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Dihydrofolate reductase fror&scherichia coli(ledHFR) has A 45 35 [C] 15 5
been a paradigm of enzymatic systems in many experimental and T T T T T
theoretical studies? Kinetic studies ofeddHFR have shown that
its kinetic cascade is complex, that product release is rate-
determining at neutral pH (12.5%, and that the hydride transfer
rate (the chemical step) is 950 In this communication, we
examine the nature of this hydride transfer reaction using intrinsic
primary (1°) and secondary (2 kinetic isotope effects (KIEs) and - - - I
their temperature dependences.
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Extensive computational studies on the mechanisedHFR B 7 ' ' '
have been carried out by quantum mechanical/molecular mechanical g —+ 4 ——4
(QM/MM) and free-energy perturbation methods giving insight into 4
the nature of this hydride transfér® QM/MM studies by Hammes- m§ 3 % 3 ¥ —
Schiffer and co-workers have suggested a network of coupled <
promoting motions that participate in the reaction mechasism. 2 .
From the experimental point of view, it is of interest to explore b - " "
the effect of such dynamics on the nature of the hydride transfer. , . . .
The study presented here offers an in-depth examination of that 0.0032 0.0034 0.0036
nature within the DHFR complete kinetic cascade. T [K'1]

Pre-steady-state studies with a thermophilic DHFR frbiner- ) ) L
motoga maritimeresulted in a steep temperature dependency E%ﬁgel'traﬁ;grf‘r'g; p&%g;g?;ﬂ‘ée; (ﬁ)/?’&?égtsnss%ﬁféfsJgg
between 5 and 20C that indicates tunneling of the protium isotope  jn k|Es a for DHFR® Curve fitting was carried out as a least root-
(observed KIE close to 6 with intercept much smaller than unity) mean-square, standard deviations weighted, exponential regression.
and classical temperature dependency between 20 anfC65  gp,seryed H/T and DIT KIES ankl/ks is the intrinsic H/T KIE.
(observed KIE close to 4 with intercept close to uni)- The same procedure also afforded calculations of intrinsic D/T and
In the current study, mixed labeling experiméfitere con- H/D KIEs (Figure 1B)\ Intrinsic KIEs were calculated throughout

ducted with theedHFR to examine coupling betweeri and 2 the temperature range as described recently by Francisco et al. for
hydrogens, and intrinsic KIEs were calculated from observed H/T peptidylglycine-hydroxylating monooxygenaie.

and D/TVIK KIEs. CompetitiveV/K kinetic isotope effect studies Fitting these intrinsic KIEs to the Arrhenius equation resulted
were carried out with wild-typedHFR using six different labeling in no temperature dependenciH, H/T = —0.1 + 0.3, DIT =
patterns of the NADPH cofactor. Mixtures oR44-3H]-NADPH —0.034+ 0.09. and H/D= —0.0H: 0.2 kcal/mol) and i,n isotope
with [Ad-*C]-NADPH and R [4,4-2H,°H]-NADPH with [Ad'lftc’ effects on Arrhenius preexponential factors which waggAr =
4-2H,)-NADPH were used for 1 H/T and P D/T KIE studies, 7.4+ 4, AdAs = 4.0+ 1.5, andAy/Ar = 1.8+ 0.3. These values
respectlvely.s Mlzxtures of8[4-°H] NADTH W't_rz‘ [Ad-1“C]-NADPH are all larger than the semiclassical limits (1.73, 1.41, and 1.22,
and 45 [4,4-°H,2H]-NADPH with [Ad-1‘C, 42H,]-NADPH were respectivelyf12324Preliminary initial velocity studies resulted in
used for 2 H/T and D/T KIE studies, respectivel¥/\C labeling of an energy of activationg) of 3.7 + 0.3 kcal/mol?5 which is in
NADPH that was not tritiated was used to facilitate LSC analytical accordance with a pre-steady-state study from wHichetween 3
analysist314The synthesis, purification, and storage of these labeled and 6 kcal/mol can be calculatétiTaken together, these data can
cofactors has been presented befére? _ only be rationalized by models with an extensive tunneling
All experiments were carried out at pH 9.0 because at this  .,n4ipytion and environmentally coupled tunnelifd:26-2° This
p!-l the chemistry is more rate-determining at°25_3The observed s hocause theoretical models that use tunneling correction explain
1° VIK KIEs were H/T= 4.81+ 0.06 and D/T= 1'650i 0.01 the lack of temperature dependence of KIEs by assuming no
over a temperature range from 45 to 15. Below 15°C both temperature dependence on the reaction rates for both light and
observed KIEs decreased with tempera}tur_e (Flgure 1A). '_I'he heavy isotopes (full, or extensive, tunneling mo&eld. The fact
observed values were used to calculate intrinsic KIEs following thatE, is larger than zero can be explained by models that invoke
i T -1 _ -1 _ f— -1 _
the equatg; (3(2// K)H’ggSﬂ ol (I(V/ K)b,obs Tl) = ((kn/kr) an isotopically insensitive, thermally activated step (e.g., environ-
Di((kfker)~ 1231 = 1) 222 where T (VIK)u opsand™(V/K)o.ebsare the - eneal rearrangement) and an isotopically sensitive but temperature-
t University of lowa. independent H-transfer step (tunneling). Several terms have been
* Pennsylvania State University. coined to describe such models, including “vibrationally enhanced
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ground-state quantum tunnelingf”;rate-promoting vibrations®?
and “environmentally coupled tunneling®2°

The reason that the observed KIE (K} is smaller than the
intrinsic KIE (KIEy) is that kinetic steps other than the H-transfer
step mask the KIg:. In the current work, the KIEs were measured
under irreversible reaction conditions, and the kinetic complexity
can be formulated as: Kigs= [KIEi + C]/[1 + Ci, where the
forward commitment to catalysi<{) is the ratio of the forward
isotopically insensitive step over preceding reverse stegeam-
mitments to catalysis were calculated for the obseVAd KIE.
Above 15°C all these commitments were close to 0.35, and at
temperatures below 18C the commitment increased (withy =
0.83 at 10°C andC; = 1.52 at 5°C). Additionally, the intrinsic
H/D KIE at 25 °C afforded the commitment on the pre-steady-

examined possible®t2° coupled motion on the C4 position of
nicotinamide for the first time. In contrast to studies of alcohol
dehydrogenas®;3° no such coupling was evident from thé 2
Swain—Schaad exponents, and the ability to measure such phe-
nomenon for these ubiquitous cofactors was demonstrated. Interest-
ingly, two KIEs that were recently predicted from theoretical
calculations turned out to be in good agreement with our measure-
ments (2 KIE® and 2 KIE®). Finally, the methods described here
appear to expose the H-transfer step in the DHFR reaction better
than previous methods, opening the door to in-depth investigation
of mutants with altered dynamiés.
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state hydride transfer rate. Benkovic and co-workers measured pre-

steady-state kinetics of wild-type and mutatDHFR using UV

Supporting Information Available: Tables presenting raw data

absorbance and fluorescence resonance energy transfer (FRET) f#nd more experimental details (PDF). This material is available free

25°C. The KIE measured for the H-transfer was 3.1 at 25
°C.2333The intrinsic KIE we report here is 3:5 0.2 at 25°C. These
observed and intrinsic KIEs result in commitment on the pre-steady-
state H-transfer rate o€; = 0.25. This commitment can be
rationalized by including two kinetic steps in the pre-steady-state
hydride transfer rate. The isotopically insensitive flip of the
nicotinamide ring in and out of the active site and the hydride
transfer itself. This finding demonstrates that the current method

exposes the chemical step better than previous methods. Hammes-

Schiffer and co-workers calculated an intrinsic KIE of 3which
is larger than any KIE measured in the past and is, within
experimental error, equal to the one reported here.

Experimental 2 KIEs for DHFR are reported here for the first
time (to the best of our knowledge). These measurements were
carried out at 25C, pH= 9.0, andV/K values of 1.149t+ 0.005
for H/T KIE and 1.05&+ 0.003 for D/T KIE were measured. These
values were then corrected for the commitment (calculated above
for 1° KIE) and 1.25% protium contamination in the deuterated
NADPH (from 'H NMR), using the method of Cha et #l.The
corrected values were 1.1940.007 for 2 kq/kr and 1.052+ 0.007
for 2° ko/kr. The Swair-Schaad exponent calculated from these
2° KIEs is 3.5+ 0.5. This exponent provides no indication of
coupled motion between the® Jand 2 hydrogens for hydride
abstraction from NADPH? Such coupled motion was suggested
for hydride extraction from NADH by Huskey and Schoweto
rationalize a large 2KIE for horse-liver alcohol dehydrogena%e.
Using the SwainSchaad relationship, it is possible to calculate
an intrinsic 2 H/D KIE of 1.13. Interestingly, the same value was
recently predicted from QM/MM calculations by Garcia-Viloca,
Gao, and Truhlar for the same enzyfiehe theoretical predictions
were published prior to the experimental value.

The two QM/MM studies mentioned here are complementary.

of charge via the Internet at http:/pubs.acs.org.

References

(1) Benkovic, S. J.; Hammes-Schiffer, Science2003 301, 1196-1202 and
references therein.

(2) Agarwal, P. K.; Billeter, S. R.; Rajagopalan, P. T. R.; Benkovic, S. J,;
Hammes-Schiffer, Rroc. Natl. Acad. Sci. U.S.R2002 99, 2794-2799.

(3) Fierke, C. A.; Johnson, K. A.; Benkovic, S. Biochemistry1987, 26,
4085-4092.

(4) Cummins, P. L.; Gready, J. B. Am. Chem. So@001, 123 3418-3428.

(5) Castillo, R.; Andres, J.; Moliner, \d. Am. Chem. Sod999 121, 12140~
12147.

(6) Garcia-Viloca, M.; Truhlar, D. G.; Gao, J. IBiochemistry2003 42,
13558-13575.

(7) Garcia-Viloca, M.; Truhlar, D. G.; Gao, J. U. Mol. Biol. 2003 327,
549-560.

(8) Garcia-Viloca, M.; Gao, J.; Karplus, M.; Truhlar, D. Gcience2003
303 186-195.

(9) Agarwal, P. K.; Billeter, S. R.; Hammes-Schiffer, 5.Phys. Chem. B
2002 106, 3283-3293.

(10) Maglla G.; Javed, M. H.; Allemann, R. IBiochem. J2003 374, 529—

(11) Maglla G.; Allemann, R. KJ. Am. Chem. So2003 125 13372-13373.

(12) Kohen, A.; Jensen, J. H. Am. Chem. So2002 124, 3858-3864.

(13) Melander, L.; Saunders, W. IReaction Rates of Isotopic Moleculéd
E. Krieger Pub.: Malabar, FL, 1987.

(14) Parkin, D. W. InEnzyme Mechanism from Isotope Effe@sok, P. F.,
Ed.; CRC Press: Boca Raton, FL, 1991; pp 2@90.

(15) Markham K. A.; Sikorski, R. S Kohen Mnal. Biochem2003 322
26—

(16) Markham K. A.; Sikorski, R. S.; Kohen, Anal. Biochem2004 325,
62—67.

(17) McCracken, J. A.; Wang, L.; Kohen, Anal. Biochem2003 324, 131—
13

(18) Agrawal, N.; Kohen, AAnal. Biochem2003 322 179-184.

(19) Details are available in the Supporting Information.

(20) Northrop, D. B. InEnzyme Mechanism from Isotope Effe@eok, P. F.,
Ed.; CRC Press: Boca Raton, FL, 1991; pp 1202.

(21) Kohen, A.Prog. React. Kinet. Mect2003 28, 119-156.

(22) Francisco, W. A.; Knapp, M. J.; Blackburn, N. J.; Klinman, JJPAm.
Chem. Soc2002 124, 8194-8195.

(23) Bell, R. P.The Tunnel Effect in Chemistr€hapman & Hall: London,
1980.

(24) Stern, M. J.; Weston, R. E. J. Chem. Physl974 60, 2808-2814.

(25) Tharp S, Kohen A. Unpublished results, 2003.

(26) Kohen, A Kllnman J. PChem. Biol.1999 6, R191-R198.

Reference 6 used ensemble-averaged variational transition-state (27) KQOhe” A.; Cannio, R.; Bartolucci, S.; Klinman, J.Nature 1999 399,

theory with reaction coordinates based on minimum energy paths,
with multidimensional tunneling contribution, and with 31 atoms

guantum mechanical. Reference 9 used mixed quantum/classica
molecular dynamics valence bond energies as the reaction coordi-
nate, a transmission coefficient accounting for barrier recrossing,

and the hydride nucleus represented as a 3-D quantum classical

wave function.

In summary, the experimental studies described above are
consistent with environmentally coupled hydrogen tunneling in the
H-transfer step of thedHFR catalysis. Such phenomenon was

suggested from various theoretical studies but has never been

observed before witredHFR. A mixed labeling experiment

496-499.

(28) Knapp, M. J.; Rickert, K.; Klinman, J. B. Am. Chem. So2002 124,
3865-3874.

I(29) Knapp, M. J.; Klinman, J. FEur. J. Biochem2002 269, 3113-3121.

(30) Kohen, A.; KImman J. PAcc. Chem. Red998 31, 397-404.

(31) Sutcllffe M. J.; Scrutton N. SEur. J. Biochem2002 269, 3096-3102
and references therein.

(32) Antoniou, D.; Caratzoulas, S.; Kalyanaraman, C.; Mincer, J. S.; Schwartz,
S. D.Eur. J. B|ochem2002 269 3103-3112 and references thereln

(33) Rajagopalan, P. T. R.; Lutz, S.; Benkovic, SBibchemistry2002 41,
12618-12628.

(34) Cha, Y.; Murray, C. J.; Klinman, J. Bciencel989 243 1325-1330.

(35) Huskey, W. P.; Schowen, R. U. Am. Chem. Sod 983 105 5704
5706

(36) Cook, P. F.; Oppenheimer, N. J.; Cleland, W. Btiencel981 20,
1817-1825.

JA031683W

J. AM. CHEM. SOC. = VOL. 126, NO. 15, 2004 4779



