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ABSTRACT. KDOB8P synthase catalyzes the condensation of arabinose 5-phosphate (A5P) and phospho-
enolpyruvate (PEP) to form the 8-carbon sugar KDO8P and inorganic phosphaléhéPX-ray structure

of the wild-type enzyme shows that when both PEP and A5P bind, the active site becomes isolated from
the environment due to a conformational change of the L7 loop. The structures of the R106G mutant,
without substrates, and with PEP and Pi&s ASP bound, were determined and reveal that in R106G
closure of the L7 loop is impaired. The structural perturbations originating from the loss of th& Arg
side chain point to a role of the L2 loop in stabilizing the closed conformation of the L7 loop. Despite the
increased exposure of the R106G active site, no abnormal reaction of PEP with water was observed,
ruling out the hypothesis that the primary function of the L7 loop is to shield the active site from bulk
solvent during the condensation reaction. However, the R106G enzyme displays several kinetic
abnormalities on both the substrate side (smaflgP&F, larger Ki*5" and K*°F) and the product side
(smallerK;P' andK;KPO8P) of the reaction. As a consequence, the mutant enzyme is less severely inhibited
by AS5P and more severely inhibited by & d KDOS8P. Simulations of the flux of KDO8P synthesis
under metabolic steady-state conditions (constant concentration of reactants and products over time) suggest
that in vivo R106G is expected to perform optimally in a narrower range of substrate and product
concentrations than the wild-type enzyme.

3-Deoxyb-mannoectulosonate 8-phosphate synthase ASP KDOSP
(KDO8PS, EC 2.5.1.55) catalyzes the irreversible condensa-s > /3~0po HO, oo
tion of phosphoenolpyruvate (PER)nd arabinose 5-phos- OH PEP MO, ~opor R0 o
phate (A5P) to form KDO8P and inorganic phosphate (Figure Vf”f — o, T co,
1) (1—5). This reaction is the first step in the biosynthesis © «g ~)7A0]% MO e d ot °
of 3-deoxyp-mannoectulosonate (KDO), an essential com- "H/ A\H Linear:nlermediate ot P

ponent of the lipopolysaccharide of all Gram-negative ) )
FiGURe 1: Biosynthesis of KDO8P from A5P and PEP. Attack by

bacteria 6, 7). ;
! L 3 ) EEP EP 1A5P | |
There are two types of KDO8PSs, distinguished by their m?éﬁrneo(;}gecthat gggayg irﬁg &gn&%gsp. eads to a linear

requirement for divalent metals (Class Il) or lack thereof

(Class 1) @). In previous studies, we have determined the metric unit of A. aeolicuskDO8PS crystals contains only
crystal structure of KDO8PS from the hyperthermophile two subunits, named here A and B. PEP binds to both
Aquifex aeolicuga Class Il KDO8PS) in complex with €d  sypunits, but A5P binds only to subunit &)( Moreover, if
(2, 3), the metal conferring the highest activity in vitr@)( crystal symmetry is applied to generate the tetramer, it is
All known KDO8PSs, with the exception of thgabidopsis  gpparent that the active sites in which A5P binds are located
thaliana enzyme (0), are tetramers. However, the asym- on the same face of the enzyn®. Based on this observation
T This research was supported by U.S. Public Health Service Grantsand the assumption that, at some point, both faces of the
GM69840 10 D.L.G. ~ enzyme may participate in catalysis, it ha; been proposed
* The structure-factor amplitudes and refined coordinates of substrate-that A. aeolicuskDO8PS may represent an interesting case
free R106G, R106G with PEP, and PERs A5P, were deposited in  of “alternating face” catalysis2j.
the Protein Data Bank (entries 1799, 1T96, 1T8X, respectively).
§ These authors have contributed equally to the work. Three. Iong Ioops, L2, L7, and L8, control access to the
* Corresponding author: Domenico L. Gatti, Department of Bio- active site. In the substrate-free enzyme and when only PEP
chemistry and Molecular Biology, Wayne State University School of or A5P binds, residues 19@00 of the L7 loop are

2765; e-mail, mimo@boatman.med.wayne.edu. . . . . .
L Abbreviations: KDO, 3-deoxgp-manneoctulosonate; kpogp, ~ bind, the L7 loop is ordered and isolates the active site from

3-deoxyp-mannaoctulosonate 8-phosphate; KDO8PS. 3-deoxy- the external environment (Figure 2B). It has been proposed
manneoctulosonate 8-phosphate synthase; PEP, phosphoenolpyruvatethat Argt% of A. aeolicusKDO8PS, a residue conserved in

A5P, arabinose 5-phosphate; 2-PGA, 2-phosphoglycerate; DSS, 2,2- ; ; ; ; ;
dimethylsilapentane-5-sulfonic acid; DDM, difference-distance matrix; all KDO8PSs, might be involved in regulating the opening

EDDM, error-scaled difference-distance matrix; SSR, sum of squared @nd closing of the L7 loop in di_ffefrent subunitg)( The
residuals; rmsd, root-mean-square deviation; H, helix; S, strand; L, loop. structural basis for this hypothesis is the somewhat unusual
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Ficure 2: Conformational changes in wild-type KDO8PS.The three loops that seal the barrel caitgenlicusKkDO8PS are shown as

thick tubes with different colors: L2, green; L7, blue; and L8, yellow. The L7 loop is disordered when PEP is bound (panel A, PDB entry
1FWS), but ordered and closed when both PEP and A5P bind (panel B, PDB entry 1IFWW). This conformation of the L7 loop is particularly
evident in the two adjacent subunits of the enzyme shown in parial@e subunit, A5P is bound, and the L7 loop is ordered. In the other
subunit, a phosphate ion is bound instead of A5P, and the L7 loop is not visible (disordered). Notice how the side cha abAsgs

over from one subunit into the active site of the other subunit (panel C). The stacking of phenyl rings from the L5 (cyan) and L4 (magenta)
loops at the interface between adjacent subunits provides part of the pocket éf sdg chain (panel D). In both panels C and D, side

chains originating from different subunits are colored gray and beige, respectively. Waters are represented as red spheres, hydrogen bonds
as dashed lines.

position of Arg%, whose side chain extends from one subunit Change (Stratagene) mutagenesis system. Both the wild-type
into the active site of another subunit (Figure 2C). More and mutant proteins were purified by a modification of the
specifically, Ard®® from one subunit is sandwiched between procedure described by Duewdllj. The main difference
the side chains of PA&, Leu'?, and Asp® (loop L5) from in the new purification scheme is that, after breaking the
the same subunit and the backbone and side chains 6f,Asn cells (~50 mL) with two passes through a French press at 4
Arg*, Sef? (loop L2), and Ph¥* (loop L4) from the other ~ °C, the initial heat step is carried out in a 100 mL glass
subunit (Figure 2C,D). Here, we report that the Rfg— cylinder (with stirring) submersedia 1 Lbeaker containing
Gly substitution impairs the L7 loop closure, thus, providing stirring water at 80C. The temperature ramps up to 8D
a unique opportunity to study the function of this loop. in the cylinder in less than 3 min, after which the sample is
incubated under stirring at 8@ for an additional 10 min.
EXPERIMENTAL PROCEDURES The cylinder is rapidly transferred to a beaker with stirring
Structure Determination and Refinement. A. aeolicus ice—water until its content, still under stirring, cools to 2
KDO8PS was produced ikscherichia colifrom plasmid °C (~3min), and then placed in ice for additional 10 min.
pet28akdsa which was derived from plasmid pet28a After removal by ultracentrifugation of the denatured protein,
(Novagen) by inserting tha. aeolicus KDSAyene in frame  the clear supernatant derivedrindl L of theoriginal culture
with the ATG of the vectorNco | site. Plasmid pet28a/ is loaded onto 3 BioRad Econo-Pac High-Q cartridges (each
kdsaR106@ncoding the mutant R106G protein was derived 5 mL bed volume) assembled in series, equilibrated with 20
from the wild-type-encoding plasmid by replacing the Arg mM Tris-Cl (pH 7.5), and eluted with a linear gradient (120
codon AGG with the Gly codon GGG using the Quick- mL) from 0 to 1 M NaCl. Fractions containing recombinant
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Table 1: X-ray Data Collection and Refinement Statistics

R106G + PEP + PEP+ A5P
Data Collection
resolution range (&) 421.85 41-1.85 54-1.8
(1.97-1.85) (1.97-1.85) (1.87-1.8)
unique reflections 56 873 (4771) 55179 (3994) 60408 (4268)
[fedundancy! 10.3 (3.8) 3.7 (1.3) 9.2 (1.85)
completeness (%) 92.8(71.2) 89.6 (59.8) 94.3 (62.4)
o0 4.7 (2.1) 5.2(2.1) 45(2.2)
Rmerg? (%) 9.3(35.9) 9.4 (34.4) 9.5 (34.7)
Refinement
PDB entry 1799 1796 178X
Raryst (%) 20.8 20.4 19.7
Riree (%) 24.5 24.6 24.2
amino acids 509 509 511
water molecules 325 486 441
modelB(A2) 37.7 29.5 34.3
rmsd bond lengths ()  0.009 0.009 0.005
rmsd bond angles (deg) 1.5 15 15
rmsd dihedral (deg) 22.7 22.7 22.6
rmsd impropers (deg) 0.89 0.90 0.92

2 Each data set was collected from a single crystal at 100Rerge
= Sunyill(h)i — O(h)dVy wYil(h)i, wherel(h)i is theith measurement.
¢ Reryst= Y |Fobs — Feaid/Y |Fobd. Riee Was calculated on 10% of the data

Table 2: Estimated Positional Errors in the Structures of the
Wild-Type and R106G Enzymes

estimated positional erroo(;)

in A for 250 Ca. atoms
mean o min max

WT (subunit A) 0.121 0.025 0.084 0.199

WT (subunit B) 0.139 0.035 0.089 0.248

WT + PEP (subunit A) 0.112 0.025 0.069 0.233
WT + PEP (subunit B) 0.128 0.031 0.074 0.235
WT + PEP, A5P (subunit A) 0.116 0.023 0.081 0.207
WT + PEP, A5P (subunit B) 0.131 0.028 0.087 0.225
R106G (subunit A) 0.086 0.022 0.058 0.152
R106G (subunit B) 0.100 0.024 0.059 0.172
R106G+ PEP (subunit A) 0.093 0.029 0.050 0.203
R106G+ PEP (subunit B) 0.108 0.030 0.060 0.224
R106G+ PEP, A5P (subunitA) 0.078 0.021 0.051 0.142
R106G+ PEP, A5P (subunitB) 0.089 0.021 0.051 0.170

a Coordinates for the wild-type structures are
1FXP, 1FWS, and 1FWW2j.

from PDB entries

tainty o; of any atom of the structure havinggactor equall

omitted from refinement. Numbers in parentheses refer to the highestto the averageB is estimated using the DPI (Diffraction

resolution shell.

Precision Indicator) methodL§). The estimated positional
error oy, of thei atom with B factor B; is derived from the

KDOBPS (already approximately 90% pure at this stage) arelinéar relationshipoy, = o B/Bayg between coordinate
loaded directly onto 3 BioRad Econo-Pac CHT-II (ceramic Uncertainty andB factor. The error 211: the;; eI(;:-ment sza
hydroxyapatite) cartridges (each 5 mL bed volume) equili- DDM can then be calculated @A) = [(01,%)* + (or,;%)

brated with 20 mM Tris-Cl (pH 7.5), and eluted with a linear
gradient (60 mL) from 0 to 400 mM K-phosphate (pH 7.5).

+ (0v,P)? + (0r;,")?*2 Finally, the elements of the DDM are
normalized by their error according B2 = Aj2/o(Aj).

Fractions Containing the pure enzyme are dia'yzed for 24 h This results in an error-scaled difference-distance matrix

against 20 mM Tris-Cl (pH 7.5) and 5@M CdCl, with
changes every-48 h, concentrated to40 mg/mL, and flash-
frozen in liquid nitrogen.

Crystals of A. aeolicus KDO8PS were obtained as
described previoushy?( 11). Crystals belong to space group
P3:21, with unit cell dimensiona=b = 84.3 A ,c=159.5
A, and diffract to~1.8 A. Oscillation data were collected at
100 K with an HTC image plate detector at the Ca K
wavelength (Table 1) and processed with HKL2) As

(EDDM), in which each element is a multiple ofA;®).
Table 2 shows some statistics for e of the G atoms of
the structures compared in this study.

3P NMR of KDO8P Synthesis in the R106G Enzyme.
Product formation in the R106G enzyme was followed by
31P NMR. Each 1D NMR spectrum was collected at°t)
by accumulating the signal for 20 min over a range of 20
ppm in a Varian Mercury 400 MHz NMR spectrometer
equipped wih a 5 mmautotunable broadband Varian probe.

crystals of the mutant enzyme are highly isomorphous to Spectra were referenced indirectly to a 2,2-dimethylsila-
those of the wild-type, standard crystallographic refinement pentane-5-sulfonic acid (DSS) external control. Pyruvate

starting from the wild-type model (PDB entry 1FXB) was

formed during the course of the reaction was assayed

sufficient to determine the structure. This was carried out following the oxidation of NADH associated with the

with CNS v. 1.1 using cross-validated maximum likelihood
as the target functionl@). Water molecules were added to

reduction of pyruvate to lactate by lactate dehydrogenase

7.

the model by means of several cycles of the automated Nonlinear Regression Analysis of Reaction Progress

routine for water identification available in CNS, each cycle
being followed by a visual examination of the model.
Error-Scaled Difference-Distance Matricds. a distance
matrix, the differences between the coordinates of each C
of a protein and every otheroCof the same protein are used

Curves.Rate constants for the reaction catalyzed by KDO8PS
were determined by nonlinear regression analys® 6f
multiple progress curves of PEP consumption at@0This
temperature was found to be a good compromise between
achieving sufficient activation of the thermophilic KDO8PS

to build a density plot in which residues close in space are and limiting the nonenzymatic hydrolysis of PEP at high
represented as a point of high density. In a difference-distancetemperature. The curves were recorded at 232 ¥ &

matrix (DDM), the distance matrix of a first structure is

2840 Mt cm™Y) when the enzyme (M) was added to a

subtracted from the distance matrix of a second structure,solution containing 100 mM Tris-acetate (pH 7.5), &0

so that each element of the DDM has the fofg#® = D;?
— DjP. However, as the elements of a DDM are small

CdCb, and several different concentrations and molar ratios
of PEP, A5P, and R(Table 3). On the basis of previous

differences between large numbers with errors and thesekinetic analyses ofE. coli KDO8PS (9-23), KDO8P
errors vary in different structures, DDMs are typically very synthesis was treated as a-Hi ordered reaction in which
noisy. To overcome this problem, we have used the programPEP binds before A5PLQ) and inorganic phosphate leaves

ESCET (4, 15 to place the uncertainties of atomic

before KDO8P. A global fit of all the progress curves with

coordinates in different structures on the same scale. Ina unique set of rate constants was obtained using the program
ESCET, the value for the standard radial coordinate uncer- Dynafit (24). The quality of the nonlinear regression analysis
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Table 3: Initial Concentrations of Substrates and Products in 19
Reaction Progress Curves Catalyzed by the Wild-Type and R106G
Enzymes

wild-type R106G
progress PEP A5P P PEP A5P P
cuve  (@M)  @M)  @M)  @M)  @M) (M)
1 102 202 0 107 198 0
2 106 303 0 105 296 0
3 197 302 0 201 293 0
4 135 588 0 153 490 0
5 296 596 0 295 585 0
6 434 596 0 437 585 0
7 247 94 0 304 121 0
8 294 195 0 275 166 0
9 386 195 0 368 210 0
10 482 91 0 454 99 0
11 384 228 0 394 247 0
12 483 278 0 482 297 0
13 586 421 0 569 427 0
14 441 98 600 484 97 600
15 488 99 900 487 102 900
16 105 202 300 98 198 300
17 105 203 600 108 198 600
18 479 99 2000 496 110 2000
19 256 346 4000 105 195 4000

aThe enzyme concentration in each experiment wa$/2
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Ficure 3: PEP and A5P binding in the wild-type and R106G
enzymes. The & trace of R106G is shown with salmon (subunit
A) and magenta (subunit B) bonds. doordination is shown as
transparent bonds. Side chains are shown with beige (R106G) and
transparent (wild-type) bonds. Note how the Kfgside chain is
replaced by water molecules in R106G. The L2 loop is shifted in

was assessed on the basis of the sum of the squared residuafg106G, which contrasts with the essentially unchanged position
(SSR) between the simulated and the experimental progres®f the other elements of the active site. The L7 loop is visible
curves, the magnitude of the standard error associated with(ordered) only in the wild-type (transparent bonds). PEP is

each refined parameter, and the spread of errors among al

nchanged in the wild-type (transparent bond) and in R106G (gold
onds), while A5P displays two slightly different conformations

parameters. The steady-state rate equation for KDO8Pjn the wild-type (transparent bonds) and in R106G (green bonds).

synthesis was derived by application of the Kingitman
method R5—-27). Kinetic constants were calculated by

A oA-weighted omit map around PEP and A5P is contoured at 1
o. Nitrogen, blue; oxygen, red; carbon, orange; sulfur, yellow;

substituting the rate constants into the rate equation according®0sphorus, pale blue; and cadmium, cyan.

to Cleland’s rules Z8). The standard errors of the kinetic

constants were calculated from the standard errors of the rat

constants by traditional rules of error propagation.

The steady-state concentrations of the reaction species an

the flux of KDO8P synthesis under conditions in which the

concentrations of substrates and products remain constanﬂ:
over time were calculated from the rate constants using the

program Gepasi29). Gepasi accomplishes this task by
setting the differential equations that describe the time
evolution of the system to zero. The resulting system of
nonlinear algebraic equations is solved using the LSODA
(Livermore Solver of Ordinary Differential Equations)
routine G0).

RESULTS

Structure of the R106G EnzynWe have determined the
crystal structures of the R106G mutant without substrate,
with PEP, and with PERlus A5P bound (Table 1). The
most dramatic structural difference between wild-type and
mutant is in the L7 loop. In the wild-type, this loop is

(S

differences are a direct consequence of the mutation; for
example, the side chain of AY§is replaced by one or more
ater molecules (Figure 3). Furthermore, when the mutant
nd wild-type structures are superimposed, small displace-
ents of the residues surrounding Afare recognized. The
ost significant among these changes in either subunit A or
B occurs in the region corresponding to residues-85
(Figure 3, see also the EDDMs of Figure 4). These residues,
many of which line the active site cavity and provide most
of the protein interactions with A5P (e.g., A8nArg*°, and
SePY), belong to the long L2 loop connecting tfestrand
and a-helix of the 2ndg/o. unit of the barrel. Surprisingly,
in the R106G mutant, residues-455 of the L2 loop move
slightly away from the cavity left by the loss of A% rather
than trying to fill it (Figure 3). This is perhaps due to the
loss of hydrogen bonds of the guanidinium group of Rtg
with the side chain of Sét (Figure 2), and also with the
backbone of both S& and Asrf® (not shown). As a
consequence of the partial opening of the L2 loop, the A5P
position is more peripheral, such that the distance (at their

disordered when either PEP or A5P is bound, but becomesclosest approach) between the phosphate moieties of PEP
ordered and seals the active site when A5P and PEP bindand A5P is 11.14 versus 10.32 A in the wild-type (Figure

together ) (Figures 2 and 3). Similarly to the wild-type, in

3). The electron density of A5P is well-defined and shows

crystals of R106G incubated with 5 mM PEP and 10 mM there side of the aldehyde moiety facing thieside of CZEP

A5P, PEP binds in both subunits, A5P binds in subunit A
only, and a phosphate ion occupies the position of the
phosphate moiety of A5P in subunit B. However, in R106G,

(Figure 3), in agreement with previous stereochemical studies
(22, 23, 31). However the positions of the €DH and C4-
OH are different from the wild-type (Figure 3), confirming

the L7 loop is disordered and the active site is open even in earlier observations of conformational flexibility in ASB)(
the subunit where both substrates bind (Figure 3). Other The same positional changes of the L2 loop observed in the
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No substrates PEP PEP + ASP

Subunit A

Subunit B

i ; i
i i
i i i

s ! _ | .
20 40 60 80 100 120 140 160 180210 230250 20 40 60 80 100 120 140 160 180210230 250 20 40 60 80 100 120 140 160 180210 230 250

Ficure 4: Error-scaled difference-distance matrices (EDDM) between wild-type and R106G. EDDMs for the A and B subunits are shown

in the upper and lower panels, respectively. Positive and negative differences are shown as red (expansion in the length of the corresponding

interatomic vector) and blue (contraction in the length of the corresponding interatomic vector), respectively. Only differences between 1.5

and 3.60A;2° are displayed. The L7 loop region encompassing residues 289 was not included in the computation of the EDDMs (a

red tick marks the position of the excluded fragment) because the coordinates for this region are known only in the wild-type. Therefore,

there is no special feature in the EDDMSs reporting the different conformations of the L7 loop in the wild-type and in R106G

presence of PEBlusA5P, occur also in the absence of any EPi

substrates or in the presence of only 5 mM PEP (Figure 4), pite PEP ASP " KDOBP
suggesting they are indeed a primary structural consequence e Ospk‘Tk‘E‘KD s
of the R106G substitution. In the presence of PEP, some ~ asp—2 B

ki

additional motion of the L4 loop (residues 10040) is E-ASP
opserved in the mutant A subunit (center top EDDM of Ficure 5: Kinetic model of KDO8P synthesis. Noncovalent
Figure 4). complexes are represented with dots.

The purified R106G enzyme, regardless of the presence
of one or both substrates, has spectral properties comparablé& + B — P+ Q, in which A= PEP, B= A5P, P= PR, and
to those of the wild-type (data not shown), suggesting that Q = KDO8P.
there are no significant changes in the coordination of the The order of substrate binding established by the kinetic
active site metal (Cd). The X-ray structure shows that &d studies finds a structural explanation in the fact that the active
retains the usual octahedral coordination with yidis!®5, site is shaped as a funnel, with PEP sitting at the bottom
Glu???, Asp™, and a water molecule (Figure 3), although, and A5P binding above it, near the opening to the bulk
in subunit A only, the imidazole ring of Hi® is slightly solvent (Figures 2 and 3). As PEP cannot enter the active
rotated with respect to the wild-type (Figure 3; see also the site if ASP is bound, A5P is expected to behave both as a
negative line of pixels corresponding to Misin the top substrate (when it binds sequentially to PEP) and as a dead-
panels of Figure 4). end inhibitor of the enzyme (when it binds independently

Enzymatic Actiity of the R106G Enzymé&arly studies from PEP, as shown in the structurefafaeolicusKDO8PS
of E. coli KDO8PS by Hedstrom5), Kohen (9), and in complex with A5P 2)). Also, the structure of substrate-
Baasov 20, 21) have established that KDO8P synthesis is free enzyme shows inorganic phosphate bound at the sites
irreversible, that PEP binds before A5P, and that inorganic of the phosphate moieties of PEP and AZJp. Therefore,
phosphate leaves the enzyme before KDO8P. This order ofinorganic phosphate may act as a competitive inhibitor with
substrate binding and product release is supported by therespect to PEP and A5P. This is in addition to the fact that
observations that ribose 5-phosphate is competitive with phosphate, as the first product released in-alireaction,
respect to A5P and uncompetitive with respect to PEP andis expected to act as an uncompetitive inhibitor with respect
that KDO8P is competitive with respect to PEP (thereby to both substratesl, 26). A model for the catalytic cycle
KDO8P and PEP bind to the same enzyme form) and of KDO8PS including the aforementioned features is shown
uncompetitive with respect to A5P. Altogether, these findings in Figure 5. In this model, the irreversible step of the reaction
are consistent with a traditional BBi sequential mechanism  (5) is assumed to be the conversion of bound substrates into
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Ficure 6: Progress curves of PEP consumption by the wild-type and R106G enzymes. The spectrophotometric signal collected at 232 nm
is already converted into PEP concentratiosf§{= 2840 M~ cm™1). Experimental points and simulated curves are shown as filled circles

and solid lines, respectively. To display the quality of the fit in both short and long traces, a log scale is used for the time axis. Curve
numbers are the same as in Table 3. The residuals between the simulated and experimental curves are shown in the lower panels. SSR
values (divided by the number of contributing points) for the two global fits are shown in parentheses.

bou_nd products. V_Ve have used nonlinear regression anaIySi%’able 4: Rate Constants=(Standard Errors) for KDO8P Synthesis
as implemented in the program Dynafl24] to test the in the Wild-Type and R106G Enzymes

potential of this model to simulate experimental progress

: hich KDOSP hesis i N d by followi reaction step rate constants wild-type R106G
curves in whict synthesis is monitored by following ———--——-1--5 ™ 10981 067 L4 190
the decrease in absorbance at 232 nm due to the stoichio- k.. 4.86+ 0.62 0.43+ 0.04
metric disappearance of PEP (see Experimental Procedures).E-PEEEEPAAt\SSPPﬁ ko 8.23+ 1.00 10.47+ 1.10
Reactions were carrled.out at AC by mixing 2 uM K 60.214 8.00 7804 82.00
KDOB8PS with several different concentrations and molar e-pepasp— ks 0.53+£6.4x 10°  0.42+0.01

i ) E-Pi-KDO8P

ratios of PEP, A5P, and; IfTabIe 3). A tptal of 19 curves E.PLKDOBP " 30950, 5800 23375 810

were analyzed globally (simultaneous fit of all the progress ~ e.kposp+ P

curves) for both the wild-type and R106G. The principle of k-g 8.06+1.10 9.25+ 1.10

statistical cross-validation3g, 33) was adopted to avoid ~ FXPO8P— ks 5.33+£0.63 1.36+0.10

overfitting the set of progress curves with too many ks 4.324 0.50 5.30+ 0.93

parameters. For this purpose, in a preliminary analysis, three E+ R —EPi ks 4.08+£0.73 24.61+ 4.90
ks 66.53+ 9.80 26860+ 3400

progress curves were randomly selected out of the 19 and g | pspe Easp K=k, 8.23+ 1.00 10.47+ 1.10

set aside as a “free set”; the remaining 16 curves were k,=k,  60.21+8.00 789+ 82.00

included in a “working set” and fitted globally. The refi_ned aNoncovalent complexes are represented with a dot symbol. First-
parameters from the working set were then used in the order rate constants are in units ofsSecond-order rate constants are

calculation of the residual for the free set. The parametersin units ofuM~* s,

that, when included in the model, decreased the difference

between the working and free set residuals were retained,type and R106G are shown in Figure 6. The refined values
while those that increased the difference were discarded everof the 11 rate constants for both enzymes and the associated
if the working set residual became smaller. For example, standard errors are shown in Table 4. The rate equation for
the model shown in Figure 5 was tested against an alternativethis model was derived by application of the Kingltman
model (not shown) that included parameters representing themethod 25—27); its numerator and denominator coefficients
isomerization of the free and liganded forms of the enzyme are shown in Table 5. Kinetic constants were calculated from
between a state in which the L7 loop is open and a state inthe rate constants according to Cleland’s rules, which define
which it is closed. As a result of the cross-validation analysis, k.., Km's, andKj’s as ratios between different coefficients
the parameters describing A5P as a substrate inhibitor andin the rate equation2@, 28). The standard errors of the

P, as a competitive inhibitor were retained in the final model, kinetic constants were calculated from the standard errors
while those describing the enzyme isomerization between of the rate constants by error propagation.

open and closed forms were rejected. In the end, optimal Analysis of Table 4 suggests that only six rate constants
global fit of the set of all 19 progress curves for both the (k-, k-, ks, ks, ks, andk_g,) are significantly different in
wild-type and R106G was based on the refinement of a total the wild-type and in R106G. Changes in tieandoff rate

of 11 rate constants and 19 protein concentrations. Since eaclior PEP k;, k-;) in R106G with respect to the wild-type
progress curve consists of 100 points (for a total of 1900 produce a 10-fold decrease in tkg for PEP, which might
points), the set of 30 solutions is overdetermined. The reflect an easier access by this substrate to the active site as
experimental and simulated progress curves for both the wild- a consequence of the prevalent open state of the L7 loop.
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in the wild-type. The iso-inhibition constait"-2, which is

Table 5: Rate Equation for the Kinetic Model Shown in Figure 5 | e
related toK 2, refers to the binding of jRo the substrate-

ﬁ;wﬁ,Ep][ASP] free enzyme, where it acts as a competitive inhibitor with
D = ci[A5P][Pi][KDO8P] + do[PEP][A5P][Pi] + d:[Pi][KDO8P] + respect to PEP and A5P. In the wild-type enzyme, the over

di[ASP][KDOB8P] + ds[ASP][Pi] + de[ASP]? + df[PEP][A5P] + 200-fold difference betweeKq™"* and K42 (or Ki"* and

de[KDOBP] + do[Pi] + difASP] + du[PEP]+ di KiP-2) clearly attests to the markedly different nature of the
My = KikokskaksK—gk-7 P-binding site on the substrate and product sides of the
gl - tzf'gﬁkfkfk” reaction and suggests that during the chemical condensation
o= K1k ok ak sk ok 7+ K_skek sk ok ok 7 step, or upon its completion, the active site undergoes a
s = kokaksk_sk—ek—7 conformational change that obliterates the binding pocket
s = kokskskskek -7 for P. Thus, the wild-type enzyme exists in two different
332 titzﬁkk’gtizt; + Kakokokek ek_r -+ Kikokskak ok 7 forms at the start and at the end of the reaction, and an
ds = K_1K_okak sk ek 7 -+ K_1Kakak_ck_ck_+ isomerization is necessary at the end of each catalytic cycle
do = K-1K_oKakskek—7 + K_1K3Kakskek -7 to return the enzyme to its original conformation. In contrast,
0o = Kokakakek—ek—7 + K-1K—oKaksk k7 + K-1kskaksk ks there appears to be only one form of the R106G enzyme, as
Ois = kik-akukek- gk 7 + kakgkakek-ck7 the observed differences betwekg™* and K472 or K;P1

dip =k 1k K ek—7 + k- K_gk-— : . .
2= Kk or + Kerklakaiookr and K;"2 are within the margin of error (Table 6).

Table 6: Kinetic Constantst{ Standard Errors) for KDO8P P_hyS|oIog|caI Conseqqen(}es of the R106G Substitution.
Synthesis in the Wild-Type and R106G Enzymes During a progress curve in vitro, an enzyme system evolves
from a state in which substrates are abundant and products
scarce to a state in which products are abundant and

rate

equation kinetic . | : s
coefficients  constants wild-type R106G substrates scarce (if the reaction, like KDO8P synthesis, is
ni/d, Kear 0.48+ 021 0.32+ 0.12 irreversible). However, in vivo, the same enzyme system will

dho/dy K EP 0.45+ 0.20 0.06+ 0.02 work between unchanging levels of substrates and products,
chy/dy Km:;f 6.71+2.98 57.7+ 217% as the steady-state amount of all the species in the metabolic
t-ijti E}\SP:K‘ASP 04T IO oo pathway remains approximately constant over time. Knowl-
ka/K KPt 3838+ 890 793+ 129 edge of the rate constants for all the steps of a reaction can
dr/d, KL 42305+ 17223 3373k 1223 be used to simulate the enzyme behavior under conditions
ks/k_s5 Kd:;’g:: 1.23+0.21 0.26+0.05 similar to those that might occur inside the cell. We have
glgﬁé E‘dpi_z iggi g'g fdgﬁ 2'5187 applied the mathematical tools of Metabolic Control Analysis
o/ KPH2 166+ 76 2215+ 734 (35—37), as implemented in the program Gepad9d)( to
@ Thekeatis in units of s?; all other kinetic constants are in units of calculate the .Steady-State concentrations of the dlfferem
uM. enzyme species and the rate of KDO8P synthesis by

KDOS8PS. The calculation was repeated at different combi-
nations of substrates and products concentrations to simulate

responsible for a 10-fold increase in tkg (as substratel: the steady-state behavior of the enzyme under a wide range
K; (as competitive inhibitor) for ASP in the mutant enzyme. (1~1000uM reactants, +10 000xM products) of metabolic
This finding is consistent with the structural observation that conditions. The result of this analysis is shown as contour
the guanidinium moiety of Af§é forms a weak salt bridge surfaces in Figure 7. Each nodal point of the contour surfaces
with the phosphate moiety of A5P (3.5 A at their closest of panels A-D represents a steady-state value of the flux
approach; Figure 2). Values @®AGnsp of 1.45 and 1.59  J(KDO8P) uM-vol-s™2) through the product release step (E
kcal/mol are obtained, respectively, for the effect of the KPO8P < E + KDO8P), calculated under conditions in

R106G substitution on the relative free energy of bound A5P Which the concentrations of PEP, ASR, &hd KDO8P (but
according toAAG = —RTIn(KVT/KR69, or AAG = also of all the free and bound enzyme species) remain

—RTIN[(KeafKmR169/(kead Km"T)]. These values are well —constant over time (true steady-state). In all cases, the sum
within the range of ligand-binding energies provided by salt of the concentrations of all the enzyme species wagbl1
bridges in proteins34). An 8-fold increase oK*5" is also When different combinations of steady-state concentrations
observed in R106G (Table 6). of PEP and A5P were tested (PEP A5P scan), the
The on andoff rates for P (k_4, ks) and KDO8P K_s, ks) concentrations of Rand KDOB8P were kept constant at 100
on the product side of the reaction, define the dissociation «M. When different combinations of steady-state concentra-
constantsK”1 and K4<°98P (Table 6), which are ap- tions of Rand KDO8P were tested (Fi KDO8P scan), the
proximately 5 times smaller in the mutant. The inhibition concentrations of PEP and ASP were kept constant at 100
constantsK;"-1 and K;<PO8P (Table 6) are derived from the M. The plateau of the)(KDO8P) contour surface corre-
rate equation coefficients of Table 5 and, thus, reflect more sponds to the range of substrates and product concentrations
global changes in the rate constants of all the steps. Thesdhat are optimal for the enzyme. For the wild-type enzyme,
inhibition constants refer to the fact that(Bncompetitively) the plateau starts at concentrations~af00 uM PEP and
and KDOS8P (competitively with respect to PEP, uncom- ~60uM A5P (Figure 7A; see iso-flux contour lines at 30%,
petitively with respect to A5P) behave as product inhibitors 60%, and 90% of the plateau level projected ontoxhg
(26). In R106G K"t andKKP8P are 13 and 24 times smaller  plane) and ends at concentrations~df.6 mM R and~200
than in the wild-type, respectively. Thus, both products bind M KDOS8P (Figure 7B). For the R106G enzyme, the plateau
better and are stronger product inhibitors in the mutant than starts at concentrations 6fL40uM PEP and~500uM A5P

Changes in theon and off rate for ASP k,, k) are
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Ficure 7: Optimal substrate/product concentrations for KDO8P synthesis. The nodal points of the contour surfaces represent steady-state
values of the fluxI(KDO8P) («M-vol-s~1) through the reaction stepEDO8P <= E + KDOB8P. In each calculation, the enzyme concentration

was 0.1uM. Iso-flux contour lines at 30%, 60%, and 90% of the maximum value are projected oo yh@ane in the four panels. The

plateaus ofl(KDO8P) represent the optimal ranges of substrates and product concentrations.

and ends at concentrations €600 uM P; and ~80 uM be identified (Figure 8B). At reaction completion (2.5 h),
KDOB8P. Thus, the mutant enzyme displays a narrower rangeonly A5P, KDO8P, and Rwvere still visible (Figure 8C). At
of functionality, requiring higher concentrations of PEP and this point, pyruvate was found by enzymatic assay to be
A5P and lower concentrations of &d KDOS8P (i.e., higher  present at the concentration of 2®1 in the reaction mixture
sensitivity to product inhibition) to work optimally. We also and 12uM in a PEP standard, kept in ice for an equal length
notice how, at high A5P concentrations, the activity contour of time. These amounts can be easily accounted for by a
dips down in the wild-type but not in R106G (i.e., lower slow nonenzymatic hydrolysis of PEP.
sensitivity to substrate inhibition by A5P).

3P NMR of KDO8P Synthesis in the R106G Enzyhhe. DISCUSSION
~1.3-fold reduction in theks rate constant observed in o
R106G reflects a change in the rate of the chemical step KDO8P synthase can exist in an open or closed state
that might be a consequence of the altered equilibrium depending on the conformation of the L7 loop. In the closed
between the open and the closed form of the enzyme. TheState, a single conformation of the loop is stabilized by
X-ray structure (see above) shows that, in R106G, the L7 protein contacts; in the open state, the_ L7 loop probably exists
loop remains disordered upon formation of the ternary @S an ensemble of open conformations and, thus, appears
complex with PEP and A5P. This observation is of special disordered in the X-ray structure. The main structural
interest, as in earlier work2(3) we have suggested that one abnormality of the R106G enzyme is a shift in the equilib-
function of the L7 loop is to prevent a “slipping” of the ~fium between the open and closed forms of the L7 loop in
enzyme, which might occur if in the open form one or both favor of the open form. EDDMs between wild-type and
substrates react with bulk water. For example, an aberrantMutant point to subtle structural changes encompassing
attack by water onto C&Por CFEPmight lead, respectively, residues 4555 of t.he R106G mutant. This region corre-
to the formation of pyruvate or 2-phosphoglyceric acid (2- SPOnds to the section of the L2 loop that provides most of
PGA) (38). On this ground, one might expect some produc- th.e interactions with the _phosphate moiety qf A5'P. In the
tion of 2-PGA or pyruvate in the R106G mutant, in which wild type, the L7 loop (in its _closed conformation) interacts
the equilibrium between the open and closed form of the Poth with the phosphate moiety of ASP (through*Sgrand
enzyme appears shifted toward the open form. with the L2 Ioop._ In R.106G, the L2.Ioop is paryglly open,

The possibility that, in the mutant enzyme, product such that A5P binds in a more peripheral position (F|gU(e
formation might become uncoupled from substrate consump-3)- Together, these two factors weaken the interactions with
tion was addressed by monitoring 8% NMR whether the Fhe L7 Iqop, preventing its closure. Thus, W_hlle the L7 loop
conversion of substrates to products is stoichiometric. Upon iS the “lid” that controls access to the active site, the L2
incubation of the R106G enzyme (1 mM) in the presence of 100 is the “latch” that locks the L7 loop in position.
5 mM PEP and 6 mM A5P for 2 h at 1T, only 3P NMR Two main kinetic abnormalities were observed in R106G.
resonances corresponding to PEP, A5P, KDOS8P, acouil On the substrate side of the reaction, PEP binds more tightly,
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' ' ' ' ' loop. At least in the case of A5P, both elements probably
Pi PEP A contribute to the decreased strength of this substrate binding.
In fact, the phosphate moiety of A5P interacts with the
A5P guanidinium moiety of Aréf® (Figure 2) and with the
backbone and side chain of $&rwhen the L7 loop is in
the closed conformation (Figure 3).

The combined effect of all the kinetic anomalies observed
in R106G is that, in the bacterial cell, this enzyme would be
optimally active in a narrower range of metabolic conditions,
requiring higher concentrations of PEP and A5P and lower
concentrations of;RFigure 7). It should also be noticed that,
at concentrations of PEP and AS5P that appear more likely
(around 10Q:M), the mutant enzyme would achieve at best
44% of the wild-type activity at any concentration gfad
KDOS8P (see Figure 7B,D), despite the fact thatkig is

2PGA B 67% of the wild-type value. This observation perhaps
KDO8P explains why an arginine residue is universally conserved
— at this position in all KDO8PSs. It can also be argued that

the range of substrate and product concentrations that is best
for the wild-type enzyme provides an indication of the
concentrations of these metabolites in vivo. However, our
studies were carried out at 4C, while A. aeolicusgrows
optimally at 85°C. As the temperature dependence of the
activation energy might be different for different reaction
|‘ steps, additional kinetic studies at both lower and higher
IOV |1} LY PO AU temperatures are necessary before a conclusion can be
reached on this point.

Many enzymes display a conformational equilibrium
between open and closed forms. In some, loop closure brings
C new catalytic groups for the recognition of substrates or the
stabilization of transition states (e.g., lactate dehydrogenase
(39), Rubisco 40), aldolase 41)). In triose phosphate
isomerase (TIM), the archetype of TIM barrel proteins,
closure of the L6 loop does not provide catalytic residues
but prevents the escape from the active site of an enediol
phosphate intermediate that otherwise would decompose in
solution eliminating phosphatél?). As KDO8P synthesis
proceeds through the formation of a transient intermediate
(Figure 1), one may ask whether the L7 loop of KDO8PS,

which also provides no catalytic residues, might have a
function similar to the L6 loop of TIM. However, no species
160 80 60 40 20 00 20 40 60 5.0 other than PEP, A5P,;,Rand KDO8P were detected by means
ppm of 3P NMR during the course of KDO8P synthesis by
FiGURE 8: 31P NMR of KDO8P synthesis in the R106G enzyme. R106G. While this observation does not rule out that small
(A) Spectra of PEP, A5P, and; Btandard. (B) Spectrum of a amounts of the intermediate (below the detection threshold
reaction mixture containing 50 mM Tris-Cl (pH 7.5), 10%@ 1 of the NMR spectrometer) might escape the active site, it

mM R106G enzyme, 5 mM PEP, and 6 mM ASP after 2 h : :
incubation at 10°C. Note the presence of three resonances for suggesits that this phenomenon does not account for a massive

KDOSP due, respectively, to the three most abundant anomers ofSliPPage of the enzyme. Consistent with this observation,
this compound, the-pyranose £66%), thea-furanose <19%), the intrinsic rate of the chemical stegs) determined by
and thep-furanose {12.0%) @3). The spectrum of a 2-PGA  progress curve analysis decreases only by a factor of 1.5 in

standard is superimposed. (C) Spectrum of the same reactionR106G, although the L7 loop remains open for a longer time

mixture after an additional 30 min. Note the almost complete . . : :
disappearance of PEP. The observed chemical shifts (ppm) are PEPt,han in the wild-type enzyme during the catalytic cycle.

0.064: P, 2.907: ASP, 4.444; 2-PGA, 4.234; and KDOS8P, 4,919,  Kinetic analysis of the progress curves suggests that in
5.105, and 5.245. the wild-type there are two forms of the enzyme (which we

might refer to here as E and E*) characterized by different
but A5P is less effective as a substrate, and therefore, it isaffinities for R (Table 6). Pacts as a competitive inhibitor
also a weaker substrate inhibitor. On the product side of the of E (KiF?, Table 6), and as an uncompetitive inhibitor of
reaction, Pand KDOS8P bind more tightly and are therefore E* (KiF", Table 6). At the start of the reaction, E binds P
stronger product inhibitors. It is difficult at this point to tightly (K2, KiP2 Table 6), while upon completion of the
rationalize whether these changes are a direct consequenceondensation step, the-Binding site is obliteratedK(",
of the loss of the Ar¢f® side chain or an indirect consequence K", Table 6). Conversion of E to E* probably occurs during
of the effects of the mutation on the dynamics of the L7 or immediately after the condensation step. An isomerization
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step is necessary to return E* to E. In contrast, in R106G, 11
there appears to be only one form of the enzyme with respect

to R binding (Table 6). This observation is of particular
interest, in view of the fact that there is crystallographic

evidence that the enzyme might work by alternating catalysis 12.

between two different subunitg,(3). Catalysis would occur

at the active site in which both substrates bind (Figure 2), 3
while the other site, where only PEP binds, would wait for

its turn in the next cycle. Arg106 is the only residue of each
subunit that extends inside the active site of the other subunit
and, thus, is the ideal candidate to play a regulatory role in
the alternation of catalysis between subunits. With respect

14.

to this point, it is worth noting that alternation of catalysis 15

might be a convenient avenue to couple the free-energy
change associated with A5P binding, at the site that will turn 1
over next, to the isomerization of E* to E at the site that

just finished its cycle. This hypothesis is particularly sug- 17

gestive in view of the fact that Atfis also directly involved
in the binding of A5P (Figures 2 and 3). The methodology 1g
of kinetic analysis applied here for the first time to the study

of KDOS8PS provides an additional powerful tool for the 19

future testing of this hypothesis through kinetic models that
include explicitly both the alternation of catalysis between o
subunits and the isomerization between different forms of
the enzyme.
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