are
theoretical curves best-fitted to Eq. 7 by the least-
squares regression method, and the rate constants (k_;) of
the subunit dissociation at 25, 37, and 45°C were deter-
mined to be (4.17 + 0.13) x 106, (1.50 + 0.04) x 10-%, and
(7.69 £ 0.28) x 107 s, respectively. The k_; values
obtained at various temperatures were plotted according
to the Arrhenius equation (Fig. 6). The activation energy
(E,) of the subunit dissociation at pH 7.8 was determined
to be 117+4 kJ-mol-1. The Gibbs free energy of activation
(AG%), enthalpy of activation (AH¥), and entropy of activa-
tion (AS¥) at pH 7.8, 25°C were calculated to be 104 + 0
kJ-mol-!, 116 = 4 kJ-mol!, and 40.3 + 13.4 J-mol1-K-1,
respectively. The positive AH* value suggests that the
activation process is endothermic, and the positive AG*
and AS* values suggest that the BESOD dimer might be
converted to a more energy-rich and disordered state
during the activation process.

Effects of the BESOD concentration, pH, and dielectric
constant of the reaction mixture on k_j—It was shown
that the k_; value is a constant 4 x 106 s at BESOD con-
centrations ranging from 0.62 to 6.8 uM and at pH rang-
ing from 6.0 to 10.0 (Figs. 7 and 8). The dielectric con-
stant (D) of the reaction mixture was decreased by
increasing the methanol (MeOH) or ethanol (EtOH) con-
tent in buffer B at 25°C. When k_; was plotted against D,
the dependence of £_; on D was in good agreement in both
cases. The k_; value increased remarkably with a
decrease in D, and was 15.2 times higher in the presence
of 30% EtOH (D = 62.2) than in its absence (D = 78.3)
(Fig. 9). This suggests that the dissociation of the BESOD
dimer into subunits is promoted strongly by an increase

6
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x
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0 ] I ]
0 2 4 6 8
[BESOD], (M)

Fig. 7. Dependence of the rate constant (k_;) of subunit disso-
ciation on BESOD concentration. The native and nitrated
BESODs at equal concentrations were mixed in buffer B at 25°C.
[BESOD], represents the total concentration of BESOD. (i.e.,
[BESOD], = [native BESOD], + [nitrated BESOD],)
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Fig. 8. pH-Dependence of the rate constant (k_;) of the subu-
nit dissociation. The native and nitrated BESODs at equal con-
centrations (2.7 uM) were mixed in 20 mM 3,3-dimethyl glutarate
buffer (pH 6.0-7.0), Tris-HCl buffer (pH 7.0-9.0), or borate buffer
(pH 9.0-10.0) at 25°C.

in the dielectric constant of the medium, while it is not
affected by changes in BESOD concentration or pH.

DISCUSSION

UV-Absorption Difference Spectra of BESOD—The
spectra of the residues located on the surface of proteins
are usually perturbed by changes in the physical proper-
ties of the solvent (e.g., refractive index, dielectric con-
stant, solvent-solute interactions, etc.). Difference spec-
troscopic studies demonstrated that Tyr 108 is exposed in
part to the solvent (Table 1). It should be noted that the
accessibilities to EtOH, EG, and PEG 600 were in the
range of 44.6-52.3% instead of the difference in the size
of perturbants. The accessibility of Tyr 108 to water mol-
ecules was calculated from crystallographic data (5) to be
46 + 9% by rolling a probe, the radius of which is 0.14 nm,
around the accessible surface area of Tyr 108 and com-
paring it with the accessibility of Tyr in the extended Ala-
Tyr-Ala tripeptide (36, 37). However, based on the molec-
ular sizes of water and the perturbants examined, it is
suggested that the degree of exposure of Tyr 108 in solu-
tion might be much higher than that in the crystal.

Nitration of BESOD—TNM is a highly specific and
selective reagent for nitrating tyrosyl residues in pro-
teins, and BESOD was fully nitrated (1.9 nitrotyrosyl
residues/mole BESOD dimer) with TNM. The nitrated
BESOD showed almost the same activity as that of the
native BESOD, suggesting that the nitration, if it is
induced by peroxynitrite (ONOO-) under pathological
conditions, might not cause the inactivation of BESOD.
The native and nitrated Tyr 108 showed abnormally high
pK, values of 11.3 and 7.9, which are 1.5 and 1.1 pH units
higher than those of model compounds, respectively.
From X-ray crystallographic analyses of native and
nitrated BESODs (5, 38), it is suggested that the abnor-
mally high pK, value of Tyr 108 may be due to adjacent
hydrophobic side chains, and that nitration decreases the
difference in pK, between Tyr 108 and the model com-
pound by 0.4 pH units. The state of the phenolic ring
might be changed by nitration so that the nitrated phe-
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Fig. 9. Dependence of the rate constant (k_;) of subunit disso-
ciation on the dielectric constant (D). The native and nitrated
BESODs at equal concentrations (2.7 uM) were mixed in buffer B
plus methanol (circies) or ethanol (triangles) at 25°C. The concen-
trations of methanol and ethanol were in the range of 0-30%.

nolic ring may come into closer proximity with the car-
boxylate group of Glu 107. From this evidence, it is sug-
gested that Tyr 108 is not in a free state on the surface of
the subunit but in a considerably-strained state,
although the nitration of Tyr 108 has no effects on the
enzymatic activity and subunit interactions. These
effects must be examined more precisely using spectro-
photometric, calorimetric, and crystallographic measure-
ments.

Subunit Exchange of BESOD—The three dimer spe-
cies (i.e., native, hybrid, and nitrated BESOD dimers)
were clearly separated by anion-exchange HPLC. With
sufficient incubation after mixing the native and nitrated
BESOD dimers, the ratio of their amounts reached 1:2:1
at equilibrium. This ratio suggests strongly that the
monomer-dimer equilibrium is not affected by nitration.
The rate constant (k_;) of subunit dissociation under the
standard assay conditions (pH 7.8, 25°C), was deter-
mined to be (4.17 + 0.13) x 10-% s-1. However, no free mon-
omer was detectable under the experimental conditions
used, and thus the association rate and equilibrium con-
stants could not be determined. Accordingly, the associa-
tion rate constant was estimated by assuming that the
subunit association could be diffusion-controlled and by
taking into account the effective surface area for the sub-
unit encounter. The rate constant of subunit encounter is
assumed to be on the order of 10° M-1-s7! (39), and the
effective surface area is about 9% of the total external
surface of each subunit based on X-ray crystallographic
data (5). Accordingly, the association rate constant is esti-
mated to be on the order of 107 M-1-s-!. The equilibrium
constant (K;) and Gibbs free energy change of subunit
dissociation were estimated to be on the order of 1013 M
and about 74.2 kJ-mol-! at pH 7.8, 25°C.

A well-characterized protein proteinase inhibitor,
Streptomyces subtilisin inhibitor (SSI), is a 23-kDa
homodimer (40—43). The subunit dissociation rate con-
stant of SSI has been determined to be 1.4 x 10 571 at
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4°C (30), whereas that of BESOD at 4°C is 9.6 x 10-8 s71.
On the other hand, the activation energy of subunit dis-
sociation of human stem-cell factor has been determined
to be 85.7 kJ-mol! at pH 4.5 (44), whereas that of
BESOD at pH 7.8 is 117.0 kJ-mol!. These results suggest
that BESOD subunits are associated through stronger
interactions than other proteins so far reported.

The k_; value was affected by neither the BESOD con-
centration (0.62—6.8 pM) nor pH (6.0-10.0). Under the
standard assay condition at pH 7.8, 25°C, Tyr 108 of
BESOD is not ionized, whereas that of nitrated BESOD
is approximately half ionized because of its pK, value of
7.9. However, k_; was not affected by pH in the range
from 6.0 to 10.0, indicating that the contribution of the
extra negative charge in the nitrated Tyr 108 to subunit
exchange is negligible. The %_; value increased remarka-
bly with a decrease in the dielectric constant (D) of the
reaction medium, suggesting that hydrophobic interac-
tions in the subunit contact region play a significant role
in subunit association. On the other hand, the BESOD
monomer is negatively charged at pH 7.8 because of the
isoelectric point of 4.9-5.5 (22). Taking only electrostatic
interactions into account, it is supposed that monomers
repulse each other, and this repulsive electrostatic inter-
action is strengthened with a decrease in D. Thus, the
decrease in D results in the promotion of subunit dissoci-
ation in terms of both hydrophobic and electrostatic
interactions. Larsen et al. reported a visual survey of 136
homodimeric proteins with images that highlight the
major structural features of each protein-protein interac-
tion surface (45). One-third of the interfaces show a rec-
ognizable hydrophobic core, with a single large continu-
ous, hydrophobic patch surrounded by a ring of
intersubunit polar interactions. The remaining two-
thirds of proteins show a varied mixture of small hydro-
phobic patches, polar interactions and water molecules
scattered over the interfacial area. The scattered hydro-
phobic patches, each comprising 1-3 amino acids, do not
dominate the character of the interface as in the case of
the large, central, hydrophobic cores. In the case of
Cu,Zn-SOD, which forms one of the smallest mixed inter-
faces, two hydrogen bonds, half a dozen hydrophobic con-
tacts and a few water molecules comprise the entire
interface. As it is reasonably considered that the energies
(8-40 kJ/mol) for interactions between two hydrophobic
groups are almost the same as the bond dissociation
energies (4-20 kd/mol) of hydrogen bonds in liquid water
(46, 47), it is supposed that hydrophobic interactions
could be contributing to the subunit interaction of Cu,
Zn-SOD more than hydrogen bonds. It should be noted
that the dissociation rate of dimer BESOD into monomer
subunits is not dependent on the BESOD concentration
under the assay conditions [20 mM Tris-HCl buffer (pH
7.8)] used in this study (Fig. 7). On the other hand, the
dissociation has been reported to be dependent on the
protein concentration with [BESOD] existing as 50%
dimers at about 10 uM. In this case, BESOD was incu-
bated in 50 mM potassium phosphate buffer (pH 7.8) at
25°C for 1 h, and then applied to gel-filtration HPLC in
50 mM potassium phosphate buffer (pH 6.6) plus 0.3 M
NaCl to observe the dissociation (18). This discrepancy
might stem from the difference in the HPLC conditions,
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and suggests that the subunit interaction of BESOD may
be sensitive not only to alcohols (Fig. 9) but also to salts.
This complex character of the interaction may be a reflec-
tion of the mixed interface of small hydrophobic patches,
hydrogen bonds, and water molecules in the subunit
interface.

Here, it has been demonstrated that BESOD dimers
exchange subunits spontaneously with other dimers, and
that subunit dissociation is highly dependent on the tem-
perature and dielectric constant of the reaction mixture.
The dimerization-dissociation reaction of BESOD has
been characterized by examining subunit exchange
between native and nitrated BESODs, and provides
insights into the nature of the protein-protein interaction
between BESOD subunits. The methods used here for
studying protein-protein specific interactions may be
applicable to other protein systems, and the observations
obtained here may be useful in revealing the nature and
significance of dimeric proteins.
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