14320 Biochemistry1999,38, 14320-14329

Identification of Essential Histidine Residues in 3-Demyrannaeoctulosonic Acid
8-Phosphate Synthase: Analysis by Chemical Modification with Diethyl
Pyrocarbonate and Site-Directed Mutageriesis

Galina Ya. Sheflyan, Henry S. Duewel, Grace Chen, and Ronald W. Woodard*

Interdepartmental Program in Medicinal Chemistry, College of Pharmacyyé&fsity of Michigan,
Ann Arbor, Michigan 48109-1065

Receied December 18, 1998; Reed Manuscript Receed August 16, 1999

ABSTRACT. The enzyme 3-deoxyp-mannoeoctulosonic acid 8-phosphate (KDO 8-P) synthase from
Escherichia colithat catalyzes the aldol-type condensationpedirabinose 5-phosphate (A 5-P) and
phosphoenolpyruvate (PEP) to give KDO 8-P and inorganic phosphgatés (lactivated by diethyl
pyrocarbonate (DEPC). The inactivation is first-order in enzyme and DEPC. A second-order rate constant
of 340 M~1 min~! is obtained at pH 7.6 and 4C. The rate of inactivation is dependent on pH and the
pH-inactivation rate data imply the involvement of an amino acid residue witk.aglue of 7.3. KDO

8-P synthase activity is not restored to the DEPC-inactivated enzyme following treatment with
hydroxylamine. Complete loss of KDO 8-P synthase activity correlates with the ethoxyformylation of
three histidine residues by DEPC. KDO 8-P synthase is protected against DEPC inactivation by PEP and
partially protected against inactivation by A 5-P. To provide further evidence for the involvement or role
of the histidine residues in the aldol-type condensation catalyzed by KDO 8-P synthase, all six histidines
were individually mutated to either glycine or alanine. The kinetic constants for the three mutants H40A,
H67G, and H246G were unaffected as compared to the wild type enzyme. In contrast, H241G demonstrates
a>10-fold increase iy for both PEP and A 5-P and a 4-fold reductiorkig, while H97G demonstrates

an increase iy for only A 5-P and a 2-fold reduction ik.a. The activity of the H202G mutant was too

low to be measured accurately but the data obtained indicated an approximate 400-fold redugtion in
Circular dichroism measurements of the wild-type and mutant enzymes indicate modest structural changes
in only the fully active H67G and H246G mutants. The H241G mutant is protected against DEPC
inactivation by PEP and A 5-P to the same extent as the wild-type enzyme, suggesting that the functionally
important H241 may not be located in the vicinity of the substrate binding sites. The H97G mutant is
protected by PEP against DEPC inactivation to the same degree as the wild-type enzyme but is no longer
protected by A 5-P. In the case of the H202G mutant, both A 5-P and PEP protect the mutant against
DEPC inactivation but to different extents from those observed for the wild-type enzyme. The catalytic
activity of the H97G mutant is partially restored (20%60% of wild-type activity) in the presence of
imidazole, while a minor amount of activity is restored to the H202G mutat®4 — 4% of wild-type

activity) in the presence of imidazole.

The enzyme 3-deoxyp-mannooctulosonic acid 8-phos-  region of the outer membrane. It has been proposed that KDO
phate (KDO 8-P)synthase (EC 4.1.2.16) catalyzes an aldol- 8-P is necessary for maturation and cellular growth since
type condensation of phospéiopyruvate (PEP) with mutants producing incomplete LPS are more susceptible to
p-arabinose 5-phosphate (A 5-P) to yield KDO 8-P and antibiotics and are less pathogeni6).( Therefore, the
inorganic phosphate (P(Scheme 1) 1). While KDO was inhibition of KDO 8-P synthase has become a chemothera-
originally described as a site-specific molecule found only peutic goal in the development of a new generation of
in Gram-negative (&) organisms, its presence in plants has antibiotics 6).

been recently reporte@{5). In G— bacteria, KDO 8-P is KDO 8-P synthase, like the key enzyme in aromatic amino

required for the biosynthesis of the lipopolysaccharide (LPS) 4¢iq biosynthesis 3-deoxy-arabino-heptulosonate 7-phos-

phate (DAH 7-P) synthase (EC 4.1.2.15), catalyzes the attack
" This investigation was supported by Public Health Service Grant of the siface of the C3 of PEP on the face of the carbonyl

A preliminary account of this work was presented at the XVIIth . L .

Midwest Enzyme Chemistry Conference at Loyola University of 10). Concurrent with the condensation is the break!ng of the

Chicago, Chicago, IL, October 18, 1997. C—0O—P bond of PEP between the C and O to form inorganic
* To whom correspondence should be addressed. phosphate {1, 12) and to produce a new phosphorylated

1 Abbreviations: A 5-Pp-arabinose 5-phosphate; BTP, 1,3-bis[tris- _ _ ; _
(hydroxymethyl)methylamino]propane; DEPC, diethyl pyrocarbonate; 3-deoxye-keto sugar acid three carbons longer. The mecha

KDO 8-P, 3-deoxye-mannaoctulosonic acid 8-phosphate; PEP, phos- NiStic details of two other biologically important PEP-
phoenopyruvate; Tris, tris(hydroxymethyl)aminomethane. utilizing enzymes, EPSP (8ropyruvylshikimate 3-phos-
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Scheme 1: Reaction Catalyzed by KDO 8-P Synthase

OH H . h .
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phosphoenol pyruvate 8-phosphate

phate) synthase and UDNRacetylglucosaminenopyruvate
transferase (EPTase), which also promoteCGCbond cleav-
age, have been recently reportet3)( Both these latter
enzymes catalyze the addition of the intact carboxyvinyl
portion of PEP to the substrate alcohol through an addition
elimination-type mechanism concurrent with phosphate
cleavage.

Although the DNA coding sequence for KDO 8-P synthase
(14—16), and thus the complete amino acid sequence of KDO
8-P, has been known for over a decade and a number of
mechanistic studies have been reported, little information
concerning the identity of the active-site amino acids
involved in substrate binding and/or catalysis is available.
Studies on the role of C38 and C166 in KDO 8-P synthase
and the effect of several sulfhydryl modifying reagents have
been reportedl, 17). Beyond these recent observations on
the potential role of cysteine residues, studies to determine
the role of other active-site amino acids are lacking. To obtain GGACCATCACATTTCGCACCTTCCGGATCCGGATGE
information regarding the possible role of other amino acids  aThe mutated nucleotides are underlined and the newly engineered
at the active site, a systematic study has been initiated torestriction site is shown in italic type. The symbet)(indicates the
identify these residues and ascertain their role in either addition of a new endonuclease restriction site, while-pidicates
substrate binding or catalysis. the loss of a endonuclease restriction site.

In the present paper, we provide chemical and kinetic o £ ¢oliKDO 8-P synthase has been previously described
evidence for the involvement of histidine residues in KDO (11). Mutagenic oligonucleotide synthesis and DNA se-
8-P synthase catalysis as evidenced by the pH dependenc uencing were services provided by the University of
of inactivation, substrate protection studies, and detection Michigan Biomedical Research Resources Core Facility.
of N-carbethoxyhistidine by UV difference spectra. Results Phosphenopyruvate mono(cyclohexyl)ammonium sat,
from mutagenic studies further verify these findings and 4rahinose 5-phosphate disodium salt, imidazole, sodium
demonstrate the importance of the three conserved h'St'd'”earsenite, sodium periodate, tris(hydroxymethyl)aminomethane
residues, H97, H202, and H241. (Tris), 2-thiobarbituric acid, 7-methylinosine, and diethyl
pyrocarbonate were obtained from the Sigma Chemical Co.
(St. Louis, MO). Hydroxylamine hydrochloride was pur-
chased from Aldrich Chemical Co. (Milwaukee, WI), and
1,3-bis[tris(hydroxymethyl) methylamino]propane (BTP) was
purchased from Research Organics (Cleveland, OH).

Preparation and Isolation of Wild-Type and Mutant KDO
8-P SynthasesThe histidine to glycine/alanine mutants of
kdsAwere prepared by the parental-strand-only replication

Table 1: Oligonucleotides Used for the Mutagenesi&€otoli
KDO 8-P Synthase

Target

Primers
5—>3"

Resulting Restriction
Amino site
Acid

A

Amino
Acid
H40

GATGCGCATTTGCGAGGCCTACGTAACTGTCAC +Stul

GTGACAGTTACGTAGGCCTCGCAAATGCGCATC
+BstYI

Hé67 CCAACCGCTCCTCCATCGGATCTTATCGTGGACCG

CGGTCCACGATAAGATCCGATGGAGGAGCGGTTGG

GAARATTATCACCGACGTTGGGGAACCAAGTCAGGCAC +NlalVv
GTGCCTGACTTGGTTCCCCAACGTCGGTGATAATTTTC

H202 GTGATTTTCGACGTGACCGGTGCACTGCAATGCCGCGATC

GATCGCGGCATTGCAGTGCACCGGTCACGTCGAAAATCAC

+Apall

H241 GTTTATTGAAGCGEGCCCGGATCCGGAACATG

CATGTTCCGGATCCGGGCCCGCTTCAATARAC

+Apal

H246 GCATCCGGATCCGGAAGGTGCGAAATGTGATGGTCC G -Nspl

MATERIALS AND METHODS

Materials. Restriction and DNA modifying enzymes were
from Boehringer Mannheim (Indianapolis, IN), New England
Biolabs (Beverly, MA), and Gibco BRL (Grand Island, NY).
The Promega (Madison, WI) DNA purification kit and the
Perfectprep plasmid DNA kit (5Prime3Prime, Inc., Boul-
der, CO) were utilized for plasmid isolation and purification.
The Escherichia colistrain BL21(DE3) was obtained from  methodology {9, 20). Two oligonucleotide primers, each
Novagen (Madison, WI). The XL1-BIuE. coli supercom- containing the desired mutagenic replacement codon (see
petent cells and the QuikChange mutagenesis kit wereTable 1), and miniprep wild-type plasmid DNA (pT 7kd5A)
obtained from Stratagene Cloning Systems (La Jolla, CA). were temperature-cycled 15 times with high-fidel#ent

VentDNA polymerase was purchased from New England
Biolabs and substituted for the recombinaffu DNA
polymerase called for in the QuikChange mutagenesis kit.
Purine-nucleoside phosphorylase was overexpresséd in
coli strain BL21(DE3) harboring plasmid PSE380 DeoD and
purified by anion-exchange chromatograph§)( The PSE380
DeoD plasmid was obtained from Joanne Turnbull (Con-
cordia University, Montreal, Quebec, Canada). Thermal
cycling was performed on an MJR Research Thermal cycler.
The construction of plasmid pT7&tisAharboring the gene

DNA polymerase in the presence of buffer and dNTPs
through the following cycle program: 94 for 1 min, 45

°C for 1 min, and 72°C for 3.5 min. The thermal-cycled
reaction mixture containing the mutated plasmid with stag-
gered nicks was treated wibpnl to digest the parental pT7-
7/kdsADNA template. TheéDpnl digestion reaction mixture,
containing the nicked mutagenic DNA, was used to transform
supercompeteri. coli XL1-Blue cells. Plasmid DNAs were
isolated and purified from each of the clones and initially
characterized by restriction digestion and then DNA se-
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quencing. DNA containing the proper mutagenic sequence reagent, aliquots (15L) were removed at various times and
was used to transform chemically competEntcoli BL21- the enzyme was assayed for residual activity by method 1.

(DES3). Reaction with Hydroxylamin&DO 8-P synthase (3.4M)

The E. coli BL21(DE3) cells harboring either the p¥7  was incubated in the absence or presence of 0.26 or 0.68
7/kdsA plasmids containing the wild-type or mutant se- mM DEPC in 20 mM Tris-HCI (pH 7.6) at 4C. After 20
quences were grown and the proteins were isolated andmin, the reaction mixtures were quenched with 2 mM
purified by the methods previously described from this jmidazole. A solution of hydroxylamine hydrochloride
laboratory (1). (adjusted to pH 7.6) was added to each of the quenched

KDO 8-P Synthase Assay. Method 1: Formation of KDO mixtures to achieve a final concentration of 20 mM hy-
8-P. Unless otherwise stated, the assay mixture containeddroxylamine and the mixtures were incubated for 30 min at
100 mM Tris-acetate (pH 7.5), 3 mM A 5-P, 3 mM PEP, 4 °C. An aliquot was removed prior to and following
and KDO 8-P synthase (approximately 835 uM as hydroxylamine treatment and the residual activity was
specified) in a total volume of 150L. This mixture was  determined by method 1. In a separate experiment, KDO
incubated at 37C for 10 min and then quenched with 10% g.p synthase was directly incubated with different concentra-

trichloroacetic acid (150L). KDO 8-P synthase activity was  tjons of hydroxylamine as described above and the enzymatic
measured by determining the amount of KDO 8-P produced 4¢jvities were determined by method 1.

by the periodatethiobarbituric acid assay as previously

reported 1, 21). Correlation between Enzyme Adty and Histidine Resi-

dues Modified by DEPCKDO 8-P synthase (12.6M) in

MEIhOdtz: Ihlbteratlotn' of InotLgetjm? Phtcr)]sphate.contlnu— i f20 mM Tris-HCI (pH 7.6) was incubated with increasing
ous spectrophotometric method Tfor the: measurement oty .o mental concentrations of DEPC (068 mM final
phosphate release by KDO 8-P synthase, based on a purine-

nucleoside phosphorylase-coupled phosphate assay reporte%omemr"".tlon)'.1 al mL.quartz cqvgtte at amblent temper-
by Webb @2) and recently modified by Turnbull and co- ature. An |de_nt|cal solution containing an equivalent amount
workers (L8), was used to determine kinetic parameters. The of ethgnol ‘.N'th.OUt DEP.C served as a blank. The progress
standard assay mixture contained 100 mM Fasetate (pH of the !nactlvat|on reaction was f_oIIowed by monltorlng the
7.5), 200uM 7-methylinosine, 0.2«:M purine-nucleoside fqrmgtlon of theN-carbethoxylmldaz_qle derlvat|v_e of the
phosphorylase, and various concentrations of PEP and A g.phistidine at 240 nm. Prior to th(_a addition of each increment
as follows. Initial velocities were determined separately for ©f DEPC, an aliquot was withdrawn to determine the
at least six concentrations of one substrate (varied betweerl€mMaining activity of the modified enzyme by method 1.
0.1 and 10 time%,) while the concentration of the other pH Dependence of Inactition. KDO 8-P synthase (3.4
substrate was held constant at saturating levels5(Ky,). uM) samples were prepared in 100 mM 1,3-bis[tris(hy-
The first five reagents were preincubated at@7or 5 min droxymethyl)methylamino]propane (BTP) buffers over the
and the reactions were initiated by the addition of enzyme pH range of 6-9 or in 100 mM potassium phosphate buffers
(0.2 uM for wild type, H40A, H67G, HI7G, and H246G  over the pH range of 6:49.6. DEPC was added to each
and 4.0uM for H202G). The decrease in absorbance of the sample to a final concentration of 1 mM. Aliquots (iB)

reactions was monitored at 280 neagh= 5091 M"*cm™).  \ere removed at various times and assayed for residual
Initial rates were determined by least-squares fitting of the enzyme activity by method 1.

inea oo of e progress e o8 SUASTLIne YALES ez Resoue St HOTG, H202G, and HEALG
& mutants (3.4uM) were preincubated in the absence or

versus the substrate concentration to the Michadllenten £50 mM imidazole in 20 mM Triscetate (oH
equation utilizing the KaleidaGraph software (v3.08d, Syn- presenc:e 0 Ml Imidazoie in U mvl Iraceta e.(p
ergy Software). 7.5) at 4°C for 30 min. Following this preincubation, allquot_s
Chemical Modification of KDO 8-P Synthase with Diethyl (15uL) were removed and assayed by method 1 (resulting
Pvrocarbonate Stock solutions. of die)t/h | p rocarbonat)e/ in a 10-fold dilution of the preincubation mixture) in which
(gEPC) were .freshl repared. in absyolut)é ethanol im- the assay solution contained either 0 or 50 mM imidazole.
mediately before us)(/e pThF()a concentration of DEPC was For these experiments, the assay mixture contained 0.3 mM
determined spectrophotometrically by reacting an aliquot PEP and .0'6 mM A 5-P instead of the standarq 3 mM
with 10 mM imidazole in 20 mM Tris-HCI (pH 7.6) and concentration of the substrates. In a separate experiment, the
hé—lQ?G mutant was preincubated with 50 mM imidazole in

measuring the increase in absorbance at 240 nm due to t :
formation of theN-carbethoxyimidazole derivativefo = the presence of either 3 mM A 5-P or 3 mM PEP and assayed

3200 M cm™Y) (23). Modification of KDO 8-P synthase &S described above.
was performed in a reaction mixture containing @V KDO Analytical MethodsProtein concentrations were deter-
8-P synthase, 20 mM Tris-HCI (pH 7.6), and various mined with the Bio-Rad protein assay dye reagent (Bio-Rad
concentrations of DEPC (0.6®.72 mM) at 4°C. At various Laboratories, Richmond, CA) with bovine serum albumin
times, aliquots (5uL) were removed and immediately as the standard. Optical spectroscopy was performed on a
assayed for residual enzyme activity by method 1. Cary 3 Bio UV—visible spectrophotometer (Varian Associ-
Substrate ProtectionWild-type KDO 8-P synthase, the ates). The circular dichroism (CD) spectra of the wild-type
H97G and H241G mutants (3:M), or the H202G mutant ~ and mutant enzymes were measured as described previously
(35 uM) were individually mixed with 3 mM of either PEP  (17). The estimated percentages of secondary structure were
or A 5-P in 20 mM Tris-HCI (pH 7.6) prior to the addition  calculated from the CD spectra by the self-consistent method
of 3.5 mM DEPC. After the addition of the modification (SELCON program) described by Sreerama and Woady (
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(A) DEPC (mM) 0'16; 8, 12, 20 min
=
0|3 S
HE <€
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& S
=
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Effective Time (min) 220 230 240 250 260 270 280 290 300
Wavelength (nm)
02 (B) Ficure 2: Difference spectra of DEPC-modified KDO 8-P syn-
0.24 thase. KDO 8-P synthase (38) in 20 mM Tris-HCI (pH 7.6)
R was incubated with DEPC (1 mM) at 2&. At the indicated times,
"C 015  Slope = 340 M min’! spectra were acquired versus an identical reference sample consist-
£ ing of only enzyme and buffer.
2 0.1
4
0.05 enzymes 25—28). The effect of hydroxylamine on both
DEPC-inactivated and unmodified KDO 8-P synthase was
0 examined. Treatment of DEPC-inactivated KDO 8-P syn-

¢ o1 02 03 04 05 06 07 08 - ) ! N )
DEPC (mM) thase with hydroxylamine did not restore activity but instead
Ficure 1: Inactivation of KDO 8-P synthase by diethyl pyrocar- resulted n ev_e_n_greater reduction of enzyme actl\_/lty._The
bonate. A) KDO 8-P synthase (3.4M) in 20 mM Tris-HCI (pH enzymatic activities of KDO 8-P synthase treated with either
7.6) was incubated with different concentrations of DEPC as 0.26 or 0.68 mM DEPC for 20 min at 4C were 42% and
indicated at 4°C. At various times, aliquots were removed and 994 of control, respectively. These activities were further
assayed for residual enzyme activity by method 1 and the data Were o quced to 12% and 29%, respectively, following a 30 min

plotted according to eq 1Bj Determination of the second-order . . : .
rate constant. The pseudo first-order rate constapig obtained ~ incubation in the presence of 20 mM hydroxylamine.
from the linear plots in panel A were plotted against DEPC Treatment of unmodified KDO 8-P synthase with 20 mM

concentration. hydroxylamine resulted in the loss of 36% enzymatic activity.
The inactivation of unmodified enzyme by hydroxylamine
RESULTS was found to be concentration-dependent (data not shown).

Inactivation of KDO 8-P Synthase by DEP&DO 8-P _Thes_e results indicate tha_lt KDO 8-P synthase is directly
synthase was treated with increasing concentrations of DEPcinactivated by hydroxylamine.
and the time course of the loss of enzymatic activity of the  Correlation between Enzyme Agty and Histidine Resi-
DEPC-treated enzyme was followed. Since DEPC undergoesdues Modified by Diethyl Pyrocarbonaféhe modification
hydrolysis in aqueous solutions, the inactivation process is of the histidine residues in KDO 8-P synthase was monitored
corrected for the spontaneous hydrolysis of DEPC as by absorbance changes in the UV region. The difference

described by spectrum of DEPC-treated enzyme versus unmodified en-
zyme at pH 7.6 revealed only a single peak at 240 nm, which
In (AVA) = —(KIK)I (1 — e*k't) (1) is characteristic of arN-carbethoxyimidazole derivative
(Figure 2.). Modification of either a cysteine or tyrosine
whereA/A, is the fractional activity remaining at timte o residue by DEPC was not detected since no change in the

is the initial concentration of DEP is the second-order  difference spectrum at 230 nm (for cysteine modification)
rate constant for the inactivation of KDO 8-P synthase by and/or 278 nm (for tyrosine modification) was observad (
DEPC, and is the pseudo-first-order rate constant for the 30).
spontaneous hydrolysis of DEPZ5]. To estimate the value This increase in absorbance at 240 nm upon treatment with
of K, DEPC was incubated in 20 mM Tris-HCI (pH 7.6) DEPC was used to estimate the number of histidine residues
at 4 °C. At various time intervals, aliqguots were removed modified within the protein. KDO 8-P synthase contains six
and the amount of DEPC remaining was determined by histidine residues at positions 40, 67, 97, 202, 241, and 246
reaction with excess imidazole and measuring the absorbancen its primary structure as predicted from its DNA sequence
increase at 240 nm as described under Materials and(kdsA and as determined from the total amino acid analysis
Methods. The value df was estimated to be 0.031 min performed on the recombinant KDO 8-P synthase (data not
Plots of In A/A; versus (1— e ¥Y/k at various DEPC  shown). The number of histidine residues modified by DEPC
concentrations were linear and the inactivation processas determined by the difference spectra at 240 nm correlates
followed pseudo-first-order rate kinetics (Figure 1A). A with the loss of enzyme activity (Figure 3). Sequential
second-order rate constark) (of 340 mint M~! was modification of histidine residues was achieved by the
obtained from the slope of the plot &f,s versus DEPC addition of increasing amounts of DEPC. The plot of residual
concentration (Figure 1B). The values fggswere obtained  enzyme activity versus the number of histidine residues
from the slopes of the linear plots in Figure 1A. modified by DEPC (Figure 3) shows that the random
Reaction with Hydroxylaminedydroxylamine has been  modification of three out of six histidine residues is sufficient
shown in certain cases to restore activity to DEPC-inactivatedto completely inactivate the enzyme.
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1r 16 was obtained for a value of = 1. These results indicate
that two or three histidine residues in KDO 8-P synthase
are “essential”. In the presence of A 5-P, the modification
of only one histidine residue results in the inactivation of
the enzyme.
pH Dependence of Inaetion. The inactivation of KDO
8-P synthase by DEPC was examined in BTP buffers over
the pH range of 69. The pseudo-first-order rate constants
= of inactivation K.p9 at various pH values were obtained from
o 20 P o 100 plots of residual activity versus effective time. A plot of the
Time (min) experimentally determinelt,ps values as a function of pH
FiGURE 3: Relationship between the extent of histidine modification indicates that DE,PC inactivation of KDO 8-P synthase is
and the loss of catalytic activity of KDO 8-P synthase upon reaction PH-dependent (Figure 4). The dependencekgf on pH
with DEPC. A sample of KDO 8-P synthase (12:81) in 20 mM features two steps in whidta,sincreases gradually between
Tris-HCI (pH 7.6) was sequentially treated with incremental pH 6 and 8 and then rises sharply above pH 8 to a maximum
amounts of DEPC (five in total, between 0.03 and 3 mM final ypserved experimental value of 8.4 mirat pH 9.

concentration) for 20 min at each of the respective concentrations . .
of reagent. At the end of the 20 min incubation and prior to the The dependence of inactivation on pH can be evaluated

addition of the next increment of DEPC, the number of modified N greater detail according to

histidine residues was determined by measuring the absorbance . +

increase of the sample &t= 240 nm @). An aliquot was removed Kobs = kobs(max{(l +[H'VKY) 2)
and assayed for residual enzyme activill) py method 1.

number of residues
08

06 [

04 |

Remaining Activity
e
senpisey sulpusiH
PaUIPOIA JO JaquinN

02
activity

Equation 2 can be rearranged to the following linear form:

kobs[H +] =K, kobs(max)_ Kakobs 3)

whereK, is the acidic dissociation constant of the reacting
group andkopsmax)is the pseudo-first-order rate constant of
the unprotonated reacting grouggj. When the dependence
of Kops OVer the pH range of 68 in the BTP buffers was
analyzed according to eq 3 (from a plotkef{H*] versus
Kobg), @ Ka value of 7.3 and #opsmaxvalue of 1.9 mint are
obtained. As discussed previously, the UV difference spec-
trum of DEPC-treated KDO 8-P synthase versus untreated
enzyme at pH 7.6 and = 240 nm (Figure 2) is indicative
_ . of a protein-boundN-carbethoxyhistidine. These results
Ficure 4: Inactivation of KDO 8-P synthase as a function of pH. : o
KDO 8-P synthase (3,4M) was incub);ted with DEPC (1 mM) gt suggest that DEPC inactivation of KDO 8-P synthase
various pH values in 100 mM BTP buffer&l( or 100 mM between pH 6 and 8 results from modification of a histidine
potassium phosphate buffe)( At various time intervals, aliquots  residue with a K, of 7.3 or from modification of one or
were removed and assayed for residual enzyme activity by methodmore histidine residues with closely relateld,p.
1tt0 obrt]ain;hcle ps¢teuoIAo—first—ord§r(;at¢ con?t?r?ts lgll;i(r)lagtiF\)/aﬁQQt rg The increased inactivation of KDO 8-P synthase by DEPC
at ach pr. Inset. An expanded view of the o-F Synthase at pH > 8, as reflected in the marked increasédn values
rDa'f]';g (;'tgf‘t'on in BTP ) and phosphate?)) buffers in the pH (Figure 4), might suggest the modification of another residue-
(s) that is essentially protonated below pH 8. The UV
To calculate the number of “essential” histidine residues difference spectrum of enzyme modified with DEPC at pH
in KDO 8-P synthase, the method of Ts@1) was utilized 9.2, however, did not exhibit the characteristic changes
where (remaining activity) is plotted versus the number expected for the simple modification of a histidine, cysteine
of modified histidine residues. In this plot, the whole number or tyrosine residue (data not shown). Therefore, the basis of
u is varied in value fromu = 1 to n, wheren equals the the increased rate of inactivation by DEPC at pH8 is not
possible number of modifiable groups. The valuetdhat clear. It is possible that pH-dependent conformational
produces the highest correlation coefficient when the datachanges in enzyme structure occur that either are directly
are fit to a straight line provides an estimate of the essential deleterious to enzyme activity or increase the accessibility
number of modified residues8%, 32). KDO 8-P synthase of DEPC to the reactive residue(s). Although the data in the
was treated with DEPC, and over the course of the modifica- second region of the profile at pH 8 could be analyzed
tion, the number of histidine residues modified and the according to eq 3, producing &pvalue of 9.0 antkpsmax)
remaining activity at a given time were simultaneously value of 20 min?, the importance of these values must await
determined. When the data were analyzed as described abovédurther studies.
the following correlation coefficients were obtained: 0.980, The pH dependency of DEPC modification of KDO 8-P
0.990, 0.988, and 0.985 fqr values of 1, 2, 3 and 4, synthase was also examined in potassium phosphate buffer.
respectively. Within erroru values of 2 and 3 gave the The pH profile obtained in phosphate buffer also demon-
highest and essentially equivalent correlation coefficients. strated the two major steps as observed in the BTP buffers;
When DEPC modification of KDO 8-P synthase was however, inactivation proceeded at a much slower rate in
performed in the presence of A 5-P and the data were the phosphate buffer (Figure 4). Analysis of the rate versus
analyzed as above, correlation coefficients of 0.991, 0.981, pH data in the phosphate buffers according to eq 3 produced
and 0.975 were obtained fqu values of 1, 2 and 3, values forkossmaxOf 0.3 and 3.1 mint and K, values of
respectively. In this case, the highest correlation coefficient 7.6 and 9.2 for the two steps of the profile, respectively.

BTP Buffer

Phosphate
Buffer

pH



Essential Histidine Residues in KDO 8-P Synthase Biochemistry, Vol. 38, No. 43, 19994325

Table 2: Deconvoluted CD Data for Wild-Type and Mutant KDO 8-P Syntiases

mutant o-helix (%) [-sheet (%) p-turn (%) random coil (%) relative activity
wild-type 23.4 23.6 25.9 25.7 100
H40A 25.1 ¢+1.7y 22.7 (-0.9) 25.4 (-0.5) 26.6 ¢-0.9) 100
H67G 27.2(3.8) 19.0 (-4.6) 25.9 (0.0) 26.9¢1.2) 112
H97G 23.9 {-0.5) 23.9(40.3) 26.5 (+0.6) 26.1¢0.4) 50
H202G 20.3¢3.1) 27.4 (+3.8) 26.7 (-0.8) 25.4 0.3) 0.2
H241G 24.8¢1.4) 25.2 (-1.6) 28.7 (-2.8) 23.1¢2.6) 25
H246G 27.1¢3.7) 18.9 4.7) 23.8¢2.1) 26.0 (-0.3) 110

aDetermined by the method of Sreerama and Woa@dy. ® Determined by method E.Values in parentheses indicate the change relative to the
wild-type enzyme.

The K, values determined in the BTPKgs of 7.3 and 9.2)  Table 3: Kinetic Constants of Wild-Type KDO 8-P Synthase and
and phosphate s of 7.6 and 9.2) buffers differ slightly =~ Mutants

from each other and could reflect differences in the properties  enzyme KwPEP (uM) KA 5P (uM) Keat (S79)
of the two buffers. The lower rates of inactivation in the i type 19+ 4 29+ 3 6.84+05
phosphate buffer as compared to the BTP buffer potentially H40A 20+5 33+6 6.2+ 0.4
indicate that inorganic phosphate, a product of the KDO 8-P H67G 16+ 3 32+1 8.4+ 0.6
synthase-catalyzed reaction, inhibits or protects the enzyme H97G 32+ 4 194+ 22 3.2+0.3
2T . H202G nd nd 0.016+ 0.007

from modification with DEPC. H241G 241+ 28 2504+ 22 1.7+ 0.1

Histidine Mutagenesis of KDO 8-P Synthaske chemical H246G 15+ 1 3142 7.3+04

modification studies indicated that histidine residues play an ~ a g not determined.
important role in KDO 8-P synthase. To specifically identify
the potential critical residue(s), an individual mutagenic scan . .
of all six histidines was performed. The KDO 8-P synthase in the glopal structure of the mutant proteins. The greatest
mutants H40A, H67G, HO7G, H202G, H241G, and H246G changes in secondary structure composition occur in _the
were constructed with the QuikChange mutagenesis kit from H67G and H24_GG mutants, in which both enzymes exhibit
Stratagene Cloning System&9( 20). In each case, the Small changes in both thehelix (<4%) andj-sheet £5%)
template for the PCR mutagenesis was plasmid pKas# cpntent as compared to the wild-type enzyme. As will be
which contains the wild-type KDO 8-P synthase nucleotide discussed be_lc_’W’ these apparent changes do nqt appear to
sequence. Mutagenic primers were designed to either intro-affect the activity of these mutants. Very modest differences

duce or remove a specific endonuclease restriction site ini" Sécondary structure for the H202G and H241G mutants
the target plasmid DNA, permitting positive mutants to be

are also suggested by the data, primarily indhkelix and
identified by restriction analysis. The mutagenic primers are

p-sheet content of H202G<@4%) and thes-turn and random
listed in Table 1 along with the restriction sites used for the COIl content of H241G £3%). The deconvoluted data for
initial screen. Following the initial restriction screen, the e HA40A and H97G mutants are essentially unchanged
KDO 8-P synthase gene for each mutant was subjected to®mpared to that of the wild-type enzyme.

DNA sequencing to confirm the site-specific mutation and  Kinetic Analysis of the Histidine MutantSach of the six

to ensure that no other mutations had been introduced. Eachistidine mutants of KDO 8-P synthase was characterized

of the recombinant mutant proteins was purified>t85% kinetically and the results are presented in Table 3. The
homogeneity by the same procedure as for the wild-type kinetic constants for H40A, H67G, and H246G are essentially
enzyme 1). equivalent to those determined for the wild-type enzyme,

The KDO 8-P synthase histidine mutants were designed suggesting that the histidine residues at these positions are
having glycine (or alanine in the case of H40A) as the notnecessary to maintain enzyme activity. In contrast, kinetic
replacement residue in order to allow chemical rescue analysis of the H97G, H241G, and H202G mutants indicate
experiments to be performed. Mutants containing alanine their importance to enzyme function. The H97G mutant
replacements of important functional amino acids have beenexhibits an approximately 7-fold increaseHKy for A 5-P
successfully rescued by the addition of exogenous reagentsand a 2-fold reduction ik, While theKy, for PEP increased
to replace the missing functionality of the mutated amino slightly. The H241G mutant exhibits an approximately 10-
acid 34—36). However, several reports have indicated that fold increase irky for both substrates and a 4-fold lowering
if a histidine residue is replaced by glycine rather than of k.. Analysis of the H202G mutant indicated an almost
alanine, the mutant is more prone to be chemically rescuedcomplete loss of catalytic activity. Due to the extremely low
due to the larger cavity created by the glycine mutat®m activity of the H202G mutant and the consequently high
39). The H40A mutant was constructed since none of the concentrations of enzyme required to accurately measure
H40G mutant sequences permitted the addition or deletionactivity, it was not possible to obtain rate data at lows(Q
of an endonuclease site for restriction screening purposesuM) concentrations of substrates and maintain pseudo-first-
Therefore, for the initial mutagenic scan, H40A and not order conditions (i.e. [S¥ [E]). However, rate information
H40G was studied. with higher concentrations of substrates could be measured

Circular Dichroism StudiesThe conformational integrity ~ under steady-state conditions and fit to a hyperbola, allowing
of the mutant KDO 8-P synthases was probed by circular a reliable estimate d¥nax By use of this information, &
dichroism spectroscopy and the deconvoluted spectral datavalue of 0.016 s' was determined, a value 400-fold lower
are presented in Table 2. The data suggest minor to no chang¢han that for the wild-type enzyme.
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FiIGURe 5: Substrate protection against DEPC inactivation of KDO 8-P synthase wild type and mutants H97G, H202G, and H241G. Wild-
type KDO 8-P synthaseA( or the H241G B), H97G (C), and H202G D) mutants (A-C, 3.4uM; D, 35 uM) were incubated in 20 mM
Tris-HCI (pH 7.6) at 4°C without DEPC @), in the presence of 3.5 mM DEP®@), or in the presence of both 3.5 mM DEPC and 3 mM

PEP () or both 3.5 mM DEPC and 3 mM A 5-F1). Over time, aliquots were removed and assayed for KDO 8-P synthase activity.
Activities are expressed as the percentage of activity remaining compared to the initial activity of the untreated enzyme.

Substrate Protection of Wild-Type and Mutant KDO 8-P than that provided to the wild-type enzyme. This could
Synthases against DEPC Inagition. The ability of the indicate that H97 may also be in proximity to the PEP
substrates, PEP and A 5-P, to protect KDO 8-P synthasebinding site or interacts indirectly with this substrate, which
against inactivation by DEPC was evaluated and the resultswould be consistent with the modest increase inKkefor
are shown in Figure 5A. PEP provides a high level of PEP observed with the H97G mutant.
protection for KDO 8-P synthase against DEPC inactivation.  Although the activity of the H202G mutant was extremely
These results suggest that PEP interacts with a histidine(s)low, it was still possible to perform substrate protection
at or near the active site of KDO 8-P synthase or that PEP studies. The level of protection provided by PEP and A 5-P
binding induces a conformational change that preventsto the H202G mutant against inactivation by DEPC were
histidine modification by DEPC. A 5-P also afforded the lowest and highest, respectively, observed for any of the
protection against inactivation, although to a lesser extentenzymes examined (Figure 5D). If interactions between PEP
(Figure 5A). and H202 are exclusively responsible for the observed

The three KDO 8-P synthase mutants that exhibit altered protection afforded to the wild-type enzyme by PEP, then
kinetic parameters were also subjected to substrate protectioPEP would no longer be expected to protect a mutant lacking
studies to provide further information on the role of the this histidine but containing other modifiable residues. The
mutated histidine residues. The pattern of substrate protectiorreduced protection of the H202G mutant by PEP compared
observed for the H241G mutant (Figure 5B) is essentially to the wild-type enzyme provides evidence in favor of the
the same as that for the wild-type enzyme with the exception close proximity of H202 to the PEP binding site. However,
that the protection afforded by A 5-P has been marginally the substantial protection still afforded to the H202G mutant
reduced. These results suggest that H241 does not participatey PEP indicates that another residue besides H202 is also
in substrate binding or is located in an area of the protein involved in PEP binding. This residue is most likely H97.
that is removed from the active site. However, the kinetic The considerable protection furnished by A 5-P to H202G
analysis of the H241G mutant nonetheless indicates thesuggests that this substrate does not interact with H202 but
importance of H241 for enzyme activity. instead binds in proximity to and protects H97.

Substrate protection studies with the H97G mutant enzyme Imidazole Rescue StudieShe ability of exogenously
(Figure 5C) indicate that unlike the partial protection afforded added imidazole to substitute for the missing imidazole ring
by A 5-P to the wild-type enzyme, A 5-P no longer protects of the mutated histidine moiety in the H97G, H202G, and
the H97G mutant against DEPC inactivation. These resultsH241G mutants, and thus restore catalytic activity, was
strongly suggest that it is the interaction between A 5-P and investigated by two different methods. Preincubation of the
H97 in KDO 8-P synthase that is responsible for the observed mutants in 50 mM imidazole, followed by assaying under
protection against modification and that H97 may patrticipate standard conditions (method 1 with 0.3 mM and 0.6 mM A
in binding the phosphorylated monosaccharide. The increases-P in the assay mixture) in which the final concentration
in Ky observed for A 5-P in the H97G mutant is also of imidazole was diluted to 5 mM in the assay mixture, did
consistent with this hypothesis. The protection provided by not result in any significant restoration of activity; however,
PEP against inactivation of H97G was only slightly lower the inclusion of 50 mM imidazole in the assay mixture did
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provide restoration of activity but to a varying degree in each Unmodified wild-type KDO 8-P synthase is inactivated by
mutant. No detectable change in activity for the H241G was hydroxylamine in a concentration-dependent manner. Thus,
observed in the presence of imidazole. The activity of H202G it is not surprising that treatment of DEPC-inactivated KDO
was increased fronmx1% to 4% of wild-type activity. The  8-P synthase with hydroxylamine does not restore catalytic
most significant results were obtained with H97G, in which activity but rather leads to an additional loss in activity.

the activity increased from 20% to approximately 60% of = The complete modification of all six histidine residues in
wild-type KDO 8-P synthase. This dramatic increase in KDO 8-P synthase by DEPC can be achieved (Figure 3) after
activity was further investigated by preincubation of H97G prolonged reaction in the presence of an excess of DEPC.
with 50 mM imidazole in the presence of each substrate. The correlation between the number of residues modified
The presence of PEP and imidazole did not affect the and enzyme activity was assessed by the method of Tsou
recovered activity as compared to only imidazole. Interest- (31), revealing that either two or three histidine residues
ingly, the presence of both A 5-P and imidazole in the appear to be essential for activity. The results from this
preincubation mixture resulted in a 20% decrease in recov-analysis cannot be used to unambiguously distinguish
ered activity as compared to preincubating H97G in imida- between these two values. In the presence of A 5-P, only
zole alone. This observation indicates that preincubation of one histidine residue appears to be essential. Therefore, it is
the mutant H97G with A 5-P reduces the ability of imidazole assumed that the other essential histidine(s) is protected by
to restore activity to the H97G mutant and may suggest that A 5-P from DEPC modification. The analogous study with
A 5-P and imidazole, in the absence of PEP, form a stable PEP as the protecting substrate could not be performed since

but nonproductive complex with the enzyme. PEP has an absorbance maximumiat 232 nm, which
overlaps with the absorbance maximum of the carbethoxy-
DISCUSSION lated histidine moiety at = 240 nm.

The rate of inactivation of KDO 8-P synthase by DEPC

A combination of chemical modification and site-directed in BTP buffer is dependent on pH (Figure 4) and a value of

mutagenesis studies has been utilized to identify functionally 7.3 was calculated for thekp of the modified residue

important histidine res@ues 8. _C_OI' '_(DO 8-P synthase. Analysis of the enzyme inactivation profile in phosphate
Several reports describe the utilization of DEPC to explore ffer (Figure 4) suggests &pvalue of 7.6 for the modified
the role of histidine residues in a number of enzym& ( resjdue, similar to thely, value obtained in BTP buffer. In
27, 30, 33, 40-44). Chemical modification studies have 4qgition, it was observed that the DEPC inactivation of KDO
shown that KDO 8-P synthase is inactivated by DEPC in @ g_p synthase occurs at significantly slower rates in phosphate
time-dependent manner. Kinetic analysis of the inactivation pffer than in a BTP buffer system. This observation strongly
reveals that the reaction between DEPC and KDO 8-P g,gqests that inorganic phosphate, a product of the condensa-
synthase is bimolecular and follows pseudo-first-order kinet- tjon reaction catalyzed by KDO 8-P synthase, may bind at
ics (Figure 1). A second-order rate constant of 340'M o1 near the histidine residues that are subject to DEPC
min~! was determined for the inactivation of KDO 8-P inactivation. Preliminary studies indicate that the activity of
synthase by DEPC. This value falls in the range of rate Kpo g-p synthase in phosphate buffer is substantially lower
constants obtained for the inactivation of other proteins tnan in other buffer systems over a wide pH range (data not
containing important histidine residues, in which values shown), which is consistent with the observation that

between 0.67 and 368 M min~* have been reporte®§, inorganic phosphate is a noncompetitive inhibitor of the
4043, 45, 46). enzyme 47). Under such high concentrations of phosphate,

Although DEPC is generally considered to selectively it is likely that phosphate could also bind to either or both
modify histidine residues in the pH range of 585 @6), substrate’s phosphate binding sites.

the functional groups of other amino acids may react with  Both A 5-P and PEP protect KDO 8-P synthase from
DEPC. The UV difference spectrum of DEPC-treated KDO inactivation by DEPC suggesting that the substrate binding
8-P synthase versus untreated KDO 8-P synthase in 20 mMsijtes are located near important histidine residues. The
Tris-HCI (pH 7.6) shows an increase in absorbance only at observed protection could also indicate that, upon substrate
240 nm (Figure 2), which is a characteristic of protein-bound binding, conformational changes occur within KDO 8-P
N-carbethoxyhistidine30, 46). The possible modification  synthase that limit the accessibility of DEPC to these
of either a tyrosine or cysteine residue by DEPC was not residues. The protection afforded by PEP is significantly
detected in the spectrum. Except for the pH dependencygreater than that provided by A 5-P (Figure 5A). The
studies, the modification studies of KDO 8-P synthase and enhanced protection by PEP could reflect the formation of
its mutants were performed at pH 7.6. At this pH, the a tight enzyme-PEP complex that results in more effective
evidence suggests only the modification of histidine residues. shielding of the histidine residues from inactivation by DEPC
Although unlikely at this pH, these data do not preclude the than the enzyme complex formed with A 5-P or that PEP
modification of lysine residues. interacts with more histidine residues than does A 5-P. In
To obtain additional experimental evidence implicating the all likelihood, the enzyme conformation adopted in the
modification of histidine residues in KDO 8-P synthase by presence of the individual substrates differs from that in the
DEPC, the effect of hydroxylamine on the modified enzyme ternary complex, and the substrate binding pockets in the
was examined. Hydroxylamine has been utilized to restore former may not be fully defined.
catalytic activity to a number of DEPC-inactivated enzymes  Chemical modification studies have demonstrated the
(25—28). The treatment of DEPC-modified KDO 8-P syn- importance of histidine residues in KDO 8-P synthase. To
thase with hydroxylamine does not restore catalytic activity identify and more fully characterize the role of these residues,
but rather leads to further reduction in enzymatic activity. each of the six histidine residues of KDO 8-P synthase was
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individually mutated and the resulting mutants were analyzed A combination of chemical modification and site-directed
by standard initial rate studies. This method of analysis mutagenesis studies on KDO 8-P synthase has revealed that
allows a simple comparison of the various kinetic parametersthree histidines play an important role in the aldol-type
of the wild-type and mutant KDO 8-P synthases. The kinetic condensation catalyzed by KDO 8-P synthase. We believe
data (Table 3) indicates that mutation of three of the six that histidine 241 plays an important structural role, albeit
histidine residues does not have a significant effect on thein a local sense. Histidine 97 plays an essential role in A
catalytic properties of the enzyme (H40A, H67G, and 5-P binding. The role of H202, while not fully elucidated,
H246G). Hence, histidine residues H40, H67, and H246 mostappears to be involved in PEP binding; however, a second
likely do not play an important role in enzyme function. histidine residue is also affected by PEP binding. The
Interestingly, the mutants with the highest specific activity extreme loss of activity in the H202 mutant may indicate an
(H67G and H246G) seem to have undergone the mostimportant catalytic function, perhaps as a general acid or
significant structural changes as a result of the mutagenesispase. Studies utilizing other mutants of H202 are in progress
as determined from their CD spectra (Table 2). to further define the function of histidine 202.

In contrast to these results, mutants H97, H202, and H241
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