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ABSTRACT. SDH (L-serine dehydratase, EC 4.3.1.17) catalyzes the pyridoxdidsphate (PLP)-dependent
dehydration ofL-serine to yield pyruvate and ammonia. Liver SDH plays an important role in
gluconeogenesis. Formation of pyruvate by SDH is a two-step reaction in which the hydroxyl group of
serine is cleaved to produce aminoacrylate, and then the aminoacrylate is deaminated by nonenzymatic
hydrolysis to produce pyruvate. The crystal structure of rat liver apo-SDH was determined by single
isomorphous replacement at 2.8 A resolution. The holo-SDH crystallized Qvithethylserine (OMS)

was also determined at 2.6 A resolution by molecular replacement. SDH is composed of two domains,
and each domain has a typiagB-open structure. The active site is located in the cleft between the two
domains. The holo-SDH contained PERPMS aldimine in the active site, indicating that OMS can form

the Schiff base linkage with PLP, but the subsequent dehydration did not occur. Apo-SDH forms a dimer
by inserting the small domain into the catalytic cleft of the partner subunit so that the active site is closed.
Holo-SDH also forms a dimer by making contacts at the back of the clefts so that the dimerization does
not close the catalytic cleft. The phosphate group of PLP is surrounded by a characteristic G-rich sequence
(*8GGGGL") and forms hydrogen bonds with the amide groups of those amino acid residues, suggesting
that the phosphate group can be protonatacbf¥PLP participates in a hydrogen bond with Cys303, and
similar hydrogen bonds with {\participating are seen in othgrelimination enzymes. These hydrogen
bonding schemes indicate that ¥ not protonated, and thus, the pyridine ring cannot take a quinone-like
structure. These characteristics of the bound PLP suggest that SDH catalysis is not facilitated by forming
the resonance-stabilized structure of the PIS@r aldimine as seen in aminotransferases. A possible catalytic
mechanism involves the phosphate group, surrounded by the characteristic sequence, acting as a general
acid to donate a proton to the leaving hydroxyl group of serine.
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SDH! (L-serine dehydratase, EC 4.3.1.17) catalyzes the 00" H,0 coo MO NH,
pyridoxal phosphate (PLP)-dependent dehydratiarssrine f
HzC:< AN /

to yield pyruvate and ammonid)( Rat liver SDH plays an
important role in gluconeogenesis because the enzymeHo NH; NH;"
activity is induced remarkably by the consumption of high-

protein diets, starvation, and other treatmegjsFormation coo’
of pyruvate by SDH is two-step reaction in which the Hzc~<
hydroxyl group of serine is cleaved to produce aminoacrylate, 0
and then the aminoacrylate is deaminated by nonenzymatic

hydrolysis to produce pyruvate, giving the overall reaction
shown below 8).

PLP-dependent enzymes are classified into at least three
families (, 3, andy) on the basis of their primary sequences
(4). SDH, which catalyzest,-elimination, belongs to the
p-family. The other members of this family include tryp-
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enzyme has been shown to be involved in gluconeogenesigpH 7.0), 1 mM dithiothreitol, 2% (w/v) PEG-3350, and 20%

(7). The enzyme activity fluctuates depending on the (v/v) ethylene glycol at a protein concentration of 10 mg/
available nutrients and in response to the levels of variousmL at 26 °C. Rice-shaped crystals suitable for X-ray

hormonesZ). The purified rat liver SDH is a dimer with an  diffraction studies £0.4 mm x 0.2 mm x 0.1 mm) were

M, = 34 200 subunit§—11). PLP binds to Lys41 to forma  grown in a few days. Crystals of the holoenzyme were grown
Schiff base, and the amino acid sequen€8XKIRG*) is in a solution containing 50 mM HEPES buffer (pH 8.0), 10

well-conserved among SDHs from rat2j, human (3), mM bpL-O-methylserine (OMS), 200 mM potassium acetate,
tomato (L4), Escherichia col(15, 16), and yeast17). These 1 mM dithiothreitol, 14% (w/v) PEG-8000, and 2% 1,4-
enzymes also have well-conserved sequencéSaGNe’ dioxane at a protein concentration of 20 mg/mL at°22

and a glycine-rich sequence ‘8§ GGGGL!"? (7). Needle-shaped crystals suitable for X-ray diffraction studies

Nine crystal structures of PLP-dependghelimination (~0.5 mmx 0.05 mmx 0.05 mm) were grown overnight.

enzymes have been determined. ThoseEamli threonine Data Measurement crystal (0.4 mmx 0.2 mmx 0.1
deaminase 18), Salmonella typhimurium @cetylserine ~ mm) of the apoenzyme in a hanging drop was scooped up
sulfhydrylase 19), Synechocystis-cystine C-S lyase2(), with a nylon loop and was dipped into a cryoprotectant

E. coli selenocystine lyas@{), Citrobacter freundiityrosine ~ solution containing 20% ethylene glycol, 50 mM Tris-HCI
phenol-lyaseZ?), S. typhimuriuntryptophan synthas&8), buffer (pH 7.0), and 5% (w/v) PEG-3350 for 30 s before
Proteus vulgaris tryptophanase2d), human cystathionine  the crystal was frozen in cold nitrogen gas180 °C) on a
B-synthaseZ5), andArabidopsiscystathionings-lyase @6). Rigaku RAXIS imaging plate X-ray diffractometer with a
Threonine deaminasé)-acetylserine sulfhydrylase, tryp- rotating anode X-ray generator as an X-ray source (Qu K
tophan synthase, and cystathionfeynthase also catalyze radiation operated at 50 kV and 100 mA). The X-ray beam
the dehydration of serine. TH& coli threonine deaminase ~ was focused to 0.3 mm by confocal optics (Osmic, Inc.).
has the same function as rat liver SDH, but the bacterial The diffraction data were measured up to 2.8 A resolution
enzyme is larger than the eukaryotic enzyme and is composecit —180 °C. The data were processed with the program
of the PLP-dependent catalytic domain and the regulatory DENZO/SCALEPACK @8). The data statistics are given
domain (8). The crystal structure of. coli threonine in Table 1. Data for the holoenzyme were obtained using a
deaminase shows that the enzyme is a dimer of dimers andcrystal (0.5 mmx 0.05 mmx 0.05 mm) with the same
the catalytic and the regulatory domains are separated andnethod used for the apoenzyme data measurement. The
have no interaction. The sequence of the catalytic domain iscomposition of the cryoprotectant for the holoenzyme was
27.7% identical with that of rat SDH. Thg-subunit of S. 20% (v/v) ethylene glycol, 50 mM HEPES buffer (pH 8.0),
typhimuriumtryptophan synthase contains a PLP and cata- 200 mM potassium acetate, and 16% (w/v) PEG-8000.

lyzes the synthesis of tryptophan from serine and ind2@ ( The platinum derivative crystals were prepared by the
In the catalytic reaction, the substrate serine forms a-PLP soaking method; native crystals of the apoenzyme were
Ser aldimine in the active site, and then fBelimination incubated in an artificial mother liquor containing 50 mM

reaction occurs to produce Ptaminoacrylate. The catalytic ~ Tris-HCl buffer (pH 7.0), 1 mM DTT, 5% (w/v) PEG-3350,

domain structures of threonine deaminase and tryptophan20% (v/v) ethylene glycol, and 1 mM #RtCl, for 10 min

synthase are quite similar and are expected to be similar tobefore they were frozen in liquid nitrogen. The diffraction

the structure of rat liver SDH. data were measured up to 3.2 A resolutior-480°C and
Here we report crystal structures of apo-SDH and PLP  Were processed with the same method used for the native

OMS aldimine-bound SDH. On the basis of these structures, data.

a detailed catalytic mechanism of SDH is proposed, in which ~ Détermination of the Crystal Structure of Apo-SDFhe

the resonance stabilization of PEBer aldimine as observed  Unit cell dimensions and the assigned space indicated that

in aminotransferases is not involved. the asymmetric unit contains six subunits withya of 2.80
A3, A difference Patterson mapHg+ — Fr)2 map] showed
EXPERIMENTAL PROCEDURES significant peaks corresponding to the-Pt vectors. Twelve

Pt positions in the asymmetric unit were determined by using

Purification and Crystallization ProcedureSDH used in the program CNS29). The 12 Pt positions indicated that
this study is the recombinant rat enzyme produceffl.iooli the six subunits are related by pseudo-32 symmetry. Initial
BL21 transformed with the pCW-SDH plasmid that contains protein phases were determined from the single isomorphous
the coding sequence of rat SDH cDN&7). The enzyme  replacement (SIR) data in conjunction with solvent flattening
was purified to homogeneity fronE. coli extracts by  using the programs in CNS. The electron density map was
ammonium sulfate precipitation, dialysis in 10 mM potassium averaged by the pseudo-32 symmetry calculated from the
phosphate buffer (pH 7.8) containing 5 mM cysteine, Pt positions. The averaged electron density map showed three
followed by gel filtration over Sephacryl S-200, and DEAE-  SDH dimers in an asymmetric unit. In each subunit, the main
cellulose chromatography as described previousty. (This chains of 290 of 327 amino acid residues were traced
procedure apparently removed the bound PLP ahdoK, continuously without any difficulty.
and thus, we obtained the apoenzyme. The holoenzyme was The crystal structure was refined by a standard refinement
prepared from the apoenzyme by incubation with 1 mM PLP, procedure in the CNS protocol with the noncrystallographic
and the unbound PLP was removed by passing the compoungymmetry restraint. Six subunits were restrained to have
through a Sephadex G-50 column. similar conformations (i.e., rmsd 0.08 A). Refinement of

The hanging-drop vapor-diffusion method was employed isotropic temperature factors for individual atoms was carried
for crystallization of the enzyme. Crystals of the apoenzyme out by the individuaB-factor refinement procedure of CNS
were grown in a solution containing 50 mM Tris-HCI buffer using bond and angle restraints. During the final refinement
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Table 1: Crystallographic Statistics

Diffraction Data

native

Pt derivative

PLPOMS complex

resolution (A)
unit cell

35-2.8
a=70.63Ab=169.84 A,
c=96.00A3=0928

35-3.2
a=70.65Ab=169.86 A,
c=96.02A3=928

35-2.6
a=62.24 A\b=109.26 A
c=98.94A4=917

space group P2; P2; P2;
total no. of observations 617721 376929 271545
no. of unique reflections 55569 37423 40796
completeness (%) 89.1 93.8 95.2
Rmergd (%)/outer shefl 7.0/13.9 9.3/15.0 7.8/12.4
Phasing
resolution range (A) 34:55.98 ~4.75 ~4.15 ~3.77 ~3.50 ~3.20
phasing poweér(acentric) 2.51 1.77 1.16 0.93 0.79 0.70
Reuiis (acentric) 0.53 0.66 0.78 0.83 0.87 0.91
Reuiis® (anomalous) 0.69 0.83 0.84 0.92 0.94 1.19
figure of meri¢ 0.46 0.38 0.31 0.26 0.21 0.16
Refinement
apo-SDH SDH-(PLP—OMS)

no. of protein non-hydrogen atoms 13956 9668

no. of PLP-OMS molecules - 96

no. of solvent molecules (@) 105 119

resolution range (A) 23:62.8 25.0-2.6

total no. of reflections used iReryst 47906 37708

total no. of reflections used iRyee 4806 3784

Rerys! (outer shell) 0.22 (0.31) 0.23 (0.30)

Riree (Outer shell) 0.25 (0.33) 0.26 (0.32)

rmsd for bond distances (A) 0.009 0.009

rmsd for bond angles (deg) 1.4 1.4

rmsd for torsion angles (deg) 22.4 22.8

residues in most favored regions (%) 89.1 89.8

residues in additional allowed regions (%) 10.1 9.9

residues in generously allowed regions (%) 0.8 0.3

3 Rnerge= YhYillni — MWV nTillnil.  Outer shell, 2.8-2.9 A resolution for apo-SDH and 2:2.6 A resolution for SDH-(PLP—OMS). ¢ Phasing
power= meanFy/(lack of closure)f Rcuis = (lack of closure)/(isomorphous or anomalous differeng€&jgure of merit= cosine of the likely
error in the phase angleésReryst = Y |Fo — Fel/Y |Fol.

stage, well-defined residual electron density peaks in dif- vidual B-factor refinement procedure of CNS using bond and
ference maps were assigned to water molecules if peaks werangle restraints. During the refinement, the four subunits
able to bind to the protein molecules with hydrogen bonds. related by a noncrystallographic symmetry were tightly
The final crystallographi&-factor was 0.222 for observed restrained to have the same structure in an effort to increase
data (noo cutoff) from 25 to 2.8 A resolutionRye. for the the accuracy of coordinates. The final crystallographic
randomly selected data (10%) equals 0.248. R-factor was 0.231 for observed data (@meutoff) from 25
Determination of the Crystal Structure of SBXPLP— to 2.6 A resolutionRye. for the randomly selected data (10%)
OMS).The unit cell dimensions and space group indicated equals 0.261. The coordinates have been deposited in the
that an asymmetric unit contained four subunits witkla Protein Data Bank (entries 1IPWE and 1PWH). Crystal-
of 2.46 M. The crystal structure was determined by a lographic parameters are listed in Table 1.
molecular replacement procedure using CB9).(A subunit Determination of Molecular Weights in Solution by
in the apo-SDH was used as the search model. The structurgyynamic Light ScatteringThe molecular sizes and weights
was refined with the simulated annealing procedure of CNS. f the apo- and holoenzymes in solution were determined
The &, — F. maps calculated after refinement showed that py ysing a dynamic light scattering apparatus (DynaPro,
several sections of the polypeptide had conformations prgtein Solution, Inc.). The apo- and holoenzymes (20 mg/
different from those of the apoenzyme. The models of these ) ysed for the above crystallization experiment were
amino acid sections were built ifFg — Fe maps.Fo — Fc dijluted in 50 mM Tris-HCI buffer (pH 7.0) or 50 mM
maps showed a large significant residual electron density hotassium phosphate buffer (pH 7.0) to a protein concentra-
peak in the region of the active site. Since SDH was tion of 1 mg/mL. The dynamic light scatterings from the
crystallized in the presence of OMS (10 mM), PEBMS samples were measured at 20 ancd®@Q respectively. The

aldimine was fitted into the electron density peak. Other well- gata were analyzed with the associated program (Dynamics,
defined residual electron density peakin- Femaps were  yersjon 5.25.44). The results are listed in Table 2.
assigned to water molecules if peaks were able to bind the

protein molecules with hydrogen bonds. One peak in eaChReSULTS

subunit that was significantly higher than those of water

molecules was assigned to a potassium ion since the crystals Owerall Crystal StructuresThe crystallographic refine-
were grown in a solution containing potassium ions (200 ment parameters (Table 1), finalF — F. maps, and
mM potassium acetate). The final model was refined by the conformational analysis by PROCHECR(] indicate that
simulated annealing procedure, and followed by the indi- the crystal structures of apo-SDH and SBEPLP—OMS)
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Ficure 1: Ribbon drawing of SDH containing PEFOMS aldimine viewed down the active site. The bound PIOMS aldimine is
illustrated with a ball-and-stick diagram.

Table 2: Molecular Size and Weight in Solution Determined by with Fhe HS group of Cys303. A potassium ion is coordinated
Dynamic Light Scattering by six oxygen atoms (Gly168 O, Alal98 O, Leu223 O,
Val225 O, Glul194 @,, and Ser200 €) near the active site.
The major function of this ion is apparently to build the
framework of the active site, but the ion is not involved in
0 MM TrisHCl buffer (00 7Y at20c 37 72 33 56 catalysis. Similar K ions were found in the structures of
20 MM T He! buffor gEH 7; ZE 206 38 77 36 a6 p-elimination enzymes, tryptophan synthag8)(and tryp-
50 KP buffer (pH 7) at 20C 35 61 34 60 tophanase 24). As discussed below, the structure of the
50 KP buffer (pH 7) at 30C 27 35 35 66 apoenzyme does not contain the ion in the active site,
and the polypeptide conformation from residue 193 to residue
have been determined successfully. SDH is composed of two234 is significantly different from that of the holoenzyme.
domains (the large domain being residues3t and 137 Model SDH-PLP and SDH-(PLP—Ser) StructuresOn
327 and the small domain being residues-386). Each 1o pasis of the SDH(PLP—OMS) structure, the model
domain has am,5-open structure (Figure 1). The active site q,cryres before and after serine binding to the active site
is located between the domains. Although the overall \ o6 puilt (Figure 5A,B). We assume that the bound PLP
structures of apo- and holoenzymes are quite similar to eachy, 55 the same interactions as seen in the SLP—OMS)
other, they fold into different dimers (Figure 2). structure. For the SDHPLP model, the OMS was removed,
Active Site GeometryThe active site of SDH(PLP— and the conformation of the side chain of Lys41 was changed
OMS) contains PLPOMS aldimine, indicating that OMS ¢4 nat N can form a Schiff base linkage with.®f bound
reacted with the bound PLP in the active site but the catalytic p| p_ since the B-C, distance was still longer than the
reaction was stopped after formation of the Schiff base jjeq1 =N distance (1.34 A), the PLP was tilted by &t
(Figure 3). The bound PLPOMS aldimine is mostly planar 6 center of Ntoward N without breaking any hydrogen
except for the phosphate group and the side chain of OMS ;45 (Figure 5A). For the SDHPLP—Ser) model, the
(CH,OCHg) (Figure 4). The phosphate moiety of the bound OCH; group of OMS was replaced with an OH group, and
PLP—-OMS aldimine is surrounded by five amide groups of 4 Gu—Cg bond was rotated by-133 so that @ can form
the conserved amino acid residuéSGGGGL™). The two 4 hydrogen bonds with O of Ala222 and protonategs O
oxygens (@ and Gg) of the phosphate group form two phosphate (Figure 5B).
hydrogen bonds with the amide groups of Gly168, Gly170, Measurement of Molecular Sizes by Dynamic Light Scat-

Gly171, and Leul72, and the third oxygenszfOhas one . . . -
: . . tering. Dynamic light scattering measurements indicate that
hydrogen bond with the amide group of Gly169, suggesting the apo- and holoenzymes form a dimer in a 50 mM Tris-

that the third oxygen can be protonated. Similarly, the HCI buffer solution (pH 7.0) at 20 and 3. However, in

carboxylate moiety is surrounded by the other conserved . .
. ) X 6 ’ . a 50 mM potassium phosphate buffer solution (pH 7.0), the
amino acid residue$SAGNA®®) and is involved in three apoenzyme becomes a monomer at 3D, while the

?gidruor%eZ) bﬁniisnvg{tehwsﬁamﬁ ?lggt?] ﬁe a;t?v anc?r?arNe d holoenzyme is still dimers. The results indicate that the apo-
rogu S aré in noncharged e%wironments Lgs41 v¥/hich fgrms and holoenzymes form different dimers and the apo dimer
group g - Lysad, is unstable in solution containing a high concentration of

a Schiff base linkage with the bound PLP, is located above , . . . . .
the PLP plane, and its Ahas a relatively short contact (2.7 gbo|32. This is consistent with the crystal structures described

A) with the PLP G. The N is involved in hydrogen bonds
with PLP Q; and OMS O. Judging from the hydrogen pscussioN

bonding scheme, we find Ns neutral (i.e.,—NH,) and is

the group that abstracts thehydrogen from ¢ of the PLP- Apo- and Holoenzymes Form Different Dimels. the
OMS aldimine. N of PLP is involved in a hydrogen bond apoenzyme structure, the two subunits form a dimer related

apoenzyme holoenzyme

size mass size mass
condition (at 22C) (A) (kDa) (A) (kDa)
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(A)

(B)
Ficure 2: Two dimer structures seen in apo- and holo-SDH. The dimers are viewed down the noncrystallographic 2-fold axis: (A) apo-
SDH and (B) SDH-(PLP—OMS). Two subunits are colored aquamarine and magenta. The active sites are indicated by incorporating a
model of PLP-OMS aldimine.
by noncrystallographic 2-fold symmetry (Figure 2A). In the the partner subunit blocks the entrance to the active site, the
dimer structure, the small domain is rotated by*t®open enzyme is an inactive form. Similar dimerization is seen in
the active site cleft, and the small domain of the partner the structure of PLP-dependent alanine racemz®elf the
subunit enters the opened cleft. Since the small domain of SDH—(PLP—OMS) structure, two subunits form a dimer by
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Ficure 3: 2F, — F. maps showing the electron density peaks of the PORIS aldimine and K ion in the active site. The contour is
drawn at the 1.2 level.

Table 3: Comparison between the Tertiary Structures of Rat SDH3elmination Enzymes

(1) Number of G Atoms which Can Be Superimposed on the SDH Structure

no. of Gy atoms rmsd identical
enzyme PDB code no. of residues superimposed (%) A residues (%)
SDH 1PWH 327 327 (100%) 0.00 100
threonine deaminase 1TDJ 494 286 (87%) 1.98 24
tryptophan synthasg{subunit) 1QO0P 391 278 (85%) 2.04 20
O-acetylserine sulfhydrylase 10AS 315 274 (84%) 2.21 24
cystathionings-synthase 1IBQ 435 142 (43%) 221 17
tyrosine phenol-lyase 2TPL 456 70 (21%) 2.54 8
L-cystine C-S lyase 1ELU 393 67 (20%) 2.45 10
selenocystine lyase 1JF9 406 64 (19%) 2.70 7
tryptophanase 1AX4 466 45 (13%) 2.56 17
cystathioning3-lyase 11BJ 464 39 (11%) 2.75 12

(2) Hydrogen Bond Partners ofi/dnd the Phosphate Group of PLP
hydrogen bond

enzyme partner of N hydrogen bond partners of the phosphate group
SDH C303 g G168 N, G169 N, G170 N, G171 N, L172 N
threonine deaminase S31%0 G188 N, G189 N, G190 N, G191 N, L192 N
tryptophan synthasg{subunit) S377B @ G232B N, G233B N, G234B N, S235B N,
N236B N, T190B @;, S235B @, N236B N>,
O-acetylserine sulfhydrylase S272A0 G176 N, T177 N, G178 N, T180 N,
177 Qs1, T180 Q51
cystathioning3-synthase S349€ G256 N, T257 N, T257 @, G258 N, T260 N,
T260 Qs3, H20
tyrosine phenol-lyase D214B{ G99B N, R110B N, R110B Ny, S254B @
L-cystine C-S lyase D197 V88 N, T89 N, T89 @, H22 Nes,
W251B Ngg, T276B Qs1
selenocystine lyase D200, T95 N, T278* N, T95 @31, S223 @,
H255 Nep, T278* Ogy
tryptophanase D223 Q99 N=;, G100 N, R101 N, R101 N
R101 N4z, S263 @, 2H,O
cystathioning3-lyase D253 @; G157 N, M158 N, S275 @ T277 Qs3,

Y127* On, R129* Ne, R129* Ny

making contacts at the back of the two clefts so that the the apoenzyme can form a dimer similar to that seen in the
entrance of the active site is open, and thus, the enzyme isholoenzyme, suggesting that the apo-type dimer is more
an active form. Similar dimerization is seen in the structure stable than the holo-type dimer. The bound PLP anddf

of E. coli threonine deaminase which is a tetramer (dimer readily dissociate from the enzyme by simple dialysis in the
of dimers) related by a crystallographic 222 symmei§) presence of cystein&@2), suggesting the presence of the apo-

Compared with the subunits of the holoenzyme dimer, the type dimers in cells.

subunits in the apoenzyme dimer interact extensively. The The mammalian liver enzymes are involved in gluconeo-
major difference between the apo- and holoenzyme is seengenesis, whereas the microorganism enzymes are involved
in the polypeptide conformation of residues ¥@28, which mainly in isoleucine biosynthesis. ThE. coli enzyme

do not interact with the bound PLP. As shown in Figure 6, (threonine deaminase) is composed of the catalytic and
the two polypeptides fold completely differently. When the regulatory domains, and is regulated by feedback regulation
holoenzyme loses the cofactor PLP and i6n, residues (i.e., inhibited by the end product isoleucine). The regulation
197-228 undergo a large conformational change to evacuatescheme of the mammalian liver enzyme is unknown. As
the site that residues 16424 of the partner subunit will  described above, rat liver SDH forms two different dimers,
occupy. The subunits of the holoenzyme cannot form a dimerand the bound PLP readily dissociates from SDH in the
similar to that seen in the apoenzyme, but the subunits of presence of free cysteine. When the free cysteine level is
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Ficure 4: Possible interactions between SDH and PKMS aldimine. (A) PLP-OMS aldimine in the active site. Possible hydrogen

bonds between PLLPOMS aldimine and SDH are represented by thin lines. (B) Schematic diagram showing the interaction-GfN?&P
aldimine in the active site. Dashed lines represent the possible hydrogen bonds.

Yamadaet al.

relatively high in the cell, the rat liver SDH loses the bound phenol-lyaseZ?2), the-subunit of tryptophan synthas23),

PLP and K ion and shifts the conformational equilibrium  P. vulgaris tryptophanase2d), human cystathioning-syn-

to the apo-type conformation. The apoenzymes are stabilizedthase 25), andArabidopsiscystathionines-lyase @6). The

by forming the new type of dimer. This study suggests that overall structures of the PLP-binding domains of these
the level of free cysteine would regulate the liver enzyme. enzymes are quite similar to each other. However, as shown

pB-Elimination Enzymes Are bided into Two Groups
Crystal structures of nine PLP-dependefrelimination
enzymes are known. These d&ecoli threonine deaminase
(18), O-acetylserine sulfhydrylasd 9), rat SDH (this study),
L-cystine C-S lyase20), selenocystine lyas&9), tyrosine

in Table 3, these enzymes are clearly divided into two groups
when the structures are compared to the SDH structure.
For the following discussion, it is important to determine
whether N of the bound PLP is protonated. Since &f
Cys303 is located near the€N; vector of the bound PLP
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After PLP-Ser aldimine formation
Ficure 5: Model structures before and after formation of PI®MS aldimine.

with a Ss+++N; distance of 2.96 A and ag=Se:+*N; angle structures of threonine deaminads)( tryptophan synthase

of 89°, S forms a hydrogen bond with N Also, S of (23), O-acetylserine sulfhydrylasel9), and cystathionine
Cys303 has a short contact (3.57 A) with@& Cys270 which pB-synthase 25). The G—Cg—0Og moieties of the serine
forms a hydrogen bond with the amide group of Gly304 (S residues are located at the same place as #eGg—Sg

--N distance of 3.41 A). Under neutral conditions; &f moiety of Cys303, and thus, thes@roups participate in a
Cys303 forms a SH---N hydrogen bond with N Thus, hydrogen bond with N of the bound PLP. Since the
N, of the bound PLP is not protonated. However, since the hydrogen of the hydroxyl group of serine residue cannot be
hydrogen of the sulfhydryl group of cysteine can be dissociated, itis possible to determine whether the hydrogen
dissociated, we cannot exclude aB---H—N* hydrogen bond is of the Ser OH-N PLP or Ser H&-HN* PLP form
bond in a basic environment. As will be described below, a by examining the hydrogen bonding scheme around the
serine residue is located at the same site of Cys303 in theserine residue. A careful examination of the hydrogen bond
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T105B T105B

Ficure 6: Superimposed view of amino acid residues 1934 showing a large conformational difference between the apoenzyme
(aguamarine) and holoenzyme (magenta). Amino acid residues1t@bof the partner subunit of the apoenzyme are shown in white.

networks around the serine residues in the structures ofresulting carbanion cannot form the resonance-stabilized
threonine deaminase, tryptophan syntha@ecetylserine structure. Therefore, an additional mechanism for stimulating
sulfhydrylase, and cystathioniflesynthase indicates that the o-hydrogen abstraction is required. This mechanism is most
hydrogen bond between the serine and the bound PLP is arlikely cleavage of the g-O bond by a strong acid. As
OH:-N bond and N is not protonated. Since serine and described above, it is reasonably assumed that SDH, threo-
cysteine are structurally similar and the catalytic functions nine deaminase, tryptophan syntha€eacetylserine sulf-
of SDH, threonine deaminase, tryptophan synth@Be,  hydrylase, and cystathionimsynthase use the same cata-
acetylserine sulfhydrylase, and cystathionfRgynthase are  |ytic mechanism to cleave thes€0 bond and have the same
the same (i.e., these enzymes catalyze the cleavage of thgssential amino acid residue (a strong acid) for cleavage of
Cg—0Oc bond of serl_ne), it is reasonable to conclude that N ¢ G:—0 bond. Such an amino acid residue should be
of the bound PLP in the SDH structure is not protonated. |o4teq near serine of the PESer aldimine in the structures
Threonine deaminase, tryptophan synth@sacetylserine  of SDH, threonine deaminase, tryptophan synthase, and
sulfhydrylase, cystathioningsynthase, and SDH belong to  o_gcetylserine sulfhydrylase. Since the published structures
the flrstgrpu_p for the following reasons. (1) Their structures of threonine deaminas&-acetylserine sulfhydrylase, and
are very similar because more than 84% of thea®ms of ¢y stathionines-synthase do not contain the PLBer aldi-
SDH superimpose on their\Gatoms. (2) The Natoms of  ing “these structures are not used for this analysis. Two
PLP are nonprotc_mated because_ the hydroge_:n bond palrtneéroups have determined the crystal structures of tryptophan
of the N, atoms is a neutral amino acid residue. (3) The g \ihase containing a PERSer aldimine. Rheet al. mutated

phosphate groups are in the less polarized form (FHPO . . .
because they are surrounded mainly by backbone amidethe Schiff base lysine (Lys87) to threonine and trapped a

groups and not charged amino acids. (4) Al these enZymeSPLP—Ser aldimine in the active site of the mutated enzyme

(33). Og of the PLP-Ser aldimine is involved in two
catalyze_the cleavage of thes€0 pond of Ser/Th_r. hydrogen bonds (E-+Op; Asp305 and Ala112 NH-Oc).
L-Cystine C-S lyase, selenocystine lyase, tyrosine phenol-

. The S-elimination reaction could not occur in this geometry
lyase, tryptophanase, and qystathlorﬁnlgase belpng to th.e. because the amide group cannot be a sufficiently strong acid
second group for the following reasons. (1) Their similarities

o SDH ae relatel poor becaus e han 215 of he C 12 %21 SP/000 1 1 e meinore svooe,
atoms of SDH superimpose on theig @oms. (2) The N P 9

atoms of PLP are protonated because the hydrogen bon mino acid is Gly224). Therefore, the structure of K87T.
partner of the Natoms is a negatively charged amino acid mutant tryptophan synthase does not suggest any essential

residue. (3) The phosphate groups are in the more polarized®Min0 acid residue for cleavage of the €O bond. The
form (PQZ") because the environment surrounding the S€Cond group, Schneideral, trapped a PLPaminoacrylate
phosphate groups contains positively charged amino acid@ldimine in the active site by using an inhibitor, 5-f_|uor0|n-
residues and fewer backbone amide groups. (4) Thesedole propanol phosphate, under steady state conditB#s (
enzymes catalyze cleavage of the—<S or G—C bond. The amino acid residues in the active site are the same as

It has been believed that Nof the PLP pyridine is  those of the K87T mutant enzyme except for Lys87 and
protonated by an acidic amino acid residue, and thus, the/ASP305. The side chain of Asp305 is oriented in the opposite
pyridine ring of PLP can form the quinone-like resonance dlre_ctlon and away from the serine. Thls structure mdpates
structure. Thex-hydrogen of the PLPamino acid aldimine ~ @gain that Asp305 is not the essential amino acid residue.
is readily abstracted by a basic residue (Schiff base Lys) In conclusion, there is no amino acid residue that can act as
because the resulting carbanion can form the resonance? strong acid to donate a proton to the leavingdserine.
stabilized structure, whereas Mf the PLP pyridine is not  As will be explained below, we propose that the phosphate
protonated in the structures of SDH, threonine deaminase,group of PLP surrounded by backbone amide groups acts
tryptophan synthas&-acetylserine sulfhydrylase, and cys- as a strong acid to donate a proton tg@serine. The other
tathioninef-synthase. The-hydrogen abstraction is not as  possible strong acid would be the Schiff base lysine if a
easy as in the cases with protonated pyridine because theelatively large conformational change were allowed.
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Ficure 7: Proposed catalytic mechanism of SDH. Arrows indicate movement of electrons. Possible hydrogen bonds are represented by
dashed lines. (1) A serine molecule enters the active site. The amino group forms a hydrogen bond with the phosphate. The proton in the
hydrogen bond moves to the phosphate. The amino group becomes a nucleophile. (2) The amino group attacks theldn ;

base carbon atom (¢ to produce the ternary complex intermediate (geminal diamine intermediate). (3) Lys41 is released from the PLP,
and PLP-Ser aldimine is produced. The phosphate group acts as a general acid to donate the pretiittie €erine molecule. Abstraction

of thea-hydrogen from G by Lys41 occurs in a concerted fashion. (4) A water molecule is released, and thamirf®acrylate intermediate

is produced. (5) Lys41 approaches,@nd the ternary complex intermediate is formed. (6) Aminoacrylate is released, and the enzyme

PLP Schiff base is re-formed.

It is noted that Scarselét al. (35) have proposed a model plane of PLP, which is an ideal geometry for formation of
structure of rat SDH based on the crystal structurg.afoli the PLP-Ser aldimine.
threonine deaminase. Although the phosphate pocket geom- (2) Initially, the amino group of serine forms a hydrogen
etry agrees with this crystal structure, the other important bond with the phosphate, and the proton in the hydrogen
amino acid residues do not correspond with those found in bond moves to the phosphate. The phosphate is protonated,
this crystal structure, suggesting a limitation of the molecular and the amino group becomes a nucleophile. The nucleo-
modeling. philic amino group attacks the enzymBLP Schiff base
Proposed Catalytic Mechanism of SD&n the basis of  carbon atom (&) to form a PLP-Ser aldimine and to release
the crystal structure of SDH(PLP—OMS) along with the the neutral Lys41 from the bound PLP.
characteristic amino acid sequence of SDH, the model (3) The carboxylate group of serine is bound to the
structures of SDHPLP and SDH-(PLP—Ser), and the  conserved sectiofP{SAGNA®®) of the protein, while the
crystal structures of tryptophan synthase discussed above, &ydroxyl group (QH) participates in two hydrogen bonds
possible SDH catalytic mechanism is described below and (OgH+:-O Ala222 and PLP g@H-:-Og).
illustrated in Figure 7. (4) Since N of PLP is not protonated, the pyridine ring
(1) In the holoenzyme, Lys41 is located above the PLP cannot take a quinone-like structure. Therefore, abstraction
plane, and its M is connected to &£ of PLP by a Schiff of the o-hydrogen from G of serine by Lys41 would not
base linkage. The phosphate group of PLP is in a pocketoccur. However, since thes@H group can act as a general
composed of the conserved G-rich sectifiiGGGGL'™). acid to donate the proton tod®f serine, abstraction of the
A serine molecule enters the active site with its positively a-hydrogen from G by Lys41 occurs in a concerted fashion.
charged amino group pointing to the negatively charged This catalytic reaction produces water and a Phmi-
phosphate group of PLP, and approaches the PLP along thaoacrylate intermediate.
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(5) Lys41 approaches CGand forms a Schiff base linkage
to the PLP, and aminoacrylate is released.

(6) The released aminoacrylate is deaminated to pyruvate
by nonenzymatic hydrolysis.

Differences between SDH and AminotransferddeR is
involved in a variety of enzyme reactions such as transami-
nation, decarboxylation, isomerization, and eliminatié) ( 6
These PLP-dependent enzymes have similar overall struc-
tures. When the environments around the PBaRino acid

aldimine in the SDH and aminotransferagy)(structures 7.

are compared, there are three major differences.

(1) The ring N in SDH is involved in a hydrogen bond 8
with Cys and is neutral (N-H—S); on the other hand, in
aminotransferases, the hydrogen bond partner;aé Msp/

Glu, and thus, Nis protonated {N—H---O").
(2) The phosphate group in SDH is in a neutral environ-

ment and thus is less polarized (i.e., HPY) whereas in 9.

aminotransferases, the phosphate group interacts with posi-
tively charged amino acid residues (Arg/Lys) and thus is
polarized (i.e., PE").

(3) The carboxylate group in SDH is in a neutral
environment and thus is less polarized, whereas the car-
boxylate group in aminotransferases interacts with positively
charged amino acid residues (Arg/Lys) and thus is polarized.

These differences apparently determfhelimination for
SDH and the deamination for aminotransferases. In the
aminotransferases, the protonated pyridine ring can assume
a quinone-like structure and participate in the resonance
stabilization of the carbanion onaCN; to the carbonyl
oxygen of the amino acid can participate in resonance
stabilization because the aldimine is mainly planar and the
carboxylate is polarized by surrounding positively charged
amino acid residues (Arg/Lys). Eventually, the carbanion
reacts with a water molecule, and the Ptdmino acid
carbanion becomes pyridoxamine@hosphate and a keto
acid to complete the deaminase reaction.

For SDH, since Nin SDH is not protonated, the pyridine
ring cannot assume a quinone-like structure. Furthermore,

the carboxylate group is less polarized. For these reasons, 16.

the carbanion on Cis not stabilized by the resonance
structure observed in the aminotransferases. Therefore, it is
more difficult to abstract thex-hydrogen from the amino
acid in the aldimine. As we proposed above, the phosphate
group surrounded by the characteristic amino acid sequence
(*®*GGGGLL"® becomes a strong general acid and donates
a proton to the leaving © of serine. Consequently, the
a-hydrogen is readily abstracted by Lys41, and the PLP
Ser aldimine becomes the PEBminoacrylate aldimine.
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