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Fluoride Inhibition of Yeast Enolase. 2.

Structural and Kinetic Properties

of the Ligand Complexes Determined by Nuclear Relaxation Rate Studies®

Thomas Nowak*? and Peter J. Maurer

ABSTRACT: The formation of inhibitory complexes of eno-
lase—Mn with fluoride ion (F~) and with orthophosphate has
been thermodynamically characterized [Maurer, P. J., &
Nowak, T. (1981) Biochemistry (preceding paper in this is-
sue)]. In the present study, the kinetic constants and the
structures of these complexes have been obtained by !°F and
P nuclear relaxation studies. These ligands can interact
independently to form their respective ternary enzyme-Mn-
ligand complexes, and the ligands can bind with mutual co-
operativity to form a quaternary enolase~Mn-F-P; complex.
The normalized paramagnetic relaxation rate values for °F
in the ternary E~Mn-F complex measured at 30 °C and at
94.1 MHz are 1/pT;, = 2.6 X 1057 and 1/pT,, = 3.5 X
109 571, These values are a measure of chemical exchange as
suggested by the relaxation rate ratio and by the Arrhenius
behavior of the relaxation rates measured vs. temperature. The
formation of the quaternary complex, upon addition of P,
decreases the °F relaxation rates (1/pT;, = 4.5 X 10*s™ and
1/pTy, = 5.2 X 10*s™), indicating a decrease in the '°F ligand
exchange rate. The relaxation rates are decreased in a com-
petitive manner upon the addition of the substrates P-enol-
pyruvate and D(+)-2-phosphoglycerate, indicating competition
between F~ and substrate. The activation parameters for °F
exchange have been determined. These values are AH* = 11.0
keal/mol, TAS* = 2.33 kcal/mol, and AH* = 11.6 kcal/mol,
TAS* = 1.3 kcal/mol for the ternary and quaternary com-
plexes, respectively. From the values of 1/pT,, an upper limit
to the Mn—F distance, r, can be calculated. The Mn-F dis-
tance in the ternary complex is <2.3 A, and in the quaternary
complex, < 4.3 A, It is assumed that the F~ interacts in the
primary coordination sphere of the enolase-bound Mn?* in both
the ternary and quaternary complexes. The 3!P relaxation
rates were measured at 40.5 MHz at 30 °C for the ternary

Fluoride ion has been found to be a potent inhibitor of some
enzyme systems such as succinate dehydrogenase and pyro-
phosphatase (i.c., Slater & Bonner, 1952; Bayakov et al., 1976)
and an activator of others such as adenylate cyclase (i.e.,
Keirns et al., 1973; Ross & Gilman, 1980). A classic example
of fluoride inhibition is its potent inhibition of glycolysis,
specifically, its action on the enzyme enolase. This potent
inhibition was shown to be manifested in the presence of P!
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and quaternary complexes. The 1/pT, values for the ternary
complex (1/pTy, = 3.96 X 10°s™) and the quaternary complex
(1/pT), = 1.13 X 10° s7') both show Arrhenius behavior;
however, the 1/pT,, values are approximately an order of
magnitude larger. A strong frequency dependence of 1/pTy,
of *'P for both complexes demonstrates that 1/pTy, is a
measure of relaxation (1/T;y). The frequency dependence
of 1/pT;, was also used to determine the distribution of Mn2*
under experimental conditions in the enzyme—Mn complexes
which contain P;. The frequency dependence of 1/ T was
used to determine the correlation times (7,) for the Mn—3'P
interactions in the ternary (v, = 9 X 10 s) and quaternary
(r. = 6 X 107 5) complexes. These 7, values are similar to
other values estimated for enolase—~Mn complexes. The Mn-
31P distance, r, is shown to increase from 6.5 A in the ternary
enolase~Mn-P; complex to 7.7 A in the quaternary enolase-
Mn-F-P; complex. These data demonstrate that P; does not
bind in the primary coordination sphere of the bound Mn?*
and that a conformational change occurs upon binding of F~
which increases the value of r for P;. The dissociation constant
of Mn?* to enolase (Ky = 10 uM) decreases in the presence
of P, to 3 uM and decreases even further in the presence of
P;and F~ (K4 = 0.3 uM). The inhibition of enolase by F~ and
P; has been demonstrated to occur by the formation of a tightly
bound, and thus slowly exchanging, complex containing en-
zyme-Mn~-F-P;,. The F~ interacts directly with the cation
which is at the catalytic site and serves as a possible analogue
of the attacking OH™ group. The P; is bound at the coordi-
nation site for the phosphoryl group of the substrate and is
in an outer sphere complex with the bound Mn?**. Because
of the potency of inhibition, it is suggested that this quaternary
complex induces a transition state like complex of the enzyme.

an intracellular, physiological buffer (Warburg & Christian,
1941-1942). This complex inhibition was shown kinetically
to be due to a cooperative effect between the interaction of
F~ and of P; to the enolase—cation complex. The kinetic
constants for this inhibition have been determined for enolase
from rabbit muscle (Wang & Himoe, 1974).

Enolase isolated from yeast has been studied as the eno-
lase-Mn?* complex with respect to the interactions of F~ and
P; in the previous paper of this issue (Maurer & Nowak, 1981).
It was demonstrated that enolase-Mn~-ligand ternary com-
plexes are formed with F~ and with P, The ligand perturbs
the environment of the bound Mn?*, as reflected in a change
in PRR enhancement of the resulting complex, and each ligand
causes a perturbation of the protein structure, as reflected in
a UV spectra change. The addition of both'ligands to eno-
lase-Mn results in the quaternary enzyme-Mn-F-P; complex

! Abbreviations used: P-enolpyruvate, phosphoenolpyruvate; 2-PGA,
D(+)-2-phosphoglyceric acid; FID, free induction decay; P;, ortho-
phosphate; PP;, inorganic pyrophosphate.
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via a random pathway. Dissociation constants for each ligand
decrease by more than 2 orders of magnitude in the presence
of the second ligand to yield the tightly bound, strongly in-
hibited enzyme complex. The UV spectral changes of the
quaternary complex indicate that an additional conformational
change has been induced, and the PRR enhancement suggests
that the bound Mn?* becomes highly inaccessible to rapidly
exchanging solvent molecules.

The data indicate that the F~ interacts directly with the
bound Mn?* and displaces one molecule of water. The eno-
lase~Mn complex has been shown to have two water molecules
coordinated to the bound Mn?* (Nowak et al., 1973). The
P, alters the environment of the bound Mn?* presumably via
a complex where the P; is hydrogen bonded to one of the
metal-bound water molecules. In the quaternary complex, the
exchange rate of the Mn?*-bound water decreases, leaving the
cation inaccessible to the bulk solvent.

This paper examines the effect of the bound Mn?* on the
nuclear relaxation rates of the F~ and P, ligands by !°F and
3P NMR studies. These studies have been performed as a
function of Mn?* concentration and of temperature and fre-
quency. The results of these studies have yielded values for
the correlation time for the Mn-ligand interactions and led
to a determination of the kinetic and structural parameters
which describe the ternary and quaternary complexes. The
data indicate that the F~ interacts directly with the bound
Mn?* in the formation of the ligand complex whereas P; forms
a second sphere complex with the cation. In the quaternary
complex, the exchange rates of the ligands decrease consid-
erably to form the highly inhibitory, slowly exchanging eno-
lase-Mn-F-P; complex. The structure of the inhibitory
complex is analogous to the proposed catalytic complex and
may be analogous in structure to the transition state of the
reaction.

Material and Methods

Enolase was prepared from bakers' yeast as described
(Westhead & McLain, 1964) with slight medifications
(Maurer & Nowak, 1981). The enzyme was judged homo-
geneous by polyacrylamide gel electrophoresis and had a
specific activity of 95-100% of that stated by Westhead &
McLain (1964).

Trisodium D(+)-2-PGA and phosphoglycolate were obtained
from Sigma. The reagents KCl, KF, KOH, KH,PO,, Mg-
Cl»6H,0, and MnCl,+4H,0 were all reagent grade. Solutions
of P, were made by titrating KH,PO, with KOH to the proper
pH prior to final dilution.

When necessary, solutions (including solutions containing
enzyme) were made metal free by passage through a Che-
lex-100 (Bio-Rad) resin column. This treatment was important
in removing endogenous metal ion contaminants. Distilled
deionized water was used routinely for all solutions.

The enzyme concentration was determined by using the
extinction coefficient ey = 0.89 mL mg™! cm™ (Warburg &
Christian, 1941-1942) and the molecular weight of 88 000 per
dimer (Mann et al., 1970). The enzyme was assayed as de-
scribed by Westhead & McLain (1964) and modified (Maurer
& Nowak, 1981). The formation of P-enolpyruvate was
monitored by using a Gilford 240 spectrophotometer at 240
nm at 30 °C.

High-Resolution '°F and 3'P Spectra. The '’F spectra,
obtained at 94.1 MHz, and the 3!P spectra, obtained at 40.5
MHz, were attained with a Varian XL-100-15 spectrometer
interfaced with a TTI pulse system and a Nicolet 1080 com-
puter. The spectrometer was field-frequency locked on internal
2H present as 2H,0O in the solvent. For variable temperature
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studies, the temperature was varied and measured as described
for PRR studies (Maurer & Nowak, 1981). The 1/T), values
were measured by the inversion recovery method (Vold et al.,
1968; Allerhand et al., 1971) and 1/T, was estimated from
the following relationship:

1

}‘; = 21"("1/2“3) (1
where v, , is the spectral line width at half-height in hertz and
B is the artificial line broadening due to the exponential
multiplication of the FID prior to Fourier transformation of
the spectrum. Generally the value of B was 0.5 Hz.

In the Mn?* titration experiments, microliter quantities of
MnCl, solutions were titrated into buffered solutions of
metal-free enzyme which contained the specific ligand(s) of
interest. The relaxation rates were measured, 1/7 and 1/7,
values were plotted against [Mn?*], and the slope, m, was
determined. The normalized paramagnetic contribution to the
relaxation rate, 1/pT,, (n = 1 or 2), was calculated from the
expression

1
pT,

np

= m([L]; + Ko 2

where [L], is the total ligand concentration and Kj is the
dissocation constant for that ligand from the enzyme-Mn-
ligand complex. The term K is ignored if Ky << [L]. Under
these conditions, the normalization factor 1/P is equal to
[L]/[Mn?**] (Mildvan & Cohn, 1970).

In an investigation of the paramagnetic effects of en-
zyme-bound Mn?* on the nuclear relaxation rates of the lig-
and(s) which binds to the enzyme complex, one must be
concerned with the distribution of the Mn?* which is added
to the solution. A contribution from binary Mn-ligand com-
plexes must be determined and compensated for in order to
correctly quantitate the relaxation rates of the nuclei of the
ligands in the enzyme—Mn-ligand complex. For the experi-
ments where the formation of the enzyme-Mn-F complex was
investigated, a correction for binary Mn—F was obtained. A
measure of the paramagnetic effect of Mn?* on the relaxation
rates of 1°F was made from a titration of Mn?* into a solution
of KF to form the binary Mn—F complex. This titration was
performed at two F~ concentrations, and values for 1/pT,, and
K, were obtained for the binary complex from eq 2. In the
presence of enzyme, the Mn?* is distributed between the binary
Mn-F and the ternary enzyme-Mn-F complexes. To simply
estimate this distribution, the relaxation rates are measured
as a function of added Mn?*. The complete expression for the
slope of the plot of the data, taking into account the Mn?*
distribution, yields the expression

1 1
(f)f( pT"P)MF (f)b(pT"P)EMF

m= + €))
Ky + [F] Kogue T [F]

In eq 3, (/) is the fraction of Mn?* bound to the enzyme, and
(N¢is the fraction of Mn?* not enzyme bound. The subscripts
MF and EMF refer to the respective binary and ternary
complexes.

Determination of the Distribution of Mn** by a Frequency
Dependence of 1/Ty, of *'P. In the previous method of de-
termining the distribution of Mn?* among ligand complexes,
one must know the dissociation constant for metal in the
E-M-L complex. For some ternary and higher complexes,
such values are neither known nor easily measurable (i.e.,
Nowak & Lee, 1977). The binding of Mn?* to enolase is not
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significantly affected by the presence of F~; however, the
presence of P, or P, and F~ increases the binding of Mn2* to
enolase. Accurate quantitative values were not directly ob-
tained by EPR techniques (P. J. Maurer and T. Nowak, un-
published observations). A determination of the distribution
of Mn?* among complexes can be performed from a frequency
dependence of the paramagnetic effect of the relaxation rates.

If experimental conditions are controlled such that [L] >
Kav» Kagg» @nd nis the fraction of Mn?* bound to the enzyme,
then

1 1 1
- =l — 1- 4
(pTlP)obsd n(pTlp)EML * n)(pTIP)ML @

where (1/pTp)on is the observed normalized relaxation rate
of the nucleus of the ligand. From the Swift-Connick (1962)
equations, where

R S S
pTy, Timt v

1 1
Py Tyq+ 7y

(Swift & Connick, 1962; Luz & Meiboom, 1964), the values
T\m and Ty, refer to the relaxation times of the nuclei of the
ligands in the metal complex, and 7y is the mean residence
time of the ligand in the metal complex. When 7y > T,
then observed relaxation is dominated by chemical exchange
(slow exchange). If 7y & Ty, then the observed relaxation
is dominated by nuclear relaxation (fast exchange) where
1/pT\, = 1/T)y. The longitudinal relaxation rate of the
nucleus is described by the Solomon-Bloembergen equation
(Solomon, 1955; Bloembergen, 1957) as simplified by Mildvan

& Engle (1972) as
1
o ( ) f(rd) ©)

where r is the electron-nuclear distance (metal-nucleus dis-
tance) of the complex under investigation, ¢ is a collection of
constants, and f(7.) is a correlation time function. The cor-
relation time function has the following form:

37, T7e

f(r) = +
(7 1 + wi?r?

(5a)

(5b)

1 + w272 ™
where wy is the nuclear precession frequency and w, is the
electron precession frequency. The correlation time 7 is the
time constant for the physical process which modulates the
electron-nuclear interaction and is related to three processes.
LI S | ®
Te Tm Ty Ts

In eq 8, 7, is the mean residence time of the nucleus of the
ligand in the environment of the paramagnetic ion, 7, is the
rotational correlation time of the ion-ligand complex, and 7,
is the electron spin relaxation time of the paramagnetic species.
For determination of the distribution of Mn** in complexes
containing P, a frequency dependence of the paramagnetic
effect of Mn?* on 1/T; of 3P was performed. Since the
correlation time of the binary Mn-P; complex is short (7, =
7.~ 2 X 107! g), it is assumed that (1/Tiy)my is frequency
independent over the frequency range measured (a 0.2%
change is expected). If 1/pT,, for the ternary complex is in
fast exchange, a frequency dependence of relaxation rates
would be expectedsee above). Thus from eq 4 and 6, we can
solve for 7., assuming 7. is frequency independent over the
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frequencies of observation, to yield

() G/ )

2 = wn —
wp pTlp + (wp? - wp?)(n 1)([7T1p ] 9)
where the subscripts 1 and 2 represent relaxation rate values
measured at frequencies 1 and 2. An analogous relationship
can be obtained in terms of frequencies 2 and 3. The two
equations can be written as an equality, and the equation can
be solved in terms of n (eq 10).

n +

o () (), () () ]+
H AVIY AV AR VITYAVAY A
{G) (7)) (3

“n pTy, | pTy, Iy pTyy pTlp

A () (5) () /

|
), Lo (), () ]
S [E R

Thus the distribution of Mn?* between the binary Mn-ligand
and the enzyme-Mn-ligand(s) complexes can be determined
by a frequency dependence of 1/pT,. The value of n is related
to the value of (1/pT ). at each frequency, the frequency
of observation, wy, and the value 1/p T, for the binary complex
[(1/pTip)me]-

The frequency dependence of the 3'P relaxation rates was
measured for both the ternary E~-Mn-P; and quaternary E-
Mn-F-P; complexes, and the distribution of Mn?* in the en-
zymatic and nonenzymatic complexes was calculated. The
distribution of Mn?*,. when !F relaxation rates were measured
in the quaternary complex, was based on calculations per-
formed from 3'P measurements since the experiments were
performed under nearly identical conditions.

Calculation of r, and of r. From the observed frequency
dependence of the 1/pT, for 3'P, it is clear that the relaxation
rate is in the fast exchange region and 1/pTy, = 1/Tyy. From
the frequency dependence of 1/T)y, the value of , can be
estimated by using eq 6. With values for 7, the electron-
nuclear distance, r, can thus be calculated for Mn—3'P and
Mn-'%F in the respective ternary and quaternary complexes.

Chemical Exchange Rates. The Swift-Connick equations
(eq 5a,b) describe the effect of chemical exchange (1/7y) on
relaxation. The normalized relaxation rates can thus yield
values for the exchange rate (1/7y) or a limit to the exchange
rate 1/my > 1/ psz of the ligand under mvestlgatlon Since
Tym < Ty, it is possible that although 1/pT, is in fast ex-
change, 1/pT,, may be in the slow exchange region, thus
yielding kinetic information concerning complex formation.
Two criteria are obvious. If 1/pT,, is in slow exchange, the
value for the relaxation rate would be frequency independent.
If 1/pT,, is dominated by 7y, then Arrhenius behavior is
expected when a temperature dependence of 1/pT,, is mea-
sured. Exchange rates and their energy barriers can be
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FIGURE 1: Effect of Mn?* on the 1/T; and 1/T, values of F~. The
values of 1/7 and 1/T, for F-, measured at 0.1 and 0.5 M KF are
shown as a function of Mn?*, The experiments performed at 0.1 M
KF are designated by boxes, and those performed at 0.5 M KF are
designated by circles. The opened boxes or circles designate 1/T;
values while the closed boxes or circles designate 1/7, values.

estimated from a measurement of 1/pT,, as a function of
temperature.

The binding of Mn?* to the enzyme, to the ligands F~ and
P;, and to enzyme-ligand complexes was measured by EPR
by using the methods of Cohn & Townsend (1954). Spectra
of Mn?* were obtained on a Varian V4500 EPR spectrometer
at room temperature.

Results

Binary Mn—F Complex. The effect of Mn?* on T, and T,
of the °F nucleus of the fluoride anion was measured. The
relaxation parameters and K of the binary Mn—F complex
were determined by high-resolution °F experiments. When
eq 2 was solved simultaneously at two concentrations of F,
both Ky and 1/pT,, (n = 1 or 2) were obtained. Both 0.1 and
0.5 M KF solutions were titrated with Mn?*. The 1/7, and
1/T, values were measured at 94.1 MHz for each concen-
tration of Mn?*. The results are plotted in Figure 1 as 1/7,
and 1/T, vs. [Mn?*]. The data yield a linear response with
slope m. When m and [F~] as measured values are used, eq
2 yields both 1/pT,, and K4 when solved simultaneously at
the two concentrations of F-. The 1/T), data result in K4 =
0.29 M and 1/pT;, = 4.48 X 10°s™. The data for 1/T, yield
K4 =0.32Mand 1/pT,, = 4.58 X 108 s7L,

An independent determination of Ky for the Mn—-F complex
was made by using EPR spectroscopy (data not shown). The
value obtained by an EPR titration, K4 = 0.30 £ 0.03 M, is
in excellent agreement with the NMR °F relaxation rate
results shown above. This value is somewhat lower than that
previously reported for Mn-F, K4 = 0.4 £ 0.14 M (Mildvan
et al,, 1967), which was determined under somewhat different
conditions.

Relaxation Parameters for "°F in the Ternary Enolase-
Mn-F Complex. The PRR titration data (Maurer & Nowak,
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FIGURE 2: Effect of Mn2* on the '°F relaxation rates of KF in the
presence of enolase. The plot of 1/T, and 1/T; of °F vs. [Mn?*]
summarizes the results obtained in the presence of 121 uM enolase
which contains 50 mM KCl and 50 mM Tris-HCI, pH 7.5 (O). An
analogous experiment which also included 2 mM P; is designated by
boxes. The open circles or boxes represent 1/T; values, and the closed
circles or boxes represent 1/T, values.

Table I: Normalized Relaxation Rates of the F~ and P;
Ligands in the Enolase-Mn Complexes

nucleus complex 1/pT1p (5H) 1/pTap (s7)

¥Fé E-Mn-F (3.49 ¢ 0.37) X 10* (5.5 1.1)X 10°
E-Mn-F-P; (4.46+0.39) X 10*° (5.2t 0.5) X 10*

apb E-Mn-P; (3.56 £ 0.21) X 10° (32.5 ¢ 2.6) X 10*
E-Mn-F-P; (1.13%0.05) X10® (13.9z1.6) X 10°

@ Measured at 94.1 MHz at 30 °C. ® Measured at 40.5 MHz at
30 °C.

1981) suggested that F~ binds directly to the bound Mn?** and
displaces one of the two bound water molecules. The inter-
action of F~ with enolase-Mn was studied directly by a
measure of the effects of bound Mn?* on the relaxation rates
of °F at 94.1 MHz. The experiment was designed to obtain
data useful in calculating the normalized relaxation rates
(1/pTypand 1/pT,,) of °F in the ternary, E-Mn~F complex.
To this end, small amounts of MnCl, were titrated into a
buffered solution of enolase containing KF. The 1/T; and
1/T, values of 'F at 94.1 MHz and at 30 °C were measured
at each concentration of Mn?*. The values of 1/T; and 1/T,
increase linearly with increasing concentrations of Mn?* as
shown in Figure 2. The effect of Mn?* on the 1F relaxation
rates must be resolved into two components, the contribution
from enzyme-bound Mn?*, which exerts its effect on F~in the
EMF complex, and the contribution from non-enzyme-bound
Mn?*. The enzyme-bound Mn?* can be readily calculated
from the known dissociation constants of the enolase-Mn
complex (K; = 10 uM) measured under experimental con-
ditions (Nowak et al., 1973; P. J. Maurer and T. Nowak,
unpublished observations) and the total concentrations of
enolase and Mn?* used in the experiment. With 121 uM
enzyme and 0-6.4 uM Mn?*, approximately 92% of the Mn2*
is enzyme bound. The concentration of F~ used in the ex-
periment does not significantly alter this distribution. This
enzyme-bound Mn?* contributes to the slope of the plots in
Figure 2 through the second term of eq 3. The remaining 8%
of the Mn?* contributes to the slope through the first term of
eq 3. When eq 3 and the data obtained for the binary complex
are used, the normalized paramagnetic effect on the relaxation
rates, 1/pTy, and 1/pT,,, can be calculated for °F in the
ternary EMF complex (Table IT). The relaxation rate values
calculated from Figure 2 are given in Table I.

Clearly 1/pT,, of *F in the EMF complex is greater than
1/pT,, of F in the MF complex, indicating the enzyme causes
an enhancement (greater than unity) in the paramagnetic
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effect on the relaxation rate of °F as F~. The values for 1/pT,
and 1/pT,, for the ternary (E-Mn-F) complex are nearly
equal.

Relaxation Parameters for '°F in the Quaternary Eno-
lase-Mn—~P-F Complex. For an assessment of the effect of
P, on the interaction between enzyme-bound Mn** and F-, the
values of 1/T; and 1/T, of F~ were determined as a function
of the concentration of Mn?* in the presence of enolase and
P,. The concentration of P; used (2-16 mM) is sufficient to
effectively saturate the E-M complex without significantly
competing with the enzyme for Mn?* binding. This is rig-
orously demonstrated in the following section of 3P relaxation
parameters. The slope of the plot of the resulting data (Figure
2) was used in eq 3 to determine 1/pTy, and 1/pT), for °F
in the E-Mn-P—F quaternary complex. The addition of P,
to the solution containing enolase, Mn?*, and F- tightens the
binding of Mn?* to the enzyme so that the first term in eq 3
is approximately equal to zero (see below). That is, (f)y, the
fraction of the Mn?* which is enzyme bound, is essentially 1,
and (f);, the fraction of Mn?* which is not bound to the en-
zyme, is negligible. Also, since the concentration of F~ used
in the experiment is much greater than the dissociation con-
stant of F~ from the quaternary complex, Ky may be dropped
from eq 3, yielding the relationship m = (1/pT,,)/[F] (n =
1 or 2). Calculation of 1/pT;, and 1/pT,, yields the values
given in Table .

Diamagnetic efects on the relaxation rates of °F, determined
by the addition of Mg?* to the solutions of enzyme and F-
(with or without P;), are not observable even at Mg?* levels
which are 10 times higher than the levels of Mn?* used. Thus,
the increase in relaxation rates of '°F by Mn?* is a para-
magnetic effect and not an effect modulated by a metal ion
induced protein conformational change or other effects. The
enolase-Mg complex is even more potently inhibited by
fluoride and P; than is the Mn?* enzyme (Wang & Himoe,
1974).

Competition between F~ and PEP/2-PGA for the Enolase
Binding Site. It has previously been demonstrated that in the
presence of P, fluoride is a linear competitive inhibitor of
Mg?*-activated rabbit muscle enolase (Wang & Himoe, 1974).
In order to show whether F~ competes with substrate (PEP
= 2-PGA) for the catalytic site of the yeast enzyme, the
relaxation rates of '°F in the E-Mn—F complex were measured
as a function of substrate concentration. A solution containing
121 uM enolase sites, 0.1 M KF, and 6.4 uM MnCl, was
titrated with D(+)-2-PGA (0-75.2 uM), and 1/T, and 1/T,
were measured at each concentration of substrate. The 1/T;
and 1/T, of '°F decrease with increasing concentrations of
substrate. Moreover, the data could be fit with a theoretical
curve based on simple competition between F~ and substrate
assuming a K, for F~ of 0.6 M and a X for substrate of 0.11
mM. These results demonstrate that F~ does indeed compete
with PEP and/or 2-PGA for the active site of Mn?* yeast
enolase.

Michaelis constants and dissociation constants of 2-PGA
and PEP with Mn-enolase vary widely among reports in the
literature (i.e., Hanlon & Westhead, 1969; Nowak et al., 1973;
Wang & Himoe, 1974), but the apparent value of 0.11 mM
determined in this paper is within the range of values reported.
It may be that 0.11 mM is a fortuitously high value since this
experiment specifically measures effects of the Mn—enolase
complex amidst an overwhelming concentration of apoenzyme
which may bind significant amounts of the added substrate.
The experimental conditions utilized here were not identical
with those used in an enzyme assay. The binding of substrate
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FIGURE 3: Effect of Mn?* on 1/7, and 1/T, of P. The results of
a titration of 1/7, and 1/T, of 3P in the ternary and the quaternary
complexes containing P; are shown. The experiments were performed
as described in the text with varying [Mn**] as indicated. The circles
represent 1/ T, values and the squares 1/7; values. The values for
the ternary complex are represented by opened circles and squares,
and the values for the quaternary complex are represented by filled
circles and squares and by broken lines.

to apoenolase under the conditions of our experiment has not
been adequately investigated. It is also not clear if PGA or
if both substrates will actually displace F.

Relaxation Rate Studies of *'P. Experiments were per-
formed to determine the effect of enolase-bound Mn?* on the
relaxation rates of 3P of P; in order to clarify the role of P,
in enolase inhibition. P;is both a competitive inhibitor of
enolase and a “coinhibitor” in the case of the strong inhibition
by P; in the presence of F~ (Wang & Himoe, 1974). So that
this problem could be studied, a solution of enzyme and P; was
titrated with MnCl,, and the relaxation rates of 3'P at 40.5
MHz and 30 °C were determined at each concentration of
Mn?*, These experiments are analogous to those involving
F as previously described. The results are plotted in Figure
3as 1/T, and 1/T, vs. [Mn**]. The Mn?* produces a sig-
nificant increase in 1/7; and in 1/T,. The slope of the plot
(m) from Figure 3 is used (as in the case of 1°F relaxation)
to determine the normalized relaxation rates for 3'P in the
E-Mn-P; complex by means of eq 3. The calculated value
is given in Table I. The possibility of a significant contribution
to the observed rates from the nonenzymatic Mn-P; complex
was ruled out by the frequency dependence of 1/pTy, (see
below). So that the Mn?*-3!P interaction in the quaternary
E-Mn-P-F complex could be studied, the measurement of
1/T, of 3'P as a function of [Mn?*] was repeated in the
presence of KF. A plot of 1/7 and 1/T, vs. Mn?* concen-
tration demonstrates a more shallow slope than that measured
for the ternary complex. The data is also plotted in Figure
3. The slope was used in eq 3 to determine the normalized
paramagnetic relaxation rates of *'P in the quaternary E-
Mn-P;-F complex. The normalized values are summarized
in Table L.

Temperature Effects of the Parmagnetic Relaxation Rates
of °F and *'P in Enolase-Mn Complexes. As previously
described (Mildvan & Cohn, 1970), the observed paramagnetic
contribution to the relaxation rates of nuclei in enzyme com-
plexes may be affected by two different processes: (a) chemical
exchange of the nucleus from the paramagnetic site with a
residence time, 7y, and (b) the inherent relaxation rates of
the nucleus at the paramagnetic site which have time constants
Tim and Ty, The slower of these two processes will dominate
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FIGURE 4: Temperature dependence of the !°F relaxation rates of the ternary (E-Mn-F) and the quaternary (E-Mn~F-P) complexes. The
data in (A) show the temperature dependence of the paramagnetic effect of bound Mn*" on the 1/T; (O) and the 1/7, (1) values in the ternary
complex. The sample, in 0.6 mL, contained 0.1 M KF, 121 uM enolase, 6.4 uM MnCl, in 50 mM Tris-HCI, pH 7.5, and 50 mM KCIl. The
paramagnetic effect was calculated by subtraction of a diamagnetic control measured under identical conditions as described under Materials
and Methods. The dotted line, designated for 1/ T}, at the higher temperatures, is suggestive of the onset of the rapid exchange region. This
suggestion and the resulting calculations are outlined under Discussion. The results in (B) show the temperature dependence of 1/7, (O) and
1/T, (O) measured for 1F in the quaternary in (E~Mn~-F-P;) complex. The sample was identical with that used in (A) with the inclusion

of 2 mM Pi'

the observed normalized rate 1/pT), and 1/pT;, as described
mathematically by eq 5. The effect of temperature on the
observed values of 1/pT,, and 1/pT;, can be used to determine
the dominant (slowest) process (Luz & Meiboom, 1964).

The 1/T, and 1/ T, relaxation rates of '°F and *'P in their
respective ternary and quaternary complexes of enolase-~Mn
were measured as a function of temperature over the range
0-45 °C. The upper temperature is limited by the thermal
stability of enolase. The experiments were performed in a
manner analogous to those previously described but at a fixed
concentration of Mn?*. Conditions of each experiment were
chosen to obtain the optimal signal-to-noise and to have the
maximal fraction of Mn?* in the enzyme complex. Solutions
which were identical except for the lack of Mn?* served as a
diamagnetic control. Relaxation rates of the respective ternary
and quaternary enzyme—-Mn?* complexes were measured for
I9F and for 3'P at each temperature. Differences in relaxation
rates between the Mn?* containing complex and the dia-
magnetic control gave values for the paramagnetic contribution
to the relaxation rates.

The results of the temperature study of the °F and *'P
relaxation rates of the ternary and quaternary complexes are
plotted in Arrhenius fashion in Figures 4 and 5. The negative
slopes are characteristic of slow chemical exchange. The
similar values of 1/pT, and 1/pT, for °F in the ternary and
quaternary complexes support this conclusion. In these com-
plexes apparently 7y dominates the °F relaxation process. In
the ternary complex, the data suggest that at the highest
temperature observed, relaxation is just beginning to depart
from slow exchange. No such indication is suggested for the
quaternary complex (Figure 4).

Table II: Kinetic and Relaxation Rate Parameters of the F~ and
the P; Ligands in the Enolase-Mn Complexes

nu-
cleus complex 1/Tim (s Urpm G r(A)
F  E-Mn-F >2.6X10° 3.5X10°¢ <22
E-Mn-F-P; >4.5X10* 52X 10*? <44
%P E-Mn-P; 36X 10° 3.3x10°°  6.48+0.20
E-Mn-F-P; 1.1x10° 14x10°¢  7.66+0.21

8 Eget = 11.6 keal/moLi ko = 5.6 X 105M ™15t PE, . =122
keal/mol;kon =2 X 107 M1 571, € Ep oy = 6.8 keal/mol; kg =
275X 10'M st @ E, 4 = 16.6 kcal/mol; ko, = 7.4 X 108 M~

1

S

The data from *!P studies suggest rapid exchange for
longitudinal relaxation, although apparent Arrhenius behavior
is observed. First, the values for 1/pT;, for 3P are an order
of magnitude greater than those for 1/pT), both in the ternary
(EMP) and quaternary (EMFP) complexes. If 1/pTy, was
dominated by chemical exchange, then 1/pT}, would equal
1/pTy, (see eq Sa and 5b). Second, the values for 1/pTy, for
both complexes demonstrate a strong frequency dependence
(see below). Only relaxation, not chemical exchange, can
exhibit a frequency dependence. Therefore, the values for
1/pT,, must equal 1/Tyy for 3'P in both the ternary and
quaternary complexes. A summary of the data obtained from
these experiments is given in Table II.

Frequency Dependence of 1/pT,, of P in Ternary E-
Mn—P; and Quaternary E-Mn-P~F Complexes. The fre-
quency dependence of 1/pT, of *!P in the enclase-Mn com-
plexes containing P; was studied for three reasons. First, the
results will demonstrate whether the observed rates are dom-
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FIGURE 5; Temperature dependence of the paramagnetic effects on 1/T; and 1/T, of >'P in the ternary and quaternary complexes. In (A),
the paramagnetic effects on 3'P of P, in the ternary (E-Mn-P;) complex are shown. The results for 1/ T’F (0) and 1/T,, (O) are plotted vs.

1/temp. The experiment, performed in a 2 mL volume and measured at 40.5 MHz, contained 50 mM

ris-HC], pH 7.5, 50 mM KCl, 116

uM enzyme, 0.1 M P;, and 50 uM MnCl, in D,0O. The experiments in (B) were performed for the quaternary (E-Mn—F-P;) complex under
identical conditions described for (A) with the inclusion of 25 mM KF. The absolute values for 1/7, are given on the left ordinate while
the values for 1/T,, are given on the right ordinate for both (A) and (B).

inated by chemical exchange or by relaxation. Second, from
the values of 1/pT, at three frequencies, the distribution of
Mn?* between enzyme-bound and non-enzyme-bound forms
can be calculated as described under Material and Methods.
Third, the frequency dependence of the relaxation rates can
be used to calculate the value of the correlation time for the
Mn?*-P; interactions. The determination of 1/pT,, for 3'P
in the EMP and EMFP complexes by titration of enzyme
solutions with Mn?* was performed at 60.7 and 145.8 MHz
under conditions (concentrations and temperature) identical
with those described at 40.5 MHz. The data are plotted in
Figure 6 as 1/T; vs. [Mn?*]. As before, the slope (m) was
used to calculate 1/pT,. It is apparent that a strong frequency
dependence is observed. The values for 1/pT,, decrease
substantially as the frequency increases. The results eliminate
the possibility of slow exchange and indicate that 1/pT, is
a measure of 1/Ty and not 1/7y. It is also immediately
apparent that a large fraction of the total Mn?* is bound to
the enzyme (this fraction is calculated below) since the in-
teraction of P; with unbound Mn?* would not be expected to
show a significant frequency dependence.

Distribution Calculations. The value of n, the fraction of
the Mn?* which is bound to the enzyme (see eq 4) under the
experimental conditions ([Mn?*] = 0-6.4 M), can be de-
termined from the results of the frequency dependence studies
above and from 1/pT; of the simple Mn-P; complex (12000
s”1; Nowak, 1978) which is frequency independent over the
region of observation. From the data in Figure 6 and the use
of eq 10, n is calculated to be 1.01 for the ternary EMP
complex and 1.03 for the quaternary EMFP complex. Thus,
essentially all of the Mn?* is enzyme bound in the experiments
where P, is present. Only when P, is absent, in the case of the

EJ,{'Z] (uM)

FIGURE 6: Effect of Mn?* on the 1/T; values of 3'P of P, for the ternary
and quaternary complexes at 60.7 and 145 MHz. The experiments
were performed under identical conditions to those performed in Figure
3. The circles represent data obtained at 60.7 MHz, and the squares
represent data obtained at 145 MHz. The opened circles and squares
represent data obtained for the ternary complexes while the solid circles
and squares represent data obtained for the quaternary complex.

ternary EMF complex, would non-enzyme-bound Mn?* be
expected to contribute to the relaxation rate of the observed
nucleus, °F via the binary Mn—F complex. Even in that case,
however, the nonenzymatic contribution is accounted for by
using both terms of eq 3.

Calculation of 7. from the Frequency Dependence of 1/pT,
of ¥'P. So that the paramagnetic relaxation rate (1/7y) of
a nucleus within a paramagnetic complex can be related to
the distance (r) between the paramagnetic spin and the nu-
cleus, using the Solomon—Bloembergen equation (eq 6), a value
for the correlation time function [f(r.)] for the relaxation
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FIGURE 7: Frequency dependence of 3'P relaxation rates of P; in the
ternary and quaternary enolase complexes. The normalized para-
magnetic effects on the longitudinal relaxation times of P; were
calculated from data shown in Figures 3 and 6. The results are plotted
as a function of frequency squared. The results obtained for the ternary
E-Mn-P; complex are designated by boxes, and the results for the
quaternary E-Mn~F-P; complex are designated by circles. The
experiments were performed under identical conditions at each fre-
quency.

process is required. As expressed in eq 7, the correlation time
function is the sum of two terms. However, in the case of
Mn?** complexes, the first term in eq 7 is much larger than
the second term, and a good approximation is obtained by
ignoring the second term altogether. Thus, when eq 6 is
rearranged and the first term of eq.7 is used to express f(7.),
the following expression is obtained:

e [ () [ ()] oo

By plotting Ty as a function of w;?, one obtains a slope of
[(r/c)%(7./3)] and a y intercept of [(r/c)é(1/37.)]. When the
slope is divided by the y intercept, 7.? is obtained. Thus, the
frequency dependence of 1/Tyy serves in the calculation of
7.. In Figure 7, Ty of 3P is plotted as a function of w? for
both the ternary and quaternary complexes. The plot is linear
and suggests that 7 is approximately frequency independent
over the range measured. By the method discussed above, 7.
is calculated to be 9.01 X 107 s for the ternary EMP complex
and 5.83 X 107 s for the quaternary complex. This calculation
is made by assuming no frequency dependence of r.. The value
of 7. is approximately the value expected for 7, of Mn?*
[r,(free Mn?**) = 3 X 107 5] and agrees with other values
estimated for enolase-Mn complexes (Nowak et al., 1973).
Calculations of 7. from the ratio of 1/ Ty at any two fre-
quencies allow estimates of extreme values of 7. for the ternary
and the quaternary complexes. These calculations lead to
values of 7, = (6.4 X 2.6) X 10° s and 7. = (5.4 £ 2.5) X
1079 s, respectively

Calculations of Interatomic Distances: Mn—>'P and Mn-PF
in the Inhibitory Enolase Complexes. The interatomic dis-
tances of Mn—'P and Mn—'"°F in the inhibitory enolase com-
plexes are important parameters in describing the structures
of these complexes. The values may be calculated from nuclear
relaxation data via the Solomon—Bloembergen equation (eq
6). Solving eq 6 for r yields

r= C[Tfo(Tc)]l/G (12)

When seconds are used as units of 7. and Ty and angstrom

NOWAK AND MAURER

units for 7, the constant C has the value 601 for the Mn—3'P
interaction and 796 for the Mn-~!°F interaction (Mildvan &
Engle, 1972).

From the values of r, calculated above, the following cor-
relation time function (f(r.)] values are obtained for a fre-
quency of 40.5 MHz: f(7)40.smu = (5.26 £ 0.78) X 107 for
EMP and f(TC)40.5MHz = (5.60 + 0.45) X 107 for EMFP,

Using these values of f(7.) in the calculation of interatomic
Mn~-31P distances for the enzyme complexes leads to r = 6.5
+ 0.2 A for EMP and r = 7.7 £ 0.2 A for EMFP. These
values of 7 preclude the possibility of direct coordination be-
tween Mn and P; in either complex. Direct coordination would
require a value of r < 3.7 A,

Since the relaxation rates of °F were not studied as a
function of frequency, a reasonable value of f(r.) must be
estimated. The value of 7. is dominated by 7,, the electron
relaxation time, and possibly a contribution by r,, the rotational
correlation time. Both of these values would be expected to
be very nearly constant from one enolase complex to the next.
Furthermore, the values estimated for 7. for enolase-Mn
complexes, described here and elsewhere (Nowak et al., 1973),
yield nearly identical values. Therefore, it is reasonable to
assume that 7. for the E-Mn~"F interaction is equal to 7, for
the E-Mn-*'P interactions. Thus, the average value of 7,
calculated for *!P in the ternary and quaternary complexes
are used in the calculation of Mn—'°F distance limits in the
enzyme complexes. The values for 1/pT;, of 'F are domi-
nated by chemical exchange (1/pT, = 1/7y,). Therefore,
these values are lower limits to the values of 1/ T}y for 1°F
in the ternary and quaternary complexes and yield upper limits
to the values of » which are calculated.

With this in mind, evaluation of r gives r < 2.3 A for E-
Mn-"°F and r < 4.3 A for E-Mn-""F-P;. In the ternary
complex, F~ must be in the first coordination sphere of Mn?*,
Crystallographic data on MnF, crystals yield a Mn—F distance
of 2.12 A (Griffel & Stout, 1950), and no known chemical
species could intervene between Mn and F~ with an increased
separation of only 0.2 A. In the quaternary complex, there
is no evidence that the Mn-'°F distance is any greater than
that in the ternary complex; the increase in the upper limit
value of r can be attributed entirely to an increased residence
time of F~ in the complex. Indeed, it is certain that the res-
idence time is longer in the quaternary complex since 1/pT},
is essentially a measure of 1/ in the case of the slow ex-
change limit. Furthermore, the K4 value for F~ decreases.
Lacking further evidence to the contrary, the simplest model
consistent with the data leaves the Mn—'°F distance unaltered
by the binding of P;. Additional relaxation studies at higher
fields may resolve this ambiguity.

Exchange Rates (ko) and Activation Parameters for
Ligand Dissociation. From the temperature dependence of
the paramagnetic effect on the relaxation rates of °F in the
E-Mn-F and E-Mn-P;~F complexes and from the similarity
in values of 1/pT,, and 1/pT,, for these complexes, it is
apparent that the relaxation rates measured are a reflection
of ligand exchange rates (1/7y) rather than relaxation rates
(1/Tyy or 1/Tay). Thus, for ¥F, 1/pT\, ~ 1/pTyy = k.
At 30 °C, kg for F-is 2.6 X 10 s7! and 4.5 X 10* s from
the ternary and quaternary complexes, respectively. Also,
assuming the simplest model for Mn-ligand formation with
F, koy = koy/ Ky Therefore k., can be calculated. At 30 °C,
ko for F-is 5.6 x 105 M~ s7' and 19 X 106 M! 57! for the
ternary and quaternary complexes, respectively. From the
temperature dependence of k., the activation parameters for
dissociation (AH*, AS*) can be calculated for F~. For the
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E-Mn-F complex, AH* = 11.0 kcal/mol, AS* = 7.7 eu, and
AG* = 8.7 kcal/mol. For the E-Mn-F-P, complex, AH* =
11.6 keal/mol, AS* = 1.3 eu, and AG* = 11.2 kcal/mol. The
decrease in ky for F- from the quaternary complex is primarily
a result of an entropy contribution.

An analogous analysis of the 1/pT,, data for 3'P in the
ternary and quaternary complexes was performed. The 1/T5,
data gave Arrhenius behavior, and 1/pT), for the ternary and
quaternary complexes showed no significant frequency de-
pendence at 40.5 and 60.7 MHz, suggesting 1 /pTy, = 1/7y
for the P; ligand in both complexes. The decrease in kg of
P, upon formation of the quaternary complex is the result of
a large increase in the energy of activation (+10 kcal/mol),
suggesting a more highly complexed ligand. This is due to
both a sizeable enthalpy change (AH* = 6.2 vs. 16.0 kcal/mol)
and an entropy effect (AS* = -17.5 eu vs. 13.7 eu) for the
ternary complex vs. the quaternary complex. A summary of
the kinetic and thermodynamic data is outlined in Table II.

Dissociation Constants for Mn** from the Inhibitory
Complexes. Under experimental conditions where 1/pT, of
3P was determined in the ternary E-Mn-P; complex (16 mM
P, 0-6.4 uM Mn?*), all of the Mn?* was shown to be enzyme
bound (see above). When the concentration of P; was in-
creased to 0.1 M, however, competition between enzyme and
P, becomes significant. The distribution of Mn?* between
E-Mn-P; and Mn—P,; complexes can be determined from the
observed 1/p T, since (1/pTp)opsa = n(1/pT1p)g-mnp, + (1 -
n)(1/pTip)mnrp, The value of n is the fraction of Mn** which
is enzyme bound. The value for (1/pTp)mp-p, is 12 X 10% 57!
(Nowak, 1978), and the value for (1/pT'p)g-mn-p, Was deter-
mined as 3.96 X 10% s7! as described (Table I). The value of
(1/PT}p)opea, measured at 0.1 M P; (8.95 X 10° s™!) yields a
value of n = 0.379. The dissociation constant

[EP] [Mn]
Ky@E-Mn-p) = “[EMnP] (13)

and since Kymnp) = 1.2 mM, therefore
Kaoun-p) _ [P] [EMnP]
Kygwmnpy [EP] [MnP]

Rearrangement yields the relationship
Kya-py (Mn-P] [EP] ”
[EMnP] [P] (14)

Since [Mn-P] = (1 - n) [Mn**],, [EP] =~ [E],, [P] = [P],,
and [EMnP] = n[Mn?*},, Ky _mn-p) can be evaluated. The
value for K4 = 2.9 X 10 M.

An analogous evaluation of K4 for Mn?* from the quater-
nary E-Mn-F-P; complex can also be performed. The value
of (1/pTip)ees = 2.61 X 10° s™! was obtained at 0.1 M P;. The
value for (1/pTp)g-mn-r-p = 1.13 X 10%s7! (Table I) yields
an evaluation for n = 0.863. The K value, calculated from
these results, yields Kyg-mn-r-py = 0.29 X 10 M. The ad-
dition of F~ increases the binding of Mn?* by an order of
magnitude compared to the binding of Mn?* to the ternary
E-Mn-P; complex. Thus a complex set of interactions are
observed whereby each ligand not only tightens the binding
of the complementary ligand but also increases the binding
of the metal ion itself.

KyEmn-p) =

Discussion

Fluoride effects in biochemical systems have been observed
both in vivo and in vitro. Although several metabolic pathways
such as fatty acid synthesis and the pentose phosphate pathway
have been shown to be inhibited by F-, glycolysis—gluconeo-
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genesis is the most well-documented pathway which is inhib-
ited. While adenylate cyclase is an example of an enzyme
which is activated by F~ (Ross & Gilman, 1980), most en-
zymes which are affected exhibit strong inhibition by F-.
Several enzymes which are inhibited by F~ contain a heme-iron
prosthetic group, and the F~ apparently serves as a sixth ligand
to the iron. Such a complex has been identified for cytochrome
¢ peroxidase (Yonetani, 1976) and catalase. The latter en-
zyme—F~ complex was shown to exhibit a F-Fe(III) hyperfine
splitting and elicits a paramagnetic PRR enhancement
(Vuk-Pavlovi¢ & Williams-Smith, 1977). Fluoride anion also
elicits inhibition with several copper-containing proteins. The
F~ has been shown to bind directly to a type 2 copper atom
in laccase (Malkin et al., 1968; Brindén et al., 1971), ascorbate
oxidase (Strothkamp & Dawson, 1977), and ceruloplasmin
(Andréasson & Vinngard, 1970). Fluoride ion was also shown
to bind to the Cu?* of galactose oxidase (Marwedel et al.,
1975) and to the Mn?* of carboxypeptidase A (Navon et al.,
1970).

The F~ anion inhibits AMP deaminase, apparently via in-
teraction with the ATP effector site (Lee & Wang, 1968). The

ligands F~ and P, both inhibit succinate dehydrogenase in a

competitive fashion and elicit a synergistic effect upon each
other (Slater & Bonner, 1952) analogous to that observed for
enolase (Warburg & Christian, 1941-1942; Wang & Himoe,
1974). The succinate dehydrogenase contains nonheme iron
but does not use Mg?* or Mn?* in contrast to enolase. Fur-
thermore, there is no phosphorylated substrate normally as-
sociated with this enzyme. The mechanism of the synergistic
inhibition is not clear with succinate dehydrogenase. Fluoride
also elicits potent inhibition of yeast pyrophosphatase in the
presence of PP; and Mg?*. This “syncatalytic” inhibition
apparently freezes the substrate as the covalent substrate—
enzyme complex with tight binding of the F~ (Bayakov et al.,
1976, 1977a,b). The fluoride ion possibly serves as an analogue
of a hydroxyl ion which is a probable nucleophile in the cat-
alytic reaction.

Fluoride ion was shown to be a potent inhibitor of enolase
in the presence of the synergistic anion P; (Warburg &
Christian, 1941-1942). This observation accounted for the
potent inhibition of glycolysis by this anion. Subsequent kinetic
analyses have demonstrated that F~ or P; alone serves as a weak
inhibitor; but synergistically these anions serve as potent in-
hibitors of the enzyme with a 2:2:1 stochiometry. The in-
hibition is also cation dependent; inhibition is greater with
Mg?* than with Mn?*, with little or no inhibition with Zn?*
(Wang & Himoe, 1974). Binding studies have demonstrated
a direct interaction of these ligands to the enzyme-Mn?*
complex. The results quantitated the synergism of ligand
interaction (Maurer & Nowak, 1981).

In the present study, the structural and kinetic parameters
of the ternary and quaternary enolase—Mn complexes were
studied by '°F and 3'P relaxation rate measurements. The
interaction of Mn?* with F~ to form the Mn—F binary complex
was first investigated. The dissociation constant for this
complex was determined by measuring the concentration de-
pendence of F~ on the paramagnetic effect of 1/T; and 1/7,
and by an EPR titration of Mn?*. The results yield a value
of 0.30 & 0.01 M. Since the value for 1/pT,, > 1/pT, the
value of 1/pT, = 1/ Ty for Mn-F. From the assumption
that a 1:1 complex is formed and that a 7, for the Mn-F
[Mn(H,0)sF] complex is the same as that for the Mn(H,0);
complex {2.9 X 107! s (Bloembergen & Morgan, 1961)], the
Mn-F distance, r, can be calculated. With the assumption
that the effect of T, relaxation for this complex is solely di-
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polar, eq 6 can be used to calculate . This calculation leads
to a value of 1.92 £ 0.02 A. This value is slightly shorter than
the value of 2.12 A determined crystallographically for the
MnF, salt (Griffel & Stout, 1950). The relaxation rate values
suggest a 1:1 complex in solution since a MnF, complex would
yield a value for r from the above calculation of 1.72 A. The
shorter distance calculated from relaxation data (1.92 vs. 2.12
A) may be due to some scalar interaction since the ligand
observed is in direct contact with the Mn?*, A temperature
dependence of the relaxation rates of the binary complex was
not performed. The value of 1/pT,, may be 1/ Ty or 1 /7y
This value may be a limit to 1/7y therefore 1/pTy, 2 1/7y
= koo Thus kg for Mn~F = 4.6 X 10%s™!, This value is the
same as that for water substitution on Mn?* (5 X 10°s™). The
second-order rate constant, K, calculated by assuming simple
ligand exchange (K3 = Ko/ ko) 8ives ko, 2 1.5 X 107 M1 571,

The effect of enolase-Mn on °F relaxation was determined
for the ternary enolase-Mn~-F complex. The distribution of
Mn?* between the ternary complex and the binary Mn-F
complex was determined by calculation with known dissocia-
tion constants. The 1/pTy, for the ternary enzyme complex
shows an enhancement compared to the binary complex. The
1/pTy is the largest relaxation rate observed for a Mn** ligand
interaction to the authors’ knowledge. These results conclu-
sively demonstrate that the F~ ligand in the ternary enolase—
Mn-F complex interacts directly with the bound Mn?* in the
formation of this complex. If we assume that at the highest
temperatures where 1/pT), was observed (Figure 4), the slight
curvature indicates a contribution from 1/T)y, a value for
1/T;m can then be calculated. This value, calculated from
such a slight deviation, would yield a value for 1/ T, of 7.8
X 106 57! and r of 2.0 A. The exchange rate for F~ from the
ternary complex is 3.5 X 10%s™'. This value is the same as
the exchange rate of F~ from free Mn?*.

The addition of P; to form the quaternary E-Mn—-F-P;
complex results in tighter F~ binding (Maurer & Nowak,
1981) and consequently a slower rate of ligand exchange.
From a frequency dependence of *'P relaxation in the same
complex, >99% of the Mn?* is in the quaternary complex.
Thus the observed values for 1/pT,, and 1/pT;, do not require
normalization for Mn?* distribution. The identity of 1/pT;,
and 1/pT,, and the negative slope of the Arrhenius plot
(Figure 4) demonstrate that the relaxation rates reflect 1 /7y
and give a lower limit to 1/Ty. The value for 1/pT,, (Table
1) yields a value for » < 4.3 A. Thus, the uncertainty in the
Mn-F distance is greater in the quaternary complex. It is
assumed, however, that the F~ does not change position relative
to the bound Mn?* upon formation of the quaternary complex
but remains in the primary coordination sphere. The difference
in relaxation rates is due to a decrease in k. for the F~ ligand
(koe = 4.5 X 10* s7!) by 2 orders of magnitude, with an in-
crease in the energy of activation of 0.6 kcal/mol for the F~
exchange. This decrease in kq; may be due to an additional
interaction of the F~, perhaps by hydrogen bonding, to a bound
molecule of H,0.

The interaction of P; with enolase-Mn to form the respective
ternary or quaternary complexes was investigated by *'P re-
laxation rate studies. The P, ligand has a greater affinity for
Mn?* than does F~ (1.9 mM vs. 300 mM). Thus the distri-
bution of Mn?* is an important consideration in an attempt
to normalize the relaxation rate data. The K values of Mn?*
from the P-containing ternary and quaternary complexes were
not independently known; therefore the Mn?* distribution
cannot be simply calculated. For evaluation of the Mn?*
distribution, a frequency dependence of the paramagnetic
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FIGURE 8: Structures of the enolase-Mn ternary and quaternary
complexes. The figure demonstrates the structure of the ternary
E~Mn~P; complex with the P; bound in a second sphere complex to
the Mn?* which is at the catalytic site. This site appears to be the
same site occupied by the phosphoryl group of the substrate (Nowak
et al.,, 1973). In the ternary E-Mn-F complex, the F~ ligand interacts
in the first coordination sphere of the Mn?*, displacing one of the
two water molecules. In the quaternary E-Mn~F-P; complex, a
conformational change occurs which facilitates the binding of the
Mn?*, the F-, and the P, The bound Mn?* no longer has free access
to the solvent, and the P; moves further from the Mn?*. It is postulated
that the P; may be linked to the bound F~ via an intervening water
molecule held by hydrogen bonding.

effect, requiring a minimum of three frequencies, was shown
to result in a determination of the distribution (see Materials
and Methods). This approach is based on the assumption that
the Mn-ligand effect is independent of frequency over the
range measured. [The assumption will be true for Mn-ligand
complexes where 7, = 7, and the 7, values are short (1 + wfr?
~ 1).] This assumption can also be verified experimentally.
An assumption is also made that 7, for enzyme-bound Mn?*
and the ligand is frequency independent over the frequency
range measured. This assumption is made for simplicity in
calculation. Even if a maximum frequency dependence occurs,
this can be accounted for. When such a correction was made
for enolase complexes, no significant change in the results are
obtained. From the frequency dependence of 1/ T}y, a value
for 7. can also be obtained for the Mn-nuclear interaction.

The values for 7, range approximately 4.0 X 10°-9.0 x 107
s with somewhat shorter 7 values for the quaternary complex.
The correlation functions [f(7.)] show a smaller range of values
[(4.3-5.9) X 107 s}. In the ternary complex, the calculated
Mn-P; distance of 6.5 A precludes an inner sphere complex
and suggests that the P; forms a second sphere complex. This
complex is consistent with P; occupying the phosphoryl binding
site of the substrate (Nowak et al., 1973). The addition of
F~ adds a ligand to the bound Mn?*, displaces a bound
molecule of water, and perhaps “freezes” the remaining water
molecule which is hydrogen-bonded to P;. The conformational
change of the enzyme, detected in the formation of this com-
plex (Maurer & Nowak, 1981), results in P; moving further
away from the Mn2* (7.7 A).

No FPO,* is formed under these conditions, as suggested
by Warburg & Christian (1941-1942). With both F~ (0.1
M) and P; (50 mM) incubated with enolase and Mn?* for 72
h, no FPO,2~ was shown to be formed as determined by *'P
NMR. A detection level of 5% was easily obtained.

The ligand exchange rates decrease in the quaternary com-
plex. This data suggest that the decrease in kq is enthalpicaly
and entropically determined, suggesting a greater interaction
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of the binding site of the protein with P;. This site does not
contain the cation. These results suggest that the quaternary
enolase-Mn—F-P,; complex serves as a model for the transition
state of the enzyme during catalysis. From kinetic isotope
effects (DiNovo & Boyer, 1971; Shen & Westhead, 1973),
the reaction proceeds via a carbocarbanion intermediate.
Kinetic and NMR data indicate the first cation requirement
acts to facilitate attack at C-3 of the substrate by activation
of a water molecule (Nowak et al., 1973). The F~ appears
to act as an OH™ analogue being isoelectronic with the hy-
droxyl ion, and the P; occupies the phosphoryl site for the
substrate. Figure 8 represents the structure of the enolase-Mn
complexes which are formed upon the addition of the F~ and
the P; ligands.

The potency of inhibition of enolase and additional enzymes
by F~ suggests that extreme care and reevaluation be made
in the ingestive use of F~ as an additive for prophylaxis of
dental caries.
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