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The role of fast protein structural fluctuations in enzyme-
catalyzed reactions is a hotly debated topic in enzymology. Both
theoretical™ and experiment&i® studies suggest that collective
heavy-atom motions at the femtosecond to picosecond time scale
couple to the reaction coordinate. Although such motions have been
identified in molecular dynamics simulations and kinetic measure-
ments, there are few experimental observations of protein dynamics
at this time scal&:1 Specifically, no experimental data are available
for systems in which fast dynamics are expected to couple to the
catalyzed chemical transformation. We report infrared photon echo
measurements of formate dehydrogenase (FDH) in complex with
azide (N, a nanomolar inhibitor, and a transition state analogue)
and nicotinamide (NAD). We observe only femtosecond to
picosecond active-site dynamics for this ternary complex. Our
results demonstrate that the active site of the reactive enzyme
complex near the catalytic transition state may indeed exhibit the
fast dynamics that have been invoked to explain the kinetic fig,re 1. Active-site structure of FDHazide-NAD* complex (PDB#
properties of several enzymes. 2NAD). The arrow indicates the reaction path from theddnor to acceptor,

Three_pu|se infrared photon echo Spectroscopy is a vibrational and the dashed Ii_nes represent the hydrogen bonds discussed in the text.
analogue of the NMR spin echo that probes the frequency Al distances are in A.
fluctuations of an ensemble of oscillators. Inasmuch as the structuralimportant, it is of great interest to measure such motions and their
dynamics of the protein environment control the frequency fluctua- coupling to ligands in the active site. FDH serves as a good model
tions of the azide antisymmetric stretch, infrared photon echo system because azide, which is an excellent vibrational chro-
spectroscopy characterizes the spectral density of protein motions.mophore, is a tight binding, competitive inhibitor for this enzyme
The two-point frequencyfrequency time correlation function  with an inhibition constank; = 7 nM. Because azide is isoelec-
(FFCF) is a quantitative representation of the dynamics measuredironic with the carbon dioxide product and negatively charged like
by infrared echo spectroscopy. The FFCF is often expressed in thethe formate anion reactant, it is a potent analogue of the transition-

form, C(z) = AleUn + Adetn + A, where theA’s quantify the state structure of the catalyzed reaction.
magnitude of the frequency fluctuations and tfeidentify their Figure 1 schematically illustrates the active-site structure of the
time scale$: 14 ternary complex of FDH with azide and NATbased on a crystal

Among the earliest measurements on proteins are studies of thestructure of the ternary complex of FDH froRseudomonasp.
FFCF of azide bound to carbonic anhydrase and hemoglobin and101, which has high sequence homology toGh&oidinii enzymet?
of carbon monoxide bound to hemoglobin by Lim et’alhe The active-site structure is compact and is located between two
FFCF’s decay on time scales ranging from hundreds of femtosec-similar structural motifs, each a sandwich afhelix, parallel
onds to tens of picoseconds and longer. A more extensive series of3-sheet, and-helix. In the ternary complex, the azide is “anchored”
studies by the Fayer group reports similar dynamics for CO-bound by H-bonds to two residues on one side (Arg-284 and His-332)
myoglobin and its mutant$~% Finkelstein et al* recently and by two residues on the other side (lle-122 and Asn-146).
measured the FFCF of CO-bound horseradish peroxidase in freeSignificant to this study, these four residues connect to both rigid
form and with different substrates. They observed that the binding structural motifs.
of the substrate slows the active-site fluctuations, locking certain  Figure 2 shows representative three-pulse infrared photon echo
residues into a heterogeneous distribution of structures. Thesedata for the azideNAD—FDH ternary complex in BD. There are
studies all report a static component in the FFCF, indicating two time delays between the three pulses in a photon echo
significant static heterogeneity and supporting the general conclu- experiment,T andz; t corresponds to the time delay between the
sion that proteins exhibit both long time scale dynamics (nanosec- first two pulses in the experiment, afds the delay between the
ond—millisecond) and fast dynamics (femtosecetmicosecond). second and third pulses. We measure the echo response as a function
The model system in the current study is FDH fr@andida of 7 for many values ofT. Although the vibrational relaxation
boidinii. This enzyme catalyzes the NABlependent oxidation of  lifetime, 2.2 ps for azide bound to FDH, limits the time scales over
formate to carbon dioxide. Kinetic isotope effect (KIE) experiments which we can measure dynamics, it affects the amplitude and our
with this system indicate a contribution from quantum mechanical measurement depends on the shape of the echo response. Thus,
tunneling and coupling of the dynamics of the donor, the acceptor, we are able to quantify contributions to the FFCF that decay on
and their environmerit:18 Since kinetic experiments suggest that time scales longer than the population lifetime. The dots are the
fast protein-ligand interaction dynamics may be functionally measured data, and the solid lines are calculated echo responses
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azide samples the entire distribution of hydrogen bond lengths

® T=200fs within a few picoseconds. This result is unexpected because long-
: Iz ?gg ;5 range structural motions of the secondary structural elements to
= s

which these residues are attached should modulate the hydrogen
bonding interactions to the active-site-bound azide, and those
motions can span many decades in time. Our measurements indicate
that the bound azide does not experience protein structural
fluctuations on time scales longer than a few picoseconds.
One interpretation of this observation is that there are no
fluctuations of the secondary structural components to which the
- active-site residues are attached on time scales longer than a few
-1000 1000 picoseconds. Of course, slower motions might be important for other
T (fs) kinetic steps along the mechanistic cascade (e.qg., binding and release
Figure 2. Photon echo scans of the azieAD—FDH ternary complex of ligands, protein rearrangements, etc.) but are not present as the
in DO for increasing values of (top to bottom), the time during which  strycture nears that of the chemical transition state. An alternative
spectral diffusion occurs. explanation is that the structural fluctuations are precisely choreo-
graphed so that the motions of the protein modulate the hydrogen
bond lengths of the residues in an anticorrelated fashion. Then, the
lengthening of one hydrogen bond would offset the shortening of
another hydrogen bond, resulting in no change in frequency. Both
possibilities are interesting and should be further investigated by a
variety of experimental and theoretical methods attempting to
explore structural and dynamic properties of enzyme-catalyzed
P—H bond activation.

e T=1500"s

using the parameters from a global fit to both the echo data and
the infrared absorption spectrum assuming a FFCF of the form,
C(r) = Ale ' + Ae V. The parameters for the FFCF from the
fit are A; = 1.73 ps?, 13 = 0.25 ps,A, = 1.43 ps?, andr, = 3
ps. The narrow feature centeredrat 0 in each data set is due to
the response of the O solvent that we excite due to the overlap
between the edge of the laser pulse spectrum and the tail of the
O—D stretch absorption. The solvent response persists because o
a thermally induced spectral shift but does not interfere with the  Acknowledgment. This work was supported by the Roy J.
fits because we mask out the data 250 fs on either side of time Carver Charitable Trust and NSF CHE-0644410 (C.M.C.), NIH
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