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in the Mechanism of Enolase’
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ABSTRACT: When Mn?2* is bound at the active site of enolase,
two rapidly exchanging water molecules are coordinated as
indicated by the effect of the enolase-Mn?* complex on the
longitudinal relaxation rate (1/7,) of water protons determined
at six frequencies. The exchange rate (1/7y) of these water
molecules is greater than 7.7 X 10° sec™!, and the correlation
time for the Mn2*—water interaction is 2.2 X 10~ sec, a value
which is shown to be dominated by 7., the electron spin re-
laxation time of Mn?=. Ternary complexes of the substrates
(phosphoenolpyruvate and c«-(dihydroxyphosphinylmethyl)-
acrylate (CH.-PEP)) and inactive substrate analogs (D-
phospholactate, L-phospholactate, and phosphoglycolate) all
affect 1/T, of water protons two-three times less than the
binary enolase-Mn?* complex at 24.3 MHz. From 1/T; and
1/T, values of the carbon-bound protons of CH,-PEP at two
frequencies and of the phosphorus at one frequency, the
correlation times (r.) in the active ternary CH»-PEP complex
are essentially unchanged from that of the binary complex.
Similar 7. values are obtained by measurements of 1/7, and
1/T. of the protons and phosphorus of the inactive analogs,
indicating that the decrease in 1/T; of water in the ternary
complexes is not due to a change in 7.. The distances from the
enzyme-bound Mn?* to the carbon-bound protons (6.5-
7.5 A) and the phosphorus atoms (5.5-6.2 1&) of the active
and inactive analogs are too great for inner sphere complexes,
but are consistent with second sphere complexes in which a
water molecule intervenes between the bound Mn?* and the
bound substrate analog. From the r. values of the analogs
and 1/T; of water in the ternary complexes it is calculated
that 0.3-1.0 rapidly exchanging water molecule remains
coordinated to Mn?* in the various ternary complexes. Hence,
the binding of the substrate may have “immobilized” a water

Enolase (phosphoenolpyruvate hydratase, or 2-phospho-
D-glycerate hydrolase, EC 4.2.1.11) catalyzes the reversible
hydration of phosphoenolpyruvate (P-enolpyruvate)! to 2-
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molecule on the enzyme-bound Mn?2* such that it exchanges
slower than 10°® sec~!. The exchange rate of the active analog,
CH,-PEP, into its ternary complex (1/7y = 1.1 X 10° sec™t,
E.. = 7.5 kcal/mol), as determined by the temperature de-
pendence of 1/T: of phosphorus, is five orders of magnitude
greater than the maximal rate of hydration of this substrate
(1.7 sec™!), indicating that the complex forms and breaks
down fast enough’to participate in catalysis. The detailed
geometry of the active enolase-Mn?—(H,0)-CH,-PEP com-
plex, determined by measurements of distances between
bound Mn?*t and four substrate nuclei indicates that the
Mn?* lies either above or below the vinyl plane of the sub-
strate and could, therefore, place a coordinated water mole-
cule on either the s/ or re face of the double bond, in molecu-
lar contact with the w-electron system. From the stereo-
chemistry of the overall reaction (Cohn, M., Pearson, J. E.,
O’Connell, E. L., and Rose, I. A, (1970), J. Amer. Chem. Soc.
92, 4095) Mn** could therefore activate a water molecule to
add a proton at C-2 of the substrate from the s/ face or a
hydroxyl ion at C-3 from the e face. The microscopic reverse
of the latter mechanism would require direct coordination of
the 3-OH group of 2-phosphoglycerate by the enzyme-bound
Mn**. Such coordination is suggested by a kinetic study which
shows that the Ky, of free Mn?~ is decreased sevenfold as the
concentration of 2-phosphoglycerate approaches infinity and
the K, of 2-phosphoglycerate becomes immeasurably high
as the concentration of free Mn?* approaches zero. A carban-
ion mechanism consistent with the present nmr and kinetic
data and the isotopic exchange data of Dinovo and Boyer
(Dinovo, E. C., and Boyer, P. D. (1971), J. Biol. Chem. 246,
4586) is presented.

phospho-D-glycerate. The enzymes from both yeast and
muscle require a divalent cation for activity and this require-
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ment has been extensively studied. Wold (1971) has recently
reviewed the possible mechanistic i >le of divalent cations
and the molecular properties, the substrate specificity, and
monomer—dimer activity relationships of enolases. Studies
of the relaxation rate of H.O protons have implicated the

1 Abbreviations used are: P-enolpyruvate, phosphoenolpyruvate;
CH:-PEP, a-(dihydroxyphosphinylmethyl)acrylate; PRR, proton relaxa-
tion rates of water,



ROLE OF Mn?* IN ENOLASE

metal ion in coordinating the substrate at the active site of
the enzyme (Cohn, 1963; Nowak and Mildvan, 1970), while
ultraviolet (uv) spectral studies have suggested that the di-
valent cation adjusts the conformation of the enzyme to its
active form (Hanlon and Westhead, 1965).

It has previously been demonstrated that although enolase
catalyzes a stereospecific trans addition of H.O (Cohn et al.,
1970) the saturated, enantiomeric analogs of P-enolpyruvate,
p-phospholactate (I) and L-phospholactate (II), show no
stereospecific inhibition and are poor competitive inhibitors
of the enzyme, as is phosphoglycolate (III) (Nowak and
Mildvan, 1970). Studies of the binding of these analogs and
of P-enolpyruvate to enolase-Mn?* by PRR! titrations led
to the suggestion of enolase-Mn2**—substrate bridge complexes,
although it was not clear whether P-enolpyruvate donated a
carboxyl or phosphoryl ligand or whether 2-phosphoglycerate
donated a hydroxyl ligand to the enzyme-bound Mn?* (Nowak
and Mildvan, 1970; Mildvan, 1970). Recently, several other
analogs of P-enolpyruvate including «-(dihydroxyphos-
phinylmethylacrylic acid (IV), a methylene analog of P-
enolpyruvate (CH,-PEP), have been synthesized and both IV
and (2)-3-fluorophosphoenolpyruvate were found to be sub-
strates for muscle enolase (Stubbe and Kenyon, 1972). The
structures of the analogs used in this study are shown below.
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The present paper examines the effect of enolase-bound
Mn?* on the relaxation rates of water and of the hydrogen
and phosphorus nuclei of these analogs of P-enolpyruvate.
Similar studies with the Mn*t—pyruvate kinase complex have
previously shown that the enzyme-bound Mn?t coordinates
such analogs through their phosphoryl groups (Nowak and
Mildvan, 1972b). Since enolase and pyruvate kinase catalyze
different reactions of P-enolpyruvate there is no a priori
reason, however, to believe that the Mn?* may perform the
same function in enolase. The present results with enolase
indicate that the bound analogs form second sphere complexes
with the enzyme-bound Mn 2+,

Experimental Section

Materials. Enolase purified from yeast (Westhead and
McLain, 1964) was a generous gift from Dr. David Hanlon.
The P-enolpyruvate and 2-phosphoglycerate were purchased
from Sigma ; 2-phosphoglycolate was purchased from General
Biochemicals, Chagrin Falls, Ohio. p- and L-2-phospho-
lactate were synthesized as previously described (Nowak and
Mildvan, 1970) as was the substrate «-(dihydroxyphos-
phinylmethylacrylic acid (Stubbe and Kenyon, 1972). All

other reagents were of the highest purity commercially avail-
able.

Methods. Enolase was assayed by a modification of a pre-
viously used assay (Westhead and McLain, 1964) as pre-
viously described (Nowak and Mildvan, 1970). The extinc-
tion coefficient of P-enolpyruvate at 230 nm and pH 7.5 was
2.96 mM~! cm! as reported by Wold and Ballou (1957). The
metal-free enzyme was prepared using Chelex-100 as pre-
viously described (Nowak and Mildvan, 1970) and was found
to have <17 residual activity as compared with the enzyme
assayed in the presence of added MgCl,. The metal-free
enzyme, when assayed after MgCl, was added, was found to
have 100 = 5% the specific activity of the purified enzyme at
25° and at 230 nm (Westhead and McLain, 1964; Wold and
Ballou, 1957).

The concentration of the yeast enzyme was determined
by uv absorption assuming an extinction coefficient E§§76 = 8.9
(Warburg and Christian, 1941) and a mol wt of 88,000 (Mann
et al., 1970). In calculating the site concentration, the enzyme
was assumed to have two active sites per mole. This assump-
tion is based on the finding that the enzyme consists of two
apparently identical subunits (Mann et al., 1970; Brewer and
Weber, 1968; Gawronski and Westhead, 1969) and has two
tight binding sites for Mn2* (Hanlon and Westhead, 1969a).
The enzyme from muscle has been found to have two binding
sites for phosphoglycolate (Cardenas and Wold, 1968) and
for the affinity label glycidol phosphate (Rose and O’Connell,
1969).

Binding studies were carried out by titrations of the eno-
lase-Mn?* complex with ligands as previously described
(Nowak and Mildvan, 1970). The longitudinal (1/77) and
transverse (1/73) relaxation rates of water protons were mea-
sured at 24 & 1° with a Nuclear Magnetic Resonance Special-
ties PS60W pulsed nmr spectrometer adapted for operation
at 3, 8, 15, 24.3, 40, and 60 MHz.? The dissociation constants
K;and K are defined as

K, — [E-Mls] @
[EMnS]
_[EIlS]
* = IEs) 3)

The dissociation constants and enhancements of the ternary
complexes, er, were determined at 24.3 MHz by a computer
fit to the PRR titration data which minimized the per cent
standard deviation (%, SD) of er (Reed ef al., 1970). The values
reported are the averages obtained from several titrations.

For measurements of the relaxation rates of the nuclei of
the analogs, enolase was exchanged into D;O by repeated
concentration of the solutions by vacuum dialysis and dilu-
tion in 50 mMm Tris-Cl (pD 7.5)% in D;O. The 'H nmr spectra
were taken on a Varian XL-100-15 or a Varian HR-220 spec-
trometer, operated at 30 = 1°. For the 3!P studies the spec-
trometer was operated at 40.5 MHz. Broad-band noise de-
coupling of the protons and 12-mm sample tubes were used to
increase the 3!P signal level as previously described (Nowak
and Mildvan, 1972b). Prior to the 3!P experiments, the sam-

2 The modifications were designed and built by J, L. Engle and
R. Taylor.

3 The values for pD of solutions in D:O are equal to the meter reading
(pH) + 0.4 (Glascoe and Long, 1960).
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FIGURE 1: The paramagnetic contribution to the molar relaxation
time (7,) of water protons as a function of frequency squared
(w1?) for the enolase-Mn?* complex. The solution in 50 mm Tris-
Cl and 0.5 M KCl, pH 7.5, contained 60 (A) or 120 (O) uM enzyme
sites and 143 uM MnCl; in a volume of 0.05 ml. The values of T},
were corrected to those due to bound Mn?™ from the dissociation
constants of Mn?*-enolase (Hanlon and Westhead, 1969a), and
the measured effects of free Mn?* at each frequency; temperature =
22,5+ 0.5°

ples were passed through a small column of Chelex-100 to
remove residual paramagnetic metal contaminants. D,O
(>90%) was used as the solvent to permit deuterium locking.
The 1/T, values were obtained from measurements of the
width of the resonance signal at half-height at 5 decibels or
more below saturation. The 1/7, values were obtained at 220
MHz with the Varian HR-220 nmr spectrometer by a pulsed
Fourjer transform method (McDonald and Leigh, 1973)
which measures the rate of recovery of the signal after de-
magnetization of the nuclei. The demagnetization is accom-
plished by a 90° pulse followed by the transient insertion of a
field gradient. At variable time intervals after demagnetiza-
tion, the recovery of magnetization is monitored by a second
90° pulse. The Fourier transform of the decay following this
monitoring pulse constitutes the partially relaxed spectrum.
Spectra from at least ten such intervals were recorded and
1/T, values were calculated as the first-order rate constant
for the recovery of the signals. The advantage of this method
over the conventional 180°~7-90° pulse sequence is that the
present method requires no waiting period for signal recovery
following the monitoring pulse. The 1/T; values of protons
at 100 MHz and of %P at 40.5 MHz were determined by
measuring the power at which the signal saturates as pre-
viously described (Nowak and Mildvan, 1972b). The para-
magnetic contributions to the relaxatijon rates (1/71p, 1/T5p)
were calculated from the slope of the linear plot of relaxation
rate against Mn?* concentration. With CH,-PEP, at Mn?2*
concentrations below 30 uM, decreases in the line widths of
all of the carbon-bound protons were observed with increas-
ing Mn?* concentration due to chemical exchange spin de-
coupling (Frankel, 1969a,b; Villafranca and Mildvan, 1972).
Above 30 uM Mn?t the resonances became singlets and the
line widths increased linearly with Mn?t concentration, and
it is from this portion of the curve that the transverse relaxa-
tion rates were determined. The values 1/T1, and 1/T5, were
normalized by the factor p = [MnCl,}/[ligand] as previously
described (Mildvan and Cohn, 1970; Mildvan and Engle,
1972).
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TABLE 1: Dissociation Constants (K;) and Enhancements (er)
of Ternary Complexes of Yeast Enolase and Mn2+ with P-
Enolpyruvate and Its Analogs Determined by Computer
Analysis of PRR Titrations.®

K; 9% SD

Ligand (uM) €r Range
L-Phospholactate 35 = 10 8.39 =220 3.7-7.3
D-Phospholactate 25 = 15 8.76 = 1.86 4.0-4.4
Phosphoglycolate 45 = 30 845 =247 2891
CH,-PEP® 8 =135 4.45 £ 0.49 0.8-1.6
P-Enolpyruvate’ 0502 7.50=£0.70 4.5-8.4

“ For the computer analysis, the dissociation constants and
enhancement factors of the binary Mn? -ligand complexes
were those previously used (Nowak and Mildvan, 1972b).
The values for CH.,-PEP were assumed to be identical with
those of P-enolpyruvate. For Mn?—enolase the dissociation
constant 1.3 um (Hanlon and Westhead, 1969a) and the
enhancement factor 15.0 (Nowak and Mildvan, 1970) were
used. The K values could be varied from 107% to 5 M without
effect as described in the text. ” An equilibrium mixture
consisting of ~809% vinylic substrate as determined by nmr
for CH,-PEP” and by uv absorption for P-enolpyruvate
(Wold and Ballou, 1957).

Results

Binding of Phosphoenolpyrucate and Its Analogs to Enolase~
Mn®* as Studied by #/T\, of Water Protons. Previous binding
studies of P-enolpyruvate (Cohn and Leigh, 1962; Cohn,
1963) and its analogs (Nowak and Mildvan, 1970) to the
enolase-Mn** complex by PRR titrations have been reported.
The titrations which were previously analyzed by graphical
methods, when reevaluated by computer analysis, yielded
the parameters summarized in Table 1. The values reported by
graphical analysis were obtained by extrapolation to infinite
concentration of ligand, neglecting the presence of significant
amounts of binary Mn?*-ligand complexes which had formed.
The computer evaluation of these constants, which takes into
account all possible equilibria, is deemed more reliable than
the graphical analysis. The dissociation constants differ by
an order of magnitude and the er values differ by a factor
<2 from those estimated graphically (Nowak and Mildvan,
1970). The quality of the computer fits expressed by the per
cent standard deviation of et was very sensitive to the K; values
assumed but was insensitive to the K, values. Thus, equally
good theoretical fits to the data could be obtained assuming
K, values of 1 X 10~ to 5 m with little variation in the opti-
mal values obtained for K; or for er. Thus, in the case of eno-
lase, the PRR method does not detect a tight binary enzyme-
analog complex (Ks < 10~* M) in the absence of the divalent
cation. Ir binding studies Wold (1971) had failed to detect
complexe: of enolase with substrates and substrate analogs
in the absence of the divalent cation. In contrast with enolase,
titrations of the pyruvate kinase-Mn?* complex with P-
enolpyruvate and its analogs required the assumption of
stable binary enzyme-substrate and enzyme-analog com-
plexes to obtain a theoretical fit to the experimental data
(Nowak and Mildvan, 1972b).

Determination of the Correlation Time (r.) and the Coordi-
nation Number (q) for H,O on Enolase-Bound Manganese.
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A Precession Frequency (w) B pracansion Fraquancy (s C Pnuul:: :::::::\: (W)
ot Saturation
(Radlans /Sec) al Saturation {Radlons/Sec)
(Redians /Sac)
33.7 mM D-PL 33.7mM L-PL 7'01'9 :l’;:l!
93.0M Sites 95.0,M Sites » e
3.28 3.0
708 mM P-Gly
32.4 mM D-PL
MOuM Sites 445
9LI LM Sites et 3.0 m LPL ™M
21.2 M M Cly 92.5 M Sites 782 19.24M M Clg
17.2 2 M MnCly
68.3 mM P-Gly
31.6 mM 0-PL 32.6mM L-PL 94.4 LM Sites _
89.2 M Sitey e 92.0uM Sites ots (8.7juM
207 M MACly ’ 170 M Macly 34mM PEP R
€24 M PEP 120 M ZaCly
—]0H2 =

FIGURE 2: The effect of Mn2t—enolase on the proton magnetic resonance spectra of p-phospholactate (A), L-phospholactate (B), and phos-
phoglycolate (C) at 100 MHz, The analogs were present as their potassium salts in D;O, pH 7.5, in a 0.5 M KCl solution and the enzyme
was added as a solution in 0.05 M Tris-Cl, pH 7.5, with 0.5 M KCl in D:0. The MnCl. was added as a solutiofi in D:O and either P-enol-
pyruvate (potassium salt, pH 7.5) (A and C) or ZnCl; (B) were also added from solutions in D:0. The initial volumes were 0.30 ml and the

final volumes were 0.31-0.32 ml; temperature = 30 = 1°,

In each of the tefnary complexes studied (Table I) the en-
hancement factor, e, is less than that of the binary complex,
& = 15.0 = 1.5 (Nowak and Mildvan, 1970). As pointed out
elsewhere (Mildvan and Cohn, 1970) such type II enhance-
ment behavior (er < €,) can be explained either by direct
coordination of the ligahd to the enzyme-bound Mn?*, dis-
placing a water ligand from the metal, or by a structural
change about the Mn?*-bound water elicited by the substrate,
which could either decrease the correlation time for Mn2t—
H,O interaction or increase the residence time of a ¢oordi-
nated water ligand. To help distinguish among these alter-
natives, the correlation time, 7., and the coordination number,
g, for H:O on enolase-bound Mn?* were determined by a
study of 1/Ti, of water protons in the binary complex as a
function of frequency.

The Solomon-Bloembergen equation describing the Mn?+-
H.,O dipolar interaction (Solomon, 1955; Solomon and
Bloembergen, 1956) is

1/pTy, = [H,O)IMn]Ty, = (812/r)%q(f(r.)) 4

where r is the Mn?*-water proton distance, 2.87 + 0.05 A
from crystallographic data (see Reuben and Cohn, 1970), and
g is the coordination number for H.O. The correlation func-
tion, f(r.), is given by

37, Tre

1 _(" L’)IQ"'C2 1 _('_ (-’3527'(‘,2

f(Tc) =

(4a)

where 7. is the correlation time for the dipolar interaction,
wr is the nuclear resonance frequency, and ws is the electron
resonance frequency. Equation 4 contains two unknown
quantities, g and .. Thus, if 7, is determined from the fre-
quency dependence of 1/T1,, then g can be evaluated (Pea-
cocke et al., 1969; Reuben and Cohn, 1970).

The values of Ty, for enolase-Mn?* determined at 3, 8, 15,
24.3, 40, and 60 MHz, when plotted against wi? (Peacocke
et al.,, 1969), reveal a minimum between 24.3 and 40 MHz
(Figure 1), indicating that 7. itself is frequency dependent.
Such behavior establishes that 7, the electron spin relaxation
time of bound Mn?*, dominates 7. as has been found for
several enzyme-Mn?2* complexes (Reuben and Cohn, 1970;
Reed et al., 1972). From the linear portion of the curve, 7, =
2.18 = 0.55 X 1079 sec, a typical 7, value for Mn2* is calcu-

lated over the range of frequencies from 40 to 60 MHz, Using
this value of 7. in eq 4 with » = 2.87 + 0.05 A, it is calculated
that the coordination number g = 2.1 = 0.4 for water ligands
with exchange rates greater than the largest relaxation rate
measured. From the present study, the lower limit to the water
exchange rate 1/7y is greater than 1/pgT,, (at 60 MHz) which
is 7.7 X 108 sec™1,

Since it was not feasible to determine the frequency depen-
dence of er, the structures of the ternary complexes were
studied more directly by measurements of 1/7, and 1/7 of the
protons and phosphorus nuclei of the analogs.

Effects of Enolase-Mn?* on the Proton Relaxation Rates of
Inactive Phosphoenolpyruvate Analogs. The proton nmr spec-
tra of the three saturated analogs, D- and L-phospholactate
(I, I and phosphoglycolate (III), have previously been de-
scribed (Nowak and Mildvan, 1972a,b). The effect of enolase-
bound Mn?** on the methyl or methylene protons of these
analogs is shown in Figure 2. The enzyme-bound Mn?* in-
creases the relaxation rates of the protons of the three analogs
as observed by the increase in line width of the proton reso-
nances and by the increase in precession frequency at satura-
tion.* A summary of the relaxation rates of the methyl or
methylene protons of each of the analogs in the binary Mn?2+-
ligand and ternary enzyme-Mn?*-ligand complexes is given
in Table II. When compared with the effects of Mn?2*, the

¢ Under the conditions of the nmr experiments, most of the Mn2+
is in the ternary enzyme~Mn2+-analog complex and very little is present
as free Mn2* or as the binary Mn2*-analog complex. This may be shown
in three ways, First, a calculation of the distribution of Mn2* indicates
that at least 94 ] of the Mn?* is in the ternary complex, less than 1 % is
free, and less than 6 77 is in the binary Mn?*-analog complex. For these
calculations the dissociation constants K’ of Mn?* from the ternary
enzyme-Mn2*-analog complexes were required. These were obtained
from the relationship Ka’' = K:;Kp/Ks (Mildvan and Cohn, 1966).
The values of Kp, the dissociation constants of the binary enzyme-Mn2+
complex, were determined by Hanlon and Westhead (1969a,b) to be
1.3 and 19 uM, the values of K3 are given in Table I, and the values of
K, are >10-4 (Table I). Second, displacement experiments with P-
enolpyruvate (e.g., Figure 3 and the text) also show that most of the
Mn? is in the ternary complex and less than 5% is in the binary Mn?*-
analog complex. Otherwise P-enolpyruvate, at the low levels used, could
not have removed the relaxation effects on the analogs since this sub-
strate binds free Mn?* no tighter than the analogs. Third, in our studies
of 3P relaxation, increasing the enzyme concentration by 40%, had no
detectable effect on 1/pT, of phosphorus indicating that the distribution
of Mn2?* did not change significantly. Such behavior would be expected
only if the Mn?2* were essentially all in the ternary complex.
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FIGURE 3: P-Enolpyruvate competition with phosphoglycolate. The
effect of P-enolpyruvate on the line width of the methylene protons
of phosphoglycolate (70.5 mm) was measured in the presence of
enolase (74 uM sites) and MnCl: (19.2 uM) in a solution of 50 mm
Tris-Cl and 0.5 m KCl in DO, pH 7.5; temperature = 30°. The
points represent the experimental line widths measured after each
addition of P-enolpyruvate and the curve is computed assuming
simple competition between P-enolpyruvate (K; = 0.5 um) and
phosphoglycolate (K3 = 35 uM) for enolase-Mn?*+,

effects of the enzyme-bound Mn?2* on the relaxation rates of
these protons are de-enhanced with the exception of 1/pT,
of the methylene protons of phosphoglycolate.

With both the phosphoglycolate and p-phospholactate
complexes (Figures 2A and 2C, respectively), the addition of
P-enolpyruvate diminishes the effect of enzyme-~Mn?* on the
line width of the proton resonances, consistent with competi-
tion for the same Mn?* site. A titration of the phosphogly-

TABLE 11: Effect of Enolase-Mn?* on the Relaxation Rates
of the Protons of the Inactive Analogs of P-Enolpyruvate at
100 MHz.

1pT, 1/pTsp
(sec™! X 1079

149 £1.7¢

Complex

Mn?+-L-phospho- 15.4 = 0.9¢
lactate (methyl
protons)

Enolase-Mn?t—L-
phospholactate
(methyl protons)

Enolase-Mn?*"—D-
phospholactate
(methyl protons)

Mn?*t—phospho-
glycolate (methy-
lene protons)

Enolase-Mn?2*-
phosphoglycolate
(methylene
protons)

* From Nowak and Mildvan (1972b).

4.39 £ 0.38 9.70 = 0.32

3.45 +=0.90 5.12 = 0.35
13.0 = 0.5° 13.0+1.0°

7.01 £0.25 19.7 0.3
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TaBLE 111: Effect of Enolase-Mn?2™ on the Relaxation Rates
of the Phosphorus Nuclei of P-enolpyruvate Analogs at 40.5
MHz.

1/pT1p 1/pTs,
Complex (sec™! X 107%)
Mn?*—phosphoglycolate 11.3 = 0.7* 3360 + 240“
Enolase-Mn2*t-phos- 3.8+0.5 910 = 150
phoglycolate
Enolase-Mn*—CH,-PEP 3.4 == 0.4 59.4 =10.0

¢ From Nowak and Mildvan (1972b).

colate complex by P-enolpyruvate can be fit by assuming
simple competition for the same site and using dissociation
constants, K, for P-enolpyruvate (K; = 0.5 um) and phos-
phoglycolate (K; = 35 um) in agreement with values obtained
by direct binding studies (Table I) (Figure 3). The addition of
the diamagnetic cation Zn?*" to the enzyme-Mn?"-L-phos-
pholactate complex increases the paramagnetic effect of Mn*
(Figure 2B), presumably by displacing the bound Mn**, since
free Mn? is more effective in relaxing the methyl protons
than is enzyme-bound Mn2* (Table II).

Since the 1/pT,;, values for the protons of the analogs are
greater than the respective 1/pT;, values in the ternary com-
plexes (Table II), the 1/pT;, values are not influenced sig-
nificantly by chemical exchange and hence, as has previously
been shown (Nowak and Mildvan, 1972b), can be used to
calculate Mn2 —proton distances in the ternary complexes,

Effect of Enolase-Mn?" on the Phosphorus Relaxation Rates
of Inactive Phosphoenolpyruvate Analogs. The P nmr spec-
trum of phosphoglycolate has been described (Nowak and
Mildvan, 1972a,b) and is shown in Figure 4. As has previously
been found (Nowak and Mildvan, 1972a,b), decoupling of
the protons from the phosphorus resonance simplifies the
spectrum to a singlet and improves the signal-to-noise ratio
without affecting the measured relaxation rates of the phos-
phorus nucleus. Hence the proton-decoupled spectrum was
used to measure the 3!P relaxation rates in the presence of
enolase and Mn?*+ (Figure 4, Table III). From Table III it is
seen that enolase de-enhances the effect of Mn?™ on the 3'P
relaxation rates of phosphoglycolate, similar to the effects ob-
served with the protons of the analogs (Table II).

As pointed out under Methods, yeast enolase has two active
sites per mole, presumably with one Mn?* at each site. The
detection of catalytically active monomers supports this view
(Keresztes-Nagy and Orman, 1971; Holleman, 1971), as does
a recent kinetic study with the Mg?*-activated enzyme (Hanlon
and Feins, 1969). From the dissociation constants for Mn?*
in the enolase-Mn2*"-substrate ternary complex it is calcu-
lated that 809 of the Mn?™ is on the tighter of the two sites
(site I) and 209 of the Mn?* is on the weaker site (site II)
under the conditions of the present experiments (Figure 4).
Mg?**+ shows the opposite site preference from Mn** (Hanlon
and Westhead, 1969a,b). Hence, the addition of MgCl. at a
level (125 um) which is 2.7 times the concentration of site II
would be expected to shift the Mn?+ binding almost entirely
to site I. The addition of MgCl, at this level, under the condi-
tions described in Figure 3, produced no detectable changes
in 1/pThy, (<6%) or in 1/pTy, (<3 %) of phosphorus despite a
2097 change in the calculated distribution of Mn?*. These
results indicate that Mn** exerts a very similar paramagnetic
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FIGURE 4: The effect of Mn?* and enolase-Mn2* on the ?'P nmr spectrum of phosphoglycolate at 40.5 MHz. The phosphoglycolate was pres-
ent as the potassium salt in a solution of 0.5 M KCI-0.05 M Tris-Cl in D.O, pH 7.5. Proton decoupling of the sample simplified the spectrum,
increasing the signal-to-noise ratio, but did not affect the relaxation rates. Enolase was added as a solution in 0.05 M Tris-C1-0.5 M KCl, pH
7.5. MnCl; was then added as a solution in D.O. Proton decoupling again did not affect the relaxation rates within experimental error, P-
Enolpyruvate was added to the solution as the potassium salt, pH 7.5. The effect of P-enolpyruvate on the line width of the 3!P nucleus of
phosphoglycolate was titrated and the results were fit by assuming simple competition between P-enolpyruvate (K; = 0.5 um) and phospho-

glycolate (K5 = 30 um) for enolase-Mn?+; temperature = 30 = 1°,

effect on the phosphorus of phosphoglycolate whether it is on
site I or on site II.

Since the 1/pTy, is much less than the 1/pTy,, again 1/pTy,
= 1/T1y, the relaxation rate of the bound analog, and can be
used to calculate the distance from the enolase-bound Mn?**
to the *'P nucleus in the ternary complex.

Kinetic and Binding Properties of the Methylene Analog of
P-Enolpyruvate with Enolase~Mn*t, a-(Dihydroxyphosphinyl-
methylacrylic acid (IV), a methylene analog of P-enolpyru-
vate (CH.-PEP), has been shown to be a substrate for muscle
enolase (Stubbe and Kenyon, 1972). Under conditions de-
scribed under Methods, this analog was found to be a sub-
strate for the yeast enzyme. From initial velocity measure-
ments at 200 uM MnCl, and at eight concentrations of CH-
PEP, over the range 13.2-265 uMm, the K, of this analog was
12.8 = 3.8 um and the maximal turnover number was 1.7
sec™!, a value which is 4.5% of the rate measured with satu-
rating levels of 2-phosphoglycerate (200 uM) under otherwise
identical conditions.? The Michaelis constant of CH.-PEP is
in reasonable agreement with the dissociation constant of
this substrate determined by PRR titration (8 = 5 uM, Table
I). The er value of the substrate is approximately half that of
the more active substrate P-enolpyruvate and of the inactive
analogs (Table I).

Effect of Enolase-Mn®t on the Proton and Phosphorus Re-

®For the second ionization, phosphonic acids are generally 1 pX
unit less acidic than the corresponding phosphoric acids (Trowbridge
et al., 1972), Hence, at the pH of these studies (7.5) the concentration
of the trianion form of CH.-PEP would be significantly less than that
of P-enolpyruvate.

laxation Rates of the Nuclei of the Methylene Analog of P-
Enolpyruvate. The proton nmr spectrum of CH.-PEP at pD
7.5% consists of the resonances of the methylene protons
centered at 3.19 ppm downfield from the external Me,Si
standard (Jp_z = 20.5 Hz; Ju_u ~ 1 Hz), the vinyl proton
trans to the phosphonate group at 6 6.40 ppm (Jp_z = 4.7
Hz; Ju_g = 1.5 Hz; Ju_u ~ 1 Hz), and the vinyl proton cis
to the methylene phosphinate at 6 6.65 ppm (Jp_y = 4.3 Hz;
Ju_g = 1.5 Hz). The *'P multiplet was found at 22.9 ppm
downfield from the resonance of a separate sample of H;PO,
(64 %) in D,O (209 by volume) similarly locked on deuterons.
The P-H and methylene H-vinyl H couplings were verified
by both heteronuclear and homonuclear spin decoupling, re-
spectively. There is an uncertainty in the assignments of the
vinyl protons which were based on the observation that the
more upfield of the two vinyl protons had significantly greater
coupling to phosphorus and to the methylene protons than
the downfield proton. Trans coupling is generally greater than
cis coupling in such systems (Brugel er al., 1960); however,
there are some exceptions (Stubbe and Kenyon, 1971). In
any case, the uncertainty in these assignments does not alter
the conclusions of this work.

As exemplified in Figure 5 the 1/T; values of the protons of
CH:-PEP were measured by recovery of equilibrium using
pulsed Fourier transform at 220 MHz and the progressive
saturation method was used at 100 MHz as described under
Methods.

In the presence of 215 uM enolase sites the relaxation rates
of the protons of CH,-PEP (90 mm) at 100 MHz were mea-
sured at varying concentrations of Mn?* with phosphorus
decoupling (Table IV). The paramagnetic contributions to
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TABLE 1v: Effect of Enolase-Mn2* on the Relaxation Rates
of the Protons of the Active Methylene Analog of P-Enol-
pyruvate.
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FIGURE S: Determination of the relaxation rates of the protons of
CH:-PEP by the “‘return to equilibrium technique” (McDonald
and Leigh, 1973) using pulsed Fourier transform nmr at 220 MHz.
The relaxation rates of the protons of CH:-PEP (50 mm) in the
presence of enolase (90 uM) were measured in the presence of
MnCl; (29.5 uM). The solutions contained 0.5 M KCl and 0.05 M
Tris-Cl, pH 7.5, in DO and the temperature was controlled at 30
=+ 1°; the volume was 0.5 ml.

the relaxation rates were measured, as described under
Methods, at Mn?* concentrations varying from 5.0 to 87.8
uM. Under the extreme concentrations of Mn** present, there
is less than 0.19 free Mn?* and less than 3% of the Mn?*—
CH,-PEP complex. The addition of P-enolpyruvate (45 mm)
to this complex halved the observed paramagnetic effects on
the protons of CH,-PEP, consistent with competition for the
same site on the enzyme. The paramagnetic contributions to
the relaxation rates of the protons of CH,-PEP measured at
the two frequencies are summarized in Table IV.4¢

Table III summarizes the relaxation rates of the phosphorus
nucleus of CH,-PEP® (74 mm) in the presence of 99.8 um
enolase sites and at Mn2* concentrations from 0.6 to 3.4 uM.*
While the 1/pT:, value of CH,-PEP is similar to that of phos-
phoglycolate, the 1/pT,, value of this substrate is an order of
magnitude less than that of the inhibitor, due to exchange-
limited relaxation (vide infra).

The addition of P-enolpyruvate decreased the paramag-
netic effect of enolase-Mn?+ on 1/T» of the phosphorus of
CH,-PEP. A titration of this effect at P-enolpyruvate concen-
trations of 9.0, 19.9, and 39.2 mM could be fit theoretically by
assuming simple competition between P-enolpyruvate (K; =
0.7 um) and CH,-PEP (K; = 3.5 um) for the same site on the
enzyme. These values for K; are in reasonable agreement with
those obtained by PRR titration (Table I) and with the K., of
CH,-PEP (12.8 + 3.8 um) determined in the present study,
indicating that the complex detected by nmr has the dissocia-
tion constant of the kinetically active complex.

Correlation Times and Correlation Functions for the Mn**-
Nuclear Interactions with the Various Enolase-Mn*—Ligand
Complexes. It has previously been demonstrated that the
longitudinal relaxation rate of a complexed ligand (1/71y)
may be used in the Solomon-Bloembergen equations (Solo-
mon, 1955; Solomon and Bloembergen, 1956) to calculate
distances between paramagnetic metal ions and magnetic
nuclel. These distances agree with those obtained by X-ray

6 During the time course of the continuous wave proton nmr experi-
ments with CH:-PEP, only the resonances of the vinyl substrate were
detected, indicating that CH.-PEP accounted for at least 90% of the
substrate present. Within 12 hr after completion of the experiments
new resonances appeared, accounting for 15-20 %7 of the total substrate
present. The slow reaction was due to a limiting amount of Mn?*
present, Hence no corrections were made to the relaxation data for
hydration of CH:-PEP during the nmr experiments.
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1 1,/pT1p 1/[)1—31)
Proton (MHz) (sec™! X 107%)

Methylene 100 56018 259 +1.0
220 3.08 = 0.09

Upfield vinyl 100 3.66 =£1.28 18.1 £+ 6.0
220 0.86 = 0.10

Downfield vinyl 100 4.34 = 1.18 30.5 + 10.1
220 0.76 = 0.08

diffraction (Mildvan and Cohn, 1970; Nowak and Mildvan,
1972b; Villafranca and Mildvan, 1972). For Mn?"-proton
interactions in a 1:1 complex, the appropriate form of the
Solomon-Bloembergen equation is obtained from eq 4 as

F(in A) = 812(Tinf ()" (3)
and for Mn?"—phosphorus interactions it is
F(in A) = 601(Tf(ro)' (6)

where the correlation function, f(r.), is defined in eq 4a.

Hence, in order to use the relaxation rates of nuclei to cal-
culate the distances between the paramagnetic probe and the
nuclei from eq 5 and 6, the correlation time, 7., for the elec-
tron-nuclear dipolar interaction must be known from which
the correlation function, f(r.), is calculated. Several methods
have been used to estimate 7.. The most common method has
been to use the correlation time estimated for the Mn*~H,O
interaction from the er value of the same complex as mea-
sured by pulsed nmr methods (Nowak and Mildvan, 1972b).
The assumption is made that the correlation time for the
Mn2t-H,QO interaction is the same as for the Mn?*—substrate
(or inhibitor) interaction, an assumption which is justified by
the observations that in the binary enolase-Mn?*"-(H,0) com-
plex (Figure 1) and in various other enzyme-Mn?* complexes
(Reuben and Cohn, 1970; Reed er al., 1972), 7. is dominated
by the electron spin relaxation time, 7s. A second method for
estimating 7, is from T7.,/7:, ratios of that nucleus. This
method assumes the absence of a hyperfine contribution to
1/T:,. In metal-ligand complexes in which a substantial hy-
perfine interaction may occur, a longer 7. and thus an incor-
rect value for r would be calculated. The most satisfactory
method for estimating 7. is by a study of the dependence of
the longitudinal relaxation rate on wr and w., the resonance
frequencies, since no ancillary assumptions are made. How-
ever, this method obviously requires extensive experimenta-
tion at several frequencies.

Several of these methods have been used to estimate 7. and
f(r.) for the enolase~Mn?*-ligand interactions. A summary of
the values of 7. estimated by each of the three methods is
given in Table V. The 7. vaiues for the carbon-bound protons
show agreement to within an order of magnitude. The values
of f(r.) (Table V) show better agreement to within a factor
of 2.

The values of . for phosphorus, calculated from the high
T:,/T>p, ratios, may be too great since they exceed the electron
spin relaxation times of Mn** in the same complexes as re-
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TABLE v: Correlation Times (7.) and Correlation Functions (f(r.)) for Ternary Enolase Complexes.®

7o X 10° sec f(rc) X 109 sec
From From 1/ From From 1/
Complex Interaction From wi T/T: Ty(H;0)* From w; T/T: TW(H0)?
Enolase-Mn—(CH.-PEP) Mn-methylene protons 0.43%-0.83°¢ 3.62 0.78 1.21°-1.96° 1.76 1.89
Mn-upfield vinyl proton 0.73%-3.76° 3.79 0.78 1.72°-1.81° 1.72 1.89
Mn-downfield vinyl proton 0.89°-3.69° 4.71 0.78 1.64°-2.03° 1.45 1.89
Mn-phosphorus >19.4 0.78 <2.29 2.26
Enolase-Mn-L-phospho- Mn-methyl protons 1.99 1.54 2.33 2.38
lactate
Enolase-Mn~-D-phospho- Mn-methyl protons 1.10 1.62 2.26 2.39
lactate
Enolase-Mn-phospho- Mn-methylene protons 2.50 1.55 2.17 2.39
glycolate
Mn-phosphorus >74.7 1.55 <0.62 4.02

“ f(r.) calculated for 100 MHz for protons and 40.5 MHz for phosphorus. * Calculated from 1/pTy, at 100 and 220 MHz as-
suming maximal frequency dependence of r.. ¢ Calculated as in footnote b, assuming no frequency dependence of 7. ¢ Calculated

assuming one exchangeable water molecule remaining.

flected in the respective 7. values for the protons. The high
T1,/Ts, ratios for phosphorus may, in turn, be due to a con-
tact or pseudocontact contribution to 1/7T5,.7 However, be-
cause of the definition of f(7.) as given in eq 4a and because of
the sixth root relationship in eq 6, the effects of these varia-
tions in 7. on the calculated distances are within the reported
experimental errors (Table VI).

Calculated Distances between Enolase-Bound Mn** and the
Protons and Phosphorus Atoms of the Ligands in the Various
Ternary Complexes. The Mn2?+—proton distances in the ternary
complexes of enolase, Mn?*, and substrate or analog calcu-
lated with eq 5 from 1/pT,, and the individual values of f(r.)
for each proton are given in Table VI. The Mn2*-phosphorus
distances (Table VI) were calculated with eq 6 using the
average f(r.) value for the protons of the substrate or analog
and of H,O in the same complex. The estimated error in the
distances is obtained from the extreme values of 1/pT:, and
of f(r.). Because of the sixth root relationship in eq 5 and 6
a twofold uncertainty in 71y or f(7.) would lead to only a 12%;,
error in a calculated distance. The distances (Table VI) are
too great for inner sphere enolase-Mn?™analog bridge com-
plexes but are consistent with second sphere enolase-Mn?—
(H.O)-analog complexes in which a water ligand can inter-
vene between the bound Mn?* and the bound analogs (Fig-
ures 6and 7).

Kinetic Studies of the Activator Constant of Mn*" and the
Michaelis Constant of 2-Phosphoglycerate. Because of its low
concentration in the enolase equilibrium, and its slow ex-
change from the enzyme, the interaction of 2-phosphoglyc-
erate with the enolase-Mn?* complex could not be studied
by nuclear relaxation methods. Hence the substrate kinetics
of 2-phosphoglycerate with enolase and Mn?* were reinvesti-
gated to seek evidence for a metal bridge complex. After
treatment of the enzyme to remove trace metals for the kinetic

? Contact or hyperfine effects, which operate through chemical bonds,
may also be transmitted to ligands in the second coordination sphere
of metals (Alei, 1964; Brown and Drago, 1970). Pseudocontact effects
have not been detected for Mn?* and would be expected to be small
because of the high symmetry of the ligand field and the long electron
spin relaxation time of Mn?T,

study, the enzyme had less than 0.5% residual activity. A
determination of the K, of MnCl; as a function of 2-phos-
phoglycerate (Figure 8A), using the most general treatment
for metal ion activation (Dixon and Webb, 1964), shows that
the K, of Mn?* increases with decreasing 2-phosphoglycerate
concentration and an activator constant, K, for Mn?* of
30.3 £ 9.0 uM Is obtained from the intersection of the lines
in Figure 8A where [2-phosphoglycerate] equals zero. This
value is in reasonable agreement with the dissociation con-
stant of Mn?* from site II of enolase as determined by equi-
librium dialysis (19 uM) (Hanlon and Westhead, 1969a). The
Kw for MnCl, extrapolated to infinite phosphoglycerate is
4.5 = 0.5 uMm, in agreement with the value of 4.2 uM obtained
in a direct binding study (Hanlon and Westhead, 1969a) and
in a kinetic study (K, = 6.3 = 0.5 um) (Hanlon and West-
head, 1969b). A least-squares fitting of the data gave identical
results. Hanlon and Westhead (1969a,b) had observed that,
over the range 0.1-1.0 mM, the concentration of 2-phospho-
glycerate had no effect on the K, of Mn?** or Mg?*, The pres-
ent study was made at lower levels and over a wider range of
concentrations of 2-phosphoglycerate (2.9-57 uM). Replotting
the present data to obtain K, values for 2-phosphoglycerate

TABLE vi: Calculated Distances between Mn?* and the Nuclei
of P-Enolpyruvate Analogs in the Enolase Ternary Complex.

Analog Distance r (A)
L-Phospholactate Mn-CH; 7.16 & 0.15
p-Phospholactate Mn-CH; 7.45 = 0.28
Phosphoglycolate Mn-CH. 6.59 =0.10

Mn-P 5.47 &+ 0.11
CH.,-PEP Mn-CH* 7.04 + 0.34
Mn-CH?® 6.81 = 0.26
Mn-CH. 6.50 = 0.30
Mn-P 6.23 = 0.36

@ Upfield vinyl proton. ® Downfield vinyl proton.
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TABLE viI: Kinetic Parameters” of the Exchange Reactions of the Enolase-Mn?*-Ligand Complexes at 30°.

AHT ~TAS* AGT
Ligand kote” (sec™) E4 (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)  kon® (M~1sec™ 1)
CH,-PEP 1.10 x 10% 7.49 = 0.61 6.90 3.84 10.74 1.38 x 1010
L-Phospholactate >9.70 x 10® >2.77 X 108
D-Phospholactate >5.12 x 108 >2.05 x 108
Phosphoglycolate >9.10 x 105 >2.02 x 100
H,O >7.70 X 10¢

% The rate constants are defined as

kotf

enolase-Mn?*t-(H,0)-ligand === enolase-Mn**—(H,0) -+ ligand

kon

¥ From 1/pT», for each ligand at 30° (Tables IT and III). ¢ Calculated from the relationship K3 = kots/koq using K; for each ligand

(TableI).

at varying concentrations of Mn?* (Figure 8B) shows that
increasing MnCl, concentrations decrease the K,, of 2-phos-
phoglycerate and extrapolation to infinite concentration of
MnCl, gives a Ky, for 2-phosphoglycerate of 4.0 = 1.5 um, a
value much lower than that previously reported for the K,
of 2-phosphoglycerate for the Mn2*+-activated enzyme (Han-
lon and Westhead, 1969a,b). Extrapolation to zero concentra-
tion of Mn?* gives an immeasurably large K,, for 2-phos-
phoglycerate, suggesting little or no substrate binding in the
absence of the divalent cation. Again, a least-squares fitting
of the data gave identical results. It should be pointed out
that the data are not precise enough, especially at low 2-phos-
phoglycerate concentrations, to eliminate an ES complex in
which K, > 200 um. These data suggest a role for Mn?* in
the binding of 2-phosphoglycerate to enolase to form a ternary
enzyme-Mn?*-2-phosphoglycerate bridge complex as pre-
viously suggested (Malmstrom, 1961 ; Cohn, 1963 ; Nowak and
Mildvan, 1970; Mildvan, 1970).

Effect of Temperature on the Transcerse Relaxation Rates of
the ®\P Nucleus of CHy-PEP. The paramagnetic effect of the
enolase-Mn?* on 1/pT, of the phosphorus nucleus of CH,-
PEP increases with temperature in a manner predicted by the
Arrhenius equation over the entire temperature range pos-

FIGURE 6: Alternate composite structures of ternary complexes of
enolase-Mn?* with saturated analogs. The structures are drawn
consistent with the Mn?*-nuclear distances calculated from 1/T;
as described in the text (Table VI).
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sible for enolase (0-43°) (Figure 9). From the large and posi-
tive temperature dependence of 1/pTy, (E.. = 7.5 kcal/mol),
it follows that the transverse relaxation rate is dominated by
1/7u, the exchange rate of the nucleus into the ternary com-
plex of enolase, Mn?*, and substrate. From these data, the
kinetic parameters for 1/7y are calculated (Swift and Connick,
1962) and are summarized in Table VII. Table VII also in-
cludes lower limits for the exchange rates of the inactive
analogs of P-enolpyruvate into their respective ternary com-
plexes. The exchange rate of CH:-PEP into the active enolase-
Mn?**-(H.O)-CH,-PEP complex (1.1 X 10° sec™!) exceeds
the maximal rate of hydration of CH,-PEP (1.7 sec™!) by five
orders of magnitude. Hence the complex detected by nmr
forms and dissociates rapidly enough to participate in catal-
ysis.

Discussion

It had previously been shown that when Mn?* binds to
enolase its effect on the relaxation rate of water is enhanced,
and the addition of substrates (Cohn and Leigh, 1962; Cohn,
1963; Nowak and Mildvan, 1970) or substrate analogs
(Nowak and Mildvan, 1970) decreases this effect. These re-
sults are here confirmed (Table I) by a computer analysis of
the data (Reed er «/., 1970). The computer analysis also con-
firms the lack of stereospecificity in the binding of p- and L-
phospholactate to the enolase-Mn2* complex since there is
no difference in the affinity for these analogs or in the con-

FIGURE 7: Alternate structures of the active enolase-Mn?*—(H.0)-
CH,-PEP ternary complex consistent with the Mn?*-nuclear dis-
tances calculated from 1/77, (Table VI).
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FIGURE 8: (A) A double reciprocal plot of the effect of manganese
concentration on the initial velocity of the enolase reaction at
varying 2-phosphoglycerate concentrations. The reactions con-
tained the following concentrations of 2-phosphoglycerate: curve
1, 57.0 uM; curve 2, 28.5 uM; curve 3, 14.2 uMm; curve 4, 7.1 uM; and
curve 5, 2.29 uM. In addition the reaction mixtures contained 50
mM Tris-Cl buffer, pH 7.5, 0.5 M KCl, 0.57 ug of enolase, and MnCl.
as indicated in a final volume of 1 ml; temperature = 25°, The free
manganese concentration was calculated as described in the text.
(B) A double reciprocal plot of the effect of 2-phosphoglycerate con-
centration on the initial velocity of the enolase reaction at varying
manganese concentrations. The reactions contained the following
concentrations of MnCly: curve 1, 100 uM; curve 2, 40 uM; curve 3,
4.0 uM; curve 4, 1.0 uM. The remaining conditions were those of
Figure 8A with the concentrations of 2-phosphoglycerate as in-
dicated. The velocity data at the lowest substrate concentration have
an experimental uncertainty of =309 ; however, at all higher con-
centrations, an uncertainty of ==2-5%7 is obtained.

formation about the enzyme-bound Mn?* in their respective
ternary complexes as reflected in er values (Table I). The
equidistance of the methyl groups of p- and L-phospholactate
from the enzyme-bound Mn?t (Table VI, Figure 6) estab-
lishes this lack of stereospecificity in the ternary complex.
This lack of stereospecificity must be due to the absence of
the OH group at C-3 since the normal substrate is D-2-phos-
phoglycerate and the enantiomeric L-2-phosphoglycerate
fails to interact with the enzyme (Wold, 1971).

The substrates of enolase contain three possible liganding
groups for the enzyme-bound Mn?*: the carboxyl and phos-
phate groups of both P-enolpyruvate and 2-phosphoglycerate,
and the 3-OH group of 2-phosphoglycerate. Since the K; and
er values (Table I) afford only inconclusive evidence con-
cerning the coordination schemes, direct experiments mea-
suring the relaxation rates of the protons and phosphorus of
the substrate analogs were carried out (Tables II and III).
From these experiments, Mn*t—proton and Mn?*~phosphorus
distances were calculated (Table VI). The distances between
enzyme-bound Mn?* and the methyl protons of p- and L-
phospholactate and the methylene protons of phosphogly-
colate are too great by 1,.7-2.0 Ato permit carboxyl coordina-
tion, but are consistent with either phosphoryl coordination
r<172 A for methyl protons; r < 6.2 A for methylene pro-
tons) or with the formation of second sphere, enolase-Mnz+—
(H,O)~analog complexes. The calculated Mn?t-phosphorus
distance (5.47 = 0.11 A) (Table VI) is too great by 1.6-2.7 A
for direct coordination to the Mn?* (2.9-3.8 A), but overlaps
with the correct distance for a second sphere complex (5.6
6.6 A) in which a molecule of water intervenes between the
enzyme-bound Mn?** and the phosphorus of the ligand.”
Thus, the inhibitory analogs of P-enolpyruvate form second
sphere complexes with the enzyme-bound Mn2+. Composite
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FIGURE 9: Arrhenius plot of the effect of temperature on the para-
magnetic contribution to the transverse relaxation rate of the 3P
nucleus of CH;-PEP in the enolase-Mn?*-substrate ternary com-
plex, The energy of activation, Ex, calculated is 7.49 & 0.61 kcal/
mol.

superpositions of the structures of the ternary complexes of
the three inhibitors, consistent with all of the distances calcu-
lated for p- and L-phospholactate and phosphoglycolate (Fig-
ure 6), reveal two alternative second sphere enolase-Mn?*-
(H:0)-analog complexes.

Hence, the decreases in enhancement on forming the ter-
nary inhibitor complexes are not due to the displacement of
water on Mn?* by the inhibitors but could be due to (a) a
decrease in the correlation time, 7., (b) the displacement of a
water ligand on Mn2* by a ligand from the protein, or (¢) an
increase in the residence time (ry) of coordinated water lig-
ands. The first possibility is excluded since the 7. values in the
ternary complexes, calculated from the Ty,/Te, ratios (Table
V), are indistinguishable from that of the binary complex.
Using these 7. values, a coordination number, g, of 0.96 =+
0.35 rapidly exchanging water ligands on Mn?* is obtained
for the ternary inhibitor complexes. This value, which is sig-
nificantly less than the corresponding value for the binary
complex (g = 2.2 =+ 0.6), is consistent with either b or c. The
similar 7, values in the binary and ternary complexes argue
against a large change in the ligand field at Mn?* as would
occur with b. An increase in the residence time (7y) of an inner
sphere water molecule could well occur in a hydrogen-bonded
second sphere complex (Figure 6).

More detailed information on the mechanism of action of
enolase is obtained by studying the geometry of an active
ternary complex. Such studies were not possible with either
P-enolpyruvate or with 2-phosphoglycerate because of the
tight binding (Table I) and resulting slow exchange of these
substrates. Moreover, 2-phosphoglycerate is present only at
a low concentration at equilibrium (~209%) (Wold and Ballou,
1957). The methylene analog of P-enolpyruvate is a substrate
which is hydrated at a rate which is 1.6%; that of P-enolpyr-
uvate with muscle enolase (Stubbe and Kenyon, 1972) and
4.5% that of P-enolpyruvate with yeast enolase. This sub-
strate binds to the yeast enzyme an order of magnitude more
weakly than does P-enolpyruvate but an order of magnitude
more tightly than the inhibitory analogs® (Table I). The dis-
tances between the bound Mn?t and the vinyl and methylene
protons and the phosphorus atom of CH,-PEP in the active
ternary enolase-Mn**—CH,-PEP complex (Table VI) are too
great for direct coordination to the Mn?* and are consistent
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FIGURE 10: Catalytic mechanism of enolase. This mechanism is
consistent with the structure of the active ternary complex (Figure
7A) as well as with kinetic studies and isotope exchange studies
(Dinovo and Boyer, 1971), as discussed in the text.

only with a second sphere complex. Two alternative structures
are shown in Figure 7.

As with the inhibitory analogs, the decrease in ey with CHs-
PEP may be due to an increase in 7y, the residence time of
coordinated water ligands, as suggested by the value of ¢ =
0.31 =+ 0.03 calculated for the number of rapidly exchanging
water molecules in the active ternary complex. Such an in-
crease in 7y could result from the hydrogen-bonded second
sphere complex shown in Figure 7. As with the inhibitory
analogs, the displacement of a water ligand on Mn?** by a li-
gand from the protein in the ternary complex cannot be
rigorously excluded but is not supported by a detectable
change in 7. (Table V).

From the temperature dependence of 1/pT3, of the phos-
phorus nucleus of CH,-PEP, the relaxation rate was found to
be limited by the exchange rate of the analog from the enzyme
complex (koss = 1/7y = 1.10 X 10%sec™1). Using the dissocia-
tion constant K; measured for the ternary complex, the rate of
formation (kon = 1.38 X 10!° M~! sec™!, Table VII) of this
complex is calculated. This high rate of formation of the
ternary CH.-PEP complex also argues against the direct co-
ordination of this substrate by the enzyme-bound Mn?*. The
value of ko, is consistent with a diffusion-controlled reaction
(Eigen and Hammes, 1963) and is an order of magnitude
greater than the value expected for a ligand substitution reac-
tion on Mn2* in which a trivalent anion replaces a coordinated
water molecule (k = 1.6 X 109 M~ 'sec™?) (Eigen and Hammes,
1963 ; Mildvan, 1970).

The Mn?* to substrate nuclei distances (Figure 7), con-
sistent with a second sphere enolase-Mn 2 —(H.0)-CH,-PEP
complex, strongly suggest that the bound Mn?* activates the
water molecule which is to attack the vinylic substrate rather
than activating the substrate itself. Stereochemical studies of
the hydration reaction with the muscle enzyme (Cohn er al.,
1970) indicate the trans addition of HsO; a proton adds to
C-2 from the si face and a hydroxyl ion adds to C-3 from the
re face of the vinyl plane. Hence the two geometries possible
for the second sphere complex (Figure 7) predict opposite
modes of activation of water by Mn2* in the hydration reac-
tion. Thus, in Figure 7A in which Mn?* is below the vinyl
plane of the substrate, the divalent cation would increase the
nucleophilicity of water to facilitate hydroxyl attack on C-3
of the substrate. From the distance calculations (Table VI),
using appropriate van der Waals radii (Pauling, 1960) (Figure
7A), the oxygen atom of the attacking water ligand is less than
1 A from C-3 of CH.-PEP. Alternatively, in Figure 7B where
the Mn?* is above the vinyl plane of the substrate the cation
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could promote the electrophilicity of water and facilitate a
proton transfer to C-2 of the substrate. From the distance
calculations and appropriate van der Waals radii (Figure 7B)
the proton of the coordinated water is in molecular contact
with C-2 of CHy-PEP. Hence, while the nmr data exclude an
inner sphere enolase-Mn?*—substrate complex and suggest a
second sphere enolase-Mn? -(H,O)-substrate complex, the
data fail to distinguish between the two possible modes of
activation of H,O shown in Figure 7.

Other data support the structure shown in Figure 7A over
that in Figure 7B. Thus, the addition of a coordinated hy-
droxyl group to C-3 of P-enolpyruvate as depicted in Figure
10 would result in the formation of an enolase-Mn?*-2-phos-
phoglycerate complex directly coordinated through the 3-OH
group of the substrate. The microscopic reverse of this pro-
cess would require the same complex to form prior to the de-
hydration of 2-phosphoglycerate (Figure 10C). Our kinetic
data, in which the K., of 2-phosphoglycerate becomes very
large as the concentration of Mn?** approaches zero (Figure
8A), suggest the formation of such an enolase-Mn2*-2-phos-
phoglycerate bridge complex (Figure 10C). The lower coordi-
nation number for rapidly exchangeable water molecules in
the active ternary complex (0.3) as compared with that in the
inactive ternary complexes (~1.0) may be due to the replace-
ment of an exchangeable water molecule by the 3-OH group
of the hydrated product, directly coordinated to the enzyme-
bound Mn?-,

The mechanism depicted in Figure 10 is consistent with our
nmr and kinetic data and with mechanisms proposed for
closely related reactions (Mildvan, 1971; Villafranca and
Mildvan, 1972). It is also consistent with the rate-controlling
formation of a carbanion intermediate established for muscle
enolase by incisive studies of the rates of isotopic exchange
and by the detection of an inverse secondary kinetic isotope
effect at C-3 of P-enolpyruvate (Dinovo and Boyer, 1971). In
the proposed mechanism (Figure 10), the phosphate group of
the substrate is seen to function as a general base in the hy-
dration of P-enolpyruvate and as a specific acid in the dehy-
dration of 2-phosphoglycerate. This proposal is consistent
with the pH dependence of the enolase reaction (Wold and
Ballou, 1957; Shen and Westhead, 1973).
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