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ABSTRACT: Solution NMR spin relaxation experiments and classical MD simulations are used to study
the dynamics of triosephosphate isomerase (TIM) in complex with glycerol 3-phosphate (G3P). Three
regions in TIM exhibit conformational transitions on tie-ms time scale as detected by chemical exchange
broadening effects in NMR spectroscopy: residue Lys 84 on helix C, located at the dimeric interface;
active site loop 6; and helix G. The results indicate that the conformational exchange process affecting
the residues of loop 6 is the correlated opening and closing of the loop. Distinct processes are responsible
for the chemical exchange linebroadening observed in the other regions of TIM. MD simulations confirm
that motions of individual residues within the active site loop are correlated and suggest that the chemical
exchange processes observed for residues in helix G arise from transitions betyesard 8-helical
structures. The results of the joint NMR and MD study provide global insight into the role of conformational
dynamic processes in the function of TIM.

Triosephosphate isomerase ()Ms the enzyme that TIM has been the focus of numerous kinetic and structural
catalyzes the reversible isomerization of dihydroxy-acetone studies to understand its catalytic efficiency. TIM is a dimer
phosphate (DHAP) to-glyceraldehyde 3-phosphate (GAP)  of identical subunits, in which each subunit has arfg
during glycolysis. TIM achieves extreme catalytic efficiency fold, known today as the TIM-barrel fol@{6). The mono-
for the desired isomerization, Witz = 8 x 107 s7* (kear = mer structure of TIM is shown in Figure 1. The crystal struc-

9 x 10° s* for the reverse reaction), while suppressing a g res of apo and ligand-bound TIM show small differences
side reaction leading to the toxic product methyl glyodal ( gpart from the active site loop 6 comprising residues-167
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Ficure 1: TIM monomer structure in the closed state drawn from
the protein data bank file 7TIM. The strands are numbered-8,

and thea helices are labeled AH. The eighto/f units are
differentially colored. The structural representation was drawn using
PyMOL (37).

increases the production of the toxic side product by about
a factor of 5 because of the loss of the enediol(ate) inter-
mediate 7). The rate-limiting step in the isomerization of
DHAP to GAP has been shown to be the loss of the product
or a slow conformational transition associated with diffusion
of the product12). Solid-state NMR 13, 14), solution NMR
(15), and T-jump relaxationl) spectroscopic studies have
shown that loop opening occurs at a ratexdf0* s™* and is
rate-limiting or partially rate-limiting. Several classical
simulations and combined quantum mechanical/molecular
mechanical (QM/MM) studies have had some success
elucidating both the details of the catalytic mechanism and
the dynamics of TIM {1, 17—22).

The conformational flexibility of proteins on microsecond-
to-millisecond ftis—ms) time scales directly affects nuclear
spin relaxation in NMR spectroscopy. A number of tech-

nigues have been developed to quantitatively characterize

these motions with a high degree of temporal and atomic
resolution £3). In the present work, a TROSY Hahn spin
echo solution NMR technique24) is used to globally
investigate the conformational dynamics of the (W90Y,
W157F) double mutant of yeast TIM qis—ms time scales.
The NMR results provide unequivocal evidence that the
residues in active site loop 6 move synchronously, with the

same rate constant, between conformations consistent withC

the open and closed states observed crystallographically. |
addition, Lys 84, located on helix C, and residues in helix
G also are observed to exhibit conformational transitions
distinct from loop opening/closing kinetics. Classical mo-
lecular dynamics (MD) simulations are used to assist in the
interpretation of NMR results. The MD simulation results
suggest that the motion of the active site loop residues is
highly correlated, in agreement with the experimental results.
The dynamics of helix G suggest a degree of structural
plasticity in which its structure fluctuates betweei- &nd
o-helices.

MATERIALS AND METHODS

NMR Spectroscopy and Data Processiiige sample of
Wa0Y, W157F mutant of yeast TIM was prepared as
previously described26). Experimental data were recorded
using a sample of [85%-D, WN] TIM complexed with
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glycerol 3-phosphate (G3P) in a 90%®10% DO buffer
solution (1 mM TIM, 6 mM G3P, 10 mM CECO:Na, 0.02
NaN; at pH 5.7). At these concentrations of protein and
ligand, 96% of TIM is bound to G3P, as calculated fd{a
value of 0.21+ 0.01 mM measured by NMR titration.
Backbone'H and**N resonance assignments of G3P-bound
TIM were obtained from the assignments of the free protein
(BRMB code 7216) by following the chemical shift changes
upon titration of the ligand.

All experiments were performed at 800 MHz on a Bruker
DRX800 spectrometer equipped with a triple-resonance
cryoprobe (New York Structural Biology Center). Data
processing was performed using NMRPigé)(and Sparky
(27) software, along with in-house written programs. The
I5N-chemical exchange rate constaRty, was determined
at 283, 288, 293, and 298 K using a TROSY Hahn spin
echo pulse sequence as described previoudy ith a
relaxation delay of 10.8 ms. In this experimeRtx = Raert
— (k — L)y, in which Ryer is the effective transverse
relaxation rate constang,y is the transverse dipotedipole/
chemical shift anisotropy relaxation interference rate con-
stant, ande is an empirical scaling factor determined at each
temperature from sites not subject to chemical exchange.
Errors in the measurements were estimated from repeated
experiments (four sets at 283, 293, and 298 K; three sets at
288 K).

Computer Simulationg.he dynamical properties of active
site loop 6 and helix G in TIM are the main focus of
simulations intended to aid in interpreting the experimental
NMR results. Simulations of TIM were performed using two
initial sets of coordinates, one for the open state (protein
data bank code 1YPI) and one for the closed state of the
enzyme bound to the transition state analogue phosphogly-
colohydroxamic acid (pdb code 7TIM). In the simulation of
the closed state, the inhibitor was removed from the binding
pocket. Stochastic boundary molecular dynamics (SBMD)
simulations were employed to reduce computational times.
The SBMD method has been used in a number of simulation
studies of enzyme active sites and has been shown to provide
accurate result28, 29). Briefly, SBMD partitions the system
into a reaction zone and a reservoir region. The reaction zone
is further separated into a reaction region and buffer region
(28). The reference point for partitioning the system in the
SBMD of TIM was chosen as the Gof Ala 176 at the
-terminus of loop 6; the reaction region, buffer region, and

"the reservoir region were centered on this reference point.

The reaction region was a sphere of radius 14 A, the
buffer region was defined as the region with ¥4r < 16

A, and the reservoir region was defined for 16 A. All of

the atoms in the reservoir region were deleted. The final
simulated system, shown in Figure 2, consisted of 84 protein
residues and 304 water molecules, with a total of 2145 atoms.
The atoms inside the reaction region were propagated by
MD. In the buffer region, particles were propagated by
Langevin dynamics with anharmonic restoring forces on
heavy atoms derived from the temperature factors of the
crystal structureZ8, 29). A deformable boundary potential
was used to confine water molecules in the reaction zone
(30). A time step of 1 fs was used in the MD simulation.
The friction constant employed in the Langevin dynamics
was 250 pst for protein atoms and 62 pk for water
molecules 29). After performing minimization and equili-
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FIGure 2: Schematic representation of the system included in the
stochastic boundary molecular dynamics simulation. The protein
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to interact with the phosphate group of the substrate
Resonances for Glu 165 (catalytic residue), Gly 210, Ser 211,
and Ala 212 (located on loop 7 interacting with the phosphate
group) are missing from the NMR spectra, presumably due
to the extensive linebroadening arising from chemical
exchange (vide infra).

Chemical Exchange in G3P-Bound TIMigure 4 shows
the chemical exchange contribution to transverse relaxation,
Rex, for G3P-bound TIM at 298, 293, 288, and 283 KBat
= 18.8 T. At 298 K, Figure 4a, residues Val 167, Trp 168,
Leu 174, Thr 177, Asn 213, Phe 220, and Lys 221 have
values of R that are significantly greater than zero,
indicative of chemical exchange processesusfms time
scales. Variations iR around zero for most other residues
reflect site-to-site variations i¥N-chemical shift anisotropy.

As the temperature is decreased to 293 K, as shown in Figure
4b, a significant exchange contribution to transverse relax-

is represented as a ribbon, and the water molecules are respresentedion is observed for four more residues-: Lys 84, Ala 169,
as stick models. Active site loop 6 is shown in green, and the other Ala 175, and lle 184. As the temperature is further decreased

residues withRe« values greater than zero are indicated in yellow.
The structural representation was drawn using VN8B) (

to 288 K (Figure 4c) and 283 K (Figure 4d), residues Trp
168 and Phe 220 become too broadened for observation. The
locations of the exchanging residues in the structure of TIM

bration for 100 ps at the desired temperature, a productionare shown in Figure 5. Lys 84 is located in helix C, which

run of 10 ns was collected. Simulations were performed at

is at the dimer interface. Val 167, Trp 168, Ala 169, Leu

300 and 320 K for the open and closed states of the enzyme 174, Ala 175, and Thr 177 are located in loop 6. lle 184 is

RESULTS AND DISCUSSION

Chemical Shift Perturbation in TIM upon G3P Binding.
Figure 3 shows the backboriel- and **N-chemical shift

changes observed upon G3P binding. The residues of theb
protein that show major chemical shift differences are located

near or at the region known to interact with G3P, including
Asn 10, His 95, Ser 100, Glu 12%lu 133, Val 167Ala
186, Asn 213, and Leu 23€Leu 236. Asn 10 and His 95
are known to interact with the sugar moeity of the substrate.
Ser 100 and Glu 129Glu 133 are located on helix;0ffrom
residue 95 to 102) and;Efrom residue 136-137), respec-
tively. Both helices are at the carboxy-terminal end of the
barrel forming the active site. The Val 16Ala 186 region

is partly located on the active site loop and on helixFhe
residues on helix fdo not interact directly with the substrate.
Their chemical shift changes upon ligand binding are
probably related to the motion of loop 6. Asn 213 is at the
C-terminus of loop 7, and Leu 23fLeu 236 are located on
loop 8 and helix H. These regions of the protein are known

located in helix I, which follows loop 6. Asn 213, Phe 220,
and Lys 221 are located at the andC-termini of helix G.

To explore the nature of the chemical exchange process
affecting G3P-bound TIMRe is plotted in Figure 6 as a
function of the chemical shift perturbation observed upon
inding of the G3P. Assuming a two-site fast exchange
model

PiPAW ?
Kex

in which p; andp, are the fractional populations of sites 1
and 2 at equilibriumAw is the chemical shift difference
between the two sites, arg is the exchange rate constant
(given by the sum of the forward and reverse kinetic rate
constants). A linear correlation is expected for a ploRgf
versusAw? for a set of nuclear spins affected by the same
conformational exchange process, characterized by the same
fractional populations and rate constant. Figure 6 suggests
that the opening/closing of the loop is the conformational
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FiIGURE 3: Chemical shift changes in TIM upon the binding of GABy andAdy are the chemical shift changes f6N and*H resonances
in ppm, respectively (a). The inset shows the chemical shift changes observé&d fesonances. The values of (642 + Adnd)Y2 are

mapped onto the structure of the TIM monomer (b). The color scale goes from white (0 ppm) to red (7.1 ppm). The structural representation

was drawn using PyMOL3({7).
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Ficure 4: Conformational exchange contribution to transverse relaxa®gnfor G3P-bound TIM at 298 K (a), 293 K (b), 288 K (c), and
283 K (d) atBy = 18.8 T.
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Ficure 6: Conformational exchange contribution to transverse
relaxation Rey, as a function of the chemical shift changes observed
for 1N resonances upon G3P binding at 298 K. A linear correlation
) is observed for loop 6 residues colored in black (correlation
Ficure 5: Cartoon representation of the apo structure of TIM, coefficient= 0.9). A linear correlation is not observed for residues
highlighting the location of the exchanging residues. Residues with 213, 220, and 221, represented in red, indicating that different
Rex greater than zero are indicated in red. Nonexchanging residuesprocesses are responsible for chemical exchange linebroadening at
located on |OOP 6 are colored yellow. The structural representation these sites. Residues that are not part of loop 6 that SANwW
was drawn using PyMOL3(). chemical shift changes upon binding G3P are shown in blue. These

transiton tht promotes the cheical exchange contribution €545 9 ot X vaues B hat ae sgnifcanty greter
to linebroadening for the residues in the loop and residue 298 K and is not shown.

lle 184, located irx-helix F, immediately following the loop,

whereas different conformational transitions affect Lys 84, 3500+ 200 st is calculated for loop motion from the fit of
Asn 213, Phe 220, and Lys 221. Notably, residues whosethe loop data at 288 K. This value & is in agreement
15N-chemical shifts are perturbed by binding G3P but are with that previously obtained for Trp 168 using solid state
not part of the active site loop (or residue 184) do not exhibit 2H NMR and°F solution state NMR 14, 15).

significant chemical exchange broadening. This observation Temperature Dependence of,R'he temperature depen-
suggests, in agreement with solid-state NMI3, (14) and dence oRe provides information on the apparent activation
optical spectroscopylg), that the observed kinetic process barrier,E,, associated with the conformational transitions that
arises from opening and closing transitions of the loop while determineRe, (31—33). Assuming a two-state fast exchange
the enzyme remains saturated with G3P ligand. Furthermore,model withp, > p,, the apparent activation energy is given
the observed linear correlation indicates that residues in theby

loop move synchronously, with the same rate constapt,

This result confirms the original hypothesis that the loop d(inR,) .
moves as a rigid bodyd( 11). Assuming site populations of d(1RT) o
0.04 and 0.96 for the open and closed states, respectively,

at the used concentration of G3P, a valuekgfequal to in which Ris the universal gas constaiftis the temperature,

E.= AH" + AH, 1 — 3p) 2)
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two exchanging state&, underestimateAH* by about 15
kJ/mol, yielding an estimate @&fH* = 45 kJ/mol. Thus, the
E, value estimated for the active site loop motion is in
reasonable agreement with the valueécbizpenof 59+ 10
kJ/mol derived from temperature-jump relaxation spectro-
scopic studies of G3P bound TIM§). The values of the
apparent activation barrierg, obtained for Phe 220 and
Lys 221 suggest that a second process distinct from loop 6
dynamics determines chemical exchange linebroadening in
these adjacent residues, while a third conformational process
affects residue Lys 84. The large uncertainty in the value of
E, derived for Asn 213 makes any interpretation inconclusive.

Dynamics of the Acte Site LoopThe crystal structures
of apo and bound TIM show that several hydrogen bonds
stabilize loop 6 in the open and/or closed conformations.
Intraloop hydrogen bonds, from the backbone amide nitro-
gens of Ala 169 and lle 170 to the carbonyl groups of Pro
166 and Val 167, respectively, and from the hydroxyl group
of Thr 172 to the amide nitrogen of Leu 174 and to the
carbonyl of Trp 168, appear to stabilize the loop structure.
In the open configuration, the indole nitrogen of Trp 168 is
hydrogen bonded to the hydroxyl group of Tyr 164. This
hydrogen bond is broken, and a new one is formed with the
carboxyl group of Glu 129 when the loop is in the closed
configuration. Two additional hydrogen bonds are formed
between the hydroxyl groups of Tyr 208 and Ser 211 and

4

In(Rex)

3.4 3.5
1/T (103 K1)

3.6

Ficure 7: Temperature dependence of conformational exchange
contribution to transverse relaxatidRy. Arrhenius plots are shown
for the average value d®. in loop 6 (a), for Lys 84 (b), Phe 220
(solid line andO) and Lys 221 (dashed line ar@) (c).

Table 1: Apparent Activation Energies for Chemical Exchange in
TIM

residue Ea (kJ/mol)
Lys 84 57+ 11
loop & 30+ 10
Asn 213 27+ 25
Phe 220 876
Lys 221 93+ 21

@ The apparent activation energy of loop 6 has been evaluated from
the fit of In(Rex) versus 1T, using the average value B calculated
for the exchanging residues in loop 6 (Val 167, Trp 168, Ala 169, Leu
174, Ala 175, and Thr 177) and lle 184.

the amide nitrogens of Ala 176 and Gly 173, respectively,
upon loop closure. The presence of these hydrogen bonds
that stabilize the closed/open states and the distance between
the loop residues and Tyr 208 were monitored during the
simulation.

Simulations that started from the closed conformation of
loop 6 at 300 K exhibited loop opening, whereas simulations
that started from the open state exhibited transitions of the
loop between closed and open conformations without fully
closing. Similar behavior was observed in the trajectories
run at 320 K. The distance between thg @&oms of the
residues of loop 6 and Tyr 208 was used to monitor the
motion of loop 6, as shown in Figure 8. The results of the
simulations indicate that the motions of the residues of loop
6 are highly correlated.

In the simulation that started from the closed state, the
AH* is the activation enthalpy for the forward reaction, and hydrogen bond between Trp 168 and Glu 129 was present
AHji; is the enthalpic difference between exchanging states15% of the time, and the hydrogen bond between Tyr 208
1 and 2 81, 32). As shown in Figure 4, chemical exchange and Ala 176 was present 65% of the time, whereas the
linebroadening increases with decreasing temperature, indi-hydrogen bond between Ser 211 and Gly 173 was present
cating that the exchange process is intermediate to fast on the8% of the time. This result indicates that the opening of the
chemical shift time scale. Figure 7 depicts the Arrhenius plots loop causes the breaking of the hydrogen bonds at different
for residues in G3P-bound TIM and shows a linear depen- times, with the Tyr 208-Ala 176 hydrogen bond being the
dence of INR.x upon 1T, over the temperature range studied. last. The intraloop hydrogen bonds that stabilize the overall
The apparent activation energi&s, derived from the slope  structure of the loop are intermittently present for the entire
of the Arrhenius plots are presented in Table 1. The apparentlength of the simulation run: lle 170Val 169 and Ala 169
activation energy for the opening of loop 6 has been Pro 166 66% and 24% of the time, respectively. The
evaluated using the averagRy value of the exchanging formation of other intraloop hydrogen bonds is observed
residues in the loop and lle 184 because the same activatioralong the trajectory for the side chain of Thr 172 with Trp
process determines chemical exchange in these residues, a8 or Ala 169, Leu 174Thr 172, Leu 174 Trp 168. The
previously discussed. Eq 2 shows that the apparent activationformation of a hydrogen bond between the side chain
energy measured from the temperature dependenég.of nitrogen of Trp 168 and the hydroxyl group of Tyr 164,
always yields an underestimation of the enthalpy of activation characteristic of the open state, is observed 2% of the time,
for the reaction. For example, assuming a major state indicating that the indole ring repositions itself upon loop
population of 96% and no entropic difference between the opening.
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Ficure 9: Co pseudodihedral angle®, defined by the @ of
The hydrogen bonds between Tyr 208 and Ala 176 and residues — 1,i,i + 1,i + 2. (a) RMS fluctuations oP as a

between Ser 211 and Gly 173, signatures of the closed statesyction of the residue number for the trajectories that started from
are seldom observed (the frequency is less than 1%).the closed and open states at 300 K represented as closed and open
Intraloop hydrogen bonds are present throughout the entiresymbols, respectively. The differen@(t) — ©q as a function of
weiectoy (alivough nol coninuously: Ala 16910 166, 0 L e o
lle 170—-Pro 166, Thr 172 Trp 168, Gly 173-Trp 168, Leu . 5 0 . ; !

174-Trp 168, Leu 174 Thr 172 have frequencies of 47%, t(;)aj!gcttrc])ery%( ray structure used as the starting configuration of the
76%, 0.5%, 0.3%, 0.3%, and 0.2%, respectively.

An analysis of the backbone dihedral anglg¢sand v, configuration of the trajectory. These residues, which display
and of the @ pseudo dihedral angles reveals a certain degreethe highest values of RMS fluctuations, are undergoing
of flexibility of the loop backbone upon opening under the several correlated main chain dihedral angle transitions along
studied conditions. The pseudodihedral angisare defined the trajectory that started from the closed state. Fewer
by the Gx of residues — 1,i,i + 1, andi + 2, and represent  transitions, also correlated, are observed in the trajectory that
the rotation around the central residueandi + 1 (11). started from the open state.

The differences of the & pseudodihedral angles between Dynamics of Loop 7 and Helix Ghe flexibility of loop

the X-ray structures of free and bound TIM are highest for 7 has been noted by Wierenga and co-workers in crystal-
residues at the hinges of the loop (166,174, 175, and 175)lographic studies of trypanosomal TIN34). These studies
and are close to zero for all the other residues in the loop indicate that upon ligand binding, the position of loop 7 shifts
(11). The MD simulations indicate that the most flexible by about 1.5 A. This change allows the formation of a
region of the loop is centered around Gly 173 and consists hydrogen bond between the backbone amide nitrogen of Ser
of residues 178175, near theC-terminus of the loop. This 213 (corresponding to Ser 211 in yeast TIM) and the
result is in agreement with previous computer simulation phosphate group of the ligand. In addition, in the closed
studies that identified the motion of Gly 173 among the initial configuration, the side chain OG of Ser 213 forms hydrogen
steps in the opening of the active site lo@2)( Figure 9a bonds with residues in the active site loop, Gly 173 and Gly
shows the root-mean-square fluctuations of the pseudodihe-175 (corresponding to Gly 171 and Gly 173 in yeast TIM).
dral angle of residues 16379 of TIM for the simulation In yeast TIM, the configurational change of loop 7 promoted
that started from the closed and open configurations of the by ligand binding is similar to that observed in trypanosomal
enzyme, respectively. Figure 9 parts b and ¢ show the valuesTIM. The change in the positions of thexGtoms of loop

of the pseudodihedral angles for residues-1¥15 at time 7 amounts to about 1 A, and the closed conformations of
t minus their values in the X-ray structures used as the initial yeast TIM and trypanosomal TIM are nearly identicab)
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Ficure 10: Frequency of formation of hydrogen bonds in helix
G. (a) Frequency of the i + 3 hydrogen bonds is represented for
the X-ray structure (black), for the MD trajectory that started from
the closed configuration at 300 K (blue) and at 320 K (green), and
for the MD trajectory that started from the open configuration at
300 K (cyan) and at 320 K (yellow). (b) Frequency of the+ 4 . . . . L.
hydrogen bonds is represented for the X-ray structure (black), the Processes investigated in the MD simulation is shorter than
MD trajectory that started from the closed configuration at 300 K the time scale of the configurational transitions characterizing

(blue) and at 320 K (green), and for the MD trajectory that started chemical exchange linebroadening; nonetheless, the simula-

from the open configuration at 300 K (cyan) and at 320 K (yellow). jony suggests a degree of structural plasticity in helix G that

The residue number indicates the amide group involved in the . . .

hydrogen bond. may provide the mechanism for the experimentally observed
chemical exchange phenomena. Further studies are required

The hydrogen-bond patterns found in the crystal structure to more definitively determine the nature of these motional
of both the apo and bound state classify helix G agpa 3 Processes.
helix, as shown by the black bars in Figure 10. The presence
of ani, i + 4 hydrogen bond at thie-terminus of the helix, CONCLUSIONS
between the amide group of Ala 217 and the carbonyl group g ution NMR spin relaxation experiments and classical
of Asn 213, is a relatively common occurrence ig-Belices 5 gimylations have been used to study the dynamics of
(36). A different hydrogen-bond pattern is observed in the 11 Three regions in TIM have been identified experimen-
MD simulations, as shown in Figure 10. The trajectory that tally as undergoing conformational transitions on tre-
started from the closed state configuration at 300 K, & time scale: residue Lys 84 on helix C, located at the
represented in blue in Figure 10, shows a hydrogen-bond yimeric interface; the active site loop 6: and helix G. The

pattern that is most similar to the one found in the X-ray \oqits indicate that the conformational exchange process
structures. TheC-terminus of the helix, Lys 221, shows &  ¢ecting the residues of loop 6 is the opening/closing of the
propensity to be hydrogen bonded to Thr 219 with a |55, \ost significantly, the exchanging residues in loop 6
frequency of 5%. As the temperature is increased t0 320 K, haye the same site populations and rate constant for the

the hydrogen-bond pattern is typical obahelix, as shown — ,nening/closing transition, providing unequivocal evidence
in green in Figure 10. The MD trajectories that started from o+ the motions of the loop residues are correlated. In

the open state configuration present .bot|+3land’ I,H4 contrast, hitherto unsuspected processes are responsible for
hydrogen-bond patterns, as shown in Figure 10, with a higheryhe chemical exchange linebroadening observed in the other
propensity for i, #4 at 320 K, (yellow bars). At 300 K, the  a4ions of TIM. The results of the MD simulations confirm
C-terminus of the helix, Lys 221, is hydrogen bonded to Thr ¢ active site loop motion is correlated and suggest that
219 with a frequency of 30%. The average values of the e chemical exchange processes observed for residues in
backbone dihedral anglesandy, are intermediate between iy G may arise from transitions betwee-&nda-helical

the ideala- and Jo-helical values (not shown). Inaddition,  gyctures. In particular, the hydrogen bonds important in
the orientation of the helix changed as a function of time as e stapilization of the closed conformation break at different
indicated by the distribution of angles of the helix axis shown {jmes. Gly 173-Ser 211 is the first, and Tyr 268\la 176

in Figure 11. The computer simulation study of TIM indicates g |ast to be broken. The loop is most flexible around residue
that the structure of helix G is dynamical, transitioning Gly 173.

between a g@rhelix and ano-helix, with a coupled motion

of the helix axis. Residues Asn 213, Phe 220, and Lys 221, ACKNOWLEDGMENT

located at thé\- andC-termini of this helix, are characterized

by chemical exchange processes that are distinct from the We thank Jianpeng Ma and Ann McDermott for helpful
motions of loop 6. The nominal time scale of the motional discussions.

Ficure 11: Distribution of the angle between the axis of helix G
in the crystal structuret = 0) and at timet along the simulation
trajectory starting from the closed state (pdb 7TIM) (a) and along
the trajectory starting from the open state (pdb 1YPI) (b).
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SUPPORTING INFORMATION AVAILABLE

Chemical shift assignments for G3P-bound TIM and
conformational exchange contribution to transverse relax-
ation, Rey, for G3P-bound TIM at 298, 293, 288, and 283 K
atBy = 18.8 T. This material is available free of charge via
the Internet at http://pubs.acs.org.
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