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Kinetics of Ligand Binding to Dihydrofolate Reductase: Binary
Complex Formation with NADPH and Coenzyme Analogues®

Susan M. J. Dunn, John G. Batchelor,t and Rodney W. King*

ABSTRACT: The reaction between dihydrofolate reductase
from L. casei MTX/R and NADPH or its analogues has been
investigated by stopped-flow fluorescence techniques. The
formation of the enzyme-coenzyme complex is characterized
by quenching of the near ultraviolet fluorescence of the enzyme
and enhancement of the fluorescence of the NADPH chro-
mophore. These spectral changes take place in two phases: the
faster characterized by an apparent bimolecular rate constant
near 107 M~1s~!, the slower by a unimolecular rate constant
whose value is dependent on pH and varies from 0.06 t0 0.012
s~ 1. The relative amplitudes of the fast and slow phases are also
pH dependent, the fast change dominating at low pH. There
is no direct coupling of the fast and slow reactions, since the
slow phase appears in the reaction trace only after the fast
phase has been saturated. These results suggest that the en-
zyme exists in at least two interconvertible forms whose relative

Dihydrofolate reductase (5,6,7,8-tetrahydrofolate:NADP*
oxidoreductase, EC 1.5.1.3) catalyzes the NADPH-dependent
reduction of 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydro-
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proportions are pH dependent. NADPH appears to bind
rapidly and exclusively to one of these forms, the slow phase
probably being a reflection of the interconversion of the forms
followed by rapid coenzyme binding. The fast association rate
is dependent on the viscosity of the medium and has an en-
thalpy of activation of only 2.5 kcal mol~!, suggesting that the
association is diffusion controlled. The binding of deamino-
NADPH and etheno-NADPH follows the same kinetic pattern
as that of NADPH; however, the ligands 3-acetylpyridine-
NADPH, thionicotinamide-NADPH, and NADP* exhibit
a third phase of relatively small amplitude and intermediate
rate in the association reaction. It is proposed that in these cases
the coenzyme analogues can bind to either form of the enzyme
and that the intermediate rate reflects the interconversion of
the binary complexes.

folate (THF). The enzyme is therefore necessary for the for-
mation of THF and its derivatives which are essential cofactors
in the important metabolic reactions involving transfer of
one-carbon units. In conjunction with thymidylate synthetase,
the enzyme is essential for thymidylate biosynthesis and hence
for DNA synthesis.

The enzyme has been the subject of extensive study (re-
viewed by Blakley, 1969) not only because of its importance
in intermediary metabolism but also because it is the target

© 1978 American Chemical Society
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enzyme of a group of chemotherapeutic agents which are
widely used as antibacterial and antitumor agents.

The enzyme used in this study of the binding of coenzyme
and coenzyme analogues was obtained from a methotrexate-
resistant strain of Lactobacillus casei (L. casei MTX/R). Its
preparation, isolation, and physical properties have been fully
described (Dann et al., 1976).

Understanding the binding of coenzyme to the enzyme is
an important prerequisite to understanding the binding of in-
hibitor molecules to the enzyme-coenzyme complex.

Kinetic experiments on the binding of coenzymes to pre-
formed enzyme-inhibitor complexes and of inhibitor to en-
zyme-coenzyme complexes indicate that the binding mecha-
nism to form ternary enzyme-coenzyme-inhibitor complexes
is not ordered (Dunn & King, unpublished results; cf. Blakley
etal., 1971). However, the binding of inhibitors to the binary
enzyme-coenzyme complex is much stronger than to the en-
zyme alone, as is the binding of coenzyme to the preformed
enzyme-inhibitor binary complex.

The binding properties of the enzyme are therefore strongly
influenced by the presence or absence of a complementary li-
gand.

This paper describes the kinetic events during formation of
binary enzyme-coenzyme complexes and attempts to assess
the importance of alterations to the chemical structure of the
coenzyme.

Experimental Section

Materials: Enzyme. The isolation and purification of
dihydrofolate reductase from L. casei MTX/R has been de-
scribed by Dann et al. (1976). The enzyme used in this inves-
tigation was stored at —15 °C in lyophilized form until re-
quired.

Coenzymes. 3-Acetylpyridine-NADP*, deamino-NADPH,
NADP*, NADPH, and thionicotinamide-NADP* were ob-
tained from commercial sources. The method used routinely
for the reduction of 3-acetylpyridine-NADP* and thionico-
tinamide-NADP* was as follows.

Five milligrams of coenzyme was dissolved in 1.8 mL of 50
mM Tris-Cl buffer, pH 8.0. Seven milligrams of DL-isocitrate,
40 pL of MnCl; (40 mg/mL), and 0.2 mL of pig heart isoci-
trate dehydrogenase (10 mg/mL) were added. After mixing
the solution was shielded from light and left for approximately
16 hat 4 °C. The mixture was then applied toa 5 X 2 cm col-
umn of DE-52 cellulose preequilibrated in 50 mM Tris, pH 8.0.
After extensive washing with the same buffer, the column was
eluted with a gradient formed from 60 mL of 50 mM Tris, pH
8.0, and 60 mL of 50 mM Tris, 300 mM KClI, pH 8.0. The
concentration of reduced coenzyme eluted could be determined
from its published extinction coefficient at 360 nm (for 3-
acetylpyridine-NADPH) or 395 nm (for thionicotinamide-
NADPH) (P-L Biochemicals Inc., 1973). The reduced coen-
zymes could be stored in solution at pH 8.0 and 4 °C for at least
4 weeks without detectable decomposition.

1,N%-Ethenoadenine-NADPH was prepared as described
by Neef & Huennekens (1976).

The purity of the coenzymes has been checked using paper
chromatography. The technique and solvent systems II, 111,
and VI described in Circular OR-18 (P-L Biochemicals Inc.,
1973) were used. The coenzymes were visualized either by
visible fluorescence, by fluorescence quenching, or by staining
(Wade & Morgan, 1953; Hanes & Isherwood, 1949). Im-
purities were detected in two of the coenzymes. A faintly flu-
orescent spot moving behind the main spot in system IIT and
ahead of the main spot in system VI contaminated the 3-
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acetylpyridine-NADPH. This spot did not correspond to any
other of the coenzymes. A very faint fluorescent spot in system
VI, not seen in the other two solvent systems and also not
corresponding to any of the other coenzymes, contaminated
the etheno-NADPH. The level of these contaminants, as
judged by their fluorescence and staining, was very low, and
we feel is most unlikely to influence the results.

Equilibrium Dissociation Constants. Equilibrium disso-
ciation constants for dihydrofolate reductase-coenzyme
complexes were determined by fluorescence titrations at 25
°C using a Farrand spectrofluorimeter with excitation and
emission wavelengths of 290 nm and 340 nm, respectively.
Small relative volumes of ligand were added to 2.5 mL of
dihydrofolate reductase solution contained in a 1-cm? cuvette.
Standard tryptophan solutions were used to correct for light
absorption by added ligands. Equilibrium fluorescence read-
ings were recorded 5 min after ligand addition, and dissociation
constants were calculated by the nonlinear regression technique
described below.

Kinetic Measurements. Kinetic data were obtained using
a Durrum D-110 (Durrum Instrument Corp., Calif.)
stopped-flow apparatus operating in the fluorescence mode.
Complex formation was followed by using an excitation
wavelength of 290 nm and monitoring either the quenching of
the protein intrinsic fluorescence using a 341-nm interference
filter or, where appropriate, the enhancement of coenzyme
fluorescence by energy transfer (Velick, 1958) using a 449-nm
interference filter. A Wood’s glass filter on the excitation side
removed stray light above 400 nm. Signal smoothing was ob-
tained by using a quartz-plate beam splitter in the incident
beam reflecting approximately 5% of the incident light on to
a photodiode. The amplified photodiode output and the pho-
tomultiplier output were fed into a source-ratioing amplifier
(Anson & Bayley, 1976). Further smoothing of the amplifier
output was obtained by using appropriate electronic filtering.
Reaction traces were collected by passing the smoothed and
amplified signal into a 200-point signal averager for temporary
storage prior to data transfer to the disc of an HP3000 com-
puter. The collected fluorescence data were simultaneously
displayed on an oscilloscope. In most experiments the sum of
at least four experimental runs was used for data analysis.

All experiments were carried out at 25 °C unless otherwise
stated. Buffer systems used were: pH 5.25-5.5, 15 mM sodium
acetate, 500 mM KClI; pH 5.5-7.5, 15 mM BisTris, 500 mM
KCl; pH 7.5-8.0, 15 mM Tris, 500 mM KCI.

Data Analysis. All data were analyzed by nonlinear re-
gression using computer programs which are described in detail
elsewhere )j. G. Batchelor, manuscript in preparation). These
programs use the algorithm of Marquardt (1963) which
combines the Gauss-Newton and steepest descent methods of
minimizing the sum of squares of residuals. The statistical
output included standard errors of the best fit parameter values
estimated using the assumption of a linear model about the
solution. In all cases plots were obtained of the data and the
best fit curve, to aid in the assessment of the fit of the data to
the model.

Kinetic data were analyzed using either a single exponential
model

F(t) = AMP, exp(—k t) + baseline
or a double exponential model
F(t) = AMP; exp(—k 1) + AMP; exp(—k,t) + baseline

where F(¢) is the observed fluorescence signal, the ks are rate
constants and ¢ is time.
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FIGURE 11 Variation in K4 with pH for NADPH and dihydrofolate re-
ductase. Measurements made at 25 °C.

Binding curves were analyzed using the model

F=FL)Lt+ FE)ET + (F(C) = F(L) — F(E))[C]

=B ~SQRT(B> - ErlLt)and
B=(Lt+ Er+Ky)/2

where F is the observed fluorescence, F(L), F(E), and F(C),
are the fluorescence yields per unit concentration of ligand,
enzyme and complex, respectively, L is the total concentration
of ligand, £y is the total concentration of enzyme, [C] the
concentration of enzyme-ligand complex, and K4 the ligand
dissociation constant. Thus any dilution caused by addition of
ligand and any depletion of free ligand concentration caused
by binding to the enzyme are accounted for.
Values of pK's were determined using the model

1()~—nl(
(10 PK + 10~ PH>

where F is the property observed at low pH and F, the same
property observed at high pH.

given that [C]

F=F + (F,-

Results

Fluorimetric Measurements of the Interaction of Dihy-
drofolate Reductase with Coenzymes. When dihydrofolate
reductase was excited at 290 nm, the fluorescence emission
spectrum showed a maximum at 340-350 nm, typical of the
fluorescence spectra reported for other proteins (Udenfriend,
1962). The addition of NADPH or any of the other coenzymes
examined quenched this fluorescence (see Table I). In the case
of the reduced coenzymes, i.e., NADPH, deamino-NADPH,
etheno-NADPH, thionicotinamide-NADPH, and 3-acetyl-
pyridine-NADPH, formation of the binary complex with the
enzyme resulted in the appearance of a new emission maximum
at 420-450 nm, characteristic of activation by energy transfer,
described by Velick (1958) for lactate and glyceraldehyde-
3-phosphate dehydrogenases. Under identical conditions,
binding to the enzyme caused a greater intensification of the
energy-transfer fluorescence of 3-acetylpyridine-NADPH than
of NADPH. A similar differential effect for the binding of
these coenzymes to beef heart lactate dehydrogenase has been
reported (Shifrin & Kaplan, 1958).

The quenching of the enzyme fluorescence at 340 nm was
used to determine the dissociation constants of the various
enzyme-coenzyme complexes and the results of such experi-
ments performed at pH 6.0 are shown in Table I.

Dissociation constants of a number of binary complexes have
been examined over a pH range of 3.0 to 8.5 and the results
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TABLE I: Dissociation Constants and Fluorescence Quenching
Properties of Various Coenzyme-Dihydrofolate Reductase
Complexes. ¢

Maximum

Coenzyme Kg (M) quench (%)
NADPH (1.0£0.1) X 1078 8%
Deamino-NADPH (3.2 0.1) X 1078 83
Etheno-NADPH (3.2+£0.3) X 1078 95
3-Acetylpyridine- (4.7 £0.2) X 1077 835

NADPH

Thionicotinamide-NADPH (3.7+£0.2) X 10-* 60
NADP* (1.2 £0.1) X 107° 65

@ Experiments carried out at pH 6.0 and 25 °C.

show that, although tightest binding occurs at pH 6.0, the
variation between pH 5.0 and pH 7.0 is only slight, whereas
the dissociation constants determined at pH values above 7.0
were considerably increased and the maximum quench was
reduced. This effect is particularly marked for NADPH as
ligand (Figure 1).

Evidence from molecular weight determinations by column
chromatography and ultracentrifugation (Dann et al., 1976)
and from solubility studies (Dann, 1975) suggest that the en-
zyme is aggregated at low ionic strength. However, this
aggregation appears to be abolished in NMR experiments at
enzyme concentrations approaching 1.0 mM by 0.5 M KCI
present in solution (Roberts et al., 1974). We have therefore
included 0.5 M KCl in all our buffer solutions (see Experi-
mental Section).

The low values of K4 limit the enzyme concentration range
over which determinations can be made. The enzyme con-
centration used in these experiments ranged between 0.2 uM
and 2.0 uM. Over this range there was no noticeable effect of
enzyme concentration on dissociation constant.

The binding of the coenzyme and its analogues appears to
be on a strictly 1:1 stoichiometry. We have obtained no evi-
dence for a second coenzyme binding site such as that described
for the E. coli enzyme by Williams et al. (1973) and Poe et al.
(1974).

Coenzyme Specificity of Dihydrofolate Reductase. Pre-
liminary experiments on the relative rates of oxidation of the
coenzyme analogues by dihydrofolate reductase have been
performed. The reaction mixture contained approximately 0.04
uM enzyme, 50 uM DHF, 50 uM coenzyme, and 50 mM Tris,
500 mM KCI (pH 7.5) in a total volume of 3.1 mL. The oxi-
dation rates were measured by following the change in ex-
tinction at the absorption maxima of the coenzyme analogues
(P-L Biochemicals Inc., 1973).

The relative rates of oxidation of NADPH, deamino-
NADPH, etheno-NADPH, and 3-acetylpyridine-NADPH
were approximately 1:1:0.25:0.1, respectively. Under these
conditions no oxidation of thionicotinamide-NADPH could
be detected.

Qualitative Description of the Kinetics of Coenzyme
Binding to Dihydrofolate Reductase. When NADPH or its
structural analogues deamino-NADPH and etheno-NADPH
were reacted in greater than equimolar amounts with the en-
zyme, the reaction curve, as monitored by dihydrofolate re-
ductase fluorescence, showed a fast quench whose rate in-
creased linearly with increasing ligand concentration, and a
much slower, apparently first-order quench of rate approxi-
mately 0.03 s~!. Under pseudo-first-order conditions no de-
viation from a single exponential could be detected for either
phase. This behavior is consistent with a reaction scheme which
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involves a fast bimolecular ligand-protein association and a
slow unimolecular protein isomerization, most probably a
conformational transition. Two minimal kinetic schemes that
conform with this behavior are as shown in Schemes I and II.
In Scheme I it is the enzyme-ligand complex which isomerizes,
whereas in Scheme 11 it is the free protein.

In a series of experiments in which the concentration of
dihydrofolate reductase was kept constant and the relative
concentration of coenzyme was varied, it was found that the
amplitude of the fast phase when expressed as a percentage of
the total signal change was not independent of the relative
concentrations but rather increased toward 100% when less
than stoichiometric amounts of ligand were reacted. Figure
2 shows representative results of such experiments performed
at pH 6.0. Clearly these results are consistent with Scheme 11
but are inconsistent with a mechanism where the slow quench
observed represents the isomerization of the binary complex
and therefore Scheme I can be ruled out.

Preincubation of dihydrofolate reductase with varying
subequimolar concentrations of NADPH followed by reaction
with excess NADPH did not affect the relative amplitudes of
the fast and slow phases nor the apparent rates of reaction.
Furthermore, no effect of preincubation time between 2 min
and 1 h was observed. Such observations are consistent with
Scheme 11 in which there are two interconvertible forms of
enzyme, E| and E,. When excess NADPH is added, the frac-
tion of enzyme in the E; form rapidly binds ligand in a bi-
molecular process which is virtually irreversible at working
concentrations (~1076 M) as a consequence of the very low
dissociation constant of the binary complex (Table I). Ac-
cording to this scheme, the slow quench corresponds to the
conversion of E; to E, followed by rapid NADPH binding.

The kinetics of binding of 3-acetylpyridine-NADPH,
thionicotinamide-NADPH, and NADP* to dihydrofolate
reductase are in many respects similar to those of NADPH,
deamino-NADPH, and etheno-NADPH binding. However,
in their case there appears to be one important difference in
that the fluorescence quench of the “slow” phase does not fit
well to a single exponential but can be resolved into two com-
ponents of which one, the “intermediate phase”, has a rate of
approximately 0.5 s™! and the other, the “slow phase”, has a
similar rate to that observed during NADPH binding. Al-
though the percentage of the total signal change occurring in
the fast phase appears to be independent of which coenzyme
analogue is used, this is not the case for the intermediate and
slow phases whose approximate relative amplitudes (fluores-
cence quench of intermediate phase/fluorescence quench of
slow phase) at pH 6.0 are 0.36, 0.43, and 0.13 for NADP*,
thionicotinamide-NADPH, and 3-acetylpyridine-NADPH,
respectively. Scheme I1, proposed for NADPH binding, can-
not, in its simplest form, account for the observation of this
intermediate phase and thus any proposed scheme for analogue
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FIGURE 2: Effect of NADPH concentration on the percentage of the total
quench occurring in the fast phase. Experiments performed at pH 6.0, 25
°C.

TABLE I1: Association and Dissociation Rate Constants for Fast
Phase Binding of Coenzymes to Dihydrofolate Reductase.?

Coenzyme ky(M=1s™1)y k_y(s7Y)
NADPH 1.6 X 107 <1
Deamino-NADPH 0.7 X 107 <1
Etheno-NADPH 1.6 X 107 <1
3-Acetylpyridine-NADPH 1.3 X 107 <1
Thionicotinamide-NADPH 1.5 %107 41.5
NADP+ 0.8 X 107 133.2

a Values determined from concentration variation studies, pH 6.0
and 25 °C.

binding must be rather more complex if it is to be consistent
with all the available data.

Experimentally, while the fast phase can easily be separated
from any slower process or processes by using different time
courses, such resolution of intermediate and slow rates is not
so readily achieved. Therefore, these two slower phases were
analyzed by collecting 200 data points for each phase using an
appropriate time scale. The two reaction traces were then
combined, omitting from the longer time course the data col-
lected with greater precision in the shorter time course. After
baseline adjustment to ensure data alignment every second
data point was used in analytical fitting to two exponentials.

Effect of Ligand Concentration on Coenzyme Binding to
Dihydrofolate Reductase. When the enzyme concentration
was kept constant at 1 uM (final cuvette concentration after
mixing) and the ligand concentration was varied, the observed
rate of the fast phase increased linearly with increasing ligand
concentration. For a simple association

ki
E1 +L—= E]L
k-1

the observed rate (k,p,) under pseudo-first-order conditions
may be approximated by k,pp = k1[L] + k-, where k, and
k — are the rate constants for the association and dissociation,
respectively, and [L] is the ligand concentration. Thus a plot
of kapp against [L] results in a straight line with slope &, and
intercept k_,. Assuming that this simple mechanism operates
for the fast phase binding, these constants have been evaluated
for each analogue at pH 6.0 and 25 °C and are shown in Table
I

Examination of Table I1 shows that for thionicotinamide-
NADPH and NADP+ the dissociation rates are quite sub-
stantial, indicating that the structure of the nicotinamide ring
has a major effect on the lifetime of the complex and thus on
the interatomic forces available in the complex between the
ligand and the coenzyme binding site. For these analogues the
dissociation constants calculated from the ratio of individual
rate constants (Kq = k_;/k) of 2.8 X 1076 M for thionicoti-
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FIGURE 3: Effect of pH on the rate constant for fast phase binding of
deamino-NADPH to the enzyme. Experiments performed at 25 °C.
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FIGURE 4: Effect of pH on the apparent rate of slow phase binding of
NADPH to the enzyme. Experiments performed at 25 °C. Solid line is
best fit to a single pK (6.8 £ 0.2).

namide-NADPH and 1.7 X 107> M for NADP* are in close
agreement with those obtained from equilibrium titration
experiments (Table I).

For all coenzymes examined variation of ligand concen-
tration between 1 uM and 40 uM had little effect on the ob-
served rate of the slow phase and, where present, of the inter-
mediate phase. The only concentration effect detected was an
increase (approximately 50%) in the rate of the slow phase
when either NADPH, deamino-NADPH, or etheno-NADPH
was reacted in less than stoichiometric amounts with the en-
zyme, under which condition the amplitude of the slow phase
was very much reduced. A summary of the mean rates of each
phase for each analogue at pH 6.0 is given in Table 111,

Effect of pH on Coenzyme Binding to Dihydrofolate Re-
ductase. The effect of pH on the kinetics of coenzyme binding
to dihydrofolate reductase has been examined over the pH
range 5.25-7.5. The well-documented instability of reduced
pyridine coenzymes in acid solution (Kaplan, 1960) restricted
experiments at lower pH values and in all cases conditions were
chosen so that no detectable decomposition of ligand occurred
during the course of the experiment.

The effect of pH on the rate of the fast phase showed some
ligand dependence. With deamino-NADPH and etheno-
NADPH this effect was most marked and is illustrated for
deamino-NADPH in Figure 3. For 3-acetylpyridine-NADPH
binding a qualitatively similar, though reduced, pH effect was
apparent but the fast phase of NADPH binding showed no
obvious pH dependence.
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FIGURE 3: Effect of pH on the amplitude of the fast phase of NADPH
binding to the enzyme. Experiments performed at 25 °C. Solid line is best
fit to a single pK (6.6 £ 0.3).

TABLE 111: Rates of Intermediate and Slow Phases of Coenzyme
Binding to Dihydrofolate Reductase.®

Intermediate  Slow phase

Coenzyme phase kapp (571) Kkapp (s71)
NADPH 0.056
Deamino-NADPH 0.044
Etheno-NADPH 0.038
3-Acetylpyridine-NADPH 0.87 0.039
Thionicotinamide- 0.71 0.039

NADPH
NADP* 0.35 0.035

@ Reaction traces analyzed as two exponential decays, pH 6.0 and
25 °C.

For all coenzymes the rates of both intermediate and slow
phases were found to decrease in a similar manner with in-
creasing pH. Figure 4 shows the pH dependence of the slow
phase rate of NADPH binding to dihydrofolate reductase. In
this figure the solid line is the best fit line to a single pK. A
summary of the results obtained from this and similar exper-
iments is given in Table IV. pH also had a marked effect on the
relative amplitudes of each phase, although the total fluores-
cence signal change was relatively constant over the range
examined. When excess coenzyme was reacted with dihydro-
folate reductase, it was found that the amplitude of the fast
phase decreased while the amplitude of the slow phase (and
of the intermediate phase, where present) increased in a
complementary manner with increasing pH. This effect on the
amplitude of the fast phase expressed as a percentage of the
total fluorescence quench when NADPH was reacted with the
enzyme is shown in Figure 5. The best fit line for a single pK
gave a value of 6.64 £ 0.26. However, there is no physical
significance to a fit to a single pK since the limiting concen-
trations of enzyme species are not 0 and 100%. It is necessary
to postulate the equilibrium system in Scheme III, in which
all species can exist, and in which E;H* and E, represent the
tightly binding form. The values of K4 and K can be estimated
from the plot of percentage fast phase against pH. K and K;
can then be calculated at each data point and mean values for
each of the constants can be used as starting values for non-
linear regression analysis of the data.

The values obtained for the pKs of the enzyme ionizations
and the equilibrium constants of the two forms are summarized
in Table V. The consistency of the values of the constants is
encouraging in view of the relatively high experimental error
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TABLE IV
pH 5.25 pH 7.5
Coenzyme kapp (s™1) kapp (s7H) pK
(a) Effect of pH on the Rate of the Intermediate Phase of Coenzyme Binding to Dihydrofolate Reductase, 25 °C
Thionicotinamide-NADPH 0.83 0.21 6.68 +0.48
NADP+ 0.55 0.15 6.37 £ 0.38
(b) Effect of pH on the Rate of the Slow Phase of Coenzyme Binding to Dihydrofolate Reductase, 25 °C
NADPH 0.060 0.012 6.76 £ 0.18
Deamino-NADPH 0.058 0.009 6.40 £ 0.10
Etheno-NADPH 0.058 0.016 6.32 £ 0.05
3-Acetylpyridine-NADPH 0.043 0.015 6.46 + 0.12
Thionicotinamide-NADPH 0.037 0.018 6.75+0.18
NADP+ 0.040 0.018 7.03 +0.26

TABLE V: Equilibrium Constants and pK Values Determined from
Analysis of Relative Amplitudes of Fast and Slow Phases at pH 6
and 25 °C,

Ligand K, K4 pKl pK3
NADPH¢ 71+47 04+0] 72+03 60+£03
NADPH?* 60+29 03x01 74£02 62%02
Deamino-NADP- 9240 0301 754£03 60+£0.3

H
Etheno- 57417 03+01 73£02 60+£0.2

NADPH

@ Data from protein fluorescence quenching measurements. # Data
from NADPH fluorescence enhancement measurements.

associated with their determination. The similarity of the pH
dependence of the slow phase rate for each coenzyme species
is also consistent with the idea of a pH-dependent protein
isomerization. At low pH the fraction of the enzyme in the E,
(NADPH binding) form is increased which results in a cor-
responding increase in the amplitude of the fast phase.

Attempts to measure directly the interconversion rates of
the enzymic species by pH-jump experiments have met with
limited success. Using bromothymol blue as indicator it was
found that the indicator bound to the enzyme and inhibited its
activity. p-Nitrophenol did not bind to the enzyme nor inhibit
its activity, but instrumental problems and difficulties asso-
ciated with measuring the true final pH of the unbuffered
enzyme solution have meant that all that can be said about
these rates is that they are less than 0.1 s~! and are therefore
likely to be the slower of the two slow phases of the binding
reaction.

Effects of Temperature and Viscosity on the Kinetics of
Coenzyme Binding to Dihydrofolate Reductase. The effect
of temperature on the kinetics of the binding of NADPH and
analogues to dihydrofolate reductase has been investigated over
the temperature range 11 to 37 °C at pH 6.0. Kinetic constants
were determined under pseudo-first-order conditions in which
ligand was reacted in at least tenfold molar excess over the
enzyme. Under these conditions and when the dissociation rate,
k1, is negligible as for NADPH, deamino-NADPH, eth-
eno-NADPH, and 3-acetylpyridine-NADPH (Table II), k;
of the fast phase could be estimated from experiments at a

SCHEME I
Kl
EH —E, +H

TABLE VI: Thermodynamic Parameters Determined for Reaction
of Coenzyme and Analogues to Dihydrofolate Reductase, pH 6.0.

E, AHF AS¥ AG*
(kcal  (kcal (calmol~! (kcal
Ligand mol~!) mol~!) deg™!) mol™!)
(a) Fast phase
NADPH 2.5 1.9 -194 7.7
Deamino-NADPH 5.7 S.1 -10.7 8.3
Etheno-NADPH 0.9 0.3 -25.0 7.8
3-Acetylpyridine- 7.4 6.8 —-2.7 7.6
NADPH
(b) Intermediate phase
3-Acetylpyridine- 14.0 13.4 ~14.4 17.7
NADPH
Thionicotinamide-NADPH 16.8 16.2 =5.0 17.7
NADP+ 156 150 -84 175
(c) Slow phase
NADPH 12.6 12.0 -23.6 15.0
Deamino-NADPH 16.4 15.8 —-11.4 19.2
Etheno-NADPH 11.8 11.2 -27.3 19.3
3-Acetylpyridine- 13.8 13.2 -20.8 19.4
NADPH
Thionicotinamide- 15.5 14.9 —14.9 19.3
NADPH
NADP* 14.6 14.0 -17.9 19.3

single ligand concentration from the relationship k,p, =
ki[L].

In each experiment the data conformed to the Arrhenius law
enabling the activation energy, E,, to be calculated from the
slope of a plot of In k,p, against the reciprocal of the absolute
temperature. The thermodynamic parameters AH¥ (enthal-
py), AS¥ (entropy), and AG* (free energy) could then be
calculated from the equations:

AH*¥ = E, — RT )
Ink =In <£h_TeAS*/Re—AH¢/RT> )
AG* = AH* — TAS* 3)

where k is the rate constant, &’ is the Boltzmann constant, and
h is Planck’s constant.

The results of these experiments for the fast, intermediate
and slow phases are given in Table V1. In this table, the figures
quoted for AH¥, AS¥, and AG¥ are those for reaction at 25
°C (298 K).

Structural modification of the coenzyme has been shown
to have only a minor effect on the association rate constant
(Table IT). This, combined with the relatively high values for
the rate constant (approximately 1.5 X 10’ M~1s~!) and the
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TABLE VII: Dissociation Rates of Coenzymes from Binary Complexes at pH 6.0 and 25 °C.¢

DUNN., BATCHELOR, AND KING

Emission
Ligand k_y(s7h Competing ligand wavelength (nm)
NADPH 0.27 3-Acetylpyridine-NADPH 449
Deamino NADPH 0.19 3-Acetylpyridine-NADPH 449
3-Acetylpyridine-NADPH 3.1 NADPH 449
Thionicotinamide-NADPH 13.9 NADPH 341
NADP+ 40.3 NADPH 341
NADP* 46.1 3-Acetylpyridine-NADPH 449

9 Values determined from competition experiments using a coenzyme of different fluorescence quenching or energy transfer efficiency.

SCHEME IV

k
E, + NADPH === E, . NADPH
ko
e
E,

low activation energy of the fast phase of NADPH binding,
suggest that the rate of formation of the binary complex may
be diffusion limited. One of the characteristics of a diffusion-
controlled reaction is that its rate is inversely proportional to
the medium viscosity (Barnett, 1973). Therefore the binding
of NADPH to dihydrofolate reductase was investigated using
buffers containing 10-50% glycerol since water and glycerol
have previously been shown to form relatively ideal mixtures
(Stokes & Robinson, 1966; Schalager & Richards, 1970). The
rate of the slow phase was, as expected, independent of the
viscosity, whereas the rate of the fast phase increased iinearly
with the reciprocal of the percentage of glycerol in the medi-
um.

Dissociation Rates from Competition Experiments. When
a solution of enzyme-ligand complex (EL,) is mixed with a
solution containing a high concentration of some other com-
pound, L,, which competes for the ligand binding site on the
enzyme, the following reactions take place

k-
EL, —E +1,
ky

k2
E + Lz ﬁ EL:

k-2
If ko &« k,[Ls] > k[L4], the signal due to the disappearance
of EL can be interpreted in terms of the rate constant, k_,
for the dissociation of the complex. Under these conditions it
has been possible to determine the dissociation rates for a
number of dihydrofolate reductase-coenzyme complexes. In
these experiments both the differences in efficiencies of fluo-
rescence quenching and intensification of energy-transfer
fluorescence of the various coenzyme analogues were em-
ployed. All reaction curves fitted well to a single exponential
and the results are summarized in Table V1L In all experiments
the excitation wavelength was 290 nm. Enzyme concentration
was 1 uM and the concentrations of both bound and competing
ligands were chosen so that the observed rate should be an
accurate reflection of k.

The experimental rate, k_, for the dissociation of NADP*
from the binary complex given in Table VII is in agreement
with the rate of 55 £ 10 s~ ! estimated from NMR experiments
(Way et al., 1975). However, the estimated rates of NADPY

“and thionicotinamide-NADPH dissociation given in this table
differ by a factor of three from those given in Table II. One
possible explanation for these results is that the bimolecular
association of enzyme and ligand is followed by at least one
transition of the binary complex which is not detected by flu-

SCHEME V
F.H' == E,H' + NADPH == E,H"-NADPH

Al |

E, == E, +NADPH === E,-NADPH

_—

orescence quenching or cnhancement experiments, and that
this reaction becomes rate limiting in the dissociation experi-
ments.

Discussion

The maximum value of 1.0 X 1078 M found for the disso-
ciation constant of NADPH from the L. casei MTX/R en-
zyme compares with values of 5 X 107% M for the L1210
lymphoma (Perkins & Bertino, 1966), 7.7 X 107 M for T,
phage, and 9.1 X 1078 for E. coli (Erickson & Matthews,
1973) and a value approximated as less than 10~ M for this
L. casei enzyme (Dann et al., 1976). However, since these other
authors do not report the effect of pH on the value of Ky, a
proper interspecies comparison cannot be made.

A comparison of the equilibrium dissociation constants for
the complexes formed between dihydrofolate reductase and
NADPH or coenzyme analogues indicates that the nicotin-
amide ring has a major influence in the binding process (Table
[). Variation in these dissociation constants can be attributed
largely to variation in the lifetimes of the complexes, since
while the dissociation rates were ligand dependent, structural
differences had little effect on the observed rates of complex
formation (Tables Il and VII).

The appearance of the biphasic reaction curve when dihy-
drofolate reductase was reacted with greater than stoichio-
metric concentrations of NADPH is consistent with a reaction
scheme that includes a fast bimolecular NADPH-enzyme
association and a much slower monomolecular protein tran-
sition. A detailed investigation of the concentration depen-
dencies of both the rates and amplitudes of these phases has
led to the proposal of Scheme 1V for NADPH binding. Ac-
cording to this scheme the enzyme exists in two interconvertible
forms, E| and E,, to one of which, E;, NADPH binds exclu-
sively. Such a scheme adequately explains the biphasic de-
crease in protein fluorescence accompanying ligand binding
since the rapid quench corresponding to the binding to E; is
followed by a slow quench corresponding to the conversion of
E, to E, followed by rapid coenzyme binding.

In the studies of pH dependencies of the slow phase rate
(Figure 3) and relative amplitudes of the fast and slow phases
(Figure 4), it has been shown that the percentage of the total
enzyme in the E; form is pH dependent over the pH range 5.25
to 7.5. At low pH, the E form, to which NADPH binds, pre-
dominates thus accounting for the increased fast phase am-
plitude. Scheme V for NADPH binding incorporates these pH
effects. While this scheme adequately accounts for the kinetic
data available for the binding of NADPH, deamino-NADPH.
and etheno-NADPH, it cannot explain the third phase of in-
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SCHEME VI

ks
E, +L=—E,L
k.3

termediate rate which is observed when 3-acetylpyridine-
NADPH, thionicotinamide-NADPH, and NADP* bind to
the enzyme. However, the percentage of the total quench oc-
curring in the fast phase and the rate and thermodynamics of
the slowest phase are fairly consistent for all the analogues
examined. This suggests that the specific model proposed for
NADPH binding may be generalized to account for the ob-
served binding kinetics of the analogues by the inclusion of
another unimolecular transition. As the amplitude of the in-
termediate phase increases with pH in a qualitatively similar
manner to that of the slow phase, it is probable that, if such a
transition exists, it is associated with the E, form of the enzyme
which predominates at high pH. Therefore a possible model
for analogue binding is as shown in Scheme VI (excluding pH
effects). According to this model these analogues can bind to
both enzymic forms, unlike the exclusive binding to E; of
NADPH, deamino-NADPH, and etheno-NADPH, and the
intermediate rate observed corresponds to the interconversion
of the complexes, E;L and E;L. If this scheme is correct the
affinities of E; and E, for ligand must be appreciably different
for, if they were identical, all ligands would rapidly be taken
up into complexed form and no slow phase, reflecting the in-
terconversion of E, and E;, would be observed. Furthermore,
if the affinity constant for the binding of ligand to E, were low
compared with the binding to E| and was due to a short lifetime
(i.e.,a high k_3), the rate of this association step, which would
be approximated by & = k3[L] + k_3, would be so fast and of
such small amplitude that any fluorescence quench would be
lost in the dead time of the instrument, thus explaining why
a second fast association step is not observed. While this non-
exclusive binding scheme appears to fit the experimental results
in a qualitative manner, it is hoped that a more quantitative
interpretation may come from a computer simulation of pos-
sible kinetic mechanisms.

The rate of the fast phase, corresponding to complex for-
mation between ligand and enzyme, was largely unaffected by
structural modification of the coenzyme (Table ). For a bi-
molecular reaction of a low molecular weight substrate with
an enzymatic site Alberty & Hammes (1958) have calculated
that the diffusion-limited rate constant should fall in the range
of about 108 to 1010 M~! s—!, However, these calculations,
which are based on the radial diffusion of a small ligand into
a hemispherical site on the surface of the protein, would require
that the ligand could encounter the binding site in any orien-
tation. For a complex molecule such as NADPH (molecular
weight 740) combining with a small enzyme such as dihydro-
folate reductase (molecular weight 17 900) lower diffusion-
limited rates would be expected. The association rates given
in Table II are thus quite possibly consistent with the binding
of coenzyme to dihydrofolate reductase being diffusion con-
trolled. This interpretation has been further supported by the
inverse dependence of the rate of NADPH-dihydrofolate re-
ductase association on viscosity and by the low enthalpy of
association which is close to that expected of diffusion in water
(approximately 4 kcal mol~!),

However, investigation of the pH dependence of the fast
phase of deamino-NADPH binding has suggested that, after
the bimolecular association, further transitions of the binary
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complex occur. Furthermore, NMR studies have shown that
in the binary complex, the 2’-phosphate group of both NADPH
and NADP* is in the dianionic state and its pK is shifted by
at least 3 pH units from its value in the free coenzymes (Feeney
et al., 1977). Therefore, at least one pH-dependent step must
occur after complex formation. One scheme which may be

considered is:

k 2
E + L= EL*—2E,L

[ k-2
where the conversion of E;L* to E,L is pH dependent. Since,
under pseudo-first-order conditions neither deviation of the
fast phase rate from a single exponential rate constant nor
dependence of the apparent rate constant on ligand concen-
tration has been observed it may be assumed that E,L*, if it
exists, is not significantly populated (King & Burgen, 1976).
In such a situation the observed rate constant, k,pp, may be
approximated by:

kiks
k-1t ks,

According to this relationship if k5 is pH dependent, then the
observed rate constant will also be pH dependent, which is
apparently the case for the deamino-NADPH binding. Fur-
thermore, if several rate constants contribute to the observed
fast phase rate, this may also explain the enthalpies of associ-
ation of deamino-NADPH and 3-acetylpyridine-NADPH
which are higher than those expected from a diffusion-con-
trolled reaction. The lack of pH-dependence of the experi-
mental rate constant for NADPH binding to the enzyme can
also be explained by applying the limiting condition that when
k3 >> k_; the above expression reduces to k,p, = k| which is
the diffusion-limited association rate.

Kapp =
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Sites of Phosphorylation on Pyruvate Dehydrogenase

from Bovine Kidney and Heart?

Stephen J. Yeaman, Eldridge T. Hutcheson,* Thomas E. Roche,? Flora H. Pettit, James R. Brown,

Lester J. Reed,* David C. Watson, and Gordon H. Dixon

ABSTRACT: The highly purified pyruvate dehydrogenase
complex (EC 1.2.4.1) and uncomplexed pyruvate dehydro-
genase from bovine kidney and heart mitochondria were
phosphorylated and inactivated with pyruvate dehydrogenase
kinase and [y-32P]ATP. Tryptic digestion of the phosphoryl-
ated pyruvate dehydrogenase yielded three phosphopeptides,
a mono- (site 1) and a di- (sites 1 and 2) phosphorylated te-
tradecapeptide and a monophosphorylated nonapeptide (site
3). The amino acid sequences of the three phosphopeptides
were established to be Tyr-His-Gly-His-Ser(P)-Met-Ser-
Asn-Pro-Gly-Val-Ser-Tyr-Arg, Tyr-His-Gly-His-Ser(P)-

Activity of the mammalian pyruvate dehydrogenase com-
plex is regulated by a phosphorylation-dephosphorylation cycle
(Linn et al., 1969a,b). Phosphorylation and concomitant in-
activation of the complex are catalyzed by a MgATP2~-de-
pendent kinase, and dephosphorylation and concomitant
reactivation are catalyzed by a Mg2*-dependent phosphatase.
The site of this covalent regulation is the pyruvate dehydro-
genase component of the complex. This component possesses
the subunit composition a3, (Barrera et al., 1972). Phos-
phorylation occurs on the « subunit (M, 41 000). In this
communication we present evidence that phosphorylation
occurs on three serine residues (sites 1, 2, and 3) in the « sub-
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Met-Ser-Asn-Pro-Gly-Val-Ser(P)-Tyr-Arg, and Tyr-Gly-
Met-Gly-Thr-Ser(P)-Val-Glu-Arg. Phosphorylation pro-
ceeded markedly faster at site 1 than at sites 2 and 3, and
phosphorylation at site 1 correlated closely with inactivation
of pyruvate dehydrogenase. Complete inactivation of pyruvate
dehydrogenase was associated with incorporation at site 1 of
1.0-1.6 mol of phosphoryl groups per mol of enzyme. Since
pyruvate dehydrogenase is a tetramer (a,8) and since phos-
phorylation occurs only on the « subunit, the possibility of
half-site reactivity is considered.

unit of bovine kidney and heart pyruvate dehydrogenase, and
we report the amino acid sequences around the three phos-
phorylation sites. Evidence is also presented that inactivation
of pyruvate dehydrogenase is associated with phosphorylation
of the serine residue at site 1.

Experimental Procedure

Materials

The following materials were obtained from the sources
cited: [v-32P]JATP (Amersham-Searle), L-(1-tosylamido-2-
phenyl)ethyl chloromethyl ketone treated trypsin (Worth-
ington); thermolysin, carboxypeptidase B, and aminopeptidase
M (Sigma); carboxypeptidase Y (Pierce Chemicals); hexo-
kinase (Boehringer-Mannheim). {y-32P]ATP was diluted at
least 1:1000 with nonradioactive ATP (P-L Biochemicals).
Thin-layer chromatography using ultraviolet light and ra-
diocautography for detection revealed the presence of only about
3% impurities. Highly purified preparations of the bovine
kidney and heart pyruvate dehydrogenase complexes, the
crystalline pyruvate dehydrogenase component, and bovine
kidney PDH, kinase were prepared as described previously
(Linn et al., 1972). All other reagents and materials were of
the purest grade available commercially.
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