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ABSTRACT. Tetrahydrodipicolinate (THDPN-succinyltransferase catalyzes the conversion of tetrahy-
drodipicolinate and succinyl-CoA te2-(succinylamino)-6-oxopimelate and CoA. This reaction represents
the committed step of the succinylase branch of the diaminopimelgahe biosynthetic pathway by
which many bacteria synthesimeesediaminopimelate, a component of peptidoglycan, edysine from
L-aspartate. The crystal structures of THDP succinyltransferase in complex with the substrate/cofactor
pairsL-2-aminopimelate/coenzyme A ameR-amino-6-oxopimelate/coenzyme A have been determined
and refined to 2.0 A resolution. The active site of the enzyme is a long narrow groove located at the
interface between two left-handed paraffehelix (LSH) structural domains of the trimeric enzyme. On
binding the amino acid acceptor and cofactor, this groove is covered by residues from the C-terminus of
one subunit and a flexible loop excluded from th@H_.domain of an adjacent subunit to form a tunnel.

This conformational change is directly related to interactions between the enzyme and the bound amino
acid substrate and cofactor and serves to shield the ligands from bulk solvent and to orient the nucleophilic
amino group of the amino acid acceptor toward the mercaptoethylamine group of the cofactor.

The conversion of tetrahydrodipicolinate (THDRInd The crystal structure of THDP succinyltransferase in the
succinyl-CoA to L-2-(succinylamino)-6-oxopimelate and absence of bound ligands has been previously determined
CoA is the committed step of the succinylase branch of the to 2.2 A resolution and has confirmed this enzyme’s
DAP/lysine biosynthetic pathway used by Gram-negative membership in the “hexapeptide acyltransferase” superfamily
bacteria, Gram-positive cocci, blue-green algae, and higherof enzymes 4). Enzymes of this family share amino acid
plants to synthesize-lysine from L-aspartate ). The sequence similarity in tandem repeated copies of an imperfect
importance of the essential amino agidysine and the hexapeptide sequence, characterized as [LIV]-[GAER]-X
intermediatemeseDAP, a component of peptidoglycan in  [STAV]-X (5). Most enzymes of this family are acyltrans-
bacteria, as well as the absence of this pathway in mammalsferases that utilize a phosphopantetheine-based substrate
has drawn attention to the bacterial DAP/lysine pathway and donor, most often as an acyl-CoA. The “hexapeptide repeat”
THDP succinyltransferase (EC 2.3.1.117) in particular as sequence has been shown to encode a left-handed pgarallel
targets for inhibitor design. Peptides containing L2AP helix (LSH) in the three-dimensional structuree$cherichia
exhibit antibacterial activity against a wide range of Gram- coli UDP-N-acetylglucosamine acyltransferagg (Residues
negative organisms by inhibiting DAP biosynthes?3. (A from this domain were found to bind two inhibitors &f
chemical mechanism for the reaction catalyzed by THDP coli THDP succinyltransferase-(chloromercuri)benzene-
succinyltransferase has been proposed on the basis of a studgulfonic acid and cobalt ion, suggesting that this domain
of a series of cyclic and acyclic analogues of THCB). ( serves a catalytic functior).

Features of the proposed mechanism include enzymatic To date, the precise active site location and conformation

hydration of the cyclic imine form of THDP followed by  of substrates bound to THDP succinyltransferase have not

succinylation and ring opening to yield the acyclic succi- been reported. We describe here the crystal structures of
nylated product (Scheme 1). two ternary complexes of the enzyme formed with L2AP/
CoA and L2A60P/CoA. These structures define the active

*This work was supported by Grants Al33696 (to J.S.B.) and Sit€ location and conformation of the bound amino acid and

AI38328 (to S.L.R.). cofactor and also reveal a substantial conformational change
*The coordinates corresponding to the tetrahydrodipicolimite that accompanies binding

succinyltransferase ternary complexes have been deposited in the '

Brookhaven Protein Data Bank (identification codes 2TDT and 3TDT).
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sponding to a single subunit of the trimeric apoenzyme
(residues +256) and was used to calculate a cross-rotation
function with 15-4 A resolution data. The top-ranked

Table 1: Data Measurement and Structure Refinement Statistics
L2AP/CoA L2A60P/CoA

resolution (A) 2.0 2.0 solution (6.@) was used to orient the search model for input
completeness (%) 98.1 (92.6) 97.1(87.2) . - . .
redundancy 2.7(1.3) 3.0 (1.5) toa translathn functhn caIcuIatlo_n usmg—l@ A data. The
Ruerge(%) 4.7 (21.5) 4.5 (10.3) best translation solution from this calculation (16).4vas
protein atoms 2075 2078 used to define the location of the oriented subunit inxhe
:gkﬁ;ﬁig‘:ﬁ?s 8650 9611 plane. The crystalline packing arrangement corresponding
RMS deviation from ideality to this orlented_and translated model wgs_mspected on
bond lengths (A) 0.023 0.019 molecular graphics and revealed an association of subunits
bond angles (deg) 1.94 171 surrounding the crystallographic 3-fold axis that produced
g y grap p
aVe:i?;;haetg&a' factors A - p35 the familiar trimeric structure of the apoenzyme and an
D e atoms 6.9 368 acceptable array of intermolecular contacts.
RfSO(IO\//?nt atoms 22967(31) 22457(27) Model Building and Atomic Parameter Refinemeiito
ree | 70 . . 1 1 1
Rfactor (%) 17.1 (26) 15.4 (21) properly assess atomic parameter refinements, approximately

5% of the X-ray diffraction data were assigned to a test set

@ Data measurement and refinement statistics for THDP succinyl- 5,4 omitted from refinement procedures in order to calculate
transferase/substrate ternary compleXg.ge (%) = Y |1i — DIV 1| . . .
% 100. Rree (%) = =|Fo — Fol/S|Fo| x 100 for a 5% subset of X-ray the' orgﬂnary .W<.)rk|ng set respluldkwork and_ the cross-
diffraction data omitted from refinement calculatiofsfactor (%)= validation statistidRyee (11, 12). Rigid body refinement was
>|Fo — Fel/Y|Fo| x 100 for all available data (992.0 A resolution). initially carried out using 164 A data with the model
Values in parentheses refer to data in the highest resolution bin. divided into four rigid body fragmentsRok = 38.6%,Riree

= 40.1%) and then using 8.0 A data and 18 fragments

2.5mM CoA (7). Crystals produced from these experiments (Rwok = 33.6%,Riee = 38.0%). This model was subjected
appeared as large rhombohedra measuring approximately 0.0 a round of model building using the graphics program O
x 0.5 x 0.5 mm and yield X-ray reflections to 2.0 A (13) and to simulated annealing positional refinement of
resolution. These crystals belong to the rhombohedral spacecoordinates from 3000 K using data to 2.8 A resolutiBR
group R3 with unit cell parameters. = 95.7 A andc = = 24.6%, Rree = 36.6%). Further model building was
72.8 A (hexagonal setting) and contain one subunit of the followed by conjugate direction refinement of positional and
trimeric enzyme in the asymmetric unit. In an attempt to thermal factors using the TNT program suité4) and
determine the binding site location and conformation of the employing a disordered solvent modBx = 22.1%,Ree
natural substrate, THDP was prepared synthetically according= 32.0%). Difference Fourier maps calculated at this stage
to a previously described procedu®),(and intact crystals  indicated the location of CoA and clearly identified the bound
were soaked for 18 h in a solution containing 16% (w/v) amino acid substrate as theenantiomer despite the use of
poly(ethylene glycol) 4000, 100 mM Tris, pH 8.0, 200 mM racemic 2-aminopimelate in crystallization solutions. In
ammonium sulfate, 5% (w/v) 2-propanol, 0.1 mM dithio- addition, density corresponding to the C-terminal 18 residues
threitol, 5 mM THDP, and 20 mM CoA. These crystals were (257—274), absent from the apoenzyme model, was apparent
nearly isomorphous with those produced from the original and could be modeled at this stage. The last several cycles
crystallization and diffracted X-rays to a similar resolution. of model building and refinement were used to extend

Data Measurement and Molecular ReplacemeKtray resolution to 2.0 A and add 85 water molecul®&qf =
diffraction data to 2.0 A resolution was measured from one 16.9%,Rree = 24.6%). The final crystallographig-factor
crystal for each of the two ternary complexes using a Siemensfor the L2ZAP/CoA complex model using all available data
X1000 area detector mounted on a Rigaku RU2000 rotatingto 2.0 A resolution (0.98 complete) was 17.1% (Table 1).
anode generator operating in fine focus at 50 kV and 80 mA.  The structure of crystals transferred to a solution containing
The data collection strategy was designed by the programTHDP and CoA was determined by difference Fourier maps
SWEEPS (S. L. Roderick, unpublished program) and reducedphased with protein atomic coordinates from which residual
with XDS (9) (Table 1). bias had been removed with a 4000 K simulated annealing

The structure of the L2AP/CoA ternary complex crystal refinement. The difference electron density clearly indicated
was solved by molecular replacement with the X-PLOR that the cyclic THDP molecule present in the crystal soak
program packagel() and the known apoenzyme structure solution was not bound, but rather the acyclic compound
of THDP succinyltransferasef) (PDB identification code  formed by hydration of THDP and ring opening to yield
1TDT). The search model consisted of all atoms corre- L2A60P (Scheme 1). Proof that this compound had indeed
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Ficure 1: Superposition of the apoenzyme (gray) and L2ZA60P/CoA complex (orange) structures of THDP succinyltransferase. The location
of the C-terminal 18 residues (257&74A) and the residues corresponding to the flexible loop (}66BB) of the ternary complex are
depicted in red. (Left, A) View parallel to the crystallographic 3-fold axis relating subunits of the trimeric enzyme. The three triangular
forms correspond to traces of the left-handed parAHe¢lix structural domain (see text). (Right, B) Stereoview nearly perpendicular to the
3-fold axis depicting one active site. The A subunit is depicted on the left and the B subunit on the right. Produced by SBTOR (

substituted for the structurally similar L2AP present in the by tandem repeated copies of a hexapeptide repeat sequence
original crystallization solution was provided by the appear- motif described as [LIV]-[GAED]-%-[STAV]-X and adopts
ance of a very strong electron density feature €y h an a coiled conformation. The overall shape of this domain is
Fo — Fo map corresponding to the 6-oxo group of L2ZA60OP. similar to an equilateral prism with its three sides formed
Least squares refinement of positional and thermal factorsby three paralleB-sheets composed of sh@ristrands. The
at 2.0 A resolution was carried out using TNT with the regular coiled fold of this domain is interrupted at two
addition of 91 water moleculeR{ox = 15.2%, Riee = locations by loops that project from vertices of this prismatic
22.5%). The final crystallographig-factor for the L2A60P/ domain and whose sequence disobeys the hexapeptide repeat
CoA complex using all available data to 2.0 A resolution sequence motif rule (residues 16675 and 216-224). The
(0.97 complete) was 15.4% (Table 1). trimeric structure of the enzyme in the crystals studied here
consists of three subunits that are related by a crystallographic
RESULTS AND DISCUSSION 3-fold rotation axis. This rotation axis is nearly parallel to
Atomic Models of THDP Succinyltransferase Complexes. the axis of each individual prismatiggH domain. Structural
The structures of the two THDP succinyltransferase com- elements that form the apoenzyme subtsitbunit interface
plexes consist of atoms corresponding to all 274 residues ofare conserved in the ternary complex structures reported here,
the polypeptide and all atoms corresponding to bound although some additional intersubunit interactions occur in
substrates. These models include the C-terminal 18 residueshe ternary complexes (see below).
that could not be modeled in any of the three crystallo- Active Site Location and Conformational Chang&he
graphically independent subunits of the previously reported substrate binding site of THDP succinyltransferase is located
apoenzyme structure due to disorddy. (The L2AP/CoA at the junction of two |8H domains belonging to separate
structure, determined at pH 6.4, contains 85 water moleculessubunits (Figure 1). The shape of the active site is that of
and 7 residues truncated to alanine due to weak electrona long and narrow tunnel oriented parallel to the 3-fold axis
density. The L2A60OP/CoA structure was determined from of the enzyme as well as the axis of eagfH.domain. A
crystals that had been transferred to a synthetic mother liquordistance of 34 A measured parallel to this axis separates the
solution containing THDP and CoA at pH 8.0 (activity pH most distal substrate groups: the 7-carboxylate group of
optimum 8.2). This model contains 91 water molecules and L2A60P and the ribose'$hosphate of CoA. This region
6 residues truncated to alanine. The three-dimensionalof the molecule is generally that which had been proposed
structures of the two complexes are nearly identical and to form the active site on the basis of the proximity of binding
display an RMS discrepancy of 0.15 A for proteircarbon sites for two inhibitors: PCMBS and cobalt iod)( The
atoms, 0.18 A for coenzyme atoms, and 0.11 A for common use of two subunits to form a single active site suggests that
atoms of the amino acid acceptor substrates. Because theach trimeric enzyme molecule possesses three equivalent
two complexes differ in structure by only the 6-oxo group active sites, each formed at the interface of three different
of L2A60P, the ensuing discussion will focus on just the subunit pairs. Further description of the active site requires
structure of THDP succinyltransferase in complex with reference to a pair of subunits. For a single active site, these
L2A60P and CoA. subunits will be referred to as either A or B and residues
Structure of THDP SuccinyltransferaseThe overall belonging to each subunit will be denoted using the subunit
structure of THDP succinyltransferase is composed of an hame as a suffix. In Figures 1B, 2, 3, and 4, the A subunit
NH-terminal domain containing foue helices (residues is depicted on the left side and the B subunit on the right
1-101), a structural domain composed primarily of coiled side.
parallel g structure termed a left-handed paralihelix An intersecting initial velocity pattern has been reported
(LAH) (contained in the range 16233), and a C-terminal  for theE. coli THDP succinyltransferase using either THDP
domain (234-274) (Figure 1). The BH domain is formed or L2AP as succinyl acceptors3,(15), indicative of a
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sequential _ki”e“C_ mechanism re_quirir_lg both Succ_inyl'COA Table 2: Hydrophilic Interactions from the Flexible Loop
and the amino acid acceptor to bind prior to catalysis. These (Residues 166175y
kinetic studies are confirmed by the observation of a

A . . . loop residue apoenzyme L2A60P/CoA complex
remarkable conformational change in the three-dimensional Gly 1668 (N) WAT 383 (2.9)
structure of the enzyme upon the binding qf L2A60P and Gly 1668 (O) WAT 189 (3.0) WAT 330 (3;.0)
CoA. After superposition of the #H domain o carbon WAT 331 (3.0)
coordinates of the apoenzyme and the L2A60P/CoA ternary WAT 382 (3.1)
complex structures (RMS deviation 0.33 A), significant Val167B(N) \?/%Tlig??,((z))) (3.1) Ser 148B (OG) (2.9)
qonformational changes are apparent in threg distinct polypep—val 1678 (0) Lys 60B (NZ) 3.3) GIn 1728 (N) (3.1)
tide segments. These conformationally flexible segments are | e, 1688 (N) L2AGOP (012) (2.9)
(1) a portion of the Nterminal domain containing the first  Leu 168B (0) Lys 60B (NZ) (3.0) Asn 267A (ND2) (2.9)
threea-helices (residues 1B70B; RMSa. carbon deviation Glu 1698 (N) L2A60P (012) (3.1)
relative to the apoenzyme of 1.7 &), (2) a polypeptide loop ©'u 1698 (OE1) AAS“ 267A (N) (2-8)
; ; i rg 271A (NH1) (2.6)
exc[uQed from the ,B.H domain (reS|d_ues 166&.758, RMS Glu 169B (OE2) His 157A (ND1) (2.8)
deviation 5.6 A), and (3) the C-terminal 18 residues (257A Arg 271A (NH2) (3.0)
274A; not observed in the apoenzyme structure due to Glu 1698 (O) L2A60P (N2) (2.8)
disorder). These conformational changes are not likely to P 1708 () AngSl?gE ((N)Z)(SS?’l)l) WAT 382 (2.6)
be due to the pH differences of the crystal soak solutions | ¢y 171B (N) ' WAT 358 (2.8)
since the two complex structures described here were Leu 171B (O) Lys 60B (NZ) (3.1) WAT 340 (2.9)
determined from crystals soaked in solutions of pH 6.4 and oI 1728 (N) V\\//AlTlg;g ((%‘59)(3 "
H n a .
8.0 and the apoenzyme sFructure was dgtermlned at pH 7.5.Gln 1728 (OE1) WAT 339 (3.2)
The NHz-termlna-l domain and the ﬂ-EX|b|e IOOp excluded Gln 172B (NE2) WAT 314 (2.8)
from the LSH domain (166B-175B) are in contact and move  Gin 172B (O) Lys 60B (NZ) (2.8)
in the same direction to cover the active site (Figure 1). In Ala173B (N) Pro 170B (O) (3.1) WAT 339 (3.0)

: a173B (O) Lys 60B (NZ) (2.6) GIn 57B (NE2) (3.0)
the apoenzyme structure, these segments are in contac Lys 60B (N2) (2.9)

predominantly via the side chain ammonium group of Lys aq, 1748 (N) WAT 341 (2.9)
60B, a residue of the third helix (a3; 57B—70B) of the Asn 174B (OD1) Thr 55B (OG1) (2.9)
NHy-terminal domain. The side chain ammonium group of Asnh 174B (ND2) glro %7358((0(3)(;2(.3) WAT 342 (2.6)

i i y 193B .
!_ys 60B prpjects towqrd the_ lumen of the flexible qup and Asn 1748 (0) WAT 330 (2.9)
interacts with four main chain carbonyl groups of this loop WAT 341 (3.0)

in the structure of the apoenzyme (Leu 168B, Pro 170B, Leu pro 1758 (0) Asn 174B (ND2) (2.8)
1718_’ and Ala 173B; N-O distances 2:53.2 A) (Table 2). a Distances between hydrophilic groups of the flexible loop (residues
On binding substrates, the loop undergoes a large confor-1668-1758) and other hydrophilic groups for the apoenzyme (LTDT)
mational change, promoting more intimate interaction with and L2A60P/CoA ternary complex structures. Distances (in A) are
residues on the side of3 that faces the loop (Thr 55B, GIn  given in parentheses.
57B, Lys 60B, Leu 64B) as well as three residues of the A
subunit and the amino acid acceptor substrate (see below)extended active site tunnel as a result of the substrate-induced
The interactions between the loop residues @dghromoted conformational change. Space-filling diagrams illustrating
by substrate binding appear to pull the Ntdrminal domain  the degree of active site closure prepared from the observed
toward the active site as a rigid body but do not significantly coordinates of the L2ZA60P/CoA complex and resulting from
change the main chain conformation of this domain. an experiment in which the apoenzyme enzyme structure was
The C-terminal 18 residues were not visible in the docked with substrate atoms in order to achieve a similar
apoenzyme structure in any of the three crystallographically association are depicted in Figure 2 and visually indicate
independent subunits, despite the presence of full-lengththe degree of active site closure that occurs on substrate
protein as determined by electrospray mass spectrometry otbinding. The solvent-accessible surface areas of L2A60OP
dissolved crystals (data not shown). The C-terminal 18 and CoA are reduced by 98% and 86%, respectively, on
residues form a shodt-helix (257A—263A) and an irregular,  association with the enzyme.
somewhat extended structure (264274A) directed nearly Coenzyme A Binding Conformation and Interactioiiie
parallel to the 3-fold rotation axis (Figure 1B). The conformation of CoA bound to THDP succinyltransferase
C-terminal segment is ordered by its interaction with the 3 is shaped like a fishhook and bent at the pyrophosphate
phosphate ADP moiety of the cofactor as well as its group. The pantetheine arm adopts an extended conforma-
interactions with the adjacent B subunit. The subunit tion and interacts directly with the adenine group via the
subunit interactions formed as a result of the conformational pantetheine hydroxyl (Figures 1, 3, and 4). Several features
change include hydrogen bonds from Lys 263A (NZ) to Ser of the cofactor conformation and its interaction with the
211B (OG) and from Asn 267A (ND2) to Leu 168B (O), a protein have been frequently observed in the structures of
salt bridge between Arg 271A and the flexible loop residue other CoA binding proteinsl@). These include the location
Glu 169B, and a hydrophobic interaction between the side of the cofactor binding site at a subuniubunit interface,
chains of Leu 270A and Phe 67B of the Ntérminal domain an overall bent conformation of the cofactor and extended
a3 helix. pantetheine arm, an appareriteddo conformation of the
The C-terminal 18 residues (from the A subunit) and the ribose, an anti glycosidic torsion angle, a solvent-exposed
residues that form the flexible loop excluded from theH. ribose 3-phosphate group, and direction of the adenine
structural domain (from the B subunit) form one wall of the toward the protein and away from solvent.
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Ficure 2: Space-filling diagrams of the THDP succinyltransferase. The viewing direction is identical to that of Figure 1B. (Left) Apoenzyme
structure 4) with docked substrates. (Right) Holoenzyme structure determined here with observed positions of CoA and L2A60P indicating

the reduced degree of solvent accessibility due to the conformational change. Produced by GBASP (
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Ficure 3: Interactions of the substrates CoA and L2A60P at the

Ser 211B (OG) (Figure 3). Three of these interactions are
made by positively charged residues from the C-terminus
of the A subunit and contribute to the ordering of this
segment that is observed only in the presence of substrates.
The adenine exocyclic amino group forms hydrogen bonds
with Ser 203A (OG) and the pantetheine hydroxyl and
indirect, water-mediated interactions with Tyr 207B (O) and
Thr 212B (OG1). The amide carbonyl oxygen atoms of the
pantetheingg-alanine residues accept hydrogen bonds from
Ser 203A (OG) and Ala 186A (N) of the A subunit. These
residues are members of adjacent coils of tAgl Istructural
domain and serve to impose an extended conformation on
the cofactor pantetheine arm by distance matching between
the parallels strands of this domain (interstrand separation
4.9 A) and that of the amide carbonyl oxygens of the
pantetheine arm in its observed extended conformation (5.0
A). The nitrogen atoms from thg-alanine units hydrogen
bond to Glu 192B (OE2) and indirectly via water to GIn
172B (NEZ2) of the B subunit. The sulfhydryl group is rather
disordered in the ternary complex structures reported here
but appears to interact with a water molecule that bridges
this group and the amino group of the L2A60OP acceptor
substrate and receive a hydrogen bond from the peptide
nitrogen of Gly 160A.

Amino Acid Binding Conformation and Interaction§he
side chain of the amino acid acceptor, L2ZA60OP, adopts an
extended all-trans conformation. The 1-carboxylate group
is staggered with respect to the amino group and side chain
o carbon substituents. The side chain of the amino acid and
the pantetheine arm of the cofactor are in rough collinear
alignment and oriented parallel to the 3-fold axis of the

active site of THDP succinyltransferase (arbitrary resonance forms). €nzyme (Figure 1).
Residues belonging to different subunits are denoted with Aand B \yhereas the cofactor is bound predominantly by residues

suffixes. The surrounding brackets suggest the spatial extent of thes
subunits. Interatomic distances between hydrophilic groups are als

given (in A).

0?rom the LSH domains and the conformationally mobile

C-terminal segment of the A subunit, the amino acid acceptor
L2A60P is bound by residues from the tw@H domains

The negatively charged-phosphate and pyrophosphate and the conformationally flexible loop of the B subunit. The
moieties of the cofactor are bound through electrostatic 7-carboxylate group of L2ZA60OP is in salt linkage with Arg

interactions with Arg 217A, Lys 254A, Lys 259A, Lys 263A,

104A and Arg 112B, two residues that do not change

and Arg 213B and hydrogen bonds to Thr 260A (OG1) and conformation and appear to be nearly prearranged in the
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Ficure 4: Stereoview of the THDP succinyltransferase active site. Residues from the A subunit (blue) and B subunit (yellow) are depicted

as well as the substrates (bold). The polypeptide chain path of the C-terminal 18 residues 22823 is depicted as a rope. Produced
by MOLSCRIPT (9).

apoenzyme structure through salt linkage to Asp 84B. The the cofactor sulfhydryl group (NS distance 4.0 A) and with
6-oxo group of L2A60OP accepts hydrogen bonds from the one additional water molecule occupies a volume located
side chain carboxamide of Asn 129B and the guanidinium between these substrates. Modeling experiments indicate that
of Arg 112B. Ser 148B (OG1) and a water molecule interact if these water molecules are removed, this volume is large
with one oxygen atom of the acceptor 1-carboxylate group; enough to accommodate the succinyl group of succinyl-CoA,
the remaining oxygen accepts hydrogen bonds from the mainalthough the orientation of this unobserved acyl group cannot
chain amide groups of Leu 168B and Glu 169B of the be unambiguously assigned in the absence of further
flexible loop. observations.

Although there are a large number of contacts that Mechanistic Implications.On the basis of the study of a
characterize the conformational change of THDP succinyl- series of cyclic and acyclic analogues of THDP, a model
transferase and its interaction with substrates, the role of Glufor the succinylation of THDP has been propos&). (
169B is particularly noteworthy (Figure 3). Thecarbon Features of this mechanism include enzymatic hydration of
of this residue moves 7.7 A on binding substrates, and thethe cyclic imine, THDP, followed by succinylation and then
hydrophilic groups of this residue make six interactions in ring opening to form the acyclic succinylated product,
the ternary complex structure, none of which occur in the L2A60OP. The observed characteristic of several acyclic
absence of substrates. The side chain carboxylate of Glucompounds such as L2AP to serve as good substiétgsd)
169B interacts with the A subunit by forming a salt bridge = 1.0 MM, Vinax = 0.6 Vmax (THDP)] was explained by
with Arg 271A and by accepting hydrogen bonds from the proposing that acyclic substrates such as this bind in a
peptide nitrogen of Asn 267A and the imidazole ND1 of pseudocyclic conformation to the enzyme.

His 157A (not shown in Figure 3). The main chain oxygen  The crystal structures determined here define the confor-
of Glu 169B accepts a hydrogen bond from the 2-amino mation of two enzyme-bound acyclic substrates and dem-
group of the acceptor, and the main chain nitrogen of this onstrate that an obligatorily acyclic substrate such as L2AP
residue donates a hydrogen bond to the substrate 1-carboxyand the hydrated and acyclic product of THDP, L2A60P,
late. In this way, Glu 169B plays a role in ordering the are both bound to the enzyme in nearly identical extended
C-terminal segment of the A subunit and promoting the conformations. Although itis not clear whether the hydration
conformational change that creates the active site tunnel. Inand ring opening of THDP occurs in solution or is catalyzed,
addition, it participates in two interactions that orient the the orientation of the primary amino group of the amino acid
amino group of the acceptor toward the cofactor binding in close proximity to the mercaptoethylamine group of the
pocket and its mercaptoethylamine group. cofactor suggests that these structures involving acyclic

It may be significant that the amino group of the amino intermediates may indeed characterize the structure of a
acid substrate L2ZA60OP accepts a nearly tetrahedral arrangeprecatalytic complex. The amino group of both L2AP and
ment of substituents, considering its covalent bond taothe L2A60P interacts with the side chain carboxylate of Asp
carbon atom of the amino acid and hydrogen bonds formed141A, and it is tempting to speculate that this residue could
with Glu 169B (O), Asp 141A (OD2), and water. The water function as a base to deprotonate the primary amine prior to
molecule bridges the amino acid acceptor amino group andnucleophilic attack on the thioester or to aid in the decom-
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position of a tetrahedral intermediate. Support for such ideas 6.
may be gained from determination of the three-dimensional
structures of enzyme complexes containing the natural
succinylated cofactor and from preparation and analysis of

site-directed mutants of THDP succinyltransferase.
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