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ABSTRACT. The roles of particular amino acids in substrate and coenzyme binding and catalysis of glucose-
6-phosphate dehydrogenase loéuconostoc mesenteroiddésmve been investigated by site-directed
mutagenesis, kinetic analysis, and determination of binding constants. The enzyme from this species has
functional dual NADP/NAD* specificity. Previous investigations in our laboratories determined the three-
dimensional structuréinetic studies showed an ordered mechanism for the NADP-linked reaction while
the NAD-linked reaction is random. His-240 was identified as the catalytic base, and Arg-46 was identified
as important for NADP but not NAD" binding. Mutations have been selected on the basis of the three-
dimensional structure. Kinetic studies of 14 mutant enzymes are reported and kinetic mechanisms are
reported for 5 mutant enzymes. Fourteen substrate or coenzyme dissociation constants have been measured
for 11 mutant enzymes. Roles of particular residues are inferred KggnKm, KealKm, Kg, @and changes

in kinetic mechanism. Results for enzymes K182R, K182Q, K343R, and K343Q establish Lys-182 and
Lys-343 as important in binding substrate both to free enzyme and during catalysis. Studies of mutant
enzymes Y415F and Y179F showed no significant contribution for Tyr-415 to substrate binding and only

a small contribution for Tyr-179. Changes in kinetics for T14A, Q47E, and R46A enzymes implicate
these residues, to differing extents, in coenzyme binding and discrimination between™NGBRAD!.

By the same measure, Lys-343 is also involved in defining coenzyme specificity. Decrdageaind

kealKm for the D374Q mutant enzyme defines the way Asp-374, uniquk. tmesenteroide&6PD,
modulates stabilization of the enzyme during catalysis by its interaction with Lys-182. The greatly reduced
keat Values of enzymes P149V and P149G indicate the importance of the cis conformation of Pro-149 in
accessing the correct transition state.

Glucose 6-phosphate dehydrogenase (G6RDIN most the general base, assisted by Asp-13). Both of these
organisms utilizes NADPas its coenzyme to oxidize glucose residues are conserved and the mechanism can, therefore,
6-phosphate (G6P). G6PD frooeuconostoc mesenteroides be generalized to all G6PDs. Arg-46 was shown to play an
however, can utilize either NADPor NAD* (1), and this important role in binding NADP but not NAD" (6). This
unusual dual coenzyme specificity plays an essential role in arginine residue is also conserved in all G6PDs, and its role
the metabolism of the bacteri@)( The enzyme’s amino acid  in NADP* binding is, therefore, presumed to be universal.
sequenced) shows substantial homology with those of the ~ From the three-dimensional structure of thenesenteroi-

34 other G6PDs that have been sequendgdt(is of interest desG6PD apo-enzyme crystallized from phosphate (Figure
to establish the roles of those amino acids inlthenesen- la), now designated a phosphate inhibitor complex, the
teroidesenzyme that have functions common to all G6PDs, substrate binding site was inferred from the juxtaposition of
as well as those that play specific roles required for its unique the “inner” phosphate ion (i.e., more internal in the structure),
catalytic properties. A catalytic mechanism has been pro- which is bound to both subunits, and the eight-residue peptide
posed forL. mesenteroide&6PD in which His-240 acts as  conserved in all G6PDs7). This suggested that the side
chains of Glu-147, Lys-148, His-178 (through itsoN
position), and Tyr-415 could interact with the phosphate
moiety of the substrate. A second, “outer” phosphate ion (i.e.,
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Subunit A

»

Ficure 1: (a) TheLeuconostoc mesenteroid€§PD dimer. In subunit A, helices are red and the two sheets green; in subunit B, helices
are orange and sheets cyan. The coenzyme NADP and the substrate G6P are shown in ball-and-stick representation (in cream, outlined in
black) as they bind in their binary complexe8).f Close to the coenzyme, the stretch of main chain colored purple is the dinucleotide
binding fingerprint GXXGDLA, residues 1218 in L. mesenteroide§&6PD. Arg-46, which interacts with thé-Bhosphate of NADP is

drawn in ball-and-stick. The stretch of main chain colored purple near the substrate is the conserved peptide RIDHYLGK, residues 175
182 in L. mesenteroide§&6PD. Residues Asp-177 and His-240, the catalytic base, are drawn in ball-and-stick (purple). Figure 1 was
prepared using BOBSCRIP28, 27. (b) Region close to G6P. Residues discussed in the text are drawn in ball-and-stick; the His-Asp pair,
residues 240 and 177, are black. His-178, Tyr-179, Lys-182, and Lys-343 are seen to interact with the 6-phosphate of G6P. Asp-374 is
positioned to interact with Lys-182. Tyr-415 and Lys-21 (black) are seen to be more distant from G6P. The orientation and color scheme
are as in part a. (c) Region close to the coenzyme, shown with NADEsent. Thr-14, a part of the dinucleotide binding fingerprint,
Arg-46 and GIn-47, drawn in ball-and-stick, are seen close to the adenosine moiety. Pro-149, which may be cis or trans, is drawn and Tyr
415 is also shown. The color scheme is as in the previous figures, but the view is rotated by approxinidiaiyci@ity.

the elucidation of the catalytic mechanism, which requires OH of the substratesj. Recently, the structures of the G6P
that theNe2 atom of His-240 be in proximity to the C1 enzyme (Q365C) and NADPHG6EP enzyme (D177N)
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Table 1: Oligonucleotide Sequences

enzyme sequence of oligonucleotide
T14A CTTTCTTTGGTGGGCTGGTGACTTGGCC
T14S CTTTGGTGGCCTGGTGACTTGG

R46E GTTGGAACGGCGAACAAGCCCTCAATG
Q47A GGAACGGCCCGGCAGCCCTCAATGATG
Q47E GGAACGGCCCGTGAAGCCCTCAATGATC
P149G GATGATTGAAAAGGGTTTCGGTACATC
P149v GATGATTGAAAAGGTGTTCGGTACATC
Y179F CCGTATTGACCACT CCTTGGTAAGG

K182Q CCTTGGTAGGAAATGG

K182R CCACTACCTTGGTGTGAAATGGTTCAAAAC
K343Q GCGCTTAGCTGCTAGCAGACACGGG
K343R GCGCTTAGCTGCTGTCAGACACGGG
D374Q GCTGTCTTGTCAATTATCATCAGCCAAAGGGTGCTATCG
Y415F GCCAGAACCATTCGAACGTATG

@ Mutations to change amino acids in boldface.

complexes were solve@), demonstrating that the phosphate
moiety of the substrate binds to His-178, not via it§IN
atom, as expected, but via itse®l atom. On the basis of

EXPERIMENTAL PROCEDURES

Materials NAD* and NADP" were obtained from Boeh-

these structures, it appeared that Tyr-179 and Lys-182, bothfinger-Mannheim; NADH, NADPH, SNAD ¥, S=NADP",

of which are part of the conserved peptide, and Lys-343,

G6P, Reactive Green-19 agarose, lysozyme, and Protease-X

which is lysine or arginine in 77% of known sequences, also (thermolysin) were obtained from Sigma; Matrex gels Purple
participate in binding the phosphate moiety of G6P (Figure A and Orange B, and Centriflo CF-50 membrane cones were

1b). Affinity labeling studies identified Lys-343 and Lys-21
as G6P binding residue8)( and this was confirmed for Lys-
21 (10). Lys-21 is conserved in all but one G6PD (4).

obtained from Amicon Corp.; Coomassie protein assay
reagent and bovine serum albumin standard were obtained
from Pierce; shrimp alkaline phosphatase and the Sequenase

L. mesenteroideS6PD has an aspartate residue at position Version 2.0 DNA sequencing system were from Amersham

374; all other G6PDs, except that frobeuconostoc me-
senteroides dextranicubave a glutamine at the correspond-

International plc; a Chameleon site-directed mutagenesis kit
was obtained from Stratagene; pUC-19 and M-13 bacterio-

ing position in their sequences. The side chain of Asp-374 Phage were obtained from Gibco-BRL; a Wizard miniprep

interacts with theC-amino group of Lys-182 in allL.
mesenteroide§6PD structures that have been examined.

In human G6PD, the glutamine that corresponds to Asp-

374 interacts with Lys-205, which corresponds to Lys-182
in the L. mesenteroidesnzyme {1). Pro-149 is conserved
in all G6PDs. The crystal structure of the mesenteroides

DNA purification kit was obtained from Fisher Scientific;
restriction endonucleases, T4 polynucleotide kinase, and
DNA ligase were obtained from New England Biolabs; and
a-3°*S dATP was obtained from New England Nuclear.
Monoclonal antibody was generously supplied by Dr. Mark
Levy of Syva Company, Palo Alto, CA. Oligonucleotides

G6PD phosphate inhibitor complex shows that Pro-149 is Were synthesized by Genosys. The sequences for the various

cis in one subunit and trans in the oth&}.(Both Pro-149
residues are cis, however, ih. mesenteroidesG6PD

mutations are indicated in Table 1, where changes from wild-
type sequences are underlined.

crystallized under other conditions whether as free enzyme DNA TechniquedDNA techniques followed the standard

or complexed with coenzyme, substrate, or oth.

The X-ray structures of the G6PD ternary compl& (
and coenzyme binary complexXdsdicate involvement of
Arg-46, GIn-47, and Thr-14 in coenzyme binding (Figure
1c). The guanidinium of Arg 46 makes hydrogen bonds to
the 2-phosphate of NADP and NADPH but does not
interact with NAD'. GIn-47 amide makes a direct hydrogen
bond to an adenine ribose hydroxyl of NARand the 2
phosphate of NADPH, and an indirect one through an
ordered water to NADP. Thr 14 Oy1 makes a hydrogen
bond to the adenine ribosé-@H in all three complexes.
GIn-47 is unique in thé&.. mesenteroidesnzyme, and Thr-

procedures described by Sambrook et dl2)(and as
previously reported 6). Site-directed mutagenesis was
performed with the Chameleon site-directed mutagenesis kit
using the oligonucleotides listed in Table 1. Proteins were
expressed ifEscherichia colistrain SU294, which lacks the
G6PD gene 10). DNA was prepared from the transformed
bacteria, and to ensure that no other mutations had been
introduced, the entire insert was sequenced either in our
laboratory or commercially at the Biotechnology Resource
Center, Cornell University, Ithaca, NY.

Enzyme Isolation and Assaynless noted, wild-type and
mutant enzymes were isolated by the procedures described

14 is not conserved (but the replacement is conservative,previously 6, 10). T14A G6PD could not be eluted from

serine for threonine in all but two sequences).

the Matrex Gel Orange column with NADPinstead, it was

In this paper we describe experiments utilizing site-directed eluted with 1.0 M KCI, concentrated with a CF-50 Centriflo
mutageneS|s to Change some of these amino acid reSIdueﬁ]embrane cone, and dia|yzed extensive|y against 50 mM

and kinetic and binding studies to delineate their roles in
the catalytic functions of G6PDs in general and lof
mesenteroide&6PD in particular.

2Naylor et al Manuscript in preparation.

Tris-HCI, pH 7.8. R46E G6PD did not adhere to the Matrex
Gel Orange column. It was diluted so that the Tris-HCI
concentration was 5 mM, and MgGhas added to 10 mM.
The enzyme was placed on a Reactive Green-19 agarose
column, eluted with 1.0 M KClI, and dialyzed against 50 mM
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Tris-HCI, pH 7.8. Q47E G6PD bound Wef’ikly to the N_Iatr_ex Table 2: Conservation of Mutated Amino Acid Residues
Gel Orange column and was eluted with the application

buffer, 50 mM_TJiS'ld_I?’bpi 7.8, without t’)\IADP' A|I—:I residue seggﬁnce mutations (ﬁl(t)(.ag}egl(:/gj;?:ﬂég
enzymes were judged to be homogeneous by -SPSGE,

using 5-10 ug of protein, and silver stainind.8). Routine I;‘é %‘11 ﬁlrz" %?; Lsyesr((gg)', ,\T/Ig; 8 Lys (2)
assays for G6PD were performed at 45 by monitoring Arg 46 Ala, Glu conserved

the production of NADPH in a Gilford 240 spectrophotom-  Gin 47 Ala, Glu  Ser (18), Arg (6), Thr (6),
eter at 340 nm. Reactions were initiated by the addition of Ala (2), GIn (2), Lys (1)
enzyme to 33 mM Tris-HCI, pH 7.6, containing 2.28 mM Eg’ 11;13 AGS'¥] val ggﬂ:g::,’gg

G6P and 0.160 mM NADR During their purification, Tyr 179 Phe conserved

mutant enzymes with low catalytic activity (mutations P149V  Lys 182 Arg, GIn  conserved

and P149G) were detected on SERAGE gels with silver Lys 343 Arg, GIn  Arg (16), Lys (11), Gly (3), GIn (2),
staining (12) and confirmed by westem blotting using a ) ) 374 G Gﬁ]s(psg,)fsls (%)éigr(g)
monoclonal antibody prepared against nativénesenteroi- Tyr 415  Phe conserved

des GG.PD (]'4)' Protein Conc.emratlons W.ere ro_ut|nely aBased on 35 sequence alignments cited in Au el ?(Sequence
determined using the Coomassie reagent, with bovine serumy, mper inL. mesenteroide&6PD.¢ Residues found in corresponding

albumin as the standard%). These values were corrected position in other GBPDs! Asp found only inL. mesenteroideandL.
on the basis of the known extinction coefficient of wild- mesenteroides dextranicus.
type enzyme at 280.5 nm, assuming that the mutations did

not alter the extinction coefficients of the mutant enzymes temperature in an Aviv CD spectrometer model 202 using a
5). 1 mm cuvette.

Kinetics. Kinetic constants were determined at 25 as
described previouslyej. Briefly, this involved determining ~ RESULTS
apparent kinetic constants initially and then, using these
values, selecting five concentrations each of coenzyme and
substrate for the determination of the true kinetic constants.
Coenzyme and substrate concentrations were determine
enzymatically, and the pH values of the reaction mixtures
were measured after the assays were completed. In thos
instances where the reactions did not obey Michaelis
Menten kinetics, appareHi, values were determined using 3
saturating concentrations of coenzyme with a range of 7 or
more substrate concentrations and vice versa. App&ggnt
values were derived from the mean of the apparepiiV
values associated with each of the apparknt values.
Inhibition studies with reduced coenzymes were undertaken

with tflose mutant enzymes ‘.N'th .5|gn|f|cantly elevatgd the G6P and NAD concentrations was varied. Apparent
NADP* K, values and some which did not show hyperbolic /.~ ~ . X .

o . .~ Kkinetic constants for this reaction were determined at near-
kinetics. Such studies were conducted at near-saturating

concentration of substrate varving the concentration of saturating concentrations of the nonvaried substrate, where
coenzvme. or vice versa in’the gbsgence and in the resencthe increase in velocity showed strictly hyperbolic depen-

yme, . R PreSENCGence on varied substrate concentration. The principal effects
of two concentrations of inhibitor. Data were analyzed using

the following computer programa@): HYPER for apparent of the substitution of arginine or glutamine for Lys-182 are
kinetic constants, SEQUEN for true kinetic constants, and the large increases (approximately 2 orders of magnitude)

L in Ky, for G6P in both the NADP- and the NAD-linked
COMP and NONCOMP to analyze inhibition data. reactions, indicating that Lys-182 plays an important role in

Dissociation Constantdissociation constants were de- substrate b|nd|ng during Cata|ysis_ There are not |a|’ge
termined by measuring the protection afforded by G6P, differences between kinetic constants for the K182R and
NAD, or NADP* against thermolysin inactivation at 4G, K182Q enzymes, suggesting that, despite its positive charge,
as previously described 7). Appropriate concentrations of  Arg-182 cannot substitute effectively for lysine in binding
the mutant enzymes were incubated at@with or without ~ G6P in the enzyme’s transition state complexes. The dis-
various concentrations of added ligand and thermolysin. sociation constant for G6P is increased significantly for both
Aliquots were removed at various times, diluted in ice-cold the K182Q and K182R enzymes, demonstrating that Lys-
water, and assayed in duplicate or triplicate using a Gilford 182 is also involved in binding G6P to free enzyme.
Response spectrophotometer. The kinetics of inactivation  The K343Q enzyme displayé, values for G6P that have
were first-order in all experiments. Percent protection was jncreased more than 300-fold for the NAD-linked and that
calculated for each substrate concentration, and the data Wer@aye increased nearly 1000-fold for the NADP-linked
plotted in double-reciprocal form and analyzed as previously reaction over the corresponding values for wild-type enzyme.
described 17) using Cleland’s HYPER program. Nonhyperbolic kinetics were obtained for the NADP-linked

Circular Dichroism SpectraCD spectra of enzymes in  reaction of the K343Q enzyme when each of the G6P and
25 mM potassium phosphate containing 50 mM KCI, pH NADP* concentrations was varied. The appat€nptfor G6P
7.8 were measured between 290 and 190 nm at roomwas determined at saturating NADBoncentration, and the

Table 2 lists all the amino acid residued.irmesenteroides
G6PD mutated for these studies and their degree of conser-
ation among known G6PD sequences. Kinetic constants for

[l the mutant enzymes are listed in Tables 3 (NADP
reaction) and 4 (NAD reaction). Ligand dissociation constants
@nd free energies of binding are listed in Table 5.

Kinetic and Dissociation Constants for the Lys-182, Lys-
43, and Lys-21 Mutant Enzymé examine the role of
Lys-182 and Lys-343 in G6P binding, we prepared mutant
enzymes in which each of these lysine residues was replaced
by arginine (to retain the positive charge) or glutamine (to
retain its polar character). K182Q G6PD displays nonhy-
perbolic kinetics in the NAD-linked reaction when each of
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Table 3: Kinetic Constants for Mutant G6PDs, NADP Reaction

Km G6P Km NADP* Ki NADP* Keat Keal Km G6P keal Km NADP*
enzyme (uM) (M) (uMm)? (min~1) (min~t uM1) (min~t uM™1)
W.TP 114411 8.0+ 0.7 3.4+ 1.0 20 200 17& 2530
T14A 378+ 52 86+ 12 169+ 34 37900 100 441
T14S 118+ 8.2 14+ 1.0 164+ 2.2 22 700 192 1620
K21 6070+ 575 7.3+1.1 7.8+ 1.6 14 100 2.3 1930
K21Rd 239+ 18 8.1+ 0.5 6.2+ 1.2 22 500 94 2780
R46E 1040+ 121 21 000+ 1 300 ND 38 000 37 1.8
Q47A° 75+6.1 7.5+ 0.8 ND 14 100 188 1880
Q4A7TE 239+ 14 84+ 5.3 87+ 8.6 33100 138 394
P149G 2600t 167 24+ 1.4 194 3.0 512 0.20 21
P149Vv 1080+ 157 18+ 3.0 34+ 7.7 36 0.03 2.0
Y179F 441+ 101 14+ 3.3 7.3+ 3.7 15 800 36 1130
K182Q 13100+ 2100 6.5+ 1.2 7.8+ 24 18 500 1.4 2800
K182R 16 100+ 1700 15+ 1.7 8.0+ 2.8 35100 2.2 2340
K343@ 106 000+ 16 000 46+ 3.9 ND 42 700 0.40 928
K343R 3080+ 275 8.0+ 0.8 6.7+ 1.7 24 200 7.9 2030
D374Q 193+ 36 13+ 3.1 7.9+ 3.2 4510 23 346
Y415F 74+ 7.5 6.3+ 1.2 17+ 34 11 000 149 1750

2In an ordered mechanism where the coenzyme binds first, such as the NADP-linked reaction of the wlildatgsenteroide&6PD, theK;
for that coenzyme represents its dissociation constant, but if that reaction mechanism is randimyahis has no physical significancg5.
bW.T. = wild-type enzyme; data from Lee and LeviQj. ¢ The corresponding values for these constants reported in Lee and 1@wand Levy
et al. ) were calculated using uncorrected protein concentrations (see Experimental Procé@ats)rom Lee and Levy(10). ¢ Apparent
kinetic valuesfND = not determined.

Table 4. Kinetic Constants for Mutant G6PDs, NAD Reaction

Km G6P Km NAD™ Keat Keal Km G6P KealKm NADT
enzyme (M) (M) (min~%) (min~%) (min~t uM1)
W.T?2 69+ 9.0 162+ 18 43 600 630 269
T14A 169+ 20 2340+ 269 48 500 285 21
T14S 75+ 11 199+ 26 35000 467 176
K21¢r 25004+ 200 518+ 72 55100 22 106
K21R® 97+ 11 240+ 26 42 600 44 178
R46E 132+ 11 986+ 71 39 500 299 40
Q47A¢ 96+ 3.6 234+5.9 34 600 360 148
Q47E 233+ 19 310+ 26 48 500 208 156
P149G 825+ 121 1760+ 199 1050 13 0.60
P149V 1730+ 371 2230+ 428 166 0.10 0.07
Y179F 165+ 37 184+ 26 28 500 173 155
K182Q! 68004+ 490 82+ 2.0 15300 2.3 187
K182R 3670+ 750 379+ 120 64 100 17 169
K343Q 25 300+ 6000 503+ 130 51 000 2.0 101
K343R 1260+ 385 338+ 40 45 000 36 133
D374Q 135+ 17 571+ 60 12 500 93 22
Y415F 63+ 7.8 116+ 13 19 000 302 164

aW.T. = wild-type enzyme; data from Lee and LeviQj. ® The corresponding values for these constants reported in Lee and 1@vand
Levy et al. g) were calculated using uncorrected protein concentrations (see Experimental Procédatsjrom Lee and Levy10). ¢ Apparent
kinetic values.

apparenK, for NADP" was determined using 1.0 M G6P. enzyme both show nonhyperbolic kinetics. The apparent
In both instances the kinetics were strictly hyperbolic. The coenzymeK,, andk., values for the former are higher, and
Ky for G6P for this mutant enzyme is also increased for the latter they are lower, than the corresponding kinetic
substantially. For the K343R mutant enzyme, #g and constants for wild-type enzyme. The significance of these
Kq values for G6P are also increased and no other significantfindings is discussed below.
changes were noted for measured constants. In contrast to When Lys-21 was changed to glutamine, the principal
the results with the K182Q and K182R mutant enzymes, the effects were large increases in tg values for G6P and
substitution of arginine for lysine at position 343 has a much corresponding reductions in the values kay/K, for G6P
smaller effect on the properties of the enzyme than the (10). The K21R mutant behaves similarly to wild-type
substitution of glutamine. Lys-343, like Lys-182, plays a key enzyme. The dissociation constant for G6P in the K21Q
role in binding the phosphate moiety of GE6P to free enzyme enzyme is only increased 2-fold, and that of the K21R
and during catalysis, but there seems to be greater flexibility enzyme is not significantly altered, compared to the corre-
in this interaction, enabling an Arg residue to serve the samespondingKy values in wild-type enzyme (Table 5). Unlike
function, though less efficiently. Lys-182 and Lys-343, Lys-21 is not involved significantly
In addition to their major effects on G6P binding to free in binding G6P to free enzyme but does play a role in binding
enzyme and during catalysis, some more subtle effects aresubstrate during catalysis.
evident in these mutants. The NADP-linked reaction of the  Kinetic Constants for the Tyr-179 and Tyr-415 Mutant
K343Q enzyme and the NAD-linked reaction of the K182Q EnzymesThe possible contributions of Tyr-179 and Tyr-
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Table 5: Dissociation Constants and Apparent Free Energies of and a comparatively small reduction in NADinding during

Ligand Binding to Enzyme for Mutant G6PDs catalysis.
AGP AAG? When Thr-14 is replaced by alanine, there is a substantial
enzyme  Kq(mM) (kcal/mol)  (kcal/moly diminution in the binding of both coenzymes during catalysis.
2 G6P WT 12 20 The dissociation constant for NADRor the T14A enzyme
' T14A 11401 4.0 0 is increased by 2 orders of magnitude over that for the wild-
K21Q 2.54+05 35 0.5 type enzyme. Replacing Thr-14 with a serine residue has
K21R 13+01 3.9 0.1 little effect on any kinetic constant.
SﬂgG 276; é'g gg gi’ The apparent kinetic constants for the Q47A enzyme are
P149V 5.9+ 03 3.0 10 not substantially altered in either the NADP- or the NAD-
H178N° 125+ 2.1 2.6 1.4 linked reaction. This enzyme does not yield hyperbolic
K182Q  25.0+05 2.2 18 kinetics for either reaction. The effects of the Q47E mutation
E%%R 10.24 0.6 2.1 1.3 on the kinetic constants in the NAD-linked reaction are small,
Q 12.7£24 2.6 1.4 i
K343R 4.4+ 023 32 08 as are the effects oKy for NAD*. In the NADP-linked
Y415F 2.6+£0.3 35 0.5 reaction, the appare#t, value for NADP' is increased 10-
b. NADP* %K 8-22110 o6 151 ve fold over theK,, for the wild-type enzyme, ankiy is also
Q47E 0.1+ 0.05 53 18 increased significantly; th&y for NADP™ is increased 20
c.NAD*  W.Ta 3.8 33 fold. . o _
Q47E 3.2+04 3.4 0.1 Kinetic Mechanisms.The kinetic mechanisms of the

aW.T. = wild-type enzyme; data from Kurlandsky et a7j. ® From NADP- and NAD-linked reactions are ordered (NADP

Cosgrove et alf). ¢ Difference betweenG° values of mutantand wild-  binds before G6P) and steady-state random, respecti@ly (
type enzymes. We examined the kinetic mechanisms of several mutant
G6PDs with perturbed interactions with coenzyme or sub-

415 to substrate binding were examined by preparing the Strate, as well as the wild-type recombinant enzyme. The
respective phenylalanine mutant enzymes, Y179F and Y415F ésults are shown in Table 6. The recombinant wild-type
Compared to the lysine residues described above, thesénzyme shows NADRcompetitive inhibition by NADPH
tyrosine residues play minor roles in binding G6P. The &nd NAD"-noncompetitive inhibition by NADH. This be-
Y179F enzyme displays slightly elevatiég values for Gep ~ havior is consistent with an ordered mechanism, with

and diminishedy values in both the NADP- and the NAD- ~ ¢oenzyme binding first for. the NADP—_Iinked and a randon_1
linked reactions, resulting in approximately 5-fold reduced Mechanism for the NAD-linked reaction; as expected, this

kea/Km values for GBP. The Y415F mutant displays slightly behavior is identical with that of the wild-type G6PD isolated
reducedke values in both reactions and a somewhat higher ffom L. mesenteroidegls, 19). For T14A G6PD, NADPH

Ki value for NADP" but no significant effects on thkp, '

inhibits noncompetitively with respect to NADP This
values for G6P. Th&y for G6P is only slightly increased. suggests that the reaction proceeds via a random mechanism.
Tyr-415 is not involved in binding G6P to the enzyme.

Both theK,, andK, for NADP* in this enzyme are increased
o substantially over the corresponding values for the wild-type
Kinetic Constants for the Thr-14, GIn-47, and Arg-46 enzyme. Tfi/eKm for NADP* fgr R46,g G6PD s S0 hight) yp
Mutant EnzymesStructural studies implicate Thr-14, GIn- 5 jg impractical to test the NADP-linked reaction for

47, and Arg-46 in coenzyme binding (Figure 1c). To NADPH inhibition. As the thionicotinamide analogues,
elucidate their differential role in binding NADPand S—-NADP* and S-NAD*, have substantially loweKn
NAD™, we replaced these residues with amino acids that ., es than the corresponding natural coenzymes, while the
might not be able to interact with one or the other coenzyme. \inetic mechanisms for the reactions in which they participate

Substitution wit_h alanine shou_ld prevent_sgch interaction, ramain unalterec?0), we examined NADPH inhibition with
and the results, in agreement with the prediction for the R46A respect to SNADP* with R46A G6PD and found that it is

mutant, have been publishe@)(The T14S mutant enzyme  poncompetitive. Likewise, both -SNADH and NADH
was generated because most G6PDs, including the humanhibit noncompetitively with respect to NAD) consistent
enzyme, have a serine in the corresponding location and {0yt the NAD-linked reaction mechanism remaining random.
establish whether the more hydrophobic threonine side chainTpe Q47E mutant enzyme, likewise, displays random kinetics
plays arole in coenzyme binding ko mesenteroide§6PD. for both reactions. The T14A, R46A, and Q47E mutant
We replaced each of the amino acids Arg-46 and GIn-47 enzymes all display weakened NADFPbinding during
with glutamate in an attempt to create a negatively charged caialysis, and for each one the kinetic mechanism of the
local environment that might favor the binding of NAD  NADP-linked reaction is random.
over NADP". The kinetic mechanisms of the NAD-linked reaction for
The greatest effect among these mutant enzymes is theK182Q G6PD and the NADP-linked reaction for the K343Q
large increase in th&, for NADP* shown by the R46E  enzyme were examined in the same manner. NADH inhibi-
mutant enzyme. We were unable to determine true kinetic tion of the former is noncompetitive with respect to NAD
constants for the NADP-linked reaction catalyzed by R46E and NADPH inhibition of the NADP-linked reaction of the
G6PD because the kinetics are nonhyperbolic. From the K343Q enzyme is also noncompetitive. The significance of
apparenKy, for NADP" and theK,, for NAD* in this mutant these findings is discussed below.
enzyme it is clear that, as expected, replacement of the Kinetic Constants for the Pro-149 Mutant Enzyntebs49V
positively charged arginine residue with a negatively charged and P149G mutant enzymes were prepared in order to
glutamate causes a very large reduction in NAD#ding examine the significance of the alternative cis and trans
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Table 6: Kinetic Mechanisms
apparenKm
enzyme varied ligand (uM) inhibitor inhibition® Kis (uM) Kii («M)
W. T2 NADP* 7.7+ 0.45 NADPH competitive 324
W.T. NAD™* 224+ 27 NADH noncompetitive 824 294 1590+ 346
T14A NADP* 122+ 25 NADPH noncompetitive 24% 88 1230+ 526
R46A S-NADP* 2640+ 674 NADPH noncompetitive 37 008 16 400 18 00Gt 7290
R46A NAD* 1130+ 322 NADH noncompetitive 2028 1600 1870+ 524
R46A S-NAD* 222+ 21 NADH noncompetitive 10 50& 1720 33200t 10 600
Q47E NADP 54+ 11 NADPH noncompetitive 35% 13 1370+ 340
Q47E NAD" 236+ 59 NADH noncompetitive 75% 430 1720+ 464
K182Q NAD* 155+ 21 NADH noncompetitive 1298 750 1130+ 210
K343Q NADP" 51+ 10 NADPH noncompetitive 15% 46 2320+ 1600

aW.T. = wild type. ? Data were fit to both COMP and NONCOMP progras$), and the assignment was based on which pattern gave the
better standard error as well as the better standard errors for kinetic constants.

conformations of Pro-149 on catalydisThere are large  His-178 and an outer phosphate ion bound to the& N
reductions ink., values for both the NAD- and the NADP-  position of the same His-178 in only one of the two subunits.
linked reactions in both mutant enzymes and also significant We have confirmed the important role for His-178 in binding
increases in G6R, values for both reactions and in tKg, the phosphate moiety of G6P in the transition state complex
for NAD*. The correspondinB../Km values are reduced by  from kinetic studies of the H178N mutant enzyn&®. (The
2—3 orders of magnitude. These effects are greater with X-ray structures of theL. mesenteroidesG6P enzyme
P149V G6PD than with the P149G enzyme. Kador G6P (Q365C) and NADPH G6P enzyme (D177N) complexes
is increased significantly for both mutant enzymes. confirm the location of the bound G6P close to His-240 and
Characteristics of the D374Q Enzyniecause Asp-374  His-178, in the pocket between domains. They show,
is unique inL. mesenteroide§6PD and interacts with Lys- however, that the phosphate moiety of G6P is bound through
182 (Figure 1b), it seemed possible that this residue mightthe Ne2 position of His-178, not the &l site @). These
play an important role associated with one of this enzyme’s structures also show interactions between the phosphate
characteristic functions. It was replaced with glutamine, the group of the substrate and Lys-182, Lys-343, and Tyr-179
amino acid found in all other G6PDs at this location. The (Figure 1b).
principal effects of this mutation on kinetic constants are  Previous experiments implicated three lysine residues in
significant decreases icar and keafKm values in both  substrate binding. Roles for Lys-21 and Lys-343 were
reactions. The D374Q G6PD is also substantially less stableinferred from their identification as substrate binding residues
than wild-type enzyme. After incubating at 4C, D374Q  through affinity labeling studies8], and this was confirmed
G6PD retained only 37% of its activity after 2 min and 16% for Lys-21 by the large, selective effect on the G&R in
after 30 min, whereas wild-type enzyme retained 97% and the K21Q mutant enzymel(). Lys-182 and Lys-343, but
95% of its activity, respectively. When the D374Q enzyme not Lys-21, interact with the substrate’s phosphate moiety
was heated for 5 min at 4TC in the absence and presence in both binary and ternary complexe®)(The properties of
of substrate or coenzyme, each akKg@oncentration, G6P  the enzymes with mutations at positions 21, 182, and 343
provided 86% protection, NADprotected 29%, and NADP  reported here suggest that these three lysine residues play
protected 31%. Nondenaturing polyacrylamide gels support different roles irL.. mesenteroideS6PD. Lys-21 makes only
the view that the D374Q enzyme dimers dissociate upon a minor contribution to binding G6P to free enzyme, whereas
heating (C. Wojdyla, unpublished). both Lys-182 and Lys-343 play major roles, comparable to
CD SpectraThe CD spectra of the wild-type enzyme and that of His-178. All three lysine residues make substantial
enzymes exhibiting large changes in kinetic or binding contributions to binding the substrate during catalysis. The
constants (from mutants T14A, K21Q, R46E, P149G, P149V, potential roles of Lys-182 and Lys-343 in the dual coenzyme
K182Q, K343Q, and D374Q) were very similar (data not specificity of the enzyme are discussed below.

shown). The wild-type enzyme shows broad ellipticity  on the basis of the structures of both G6P-containing

minima at 218.5 and 210.5 nm, consistent with the fact that complexes of.. mesenteroide€6PD, it was expected that
192 of the enzyme’s 485 amino acid residues are containedryr.179 would play a significant role in binding G6P: the

in a-helices and 93 residues flastrandg7). All the mutant Tyr-OH is positioned to make an H-bond with one of the
enzymes showed CD spectra that are very similar to that of phosphate oxygen atorr8)(For both the NADP- and NAD-
the wild-type enzyme, indicating that none of these mutations jinked reactions, however, the Y179F mutant enzyme shows
caused general conformational changes. only small increases iK, values for G6P and decreases in
keat Values, leading to modestly reduckd/K., values for
G6P. During catalysis in both the NADP- and the NAD-
The Substrate Binding Sit&he location of the substrate  linked reactions, therefore, the hydroxyl group of Tyr-179
binding site between the coenzyme binding domain and the Makes a relatively small contribution to substrate binding.
larger 5 + a domain was inferred from X-ray structural The Coenzyme Binding Sit€éhe X-ray structure oL.
studies of the wild-typ&. mesenteroideG6PD—phosphate  mesenteroidesG6PD (7) and its coenzyme complexes
complex ). In this structure, the enzyme contains an inner implicate Thr-14, Arg-46, and GIn-47 in coenzyme binding
phosphate ion bound to each subunit atféiEL position of (Figure 1cy The important role that the positively charged

DISCUSSION
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guanidinium of Arg-46 plays in selectively binding thé 2
adenosine phosphate of NADMas been reported) In

the R46E mutant enzyme, the negatively charged side chain

causes a dramatic increase in the appalkgntor NADP™.

This mutation also interferes, somewhat, with the binding

of G6P in the NADP-linked reaction, as well as with NAD
in the NAD-linked reaction. The strong interaction of the
Arg-46 residue with the adenosinefhosphate of NADP,
involving two hydrogen bonds between two guanidinium
nitrogen atoms and two phosphate oxygen atof)s ié
probably the principal reason for the tighter binding of this
coenzyme to the wild-type enzyme compared to NAD
binding (16).

X-ray structural studies reveal that Thr-14, in addition to
binding the 2-adenosine phosphate of NADPparticipates
directly in the binding of both coenzymes via a hydrogen

Biochemistry, Vol. 39, No. 49, 2005019

Table 7: Catalytic Efficiencies of G6PD Mutants Involved in
Coenzyme Binding

NADP reaction

NAD reaction

enzyme KealKa Keal KinKg Keaf Ka Keal KinKg
W.TP 2530 52 269 1.1
R46A 13 0.018 57 0.11
T14A 441 0.59 21 0.06
Q47A 1180 ND 148 NC*

aKia values for NAD reaction: wild type= 599uM, R46A = 3230
uM, T14A = 4800 uM. Data for the wild-type, T14A, and Q47A
enzymes are from Tables 2 and 3; data for the R46A enzyme are from
Levy et al. 6). Ka = Ky, for coenzymeKia = K; for coenzymeKg =
K for G6P.>W.T. = wild type. ¢ ND = not determinedKis values
not available from determination of apparent kinetic constants.

of the enzyme, whereby NADPH and G6P can regulate the

bond from its side chain to the O3 atom of the adenosine eénzyme’s selection of coenzyme utilizatio0( 21). The

ribose? As anticipated, this function can be fulfilled by serine
in the T14S enzyme with no significant change in kinetic
constants (except fd¢; for NADP™) suggesting that the more

present investigation provides some insights into these
characteristics of the enzyme.
The catalytic efficiency of an enzyme is given ky/Kn

hydrophobic nature of the threonine side chain does not (22). When two substrates compete for the same enzyme,

contribute significantly to stabilizing coenzyme in the site.

their specificity is determined by the ratios of thé&ig/Kn

Substituting an alanine for Thr-14 causes a large increase invalues g4). Table 7 lists the ratios df.y; to the coenzyme

the dissociation constant for NADPand increases in the
coenzymeK, for both NADP" and NAD".
The GIn-47 residue is unique In mesenteroide&6PD:

Km for the wild-type enzyme and mutant enzymes R46A,
T14A, and Q47A. We reported earlier on the dramatic effect
on coenzyme utilization in the R46A mutant enzyme, in

most G6PDs, including the human enzyme, have a serine,which the efficiencies for the NADP- and NAD-linked
and other G6PDs have threonine, arginine, or alanine residuegeactions are reverse®)( Table 7 shows that, using this

at this position 7). GIn-47 is positioned to interact with either
the 2-phosphate of NADP or the 2-adenosine hydroxyl of
NADT in the L. mesenteroidesnzyme {), suggesting that
it might play a role in the enzyme’'s dual coenzyme
specificity. The X-ray structures of the enzymeoenzyme
complexes show that NADfails to order Arg-46 and allows
GIn-47 to interact with the adenosiné-f&/droxyl group
through a direct hydrogen boidhis interaction could not

criterion for catalytic efficiency, the T14A mutation has a
greater effect on the NAD-linked than the NADP-linked
reaction and that the effect of the Q47A mutation is relatively
small and approximately the same in both reactions. Both
these mutant enzymes retain their greater efficiency with
NADP*. A more appropriate way of evaluating catalytic
efficiency for a two-substrate enzyme that catalyzes a
sequential mechanism, and that takes into account both

occur in Q47A G6PD. Solely on the basis of the magnitude substrates, is by the teri./KinKg, an expression that is
of the apparent kinetic constants of the Q47A enzyme, noneproportional to the free energy of activation of the overall

of which differ significantly from the corresponding values
of the wild-type enzyme, it would appear that GIn-47 plays
only a minor role in the energetics of coenzyme binding.
However, this enzyme did not yield hyperbolic kinetics for
either the NADP- or the NAD-linked reaction under condi-

reaction 23). Calculations of this term for wild-type enzyme
and the R46A and T14A mutant enzymes in Table 7 reinforce
the conclusions about the effects of these mutations on the
catalytic efficiencies ok. mesenteroide&6PD with NADP

and NAD'. By comparing thek./KiaKg ratios for the

tions normally used to obtain kinetic constants. At saturating NADP- and NAD-linked reactions, one can see that the
concentrations of either substrate or coenzyme, hyperbolicspecificity of the wild-type enzyme is 47 times greater for
kinetics were observed. This suggests that GIn-47 may helpNADP" than for NAD' and that for T14A enzyme it is only

to position the coenzyme correctly with respect to the 10-fold greater. The R46A enzyme has a 6-fold greater

substrate during catalysis. The Q47E mutant enzyme showsspecificity for NAD*. This calculation reinforces the critical

substantial increases in thg, K., andK; values for NADP,

but this may be a secondary effect due to the interaction
between the glutamate residue with the neighboring Arg-

role of Arg-46 in the enzyme’s preference for NADP
NADP™ binds to wild-type enzyme some 200 times more
tightly than G6P 17). The enzyme-G6P complex does not

46, thereby diminishing the effectiveness of that residue in allow productive NADP binding, yet it will allow NAD*

interacting with the adenosiné-ghosphate of NADP.

Dual Coenzyme Specificity and Catalytic Mechanism. L.

mesenteroide&6PD can utilize either NADPor NAD ™" to
oxidize G6P. This unusual dual coenzyme specificity is
accompanied by two other catalytic features: highgand
coenzymeK, values for the NAD-linked than the NADP-
linked reaction 1{0) and different kinetic mechanisms,

to bind productively. Presumably, when G6P is bound, the
high specificity of the enzyme’s Arg-46 for the adenosine
2'-phosphate of NADP (6) could prevent any reorientation

of NADP*, which might be required to form a productive

ternary complex. The weaker interaction of the enzyme with
NAD™ could allow any such reorientation to proceed more
readily. Likewise, the weakened interaction between the

ordered for the NADP-linked and steady-state random for enzyme and NADPin the R46A enzyme could permit such

the NAD-linked reactions1@). This difference in kinetic

reorientation. In the T14A enzyme, binding to both coen-

mechanisms is the basis for an unusual regulatory featurezymes is weakened, and in the Q47E enzyme NADP
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binding is selectively weakened by the introduction of a
negative charge. The affinity for G6P to the T14A and Q47E
mutant enzymes is not significantly altered (Table 5).
Inhibition by reduced coenzyme is competitive in the
ordered NADP-linked mechanism and noncompetitive for
the random NAD-linked mechanismi& 19). For each of
the G6PDs from mutants T14A, R46A, and Q47E, NADPH
inhibition of the NADP-linked reaction is noncompetitive
(Table 5), consistent with a random mechanism. Khdor
NADP* is greatly increased for the T14A, R46A8)( and
Q47E mutant enzymes. Tley values for the NADP-linked
reactions of the T14A, R46A6f, and Q47E enzymes are
higher than that of wild-type enzyme, approaching khe
value for wild-type enzyme in the NAD-linked reaction.

Vought et al.

NADP-linked reaction. NADH inhibition for this mutant
enzyme is noncompetitive with respect to NAs for the
wild-type enzyme. The kinetic constants and nonhyperbolic
behavior of the K182Q NAD reaction, as well as the
importance of the interaction between Lys-182 and Asp-374
(see below), suggest that Lys-182 plays an important role in
facilitating the NAD reaction. Thus, Lys-343 and Arg-46,
and perhaps Lys-182, play important roles in the dual
coenzyme specificity of.. mesenteroide&6PD and help
to explain the role of G6P in regulating the enzyme’s
coenzyme selection.

Roles of Pro-149 and Asp-37€hanging Pro-149 to a
Gly or Val residue greatly reducés, for both the NADP-
and the NAD-linked reactions but also affects all the kinetic

Thus, the T14A, R46A, and Q47E mutant enzymes all have constants in both reactions and the dissociation constant for

weakened NADP binding and enhanced catalytic rates for
their NADP-linked reactions and display random kinetics

G6P. In P149G G6PD, the Gly residue would permit
additional or alternative main chain conformations, some of

when either coenzyme is used. These data reinforce ourwhich might allow the transitions which accompany cis/trans
previous suggestion that a larger portion of the apparent freeisomerization in the wild-type enzyme. Since Gly only rarely

energy of binding NAD to the enzyme may be used to
enhance catalysis than is true for NADMinding (6).

Removal of those amino acid side chains critical for NADP
binding (T14A, R46A) or interfering with the role of Arg-

would adopt a cis conformation, the changes are unlikely to
be precise. In the P149V enzyme, Val-149 is constrained to
be in the trans conformation, so no conformational transition
could occur. One possible consequence of the P149V

46 (Q47E) presumably causes this coenzyme to bind moremutation is that it could disfavor the binding of phosphate

weakly and with fewer constraints, more like the way NAD

to theNe2 of His-178 and favor, instead, the)ld—phosphate

normally binds, resulting in catalytic features associated with interaction. This might increase titg for G6P, which would

the NAD-linked reaction.

not be optimally oriented in the active site. The effect of the

The enzyme’s dual coenzyme specificity and the catalytic cis/trans isomerization is particularly important for residues

mechanisms are influenced not only by the tighter binding close to the coenzyme domain sheet, for residues in helix
of NADP", governed primarily by Arg-46, but also by the o-e in the coenzyme domain, for the conserved peptide, and
mutual orientations of the coenzyme and G6P during for residues in the interdomain cleft. The coenzyme site abuts
catalysis. We do not know the transition state structures, northe coenzyme domain sheet and the substrate site is in the
do we have a structure for a ternary complex for the NAD- interdomain cleft. Isomerization of Pro-149 may play a
linked reaction, but our data suggest that Lys-343 and Lys- critical role in enabling the enzyme to adopt the correct
182, in binding and orienting G6P, play different roles in transition state conformations. It should be noted, however,
the NADP- and NAD-linked reactions. On the basis of the that based on the CD spectra, the overall conformation of
fact that both thé..cand coenzym&,, values for the NADP- neither the P149G nor the P149V mutant enzyme is grossly
linked reaction of the K343Q enzyme are higher than the altered.

wild-type enzyme values, typical for the NAD-linked reac- L. mesenteroideG6PD has an aspartate residue at position
tion, we investigated this mutant enzyme’s kinetic mecha- 374, and all X-ray structures of this enzyme show that the
nism for the NADP-linked reaction and found that it is side chain of this residue interacts with th@mino group
random. We interpret this to mean that in binding G6P, Lys- of Lys-182 across the interdomain cleft. All other G6PDs
343 helps to orient the substrate so as to allow interaction (except that found ih.. mesenteroides dextranigusontain
with NAD™ but to preclude interaction with NADPWithout a glutamine residue in the corresponding position, and in
the strong interaction between Lys-343 and the substrate’sthe human enzyme this glutamine interacts with Lys-205,
phosphate moiety, the nonoptimal orientation of GEP relaxesthe residue equivalent to Lys-1821). It is worth noting,

the constraint on the G6P orientation that precludes NADP also, that both human arld mesenteroide&6PDs can be
from binding to the enzymeG6P binary complex, resulting  covalently labeled with pyridoxal $hosphate but that the

in a random kinetic mechanism. Because of weaker G6P site of labeling of the human enzyme is Lys-2084)
binding to this mutant enzyme, the ordered kinetic pathway whereas in the bacterial enzyme Lys-21 and Lys-343 are
for the NADP-linked reaction can only occur at high NADP  labeled 0). This may result from the interaction of Lys-182
concentration (forcing the enzyme into the NADBinary with Asp-374 inL. mesenteroide&6PD, rendering it less
complex) or high G6P concentration (increasing the con- reactive with pyridoxal 5phosphate. An aspartaté/sine
centration of G6P bound in an orientation unfavorable for interaction is expected to be stronger than the interaction
productive NADP binding). The nonhyperbolic behavior between a glutamine and a lysine residue. This helps,
seen under conditions used to measure true kinetic constantperhaps, to account for the marked stability of the bacterial
is explained by the availability of two kinetic pathways in compared to the human enzyme. The D374Q G6PD is
the NADP-linked reaction. In the K182Q mutant enzyme, unstable at room temperature, apparently dissociating into
the NAD-linked reaction also shows nonhyperbolic behavior, its subunits when heated under conditions where the wild-
and in contrast to the results with the K343Q enzyme, both type enzyme remains active. Asp-374 is not located at the
the kot and coenzymeX,, values are lower than the wild-  dimer interface, but Lys-182 is adjacent to Glu-183, which
type values, suggesting characteristics more typical for the participates in one of the intersubunit salt bridgés The
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fact that G6P stabilizes the D374Q enzyme much better than 6.
either coenzyme and that Lys-182 makes the largest contri-
bution to G6P binding (Table 5) underscores the significance
of the interaction between Asp-374 and Lys-182 in G6P

binding. For the D374Q enzyme in the NADP-linked

reaction, bothk. /K., values, and in the NADP-linked

reaction the substrate./K. value, are reduced to 15% of

their respective wild-type values; the coenzykagK, value

in the NAD-linked reaction is only 8% of the corresponding
wild-type value. This suggests that the interaction between
Asp-374 and Lys-182 during catalysis helps to orient Lys-
182 optimally for G6P binding, especially in the NAD-linked

reaction.
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