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ABSTRACT. The active site T298 residue of yeast pyruvate kinase (YPK), located in a position to serve
potentially as the proton donor, was mutated to cysteine. T298C YPK was isolated and purified, and its
enzymatic properties were characterized. Fluorescence and CD spectra indicate minor structural
perturbations. A kinetic analysis of the Klgactivated enzyme demonstrates no catalytic activity in the
absence of the heterotropic activator fructose 1,6-bisphosphate (FBP). In the presenéé aht/IgBP,

T298C has approximately 20% of the activity of wild-type (wt) YPK. The activator constant for FBP
increases by 1 order of magnitude compared to this constant with the wt enzyme. T298C shows positive
cooperativity by FBP with a Hill coefficient of 2.6 (why rsp = 1). Mn?*-activated T298C behaves like
Mn2-activated wt YPK with aVmax that is 20% of that for the wt enzyme with or without FBP. A
pH—rate profile of T298C relative to that for wt YPK shows th#tp has shifted from 6.4 in wt to 5.5,
indicating that the thiol group elicits an acidi& ghift. Inactivation of both wt and T298C by iodoacetate
elicits a pseudo-first-order loss of activity with T298C being inactivated from 8 to 100 times faster than
wt YPK. A pH dependence of the inactivation rate constant for T298C gives a value of 8.2, consistent
with the (K for a thiol. Changes in fluorescence indicate that the T2981g2" complex binds PEP,

ADP, and both ligands together. This demonstrates that the lack of activity is not due to the loss of
substrate binding but to the lack of ability to induce the proper conformational change. The mutation also
induces changes in binding of FBP to all the relevant complexes. Binding of the metal and binding of
PEP to the enzyme complexes are also differentially altered. Solvent isotope effects are observed for both
wt and T298C. Proton inventory studies indicate thais affected by a proton from water in the transition
state and the effects are metal ion-dependent. The results are consistent with water being the active site
proton donor. Active site residue T298 is not critical for activity but plays a role in the activation of the
water and affects thekpthat modulates catalytic activity

Yeast pyruvate kinase (YPKEC 2.7.1.4.0) is a key the enolate of pyruvate and M(II)ATPLY. In the second
regulatory enzyme in glycolysis that catalyzes the two-step partial reaction, a proton donor at the active site stereospe-
reaction of phosphoryl transfer from phosphoenolpyruvate cifically protonates the enolate at thesPface of the double
(PEP) to ADP to yield ATP followed by the protonation of bond to form keto pyruvatel-4) (Scheme 1). Rose and
enolpyruvate to form pyruvate. The reaction requires both colleagues§) suggested that the proton donor in pyruvate
monovalent and divalent cations, normally End Mg* or kinase is a polyprotic acid with a highKg that rapidly
Mn?t. The net reactiqn catalyzed by YPK is the sum of at exchanges protons with solvent. Depending upon the condi-
least two partial reactions. Phosphoryl transfer from PEP to tions, including the divalent metal activator, as many as 3
M(IADP occurs by an apparentyd mechanism with an  equiv of ®H can be incorporated into pyruvate with rabbit
inversion of configuration at the phosphoryl group, to yield muscle pyruvate kinas&)when the reaction is carried out
n . - . o in *H,0. This multilabel incorporation can occur if keto
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Scheme 1 Site-Directed Mutagenesig298C was constructed and
po.2 o expressed using the same procedure that was used for wild-
. ) type YPK and described previouslyQ, 11). The mutagenic
H\%( © 4 mganp MM H%(° + MATP oligonucleotide used for constructing the T298C point mutant
H o H (L is CCAACATTTGGCAAGCACAGATAACTGG, where the
underlined sequence corresponds to the mutated codon that
. encodes the amino acid at position 298. The presence of the
V2N 2 . }irw desired mutation was confirmed by sequence analysis of the

o M2, M*, MgATP.

BH + H | Tk, o B+ H mutated YPK gene (DNA Sequence Facility, lowa State
H o H o University, Ames, IA).
a Species above the arrow are required cofactoirsdicates net rate Pyruvate Kinase PurificationT298C YPK was purified
constants, and B:H is the putative proton donor. as previously described1?) for wild-type YPK. Ap-

protonate the enolate intermediate. Of the more than 30Proximately 200 mg of enzyme was obtained from 60 g of
pyruvate kinases sequenced to date, the amino acids at th¥©@st cells. For storage of T298C YPK, the concentration
catalytic site are 100% conserved. of f-mercaptoethanol (BME) in the storage.buffer [25%
The nature of the protonation step in the reaction catalyzed9/ycerol, 5 mM BME, and 5 mM EDTA, in 10 mM
by pyruvate kinase has been addressed with the yeasphos_phate buffer (pH 6.2) saturated in ammonium su_Ifr_:IFe]
enzyme. YPK is an allosteric enzyme with homotropic effects Was increased to 10 mM due to the potential susceptibility
caused by M and PEP. Fructose 1,6-bisphosphate (FBP) of cysteine to oxidation. The enzyme was shown to be more
is the heterotropic activator. The FBP binding site-40 A than 95% pure by SDSPAGE and MALDI-TOF MS
from the active site §. In studies of YPK, we have analyses.
constructed mutants of the putative proton donor (T298): Pyruvate Kinase AssayPyruvate kinase was assayed by
T298S, T298A, and T298V. The first two mutant enzymes following the decrease in absorbance at 340 nm due to
were expressed, purified, and characterized previod€ly (  NADH oxidation using the coupled assay withlactate
T298V failed to support growth of PK-deficient yeast on dehydrogenase (LDH)LE). The specific activity of YPK is
glucose, which is indicative of an inactive mutant enzyme. expressed as micromoles of NADH oxidized per minute per
Detailed kinetic and physical characterization of the T298S milligram of protein. The concentration of YPK was
and T298A mutants indicates that T298 is not the ultimate determined by its absorbance at 280 nm. The extinction
proton donor in YPK. Ink.s versus pH studies, akp . of coefficient used for YPK g0 equals 0.51 M cmZ,
6.4 in the wild-type YPK is also present in the pihte Typical assay mixtures contained (in 1 mL) 100 mM MES
profile of T298S and is lost with T298A1(). The results  (pH 6.2), 4% glycerol, 200 mM KClI, either 20 mM MggCl|
suggest that I, > is some function of T298. The results of or 4 mM MnCh, 5 mM ADP, 5 mM PEP, 17%M NADH,
these earlier studies indicate that water is the proton donor.20 g of LDH, and YPK (12 ug for the wild type or 1.5-3

This water molecule is in the vicinity of T298 and may be ;g for T298C). When present, FBP was at a concentration
part of a proton relay at the active site. One of the water of 1 mM.

molecules in the relay is a ligand to the metal ion at the
catalytic site 10).

In this study, the functional alcohol group on T298 is
changed to a thiol group. The T298C mutant of YPK was
expressed, purified, and characterized by kinetic and physical
methods to further clarify the catalytic process of YPK and
the nature of the proton transfer step. A primary focus of
the studies with T298C is further investigation of the nature
of pK,2 in the pH-rate profile of YPK and the chemical
reactivity of the group at position 298. The results of the VN pax = U1+ (K /[S)™] )
studies with T298C are consistent with the data obtained
previously with the T298S and T298A mutants and support  |nitial rates of pyruvate formation were measured as a
the hypothesis that water from a specific channel is the function of variable substrate or activator concentration. The
ultimate proton donor in YPK. The threonine or cysteine at PEP concentration was varied in the absence or presence of
position 298 affects the reactivity of water. 1 mM FBP and with MA" or with Mg?* as the divalent

activator. The FBP concentration was varied in the presence
EXPERIMENTAL PROCEDURES of 20 mM MgCh and 20 mM PEP. The free Mh

Materials L-(+)-Lactate dehydrogenase from rabbit muscle concentration was varied in the absence of FBP and at a
was purchased from Boehringer-Mannheim. PEP, ADP, FBP, constant MNADP concentration. The MnADP concentration
disodium NADH, glycerol, iodoacetate (sodium salt), and was varied in the absence of FBP and at constant concentra-
buffers were purchased from Sigma. Deuterium oxide tion of free Mrf*. In all cases where the PEP concentration
(99.9%) was obtained from Cambridge Isotope Laboratories. was kept constant, the concentration of PEP was saturating
The Altered Sites mutagenesis kit was purchased from at 5 mM, unless otherwise specified. Concentrations of free
Promega, and the mutagenic oligonucleotide was synthesizedVin?t and MnADP were calculated from the measured
at the Biocore Facility of the Department of Chemistry and concentrations of total M and total ADP using the
Biochemistry of the University of Notre Dame. following equation:

Steady-state reaction rates were calculated by measuring
the slope of the reaction progress curve of NADH oxidation.
The initial velocity data were fit to the MichaetidMenten
equation (eq 1) or to the Hill equation (eq 2), depending on
which equation gave the best fit of the experimental data.

UV o= (1 + K /[S]) 1)
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— [M n 2+] free[AD P] free

d [MNADP] 3)
where [M#']ree + [MNADP] = [MN?]iota [ADP]free +
[MNADP] = [ADP]iot, andKgq = 0.125 mM.

Effect of pH on k. The effect of pH on the maximal
velocity of the reaction catalyzed by T298C YPK was studied
in the pH range of 4.98.8. The pH-rate profile for T298C
was compared to the profile previously measured for wild-
type YPK (7). The measurements were performed in the
presence of 1 mM FBP and with Mh (4 mM) as the
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in the absence of IAA at the same time point) at each time
point to a single-exponential decay (eq 6).

Arel = Cl + Cz exp(— kobs,inaco (6)

where A represents the relative YPK activity and coef-
ficients C; and C, represent the fraction of active protein

and the fraction of inactive protein, respectively, upon
modification with IAA. The sum ofC; andC; is always 1.
In the case of wild-type YPK, coefficient; andC, equaled
0 and 1, respectively.
The log ofkqps inactvas plotted as a function of pH and fit

divalent activator. The substrates were present at saturating,, eq 7 in the case of wild-type YPK or to eq 8 in the case

concentrations of 5 mM PEP and 5 mM ADP. The buffers
used were acetate (pH 4.8.5), MES (pH 5.6-6.8), HEPES
(pH 6.5-7.7), and TAPS (pH 7:58.8). The buffers over-
lapped and had no effects on activity. The buffers were all
titrated to the desired pH by using either KOH or HCI. The
pH of the kinetic assay mixtures, containing all of the assay

of T298C. In eqs 7 and 81f), [H'] is the proton
concentration anl{, is the dissociation constant for the group
undergoing ionization. Equation 7 models the case in which
a rate constant for inactivation at low pl Y and a rate
constant of inactivation at high pH() are defined. Equation

8 describes the model in whitgps inacincreases only at high

components except the coupling enzyme (LDH) and pyruvate hy angc represents the pH-independent rate constant.

kinase, was determined before the initiation of the reactions.

The pH-rate data measured with T298C were fit to both

egs 4 and 5, which were previously derived and described

(7, 14). The equation that most efficiently modeled the
experimental data was choseWmaxapp IS the observed
maximal rate of a reaction at a given pH. The maximal
velocity in the plateau regiorV,,,, can be related to the
maximal velocity, Vimax Dy @ proportionality factoe., where
Vihax = &Vmax The value ofo can be either>1 or <1,
depending on whether the protons inhibit or activate the

reaction rate, respectively.

[H']
Viad O+ K
_ B
Vmax,app_ [H +]2 [H +] K (4)
1+ + =
KaKg = Kg = [HT]
_ Vmax 5
max,app [H +] K ( )
1+ —+——
Ka  [H']

pH-Dependent Inactation Studies with lodoacetatéo-

doacetate (Nasalt) (IAA) was utilized to modify wild-type
and T298C YPK over a pH range of 5:8.7. The buffers
used were MES (pH 5:56.8), HEPES (pH 6.57.7), and
TAPS (pH 7.8-8.8). YPK (0.4 mg/mL) was incubated at
room temperature, in the dark, with 10 mM IAA, in 50 mM
buffer, 4% glycerol, 200 mM KCI, and 0.15 mM BME. The
total volume of the incubation mixture was 1 mL. As a
control, an identical solution that contained no IAA was
prepared for each wild-type YPK and T298C mutant. At
designated time intervals {@20 min), a 5uL aliquot of
the incubation mixture was withdrawn and assayed for PK
activity by the standard PK assay containingaand FBP.
The 200-fold dilution of the aliquots withdrawn from the

+ ky(KJH™
|Og(kobs,inac) = |ngL 1 +kHK(a/[a|/_E +] ]) (7)
_ C
109(Kyps jnadd = '0m (8)

At each pH value, the rate constants for inactivation by IAA
measured with T298C were corrected for the background
inactivation observed with the wild-type enzyme. The
corrected rate constants for inactivatiégy(inac) Were plotted
against pH and fit to eq 7 to determine thgfor the group
undergoing ionization to form the carboxymethylated T298C
YPK.

Steady-State Fluorescence Measuremeiitse experi-
ments were performed on an SLM model 8100 spectrofluo-
rimeter equipped with an RG630 filter in the reference
channel and with an external fluorescent standard (rhodamine
B in ethylene glycol, 3 g/L), and thermostated at24 °C.
Emission spectra were recorded from 310 to 400 nm with a
bandwidth of 2 nm and a scan rate of 1 nm/s. For each
spectrum, four scans were averaged with an integration time
of 0.1 s. Excitation of the single tryptophan, W452, was at
295 nm. Samples were in 100 mM MES buffer (pH 6.2),
200 mM KCI, and 4% glycerol. The final concentrations of
all the species, not necessarily in the order of addition, were
as follows: 0.06 mg/mL YPK, 20 mM MgGlor 4 mM
MnCl,, 15 mM PEP (or 5 mM PEP in the presence of
MnCl,), 1 mM FBP (unless otherwise specified), and 5 mM
ADP when present. All ligand concentrations were saturating.
The fluorescence was calculated relative to the external
fluorescent standard and was corrected for dilution.

The dissociation constants of the ligands to various enzyme
complexes of YPK were measured by monitoring the change
in fluorescence intensity at 334 nm, with excitation of W452
at 295 nm. Titrations were performed by sequentially adding

incubation mixture in the 1 mL PK assay is assumed to be 1—10 uL aliquots of a concentrated ligand solution to 900

sufficient to terminate the inactivation reaction by IAA. The
inactivation rate constankfsinag at each pH value was

determined from the fit of the relative activity (activity of
YPK in the presence of IAA relative to the activity of YPK

uL of a mixture containing 100 mM MES (pH 6.2), 4%

glycerol, 200 mM KCl, 0.050.07 mg/mL YPK, and other
ligands as specified. The experimental data were processed
using eqs 9 and 10 as described previougl).(
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QmadlL] whereg" and¢R are the fractionation factors for the transition
Q= KT[L] 9) state and reactant state, respectively, énandV, represent
D the maximal velocities observed in a mixture of isotopic
- water ofn mole fraction of BO and in HO wheren = 0,
_ QmadL] (10) respectively 16, 17).

Ny Ny
Ko™ +[LI RESULTS

type and T298C YPK were acquired on an Aviv 202SF Purified to>95% homogeneity based on SBBAGE (not
stopped-flow circular dichroism spectrometer, ati24 °C. shown), with a yield of 20 mg of protein/L of culture. The
The experiments were performed with protein solutions at MALDI-TOF spectrum of the purified T298C showed one
concentrations of 0.05 mg/mL in 20 mM MES (pH 6.2), 4% Peak atm/z 54 374 corresponding to the monomeric form
glycerol, and 200 mM KCI. The concentrations of the titrated Of the mutant YPK (data not shown).

ligands are specified in the figure legends. All solutions were ~ Biophysical Characterization of T298C YPKhe com-
filtered through a 0.4&m filter prior to the measurements, ~ Parative far-UV CD spectra of the apo forms of the T298C
Each spectrum was recorded with a bandwidth of 1 nm and Mutant and wild-type YPK (Figure S.1, Supporting Informa-
a scan rate of 1 nm/s. The scans were acquired from 280 tofion) indicate a slight and consistent difference in the
200 nm. For each sample, four repetitive scans were obtainednagnitude of the molar ellipticity of the mutant YPK relative
and averaged. The averaging time was 1.0 s, and the filtert0 the wild-type enzyme. The general shape of the spectra
settling time was 0.3 s. Depending on the conditions, a scan©f the T298C mutant and wild-type YPK is the same over
of the buffer or a scan of the buffer and ligands is subtracted the full spectral range (26€280 nm), exhibiting double

from each of the protein spectra. The observed elliptidty,
(degrees), was converted to molar ellipticity],[ (degrees

minima at 208 and 222 nm characteristimshelical content
and a minimum at 218 nm distinctive frsheet structure

tion:

I\/Ir,YPKH

(0], = T0L[YPK] (11)

whereM, vpk represents the YPK subunit molecular weight
(54 533 g/mol) [X-ray data for YPK from Brookhaven
Protein Data Bank deposited by Jurica et @], (L represents

the quartz cell path length (0.2 cm), and [YPK] represents

the concentration of either wild-type or T298C YPK (grams
per milliliter). Deconvolution of the acquired CD spectra for

wild-type and T298C YPK was performed as described in

the Supporting Information.
Sobent Isotope Effect StudieSolvent isotope effects (SIE)

were measured with T298C YPK as described previously

(10) and compared to the results obtained with wild-type
YPK. Final concentrations for all species were 200 mM KCl,
20 mM MgCk (or 4 mM MnCh), 5 mM ADP, and 1 mM

FBP in 100 mM MES (pL 6.2). Assays (1 mL) were prepared

and covered with Parafilm prior to measurements and were

performed in duplicate. Solvent isotope effectskan P(Keay),

and onkealKim pen P(KealKm ped, were determined from fits

of initial velocity versus [PEP] in kD and DO to eq 1.
Proton Irventory StudiesWild-type YPK and T298C

YPK were assayed in a series of isotopically mixed water

solutions (fH]JH,O and PH]H,O) with a deuterium molar
fraction n as described previoushyl(Q). In each case, the

initial velocities were measured at a saturating PEP concen-

tration (5 mM PEP in the presence of Mp@F 20 mM PEP

in the presence of Mgg)l Assays were performed in
triplicate. The data were fit to the GrosButler equation
(16) either in the linear form (eq 12) or in the nonlinear form
(eq 13).

V/V,=1+n(@ —1) (12)

V/Vo=I[1+n(" —1))[1+n@"—-1)] (13)

not cause any significant changes in the secondary structure
and that wild-type YPK and mutant YPK are folded into a
similar structure.

The intrinsic tryptophan fluorescence emission spectrum
of both the apo T298C mutant and apo wild-type YPK
(recorded between 310 and 400 nm) (Figure S.2, Supporting
Information) exhibits a tryptophan emission maximum at
approximately 334 nm. Both spectra are very similar,
indicating that the environment surrounding tryptophan 452
has not been disrupted by the T298C mutation relative to

wild-type YPK.

Steady-State Kinetic3.he results of the kinetic experi-
ments performed with T298C are compared to the parameters
measured with wild-type YPK and are summarized in Table
1. The T298C mutant is not kinetically active with kg
unless the heterotropic activator FBP is present (Table 1).
T298C behaves kinetically in a manner similar to that of

wild-type YPK with Mr?* as the divalent activator. THey

measured with T298C is approximately 20% of tke:
determined with wild-type YPK under the same conditions
(Table 1). The divalent metal specificity with T298C is the

same as for wild-type YPK (Mg > Mn?") in the presence

of FBP, based ok, values.
The Ky, for the substrate PERKf, ped is both divalent
metal- and FBP-dependent with T298C as it is with wild-

type YPK. With Mg*-activated T298C in the presence of

FBP, there is a 14-fold increase in thg pep cOmpared to

that for the M@"- and FBP-activated wild-type YPK (Table

1). Kinetic measurements with T298C were performed at
an increased concentration of total Mg20 mM) relative

to that with the wild type (15 mM MgG) and at 5 mM
ADP and in the presence of 1 mM FBP. When the

concentration of MgGADP is 10 mM and [Mg]iee = 5 mM
in the presence of 1 mM FBP, or in the presence of 20 mM
MgCl,, 5 mM ADP, and 2 mM FBP, th&, pep measured

with T298C did not change. The valuelf/Km pepmeasured

in the presence of Mg and FBP is decreased by 2 orders

of magnitude for T298C relative to that for wild-type YPK.
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Table 1: Steady-State Kinetic Parameters for Wild-Type and T298C2YPK

divalent activator ligand FBP YPK Keat (S71) Km (uM) KealKmpep(M~1s71) NH

Mg?* PEP no wild-typk 23245 1180+ 220 (2.0+ 0.5) x 10° 2.804 0.10
PEP no T298C <0.1 nae nd° nae
PEP yes wild-type 226+ 11 310+ 5 (7.34£ 0.5) x 109 1.0
PEP yes T298¢€C 41.3+ 0.8 4430+ 220 (9.3 0.5) x 1C° 1.0
FBP wild-type® 236+ 4 13.0+ 0.1 1.0
FBP T298C 33.0+0.2 144+ 0 2.60+0.04

Mn2+ PEP no wild-typk 58.44 0.9 45+ 1 (1.34£0.1) x 108 2.504 0.10
PEP no T298C 12.2 0.2 242+ 7 (5.0+£0.1) x 10* 1.50+ 0.06
PEP yes wild-type 66.0+ 1.8 21+ 3 (3.1+£0.6) x 10® 1.0
PEP yes T298C 132 0.2 66+ 4 (2.1+£0.3)x 1® 1.0

a Steady-state kinetic parameters were measured as described in Experimental Procedures. When the PEP concentration was varied, the concentration:
of all other species were saturating and were as follows: 4 mM MacCl5 mM MgCh, 5 mM ADP, 1 mM FBP (when present) and 200 mM
KCl in 100 mM MES (pH 6.2), and 4% glycerol. Kinetic constants were obtained from fits of either eq 1 or 2 to initial velocity data as a function
of variable ligand concentratiofiTaken from Bollenbach et al7). ¢ Not determined due to a lack of catalytic activityThe total MgC} concentration
was 20 mM.¢ Taken from Bollenbach and Nowak9). f [PEP]= 20 mM. [MgCl] = 20 mM. [ADP] = 5 mM.

40

Table 2: Steady-State Kinetic Parameters for’MActivated
! Wild-Type and T298C YPK

30 ligand FBP YPK K (M) M
5 free M+ no wild-type 15.0+ 0.1 2.0+ 0.3
£ 2] no T298C 49. 74+ 1.6 2.6+0.2
NG ] MnADP no wild-typée 250+ 20 1.0
no T298C 409t 16 1.0

2 Nonvaried substrates were held saturating: 5 mM PEP, 1 mM free
Mn, and 2 mM MnADP.” Taken from Mesecar and NowaK2).
¢ Taken from Bollenbachl().

0-""|""1""\""1“‘
0 200 400 600 800 1000
[FBP] (uM) presence of FBP, respectively (Table 1). The second-order
FiIGURE 1. Steady-state velocity response of Mactivated T298C ~ rate constant,k.a/Kmper is decreased by 2 orders of
YPK as a function of FBP concentration. The velocity response as magnitude and 1 order of magnitude relative to that of wild-
a function of FBP concentration is sigmoidal and is best fit to eq type YPK in the absence and presence of FBP, respectively.

2. Error bars in the data represent deviations from replicate P ; _
determinations. The parameters giving the best fit are listed in TabIeThe Kinetic response of T298C to a variable PEP concentra

1. The experiment was carried out in 100 mM MES (pH 6.2), 4% tion in the absence of FBP is sigmoidal, as with wild-type
glycerol, 200 mM KCI, 20 mM MgGJ, 5 mM ADP, and 20 mM  YPK, but to a lesser extenh{pep = 1.5 vSnypep = 2.5).
PEP. All concentrations were saturating. At each FBP concentration, The kinetic constants for free Mh and MnADP in the

the measured initial rates were corrected for the residual initial rate . . .
. : - absence of FBP measured with T298C are summarized in
of pyruvate formation at zero FBP concentratiorO(1 unit/mg). L .
Py ( 9 Table 2. TheK,, for free Mr¢" is increased 3-fold relative

With Mg?*-activated T298C, there is a 10-fold increase 1o that of wild-type YPK, but is still in the micromolar range
in the Ky, for FBP (144+ 1 uM) relative to that of wild-  (Table 2). The homotropic cooperativity with free krfor
type YPK (13.0 + 0.1 uM) (Table 1). At saturating T298C is similar to that of wild-type YPKnG = 2.0 vsny
concentrations of PEP, Mg, and MgADP, the kinetic = 2.6). The T298C mutation causes a 2-fold increase in the
response to a variable FBP concentration changes fromKmfor MNADP (Table 2). The kinetic response with MNADP
hyperbolic in the wild typerf; = 1.0) to sigmoidal in T298C ~ as a variable substrate is hyperbolic in both wild-type and
(ny = 2.6) (T298C is inactive when [FBR} 0) (Figure 1). T298C YPK. These kinetic constants with ktgcould not
The thermodynamica”y determined parameters for FBP be measured with T298C due to lack of kinetic activity in
binding to the YPK-Mg2*—PEP complex are as follows: the absence of FBP.

Karsp= 7.3+ 0.6uM andny = 1.3+ 0.1 for the wild type Effect of pH on Catalysis by Wild-Type and T298C YPK
andKgrgp= 78 £ 2 uM and ny = 1.9 £+ 0.1 for T298C The possible relevance of T298 to an ionization that affects
YPK (vide infra, Table 5). With both wild-type and T298C catalysis was addressed by measuring—p&te profiles.
YPK, the Knrep is similar to the Kqegp measured by  Figure 2 shows the pHrate profile for T298C activated by
fluorescence. FBP is in apparent thermodynamic equilibrium Mn?" and by FBP. For the purposes of comparison, the-pH
with YPK during steady-state turnover. FBP binds to the rate profiles for wild-type YPK and T298A that are activated
YPK—Mg?"—PEP complex with positive cooperativity with by Mn?* and by FBP 10) are also presented. The same
both wild-type and T298C YPK. Thus, MgADP must profiles are obtained for the Mgractivated enzymesL().
influence the homotropic cooperativity of FBP binding to The pH-rate profile for T298C shows a slope of 2 in the
wild-type (19) and T298C YPK. Kinetically, in the fully  acidic region in contrast to the pHate profiles of wild-
ligated complex, the homotropic interaction of FBP is type and T298A YPK that have a slope of 1. These results
heterotropically abolished by MgADP in wild-type YPK and are consistent with the ionization of two groups in T298C
is enhanced in T298C YPK. and the ionization of one group with the wild type and with

With Mn2*-activated T298C, th& pepincreases 5- and  T298A, respectively, in the acidic pH region. The ptate
3-fold relative to that of wild-type YPK in the absence and data for T298C were fit to three models: (1) eq 4, which
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pH-Dependent Inactation Studies with lodoacetatéo-
doacetate (IAA) reacts with good nucleophiles, and cysteine
is potentially the most powerful nucleophile in a protein.
Wild-type YPK has no cysteine located in the active site
(8). Mutation of Thr 298 to Cys introduces a potentially new
nucleophile into the active site of YPK. The possibility of
the unique reactivity of cysteine in T298C YPK was used
to determine the nature of the secori |jpKsz) in the pH-
rate profile. IAA inactivation studies were performed with
wild-type YPK and T298C as a function of pH.

A plot of the observed rate constants for IAA inactivation
of wild-type YPK with respect to pH is shown in Figure
3A. For T298C, the observed rate constant for inactivation
by IAA at each pH was corrected for the background
inactivation measured with wild-type YPK. The rate constant
for IAA inactivation of T298C is 16-125-fold greater than
that for wild-type YPK (Table 4). A plot of the corrected
rate constants for inactivationkefrinae) against pH is
presented in Figure 3B. A fit to the uncorrected rate constants
gives nearly identical results. The best fit to eq 8 of the IAA
inactivation data with wild-type YPK (Figure 3A) yields a
pKa value of 8.71+ 0.07 with a pH-independent value for
the rate constant of inactivation of (1.15 0.15) x 102

WT-Mn®"-FBP
T298C-Mn”'-FBP
" T298A-Mn’'-FBP

Vmax,app (U/mg)

10

pH

FiIGURE 2: Effect of pH onVmaxapp for wild-type, T298C, and ‘ ) - 249
T298A YPK. The effect of pH 0Wmax appfor Mn?™-activated wild- min~%. With T298C YPK, the data for inactivation by IAA

type @) (7), T298C @), and T298A M) (10) is Shown.Vimaxapp are best fit by eq 7 (Figure 3B), yielding &Kpvalue of

with Tzf?ézpvzgsmr&e)aas#ée:f g}ﬁﬁ%ﬂ?jﬁ:‘ﬁ;ﬁﬁggﬁ&g Acggce”traB.ZOi 0.12 with a limit to the observed reaction rate constant

tions o , . - .

1 mM FBP, and 200 mM KClI). 'Ighe curves represent the best fit to Of_0;006i _0'001 mir™ at low pH increasing to 1.0% 0.21

YPK, and to eq 5 for T298A YPK. Theky values giving the best-  remains 16-15% active (se€; values in Table 4).

fit parameters are listed in Table 3. Steady-State Fluorescence Titratioleast pyruvate ki-
nase is a homotetramer with over&h symmetry. YPK

contains a single tryptophan residue per monomer, Trp 452,

Table 3: pH Effects ork.o for Wild-Type, T298C, and T298A

YPK® that is situated near the dimedimer interface. Trp 452
YPK PKa PKe pKc provides an internal fluorescent probe, since its intrinsic
wild-type 554+0.1 6.4+ 0.3 8.8+ 0.2 fluorescence is sensitive to binding of ligands at both the
T298C 5.5+ 0.1 5.5+ 0.2 8.5+ 0.1 active site and the allosteric site on YPE1{-23).
T298A 52+0.1 8.8+ 0.1

Steady-state fluorescence measurements were performed
2 The effect of pH orkea With T298C was measured as described in - to determine the effect of mutation on binding of substrates
Experimental Procedures at saturating concentrations of PEP and allyy ha enzyme. The results of emission scans of T298C
ligands.? Taken from Bollenbach et al7). ¢ Taken from Susan-Resiga . . . .
and Nowak 10). sequentially titrated with I\/Rj PEP, and FBP and with FBP,
Mg?*, and PEP are shown in Figure S.3A,B of the Support-
describes the ionization of three groups; (2) eq 4 in which ing Information. In both cases, the quaternary enzyme
the value for K, was imposed as 5.5, the same value as for ligand complex is formed and results in the same total
wild-type YPK; and (3) eq 5, which describes the ionization fluorescence quenching. This indicates that the structure of
of only two groups. The parameters obtained from the fit to the enzyme surrounding Trp 452 is the same regardless of
each model and the statistical summary of each fit are listedthe order of addition of FBP for formation of the quaternary

in Table S.1 of the Supporting Information. TKg pepvalues
measured for the Mri- and FBP-activated wild type and

enzyme-ligand complex. The results are also consistent with
those obtained with wild-type YPK2@).

mutants T298S and T298A were invariant over the pH range The fluorescence spectra of T298C sequentially titrated

that was studied?Q), allowing the calculation of I§, values

with Mg?*, ADP, and PEP and with PEP, ¥lig and ADP

for “Exee’- The assumption is made that T298C YPK behaves are shown in Figure 4A,B. For reference, the results of
similarly. emission scans of wild-type YPK sequentially titrated with
On the basis of the statistical analysis (Table S.1, Sup- Mg?" and ADP are displayed in Figure 5. The formation of
porting Information) and the slope of 2 in the acidic range the YPK—Mg?*—ADP—PEP or YPK-PEP-Mg?"'—ADP
of the pH-rate profile (Figure 2), the second model, defined could not be measured with wild-type YPK because of
by eq 4 in which K4 = 5.5, best describes the phiate catalytic turnover. Saturation of the T298®g?" complex
data measured with T298C YPK. Table 3 lists tikg palues with ADP causes a 13% quenching at 334 nm, with a
that result from the best fit of the pHate data. Mutation ~ concomitant 2 nm red shift (Figure 4A). This behavior is
of the functional group T298 from a hydroxyl in wild-type  similar for the wt=Mg?" complex upon saturation with ADP
YPK to a thiol in T298C results in an acidic shift oKp (Figure 5). The total fluorescence quenching upon formation
from 6.4 to 5.5 (Table 3). When the functional group is of the YPK—Mg?"—ADP complex is 17% with wild-type
removed in T298A YPK, Kg is lost (10). YPK and 23% with T298C YPK. This suggests that the
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Ficure 3: pH dependence of the rate constant for inactivation by iodoacetate of YPK. (A) Inactivation of wild-type YPK by iodoacetate.

(B) Inactivation of T298C YPK by iodoacetate. YPK (0.4 mg/mL) was incubated in the presence of 10 mM IAA. Samples were withdrawn

at various time periods and tested for catalytic activity. The inactivation rate conkigtaQ at each pH was determined from the fit of

the relative activity to a single-exponential decay (eq 6). The logQfinaciiS plotted against the pH of the incubation mixture. Error bars
represent the error in the fit of the time-dependent inactivation data at each pH to eq 6. The curves through the data are from a least-squares
fit of the data to eq 8, for wild-type YPK, and to eq 7, for T298C YPK. The fit generatds,@$8.7 + 0.1 with wild-type YPK and a

pK, of 8.2 + 0.1 with T298C YPK.

2+ _ i
Table 4: Summary of the Best-Fit Parameters for Inactivation by Mg ADP complex is 35%. The total fluorescence quench-

lodoacetate of Wild-Type and T298C YPK ing upon formation of the quaternary enzymigand
complex is different, depending on the order of addition of

YPK H inace(Min~2 CP Cs* X -
- :50 TZ"?(Z 1&3 0 = I - ligands Mg+, ADP, and PEP. The results presented in Figure
wild-type 005 ((1.'6i 0:1g§ 10 0 1 4 and Figure S.3 indicate that substrates MgADP and PEP
6.40 (0.9+ 0.2)x 103 0 1 both bind to the enzymeMg?" complex of T298C, inducing
6.77 (1.6+£0.1)x 1073 0 1 conformational changes, although no catalytic activity by
720 (1.3£0.1)x 1073 0 1 T298C is observed with Mg as the activator and in the
7.56 (2.0+£0.2)x 1073 0 1 absence of EBP
8.24 (4.2+0.3)x 103 0 1 N ' o
8.66 (37.6+8.2)x 1073 0 1 Similar fluorescence emission spectra for T298C were
T298C 65-0550 (1(;3-% g%x igz géﬁ 8-82 8-25& 8-(1)‘21 measured in the presence of MnThe results are detailed
640 (18.5:19)x 10° 0194003 0.80% 0.03 in Figure S.4A,B of the Supporting Information. The trends_
6.77 (50.2+ 6.8)x 102 0.19+0.02 0.77+ 0.04 in the fluorescence spectral changes that are observed with
720 (111+4)x 10°®  0.14+0.01 0.86+ 0.01 T298C and its MA™ complexes are the same as the changes

7.56 (174£11)x 10° 0.13+0.01  0.87+0.02 observed with wild-type YPK and its Mh complexesZ21).

8.24 (529+ 14)x 10® 0.10+0.002 0.90+ 0.01 : o "
8.66 2850:& 12%))X 10 0.10+ 0004 090% 002 Ligand Binding by Steady-State Fluoresceridee binding

aThe rate constant for inactivatiorkefsinad at each pH was of PEP, divalent metal, MgADP, and FBP to various
determined from a fit of the relative activits);n;ct each time Boint to eq complexes Of, T298C YPK was assessgd ,by fsteady-state
6. In the case of wild-type YPK, the inactivation data were best-fit to fluorescence titrations. An example of a binding isotherm is
a simplified form of eq 6 Ae = exp(—kops,nad) COrresponding ta; presented in Figure S.5. The binding data were fit to either
=0andC; = 1]..b C fr_om_eq 6 represents the fraction of active protein g hyperbolic model (eq 9) or a sigmoidal model (eq 10).
upon modification with iodoacetateC, from eq 6 represents the  Tha pest-fit parameters for the apparent dissociation constant
fraction of inactive protein upon modification with iodoacetate. (Ko), maximal fluorescence quenchin@i), and Hil

environment surrounding Trp 452 in the YP#Kg2*—ADP coefficient 1) are listed in Tables 5 and 6.
complex is slightly different in wild type and in T298C YPK. Interaction of PEP with T298C Complexd2EP binding
PEP binding to the T298EMg>"—ADP complex resultsin ~ to the apo form of both wild-type and T298C YPK is
an additional 20% quenching with no further change in hyperbolic 6y = 1, Table 5). This suggests that the binding
emission maximum (Figure 4A). The total fluorescence of PEP to the apoenzyme does not involve communication
guenching upon formation of the T298®g?"—ADP—PEP among the four PEP binding sites on the tetramer. The
complex is 43%. binding of PEP to the T298€Mg?" complex has an
When apo T298C is saturated with PEP, a 25% quenchingapparent dissociation constant of 128M, a 2-fold decrease
occurs at 334 nm (Figure 4B). Formation of the T298C relative to that of wild-type YPK (Table 5). The enzyme-
PEP-Mg?* complex causes an additional small 5% quench- bound M@*" has an antagonistic effect on the binding of PEP
ing. Binding of ADP to the latter complex results in an to both wild-type and T298C YPK. In both cases, Kigrep
additional 5% quenching d@na 2 nm redshift. The total for the YPK—Mg?" complex is greater than thép pep for
fluorescence quenching upon formation of the T298EP- apo YPK. The measurement of the level of binding of PEP
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Ficure 4: Fluorescence spectra of T298C YPK and its complexes withi"M@EP, and ADP. (A) Formation of the T298®1g>"—
ADP—PEP complex by sequential titration. (B) Formation of the T298EP-Mg2"—ADP complex by sequential titration. Trp 452 was

excited at 295 nm, and emission spectra were monitored from 310 to 400 nm. The key for the symbols designating each enzyme complex

is given in the inset. Final concentrations for all species were as follows: 0.06 mg/mL YPK, 200 mM KCI, 20 mM, Mg&M ADP,

and 15 mM PEP (A) or 20 mM PEP (B). All ligand concentrations were saturating. The relative fluorescence is calculated with respect to

an external fluorescence standard and has been corrected for dilution.

12 The Kp for the interaction of PEP with the YPKMn2*
—— WTK' complex is significantly higher with T298C (238V) than
1 —b— WT-K"-Mg* with wild-type YPK (9uM) (Table 5). While this interaction
10] —&— WT-K"-Mg*-ADP is hyperbolic with T298Crfy = 1), PEP binding to the wild

type—Mn?" complex shows a high degree of homotropic
cooperativity iy = 2). Binding of PEP to complexes of
T298C in the presence of saturating FBP could not be
assessed by steady-state fluorescence since very little if any
change in the fluorescence intensity occurs upon addition
of PEP to the T298€EFBP or T298G-Mg?*(or Mn?")—
FBP complex. This was also observed with wild-type YPK
(21, 23).

Interaction of M@" with T298C Complexedhe fluores-
cence response of apo T298C to WMgconcentrations is
hyperbolic. The affinity of the apoenzyme for Rigs 2-fold
tighter with T298C (573QuM) than with wild-type YPK
(11 900 uM) (Table 5). The binding isotherm for the

Relative Fluorescence

0.0 —Wmmmmmrmwmm interaction of M@" with the YPK—PEP complex is hyper-
310 320 330 340 350 360 370 380 390 400 410 bolic with T298C 6y = 1) and sigmoidal with wild-type
A (nm) YPK (ny = 1.9) (Table 5). The apparent affinity of the

FicURe 5: Fluorescence emission spectra of wild-type YPK and YPK—PEP complex for Mg is similar for T298C (3570
of its complexes with Mg and ADP. Trp 452 was excited at 295 ~ «M) and wild-type YPK (404QuM).
nm, and emission spectra were monitored from 310 to 400 nm. Interaction of M+ with T298C Complexedhe apparent

The key for the symbols designating each enzyme complex is given . o -
in the inset. Final concentrations for all species were as follows: dissociation constant for M binding to apo T298C (1900

0.06 mg/mL YPK, 200 mM KCI, 20 mM MgG| and 5 mM ADP. uM) is 3.8-fold lower than that for binding to apo wild-type
All ligand concentrations were saturating. The relative fluorescence YPK (7160 uM) (Table 6). There is a small degree of
is calculated with respect to an external fluorescence standard a”qwegative homotropic cooperativity in the binding of ¥n
has been corrected for dilution. to T298C (y = 0.7). The interaction between Nihand
apo wild-type YPK is hyperbolic. The binding of Mnhto
to the T298C-Mg?"—~MgADP complex could be done by  the YPK—PEP complex is sigmoidal with both T2986,(
steady-state fluorescence because of the lack of catalytic— 2.2) and wild-type YPK1f, = 1.7) (Table 6). The apparent
turnover by T298C with Mg™ and in the absence of FBP affinity of the T298G-PEP complex for MA" (128 uM) is
(Table 1). PEP binds to the T298Mg** —MgADP complex  13-fold weaker than the affinity of the wild-type YPKPEP
in a hyperbolic manner and with & of 1800uM (Table complex for M+ (10 uM). The binding of PEP to apo wild-
5). MgADP further antagonizes PEP binding to T298C. type YPK heterotropically induces homotropic cooperativity
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Table 5: Ligand Binding to Wild-Type and T298C Yeast Pyruvate Kinase Complexes by Steady-State Fluorescénhee it divalent

metal}
wild type? T298C

ligand  Qmax (%) Ko (uM) N AG (kcal/mol) Qmax(%)  Kp (uM) N AG (kcal/mol)
YPK PEP 20.: 0.4 638+ 53 1 —4.33+0.05 25.5£0.3 488+21 1 —4.48+ 0.02
YPK—Mg?* PEP 344 0.9 2810+ 170 1 —3.45+0.03 28.4+ 0.5 1290+ 70 1 —3.91+ 0.03
YPK—Mg?"—MgADP PEP né nd* nd° nd* 20.1+ 0.2 1800+ 60 1 —3.72+£ 0.02
YPK Mg?*+ 3.5+ 0.2 11900+ 1800 nd —2.61+0.09 9.6+ 0.3 57304+ 600 1 —3.04+ 0.06
YPK—PEP Mg* 143+ 0.4 4040+ 210 1.85+0.14 —3.24+0.03 5.4+ 0.2 35704 460 1 —3.31+ 0.038
YPK—Mg?* MgADP 13.6+ 0.7 634+ 105 1 —4.33+0.09 13.0+0.7 676+ 103 1 —4.29+ 0.08
YPK—Mg? —PEP MgADP  nd nd nd® nd* 53+ 04 768+ 155 1 —4.22+0.11
YPK FBP 52.0+0.8 321+7 2.38+0.09 —4.73+0.02 54.2+0.2 255+ 0.2 1.60+0.02 —6.22+ 0.01
YPK—PEP FBP 36.61.0 217+6 2.27+0.09 —4.97+0.01 38.4+:0.8 1695 1.78+0.09 —5.11+0.02
YPK—Mg?* FBP 51.4+0.5 145+ 3 3.09+ 0.16 —5.204+0.01 52.4+-0.2 15+ 0.2 1.79+£0.03 —6.53+0.01
YPK—Mg? —PEP FBP 26611 7306 1.30+£0.08 —7.01+£0.05 37.2£05 78+2 1.90+0.09 —5.56+ 0.02

aThe parameters were determined by steady-state fluorescence titrations as described in Experimental Procedures. The concentration of YPK is
0.06 mg/mL in the presence of 200 mM KCI and 4% glycerol. Final concentrations of the other ligands were as follows: 20 mMLMg®ll
PEP, 1 mM FBP, and 5 mM ADP, when indicated. All ligand concentrations were saturating. For MgADP binding studies, increments of a 50.6
mM MgADP solution ([Mghee = 1.3 mM) were titrated into the mixture containing the YPK compfeirom Bollenbach and Nowak®). ¢ Not
determined.

Table 6: Ligand Binding to Wild-Type and T298C Yeast Pyruvate Kinase Complexes by Steady-State Fluorescéhes ¢t divalent
metaly

wild type? T298C

ligand  Qmax (%) Ko (uM) Ny AG (kcal/mol)  Qmax (%) Kp (uM) Ny AG (kcal/mol)
YPK PEP 20.14+-0.4 638+53 1 —433+0.05 25.5+0.3 488+21 1 —4.48+ 0.02
YPK—Mn?2* PEP 34.0+ 2.0 9+ 0.3 2.00+£0.10 —-6.83+0.02 39.7+0.3 235+ 6 1 —4.91+0.01
YPK Mn?t 9.3+ 0.5 7160+ 930 1 —2.90+0.07 21.2£0.2 1900+ 460 0.70+0.07 -—3.68+0.12
YPK—PEP Mt 22.2+0.3 10.0£0.2 2.20+:0.10 —6.774+0.01 26.0+:0.6 128+ 6 1.70+ 0.11 -—5.27+0.03
YPK FBP  52.0+0.8 321+7 2.38+0.09 —4.73+0.02 54.2+0.2 255+0.2 1.60+0.02 —6.22+0.01
YPK—PEP FBP 36.6 1.0 217+6 2.27£0.09 —497+0.01 38.4+0.8 169+ 5 1.78+ 0.09 —5.11+0.02
YPK—Mn?* FBP 47.7£0.1 50.4+£09 2.20+£0.10 —5.81+0.01 46.3+0.6 14.1+04 1.55+0.06 —6.57+0.02
YPK—Mn?*—PEP FBP  19.20.3 3.1+0.1 1.30+0.08 —7.46+0.02 2274+ 0.* 83+0.2 1.39+0.05 -6.88+0.01

aThe parameters were determined by steady-state fluorescence titrations as described in Experimental Procedures. The concentration of YPK is
0.06 mg/mL in the presence of 200 mM KCI and 4% glycerol. Final concentrations of the other ligands were as follows: 20 mNnidn@
mM PEP, unless otherwise specified. All ligand concentrations were saturafingm Mesecar and NowaR{). ¢ Final concentrations of ligands
were as follows: 4 mM MnGland 5 mM PEP.

of Mn?* binding. In T298C, binding of PEP to the apoen- YPK—Mn?*—PEP complexes are qualitatively similar to the
zyme changes the homotropic cooperativity ofavhinding effect by Mgt except for binding to the YPKMn2t—PEP
from negative to positive. complex. Binding of FBP to the ternary YPKV?*—PEP

Interaction of FBP with T298C ComplexeEhe binding ~ cOmplex is enhanced in the presence ofMand weakened
of FBP to apo T298C is 13-fold tighter than the interaction In the presence of Mg (Table 6). With the YPK-Mn2*

between FBP and apo wild-type YPK (Table 5). The degree complex, the degree of homotropic cooperativity is signifi-
of positive homotropic cooperativity in FBP binding is cantly lower with T298C iy = 1.6) than with wild-type

significantly lower with T298C {4 = 1.6) than with wild-
type YPK (w = 2.4). The cooperative binding of FBP to

YPK (ny = 2.2) (Table 6).
Interaction of MGADP with T298C Complexdée affinity

YPK remains unchanged in the presence of saturating PEPOf the YPK—Mg complex for MgADP is similar for T298C

with both T298C and wild-type YPK (Table 5). With T298C,
PEP causes a 7-fold increase in #igrgp, from 25 to 169

(680 uM) and wild-type YPK (630uM); both binding
isotherms fit to a rectangular hyperbola, (= 1) (Table 5).

uM, suggesting that PEP and FBP have an antagonisticThe measurable change in fluorescence intensity upon

binding relationship in the absence of the divalent metal.
With wild-type YPK, PEP and FBP show a weak and
positive coupling in the absence of divalent metal. The
binding of FBP to the YPK-Mg?" complex is 10-fold tighter
with T298C than with wild-type YPK (Table 5). The degree
of homotropic cooperativity is significantly less with T298C
(ny = 1.8) than with wild-type YPKify = 3.1). The presence
of Mg?* differentially affects the binding of FBP to the
E—Mg?" and E-Mg?*—PEP complexes of wild-type and
T298C YPK (Table 5). The Hill coefficient for FBP binding
remains unchanged with T298G,(= 1.9), while with wild-
type YPK, the Hill coefficient for FBP binding decreases to
1.3. The interactions between FBP and the YA#h?* and

MgADP binding to the T298€Mg?* complex indicates that
the substrate MgADP binds to the binary complex in the
same manner as MgADP binds to wild-type YPK. PEP also
binds to the T298€Mg?"—ADP complex (vide supra and
Table 5). The lack of catalytic activity of T298C with Mg
and in the absence of FBP is not due the elimination of
substrate binding. The apparent dissociation constant for
MgADP binding to the T298€Mg?*—PEP complex (770
uM) is slightly increased relative to that for binding to the
T298C-Mg?" (680 uM) complex (Table 5).

In summary, the T298C mutation has affected the interac-
tion of FBP with all enzyme complexes and the interaction
of PEP and M#A" with their respective binary enzyme
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Table 7: Secondary Structure Elements Calculated for the CD Spectra of Wild-Type and T298C YPK

wild type

T298C

o-helix antiparallel parallel S-turn

random total

a-helix antiparallel parallel S-turn

random total

%) %) (%) (%) coil (%) %) (%) (k) (%) (%) col (%) (%)
apo YPK 13.7 25.2 5.6 19.2 34.9 98.6 22.0 18.3 5.7 18.7 33.9 98.6
YPK—Mg?* 9.3 31.5 55 19.4 354 101.1 25.6 15.7 5.7 17.9 32.3 97.1
YPK—Mg? —PEP 15.8 22.8 5.6 18.8 34.2 97.2 255 16.0 57 18.3 33.0 98.4
YPK—Mg?"—PEP-FBP 13.4 25.5 5.6 19.0 34.6 98.2 19.6 19.9 5.7 18.8 34.1 98.1
YPK—Mg? —MgADP 18.5 20.5 5.6 18.7 33.9 97.3 21.0 18.8 5.7 18.6 33.7 97.7
YPK—Mg?*—MgADP—PEP nd nc® ncP ncP nc® 22.9 17.4 5.7 18.3 33.1 97.3

aDeconvolution of the CD spectra acquired for wild-type and T298C YPK was performed G&in§pectroscopy Decealution Program

version 2.1 80) (see the Supporting Information for details). The average error of predicted secondary structures of the network used to train the

program is 6.6%. YPK refers to yeast pyruvate kinase (0.05 mg/mL) in the presence of 200 mRIN¢GEIdetermined.
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Ficure 6: CD spectra of different ligated forms of YPK. (A) CD spectra of wild-type YPK complexes. (B) CD spectra of T298C YPK
complexes. The key for the symbols designating each complex is given in the inset. Final concentrations for all species were as follows:
0.05 mg/mL YPK, 200 mM KCI, 15 mM MgG| 0.5 mM PEP, 1 mM FBP, and 0.5 mM ADP, when present.

complexes. The interactions of FBP with apo T298C and S.6A,B). These differences are attributed to the content of
with the binary complexes are more favorable than those a-helices and antiparallei-sheets between wild-type and
with wild-type YPK. The interaction of FBP with the ternary T298C YPK complexes as calculated from deconvolution
enzyme complexes has been destabilized relative to thosgTable 7). The CD spectra of various ligated forms of wild-
observed with wild-type YPK. The most drastic changes are type YPK are shown in Figure 6A. The spectra of each of
seen in the interaction of FBP with the apo T298C, T298C the wild-type complexes are slightly different from each
Mg?*, and T298G-Mg?*"—PEP complexes. The T298C other, suggesting that formation of these ligated forms of
mutation causes a stabilization of the interaction of FBP with the enzyme involves conformational responses reflected as
apo YPK of 1.49 kcal/mol and of the interaction of FBP apparent differences in secondary structure (see Table 7 for
with the YPK—Mg?" complex of 1.33 kcal/mol and a differences in calculated secondary structure elements).
destabilization of the interaction of FBP with the YPK Figure 6B displays the CD spectra for various ligated forms
Mg?"—PEP complex of 1.45 kcal/mol relative to wild-type of T298C YPK. The CD spectra of apo T298C and its
YPK. Destabilization of the interaction of PEP with the complexes with Mg", PEP, and MgADP are similar,
YPK—Mn?* complex and of the interaction of Mh with suggesting similar conformations for these ligated forms of
the YPK—PEP complex is by 1.92 and 1.5 kcal/mol, T298C YPK. These data are consistent with the binding and
respectively, relative to wild-type YPK. The quaternary kinetic results obtained with T298C with Mg The binding
T298C-Mg?*—PEP-MgADP complex does form, and of Mg?" followed by binding of MgADP and of PEP to
ligand binding is quantified. T298C YPK does not introduce a significant change in the
Circular Dichroism Spectroscop¥CD spectra were mea-  secondary structure (conformation) of the enzyme, in contrast
sured to assess any structural differences between wild-typeto the CD spectral changes detected for wild-type YPK.
and T298C YPK enzymes. A comparison of the CD spectra Subsequent binding of FBP to the YP#g?*—PEP ternary
for T298C and for wild-type YPK (Figure S.6AE of the complex of T298C YPK results in major structural changes
Supporting Information) for the YPK (apo YPK), YPK in the enzyme and consequent catalytic activity.
Mg?t, YPK—Mg* —PEP, YPK-Mg*'—PEP-FBP, and Sobent Isotope Effects on the YPK-Catalyzed Reaction
YPK—Mg?*—MgADP complexes indicates significant spec- Solvent isotope effect (SIE) studies were undertaken with
tral differences between wild-type and T298C YPK for the wild-type and T298C YPK in the absence and presence of
YPK—Mg?t and YPK-Mg?*—PEP complexes (Figure FBP to assess the role of water in catalysis by YPK. SIEs
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Table 8: Solvent Isotope Effects for Wild-Type and T298C YPK

complex solverit Keat (Min2) Km,pep(uM) KealKm,pep(x 10° M1 min™?) P(Kead P(kealKm.ped
wt—Mn?*—PEP HO 3470+ 90 nd nd® 35+0.2 nd
wt—Mn?"—PEP DO 1010+ 40 nd nd® nd®
T298C-Mn?"—PEP HO 293+ 15 nd nd® 1.6+0.1 nd
T298C-Mn?"—PEP DO 186+ 11 nd nd® nd®
wt—Mn?*—PEP-FBP HO 3470+ 110 124+ 1.7 280+ 9 2.7+£0.1 22+04
wt—Mn?*—PEP-FBP DO 1300+ 30 10.3+£ 1.2 126+ 15
T298C-Mn?"—PEP-FBP HO 283+ 4 579+4.1 4.89+ 0.35 1.5+ 0.03 2.1+ 0.2
T298C-Mn?"—PEP-FBP DO 188+ 2 81.9+ 4.2 2.29+0.12
wt—Mg?*—PEP HO 70004 240 nd noe 43+0.3 nd
wt—Mg?*—PEP Do 1630+ 95 nd nd° nd®
wt—Mg?*—PEP-FBP HO 13600+ 190 112+ 6 121+ 7 52+0.1 2.4+ 0.2
wt—Mg?*—PEP-FBP D,O 2610+ 40 52.3+4 50+ 4
T298C-Mg?*—PEP-FBP HO 1080+ 30 4490+ 310 0.24+ 0.02 2.4+ 0.1 1.84+0.2
T298C-Mg? —PEP-FBP DO 452+ 7 3390+ 130 0.13£ 0.01

aReaction conditions were as follows: pH 6.2 (pD 6.2 O), 4 mM Mr?t, 5 mM ADP, 1 mM FBP for both wild-type and T298C YPK, and

15 mM Mg?* for wild-type and 20 mM Mg" for T298C. For the fixed substrate measurements in the absence of FBP, the concentration of PEP

was saturating at 5 mM in the presence ofa¥rand was 15 mM in the presence of MgP Protium was exchanged with deuterium by dissolving
reagents in PO followed by lyophilization. This was repeated three times. The pH was adjusted with either DCI or KOD according to the relation

pD = meter readingt 0.4.¢Not determined.

were measured with Mi and with Mg* as the divalent

(Table 9). The M§"- and FBP-activated T298C YPK shows

activator and with PEP as the variable substrate. The resultsa downward curvature in the proton inventory plot fQx

of these studies are summarized in Table 8.

For the Mg*-activated YPK and in the absence of FBP,
there is a significant isotope effect dg, with wild-type
YPK (Pkeat= 4.3+ 0.3). Measurement of a SIE with T298C
YPK was not possible due to a lack of catalytic activity under
these conditions (vide supra). With Kfgactivated wild-type
YPK, the presence of FBP increases the SIkgto 5.2+
0.1. The SIE ork.,s measured with Mg -activated T298C
YPK in the presence of FBP is 2.4 0.1. There is a
measurable deuterium isotope effect kg/Kmpen P(Keaf
Kmpen, With both wild-type (2.44+ 0.2) and T298C YPK
(1.8 £+ 0.2) with Mg and in the presence of FBP (Table
8).

For the Mrif™-activated YPK in the absence of FBP, the
SIEs measured fdgq with wild-type and T298C YPK were
3.5+ 0.2 and 1.6+ 0.1, respectively. The presence of FBP
decrease8k., to 2.7 4+ 0.1 for wild-type YPK and has a
small effect orPkeq with T298C YPK Pk = 1.5+ 0.03).
The SIEs onkca/Kmpep measured for the Mn- and FBP-
activated YPK were 2.2 0.4 and 2.1+ 0.2 with wild-type
and T298C YPK, respectively. TH¥., effects are smaller
with T298C YPK than with wild-type YPK. With both wild-
type and T298C YPK, the values fbk.,:are divalent metal-
dependent, while the values fdt./Knpep are metal-
independent (Table 8).

Proton Inventory on the YPK-Catalyzed Reacti@ince
both wild-type and T298C YPK show significant solvent
isotope effects ork.,, proton inventory studies were con-
ducted with these enzymes. These studies can permit th

dissection of the reactant-state and transition-state contribu-

tions to the observed isotope effect into the individual values
of fractionation factorsg® and¢"). Proton inventory studies
were performed on the Mg- and Mrf™-activated forms of
wild-type and T298C YPK in the presence of FBP.

The proton inventory with the Md- and FBP-activated
wild-type YPK is linear (Figure 7A), and the data were fit
to eq 12. The linearity suggests that with wild-type YPK
the measured isotope effect kg, of 5.2 arises from a single
proton with a transition-state fractionation factgf, of 0.13
+ 0.03 and a reactant-state fractionation factdt, of ~1

(Figure 7A). This shape is indicative of some form of inverse
isotope effect contribution to the net effect. The data with
T298C YPK in Figure 7A were fit to eq 13. The calculated
fractionation factors are as followg™ = 0.154- 0.01 and

¢R = 0.264 0.02 (Table 9). The inverse contribution arises
from the reactant state (binding a proton weaker than bulk
water does). Alternatively, the nonlinear proton inventory
data for T298C can be fit assuming that the inverse
contribution comes from transition-state fractionation factors
{VilVo =[1 + n(¢1" — 1)][1 + n(g2" — 1)]}. If this model

is used, a comparable good fit is obtained with the follow-
ing: ¢1" = 0.364 0.03 andp," = 1.68+ 0.07. In this model,
one fractionation factor is significantky1 whereas the value
for the second fractionation factor isl, indicating perhaps

a hindered proton in the transition state that binds tighter
than in bulk water.

The proton inventories with the M+ and FBP-activated
wild-type and T298C YPK are linear (Figure 7B). The data
are fit to eq 12. The calculated fractionation factat§, are
0.27+ 0.02 and 0.6# 0.01 for wild-type and T298C YPK,
respectively (Table 9).

The fractionation factors are significantlyl, and their
values are metal-dependent. Such low fractionation factors
are distinct and suggest that the proton responsible for the
observed overall isotope effect may be derived from a metal-
bound water 17).

For the purposes of comparison, Table 9 summarizes the
theoretical values for the solvent isotope effeckgpalong
ith the experimentally measured values. The theoretical
values forPk.,; were obtained from the ratio of the experi-
mentally measured value fég,: in H2O (n = 0), (Keado, and
the fitted value folkesin D2O (N = 1), (Keaps, fit to eq 12 or
13.

DISCUSSION

Threonine 298 is located at the active site of pyruvate
kinase, based on the recent X-ray crystal structures of both
the yeast §) and muscle enzyme®,(24). The orientation
of T298 relative to the i face of PEP, determined by
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FIGURE 7: Proton inventory plots df., for wild-type and T298C YPK. (A) Proton inventories for ¥fg and FBP-activated wild-typea(

and T298C @) YPK. The lines represent the best fit of the data to eq 12 for wild-type YPK and to eq 13 for T298C YPK. (B) Proton
inventories for MA*- and FBP-activated wild-typea) and T298C @) YPK. The lines through the data represent the best fit to eq 12.
Error bars in the data represent deviations from replicate determinations. The best-fit parameters are listed in Table 9. Wild-type and
T298C YPK were assayed in a series of isotopically mixed water solutiéH3H}O and pH]H,O) with a deuterium molar fraction.

Initial velocities were measured at pL 6.2 € H or D) and at saturating concentrations of substrate PEP and of all ligands. With wild-type
YPK, the concentrations of all species were as follows: 5 mM PEP, 4 m®¥"Mn15 mM Mg, 5 mM ADP, 1 mM FBP, and 200 mM

KCI. With T298C YPK, the concentrations of all species were as follows: 5 mM PEP (in the presencé@fi20 mM PEP (in the
presence of Mg), 4 mM Mn?* or 20 mM Mg, 5 mM ADP, 1 mM FBP, and 200 mM KCI. In panels A and B, each point represents

the average of duplicate measurements with wild-type YPK and the average of three measurements with T298C YPK.

Table 9: Proton Inventories for Wild-Type and T298C YPK

YPK complex PkeaP Peafd pre PT, pR Y
wt—Mg?*—PEP-FBP 52+0.1 7.69£ 1.77 0.13+0.03
T298C-Mg?"—PEP-FBP 24+0.1 1.73+:0.18 0.15+0.01

0.26+ 0.02
wt—Mn2"—PEP-FBP 2.7+0.1 3.684+0.28 0.27+£ 0.02
T298C-Mn?"—PEP-FBP 1.5+ 0.03 1.50+0.03 0.67+0.01

2The measurements were performed as described previdl@ha( a fixed saturating concentration of PEP (5 mM with the wild type and
Mn?*t-activated T298C and 20 mM with Mg-activated T298C) and in the presence of FBP (1 mM). The final concentration of all species was
saturating. [MgGl] = 15 mM with the wild type and 20 mM with T298C YPK. [Mngl= 4 mM. [ADP] = 5 mM. ® Values obtained from the
ratio of kea in H2O t0 ket in D2O. € Values determined from the fit Ofmaxappto €q 12.9 Values determined from the fit 0fmaxappto €q 13.

modeling PEP relative to phosphoglycolate or pyruvate, There are two advantages to the T298C mutation; sulfur is
suggests a putative role of this residue in the enzyme-isoelectronic with oxygen, and this mutation introduces a
catalyzed protonation of enolpyruvate. The pyruvate kinase- reactive nucleophile in the active site of YPK. Physical and
catalyzed protonation of enolpyruvate has been extensivelykinetic characterization of T298C YPK can help to further
and elegantly studied by Rose and colleagugs6j. The clarify the catalytic process of YPK and the nature of the
nature of the protonation step in the reaction catalyzed by protonation step.

YPK was initially addressed by mutation of residue T298  The kinetic properties of T298C were altered relative to
to serine and to alaninel@). The physical and kinetic  those of wild-type YPK. One striking effect is that with &g
characterization of the T298S and T298A mutants of YPK as the divalent activator, T298C YPK has an absolute
led to the conclusion that T298 is not the ultimate proton requirement for the heterotropic activator FBP for catalytic
donor. The results were interpreted in a way that water is activity (Table 1). An increase in the total concentration of
the direct proton donor and that this water is part of a proton MgCl, to 30 mM and of PEP to 20 mM in the absence of
relay that involves T298 at the active site. One of the water FBP did not elicit activity £0.1 unit/mg). These results can
molecules of the proton relay is a ligand to the divalent metal have two possible interpretations. In the absence of FBP,
ion at the catalytic site. The elimination of the alcohol substrate MgADP, PEP, or both do not bind to their
functional group in the T298A mutant causes a loss of a respective binary enzyme complex. Alternatively, both
pKa,2 Of 6.4 fork.o measured for wild-type YPK and T298S. substrates bind to the enzyme, but this is not sufficient to
On the basis of these results, &,p of 6.4 could be induce the “active” conformation at the catalytic site of
interpreted as the microscopic ionization constant of the T298C YPK in the absence of FBP. In either situation,
group at position 298 or as th&pof some group that is  binding of FBP may be sufficient to induce the appropriate
important in catalysis that is influenced by the presence of conformational change at the active site of T298C YPK.
T298. To address this question, the alteration of the alcohol Long-range interactions between the allosteric site and the
functional group to a thiol group on T298 was undertaken. active site have previously been documented in YBK (
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Fluorescence emission spectra of T298C sequentially titratedMn?*-activated T298C in the absence of FBP displays
with Mg?", ADP, and PEP and with Mg, PEP, and ADP homotropic kinetic cooperativity with PEP, although to a
(Figure 4) indicate that MgADP and PEP both bind to the lesser extent than that observed with Whactivated wild-
T298C-Mg?* binary complex. MgADP binds with similar  type YPK (Table 1). The presence of the heterotropic
affinity to the YPK—Mg?" binary complex of the wild type  activator FBP abolishes the kinetic cooperativity with PEP
and T298C. Binding of PEP to the YPKMg?" complex is in both wild-type and T298C YPK.

2 times tighter with T298C than with wild-type YPK (Table Alteration of the alcohol group on T298 to a thiol group

5). The formation of the quaternary YPKVIg?"—PEP- causes a decreasekia/Km pep0f up to 2 orders of magnitude,
MgADP complex of T298C is also observed. The fluores- indicating that T298 plays an important role in the interaction
cence quenching upon formation of the YPKIg>'— of PEP with the enzyme. The covalent radii of oxygen and

MgADP complex is different with wild-type (17%) and sulfur are 0.73 and 1.02 A, respectively. Hence, replacement
T298C YPK (23%), suggesting slightly different conforma- of the hydroxyl functional group with a thiol group on the
tions surrounding the single tryptophan in the enzyme. This residue at position 298 may result in conformational changes
observation is in agreement with the results from CD around the bound PEP substrate in the active site. The T298C
spectroscopy. mutation does introduce significant conformational alterations

CD spectra of various ligated forms of T298C YPK show of the substrate and the cations at the active site of YPK, as
that binding of Mg" and subsequent binding of MgADP, ~measured by*TI* NMR (25). The interaction of FBP with
PEP, or both substrates does not introduce a significantthe fully ligated kinetic complex of YPK is also affected by
change in the CD spectra of the mutant enzyme (Figure 63)_the T298C mutation (Table 1). This reinforces the presence
Subsequent binding of FBP to the T298®g2*—PEP of long-range interactions between the active site and the
complex results in major spectral changes in the mutant regulatory site in YPK.
enzyme. This behavior is different from that observed with ~ The pH profile fork., is changed in T298C relative to
wild-type YPK. The spectra of all complexes are slightly that in wild-type YPK (Figure 2). The ascending limb of
different from each other, suggesting small but significant the pH curve has a slope of 1 with the wild type and is
structure rearrangements upon formation of the respectivedoubled with T298C YPK, indicating the ionization of two
ligated forms of wild-type YPK (Figure 6A). Collectively, ~ groups in this pH region with the mutant enzyme. Alteration
the fluorescence emission and ligand binding studies and theof the alcohol group on T298 to a thiol group causes an acidic
CD spectroscopy analysis suggest that the lack of activity Shift of pKg for ke from 6.4 to 5.5 (Table 3). Elimination
by T298C YPK with Mg" and in the absence of FBP is not Of the functional group at position 298 results in the loss of
due to the lack of substrate (MgADP and/or PEP) binding the Kg of 6.4. It is this ionization that is responsible for
but due to the lack of an appropriate conformational change modulation ofk.s in the YPK-catalyzed reaction. Thus, Thr
at the active site upon substrate binding. This conformational 298 can be considered a candidate fig psince physical
change must be required for catalysis. Qualitative differencesand kinetic characterizations of the T298 mutants indicate
in CD spectra of various ligand complexes of wt and the an important although not critical role for this residue in
R49K, R49M, and R49E mutants of YPK, all of which are catalysis of YPK. It may be feasible thatkp is the
catalytically active, have also been observed. microscopic ionization constant of the group at position 298,

Mn2t/Mg?" mixed-metal steady-state kinetic studies with threc_)nlne or cys.telne, althqqgh this mterpretauon requires
T298C YPK in the absence of FBP (Table S.2 of the caution. The residue at position 298 may influence tkg p

: : f some other residue that is important in catalysis. S-
Supporting Information) show that enzyme-bound?Mor 0 _ .
nucleotide-bound Mt is sufficient for introduction of Carboxymethylation of Cys 298 is pH-dependent, and the

A o ; te of inactivation increases with an increase in pH (Figure
measurable kinetic activity with the mutant enzyme. The two ra . .
divalent activators, M# and Mg, when enzyme-bound, 3B). A pK, of 8.2 is measured for Cys 298 in the free enzyme
have a different effect on the interaction of MnADP with rom the chemical modification with iodoacetate. This value

T298C YPK in the absence of FBP (Tables 2 and S.2). The is consistent With algs of an isolated (_:ysteine residugk(;p
interaction of MNADP with the M#r-activated T298C is = — 8.3). Comparison of these data with results obtained by
hyperbolic oy = 1, Table 2), whereas with the Mig steady-state kinetics of T298C YPK (Table 3) shows no

activated T298C, the apparent interaction is sigmoidal ( ionizatic_m in theks; versus pH proﬁ'e that corresponds to
= 3.5, Table S.2). The appareHt, for MNADP is 2-fold th|s.re5|due. Consequently, th&pin the k‘?at VErsus pH .
lower with the Mg*-activated T298C (19& 4 xM) than p_roflle does not appear to represent_t_he microscopic ioniza-
with the Mr?*-activated T298C (409 16 uM). These tion constant of the residue at position 298 in YPK. The

observations suggest that there is communication betweerPresence of a hydrogen bond donor or acceptor at position

the enzyme-bound divalent metal and the nucleotide—boundzgs provides a K Fha.t mpdulateskcat, indicating that this
Mn2*+ at the active site of T298C YPK in the absence of residue affects an ionization, perhaps of water, that affects

EBP. This communication is different with Mhand with the catalytic process. The S-carboxymethyl form of T298C
Mg?* as the enzyme-bound metal. has a residual 15% activity, which is pH-independent, further

. o indicating that, despite steric effects, the residue at position
The presence of FBP restores the catalytic activity of the

. 298 influences YPK catalysis.
Mg?*-activated T298C to approximately 20% of that of wild- e ys!

X . : Wild-type YPK is also inactivated by iodoacetate in a pH-
type YPK (Table 1). With M#" as the divalent activator, dependent manner (Figure 3A), although with a significantly

T298C YPK is kinetically similar to wild-type YPK. The slower rate than T298C YPK. The inactivation of T298C
YPK by iodoacetate was corrected for the background
2T, Maxwell and T. Nowak, unpublished observations. inactivation of wild-type YPK by this reagent. With wild-
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type YPK, the K, calculated from the pH dependence of factors measured with wild-type YPK and the T298 mutants.
the rate constant of inactivation by iodoacetate is8.7.1. The single tryptophan residue per subunit of YPK, W452,
This value is the same a¥p (8.8 = 0.2) from the kinetic is used as an intrinsic fluorescent probe to measure the extent
studies with wild-type YPK. Thelgc of 8.8 is attributed to  of ligand binding in both the wild type and T298C. Because
Lys 240, an active site residue shown to play an important T298C YPK does not undergo steady-state turnover in the
role in stabilization of the pentavalent transition state of the presence of Mg and in the absence of FBP, it was possible
phosphoryl group undergoing transfef).( The chemical to assess the binding of MgADP to the T298/g?" and
modification of Lys 240 by iodoacetate would not be T298C-Mg?"—PEP complexes and of PEP to the T298C
surprising. Reactive, neutral Lys residues have been docu-Mg?"—MgADP complex. The ligand dissociation constants
mented to be good nucleophiles for iodoacet2®.( measured are thermodynamic parameters and are related
Solvent isotope effects (SIES) d@a: and KeafKu pep fOr directly to the binding free energies. When cooperativity in
wild-type and T298C YPK were measured to address the binding is observed, the value that is calculated<giusing
role of solvent in the rate-limiting step of the YPK-catalyzed eq 10 is an apparent value. From this treatment, the ligand
reaction. There are measurable SIEskgpnand kea/Kn pep concentration giving half-maximal binding is obtained. To
for both wild-type and T298C YPK (Table 8), suggesting relateKp appto a thermodynamic value, these data are fit to
that the solvent water plays an important role in PEP binding a model that relates to an intrinsic binding constant at the
and in catalysis by YPK. The isotope effects are smaller with site of the protein. Such a treatment requires coupling factors
T298C YPK than with wild-type YPK regardless of the for binding. A rapid equilibrium model describing the
divalent metal activator. The effect of the T298C mutation cooperative binding of a substrate to an enzyme with four
on P(kealKwpep) is similar to that for wild-type YPK, and  equivalent binding sites was developed by Thomas Bollen-
the effects are modest. These results suggest that the mutatiobach (1) and was used herein to fit the fluorescence data
at T298 does not play a critical role in the solvent-sensitive for T298C when cooperativity in binding was observed. The
steps up to and including the first irreversible step. The first KpappandK*p (intrinsic dissociation constant) values result-
irreversible step is most likely phosphoryl transfer. Assuming ing from this treatment of the ligand binding data with T298C
that the isotope-sensitive step in the net reaction is the sameare listed in the Supporting Information (Table S.3), along
in wild-type and T298C YPK, these results indicate that T298 with the corresponding standard free energies of formation
primarily affects a later step that involves proton transfer of the respective YPK complexeAG*). It should be noted
and occurs after phosphoryl transfer in net catalysis. With that the AG* values are different from the apparenG
both wild-type and T298C YPK, the values fBfk.o) are values presented in Tables 5 and 6. TA&* values,
divalent metal-dependen®(k../Kv pep) Values are metal- calculated for cooperative ligand binding (Table S.3), are
independent (Table 8). Mg-activated YPK gives a larger assumed to reflect actual thermodynamic values* and
SIE onkcthan Mrft-activated YPK. This suggests that the the AG values determined for hyperbolic ligand binding
divalent metal plays a role in a solvent-sensitive step in the (Tables 5 and 6) were used to calculate the two- and three-
net reaction catalyzed by YPK. It has been observed thatligand coupling free energies listed in Table S.4 (Supporting
deletion of the cationic groups of Lys 240)(and Arg 49 Information). This thermodynamic linked-function analysis
that facilitate phosphoryl transfer results in SIE values of 1. allows for the quantitation of the heterotropic multiligand
Thr 298 or Cys 298 plays an important role in enolpyruvate interactions that occur between PEP, divalent metal, and FBP
protonation; Lys 240 and Arg 49 function in phosphoryl and YPK (wild type and T298C) in the absence of the
transfer. metal-nucleotide substrate. Detailed thermodynamic linked-
The fractionation factors#) measured with YPK change function analyses have been used previously to study these
with the mutation of Thr 298 to cysteine and are metal- interactions with wild-type YPKZ1, 23). This analysis is
dependent (Table 9). With both wild-type and T298C YPK, based on general principles outlined by Wyma)(and
the fractionation factor is significantly less than 1, suggesting Weber @8, 29) and was described in detail elsewhe2&)(
that'H and not?H accumulates at the site of exchange in  The following analysis is based on the data listed in Tables
the transition state. Values ofl for the fractionation factors ~ S.3 and S.4 (Supporting Informatiori®) A(AGwg-pes), the
have been identified with cysteine residugs<0.40-0.60) two-ligand coupling free energy for coupling of Mgand
or with metal-bound water (an average= 0.64) (L7). Most PEP to T298C, is weak, and the calculated values differ by
other functional groups, including alcohols, havg af 1.0. 0.84 kcal/mol, depending on the order of addition of the
In the active site of wild-type YPK, there is no cysteine ligands to the enzyme (Table S.4). Since true thermodynamic
residue, nor is there any evidence that such a residue playsonstants were used for calculation A{AGug-pep), the
a role in PK catalysis. In T298C YPK, a cysteine residue difference in the value suggests that the T298@>*—PEP
has been introduced into the active site of the enzyme. A complexes that form depend on whetheragr PEP binds
fractionation factor of significantly less than 1 has been first to apo T298C. If M§" binds first, A(AGug-pep =
measured for both wild-type YPK that does not have this +0.57+ 0.04 kcal/mol. If PEP binds first\(AGmg-rep =
cysteine and the T298A YPK mutant, where the functional —0.27 + 0.07 kcal/mol. These results suggest that pre-
group at position 298 was removetdj. This indicates that  equilibration of the mutant enzyme in the presence of
the ¢ of <1 measured with T298C is not due to Cys 298. saturating concentrations of ¥tgor PEP will generate
Hence, the fractionation factors efl measured with wild-  different forms of the enzyme, each of which stabilizes
type YPK and T298 mutants, including T298C, indicate that subsequent ligand binding to a different extent. This depen-
the proton that is important in the solvent-sensitive step dence on the order of ligand binding is supported by the
originates from a metal-bound water. This conclusion is different fluorescent emission spectra upon formation of the
supported by the metal dependency of the fractionation T298C-Mg?"—PEP (Figure S.3A) and T298PEP-Mg?*
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(Figure 4A) complexes. It is also possible that one of these In wild-type YPK, the coupling between PEP and FBP in

complexes may not be kinetically competent.

(b) A(AGun-prep), the free energy for coupling between
Mn?* and PEP, is weak for T298C-(0.434 0.02 kcal/mol)
compared to that of wild-type YPK—3.88 &+ 0.08 kcal/
mol) (Table S.4). The relatively large cooperative interaction
between MA" and PEP in wild-type YPK was attributed to

the presence of saturating concentrations of divalent metal
is cooperative. In T298C, the coupling free energy of
interaction between PEP and FBP in the presence of a
saturating Mg" concentration is antagonistic and in the
presence of M#t is synergistic but weak. In T298C, Mh

but not Mg" plays the same role as in the wild type, to

the formation of a strong inner sphere coordination complex communicate a positive allosteric interaction between the

between the enzyme-bound frand the phosphoryl group
of PEP @1). In T298C, it is possible that the extent of the
electrostatic interaction between enzyme-boundMand

PEP and FBP sites.
(e) The large negative A(AGy-pep-rep) With
WiId-type YPK [A(AGMQ—PEP—FBP) = —3.21 4+ 0.03 Q3),

PEP is affected by the conformational alterations introduced A(AGun-pep-rsp) = —6.60+ 0.09 kcal/mol 21)] (Table S.4)

at the active site by the mutation in the vicinity of the

indicates that the formation of the quaternary YPREP-

substrate PEP and the cations. The total free energy ofM2"—FBP complex is strongly favored over the formation

formatior? of the YPK—M?*—PEP complex is similar in the
wild type (AG};_yg-pep= —7.57+ 0.09 and—6.06+ 0.16
kcal/mol; AG),_yn—pep = —11.10 £ 0.09 and—9.73 +
0.09 kcal/mol) and in T298C YPKAGh95c-mg—pep =
—7.794+ 0.06 and—6.95+ 0.07; AGl,9gc_pn—pep= —9.75
+ 0.05 and—9.10 + 0.05 kcal/mol), regardless of the
divalent activator.

(c) A(AGn-rsp), the free energy for coupling between the

of other binary and ternary complexes. The formation of the
T298C-Mg?*—PEP-FBP complex is disfavored by 1.48
kcal/mol compared to the formation of any binary or ternary
complexes with Mg". The formation of the Mg’ -activated
guaternary complex is significantly less favorable due to the
large positive A(AGpep-repimg COmpared to the negative
A(AGpep-repvn)- It is important to recognize that the values
for A(AGPEP—FBP/M) and A(AGM_pEp_FBp) are determined in

divalent metal and FBP in the absence of PEP, is weakerthe absence of the second substraté; ADP. In wild-type

for T298C YPK h(AGMg_FBp) =—-0.14+ 0.04,A(AGMn_FBp)
—0.38 + 0.04 kcal/mol] compared to that for the
analogous interaction in wild-type YPKA[AGwg-rep) =
—0.75+ 0.03 23), A(AGun—rer) = —1.09+ 0.02 kcal/mol
(21)] (Table S.4). The coupling between the divalent metal

YPK, MgADP induces the homotropic cooperativity in PEP
binding to the YPK-Mg?*—MgADP complex, as determined
from the binding of the slow substrat&){3-fluoroPEP to
the ternary complex1©). Binding of PEP to the T298€
Mg?*—MgADP complex is hyperbolic (Table 5). It is

binding site and the FBP binding site is the result of structural possible that the conformation induced by MgADP at the
changes in the protein backbone communicated over a longPEP site is different in wild-type and T298C YPK, at least

range, since the two sites are more than 40 A a@rit(is
evident that Mg" and Mr?* induce different structures at

in the absence of FBP. The coupling between PEP and
MgADP in the presence of a saturating Mgoncentration

the FBP binding site and that these structures are differentand in the absence of FBP is antagonistic in T2980.(9

in T298C and wild-type YPK. The communication between
the binding sites for the divalent metal and for FBP is
changed in T298C from that in wild-type YPK.

+ 0.04 kcal/mol), assuming that PEP binds first. This
suggests that in T298C, binding of FBP at the regulatory
site assists in inducing the “active” conformation at the active

(d) The interaction between PEP and FBP in the absencesite where PEP binds. This would be true if one assumes

of divalent metal is weak in the wild typ&[AGpep-rsp) =
—0.38 £ 0.04 kcal/mol 23)] and is antagonistic in T298C
YPK [A(AGPEFLFBP) = 1.26+ 0.04 kC&l/mOl] (Table 84)
The values foAGpgp-rgp Were calculated assuming that PEP
binds first to apo YPK. Binding of FBP to apo T298C is
strongly favored over binding of PEP. In T298C, the
formation of the YPK-FBP complex is stabilized by 1.74
kcal/mol over the formation of the YPKPEP complex. In
wild-type YPK, these two binary complexes are thermody-
namically equally favored (Tables 5 and S.3). Kinetic
measurements with the M or Mg?*-activated wild type
and with the MA*™-activated T298C suggest that the coupling

that the formation of the T298€PEP-Mg?*—MgADP—
FBP complex is thermodynamically favored and this complex
adopts the kinetically active conformation. MgADP also
appears to influence the homotropic cooperativity of FBP
binding to both wild-type YPK 19, 23) and T298C. FBP
binds with positive cooperativity to the YPKMg?*—PEP
complex of both wild-typerfy = 1.3) and T298C YPKriy

= 1.9) (Table 5). The kinetic response of YPK to FBP is
sigmoidal (o = 2.6) with T298C at saturating PEP, Rty
and MgADP concentrations (Figure 1) but is hyperbolic with
the wild type extrapolated to saturating PEP and?Mg
concentrationsl9) (Table 1). It is possible that MgADP also

between PEP and FBP is large. The apparent affinity of the plays a role in modulating the communication between the
enzyme for PEP is increased in the presence of FBP (TablePEP and FBP sites in YPK. In T298C YPK, the role of

1). Previous kinetic and thermodynamic linked-function
studies of the M#- and Mg *-activated wild-type YPK have

MgADP may be more important than the role of ¥gln
wild-type YPK, enzyme-bound Mg may have the dominant

shown that it is the enzyme-bound metal that modulates therole.

coupling between the PEP and FBP sit#g, (19, 21, 23).

3 The total free energy of formation of the YPH2*—PEP complex,
AAGp_m—pep IS defined, depending on the order of ligand binding,
as the sumAGypk-pep + AGypk—pep-m OF the sumAGypk-m +
AGvpk-m-per The free energies of binding\G) used for the calculation
of AG{px_nm_pepare listed in Tables 5 and 6. Where appropriate, the
AG* values summarized in Table S.3 were used to compute

,
AGypk—m-pep

In conclusion, the results with T298C YPK presented in
this work and data from previous studies with the T298A
and T298S YPK mutantd () are consistent with water from
a specific channel moving into the active site of the protein,
and not T298, that serves as the ultimate donor of protons
to enolpyruvate in yeast PK. One of the waters in this channel
is coordinated to the enzyme-bound divalent metal. Thr 298
plays a role in a late step in the catalytic mechanism that
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involves proton transfer. These results indicate that T298 is
the amino acid that interacts with the terminal water molecule
that is at the end of the proton circuit. The residue at position
298 affects the K, of the water in the water channel and
therefore its reactivity. The proposal of a water channel to
the active site of PK and of a water molecule in this channel
as the ultimate proton donor is supported by structural data
with rabbit muscle PK Z4) and by proton relaxation rate
(PRR) data obtained with wild-type YPK and T298 mutants
(20). The results of this work also suggest that Thr 298 is
important in the interaction of the substrate PEP with the
enzyme and in positioning PEP for catalysis. The studies
presented herein demonstrate that the secdtdop5.5—

6.4 in the k.ot versus pH profile is not the microscopic
ionization constant of the amino acid residue at position 298
in YPK. The residue at position 298 in YPK affects the
complex coupled ligand interactions for this allosteric
enzyme.

SUPPORTING INFORMATION AVAILABLE

The procedure followed for deconvolution of the CD
spectra for wild-type and T298C YPK is described. The
following figures and tables are shown and are listed in the
order of presentation: one figure showing the overlapped
CD spectra of wild-type and T298C YPK; one figure
showing the overlapped fluorescence emission spectra of
wild-type and T298C YPK; one table with the parameters
and statistical summary for fits of pHate data for T298C
YPK to the three models that are described in this work;
two figures showing the fluorescence emission spectra of
T298C YPK and of its complexes with Mg PEP, and FBP
and Mrt*, PEP, and FBP; one figure showing the interaction
of PEP with the T298EMn?" complex, as measured by
steady-state fluorescence; one figure showing the compara-
tive CD spectra of wild-type and T298C YPK; one table
with the steady-state kinetic parameters from the mixed-metal
studies with T298C YPK in the absence of FBP; one table
with the intrinsic dissociation constants for the interaction
of Mn?* and FBP with various complexes of T298C YPK;
and one table with two- and three-ligand coupling free
energies for Mg"- and Mr#*-activated wild-type 21, 23)
and T298C YPK. The experimental conditions for the mixed-
metal steady-state kinetic studies with T298C YPK and the
mathematical treatment of the data derived from these studies
are described. This material is available free of charge via
Internet at http://pubs.acs.org.
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