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Many enzymes that catalyze electron-transfer reaction contain multiple oxidation-reduction
centers (sites). The oxidation-reduction potential of one site as well as the kinetics of electron
transfer through this site may be altered by the state of reduction of a neighboring site. Oxidation—-
reduction site interactions may be mechanistically important and quantitation of site interactions
would aid the interpretation of thermodynamic data and possibly kinetic data. A graphical means
to detect and quantitate interactions between oxidation-reduction sites from oxidation-~reduction
equilibrium data (type A + B <~ C + D) is described and has its roots in the Scatchard analysis
of ligand binding equilibria (type A + B = C). Oxidation-reduction sites often have distinct
physical properties allowing the titration behavior of specific sites to be monitored. Equilibrium
measurements on specific sites of a two site protein allow a further analysis of the data which
can be combined with the oxidation-reduction Scatchard analysis to solve for all four specific
site equilibrium constants. Ligand binding systems can usually measure only total site binding
and simplifying assumptions of identical sites or noninteracting sites are required to solve for
the site specific equilibrium constants. Thus, specific site equilibrium measurements offer a
distinct advantage over total site measurements. The principles of the method are illustrated by
applying the graphical analysis to the two site protein, thioredoxin reductase, which contains an
oxidation~reduction active site disulfide in addition to FAD. The specific site oxidation-reduction
midpoint potentials (E,,) of the FAD and disulfide couples of thioredoxin reductase at pH 6.0,
12°C, were found to be FAD/FADH,-enzyme—(S), = —0.183 V, FAD/FADH,~enzyme—-(SH),
= —~0.199 V, (FAD)-enzyme—(S),/(SH), = —0.202 V, and (FADH,)-enzyme—(S),/(SH), = —0.218
V. Hence, at pH 6.0, the FAD and disulfide sites of thioredoxin reductase have E,, values that
differ by approximately 0.019 V and have a negative interaction of about 0.016 V.

Key WORDs: oxidation/reduction; Scatchard analysis; enzymes; flavoprotein; physical tech-
niques; redox potentials, thioredoxin reductase.

The biochemical literature cites many ex-
amples of allosteric and cooperative interac-
tions among ligand binding sites in multiple
site ligand binding proteins (1,2). Many en-
zymes which catalyze electron transfer pro-
cesses contain multiple oxidation—-reduction
sites. The field of biological oxidations has
not, in general, investigated interactions

! This paper was taken from a thesis submitted by
M. E. O’'Donnell to the Graduate School of the University
of Michigan in partial fulfillment of the requirements for
the Ph.D. degree.

2 Present address: Department of Biochemistry, Stanford
University School of Medicine, Stanford, California 94305.
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among oxidation-reduction sites. Quantita-
tion of site interactions would aid the inter-
pretation of thermodynamic data. Further,
interactions among oxidation-reduction sites
may be reflected in kinetic data since the rate
of electron transfer to one site may be affected
by the oxidation-reduction state of a neigh-
boring site.

Interactions among oxidation-reduction
sites have been investigated in cytochrome
oxidase (3-8) and in other proteins (9,10). Two
methods are used in these studies to analyze
the interactions between sites. One method
uses a plot of a signal representing the frac-
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tional reduction of one oxidation-reduction
site versus a signal that represents the frac-
tional reduction of another site or all the sites
combined. A model that assigns oxidation-
reduction potential differences between the
sites is fit to the data points. The data for this
plot are usually obtained from titrations using
a titrant having a low oxidation-reduction
potential relative to the protein couples (i.e.,
sodium dithionite) since this analysis does not
require knowing the equilibrium concentra-
tions of oxidized and reduced titrant. Hence,
the oxidation-reduction midpoint potentials
{En) for the protein couples are not usually
obtained. A further disadvantage of this
method is the inability to detect interactions
among initially identical sites (4). Another
method to analyze interactions between oxi-
dation-reduction sites is the Nernst analysis.
Equilibrium concentrations of oxidized and
reduced species of the protein as well as the
titrant are required in the Nernst analysis and
E,, values for the protein couples are obtained.
However, in the Nernst analysis, equilibrium
data at very high and very low levels of re-
duction are required to quantitate interactions
between sites and the difference in E,, between
sites (site heterogeneity). Accurate equilibrium
data at high and low levels of reduction are
usually difficult to collect.

The Nernst plot of oxidation-reduction
equilibria is analogous to the Hill plot of ligand
binding. In a detailed comparison of the Hill
and Scatchard plots, the Scatchard plot has
been shown to be more useful than the Hill
plot for quantitative analysis of nonidentity
between the sites and negative interactions be-
tween the sites (11). Thus, the validity of a
graphical method to analyze oxidation-re-
duction equilibria that is analogous to the
Scatchard analysis of ligand binding is ex-
amined.

In ligand binding systems, the binding of
ligand to specific sites is not generally mea-
surable. Thus, analysis of even the simplest
case, a two site protein, requires assumptions
of no interactions between sites or of identical
sites to solve for the site specific equilibrium
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constants. Oxidation-reduction centers often
have characteristic physical properties which
permit measurements of the equilibrium con-
centrations of oxidized and reduceq species
of specific sites. Specific site equilibrium data
yields further information on site heteroge-
neity and site interactions and the site specific
equilibrium constants of a two site system can
be solved. The principles of the method are
illustrated by considering a two-site system in
detail and applying the analysis to thioredoxin
reductase, an enzyme that contains two oxi-
dation-reduction sites.

MATERIALS AND METHODS

Thioredoxin reductase was purified from
E. coli by a modification of the procedure of
Pigiet and Conley (12) except 1.0 M NaCl was
used in place of NADPH to elute the enzyme
from the 2',5-ADP affinity column since the
aerobic turnover of NADPH leads to peroxide
mediated enzyme modification.’* NAD" and
NADH were purchased from Sigma. Anaer-
obic spectral titrations of thioredoxin reduc-
tase with NADH were performed using ap-
proximately 17 uM enzyme in 0.1 M
NaH,P0O,-K,HPO,-0.3 mM EDTA, pH 6.0,
at 12°C. The anaerobic methods were de-
scribed elsewhere (13). Absorbance measure-
ments were performed using a Cary 118C
spectrophotometer. Measurements of pH were
performed using a Beckman Model 3500 pH
meter and Thomas 4094-L15 combination
electrode. The equilibrium concentrations of
enzyme FAD and enzyme FADH, were cal-
culated from the absorbance at 456 nm (13).
The equilibrium concentration of NADH was
obtained from an isosbestic wavelength in the
reduction of thioredoxin reductase and the
concentrations of NAD* and oxidized and re-
duced disulfide of thioredoxin reductase were
obtained by difference (13). Corrections to the
data for FAD semiquinone were described
elsewhere (13). The criteria of negligible bind-
ing between oxidation-reduction species of

3 O’Donnell, M. E., and Williams, C. H., Jr., unpub-
lished data.
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titrant and enzyme and the condition of equi-
librium among oxidized and reduced protein
and titrant species were fulfilled as described
elsewhere (13). The value of E,, for the NAD'/
NADH couple was taken to be —0.315 V at
pH 7.0 and 25°C as given by Clark (14). Ap-
plying the temperature correction factor of
0.0013 V/°C (14), and slope, AE,/ApH, of
0.0283 V/pH unit at 12°C (14), the E,, value
for the NAD*/NADH couple is —0.270 V at
pH 6.0 and 12°C.

The experimental data were fitted to equa-
tions using a computer program (15) adapted
by the Statistics Research Laboratory, The
University of Michigan.

RESULTS

Analogy of Oxidation-Reduction Equilibria
to Ligand Binding Equilibria

Ligand binding. The simple binding of one
ligand molecule to a protein is described by

(1]

where P is protein, L is unbound ligand, P-
L is protein-ligand complex, and K, is the
equilibrium constant for complex formation.
The number of moles of ligand bound per
mole of protein, v, is related to Eq. [1] by

P-L _ K[L]
P+P-L 1+KJL

Ka
P+ L~ P-L,

v= (2]
Several linear transformations of Eq. [2] have
been derived which allow the graphical eval-
uation of K,. The Scatchard transformation
of Eq. [2] has received widespread use in the
analysis of ligand binding equilibrium data
and is given by (16)

v/[L] = 0K, + K,. (3]

Oxidation~reduction. A simple biological
oxidation-reduction reaction is described by

Keq
Pox + Ny = Pr + N, [4]

where P,, and P, are oxidized and reduced
species of protein, respectively, N, and NV, are
oxidized and reduced forms of titrant, re-
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spectively, and K, is the equilibrium constant
for the reaction. The fractional level of re-
duction (i.e., the number of moles of reduced
sites per mole of protein), v, is related to Eq.
[4] by

P KyN)/INo]
Poc+ P, 1+ Ke[N/[Now]

D= [5]
Equation 5 is analogous to Eq. [2], i.e., sub-
stitution of [V;}/[Ny] for [L]. The analogy is
intuitively reasonable. The concentration of
free ligand is a driving force in the complex-
ation equilibrium of Eq. [1]. Similarly, the
ratio of the concentration of reduced titrant
to oxidized titrant is the driving force in the
reduction of protein in the equilibrium of Eq.
[4]. It is important to note that oxidation—
reduction potentials measured with an elec-
trode can be converted into Eq. [5] through
the Nernst equation.

It is apparent from the analogy between
Eqs. [2] and [5] that the theoretical framework
for analyzing ligand binding equilibria can be
applied to the analysis of oxidation-reduction
equilibria, or, for that matter, any equilibrium
of the type A + B <~ C + D. The transfor-
mation of Eq. [5] into the analogous Scatchard
equation of ligand binding is shown below
and will be refered to as the Redox Scatchard
equation:

E[Nox]/[Nr] = _Keql_) + Keq- [6]

Analysis of Interactions between the
Oxidation-Reduction Sites of
a Two Site Protein

The titration behavior of a protein con-
taining two oxidation-reduction sites can be
described by the linked equilibria shown in
Fig. 1. The average number of reduced sites
per protein molecule, v, is given by

[oxP red] + [redP ox] + 2[redP red]
[oxP ox] + [oxP red] + [redP ox] + [redP red] -
(71

Substitution of the site specific equilibrium
constants and titrant species for the protein

U=
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F1G. 1. Equilibria between the four oxidation-reduction
states of a two-site protein and oxidized and reduced forms
of titrant. P, protein; N, titrant; and ox and red, oxidized
or reduced state of the protein sites and titrant respectively.

species yields
K\[NJ/[Nox]
+ KZ[Nr]/[Nox] + 2K1K3([Nr]/[Nox])2

1+ Kl[Nr]/[Nox] + KZ[Nr]/[Nox]
+ KIKS([Nr]/[Nox])2
(8]

Equation [9] is derived from Eq. [8] by a
mathematical transformation known as sep-
aration into partial fractions (17,18):

KoIN:)/[Nox]
1 + K[N:)/[Ne]

Kﬁ[N r]/ [N ox]
) 1+ Kg[NJ/[Nox]

l_)=

1‘):

9]

Equation [9] is analogous to transformation
of equations for the Scatchard analysis of
multiple ligand binding sites (17). The phe-
nomenological constants of Eq. [9], K, and
K, are expressed in terms of the site specific
equilibrium constants by

K, =1/2(K, + K3)

+ 12[(K, + K> — 4K, K512 [10a)
Kﬂ = 1/2(K1 + Kz)
— 172[(K, + Ky)* — 4K, K5]'2.  [10b]

It is of extreme importance to note that the
phenomenological constants, K, and Kj, do
not generally correspond to site specific equi-
librium constants but are functions of the site

O’DONNELL AND WILLIAMS

specific equilibrium constants. This is a source
of much confusion in published interpreta-
tions of multiple ligand binding equilibria.

Transformation of Eq. [9] into the Redox
Scatchard equation does not yield a linear re-
lationship. This is analogous to the transfor-
mation of equations for multiple ligand bind-
ing sites into the Scatchard plot function
(19,20). Thus, the data are plotted according
to the Redox Scatchard plot function:

P V] [11]

J@).

The graphical patterns of the Redox Scat-
chard plot for a two-site protein are shown in
Fig. 2 for the cases of identical, nonidentical,
negative interacting, or noninteracting sites.
The limiting slopes and intercepts for the Re-
dox Scatchard plot of Fig. 2 have been derived
in terms of the phenomenological constants
and are summarized in Table 1.

The first step toward solving the site specific
equilibrium constants of Fig. 1 is to obtain
the values of the phenomenological constants
from the Redox Scatchard plot (Fig. 2). In the
case of identical/noninteracting sites the Re-
dox Scatchard plot is linear (Fig. 2A) and K,
and Kj are obtained from the slope. For non-
identical and/or interacting sites, the Redox
Scatchard plot is curved (Fig. 2B). The limiting
slopes and intercepts of a curved Redox Scat-
chard plot can be expressed in terms of the
phenomenological constants (Table 1). Thus
K, and K can be obtained from the slopes
and intercepts of a curved Redox Scatchard
plot. A computer program which fits values
for the phenomenological constants to ligand
binding equilibrium data has been developed
and is available (15). The computer analysis
can be directly applied to oxidation-reduction
equilibrium data by substituting [N,,]/[N;] for
[L]. A computer-assisted fit of the equilibrium
data avoids the subjective bias often associated
with hand-drawn slopes and intercepts and
thus is an especially valuable method to obtain
the values of the phenomenological constants
from a curved Redox Scatchard plot.

Three site specific equilibrium constants are
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V[Ne] / [N]
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FiG. 2. Redox Scatchard plots for a two-site protein having identical or nonidentical E,, values and either
no interaction between the sites or a negative interaction. The slopes and intercepts are indicated on the
plots. (A) Case of noninteracting/identical sites. (B) Cases of negative interacting/identical, noninteracting/
nonidentical sites, and negative interacting/nonidentical sites.

required to fully describe the linked equilib-
rium of the two site protein shown in Fig. 1
(i.e., the remaining equilibrium constant is
defined by the relationship K, K; = K,K,). The
two phenomenological constants obtained
from the Redox Scatchard analysis are each
functions of three site specific equilibrium
constants. Thus, a third relationship between
the site specific equilibrium constants is re-
quired to solve for the three site specific con-
stants. In ligand binding systems, only total
site binding can be measured. Thus, for curved
Scatchard plots, simplifying assumptions must
be made to obtain the site specific equilibrium
constants from the two expressions for K, and
K. For example, the assumption of identical
sites (K, = K3, K3 = K,) simplifies the expres-
sions for K, and Kj into functions of only two
site specific equilibrium constants. The two
site specific constants are obtained from si-
multaneous solution of the simplified expres-
sions for K, and Kj. Likewise, the assumption
of noninteracting sites (K, = K,, K> = K3)
simplifies the expression for K, and K} into
functions of two site specific constants from
which the values for the two site specific equi-
librium constants can be solved.

Oxidation-reduction sites are often small
organic molecules or transition metal atoms
which have distinct physical properties. Phys-
ical properties characteristic to specific sites
can be used to monitor the fractional level of
reduction of individual sites during a titration.
A third relationship among the site specific
equilibrium constants is obtained from site
specific data allowing all four site specific
equilibrium constants of Fig. 1 to be solved
without the need for assumptions.

The expressions for the fractional reduction
of the individual sites of the two site protein
in Fig. 1 are given by

- [oxP red] + [redP red]

v =
' LoxPoxd + LoxPreal + [reaPox] + [reaPrea)
[12A]
1—)2 - [redP ox] + [redP red]
[oxP ox] + [oxP red] + [redP ox] + [redP red] '
[12B]
Dividing v, by ¥,:
v OXPI' + T Pl'
Uy _ [oxPreal + [reaPredl [13]

Uy [reaPox] + [reaPrea]
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Substitution of the site specific equilibrium
constants and titrant species for the protein
species and rearrangement of the resulting
equation yields

® — BN _
EZ[NOX]

'Dle 1

= + —.
KK K

[14]

Equation [14] is a linear relationship and can
be plotted as shown in Fig. 3. The value of
K; is the reciprocal of the intercept on the
ordinate. The value of K; together with the
values of K, and Kj; are substituted into Eqgs.
[10A] and [10B] to solve for two other site
specific equilibrium constants. For the linked
equilibrium of Fig. 1, the identity K Kj;
= K,K,, allows the remaining site specific
equilibrium constant to be calculated.

The pattern of the Redox Scatchard plot
for each of the four cases of a two-site system
involving site heterogeneity and site interac-
tions are analyzed below. Expressions for the
slopes and intercepts in terms of phenome-
nological constants and site specific equilib-
rium constants for each of the cases are sum-
marized in Table 1. In addition, the principles

FI1G. 3. Plot of site specific equilibrium data according
to Eq. [14] for the case of negative interacting/nonidentical
sites of a two site protein. The values of the fractional
level of reduction of sites 1 and 2 are represented by v,
and v,, respectively. The oxidized and reduced form of
titrant are N, and N;, respectively.
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involved in the Redox Scatchard analysis will
be illustrated by applying the method to data
from the equilibrium between the NAD*/
NADH couple and the couples of thioredoxin
reductase, a two site protein.

Noninteracting/identical sites. Here, K,
= K, = K; = K, and the expressions for the
phenomenological constants reduce to K,
= K; = K. The Redox Scatchard plot for this
case is shown in Fig. 2A. The plot is a straight
line and is interpreted in an analogous manner
to the plot for a single site with the exception
that Intercept 2 (Intercept 3) is 2 instead of |
and Intercept 1 (Intercept 4) is twice the value
of the site specific equilibrium constant.

Noninteracting/nonidentical sites. For this
case, K, = K4, K, = K5 and the expressions
for the phenomenological constants simplify
to K, = K, = K;; and K3 = K, = K;. The
Redox Scatchard plot 1s a curved line which
is concave upward as shown in Fig. 2B. As in
the case of noninteracting/identical sites, the
phenomenological constants are site specific
equilibrium constants. Expressions for the
slopes of the Redox Scatchard plot in terms
of site specific equilibrium constants are func-
tions of both K, and K, and thus the two
slopes must be solved simultaneously to obtain
the site specific equilibrium constants.

Extrapolation of the initial slope to the ab-
scissa (Intercept 3) represents the maximum
number of sites having the higher oxidation-
reduction potential, Intercept 2 gives the total
number of sites, and Intercept 1 divided by
Intercept 2 yields the average equilibrium
constant (i.e., average value of E,) for reduc-
tion of the first site.

Direct equilibrium measurements of the
fractional level of reduction of each site greatly
simplifies the analysis of the site specific equi-
librium constants. For the case of noninter-
acting/nonidentical sites, each site is in equi-
librium with the titrant species independent
of the state of the other site and the Redox
Scatchard plot of the individual sites are each
a straight line (i.e., Fig. 2A). The site specific
equilibrium constants are obtained by analysis
of the individual Redox Scatchard plots ac-
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cording to Eq. [6], the equation for a one-site
protein. Thus, site specific information ob-
viates the necessity for the curve fitting
method.

Negative interacting/identical sites. For
this case, K; = K,, K5 = K, and the phe-
nomenological constants reduce to K, = K|
+ (K% - K K3)'?and K = K, — (K} — K, K3)'.
In contrast to the two cases discussed above,
the phenomenological constants are not site
specific equilibrium constants. For this case,
the phenomenological constants are functions
of a combination of the site specific equilib-
rium constants and are solved simultaneously
to yield the site specific equilibrium constants
(i.e., Ka + Kﬂ = 2K1 and K,,,Kg = K1K3). The
Redox Scatchard plot is a curved line which
is concave upward for a negative interaction
(Fig. 2B).

It is important to note that the shapes of
the Redox Scatchard plots for the cases of
negative interacting/identical sites and for
noninteracting/nonidentical sites are indistin-
guishable (Fig. 2B). Thus, for plots of these
cases whose curves are superimposable, the
phenomenological constants will be identical
but the values for the site specific equilibrium
constants solved from the phenomenological
constants will be different since their expres-
sions in terms of site specific equilibrium con-
stants differ for the two cases. For the case of
negative interacting/identical sites, the limiting
slope at high values of fractional reduction is
the site specific equilibrium constant for one
site when the other site is reduced. The initial
limiting slope is more complex and is a func-
tion of the site specific equilibrium constant
for one site when the other site is oxidized,
K, and the site specific equilibrium constant
for one site when the other site is reduced,
K;. For an especially strong negative inter-
action between oxidation-reduction sites, Kj
is small with respect to K, and the initial lim-
iting slope is twice the value of —X. Extrap-
olation of the initial slope to the abscissa (In-
tercept 3) represents the strength of the in-
teraction between the sites. For a strongly
negative interaction between the sites, Kj is
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small relative to K; and Intercept 3 = 1. If
there is no interaction between the sites, K
= Kj; and Intercept 3 = 2. Thus, for this case,
the value of Intercept 3 is qualitatively similar
to the value of the slope of the Nernst plot
(i.e., the analog of the Hill coeflicient of ligand
binding). Intercept 2 gives the total number
of sites and Intercept 1 divided by Intercept
2 yields the average value of E,, for reduction
of the first site.

Negative interacting/nonidentical sites. In
this case, there are no identities and the phe-
nomenological constants retain the form of
Eqgs. [10A] and [10B]. The Redox Scatchard
plot for this case is a curve which is concave
upward (Fig. 2B). As in each of the simpler
cases, Intercept 2 and Intercept 1 yield the
total number of sites and the average E, value
for reduction of the first site. The other in-
tercepts and the slopes do not allow qualitative
interpretations since they are functions of three
site specific equilibrium constants (Table 1).

In the case of negative interacting/non-
identical sites, the phenomenological con-
stants are functions of three site specific equi-
librium constants, and cannot be solved from
the phenomenological constants alone. The
Redox Scatchard plots of the individual sites
are dissimilar curves which yield no infor-
mation other than to confirm that the sites
have unequal E, values and have a negative
interaction between them. Thus, individual
site oxidation-reduction equilibrium data are
plotted according to Eq. [14] to obtain the
site specific equilibrium constant, K3. The
value of Kj is substituted into Eqs. [10A] and
[10B] allowing the other site specific equilib-
rium constants to be solved.

Application of the Method to Thioredoxin
Reductase

Thioredoxin reductase has two oxidation-
reduction sites, an FAD and a disulfide, and
catalyzes the reversible transfer of electrons
between NADPH and the disulfide of thio-
redoxin, a small protein (21-23). In the anal-
ysis of thioredoxin reductase which follows,
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the sites of P, in Fig. 1 correspond to
rapPs), for thioredoxin reductase. The E
values for the FAD and disulfide couples of
thioredoxin reductase were previously deter-
mined (13). In the previous study, the binding
of phenylmercuric acetate to one enzyme form
was monitored which allowed solving for the
four microscopic E_, values directly. The E,,
values were obtained from measurements of
the four enzyme forms in equilibrium with
NAD™ and NADH using the Nernst relation-
ship. The criteria that NAD* and NADH do
not bind preferentially to any of the enzyme
microforms and the criteria that the enzyme
microforms are in equilibrium were estab-
lished in the earlier study. The Redox Scat-
chard analysis, described below, is of equilib-
rium data at pH 6.0. This pH was chosen
since the difference in E,, between the FAD
and disulfide couples is the greatest at this pH
(13). The Redox Scatchard plot for titrations
of thioredoxin reductase with NADH is shown
in Fig. 4. The values of K, and Kj, given in
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FiG. 4. Redox Scatchard plot of equilibr\fum‘ data from
an anaerobic titration of thioredoxin reductase with
NADH. Enzyme was 17.0 gM in 0.1 M NaH,PO,/
K;HPO,-0.3 mM EDTA, pH 6.0 at 12°C. Two titrations
were performed which differed in the initial concentration
of NAD"; circles: 1.525 mM NAD"; triangles: 0.628 mM
NAD". The solid line is a computer fit to the data (K,
= 1455, K, = 55).
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TABLE 2

VALUES FOR THE PARAMETERS OF EQUATIONS DE-
SCRIBING THE EQUILIBRIUM BETWEEN THE FOUR OXI-
DATION-REDUCTION COUPLES OF THIOREDOXIN RE-
DUCTASE AND THE NADH/NAD* COUPLE

Constant Value

K. 1455

K, 55

Intercept 0.00323

K\ (Ep) 260 (—0.202 V)
K> (ER) 1195 (=0.183 V)
Ky (E) 310 (—0.199 V)
K (Ew) 67 (—0.218 V)

Note. Definitions of the constants are as follows: K,,
K, are phenomenological constants obtained from a com-
puter fit of the data shown in Fig. 4 to Eq. [9]; intercept
is the intercept of the plot shown in Fig. 6; K, K;, Kj,
and K, are the site specific equilibrium constants (see text)
calculated by substituting the values K, Kj, and intercept
into Egs. [10A) and [10B); the E,, values are calculated
from the site specific equilibrium constants using the
Nernst equation. These data are from NADH titrations
at pH 6.0.

Table 2, were obtained from a computer fit
of the data shown by the solid line in Fig. 4.
The Redox Scatchard plot is an upward con-
cave curved line indicating nonidentical E,
values of the sites and/or a negative interaction
between the sites. The Redox Scatchard plots
for the individual sites are shown in Figs. 5A
and B (v, and v, are the values of fractional
reduction for the disulfide site and FAD site,
respectively). The data points for neither of
the site specific Redox Scatchard plots fall on
a straight line indicating an interaction be-
tween the oxidation-reduction sites. The pro-
file of the data points of the disulfide site (Fig.
5A) is different from the profile of the data
points of the FAD site (Fig. 5B) showing that
the sites have different £, values. Thus, thio-
redoxin reductase is a protein having negative
interacting/nonidentical oxidation—reduction
sites. As discussed earlier, the phenomeno-
logical constants for the negative interacting/
nonidentical sites case are functions of three
unequal site specific equilibrium constants
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(Egs. [10A] and [10B]. The site specific equi-
librium constant, K; (Table 2), is the reciprocal
of the intercept on the ordinate (Table 2) of
the plot according to Eq. [14] shown for thio-
redoxin reductase in Fig. 6. The other site
specific equilibrium constants are obtained by
substituting the values of K3, K,,, and K; into
Egs. [10A] and [10B] and are given in Table
2. The site specific E,, values are obtained
from the equilibrium constants using the
Nernst equation and are given in Table 2. The
E,, values are within 0.004 V of the values
determined by a different method (13). The
analysis shows the FAD and disulfide couples
of thioredoxin reductase to differ by approx-
imately 0.019 V and have a negative inter-
action of about 0.016 V at pH 6.0.

DISCUSSION

A graphical method to analyze interactions
among oxidation-reduction sites for a two site

_40 ! 1 1 L
0.0 0.2 0.4 0.6 0.8 1.0

VY,

FIG. 6. Plot according to Eq. [14] for the site specific
equilibrium data of thioredoxin reductase titrated with
NADH. Experimental conditions and definitions of the
symbols are given in the legend to Fig. 4. The line through
the data points is a linear regression analysis of the data.
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protein has been described which is analogous
to the Scatchard analysis of ligand binding,
In ligand binding systems, usually only total
site binding can be measured and simplifying
assumptions must be made to solve the site
specific binding constants of even a simple
two site protein. The strength of the analysis
of oxidation-reduction site interactions lies in
the fact that oxidation-reduction sites often
have distinct physical properties conferring the
ability to measure the oxidation-reduction
state of individual sites in many proteins.
Measurements of fractional reduction levels
of individual sites in a two site protein allows
a further analysis that can be combined with
the Redox Scatchard analysis to solve for the
specific site equilibrium constants without the
need for simplifying assumptions. Hence, spe-
cific site information offers an advantage over
ligand binding systems that usually allow only
total site binding to be measured.

In ligand binding, extremely tight binding
of a ligand requires measurements in very di-
lute solution to observe free ligand. In oxi-
dation-reduction equilibria, an unfavorable
equilibrium can be made more favorable by
the previous addition of one species of titrant
or the equilibrium can be changed by switch-
ing to a titrant having a more favorable oxi-
dation-reduction potential, hence a further
advantage of measurements of oxidation-re-
duction equilibria over ligand binding equi-
libria.

The principles of the analysis were illus-
trated by considering a two-site case in detail.
Application of the method to thioredoxin re-
ductase, an enzyme containing an active site
disulfide and an FAD, revealed a slight neg-
ative interaction between the sites (0.016 V)
and a difference in E,, of 0.019 V for the two
sites at pH 6.0. The values of E,, obtained
from the Redox Scatchard analysis agree quite
well with the values of E, determined by a
different method (13). The analysis is of equi-
librium data at pH 6.0 since the difference in
E., between the FAD and disulfide couples is
the greatest at this pH.

Oxidation-reduction equilibria among
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multiple sites, like multiple site ligand binding
equilibria, can be described by a linear sum-
mation of hyperbolic terms with the total
number of terms not exceeding the total num-
ber of sites with or without interactions among
sites (1)

Ki[Nr]/[Nox]

b= 1+ Ki[Nr]/[Nox] ’

(15]
where ¥ is the average number of moles of
reduced sites per mole of protein, # is the total
number of sites, K; are phenomenological
constants which are functions of the site spe-
cific equilibrium constants, and [V,] and [N,]
are reduced and oxidized titrant, respectively.
Thus, the analysis should be applicable to pro-
teins containing more than two sites. Site spe-
cific equilibrium measurements on a protein
containing more than two sites, although more
difficult to analyze than the two-site case,
should give the information required to obtain
the site specific equilibrium constants.
Although the function of oxidation-reduc-
tion equilibria (A + B =~ C + D) analogous
to the Scatchard function of ligand binding
(A + B <= C) has been the focus of this study,
functions of the oxidation-reduction equation
which are analogous to other transformations
of the ligand binding equation could be useful,
e.g., the Klotz plot and the Stockell plot.
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