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ABSTRACT: The crystal structure of the recombinant thiamin diphosphate-dependent E1 component from
the Escherichia colipyruvate dehydrogenase multienzyme complex (PDHc) has been determined at a
resolution of 1.85 A. Thé. coli PDHc E1 component Elp is a homodimeric enzyme and crystallizes
with an intact dimer in an asymmetric unit. Each Elp subunit consists of three domains: N-terminal,
middle, and C-terminal, with all having/g folds. The functional dimer contains two catalytic centers
located at the interface between subunits. The ThDP cofactors are bound in the “V” conformation in
clefts between the two subunits (binding involves the N-terminal and middle domains), and there is a
common ThDP binding fold. The cofactors are completely buried, as only the C2 atoms are accessible
from solution through the active site clefts. Significant structural differences are observed between individual
domains of E1lp relative to heterotetrameric multienzyme complex E1 components operating on branched
chain substrates. These differences may be responsible for reported alternative E1p binding modes to E2
components within the respective complexes. This paper represents the first structural example of a
functional pyruvate dehydrogenase E1lp component from any species. It also provides the first representa-
tive example for the entire family of homodimeriez2) E1 multienzyme complex components, and should
serve as a model for this class of enzymes.

The pyruvate dehydrogenase multienzyme complex (PDHc) heterotropic. The fundamental reactions of this complex are
converts the 3-carbon product of glycolysis, pyruvic acid, carried out by three enzymatic components, named E1, E2,
to acetyl-coenzyme A, one of two compounds needed for and E3. While there is much structural information available
condensation to citrate and required for the tricarboxylic acid for E3 (a flavoenzyme), for E2 there is only partial structural

(Krebs, or citric acid) metabolic cycle: information in the literature. So far as the E1 component is
. concerned, there have been recognized three types of such
pyruvate+ CoA+ NAD "™ — 2-oxoacid dehydrogenase enzymes,oghhomodimer, an

acetyl-CoA+ CO, + NADH + HT (1) 0232 heterotetramer, both in lower organisms, and in
mammals am232 heterotetramer subject to regulation by a

It is a nearly ubiquitous complex and is arguably the most kinase and phosphatase system. Hol and collaborators just
important member of a larger class of related multienzyme in the recent past have reported structures of E1 from the
complexes, the 2-oxoacid dehydrogenase multienzyme com-second and third type, both specific for a branched chain
plexes. Because of its location at such a key junction in sugar2-oxo acid {, 2). The best characterized 2-oxoacid dehy-
metabolism, PDHc is subject to considerable regulation, both drogenase multienzyme complex with@a homodimer E1
homotropic [by substrate and the thiamin diphosphate (ThDP, quaternary structure is frofascherichia coli(3), with the
the vitamin B1 diphosphate) and Mg(ll) cofactors], and three enzymatic components: pyruvate dehydrogenase [EC
1.2.4.1; E1, molecular weight 99 474 utilizing thiamin
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acetyltransferase [EC 2.3.1.12; E2, molecular weight 65 959, uL consisting of equal parts of reservoir and protein solution.
which contains covalently bound lipoyl groupS)} and The crystal growth took between 2 and 5 weeks. The crystals
lipoamide dehydrogenase [EC 1.8.1.4; E3, molecular weight typically have dimensions of 0.1% 0.30 x 0.50 mm.

50,554, containing tightly bound FAB)]. This multienzyme An initial low-temperature {180 °C) native X-ray dif-
complex has the stoichiometry 24 E1, 24 E2, and 12 E3 fraction data set was collected from a single crystal on a
(corresponding to a total calculated molecular weight of 4.57 Rigaku RU200 rotating anode with a Bruker multiwire area

x 10°) and performs the following series of reactions: detector. The crystals are monoclinic with space grBap
and cell constanta = 82.18,b = 142.66,c = 82.88 A, and
pyruvate+ E1-ThDP-Md" — B = 102.05. For structure determination, a data set from a

E1-hydroxyethylidene-ThDP-Mg + CO, (2) native Elp crystal and data at three wavelengths from a
selenomethionine analogue crystal were collected at beam

) . i ) O . line X12C of the National Synchrotron Light Source at
El-hydroxyethylidene-ThDP Mé + E2-lipoamide~ Brookhaven National Laboratory. The E1p crystal diffracted

E1-ThDP-M¢" + E2-acetyldihydrolipoamide (3) 15 1.85 A resolution and the selenomethiony! substituted
crystal to 2.30 A resolution. The synchrotron data sets were
processed with the DENZOL(Q) software program and
yielded essentially the same cell parameters as from the in-
house data. The Matthews coefficiew is 2.37 & Da?,
based on 4 subunits/cell. Th&, value is in the standard
range of 1.7-3.5 and is derived from the assumption that
N one dimer with a mass of 199 kDa (including cofactors) is
E3-FADH, + NAD " — E3-FAD+ NADH  (6) in the asymmetric unit. The presence and orientation of a
) o noncrystallographic 2-fold axis was identified by self-rotation
Although much is known about ThDP catalysis in general, fnction analysis.
very little structural information on the important PDHc E1 The direct methods program SnBlj was used with peak
component is available yet. Very recently, Eisenberg and gnomalous wavelength data to 3.50 A resolution to easily
collaborato_rs reported’) the crystal stru_cture of the PDHC  |gcate the selenium atoms in an asymmetric unit. The top
E15 subunit fromPyrobaculum aerophiluma member of 40 peaks from the SnB solution were found to be consistent
the a252 class. This subunit however, is nonfunctional in y;ith the known NCS operator direction and were accepted
the absence of its. subunit counterpart as it cannot bind 45 selenjum sites. All 40 sites were subsequently found to
cofactors or assemble into the appropriate quaternary struCye correct. Although there are 42 selenium atoms in the
ture. Thus, this structure provided no information about the asymmetric unit, two are disordered and were not observed,
active site or catalytic mechanism, although it provided some ayen in the final structure. After refinement of the 40

E2-acetyldihydrolipoamide- CoA —
E2-dihydrolipoamidet acetyl-CoA (4)

E2-dihydrolipoamidet E3-FAD —
E2-lipoamide+ E3-FADH, (5)

information about helixhelix packing at subunit inter- selenium atomic parameters, a set of MAD phases was
faces. We here report the high-resolution X-ray structure gptained with an overall figure of merit 0.78 in the 20 to

determination results for recombinant Elp frdg coli 2.60 A resolution range. Solvent flattening and NCS averag-
PDHc. This structure is the first example of a2 ho- ing then improved the phase set, and extended the resolution

modimeric E1 quaternary structure and is also the first 152 30 A. All selenium atom refinement, phasing, averaging,
example of a functional E1 with specificity for pyruvate. A solyent flattening, and map calculations were performed with
BLAST protein search of recently sequenced genomesihe PHASES 12) package on an SGI workstation. The
revealed remarkably high degrees of identity between the resulting 2.30 A electron density map was of very good
E. coli E1p subunits and E1p subunits from gram negative quality, and nearly all of the polypeptide chaino@ace)
bacteria (such a¥ibrio cholerag Haemophilus influenzae |55 readily obtained using the graphics programig).(The
Azotoba(_:teruinelandii, Neisseria meningi_tid)s as well as map used for chain tracing was computed from phasies
from actinomycetes (such @dycobacterium lepragand phase combination with the original MAD phassighe end
Mycobacterium tuberculosisTherefore, the structure here ¢ the averaging iterations, and not the averaged map itself.
reported takes on special significance as the first representapys, the two subunits were not forced to be strictly identical
_tlve from a family o_f related enzymes crucial for metabolism (although they were very similar). Accordingly, both subunits
in many pathogenic bacteria. were traced independently. The E1p amino acid sequence
from E. coliwas used to fit the side chains into the electron
EXPERIMENTAL PROCEDURES density map. The current model is approximately 91%
The homodimeric ¢2) Elp structure fronE. coli was complete, with three missing regions as yet unidentified due
determined by MAD (multiple anomalous diffraction) phas- to weak and ambiguous electron density. The missing regions
ing methods supplemented with solvent flattening and NCS and corresponding chain breaks are identical in both subunits.
(noncrystallographic symmetry) averaging. Recombinant EIp The model was refined by simulated annealing without
enzyme fromE. coliwas purified and assayed as previously imposing any NCS using the program XPLORI with the
reported 8, 9). The E1p protein was crystallized by the sitting synchrotron native data set to 1.85 A resolution. The
drop vapor diffusion method by mixing equal amounts of refinement procedure included periodic examinations of omit
protein and precipitant solutions. The best crystals were and difference maps, as well as the introduction of water
obtained with a reservoir solution containing -120% molecules and individuaB values. A final examination of
PEG2000 monomethyl ether, 10% propanol, 0.2% NaNd difference electron density maps still did not produce
60 mM Hepes buffer (pH 7.05) at ZZ. Drops were 610 interpretable electron density for the three missing regions
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Table 1: Crystallographic Data and Refinement Statistics

sp. gp. and cell constani®2; a=82.18A b=142.66 A c=82.88A p=102.08
data collection native Se-Met 11 Se-Mi2 Se-MetA3
resolution (A) 1.85 2.30 2.30 2.30
completeness (%) all, (last shell) 92.1(70.2) 99.9 (99.9) 99.9 (99.9) 99.9 (99.9)
total reflections 528 145 615 083 619 947 632674
unique reflections 146 183 82 749 82 749 82 749
Rmerge 0.054 0.132 0.128 0.117
<l/lo> all, (last shell) 17.9 (3.9) 10.9 (3.9) 11.2 (4.1) 11.8 (4.7)
X-ray source X12C X12C X12C X12C
wavelength (A) 1.07200 0.97932 0.97904 0.93000
phasing power

iso 1.89 1.59

ano 3.47 3.45 2.09
Refinement
resolution range (A) 8.001.85
no. of reflections (> 1o) 125670

R-factor all, (last shell)
Riee all, (last shell)

0.189 (0.236)
0.236 (0.261)

no. of residues 1602
no. of protein atoms 12 740
no. of water molecules 682
average B factor (A 17.5
rms deviations
bond lengths (A) 0.006
bond angles? 1.273

(residues +55, 401413, and 541557), and hence they chain orientations, presumably due to packing. Electron
remain absent in the model. Mass spectrometry analyses ofdensity over the entire molecule is generally very well
washed and dissolved crystals then confirmed these regionslefined; however, several surface residues have weak or
are in fact present in the crystals and must be disordered, asnissing side-chain densities. In addition, there are breaks in
opposed to having been cleaved away by proteolysis prior the polypeptide backbone (no interpretable electron density)
to crystallization. For the data between 8.00 and 1.85 A for residues 1 to 55, 401 to 413, and 541 to 557. The average
resolution withl/o > 1, theR-factor is 0.189 (0.236 in the B value for main chain atoms is 16.? And for side chain
last shell) and théRr. (based on 6% of the data) is 0.236 atoms it is 18.6 A A ribbon drawing illustrating a single
(0.261 in the last shell). The rms deviations from ideal Elp subunit is shown in Figure 1.

geometry are 0.006 A for bond lengths and 1:2ft8 bond (B) Structure of the E1p SubunEach PDHc E1p subunit
gngles. Data colleqtlon and reflneme_nt statistics are given consists of a single polypeptide chain of 886 amino acids,
in Table 1. The final model contains two independent \yhich folds into three distinct domains termed the N-
subunits, each with 801 amino acids out of a possible 886, erminal, middle, and C-terminal according to their consecu-
and two ThDP-Mg cofactor pairs. This model also includes e |ocations along the chain. A topology diagram illustrating
682 water molecules and two cis-prolines (Pro463) per ihe individual domain folds is shown in Figure 2. All three
asymmetric unit. The model was analyzed with PROCHECK  4omains haved folds, although they differ from each other.
(15), and 89% of the residues are in the most favored regionsThe N-terminal domain (residues 56 to 470) is larger than
of the Ramachandran plot, with only a single residue per the gther two domains and is centered on a five strand parallel
subunit (Asp521) in an unfavorable region. Coordinates haveﬂ sheet. There are several connecting helices on both sides
been deposited in the Protein Data Bank with the accessiongs the sheet and some additional helices on top of it, as well
code 1L8A. as several small helices that form the outermost ridge close
RESULTS to the N-terminus. Th@g/a connection after the third strand
contains a loop involved in cofactor binding. Two of the
(A) Overall Description of the StructureThe crystal- three disordered regions b5 and 40%413) for which
lographic asymmetric unit contains one Elp dimer, and the there is no interpretable electron density are in the N-terminal
structure determination gives, therefore, independent resultsdomain. The middle domain (residues 47/05) has six
for two subunits. The two independent E1p monomers are, helices surrounding a six-strand paraljgéisheet and is
nevertheless, almost identical stereochemically and areconnected to the N-terminal domain by an extended loop
related by a noncrystallographic 2-fold symmetry axis. After region (residues 458493). The final disordered region
least-squares alignment the rms deviation between corre-(541—-557) is in the middle domain and is located at the
sponding @ atoms in the dimer is 0.37 A. The results surface of the molecule. The C-terminal domain (residues
described are therefore valid for both subunits. Accordingly, 706—886) contains a mixed-sheet with four strands parallel
Ramachandran plots are also quite similar for both subunits,and one antiparallel with the sheet approximately perpen-
and 89% of the residues are in the most favored regions.dicular to those in the other two domains. Thesheet is
Only one residue, Asp521, falls in an unfavorable region. flanked by six helices with the last helix extending toward
This residue is part of a loop penetrating into the active site the C-terminus. The amino acid sequence along with the
approaching the ThDP. Comparison of the two subunits secondary structure is shown in Figure 3. Two subunits
shows that only seven residues (Glu70, Asn271, Glu283, within a crystallographic asymmetric unit are tightly packed
Glu486, Glu675, Glu743, and Glu781) have different side to form a functional dimer.
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Ficure 1: Stereo ribbon diagram for a single PDHc E1p subunit. ThDP cofactors are shown in a ball-and-stick representation. The figure
was created with the program MOLSCRIPTEJ.

(C) The Elp-Dimer. E. colPDHc Elp functions as a  of the second subunit. The diphosphate group interacts with
dimer of MW 200 000 containing two identical polypeptide the protein in two ways, directly through hydrogen bonding
chains of 886 amino acids each and requires ThDP ardd Mg and indirectly through coordination to a protein-bound®¥g
as cofactors. The two subunits selected to form the crystal-ion. The octahedrally coordinated Kfgbinding site contains
lographic asymmetric unit are the two most tightly associated three protein ligands: the side chains of the highly conserved
and form a functional dimer encompassing a pair of ThDP-binding residues Asp230 and Asn260 and the main
symmetrical active sites at the dimer interface. The dimer chain oxygen atom of GIn262. Additional binding to two
assignment is unambiguous as the meaningful dimer is thatoxygen atoms from the diphosphate and one water molecule
which forms the active sites at subunit-subunit interfaces, completes the octahedral coordination. Other interactions of
in a manner previously observed in all other ThDP dependentthe diphosphate with protein involve hydrogen bonds to the
enzymes of known structure. A view of the dimer is shown residues Ser109, GIn140, and His142. The cofactor binding
in Figure 4. The dimer is roughly 108 95 A wide in two site is shown in Figure 5.
dimensions and 71 A thick along the central noncrystallo-  The aminopyrimidine and thiazolium rings in the cofactor
graphic 2-fold axis relating the two subunits. Within the are bound in a cleft between the two subunits. The cofactor
dimer, subunit-subunit contacts involve residues from all s in the “v” conformation with the torsion angle4&) ¢r
three domains. There are tight packing interactions betweenand ¢, being 108 and-68.6", respectively. The thiazolium
helices of residues 237249 and 273285 on one side of  ring mainly interacts with residues 1le569 and Asp521, which
the subunit in the N-terminal domain with 2-fold related pack against it. Stacking between the cofactor’s aminopy_
helices in the other subunit. Subungubunit interactions rimidine ring and the side chain ring of Phe602 is evident.
involving the C-terminal domain mainly are contacts between A number of hydrogen bonds also participate in binding the
the two C-terminal domains themselves. However, the aminopyrimidine ring and are at least partly responsible for
C-terminal helix residues 831841 also make contacts with  the proper orientation of this end of the cofactor in the active
the N-terminal domain residues 16470. The dimer ar-  sjte. The 4-amino group forms a conserved hydrogen bond
rangement positions loops at the carboxyl end of the tg the main chain oxygen of Val192 in the first subunit and
N-terminal domain sheet in one subunit in contact with loops js also close to the His640 side chain in the second subunit.
at the Carboxyl end of the middle domain sheet in the SecondAn important hydrogen bonding interaction (Conserved in
subunit. Most of these interactions are in or close to the active 3| ThDP dependent enzymes of known structure) is made
sites. by N1’ of the pyrimidine ring with the side chain of Glu571

(D) Cofactor BindingIn PDHc E1lp, the ThDP cofactors  (Figure 5). This interaction can induce tautomerization of
are situated at the dimer interface with residues from both the aminopyrimidine ring, converting th&-dmino group to
subunits contributing to cofactor binding. The diphosphate an imino group. The result of tautomerization is to place a
end of the cofactor binds only to N-terminal residues from relatively basic imino group in close proximity to and ideally
one subunit, whereas the aminopyrimidine end binds to both oriented to abstract the C2 hydrogen, thus activating the
the same N-terminal domain and to middle domain residuescofactor (L9). During turnover, the C2 atom of ThDP reacts
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1 SERFPNDVDPIETEDWLOAIESVIREEGVERAQYLIDQLLRAEARKGEVNVAAGTGISNYI &0

61 NTIFVEEQPEYPFGNLELERRIRSAIRWNAIMTVLRASKKDLELGGHMASFQSSATIYDVC 120

0 m=) 0

121 FNHFFRARNEQDGGDLVYFQGHISPGVYARAFLEGRLTQEQLONFROEVHGNGLSSYFHE 180

181 KLMPEFWQFPTVEMGLGPIGATIYOAKFLEYLEHRGLEDTSKQTVYAFLGDGEMDEPESKG 240

= 95

241 AITIATREELDNLVFVINCNLORLDGPVTGNGEIINELEGIFEGAGWNVIEVMWGSRWDE 300

D ) €0

301 LLEKDTSGELIQLMMETVDGEDYQTFESKDGAYVREHFFGEY FETAALVADWTDEQIWALN 360

361 RGGHDPEKIYAAFKKAQETHGKATVIL .;\[ ITIKGYGMGDAREGKENTAHOVEEMNMDGVRHT 420

421 RDRFNVPVSDADIEKLFYITFPEGSEEHTYLHAQROKLHGYLPSROFNFTEKLELPSLOD 480

|
481 FGALLEEQSKEISTTIAFVREALNVMLENKSIKDRLVFIIADEARTFGMEGLFROIGIYSE 540

541 NGEQQYTPQDREQVAYYKEDEKGQILQEGINELGAGCEWLAAATSYSTNNLEMIFPFYIYYS 600

—

601 MFGFORIGDLCWAAGDOOARGFLIGGTSGRTTLNGEGLOHEDGHSHIQSLTIFNCISYDF 660
661  AYAYEVAVIMHDGLERMYGEKQENVYYYITTLNENYHMPAMPEGAEEGIRKGIYKLETIE 720
721 GSKGEVQLLGEGSILEEVRERAEILAKDYGVGSDVYSVISFTELARDGODCERWHNMLHPL 780

781 ETPRVFYIAQVMNDAPAVASTDYMELFAEQVRTYVPADDYRVLGTDGFGRSDSRENLEHH 240

841 FEVDASYVVVAALGELAKRGEIDEEVVADAIAKFNIDADEVNPELA 886

Ficure 3: E. coli PDHc Elp sequence with secondary structure
. : indicated. Helices are represented by cylinders and beta strands by
C-terminal domain arrows. The conserved ThDP fingerprint binding region is under-

FIGURE 2: Topology diagrams for the N-terminal, middle, and lined.
C-terminal domains. Cylinders represenhelices; arrows represent

p strands. Open cylinders are behind theheets; shaded ones in  ¢|ose to the positively charged thiazolium ring and may help
front. Dotted lines indicate missing regions in the N-terminal and o r5jize it as well as aid in orienting the substrate. Whereas
middle domains. - L S L

His142 is involved in binding the cofactor’s diphosphate
group, His640, His106, and Glu522 might function in proton

undergoes decarboxylation to theaZhydroxyethylidene- transfer during catalysis and in stabilization of the covalent
ThDP, an intermediate whose reactive enamine{&rban- intermediate formed between substrate and ThDP. It is
ion moiety is common to all ThDP enzymes (see reaction 2 possi'ble 'that Tyr.177 might also be able to interact with
in introduction). The cofactor is almost completely buried, "€action intermediate2(). A water molecule O4 present
as only the C2 atom is accessible from solution through the In the active site is involved in hydrogen bonding with
active site cleft. Packing contacts with Met194, which is His640 as well as with the cofactor's-amino group. This
wedged between the cofactor rings may also be importantwater molecule is close to the C2 carbon of the thiazolium

in stabilizing the cofactor conformation as was shown for "Ng and to protein residues His106 and Tyr177. It almost
the corresponding lle415 in PDQQ). certainly will be displaced upon substrate binding. Asp521

points into the active site cleft and might also be indirectly
involved in the reaction mechanism through interactions with

very deep cleft. The ThDP binding site is accessible from Glu522. An electrostatic potential drawing of the active site

solvent only through the cleft between the two subunits. This is shown in Figure 6.

cleft contains residues His106, Ser109, GIn140, His142, (F) Sobent Structure.A total of 682 ordered water
Tyrl77, Met194, Asp230, Glu235, Asn260, Leu264, and molecules were located in the asymmetric unit of the Elp
Lys392 from one subunit and residues Asp521, Glu522, crystal. The average B-value of these water molecules is 18.1
lle569, Glu571, Tyr599, Phe602, Glu636, and His640 from A2 Every fixed water molecule is hydrogen bonded to a
the other subunit. The key residues involved in cofactor protein donor or acceptor atom, and the entire solvent
binding and likely to interact with substrate and/or reaction structure is organized around protein polar groups. There are
intermediates are shown in Figure 5. On one side of the six water molecules that are tightly bound (aver&gealue
thiazolium ring in the vicinity of the C2 atom is a cluster of 9.5 A?) and make several hydrogen bonds to cofactor atoms
histidine residues, His106, His142, and His640, that likely (013, 021, N4 and Mg") as well as to protein residues
help attract and orient the negatively charged substrateSer109, GIn140, Asp258, Glu571, and His640. Water
pyruvate. The Glu522 side chain is positioned above, but molecule O1 is a ligand for Mg linking it to the protein,

with pyruvate to form 2e-lactylThDP, which in turn

(E) Active Site InteractionsThe active site cavity of E1p
has dimensions of 1& 8 x 21 A3 with a wide mouth and
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FiGURe 4: Stereo ribbon diagram for the E1p dimer generated by MOLSCRIR)I The ThDP cofactors are shown by a space-filling
representation.

Ficure 5: Stereo drawing of the cofactor binding and active site environment. The ThDP cofactor is situated at the interface between the
N-terminal and Middle domains from different subunits. Residues with numbers less than 471 are from the N-terminal domain of one
subunit whereas those numbered greater than 470 are from the middle domain of the “other” subunit. Several water molecules are involved
in hydrogen bonding with the cofactor and are included in the drawing. The figure was created with the program RIBBONS (

some large-scale differences are nevertheless apparent, and
a simple comparison is warranted. When individual domains
of E. coliPDHc E1p and branched chah putidaElb are
compared, they appear generally similar but with substantial
differences in certain regions. The N-terminal domain of E1p
corresponds to the-subunit of the E1b-heterotetramer while
the E1lp Middle domain corresponds to the Eisubunit
N-terminal domain. However, the E1p N-terminal residues
56—80 are oriented differently than the corresponding E1b
o-subunit residues. Also, several small helices (residues
295-365) found in the outermost ridge on the Elp N-
terminal domain are not present in E1b, indicating that they
may have a function that is absent in E1 heterotetramers.
The E1p C-terminal domain corresponds to the Bidub-

unit C-terminal domain. Rms deviations between the corre-
sponding three domains of E1p and Elb are 1.67, 2.00, and
. 1.87 A, respectively, for the &€ atoms of matched resi-
- ik dues as calculated with the program T3){ however, only
roughly 50% of the @ atoms match in each domain. When

FIGURE 6: Electrostatic potential surface drawing showing the active ; ; ;
site region. Note that some of the residues above the ThDP havethe entire molecules are considered as a whole, again only

been removed for visibility purposes (including E522), and the abO_Ut half (404) of the_reSIdues app.ear. to_be structurally
corresponding negative charge at the top of the drawing is therefore€quivalent (rms deviation 2.12 A), indicating structural
not visible. The figure was created with the program GRASB. ( differences between the two enzymes. There are also large
differences in the nature and lengths of loop regions con-
and water molecule O4 is hydrogen bonded to thamino necting strands in thg-sheets within domains. Because of
nitrogen atom of the cofactor as well as to His640. the large structural differences in some areas, it is not possible
(G) Comparison of Homodimer E1p with Heterotetramer to identify corresponding residues, and hence the overall rms
E1lb.While an extensive comparison between homodimeric deviation of 2.12 A is misleadingly low since these regions
and heterotetrameric E1's is beyond the scope of this text,were not included in the analysis. A superposition of the
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Ficure 7: Stereo drawing of superposition of the coli PDHc E1p subunit and itB. putidaBDHc E1lb counterparts after least squares
alignment. Colors are black and green for the E1p and E1b structures, respectively. The figure was created with the program MOLSCRIPT
(16).

Elp and E1b structures after least squares alignment is shown
in Figure 7.

DISCUSSION

ThDP serves as a cofactor in many biochemical reactions
involving cleavage of a carbercarbon bond adjacent to a
keto-group. Crystal structure comparisons of three ThDP-

dependent enzymes, yeast pyruvat.e decarboxylase (PDC)FIGURE 8: Superposition of the ThDP cofactors in coli PDHc
yeast tr_ansketolase (TK), ahactobacillus plantarunpyru- . Elp andpP. qut)idaPBDHc Elb after least squares alignment based
vate oxidase (POX) revealed that ThDP is always bound in on the cofactors alone. The E1p and E1b cofactors are shown with
a cleft formed by hydrophobic amino acids at the interface gray and black bonds, respectively. The figure was created with
between two subunits within a dimer, and there is a common the program RIBBONSI().
ThDP binding fold 23). The E1p structure is consistent with
this dimeric binding mode, as are all ThDP-dependent steric clashes between the thiazolium C2 hydrogen (or
enzymes of known structure. The ThDP binding fold involves reaction intermediates covalently bound to C2) and ah N4
a sequence approximately 30 amino acid residues long. Fobound hydrogen from the aminopyrimidine ring. This may
E. coliPDHc E1p, the sequence commences with the highly b€ an indication of flexibility in cofactor conformation
conserved G(229)DG and terminates with N(258)CN. The previously unobserved in enzyme bound ThDP. In this
GDG..X%6..N(C)N fingerprint binding motif24) is conserved ~ regard, it is worth noting that while the diphosphate and
in nearly all of the hundreds of sequences of ThDP dependentaminopyrimidine ends of the cofactor have positions and
enzymes in sequence data banks. Site-directed mutagenesi@ientations tightly constrained by directed hydrogen bonds
studies on PDHc E1p from. coli have since confirmed the — and/or ring stacking interactions, the thiazolium ring forms
importance of the ThDP fold in maintaining enzyme activity NO such interactions and thus may be expected to have greater
(25). In the related enzyme PDQ§, 26), the ThDP binding mobility. A superposition of the E1p and E1b ThDP cofactors
sequence is located near the C terminal end, but in PDHcafter least squares alignment is shown in Figure 8.
Elp it is located near the N terminal end, indicative of a  Within the E. coliPDHc multienzyme complex the ThDP
different binding domain assembly. This different domain dependent E1p component catalyzes the decarboxylation of
ordering relative to PDC has also been reported in transke-pyruvate and subsequently the reductive acetylation of a
tolase 23) and BDHc E1b ). lipoamide group bound to the E2 component. The lipoyl
In the active site the cofactor conformation, although domain of E2 has to approach Elp closely for the attached
similar to that found in other ThDP dependent enzymes, lipoamide group to penetrate the active site channel and reach
differs significantly. In particular, the value ¢f is roughly the acyl-ThDP intermediate. Recognition of the lipoyl
12° larger than that found in other ThDP dependent enzymes,domain by the Elp component within the complex thus
including its cousin, PDC1(Q, 26) and the related BDHc  makes for an elegant, effective, and necessary mechanism
Elb @). This represents a small but significant shift away of substrate channelin@7). The surface regions potentially
from the standard “V” conformation and effectively reduces involved in molecular interactions with the lipoyl domain
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Ficure 9: Electrostatic potential surface drawing for a single
subunit. The orientation is similar to that in Figure 1. The figure
was created with the program GRASE2).

Arjunan et al.

transfer. The high sequence identity (60%) betweeng&he
coli andA. vinelandii E1p’s suggests a similar binding and
catalytic mechanism in thie. coli multienzyme complex. A
comparison of the first 80 N-terminal amino acids from these
enzymes indicates 38% sequence identity and 58% sequence
similarity, supporting the notion of a similar role in tlie

coli complex Surprisingly, sequence comparisons of E1
homodimers with E1 heterotetramers indicate no sequence
similarity between these components in the first 82 resi-
dues of the corresponding N-terminal domains. This suggests
that the binding mode and function of this region may be
different in homodimeric and heterotetrameric E1 enzymes.
Unfortunately, because of disorder the first 55 N-terminal
residues are not observed in the Elp crystal structure, and
no specific details are available although the general location
of this region relative to the overall structure is apparent. It
is possible that this region will be ordered in a different
crystal form, or in complexes involving E2 components or
fragments thereof. An electrostatic potential drawing is
shown in Figure 9; however, due to the absence of the first
55 N-terminal residues in the crystal structure, the figure is
incomplete.

The PDHc E1p structure frora. coli represents the first
structural example for any intact and functional pyruvate
dehydrogenase multienzyme complex E1 component. It is
also the first structural example for any member of the large
family of homodimeric E1’s, and because of the high degree
of sequence similarity, is well suited to serve as an initial

are found in the E1p N-terminal and middle domains; mainly model for all members of this class. It clearly shows that
residues His106, Serl09, Tyrl77, Glu521, His640, and the conformations of some regions differ significantly from
Phe602, forming the rim of the channel opening. The crystal that of E1 heterotetramers, and these structural differences
structure of E1p fronk. coli shows that the catalytic ThDP  may help explain binding differences during assembly within
is buried at the bottom of a 21 A deep funnel-shaped hole at multienzyme complexes. Additional biochemical and crystal-
the interface between subunits. For the lipoamide group to lographic studies of E1p in complex with E2/E3 subcomplex
reach the active site, assuming that no major conformationalare indicated to further understanding of binding, assembly,

changes occur, the lipoyl domain has to come into close
contact with the E1p surface, and the lipoyl-lysine side-chain
must become fully extended. In the active site, the water
molecule O4 (Figure 5) is assumed to mimic the position of
cofactor bound substrate. This water molecule is very close
to residues His106, Tyrl77, and Glu522 and hydrogen

bonded to residue His640. These residues therefore are IikerL

to play important roles in substrate binding with C2 of the
ThDP thiazolium ring, and may help to stabilize the thioester
bond linking the acyl group to the E2-bound dihydrolipo-

amide swinging arm as part of the catalytic mechanism.

In multienzyme complexes, the E2 binding domain is in
many cases responsible for binding E1 and/or E3 to the E2
core. However, in théA. vinelandii PDHc complex site-
directed mutagenesis of E2 has shown that E1p interacts with
both the E2 binding and catalytic core domains. Limited
proteolysis experiments of thke vinelandii E1p component
have further suggested that the N-terminal region of Elp is
required for binding to the E2 core domain as the enzyme
produced after deletion of 48 amino acids at the N-terminus
could no longer interact with E28). The specific binding
interactions are thought to be mainly of an electrostatic nature
involving negatively charged residues on the N-terminal
domains of Elp and positively charged residues on the
binding and catalytic domains of E2. Removal of the
N-terminal residues has no influence on the interactions of
Elp with free lipoyl domains or on catalysis in the acyl-

and catalytic functions within multienzyme complexes.
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