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ABSTRACT: The enzyme triosephosphate isomerase (TIM) has been used as a model system for understanding
the relationship between protein sequence, structure, and biological function. The sequence of the active site
loop (loop 6) in TIM is directly correlated with a conserved motif in loop 7. Replacement of loop 7 of chicken
TIM with the corresponding loop 7 sequence from an archaeal homologue caused a 10*-fold loss in enzymatic
activity, a decrease in substrate binding affinity, and a decrease in thermal stability. Isotope exchange studies
performed by one-dimensional '"H NMR showed that the substrate-derived proton in the enzyme is more
susceptible to solvent exchange for DHAP formation in the loop 7 mutant than for WT TIM. TROSY-Hahn
Echo and TROSY -selected R , experiments indicate that upon mutation of loop 7, the chemical exchange rate
for active site loop motion is nearly doubled and that the coordinated motion of loop 6 is reduced relative to
that of the WT. Temperature dependent NMR experiments show differing activation energies for the N- and
C-terminal hinges in this mutant enzyme. Together, these data suggest that interactions between loop 6 and
loop 7 are necessary to provide the proper chemical context for the enzymatic reaction to occur and that the
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interactions play a significant role in modulating the chemical dynamics near the active site.

Flexible loops are essential for many critical aspects of protein
function including enzyme specificity (1, 2), enzyme catalytic
processes (3—35), and protein—protein interactions (6, 7). Triose-
phosphate isomerase (TIM', EC 5.3.1.1) represents another well
documented case of the importance of a flexible loop for proper
functioning. TIM catalyzes the rapid and efficient reversible
isomerization of an aldehyde, glyceraldehyde 3-phosphate
(GAP), and a ketone, dihydroxyacetone phosphate (DHAP),
via an enediolate intermediate, which appears not to accumulate
on the enzyme to a significant extent (§). TIM performs this
reaction without the use of metal ions or cofactors. The proper
functioning of TIM relies largely on the 11-residue flexible active
site loop 6 (9) (166-PVWAIGTGKTA-176). In its open con-
formation, the active site is accessible to solvent, whereas in the
Michaelis complex, loop 6 occupies the closed conformation,
which sequesters the enzymatic reaction from solvent (Figure 1).
Loop 6 moves between these open and closed forms regardless of
the occupancy of the active site by substrate (/0). Solid and
solution state NMR as well as fluorescence studies indicate that
this motion occurs on a time scale comparable to that of catalytic
turnover, suggesting that this conformational change at least
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partially limits the overall enzymatic reaction rate (/0—15), in
agreement with the observation of a viscosity dependence on the
kear value (16). The importance of loop 6 flexibility in TIM
function has been addressed in great detail through biochemical
experiments that demonstrated its essential flexibility in facilitat-
ing the enzymatic reaction (/7) and in defining the interactions
within loop 6 and between residues from loop 6 and nearby loop 7
that are crucial in stabilizing the closed, active form (16, 18). The
primary sequence of loop 6 is highly conserved, and mutagenesis
experiments and biophysical studies have helped define the
sequence requirements necessary for optimal coupling of loop 6
motion and enzyme function (/9—23).

Thorough biochemical studies have been carried out to
identify crucial interactions in TIM, and comparison of these
data with sequences and crystal structures of homologous
enzymes revealed a strong relationship between the sequences
of loop 6 and loop 7 (24). The presence of the N-terminal hinge
sequence (166-PVW) of loop 6 appears to always correlate with
the 208-YGGS motif in loop 7. Deviations from the PVW
sequence, typically 166-PPE (using chicken TIM numbering),
result in corresponding changes in loop 7 sequences to 208-
CGAG or, most commonly, 208-TGAG (Supporting Informa-
tion). These deviations from the loop 6/loop 7 PVW/YGGS
sequence typically occur in archaeal organisms such as T fenax
and P. woesei. In other organisms, loop 7 aids in stabilizing the
closed conformation of loop 6 by providing hydrogen-bonding
interactions between the 1 oxygen of Tyr208 and the amide
nitrogen of Alal76 (11, 16). Additionally, the y oxygen of Ser211
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FiGure 1: Cartoon rendering of loop structures in ¢cTIM. (A) Open
conformation of apo cTIM. Loop 6 is colored black, loop 7 in orange,
E165 in red, and A169, G173, and A176 in green. Hydrogen bonds
between the two loops are shown as black dashed lines, with
corresponding distances indicated in black. (B) Closed conformation
of bound cTIM using the same color scheme asin A except for loop 6,
which is colored blue, loop 7, which is magenta, and phosphoglycolo-
hydroxamate (PGH) (27), which is brown. (C) Overlay of open (gray)
and closed (cyan) conformations of ¢cTIM. Loops are colored in the
same scheme used in A and B.

participates in hydrogen bonding with the backbone carbonyl
oxygen of Ala169 and the amide nitrogen of Gly173. Like loop 6,
the Y GGS motif of loop 7 occupies two conformations (Figure 1).
When loop 6 moves from the open to the closed conformation,
the peptide bond between Gly209 and Gly210 in loop 7 rotates by
90°, and the peptide bond of Gly210 and Ser211 flips such that
the ¢/ angles of Ser211 change from —80°/120° to 65°/30°. The
former motion enables the catalytic base Glul65 to move ~2 A
into its catalytically competent conformation, while the latter
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motion allows the backbone amide nitrogen of Ser211 to interact
with the substrate’s phosphate group (24—26). Interestingly,
there are no observed hydrogen bonding or electrostatic interac-
tions between loop 7 and the N-terminal hinge (PVW) region of
loop 6 (24).

In this work, we addressed the interactions between loop 6 and
loop 7 by replacing the 208-YGGS portion of loop 7 with its
archaeal counterpart 208-TGAG. Using biochemical and bio-
physical experiments, we found that loop 7 acts to coordinate the
concerted motion of loop 6, helps maintain optimal catalysis, and
plays a role in TIM thermal stability.

MATERIALS AND METHODS

Materials. All reagents were purchased from Sigma-Aldrich
(St. Louis, MO) unless otherwise indicated. Stable isotopes
including SNH,CI, U-"*C¢-Glucose, and D,O for protein ex-
pression and labeling were purchased from Cambridge Isotope
Laboratories (Andover, MA). Oligonucleotides for mutant en-
zyme construction were synthesized at the W. M. Keck Facility
(Yale University).

Protein Expression. All protein expression was carried out in
E. coli strain BL21(DE3). Cell cultures were grown in the
presence of 100 ug/mL carbenicillin at 37 °C with shaking at
225 rpm. For NMR sample preparation, a single colony was sel-
ected to inoculate a starter culture in LB rich medium and grown
to midlog phase. One milliliter of this culture was transferred to a
small culture of M9 minimal medium [0.4%(w/v) glucose] in 50%
D,0 and was grown overnight. This entire culture was then
transferred to 1 L of M9 in 99% D,0 and grown to an ODg of
0.6—0.8, at which point 0.8 mM isopropyl 1-thio-p-galactoside
(IPTG) was added to induce protein expression at 30 °C. Uniform
isotopic labeling of "N and "*C was achieved using '"NH,CI and
U-"C¢-Glucose as the nitrogen and carbon sources, respectively.
Cells were harvested by centrifugation after 16 to 18 h of induction.
Unlabeled protein for biochemical studies was expressed under the
same conditions using LB as the growth medium.

Protein Purification. The E. coli cell pellet was lysed by two
cycles of sonication in 10 mM Tris-HCI buffer at pH 7.5 in the
presence of | mM PMSF as a protease inhibitor. Clarified crude
cell lysate was loaded onto a DEAE-FF ion-exchange column
(Amersham Biosciences/GE Healthcare, Piscataway, NJ) and
eluted with the same buffer and a linear concentration gradient of
KClfrom 0 to 60 mM over a total volume of 400 mL at a flow rate
of 2 mL/min. Fractions were analyzed by SDS—PAGE, and
those containing ¢TIM were pooled and desalted using an
Amicon Centriprep Concentrator with a MWCO of 10,000
kDa (Amicon, Danvers, MA). Pooled fractions were loaded
onto the DEAE-FF column a second time to remove minor
contaminants and remaining traces of DNA. Eluted fractions
containing ¢TIM were determined to be more than 95% pure by
SDS—PAGE and were pooled and dialyzed against appropriate
buffers as described in later sections. The protein was then
concentrated to a final volume of ~550 uL and stored at 4 °C.
Protein concentration was determined by UV absorbance at 280
nm with the extinction coefficient of 44,400 M ™' em ™! for dimeric
wild-type (WT) ¢TIM and 42,400 M~" cm™" for dimeric loop 7
mutant (TGAG). The dimeric extinction coefficient for the loop 7
mutant was obtained by scaling the WT value with the ratio of
monomeric extinction coefficients for two constructs calculated
from their primary sequences. The final protein yield was about
30 mg from 1 L of growth.
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Mutagenesis. The plasmid containing the sequence of WT
cTIM cloned into bacterial expression vector pET-15b was a
generous gift from Professor Nicole Sampson (State University
of New York, Stony Brook, NY). The 208-YGGS to 208-TGAG
mutant was constructed using site-directed mutagenesis via three
sequential steps due to the large number of mismatched base
pairs. In the first step, mutation to Y208T was performed with
primers 5'-G TCA ACT AGG ATC ATC ACT GGA GGTTCA
GTCACT GG-3'(sense) and 5-CC AGT GACTGA ACCTCC
AGT GAT GAT CCT AGT TGA C-3'(antisense). In the second
step, mutation to G210A was performed using the DNA template
from the first step and primers 5'-T AGG ATC ATC ACT GGA
GCT TCA GTC ACT GGT GGC-3 (sense) and 5'-GCC ACC
AGT GAC TGA AGC TCC AGT GAT GAT CCT A-3
(antisense). The final mutation to S211G was performed using
the DNA template from the second step and primers 5-G ATC
ATC ACT GGA GCT GGA GTC ACT GGT GGC AAC-3
(sense) and 5-GTT GCC ACC AGT GAC TCC AGC TCC
AGT GAT GAT C-3 (antisense). The proper sequence of both
mutant plasmid strands was confirmed by DNA sequencing (W.
M. Keck Facility at Yale University).

CD Spectroscopy. The circular dichroism experiments to
measure the temperature denaturation of TIM were carried out
on an Aviv CD spectrometer using a 1.0-mm path length cuvette.
TIM samples were dialyzed against NMR buffer containing 10
mM MES at pH 6.6, 10 mM NaCl, 0.02% (w/v) NaN3, and 7.5%
D,0 and diluted to 4 uM with the same buffer. The CD signal at
214 nm was monitored as the temperature was increased from
278 K (5 °C) to 368 K (95 °C) at a rate of 1 °C/min. Nonprotein
signals were subtracted using an identically buffered sample
without TIM. The mean residue molar ellipticity [6] was calcu-
lated using eq 1

0

[0]_N><M><l><10 (1)
where 6 is ellipticity measured in millidegrees, N is the number of
residues, M is molar concentration, and / is the path length in
centimeters.

Enzyme Kinetics. The enzyme kinetic assay was performed
at 298 K using GAP as the substrate. TIM samples were dialyzed
against 100 mM triethanolamine buffer containing 10 mM
EDTA at pH 7.6 (28). Enzymes were diluted to ensure the linear
dependence of the observed initial rate on the concentrations of
enzyme. GAP concentration in the commercial stock was deter-
mined enzymatically. The reaction was monitored in the same
buffer with a final reaction volume of 1 mL. Samples were
prepared by mixing 0.1 mM NADH, 0.02 mg/mL glycerol 3-
phosphate dehydrogenase, and 0.8 nM WT cTIM, or 60 nM
TGAG TIM. The mixture was equilibrated at 25 °C for 5 min,
and the reaction was initiated by adding GAP at a series of
concentrations. The initial rate was measured according to the
decay of the absorbance at 340 nm at each substrate concentra-
tion. The k., and K, values for isomerization of GAP were
extracted from nonlinear least-squares fitting of the plots of
initial rate versus substrate concentration to the Michaelis—
Menten equation.

Isotope Exchange Experiments. The TIM-catalyzed con-
version of GAP to d-GAP, DHAP, and d&-DHAP was monitored
by 'H NMR spectroscopy as described previously (29). Briefly,
aliquots of the stock solution of GAP were exchanged into D,O
by three cycles of drying under dry nitrogen gas and dissolving in
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D,0. Exchanged GAP samples were stored at —20 °C for future
use. The pH of GAP in D,0 was adjusted prior to use by the
addition of KOD. Samples for NMR analysis contained 15 mM
GAP, 20 mM MES, and 10 mM NaClin 100% D,O (pD = 6.0).
DSS was added as an internal standard to a final concentration of
1 mM. For wild-type enzyme, the final concentration of TIM in
the sample was (.76 nM; for the TGAG mutant, the final enzyme
concentration was 15 nM.

'H NMR spectra were collected at 298 K on a Varian Unity
Inova 500 MHz spectrometer. Samples were shimmed manually
to obtain linewidths <0.8 Hz. Each spectrum was recorded with a
sweep width of 5500 Hz, 64 transients, and a recycle delay of 80 s.
All spectra from the same time course experiment were processed
and analyzed identically using the software MestReNova (Cam-
bridgeSoft). The time points for each series were taken to be the
midpoint of total acquisition time for each spectrum. The time
dependence of the concentrations of reactants and products were
determined by first normalizing the integrated areas to an
internal standard of DSS and by correcting for differential
hydration and the number of protons contributing to the signal.
The fractional yield of &-GAP, &-DHAP, and DHAP at each time
point was determined relative to its value at ¢ = 0 (prior to
addition of TIM).

NMR Experiments. All NMR samples were prepared in
buffer containing 10 mM MES at pH 6.6, 10 mM NacCl, 0.02%
(w/v) NaNj3, and 7.5% D,0. Samples for NMR spin relaxation
experiments were uniformly (*H, "°N) labeled with ~95% isotope
incorporation. Protein concentrations were measured to be 0.8
mM for WT and 1.0 mM for TGAG cTIM. The TGAG sample
for assignment experiments was uniformly (*H, °C, and "°N)
labeled, with a final enzyme concentration of 1.0 mM. Resonance
assignments for WT ¢TIM were obtained from BMRB entry
15064 (19). Many resonances in the loop 7 mutant (TGAG) could
be assigned by comparison of '’N HSQC spectra with those of
WT cTIM. These assignments were confirmed, and ambiguities
were resolved using data from a TROSY-based HN(CA)CB
experiment (30—32). For the TGAG enzyme to simulate the
substrate bound conformation, the substrate analogue glycerol-
3-phosphate (G3P) was titrated to the loop 7 mutant until
saturation. The NMR assignments of the bound form were
obtained as described above.

NMR experiments were performed at a static magnetic field
strength of 14.1 T on a Varian Inova spectrometer equipped with
a room temperature triple-resonance probe and triple-axis gra-
dients. All NMR experiments were conducted at temperatures
that were calibrated using 100% methanol as a standard. NMR
data was processed using NMRPipe (33) and analyzed using
Sparky (34) in conjunction with in-house written programs for
dispersion fitting. WT and TGAG NMR experiments were
collected with identical parameters using spectral widths of
2400 x 8000 Hz and 256 x 2048 points in the t; and t,
dimensions. Peak heights were quantitated in Sparky using the
average of nine points from a 3 x 3 grid centered on the peak
maximum (35). Relaxation rates were determined from peak
intensities and in-house written programs. Uncertainties in rates
were determined from duplicate measurements and the Jackknife
procedure (36). The results reported here are based only on
amino acid residues that are not overlapped in the 2D spectra and
that have sufficient signal-to-noise such that reliable quantitation
of peak intensities is possible.

Off-resonance TROSY-selected R;, experiments were per-
formed using the pulse sequence developed by Palmer and
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co-workers (37). The field strength of the spin-locking radio
frequency pulse was calibrated prior to each experiment by using
off-resonance continuous wave decoupling as previously de-
scribed (38, 39). The measurements for WT were as described
previously by Berlow et al. (/7). For TGAG, the relaxation delays
for measuring R, were 2 (x2), 10, 22(x2), 38, 54,and 80 (x2) ms
at each of nine effective field strengths (w.). The relaxation delay
series was conducted with the spin-lock pulse between 5 and 50
ppm upfield of the "°N carrier, utilizing tilt angles ranging from
30° to 65°. The spin-locking relaxation period was flanked by tan/
tan /1 adiabatic pulses (40, 47) that were used to align magnetiza-
tion along the respective fields (42) and return it to the z-axis after
the relaxation delay. These adiabatic pulses had a duration of 6
ms and were initiated 15 kHz from the spin-lock carrier
frequency. To estimate the exchange contribution, R., (=
papAw’ ke, to the narrow °N-f resonance, the TROSY (31)
based Hahn-Echo experiment was performed as described (43)
with a relaxation delay of 21.6 ms (2//yp)-

The TROSY-selected R, experiment selectively monitors the
decay of the narrow (8) component of the TROSY multiplet (37).
In the presence of an off-resonance RF field, spin-locked '°N
magnetization decays as follows:

R/f , = R/f cos’ 0 + Rgsin2 o (2)

in which the longitudinal and transverse relaxation rates in eq 2
are given by

R/f =Ri—n. +uy (3)
and

Rllg - Rg _ﬁxy +M1H + R€X (4)

In eqs 3 and 4, the transverse and longitudinal relaxation
interference rates are 77, and 7., respectively. For large perdeut-
erated proteins, 77, and R largely cancel, and u,y is additionally
minimized by deuteration. The term of interest in these studies is
the exchange contribution due to intramolecular motion termed
R., and is given by

A’k .
R, :%smz 6P (5)
ex e

Ineq 5, pag refers to the equilibrium populations of site A/B
due to conformational motion. The rate constant for this motion
is given by k., with Aw being the chemical shift difference for
the '*N nucleus in conformations A and B. 6 s the tilt angle of the
effective field and is equal to arctan(w,/Q”), where the amplitude
of the spin-locking field is w;, and @ is the offset from the spin-
locking field of the f component of the NH doublet. The effective
field is given by w, = (0} + (%)))"2. Measuring R/fp at multiple
o, values, termed dispersion analysis, combined with indepen-
dent measurement of Rf (37) allows the determination of RS
at each effective field. In the fast exchange limit (kox > Aw),
fitting eq 6 to these data allows determination of Koy, @ex,
and RY”

(pexk X
RY = e

- R%P 6
kgx ‘|‘(1)3 + 2 ( )

where ¢, = pApBsz.
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As described before, R., determined from the Hahn-Echo
experiment is as follows (44—406):

RgE = pApBsz/k(,x (7)

RESULTS

Characterization of Loop 7 Mutant TIM. Wild-type (WT)
and the loop 7 mutant (TGAG) TIM enzymes were expressed
and purified to >95% homogeneity as judged by SDS—PAGE
analysis. The correct mutations were confirmed by gene sequen-
cing and subsequently by solution NMR. The thermal stability of
each enzyme was assessed by monitoring the change in the
circular dichroic (CD) signal at 214 nm as a function of
temperature (Figure 2). The thermal melting profiles are irrever-
sible over the temperature range studied. The midpoint of the CD
temperature profile was 333 K for WT and 322 K for the TGAG
mutant.

The catalytic activity of WT and TGAG mutant enzymes for
the conversion of GAP to DHAP was measured at 298 K. For
WT TIM, keye = 2000+ 605", K,y = 0.46 + 0.06 mM, and key/
Ky = 43004+ 600 mM ' s™". In the TGAG mutant, these values
were ko = 354 157", Ky = 1.96 £ 0.11 mM, and key/Kyy, =
18+ 1 mM~'s™". The mutation of loop 7 residues results in over
2 orders of magnitude decrease in ke, /K, largely due to the
reduction in kg,

Isotope Exchange Studies. The incorporation of solvent
deuterium into the enzyme derived reaction products was deter-
mined by one-dimensional '"H NMR spectroscopy as described
by Richard and co-workers (29, 47)) (Figure 3). When TIM reacts
with protonated GAP in 100% D50, the enzymatic reaction can
yield any of three potential products (Scheme 1). The enzyme
reaction with GAP as a substrate starts when the catalytic base
E165 abstracts the C2 proton from GAP to form the enediol(ate)
intermediate. If this proton remains with E165 rather than
exchanging with solvent D,O then CI of the enediol will be
protonated to form DHAP. If, however, E165 exchanges its
substrate-derived proton with a solvent-derived deuteron after
this initial enolization, then C1 of DHAP will contain deuterium
(d-DHAP). Alternatively, deuterated E165 could simply deute-
rate the enediol intermediate to reform the substrate, but now C2
will be deuterated by the solvent derived deuteron (d-GAP).

All three of these enzyme reaction products as well as the initial
GAP are resolvable by 'H one-dimensional NMR (Figure 3). The
Cl1 proton of GAP is a doublet at 5.001 and 4.989 ppm, split by
3Jun with the C2 proton. d-GAP is the broad singlet at 4.995
ppm. The C1 proton of DHAP and &-DHAP hydrates resonate
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FIGURE 2: Thermal denaturation of cTIM. CD melting curves of WT
(black) and TGAG (red) cTIM. 6 is monitored at 214 nm at dimeric
protein concentrations of 4 uM. The results shown are the average of
three repeat measurements for each enzyme.
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FIGURE 3: Results of isotope exchange studies. Panels A and B: 'H
NMR spectra from the isomerization reaction catalyzed by TGAG
mutant TIM. Representative regions of the spectra for GAP hydrate
(A) and (B) the DHAP hydrate are shown for the following times
after the addition of enzyme: 0 min (black), 82 min (red), 156 min
(green), 302 min (blue), 522 min (purple). Panel C: product distribu-
tions of d-GAP (red), d-DHAP (green), and DHAP (blue) as a
function of time for wild-type TIM (closed squares, solid lines) and
TGAG (open circles, dashed lines).

at 3.556 and 3.536 ppm, respectively. The time-dependent change
in concentrations of d-GAP, GAP, DHAP, and d-DHAP are
shown in Figure 3 for WT and the TGA G mutant. Analysis of the
product fractions as a function of reaction time yields linear plots
as observed previously (20, 33). For WT, the fractional yields of
products are 0.19 £ 0.01 (4-GAP), 0.52 £ 0.01 (DHAP),
and 029 £+ 0.02 (d-DHAP). These values obtained for
WT chicken TIM are identical to those reported previously for
WT chicken and rabbit TIM by Richard and co-workers (29).
For the TGAG mutant, the fractional yields of products are
0.21 £ 0.02 (-GAP), 0.28 + 0.03 (DHAP), and 0.50 + 0.01
(-DHAP). The TGAG loop 7 mutant produces nearly twice as
much d-DHAP than the WT enzyme, at the expense of proto-
nated DHAP.

NMR Experiments. The NMR resonance assignments of
WT TIM were previously determined by triple-resonance
TROSY based experiments (/9). The assignments for TGAG
TIM were achieved by comparison with WT enzyme and in
combination with a TROSY HN(CA)CB three-dimensional
spectrum. In total, 226 nonproline residues were assigned in
WT and 207 nonproline residues have been assigned in the
TGAG enzyme. A comparison of 'H—"°N chemical shifts
between the two enzymes is shown in Figure 4. The average
(per residue) root-mean-square chemical shift deviation between
WTand TGAG is C* = 1.2,H = 0.1, and "N = 1.0 ppm. For
the WT enzyme, assignments for loop 6 residues were complete
and encompass V167—T177, whereas in TGAG all but residue
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1170 were assigned. In loop 7, only G209 was assigned in WT.
There are no unassigned WT peaks in the 'H=""N TROSY
spectrum, and therefore, it is likely that the missing loop 7
residues are absent due to exchange broadening or overlap with
other residues. In the TGAG mutant enzyme, only G209 and
A210 in loop 7 were assigned.

In the NMR results below, the main focus is on the N- and C-
terminal loop 6 hinge residues V167 and T177. These residues are
well resolved in the "H—""N two-dimensional experiments and
show significant, nonzero exchange contributions to their trans-
verse relaxation rates. Residues in the center of loop 6 do not
show characteristic conformational exchange in the NMR ex-
periments, most likely due to Aw ~ 0 for these flexible residues
(11, 13, 43). Conveniently, because V167 and T177 are at
opposite ends of loop 6 their relaxation behavior reports on the
relationship and correlation of the motions of these important
hinge residues.

The results of the TROSY Hahn-Echo experiment (43)
(Figure 5A) show that the majority of residues in WT and
TGAG mutant TIM do not experience resonance linebroadening
due to conformational exchange phenomena (/7). However,
amide positions in loop 6 have elevated R, values that are
indicative of us—ms motions that modulate the isotropic chemi-
cal shift at these positions. For WT, these R, values are 38.2 &+
23 s "and 11.7 + 0.7 s~' for V167 an T177, respectively at
298 K, whereas the same residues in the TGAG mutant have R,
values = 37.6 + 3.3 s ' and 3.7 £ 0.9 s~ '. The temperature
dependence of R, allows estimation of an apparent activation
barrier for loop closure (/3). On the basis of these experiments
(Figure 5B), the apparent activation barrier for loop closure in
WT is 57.6 + 7.7 kJ/mol and 66.0 & 4.1 kJ/mol for V167 and
T177. In contrast, these values in the loop 7 mutant are 5.9 £+ 1.6
kJ/mol and 26.3 £ 10.9 kJ/mol for V167 and T177, respectively.
Thus, the barrier for loop 6 closure decreases significantly upon
mutation of loop 7. In the presence of saturating amounts of the
substrate analogue, glycerol-3-phosphate (G3P) temperature
dependent Hahn-Echo experiments for TGAG TIM (not shown)
also show different apparent activation energies for the V167
and T177. The barrier to loop 6 opening in the G3P bound form
is 69.4 £ 2.9 and 43.9 £+ 3.5 kJ/mol. In the WT enzyme with
bound ligand, R. is small and exhibits a slight negative Ar-
rhenius slope. For example, at 293 K R, for V167 and T177 in
G3P bound WTis 1.9+ 0.8 and 2.3+ 0.6, respectively. These
small values are likely due to a highly skewed closed population
and/or a small value for k., with the slight negative slope
attributable to the temperature dependence of the equilibrium
populations.

Further quantitation of loop 6 conformational motion was
obtained from TROSY -selected R , experiments (37) as shown in
Figure 6. Dispersion of the RS values with effective field is
indicative of conformational exchange motions. Fitting eq 6 to
the WT data yielded a k., value of 9000 4 1500 s~ for both V167
and T177 (11). The exchange rate constant for the same residues
in the loop 7 mutant is increased to 18,000 & 2000 s!. For both
WT and the loop 7 mutant, fitting of V167 and T177 individually
gave very similar ke, values; therefore, both residues were
analyzed assuming a single, identical k., value.

DISCUSSION

Loop regions in proteins are essential for many biological
functions, and in triosephosphate isomerase, the active site loop 6
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Scheme 1: Reaction of Protonated GAP with TIM in 100% D,O

enolization

OH _— EEE—

OPO42
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“Upon enolization, the C2 proton removed by E165 can be directly placed at C1 to form protonated DHAP, exchanged with solvent to form C1
deuterated DHAP (d-DHAP), or exchange with solvent and become C2 deuterated to form deuterated GAP (d-GAP). Substrate derived protons are

shown in circles, whereas solvent derived deuterons are depicted in squares.
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FIGURE 4: Chemical shift changes upon mutation of loop 7. (A)
Superimposed "H—'’N TROSY HSQC spectra of WT (blue) and
TGAG (red) cTIM at 298 K and 14.1 T, with panels for close-up
views of selected loop 6 residues. (B) Composite chemical shift
changes between WT and TGAG cTIM as a function of amino acid

sequence. Composite chemical shift changes were calculated using the
equation (Adfn + AR/25)/2)"2.

has been demonstrated to be indispensable for optimal catalytic
activity (/7). Genome analysis has revealed that amino acid
residues in nearby loop 7 vary specifically with changes in the N-
terminal hinge region of loop 6 (24) (Supporting Information).

To investigate the underlying functional interactions, which must
drive this coevolution, the loop 7 sequence TGAG that is usually
found with the N-terminal loop 6 sequence PPE was inserted into
WT chicken TIM. Thus, this version of loop 7 is out of context in
that it finds itself in this mutant TIM enzyme without its normal
loop 6 partner.

The effects of changing residues 208-YGGS-211 to 208-
TGAG-211 are immediately apparent. Catalytic efficiency is
decreased 240-fold compared to that of WT cTIM, and the
TGAG mutant enzyme melts 11° lower than the WT enzyme.
However, the observation of minor chemical shift changes for
only loops 6 and 7 (Figure 4) suggests that the mutation of loop 7
results in relatively small structural perturbations, which are
localized to the site of the mutation.

In addition to the deleterious effects of alterations in loop 7 on
enzyme function, this mutation has a significant impact on the
motion of loop 6 (Figure 5). In WT TIM, the N- (V167) and C-
(T177) terminal regions of loop 6 have the same apparent
activation barrier for loop closure. This observation is in agree-
ment with previous studies indicating that the hinge residues of
loop 6 move in a concerted fashion (13, 43). However, in the loop
7 mutant, the hinge residues of loop 6 both have different
activation barriers than observed for the WT enzyme. The
activation barriers for the N- and C-terminal hinge residues
significantly differ from each other as well, with a much more
pronounced reduction in the activation barrier for V167 than
T177. Additionally, at 298 K, the mutation to TGAG has no
effect on the R, value for V167 but a substantial effect on that of
T177. Collectively, these data suggest that one of the major roles
of loop 7 is to aid or coordinate the concerted movement of loop
6. These differences compared to WT TIM are propagated in the
ligand bound form in which V167 and T177 have different
activation barriers for loop opening again suggesting that muta-
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FIGURE 5: Chemical exchange contribution to R5. (A) Residue-
specific chemical exchange contribution to RS of WT (black) and
TGAG (red) cTIM at 298 K. (B) Temperature dependent relation-
ship of R., for V167 (W) and T177 (Od) in WT (black) and TGAG (red)
c¢TIM. The activation energy for loop closure is extracted from the
slope of the linear regression fit to the data points.
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FIGURE 6: Conformational exchange in ¢cTIM. TROSY-selected Rf
dispersion curves for V167 (top) and T177 (bottom) in WT (black)
and TGAG (red) cTIM measured at 298 K.

tion at loop 7 decouples the motion between the N- and C-
terminal hinges of loop 6.

The different apparent activation barriers determined from the
temperature dependence of R, for V167 and T177 in TGAG
are contrasted with the identical k., values at 298 K. This suggests
differing populations and/or different temperature depen-
dencies of the open/closed populations for V167 relative to
T177 in TGAG. As shown in eq 7, R from the Hahn-Echo
experiment depends not only on k., but on the populations
as well.

On the basis of the coevolution of the N-terminal hinge of loop
6 and loop 7, it is expected that alteration of the loop 7 sequence
would have significant functional consequences in the absence of
the corresponding loop 6 sequence. While there are no direct
interactions observed between the N-terminal hinge of loop 6 and
loop 7, mutation of loop 7 to TGAG clearly has an effect on the
N-terminal hinge of loop 6. In the TGAG mutant, the activation
barrier for V167 is 5.9 4+ 1.6 kJ/mol as compared to 57.6 +
7.7 kJ/mol for WT TIM. Perhaps this reduction in the activation
barrier for loop closure would be less pronounced if loop 7
(TGAG) encountered its correlated loop 6 N-terminal hinge
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(PPE). It is likely that the extra proline residue at the N-terminal
hinge of loop 6 in archaeal TIM, which is usually found with
TGAG, plays a role in enabling proper hydrogen bonding with
the TGAG motif and thus allows the loop to move into the
proper closed conformation.

Further understanding of the effects of the TGAG mutation
can be gleaned from comparing the TGAG mutant described
in this article with two other previously studied loop
7 mutants, Y208F and S211A (3, 8, 10). Both Tyr208 and
Ser211 form hydrogen bonds with residues in loop 6 and thus
play a crucial role in stabilizing the closed form of TIM. In the
S211A mutant, a 30-fold reduction in catalytic efficiency was
observed, likely due to the elimination of two hydrogen bonds
(Figure 1). In the Y208F mutant, a 2500-fold reduction in
catalytic efficiency was observed, indicating that the hydrogen
bond between Tyr208 and Alal76 is crucial for TIM catalysis.
The 240-fold reduction in catalytic efficiency observed for the
TGAG mutant reflects an intermediate loss in efficiency
compared to that of the S211A and Y208F mutant enzymes.
On the basis of hydrogen bonding alone, it is expected that the
efficiency of the TGAG mutant would be reduced relative to
the S211A mutant but greater than the Y208F mutant.
Assuming minimal perturbations to the active site, the dis-
tance between the side chain oxygen of Thr208 and Alal76
would be greater than the distance between Tyr208 and Alal176
in the wild-type enzyme, resulting in a weaker hydrogen-
bonding interaction in the TGAG mutant. Thus, the dimin-
ished catalytic efficiency of the TGAG mutant is largely due
to elimination of the hydrogen bonds formed by S211 and a
weaker hydrogen bond between Thr208 and Alal76.

A quantitative investigation of the kinetics of loop motion is
shown in Figure 6. Dispersion analysis for the TGAG mutant
allowed for the determination of a k., value of 18,000 + 2000 s~
for both V167 and T177, in contrast to the k., value of 9000 +
1500 s~ for both residues in the WT enzyme. The fact that V167
and T177 could be fit together to determine ke, suggests that the
two hinges are participating in the same motional process. The
elevated ke, of TGAG loop 6 motion in the TGAG mutant com-
pared to WT enzyme is consistent with the observation of lower
activation barriers for loop closure in the TGAG mutant.
However, the different activation barriers observed for the N-
and C-terminal hinge residues in the TGAG mutant demonstrate
that there is likely some loss in correlated motions contributing to
the reduced catalytic efficiency of TGAG mutant TIM, perhaps
due to different population distributions for V167 and T177.
Elimination of hydrogen bonds by mutation of loop 7 clearly
perturbs the motion of the active site loop. It seems that without
proper assistance from loop 7, loop 6 undergoes conformational
exchange between the open state and an imperfectly closed state
at a higher rate.

The isotope exchange studies show that the fractional yield of
d-GAP is not affected by the loop 7 mutation, indicating that
after enolization of the substrate no additional water accesses the
active site if regeneration of substrate (the back reaction) occurs.
In contrast, the larger fraction of &-DHAP observed from the
mutant catalyzed reaction indicates that the substrate-derived
proton is more susceptible to solvent exchange in the reaction
catalyzed by the TGAG mutant than in the reaction catalyzed by
the WT enzyme once the enzyme commits to formation of the
DHAP product. These biochemical data in combination with the
faster loop 6 motion determined by NMR perhaps suggests that
the faster, non-WT-like loop 6 motion occurs at the enediol
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intermediate state of the reaction. These isotope exchange results
further support the hypothesis of imperfect loop closure and
indicate that as chemistry proceeds, loop 7 plays a crucial role in
facilitating the coordinated motion of loop 6 with active site
chemistry.

Biochemical studies and NMR investigations both support the
notion that the interactions between loop 6 and loop 7 are
essential to TIM function. By replacing 208-YGGS-211 in loop 7
with the corresponding naturally occurring sequence from an
archaeal homologue, the sequence 166-PVW-168 in loop 6 loses
its corresponding loop 7 partner. Detrimental effects in enzyme
function are observed, with a marked loss in catalytic activity,
binding specificity, and thermal stability. TROSY-Hahn-Echo
and TROSY-selected R, experiments suggest that apart from
maintaining the proper chemical context, loop 7 also plays an
important role in modulating chemical dynamics of loop 6 in
order to ensure that both termini of loop 6 move in a concerted
manner, as well as keeping a proper rhythm for chemistry to take
place at the active site with maximum efficiency. Isotope ex-
change studies provide further investigation into the role of loop 7
along the reaction coordinate by suggesting that additional loop
opening occurs in the midst of the chemical reaction in TGAG.
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