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ABSTRACT. 3-Deoxyb-arabinc-heptulosonate-7-phosphate synthase (DAH7PS) catalyzes the condensation
reaction between phosphoenolpyruvate (PEP) and the four-carbon monosaaoteayitheose 4-phosphate
(E4P). DAH7PS from the hyperthermophi®grococcus furiosus a member of the DAH7P F Isubfamily,

which also includes the KDO8PS enzymes. KDO8PS (3-desryannoeoctulosonate-8-phosphate
synthase) catalyzes a closely related reaction of PEP with the five-carbon monosacokeatinose
5-phosphate (A5P). DAH7PS fromR. furiosusrequires a metal ion for activity and, unlike other
characterized DAH7PS enzymes, is not inhibited by aromatic amino acids. P@iffadosusDAH7PS

is able to utilize not only the four-carbon phosphorylated monosaccharides E4P and 2eeeyxiyrose
4-phosphate but also the five-carbon phosphorylated monosaccharides-#AbBse 5-phosphate, and
2-deoxyp-ribose 5-phosphate with simildk.a: but much increaseKy values. pL-Glyceraldehyde
3-phosphate ano-glucose 6-phosphate are not substrates. The structure of recomBin&uniosus
DAH7PS in complex with PEP was determined to 2.25 A resolution. The asymmetric unit consists of a
dimer of (3/a)s-barrel subunits. Analysis of the buried surfaces formed by dimerization and tetramerization,
as observed in the crystal structure, provides insight into both the oligomeric status in solution and the
substrate ambiguity d®. furiosusDAH7PS.P. furiosusDAH7PS is both the first archaeal and the first
“naked” DAH7PS (without N-terminal extensions) to be fully characterized functionally and structurally.
The broad substrate specificity of this DAH7PS, the lack of allosteric inhibition, and various structural
features indicate that, of the enzymes characterized toateriosusDAH7PS may be the contemporary
protein closest to the ancestral type | enzyme.

The enzyme 3-deoxp-arabino-heptulosonate-7-phos-  precursor of the aromatic amino acids phenylalanine, ty-
phate synthase (DAH7PSEC 2.5.1.54) catalyzes the rosine, and tryptophan, and of many aromatic secondary
condensation of phosphoenolpyruvate (PEP) and a four-metabolites ). The shikimate pathway is found in plants
carbon phosphorylated sugaerythrose 4-phosphate (E4P) and microorganisms, but not in animat).(In a closely
to form 3-deoxyp-arabino-heptulosonate 7-phosphate related reaction, 3-deoxy-manneoctulosonate-8-phosphate
(DAH7P) (Figure 1). This reaction is the first step in the synthase (KDO8PS, EC 2.5.1.55) catalyzes the condensation
shikimate pathway that is used to synthesize chorismate, theof PEP and a five-carbon phosphorylated sugarabinose
5-phosphate (A5P) to form 3-deoxymanneoctulosonate

" This work was supported by the Royal Society of New Zealand 8-phosphate (KDO8P) (Figure 1). This reaction is a key step
Maﬁﬂe“ Fund (MAUODS8). __inthe biosynthesis of 3-deoxy-manneoctulosonate (KDO),

e coordinates of the refined structure have been deposited with ~ . . . . . . 0
the Protein Data Bank (entry 1ZCO). which is required for lipopolysaccharide biosynthesis in
* To whom correspondence should be addressed. Telephert) ( Gram-negative bacteri8)( As neither DAH7PS nor KDO8PS

6 350-5799, ext. 3566. Fax:+64) 6 350-5682. E-mail: E.J.Parker@ hgs g known counterpart in mammalian metaboliénioth

massey.ac.nz. . .. .
S Institute of Fundamental Sciences. enzymes are attractive targets for antimicrobial compounds.

ll‘ I,ngtrL(;tveiact)ifo'r\1/|sole,gg::‘rjw Izir%%?ri]%ggeglphosphate BTP, 1,3-bis[tris Although DAH7PS and KDOBPS belong to functionally
: ASPp- - ; BTP, 1,3- - -
(hydroxymethyl)methylamino]propane; DAH7P, 3-deaxgrabino- unrelated pathways, a common ancestor has been |nf§rred,
heptulosonate 7-phosphate; DAH7PS, 3-demarabinoheptulosonate- ~ Both enzymes catalyze the condensation of PEP with a
7-phosphate synthase; 2dE4P, 2-depsgrythrose 4-phosphate; 2dR5P,  phosphorylated aldose by a similar ordered-sequential mech-

2-deoxyp-ribose 5-phosphate; DTT, dithiothreitol; EDTA, ethylene- ; ; ;
diaminetetraacetic acid; E4B-erythrose 4-phosphate; GaRglucose anism [PEP/E4P(ASP)//RO/DAH7P(KDO8P)] involving

6-phosphate; G3RyL-glyceraldehyde 3-phosphate; KDO, 3-deaxy-  the cleavage of the €0 bond of PEP rather than the more
manneoctulosonate; KDO8P, 3-deoxysmanneoctulosonate 8-phos-  usual P-O bond cleavage5( 6). This requires reaction

phate; KDO8PS, 3-deoxy-mannaoctulosonate-8-phosphate synthase; ; ; ; ; i ;
MWCO, molecular weight cutoff; PAGE, polyacrylamide gel electro- mechanisms in which the anomeric oxygen is derived from

phoresis; PEG, polyethylene glycol; PEP, phosphoenolpyruvate; R5p, Water. Additionally, both reactions are highly stereospecific
p-ribose 5-phosphate; rms, root-mean-square. with the si face of PEP coupling with thee face of their
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Ficure 1: Condensation of PEP with phosphorylated monosac-
charides.

respective monosaccharide substrae$). Evidence for a
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inhibition by aromatic amino acids. To date, the substrate
specificity of subfamily & enzymes has been examined only
for the phenylalanine-sensitive isozyme frden coli [Ec-
DAH7PS(phe)]. In addition to its natural substrate, E4P, this
enzyme also shows limited enzymic activity with a range of
five-carbon monosaccharides, including A5P, 2-depxy-
ribose 5-phosphate (2dR5P), amdibose 5-phosphate (R5P)
(28).

Subfamily |5 consists of both DAH7PS (subfamilyd)
and KDOS8PS (subfamily gk) proteins. The DAH7PS
enzymes of subfamily Ao are more similar in overall
sequence to KDO8PS enzymes of subfamily than to the
functionally equivalent d. subfamily of DAH7PS {4).
Subfamily |5p proteins are putative metalloenzymes, based
on evidence fromPyrococcus furiosusDAH7PS @f-
DAH7PS) @9 and TmDAH7PS @0). However, only the
latter enzyme is subject to feedback inhibition. Moreover,
TmDAHT7PS is reported to show a narrow substrate speci-
ficity, utilizing E4P but not AS5P or R5P as a substradé)(
Interestingly, subfamilyx contains both metalloenzymes
and non-metalloenzymes, the best characterized b&gnag
KDOS8PS 31, 32) andEc-KDO8PS ), respectively. Sub-
family 15k enzymes are not subject to feedback inhibition
(14) and appear to be very substrate specific, utlilizing only
A5P and not R5P or E4RB(33, 34). It has been proposed
that type | proteins be renamed the 3-deoxyald-2-ulosonate-
phosphate synthase family, to accommodate the different
substrate specificities of the member subfamili&s).(

common ancestor has been strengthened as additional |, theijr detailed analyzes, Jensen et al. proposed that the
sequence information has become available. Moreover, thegcastor of type | enzymes had a broad substrate specificity,

X-ray crystal structures of DAH7PS from bacterigkgheri-
chia coli and Thermotoga maritimpand eukaryotic $ac-
charomyces cetésia€) organisms have been found to be
remarkably similar to those of KDO8PS from bacterial
sourcesAquifex aeolicugndE. coli) (9—13). The DAH7PS
and KDOS8PS structures all share a similar homodimeric
arrangement ofA/a)s-barrel subunits, in which the active

had the ability to coordinate metal, was not subject to
allosteric inhibition, and was most likely the Itype of
DAH7PS, as this type is the most widely distributed in nature
(14, 15). Over time, a range of changes occurred to varying
degrees: substrate specificity narrowed both in the ste-
reospecificity of the reaction and in the specificity for the
aldose, allosteric inhibition was acquired, and metal depen-

sites are in proximity and the active site residues are generallydency was lost in some casesi),

found in structurally equivalent positions. In the DAH7PS
from T. maritima(TmDAH7PS) and the KDOS8PS froi.

coli (Ec-KDO8PS) andA. aeolicugAaKDO8PS), the dimers
further associate into similar tetramers, whereas in the
DAH7PS fromE. coli (Ec-DAH7PS) andS. cereisiae (S¢
DAH7PS), tetramers are formed via association of the dimer
in a different way.

Recently, the phylogenetic relationship between DAH7PS
and KDO8PS has been explorddi{-16). DAH7PS proteins
can be divided into two distinct families by amino acid
sequence homology and molecular mads).( Type |
DAH7PS enzymes are mainly found in prokaryotic and
archaeal organisms, although some eukaryotic examples hav
been identified [e.g., those fro®. cereisiae (10, 18, 19)
andNeurospora crassg20—22)]. Type Il DAH7PS proteins
were originally identified in plantslj and are nhow known
to encompass a diverse set of microbial proteins of which
the plant proteins form a subclust&3d].

Type | enzymes can be further divided inta &nd |3
subfamilies {4). Subfamily k. appears to consist entirely
of DAH7PS proteins and includes the structurally and
functionally characterized enzymestfcoli (9, 24—28) and
S. cereisiae (10, 18, 19). All characterized & DAH7PS

P. furiosusis a hyperthermophile, found in deep-sea
hydrothermal vents and having an optimum growth temper-
ature of 100°C (35). The purification and characterization
of P-DAH7PS have been previously describ&®)( This
paper links the broad substrate specificity with the crystal
structure ofP-DAH7PS. The results presented here, together
with the previous evidence of both the divalent metal ion
requirement and the lack of feedback inhibition, indicate that
Pf-DAH7PS may be the characterized contemporary protein
closest to the ancestral type | DAH7PS, or 3-deoxyald-2-
ulosonate-phosphate synthaBe furiosusDAH7PS is both
the first archaeal and the first “naked” DAH7PS (lacking

-terminal extensions) to be fully characterized, both
functionally and structurally.

EXPERIMENTAL PROCEDURES

DAH7PS Actiity Assay and Kinetic StudieShe continu-
ous assay of Schoner and Herrmard4)(was used and
modified as previously describeéq). The consumption of
PEP was monitored at 232 nm [extinction coefficient at 232
nm of 2.6 x 10° M~ cmt at 60°C and pH 6.8 29)]. One
unit of activity is defined as the loss ofimol of PEP per

proteins are metalloenzymes and are sensitive to feedbackminute at the stated temperature. Assays to determine activity
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with pL-glyceraldehyde 3-phosphate (G3P) amdlucose
6-phosphate (G6P) included 40M PEP (Research Chemi-

Table 1: Crystal Parameters and Data Collection and Refinement
Statistics forP--DAH7PS

cals) and 16 mM G3P (Sigma) or 1 or 4 mM G6P (Sigma).
Assays for the determination of kinetic parameters with E4P
and 2-deoxye-erythrose 4-phosphate (2dE4P) were initiated
by the addition of the four-carbon phosphorylated sugar.
Assays with A5P, R5P, and 2dR5P were initiated by the
addition of the purifiedP-DAH7PS. All kinetics experiments
were performed in duplicate except those with A5P. To
determine kinetic parameters for PEP, the reaction mixture
contained either (i) 26600 uM PEP with 480uM E4P
(Sigma), 66:M 2dE4P [obtained by chemical synthesis from
(9-p-hydroxy--butyrolactone (unpublished results)], 9 mM
A5P (Sigma), or 4.5 mM R5P (Research Organics Inc.) or
(i) 28—280 uM PEP and 4.5 mM 2dR5P (Sigma). To
determine kinetic parameters for phosphorylated monosac-
charides, the reaction mixture contained 400 PEP with
5.2-104 uM EA4P, 4.4-88 uM 2dE4P, 0.4-9.0 mM A5P,
0.2-4.0 mM R5P, or 0.24.0 mM 2dR5P.

Protein Purification and CrystallizationThe recombinant
Pf-DAH7PS used in these studies was isolated fingoli
BL21-CodonPlus(DE3)-RIL cells harboring plasmid pT7-
PfuDAH7PS. The construction of pT7-PfuDAH7PS, growth
of cultures, effective two-step purification, and characteriza-
tion of P-DAH7PS have been described previoushp)(
The purified enzyme was washed with buffer [10 mM BTP
containing 10uM EDTA and 200uM PEP at pH 6.8 and
25°C, treated with Chelex-100 resin (Bio-Rad) and filtered],
using a prewashed 2 mL Vivaspin 10 000 MWCO concen-
trator (Vivascience) to remove KCl and concentrate the
enzyme.

Crystals of PFDAH7PS were grown by vapor diffusion

unit cell parameters

crystal system orthorhombic

space group 1222
a(h) 87.23

b (R) 110.02
c(A) 144.35
volume (A3) 1385333
Z(Z) 16 (2)

Matthews coefficient (solvent content) 3.0 (58%)
data collection statistics
(highest-resolution bin)

no. of data collected 166567
no. of unique data 33241
resolution range (A) 19.802.25 (2.372.25)
redundancy 4.97 (4.97)
completeness 99.9 (100)

erge 0.126 (0.350)
Io(l) 7.6 (3.9)

refinement
no. of protein residues
no. of protein atoms
no. of water molecules
other groups

A-1262; B, 1-262
8269 (4131 non-hydrogen)
262
2 PEP (0.5 occupancy)
1 x M?* (0.3 occupancy)
2 x CI~ (0.5 occupancy)
statistics (2.3+2.25 A)

R 0.182 (0.276)

Riree 0.231 (0.338)
Riree SEt 2519, 7.6%
averageB (protein) (£?) 31.55
averageB (water) (49 36.2
rmsd for bond distances (A) 0.014
rmsd for bond angles (deg) 1.56
Ramachandran parameters (%)
most favored region 92.8
allowed region 6.5
generously allowed region 0.4
forbidden region 0.2 (N16 N16g)
PDB entry 1ZCO

in a 2 uL hanging drop. For this procedure, the enzyme
solution (9.2 mg/mL) was mixed 1:1 (v/v) with a reservoir
solution containing 8% polyethylene glycol (PEG) 8000
(Hampton), 0.2 M ammonium acetate (Ajax Chemicals), and
0.1 M Tris-HCI (pH 7.3) (Hampton). The crystallization tray
was incubated at 2ZC for 4 months. All solutions (including
the P-DAH7PS solution) were filtered through a QuZn

PR(T/S), the SwissModel models were heavily edited and a
hybrid model based upon thEcDAH7PS structure for
residues 8160 and theAa-KDOS8PS structure for residues
160-260 was constructed and subjected to molecular
mechanics refinements within SwissModel. This refined
model for P-DAH7PS had an rms difference foroC

membrane prior to use. The crystal was harvested, dippedpositions of~0.4 A with respect to the starting coordinates
in a cryoprotectant solution containing 4% PEG 8000, 0.1 derived from theEc-DAH7PS andAa-KDOB8PS structures.
M ammonium acetate, 0.05 M Tris-HCI (pH 7.3), and 50% This difference, coupled with reasonable positions for many
glycerol, and frozen under a 110 K nitrogen stream. of the side chains, proved to be sufficient for determining
Data Measurement, Refinement, and Structural Analysis. the positions of the two nonequivalent molecules in the cell.
The structure oPf-DAH7PS was determined by molecular The initial correlation coefficient was 0.23, but 20 rounds
replacement [MOLREP from the CCP4 suit&6)] from a of phase extension with symmetry averaging (DM of the
hybrid model constructed fronEc-DAH7PS and Aa CCP4 suite) improved the correlation coefficient to a
KDOS8PS. No extant KDO8PS or DAH7PS structure yielded remarkable 0.70. The resulting electron density maps were
molecular replacement solutions in a variety of programs. easily interpretable, revealing a number of significant changes
Given the relatively low level of sequence identity BF in several loops, including th&2—a2 loop, which in subunit
DAH7PS toEc-DAH7PS and tAAa-KDO8PS (26 and 30%, B adopts a conformation significantly different from that seen
respectively), PsiPre@7) and mGenThreadeB®) were used in other DAH7PS structures, thel—/$2 loop, and the N-
to predict secondary structure element6DAH7PS and and C-terminal regions. There are also considerable differ-
align these elements with those observed in structures-of  ences in the interface region forming the canonical dimer.
DAH7PS (PDB entry 1qr7) an&c-KDO8PS (PDB entry  Despite EDTA treatment, residual electron density was found
1d9e). TheAa-KDOS8PS structure, which was not entered at the metal-binding site. The rms difference between the
into the mGenThreader database, was structurally alignedstarting model and the final model is 0.81 A for a superposi-
with Ec-KDO8PS. SwissModel 39) was then used to tion of 179 of 254 available &€ atoms, superimposing only
generate coordinates for two possible models based uporthose atoms meeting the criterion of lying within 1.5 A of
the Ec-DAH7PS andAaKDOS8PS structures. By reference each other. Crystal parameters and data collection and
to the mGenThreader results and observation of the motif refinement statistics are summarized in Table 1. Buried
for binding phosphorylated monosaccharides (R/K)xxxxK- surface areas were calculated using Gra4@) @nd are
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Table 2: Kinetic Constants d*-DAH7PS with Different Monosaccharide Cosubstrates

Substrate Ky(monosaccharide) | K (PEP) | k., k.. Ky (monosacch.)
structures (uM) (uM) D) (uM's™
G3P NS*
(0]
2‘03PO/\_)]\H
OH
E4P 9+1 93+9 1.4+0.1 160 x 10°
OH O
2,
O3PO\MH
OH
2dE4P 61 33+4 3.0+0.1 490 x 10°
OH O
2—,
ogpo AN,
ASP 2700 £ 200 62+8 1.1 £0.1 0.40x 107
OH O
2‘03POWLH
OH OH
R5P 1580 + 110 36+2 2.5+0.1 1.6x 103
OH O
2-oapo/\;)\;)J\H
OH OH
2dR5P 2500 = 150 35+3 1.7+0.1 0.69 x 107
OH O
2‘03P0/\;)\/U\H
OH
G6P NS
OH OH O
2-04PO : H
OH OH

aNS, not a substrate.

provided in a comprehensive table found in the Supporting methods and was refined at 2.25 A resolution to a fiRal

Information. Figures were prepared with PymaL), factor of 0.182 Ryee = 0.231). The asymmetric unit of the
crystal contains two molecules, and a 2-fold symmetry
RESULTS operation gives rise to a tetramer.
Substrate Specificity and Kinetios.number of phospho- Subunit StructureThe subunit oPf-DAH7PS consists of

rylated monosaccharides were tested as substrates, and kinetie (3/a)s-barrel domain, as illustrated in Figure 2. Figure 2a,
parameters were determined for those showing activity (Tablea view looking down into the barrel, is rainbow-colored to
2). No enzymic activity was detected using G3P or G6P, highlight the progression gf/o. motifs around the barrel.
whereas all four- and five-carbon phosphorylated monosac-Eachg/a motif, except for thgg3—a3 motif (colored aqua),
charides that were tested were found to be substrates. Theontains at least one residue that contributes directly to the
five-carbon phosphorylated monosaccharides were consideractive site to which the metal, PEP, and E4P bind. Figure
ably poorer substrates than their four-carbon counterparts,2b gives a side-on view of the structure, in which the core
as a consequence of their relatively laKygvalues (but see  structure common to all type | DAH7PS and KDO8PS
Discussion). Although the values of the kinetic data for the structures characterized to date is highlighted. The noncore
five-carbon phosphorylated monosaccharides were similar, structure (i.e., not shared by all type | DAH7PS and KDO8PS
R5P was the better substrate, as evidenced by the highesenzymes) is colored green, and side chains are colored
keat and keafKm values, and the lowesty value, compared  according to binding role. All of the substrate- and metal-
to those of 2dR5P (or 2dA5P), which was similar to A5P. binding residues come from the C-terminal endg-strands
The most interesting result was the ability of 2dE4P to act or then—an loops. Long loops extend from the C-terminal
not just as a substrate but as the most efficiently utilized ends off-strands, especially thogin—on loops for which
substrate of those examined RkDAH7PS, having a higher n = 2, 6, and 8, each of which is 15 residues long. On the
keat and keofKm @and a lowerKy than the in vivo substrate  other hand, the loops at the C-terminal ends ofdHeelices
E4P. are quite short, being one to three residues long (see Figure

Crystal Structure Determinatiohe crystal structure of ~ 2b). The bottom of the barrel is closed by the N-terminal
P-DAH7PS was determined using molecular replacement two-stranded3-hairpin.
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non-canonical
3 dimer
(asymmetric unit)

(d)

Ficure 2: PDAH7PS monomer, dimer, and tetramer. (a) Rainbow-colored view looking intgthgs{barrel, beginning withi1 andal

colored violet and ending witi8 anda8 colored red. Side chains involved in binding PEP and E4P are showruFhign+1 loops and

the N-terminal two-strandef-hairpin are colored gray. (b) Side-on view with PEP- and E4P-binding loops at the top. Thestoke (

barrel common to all DAH7PS and KDO8PS enzymes characterized to date is coloreg@i-gtagn@s) and magenta-helices). PEP-

binding ligands are colored aqua, metal-binding ligands slate, and both the phosphate-binding ligands for the phosphorylated monosaccharide
and the2—a2 loop yellow. Noncore regions not shared by all type | DAH7PS and KDO8PS enzymes are colored green. (c) Dimer in the
asymmetric unit (noncanonical dimer). (B}FDAH7PS tetramer.

Metal is found in the active site of subunit B in low predicted binding site for E4P in a conformation similar to
occupancy, whereas only traces of metal ions are observedhose described in other DAH7PS structur@sl(Q, 13). In
at the metal-binding site of subunit A. The PEP-binding site subunit B, however, the carbonyl faces outward, forming a
is partly occupied by PEP, present at relatively low concen- hydrogen bond with a tyrosine from a neighboring subunit
trations during crystallization. This leads to some disorder in the crystallographic tetramer.
of the side chains that contact PEP. Consistent with crystal- Quaternary Structure. PDAH7PS is a dimer in solution
lization conditions, no phosphorylated monosaccharide is as observed by native PAGE and gel filtration chromatog-
found in the E4P-binding site, and consequently, K60 raphy @9), yet in the crystal structure, an apparently tight
exhibits considerable disorder. tetrameric association is observed. The asymmetric unit
The other notable difference between the two subunits comprises a dimer (termed the noncanonical dimer), formed
within the asymmetric unit is the conformation observed for by contact primarily between helices-8 andf5—o5, 56—
P61. In subunit A, the carbonyl of this residue faces the a6, andf7—a7 loops (Figure 2c). This association buries
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Ficure 3: Stereodiagram of metal-, PEP-, and E4P-binding ligands iPHBAH7PS active site. E4P has been modeled into the structure
on the basis of E4P binding fmDAH7PS (3) and glycerol 3-phosphate binding 88DAH7PS @5). In other ] structures, the amide
moiety of the glutamine equivalent to Q111 is rotated®1&8) P61 pointing toward modeled E4P as found in subunit REDAH7PS.

(b) P61 pointing away from modeled E4P as found in subunit BfeDAH7PS. Metal is present in subunit B, but not in subunit A.

2326 A or 12.2% of the surface area relative to isolated D238. The metal-, PEP-, and predicted E4P-binding residues
subunits. Four salt bridges, six semisalt bridges-(H—Y are shown in Figure 2; Figure 3 shows the active site in
or X—H*---:Y) and a single hydrogen bond as well as 11 greater detail.
bridging water molecules comprise the electrostatic compo- PEP is bound by five arginine and lysine residues that
nent of this interface. A crystallographic 2-fold symmetry interact with both the phosphate and carboxylate groups
operation creates the other interface of the tetramer and(Figure 3). The phosphate group is coordinated by the main
involves contacts among4 anda5, andf2—a2, f3—a3, chain N atom of A114 and NH1 of R115, NZ of K136, NE
p4—ad, f5—a5, andp6—ab6 loops (Figure 2d). Relative to  and NH2 of R166, and three water molecules. The PEP
isolated subunits, this interface buries 20700k 10.8% of carboxylate group interacts with NH2 of R55, NZ of K136,
the surface. This latter association, which places the activeNE2 of Q111, and a water molecule. The olefin moiety is
sites close together, is termed the canonical dimer. Thein the proximity of a water molecule, which in turn hydrogen
canonical dimer has been observed in all DAH7PS and bonds to OE2 of E93 in strangB.
KDOS8PS structures characterized to date. FBDAH7PS,
four salt bridges, 10 semisalt bridges, and four hydrogen DISCUSSION
bonds, as well as 17 water molecules, render the canonical The wealth of structural data, as well as a growing body
dimer interface somewhat more electrostatic than the first of functional data on DAH7PS and KDOB8PS proteins, allows
dimer interface. This second interface, therefore, will be less new insights into features that are important for ligand
stable under moderate salt conditions. binding and reaction mechanism. Crystal structures are now
Active Site OrganizationThe active site oPf-DAH7PS known for two subfamily & DAH7PS enzymes frori. coli
is found at the C-terminal ends of tifestrands of the 4/ and S. cereisiae (9, 10, 42—45), for two subfamily PBp
o)g-barrel and is formed by residues from both fire-an DAH7PS enzymes fronT. maritima (13) and P. furiosus
loops andg-strands. Specifically, the first loogfl—adl, (this work), and two subfamilygk KDO8PS enzymes from
provides metal ligand C31. Strafii® and thef2—a2 loop E. coli and A. aeolicus(11, 12, 46—49). All six of these
provide PEP- and putative E4P-binding residues R55 andenzymes are homotetramers witfi/«)s-barrel subunits
K60, and R62 and T63, respectively. Thé—a4 loop binds containing four apparently independent active sites. However,
PEP through the side chain of R115 and main chain of the considerable differences in quaternary structure and
N_A114. StrangB5 provides PEP-binding ligand K136. The substrate preference provide important clues about the
6—a6 loop provides PEP-binding ligand R166. Thé— ancestry of this family of proteins.
o7 loop provides metal-binding ligand H201. Stra#ttland Subunit StructureFigure 4, a structure-based alignment,
the 8—a8 loop provide metal-binding ligands E227 and highlights the core structural elements of tif#o(s-barrel
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ddddddddd
ECc-KDOBPS —-—— - e e e e e e e m e —— - =
Aa-KDOBPS --------m e mc e e m e e e e e e e e e e e e e e ———— —————
PEf-DAHTPS ------ e m e mm e e e c e e c e e e e e c e e e e e m e — e — e — ———————————
Tm-DAHTPS -MIVVLKPGSTEEDIRKVVKLAESYNLKCHISKGQERTVIGIIGDDRYVVADKFESLDCVE 60
Ec-DAHTPS -------em e e e e c e cc e e e e e e e e — - == MNYQONDDLRIKEIKELLPP 19
Sc-DAHTPS ---------cecccccc e ce e MSESPMFAANGMPKVNQGAEEDVRILGYDPLASP 34
Bl al
Ec-KDOBPS SRDLAMRICEHYVTV 44
Aa-KDOSBPS SEELLLKVGEEIKRL 29
Pf-DAHTPS MKYSKEYE-EKTVVKINDVKFGEG-- SRDQIMEVAEFLAEV 49
Tm-DAHTPS SVVRVLKPYKLVSREFHPEDTVIDLGDVKIGNG- GREMLMETAHFLSEL 120
Ec-DAH7PS VALLEKFPATENAANTVAHARKAIHKILK-GNDD HDPVAAKEYATRLLAL 79
Sc-DAHT7PS ALLQVQIPATPTSLETAKRGRREAIDIIT-GKDD HDLEAAQEYALRLKKL 94
p2 a2
dd ddddd dd d
Ec-KDO8PS TOKIG- - I BEVERASFDKANRSSIHSYRGPG--------——---— LEEGMKIFQELKQTFG B9
Aa-KDOSPS SEKFKE-fEEVEKSSFDKANRSSIHSFRGHG---=---=======— LEYGVKALRKVKEEFG 75
Pf-DAHTPS G-------IKVMRGBEAFKP-RTSPYSFQGYG-~------—--—-—-~ EKALRWMREAADEYG 87
Tm-DAHTPS G--—--—--- SPYSFQGLG--=-===========— EKGLEYLREAADKYG 158
Ec-DAHTPS TV-GWKGLIND PHMDNSFQINDGLRIARKLLLDINDS-G 137
Sc-DAHTPS TV-GWKGLIND PDVNNTFNINKGLQSARQLFVNLTNI-G 152
" . - - N *
p3 a3 p4 a4 g5 ab
ddddd d dddd dd ddddd t %%%t dd d
Ec-KDOSPS PSQAQPVADVVD LARQTDLVEAMAKTGA FVSPGOMGN 150
Aa-KDOSBPS SWQAEPVAEVAD P LCRQTDLLLAAAKTGR FLAPWDTEN 136
Pf-DAHTPS TRHVELVAKYSD SQNFELLEKEVGKVEN GNTIQELLY 148
Tm-DAHT7PS EDDLPKVAEYAD AQNFRLLSKAGSYNK NTIEEFLL 219
Ec-DAHTPS MITPQYLADLMS TTESQVHRELASGLSC DGTIKVAID 198
Sc-DAHTPS TISPQYLADLVS TTESQLHRELASGLSF DGTLNVAVD 213
" - % . .
ab pe a6
dd d ddd ddd dddddddd t3%%t tt tttt tt t
Ec-KDOBPS IVDEFKEG---------=ccccac=- [RGANFGYD- -NLVVDMLGFSIMKKVS 191
Aa-KDOBPS VVEELKFG-------=-=-====== RGTTFGYN--NLVVDFRSLPIMKQW- 176
Pf-DAHTPS SAEYIMAQ--------=------- RGIRTFETATRFTLDISAVPVVKEL- 190
Tm-DAHTPS SAEYIANS-----------=—-=—-=—-= HGIRTFEKRTRNTLDISL?PIIRKS- 261
Ec-DAHT7PS AINAAGAPHCFLSVTEKWGHSAIVNTSGNG H ~~~~~~ EPNYSAKHVAEVKEGL 253
Sc-DAH7PS ACQAAAHSHHFMGVTEHGVAAITTTKGNE RGGEK----- KGTNYDAKSVAEAKAQL 269
- * - - -
B7 a7 g8
t tt tt t tt
Ec-KDOSPS 242
Aa-KDOSPS 225
Pf-DAHTPS 230
Tm-DAHTPS 301
Ec-DAHTPS SKQFEKQMDVCADVCQQIAGGEKAII 305
Sc-DAHTPS NKDFRNQPEVNDVVCEQIANGENAIT 319
a8
tt
Ec-KDO8PS DP------=---====-- Ehak PSALPLAKLEPFLEKQMKAIDDLVKGFEELDTSK 284
Aa-KDOBPS EP------=-=--=-===-=- EKALSDASTQLPLSQLEGIIEAILEIREVASKYYETIPVE 267
Pf-DAH7PS EP---=-=-=-====-=====- EKALSDSQQOQLTFDDFLOLLEELEALGWKG----=-=---~-~- 262
Tm-DAHT7PS EP--=-—=-========== EKALSDGKQSLDFELFEELVQEMKEKELADALGVEKVN----- 338
Ec-DAHT7PS VEGNQSL--ESGEPLAYGKSI A--CIGWNEDTDALLRQLANAVEARRG-------- 350

Sc-DAHTPS NEGNQGIpaegkagLEKYGVSITDA--CIGWETTEDVLREKLAAAVRORREVNKK---- 370

Ficure 4: Structural alignment of DAH7PS and KDO8PS enzymes. @estrands are highlighted in green and caréelices in orange.
Noncorea-helical regions are highlighted in pink and noncgrstrands in light blue. Residues involved in the canonical dimer interface

are denoted d; those involved in the noncanonical dimer interface are denoted t, and those involved in both interfaces are denoted %.
Residues involved in the formation of the noncanonical dimeoidAH7PS enzymesHc and ScDAH7PS) are denoted (in italics).

Residues involved in contact with the feedback regulator phenylalanine for the Phe-sensitive isdiarB¥di7PS are underlined. Boxes

are placed around residues involved in metal, PEP, or phosphorylated monosaccharide binding. Standard ClustalW symbols are used to
denote identity (*), a high degree of similarity (:), and a moderate degree of similarity (.).

common to all DAH7PS and KDO8PS enzymes that have 36, for these two & DAH7PS enzymes, an 18-residue
been structurally characterized to date (see also Figure 2).extension provides two additiongtstrands. Together with
The minimalist structure i®\aeKDOS8PS. Relative to this, strandf0, these complete a three-stranded sheet involved in
theEGDAH7PS andSeDAH7PS structures feature 50- and binding of the feedback inhibitor phenylalanindgct
65-residue N-terminal extensions comprising-strand and DAH7PS) or tyrosine $¢DAH7PS). P-DAH7PS, Tm

a helix—90° turn—helix motif, respectively. Betweem5 and DAH7PS, andEc-KDOS8PS feature instead a two-stranded
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Ficure 5: Stereodiagram of the superposition of subfamitydc-DAH7PS (blue), subfamilydp P-DAH7PS (red), and subfamilySk
Aa-KDOS8PS (green) structures. To aid visualizatidesKDO8PS is also shown in cartoon form. The greater structural similarity of subfamily
I5p and Bk compared to subfamilydl is apparent.

f-hairpin that covers the base of th8/q)s-barrel that is identical relative toP--DAH7PS) andEc-KDO8PS (26%
opposite the active site. Spatially, this sheet occupies a similaridentical), respectively, map similarly, but only 69 and 84
volume to helixaOB in the ko DAH7PS enzymes. Relative  residues ofEc-DAH7PS (21%) andScDAH7PS (20%),

to PFDAH7PS, TmDAH7PS has an additional 78-residue respectively, map. By way of comparison with again a 1.0
N-terminal ferrodoxin-like domain, which is implicated in A threshold, for the twod. structures, 307 residues 8t
feedback inhibition 13). P-DAH7PS and Tm-DAH7PS DAH7PS map ont&cc-DAH7PS (55% identical); for the two
share an abbreviated first heli,l, compared to both the 5k structures, 165 residues 6&8-KDO8PS map ontdec-

la. and Bk enzymes. Thgg6—a6 loop forms part of the  KDO8PS (45% identical).

canonical dimer interface and also forms part of the nonca- An altered functional role can be ascribed to most of the
nonical dimer and the tetramer interfaces for subfanfily |  differences seen in loop regions among the type | DAH7PS
enzymes. FoPf- and TmDAH7PS, this loop is extended and KDO8PS enzymes. (i) Feedback inhibition involves the
by two residues relative to that of subfamilgkl enzymes different N-terminal extensions &c- andScDAH7PS and
and by five or six residues compared to that of subfamily of TmDAH7PS, and the extendexb—/36 loop for Ec- and

loo enzymes. Compared ta IDAH7PS enzymesPf- and ScDAH7PS. (ii) Tetrameric association involves the N-
Tm-DAH7PS share with subfamily8k enzymes (i) a shorter  terminal extension foEc- and ScDAH7PS, the extended
p2—02 loop (by 14 residues), (ii) a short88—a8 loop (by p6—0a6 loop for subfamily B enzymes, and additionally for
~15 residues), and (i) a shortex7—58 loop (by six Ec- and AaKDO8PS an extended7—o7 loop. (iii) Sub-
residues). Relative to subfamilyd enzymes, & and J5p strate specificity is controlled by thg2—o2 loop and
enzymes have a shortgr—o7 loop (by nine residues). For  additionally for Ec- and AaKDO8PS an extended7—oa7
KDOS8PS, this loop contributes to the dimer interface and loop. At this stage, it is not clear what functional role is
provides two additional ligands to the phosphorylated played by the extended7—$8 and 38—a8 loops in
monosaccharide-binding site. To a reasonable approximation subfamily k. compared to the subfamilyflenzymes.
therefore, thé>f- andTmDAH7PS structures resemble more Quaternary StructureThe canonical dimer, which places
closely the KDO8PS typesk enzymes. The two regions of the E4P-bindingg2—a2 loop of one subunit in contact with
difference are (i) thgg7—a7 loop, just mentioned, and (i) the other subunit, is the primary quaternary association
the phosphate-binding motif of th82—a?2 loop, which observed for the subfamilyal Ec- and ScDAH7PS. This
contains for KDO8PS the KxxxxKANRS(S/T) motif instead association is found also in the crystal structures of subfamily
of the RxxxxKPRT(S/T) motif common to all DAH7PS I3 Aa- andEcKDOS8PS andPf- and TmDAH7PS. Signifi-

enzymes. Motifs associated with allosteric inhibitionSuf cantly different tetrameric associations are apparently char-

and Ec-DAH7PS and TmDAH7PS are absent irPf- acteristic for the two subfamilies. A tetrahedrally twisted

DAH7PS, consistent with the observed absence of feedbacktetrameric association is observed crystallographically for

inhibition (29). subfamily k. enzymes, and a nearly flat tetrameric associa-
The superposition of subunits of representatiue(Ec- tion is observed for the subfamilys lenzymes.

DAH7PS), Pk (AaKDO8PS), and fip (P-DAH7PS) en- For all six structures, the canonical interface is made up

zymes (Figure 5) shows clearly the greater structural of contacts among similar structural elements, helig®s
similarity between the subfamilyslenzymes than between o5 andf2—a2, 83—a3, f4—a4, f5—a5, andf6—a6 loops
either By or I8« and the & subfamily. A threshold of 1.0 A (but not forEc- andSeDAH7PS, where thg6—a.6 loop is
was set for inclusion in the superposition, to mitigate the shortened). Despite this, even for the more closely related
effects of loops and to focus on the core structure. Specif- Pf- and TmDAH7PS, no salt bridges are conserved. For
ically, 228 residues ofmDAH7PS map ontd*f-DAH7PS subfamily 3, the surface areas buried upon formation of the
(62% identical); 131 and 100 residuesAd#KDOS8PS (29% canonical dimer range frony2100 to 2500 A (or from 9
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to 12% of the total surface area relative to the isolated
monomers). FOEc- andScDAH7PS structures, the canoni-
cal dimer interface includes additionally an N-terminal
extension, in particular the N-terminal coil and stra#@

that results in a very large buried surface area of more than
3650 A& (or >15% of the total surface area relative to the
isolated monomers).

Interaction between subunits to form the canonical dimer
interface affects the conformation of a number of key
residues involved in ligand binding. In the vicinity of the
active site, forEc-KDO8PS (andAa-KDO8PS), R120 (or
R106 forAa-KDO8PS) from thg84—a4 helical turn projects
across the canonical dimer interface to hydrogen bond with
the main chain carbonyl of N62 (or N48) so that the side
chain of this asparagine residue extends into the A5P-binding
site (11, 12, 46). ForEc-DAH7PS (andScDAH7PS), Q170
(Q185) from the neighboring subunit hydrogen bonds to the
main chain carbonyl oxygen of K97 (K112) and the main
chain amide nitrogen of R99 (R114) to lock the intervening
proline P98 (P113) into a conformation that projects its
carbonyl oxygen atom into the E4P-binding pocket (Figure
6¢) (42, 45). In addition, R173 (R188) from the adjacent

subunit hydrogen bonds to the carbonyl oxygen of phosphate-
binding residue T100 (T115). These interactions are absent

in the Pf- and TmDAHT7PS structures, the glutamine being
replaced with phenylalanine and the arginine with leucine.
In these Bbp DAH7PS enzymes, Y152 (Y223 form-
DAH7PS) from helixa5 of the adjacent subunit hydrogen
bonds to O_R62 (O_R133 fGm-DAH7PS) (3). In subunit

B of P-DAH7PS, Y152_OH also hydrogen bonds to O_P61
(Figure 6b). On the other hand, in subunit ARfDAH7PS
(and in both subunits aFfMDAH7PS), O_P61 (O_P132 for
TmDAH7PS) points away from the tyrosine and a water
molecule is found in its place (Figure 6a). This places the
proline in a conformation similar to that found for the
equivalent proline of botfiec- and ScDAH7PS @, 10). In

this conformation, the carbonyl of this proline is predicted
to provide hydrogen bonding to the C2 hydroxyl group of
substrate E4P1@3). Thus, on the basis of crystallographic
evidence, for subfamilyd DAH7PS and subfamily fk
KDO8PS enzymes, interactions between subunits of the
canonical dimer appear to be carefully choreographed to
place a proline carbonyl oxygen and an asparagine side chain
respectively, in a position to interact with the hydroxyl groups
of E4P or A5P 13, 50).

Whereas for subfamilyol and especially for subfamily
|5k enzymes the canonical dimer interface is tightly packed
with few cavities, for subfamilydp enzymes there is a large
cavity with a volume in excess of 200*And a surface area
of 190 A? near thef2—o2 loop. In addition,P-DAH7PS
has a cavity with a volume of 563and a surface area of
77 A2 at the intersection of the four subunits of the tetramer
(see the table in the Supporting Information for details for
each enzyme). The implications for substrate specificity of
the tightly packed interface oflDAH7PS and fx KDO8PS
compared to the loosely packed interface & DAH7PS
enzymes are discussed in a later section.

For subfamily b enzymes, the association of a pair of
canonical dimers into the tetrahedrally twisted tetramer,
through mutual contacts of tH#—a0A loop and of helices
a0A anda2, buries relatively small surface areas of 1300
2000 A (~5—8%) for various pairwise combinations.

Schofield et al.

FIGURE 6: Intersubunit contacts in the vicinity of the E4P-binding
/2—02 loop. A common orientation of helix4 is used, for which

the register of residues among DAH7PS and KDO8PS structures
is well conserved compared to helib and the32—a2 loop (see
Figure 5). (a)P-DAH7PS subunit A in which Y152 interacts with
O_R62 and a water molecule. TRerDAH7PS canonical dimer
interface results in very similar interactions. RHDAH7PS subunit

B in which Y152 interacts with O_R62 and O_R6lhis points

the carbonyl oxygen atom of P61 away from the predicted E4P
binding site. (c)Ec-DAH7PS (PDB entry 1ggl) in which Q170
and R173 are found in place of F and Y, respectivelyRfnand
TmDAH7PS structures. The conformation of P98 is locked by tight
K97_0O--NE2_Q170 and R99_NOE1_Q170 hydrogen bonds.
R99_ O hydrogen bonds to R173_NH1 via a water molecule (not
shown).

Notwithstanding a seemingly weak dimer-of-dimers tet-
rameric associationEc-DAH7PS is observed to occur in
solution as the tetramer. Although relatively small, the
interface between pairs of canonical dimers is tightly packed,;
no cavities are observed, thereby enhancing the stability of
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the tetramer. conservation of the canonical dimer interface, even between
In contrast to thed enzymes, an apparently tight dimer- the subfamily Bx and |5 enzymes. On the other hand, the
of-dimers tetrameric association is observed crystallographi- noncanonical dimer interface, although well removed from
cally for all subfamily 5 DAH7PS and KDOB8PS proteins  the active site, is highly conserved, including two salt bridges
structurally characterized to date. This interface is formed and several hydrophobic patches. Only 16 of the 27 residues

by contacts between helice6—a8 and thef5—ab, 56— in contact in the canonical dimer interface ®FDAH7PS
o6, and f7—a7 loops. Ec- and AaKDO8PS andTm are conserved ifmDAH7PS. Another two residues are very
DAH7PS are reported to be tetrameric in solutidd, (12, conservatively substituted. Of these 16, 11 are absolutely

30). However, P-DAH7PS is unequivocally dimeric in  conserved and involved in substrate binding across all
solution Q9), and this dimer is observed to be unusually structurally characterized DAH7PS enzymes. At the nonca-
stable to moderate denaturing conditions. Although surface nonical dimer interface, a much higher level of conservation
areas buried in the canonical and noncanonical dimeris seen, with 20 of 27 residues conserved and another four
interfaces are somewhat similar to those of otffdetramers, very conservatively substituted. In other words, for subfamily
there are significant differences in the nature of these Ifp enzymes, there appear to be stronger evolutionary
interfaces. These differences give insight into the apparently constraints to change at the noncanonical dimer interface
anomalous solution-state behavior Bf-DAH7PS. The compared to the canonical dimer interface. Thus, the ancestral
subfamily |5x enzymes feature tightly packed tetramers with  DAH7PS would appear to have been the noncanonical dimer,
only small cavities, which have surface areas and volumesformed by contact of helices and loops remote from the active
of less than 110 A and 80 A at subunit interfaces, site and incapable of regulation by allosteric ligand binding.
respectively, consistent with the observed stability of the Association of this dimeric structure into tetramers (repre-
tetramer in solution3, 32). Both I5p and |5« enzymes share  sented by the contemporary proteita-KDO8PS andEc-
a tightly packed noncanonical dimer interface. In contrast KDO8PS) was possibly followed by acquisition of N-ter-
to enzymes of thefk and k. subfamilies, the canonical dimer  minal domains associated with allosteric inhibition (as seen
interface for Pp subfamily enzymes features large cavities. in TmDAH7PS). Analysis of the N-terminal sequences of
Focusing on the more closely related subfamif§p | Sc andEc-DAH7PS indicates that these may be truncated,
enzymesPf-DAH7PS andTmDAH7PS, we find both feature  and differently folded, versions of the ferrodoxin-like domain
a water-filled cavity at the intersection of the four subunits. attached tad'mDAH7PS. This alternative mode of allosteric
In addition, the area buried in the noncanonical dimer inhibition in these more evolutionarily remote. Enzymes
interface forP-DAH7PS is greater by-300 A2 than that (SeDAH7PS andEc-DAH7PS) is associated also with the
buried in the canonical dimer interface. In contrast, essentially addition of-strands between helice$ and$6 and the loss
equal areas are buried in both interfacesTarDAH7PS. of the P.-DAH7PS-like noncanonical dimer.
Moreover, both the total number of contacts and the number  Active Site StructureAll residues that interact with PEP
of hydrophobic contacts in the canonical dimer interface are in the active sites of other DAH7PS enzymes are conserved
substantially greater foFmDAH7PS (167 and 103, respec- in Pf-DAH7PS, with one exception. FoPf- and Tm
tively) than forP-DAH7PS (142 and 86, respectively, fora DAH7PS (and also foEc- andAa-KDO8PS), the NE2 atom
threshold of 3.8 A). On the other hand, in the noncanonical of Q111 and Q186, respectively, from td—o4 helical
dimer interface, these numbers are 100 and 61, and 115 andoop hydrogen bonds to the PEP carboxylate group. In
71, respectively. In the canonical dimer interface Rir contrast, folec- andSeDAH7PS, a water molecule is bound,
DAH7PS TmDAH7PS in parentheses), there are 4 (6) salt which in turn hydrogen bonds to a tyrosine (Y94 and Y109,
bridges, 10 (4) semisalt bridges, and 4 (2) hydrogen bonds,respectively) from thg2 strand. While the majority of PEP-
as well as 17 (20) bridging water molecules. In the coordinating contacts iR--DAH7PS andAa-KDOS8PS are
noncanonical dimer interface, the numbers are 4 (2), 6 (6), also similar, several differences are observed. The arginine
and 1 (1), respectively, with 11 (12) water molecules. Thus, on the4—a4 helical loop (R115 folPf-DAH7PS), which
the extent and nature of the subunit interfaces observedbinds the phosphate group of PEP, is absent in KDO8PS
crystallographically foPf-DAH7PS are consistent not only  proteins. In addition, the interaction of the PEP carboxylate
with destabilization of this tetramer relative to tHen group with NH2 of R55 on thg2—a2 loop is replaced with
DAH7PS tetramer (and to subfamilgd proteins) but also  a salt bridge with NZ of a structurally equivalent lysine, and
with the observed solution-state dimer being the noncanonicala water molecule is replaced with OG of serine onffie-
dimer. The observation of two alternative conformations for a7 loop in AaKDOS8PS.
P61 in the two subunits of the asymmetric unit fef The metal-binding site is also similar to that found in other
DAH7PS is also consistent with the canonical dimer interface metal-dependent enzymes of this famigc{DAH7PS, Sc
being established on crystallization. The functional unit for DAH7PS, TmDAH7PS, andAa-KDOS8PS). In the metal-
Pf-DAH7PS is neither the tetramer nor the canonical dimer independent enzym&c-KDOB8PS, the metal-binding site is
observed crystallographically in all structures to date, but filled with an asparagine side chain in place of C31 and the
the noncanonical dimer in which the active sites of the aspartate ligand is flipped away from the histidine and
subunits are remote from each other. That a crystallographi-glutamate side chains, possibly due in part to a proline two
cally observed quaternary association need not correspondesidues downstream. This proline is absent in metal-binding
to the solution-state quaternary structure, even for substantiaDAH7PS and KDO8PS.
buried areas, has been discussed at length and characterized There are several places where motifs associated with E4P-
in several systems$({—53). processing DAH7PS enzymes, rather than A5P-processing
Evolution of Quaternary Structure and Allosteffgxcept KDOS8PS enzymes, are found. The most obvious motif is
for residues involved in substrate binding, there is very little the RxxxxKPRT motif on thef2—a2 loop of DAH7PS,
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which for A5P-processing KDO8PS enzymes occurs as DAH7PS. As noted above, P61 in subunit BRFDAH7PS
KxxxxKANRS. A second site, glutamate (E93 fd?f- adopts a conformation not previously observed for DAH7PS,
DAH7PS) on strang83 (D in KDO8PS), is coupled with  where the carbonyl points away from the predicted E4P
(I/L)GAR on thef4—a4 loop [(I/L)PAF in KDO8PS], where  binding site. P61 is part of the absolutely conserved KPRT
the glycine and proline control positioning of the glutamate motif observed in all type | DAH7PS enzymes. Models of
and aspartate side chains, respectively. E4P in the active sites &c-, S¢, andTmDAH7PS suggest

Implications of Structure for Substrate Specificiypalysis that the main chain carbonyl of the proline in this motif
of the substrate specificity d-DAH7PS shows that this  hydrogen bonds with the C2 hydroxyl group of E4E3,(
enzyme does not catalyze the aldol-like reaction between45). The altered conformation of this proline R-DAH7PS,
PEP and phosphorylated monosaccharide substrates oner at least increased flexibility in its positioning, may
carbon atom shorter or two carbon atoms longer than the contribute to 2dE4P being utilized more efficiently than
natural substrate, E4P. On the other hand, all five-carbon natural substrate E4P. Studies with site-directed mutants are
phosphorylated monosaccharides that were tested werecurrently underway to establish unequivocally the nature of
substrates. Enzymic activity with five-carbon phosphorylated the dimeric species observed in solution, and the influence
sugars has also been reported for subfamilyDIAH7PS- of dimer interactions on substrate specificity.

(phe) fromE. coli, but ASP, 2dR5P, and RSP are consider-  KpO8PS enzymes also exhibit relatively tight substrate
ably poorer substrates for this enzyme thatHBDAH7PS.  gpecificity. E4P and R5P are not substrates for eifferor

For EC-DAHTPS keavalues range between 0.5 and 7% when aaKDOSPS, although 2dR5P is reported to show limited
compared to that for the use of E4Pg|, whereas foiPf- substrate activity witfEc-KDO8PS 83). The phosphorylated
DAH7PS, the range is 76177%.Ec-DAH7PS also exhibited  monosaccharide binding sites for these proteins, also formed
no activity with G3P or G6P28). In contrast, the only other in large part by residues of tif#2—a2 loop, are also expected
characterized DAH7PS from subfamilg,[TmDAH7PS, is {5 pe significantly buttressed by the formation of the
reported to show no enzymic activity with either ASP or anonical dimer.

RSP @0). While the apparenky values recorded in this o0 n vt of PLDAHTPS to changes at the C2

study for the five-carbon substrates are relatively large " .

compared to thdyF*" value, it is noteworthy that thk.s position of the phqspho.rylated mono;acchande may be
values are comparable to that of E4P. This suggests that thesgr?f;g\gzggsav\rlﬁliiﬂoulse@&ggt\gsegnsljg'sstrggh_?ﬁgle%?;é?::
molecules bind to the enzyme active site forming a complex of 2dE4P a ’a bstrate and the ability of t.he enzvme tg
that has catalytic competency equivalent to that of the T as a subs : ability zy
enzyme-PEP-E4P complex. As ASP, 2dR5P, and R5P all 26CePt five-carbon substrates in which the C2 hydroxyl group
exist predominantly in cyclic forms in solution, and all is either absent or present in either possible configuration
evidence to date suggests that the free aldehyde form issiugn?f?Stn;h?r:t trhe ticnz V\?i)t/r?r?h)?yl %r;unp: d?ﬁs nnc;: htavteh a
utilized in the enzyme-catalyzed reaction, it is likely that signinca eractio S enzyme. contrast, the
the true Ky values for these five-carbon substrates are correct stereochemistry of the C2 hydroxyl group appears

: to be required in KDO8PS (subfamilgy), with the natural
i(:no?r?igi;igy smaller than the apparé values reported substrate A5P having the opposite configuration at C2

Remarkably, the four-carbon E4P analogue 2dE4P is acompared to E4P._Subramamam et aJ4)(lprqposed that
better substrate foPEDAH7PS than E4P itself. The ef- L€ ancestral protein for this enzyme family is a DAH7PS.
ficiency with which this compound is utilized indicates that -[I—)Z\GH;;ts)St][S:ﬁ]earmsngu'gt;h?rt]a\ivﬁnhz\é?/e?obsiﬁrve}gggrsps
the C2 hydroxyl group of E4P does not play a significant L 99 ping
role in substrate binding and catalysis in this enzyme. On activity the ancestral 3-deoxyald-2-ulosonate-phosphate syn-
the other hand, 2dE4P is a relatively poor substratEwf thase evolved by losing the ability to accept four-carbon
DAH7PS K 2dE4P — 407 uM and key = 18 S, compared monosaccharides and by a narrowing specificity at C2. This
10 Ky E9P = 2Ml/,¢M and kcﬂ— 71 §1atunpublisr,1ed repsults) broad substrate specificity, the requirement for a divalent

- at — ’ .

Ay o he tucture CPLOAHTPS provies clues  Te(8 o e lack ofaosterc o) e e
about the differences in substrate specificity betwBén q y ! prop

initial ancestor was most likely thé type of DAH7PS (4,
DAH7PS and theTm and Ec-DAH7PS enzymes. On the o )
basis of previous structural work, the E4P binding site for 15) indicate that DAH7PS fronP. furiosusmay be the

all these enzymes is provided chiefly by residues orpg contemporary protein that is most similar to the ancestral
a2 loop (13, 45). Intersubunit interactions that form the :Kgi; DAH7PS, or 3-deoxyald-2-ulosonate-phosphate syn-
canonical dimer place significant constraints on the confor- '

mation of this loop. Wherea§m and Ec-DAH7PS are
tetrameric in solution, the solution structureRfDAH7PS

is dimeric and as discussed above most likely the nonca- \ye thank Amy Pietersma for preparation of 2dE4P.
nonical dimer. Consequently, the intersubunit interactions

that orchestrate the placement of side chains to form the gUPPORTING INFORMATION AVAILABLE
phosphate-binding site and to provide hydrogen-bonding

contacts to the hydroxyl groups for E4P in other DAH7PS A table of calculated surface areas and cavitiesHbr
enzymes are absent Pf-DAH7PS in solution. The extra DAH7PS, TmDAH7PS, Ec-DAH7PS, ScDAH7PS, Aa
flexibility in this part of the active site may explain the KDOS8PS, andEc-KDO8PS and a figure highlighting the
relatively highk:,: values for the use of five-carbon substrates different intersubunit contacts and quaternary assemblies for
observed foPf-DAH7PS compared t&c-DAH7PS andl'm PDAH7PS, TmDAH7PS,Aa-KDO8PS, andEc-DAH7PS.
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