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Role of Lysine 240 in the Mechanism of Yeast Pyruvate Kinase Catalysis
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ABSTRACT: Site-directed mutagenesis was used to change Lys 240 of yeast pyruvate kinase (Lys 269 in
muscle PK) to Met. K240M has an absolute requirement for FBP for catalysis. K240M is 100- and 1000-
fold less active than wild-type YPK in the presence of #rand Mg@™*, respectively. Steady-state
fluorescence titration data suggest that the substrate PEP binds to K240M with the same affinity as it
does to wild-type YPK. The rate of phosphoryl transfer in K240M has been decred86@-fold compared

to wild-type YPK. The detritiation of 32H]pyruvate catalyzed by YPK occurs at a rate significantly
greater than the spontaneous rate. Detritiation of pyruvate by wild-type YPK occurs as a divalent metal-
and FBP-dependent process requiring ATP. There is no detectable detritiation of pyruvate catalyzed by
K240M. The solvent deuterium isotope effectkyais 2.7+ 0.2 and 1.6t 0.1 for the wild type and for
K240M YPK, respectively. This suggests that the isotope sensitive step in the PK reaction does not involve
Lys 240 and that the enolpyruvate intermediate is still protonated by K240M. Isotope trapping was used
to characterize enolpyruvate protonation by K240M. While there was enrichment of the methyl protons
of pyruvate from labeled solvent formed by catalysis with muscle PK and wild-type YPK, only background
levels of tritium were trapped with K240M. In K240M, the proton donor exchanges protons with the
solvent at a higher rate relative to turnover than does the proton donor in wild-type YPK. FheaeH

profile of K240M exhibits the loss of al value of 8.8 observed with wild-type YPK. The above data

and recent crystal structure data suggest that Lys 240 interacts with the phosphoryl group of
phosphoenolpyruvate and helps to stabilize the pentavalent phosphate transition state during phosphoryl
transfer. Phosphoryl transfer is highly coupled to proton transfer, or Lys 240 also affects enolate protonation.

Yeast pyruvate kinase (YPKis a key regulatory enzyme  ketonization of enolpyruvate, generated in situ from the
in glycolysis. PK catalyzes the net conversion of phospho- alkaline phosphatase hydrolysis of PEF}. Enolpyruvate,
enolpyruvate (PEP) and adenosiri@phosphate (ADP) to  which is the common species in both partial reactions, has
pyruvate and ATP. YPK is activated by several divalent peen shown by chemical methods to be a tightly bound
metal cations and by fructose 1,6-bisphosphate (FBP). Theintermediate in the overall PK reactiod)( The X-ray crystal
net reaction catalyzed by pyruvate kinase occurs in two steps.structure of the cat muscle enzyn¥ 8) indicated that Lys
Phosphoryl transfer occurs by an apparei@ Siechanism 269 (Lys 240 YPK numbering) was in position to act as the
from PEP to ADP with an inversion of configuration at the proton donor to the enolpyruvate. Subsequent crystal-
phosphoryl group, to yield ATP and enolpyruvatg. (The lographic data obtained from the rabbit muscle enzyfe (
sec_ond step involves the protonation of the enc_;late by an 10) and from the yeast enzyméa1) demonstrated that the
active site proton donor to give pyruvate. This is demon- ehy| group of pyruvate could be oriented such that Thr
strated by the fact .that PK will catalyze the enohzatlpn of 327 would lie above the 8iface of the double bond of the
boqnd pyruvate without pho;phoryl transfer—). This enolate intermediate. These structures show the position of
activity has an absolute requirement for ATP as a cofactor Lys 269 on the Ze face of the double bond. Because the

with YPK and MPK; ATP may be substituted for inorganic enolpyruvate is protonated stereospecifically from tha 2-

hosphate, fluorophosphate, and methyl phosphonate with . . . ;
{Dhe r?wuscle enzyFr)neZF 3). PK wil algo pcatarl)yze the face 6, 12), Lys 269 is not in a position to directly donate

a proton to the enolpyruvate C-3, according to the most recent

T This research was funded by NIH Grant DK17049 to T.N. C_WSta' Struc.ture datéi’h_us, the role of Lys 269 in pyruvate
*To whom correspondence should be addressed. E-mail: Nowak.1@ Kinase remains uncertain. Larsen and co-work&rsQ) have
nd.edu. suggested that Lys 269, in its protonated state, could stabilize

*Current address: Department of Pharmacology, University of it
linois, Chicago, IL 60607-7000. the pentavalent transition state of the phosphoryl transfer

1 Abbreviations: BrPEP, Z)-bromophosphoenolpyruvate: dGDP, ~reaction. This is proposed to occur via stabilization of the
deoxyguanosine'&liphosphate; FBP, fructose 1,6-bisphosphate; HEPES, y-phosphoryl group of ATP, which in turn bridges the two

N-(2-hydroxyethyl)piperazind¥-2-ethanesulfonic acid; LDH.-lactate ; i i ; i
dehydrogenase: M, divalent metal cation: MES, 2morpholino)- divalent cations in the active sit&J). Because the role that

ethanesulfonic acid; MPK, muscle pyruvate kinase; NADH, reduced this conserved active site residue plays in catalysis is
nicotinamide adenine dinucleotide; PEP, phosphoenolpyruvate; PIPES,ambiguous, Lys 240 (Lys 269 in muscle enzyme) has been

piperazineN,N'-bis(2-ethanesulfonic acid); SB$AGE, sodium dode- changed to a methionine by site-directed mutagenesis in an
cyl sulfate-polyacrylamide gel electrophoresis; TAPS, Nfis- f L lei vsis in th i
(hydroxymethyl)methylamino]propanesulfonic acid; YPK, yeast pyru- €HOrtto determine its role in catalysis in the pyruvate kinase

vate kinase. reaction.
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EXPERIMENTAL PROCEDURES (Km), Hill coefficients (), and maximal velocity\Wmay. The
Hill equation was used to check for cooperativity.

pH Measurements and Titration§he acetic acid, MES,
‘HEPES, PIPES, Tris, triethanolamine, Bis-Tris Propane, and
TAPS buffers were all titrated to the desired pH by using
either potassium hydroxide or hydrochloric acid. The pH of
the kinetic assays, containing all of the assay components

- ; except the lactate dehydrogenase and pyruvate kinase, was
m 0, m
New England Nuclear. Deuterium oxide (99.9%) was fro determined before the reactions were initiated. The rate

Cambridge Isotope Laboratories. The Altered Sites mutagen—equation describing the effect of pH on the appakéqs, of

esis kit was purchased from Promega, and the mutagench”d_,[ype YPK was derived and is described by eq 3:
oligonucleotide was purchased from Genosys.

Site-Directed Mutagenesis and Cell Grow#.1402 bp a[H+]
Vma,(l + )

Materials. Muscle pyruvate kinase and-(+)-lactate
dehydrogenase were purchased from Boehringer-Mannheim
Wild-type and K240M yeast pyruvate kinase were purified
according to the method of Mesecar and Nowa4) (PEP,
ADP, Dowex 1 chloride (400 Mesh), and buffers were
purchased from Sigma. Tritiated water (5 Ci/mL) was from

fragment of the YPK gene was cloned into the pSelect vector.
Mutagenesis reactions were performed in the pSelect vector Vv _ Kg 3)
according to the Promega Altered Sites manual. The 751 bp max,app +12 + K

> " . > M4 H1° [H] c
fragment containing the desired mutation in the YPK gene 1+ K K K -
was excised from the pSelect vector wlglll and Bstal. A8 B [H]
The 751 bp cassette was cloned into the yeast shuttle vector
pPYK101, that contains the entire PK gene. The mutated
gene was sequenced by dideoxy sequencing to verify the
presence of the desired mutation. The pPYK101l was
transformed into the pyruvate kinase-deficient yeast strain,
pyk1-5 (15), using a lithium acetate protocol.

Transformed pyk1-5 containing the pPYK101 with the
wild-type YPK gene was grown on rich medium containing
the following (per liter): 10 g of yeast extract, 20 g of
bactopeptone, and 2% glucose. Transformed pyk1-5 contain
ing pPYK101 with the K240M mutation was grown on
glycerol/ethanol minimal medium containing the following
(per liter): 6.68 g of yeast nitrogen base, 10 g of succinic
acid 4 g of NaOH, 0.5% casamino acids, 0.001% adenine,
0.001% methionine, 2% glycerol, and 2% ethanol. Cells were
harvested and the wild-type YPK and K240M purified as
described previouslyld).

Pyruvate Kinase AssayPyruvate kinase was assayed
according to the method of ' Bher and Pfleidererl@). The constantKc.

i 3 _[3 -
change in absorbance at 340 nm was measured as a function. S)(/jnthesus de 3t[-|]tI;yruvat'Le.§ [fHF]ePyruvak:e wa; synth<|at
of time using a Gilford 240 spectrophotometer. Typical sized according to the method of Rog®. (The sodium sa

assays contained in 1 mL 100 mM MES (pH 6.2), 4% of pyruvic acid was dissolved in tritiated water (110 mCi)
glycerol, 200 mM KCl, either MgG| CoCh, or MnCllz 5 to a concentration of approximayel M and sealed in a tube
mM PEI5 5 mM ADP ’1 mM FBP, 176M NADH 20 }th under reduced pressure. The vessel was heated t6Q35

of LDH, and YPK (L.54g of the wild type or 15ug of for 90 min. The solution was allowed to cool, placed in a

. I : ; distillation apparatus, and lyophilized under high vacuum.
K240M). The specific activity of pyruvate kinase is expressed . ;
as micromoles of NADH oxidized per milliliter per minute The residue was washed with 4 mL of water and relyo-

per milligram of protein. The concentration of PK was phil_ized. The final pro_d_uct contained approximately 4%
determined by its absorbance at 280 nm. The extinction residual counts from tr!t|at_ed water.
coefficients that were used were as followsg, = 0.51 mL/ Rate Of. Pyruate Enolgaﬂon.‘l’he enolization of pyruvat_g
mg ande,s = 0.54 mL/mg for yeast pyruvate kinase and was monitored as the time-dependent exchange of tritium
rabbit muscle pyruvate kinase, respectively. The specific from 3—[3H]pyrq\{ate_|nto water according to Ros@).('!’he
activity was determined prior to all experiments, foIIov_vmg modifications were made. 0Reactlon mixtures
Steady-state reaction rates were determined by measurin %}S'fé%d 0&130 %:FM TAPtS (SQG%%)' 4% glly(;erol, 20,? mM
the slope of a line drawn tangent to the reaction progress,. mM 3-PH]pyruvate ( prdmol of pyruvate),

P ; ' 2 mM ATP, and 106-200ug of pyruvate kinase in 100 mM
curve. The initial velocity data were then fit to both the . .
Michaelis-Menten equation: HEPES (pH 7.5). The divalent metal was either 15 mM

MgCl, or 10 mM MnCt. FBP, when present, was at a

Equation 3 represents the situation where more than one form
of the enzyme-substrate complex can yield products. This
situation arises when the protonation or deprotonation of a
group in the ES complex simply changes the rate of the
reaction instead of preventing the reaction. Since the data
indicate that a change in the rate of the reaction is taking
place only in the pH range of-68, the maximal velocity in
this plateau regionVmax, can be related to the maximal
velocity, Vimax, by a proportionality factorq, whereViya =
oVmax. The value ofx can be either greater than or less than
1 depending on whether protons are inhibiting or activating
the reaction. The ionization constant for the group that
determines the value af is Kg. Equation 3 also describes
two groups in the ES complex that upon ionization prevent
the reaction from occurring: protonation of a group in the
acidic range having an ionization const&t and deproto-
nation of a group in the basic range having an ionization

IV, = 111+ K J[S]) 1) concentration of 1 mM. The final volume was 1 mL, and
the pH was 7.7. Reactions were initiated by the addition of
and the Hill equation: 3-[*H]pyruvate. Aliquots (15Q:L) were removed from the
reaction mixture at selected time points, added to/350f
VIV o= L[+ (K /[SD™] 2 H-0, and loaded onto a short bed of Dowex 1 acetate resin.

The eluent was collected in a disposable 20 mL scintillation
for the determination of the apparent Michaelis constants vial. The column was washed with three additions of 500
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uL of H,O. The combined effluent and washes were counted  Glycolate Kinase Rate Measuremeritse glycolate kinase
to determine total volatile counts. Controls containing no reaction in wild-type YPK and in K240M was assessed in
enzyme were run parallel to each experiment to determine MES (pH 6.3 and 6.99), HEPES (pH 7.5 and 8.0), and TAPS
background exchange rates. Background rates were sub{pH 8.5) buffers. The pH of the complete kinetic assay was
tracted from observed rates to obtai the PK-catalyzed  determined after completion of the reaction. The glycolate
rate of exchange of methyl protons of pyruvate into water. kinase reaction was performed in 100 mM buffer, 4%
vy is defined as micromoles of protons in water per minute glycerol, 200 mM KCI, 50 mM glycolate, 10 mM ATP, and
per milligram of protein. 5 mM FBP. The divalent metal was either 50 mM MgCl

Isotope Trapping of Substrate Protolsotope trapping 10 or 20 mM MnC}, or 25 mM CoC}. The enzyme was
experiments were performed according to Rose and Kdp ( wild-type YPK or K240M (approximately 350g). The final
with the following modifications. Ammonium sulfate sus- assay volume was 1 mL. Reactions were initiated by the
pensions of muscle and of yeast PK were desalted prior toaddition of enzyme [diluted in HEPES (pH 7.5)]. The
use on a Bio Gel P6DG column. Muscle PK was exchanged reaction was quenched by the addition of a 1@0aliquot
into 1200 MM MES (pH 6.2), 4% glycerol, and 200 mM KCI.  from the reaction mix to 3@L of cold 2.5 M HCIO, and
Yeast PK was exchanged into 200 mM MES (pH 6.2), 25% incubated on ice for 5 min. Aliquots were taken at selected
glycerol, and 400 mM KCI. The presence of KCI in the time points ranging from 1 to 60 min. The solution was
exchange buffer caused K240M to precipitate and was neutralized by the addition of 3@L of 1.25 M K,COs. The
therefore omitted when the mutant was desalted. The desaltedesulting precipitate was removed by centrifugation. The
enzyme was concentrated in an Amicon stirred cell concen- supernatant was diluted 10-fold and filtered for HPLC
trator to >30 mg/mL. analysis.

Conditions of the pulse varied but typically contained, in  ADP and ATP were separated chromatographically on a
6 uL, 1-1.5 nmol of pyruvate kinase sites (determined by Beckman 421 Liquid Chromatograph equipped with a
Acgo), 50 mM MES (pH 6.2), 4% glycerol, 100 MM KCI, 5 Beckman 334 Gradient System and a 25 cm Rainin Mi-
mM ADP, and®H,0 (typically ~10° cpm). The divalent  crosorb MV Gg column with a pore size of 300 A.
metal was 15 mM MgGl 10 mM MnCk, or 15 mM CoCj}. Integration and plotting of chromatograms were carried out
The FBP concentration was either 0 or 1 mM. When yeast on a Spectra-Physics SP4290 integrator. Samples were eluted
PK was used, the concentration of glycerol in the pulse was jsocratically using 100 mM phosphate buffer (pH 5.5)
increased to 25%, to prevent precipitation of the enzyme. containing 8 mM tetrabutylammonium hydrogen sulfate and
The chase solution typically contained 100 mM MES (pH 20% methanol.
6.2), 4% glycerol, 200 mM KCI, 10 mM PEP, and 5 mM
ADP in H,O in a volume of 2 mL. The divalent metal was RESULTS

15 mM MgCh, 10 mM MnCk, or 15 mM CoC}. The FBP o
concentration was either 0 or 1 mM. The reaction was Cell Growth and Purification of K240MK240M was

quenched after approximaye? s with 160uL of 1 M TCA; constructed, expressed, and purified using the same procedure
the mixture was incubated on ice for 5 min and neutralized as for wild-type YPK. The pyruvate kinase-deficiedac-
with 75 uL of 2 M triethanolamine base. charomyces cetgsiaestrain, pyk1-5, containing the pPYK101

The reaction mixture was diluted to 5 mL and placed on Plasmid with the K240M mutation was unable to grow on
a 2 mL Dowex 1 chloride column. The column was washed medium containing glucose as the primary carbon source.
with H,O until effluent counts came to background. Pyruvate These cells were instead grown on glycerol/ethanol medium.
was eluted with 20 mM HCI, and 2 mL fractions were Forty liters of glycerol/ethanol medium yielded approxi-
collected. Pyruvate was quantitated enzymatically with mately 100 g of cells. The final yield of pure K240M was
muscle PK and LDH 14). Pyruvate typically eluted in ~ approximately 200 mg. The enzyme was judged ta-98%
fractions 4-10. In experiments where trapped counts were pure as determined by SB®AGE. Initial kinetic studies
converted from pyruvate to lactate, lactate was isolated from for quantitating the activity of K240M YPK show an absolute
PEP by Chromatography on Dowex 1 formate. Lactate was requirement for FBP for aCthlty This indicates that the final
eluted with 100 mM potassium formate, and 2 mL fractions Preparation of pure K240M was free from contamination by
were collected. Lactate was quantitated enzymatically with trace amounts of wild-type YPK.
LDH in glycine/hydrazine buffer at pH 9.0 according to the ~ Steady-State KineticSSteady-state kinetic studies were
method of Gutemann and Wahlefeltf|. Fractions contain-  performed for the wild type and for K240M YPK under
ing lactate were diluted with 100 mM citrate (pH 6.0) and identical conditions. The kinetic responses of the wild type
lyophilized overnight. Parallel controls were run for each and K240M YPK to concentrations of PEP, ADP, and
experiment. PEP was eluted with 400 mM potassium formate divalent metal were fit to eqs 1 and 2. A summary of the
and quantitated as described above. resulting steady-state kinetic parameters is listed in Table 1.

Sobent Deuterium Isotope Effect on YPK and K24GW. The divalent metal specificity has changed from g
buffers, divalent metals, and substrates were exchanged inCo*" > Mn?' in the wild type to Cé" > Mn?t > Mg?* in
99.9% DO and lyophilized. This process was repeated three K240M, based otk values. Compared to that of wild-type
times. The samples were redissolved igODto give the YPK, the turnover rates have decreased by 1000-, 100-, and
desired concentrations. The pD of MES was adjusted to 6.2200-fold with K240M activated by Mg, Mn?", and C&",
using KOD. NADH was dissolved in MES buffer, as respectively. Th&, pepchanges 16 100-fold depending on
prepared above, immediately prior to use. Assays (1 mL) the divalent activator. Changes in thg app are 2-3-fold
were prepared and covered with Parafilm prior to use. Assaysdepending on the divalent metal. These data indicate that
were performed in triplicate as described previously. Lys 240 affects the interaction of PEP with the enzyme but
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Table 1: Steady-State Kinetic Parameters for Wild-Type and K240M &' PK

divalent activator YPK Keat (Min2) Km,pep(MM) Keal Km per(M~1 min=1) Km,app (MM) Km,appa#* (MM)

Mg?*" wild-type 13380+ 650 0.31+ 0.05 (4.32£0.21) x 107 1.10+0.11 1.44+ 0.07
K240M 13.5+1.1 4.26+ 0.49 (3.17£ 0.26) x 1C° 3.67+0.76 17.9£ 2.2

Mn2*+ wild-type 3900+ 110 0.021+ 0.003 (1.86+ 0.05)x 1C° 0.24+0.01 0.31+ 0.02

K240M 422+ 1.1 0.50+ 0.04 (8.44+ 0.22) x 10* 0.494+ 0.03 3.004+ 0.27

Co?™ wild-type 7910+ 110 0.050+ 0.003 (1.58+ 0.02) x 1¢° 0.41+ 0.03 0.40+ 0.03

K240M 120+ 4 4.40+ 0.38 (2.73£ 0.09) x 10* 1.01+0.19 5.494+ 0.51

a Steady-state kinetics were measured as described in Experimental Procedures with either PEP, ADP, or divalent metal as the variable substrate

and with either wild-type YPK or the K240M mutant.
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FiIGURe 1. pH effects orViay appfor wild-type YPK. The activity

of YPK was measured in the presence of 10 mM MnGImM

ADP, and 5 mM FBPVyay appWas obtained from fits of velocity

vs PEP concentration to eq 1. The data were fit to a kinetic model
describing the ionization of three groups in the ES complex (eq 3).

plays only a minor role in the interaction of ADP with the

enzyme. Ligand binding was assessed by steady-state

fluorescence titrations with wild-type and K240M YPK.

Titration data indicate that the dissociation constant describ-

ing the binding between PEP and wild-type apo-YPK (638
+ 53 uM) is similar to the dissociation constant for the
interaction between PEP and apo-K240M YPK (5846
uM). The steady-state interaction of PEP with YPK, as
measured by relativié,, andk..{K, values, has been affected

by the mutation, but the thermodynamic interactions between

PEP and the enzyme are unaffected. THgwz+ that is
reported is an apparent value based on the total concentratio
and not corrected for the binding ofa¥lby ADP in solution.
The Ky vz changes significantly on mutation of Lys 240,
indicating an effect on the cation interaction with YPK by
Lys 240. The large effect of the K240M mutation &g
indicates that Lys 240 plays a role in transition-state
stabilization.

pH Effects on Catalysis by Wild-Type and K240M YPK.
The influence of pH on th&/maxapp for FBP- and M#A*-
activated YPK was measured over the pH range of-4.8

1.000

0.100 -

Vmax,app (U/mg)

0.010 7 T T

10
pH

FIGURE 2: pH effects orVmay appfor K240M YPK. The activity of

K240M was measured in the presence of 10 mM MhGImM

ADP, and 5 mM FBP Vpax appWas obtained from fits of velocity

vs PEP concentration to eq 2. The data were fit to a kinetic model
describing the ionization of two groups in the ES complex (eq 4).

that K, values obtained from kinetic studies should be
interpreted with care. They may not be thermodynamic
values reflecting thelf, of a specific ionizable grouplg).

The influence of pH 0Vmaxappfor the Mr?- and FBP-
activated K240M was measured over the pH range of-4.5
9.0, and the results are plotted in Figure 2. M@xappON
the basic limb of the pH profile decreases to a plateau of
approximately 0.2 unit/mg. A comparison of the basic region
of the pH profiles of wild-type YPK and K240M indicates
that a basic K, has been lost on mutation of Lys 240. The

r(‘riata in Figure 2 were fit to equation 4:

vV, ,(1 + e
" HY
= 4
max,app Lt [H+] KB ( )
Ka  [HT]

This equation describes only two ionizatiois, andKg, in
the ES complex and gives a better statistical fit to the data

9.1, and the results are plotted in Figure 1. The shape of thein Figure 2 than does eq 3. The resulting,wvalues are as

curve in Figure 1 indicates that more than two ionizations
are needed to describe tNgay appdata. The deprotonation
of a group with a i, of 5.5 and the protonation of a group
with a pK, of 8.5 are needed for catalytic activity. In addition,
the ionization of a group or groups in the pH range of86
alters the catalytic activity. The curvature in this portion of
the profile indicates that a plateau in thigaxappdata may
occur, indicating that deprotonation of a group or groups
changes the rate-limiting step. The data in Figure 1 were fit
to eq 3, and the resultingqa values that describe the curve
are as follows: Ba = 5.50+ 0.13, Kg = 6.35+ 0.24,
and K¢ = 8.78+ 0.16 with ano. of 0.35. It should be noted

follows: pKa = 5.254 0.07 and g = 6.99+ 0.11 with
ano of 0.81. The K¢ of 8.78 is lost and may represent the
ionization of Lys 240 in the catalytic process.

Phosphoryl TransferGlycolate kinase activity was mea-
sured with wild-type and K240M PK to determine the effects
of mutation on the phosphoryl transfer half-reaction (Table
2). The glycolate kinase reaction, the ATP-dependent phos-
phorylation of glycolate, is a secondary kinase reaction
catalyzed by pyruvate kinas@@, 21). This reaction repre-
sents the phosphoryl transfer half-reaction in the absence of
proton transfer since glycolate lacks a C-3. In the absence
of FBP, thewp was 11.4 min. The velocity response to
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Table 2: Glycolate Kinase Activity of Wild-Type and K240M YPK Table 4: Trapping of Protons of Pyruvate Kinase by Isotope

complex vp? (Min™?) complex vp? (Min™1) Trapping
YPK—Mnz* 11.4+ 0.54 K240M-Mg?—FBP _ <0.05 | equiv °|f pfm‘ons t{gpped/
YPK—Mn?t—FBP  74.8+ 1.1 K240M-Co**—FBP  <0.05 complex Mo’ of pyruva
K240M—Mn?"—FBP <0.05 MPK—Mg?* 1.3
— . . . MPK—Mn2* 2.9
vp is the turnover number of the glycolate kinase reaction and is MPK—Co?+a 30
defined as phosphoglycolate formed per minute per micromole of MPK —Mn2*—LDHb 30
enzyme. YPK—Mg?* 0:37
YPK—Mg?*—FBP 0.55
— 2
Table 3: Rates of Detritiation of 3#i]Pyruvate by Pyruvate YPK Mn; 15
Kinase YPK—Mn#*—FBP 1.0
YPK—Mn2t—FBF* 0
complex vt (umol of 3H™ min~t mg™) YPK—-Co?" 0.48
— +__
MPK—Mnz" 3.67+0.035 YPK-Co*—FBP 1.4
vt K240M—Mn2+*—FBP 0
YPK~Mg <0.003 K240M—Co?* —FBP 0
YPK—Mg?"—FBP 0.135+0.003 YPK—MnZ—BrPEP-FBP 0
YPK—Mn2* 0.626+ 0.050 n=—or
YPK—Mn?"*—FBP 0.810+ 0.090 aFrom refl7. The pulse contained enzyme, cation as indicated, ADP,
YPK—Mn?*—FBP and ADP* <0.003 and FBP when indicated. The chase contained PEPH was used
K240M—Mn2*—FBP <0.003 to trap free pyruvate after release from MPKhe pulse contained

aThe rates of PK-catalyzed pyruvate enolization were measured as Y PK—Mn*", PEP, and ('):BP' The chase contained ABErors in
described (Experimental Procedures) with 2 mM ATP as the cofactor measured values are10%.
and with either 15 mM MgGlor 10 mM MnCt as the activating

divalent metal. In the reaction denoted with an asterisk, ATP is 3+ ri—1 1
substituted with 10 mM ADPur is the rate of catalyzed tritium release .YPK decreases to 0.626 0.050umol of H min—mg-
from pyruvate normalized per milligram of enzyme. in the absence of FBP, a 20% decrease in the rate measured

in the presence of FBP. There is no detectable detritiation

ATP concentration was sigmoidal. The rate of the glycolate PY Mg?-activated YPK in the absence of FBP. The effects
kinase reaction in the presence of Mrand FBP was 74.8 of the K240M mutation on the proton transfer reactions in
min~! at pH 7.5, and the velocity response to ATP YPK were measured (Table 3). K240M YPK, activated by

concentration obeyed Michaelilenten kinetics. Th&m ar- Mn?* and FBP, demonstrates no detectable detritiation of
pappdecreased from 2.4 mM in the presence of FBP to 1.1 Pyruvate. Lys 240 mfluenc;es both the phosphoryl transfer
mM in the absence of FBP. A nonenzymatic blank was run and proton transfer steps in the PK-catalyzed reaction.
at each ATP concentration. There was no detectable decrease sotope Trappinglsotope trapping was used to character-
in ATP concentration over the course of the experiment in ize the proton donation step in wild-type and K240M YPK.
the absence of enzyme. K240M has no measurable glycolatelhe rate of pyruvate enolization is diagnostic of the proton
kinase activity in the presence of FBP and eithePNMiMg?", transfer half-reaction of PK, but isotope trapping is diagnostic
or C@* as activators at pH 7.5. There is a significant pH- Of proton transfer in the net PK-catalyzed reaction. In the
dependent increase in the rate of the glycolate kinase reactiorisotope trapping experiment, an equilibrium complex is
with wild-type YPK above pH 7.020). In an attempt to formed between the enzyme, a combination of its cofactors,
increase the sensitivity of the measurement of the glycolate and either PEP or ADP, but not both. This prevents catalytic
kinase reaction with K240M, experiments were performed turnover. An aliquot ofH,O with high specific radioactivity
in the pH range of 6.68.5 and with increasing concentra- is added to this complex, labeling the proton donor on the
tions of K240M. No glycolate kinase activity was detected enzyme. This constitutes the pulse phase. The pulse is then
in this pH range. The mutation of Lys 240 has eliminated added to a chase phase that consists of all the substrates and
glycolate kinase activity in YPK. This response is not cofactors necessary for turnover and dilutes YHelabel.
expected if Lys 240 serves as the proton donor for the The product traps the radiolabeled proton in pyruvate.
enolpyruvate intermediate. Isotope trapping with MPK was performed as a control
Detritiation of Pyrwate. The proton transfer half-reaction  using the conditions described by Rose and KLig.(With
in PK can be monitored via the enzyme-catalyzed exchangeMg?" and Mr?* as divalent metal activators, 1.3 and 2.9
of methyl protons of pyruvate into solvent (pyruvate eno- equiv of protons were trapped per mole of pyruvate,
lization) (2). The rate of pyruvate enolization was measured respectively. The value of 1.3 agrees with the values of 1.15
for wild-type and K240M YPK. All the rates that are shown and 1.25 obtained previously in the presence ofMd.7,
are net rates obtained following subtraction of the rate of 22). The trapping of three protons is the physical limit for
spontaneous detritiation of pyruvate in solution. The rate of these experiments, since pyruvate contains three protons in
catalysis of pyruvate enolization was higher with muscle which the label could appear. Significantly fewer protons
pyruvate kinase than with the yeast enzyme under similar were trapped with YPK than with muscle PK (Table 4). With
conditions (Table 3). The yeast enzyme requires a divalentMg?" as the activator, 0.37 and 0.55 PK equiv of protons
metal ion, FBP, and ATP for enolization. The detritiation per mole of pyruvate were trapped in the absence and
rates for FBP-activated YPK in the presence ofZMand presence of FBP, respectively. With &mnthe number of
Mg?" were 0.810+ 0.090 and 0.13% 0.003umol of 3H* protons trapped in the absence and presence of FBP was
min~t mg!, respectively, making Mii a 6-fold better 1.5 and 1.0, respectively. No protons were trapped with
activator of pyruvate enolization than Kfgin the presence  K240M in the presence of either Mh or C@" as the
of FBP. The rate of exchange with Mn-activated wild-type activator. This could occur if the rate of exchange of the
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Table 5: Solvent Deuterium Isotope Effects for Wild-Type and K240M YPK

complex solvent Km (uM) Keat (Min2) KealKm (x10°F Mt min™Y) DKeat B(kealKm)
YPK—-PEP-FBP H,O 124+ 1.7 3467+ 110 280+ 46 2.7+ 0.2 2.2+ 0.7
YPK—-PEP-FBP D,O 10.3+ 1.2 1296+ 33 126+ 18
YPK—-BrPEP-FBP HO 4.25+ 0.50 68.8+ 2.8 16+ 2 1.1+ 0.1 0.844+ 0.2
YPK—BrPEP-FBP DO 3.374+0.40 64.4+ 2.8 19+ 4
K240M—PEP-FBP HO 318+ 15 579+ 1.1 18+ 1 1.6+ 0.1 1.0+ 0.2
K240M—PEP-FBP DO 2194+ 17 38.6+ 1.2 18+ 2

aD. Resiga, unpublished data.

protons on the donor with the solvent is faster than the rate Lys 240 has a minor influence on the interaction of ADP
of proton trapping by pyruvate during turnover of the enzyme with the enzyme. Theresia 1 order of magnitude increase
(Kot > Kea) (23). This hypothesis was supported by in theK, of PEP and the divalent metal compared to that of
experiments with wild-type YPK in the pulse and the wild-type YPK. The elimination of the active site Lys 240
presence of the slow substrate BrPEB) (n the chase. The  diminishes the extent of interaction of the cation with the
pulse was the same in both experiments. No protons wereYPK—PEP complex. Pulsed spin-echo EPR studies of bound
trapped with BrPEP in the chase. A step (or steps) prior to Mn2* in the PK-Mn—PEP complex gave a Mhsignal with
proton transfer by PK to bromoenolpyruvate must be much superhyperfine coupling t&“N (25). This coupling was
slower tharker+ for the labeled proton. The labeled proton  attributed to a lysine residue, an amino acid residue not
exchanges with solvent before it incorporates into the product normally found as a ligand to enzyme-bound cations.
bromopyruvate. A similar mechanisiiofs- > kea) probably Binding of Mr?* and PEP was assessed in the muscle PK
accounts for the lack of trapping of label when K240M is : . . ) ; )
apoenzyme in which the active site lysine was chemically

the enzyme and PEP is the substrate. modified by trinitrophenyl benzene. This modified form of

Sobent De.uterium _Isotope Effectst the phosphoryl the enzyme was able to bind ®¥fhand PEP with the same
transfer step is exclusively affected by mutation of Lys 240 affinity as the unmodified enzyme, but modification caused

to methionine, then the rate of phosphoryl transfer should a 95% decrease ik (26). Comparison ok values for

decrease relative to other rates in the catalytic Process,, .. 4 type and K240M indicates that lysine 240 contrib-

including proton transfer. A useful measure of relative rates Utes approximately-34 keal/mol of transition-state stabiliza-
of solvent-exchangeable proton transfer in enzymes is the.. pp Yo
ion to the net reaction.

solvent isotope effect. Solvent isotope effects were measureqI
for wild-type and K240M YPK with PEP as the variable  The phosphoryl transfer step of the PK-catalyzed reaction
substrate. The results of these studies are summarized irfan be measured independent of the proton transfer step by
Table 5. The isotope effect dga (Pkea) for wild-type YPK the measurement of PK-catalyzed secondary kinase reactions.
where PEP or the slow substrate BrPEP was the variedThe fluorokinase, the glycolate kinase, and the hydroxycar-
substrate was 2.% 0.2 or 1.1+ 0.1, respectively. These bamate kinase reactions are PK-catalyzed, ATP-dependent
values are significantly different, and indicate that the rate phosphorylation reactions of fluoride ion, glycolate, and
of the isotope-sensitive step with BrPEP as the substrate ishydroxycarbamate, respectiveB(( 21, 27). Glycolate kinase
significantly less rate-limiting than that with PEP as the activity and proton exchange rates were measured to
substrate. Th&k.y is 1.6 & 0.1 with K240M YPK. The independently determine the chemical step(s) affected by the
isotope effect orkca/Km [P(kealKm)], the term that includes  Lys 240 mutation. No glycolate kinase activity was observed
all the catalytic steps up to and including the first irreversible at pH 7.5 with K240M. In light of the strong pH dependence
step of the reaction, was also measured. Pliea/Knm) of this reaction catalyzed by wild-type YPR® and muscle
decreased from 2.2 0.7 to 0.84+ 0.18 for the variable PK (21), assays with K240M were performed between pH
substrates PEP and BrPEP, respectively, with wild-type YPK. 6.3 and 8.0. At each pH, either Mg Mn2*, or C&** was

In K240M, the isotope effect ota/Kn was eliminated.  the divalent metal activator. Glycolate kinase activity under
Mutation of Lys 240 to methionine affects the interaction gj| conditions studied was below the limit of detection of

of PEP with the enzyme, consistent with the results of steady-the assay €0.05 mir®). This represents a 1000-fold
state kinetics experiments, but has only partially destabilized gecrease in glycolate kinase activity compared to that
the transition state of the isotope-sensitive step. catalyzed by wild-type YPK. The Lys to Met mutation has
affected the phosphoryl transfer activity in this enzyme. This
DISCUSSION explains the significant decrease in the specific activity of
Lys 240 was mutated to methionine in yeast pyruvate the enzyme. In the net PK-catalyzed reaction, phosphoryl

kinase to determine its role in Ca’[a]ysis' '"ngor K240M transfer from PEP does occur at a Significant rate because
decreases approximate|y 100-, 200-, and 1000-fold Compared'(240M has net catalytic activity. The loss in transition-state
to wild-type YPK activated by M#, Cet, and Mg*, stabilization for the net reaction decreases byt&cal/mol,

respectively. There is no measurable PK activity with K240M depending on the specific divalent cation, and it is the
in the absence of FBP. The modification of Lys 240 at the phosphoryl transfer step that appears to be primarily affected.
active site of YPK must cause an alteration at the active site Transition-state stabilization of the pentavalent phosphate in
such that the binding of the heterotropic activator, FBP, is the K240M-catalyzed reaction still occurs but is also
required to induce the active conformation of the enzyme. influenced by the enzyme-bound divalent cation. The influ-
TheKy, for ADP has changed only-23-fold, indicating that ence of this cation is partially dependent on Lys 240.
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The crystal structure data from the rabbit mus@gl(Q) would be expected to increase, and this does not occur. A
and yeast PKX1), in which Lys 240 interacts directly with  more likely explanation is that Lys 240 participates in both
the phosphoryl group being transferred, are consistent withthe phosphoryl transfer step and proton transfer to enolpyru-
this hypothesis. Lys 240 is in a position to participate in vate. Flashner and co-worke26{ showed, by trinitrophenyl
leaving group activation and stabilization of the pentavalent modification of MPK, that thes-amino group of an active
transition state during phosphoryl transfer. A similar role has site lysine residue was involved in the detritiation of
also been assigned to the protonated form of Lys 13 of pyruvate. The ATP-activated detritiation of pyruvate with
adenylate kinase2g, 29) and Lys 256 of yeast phospho- the modified enzyme was almost completely inhibited.
enolpyruvate carboxykinas&Q). However, the modified enzyme retained the ability to

The pH dependence df. for Mn?*-activated wild-type ~ Catalyze the Pmediated detritiation of pyruvate, indicating
YPK was fit to a model with three ionizations in the ES that the modified lysine residue was involved in the eno-
complex: Ka = 5.35, [Kg = 6.35, and fc = 8.78. The lization of pyruvate, but that it was not the active site base

pH dependence di.. for K240M indicates that the group ~ that abstracted the proton. Recently, the crystal structure of
with a K, of 8.8 has been lost on mutation and that this rabbit muscle PK was solved in the presence of oxalate, ATP,

group plays a role in the catalytic mechanism of YPK. Mg, and K’ (10). Oxalate is a structural analogue of the
enolpyruvate intermediate. This structure appears to represent
a snapshot of the enzyme in an intermediate state during
catalysis. In this structure, theamino group of Lys 269 is
close to the carboxyl oxygen of oxalate that corresponds to
the C-2 enolate oxygen of the enolpyruvate intermediate.
These data suggest that Lys 269 could promote the enoliza-
tion of bound pyruvate and participate in leaving group

Solvent deuterium isotope effects were measured to study
the effects of proton transfer and the rate-limiting step with
wild-type YPK and K240M. The solvent deuterium isotope
effect onkeafor K240M is significantly smaller than for wild-
type YPK. If the rate of phosphoryl transfer is totally rate-
determining for the net reaction catalyzed PK, a solvent

g)e(u;ecrtgn T'f]zt(;%'fveegzegéu?gr%?na?;')rtlg Seléfrggt S\Iitr}ll(\)m;i activation (0). Removing the electrostatic stabilization in
P : P this half-reaction could significantly affect the rate of

decreased to 1.0 with the use of dGDP as a poor phOSphoryIdetritiation, although the extent to which Lys 240 stabilizes

acceptor 81). The isotope effect for protonation of free : L

enolpyruvate in solution at pD 6.4 is 6.8)( Becaus@ke :hIS transition state must be smaller than for phosphoryl
) . . . ransfer.

is 1.6 for K240M, this rules out the reaction mechanism Isotope trapping experiments were performed to character-
where the enzyme catalyzes phosphoryl transfer and releases th P i ppd 9 EXpE _ pd K240M YPK_ |
enolpyruvate to be protonated by bulk solvent. In this case, 12€ Ie proton onorshln wiid-type an q : nl a
an increase k., is expected. Thé(k../Km) changes from S|r2np eh rea:cttmn fme? Ifinlsrg,bPlf IS fexpefcte . tol catatyze
a large value of 2.2 for wild-type YPK to the absence of an f osp lory ratns erdo OWS Iy rans (?r ora S"tqg? pro t?\n
effect in K240M P(keafKm) = 1]. Thekeal/Kn isotope effect 0 €NO py;”;]’.a‘? &;1“ {]ap'. rf‘ ease or pyruvate from e
with K240M with PEP as the substrate or with the wild type enz;g;n% Ifthis is t etc de.mt'ca procetss, é‘o eﬂuw (')thpz\(/l)tlglzs
and using BrPEP as the substrate indicates that the isotope‘-’vOu $hn:r(]:orpora © ; '8 g pl)?/ruva e.d I?ﬂsxu S Wi hich
sensitive step occurs after the first irreversible step. The first agree wi Iosi gzpor ed by f 0S€ an 9(in w 'g .
irreversible step is probably phosphoryl transfer. The relative approximately 1. equiv of protons was_trapped into

rate of the rate-limiting step(s) changes when BrPEP is the ﬁqyerz;/a}aes'?ghga%%ss;%e ?@;rrtgg gi?/tgf:;?rcﬁgz?;egﬁgg 9
substrate or with the mutation of Lys 240 to methionine. P 9 ' .

The isotope-sensitive step is probably the same in each ofeqUiV of protons was trapped. Three equivalents of protons

the three cases. These results suggest that the rate of thg'as also trapped in pyruvate by MPK with Coas the

isotope-sensitive step in the net reaction catalyzed by YPK :CEY\?;?(;”Q{% t':':use\:jerE MFr)lIf\;artneorTe'r;{igagaﬁ Eggftig;(;?zne d
is not significantly modulated by Lys 240. q pp Py )

_ ) as pyruvate product release being at least partially rate-
ATP serves as a cofactor for PK in catalyzing the exchange |imiting in the overall reaction catalyzed by PK. Robinson
of the methyl protons of pyruvate into solvent (pyruvate and Rose3) showed that during steady-state turnover, the
enolization) @—4). Detritiation of pyruvate was used t0 |apel from tritiated water appears in PEP, indicating that the
measure the effects of mutating Lys 240 on the rate of proqduct form of the enzyme may reverse to the substrate
pyruvate enolization by YPK. In the absence of FBP, the form at a significant rate relative to the rate of product
rate of detritiation of pyruvate with Mg as the divalent  rejease. In this mechanism, the enolization of the pyruvate
activator was not above background. The presence of FBPproquct occurs at a significant rate relative to that of its
increased the rate of detritiation significantly. FBP had little  gjease from the enzyme. This explains the incorporation of
effect on the rate of detritiation with Mn as the activator.  |gpel from solvent into PEP and allows the incorporation of
Mg?* is a 3-fold poorer activator of pyruvate enolization than more than a single proton from the enzyme into pyruvate
is Mn2*. With muscle PK, the rate of detritiation is 4-fold  fom sites adjacent to the proton donor in what Rose has
higher than with YPK. The relative partitioning between gescribed as a proton relaga). Incorporation of additional
pyruvate enolization and pyruvate exchange from PK differs protons by enolization of bound pyruvate was distinguished
between MPK and YPK and is cation-dependent. from incorporation of additional protons by release of
There was no measurable detritiation of pyruvate by pyruvate and subsequent binding to PK by trapping the
K240M. One explanation for this is that the proton donor released pyruvate as lactate. If the enzyme released pyruvate
has been mutated and the enzyme does not catalyze transfdvefore three protons were exchanged, then the isolated lactate
of a proton to the enolpyruvate intermediate in the net would contain less than three trapped protons under the same
reaction. In this case, the solvent deuterium isotope effect pulse and chase conditions. Comparison of results with and



9144 Biochemistry, Vol. 38, No. 28, 1999 Bollenbach et al.

without LDH shows that all three protons are incorporated although it is not the proton donor. Several pieces of evidence
into pyruvate before release from the enzyme. suggest that an active site water molecule is the proton donor.
The maximum number of protons trapped per mole of The PK-catalyzed enolization of pyruvate is dependent on
pyruvate approaches 1.5 with YPK. With MPK, the physical the presence of both divalent metal and a nucleotide cofactor
limit of three trapped protons per mole of pyruvate is reached. (2, 3). In the most recent crystal structure of MPK, a water
There are two explanations for the decrease in the numbermolecule that is in the coordination sphere of #dn the
of trapped protons by YPK compared to that by MPK. The Mg(Il) —ATP complex lies in a strategic position above the
relative rate of release of pyruvate from the enzyme may be 2-si face of O-1 of oxalate; O-1 of oxalate corresponds to
greater with YPK than with MPK. The rate of enolization C-3 of the enolpyruvate intermediate. Studies with Cr(lll)-
of pyruvate is greater in MPK than in YPK (Table 3). The ATP as a cofactor for the enolization reaction also implicate
higher product release rate and lower pyruvate enolizationthe nucleotide-bound metal in the activation of the base
rate with YPK would result in fewer protons becoming involved in proton exchang&®). Furthermore, these studies
trapped in pyruvate by YPK. Alternatively, the exchange rate showed that the rate of enolization of pyruvate by MPK
of the substrate proton in the enzymmubstrates complex  correlated with the electronegativity of the nucleotide-bound
(YPK—PEP-ADP) could be faster in YPK than in MPK.  metal and, consequently, with th&pof the metal-bound
This would allow partial exchange of the proton of either water molecule.
the donor or relay sites with solvent in the chase before net A comparison between the isotope trapping experiment
turnover could trap the protons in pyruvate. in which the pulse contained ADP and the experiment in
In the presence of FBP and Kfg 0.55 equiv of protons  which the pulse contained PEP suggests that ADP must be
was trapped in pyruvate by YPK. In the absence of FBP, present in the pulse for the label to be incorporated into
this value decreases to 0.37. These values are less than unitypyruvate (Table 4). This is consistent with a Mg(I)ATP-
This indicates that there is partitioning of the proton label bound water molecule acting as, or being linked to, the proton
between trapping (turnover) and exchange from the proton donor to the enolpyruvate intermediate in the-Riolpyru-
donor. There are two potential routes for proton exchange. vate-MgATP complex. Enzyme turnover is initiated in this
The proton may exchange from the enzynsebstrates  experiment by mixing the pulse, which contains PK and
complex (YPK-PEP-ADP) before phosphoryl transfer, or tritiated water as a label, with the chase, which contains a
may exchange from the intermediate complex (YPK large excess of unlabeled water. This excess of unlabeled
enolpyruvate-ATP). Our data cannot distinguish between water dilutes the label in the pulse so that any tritium that is
these two routes of proton exchange from the enzyme. FBPnot specifically bound to the proton donor or proton relay
also modulates the number of protons trapped per mole ofsites is exchanged into solvent and is only incorporated into
pyruvate when either Mt or Co’t is the activator. In the  pyruvate at a background level. This background level of
net reaction catalyzed by YPK, FBP affects the rate of tritium incorporation into pyruvate is corrected by a control
pyruvate enolization, the rate of the phosphoryl transfer step, experiment. In the absence of the putative metaicleotide
and the ratio of tritium label from 3H]PEP appearing in  proton donor in the pulse, the chased label would be too
water and pyruvatedj. It is the sum of the rates of these dilute to be incorporated into pyruvate at levels greater than
processes that determines the number of proton equivalentdackground.
that will be trapped in pyruvate by YPK. The heterotropic  Inisotope trapping experiments with MPK in the presence
effector FBP affects the rate constants for several of theseof Mg?*, there was no change in the number of protons
processes, although it does not significantly affect the net trapped from pH 6 to 9.51(7). This indicates that thel, of
keat for wild-type YPK regardless of the divalent cation. the proton donor must be very high. Thi¢,mf Mg?"-bound
No protons were trapped in pyruvate by K240M. A likely water is approximately 12.88). These data are all consistent
explanation is that the turnover of K240M, and therefore with the hypothesis that a metal-bound water in the metal
trapping of the substrate proton in pyruvate, is much slower nucleotide complex at the active site of PK is the proton
than the rate of exchange of the proton from the donor into donor to the enolpyruvate intermediate in the net PK-
solvent. Because phosphoryl transfer is slow in K240M, the catalyzed reaction.
labeled proton probably exchanges with solvent in the In summary, Lys 240 plays a role in both the phosphoryl
enzyme-substrates complex before the phosphoryl transfer transfer and proton transfer half-reactions of yeast pyruvate
step. The slow turnover of K240M was mimicked in wild- kinase. It plays a key role in transition state stabilization for
type YPK by using the slow substrate BrPEP as the trapping phosphoryl transfer. It is unlikely, on the basis of the kinetic
species in the chase. Because the pulse was the samdata that are presented, and the crystal data that are
regardless of whether PEP or BrPEP was in the chase, thaeferenced, that Lys 240 is the direct proton donor to the
proton donor on YPK in both experiments must have been enolpyruvate intermediate.
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