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ABSTRACT Employing temperature-jump relaxation spectroscopy, we investigate the kinetics and thermodynamics of the
formation of a very early ternary binding intermediate formed when lactate dehydrogenase (LDH) binds a substrate mimic on its
way to forming the productive LDH/NADH�substrate Michaelis complex. Temperature-jump scans show two distinct submil-
lisecond processes are involved in the formation of this ternary binding intermediate, called the encounter complex here. The
on-rate of the formation of the encounter complex from LDH/NADH with oxamate (a substrate mimic) is determined as a function
of temperature and in the presence of small concentrations of a protein destabilizer (urea) and protein stabilizer (TMAO). It shows
a strong temperature dependence with inverse Arrhenius behavior and a temperature-dependent enthalpy (heat capacity of
610 6 84 cal/Mol K), is slowed in the presence of TMAO and speeded up in the presence of urea. These results suggest that
LDH/NADH occupies a range of conformations, some competent to bind substrate (open structure; a minority population) and
others noncompetent (closed), in fast equilibrium with each other in accord with a select fit model of binding. From the thermo-
dynamic results, the two species differ in the rearrangement of low energy hydrogen bonds as would arise from changes in internal
hydrogen bonding and/or increases in the solvation of the protein structure. The binding-competent species can bind ligand at
or very near diffusion-limited speeds, suggesting that the binding pocket is substantially exposed to solvent in these species.
This would be in contrast to the putative closed structure where the binding pocket resides deep within the protein interior.

INTRODUCTION

An enzyme balances two apparently conflicting requirements

to function properly. In forming the so-called Michaelis com-

plex, the bound substrate is positioned within the protein in

close contact with key protein groups that facilitate catalysis.

Additionally for bimolecular reactions, the two bound sub-

strates are held tightly together and positioned correctly for

chemical reaction. Generally, static pictures involving no mo-

tion of the reacting groups are used to yield working mech-

anistic pictures. On the other hand, a second requirement of

enzymatic catalysis is effective substrate binding and, the re-

verse, product release. Substrate is captured from solution

and shuttled in and out of the binding pocket of the active site

in a timely manner, typically on the order of a millisecond.

Binding is necessarily a dynamical process. Substantial mo-

tions within the protein complex are required, including the

recruitment of key proteins groups into the active site and de-

solvation and closure of the binding pocket. This often in-

volves the motion of an active site loop, wherein an open form

can facilitate ligand binding and release, and a closed form

prepares, controls, and protects the reacting species. The dy-

namics of ligand binding to proteins is little understood, but

involve motions from femtoseconds to tens of milliseconds

(and sometimes even longer), and the process for enzymes

is such that the enzyme�substrate complex lives just long

enough to permit effective catalysis and no longer. The goal

of this work is to examine the dynamics of how the Michaelis

complex is formed in lactate dehydrogenase (LDH). We focus

on how the enzyme�ligand encounter complex is formed; the

encounter-complex species is of special importance in under-

standing the binding process.

LDH catalyzes the direct transfer of a hydride ion from

the pro-R face of the reduced nicotinamide group of NADH

to the C2 carbon of pyruvate producing NAD1 and the al-

cohol lactate, accelerating the solution chemical reaction by

some 14 orders of magnitude (1). Binding of substrate to LDH

is ordered and follows the formation of the LDH/NADH bi-

nary complex. The substrate binding pocket lies deep within

the protein, buried ;10 Å from the protein’s surface (2–4;

see Fig. 1), although our recent molecular dynamic calcu-

lations suggest that the protein samples conformations wherein

the binding pocket is substantially exposed to solvent (4). It

supplies the catalytically crucial His195, and the preformed

pocket additionally solvates the substrate’s charged carboxyl

group by supplying Arg171 (5). The rate-limiting step in the

turnover of LDH is not the chemical hydride transfer step but

rather loop motion involving closure of the so-called mobile

loop (surface residues 98–110), occurring in a time of;1–10

ms (6,7).

Our previous studies (7,8) on the dynamics of forming the

productive LDH/NADH�substrate Michaelis complex show

that binding takes place via a sequence of steps: the forma-

tion of an encounter complex in a bi-molecular step followed

by two unimolecular transformations on the microsecond/

millisecond timescales. The various key components of the

catalytically competent architecture are brought together as

separate events with the formation of strong hydrogen bonding
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between active site His195 and substrate early in binding and

the closure of the mobile loop, and movement of Arg109 lo-

cated within the loop, over the bound substrate as the final

event in the binding process.

Our studies of LDH have been quite detailed. Observation

of submillisecond timescales is achieved by employing laser-

induced temperature-jump (T-jump) relaxation spectroscopy,

an approach that can provide resolution on the picosecond

timescale (9–11). T-jump relaxation experiments monitor the

return to equilibrium of a chemical system after a sudden

increase in temperature, produced in our studies by absorp-

tion of pulsed laser light tuned to a weak near-infrared water

band. Evolving structure has been probed using both tran-

sient NADH visible fluorescence emission and IR absorption

spectroscopies; the latter provides specific information on

the occurrence of key electrostatic interactions at the active

site. We have studied the binding kinetics for the LDH/NADH

binary complex with oxamate (NH2(C¼O)COO�), an excel-

lent nonreactive substrate mimic (12,13). In this way, atomic

motion associated with the binding pathway can be separated

from that associated with chemical steps occurring during ca-

talysis. For example, there is good reason to believe that the

encounter complex is quite evolved toward theMichaelis com-

plex. Although the key residues, His195, Arg171, and Arg109

are not yet in proper contact with bound substrate mimic (7),

oxamate is almost certainly bound within the not-yet fully

formed active site of the enzyme (8). Under suitable experi-

mental conditions, the observed on-rate of LDH/NADH with

oxamate to form the LDH/NADH�oxamate encounter com-

plex is easily measured. This study examines the response of

the observed on-rate to temperature and small concentrations

of a destabilizer (urea) and stabilizer (TMAO) of protein struc-

ture (e.g., (14)). The kinetic and thermodynamic results are

interpreted in terms of implied structural features required

of LDH/NADH for efficient binding and have served as the

experimental base for detailed theoretical calculations on this

issue (4).

How proteins bind their ligands has long been a matter of

intense interest. For enzymes, an early model proposed that

the enzyme-binding pocket is preformed, complementary to

substrate, and competent to bind substrate; this so-called lock-

and-key picture has clear difficulties recognized now for quite

some time (e.g., (15)). More recently, two views of the bind-

ing process have emerged. One states that the unligated pro-

tein exists in a single conformation, either binding-competent

or not, and that interaction with the ligand induces confor-

mational changes affecting both the protein and ligand leading

to the proper structure of the bound state(s); this induced-fit

model was developed to explain how a single enzyme could

have substantially different catalytic competence for closely

related ligands (16) and is, for example, the basis for the

Koshland-Nemethy-Filmer model of allosteric regulation of

proteins. Another model proposes that the unligated enzyme

in solution is viewed as inherently dynamic and exists as

an equilibrium of interconverting conformations, some com-

petent to bind and others not. Effectively the ligand picks out

a certain structural subset of the unligated protein in the pre-

existing equilibrium and binds to these; some recent litera-

ture has referred to this as selected fit. Such a mechanism

is the basis for the Monod-Wyman-Changeux model of al-

losteric regulation. The preexisting equilibrium molecular

model for binding appears also to be useful in understand-

ing how proteins can adopt substantial functional diversity

(e.g., 15).

FIGURE 1 Two structural diagrams of LDH with NADH and oxamate

bound. For both, oxamate is shown as space filling in standard colors. NADH

is shown as a red stick figure. LDH is blue, with the exception of the loop

region and the a-helix it binds to upon loop closure (green). (Top) Ligands

are shown within the active site, with the active site 10 Å from the surface of

the protein. (Bottom) The active site with the protein ribbon structure re-

moved. Only protein residues within 5 Å of oxamate are shown. The affected

tryptophan (dark blue) and the two residues that are responsible for loop

closure (located in green section shown in top panel) are shown. The loop

closed distance between these two residues is 7.4 Å (yellow dashed line).

Structure from 1I0Z. For a space-filling view of the closed structure of LDH/

NADH and picture of a putative open conformation, see Pineda et al. (4).
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MATERIALS AND METHODS

Materials

Pig heart H4-L-lactate dehydrogenase (LDH) (10 mg/ml ammonium sulfate

suspension), pyruvate (pyruvate monosodium salt) and NADH (s) are from

Roche Scientific (Nutley, NJ); oxamic acid as sodium salt (s) from Acros

Organics (Geel, Belgium), and mono- and di-basic sodium phosphate (s)

from Fisher Scientific (Pittsburgh, PA).

LDH stock solution

Two-to-three milligrams of LDH (Roche) were dialyzed three times against

0.1 N sodium phosphate pH 7.2 buffer at 4�C. The dialyzed enzyme so-

lutions were filtered through 0.45 mM filters. The concentration of LDH was

determined by UV absorption using A280 ¼ 50 mN�1 cm�1, where N is the

normality of the enzyme solution, the concentration of identical binding sites.

When higher concentration stocks were needed, model No. MWCO 1000

centricon or microcon concentrators (Millipore, Billerica, MA) were used.

Activity assay

The activity of the enzyme was determined through UV absorption by

monitoring the reduction of NADH (e340 ¼ 6.22 mM�1 cm�1) to NAD1 in

the redox reaction with pyruvate being oxidized to lactate (17,18). Addition

of LDH was used to start the assay reaction. Note that only stock solutions

,24 h old with A260/A340# 2.4 were used. The UV spectrometer used was a

model No. DU7400 (Beckman Coulter, Fullerton, CA).

Steady-state measurements

The CD spectrophotometer used was a model No. J-720 equipped with a

thermostated cell holder (JASCO, Easton, MD). The fluorimeter used was a

thermostated Fluoromax 2 (Spectra Physics, Mountain View, CA). Rectan-

gular quartz cuvettes were used for both the temperature-monitored CD and

fluorescence measurements. For the CD measurements, the cuvette path-

length was 2 mm. The fluorescence measurements used a 1-cm pathlength

cuvette. For every sample spectrum run, a background spectrum was sub-

tracted and the data was adjusted for dilution effects.

Due to the small but clear trends in the steady-state fluorescence mea-

surements, we applied single value decomposition (SVD) analysis, a useful

procedure for quantifying small trends (see e.g., (19)). SVD analysis is a

means of expressing experimental data as a sum of orthogonal basis set

vectors (eigenvectors). The amplitude of each vector (eigenvalue) determines

the relative importance of each basis set vector in reproducing the data.

Analysis is based on the SVD theorem, Xm3n ¼ Um3n � Sn3n � VT
n3n, where

Xm3n is a rectangularmatrix of experimental data or parameters (fluorescence

wavelength and intensity, in our case). Umxn has the same dimensions as

X, and its columns contain the L left singular vectors, fukg, which form the

orthonormal basis set (eigenvectors). L is the rank of the matrix. Sn3n is a

diagonal matrix of the amplitudes of the vectors in U required to reproduce

the data curve.The data is ordered so that s(1,1). s(2,2).. . . . . . . . . ..s(L,L).

A plot of S is amplitude versus index. The earliest valuewill be very high, then

the values will steeply decline until a break point is reached; these are the

significant values. The method is important because fitting of the data usu-

ally involves inversion of the matrix equation; for example, in a linear least-

squares fit. If the chosen basis set does not uniquely represent the data, then

some of the values in the matrix S will be very small (in our case, after the

break), and inversion results in a poorly behaved numerical fit. The values

after the break point will declinemuchmore slowly; and represent noise in the

data. Thus, the method allows this noise to be ignored by zeroing the relevant

components in the singular value matrix S. VT
nxnis also an orthonormal n3n

matrix. Its rows are the right singular vectors, fvkg. An SVD plot of u1 vs.

wavelength is a fluorescence-versus-wavelength plot that shows the most

relevant orthonormal component. We label lscm as the center-weighted

wavelength, which is the maximum frequency of this plot.

T-jump samples

Binary mixtures of 80 mM:80 mM LDH:NADH in 0.1 M sodium phosphate

buffer were incubated at 4�C for 30 min before the addition of oxamate

(1200 mM) or osmolytes (TMAO or urea). The ternary sample was incubated

at 4�C for 30 min before it was used. The samples were dialyzed through 0.2

mM filters right before they were loaded into 0.2-mm quartz cuvettes.

T-jump spectrometer

The temperature-jump fluorescence relaxation kinetic setup has been

described previously (20). The heating beam uses light from a pulsed Nd/

YAG laser (model No. GCR-150-10, Spectra Physics), operating at 1064 nm

and Raman-shifted to 1541 nm. The beam is focused on the sample cell into

a spot of;1 mm diameter. In this configuration, the laser provides sufficient

energy to produce a temperature jump in water of up to 20�C. The probe

beam is provided by a CW Ar1 ion laser (Coherent, Santa Clara, CA). A

group of lines near 360 nm is used for NADH fluorescence excitation; power

levels incident on the sample were set to cause minimal sample photo-

damage, typically 5–10 mW focused into a 300-mm diameter spot. Detection

is by an off-axis PMTwith emission wavelength selected by a bandpass filter

(Coherent Model No. 35-5024, centered at 450 nm with a full width at half-

maximum of 40 nm). Real-time determination of temperature in the exci-

tation volume was done by measurement of light transmission at 1460 nm,

the maximum of a water absorption band. The cuvette holder is water-

jacketed with the temperature (the initial temperature of the sample before

the jump) controlled by a water bath.

In every measurement cycle, the fluorescence excitation laser beam was

opened 4 ms before the heating pulse and closed 15 ms after the pulse to

prevent UV bleaching of the sample. Temperature of the heated volume

returns to initial value after ;300 ms. The spectrometer is operated at 1 Hz,

and the results of all measurements are averaged. The experiments described

here typically required 1500–3000 individual measurements to obtain the

desired S/N ratio. The kinetic data were digitized using two oscilloscopes:

models No. TDS-754A and No. TDS-420 (Tektronix, Beaverton, OR).

RESULTS AND DISCUSSION

Kinetic studies

Previously, we determined the pathway for the binding of

oxamate to LDH/NADH using a combination of stopped-flow

and laser-induced temperature-jump approaches; the dynamic

range of the combined approaches covered 10 ns to minutes,

some 10 orders of magnitude. Evolving structure was moni-

tored from modulations of the fluorescence emission of the

reduced nicotinamide group of NADH (8) and from changes

in the stretching frequencies of key bonds of oxamate, which

were identified via isotope-edited infrared absorption spectros-

copy (7). The following binding pathway was determined as

LDH=NADH1 oxamate%
k
app
on

koff

LDH
1
=NADH � oxamate %

k1/2

k2/1

LDH
2
=NADH � oxamate %

k2/3

k3/2

LDH
3
=NADH � oxamate (Scheme I)
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where the species LDH3/NADH�oxamate is presumed to

represent the active Michaelis complex. Here we will find

that this kinetic pathway is incomplete.

In the present studies, we are interested in determining the

rate constant, kappon , as a function of temperature and a variety of

organic osmolyte conditions. The value of kappon is rather high

but easily within the time resolution of laser-induced T-jump

approaches. We are denoting here the on-rate constant as ap-

parent, kappon , for reasons that will become clear below; in our

previous studies, this rate constant was referred to as kon (8).
In the T-jump relaxation studies, specific concentrations of

LDH, NADH, and oxamate result in an equilibrium mixture

of the various species in Scheme I. Equimolar amounts of

LDH and NADH are first added together and the binary com-

plex is formed during the equilibration period (see Materials

and Methods). For the T-jump studies, the concentration of

each is 80 mM, so that at equilibrium .90% of the LDH is

bound with NADH, regardless of the temperature. The re-

sulting LDH/NADH solution is then mixed with saturating

amounts of oxamate (1200 mM). After the ternary sample

has equilibrated,.97% of the LDH/NADH has now been in-

corporated into LDH/NADH�oxamate regardless of the equil-

ibration temperature. After the rapid change in temperature,

the chemical system relaxes to a new equilibrium, and its re-

laxation can be monitored by the changing emission from the

NADH-reduced nicotinamide group. At high concentrations

of oxamate, the fastest observed relaxation rate, kobs, is as-
signed to the association/dissociation event (8), kobs ¼ kappon �
ð½oxamate�free1½LDH=NADH�freeÞ1koff . The resulting T-jump

scan for a typical aqueous ternary sample where LDH/

NADH�oxamate is 80 mM:80 mM:1200 mM and Tf ¼
27.0�C is shown in Fig. 2. Double-exponential kinetics are

observed; the major component of the relaxation kinetics is

the association/dissociation event while the second event has

been assigned to the unimolecular conversion of ternary com-

plex species labeled 1 to species 2 in Scheme I above. This

observed rate of the fastest event under our conditions, kobs ¼
kappon � ½oxamate�free since [oxamate]free � [LDH/NADH]free
and kappon � ½oxamate�free, is ;20 times larger than koff.

There is a signal in the relaxation studies arising from the

LDH 1 NADH to LDH/NADH side reaction since the

change of concentration of these species, despite being very

small, is comparable to the change in concentration of the ter-

nary complex species, LDH/NADH�oxamate, under our con-

ditions; moreover, the emission from NADH is modulated

when it binds to LDH in addition to when it combines with

LDH/oxamate. We do expect, however, that the association/

dissociation rate of the LDH/NADH complex will be very

slow compared to the formation of the LDH/NADH�oxamate

complex since the concentration of oxamate is very high in

our solutions compared to LDH and NADH. We have pre-

viously examined the binding of NADH to LDH and have

determined the bimolecular on- and off-rate constants for

the reaction (20); simulations of the kinetics using the pre-

viously determined rate constants show that the binding re-

action to form the binary complex occurs on the millisecond

timescale, two orders-of-magnitude slower than the rates for

the association/dissociation of the encounter complex of the

ternary species observed under our experimental conditions.

Hence, the side reaction does not complicate the analysis

here.

Fig. 3 shows plots of normalized ln(kobs(T)/kobs(Tref))
versus 1/T in Kelvin in the temperature range of 20–52�C for

ternary complexes LDH/NADH�oxamate 80:80:1200 mM in

0.1 M sodium phosphate pH 7.2 alone (Fig. 3 B), in the

presence of 1 M TMAO (Fig. 3 A), and in the presence of

0.25 M urea (Fig. 3 C). The observed rate is proportional to

the concentration of free oxamate, kobs ¼ kappon � ½oxamate�free.
Plotting the log of the normalized rate rids the function of the

oxamate concentration and also permits more accurate fits to

thermodynamic functions. There is notable curvature seen in

the plot, as we have reported previously for the ternary com-

plex in aqueous solution over a reduced temperature range

(8). Here we also see that the osmolytes affect the degree of

curvature with 0.25 M urea . aqueous . 1 M TMAO. The

present results, over an extended temperature range relative

to our previous study, show that the van ’t Hoff enthalpy, de-

scribing kobs, switches from being negative to positive; hence,

the enthalpy associated with kobs is temperature-dependent.

Defining kobs by the function exp-(DG/RT) where the Gibbs
free energy includes a nonnegligible contribution from a heat

capacity term (21) of DG¼ DH� TDS1 DCp ((T� Tref)� T
ln(T/Tref)), the normalized observed rate reduces to

ln
kobsðTÞ
kobsðTrefÞ

� �
¼ �1

R

� �
3 DH3

1

T
� 1

Tref

� ��

1DCp3 1� Tref

T

� �
1 ln

Tref

T

� �� ��
:

Fits to this function yields DH ¼ �7.66 0.8 kcal/M, DCp ¼
610 (684) cal/Mol K for the ternary system in aqueous

solution at Tref ¼ 298 K (25�C). Our previous result, based
on separate measurements over a limited temperature range,

17–37�C, yielded a heat capacity term of DCp ¼ 790 6 116

FIGURE 2 Time course of fluorescence emission at 450 nm (excitation

360 nm) of ternary complex LDH/NADH�oxamate 80:80:1200 mM in 0.1 M

pH 7.2 sodium phosphate buffer in response to a laser-induced temperature

jump, final temperature of 26.5�C. Double-exponential fit gives rates of 38.0
(major component) and 4.0 (minor component) ms�1.
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cal/Mol K (8), in very good agreement with the present study.

DH ¼ �3.6 6 0.8 kcal/M, DCp ¼ 288 6 80 cal/Mol K for

the ternary system in 1MTMAO; andDH¼�246 3 kcal/M,

DCp¼ 16006 300 cal/Mol K for the ternary system in 0.25M

urea.

The thermodynamic results can be understood as result-

ing from oxamate binding to a subset of the LDH/NADH

microstates that are competent to bind the ligand. In fact,

previous studies have suggested that lactate dehydrogenase

complexed with NADH exists as an equilibrium of binding-

competent/binding-noncompetent conformations (22). The

anomalous temperature dependence associated for kobs then

results from the temperature modulation of the population of

the binding-competent microstates. The high value of the

heat capacity term is consequently understood as due to a sub-

stantial change in solvation character between competent and

noncompetent LDH/NADH microstates (21,23). Processes

causing changes in solvation character include exposure of

hydrophobic residues to water. Assuming that the dominant

contribution to the value of the heat capacity is exposure of

hydrophobic moieties to solvation, we calculated the ex-

posed surface area from empirical studies relating a change

in accessible surface area (ASA) during the structural tran-

sition to DCp (DCp ¼ �251 1 0.19(DASA); 24). We have

DASA ¼ 4500 (6500) Å2 for the measured heat capacity in

aqueous solution (Fig. 3 B) determined above, DCp ¼ 610

(684) cal/Mol K. Using the same empirical relationship be-

tween DCp and DASA for the urea and TMAO solutions

yields a DASA of 9700 (61500) Å2 (0.25 urea), 4500

(6500) Å2 (buffer alone), and 2800 (6400) Å2 (1 M

TMAO). Using the empirical relationship relating the num-

ber of residues exposed to solvent to accessible surface area

established previously (DASA¼�9071 93 (number of res-

idues); (24)), we calculate that for the complex in aqueous

solution that 58 (66) residues are exposed to solvent. This is

a large part of the 338-residue protein.We have performed re-

cent molecular dynamics calculations to explore the confor-

mational space accessible to LDH/NADH (4). The results of

these calculations show that LDH/NADH can find structures

that appear to be capable of binding ligand efficiently, where

the active site is exposed to solvent and is considerably more

open than others. High specific heats between open and closed

conformations arise from subtle rearrangements in internal

hydrogen bonding and an increased solvation of the protein

structure (see Discussion).

Such findings, in any case, are consistent with the results

above suggesting that urea opens up the LDH/NADH struc-

ture for binding of ligand while TMAO makes the structure

of the binary complex more rigid or tight, less able to bind

ligand. Such behavior is consistent with the known affects of

these osmolytes on protein structure. This is directly probed

in studies described below.

Assuming there are multiple LDH/NADH microstates,

some competent to bind ligand and some not, a more com-

plete kinetic model of the first step in the binding of substrate

is (C ¼ competent; NC ¼ noncompetent):

Assuming the first step is fast (see below) compared to the

second (kNC/C 1 kC/NC � kon[ox],koff), the T-jump ob-

served rates are given by

FIGURE 3 Plots of the observed relaxation rate showing the temperature

dependence as ln(kobs(T)/kobs(Tref)) vs. 1/T (K) for ternary complexes LDH/

NADH/oxamate 80:80:1200 mM in pH 7.2 sodium phosphate buffer alone

(B), with 1 M TMAO (A), or with 0.25M urea (C). Tref¼ 25�C. Note that the
relative range of y axes in panels A–C go in proportion as 1:2:4. The three

panels illustrate osmolyte effects. The smooth lines are fits to a thermody-

namic function, as described in the text.

LDH
NC
=NADH %

kNC/C

kC/NC

LDH
C
=NADH1 oxamate%

kon

koff

LDH
1
=NADH � oxamate% . . . . . . : : (Scheme II)
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k
binary

obs ¼ kNC/C 1 kC/NC

kobs ¼ konð½LDHC
=NADH�1 ½ox�ÞkNC/C

kNC/C 1 kC/NC

1 koff :

There is reason to believe that the equilibrium between

competent/noncompetent LDH/NADH species favors the non-

competent population (see below) so that kC/NC . kNC/C.

In that case, and defining K¼ kNC/C/kC/NC, we have that

kobs ¼ konð½LDHC
=NADH�1 ½ox�ÞkNC/C

kNC/C 1 kC/NC

1 koff ffi konK½ox�;

so that the apparent rate constant determined in our study

is kappon ¼ konK. The strong temperature dependence of kappon

arises from the temperature modulation of either the kon term
or the equilibrium constant, K, between competent and non-

competent LDH/NADH species. It is more likely that the

temperature dependence mainly arises from the temperature

dependence of K rather than the kon term since kon is very

close to the diffusion rate-limited value; konK¼ 2.0 (61) 107

M�1 s�1 at 35�C (8) with the value of K bracketed. Given

an approximate upper limit of 109 M�1 s�1 for diffusional

encounters, K . 0.01; on the other hand, discussed below,

there is evidence that the population of competent-binding

LDH/NADH substates is smaller that that of noncompetent

so that K , 1.0.

The interconversion between competent/noncompetent

LDH/NADH species is not observed directly in our studies.

All events observed in previous kinetic studies of the LDH/

NADH1 oxamate system involve oxamate (7,8), and so can-

not arise from LDH/NADH interconversions, which would

not involve oxamate. Studies ((20); and unpublished data) of

the relaxation kinetics of LDH/NADH reveal events on mul-

tiple timescales from nanoseconds to microseconds, but none

of these signals have the correct temperature dependence im-

plied by the data of Fig. 3. We believe this is because the rel-

ative population of the competent species is small; as such,

the signal of this relaxation event would be small. In our anal-

ysis, we have taken that the interconversion between com-

petent and noncompetent conformers of LDH/NADH occurs

on fast timescales for the following reasons. Whereas it has

been known for some time that some enzymes do exist as two

slowly interconverting conformers that bind ligand differently

(e.g., (25); hysteretic enzymes), this behavior is observed in

kinetic measurements of the catalytic behavior of the enzyme.

None of this type of behavior has been detected in LDH,

despite extensive studies. Moreover, if the process was very

slow, all the thermodynamics would involve just kon, and this
is physically unreasonable. If the interconversions occurred

on timescales similar to those observed in Scheme I, mixing

of time constants would likely occur, and no mixing has been

observed. Fast interconversions (,10 ms) of the binary com-

plex are observed in experiments (20), and calculations (4;

see Discussion) suggesting that structural changes can take

place of the type characterized here on very fast timescales.

The notion that the oxamate binds to a subset of LDH/

NADH substates can be further probed by modulating the

relative population of the substates by means other than tem-

perature. Specifically, the relative populations of the micro-

states can be perturbed by osmolytes: the addition of a small

amount of urea to the protein solution can be expected to

open up the structure favoring the binding competent while

trimethylamine-n-oxide (TMAO) closes down protein struc-

ture reducing peptide backbone exposure to solvent, thus fa-

voring the binding-incompetent species (22,26). Such effects

are perhaps most deeply probed by hydrogen-deuterion ex-

change studies of folded proteins (e.g., (14)).

Fig. 4 plots kobs ¼ kappon � ½oxamate�free as a function of the

denaturant urea and structure protecting TMAO concentra-

tions. As can be observed, the rate is modulated just as ex-

pected through the equilibrium constant term K in kappon ¼
konK. We observed the increasing of binding rate with urea

concentration up to 0.5 M. Further addition of urea causes

the rate to decrease which is almost certainly due to the urea-

caused dissociation of NADH from LDH/NADH as dem-

onstrated in separate equilibrium binding measurement (data

not shown). In contrast, TMAO causes a monotonically de-

creasing rate until the concentration reaches 0.8 M, beyond

which the rate stays constant. Generally it is a good approxi-

mation to describe the Gibbs free energy between two pro-

tein forms, here between competent and noncompetent LDH/

NADH microstates DGC-NC, as a linear function of the

osmolyte concentration (21). Letting DGC-NC ¼ DGC-NC
water �

m½osmolyte� and K¼ exp-(DGC-NC/RT), we find that murea ¼
660 (6100) cal/mol M while mTMAO ¼ �560 (670) cal/

mol M. We can calculate the ASA from urea determined

m-values,m¼ 3741 0.11(DASA) (24); this yields aDASA¼
2600 (6900) Å, which is comparable to the DASA obtained

FIGURE 4 Observed reaction rate associated with the formation of the

LDH/NADH�oxamate encounter complex, described as kobs in the text, ver-

sus [urea] (d, left) and [TMAO] (n, right) for binary complex LDH:NADH

80:80 mM in 0.1 M sodium phosphate buffer, pH 7.2, at 25�C. Linear
regions used for the m-value fits are (– – –) TMAO, and (——) urea.

Calculated m-values for TMAO and urea are �560 (670) and 660 (6100)

cal/mol M, respectively.
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from the heat capacity results above. That the DASA values

obtained from two different thermodynamic measurements

(variations with temperature and variations with a denatur-

ant) are similar to each other is taken as strong evidence for

the structural analysis presented herein.

TMAO is generally a stronger agent than is urea; its effec-

tive (absolute size) m-value magnitude is;3:2 that of urea’s

(27). That the observed rate saturates at low values of [TMAO]

and that the measured m-value for TMAO is comparable to

urea both suggest that the binding-competent species is in the

minority. Therefore, the addition of more TMAO would have

a smaller and smaller proportional effect on the population of

the minority species.

Structural studies

We performed numerous folding/unfolding studies of the

LDH/NADH binary complex in an attempt to characterize

any structural difference in binding-competent/noncompe-

tent species. In general, we found evidence that LDH/NADH

exists in multiple conformations whose relative populations

are modulated by small changes in either temperature or os-

molyte (urea). However, we were unable to discern any species

directly related to the binding-competent species; this would

be expected if the binding-competent species is a small mi-

nority, as suggested by the results presented above.

Several studies examined the amide-I IR band of the binary

complex as a function of temperature. The protein’s amide-I

band is sensitive to solvation of both helices as well as sheet

secondary structure. However, we observed no temperature-

dependent changes in the LDH/NADH IR spectrum that cor-

relate with the temperature dependence of the observed rate

(Fig. 3) (data not shown).

Fig. 5 shows the CD spectrum of LDH/NADH at 222 nm,

a wavelength particularly sensitive to changes in protein helical

structure, as a function of urea concentration. The variation is

quite unlike many proteins, which show a sharp cooperative

melting transition, typically occurring at high (4–6 M) urea.

Rather, the melting profile for LDH/NADH is fairly com-

plicated: gradual changes indicating decreasing helical struc-

ture with [urea] at low urea (0–1 M), larger but still gradual

changes from 1 to 2.3 M urea, and still further decrease in the

(absolute) CD spectrum for still larger [urea]. The results

show clearly that the structure of LDH/NADH is not coop-

erative, but rather the protein melts differently in different

domains. Such behavior has been reported previously for

LDH in substantial detail (28). Of particular interest in the

context of the current studies is that, even at low urea con-

centrations (0–1 M), there is a clear effect on the structure of

LDH/NADH; a small change in helical structure is uniformly

observed over the entire region. This is consistent with, but

certainly not proof of, a modulation of the relative popula-

tions of binding-competent/noncompetent species, one spe-

cies having a different overall amount of helices.

Fig. 6 shows melting of the LDH/NADH binary complex

as a function to temperature using two measures of protein

structure, CD at 222 nm and the lmax value of highest mag-

nitude SVD component (see Materials and Methods), the

center-weighted wavelength (lscm), for each LDH/NADH

Trp emission spectrum (lex ¼ 290 nm). The value lscm is

more informative, but similar to lmax. The lscm value per-

tains only to the highest signal component in the fluores-

cence spectrum; it is devoid of any noise effects. CD at 222

nm is a measure of overall helical content averaged over all

the LDH/NADH species; Trp emission properties are often

taken as an indication of local tertiary structure surrounding

the emitting tryptophans. As monitored by CD at 222 nm

(solid circles, left axis), the protein undergoes a cooperative

FIGURE 5 CD intensity (mdeg) at 222 nm for a sample of binary LDH/

NADH 20:20 mM in 0.1 M sodium phosphate buffer pH 7.2.; a rectangular

cuvette with a 2-mm pathlength was used. The buffer background was sub-

tracted.

FIGURE 6 Temperature dependence for binary LDH/NADH measured

by two different probes: d, CD intensity in mdeg (left axis; 20:20 mM

concentration loaded into a 2-mm rectangular cuvette with buffer back-

ground subtracted) and J, the center-weighted wavelength from each

fluorescence spectrum (right axis; 4:4 mM concentration, sample loaded into

a 1-cm rectangular cuvette). The sample was prepared in 0.1 M sodium

phosphate buffer, pH 7.2.
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melting transition near 70�C. This is in basic agreement with

differential scanning calorimetry observations on the melting

of rabbit muscle LDH (29). Again, the CD signal does not

show any measurable changes above and below the transi-

tion temperature of 37�C indicated by the kinetic results

above (Fig. 3). The right axis to Fig. 6 (stars in the diagram)

shows the temperature dependence of lscm. There are seven
Trp residues in pig heart LDH/NADH so that these studies

are not able to yield any structural monitor local to any spe-

cific Trp residue. Unlike the CD melting results, the fluores-

cence results indicate that there is a small signal indicating

a structural change at ;37�C, certainly showing that some

(perhaps small) structural change occurs at the temperature

where the temperature variation of kobs is a minimum (Fig.

3). As above, the Trp emission data is consistent with, but

certainly not proof of, a modulation of the relative popula-

tions of binding competent/noncompetent species, one spe-

cies having a different fluorescence profile compared to the

other.

DISCUSSION

In previous work, we showed that the substrate surrogate

oxamate binds to LDH/NADH via the formation of a LDH/

NADH�oxamate encounter complex; formation of the com-

petent Michaelis complex occurs subsequently via two uni-

molecular isomerizations of the ternary complex (6–8,13). In

this work, we have detailed how the on-rate describing the

binding of oxamate by LDH/NADH to form the encounter

complex responds to temperature and the osmolytes, urea

and TMAO. Our interest is to inquire about what is required,

on a molecular scale, to bring about the earliest event of the

ligand binding pathway, the formation of the encounter com-

plex. By examining the effective on-rate of ligand with LDH/

NADH, conclusions are made about the earliest stages of

binding.

The kinetic and structural conclusions from Results are

as follows. An undoubtedly simplified but adequate kinetic

model for the formation of the encounter complex is

with EC denoting the encounter complex. The binary LDH/

NADH binary system does not exist as a single conformation

but rather exists as an ensemble of conformations. Some of

the structures can competently bind substrate (represented by

LDHC/NADH). However, a majority of them either cannot

bind substrate or else bind substrate very poorly (represented

by LDHNC/NADH). Those that are binding-competent ap-

pear to bind substrate at near-diffusion-limited speed since

the observed apparent on-rate, given by K � kon (K¼ kNC/C/

kC/NC), is not far from the limits set by simple diffusion at

107 M�1 s�1. With [LDHC/NADH] , [LDHNC/NADH]

(K, 1; see Results), kon approaches the diffusion-limited value

of;109 M�1 s�1. Although we were unable to directly mea-

sure the rate of interconversion between binding-competent/

noncompetent forms, it appears to be fast—on the 10–100 ms
timescale, or faster.

The equilibrium between binding-competent/noncompetent

forms,K, responds to temperature as well as destabilizing (urea)

and stabilizing (TMAO) osmolytes. The response to the os-

molytes is just like that observed in hydrogen/deuterion ex-

change studies where the protein is in equilibrium between

closed-to-solvent (nonexchangeable) and open-to-solvent (ex-

changeable) conformations (e.g., (14)). The response pattern

to both temperature and osmolytes is the same as that found

for proteins undergoing a structural transition between two

conformations that involves changes in a substantial number

of low energy bonds (bonds made and broken).We have indi-

cated these simply as open (binding competent) and closed

(noncompetent) conformations. We have previously specu-

lated (8) that this transition involves either the exposure of

hydrophobic groups to solvent or the changing of the hydrogen-

bonding patterns of water molecules (when, for example,

structural waters of the protein move to solvent). However,

our recent calculations (4) suggest that the structural change

may be more subtle, involving subtle protein and water re-

arrangements (see below).

The results of our study are in accord with the select-fit

model of binding in that the substrate analog, oxamate, binds

to only a portion of a preexisting equilibrium mixture LDH/

NADH conformations in forming the encounter complex.

However, it is not clear whether or not the binding-competent

LDH/NADH conformations also respond structurally to the

presence of the ligand in forming the encounter complex.

Moreover, once the encounter complex is formed, our pre-

vious results show that the protein structure responds in such

a way that the ligand makes key binding patterns and forms a

catalytically competent ternary LDH/NADH�substrate con-

formation. Key binding patterns include the formation of key

H-bonds between the substrate’s C¼O group with His195 and

Arg109 as well as the salt bridge between the substrate’s

�COO� moiety and Arg171. These later transformations are

in accord with an induced-fit model of binding. We suspect

that in general, both the select-fit and induced-fit mechanisms

play a role in the binding of ligands to proteins as our current

results indicate that they do for lactate dehydrogenase.

Why would nature choose to have proteins go about bind-

ing via a minority population of binding-competent species?

LDH
NC
=NADH %

kNC/C

kC/NC

LDH
C
=NADH1 oxamate%

kon

koff

LDH
EC
=NADH � oxamate% . . . . . . : :
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This seems inefficient. There are, however, several reasons

why this is advantageous. One is that proteins, being finite in

size and held together in their folded structures by low en-

ergy bonds, are inherently dynamical. Although static struc-

tural pictures of proteins invariably show us a single structure,

it has long been appreciated that proteins sample a variety

of conformations on a variety of timescales. The observation

of trace populations is especially difficult; however, protein

structures that are very different from the majority popula-

tion yet differ by just a small energy difference (a few times

RT or less) can well exist, given that the stability of a folded

protein is only 5–15 kcal/mol (compared to RT ¼ 0.6 kcal/

mol at room temperature). It is well established that even

small proteins can contain domains that are very labile to sub-

stantial unfolding. LDH has been shown to contain domains

of very limited stability (28).

Another reason is that this method of binding may well be

very efficient in getting the job done. The active site of LDH is

buried, being 10 Å from the protein’s surface. If the ligand’s

pathway from the surface to the interior is rigid, the process of

getting into the active site pocket could be very difficult. On

the other hand, if the structure of even aminority of the protein

population is loosened or opened so that the binding pocket is

accessible to solvent and the ligand can find its way to the

vicinity of the pocket at diffusion limited speeds, the overall

effect of this, if the proper balance is achieved, can be a

binding rate sufficient for catalysis. Binding rates and the

overall binding constants need only fulfill the requirements of

efficient metabolism. In terms of rate, enzymatic catalysis

typically occurs on the millisecond timescale (30), which is

the time it takes small molecules to diffuse across cellular

dimensions. In terms of binding constants, the Km values of

enzymes are typically approximately set to substrate cellular

concentrations, thus yielding an enzyme half-full/half-empty

in the cellular environment. The process of a transient change

in structure that exposes a protein binding pocket to ligand has

been supposed for some time. The classic example is that of

the binding of oxygen to myoglobin. The binding pocket is so

buried within the protein’s quite hydrophobic interior that it

seems impossible for the ligand to penetrate to the binding site

without dynamic fluctuations of some sort.

We recently performed molecular dynamics calculations

to explore the conformational degrees of freedom accessible

to the LDH/NADH binary complex and to explore what struc-

tural factors can give rise to the substantial heat capacity ob-

served in experiments (4). We found that LDH/NADH samples

a wide range of protein conformations, some of which offer

rather facile access of solvent to the active site. These open

conformations do not require large-scale unfolding/melting

of the binary complex. Rather, open versus closed confor-

mations are due to subtle protein and water rearrangements

which are, however, quite sufficient to explain the rather high

value of heat capacity difference found for the two struc-

ture(s). The results suggest that the mobile loop of LDH is

perhaps just partially open in the open conformations, with

Arg109 positioned very well to interact electrostatically with

incoming substrate and guide it to the active site. We also

found that multiple open conformations, yielding multiple

binding pathways, are likely.
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