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Abstract: Using o-secondary kinetic isotope effects (2° KIEs) in conjunction with primary (1°) KIEs, we
have investigated the mechanism of environmentally coupled hydrogen tunneling in the reductive half-
reactions of two homologous flavoenzymes, morphinone reductase (MR) and pentaerythritol tetranitrate
reductase (PETNR). We find exalted 2° KIEs (1.17—1.18) for both enzymes, consistent with hydrogen
tunneling. These 2° KIEs, unlike 1° KIEs, are independent of promoting motions—a nonequilibrium pre-
organization of cofactor and active site residues that is required to bring the reactants into a “tunneling-
ready” configuration. That these 2° KIEs are identical suggests the geometries of the “tunneling-ready”
configurations in both enzymes are indistinguishable, despite the fact that MR, but not PETNR, has a
clearly temperature-dependent 1° KIE. The work emphasizes the benefit of combining studies of 1° and 2°
KIEs to report on pre-organization and local geometries within the context of contemporary environmentally

coupled frameworks for H-tunneling.

Introduction

Hydrogen tunneling is increasingly being implicated in
enzyme reactions? Experimental studies have emphasized the
inadequacies of the Bell tunnel correction model of semiclassical

transition state theory (TST)jnd the importance of environ-
mental reorganization to the tunneling reacttohysical
model$ that account for experimental criteria for H-tunnefifig

have emerged, and computational analyses have furnisheo‘1

important new insight at the atomic leieHowever, a require-

ment for fast (subpicosecond) “promoting motions” that enhance
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tunneling by barrier compression in some enzyme systéins
controversiaf.® This fast compressive motion is accommodated
in physical models of enzymatic H-tunnelfand inferred from
some experimental and computationét-cfanalyses. However,
computationd and solution kinetic studi@have also argued
against the need for fast compressive motion along the H-transfer
coordinate.

The analysis of kinetic isotope effects (KIEs) has been at the
eart of experimental descriptions of H-tunneling in enzyme
systems. In particular, the temperature (in)dependence of
primary (2°) KIEs has contributed to the understanding and
formulation of modern, environmentally coupled models of
H-tunneling in enzyme systems$.The reductive half-reactions

of two homologous enzymes, morphinone reductase (MR) from
Pseudomonas putid&l101%11 and pentaerythritol tetranitrate
reductase (PETNR) fronEnterobacter cloacgehave been
shown to exhibit temperature-dependent and temperature-
independent (at least within the limit of experimental detection)
1° KIEs, respectively? In the context of the environmentally
coupled model of H-tunneling, the temperature dependence of
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reaction rates and temperature-independent KIEs arise from

collective thermally equilibrated motions that lead to degenerate
reactant and product states, i.e., the “tunneling-ready” config-

uration. Temperature-dependent KIEs are treated as arising from

fast (subpicosecond) “gating motions” (motion along the reaction
coordinate) that enhance the probability of tunneling by bringing

the reactant and product wells closer together. The precise

meaning of the term “temperature-independent KIE” needs to
be clarified: within the formalism of this model, the KIE is
only truly independent of temperature when tunneling is from
the vibrational ground state and in the absence of gated motion
Also, it can be difficult to distinguish experimentathas is the
case with PETNR-between strictly temperature-independent
and weakly temperature-dependeftKiEs. In a recent study,

we have shown in the enzyme aromatic amine dehydrogenase

that there is a need for a fast promoting motion during a
H-tunneling reaction even though theKIE is not demonstrably
temperature-dependefit.

a-Secondary (2 KIEs arise when a hydrogen neighboring
the transferred () H is deuterated. The observetRIEs arise
as the consequence of a change in theHbond force constant
of the I° H caused by 2deuteratiori? Several arguments have

been invoked to explain this change in force constant. The most
widely accepted is that the force constant is altered due to a

change in hybridization statéthat is, the rehybridization from
sp® to sp of a carbon atom adjacent to & @euterium. The
magnitude of the 2KIE is considered to indicate the progress
of reactants to products at the transition stdtm a classical
description, 2 KIEs have been used to report on the nature of
the transition stat& with values falling between unity and the
equilibrium isotope effect (EIE), but computational studies have
warned about such us&The EIE for NAD(P)H to NAD(PY

has been determined as 1#3/alues observed outside of this
rangel® so-called exalted2KIEs, were rationalized by Huskey
and Schoweli2as being indicative of coupling of the motion
between the 2 hydrogen and that of the®lhydrogen being
transferred, with a concomitant tunneling contribution to the
reaction assuming a truncated Bell tunnel correction to the

semiclassical isotope effect. As such, in the absence of kinetic

complexity, studies ofx-secondary KIEs are powerful inde-
pendent probes of tunneling in enzymes. A number of excellent
experimental and theoretical treatments on the utility’dkKIEEs
have been published in recent yet& with 2° KIEs often
being evaluated in terms of their SwaiBchaad exponetitin

the context of a Bell tunneling correcti8fi< or variational
transition state theor§ We examine herein the nature of 2
KIEs exalted above the EIE in the context of the environmen-
tally coupled model of H-tunneling.
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Figure 1. (A) Stopped-flow traces for the reaction of 2M MR with 5
mM NADH (black), 5 mM ©)-[4-2H]-NADH (green), R)-[4-2H]-NADH
(red), or 5 mM R,S-[4,4-2H;]-NADH (blue) at 25°C in 50 mM potassium
phosphate, 2 mM 2-mercaptoethanol, pH 7.0. (B) Stopped-flow traces for
the reaction of 2tM PETNR with 5 mM NADPH (black) or 5 mM §-

[4-2H]-NADPH (green) at 25C in 50 mM potassium phosphate, pH 7.0.
The solid lines show the fits to a single-exponential expression (eq 3).

02

The reductive half-reactions of the homologous enzymes MR
and PETNR involve hydride transfer from the ®&hydrogen
(primary hydrogen, B of -NADH (MR) or 3-NADPH
(PETNR) to the N5 atom of flavin mononucleotide (FMN). This
reaction is directly observed in a rapid mixing stopped-flow
instrument and is kinetically resolved from steps involving
coenzyme binding and formation of an enzyaAD(P)H
charge-transfer complex, and the observed KIE is essentially
the intrinsic KIE1%11The reductive half-reactions of these two
enzymes have been extensively characterized previétisly.
One of the crucial findings from these studies is that the 1
KIE of MR is highly temperature-dependent, whereas the 1
KIE of PETNR is, within the limit of experimental detection,
independent of temperature. We have previously interpreted
these data within the context of modern environmentally coupled
models of H-tunneling.Thus, MR requires a promoting motion
to move the nicotinamide C4H sufficiently close to the FMN
N5 atom to facilitate tunneling, while PETNR requires no such
motion. Herein, we further this study by measuring the
temperature dependence of the2® KIEs in these enzymes
using ©)-[4-°H]-NAD(P)H. Here, K is hydrogen while the
neighboring (secondary) isotope {Hat the C4 position is
deuteriumi2 We have also studied the reaction in MR using
dideuteratedR,S)-[4,4-°H,]-NADH to investigate the coupling
between H and Hs.

Results and Discussion

The reductive half-reactions of MR and PETNR are es-
sentially identical® and proceed by two kinetically resolved
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Figure 2. Dependence of the observed rate constant for hydride transfer Using StOPPZEd'ﬂOW- The substrates are NADH (blacR);[¢-H]-NADH
on the concentration of synthesized coenzymes during the reductive half- (red), §-{4-*H]-NADH (green), il”d RS)-[4,42Hz]-NADH (blue). The da:a
reactions of morphinone reductase (A) and pentaerythritol tetranitrate are fit to Inq/T) = In A' — AH*/RT, with the values for InA" and AH

reductase (B) at 25C. The solid lines show the fits tikyps = kma]NAD- given in Table 1. (B) Temperature dependence of the resulting KIEs. The
(P)H]/(Kg + [NAD(P)H]). same colors apply. Also shown are theKRIEs for PETNR (open green
circles), while the dashed line represents the semiclassical limit of'1.13.

steps. Initially, NADH binds with a second-order rate constant
of4.8x 16 M~1s71(5°C, MR and NADPH with a constant ~ rates at each temperature are also given in the Supporting
of 9.5 x 106 M~ s71 (5 °C, PETNR9), forming a charge- Information. With MR, the enthalpies for NADH and thé 1
transfer complex Amax &~ 540-600 nm). In the second step, deuterated coenzymesRj¢[4-?H]-NADH and (R,S)-[4,4-°H2]-
the enzyme-bound flavin (FMN) is reduced in a pseudo-first- NADH) are identical within error, withAH* = 8.9+ 1.7 and
order hydride-transfer reaction from NAD(P)H. The latter step 8.6 = 1.3 kJ mot™, respectively. The\'y:A'p ratios for R®)-
is observed as a monophasic (single-exponential) decrease if4-?H]-NADH and (RS)-[4,4H2]-NADH are also both sig-
flavin absorbance at-462 nm. The hydride transfer in both  nificantly less than 1 (Table 1), the semiclassical liffitVe
MR and PETNR has previously been shown to occur by a have previously shown for PETNR that there is little or no
tunneling mechanistand is further investigated in this study. — experimentally detectable difference in enthalpy between NAD-

Figure 1 shows representative stopped-flow traces for the PH and R)-[4-°H]-NADPH (AAH* = 0.2+1.8 kJ mof?) and
hydride-transfer step during the reductive half-reactions of MR A'w:Ap = 4.1+ 0.31°
and PETNR with the various coenzymes used in this study. The The 2 KIEs of both MR and PETNR are independent of
concentration dependence of the hydride-transfer step wastemperature (within experimental error and the accessible
investigated for each coenzyme, and appakgntalues were temperature range), WithAH¥ = 0.6 + 1.3 and 1.0+ 2.0 kJ
found to be identical within error (Figure 2). Each coenzyme mol™1, respectively (Table 1). At 25C, the 2 KIE for the
was used at a working concentration of 5 mM, thus ensuring reaction between MR andS-[4-°H]-NADH is 1.18 4+ 0.01,
that the coenzyme concentration was always at least 10-foldand at all temperatures measured the KIE is greater than 1.13,
greater than the appareif and that the observed rate constants the EIE (Figure 3B). The 2KIE for the reaction between
were pseudo-first-order. PETNR and §-[4-H]-NADPH is 1.174 0.01, identical to the

The temperature dependence of the rate of hydride transfervalue measured for MR (Figure 3B, Table 1).
(flavin reduction) was determined by conducting stopped-flow  Modern formalisms of enzymatic hydrogen tunneling invoke
experiments at 8C intervals over the temperature range® full quantum mechanical rate expressions that are based on the
°C. The temperature dependence of the reduction of MR by treatment by Marcus of Fermi's golden rule for non-adiabatic
the deuterated coenzymes is shown in Figure 3A, and theelectron-transfer reactiof$.We favor the treatment by Kuz-
measured reaction enthalpiesH*) and Eyring prefactors (I netsov and Ulstru with the nomenclature of Knapp et 4.
A) for both MR and PETNR are given in Table 1. The observed

(20) Deng, H.; Zheng, J.; Sloan, D.; Burgner, J.; CallenderBiechemistry
(19) Khan, H.; Harris, R. J.; Barna, T.; Craig, D. H.; Bruce, N. C.; Munro, A. 1992 31, 5085.
W.; Moody, P. C.; Scrutton, N. Sl. Biol. Chem2002 277, 21906. (21) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.
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Table 1. Isotope Effects Obtained for the Reductive Half-Reaction of Morphinone Reductase and Pentaerythritol Tetranitrate Reductase

MR PETNR
(S){42H- (RH42H (RS)-44- (S){42HL-
NADH ‘NADH NADH ?H,]-NADH NADPH NADPH

Hp, Hs @ H, H H,D D, H D,D H, H H,D
In A'b 12.8+0.2 12.8+03 14.9+ 05 14.6+03 10.8+ 0.4 11.1+ 0.4
AARD 0.94+ 0.51 0.12+ 0.09 0.16+ 0.09 0.79+ 0.67
KIE obe (25 °C) 1.18+0.02 4.44+0.07 5.07+0.18 1.17+0.01
KIE corected] 118+ 0.02 46+0.1 5.4+ 0.2 1.17+0.01
AH* (k3 mol-3) 35.8+ 0.6 36.4+ 0.7 447+ 1.2 44.4+ 0.8 32.3+ 1.0 33.3+ 1.0
AAHF© (kJ mol-) 06+13 8.9+ 1.7 8.6+1.3 1.0+2.1

aHp and Hs are the primary and secondary hydrogen atoms at the nicotinamide C4 position, respetiiielygefinitions of InA" andA'y:A'p are given
in Figure 3.¢ The lighter isotopomer in each case is H,4T.he KIEs were corrected for isotopic impuriti€sAAH* = AH*p — AH*,. See Experimental
Section for details. Kinetic isotope effects are all relative to NAD(P)H, (H,H). Rate constants for each temperature studied are given in the Support
Information.

where, in the simplest case,

1

k’(un = %lveﬂz

ar —(AG°+/1)2) p[—uiwiArz
2 X ex
RTH 4RT 2h 4

The r i rmin he electroni lin ween th ) . ) )
e rate is dete ed by the electronic coupling between t eFigure 4. Orthogonal views of the putative reaction geometry in MR based

product and re?Ctam stategy, the driVin.g force’AG?- the on the coordinates of a complex of old yellow enzyme with a nicotinamide

Marcus reorganization energy,of the reaction, and the isotope-  coenzyme analogi?8. The black arrow shows the €4p bond stretch,

specific components of the Franeondon term shown in and the red arrow indicates the likely promoting (gating) motion of MR

square brackets: the mags, frequency,wi, and tunneling /09 the reaction coordinate.

g:sti?nceAlr. rgf t?‘?ntrarfgerrte?n Isortotper- Tdhe O%ﬂntemzs ha‘;en?nroximity. Stretching® of the nicotinamide C4Hp bond ;i

enetha?su)aof tﬁe ogéervgd erat?ee(f:‘uhedroepeen t?ar?sefefgpr)geesl eq 1) will position i closer to the FMN NS, facilitating
rimarri)ly from the Marcus term (in ar)(;nthgses) and becomestranSfer by decreasing the tunneling distance (n eq 1)

r[;ore r{)no nced WherG°| < 1 Tr?e maanitude of the KIE Deuteration of H will change the length and frequency of the

is lar pl d ltJ rminvég th |t nn' lina di tgﬁég hile. within C4—Hp bond stretcl## thus changing the tunneling distance.

tfw angzz te?/ ndeUI g emud@I(Eh 2 ms ar tV;' del nden We do not expect the differently deuterated coenzymes to have
€ fuznetsov & strup mo .t. € temperaiure dependence significantly differentAG® or A values. We thus posit that this

of the KIE arises from an additional temperature-dependent

. . . change in bond length, principally through a change aHC
gating term that decreasAs and, to a lesser extent, by invoking bondgfrequency is ?he oF;igin %f t)klle iden%icefl RIEs?n MR
transfer to, or from, vibrationally excited states, which adds an '

additional isotope-dependent vibrational energy component to and PETNR. If a change in the stretching frequency of H
the Marcus term. BotAG® andA will vary slightly with isotopic caused by deuteration ofgsignificantly alters the coupling

- . ) . between the hydrogen tunneling coordinate and the promotin
substitution, which will lead to a temperature-independent ydrog g P g

- . N motion in the enzyme (Figure 4), then the measutetH*
contribution to the magnitude of the observed KIEs. This might . e o )
contribute to the exaltation of thé KIE values above the EIE values for the reaction of MR witrR)-[4-"H|-NADH and R,9

b d. Understanding the i t of th fact it [4,4°H,])-NADH should be different. However, no difference
observed. nderstanding the 1mpact of these faclors awalls;q ey e experimentally (Table I). As the promoting motion
development of a full tunneling formalism that accounts for 2

KIES must be less tham~200 cnt! (~kgT)!® to be thermally

. . . accessible, it will be much slower than the stretching of-C4
The I KIEs of the hydride transfer during the reductive half- N 1b .
Hp (~ nT). Il ch he f h
reactions of MR and PETNR are quite differenin MR the p (~3000 cn™). % Small changes in the frequency otsuc

. : as those caused by deuteration @f Mill then not affect the
.KIE(;S depgndten]:t on temperatukrle,dwheredas Itn PEtTNR thej[ KIE promoting motion and hence the temperature dependence of the
IS 'tnthepe; ETEO » OF .mg.r et.wea. ?]/ belpe_rr_hgn on, eTpti\ratl:Le 1° KIE. Figure 4 illustrates the putative reaction geometry and
yet Ineir s arein |s:ngws avle. 1his suggests that the ., e envisage the promoting motion and-&4 bond
origin of the measured °2KIEs is not sensitive to the

. . . . . stretch.

gn:/kllrort']mentallil cm:jpled %atlng mfoili;)ns n V'\CR’ which trt:;ults Dideuteration of NADH also allows the coupling between
'2 te' elr’;pslrél ur? epeg etnc'e 'cl) | | ) fe tsu?ges e Hp and Hs to be examined further in the context of the rule of
identical = BIL values refiect simrar ?ca cotactor coeﬂnzymg the geometric mean (RGMJ.A consequence of the RGM is
geometries in these enzymes in the “tunneling-ready” config- that
uration.

Both MR and PETNR are homologué@sof old yellow K. = 1° KIE x 2° KIE )
enzyme (OYE). A crystal structure of OYE with a bound kel Kaigeureraed™
NADPH analogyé2 indicates that the nicotinamide anq FMN At 25 °C, 1° KIE x 2° KIE (4.6 + 0.1 x 1.18+ 0.02)= 5.4
are coplanar, with the NADH C4 and FMN N5 atoms in close

(23) Fox, K. M.; Karplus, P. AStructure1994 2, 1089.
(22) Schneider, M. E.; Stern M. J. Am. Chem. S0d.972 94, 1517. (24) Thornton, E. RAnnu. Re. Phys. Chenl966 17, 349.
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+ 0.2. This is not significantly different from the observed Table 2. Characterization of the Coenzymes Used in This Work

dideuterated KIEK1/Kgideuteratep = 5.4 £ 0.2, and therefore we coenzyme miz? isotopic purity (%)?

do not observe a measurable violation of the RGM. Violations ~— \apH 666.12

of the RGM® have been attributed by Huskey and Schowén, (R)-[4-2H]-NADH 667.14 94

Ostovicand co-workerd’? and Saundet&© to the influence of (S)-[4-2H]:2NADH 667.13 98

extra isotopic substitutions on the reduced mass of the hydrogen E\IRAS)D‘F[,?_(‘ H2]-NADH 6?%15 90 (919, 99% S)
coordinate in reactions where tunneling is important. This occurs  (s)-[4-2H]-NADPH nd 97

when there is strong vibrational coupling between the primary

and secondary centers. This suggests a laaitrohgcoupling aMass determined by mass spectrometrigxtent of deuteration deter-

. mined® by NMR. The NMR spectra are shown in Figure S1 in the
between H and Hs in MR and PETNR. Supporting Information. The error is estimated to-b&% impurity. ¢ nd,

We have described herein two homologous enzymes thatnot determined.
catalyze H-transfer by quantum mechanical tunneling. The
mechanisms of H-transfer are differetNIR, but not PETNR,
appears to have a requirement for a promoting metiget both

and ©-[4-'H]-NADPH were prepared in exactly the same manner as
their deuterated counterparts using unlabeled glucose or unlabeled

ethanol.
exhibit identical and exalted°XKIEs. These exalted°2KIEs (S-[4-'H]-NADH was used in kinetic measurements (Table S1 in
provide further evidence for hydrogen tunneling in both the Supporting Information) of theSf-[4-2H]-NADH KIE. (R 9-[4,4-
enzymes. Importantly, we have demonstrated that thHdRs— 1H,)-NADH and (S)-[4-'H]-NADPH were used to establish the

unlike 1I° KIEs—are independent of promoting motions. Such concentration dependence of the cofactors (Figure 2). The control
a promoting motion may be considered to reflect the (nonequi- compounds behaved identically to a commercial source of the
librium) pre-organization of cofactor and active-site residues coenzymes purchased from Melford Laboratories.

into a “tunneling-ready” configuration. Thus, thé KIE, in The identity and isotopic purity of the coenzymes were confirmed

conjunction with our other analyses, informs specifically on the 2Y Mass spectrometry using a Waters LCT mass spectrometer (Table
“ . ” . . : 2) and by 1-D NMR at 10C on a Bruker DRX600 spectrometer (Table
tunneling-ready” configuration but not on any preceding pre-

= . . 2, Figure S1 in the Supporting Information), prior to being stored dry
organization steps. We infer that the local geometries of the (freeze-dried) at-80 °C. Working solutions of the coenzymes were

‘tunneling-ready” configuration are indistinguishable in MR and 4 e fresh in anaerobic 50 mM potassium phosphate pH 7.0 buffer,
PETNR, despite differences in pre-organization (i.e., the inferred which was supplemented with 2 mM 2-mercaptoethanol when working
dominance of gated motions). When coupled with analysis of with MR, and used immediately. The coenzyme concentration was
1° KIEs, this study emphasizes the utility of KIEs as determined at 340 nme (= 6.22 mMt cm™).
additional probes of H-transfer within the context of contem-  Kinetic Measurements and Analysis.To prevent the oxidase
porary environmenta”y Coup]ed frameworks for H-tunne]ing_ activities of MR and PETNR, all kinetic studies were performed under
strict anaerobic conditions<6 ppm Q) within a glovebox environment
Experimental Section (Belle Technology). Buffers were made anaerobic by bubbling nitrogen
gas through solutions for-1 h. Solutions were then placed in an

. ! ) anaerobic glovebox (Belle Technology) overnight to remove any
NADP", NADH, and NADPH, which were from Melford Laboratories,  (egjqual traces of oxygen. Protein samples were made anaerobic by

and 1-fH]-glucose and 12Hg]-ethanol, which were from Cambridge  55ging them through a small gel filtration (Bio-Rad 10 DG) column
Isotope Laboratories. Morphinone reductase (MR) and pentaerythritol h, e in the glovebox, which had been pre-equilibrated with anaerobic
tetranitrate reductase (PETNR) were purified as describd. buffer.

Synthesis of R)-[4-?H]-NADH. (R)-[4-’H]-NAD(P)H was prepared Rapid reaction kinetic experiments were performed using an Applied
through stereospecific reduction of NAQvith 1-[2He]-ethanol using Photophysics SX.18MV-R stopped-flow spectrophotometer contained

equine liver alcohol dehydrogenase and aldehyde dehydrogenase agithin the glovebox. Spectral changes accompanying flavin reduction
described® The deuterated NADH was then purified by anion-exchange \ere monitored at 464 nm and analyzed as described below. A

All materials were obtained from Sigma-Aldrich except NAD

chromatography and freeze-dried as descried. saturating coenzyme concentration of 5 mM was used, as this confers
Synthesis of §)-[4-?H]-NADH and ( S)-[4-?H]-NADPH. (S)-[4-?H]- pseudo-first-order reaction kinetits.
NADH and (§-[4-H]-NADPH were prepared through stereospecific Individual reaction absorption traces were fit to a single-exponential

reduction of NAD™ and NADP, respectively, with 13H]-glucose using expression (eq 3) using Origin 7 software (MicroCal):
glucose dehydrogenase as descrifedihe deuterated NADH and
NADPH were then purified by anion-exchange chromatography and AA = Aexp(ky,d) (3)
freeze-dried as describéd.
Synthesis of R,S)-[4,4-2H2]-NADH. [4-2H]-NAD* was prepared The reported rate constaft,is then the average rate constant, and the

by stereospecific oxidation oB|-[4-2H]-NADH with 100 mM cyclo- error is calculated as the standard deviation (SD) of the rate constants

hexan-1-one using 18M morphinone reductase. The deuterated NAD ~ at each temperature. SD and standard error (SE) values are given in

was purified in the same manner as for NAbD (R9-[4,4-2H,]-NADH Table 1.

was then prepared through a further stereospecific reductionf]f4- Arrhenius plots are curved and as such asymptotically approach

NAD™ with 1-[2H]-glucose and glucose dehydrogenase and purified infinity at high temperatures. It is therefore strictly correct to use the

as per the previous steps. Eyring equation (eq 4) to analyze the temperature dependence of rate
Synthesis of Controls, §)-[4-1H]-NADH, ( R,S)-[4,4-'H,]-NADH, constants:

and (S)-[4-*H]-NADPH. (R9-[4,4-*H;]-NADH, (9)-[4-*H]-NADH, In(KT) = In &' — AHYRT, InA = In(kyh) + AS/R  (4)

(25) Bigeleisen, JJ. Chem. Phys1955 23, 2264. . . I
(26) Viola, R. E.; Cook, P. F.: Cleland, W. WAnal. Biochem1979 18, 334. The parameters correspond to the semiclassical criteg&he slope),

(27) Ottolina, G.; Riva, S.; Carrea, G.; Danieli, B.; Buckmann, ABFachim. AH* and InA', which is analogous to the Arrhenius Mterm. Data
Biophys. Actal989 998 173. . . .
(28) Arnold L. J., Jr.; You, K.-S.; Allison, W. S.; Kaplan, N. Giochemistry were not fitted to the 40C data point due to the apparent partial

1976 15, 4844. denaturation of the enzymes at this temperature.
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604 NADH at 25°C, respectively, listed in Table S1). A single rate constant
/O (i.e., kob9 Was then extracted by fitting these traces with eq 3, using
50- Ve / exactly the same procedure as was used to analyze the experimental
Mo stopped-flow data. In Figure 5, the extracted rate constants are compared
r‘g 40 ./' to those obtained from eq 5. Clearly, unlike in the case for steady-
: e o state data, whefimpuriyy iIs small (<10%), thenkops = ko.
; 304 . g The rate constants at Z%& for the reactions of MR withR)-[4-
R v e 2H]-NADH and (R,S)-[4,4-H,]-NADH were estimated by simulating
a5 204 /./ O/O stopped-flow traces (eq 6) with varyitkg values and fixed values for
e /o/o/ ky (56.41 s?, Table S1) andimpuity [0.06 £+ 0.01 and 0.09t 0.01 for
10 ofo0° NAD2H and NADH,, respectively (Table 2)]. The smat1% SH
(') 2'0 4'0 6'0 8'0 160 contamination in R,9-[4,4-°H,]-NADH was not considered (see the

isotopic contamination / %

Figure 5. Effect of isotopic impurities on the observed rate constant
extracted from a steady-state experimellt €q 5) and a stopped-flow
experiment as performed in this wor®(eq 6). In both case&p = 11.13

st andky = 56.41 s%; see text for additional details.

Correction of Rate Constants and KIEs for Isotopic Contamina-

tion of the Coenzymes.Correction of steady-state reaction rates for
isotopically impure substrates is typically performed by
Uobs = (1 - fimpuri'(y)kD + fimpuritka (5)

wherefimpurity IS the fraction of isotopic impurity ankt andky are the

rates of the reaction with isotopically pure deuterated and protiated

arguments for the 2KIEs below). Thekp values obtained are 12.21
+0.08 s (cf. 12.69 s' observed) and 10.46 0.08 s (cf. 11.13s?)
for (R)-[4-°H]-NADH and (R,9)-[4,4-°H,]-NADH, respectively. The
stated error is the difference kaps obtained when, for exampleR)-
[4-2H]-NADH fimpurity = 0.06 andfimpuriry = 0.07 (the estimated error in
the isotopic impurity). This error was then combined with the error in
kobs (Table S1) such thdp = 12.21+ 0.19 s* and 10.46+ 0.44 s?
for (R)-[4-?H]-NADH and (R,9-[4,4-°H;]-NADH, respectively. This
allows the correction of the observed and dideuterated KIEs for
isotopic impurity, and the values for the corrected KIEs are given in
Table 1. The 2 KIEs were not corrected for isotopic impurities, as
there was only~1% protium contamination of the coenzymes (Table
2). Further, the effect of the impurity will be more pronounced when
ko << ky, which is certainly not the case for these smaller KIEs.

The Eyring enthalpy and pre-exponential factors reported in the

substrates, respectively. This leads to a linear relationship between themanuscript were calculated with tiesewed rates,not the corrected
fraction of isotopic contamination and the observed reaction rate, which rates. We feel this is justified as the effect of the impurity will have a

is shown in Figure 5. Unfortunately, this correctionnist valid for
stopped-flow data.
In this work, all stopped-flow traces were fit to a single-exponential

function to extract a pseudo-first-order rate constant (eq 3), but when

there are isotopic impurities,
AAobs: (1- fimpurity)A exp(—th) + fimpurityA exp(_kHt) (6)

As the isotopic impurities in this work were atl10% (Table 2), fitting

systematic and only very minor effect on the enthalpy and pre-
exponential factor ratios. Again, there will be no measurable effect on
the values for the reactions witl®)¢[4-?H]-NAD(P)H.
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the stopped-flow traces to eq 6 was not successful, as the amplitude of-ellow.

the exponential describing the contamination is too sn¥dl(2 OD)—

Supporting Information Available: NMR determination of

there is no significant improvement in the goodness of the fit when coenzyme isotopic purity and tabulated kinetic data. This
fitting from one versus two exponentials. As an alternative, the effect material is available free of charge via the Internet at

of isotopic impurities was estimated by simulating stopped-flow traces

using eq 5 as a function dfnpuriyy, With ko = 11.126 s* andky =
56.41 s? (i.e., the measured values foR,§)-[4,4-H;]-NADH and
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