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ABSTRACT. Many proteins utilize segmental motions to catalyze a specific reaction.{Xteop of
triosephosphate isomerase (TIM) is important for preventing the loss of the reactive enediol(ate)
intermediate. The loop opens and closes even in the absence of the ligand, and the loop itself does not
change conformation during movement. The conformational changes are localized to two hinges at the
loop termini. Glycine is never observed in native TIM hinge sequences. In this paper, the hypothesis that
limited access to conformational space is a requirement for protein hinges involved in catalysis was tested.
The N-terminal hinge was mutated to P166/V167G/W168G (PGG), and the C-terminal hinge was mutated
to K174G/T175G/A176G (GGG) in chicken TIM. The single-hinge mutants PGG and GGé&hedlues
200-fold lower than that of the wild type arkl, values 10-fold higher. Thke, of double-hinge mutant
P166/V167G/W168G/K174G/T175G/A176G was reduced 2500-fold; Khewas 10-fold higher. A
combination of primary kinetic isotope effect measurements, isothermal calorimetric measurements, and
31P NMR spectroscopic titration with the inhibitor 2-phosphoglycolate revealed that the mutants have a
different ligand-binding mode than that of the wild-type enzyme. The predominant conformations of the
mutants even in the presence of the inhibitor are loop-open conformations. In conclusion, mutation of the
hinge residues to glycine resulted in the sampling of many more hinge conformations with the consequence
that the population of the active-closed conformation is reduced. This reduced population results in a
reduced catalytic activity.

Proteins catalyze a large variety of reactions. Many utilize 6). There is no primary sequence conservation between loops
conformational changes, such as domain displacement orfrom unrelated enzymes. However, there is high-sequence
segmental motion to catalyze a specific reactibn Thus, conservation among loops from the same enzyme or enzyme
the question arises: among all of the possible conformationsfamily. We sought to understand what is important about
of a flexible protein molecule, which conformations are most the structure of a loop for its catalytic role. That is, how
important in terms of catalysis and function and how does does the structure define the dynamic properties of a loop,
the protein control which conformations are populated for and how is the population of the conformational states
proper function? controlled?

One common type of conformational change involved in ~ One well-characterized example of a protein with a
catalysis is the opening and closing of @nloop. Q loops catalytically important2 loop is triosephosphate isomerase
are not independently folding domains but are-20 amino  (TIM).* TIM catalyzes the interconversion of dihydroxyace-
acid fragments with a small end-to-end distan2g The  tone phosphate (DHAP) an&¥glyceraldehyde-3-phosphate
loops are attached to the main body of the enzyme and are(GAP) via an enediolate intermediate (Scheme 1). Catalysis
almost always situated at the protein surface. Displacementsby the enzyme does not require any cofactors. In addition,
of 7-10 A between the different conformational states of it utilizes an 11 amino acid loop, loop 6 (16676), to bind
the loops have been observed primarily by X-ray crystal and constrain the reaction intermediate. _
structure analysis3j. Typically, the relative populations of By X-ray crystallography, the two major conformations
the conformational states are altered by the presence orof loop 6 that have been observed are the open and the closed
absence of a ligand. Kinetic studies have confirmed that these )

i i i Abbreviations: TIM, triosephosphate isomerase; WT, wild type;
:OODS are Imijor:am n ?nzyr?e Catgl_IytSISf. For e)éamplz’ tZe DHAP, dihydroxyacetone phosphate; GARR)-glyceraldehyde-3-
oop may protecta rgac Ve In grme late irom un. ESII"e Sl ephosphate; PGH, phosphoglycolohydroxamate; 2-PGA, 2-phosphogly-
reactions 4) or recruit a catalytic group to the active sit¢ ( colate; NADH, nicotinamide adenine dinucleotide (reduced form);
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T This work was supported by a grant from the American Chemical phosphate dehydrogenase; BHAP, bromohydroxyacetone phosphate;
Society—Petroleum Research Fund (to N.S.). NMR spectrometers, ITC, isothermal titration calorimetry; DTT, dithiothreitol; MG, meth-
centrifuges, and a fluorimeter were purchased with support from the ylglyoxal; R, inorganic phosphate; LB, Luria broth; Tris, tris(hydroxy-
NSF (CHE0131146, CHE9808439, and CHE9709164). methyl)aminomethane; DEAE, diethylaminoethyl; TEA, triethanola-

* To whom correspondence should be addressed. Telephone: (631)mine; EDTA, ethylenediaminetetraacetate; PGG, P166/V167G/W168G;
632-7952. Fax: (631) 632-5731. E-mail: nicole.sampson@ GGG, K174G/T175G/A176G; PGG/GGG, P166/V167G/W168G/
stonybrook.edu. K174G/T175G/A176G.

10.1021/bi049208d CCC: $27.50 © 2004 American Chemical Society
Published on Web 08/17/2004




Glycine Hinge Mutants in TIM Biochemistry, Vol. 43, No. 36, 200411437
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forms (Figure 1). The displacement of the tip of the loop tagenesis and kinetic studieg—<9) and NMR dynamics
(C, of Thr172) is around 7 A. The role of the loop and studies {0—12), as well as molecular dynamics simulations
possible mechanisms for the transit between the open and13, 14). The four residues at the tip of the loop are important
closed forms of the loop have been investigated by mu- for stabilizing the enediol(ate) phosphate intermediate as well

Ficure 1: (A) Ribbon diagrams depicting the open (magenta) and closed (green) loops of TIM. Glycerol 3-phosphate, a substrate analogue,
is shown as a CPK model. (B) Stereorepresentation of the closed loop. Only the side chains of the mutated hinge residues are shown.
Glycerol 3-phosphate is shown in magenta. This figure was made using P{E)airfd the PDB 6TIM structurel().
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as favoring intermediate protonation over elimination into
methylglyoxal and inorganic phosphate))(PA hydrogen
bond between the hydroxyl of Tyr208 and the amide-NH of
Alal76 is required for stabilization and rapid closure of the
lid. Structural analysis shows that the transition between these
two forms is a rigid “lid” motion and that the loop pivots Gly 171
around 2 hinges, residues 16668 (N-terminal hinge) and
residues 174176 (C-terminal hinge) 13, 15). Another
protein dynamics study provided insight into the time scale
of loop motion and suggested that the conformational change
of active-site loop 6 may be the rate-limiting step for the 4
enzyme-catalyzed reactiob4). Using solid-state deuterium g, 165
NMR (10) as well as’®F solution NMR (1), it has been
shown that the exchange rate between two states of the
labeled Trp168 indole ring on the loop is about $C. This
rate is very close to the turnover rate of the enzyme. This
observation leads to the suggestion that the conformational
change can be the diffusion-controlled rate-limiting step in ~ Gly 232
the enzyme-catalyzed reaction. More interestingly, the
exchange rates for the free enzyme and the enzyme with a
transition-state analogue, PGH, bound are very similar. These
observations suggest that the rate of loop motion is not
ligand-gated 11). Thus, the enzyme itself may control the
rate of loop opening and closing without contributions from
ligand binding. Moreover, the hinge region may be the
important part of the enzyme that controls loop motion.

The hinges were identified by the comparison of the
changes in the and ¢ angles of the main-chain backbone
between the open and closed formd8)( Among the TIMs

in different species, the five amino acids comprising the lid FIGURE 2: Protein contacts with intermediate analogue 2-PGA as

of the loop are strictly conserved. The sequence identity of getermined by Ligplot Z1). The 0.83 A resolution structure of
the hinges is strongly conserved, except for ArchaebacterialLeishamania mexican@lM, PDB 1N55, was used2@).

that have compensating sequence changes in lod®)7 ( ) ]
To explore the role of the hinges, we explored the amino ©f the N-terminal P166/V167G/W168G (PGG) hinge mutant,

acid requirements for the N- and C-terminal hinges as well the C-terminal K174G/T175G/A176G (GGG) hinge mutant,
as the interdependence of sequences for both hilge&a). and the double-hinge P166/V167G/W168G/K174G/TZ.I.75G/
Analyzing the amino acid sequence combinations of N- A176G (PGG/GGG) mutant and the thermodynamics of
and C-terminal hinges that are functional, we found that the ligand binding. A comparison of the properties of these
primary constraints are due to sterics (van der Waals Mutants with those of the wild type (WT) revealed the
interactions) and hydrogen bonds between the hinge residuedmportance of the hinges in limiting the number of different
and the main body of the protein. However, many more conformat!onal stat'e_s. that may be populated by limiting
amino acid combinations functioned as catalytically com- conformational flexibility.
petent hinges thr?m are found in nature. These results md'cat.einPERllleNTAL PROCEDURES
that the dynamics of the hinges and thus the enzymatic
activity may be controlled more by backbone conformational ~ Materials Unless specifically mentioned, all commercial
flexibility than by the specific choice of amino acid side chemicals were used as obtained without further purification,
chains. and all solvents were dried and distilled by standard methods
To determine whether the hinge motion and catalysis is prior to use. NADH pL-glyceraldehyde-3-phosphate (diethyl
dictated by protein backbone flexibility, we constructed acetal, monobarium salt), and EDTA were purchased from
glycine-rich hinge mutants in which the side chains of all of Sigma Chemical Co. (St. Louis, MO). Aldolase, GOPDH,
the hinge residues except Pro166 were removed. Analysisand GAPDH were obtained from Roche Diagnostics (India-
of interactions between the ligand and hinge residues napolis, IN). For DNA sequencing, the ABI PRISM dye
indicated that there are no direct interactions between theterminator cycle sequencing kit with AmpliTag DNA Poly-
hinge residues and ligand (Figure 2). The ligand makes meraseFS from PerkirElmer (Foster City, CA) was used
contact with the lid itself as well as the rest of the protein. according to the instructions of the manufacturer. Restriction
We reasoned that mutation of the hinges to glycine should endonucleases, alkaline phosphatase, T4 polynucleotide
alter the conformational space that may be occupied by thekinase, and T4 DNA ligase were from New England Biolabs
loop without affecting potential ligand-binding interactions. (Beverly, MA). All other reagents were purchased from
It was unclear whether increasing the number of conforma- Fisher Scientific, Inc. (Springfield, NJ). Oligonucleotide
tions accessible by the loop would result in reduced diffusion primers were ordered from Integrated DNA Technologies
of the substrate into the active site or lower the efficiency Inc. (Coralville, CA). Their sequences are as follows. Primer
of the enolization step. We examined the catalytic profiles 1, 5-GAGCTGTTGACAATTAATCATCCGGCTCG-3
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primer 2, 3-GAGTAGCAGTTTTACGGTTCCGATAG-
CACCACCTGGCTCATAGGCAAGAAC-3 primer 3, 5-

CTATCGGAACCGGTGGAGGTGGTACTCCCCAACAGG-
CTCAGGAGGTTCATGAGAAGC-3; and primer 4, 5

CCATTCGCCATTCAGGCTGCGCAACTG-3

Escherichia colistrain XL1Blue (tef) was used for
plasmid constructiorE. coli strain DF502 (stref tpi~, and
his™) used for protein expression was from Drs. D. Fraenkel
and J. R. Knowles and has been described previo2gy (
The plasmid pBSX1cTIM (WT) was from Drs. E. Komives
and J. R. KnowlesZ4). The construction of pTM03 plasmid
has been described previouslgy.

Construction of PGG GGG, and PGG/GGG Hinge
Mutants.Mutations were introduced by PCR cassette mu-
tagenesis. N-terminal hinge mutant PGG (PVW in WT
sequence 166168) was constructed using primers 1 and 2.
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of total protein was determined by a Bradford ass2§) (
using WT chicken TIM as a standard.

Enzyme Assayd.IM activity for WT and mutant TIMs
was measured following a modified protocol of Plaut and
Knowles @6). A total of 1 unit of isomerase activity is the
amount of enzyme required to converufnol of GAP to
product in 1 min at 30C. With GAP as the substrate, the
assay mixture was comprised of NADH (0.35 mM), GOPDH
(0.017 mg/mL), and GAP (0.0:610.0 mM), in 1 mL of
buffer (100 mM triethanolamine-HCl and 10 mM EDTA at
pH 7.6). With DHAP as the substrate, the assay mixture was
comprised of NAD (0.35 mM), sodium arsenate (10 mM),
GAPDH (0.17 mg/mL), and DHAP (0.03610 mM), in 1
mL of buffer (100 mM triethanolamine-HCI and 10 mM
EDTA at pH 6.5). Initial rates (the first 10% of the reaction)
were measured at each substrate concentration with the

to V167G/W168G and included &gel site was used with

andK,, for GAP were obtained from nonlinear least-squares

a sense primer, which complemented the sequence upstreamnalyses of plots o (initial substrate concentration) versus

of the TIM gene including alNcol site at the 5end of the

gene. The resulting PCR fragment was purified and restric-

tion-digested witiNcol and Agel restriction endonucleases
to give a 0.5-kb insert. The pTM03 WT plasmi#l9j was

v; (initial velocity). The K; values for arsenate were

determined with five different concentrations of GAP and
five different concentrations of arsenate, and the data fit
simultaneously using GraFit (Erithacus Software, Ltd., U.K.).

restricted with the same enzymes and dephosphorylated withthe K. for DHAP was calculated from nonlinear least-

Using T4 DNA ligase, the insert and vector were ligated to the K, of arsenate.

generate pTM11, which encodes the PGG at the N-terminal

hinge.

The C-terminal hinge mutant GGG was constructed
analogously using primers 3 and 4 and the restriction
endonucleaseége | and aPst| site at the 3end of the
gene to generate pTM12.

By subcloning theAgel to Pstl fragment from pTM12
into pTM11, pTM14 was constructed to provide the PGG/

GGG mutant. To increase the protein expression level, the

resulting plasmids were further subcloned into pPBSX1cTIM
vectors as described previousBOf. The sequences of the

constructed mutants were confirmed by DNA sequencing.

Purification of Mutant TIM.Cell paste {20 g) of DF502
(pPBSX1cTIM) (PGG, GGG, and PGG/GGG) obtained from
LB/amp/strep medium (2 L) grown for 24 h was suspended
in buffer (10 mM Tris-HCI, 1 mM EDTA at pH 7.6 and 25

Inhibition with 2-PGA.The concentration of a solution of
2-PGA was determined by the colorimetric assay of the
inorganic phosphate released by alkaline phosphatase. WT
or mutant isomerases were assayed at five different concen-
trations of GAP in the presence of five different 2-PGA
concentrations in 100 mM triethanolamine-HCI and 10 mM
EDTA at pH 6.5. TheK; values were determined by
simultaneously fitting the data using GraFit to a competitive
inhibition model.

UV Spectroscopic Titration of 2-PGA Bindirighe binding
of 2-PGA to the enzyme was monitored by the changes in
absorbance at 282 nm, in 10 mM Tris-HCl at pH 6.5 and 25
°C (27). The enzyme concentration was 0.4 mg/mL.
Primary Kinetic Isotope Effect[1(R)-°H]-DHAP was
prepared using a modified procedure of Leadlay et2d).(

°C), and then lysed by two passages through a French pres®HAP (40 mg) was equilibrated in 3 mL of ©® with 50

at 10000 psi and £C. Cell debris was removed by
ultracentrifugation at 2000@0for 90 min. All subsequent
purification steps were conducted af@. The supernatant
was loaded onto a column (150 mL) of DEAE cellulose (DE-
52, Whatman) pre-equilibrated with buffer (10 mM Tris-
HCI at pH 7.5), and the protein was eluted with a linear
gradient (3-200 mM, 200+ 200 mL) of KCl in buffer (10
mM Tris-HCI at pH 7.5). Fractions were collected and
analyzed by SDSPAGE. Fractions greater than 95% pure

ug of WT TIM under Ar in a 10-kD Centricon (Amicon,
Danvers, MA) and incubated at 3T for 2 h. After TIM

was removed by ultrafiltration, BHAP treated aldolase (50
1Qg) was added to the reaction mixture and incubated at 37
°C for another 2 h. Then, the aldolase was removed by
ultrafiltration. The resulting mixture of [R)-?H]-DHAP and
fructose 1,6-bisphosphate was dissolved in 100 mL of water
and loaded onto a & 10 cm anion exchange column (AG-
1-X8 CI~ pre-equilibrated in HCI at pH 3.8), washed with

were collected, pooled, and desalted using an Amicon 20 mL of HCI at pH 3.2, and eluted with 60 mL of HCI at

concentrator (YM10 10 000 MWCO, Amicon, Danvers,

pH 1.7. The absorbance of the eluant was monitored at 220

MA). The sample was loaded onto a second DE-52 column nm. The DHAP-containing fractions were collected, neutral-

and eluted with a linear gradient{@00 mM, 200+ 200
mL) of KCl in buffer (10 mM Tris-HCl at pH 6.5). If needed,
the protein was purified once more on a Mono Q 5/5 column
in buffer (10 mM Tris-HCI at pH 7.5) and eluted using a
KCI gradient (6-120 mM, 50+ 50 mL). Fractions contain-

ized with 2 M NaOH, and concentrated by lyophilization.
The 'H NMR spectrum showed 90% incorporation of
deuterium. Using the synthesized R{"H]-DHAP as a
substrate, initial rates were measured as described above.
The primary kinetic isotope effect was calculated with GraFit

ing the mutant were pooled, concentrated, and desalted byusing two parameters, the fraction of isotofie,and the

Amicon into buffer (10 mM Tris-HCl at pH 7.5). The amount

substrate concentrationg, &nd fitted to the combined initial
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Table 1: Kinetic Parameters for Mutant and WT TIMs

kcat,GAP Km,GAP kCel'(,DHAP Km,DHAP Ki,arsenate
(s (mM) (s (mM) (mM)
WTa 4300 0.47 430 0.97 11
NPNP 5200+ 110 1.6+£0.1 620+ 17 5.0+ 0.2 25+ 1
PGG 240+ 10 1.2+ 0.1 504 2 11+ 4 30+2
GGG 261+ 13 3.7+ 0.3 54+ 4 15+ 3 29+ 2
PGG/GGG 1.70.1 4.0+ 0.3 0.25+ 0.02 18+ 5 31+2
2 See ref30. P See ref7.
\Ise:'%gy v; data sets for [IR)-?H]-DHAP and [1R)-*H]- Table 2: Inhibition Constank; (2-PGA) for Mutant and WT TIMs
) . . enzyme Ki (uM)? enzyme Ki (uM)?
Methylglyoxal FormationMethylglyoxal formation was 2 (M) =l (M)
monitored at a single substrate concentration using the WT° 21+4 GGG 218+ 10
PGG 170+ 11 PGG/GGG 260 19 (2204 7)°

method of RichardZ9). The enzyme concentration was 30 . : :
uM, and the }2P]JDHAP concentration was 0.15 nM. Time ) aUD\;aterr;lg;ed using GAP as a substrdt&ee ref31. ¢ Determined
points were collected over 20 h. y v at nm-

3P NMR SpectroscopyFourier transform3P NMR
spectra were acquired at 101.3 MHz on a Bruker AC-250
superconducting spectrometer. Sample volumes of 0.6
mL in a 5-mm diameter NMR tube were used. A total of
15% D,O was included for frequency locking. All spectra
were recorded with broad-band proton decoupling at 250
MHz. Generally,*'P NMR spectra were measured with a " X
7000-Hz width and 33 000 data points. An acquisition time < 15¢
of 4.7 s and a pulse delayf d s were utilized. Line E -
broadening of 2 Hz was applied to the time domain data
using 33 000 points®'P chemical shifts were referenced to -
external 85% phosphoric acid at 0 ppm atZa 0.5 F

Isothermal Titration Calorimetry (ITC)TC experiments !
were performed using model MCS instruments from Micro- 0p—: 0'1 : 0'2 : 0'3 : 0'4 : 0'5
Cal, Inc. (Northampton, MA). Injections of 14 of 2-PGA ' ) ’ ' '
solution (1.0-2.5 mM in 10 mM Tris-HCI at pH 6.5) were [2-PGA] (mM)
added into the Sample solution of TIM (Ce” volumel.483 FiGure 3: UV s_pectroscopic titration_of PGG/GGG mutant TlM
mL) with stirring at 300 rpm at 306C. Control experiments I(-(I)(.Z‘}Oa?dglil.rgLr)nvl\\;lltES:I'F;\Gt?u?ftafi% SIT I6n51g(r)l dmz'\g”etha“o'am'ne'
performed by making identical injections of 2-PGA into a ' '
cell containing buffer without protein showed insignificant
heat of dilution. The concentrations of the WT and mutant
TIMs were 100-500uM. Titrations were carried out in 10
mM Tris-HCI buffer at pH 6.5 and 38C. The experimental
data were fitted to a one-site binding model using software
supplied by MicroCal, Inc., witlAH (enthalpy change in

kcal{mc_)l),Ka.(assouanor_\ constant in M) andN (number forward (DHAP— GAP) and the reverse (GAP DHAP)
of binding sites per active site) as adjustable parameters.directions (Table 1). Theefor PGG/GGG in both directions
. i . at
;Ii'gr?rmodynamlc parameters were calculated from the equa dropped more than 2500-fold lower than that of the WT,
whereas thek.y; values for the PGG and GGG mutants
AG = AH — TAS= —RTInK, (1) dropped approximately 200-fold. TH&, values for the PGG,

GGG, and PGG/GGG mutants all increasedl1d-fold.

where AG, AH, and AS are the changes in free energy,  Inhibition by 2-PGATo further explore the effect of the
enthalpy, and entropy of binding, is the absolute temper-  loop side-chain deletion on ligand binding, inhibition by

3r

25

double-hinge mutant PGG/GGG were constructed. Circular
dichroism spectroscopy showed that the secondary structure
of each of the mutants was identical to that of the WT (data
not shown).

Steady-State Kinetic¥he steady-state kinetic parameters
for the WT and mutant TIMs were determined in both the

ature, andR = 1.98 cal mof* K1, 2-PGA, an intermediate analogue, was assayed using GAP
as a substrate (Scheme 1). All three mutants showed 10-
RESULTS fold increases irK; that is weaker binding of the analogue

Construction and Expression of Glycine-Rich Hinge (Table 2). The pattern of inhibition was competitive. We
Mutants.To investigate the role of the side chains of the N- confirmed that 2-PGA is binding to PGG/GGG by monitor-
and C-terminal hinge residues, three glycine-rich TIM hinge ing changes in the tyrosine extinction coefficient at 282 nm
mutants were constructed. Five of the six hinge amino acids (Figure 3). TheKqy determined from our spectroscopic
were mutated to glycine. The proline residue at position 166 titration matched thé; determined kinetically.
was retained because previous work had demonstrated that Methylglyoxal FormationThe side reaction that results
this proline is critical for TIM activity 20). The N-terminal from decomposition of the enediol(ate) intermediate gener-
hinge mutant PGG, C-terminal hinge mutant GGG, and the ates the byproducts, methylglyoxal and Phe rate of P
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Table 3: Primary Isotope Effects on WT and Mutant Enzymes Time (min)
enzyme D(VIK)2 enzyme D(VIK)2 0 50 100 150 200 250 300 350

WTP 3.6 GGG 2.7+ 0.1 N
NPN° 3.0+0.1 PGG/GGG 2601 o )

PGG 2.6+ 0.1 Wﬂﬂf””urmmm,
aAssayed using [R)-2H]-DHAP. P(V) is the same a®(V/K). | ”'n ”‘”'

bValues reported in red2.

Table 4: Thermodynamic Parameters Determined for the Binding of
2-PGA to TIM&

pcal/sec

AH AS AG Kb
(kcal mol?)  (cal moF*K~=%) (kcal mol?) (uM)

WT -8.2 37 -7.0 8.4
NPN -6.2 -0.87 —6.0 51 B
GGE ~0 16.9 -5.1 198
PGG/GGG ~0 16.4 ~5.0 260
PGG 2.0 10.7 -5.3 152

aConcentrations used for protein (30250 M) and 2-PGA (+
2.5 mM).®No heat was detected in the ITC experiment, calculated
from the inhibition results in Table 2.

-2 ]

2 |

-4 _

elimination by the mutants is the same as that measured for
the WT, 1.7+ 0.2 Mt s7% In other words, theate of the
byproduct formation does not increase relative to that of the
WT enzyme; however, thgartition ratio of methylglyoxal/ -10 N S S S
product GAP formation has increased for the mutant enzymes 0.0 05 10 15 20 25

because the rate of GAP production is decreased. Molar Ratio

Primary Kinetic Isotope EffectsThe primary kinetic  Fgure 4: Typical ITC curve of TIM+ 2-PGA. (A) Raw ITC
isotope effect was measured usingRf#H]-DHAP as the data output for the interaction between 2-PGA (1 mM) and WT
substrate for the glycine hinge mutants (Table 3). The PGG, TIM (0.1 mM) at 30°C and pH 6.5. (B) Titration plot derived
GGG, and PGG/GGG mutants all showed similar primary from the integrated raw data from A. The line represents the best

U least-squares fit to the data.
kinetic isotope effects as that of the WT. Because of the
loss of the?H after enolization, the primary deuterium kinetic
isotope effect only reports on the relative kinetic barrier 3P NMR of 2-PGA Bound to WT and Mutant TIMC
heights up to the formation of the enediol(ate) intermediate. andK; measurements suggested different binding modes for
The results indicate that the enolization is the rate-limiting the glycine-rich hinge mutants versus WT TIM. To explore
step for all three mutants, just as for the WT enzyme. the difference in the ligand bound form of the enzyfie,

ITC. ITC was used to measure the binding energetics of NMR spectroscopy was used. TH& nucleus is very
2-PGA, the intermediate analogue (Table 4). The thermo- sensitive to environmental change, and the changes in the
dynamic parameters were determined for the WT, NPN (an 3P chemical shift of the ligand should reflect changes in
active C-terminal hinge mutant}®?), PGG, GGG, and PGG/ the nearby loop and protein structure. The results are
GGG. A typical binding isotherm for the WT is shown in presented in Figure 5. All of the spectra were acquired at
Figure 4. The results are summarized in Table 4. Although two different ligand concentrations. An equimolar concentra-
the WT and NPN enzymes have different binding constants, tion (to enzyme active sites) of 2-PGA was used to determine
they both show a similar pattern of negative enthalpy and the 3P chemical shift for enzyme-bound 2-PGA, whereas a
negative entropy. For the PGG/GGG and GGG mutants, nohigh (4 equiv relative to the enzyme active sites) concentra-
evolution of heat was detected upon addition of the ligand tion was used to determine the chemical shift of free 2-PGA
even at a high concentration of protein (2501). and the qualitative exchange rate between these two forms.

The Ky determined by ITC for the WT and the NPN In the case of the WT, the exchange between free and bound
mutant is consistent with the kinetiG. The data indicated  forms is sufficiently slow 400 s?%) that peaks correspond-
that the tight binding of 2-PGA to the WT comes from a ing to the two species are observed in e spectrum. As
large enthalpy change-8.2 kcal/mol) during the binding  shown in parts ae of Figure 5, the!P chemical shifts of
process. The entropy changeg.0 cal/mol K) is actually ligand bound to the WT and the NPN mutant appear as broad
unfavorable for binding but is compensated by the enthalpic peaks at 5.35 ppm, while the free 2-PGA appears as a sharp
contribution. The NPN mutant binds the ligand more weakly peak at 3.25 ppm. The ligand bound to the PGG/GGG and
but follows a trend similar to that of the WT. In contrast, GGG mutants has a chemical shift similar to that of free
the PGG/GGG and GGG mutants do not show any significant 2-PGA (parts bk of Figure 5). The GGG-bound 2-PGA is
enthalpy change during the binding process. Thus, entropybroadened relative to free 2-PGA, whereas the PGG/GGG-
must favor the binding process, and binding of the ligand to bound 2-PGA has an identical line width to free 2-PGA.
these mutants is entropy-driven. The thermodynamic param-Ligand bound to PGG has a chemical shift similar to ligand
eters for the PGG mutant are intermediate between the WTbound to the WT, although it is significantly broadened (parts
and these mutants. f and g of Figure 5). At £C, the line shape did not narrow

8 - _

kcal/mole of injectant
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6.0 5.0 4.0 3.0
(Pppm)

FicurRe 5: 3P NMR spectra of 2-PGA titrations of proteins
containing 1 mM TIM (active sites) in 100 mM triethanolamine-
HCI and 10 mM EDTA at pH 6.5 and 2%C. (a) 1 mM 2-PGA,

(b) 1 MM WT + 1 mM 2-PGA,; (c) 1 mM WT+ 4 mM 2-PGA;

(d) 1 mM NPN+ 1 mM 2-PGA; (e) 1 mM NPN+ 4 mM 2-PGA;

(f) 1L mM PGG+ 1 mM 2-PGA,; (g) 1 mM PGGt 4 mM 2-PGA;

(h) 1 mM GGG+ 1 mM 2-PGA; (i) 1 mM GGG+ 4 mM 2-PGA;

() 1 MM PGG/GGG+ 1 mM 2-PGA,; and (k) 1 mM PGG/GGG

+ 4 mM 2-PGA. For each spectrum, the data set contained 6000
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and the peaks did not shift (data not shown). These results
indicate that the phosphate of 2-PGA is bound in an
increasingly solvated chemical environment with increasing
conformational freedom in the series of mutants PGG, GGG,
and PGG/GGG. This increased solvent exposure is in contrast
to the N-terminal mutant NPN in which the phosphate
chemical environment appears similar to the WT. However,
the increased line width of the NPN-bound 2-PGA suggests
conformational heterogeneity in this complex as well. This
spectrum is consistent with the structural changes observed
in the 2-PGA liganded X-ray crystal structurggj.

DISCUSSION

In the X-ray crystal structures of TIM, loop 6, which is
comprised of 11 amino acids, occupies two distinct confor-
mations depending on the presence of the liga88&] 84).

The superimposition of liganded and unliganded enzymes
shows that the loop undergoes a large movement at the loop
tip residue Thrl172 (Figure 1). The loop structure does not
change conformatiorlg). However, residues at the ends of
the loop act as hinges. In addition, the peptide bonds between
Gly209 and Gly210 and between Gly210 and Ser211 in loop
7 undergo a 90rotation upon closure. The/¢p bonds of
Ser211 rotate from 8012C° to 65°/30° in the closed form.
Our earlier work to investigate the amino acid sequence
requirements at the N-terminal (residues 1868) and
C-terminal hinges of loop 6 indicated that specific combina-
tions of amino acids worked bestq, 20, 32).

To further explore the structurgeactivity relationship
between hinge side chains and catalysis, we constructed
glycine hinge mutants to test the effect of deletion of hinge
side chains. In all of our library selections using growth
complementation of the TIMstrain DF502 85) on glycerol
(stringent conditions with a 2-day selection), we had never
observed a glycine at multiple hinge positions. We reasoned
that replacement of the hinges with glycine would maintain
the same peptide backbone constraints as WT TIM through-
out the loop but would increase flexibility at the hinges. The
first residue of the N-terminal hinge, Prol66, was retained
because it is invariant in all known TIM sequences and we
knew that it is essential for enzyme catalys29)( Vall167
and Trpl68 of the N-terminal hinge and Lys174, Vall75,
and Alal76 of the C-terminal hinge were replaced with two
and three glycines, respectively. The resulting N-terminal
glycine-rich mutant PGG and C-terminal mutant GGG were
combined to construct a glycine-rich double-hinge mutant,
PGG/GGG. The three mutant proteins were then purified to
homogeneity and characterized with steady-state kinetics.
The ket for the PGG/GGG mutant drops dramatically by
2500-fold in both the forward and reverse direction, while
the ket Values of the two single-hinge mutants drop to an
intermediate level, around 200-fold. This result is consistent
with our previous screening results in which multiple glycines
were not observed in the hinges of mutants selected from
our libraries. The effects ok, 0f the double-hinge mutation
were less than additive reflecting the interdependence of
hinge residues that had been surmised from earlier mutation
selection experiment2() and confirmed by X-ray crystal-
lography of the mutantsl@). On the other hand, thKn,
values were increased by approximately 10-fold for all of

transients, except a, which contained 250 transients, and ¢, whichthe mutants. The values &f for the intermediate analogue

contained 1600 transients. All spectra were acquired at 101.3 MHz.

2-PGA were increased by a similar amount.
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Having shown that the deletion of loop side chains has a In the series of glycine mutants, we observed a decrease
dramatic effect on catalysis, we asked whether the underlyingof enthalpy and an increase of entropy along the series PGG,
reason for the loss of activity was due to a reduction in the GGG, and PGG/GGG. GGG and PGG/GGG show no
enolization step or in the binding of the substrate. The detectable enthalpy change upon binding the ligand even at
primary deuterium kinetic isotope effect was determined 250 uM protein concentrations, despite the only 10-fold
using [1R)-°H]-DHAP as the substrate. Only the relative reduction in binding affinity compared to that of the WT.
heights of the substrate binding and enolization steps areThe consequences of this observation are 2-fold. First, the
probed with [1R)-2H]-DHAP because the isotope is lost upon driving force for binding is the entropy increase of the
formation of the intermediate2). If the deletion of hinge  system. The thermodynamics suggest that the active site is
side chains affects mainly the diffusion of the substrate into not as organized as the WT, possibly because the mutant
or product out of the active site and the chemistry step wasloop can sample many more conformations. That is, the
only marginally affected, there would be no isotope effect predominant ligand-bound protein conformer or conformers
observed. For all three mutants, we observed a primary has an open loop. Second, strong positive binding interactions
kinetic isotope effect comparable to that of the WT, are notformed in the ground state. This deficiency implies
indicating that the enolization step is still rate limiting. Thus, again that the predominant ligand-bound protein conformers
removal of hinge side chains results in a reduction in the have an open loop and that the frequency of forming a

catalyzed rate of the chemical steps, that is, enolization andproductive loop-closed complex that can catalyze the eno-
protonation. lization is reduced, resulting in reduced catalytic efficiency.

The most likely reason for this enthalpy loss is the absence
of loop—phosphate interactions. Although the phosphate
binds to other protein residues not part of the loop, the net
positive enthalpy of these interactions must be canceled by
the enthalpic penalty of desolvation of the ligand and the
active site. The loss of strong positive binding interactions
results in a new positive entropic contribution upon binding.
We presume this positivASis due to the loss of ordered
water upon binding the ligand. In the case of the WT, the

. . . . positive entropy gain from water release is canceled by
structural studies of the DHAP Michaelis complex call into formation of a more ordered active site. For the glycine

question this proposal. The structures show that the SUbStrat(?nutants an ordered ligand complex is not formed. Using
is not strained in the loop-closed form and suggest that thisthe ice/\’/vater entropy change as a model for reléase of

tsrt]ratlrlf:s no; m}r?dutced into the mt;[erm(?dtlﬁﬂﬁ)(.lw_e f'ng. ordered water, the lower limit of expected entropy change
at tetafso ute tﬂrrlmlver rlu'jmdert'o It ethg }{/CIfnt?] \'/C_?_e is 7 cal/(mol K) @8). This entropy allows us to estimate for
mutants to form methylglyoxal 1s idénticalto that ot the the PGG/GGG mutant that-3 waters are released upon

isomerase. This result_ combined with the klnetlp datg ligand binding, consistent with the water structure observed
suggests that the most important role of the loop hinges ISy unliganded TIMs

glgsvvivr?r |t20e a;t')\gtrlgnTehr;erS%Zbﬂfzg]t?Oﬁn;l'tzha;'sc;n trsetlﬁzﬁic?r)]/ We investigated the structure of the ligand-bound mutants
g loop : using®P NMR to probe the local environment of the ligand

states mgst arise from a combination of orie_rltjng cat.aly.tic 2-PGA phosphate when bound to the enzyme. The WT
groups Wlth.respe_ct to the s_ubstrate apd prOV'dmg a binding enzyme/2-PGA complex and free 2-PGA are in slow
site with a d!electrlc conductive to eno_Ilzanon. Thus, the role exchange and are separated by 1.9 ppm. In the PGG mutant,
of the loop is to ensure that protonation of the enediol(ate) the bound peak is much broader than that for the WT. For
intermediate is faster than elimination by providing a suitably the GGG and PGG/GGG mutants. the chemical shift o.f the
oriented proton at highly effective concentration. In turn, bound peak is the same as that’for the free 2-PGA. We
pmdmg O.f the subgtrate sta_b|l|zes the loop-closed conforma- confirmed, using UV spectroscopy (Figure 4) to titrate ligand
tion that is catalytically active. binding, that the PGG/GGG mutant does actually bind
Calorimetric measurements revealed that binding of the 2-PGA. In the3lP NMR spectra, titration with the ligand
ligand to the WT enzyme was enthalpically favorable and does not cause a change in chemical shift of the phosphate
the calculated entropy change was negative. These thermonor does lowering the temperature by 2@. Thus, the
dynamics are consistent with an increase of the active-sitechemical environment of the mutant-bound 2-PGA phosphate
order upon binding ligand, despite the release of water thatis the same as that of the free 2-PGA. The NMR spectra are
occupies the active site in the absence of the ligand. Theconsistent with the entropy-driven binding measured by
negative entropy is compensated by strong noncovalentcalorimetry, and we conclude that the predominant confor-
binding interactions between the ligand and protein. Richard mations of these mutants even in the presence of 2-PGA are
and co-workers have estimated that 4 kcal/mol of binding loop-open conformations. This conformation is consistent
energy in the ground state is derived from binding the with the 10-fold increases ik, observed for both substrates.
phosphate37). This estimate is consistent with our calori- Our data suggest that many more loop-open conformations
metric measurements on the intermediate analogue. The onlyare possible for the GGG and PGG/GGG mutants than for
direct contact between a loop residue and the ligand is athe WT loop. The calorimetric and spectroscopic data
hydrogen bond between the phosphate moiety of the ligandindicate that the C-terminal hinge (mutated to GGG) is more
and the amide of Gly171 at the tip of the loop. The hinge important structurally, than the N-terminal hinge. This role
residues do not directly interact with the ligand. is consistent with structural18), mutational 9), and

In solution, the enediol(ate) intermediate is prone to
phosphate elimination forming methylglyoxal 100-fold
faster than the protonation reaction to reform triosephosphate
(29). In the reaction catalyzed by WT isomerase, isomer-
ization is 10-fold favored over phosphate elimination. One
proposed role of the loop is to prevent elimination of the
enediol(ate) intermediate by constraining the phosphate of
the intermediate to be in the plane of the enediol, that is, O3
is not periplanar to ther system of the enediol7j. Recent
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computational 14) studies that indicate the formation of a 5.

hydrogen bond between Tyr208 and the amide of Alal76 is
critical for closure of the loop. 6
Using temperature jump equilibrium perturbation and
fluorescence spectroscopy, Callender and co-workers have
inferred the existence of a loop-open Michaelis complex that
is formed before the loop-closed Michaelis compl&g)(
In WT TIM, the closed complex is the most highly populated
complex in the presence of ligands and is consequently what
is usually observed by X-ray crystallography. We conclude
from our experiments that the active-site loop 6 is sampling
many more conformations in the glycine mutants, particularly
GGG and PGG/GGG, than in the WT. When the closed
conformation is sampled, catalysis can occur. The frequency
of sampling this conformation is significantly reduced

because the probability of finding the conformation has been 10.

decreased by glycine mutation at the hinge. The result is
that the efficiency of enolization is reduced and is rate-
limiting. Binding of the substrate to the active site does not
become rate-limiting. The role of the loop hinges is to
constrain motion of the loop and restrict the number of
conformations that are accessible. This constraint can be
accomplished with many amino acid compositions as we
have found in our earlier library selectiorsd( 20, 32). The
number of amino acid sequences that result in maximum
catalytic efficiency is controlled by secondary interactions 14
between hinges and between loop 6 and17).( These
interactions are necessary for forming the ideal closed-loop
6 conformation that orients Glul65 to deprotonate the
substrate and protonate the intermediate and provides the
appropriate protein dielectric for catalysis.

The introduction of glycine into the active-site loop of
Sadenosylmethionine synthetase resulted in similar conse- 16
quencesq). S‘Adenosylmethionine synthetase has an eight-

11

residue loop that closes on the substrates to make a 17

catalytically competent complex. Dynamics measurements
have shown that the loop motion is not gated by the ligand
(40), just as in the case for TIM. On the basis of Arrhenius
analysis, the entropic component of the activation energy,
AS, undergoes a negativgositive switch upon substitution

of loop residues with glycine with a magnitude similar to
the AAS that we observe with TIM. In that system, the body
of the loop was mutated to glycine, leading to a presumably
more disordered lid. In our paper, we have shown that
introducing conformational mobility at the hinges without
disturbing intraloop interactions is sufficient to alter the
conformer population of the enzyme. The unfavorable
entropies that result from limiting conformational mobility
are counteracted by favorable enthalpic contributions that
result from binding substrates.

[y
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