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ABSTRACT. Site-directed mutagenesis was used to change E190 of sheep liver 6-phosphogluconate
dehydrogenase to A, D, H, K, Q, and R to probe its possible role as a general acid catalyst. Each of the
mutant proteins was characterized with respect to the pH dependence of kinetic parameters. Mutations
that eliminate a titrable group at position 190, result in pH-rate profiles with no observigbts phe

basic side of th&//Kgpg profile. Mutations that change th&mf the group at position 190 result in the
expected K perturbations in th&/Kep profile. Kinetic parameters obtained at the pH optimum in the
pH-rate profiles are consistent with a rate-limiting tautomerization of the 1,2-enediol of ribulose 5-phosphate
consistent with the proposed role of E190. Data are also consistent with some participation of E190 in
an isomerization required to form the active Michaelis complex.

6-Phosphogluconate dehydrogenase (EC 1.1.1.44) cataScheme 1: Proposed Chemical Mechanism for
lyzes the reversible oxidative decarboxylation of 6-phos- 6-Phosphogluconate Dehydrogenase
phogluconate to ribulose 5-phosphate and,@@th the ,
concomitant generation of NADPHZ, 2).
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Recent isotope effect data have shown that the oxidative
decarboxylation of 6PG to the 1,2-enediol of ribulose
5-phosphate proceed via a stepwise mechanism with hydride
transfer preceding decarboxylation for batt6PGDH and
sl6PGDH @). A general base/general acid mechanism has
been suggested (Scheme 1) based on the pH dependence of nabeu
kinetic parameters)( 5). The general base accepts a proton
from the 3-hydroxyl of 6PG concomitant with hydride
transfer and then shuttles the proton between itself and the
sugar oxygen throughout the reaction, ultimately accepting
it as ribulose is formed. The general acid presumably plays
arole in only the last of three steps, viz. the tautomerization
of the enediol of ribulose 5-phosphate to the keto product.

B:H

The three-dimensional structure of the 6PGDH from sheep
liver has been solved as the apoenzyme and in the presence
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1 Abbreviations: IPTG, Isopropy$-p-thiogalactopyranoside; NADP,
nicotinamide adenine dinucleotide phosphate; NADPH-reduced nico-
tinamide adenine dinucleotide phosphate6PGDH, Candida utilis
6-phosphogluconate dehydrogenas@PGDH, sheep liver 6-phospho-
gluconate dehydrogenase.

of 6PG, NADP, and NADPHS, 7). However, the identity

of the general acid is not certain based on an inspection of
the E:6PG structure. Indeed, a water molecule has been
suggested to play the role by Adams (1994), while glutamate
190 has been implicated by Price and Cod}. ( The
glutamate is completely conserved in all species for which
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Ficure 1: Stereopair of a portion of the 6PG binding site of sheep liver 6-phosphogluconate dehydrogenase. The proposaseacid
catalytic groups are labeled. 6-Phosphogluconate is shown with its carboxylate to the left and its 6-phosphate to the right. Serine 128 is
shown immediately to the left of the 1-carboxylate of the substrate.

strain JM109 were from Promega. Restriction endonu-

Table 1: Aligment of Consensus Sequence at the Active Site
cleases, Taq Plus DNA polymerase, and IPTG were from

species sequence around E190 ref | ife Technologies (Gibco-BRL). The ampicillin, kanamycin,

Citobacter dversus HYVKMVHNGI EYGDMQLIAE 15 - - ’ - -
Citobacter freundii HYVKMVHNGI EYGDMOLIAE 15 U.S. Biochemicals. nges, Bis-Tris, and Ches buffers were
Escherichiavulneris HYVKMVHNGI EYGDMQLIAE 15 from Research Organics Inc. Glycerol was purchased from
Shigella boydii HYVKMVHNGI EYGDMQLIAE 15 Fisher. The DNA molecular weight ladder was purchased
gﬂ!ge::a dysenteriae szﬁmx:mg: EigngHﬁE ig from New England Biolabs. Mutagenesis and sequencing
Sh:ggllg foxner HVVKMVHNG] EYGDMSLIAE 1 primers were purchased from either Biosynthesis or Gibco-
Escherichia coli HYVKMVHNGI EYGDMQLIAE 17 BRL. Sitg-dire_cteq mutagenesis was performed using the
Salmonella typhimurium ~ HYVKMVHNGI EYGDMQLIAE 18 Altered Sites Il in vitro Mutagenesis System from Promega.
K:egs!e“a planticola HYVKMVHNGI EYGDMQLIAE 15 The QIA express type IV kit which contained the pQE-30
ﬁlgbz:gllg Ler:ggar;iae m%&mx:mg: EXSBMSHQE ig vector,E. colistrain M15 and the Ni-NTA matrix was from
Escherichia coli HYVKMVHNGI EYGDMQLIAE 20 Q|AGEN. The Biol01 Kit was from Bi9101, |I’-1C. All other
Bacillus subtilis HYVKMVHNGI EYGDMQLISE 21 chemicals used were the highest quality available and were
gac!”us “Cf;t%_?ifmmis :E\T/E,'\\Aﬂt//:“g:g\((ﬁgmgﬂﬁg gg used without further purification.

aclllus suptilis ; : H H
Actinobacillus HFVKMVHNGIEYGDMOLICE 24 Protein con'centratlolns were dgtermlned_ acpordmg to

actinomycetemcomitans Bradford @) using the Bio-Rad protein assay kit with bovine
Haemophilus influenzae ~ HFVKMVHNGIEYGDMQLICE 25 serum albumin as a standard.
Saccharomyces cesiae ~ HYVKMVHNGI EYGDMQLICE 26 Bacterial Strains and PasmidsTheE. coli strain JM109
gifggggrgggﬁztzﬂs'ae m//»fmmg EEJSDD,\'\A"SHCCE %g (9) was the host strain for plasmids containing glutamic acid
Drosophila melanogaster HFVKMVHNGIEYGDMQLICE ~ 29 190 mutations, and M15[pREP41Q) was used as a host
Drosophila simulans HFVKMVHNGIEYGDMQLICE 30 for expression. The plasmid pAlter-1 was used as the
Homo sapiens HFVKMVHNGIEYGDMQLICE = 31 mutagenesis vector and the plasmid pQE-30 was used as an
Ovis aries HFVKMVHNGIEYGDMQLICE = 32 expression vector
Synechococcus Sp. HYVKMVHNGI EYGDMQLIAE 33 . o .
Sillnechocystis Sp.p HYVKMVHNGI EYGDMSUAE 34 Clonlng of 6-PGDH into the pAIter-l Vectormhe plasmld
Trypanosoma brucei bruceiSCVKMYHNSGEYAILQIWGE 35 pPGDH.LC2 (1) was digested with restriction endonuclases
Bacillus subtilis HFLKMIHNGI EYGMMAAIGE 21 EcaRl and Hindlll to excise the 6-PGDH cDNA. The
consensus HYVKMVHNGI EYGDMQLIAE

6-PGDH cDNA fragment was eluted from agarose gel using
) N the Biol01 Kit. The fragment was then subcloned into the
sequences are now available, Table 1. In addition, the ha| TER-1 vector previously digested with the corresponding
glutamate is close to the desired positi@) @lthough within - enzymes. Competent cells & coli strain JM109 were
hydrogen-bonding distance to the substrate carboxylate intransformed using an EC100 electroporator according to the
the E:6PG binary complex, Figure 1, and its location changes manufacturer's specifications. The resulting strain was
dependent on whether NADP or NADPH is bourf. ( named pPGDH.LC5. Frozen stocks of the strain harboring
In this manuscript, site-directed mutagenesis is used to plasmid were stored in LB/Amp medium containing 15%
change glutamate 190 to a number of other residues, suckg|ycero| at—70 °C.
that it could eith_er no longer serve as a general acid or its ~ gjte-Directed MutagenesisSite-directed mutagenesis was
pK would be significantly perturbed. Data support the performed on single-stranded DNA prepared from the above
assignment of the glutamate side chain at position 190 in ¢|one using the Altered Sites Il in vitro mutagenesis system
the sheep liver 6PGDH as a general acid. Implication of anq the synthetic oligonucleotide primers listed in Table 2.
the assignment is discussed. Newly synthesized DNA was then recovered from the
MATERIALS AND METHODS recipient strain ES130hutSand subsequently transformed
Chemicals and Reagent®eoxynucleotide triphosphates into JM109. Mutations were identified by sequence analysis.
were from Perkin-Elmer, and Taq Pfu was from Stratagene. The mutated plasmids were designated as pAlt.E190A,
The fmoR DNA cycle sequencing kit, 7/DNA ligase, T, pAIt.E190D, pAlt.E190H, pAlt.E190K, pAIlt.E190R, and
kinase, protein molecular mass markers, Bsdherichia coli pAlt.E190Q.
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Table 2: Sequence of Mutagenic Oligonucleotides Table 3: Summary of Kinetic Parameters for E190 Mutants of

E190A CAACGGCATAGCGTACGGGGACA 6PGDH

E190D CAACGGCATAGATTACGGGGACA V/IE; fold V/IKepdE: fold

E190H CAACGGCATACATTACGGGGACA Kepc(uM) (s} decrease (M~'s™!) decrease

E190K CACAACGGCATAAAGTACGGGGACA WT 30+ 10 5 17 10F

E190R CACAACGGCATAAGGTACGGGGACATG E190A 13+ 3 0.007 714 551 310

E190Q CACAACGGCATACAGTACGGGGACATG E190D 22+ 7 0.007 735 310 555
E190H 10+3 0.014 357 1450 120

; ; ; E190K 4+1 0.012 417 2860 60
Subcloning of the Mutants into the pQE-30 Expression F100Q 3.1+02 0.043 116 14100 12

Vector. The 6-PGDH gene containing the desired mutation g190r 1800+ 100  0.006 877 3 54 10t
was amplified using primer pairs BCTATAGGGCGCAT-
GCATGGCCCAAG 3which creates aSpH restriction site

presence of 10% glycerol. In separate experiments, it was
at the start of the gene and BGTAGAGTTGAAGCTTG-  (etermined that the presence of 10% glycerol resulted in no

GAACAGAAG 3’ primer containing aHindlll restriction  change in the kinetic parameters for wild type 6PGDH
site. The 1.49 kb cDNA fragment containing the 6-PGDH ¢ompared to those obtained in the absence of glycerol.
CDNA was subcloned into the pQE-30 expression vector at  pata Processing All plots of reciprocal initial velocities

the corresponding sites. The resulting plasmids were des-yersys reciprocal substrate concentrations were linear. Data
ignated as pE190A, pE190D, pE190H, pE190K, pE190R, \ere fitted to the appropriate rate equations using BASIC
and pE190Q. Competent cells d&. coli M15 were  ygrsions of the computer programs developed by Cleland

transformed using the QIAGEN protocol. Frozen stocks of (12)  supstrate saturation curves were fitted using eq 2. Data
strains harboring plasmid were stored in LB/Amp/Kan for pH profiles in which the log of the kinetic parameter

medium containing 15% glycerol at70°C. The entire gene  gecreases at low and high pH with unit slopes were fitted
in the expression vector was sequenced to ensure the integrity,sing eq 3. Data for pH profiles with one ionization on the

of the cDNA. - _ _ acid side were fitted using eq 4 and profiles with one
Growth and Purification ConditionsThe bacterial strains  jonjzation on the basic side were fitted using eq 5.

containing each mutant was grown in 10 L of LB/Amp/Kan

medium until an absorbance of 0.7 at 600 nm was reached, v=VAK,+ A (2)

at which time IPTG was added to a final concentration of

0.5 mM and growth was continued for another 4 h. The logy = log[C/(1 + H/K; + K /H)] (3

bacterial cell paste was collected by centrifugation at 7000

rpm for 5 min, resuspended inK3volume sonication buffer logy = log[C/(1 + H/K))] 4)

(50 mM sodium phosphate, pH 8.0, and 300 mM NaCl) and

stored at—20 °C. logy = log[C/(1 + Ky/H)] (5)
Protein purification conditions were as previously de- ) o ] ) ) )

scribed (1). All mutant enzymes purified in a manner !N €q 2,v is the initial velocity,V is maximum velocity,

identical to wild-type enzyme. Alis substrate concentration, algl is the Michaelis constant

pH Studies Enzyme assays were carried out using an HP for_ A In eqs 3-5,yis the value of the_parameter of inte_rest,
8453 diode array spectrophotometer. The appearance ofC iS the pH independent value gf H is the hydrogen ion
NADPH was monitored at 340 nrade = 6220 M- cmY). concentration, anK; and K, are the. acid d|ssoc_|at|on
Reactions were carried out in 1 mL volumes using 1 cm ponsta_nts for enzyme or substrate func_:t|onal groups important
path-length cuvettes. Initial velocity data were obtained at In @ given protonation state for optimum binding and/or
different pH values varying 6PG and maintaining NADP at Ccatalysis.
a fixed saturating concentration of 0.4 mM. The pH was RESULTS
maintained using single buffers at low pH (Bis-Tris, pi8),
intermediate pH (Hepes, pH-8), and high pH (Ches, pH Kinetic Parameters of the Mutant ProteinsSaturation
~9). Mixed buffers were used to span the pH values curves were obtained for 6PG at saturating NADP, at the
between the pH of the stock buffers. The total buffer optimum pH for each of the mutant proteins. To ensure that
concentration was 100 mM in all cases. The buffers were NADP was saturating, individual rates were repeated at twice
checked for any nonspecific enzyme inhibition with no the concentration of NADP, with no change observed. Data
inhibition found. The pH of the assay mix was determined are summarized in Table 3.
after the initial velocity measurement. Each of the assays The value ofV/E; is decreased by at least 2 orders of
using mutant enzymes contained between 16 angugOgf magnitude for all of the mutant proteins compared to the
enzyme. Initial experiments revealed, at high mutant enzymewild-type enzyme. In all cases except that of E198Rss
concentrations in the absence or presence of NADP, ais either identical or decreases compared to the value
background nonspecific absorbance change in the 340 nmmeasured for the WT enzyme. Note that with one exception,
region. Consequently, a three point drop line background E190R, the fold decrease in the second-order rate constant,
correction was used with 290 and 410 nm background V/KepcE;, is less than that observed on the first-order rate
wavelengths and 340 nm as the reference wavelength. ltconstant,V/E. In the case of the E190R mutant protein,
was subsequently determined that the background absorbancigpg has increased 60-fold, suggesting a decreased affinity
change could be reduced or eliminated if 10% glycerol was for 6PG, likely a result of steric interference by the bulky
included in the assays. Thus, all pH profiles except those guanidinium group of the arginine side chain. All of the
for the mutants E190K and E190H were obtained in the other mutations, with the exception of lysine, result in shorter
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Ficure 2: pH dependence of kinetic parameters for wild type
6-PGDH. Data were obtained for(A) andV/Kgps (B). The points
shown are the experimentally determined values and the curves
are from a fit of the data using eq 3.

side chains compared to that of the WT glutamate, and the
e-amine of lysine is not as bulky as that of theguanidino
of arginine.

pH Dependence of Kinetic Parameter§he pH depen-
dence of kinetic parameters should provide the best indicator
as to the general acid capability of E190, since they give a
direct measure of the K value for the general acid
functionality of 6PGDH 4, 5). The pH-rate profiles have
been obtained for the WT 6PGDH as a frame of referénce
for the mutant pH profiles, Figure 2. In addition, the pH-
rate profiles have been measured for all mutant proteins,
Figures 3-8. A summary of estimatedipvalues for the
WT and mutant proteins is given in Table 4.

Unlike the WT 6PGDH, which exhibits a pH dependence
to V/E,, all of the mutant enzymes show no pH dependence ., v,
to the first-order rate constant over the pH range studied.
Generally, above and below the pH range indicated, the
mutant proteins were unstable. The pH independenvéof
suggests that the mutant enzyme, unlike the WT enzyme,
selectively binds substrate only when catalytic/binding groups
are in their optimum protonation statd3j. With the
possible exception of the E190H mutant, M#&epdE: pH-

log V/E
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Ficure 3: pH dependence of kinetic parameters for the E190A
mutant of 6-PGDH. Data were obtained #i1(A) and V/Kgpg (B).
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Ficure 4: pH dependence of kinetic parameters for the E190Q

rate profiles have been altered considerably, compared tomutant of 6-PGDH. Data were obtained fé(A) and V/Kgpg (B).
those of the WT enzyme, consistent with E190 playing a The points shown in panel B are the experimentally determined

catalytic role.

DISCUSSION

As shown in Table 1, E190 is completely conserved for
6PGDH from all species for which a primary sequence has
been determined. It is likely then, that the glutamate side

2The K on the acid side of th&/K profile is lower than that
reported previouslyH). The lower value is a result of an inhibitory
effect by Mes buffer unrealized in the previous studies.

values and the curve is a fit of the data using eq 4.

chain is important to the mechanism of 6PGDH, especially
since it is found in the active site within hydrogen-bonding
distance to the carboxylate of 6PG, Figure 1. In the binary
complex with N(8-BrA)DP, E190 is in van der Waals contact
with the amide side chain of the nicotinamide ring, as is
K183 (7). Rearrangent takes place upon binding of 6PG
(7), and E190 and S128 are observed hydrogen bonded to
the carboxylate of 6PG, Figure 1. (E190 is also hydrogen



General Acid Catalyst in 6PGDH Biochemistry, Vol. 37, No. 45, 19985695

-1

log V/E, 2 o %o log V/E, o © %

-2.54

log V/KE,
log V/KE;

pH

7

pH

o Ficure 7: pH dependence of kinetic parameters for the E190K
Ficure 5: pH dependence of kinetic parameters for the E190H ., tant of 6F-)PGD|E1. Data were obtaineg f6((A) and V/Kspe (B).
mutant of 6-PGDH. Data were obtained #(A) andV/Kers (B).  The points shown in panel B are the experimentally determined
The points shown in panel B are the experimentally determined .5 es and the curve is from a fit of the data using eq 4
values and the curve is a fit of the data using eq 3. '
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Ficure 8: pH dependence of kinetic parameters for the E190R

Ficure 6: pH dependence of kinetic parameters for the E190D mutant of 6-PGDH. Data were obtained f6(A) andV/Kesc (B).

mutant of 6-PGDH. Data were obtained f61(A) and V/Kepg (B).
The points shown in panel B are the experimentally determined

values and the curve is a fit of the data using eq 5. binary complex with NADPH shows significant movement

of the nicotinamide of the reduced cofactor such that it now
bonded to a tightly bound water.) If E190 is the catalytic occupies the position of the 1-carboxylate of 6PG with the
general acid, the hydrogen-bonding interactions are expected\H of its carboxamide side chain hydrogen bonded to S128
to change once the enzyme prepares to catalyze the decarand E190 hydrogen bonded to a water molecidde (t is
boxylation, since the hydrogen bond would increase the thus surmised that the hydrogen-bonding interaction of E190
difficulty of decarboxylation by opposing electron flow from  to the carboxyl no longer exists once oxidation has occurred,
the carboxylate toward the carbonyl carbon at C-3. The and E190 could now be in proper position to act as the
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general_e_lcid in the tautomerization step. There is Iikely 10 Taple 4: Summary of I Values for 6PGDH WT and E190 Mutant
be additional change (although probably subtle) in the proteins

position of the 3-keto intermediate as well, resulting from

the hybridization change at C-3. It thus appeared reasonable PK.+ SE Mo+ SE
that E190 served as the general acid, required to protonate WI//E 58401 88401
C-1 of the enediol of ribulose 5-phosphate as it is tautomer- V/KtGPGEt 56401 8.0+ 0.1
ized to the keto form. E190AV/KepcE: ca. 6
Interpretation of Kinetic Data A minimal kinetic mech- E190DV/KepcE: 8.2+0.2
anism for 6PGDH, including 6PG binding, and all three of Eiggzwﬁ‘*"ﬂ 63+02 82402
. . . e =1 72+0.1
the catalytic steps are given in eq 6 E190QV/KepcE: 61+02
E190RV/KepdEy ca. 8.2

kB
EA==EAB é E*AB g E*RX 5
ka ke ke represented bl The mutant proteins all have rates lower
E*RY M ER& E (6) than those of the WT enzyme, and thus the denominator of
eq 12 is likely to be larger than the numerator, resulting in
where the A, B, R, X, and Y represent NADP, 6PG, NADPH, a lower value ofKgpg for the mutant proteins than for the
3-keto-6PG, and the 1,2-enediol of ribulose 5-phosphate, E* WT enzyme. Data in Table 3 are consistent with the analysis
represents a conformational change prior to catakbjsignd (with the exception of the R mutant discussed above) and
ks are binding and dissociation constants for 6R&andks support the identity of the general acid as E190.
are rate constants for the enzyme isomerizatierand kg Regarding the differential changes Vhand V/K, since
represent forward and reverse hydride trandéerepresents  kz/kiz is present in the denominator ¥f but notV/K, one
decarboxylation and release of gQ; represents either  would expect a decrease in the valué/pbut notV/K. The
tautomerization and release of ribulose 5-phosphate or releaselata in Table 3 do give a greater decreas¥ than inV/K,
of the enediol intermediate, arlds represents release of but there is also a significant decreas&/iK. The decrease

NADPH. in the second order rate constant likely reflects a decrease
Expressions foW, V/IKeps andKeps based on the above in the rate of isomerization of the ternary complex. However,
mechanism, are given as eqs9. to account for the lowelKmaaeValues of the mutant enzymes,
kz/ks must be less thaks/ks + kz(1/ks + 1/ki1).
V= [ki/ (1 + ke/ke)l/{1 + [ky(l/ks + 1kg + Lhy; + Interpretation of the pH-Rate ProfilesOn the basis of

1K ))(1 + Kg/ks) + kglko} (7) the likely identity of the general base (K183) and general
acid (E190) from structural studieg)( previously determined
VIKgpg= pH-rate profiles have been interpreted in terms of reverse

KK Ko /KK (Ko/K)(L + KJK,) + 8 protonation states between the two groups. That is, although
[skstalkakel (krlko) Kfka) + kefkl (8) K183 is the likely general base, it&ps observed on the

Kepe = K1 + (Ko/Kg) (L + Kg/k,) + kg/kgl/ basic side of the pH profiles, while that of E190, although it
is the likely general acid, is observed on the acidic side of

[(1 + kefke) (1 + lko) + ko1/ks + 1hkg + 1ky; + 1kyo)] the pH profile B). The two groups exist in protonation states
9) in the E:6PG and E:6PG:NADP complexes that are opposite
that expected based on thEgof Lys and Glu in solution
(13). Thus, the K of 5.6 in theV/Kepg profile is thought to
be that of E190, while thekpof 8 is thought to reflect K183
(Table 4, Figure 2). A second possibility is that the acidic
pK could be attributed to the 6-phosphate group of 6PG.
V= However, the value of theipis 5.6, considerably lower than
[k,/(1 + k/ko) V1 + {k;(1/ks + 1k )} /(1 + kgkg)] (10)  the phosphatelp of 6.1 (14), and in addition, the I is
observed in the/ pH profile, which effectively rules out
VIK o = [Kakeko/KKel/[1 + (Ko/kg)] (11) this possibility. The lysine and glutamat&gmust then be
perturbed to lower and higher pH values as a result of the
Kgpc= hydrophobic nature of the active site.

The majority of the mutant proteins show little or no pH
K41 + (k 1+ + ko(1/ks + 1Kk 12
ol (ks kefks + kol lhs Mol (12) dependence to their kinetic parameters, and this is especially

Thus, dependent on the valuegks in the numerator of eq true for theV profiles. As stgted gbove_, the pH independence
12 andks/ks + ki(1ks + 1ki) in the denominator of the of V suggests a mechanism in which only .the correc.tly
equation, theq (equal toky/ks, the dissociation constant for ~ Protonated form of the E:NADP complex binds 6PG in
6PG from the E:NADP:6PG ternary complex) will differ preparatlon'forcatalyss_, at Ieast' over the pH range accessed.
from Keps To further simplify, one can consider the On the basis of the limited studies presented, other mecha-

chemical mechanism, noting that the general acid functions Nisms cannot be ruled out at this time and additional studies
as a catalyst in the conversion of E*RY to ER, the step will be required to sort out the mechanistic possibilities. The
pH-rate profiles of the mutatt/K pH profiles are dramati-

s . o cally changed when compared to those of the WT enzyme,
Data from isotope effect studies indicate the presence of a . . . ;
kinetically significant conformation change prior to catalysis (see consistent with the assignment Of E190 as the general acid
following article in this issue). catalyst. The mutanV/K pH profiles will be interpreted

On the basis of the assigned rapid equilibrium random kinetic
mechanism&) and the proposed rapid release of Cky/ky
andkg/ke, ki/ke, andk/ky3 are zero, and the above expressions
reduce to those given in eqs -102.
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within the framework of the mechanism proposed for the
WT enzyme.

The E190A and E190Q mutant proteM/K profiles
decrease at low pH, but are pH independent at high pH. The
acidic (K of about 6, in both cases, is likely that of the lysine
which must be unprotonated for catalysis. The lysite p

of the glutamate and may suggest that the two residues are
hydrogen bonded to one another in the E:NADP complex.

The E190D and E190H mutant proteins likely behave in
a manner similar to the WT enzyme. In the case of the D
substitution, data could not be collected at low enough pH
to observe the acidiciy but it is expected to be 6 or below,
reflecting the K of the aspartyl side chain. Th&mof 8 is
observed, reflecting the lysine. In the case of the histidine
substitution, both i§s are similar to those observed for the
WT enzyme, but the i of about 6.3 now reflects the
imidazole side chain. TheKpis higher than that observed
for WT, consistent with the higherkpfor imidazole vs a
carboxylate. Although the imidazole side chain introduces
another positive charge in the site, it does not influence the
K183 K, since the imidazole will be neutral over the pH
range the lysine is titrated.

The E190K mutanWV/K profile shows a decrease on the
acidic side, likely reflecting the o of K183 at a lower pH

with the lysine substitution. The second lysink & not

observed and is presumably above pH 9.5, closer to a normal 24,

lysine K, unperturbed by K183 which will be neutral over
the pH range K190 is titrated.

The E190R pH profile differs from those of the other
mutants in that it decreases on the acidic side witiKap
about 8-9. It is suggested that the observed is that of
K183 which must be unprotonated for catalysis and that the
pH profile will likely also decrease on the basic side with
the K of the arginine. Unfortunately, data cannot be
collected to high enough pH to observe the othiér p

Data, as discussed above, are those expected for the

changes made to a general acid catalyst. It is not possible 26.

at this point to determine the rate enhancement realized by

E190, since the overall mechanism is multistep and E190 27

participates in at least two steps, the enzyme isomerization
depicted in mechanism 6 and the tautomerization reaction.
Additional research will be required to sort out the multistep
process.
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