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Abstract: We have identified multiple reactive configurations (MRCs) of an enzyme—coenzyme complex
that have measurably different kinetic properties. In the complex formed between morphinone reductase
(MR) and the NADH analogue 1,4,5,6-tetrahydro-NADH (NADH,) the nicotinamide moiety is restrained
close to the FMN isoalloxazine ring by hydrogen bonds from Asn-189 and His-186 as determined from the
X-ray crystal structure. Molecular dynamic simulations indicate that removal of one of these hydrogen bonds
in the N189A MR mutant allows the nicotinamide moiety to occupy a region of configurational space not
accessible in wild-type enzyme. Using stopped-flow spectroscopy, we show that reduction of the FMN
cofactor by NADH in N189A MR is multiphasic, identifying at least four different reactive configurations of
the MR—NADH complex. This contrasts with wild-type MR in which hydride transfer occurs by
environmentally coupled tunneling in a single kinetic phase [Pudney et al. J. Am. Chem. Soc. 2006, 128,
14053—14058]. Values for primary and a-secondary kinetic isotope effects, and their temperature
dependence, for three of the kinetic phases in the N189A MR are consistent with hydride transfer by
tunneling. Our analysis enables derivation of mechanistic information concerning different reactive
configurations of the same enzyme—coenzyme complex using ensemble stopped-flow methods. Implications
for the interpretation from kinetic data of tunneling mechanisms in enzymes are discussed.

Introduction and pressufel® dependence- to report specifically on the

The ability to interpret macroscopic kinetic data in terms of Chemical step(s). This approach has been exploited extensively
the underpinning atomistic processes is a key factor in under- N €cent years to develop an understanding of enzymatic
standing the mechanism of enzyme action. Enzymes are H-transfer andZ in particular, to support full tunneling models
kinetically complex systems, often requiring the extraction of for these reactions:—*/
microscopic rate constants from multiple turnover measure- A microscopic picture of key steps within enzyme catalytic
mentst A typical reaction cycle involves (i) substrate capture cycles is beginning to emerge from atomistic simulati&s.
(binding), (ii) chemical transformation (reaction), and (iii) These suggest that the macroscopic rate constant comprises
product release, each with their associated rate constantsdiscrete rate constants arising from multiple reactant states and
Multiple turnover analysis has been augmented by isotope
studies that have reported on chemical steps in the reaction (8) Northrop, D. B.J. Am. Chem. S0d.999 121, 3521-3524.

: e : 9) Northrop, D. B.; Cho, Y. KBiochemistry200Q 39, 2406-2412.
Cyde‘l’z These include the use of competltlve |sotope (50% Hay, S.F;JSuthiffe, M. J.; Scrutton, N. %froc.QNatI. Acad. U.S.A2007,

effects*-5> — and more recently studies of their temperatufe 104, 507-512.
(11) Knapp, M. J.; Rickert, K.; Klinman, J. B. Am. Chem. SoQ002 124,
t Manchester Interdiscinlinary Biocent 3865-3874.
, panchester interdisciplinary blocentre. (12) Kuznetsov, A. M.; Ulstrup, JCan. J. Chem1999 77, 1085-1096.
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reaction path&®-20 This is supported by the stochastic nature
of enzyme behavior observed in single molecule stutfie’2,
but our ability to detect these multiple states is generally beyond
the scope of ensemble measurements of enzyme activity. This
is compounded when the equilibrium of conformational states .., _
is perturbed by varying either temperature and/or pressure, tools{f
commonly used, for example, to probe mechanisms of H-transfer
in enzyme system&!0.14-17

Single turnover fast reaction measurements can give direct
access to the chemical step of an enzyme catalyzed reaction FMN Q@
thus bypassing some of the limitations (e.g., kinetic complexity)
associated with multiple turnover (steady-state) metfde|s324
Single molecule approaches report on a single reaction config- _ . ) . .

. . Fjgure 1. Active site of MR in complex with NADH. Key residues and
uration, whereas fast reaction methods are ensemble-based ang()th FMN and NADH are shown in atom colored sticks, with carbons
typically provide an overall (single) microscopic rate constant colored green for amino acids, yellow for the FMN and cyan for the NADH
for the ensemble of reactive species progressing through theThe sigmaA weighted 2FoFc map surrounding the NAD#-tontoured at
chemical step. An alternative scenario is that in which different 1-5 Sigma and shown as a blue mesh.
reactive states give rise to multiple, and kinetically detectable, scheme 1 Reductive Half-Reaction of MR
microscopic rate constants corresponding to the chemical®%tep.
This could occur when the configurations of the discrete reactive
states are significantly different, for example, following mu-
tagenesis of an enzyme active site (and even positions far from
the active site) that leads to additional configuration(s) not
accessible in the wild-type enzyme a scenario described in
this and other studie®:?>Such a situation would not be detected
readily in multiple turnover (steady-state) studies. This is an
important issue given current efforts to interpret steady-state Results and Discussion

data in terms of a mechanistic understanding of H-tunneling in g4\ cture of the MR —Coenzyme Complex and the Mech-

5
enzyme systems® o anism of Hydride Transfer. Catalysis by wild-type MR
Single turnover studies in conjunction with single-molecule ceeds in two half-reactions, reductive and oxidative, involv-
analysis of the FMN-containing enzyme dihydroorotate dehy- jnq three H-transfers by an environmentally coupled quantum

drogenase (DHOD) have been used to identify multiple reactive ynneling mechanisr#. The reductive half-reaction involves
configurations (MRCs) of a mutant enzymsubstrate com-  pyqrige transfer from the C&R-hydrogen (denoted C4-H) of
plex20 Discrete rate constants for several reactive configurations pB-nicotinamide adenine dinucleotide (NADH) to the N5 atom

in the reductive half-reaction were measured, although the ot fiavin mononucleotide (FMN). This is observed directly in
authors were unable to extract mechanistic information from a rapid mixing stopped-flow instrument and is kinetically

these data. Here we demonstrate how, in an enzyme SystéMegglyed from steps involving coenzyme binding and formation
which has only one detectable reactive configuration, mutagen- o 4 enzyme-NADH charge-transfer (CT) complex, and the

esis of the active site induces MRCs. With MRCs, thg regction observed kinetic isotope effect (KIE) is essentially the intrinsic
occurs from each of the reactive configurations. This differs KIE (Scheme 1):1927|n the reductive half-reaction, thé KIE
from “near attack conformers” (NACSjwhich are ground state  fo, hydride transfer is temperature-dependéhand the 2 KIE
conformers that are geometrically similar to the transition state 5 inflated? consistent with a need for preorganization in an
and which the reactant must pass through to enter the tranSitionenvironmentally coupled H-tunneling modelThe enzyme
state.; i.e., further configurational F:hange occurs.subsequgnt torequires a promoting motion to move the nicotinamide C4-H
passing through the NAC and prior to the reaction occurring. g ficiently close to the FMN N5 atom to facilitate tunneling,

Using an ensemble fast reaction method we have detected & notion that is consistent with combined pressure and temper-
minimum of four discrete reactive configurations for the hydride 41 \re effects on the ®1KIE and numerical modeling of the

transfer reaction from NADH to FMN in a mutant (Asn189 reaction parameters in the context of an environmentally coupled
Ala) form of the flavoprotein morphinone reductase (MR). BY  framework for H-tunneling:1027

analyzing kinetic isotope effects, where a clear picture canbe 1 45 6-TetrahydroNADH (NADH), a nonreactive NADH
obtained, we show that hydride transfer occurs via an environ- analogue, is an excellent mimic of the natural coenzyme. We

mentally coupled H-tunneling mechanism. Our analysis high- paye determined the structure of wild-type MR in complex with
lights potential problems in using kinetic data derived from NADH, to inform on the geometry of coenzyme binding and
(20) Shi, J.; Palfey, B. A.; Dertouzos, J.; Jensen, K. F.; Gafni, A.; Steel, D. hydrlde transfer (PDB.aCCESSIOn Czde 2R14.)' Th . DH,

Am. Chem. So004 126, 6914-6922. complex was determined at 1.3 A resolution (Figure 1), and

(1) égiﬁgpn?gt}ﬂ'\ldog'ﬁ Dmiley, R o, Benkovic, S. J: Hammes, G. G.  the structure of wild-type MR in complex with NADHis
(22) Min, W.; English, B. P.; Luo, G. B.; Cherayil, B. J.; Kou, S. C.; Xie, X.  essentially identical to that of wild-type MR in the absence of
23) %Lﬁfﬁghﬁg’emﬁﬁﬁg%ﬁéﬁeﬁ%gfgég 24, 457460, this ligand. Data collection statistics are presented in Supporting
(24) Warshel, A.; Villa-Freixa, JJ. Phys. Chem. BR003 107, 12370-12371.
(25) Thorpe, I. F.; Brooks, C. LJ. Phys. Chem. BR003 107, 14042-14051. (27) Basran, J.; Harris, R. J.; Sutcliffe, M. J.; Scrutton, NJSBiol. Chem.
(26) Bruice, T. CAcc. Chem. Re2002 35, 139-148. 2003 278 43973-43982.

N189

H186

MR, +NADH === (MR, NADH)"" —+ MR ,NAD"
A 464 nm 555 nm colorless

steady-state data for the analysis of H-tunneling in enzymes,
especially with mutant forms, and emphasizes the need to
perform (where possible) more direct analysis of the chemical
step using single turnover fast reaction methods.

13950 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007
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Information (SI) Table 1. Electron density corresponding to the 0.15

entire NADH; molecule was located in the active site, but the A

temperature factors for NADHwere higher than those for the 0.1

protein, suggesting incomplete occupancy even at the high a
NADH, concentrations used in the soaks. Three hydrogen bonds :

are formed between wild-type MR and NARQHwo are made 0.08
to the carbonyl oxygen of the nicotinamide moiety from residues o
Asn-189 and His-186 [which are major determinants for the g °
binding of oxidizing substrates such as 2 cyclic enéh&}

-0.05

and the third, from Tyr-356 to the pyrophosphate moiety of the
bound nucleotide. .

MRCs in the N189A Mutant MR —NADH Complex. We 0.1
have performed molecular dynamics simulations to investigate
the role of the hydrogen bonds from Asn-189 in stabilizing the 0.5 - : i : : : |
position of the nicotinamide moiety of NADH. We have focused 004 -0.02 0 002 004 006 008
our studies on wild-type and N189A MR, since a limiting rate PC1

of the reductive half-reaction could not be obtained experimen-
tally for the H186A enzymé? The nicotinamide moiety
occupies a similar position relative to the isoalloxazine of FMN
in wild-type and N189A MR during a significant part of the 10
ns of the dynamics simulations (Figure 2). Additionally in the
N189A enzyme the nicotinamide occupies a region of configu-
rational space not accessed in wild-type (configuration 3 in
Figure 2A). Analysis of the corresponding structures reveals
that configuration 3 can only be accessed when the positional
restraint imposed by the hydrogen bond to Asn-189 is removed
through mutation (Figure 2). In this configuration, the transfer-
ring C4-H atom appears more readily poised for hydride transfer
to N5 (at a distance of 3.2 0.4 A and better overlap with the ) - . . R o
. . ) . d . Figure 2. Potential indicators of “tunneling-ready” configurations in wild
lone pair) than in configuration 1 (3.& 0.4 A). This posits type and N189A MR enzymes. (A) Principal component analysis from 10
that the rate of hydride transfer is faster in N189A enzyme than ns molecular dynamics simulations of wild-type (dark blue triangles) and
in wild-type MR, a hypothesis verified by our experimental 3‘189'A (Tgfee” ”_ia”?:'&%kl’fbsee t:?Xt and Sugpgﬂli”g 1”f°fg‘5§)i°“ for
. i etails. Two major configurations (labeled 1 an are
SFUdleS (_See b_elow)._ Additionally, the elevated C4N'F? observed in wild-type, with an additional configuration (3) only observed
distance in configuration 2 (44 0.4 A) suggests that hydride  in the N189A MR simulations. The first two principal components contain
transfer is far less likely in this configuration. It has been 75% of the data. Within each configuration, a structure most similar
suggested previous:‘l‘}/that, for formation of a CT complex, geometrically to tr_\e_ average structure _of that configuration was selected to
N . L . . . perform further minimization by first using 50 steps of the steepest descent
the two aromatic rings (i.e., nicotinamide _and 'Soalloxa?m.e) method followed by applying the conjugate gradient method until the root-
should be largely parallel to each other and in close association;mean-square (rms) of the Cartesian elements of the gradient was less than
based on our dynamics simulations, wild-type (configuration 0-01 kcal/mol/A. The symbols representing the preminimized structures are

. . colored red, and those corresponding to the minimized structures, in light
1) and N189A (configurations 1 and 3) _MR would therefore be blue. (B) Relative positions of FMN (isoalloxazine), NADH (nicotinamide),
expected to produce CT complexes with NADH.

B

Asn 189

Asn/Ala-189, and His-186 in configurations 1 (carbon atoms in pink), 2
Kinetic Resolution of Putative MRCs in the N189A (carbon atoms in cyan), and 3 (carbon atoms in yellow). The transferred
hydrogen is shown in red; distances from this hydrogen to N5 are:3.5
0.4, 4.4+ 0.4, and 3.2+ 0.4 A in configurations 1, 2 and 3, respectively.
Hydrogen bonds between protein and nicotinamide are depicted as dotted

lines. (The isoalloxazine rings of FMN in the three configurations have

Enzyme—NADH Complex. Encouraged by our simulation

studies, we have conducted detailed stopped-flow studies of

FMN reduction by NADH with the N189A MR over extended

timescales (200 s) and we find that the absorption change atbeen overlaid.) Figure 2B is depicted in stereo in SI Figure S1.

466 nm (which monitors FMN reduction) is multiphasic (Figure
3). The reaction transient can be fit to a multiexponential
function (eq 1) with at least three rate constants.

=3

AA='S A exp(— k)

1)

whereA is the amplitude andt is the rate constant of thi¢h
exponential componernd exp(—kt), extracted from the stopped-
flow trace, andAA is the total absorbance change. Using a

(28) Barna, T.; Messiha, H. L.; Petosa, C.; Bruce, N. C.; Scrutton, N. S.; Moody,
P. C. E.J. Biol. Chem2002 277, 30976-30983.

(29) Messiha, H. L.; Bruce, N. C.; Sattelle, B. M.; Sutcliffe, M. J.; Munro, A.
W.; Scrutton, N. SJ. Biol. Chem2005 280, 27103-27110.

(30) Fox, K. M.; Karplus, P. AStructure1994 2, 1089-1105.

logarithmic time base and measuring over 50 s, we were able
to simultaneously extract rate constants over 3 orders of
magnitude betweern200 and 0.2 st. Over longer timescales

a slower process was also observed, which necessitated data
fitting to a fourth exponential. Measuring oves0 s, however,

did not allow accurate analysis of the fastest kinetic component.
Changes in FMN absorbance did not occur in the dead time of
the instrument indicating that faster kinetic components are not
lost in the mixing period and no evidence of photobleaching
was observed over the extended timescales of these experiments.
The amplitudes of the fastest three kinetic componédatsiG)
wereA; ~50%, Ay ~20—25%, andAs ~10—25% of the total
absorbance change, with making a relatively minor contribu-

tion to the total absorbance change.

J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007 13951
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Figure 3. Stopped-flow traces for FMN reduction observed at 466 nm in
N189A MR and wild-type enzyme. (A) Reduction of N189A MR; the inset

shows the same data on a log scale. Residuals: Black, 1-exponential; greenA

2-exponential; blue, 3-exponential; red, 4-exponential fit. (B) Reduction of
wild-type MR. The fit shown is that to 1-exponential expression. Condi-
tions: 5 mM NADH in 50 mM potassium dihydrogen orthophosphate, 2
mM 2-mercaptoethanol pH 7.0 at 2E.
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Figure 4. Stopped-flow diode array scans of 20 N189A MR following
mixing with 100«4M NADH in 50 mM potassium dihydrogen orthophos-
phate, 2 mM 2-mercaptoethanol pH 7.0 &G measured between 1.3 ms
and 50 s. Arrows indicate the reduction in NADH absorbance at 340 nm
and FMN absorbance at 466 nm. Also, shown for reference in bold red is
the spectrum of 20M oxidized N189A MR. (nse) The spectra normalized

to their maximum absorbance showing that the only spectral intermediate
is some charge-transfer species that has a slightly red-shifted absorbanc
at ~470 nm and a weak absorbance at 555 nm (red arrow), which is lost
after about 5 s.

32333435
10TIK

B _
0 T - --_I_ 1
400 600 800

Alrm

Figure 5. (A) Titration of NADH, into wild-type MR in 50 mM potassium
dihydrogen orthophosphate, 2 mM 2-mercaptoethanol, pH 7.0 &C10
(Inse) The absorbance of the CT complex of wild-type (black) and N189A
(red) MR at 555 nm as a function of titrated NAREt 25°C. The data are
fit to a weak-binding isotherme = Ae[NADH 4]/(Kq + [NADH4]). (B)
bsorbance spectra of wild-type (black) and N189A (red) MR in the absence
(dotted lines) and presence (solid lines) of saturating NAQHse) The
effect of temperature on the apparent dissociation constants of wild-type
(black) and N189A (red) MR. The enthalpi) and entropy AS) were
determined by fitting the data to the van't Hoff equation:Kin= ASR —
AH/RT.

Almm

a key interaction between Asn-189 and NADH would weaken
the affinity of MR for NADH. Also, our computational analysis
suggested there would be an increase in the number of distinct
reactive states populated in the mutant enzylADH complex
(Figure 2A). Information on both can be gained from stopped-
flow studies to obtain the apparent dissociation constant for the
enzyme-NADH CT complex and the intensity of the long
wavelength absorbance attributed to the CT species that
accumulates prior to hydride transfer.

We extracted an apparent dissociation constégtfor each
of the accessible reactive configurations in N189A MR by
analyzing the dependence of the observed rate constant for FMN
reduction for each kinetic phase on NADH concentration (Sl
Figure S2). A value forKs for the first (Ks7) and second
(Ksp) kinetic phases was determined every °ID between 5
and 35°C by measuring reaction transients at 466 nm. Values
for Ksincrease linearly with temperature, and fitting to the van't
Hoff equation (S| Figure S3) gives values faH and AS for
the first and second kinetic phases. These data show a stronger
temperature dependence Kgi (AH = 42.8 + 5.2 kJ mof?)
Compared tKs, (AH = 22.0+ 4.0 kJ mot?). We could not
measure accurately a value f€g; but it appears to bes ~2
mM based on the data we were able to obtain. The different

We posited that the resolved kinetic phases represent differentternloerature dependences ; and Ks; are consistent with

reactive configurations of the enzymBIADH complex, con-
sistent with our computational analysis of NADH binding in
N189A MR (Figure 1B). The total number of observable
reactive configurations is probably indeterminate, with four (i.e.,
ki—k4) being resolved readily using the stopped-flow method.
This contrasts with wild-type MR in which FMN reduction
occurs in a single kinetic phagelime dependent absorption
changes measured using a photodiode array detector for th
reaction of N189A MR with NADH measured over 50 s show

only those spectral signatures previously shown to correspond

to single-step flavin reduction in the wild-type enzyme (Figure
4)26 This suggests that the four identified kinetic phades-(
ks) describe the same chemical process, i.e., flavin reduction
by hydride transfer.

Analysis of Coenzyme Binding Indicates an Altered
Binding Mode in N189A MR. We anticipated that removal of

13952 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007

different reactive configurations for the enzysdADH com-
plex, and their differingKs values are consistent with the
differing amplitudes observed fdg—Kka.

We have also used the catalytically inactive analogue
NADHy, in binding titrations with both wild-type and N189A
MR (Figure 5A and B, respectively) across the temperature
range 10-35 °C. These data complement the above stopped-

Slow data and allow a direct comparison of the thermodynamics

of coenzyme binding to the wild-type and mutant enzymes. The
binding of NADH, is weaker in N189A MRKq = 1.7+ 0.3
mM) compared with wild-type MR (0.63 0.09 mM) at 25°C
(Figure 5A, inse), consistent with there being an altered
environment in the active site of the mutant enzyme. The

(31) Craig, D. H.; Moody, P. C. E.; Bruce, N. C.; Scrutton, NB&chemistry
1998 37, 7598-7607.
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0.015 wild-type MR [(4.84+ 0.1) x 10° Mt s and 80+ 6 s71,

respectivelyP!

The decay of the CT band (the second kinetic phase observed
at 555 nm) was adequately fit with a single exponential, and
the observed rate constaft%ky,s analyzed as a function of
NADH concentration (S| Figure S3B). Data were fit to a single
isotherm with a limiting rate constaft%;, = 56.34+ 6.1 s'1.

This value is similar to the limiting rate constakg{:) for the
fastest kinetic phase of FMN reduction measured at 466 nm at
the same temperature (66 2 s ). Additionally, the second
kinetic phase at 555 nm saturated with an apparent kiRE#G

010 of 0.2 &+ 0.04 mM, the same, within error, &S (0.2 £+ 0.02
mM) measured for the first kinetic phase at 466 nm. The
amplitude of the absorbance change at 555 nm also saturated
as a function of NADH concentration (S| Figure S4B). Given
the similar kinetic properties for decay of the CT complex and
the first kinetic phase observed at 466 nm (FMN reduction),
e infer that the observed CT complex is the same reactant
species that defines the first phase of the multiphasic 466 nm
transients. We also infer that in our equilibrium binding titration
of N189A MR with NADH, (Figure 5) we are specifically
monitoring the binding of NADHlin a configuration that mimics
the “fastest” N189A MR-NADH reactive configuration (i.e.,
the first kinetic phase observed at 466 nm). This is supported
by the measured extinction coefficient of the N189A MR
NADH, CT complex which is significantly less than that
measured for the wild-type MRNADH,4 complex (Figure 5B).
Likewise, the CT species is less intense in stopped-flow
reactions of NADH with N189A MR (Figure 6) compared with
wild-type MR 3! We infer that the remaining binding modes
detected kinetically (phases 2 to 4) do not contribute significant
CT absorbance consistent with the nicotinamide moiety being
more distant from and/or positioned less parallel to the FMN
isoalloxazine, as also suggested by our computational analysis

0.0104
[NADH]

0.0054

AA (555 nm)

0.000 4

004 006 008
tls

Figure 6. CT complex formation and decay with increasing concentrations
of NADH (0.1, 0.2, 0.5, 1, 2, and 5 mM NADH, respectively) and;2a
N189A MR in 50 mM potassium dihydrogen orthophosphate, 2 mM
2-mercaptoethanol, pH 7.0 at°&.

temperature dependence of the apparent association consta
(Ky) is readily calculated from the measurégvalues (Figure
5B, inse). Fitting these data for N189A and wild-type MR to
the van't Hoff equation describes the thermodynamics of
NADH, binding, givingAH = —17.1+ 1.0 kJ mot! (N189A
MR) and—35.24 4.0 kJ mot? (wild-type), andAS= —4.0+
3.0 Jmof! K~1 (N189A MR) and—58 & 14 J mot 1K1 (wild-
type). Thus, binding is enthalpy-driven, but this is opposed in
wild-type MR by a modest negative entropy. This opposing
entropic contribution is absent in N189A MR, consistent with
more disordered binding of NADHto the mutant enzyme.
AGpinding Was estimated from the van't Hoff equation, giving
AAGyinding (25 °C) = +3.1+ 1.2 kJ motl'! weaker relative to
wild-type MR. These data are consistent with the loss of a
hydrogen bond in N189A MR compared to wild-type MR,
allowing access to other reactive configurations. We infer in
our equilibrium binding titration of N189A MR with NADE X
(Figure 3) we are monitoring specifically the binding of NARH (Figure 2).
in a configuration that mimics the “fastest” N189A MRIADH Our computational analysis suggests a possible explanation
reactive configuration (i.e., the first kinetic phase observed at for the existence of multiple phases in N189A MR. The loss of
466 nm). This is supported by the measured extinction coef- the hydrogen bond from the carbonyl oxygen of the nicotinamide
ficient of the N189A MR-NADH, complex which is signifi- 0 Asn-189 gives access to a broader range of reactive
cantly less than that measured for the wild-type MRADH, configurations than in wild-type (configuration 3 and the region
complex (Figure 5). Likewise, the CT species is less intense in Petween configurations 3 and 2 in Figure 2A). While config-
stopped-flow reactions of NADH with N189A MR (Figure 6) uration 3 corresponds to a more optimal reactive configuration
compared with wild-type MR! We infer that the remaining  than accessible in wild-type (discussed above), the two rings
binding modes detected kinetically (phases 2 to 4) do not become less parallel when the nicotinamide is located between
contribute significant CT absorbance consistent with the nico- configurations 3 and 2- giving a possible explanation for the
tinamide moiety being more distant from and/or positioned less l0ss of a CT complex in the additional phaseswith C4-H
parallel to the FMN isoalloxazine, as also suggested by our closer to N5 than in (the apparently nonreactive) configuration
computational analysis (Figure 2). 2. However, based on our molecular dynamics trajectory of
We have also analyzed the kinetics of binding of NADH to  (only) 10 ns, we are unable to assign unique binding modes to
N189A MR using stopped-flow methods by following the broad Phases 2 to 4.
absorbance centered-at555 nm attributed to the MRNADH In principle, the observed MRCs can be rationalized in
CT complex®! As with wild-type MR, there is an initial rise in  different ways. One could argue that the binding of NADH in
absorbance at 555 nm (CT formation) followed by an absor- multiple conformations at the same active site gives rise to
bance decrease as the CT complex collapses as a result of FMNbinding conformations that correspond to a different kinetically
reduction (Figure 6). We have analyzed the observed rate,resolvable exponential component of the absorbance transient

CTlk,phs Of the first kinetic phase (CT formation) as a function
of NADH concentration at 3C, and fitting these data to the
expressiort T kyps = k-p + kp[S] givesk, = (5.4 + 0.5) x 10°

M-1slandk_, = 1274 55 s1 (Sl Figure S4A). These values

reporting on FMN reduction. In this case, one can conceive a
number of energetic minima for the NADHMR complex, with
possible interconversion between them. That we have identified
distinct phases of FMN reductiog(3), however, argues for

are, within error, the same as those measured previously forslow interconversion of MRCs suggesting trapping of the
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coenzyme in local energy minima on binding. Without crystal- 0,
lographic data for the N189ANADH, complex we cannot 1.00- 1 iR =
make a definitive statement about the apparent slow intercon- i i, ok,
version of the MRCs. Our inability to crystallize the mutant i
complex might reflect heterogeneity in the ensemble population
that contributes to the formation of MRCs. Studies at the single
molecule level would clearly be informative in evaluating the
molecular origin of the observed MRCs.

We have considered an alternative model in which different
conformational states of the N189A MR each exhibit different
binding modes for the coenzyme, but only one conformational
state is competent to catalyze hydride transfer to FMN. We do 0.004
not favor this model because we observe relatively large primary T ' y T
KIEs for each of the four kinetic phases we access in our S ! 10_1 oo
stopped-flow studies (see below). Our stopped-flow data indicate kobs I's
relatively slow interconversion of the MRCs, and this would  rjgyre 7. Manifestation of the reactive configurations of N189A MR as a
suppress the expression of primary KIEs on those kinetic phasedunction of temperature. Data collected in 50 mM potassium dihydrogen

that represent relatively slow conversion of a nonreactive to orthophosphate, 2 mM 2-mercaptoethanol, pH 7.0 using 20 mM NADH
reactive conformation and 20uM N189A. The width of each peak represents the standard error

; o of kops The amplitude anétyps for each reactive configuration determined
Analysis of 1° and 2° Kinetic Isotope Effects for Each from fitting eq 1 to stopped-flow transients is shown for reactions analyzed

Kinetic Phase in N189A MR.Rate constants,land 2 KIEs, between 5 and 35C. (Inse) The corre_sponding_ Eyring‘ plots_ of the _
and their temperature dependence, for the chemical (hydrideteg;ptagt.ure dependence of each accessible reactive configuration and wild-
transfer) step in wild-type MR have been reported by us _using geometry of the “tunneling ready” configuratidrilhe errors
stopped-flow methodsar?d used _to demonstrate an ENVIroN- ¢4 9o KIE1—3 prevents the use of the XIE values to assess
mentallly coupled ‘“”.”e'"?g reactidhWe have extended this any differences in the tunneling ready configuration that one
stab!e isotope analysis VYIth the N;SQA MR to demonstrate that might expect with different MRCs.

hydride transfer_ oceurs in each k_|net|c phase_ observed at 466 The I KIEs indicate that hydride transfer occurs in each of
2 KIES fo the hyeride tansie reacto for the it tree kinetic "8 e kineic phases analyzed at 466 nm. Further, hat 1
phasesk,—ks) were investigated usingjj-[4->H]-NADH and KIEs > 1 are observed for the three kinetic phases indicates

. . that hydride transfer from NADH to FMN is limiting in each
[4-2H]1-
(9-4-H] NAPH’ respeciively, at coenzyme concentrations that reactive configuration. The inflated® XIEs and temperature
were saturatingX10 x Kg). The temperature dependence of

. h . dependence of the KIEs suggest H-transfer from C4-H occurs
the flavin reduction rate with each coenzyme was measured P 99

and the data were fit using the Evring equation. Individual rate’by guantum mechanical tunneling in all three characterized
constants AH\tN and IK|L|IESI gt eachyttlargpe?;tulre for elz:\/clzhuof the reactive configurations. As with wild-type MR.%27a role for
S . . mpressive motion in the enzyme to bring th nzym
kinetic phases are given in Sl Table 2. The effect oftemperaturec0 pressive motio e enzyme o bring the coenzyme

- . . substrate complex to the tunneling ready configuration is
on the corresponding E_yrlng plots for the_ N189A enzyme is suggested by the temperature dependence of tHéEs. We
shown, and corresponding data for the wild-type enzyme are

resented for comparison in Fiaure 7 emphasize the difficulty in rigorously analyzing multiphasic
P par ' . 'gl_J ' kinetic transients and their temperature-dependence. Thus, while
The I KIEs for the three kinetic phases (KiE) observed

. ; the 2 KIE for the second kinetic phase (KlEis above the
in stopped-flow studies at 2% are 6.3+ 0.3, 12+ 1.7, 4.0+ semiclassical limit, there is a relatively large error on this value.

0.5, respectively, and were all found to be temperature- ag regards tunneling, our data fles are arguably equivocal.
dependent within experimental error and the accessible tem-ry,5¢ s5iq, the key finding is that different reactive configurations

perature range. Vallues OAH* = 4.8+ 4.5k mo’rll(KIEl), can be identified from ensemble stopped-flow measurements
49.5:+ 10.9 kJ mot™ (KIE2), and 11.6+ 3.2 kJ mof™ (KIEs) of the reductive half-reaction in N189A MR.

were obtained. Extracting accurate rate constants feas more
difficult with (R)-[4-?H]-NADH because of poorer kinetic

il _
075 =l ok,

el

e LA R A i
0.5091 32733 34 35 36
1047/ K

relative amplitude

MRCs and Implications for the Analysis Enzymatic
H-Tunneling. As this and other studies testify, MRCs are more

resolution of the first and second kinetic phases at certain likely to occur following mutagenesis of an enzyme active
temperatures. We believe this might be the origin of the larger g;;20.25 Multiple turnover assay methods are unable to detect

KIE and observed temperature-dependence for this kinetic phas§rcs, and this has potential implications when using these
compared with the first and third kinetic phases. methods to infer aspects of mechanism (e.g., H-tunneling).
At 25 °C the magnitudes of the”XKIE; s are inflated (i.e.,  Stopped-flow methods have the potential to reveal MRCs when
greater than the semiclassical upper [ffhitf 1.13), being 1.3 interconversion is slow, as exemplified by our studies with
+0.08, 1.23+ 0.13, and 1.28 0.03, respectively. Inflated”2  N189A MR, but this is an unusual situation and may prove to
KIEs are considered to indicate that H-transfer proceeds by ape an exception rather than the norm. Experimental detection
tunneling mechanisr#. We have previously observed that for  of MRCs is an important challenge as their existence has major
wild-type MR the magnitude of the®KIE may reflect the  jmplications for the analysis of reaction data derived from
steady-state turnover studies.
(32 Cook b b Biamarrt 12 Gidiand W BioohamainL050 16 4363 It would have been informative to measure steady-state
4858. constants for the reaction catalyzed by N189A to illustrate the
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impact of forming MRCs when using steady-state turnover of soybean lipoxygenase-1 (SLO-1), an extensively characterized
methods to address chemical aspects of mechanism. This is noenzyme regarding tunneling mechanisms, has failed to identify
possible with MR as the oxidative half-reaction of both the MRCs38

N189A and wild-type MR enzymes is rate limiting in steady- With N189A MR, we have shown that MRCs can be
state turnovet and thus experimental measurement of steady- identified and analyzed in the same way as single reactive
state rate constants would have little relevance to our analysisconfigurations using stopped-flow methods. We have demon-
of the reductive half-reaction. However, in an attempt to gain strated a complex interplay of kinetic regimes and reactive
some insight we have calculated a hypothetical steady-stateconfigurations in the N189A MR mutant. These data provide a
(multiple turnover) rate constanksy), defined as the rate of  means for describing the occurrence of MRCs mechanistically,
overall reaction under multiple turnover conditions when the building on other stopped-flo#?, single molecul® and com-
reductive half-reaction of the catalytic cycle is considered to putationat®2 studies. When combined with isotope analysis,
be rate limiting. Thus, we definkesas a multiple turnover rate  stopped-flow studies might prove useful in dissecting apparent
constant in the hypothetical situation where FMN reduction in artifacts in steady-state studies arising from the presence of
the N189A enzyme is fully rate limiting and when (i) all binding/ MRCs, thus allowing mechanistic details to be discerned.
release steps in the reductive half-reaction and (ii) all steps in
the oxidative half-reaction are faster than flavin reduction. Here
kss is determined from the three limiting rate constants (taken  All materials were obtained from Sigma-Aldrich (St. Louis, MO),
from the analysis of stopped-flow transients at 466 nm) using except NADH (which was obtained from Melford Laboratories,

the following relationship (eq 2): Chelsworth, U.K.), {H¢]ethanol, and9D4]glucose (Cambridge Isotope
Laboratories, Andover, MA). Wild-type MR and the N189A mutant

Experimental Section

A MR were purified as described previoush?! and the enzyme
kSS: z —k1 (2) concentration was determined from absorbance measurements at 466
— \AA nm (¢ = 11.3 mM* cm™). As for wild-type MR, the N189A enzyme

is stable at room temperature ferl2 h as judged by several criteria

From this relationkss= 81.5+ 12.6 s at 25°C. Comparing (retention of full catalytic activity, dynamic light scattering analysis,
this value to those shown in Figure 7 illustrates that the retention of characteristic FMN absorption spectrum, and the lack of
simulated steady-state value does not reflect either of the rateformation of aggregates/precipitation or lack of flavin release from the
constants;—3 and in this case cannot identify MRCs. We stress protein). The preparation oR}-[4-°HINADH and (S)-[4-°HINADH
that this is a simulated case only, and as a result of the natureNas been described previousind achieved a similar puritjisotopic
of the calculation, the error propagation gives a rather large purlty was not _c_orrected for in this stutlgiue to the negligible effect
standard error. That said, the calculation illustrates a failing of °f Minor impurities (5%) on observed rate constants extracted from
steady-state methods in detecting MRCs, and has major impIica—smppe(.]l'fIOW daté'NADH“V.VaS prepared by passing hydrogen through
tions for the analysis of tunneling regimes in enzymes in those a solution of NADH containing 10% palladium/carbon catalyst. The

) . ) ; reaction was stopped when there was no discernible absorbance at 340
situations where MRCs exist. We emphasize that we do not yy andAsdAcss < 1.2. The coenzyme was then purified as in the

intend our simulation to exemplify any inadequacy of multiple  case for NADH and stored freeze-dried aB0 °C. Coenzyme solutions
turnover analysis in general but rather to describe a potential were made fresh, and their concentrations were determined by absor-
consequence of the observed data for N189A MR. bance measurements at 340 ra=(6.22 mM* cm~; NADH) or 288
Tunneling regimes in enzymes are routinely analyzed using nm (€ = 9.2 mM™* cm™% NADH,). All reactions were performed in
steady-state turnover methods andisotopically labeled substftes. 50 mM potassium phosphate, 2 mM 2-mercaptoethanol, pH 7.0.
Although kinetic complexity is a concern, intrinsic KIEs can __ Crystals of NADH-bound wild-type MR were grown from 45 to
be extracted from kinetic data using established methdde 50% saturated ammonium sulfate, 0.1 M HEPES, pH 7.0 using the
use of multiple turnover methods has been extended to mutant>™N9 drop vapor-diffusion method and soaked in 100 mM NADH

enzymes to probe the effects of altered active site geometry Onlmmed|ately prior to freezing and X-ray exposure, crystals were

i . ith b f a5 37 transferred to a cryobuffer identical to the mother liquor except for the
tunneling reactions with a number of enzyme syst : addition of 20% glycerol. Crystals were then flash-frozen and stored

This has led to models of dynamic coupling in H-transfer pejow—170°C. Data sets were obtained from single crystals mounted
reactions. Different reactive configurations have been identified in nylon loops and cooled te-170 °C in a gas stream of N Data
primarily from molecular dynamics simulatiofs!®We suggest  were collected at the European Synchrotron Radiation Facility (ESRF)
that stopped-flow and single molecule studies may therefore at collection station ID142 and processed and reduced using DENZO
be useful tools to augment such steady-state analyses, potentiallgnd SCALEPACK® The crystals were of the same space group as the
aiding in describing aspects of kinetic complexity which may crystal used for earlier structural determination of Ko the structure
arise from mutation of active site residues. The analysis of cogld be splved using difference .Four.ier analysis. The structure was
tunneling regimes for MRCs may prove useful in assessing the "¢fined using REFMAC and rebuilt using TURBG: _
contribution, if any, of protein dynamics to hydrogen tunneling. To prevent oxidase activity of N189A MR, all kinetic studies were

. . . performed under strict anaerobic conditions5(ppm Q) within a
We emphasize, however, that stopped-flow analysis of active- glovebox environment (Belle Technology) as described previously.

site mutant enzymes will not necessarily identify MRCs. For p,,i4 reaction kinetic experiments were performed using an Applied
example, a stopped-flow analysis of several active site mutants
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Photophysics SX.18MV-R stopped-flow spectrophotometer contained Principal component analysis was performed on the 2D rmsd matrix
within the glovebox. Spectral changes accompanying flavin reduction of nicotinamide configurations, determined following overlay of the
were monitored at 466 nm over 260 s using a logarithmic time base.  isoalloxazine rings in the different frames, using MATLAB (MathWorks
For temperature experiments, a saturating coenzyme concentration ofinc., Natick, MA). For additional details of the computational methods,
20 mM was used to confer pseudo-first-order reaction kinetics. see legend to Sl Figure S4.

Individual reaction absorption traces were fit to a multiple exponential
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to neutralize the charge of the system. Following equilibration, the for the Cwstal structure of MR bound to NA_DI-Ftereorendered
production trajectories were collected for 10 ns (SI Figure S4). These image of Figure 2B, tabulated KIE data, binding data and van't
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