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ABSTRACT. Dihydrodipicolinate synthase (DHDPS) catalyzes the condensation of pyruvate-asgiartate
p-semialdehyde. It is the first enzyme unique to the diaminopimelate pathway of lysine biosynthesis.
Here we present the crystal structures of five complexeEsaherichia coliDHDPS with substrates,
substrate analogs, and inhibitors. These include the complexes of DHDPS with (1) pyruvate, (2) pyruvate
and theL-aspartatg-semialdehyde analog succingtsemialdehyde, (3) the inhibitar-ketopimelic acid,

(4) dipicolinic acid, and (5) the natural feedback inhibitetysine. The kinetics of inhibition were
determined, and the binding site of thdysine was identified. NMR experiments were conducted in
order to elucidate the nature of the product of the reaction catalyzed by DHDPS. By this meted, (4
4-hydroxy-2,3,4,5-tetrahydro-gx-dipicolinic acid is identified as the only product. A reaction mechanism

for DHDPS is proposed, and important features for inhibition are identified.

Dihydrodipicolinate synthase (DHDPEC 4.2.1.52) is L9, o
the first enzyme unique to the lysine biosynthetic pathway Hac)al’\COO' W é)ﬂl\éoo‘
of procaryotes, somPhycomycetesand higher plants. It Pyruvate G,
catalyzes the condensation of pyruvate andspartate OTH OTH . zg:z )
p-semialdehyde¢ASA) (Yugari & Gilvarg , 1965). On 4 & » Goo :/O;
the basis of indirect evidence, it has been suggested that the 000 NH 1 Coo" KPA -00¢” “N” ~coo-
product released by DHDPSIis2,3-dihydrodipicolinic acid “Ash SAS TF‘DP

(2,3-DHDP), which is then converted by dihydrodipicolinate
reductase to.-2,3,4,5-tetrahydrodipicolinic acid (THDP)

N OH
(Figure 1). e Qcoo oocO\coo ooc /3\000' fji

DHDPS has been isolated from a variety of bacterial oPA 250HDP “O0C coo
(Shedlarski & Gilvarg, 1969; Stahly, 1969; Crenedtral,, 23D“DF‘ HTF’A
1988) and plant (Frisckt al, 1991; Ghislainet al, 1990; Ficure 1: Formulas of compounds mentioned in the text.

Kumpaisalet al,, 1987) sources. In all cases examined, the
reaction proceedsia a ping-pong mechanism in which 1987), enzymes fror&scherichia coli, Bacillus sphaericus
pyruvate binds as a Schiff base to thamino group of a andMethanobacterium thermoautotrophicuwhich are only
lysine residue in the active site of the enzyme. TheASA weakly inhibited with anlos between 0.25 and 1.0 mM
binds to the active site, and the product is released. The(Laberet al, 1992; Barlett & White, 1986; Bakhiedt al,,
details of the reaction however remained unclear. According 1984), and DHDPS from most Gram-positive bacteria which
to the classification of Graat al. (1962), DHDPS is atype  appear not to be inhibited by lysine at alb{ > 10 mM;
| aldolase. Selliet al, 1994; Webster & Lechowitch, 1970; Stahly, 1969;
Depending on their regulatory properties, DHDPS enzymes Cremeret al, 1988; Hoganson & Stahly, 1975; Yakamura
can be grouped into three classes: plant enzymes which areet al, 1974; Tosaka & Takinami, 1978). The molecular
strongly inhibited by lysine with angk between 0.01 and ~ mechanism by which lysine exerts its regulatory effect in
0.05 mM (Frischet al,, 1991; Ghislairet al, 1990; Dereppe  sensitive enzymes is still a matter of controversy. Lysine

et al, 1992; Wallsgrove & Mazelis, 1981; Kumpaisetlal,, has been shown to inhibit wheat DHDPS competitively with
respect to.-ASA, suggesting an overlap of the lysine and
* This work was supported by DFG-SFB 266 (T.A.H.). ASA binding sites (Kumpaisatt al., 1987); inhibition of
¥ Coordinates oE. coli DHDPS have been deposited in the Brook- the maize enzyme is reported to be competitive with respect
havt_%rn Prr?tem Data Baﬂé( (Traclﬂnglé\lgmbgé T8132)-T oo 004 to pyruvate (Frisclet al,, 1991), indicative of an overlap of
* To whom correspondence shou € aadressed. lelephone:
89 8578 2661. Fax: 0049 89 8578 3516. E-mail: blickin@biochem. %he lysine and pyruvate binding sites, although recent
mpg.de. mutagenesis studies by the same group support the view that
§ Max-Planck-Institut fu Biochemie. lysine acts as an allosteric inhibitor (Shatral, 1996).
"Hoechst Schering AgrEvo GmbH. .
® Abstract published il\dvance ACS Abstract®ecember 1, 1996. The crystal Struct!.lre d. coli DHDPS has recently been
1 Abbreviations: ASA, aspartatesemialdehyde; 2,3-DHDR;2,3- solved at a resolution of 2.5 A by X-ray crystallography

gnsgécédipé?ﬁligﬂcdaqid;l_ 2,5-DI_-(|1DP,L—t%,S-dih)IIDdFr’OAdip(;t_:Qlinil_c _acid;_d (Mirwaldt et al, 1995). The quarternary structure of this

. dihydrodipicolinic acid synthase; , dipicolinic acid; : - - -

HTPA, (4S)-4-hydroxy-2,3,4,5-tetrahydrogdipicoiinic acid; kA, nomotetrameric enzyme is best described as a dimer of
a-ketopimelic acid; NeuSAdy-acetylneuraminate lyase; SAS, succinate dimers, with weak contacts between the two dimers com-

B-semialdehyde; THDR,-2,3,4,5-tetrahydrodipicolinic acid. pared to the intradimer contacts. The monomer has a
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Table 1: Crystallization and Soaking Conditions

buffer additions soaking time
nativet 1.8 M potassium phosphate (pH 10) ull of 6% S-octyl glucoside to drop
derivatives
KPA 2.3 M potassium phosphate (pH 10) 50 mM KPA 3h
LPS 2.0 M potassium citrate (pH 5.7) 40 mM pyruvate/120 mM SAS/80 mM lysine 4 days
LYS 2.3 M potassium phosphate (pH 10.0) 100 mM lysine 5 days
PHP 2.3 M potassium phosphate (pH 10.0) 50 mM pyruvate/50 mM hxdroxyproline 1 day
DIP cocrystallization of DHDPS with 50 mM DPA

under native conditions
a After 2—3 days, crystals (0.8 mm 0.8 mm x 0.4 mm) were obtained. Space groBpl21l;a = b = 122.41, ancc = 111.22.

Table 2: Crystallographic and Refinement Data

no. of average
resolution lastresolution measurements completeness  Rmegd  Reactor no. of atoms temperature
derivative A shell (A) (unique) (inlast shell) (%) (%) (%) (total/protein/water) factor (A%
DIP 2.53 2.62-2.53 94.914 (29.368) 90.5 (73.0) 11.2 DIP was not further refined
KPA 2.68 2.78-2.68 79.564 (20.629) 77.6 (79.1) 6.5 18.38 4.643/4.380/241 18.85
1
LPS 2.79 2.89-2.79 76.806 (23.456) 94.0 (68.3) 8.1 19.61 4.647/4.380/221 20.90
1
LYS 2.94 3.04-2.94 59.671 (19.243) 91.5 (77.8) 135 19.62 4.640/4.380/238 19.03
8
PHP 2.73 2.782.69 57.255 (18.535) 69.1 (65.2) 12.7  18.33 4.624/4.380/232 21.24
2

@ Rmerge= Y (In—[Inl)/X I for all measurementd;, is intensity.

(Bla)s-barrel fold with an additional C-terminal domain conditions summarized in Table 1. The crystals were
which is mainlyo-helical. Whether this additional domain isomorphous with respect to the native crystals.
modulates substrate binding, as has been suggested for the X-ray Data Collection. The data were collected on a
C-terminal domain of type | aldolase and tif#d)s-barrel  MarResearch image plate scanner (45 kV, 120 mA) mounted
enzyme fructose-bisphosphate aldolase (Sygtsh, 1987,  on a Rigaku RU200 rotating anode generator (Rigaku,
Littlechild & Watson, 1993), is not known. The active site Tokyo, Japan). During data collection, the crystals were
lysine (K161; Labeet al, 1992) is located at the C-terminal cooled to 4°C by a stream of cold air. The images were
pole of the barrel structure. processed using the program suite MOSFLM (Leslie, 1990).
This structural information provided the basis for inves- Scaling and data reduction were performed with ROTA-
tigating substrate binding, catalysis, and regulation of VATA/AGROVATA and TRUNCATE from the CCP4
DHDPS. Therefore, we studied the three-dimensional program suite (CCP4, 1994). Different data sets were scaled
structure of E. coli DHDPS by X-ray crystallography  with PROTEIN (Steigemann, 1991). After map calculation
complexed with (1) pyruvate, (2) the substrate analogs with PROTEIN, the maps were averaged 2-fold around the
succinate-semialdehyde (SAS) and-ketopimelic acid  |ocal 2-fold axis (Mirwaldtet al, 1995). Rotation and
(KPA), (3) the inhibitor dipicolinic acid (DPA), and (4) the  translation matrices, masking of the subunits, and averaging
natural feedback inhibitor-lysine. As the product of the  of the electron density maps were performed using MAIN
reaction catalyzed by DHDPS has not been unequivocally (Turk, 1988). The averaged maps showed a marked
identified, NMR experiments, usingC-labeled pyruvate as  improvement with respect to the unaveraged maps. Models
substrate, were conducted. These experiments show that thef the inhibitors were built into the difference density maps
product released by DHDPS is 44-hydroxy-2,3,4,5-  calculated with thé=, — Fo coefficients, wherd, were the
tetrahydro-(&)-dipicolinic acid (HTPA). On the basis of  observed amplitude of the derivative data set Radvere
the results obtained by X-ray crystallography and NMR the amplitude of the native data set. The phases were derived
spectroscopy, together with kinetic data, a plausible reactionfrom the native model. The models of complexes containing
mechanism is proposed. Second, the lysine effector site isthe ligand were refined with X-PLOR (Bnger, 1992) using
identified, and amino acid side chains important for catalysis the parameter set of Engh and Huber (1991) toRagor
and regulation are pointed out. below 20.0%. The root mean square (rms) of the subunits
in the asymmetric unit after refinement was between 0.24
MATERIALS AND METHODS and 0.26 (native model, rms 0.19). For the inhibitor
Enzyme Purification, Crystallization, and Soaking of molecules, strong noncrystallographic symmetry restraints
Crystals. DHDPS from E. coli was purified from an were used. Water molecules not well defined in the electron
overproducing strain oE. coli as described previously density or with aBpcor Of above 50.0 were deleted.
(Mirwaldt et al, 1995). Crystals were obtained by the Crystallographic and refinement statistics are summarized
hanging drop method in the presencefefctyl glucoside ~ in Table 2.
using either potassium phosphate buffer (pH 10) or potassium Enzyme AssaysDHDPS was assayed as described previ-
citrate buffer (pH 7.0) as the precipitant (Laleral,, 1992). ously (Laberet al, 1992). For inactivation experiments,
Crystals of DHDPS complexed with substrate and/or inhibi- DHDPS was preincubated at room temperature in 50 mM
tors were prepared by soaking or cocrystallization under the Tris-HCI (pH 8.2) with varying concentrations of KPA. At
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predetermined time intervals, aliquots were transferred to therecorded. Both spectra were zero filled and Fourier trans-

standard assay mixture and assayed for enzyme activity. formed to a final size of 4kx 512 complex points.
3C-NMR SpectroscopySamples of the enzyme together

with the substrates were prepared in a volume of B0 RESULTS

containing 200 mM Tris-HCI (pH 9.0), 50 mM KHGDS0 Active Site of E. coli DHDPS.Crystallographic studies
uL of D;0, 100 mM labeled pyruvate, andi& of DHDPS of nativeE. coli DHDPS had revealed that the active site is
(2 mg/m!_) in Tns-buffer/glycgrol. The reaction was initiated 5 cavity formed by two monomers (Mirwalét al, 1995).

by addition ofp,L.-ASA to a final concentration of 20 mM. K161, implicated in Schiff base formation (Labet al,

D,L.-ASA used for NMR spectroscopy was obtained from 1992), is positioned on a hydrophobic scaffold, leaving only
Michael Dechantsreiter and was prepared according to thepne side accessible to the solvent. Y133 is situated close to
procedure described by Tudet al. (1993). K161 (3.4 A) and is part of a hydrogen-bonded triad linking

13C-NMR proton-coupled spectra were started approxi- two monomers. Y133 is hydrogen bonded T44 (3.6 A)
mately 4 min after addition of ASA. Experiments were to Y107 (2.7 A) of the neighboring monomer which reaches
performed at 17°C on a BRUKER AMX 500 MHz into the active site. Y107 and Y106 form an aromatic stack
spectrometer usgh a 5 mm triple-resonance probehead. with the corresponding residues of the other monomer
Complex data points (8K) were recorded for each scan with (Figure 4B). The main chain dihedral angles of Y107 fall
a repetition delay of 2 s.In a pseudo-two-dimensional into the disallowed region of the Ramachandran plot (Mir-
spectrum, between 50 and 100 sinie-one-dimensional-  waldtet al, 1995), indicating conformational strain, possibly
experiments were collected. Scans (65, 128, or 256) wereimportant for catalysis and/or inhibition. Residues lining the
acquired for each one-dimensional experiment. This schemeactive site are conserved or conservatively exchanged in all
was devised in order to observe the decomposition of the DHDPS sequences known to date.
product and obtain optimum signal to noise ratios for signals  Complex with Pyruate. To elucidate the first step of the
which are not present during the entire experiment (i.e. reaction, i.e. Schiff base formation with pyruvate, X-ray data
signals which either decay or build up). All single experi- were collected from crystals soaked with pyruvate. The
ments of the pseudo-two-dimensional spectrum were Fourier-corresponding difference density map showed positive
transformed after apodization with a Gauss window and zero electron density at K161, indicating that Schiff base forma-
filled to a size of 16K complex data points. A sweep width tion between the-amino group of K161 and pyruvate had
of 320 ppm was used, and the carrier was placed at 82.5taken place (Figure 2A, atomic distances in Table 3).
ppm. The spectra are calibrated using TMS as the externalidentical difference density was obtained from pyruvate/
standard. Each spectrum in Figure 5 was obtained by addingsodium borohydride-inactivated enzyme (Labeal, 1992),
the first 50 experiments (64 scans eaeta total of 3200  although with lower resolution (data not shown). The

scans) of the pseudo two-dimensional spectrum. carboxyl group of the bound pyruvate is oriented toward
Increment calculations were performed with Spec Tool for Y133 (3.3 A) and toward T44 and T45 (2.8 A), which are
Windows, Version 1.1 (Chemical Concepts, 1995). shifted toward the substrate as compared to the unliganded

1H-NMR Spectroscopyldentical samples were prepared €nzyme. While T44 is linkedia hydrogen bonds to the
as they were fof3C-NMR spectroscopy, and the reaction adjacent Y133 and to Y107 of the other monomer, T45 is
was initiated by addition ob,L-ASA. All one- and two-  hydrogen bonded to N248 (2.9 A). N248 is conserved in
dimensionalH spectra were recorded at 1¢ on BRUKER ~ Plants andE. colibut replaced by a glycine in Gram-positive
AMX 500 and DRX 600 MHzspectrometer. In the one- bacteria.
dimensionalH spectra, the water resonance was suppressed Complex with Pyruate and Succinat@-semialdehyde.
using a jump-return sequence (Plateau & Gueron, 1982) Succinatgs-semialdehyde (SAS) is an ASA analog in which
with the carrier frequency placed on water. the amino group has been substituted by a hydrogen atom.
The two-dimensional total correlation spectroscopy SAS is a reversible inhibitor of DHDPS which is competitive

(TOCSY) was performed on a BRUKER AMX 500 MHz ~ With respect ta-ASA (K; = 0.30 mM) and uncompetitive
spectrometer with the MLEV-17 sequence (Bax & Bavis, With respect to pyruvate at nonsaturatindSA concentra-
1985) for an isotropic mixing time of 36 ms. The double- tions. After prolonged incubation of DHDPS with pyruvate
quantum-filtered correlation spectroscopy (DQF-COSY) and SAS, no pyruvate consumption could be detected.
(Ernstet al.,1987) was performed on a BRUKER DRX 600  DHDPS crystals were soaked with pyruvate and SAS both
MHz spectrometer in order to distinguish between multiple with and without lysine present in the soaking buffer. In
through-bond-magnetization transfers (as observed inboth cases, the identical positive difference electron density
TOCSY) and single-step through bond magnetic transfersin the form of a half-circle was observed in the active site
(COSY). Both pulse sequences included presaturation of (Figures 2B and 3).

the water resonance (Guerat al., 1991). The use of Superposition of this density with that obtained from
different field strengths provides the means for distinguishing pyruvate soaks showed an overlap at the pyruvate moiety.
between signals originating from two protons giving two The overall electron density suggests that SAS has undergone
signals, which are seperated by a small chemical shift, andaldol addition to pyruvate. Models of both possible stere-
from splitting due toJ coupling. In the TOCSY and oisomers of the aldol adduct were refined into the density;
DQF-COSY experiments, the carrier was placed at 4.73 ppmhowever, only theSisomer was in agreement with the
for both the direct and indirect dimension. The sweep width experimental results. The hydroxyl group is within hydrogen-
was 10 ppm in both dimensions. Complex points (4 K) were bonding distance to the imine N of K161 (2.8 A) and to the
acquired in the direct dimension. For the TOCSY 400 backbone oxygen of the conserved G186 (2.9 A). Y133
increments and for the DQF-COSY 750 increments were points toward the center of the half-circle, with a distance
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Ficure 2: Defocused stereoplots of the difference densities in the active ditedali DHDPS. The plots were made using MOLSCRIPT
(Kraulis, 1991) and MINIMAGE (Arnez, 1994). From top to bottom: (A) PHP. Soak with pyruvate, density contouredoat(B)7LPS.
Soak with pyruvate, SAS, and lysine, density contoured at4(&) KPA. Soak with KPA, density contoured at G5(D) DIP. Soak with
DPA, density contoured at 58

of approximately 3.3 A to the hydroxyl group. The aldol enzyme activity decreased as a function of time and inhibitor
adduct is attached to the enzyme through imine formation concentration. Loss of enzyme activity followed pseudo-
with K161. Coordination of the carboxyl group of the first-order and saturation kinetic&(= 0.17 mM, kinact =
pyruvate moiety remains unchanged upon addition of SAS, 0.77 mim?Y). Pyruvate protected against loss of enzyme
while the second carboxy group is coordinated by the activity, indicating that KPA interacts with the pyruvate
conserved residue R138, which shows positive density, binding site. The inhibition of DHDPS by KPA was judged
indicating rigidification. Indeed, in the refined model to be irreversible, since gel filtration did not restore the
containing the inhibitor, the temperature factors of the side enzyme activity. In the difference electron density map of
chain of R138 are significantly lowered. the enzyme-inhibitor complex obtained after soaking of
Complex witha-Ketopimelic Acid. When DHDPS was  DHDPS crystals with KPA, positive electron density was
preincubated with KPA in the absence of substrates, thefound in the active site, corresponding to the bound inhibitor



28 Biochemistry, Vol. 36, No. 1, 1997 Blickling et al.

Table 3: Distances in Native DHDPS and DHDPS Complexed with side chain of the bound lysine is in a bow-shaped conforma-

Bound Pyruvate and SAS of Subunit A tion, indicating conformational strain.
PHP  LPS (lysine/ The lysine a-amino group is hydrogen bonded to the
native (pyruvate) pyruvate/ backbone oxygen of A49 (2.7 A). The monomers are cross-
A) A) SAS) (A) linked by lysinevia residues E84 (3.1 A) and N80 (2.7 A)
protein OH Y133 NTK161 3.4 38 4.0 of the other subunit. The carboxyl group of the inhibitory
distances lysine is coordinated by the phenolic hydroxyl group of the
OHY133 OHT44 3.6 3.0 2.9 conserved Y106 (2.6 A), which is slightly twisted upon
oyruvate %"('3144 %HH\Gfgs 2.7 2373 23'3 inhibitor binding. The lysine-amino group is coordinated
co2 OH T45 28 31 to residues H53 and H56, which are part of helik, and
c2 OH Y133 3.6 3.6 through a bridging water molecule, to the backbone oxygen
C3 OH Y133 4.6 4.4 of G78, which is conserved in all known DHDPS sequences.
C3 01203 3.4 36 Upon lysine binding, several residues lining the binding
SAS co1 NH R138 3.0 site move to accommodate the inhibitor. H53 shows the
co2 NH; R138 2.7 most pronounced change, moving 0.6 A away from the
CA OH Y133 4.7 e-amino group of lysine, accompanied by a twist of the ring
OH 0 G186 2.9 plane of approximately 70 This brings H53 to a distance
OH OH Y133 35 . ; O
OH NT K161 28 of 3.8 A from thee-amino group of lysine. H56, which is

close to H53, moves toward the lysiaeamino group (4.7
A). H56 is in the vicinity of E84 of helixa3 of the same
subunit (3.3 A). E84 moves toward H56 and forms a salt
bridge with thea-amino group of the inhibitory lysine of
the other monomer (3.1 A). The combined movement of
H53 and H56 induces a movement of heli® toward the
lysine binding site. The helix lies well away from the active

the pyruvate-SAS adduct. Again, T44 and T45 are shifted fr;tgngr?]%rgoe,\lson&thé?z? r??irctalgt r?wrg/ecn?lgﬁcs:tzf l:re];vx;enezn r;[]hee
0.5 A toward the carboxyl group of the inhibitor. ; 9 y
could be discerned.

Complex with Dipicolinic Acid.In order to elucidate the 13C-NMR Studies Using Labeled Pyate. Due to its
final steps of the reaction, a DHDPS crystal was soaked with jgapility, the product of the reaction catalyzed by DHDPS
dipicolinic acid, a known inhibitor oF. coli DHDPS (Couper  haq never been unequivocally identified. indirect evidence
etal, 1994), which was thought to act as a product analog. hag peen put forward indicating that 2,3-DHDP is formed
Inspection of the corresponding difference map showed i, the course of the reaction (Yugari & Gilvarg, 1965).
positive difference density in the active site (Figure 2D). Lowever. the formation of HTPA. 2.5-DHDP. or even a
Dipicolinic acid is coordinated by residues T44, Y133, and iy re of these together with the respective open chain
R138 and by R109 from the second subunit. HydrophobiC igqmers could not be excluded (Shedlarski & Gilvarg, 1969).
interactions are made with F244, which is situated close to Accordingly, upon synthesis of THDP, a complex mixture
the aromatic ring of the inhibitor and moves slightly toward products’ including the open chair’1 isomer was found
the inhibitor upon binding. There is no significant overlap (Couper & Robins, 1992). Therefore, NMR experiments
with thg density' qbtained from the pyruvate/SAS soak, \yare conducted, using [S€]pyruvate and [2,3%C]pyruvate
suggesting that dipicolinic acid does not behave as a productyg 5 gypstrate fd. coliDHDPS. The reaction was initiated
analog. Therefore, the structure of DHDPS with bound i, the NMR tube by addition ob,L.-ASA, and the progress

(Figure 2C). Overlay of the electron density with that
obtained from the pyruvate/SAS soaks showed overlap
except for the aldol oxygen atom. However, the density of
KPA is less well defined, indicating flexibility. Coordination
of the two carboxyl groups of KPA is identical to that of

dipicolinic acid was not further refined. of the reaction was monitored BSC-NMR (Figure 5). Two
~ Complex withi-Lysine. E. coliDHDPS is feedback  product signals were identified using doubly labeled pyru-
inhibited by L-lysine with anlyso of 1 mM (Laberet al, vate: a triplet Jcy = 132.9 Hz) of doubletsJc = 36.5

1992). Our kinetic data show that lysine inhibits DHDPS Hz) at 34 ppm and a doubleld; = 36.5 Hz) at 166.5 ppm.
uncompetitively with respect to pyruvate and noncompeti- Using [313C]pyruvate only, a triplet at 34 ppm developed
tively with respect ta.-ASA. Lysine binding was shown (3o, = 132.9 Hz). The doublet at 166.5 ppm was assigned
to be cooperative. to C2 of the pyruvate moiety and is interpreted to arise from
To identify the binding site of inhibitory lysine, X-ray data the formation of a cyclic imine, as increment calculations
were collected from crystals cocrystallized with lysine and firmly place the signal of an open chain isomer above 180
from native crystals soaked with lysine. Identical difference ppm (the chemical shift of the C2 of pyruvate is 203.5 ppm).
maps were obtained for both experiments. Positive electronThe signal at 34 ppm was assigned to C5 of the cyclic
density was found at the interface of two monomers (Figures product, indicating the formation of a methylene group
3 and 4A, atomic distances in Table 4), indicating that two originating from C3 of pyruvate. Performing the reaction
lysine molecules bind around a local 2-fold axis, which at physiological pH produced identical signals, which
rotates one monomer of the dimer onto the other. Each of however rapidly decomposed together with intense coloring
the two lysines is in contact with both subunits and with of the solution, in strong contrast to the stability of the
each other (distance of thexGtoms, 4.0 A). Thet-amino product at pH 9.0.
group of one inhibitor is 4.4 A away from the carboxyl group ~ H-NMR Studies Using Labeled Pymate. From the!3C-
of the second inhibitor andice versa Thus, the binding NMR experiments. it can be concluded that DHDPS cata-
pocket of one inhibitory lysine is made up of both dimer- lyzes the condensation of pyruvate andSA to a cyclic
forming monomers and of the adjacent lysine molecule. The product through imine formation. Second, the obtained
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Ficure 3: LPS. Defocused stereoplot of difference density covering a dimé&r ¢bli DHDPS soaked with pyruvate, SAS, and lysine,
density contoured at 505 The plots was made using MOLSCRIPT (Kraulis, 1991) and MINIMAGE (Arnez, 1994): i, binding site of
inhibitory lysine; and A and D, active sites of the dimer; and ¢, movement of C141.
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Ficure 4: Inhibitor binding site and connection to the active site.The plots were made using MOLSCRIPT (Kraulis, 1991) and MINIMAGE
(Arnez, 1994). (A, top) LYS. Defocused stereoplot of difference density at the inhibitor binding site, density contoured Refm8used
stereoplot showing the positions of the inhibitory lysines relative to the active site lysine K161. For clarity, only the residues of subunit A
were labeled.

(Figure 6a). The signal was assigned to the axial proton at

Table 4: Distances of Coordinating Residues oysine : ' M
C5 of the product®d in Figure 7). Doublet formation is

residue d'?ff\l)nce comment due to geminal coupling to the equatorial proté i Figure
OC1 OH Y106 2.6 slight movement upon inhibitor binding 7 at_CS (18 Hz). The co_rrespondlng signarf(2.0 ppm)
Na O A49 27  nomovement was identified by comparison of a COSY spectrum recorded
No  NH2 N8O 3.9  nomovement _ using unlabeled pyruvate with a TOCSY spectrum recorded
No. O N8O 2.7 CrngSC;_"”k'”fgtr?f r_“?]_”b(?tmem using [3*3C]pyruvate (Figure 6b,c). It also showed the

Inding o e Innipitor P s . .
Na OES84 31  cross-linking of monomesia chara_lcterlstlc sphttmg due_t_oﬂ-l coupling. Ass_|gnme_nft
binding of the inhibitor of axial and equatorial positions was on the basis of vicinal

Ne  NHH53 4.7 reorientation upon inhibitor binding coupling of®H to an axial proton at C4 (6 Hz). The chemical
Ne  NHH56 3.8 reorientation upon inhibitor binding i i i
Ne H,O 26 HO coordinated by O G78 (2.9 A) shift of 3.9 ppm for the proton at C4 (Figure 6b,c) is

consistent with HTPA as the product of DHDPS. No signal
above 4.1 ppm hinting at double-bond formation could be
detected. Together with the observation of a signal at 1.28
ppm (Figure 6b), which was assigned to C3 of HTPA,
formation of 2,5-DHDP can therefore be excluded. On the
possible products 2,5-DHDP and HTPA, one-dimensional 22SiS of the cross-coupling peaks in the TOCSY spectrum,
and two-dimensiondH-NMR studies were conducted. The the methylene group C3 is assigned to a signal at 1.3 ppm
starting point was the identification of a doublet in the one- &nd the chiral proton at C2 assigned to 4.0 ppm.
dimensional*H-NMR at 2.8 ppm, which was split into a The product is released from the enzyme without elimina-
double doubletJcy = 132.9 Hz) when using [3*C]pyruvate tion of water and double-bond formation; therefore,

spectra show that C5 is not involved in a possible elimination
of the hydroxy group and double-bond formation. Therefore,
2,3-DHDP is not the immediate product of the reaction
catalyzed by DHDPS. In order to distinguish between the
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) . FicUrRE 6: H-NMR spectroscopy. Spectra taken with unlabeled
FIGURE 5. 125 MHz spectrum o. coli DHDPS after completion pyruvate were recorded on a 600 MHz spectrometer, and spectra
of the reaction of [2,3°C]pyruvate with ASA. Signals of pyruvate  taken with!3C-pyruvate were recorded on a 500 MHz spectrometer
and its hydrate at 25 and 203 ppm; product signals at 34 and 166.5¢5 distinguish between signals originating from two protons giving
ppm. Signals at 60 ppm are from the buffer system used. (a) Detailstyo signals, which are seperated by a small chemical shift, and
of the reference spectrum with [2:3]pyruvate and DHDPS and  from splitting due toJ coupling. (a) Details of one-dimensional

without addition of ASA. (b) Details of the spectrum Bfcoli H-NMR spectra showing th&C splitting of the signal of the axial
DHDPS after completion of the reaction of {3]pyruvate with protonH of HTPA. The spectrum of the unlabeled sample was
ASA. (c) Details of the spectrum &. coli DHDPS after completion  taken on a 600 MHz spectrometer and the spectrum of the sample
of the reaction of [2,3%C]pyruvate with ASA. containing the [32C]pyruvate on a 500 MHz spectrometer. (b)

Strip of a TOCSY spectrum showing connectivities from the axial
2,3-DHDP is not the immediate product of the reaction proton2H of HTPA. Visible are cross-peaks due to a geminal
catalyzed by DHDPS. On the basis of these results, it is couPling constant t6H (1.90 and 2.18 ppm), a vicinal coupling

: constant to the proton at C4 (3.9 ppm), an@aoupling to the
concluded that DHDPS catalyzes the reaction of pyruvate methylene protons at C3 (1.28 ppm) and to the chiral proton at C2

with L-ASA to form HTPA. (4.0 ppm). Note the splitting of the signals due to the presence of
13C in position C5 of HTPA. (C) Strip of a COSY spectrum taken
DISCUSSION with unlabeled pyruvate, showing spispin coupling of the axial

proton @8H with adjacent protons. A cross-peak due to geminal
Proposed Reaction MechanisnThe reaction catalyzed coupling to the equatorial prototd (2.0 ppm) and a cross-peak

by DHDPS can be divided into three consecutive steps: originating from vicinal coupling to the proton at C4 (3.9 ppm)
Schiff base formation with pyruvate, followed by addition &€ Visible.
of L-ASA, and finally_ transimination Ieading. to cyclization cleophilic attack of the hydride ion (dovall et al, 1995).
with simultaneous dissociation of HTPA (Figure 7). Similarly, a tyrosine residue (Y7) enhances the nucleophi-
Schiff Base Formation.The reaction is initiated by a licity of a thiol group in glutathion&-transferases (Reinemer
nucleophilic attack of the-amino group of K161 to the keto et al., 1991).
group of pyruvate, resulting in the formation of the imine.  Aldol Reaction. L-ASA adds with its aldehyde group to
Although there are no experimental data currently available, the enamine of the Schiff base (step Ill). Tautomerization
K161 is proposed to be in a nonionized state prior to substrateof the Schiff base was demonstrated to proceed in the absence
binding, as has been demonstrated for fructose-1,6-bisphosof L-ASA, as exchange with the solvent was observed upon
phate aldolase, which catalyzes a highly similar retro aldol addition of DHDPS to 3H-labeled pyruvate (Shedlarski &
reaction; fructose 1,6-bisphosphate is cleaved to dihydroxy- Gilvarg, 1969). Interestingly, the pH optimum for the
acetone phosphate and glyceraldehyde 3-phospiatan exchange reaction, interpreted as enamine formation, was
enamine/carbanion mechanism. Here the active site lysineslightly acidic as compared to the overall optimum for the
was found to be unprotonated at physiological pH in the reaction catalyzed by DHDPS of pH 8.4. In type | aldolases,
absence of substrate (Healy & Christen, 1973; Morris & proton transfer leading to enamine formation may be
Tolan, 1994). A tyrosine residue of the C terminus has been mediated either by a water molecule or a tyrosine residue
proposed to act as both the proton donator and acceptorLittlechild & Watson, 1993). InE. coli DHDPS, the
during the Schiff base formation preceding the cleavage of distance of the phenolic hydroxy group of Y133 to C3 of
the carbor-carbon bond (Littlechild & Watson, 1993). the bound pyruvate>(4 A) makes a catalytic role for Y133
Formation of the Schiff base proceeds through a tetrahedralin enamine formation unlikely. Whether the backbone
transition state (Figure 7, step I). The proximity of C2 of oxygen of 1203 (approximately 3.5 A to C3), which is
the bound pyruvate to the phenolic hydroxy group of Y133 conserved or conservatively exchanged in DHDPS isoen-
(3.4 A) suggests that Y133 assists the reaction through azymes, plays an additional role in enamine formation is
hydrogen bond to the keto oxygen of pyruvate. An identical unclear.
role has been suggested for Y152 ia(8r 20Q5)-hydroxy- It has recently been observed that the hydrate of ASA is
steroid dehydrogenase, which catalyzes the inactivation ofthe predominant species in aqueous solution (Twedal.,
circulating steroid hormones. Y152 acts as a general acid,1993; Coulteret al,, 1996). As the active site of DHDPS is
protonating the acceptor carbonyl and facilitating the nu- spatially able to accommodate the hydrate, and G186 and
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FiIGURe 7: Proposed reaction mechanism of DHDPS.

N248 are in favorable position to coordinate the hydroxyl  For the final steps of the reaction, deprotonation of the

groups, it is proposed that the hydrata @ASA is bound to attacking amino group and transfer of a proton toetfzenino

the active site of DHDPS prior to the aldol reaction. group of K161 are necessary. Y133 is proposed to play a
Nucleophilic attack of the enamine to the hydrate of central role in these steps, as it is in position to coordinate

L-ASA leads to formation of the new -&@C bond with the attacking amino group both before and after nucleophilic

displacement of a water molecule (step IV). The orientation attack. Transfer of protons is possible to th@amino group

of the resulting complex is proposed to be similar to the of K161 via the hydroxyl group of the aldol complex and to

complex of the ASA analog SAS bound to pyruvate (Figure the solventia T44 and Y107. A similar proton shuttle has

2B). been proposed in pyridoxal phosphate (PLP)-containing
Transimination and Formation of 4-Hydroxy-2,3,4,5- €nzymes (Weng & Leussing, 1983). The phenolic oxygen
tetrahydrodipicolinic Acid. Our experiments using3C- of PLP transfers protons from the nitrogen of the reactant to

labeled pyruvate support the view that the product releasedthe nitrogen of lysine, transferring as many as three protons
from DHDPS is HTPA and not 2,3-DHDP, as previously from the attacking ammonium cation.

assumed. The release of the open chain isomer and HTPA s thus formed by nucleophilic attack of the amino
cyclization in solution are unlikely because no corresponding group of L-ASA to the Schiff base (step V), leading to
peaks accumulate according to NMR spectroscopy. Thiscyclization and the stepwise detachment (step VI) of the
interpretation is supported by the observation that hydrolysis product from the enzyme.

of the Schiff base after the aldol reaction of SAS with the  The stereochemistry at C4 of HTPA is deduced from the
enzme-bound enamine of pyruvate is not possible, as noobservation that SAS binds to the enzyme-bound enamine
consumption of pyruvate and no product signaf®-NMR of pyruvate to form a complex in which the new stereocenter
could be detected upon addition of SAS. Furthermore, KPA at the carbon, maintaining the hydroxy group, hasSan
acts as an irreversible inhibitor &. coli DHDPS, presum-  configuration (Figure 2B). Together with the signals ob-
ably because KPA covalently bound to DHDPS lacks the tained by one-diemsiondH-NMR, which show that only
hydroxyl group necessary for reverse aldol reaction, and asone product is formed, it is concluded that racemization in
hydrolysis of the Schiff base is not possible, the enzyme is solution via double-bond formation does not take place.
effectively inactivated. It is therefore proposed that the = Whether DHDP is subsequently formed under physiologi-
presence of the second carboxyl group in the active sitecal conditions remains to be elucidated. Although no
modulates the reactivity of the Schiff base to ensure corresponding signals could be found'g-NMR, this may
transimination. Titration of the active site of aspartate amino be due to the high pH of the sample. The observed rapid
transferase showed an analogous effect, with #gop the decomposition of thé3C-NMR signals of HTPA at pH 7
imine rising approximately 2 units upon substrate binding indicates that formation of DHDPS at physiological pH may
(Yanoet al, 1993). The [, shift upon substrate binding is  occur in a nonenzymatic step in solution.

suggested to be caused by compensation of the positive Feedback Inhibition. The difference map of DHDPS
charge resulting from protonation of the aldimine by the soaked with its feedback inhibitor reveals that the lysine
carboxylate groups of the substrate and through changes irbinding site is located at the monomenonomer interface.
the electrostatic environment of the active site. The effector binding site for each lysine molecule is made
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up by both dimer-forming monomers and the lysine molecule E. coli DHDPS T44, T45, Y133, K161, G186, Y107, and
bound to the neighboring monomer. The architecture of the 1203 are conserved irN-acetylneuraminate lyase (EC
effector binding site may explain the cooperativity of 4.1.3.3), while Y106 has been exchanged to phenylalanine.
inhibitor binding, which was observed in the kinetic experi- When both structures are aligned (coordinates of Neu5Ac
ments. As each lysine molecule is part of the coordination were obtained from the Protein Data Bank), we found that
sphere of the second lysine (Figure 4A), the affinity of the these residues have the same spatial positioning. The
second lysine molecule to the binding site is increased after mechanism of Schiff base formation and the subsequent aldol
the first lysine has been bound. The residues responsiblereaction therefore are likely to be conserved in both enzymes.
for coordination of the carboxyl and tleeamino group of

the effector are highly conserved in all DHDPS sequencesACKNOWLEDGME_NT ) )

known to date. The only exception is E84, which is changed ~We thank Dr. Christian Mirwaldt for his support, Dr. Ingo

to either T or D in Gram-positive bacteria insensitive to Korndafer for stimulating discussions, and Dr. Sabine

feedback inhibition. Mutations of E84 in maize (Shaeér
al., 1996) and of N80 in tobacco DHDPS (Ghislahall,
1995), both involved in coordination of lysine, confer
insensitivity to lysine inhibition, thereby emphasizing the

Rudolph-Bdner and Dr. Michael Czisch for their help with
NMR spectroscopy.
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