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ABSTRACT. The pH dependence of the chemical shifts of ¥Heresonances of enzyme-bound substrates
2-phosphoglycerate (PGA) and phosphoenolpyruvate (PEP) were measured to obtain further insight into
the catalytic mechanism of yeast enolase. ¥ieresonances of PGA and PEP bound to the enselase

Mg complex are individually observed by NMR. TH&q intema= 1.5 favoring PEP was measured. A

pH dependence of th&P chemical shifts givesky values of 5.82 and 6.16 for bound PGA and PEP,
respectively, indicating that both ligands bind predominantly with their phosphate groups as the dianionic
species and their ionization has been altered. The phosphoryl group of PGA has been suggested as playing
arole in catalysis [Nowak, T., Mildvan, A. S., and Kenyon, G. L. (19B8)chemistry 121690-1701].

The pH dependence of the kinetic parameters for-Mgolase shows a single break in the plot Kfpca

vs pH at pH 6.27 with a pH independence above pH 7. This is consistent with the trianion of PGA
preferably binding to the enzyme. TRg;profile gives Ka values of 5.94 and 8.35, ahg./Kn, profiles

give pKa values of 5.85, 6.25, and 8.39. Activation studies with?Mghow a pH independence for the
activator constanti{), but a pH-dependent inhibition at higher concentrations of'Mdrhe logk..:and

kealKa profiles from Mg activation give K values of about 5.9 and 8.4. These results confirm the
importance of residues withikp, values of about 5.9 and 8.4 (His and Lys residues?) but do not support

a function for the phosphoryl group of the substrate. The pH dependence Kifiifre gives [Ka fits of

5.95, 7.13, and 8.35. Data from cation inhibition suggest that the phosphate of the substrate and a His
residue on enolase may bind the inhibitory Mg

Yeast enolase (2-phospheglycerate hydrolase, EC catalytic process. Upon substrate binding, the second metal
4.2.1.11) catalyzes the reversible dehydratiom-&-phos- ion can bind at site Il. The binding of Mh to sites | and
phoglycerate (PGA)to phosphoenolpyruvate (PEP) as a key |l of enolase in the presence of PGA shows little change
step in both glycolysis and gluconeogenesis. The enzymeover the pH range from 5.15 to 7.5Q0). This suggests
is a dimer of two identical subunitsl), with a subunit that the ligands that bind cations at sites | and Il are neither
molecular mass of 46 500 D&,(3). Enolase has an absolute histidines, lysines, nor cysteine thiolates, but probably
requirement for a divalent cation for enzymatic activity that carboxylates from aspartate and/or glutamate and/or back-
can be fulfilled by variety of metal iongl). The dehydration  bone carbonyl groups. The third, inhibitory, metal-binding
of PGA proceeds as a trans elimination reactib)) yia a site is titrated at a pH value of about 6:3.0 (10) and may
carbanion intermediate, formed in a rate-limiting C-2 proton be located either at a histidine-containing site, at the
abstraction, 7). Subsequent steps involve?$yybridization phosphoryl group of the substrate, or at both.
of the C-2 carbon and loss of the C-3 hydroxyl group. The = There are several catalytic mechanisms proposed for
resulting vyater mplecule enters the coordination sphere Ofenolase, some of which have emerged from structural
the metal ion at site 1§). o . investigations of enolase from yea#i( 19 and from lobster

Inthe absEnce of sngstrate, there is a single metal-bindingy, ,scje (6). The identities of residues functioning in general
site for Mg?" or Mn?" per monomer of enolase. Metal ;i hase catalysis are not yet established unambiguously.
binding at site | induces a conformational change at the active t1,o crystal structure of yeast enolase, complexed with the
site and enables subsequent binding of the subsBatét{e equilibrium mixture of PGA and PEPLY), and a kinetic
metal ion at site | is believed to be directly involved in the analysis of enolase mutants K345A, E168Q, and E211BD (

T The research reported in this paper was supported by a research "< ¢ interpreted as Lys 345 being the likely candidate for a

grant from the National Institute of Health (DK 17049) to T.N. catalytic base. The Glu211 was assigned the role of proton
* To whom correspondence should be addressed. Phone: (219) 631-donor to the leaving hydroxyl group in the forward reaction
5859. Fax: (219) 631-3567. E-mail: Nowak.1@nd.edu. and as an activator of the water molecule in the reverse

1 Abbreviations: PAH, phosphonoacetohydroxamate; PEP, phos- . :
phoenolpyruvate: PGAp-2-phosphoglycerate; PRR, water proton reaction. An argument in favor of Glu2+1ys345 as the

longitudinal relaxation rate; EPR, electron paramagnetic resonance; Catalytic acid-base pair is based on the results of Rose and
NMR, nuclear magnetic resonance; HEPHS(2-hydroxyethyl)- co-workers §) who determined that the enolase-catalyzed

piperazineN'-2-ethanesulfonic acid; MES, N{morpholino)ethane- iminati i ; _
sulfonic acid: TRIS. 2-amino-2-hydroxymethyl-1,3-propanediol: TAPS, elimination of water from PGA proceeds via antistereochem

N-[tris(hydroxymethyl)-methyl]-3-aminopropanesulfonic acid; SDS, istry. Any group(s) assisting in the |e_aVing of the C-3
sodium dodecyl sulfate. hydroxyl group should be found on the side of the substrate
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opposite to the catalytic base. Lys345 and Glu211 are EXPERIMENTAL PROCEDURES

located 9” the op_pos_lte ades_ of the substrate. Enolase Purification. PGA, MES, HEPES, and TAPS
Chemical modification studies have shown that complete yere purchased from Sigma (St. Louis, MO). All other

inactivation of enolase by diethyl pyrocarbonate correlates reagents were of the highest purity available. Solutions were
presence of substrate or substrate analogue 3-phosphoglyc- gngjase was purified from Baker's yeast using a revised
erate, plus an excess of Ffg protects 2 histidyl residues/  procedure developed in our laboratorg9) that yields
subunit from modification. Although such protection could enzyme with a specific activity of 120 units/mg measured
arise from a number of causes, the likelihood exists that two nder standard conditions (see below). This enzyme shows
histidyl residues are present at the active site of enolase and, single band of protein corresponding to the molecular mass
may be involved in catalysis and/or binding of the third, of 46 500 Da on SDSpolyacrylamide gel electrophoresis

inhibitory, Mg?*. All of the available crystal structures of  ang a single peak on a capillary electrophoresis. Purified
enolase show that there are two histidyl residues at the activegnolase was stored as a lyophilized powder-26 °C.

Site, His159 and His373. His159 is located 3.0 A from the Enolase Assay_Eno|ase was prepared prior to experi_

C-2 proton of PGA and could play a key role in the initial - mentation by dissolving the dry powder in a minimal amount
step of the reaction. His373 is positioned at the C-3 hydroxyl of the appropriate buffer and passing the solutions through
group of the substrate and could be involved in the departureg G-25 column (1x 14 cm) that contained 2 cm of Chelex-
of the leaving group¥4, 11, 13. 100 on the top. The column was equilibrated with 50 mM
On the basis of the hypothesis explaining the function of appropriate buffer. The pH dependence studies of the
metal | developed by Nowak et al.8)(and modified by  activation of the enzyme by Mg were performed at
Brewer (16), the phosphoryl group of the enzyme-bound saturating concentrations of PGA (2 mM). The pH depen-
substrate has been suggested as playing a role in catalysiglence of the velocity response to PGA concentrations was
There is a putative interaction between a molecule of metal- analyzed at Mg concentrations that were optimal prior to
bound water and the phosphoryl group of the substrate/the onset of the cation inhibition (1 mM).
product. Catalysis involves transfer of protons to and from  The enzyme was normally assayed by a modification of
the metal-bound water molecule, and the phosphate of thethe method described previousl20j. The typical assay
substrate. The proton from C-2 adds to a metal-bound watermixture contains 50 mM HEPES, pH 7.5, 50 mM KCl, 2
molecule while the proton that bridges the metal I-bound MM PGA, and 1 mM Mgdl in a volume of 1 mL. The
hydroxy methyl group and the phosphate group of the increase in absorbance due to the formation of the product,
substrate is transferred to the metal-hydroxyl. The phosphatePEP, was measured at 230 nm on a Gilford 240 spectro-
putatively acts as a base to deprotonate the water moleculePhotometer. The enzyme concentrations were determined
To gain a greater understanding of the possible role playedby using the extinction coefficient at 280 nm of 0.89 mL
by the phosphoryl group, it is desirable to know the ionization Mg* cm™* (38) and a molecular weight of 93 000/dime) (
state of this group on the enzyme-bound substrate. If the The specific activity was initially determined as the change

phosphate is directly involved in enolase catalysis, its N @bsorbance at 230 nm/min divided by the enzyme
ionization should affect catalysis. concentration expressed as absorbance units at 2821)m (

Data are reported as specific activity in standard activity units
of micromoles of product produced per milliliter per minute
per milligram. A unit of activity at 230 nm [{A23d/Azs0)-
min—1] corresponds to 0.32 units/mg at pH 7.5 and above.
Velocity data were properly normalized by measuring the
extinction coefficient for PEP over the pH range where
kinetic studies were performed.

Enolase was shown to be the target enzyme for the
inhibition of glycolysis by fluoride ion 17). Inhibition of
enolase by Fitself is quite weak. In the presence qf &n
intracellular physiological buffer, inhibition of Mg acti-
vated enzyme by Fbecomes extremely potent. Binding
data indicate a random addition of Bnd Rto the enzyme

metal complex to produce an inactive enolase spediés ( UV Difference SpectroscopyV difference spectra were

It is believed that the structure of the inhibitory complex is obtained with a Beckman DU-40 spectrophotometer. Dif-
analogous to the proposed catalytic complex and may beference spectra were measured from 240 to 320 nm.

analogous in structure to the transition state of the reaction. Routinely, 1 mL sample solutions containing 28 enolase
The purpose of this study is to characterize the enzyme (50 uM sites), 1 mM MgC}, 50 mM Tris—HCI, pH 7.5,
substrate interactions of yeast enolase involving ionizable and 50 mM KCI were titrated with microliter quantities of
groups that might play a role in binding and/or catalysis. ligand solutions. Corrections were madeNA for dilution
The ionization state of inorganic phosphate in the highly of the enzyme from the original concentration of,8@ sites.
inhibitory, slowly exchanging enolaséMn?*—F —P, com- 3IP-NMR Spectroscopy.The 3P-NMR spectra were
plex is determined usinfP NMR. The3!P chemical shifts  obtained on a Varian VXR500 spectrometer equipped with
for the enolase Mn?*—(PGA—PEP) complex are analyzed a5 mm variable frequency probe and operating at a Larmor
as a function of pH. These interactions can be characterizedfrequency of 202.4 MHz, using a spectral width of 20 kHz
using steady-state kinetic pH profile studies. An analysis at 21°C. Twenty percent BD was added to the buffer for
of the pH variation of the kinetic parametefs, Kea, and setting the field/frequency lock. An external standard of 85%
kealKm for substrates and; for inhibitors can allow the H3sPO, was used for setting O ppm and for analyzing line
identification of functionally important ionizable groups, their broadening.
apparent K values, preferred ionization states, and their  Data Analysis. The dissociation constants for substrate
possible roles in binding and/or catalysis. binding from UV difference titrations were obtained by fitting
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the data to the expression

ANAA = {Kq+ [E], + [L], — {KS + [E]2 + [+
2K([E], + [L]) — 2[ELIL] M3} /2[E]L (1)

Vinarov and Nowak

Scientific). The EZ-FIT program uses the Neld&iead
simplex and Marquardt nonlinear regression algorithms and
includes model discrimination parameters based on the
Studentt-test. The Table Curve 2D program uses the
Levenburg-Marquardt procedure for finding the global

whereAA is the corrected change in absorbance induced by Minimum of the squared sum of deviations.

ligand binding at total ligand concentration {land at total
enzyme concentration [E{18). The AAna is the change
in absorbance obtained by extrapolation to infinite ligand
concentration.

Titration parameters from théP-NMR experiments were

RESULTS

lonization State of the Phosphate Groups of Substrates
and R Bound to EnolaseMg?". UV difference spectros-
copy indicates small changes in extinction coefficient of

obtained by nonlinear least-squares fits of the one-proton€nolase-Mg upon ligand binding. The UV difference

titration curve

Oy = (Opa + 0 107 P91+ 10P7P9)  (2)
of the experimental chemical shifbpn), Wheredua is the
chemical shift in the acidic pH limit, andla— represents the
chemical shift in the basic pH limit2Q).

spectroscopic titrations reveal that the presence afrEatly
increases the affinity of;For the enolase Mg?" complex.
These titrations result in the formation of a tightly bound
enolase-Mg?*—F —P, quaternary complex. The presence
of 10 mM F decreases the appardfy of P, for enolase-
Mg from Kg = 640+ 10uM to Kq = 5.67+ 0.05uM (data
not shown). The tight binding of;Ro form the quaternary

Steady-state reaction rates were determined by measuringenolase-Mg—F —P; complex can allow spectra of bound
the slope of a line drawn tangent to the reaction progressP, in this complex to be observed. The standard titration

curve. The initial velocity data obtained at each pH were
then best fit to the MichaelisMenten equation

IV, = 11+ K, /[S])

max

= (3)
for the determination of the apparent Michaelis constants
(Krm) and maximal velocityVmay. All data were corrected
for the effect of pH on the molar extinction coefficient of
PEP at 230 nm in the standard assay mixture.

In the pH range 6.49.2, the kinetic data for the activation
by Mg?*" was also best fit to the equation for uncompetitive
substrate inhibition equation

Vo= (1 + K /[S] + [SV/K)) 4)
whereK; is the inhibition constant for binding of Mg at
the inhibitory site, site Ill.
The variation of values foK,, as a function of pH were
best fitted to the log form of eq 5:
Y=CI(1+ [H'K,) (5)
The variation of values fok.y as a function of pH were
best fitted to the log form of eq 6:
Y= CI(1 + [HVK, 2+ K5H ) (6)
The variation of values fok../Km or Ki as a function of
pH were best fitted to the log form of eq 7:

Y= CH[(A + [HVK,E + [HH/KLE KT +
KSTH™TY (7)

In eqs 5-7, Y represents the value &y, Keay Keal Km, OF
Ki at a particular pH valueg represents the pH-independent
value of the corresponding parametgxFS andKgES are the
equilibrium constants for two ionizable groups in the
enzyme-substrate complexKaE, KgE, and KcE are the
equilibrium constants for ionizable groups in the free enzyme
or substrate, and His the hydrogen ion concentration.

curves of the’’P chemical shift of Pin the pH range 5.5

8.5 for the B P—Mg?*, and P—~Mg?"—F" complexes and
the pH dependence of tR&# chemical shift for the enolase
Mg?*—F —P, complex were measured at 202.4 MHz (Figure
1). The titration parameters were obtained by nonlinear least-
squares best fits of the one-proton titration curves of the
chemical shift and the results are summarized in Table 1. In
the pH range 5.47.5, inorganic phosphate in the enolase
Mg?"—P—F complex ionizes and its behavior is similar to
that of R in solution.

The 3P chemical shifts for the enolas#g?"-(PGA—
PEP) complex have been analyzed as a function of pH. The
31p spectrum for PGA in the presence of excess enolase sites
and saturating Mg was obtained. Two resonances corre-
sponding to the phosphate group of PGA and PEP are
observed (Figure 2A). The exchange rate between the
substrate (PGA) and product (PEP) bound to the enzyme
must be slow on the NMR time scale. To clearly assign the
observed resonances for the enzyme-bound PGA and PEP
the 'H-coupled spectrum of the enolasgGA—PEP) com-
plex was obtained. The resonance appearing further down-
field (4.80 ppm) shows a doublet due'té coupling between
the phosphorus and the C-2 proton of PGA (Figure 2B). This
resonance is assigned to PGA. No long-rattgeoupling
is observed for the resonance at 3.03 ppm leading to its
assignment as PEP. The pH dependence of the chemical
shifts for free PGA and PEP in solution were performed
(Figure 3, panels A and B) and th&p values calculated
(Table 1). The ionization state of the phosphates of enzyme-
bound PGA and PEP were determined by a pH dependence
of the chemical shifts for the enzyme-bound substrates
(Figure 3, panels ¢ and d) and th€ pvalues are summarized
in Table 1.

The results indicate that at pH 73.75 both substrates
(PGA and PEP) bind to enolas#lg with this phosphate
group as the dianionic species. Enzyme-bound PGA and
PEP are characterized by an increased shielding as reflected
in an upfield chemical shift for both species, relative to free
PGA and PEP. Th&cqinema= 1.5 favoring PEP and is

Data were best fitted by either the nonlinear least-squaresdetermined by an integration of the two resonances. The

fitting program, EZ-FIT 23) or Table Curve 2D (Jandel

Keg,internatiS PH independent.
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Ficure 1: The pH dependence of tR# chemical shift of Pand several Reomplexes. ThéP chemical shift ) of P, was measured for

various inorganic complexes. TR¥ spectra were obtained at 202.4 MHz on a Varian VXR500 NMR spectrometer using quadrature phase
detection in a Fourier transform mode. Twenty perces® Was added to the buffer for field/frequency lock. An external standard of 85%
H3PO, was used to set zero ppm and to analyze line broadening. Titration parameters were obtained by nonlinear least-squares fits of the
one-proton titration curve (eq 2). (A) The pH dependencé &r P: [P] = 1 mM; [KCI] = 50 mM. (B) The pH dependence éffor

P—Mg?*: [P] = 1 mM; [Mg?"] = 10 mM; [KCI] = 50 mM. (C) The pH dependence o6ffor B—Mg?"—F~: [P] = 1 mM; [Mg?'] =

10 mM; [F] = 50 mM; [KCI] = 50 mM. (D) The pH dependence offor enolase-P-Mg?*—F~: [Eno] = 2 mM sites; [Mg'] = 4 mM,;

[F] =1 mM; [F7] = 50 mM; [KCI] = 50 mM.

Table 1: HendersonHasselbach Fit for th&'P-NMR Titration

2
£l
Curves A § ;
chemical shift (ppm)
complex Ka value OHa) o)
P 6.62+ 0.07 0.70£0.02 2.70+ 0.05 Mjl
Mg?—P, 6.76+ 0.07 0.75£ 0.05 2.90+ 0.02
Mg? —P—F~ 6.78+ 0.05 0.70£0.01  2.90+ 0.02 IM”"WVW ' f‘*r"jv,"'{ B Ao it AR 20 SR AR A "'
Eno-Mg*-P—F~ 6.85+0.16  0.30:0.10 3.50+0.10 §.5 80 85 5.0 43 40 35 3.0 2.5 2.0
PGA 6.86+ 0.15 1.40+0.10 4.20+0.10 ppm
PEP 6.62£ 0.17 —3.00+£0.10 0.504+ 0.05
Eno-Mg?"—PGA 5.82+ 0.05 1.30+0.10 5.00+ 0.20 a
Eno—Mg?**—PEP 6.16t 0.05 0.70+£0.10 3.50+0.10 B 3
a Titration data were fit to eq 2. £
Buffer Effects on the Steady-State Kinetic Parametéise
first step in a pH study is to determine a suitable set of buffers
to cover the pH range of interest. Buffers can be switched 'Af"ﬁ 1”" "4'
from one to another over the pH range, or a mixture of MAN:W\*W JARARDUAREBAN

buffers can be used in which each component covers a®
different portion of the pH profile. Overlaps of the steady-
state kinetic parameters must be established when differentriGure 2: The 3P spectrum of the enolas#lg?'-(PGA—PEP)
buffers are used for various portions of the pH profile and complex. Spectra were obtained at 21 with 1200 scans. [Eno]

. = 2 mM sites, [M@"] = 2 mM, [PGA+[PEP]= 1 mM, [Hepes]
buffers used for overlapplng should not hav€spvalues = 50 mM, pH= 7.5, 20% BO. The resonance at 4.80 ppm is the
more than 1.5 to 2 units apart.

phosphorus of enzyme-bound PGA and the resonance at 3.03 ppm
Several buffers were tested over a variety of pH ranges s the phosphorus of enzyme-bound PEP. (A) THedecoupled
for their effects on steady-state kinetic parameters of the spectrum. (B) ThéH coupled spectrum.

enolase catalyzed reaction. In the pH range-5.46, MES

(pPK = 5.9) was used: in the pH range 6.8.0, HEPES (K ligible buffer effects on the steady-state kinetic parameters
= 7.3) was used; and in the pH range-892 TAPS (K = for Mg2" and PGA on enolase activity in the pH range-5.4
8.2) was used. The steady-state kinetic parameters of yeas®.2 are shown in Table 2. The steady-state kinetic data were
enolase, determined using all three buffers at overlapping corrected for pH effects on the extinction coefficient of PEP
pH values, were identical within experimental error. Neg- at 230 nm.

PPm
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Ficure 3: The pH titration curves of th&P chemical shift of PGA and PEP. TR¥ chemical shifts of free PGA and PEP and for the
enolase-Mg—(PGA—PEP) complex were measured as a function of pH. (A) The pH dependeiderd?GA: [PGA]= 10 mM. (B) The
pH dependence af for PEP: [PEP}E 10 mM. (C) The pH dependence éffor PGA in the enolaseMg—(PGA—PEP) complex: [Eno]
= 2 mM sites; [PGA]+ [PEP]= 1 mM; [Mg?] = 2 mM; [KCI] = 50 mM; [MES] or [Hepes} 50 mM. (D) The pH dependence 6f
for PEP in the enolaseMg—(PGA—PEP) complex: same experiment as panel C.

Table 2: Buffer Effects on the Steady-State Kinetic Parameters fér Mid for PGA with Yeast Enola3e

SA, MgzJr T KA, Mg2+ f Ki'Mg?Jr T Km'pGA1 SA, PGA Km,PGA§ SA, PG
buffer pH (units/mg) (uM) (mM) (uM) (units/mg) (uM) (units/mg)
Mes 5.43 60.1 20.9 350.8 44.0 264.0 29.9
Mes 5.75 93.1 21.8 210.0 61.9 160.9 40.7
Mes 5.97 97.9 22.1 100.0 113.4 79.8 49.7
Mes 6.24 112.7 21.8 24.5 70.5 115.9 58.7 57.9
Hepes 6.24 111.1 215 26.4 70.1 116.5 58.5 58.4
Mes 6.54 117.2 22.0 11.8 55.0 114.2 42.9 68.1
Hepes 6.52 116.2 22.0 12.9 50.4 113.7 42.8 67.3
Mes 6.73 117.7 21.5 7.9 40.3 106.5 355 66.8
Hepes 6.74 118.1 21.8 8.3 40.5 107.5 34.6 67.1
Hepes 7.26 118.9 22.0 3.7 35.6 91.2 32.0 57.6
Hepes 7.37 114.9 22.2 2.9 31.6 89.1 27.8 57.4
Hepes 7.54 111.5 21.7 25 32.9 86.8 29.2 58.9
Hepes 7.78 109.5 21.6 2.6 325 78.1 32.4 56.1
Taps 7.81 108.3 21.4 2.7 335 79.4 315 56.3
Hepes 8.02 96.7 20.9 2.9 30.8 74.2 315 50.2
Hepes 8.29 87.4 20.5 3.5 30.2 63.7 28.5 44.3
Hepes 8.51 79.0 22.0 4.9 31.6 46.4 27.9 38.7
Taps 8.54 78.8 20.8 5.2 35.0 47.1 30.0 37.6
Taps 8.75 64.9 21.9 6.4 36.2 325 29.5 27.7
Taps 9.00 43.7 20.4 8.8 30.5 23.5 30.1 185
Taps 9.25 29.5 21.3 16.2 34.0 9.8 27.6 11.1

2The kinetic parameters were determined under conditions where yeast enolase was saturated with 2 mM PGA (t), saturated withr1 mM Mg
($), and in the presence of inhibitory concentrations ofM@&). The reaction mixture also contained 50 mM KCl and 50 mM buffer. Steady-state
velocity data were fit to the MichaelkdMenten equation:v/Vmax = 1/(1 + K/[S]) for the determination of the apparent Michaelis constalitg (
and maximal velocity{max) and to the equation for uncompetitive substrate inhibitiof/max = 1/(1 + Ky/[S] + [S)/K)), for the determination of
K; for the binding of Mg@" at site Ill. The parameters determined from the equation that best-fit the data are shown. The experimental error was

within 7%.

pH Effects on the Steady-State Kinetic Parameters with of the k.5 data to eq 6 yielded values of 5.84+ 0.06
Mg?" as a Variable. The steady-state kinetic parameters for and 8.55+ 0.03 with akea max0f 113.54+ 2.8 s&. Thekca/

the activation of yeast enolase by Mgvere determined as

a function of pH. The appareKi andk., values with Mg+,

designateda app and Keat,app Were determined over the pH

range 5.4-9.25. Activation studies with Mg show a pH

independence for the activator constd€y) (data not shown).
The kot and keofKa profiles (Figure 4, panels A and B) do

not differ considerably from one another. Bdth;andkea/

Ka profile gave the Ka of the acidic group of 5.9% 0.06

and the K, of the basic group of 8.3% 0.03. These values

are similar to s values in thek.y profile. At higher

concentrations of MY the pH-dependent inhibition is
observed (Figure 4c). The change in thevalues of Mg"

as a function of pH gave rise to a bell-shap&grofile with

a limiting slope of+2 on the acid side and1 on the alkaline
Ka profiles are bell-shaped and illustrate the decrease in theside (Figure 4c). Fitting the data to eq 7 yieldd¢hpralues
rate of the reaction at both high and low pH values. The fit of 5.95+ 0.20, 7.13+ 0.08, and 8.35% 0.05 and a value of



pH Dependence of Enolasdlg Substrates and Kinetics

2.2
2.1

24
1.9
1.84
1.74
1.6

1.5
1.4

Log kcay, Mgz*

Log kea'Ka, Mg2+

-0.25

0.5+

-0.754

PKi, mg?*

-1.254

-1.5

6 7 8 ' 9
pH

Ficure 4: The pH effects on the steady-state kinetic parameters

of yeast enolase with Mg. The steady-state kinetic data for kg
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limiting slopes of+2 on the acid side and1 on the alkaline
side (Figure 5b). Data fitted to eq 7 gave th€apof the
basic group of 8.39 0.08, which is identical to theKx
value of the basic group in Figure 5A. The acidic portion
of the curve yielded thei values of 5.85t 0.25 and 6.25
4+ 0.15. The equivalence of twdp values from Figure 5,
panels A and B (except the&kp of 6.25+ 0.15), is expected
since theKm app0f PGA is invariant in the pH region 6.70
9.25. The results are summarized in Table 3.

The pH dependence &y, kear and keaf Ky with PGA as
the variable was also studied in the presence of inhibitory
concentrations of Mg (in the pH range of 559.2 the
concentration of M@™ was varied according t g2+ to
ensure inhibitory conditions). The results and the best fit
of the experimental data to the eqsBis shown in Figure
6. The calculated i values are summarized in Table 3.

DISCUSSION

Investigations have been made into the role played by
ionizing residues in the chemical mechanism of the reaction
catalyzed by yeast enolasé!lP NMR has been used to
identify the ionization state of the enzyme-bound substrates.
The investigations have involved determination of the two
fundamental kinetic parameters associated with the reaction
and of the inhibition constant for the substrate as a function
of pH.

The 3P resonances of PGA and PEP bound to the
enolase-Mg complex are individually observed by high-
field NMR at 202.4 MHz. This indicates that the exchange
between PGA and PEP on the enzyme is slow on this time
scale #3 ms). A pH dependence of tR&# chemical shifts
gives [Ka values of 5.85 and 6.16 for bound PGA and PEP,
respectively, indicating that both ligands preferably bind as
the trianionic species (dianionic phosphate and the carboxy-
late) at neutral pH. Enzyme-bound PGA and PEP are
characterized by a change in shielding for both PGA and
PEP when bound to enolas®g?". The larger changes in

as a variable and at saturating PGA (2 mM) is plotted. The kinetic chemical shift with PEP suggest that effects by@-P bond

data obtained in the pH range 6-8.2 were fit to eq 4. The data
for kear and keafKa Were fit to eq 6. TheK; value for Mg as a

function of pH is described by eq 7. The curves represent the best

fit of the data to the equations above. (A) Lkg, vs pH from fits
to Mg?" activation; (B) logkca/Kamg+ Vs pH; (C) iKimg2+ Vs pH.

1.90+ 0.05 mM for the limiting value foiK; ;pp  The [Ka
values are summarized in Table 3.

angle distortion are greater for bound PEP than for PGA.
These chemical shift effects are greater than those for P
where only ionic and hydrophobic shielding effects would
be of importance. lonic effects on alteration iKpvalues
also differ in complexes with PGA and PEP compared to
P;, which is much more symmetrical. The pH effects of the
chemical shift for bound PGA and PEP (Figure 3, panels C

pH Effects on the Steady-State Kinetic Parameters with and D) and the pH effects on the apparptfor PGA with

PGA as a Variable. The interaction of PGA with Mgf-

a Ka value of 6.27+ 0.03 (Figure 5C) and a similakpa

activated yeast enolase was studied as a function of pH. Thevalue in theke./Km (Figure 5B) profile are all due to a single

kinetics were measured at optimal Mgoncentration prior
to inhibition. The apparenK, and k. values were
determined over the pH range 549.25. The variation of
log ket With pH yielded a bell-shaped curve (Figure 5A).
The data were fit to eq 6. The resulting value Q% max
was 115.14+ 4.3 s1, and the resulting i, values for the
two ionizable groups are 5.94 0.12 and 8.35t 0.06. The
variation of K, with pH gives rise to a half-bell profile
with slopes of+1 and zero (Figure 5¢). As the pH is raised,
the Ky, value drops to a minimum plateau. Fitting the data
to eq 5 yielded alda value of 6.27+ 0.03 for the ionizable
group and of 30.1 0.9uM for the limiting value forKm app

A plot of k../Kn versus pH is a bell-shaped curve with

ionization. This [Ka value is consistent with the trianion
of PGA preferably binding to the enzyme.

The keaf Km and kg4 profiles as a function of pH indicate
the effect of ionization on binding as well as on catalysis
(24, 29. The k.ofKnm profile yields Ka values of groups
on the free enzyme or free substrate and often gives the
correct Ka values. With M@*" as a variable activator, the
same K4 values (5.9 and 8.4) are seen in béth andkc./

Km profiles. The fraction of the collision complex that reacts
to give products, as opposed to dissociation, is the factor
responsible for such behavior. Both profiles reflect the
ionizations of groups responsible for catalysis sincekhe
for Mg?" is invariant in the pH region 5:49.25. Similar
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Table 3: pH Effects on the Steady-State Kinetic Parameters fér Migd for PGA with Yeast Enolase

Km,pca Keat,pca keal Kmpca Keat, Mg Keal Kamg?! Ki mg?*
yeast enolase Ko =6.27+ 0.03 pK;=5.94+0.12 pK; =5.854 0.25 pK; =5.844 0.06° pK; =5.934+ 0.08 pK; =5.954+ 0.20°
(optimal [M¢?*]) pK,;=8.35+0.06 K;=6.25+0.15 K,=8.55+0.03 K,=8.39+£0.03 K,=7.13+0.08
pKs; = 8.39+ 0.08 K3 =8.35+ 0.05
yeast enolase Ky =6.20+ 0.0% pK;=6.36+ 0.08 pK;=6.20+ 0.08
(inhibitory [Mg?*) pK,=8.454+0.03 [K,=6.354+0.06

pKs = 8.49+ 0.04

2 Measured with PGA as the variable substrate and"\dgturated at 1 mM2 Measured with Mg" as the variable substrate and 2-PGA saturated
at 2 mM. ¢ Measured with PGA as the variable substrate and?fylgetween 1 and 25 mM based &fwg2+.

25 - 2
A 1.94
1.8
1.7
1.64
1.54
1.4+
1.34
1.24
1.14

Log Kcay, 2-pGA
Log Keat, 2-PGA

0.5

0.251

-0.26

-0.5-

-0.754 /
/

5.5 6.5 7.8 8.5 9.5
pH

Log kea'Km, 2-PGA
Log kca'Km, 2-pGA

-1.25 -1.25

-1.54

-1.751

24

PKm, 2-PGA
PKm, 2-pGA

-2.254

-2.5

-2.78

5 6 7 8 9 5.5 8.5 75 8.5 X
pH pH

Ficure 6: The pH effects on the steady-state kinetic parameters
for PGA as the variable in the presence of inhibitory concentrations
of Mg?". The steady-state kinetic data for PGA as a variable and
inhibitory Mg?* concentrations are plotted. The concentration of
Mg?+ was varied between 2 and 25 mM depending uponkthe
value. The data fok. were fit to eq 6. The change in tH&,
values of PGA as a function of pH is described by eq 5. The data
for keafKm Were fit with eq 7. The curves represent the best fit of

Ficure 5: The pH effects on the steady-state kinetic parameters
for yeast enolase with PGA. The steady-state kinetic data for PGA
as a variable and Mg concentrations that were optimal prior to
the onset of the cation inhibition (1 mM) is plotted. The data for
keat Were fit to eq 6. The change in th€, values of PGA as a
function of pH is described by eq 5. The datakgyK, were fitted

with eq 7. The curves represent the best-fit of the data to the
equations above. (A) 108 Vs pH from fits to PGA activation;

. the data to the equations above. (A) Ikg; vs pH from fits to
(B) 109 kealKmpea vs pH; (C) Kmpeavs pH. PGA activation; (B) 10gkea/Kmpeavs pH: (C) Kompoa Vs pH.
pKa values (5.9 and 8.4) were obtained fréga andkea/Km mational change), caution should be taken in interpreting the

values with PGA as the variable. These ionizations most results of the pH study. Nevertheless, an initial guess as to
likely belong to groups on the enzyme. Since thg palues the nature of the residues indicated by the pH profiles could
seen in the pH profiles could have contributions from more be made. It appears that, for optimal catalysis by yeast
than one group on the enzyme and/or substrate or could beenolase, a group with akp of approximately 6.0 must be
due to more general effects (global effects such as confor-deprotonated and a group with &pof about 8.5 must be
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protonated. The most obvious choices for the groups with with a pKa of 8.35 is deprotonated or when a group with a
pKa values of approximately 6.0 and 8.5 are a histidine and pK, of 5.95 and a group with aKy of 7.13 become

a lysine, respectively.

The K, for PGA is pH dependent and a single ionization
with a pKa value of 6.27 is seen in theKp, profile. The
same [Ka is seen in thé./Kn, profile. When binding occurs

protonated (Figure 4C). Since none of thes$é, values
could be attributed to MiJ, they must represent groups on
the enzyme and/or substrate, PGA. Th& walue of 5.95
could be attributed to the phosphate group of the enzyme-

by a substrate in a single protonation state, the correspondingoound PGA. A similar g value (5.85) was obtained for

pKa does not appear in the, profile (this is common for

the phosphate group of enzyme-bound substrate id'the

phosphate esters, many of which bind only as the phosphateNMR titration experiment. The ko on the basic side of

dianions). The Ka value of 6.27 was assigned to the
phosphate group of free PGA (vidae supra).
ionization is not seen in thk./K,, profile for Mg?* as a
variable substrate, thekp of about 6.27 can be attributed
to the group responsible solely for PGA binding. On the

the profile could be attributed to a metal-bound water

Since this molecule that can act as a neutral acid wikx @bout 8.3.

Alternatively, the i, = 8.3 may be the same residue
involved inkea: and inkea/Km pea required for formation of
the catalytically active ternary (BM—S) complex and

basis of the results shown above, it can be concluded thatcatalysis. Thel§, of 7.13 might be attributed to the histidine

the pH dependence of the kinetic parametés, k.o and
kealKim) for Mg?+ and PGA investigated in this study (Table

at the active site.
If a histidine residue is the catalytic base in yeast enolase,

3) does not support a catalytic function for the phosphoryl it abstracts the C-2 proton in the initial step of the reaction.
group of the substrate. In the initial hypothesis proposed Binding of a metal ion at site three interferes with the initial

by Nowak et al. 8 and modified by Brewer 1), the

step of the reaction. When Mgbinds at site IlI, the cation

phosphate of PEP was proposed as serving as a base toan interect with a His. An alteration of His159 at the
deprotonate the nucleophilic water bound to the metal ion catalytic site occurs resulting in a perturbation of the active-
at site I. The phosphate would serve in the microscopic site base possibly by changing its environment and/or

reverse function from PGA to PEP. This putative function
of the phosphate group does not occur.

Yeast enolase binds up to 3 mol of divalent metal ion/
subunit in the presence of substrate at neutral ). (The

conformation resulting in a shift inx from 5.9 to 6.4
(Table 3). The Ka on the basic side of the pH curve remains
unchanged (Table 3). On the basis of the above analysis, it
appears that potential ligands to the third, inhibitory, metal

suggestion that there are all oxygen-containing ligands to site on yeast enolase could be a histidine residue, the
the metals at sites | and Il is consistent with published crystal phosphate group of PGA, and one or several water molecules.
structures that showed Asp246, Glu295, and Asp320 to beThis proposal is consistent with such a catalytic mechanism

the ligands to metal ion at site 11, 15, 26, 27, 28 The
EPR spectroscopic data of the enola€a complex shows
no g-factors indicative of N-Cu or S-Cu coupling 29). In
H3Cd(I) NMR studies, the observeltlis consistent with Cd
complexed with oxygen ligand8(@). Interest is also in the
third, inhibitory, metal binding site. Lee and NowakQOj

of yeast enolase. Binding of metal ion at site Il alters the
histidine residue making it a less efficient catalytic base to
abstract the C-2 proton of PGA.

Poyner et al. 1) have proposed that Glu211ys345 is
the general acidbase pair in the enolase reaction. The
results of the present study argue against this proposal. On

reported that this site appears to be titrated at a pH range ofthe basis of the Iga values obtained fronkca: and keaf/Km

about 6.5-7.0 and may be located either at a histidine-

results with M@+ and PGA as variables, it appears that an

containing site, at the phosphoryl group of the substrate, orunprotonated residue with aKp of about 6.0 and a

at both. Activation studies with Mg in the present study
show a pH-independent activatioldf but a pH-dependent
inhibition at higher concentrations of My The pH
dependence of thi€; (Figure 4C) gives fits with K values
5.95+ 0.20, 7.13+ 0.08, and 8.35t 0.05. In general,
profiles of [(K; detect only groups whose protonation state
affects binding. A group with ak from the [K; profile
may or may not act as an acithase catalyst in the reaction,
but its state of protonation clearly affects binding. Specif-
ically, the [K; profiles for metal activators provide evidence
concerning the ligands to the met@5]. The [Ka values

of these ligands could be perturbed by L5 pH units by
coordination with the metal, andp values would appear
in the K| profiles. The [Ka values for carboxyls are too
low to observe. In the pH profile oflf, a break in the
curve and a drop ink is expected when a group on either
the enzyme or the inhibitor molecule binding to it must be
in a specific ionization state for binding to occur. If the
improper state of ionization leads to no binding, the profile
changes to a line with a slope af1 when protonation
prevents binding or-1 when deprotonation prevents binding.
The breaks occur at the tru&kp values of the ionizing
groups. The binding of Mg is prevented when a group

protonated residue with aKp of about 8.4 are important
for substrate binding and catalysis and these are unlikely to
be Lys (Ka 6.0) and Glu (Ka 8.4) residues,
respectively.

In the Mr?*—phosphoglycolate complex of lobster enolase
(14), the imidazole group of His157 (His159 in the yeast
enolase numbering system), is in van der Waals contact (4.5
A) with the C-2 atom of the inhibitor. This position is the
consequence of a movement of loop L2 toward the inhibitor.
In the apoenzyme, loop L2 is disordered, and there is no
interpretable density for its side chains. The position of loop
L2 in this particular ternary complex was also observed by
Lebioda et al. 15 in a complex of yeast enolase with
phosphate and fluoride but not with substrate analogues. In
the phosphonoacetohydroxamatdg?" complex @7), the
equivalent His159 is in contact with the inhibitor and
interacts with the phosphonate. Thus, at least two X-ray
structures of yeast enzyme confirm that loop L2 can move
to a position where the histidine is at the active site. From
the crystal structure by Duquerroy et a4y, it appears that
Lys396, located by the £-OH, is capable of donating a
proton to the leaving hydroxyl group. Furthermore, His159
and Lys396 are located on the opposite sides of the substrate
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as seen in several crystal structurgs, (14, 15. We would
like to suggest that Lys396His159 is the catalytic acid

base pair in yeast enolase. Lysine is less frequently used as 11
a base with fa = 5.9 in enzymatic catalysis but can serve

as a proton donor with akp = 8.4.

In summary, the results presented in this paper do not
support a catalytic function for the phosphoryl group of the ,,
substrate and demonstrate that an unprotonated His and a
protonated Lys are important for substrate binding and 15,
catalysis. Lys396 and His159 are proposed to be the catalytic
acid—base pair in yeast enolase. Furthermore, His159 and 16.
the phosphate group of the enzyme-bound substrate appearl?.
to be at the inhibitory metal site Ill. Binding of metal ion
at site Ill inhibits enzymatic activity by interfering with the

first step of the reaction, proton abstraction.
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