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a b s t r a c t

The region encompassing residues 401–413 on the E1 component of the pyruvate dehydrogenase mul-
tienzyme complex from Escherichia coli comprises a loop (the inner loop) which was not seen in the
X-ray structure in the presence of thiamin diphosphate, the required cofactor for the enzyme. This
loop is seen in the presence of a stable analogue of the pre-decarboxylation intermediate, the covalent
adduct between the substrate analogue methyl acetylphosphonate and thiamin diphosphate, C2�-
phosphonolactylthiamin diphosphate. It has been shown that the residue H407 and several other residues
on this loop are required to reduce the mobility of the loop so electron density corresponding to it can
be seen once the pre-decarboxylation intermediate is formed. Concomitantly, the loop encompassing
residues 541–557 (the outer loop) appears to work in tandem with the inner loop and there is a hydrogen
bond between the two loops ensuring their correlated motion. The inner loop was shown to: (a) sequester
the active center from carboligase side reactions; (b) assist the interaction between the E1 and the E2
components, thereby affecting the overall reaction rate of the entire multienzyme complex; (c) control
substrate access to the active center. Using viscosity effects on kinetics it was shown that formation of the
pre-decarboxylation intermediate is specifically affected by loop movement. A cysteine-less variant was
created for the E1 component, onto which cysteines were substituted at selected loop positions. Intro-
ducing an electron spin resonance spin label and an 19F NMR label onto these engineered cysteines, the
loop mobility was examined: (a) both methods suggested that in the absence of ligand, the loop exists in
two conformations; (b) line-shape analysis of the NMR signal at different temperatures, enabled estima-
tion of the rate constant for loop movement, and this rate constant was found to be of the same order of

magnitude as the turnover number for the enzyme under the same conditions. Furthermore, this analysis
gave important insights into rate-limiting thermal loop dynamics. Overall, the results suggest that the
dynamic properties correlate with catalytic events on the E1 component of the pyruvate dehydrogenase
complex.

Abbreviations: ThDP, thiamin diphosphate; LThDP, C2�-lactylthiamin
diphosphate; PLThDP, C2�-phosphonolactylthiamin diphosphate; HEThDP, C2�-
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pyruvate dehydrogenase multienzyme complex; E1ec, E1 subunit of E. coli pyruvate
dehydrogenase multienzyme complex; E2ec, E. coli dihydrolipoamide transacety-
lase; E3ec, E. coli dihydrolipoamide dehydrogenase; CD, circular dichroism; MALDI
TOF/TOF, matrix-assisted laser desorption ionization time-of-flight/time-of-flight;
FT ICR MS, Fourier-transform ion cyclotron resonance mass spectrometry; GC, gas
chromatography; �G, Gibbs free energy change; �H, enthalpy change; �S, entropy
change; �Cp , heat capacity change; TFA, trifluoroacetic acid; MM, Michaelis Menten
complex; MTSL, (1-oxyl-2,2,5,5-tetramethylpyrrolidin-3-yl) methanethiosulfonate;
ee, enantiomeric excess.
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1. Introduction

The Escherichia coli pyruvate dehydrogenase multienzyme com-
plex (PDHc-ec) is comprised of three enzyme components: E1ec,
E2ec and E3ec and catalyzes the oxidative decarboxylation of pyru-
vate according to Eq. (1) [1]:

CH3COCOO− + NAD+ + CoASH → CH3COSCoA + CO2 + NADH (1)
The E1ec catalyzes thiamin diphosphate (ThDP)-dependent
decarboxylation of pyruvate whose product reductively acetylates
the lipoamide group of E2ec and then the acetyl group is used to
generate acetylCoA on the E2ec component, to be used in the citric

2 These authors contributed equally to the work.
3 Regarding structural issues.
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Scheme 1. Mechanism of bacterial pyruvate dehy

cid cycle (Scheme 1). On the basis of a combination of site-directed
utagenesis and structural evidence, it became clear that there are

ome mobile loops of catalytic significance in the enzyme, loops
hich become organized when a substrate is bound to the active

enter ThDP. In view of these findings, it was of interest to attempt
o determine the dynamics of these loops and to establish whether
r not their dynamic properties correlate with any catalytic events.
elow, we summarize this fascinating story; the results provide an
dditional example of a correlation of dynamics and catalysis on a
hDP-dependent enzyme, already reported on the E1 component
f Bacillus stearothermophilus [29].

. Structural evidence for the importance of mobile loops
n catalysis

.1. Identification of possible mobile loops and their likely
mplication in catalysis

The first crystal structure determination of an intact, dimeric,
yruvate dehydrogenase multienzyme complex E1ec was achieved

n 2002 at 1.85 Å resolution [2], and revealed, along with the over-
ll fold and active site, that three regions comprising a total of
bout 10% of each monomer (residues 1–55, 401–413, 541–557)
ere disordered. This was deduced from the facts that no inter-
retable electron density is observed in these regions, yet analysis
f washed and re-dissolved crystals by mass spectrometry indi-
ated these regions were indeed present and had not been excised
y proteolysis. Knowledge that these regions, though disordered,
ad to be present in the crystal led to structural comparisons with
nown structures of other ThDP-dependent enzymes in an attempt
o determine possible locations for some of these regions, at least
uring some transient steps in the catalytic mechanism. The most
seful comparison was with the enzyme transketolase (TK) [3], that
as low sequence homology with E1ec and catalyzes cleavage of
he C–C bond of keto sugars and the subsequent transfer of a two-
arbon unit to aldo sugars. But, unlike some other ThDP-dependent

nzymes, TK has in common with E1ec the facts that these enzymes
nvolve both donor and acceptor substrates, and they both assem-
le the three domains in each chain in the same order. Overall
uperposition of the E1ec and TK structures is shown in Fig. 1a,
hile the superimposed active site regions are shown in Fig. 1b.
nase complex with role of thiamin diphosphate.

The TK magenta regions in Fig. 1b correspond to the disordered
region (residues 401–413) in E1ec, and suggest that a similar posi-
tion might be obtainable in E1ec during some point in the reaction,
bringing additional reactive residues into the active site. Of partic-
ular interest is the reactive residue H263 in TK that corresponds to
H407 in E1ec. This residue is highly conserved and positioned deep
in the active site where it could conceivably interact with substrates
or reaction intermediates.

An H407A mutation in E1ec was prepared and characterized
to see if it affects catalysis [3]. The results were striking as
this mutation only modestly affected catalysis through the pyru-
vate decarboxylation step in isolated E1ec (14% activity relative
to parental E1ec), but profoundly inhibited the overall complex
reaction by three orders of magnitude (0.15% activity compared
to parental E1ec). This implies that H407 is crucial for post-
decarboxylation steps in the reaction: it is likely that it is directly
involved in reductive acetylation of lipoamide of the E2ec com-
ponent, or indirectly involved by mediating E1ec–E2ec assembly
interactions. Evidence was reported for the former by showing that
in model reactions for the enamine, the dithiolane ring of lipoic
acid was remarkably unreactive as an electrophile, until it was itself
activated by another electrophile [4,5]. Dramatic rate accelerations
were obtained only by methylating one of the two sulfur atoms,
with the methylation serving as a substitute for protonation. Under
those conditions formation of a tetrahedral intermediate at C2�
was demonstrated between a sulfur of lipoamide and the C2� atom
of the enamine. We thus proposed that H407 may be involved in
protonation of lipoamide, thereby activating it toward reductive
acetylation in the E1ec active site. We then pointed out that both the
E1ec component and TK carry out ligation reactions, and TK is also
faced with the problem of activating a very weak base (protonation
of a carbonyl functional group). If H407 (and its counterpart H263
in TK) were required for such activation, it would explain the high
conservation of this active site residue in both enzyme families.

2.2. Confirmation of loop mobility and the importance of H407 in

the catalytic mechanism by high resolution structural analysis of a
reaction intermediate analogue

As part of studies to elucidate details for the catalytic
mechanism, E1ec crystals were obtained in complex with C2�-
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Fig. 1. (A) Stereo illustration of an E. coli PDHc E1 subunit superimposed on an S. cerevisiae TK subunit. Colors are green and black for the E1 and TK structures, respectively.
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he ThDP cofactors are shown in blue. (B) Stereo illustration of the active site enviro
han 471 are from the N-terminal of one subunit, and those greater than 470 are from
istidine residue unobserved in E1 but present in TK are shown in magenta. The co

egend, the reader is referred to the web version of the article.)

hosphonolactylthiamin diphosphate (PLThDP), the product of
he reaction between the cofactor ThDP and methyl acetylphos-
honate (MAP), where MAP is an analogue of the natural
ubstrate pyruvate. The enzyme complex with PLThDP mimics the
nzyme-bound, reactive pre-decarboxylation tetrahedral interme-
iate C2�-lactylThDP (LThDP; Scheme 1) [6], in terms of both
tructure and electrostatics. However, this complex differs from
hat formed with the true substrate in that the CO2 group of pyru-
ate has been replaced with a PO3 group, with one of the oxygen
toms methylated. The PLThDP complex has the advantage that
t is stable since the C2�–PO3Me bond is not cleaved, unlike the
2�–CO2 bond with the natural substrate. The crystal structure
f the PLThDP–E1ec complex has been determined at 2.1 Å reso-

ution [7], and is crucial to confirming the mobility of loops during
atalysis, as well as the need for H407.

The most surprising aspect of the PLThDP–E1ec structure is that
nlike in the original structure, two of the previously disordered
oops (residues 401–413 and 541–557) had become completely
rdered. These two regions were found to interact with each other
hile completing the active site, with some of their residues form-

ng direct contacts with the reaction intermediate analogue. Some
f the newly ordered residues and a key interaction formed with the
t in E. coli PDHc E1 with the TK structure superimposed. E1 residues numbered less
iddle domain of the “other” subunit forming the active dimer. The main chain and

ThDP is shown in green. (For interpretation of the references to color in this figure

intermediate analogue are shown in Fig. 2. It is seen that H407 forms
a direct hydrogen bond with one of the analogue’s oxygen atoms. To
determine the importance of this interaction, the crystal structure
of the PLThDP complex with an H407A E1ec variant was also deter-
mined at 1.85 Å resolution [7]. In that case, although the PLThDP
was totally ordered as before, the overall structure reverted back
to the initial state with both loop regions totally disordered. Since
the original, PLThDP–E1ec, and PLThDP–E1ec H407A structures are
all isomorphous with no changes in packing contacts, the disorder-
to-order transformation can only be attributed to the simultaneous
presence of the reaction intermediate adduct and H407. This implies
the hydrogen bond formed between H407 and the adduct is likely
to be important. Another important aspect of the structural analysis
with the PLThDP–E1ec complex is that with the two regions now
ordered, the now completely lined active site channel leads directly
to the enzyme surface (shown in Fig. 3). Some of the residues in
the newly ordered regions form a new surface at the active site

entrance, which is ideally situated to interact with the E2ec com-
ponent of the multienzyme complex. All of the results strongly
implicate the disorder-to-order transformation as being important
in the catalytic mechanism, either by direct participation in the
reaction or by facilitating favorable E1ec–E2ec interactions required
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ig. 2. 2Fo-Fc omit electron density map contoured at 1� for part of the region
hat became ordered in the presence of PLThDP. The reaction intermediate analogue
LThDP is shown as a ball and stick figure. Note: the hydrogen bond between the
nalogue and His407.

or product/substrate channeling between enzymatic components
ithin the complex. The results also indicated several interac-

ions between residues within the mobile loop regions that may
e important and are discussed below [8]. What was not known at
he time was the frequency of the transition, i.e., whether it occurs
nce upon forming the first reaction intermediate and persists, or
hether it occurs on each turnover.

. Mechanistic importance of the E1ec inner mobile loop in
atalysis

.1. Site-directed mutagenesis results [8]

Substitution of charged residues to alanine in the inner loop
other than of His407) resulted in reduction of kcat for the over-
ll reaction of the complex by as much as 10-fold. This is a modest
eduction and rules out any major roles of these residues in catal-
sis. The Kd ThDP was unchanged in all charge-reversed variants as
ompared to E1ec. While there was only a modest threefold increase
n Km pyruvate, there was a significant reduction in kcat/Km pyruvate for
401A and K403A indicating that substitution at these positions
ffected the rate of pre-decarboxylation steps. These observations
ould be the result of: (1) charges on these residues assisting
irectly substrate binding and specificity, or (2) disordering of the

oop perhaps caused by neutralization of charges on these residues
hus eliminating the stabilizing interactions. In contrast, the charge-
eversed variants examined retained little activity (reduced kcat

s much as 177-fold) and could not be analyzed by steady-state
inetics. Instead, we assessed the effects by direct measurements
f the apparent dissociation constant for the substrate analogue
AP (Kd MAP). The Kd MAP values for charge-reversed variants E401K

nd K403E were 129- and 136-fold higher, respectively, than with
1ec, while the Kd MAP values for E401A and K403A were only 9- and
2-fold higher, respectively. In K410E this value was reduced 7-fold
ut remained unchanged in K411E compared to E1ec. These obser-
ations indicate greatly reduced Kd MAP (impaired covalent addition
f substrate to ThDP) when charges are reversed, and suggest that
harges on loop residues have an important role in this step, via
odulation of loop dynamics. Not surprisingly, in H407A, shown to

e essential for disorder to order transition of the loop [3], Kd MAP

ncreased 221-fold. We suggest that the hydrogen bond from H407
o PLThDP with the closed loop conformation is also present when
ubstrate pyruvate binds to the coenzyme forming LThDP [7], and
his interaction would thus stabilize this intermediate (discussed
n Section 1.2).
lysis B: Enzymatic 61 (2009) 14–22 17

Direct involvement of charged loop residues in substrate bind-
ing could also be ruled out since the value of Kd MAP increased with
a reduction in activity, and, responded dramatically to charge varia-
tions. The fractional increase in Kd MAP in loop variants (as compared
to H407A) could be due to impaired juxtaposition of H407 with
respect to intermediate due to loop disorder, hence, H407 not only
clamps down on the bound substrate, it is also directly responsible
for stabilizing the LThDP form. This substrate induced ‘clamping’
or ‘capping’ action is reported in many enzymes whose catalysis is
controlled by loop gating [see Ref. [30] for a review]. This is further
supported by the observed stabilization of the otherwise transient
MM complex in those loop variants in which the degree of loop
disorder can be said to be at a maximum.

The N404A led to the greatest reduction in overall activity among
the alanine-substituted variants and also greatly affected the Kd MAP
(33 �M) as expected, since N404 is within hydrogen bonding dis-
tance of, it interacts with the outer loop [7] and this interaction is
essential for proper closure of this loop [9].

Thermodynamics of MAP binding to E1ec and its loop vari-
ants supported the above hypothesis. The van’t Hoff’s plot for E1ec
was nonlinear in the accessible temperature range resulting in
�Cp = −245.7 cal mol−1 K−1. �Cp has been related to the change in
polar (�Ap) and non-polar (�Anp) surface area (Å2), which accom-
panies binding [10].

�Cp = 0.32�Anp − 0.14�Ap (2)

Binding of MAP to E1ec yielded �Anp value of −646.28 Å2 and
�Ap value of −173.45 Å2 indicating that binding is predominantly
accompanied by burial of non-polar surface area. These are typi-
cal values reported for ligand binding processes coupled to folding
events [10]. This observation is also consistent with the crys-
tal structure, which shows the intermediate analogue PLThDP in
the active site in the ordered conformation being surrounded by
hydrophobic residues; these residues may not be juxtaposed in the
disordered conformation, exposing these residues to solvent. In the
absence of a crystal structure for the disordered conformation, we
were unable to obtain a theoretical estimate of �Anp and �Ap dur-
ing the disorder to order transition. The finding that with the inner
loop variants �Cp is zero, suggests the absence of binding-coupled
conformational changes upon MAP addition, and hence impaired
ordering of the loop(s).

It was shown that the fractional reduction in E1 component-
specific activity (measured by the external oxidizing agent
2,6-dichlorophenolindophenol, DCPIP) is always smaller than the
fractional reduction in overall complex activity (measuring NADH
production). This is an indication of disruption in communication
between the E1ec and E2ec components. Disordering of the inner
loop therefore affects the transfer of acetyl group from E1ec to the
lipoamide on E2ec. Based on such observations and those from the
structure of PLThDP–E1ec in which a new surface is formed in the
active site channel as a result of loop ordering, it was proposed that
this new surface facilitate E2ec-lipoyl domain binding and receiv-
ing lipoamide in the active center [7]. In H407A this newly ordered
surface was not seen due to disorder of the loops and could explain
the disruption of active site coupling in H407A.

To test the hypothesis that covalent substrate addition and
reductive acetylation (active site coupling) are greatly impaired
as a result of disorder in the loop caused by substitutions, the
E401K variant was crystallized in the presence of PLThDP. Indeed,
we found that both loops are disordered in both the ThDP–E401K
and in the PLThDP–E401K complexes [8]; in the variants the pres-

ence of PLThDP in the active site is insufficient to form a strong
hydrogen bond with H407 (present in the loops 401–413) for
ordering this loop in the active site channel. Compared to the
PLThDP–E1ec structure [7], there is no conformational rearrange-
ment of active site residues in the PLThDP–E401K complex. Analysis
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Fig. 3. Location of the inner loop on E1ec. (A) Stereo view of inner loop and intermediate (1′-4′ imino tautomer of PLThDP) hydrogen bonding in active site loops 401–413
(yellow) from subunit A (green) and 541–557 (blue) from subunit B (red) of E1ec. PLThDP (analogue of LThDP) is seen in the active site. Hydrogen bonding (· · ·) between
loops and between H407 and PLThDP can be seen. (B) Surface view of the E1ec showing active site channel and the positions of two loops [401–413 in blue from subunit �2a
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white) and 541–557 in red from subunit �2b (green)]. The interaction of two loops
he positively charged residues K410 and K411 lining the active site cavity can be s
een deep inside active site cavity. Coordinates of PDB file 2G25 was used to create
egend, the reader is referred to the web version of the article.)

f the PLThDP–E1ec structure revealed that residues present in the
nner loop are involved in strong hydrogen bonding interactions

ith the residues present in loop region 392–400 [7], a loop region
hat is ordered in all E1ec structures, in the complexes with ThDP
r PLThDP, and in the structures of different 401–413 loop variants.
he inner loop forms several hydrogen bonds with this 392–400

oop, and these interactions also play a significant role for ordering
he loops 401–413 in the active site channel.
.2. Ordering of the inner loop protects the active center from
carboligation’ side reactions

Disruption of loop closure over the active center in loop-
ubstituted variants would also mean impaired sequestering of
es a new surface leading to active site formed at the interface of two subunits [7].
yellow. Intermediate analogue, in presence of which loops gets organized, can be
with the help of Pymol. (For interpretation of the references to color in this figure

active site chemistry from solvent. To test the plasticity of the active
center, we used the carboligase side reactions as a diagnostic probe,
reactions common with some ThDP-dependent decarboxylases.
This is a reaction of the enamine with adventitious electrophiles
competing with: (a) protonation in the non-oxidative decarboxy-
lases, or (b) oxidizing agents in the oxidative decarboxylation
reactions, such as with the lipoylE2. These electrophiles are typ-
ically the aldehyde product leading to acetoin and derivatives, or
the 2-oxoacid starting material itself leading to acetolactate and

derivatives. Certain active center substitutions on both E1ec [11]
and the yeast pyruvate decarboxylase (YPDC [12]) have been shown
to favor such carboligase side reactions over the principal product-
forming reaction. According to NMR analysis, the molar ratio of
acetolactate to acetoin is 1.25 when E1ec is incubated with excess



r Cata

p
r
(
[
a
[
d
b
t
v
t

v
w
p
i
h
o
p
p
r
a
t
w
c
v
n
i
a
u
t
F
h

o
q
m
K
r
a
[
1
u
r

F
l
t
w

F. Jordan et al. / Journal of Molecula

yruvate. These data coupled with CD analysis of the above reaction
evealed an approximately 10% ee of (S)-acetoin and a small ee of
R)-acetolactate, both detectible by their characteristic CD signals
(S)-acetoin gives a positive band with �max near 280 nm, while (R)-
cetolactate gives rise to a negative band with �max at 301–302 nm
11]]. If active site loops do not sequester the intermediate due to
isorder caused by substitutions, then we would expect this ratio to
ecome larger than obtained with E1ec. Analysis of the carboliga-
ion products revealed that the molar ratio of acetolactate/acetoin
aried inversely with activity, i.e., a lower the activity of variant, led
o higher ratio of acetolactate relative to acetoin.

According to CD and chiral GC analysis, the H407A and H407C
ariants produced excess (R)-acetoin (negative CD band at 280 nm),
hile parental E1ec produced an excess of (S)-acetoin (∼10% ee;

ositive CD band at 280 nm). This result suggests that the enamine
ntermediate changes its facial preference for the re face of acetalde-
yde with these variants and the residue H407 also has an influence
n the facial selectivity of the carboligase reaction. The carboligase
roduct distribution and its stereochemical outcome are sensitive
robes of access to the active center. As discussed in Section 1.1, the
eactive residue H263 in TK corresponds to residue H407 in E1ec,
nd both of these residues interact with substrates/analogues in
he active centers. Using a combination of chiral GC, CD and NMR,
e have shown that this interaction on E1ec not only facilitates

atalysis, but is also important in aligning incoming substrate vis-à-
is the active center ThDP, presumably facilitating formation of the
ear-attack conformation (NAC). We hypothesize that the dynamic

nner loop also serves an important function in pre-organizing the
ctive center for the substrate addition step, an essential prereq-
isite for an enzyme catalyzing multiple chemical steps requiring
he stabilization of multiple transition states during catalysis [28].
urther studies are needed to provide additional support for this
ypothesis.

Substitutions at different positions along the loop affected
rdering of the loop and the magnitude of disorder induced is
ualitatively mirrored by the carboligation product profile. Infor-
atively, the major carboligation product of the K410A, K410E,

411A and K411E variants is (S)-acetoin with a small amount of
acemic acetolactate. NMR analysis revealed that the molar ratio of
cetoin to acetolactate was higher with the variants than with E1ec

the molar ratio of acetoin/acetolactate was 0.8 (E1ec), 1.20 (K410A),
.45 (K410E), 1.05 (K411A) and 1.43 (K411E)] [8]. This suggests that,
nlike with E1ec and other loop variants, with neutral and charge-
eversed substitution at K410 and K411, the second pyruvate cannot

ig. 4. Stabilization of transient Michaelis complex with pyruvate in low activity
oop variants. Representative trace of each variant at a particular active site concen-
ration is shown. In actual titration intensity of negative peak (centered at 327 nm)
as proportional to active site concentration for all the variants in the figure.
lysis B: Enzymatic 61 (2009) 14–22 19

readily access the active center to add to the enamine to gener-
ate acetolactate. Thus the reactive enamine reacts more frequently
with acetaldehyde generated in the active center in the absence of
oxidizing agent; the positive charge at K411 and K410 is needed to
assist entry of the second molecule of pyruvate forming acetolac-
tate, and presumably of the first one as well. Binding curves of ThDP
to apo K410 and K411 variants yielded Hill coefficients (nH), which
indicated that these substitutions induced cooperativity in ThDP
binding, yet, the Kd ThDP values remained unchanged in the variants.
Therefore, the positive charges lining the active site entrance help
entry of ThDP independently in both active sites of the dimer, but,
in the absence of these charges, structural changes in the active site
(composed of residues from both subunits) that occur upon binding
of ThDP in one site must precede binding the second ThDP in the
second active site [13]. These structural changes presumably prop-
agate to the second active site and prepare it for binding the second
ThDP.

3.3. Evidence for impaired communication between the E1ec and
E2ec components when the loops are unorganized

We had shown earlier that MALDI-TOF and MALDI-TOF-TOF
MS methods provide a clear measure of the effectiveness of
acetyl transfer (reductive acetylation) between the E1ec and E2ec
components. The rate of reductive acetylation of E2ec and of inde-
pendently expressed lipoyl domain was affected in several loop
variants. The independently expressed lipoyl domain was fully
acetylated after 1 min of incubation with E1ec and pyruvate. How-
ever, the loop variants with low activity exhibited slower reductive
acetylation (E401K, K403E and N404); unacetylated lipoyl domain
could be detected even after 30 min of incubation, suggesting a dra-
matic reduction in subunit communication, as reported for H407A
earlier.

3.4. Evidence for impaired rates of formation of the
pre-decarboxylation intermediate and the surprising stability of
the Michaelis Menten complex when loops are unorganized

Earlier, we had reported that addition of excess pyruvate to a
solution of E1ec complexed with ThDP and pre-incubated with
0.2 mM pyruvate reveals the presence of a transient MM complex,
characterized by a broad negative CD band centered at 327 nm
[14]. We hypothesized that under these conditions the MM com-
plex was stabilized by the slow turnover of the substrate due to
the presence of a dead-end intermediate, C2�-hydroxyethylThDP
(HEThDP), in one of the two active sites. In the absence of pre-
incubation with 0.20 mM pyruvate, the turnover is very fast and no
MM complex could be detected. With the very low activity inner
loop variants (E401K, K403E, N404A and H407A) the MM com-
plex could be detected under both conditions, i.e., with or without
pre-incubation with 0.20 mM pyruvate (Fig. 4). Based on the crys-
tal structure results for E401K, as well as kinetics and CD studies
of loop variants, we concluded that the MM complex in E401K,
K403E, N404A and H407A is stabilized by a dramatic reduction in
the rate of chemical transformation to LThDP as a consequence of
the disordering of the loops.

4. Dynamic consequences of E1ec inner loop substitutions
[9,15]

According to the previous summary, the dynamic behavior

of the active center inner loop in E1ec is critical for catalytic
functions starting from a pre-decarboxylation event and culminat-
ing in transfer of the acetyl moiety to the E2ec component (i.e.,
inter-component communication) [8]. The disorder-order transfor-
mation in E1ec modulated by interaction of H407 with PLThDP
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cheme 2. Mechanism of formation of 1′ ,4′-iminolactyl ThDP and 1′ ,4′-iminopho
nalogue methyl acetylphosphonate (MAP), respectively to enzyme-bound ThDP.

cts as a ‘feed-forward’ switch by preparing the active site for
he next step, receiving the lipoamide group of the E2ec compo-
ent [7]. These observations suggested that the dynamics of the
1ec active center loops may be correlated to substrate turnover.
orrelated biological processes of considerable interest such as lig-
nd binding, catalysis and conformational transitions, occur on
imescales ranging from picosecond to days and the conforma-
ional transition is often coupled to ligand binding and catalysis
16–18]. To quantify inner loop dynamics, we used site-specific
abeling (SSL) of a cysteine-free E1ec variant (E1ec-C6; replacing 6
ysteines/monomer) onto which single cysteines could be substi-
uted at any desired position.

.1. Loop dynamics influences covalent addition of the substrate
o ThDP

Experiments were carried out to identify which microscopic
tep(s) in Scheme 1 respond to loop dynamics, using our assignment
f a negative CD band centered near 320–330 nm to (a) the 4′-
minopyrimidine tautomer of ThDP (AP form) or (b) the Michaelis
enten (MM) complex formed either with substrate [19] or sub-

trate analogue MAP [19,20]. Addition of pyruvate to the E401K
oop variant under a variety of conditions produced the negative
D band corresponding to MM, stabilized as a result of very slow
atalysis caused by impaired loop dynamics [8]. The MM was fully
ormed in E1ec and E401K, within the dead time (1 ms) of the
topped-flow CD instrument. However, formation of PLThDP from
AP (Scheme 2) on E1ec (kobs

1 = 3.6 ± 0.2 s−1 and kobs
2 = 0.35 ±

.06 s−1) was slower than MM formation and significantly slower in
401K (kobs

1 = 0.37 ± 0.05 s−1 and kobs
2 = 0.04 ± 0.01 s−1). Hence,

ormation of C–C covalent bond (k2 in Scheme 1), and not forma-
ion of MM (kMM), is the rate-limiting pre-decarboxylation step, and
oop dynamics greatly influences covalent addition of substrate to
he enzyme-bound ThDP.

.2. Viscosity dependent kinetics supports correlation of catalysis
nd loop dynamics

Variation of k0
cat/kcat [the ratio of the k0

cat measured in buffer to
hat measured in the presence of the viscogen (kcat)] with viscosity
� in E1ec gave a linear plot (slope = 0.06 ± 0.04) at low viscosity,
ut at higher viscosity the plot deviated from linearity. In con-
rast, such a plot for E401K was linear and displayed a much larger
lope (0.8 ± 0.1). Consistent with this observation, similar values
re observed for kcat for pyruvate (3.2 ± 0.3 s−1) and the rate of

ormation of PLThDP (kobs

1 = 3.6 ± 0.2 s−1) at � = 1.0 in E1ec. Since
ormation of MM (kMM), a step preceding LThDP formation, is not
ate limiting for either E1ec or E401K [15], the lower catalytic rates
i.e., higher slopes) in the variants strongly suggest impaired catal-
sis due to loop disorder (i.e., impaired loop dynamics). That the
olactyl ThDP as a result of covalent addition of substrate pyruvate and substrate

nonlinear plot observed with E1ec reflect changes in loop dynam-
ics as a result of increasing medium resistance, rather than a change
in rate-determining step, was suggested by direct measurement of
the rate of pre-decarboxylation steps in E1ec at � = 5.3. The MM
was again fully formed within the mixing time of instrument (1 ms,
unchanged at higher �); however, the rate of formation of PLThDP
(kobs

1 = 0.96 ± 0.23 s−1) was similar to kcat (1.0 ± 0.3 s−1) measured
at � = 5.3. With E401K the kobs

1 = 0.067 ± 0.01 s−1 was again simi-
lar to kcat = 0.07 ± 0.01 at � = 5.3. The results affirmed that the rate
determining step is unchanged with increasing viscosity, and the
nonlinear kinetics with increasing viscosity in E1ec reflect pro-
gressive impairment of loop dynamics and associated catalysis.
Substitution at the highly conserved residue E571 to alanine served
as a low activity control, showing that the observed viscosity effects
on catalysis of E1ec and variants could be attributed to dynamic
modulation of catalysis.

4.3. EPR studies reveal a dynamic equilibrium of conformations of
the inner active site loop

The EPR spectrum of a nitroxide spin label inserted at position
Q408C (Q408C–MTSL) revealed the presence of two components in
the un-liganded enzyme at room temperature; an intrinsic com-
ponent that is mobile with a rotational correlation time (�R) of
1.3 ns comprising 25%, and an immobile component (�R = 5.4 ns)
of 75%. Upon addition of MAP to form PLThDP, the �R for the
mobile component remained the same but increased dramati-
cally to 8.3 ns for the immobile component. Similar results were
obtained for K411C–MTSL (K411C derivatized with MTSL), but, the
contribution from the mobile component was very small and the
spectra did not require simulation with a two-component model. A
single-component simulation of the K411C–MTSL spectra showed
an approximately 214% increase in the �R, indicating a dramatic
reduction in the mobility of the probe on MAP addition. Compared
to Q408C–MTSL, the �Rs for K411C–MTSL are fast; presumably the
mobility of the probe in the presence and absence of MAP is faster
in K411C–MTSL. Since K411 is located at the hinge of the loop, the
probe could move more freely than at Q408, yet addition of sub-
strate analogue gave a measurable change.

We have now shown on E1ec that the disordered active center
loops become ordered on formation of PLThDP from MAP [7]. This
ordered conformation could be associated with a closed one since
it protects the active site from solvent, in contrast to a disordered
(or open) conformation, in which the enamine reacts with excess
pyruvate in the ‘carboligation’ side reaction [6]. Also, since the frac-

tion of immobile component increased with concomitant decrease
in the fraction of mobile component (their respective �R values
showing reciprocal changes), we hypothesized that these compo-
nents might represent two environments encountered by the probe
reflecting different conformations. Consequently, changes in the
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PR spectra resulting from addition of MAP were assigned to a
hange in the ratio of open to closed states of the mobile loops.
t was concluded that the loops exist in an equilibrium of open and
losed states in the un-liganded state and the population shifts to
preponderance of the closed state on binding of the substrate

nalogue to produce PLThDP. We further hypothesized that similar
hanges would occur on binding of the substrate pyruvate in place
f MAP.

.4. 19F NMR studies provide a quantitative estimate of the rate of
ctive site loop fluctuations

To obtain dynamic information on a slower time scale than
hat afforded by the X-band EPR experiments, 19F NMR experi-

ents were carried out. The initial 19F NMR studies confirmed
he conclusions from EPR studies. The 19F spectra of K411C-TFA
K411C derivatized with 1-bromo-3,3,3-trifluoroacetone) showed
wo distinct and unequally populated resonances at −8.993 ppm
nd −9.106 ppm, respectively. On addition of MAP, the resonance at
8.993 disappeared and the one at −9.106 became more intense,
nd the two were assigned to the closed and open conformations
f the loop, respectively, consistent with the EPR observations.
s the same resonances are also present in the un-liganded state

see below), the ligand-induced changes in chemical shift can be
ttributed to environmental changes around the probe rather than
irectly to the presence of ligand. As with the EPR results, the two
esonances corresponding to open and closed conformations in
411C-TFA are not very well resolved because of the position of the
robe. Nevertheless, two distinct states of a singly labeled enzyme
ould still be detected, impressive in view of the mass of the dimer
∼200 kDa).

In the un-liganded population, the conformational equilibria
xhibited strong temperature dependence (Fig. 5) and resem-
le chemical exchange type effects [21], enabling estimation of
xchange rates (kex = kAB + kBA) by line shape simulations. At all
ccessible temperatures, the line shape simulations yielded an
xchange rate constant of <1.0 s−1, very similar in order of magni-
ude to the observed kcat of the K411C-TFA (kcat = 0.38 s−1 according
o E1-component-specific assay at 30 ◦C), and suggesting a quan-
itative correlation of loop dynamics and catalysis in E1ec. This is

onsistent with the variation of kcat values for K411C-TFA with
emperature (Fig. 5B) and strongly supports the quantitative cor-
elation. We concluded that dynamics of active center loops may
ontrol a rate-limiting catalytic step consistent with stopped flow
D and viscosity data.
e is a simulated spectrum. Data was simulated using WinDNMR-Pro assuming two
tant the relative population of each state, baseline intensity and the exchange rates
he data are means ± SE from at least three measurements.

The ratio of open to closed populations exhibited remarkable
temperature dependence. While low temperatures favor equal
populations of the open and closed conformations, the open con-
formation predominates at higher temperatures.

4.5. Temperature dependent conformational equilibrium is also
present in E1ec

To demonstrate that the conformational equilibrium of the inner
loop observed with EPR and NMR studies is not an artifact of
cysteine substitution, reintroduction of a cysteine, or of the intro-
duction of covalent probes, we measured changes in enthalpy
(�Hobs) on MAP binding as a function of temperature, using isother-
mal titration calorimetry (ITC) to characterize the conformational
changes that accompany a binding event [22]. At lower tempera-
tures (<25 ◦C), the �Hobs varied linearly with temperature, resulting
in very low value of �Cpobs, however, above 25 ◦C there was a
marked deviation from linearity. This temperature dependence of
�Hobs and the resultant increase in negative �Cpobs is a hallmark
of a process in which ligand binding is coupled to a conformational
change [22], and is a thermodynamic signature of a pre-existing
conformational equilibrium in the un-liganded enzyme [23–26].
Thus, the conformational equilibrium observed by EPR and NMR,
and the step transition in population ratio in favor of the open
(disordered) conformation at higher temperature (>25 ◦C) (accord-
ing to deconvolution of the NMR signal, and reflected here by the
�Hconf term), that were observed in cysteine-free and site specif-
ically labeled E1ec used for these studies, are also present in the
unsubstituted E1ec.

The mechanism of this process can be interpreted using the
following assumptions typical of ligand-binding processes: (i) the
association of MAP and E1ec comprises a rigid-body binding
interaction and an intramolecular conformational change; (ii) the
enthalpy and heat capacity of binding are negative (�Hbind < 0 and
�Cpbind < 0); (iii) the enthalpy and heat capacity for the conforma-
tional transition are also negative (�Hconf < 0 and �Cpconf < 0), as
if the binding induced conformational change caused burial of a
hydrophobic binding pocket. The observed free energy of binding
(�Gobs) was found to be entropically driven over the entire temper-
ature range, likely due to changes in solvation [10], consistent with

the observations and assumptions.

Binding of MAP to E1ec gave rise to striking isotherms. While
at temperatures <30 ◦C the binding isotherm suggested two iden-
tical binding sites for the dimer, the affinities at the two sites
differed sharply above 30 ◦C. The two distinct sites generated
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t elevated temperatures bind MAP with 100-fold difference in
ffinity (Kd1 = 0.03 �M and Kd2 = 3.0 �M), as a result of difference
n free energy of binding (�G1

obs
− �G2

obs
= −2.84 kcal/mol). This

ifference emanates entirely from the entropy change (T�S2
obs

−
�S1

obs
= 3.94 kcal/mol) and opposes the enthalpically favored

inding of the second ligand. Therefore, the apparent negative
ooperativity induced at higher temperature is entropically driven
n its entirety.

As suggested by this study, formation of LThDP (k2 in Scheme 1)
s the rate-limiting step in E1ec catalysis due to its control by loop
ynamics. Presumably, at higher temperatures, due to an increase

n the rate of loop fluctuations (sharpening of NMR peak at 35 ◦C), k2
ncreases, and, as a result the downstream chemical steps, particu-
arly reductive acetylation of E2ec, could become rate limiting. Since
ooperativity is a mechanism to sharpen or dampen the responsive-
ess of a system in response to a stimulus [27], we speculate that the
egative cooperativity induced in E1ec at higher temperature might
ct as a regulatory switch to down-regulate the covalent substrate
ddition (k2). This may assist the enzyme to proceed to reductive
cetyl transfer to E2ec, before a second molecule of pyruvate can
rap the enamine in the carboligase side reaction.

In the crystal structures of E1ec loop variants studied to date
oth loops are seen disordered even when the only stabilizing

nteractions that are disrupted by the substitutions are between
he inner loop and the protein (E401K and K403E) [8] or between
he inner loop and intermediate analogue (H407A) [7], rather than
etween two loops. Therefore, the dynamics of the two active cen-
er loops appear to be concerted, they work in tandem, leading us
o speculate that our observations on inner loop dynamics would
pply to the outer loop as well.

. Conclusions

We have demonstrated that disorder to order transformation
f the inner active center dynamic loop of E1ec modulates steps
hrough LThDP formation. Ordering of loops also facilitates E1ec
o E2ec active center communication, presumably by acting as a
ecognition site for the E2ec lipoyl domain, and acts as a regulatory
witch for the next committed step in E1ec catalysis. The charged
esidues assist in loop dynamics, in sequestering the active site from
arboligation side reactions and in substrate utilization. The results
lso revealed that the N404 residue is important for catalysis, sub-
nit communication and it interacts with the outer loop and thus
ight control outer loop dynamics (possibly independently from

he inner loop).

Our observations suggest efficient coupling of catalysis with

ynamics, which appears to lower the transition state of cova-
ent addition of substrate to ThDP by a combination of enthalpic
nd entropic components. As with many dimeric enzymes that use
llosteric communication to regulate catalysis, E1ec uses negative

[
[
[

[

ysis B: Enzymatic 61 (2009) 14–22

cooperativity to regulate catalysis in the entire complex, but unusu-
ally, this regulation is entirely entropically driven. Our results
suggest a conformational equilibrium in the un-liganded state
of E1ec, also suggested by very different pre-steady-state kinetic
experiments for YPDC [28]. Whether this is a common feature of
ThDP-dependent decarboxylases necessitates further evaluation.
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