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ABSTRACT: The motions of key residues at the substrate binding site of lactate dehydrogenase (LDH)
were probed on the 10 ns to 10 ms time scale using laser-induced temperature-jump relaxation spectroscopy
employing both UV fluorescence and isotope-edited IR absorption spectroscopy as structural probes. The
dynamics of the mobile loop, which closes over the active site and is important for catalysis and binding,
were characterized by studies of the inhibitor oxamate binding to the LDH/NADH binary complex
monitoring the changes in emission of bound NADH. The bound NAD-pyruvate adduct, whose pyruvate
moiety likely interacts with the same residues that interact with pyruvate in its ternary complex with
LDH, served as a probe for any relative motions of active site residues against the substrate. The frequencies
of its C=0 stretch and-COO~ antisymmetric stretch shift substantially should any relative motion of

the polar moieties at the active site (His-195, Asp-168, Arg-109, and Arg-171) occur. The dynamics
associated with loop closure are observed to involve several steps with motions from 1ts. 3(gart

from the “melting” of a few residues on the protein’s surface, no kinetics were observed on any time
scale in experiments of the bound NAD-pyr adduct although the measurements were made with a high
degree of accuracy, even for final temperatures close to the unfolding transition of the protein. This is
contrary to simple physical considerations and models. These results show that, once a productive protein/
substrate complex is formed, the binding pocket is very rigid with very little, if any, motion apart from

the mobile loop. The results also show that loop opening involves concomitant movement of the substrate
out of the binding pocket.

Our picture of the molecular nature of enzymatic catalysis water bands. The subsequent thermalization of the excited
typically revolves around static structures of enzymes, with water molecules results in a prompt temperature increase,
and without bound substrates and inhibitors, as determinedas fast as picoseconds. Temperature jumps can provide the
from crystallographic, multiple dimension NMR, or vibra- “trigger” initiating a reaction or conformational change, and
tional spectroscopy. This is necessarily a limited view, the conformational change can be monitored by a number
providing only “snapshots” of the development of the of spectroscopies. In this study, we measure both trypto-
reaction coordinate and providing no sense of the timing of phan and NADH fluorescence as well as absorbance in the
various events. Indeed, the theory of transition state stabiliza-mid-IR.
tion, invoked to explain the observed rate enhancements Lactate dehydrogenase (LDHEC 1.1.27) accelerates the
produced by enzymes over the corresponding chemical reacreduction of pyruvate by NADH to lactate and NADy
tions in solution, is also a static picture. Modern paradigms about 16*fold relative to the corresponding model reaction
for enzymatic catalysis can and do include atomic motion; (1). The reaction involves the direct transfer of a hydride
however, little experimental data support these theories. Aion from C4 of the reduced nicotinamide group of NADH
basic reason for the paucity of an experimental understandingto the C2 carbon of pyruvate (Figure 1). The nature of the
has to do with technical limitations. It has, until recently, LDH/NADH/pyruvate (ternary) complex has been studied
been very difficult to observe atomic motion on the 10 ns to using an adduct complex, LDH/NAD-pyr, that is formed by
1 ms time scales. Here, we apply laser-induced temperaturethe addition of the C3 carbon of the pyruvate enol to the C4
jump relaxation spectroscopy to study aspects of the dy- position of the nicotinamide ring of NADin the presence
namics occurring at the active site of lactate dehydrogenase of LDH (1). The dissociation constant for the adduct is about
Laser light tuned to the near-IR is used to irradiate weak 1071° M, just slightly smaller (about a factor of 10) than the
product of the dissociation constants for LDH with NADH
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Arg-171 mobile loop about by LDH (, 9). The enzyme-induced carbonyl bond
W/NH ) polarization shows up as a downward frequency shift in the
[+ o, Ao100 C=O0 stretch mode (located at 1710 chin solution) of 35
NH 2 0 NHy s> rg\/ cm™ (9). It has been determined that the His-195/Asp-168
'u:":o-'_/ é1 +,NH2 dyad is responsible for about 24 chof this frequency shift
N+e - i AN His-195 and Arg-109 for about 11 cm. Another key residue is Arg-
oy @O N \* 171, which solvates the ionized carboxylic moiety of
\ b 0 pyruvate at the binding site; this interaction affects the stretch
H '”"02/ modes of the ionized carboxyl moiety, raising its antisym-
c metric stretch frequency by 20 ¢ (1615 to 1635 cmt;
5 C-NH, Asp-168 see below).

We use the NAD-pyr adduct as a probe of the dynamics
taking place at the active site. This molecule does not
undergo catalysis, and it does not dissociate from LDH. It
is different from the normal ternary productive complex in
that the NADH cofactor and the pyruvate substrate are tied

) o ) ] together through the covalent bond between the C4 position
Ficure 1: Diagram of the binding site of LDH with bound NADH cPf NADH and the C2 carbon of pyruvate. Hence, any relative
and pyruvate showing hydrogen bonds between the substrate an . : 7
key catalytically important residues of the protein. The catalytic motion between these normally reacting species is frozen
event involves the hydride transfer of the C4 hydrogen of NADH out. This simplifies the system to a point where several
from the pro-R side of the reduced nicotinamide ring to the C2 important questions concerning specific dynamical features

carbon of pyruvate and protein transfer from the imidozole group of the active site can be answered.
of His-195 to pyruvate’s keto oxygen.

ADPR

The central issue we pose in this study is, once pyruvate
+is bound to LDH, what are the relative motions of the key

with pyruvate in its ternary complex with LDH on the basis €Sidues in the protein binding pocket with respect to the
of X-ray structural 2—5) and chemical, 6, 7) as well as bound substrate? The dynamics of loop opening/closing are

Raman structuralg 9) studies. Oxamate (N} €OCOQ) of particular interest. Holbrook and colleaguds(11), in
is an inhibitor of LDH and is an isoelectronic and isosteric INetic studies of substrate and inhibitor binding to LDH/
mimic of pyruvate. It too binds in a structural arrangement NADH, have shown that the '°°P1°Pe“'”§ rate is 580 s
believed to mimic pyruvate binding. Moreover, it has been 2nd loop closure occurs at 3020'sat 23 °C. We have
shown to have binding kinetics very similar to that of confirmed these rates in T-jump relaxation experiments of
pyruvate (0, 11). the LDH/NADH complex when it binds oxamate using the
While the dynamics of the catalytic reaction are largely emission properties of the nlcotl_namlde headgroup of NADI—_|
unknown, we postulate the following crude outline of the as a marker of loop open/closing. Our studies also exhibit

— ) : two faster processes, showing that loop closure involves
initial dynamics of enzyme-catalyzed conversion of pyruvate : .

several steps. Loop motion can be monitored as well through
to lactate. Pyruvate forms some sort of encounter complex

with LDH/NADH. Once the substrate reaches positioning sh|ftsd|2 freqL_Jency of the %.O s;retgh of ﬂ;]e bbounﬁ_ NAD'd/
close enough to the enzyme’s active site, which is buried pyr adduct since, as mentioned above, the breaking and/or

into the enzyme, a loop of the polypeptide chain, residues weakening of the hydrogen bond between Arg-109 and

- . . substrate yield(s) up to 11 crhfrequency shift in this
98-110, closes over the active site entrance, water IeavesC=O stretch, In this study, we have found it possible to

the binding pocket, the_ enzyme tightens ground the b(.)unddetermine a shift in this bond-stretching frequency of as little
substrate, and key residues are brought in close proximity - 0" 1 2nd smaller over time scales of 20 ns to 10 ms

9 y P relative motion between the His-195/Asp-168 dyad and

obs_erved in the crystallographic studies. .. Substrate &0 moiety shows up as a substantial shift in the
Figure 1 ShO.WS a cartoon 9f NADH a_nd pyruvate and its g hstrate €O stretch frequency. Motion against the sub-
arrangement with specific active site residues of LDH. There i ate's carboxyl group can be assessed by shifts in the

are several charged residues that are important for CatalySiSantisymmetric stretch frequency ofeCOO™ moiety which
and binding. The His-195 and Asp-168 dyad are essential o5 at 1616 cmt in solution. The frequency of this band is
for catalysis. N3 of the protonated imidizole ring of His- upshifted by the formation of hydrogen bonds and salt

195 approaches the carbonyl ring oxygen of pyruvate at anpiqges, and so the dynamics of the making/breaking of these
angle that is optimal for proton transfer which must occur jnteractions show up as frequency shifts of this internal

in the pyruvate to lactate transformation. In addition, a strong ¢ rdinate. In this way, the relative dynamics of the substrate

hydrogen bond is formed between the His-195 and the ygainst its protein host can be characterized quite thoroughly
substrate carbonyl oxygen that polarizes tkebond. The and specifically.

loop closure of residues 98L10 also brings Arg-109 close

to the substrate carbonyl oxygen, forming another hydrogen pATERIALS AND METHODS

bond. It is known that electrostatic stabilization of the

transition state in the pyruvatéactate interconversion, which Materials. L-Lactate dehydrogenase-(DH from pig
contains a highly polarized carbonyl moietyC—O-, is heart) was purchased as a crystalline suspension in am-
responsible for about half of the rate enhancement broughtmonium sulfate solution from Boehringer-Mannheim Co. The

adduct likely interacts with the same residues that interac
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enzyme was dialyzed three times against 0.1 M sodium This wavelength corresponds to the peak of a wea® D
phosphate solution (pH 7.0) at 4C. After dialysis, the near-IR absorption band & 10.1 cntt at 2um). The high
protein solution was filtered through a 0.45/ filter and transmission ensures a nearly uniform temperature profile
concentrated by centrifugation. NADH (grade I, 100%) was in the approximately 14 nLaA x 100 x 50 um3) laser
purchased from Boehringer-Mannheim Co. and used without interaction volume. The combined total instrument response
further purification. Concentrations of LDH and NADH were time is approximately 23 ns. The sample cell consists of a
determined using extinction coefficientgsgo = 200 mMt pair of Cak, windows separated by a %0n spacer. Unlike
cmtandesso = 6.22 mMt cm, respectively. The adduct  standard spacers, this one has a strip of Teflon down the
samples used in the infrared work were prepared by addingmiddle which splits the cell into two separate compartments.
LDH, NAD ", and pyruvate in a 1:5:10 N ratio. The complex This arrangement optimizes the match between the sample
was allowed to form overnight. Unreacted NADand and reference compartments. In the IR absorption experi-
pyruvate were removed ugira 2 mLAmicon concentrator  ments, BO was used as solvent to shift water's strong
(Millipore) and washing/concentrating the adduct four times absorption band near 1630 chdown to 1200 cm?, which
with deuterated buffer. The adduct concentration was de- allows most of the probe light to be transmitted through the
termined spectrophotometrically usiags= 2.1 mMtcm? 50 um path length cells. The pump laser energy is absorbed
(12). by water (O), and the temperature of the volume of water

The IR difference spectrometer has been described previ-reaches its maximum value within a response time of ca. 23
ously (13). FTIR spectroscopy was performed on a Nicolet ns since temperature thermalization and diffusion within
Magna-IR 760 Fourier transform spectrometer (Thermo- water occur on subnanosecond time scales. The diffusion of
Nicolet, Madison, WI) using a MCT detector in each case. heat out of the interaction volume takes about 8 ms in our
Both reference and sample solutions were simultaneouslycells. The size of the T-jump was calibrated using the change
loaded into a dual cell shuttle accessory. £pktes with of D,O absorbance with temperature which acts as an internal
15, 25, or 5Qum Teflon spacers were used. A two-position thermometer in the range of 1632700 cn? (14). The
sample shuttle was used to alternate between the sample and@-jump was determined to within Z. The system operates
reference buffer positions; this procedure substantially at 10 Hz.
decreased the spectral contribution of residual water vapor The fluorescence spectrometer has also been previously
after subtraction. A water vapor spectrum was also taken described 17, 18). Rapid temperature perturbation, i.e., up
and was subtracted from any difference spectra until this to a 20°C jump here, was achieved by irradiating water
contribution was nulled; the water vapor peaks are easily (H20) using an IR emission at 1.%4n with 70 mJ incident
identified by their narrow bandwidths and known positions. energy in a spot of about-122 mm diameter. This emission
Spectra were collected in the range of 13@000 cn1?® with was produced by Raman shifting the fundamental (1.06%
2 cnit resolution, and a HappGenzel apodization was of a Quanta-Ray GCR-150 Q-switched Nd:YAG laser
applied. Omnic 4.0a (Thermo Instruments Corp.) software (Spectra Physics, Mountain View, CA), ugil m Raman
was used for data collection and analysis. The solvent shifter filled to 450 psi with methane gas. The pulsed laser
background spectrum was subtracted from the each proteinwas operated at 1 Hz. Fluorescent emission was excited by
solution spectrum. Since the sample and reference cells werean Innova 200-25/5 argon ion laser (Coherent, Palo Alto,
assembled separately, their path lengths were not exactlyCA) operated multimode in the deep UV with outputs at
equal. To correct for this, the subtracted spectrum was 275 and 290 nm or at 360 nm. A shutter intercepted the
multiplied by a correction factor, typically in the range of excitation light and was opened only when needed (typically
0.95-1.05, adjusted until the regions that lacked the ligand for about 10 ms for each pulse of the heating beam); this
spectrum were as flat as possible and the remaining peakpermitted a more intense irradiation of the chromophore
were reasonably symmetrical. In the case of the isotope-while still avoiding photodamage. The excitation laser was
edited adduct spectra, the correction factor was adjusted untilfocused on the sample with a spot of 0.3 mm diameter, which
the background protein peaks were nulled. was overlapped with the near-IR pump laser spot. Fluorescent

Temperature-Jump Spectrometeihe essence of the  signals filtered through a narrow-band interference filter (450
kinetic spectrometer is the same for the IR and fluorescence+ 20 nm, used to monitor NADH emission, and 340 gm
temperature-jump instruments. A pulsed Nd:YAG laser is 12 nm for tryptophan) were acquired by a R4220P photo-
used to induce a 1020 °C temperature jump in an agueous multiplier tube (Hamamatsu, Bridgewater, NJ) at & &0gle
sample. The change in signal induced by the T-jump toward the incident excitation beam. All signals were
(transmission for IR or emmitted fluorescence light) is averaged by digitizing oscilloscopes (TDS 754A and TDS
detected in real time; hence a very accurate baseline is420A, Tektronix Inc., Beaverton, OR). Approximately 100
automatically provided, and quite small changes can be uL solutions were needed to fill a quartz sample cell (0.2
determined. mm path length).

The pump pulse and IR production used for the IR studies
have been previously describeldi{-16). This spectrometer RESULTS
consists of a widely tunable (from 1600 to 1700 &nCW Experiments were performed on three different protein
lead salt infrared diode laser (Laser Analytics) that functions solutions: the apoprotein, the ternary LDH/NADH/oxamate
as the probe for the IR measurements. An injection-seeded,complex, and the LDH/NAD-pyr adduct complex. In general,
Q-switched Nd:YAG laser (Spectra Physics GCR4) com- static thermal measurements preceded the kinetic studies.
bined wih a 1 mRaman shifter filled with Hgasisusedto ~ This calibrates the expected signal size to be observed in
produce the pump radiation a2 (10 ns fwhm Gaussian the kinetic work and also sets the magnitude of the signal at
pulse width), which is the source for the temperature jump. infinite time in the kinetic experiments.
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Apo-LDH was studied since, as will be seen below, — T — T —
relaxation signals resulting from the T-jump are observed 10k (a)
that arise from the enzyme itself, in the absence of bound L 1637 e’ ]
ligand. These signals show up as well in ligand-bound
systems as a background and so need to be characterizedo
Loop opening/closing dynamics are a feature of the active
site of LDH. As shown below, the loop motion shows up in
T-jump relaxation measurements by perturbing the equilib-
rium between bound and unbound substrate/inhibitor from
LDH/NADH. We use the inhibitor oxamate since its binding - ]
kinetics, at least concerning loop motion, are essentially 02— —
identical to the substrate pyruvate and the complex does not " .
undergo catalysis, which complicates greatly the kinetic " ' ; " : : ' : :
analysis 10, 11). Since the emission of the reduced nicoti-
namide moiety is essentially quenched for the ternary LDH/
NADH/oxamate complex with the loop down but not

quenched for the loop open geometry, NADH emission is a 2 -

=

very sensitive reporter of loop closure kinetics. We report 7z
here the measurement of the binding process of oxamate to ¥
LDH/NADH using NADH fluorescence changes in response
to the T-jump to verify previous studie@ 11); the results
yield essentially the same kinetics of loop closure as observed 3
previously although faster steps are additionally clearly 402
observed. We are in the process of structurally characterizing
these faster kinetic steps. The third protein system that we P T R S T S R S B
perform measurements on was the LDH/NAD-pyr com- 1600 1620 1640 1660 1680 1700
plex. This complex allows us to probe the protein motions Wavenumber, cm’

coupled to the _substrate in the absence of other compli_cating':IGURE 2: (a) IR absorbance band of LDH inD. The concentra-
processes. This complex does not undergo catalysis, th&jon of the sample is 1.2 mN, cell path length is 6, and
substrate does not dissociate, and the NADH cofactor anduncorrected pH= 7.2, at 25°C. A second derivative analysis reveals

the substrate are covalently linked such that any relative that the amide'lis composed of two bands at 1637 and 1657 €m
motion between them is inhibited. The maximum of the amidé lies at 1652 cm'. (b) Difference

. . spectra generated by subtracting the spectrum &CLfom the
Apo-LDH. Figure 2a shows the IR absorbance of LDH in spectra taken at 20, 25, 29, 34, 39, and°@4 The changes are

the amide I range. The solvent is pH 7 D/buffer. The monotonic with temperature and go in the indicated direction. As
prime refers to deuterated amide groups which result whentemperature increases, a gain in intensity is observed peaked at 1667
the exchangeable amide protons are deuterated by suspensigin * With a concomitant loss at 1625 ctn

in D;O. A second derivative analysis (not shown) reveals )

that the amide' lband essentially consists of two overlapping difference in absorbance at any wavenumber between 1625
bands at 1656 and 1637 cin The value of 1656 cnt is and 1667 cm' divided by the peak absorbance of the
characteristic ofi-helical secondary structure while the 1637 Protein’s amide 'Iband (near 1652 cm) as a function of
cm* band can be assignedfesheet and/or solvated helix. temperature ylelded_a Ilne_zar response over the entire tem-
A sample at a concentration of 4N (as determined from ~ Perature range studied with a slope of 0.00224.65 x

its UV absorption at 280 nm) was measured at several 10°°) °C™*.

different path lengths from 15 to 1Q@n in order to obtain The type of melting behavior exhibited in Figure 2b is
the absorption constant at the peak position in the IR. This very similar to studies involving the melting of “solvated”
procedure minimizes the error induced by the solvent helices (see e.g., ref4). The characteristic frequency of
background in the calculated protein extinction coefficient. helical model peptides in solution and solvated helices of
At 1652 cn1?, the maximum of the amide band, we find proteins lies between 1625 and 1640 émWhen this helix
that ezgs0 = 15.1 Nt yum™ (6.03 10° Mt cm™). Figure melts, producing random coils, the characteristic amide |
2b shows the temperature dependence of the amndide I|frequency lies near 1665 crh An apparent linear response
spectrum by calculating a series of “double difference” of the melting, rather than sharp transitions that are normally
curves. At each temperature, the residugDbackground produced by the melting of proteins, is also found in melting
and water vapor bands have been subtracted from the samplstudies of helical peptides. This is because the enthalpy
spectrum. The absorbance spectrum af@ds subtracted  difference between the folded and unfolded portion of the
from these background-adjusted absorbance bands at suchelical peptide involves few residues and is therefore small.
cessively higher temperatures. The pig heart LDH used in Hence, it is reasonable to assign, tentatively, the behavior
this study is a tetramer with each of the four binding sites observed in panel b of Figure 2 to the melting of a few amide
acting independently. In this paper, we use the units of residues, probably on the surface of the protein,. Assuming,
“normality” to indicate the molarity of binding sites, as has crudely, that the amideé C=O stretch modes of each of the
been customary. The double difference curves show a loss331 residues (per subunit of the tetramer) contribute equally
of absorbance peaked at 1625¢mnd a concomitant gain  to the IR absorbance and that each has a half-width of 10
of absorbance peaked near 1667 ¢émA plot of the cm 1, about 83 residues contribute to the intensity at any

08— -
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(LA B AL AL L AL IR RALL L B occurring past 1 ms results from the higher temperature in
r ] the laser interaction volume returning to its initial value
(diffusional cooling), which has a time constant of about 8
ms in the IR spectrometer. This response is driven solely by
the cooling dynamics and contains no information regarding
the protein dynamics. As is apparent, there is a very sudden
early time bleach at wavelengths around 1630 tand a
concomitant gain in intensity at wavelengths near 1665'cm
The apparent rise time of this sudden response is just slightly
longer than the 23 ns response time of the instrument, at 37
ns. Convolving the exponential instrument response 23
ns) with a single-exponential rise describing the protein
response yields a best fit with = 30 ns for the protein
response. The absorbance magnitude in the observed changes
in the 37 ns transient between 1665 and 1625 cin
response to a T-jump of 1Z is close to that predicted (5
mOD for both cases) from the static melting measurements
(Figure 2b). Previous studies have shown that the charac-
teristic relaxation behavior of solvated helices in response
to a T-jump is a single-exponential response with a lifetime
of 30—150 ns (4, 16, 20). Hence, the dynamical nature of
the changes in IR absorbance as a function of temperature
observed in the static data of Figure 2b is in agreement with
assigning this to the melting of a small number of solvated
| helices. In Figure 3, very small amplitude signal kinetics on
o vl el vl o i el the 1-10 us time scale are suggested. These were found to

000L 0010l b 10100 100010000 be irreproducible and are likely artifacts introduced by a small

Time, pus . .
incomplete subtraction between the sample and reference

FIGURE 3: Kinetic IR response of apo-LDH in D for a T-ump transients. Since the entire magnitude of the static IR

from 11 to 23°C at four different frequencies: 1625, 1634, 1656, absorbanc,e is mapifgsted in the 37 ns S,ignal' it is unlikely
and 1665 cmt. The background BD response has been subtracted that there is any kinetic response occurring slower than the
from these data. All curves show a slow recovery on the milli- 8 ms cooling time. Hence, the only kinetics observed from

second time scale since heat flows out of the laser interaction gpo-LDH as observed using IR probes of structure is the
volume with a ca. 8 ms time constant returning to the original prompt 37 ns early time kinetics.

temperature of 12C. The sample concentration was 88, in

[
T

1665 cm’™*

1656 cm’™!

A Ahsorbance, milli OD.

1625 e’

100 mM deuterated sodium phosphate buffer, uncorrected=pH* Figure 4 shows the emission of the indole rings of the
7.2, and a cell path length of 1@@n (optical density= 116 mOD tryptophan residues in LDH as a function of time after the
at 1657 cm). T-jump. The early prompt negative signal is unresolved and
is due to the sudden temperature increase since increasing
point across the amidéband which is about 40 cmibroad.  temperature generally quenches fluorescence emission. It is

At 1625 cnm?, a 10°C change in temperature corresponds possible that some of this initial transient may arise as well
to a change of 11 mOD, and the 83 residues yield an from sub-15 ns changes in structure of the protein. As in
absorbance of 460 mOD (all for the concentrations and paththe IR experiments, the emission increase observed past 1
length of Figure 2). Hence, it is estimated that about 2 ms is due to diffusion of heat out of the laser interaction
residues melt for a 10C temperature change. This simple volume, producing sample cooling. The early time kinetics
calculation demonstrates that IR spectroscopy can easilyare fitted to a three-exponential function with time constants
detect structural changes in a few residues within a large of 12 and 17 ns and 3,5s; the fit is overlaid on the data.
protein complex. Similar sensitivity of infrared spectroscopy The 12 ns transient is the instrument response. Two resolved
to small changes in local structure within a large protein (e.g., transients are then observed in the kinetics of Figure 4:
a single chemical bond within bovine cytochromexidase, emission recovery with a time constant of 17 ns and an
MW > 220 kDa) has been demonstrated previousd).(  emission decrease occurring at &% It seems reasonable
Figure 3 shows the relaxation kinetics of apo-LDH probed to associate the nanosecond kinetics observed in the IR
at several wavelengths in the amidespectral range in  T-jump kinetics (Figure 3), and the structural change
response to a T-jump from 11 to 2&. Since DO has a responsible for these signals, to the 17 ns transient observed
small absorbance at these wavelengths which is temperaturén the Trp emission kinetics since the relaxation times match
dependent, there is a substantial response fre@viuffer approximately to within our errors. We have no structural
alone. The traces presented result from a subtraction betweerexplanation of the 3.&xs transient.
the sample transient gD/buffer/protein) and the reference LDH/NADH + Oxamate Holbrook and co-workers per-
transient (RO/buffer alone). The response of the reference formed T-jump relaxation experiments and stopped-flow
provides the calibration of the magnitude of the T-jump and mixing studies on the kinetics of loop closure in response to
also yields the instrument temporal response function sincebinding the inhibitor oxamatel () and the substrate pyruvate
the thermalization of the absorbed laser light occurs es- (10) to LDH/NADH but on slightly modified proteins. LDH
sentially instantaneously (ca. 10 ps). The late time responsewith Tyr-237 nitrated produces a visible absorption center
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R B i e ma st et Scheme 1

LDH/NADH + oxamate%

losed

Ky
LDH°pe’7NADH/oxamate‘k0:’
pen

LDH®°*YNADH/oxamate

Figure 5 shows the emission of NADH in response to a
T-jump of 21°C from 20 to 41°C. Following the kinetic
model above, the large amplitude increase in emission with
a time constant of 118s corresponds to the relaxation time
of loop closure Keosed + Kopen This is in good agreement
with the extrapolated value (7Gs) to 41 °C using an
Arrhenius function with a loop motion activation energy of
33 kcal/mol and a rate of 3600%at 23°C. In addition, the
observed emission increase with increasing time is physically
consistent with the step corresponding to loop motion. The
sudden temperature increase results in driving the system
toward a decrease of the fluorescence-silent BB
NADH/oxamate complex and an increase of presumably
" T T 7 fluorescent LD_HpeWNADH/oxamate_and LDH/_NADH bi-

001 ol ) 0 100 1000 nary complex, i.e., a change from right to left in Scheme 1.
Time, {1s The emission kinetics shown in Figure 5 were fit to ex-
FIGURE 4: Kinetics of the Trp emission of apo-LDH measured at Ponential functions in time, Aexp(t/z). In addition to the
340 nm in response to a T-jump from 10 to AB. The early time 119us relaxation time, the data require two other relaxation
kinetics were fitted to a three-exponential function with time times to fit the data. All together,, = 1.5, 53, and 11@s.

constants of 12 and 17 ns and 35, which is overlaid on the 1 5 ynclear as to what these faster times correspond in
data. The emission kinetics show a slow recovery on the millisecond

time scale from heat diffusion out of the laser interaction volume Structural terms, but their existence implies that loop dynam-
returning to the original temperature of 1. The protein  ics of LDH are more complicated than as simply represented

concentration was 108N in 100 mM sodium phosphate, pH by the kinetics shown in Scheme 1. We are in the process
7.2. of performing studies to probe the structural basis of these
N ) ] faster times. For now, we note simply that the binding dy-
sensitive to loop closure; in some studies, DMSO/water ngmics of NADH to LDH involves quite complicated dynam-
mixtures at temperatures below’@ were used to slow the  jcal motions over a wide range of time scal&g)(so perhaps
rates of loop motion to the point where conventional stopped- it is not unexpected that the dynamics of binding oxamate
flow devices could monitor the process. The results were fit 1o | DH/NADH might be more complicated than can be
to a kinetic model which incorporated the protein mobile represented in a single unimolecular conformational change.
loop closing over the bound inhibitor (or substrate), as shown LDH/NAD-pyr Adduct ComplexThe first set of experi-
in Scheme 1. In this schemiejoscaandkopenare the rates of  ments on the adduct complex are aimed at measuring the
loop closure and opening, respectively, and I'Band  positions and cross sections in the IR of the ketone=0C
LDH¢s*ddenote protein with the loop open or closed. The ggretch and the antisymmetrieCOO- stretches of the
analysis assumes that the initial bimolecular collision process 5qduct. We wish to measure changes in these parameters
is fast, followed by a slower unimolecular rearrangement. when the LDH/NAD-pyr adduct complex is perturbed by
By varying the amount of free oxamate and the binary the T-jump in transient IR transient experiments, and so the
complex, LDH/NADH, the following rates were derive position and absorbance as a function of temperature in static
= Koft/kon = 0.156 MN,Keiosea= 580 S, andkopen = 3020  measurements must be characterized if the transient results
s!, at a final temperature of 23C. At high concentration  are to be interpreted. The experiments are not easy since
of free inhibitor, the observed relaxation time is the sum of poth modes lie in a spectrally congested region. TkeOC
the forward and backward unimolecular rearrangeni@pba  stretch mode actually lies within the protein’s strong amide
+ Kopen= 3600 s*. An Arrhenius analysis of the observed |’ band. Our approach is to employ isotope editing coupled
rates of loop closure yielded an activation energy of 33 kJ/ with highly accurate difference spectroscopy. In brief, the
mol (10). We have performed similar T-jump studies near |R spectra of two protein solutions, one labeled with a stable
20°C and found rates quite close to those reported previously isotope which shifts the desired mode and one not labeled
(11). Our studies, however, report the emission of the reduced(at natural abundance), are measured, and the difference
nicotinamide ring of NADH and native LDH. Fluorescence spectrum is calculated. All IR absorbance bands not affected
from NADH is strong in the LDH/NADH binary complex, by the isotope cancel out, leaving only the desired absorbance
where it is believed that the loop is in an open conformation, bands, which show up as positive/negative band couplets.
to almost completely quenched upon formation of the ternary We have previously performed isotope-edited IR difference
LDH/NADH/oxamate complex with the loop closed. Hence, spectroscopy on protein solutions to measure phosphate
substantial changes are expected when the loop closes dowstretch modesi1@), and the instrument and procedures are
over the inhibitor and cofactor. more fully discussed in Materials and Methods. The most
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stimulated by energy transfer from excited Trp residues as a resultFIGURE 6: (a) Absorption of three LDH/NAD-pyr adduct com-

of a T-jump from 20 to 41°C for the reaction of LDH/NADH
with oxamate. The kinetics were fitted to a three-exponential
function with time constants of 1.5, 53, and 148, which is
overlaid on the data. The equilibrium intensity at41 relative to

plexes, LDH/NAD-pyr (natural abundance), LDH/NABC1]pyr
(labeled*C1), and LDH/NAD-[C2]pyr (labeled'3C2), in 5 mM
deuterated sodium phosphate buffer, pH*7.2, into 15um path
length. The exchangeable hydrogens of the three samples have been

20°Cis 1.17 as determined in a separate static measurement. Thehoroughly exchanged for deuterons. (b) Difference spectra obtained

emission kinetics show a slow recovery on the millisecond time
scale from heat diffusion out of the laser interaction volume
returning to the original temperature of 2@, and this obscures
reaching the equilibrium position at long times. The relative initial
concentrations of LDH, NADH, and oxamate were 100, 200, and
500 uN, respectively. All samples were in 100 mM sodium
phosphate, pH= 7.2.

difficult part of this experiment is producing balanced

by subtracting the LDH/NADJEC2]pyr spectrum from that of
LDH/NAD-pyr at 20 and 45°C. The amplitude of one spectrum
was adjusted slightly to compensate for the small difference in
concentration between the two samples (see text), and a flat baseline
was added to facilitate graphical presentation. (c) Difference spectra
obtained by subtracting the LDH/NAGC1]pyr spectrum from

that of LDH/NAD-pyr at 20°C.

on the reduced nicotinamide ring. These motions are coupled

samples, particularly with regard to deuteron exchange of in the adduct complex. The 1676 ctband in the NAD-

the same number of exchangeable protons. An amidede
is somewhat shifted when an amigddNH group is deuter-

pyr adduct is composed mostly of€D stretch since its shift
upon®C2 substitution of 35 cnt is close to what is expected

ated, and this shows up in the difference spectrum if the from a “pure” uncoupled- C=0 stretch (39 cmt in pyruvate
corresponding reference amide is not likewise deuteratedin solution). The 1666 cm band contains significant-€0

since the sensitivity here is better than ore@ stretch.

stretch character but relatively small 14 chrshift upon

Long exchange times were employed (see Materials and**C2 substitution, suggesting that this mode extends sub-

Methods) to achieve properly balanced samples.

Figure 6a shows the LDH/NAD-pyr spectrum over the
1550-1700 cm?! region. Three curves are shown: the
natural abundance complex (essentially*&@), the *3C1-
labeled complex, and tH&C2-labeled complex (the number-
ing scheme is defined with respect to the pyruvate moiety).
The difference spectra between LDH/NAD-pyr minus LDH/
NAD-[13C2]pyr taken at 20C and at 45°C are shown in

stantially into G=C motions located on the nicotinamide ring
(8). The C=0 stretch of pyruvate in solution lies at 1710
cm 1 (8). Hence, the &0 bond is polarized when pyruvate
binds to LDH, and this shows up in a 34 chdownward
shift in frequency of the &0 stretch from 1710 cnt in
solution to 1676 cm® in the adduct complex. The 34 ci
downward shift in frequency of the=€0 stretch mode has
been previously extensively characterized and has important

Figure 6b. There are two bands that are associated withimplications for the molecular understanding of LDH’s

motion of the G=0 stretch: at 1676 cm, which, judging
from the matched IR intensity for thEC2 sample, shifts
down 35 cm! to 1641 cn1t, and at 1666 crt, which shifts
14 cnr! to 1652 cnl. The same pair of bands has been
observed for the LDH/NAD-pyr adduct complex using
Raman difference techniques, (9). We have previously

assigned these two bands to stretch motions of the NAD-

pyr adduct's G=O group and &C stretch motions located

catalytic mechanism9j. In particular, the 34 cni shift
corresponds to a 20 rate enhancement of the reaction
catalyzed by LDH relative to the same reaction in solution.
The peak absorption cross section of the primarity@
stretch mode of the bound NAD-pyr adduct is several times
larger than the corresponding=® stretch of pyruvate in
solution. This could come about for several reasons: protein
induced bond polarization, which would increase the dipole
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moment of the stretch motion; mixing with=€C motions L B L L B L BELLLL BN L
on the nicotinamide moiety; and band narrowing that 151 .
typically occurs when small molecules bind to proteins. Note
that neither the absorption cross section nor the band position
is particularly dependent on temperature, as expected. Hence, s
any changes produced in the T-jump measurements at these 10}
frequencies must come about because of a changing popula- i
tion of the 1676 cm! species.

Figure 6¢ shows the LDH/NAD-pyr minus LDH/NAD-
[3C1]pyr difference spectrum. The 1635/1609 ¢miffer- 5
ence couplet can be assigned to the antisymmetric stretch
mode of the —COO  moiety of the bound adduct. In
measurements of pyruvate in solution, this mode lies at 1616
cm! and shifts 46 cm! to 1570 cm* upon*3C1 labeling
(data not shown). The magnitude of the IR absorbance, the
shift upon®3C1 labeling, and the position of the 1635/1609
cm ! difference couplet confirm the assignment. The upward
shift in frequency of the antisymmetricCOO™ stretch when
pyruvate binds to LDH as the NAD-pyr adduct is a result of
interactions at the active site. The dominant interaction is
probably the salt bridge formed between the carboxyl group
and Arg-171 (see Figure 1), and this interaction would lead
to an upshifted frequency, as observed. The 19%cshift
when pyruvate binds to LDH is quite large and represents a
strong electrostatic interactior2). The 1587/1579 cmt K
difference couplet is of unknown origin. There are no such - .
bands in the spectra of pyruvate in solution; however, the -5 N
mode that is responsible for this spectral feature must involve 0'01 0'1 ' ; ' 1'0 ' 1(')0 10'00 10(')00
motions of the—COO™ moiety. The small 8 cmt shift upon ' ' Time, ps

13C1 labeling suggests that this mode is extended perhapsF N .
; : ~ o o IGURE 7: Kinetic IR response of LDH/NAD-pyr in BD for a
coupling with the €=C stretches of the nicotinamide-like T-jump from 10 to 3C°C at six different frequencies: 1616, 1625,

headgroup of the NAD-pyr adduct. (The actual shift in 1635, 1651, 1665, and 1680 ctnThe background D response
frequency is almost certainly smaller than 8 érsince the has been subtracted from these data. All curves show a slow

mode’s bandwidth is likely comparable in magnitude to the recovery on the millisecond time scale since heat flows out of the

isotope shift; in this case, the apparent shift is larger than laser interaction volume with a ca. 8 ms time constant returning to
' ! the original temperature of 1TC. The sample concentration was

the actual shift.) o 460uN in 5 mM deuterated sodium phosphate buffer, pH7.0,
Figure 7 shows the relaxation kinetics of the LDH/NAD- and a cell path length of 10@m.

pyr adduct probed at several wavelengths in the anide |

spectral range in response to a T-jump of-BD °C. As in to a T-jump, as monitored in the IR, is the same as that of
the analogous experiments on the apoprotein (Figure 3), thethe apoprotein.

transients presented in Figure 7 result from a subtraction To examine if there is any time dependence of the
between RO/buffer containing the protein and,O/buffer frequency of the LDH/NAD-pyr adduct carbonyl,=©
alone. The transients for the LDH/NAD-pyr adduct are stretch, or the antisymmetric stretch mode of the OO~
essentially the same as those found for apo-LDH. The initial moiety induced by the T-jump, the IR laser incident on the
rise time of the transients is barely resolved at 40 ns (which sample was set to various frequencies on or near the
includes the 23 ns instrument response), essentially the saméequencies observed for these groups when bound to LDH
as found in kinetic response of the apoenzyme (Figure 3). (Figure 6). To maximize signal to noise, concentrated
The observed absorbance changes of the initial fast responssolutions were used. Also, the path length of the IR cells in
as a function of wavelength follow the static double the T-jump spectrometer was set to approximatelyuf0
difference curves of the apoenzyme (Figure 2). Like the apo- as a balance among competing factors. A smaller path length
LDH data, the difference in magnitude of the initial rapid minimizes the amount of background.@buffer while a
change for the runs at 1665 and 1625¢r26 mOD) is larger path length increases the absorbance of the sample
what is very close to that predicted (30 mOD) from the static and hence the change in absorbance. On the other hand, too
double difference curves of Figure 2 for a temperature changelarge a path length reduces the total amount of light through
of 20 °C and an amide' labsorbance peak of 0.67 OD, the the sample, and this increases the noise level. Sample
conditions of Figure 7. The small responses observed nearconcentrations of approximately 1 mN were employed (more
200 ns, particularly prominent in the 1651 chdata, were concentrated solutions were unstable in the T-jump spec-
not reproducible as is clear from the data in Figure 7. Their trometer showing substantial cavitations and showing evi-
temporal response is just what is expected when occasionadence of precipitation), which yielded an absorbance of about
cavitations in the sample cells accompany T-jump experi- 0.8 OD unit at 1679 cmt through 50um path length of the
ments; we believe these signals are small cavitation artifacts.sample, one of the important frequencies. Two types of
Hence, the response kinetics of the LDH/NAD-pyr adduct experiments were performed. In one, the LDH/NAD-pyr

1665 cm’” -

1680 cm’”’

1651 cm’™

A Absorbatice, milli 0.D.

1625 cm’™
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adduct sample was run against@buffer as reference.
Secondly, to minimize protein background signals from the O T
observed kinetics, LDH/NAD-pyr adduct sample was run
against the LDH/NADJC]pyr adduct reference. The isotope-
edited difference transient should null out the response of
the protein and contain only the pyruvate signal. In well-
balanced cells, this latter approach should yield the most 0
accurate data.

It is expected that the €0 stretch mode of the LDH/ 601
NAD-pyr adduct will shift upward if H-bond patterns at the
binding site are transiently disrupted by the T-jump while
the antisymmetric stretch mode of th&€ OO~ moiety shifts
downward (the directions observed as the pyruvate moiety
dissociates from LDH; Figure 6). In this case, IR transient
experiments at 1666 and 1676 cinthe positions of bands
with significant C=0 stretch character (or at 1641 and 1652
cm ! for 13C2=0-labeled compounds), directly show a loss -
of intensity if there is any transient formation of a species 1o
with a disrupted H-bond interaction with the<© group. i
Also, measurements at the edge of these bands would be sk
sensitive to small shifts in frequency. The same is true for i
the —COQO™ antisymmetric stretch mode whose band lies at ok
1635 cn1! (or 1609 cm? for the 13C100 -labeled com- TR A
pound) in the LDH/NAD—pyr adduct. The following mea- 0001 001 01 1 100 1000 10000 100000
surements were performed (frequency and T-jump): 1696
cm ! (6—19 °C and 26-40 °C), 1679 cm? (6—19 °C and

A0 o° ,_£q 0 o 1 o Ficure 8: (a) Kinetic IR response of LDH/NAD-pyr in 5 mM
26-40°C, 37-51°C, 45-59°C), 1665 cm” (30.4-40°C deuterated sodium phosphate buffer, pH7.0, for a T-jump from

and 35.744 °C), 1656 cm' (36.7-48 °C), 1634 cm' g5 19°C at 1608, 1596, 1679, and 1696 chior LDH/NAD-pyr

(36.7-50°C), 1624 cm* (36.7-50 °C), 1608 cm* (6—19 (sample side, dashed line) and LDH/NABG1 13C2]pyr (reference
°C), 1596 cm? (6—19 °C), and 1586 cm' (25.6-42.6°C side, solid lines). The path length is M. The total protein optical
and 36.9-48.2 °C). All of these experiments yielded less absorbance at 1652 cth(the amide peak of LDH) is 561 mOD,

; ; ... sample side, and 782 mOD, reference. (b) Difference transients
than 0.5-1.0 mOD change in the amplitudes over the entire formed by taking the difference between sample and reference

time range apart from the 40 ns transient (which includes signals where the two responses have been scaled to take into

the 23 ns instrument response) that is assigned to a proteiraccount the difference in concentration. The vertical bars represent

response as found in the experiments shown in Figure 7. the peak absogpﬂon of the<€D and—COO" stretch bands at 1676
Figure 8a shows a subset of these experiments: isotope 806, 235 ST, BSFRENEN. ©F e (CRAATIRY, SqCiel &2

edited transients taken at four probe frequencies, at 1696, ciration. g P 9

and 1679 cm?, designed to probe the response of tFeGC

stretch mode, and at 1608 and 1596 ¢ndesigned to probe  yhat these values are shown in vertical bars. It is clear that

the —COO” coordinate. The sample side of these runs there has been no measurable response at any of the key

contains LDlH/ N,?D-pyr while the reference side contained grequencies marking the position of the adducts@ stretch

LDH/NAD-[**C1,*C2]pyr. Panel b of Figure 8 graphs the o the antisymmetrie-COO™ stretch. For example, taking

difference between sample side minus reference side spectra; 4 moD at the maximum of the=€0 stretch at 1676 crd

The reference data have been scaled according t0 theyng an observed response of less than 0.5 mOD yields no

concentration ratio between the two sides of the split cuvette. change in the peak position to within 28/1. From the data of
The isotope- edited difference transients of Figure 8b are Figure 6b, a shift of less than 1.5 chin the 1676 cm’

almost zero; they are all less than 0.5 mOD across the entirey, o q toward higher frequency would have yielded a measur-
range in time except at the two ends, below 100 ns and abovegpe response. At 1696 cry had the &0 band shifted
2 ms. In various experiments, these “edge” transients Va”edupward 11 cm!, as has been determined from static
from positive going signals to negative going signals. They easyrements if the loop containing Arg-109 opens and the
arise from a small incomplete subtraction of the sample and C=0---Arg-109 is broken), a transient of 7 mOD would
reference signals that are expected from imperfectly matchedy,o expected. The numbers for the antisymmetric COO
sample conditions. The temperature jump of Figure 8 is 13 giretch mode are similar. A downward shift of less than 0.3
°C, from 6 to 19°C.. _ _ cmlin the3COO" stretch at 1609 cni, due for example
For the data of Figure 8, the total protein optical absor- (4 re|ative motion of Arg-171 against the ionized carboxylic

bancy on the sample side is 561 mOD and on the referenceygiety of pyruvate, would have yielded a 0.5 mOD response
side is 782 mOD. They are very concentrated samples. Using; this frequency.

the data of Figure 6, the OD of the=€© stretch mode at

1676 cnt?, scaled for concentration and path length, would pjscuUsSsION

be 14 and 19 mOD, respectively, and that of the 1635cm

—COO™ antisymmetric stretch mode would be 18 and 25  T-jump relaxation spectroscopy perturbs the equilibrium
mOD, respectively. The scale of Figure 8b has been set sopoint of interconverting chemical species by rapidly changing

[ (a)

-8

)y — 169 cm’”

s — 1679 em’”
r -
-1

A Absorbance, milli-O.D.

1608 cm

1596 cm

C=0, 1676 cra”
COO, 1635 oo

.10
Time, us
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the temperature, forcing the system to establish a new The known characteristic relaxation rates of loop closure/
equilibrium point. The spectrometers used here heat wateropening when substrate binds to the LDH/NADH binary
by pumping weak water absorption bands in the near-IR andcomplex are 36003 at 23°C (11) and 8400 s! at 41°C
employ fluorescence and mid-IR as probes of structure. For(see Results). The structural event that is being monitored
these systems, the time evolution of reaching the new on these time scales is one that quenches the fluorescence
equilibrium point is determined with a resolution of about quantum yield of the reduced nicotinamide ring as the ring
15 ns. The technique relies on the existence of an enthalpiccloses over the binding site. This is probably the last event,
difference between the old and new equilibrium points. It or very close to the last event, in the process of loop closure
can be shown2?2) that the change in equilibrium between since it is well-known that the emission of NADH in the
two interconverting species for a given jump temperature is “closed” ternary LDH/NADH/substrate ternary complex is
given by almost completely quenched. Loop closure is of substantial
importance to the chemistry of catalysis in LDH; it enhances
AK/K = (5.67 x 103)AHAT keatin LDH by over a factor 120024). For a simple model
of the dynamics that involves the loop closing over the
whereK is the equilibrium constantAH is the enthalpy  substrate binding site with substrate more or less in place,
difference between the two species (in kilocalories per mole), the kinetics of loop closure should be observed in experi-
and AT is the temperature jump (in degrees kelvin). Our ments on the LDH/NAD-pyr adduct complex since the
average T-jump is 18C, and our sensitivity to changes in  frequency of the adduct’'s=€0 stretch shifts substantially
K'in the present experiments is approximat&k/K = 0.04 upward upon loop opening).
or better. This implies that any two states separated by as Finally, the local energies of the hydrogen bonds between
little as 0.5 kcal/mol in enthalpy will be observed. The polar various groups of LDH and the=€0 group of the NAD-
interactions at the binding site of LDH between protein and pyr adduct have been deduced from their effect of polarizing
substrate involve substantially larger enthalpic interactions the C=0 bond through shifts in the=€0 stretch mode of
than this, as discussed below. For example, the bindingthe pyruvate moiety of the bound NAD-pyr addu8}.(The
enthalpy of pyruvate or the inhibitor oxamate to LDH/NADH values are 11 and 4 kcal/mol between the@ group and
is 15-18 kcal/mol @3). Hence, LDH is an appropriate the key active site His-195/Asp-168 dyad and the loop
system for T-jump relaxation spectroscopy in an examination containing Arg-109, respectively. The breaking of the
of its catalytic dynamics. C=0:--+Arg-109 H-bond is clearly not too difficult and may
We begin this discussion by asking what type of dynamics be expected to break and form many times during the ca. 1
we might expect to occur. In general, we might expect any ms time that it takes for catalytic chemistry to occur in LDH.
protein complex to adopt a range of conformational substates,The breaking of the €0---His-195 bond, although sub-
with these substates possessing a range of functional efficacystantial, may well also occur. For example, using a Boltzman
For example, it has been observed that the binding of NADH distribution that describes the thermal population of states
to LDH is a multistep process, with dynamics observed on and a preexponential factor of G2, it is predicted that
multiple time scales from nanoseconds to millisecordd$. the C=0---His-195 bond will break in about 10s.
It was found that the LDH/NADH complex does not adopt ~ To focus on the dynamics occurring at the binding site of
a single structure. The binary complex adopts multiple LDH once substrate is bound, we have performed studies
interconverting structures of significant population; some of on the LDH/NAD-pyr complex. The actual process of
these structures appear to be far from catalytically productive.forming an encounter complex in the binding of substrate
Hence, one important question in the present study is whetherto enzyme has already occurred so that these dynamics are
the ternary protein/cofactor/substrate complex also consists‘frozen out”. Substrate binding dynamics can be studied
of multiple interconverting structures, and if so, are some separately in experiments, for example, of the binding of
of these either catalytically nonproductive or less productive the inhibitor oxamate to LDH/NADHI0, 11; see Results).
compared to others. This possibility is reinforced by our Furthermore, the LDH/NAD-pyr adduct is unable to undergo
recent observation (unpublished data) that multiple vibra- hydride transfer so that the kinetics associated with the
tional bands indicating multiple populated conformations are chemistry transforming substrate to product do not compli-
observed for the catalytically key €4 stretch coordinate  cate the interpretations of the results. The LDH/NAD-pyr
of NADH bound as the LDH/NADH/oxamate complex, with  adduct is not a strict mimic of the ground-state Michaelis
theoretical considerations suggesting that only one of thesecomplex. The structural arrangement and interactions of the
species can be close to the productive geometry. Moreover,carboxyl and carbonyl groups of the pyruvate moiety of the
the G=0 stretch mode of the bound pyruvate moiety of the NAD-pyr adduct with its protein environment when bound
NAD-pyr adduct is quite broad (see Results), some of which to LDH are believed to mimic quite well what would be
may be the result of a heterogeneous broadening mechanisnencountered with a true Michaelis ground-state LDH/NADH/
brought about by a distribution of interactions at the binding pyruvate ternary complex{-9). On the other hand, the NAD
site. Clearly heterogeneously broadened bands forth® C  cofactor is covalently bound to the pyruvate substrate, and
stretch of the bound pyruvate moiety when bound to mutants the two molecules which would normally react at the active
of LDH have been observed®)( Since the &0 stretch site are kept close to each other.
frequency is a direct monitor df.5, with a 34 cn1? shift The results on the LDH/NAD-pyr adduct complex show
corresponding to a factor of ¥®rate enhancement of the no dynamical features from 20 ns to out to at least the
hydride transfer §), a particular substrate’s catalytic ef- millisecond time scale apart from the “melting” of a few
ficiency can be assessed if the frequency distribution of the residues on the protein’s surface and, hence, none that would
heterogeneous ensemble is determined. affect catalysis over this time scale. The experiments are quite
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sensitive. Virtually any change in the distances between the REFERENCES

pyruvate group’s €0 bond and-COO™ group with regard

to the key active site residues His-195, Asp-168, Arg-109,
and/or Arg-171 would have shown up as shifts in the@

or —COO" stretch bands. No shifts were observed with a
sensitivity of around 30/1. It should be noted that our
experiments reached a final temperature neatG0which

is close to the unfolding temperature of LDH.{= 62 °C

in the rabbit muscle protein25). We conclude that the
active site groups in LDH around the pyruvate moiety of
the NAD-pyr adduct are quite immobilized and rigid. If there
are populated protein substates which include a different
geometric arrangement of the polar groups at LDH’s ac-
tive site, the enthalpy difference between them is less than
0.5 kcal/mol or less than the 0.6 kcal thermal energy at
room temperature. Given the strengths of the various hy-
drogen bonds at the active site and the sizable enthalpies
involved in these bonds, there would appear to be virtually
no distribution of substrates that involve perturbations of
these bonds.

A surprising result of this study is the lack of any kinetics
associated with loop closure in the LDH/NAD-pyr complex
which was shown in Results to occur at }i9(at 41°C) in
experiments of the binding of oxamate to LDH/NADH. A
simple binding model would have the substrate enter into
the active site with the mobile loop in an open conformation.
Once the substrate orientates itself within the binding pocket,
the loop closes over the substrate. In the reverse of this
process, the mobile loop breaks contact with substrate in the
LDH/NADH/pyruvate ternary complex, breaking among
other interactions the H-bond betweer=0O-:-Arg-109,
followed by the leaving of the substrate. The present results
show that this model cannot describe the dynamics of loop
motion given that no changes in the=O stretch mode were
observed in the LDH/NAD-pyr complex. The formation of
the adduct complex, which ties the pyruvate moiety to the
binding site because it is covalently linked to bound NAD,
clearly greatly slows loop opening (to a time where we
cannot observe it). It can be concluded from our Results that
the simple model described above cannot describe loop
dynamics but rather points to loop opening motion that
involves a coordinated motion of the substrate as well as
the loop. It is clear that the substrate must move either with
or in some partial way with the protein loop. The kinetics
of product release from LDH appear to rely on a small
substrate and its concomitant mobility. Conversely, the
process of substrate binding to the enzyme may depend on
forming an encounter complex between the open loop
enzyme and substrate.
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