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Pyruvate Carboxylase. X. The Demonstration of Direct
Coordination of Pyruvate and a-Ketobutyrate by the Bound
Manganese and the Formation of Enzyme-Metal-Substrate

Bridge Complexes®

A. S, Mildvan and M. C. Scrutton

ABSTRACT: The resonance of the methyl protons in
the nuclear magnetic resonance spectrum of pyruvate
has been examined in the presence of Mn?* and of
pyruvate carboxylase which contains enzyme-bound
manganese. In both cases the longitudinal (1/7))
and transverse (1/7») relaxation rates of the methyl
protons are markedly increased. Comparison of the
concentration of Mn?" and pyruvate carboxylase—
manganese required to produce a comparable increase
in the relaxation rates indicates the effect of manganese
on 1/T; and 1/T; of the methyl protons is enhanced
by factors of 20 and 100, respectively, when it is bound
to pyruvate carboxylase. In contrast, little effect on
1/Ty and 1/T, of the methyl protons of pyruvate can
be demonstrated in the pyruvate kinase—-pyruvate
complex in the presence or absence of Mg?*, Hence
the enhanced effect on these relaxation rates in the
presence of pyruvate carboxylase is attributed to inter-
action of pyruvate with the bound paramagnetic
manganese ion rather than to immobilization of this
substrate by the protein. Addition of oxalate to the
pyruvate carboxylase-pyruvate complex abolishes the
increase in 1/7y and 1/7.. The dissociation constant
for the enzyme-oxalate complex, calculated from the
decrease in 1/T, as a function of the concentration of
oxalate, is in agreement with values obtained previously
by three independent methods. In the presence of
pyruvate carboxylase the 1/7; of the methyl protons
of pyruvate decreases, and 1/7; increases with increas-
ing temperature. These observations indicate that 1/7
is dominated by the relaxation of the methyl protons
of coordinated pyruvate molecules and 1/7, by ex-
change of pyruvate molecules into the coordination
sphere of the bound manganese. In the pyruvate
carboxylase-pyruvate complex the distance between
the methyl protons of pyruvate and the enzyme-bound
manganese obtained from 1/7; is in the range 3.5 +
1.0 A. This distance is consistent with direct coordina-
tion of pyruvate to the bound manganese through
either carbonyl or carboxyl ligands. The hyperfine
coupling constant (A4/h) between enzyme-bound man-
ganese and the methyl protons of pyruvate (>10%
cycles/sec) provides independent evidence for direct
coordination and the high value observed suggests that
this coordination occurs through a carbonyl ligand.
The interaction between the magnetic dipoles of man-
ganese and the methy! protons of pyruvate in the
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binary manganese-pyruvate complex is interrupted by a
process with the very short time constant of 10-!3
sec suggesting thatt his process is a rotation of the
methyl group about the CH;-CO bond. The enhance-
ment of 1/7; by pyruvate carboxylase may be due to
slowing of rotation of the methyl group in the pyruvate
carboxylase—pyruvate complex. The rate of dissociation
of pyruvate molecules from the coordination sphere
of the bound manganese is obtained from 1/7, as
2 X 104 sec™! which is 200 times the maximal turnover
number for CO, fixation. The first-order rate constant
calculated for formation of the pyruvate carboxylase~
manganese-pyruvate bridge complex from an ion pair
is equal to the rate of exchange of water molecules
between the coordination sphere of the bound man-
ganese and the solvent, suggesting that the complex is
formed by an Sn1 mechanism of the type proposed
by Eigen and Tamm (Eigen, M., and Tamm, K. (1962),
Z. Elektrochem. 66, 107). Analogous results have been
obtained on examination of the methyl and methylene
resonances in the proton nuclear magnetic resonance
spectrum of a-ketobutyrate in the presence of MnCl,
and of pyruvate carboxylase. The effect of the enzyme-
bound manganese on 1/7; and 1/75 for both the methyl
and methylene protons of a-ketobutyrate is enhanced
as compared with the effect of Mn2* but the enhance-
ment factors are smaller than those observed for the
methyl protons of pyruvate. In the pyruvate carboxy-
lase-a-ketobutyrate complex the distance between
the bound manganese and the methyl protons is similar
to that between the manganese and the methylene
protons. Furthermore these distances are in the same
range as the distance between the bound manganese
and the methyl protons in the pyruvate carboxylase—
pyruvate complex. The energy barrier to ethyl rotation
in the pyruvate carboxylase—a-ketobutyrate complex
may be higher than that to methyl rotation in the pyru-
vate carboxylase-pyruvate complex. The results ob-
tained provide direct evidence for the existence of
pyruvate carboxylase-manganese—pyruvate and pyru-
vate carboxylase-manganese—a-ketobutyrate bridge
complexes in solution. The thermodynamic and
kinetic properties of these complexes are consistent
with their function in the catalytic process. Their struc-
ture is consistent with the proposed role of the bound
manganese in the carboxylation of pyruvate or o-
ketobutyrate by 1’-N-carboxybiotin,
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Eruvate carboxylase (pyruvate:CO.-ligase (ADP),!
EC 6:4:1:1) purified from chicken liver mitochondria
catalyzes reaction 1 (Utter and Keech, 1963).

acetyl-CoA, Mg?~

pyruvate + ATP + HCO,;~
oxaloacetate + ADP + P; (1)

The over-all reaction has bzen dissected into two partial
reactions (reactions 2 and 3) by studies of the exchange
reactions and isolation of the enzyme-bound inter-
mediate (Scrutton er al., 1965).

acetyl-CoA, Mg2+
—)

E-biotin + ATP + HCO,;~
E-biotin~CO; + ADP + P, (2)

E-biotin~CO, + pyruvate __ E-biotin +
oxaloacetate (3)

Pyruvate carboxylase contains bound manganese in
approximately equimolar concentration with the biotin
content of this enzyme (4 moles/mole). The manganese
is tightly bound to pyruvate carboxylase and can only
be removed by procedures which also cause irreversible
denaturation of the protein (Scrutton er al., 1966;
M. C. Scrutton and A. S. Mildvan, submitted for
publication). The bound manganese shows an enhanced
effect on the longitudinal relaxation rate (1/7)) of the
protons of water (e, = 4.2). This enhanced effect is
reduced by formation of complexes with the substrates
of reaction 3 (e, =~ 2.0) but is unaffected by the com-
ponents of reaction 2. Inhibitors of reaction 3, e.g.,
oxalate, cause a more marked reduction in the enhance-
ment and for the enzyme-inhibitor complexes (e. <
0.3). The bound manganese is therefore involved only
in reaction 3 and has no apparent role in reaction 2.
On the basis of the observed enhancements, structures
have been suggested for the enzyme-substrate and
enzyme-inhibitor complexes in which pyruvate dis-
places one, and oxalate two, water molecules from the
coordination sphere of the bound manganese (Mildvan
et al., 1966). Further support for these structures has
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National Science Foundation Grant G-23384. This work was
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t Abbreviations used: ADP and ATP, adenosine di- and tri-
phosphates; acetyl-CoA, acetyl coenzyme A; TMS, tetramethyl-
silane; e, the enhancement factor observed for the effect of
the bound manganese on 1/T1, of the protons of water for pyru-
vate carboxylase; e, the enhancement factor observed in the
pyruvate carboxylase-substrate or pyruvate carboxylase—
inhibitor complexes (for quantitative definitions of e, and e,
sce Scrutton et al., 1966; Mildvan et ¢l., 1966).

been obtained by examination of the effect of formation
of the pyruvate carboxylase-avidin complex, and of
variation of temperature on the interaction of the bound
manganese with the substrates and inhibitors of reaction
3 (M. C. Scrutton and A. S. Mildvan, submitted for
publication).

Although the results obtained previously are consist-
ent with direct coordination of pyruvate by the bound
manganese, the evidence is indirect. These results could
also be explained if the binding of pyruvate at another
site induced a change in the environment of the bound
manganese or caused a ligand from the protein to dis-
place a water molecule from the coordination sphere
(Mildvan et al., 1966). The studies on the methyl
signals in the proton nuclear magnetic resonance
spectrum of pyruvate and the methyl and methylene
signals in the spectrum of a-ketobutyrate in the presence
of pyruvate carboxylase which are described here
provide definitive evidence for the direct coordination
of these substrates by the enzyme-bound manganese.
They constitute the second demonstration of enzyme-
metal-substrate bridge complexes using nuclear mag-
netic resonance techniques (Mildvan et al., 1967).
The complexes demonstrated are shown to have proper-
ties consistent with their participation in the reaction
catalyzed by pyruvate carboxylase. A preliminary
report of some of these findings has appeared (Mildvan
and Scrutton, 1967).

Materials and Methods

Pyruvate carboxylase was prepared and assayed as
previously described (Utter and Keech, 1963; Scrutton
and Utter, 1965). Preparations having a specific activity
in the range 20-24 umoles/min per mg of protein
at 25° were used in the experiments described here.

Solutions of pyruvate carboxylase in 999 D;O
were prepared by equilibrating the enzyme with 0.1 M
Tris-Cl (pD 7.8) containing 0.3 M KCl in D;O on a
25 X 1 cm Sephadex G-50 column. The pH was de-
termined on a Radiometer Model 26 pH meter using
glass and calomel electrodes and the pD of solutions
containing >839, D,O was calculated from the
relationship pD = pH 4 0.4 (Lumry ef al., 1951).
It was noted that pyruvate carboxylase in the presence
of the Tris-CI-KCl system is markedly more stable
when D,O replaces H,O as the solvent. Solutions of
this enzyme (8-12 mg/ml) in Tris-Cl-KCl-D,O show
less than 209, decrease in enzymic activity after 72
hr at 23° and no precipitation of inactive protein
occurs. In contrast similar solutions in H;O show
90-95% loss of enzymic activity after 24 hr at 23°
together with extensive precipitation. This observation
which may be related to the rapid inactivation of pyru-
vate carboxylase on incubation at 2° (Scrutton and
Utter, 1965) is being investigated further.

Pyruvic acid, purchased from Eastman Organic
Chemicals, was distilled twice at reduced pressure
and stored at —20° as 1 M solutions of the acid. A
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small aliquot of this solution was neutralized with
KOH or Tris base (Trizma) and was used for 1
day only. The pyruvate content was assayed spectro-
photometrically (Biicher er al., 1963). When stored
at —20° as the free acid, no decrease in the pyruvic
acid content is detected for at least 1 year. Purified
a-ketobutyric acid (mp 30-32.4°) was a gift from Dr.
D. S. Kerr. Fresh solutions were prepared and neutral-
ized daily as described for pyruvic acid. Assay of these
solutions revealed 89-90% o-ketobutyric acid using
lactic dehydrogenase, and less than 797 aldehyde
using liver alcohol dehydrogenase (Bucher et al.,
1963).

The dissociation constant of the Mn2+—a-ketobutyrate
complex at 20° and an ionic strength of 0.3 was esti-
mated by measurement of the free Mn?* present using
electron paramagnetic resonance spectroscopy (Cohn
and Townsend, 1954). The manganese content of the
preparations of pyruvate carboxylase was determined
by atomic absorption spectroscopy as described previ-
ously (Scrutton ez al., 1966).

Nuclear Magnetic Resonance Spectra. The methyl
signals in the nuclear magnetic resonance spectrum
of pyruvate and the methyl and methylene signals in
the spectrum of a-ketobutyrate were taken in 85—
90% D,0 at 60.0 Mcycles/sec using a Varian HA-60
instrument. The longitudinal relaxation rates (1/7%)
of the methyl and methylene protons was determined
by the method of progressive saturation, using a 1
mM solution of Fe(NOj); in HNO; as a standard
(Pople et al., 1959). The T of the standard solution
was determined by the pulsed nuclear magnetic reso-
nance method at 60.0 Mcycles/sec (Carr and Purcell,
1954). The transverse relaxation rates (1/7;) of the
samples and of the standard were determined at power
levels at least S db below saturation by measurements
of the line width at half-line height (Pople es al., 1959).
The paramagnetic contribution to the observed relaxa-
tion rates (1/Ty, and 1/7:,) was determined by sub-
tracting the corresponding relaxation rates of the sub-
strate protons in the absence of paramagnetic ion (1/7:°
and 1/7,°) from the total observed relaxation rates.
The average errors in the determination of 1/7y,
and 1/T;, by these methods were 21 and 127, respec-
tively, for pyruvate and 47 and 167, respectively,
for a-ketobutyrate.

The effect of temperature variation on the observed
1/T\, and 1/T,, was examined as described above,
but using a variable temperature probe insert in which
the sample temperature was regulated by circulation
of precooled air. Temperature control to better than
=+=1° was obtained.

Interpretation of Ty and Ty Data. The effect of varia-
tion of temperature on the paramagnetic contribution
to the longitudinal (1/73,) and transverse (1/7%,)
relaxation rates of the substrate protons was studied
to determine whether the relaxation rates were con-
trolled by the residence time (ry) of the substrates
in the manganese coordination sphere or by the relaxa-
tion times (7'x and Tyy) of the protons of the coordi-
nated substrate molecules. In solutions containing
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Mn?*, the paramagnetic contribution to the relaxation
rates is described by eq 1 and 2 (Luz and Meiboom,
1964 ; Mildvan and Cohn, 1966; Mildvan e al., 1967).

ry
YTy, = —* - 1)
/ ” v + Tin (
rq
1T, = —271 - 2
» v + Ty ( )

Ineq 1 and 2 p (in the numerator) is the ratio of the
concentration of the paramagnetic ion to the concen-
tration of the ligand and ¢ is the coordination number
for a given ligand. As the temperature increases, the
residence time (7y) decreases, but Ty and Tey increase
since they are inversely related to the correlation times
for dipolar interaction (r.) and hyperfine interaction
(r.) both of which decrease with increasing tempera-
ture (Luz and Meiboom, 1964; Mildvan er al., 1967).
A positive temperature coefficient of 1/7, or 1/T%,
therefore, indicates that the observed relaxation rate
is dominated by the rate of exchange of the ligand
(rg/Tv) into the coordination sphere and the relaxation
rate may be used to determine the parameters describing
the exchange process. A negative temperature coefficient
of 1/Ty, or 1/Ty, indicates that the relaxation rate of
the coordinated ligand (pg/T\v and pq/T.x) dominates
the observed relaxation rate. The correlation time for
interaction between magnetic dipoles (7.), and the
distance (r) between the paramagnetic ion and the
relaxing nucleus may then be determined from 7.
The coupling constant (A4/h) for hyperfine interaction
between the paramagnetic ion and the relaxing nucleus
may be determined from Ty and T,

Determination of the Correlation Time for Magnetic
Dipolar Interaction (r.) and of the Distance (r) between
the Protons and the Bound Manganese Using Tiu.
The relationship between 7y and r (the average dis-
tance between Mn?* and a proton in its coordination
sphere whose relaxation rate is measured) is given
by the Solomon-Bloembergen equation (Solomon,
1955; Solomon and Bloembergen, 1956) after some
simplifying approximations (cf. Mildvan et al., 1967).
In the simplified form this relationship is shown in
eq 3.

r(in A) = 815[Tyf(r )] 3)
where
3Tc 7Tc
f(r) = - 4
) = | Tt T I F i @

In eq 3 and 4 7. is the correlation time for magnetic
dipolar interaction, wi is the proton resonance fre-
quency (3.77 X 10% sec™! at 14,092 gauss), and w,
is the electron resonance frequency (2.48 X 101! sec™!
at 14,092 gauss). The value of 815 in eq 3 assumes that
the manganese is present as a d® high-spin ion (as in
Mn?*), This assumption for pyruvate carboxylase is
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suggested by the low enthalpy of activation for ex-
change of water molecules between the coordination
sphere of the bound manganese and the solvent (M. C.
Scrutton and A. S. Mildvan, submitted for publication),
and by a preliminary determination of the magnetic
susceptibility.? If the bound manganese is not present
as a d% high-spin ion in pyruvate carboxylase the values
reported for 7. and r from eq 3 would be too great
by a factor between 1.0and 1.5,

Determination of the Hyperfine Coupling Constant
(A/h) for Interaction between the Bound Manganese
and the Substrate Protons from Ty and T.um. Using
the Solomon-Bloembergen equation, Eisinger er al.
(1962) have shown that the difference between 1/T;y
and 1/T.y for Mn?*—proton interactions is given by

(/Tow) — (7/6Ty) = (18.3)(A/R)%re ®

where (A4/h) is the hyperfine coupling constant in fre-
quency units and 7. is the correlation time for hyperfine
interaction. If a value is assumed for 7., (4/h) may
be calculated from eq 5. For most complexes of Mn?2+
7. is governed by the electron-spin relaxation time (r;)
(1 X 1078 sec in Mn(H:0)¢2*) (Luz and Shulman,
1965). In an assymetric ligand field, 7. might shorten
to a value of 10~? sec (Shulman er al., 1966). Hence,
the assumption is made that 10—° < 7, < 10 8sec.

Results

The Effect of Pyruvate Carboxylase and of MnCl,
on the Methyl Signal in the Proton Nuclear Magnetic
Resonance Spectrum of Pyruvate. The nuclear magnetic
resonance spectrum of Tris-pyruvate (25 mm) in 0.1
M Tris-DCI (pD 7.5-8.4) consists of a single resonance
line arising from the methyl group of pyruvate. This
line is 2.76 ppm downfield from that of TMS, an ex-
ternal standard. Additional peaks observed at 4.05
and 5.20 ppm downfield from the TMS resonance line
are identified as the resonance lines arising from the
methylene protons of Tris, and from HDO, respectively.

In the presence of either MnCl, (1 mMm) or pyruvate
carboxylase (3.7 mg/ml, containing 19 uM bound
manganese) the resonance line of the methyl protons of
pyruvate is markedly broadened and the radiofrequency
power required for saturation of this line is increased
(Figure 1, spectra A-C). However within the experi-
mental error no significant changes in the position
of the methyl resonance line could be detected in the
presence of either Mn?*" or pyruvate carboxylase—
manganese. The effect of 19 uM manganese bound
to pyruvate carboxylase on both the line width and the
radiofrequency power required to produce saturation
is similar to the effect of 1 mMm manganese added as
MnCl,. The paramagnetic contribution to the longitu-
dinal (1/pTy) and the transverse (1/pT;,) relaxation
rates calculated, respectively, from the radiofrequency

2 A. Ehrenberg, A. S. Mildvan, and M. C. Scrutton, unpub-
lished observations,

RF POWER AT ONSET
OF SATURATION
(microwatts)

!

A 25mM Tris Pyruvate 1
0.50

+1mM MnCi
B mM MnCi, 34

c +Pyruvate Carboxylase
{0.019 mM Mn) 25.0
[
M 0.40
—

— Scps

D +Pyruvate Carboxylase
{0,019 mM Mn)
+ ({mM Na Oxalate

FIGURE 1: The effect of manganous chloride and of
pyruvate carboxylase on the proton nuclear magnetic
resonance spectrum of pyruvate. The solvent was 957
D.0 containing 0.1 M Tris-DCl (pD 8.4) and 0.27 M
KCl in a total volume of 0.5 ml; temperature, 28°.

power required to achieve saturation and the increase
in the line width at half-line height are summarized in
Table I. When compared to a system containing pyru-
vate and MnCl;, pyruvate carboxylase enhances the
effect of its bound manganese on the relaxation rates
of the methyl group of pyruvate at all concentrations
of this substrate. At low pyruvate concentrations the
longitudinal relaxation rate is enhanced by a factor
(e)) of ~20 and the transverse relaxation rate by a
factor (e;) of ~100. The interaction of the methyl
protons of pyruvate with the unpaired electrons of
manganese is therefore markedly increased (Table I)
when manganese is bound to pyruvate carboxylase.
The observed increase in this interaction in the
presence of the protein might however be explained
by binding, and consequent immobilization of this
substrate on the protein. Since the bound manganese
can only be removed from pyruvate carboxylase under
conditions which also cause irreversible denaturation
of this enzyme (Scrutton er al., 1966), this possibility
cannot be eliminated by examination of the interaction
of pyruvate with an apopyruvate carboxylase which
lacks the bound manganese. However pyruvate kinase
forms a complex with pyruvate in the presence or
absence of a divalent cation (Mildvan and Cohn, 1966).
Figure 2 shows that in the presence of either pyruvate
kinase (0.1 mMm) or pyruvate kinase plus Mg2*+ (1.0
mM) the effects on the line width or radiofrequency
power required for saturation of the resonance line
of the methyl protons of pyruvate (25 mm) are much
smaller than those observed for pyruvate carboxylase
(Figure 1). The small effects observed on the methyl

2981

ENZYME-METAL-SUBSTRATE BRIDGE COMPLEXES IN PYRUVATE CARBOXYLASE



2982

BIOCHEMISTRY

TABLE 1: Comparison of the Effects of MnCl, and of Pyruvate Carboxylase on the Relaxation Rates of the Methyl

Protons of Pyruvate.-

Pyruvate

sec™! X 10—
Carboxylase—

Pyruvate (mM) MnCl, (mm) Mn (uMm) 1/pT, 1/pTs, € €
12.5 3.85 1.30 12.1 >15.6 >56
16.7 5.13 0.588 21.6 >7.1 >101
25 0.5 0.089 0.200

1.0 0.078 0.229
7.70 1.97 17.9 25.3 83.4
9.37 1.26 23.4 15.2 109
18.8 1.77 20.4 21.2 95
28.1 1.21 21.8 14.6 102
56.1 1.65 15.4 22.2 72
50 1.0 0.185 0.480
15.4 0.804 22.8 4.4 47.5
20.2 16.5 34
100 1.0 0.7% 1.095
30.8 2.77 23.9 3.5 21.8
440 1.49 30.6 1.9 28.0

« Conditions: D,O: 90 = 59%; 0.1 m Tris-DCI buffer; pD 8.0 = 0.3; 0.24 & 0.03 m KCl; temperature = 26 + 2°,
The enhancement (¢,) observed for 1/pT,, was obtained from the equation

_1/pT, for pyruvate carboxylase-pyruvate

€1

1/pTy, for Mn**—pyruvate

Similarly, the enhancement (¢,) for 1/pT,, was obtained from

_1/pTy, for pyruvate carboxylase-pyruvate

€2

1/pT,, for Mn**—pyruvate

resonance line in the presence of pyruvate kinase
are due in part to trace paramagnetic contaminants
in this enzyme preparation (Mildvan et al., 1967).
Additionally other studies (Jardetzsky, 1964) of the
binding of small molecules to proteins in the absence
of a paramagnetic metal ion show that the effects on
1/Ty and 1/T, of the substrate protons are several
orders of magnitude smaller than those shown in Table I.
The data shown in Figure 1 and Table I are therefore
consistent with the proposal that direct interaction
occurs between pyruvate and the enzyme-bound
manganese in the pyruvate carboxylase-pyruvate com-
plex.

In Table I it is seen that at higher pyruvate concen-
trations both ¢; and ¢ diminish since the denominators,
1/pTy, and 1/pT.,, for the pyruvate-MnCl, system
increase. This increase may be due to an increasing
contribution from a Mn(pyruvate),~(H:0); complex
at the higher concentrations of pyruvate with a resul-
tant increase in g, and decreases in 71y and Ten. How-
ever, the bound manganese of pyruvate carboxylase
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appears to interact with only one molecule of pyruvate
(Mildvan et al., 1966). This is confirmed by the relative
constancy of 1/pTy, and 1/pTy, of the pyruvate methyl
protons in the presence of enzyme-bound manganese
at varying concentrations of pyruvate as compared
with the increases observed in the presence of Mn?+,

The Interaction of Pyruvate Carboxylase with Pyruvate
in the Presence of Oxalate. Pyruvate carboxylase
interacts with oxalate, a specific inhibitor of reaction 3,
to form a complex in which the enhanced effect of the
bound manganese on 1/7;, of the protons of water
is markedly reduced (¢, < 0.3) (Mildvan er al., 1966).
Similar studies in the presence of a series of pyruvate
concentrations reveal a competitive relationship between
pyruvate and oxalate (M. C. Scrutton and A. S. Mild-
van, submitted for publication). In initial rate studies
of the over-all reaction, oxalate is an uncompetitive
inhibitor with respect to pyruvate and a competitive
inhibitor with respect to oxaloacetate (Mildvan er al.,
1966). The uncompetitive relationship between oxalate
and pyruvate observed in the initial rate studies is
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RF POWER AT ONSET
OF SATURATION

{microwatts)
A 25mM Tris Pyruvate 0.50
|
B +Pyruvate Kinase (O mM) MJM 1.4
c +Pyruvate Kinase (0.1mM)
+MgCl, (ImM) \Wm 1.3

— f— 5cps

FIGURE 2: The effect of pyruvate kinase and Mg?** on the
proton nuclear magnetic resonance spectrum of pyru-
vate. The solvent was 569 D.O containing 0.05 M
Tris-DCI (pH 7.5) and 0.17 M KCl in a total volume of
0.5 ml; temperature, 28°.

consistent with competition for a common ligand
position on the bound manganese if, under these
conditions, pyruvate and oxalate bind to different
forms of the enzyme (Cleland, 1963), i.e., oxalate to
E-biotin, and pyruvate to E-biotin~CQs,.

The addition of excess oxalate abolishes the effect
of pyruvate carboxylase on the line width and the
radiofrequency power required for saturation of the
resonance line of the methyl protons of pyruvate
(Figure 1, spectrum D). In accord with this finding
the enhanced effect of pyruvate carboxylase on 1/pT,
and 1/pT,, of the methyl protons of pyruvate is reduced
by addition of a nonsaturating concentration of oxalate.
The addition of a saturating concentration of oxalate
abolishes the effect on 1/pT,, and markedly reduces
that on 1/pTy, (Table II). The relationship of this
effect to the inhibition of the over-all reaction (reaction
1) by oxalate is demonstrated by examination of the

TABLE II: Reversal by Oxalate of the Effect of Pyruvate
Carboxylase on the Relaxation Rates of the Methyl
Protons of Pyruvate.=

—1 —3
Oxalate iﬂ_
(mm) 1/pTi, 1/pTsp € €
Expt A
0 0.837 13.9 10.1 64.7
0.04 0.327 10.6 3.9 49 .4
1.0 0 1.45 0 6.8
Expt B?
0 0.614 16.6 7.4 77.3
1.0 0 3.86 0 17.9

« Conditions: 909 D.O; 0.1 M Tris-DCl; pD = 8.4;
0.27 M KCI; pyruvate carboxylase (sp act. 21.1 units/
mg), 3.7 mg/ml, containing 19 uM Mn; Tris-pyruvate,
25 mM. Temperature = 28°. °In presence of 1 mm
NH.EDTA.

.
15 A
n
(2]
[
" L ]
10 A
Ldd
)
1=
X
-9 5 T
o
'é, L]
0 T T T T T
0 2 4 6 8 10
1/ [Oxalate] mm~!

FIGURE 3: The effect of oxalate on the paramagnetic
contribution to the transverse relaxation rate of the
methyl resonance line of pyruvate (0.105 M) in the
presence of pyruvate carboxylase (10.6 mg/ml contain-
ing 37.2 uM Mn). The solvent was 86 % D,O containing
0.1 M Tris-DCI (pD 8.4) and 0.24 M KCl in a total volume
of 0.5 ml; temperature, 26°. The data are plotted in
reciprocal form (Mildvan and Cohn, 1966; Mildvan
et al., 1967).

reduction in the line width observed for the resonance
line of the methyl protons of pyruvate as a function
of the concentration of oxalate, A linear relationship
is observed between 1/pT:, and 1/(oxalate) (Figure 3)
and from the concentration required to obtain half-
maximal decrease in 1/pT, (125 uM), the Ky for oxalate
is obtained as 5.4 uM. These calculations assume a
competitive relationship between oxalate and pyruvate
(M. C. Scrutton and A. S. Mildvan, submitted for
publication) and utilize the K4 for pyruvate (4.65 mm)
obtained from studies on the proton relaxation rate
(1/Ty,) of water and from avidin inactivation analysis
(Mildvan et al., 1966). The K, obtained for the enzyme—
oxalate complex from Figure 3 (5.4 uM) is in reasonable
agreement with determinations of this parameter by
three independent methods: the proton relaxation
rate (1/Ty,) of water (2.9 uM), avidin inactivation
analysis studies (8.9 um), and initial rate studies of over-
all reaction (11 umM) (Mildvan et al., 1966). Hence,
the interaction between pyruvate and the bound
manganese of pyruvate carboxylase is abolished by
oxalate at a concentration which is consistent with the
known affinities of oxalate and pyruvate for the active
site of this enzyme,

It should be noted that, in contrast to the effect of
oxalate, the addition of EDTA has no significant
effect on the 1/pTy, and 1/pTs, of the methyl protons
of pyruvate caused by addition of pyruvate carboxylase
(Table II). This is in accord with our previous finding
that EDTA does not reduce the enhanced effect of the
bound manganese of pyruvate carboxylase on 1/Ti,
of the protons of water (Scrutton ef al., 1966).

Measurement of 1/T, and 1/T. for the Methyl Protons
of Pyruvate as a Function of Temperature in the Presence
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FIGURE 4: Arrhenius plot of the effect of temperature on the paramagnetic contribution to (A) the longitudi-
nal relaxation rate (1/p71,) of pyruvate methyl protons (0.1 M) in the presence of pyruvate carboxylase (12.5
mg/ml containing 44 uM Mn and in the presence of MnCl, (1 mM). The solvent was 83 = 397 D.O containing
0.1 m Tris-DCI, pD 7.9, and 0.24 M KCl in a total volume of 0.5 ml. The activation energies are (upper curve) 4.6
and (lower curve) 4.7 kcal/mole. (B) Arrhenius plot of the effect of temperature on the paramagnetic contribution to
the transverse relaxation rate (1/pT.,) of pyruvate methyl protons in the presence of pyruvate carboxylase and in the
presence of MnCl,. Concentrations are as described above in part A. The activation energies are (upper curve) 3.1

and (lower curve) 5.3 kcal/mole.

of Mn*" and of Pyruvate Carboxylase. Further insight
into the interaction of the bound manganese of pyruvate
carboxylase with pyruvate is obtained by examination
of the logarithmic variation of 1/pTy, (Figure 4A)
and 1/pT,, (Figure 4B) for the methyl protons of
pyruvate as a function of the reciprocal of the absolute
temperature in the presence of either Mn?* or pyruvate
carboxylase-manganese. In the presence of Mn?*t
both 1/pTi, and 1/pT,, show a linear relationship
of positive slope indicating that both relaxation rates
are dominated by the rates of relaxation of the coor-
dinated pyruvate molecules (/7 1m, ¢/Ten).

In the presence of pyruvate carboxylase a linear
relationship of positive slope is found for 1/pTy,
whereas a linear relationship of negative slope is ob-
served for 1/pTs,. Therefore, in the presence of pyru-
vate carboxylase, 1/pT, is dominated by the relaxation
rate of coordinated pyruvate molecules (g/Tim) and
may be used to calculate r, the average distance be-
tween the bound manganese and the methyl protons
of this substrate. In contrast, 1/pT,, is controlled by
the rate of exchange of the pyruvate molecules into
the coordination sphere (g/7x) and may be used to
obtain the parameters describing the exchange process.

Assignment of a Value for the Correlation Time (r,)
for Interaction of the Methyl Protons of Pyruvate with
Mn?t, The determination of r, the distance between
manganese and the methyl protons of pyruvate, from
eq 3, requires the assignment of a value for 7., the
correlation time for this interaction. Comparison of
the dissociation constants for the Mn?t—pyruvate
(Ki = 3.2 mM) (Mildvan and Cohn, 1966) and Mn?*+-

MILDVAN AND SCRUTTON

acetate complexes (K; = 110 mm)3 obtained by elec-
tron paramagnetic resonance measurements suggests
that the Mn?t—pyruvate complex is a chelate species
in which both the carbonyl and carboxyl oxygen
atoms provide ligands to Mn?*, On the basis of this
observation a molecular model of the proposed Mn2+—
pyruvate complex (Figure 5, structure C) gives values
of 4.2 = 0.4 A for r, and, using this mean value for
r, 7, is calculated as 1.8 X 10712 sec from eq 3. This
value for 7, is two orders of magnitude shorter than
that obtained for Mn(H.O0)s2* (2.9 X 107! sec)
(Swift and Connick, 1962). For Mn(H;0)s**t, 7, is
probably the tumbling time of the complex. Since Mn-
(H;0)s?* and [Mn(pyruvate)(H;0),]* have the same
effect on 1/T1, of water (Mildvan and Cohn, 1966),
the rate of tumbling of these complexes may be similar
and may be identified in both complexes as the process
which interrupts the magnetic dipole-dipole inter-
action between Mn?+ and the protons of water. How-
ever the tumbling process does not have a sufficiently
short time constant to satisfy the value of 7, calculated
for the interaction of Mn?* with the methyl protons
of pyruvate. Therefore, another process with a shorter
time constant is responsible for interruption of this
interaction. The only known process which has a suffi-
ciently short time constant and is capable of interrupting
the interaction between Mn?* and the methyl protons
of pyruvate is rotation of the methyl group about the

8 A. S. Mildvan, B. Chance, and H. Rasmussen, unpublished
observations,
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FIGURE 5: Manganese-to-proton distances from molecular models and as determined for the pyruvate carboxylase—
pyruvate complex in solution from the longitudinal relaxation rate of the pyruvate methyl protons, using various

values for the correlation time (7.).

CHCO bond axis. Thus the time constant for rotation
of the methyl group of ethyl bromide has been estimated
by microwave spectroscopy to be 1.8 X 107!% sec
at 25° (Higasi er al., 1960) and a shorter rotation time
would be expected for a methyl group adjacent to a
carbonyl group since the barrier height is lower by a
factor of 2-4 (Leffler and Grunwald, 1963). The rota-
tion time of the methyl groups in acetone vapor at 25°
may be estimated from microwave data (Swalen and
Costain, 1959) to be ~10-13sec, *

The Average Distance (r) between the Methyl Protons
of Pyruvate and the Enzyme-Bound Manganese Obtained
from 1/pTi,. The 20-fold enhancement by pyruvate
carboxylase of the effect of manganese on 1/Ty, of
the methyl protons of pyruvate may be due either to a
decrease in the average distance between the bound
manganese and the methyl protons or to a hindrance
of the methyl rotation about the CH~CO bond
axis, Therefore, lower and upper limits for the average
distance between the bound manganese and the methyl
protons of pyruvate may be obtained by assuming
that (1) 7. is unchanged as compared with the pyruvate—
Mn?* system (lower limit) or that (2) the observed

4 We are grateful to Dr. D. DeVault and Dr. R. Hochstrasser
for making this calculation.

enhancement is due entirely to an increase in 7.,
ie., flr{pyruvate carboxylase-pyruvate)] = 20f[r.-
(Mn-pyruvate)] (upper limit). The latter assumption
which is considered more likely (vide infra) is equivalent
to assuming that 7. (pyruvate carboxylase-pyruvate) =
46(7.(Mn—pyruvate)), i.e., the coordination of pyruvate
by enzyme-bound manganese causes a 46-fold decrease
in the rate of rotation of the methyl group of pyruvate
as compared with the binary Mn—pyruvate complex.
Using the extreme values of 7., r is calculated as 3.5
% 1.0 A (Figure 5). The range of distances obtained
is consistent with coordination of pyruvate by the
enzyme-bound manganese but the group donating the
ligand to the bound manganese cannot be identified,
since a ligand from either the carbonyl (Figure 5,
structure B) or the carboxyl (Figure 5, structure A)
group of pyruvate would be consistent with the range
of values obtained for » (Figure 5). The enhancement
obtained for the effect of the pyruvate carboxylase-
pyruvate complex on 1/T;, of water (Mildvan et al.,
1966) and the ratio of the rates of exchange of water
molecules into the coordination sphere of the bound
manganese in pyruvate carboxylase, pyruvate carboxy-
lase-pyruvate, and pyruvate carboxylase-oxalate (M. C.
Scrutton and A. S. Mildvan, submitted for publication)
are consistent with the formulation of pyruvate car-
boxylase-pyruvate as a monodentate complex in con-
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TaBLE I1I: The Relationship between the Number of Intervening Bonds and the Observed Value for the Hyperfine
Coupling Constant in Mn** Complexes and Comparison with the Coupling Constants Qbtained for the Pyruvate
Carboxylase-Pyruvate and Pyruvate Carboxylase-a-Ketobutyrate Complexes.s

No. of Bonds Log (A/h)

Complex Interaction Intervening (cycles/sec) Ref
Mn(H;0)s Mn-O 1 6.95 Swift and Connick (1964)
Mn(H:O)s Mn-H 2 5.79-6.00 Luz and Shulman (1965)

Bernheim et al. (1959)
Mn(FPO;) Mn-F 3 >5.2 Mildvan et al. (1967)
Mn(Pyruvate) Mn-CH; 4-5 4.064 .56 This paper
Pyruvate car- Mn-CH; >5.10 This paper

boxylase-

pyruvate
Pyruvate car- Mn-CH, 5.3-5.8 This paper

boxylase—a-

ketobutyrate
Pyruvate car- Mn-CH; 5.2-5.7 This paper

boxylase—a-

ketobutyrate

« The hyperfine coupling constants (A4/4) for Mn*—pyruvate, pyruvate carboxylase-pyruvate, and pyruvate car-
boxylase—a-ketobutyrate were obtained from the data of Tables I and V, as described in Methods.

trast to the chelate structure suggested for the binary
Mn-pyruvate complex (Figure 5, structure C).

From the variation of 1/pTy, of pyruvate with tem-
perature (Figure 4A) the activation energy for r,
hence the energy barrier to methyl rotation, may be
calculated. No significant difference in this activation
energy (4.6 kcal/mole) is found for the pyruvate car-
boxylase-pyruvate complex as compared with Mn2t—
pyvruvate. Any slowing of methyl rotation on the
enzyme is, therefore, due to an increased entropy
barrier. This calculation assumes that r is constant
over the temperature range examined.

The Hyperfine Interaction between Manganese and
the Methyl Protons of Pyruvate in the Complexes of
Pyruvate with Mn* and Pyruvate Carboxylase. The
magnetic dipole-dipole interaction between manganese
and the methyl protons of pyruvate which has been
considered above, operates through space. This inter-
action, which dominates Ty, falls off rapidly with
distance. Additionally, a hyperfine interaction, which
is transmitted through the chemical bonds between
these species, also contributes to the relaxation process.
The hyperfine interaction between a paramagnetic
ion and a magnetic nucleus is measured by the coupling
constant, 4, which has units of energy (or by (4/h)
which has units of frequency). The constant (A4/h)
decreases rapidly as the number of single bonds sepa-
rating the paramagnetic ion and the relaxing nucleus
increases. Double or triple bonds present cause a less
marked decrease in (A/h) (Snyder and Amos, 1965;
Bhacca and Williams, 1964). For the pyruvate-Mn?*
complex, (A/h) is estimated from 1/7y and 1/Tex
using equation 8 and assuming that 7. ranges from

MILDVAN AND SCRUTTON

that of Mn(H;O)s2* (1078 sec) (Luz and Shulman,
1965) to a value found for assymetric complexes of
Mn2t (10~ sec) (Shulman er al., 1966). In the case
of the pyruvate carboxylase-pyruvate complex 1/Tsy
> 1/pT,,, since 1/pT,, is a rate-controlled process,
and only a lower limit can be obtained for (4/h).
The results are summarized in Table IIT together
with coupling constants for other complexes of Mn?*.
The intensity of the hyperfine interaction decreases
by approximately an order of magnitude for each
additional bond which intervenes between the man-
ganese and the nucleus whose relaxation is measured.
The value obtained for the manganese-fluorophosphate
complex deviates somewhat from the relationship,
due probably to the presence of some double-bond
character in the phosphate—oxygen bonds. The coupling
constant for the pyruvate carboxylasz-pyruvate com-
plex which is at least an order of magnitude greater
than (A/h) for the Mn-pyruvate complex (Table III)
supports the proposal that pyruvate coordinates directly
with the bound manganese of pyruvate carboxylase.
From Table III the lower limit for the coupling con-
stant, 10% cycles/sec (equivalent to a maximum of 3.2
intervening bonds between the methyl protons of
pyruvate and the enzyme-bound manganese), is con-
sistent with the coordination of pyruvate through a
carbonyl ligand to the enzyme-bound manganese. If
coordination through a carboxyl ligand were involved,
the value of (A4/h) would be expected to be much
decreased (Table III).

The stronger interaction between pyruvate carboxy-
lase-manganese and the methy! protons of pyruvate
as compared with Mn-pyruvate may be explained
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TABLE 1v: Parameters Describing the Rate of Exchange of Pyruvate, H.O, and a-Ketobutyrate («-KB) on Mn?* and
Enzyme-Bound Manganese.

Kaft

Mn-L —— Mn? + L

Kon
Complex
PC-Mn-

Parameters Units Pyruvate PC:-Mn-H,0- Mn-H-,0b PC-Mn-a-KB
1/rme (Katr) sec™! 2.1 x 104 1.5 X 10¢ 3.1 X 107 >7.8 X 103
K on M1 sec™! 4.5 % 10¢ >2.2 X 10°
E, kcal/mole 3.1 2.3 8.7
AHF kcal/mole 2.5 1.7 8.1
ASF cal/°K mole —30.3 —24.4 3.0
—~TAS™ kcal/mole 9.0 7.3 -0.9
ksd sec™! 1.5 x 108 >7 X 108

« M. C. Scrutton and A. S. Mildvan, submitted for publication. ® Swift and Connick (1962). ¢ 1/7y for pyruvate
carboxylase-pyruvate was obtained fromg/ry at 25° (Figure 4B) assuming that ¢ = 1. The lower limit for 1/7y for py-
ruvate carboxylase-a-ketobutyrate was obtained from the data of Table V assumingg = 1. E,, AH¥, AS ¥, and —TAS ¥
(at 25°) were defined and calculated as described by Frost and Pearson (1961). As discussed in the text 1/7y is suggested
to equal k.. 4 k; is obtained by calculation from electrostatic theory (Eigen and Tamm, 1962).

by an increase in the double-bond character of the
CH;-CO bond due to hyperconjugation (Chart I)
or by a more favorable dihedral angle for this interac-
tion in the presence of the enzyme (Bhacca and Williams,
1964). A contribution from hyperconjugation is con-
sistent with the observed enhancement of 1/pTy,
since the rotation of the methyl group would be hin-
dered by an increase in the double-bond character
of the CHy;~CO bond of enzyme-bound pyruvate
(ChartI).

The Parameters Describing the Rate of Exchange of
Pyruvate into the Coordination Sphere of Pyruvate
Carboxylase-Manganese Obtained from 1/pT,,. The
temperature dependence of 1/pT5, of pyruvate carboxy-
lase (Figure 4B) indicates that 1/pT., is dominated
by g/ru, the rate of exchange of pyruvate into the co-
ordination sphere of enzyme-bound manganese. The
concentration of pyruvate (100 mm) used for measure-
ment of the variation of 1/pT., with temperature
(Figure 4B) is adequate to saturate the enzyme with

CHART I: Resonance Forms of Enzyme-Bound Pyruvate.

this substrate as indicated by the Ky for pyruvate
which has been determined as 4.65 mm (Mildvan et al.,
1966). Moreover, the finding that no significant altera-
tion in 1/pT,, is caused by an increase in pyruvate
concentration (Table I) indicates that the rate of
exchange is limited by a first-order process, which is
probably the rate of dissociation of the pyruvate
carboxylase-pyruvate complex. If g for pyruvate
is taken as 1, the reaction may be formulated as shown
inreaction 4.

kot
pyruvate carboxylase-Mn-pyruvate _—
Kon

pyruvate carboxylase-Mn (aq) + pyruvate (4)

If ko is equal to 1/7u, ko may be calculated using the
dissociation constant (4.65 mm) determined previously
for pyruvate (Mildvan er al., 1966). The maximal
turnover number per biotin residue may be calculated
at 90-100 sec—! for CO, fixation and 9-10 sec™! for
oxaloacetate decarboxylation by pyruvate carboxylase
(Scrutton and Utter, 1965). As shown in Table IV, both
ke and ko.s are several orders of magnitude faster

@) @) 0] 0] than these maximal turnover numbers, indicating
AN 4 AN 4 that the rate of formation and dissociation of the
C C pyruvate carboxylase-pyruvate complex is adequate

| |

E—Mn---O—C E—Mn---O——C
I

| |

to permit its participation in the over-all reaction.
From the variation of 1/p7T», with temperature the
energy (E.), enthalpy (AH¥), and entropy (AS¥) of

C C activation may be calculated, and these parameters
AN yd are summarized in Table IV together with values for
H HH H H H* pyruvate carboxylase-Mn(H,0) and Mn(H.0),?*. Com- 2987

ENZYME-METAL-SUBSTRATE BRIDGE COMPLEXES IN PYRUVATE CARBOXYLASE



2988

_CHZ—

RF POWER AT ONSET
OF SATURATION
(microwatts)

—  p—5cps
A 50 mM Tris
a-Keto Butyrate
B +0.5mM MnCl,

c +Pyruvate Carboxylase
(0.028 mM Mn)

BIOCHLEMISTRY

—CH

l RF POWER AT ONSET
OF SATURATION
(microwatts)

71 ) 50

FIGURE 6: The effect of manganous chloride and of pyruvate carboxylase on the methylene and methyl signals in the
proton nuclear magnetic resonance spectrum of a-ketobutyrate. Only the two center bands of the methylene quartet
were used in the calculations. The solvent was 90 % D,O containing 0.1 M Tris-DCI, pD 8.4, and 0.25 M KCI. Tempera-

ture, 28°.

parison of AH ¥ and AS ¥ for the three complexes (Table
1V) indicates that the entropy term provides the major
part of the barrier to the exchange of H.O and of
pyruvate on the bound manganese of pyruvate car-
boxylase. In contrast, the enthalpy term is largely
responsible for the barrier to water exchange on
Mn(Hgo)e2+.

The Effect of Pyruvate Cuarboxylase and of MnCl,
on the Resonances of the Methyl and Methylene Protons
in the Nuclear Muagnetic Resonance Spectrum of a-
Ketobutyrate. Pyruvate carboxylase catalyzes CO,
fixation on a-ketobutyrate at approximately 3% of
the rate observed for pyruvate. Studies of 1/7),
for the protons of water have shown that a-ketobutyrate
reduces the enhanced effect observed for the bound
manganese to a low value (e, = 0.4), suggesting a
displacement of two water molecules by this substrate
with the formation of a chelate complex. The complex
formed has a Ky (3.5 mm) which approximates the
Michaelis constant observed in the over-all reaction
(4.5 mm). The properties of the interaction of «-
ketobutyrate therefore differ markedly from those
observed for pyruvate in similar experiments. Thus
for pyruvate e, = 1.7 and the observed Ky (4.65 mm)
is an order of magnitude greater than the Michaelis
constant (0.44 mMm). As noted above pyruvate is sug-

5 D, S. Kerr and M. F. Utter, personal communication.
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gested to be a monodentate ligand for the bound
manganese (Mildvan er al., 1966).

The proton nuclear magnetic resonance spectrum
of solutions of «-ketobutyrate (50 mm) in 9097 D,O
with Tris-DCl buffer (pD 7.5-8.4) consists of a quadrup-
let methylene resonance line which is 3.20 ppm and
a triplet methyl resonance line which is 1.49 ppm
downfield from that of the TMS standard (Figure 6,
spectrum A). The methylene-methyl proton coupling
constant (J) is obtained as 7.2 =+ 0.2 cycles/sec. The
effect of MnCl; (0.5 mm) and of pyruvate carboxylase
(5.55 mg/ml containing 28 um bound manganese) on
the methyl and methylene resonance lines of a-keto-
butyrate (50 mmM) is illustrated in Figure 6 (spectra
B and C). The addition of either Mn?* or pyruvate
carboxylase increases the observed line widths and the
radiofrequency power required to produce saturation
for both resonance lines but no significant chemical
shifts or changes in J are observed within the experi-
mental error. The effect of 28 um manganese bound
to pyruvate carboxylase on the line width of both
resonance lines is comparable to the effect of 0.5 mm
MnCl.. The results are therefore qualitatively similar
to those illustrated for the methyl protons of pyruvate
in Figure 1.

Quantitative calculations and comparisons of the
effect of pyruvate-carboxylase-manganese and Mn?*+
on the relaxation rates of the methyl and methylene
protons of a-ketobutyrate are summarized in Table V.,
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TABLE v: Effects of Manganese and of Pyruvate Carboxylase on the Relaxation Rates of the Methylene and Methyl

Protons of a-Ketobutyrate.«

Pyru-
vate
a- Car-
Keto- box- Methylene Protons Methyl Protons
britti MnCl, yll\adss— _seemt X 107 sec” X 1077
(mM)  (mm) (uMm) 1/pT, 1/pT>, € € 1/pT, 1/pTy, € €
50 0.5 0.273 0.257 0.304 0.266
1.0 0.151 0.373 0.021 0.071
75 0.25 0.091 2.13 1.08 0.840
100 0.39 1.725 1.049 0.358 1.096
150 0.50 2.46 2.98 1.79 2.74
312 1.0 7.25 5.82 4.46 3.30
25 7.7 0.312 (13.07) 4.7 27.8 ~0 (18.4) ~0 (184)
50 15.4 0.465 6.14 2.2 19.5 0.408 3.86 2.5 19.2
28.1 1.07 5.93 5.0 18.8 0.302 4.66 1.9 23.2
32.6 1.74 5.05 8.2 16.0 1.64 6.46 10.2 32.2
35.2 0.720 7.42 3.4 23.6
100 30.8 0.8%4 7.87 0.5 7.5 0.544 6.24 1.5 5.7
132 39 1.17 7.56 0.6 3.4 1.50 4.97 1.3 2.3
197 27.5 0.650 9.45 0.2 2.5 1.47 4.94 0.6 1.7

« Conditions are as described in Table I. ¢ and ¢, were calculated as described in Table I, using denominators
obtained by linear interpolation for those concentrations of a-ketobutyrate (25, 132, and 197 mm) at which a Mn-a-

ketobutyrate study was not made.

At o-ketobutyrate concentrations less than 0.1 M,
the effect of pyruvate carboxylase-bound manganese
on 1/pTy, and 1/pTy, of both the methyl and the methy-
lene protons is enhanced as compared with the effect
of MnCl,. At o-ketobutyrate concentrations greater
than 0.1 M, a decrease in the enhanced effect of the
bound manganese is observed for 1/pT,, for both
resonance lines, and the enhanced effect on 1/pTy,
is abolished. The decrease in the observed enhance-
ments at higher a-ketobutyrate concentrations resemble
the effects observed at similar pyruvate concentrations
(Table I) and may also be attributed to an increase in
the denominator term of the equations defining the
enhancements (see legend, Table I). This increase is
probably due to a change in the mechanism of relaxa-
tion at higher concentration of a-ketobutyrate (vide
infra).

From Table V the mean ratios 1/pT;, (methylene):
1/pT\, (methyl) and 1/pTs, (methylene):1/pT., (methyl)
in the presence of Mn?" are determined as 1.0 and 1.6
= 0.6, respectively. The corresponding ratios in the
presence of pyruvate carboxylase-manganese are 1.4
+ 0.8 (1/pTy,) and 1.3 = 0.3 (1/pTy,). Thus the effect
of either Mn?*t or pyruvate carboxylase-manganese
on the relaxation rates of the methylene protons of
a-ketobutyrate is not significantly different from the
effect observed on the relaxation rates of the methyl

ENZYME-METAL-SUBSTRATE BRIDGE COMPLEXES IN

protons (vide infra). The observed enhanced effect of
enzyme-bound manganese on the methyl and methylene
protons of «-ketobutyrate is qualitatively similar to
that observed for the methyl protons of pyruvate,
although the enhancement values obtained are not as
great. The results are therefore consistent with direct
coordination of a-ketobutyrate by the enzyme-bound
manganese.

The Effect of Variation of Temperature on 1/pTy,
and 1/pTy, for the Methyl and Methylene Protons of
a-Ketobutyrate in the Presence of Pyruvate Carboxylase
and of MnCl. Analysis of the effect of variation of
temperature on a system containing a-ketobutyrate
(0.13 m) and pyruvate carboxylase (11.1 mg/ml contain-
ing 56 uM bound manganese) shows that 1/p7y, and
1/pTs, (Figure 7) for both the methyl and methylene
protons of this substrate decrease with increasing
temperature in the range 20-37°. In this range of
temperature, the relaxation rates for both the methyl
and methylene protons are therefore limited by the
relaxation rates of the protons of the coordinated «-
ketobutyrate molecules and 1/pT), and 1/pT., may
be used to calculate 1/Tiy and 1/7.y, respectively.
Below 20°, all the relationships show curvature, indicat-
ing that the rate of exchange of a-ketobutyrate mole-
cules into the coordination sphere of the bound man-
ganese contributes to the relaxation rates, but a region
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FIGURE 7: Arrhenius plot of the effect of temperature
on the paramagnetic contribution to the longitudinal
(1/pTy,) and transverse (1/pT,) relaxation rates of the
methylene and methy! protons of a-ketobutyrate (0.13
M) in the presence of pyruvate carboxylase (11.1 mg/m!
containing 39 uM Mn). The solvent was 90%; D.O con-
taining 0.1 M Tris-DCl (pD = 8.4) and 0.25 M KCl,
in a total volume of 0.5 ml. The energies of activation
of the high-temperature limbs of the curves are: 1/pT5,
(methylene), 3.0 + 0.9 kcal/mole; 1/pTs, (methyl),
4.2 + 2.0 kcal/mole; and 1/pT:, (both), 23.6 = 9.5
kcal/mole.

is not reached in which ¢g/7w dominates the relaxation
rates. Therefore, only a lower limit can be set on the
rate of exchange (Table IV).

As noted above, a-ketobutyrate is suggested to
displace two water molecules from the first coordina-
tion sphere of the bound manganese of pyruvate
carboxylase with formation of a chelate complex (Mild-
van et al., 1966; M. C. Scrutton and A. S. Mildvan,
submitted for publication). Molecular model studies
of a Mn?—a-ketobutyrate chelate complex shows
that the distance between the manganese and methyl
protons can vary over a range from 83 to 1419 of
the manganese to methylene proton distance. This
observation is in accord with the finding that at 26°
1/Tw (=1/pT,) = 1.0 = 0.7 X 103 for the methyl
protons of a-ketobutyrate approximates 1/Tw (=
1/pT,) = 1.1 = 0.4 X 102 for the methylene protons
in the presence of pyruvate carboxylase-manganese
(Table V). Additionally the values given for 1/Tiy
for the methyl and methylene protons of a-ketobutyrate
in the pyruvate carboxylase-a-ketobutyrate complex
are similar to 1/Tiy (1.5 = 0.4 X 103 at 26°) (Table I)
for the methyl protons of pyruvate in the pyruvate
carboxylase-pyruvate complex. These findings are
most simply explained by the suggestion that the pa-
rameters (+ and r.) describing the magnetic dipolar
interaction of the protons of the substrates with the
bound manganese are similar for the methyl protons

MILDVAN AND SCRUTTON
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of pyruvate and the methyl and methylene protons of
a-ketobutyrate.

The activation energy for 7. is calculated as 23.6
kcal/mole from the temperature dependence of 1/pTy,
for either the methyl or methylene protons of a-
ketobutyrate in its complex with pyruvate carboxylase.
This calculation assumes that r is unchanged over the
temperature range examined. The activation energy is
markedly increased as compared with the activation
energy for 7, (4.6 kcal/mole) in the pyruvate carboxyl-
ase—pyruvate complex. This observation suggests
that the energy barrier to rotation for the ethyl group
of enzyme-bound a-ketobutyrate is greater than that
for the methyl group of enzyme-bound pyruvate, and
is consistent with studies on simple organic molecules
in the gas phase (Leffler and Grunwald, 1963).

The coupling constants (4/#) for the hyperfine inter-
action between the methyl and the methylene protons
of a-ketobutyrate and the bound manganese of pyruvate
carboxylase have been calculated from 1/T1x and 1/Toy
as described in Methods. The values obtained for the
methyl and methylene protons are approximately equal
(Table III) and are similar to (4/k) obtained for the
hyperfine interaction between the bound manganese
and the methyl protons of pyruvate in the pyruvate
carboxylase-pyruvate complex (Table III). The similar-
ity of the values obtained for (4/k) for the methylene
protons in the pyruvate carboxylase-a-ketobutyrate
complex and the methyl protons in the pyruvate
carboxylase-pyruvate complex is in accord with a
similar number of intervening bonds (3—4) between
these protons and the manganese. However, the finding
that (4/#) does not decrease for the methy! protons
of a-ketobutyrate is unexplained since this interaction
must operate through an additional chemical bond.

At 0.1-0.3 M a-ketobutyrate and 0.4-1 mm MnCl,,
little effect of temperature between 2 and 28° was
observed on the paramagnetic contribution to 1/7 and
1/T: of the methylene and methyl protons of a-keto-
butyrate. This observation, together with the approxi-
mate equality of 1/pTy, and 1/pT,, for the methyl
and methylene protons of a-ketobutyrate in the pres-
ence of Mn** (Table V), suggests that outer sphere
relaxation mechanisms may dominate the relaxation
process (Luz and Meiboom, 1964). Outer sphere relaxa-
tion is consistent with the high dissociation constant
found for the Mn?"—qa-ketobutyrate complex (K4
= 0.26 = 0.07 m). It is of interest that this dissocia-
tion constant is two orders of magnitude greater than
that observed for the Mn **—pyruvate complex (3.2 mm)
under similar conditions (Mildvan and Cohn, 1966).

Assuming outer sphere relaxation, the distance of
closest approach of the methylene and methyl protons
of a-ketobutyrate to Mn?* in this complex may be
calculated from an equation derived by Luz and
Meiboom (1964). Using the average value of 1/pTi,
and 1/pT,, for the methylene and methyl protons
(235 sec ') at the lowest concentration of a-ketobuty-
rate (50 mm), and assuming that the correlation time
for outer sphere relaxation is the tumbling time of the
Mn(H,0):2* complex (2.9 X 10~ sec) (Swift and
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FIGURE 8: Proposed structure of the pyruvate carboxylase-pyruvate complex in solution (A) and in the mechanism

of reaction 3 (B).

Connick, 1962), the distance of closest approach of the
protons of a-ketobutyrate to Mn?* is calculated as
3.6 A. This is a reasonable distance as indicated by
molecular model studies of the outer sphere complex.

The increases in 1/pTi, and 1/pT», for Mn-a-keto-
butyrate observed at higher concentrations of a-
ketobutyrate (Table V) may then be due to a progres-
sively greater contribution by mechanisms involving
the coordination of this ligand in the inner coordination
sphere, i.e., by an increase in ¢ and decreases in 7y
and Tz M.

ENZYMLE-MLTAL -SUBSTRATL BRIDGL COMPLLEXLS IN

Discussion

The involvement of enzyme-metal-substrate bridge
complexes as intermediates in enzyme catalysis was
first proposed by Hellerman and Stock (1938). Re-
cently, direct evidence for the existence of the pyruvate
kinase-Mn*"—fluorophosphate bridge complex in solu-
tion has been obtained by the use of fluorine nuclear
magnetic resonance (Mildvan er «l., 1967) in studies
analogous to those described here. Since the bound
manganese of pyruvate carboxylase has an enhanced
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effect on the relaxation rates of the methyl protons of
pyruvate (Table I) and the methyl and methylene
protons of a-ketobutyrate (Table V) as compared
with the effect of Mn?*, the existence of the respective
enzyme-metal-substrate bridge complexes (e.g., Figure
8A) is unequivocally established. This conclusion is
further supported by calculations of r, the manganese
to proton distance, and (A4/A), the coupling constant
for hyperfine interaction in these complexes (Figure 5
and Table III).

Two lines of evidence indicate that these bridge com-
plexes participate in the ower-all reaction. First, the
effects of pyruvate carboxylase on the relaxation rates
of the methyl protons of pyruvate is reversed by addi-
tion of oxalate, an inhibitor of reaction 3 which inter-
acts with the bound manganese (Table II, Figure 3).
The concentration of oxalate required to reverse the
interaction is consistent with the dissociation constants
for the pyruvate carboxylase-pyruvate and pyruvate
carboxylase—oxalate complexes obtained by several
other methods (Mildvan et al., 1966). In contrast, other
chelating agents, e.g., EDTA, which do not interact
with the bound manganese or inhibit reaction 3, have
no effect on the interaction of the methyl protons of
pyruvate with the bound manganese (Table II). Second,
the rate of exchange of pyruvate molecules into and
out of the coordination sphere of the bound manganese
is at least two orders of magnitude faster than the
maximal turnover number of the over-all reaction
measured in the direction of CO, fixation. Similarly,
the rate of exchange of a-ketobutyrate into and out
of the coordination sphere is at least three orders of
magnitude faster than the maximal turnover number
obtained for this substrate (Table IV). However, while
the K; obtained for a-ketobutyrate approximates the
K, observed in the over-all reaction, the K; obtained
for the pyruvate carboxylase—pyruvate complex (4.65
mM) is an order of magnitude greater than K. for this
substrate (0.44 mmM) (Mildvan et al., 1966). Addition-
ally, the minimal mechanism shown in reactions 2
and 3 and the observation that oxalate is an uncom-
petitive inhibitor of the over-all reaction with respect
to pyruvate require that under the conditions of these
initial rate and exchange studies pyruvate binds pref-
erentially to the E-biotin-CO, complex rather than
to E-biotin. When the reciprocal initial rate of the
over-all reaction is examined as a function of the
reciprocal of the pyruvate concentration at high con-
centrations of this substrate and in the presence of
saturating concentrations of the other reactants, a
small deviation is observed which leads to a greater
Vmex than that predicted from the linear relationship
obtained at lower pyruvate concentration, i.e., appar-
ent substrate activation. In the presence of nonsaturat-
ing concentrations of ATP, this deviation is marked
and gives a K, for pyruvate which is in the range 2-5
mM.® These data suggest that in the normal reaction

5 C. H. Fung, M. C. Scrutton, and M. F, Utter, unpublished
observations,
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pathway pyruvate binds to the enzyme-biotin—CO,
intermediate after dissociation of the products of the
activation reaction (reaction 2), but that at high con-
centrations of pyruvate, binding to E-biotin can be
kinetically significant and that in this case, the K., ob-
tained approximates the K, for pyruvate determined by
direct binding studies. The evidence summarized here
therefore establishes that the pyruvate carboxylase—
manganese-pyruvate and a-ketobutyrate bridge com-
plexes have properties which are consistent with their
participation in the over-all reaction (e.g., reaction 1).
The increase in the hyperfine coupling constant (A4/4)
(Table IV) and possibly also of the correlation time for
magnetic dipole-dipole interaction (r.) in the pyruvate
carboxylase-pyruvate complex as compared with the
Mn?t—pyruvate system suggest that interaction with
the enzyme may increase the double-bond character
and decrease the rotation rate (1/7.) of the methyl
group of pyruvate. However, even if the observed en-
hancement of 1/Ti, is entirely due to a decrease in
1/7., the minimal rate of methyl rotation would be
approximately 10'' sec™!, which is nine orders of
magnitude faster than the maximal turnover number
of the over-all reaction. Since carboxylation by some
biotin carboxylases occurs in a cis manner (Retey and
Lynen, 1965; Prescott and Rabinowitz, 1967), a further
decrease in the rate of methyl rotation probably occurs
in the complex between the enzyme-biotin—CO; inter-
mediate and pyruvate during the process of carboxyl
transfer. A concerted reaction involving a synchronous
removal of a proton from the methyl group of pyruvate
coupled with the transfer of the carboxyl group from
1/-N-carboxybiotin (Figure 8B) appears most consistent
with the proposed cis transfer despite the rapid methyl
rotation, and the failure of the enzyme to release
tritium from tritiated pyruvate in the absence of ATP,
Mg?2t, HCO;~, and acetyl-CoA (Mildvan et al., 1966).
Comparison of the rates of exchange of the protons
of water (M. C. Scrutton and A. S. Mildvan, submitted
for publication) and of pyruvate into the coordination
sphere of the bound manganese (Table IV) provides
further insight into the mechanism of coordination
of pyruvate. Eigen and Tamm (1962) have proposed a
general mechanism for the formation of metal complexes
in aqueous solution, which may be written for the
coordination of pyruvate by the bound manganese of
pyruvate carboxylase as shown in reaction 5. In this
theory, the final step (k;) in the formation of the
bridge complex from an outer sphere complex is postu-
lated to be limited by the rate of departure of a water
molecule from the coordination sphere of the metal.
This postulate may be tested for the pyruvate carbox-
ylase-manganese-pyruvate complex by calculating s
in reaction 5 and comparing it with the rate of exchange
of the protons of water into the coordination sphere
of the bound manganese reported previously (M. C.
Scrutton and A. S. Mildvan, submitted for publication).
As discussed above, the rate of exchange (1/7u) of the
methyl protons of pyruvate into the coordination
sphere of the bound manganese obtained from Figure
4B may be equated with the rate of dissociation (ko)
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k1 / \\ / \‘\ ks / \\
E-Mn-(H,0) + (H,O)pyruvate —_~ E-Mn-O O pyruvate —_ E-Mn-O pyruvate
ke NSNS b N )
H H

of the pyruvate carboxylase-pyruvate complex, since
the enzyme is saturated with pyruvate. Moreover, since
ks, ks, and k4 are 10° sec™! (Eigen and Tamm, 1962),
we may equate kor = ks = 2.1 X 104 sec™! and k.n
= Koks (Table 1V). The equilibrium constant (Ko)
for the formation of an outer sphere complex from a
divalent cation and a monovalent anion may be calcu-
lated from electrostatic theory (Eigen and Tamm,
1962} (eq 6).

_ ks

K, =
* 7 keky

= 3m 6

Examination of the binding of pyruvate to pyruvate
carboxylase by two different methods has given the
dissociation constant for this substrate (Mildvan
et al., 1966) and hence ks may be calculated from
eq 7.

Kk okes
Ki= —"-=465 X 103%M 7
T kokaks ™

The value of k; obtained (1.5 X 108 sec™1) is in agree-
ment with the rate of exchange of the protons of water
on the bound manganese (1.5 X 10¢ sec~?), as shown
in Table IV. These observations suggest that the
pyruvate carboxylase-manganese—pyruvate complex is
formed by a mechanism similar to that shown in reac-
tion 5 in accord with the theory of complex formation
proposed by Eigen and Tamm (1962). However similar
calculations for the Mn?*—fluorophosphate and the
pyruvate kinase-Mn ?**—fluorophosphate complexes have
shown that in these cases the rates of formation of these
complexes are two orders of magnitude slower than
the corresponding rate of exchange of water protons
(Mildvan et al., 1967).

It has been proposed that the bound manganese of
pyruvate carboxylase facilitates the carboxylation of
pyruvate by increasing both the nucleophilic character
of the methyl group of pyruvate and also the suscepti-
bility of the 1’-N-carboxybiotin intermediate to nucleo-
philic attack (Mildvan et al., 1966) (Figure 8B). This
proposed mechanism and model studies on biotin
catalysis (Caplow, 1965) have suggested that bound
metal ions might be present and have a similar role in
other biotin carboxylases. Two other highly purified
biotin carboxylases, acetyl-CoA carboxylase from
chicken liver” and propionyl-CoA carboxylase from

E-Mn-pyruvate

pig heart,® have been examined for the presence
manganese, zinc, and cobalt by atomic absorption
spectroscopy and by their effect on 1/7, of the protons
of water. The results indicate these three metals are
absent in both cases. Although the presence of another
metal ion cannot be excluded, these enzymes differ from
pyruvate carboxylase since the carboxyl group acceptor
is an acyl derivative of coenzyme A rather than an a-
keto acid. Hence, the thio ester group, which lowers
the pX of the vicinal carbon-bound protons by more
than two units (Lynen, 1953; Lienhard and Jencks,
1965), may provide the required activation of the
methyl or methylene group in the case of biotin carbox-
ylases which use an acyl derivative of coenzyme A as
carboxyl group acceptor and render the involvement
of a bound metal ion unnecessary. Recently Northrop
and Wood (1967) have reported that methyl malonyl-
CoA-oxaloacetate transcarboxylase contains both
tightly bound cobalt and zinc in a combined stoichiome-
try which approximates the biotin content of this
enzyme. The observed inhibition of this enzyme by
oxalate suggests that a metal ion may play a functional
role in the reaction mechanism. Since this enzyme
catalyzes carboxyl group transfer between an acyl
derivative of coenzyme A and an a-keto acid (pyruvic
acid), it is possible that the role of the bound metal is
analogous to that of bound manganese in pyruvate
carboxylase.
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