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and below room temperature, resulting in a downward curved
Arrhenius plot of Ink.o) Vs reciprocal temperature. The observa-
tion of both temperature independent kinetic isotope effects (above
30°C) and a significant enthalpy of activation (15 kcal/mol) could
not be explained by a rigid barrier modéf.Rather, these findings
are in accordance with theoretical models of vibrationally
enhanced hydrogen tunnelitty1® These models invoke vibra-
tional modes of the reaction’s environment that increase the
tunneling probability along the reaction coordinate. It was
suggested that below the transition temperature the thermophilic
enzyme had become too rigid to support vibrationally enhanced
tunneling.

The physical basis for the enormous catalytic power of enzymes We now report the results from amide protium/deuterium-
is being actively investigatedStructural studies of enzymes have exchange (H/D exchange) experiments with both a mesophilic
influenced our view of catalysis enormously, but the three- and thermophilic ADH:'” We have compared the global
dimensional pictures they provide generally do not incorporate flexibility of the mesophile and the thermophile at their physi-
the wide range of protein dynamical motidStudies have shown  ological temperatures (25 and 88, respectively), and that of
a relationship between protein dynamics and the enzymatic eventghe thermophile at 25C (below the observed kinetic transitidh).
involved in the formation and breakdown of noncovalent H/D amide exchange in f® was measured by FTIR spectros-
complexes$5 A far greater experimental challenge is to explore Ccopy:*® A typical series of absorption spectra collected during
whether protein dynamics have a role in the catalysis of bond the course of a reaction is presented in Figure 1. Absorbancies
formation and cleavage. Recent kinetic findings on hydrogen of the amide | and amide Il bands were measured at 1641.8 and
transfer with various enzymes could not be explained without 1548.1 cm, respectively, and corrected with the baseline
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invoking both quantum mechanics and enzyme dynamics, but noabsorbance measured at 1726.7 &fffrigure 1).

direct measurements of dynamics were pursuédn other

The fraction of the unexchanged peptide’s hydrogen atoms was

studies, the link between protein dynamics and the chemical determined as

step(s) has not been obviotis!!
One of these studies (ref 11) examined the activity, stability
and protein dynamics of 3-isopropylmalate andlyceraldehyde-

3-phosphate dehydrogenases from thermophilic and mesophilic

_ o) — o)

0(0) = () @)

organisms (organisms that optimally grow at high temperature \yherew(t) is the ratio of the amide Il and amide | absorbancies
and at room temperature, respectively). The findings indicated (A), corrected with the absorbance of the baseline, at time

that the two homologous enzymes have similar flexibility at their

respective physiological temperatures, and that the thermophile

is more rigid at 25'C. In this and earlier studies, the comparison
of dynamics from hydrogen exchange with activity and melting

temperature suggested a correlation between protein flexibility

and activity**1>?However, the enzyme activity measured in these

Aamidell(t) - Abasét)
Aamide‘t) - A‘oasét)

w(0) is the amide Il/amide | ratio of the undeuterated protein

w(t) = 2)

studies was not directly related to a chemical step during and w(«) is the ratio for the fully deuterated protein. Two

enzymatic turnover.

Our previous studies of alcohol dehydrogenase (ADH) from
yeast (a mesophil&) and Bacillus stereothermophilu@ ther-
mophile denoted ADH-hTF)indicated that the hydride transfer

independent methods were used to measuf@). First, the

undeuterated, lyophilized protein was measured in KBr pellet.
Second, the protein was prepared in 50 mM potassium dihydro-
phosphate, pH 4.2, followed by lyophilization and an exchange

step has a significant (and similar) degree of quantum tunneling experiment at £C. w(t) data were then extrapolated te= 0.

at each protein’s physiological temperatures {€5and 65°C,
respectively). Contrary to predictions for tunneling through a rigid
barrier, the tunneling with the thermophilic ADH decreases at
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City, 1A 52242.

(1) Fersht, A.Structure and mechanism in protein sciences: a guide to
enzyme catalysis and protein foldiigy. H. Freeman: New York, 1998.

(2) Mulholland, A. J.; Karplus, MBiochem. Soc. Tran4d.996 24, 247—
254.

(3) Miller, G. P.; Benkovic, S. JChem. Biol.1998 5, R105-113.

(4) Sawaya, M. R.; Kraut, Biochemistryl997, 36, 586—-603.

(5) Bruice, T. C.; Benkovic, S. Biochemistry200Q 39, 6267-6273.

(6) Kohen, A.; Cannio, R.; Bartolucci, S.; Klinman, J. Rature 1999
399, 496-499.

(7) Harris, R. J.; Meskys, R.; Sutcliffe, M. J.; Scrutton, NB&chemistry
200Q 39, 1189-1198.

(8) Northrop, D. B.J. Am. Chem. S0d.999 121, 3521-3524.

(9) Rudd, P. M.; Joao, H. C.; Coghill, E.; Fiten, P.; Saunders, M. R.;
Opdenakker, G.; Dwek, R. Aiochemistryl994 33, 17—22.

(10) Ostermann, A.; Waschipkyo, R.; Parak, F. G.; Nienhaus, @Gldture
200Q 404, 205-208.

(11) Zavodszky, P.; Kardos, J.; Svingor, A.; Petsko, GPAac. Natl. Acad.
Sci. U.S.A1998 95, 7406-7411.

(12) Varley, P. G.; Pain, R. Hl. Mol. Biol. 1991, 220, 531—-538.

(13) Cha, Y.; Murray, C. J.; Klinman, J. BBciencel989 243 1325~
1330.

Both methods result im(0) = 0.51+ 0.04 for enzymes from
yeast and fronB. stearothrmophilus w(e«) was determined from
samples incubated in @ at 37 °C for 14 days with the
thermophilic ADH, and for 3 days with the mesophilic ADH.
Measurements were carried out after centrifugation and resulted
in w(e0) = 0.10+ 0.02 for both enzymes.

X, the fraction of unexchanged peptide’'s hydrogens, is a
function of time, pH, and temperature. The results were interpreted
under the assumption that the protein backbone amide hydrogen

(14) Kohen, A.; Klinman, J. PChem. Biol.1999 6, R191-198.

(15) Borgis, D.; Hynes, J. TChem. Phys1993 170, 315-346.

(16) Antoniou, D.; Schwartz, S. 0. Chem. Physl998 108 3620-3625.

(17) Englander, S. W.; Sosnick, T. R.; Englander, J. J.; Mayn&utr.
Opi. Struct. Biol.1996 6, 18—23.

(18) ASI, Applied Systems ReactIR 1000. Ga#ndows and a path length
of 100 um were used for both the sample and background measurements.
The temperature was thermostatee-@ 1 °C. The thermophile enzyme (ADH-
hT) was from the same preparation of enzyme used for the kinetic
measurementsand was dialyzed in protonated buffer (50 mM potassium
phosphate, pH 7, as in ref 6) before lyophilization. Two milligrams of
protonated, dry enzyme was dissolved in 100 of D,O to initiate the
exchange process. A series of IR spectra (330800 cn?) at 2 cnt
resolution were recorded starting 3 min after initiation. During the experimental
periold, 5 to 10% of the specific activity (measured as described previpusly
was lost.

10.1021/ja002229k CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/18/2000



Communications to the Editor J. Am. Chem. Soc., Vol. 122, No. 43, 200039

0.8

0.6 |

0.4

Absorbance

0.2

0

1900 1800 1700 1600 1500 1400 1300 3 4 5 6 7 8
cm™’ log(k,t)

Figure 1 A typical H/D e_xchange experimept with ADH-hT at 26 Figure 2. H/D exchange data summarized in the form of relaxation
in the time range of 3 min to73 . The amide | band (at ;64239m spgectra for yeast ADH (green) and ADH-hT (blue) at’®5and for ADH-
mo_stly a carbo_nyl stretch) is proportional to th_e concentration of total hT at 65°C (red).X is the fraction of unexchanged peptide hydrogens,
amides in solution. The amide Il banq (at 1548 énmost!y the out of tis time in seconds, arl@ the calculated chemical exchange rate constant.
plane N-H bend) shows the decreasing number of amide protons. The The solid lines represent exchange curves for hypothetical proteins

broad band at 14.50 crh reflects the Increasing number ofD and characterized by homogenequsalues as indicated in the figure. A shift
0-D groups and 1S not useful analytically. The abs_o rb“"_”ce Spectra are ¢ the relaxation spectrum toward the right upper corner, i.e., toward
normalized to amide I, and the arrows show the (_ilrectlon of _changes. smaller p values, reflects an increase in the conformational rigidity.
Spectra of undeuterated and fully deuterated proteins (dotted linés for Continuous and overlapping spectra reflect similar rigiéfty.

andt., respectively) were measured as described in the text.

The relaxation spectra reflect probability distributions. The shift
bonds form and break faster than the rate of exchange of a freeof the relaxation spectrum toward the right upper corner, i.e.,
amide (commonly denoted as an E£Xnechanism}>'” The toward smallep values, reflects an increase in the conformational
exchange proceeds as a series of simultaneous first-order reactionggidity. The upward bend in the plot with ADH-hT at 6
during the first 5 min of the experiment is attributed to a
1 temperature equilibration delay.
X=n Z exp—pikot) ©) The curves recorded at the respective optimum temperatures
1= almost coincide and are similar in shape and position, reflecting
. . . similar distributions of the conformational fluctuations. As for
wheren is the number of amide hydrogens per protein molecule 3 j5onropyimalate dehydrogendéehis observation supports the
andp is the probability of finding théth amide exposed to the g ,gqestion that homoiogous mesophiles and thermophiles have
solventk is the exchange rate of an exposed amide proton under g\ gjyed to induce similar dynamic environment at their active
the particular conditions of pH and temperature, calculated gjies at very different temperatures. The main observation from

n

empirically from this set of experiments is that the thermophilic ADH is signifi-
B B oy cantly more rigid at 25C than either itself or the yeast ADH at
= each protein’s physiological temperature.
ko= (10 P 4 10°79)10P 529 571 (1) (4) h in's physiological

The results reported herein, taken together with the similar
whereT is the temperature ifiC. This empirical equation, based nature of hydrogen transfer at the enzymes'’ optimum temperatures
on a polyp,L-alanine model, serves as a good approximation when and the reduced tunneling for the thermophile at Z5°13
comparing homologous proteins at different temperattirébe constitute experimental support for the idea that enzyme dynami-
parameter of interest with regard to the protein dynamics is cal motion has evolved to enhance catalysis of a chemical
which, regardless of the details of the exchange mechanism, istransformation.
smaller for a more rigid polypeptide. To comparéor the two JA002229K
homologous proteins at dlﬁere.m temperatures, ex<_:hange kinetic (19) Wrba, A.; Schweiger, A.; Schultes, V.; Jaenicke, R.; Zavodszky, P.
data were plotted as vs logfet), in the form of relaxation spectra  gjochemistry199q 29, 7584-7592.

(Figure 2)11.1920 (20) Hvidt, A.; Wallevik, K. J. Biol. Chem1972 247, 1530-1535.




