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Abstract

The dihydrolipoamide succinyltransferad€20 component of ther-ketoglutarate dehydrogenase complex catalyzes

the transfer of a succinyl group from tiSesuccinyldihydrolipoyl moiety to coenzyme A. E20 is normally a 24-mer, but

is found as a trimer when E2o0 is expressed with a C-ternfidl]¢ tag. The crystal structure of the trimeric form of

the catalytic domair(CD) of the Escherichia coliE20 has been solved to 3.0 A resolution using the Molecular
Replacement method. The refined model contains an intact trimer in the asymmetric unit andRhzet@n of 0.257

(Rree = 0.286 for 18,699 reflections between 10.0 and 3.0 A resolution. The core of tE2o&idues 187-396
superimposes onto that of the cubic E20CD with an RMS difference of 0.4 A for all main-chain atoms. The C-terminal
end of tE20CD(residues 397—-404rotates by an average of 3¢ompared to cubic E20CD, disrupting the normal
twofold interface. Despite the alteration of quaternary structure, the active site of tE20CD shows no significant
differences from that of the cubic E20CD, although several side chains in the active site are more ordered in the trimeric
form of E20CD. Analysis of the available sequence data suggests that the majority of E2 components have active sites
that resemble that &. coliE20CD. The remaining E2 components can be divided into three groups based on active-site
sequence similarity. Analysis of the surface properties of both crystal foriBsaafli E20CD suggests key residues that

may be involved in the protein—protein contacts that occur between the catalytic and lipoyl domains of E20.
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The family of a-keto acid dehydrogenase multienzyme complexesgroup 532. Multiple copies of E1 and E3 bind to this core to form
includes thea-ketoglutarate dehydrogenase comple€&DC), the active complex.
the pyruvate dehydrogenase comple@BC), and the branched- The E2 component is a modular protein that is composed of one,
chain a-keto acid dehydrogenase complexddCKDC). Each  two, or three amino-terminal lipoyl domains, followed by an E1-
complex is composed of multiple copies of three enzymes: and/or E3-binding domain, and then by a carboxyl-terminal cat-
substrate-specific decarboxylase-dehydrogef$g a distinct di-  alytic domain. The domains are connected by linker segments
hydrolipoamide acyltransferas&?2), and a common dihydrolipo- (Reed & Hackert, 1990; Perham, 199The flexibility of the
amide dehydrogenasg3) (Patel & Roche, 1990; Reed & Hackert, linker segments is thought to inhibit crystallization of the native
1990; Perham, 1991 E2. Despite this setback, a significant amount of structural infor-
Each complex is assembled around a core composed of either 2dation has been obtained from analysis of the individual domains.
E2 subunits arranged with octahedral symmépgint group 432 The NMR structures of several lipoyl and E3-binding domains
or 60 E2 subunits arranged with icosahedral symmépyint have been reportedRobien et al., 1992; Dardel et al., 1993; Kalia
et al., 1993; Green et al., 1995; Berg et, 4996, Ricaud et al.,
1996. The crystal structure of the 24-mer inner core of Amo-
tobacter vinelandiidihydrolipoamide acetyltransferag&2pCD
Reprint requests to: Marvin L. Hackert, Department of Chemistry andhas been solved in the preseribéattevi et al., 1993pand absence
Biochemistry, The University of Texas at Austin, Austin, Texas 78712; (Mattevi et al., 1992, 1993of substrate. In addition, the crystal
e-mail: m.hackert@mail.utexas.edu. structures of the 24-mer inner core of tRscherichia colidihy-
IPresent address: University of Massachusetts Medical Center, 373 Plaﬂ‘rolipoamide succinyltransferag&20CD (Knapp et al., 1998

tation St., Biotech Il, Worcester, Massachusetts 01605. ; ) .
Abbreviations: CAT, chloramphenicol acetyltransferase; CD, catalytic and the 60-mer inner cores of tBacillus stearothermophiluand

domain:; cE20CD, cubic E20CD: tE20CD, trimeric E20CD; RMSD, root- Enterococcus faecaldihydrolipoamide acetyltransferases have been
mean-square deviation. reported(lzard et al., 1999
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The catalytic domain of the E2@E20CD), like that of theA. Table 1. Refinement statistics for the model of trimeric E20CD
vinelandiiE2pCD, forms tightly associated trimers arranged at the

corners of a cube to form a 24-mer with 432 symmetry. The lasfResolution rangéA) 10.0-3.0
seven residues from one subunit interact with helices H2, H3, aniumber of reflectiongF > 0.0 18,669
H4 from a twofold symmetry-related subugiKnapp et al., 1998 Number of nonhydrogen protein atoms 4,989
The addition of dHis] tag to the C-terminus disrupts the twofold Number of nonhydrogen water atoms 28
interactions so that E20CD now exists as a trirntt&2oCD in Number of nonhydrogen sulfate atoms 30
solution. In this paper, we report the crystal structure ofheoli Reactor 0.257(0.3392
tE20CD expressed with a C-terminal His tag. Several side chaing,, 0.286(0.3992

are visible in the electron density of this trimeric form of E20CD RMSD from ideal values

that were dis_ordered inthe cubic_crystal form of E_20. Furthermore, Bond lengths(A) 0.007

an examination of the electrostatic surfaces of this model led to the gopg anglegdeg 1.42

identification of a set of interactions that are likely to occur be-  pihedral anglegdeg 25.2

tween E20CD and its lipoyl domain. Improper anglegdeg 1.23

Mean B-factors (A?)

Results Main-chain atoms 40.6
Side-chain atoms 53.3
Water atoms 35.6

The refined model Sulfate atoms 68.8

The trimeric form of the catalytic domain of thE. coli E20

(tE20CD) crystallized in space group P&L with a trimer of 759 Values for the highest resolution shell for data from 3.18-3.0 A.

residues, six sulfate ions, and 28 water molecules in the asymmet-

ric unit. Each subunit of the trimer includes residues 165—404 plus

an additional 13 residud€(A)4 LE(H)e] harboring the 6x His

tag. The first and last residues visible in the electron density mapsgnit B (blue) is related to subunit Apurple) by a 121.7 clockwise

vary from subunit to subunit, presumably due to crystal contactsrotation, whereas subunit @ed) is related to A by a 118°%oun-

The residues associated with the His tag are not seen in the eleterclockwise rotation. Subunit B is related to C by a 12@l0ck-

tron density. The occupancies of 22 residues have been set wwise rotation. The 17deviation of subunit A from ideal threefold

zero due to a total absence of electron density inaveighted ~ symmetry shifts its backbone by an average of 0.27 A pea©m

2F, — F; map contoured at 05 In addition, seven residues have with a maximum shift of 0.81 A. It should be emphasized that the

been truncated to glycines, 45 residues have been truncated tesidues in the crystal contact region of the refined model ade-

alanines, and eight residues have been truncated by one or mogeately fit the electron density from a simulated annealifg-2 F.

atoms due to the lack of side-chain electron density. In the finaba-weighted omit map.

model, subunit A consists of residues 173—401, subunit B of res-

idues 175-402, and subunit C of residues 172—403. This model )

has anRiacor Of 0.257 and &Ryee Of 0.286 for all the measured Noncrystallographic symmetry

reflections between 10.0 and 3.0 A resoluticfables 1 and 2 jmposing strict noncrystallographic symme(iyCS) on the model

The Ramachandran plot shows that 90.3% of the nonglycine gid not adequately describe the electron density surrounding the

nonproline residues in tE20CD have dihedral angles in the Mosy-terminal segmentresidues 172-187 a middle segmentresi-

favored regions of the plot. No residue has a dihedral angle thagyes 215-219 and the last few residug896—403 of each sub-

lies in the disallowed regions of the Ramachandran plot. unit. Unfortunately, the modest resolution of the data suggested
that it would not be justified to remove the NCS constraints for the

Quaternary structure

In both the cubic form of E20CcE20CD and the trimeric form
(tE20CD), the trimer appears as a thick disk with a diameter of Table 2. Statistics for the tE20CD X-ray data set
70 A and a height of 50 A. Unexpectedly, the trimer in this crystal _ _
form does not have ideal threefold symmetry. The refinement ofesolution Reflections Completeness Rsym
tE20CD with NCS restraints, but not threefold restraints, using the

. . L . 0.0-6.01 1,929 94.9 0.058
conjugate-gradient energy-minimization routines of X-PLOR cause 0

. . . .01-4.96 1,910 96.9 0.084

subunit Ato reorient by 17rom ideal threefold symmetry, thereby , gz 4 39

. . 1,918 97.3 0.084
removing unfavorable contacts between crystallographically re4 39_4 o2 1,903 98.1 0.110
lated trimers. The omission of the residues that participate in the g2—3.75 1,900 98.7 0.147
unfavorable crystal contacts did not prevent the deviation of tE20C3.75-3.54 1,927 98.6 0.198
from ideal threefold symmetry during the energy minimization 3.54-3.37 1,807 94.2 0.172
protocol. Analysis of the refinement protocols clearly indicate that3.37-3.22 1,804 93.2 0.180
the deviation of subunit A from ideal symmetry is due to the 3.22-3.10 1,781 93.0 0.226
minimization of the X-ray energy terms and not to the minimiza- 3-10-3.00 1,798 93.5 0.309

10.0-3.00 18,677 95.8 0.103

tion of the geometric or NCS energy term. Looking down the
molecular threefold axis of the trimer as viewed in Figure 1, sub
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Fig. 1. The E20CD trimer. The asymmetric unit of tE20CD comprises three identical subunits that are laljplepld, B (blue),

and C(red). The disk-shaped trimer is viewed down the molecular threefold axis from the side of the trimer that corresponds to the
outside surface of the cubic E20GEinapp et al., 1998 For consistency, all residues, including those that are disordered, were used
to create this diagram.

entire trimer. As a compromise, tight NCS restraifiist not three-  cE20CD with RMS differences of 0.41, 0.39, and 0.41 A, respec-
fold symmetry were applied to the model excluding those threetively. Thus, the largest differences between the two E20CD struc-
segments. A total of 1,560 nonhydrogen atoms were tightly retures are localized at the N- and C-terminal segments.

strained during the last two rounds of refinement. Due to the tight

restraints, the superposition of the NCS-restrained atoms of either

subunits B or C onto those of subunit A resulted in an RMSC-terminal residues and twofold contacts

difference of 0.009 A. The nonrestrained atoms located in two of - o -
Small changes in the position of the last seven residues of the tE20CD
the segmentsresidues 215-219 and residues 396-)4€f®wed 9 P

. . subunit prevent the trimers from assembling into the 24-mers ob-
only small differences between NCS related subunits, whereas th; P g

N-terminal ts sh d h i babl erved previouslyKnapp et al., 1998 The twofold interface is
-lerminal segments snowed much farger cilierences, probabiy, ;,qq by insertion of the C-terminal tail from one subunit into a
caused by the asymmetry of crystal packing. Many of the res'dueﬁydrophobic pocket formed by helices H2, H3, and H4 of the

in these regions inFeract with symmetry-related gtoms_only in ON&wofold-related subunit. The C-terminal ends of each subunit in
pf the_ three subunits. However, the dlfferences_lnvolvmg the r€Sico0CD are rotated by an angle betweeh @8d 45 relative to the
idues in these segments suggest that the unrgstramed parts of tE20 B)rresponding residues in cCE20CBig. 2B). It appears likely that

are free to assume a number of conformatifig. 2. the C-terminal His tag increases the flexibility of the C-terminal tail
of tE20CD, allowing these residues to assume a number of confor-
mations. In support of this view, part of the C-terminal tail and the
entire His tag are completely absent from the electron density.
Each tE20CD subunit is composed of fiwehelices(labeled H1, The last few residues of each subunit that have reasonable elec-
H2, H3, H4, and H one 3, helix (labeled H3, and 108-strands  tron density are stabilized by crystal contacts with a symmetry
(labeled A though )1 Only subunit C retains the C-terminalg3  related molecule. The C-terminal ends of subunits A and C form a
helix (labeled H7, which was previously observed in the crystal few crystal packing contacts, whereas the C-terminal end of sub-
structures of the cubic E20CXnapp et al., 1998 andA. vine-  unit B makes a number of interactions with another trimer related
landii E2pCD (Mattevi et al., 1992, 1993bThe secondary struc- by a crystallographic twofold. The subunit B—subunitiBterface

tural elements are arranged in two layers to form an open-facetesults in 519 A of solvent-accessible surface area buried per
sandwich motif(Richardson, 1981 One layer consists of a seven- monomer. The large number of twofold contacts would be consis-
stranded, centrg@8-sheetl FLETGTITIBTH' L), whereas the sec- tent with trimer—trimer interactions occurring in solution. A ten-
ond layer consists of the five helical segments combined with alency of the trimer to aggregate on standing has been noted. It is
three-stranded, antiparaljgisheefA’LDTCI). Excluding the res-  interesting to note that this crystallographic twofold interface is
idues that are not defined, 1,096 main-chain atoms from subunit Aguite similar to the molecular twofold interface of cubic E20CD in
1,054 atoms from subunit B, and 1,087 atoms from subunit Cthat both E20CDs are stabilized by contacts between the C-terminal
superimpose upon their counterparts in cE20CD with RMS differ-ends of two subunits. The differences between the twofold inter-
ences of 1.2, 0.8, and 1.2 A, respectivéRig. 2). If the super-  faces of tE20CD and cE20CD arise from the rotation of the
position calculation is repeated using only the residues betwee@-terminal residues by 29This rotation results in a 25.4hange
Val187 and Asp396 while excluding all residues with a zero oc-in the orientation of the crystallographic twofold axis when com-
cupancy, 1,016, 994, and 997 main-chain atoms from subunits Apared to that of the cubic E20CD, thereby preventing the E20CD
B, and C of tE20CD superimpose upon the corresponding atoms iwith a C-terminal His tag from forming the octahedral cube.

Subunit fold
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Fig. 2. The subunit fold of tE20CDA: The Cx traces of subunits Apurple, B (blue), and C(red) are superimposed on thex@race

of cE20CD(green. The largest differences between the four tE20CD structures are localized at the N-téresidaies 171-184nd
C-terminal(residues 397-404ends of E20CDB: A magnified view of the C-terminal ends of tE20CD shows that the last visible
residues of subunits A, B, and C are rotated by 37229.0, and 44.9, respectively, when compared to the same residues of cE20CD
(green. In each case, the C-terminal segment is stabilized by contacts with a symmetry relatedGridvenagnified view of the

N-terminal ends of tE20CD shows several other differences. Regions that include disordered residues are represented as thin black
lines.
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N-Terminal residues salt bridges, Arg172—Asp26and Lys184—Asp25/not present in

. . . cE20CD, stabilize this interface in tE20CD. It is interesting to note
A second region of tE20CD that deviates from cE20CD |nvolve§that the Argl72—Asp287nteraction is similar to the crystal con-

the first 12 residues visible in the electron density. This segment |r% . A .
; . ) acts formed in the E20CD crystals with F432 symmetry. In this
CE20CD includeg@-strand A(residues 175-17%nd the first turn case, Arg173 from one cube izteracts with As pz%ﬁm a t?/]ree-

g thheeltltxolgéLE(rzeos(lzdg e;#:é?ﬁﬁiigggg ﬁfc;fusbuut;::tn : i(s: tlrsuf]lgr;tlzé b fold related subunit on a different cube. A comparison of the three
! ¥3-strand AB-strand D interactions clearly shows thastrand A

one residue and is replaced by a random coil in subunit B. The fir . . . R
can assume a number of conformations while still maintaining a

thre'e_ residues visible in the electron density from C occupy Slmllarnumber of contacts with its threefold related subunit. The require-
positions as those of cE20CD, whereas those from subunits A and

B are both rotated by 14Mith respect to the same residues of ment of the full-length E20 to assume a number of conformational

cE20CD(Fig. 20). The differences between the two crystal forms Zitg:]?ﬁczz?gests that the flexibility of this region is functionally
are likely due to differences in crystal packing contacts and not to The remaining three sections of the threefold interface are quite

a}change n qllgomerlc state. In the CEZO.(:.D Strchre' two .Of thesimilar to those observed in the cubic E20CD. However, the side
first three residuetArg173 and Serlarticipate in the packing hain of Asn 196 from each subunit assumes a different position
of the E20CD cubes within the crystal, whereas the residues o(f P

B-strand A form a number of contacts with the periph@aheet such that a hydrogen bond is formed between &4 Bltqm and the
from a threefold related subuniKnapp et al., 1998 Only the 052 atom of |t_s countt_arpar_t fro_m the counter(_:lp ckwn§e,_ threefold_-
" related subunit as defined in Figure 1. In addition, this interface is

N-terminal segment of subunit C of tE20CD contacts a symmetryStabilized by a hydrogen bond between the2Natom of Asni95

related trimer. The N-terminal segments of the other two subunit?mm subunit A and the O atom from Asn195 from subunit C. The

do not form crystal contacts, thus allowing the first three residues, . . . .
. . ) . deviation of subunit A from threefold symmetry prevents the trip-
in the model to assume different conformations than those in th . ;

ication of this hydrogen bond.

same region of subunit C.
Many of the residues in the second half of the N-terminal seg-

ment(residues 178-183are disordered. The poor quality of elec- Active site

tron density in this region of the three subunits resulted in th . .

deletion of a total of 13 residues from the refined model. Part O?The active sites of both forms of E20CD resemble those of chior-

the instability is probably due to the presence of several hydro-amphemCOl acetyltransfera@AT) andA. vinelandiiE2pCD. Al

phobic residuegval178, Pro179, Met180, and Leu18%vhich are three acyltransferases have active sites that are located by a substrate-

exposed to solvent. Poor quality of electron density was also Obpmdmg channel formed between pairs of threefold related sub-

served in this region of the cubic E20CD. Although Val178, Pr0179,gzl_t;’e??:tg:tjsstﬁrrse:!i%t:(;jn\:erosnegﬁz ﬁ?l'ﬁ:(cj:a?t);lthﬁ;((j:lSSIZZI?)?(I)Egggge
and Met180 of cE20CD have well-defined electron denge to P : ytic cy

contacts with a threefold-related subuyngeveral other residues in and E2pCD are thought to proceed by a mechanism similar to that

this region of the cE20CDArg181, Arg182, Leul83, and Arg184 proposed for CAT(Guest, 19.87; Shaw & Leslie, 19}aIl'he_f|rst
' . - step of the E20CD mechanism results in the deprotonation of the
have side chains that are disordered.

thiol group of coenzyme A by an active site histidine residue
(His375 in E20CD. The activated thiolate attacks the carbonyl
carbon of the succinylated dihydrolipoyl moiety to form a tetra-
hedral intermediate. This intermediate is stabilized by the hydroxyl
tE20CD is stabilized by a number of contacts involving 136 res-side chain of a threonine resid¢&hr323 in E20CD), which is
idues from the three subunits. The trimer interface buries 22.6% olocated on a threefold-related subunit. The breakdown of the tet-
2,905 R of solvent accessible surface area per subunit. As irahedral intermediate results in the succinylation of coenzyme A
cE20CD, the trimer interface of tE20CD can be divided into fourand protonation of the dihydrolipoyl moiety. The active site histi-
parts that are triplicated by the noncrystallographic symmetry. How-<dine (His375 and threoning€Thr323) residues differ from their
ever, each of the threefold interfaces observed in tE20CD differgounterparts in cE2pCD by less thar® J@&r torsion angle. How-
from the others due to the flexibility of the N-terminal segment. ever, one interesting difference is the presence of a large patch of
The first part of the threefold interface in cE20CD involves the electron density continuous with the end of the catalytic histidine
interaction of B-strand A from one subunit with the peripheral from each subunit. A sulfate iofone of the ions present in the
B-sheet from the subunit related by a clockwise, threefold sym<rystallization solutionswas modeled into this densifyFig. 3).
metry rotation. Thig3-strand A tog-strand D interaction is stabi- The catalytic activity of E20CD is thought to be dependent upon
lized by nine hydrogen bonds, one of which is involved in a saltAsp379. The side chain of this residue is thought to interact with
bridge between Arg177 and Asp256. Althoygtstrand A interacts  His375 and either Arg184 or Arg38Knapp et al., 1998 Asp379
with B-strand D in tE20CD, the hydrogen bond pattern is some-s oriented with gy1 angle of 64 in the trimeric structure, in good
what different.3-strand A in subunit A of tE20CD is oriented so agreement with that observed in the cubic structure. This particular
that four hydrogen bonds are made witkstrand D of subunit B, conformation positions the side chain of Asp379 away from the
whereasB-strand A of subunit B forms only two hydrogen bonds catalytic histidine. Although thg?2 angle of Asp379 in tE20CD
with subunit C. All but one of these hydrogen bonds are present imiffers by 105 from its counterpart in the cubic E20CD, this
cE20CD. difference may be due to exposure of the side chain to solvent,
B-Strand A of subunit C forms nine hydrogen bonds y@itatrand ~ which would increase the thermal motion of this residue. Both
D of subunit B; however, only four of these hydrogen bonds areArg184 and Arg381 are disordered in cE20CD, whereas both
present in both E20CD crystal structures. The salt bridge betweeresidues fit into adequate electron density in two out of the three
Argl77-Asp256 is also present at this interface. Two additional tE20CD subunitgFig. 3). Arg381 and Argl84are both oriented

Trimer contacts
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Fig. 3. The active site of tE20CD. The tE20CD model includes His375 from subunit A and Thf@28 subunit C and is super-
imposed upon ak, — F. oa weighted map contoured at-1 Notice the continuous density connecting His375 with the sulfate ion.

This ion is near the position that coenzyme A is expected to occupy when this substrate is being deprotonated by His375. Also notice
that Asp379, Arg184 and Arg381 are all pointing away from the active site histidine.

such that their side chains are pointing away from the catalytidomain is mostly electronegatiVEig. 4A,B). These features should
histidine. In the case of Arg381, its guanidino group is positionedprovide favorable protein—protein interactions. A model of this
within 4.7 A of the acidic side chains of Glu250 and Asp379.  potential interaction is presented in Figure 5. The proposed lipoyl-
By contrast, the equivalent aspartic acid residue in the ligandedatalytic domain interface could be stabilized by salt bridges formed
structures of CAT(Asp199 is oriented such that its& atom is  between Arg177 and Glu47, Arg186 and Glu12, Arg190 and Asp42,
3.4 A away from the M2 atom of its catalytic histidinéHis196 and Arg284 and Glu40. Argl177 and Arg190 are present in all E20
(Leslie et al., 1988 In this particular conformation, Asp199 forms sequences, whereas Arg186 and Arg284 are conserved in 10 and 9
a salt bridge with Arg18. The Arg18-Asp199 salt bridge in CAT of the 11 E20 sequences, respectivelyg. 4D). All the E20 se-
was originally thought to only maintain the structural integrity of quences surveyed have acidic side chains at positions 12, 40, and
the CAT active site(Gibbs et al., 1990 However, it has been 42, whereas only 7 out of 11 sequences have an acidic side chain
suggested that this salt bridge exerts an electrostatic effect on thet position 47(Fig. 40).
catalytic histidingHendle et al., 1996 The disruption of this salt The proposed interactions between catalytic and lipoyl domains
bridge in CAT results in a decreaseki; (Lewendon et al., 1988  do result in two sets of unfavorable interactions: one between
but causes only small changes in the CAT active &ibbs et al., Aspl6 and Glu313, and the other between Glu38 and Glul75.
1990. Because of the orientations of Asp379, Arg1&hd Arg381  Although the E20CD-E20LD model brings two pairs of acidic
in tE20CD, a similar salt bridge cannot be formed without a con-residues in close proximity to each other, the side chains of these
formational change. It has been proposed that addition of substragidic residues can move to positions that minimize electrostatic
will cause Asp379 to alter its conformation, thus allowing an anal-repulsion. It should be possible in future studies to evaluate the
ogous salt bridge to forrtKnapp et al., 1998 The tE20CD struc-  significance of these observations using site-directed mutagenesis.
ture confirms the previous observation that if a salt bridge is indeed

required for catalytic activity, it must be formed upon substrate
binding. Classification of E2 components

In addition to classifying the various E2 components into groups
based on substrate specificity and oligomeric architecture, the E2
components can be categorized based on active site residues. Hendle
et al. (1995 presented three models describing the active sites of
different E2 components. However, the alignment of 51 presently
All E2 subunits contain a lipoyl moiety that is bound covalently in known E2 sequences and two E2-like domains suggests that four
amide linkage to a specific lysyl residue in the lipoyl domgin  active site groupings exigfFig. 6). The first group includes the
Dihydrolipoamide can replace the covalently bound lipoyl moiety E2ps from the Gram-negative bactefiavinelandii(Hanemaaijer
as substrate of E2 in vitro. The crystal structurefofvinelandii et al., 1983 andPseudomonas aeruginosRae et al., 19917 Each
E2pCD harboring dihydrolipoamide in the active site has beermember of this group possesses Asn instead of Asp at residue 379
solved(Mattevi et al., 1993p Based on this structure, dihydroli- in E20CD. The replacement of the active site asparaghse614
poamide was modeled into the substrate-binding sit&.o€oli with an aspartic acid in thé\. vinelandii E2pCD results in a
E20CD(Knapp et al., 1998 We have used computer modeling to 8.5-fold decrease ik, accompanied by a 2.5-fold increase in the
explore the binding of the lipoyllysyl moiety and adjacent amino K, for coenzyme A and a 1.7-fold decrease in #g for dihy-
acid residues to the active site of E20CD. drolipoamide(Hendle et al., 1996 The N-terminal domain of the
Analysis of the electrostatic surface of E20CD shows that ax-ketoglutarate dehydrogenadelo components fronMycobac-
large electropositive patch surrounds the putative dihydrolipoamideterium tuberculosis(Philipp et al., 199% and Corynebacterium
binding site. In contrast, the electrostatic surface of the lipoylglutamicum(Usuda et al., 1996has significant homology to the

Discussion

Interactions involving the lipoyl domain
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C EZ2o Lipoyl Domains

Eco 1-SSVDILVPDLPESVADATVATWHKKPGDAVVRDEVLVE IETDKVVLEVPASADGILDAVLED- 67
Rwi 1-A-IDIKAPTFPESIADGTVATWHKKPGEPVKRDELIVDIETDKVVMEVLAEADGVIREIVKN- 66
Bsu 1-FMAE IKVPELAESISEGT IAQWLEQPGDYVEQGEYLLELE TDKVNVELTAEESGVLQEVLED- &7
Sce T2-KSTSIEVPPMAESLTEGSLEKEYTKQPGDFIKEDELLATIETDKIDIEVNSPVSGTVTKLNFK-134
Hum 68-DLVTVKTPAFAESVIEGD-VRWEKAVGDTVAEDEVVCEIETDKTSVOVPSPANGVIEALLVP-128

D EZo Catalytic Domains

Eco 180-MTRLRERVAERLLEAFN-196 260-VVYHNYFDVSMAVSTPRGLVTPVLRDVDTLGM-291
Avi 173-MTRLRAKVAERLVEAQS-189 254-IVYHGYQDIGVAVSSDRGLVVEVLRNAEFMSL-285
Bsu 191-MSRRROTIAKRLVEVQD-207 272-LIVEKFYDIGIAVARVEGLVTPVVRDADRLTF-303
Sce 240-MNRMRLRIAERLEKESQN-256 320-IVYRDYTDISVAVATPKGLVTPVVRNAESLSV-351
Hum 226-MNRMRORIAQRLEEAQN-242 309-VVYRDY IDISVAVATFRGLVVEVIRNVERMNF-340

Fig. 4. The electrostatic potentials of the surface of {#¢ E. coli E20 lipoyl domain(E20LD) and that of the(B) E20CD

trimer. Negative, neutral, and positive potentials are shown in red, white, and blue, respectively. The surface surrounding the
S-succinyldihydrolipoamide binding site of E20QPentral cavity of the E20CD trimgmcludes a number of basic residues, whereas

the surface of the lipoyl domain is negatively charged. The sequence alignment @)thipoyl and (D) catalytic domains from
selected E20 components shows the conserved deaicand basidblue) residues. As a reference, the lipoylated lysine is shown in

bold black. This alignment included the sequences of E20s Eoooli (Eco) (Spencer et al., 1984A. vinelandii(Avi) (Westphal &

de Kok, 1990, Bacillus subtilis(Bsu) (Carlsson & Hederstedt, 198%accharomyces cerevisig8ce (Repetto & Tzagoloff, 1990

and humar(Hum) (Ali et al., 1999.

catalytic domain of dihydrolipoamide acyltransferases. The activehe position corresponding to Asp379 in E20CD. All but two mem-
site residues of the E20-like catalytic domains of both of these Elders of this group have Arg at the position corresponding to Arg184
complexes include a GIn at the position corresponding to Asp379n E20CD. The two exceptions, the E2p froifcaligenes eutro-

in E20CD. phus(Hein & Steinbiichel, 1994andNeisseria meningitidigAla’

The E2ps from the Gram-negative bactefacoli (Stephens Aldeen et al., 1996 have Lys in place of Arg. Lysine should be
etal., 1983 andHaemophilus influenza@-leischmann et al., 1995 capable of interacting with the active site aspartic acid in a manner
form the second group. These E2ps have an Asp at the positiosimilar to arginine.
corresponding to Asp379 in E20CD and contain GIn or Asn, re- The last group of dihydrolipoamide acyltransferases is com-
spectively, at the position corresponding to Arg184 in E20CD. Aposed of the eukaryotic E2bs. The active sites of these E2s resem-
computer model of th&. coli E2p-active site suggests that Arg475 ble the active sites of the E2s comprising Groups Il and Il in that
(position 250 in the E20CD numbering schemsan interact with  they retain the active site Asp, but differ in that the active sites of
the active site aspartic acidHendle et al., 1996 Therefore, this  the Group IV E2s do not harbor a basic residue near the active site
residue may function in the same way as Arg184 in E20CD.  Asp. Although human and mouse E2b components contain Gln at

The third and largest of the four groups is represented by 42he position equivalent to Arg184, it is doubtful that this residue
sequences, and includes all known E20s, bacterial E2bs, and E2psuld interact with its active site Asp. All known eukaryotic E2bs
from Gram-positive bacteria and eukaryotic species. The E2s oéncode either Lys or Arg adjacent to the GIn. If helix H1 is rotated
this group are characterized by an active site that resembles that about its long axis, the base at position 185 would be able to
the E. coli E20CD. All E2s of this group have an aspartic acid at interact with the active site aspartic acid. It should be noted that
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Fig. 5. A model for the E20CD—-E20LD interfacé: This view shows the proposed interaction between the lipoyl domain of
A. vinelandii E2p(red) (Berg et al., 1996and theE. coli E20CD trimer(green. The S-succinyldihydrolipoyl moiety(SDLM) is
attached to Lys42B: The lipoyl domain is recognized by Arg186, Arg190, Arg2@®t shown, and Arg176 (not shown of E20CD.
Arg186 interacts with Glul2, whereas Arg190 interacts with Asp42.

helix H1 from all eukaryotic E2b components is truncated by oneVector construction and expression
residue compared to helix H1 from other E2 sequences. This d
letion could rotate helix H1, allowing Artl.ys185 to perform the
analogous function as Arg184 in E20CD.

A DNA fragment encoding amino acid residues 93 to 404 of E2o0,
lacking the lipoyl domain, was amplified by the polymerase chain
reaction from pGS490 using specific oligonucleotide primers. These
primers introduced aicaRl site at the 5end and aHindlll site
at the 3 end of the subgene. The DNA fragment was sequenced to
confirm its identity. The restriction sites were used to subclone the
DNA fragment into pET-21&+) and into a modified pET-32a&).

The former vector carries a C-termin@ x His tag sequence,

Plasmid pGS490, containing nucleotides 3392 to 4360 offthe whereas the latter vector carries an N-terrhiGax His tag se-

coli sucBgene(Spencer et al., 1984was provided by Drs. John quence.E. coli strain BL2IDE3) was cotransformed with each
R. Guest and George C. Russell, succinyl-CoA synthetase waslasmid separately plus pGroESL, which encodes the chaperonin

from Dr. Jonathan S. Nishimura, and plasmid pGroESL was fronproteins groEL and groES. Double transformants were selected on

Dr. George Lorimer. Plasmids pET-218 and pET-32&+) were  media containing 5g/mL ampicillin and 50ug/mL chloram-

obtained from NovagefMadison, Wisconsin phenicol. Cultures of transformed cells were grown under condi-

Materials and methods

Materials
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Group Source Region 1 Region2  Region 3 Region 4 Reference
182 191 249 251 275 277 373 382

I Avi E2p RLMQIGZTNL PDF PDG YDHRVINGAA  Hanemaaijer et al., 1988

1 Pae E2p RLIEVGAANL PDF PDG YDHRVINGAA  Raeetal., 1997

11 Eco E2p RIQKISGANL PRF PNG FDHRVIDGAD Stephens ct al., 1983

II Hin E2p RINKISGANL PRF PNG FDHRVIDGAD Fleishmann et al., 1995
III Aeu E2p RIKKISGANL PNF PNG WDHRVIDGAE Hein & Steinbiichel, 1996
ITI Bst E2p GIRKAIAKAM PVL EKG FDHRMIDGAT Borges et al., 1990
III Nme E2p RIKKISGQNL PEF PNG FDHRVIDGAA  Ala’ Aldeen et al., 1996
III Sce E2p TMRSIIGERL PDA PTG FDHRVVDGAV Niu et al., 1988
ITTI Hum E2p NIRRVIAQRL PEA PAG CDHRVLDGLV Thekkumkara et al., 1988
IITI Eco E2o0 RLRKRVAERL PEV PRG YDHRILDGRE Spencer et al., 1984
IIT Hin E2o0 RLRKRIAERL PEV PRG YDHRLIDGRE Fleishmann et al., 1995
IIT Avi E20 RLRAKVAERL PGV PRG YDHRLIDGKE Westphal & de Kok, 1990
ITI Bsu E2o RRRQTIAKRL PLL VEG YDHRIVDGKE Carlsson & Hederstedt, 1993
IIT Sce E20 RMRLRIAERL PAV PKG YDHRLLDGEK  Repetto & Tzagoloff, 1990
III Hum E20 RMRQRIAQRL PVV PRG YDHRLIDGRE Nakano et al., 1993
III Ppu E2b GLRRKIAQRM POI DNG FDHRVVDGMD Burns et al., 1988
ITT Bst E2b GVRKAIASNM POM EDS LDHRVLDGLV  Wang et al., 1993

Iv Bov E2b GFQKAMVKIM PIL EQG ADHRIIDGAT Griffin et al., 1988

v Hum E2b GFQKAMVKTM PIL EQG ADHRVIDGAT Lau et al., 1992

Fig. 6. The alignment of the active site regions from selected E2 catalytic domains. The E2 sequence alignment suggests that all known
E2 catalytic domains can be assigned to one of four groups on the basis of active site residues. E2s of Group | encode an asparagine
at position 379, whereas E2s of groups II, Ill, and IV encode an aspartic acid at this position. The active site aspartic acid is thought
to interact with a basic residue at either position 28@oup 1l), 184 (Group IlIl), or 185(Group IV). This alignment includes the
sequences of the E20, E2p, and E2b fidomo sapiar{Hum); the E20 and E2p fror&. coli (Eco), H. influenzag Hin), A. vinelandii

(Avi), and S. cerevisiagSce; the E2p and E2b fronB. stearothermophiluéBst); the E2p fromPseudomonas aeruginos&ae,

A. eutrophugAeu), andN. meningitidis Nme); the E20 fromB. subtilis(Bsu); and the E2b fronfPseudomonas putid®pu, andBos
taurus(Bov). The sequences were aligned using Macaw version 23¢uler et al., 1991 The numbering scheme refers to the amino

acid sequence of the catalytic domainkafcoli E20 CD.

tions optimal for expression of soluble truncated E20 as determine€rystallization and data collection
by SDS-PAGE and by assay of E2 activitnight & Gunsalus,

1962 Conditions for the crystallization of the truncated E20 with the

C-terminal His tag were screened by the sparse matrix technique
(Cudney et al., 1994using the hanging drop methoicPherson,
1990. The trimeric tE20 was found to crystallize using a precip-
itant solution 1 M sodium acetate and 50 mM cadmium sulfate.
The protein concentration was 20 pmgL in 100 mM HEPES,

pH 7.5. Crystals grew as hexagonal rods~d@¥.3 mm in diameter
0.5. Expression was induced by addition of isoprgpyhiogalacto-  and between 0.2 and 0.5 mm in length. One of the smaller crystals
side to a final concentration of 50M. Incubation was continued was rinsed with the precipitant solution before being dissolved in
for 8 h at 20°C before harvesting. The cells were disrupted in adistilled water and subjected to amino-terminal sequencing at the
French pressure cell. The two truncated E2os were purified to neddniversity of Texas at Austin Protein Microanalysis Facility. This
homogeneity by affinity chromatography on Ninitriloacetic-  analysis detected a major component with the sequ&ité@QPA
agarose beads by procedures described previgidheng et al., LAARSEKRVPM and a minor component with the sequehGAR
1996. Analysis by size-exclusion chromatography using a WatersSEKRVPMTRLRKE. This result indicates that the protein from
Delta Prep 3000 HPLC equipped with a 300 SW column showedhe dissolved crystal lacks both the E3-binding domain and most of
that the truncated E20 containing an N-terminal His tag elutedhe adjacent linker region. A similar result was obtained in the
slightly before thyroglobulinM, = 640,000, whereas the trun- crystallization of the 24-mer cE2o0 C[Xnapp et al., 1998 i.e.,
cated E20 containing a C-terminal His tag eluted near bovineelease of the E3-binding domain apparently by an endogenous
gamma globulin(M, = 158,000 (data not shown These obser- protease or proteases, preceded crystallization of cE20 CD.
vations indicate that the former truncated E2o0 is a large oligomer, X-ray data were collected on a RAXIS IV image plate system
consistent with a calculated molecular weight of 895,000 for theequipped with a Rigaku RU-200 rotating anode generator operated
24-mer, whereas the latter truncated E20 appears to be a trimat 50 kV and 110 mAA = 1.54 A). Each image was collected at
When analyzed by SDS-PAQHata not showp the trimer showed  room temperature, using a crystal to film distance of 250 mm, an
a major band with an anticipated molecular weight-a37,000. oscillation angle of 1.5 and an exposure time of 20 min. The

Purification and characterization of truncated E20

Transformed cells were grown on LB medium containingsgmL
ampicillin and 50ug/mL chloramphenicol at 37TC to an Asgs of
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initial X-ray analysis indicated that the E2o trimer crystals belong(Hodel et al., 1992 Solvent molecules were added to the model
to a trigonal(P3;21) space group with cell dimensions @f=b = following the third round of X-PLOR refinement. Before the ad-
112.2 A, anct = 134.4 A. Assuming the presence of a trimer in the dition of solvent molecules, the tE20CD model hadRafactor of
asymmetric unit, the Matthew’s parameter is calculated td hef 0.284(Ryee = 0.323 for all measured reflections between 10.0 and
2.89 A%/Da. The measured intensities were processed with DENZCB.0 A resolution. During the last two rounds of refinement, the
and merged with SCALEPACKOtwinowski & Minor, 1997. The B-factors in the restrained region were constrained to be identical.
resulting data set of 18,677 reflections is 95.8% complete to 3.0 ATherefore, thd-factors in the restrained region represent the mean
resolution with an overall multiplicity of 2.9, an overdf, of values calculated from the main- and side-chBifactors of the
10.3%, and an averadéo (1) of 13.8. Following the translation equivalent residues located on the three NCS related subunits. In
function, the correct space group was determined to b@1P3 this way, the number of parameters was reduced without increas-
Analysis of the data with the self-rotation function of GLRFong ing Reee

& Rossmann, 1990indicated that the molecular threefold axis is

not parallel to the crystallographic threefold axis. Therefore, an

intact trimer was used as the search model. Analysis of the model

Least-squares superposition calculations were performed using LSQ-
Structure determination MAN (Kleywegt, 1996, and the results were displayed in “O”
r](f]ones et al., 1991 The solvent accessible surface area was cal-
culated using a 1.4 A probe according to the method of Lee and
ichardg1971) as implemented in the program SURFACECP4,
994). Intersubunit contacts were listed using the program CON-

The phase problem was solved by the Molecular Replaceme
method using the routines of X-PLOR version @tiinger, 1992n
running on a DEC ALPHA server. The search model was generate

from one corner of the cubic form of the catalytic domain of the . -
- . . TACT (CCP4, 1994 Figures 1, 2, and 5 were prepared using
E. coliE20(cE20 CD (Knapp et al., 1998 This model consisted MOLSCRIPT (Kraulis, 1991, Figure 3 was made using the pro-

of three subunits, each related to the other by a crystallographlcrarn MOLVIEW (Smith, 1992. Parts A and B of Figure 4 were

threefold symmetry operation. Between the rotation and translatiod . . )
functions, the Molecular Replacement protocol included a PatterPrepared using Grajicholls et al., 1991 E2 sequences align-

son CorrelationPC) refinement stegBriinger, 1990 which al- ments_were made using Macaw version 2(656hu|_er et_al., 1991 .
lowed each of the subunits of the search model to be optimized b oordinates of the tE20CD _have been deposited in the Protein
- . . . ata Bank under the accession number 1c4t.

rigid body refinement. The cross-rotation function followed by the

PC refinement resulted in a rotation solutionfat= 7.4°, 0, =
19.8, 05 = 28.9 (zxz Eulerian angles The translation function
produced a clear pealR6o above the megnat x = 0.160,y =
0.960, andz = 0.420(in fractional coordinatgs The positioned  We are grateful to Dr. Klause Linsey for performing the N-terminal se-
model had an initiaR-factor of 0.441 for reflections between 10.0 quence analysis, to the staff at SSRL for helpful assistance with the data

and 3.5 A resolution and a signal to noise greater than 2 collection, and to Dr. Diane McCarthy for helpful comments on the prep-
aration of this manuscript. This work was supported by Texas Advanced

Research Program grant 003658-188L.H. & L.J.R.), Robert A. Welch
Foundation grants F-121@.L.H.), and F-1376L.J.R) and U.S. Public
Health Service Grants GM301a54.L.H.) and GM06590L.J.R).
After the molecular replacement solution, a set of 1,832 reflections
(10% of all the reflectionswas set aside to be used in the calcu-
lation of Ryee (Briinger, 1992h The tE20CD model was then References
subjected to six rounds of X-PLOR refinement. During the first )
h d ict NCS d . h buni bAla’ Aldeen DAA, Westphal AH, de Kok A, Weston V, Atta MS, Baldwin TJ,
_t ree_ roun S’_ strict was used to cons_traln each subuntt t.O € Bartley J, Borriello SP. 1996. Cloning, sequencing, characterization, and
identical. During the last three rounds of refinement, the N-terminal  implications for vaccine design of the novel dihydrolipoyl acetyltransferase
residuegup to Lys18, part of helix H2(residues 214—-220and _ of Neisseria meningitidis) Med Microbiol 45419-432.
the last few residuesresidues 397-401were refined without A G Wasco W, Cai X, Szabo P, Kwan-Fu, RS, Cooper AJL, Gaston SM,
X X . Gusella JF, Tanzi RE, Blass JP. 1994. Isolation, characterization, and map-
NCS restraints. Excluding these regions, the rest of the model was ping of gene encoding dihydrolipoyl succinyltransferd&2k) of human
refined with tight NCS restraint&@ NCS weight\Wycs of 1,000. a-ketoglutarate dehydrogenase comp®amatic Cell Mol Genet 204-105.
A typical round of X-PLOR refinement included positional re- Berg A, Vervoort J, de Kok A. 1996. Solution structure of the lipoyl domain
fi t using th . t dient inimizatt from the dihydrolipoyl succinyltransferase component of the 2-oxoglutarate
iInement using the ConJUQa_e _gra_len energ_y mln'mlza(t o dehydrogenase complex fromzotobacter vinelandiiJ Mol Biol 261
ell, 1976 followed by optimization of main- and side-chain 432-442.
temperature factors for each residue. The last round of refinemerorges A, Hawkins CF, Packman LC, Perham RN. 1990. Cloning and sequence
included a bulk solvent correction stéfiang & Briinger, 1994 analysis of the genes encoding the dihydrolipoamide acetyltransferase and
. ’ . dihydrolipoamide dehydrogenase components of the pyruvate dehydrog-
Between each round of X-PLOR refinement, the model was fitted  enase complex dacillus stearothermophilugur J Biochem 1905-102.
to eitheroa weighted F, — F; acac Or Fo — F¢ acac €lectron  Briinger AT. 1990. Extension of molecular replacement: A new search strategy
density mapsRead, 198 using the program “O'Jones et al., base%’”1ggge§°;ng”emeACtla Cr}’Stagolgr ﬁ 4643—57- Conmectiout.
1991 running on a Silicon Graphics Crimson workstation. After rur;gfer Un'iversitfp;ess_ manuaiversion S.2. New Haven, tonnectieut
each round of X-PLOR refinement and manual intervention, thesriinger AT. 1992b. Free R value: A novel statistical quantity for assessing the
quality of the stereochemistry of the model was monitored using accuracy of crystal structureNature 355472-475.

the program PROCHECKLaskowski et al 199)3 Regions of the Burns G, Brown T, Hatter K, Sokatch JR. 1988. Comparison of the amino acid
" sequences of the transacylase components of branched-chain oxoacid de-

StrUC_tU!'e Wit_h either qUGStiOhame density or poor geo_metry WETr€  hydrogenase oPseudomonas putidand the pyruvate and 2-oxoglutarate
rebuilt into simulated annealing/3 — F. andF, — F, omit maps dehydrogenases d@scherichia coli Eur J Biochem 176.65-169.
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