Biochemistry2001,40, 1018710196 10187

On the Multiple Functional Roles of the Active Site Histidine in Catalysis and
Allosteric Regulation ofEscherichia coliGlucosamine 6-Phosphate Deamiriase

Gabriela M. Montero-Mora, Samuel Lara-Goritez} Laura |. Alvarez-Aforve} Jacqueline A. Plumbridgeand
Mario L. Calcagno*®

Departamento de Biogmica, Laboratorio de Fisicogmica y Dis€io de Proténas, Facultad de Medicina, Umérsidad
Nacional Autmoma de Mgico (UNAM), P. O. Box 70-159, Mexico City 04510, D.F.)Xite, and Institut de Biologie
Physico-Chimique (CNRS, UPR9073), 75005 Paris, France

Receied March 22, 2001; Resed Manuscript Receéd June 20, 2001

ABSTRACT. The active site of glucosamine-6-phosphate deaminase (EC 3.5.99.6, formerly 5.3.1.10) from
Escherichia coliwas first characterized on the basis of the crystallographic structure of the enzyme bound
to the competitive inhibitor 2-amino-2-deoxy-glucitol 6-phosphate. The structure corresponds to the R
allosteric state of the enzyme; it shows the side-chain of His143 in close proximity to the O5 atom of the
inhibitor. This arrangement suggests that His143 could have a role in the catalysis of the ring-opening
step of glucosamine 6-phosphate whasanomer is the true substrate. The imidazole group of this active-
site histidine contacts the carboxy groups from Glu148 and Aspl141, vi@itsakdm [Oliva et al. (1995)
Structure 3, 1323-1332]. These interactions change in the T state because the side chain of Glu148
moves toward the allosteric site, leaving at the active site the dyad Aspl141-His143 [Horjales et al. (1999)
Structure 7 527-536]. In this research, a dual approach using site-directed mutagenesis and controlled
chemical modification of histidine residues has been used to investigate the role of the active-site histidine.
Our results support a multifunctional role of His143; in the forward reaction, it is involved in the catalysis
of the ring-opening step of the substrate, glucosamine 6-P. In the reverse reaction, the substrate fructose
6-P binds in its open chain, carbonylic form. The role of His143 in the binding of both glucosamine 6-P
and reaction intermediates in their extended-chain forms was demonstrated by binding experiments using
the reaction intermediate analogue, 2-amino-2-demxpdcitol 6-phosphate. His143 was also shown to

be a critical residue for the conformational coupling between active and allosteric sites. From the pH
dependence of the reactivity of the active site histidine to diethyl dicarbonate, we obseigdreapge

of 1.2 units to the acid side when the enzyme undergoes the allosteric T to R transition during which the
side chain of Glu148 moves toward the active site. The kinetic study of the Glu148-GIln mutant deaminase
shows that the loss of the carboxy group and its replacement with the corresponding amide modifies the
keatVersus pH profile of the enzyme, suggesting that the catalytic step requiring the participation of His143
has become rate-limiting. This, in turn, indicates that the interaction Glu148-His143 in the wild-type
enzyme in the R state contributes to make the enzyme functional over a wide pH range.

The enzyme glucosamine-6-phosphate deaminase (EQ(2-amino-2-deoxys-arabino-hex-2-enitol 6-phosphate) and
3.5.99.6, formerly glucosamine 6-phosphate isomerase, ECits tautomeric imine (2-deoxy-2-iminp-arabino-hexitol
5.3.1.10) fromEscherichia coli catalyzes the reversible 6-phosphate) as reaction intermedia®s This mechanism
conversion ofp-glucosamine 6-phosphate (GlcN&mto is similar to that of other ketose-aldose isomerages3)
p-fructose 6-phosphate (Fru6P) and ammomj&). It shows and it is illustrated in Figure 1, which also summarizes the
an absolute specificity for the-anomer of GIctN6P3), and main results of this research. The enzyme frEmcoli is
its reaction mechanism involves a ring-opening step, followed the most studied GIcN6P deaminase, and it has been
by an enolization step that proceeds througiisenolamine  structurally @, 5) and functionally characterize®+<8). It
is an allosteric enzyme activated +acetylglucosamine
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Ficure 1: Scheme of the chemical mechanism of the reaction catalyz&d bgli GIcN6P deaminase, which resumes data from previous
researchZ, 4) and the results of the present paper. The dotted arrows correspond to the equilibrium of the enzyatuethyitheGICNGP.
The contribution of this form of the substrate to the reaction rate is discussed in the text.

\4‘:0
Ficure 2: Stereo drawing showing the active sitef coli GICN6P deaminase in the R aIIosterlc state. A molecule of GIcN-ol-6P, a
dead-end inhibitor of the enzyme, appears bound to the site, and the side chains of the functionally significant residues discussed in the text,

are depicted using stick and ball representation. This figure was generated from the coordinates of the deaminase-GlcN-ol-6P complex
(PDB 1hor), using the graphics program MolScrip8) compiled for Linux and rendered to the present version with Raster33p (

inhibitor 2-amino-2-deoxy-glucitol 6-phosphate (GlcN-ol-  (2), has been reexamined in the light of the crystallographic
6P) (PDB 1hor) allowed the precise identification of the structure 4). Using the three-dimensional structure of the
catalytic pocket (Figures 2 and 3). The enzyme is a hexamerenzyme complexed with GIcN-ol-6P as well as the modeled
of identical subunits, arranged as a dimer of trimers. The complex of the enzyme bound top-pyranosyl-GIcN6P, it
comparison of the structure of the hexamer in the R and T was possible to propose some functional roles for several
conformations provided a first geometrical description of the active-site residues4). The complex of the enzyme with
allosteric transition. This consists of a concerted change inthe inhibitor GlcN-ol-& (PDB 1hor) shows the ligand in
the quaternary structure, as predicted by the MWC model an almost extended conformation. This conformation should
(9), accompanied by well-defined internal rearrangements be similar to that adopted by the bouatiiehydeGICN6P.

in each monomers). The catalytic mechanism of GICN6P  The proximity of the carboxylate group of Asp72 to the-€1
deaminase, as originally proposed by Midelfort and Rose C2 bond of GlcN-ol-6P suggests that this acid residue is the
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Ficure 3: Stereopair showing the displacement of the side chain of Glu148 in the allosteric transikorcalf GICN6P deaminase. Its
carboxylate group appears at interaction distance with @ &tom of His143 when the enzyme is in the R allosteric state (grayg- N
(His143)-G2(Glu148) distance= 2.71 A) and moves toward the allosteric site where it forms a salt bridge with the ammonium group of
Lys160 (black). The interaction Asp141-His143 is conserved in both conformational states; the corresponding distardgs! sxAR)-
0062(Asp141)= 3.33 A (R form) and N1(His143)-®2(Asp141)= 2.6 A (T form). This image was generated from the coordinates of the
deaminase with the active site occupied by GlcN-ol-6P (PDB 1hor) and from those for the ligand-free structure (PDB 1cd5), as described
in Figure 2. Overlapping of both set of coordinates was performed with the program Swiss-Pdb\Agwer (

general-base catalyzing the GIcCN6P enolization by abstrac- 130 140 150 160
tion of the C-2 proton. Indeed, its replacement by asparagine l l | l
decreased thi&. for the forward reaction by 4 orders of & < loop 136-158 ——

magnitude (S. Lara-Gonkez, unpublished). The O5inthe ..
inhibitor molecule corresponds to O5 of the open-chain vcnole
substrate and becomes the pyranose oxygen in the cycliciaein
form of the sugar. This atom contacts witlkNof His143, 23;22
suggesting that this histidine residue could play a role in the yesau
ring opening ofa-D-GIcNEP (4). The imidazolic N1 of Mouse
His143 side-chain appears hydrogen-bonded to the carboxy—g;:z
lates of Asp141 and Glul148 when the enzyme is in the R

allosteric conformation. This arrangement changes when the

enzyme goes from the R to the T allosteric state. A local pacsu OLVDSLEDTRIOLLEIERNERT PGTS FKSRRHVEE
displacement of the loop 144154 occurs, resulting in a  Clostac NKILSSEGT MIQVLETEFNET GNP DT NFEAKIHT YT
: H i H H Gialal QELKATEPCRVWLLETEH I PGSPRDS VK
reorientation of th(_e s@e chain of Glul148, vyh|ch moves -7 RETKO VR L e B s 0 A
toward the allosteric site and forms a salt bridge with the Fr T 1 11
side chain of Lys160 (Figure 3). This lysine residue is part Position of the | [ Position of the
of the allosteric site and contributes to the binding of the active-site triad Allosteic P
. . . 1naing resiaues.
phospho group of GIcNAC6P. This is the most conspicuous ¢

tertiary structural change produced by the-Rtransition
in the deaminase monomer, and it occurs independently ofFicure 4: Alignment of several orthologous sequences of GBNG
the quaternary structural change, which consists of an overalldeaminases from bacteria and eukaryBtcherichia coli (Ecoli);

rotation of the enzyme subunits)( One of the consequences  YiPrio cholera (Vchole); Heemophillus influenzagHaein);Borrelia
burgdorferi (Borbu); Homo sapiens (Human); Mesocriceetus

of the local structqral change is that the triad Asp141-His143- auratus(Mesau)Mus musculugMouse):Drosophila melanogaster
Glu148, present in the R state, becomes the dyad Aspl41{Droso); Genorabditis elegan§Caeel):Candida albicans(Canal);
His143 in the T-state (Figure 3). The arrangement around Bacillus subtilis (Bacsu)Clostridium aceticun(Clostag; Giardia
His143 in the active site of GIcCN6P deaminase resembleslamblia, gene 1 (Gialal). (A) The orthologous group of GIEN6

. : . deaminases known to be allostefiit: €oli, mammalsDrosophilg
the active site of serine proteases. In both cases, #ie N or predicted to be; all have the residues involved in binding the

atom of the active-site histidine makes contact with an gjiosteric phosphate. These allosteric functional residues are Arg158,
activating carboxy group, while thed® is able to transfer  Lys160, Ser151, as well as Thri61 and Tyr288)( not shown
a proton, after being transitorily protonated during the here. In this group, the triad 14143-148 is invariant. (B)
catalytic cycle 4). In the R state of GIcN6P deaminase, De&aminases known to be nonallostef@igrdia, Candidg or those

N . . lacking the signature for the binding site for the allosteric phosphate
which is the conformation expected to be responsible for (Gram positive bacteria). Sequences were obtained from GeneBank

most of its catalytic activity, there are two carboxy (http://www.ncbi.nim.nih.gov/genbank) and TIGR (http:/Awww.ti-
groups simultaneously interacting with théNatom from gr.org) databases. Identical amino acids within each subset are
His143. The importance of this triadic arrangement around shown on a black background while similarities appear in bold
His143 can be inferred from the sequence alignment showncharacters. The segment 13858 in E. coli deaminase is a loop

in Figure 4. In those deaminases known to be allosteric theConnECtIng the sixth and the sevefitstrands (E and Gstrands in

In g s 7 o ref 4). The position of the active-site triad and the phospho group
triad Asp141-His143-Glu148 is absolutely conserved (Figure pinding residues in the allosteric site are indicated with arrows.

4A). Histidine-aspartate pairs are common in the active site This alignment was produced with the program Multalin 5.42)
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of many enzymes; they are present in the famed catalytic
triad in serine-protease4@ and in other enzymes such as
D-glucarate dehydratasé&l), L-lactate dehydrogenase (fla-
vocytochromdy,) (12), and several hydrolytic enzymek3).

A ring-opening mechanism of cyclic sugar substrates using

Montero-Moran et al.

transform theAnagstrain IBPC59023). This strain isAlacl

and expresses the deaminase constitutively from the plasmid
lac promoter. Details of the procedure and a more complete
description of the bacterial strain were already repor@d (

Enzyme Purification and Assay®Vild-type GIcN6P

a histidine imidazole as a general acid or base catalyst hasdeaminase and the mutants used in this research were all
been proposed for those aldose-ketose isomerases whiclpurified by allosteric affinity chromatography, as previously

contain a histidine-carboxylic amino acid pair, such as
phosphoglucose isomeras®), GIcN6P synthase (Fru6P-
glutamine amidotransferasd)y), L-arabinose isomerasgq),

and p-xylose p-glucose) isomerase. However, in the last
enzyme the catalytic role of the active-site histidine in sugar
ring-opening, based on the crystallographic structdrg, (

reported 6, 8). The purity of the enzymes was verified by
SDS-PAGE. These mutations are not expected to produce
a significant change of the molar absorptivity of the enzyme,
and thus, the value for the wild-type enzyme (2&QLO*
M~tcm™) was used to calculate the molar concentration of
these mutant forms. GIcN6P deaminase assays and analyses

was not supported by site-directed mutagenesis experiment®f kinetic data were performed as previously reportéd (

(198).

The purpose of this research is to characterize the
functional role of His143 and the carboxylic residues which
contact it inE. coli GIcN6P deaminase and to correlate their
structural changes with the allosteric properties of the
enzyme. For this, we have used a combined approach of site
directed mutagenesis and chemical modification. Our results
demonstrate that His143 and its flanking carboxylic residues
have multiple roles in the catalytic and allosteric properties
of GIcN6P deaminase.

MATERIALS AND METHODS

BiochemicalsDiethyl dicarbonate, (EtO-CO (DEDC),
also called diethyl pyrocarbonate (DEPC), and most bio-
chemicals were purchased from Sigma-Aldrich’ iQiga S.

A. de C. V. (Toluca, Edo. Mex., MexicoN-6-aminohex-
anoylglucosamine-6-P agarose, GIcNAcGHRtN-ol-6P,*C-
labeled GIcNAc6P andH-labeled GlcN-ol-6P, were all
prepared as previously describef).(The oxime of Fru6P
(2-(hydroxyimino)-2-deoxyp-arabino-hexitol 6-phosphate)
was prepared from Fru6P according to Finch and Merchant
(19). 2,5 anhydrep-mannitol 6-P was prepared from the
corresponding nonphosphorylated compound (Sigma-Ald-
rich) by phosphorylation with 1.2 molar excess of Mg&TP
and yeast hexokinase (Sigma H5625, 2.5 U ®LThe
product was passed through a column packed with Dowex
50 H* equilibrated and eluted with water. Then, arthydre
p-mannitol 6-P was purified on DEAE cellulose (Whatman),
packed in 100 mM pyridine: 1 M formic acid and eluted
with the same buffer. Th®©-methyl glycosides of Fru6P
(mixed a and 5 glycosides) were prepared by methylation
of Fru6P, according to Fishbein et a20§. Phosphate esters
were detected and quantified according to Ben-Yoseph et
al. (22). All other chemical reagents were of suitable grade
and purity for their immediate use.

Bacterial Strains and Mutagenes&ite-directed mutations
were constructed by the technique of oligonucleotide-directed

mutagenesis, using the Kunkel method, as described by

Sambrook et al.42) with the nagB gene inserted in the
single-strand vector pTZ18R. The single mutations created
were His143 (CAT) to GIn(CAA), Aspl4l (GAC) to Asn
(AAC), and Glu (GAA to GIn(CAA)). The replacement of
each carboxylic amino acid for its corresponding amide was

7). Rate measurements were made at pH 7.7, 4C3id 50

mM Tris-HCI buffer, unless otherwise indicated. When
kinetic parameters were measured as a function of pH, the
ternary ACES-Tris-ethanolamine buffer was used to keep
ionic strength variations at a minimur24). The measure-
ment of the reverse reaction rate was performed in an

incubation mixture prepared in the same buffer and contain-
ing variable concentrations of Fru6P and M O;. The
GIcN6P formed was measured at fixed times, using a

modified Morgan-Elson procedure, as already describgd (

Measurement of the Dissociation Constant of the Allosteric
Activator. The dissociation constant for GIcNAc6P and
GlIcN-ol-6P was determined by ultracentrifugation according
to the procedure of Howlet2g) as modified by Montero-
Moran et al. g).

Chemical Modification by DEDC of the Wild-Type and
Mutant GIcN& Deaminases. Kinetic Analysis of its pH-
DependenceDiethyl dicarbonate shows a good specificity
for the carboxyethylation of histidine residues near neutral
pH (26), but it is unstable in aqueous media; its decomposi-
tion rate depends on temperature, pH and buffer composition
(27). Solutions of approximately 50 mM DEDC in cold
absolute ethanol were prepared immediately prior to use. The
exact DEDC concentration was calculated by means of its
reaction with imidazole, using the known molar absorptivity
for N-carboxyethylhistidine ezzp = 3.0 x 10° Mt cm™,

27).

Carboxyethylation of GIcN6P deaminase was carried out
by incubating the protein (&5 uM) with DEDC in 0.2 M
HEPES buffer at variable pH. The final ethanol concentration
in the reaction mixture never exceeded 5%. The reaction was
brought to a halt by the addition of histidine, to obtain a
final concentration of 1 mM. Then, a series of rate measure-
ments at variable GIcN6P concentrations were run, to
determine the kinetic parameters of the enzyme. Despite the
great molar excess of DEDC over the enzyme, pseudo-first-
order kinetics were never attained because of the instability
of the reagent in aqueous solution. To correct the kinetic
data to allow for hydrolysis of DEDC, the pseudo-first-order
rate-constants for this side reaction were determined through
the pH range explored. These data were used to correct the
reaction rates of deaminase modification, according to Gomi
and Fujioka 28).

chosen as the most conservative mutation, changing the pHRESULTS

dependent electrostatic properties of the active site but
maintaining the side chain polarity in order to minimize any

active site distortion. Phagemids, pTZ(NagB), carrying the
mutations were verified by sequencing and were used to

The Replacement His143-GIn Drastically Impairs the
Activity of the Enzyme in the Forward but not in the
Backward Direction of the Reactiohe curves of initial
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FIGure 5: Initial velocities versus substrate concentration curves

for the His143-GIn mutant form of GIcN6P deaminase. Data were
obtained in the absence (broken li@®), or in the presence (solid
line, ®) of 2 MM GIcNAc6P. Assays were performed using mutant
GIcN6P deaminase (0.2M) in a final volume of 200uL in 50

mM Tris-HCI buffer (pH 7.7) at 30C, as describedrj. Data were
fitted to the hyperbola. The fitted kinetic parameters are shown in
Table 1B.

velocities versus GIcN6P concentration for His143-Gln
deaminase in the forward direction of the reaction are
hyperbolic. This result contrasts with the kinetic behavior
of the wild-type enzyme, which displays strong homotropic
cooperativity ). The addition of a saturating concentration
of GIcNAc6P did not produce significant changes in its
kinetic parameters (Figure 5 and Table 1B). The mutation

Biochemistry, Vol. 40, No. 34, 200110191

kinetic measurements out of the inhibitory range (Figure 6).
Data were fitted to the following equation:

vo = [Keat [EJINH . TFruePI/K, N+ 1K [FrH6P) 4+
Km[FfUGP{NH4+] + Km[NH4+][Fru6P]+ [NH4+][FI’U6P]]
)

The kinetic parameters obtained are shown in Table 1C. The
fitted k.ot Value for the reverse reaction catalyzed by the
His143-GIn mutant, is 10.37%, which is close to the value
for the wild-type enzyme (15.2°9). This contrasts with the
decrease of 3 orders of magnitude in agfor the forward
reaction (Table 1B).

Inhibition by Analogues of Fru6PTo know more about
the form of Fru6P interacting with the active site of the
enzyme, we tested the following Fru6P analogues as potential
GIcN6P deaminase inhibitors in the forward direction of the
reaction (Figure 7): () 2,%nhydrep-mannitol 6-F which
is structurally similar to thes-anomer of furanose-Fru6P,
the most abundant Fru6P anomer in solutigg)( (Il) The
O-methyl glycosides of Fru6P (mixed- and S-isomers)
which are structurally related to the corresponding anomers
of furanose-Fru6P; (lll) The oxime of Fru6P, (2-hydroxy-
imino)-2-deoxyp-arabinc-hexitol 6-phosphate, which can be
considered as an analogue of the open-chain form of this
substrate. Its structure is also closely related to 2-deoxy-2-
imino-p-arabino-hexitol 6-phosphate, a postulated reaction
intermediate (VI in Figure 1). Oximes are formed in either
Z or E isomers, but E forms are predominaB0)( The
kinetic study of the wild-type GIcN6P deaminase, in the
presence of these compounds gave the inhibition constants
shown in Figure 7.

pKa of the Actve Site Histidine and Its Modification by
the Allosteric TransitionGICN6P deaminase largely exists
in the T conformation and it crystallizes in this state in the

produces a remarkable loss of activity; the corresponding absence of ligandss). This is reflected in the high value

keat is 3 orders of magnitude lower than the value for the
wild-type protein, while the corresponding, for GIcN6P

for the allosteric constant. (= 10%) for the wild-type enzyme
(7, 8). The allosteric equilibrium is shifted to the R state by

shows only a small increase (less than 2-fold) compared tosaturation with the allosteric activator, which binds exclu-
the allosterically activated wild-type enzyme. In agreement sively to the R form 7). Taking advantage of this fact, we
with the loss of homotropic cooperativity, GIcN-ol-6P, which could analyze the pH-dependence of the reaction rate of
acts as a dead-end inhibitor by binding at the active site, GIcN6P deaminase with DEDC, when the enzyme is in either
binds hyperbolically to this mutant enzyme. The correspond- allosteric state. The treatment of the wild-type deaminase
ing Kq, determined by direct binding, is 17 times higher than with this reagent results in its complete inactivation. When

the value for the wild-type enzyme (Table 1A). This mutant
form, although it is much less active than the wild-type,
behaves kinetically as if it were locked in a conformation
similar to the R state of the wild-type enzyme, displaying a
Km value for GIcN6P that is close to that for the wild-type

data were corrected for DEDC hydrolys8], pseudo-first-

order kinetics were always obtained. The number of chemi-
cally modified histidine residues was determined spectro-
photometrically; 4.9 residues per chain were ethoxycar-
bonylated at pH 8.0 with a second-order rate-constant of 1.40

enzyme, either in the presence or the absence of the allosterie: 0.3 M1 s,

activator (Figure 5 and Table 1B). Although there is no
substrate homotropic cooperativity, some cooperativity is
observed in the GIcNACEP binding curves. The [GIcCNAGGP]

Saturation with the competitive inhibitor, GIcN-ol-6P
completely protects the enzyme activity against DEDC
inactivation. On the other hand, displacing the allosteric

values for the wild-type enzyme and the mutant are the sameequilibrium toward the R state by saturation with GICNAC6P,

(Table 1A).

produces a partial protection (Figure 8). This is evidence

Substrate homotropic cooperativity is also absent in the for the heterotropic conformational change at the active site
His143-GIn mutant enzyme when studied in the reverse and shows that the empty active site in the R state is not
direction of the reaction. Plots of velocity against substrate closed and inaccessible to DEDC.

concentration show substrate inhibition by ammonium ion

The spectrophotometric assay measures 3.6 residues modi-

and even by Fru6P, at high concentrations. To determinefied by DEDC per chain in the GIcN-ol-6P protected GICN6P

the keor Value for the reverse reaction, we performed the

deaminase. This modified enzyme displays similar kinetic
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Table 1: Kinetic and Binding Properties of the Mutant Form His143-Gli ofoli GIcN6P Deaminase As Compared with Those for the
Wild-Type Enzymé

A. Binding Constants

GIcNAC6P binding GlcN-ol-@ binding
[GIcNAC6Ph s (uM) Hill number Ka (uM)
wild-type 180+ 50 2.41+ 0.05 2.23+0.18
His143-GIn 179+ 32 1.42+0.05 37.7£ 0.2
B. Kinetic Constants for the Forward Reaction
without allosteric activator plus 2 MM GIcNAE6
Keat [Slos0r K Hill Keat Km Hill
(s (mM) number (s (mM) number
wild-type® 155+ 7 55+ 0.2 2.9+ 0.1 158+ 8 0.75+ 0.08' 25+0.2
His143-GIn 0.18+ 0.07 1.18+ 0.02 1.01£ 0.04 0.17+0.08 1.17+£0.04 1.05t 0.07
C. Kinetic Constants for the Backward Reaction
K U8R (mM) KmNHa" (mM) Keat(s™Y) Hill number
wild-type® 09+0.1 18.0+ 4.0 15.2+0.8 1.6+ 0.05
His143-GIn 0.15+ 0.02 0.10+ 0.009 10.3+0.08 1.02+0.01

a Measurements were made at pH 7.7 and@0Data were fitted by nonlinear regression analysis to hyperbolae, to the Hill equation (from data
around $s value), or to the MWC equatior®). ® The correspondings; for GIcN-ol-6P as a competitive inhibitor is a close value to this, 49.5
1.2 uM. ¢ Data for the wild-type GICN6P deaminase were taken fromédfefor the forward reaction and from new experiments for the reverse
reaction Ky, andk.y values for the wild-type enzyme in réf(forward and backward reaction) correspond to the GIcN6P deaminase prepared from
the chromosomal copy d. coli B strain (ATCC 11303) and are different from the present values obtained for the overproducing strain in which
the clonechagBgene is derived from the K12 straitData were also fitted to the MWC equatidd);(a Kr value of 0.98+ 0.08 mM was obtained,
which is close to the correspondifg.GIcN6P value for the activator-saturated enzyme.

40
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Ficure 6: Kinetic study of the reverse reaction catalyzed by His143-GIn deaminase. (A) Initial velocities versus Fru6P concentration at
different fixed concentrations of ammonium ion. In the explored concentration range, substrate inhibition,byaiHbe considered
negligible. Data were fitted to eq 1 and are shown in Table 1C. Insets B and C show the corresponding double reciprocal plot for the same
data. For panels A and B, the ammonium concentrations v@r6.. mM; ©) 0.25 mM; @) 0.4 mM; @) 0.6 mM. In the inset C, Fru6P
concentrations and their corresponding symbols were the same. These experiments were performed in the presence of 0.2 mM GIcNAc6P.

parameters and the same allosteric activation pattern as the The K, of the essential histidine residue was calculated
wild-type protein. This implies that the residue whose from the effect of pH on the rate of modification by DEDC.
chemical modification inactivates the enzyme and which is The apparent pseudo-first-order rate-constant of the reaction
protected by saturation with GlcN-ol-6P should be located with DEDC decreases with Hion concentration, but the

at or near the active site. This is His143 because it is the curve is not asymptotic to the abscissa andikhgpresents
only histidine present in the active site. This result also proves a finite value at saturating [H. Calling k; the pseudo-first-

that the other four modified residues are irrelevant for order rate constant independent of JHK, the dissociation
enzyme function. constant of the group whose protonation causes the change
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FIGURE 7: Some structural analogues of Fru6P that were tested as 0 10 20 30 40 50 60 70
inhibitors of GIcN6P deaminase. | and Ill behave as weak Time. s
L

competitive inhibitors with respect to GIcN6P, while IV is a strong
inhibitor and probably corresponds to a transition state analogue. FIGURE 8: Effect of ligands on the inactivation of wild-type GICNGP
The correspondingf; values are given. deaminase by DEDC. Semilogarithmic plot of the time-course of
the fraction of remaining activity of the enzyme. This is defined as
: — PP + the V/V, ratio, whereV, is the maximal velocity determined in the
n !(a"” andk, the_ limit vaIue_forkapp atinfinite [H'], we can absence of ligands at zero tim@)(In the absence of any ligand,
write the following expression for the pH dependence of the Gjcngp deaminase is totally inactivated by DED®) A saturating
pseudo-first-order rate-constant: concentration of the dead-end inhibitor GlcN-ol-6P, fully protected
the enzyme.@) a saturating (2 mM) concentration of the allosteric

kapp: (k K, + K H +]) I(K, + [H +]) ) activator GIcNAC6P slows the inactivation reaction.

) ) ) o . R Table 2: K, Values of the Imidazole Group of the Active Site
It is at first sight surprising that protonation of the histidine Histidine (His143), Calculated from the Effect of {Hon Its

does not completely stop its acylation by DEDC, because it Reactivity toward DEDC

depends on the nucleophilic attack of the histidine residue ligand-free  with 2 mM GIcNACEP
on a carbonyl group of the reagent. Nevertheless, it is (T state) (R state)
possible that a nearby base, e.g., a carboxylate group, may wild-type enzyme 7.6 0.2 6.40+ 0.1
remove H from it. Thus, the reactive species could be the His143-Gin no change no change
carboxylate-imidazole pair COO---Im—. This pair could Glu148-Gin 7.56£0.5 7.63£0.4

be protonated with the observed moleculk,fto form the ﬁzpiﬁ:ﬁzg.GluM&Gln :ﬁﬁgfg 7'5&&21 .
equilibrium mixture of COOH+Im— = —COQO ++-ImH"— P g 9

which will display a lower rate constant for reaction with ) ) )

DEDC. The [K, for the further protonation of this system  Effect of the Mutations in Residues Asp141 and Glul48

to yield —COOH - ImH*— may well be too low to observe. 0N the pH Cure of the Enzymelhe replacement of either
Table 2 summarizes the results of these titration experi- ASP141 or Glu148 by their corresponding amides affects the

ments based on DEDC reactivity. The apparefy of this Keatvalues similarly. In bo?h cases, they are in the range-6.6
group is 7.6+ 0.2 when the enzyme is in the T state. A 7.8s%, .that is 40 tlmes higher than the value for the mutant
similar K value, which does not change upon GlcNAc6p forms involving His143, but 20 times lower than the
addition was found for the mutant Glu148-GIn. It should be correspondingc.: for the wild-type enzyme (not shown).
noted that the wild-type enzyme in the T-state and the Both mutants display s.u'bstrate inhibition, which was taken
Glu148-GIn mutant, both lack the interaction His143-Glu14g. into account for data fitting.

On the other hand, the wild-type enzyme in the R state The lowk:yVvalues of the His143-GIn enzyme were found
displays a K, of 6.4. Similar measurements were performed to be constant over the pH interval 6 to 9. Similarly, the
using the mutant forms Aspl41-Asn and Aspl41-Asn: wild-type enzyme does not reveal any protonic equilibrium
Glul148-GIn. The single mutant Asp141-Asn does not changein the same range (Figure 9A). In contrast, the mutation
its kinetic properties upon DEDC treatment, while the double Glu148-GIn (Figure 9B) and the double mutation Asp141-
mutant Asp141-Asn:Glul148-GIn behaves similarly to Glu148- Asn:Glu148-GIn (not shown) show a decreas&gfvalues
GIn deaminase, that is, it shows an apparétqf 7.7 that on the acid side of the range. From the analysis of these
does not change by saturation with GIcCNAC6P (Table 2). data, a K, of 6.62+ 0.04 was obtained. These values did
These data indicate that Glu148 is the residue affecting thenot change in the presence of 2.8 M dimethyl sulfoxide. The
reactivity of His143 by changing itska from 7.6 in the T Aspl41-Asn mutant did not present any appardft gver
state to 6.4 in the R state. the same pH range.
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400 . . — . ished by the mutation, even if active-site homotropic effects
A are absent. It is possible that His143-GIn deaminase has a

08 structure close to that of the wild-type R state. A crystal-
lographic study could help to clarify this point. These results
emphasize the importance of His143 and the flexible loop
containing it, in coupling the local tertiary-structure changes
in the active site, to the quaternary concerted transition.

His143 Catalyzes the Ring-Opening @ib-GIcN6P but

o o° > Does not Participate in Ring-Opening of the Furanose

] 1°2 Fru6P. The mutation His143-GIn severely interferes with

- . the catalysis of the deamination reaction, as shown by the
decrease of 3 orders of magnitude in the corresponkling
value. In contrast, thé: for the reverse reaction is two-
=} 6 7 8 9 thirds the value for the wild-type enzyme (Table 1B), and it
© is close to the first-order rate-constant for the spontaneous
X ring-opening of eithew- or 5-b-Fru6P, which is 205 (29).

The most abundant Fru6P anomer in aqueous soluti@bis
Fru6P (mole fraction 0.81), while the rest is mairflyo-
FrueP accompanied by a small concentration of the free
carbonylic species (mole fraction, 0.022), which must be the
true substrate for the reverse reaction (Figure 1, VIII). From
the data in Table 1, we can see that the raffgad\packward
changes from 10.2 for the wild-type enzyme to 0.02 for the
His143-GIn mutant. Binding of theldehyddform of GlcN&P
(Figure 1, 1V), which is present in a small concentration at
equilibrium, should easily occur (dotted arrows in Figure 1).
The enzyme recognizes the open-chain analogues of the
substrate, and it is expected that it also easily binds the open

T
¢ His143GIn

o5 1o 15 2o form of the substrate. After the rapid exhaustion of this
HIGIN6P, species, the spontaneous ring-opening in the solution, which
T 7 8 s is very low @), becomes the rate-limiting step for the
catalyzed forward reaction. Therefore, the contribution of
pH aldehydeGIcN6P to the rate of the forward reaction is

FiGURE 9: (A) ke VErsus pH curves for the wild-type deaminase negligible and uncatalyzed ring-opening does not contribute
(O) and His143-GIn mutant®). (B) kea versus pH curves for 0 the measured reaction rate. On the other hand, the absence

Glu146-GIn deaminase. Inset: Double reciprocal plot in which the Of the aldehydeGIcNGP cyclization step does not affect the
inhibition pattern by [H] is shown. The [H] explored were 4) rate of the reverse reaction, indicating that the open-chain

3.20x 108 M; (a) 1 x 108 M; (O) 6.3 x 1077 M; (@) 2.5 x GIcN6P can diffuse to the solution, where it slowly forms
107 M; (O) 5.01x 106 M; (m) 2.51 x 10 ¢ M. Data were fitted the pyranose sugar (Figure 1)

to noncompetitive inhibition by nonlinear multiple regression

analysis. The fitted value for the involve&pis 6.63+ 0.04 for Additional evidence supporting the hypothesis that the
the Glu148-GIn mutant. The noncompetitive inhibition pattern enzyme binds or releases the open carbonylic form of Fru6P,
indicates that this protonic equilibrium affects only thg values. comes from inhibition experiments by Fru6P analogues

In the presence of 20% dimethyl sulfoxide, th&pvalue for . .
GIu148-Gln deaminase remains unchanged (6:682). Essentially ~ (F1gure 7). 2,5Anhydrep-mannitol 6-P, a close analogue

similar results were obtained with the double mutant Asp141-Asn: Of -D-Fru6P, is a low-affinity competitive inhibitor, and the

Glu148-GIn (not shown). o- andfp-O-methyl glycosides of Fru6P are not inhibitors at
all. On the other hand, the oxime of Fru6P, which is an
DISCUSSION analogue of its open form, inhibits competitively the enzyme

The Role of His143 in Functional Coupling of Agiand ~ With respect to GIcN6P, with &; of 1.7 mM. This oxime is
Allosteric Site The substitution of the catalytic histidine by ~Structurally similar to the reaction intermediate 2-deoxy-2-
a glutamine residue produces marked functional changes iniMino-b-arabino-hexitol 6-phosphate (VI, Figure 1), which
GIcN6P deaminase, with respect to the wild-type enzyme. IS @ tautomer of the correspondings-enolamine (V).
The mutation impairs the enzyme activity and causes the Midelfort and Rose 2) had proposed that this imine
complete loss of the homotropic cooperativity. The mutant INtermediate is the species adding a water molecule in the
enzyme behaves as if it were locked in the R state, displaying"€action. The inhibition by the analogue of intermediate VI
hyperbolic kinetics and K value for GIcN6P close to that supports the presence of this intermediate in the reaction
for the wild-type in the R state (Table 1B). A saturating S€dUENce.
concentration of GICNAc6P does not change the kinetics of It is also worth mentioning that docking experiments on
this mutant deaminase, and both enzymes, wild-type andthe crystallographic model of the enzyme show that the
mutant, bind the allosteric activator with the same affinity furanose form of Fru6P built into the active site, presents
(Table 1A). Some degree of cooperativity is present in the unfavorable steric interactions with His143 (E. RigdRirera
GIcNAc6P binding curve of the His143-GIn deaminase, and E. Horjales, personal communication). It is, after all,
indicating that the allosteric transition is not entirely abol- rationale that a ring-opening step has evolved only for
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GIcN6P, which is the substrate in the physiological direction
of the reaction catalyzed b. coli enzyme 81).

Differential Binding Properties of His143 also Contribute
to Catalysis.The K4 value for the competitive inhibitor,
GlcN-ol-6P, determined by direct binding experiments, is
17 times higher for the mutant enzyme than for the wild-
type (Table 1A). This suggests that, in addition to its catalytic

Biochemistry, Vol. 40, No. 34, 200110195

of Asp141 and Glu148 may play a structural role, positioning
the imidazole ring and favoring the optimal tautomery for
catalysis.

His143 Acts as a Proton Acceptor in the GIdNRing-
Opening StepThe kinetic and chemical modification experi-
ments show that protonation interferes with the catalytic role
of His143. The role of this residue can be depicted as the

role as a general base, His143 preferentially binds the abstraction of a proton from the hydroxyl in the anomeric
extended-chain intermediates of the reaction. This is con- carbon ofpyranoseGIcN6P by its N) atom. The imidazo-
sistent with the structural data of the deaminase with GIcN- lium group loses then its charge by protonating O5, complet-
ol-6P bound to its active site, which shows that the O5 atom ing the ring-opening reaction (Figure 1, stepdlll). The
of the inhibitor is hydrogen-bonded toeR from His143 structural model of theE. coli deaminase bound to the
(PDB 1hor). A similar role in binding the extended reaction putative transition-state analogue GlcN-ol-6P shows the chain
intermediates is played by Tyr85, whose hydroxyl group of this competitive inhibitor in an almost completely extended
appears to be contacting the amino group of GlcN-ol-6P. Its form, with its O5 atom at an interaction distance té &tom
replacement by phenylalanine produces a similar increaseof His143. The switching of this hydrogen bond from O1 to
in K;GIoN—0l=6P gnd K 4CleN-0I=6P 'while the enzyme displays a O5 implies that the side chain of His143 can occupy two
similar K,8'°N6F as the wild-type enzyme (G. Montero-Mora  alternative positions, acting as a base in one rotamer and as
et al., unpublished data). This indicates that neither Tyr85 an acid in the other.
nor His143 contribute to.-p-GIcN6P binding, but that both Do Mutations in the Triad Change the pH Gur of the
are involved in binding of its extended carbonylic form. The Enzyme7hek.sVversus pH curves for the wild-type enzyme
calculated contribution of His143, on basis of the ligand and the enzymes with the amino acid replacements Asp141-
binding data, is 5.8 kJ mot. Asn and His143-GIn do not exhibit any protonic equilibrium
pK, of His143 and Its Relation to the Allosteric Transition. in the pH range 69. On the other hand, Glul48-Gin
The Possible Functional Role of Glu148 and AspT2&EDC deaminase exhibitsi of 6.62+ 0.04 for the change of
is an imidazole-directed reactivity probe, capable of detecting as a function of pH (Figure 9). This value did not change
the nucleophilic component in a histidine-carboxylate pair when the experiment was repeated in the presence of 20%
(26). According to the crystallographic models Bf coli dimethyl sulfoxide (K. = 6.63+ 0.19). These K, values
GIcN6P deaminase, the imidazoléNatom of Hisl43isat  correspond to the R state because they derive from experi-
interaction distance with the carboxy oxygen from Asp141 ments with the fully allosterically activated deaminase. The
(ligand-free T state, PDB cd5), or contacting the two carboxy lack of effect of the change in solvent polarity indicates that
groups from both Asp141 and Glu148 (R state, PDB 1hor). proton dissociation does not form new charges, which is the
In the latter structure, which has its active site occupied by case for the imidazolium group of histidine. Furthermore,
GlcN-ol-6P, the N atom of His143 is oriented toward the the absence of any titratable group in similar experiments
O5 atom of the inhibitor, which can be considered as a model with the mutant deaminase His143-Gln, supports the attribu-
of the extended form of the bound substrate. This arrange-tion of this K, to His143. The chemical modification
ment strongly supports the assumption that the predominantapproach allowed the identification of a histidine imidazole

tautomer of the imidazole has 1N atom protonated
(NO1H-Im-Ne). This tautomer has the electron pair froma N
available for nucleophilic catalysis and is the form usually
found in the active site of most enzymes containing the
aspartate histidine pair 81—35).

The group [NV1H-Im-Ne] is the basic form of a buffer
pair and it should react with DEDC producing the(2-
carboxyethyl) derivative on & The corresponding proto-

with a pKy = 6.4 in the wild-type enzyme in the R state. It

is plausible that in both cases we are detecting the same
ionizable group, which does not appear in Kagversus pH
profile of the wild-type enzyme because the catalytic step
involved is not rate-limiting. The kg, value for this group
cannot be determined kinetically when the enzyme is in the
T form, but the DEDC experiments gave a value that is
nearly one pH unit higher than the values from chemical

nated and positively charged group is expected to be entirelymodification and kinetic analysis for the R form. This
unreactive. Thus, the variation of the apparent first-order rate- suggests that Glu148-His143 interaction helps the catalytic
constant for this reaction as a function of pH should give function of GIcN6P deaminase by widening the functional
the apparentlg, value of the modified group. The transition pH range of the enzyme in the R state, thus preventing the
[imidazole]/[imidazolium ion] presents an apparet,of ring-opening of the substrate from becoming rate-limiting
7.6 when the enzyme is in its T allosteric form and changes at the acid side of the pH-range. It must be remembered that
to 6.4 in the R state (Table 2). In the T state, the enzyme the R conformer is responsible for most, if not all, the
contains the dyad Aspl141-His143 and the observiég p physiological catalytic activity of the enzyme.

probably corresponds to that of His143 imidazole. Itis nearly ~ Concluding Comment3.he present research reveals that
one pH unit higher than the corresponding value for free His143 plays many functional roles in the active site of
histidine, as a probable consequence of the interaction of GIcN6P deaminase fronf. coli. Site-directed mutagenesis
His 143 with Asp141. It is worth noting that the Glu148- and controlled chemical modification are considered the
GIn mutant, which lacks the possibility of forming the triad, standard tools for dissecting active or allosteric sites and
has a pH profile for the reaction with DEDC which is similar revealing relations between structure and function. It has been

to that found for the wild-type enzyme in the T state and
that it remains unchanged upon saturation with GICNAc6P.
This underlines the important role of Glu148 carboxylate
on His143 reactivity. In addition, the side chain carboxylates

usual to recognize “catalytic” and “binding” residues, but
in most cases it is not possible to establish a clear-cut
difference between these two categories. Most studies
published since the pioneering work on tyrosyl-tRNA syn-
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thetase by Fersht et aB) have shown that this functional
dissection is a difficult task because replacement of residues
strictly labeled as binding have been shown to cause
significant changes in catalytic parameters. This is the case
for His143 inE. coli GIcN6P deaminase, and the present
research shows that this histidine plays multiple roles. It
participates in bond breaking and forming in ring-opening
of a-b-GIcN6P and also contributes to catalysis by a
differential bindingactivity (37) in favor of the open-chain

8.
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Altamirano, M. M. (1998)Biochemistry 377844-7849.

9. Monod, J., Wyman, J., and Changeux, J. P. (1963Ylol.

Biol. 12, 88—118.

10. Dodson, G., and Wlodaver, A. (1998)ends Biol. Sci. 23

11.

12.

and extended reaction intermediates in the subsequent stepl3-

of the reaction. The present study also implicates His143
and the loop containing it, in the transmission of conforma-
tional changes between the active and the allosteric sites.
We cannot quantify the contribution of this histidine to site
coupling, but the analysis of the structural models shows
that this residue is the center of an intricate network of
interactions in the R allosteric state, involving the active-
site lid and the intersubunit contacts in the allosteric cleft.
The loop 136-158 connects the sixth and sevefitstrands

in deaminase moleculel); It contains the active-site triad
as well as Serl51, one of the residues whose side-chain
contributes to bind the phospho-group in the allosteric site.
The following short strand (158161) contains the residues
Arg158 and Lys160, which are also part of the phospho-
group binding subsite in the allosteric site (Figure 4). It also
has Thr161, which forms an intersubunit link in the allosteric
site with Tyr254 of the facing subunit in the R sta®®.(
His143 contacts one of theyOatoms of Glu148 in the R
state, whose other©forms hydrogen bonds with thefO
atoms from Thr166 and Thrl163 which are located in the
active site lid (segment 162185) (observation communi-
cated by E. Rudio-Pifera). In the T state, His143 retains
its contact with Asp141, and the displacement of the loop
144—154 puts it in a more open and water-rich environment
(5). Deciphering this web of multiple interactions to describe
cooperative effects inE. coli GIcN6P deaminase is a
challenging task.
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