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Pyruvate kinase, activated by fructose-1,6-bisphosphate from Salmonella typhi-
miirium LT-2, has been isolated and purified to homogeneity. The enzyme, similar
to that from Escherichia coll, is a tetramer with an approximate molecular weight
of 240,000. The native enzyme shows optimum pH 6.8 (T = 30° C). The enzymatic
reaction does not require K+ ions; while Mg*+ or Mn!+ are essential for its activity.
The non-activated enzyme shows sigmoid kinetics to phosphoenolpyruvate with a
Hill coefficient of 2.73; the activated enzyme becomes michaelian with KaADP y
Kspep 0.25 and 0.08 mM, respectively. Both substrates excess and ATP cause enzyme
inhibition. In agreement with the experimental results a steady-state random-ordered
hybrid Bi-Bi mechanism with two dead-end complexes is proposed.

Pyruvate kinase (EC 2.7.1.40) is a key
enzyme in the cellular metabolism, for it
catalyzes the substrate-level phosphoryla
tion reaction leading to adenosine 5'-tri-
phosphate and pyruvate from phospho
enolpyruvate and adenosine 5'-diphos-
phate. Both compounds are located in a
nodal point of metabolism, since phos
phoenolpyruvate is the first substrate in
the anaplerotic way to Krebs cycle from
glycolysis, and it is also a precursor for
aromatic aminoacids and the cell-wall
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peptidoglycan. Moreover, pyruvate can
be oxidized via acetyl-CoA through the
Krebs cycle or act as precursor for amino
acids classified as «pyruvate group» or
for pantothenic acid, N-acetylneuraminic
acid or lactate. Therefore, the regulation
of pyruvate kinase activity could have a
major physiological importance driving
the intracellular levels of phosphoenol
pyruvate and pyruvate and channelling
the fluxes of these compounds to distinct
pathways according to the cell’s needs:
catabolic, anaplerotic of anabolic.

In most of the organisms studied, both
eukaryotic and prokaryotic, the enzyme
has been shown as two kinds of pyruvate
kinase potentially able to perform the 
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transformation from phosphoenolpyruvate
to pyruvate. One of these types can be
activated by fructose-l,6-bisphosphate, the
other one in not sensitive to this com
pound (8). The existence of a single type
of enzyme has been reported in a lot of
biological sources, but both enzymes are
present at the same time in very different
organisms such as mammalians (1, 13)
fungi (19, 20) and enterobacteriaceae (2,
15). Fructose-l,6-bisphosphate activated
pyruvate kinase is called pyruvate kinase
B in Escherichia coli; an additional pyru
vate kinase in this cell can be activated
by adenosine 5'-monophosphate and it is
known as pyruvate kinase A (7). The
first enzyme is inducible by glycolitic sub
strates, showing sigmoid kinetics towards
the substrate, phosphoenolpyruvate. Pyru
vate kinase A is a constitutive one and
shows normal Michaelis-Menten kinetics
(15, 16).

From the fact that two distinct en
zymes catalyzing the same key reaction
in the amphibolic Embden-Meyerhof
pathway exist, and from the fact a mul
tiplicity of operative controls act on
these enzymes, the validity of this subject
as a mean of understanding their phys
iological significance and mechanism of
action can be seen. The importance of
pyruvate kinase B has been emphasized
by studies using defective mutants in
E. coli. Mutants pyk A~ pyk B+ grown
under laboratory conditions, grow like
the wild strain in all glycolytic and glu
coneogenic substrates assayed (7). How
ever, pyk A~ pyk B+ mutants are unable
to grow on those glycolytic substrates
which are not transported via sugar
— phosphotransferase system—. Finally,
pyk A+ pyk B~ mutants do not grow on
any glycolytic substrate under anaerobic
conditions (Cooper, personal communi
cation).

Kinetic (1, 8, 12, 13) and regulatory
(3, 10, 14, 16, 22) studies have been car
ried out with different organisms for the
phosphoenolpyruvate—pyruvate reaction.

Nevertheless, in spile of the psysiological
importance of pyruvate kinase B in the
bacterial cell, no bibliography has been
found dealing with kinetic mechanism
neither for pyruvate kinase B nor A from
Enterobacteriaceae. Although one can
think of similarities between Escherichia
and Salmonella with respect to the pass
from phosphoenolpyruvate to pyruvate up
to 1979, when we described the existence
of two distinct forms of pyruvate kinase
in Salmonella typhimurium (2), nobody,
had discovered this. Hence, in order to
obtain some information on the role of
pyruvate kinase B in this microorganism
we have isolated the enzyme to homo-
geinity and studied its kinetic properties.

Materials and Methods

Organism. The strain utilized has been
Salmonella typhimurium LT-2, obtained
from Dr. R. A. Cooper, Departament of
Biochemistry, University of Leicester,
U.K.

Growth conditions and preparation of
enzymatic extracts. The cells were grown
aerobically at 37° C in minimum medium
M-63 (17) containing 10 mM glucose. The
growth rate was followed by measuring
optical density of the culture at wave
length of 680 nm. In the second half of
the log phase (OD0K0 approx, eq. to 0.8),
the cells were harvested, buffer-washed
(50 mM Tris-HCl(1) pH 7.5) and their
wet weight measured; they were con

(1) Abbreviations used:
ADP: Adenosine 5'-diphosphate; ATP: Ade
nosine 5'-triphosphate; EDTA: Ethylenediamine
tetraacetic acid; FBP: Fructose-l,6-bisphos-
phate; GTP: Guanosine 5'-triphosphate; HE-
PES: N-2-hydroxyethylpiperazine-N'-2-ethano-
sulfonic acid; LDH: Lactate dehydrogenase;
NADHS: Nicotinamide adenine dinucleotide
(reduced form); PEP: Phosphoenolpyruvate.
Tris: Tris (hydroxymethyl) aminomethane.
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served at —20” C. To obtain the crude
extract the cells were suspended in a
volume (ml) of the above buffer twice
their weight value, expressed in grams.
The cell suspension was disrupted by ex
posure to ultrasonic oscillations in a
Branson B-12 sonifier (70-80 Watts) at
ice temperature for 10-s periods with
cooling between for 1/2 min. The sus
pension was centrifugated at 25,000 X g
for 15 min at 4° C to remove cell debris.

Enzyme purification. The purification
steps were carried out according to the
following procedure and are summarized
in table I. The centrifuged extract pre
pared from around 20 g of cells was
heated at 55° C for 10 min and after
wards centrifuged 25,000 X g 15 min. To
the clear supernatant was added 10 %
v/v glycerol and it was subsequently di
luted with 50 mM Tris-HCl pH 7.5
plus 1 mM EDTA and 2 mM mercapto
ethanol to around 50 ml. This solution
was fractionated by addition of ammo
nium sulphate, and the protein precipi
tating between 40-70 % saturation was
resuspended in 5 ml of the same buf
fer and applied to a Sephacryl S-200
gel-filtration column (40 X 2.6 cm) pre
viously equilibrated overnight with buf
fer. Elution flux was 10 drops every 30-
40 seconds’, a fraction was formed with
80 drops (2.5 ml).

The highest pyruvate kinase B activity 
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tubes were carefully applied to a small
(28 ml) DEAE-Sephacel anion-exchange
column previously washed with buffer,
maintaining fraction collecting conditions
as above. Elution was pursued by dis
continuous changes in the ionic strength,
ranging from 0 to 200 mM KC1. Pyru
vate kinase B is normaly eluted with 150
mM KC1, but best recoveries are achieved
using the anion-exchange column on the
first use in which elution appears at 200
mM KC1. These elution KC1 concentra
tions are all included in the Tris-EDTA-
mercaptoethanol buffer above quoted.

Electrophoresis. The enzyme purity
was tested by means of electrophoresis
in 10% polyacrylamide gels according
to Weber et al. (24). The molecular
weight of the enzyme monomer was cal
culated from polyacrylamide-gel electro
phoresis with SDS using the Shandon-
Southern SDS-Polygel kit with protein
markers ranging between 53 and 265 Kdal-
tons of molar mass.

Molecular weight of the enzyme. The
gel-filtration column conditions used for
purification of the enzyme were employed
to determine the molecular weight. Refer
ence proteins were catalase, rabbit mus
cle lactate dehydrogenase, bovine serum
albumin and ovalbumin (5); blue dextran
was used to obtain Vo.

Table 1. A summary of the purification of pyruvate kinase B from Salmonella typhimurium.

Purification step
Volume

(ml)
Protein

(mg)

Activity
(units)

Specific
activity Yield

Purifi.
factor

(units mg [) rotein-’)

1. Crude extract 19 798.0 519.3 0.65 «100» —
2. Heated extracts 13 114.4 . 345.0 3.01 66.5 4.62
3. (NHJ 2SO4 fractionation 3.6 30.0 173.0 5.81 33.1 8.92
4. Gel filtration chromat.:

Sephacryl S-200 12 6.74 100.1 14.8 19.3 22.7
5. Ion exchange chromat.:

DEAE-Sephacel 3.0 0.04 43.4 1004.8 8.4 1544
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Emzyme assays. The pyruvate kinase
reactions was measured the decrease in

which corresponds to the con
version of NADH. to NAD+ as result of
the pyruvate-lactate reduction catalized
by LDH. In all cases initial enzyme ve
locities were measured. One enzyme unit
catalyzes the conversion of 1 /xmol of
NADH. to NAD+ per min under stan
dard conditions (1 cm optical way, 30° C,
pH and effectors defined elsewhere). The
final concentration in cuvette of each
component of the reaction mixture was
30 mM HEPES, 0.16 mM NADH., 5 mM
MgCl., 1 mM FBP and 10 u.i. LDH in
a volume of 1 ml. In kinetic measure
ments the substrate PEP and ADP were
added in variable concentrations; the en
zyme amount used corresponds to 72 /xg
protein, unless otherwise indicated. In the
extracts, the reaction was iniciated by the
addition of PEP (1 /xmol). The activity
observed in this assay was taken to be
due to pyruvate kinase A. The assay was
repeated with the additional presence of
FBP (1 /xmol), and the difference in rate
between the two assays was assumed to
be due to pyruvate kinase B. The ratio
of NADH2 oxidized to PEP utilized was
assumed to be unity. One enzyme unit
corresponds to 1 /xmol of substrate trans
formed per min, and specific activity is
enzyme units per milligram of protein.

Protein estimation. Protein was meas
ured either colorimetrically, by the mod
ified Folin method (11) with crystalline
bovine serum albumen as standard, or
spectrophotometrically (22).

Reagents. Sodium ATP was obtained
from Aldrich-Europe. The tricyclohexyl
ammonium salt of PEP was purchased
from Merck. PEP (monopotassium and
trisodium salts), HEPES and the tetra
cyclohexylammonium salt of FBP were
adquired from Sigma, as well as pyruvate
kinase-free LDH. Other reagents were of
the highest commercial purity available.

Data analysis. Kinetic data were pro"
cessed by linear regression routine of a
Texas Instruments TI-59 programmable
calculator and programs designed to ellu-
cidate kinetic mechanism of the enzyme
and the concentrations of the different
binding species of substrate and activator
with Mg2+ and H+ ions recording the
equations by MacFarlane and Ains
worth (12). These programs are avail
able in our Department.

Results and Discussion

General properties. The pyruvate kin
ase has been purified until homogeneity
as described in the «Materials and Meth-
ods» section. The purity of the prepara
tion has been tested by the results obtained
by polyacrylamide gel electrophoresis.
The molecular weight of this protein and
its subunits appears to be 240,000+ 10,000
and 60,000 + 4,000, respectively, as judged
by gel filtration cromatography (fig. 1)
and sodium dodecyl sulphate polyacryl
amide gel electrophoresis. The value ob
tained for the holomer is on the range

Fig. 1. Calibration curve for the determina
tion of the molecular weight of S. typhimu-
rium pyruvate kinase B by Sephacryl S-200

gel filtration.
The used standard proteins are indicated. The
distinct symbol corresponds to the pyruvate

kinase B value.
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obtained for yeast pyruvate kinase (12)
and close with that from Pseudomonas
citronellolis (3); likewise, this molecular
weight value is very similar to that ob
tained from E. coll, according to Way
good and Sanwal (23), but a little higher
than obtained in this organism by Va-
lentini et al. (21). In a similar way to
pyruvate kinase B in E. coll (16), the en
zyme from S. typhimurium is thermoesta-
ble up to 70° C. When it is store at 5° C
in the presence of 10 % glycerol and
2 mM dithiotreitol, the enzyme maintains
its activity for almost one month.

Kinetic properties. Conditions for op
timum enzyme activity. Different buffer
solutions (Tris-HCl, imidazole, phosphate)
have been used, and the best enzymatic
activities are obtained using HEPES. The
enzyme shows optimum activity at pH
6.8; this is the constant pH value used
in this study. Although the optimum tem
perature is over 45° C, the enzymatic as
says were carried out at the standard
temperature of 30° C Monovalent ions
like Na+ and K+ are not apparently re
quired for catalytic activity. This behav
iour is similar to the analogous enzyme
from E. coli, but differs of the pyruvate
kinase isolated from most sources (8, 9,
12), where K+ ions are essential for activ
ity. Nevertheless, either Mg2+ or Mn2+
ions are required for S. typhimurium
pyruvate kinase B to act, within a reduced
range of ion concentrations (fig. 2). The
specific activity versus total (free and sub
strate- and FBP-Iinked) Mg2+ concentra
tion plot shows positive homotropic inter
actions and the optimum total Mg2+ con
centration was estimated to be 5 mM. The
calculated value for the optimum free-
Mg2+ concentration was around 2 mM.
The conversion from totaI-Mg2+ to free-
Mg2+ dependence of the specific activity
is shown by the dotted curve on figure 2,
and it was the basis for the correction of
the results concerning the enzyme mech
anism, as will be explained below. Using

Fig. 2. Magnesium dependence of the pyru
vate kinase B reaction.

The solid line shows the dependence of the
specific activity of pyruvate kinase B on the
total magnesium concentration. The concentra
tion of both ADP and PEP was hold to 3 mM,
FBP concentration was 1 mM and pH 6.8.
Coupling factors as described in «Materials
and Methods®. The reaction was started with
the addition of 24.4 pg protein. The dotted line
gives the free-magnesium dependence of the
specific activity. The free-magnesium concentra
tion was calculated from the total magnesium
added by the use of a program based in the
dissociation constants for the different binding
species of PEP, ADP and FBP with magne
sium and hydrogen ions (12). The dashed line
is a plot of the actual free Mg-optimum free
Mg ratio (p) versus the percent inhibition of
the reaction with respect to the optimum en
zyme activity (% I). The curve was taken as
pattern for the correction to 2 mM of free Mg
from the experimental kinetic data obtained

with 5 mM total Mg concentration.

a constant level of total Mg2+ (5 mM)
and optimum pH (6.8), the rate-concen
tration plot for FBP shows an essential
activation curve with a maximum point
at 1 mM, holding constant the PEP and
ADP concentrations at 1 and 2 mM,
respectively (data not shown).

Substrate-dependence studies. Pyru
vate kinase B shows sigmoid kinetics when
phosphoenolpyruvate is used as variable
substrate, with a K (1/2) value of 5.2 mM
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Fig. 3. Substrate-behaviour of the S. typhi-
murium pyruvate kinase B in the absence of

activator. >
The enzyme velocities are expressed as absor
bance units per minute. The abscissa concentra
tions refers to the variable substrate. Below is
the Hill representation of the upper curves;
each unit represents 0.5 logarithm units, abs
cisses are logarithm of the substrate concentra
tion, and ordinates are log v/(V-v), Hill coef
ficients are 2.73 for PEP and 1.16 for ADP.

(fig. 3) and Hill coefficient 2.73; on ad
ding FBP. the kinetics become hyperbolic
(fig. 4 a). When ADP is the variable sub
strate the rate-concentration plot are hy
perbolic regadless of the presence or
absence of the activator FBP, with
K(1/2) = 0.25 mM. This behaviour is
quite analogous to the E. coli pyruvate
kinase B (23). The use of free rather than
total bivalent-ion concentrations in the
study of enzyme reactions involving nu

cleoside-phosphates is now recommended
instead of the early maintenance of a
total bivalent- ion concentration (18). As
the range of substrate concentrations used
(fig. 4) is very small (0-1 mM), the varia
tions in the total-Mg2+ concentrations to
add to the cuvette to get 2 mM free Mg2+
as optimum concentration (fig. 2) can
also be shown to be small; the error im
plied in the manipulation of such concen
trations could lead to uncertain results.
Therefore, to overcome those difficulties
the dashed line on figure 2 was con
structed, which served as pattern for the
correction at optimum Mg2+ conditions
of the experimental points obtained at
5 mM total Mg2+. Using 5 mM total
Mg2+, 1 mM FBP and pH 6.8 the usual
approach to the study of a bisubstrate
reaction has been followed, that is, to de
termine for both substrates the depen
dence of the reaction rate agains one sub
strate, holding the concentration of the
other constant.

Figure 4 a shows the effect of varying
the PEP concentration by keeping ADP
concentration at three fixed values. In the
upper graphic there is an apparent high-
level substrate inhibition, which becomes
even more pronounced with the increase
of the ADP concentration. This can sug
gest a preferential kinetic way (6) and/or
proper high-level PEP inhibition. The ap
parent Michaelis constant value for PEP,
obtained by plotting the data in double
reciprocal form, is 0.08 mM; if the re
sults are corrected for 2 mM free Mg2+
(fig. 4 a, main graph), KSPEP appears as
0.07 mM, in the same range as E. coli
pyruvate kinase B (23) and yeast enzyme
(12). The reaction rate-ADP concentra
tion relationship is shown on figure 4 6.
Similarly to the PEP action, there is a
clearly hyperbolic shape with strong in
hibition as ADP concentration increases.
The corrected double reciprocal plot (fig
ure 4 b, main graph) leads to lines inter
secting at the third quarter; the abscissa
of the crosspoint gives a K„ value for
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Statistical parameters from these
representations are as follows
(mathematical straight lines are
assumed to be in the form y =
mx + b; a is the abscissa in
origin, r is the regression coef
ficient):

a)
[ADP] 0.1 0.3 0.5

b 9.136 3.739 2.529
a —13.692 —13.862 —12.883
m 0.667 0.27 0.196
r 0.998 0.984 0.997

b)

[PEP] 0.1 0.3 0.5

b 1.664 0.971 0.447
a —1.373 —1.050 —0.531
m 1.212 0.924 0.841
r 0.993 0.999 0.998

Fig. 4. Substrates-dependence of the reaction rate.
The data were obtained at 5 mM total Mg and corrected for 2 mM free Mg by using the
curve on figure 2. .The reaction was started with the addition of 72 /xg protein. Velocity is
expressed as absorbance units per minute. All the concentrations are millimolar. The upper
graphs are the direct rate-concentration representations, a) PEP-dependence of the reaction
rate in the presence of 0.1 (O), 0.3 (■) and 0.5 (•) mM ADP. FBP concentration, pH and
coupling factors as already described. Lower graph is the double reciprocal representation
from which KSPKI> value is obtained, b) ADP-dependence of the reaction rate in the presence
of 0.1 (O), 0.3 (■) and 0.5 (•) mM PEP. Lower graph is the double reciprocal representa
tion from which KsADr value is obtained. In the upper graph on b) there was omitted the
curve at 0.5 mM for more clarity. In both graphs, points corresponding to 0.01, 0.025, 0.05

and 0.075 mM PEP or ADP are not shown, but they were included in the analysis.

4
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ADP of 0.25 mM, similar to that of
E. coli pyruvate kinase B (23) but less
than yeast enzyme (12).

Kinetic mechanism of pyruvate kinase
B. Figure 4 a shows that ADP binds
non-competitively to the enzyme with
respect to PEP, i.e. ADP seems to be an
activator that can bind either free en
zyme or enzyme-PEP complex without
any change in K.PEP. From figure 4 b a
mixed type activation pattern is deduced:
PEP behaves with respect to ADP as an
essential activator that decreases the af
finity of enzyme-PEP complex to ADP.
Therefore, the binding of PEP to the en
zyme causes an increase in the dissocia
tion constant for ADP on a factor a > 1
(scheme 1 a). This intersecting pattern
excludes a ping-pong and ordered Bi-Bi
type mechanism. Following the rapid
equilibrium random Bi-Bi system, one
can readily see that figures 4 a and 4 b
should be symmetrical, in the sense that
the intersection points of the lines can
both be located above, on or below the
(-x)-axis. The present results, therefore,
exclude a rapid-equilibrium mechanism,
but they support at least qualitatively a
steady-state mechanism (scheme 1 b) with
the existence of a kinetically preferred
way and one or two dead-end complexes.
According to King and Altman’s pro
cedure (4) to obtain the initial rate equa
tions, this steady-state random-ordered
hybrid Bi-Bi mechanism has proved to
be the only one suitable for the expe
rimental results whenever the following
conditions are satisfied: i) the kinetically
preferred way to the ternary complex
involves the formation of enzyme-ADP
rather than enzyme-PEP complex; ii) the
enzyme-ADP-ADP dead-end complex
must be formed more rapidly than en-
zyme-PEP-PEP, this latter being optional.
The model has been tested by theoretical
simulation.

These results reveal the possible role
of pyruvate kinase B in glycolytic condi-
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EB * A

aKs
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EAB-------* E ♦ PRODUCTS

k1 k6
E * A - --------- EA ♦ A - EAA
„ k-1 + k-6

B B

k2 k-2

EB * A
♦

B

k7 k-7
PRODUCTS

EBB
Scheme I. Kinetic mechanisms for the reac

tion ADP + PEP—* Pyr 4- ATP.
«) Kinetic pathway according to a rapid equi
librium random Bi-Bi system. E represents free
enzyme, A means ADP and B, PEP; EA, EB
and EAB are the respective enzyme-ADP and
ternary enzyme-ADP-ADP complexes. K,ADP
and KSPEP are the dissociation constants for EA
and EB complexes, respectively. Ks- modifying
factor is a and it should be noted that a can
modify either KSADP or KaPEP, since the rate
equation set up assuming constant concentra
tion of ADP or PEP have the same shape (4).
b) Kinetic pathway according to the proposed
hybrid steady-state system. The subscript «mi-
nus» in the rate constant means reverse rate
constants. EAA and EBB are the respective
enzyme-ADP-ADP and enzyme-PEP-PEP dead

end complexes.

lions. PEP can be channeled either to the
oxalacetate formation by means of the
anaplerotic reaction of phosphoenolpyru
vate carboxylase, or the formation of 
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pyruvate by pyruvate kinase B. It is a
significant fact that both enzymes are lo
cated in a dual metabolic point and that,
in 5. typhimurium, as phosphoenolpyru
vate carboxylase activity is independent
of FBP and activated by ATP (3), pyru
vate kinase B is activated by FBP and
product-inhibited by ATP (data not
shown). This ATP modulation of both
enzymes can contribute to control the
PEP distribution to the different metabol
ic pathway, given the energetic status of
the cell. In E. coli, a similar regulatory
situation appears to exist (23), but in this
case the kinase inhibition and carboxyl
ase activation are due to ATP. Moreover,
the strong increase in the reaction rate at
low concentrations of ADP, that is, at
little changes in the cell energy level, and
the fact that the kinetically preferred way
of the proposed mechanism involves the
primary formation of enzyme-ADP com
plex, suggest a direct implication of py
ruvate kinase B in the energy production.

Resumen
Ha sido aislada y purificada hasta homoge-

neidad la piruvato quinasa activable por fruc-
tosa-l,6-bisfosfato de Salmonella typhimurium
LT-2. La enzima, semejante a la de Escherichia
coli, es un tetrAmero con peso molecular apro-
ximado de 240.000. El pH optimo de la en-
z’.ma se estimd en 6,8 (T = 30° C). La reaction
enzimitica no requiere iones K+, siendo el Mg3+
6 Mn!+ esenciales para la actividad. La enzima
sin efector muestra cindtica sigmoidal frente a
fosfoenolpiruvato, con un coeficiente de Hill de
2,73; activada con fructosa-l,6-bisfosfato pre-
senta comportamiento hiperbdlico con K»ADP
y KSPEP de 0,25 y 0,08 mM, respectivamente.
Se ha observado inhibition de la enzima frente
a ATP y exceso de ambos substrates. De acuer-
do con los resultados experimentales se pos-
tula un mecanismo Bi-Bi de estado estaciona-
rio hibrido aleatorio-ordenado con dos com-
plejos de via muerta.
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