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Interaction of thiocyanate with horseradish peroxi-
dase (HRP) was investigated by relaxation rate meas-
urements (at 50.68 MHz) of the !®N resonance of thio-
cyanate nitrogen and by following the hyperfine
shifted ring methyl proton resonances (at 500 MHz) of
the heme group of SCN~-HRP solutions. At pH 4.0, the
apparent dissociation constant (Kp) for thiocyanate
binding to HRP was deduced to be 1568 mMm from the
relaxation rate measurements. Chemical shift changes
of 1- and 8-ring methyl proton resonances in the pres-
ence of various amounts of thiocyanate at pH 4.0
yielded K, values of 166 and 136 mM, respectively.
From the pH dependence of Kp and the '*N resonance
line width, it was observed that thiocyanate binds to
HRP only under acidic conditions (pH < 6). The binding
was found to be facilitated by protonation of an acid
group on the enzyme with pK, 4.0. The pH dependence
of the !°N line width as well as the apparent dissocia-
tion constant were quantitatively analyzed on the basis
of a reaction scheme in which thiocyanate in deproton-
ated ionic form binds to the enzyme in protonated
acidic form. The K, for thiocyanate binding to HRP
was also evaluated in the presence of an excess of
exogenous substrates such as resorcinol, cyanide, and
iodide ions. It was found that the presence of cyanide
(which binds to heme iron at the sixth coordination
position) and resorcinol did not have any effect on the
binding of thiocyanate, indicating that the binding site
of the thiocyanate ion is located away from the ferric
center as well as from the aromatic donor binding site.
The K, in the presence of iodide, however, showed that
iodide competes with thiocyanate for binding at the
same site. The distance of the bound thiocyanate ion
from the ferric center was deduced from the '°N relax-
ation time measurements and was found to be a 6.8 A,
From the distance as well as the change in the chemical
shifts and line width of 1- and 8-methyl proton reso-
nances, it is suggested that the binding site of thiocya-
nate may be located near heme, placed symmetrically
with respect to 1- and 8-methy! groups of the heme of
HRP. Similarity in the modes of binding of iodide and
thiocyanate suggests that the oxidation of thiocyanate
ion by H,0. may also proceed via the two-electron
transfer pathway under acidic conditions, as is the case
for iodide.

Horseradish peroxidase (HRP, EC 1.11.1.7, donor, H,0,
oxidoreductase) is a plant heme protein enzyme that catalyzes
primarily the oxidation of a wide variety of oxidizable organic
donor molecules by hydrogen peroxide (1, 2). The oxidation
reaction for organic substrates generally proceeds through
two distinct intermediates, HRP-I and HRP-II. The mecha-
nism of oxidation involves initial binding of the donor to the
enzyme. Several studies have therefore been reported on the
binding of oxidizable organic substrates to the native enzyme
(2-5). HRP is also known to catalyze oxidation of inorganic
substrates such as iodide, thiocyanate, nitrite, and bisulfite
ions (2, 6). Among the oxidizable inorganic substrates, the
interaction of iodide ion with HRP has been studied to further
understanding of the mechanism of thyroid hormone biosyn-
thesis catalyzed by thyroid peroxidase and lactoperoxidase (7,
8). Kinetic (9), fluorometric (10), and NMR (11) studies have
suggested that iodide ion forms a 1:1 complex with HRP and
binds near the heme group. The kinetic studies (9, 12) have
suggested further that the oxidation of iodide with hydrogen
peroxide catalyzed by HRP occurs via two-electron transfer
under acidic conditions. In this process, HRP-I is converted
to native enzyme directly by two-electron oxidation of the
substrate without formation of HRP-II.

Besides iodide, thiocyanate ion is also an attractive inor-
ganic substrate because thiocyanate is classified as a pseudo-
halide and bears many resemblances to iodide in its chemical
behavior. SCN™. H;O, - lactoperoxidase provides a potent non-
specific bacteriostatic or bacteriocidal system (13, 14). Mag-
nusson et al. (15) have studied the catalytic activity of lacto-
peroxidase using iodide and thiocyanate ions and have sug-
gested that the oxidation of iodide and thiocyanate with
hydrogen peroxide catalyzed by lactoperoxidase and thyroid
peroxidase may also occur via two-electron transfer. We have
recently studied the interaction of thiocyanate with lactoper-
oxidase using **N and 'H NMR (16). Thiocyanate and iodide
ions have been shown to bind to lactoperoxidase at a distal
site of heme at the histidyl residue with an apparent dissocia-
tion constant of 90 and 38 mM, respectively at pH 6.1 (16,
17). The interaction of thiocyanate with HRP has, however,
not been studied in any detail. The only study appears to be
that of Lukat and Goff (18), who investigated the interaction
by optical spectroscopy and reported that the interaction of
thiocyanate with HRP is optically inoperable even at a high
concentration of thiocyanate. Thus, in spite of the fact that
the oxidation of thiocyanate ion by H.O; is catalyzed by HRP
like that of iodide ion, it is still not known where thiocyanate
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tribution to T; 7., autocorrelation time, 7,, lifetime of the enzyme-
substrate complex.
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ion binds and how electrons are transferred from thiocyanate
to the heme iron of HRP-I.

In the present study, the interaction of thiocyanate with
HRP was investigated using **N and 'H NMR spectroscopy.
From the measurements of relaxation times of (SC**N}~ in
the presence and absence of HRP, the apparent dissociation
constant (Kp) was evaluated, and the distance of the ®N of
SCN~ from the ferric ion of HRP was estimated. The line
width measurements on °N resonance were utilized to deduce
the autocorrelation time (7.). The pH dependence of the line
width gave a pK, of the ionizable group in the heme crevice,
which is responsible for the binding of thiocyanate. The Kp
was also estimated from the chemical shift changes of the
heme methyl resonances of HRP with varying concentrations
of thiocyanate. The results of these studies have been used to
determine the strength and site of the binding of thiocyanate
to HRP and are compared with the results on the interaction
of iodide with HRP (11) and the interaction of thiocyanate
with lactoperoxidase (16).

MATERIALS AND METHODS

Horseradish peroxidase was purified from crude HRP (Sigma, Rz
= Ay3/Ass = 0.8) by DEAE and CM-cellulose column chromatogra-
phy (19). The B and C HRP isoenzymes were collected (Rz = 3.2)
after elution with acetate buffer (100 mM, pH 4.4). The concentration
of the enzyme was determined spectrophotometrically using a molar
extinction coefficient of 1.02 X 10° cm™ M~! at 403 nm for HRP (20).
Deuterium oxide (>99.85%) was purchased from Aldrich. Enriched
BN sodium thiocyanate (NaSC™N, atom % of N > 99) was pur-
chased from MSD Isotopes. All other reagents were of analytical
grade.

NMR Measurements—Proton NMR measurements were carried
out on a Bruker AM 500-MHz FT NMR spectrometer at 23 °C. The
samples were lyophilized directly inside 5-mm NMR tubes with an
excess of D;0, and the final solution was prepared in 0.1 M phosphate
buffer at pH 4.0 (volume, 0.4 ml). Proton NMR spectra of HRP were
obtained by accumulation of about 40,000 transients at 8K data points
in quadrature mode. Proton chemical shifts were referred to a proton
signal of trace HDO as a secondary reference at 4.75 ppm. Quoted
pH values are meter readings uncorrected for isotope effects.

The N NMR measurements were made on a Bruker FT NMR
spectrometer operating at 50.68 MHz in a 10-mm NMR tube with
D,O for frequency lock. The spectra were obtained by accumulation
of 400-1,000 transients at 16K data points. Measurements at different
temperatures were done using an automated temperature controller
that maintained temperatures within +0.5 °C.

Line Width Measurements—The line width data were obtained
from the spectra by fitting the substrate '*N resonances to Lorentzian
line shape. The observed line width (Avebs) of the *N resonance of
the SC¥N~ in the presence of the enzyme is considered to be the sum
of the line widths due to the enzyme-bound fraction and due to the
unbound fraction of the substrate *N resonance, assuming the chem-
ical shift difference to be negligible (see Fig. 1). Enzyme-substrate
interaction is considered to take place between the protonated form
of the enzyme and the deprotonated ionic form of the substrate, as
the HSCN is strongly acidic with pKsy = —1.9 (21) and would be
mostly in the ionic form in the pH range of the present study. The
scheme for the binding of thiocyanate to HRP is as follows

K
H* + EH-§S =—— EH + S~ + H*

“K “Ks}{

E + H* SH
SCHEME 1

where K is the complex dissociation constant for the binding of
deprotonated thiocyanate (SCN™) to protonated enzyme form (EH).
K, and Kgy are protolytic dissociation constants of enzyme and
substrate, respectively.

The pH dependence of K, can be explained by Scheme 1, and it is
related to K by Equation 1 (22, 23)

Interaction of Thiocyanate with Horseradish Peroxidase

Kp = K(1 + K,/H")(1 + H"/Kgsp) (8]

The variation of the observed line width as a function of pH is
given by Equation 2 (23)
Eo(Alfa - AV&)
So + K(1 + K,/H*)(1 + H*/Ksn)

Avryorn = + Avf (2)
where AvE and Avf, denote the line widths of the enzyme-bound and
unbound substrate °N resonances, respectively. E; and S, represent
the initial enzyme and substrate concentrations, respectively.

Relaxation Rate Measurements—Since the optimum pH for the
binding of SCN~ to HRP is between 3.0 and 5.0 (see “Results”), the
relaxation rate measurements were done at pH 4.0. For the relaxation
time measurements, HRP was treated with Chelex 100 (Bio-Rad) to
remove any traces of free metal ions (24). Deionized double-distilled
water was used to prepare 0.1 M phosphate buffer (pH 4.0). Filtrates
were lyophilized and redissolved in D,O for NMR studies. Titrations
were carried out in the enzyme concentration range of 100 uM~4 mM,
and titrations of the substrate were in the range of 20-470 mM. To
obtain the longitudinal relaxation time ( 7' cws)), the inversion recovery
method with a 180°-7-90° pulse sequence was used (16, 23, 25).

Determination of the Apparent Dissociation Constant of Thiocya-
nate Binding to HRP Using *N-T, Measurements—Tbs can be
considered as the sum of the relaxation rates of the bound and free
substrate fractions and is related to Kp, Ths, and Ty through Equation
3 for the binding of one molecule of thiocyanate to one protonated
molecule of HRP (16, 23)

1 1] 1 1] 11 ]“

E, I:Tl(obs) le Ko [Tw Tx/] + S [Tw Ty 3
where T, is the T of the HRP-substrate complex, and 7'y is the T
of the substrate in the absence of the enzyme. K, and T, for
thiocyanate binding to HRP can be obtained by least squares fit of
the data to Equation 3.

Determination of the Apparent Dissociation Constant of Thiocya-
nate Binding to HRP from Chemical Shifts of HRP Using 'H NMR—
Kp was also obtained (at pH 4.0) from the 'H chemical shift of HRP
using the following expression (16)

(80bs — Brrp)Eo ]

0 . - 60 8, So -
[Bosme son > ][ (8arp-scn) — BHRP)

4)

Ky =
P [Bobs — Onre]

where 6urp, 0urp.scn, and o are the observed heme proton chemical
shifts of free HRP, HRP with bound thiocyanate, and at intermediate
concentrations of the enzyme and thiocyanate, respectively. The
concentrations of the substrate and the enzyme can be varied and Kp
evaluated by fitting the data to a nonlinear fitting program (16, 26).
Competitive Binding of Thiocyanate to HRP in the Presence of
Todide—Donors competing for binding to the native HRP at the same
site as that of thiocyanate affect the apparent dissociation constant
of the latter. The observed apparent dissociation constant, Kpbs), 0f
the thiocyanate in the presence of the inhibitor is related to the
inhibitor concentration [I] by the following expression (23, 27, 28)

Kbp[1]

K, (5)

Kpows) = Kp +

where K; is the apparent dissociation constant of the inhibitor in the
absence of thiocyanate, and Kp, as defined earlier, is the apparent
dissociation constant for the binding of thiocyanate to HRP in the
absence of inhibitor. The value of K; of the iodide ion was deduced
from intercept and slope of the straight line plot of Kb versus 1]
(see Equation 5).

Determination of Distance Using *N-T, Measurements—T;, ob-
tained from Equation 3 is related to T, through

T — T = [(Tin + 70)7"]

where 1., is the lifetime of the enzyme-substrate complex. Since the
fast exchange limit, T\, > 7., and since the diamagnetic contribution
(T7)) is negligibly small, T3 can be taken to be the same as T1y (4,
5, 16, 23, 29-33). Using Solomon (34) and Bloembergen (35) equa-
tions, the distance of the nitrogen of the bound thiocyanate from the
metal center in HRP (r) can be determined, provided the value of 7.
is known. For Fe** (S = 5/2), the metal-*N distance in HRP.SCN~
is given by (16).
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The value of 7. was estimated from the ratio of Ty, to T1, (16, 23, 29,
36).

ricms) = {2.958 x 1073 Ty, [

RESULTS

Interaction of SC** N~ with HRP Probed by *N NMR—Fig.
1 shows the N NMR spectra of thiocyanate in the absence
and presence of HRP. The sharp *N signal is broadened from
2.5 to 9.0 Hz by the addition of 50 uM HRP at pH 4.0. Fig. 2
shows that the line width of **N resonance of SC**N~ increases
monotonically by sequential addition of HRP, suggesting the

20 Hz

FIG. 1. >N NMR spectrum of thiocyanate (20.5 mMm) in 0.1
M phosphate buffer (pH 4.0) in the absence (4) and presence
(B) of HRP (50 uM). The dotted lines are resonance traces; the solid
lines are fitted once to the Lorentzian line shape function. Sweep
widths of 1 kHz over 16,000 data points were used to ensure an
instrumental resolution of 0.12 Hz.
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FiG. 2. Variation of the '*N line width of thiocyanate (20.5
mM) as a function of HRP concentration. The height of the
vertical bars is equal to twice the standard deviation of the Lorentzian
line shape fit.
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increase in the substrate-bound enzyme fraction.

The effect of pH on the line width of the HRP-SCN~
system was studied in the pH range of 3.0-6.7. No data could
be taken below pH 3.0, as the linkage of heme to the apoen-
zyme is then broken. Fig. 3 shows that pH has a pronounced
effect on the line width of N resonance in the presence of
HRP and hence on the binding of SCN~ to the enzyme. In
the presence of the enzyme, the line width of the resonance
increases from 2.5 Hz at pH 6.7 to 9.5 Hz at pH 3.0. No pH
effect on the line width of N resonance of thiocyanate was
observed in the absence of the enzyme (see Fig. 3). Above pH
6.0, the line width of the resonances in the absence or presence
of the enzyme is the same (2.5 Hz), indicating that thiocyanate
binds to HRP only below pH 6.0. The variation of the line
width below pH 6.0 clearly reflects titration of an ionizable
group. The pH dependence data were least squares fitted to
Equation 2, which yielded a pK, of 4.0 and a K of 80 mM.
Thus, protonation of an ionizable group with pK, = 4.0
enhances the binding of thiocyanate to HRP. The good fit of
the data to Equation 2 confirms the involvement of one
molecule of thiocyanate binding/one-proton transfer to the
enzyme as assumed in Scheme 1. As the optimum pH for the
thiocyanate ion binding is around pH 4.0, all the proton and
>N NMR data refer to pH 4.0 unless otherwise specified.

’N-T, Measurements—The spin lattice relaxation time
(T1) measurements at 50.68 MHz for SC*N~ were done at
different enzyme and substrate concentrations by the inver-
sion recovery method. A typical set of inversion recovery
spectra is shown in Fig. 4A. T\ at various enzyme and
substrate concentrations and T}, the spin lattice relaxation
time of SC'®*N~ in the absence of HRP, were used to calculate
Ty, and Kp, by least squares fit of the data to Equation 3. Fig.
4B shows that the plot of Eo(1/Tows — 1/Thy) ™" versus So is a
straight line, which is consistent with the 1:1 stoichiometry
of the HRP.SCN™ complex (16). Kp = 158 + 19 mM and T3}
= 8.3 + 0.4 s~ were obtained from the least squares fit of the
data to Equation 3. Similarly, *N-7T, measurements were
carried out in the presence of cyanide ion (0.1 M). Cyanide
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Fic. 3. >N NMR line width of thiocyanate (20.5 mM) as a
function of pH in the range of 3.0-6.7 in 0.1 M phosphate
buffer, in the absence (open circles) and presence (closed
circles) of HRP (33 um). The height of the vertical bars denotes
twice of the standard deviation of the Lorentzian line shape fit. The
solid line is the least squares fit to Equation 2.
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FiG. 4. A, 180°-7-90° pulse *N NMR
spectra {at 50.68 MHz) of thiocyanate
(200 mM) in the presence of 2.5 mM HRP
(0.1 M phosphate buffer, pH 4.0). 7 val-
ues were varied from 0.03 ms to 100 s,
which are shown in the figure. B, plot of
[Eo{1/ Trioney — 1/Ty;)"") versus Sy, where
So was varied from 50 to 300 mM. Obser-
vation of the straight line confirmed the B
binding of one thiocyanate ion to HRP.

2

Eo {1/ Tiops=1/Tie) x 10

-1
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A

\\_\m~ 100 sec
80

56 s
So (x10° M)

ion binds to ferric ion of the heme of HRP at the sixth
position to form low spin species (37). The T3 calculated
from Equation 3 (data not shown) was found to be T7}(CN™)
= 8§ X 107% s~!. This may be considered as a diamagnetic
contribution (T}) to the T1! of thiocyanate (4, 5, 16) and is
very small as compared with the T3} of SC'*N~ binding and
hence is neglected. The K, of SC®*N~ binding to HRP-CN
was estimated to be 134 + 21 mM, which compares well with
that of 158 + 19 mM estimated for thiocyanate binding to
native HRP (Table I). This suggests that the binding of
cyanide to the ferric center at the sixth position does not
inhibit the binding of thiocyanate to HRP and that the
binding site of SCN™ is away from the ferric center.

Spin lattice relaxation rates (Tibe and T7}) for SC*N~.
HRP were measured at different temperatures (6-50 °C).
Ti was calculated at different temperatures using Equation
3. The dependence of T5} on temperature is represented as
an Arrhenius plot of log(T,)™* versus inverse of the temper-
ature (Fig. 5). In this representation, the slope gives the
activation energy of the processes related to variation of 7.
with temperature (29, 36). The relaxation rate decreases with

I 1 1 1
20 25 30 35

TABLE 1
Effect of cyanide, iodide, nitrate ions, and resorcinol on the binding of
thiocyanate to horseradish peroxidase
— and + show the absence and presence (0.1 M), respectively, of
particular substrate.

- . _ - Method used for
CN" Resorcinol I NO; Kp determination of Kp
mM
- - - — 15819 5N-T,» measurements
- - - - 150x20 5N-T;, measurements

'H chemical shifts vari-
ation

166 (1-methyl)
136 (8-methyl)

+ - - - 13421 N-T, . measurements
- + - - 187x23 5N-T , measurements
- - + — 202+30 ¥N-T),» measurements
- - - + 170+21 5N-T1» measurements

an increase in temperature, suggesting the presence of fast
exchange (T, > 1.,) (29, 31, 36). This is also consistent with
the observed low binding affinity of thiocyanate to HRP (K
= 158 mM). The activation energy of 2.6 * 0.7 kcal/mol
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FiG. 5. Temperature dependence of logarithmic variation
of relaxation rate (1/7)s) of '*N resonance of bound thiocya-
nate at 50,68 MHz.

calculated from the slope of the plot of Fig. 5 is in the range
of 1-3 kecal/mol expected for 7,-independent processes (29,
30, 36). The temperature dependence of the line width of *N
NMR resonance of the SC*N~.HRP system shows an in-
crease in the line width with a decrease in temperature (data
not shown), which is also consistent with the fast chemical
exchange (16, 38) of the HRP.SCN™ system.

The positive slopes of the temperature variation of relaxa-
tion rate and line width data suggest that the conditions w}r?
< 1 and w72 >> 1 prevail in the present system (31, 32). We
have shown earlier that 77} = T7., (see “Materials and Meth-
ods”). Equation 8, therefore, simplifies to

ricms) = (8.874 X 107 Tyr,)'®

Hence, the distance of the *N of thiocyanate from the
paramagnetic ferric ion of the HRP heme can now be calcu-
lated using this expression, provided the value of 7. is known.
The value of r, was deduced from the ratio of T, to T\, as
discussed earlier (16, 23). Tyn was calculated using an equation
similar to Equation 3, assuming the chemical shift difference
to be negligible. The calculated value of 7. = 9.5 X 107" s
compares with the value of 5.0 X 10™'! g used previously (3~
5). Fortunately, the calculated distance does not differ much
if either of the two values is used. The distances of the **N of
the thiocyanate from ferric ion (Fe®* — 15N) calculated using
the two values of 7. are 6.8 and 6.1 A, respectively.

Effect of Exogenous Substrates on the Binding of Thiocya-
nate Ion to HRP—The binding of thiocyanate ion to HRP in
the presence of exogenous substrates such as resorcinol, io-
dide, and nitrate was also studied by *N-7'; measurements.
The data in Table I show that the presence of the excess of
resorcinol has no appreciable effect on the Kj of thiocyanate
ion binding to HRP. Thus, resorcinol does not inhibit the
binding of thiocyanate. This was confirmed further by deter-
mining the Kp of resorcinol in the presence of the excess of
thiocyanate (0.1 M) by optical difference spectroscopy (4, 23).
Titrations were carried out at room temperature (23 °C) by
adding 10-500-u1 aliquots of resorcinol (250 mM) to the en-
zyme (10 uM) solution (1 ml, 0.1 M phosphate buffer, pH 4.0)
in a sample cell and by diluting the enzyme by same amount
of buffer in reference side. Kp values were calculated from the
slope and intercept of the straight line of the double-reciprocal
plot (23). The results in Table II show that thiocyanate does
not have a significant effect on the Kp of resorcinol binding
to HRP at pH 4.0 and 7.0. The value of K; = 20 £ 4 mM in
the presence of thiocyanate compares very well with that of
22 + 4 mM in the absence of thiocyanate for the binding of
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TABLE 11
Effect of thiocyanate on the binding of resorcinol to horseradish
peroxidase studied by optical difference spectroscopy
— and + show the absence and presence (0.1 M), respectively, of
thiocyanate ion.

pH SCN- Ko
mM

4.0 - 22+ 4

+ 20 + 4

7.0 - 12+2

+ 12+3

— L L |
0-025 005 0075  0-00
{11 )

FiG. 6. Variation of K as a function of iodide concentration
[1]. Solution conditions were 0.1 M phosphate buffer at pH 4.0.

resorcinol to HRP at pH 4.0. It is seen, however, that the K,
of thiocyanate binding increases in the presence of iodide
{Table I). Thus, the binding of thiocyanate to HRP in the
presence of iodide appears to be competitive. To confirm this,
the Kpwe) 0f thiocyanate binding was evaluated as a function
of iodide concentration. Fig. 6 shows that the Kpbs increases
linearly with iodide concentration as expected from Equation
5. The apparent dissociation constant of iodide ion in the
absence of thiocyanate (K;) deduced from the intercept and
slope of the plot (Fig. 6) is 115 £ 10 mM, which falls within
the range of the values K; = 124 and 99 mM reported earlier
(11) from the chemical shift changes of 1- and 8-methyl proton
resonances, respectively. This shows that thiocyanate and
iodide bind to HRP at the same site, which is located 6.8 A
away from the ferric center, and which is different from the
site at which resorcinol binds. Resorcinol has been suggested
to bind HRP at tyrosine 185 (5). To confirm that the increase
in the apparent dissociation constant of thiocyanate ion bind-
ing to HRP in the presence of iodide ion was not an ionic
strength effect, K, was also evaluated in the presence of
nitrate jon. Table I shows that the presence of nitrate (0.1 M)
has very little effect on Ky for binding of thiocyanate to HRP.

Interaction of SCN™~ with HRP Probed by '"H NMR—Fig.
7A shows proton NMR spectra of HRP at pH 4.0 in the
absence and presence (150 and 800 mM) of thiocyanate ion.
The spectrum in the absence of the donor is the same as that
reported earlier (39). The downfield-shifted 4-ring methyl
peaks were assigned to the 5-, 1-, 8-, and 3-ring methyl protons
of the heme periphery as indicated in Fig. 74 (39). It is
observed that the addition of thiocyanate induces pronounced
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FiG. 7. A, 'H hyperfine shifted NMR spectra of HRP (2.3 mMm, 0.1
M phosphate buffer, pH 4.0 at 23 °C) in the presence of 0 mM (a),
150 mM (b), and 800 mM (c) thiocyanate. The chemical shifts refer
to trace HDO as a secondary standard. Only downfield regions are
shown in the figure. B, variation in the chemical shift of the 1- and
8-ring methyl (I-Me and 8-Me, respectively) proton resonances of
the HRP (2.3 mMm) prosthetic group as a function of thiocyanate
concentration, The open circles are the experimental points, and the
solid lines are calculated from the least squares fit of the data to
Equation 4.

changes in both chemical shift and line width of only 1- and
8-ring methyl proton resonances. At 150 mM thiocyanate, the
resonances due to 1- and 8-methyl protons merge together,
and at a higher concentration (800 mM), they again appear
separately. Thiocyanate appears to induce an upfield shift for
1-methyl resonance and a downfield shift for the 8-methyl
resonance. Fig. 7B shows the variation in chemical shifts of
the 1- and 8-methyl proton resonances with thiocyanate con-
centration. The apparent dissociation constants of thiocya-
nate binding to HRP at pH 4.0 were calculated by least
squares fit of the data of Fig. 7B to Equation 4 and were found
to be 166 and 136 mM, respectively. This is consistent with
Kp = 158 + 19 mM obtained from the T; measurements. It is
observed (data not shown) that there is no effect on the
chemical shifts or line width of ring methyl proton resonances
of HRP at pH 7.0 even at a very high concentration of
thiocyanate (800 mM), suggesting that thiocyanate does not
bind HRP at neutral pH. This is consistent with our earlier
observation that the line width of N of SC*N~ above pH
6.0 remains unaltered at 2.5 Hz in the absence or presence of
HRP (Fig. 3).

La Mar and de Ropp (40) have shown that the 'H resonance
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peak observed at about 100 ppm in native HRP arises from
the exchangeable N-H proton of the proximal histidine im-
idazole. Fig. 7A shows that the broad signal at 98 ppm is not
appreciably affected by the addition of even 800 mM thiocy-
anate at pH 4.0. This suggests that the binding site of thio-
cyanate may not be near the proximal histidine.
Gonzalez-Vergara et al. (41) have shown that a broad upfield
signal at about —50 ppm in HRP is attributable to ring meso
protons of the heme, and the upfield position of this signal is
suggested to be diagnostic of five-coordinate Fe(III) structure
in the native HRP. Fig. 8 shows that the broad meso-H
resonance at about —50 ppm in the absence of thiocyanate
(at pH 4.0) remains upfield and undergoes further broadening
in the presence of a large excess (800 mM) of thiocyanate.
This suggests that the binding of thiocyanate does not take
place at the ferric site, which remains essentially a five-
coordinate ferric heme. This is consistent with our earlier
observation that the binding of thiocyanate to HRP is not
affected by the presence of cyanide ion. The further broad-
ening of meso signal suggests that the thiocyanate-binding
site may be closer to the heme edge, which agrees with the
Fe-*N distance of 6.8 A deduced from *N-T, measurements.
Variation of Kp as a Function of pH—Scheme 1 shows
different equilibria involved in a solution of thiocyanate and

B
J/AJ
L i B

-40 -50 -60
PPM

Fic. 8. Upfield meso-proton NMR spectra of ferric native
HRP (2.3 mM, 0.1 M phosphate buffer, pH 4.0 at 23 °C, HDO
as secondary reference) in the presence of 0 mM (A) and 800
mM (B) thiocyanate.
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FiG. 9. pH variation of pKp for binding of thiocyanate to
HRP. The open circles are experimental points, and the solid line is
a least squares fit to Equation 1. The height of the vertical bars
represents twice the standard deviation in the calculation of Kp using
Equation 3.
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HRP at any given pH. Kp is related to K for the interaction
between the protonated form of the enzyme and the ionic
form of thiocyanate by Equation 1. In Fig. 9, the K, values of
thiocyanate binding to HRP determined by **N-T, measure-
ments at different pH values (using Equation 3) are plotted
in the pH range of 3-6. The solid line is the least squares fit
to Equation 1 with K = 83 mM. The good fit of the data to
Equation 1 supports our assumption that the ionic form of
thiocyanate preferentially binds to the protonated form of the
enzyme, as expected from the pH variation of the line width
of N resonance. K = 80 mM obtained from the pH depend-
ence of the line width agrees very well with the K = 83 mM
from the pH variation of Kp.

DISCUSSION

The ®N and 'H NMR studies presented here clearly dem-
onstrate that thiocyanate binds to HRP under acidic condi-
tions (pH < 6). The pH dependence of the ®N NMR line
width and K, further shows that thiocyanate, predominantly
in the ionic form, binds to the protonated form of the enzyme
(Scheme 1). This behavior of thiocyanate ion binding con-
trasts with the binding of other anionic ligands to HRP.
Inorganic anions such as CN~, F~, and Nj are known to bind
to the heme proteins such as ferrimyoglobin and ferrihemo-
globin at the ferric center in deprotonated anionic form. The
distinguishing feature of peroxidase enzymes has been sug-
gested to be that these anions bind at the ferric center
predominantly in the protonated form (2, 42). Recent proton
NMR studies have shown that the binding of cyanide anion
involves a concomitant transfer of proton to distal histidyl
imidazole (42). Our results show that the nature of thiocya-
nate ion binding to HRP is different compared with that of
the above anions binding to the enzyme. It is well known (43)
that CN™, F~, and N3 anions inhibit the peroxidative activity
of HRP. Thiocyanate ion is, however, an oxidizable substrate
(2, 6). From the °N relaxation measurements presented here,
it is seen that the binding site of SCN~ is 6.8 A away from
the ferric center. Since no significant change in the proximal
histidine N-H exchangeable proton resonance is observed
with the addition of thiocyanate, we suggest that thiocyanate
ion does not bind to HRP at the proximal site because binding
at the proximal histidine would have led to a substantial
change in the unpaired electron spin density distribution on
the heme, causing a drastic change in the chemical shift of all
methyl peaks (11, 44), Therefore, the binding site of thiocya-
nate to HRP is at a distal site of heme. It is to be noted that
thiocyanate ion binds to the ferric center in ferrimyoglobin
(45), but it binds to HRP away from the ferric center. This
points to the differences in the heme crevice structures be-
tween the ferrimyoglobin and HRP.

It is also observed that the binding of thiocyanate to HRP
with Kp = 158 = 19 mM is comparable to that of iodide
binding, with Kp lying between 99 and 124 mM (11). However,
it is considerably weaker compared with cyanide and fluoride
ions binding to HRP with K = 2.9 X 107® M and 1.3 x 1072
M, respectively (46). The binding of thiocyanate is found to
be facilitated by protonation of an acid residue on HRP with
pK., = 4.0. Kinetic study of cyanide and fluoride binding to
HRP has identified the presence of ionizable acid residues on
the enzyme with pK, = 4.1, 6.4, and 10.8 (46). Recent proton
NMR and fluorometric studies (10, 11) on iodide ion binding
to HRP have also suggested that binding of iodide ion is
facilitated by protonation of an acid residue with pK, = 4.0.
This residue has been attributed to the propionic acid group
of the heme moiety (11, 44). The same value of pK, obtained
in the case of iodide and thiocyanate ions binding to HRP
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suggests that their modes of binding may be similar.

The measurements of the apparent dissociation constant of
thiocyanate binding in the presence of iodide (see Fig. 6) show
that iodide and thiocyanate ions compete for binding at the
same site. Thus, the present results support the suggestion of
Ugarova et al. (10) that the protonation of propionic acid
residue helps to break the salt bridge, giving easy access for
the entry of the anion near heme. The distance of 6.8 A
suggests that the binding site is located close to the heme
edge. Aromatic donors such as p-cresol and resorcinol have
been suggested to bind HRP by hydrogen bonding and hydro-
phobic interaction with tyrosine 185 (5). Since it is observed
(Table I) that the binding of resorcinol does not affect the
binding of thiocyanate to HRP, the binding site near tyrosine
185 for thiocyanate may be ruled out. In this respect, the
chemical shift change of the 1- and 8-methyl group appears
significant. Thus, the binding of these anions close to both 1-
and 8-methyl substituents of the heme may bring about
conformation change in the vicinity of 1- and 8-methyl moie-
ties and cause the chemical shift changes. Since 1- and 8-
methyl groups are about 5.9 A away from the center of the
porphyrin moiety (47), the binding site of thiocyanate and
iodide ions may be placed symmetrically with respect to 1-
and 8-methyl moieties and at the edge of the heme group.
Considerations of Van der Waals contact radii of methyl
group proton, thiocyanate, apd iodide ions suggest that these
ions are placed at about 4 A or more from both the methyl
groups.

It may be mentioned here that both lactoperoxidase and
horseradish peroxidase bind to iodide and thiocyanate ions.
The apparent dissociation constants for lactoperoxidase are
38 mM (17) and 90 mM (16), respectively, and for HRP, 100
mM (11) and 158 mM (Table I), respectively. From the weaker
binding of these anions to HRP as compared with lactoper-
oxidase, it seems likely that the structure of lactoperoxidase
may be more favorable than HRP for the binding of these
anions.

Although much has been said about two-electron transfer
processes in enzymatic oxidation reactions of peroxidase (48,
49), the mechanism is not yet fully understood. It is found to
depend on the pH of the solution (50). The oxidation of iodide
ion catalyzed by HRP is found to proceed by the two-electron
transfer pathway under acidic conditions and is influenced by
ionization with pK, = 4.6 (9, 12). Since protonation of the
ionizable group with pK, = 4.0 enhances the binding of iodide
(11) and thiocyanate ion (present results) and the binding of
substrate is a prerequisite for oxidation, it seems likely that
the ionizable group in the binding of iodide and thiocyanate
ions to HRP is identical to the ionizable group essential for
oxidation. From these considerations, it is suggested that
under acidic conditions, the oxidation of thiocyanate ion by
H,0.-HRP may also proceed via the two-electron transfer
pathway, as is the case for iodide.
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