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ABSTRACT. A bifunctional enzyme, fructose-6-phosphate 2-kinrafsactose 2,6-bisphosphatase, catalyzes
synthesis and degradation of fructose 2,6-bisphosphate. Mutants of basic residues, including Lys51, Arg78,
Arg79, Argl36, Lys172, and Argl93, immediately around the active site of rat testis fructose 6-P,2-
kinase were constructed, and their steady state kinetics, ATP binding, and the effect of pH on the kinetics
were characterized. All mutants showed a several-fold incredgyite, much larger increases Kxw s-p,

and decreased compared to those of the wild type enzyme (WT). Replacement of Lys172 and Arg193
with Ala and Leu, respectively, also produced mutants with ldtgegs—p values. Substitution of Lys51,

which is located in a Walker-A motif (GXXGXGKT, amino acids 452), with Ala or His resulted in
enzymes with increaseldvgate Values and unable to bind Fru 6-P. The dissociation constants-for 2
(3)-O-(N-methylanthraniloyl)-ATP (mantATP) and ATP of all these mutants except Lys51 were similar.
Lys51 mutants were unable to bind mantATP. The pH dependen¥eaofl theV/Ks for MgATP and

Fru 6-P suggest a mechanism in which reactants and enzyme combine irrespective of the protonation
state of groups required for binding and catalysis, but only the correctly protonated engybstrate
complex is catalytically active. A chemical mechanism is suggested in which a general base accepts a
proton from the 2-hydroxyl of Fru 6-P concomitant with nucleophilic attack orytphosphate of MgATP.
Phosphoryl transfer is also facilitated by interaction of gRghosphate with a positively charged residue

that neutralizes the remaining negative charge. The dianionic form of the 6-phosphate of fructose 6-P is
required for binding, and it is likely anchored by a positively charged enzyme residue. A comparison of
the pH dependence of kinetic parameters for Ala or His mutant proteins at Lys51, Lys172, and Arg79
suggests that Lys51 interacts with thephosphate of MgATP and that several other arginines likely
participate in transition state stabilization of the transferred phosphoryl. The active site general base has
yet to be identified.

Fructose-6-phosphate 2-kinaseuctose 2,6-bisphos-  isozymes have been isolate&t{8). The primary structures
phatase is a bifunctional enzyme that catalyzes the synthesiof the tissue-specific isozymes indicate that the catalytic
and degradation of Fru 2,6;Pthe most potent activator of  domains of both the kinase and the phosphatase are highly

phosphofructokinase (PFK) know)( conserved. The high degree of conservation suggests that
the active site and therefore the reaction mechanism are
p-p-fructose 6-phosphate MgATP =~ similar for all isozymes. The Fru 6-P,2-kinase domain
p-p-fructose 2,6-bisphosphate MgADP (1) resides in the N-terminal half of the protein, while the Fru
pB-D-fructose 2,6-bisphosphate 2,6-Pase domain is located at the C terminus.
p-p-fructose 6-phosphate HPO42_ 2 The reaction catalyzed by Fru 6-P,2-kinase follows a

sequential kinetic mechanisn®)(with a proposed direct
Thus far, several tissue-specific isozymes have been purifiedtransfer of they-phosphate of MgATP to the 2-OH @fb-
from mammalian sources, and cDNAs encoding these Fru 6-P (L0). The crystal structure of the rat testis Fru 6-P,2-
kinase-Fru 2,6-Pase complexed with MgATP has been
t This work was supported by grants to K.U. from the Department determined to 2.0 A resolutionl{, 12). The resulting
of Veterans’ Affairs and from the National Institutes of Health to K.U.  structure indicates that the Fru 6-P,2-kinase domain is

(DK16194) and P.F.C. (GM36799), a grant to C.A.H. from the Robert . :
A. Welch Foundation, and the American Heart Association/Texas structurally similar to nucleoside monophosphate (NMP)

Affiliate. kinases, such as adenylate kinase (ADK) and uridylate kinase
;Bepartfqentfo&/leherans’ Affairs Medical Center. (UDK), and also to the catalytic core of the GTP-binding
niversity o anoma. : |
'The University of Texas Southwestern Medical Center at Dallas. protelng, ras and '@ However, the structure of the Fru
® Abstract published irAdvance ACS Abstractguly 1, 1997. 6-P,2-kinase domain differs from PFK, even though the two

! Abbreviations: Fru 6-P,2-kinase, fructose-6-phosphate, 2-kinase; enzymes catalyze similar reactions. The similarity of the

Fru 2,6-Pase, fructose 2,6-bisphosphatase; Glu @-B;glucose _P 2_ki ; ;
6-phosphate: Fru 6-P.o-frlictose 6-phosphate: Fru 2.6, AUctose Fru 6-P,2-kinase domain to those of the NMP kinases and

2,6-bisphosphate; mantATP(2)-O-(N-methylanthraniloyl)-ATP; DTT, ~ the catalytic core of G-proteins has led to speculation that
dithiothreitol. all of these enzymes employ similar catalytic mechanisms.
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Ficure 1: Stereodiagram of the substrate binding region of the Fru 6-P,2-kinase domain of Fru 6-P,2-kinage-Pase. The side

chains mutated in this study are drawn as ball and stick models as is the MgATP. K51 and K172 are in contact distapeghtosiiieate

and thef—y bridge oxygen of ATP, respectively. Fru 6-P has been modeled into the proposed Fru 6-P binding site on the basis of (1) the
coincidence of an empty cavity in the crystal structure with the substrate binding site of the homologous NMP kinases and (2) the convergence
of residues shown to affe®r 6-p in this region. R193, R78, and R79 are in the proximity of thphosphate of ATP and/or the 2-OH

of the modeled Fru 6-P in a position to stabilize the transition state and/or product formation. The proximity of R136 and R102 to the
6-phosphate of Fru 6-P is apparent.

The mechanism of the Fru 6-P,2-kinase is presently un- In order to confirm our proposed binding site for Fru 6-P
known, but it is clear that there are differences from the and also the ATP binding site as determined by X-ray
mechanism of PFK, despite the similarity in reaction. Data crystallography 12), we have constructed mutants of the
suggest that, unlike the PFK reaction, acidic residues suchabove-mentioned basic residues of the rat testis Fru 6-P,2-
as Asp or Glu likely do not serve as a general bds®. ( kinase and investigated their steady state kinetics and
The NMP kinases contain two mobile segments for MgATP nucleotide binding characteristics compared to those of the
and substrate bindingl4, 15). The proposed function of  native enzyme. The effect of pH on the kinetic parameters
the mobile segments is exclusion of water from the bound and the effect of mutation of the basic residues on the pH
MgATP to prevent hydrolysis. The Fru 6-P,2-kinase con- dependency have also been studied with a goal toward
tains analogous segments (residues ¥d0 and 159-194) identifying the amino acids responsible for the-péattivity
that sequester Fru 6-P and MgATP, respectively. In the profile with an added hope that such studies may shed some
crystal structure of rat testis enzyme, the ATP binding loop light into a general base involved in the catalysis of Fru
of the Fru 6-P,2-kinase domain is closed as predicted since6-P,2-kinase.
gﬂgﬁ;g L:slot;(;%nflé)?/vhne the Fru 6-P binding loop is only MATERIALS AND METHODS

Figure 1 shows the substrate binding sites of the Fru 6-P,2- Materials [a-3*S]dATP (1000 Ci/mmol) was purchased
kinase domain of rat testis Fru 6-P,2-kinageu 2,6-Pase  from Amersham Corp. (Arlington Heights, IL). '(3')-O-
(12). The nucleotide, MgATP, is bound to the active site (N-Methylanthraniloyl)-ATP (mantATP) was synthesized by
of the kinase, primarily by interaction with the main chain the method of Hiratsuka2@) and purified by HPLC Z4).
nitrogens of the “Walker-A motif” {6), and by the side  Rabbit muscle PFK was prepared as described previously
chains of K51 and K172, which are essential for neutralizing (25). The cDNA encoding rat testis Fru 6-P,2-kinaseu
the negative charges of the polyphosphate backbone of ATP 2,6-Pase (RT2K) was prepared as reported previogly (
The crystal structure has shown that Thr52 and Asp128 areThe pT7-7 RNA polymerase/promoter plasmRbY was a
involved in the binding of the M ion which is chelated  gift from S. Tabor (Harvard Medical School). Restriction
to ATP (12). Although the structure of the enzyme com- enzymes and T4 polynucleotide kinase were purchased from
plexed with Fru 6-P has not been determined, its binding New England Biolabs (Beverly, MA). The DNA ligation
site and the residues involved can be predicted by computer-kit was from Takara Shuzo (Kyoto, Japan). The Muta-Gene
docking experiments. Thr130, Asn73, and Tyrl97 are M13in vitro mutagenesis kit was from BioRad Laboratories
located in the active site in close proximity to Fru 6-P (as it (Hercules, CA). The sequenase version 2.0 sequencing kit
is modeled into the site). Arg78, Arg79, and Argl93 are was from U.S. Biochemicals (Cleveland, OH). All other
proposed to be located near the phosphate to be transferredhemicals were reagent grade and obtained from commercial
(the 2-phosphate of Fru 2,6sPas modeled into the active  sources.
site, or they-phosphate of MgATP), while Arg102 and Site-Directed MutagenesisOligonucleotide-directedh
Arg136 interact with the 6-phosphaté2j. Some of the vitro mutagenesis was performed as described by Kunkel
above-mentioned residues, including Arg102 and Arg193 of (27), using the Muta-Gene M18 vitro mutagenesis Kkit.
the rat testis bifunctional enzyme (corresponding to Arg104 Plasmid RT2K/pT7-7 containing the RT2K gene, cloned in
and Argl95 of the liver isozyme), have been previously apT7-7 vector?), was digested witiXba andHindlll, and
implicated in the binding of Fru 6-P by site-directed the isolated 1.7 kb fragment containing the RT2K gene was
mutagenesisl(/—20) and chemical modification2(l, 22). ligated into theXba—Hindlll site of M13mp18 (M13/
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RT2K). The phage harboring M13/RT2K was transfected previously ((3). The binding of MgQATP was determined
into Escherichia coliCJ236 (lut'ung’). The recombinant by measuring displacement of enzyme-bound mantATP. A
M13/RT2K phage was purified and used to prepare uracil- saturating amount of mantATP, an amount that gave the
containing single-stranded template. Synthetic oligonucle- maximum increase in fluorescence intensity, was added to
otide primers used for constructing various mutants are listedenzyme (0.1 mg/mL in a final volume of 0.2 mL). Aliquots
in Table 1. The synthesized double-stranded DNA was used(1 4L each) of an ATP solution were sequentially added to
to transformE. coli MV1190. Mutant derivatives were the reaction mixture, and a decrease in fluorescence intensity
identified by DNA sequencing?@). The mutant DNAs were  was recorded. Correction for dilution was made by adding
digested withNdd and Hindlll, and the DNA fragments 1 uL each of HO instead of ATP to the mantATP enzyme
containing a mutated RT2K gene were subcloned into the solution.
Ndd-Hindlll site of pT7-7 (RT2K/pT7-7). The obtained pH Titration of Fru 6-P,2-Kinase Actity. In order to
expression plasmids were transformed iocoli BL21 determine the pH dependence of the kinetic parameters of
(DE3) cells, and recombinant mutant enzymes were purified the rat testis Fru 6-P,2-kinase reaction, activity was measured
as described below. Before assay, all enzymes were desalteds a function of pH from pH 6.5 to 9.5. The buffer system
by column centrifugation9) in 50 mM Tris-phosphate (pH  consisted of 0.1 M Mes, 0.051 M-ethylmorpholine, and
7.5) containing 0.5 mM EDTA, 0.5 MM EGTA, 2 mM DTT, 0.051 M diethanolamine (MND bufferB8). The Fru 6-P,2-
1% polyethylene glycolNI; = 300), and 5% glycerol. kinase activity was assayed using the method described above

Expression and Purification of Mutant Enzyme$he with slight modification. The reaction mixture, in a final
mutant enzymes described here were purified using es-volume of 100uL, contained MND buffer at various pH
sentially the same procedure as that for the wild type enzymevalues, 0.1 mM EDTA, and the indicated concentrations of
(30). For those mutants that did not bind to the Yellow-3 Fru 6-P, MgC}, and ATP. The reaction was initiated by
column, a slight modification was required. For the purifica- adding enzyme, and the reaction mixture was incubated at
tion of K172E and K51H mutants, a Blue-Sepharose column 30 °C for 10 min. The reaction was terminated by adding
(2.5 cmx 8 cm) was used instead of the Yellow-3 column. 100xL of 0.1 N NaOH, and the mixture was heated to 85
The K172E enzyme was eluted from the column with 15 °C for 90 s. Suitable aliquots of the reaction mixture were
mM Tris-phosphate (pH 7.5), contaigri M KCI, while assayed for Fru 2,6,P The pH of the reaction mixture was
the K51H enzyme was eluted from the column with a linear measured before the addition of the enzyme. Since Fru 2,6-
gradient of 1 to 2.4 M KCl in 15 mM Tris-phosphate (pH P, is labile in acid, loss of Fru 2,6-Rduring the reaction
7.5). Allthe enzymes were purified to apparent homogeneity was checked by incubating a known amount of Fru 2,6-P
as judged by SDSpolyacrylamide gel electrophoresis atvarious pHs. There was no significant loss (less than 10%)
(SDS-PAGE). of Fru 2,6-RB under these conditions.

Assay Method for Fru 6-P,2-Kinas& he assay was based Data Analysis The following rate equations were fitted
on the determination of the amount of Fru 2 6gPoduced to the data using a program developed by Clel&@#) (ith
and is the same as that described previously with slight the DeltaGraph software (DeltaPoint, Monterey, CA). All
modification. The reaction mixture, in a final volume of 50 plots of reciprocal initial velocityys reciprocal substrate
uL, contained 100 mM Tris-HCI (pH 7.5), 0.1 mM EDTA, concentration were linear.
and the indicated concentrations of Fru 6-P, Mg&hd ATP.

The reaction was initiated by the addition of enzyme, and v = VAB/(K.K, + KB + K,A+ AB) 3
the reaction mixture was incubated at°8for 10 min. After
the incubation, the reaction was terminated by adding 50 log y = log[C/(1+K,/H)] (4)

uL of 0.1 N NaOH, and the mixture was incubated at’85
for 90 s. Suitable aliquots were assayed for Fru 2,&$

described by Uyedat al. (32). One unit of enzyme activity logy = log[C/[1+H/Ky)] ®)
is defined as the amount of enzyme that catalyzes the )
formation of 1umol of Fru 2,6-B per minute under these logy = log[C/(1+H/K;+K/H+HTKKJ)]  (6)

conditions.

Assay Method for Fru 2,6-Paseélhe assay continuously  For the determination of kinetic parameters, initial velocity
measures the formation of Fru 6-P fluorometrically coupling data were fitted using eq 3, in whichandV are the initial
its production to the formation of NADPH via the phospho- and maximal velocities of the reaction, respectivélyand
glucose isomerase and Glu 6-P dehydrogenase reactions, aB are substrate concentrations, and K, are Michaelis
described previously30). The reaction mixture, in a final  constants for substrates A and B, respectively, l&ps the
volume of 1 mL, contained 100 mM Tris-HCI (pH 7.5), 0.2 inhibition constant for A. For the determination ®K
mM EDTA, 0.1 mM NADP, 0.4 unit of Glu 6-P dehydro- values as a function of pH, the concentration of the fixed
genase, 1 unit of phosphoglucose isomerase, and varyingsubstrate was saturating at all pHs, and the resulting data
amounts of Fru 2,6-2 The reaction was initiated by the were fitted using eqs46. In eqs 4-6,yisV orV/K, Cis
addition of enzyme and followed at 2& by measuring the  the pH-independent value of, H is the hydrogen ion
NADPH formation with excitation and emission wavelengths concentration, and;, K, and K3 are acid dissociation
of 350 and 452 nm, respectively. One unit of enzyme constants for groups on the enzyme or substrate.
activity is defined as the amount of enzyme that catalyzes Other Methods The protein concentration was determined
the formation of lumol of NADPH per minute under the by the Bradford method3§), using bovine serum albumin
above conditions. as a standard. SDSPAGE was carried out according to

Binding of MantATP and ATP.MantATP binding to the procedure of Laemmli3g), using the Phast system
enzymes was determined fluorometrically as described (Pharmacia Biotech Inc., Uppsala, Sweden).
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Table 1: Oligonucleotides Used for Mutagenesis of the ﬁ' and V'phOSphate(S) of ATP. The conclusion
- - concerning K172 is supported by the fact that the other

mutants oligonucleotide sequence mutants of K172, including K172A and K172H, givé
Egiﬁ g:gﬁ x¥ gﬁ gg g% ggg gg; gg values comparable to that of the WT enzyme. However,
R78L 5-CAT GTC CCG GAG ATA CTG ACC-3 both K51 mutant enzymes give a large increase inkhe
R78H 5-CAT GTC CCG GTG ATA CTG ACC-3 value, suggesting that K51 is essential for binding.
S;gh g_gﬁg gﬁl g% %‘g ggg ﬂﬁ ggg If one compares thé&y of Mg(mantATP) (Table 3) to
R136K B.AT CAT CGC TCT CTT TTC TCG GG-3 values ofKygatp (Table 2) for all mutant enzymes and the
R136L 5-CAT CGC TCT CTG TTC TCG GGT-3 WT enzyme, theKy/Ky, ratio is 0.01-0.001. Data suggest
R136S 5AT CAT CGC TCT GCT TTC TCG GG-3 that binding of the fluorophore to the protein is dominated
Eggé i:g‘é? g‘gg ggg g@g%TCTAGCCTATgGCA'G by the hydrophobic interaction of the mant group with the
K172H 5-GOT GOO GAG ATG GAG TTG CA-3 active site and that the hydrophobic interaction is not greatly
K172R 5-AGG GCT GCC CAG CCT CAC TTG CA-3 affected by mutation of the basic amino acid residues. The
R193L 3-CA TTC AAT GAG CCT CAT GAA G-3 dissociation constants for-BVIgATP were determined by
R193H S-CATTC AAT GTG CCT CAT GAA G-3 measuring the decrease in fluorescence accompanying dis-

2The mutated nucleotides are underlined. These oligonucleotides placement of the bound mantATP by ATP. As shown in
are the complementary DNA of the wild type RT2K at 301 (K51A Table 3, theKq atp Values of the mutant enzyme increased

and K51H), 259-280 (R78L and R78H), 263283 (R79L and R79H), )
435-456 (R136S and R136K), 434154 (R136L), 543565 (K172A from 0.8-3.3-fold compared to that of the WT enzyme.

and K172R), 542562 (K172E and K172H), and 66624 (R193L  However, if one compares th& are andKygare (Table 2),

and R193H). the Ky, values are +54-fold higher in the mutant enzymes,
while those of the WT enzyme are essentially the same.
RESULTS (mantFru 6-P does not bind to enzyme.)

pH Dependence of the Kinetic Parameters of Wild Type
Testis Fru 6-P,2-Kinase The pH dependence of kinetic
parameters for the wild type Fru 6-P,2-kinase is shown in
Figure 3. TheV/E for the kinase is relatively constant at
approximately 0.07H 0.01 s (Figure 3A) between pH
6.5 and 9. A decrease M/E is observed at the extremes
of pH, giving approximate K values of 6.2 and 9.5. The
tvalue of V/IKugateE: is also constant from pH 6.1 to 8.6
(Figure 3B) but decreases above pH 8.6 with a limiting slope
of —1. A pK of 8.9+ 0.08 and a pH-independent value of
(1.2+£ 0.1) x 1 M1 st are estimated from the data. A
plot of the pH dependence W7Kg, 6-pE; (Figure 3C) exhibits
a pH optimum between pH 7.3 and 8.4. TWK decreases
0at low pH with a limiting slope oft-2 and at high pH with
a limiting slope of—1. Estimated K values of 6.7+ 0.1
and 7.5+ 0.1 are obtained for the two ionizable groups on
the acid side, and agof 8.7 + 0.1 is obtained for the basic
roup. The pH-independent value \8fKgy 6-pE; is (5.9+
3)x 18 M~ts1 All pK values are summarized in Table

Steady State Kinetics of Fru 6-P,2-Kinas&he kinetic
constants of the Fru 6-P,2-kinase activity of wild type (WT)
and mutant enzymes are summarized in Table 2. Data for
the mutant enzymes fall into three categories that roughly
reflect the function proposed for the residues changed.
Changes made to either of the two lysine residues, K51 or
K172, give the most substantive changes in all kinetic
parameters, with decreases of about 2, 3, and 4 orders o
magnitude observed fof, V/IKugate, andV/Key 6-p, respec-
tively. The lysine residues are the best candidates for
catalytically important residues. Arginine 136, which is
predicted to interact with the 6-phosphate of Fru 6-P, gives,
as expected, substantial change¥iery6-p. TheV/Ken s-p
is decreased most (3 orders of magnitude) when replace
by the hydrophobic residue, leucine. The remaining three
arginine residues, R78, R79, and R193, are thought to be in
the vicinity of the transferred phosphate. The largest
decreases in kinetic parameters are observed with change
to R193, and in all three cases, decreaseg/Ky, ¢—p are 4
more pronounced than changes in eitieor V/Kugare. ) ] )

Interestingly, the R78H mutant gives a positively coopera-  Attempts To Identify the Residuesidtved in the pH-

tive saturation curve for Fru 6-P (Figure 2). The reason for Actizity Profile. In order to identify amino acid residues
this change is unclear. that contribute to the pH dependence of kinetic parameters

These changes in the kinetic properties of the mutant of the Fru §—P,2_-kinase reactiqn, amino_acid rgsidues situated
enzymes were not due to altered protein structure becauséi the active site and potentially implicated in the overall
all these enzymes except K51H and K172E were purified eaction mephamsm (see above) were altered by S|te—d|_rected
to homogeneity with the same procedure employed for the Mutagenesis, and the pH dependence of the mutant kinases
wild type enzyme. For K51H and K172E, we made a minor Was investigated.
change in the elution conditions for affinity chromatography. A measurement of Fru 6-P,2-kinase activibg pH
Furthermore, the Fru 2,6-Pase activities of the mutant indicated that the mutant proteins fell into distinct classes
enzymes were unchanged (data not shown). with respect to their behavior. The descending limb above

Mg(MantATP) and MgATP Binding.Binding of Mg- pH 9 in the pH-rate profiles for the K51A, K172E, and
(mantATP) by the WT enzyme and various mutant enzymes R79L mutants was eliminated (data not shown). The R79H
was determined in order to compare the affinity of free and K172H mutants showed a shift in the pH optimum to
enzymes for MgATP. Results in Table 3 demonstrate that lower pH (pH 9 to below 8), as did the K51H mutant (data
the dissociation constants for-Mg(mantATP) are increased  not shown). Preparation of other mutant enzymes, including
2—3-fold for mutant enzymes compared to those of the WT R78H, R78L, R193H, R193L, and R136S, did not exhibit
enzyme, with the exception of K172E, K51A, and K51H. It any significant changes in their pH activity profiles compared
is not surprising that K172E binds Mg(mantATP) poorly to that of the wild type enzyme (data not shown). Data
because of the negatively charged Glu residue in the vicinity suggest that Lys51, Lys172, and Arg79 are involved in the
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Table 2: Summary of Kinetic Data for Wild Type and Mutant Enzymes Measured at pH 7.5

KFm 6P KMgATp V/E{ \Y (fOld V/KFm 6|:E1 VIK (fOld V/KMQATPE( VIK (fOld
(mM) (mM) (s decrease) M~1s) decrease) M-1s) decrease)
wild type 0.04 0.1 0.092 2300 920
K51A >20 1.3 0.001® 90 <0.05 >46000 0.77 1200
K51H >20 4.9 0.0018 90 <0.05 >46000 0.20 4600
R78H 8 2.8 0.010 9 1.3 1800 3.6 250
R78L 9 2.7 0.050 2 5.60 400 19 50
R79H 0.17 0.053 0.012 8 71 30 230 4
R79L 0.8 0.63 0.0073 13 9.2 250 12 80
R136K 0.64 3.9 0.10 9 160 15 26 35
R136L 58 0.73 0.053 2 0.92 2500 73 13
R136S 10 1.1 0.11 - 11 200 100 9
K172A 24 0.44 0.00039 240 0.016 14000 0.90 1000
K172E >20 3.2 0.0012 85 <0.055 >42000 0.34 2700
K172H 7.2 4.5 0.0058 16 0.80 2900 1.3 700
K172R 26 0.063 0.00039 240 0.015 150000 6.3 150
R193H >20 6.8 0.0018 50 <0.09 >26000 0.26 3500
R193L 25 0.43 0.010 9 0.40 5800 23 40
60
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Ficure 2: Fru 6-P saturation curves for wild type and R78H Fru 6-P,2-kinase. Fru 6-P,2-kinase activity was assayed as described in
Materials and Methods, with the exception that [AFPR0 mM for R78H and 3 mM for the wild type enzyme. The concentration of Fru
6-P was varied as indicated: (A) wild type enzyme and (B) R78H mutant enzyme.

measured for wild type enzyme, 646 0.1, and 7.7+ 0.1
while if there is a base side<pit is >9 (~9.5) compared to

Table 3: MantATP Binding and Displacement by ATP

enzyme Kd&a&;w E;’:;; enzyme K“&a,\n;l;w 'é;’:;; the value of 8.7 observed for the wild type enzyme. In the
, case of the K51H mutant, a single acid sidéip observed
‘&Vg‘i}\ype _0'9 El KK117722HA 4161 17402 with a value of about 6.9, and the base sid€ is not
K51H - - K172E _ - observed. Th&/Kg, ¢pEi—pH profile of the R79H mutant
R78H 5.2 102 K172R 1.7 64 gives [K values identical within error to those of the wild
R78L 4.1 85  RI193H 7.2 124 type enzyme (Figure 5A), but the pH-independent value of
S;gr %g ?8 R193L 2.9 113 83 + 3is 71-fold lower than that obtained for the wild type
enzyme. The biggest change noted for R79H is in the

a MantATP binding to these enzymes was determined as described ’ [N : i
in Materials and Methods. Binding constat§™™A™P was calculated \G//E)M%AT: [()Ig?éltlj?év‘ég;hilns ggiﬁgtsltalg F;I:'altngl? ?ﬁgc\ﬁﬂ; ftl;?pme

from a double-reciprocal plot of fluorescence intensiymantATP i i
concentration. Standard deviations were less th#fib. enzyme. All K values are summarized in Table 4.

mechanism, and thus, the R79H, K172H, and K51H mutants DISCUSSION

were further characterized. Effect of Mutagenesis on MgATP Bindinghe observa-

It was not possible to obtain thé/Kugare—pH profile for tion that the dissociation constants for mantATP and ATP
the K51H and K172H mutants, because of the high measuredwere not greatly affected by mutation, with the exception of
Krrue—p. TheV/IKgy 6-pE: profiles for the K51H and K172H  the K51 mutants, suggests that the mutations did not
mutants are shown in Figure 4. The approximate pH- significantly affect ATP binding to the enzyme. However,
independent values of/Kg 6-pE; for the two mutants are  sinceKygare Was increased much more thg are for the
0.23+ 0.023 M! s1 (K51H) and 0.614+ 0.05 M st mutant enzymes, but not for the WT enzyme, it is likely
(K172H), respectively, 0.004 and 0.01% of the value that the mutation altered the interaction of Fru 6-P with the
obtained for the wild type enzyme. In both casd§values E—MgATP complex to form a ternary complex. The altered
are altered. For the K172H mutant, both of the acid side interaction, as a result of the mutations, may involve changes
pK values are observed and have values similar to thosein substrate-induced conformational changes. The NMP
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2 2 Ficure 4: pH dependence M/Kgy 6-pE; values for the K51H and
g K172H mutants of the rat testis Fru 6-P,2-kinase. Fru 6-P,2-kinase
activity was assayed as described in Materials and Methods except
1 for using 10 mM ATP and 20 mM MgGl(for K51H) and 20 mM
6 7 8 9 10 ATP and 20 mM MgdC] (for K172H).
pH 3
Ficure 3: pH dependence o¥/E (A), V/KwgarrE: (B), and o A
V/Ker, 6-pE; (C) values of the rat testis Fru 6-P,2-kinase. Fru 6-P,2- % 2
kinase activity was assayed as described in Materials and Methods g -0\.\‘
except for the following changes: (A and C) 2 mM ATP, 10 mM §
MgCl,, and varying concentrations of Fru 6-P; and (B) 2 mM Fru S 1 XT
6-P, 10 mM MgC}, and varying concentrations of ATP. Ke)
0
Table 4;: Summary of I§ Values Estimated from the pH ~ 4
Dependence of Kinetic Parameters “J& B
pKa+ SE Ky + SE 3 s
wild type 2 2
VIE 6.2 9.5 ey
V/IKmgatpEs - 8.9+ 0.08 - 1
V/Ker 6-pEt 6.7+ 0.05 8.7+ 0.08 6 7 8 9 10
7.5+ 0.06 H
p
K51H Ficure 5: pH dependence &f/Kgy 6-pE; (A) and V/KygateE: (B)
V/Kery 6-pE 6.9 values for the K79H mutant of the rat testis Fru 6-P,2-kinase. Fru
6-P,2-kinase activity was assayed as described in Materials and
K172H Methods except for using 3 mM Fru 6-P (for the ATP saturation
V/Kgr 6-pEt 6.6+ 0.10 9.5 curve) and 5 mM ATP and 10 mM Mggl(for the Fru 6-P
7.7+£0.10 saturation curve).
R79H
VIKew 6-pEy ?-ii 8-8‘5‘ 8.6+ 0.04 domain is very similar to that observed in the NMP kinases,

which possess a Walker-A motif (GXXGXGKT) represented
by amino acid residues 4%2 (G*LPARGKT®?) of the Fru
6-P,2-kinase. The binding pocket for the adenosine moiety
kinases have two mobile loops which close upon binding of ATP has very few specific interaction$d), and all are
substrates 14, 15), and the proposed function of these van der Waals interactions between the adenine moiety and
segments is to exclude solvent to prevent MgATP hydrolysis. nonpolar side chains such as Cys158, Val163, Val220, and
Fru 6-P,2-kinase is proposed to contain similar flexible Val246 and between the ribose ring and Thrl30. The
segments,viz. amino acids 74100 and 159194 for binding pocket for the phosphates of ATP is an anion hole
MgATP and Fru 6-P binding sites, respectivelyz). Con- generated by thel helix dipole and the main chain nitrogens
formational changes induced by binding both substratesof residues 4853. The highly conserved Lys51 in the
involve closing the MgATP and Fru 6-P binding loops. Itis Walker-A motif interacts with both thg- andy-phosphates
possible that closure of the Fru 6-P loop could be affected of ATP, while the conserved Thr52 along with Asp128 of
by changes in the MgATP binding loop. The large increase the Walker-B motif are ligands to the octahedrally coordi-
in Krr 6-p Observed for the Lys51 and Lys172 mutants may nated Mg", which also coordinates with thg- and
be due in part to altered closure of one or both of the y-phosphates of ATP1Q). (Thr52 is also directly bound to
substrate-binding loops. the 8-phosphate of ATP.)

Interpretation of the Effect of the MutationThe crystal Mutation of basic residues, including Lys51 and Lys172
structure of Fru 6-P,2-kinasd-ru 2,6-Pasel2) has dem-  which are in the vicinity of thgg- andy-phosphates of ATP,
onstrated that the binding of MgATP to the Fru 6-P,2-kinase affects all three kinetic parametery,, V/Kugate, and

apK values estimated graphically.
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VIKene-p. A likely explanation for the apparent lack of has been observed for the WT enzyme at pHs below 6.8.
greater effect on th¥/K for ATP (and mantATP) in these  Results suggest that a positive charge density is provided
mutants is the fact that the side chains of these basic residueby the three arginines, essential for the binding of both
play only a minor role in the binding of the nucleotide. The substrates.

major determinant in the blndlng of ATP is the Walker-A |nterpreta’[ion of pH Profiles for Wild Type Fru 6_P,2_

motif (P-loop) which wraps around the phosphates. In a Kinase. The kinetic mechanism is random sequential with
Study of a similar Walker-A motif of the p21 ras OnCOprOtein either MgATP or Fru 6-P add|ng to the kinase f”'gl(The
(37), it was demonstrated that the primary determinant for v/ profile will reflect groups in the enzymesubstrate
GTP/GDP binding is the anion hole formed by the helix complex that build up in the steady state. If the binding of
dipole and main chain dipoles in the P-loop. The crystal reactants locks all enzyme and reactant groups in their correct
structure of Fru 6-P,2-kinase demonstrates that the glycine-protonation state, the profile will be pH-independent30).
rich motif also wraps around thg-phosphate of the |nthe latter case, allipvalues observed in thé/K profiles
nucleotide and chelates the fgon through Thr52 in the |l be intrinsic values (that is, i values that are unperturbed
loop (12). as a result of rate limitation by noncatalytic steps) for the

K51 and K172 Replacement of K51 with either A or H appropriate enzymereactant binary Comp|eX,—E:ru 6-P
gives similar decreases in all kinetic parameters, while resultsfor \/Kygarp, E-MgATP for V/Key-p and free reactant,
differ in the case of K172, dependent on the nature of the MgATP for V/Kygare, and Fru 6-P fo/Key 6. If reactant
replacement amino acid. Interestingly, at position 172, itis pinding does not lock the protonation state of enzyme and
not sufficient to conserve the Charge as shown by K172R reactant groupsy will be pH_dependent' and theKB
and K172H (although His may not be ionized, see below). observed will be perturbed to lower (acid side) and higher
For example, th&//Kygare is decreased by 150-fold in the  (pase side) pH unless the phosphoryl transfer step is solely
case of the K172R mutant even though the positive chargerate-limiting. TheV profile for wild type Fru 6-P,2-kinase
is conserved, compared to a decrease of 3000-fold withs pH-dependent and decreases at low and high pH, indicating
opposite charge (K172E), or a decrease of 1000-fold with a that one group must be unprotonated and another protonated
hydrophobic replacement (K172AN/Kewe-pis 1 order of  for activity. The K values observed in thé profile (6.2
magnitude lower in K172R than in the hydrophobic K172A and 9.5) are lower and higher, respectively, than those
mutant and about 4-fold lower than in the negatively charged opserved in tha//K profiles (7.4 and 8.7; the 6-phosphate
K172E mutant. The observation thétkr. 6-pE: values of  pK will not be observed since Fru 6-P is already bound).
the lysine mutant enzymes are dramatically decreased (less The V/IK—pH profiles will reflect titratable groups on
thaﬂ 0.03% of WT_enz_ym_e) suggests that th_ese residues pla3(=:nzyme or substrate required in a given protonation state
an important role in blndl'ng and/or catalysis. . for optimum binding and/or catalysi889). The V/K for

The above results are in contrast to those of the rat liver MgATP reflects predominately the -EFru 6-P binary
bifunctional enzyme38). Mutation of K54 (analogous to complex, at saturating Fru 6-P, and free MgATP. The p
K51 in the testis enzyme) to Met resulted in a large increasevalue fo} the y-phosphate of MgATP is about 4.9),

!n the Kn, vgllues ;‘]c?lr bﬁg} sué)strates SUChlthat :]heyowoelre outside the pH range investigated in these studies. ®he p
Immeasurable, while th¥ma decreased to less than 0. of 8.9 observed in th&//Kygate profile thus reflects an

milliunit/mg. Differences between the _I|_ver and testis enzyme group that must be protonated for optimum binding
enzymes could be due to the assay conditions employed or,

4 of MgATP and/or catalysis. In order to carry out a
the thoroughness of the study. In the present studies, anucleophilic attack on the-phosphate of MgATP, the
complete initial velocity study was carried out. i

negative charge on t hosphate must be neutralized b
R136. As suggested in the Results, the R136 mutant 9 9 he-phosp y

%" an ionic or hydrogen bonding interaction with an enzyme
enzymes corroborate the suspected role of R136 as a b'nd'nQesidue, and this is likely the function of the enzyme group
group of the 6-phosphate of Fru 6-P. Very little change is

. hile ch . | 1 with a pK of 8.9. There are a number of residues in the
observed inV, while changes inV/Kugare are also small, 546 site of Fru 6-P,2-kinase that could serve in this
and parallel those observed f&f. On the other hand,

) . : _ capacity, but K51 is the most likely candidate, as will be
conservation of charge, as in the R136K mutation, gives only dispcuss)éd below. y

a small change in//Kgen 6-p, While elimination of charge .
(K136S or K136L) gives a decrease in W#Kg, 6-p 0f 2—3 bi TheViK forIFru 6-tP retflec:_s pr?\;iorAnTlr;atelyéhslﬁ/lg?T% P
order of magnitude. It has been reported that R102 is also2!Na"y compiex, at saturating MgATF, and ree Fru o-F.

involved in the binding of Fru 6-PL8). However, in contrast Three jonizable groups are reflected in %ifKene-p—pH
to R102 mutants, which show no remarkable change in profile, two that must be unprotonated and one protonated
Kugae, R136 mut’ations affedtygare for optimum binding of Fru 6-P and/or catalysis. Thi p

R78, R79, and R193 The most substantial changes value of 6-phosphate of Fru 6-P is about 6‘_1‘“))("%”" may
observed with mutation of these arginines are decreases i eflect the K of 6.7 observed on the acid side of the

; ; : /K —pH profile, indicating that the 6-phosphate must
VIK . In all , with th bl t f th Fru6-p : -
nggﬁpmu?ar?t, Cdaesgsea\;vés ajg:%pct))?(?erse i?cr?lgé%ri]tl?de, ) be unprotonated for optimum binding of Fru 6-P to enzyme.

suggesting that none of these residues alone are absolutel<<A//Second X of 7.4 is also observed on the acid side of the

required for catalysis and/or binding of MgATP or Fru 6-P. Kerus-p—pH profile, sugg_est_ing that a group on enzyme
Similar results have been reported byetial. (17) for R195 must be unprotonated for binding and/or catalysis. The latter

in the rat liver enzyme (corresponding to R193 in the testis pK probably is derived from an enzymic general base that

enzyme). Perhaps the most interesting result of the arginineIS required to accept a proton from the 2-OH of Fru 6-P to
mutations is the development of a positively cooperative
saturation isotherm for Fru 6-P. A similar saturation curve  2Unpublished results of K. Uyeda.
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Scheme 1: Proposed Chemical Mechanism for the Rat 60
Testis Fru 6-P,2-Kinase
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NH, ‘{\ Ficure 6: Effect of Fru 6-P concentration on rat testis Fru 6-P,2-
o 0. kinase activity. Fru 6-P,2-kinase activity was assayed as described
NZ N\ B:H ., /° 5 h 0/ in Materials and Methods using 2 mM ATP, 5 mM MgCand
P + . -
l\ | > N varying concentrations of Fru 6-P.

" transfer is followed by a ligand displacement reaction in
q N o Jd ° E' which the 2-phosphate of the Fru 2,6g?oduct is displaced
Hln ol Mg from Mg?* by the a-phosphate of the MgADP product.
Kurland et al. (20) reported that th&,.—pH plot of rat
facilitate nucleophilic attack on the phosphate of MgATP.  liver enzyme exhibits two pH optima, 6.9 and 8.8, and a
There are only two neutral acid residues, that is Asp or Glu, minimum around pH 7.5. A similar observation was made
located close to the catalytic center as indicated by the crystalwith the rat testis enzyme in the present study, depending
structure of the kinaselR). One of these is Asp128, which on the concentration of Fru 6-P used. As the Fru 6-P
is shown to be chelated to the Rigion of MgATP. The concentration is increased above 0.7 mM, inhibition of the
D128S and D128A mutants decreagg,x 8—20-fold and Fru 6-P,2-kinase activity of the bifunctional enzyme is
the VIKgny 6-p 240—4000-fold but do not affect thelpvalues observed (Figure 6). HoweveKg,s-p for the rat testis
observed in th&//Kgs-p—pH profile (13). A second Asp enzyme at pH values around 7.5440uM, and maintaining
residue, Aspl77, is located within a purported mobile loop the Fru 6-P concentration at0.2 mM alleviates the substrate
(12) and could approach the 2-OH close enough to serve asinhibition. The decrease Mmnaxat pH 7.5 noted by Kurland
a base if a conformational change was induced by Fru 6-Pet al. can likely be attributed to substrate inhibition (or
binding. However, th&//Kg,, 6-p—pH profile of the D177N perhaps ionic strength effects) resulting from the high
mutant (data not shown) is identical to that of the wild type concentrations of Fru 6-P used in the reported studies. The
enzyme. Another side that could serve as a general base isnhibition may also be due to the presence of a contaminant
the imidazole of histidine. However, there is no histidine in the Fru 6-P solution.
positioned so that it could serve as a general bagg ( Rideret al. (19) showed that the activity of the rat muscle
The remaining K of 8.7, observed in th¥/Kg, ¢-p—pH Fru 6-P,2-kinase increases continuously with increasing pH
profile must be protonated for maximum binding of Fru 6-P from 5.5 to 9.5. These authors further showed that the
and/or catalysis. There are two likely possible functions for R104S mutant enzyme has an altered pH profile with a
the group with a g of 8.7. (1) It could be the same group plateau between 8 and 8.5, suggesting that the Arg104 side
observed in th&//Kugarp—pH profile, needed to reduce the chain may contribute to the alkaline part of the pH profile
electron density aroung-phosphate of MgATP, or (2) it  in the wild type enzyme. Kurlandt al. (20) reported that
could be required for the binding of the 6-phosphate of Fru the pH profile of the rat liver Fru 6-P,2-kinase is complicated
6-P. As discussed below, it is likely neither of these and shows two sharp pH optima at 7 and 10 and a minimum
possibilities. at pH 8.5. However, these authors also showed that the pH
A proposed chemical mechanism is provided in Scheme profile of the R104A mutant was bell-shaped with a pH
1. Fructose 6-phosphate is shown bound via a positively optimum at 8, similar to that of the muscle enzyme.
charged residue (probably R136 and or R102, Figure 1) at Interpretation of Mutant pH Profiles and Attempts To
its 6-phosphate (o ~ 6.4). In addition, a general base{(p  Identify Groups Reflected in the Wild Type pH ProfilEhe
~ 7.4) is positioned to accept the 2-hydroxyl proton. It is crystal structure of Fru 6-P,2-kinase indicates that Lys51 and
not unreasonable to believe that the base will be hydrogen-Lys172 are in the vicinity of thg- andy-phosphates of ATP
bonded or at least close to the 2-hydroxyl when Fru 6-P is (12). Mutation of Lys51 and Lys172 to His give a decrease
bound. Another positively charged enzyme residue {p of >46000-fold inV/Kgy, 6-pE; Values and an about 100-fold
8.9) is shown interacting with thg-phosphate of MgATP,  decrease inv/E (Table 2), implicating both residues in
either K51 or K172 according to Figure 1. The phosphoryl catalysis and/or binding. The mutation of Arg79 gave
transfer from MgATP to the 2-hydroxyl of Fru 6-P proceeds decreases of only about 30-fold and 4-fold in tM&KE
by nucleophilic attack of the 2-hydroxyl on threphosphate  values for Fru 6-P and MgATP, respectively, suggesting that
aided by the general base that accepts the hydroxyl proton,it not essential for catalysis but has some secondary function.
and the positively charged enzyme group that interacts with  To explain the K51H/K172H mutant data one must
they-phosphate to neutralize its negative charge. Phosphorylconsider the kinase active site structure (Figure 1). The
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active site has an abundance of basic residues, includingoxygen suggests it could neutralize the transient negative
R193, R136, R102, R79, and R78, as well as K51 and K172.charge which would accumulate on this oxygen in the
As a result, there will be substantial positive charge in the transition state. On the basis of studies of GTP hydrolysis

site, and this will certainly have an effect on thi€ palues

and the structure of the G-protein @i(41) wherein an

of all of the groups listed, causing them to decrease arginine occupies a similar position near tfe/-bridge
significantly compared to their normal values in aqueous oxygen, it has been proposed?| that enzymatic GTP

solution (that is about 10.5 for theamino of lysine and

12.5 for the guanidinium of arginine). Effects are, of course,

hyrolysis is a “dissociative-like” reaction. The placement
of K172 and its critical role in catalysis would be consistent

distance-dependent, but because of the positive chargewith such a theory which predicts a large negative charge

density, there will likely be some effect of positive charge
neutralization on the K values of remaining positively
charged residues.

accumulation on the8,y-bridge oxygen in the transisiton
state. The group responsible for the base sideimpthe
V/Kery 6-p—pH profile for K172H is probably one of the

In each of the mutants studied in detail, the lysine was arginines, R78 or R193, in the vicinity of the lysine.

changed to a histidine, which normally haska@f about 6.

However, an imidazole in the kinase active site will likely
have a lower K given the high positive charge density in
the site, will probably be un-ionized over the pH range
studied, and will effectively eliminate a positive charge in

The pH profiles for the K51H mutant exhibit very low
activity (25000-fold lower than that of the wild type), and
the data exhibit substantial error. It is thus difficult to
determine an accurate shape for théKg,sp profile.
However, there is little pH dependence on the basic side of

the unliganded enzyme. The loss of the positive chargethe pH profile, and since elimination of a positive charge

would cause an increase in the observi&dob at least the
positively charged groups in the vicinity of the group that
loses its positive charge.

Finally, the R79H mutant gives /Kg, 6-p—pH profile
that is qualitatively identical to that of wild typeV/Kugate
is pH-independent, while that for the wild type enzyme
decreases at high pH, giving & mf about 8.9. Since the
group with a K of 8.6-8.7 is still observed in the
V/Ken 6-p—pH profile, the groups responsible for the ob-
served [Ks of 8.9 in theV/Kygarp profile and 8.7 in the
V/IKe 6-p profile must be different. The group responsible
for the base sidekoin the V/Kygate profile is K51 (Figure
1). The location of K51, in hydrogen-bonding distance (3.13
+ 0.29 A) to they-phosphate of MgATP, suggests it is the
group that neutralizes the negative charge orytpaosphate,
facilitating attack by the 2-hydroxyl of Fru 6-P. The absence
of the base sidelois likely due to an increase in the<pof

will result in an increase in thelpof other positively charged
groups in the vicinity, it is most likely that the presence of
K51 results in a decrease in th& pf R79 or R193, as
observed for K172 (Figure 1). The identity of the general
base in the kinase reaction will have to await future studies.
It has been reported that mutations of Arg104 of the rat
liver Fru 6-P,2-kinase (the corresponding residue is Arg102
in the rat testis enzyme) result in an altered pH profile,
suggesting that this residue contributes to the pH prafife (
20). However, the pH-activity profile of the R102L mutant
in the testis enzyme is identical to that of the wild type
enzyme (data not shown), suggesting that ionization of
Argl102 does not affect the pthctivity profile of the
enzyme. Closer examination of Kurland’s da28)(revealed
that the wild type enzyme showed two pH optima and one
minimum around pH 7.58, similar to that of the testis
enzyme (data not shown), while the R104A mutant showed

K51 as a result of the loss of positive charge for R79 upon only one broad pH optimum. These differences could be
its mutation to H. The latter would also explain the small explained by the difference in the sensitivity to Fru 6-P
change in the magnitude of the kinetic parameters of the inhibition, as demonstrated in the data of Figure 6. It seems
R79H mutant compared to wild type, since R79 is non- reasonable that, since tKe., s-p value of the mutant is much
essential, with the exception of contributing charge to the higher than that of the wild type enzyme, the inhibition by
site. There is a reasonable expectation that, on the basis ofru 6-P (or its contaminant) at pH 7.5 is also decreased by
the placement of some of the positively charged groups in the mutation. Thus, we believe that the pH curves of R104A

the active sitee.g.R78, R79, and R193, they are involved
in stabilization of the phosphoryl transfer transition state
(Figure 1).

The K172H mutant shows an increase in the base dide p
in theV/Kg, 6-p—pH profile by about 0.9 pH unit. However,
all three of the Ks observed in the wild typ¥/Key 6-p—

and the wild type enzyme are essentially the same. The pH
curve of R104S reported by Ridet al. (19) also appears to

be similar to that of R104A of the liver isozyme and R102L
of the testis isozyme. These authors reported that the pH
activity profile of the wild type muscle isozyme shows no
pH optimum, differing from the profiles of the liver2Q)

pH profile are present, suggesting that none of the groupsand testis isozymes (data not shown). Since the catalytic

responsible for the ionizations observed is K172. However,

the dramatic loss iV/Kgr, 6-pE: (10000-fold) suggests that

domains of all of the above isozymes are essentially the same,
it is difficult to explain the differences in the pH dependency

a catalytic advantage has been lost in the K172H mutant. of the kinase activity, but it could be attributed to experi-
On the basis of the placement of K172 with respect to the mental conditions.

- andy-phosphates of MgATP (Figure 1) it is suggested
that K172 could facilitate catalysis in two ways. The
structure of the EMgATP complex places K172 in the
vicinity of the 3,y-bridge oxygen (2.78 0.29 A) and one

of the nonbridge oxygens of thephosphate (2.5% 0.29

A). Its proximity to the y-phosphate of MgATP might
neutralize its remaining negative charge, facilitating the
nucleophilic attack of the 2-hydroxyl of Fru 6-P on the
y-phosphate of MgATP. Its proximity to thg,y-bridge

Conclusions In Scheme 1, according to the above studies
and the avaliable structure of the kinad®)( the phoshate
of Fru 6-P is likely to be ionized for optimum binding,
anchored by R102 and or R136. Interaction of #apghos-
phate of MgATP with K51 is critical for neutralization of
the charge and facilitation of nucleophilic attack by the
2-hydroxyl of Fru 6-P. The protonation state of K51 is
locked upon binding of MgATP, since itKgds not observed
in the V/Kgr, 6-p—pH profile. The ionization state of R78
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(and/or R193) is also important, and it is it€ fhat is likely
to be observed on the basic side of Y&, ¢-p—pH profile.

As suggested above, R78, R79, and R193 are likely to be

involved in transition state stabilization as thg@hosphate
is transferred to the 2-hydroxyl, building up additional

negative charge on the phosphate oxygens. Unfortunately,
the identity of the general base that accepts a proton from

the

2-hydroxyl has not been elucidated.
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