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Reverse Protonation Is the Key to General AciRhse Catalysis in Enolaké
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ABSTRACT. The pH dependence of enolase catalysis was studied to understand how enolase is able to
utilize both general acid and general base catalysis in each direction of the reaction at near-neutral pHs.
Wild-type enolase from yeast was assayed in the dehydration reaction (2-ploghfuerate —
phosphoenolpyruvate- H,O) at different pHs. E211Q, a site-specific variant of enolase that catalyzes
the exchange of the-proton of 2-phospho-glycerate but not the complete dehydration, was assayed in

a H/’H exchange reaction at different pDs. Additionally, crystal structures of E211Q and E168Q were
obtained at 2.0 and 1.8 A resolution, respectively. Analysis of the pH profile.fKyg for wild-type

enolase yielded macroscopipestimates of 7.4- 0.3 and 9.G+ 0.3, while the results of the pD profile

of the exchange reaction of E211Q led tok&, estimate of 9.5+ 0.1. These values permit estimates of

the four microscopic Ig.s that describe the four relevant protonation states of the acid/base catalytic
groups in the active site. The analysis indicates that the dehydration reaction is catalyzed by a small
fraction of enzyme that is reverse-protonated (i.e., Lys34B,, Glu211-COOH), whereas the hydration
reaction is catalyzed by a larger fraction of the enzyme that is typically protonated (i.e., LyNB#5,
Glu211-COQ"). These two forms of the enzyme coexist in a constant, pH-independent ratio. The structures
of E211Q and E168Q both show virtually identical folds and active-site architectures (as compared to
wild-type enolase) and thus provide additional support to the conclusions reported herein. Other enzymes
that require both general acid and general base catalysis likely require reverse protonation of catalytic
groups in one direction of the reaction.

Enolase (EC: 4.2.1.11, 2-phospbgaglycerate hydrolase), the above central complexes [i.e., (E-Mg-2-PGA-Mg) and
an enzyme of glycolysis and gluconeogenesis, catalyzes thg E'-Mg-PEP-Mq)] @, 4):
interconversion of 2-PGRand PEP according to the kinetic

mechanism shown on the following padB.( Lys45 HOOC-Glu211 Lys345 H (Hooc-G|u211
This mechanism is supported by binding and kinetic data | IaOH I N aoH o
that show a bell-shaped activation curve for divalent metal- " W, I HoNH+ I
ion concentration with an optimum of two divalent metal ST T / o——h—0
ions per active site?) and kinetic-isotope-effects data that T o- 9’/\‘ o
reveal an approach to unity of ¥#/p at high magnesium- | i o:
ion concentrationsl). The distinction between E and B Lo - 5 : 2 \‘,;,,gz’:
the above mechanism is made clear by consideration of the Mo ¢ Mg
following chemical mechanism that focuses on changes in Lys34s -00C-Glu211
H2INH+ HoC He0 |0
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1 Abbreviations: 2-PGA, 2-phosplmglycerate; PEP, phospho-
enolpyruvate; W/Vp, velocity of reaction with protonated substrate ( . . . . .
proton) over velocity of reaction with deuterated substratdeguteron); This chemical mechanism is supported by stereochemical
DEAE, diethylaminoethyl; CM, carboxymethyl; SB®AGE, sodium data that indicate anti-elimination of .8 (5); isotope-

dOdeﬁy'l. S‘;'ff‘ﬁe polﬁac_rylam(;dﬁE%eEIN;?IZeﬁtrgphor?ﬁisl); MESN2-( exchange data that demonstrate the presence of a discrete
morpnolino)ethanesulionic acid; -nyaroxyetnyl)piperazine- . . . . ) . .
N'-2-ethanesulfonic acid: HEPPE;(2-hydroxyethyl)piperazing¢-3- intermediate in the reactior6); site-directed mutagenesis

propanesulfonic acid; PEG, poly(ethylene glycol); TRIS, Tris(hydroxy- studies that implicate theamino moiety of Lys345 and the
methyl)aminomethane; TAPS\-Tris(hydroxymethyl)methyl-3-ami-  y-carboxyl of Glu211 as the catalytic base/acid pa)r &nd

nopropanesulfonic acid; CHES, RHcyclohexylamino)ethanesulfonic _ ;
acid; CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid; NMR, nuclear X-ray crystallography data that corroborate the assignment

magnetic resonance?, coefficient of determination (also the explained of the side Ch_ain funCtiQna| groups of Lys345 and Glu211
variation divided by the total variation); rms, root-mean-squared. as the catalytic base/acid paif)(
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The above chemical mechanism portrays the catalytic SDS-PAGE) did bind. The E211Q and E168Q variants of
residues as being differently protonated at the start and finishenolase were expressed recombinantlyegtherichia coli
of the reaction. Thus, a neutral amino group of Lys345 and and purified as described previousB),(except that a final
a neutral carboxyl of Glu211 (E mentioned above) are DEAE-cellulose column also was used as described above.
required for catalysis in the dehydration reaction, whereas aThe substrates 2-PGA and PEP and the buffers CAPS, TAPS,
positively charged ammonium of Lys345 and a negatively and CHES were purchased from Sigma. MES and HEPPS
charged carboxylate of Glu211'jEare required for catalysis  buffers were purchased from Research Organics; TRIS and
in the hydration reaction. Other enzymes that start and finish HEPES buffers were purchased from Fisher. Chelex 100
the catalytic cycle with catalytic groups in altered states of resin was purchased from Bio-Rad,@M®(99.9 atom % D)
ionization (e.g., those witiso mechanisms) have been and high purity MgGl (99.99%) were purchased from
discussed previoush8J. Aldrich. PEG 8000 was purchased from Fluka.

The proposed mechanism exemplifies what is known as Remaeal of Contaminating Metal lon€&nolase and 2-PGA
reverse protonatior®j. This hypothesis, which is applicable  solutions were passed throughk15 cm columns of Chelex
for enzymes that use both general acid and general basel00 (200-400 mesh) in the K form to remove contaminat-
catalysis in a given direction, holds that differently protonated ing metal ions. In a similar fashion, buffer solutions that were
forms of an enzyme will coexist in reasonable proportions, used in the pH and pD profiles were passed through<2.5
near the pH optimum, if the microscopi& s of the catalytic 30 cmor 1x 5 cm columns of Chelex 100 (26@100 mesh)
groups are less thaw2 units apart. One of these enzyme K* form, with the pH or pD of each Chelex 100 column
forms will be protonated in a manner opposite (or reverse) adjusted to match that of the buffer solution.
from what one would expect given th&ys of the free amino Standardization of Stock Solutioriolase concentrations
acids that comprise the catalytic groups in question. The were determined from absorbance data collected at 280 nm;
fraction of the reverse-protonated form is determined by the an extinction coefficient of 0.89 mL mg cm™ (19) and a
microscopic [Kss of the catalytic groups. Because pH profiles subunit molecular weight of 46 50@@, 21) were used for
provide information on macroscopicKgs, additional ap-  these determinations. PEP and 2-PGA concentrations were
proaches, as outlined below, are required to gain insight into determined by enzymatic end-point assays as described
the microscopic values. Some examples of enzymes that usepreviously ().
reverse protonation include malic enzyni®); 6-phospho- Correction for the Change in Extinction Coefficient of
nogluconate dehydrogenasl), thermolysin 12), glycosi- PEP. Absorbance data (in triplicate) were collected at 240
dase (3), carboxypeptidaseld), phosphomannomutase/ nm on stock solutions of PEP that were titrated with
phosphoglucomutasel$), and 3-xylosidase 16). Proline increasing [M@"] and at different pHs such that kinetic-
racemase also could be considered to show reverse protoassay conditions were closely matched. The absorbance data
nation because one of the catalytic cysteines must befrom pH 5.9, 7.5, 8.0, and 9.5 were fitted with PSI-Plot (Poly
protonated in one direction of the reaction and deprotonatedSoftware International) to an expression that reflects the
in the other direction (and vice versa for the other catalytic change in extinction coefficient of PEP with varying pH and
cysteine) 17). [Mg?*]. This expression, based on Scheme 1, is given in eq

The present investigation was undertaken to determine thel.
pH dependence of enolase catalysis and to test further the

assignments of catalytic function to groups comprising the _epep T eped/Ky + €ygpedMO/Ky 1
active site. Specifically, the pH dependence of the dehydra- €obs 1+ H/K; + Mg/K, (1)
tion reaction was studied by use of a systematic variation of

both [2-PGA] and [Md"] in nonchelating buffer solutions. The variables in eq 1 are as followssgn €npen andevgeer
The information obtained from these pH profiles was are the extinction coefficients of PEP HPEFP~, and
complemented with results from a study of thi/H MgPEP", respectively,H represents the concentration of

exchange reaction of 2-PGA catalyzed by E211Q, a site- hydrogen ions, ané&; andKs are equilibrium dissociation
specific variant of enolase. In addition, structures of both constants depicted in Scheme 1. This equation, which
E211Q and E168Q variant forms of enolase were determinedincludes the assumption that free Mgtotal Mg, was derived

at high resolution. in a manner analogous to a previous expression that related

the dependence of the extinction coefficient of PEP to pH
EXPERIMENTAL PROCEDURES

Materials. Enolase from baker’'s yeasSéccharomyces Scheme 1

cerevisiag) was purified as described previousyL8f; PEP™

however, a polishing column of DEAE-cellulose was used % wﬁ

as an additional purification step after the CM-Sephadex H K;

column. The conditions for the final DEAE chromatography -

step (pH 8.0, 20 mM TRIS) were such that enolase did not wpept =M . MgpER

+

bind to the resin, but additional contaminants (as judged by H
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(22). Ratios of very small numbers (e.g.,Kd) were treated Koo (keaf K2
as powers of 10 (e.g., ®&:PY) to avoid algorithmic loglt~] =log @+ KJH) (4)
problems of estimating such ratios. Additionally, the literature ajapp 2
value of K; = 6.35 @2) was used for the fit to eq 1. The k.
statistical parameter?, which represents the proportion of log(Keadapp= 109 al ) (5)
total variance explained by the model equati@3)( was (14 HIKgy + K/H)
calculated to assess the quality of the fits. 14+ KJH

Kinetic Measurements of the Dehydration Reactidi. pK; app= pK; + log M) (6)
netic assays, done at 2&, were conducted such that both (1+HIKy

[2-PGA] and [Mg'] were varied systematically and in . o
triplicate at each of the following buffer/pH combinations: N these equations, app signifies apparent, H represents the
MES (pH 5.9 and 6.6); HEPES (pH 7.0, 7.5, and 8.0); TAPS concentration of hydrogen ionk; andK; represent mac-

(pH 8.4 and 9.0): and CHES (pH 9.5). Buffers were chosen roscopic ionization constants of titratable groups on the
on the basis of low metal-binding abilitg4). Typical assay enzymeK' represents the ionization constant of 2-PGA, and

conditions included 0.05 M buffer, 0.6D.7 mM 2-PGA, {.(tel f‘”b‘f Keo represent macrOSCOPi‘;hiO“iza“O” constants t‘?f
0.03mMto 0.11 M Mng, and OOJﬂM WIId—type enolase. Itratable groups on the enzyme In the presence or saturating

_ +
(Control assays had zero MgQl The above components, ’ Eggsggtaﬂegkinetic mechanism of enolase is not perfectl
minus enzyme, were mixed thoroughly in quartz cuvettes P y

that had been rinsechil N HCI and absolute EtOH. The ordered, the Kinetic data from 0.03 mM to 0'11_ M MgCl
. L also were fitted to eq 7, which allows for hyperbolic substrate
mixtures were blanked, enzyme was added, and kinetic data,

were obtained by monitoring the increase in absorbance 0f|nh|b|t|on (28).

the reaction mixtures at 240 nm as a function of time. This k..AMg

increase in absorbance corresponded to net PEP formation. v/E, = 1+ Mg/K)
The kinetic data were corrected for the change in extinction KiaKng T KugA + K Mg + AMg————"

coefficient of PEP at varying pH and [Mg according to (1+ Mg/Kg)

parameters determined from the fit to eq 1. Kinetic data (7)

collected at each pH were fitted to eq 2, which reflects the

kinetic mechanismi( 25). The definitions of parameters in eq 7 are the same as in eq

2 except thak; is replaced by two constantk;, and Kig.
k, AMg Kinetic Measurements of the Exchange React#211Q
VIE, = a enolase catalyzes the exchange of ¢hproton of 2-PGA
KiaKng T KA + KMg + AMg(1 + Mg/K;) with protons or deuterons of the solvent, but this variant is
(2) ineffective in catalysis of the dehydration of 2-PG3).(This
exchange reaction was assayed Oy 'H NMR spec-
The parameters in eq 2 represent a slight modification of troscopy at varying pD and included the isotopic correction
the nomenclature of Clelan@§) and are as followsw is that pD= pH meter readingt 0.4 (29). For these assays,
the velocity of the reaction, Es the total concentration of  the following buffer/pD combinations were used: 2-PGA
enzymeKke is the turnover number, A is 2-PGA concentra- (pD 6.2, 6.6, 7.2, 7.5, and 8.0) and CHES (pD 8.5, 9.0, 9.4,
tion, Mg is magnesium-ion concentratidf, is the dissocia- ~ 10.1, and 10.5). The assays, done in triplicate, included 0.05
tion constant for 2-PGAKyy is the Michaelis constant for M CHES (for pDs 8.5 and above), 30 mM 2-PGA, 2 mM
magnesiumKs is the Michaelis constant for 2-PGA, akg MgCl,, and 0.8uM to 0.3 mM E211Q. (The enzyme was
is the inhibition constant for magnesium. Kinetic data diluted at higher pDs to keep the time frames of the assays
obtained with 0.0310 mM MgChb (0.03-55 mM MgCh similar.) The above components, minus E211.Q, were mixed
for data collected at pH 5.9) allowed a reasonably symmetric thoroughly, and reference spectra were obtained with a 200
sampling of the activation and inhibition limbs of; versus ~ MHz NMR spectrometer. Enzyme was added, and additional
log [MgCl,] profiles and were used to estimatg, kea/Kwg, spectra (each an average of 16 scans) were recorded at
andkeadKa (i.e., kealKo—pca). Kinetic data obtained with 0.03 sw_table intervals as exchange of theprpton proceedgd.
mM to 0.11 M MgCh were used to determir€. Parameters This exchange was followed on the basis of c_hanges in the
such askea/Kug Were treated as single variables to obtain Proton NMR spectrum of 2-PGA upon substitution %f
reliable estimates of errors of these parameters. Samples thaf@” H at thea-carbon as described previousB)(The pD
matched the reaction conditions were checked to verify that of each sample was measured at the conclusion of e_ach assay.
the pH matched that of the buffer: the only variations noted '€ raté and exchange constants for the reaction were

; : determined by fitting the data to eqs 8 and 9, while log-
were in samples that contained 0.06 and 0.11 M MgCl : . ]
where the pH of the reaction mixture was consistently lower (keapp was plotted as a function of pD according to eq 10:

than that of the buffer by 0.05 and 0.1 units, respectively. f=ae ®)
Parameter estimates from eq 2 were plotted as functions
of pH according to eqs-36 (9, 27): Koy = kw (9)
[E211Q]

(kca/KMg) (3) kex
(14 H/K,; + K/H)(1 + HIK?) 10g(Kex)app = 'Og(m) (10)

Iog(&) =log
KMg app
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In these equations, f represents the fraction of the NMR T 1o 71 Crystal and Refinement Data of the E211Q:MBEP
signal from the a-proton of 2-PGA, D represents the complex and the E168Q- M&-2-PGA Complex

concentration of deuterium ions, aridl represents the

macroscopic ionization constant of a titratable group on the Spa;;y;:jﬂggraphlc data — ZEZMQ -~ 2E168Q
gn;érze in the presence of saturating concentrations of | jirensions A) a—1078 a—107.3
- . b=1145 b=115.1
Crystallization and Data CollectionCrystals of both c=731 c=724
E211Q and E168Q were grown by the batch method from no.of measurements 231529 303129
solutions containing 10 mg mt enzyme, 13% PEG 8000, ggigigzdip(e}gdem reflections 3312235 30_83294
0.25 M KCI, 25 mM HEPPS/KOH, pH 8.0, 3.5 mM PEP, Comp|et3ness (%) ' ’
and 3.5 mM MgCJ. Microseeding from crystals of the overall 99.0 99.0
enolase variant S39A was used to initiate crystal growth. _ lastshell (2.092.00)99  (1.88-1.80) 99
Rodlike crystals~0.1 x 0.2 x 0.5 mn? grew within 3 days. R ng\e/é?ae”(%) 64 47
A single crystal of each enolase variant was transferred |55t shell 18.9 21.7
into a solution (solution A) that contained 50 mM HEPPS/ refinement statistics
KOH, pH 8.0, 20% PEG 8000, 0.3 M KCI, 5 mM Mgg£l Reryst (%) 18.5 18.5
and 4 mM PEP. Each crystal was allowed to equilibrate in fn:‘:gtg][ ggi?f&f)data (%) 023'0357 g(l)gso
solution A for 3 min prior to a five-step serial transfer into rmsd of angles (deg) 12 1.2
solutions that contained increasing concentrations (4% per no. of water molecules 743 867
step) of the cryoprotectant ethylene glycol. The equilibration
time between each of the five successive steps was 5 s. After
the last serial transfer, each crystal was flash-frozen and Qe
stored in liquid nitrogen until data acquisition. 1600 A

X-ray data were collected with a Bruker Nonius FR591 =
rotation-anode generator, Montel optics, and a Bruker _°
Proteum R 4K CCD detector. The data set was integrated 2 wer
with the program SAINT (Bruker Nonius) and scaled with ~ §
ProScale (Bruker Nonius).

Crystals of E168Q (as a complex with kfgand 2-PGA)

1200

belonged to the space grol#2,2;2, contained one dimer 1000 ¢

per asymmetric unit, and had unit cell dimensiarrs107.3 T

A, b=115.1 A, anct = 73.4 A. The structure of the E168Q W o ot ool oo oo ot oizo
complex was solved by molecular replacement using the [MgClz] /M

software program MOLREP from the CCP4 suis€) The  Figure 1: Change in extinction coefficient of PEP as a function
search-model coordinates used were from the dimer of theof [MgCl,] and pH. The lines represent the best fit of the data
published wild-type enolase structui®.(The initial R factor collected at pH 5.9, 7.5, 8.0, and 9.5 to eqri £ 0.98). The
was 36.6%. Further refinement of the E168Q structure (from Symbols represent meassone standard deviation.
30 to 1.8 A resolution) was obtained through use of the . ) ) .
software program CNS3(). After two cycles of CNS, the anq 158-161 in two. of th'e actlve-S|te loops required
overallR factor was lowered to 26.7%. Observation of the adjustments. The residues in these regions were removed,
structure with the graphics program TURB@2J revealed and two cycles of refinement were executed. The residues
that the conformations of residues 380, 156-161, and  Were rebuilt using theF, — F. density maps. Density
265-271, which comprise three active-site loops, required corresponding to PEP was clearly present in both subunits.
adjustments. These residues were removed, and another twé\t€r inclusion of PEP and both Mg ions in each subunit,
cycles of refinement were executed. The — F. density ~ the water pick algorithm in the CNS package and TURBO
maps were then used to rebuild the removed residues. Density/ere used to include additional water molecules and to make
corresponding to 2-PGA was clearly present in both subunits. manual adjustments. The final refinement data are given in
After inclusion of the 2-PGA and both Mg ions in each  rable 1.
subunit, the water pick_ _algorithm in the CNS package was RESULTS AND DISCUSSION
used to find the positions of ordered water molecules.
TURBO was used to make manual adjustments and to Change in Extinction Coefficient of PEFPhe change in
include additional water molecules. The final refinement data extinction coefficient of PEP at varying pH and [Mg{las
are given in Table 1. expressed by eq 1, was best estimated from absorbance data
Crystals of E211Q (as a complex with Kfgand PEP) collected at pH 5.9, 7.5, 8.0, and 913 & 0.98; Figure 1).
belonged to the space grolj2;2;2, contained one dimer  These data led to the following parameter estimatesp =
per asymmetric unit, and had unit cell dimensiarrs107.8 1.7 x 1 M~ temL, eupep = 6.3 x 102 M~ cmL, emgrer
A, b=1145A anctc = 73.1 A. Initial phases of the E211Q = 1.4 x 1® M~ cm?, andKs = 3.3 x 1073 M. These
complex were calculated from the refined coordinates of the estimates led to predicted values of the extinction coefficient
E168Q structure (minus the 2-PGA, Kfgions, and water  that closely matched the absorbance data from all of the pHs
molecules). After two cycles of CNS, the over&lfactor tested (i.e., none of the experimental data, at any of the pHs
was lowered to 26.5%. Observation of the structure with tested, differed from predicted values by more than 5%; the
TURBO revealed that the conformations of residues 48 absolute mean of these deviations was 2%). Accordingly,
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The line represents the best fit of the data to eq23=(0.97). line represents the best fit of the data to eq#= 0.96).

the kinetic data were corrected by use of eq 1 and the aboveMg?" and saturating 2-PGA2] optimal Mg?" and varying
parameter estimates. 2-PGA, or @) inhibitory Mg?" and varying 2-PGA. Kinetic

pH Dependence of the Forward (Dehydration) Reaction. data that were obtained from each of the above conditions
The pH dependence of lagé/Kwg)appis sShown in Figure 2. were fitted either to the MichaelisMenten equation or to
Ther? for this fit was 0.97, and parameter estimates iéf p  the modified Michaelis Menten equation that treats uncom-
and K, which correspond to macroscopic ionization petitive inhibition @4).
constants of titratable groups on the enzyme, were=7.4 A final point concerning the above profile needs consid-
0.3 and_ 9.0+ 0.3, respecuvely_. The parameter estimate for aration. Namely, how well do the estimates féty@nd [K»
pK’, which corresponds to the ionization constant of 2-PGA, (efiect the macroscopic ionizations of the catalytic groups
was _5.83ct 0.55. This estimate is not clqse to tk_iéap)f7.0 on the enzyme? Since the./Kyy data extrapolate to the
that is reported for 2-PGA that is free in solutia®], but ¢, of the enzyme that is poised to combine with the second
close agreement was not expected becausiug data  \02+ ang proceed through catalysgg), this profile should
extrapolate to saturating (and thus bound) 2-PGA and near-ygfject jonizations that are attributable to catalytic groups.

zero levels of the second Mg (33). (The first Mg binds Such is not the case with the profile of | Versus
with aKq of 12 nM (2) and is considered part of the enzyme.) 4 "5¢ will be discussed beIowP €020

The [K' estimate is close to the value of 5.820.05 that i
was reported for ionization of 2-PGA when 2-PGA is part A PIOt 0f 10g(Kea)app versus pH (Figure 3) shows a broad

of the E-Mg-2-PGA complex34). The latter value of 5.82 and somewhat flat profile that curves d(_)wnward slightly at
corresponds to a microscopipand was determined from  POth endsi¢ = 0.96). The parameter estimates fétpand
3P chemical shifts of the 2-PGA in the E-Mg-2-PGA pKez Which Qsten5|bly represent macroscopic ionization
complex as a function of pHBe). When the 10gca/Kng)app constants of titratable groups on the enzyme in the presence
data were refitted to eq 3 such that the ionization constant ©f Saturating 2-PGA and Mg, were 5.8+ 0.1 and 9.2+
K' was held fixed at the value of 1882 the parameter 0.1, respectively. A previous stud®4) reported estimates
estimates for i, and K, remained the same (as expected), that ranged from 5..8 to 6.4 for the low-en&pand from
but the standard deviations decreased fr&f3 to +0.1 8.4 1o 8.6 for the high-endHa.
log units. As noted, K, estimates from pH profiles of l0B{)app

The estimates of 7.4 foriy and 5.8 for iK' are within may not correspond to actual ionizations of catalytic groups
experimental error of previous estimates of 7.5 and B3) ( on the enzyme and may, in fact, be regarded as limiting
however, this previous study did not explicitly identify either values 83, 35). The reason these estimates may not reflect
of these estimates as being due to ionization of 2-PGA. This actual ionizations is that the parametgy (or V) may be
earlier study 25) also did not extend above pH 8.0 (for this comprised of constants that show different pH dependences
particular profile) so that no estimate foKpis available (33, 35). The extent to which the pH dependences of the
with which to compare the current estimate. A second study, constants differ (e.g., the catalytic step versus product release)
conducted at a pH range of 5:8.25, determined estimates  will determine the closeness of th&pestimates to the actual
of 5.934+ 0.93 and 8.39 0.03 @34). In fact, the pH profiles  values 83). In the case of enolase, the parameigr is
of this second study3d) and those in the present study differ comprised of constants for both the catalytic step and for
with respect to many of thel estimates. The apparent product release. A second reason to suspect that Khe p
discrepancies are likely due to differences in experimental estimates of 5.8 and 9.2 (obtained from lagfapp Versus
approaches used in the two studies. In the present studypH) might not reflect ionizations of catalytic groups is that
concentrations of both 2-PGA and Rtg were varied too great a separation in macroscopk. would suggest
systematically at each pH, and the kinetic data so obtainedthat one of the catalytic forms of the enzyme would make
were fitted to eq 2, which reflects the established kinetic up too small a fraction of the total enzyme and would not
mechanism. The other stud®4) used either X) varying be able to support catalysis at established rates (see below).
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Ficure 5: pH dependence of the inhibition of wild-type enolase
by Mg@?". The line represents the best fit of the data to e¢?6<
0.99). The inset shows the decline in the rati&gfKiy as a function

of pH (r = 0.92). Estimates foK;, and Ky were determined by
fitting the kinetic data to eq 7, which allows for hyperbolic substrate
inhibition. The decline in the ratio oK;,/Kiq indicates a more
ordered mechanism.

The pH dependence of 1dg&/Kz.pea)appiS shown in Figure
4. This profile is flat at low and intermediate pHs but
decreases at high pH. Thé for this fit was 0.91, and the
parameter estimate for the singl&was 9.2+ 0.1. This
pKa likely reflects ionization of a residue that is important
for binding 2-PGA because the./K,-pca data essentially
reflect the productive collision between 2-PGA and enzyme
at low levels of 2-PGA and saturating ®1g(33).

A plot of the inhibition constant for Mg (in the form of
PKi app) Versus pH (Figure 5) breaks downward below p
of 6.6 + 0.1 and breaks upward above K mof 9.1+ 0.1
(r? = 0.99). Because plots ofp (for metal-ion activators)
versus pH can potentially provide information on ligands of
the metals 36), the K, of 6.6 may reflect ionization of one

Biochemistry, Vol. 42, No. 27, 2008303

15

0.5

log(kex)app

85 9.5 105
pD

Ficure 6: pD dependence of the exchange of tagroton of

2-PGA with solvent deuterons as catalyzed by E211Q. The line

represents the best fit of the data to eq 0= 0.99).

6.5 75

in positive charge on the enzyme, as would occur at higher
pH, should lead to enhanced binding of the second*Mg
(i.e., more efficient inhibition) and thus would explain the
increase in [ above the secondqa estimate. The wavelike
shape of the profile in Figure 5 differs dramatically from
the bell-shaped profile obtained previously by other workers
(34), probably owing to the different experimental protocols
as noted above.

The inset in Figure 5 shows a decline in the ratidkef
Kiq as a function of pHr(= 0.92). This ratio, which provides
a measure of how ordered the reactioriljs {as determined
by fitting the kinetic data to eq 7, which allows for hyperbolic
inhibition (28). The decline in the ratio di./Kig indicates
that the mechanism becomes more ordered at higher pH. This
interpretation is consistent with the proposal that the second
Mg?" becomes a more effective inhibitor at higher pH.

pD Dependence of théH/’H Exchange Reaction of
2-PGA.The pD dependence of thel/’H exchange reaction
(exchange of solvent deuterons with tirgoroton of 2-PGA),
as catalyzed by E211Q enolase, is shown in Figure 6. The
r? for this fit was 0.99, and thel, estimate was 9.5 0.1.
The increase in the rate of the exchange reaction at increasing
pD is consistent with the hypothesis of reverse protonation
because the proportion of enzyme having a nedtahino
of Lys345 should increase at higher pDs. An increase in the
proportion of the enzyme that can function in general base
catalysis should lead to an increase in activity, which is
observed. In these exchange experiments using the E211Q
form of enolase, behavior due to possible ionization of the
carboxylate of Glu211 in the active site is eliminated. Thus,
while this K, is determined from a macroscopic measure-
ment, it is safe to assign this value to the ionization of
Lys345. Consequently, thekpof 9.0 + 0.3, obtained from
the profile of logkea/Kng versus pH for wild-type enzyme,
is most logically associated with the ionization of ti@mino
of Lys345. The fact thak., of E211Q is smaller thak,; of

of the phosphoryl oxygens of 2-PGA/PEP because none ofwild-type enolase makes it unlikely that release of 2-PGA

the other ligands to the second Kgas determined by X-ray

crystallography T), appears to be a likely candidate. This
macroscopic i, estimate is higher than either of the
microscopic Kz reported for 2-PGA or PEP, 5.82 and 6.16,
respectively 84), but this increase may be due in part to

limits or contributes significantly t&.. Thus, the K, while
not a true microscopicky, provides an approximation of
the K, for the e-amino of Lys345. A previous study used
an analogous approach to estimate the microscdgis pf
lysozyme 87). The authors of this previous studB7j

contributions from other active-site residues. A net decreaseesterified Asp52, one of the general base/acid groups of the
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A

H159 H159

Ficure 7: (A) Stereoview of the active site of E211Q (light-blue residues, yellow magnesium ions) overlaid against wild-type enolase
(black residues, dark-green magnesium ions; obtained from PDB entry code 10NE (B} Stereoview of the active site of E168Q (light
green) overlaid against wild-type enolase as in panel A. The program MOLSCRBPW&s used to prepare this figure.

enzyme, and performed difference titrations to obtain esti- is different (Figure 7B). The two magnesium ions in the
mates of the microscopic ionization constants. E211Q structure show little movement as compared to the
Crystal StructuresThe overall folds of both E211Q and magnesium ions in the structure of wild-type enolase (Figure
E168Q are similar to those of wild-type enolase. The rms 7A), but Mg438 in the E168Q structure (Figure 7B) is
deviation between the @-carbons of wild-type enolas&)( positioned away from Mg438 of the wild-type structure. The
and those of E211Q was 0.59 A, with a maximum deviation altered position of Mg438 in the E168Q structure can be
of 3.14 A (His159). When residues from the three active- rationalized on the basis of the altered position of Ser39,
site loops were removed (#s 382, 155-164, and 25% which coordinates Mg438 with its carbonyl oxygen and
279), the rms displacement decreased to 0.36 A, and they-oxygen.
maximum deviation dropped to 1.4 A (Gly202). The rms None of the above changes are dramatic or surprising given
deviation between the @-carbons of wild-type enolas&)( that both Ser39 and His159 form parts of flexible loops so
and those of E168Q was 0.86 A, with a maximum displace- some movement is expected. The observation that the variant
ment of 4.6 A (Gly161). Removal of the same loop residues structures are properly folded suggests that the altered activity
as above decreased the rms deviation to 0.31 A and droppeaf these variants, especially that of E211Q, is not due to
the maximum displacement to 1.8 A (GIn219). misfolding. Interestingly, all of the E211Q subunits contained
A stereoview of the active sites of E211Q and E168Q (both PEP, whereas all of the E168Q subunits contained 2-PGA.
overlaid with wild-type enolase; re¥) shows that the  Since both proteins were cocrystallized with PEP, the E168Q
catalytic residues Lys345 and Glu/GIn211 are essentially variant must have catalyzed the hydration of PEP.
unchanged (Figure 7). Also, Glu/GIn168 shows little change  Case for Reerse ProtonationEnzymes that use general
with respect to wild-type enolase. The position of Ser39 in acid—base catalysis, especially those in which one group on
the E211Q structure (Figure 7A) is similar to that seen in the enzyme functions as the general-acid catalyst and a
wild-type enolase but in the E168Q structure (Figure 7B), second group functions as the general-base catalyst (with
Ser39 is positioned farther out from the substrate than isthe roles switched for the reverse reaction), can often be
Ser39 of wild-type enolase. The position of His159 in the modeled as shown in Scheme 25( 38). Thus, a doubly
E211Q structure (Figure 7A) is splayed upward as comparedprotonated form (HEH) can, upon loss of a proton, give rise
to the same residue in wild-type enolase. His159 in the to either HE or EH, the two singly protonated forms. (For
E168Q structure is similarly positioned with His159 of the this example, EH is the typically protonated form, and HE
wild-type structure, but the orientation of the imidazole rings is the reverse-protonated form.) Loss of a second proton then



Protonation State of Catalytic Groups in Enolase

Scheme 2

Glu211—COOH
Lys345—NH,"

HEH

Glu211—COOH
Lys345—NH,

Glu211—C00"

HE EH Lys345—NH;,"

Glu211—C00"
Lys345—NH,

gives rise to E, the unprotonated form. The equations that

Biochemistry, Vol. 42, No. 27, 2008305

2.0
g HEH
£ o0
[}
£
R 2.0
c <. -
o /
e EH,
2 /
€ 40f
° 4
-3 7 HE,’
o L/ 7 /
% 60F
8 R4

80 ;

_100 / 1 1 1 1

2.0 4.0 6.0 8.0 100  12.0

pH

express the relationships among the different forms of FiIGURE 8: Proportion of enzyme form as a function of pH. HEH

enzyme of Scheme 2 are given in eqs-17.

K, =K, + Kg (11)
KK
K, = ¢ (12)
(Ke + Kp)
KaKe = KgKp = KK, (13)
HEH _ 1 : (14)
B 1+ K/H+KKJH)
H—E = 1 =
E. (14 H/K, + Kg/K, + K/H)
1
15
(1+ HIK, + KKy + K/H) (15)
EH_ 1 _
E. (14 H/Kg+ Ky/Kg + Ky/H)
1
16
(1+ H/Kg + Ko/Ke + Ko/H) (16)
= : 17)

E (14 HIK,+ HZKK))

The parameters in eqs 417 are as follows:K; and K;
represent macroscopic ionization constaHis;Kg, K¢, and

Kp represent microscopic ionization constants; H represents
the concentration of hydrogen ions; andrBpresents the

total concentration of enzyme.

Inspection of Scheme 2 and/or of eqs—11I7 shows that

represents the doubly protonated form; EH represents the typically
protonated form; HE represents the reverse-protonated form; and
E represents the unprotonated form.

precedent for elevatedKps of side chains of Glu residues
that are positioned in the active sites of enzyns 40).

In the case of enolase, the proximity of Glu168 to Glu211
(Figure 7) likely perturbs the Ky, of Glu211 upward. The
approximate nature of these assignments is indicated by the
observation thaKa < Kp andKg < Kg, which is inconsistent
with the model represented by Scheme 2. Nonetheless, the
above assignments allow one to construct a plot of enzyme
form as a function of pH (Figure 8), and this plot should
provide a reasonable framework in which to interpret enolase
catalysis.

A striking feature of Figure 8 is that even at the pH
optimum of 8.2, a significant proportion of the enzyme exists
as the doubly protonated form HEH and as the unprotonated
form E (12% each). The typically protonated form EH
accounts for 75% of the enzyme form. Thus, very little
(~1%) of the reverse-protonated form HE is available for
catalysis in the dehydration reaction. In fact, when the
accepted.a/Kn, value (80 s¥/5 x 10°° M) is corrected for
the fraction of enzyme that is HE, the result x310° M~
s1) is within an order of magnitude of the diffusion-
controlled limit. A separation of macroscopiKg (and
therefore, microscopickas) that is greater than about 2 units
would leave too small a fraction of the reverse-protonated
form to catalyze the reaction.

Given the above constraints on the separatiorkgépone
might ask why Lys345 was selected to act as a base in the
dehydration reaction? Why do enzymes not use residues with
more closely matchedias such that more equitable distribu-

at least one of the microscopic ionization constants must betions of enzyme forms result? A possible answer comes from
known (in addition to the macroscopic ionization constants Marcus theory 41) as applied tax-proton abstraction from
K, andK>) to determine the proportion of enzyme form that carbon acids42, 43). The rate of this type of reaction is

is either HE or EH. If the K, estimate of 9.5 from théH/

related to theApK, (separation in ;s between the general-

2H exchange assay is used to approximate the microscopicdase catalyst of the enzyme and tproton of the substrate)
ionization constanKa of Scheme 2, then estimates of the Dy eq 18 42 43).

proportions of all the enzyme forms become possible. Given

this assumptionKs ~ 10795 Kg ~ 1074 Kc ~ 10789 and

Kp ~ 10°°. The [Ks attributable to Glu211 (e.g., 7.4 and

k= (%—)exp[ —[(AG'IRT) + 8.2.303ApK ]} (18)

6.9) are high as compared to the value of 4.1 that is assigned
to the y-carboxyl of free glutamate. There is, however, The variables in eq 18 are as followkis the rate of proton
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abstractionkg is Boltzmann’s constantT is the absolute
temperatureh is Planck’s constantAG* is the intrinsic
barrier to isoergonic proton transfeR;is the gas constant;
and f is the Brgnsted coefficient for base-catalyzed eno-
lization of the carbon acid. The use of Lys345 as a base
allows a smallerApK, than would occur with a different
residue that has a loweKp. For example, the rate of proton
abstraction is 186100 times faster (depending on {hg with

an enzyme base that has Emf 9 versus one that has a
pK, of 7. Similar observations concerning general adidse
catalysis by RNA were made recentfd. Thus, the penalty

of having a small fraction of the enzyme in an active form
can potentially be offset by a kinetic advantage. Conse-
quently, natural selection would not be expected a priori to
select for more equitable distributions of enzyme forms, and
additional explanations for the “choice” of Lys345 and
Glu211 must be sought. Perhaps a greater proportion of the
typically protonated form EH is required for catalysis because
hydration of the double bond between andj-carbons of
PEP is a more difficult first step than is abstraction of the
a-proton of 2-PGA in the dehydration reaction. Theoretical
calculations in this area may provide additional insight into
this intriguing question.
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