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Variation of Transition-State Structure as a Function of the Nucleotide in 
Reactions Catalyzed by Dehydrogenases. 2. Formate Dehydrogenaset 
Jeffrey D. Hermes, Scott W. Morrical, Marion H. O'Leary, and W. W. Cleland* 

ABSTRACT: Since hydride transfer is completely rate limiting 
for yeast formate dehydrogenase [Blanchard, J. S. ,  & Cleland, 
W. W. (1980) Biochemistry 19, 35431, the intrinsic isotope 
effects on this reaction are fully expressed. Primary deuterium, 
13C, and l80 isotope effects in formate and the a-secondary 
deuterium isotope effect at C-4 of the nucleotide have been 
measured for nucleotide substrates with redox potentials 
varying from -0.320 (NAD) to -0.258 V (acetylpyridine- 
NAD). As the redox potential gets more positive, the primary 
deuterium isotope effect increases from 2.2 to 3.1, the primary 
13C isotope effect decreases from 1.042 to 1.036, the a-sec- 
ondary deuterium isotope effect drops from 1.23 to 1.06, and 
V,,, decreases. The l80 isotope effects increase from 1.005 
to 1.008 per single l 8 0  substitution in formate (these values 
are dominated by the normal isotope effect on the dehydration 
of formate during binding; pyridinealdehyde-NAD gives an 
inverse value, possibly because it is not fully dehydrated during 
binding). These isotope effects suggest a progression toward 
earlier transition states as the redox potential of the nucleotide 
becomes more positive, with NAD having a late and acetyl- 
pyridine-NAD a nearly symmetrical transition state. By 
contrast, the Iz oxidation of formate in dimethyl sulfoxide has 
a very early transition state (13k = 1.0154; Dk = 2.2; 18k = 
0.9938), which becomes later as the proportion of water in the 

l k a s t  formate dehydrogenase (formate:NAD+ oxido- 
reductase, EC 1.2.1.2) catalyzes the oxidation of formate to 
COz with concomitant reduction of NAD to NADH: 

NAD' + HC02-- C02 + NADH (1) 
The enzyme exists as a dimer of 42 000-dalton subunits and 
has no apparent metal ion requirement. By use of initial 
velocity studies, Blanchard & Cleland (1980) established the 
kinetic mechanism as ordered, with NAD adding before for- 
mate. Primary deuterium and 13C isotope effects in formate 
were determined with both NAD and acetylpyridine-NAD. 
The I3C isotope effect was identical with unlabeled and deu- 
terated formate [although D(V/K) was 2.81, showing that all 
isotope effects measured were intrinsic ones on the chemical 
step of hydride transfer. Formate dehydrogenase is therefore 
ideally suited for study of transition-state properties. In the 
present paper we report the primary and a-secondary deu- 
terium, primary 13C (in formate), and l 8 0  isotope effects 
determined with NAD and its thio, acetylpyridine, and py- 
ridinealdehyde analogues and attempt to deduce the variation 
in transition-state structure as a function of the redox potential 
of the nucleotide (see Figure 1). We also compare the primary 
deuterium, 13C, and l 8 0  isotope effects with those for the 
chemical oxidation of formate by I2 in dimethyl sulfoxide, 
water, or mixtures of the two. On the basis of the effect of 
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solvent increases (13k = 1.0265 in 40% dimethyl sulfoxide and 
1.0362 in water). a-secondary deuterium isotope effects with 
formate dehydrogenase are decreased halfway to the equilib- 
rium isotope effect when deuterated formate is the substrate, 
showing that the bending motion of the secondary hydrogen 
is coupled to hydride transfer in the transition state and that 
tunneling of the two hydrogens is involved. The 15N isotope 
effect of 1.07 for NAD labeled at N-1 of the nicotinamide ring 
suggests that N-1 becomes pyramidal during the reaction. l80 
fractionation factors for formate ion relative to aqueous so- 
lution are 1.001 6 in sodium formate crystal, l .0042 bound to 
Dowex-1, and 1.0040 as an ion pair (probably hydrated) in 
CHCl,. The COz analogue azide binds about lo4 times better 
than the formate analogue nitrate to enzyme-nucleotide 
complexes (even though the Ki values for both and the affinity 
for formate vary by 2 orders of magnitude among the various 
nucleotides), but the ratio is not sensitive to the redox potential 
of the nucleotide. Thus, not the nature of the transition state 
but rather the shape of the initial binding pocket for formate 
is determining the relative affinity. The change in transi- 
tion-state structure as the nucleotide is altered must therefore 
be the result of the redox difference, rather than any differ- 
ences in binding of reactants. 

primary deuterium substitution on the a-secondary deuterium 
isotope effect, we speculate regarding the shape of the potential 
barrier and the involvement of quantum mechanical tunneling 
in the reaction. 

Materials and Methods 
Chemicals. Yeast formate dehydrogenase and NAD (Li 

salt, formate free) were from Boehringer-Mannheim. Yeast 
and horse liver alcohol dehydrogenases, yeast aldehyde de- 
hydrogenase, rabbit muscle lactate dehydrogenase, beef glu- 
tamate dehydrogenase, and carbonic anhydrase were from 
Sigma. Acetylpyridine-NAD and deamino-NAD were from 
P-L Biochemicals, while thio-NAD, pyridinealdehyde-NAD, 
nicotinic acid dinucleotide, and 3-amino-NAD were from 
Sigma. Sodium formate-d (99 atom % D), ethanol-d6 (99 
atom % D), [13C]formic acid (90 atom % 13C), ['2C]formic 
acid (99.9 atom % %), and H2180 (98 atom % l80) were from 
Merck. 3-Cyano-NAD was prepared from thio-NAD by 
treatment with methanolic silver nitrate according to the 
procedure of Biellmann & Jung (1970). Successful synthesis 
was confirmed by reaction with yeast alcohol dehydrogenase 
and ethanol to produce an appropriate A,,, (324 nm) for the 
reduced analogue. NAD containing' 15N at N- 1 of the nico- 
tinamide ring was a gift from Dr. Norman Oppenheimer. 

Nomenclature. The nomenclature used is that of Northrop 
(1977), in which isotope effects on kinetic or thermodynamic 
parameters are indicated by leading superscripts. Thus, 13, 
15, 18, T, D, or a-D refer to 13C, 15N, l80, tritium, primary 
deuterium, or a-secondary deuterium isotope effects. Where 
necessary, following subscripts are used. For example, 
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FIGURE 1: Transition state for the formate dehydrogenase reaction. 
Isotope effects have been measured for the atoms shown as letters 
(except for CONH, and ADPR). The geometry of the nicotinamide 
ring is hypothetical but is consistent with the observed I5N isotope 
effect and with hydride transfer to the axial position at C-4. 

13( V/Qf,,-,d is the 13C isotope effect of V/K with deuterated 
formate as substrate. For a further discussion of nomenclature, 
see Cook & Cleland (1981). 

[13C180,]Formate. Conditions required for the oxygen 
exchange of formic acid were established with I3C NMR 
(Risley & van Etten, 1980). Complete exchange of 20 pL of 
formic acid in 1.5 mL of 30 atom % H2180 occurred within 
4 days at room temperature; 20 pL of [13C]formic acid was 
then added to 1.0 mL of H2I8O (98 atom % l80) in a 5-mm 
NMR tube equipped with a flea magnetic stir bar. The so- 
lution was tightly stoppered and mixed for 9 days at room 
temperature. After end-point assay for formic acid with 
formate dehydrogenase, 1.1 equiv of tripotassium phosphate 
was added, and the solvent was removed by a slow stream of 
N2 to a trap cooled by liquid nitrogen. A total of 1 .O mL of 
D 2 0  was added for field lock, the stir bar was removed, and 
a limited acquisition I3C NMR spectrum revealed one peak 
at a chemical shift of 166.0 ppm with a shoulder downfield 
by 0.023 ppm. The ratio of 1802/180'60/1602 was 95/5/ 
undetected. The formate concentration of this solution was 
determined by end-point assay, and it was mixed with 
[12C]formic acid (99.9 atom % I2C) in 100 mM K-Hepes, pH 
8.0, to yield 500 mL of a solution 20 mM in formate with a 
natural abundance I3C/I2C ratio (approximately 1.1%). 

NAD-4-d. A combination of published techniques was used 
to synthesize NAD-4-d (Viola et al., 1979; Cook et al., 1980). 
In a 50-mL beaker equipped with a flea stir bar was placed 
196 mg (0.28 mmol) of NAD (Li salt) in 15.0 mL of 6 mM 
Taps,l pH 9.0. To this was added 18 pL of ethanol-d6 (0.35 
mmol). KOH (0.1 N) was added along with 11.1 mg (100 
units) of yeast aldehyde dehydrogenase and 56 mg (100 units) 
of horse liver alcohol dehydrogenase to maintain pH, which 
was kept at 9.0 during the reaction. After 1 h, at which time 
the was constant and appropriate for 100% conversion 
to A-side NADD, 250 mg of (NH4),S04 was added while the 
pH was maintained above 8.0. A total of 2000 units of glu- 
tamate dehydrogenase was then added, followed by 400 mg 
of a-ketoglutaric acid in 10-mg portions with pH adjustment 
after each addition. After 1 h (or until no further decrease 
in A,, was seen), the solution was centrifuged to remove any 
precipitated protein, and the supernatant was filtered through 
an Amicon PM-30 membrane at 40 psi of N, and 4 O C .  The 
volume was reduced to 5 mL with a rotary evaporator, and 
the solution was applied to a 190 X 2 cm column of Sephadex 
G-10 equilibrated with 20 mM KCl and eluted with the same 
solution at 4 OC. The fractions absorbing at 260 nm were 
pooled, concentrated, and used for determinations of a-sec- 
ondary isotope effects. The UV spectrum showed no detectable 
absorbance above 290 nm. Enzymatic end-point assays in- 

' Abbreviations: Hepes, N-(2-hydroxyethyl)piperazine-Nc2-ethane- 
sulfonate; Taps, 3-[ [tris(hydroxymethyl)methyl]amino]propanesulfonate; 
Ches, 2-(N-cyclohexylamino)ethanesulfonate; HPLC, high-pressure liq- 
uid chromatography. 

dicated a 70% recovered yield of NAD-4-d from NAD. 
The 4-deuterated analogues of NAD were synthesized en- 

zymatically in similar fashion with the following modifications: 
(1) twice the enzyme concentrations were used, ( 2 )  the ap- 
propriate wavelength for each reduced nucleotide was moni- 
tored (acetylpyridineNADH, 363 nm; thio-NADH, 395 nm; 
pyridinealdehyde-NADH, 358 nm), and (3) HPLC purifi- 
cation for the thio and pyridinealdehyde analogues was em- 
ployed by using a Waters reverse-phase ((2-18) semiprep 
column (7.9 mm X 30 cm) with 30 mM phosphate, pH 6.0, 
as eluant at a flow rate of 3.0 mL/min. 

Initial Velocity Studies. Initial velocities were measured 
by monitoring the appearance of NADH at 340 nm in either 
a Cary 118 or Beckman DU plus Gilford OD converter. Yeast 
formate dehydrogenase is inhibited by NADH (Ki = 6 pM). 
In order to ensure that initial velocities could be obtained from 
chart traces, a full scale of 0.02 A was used in all studies with 
NAD or NAD-4-d. All additions of less than 50 pL were 
made by using micropipets (Dade Diagnostics), and 3.0-mL 
cuvettes were used. Reactions were initiated by addition of 
a small volume of cold enzyme with an adder mixer. Reactions 
where NAD levels were varied at low formate concentrations 
were carried out in 5- or 10-cm cuvettes. 

For determinations of a-secondary deuterium isotope effects, 
commercial formate dehydrogenase was purified from any 
contaminating nucleotide or formate by application of 180 
units to a 190 X 2 cm column of Sephadex G-10 and elution 
with 10 mM Hepes, pH 7.8. All substrate and enzyme solu- 
tions were Millipore filtered to remove dust particles before 
use in these experiments. 

Temperature was maintained to fO.l OC between 9 and 35 
"C for the determination of activation energies for Vand V/K.  
The enzyme activity was stable over the measurement period 
at all temperatures. 

Determination of Substrate Concentrations. All substrate 
concentrations were determined enzymatically. Nucleotide 
concentrations were determined by using 10 units of horse liver 
alcohol dehydrogenase and 50 mM cyclohexanol in 100 mM 
Ches buffer, pH 9.5. Standard deviations in end-point assays 
for nucleotides were less than 0.5%. Formate solutions were 
calibrated to within 2% agreement with formate dehydrogenase 
and excess NAD in 100 mM Hepes, pH 7.8,  with 35% di- 
methyl sulfoxide, which reduces product inhibition by NADH, 
thus giving a convenient, time-saving end-point analysis for 
formate. Since V / K  isotope effects determined by direct 
comparison of the initial velocities with labeled and unlabeled 
substrates are only as precise as the substrate concentration 
calibrations, this point is critical. Blanchard & Cleland (1980) 
reported D( V/Kf,,,,,,) values that differ from those in the 
present work, presumably because of incorrectly calibrated 
formate solutions. 

Determination of Formate Dehydrogenase 13C Isotope 
Effects. The technique employed for determination of 13C 
isotope effects is that described in detail by O'Leary (1980) 
in which the natural abundance of 13C in formate is used as 
a trace label to minimize errors caused by contamination with 
atmospheric COz. Reaction mixtures for low conversion 
contained 20 mM formate, 0.5 mM NAD or analogue, and 
22 mM pyruvate (used with lactate dehydrogenase to reoxidize 
the NADH produced from the formate dehydrogenase reac- 
tion) in a total volume of 20 mL. Complete conversion so- 
lutions (15 mL) contained 6.7 mM formate, 7.33 mM pyru- 
vate, and 0.5 mM NAD. Complete conversion samples were 
always analyzed on the same day as low conversion reactions, 
and NAD was always used as the oxidant. The solutions were 
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initially degassed with C02-free N2  for 4 h at pH 5 .  After 
adjustment of the pH to 7.8 with saturated KOH, the buffer 
containing formate, pyruvate, and NAD was degassed for an 
additional 8 h. After temperature equilibration to 25 OC, 7 
mg (0.3 unit/mg lyophilysate) of formate dehydrogenase and 
1 mg (700 units/mg) of lactate dehydrogenase were introduced 
into the reaction vessel in 0.1 mL of C02-free buffer with a 
syringe. Low conversion reactions were quenched at time 
periods of from 30 min (NAD) to 20 h (pyridinealdehyde- 
NAD) by using 0.4 mL of concentrated HzS04. In the re- 
actions with PyridinealdehydeNAD the formate concentration 
was increased to 300 mM and the nucleotide concentration 
to 1 mM (at least 20 pmol of C 0 2  is needed for determination 
of I3C/l2C ratios on the RMS 6-60 isotope ratio mass spec- 
trometer). The 100% conversions were allowed to react for 
24 h. 

To isolate the CO,, a series of freeze, distillation, and thaw 
procedures were utilized. First, N2  was removed from the 
system by freezing the reaction vessels in liquid N2  (C02  
condenses) and venting on a vacuum line. This process was 
repeated 4 times with complete thaws in between. Second, 
the C 0 2  contained in the reaction vessel was distilled from a 
dry ice-2-propanol bath to a liquid nitrogen cooled collection 
tube. Five such distillations, with complete thawing in be- 
tween, were sufficient to remove all C 0 2  from the reaction 
solution. Since this C 0 2  can be somewhat wet, four additional 
bulb-to-bulb distillations from dry ice-2-propanol baths were 
used to dry the C 0 2  suitably for mass spectrometry. To de- 
termine the extent of reaction, the C 0 2  was measured ma- 
nometrically. 

The isotopic composition of the C 0 2  was determined on an 
isotope ratio mass spectrometer (either a Nuclide Associates 
RMS 6-60 with a manual leak control rate or a Varian MAT 
250). Measurements were carried out within 24 h of isolation 
of CO, samples to minimize atmospheric leaks into the sample 
storage tubes. 

Determination of l80 Kinetic Isotope Effects. l 8 0  isotope 
effects were determined by the remote label method of OLeary 
& Marlier (1979) in which the apparent 13C isotope effect was 
measured for a 90:l mixture of H12C1602- and H13C1802-. 
This apparent isotope effect is the product of the 13C isotope 
effect and the square of the I8O isotope effect and in con- 
junction with the measured I3C isotope effect can be used to 
calculate the actual l 8 0  isotope effect as described under Data 
Analysis. The enzyme incubations and procedures were 
identical with those described for determination of the 13C 
isotope effects except that 20 mM [13C180 2, 12C1602]f~rmate 
was used, the degassing at pH 5 was replaced by degassing 
at pH 7.8 to avoid washout of l 8 0 ,  and carbonic anhydrase 
was included in both the low conversion and complete con- 
version samples to ensure that C 0 2  equilibration with the 
solvent was complete prior to isotopic analysis.2 To confirm 
that equilibration of the product CI8O2 with solvent l 6 0  had 
occurred in the initial I8O isotope effect determinations with 
NAD as the nucleotide, the COz isolated was analyzed by mass 
spectrometry, put back over H 2 0  and shaken for 24 h, and 
then reanalyzed. This procedure gave no change in the 
l3C/I2C ratio. 

Determination of I8Kq for Formic Acid Equilibration with 
H20 .  Formic acid (104 pL) was equilibrated for 2 weeks with 
5 mL of H 2 0  adjusted to pH 1.5 with 12 N HCl. Neutral- 

Only the m/e 45/44 (13C1602/12C1602) isotope ratio was used to 
determine the I 0 isotope effects. Therefore, any 180-labeled "C02 
resulting from the enzymatic reaction must be thoroughly equilibrated 
with H2160. 

ization with KOH, lyophilization, and oxidation by I, in di- 
methyl sulfoxide (see below) yielded C 0 2  with the same l80 

composition as that of the equilibrated formic acid. To de- 
termine the l8O content of the water, a sample of the original 
formic acid (thus keeping the same 13C content) was converted 
to CO, in this water by formate dehydrogenase. Acidification 
before isolation established the C02-H20 equilibrium. 

Iodine Oxidation of Formate in Dimethyl Sulfoxide. The 
quantitative oxidation of formate to C 0 2  by iodine occurs at 
room temperature in either water or dimethyl sulfoxide, but 
reaction in the latter is - lo7 times faster than in water (Hiller 
& Krueger, 1967) and allows isolation of C 0 2  without ex- 
change of oxygen with a solvent. Typically, a 10-fold excess 
of I2 (freshly sublimed) was used with 1 equiv of anhydrous 
sodium acetate to neutralize the HI generated during the 
reaction. A reaction vessel with side bulb for I, was utilized 
for degassing the dimethyl sulfoxideformate solution. 1, was 
mixed with the dimethyl sulfoxide-formate solution after 
complete degassing (3-h sparge with C02-free N2). A small 
stir bar was used for mixing, and all reactions were allowed 
to proceed overnight. By manometric measurement, the yields 
of C 0 2  were quantitative. The freezethaw procedure outlined 
for isolated of C 0 2  from aqueous solution is convenient for 
the isolation from dimethyl sulfoxide, also. Dimethyl sulfoxide 
used for the experiments was distilled from KOH at 10 mmHg 
(80 "C) and kept dry by storage over 4-A molecular sieves. 

Determination of 13C Isotope Effects for the Iodine Oxi- 
dation of Formate. The 13C isotope effects for this chemical 
reaction were determined in the usual fashion (O'Leary, 1980) 
in which C 0 2  produced from 10% and 100% reactions is an- 
alyzed for 13C/1zC ratio with a slight modification. Since the 
bimolecular rate constant is large enough (Hiller & Krueger, 
1967) to preclude possible quenching after low percent reac- 
tion, an alternate procedure for stopping the reaction at 
fractional consumption of formate was required. The tech- 
nique used was to limit the level of iodide so that exhaustion 
of oxidizing equivalents stopped the reaction. In the complete 
conversion reactions a 3-fold excess of iodine was used, and 
dimethyl sulfoxide was always used as the solvent to ensure 
100% conversion to CO,. 

After the solution was vigorously stirred for 1 h, 230 mg 
of potassium formate completely dissolved in 100 mL of dry 
dimethyl sulfoxide. Aliquots (20 mL for the low conversion 
and 5 mL for the 100% conversion) were degassed with 
C02-free N2 for 1 h. To the side bulbs of the reaction vessels 
were added 15 mg (low conversion) or 250 mg of iodine (100% 
reaction). After an additional 10 min of degassing, the iodine 
was mixed with the solution and allowed to react for 5.5 h. 

For determinations in aqueous solutions or 40% mole 
fraction of dimethyl sulfoxide, the above procedure was fol- 
lowed except that 100 mM phosphate, pH 7.35, was used and 
50 mg of KI was added to the 1, in the side bulb. 

Isolation of COz was accomplished in the usual fashion with 
a series of liquid nitrogen freeze-thaws followed by 2- 
propanol/dry ice freeze-thaws and bulb to bulb distillations. 

Data Analysis. Reciprocal initial velocities were plotted vs. 
the reciprocals of substrate concentrations, and the data were 
fitted to the appropriate rate equations by the least-squares 
method, assuming equal variances for either u or log u,  using 
a digital computer and the Fortran programs of Cleland 
(1979). Individual saturation curves were fitted to eq 2, where 

(2) 
v is the maximum velocity, A is the substrate concentration, 
and K is the Michaelis constant. Competitive inhibition data 
were fitted to eq 3 where Ki is the slope inhibition constant 

v = V A / ( K  + A )  
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D = VA/[K(l + Z/KJ + A] (3) 

and Z the inhibitor concentration. For analysis of primary 
deuterium isotope effects determined by varying the concen- 
tration of protioformate or deuterated formate at saturating 
levels of NAD, initial velocities were fitted to eq 4 or 5 ,  which 

u = VA/[K(l + FiEv,K) + A(l + FiEv)] (4) 

U = I/A/[(K + A)(1 + Fp!?v/~)] ( 5 )  

assumes independent or equal isotope effects on V and V/K. 
In eq 4 and 5 Fi is the fraction of deuterium label in the 
substrate, while EVIK and EV are the isotope effect minus one 
on the subscripted parameter. The best fit of the experimental 
data was taken as that with the lowest value of u (sum of 
squares of the residuals divided by the degrees of freedom). 

Secondary deuterium isotope effects were obtained by fitting 
the initial velocities to either eq 4 or eq 5 when the formate 
concentration was varied at saturating nucleotide or deuterated 
nucleotide levels or to eq 5 when nucleotide or deuterated 
nucleotide concentrations were varied at a formate level 
one-tenth of Kf,,,,,,. Since formate dehydrogenase has an 
ordered kinetic mechanism with NAD adding first, the initial 
velocity experiment performed in this manner yields the a- 
secondary isotope effect on V/K from both the slope and 
intercept ratios of the reciprocal plots. 

The I3(V/K) and 13918318(V/K) isotope effects were computed 
from eq 6: 

H E R M E S  ET A L .  

where R,, and R are the 13C/12C isotope ratios in the initial 
substrate (measured in product at f = 1.0) and product at 
fractional conversion$ The I8(V/K) isotope effect for a single 
l80 is then 

18( V / K )  = + 3 9 y  V/K)/13( v/K) (7) 

if double labeling is complete (that is, only two species of 
formate exist: H13C1s02- and H12C160C). 

However, the formate used to determine the l 8 0  isotope 
effects had the following composition: l3CI8O2, 1.187%; 
13C180160, 0.063%; 12C1s02, 0.1 19%; I2CI6O2, 98.63 1%. 
Because this problem will arise in all work with the remote 
label method, we develop the exact equations needed for this 
situation. The double-labeled formate actually contains three 
species that are significant: H13C180 2 3  - H'3C'80160-, and 
HlZCI8O2- (the level of H12C180160- or of any 1602 species 
is negligible). If x is the fraction of I3C, y is the fraction of 
1802 in the mixture (1 - y is the fraction of 180'60 labeling), 
and b is the fraction of this mixture in the final formate (bx 
should approximate the natural abundance of the remote label, 
which is 13C in this case, in order to minimize errors from 
contamination), the proportions of these species in the final 
formate mixture used for the experiments are given by 

H13C1802- = bxy 

4 1  - Y )  H13C180160- = b 

Hl2CI802- = b(1 - X)Y 

The [I2C] formate contains two significant species 
(H13C180160- or species containing 1802 are insignificant), 
while H12C180160-, while present at about 0.2% because of 
the natural abundance of lSO, has a negligible effect on ob- 
served isotope effects and will not be further considered. If 
z is the 13C abundance in the [12C]formate, we have 

Hl2CI602- = (1 - b)( 1 - Z) 

Hl3Cl6O2- = (1 - b ) ~  

Although the Hl2Cl8O2- is 10% of the double-labeled formate 
and about 0.1% of the total final formate, its effect on the 
isotope effect is negligible, and it can be ignored. The l3C/I2C 
ratio in the formate used for the experiments is thus 

bxy + bx(1 - y )  + (1 - b ) ~  
(1 - b)(l - z )  (8) 

The corresponding ratio in the first product produced is given 
by 
[ b ~ y / [ ' ~ k ( ' ~ k ) ~ ]  + bx(l -y)/(I3kl8k) + (1 - 

b w 3 k 1 / [ ( 1 -  b ) ~  - 41 (9) 

where 13k and I8k are isotope effects caused by I3C and single 
l 8 0  substitution. The observed value of the isotope effect, 
which is based solely on the 13C/12C ratio in the product C02,  
since the I8O in the product is restored to natural abundance 
by equilibration with water, is then given by 
13,18,18(~/K) = 

- - bxy + bx(1 - y )  + (1 - b)z 

b ~ y / [ ' ~ k ( ' ~ k ) ~ ]  + bx(1 - y ) / ( I 3 k l 8 k )  + (1 - b)r/13k 
13k(18k)2[1 + (1 - b)z/(bx)l 

(10) 1 + (lSk - 1)(1 - y )  + (1 - b)z(18k)'/(bx) 

from which 

1 3 ~ * ~ 8 ( ~ / ~ ) [ 1  + (18k - i ) ( i  - y)] 

13k - [(l - b)~ / (bx ) ] [ '~ , ' ~ , ' ~ (V/K)  - I3k] 

(1 1) 

'8k = 

This equation contains 18k on the right side, but because of 
the near identity 

(12) d l  + (18k - 1)(1 - y )  1 + (1% - 1)(1 -y)/2 

it is possible to rearrange eq 11 to3 

18k = 1 + 
13.18,18( V / K )  

13k- [(l - b)z/(bx)]('3,'8,'8(V/K) - 13k) - I 1  [ I /  
x [1  + (1 -Y)/21 (13) 

It is clear from the form of eq 13 that it reduces to eq 7 if y 
= 1 and z = 0. The value of x is not critical and, in fact, will 
not matter at all if z = 0. While y has an effect, the percent 
error in 18k - 1 is only 50(1 - y ) ,  or 2.5% in the present case, 
if the last term in eq 13 is dropped. What is critical, however, 
is the value of z. If the [I2C]formate contains an appreciable 
level of 13C, the denominator under the square root sign is 
significantly affected, especially if x is not close to unity. It 
is thus important to have as pure a I2C sample as possible to 
use for mixing with the I3Cl8O2-labeled formate. Equation 
13 thus makes clear the principles involved in the remote label 
method (O'Leary & Marlier, 1979), namely, the following: 
(1) The remote label which is used to follow isotope discrim- 
ination is reconstituted from the light isotope with as low as 
possible a content (but measured!) of the heavy one and a 

An exact rearrangement of eq 11 when eq 12 is substituted in it gives 
the reciprocal of [ l  - (1 - y)v ' /2 ]  as the last term in eq 13, where v' 
is the square root term in eq 13, but the form shown gives '*k - 1 values 
accurate to within 1% and is simpler to use. 
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Table I: Kinetic Parameters for Nucleotide Substrates of Formate Dehydrogenase at  pH 7.8, 25 OC 
relative activation energy (kcal/mol) Eo ' (V), Km Kformate 

nucleotide PH 7 (PM) (mM) VUUX VI Kiormate Vmax VIKiormate 
N A D  -0.320 32 2.7 (100) ( 100) 16.2 f 0.2 7.6 f 0.3 
deamino-NAD' -0.320 540 4.9 100 35 NDe N D  
thio-NAD -0.285 170 38 89 20 16.8 f 0.6 12.9 f 0.5 

16.9 f 0.8 pyridinealdeh yde-N AD -0.262 190 84 0.05 0.003 
acetylpyridine-N AD -0.258 1160 294 4 0.02 N D  10.9 f 0.3b 

23.5 f 1.5 

~~~ ~~ ~ ~ 

"Adenine replaced by hypoxanthine. bDetermined by Blanchard & Cleland (1980). 'ND, not determined. 

Table 11: Inhibition Constants for Nitrate and Azide as Competitive 
Inhibitors of Formate Dehydrogenasea 

Table 111: Primary Deuterium Isotope Effects with Formate 
Dehydrogenase" 

(Xi azide/ 
Ki nitrate Ki azide Ki nitrate) Kformatel 

nucleotide (mM) (MM) x 104 K~ 
N A D  0.35 f 0.02 0.075 f 0.019 2.1 7.7 
thio-NAD 13 f 2 1.6 f 0.1 1.2 2.9 
acetylpyridine- 34 f 5 2.7 f 0.3 0.8 8.6 

pyridinealdehyde- 5.2 f 0.4 9.6 f 0.6 18 16 
N A D  

NAD 
" p H  7.8, 100 mM Hepes. Formate concentrations were varied at 

fixed levels of nucleotide (>5K,, except 2.5Km for acetylpyridine- 
NAD). 

double-labeled sample of heavy isotope, with the two mixed 
in such a ratio that the final mass ratio is as close as possible 
to the natural abundance level. (2) The natural abundance 
of the heavy isotope causing the desired discrimination causes 
no problems (for D, 13C, 15N, or and the degree of 
labeling in the double-labeled species is not critical but should 
be as high as possible and accurately measured. (3) The 
isotope effect caused by the remote label itself must be sep- 
arately determined with the natural abundance label and 
corrected for by eq 13 or where discrimination is by a single, 
rather than by a double, label, by eq 14 (where y is now the 
fraction of label in the single position causing di~crimination):~ 
'8k = 

1 3 q  v/K)y 

13k - [13,18 ( V / K )  - 13k][(l - b)z/(bx)] - 13J8(V/K)(l-y) 

Most cases, in fact, will involve use of eq 14 rather than eq 
13. 

For the present work, the values for 13k were from Table 
V. The values for b, x, y, and z were 0.01369,0.90,0.95, and 
0.0032. 

Results 
Nucleotide Specifcity of Formate Dehydrogenase. The 

kinetic parameters for NAD analogues that are substrates are 
listed in Table I. Nicotinic acid dinucleotide, 3-amino-NAD, 
and 3-cyano-NAD showed no activity (<0.004% that of NAD) 
at concentrations of 5 mM nucleotide and 20 mM formate. 
A mixture of nicotinamide mononucleotide ( 5  mM) and AMP 
(0.5 mM) did not replace NAD. 

Temperature Dependence of V and V/Kformare. These pa- 
rameters were determined at 9, 18, 26, and 35 OC by varying 
formate at saturating levels of NAD, thio-NAD, or pyridi- 

(14) 

The comparable equation when a triple label is involved, as in the 
use of the amino group of adenine as a remote label to determine the 
secondary I8O isotope effect in a kinase reaction with three I8O atoms 
in the y-phosphate of ATP, is the same as eq 13, except that the square 

I3k becomes Irk, y is now the fraction of triply labeled species, and 1 - 
y in the last term is divided by 3, not 2. 

root becomes a cube root, the observed isotope effect is 15~18*18~18 (VlK) ,  

fit to eq 5 

NAD 2.13 f 0.09 2.27 f 0.21 2.17 f 0.04 
deamino-N AD 1.5 f 0.4 2.40 f 0.22 2.14 f 0.08 
thio-NAD 2.95 f 0.03 2.36 f 0.21 2.60 f 0.07 
pyridinealdehyde-NAD 2.83 f 0.38 2.86 f 0.14 2.85 f 0.04 
acetylpyridine-NAD -5.9 f 6.8 3.12 f 0.14 3.32 f 0.05 

"pH 7.8, 25 OC. Nucleotide concentrations were constant a t  >lOKm 
(except for 2Km for acetylpyridine-NAD). The concentrations of for- 
mate or deuterated formate were varied and the initial velocities fitted 
to eq 4 or 5. 

Table IV: a-Secondary Deuterium Isotope Effects with Formate 
Dehydrogenase" 

a-D( VIKformntc)' 

nucleotide procedureb formate formate-d 
NAD I 1.23 f 0.03 1.07 f 0.02 

I 1.23 f 0.02 1.06 f 0.01 
I1 1.21 f 0.01 1.07 f 0.01 

NAD at  6.5 OC I 1.22 f 0.01 1.08 f 0.01 
thio-NAD I1 1.18 f 0.02 1.03 f 0.01 
acet ylpyridine-NAD I1 1.06 f 0.03 0.95 f 0.02 
pyridinealdehyde-NAD I1 0.99 f 0.01 0.94 f 0.02 
"pH 7.8, 25 OC (except where noted). b(I)  Formate concentrations 

were varied at fixed (20 K,) levels of NAD or NAD-I-d. (11) The 
level of NAD or NAD-I-d was varied at  one-tenth the K, level of 
formate. <Data fitted to eq 5, which assumes equal isotope effects on 
slopes and intercepts. 

nealdehyde-NAD. The K, for acetylpyridine-NAD is too 
high to allow precise determinations of V. The activation 
energies in Table I were calculated from Arrhenius plots. 

Inhibition by Nitrate and Azide. Competitive inhibition 
constants for nitrate and azide were determined with NAD, 
thio-NAD, acetylpyridineNAD, and pyridinealdehyde-NAD 
as the nucleotide substrates and formate as the variable sub- 
strate. These values are in Table 11. 

Primary Deuterium Isotope Effects. When the concen- 
tration of formate-(H,d) was varied at  high fixed levels of 
NAD, thio-NAD, or pyridinealdehyde-NAD, the primary 
deuterium isotope effects of V / K  and V in Table I11 were 
obtained. With acetylpyridine-NAD only twice K, levels 
could be used because of the high K,  (1.16 mM). This could 
cause the apparent DV to be in error, but the value of 
D( V/Kformate) will be correct. It appears that equal isotope 
effects are seen on V / K  and V when those on the latter can 
be determined with any precision. 

a-Secondary Deuterium Isotope Effects. When the level 
of formate was varied from 0.23 to 11.6 mM (KfOr,,,, = 2.7 
mM) with either NAD or NAD-I-d saturating at 20 times 
their K,, an a-secondary kinetic isotope effect of 1.23 f 0.03 
was observed, but with deuterated formate the a-secondary 
isotope effect was reduced to 1.07 f 0.02. Equal isotope effects 
were seen on V and V/Kformate. In a different type of exper- 
iment, the concentration of NAD-4-(H,d) was varied around 



5484 B I O C H E M I S T R Y  H E R M E S  E T  A L .  

Table V: I3C Isotope Effects with Formate Dehydrogenase' 

isotope ratiosb (X i o5 )  
nucleotide formateC % reactiond low conversion 100% conversion "(VjK)" 

NAD H 10.0 1137.29 1183.51 1.0429 
8.7 1137.57 1183.51 1.0423 

14.8 1139.91 1183.52 1.0415 
11.2 1138.57 1183.52 1.0419 

13 (V/Kfomate) = 1.0422 * 0.0007 
13(V/Kformate4) = 1.0436 fr 0 .0027j  

thio-NAD H 5.6 1141.14 1183.52 1.0382 
12.7 1142.97 11 84.01 1.0385 
12.5 1143.75 1184.01 1.0377 

13(V/Kf0rmate)= 1.0381 f 0004 
13 (V/Kformate) = 1.0361 i. O . O O 1 l f  acetylpyridine-NAD 

p yridinealdehy de-NAD H 5.5 1139.36 1184.50 1.0408 
4.2 1138.07 1184.50 1.0407 

13  (V/Kformate) = 1.0413 f 0.0006 
D 1.1 1147.44 1194.57 1.0413 

1.1 1147.49 1194.76 1.0414 

deamino-NAD H 29.5 1143.28 1183.91 1.0425 
18.0 1140.35 1 1 84.00 1.0423 

l3(v/Kformate-d) = 1.0414 * 0.0001 

1 3  (V/Kformate) = 1.0424 fi 0.0001 

a pH 7.8, 25 "C. Isotope effects were determined from changes in the natural abundance of 13C (see Materials and Methods). Ratios 
were adjusted for 170 contribution to  m / e  45 by subtracting 74 from decade settings for m/e 45/44 which were corrected to tank standard of 
1260 (O'Leary, 1980). 
of CO, from acidifiedreaction mixtures. e Calculated with eq 6. 

H and D are unlabeled and deuterated formate. Values for the low conversion samples determined by recovery 
Determined by Blanchard & Cleland (1980). 

Table VI: "0 Isotope Effects with Formate Dehydrogenasea 

isotope ratiosb (X 109 
% reactionC low conversion 100% conversion 13 9 1  8 31 8 ( V / K )  d nucleotide 

NAD 

thio-NAD 

acetylpyridine-N AD 

21.0 1193.46 1246.16 1.0498 
21.0 1192.77 1 246.1 1 1.0504 

18(V/Kfomate) 1.0049 f 0.0011" 
(V/Kformate) = 1.0501 f 0.0004 13 ,18,18 

23.5 1195.48 1246.21 1.0486 
20.7 1193.77 1246.21 1.0494 
20.0 1194.26 1245.20 1.0481 

(V/Kformate) = 1.0487 j: 0.0007 13,18,18 

18 (V/Kformate) = 1.0066 f 0.0011" 
19.5 1194.13 1246.24 1.04 87 
24.0 1195.24 1246.30 1.0491 

(V/Kformate) = 1.0489 * 0.0003 13 ,18 ,18  

1 8  (V/Kformate) = 1.0079 * 0.0014e 
pyridinealdehyde-N AD 16.0 1208.31 1244.30 1.03 25 

10.5 1206.84 1244.95 1.0334 

a pH 7.8, 25 "C. The substrate was a mixture of [13C1800,]  formate and [ 1ZC'60,]formate in which the 13C/1zC ratio was close to  the 
natural abundance level (see Materials and Methods). 
settings for m/e  45/44 which were corrected to tank standard of 1260 (O'Leary,p1980). 
by recovery of CO, from acidified reaction mixtures. 
Table V. 

Ratios were adjusted for I7O contribution to  m/e 45 by subtracting 74 from decade 

Calculated with eq 6. 
Values for the low conversion samples determined 

Calculated from eq 1 3  by using the values of " k  from 

its K, (32 pM) while the formate level was maintained at 
O.lKfo,,,,,. This type of experiment yields a-D(V/Kfo,,,te) as 
the isotope effect on both the intercept and slope of the re- 
ciprocal plots. This experiment was also repeated at  6.5 "C 
to investigate the temperature dependence of the a-secondary 
deuterium isotope effect. Analogous experiments were per- 
formed with thio-NAD, acetylpyridine-NAD, and pyridine- 
aldehyde-NAD, and all results are in Table IV. Note that 
the use of deuterated formate reduces the observed isotope 
effect halfway from the value with unlabeled formate to the 

equilibrium isotope effect (0.89; Cook et al., 1980). 
13C Kinetic Isotope Effects. The 13(V/Kf0r,,,e) values for 

each nucleotide were determined by measurement of changes 
in the abundance of 13C during the reaction with an isotope 
ratio mass spectrometer. The isotope ratios together with the 
calculated I3C isotope effects are in Table V. 

"0 Kinetic Isotope Effects. These isotope effects were 
determined with the remote label method as described under 
Materials and Methods. The 13C/12C ratios obtained from 
incubations of [l3Cl80 2 3  12C1602]formate with formate de- 
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Table VII: 13C and “ 0  Isotope Effects for the I, Oxidation 
of Formate at  25 “C 

mole isotope ratios (X 10’)‘ 

fraction low conversion 100% conversion 
dimethyl 72 
sulfoxide reactionb 45/44 46/44 45/44 46/44 

1 .oo 12.0 1167.21 450.03 1184.22 447.71 
11.0 1167.48 450.80 1184.28 447.85 

13k= 1.0154 i- 0.0001 
l*k = 0.9938 2 O.OOIOc 

0.40 10.4 1155.07 NDd 1184.00 ND 
I3k = 1.0265 

0 12.3 1146.22 ND 1184.12 ND 
I3k = 1.0362 

a Ratios were adjusted for I’O contribution to  m / e  45 by 
subtracting 74 from decade settings for m/e 45/44 which were 
corrected t o  tank standard of 1260 (O’Leary, 1980). The 46/44 
ratio was corrected to a tank standard of 448. 
low conversion samples determined by recovery of CO, from 
acidified reaction mixtures. 
was natural abundance in l80 and measurement was of the 46/44 
ratio. ND, not  determined. 

Values fur the  

Per single oxygen since formate 

Table VIII: Influence of Solvent on the Rate and Isotope Effects for 
the I, Oxidation of Formate 

mole fraction k ” * b  
dimethyl sulfoxide (M-l s-l) Dkb ”kc 

0 1.8 X lo-* 3.8 1.0362 
0.409 2.8 X lo2 2.9 1.0265 
0.800 2.2 x 104 2.5 
1 .ooo 1 . 0  x 105 2.2 1.0154 

‘Rate = k[12][formate]. bData from Hiller & Krueger (1967). 
CData from Table VII. 

hydrogenase and the various nucleotides are in Table VI, along 
with the I 8 0  isotope effects for a single lSO substitution cal- 
culated by eq 13. 

15N Isotope Effects. The 15N isotope effect on V/Kformate 
was determined by varying the concentrations of NAD or 
NAD labeled with 15N at N-1 of the nicotinamide ring at a 
fixed level of formate one-tenth of its K,. The labeled NAD 
appeared to contain a competitive inhibitor, since a variable 
effect on the intercepts was seen, but such an inhibitor does 
not affect the V / K  values, and isotope effects of 1.07, 1.06, 
and 1.07 on V / K  (weighted average 1.07 f 0.04) were seen 
in three experiments. 

I3C and I8O Kinetic Isotope Effects on the I2 Oxidation of 
Formate. The 13C/12C ratios obtained from partial formate 
oxidations in 100,40, and 0% mole fraction dimethyl sulfoxide, 
together with the isotope ratios for complete conversion sam- 
ples and the calculated I3C isotope effects, are in Table VII. 
The l8O/I6O ratios for the partial and complete conversion 
reactions in pure dimethyl sulfoxide and the resulting I8O 
isotope effect are also shown. The I8O isotope effect when 
water was present was not determined because of the exchange 
of oxygen with water (it could have been determined by the 
remote label method with double-labeled formate). A com- 
parison o f  I3k and Dk values f o r  this reaction as a func t ion  of  
solvent composition is shown in Table VIII. 

l80 Fractionation Factors fo r  Formic Acid and Formate. 
When formic acid which had been equilibrated with water at 
low pH was isolated as formate and converted to C 0 2  with 
the I,/dimethyl sulfoxide oxidizing system, an l80/l6O ratio 
of 0.44988% was obtained. A sample of C 0 2  equilibrated with 
the same water had a ratio of 0.44697%. Thus, the frac- 
tionation factor of aqueous formic acid relative to gaseous C02 

Table IX: I80 Fractionation Factors of Formic Acid and of Formate 
Ion in Various Environments“ 

sample 
formic acid 
sodium formate 

(crystal)c 
formate 

(on Dowex-1)’ 
formate 

(tetrabutyl- 
ammonium 
salt in CHCLY 

isotope ratios ( x 1 0 ~ ) ~  

referencec sample fractionation 
45/44 46/44 45/44 46/44 factold 

1190.91 449.88 1191.17 446.97 1.0345 
1255.07 421.32 1256.38 421.97 1.0016 

1254.64 444.37 1258.02 446.24 1.0042 

1254.58 444.37 1251.60 446.16 1.0040 

‘Mass ratios in formate were determined on lyophilized samples of 
formate salts oxidized to C02 by I2 in dimethyl sulfoxide. bRatios 
were adjusted for I7O contribution to m / e  45 by subtracting 74 from 
decade settings for m / e  45/44 which were corrected to tank standard 
of 1260 (O’Leary, 1980). The 46/44 ratio was corrected to a tank 
standard of 448. CThe reference material was the residual formate in 
solution in equilibrium with the sodium formate crystal, the Dowex-1 
resin, or the chloroform layer, except for the case of formic acid, where 
it was COz equilibrated with the same water with which formic acid 
had been equilibrated. dRelative to water for formic acid (corrected 
for the fractionation factor of C 0 2  gas relative to water, 1.0412; 
Friedman & ONeill,  1977); relative to formate ion in aqueous solution 
in the other cases. ‘Crystals were grown over 1 h and stirred for 4 
days (about 5% of the material crystallized). The crystals were fil- 
tered, and the residual solution was lyophilized. fDowex 1-X8-C1 was 
stirred with a solution containing a 10-fold excess of sodium formate 
for 4 days. The resin was filtered off, washed extensively with water, 
and eluted with 1 N NaOH; it had been half-saturated with formate. 
The eluted formate and residual formate solutions were lyophilized. 
gSodium formate (1 g) and 300 mg of tetrabutylammonium bromide in 
5 mL of water were partitioned against 45 mL of CHC13. The two 
phases were stirred overnight, and the CHC13 layer was separated and 
evaporated to dryness. The aqueous layer was lyophilized. The tetra- 
butylammonium ion did not interfere with the I2 oxidation. 

is 1.0065 f 0.0002. Since the fractionation factor of C 0 2  
relative to liquid water is 1.0412 f 0.0001 (Friedman & 
ONeill, 1977), the fractionation factor of formic acid relative 
to water is 1.0345 f 0.0003. Since the l 8 0  isotope effect on 
the ionization of formic acid is 1.0109 (Ellison & Robinson, 
1983), the fractionation factor of formate ion relative to water 
is 1.0233. We have also used the 12/dimethyl sulfoxide system 
on isolated anhydrous formate salts to determine fractionation 
factors for formate ion in several environments relative to 
formate ion in aqueous solution. These values are in Table 
IX. 

Discussion 
Formate dehydrogenase is particularly amenable to 

heavy-atom isotope effect study since the product, C02,  is 
ideally suited for isotope ratio mass spectrometric analysis. 
Since the 13C isotope effect was the same with deuterated and 
unlabeled formate, Blanchard & Cleland (1980) deduced that 
the hydride transfer step was totally rate limiting, and thus 
there were no commitments for this r e a ~ t i o n . ~  We have 
confirmed this with pyridinealdehyde-NAD in the present 

For most dehydrogenases steps other than hydride transfer are at 
least partially rate limiting, so that the observed isotope effect on V / K  
is reduced by forward and/or reverse commitments, which are defined 
as the ratio of the rate of hydride transfer to the net rate constant for 
release of a reactant from the enzyme. The reactant whose rate of release 
determines the forward commitment is the variable substrate in a direct 
comparison experiment or the labeled one in an internal competition 
experiment (as here with natural abundance ” C  labels), while the rate 
of release of the first product determines the reverse commitment. See 
Cook & Cleland (1981) for a more complete description of isotope effect 
theory. 



5486 B I O C H E M I S T R Y  H E R M E S  E T  A L .  

work. The absence of commitments greatly simplifies analysis 
of the isotope effects, since the values observed are the intrinsic 
ones on the hydride transfer step. We will assume that all 
isotope effects reported in the present work are intrinsic values 
on hydride transfer, except for the 15N isotope effect [which 
by analogy with what has been deduced for the alcohol de- 
hydrogenase reaction by Cook et al. (1981) may be on a step 
prior to hydride transfer, so that one would observe the 
equilibrium isotope effect on this step], and that portion of 
the l8O isotope effects which appears to result from equilibrium 
isotope effects on the dehydration of formate during binding. 

Correlation of Isotope Effects with Transition-State 
Structure. The primary deuterium isotope effects increase as 
nucleotide redox potential is increased and the reaction be- 
comes more thermodynamically favored (Table 111). Ham- 
mond’s postulate states that such a thermodynamic change 
will result in an earlier transition state (Hammond, 1955). A 
change to an earlier transition state with an increase in primary 
deuterium isotope effect suggests that the transition state for 
NAD is productlike, or later than symmetrical (Westheimer, 
1961). 

The I3C isotope effects (Table V) decrease through the series 
from NAD to acetylpyridineNAD, indicating that C-H bond 
cleavage is less advanced with the more redox positive nu- 
cleotide and the transition state is earlier (the apparently 
anomalous 13C isotope effect for pyridinealdehydeNAD will 
be discussed). The redox potential of deamino-NAD (mod- 
ification on the adenine ring) is identical with that of NAD, 
and the similarity of the 13C and deuterium isotope effects and 
V,,, values for NAD and deamino-NAD suggests that the 
transition state for the latter is similar to that for NAD. 

The trends in both deuterium and 13C isotope effects thus 
both support the idea that the transition state is earlier and 
more symmetrical with acetylpyridineNAD than with NAD. 
The data for the I, oxidation of formate by contrast appear 
to cover the range from early to near-symmetrical transition 
states (Table VIII). In pure dimethyl sulfoxide the low values 
of both I3k and Dk suggest an early transition state. As the 
proportion of water in the solvent increases, the rate drops 
drastically (nearly 7 orders of magnitude in pure water), and 
both Dk and 13k increase, with the value of 13k in water being 
the same as from the enzymatic oxidation by acetylpyridine- 
NAD. It thus appears that the I2 oxidation covers one limb 
of the Westheimer curve and the enzymatic oxidation the 
other. To our knowledge this study and that in the previous 
paper (Scharschmidt et al., 1984) are the first examples where 
13C isotope effects have been determined as a function of 
transition-state structure, although the oxidation of formate 
by carbonium ions of various redox potentials does show a 
Westheimer curve for the deuterium isotope effects (Stewart 
& Toone, 1978). 

While the I2 oxidation of formate does show the drastic 
change in rate with change in transition-state structure pre- 
dicted by the theory of Marcus (1968), the trend in the rates 
of the enzymatic reaction is the reverse of that expected; that 
is, NAD is the fastest substrate, and acetylpyridine-NAD is 
much slower. Further, the redox potential of NAD is -0.32 
V, while that of formate is -0.42 V, so that if these reactants 
had the same redox potentials in their ternary complexes with 
the enzyme, the transition state would be predicted to be early, 
rather than late. Clearly the enzyme is having an effect on 
the transition-state structure (and presumably on redox po- 
tentials), although how this is done is not clear. It is intriguing 
that both with liver alcohol dehydrogenase [see Scharschmidt 
et al. (1984)l and with formate dehydrogenase the transition 

state with the natural substrate NAD is somewhat late, al- 
though benzyl alcohol has a redox potential higher than that 
of NAD and formate has one that is lower.6 What is clear, 
however, is that despite these influences, using a nucleotide 
with a more positive redox potential than that of NAD makes 
the enzymatic transition state earlier and apparently more 
symmetrical. A full interpretation of transition-state structure 
will have to await the measurement of 13C isotope effects at 
the 4-position of the nucleotide, the technology for which is 
under development. 

Inhibition by Azide and Nitrate. Azide is a linear molecule 
resembling C 0 2  and nitrate a trigonal one resembling formate, 
and Blanchard & Cleland (1980) suggested that azide, because 
it bound much more tightly to the E-NAD complex than 
either formate or nitrate, was acting as a transition-state 
analogue. We thus felt that the relative Ki values of azide, 
nitrate, and formate with different nucleotide substrates might 
help to define the variation in transition-state structure. It 
is clear from the data in Table I1 that NAD induces much 
tighter binding of all three molecules than do the other nu- 
cleotide substrates. Azide does bind more loosely as the redox 
potential of the nucleotide gets more positive, but the trend 
in Kf,,,,,,, and Kinitrate values is nearly the same, showing that 
the alternate nucleotide substrates are failing to induce as 
efficiently as NAD the conformation changes that lead to 
formation of the binding pocket for formate. This failure also 
causes the observed decrease in V/K values with the alternate 
nucleotides, which is in the opposite direction from that ex- 
pected from the redox potentials alone. We conclude that 
while the binding pocket for formate shows a tighter affinity 
for a linear anionic molecule than for a trigonal one and this 
may contribute to catalysis, the structure is not different for 
the different enzyme-nucleotide complexes. 

Interpretation of l80 Isotope Effects. The I8O isotope ef- 
fects reported in Table VI are the first such values to be 
measured for a decarboxylation reaction. If the isotope effect 
is considered purely as a secondary one, it should be inverse, 
since the estimated equilibrium isotope effect is 0.983 (the 
bond order to the oxygen is 2.0 in C 0 2  but only 1.5 in for- 
mate). The I2 oxidation of formate in dimethyl sulfoxide, 
which we believe to have an early transition state, does show 
a small inverse l 8 0  isotope effect of 0.9938 in agreement with 
this prediction. On the other hand, if motion of the oxygens 
is part of the reaction coordinate motion, this could produce 
a normal isotope effect, as is clearly the case for the 13C isotope 
effects. We believe this is not an important contribution for 
the l 8 0  isotope effects because the oxygens remain bonded to 
the same atom during the reaction and because most of the 
heavy atom motion during the reaction is that of the carbon. 
Conversion of formate to COz requires the carbon to become 
collinear with the oxygens, and since they have a mass of 32 

It is possible that formate is not absorbed simply as the counterion 
to the positive charge of the nicotinamide ring of NAD but rather that 
its binding pocket has an arginine or lysine present in it to strengthen 
binding of formate. While this positive charge would facilitate binding 
of formate, it would depress the rate of hydride transfer and thus possibly 
explain why such an apparently strongly exergonic chemical reaction is 
totally rate limiting for the overall enzymatic reaction. This positive 
charge would certainly raise the redox potential of formate, although 
whether it could raise it sufficiently to produce a late transition state with 
NAD is not clear. A possible perturbation in redox potential of the 
nucleotide could result from geometric deformation on binding or as the 
result of conformation changes after binding. Pyramidalization of N-1 
would certainly raise the redox potential, while twisting of the side chain 
out of the plane of the nicotinamide ring would lower it drastically. 
Unfortunately, X-ray studies have not yet been carried out with formate 
dehydrogenase. 
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and it has a mass of 12, most of the motion is by the carbon. 
Three of the measured l80 isotope effects are, however, 

normal, although they do become less normal as the redox 
potential of the nucleotide becomes more negative, as predicted 
(we will discuss the one inverse value with pyridine- 
aldehyde-NAD below), In the above discussion we have not 
considered the l80 isotope effect that would accompany the 
dehydration of formate during its binding to the enzyme- 
nucleotide complex. The l80 vapor pressure isotope effect for 
water is 1.0091 (Szapiro & Steckel, 1967); that is, the hy- 
drogen bonds in liquid water increase the bonding to the ox- 
ygen sufficiently to cause nearly a 1% fractionation factor 
between the vapor phase and the liquid. An effect at least this 
large is expected for desolvation of formate ion in aqueous 
solution, since each oxygen which carries a half negative charge 
can form up to three hydrogen bonds, as opposed to the two 
that an oxygen in water may participate in. We attempted 
to measure this effect by determining the l80 fractionation 
factor of formate in the sodium formate crystal which contains 
no water, but as the data in Table IX show, the close proximity 
of the oxygens to the positive charges in the crystal stiffens 
the vibrational frequencies of the oxygens sufficiently to ov- 
ercome the dehydration isotope effect (we presume this is 
simply the result of the half negative charge oscillating in the 
near vicinity of the positive charges; both stretching and 
bending frequencies should be elevated by the effect). This 
ion pairing isotope effect is also seen in the fractionation factors 
of formate bound as the counterion to Dowex-1 resin or 
partitioned into CHC13 as the tetrabutylammonium salt (Table 
IX). In both of these cases we believe that formate is still 
hydrated, so that the fractionation is almost solely an ion 
pairing effect. We conclude that formate is thus bound to the 
enzyme-nucleotide complex in such a way that it is dehydrated 
but not bound as a tight ion pair (that is, it is probably bound 
as the counterion to the positive charge on N-1 of the nico- 
tinamide ring of NAD, which is far enough removed from C-4 
that the vibrational frequencies of the oxygens of formate are 
not appreciably affected). The observed l80 isotope effects 
are thus the product of an equilibrium dehydration isotope 
effect of 1.01-1.02 and a kinetic isotope effect which is 
probably inverse but is certainly less inverse for nucleotides 
with more positive redox potential. 

The one exception to the above trends is pyridine- 
aldehyde-NAD, which gives an inverse l 8 0  isotope effect. It 
is also a very slow substrate, and it is tempting to postulate 
that the conformation change which sets the stage for hydride 
transfer does not completely dehydrate formate in this case. 
We also believe the reaction coordinate for hydride transfer 
with this nucleotide is longer than with the better substrates 
as the result of this defective conformation change. Thus, the 
I3k value is as high as with NAD, and the activation energy 
for both V and V I K  is considerably higher than for the faster 
substrates (Table I). On the basis of all of the isotope effects 
reported here, we postulate transition-state structures like those 
shown diagrammatically in Figure 2 for the various nucleo- 
tides. 

a-Secondary Deuterium Isotope Effects. In studies with 
liver and yeast alcohol dehydrogenases, Cook et al. (198 1) 
found that intrinsic a-secondary isotope effects using NAD-4-d 
were normal from the NAD side (1.22 with 2-propanol and 
the yeast enzyme and 1.34 for cyclohexanol and the liver 
enzyme) while the equilibrium isotope effect is 0.89 (Cook et 
al., 1980). Thus, they concluded that the a-secondary hy- 
drogen in the transition state is more loosely bonded than in 
either NAD or NADH as the result of coupling of the 
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FIGURE 2: Diagrammatic representation of the variation in transi- 
tion-state structure with change in nucleotide. ACPY-NAD and 
PA-NAD refer to acetylpyridineNAD and pyridinealdehyde-NAD. 
The observed isotope effects for each atom are shown (the values in 
parentheses for a-secondary deuterium substitution are for deuterated 
formate). 

translational motion of the hydrogen undergoing hydride 
transfer and the bending motion of the a-secondary hydrogen 
in the transition state, The force constant for the out-of-plane 
bending mode of the a-secondary hydrogen (see Figure 1) is 
thus greatly reduced (or negative) in the transition state, and 
the observed isotope effects reflect the loss, or near loss, of this 
vibrational mode (Cook et al., 1981). 

With formate dehydrogenase, similar normal a-secondary 
deuterium isotope effects are seen with NAD, thio-NAD, and 
acetylpyridine-NAD, and only with pyridinealdehyde-NAD 
is the value slightly inverse (Table IV) The bending motion 
of the a-secondary hydrogen thus appears more tightly coupled 
to the hydride transfer with those nucleotide substrates with 
later transition states. The low value for pyridinealdehyde- 
NAD may reflect a stretched reaction coordinate (that is, 
rather long distance between C-4 of the nucleotide and the 
hydride) or simply inefficient coupling of hydrogen motions 
for this slow reaction. It seems intuitively reasonable that the 
coupling of hydrogen motions would be tighter in a transition 
state where the hydride hydrogen was closer to C-4 of the 
nucleotide, but a good theoretical model for this situation does 
not exist. 

When deuterated formate was used in these experiments, 
the a-secondary deuterium isotope effect in each case was 
reduced halfway to the equilibrium isotope effect, even with 
pyridinealdehyde-NAD. Similar effects have been seen in 
model hydride transfer reactions by OstoviE et al. (1983), who 
obtained a-Dk values of 1.11 and 0.98 for the reduction of 
10-methylacridinium or its 9-deuterated analogue by 5,6-di- 
hydro-5-[4-(trifluoromethyl)benzyl]phenanthridine and its 
6-dideuterio analogue. Other cases of coupled hydrogen 
motions in which the isotope effects differ for the first and 
second deuterium substitution include the motions of hydrogens 
in the central hole of meso-tetraphenylporphine (an isotope 
effect of 10 for the first deuterium substitution and 1.0 for 
the second) and the interchange of hydrogens in the cyclic 
complex of acetic acid and methanol in tetrahydrofuran 
(isotope effects of 5.1 and 3.1 for the first and second deu- 
terium substitutions) (Limbach et al., 1982). Enzymatic ex- 
amples are the glucose-6-P dehydrogenase reaction, which 
gives a primary deuterium isotope effect of 5.3 in H 2 0  and 
of 3.7 in D 2 0  where the proton whose motion is coupled to 
hydride transfer is a deuteron (J. D. Hermes and W. W. 
Cleland, unpublished experiments), and the dehydrogenation 
of 5,10-methylenetetrahydrofolate, where the observed primary 
deuterium isotope effect is reduced from 1.70 to 1.55 when 
the a-secondary position is also deuterated (Farina et al., 
1973). 



5488 B I O C H E M I S T R Y  H E R M E S  E T  A L .  

This drastic effect of deuterium substitution on another 
deuterium isotope effect shows clearly that the motions of the 
two hydrogens are coupled in the transition state, but this 
coupling alone will not account for the phenomenon. Theo- 
retical work (Limbach et al., 1982; Huskey & Schowen, 1983; 
Saunders, 1984) shows that this effect is seen only when 
quantum mechanical tunneling is involved. Where two hy- 
drogens are moving at the same time in the reaction coordinate, 
H + H tunnel efficiently, but H + D or D + D do not, so that 
the second deuterium substitution causes a smaller isotope 
effect. To model this situation, Huskey & Schowen (1983) 
and Saunders (1 984) have found it necessary to assume im- 
aginary frequencies of at least 1000 cm-', which correspond 
to a narrow barrier with a high degree of curvature. We thus 
conclude that the a-secondary deuterium isotope effects for 
formate dehydrogenase establish that tunneling is involved in 
the hydride transfer process, even for the slower substrates. 
This conclusion should come as no surprise, since a reaction 
which proceeds by tunneling will be faster and have a lower 
activation energy than one with a higher and broader barrier. 
Compression along the reaction coordinate by the enzyme, as 
well as optimizing the geometry of the reactants, would cer- 
tainly facilitate such a situation, although it must be remem- 
bered that similar tunneling appears to be involved in the 
nonenzymatic hydride transfer reqctions observed by OstoviC 
et al. (1983). Powell & Bruice (1983) have also concluded 
from the temperature variation of deuterium isotope effects 
that model hydride transfer reactions involve tunneling. We 
suspect that all dehydrogenase reactions will be found to in- 
volve tunneling and hope that further theoretical work will 
better define the factors involved in these reactions. 

"N Isotope Effect. Cook et al. (1981) found that NAD 
labeled at N-1 of the nicotinamide ring with ISN gave an 
isotope effect with liver alcohol dehydrogenase and cyclo- 
hexanol of 1.06 which exceeded the equilibrium isotope effect, 
suggesting that this nitrogen has a bond order of 3 at some 
point in the reaction prior to hydride transfer. They postulated 
that geometric distortion of the nicotinamide ring (most likely 
to a boat form similar to that shown in Figure 1) to make N-1 
pyramidal produced a carbonium ion at C-4 which induced 
hydride transfer. This distortion is readily brought about by 
movement of C-5 and C-6 out of the plane of the nicotinamide 
ring (presumably as the result of forces brought to bear by 
the enzyme during the conformation change that sets the stage 
for hydride transfer). These studies used the equilibrium 
perturbation method of measuring the isotope effect (Schim- 
erlik et al., 1975), which works only for a reversible reaction. 
We have used the direct comparison method which is less 
accurate, but the weighted average of three determinations 
of 15(V/K) was 1.07 f 0.04, and thus a similar I5N isotope 
effect is seen for formate dehydrogenase as the one reported 
for alcohol dehydrogenase. Since there are no commitments 
for the formate dehydrogenase reaction, we cannot tell whether 

this is a kinetic isotope effect on the hydride transfer step or 
an equilibrium isotope effect on a step prior to hydride transfer, 
but we can say that the same geometric distortion that pro- 
duces carbonium ion character at C-4 in the alcohol de- 
hydrogenase reaction appears to be involved here and is 
probably a general catalytic mechanism for all dehydrogenases. 
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