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ABSTRACT: As for many enzymes, the enzymatic pathway of triosephosphate isomerase (TIM) includes
the partially rate determining motion of an active site loop (loop 6, residues 166-176), which must remain
closed during chemistry but must open just before product release. The motion of this loop was monitored
using laser induced temperature-jump relaxation spectroscopy at nanosecond to millisecond time resolution.
Trp168 in the hinge of the mobile loop served as a fluorophore reporter in a mutant of the yeast enzyme.
The opening rate was studied as a function of the concentration of glycerol 3-phosphate, a substrate
surrogate. Monoexponential kinetics were observed; assuming a simple two-step ligand release mechanism
involving an encounter complex intermediate, the time scales of loop opening and closing were derived.
The opening rate of the loop at 25°C was determined to be 2500( 1000 s-1, in remarkable agreement
with solution and solid state NMR measurements. The closing rate at the same temperature was 46,700
( 1800 s-1. The rates were also studied as a function of the sample temperature following the jump.
Enthalpies of activation of the loop motion,∆Hq

close and ∆Hq
open, were estimated to be 13.8 and 14.1

kcal/mol, respectively. The enthalpy of dissociation estimated from the kinetic studies is in reasonable
agreement with steady-state values. Moreover, the enthalpy was dissected, for the first time, into components
associated with ion binding and with protein conformational change. The enthalpy of the release reaction
appeared to have a substantial contribution from the dissociation of the ligand from the encounter complex,
found to be endothermic at 6 kcal/mol. In contrast, the population ratio of the open to closed loop
conformations is found to favor the closed conformation but to be substantially less temperature dependent
than the release step. Preliminary data of other ligands show that G3P behavior resembles that of the
substrate but differs from 2-phosphoglycolate, a tight binding inhibitor, and phosphate. This study represents
one of the first detailed comparisons between NMR and fluorescence based probes of protein motion and
results in good agreement between the methods. The data in aggregate support a model in which the rate
of the loop opening for TIM is dependent on the ligand and results in opening rates in the presence of the
product that are comparable to enzymatic throughput,kcat.

Conformational flexibility is a common feature of en-
zymes, often used to control chemical reactivity or to deliver
a signal from one macromolecule to another. A common
element is an active site loop, wherein an open form can
facilitate ligand binding and release, and a closed form
prepares, controls, and protects the reaction intermediates.
In the few examples measured to date, active site loop motion
is either rate limiting or closely coordinated with the reaction
chemical steps (1-4).

We have studied the case of triosephosphate isomerase
(TIM)1, where loop 6 controls the catalytic cycle: the
interconversion of two glycolytic intermediates, dihydroxy-
acetone phosphate (DHAP) andD-glyceraldehyde 3-phos-
phate (GAP) (4) (Figure 1A). Internal mobility for TIM was

evident as early as 1970 from changes in crystal cell
dimensions upon soaking of a ligand (5). Kinetic character-
ization of the free energy profile for the reaction also
suggested that substrate release could be rate limiting and is
dependent upon the nature of the product (DHAP vs GAP)
(6). Structural characterization of the enzyme provided direct
evidence for the nature of the conformational change in
question: loop 6 descends down upon the active site to
isolate the reaction from bulk water (7-9) (Figure 1B). This
flexible loop is responsible for shifting the catalytic base,
Glu165, by about 2 Å to contact the substrate and centering
it in an optimal position between the substrate’s relevant
carbons (10). While many of the crucial catalytic contacts,
for example, the polarizing groups His95 and Lys12, and
many of the phosphate hydrogen bond partners, such as the
NH groups of Gly233 and Ser211, are involved in a
preformed substrate pocket and do not shift substantially
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upon ligation; others that are attached to loop 6, such as the
catalytic base Glu165 and another phosphate ligand, the NH
of Gly171, shift into place upon the loop movement. The
presence and sequence of the loop is critical for function
(11), and its sequence is strongly evolutionarily conserved.
Kinetic evidence suggests that the loop must close to activate
the base and more importantly must remain closed for the
duration of the intermediate’s lifetime and thereby prevent
hydration of the catalytic intermediate and consequent
elimination of the phosphate in the enol intermediate to form
a toxic sideproduct, methyl glyoxal (11, 12). Thus, the
question of the rate of opening in relation to the progress of
the chemical reaction becomes of keen interest.

A variety of physical and kinetic studies have been carried
out to characterize the loop’s structure and dynamics. Site
specific mutants in the regions connecting or binding the
active site loop have been made with the intention of altering
the loop dynamics, and pronounced effects on the reaction
rates, kinetic isotope effects, and other functional signatures
were seen in some cases (12, 13). Direct measurement of
the loop opening rate was recently obtained by solid and
solution state NMR (14, 15). A tryptophan on the N-terminal
hinge of loop 6 was labeled using either19F or 2H. NMR
line shape analysis, for both solution and solid state samples,
demonstrated that the loop opening in the presence of a
substrate surrogate,DL-glycerol 3-phosphate (G3P), is on the
order of the reaction turnover rate: 8000( 1500 s-1 at 30
°C derived from solid state NMR measurements and 5000
( 1500 s-1 at 30°C from solution NMR measurements. The
rates are clearly much slower at lower temperatures and

dependent upon the organic portion of the bound ligand.
These studies suggested that the chemical turnover rate and
the loop opening rate are of a similar time scale, as required
for preventing the phosphate elimination side reaction.

Here, we address the kinetics and thermodynamics of the
active site of loop 6 in the presence of various ligands and
ligand conditions using temperature-jump relaxation spec-
troscopy. T-jump relaxation experiments monitor the return
to equilibrium of a chemical system following a sudden
increase in temperature, here produced by absorption of
pulsed laser light tuned to a weak near infrared water band;
the adjustment to the new temperature is typically manifested
in a change in the concentrations of chemical species. As
the system relaxes to this new equilibrium point, a suitable
structurally sensitive spectroscopic probe is used to follow
the recovery kinetics. For our studies, the fluorescence
emission of a strategically placed indole ring of a Trp residue
within TIM's loop reports on the time evolution of loop
motions over the 20 ns to 1 ms time scale. This protocol is
illustrated in Figure 2. The rates of loop-opening and loop-
closing and their temperature dependencies are determined
by this approach.

Since the loop-opening rate in TIM has recently been
determined from NMR relaxation studies, the present study
also offers an opportunity for comparison of T-jump
relaxation spectroscopy, as combined with fluorescence
spectroscopy as a structural reporter, with NMR line shape
methods for microsecond motions. Strengths and weaknesses
of these two families of methods will sometimes make one
more appropriate than the other. NMR spectroscopy offers

FIGURE 1: (A) Isomerization reaction catalyzed by triosephosphate isomerase. Structure and inhibition constants,Ki, of the ligands studied
are listed. (B) An overlay of TIM in the loop open and loop closed (with bound substrate in CPK) conformations. Loop 6 is shown in dark
yellow (open) and red (closed), and motion of the indole ring of Trp168 and the active site residue Glu165 are shown as stick diagrams.
The active site loop descends down to engulf the substrate and position some of the catalytic residues. The loop’s tryptophan rotates by
about 50° between the two conformations
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structural signatures in connection with the motion (i.e., can
report the spatial extent of the motion or offer direct evidence
for the structural substates) (16, 17). On the other hand, the
structural origins of fluorescence yield changes are often
obscure. Both methods have somewhat limited regimes in
which they can work: for NMR, substantial populations for
the alternative conformation are usually needed, and changes
in the NMR chemical shift are required, whereas for T-jump
methods the states must differ in enthalpy, and changes in
fluorescence yield for the two states are essential when
fluorescence emission is used as a reporter probe of structure.
Because of the strong detection sensitivity of fluorescence,
optical relaxation spectroscopy can be highly sensitive to
motions on a broad range of time scales (as fast as
picoseconds, in principle, and as slow as minutes or longer),
including rather small population changes, and thus can be
expected to reveal conformational events that are too subtle
for NMR methods and allow a more thorough dissection of
the kinetic properties (18, 19). In the case of the TIM loop
motion, however, both NMR and T-jump fluorescence were
viable probes of the opening rate. Thus, we were able to
test whether quantitative agreement between the two methods
is possible and to test whether a cohesive view of TIM loop
dynamics can emerge from the combined data.

MATERIALS AND METHODS

All reagents used were purchased from either Sigma-
Aldrich Co. (St. Louis, MO) or Fluka (Milwaukee, WI) with
the exception of glycerol 3-phosphate dehydrogenase, which
was purchased from Boehringer Mannheim Ltd. (Indianapo-
lis, IN).

Sample Preparation.Triosephosphate isomerase mutant
of Saccharomyces cereVisiae TIM (Trp90Tyr Trp157Phe)
was expressed and purified as described before (14). The
kinetic parameters of the mutant are not distinguishable from
those of the wild-type TIM (13). Enzymatic activity was
determined by the conversion of GAP to DHAP in the
presence of TIM and glycerol 3-phosphate dehydrogenase
as described by Putman et al. (20).

Samples for steady-state fluorescence and T-jump mea-
surements contained TIM in 50 mM Tris-HCl, 50 mM NaCl,
pH 7.8, at 25°C. Steady-state fluorescence studies required
750 µL of a 50 ( 10 µN TIM solution, while a 250( 20
µN sample was required for the 175µL T-jump cell. A
limited number of measurements were performed on TIM
in absence of a ligand and in the presence of G3P using a
triethanolamine buffer (pH) 7.8) to validate that the choice
of buffer does not influence the observed kinetics. The
observed relaxation rates and response amplitudes were not
significantly affected by the change in buffer. Reported
temperatures were determined within(0.5 °C using a
thermocouple thermometer.

Fluorescence Spectroscopy.Steady-state fluorescence
spectra were measured on a FluoroMax-2 spectrofluorimeter
(Instruments S. A. Group, Edison, NJ) with a spectral
resolution of 3 nm for both excitation and emission. A sample
was held in a 2× 10 mm quartz cuvette and excited along
the short dimension. The wavelength of excitation was 290
nm for all measurements. Contributions to the emission
spectra from the Raman scattering bands of the solvent were
corrected by subtracting a solvent blank taken under identical
condition as the sample. The fluorescence spectra were also
corrected for instrument spectral response using an instrument
correction factor. The data were collected using DM-3000
software and analyzed with Igor Pro 4.0 (Wavemetrics, Inc.,
Lake Oswego, OR) software. Errors in determining the
fluorescence intensity were around 2%; this incorporates both
instrument error and variations in sample preparations.

The dissociation constant,Kd, of G3P from TIM was
determined by monitoring changes in the fluorescence
intensity,∆F, as unligated TIM was titrated with increasing
amounts of G3P. For a spectrophotometrically monitored
titration, ∆F varies with the G3P concentration, [G3P],
according to the following equation (21):

FIGURE 2: Typical response to a temperature jump is shown in cartoon format. Prior to the temperature jump, the system is poised according
to the initial temperature with the ratio of bound enzyme and of loop populations fixed accordingly. A rapid temperature change is accomplished
bringing the solvent to a higher final temperature in ca. 20 ns in our study. In response to the temperature shift, the TIM-ligand system
subsequently relaxes to the new ratio of the open/closed populations defined by the final temperature. In our specific apparatus, roughly 1
ms after the temperature jump, the sample temperature starts drifting back to its initial value because of thermal diffusion. Thus, a kinetic
window from 20 ns to 1 ms is afforded for observation of any enthalpic process.

∆F )
∆Fmax × [G3P]

{[G3P] + Kd}
(1)
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where∆Fmax is the change in the signal when all the enzyme
is in complex, TIM-G3P.Kd was derived at 5, 12, 17, 21,
and 30°C using this expression. The titrations studies are
supplied as supplementary data.

T-Jump Measurement.A custom built instrument was used
to measure relaxation kinetics, based on the same principles
as that described previously (22-24). Temperature jumps
of 10-25 °C were induced by exposing a volume of water
to a pulse of infrared light (1.54µm wavelength, 60-70 mJ
energy, 1-2 mm diameter spot on the sample), generated
by stimulated Raman shifting the fundamental emission
(1.064µm) of a Quanta-Ray GCR-150 Q-switched Nd:YAG
laser (Spectra Physics, Mount View, CA), operating at 1 Hz,
in a 1 mlong cell filled with methane gas at 450-500 psi.
Water absorbed the laser energy and the temperature of the
exposed volume increased in approximately 7 ns. The size
of the T-jump was calibrated using the change of water IR
absorption with temperature, to within 1°C. Typical T-jump
values ranged from 10 to 20°C. Diffusion of heat out of the
interaction volume takes approximately 2 ms. Hence, the
apparatus generated a T-jump within 20 ns that remained
nearly constant until approximately 1 ms.

To probe changes in the fluorescence intensity of the
tryptophan fluorophore, the sample was irradiated by the 290
nm emission line of an Innova 200-25/5 argon ion laser
(Coherent, Palo Alto, CA). To avoid photodamage to the
sample, the excitation light was modulated using a shutter
that allowed 10 ms exposure for every T-jump pulse. Also,
the power of the excitation beam was attenuated by neutral
density filters; typical intensity was 15-20 mW. The incident
excitation beam is focused onto a 0.5 mm diameter spot on
the sample, in the center of the beam path of the 1.54µm
pulse. Tryptophan fluorescence emission, detected at 50° to
the excitation beam, was passed through a narrow band filter
(340 ( 12 nm) and was monitored using a R4220P
photomultiplier tube (Hamamatsu, Bridgewater, NJ). Two
oscilloscopes (TDS 754A and TDS 420A, Tektronix, Inc.,
Beaverton, OR) averaged and digitized all signal generated
from 1000 to 2000 heating pulses. To null out a reproducible
dc offset voltage arising from the amplifier (2-3% of total
signal) and early time pulse-like feature produced by the Nd:
YAG laser circuitry via a ground loop (2-3%), a background
signal obtained without fluorescence excitation was measured
separately and subtracted from the kinetic data. A lab written
program from LabVIEW software (National Instruments,
Austin, Texas) was used for instrument control and data
collection. Data were normalized to the average fluorescence
intensity taken before the T-jump. Curve fitting was done
with Igor Pro 4.0 (Wavemetrics, Inc., Lake Oswego, OR)
software. The uncertainties in the reported values of relax-
ation rates were determined from the scatter in values from
4 to 5 replicate runs and were approximately(10% of the
measured relaxation rate. Errors in the response amplitudes
were analyzed in the same manner and were estimated to be
(20-25%.

RESULTS

Experimental Design.To study loop dynamics, we used a
mutant ofS. cereVisiae TIM (Trp90Tyr Trp157Phe) where
a single remaining tryptophan, Trp168, located at the
N-terminal hinge of loop 6 served as a spectroscopic probe

(Figure 1B). Tryptophan residues are valuable fluorescence
probes since the indole ring is very sensitive to its environ-
ment (18, 25-27). In TIM, the tryptophan’s indole ring is
not in contact with the bound ligand and therefore is expected
to be a reporter of the loop closure and not of the ligand’s
nearby presence. Stacking of the indole ring, solvation, and
hydrogen bond partners differ for the two loop conforma-
tions, and therefore the fluorescence yield would be expected
to differ. Prior studies (12, 13) on the steady-state fluores-
cence of this mutant confirmed that the ligated, closed state
is quenched relative to the open, unligated state. In both the
fluorescence and our previously reported NMR experiments,
the system was poised at conditions (pH, ionic strength) that
maximize enzymatic activity (28, 29).

Loop dynamics in the presence of the substrate or product
is of the most mechanistic significance, but we were obliged
to study the motion of the TIM loop using a substrate
surrogate (Figure 1A), rather than the authentic substrate,
since there is a limited temperature range in which the
substrate is stable for long data acquisitions (30). DL-glycerol
3-phosphate (G3P) is a substrate mimic, whose binding
affinity is similar to that of DHAP;Ki is 1.4( 0.3 mM while
Km is 1.4 ( 0.1 mM (31). Moreover, a limited set of
experiments using substrate as ligand in the T-jump studies
yielded similar relaxation rates as found for G3P (see below).
Two additional ligands were used to demonstrate that the
kinetics do depend on the selection of active site ligand.
2-phosphoglycolate (PGA), considered a mimic of the
transition state (32), has aKi of 30 ( 6 µM (28). The third
ligand studied, inorganic phosphate, contributes significantly
to the substrate’s binding energy (33) and has aKi of 5.0 (
0.1 mM (28). This simple inhibitor induces the closed loop
conformation (34) and thus could offer a possible view to
binding events as distinct from chemical events. A complete
characterization of the G3P ligand was conducted, while the
studies of the other ligands serve as preliminary controls.

Steady-State Fluorescence.Steady-state fluorescence of
the active site loop’s tryptophan was measured as a function
of temperature and ligand selection (Figure 3). The fluores-
cence intensity of the tryptophan in the unligated enzyme
was quenched by 25% upon heating the sample from 0 to
35 °C. This is smaller than the observed 60% quenching of
fluorescence for tryptophan in solution by itself. The
fluorescence intensity was modulated upon addition of
ligands (see inset in Figure 3); a 25% decrease in fluores-
cence intensity as compared to unligated TIM was observed
in the presence of PGA, while for G3P the intensity
decreased by about 40%. With inorganic phosphate, the
fluorescence intensity was quenched by 10%. The wave-
length of maximal fluorescence emission was essentially
unaffected by the presence of the ligand (λmax ) 325 ( 2
nm). To further investigate the possible temperature depen-
dence of loop motion, the dissociation constant (Kd) for TIM
with G3P was measured and found to decrease with
temperature from (13.2( 1.6)× 10-4 M at 29.6°C to (3.0
( 0.4)× 10-4 M at 5.1°C (Table 1). A van’t Hoff analysis
of these numbers shows that the overall release of G3P from
TIM is endothermic at 10( 1 kcal/mol.

T-Jump Relaxation.The simplest kinetic scheme antici-
pated for the loop opening reaction has two steps:
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The equilibrium between the open and the closed forms of
the loop and the bound and free states are expected to shift
according to temperature. The shift is expected to correspond
overall to ligand release (i.e., from right to left in Scheme
1) in a pathway with a slow conformation change followed
by a rapid release for each molecule. Prior biochemical
evidence supports a low affinity for ligands with an open
loop conformation (11). The obligate encounter complex
intermediate, TIMopen/ligand, is expected to be sparsely
populated based on these data and others. In what follows
below, we use the convention that∆Hreleaseand∆Hloop motion

refer to the enthalpic change because of ligand release from
the encounter complex and the loop opening steps given in
Scheme 1, respectively.

Figure 4 shows the kinetic response to a 17°C T-jump of
the emission of the Trp168 indole ring as stimulated at 290
nm and measured at 340 nm; the behavior of the TIM in
several distinct complexes is contrasted, and these differences
will be highlighted in the discussion below. Following the
laser induced T-jump, the subsequent thermalization of the
excited water molecules results in a prompt temperature
increase (subnanosecond) (35, 36). The magnitude of the
temperature change and the initial temperatures were varied;
a typical T-jump value varies from 10 to 20°C, and initial
temperature was varied from 2 to 40°C. An abrupt
unresolved drop of apparent fluorescence intensity generally
ensues upon heating followed by a resolved nanosecond rise
in intensity. These relatively rapid kinetic components
include the response time of the instrument (4 ns), the pulse
width of the heating beam (7 ns), fluorescence lifetime of a
few nanoseconds, as well as a protein-dependent phase of
unknown origin (20-50 ns) (37). These nanosecond phases
were not analyzed in this study. A slower instrumentally
determined kinetic transient, with a time constant of 1.5(
0.5 ms, was attributed to cooling of the irradiated volume
by thermal diffusion and was also neglected in this study.
Thus, the kinetic window over which we follow loop motions
covers over 5 orders of magnitude in time scale, roughly
from 0.1 µs to 1 ms.

For unligated TIM (Figure 4) this temporal region is flat,
much like the kinetic profile for tryptophan in solution by
itself (data not shown). Structural data suggest that the
unligated enzyme is mostly in the open loop conformation,

FIGURE 3: Steady-state fluorescence intensity of Trp168 in TIM is affected by temperature modulation and ligands presence; fluorescence
spectra in the presence of ligands are shown in the inset. All reported fluorescence intensities are normalized relative to the fluorescence
intensity of the unligated TIM measured at 0°C and at 50µM TIM. The concentrations of the ligands in each case were as follows: 10
mM G3P, 1.5 mM PGA, and 50 mM phosphate.

Table 1: Temperature Dependence of the Dissociation Constants,
Kd, for TIM Bound with G3P

T (°C) Kd (M)a

5.1 (3.0( 0.4)× 10-4

12.5 (5.3( 0.6)× 10-4

17.0 (6.8( 0.7)× 10-4

21.1 (8.8( 1.2)× 10-4

29.6 (13.2( 1.6)× 10-4

a Kd values were determined from a fit to the plot of the change in
fluorescence intensity against the ligand concentration. Errors reflect
the RMSD of the fit.

Scheme 1
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but prior NMR relaxation data indicate facile small amplitude
motions on the microsecond to nanosecond time scale (38).
The lack of appreciable kinetic components in the fluores-
cence data indicate that these motions are either faster than
50 ns or involve states of comparable enthalpy or similar
fluorescence emission yields.

The T-jump response in the presence of ligands depended
dramatically upon the choice of the ligand. For G3P and
GAP, a transient of large amplitude could be fit to a single
exponential. This kinetic phase is assumed to be associated
with the opening of the loop and is analyzed in detail for
the case of G3P (vide infra). Significantly, measurements in
the presence of the substrate GAP (which rapidly equilibrates
to a GAP/DHAP mixture on the time scale of the T-jump
study) at low temperature reveal a similar relaxation phe-
nomena, in amplitude and rates, as that observed for the
substrate surrogate G3P. To verify that this relaxation process
is related to the loop’s structural changes, we have examined
the effect of choice of ligand on the relaxation phenomena.

In the presence of various concentrations of a mimic of
the transition state, PGA (32), which has aKi of 30 ( 6 µM
(28), no kinetic phase was observed on the microsecond time
scale. This process appears to be largely out of our time

window (slower), or we are insensitive to it under the
conditions of the experiment shown in Figure 4 (i.e.,
saturating amounts of ligand or a small pH change induced
by the T-jump). It is clear that at 1 ms the TIM-PGA system
has not yet reached equilibrium at the new temperature. In
an attempt to maximize observation of PGA release, the
diameter of the incident laser heating beam was widened,
which had the effect of increasing the cooling time within
the irradiated volume from 2 ms to ca. 31 ms. Under
conditions where a substantial fraction of TIM binding sites
are unoccupied (total [PGA]) 100µM, total [TIM] ) 250
µM), a situation expected to yield higher signal amplitudes,
a temperature-dependent transient of 5-10 ms was observed
(data not shown). Indeed, a tighter inhibitor would be
expected to involve higher energy barriers for the motion
and slower rates, and this result is also comparable to our
prior NMR studies on the TIM-PGA complex, where loop
motions on the microsecond time scale were not detected.

The kinetic behavior is dramatically different when
phosphate is used, a loosely binding inhibitor with aKi of
5.0 ( 0.1 mM (28). The phosphate moiety contributes
significantly to the substrate’s binding energy (33) and
induces the closed loop conformation (34) but is known to

FIGURE 4: Kinetic response of the fluorescence signal is shown for the emission of the tryptophan indole ring as excited at 290 nm and
measured at 340 nm, subjected to approximately a 17°C T-jump. Data from samples of unligated TIM and of TIM in the presence of G3P,
GAP, PGA, or phosphate are plotted together to show that the observed effect is strongly sensitive to the selection of the ligand. In all
T-jump studies, the total TIM concentration is 250µM. The ligand concentrations used were near or above saturating concentrations: 5
mM G3P, 5 mM GAP, 1.5 mM PGA, and 50 mM phosphate. For the unligated TIM, kinetic profile in this region is flat. The relaxation
kinetics for TIM ligated with 5 mM G3P has a profile in the region between 0.1µs and 1 ms that could be fit using a single exponential
transient. TIM ligated with 5 mM GAP, which rapidly equilibrates to a GAP/DHAP mixture, appeared to exhibit a very similar kinetic
profile except for a slightly shorter relaxation time. The kinetic profile of TIM ligated with 1.5 mM PGA has kinetic transients of the order
of the noise under these conditions. More complex relaxation kinetics is observed for the TIM ligated with 50 mM phosphate. The region
of the kinetic plots over which we follow loop motion, from 0.1µs to 1 ms, is represented in solid lines. The temperature jumps in each
case were as follows: TIM, 2.8-17.7°C; TIM-PGA, 6.4-19.7°C; TIM-G3P, 3.0-20.0°C; TIM-Pi, 8.0-22.5°C; and TIM-DHAP/
GAP, 3.0-19.3 °C.
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have substantial liberty in its placement relative to the
phosphate’s binding amides in the active site and therefore
to have a somewhat lesser control over the active site loop
(39). Complex multi-rate relaxation kinetics were observed
for the enzyme in the presence of phosphate. This complex
kinetic behavior is consonant with sloppy fit of this minimal
ligand in the active site. In summary, it appears that
relaxation phenomena are sensitive to the presence and
choice of ligand in a manner suggesting the expected
behavior of a loop shielding reaction intermediates.

A comparison of the transients in Figure 4 to the steady-
state emission data of Figure 3 shows that the observed
transient emission has not reached an equilibrium value by
1 ms, the end of the useful range of our T-jump spectrometer.
Thus, there must be slower kinetic step or steps. In
experiments comparing the response kinetics of temperature
versus the fluorescence of protein solutions within the sample
cuvette holders of our fluorescence spectrometer, this slow
step(s) is shown to be reversible and to relax within 30 s.
Thermodynamic signatures show that the kinetic phase in
our time window corresponds to the binding and release of
ligand (vide infra). Therefore, we made the assumption that
this additional kinetic phase does not affect our conclusions
regarding analysis of the observed faster transients.

TIM-G3P System.For the TIM-G3P system, the ob-
served relaxation kinetics vary with both the final temperature
of the T-jump and the ligand concentration (Figures 4-6).
For each condition, the kinetic data were well-simulated
using a single-exponential profile. On the basis of the data
presented in Figure 4, the rate constant and the amplitude
of the relaxation kinetic profile decrease as the concentration
increases. At higher temperatures, the rate constant increases
(Figure 6).

Kinetic Model. The observed rate for TIM-G3P, kobs,
varied in a smooth fashion when the concentration of free
ligand and protein was varied. These data are presented in
Figure 5, and a fit is presented in Figure 6 based on the
kinetic model of Scheme 1. The observed relaxation time is
not described by a simple bimolecular reaction of substrate
binding to protein; for such a process the observed rate would
scale linearly with concentration, whereas for our data
saturation behavior is observed. The saturated enzyme also
exhibits a concentration and temperature independent kinetic
transient. Hence, our kinetic model also includes both a
bimolecular and a monomolecular step. A protein-ligand
encounter complex, with TIM in the loop open conformation,
is formed rapidly through bimolecular collision. This phase
is apparently formed too quickly to be observed by our
instrument. After the formation of an encounter complex,
the protein complex undergoes loop closure in a slow step,
probed in these experiments. The rate of the second confor-
mational step is influenced by the concentrations of free
protein and ligand through the concentration of TIMopen-
G3P. The dependence of the loop closure step on various
parameters can be derived following a linearization of the
kinetic equations of the process in Scheme 1 provided that
the fast limit approximation,kon([TIM] + [G3P]) + koff .
kopen, kclosed, is valid (19, 21, 40):

We used this functional form to fit the results of Figure 6
(solid curves), and the values ofkopen, kclosed, andkon/koff are
obtained (Table 2). It should be noted that the monomolecular
step of Scheme 1, the rate of which is represented in eq 2,
is strictly linear (no high order corrections terms) so that a
linear response is expected despite the large T-jumps of this
study. On the other hand, in principle the bimolecular step
of the kinetic model in Scheme 1 leads to nonlinear kinetic
terms. The relative error resulting from neglecting this term
is given bykon∆[TIM]/ {(kon([TIM] + [G3P])+ koff)} < kon∆-
[TIM]/ koff (eq 5.2 of ref19), where∆[TIM] is the amount
of free TIM brought about by the T-jump. Given thatkon/
koff is no larger than 100 M-1, and∆[TIM] is at most 250
µM (the total concentration used in the experiments), the
relative error is expected to be less than 1%.

From the kinetically extracted values ofkopen, kclosed, and
kon/koff, one can also obtain an estimate of the equilibrium
Kd as follows:

Remarkably, theKd calculated here agrees with what was

FIGURE 5: Relaxation kinetics of the TIM-G3P complex are shown
for a variety of sample conditions, along with a simulation using
single exponentials. At 1 mM G3P (panel A), the single-exponential
fit to the 0.1 µs to 1 ms region of the kinetic profile yielded a
relaxation rate of 4.4( 0.4 ms-1. A similar fit to the kinetic profile
of TIM ligated with 5 mM G3P resulted in a faster relaxation rate
of 11 ( 1 ms-1 (panel B). Increasing the final jump temperature
(Tf) results in a faster relaxation rate; at aTf of 20.0°C the relaxation
rate is 11( 1 ms-1 (panel B), while at 37.9°C a relaxation rate of
30 ( 4 ms-1 is obtained (panel C). Uncertainties in the reported
values of the relaxation rate reflect the scatter in values from
replicate runs and are much larger than fitting uncertainties from a
single run. The region of the kinetic plots over which we follow
loop motion, from 0.1µs to 1 ms, is represented in solid lines. The
initial temperatures of the temperature jumps in each case were as
follows: (A) 10.0 °C; (B) 3.0 °C; and (C) 20.6°C.

Kd ) (koff/kon)(kopen/kclose) (3)
kobs)

kclose

1 + koff/(kon{[TIM] + [G3P]})
+ kopen (2)
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previously determined by Knowles and Albery (6). TheKd

values obtained using the kinetic data are also consistent with
what was determined using steady-state fluorescence (Table
1). This suggests that the kinetics probed in this study do
encapsulate the majority of the binding and release phenom-
enon and that any slower or faster steps are minor contribu-
tions to the thermodynamics of the process.

The kinetic transients can be studied as a function of
temperature to derive, separately, the enthalpy changes in
ligand release and the enthalpy in loop opening. A van’t Hoff
plot of kon/koff yields an enthalpy for ligand release the
encounter complex,∆Hrelease) 6.1 ( 1.1 kcal/mol (Figure
7). Thus, this term favors binding of the ligand to the open
loop structure but is only responsible for 60% of the enthalpy
in the steady-state value. Correspondingly, the equilibrium
constant derived fromkopen/kclosed clearly favors the closed
state, but the temperature dependence in these rates was small
and was not sufficiently precise to decompose the free energy
change further:∆Hloop motion) 0.1( 3.0 kcal/mol (favoring
the closed species). (The analysis of the response amplitudes
given below is in agreement with this range but suggests
that ∆H can only favor the closed loop conformation, see
below.) The sum of these values (∆H ) 6.1 ( 4.0 kcal/
mol) are of the same sign and order of magnitude as the

total enthalpy of release of ligand obtained from steady-state
measurements (10( 1 kcal/mol, for steady state, see above).
The binding energy derived from steady-state measurements
is also in good agreement with isothermal titration measure-
ments (data not shown).

Activation parameters for the loop motion can be derived
from these rates but have not been derived for the binding
and release steps. A van’t Hoff plot (Figure 8) based on our
experimental values forkopen yielded a value of 14.1( 2.5
kcal/mol for the activation enthalpy associated with loop
opening,∆Hq

open. Correspondingly, the activation enthalpy
for loop closing,∆Hq

close, was determined to be 13.8( 0.4
kcal/mol. These values are consistent with the pronounced
temperature dependence in the rates seen previously by NMR
studies (14, 15).

Relaxation Response Amplitude.The variation in the
amplitude of the observed relaxation response for the TIM-
G3P system is given in Figure 9. The response amplitude
can be accounted for using the kinetic model of Scheme 1.
The amplitude peaks at a value nearKd and exhibits a plateau
at saturating concentrations of G3P. At low concentrations
the system is dominated by bimolecular behavior, while at

FIGURE 6: Rate of signal relaxation,kobs(see Figure 5), in response
to a T-jump for the G3P ligated TIM system is plotted for various
final jump temperatures and ligand concentrations. A fit to the plot
of kobsvs the sum of the free ligand and free enzyme concentration
to eq 2 yields the values ofkopen, kclosed, andkon/koff (see Table 2).
The total TIM concentration is 250µM in all cases. For high ligand
concentrations, the dependence on ligand concentration is pseudo-
first order. At lower ligand concentrations, the amount of free
species at the final temperature were calculated using the temper-
ature-dependent dissociation constants (Table 1). For clarity, a lone
y axis error bar was used to represent the error in the values of
kobs, which ranged within 10-12%. The insert amplifies thex axis
to better show the rates at low G3P concentrations.

Table 2: Rate Constants for the Loop Dynamic in TIM at Different Final Temperatures after T-Jump

Tf (°C) kopen(s-1)a kclosed(s-1)a koff/kon (M)a Kd (M)b

10.0 800( 400 12700( 600 0.0091( 0.0020 (6( 3) × 10-4

18.8 1300( 600 26500( 700 0.0099( 0.0013 (5( 2) × 10-4

25.0 2500( 1000 46700( 1800 0.0157( 0.0026 (8( 4) × 10-4

40.0 8000( 1900 (1.31( 0.05)× 105 0.024( 0.003 (15( 4) × 10-4

a The values ofkopen, kclosed, andkoff/kon are deduced from the fit of the data presented in Figure 5 to eq 2. Their uncertainties are the RMSD of
the fit. b The value ofKd is calculated from the values ofkopen, kclosed, andkoff/kon according to eq 3. The uncertainty in theKd is propagated from
the uncertainties ofkopen, kclosed, andkoff/kon.

FIGURE 7: van’t Hoff plot based on the values of the elementary
equilibrium constantskon/koff andkopen/kclose (Table 2). A linear fit
to the plot yields the values for the enthalpic change for loop motion,
∆Hloop motion, and for ligand release,∆Hrelease, which were determined
to be 0.1( 3.0 and 6.1( 1.1 kcal, respectively. They axis error
bars reflect the propagated errors in the values of ln(kon/koff) and
ln(kopen/kclose). Uncertainties in the value of the determined∆H
values were first approximated as the RMSD of the fit. For∆Hrelease
this approximation was deemed appropriate because it was con-
sistent with the error bars on the value of ln(kon/koff). For
∆Hloop motion, however, because of the large error in the values of
ln(kopen/kclose), the RMSD of the fit underestimates the true error of
the measurement. To estimate the error of∆Hloop motion, we generated
two lines that bisect halfway through the lower and upper side of
the error bars of the first and last points of the plot: one of the
lines slopes upward and another downward. The slopes of these
two lines are the quoted error in∆Hloop motion.
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high inhibitor concentrations the T-jump results in insignifi-
cant G3P release, and a unimolecular interconversion of the
ligated open loop species (encounter complex) might domi-
nate the behavior. These phenomena can be quantitatively
modeled. Several parameters govern the intensity of these
relaxation responses: the enthalpies and equilibrium con-
stants of the reactions and the fluorescence emission coef-
ficients of the indole ring in TIM (εTIM), TIMopen-G3P (εo),
and TIMclosed-G3P (εc) (see, for example, eq 3.25; ref41).
Initial guesses for the equilibrium constants of the reactions
and the enthalpies can be derived from the fitting of our data
based upon eq 3. The data in Figure 9 are most easily

simulated with an assumed small positive∆Hloop motion and
larger emission intensities for the encounter complex than
for the closed ligated or the open unligated state. The fit to
the data, using the functional form of the intensity given by
eq 3.5 in ref41, assumes values of∆Hrelease) 6.0 kcal/mol,
a ratio of εTIM/εc ) 1.4 (derived from Figure 3), and
∆Hloop motion at +2.0 kcal/mol (favoring the closed state),
yields a ratio 2.4 forεo/εc. These values are not uniquely
derived from these data sets. Using∆Hloop motion) +1.0 kcal/
mol andεo/εc ) 2.7 results in an equally good fit. In principle,
the positive direction of the observed relaxation response
can also be explained by an enthalpy favoring the TIMopen-
G3P species andεo/εc < 1. However, the results are in
disagreement with the range of enthalpy set by the kinetics
analysis above. For example, the smallest∆Hloop motionis given
by settingεo ) 0, which yields∆Hloop motion ) -7.0 kcal/
mol. At this time, we have no specific structural explanation
for the proposed higher emission yield for the encounter
complex, although ratios of this magnitude for indole rings
in various protein environments are common. Also, it is to
be noted that if both enthalpy of the Gibbs free energy term
andKeq favor the TIMclosed-G3P species over TIMopen-G3P,
then the entropy term between the two conformations varies
within the constraints of our errors but is small.

The bottom trace in Figure 9 shows the calculated intensity
of the release step, relative to the loop opening step, given
the parameters derived above. The negative amplitude results
from the fact that the T-jump induces ligand release, and
the indole ring fluorescent efficiency of unligated TIM is
substantially smaller than TIMopen-G3P.

Although a two step model was assumed, only one kinetic
phase was observed. A likely explanation for the observation
of a single kinetic phase, dominated by loop motion kinetics,
is that the first bimolecular binding step was too fast for our
instrument. On the basis of the amplitude calculations above,
our experimental sensitivity would have been sufficient to
observe the first step provided it had fallen within our
experimental time window of 0.1µs to 1 ms. If the relaxation
rate of the release step is given bykobs

release) kon([TIM] +
[G3P]) + koff, if kon g 109 M-1 s-1, and consideringkoff/kon

≈ 0.01 M (Table 2), thenkobs
releaseis expected to beg107

s-1 and unobserved in the present study.

DISCUSSION

The studies described herein allow us to extract the kinetics
of loop motions from the 0.1µs to the 1 ms time scale for
the TIM-ligand system. The simple exponential rate con-
stants observed in these studies reflect loop motion and ligand
binding as validated in a variety of ways. The smooth
dependence of the rates and amplitudes on substrate con-
centration and temperature allowed us to extract steady-state
parameters such as binding constants of the ligand and
enthalpies of binding and kinetic parameters, such as the rates
and activation enthalpies describing the loop opening, using
the minimal kinetic model in Scheme 1. These parameters
values are in reasonable agreement with the steady-state
values derived from enzyme kinetics and from steady-state
fluorescence methods. The qualitative effects of the selection
of the ligand are also strong evidence that the process we
detect reflects both loop opening and ligand release. With
all of this supportive evidence, it is clear that the kinetic

FIGURE 8: van’t Hoff plot based on the values of the rate constants
kopenandkclose(Table 2) is used to extract activation parameters. A
linear fit to the plot gives the values for the activation enthalpic
change for loop opening,∆Hq

open, and loop closing,∆Hq
close, which

were determined to be 13.8( 0.4 and 14.1( 2.5 kcal, respectively.
The error bars on they axis reflect the propagated error in the values
of ln(kopen) and ln(kclose). Uncertainties in the value of the determined
∆H values were first approximated as the RMSD of the fit. For
∆Hq

close, this approximation was deemed appropriate because it was
consistent with the error bars on the value of ln(kclose). For∆Hq

open,
however, because of the large error in the values of ln(kopen), the
RMSD of the fit underestimates the true error of the measurement.
The procedure outlined in Figure 7 was used to estimate the error
in ∆Hq

open.

FIGURE 9: Amplitude of the observed loop motion response to the
T-jump divided by the size of the T-jump ([). The y axis errors
bars, estimated as(25%, represent the scatter in values from
replicate runs and are much larger than the RMSD fit to a single
run. The solid lines are theoretical predictions of the amplitude for
the loop motion (upper) and ligand release (lower) steps, using
parameters described in the text.
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process we study is indeed the loop opening and ligand
release.

Excellent agreement with prior experimental kinetic values
for loop opening is afforded in these data. Figure 10 shows
a compilation of rates measured for the loop opening on G3P
under similar experimental conditions, by solid state and
solution NMR (14, 15) and by T-jump fluorescence methods
(this paper). It is remarkable that two methods so different
in experimental bias can achieve agreement in a kinetic
phenomenon. Beyond this reassuring quantitative agreement,
the NMR and fluorescence agree in other respects as well,
most specifically that both methods show pronounced ligand
dependencies. Furthermore, Knowles et al. have suggested
that the rate of product release (of the order of 4000 s-1), as
measured by deuterium isotope effects, is related to the loop
motion (42). It must be noted that the loop opening and
ligand release steps are combined into a single pseudo-
bimolecular constant in the prior enzymological analysis.
Furthermore, the inability to decomposekon andkoff separately
prevents us from making a detailed comparative analysis.
Nonetheless, all the data agree that a slow off rate is
expected, of the order of 7000 s-1 for substrates at room
temperature, and also that the apparent on rate is reduced
much below the diffusion limit. The implication for the
enzymological process is that the intermediate of the reaction
is likely to be protected from solvent, as expected.

Several new thermodynamic facets are uncovered in this
kinetic study. The division of enthalpy into two steps is made
for the first time: the loop opening step to form the encounter
complex formation is distinct from the ligand disassociation
step. The major portion of the enthalpic value driving ion
binding appears to be associated with ligand dissociation.

Lacking structural data on an encounter complex, and a
deeper and more precise thermodynamic analysis including
heat capacity and entropy, we cannot fully rationalize the
apparent temperature independence of the loop opening
reaction in terms of structurally driven concepts. Certainly
hydration, ion burial, and changes in hydrophobic exposed
area are expected to occur in both steps to some extent.
Nonetheless, our data show that loop opening reaction on
the ligated complex has a 1:20 population of the open/closed
ligated state with a fairly flat temperature dependence. The
competency of the enzyme probably depends on both the
rate constants for opening and the populations of open and
closed states. For the intermediates of the reaction, coverage
is essential, but for product release a moderate population
of the encounter complex is needed. This balance appears
to be preserved in a robust way over temperature.

Comparison of the behavior of the enzyme in the presence
of G3P to that in the presence of PGA and phosphate
unveiled some additional complexities of this system.
Clearly, the rate and amplitude of the protein conformational
change is dependent upon the ligand (Figure 4). In the
presence of PGA the kinetic effect is masked, almost
certainly because the kinetic phase is out of our time window
on the slow side (relaxation times greater than 1 ms). The
kinetic characteristics of loop opening in the relatively tight
binding TIM-PGA complex were similarly difficult to
observe by NMR. For the phosphate ligand, complex
multiexponential behavior was observed, including phases
much slower than those for G3P. While simple exponential
decay laws are the Occum’s razor for all of chemical and
biochemical sciences, such a simplification is apparently
valid for this enzymatic loop opening only when an ap-

FIGURE 10: Rates of loop opening from NMR experiments are plotted together from those from this work. Measurements by solid state
NMR are in red (15), those from solution state NMR are in green (14), and those from fluorescence (this paper) are in blue.
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propriately designed ligand is present. A distributed dynami-
cal picture is needed to describe the kinetic behavior of the
TIM-phosphate complex presumably because of the rather
sloppy fit of the phosphate group in the active site (43-47).
Therefore, in the presence of a simple phosphate ion, in the
absence of any organic portion, the loop does not have a
characteristic time scale but rather exhibits distributed
dynamics in the opening reaction.

Our limited preliminary data on the enzyme-substrate
complex and on enzyme-inhibitor complexes validate the
notion that the G3P is an excellent mimic for the substrate
and product. The simple and satisfying picture that emerges
is that substrate release is kinetically limited by an activated
loop opening. Furthermore, the loop can distinguish between
various states along the reaction pathway and opens only at
the beginning or end of the reaction but not in the intermedi-
ate. In other words, the character of the organic portion of
the ligand-protein contacts may change through the reaction
pathway and thereby may modulate the loop’s opening rate.
This is in agreement with the free energy profile as
determined by Albery and Knowles: loop motion and hence
ligand release may be partially rate limiting in the thermo-
dynamically uphill reaction from DHAP to GAP. The
chemical features that make it possible for the loop opening
rate to be moderated are not clear based on this study, but
one might speculate that the charges and ionization states
of the ligand and nearby acids and bases are the most likely
principles at work.
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