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LIST OF ABBREVIATIONS

All mutations are written as A##B, where A is the single letter amino acid code of the
original amino acid, numbers represent the yeast PK residue position, and B is the
single letter amino acid code of the replacement amino acid

Structural elements are labeled according to Larsen et al. (17) as shown in Figure Al.

A-A subunit contacts -One of two types of PK subunit contacts. Involves A, C, and N-

ADP
ATP

Arg 42 pocket -
C-C subunit contacts
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EDTA
FBP
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r_
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t-

terminus domains
Adenosine diphosphate
Adenosine triphosphate
A pocket between A and C domains of PK
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A heat sensitive yeast strain
Ethylenediamine-tetraacetic acid
Fructose-1,6-bisphosphate
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Pyruvate kinase

Use of pyruvate kinase deficiency as a screen to identify
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Yeast gene that codes for pyruvate kinase

Yeast gene that codes for a possible second pyruvate kinase

Yep24 based plasmid with a yeast pyruvate kinase gene inserted
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A high activity tetrameric state in thermodynamic models of
cooperativity and allostery
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INTRODUCTION

Glycolysis in Metabolism

All living organisms need to acquire and utilize free energy. These processes are
collectively called metabolism. A chain of enzyme-catalyzed reactions that produce a
specific product is a metabolic pathway. Metabolic pathways must be sensitive and
responsive to substrate availability and needs of the total organism to avoid energy waste.
This sensitivity and responsiveness is accomplished through regulation of key enzymatic
reactions within the pathway.

| Regulation of enzymes occurs at several levels. The quantity of enzyme present is
dependent on the balance between the rate of biosynthesis and the rate of degradation.
Biosynthesis requires transcription and translation of the gene coding for the regulator
enzyme. A change in the rate of biosynthesis requires an altered rate of transcription and/or
translation. Changes in enzyme quantity are generally considered to be a relatively slow and
long-term form of metabolic regulation. Regulation of the catalytic activity of an enzyme
can occur on a much shorter time scale. Feed-forward activation, feed-back inhibition,
protein modification, allosteric regulation, and substrate channeling are all types of
regulation that regulate catalysis at the enzyme level.

Glycolysis is one of the best characterized metabolic pathways. Glycolysis is
metabolism of glucose to pyruvate with the production of two moles of ATP per mole of
glucose. Nearly all living cells have the glycolytic pathway and many cell types are
dependent on glycolysis as their primary source of energy. In addition glycolysis is

responsible for producing metabolites that are substrates for a variety of other metabolic



pathways. Therefore understanding glycolysis is necessary to understanding metabolism as
a whole.
Pyruvate Kinase in Regulation of Glycolysis and Gluconeogenesis

In opposition to glycolysis, gluconeogenesis is a major liver function that produces
glucose. If régulation of glycolysis and gluconeogenesis in the liver is not coordinated, then
production of glucose and utilization of glucose occur at the same time. This process called
futile cycling, wastes energy. Regulation of glycolysis is accomplished by regulation of
enzymes that catalyze crucial reactions in the glycolytic pathway. Due to the large free
energies of the reactions catalyzed by hexokinase, phosphofructokinase, and pyruvate
kinase, these three enzymes are the major sites of regulation in glycolysis. Control of
pyruvate kinase activity is vital in preventing futile cycling in the liver.

Pyruvate kinase (PK) catalysis the last reaction in glycolysis and is one of two
glycolytic reactions that produces ATP. The forward reaction catalyzed by PK has a
negative free energy of -6.5 kcal/mole and is therefore essentially irreversible. The reaction
transfers a phosphoryl group from phosphoenolpyruvate (PEP) to ADP to yield pyruvate
and ATP. For most isozymes of PK two divalent cations and one monovalent cation are

required for activity.

K+, Mg+2
PEP + MgADP + H* ---------- > Pyruvate + MgATP

PK is regulated by a number of mechanisms. PEP and cations cooperatively
regulate PK. This phenomenon is the ability of initial bound ligand to increase PK's
affinity for late bound ligand and results in a sigmoidal shaped activity curve as the ligand
concentration is varied. In some isozymes of PK, activity is regulated by
phosphorylation/dephosphorylation. The effect of this covalent modification is to inhibit

PK's activity.



Allosteric refers to "other site". Allosteric regulation therefore defines that an
allosteric regulator binds at a site distant from the active site. However, binding of allosteric
effectors to distant site(s) causes modification at the enzymes catalytic site. Fructose-1,6-
bisphosphate (FBP) is an allosteric activator of many PK isozymes. ATP is an allosteric
inhibitor of several PK isozymes.

Due to the importance of cooperative and allosteric regulation to PK's function as a
regulation site in glycolysis, understanding how these regulation mechanisms function is
important. The purpose of this study was to add to the understanding of allosteric
regulation of PK by FBP.

Medical Importance of Pyruvate Kinase

Due to the importance of pyruvate kinase in metabolism, clinical importance of this
enzyme is not surprising. Glycolysis, using glucose as a major nutrient, is the major energy-
producing pathway of erythrocytes. Therefore, defective glycolytic enzymes have a drastic
effect on the energy production and health of erythrocytes. Pyruvate kinase deficiency in
human erythrocytes was first identified by Valentine ez al. in 1961 (1). It is now recognized
as the most common cause of hereditary nonspherocytic hemolytic anemia. Several reviews
have been published on historical, clinical, and metabolic aspects of this deficiency (2-5).
Hemolytic anemia has also been described in animals (6-10).

Protozoan such as Trypanosoma brucei lack a TCA cycle and are completely
dependent of glycolysis for energy when in mammalian blood. Since phosphofructokinase
is unregulated in these organisms, energy flux is controlled by PK (11-14). Unlike
mammalian PK, PK of T. brucei is activated by fructose-2,6-bisphosphate (15). Therefore
PK is a site that has been considered for drug design. Information that adds to the general
knowledge of PK structure/function will be beneficial to understanding pyruvate kinase

deficiency and to designing drugs that target PK of T. brucei.



Pyruvate Kinase Structure -

In order to consider allosteric regulation of PK, one must first understand what is
currently known about PK structure. A backbone trace of cat muscle PK was solved at 2.6
A resolution in 1979 by X-ray cfystallography (16). More recently, structures have been
solved for rabbit M1, yeast, Escherichia coli typel, and Leishmania mexicana (17-22). The
overall conformation of each of these PK's is similar. Crystallized PK enzymes are in
tetrameric states consisting of four identical subunits. Each subunit consists of four
domains: A, B, C, and N-terminus (Figure 1). There are two different subunit contacts
resulting in a quaternary structure of a dimer of dimers (Figure 2). The N-terminus, A, and
C domains are involved in one of the subunit contacts (referred to in this paper as the A-A
subunit contacts) and only the C domains are involved in the second (referred to in this
paper as the C-C subunit contacts). The A domain, located between the B and C domains,
has a B-barrel structure (23). The active site lies between the A and B domains in each of
PK’s four subunits. One end of this B-barrel makes up part of the active site, while the
highly dynamic B domain constitutes the remaining portion of the active site.

Several crystal structures have been published which contain various substrate
analogs and cations bound in the active site (17-20). In addition, a large number of
physical, chemical and kinetic experiments have been used to characterize the active site of
the PK enzyme from several sources (see (24) for extensive review). Consequently
interactions of PK with substrates and cations in the active site are reasonably well
understood.

Kinetic Properties of Pyruvate Kinase

In mammals there are four isozymes (M1, M2, L, and R) which derive from two
genes. M1 and M2 are both coded by the M-gene through altemative RNA splicing (25).
The M1 isozyme is primarily found in muscle tissue. It demonstrates Michaelis-Menten
hyperbolic kinetics with respect to PEP in the absence of allosteric effectors. M1 shows

activation by FBP only if it has first been inhibited by the allosteric inhibitor, phenylalanine



Figure 1. Backbone Trace of a Rabbit Muscle PK Monomer. Each of 4 subunits in a
tetramer has 4 domains: A, B, C, and N-Terminus. The Active site lies between the B
and A domains. Two types of subunit contacts are involved in making a tetramer. One
type of contact involves only the C domains of two subunits while the other contact type

involves A, C, and N-terminus domains of two subunits (17).



Figure 2. Two View of the Tetramer of Pyruvate Kinase. The A, B, and C domains of

each subunit are labeled.






(26). The M2 isozyme is the fetal form of PK. It is also expressed in adult adipose tissue
and lung (27,28). This isozyme has sigmoidal kinetics with respect to PEP in the absence
of FBP. Upon activation by FBP the kinetic response shifts to a Michaelis-Menten
hyperbolic response (28,29).

Liver (L) and red blood cell (R) PK's are both coded by a second mammalian gene
(L-gene) as a result of different promoter sites (30). L and R isozymes are highly regulated
isozymes that show sigmoidal kinetics with respect to PEP in the absence of FBP, but shift
to hypérbolic kinetics in the presence of the activator. Both the L and R isozymes have
phosphorylation sites near the N-terminus, which are regulated by the cAMP-dependent
protein kinase (31,32).

Even though most non-mammalian enzymes currently studied show M1-like or L-
like characteristics, not all PK’S share activation by fructose-1,6-bisphosphate. The enzyme
from Bacillus stearothermophilus is activated by ribose-5-phosphate (33,34). One of E.
coli’s two isozymes is activated by AMP (35). PK from T. brucei is activated by fructose-
2,6-bisphosphate in addition to fructose-1,6-bisphosphate (15). Pyruvate kinases from
castor seeds and Zymomonas mobilis have not been demonstrated to have an allosteric
activator (36-38). Even though PK isozymes with different regulation have been identified,
most are activated by phosphated cyclic-sugar cbmpounds. Therefore, structural changes
induced by activators might be expected to be similar.

Pyruvate Kinase of Saccharomyces cerevisiae

Saccharomyces cerevisiae (yeast) PK kinetics are similar to those reported for
mammalian L-isozymes. Yeast PK shows hyperbolic curves when ADP is varied in the
presence of saturating amounts of PEP both with and without FBP (39). PEP curves are
sigmoidal in the absence of FBP (40). In the presence of FBP the apparent affinity for PEP
is increased and the shape of the response curve becomes hyperbolic (40). Kinetic
responses to varying concentrations of monovalent and divalent cations are sigmoidal and

respond to FBP activation (41).



Unlike mammalian PK, allosteric regulation of PEP affinity of the yeast enzyme by
alanine and phenylalanine has not been reported. Even though ATP inhibits yeast PK, the
allosteric nature of this inhibition is uncertain (41). The yeast PK has a potential site for
phosphorylation by cyclic-AMP dependent protein kinase, however, there is little evidence
that the yeast isozyme is regulated by phosphorylation by this enzyme (42). Mckl, a
member of the glycogen synthase kinase 3 family of protein kinases, has been found to
suppress PK activity in yeast cells (43).

Yeast PK has been purified using many approaches and is well Kkinetically
characterized with respect to substrates, ions, pH, and allosteric effectors (39-41,44-51). No
crystallography data for yeast PK was available at the onset of this study in 1994. However
a model for this enzyme, built from the rabbit M1 coordinates (17), was developed at the
beginning of this study (see results). A yeast PK model based on the cat M1 coordinates
has also been constructed (52). In 1998 the structure of yeast PK was solved (20). Since
yeast shareé allosteric activation by FBP with several other PK isozymes, yeast PK makes a
useful PK model that can provide insight into allosteric regulation by FBP.

Fitting Pyruvate Kinase to Allosteric Models

There have been a variety of models developed to explain cooperative regulation. Of
these, the concerted model of Monod et al. and the sequential model of Koshland ef al. are
most popular (53,54). The low affinity tense (T) state and the high affinity relaxed (R) state
are assumed in both models. In both models, capital letters (R and T) are used to describe
the conformation of the whole multimer. Lower case letters (r and t) are used to describe
the conformation of a single subunit. The concerted model assumes that upon binding of a
substrate the equilibrium between the all-T state multimer and the all-R states multimer is

altered:



(;l'('l'
ot

T R

The sequential model states that the binding of substrate to one site induces a tertiary

change and that each subunit affects the state of the neighboring subunit:

t-t |, |r -t° r -r r-r r-r
t-t t'-t t'-t' r-t' r-r

A more complicated model has been developed to describe cooperativity in
hemoglobin (55). The advantage of the latter model is that the tetramer functions as a dimer
of dimers. The dimer of dimers nature of PK has been noted based on structural data (56).
The Ackers model inay be valuable in understanding PK regulation once additional
information is available.

It is conceptually easy to use the concerted and sequential models, originally
developed to describe cooperativity, to describe allosteric regulation. Both models assume
equilibrium between activity states and substrates shift this equilibrium. Allosteric regulators
may shift the equilibrium independent of the substrates' effects. Because of the possible
ties between cooperative and allosteric regulation, the term homotropic cooperativity has
been used to imply the influence of a ligand on its own subsequent binding. Heterotropic
cooperativity is used to imply the influence of a ligand on the affinity for different ligands.

Unlike cooperative regulation, explanation of allosteric regulation does not require
multiple activity sites. However, since allosteric regulation of PK by FBP involves

conversion of sigmoidal kinetic curves to hyperbolic, altered communications between
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subunits is implied. Therefore, allosteric regulation of PK involves communication between
multiple subunits.

Several studies have tried to fit data from PK to models. Kinetic data from
mammalian isozymes has been found to fit a two-state model (26,57). Kinetic and
fluorescent analysis of yeast and B. stearothermophilus PK's support an extended
concerted model including a third, R, T,, state (24,52,58,59).

Changes in the Active Site Due to Allosteric Transition

The purpose of this study was to add to the understanding of allosteric regulation of
PK by FBP. The active site, the FBP binding site, and subunit interface(s) are all known to
be important to allosteric regulation. Changes caused by FBP binding at the FBP binding
site must be responsible for triggering all subsequent allosteric changes. Changes in the
active site, resulting in the altered appaient affinities for PEP associated with allosteric
regulation of many PK's, must be caused by FBP binding.

Changes in the active site of PK due to binding allosteric effectors have been
followed in a number of studies. Recent work by Mesecar et. al. has demonstrated that
FBP and PEP are coupled to the divalent ion but are not directly coupled to each other
(60,61). Distances between the diValent and monovalent cations in the active site change in
response to the presence of FBP (62-64). It isv important to note that the kinetic response of
PK to PEP is dependent on the type of cation present (65,75).

Allosteric Site(s)

At the onset of this study very little was known about the binding site(s) of allosteric
effectors or their mechanism(s) of regulating the activity of the protein. However, several
studies had investigated the nature of the allosteric activator, fructose-1,6-bisphosphate.
Waurster et al. used structurally locked sugar-phosphate analogues to determine yeast PK's
tautomeric and anomeric specificity for FBP (67). The B-furanose form of FBP was found
as the activator. In a similar study Fishbein et al. suggested that yeast PK is nonspecific

with respect to anomeric configuration of the activator, but that a C-2 hydroxyl is necessary
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for activation (68). Speranza et al. used FBP analogs to study PK from E.coli (69). They
concluded that both phosphates were important for binding, but the presence of a cyclic
structure was not necessary. Haeckel et al. has shown that yeast PK is activated by glucose
1-phosphate, however, no activation was observed by the monophosphate fructose analogs
(41).

At pH 6, crystals of cat M1-PK have been generated that contained ADP in a pocket
(referred to in the literature as the arginine 42 pocket or the putative ATP binding site) in the
region between the A and C domains (70). This might be a site for ATP regulation, but it
was ADP, not ATP, that was bound in this pocket. This putative ATP site has often been
generalized in the literature to be the allosteric binding site, suggesting that other allosteric
effectors bind at this location (34,71,72).

Pyridoxal 5'-phosphate labeling and protection experiments have identified a lysine
(equivalent to yeast 406) thought to be important to FBP binding (72,73). A lysine
(equivalent to yeast 413) was also identified that was thought to be important to ADP
binding at a site distant from the active site (72,73). However, the lysine residues identified
are not located in the Arg 42 pocket. An ATP analog has been found to react with a lysine
(equivalent to yeast 292) in the region between the A and C domains (74). Again this latter
site differs from that labeled as the putative ATP binding site. Results of FBP binding
studies using rat liver PK show that ATP has little effect on the binding of FBP, and
therefore do not support a common binding site (75). The summary of the literature
available at the beginning of this study suggested that the FBP binding site was distinct
from the ATP binding site and that both sites were located between the A and C domains.

After the initiation of this study the crystal structure of yeast PK with FBP bound
was reported (20). The FBP binding site is completely contained within the C domain. The
6'-phosphate of FBP binds to serine 402, serine 404, and threonine 407 through hydrogen
bonds. The 1'-phosphate group of FBP is bound to arginine 459 through a strong
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electrostatic interaction. The sugar ring provides additional interactions with tryptophan 452
and backbone atoms of 483 and 491.
Allosteric Message Across C-C Subunit Interfaces

Loss of cooperativity in apparent PEP binding is associated with allosteric
regulation of PK by FBP. Since a single PEP binding site is contained in a single subunit
of the PK tetramer, cooperativity in apparent PEP binding is dependent on changes at
subunit interface(s). Therefore FBP must cause changes in the subunit interface(s) which
give rise to the loss in cooperativtiy in apparent PEP binding.

Allosteric regulation may involve one or both types of subunit contacts. Only 22
amino acids differ between the mammalian M1 and M2 isozymes which demonstrate quite
different kinetic and allosteric properties (25). These 22 amino acid differences fall into the
C to C subunit contacts (17;56). M1 shows a hyperbolic PEP-dependent kinetic response in
the absence of allosteric effectors but can be shifted to a sigmoidal response in the presence
of phenylalanine (26). This isozyme can be activated by FBP if it is first inhibited by
phenylalanine (26). M1 shows no kinetic response to FBP in the absence of phenylalanine
(26). M2 shows a sigmoidal PEP-dependent kinetic response in the absence of effectors
but can be shifted to a hyperbolic response in the presence of fructose-1,6-bisphosphate
(26). These observations suggests that the two mammalian isozymes can have the same
general properties but the equilibrium between the two states is altered due to their 22 amino
acid differences. Fluorescence life-times of tryptophan residues in the PK isozymes
provide evidence that in the absence of effectors the M1 enzyme exists almost exclusively in
the R-state, while the M2 enzyme favors the T-state (26).

Residues that are non-conserved between mammalian M1 and M2 PK isozymes
have been probed by mutagenesis. Replacing a cysteine with a leucine (at a position
equivalent to yeast 394) causes the sigmoidal shape of M2's PEP dependent kinetic curve, in
the absence of activator, to became hyperbolic (76). In the M1 isozyme, replacing an alanine

with an arginine (at a position equivalent to yeast 369) shifted the kinetic response to
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resemble that of the M2 isozyme (77). Mutations th the C-C interface of yeast and B.
stearothermophilus isozymes also support the importance of the C-C subunit contact in
allosteric regulation (59,78).

Pyruvate kinase from Zymomonas mobilis has been cloned and sequenced (36).
This isozyme is active as a dimeric enzyme (37). It lacks both homotropic and heterotropic
cooperativity (37). Comparing the amino acid sequence of Z. mobilis PK with the sequence
and structure of yeast PK shows that conserved residues are on the interior of individual
subunits as well as at the A-A interface. This suggests that the loss of regulation may be the
consequences of changes in the C-C subunit interface contacts (20). |
Allosteric Message Across A-A Subunit Interfaces

The differences in kinetic properties of M1 and M2 isozymes and the relatively
small sequence differences between them emphasizes the role of the C-C subunit contacts in
allosteric regulation. However, it is important to realize that both M1 and M2 isozymes
maintain the ability to be regulated by allostery. Only the T to R equilibrium is shifted due
to sequence differences (26). Therefore both isozymes have the ability to communicate
changes at the C-C subunit interface to the active site. This communication must utilize
residues distant from the C-C subunit interface.

There have been only a few studies th.at have investigated A-A subunit contacts,
however the results of these studies indicate that residues at the A-A interface may play
important roles in regulation. Lovell et al. found that mutating glutamine to asparagine, at a
position equivalent to yeast 299, in the A-A interface altered allosteric regulation by ribose-
S-phosphate (59). Duplicating an A-A interface mutation found in hemolytic anemia in
both M1 and M2 isozymes also caused altered allosteric regulation (79,80).

Allosteric Message within Subunits

The goal of this study was to add to the understanding of allosteric regulation of PK

by FBP. The active site, the FBP binding site, and the two types of subunit contacts are all

of interest when considering allosteric regulation of PK. In addition, insight cohceming
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components within a subunit may be gained by comparing different PK strﬁctures. The
crystal structure of E. coli type I PK has been compared with the crystal structures of cat
and rabbit M1 PK's (21,81). This comparison must be interpreted with caution since the
crystal structures are frdm enzymes of different species. The E. coli structure is considered
to represent the low affinity T-state while the mammalian structures represent the high
affinity R-state (21,81). The comparison suggests that two types of motions may occur
during the T to R transition. The first motion is rotation of both the B and C domains with
respect to the A domain within each subunit. This observation agrees well with closure of
the B-domain discussed earlier with regard to the active site. The second motion is rotation
of each subunit within the tetramer. Using comparison of PK structures, little motion within
indfvidual domains is predicted in the T to R transition.

Studies that support motion of the B-domain have already been described with
respect to the active site (18,19,66). Salt bridges between the A and C domains and Al and B
domains have been predicted to be important to regulation of rabbit M1 PK (79) and of B.
stearothermophilus PK (34), respectively. Mutations in the A-C domain contacts of 7.
bruci also support the role of this region in allosteric regulation (71).

Red Blood Cell Pyruvate Kinase and Hemolytic Anemia

To further identify residues important for PK structure and function, natural
mutations of PK reported in the literature were examined. Pyruvate kinase deficiency, first
identified by Valentine et al., is now recognized as the most common cause of hereditary
nonspherocytic hemolytic anemia (1). Mutations characterized to date represent single
amino acid substitutions, splice site mutations, frame shift mutations, and termination
mutations (82-86). A great deal could be learned if each of the single amino acid
replacement mutations found associated with pyruvate kinase deficiency could be correlated
with the activity and allosteric properties of the gene product. In 1979, the International
Committee for Standardization in Haematology published standard methods for the analysis

of PK protein variants. However, the characterizations that were recommended, and have
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since been extensively used, have many shortcomings with respect to identifying properties
of individual mutated proteins. The major shortcomings include: no attempt is made to
separate PK activity into that contributed by the mutated R-PK and that contributed by M2-
PK, which has been shown to express in PK deficient erythrocytes (5); in heterozygous
mutations the two individual PK variants have not been separated; also, high reticulocyte
counts may alter the activity values (87). With these shortcomings, most information on PK
activity from pyruvate kinase deficiency patients is not useful for biochemical description of
molecular effects of the individual amino acid substitutions.

However, if a patient exhibits pyruvate kinase deficiency, one can assume a
functional mutation has occurred. Therefore, pyruvate kinase deficiency acts as a screen
(PKD-screen) to identify residues important to the structure/function of PK. A similar
approach has been used to identify important residues for site directed mutagenesis in rabbit
muscle (80). Table 1 gives a current list of single amino acid replacements that cause
hemolytic anemia.

The PKD-screen does not identify the function of mutated residues. An alignment
of PK s‘equences was compiled and is shown in the Appendix (Figure Al). Amino acid
sequences of PK's with many different types of regulation are represented, including some
PK's with no known cooperative or allosteric regulation. If a residue is highly conserved it
is likely to have common function in all PK's, i.e. active site or structure. Less conserved
residues are more likely to be involved in roles that are not common to all isozymes, such as
regulation. In an effort to identify amino acid residues important to regulation, hemolytic
anemia mutations were separated into two groups (Figures 3 and 4). Group 1 contains
residue positions that were highly conserved for function.

The positions of amino acids in the two groups are highlighted in the yeast PK
structure in Figures 3 and 4 (20). Residues in the FBP binding site are identified in group
II. Active site residues are identified in group I. Since residues in the FBP binding site and

residues in the active site are identified in the predicted groups, the logic behind this screen
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Table 1. A Current List of Sequenced Human Red Blood Cell PK Single Amino Acid
Replacement Mutations Associated with Hemolytic Anemia. This list is restricted to
mutations causing single amino acid substitutions. Mutations listed are from Baronciani
et al., Kanno et al., Demina et al., Cohen-Solal et al. and references therein (82-85).

Structural assignments are based on the rabbit muscle PK structure (17).
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2nd Super 2nd Specific Site Amino Acid

Mutation Yeast# Structure Structure Domain Domain/tetrmer Congervation
S80P 13 - N A-A SUB CONT Group I
M107T 40 H3 R#-BARREL A Group I
All5P 48 S2 f-BARREL A ~ Group I
S120F 53 - A ACTIVE SITE Group I
S130W 63 H4 £-BARREL A Group II
V134D 67 H4 £~BARREL A Group I
L155P 83 s3 £-BARREL A Group I
G159V 87 - A Group I
R163C 91 sS4 B ACTIVE SITE Group I
El172Q 98 - B Group II
G263R 190 - A Group II
G263W 190 - A Group IT
G275R 202 H5 R#-BARREL A Group I
D281N 208 - A Group I
F287V 214 - A ACTIVE SITE Group I
A295V 222 H6 R-~BARREL A Group II
I310N 237 s14 f£~BARREL A Group I
I314T 241 s14 ) £-BARREL A ACTIVE SITE Group I
E315K 242 - A ACTIVE SITE Group I
D331N 258 - A A-C DOM CONT Group I
D331E 258 - A A-C DOM CONT Group I
G332Ss 259 S15 £-BARREL A Group I
A336S 263 s15 £~BARREL A Group I
R337P 264 H9 £-BARREL A ACTIVE SITE A~ACONT Group I
R337Q 264 H9 £-BARREL A ACTIVE SITE A-ACONT Group I
D339Q 266 H9 £-BARREL A ACTIVE SITE Group I
G341A 268 H9 £~BARREL A ACTIVE SITE A-ACONT Group I
G341D 268 H9 R#-BARREL A ACTIVE SITE A-ACONT Group I
I342F 269 H9 £-BARREL A ACTIVE SITE A-ACONT Group I
K348N 275 H10 £~-BARREL A A~-A SUB CONT Group II
A352D 279 H10 £-BARREL A A-A SUB CONT Group II
I357T 284 H10 £-BARREL A A-A SUB CONT Group I
R359C 286 H10 £-BARREL A A-A SUB CONT Group I
R359H 286 H10 £-BARREL A A-A SUB CONT Group I
N361D 288 H10 £-BARREL A A-A SUB CONT Group I
G364D 291 - A A-C DOM CONT Group I
V368F 295 S16 R#-BARREL A Group I
S3761I 303 - A A-A SUB CONT Group I
T384M 311 - A A-A SUB CONT Group I
D390N 317 H11l £-BARREL A A-A SUB CONT Group I
A392T 319 H11 £-BARREL A A-~A SUB CONT Group I
N393s 320 H1l1l £~-BARREL A A-A SUB CONT Group I
N393K 320 H11 8-~BARREL A A-A SUB CONT Group I
T408I 335 - A Group I
Q421K 348 H12 8~-BARREL A Group II
R426W 353 H12 8-BARREL A Group II
R426Q 353 H12 8-BARREL A Group II
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2nd Super 2nd Specific Site Amino Acid

Mutation Yeast# Structure Structure Domain Domain/tetrmer Congervation
E427D 354 H12 f-BARREL A A-A SUB CONT Group II
A431T 358 H1l2 R-BARREL A A~A SUB CONT Group II
G458D 385 H14 C C-C SUB CONT Group II
A459V 386 H14 (o C-C SUB CONT Group II
V460M 387 H14 c C-C SUB CONT Group II
Ad68V 395 - (o} C-C SUB CONT Group II
R479H 406 H15 c FBPSITE A-C CONT Group II
S485F 412 H15 c A-C DOM CONT Group II
R486W 413 H15 C A~C DOM CONT Group I
R4SOW 417 - [ Group II
A495T 422 s19 [ Group II
A495V 422 S19 (o Group II
R498C 425 - (o FBP SITE Group IT
R498H 425 - (o FBP SITE Group II
R504L 431 H16 c ' Group II
R510Q 437 - C Group II
R518S 445 - (o Group II
R532W 459 H17 c FBP SITE Group II
R532Q 459 H17 (o FBP SITE Group II
Vv552M 479 s21 (o C-C SUB CONT Group I
R559G 486 - (o C-C SUB CONT Group II
N566K 493 - (o} C=C SUB CONT Group I
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appears to be valid. Group II contains residues in the C domain, in the C-C s‘ubunit
contacts, and in the A-A subunit contacts. Only 2 of 5 A-C domain contacts are identified
in group II. These conclusions support the hypothesis that both the C-C and A-A domain
contacts are important in regulation. However, involvement of A-C domain contacts in
regulation is not supported.

Several other observations may prove to be valuable to the study of PK. Forty-six
mutations were found in the A domain, 20 in the C domain, 2 in the B domain, and only 1
mutation in the N-terminus domain. The limited number of mutations found in the B
domain suggest that this domain acts as a scaffold to hold active site residues in place and
mutations in this scaffold do not greatly influence activity. Due to the large differences in
the N-terminus between isozymes, this domain might have predicted to be involved in
regulation.

Helix regions contain the greatest number of mutations of any secondary strﬁcture.
Together helix-9, helix-10, helix-11, and helix-12 hold the largest concentration of
mutations. These secondary structures are both part of the B-barrel super secondary
structure and are involved in A-A subunit contacts. Seven mutations are in the C-C subunit
contacts.

Arginines are the most mutated residue in the screening (16 out of 59). This may
show arginines importance in the structure/function or just that they are in positions that can
not easily handle a different amino acid. If the positive charge of arginine is indeed the
major factor for this observation then a similar observation should be made for lysine. On
the contrary, lysine is not observed as a highly mutated residue.

Mutations that cause insertion or deletion of only a few amino acids may provide
structural/functional information in addition to that provided by single amino acid
replacement mutations. Table 2 lists mutations identified with pyruvate kinase deficiency

that cause deletion or insertions of less than 3 amino acids.
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Figure 3. Yeast PK with the Positions of Group 1 Red Blood Cell Mutations
Highlighted. Group 1 contains residue positions that were highly conserved for function
in the sequence alignment in Figure Al. The subunit of interest is shown in light gray
with Group I red blood cell mutations shown in black. Neighboring subunits are shown

in dark gray.

Figure 4. Yeast PK with the Positions of Group 2 Red Blood Cell Mutations
Highlighted. Group 2 contains residue positions that were not as highly conserved for
function as residue positions in Group 1 in the sequence alignment in Figure AI.. The
subunit of interest is shown in light gray with Group II red blood cell mutations shown in

black. Neighboring subunits are shown in dark gray.
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Along the same argument for the use of pyruvate kinase deficiency mutations as a
screen for identification of structural/functional mutations, mutations that affect other PK
isozymes may also provide structural/functional insights. Table 3 lists single amino acid
mutations, other than those created by site directed mutageneses or those associated with
pyruvate kinase deficiency in humans. Included in the list are two yeast mutants, G268D
and S70F (88). G268D causes loss of PK activity in yeast strain pyk 1-5 and S70F causes
a temperature sensitive mutation in the yeast strain cdc19 (88-92). Also included is the
mutation responsible for pyruvate kinase deficiency in mice, G338D and a mutation causing
increased ATP levels in human red blood cells, K37Q, (10,93). The two yeast mutations
and the mouse mutation all occur in helix regions of the A domain’s 3-barrel. The human
mutation is in the N-terminus domain.

Hypothesis

The purpose of this study was to add to the understanding of allosteric regulation of
yeast PK by FBP. When this study was initiated, two positively charged pockets at the A-C
domain interface were believed to be important in allosteric regulation. One of these two
pockets was hypothesized to be the FBP binding site. Sité directed mutagenesis of positive
residues within the two pockets was used to test the two sites as possible FBP binding sites
and their importance in allosteric regulation. After this study was initiated, the true FBP
binding site was identified within the C domain (20). Specific residues within the FBP
binding site were believed to be responsible for triggering an allosteric response. Site
directed mutagenesis within the FBP binding site was used to test this hypothesis. Since
the cooperative, sigmoidal response to PEP is lost during allosteric activation by FBP,
subunit contacts were hypothesized to be important in allosteric regulation. Mutations

within both the A-A and C-C subunit interfaces were created to test this possibility.
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2nd Super 2nd Specific Site

Mutation Yeagt# Structure Structure Domain Domain/tetrmer
95/96 del G and P 28/29 A -
131 del of I 64 H4 f-barrel A -
354 del of K 281 H10 f~barrel A A-A SUB CONT
221 D 222 ins 147 B -
401 C 402 ins 328 s17 f-barrel A -
401 S 402 ins 328 s17 f-barrel A -

Table 2. A Current List of Sequenced Human Red Blood Cell PK Mutations that Delete
or Insert Three Amino Acids or Less. Mutations are referenced from Baronciani et al.,
Kanno et al., Lenzner et al., and references therein (84, 85, 147). Structural assignments

are based on the rabbit muscle PK structure (17).
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Mutation Yeasti#

Human-R
G37Q None

Mouse-R
G338D 265

Yeagt
ypkl-5
G268D 268

Yeast
cdecl?
s70F 70

2nd

Structure

H9

HI

H4

Super 2nd

£-BARREL

£-BARREL

£~-BARREL

A

Specific Site

Structure Domain Domain/tetrmer

ACTIVE SITE A-ACONT

ACTIVE SITE A-ACONT

Reference

(94)

(10)

(89)

This study

Table 3. A Current List of Sequenced, Naturally Occurring Single Amino Acid

Replacement PK Mutations. This list includes mutations other than those identified

with human pyruvate kinase deficiency. Structural assignments are based on the rabbit

muscle PK structure (17).
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MATERIALS AND METHODS

Computer Modeling of Fructose-1,6-Bisphosphate

In order to locate possible binding sites between FBP and yeast PK, types of bonds
FBP is capable of forming was assessed. John Carment built a computer model of the -
furanose form of FBP. The Builder module in Insight II Version 2.3.0 (Biosym
Technologies, 1993, 9685 Scranton Road, San Diego, CA 92121-2777) was used to
construct the model. This model was minimized with Discover Version 2.9.5 (Biosym
Technologies, 1994, 9685 Scranton Road, San Diego, CA 92121-4778). A
hydrophilic/hydrophobic grid map was calculated by HINT! (Glen E. Kellogg and Donald
J. Abraham, Dept. of Medicinal Chem., Virginia Common wealth Univ., Richmond, VA
23298-0540) for the energetically minimized B-FBP furanose molecule. Due to general
chemical knowledge of phosphated sugars, charge maps were not calculated for the
minimized FBP structure.
Computer Modeling of Yeast Pyruvate Kinase

A yeast PK molecular strucfural model was needed to assist in possible FBP
binding sites identification. Therefore, a yeast PK model was built using Insight II's
Homology module Version 2.3.0 (Biosym Technologies, 1993, 9685 Scranton Road, San
Diego, CA 92121-2777) by amino acid replacement into the coordinates of the rabbit
muscle PK eﬁzyme (17). After substitutions were made, amino acid side chains that
conflicted in spatial orientation were rotated using the program’s preset “highest
occurrence” positions. The most accommodating orientation from these preset positions

was used in the final yeast PK model. Differences in the length of amino acid sequence
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between rabbit muscle PK and yeast PK cause either the lack of (Gaps) or addition of
(Insertions) amino acids at given positions. These gaps and inserts can cause backbone
rearrangement that must be accounted for in a model if the rearrangements could influence
results of the study. Gaps and inserts were distant from the sites of interest in this study.
Therefore no effort was made to correct gaps and inserts in the yeast PK model. As a
control, all experiments using the yeast PK model were repeated using the rabbit muscle PK
model (17). Similar results were found in both models. Since the hydrophilic/hydrophobic
grid map of FBP indicated that most of FBP is hydrophilic, charge interactions would be
expected to be most important in FBP binding to yeast PK, and a hydrophilic/hydrophobic
grid map was not calculated for yeast PK.

Using the yeast PK model, a search was made for highly positive charged pockets
that were solvent accessible. GRASP (Nicholls, A. 1993, GRASP: Graphical Representation
and Analysis of Surface Properties, Columbia University, New York, NY) was used to
generate a surface charge map of the yeast PK model as well as the rabbit M1 model.
Bacterial Growth and Transformation

Bacterial growth plates were made by combining 10 g bacto-peptone (Difco
Laboratories, Detroit, MI), 5 g yeast extract (Difco Laboratories, Detroit, MI), 5 g NaCl, 15
g agar and 1 L H,O. Ampicillin or tetracycline was added after the media was autoclaved to
100 mg/L. or 10 mg/L respectively. Ten g of yeast extract, 20 g bacto-peptone, 20 g agar
and 900 ml of H,O were combined and autoclaved and then mixed with 50 ml of sterile
40% wi/v dextrose to make YEPD plate media. To make YEPAG, 10 g of yeast extract, 20 g
bacto peptone, 20 g agar, and 10 ml of glycerol and 900 ml of H,O were mixed, autoclaved,
and combined with 15 ml of ethanol. SOC media was made according to Sambrook et al.
(94). All liquid medias were prepared identical to plate media, without the addition of agar.

All bacterial transformations in this study were completed in 1.5 ml microfuge
tubes. Because thesé tubes have thicker walls than other tubes more commonly used in

transformations, increased heatshock times were required to maintain transformation
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efficiency. Mut S E. coli was heat shocked for 70 sec at 42°C. All other bacterial
transformations were heat shocked for 90 sec at 42°C.
Mutagenesis

Site directed mutagenesis was used as probing technique to identify residues of
importance for FBP binding and the allosteric regulation by FBP. Due to the low
transformation efficiency of the pPYKI101 (a yEP24 based shuttle vector; Figure 5)
mutagenesis efforts within this plasmid were unsuccessful. After extensive efforts to
circumvent these difficulties, this mutagenesis protocol was abandoned in favor of using a
commercial mutagenesis Kit.

Mutations were made using the Aitered Sites II in vitro Mutagenesis System from
Promega (Promega, Madison, WI). This kit utilizes pAlter as a plasmid and therefore the
PK insert (containing the yeast PK promoter, gene, poly-A tail, and additional
uncharacterized DNA) was subcloned into this plasmid (Figure 6). The plasmid, pAlter,
was digested by combining 1 pl (1 pg/ul) pAlter with 0.4 pl React 3 10x buffer (Gibco
BRL Life Technologies, Rockville, MD), 2.2 pl of H,0, and 0.4 pl of BamHI (Gibco BRL
Life Technologies, Rockville, MD). After incubating the reaction for 2 hr at 37°C, 1 pl of
10x phosphatase buffer (Promega, Madison, WI), 3.5 ul of H,O, and 1.5 pl alkaline
phosphatase (Promega, Madison, WI) were added in order to phosphatase the cut vector.
The reaction was incubated for 1.5 hr at 37°C. The reaction mix was mixed 1:1 with
phenol/chloroform/isoamyl alcohol, vortexed briefly, and microfuged for 2 min. The top
aqueous layer was removed and combined with an equal volume of 4 M ammonium acetate.
The new volume was mixed with 2.5 times the new volume of ethanol, and placed at -80°C
for 30 min. The sample was then microfuged, the supernatant removed, and the pellet dried.
The pellet was resuspended in 10 pl of H,O. Since a 50 pg/ml solution of double-stranded
DNA gives an absorbance of 1 at 260 nm, absorbance at 260 nm was used to calculated

DNA concentration (94).

28



PK-promoter

PK-gene

PK-insert PK-polyA

pPYK101
12.173 kb

2micron

PK-unsequenced

BamH1 4.400

Figure 5. Vector Circle Maps of pPYK101. The PK insert contains the PK promoter, PK

coding region, PK poly-A tail, and additional unsequenced DNA. pPYK101 was a gift

from Dr. Patricia Tekamp-Olson (96).
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BamHI 0.00
//P_'Ej[)romoter

PK-gene

AMP
pAlter-PKinsert
10.08 kb

PK-inser 5 PK-polyA

PK-unsequenced

BamHI 4.40

Figure 6. Vector Circle Maps of pAlter (Promega) with PK Insert. The PK insert,
containing the PK promoter, PK coding region, PK poly-A tail, and additional
unsequenced DNA, was subcloned form pPYKI101l. pPYKI10l was a gift from Dr.

Patricia Tekamp-Olson (96).
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In order to isolate the PK insert, 25 pl of lug/ul pPYKIOI (a kind gift from
Tekamp-Olson; (95)) was combined with 3.5 ul of React 3 10x buffer (Gibco BRL Life
Technologies, Rockville, MD) and 65 units of BamHI (Gibco BRL Life Technologies,
Rockville, MD). The reaction mix was incubated at 37°C for 2 hr. Four ul of DNA
loading buffer (50% v/v glycerol, 0.1M EDTA, 0.2% bromophenol blue) was added to the
mix and the sample was separated on a 0.9% agarose TAE gel according to Sambrook et al.
(94). After the dye front reached the bottom on the gel, the gel was stained with ethidium
bromide. The 4.4 kb band was cut out with a razor blade. Qiagen’s gel extraction kit
(Qiagen, Valencia, CA), used according to the manufacture's instructions, was used to isolate
the DNA from the gel slice. Absorbence at 260 nm was used to calculated DNA
concentration.

For ligation of the PK insert into pAlter, 0.32 pl of cut, phosphatased pAlter (0.62
ug/ul), 11.5 pl éf cut, isolated PK insert (0.025 ug/ul), and 4 pl of H,0O were combined and
incubated at 45°C for 5 min. Two pl of ligase buffer (Promega, Madison, WI) and 2 ul of
ligase (Promega, Madison, WI) were then added to the ligation reaction. The reaction was
incubated at 14°C overnight.

After the ligation reaction was completed, the entire reaction was combined with 100
ul of freshly prepared, competent JIM109 cells (Promega, Madison, WI). The cells were
prepared according to the protocol provided in the Altered Sites II kit manual. The cells
were transformed according to the transformation protocol for JM109 cells provided in the
Altered Sites II kit manual. However, only 200 pl of SOC media were added during the
procedure, and all of the transformed cell mix was plated onto bacteria growth plate with
tetracycline, - 5-bromo-4-chloro-3-indolyl-B-D-galactoside, —and  isopropylthio-B-D-
galéctoside. Plates were incubated in the dark at 37°C overnight. White colonies were
grown in 5 ml bacteria growth culture with tetracycline, at 37°C overnight. Plasmid from
cultures were purified using Qiagen spin prep’s (Qiagen, Valencia, CA) according to

manufacture’s instructions.
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To determine proper size and orientation of insertions, purified plasmid was
restricted in reactions containing 6 pl DNA, 1ul restriction buffer, and 1ul of each
restriction enzyme used. Reactions were incubated at the temperatures and times
recommended by the manufacture for the individual enzyme. BamHI, Hindlll, and BsrX1
used in size/orientation determination were obtained from Gibco (Gibco BRL Life
Technologies, Rockville, MD). Reaction mixes were separated on a 0.9% agarose gel
(Figure 7).

Mutagenesis in the pAlter clones was carried out according to the manufacturer’s
instructions, with the exception of Qiagen‘ Spin prep DNA isolation (Qiagen, Valencia, CA).
Denatured DNA template was combined with a kinased mutagenesis primer and repair
and/or knockout primefs provided with the kit. All of the designed mutations were obtained
using the wild type gene as an initial template with the exception of T403E. Multiple tries to
obtain the T403E mutation using the wild type gene template were unsuccessful. The
mutation was obtained using the mutated T403K gene as a template. Mutagenesis primers
were made by the Oklahoma State University Recombinant DNA/Protein Resource Facility.
DNA sequence surrounding target codons caused unfavorable primer design in some
mutagenesis primers. In these cases mutations in addition to the desired codon switch were
created which improved primer design without changing amino acid sequence. The primers
were annealed to the template, and then elongated and ligated.

The mutation reactions were transformed into ES1301 competent Mut S E. coli
(Promega, Madison, WI) and inoculated onto bacteria growth media with the appropriate
antibiotic to select for the newly created mutant strand of DNA. After the E. coli grew
overnight, plasmid DNA was isolated using Qiagen Spin preps (Qiagen, Valencia, CA).\
The plasmid DNA was then transformed into JM109 cells and plated on bacteria growth
plates with the appropriate antibiotic for overnight growth. Single colonies were selected
and grown in 5 ml mini-cultures overnight. Plasmid DNA was isolated using Quiagen spin

preps (Qiagen, Valencia, CA) according to the manufacture's instructions. The DNA was
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Figure 7. Agarose Gel Electrophoresis of DNA from Restriction Digests of pAlter-PK
Insert Constructs. Lanes B and F are a one Kb ladder. Lane A is sample 1 restricted with
BamHI. Lane C is sample 1 restricted with HindlIIl and BstX1. Lane D is sample 2
restricted with BamHI. Lane E is sample 2 restricted with HindIIl and BstX1. BamHI
restriction of both plasmids confirms proper sizes for insert and plasmid at 4.4 Kb and
5.68, respectively. HindlIll cuts the vector and BstXI cuts the insert so that restriction
patterns reveal how close the two restriction sites are. Lane C shows that sample 1 has
the insert orientated in the forward direction. Lane E shows that sample 2 has the insert

orientated in the reverse direction. Sample 1 was used for future work with this plasmid.



sequenced across the site of the desired mutation.

Colonies that contained the correct

mutation were stored by combining 1:1 with 30% sterile glycerol and frozen at -80°C.

List of Mutagenesis Primers:

57
K292Q GCTGGTCAGCCAGTTATCTGTGC
K413Q GTTTCCCAGTACAGACC
K236Q CGTCCAGATCATTGTCAAGATTG

Y436F TGCTAGATTCTCTCACTTGTTCAGAGGTGTCTTCC

R77Q ATTGTACCCAGGTCAACCATTG

R19Q GTTCTGACTTGCAGAGAACCTCCATCATTGGTAC
R409Q GTACCACCCCACAATTAGTTTCCAAGTACAGACC
T406R CGGTAGAACCCCAAGATTGGTTTCCAAGTACAGAC
K236E CGTCGAGATCATTGTCAAGATTGAAAACC

K292E GGTGAGCCAGTTATCTGTGCTACC

R409E GTACCACCCCAGAATTGGTTTCCAAGTACAG
K413E GGTTTCCGAGTACAGACCAAACTGTCCAATC
R415Q GTACCAAACCAAACTGTCCAATCATCTTG
Y436S TGCTAGATTCTCTCACTTGTCCAGAGGTGTCTTCC
Q299N GCCTGTTATCTGTGCTACTAATATGTTGGAATC
R459Q GGACTGATGATGTAGAAGCCCAGATCAAC
E392A TCCGCTGTCGCTGCTGTATTCGCTCAAAAG
R36SA CARAACTACGATGATATGGCAAACTGTACTC
T311M CCCAAGACCAATGAGAGCAGAAGTTTCCGATG
T403E AGGCTATCATTGTCTTGTCAGAATCGGGCACCAC
T403K AGGCTATCATTGTCTTGTCCAAGTCGGGCACCAC
A458R GGACTGATGATGTAGAACGCCGTATCAAC
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List of Sequencing Primers designed with SoYeon Park:

PRIMER 5 3 POSITION #
(Tekamp-Olson sequence)

+1 GGATCCTGCTTGTGATGTCTTCCAAGTG 587

+2 AAGACACCAATCAAA 877

+3 CAAGAACATCACCAA 1301

+4 TCCCAGCCCCAGAAGTC 1723
+5 CGTGTCGCTGCTGTT 2064

+6 TCAAGAACGGTGTCCAC 1519
+7 CTCTCACGGTTCTTACG 1067
+8 ACCAGATGCCCAAGAGC 2181
+9 CATGGTCCCCTTTCA 769

+10 CCAAGGGTCCAGAAATC 1165
-1 GGATCCGATTATCTTGCGATGGGAGG 2669
-2 ACGGTAGAGACTTGC 2394

-3 CGAATGGGAAGACACCT 2220
-4 CGGTTTCAGCCATAGTG 1941
-5 GTGGACACCGTTCTTGA 1519
-6 GGTGGGATTGGGTAGTC 1209
-7 GGCAAGTAAGCGATAGC 1983
-8 TGGGGCTGGGATTTCAA : 1715
-9 ACGACAATTGGAGAC 2589

-10 CTACCAGCGGAGATGAC 1317

Subcloning into an Expression Vector

In addition to difficulties in mutating the PK gene within the yEP24-based
pPYK101, subcloning of mutated PK genes from pAlter into YEP24 was unsuccessful. The
reasons for this difficulty are still unclear. However, low transformation efficiency of this
plasmid, size of insert, and non-directional cloning may have contributed to this failure.

PCR was used to add a new restriction site to allow for directional cloning. Desired
PK mutants in pAlter were used as templates in PCR reactions using Gibco's PCR Reagent
System (Gibco BRL Life Technologies, Rockville, MD). The upstream primer included the
BamHI site that was used to ligate the PK insert into the pAlter vector. The down stream
primer was at position 2853 of the Tekamp-Olson sequence, and included a Hindlll
restriction site. The down stream primer position was chosen to include the poly-A tail but
not include the unsequenced portion of the Tekamp-Olson insert. The sequence of each
primer and the position of its components are shown below. The PCR reaction mixes and

conditions are also listed. Since the PCR products have unique BamHI and HindlII sites,
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the products could be directionally cloned into the pYES?2 vector (Invitrogen, Carlsbad, CA)
(Figure 8).

PCR Primer Sequences:
Upstream-
5’CTCGGGGATCCAAATGTAAATAAACAATCACS
BamHI

Downstream-
5S’AATATAAGCTTCCACCAAACGAAGGCCAGAAGCS’
Hindlll

Primer Mix:

3.6 pl of the upstream primer (1.04 pg/ul)
3.4 ul of the down stream primer (1.05 pg/ul)
dilute to a total volume of 40 ul with H,O

PCR reaction mix:

10 pl 10x PCR buffer minus MgCl,

3 pl 50 mM MgCl,

2 ul 10 mM dNTP’s

2 ul DNA template or 1 pl kit control template

5 ul primer mix from above or 5 pl kit control primer mix
dilute to a total volume of 100 pl with H,O '

add 0.5 ul Tag DNA polymerase

PCR reaction times:
Pre-incubate at 94°C for 3 minutes
PCR cycle for 35 cycles where a cycle is:
Denature step at 94°C for 45 seconds
Annealing step at 55°C for 30 seconds
Extension step at 72°C for 2 minutes and 30 seconds
post incubation at 72°C for 10 minutes

For ligation of the PCR product into pYES2, the PCR product was purified using
Quiagen’s PCR purification kit (Qiagen, Valencia, CA) according to the manufacturer's
protocol. Purified PCR products were cleaved at the newly created BamHI and HindlII
sites. Fifty pl of purified PCR product was combined with 5 ul React 2 (Gibco BRL Life
Technologies, Rockville, MD), 2.5 ul HindlIl (Gibco BRL Life Technologies, Rockville,
MD), and 2.5 ul BamHI (Gibco BRL Life Technologies, Rockville, MD) and incubated at
37°C for 2 to 6 hours. In like manner 20 pl of pYES2 was combined with 2.5 pul of React
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Figure 8. Vector Circle Maps of pYES2 (Invetrogen) with PK Insert. The PK insert

contains the PK promoter, PK coding region, and PK poly-A tail.
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2 (Gibco BRL Life Technologies, Rockville, MD), 1.25 pl of HindIll (Gibco BRL Life
Technologies, Rockville, MD), and 1.25 pl of BamHI (Gibco BRL Life Technologies,
Rockville, MD) and incubated 6 hr to overnight at 37°C.

Restriction reactions were mixed 1:1 with phenol/chloroform/isoamyl alcohol
(25/24/1). The samples were briefly vortexed and the microfuged for 2 min. The top,
aqueous layer was removed and combined with and equal volume of 4 M ammonium
acetate. Using the new total volume, 2.5 times the total volume of 95% ethanol was added to
the sample. After 15 min at -80°C, the samples were microfuged for 10 min. The
supernatant was removed and the microfuge tubes were inverted on a paper-towel and
allowed to dry. The pellet was resuspended in 15 pl of H,O.

After digestion, the pYES2 was purified by the use of Quiagen’s PCR purification
kit (Qiagen, Valencia, CA), used according to the manufacturer's protocol. The vector was
further purified using a phenol/chloroform/isoamyl alcohol extraction followed by ethanol
precipitation, as described above for purification of the inserts. The dried pellet was
resuspended in 25 pl of H,0.

A, of the DNA samples were used to calculate the DNA concentration. For
ligation, approximately 100 ng of BamHI/Hindlll cut pYES2 and 100 ng of
BamHI/HindIII cut PCR product were combined in a total of 8 ul. Two ul were removed
for visualization on an agarose gel. The remaining 6 pl of ligation reaction was incubated at
45°C for 5 min and then cooled to 15°C. After cooling, 0.75 pl of ligase buffer (Promega,
Madison, WI) and 0.6 ul of ligase were add to the reaction. The reaction was then
incubated at 15°C overnight.

Two and one half pl of the ligation reaction were used to transform 50 ul of DHS5a
library efficiency competent cells (Gibco BRL Life Technologies, Rockville, MD). Cells
were thawed on ice. Immediately after thawing, cells were allocated 50 pl /pre-chilled 1.5 ml
microfuge tube. To one 50 pl allocate of cells, 2.5} pl of ligation reaction was add. A

flicking motion was used to mix the samples, and then they were placed on ice for 30 min.

38



After the ice incubation, the samples were heat shocked at 42°C for 90 sec. The samples
were immediately placed on ice for 2 min. Two hundred ul of SOC or bacteria growth
media without antibiotics was added to each sample. Samples were incubated at 37°C for
one hr. The samples were then transferred onto bacteria growth plates with ampicillin, and
spread using a sterile glass rod. Plates were incubated at 37°C for 18 hr.

Screening for Expression Construct

Individual colonies were selected from 18 hr plates and used to inoculate 5 ml mini-
cultures of bacteria growth media with ampicillin. Mini-cultures were grown over night at
37°C. Mini-cultures were screened using a modified phenol quick screen (96). In a 1.5 pul
microfuge, 750 pl of culture was pelleted, and the supemafent removed. To the pellet, 8ul of
DNA loading buffer (50% v/v glycerol, 0.1M EDTA, 0.2% bromophenol blue) was added
while stirring the pellet with the pipette tip. The sample was briefly vortexed. Twenty-ﬁve
ul of phenol/chloroform/isoamy! alcohol (25/24/1) was added and the sample was vortexed.
The samples were microfuged for 5 min. Three layers were visible, an aqueous layer on top,
a solid white intermediate layer, and a phenol layer on bottom. For each sample, 8 ul of the
top aqueous layer was removed and loaded directly into a well of a 0.9% agarose gel. A one
kb ladder and uncut, supercoiled vector were loaded as controls. The gel was stained with
ethidium bromide after the dye front reached the bottom of the gel.

An example of a quick screen gel is shown in Figure 9. The largest band (above 12
kb) is genomic DNA, while the two low molecular weight (below 4.1 kb) bands are RNA
bands. The intermediate bands are supercoiled plasmid DNA’s. Comparisons of screened
samples were compared with the uncut, supercoiled vector to see which samples contain
plasmids larger than the vector alone. This screening method does not give detailed
information about the insert.

Quiagen spin prep columns (Qiagen, Valencia, CA) were used to purify plasmid
DNA from colonies with proper sized plasmid according to the quick screen. The purified

plasmid was either stored at -20°C until sequenced or immediately sequenced. An
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Genomic DNA -

Figure 9. Agarose Gel Electrophoresis of DNA from a Quick Screen. Lanes 1 and 8 are
kb ladder standards. Land 2 is uncut pYES2 (Promega) without an insert. Lanes 3-7 are
quick screen DNA preps from mini-cultures of single colonies transformed with
pYES2/PK insert ligation reaction. DNA is supercoiled and therefore comparison with
supercoiled vector alone was used to identify expression vectors with inserts. Two bands
below the 4.1 kb standard are RNA and the band above the 12 kb standard is genomic
DNA. Bands beneath the genomic DNA and above the RNA are supercoild plasmid

bands.
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automated sequencing service offered by the Oklahoma State University Recombinant
DNA/Protein Resource Facility was utilized in sequencing DNA of the mutants. A
sequencing primer selected to sequence across the mutated site was used for the
sequencing. A sample of the mini-cultures that contained correct mutations was mixed 1:1
with sterile 30% glycerol and stored at -80°C as a stock for future use.
Yeast Transformation

Quiagen column purified expression plasmids with the desired yeast PK inserts
were transformed into yeast using the lithium acetate method (97). The 121 yeast strain
(EBY121E-pyk1A::HIS3 pyk2A::URA3) was a generous gift of Dr. Eckhard Boles (98).
The 1-5 ypk yeast strain (90) was obtained from the Yeast Genetic Stock Center
(Department of Molecular and Cell Biology, 229 Stanley Hall #3206, University of
California, Berkeley, CA 94720-3206). Fifty ml of 121 yeast were grown in YEPAG liquid
media to an optical density (OD) at a 600 nm wavelength of between 1 and 2 (works best at
OD of 2). The cells were pelleted by centrifugation at 3000xg for 5 min. The cells were
resuspended in 25 ml H,O, and then pelleted as before. The cell pellet was resuspended in
1 ml of filter sterilized 100 mM lithium acétate (LiAc), and transferred to a 1.5 ml microfuge
tube. The cells were again pelleted by briefly spinning in a tabletop microfuge. The cell
pellet was diluted up to a final volume of 500 pl in 100 mM LiAc. The cell pellet was
vortexed to assure mixing, and then allocated 50 pl/1.5 mi microfuge tube. Aliquots were
pelleted in a tabletop microfuge, and the supernatents were removed. Single stranded carrier
DNA (Sigma D-7656, Salmon Testes DNA) was boiled for 5min, and then immediately
placed in ice water until used. The following were add in order to each cell aliquot: 240l
sterilized 50%- w/v polyethylene glycol (MW-4000); 36yl filter sterile 1.0 M LiAc; 25 ul
ssDNA (10.6 mg/nﬂ); 50 pl plasmid (10 to 100 pg). Each tube was vortexed until the cell
pellet' was resuspended. The samples were placed at 30°C for 30 min and then at 42°C for
22 min. Cells were briefly microfuged in a tabletop microfuge to pellet cells. The cell pellet

was resuspended in 1 ml of H,O by gently pipeting up and down as few as times as
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possible. Two to 200 pl of the transformed samples were spread/YEPD plate. Plates were

allowed to sit at room temperature until all liquid was absorbed into the media, and then

placed at 30°C until yeast growth appeared. Single colonies were selected from yeast
transformation plates and used to inoculate 5 ml of liquid YEPD media. These mini-

cultures were grown at 30°C until they became dense, and then mixed 1:1 with 30%

glycerol for long term storage at -80°C.

Resin Preparation for Protein Purification

Coarse-mesh cellulose-P (catalog number C2508) and fast-flow;fiberous DEAE-
cellulose (catalog number D6418) were obtained from Sigma Chemical Company (St.
Louis, MO). Both resins were washed before use in protein purification. Aftér cellulose-P
powder was mixed with an excess of water, the slurry was allowed to sif until the resin
settled. Excess water was decanted. This procedure was repeated until liquid above settled
resin was clear. The pH of resuspended cellulose-P was adjusted to 7.0 and collected by
water aspiration through a Buchner funnel. The pH of resuspended cellulose-P was
adjusted to 6.0 and collected by water aspiration through a Buchner funnel. Cellulose-P was
then resuspended in 10 mM K,HPO,, 5 mM EDTA, 5 mM B-mercaptoethanol, pH 6.0, 600
mM KCl. The resin was collected by aspiration filtration. Cellulose-P was then
resuspended in 10 mM K,HPO,, 5 mM EDTA, 5 mM [-mercaptoethanol, pH 6.0 and
collected by aspiration filtration with the use of a Buchner funnel. -

DEAE-cellulose was mixed with an excess of water and the slurry was allowed to sit
until resin settled. Excess water was decanted. This procedure was repeated until liquid
above settled resin was clear. The pH of resuspended DEAE-celhilose was adjusted to 8.6
and collected by water aspiration through a Buchner funnel. The pH of resuspended DEAE-
cellulose was adjusted to 7.0 and collected by water aspiration through a Buchner funnel.
The resin was cycled between pH 8.6 and 7.0 two additional times. After the resin had been

thoroughly rinsed with water, it was resuspended in 10 mM K,HPO,, 5 mM EDTA, 5 mM
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B-mercaptoethanol, pH 8.3 and collected by aspiration filtration with the use of a Buchner
funnel.
Protein Purification

For purification of PK, YEPD plates were streaked from frozen stocks of yeast
strain 121 containing the desired mutated PK gene/expression plasmid (98). Single
colonies were used to inoculate 5 ml mini-cultures of liquid YEPD. After the mini-cultures
grew to high density at 30°C, they were used to inoculate 2 L cultures of YEPD. Two L
cultures were grown to an OD,, between 10 and 20 before cells were pelleted in a GSA
rotor at 5000 rpm for 10 min.

After the pellet was resuspended in 5 ml of 1.2 M sorbitol at pH 6.8 per gram of
cells, 2 mg of Zymoliase-20T (Seikagaku Kogyo Co., 2-1-5, Nihonbashi-honcho, Chuo-ku,
Tokyo, 103 Japan) per gram of cells was added. The slurry was allowed to incubate for
1.25 hr while gently shaking. The suspended cells were pelleted by centrifugation as before
and resuspended in 5 ml of lysing buffer (10 mM K,HPO,, 5 mM EDTA, 5 mM -
mercaptoethanol, pH 7.5) per gram of cells and vortexed vigorously. This solution was
centrifuged to remove cell debris. It should be noted that PK activity is found in the sorbitol
- fraction if frozen yeast cells are used as a starting material. In this study fresh yeast cells
were used as starting material and therefore PK activity was in the lysing buffer fraction.

Four grams of DEAE cellulose (Sigma Chemical Co., St. Louis, MO) per gram of
cells was added to the lysing buffer fraction. Immediately after adding the DEAE cellulose,
the pH was adjusted to 8.3 using a3 M KOH solution and the slurry was allowed to stand
for 5 minutes. The pH of 8.3 was used based on Murcott's proposal that yeast PK is a
"slippery" protein and does not bind to a strong anion exchanger at pH 8.3 even though its
plis 6.6 (52). Using a Buchner funnel and Whatman 3MMChr filter paper, the filtrate was
recovered by aspiration filtration. Flow through was collected and the pH was adjusted to‘
6.0 with a 1 M H,PO, solution. Washed and dried fibrous cellulose phosphéte (Sigma

Chemical Co., St. Louis, MO) was added to the flow through fraction, while maintaining the
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pH at 6.0, until 90% of the PK activity was removed from solution. The cellulose
~ phosphate-PK complex was recovered by removing the liquid fraction with a Buchner
funnel, Whatman 3MMChr filter paper, and asperation filtration. Care was given not to
allow the resin to be completely dried. PK was eluted from cellulose phosphate using 300
mM KCl in lysing buffer at pH 6.0. This elution was accomplished by resuspending the
resin in KCl in a beaker and alléwing the resuspention to sit for 5 to 10 min before filtering
resin in a Buchner funnel. An additional KCI rinse was added to the Buchner funnel after
the resin had been collected. The rinse was added to the primary effluent. The enzyme
lysis, DEAE cellulose batch binding, and cellulose-phosphate batch binding steps,
developed in this lab, have also been used by Mesecar and Nowak (24,60,61).

Solid ammonium sulfate was added to the KCI effluent to obtain 1.95 M ammonium
sulfate (50% saturated ammonium sulfate at 4°C). Samples at 1.95 M ammonium sulfate
were incubated a minimum of 4 hr at 4°C with stirring before precipitated proteiﬁs were
pelleted in a SA600 rotor at 10,000 rpm for 30 min. Solid ammonium sulfate was added to
the supernatant to a total 2.54 M (65% saturated ammonium sulfate at 4°C). The samples
were held at 4°C for 4 to 10 hr with stirring before precipitated protein was pelleted as
before. The 65% ammonium sulfate pellet was diluted to 50% saturated ammonium sulfate
(4°C). Precipitated protein was pelleted, and ammonium sulfate was added to the
supernatent to a total of 65% saturated ammonium sulfate (4°C). The pellet was stored at
4°C saturated ammonium sulfate.

Activity during purification was measured according to the method of Bucher and
Pfleiderer (99). Up to 10 ul of PK sample was added to 660 pl of assay reaction (121 mM
MES pH6.2, 121 mM KC}, 30 mM MgCl,, 10 units/ml L-lactic dehydrogenase (Sigma L-
7525), 282 uM B-nicotinamide adenine di-nucleotide, reduced form (B-NADH), 3.2 mM
ADP, 4.4 mM PEP, and 0.77 mM FBP). Changes in A,,, were measured with a Hewlett
Packard 8452A diode array spectrophotometer. Protein measurements on samples from the

steps of protein purification were made using the reagents and protocol of Bio-Rad Protein
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Assay (Bio-Rad Laboratories, Richmond, CA) using bovine serum albumin as a standard.
A, readings for the protein measurements were taken with a Gilford 300N micro-sample
spectrophotometer.
Protein Gels

Electrophoresis using a 9% resolving/4% stacking polyacrylamide gel was used to
monitor protein purification and estimate protein purity. Gels were run with a constant step
voltage of 25 V for 1.5 hr, 50V for 0.5 hr, 75 V for 0.5 hr and 100 V for 0.75 hr. Protein
bands were transferred onto Immobilon-P PVDF type membrane (Millipore, Bedford, MA),
and stained with G-250 Coomassie or Western blotted with goat anti-yeast PK antiserum.
The goat anti-yeast PK antiserum used in this study was developed by Dr. James Blair.
Kinetic Assays

Kinetics of yeast PK was measured using a modified version of the coupled assay
(99). Using a Hewlett Packard 8452A diode array spectrophotometer disappearance of
NADH was monitored at A,,,. All reactions were thermostated at 25°C. All kinetic
reactions were started by the addition of enzyme. PEP and ADP dependent kinetic curves
with and without FBP were obtained from the same reaction. The presence of (NH,),SO,
was required to stabilize the activities of some mutant PK's. However, (NH,),SO, affected
kinetic parameters. Therefore, two standard reaction mixes were used for obtaining PEP
and FBP dependent kinetic curves. A standard assay mix for PEP dependent kinetics, in the
absence of (NH,),SO, included 110 mM MES pH 6.2, 335 mM KCl, 28 mM MgCl,, 10
units/ml L-lactic dehydrogenase (L-7525, Sigma, St. Louis, MO), 300 uM B-nicotinamide
adenine di-nucleotide, reduced form (B-NADH), and 8.2 mM ADP in a total of 725 ul and
with or without 10 ul of 174 mM FBP. A standard assay mix for PEP dependent kinetics in
the presence of (NH,),SO, included 110 mM MES pH 6.2, 113 mM KCI, 55 mM
(NH,),SO,, 28 mM MgCl,, 10 units/ml L-lactic dehydrogenase, 300 pM [-nicotinamide
adenine di-nucleotide, reduced form (B-NADH), and 5.9 mM ADP in a total of 710 ul and

with or without 30 pul of 58.3 mM FBP. A standard assay mix for FBP dependent kinetic
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activation in the absence of (NH,),SO, includes 110 mM MES pH 6.2, 335 mM KCl,
28mM MgCl,, 10 units/ml L-lactic dehydrogenase, 300 uM B-nicotinamide adenine di-
nucleotide, reduced form (3-NADH), 8.2 mM ADP, and the appropriate 10% V__ PEP
level in a total of 735 ul. A standard assay mix for FBP dependent kinetic activation in the
presence bf (NH,),SO, includes 110 mM MES pH 6.2, 113 mM KCl, 55 mM (NH,),SO,,
28 mM MgCl,, 10 units/ml L-lactic dehydrogenase, 300 uM B-nicotinamide adenine di-
nucleotide, reduced form (B-NADH), 5.9 mM ADP, and the appropriate 10% V__, PEP
level in a total of 735ul. It is important to note that L-lactic dehydrogenase was desalted to
remove (NH,),SO,. PK was diluted into dilution buffer (100 mM K,HPO,, 200 mM KCl],
5 mM EDTA, 1 ul/ml B-mercaptoethanol, 20% glycerol, pH 6.2) so that 10 ul of diluted
protein added to the standard PEP assay mix gavea V__ of 1.0. A unit (U) of PK activity
is defined as pmoles of product produced per minute. To determine the concentrations of
fructose-1,6-bisphosphate, enzymatic assays described by Michal and Beutler were
employed (100). PEP and ADP concentrations were determined using the kinetic reaction
described here with the substrate of interest in limiting amounts following the procedure
described by (101).

It is important to note that ADP is known to chelate Mg™*. In this study, MgSO,
concentrations were saturating. The free Mg™ concentration should therefore be saturating
at all ADP concentrations.

Purified PK's were stored suspended in saturated (NH,),SO,. Unless noted,
proteins were desalted before use in either kinetic or fluorescence studies. To desalt,
ammonium sulfate suspensions of PK were microfuged and the supernatant discarded.
Pellets were resuspended to a total of 250 ul in dilution buffer (100 mM K,HPO,, 200 mM
KCl, 5 mM EDTA, 1 pl/ml B-mercaptoethanol, 20% glycerol, pH 6.2). The total 250 pl
was loaded onto a BioRad (Hercules, CA) Bio-Spin column packed with 1.1 ml G-50
Sephadex (G-50-150, Sigma, St. Louis, MO) pre-equilibrated with dilution buffer. The first

250 pl off the column were discarded. The next 475 pl off of the column were collected as
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desalted protein. Protein concentrations were monitored by A, using an extinction
coefficient of 0.51 (mg/ml)! in a 1 cm cuvette (50). (NH,),SO, levels were monitored by
the method of Lehoux et al. (102). |
Fluorescence Quench Titrations

The direct binding method of Blair and Walker was not useful in obtaining binding
data for FBP to wild type PK (75). In the absence of direct binding data, fluorescence
quench caused by titration with FBP were used to monitor FBP binding. This method has
been used extensively (44,59,60,103). A Perkin-Elmer 650-40 Fluorescence
Spectrophotometer was used to monitor fluorescence. An excitation wavelength of 276 nm
and an emission wavelength of 330 nm were used in combination with ratio mode and high
pm gain options. Fifty pl of PK, 0.49 to .57 mg/ml, desalted in dilution buffer was added in
350 pl of filtered ﬂuorescénce buffer (134 mM MES pH 6.2, 405 mM KCl, 112 mM
MgCl,) with or without 25 pl of 236 mM PEP. It was necessary to let this reaction mix
equilibrate 11 min. at 25°C before initiation of fluorescence readings. This reaction mix
was titrated with FBP such that the total volume of FBP did not exceed 10% of the original
reaction mix. Dilution corrections were performed before fluorescence data was fitted.
FBP Contamination in F1P and F6P

To determine the concentrations of fructose-1,6-bisphosphate contamination in F6P,
the enzymatic assay described by Michal and Beutler was used (100). The enzymatic assay
did not detect FBP contamination in the F6P used in this study. The Sigma Chemical
Company (St. Louis, MO.) used an enzymatic assay to determine FBP contamination of
F6P to be less than 0.001mole%.

The enzymatic assay used to quantitate FBP in this study detects F1P. Therefore,
contamination of F1P by FBP could not be measured. F1P used in this study was obtained
from the Sigma Chemical Company (St. Louis, MO.). The company used thin layer

chromatography to determine that F1P was 98.5% pure with no detectable amount of FBP.
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Curve Fitting

Kinetic data was fit to the Hill equation (104) in the form:

V=(V o, SIS, +ST)
using Kalidagraph (Kalidagraph, Synergy Software, Reading, PA). V is velocity, V___is the
maximum velocity, S, , is the substrate concentration that gives a velocity equal to one half
of the maximum velocity, [S] is the substrate concentration, and n is the Hill coefficient. To
fit FBP dependent activatioh curves, the velocity without FBP was subtracted from all
velocity data before fitting.

Fluorescence quench titrations were fit to the Hill equation (104). Unlike activity
measurements, fluorescence measurements in the absence of ligand are nonzero values.
Therefore with the help of Dr. Olin Spivey, the Hill equation was rearranged to allow fitting
tovthe initial fluorescence reading as well as other parameters. The following form of the
Hill equation was used to fit fluorescence data:

F...=F-{(Fy-F, /[ 1+(L,,/L)"]}
 F_=(F, -Fyo)*V /V

corr exp int

using a program written by Chandler et al. (105). F_ . is fluorescence corrected for

corr

background (FBG) and dilution. F,,; is the experimental fluorescence value. V,, is the

total volume at the experimental fluorescence point. V., is the volume of the initial

int
fluorescence reading. F, is the initial fluorescence reading with no ligand present, F, is
fluorescence at infinite concentrations of ligand, L, , is the concentration of ligand to obtain

1/2 of the difference between F,, and F,;, and L is the concentration of ligand at the F

corr

reading. The Hill coefficient is represented by n. -AF__, (intensity) shown in the text and

max

figures is F, ; minus F,,.
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RESULTS

Expression

The purpose of this study was to add to the understanding of allosteric regulation of
PK by FBP using yeast PK as a model system. The active site, the FBP biﬁding site, and
the subunit interface(s) are all important in allosteric regulation. In order to probe sites of
interest by site directed mutagenesis a system was needed that insured all PK protein was
coded by the mutated gene. An expression system, which does not interfere with
production of the desired mutated pyruvate kinase, needed to be identified. Three yeast
expression systems were exarnine’d.

A yeast strain without endogenous PK activity, pyk 1-5 (90), has previously been
used in this laboratory to express wild type PK. Recently, the mutation of the PK gene in
pyk 1-5 was sequenced. Loss of PK activity appears to be due to a G268D point mutation
near the active site (88). Even though the PK gene mutation in pyk 1-5 causes a loss of PK
activity, PK protein is still expressed in pyk 1-5 (88). The use of pyk 1-5 as an expression
system might result in the production of mixed tetramers with the pyk 1-5 PK protein
contributing to PK phenotypes.

A heat sensitive PK yeast strain, cdc 19, was also available (92). With the assistance
of Mr. Jeff Frazier, PK from cdc 19 was sequenced in this study. A single amino acid
substitution, S70F, causes the cdc 19 phenotype. However, before exploration of cdc 19 as
a possible expression system was completed, a knockout yeast PK became available (98).
The knockout yeast strain, 121, has the pyk1 gene knocked out as well as a second possible
PK gene, pyk2 (98). Dr. Eckhard Boles generously shared this double knockout yeast

strain and 121 was selected as the expression yeast strain for this study.
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Transformation of yeast strain 121 with the wild type PK/pYES2 construct gives a high
level of expression such that PK represents between 20 to 30 % of total soluble protein.

Yeast can not survive on glucose as a sole carbon source unless active pyruvate
kinase is present. The knockout yeast used as an expression system in this study has the
yeast genomic PK gene disrupted. Therefore growth of transformed knockout yeast on
glucose acts as a screen for active PK proteins. All mutations studied in this investigation
were designed to restore growth of yeast strain 121 on glucose. Therefore mutations which
disrupt the enzyme activity were selected against in this study.
Wild Type Pyruvate Kinase

Kinetic activation as a function of FBP concentration is sensitive to changes in FBP
binding affinity, as well as interruptions in communication between the FBP binding site
and the active site. If FBP binding of mutant PK's is compared with the kinetic response to
FBP, the effect of a mutation can be characterized as having effects on FBP binding and/or
effects on communication between the activator binding site with the active site. Therefore,
the design of this study was to use purified wild type and mutant PK's to obtain kinetic
parameters. Mutations that showed altered FBP dependent Kinetic activation were further
examined for altered FBP binding. Since the direct FBP binding technique of Blair and
Walker (75) was not useful for the investigation of yeast PK, FBP binding was indirectly
evaluated using the fluorescence quench titration technique of Kuczenski and Suelter (44).

The current protein purification protocol is simple and quick. Up to three
preparations have been completed in a single day. General information in the purification
scheme is presented in Table 4. The measured protein concentration of fractions eluted
from cellulose-phosphate was repeatedly lower than expected. As discussed later, KCI and
ammonium sulfate used in specific purification steps markedly alters yeast PK activity.
Therefore, the purification table (Table 4) is not a good indication of PK purity or yield.
However, SDS-PAGE gel electrophoresis shows this simple, rapid purification scheme

gives rise to homogenous wild type yeast PK protein (Figure 10).
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Table 4. Purification of Wild Type Yeast PK. Pelleted yeast cells were lysed with
Zymoliase, and cell debris was removed by centrifugation. Supernatant was combined
with DEAE-cellulose at pH 8.3, and filtered. Since yeast PK does not bind to DEAE-
cellulose, the flow through was combined with cellulose-phosphate. PK bound to
cellulose-phosphate was eluted with 300 mM KCl and further purified by two rounds of
ammonium sulfate fractionation as described in the Materials and Methods. *The
measured protein concentration of KCl elutions from cellulose-phosphate was

consistently low.

51



(43

Purification
Step

Lysis

DEAE-
cellulose

Cellulose-
phosphate

Ammonium
sulfate
fractionation

Total Activity
()

210,000

154,000

70,500

27,500

Total Protein

(mg)

1,600

1,006

(18)*

86

Specific
Activity
(U/mg)

131

153

320

Yield
(%)

100

73

13

Fold
Purification

1.17

2.44



Electrophoresis gels at serial dilutions of purified wild type protein show that the
protein is highly purified (Figure 11). Contaminating bands are only observed when the
lanes are overloaded with PK protein. Analysis of Western blots show that some of the
contaminating bands are recognized by goat anti-yeast PK antiserum, indicating a small
amount‘ of proteolysis during purification (Figure 11). If contaminating bands represent
proteolysis of a subunit within a tetramer, further purification will be difficult.

To minimize problems due to instabilities in mutant proteins produced in this study,
initial kinetic screens were with wild type (Figure 12) and various mutated PK's diluted in
saturated (NH,),SO,. The specific activity of wild type PK assayed in the presence of
(NH,),SO, does not agree with specific activities previously reported in the literature.
Ammonium ions are known to fulfill yeast PK's monovalent cation requirement
(44,47,49,106). To determine the maximum concentration of (NH,),SO, which does not
affect PK activity, PK was desalted as described in Materials and Methods and assayed at
varying concentrations of added (NH,),SO, (Figure 13). (NH,),SO, concentrations greater
than 0.4 mM decrease V_, activity and increase the activity at 4.31 mM PEP in the absence
of FBP. Desalting L-lactic dehydrogenase and PK as described in Materials and Methods
reduces the final assay concentration of (NH,),SO, to less than 0.15 mM, as detected by
the (NH,),SO, assay of Lehoux et al.(102).

The V. of PEP dependent kinetic curves in the absence of FBP obtained with
desalted PK is not equivalent to the same parameter when FBP is present. Since removal of
monovalent cations (NH,") causes this effect, the concentration of KCl was varied to
determine if a sub-saturating concentration of monovalent cation is responsible for the V__
difference. Increasing KCl in the kinetic assays with desalted PK's causes the two curves to

obtain equivalent V__ quantities (Figure 14). For further studies, Kinetic assays using

desalted PK had 335 mM KCI.
The kinetic parameters of desalted wild type PK in the presence of 335 mM KCI are

shown in Figure 12. The major effect of high concentrations of (NH,),SO, on wild type
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Figure 10. SDS PAGE Gel Electrophoresis of Yeast PK at Various Purification Steps.
Lanes A and F are protein molecular weight standards: Carbonic Anhydrase
MW=29,000; Egg Albumin MW=45,000; Bovine Albumin MW=66,000; Phosphorylase
b MW=97,400; B-Galactosidase MW=116,000; Myosin MW=205,000. PK lhnes were
loaded with 1.2 units of activity per lane. Lane B=Cell lysate, Lane C=DEAE-cellulose

wash through, Lane D= cellulose-phosphate effluent, Lane E=(NH,),SO, fractionation.
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Wild Type
A,BCDEFGI;'JK LMNOUPAQR

Figure 11. SDS PAGE Gel Electrophoresis of Purified Wild Type PK. Lanes B-G and J-
Q represent serial 1:1 dilutions of purified protein. Protein concentrations in lanes B and
J are 2.7 pg/lane. Lanes A-H, R, and I are stained with G-250 Coomassie blue. Lanes J-
Q are Western blotted. Lanes A, H, R, and I are protein molecular weight standards:
Carbonic Anhydrase MW=29,000; Egg Albumin MW=45,000; Bovine Albumin
MW=66,000; Phosphorylase b MW=97,400; B-Galactosidase MW=116,000; Myosin

MW=205,000.
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Figure 12. Kinetic Properties of Wild Type PK Under Two Different Salt Conditions.
The catalytic activity (v) of purified wild type PK was measured at varying
concentrations of substrate (PEP and ADP) and the allosteric activator (FBP). Panels A,
B and C represent studies with PK stored in saturated ammonium sulfate and giving a
final concentration of 55 mM ammonium sulfate in the assay solution. Panels D, E and F
represent studies with desalted PK samples as described in Materials and Methods with
final ammonium sulfate in the assay solution less than 0.15 mM. Activation by FBP was
monitored at a PEP concentration that gives a 10% V_,, activity (in absence of FBP).

The precise PEP concentration that gives 10% V_,, was dependent on the experimental
conditions used. Kinetic parameters determined by fitting the results to the Hill equation
are presented in the inserts.

Panel A. Varying concentrations of PEP without (O) or with 2.4 mM FBP (M). Panel B.
Varying concentrations of ADP with 12 mM PEP and without (O) or with 2.4 mM FBP
(M). Panel C. Varying concentrations of FBP with 0.67 mM PEP. Panel D. Varying
concentrations of PEP without (O) or with 2.4 mM FBP (B). Panel E. Varying
éoncentrations of ADP with 12 mM PEP and without (O) or with 2.4 mM FBP (H).

Panel F. Varying concentrations of FBP with 1.9 mM PEP.
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Figure 13. Effects of (NH,),SO, on PK Activities. PK activity (v) was measured in the

presence of 110 mM MES, 28 mM MgCl,, 113 mM KCl, 5.4 mM ADP, 4.31 mM PEP, -

and with (O) or without 2.3 mM FBP (H). Lines are drawn to show the general pattern

of the data.
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Figure 14. Effects of KCl Concentration on Activity (v) of Desalted Wild Type PK in the

Presence (M) and Absence (O) of FBP.
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activity is to decrease the V.. However, the S,,, and n, for PEP dependent kinetics, both
in the presence and absence of FBP, are also affected by the presence of (NH,),SO,.

A comparison of kinetic parameters for wild type PK from this preparation and
preparations reported in the literature is shown in Table 5. The kinetic parameters for
purified wild type yeast PK assayed at low concentrations of (NH,),SO, in this study are
very similar to those previously reported.

Buffer conditions similar to those uséd in standard kinetic assays without
(NH,),SO, were used to study fluorescence quench titrations of desalted PK with FBP
(Figure 15). It should be noted that both FBP and PEP independently cause a fluorescence

quench of yeast PK (44). Therefore the monitored -AF_, in response to FBP in the

absence of PEP is not equivalent to that obtained in the presence of PEP. Estimates of FBP
binding parameters of wild type PK obtained in‘this study are similar to results previously
reported by others (44).

At the beginning of this investigation very little evidence was available to indicate
that ADP interacts with allosteric regulation by FBP (41,44,49,51). Therefore, the activity
responses of various mutant PK's to varying concentratiohs of ADP were not measured,
unless noted. The kinetic parameters of wild type and mutant PK's for PEP in the presence
and absence of 2.4 mM FBP, and the kinetic parameters of FBP activation of PK were used
as an initial screen to define those mutations influencing FBP activation of the enzyme.
Activation by FBP was monitored at a PEP concentration that gives a 10% V_,_activity (in
absence of FBP). At this PEP concentration, the largest FBP activation is observed. The

precise PEP concentration that gives 10% V__ was dependent on the mutation used and

experimental conditions used. With the exceptions Q299N, R396A, and K413E, PK
enzymes used in kinetic and fluorescent studies were desalted as detailed in Materials and

Methods. Only large changes in kinetic properties of mutant PK's were emphasized in this

study.
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Table 5. Summary of the Kinetic Parameters of Wild Type Yeast PK and comparison

with other Literature Reports.
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Figure 15. Fluorescence Quench Titration Curves for Wild Type PK. Fluorescence of
purified yeast PK was measured at an excitation wavelength of 276 nm and an emission
wavelength of 330 nm at varying concentrations of FBP in the absence (O) and presence
of 15 mM PEP (M). -AF values are per pg/ml protein. The scale of FBP concentration is
different on the two graphs. The responses of fluorescence (AF) were fit to the Hill

equation for cooperative interactions and are presented in the insert.
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Two Positive Charged Domain Interactions

At the onset of this study the location of PK's FBP binding site was unknown. One
goal of this study was to identify the FBP binding site of yeast PK. In search of a possible
binding site for FBP, it was first necessary to identify possible bond types available for
FBP binding. Based on the results of Wurster et al., an energetically minimized B-furanose
FBP model was built with the assistance of Mr. John Carment (67). A
hydrophilic/hydrophobic grid map-was calculated for the model (Figure 16). This map
shows two large hydrophilic regions. The first hydrophilic region includes areas around the
6'-phosphate group and the second hydrophilic region encompasses the 1'-phosphate group
and the C2 and C3 OH groups. A small hydrophilic region from the OH group of C4, and
a single hydrophobic region centered around C4, C5, and C6 of FBP are also predicted by
this analysis. The phosphate groups of FBP are negatively charged at pH's greater than 2
(107). Therefore the phosphate groups are predicted to play major roles in binding through
ionic bonds. FBP is also capable of hydrogen bonding from OH groups of the sugar ring.
Hydrophobic interactions with the sugar ring backbone are possible.
Hydrophilic/hydrophobic predictions are in agreement with analog studies that suggests
FBP's two phosphate groups are important for binding to PK (69). Due to the negative
charge of FBP’s two phosphate groups, positive pockets on the surface of PK were
considered as potential sites for FBP docking.

The major draw back to using yeast PK, initially, was the lack of structural data.
Therefore, a yeast PK model was built by replacing the amino acid sequence of yeast PK
into the structure of rabbit muscle PK (17). Using a surface charge map of the yeast PK
model, two highly positively charged pockets which are solvent accessible were identified in
the region between the A and C domains. One pocket (Figure 17) corresponds to the
Arginine 42 (Arg 42) pocket previously characterized as an ADP binding site by X-ray
analysis (70). Mutagenesis of residues in the Arg 42 pocket in PK of T. bruci also

supports this site's importance in allosteric regulation by FBP (71).
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Figure 16. A Hydrophobic/Hydrophilic Grid Map of the Energetically Minimized B-
furanose FBP Model. The energy-minimized B-furanose FBP was built using the Builder
module in Insight II Version 2.3.0 (Biosym Technologies, 1993, 9685 Scranton Road,
San Diego, CA 92121-2777) and minimized with Discover Version 2.9.5 (Biosym
Technologies, 1994, 9685 Scranton Road, San Diego, CA 92121-4778). Hydrophobic

regions are presented as white shells and hydrophilic regions are shown as red shells.
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The second positively charged pocket identified by molecular modeling is close in
space to the Arg 42 pocket, although on the opposite side of the monomer. Tyrosine 436
has a dominating presence in the second pocket and therefore this site will be referred to as
the Tyr 436 pocket (Figure 18). The Tyr 436 pocket corresponds to a site identified as a
possible FBP/ADP binding site by a chemical labeling/protection experiment with E. coli
type I PK (72,73). This pocket has also been identified as a possible ATP binding site by
labeling experiments with the E. coli type 1 isozyme (74). An alignment of the yeast PK
sequence with a variety of other allosteric PK's shows that positive residues in the Tyr 436
and Arg 42 pockets are highly conserved across many species (Figure 19).
A-C Domain Contacts

It is interesting to note that both the Tyr 436 and Arg 42 pockets are contained in the
A and C domain contacts. Mattevi et al. suggested that transition between T and R states
involve little motion within domains, but rather involves motions between domain (21,81).
Therefore, contacts between domains may be important in stabilizing activity states.
Additional support for the involvement of A-C domain contacts in allosteric regulation is
provided by mutagenesis of amino acids near the Tyr 436 pbcket of B. stearothermophilus
(34). The B. stearothermophilus study suggests a salt bridge between the A and C domains
may be important in allosteric regulation (34). Therefore, probing the Arg 42 and Tyr 436
pockets in the current study was not only valuable for locating the FBP binding site but also
for analyzing A-C domain contacts for roles in allosteric regulation.
The Tyr 436 Pocket: A-C Domain Contacts

The Tyr 436 and Arg 42 pockets identified in this study by surface charge mapping
have both been previously proposed as binding sites for allosteric effectors (34,70-74). We
considered the possibility that separate ATP and FBP binding sites may be located in areas
between the A and C domains. FBP binding studies with liver PK suggests that ATP
regulation of this isozyme is not through competition at the same site to which FBP binds

(75).
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Figure 17. Surface Charge Map of the Arg 42 Pocket. A surface charge map, generated
by molecular modeling as described in Materials and Methods, of a subunit of yeast PK
and orientated to show the Arg 42 pocket. Red indicates negatively charged areas and
blue represents positively charged areas. White represents neutral charged areas. The
Arg 42 pocket is labeled based on ADP interactions with cat muscle PK's arginine 42

(equivalent to yeast arginine 19) (70).

67



A to A subunit contacts CtoC
Subunit
contacts

Active Site

Figure 18. Surface Charge Map of the Tyr 436 Pocket. A surface charge map, generated
by molecular modeling as described in Materials and Methods, of a subunit of yeast PK
and orientated to show the Tyr 436 pocket. Red indicates negatively charged areas and

blue represents positively charged areas. White represents neutral charged areas.
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Tyr436 POCKET CONSENSUS SEQUENCE

Yeast numbering

1)RatR
2)RatL
3)RatM2
4)RatMl
5)RabbitM1
6)chickenMl

7)Aspergillus
8)S.cerevisiael

9)T.bruci

10)EcoliTypel
11)EcoliTypeIl

Lys236

GONIKIISKIE
GQONIKIISKIE
GKNIKIISKIE
GKNIKIISKIE
GKNIKIISKIE
GKHIKIISKIE
GKEIQIIAKIE
GKDVKIIVKIE
GKDILIISKIE
GENIHIISKIE
GCDAKIVAKVE

l2)Bstearotherm ALHIQIIAKIE

Lys292

CNLAGKPVVC
CNLAGKPVVC
CNRAGKPVIC
CNRAGKPVIC
CNRAGKPVIC
CNRAGKPIIC
CNIKGKPVIC
SNLAGKPVIC
CNVVGKPVIC
CIRARKVVIT
ARQLNRAVIT
CNMLGKPVIT

Argd406/409
Lys413

LTKTGRSAQLLSQYRPRAA
LTKTGRSAQLLSQYRPRAA
LTKSGRSAHQVARYRPRAP
LTESGRSAHQVARYRPRAP
LTESGRSAHQVARYRPRAP
MTESGRSAHLVSRYRPRAP
LTTSGKTARYLSKYRPVCP
LSTSGTTPRLVSKYRPNCP
LSNTGRSARLISKYRPNCP
ATQGGKSARAVRKYFPDAT
MTESGRTALMTSRISSGLP
PTVSGKTPQMVAKYRPKAP

ARG42 POCKET CONSENSUS SEQUENCE

Yeast numbering

1)RatR
2)Ratl
3)RatM2
4)RatMl
5)RabbitM1
6)chickenMl

7)Aspergillus

Argl?9

PVAA .RSTSI
PVAA .RSTSI
PITA.RNTGI
PITA .RNTGI
PITA RNTGI
PTIA.RNTGI
PSKNFRRTSI

8)S.cerevisiael AGSDLRRTSI

9)T.bruci

10)EcoliTypel
11)EcoliTypeIl
12)Bstearotherm

PVAKHRANRI
MRKTKI
SRRLRRTKI
MKRKTKI

Lys42 Asn4dé6

Arg77

Argdls

His349 Arg353

Tyrd3é

RQVHLSRGVF
RQVHLSRGVF
RQAHLYRGIF
RQAHLYRGIF
RQAHLYRGIF
RQAHLYRGVF
RYSHLYRGVW
RFSHLYRGVF
RQLNVTRSVV
HQLVLSKGVV
NLTALYRGVT
RRLALVWGVY

His434

EMIKAGMNIARL
EMIKAGMNIARL
EMIKSGMNVARL
EM;KSGMNVARL
EMIKSGMNVARM
EMIKSGMNVARL

SLRTAGLNVVRM ...
ALRKAGLNIVRM ...
NLMKSGMSVARM . ..

MLADAGMNVMRL

KVIRAGANVVRM ...

VQLEAGMNVARL

PLSYRPVAI
PLSYRPVAI
PILYRPVAV
PILYRPVAV
PILYRPVAV
PITYRPVAI
.RPLAI
.RPLAI
.LHIGI
.. .KTAAI
.RHVAI
. .RTVAI

VMMQOHATAREAEA
VMMQHAIAREAEA
VRMQHLIAREAEA
VRMQHLIAREAEA
VRMQHLIAREAEA
VRMQHAIAREAEA
VKMMSETCLLAEV
VTTMAETAVIAEQ
VQYMARICVEAQS
VSIMATICERTDR
VAAMARVCLGAEK
VKTMHQIALRTEQ

ARQVHLSRG
ARQVHLSRG
ARQAHLYRG
ARQAHLYRG
ARQAHLYRG
ARQAHLYRG
SRYSHLYRG
ARFSHLYRG
CRQLNVTRS
AHQLVLSKG
LNLTALYRG
SRRLALVWG

Argd70

SGKLRGFLR
SGKLRGFLR
VGKARGFFK
VGKARGFFK
VGKARGFFK
VGKARGFFK
HALKLGIIN
KAKEFGILK
FAKKEKYAS
LALQSGLAH
LLRDRGYLM
AAVRSGLVK

Figure 19. Alignment of Amino Acid Sequence of Pyruvate Kinase Sequences from

Various Species In and Near the Tyr 436 and Arg 42 Pockets. Positive Charged residues

are show in bold. Sequence codes and references are provided in the Appendix (Figure

Al).
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When the Tyr 436 pocket of the yeast model was considered in detail and compared
with other PK sequences, five highly conserved positive charges were identified as possible
interactants with the phosphate groups of FBP. Yeast residues at the conserved position are
lysine #236, lysine #292, arginine #409, lysine #413, _arginine #415. A sixth residue
(tyrosine #436) may interact with FBP's C4 OH via hydrogen bonding (Figure 20).

Comparison of conserved residues identifies six highly conserved positive residues
in the Tyr 436 pocket. In addition to the five positive residues of the yeast PK's Tyr 436
pocket, several PK isozymes have a conserved positive charge at a position equivalent to
yeast PK's threonine 406. When comparing sequence with location on the 3-D structure of
rabbit muscle (17) at least four of six conserved positively charged residues are present in
any one FBP regulated PK isozyme. The orientation of these conserved residues suggested
that FBP might bind within. the Tyr 436 pocket similar to that shown in the binding model
presented in Figure 20. We considered that the number and positions of positively charged
residues in the Tyr 436 pocket might cause different PK isozymes to have different
affinities for FBP.

To probe the Tyr 436 pocket as a possible FBP binding site, several mutations were
designed in this site: K236Q, K236E, K292Q, K292E, T406R, R409Q, R409E, K413Q,
K413E, R415Q, Y436F, and Y436S. If FBP binds in the Tyr 436 pocket in a similar
fashion to the depiction in Figure 20, then mutations changing positive side chains to neutral
should decrease FBP binding. Replacement of positive charges with negative charges
should repulse FBP, and therefore eliminate or greatly diminish FBP binding. Creating an
additional positive residue at position 406 might be expected to increase PK’s affinity for
FBP.

Removing the hydrogen bonding capacity of the 436 residue by creating Y436F
may decrease FBP affinity. Due to the prediction that FBP binds to PK mainly through
ionic interactions, the effects of the Y436F mutation was expected to be less than effects

caused by altering charged residues. Substituting a serine into the 436 position, Y436S,
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Figure 20. A Proposed FBP Docking in the Tyr 436 Pocket. At least four positive
residues, two each on opposite sides of the Tyr 436 pocket, are present in any one FBP
regulated isozyme of PK. Residues marked with an asterisk are present in yeast PK.
Numbering and residue type are for yeast residues. FBP is orientated to allow H-bonding

between tyrosine 436 and the C4 OH group of FBP.
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conserves hydrogen-bonding capabilities. Y436F and Y436S could provide insight into the
possible hydrogen-bonding role of the 436 position if the Tyr 436 pocket were the true
FBP binding site.

K236E, K292E, R409E and R415Q were not expressed in the yeast system. As
previously discussed, growth of transformed knockout yeast on glucose selects for
plasmids that carry gene coding for active PK. Therefore, these amino acid replacements
probably cause total loss of enzyme activity.

K413E was a functional enzyme that rescued deficient yeast growth. However, only
very low levels of enzyme activity were obtained, and the standard purification scheme was
not fully successful (Figure 21). For that reason, kinetic parameters of K413E were
determined using protein diluted in saturated (NH,),SO, (Table 6). The V__ of K413E is
greatly reduced compared to that of wild type PK. Since the V__ is equivalent to maximum
activity per total mg of protein, contaminating proteins can contribute to lowering thié value.
The reduced. V__ of the K413E mutation may be due to contaminating proteins which can
be seen using SDS-PAGE in Figure 21. K413E has no rhajor change in response to
varying FBP concentrations. Therefore no further analysis of this mutation was performed.

The mutant PK proteins K236Q, K292Q, T406R, R409Q, K413Q, Y436F, and
Y436S were all successfully purified to near homogeneity by the protocol described in
Materials and Methods (Figure 22). Kinetic parameters for these proteins were determined
using desalted proteins (Tables 7 and 8 and Figure 23). K413Q reduces the V_, to less
than three hundredths that of Wild type PK (Figure 23). The level of contaminating proteins
in purified K413Q as reveled by SDS-PAGE (Figure 22) does not support that the lowered
Vnax 18 due to contaminating proteins. In the absence of FBP, the V_,, for PEP was not
obtained, and therefore fitting of this curve was not possible (Figure 23). Even though
K413Q's apparent affinity for PEP is greatly diminished in the absence of FBP, the

apparent affinity for PEP in the presence of FBP is not different from wild type.
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Figure 21. SDS PAGE Gel Electropho;esis Pattern of K413E. The K413E mutant
protein was only partially purified by the protein purification procedure detailed in
Materials and Methods. Lanes B-G and J-Q represent serial 1:1 dilutions of the partially
purified protein. Protein concentrations in lanes B and J are 9.5 pg/lane. Lanes A-H, R,
and I are stained with G-250 Coomassie blue. Lanes J-Q are Western blotted using Ab
against yeast PK. Lanes A, H, R, and I are protein standards: Carbonic Anhydrase
MW=29,000; Egg Albumin MW=45,000; Bovine Albumin MW=66,000; Phosphorylase

b MW=97,400; B-Galactosidase MW=116,000; Myosin MW=205,000.
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Table 6. Kinetic Parameters for Wild Type and K413E.

Kinetic
Property Enzyme Source
PEP (-FBP Wild Type K413E
Vieax (U/mg) 113+3 1.78+0.02
. PEP,,, (mM) - 1.4%0.1 1.04+0.02
n, 1.8+0.1 2,1+0.1
PEP(+FBP)
Vo (U/mg) 12212 . 1.90+0.02
PEP,,, (mM) 0.12+0.01 0.102+0.005
n, 1.0+0.1 1.1+0.1
FBP
Vaur (U/mg) - B89f2 1.461+0.01
FBP,,,; (mM) 0.039+0.002 0.0461+0.001
n, 1.5+0.1 1.310.1

The kinetic properties of wild type and K413E yeast PK were determined as described in
Figure 11 and in the Materials and Methods using enzyme preparations stored in
saturated ammonium sulfate. FBP activation of wild type and K413E PK's were

determined in the presence of 0.67 mM and 0.46 mM PEP, respectively.

74



K292Q, R409Q, Y436F, and Y436S also have effects on the V__ (Tables 7 and 8).
Of these mutants, Y436F has the largest effect with a V_,, one third that of the wild type.
Concentrations of contaminating proteins in these mutant PK's as revealed by SDS-PAGE
do not support that the low V . values are due to contaminating proteins (Figure 22).
R409Q and K236Q both have S, of FBP activation that are three fold higher than that of
wild type PK (Table 7).

However, the lack of predicted large effects of mutations on apparent affinity for
FBP do not support the Tyr 436 pocket as the FBP binding site. R409Q and K236Q may
have some importance in the allosteric regulation by FBP, however the effects of these
mutations are relatively small. Therefore further studies with these mutations were not
pursued in this investigation.

The Arg 42 Pocket: A-C Domain Contacts

The Arg 42 pocket was also probed by mutagenesis as a possible FBP binding site.
Within the Arg 42 pocket two positive groups were identified for mutagenesis. Creating
R77Q and R19Q mutated these two positive residues. Both arginine 77 and arginine 19
were mutated to glutamine to neutralize the positive >charge while maintaining the
hydrophilic nature of the side chain. If FBP binds in the Arg 42 pocket by interactions with
arginine 77 or arginine 19, then mutations changing positive to neutral amino acids should
decrease FBP binding.

Expression of the R19Q mutation was not obtained, suggesting the protein is
inactive. The R77Q mutation was obtained and purified (Figure 24). The kinetic parameters
for R77Q are very similar to those for the wild type enzyme (Table 9). No further analysis
of this mutation was performed.

C-C Interface Interactions

Yeast PK's activity response to PEP is sigmoidal. The sigmoidal shaped response

curve indicates communication between PEP binding sites (53,54). In the presence of FBP

the response to increasing PEP concentrations becomes hyperbolic indicating that
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Figure 22. SDS PAGE Gel Electrophoresis Pattern of K236Q, K292Q, T406R, R409Q,
K413Q, Y436F, and Y436S. Lanes B-G and J-Q represent serial 1:1 dilutions of purified
proteins. Protein concentrations in lanes B and J for K236Q, K292Q, T406R, R409Q,
K413Q, Y436F, and Y436‘S are 3.4, 3.2, 3.0, 11, 13, 3.8, and 2.1 pg/lane, respectively.
Lanes A-H, R, and I are stained with G-250 Coomassie blue. Lanes J-Q are Western
blotted. Lanes A, H, R, and I are protein molecular weight standards: Carbonic
Anhydrase MW=29,000; Egg Albumin MW=45,000; Bovine Albumin MW=66,000;

Phosphorylase b MW=97,400; 8-Galactosidase MW=116,000; Myosin MW=205,000.
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Figure 23. Kinetic Properties of Wild Type and K413Q. The catalytic activity (v) of

purified wild type PK was measured at varying concentrations of PEP and FBP as

described in Figure 11 and Materials and Methods using desalted protein preparations.

Data presented is relative velocity (v/V_,,) to normalize presentation of the results.

Varying concentrations of PEP are without (O) or with 2.4 mM FBP (®). FBP activation

of wild type and K413Q were in the presence of 1.9 mM and 3.5 mM PEP, respectively.

Kinetic parameters determined by fitting the results to the Hill equation are presented in

the inserts.
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Table 7. Kinetic Parameters for Wild Type and Mutations of Positive Residues of
the Tyr 436 Pocket.

Rinetic
Property

PEP (-FBP
Voaxe (U/mg)

PEP,,, (mM)
n,

PEP (+FBP)
Voaxe (U/mg)

PEP,,, (mM)

ny

FBP
Ve (U/mg)

FBP,,, (mM)

n,

Enzyme Source

353%4

0.2310.01

1.1+0.1

27617

0.05+0.01

K292Q0

14015

1723

0.25+0.08

0.97+0.07

119%5

0.0901+0.008

R40390Q

l68+4

185+2

0.29+0.02

1.21+0.1

15815

0.15+0.01

K2360Q

393+12

399+9
0.33+£0.03

0.7510.04

269+13

0.161£0.02

The kinetic properties of various yeast PK's were determined as described in Figure 11

and in the Materials and Methods using desalted protein preparations. FBP activation of

wild type, K292Q, R‘409Q, and K236Q were in the presence of 1.9 mM, 1.4 mM, 1.6

mM, and 0.46 mM PEP, respectively.
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Table 8. Kinetic Parameters for Wild Type and Mutations of Non-Positive

Residues of the Tyr 436 Pocket.

Kinetic
Property Enzyme Source
Wild Type T406R Y436F Y436S
PEP (~-FBP)
Voo (U/mg) 301+4 33416 11743 219+5
PEP,,, (mM) 2.5%0.5 2.210.1 3.0+0.1 1.310.1
n, 2.710.1 2,0t0.1 2.31£0.2 2.1+£0.2
PEP (+FBP)
Vi (U/mg) 35314 33318 12214 22343
PEP,,, (mM) 0.23+t0.01 0.2710.03 0.21t0..03 0.2210.01
n, 1.1+0.1 0.8710.08 0.831£0.10 1.0+0.1
FBP
Vi (U/ng) 276117 200+4 9013 11745
FBP,,, (mM) 0.05%0.01 0.04910.004 0.06410.006 0.076+£0.009
n, 1.0£0.3 1.1+0.1 1.410.2 1.8%0.3

The kinetic properties of various yeast PK's were determined as described in Figure 11
and in the Materials and Methods using desalted protein preparations. FBP activation of
wild type, T406R, Y436F, and Y436S were in the presence of 1.9 mM, 1.4 mM, 1.4 mM,

and 0.46 mM PEP, respectively.
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Figure 24. SDS PAGE Gel Electrophoresis of R77Q. Lanes B-G and J-Q represent
serial 1:1 dilutions of purified protein. Protein concentrations in lanes B and J are 3.1
pg/lane. Lanes A-H, R, and I are stained with G-250 Coomassie blue. Lanes J-Q are
Western. Lanes A, H, R, and I are protein molecular weight standards: Carbonic
Anhydrase MW=29,000; Egg Albumin MW=45,000; Bovine Albumin MW=66,000;

Phosphorylase b MW=97,400; B-Galactosidase MW=116,000; Myosin MW=205,000.
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Table 9. Kinetic Parameters for Wild Type and R77Q.

Kinetic
Property Enzyme Source
PEP (-FBP) Wild Type R77Q
Vo (U/mg) 301+4 25615
PEP,,, (mM) 2.5%0.5 3.510.1
n, 2.710.1 2.410.1
PEP (+FBP)
Vo (U/mg) 35314 29213
PEP,,, (mM) 0.2310.01 0.2810.01
n, 1.1t0.1 0.861+0.04
FBP .
Vo (U/mg) 276x17 25418
FBP,,, (mM) 0.0510.01 0.048%0.006
n, 1.01+0.3

1.1t0.1

The kinetic properties of wild type and R77Q yeast PK were determined as described in
Figure 11 and in the Materials and Methods using desalted protein preparations. FBP

activation of wild type and R77Q were in the presence of 1.9 mM PEP.
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communication has been altered. Since only one PEP binding site is present per monomer,
communication between binding sites must involve subunit contacts. Subunit interfaces are
therefore important to allosteric regulation of PK by FBP. Yeast PK has two types of
subunit interfaces. One or both types of interfaces may be important in allosteric
regulation.

Studies previously reported in the literature for PK from several species were
considered in order to select C-C interface residues to probe in the yeast enzyme. Mutation
of alanine (at a position equivalent to yeast 369) in rat M1 PK to arginine shifts the
hyperbolic PEP kinetic response to a sigmoidal response (77). Mutation of a cysteine (at a
position equivalent to yeast 394) in rat M2 PK to leucine shifts the sigmoidal normal kinetic
response to varying PEP concentrations to a hyperbolic response (76). The yeast residue
394 is not conserved with the equivalent residue of mammalian M1 or M2 PK's. However,
upon examination of the region immediately édjacent to 394, a glutamic acid residue
(position #392) which appears to interact with the neighboring subunit was identified. Jurica
et al. (20) and Friesen et al. (111) have both noted the involvement of residues equivalent to
392 in hydrogen bonds across the C-C subunit interface in yeast and mammalian isozymes,
respectively. Based on the work with the M1 and M2 isozymes, two sites within the C-C
interface were selected for probing this interface in the yeast PK. Mutations R369A and
E392A were created as probes at these sites.

R369A was successfully purified (Figure 25). However, this mutation causes the
protein to loose stability when desalted. Therefore, this mutation's kinetic parameters were
determined using protein diluted in saturated (NH,),SO, (Table 10). R369A hasaV_, one
third that of wild type PK. The level of contaminating proteins in purified R369A as reveled
by SDS-PAGE (Figure 25) does not support that the lowered V__ is due to contaminating
proteins. The decreased V ., may be due in part to the reduced stability of this mutant.
R369A's S,,, for FBP activation is triple that of wild type PK. The R369A mutation may

provide more detail about allosteric regulation in the future. However the effects of R369A
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Figure 25. SDS PAGE Gel Electrophoresis of R369A and E392A. Lanes B-G and J-Q
represent serial 1:1 dilutions of purified proteins. Protein concentrations in lanes B and J
of R369A and E392A are 6.1 and 3.7 pg/lane, respectively. Lanes A-H, R, and I are
stained with G-250 Coomassie blue. Lanes J-Q are Western blotted. Lanes A, H, 1#, and
I are protein molecular weight standards: Carbonic Anhydrase MW=29,000; Egg
Albumin MW=45,000; Bovine Albumin MW=66,000; Phosphorylase b MW=97,400; B-

Galactosidase MW=116,000; Myosin MW=205,000.
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Table 10. Kinetic Parameters for Wild Type and R369A.

Kinetic
Property Enzyme Source
PEP(-FBP) wild Type R369A
Veax (U/mg) 11313 39+0.6
PEP,,, (mM) 1.410.1 2.610.1
ny, 1.810.1 3.7+0.1
PEP(+FBP)
Ve (U/mg) 122+2 3813
PEP,,, (mM) 0.12+0.01 0.1210.03
ny, 1.0+0.1 1.31+0.5
FBP
Vex  (U/mg) 8912 4112
FBP,,, (mM) 0.035+0.002 0.13+0.02
ny, 1.510.1 1.1t0.1

The kinetic properties of wild type and R369A yeast PK were determined as described in
Figure 11 and in the Materials and Methods using enzyme preparations stored in
saturated ammonium sulfate. FBP activation of wild type and R369A were in the

presence of 1.9 mM and 1.2 mM PEP, respectively.
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on allosteric regulation by FBP was relatively small and therefore further studies with this
mutation was not pursued in this investigation.

The E392A mutant was successfully purified (Figure 25). E392A causes the
sigmoidal PEP dependent kinetic response (n,=2.740.1; wild type) to become hyperbolic
(n,;=1.25£0.03; E392A) (Figure 26). E392A's S,, for PEP in the absence of FBP is
similar to wild type's S,,, for PEP in the presence of FBP. The E392A mutant is totally
unresponsive to FBP. FBP binding was determined for E392A by the fluorescence quench
titration described in Materials and Methods (Figure 27). - The fluorescence response to
FBP both with and without PEP is hyperbolic. The [FBP],,, of E392A is unresponsive to
PEP.

A-A Interface Interactions

As with C-C interface interactions, observations from the literature were used to
select A-A interface residues, which might be important to allosteric regulation of yeést PK.
A glutamine to asparagine mutation in PK of Bacillus stearothermophilus, at a position
equivalent to yeast PK 299, alters activation by ribose-S-phosphate (59). Recreating a
hemolytic anemia mutation (PK Tokyo; threonine to methionine at a position equivalent to
yeast PK 311) in the mammalian M2 isozyme was reported to cause a loss of sensitivity to
allosteric activation by FBP and allosteric inhibition by phenylalanine (79,80). In the
present study, Q299N and T311M mutants of yeast PK were generated to probe the A-A
domain contacts role in FBP regulation of yeast PK.

Both Q299N and T311IM were unstable through the standard purification
procedure. Therefore, crude extracts were used to screen kinetic parameters of these
mutants. After enzymatic yeast lysis and separation of cell debris as described for the
protein purification, a 65% ammonium sulfate precipitation of proteins was used as the only
purification step. Purity of crude extracts of Q299N and T311M was not characterized by

SDS-PAGE.
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Figure 26. Kinetic Properties of Wild Type and E392A. The catalytic activity (v) of
purified wild type and E392A was measured at varying concentrations of PEP as
described in Figure 11 and Materials and‘ Methods using desalted protein preparations.
Data presented is relative velocity (v/V,,,) to normalize presentation of the results.
Varying concentrations of PEP are without (O) or with 2.4 mM FBP (). Kinetic
parameters determined by fitting the results to the Hill equation are presented in the

inserts.
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Figure 27. Fluorescence Quench Titration Curves for Wild Type and E392A.
Fluorescence emission responses were determined at varying concentrations of FBP in
the absence (O) and presence (M) of 15 mM PEP as described in Figure 14. -AF values
are per ug/ml protein. Binding parameters obtained by fitting the fluorescence data to the

Hill equation are presented in the insert.
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Since a crude extract of Q299N was used to determine kinetic parameters (Figure
28), a turnover number could not be calculated. The S,,, for PEP in the absence of FBP, the
S,,, for FBP activation, and the S,,, for ADP in the presence of FBP are three times the
corresponding parameters of wild type PK. The S,, for ADP is responsive to FBP in
contrast to the unresponsive wild type. Haeckel et al. has previously reported altered ADP
kinetics when PEP concentrations are less than saturating (41). To insure the FBP
response of the ADP dependent kinetic curve is not due to less than saturating PEP, ADP
curves were also determined in the presence of 22 mM PEP (Table 11). Increasing PEP
does not have any significant effects. Even though this mutation causes very interesting
changes in kinetic parameters, instability of the protein has hindered efforts for its
purification, which will be needed for further study.

Crude extracts of T311M also show changes in a large number of kinetic
parameters. Therefore, further efforts to purify T311M were pursued. The pH of thé
DEAE cellulose batch binding was decreased to 6.8. With all other purification steps
unchanged from the protocol described in Materials and Methods, a purified protein was
obtained (Figure 29).

Kinetic parameters for desalted purified T311M were determined (Figure 30). No
activity is observed for this mutation in the absence of FBP under the standard assay
conditions. In the presence of FBP, the V. for T311M PK is less than one-half that of
wild type PK. The level of contaminating proteins in purified T311M as reveled by SDS-
PAGE (Figure 29) does not support that the lowered V _,, is due to contaminating proteins.
The S, for PEP with FBP and the S,,, for FBP activation are increased compared to wild
type PK. In the presence of 2.4 mM FBP, T311M's kinetic response to varying
concentrations of ADP and PEP are sigmoidal. The kinetic response to increasing FBP

concentrations is also sigmoidal.
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Figure 28. Kinetic Properties of Wild Type and Crude Extracts of Q299N. The catalytic
activity (v) of purified wild type PK was measured at varying concentrations of substrates
(PEP and ADP) and allosteric activator (FBP) as described in Figure 11 and Materials
and Methods using enzyme preparations stored in saturated ammonium sulfate. Data
presented is relative velocity (v/V,, or v/MaxVelocity) to normalize presentation of the
results. MaxVelocity of the Q299N is the maximum ;/elocity obtained/ul of crude
extract. Varying concentrations of PEP -and ADP are without (O) or with 2.4 mM FBP
(M). To obtain ADP response curves ADP was varied at constant 12 mM PEP. FBP
activation of wild type and Q299N were in the presence of 0.67 mM and 2.3mM PEP,
respectively. Kinetic parameters determined by fitting the results to the Hill equation are

presented in the inserts.
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Table 11. ADP Kinetic Parameters for Wild Type and Crude Extracts of Q299N.

Enzyme Source

Kinetic Q299N Q299N
Property  FBP Wild Type (12mM PEP) (22mM PEP)
S,,, ADP (mM) - 0.5210.04 1.610.1 1.640.1
n, ADP - 1.540.1 1.6%0.2 1.610.1
S,,, ADP (mM) + 0.39+0.03 0.16+0.02 0.22+0.04
n, ADP + 1.610.2 0.89+0.1 0.92%0.15

ADP dependent kinetic properties of wild type and crude extracts of Q299N were
determined as described in Figure 11 and in the Materials and Methods using enzyme
preparations stored in saturated ammonium sulfate. Wild Type PK was assayed in the
presence of 12 mM PEP. Q299N was assayed in the presence of 12 mM and 22 mM

PEP, as shown.
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Figure 29. SDS PAGE Gel Electrophoresis Pattern of T311M. To purify T311M DEAE-
cellulose was preformed at pH 6.8. All other purification steps for T311M were as
described in Materials and Methods. Lanes B-G and J-Q represent serial 1:1 dilutions of
purified protein. Protein concentrations in lanes B and J are 13 pg/lane. Lanes A-H, R,
and I are stained with G-250 Coomassie blue. Lanes J-Q are Western blotted. Lanes A,
H, R, and I are protein molecular weight standards: Carbonic Anhydrase MW=29,000;
Egg Albumin MW=45,000; Bovine Albumin MW=66,000; Phosphorylase b

MW=97.400; B-Galactosidase MW=116,000; Myosin MW=205,000.
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Figure 30. Kinetic Properties of Wild Type and Purified T311M. The catalytic activity
(v) of wild type and T311M was measured at varying concentrations of substrates (PEP
and ADP) and allosteric activator (FBP) as described in Figure 11 and Materials and
Methods using desalted protejn preparations. Data presented is relative velocity (v/V,,,)
to normalize presentation of the results. Varying concentrations of PEP and ADP are
without (O) or with 2.4 mM FBP (®). To obtain ADP response curves ADP was varied
at constant 12 mM PEP. FBP activation of wild type and T311M were in the presence of

1.9 mM and 21 mM PEP, respectively. Kinetic parameters determined by fitting the

results to the Hill equation are presented in the inserts.
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31. Fluorescence Quench Titration Curves for Wild Type and T311M.

Fluorescence emission responses were determined at varying concentrations of FBP in

the absence (O) and presence (W) of 15 mM PEP as described in Figure 14. -AF values

are per ug/ml protein. Lines on graphs of T311M data are to show general pattern of

data. The fluorescence emission response of T311M is shown on two scales.
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FBP binding was determined for T311M by the fluorescence quench titration
described in Materials and Methods (Figure 31). Maximum binding was not obtained and
the data was not fit to the Hill equation for this study.

Fructose-1,6-Bisphosphate Binding Site Mutants

Probing the FBP binding site of PK can provide insight into the mechanism by
which FBP triggers an allosteric response. After the initiation of this study, the FBP
binding site was identified by co-crystallization of FBP with yeast PK (20). Analysis of the
electron density shows the 6'-phosphate of FBP is bound by a loop through hydrogen bond
interactions (Figure 32). In yeaét PK, serine 402, serine 404, and threonine 407 from the
flexible loop are all involved in this interaction. The 1'-phosphate group of FBP is bound to
arginine 459 through a strong electrostatic interaction (20).

Sequence differences in the 6'-phosphate binding loop may be responsible for
different affinities of various isozymes for FBP reported in the literature. Sequenée
comparisons show that the threonine 403 position corresponds to the final residue of
differences between mammalian M1 and M2 isozymes. Rat M2 has a lysine at this site,
while rat M1 has a glutamic acid. A potential ionic bond bétween a positive charged amino
acid at position 403 and the 6'-phosphate of FBP may increase yeast PK's affinity for the
activator. A negative charge at position 403 could potentially mimic the effect of FBP. The
possibility of a negative charge at 403 activating PK in the absence of FBP has also been
proposed by Jurica et al.(20). To test the effects of positive and negative charges residues
at the 403 position, two mutations were created: substitution by lysine to mimic rat M2 PK,
and substitution by glutamic acid to mimic rat M1 PK.

Chemical modification studies previously predicted that a lysine in E. coli PK, at a
position equivalent to yeast PK threonine 406, is involved in FBP binding (72,73). A
potential ionic bond between a positive charged amino acid at position 406 and the 6'-
phosphate of FBP may increase yeast PK affinity for the activator. T406R was created to

test this possibility.
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Figure 32. The FBP Binding Site as Resolved by Co-Crystallization to Yeast PK.

Recreated from Jurica et al. (20).
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The 1'-phosphate group of FBP is bound to arginine 459 through a strong
electrostatic interaction as shown by X-ray crystallography (20). Since arginine 459 is not
conserved in all FBP regulated species, a central role of arginine 459 in FBP's regulation of
PK activity has been questioned (20). To test the role of the positive charge of arginine 459
in the allosteric activation of yeast PK by FBP, the mutation R459Q was created.

Rat liver PK has a positive residue at a position equivalent to yeast PK 458. The
crystal structure would not predict that an arginine at this position would interact in the FBP
binding site (20). However, the chemical nature of the side chain may influence the peptide
conformation at the FBP binding site. Thus, an additional charge at position 458 might
enhance PK's affinity for FBP. To test a possible role of a positive charge at position 458,
A458K was created.

The mutant PK proteins T403E, T403K, T406R, A458K, and R459Q were all
sucvcessfully generated and purified (Figure 33). Kinetic parameters for these mutants
determined using desalted proteins are presented in Figure 34 and Table 12. The effects of
T403K, T406R, and A458R on kinetic properties of yeast PK appear to be minimal (Table
12), although the A458R mutation may have a slightly increased V__ . These mutants were
not further studied.

Interestingly, the T403E and R459Q mutant PK's do not respond to FBP. However,
the kinetic response of T403E and R459Q to increasing concentrations of PEP is quite
similar to that of the wild type enzyme (Figure 34). Fluorescence quench titrations for both
T403E and A459Q indicate that the affinity of these mutant PK's for FBP is greatly reduced
(Figure 35). A maximum change in fluorescence was not obtained for either mutation at
high FBP concentrations and complete binding analysis was not computed.
Fructose-1,6-Bisphosphate Analogs

Mutational studies detailed above indicate that arginine 459 is important for
allosteric activation by FBP. FBP analogs were used to further probe regions of the

activator important to allosteric regulation. If interactions between arginine 459 and the
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Figure 33. SDS PAGE Gel Electrophoresis of T403E, T403K, T406R, A458K, and
R459Q. Lanes B-G and J-Q represent serial 1:1 dilutions of purified proteins. Protein
concentrations in lanes B and J of T403E, T403K, T406R, A458K, and R459Q) are 9.1,
6.4, 3.0, 9.7, and 5.0 pg/lane, respectively. Lanes A-H, R, and I are stained with G-250
Coomassie blue. Lanes J-Q are Western bldtted. Lanes A, H, R, and I are protein
molecular weight standards: Carbonic Anhydrase MW=29,000; Egg Albufnin
MW=45,000; Bovine Albumin MW=66,000; Phosphorylase b MW=97,400; B-

Galactosidase MW=116,000; Myosin MW=205,000.
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Table 12. Kinetic Parameters for Wild Type, T403K, T406R, and A458K.

Kinetic
Property

PEP (-FBP)
Voe (U/mg)

PEP,,, (mM)
ny

PEP (+FBP)
vmnx (U/mg')

PEP,,, (mM)

Ny

FBP

mx  (U/Mg)

<

FBP,;,, (mM)

Iy

353+4

0.23+0.01

1.1+0.1

276%17

0.05+0.01

1.0+0.3

Enzyme Source

31145

0.28+0.02

1.0+0.1

22915

0.093+£0.005

1.3+0.1

T406R
33416

333%8

0.27%0.03

0.871+0.08

2004

0.049+0.004

1.1+0.1

44418

0.2210.01

1.0+0.1

22915

0.093+0.005

1.3+0.1

The kinetic properties of various yeast PK's were determined as described in Figure 11

and in the Materials and Methods using desalted protein preparations. FBP activation of

wild type, T403K, T406R, and A458K were in the presence of 1.9 mM, 1.4 mM, 1.4

mM, and 1.4 mM PEP, respectively.
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Figure 34. Kinetic Properties of Wild Type, T403E, and R459Q. The catalytic activity
(v) of purified wild type, T403E, and R459Q was measured at varying concentrations of
PEP without (O) or with 2.4 mM FBP (R) as described in Figure 11 and Materials and
Methods using desalted protein preparations. Data presen';ed is relative velocity (v/V )
to normalize presentation of the results. Kinetic parameters determined by fitting the

results to the Hill equation are presented in the inserts.
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Figure 35. Fluorescence Quench Titration Curves for Wild Type, T403E, and A459Q.
Fluorescence emission responses were determined at varying concentrations of FBP in
the absence (O) and presence (M) of 15 mM PEP as described in Figure 14. -AF values
are per pg/ml protein. Lines on graphs of T403E and A459Q data are to show general
pattern of data. The fluorescence emission response of T403E and A459Q is shown on

two scales.
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1'-phosphate group of fructose-1,6-bisphosphate are the major trigger in allosteric
activation, then fructose-1-phosphate (F1P) should also be able to activate the enzyme.
Fructose-6-phosphate (F6P) should bind to PK but would not be predicted to activate the
enzyme by the FBP binding site model of Jurica et al. (Figure 32) (20). Both F1P and F6P
were predicted to bind with lower affinities than FBP due to fewer interactions with
phosphate groups. F1P and F6P have previously been used as FBP analogs in the study of
E. colitype I PK and yeast PK (41,69).

In this study, FBP, F1P, and F6P all activated wild type PK (Figure 36). The S,,, of
F1P activation is 24 times greater than the S,,, for activation by FBP. The S,, of F6P
activation is greater than 100 times the S,,, for activation by FBP. Fluorescence quench
titration for F1P and F6P were also monitored (Figure 37). In the absence of PEP, wild
type PK binds F1P with a [sugar-phosphate],, 10 times greater than the [sugar-
phosphate],,, for FBP. In the presence of PEP, the [sugar-phosphate],, for F1P is 23
times greater than the [sugar-phosphate],,, for FBP. No maximum was reached for
titrations with F6P in the absence or presence of PEP, and therefore the binding constants

for F6P were not computed.
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Figure 36. FBP, F1P, and F6P Dependent Activations of Wild Type PK. The catalytic
activity (v) of purified wild type PK was measured at varying concentrations of FBP (O),
F1P (W), or F6P (X) using desalted protein preparations. Catalytic activity is presented
as a fraction of the V_,, of FBP activgtion (276 pmoles/min./mg) to normalize
presentation of the results. Kinetic parameters determined by fitting the results to the Hill

equation are presented in the insert.
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Figure 37. FBP, F1P, and F6P Dependent Fluorescence Quench Titration Curves for
Wild Type PK. Fluorescence emission responses were determined at varying
concentrations of sugar-phosphates in the absence (O) and presence (W) of 15 mM PEP
as described in Figure 14. -AF values are per ug/ml protein. Lines on graphs of F6P are
to show general pattern of data. Concentration scales of sugar-phosphate activators are
not equivalent. Binding parameters for FBP and F1P obtained by fitting the fluorescence

data to the Hill equation are presented in the insert.
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DISCUSSION

Sites of Pyruvate Kinase in Allosteric Regulation

Pyruvate kinase (PK) is a key regulating enzyme of carbohydrate metabolism in
virtually every living organism. PK catalyzes the final step of glycolysis with the
production of pyruvate and ATP. A common regulating feature of PK from many species
is feed-forward activation by fructose-1,6-bisphosphate (FBP). Most known PK isozymes
are tetramers and exhibit heterotropic and homotropic cooperativity.

Past studies of PK have utilized PK protein from many different species. Even
though PK isozymes from various species share structural and regulation features, sequence
differences hinder direct comparison of data from different PK isozymes. In order to allow
direct comparison, a model system for studying PK is needed. This study has used yeast
PK as a model system.

The purpose of this study was to contribute to our understanding of allosteric
regulation of PK by FBP using yeast PK as a model system. Due to the lack of molecular
characterization of the fmctose-l,ﬁ;bisphbsphate (FBP) binding site, the initial goal was to
predict and then experimentally locate the FBP binding site. Surface charge mapping of a
yeast PK moleéular model identified the Tyr 436 pocket and the Arg 42 pocket as highly
positively charged (Figures 17 and 18). Due to FBP's strong negative charges, these two
pockets were éonsidered as potential FBP binding sites. During the course of this study,
the FBP binding site was actually identified outside of the Tyr 436 and Arg 42 pockets
(20). Since the highly charged Tyr 436 and Arg 42 pockets are conserved in many PK

isozymes (Figure 19) and previous studies had indicated the importance of these sites in
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allosteric regulation, these regions were further explored in this investigation. In addition to
the Tyr 436 and Arg 42 pockets, amino acid residues of the FBP binding site identified by
Jurica et al. (20), the A-A subunit contacts, and the C-C subunit contacts also represent
important regions for understanding allosteric regulation of PK. These regions were
examined for their possible roles in allosteric regulation using site-directed mutagenesis as
the major experimental approach.

Non-expressing Yeast Pyruvate Kinase Mutations

During the course of this work 22 amino acid substitutions were constructed to
probe the five sites of interest (Tyr 436 pocket, Arg 42 pocket, A-A subunit contact, C-C
subunit contact, _and FBP binding site). Five of the 22 mutations were not expressed after
multiple transformations (minimum of five attempts). R19Q, K236E, K292E, R409E, and
R415Q mutated yeast PK's were not expressed. These mutations all lie between the A and
C domains, at the end of the A domain 8-barrel structure, and at residues with highly
conserved positive amino acids. K236E, K292E, R409E, and R415Q are in the Tyr 436
pocket, while R19Q is located in the Arg 42 pocket. Since PK activity is required for
growth of yeast on glucose, growth of the transformed knockout yeast on glucose only
selects for kinetically active PK mutants. One can, therefore, conclude that PK activity of
the non-expressed mutations is below a basal levél required for yeast survival.

K236E, K292E, and R409E introduce a negative charge into the Tyr 436 pocket; A
negative charge introduced into the Tyr 436 pocket might interact with positive charges
across the Tyr 436 pocket (Figure 38). Such an ionic bond might pull the backbone out of
the properly folded position. In addition altering a charged residue could cause
rearrangement of other charged groups. R415Q removes a positive residue predicted to be
in a salt bridge (34). Interruptibn of a salt bridge could also cause backbone misfolding and
charge rearrangements. Residues in the A-C domain contacts are near the f3-barrel structure

of the A domain (Figure 39). The active site lies at the opposite end of the B-barrel.
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S 17

Figure 38. Location of Mutated residues of the Tyr 436 Pocket. Positively charged
residues of the Tyr 436 pocket that were mutated in this study are in green. Tyrosine 436
is in colored in red for location reference. The 415 position is not visible from this view.

A negative charge introduced into the Tyr 436 pocket might interact with positive

charges across the Tyr 436 pocket.
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Figure 39. Location of Non-expressing Mutations with Respect to the B-barrel. A yeast

PK subunit as resolved by Jurica et al. (20) is shown with B-barrel helixes shown in
magna and B-barrel sheets shown in orange. The locations of mutations that did not

express are shown in cyan spacefill.
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Improper folding or altered charge alignments due to mutation in the A-C domain
contacts might affect the B-barrel, which in turn could alter active site structure.

Based on the lack of expression of R19Q, K236E, K292E, R409E, and R415Q, one
might be tempted to predict that positive charges in the A-C domain contacts are important
for proper PK structure and/or kinetic function. The high conservation of positive charges
in the Tyr 436 and Arg 42 pockets would support this predication. Positive charges at the
19 and 415 positions may be important for proper PK structure and/or kinetic function.
However, several A-C domain interface mutations, K292Q, R409Q, K236Q, and R77Q,
were expressed and found to have normal kinetic properties (Tables 7 and 9). These
mutations show that positive residues can be removed without influencing PK activity.
Therefore, even though specific positive charges such as arginine 19 and arginine 415 may
be important, all positive charges at the A-C domain interface are probably not important for
proper PK structure and/or Kinetic function. |
Yeast Pyruvate Kinase Mutations with Small Kinetic Effects

All the mutations in this study were designed to probe residues for their possible
roles in FBP's allosteric regulation of yeast PK. However, the R77Q, K292Q, K413E,
T406R, Y436F, Y436S, T403K, and A458K mutant yeast PK's all caused changes in S,,,'s
for PEP or FBP that were less than three-fold changes from those of wild type PK (Tables
6,7,8,9,and 12). In addition, R409Q, K236Q, and R369A had S,,,'s for FBP only three
times that of wild type PK (Tables 7 and 10). The R369A mutation also increased ny for
PEP dependent activation in the absence of FBP (Table 10). K413Q increased the S, for
PEP in the absence of FBP without influencing other monitored kinetic properties (Figure
23). Therefore, even though all the mutations were proposed to have major effects on
allosteric regulation, many mutations do not greatly alter allosteric regulation of yeast PK by
FBP. With the exception of R77Q and R369A, all of the expressed mutations that caused
no or small changes in kinetic properties are located in the Tyr 436 positively charged

pockets and FBP binding site as identified by Jurica et al. (20). The FBP binding site
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identified by Jurica et al. neighbors the Tyr 436 pocket (Figure 40) (20). Therefore, the
lack of large kinetic effects of mutations in the Tyr 436 pocket and FBP binding site
support that amino acids very close to the allosteric effector binding site may not be
important in mediating the allosteric regulation by FBP (Figure 41).
A-C Domain Contacts in Allosteric Regulation

Even though the Tyr 436 and Arg 42 pockets were originally considered as possible
FBP binding sites in this study, the FBP binding site was identified outside of the Tyr 436
and Arg 42 pockets (20). The highly charged Tyr 436 and Arg 42 pockets are conserved in
many PK isozymes. In addition, the Tyr 436 pocket corresponds to the site identified as a
possible FBP/ADP binding site by chemical labeling/protection studies (72,73). The Tyr
436 pocket has also been identified as a potential ATP binding site by affinity labeling of E.
coli type I PK (74). The Arg 42 site has been predicted to be the allosteric inhibitor, ATP,
binding site, since ADP co-crystallizes in this site of cat M1 PK (70). It is important to
note that the allosteric inhibition by ATP seen in mammalian PK isozymes has not been
demonstrated in yeast PK (31,41). Many references in the literature have assumed that all
allosteric modifiers, including FBP, bind in the Arg 42 pocket (34,71,72). Mutagenesis of
residues in the Arg 42 pocket in PK of T. bruci further supports involvement of this site in
allosteric regulation by FBP (71). Therefore, both the Tyr 436 and Arg 42 pockets
identified in this study as highly positively charge pockets have been suggested to be
important to allosteric regulation even though the true FBP binding site is distinct from both
pockets (Figure 40). This may imply that the Tyr 436 and Arg 42 pockets are important in
transmitting an allosteric signal.

Mattevi et al. (21,81) attempted to characterize changes in conformational state of
PK by comparing the crystal structures of the cat and rabbit muscle PK's with the E. coli
PK type Iisozyme. They assigned the M1 PK's as an R-state of the enzyme and the E. coli
PK as the T-conformation of the two-state model of Monod et al. (54). Based on their

studies, Mattevi et al. (21,81) predicted that very little conformational changes occur within
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Tyr 436 pocket

Figure 40. Location of the FBP Binding Site on the Surface Charge Map of the Yeast PK

Model Developed in this Study. The FBP binding site was identified by Jurica et al. (20).



Active Site

Figure 41. Location of Mutations with Little or No Effects on Monitored Kinetic
Properties. A yeast PK subunit as resolved by Jurica er al. is shown in white while
neighboring subunits are in green (20). Amino acid residues, which have been mutated
with little consequence on kinetic parameters, are shown in red spacefill. FBP is shown

in cyan spacefill.
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domains of PK when the two activity states are interconverted. Instead, they suggest that
domains within each subunit rotate with respect to each other in allosteric and cooperative
transition. Unfortunately, their conclusions are based on enzymes from different species
and not transition states of the same enzyme. However, light scattering and crystallography
studies of rabbit muscle PK support rotations of the B domain with respect to the A domain
during the transformation between active and inactive forms (18,66). Fluorescent studies of
B. stearothermophilus PK also support movement of thé C domain with respect to the A
domain during allosteric transition (34). Assuming that all activity states of PK have
equivalent domain structures, allosteric communications may occur by side chain
interactions on the surfaces of domains and/or subunits. Salt bridges between the A and C
domains and A and B domains have previously been predicted to be important for
regulation of rabbit M1 PK (79) and of B. stearothermophilus PK (34), respectively. Based
on the structural comparison of Mattevi et al. (21,81), A-C domain contacts may be
predicted to be important in mediating allosteric regulation.

Since the conserved positive residues of both the Tyr 436 and Arg 42 pockets were
between the A and C domains, the mutations created in these sites probe A-C domain
interactions. In this study, the relatively small effects of expressed mutations of the Tyr 436
and Arg 42 pockets (Figures 23 and Tables 6, 7, 8, and 9) do not support the involvement of
A-C domain interactions in the Tyr 436 and Arg 42 pockets in allosteric regulation.

R369A: A C-C Subunit Interface Mutation

Cooperative substrate binding and allosteric regulation of PK require
communications between multiple subunits of the protein. X-ray crystallography studies
have shown that PK is a dimer of dimers (56). Therefore, PK has two distinct subunit
interface types that have been identified and may be involved in allosteric regulation.

The M1 and M2 isozymes of mammalian PK present an interesting model to
explore the importance of interface interactions of PK. These mammalian isozymes are

coded by the same gene with alternative splice sites giving rise to a small number of amino
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acid differences (22 amino acid differences) in the C-C interfaces (25). M1 PK shows
classic hyperbolic substrate kinetics whereas the M2 PK exhibits sigmoidal kinetics (26).
However both isozymes are subject to allosteric activation by FBP under appropriate
conditions (26). Point mutations at the C-C interfaces of rat M1, rat M2, yeast, and B.
stearothermophilus isozymes are reported to alter cooperative and/or allosteric regulation of
these enzymes, supporting the role of this interface in regulation (59,76-78). In addition, the
lack of conserved residues at the C-C interface of the non-regulated, dimeric pyruvate kinase
from Z. mobilis suggests that loss of regulation may be due to changes in the C-C subunit
interface (36,37).

Mutation analysis in rat M1 PK has previously suggested a role of an arginine
(equivalent to the yeast PK 369 position) in allosteric regulation (77). In the present study,
R369A was created to exarrﬁne the possible role of arginine 369 in allosteric regulation of
yeast PK by FBP (Figure 42). R369A has a V_,, one third that of wild type PK which
could not be fully accounted for by contamination with other proteins (Figure 25). A link
between V ., and the C-C interface has previously been identified (44). The R369A
mutation did not greatly influence allosteric regulation of yeast PK by FBP (Table 10).
R369A’s S, for FBP activation is triple that of wild type PK (Table 10). Replacement of
an arginine with an alanine at an equivalent site to yeast PK's 369 position in M2 PK also
has little effect on FBP activation (76). Replacing alanine with arginine at an equivalent site
in M1 PK shifts hyperbolic shaped PEP dependent kinetic curves to sigmoidal shaped (77).
Based on the alanine to arginine mutation in mammalian M1 PK, Ikeda et al. has suggested
that arginines at residue positions equivalent to yeast PK 369 may stabilize the T-state (77).
One may conclude that since no effects were seen in arginine to alanine mutations of yeast
PK, that complete stabilization of the T-state in yeast PK cannot be attributed to arginine
369.

Ikeda et al. have also suggested that interactions between arginines equivalent to

yeast PK 369 and 362 may attribute to the high cooperativity found in mammalian L and R
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Figure 42. Location of C-C Subunit Interface Mutations. A yeast PK subunit as

resolved by Jurica er al. (20) is shown in green and a second subunit is in white. The
mammalian M1 PK which has a hyperbolic response to PEP and the mammalian M2 PK
which has a sigmoidal response to PEP have a difference of 22 amino acids. Positions of
the 22 amino acid differences are within a 45 amino acid sequence. The yeast PK
sequence equivalent to this 45 amino acid sequence is shown in red for one subunit. FBP
is shown in cyan spacefill. The yeast positions 369 and 392 of one subunit are shown in

purple spacefill.



isozymes (77). The 362 position in yeast PK is a leucine and is less likely to enhance the
cooperativity of this isozyme due to the lack of charge interactions. However, aspartic acid
366 and asparagine 370 of the same subunit and arginine 369 and aspartic acid 366 of the
neighboring subunit all may interact with arginine 369 in yeast PK. Mutation probing of
mammalian isozymes by Ikeda et al. (76,77) and yeast PK in this study are not inconsistent
with the hypothesis of Friesen et al. (111) that different isozymes may use different salt-
bridge interactions to mediate allosteric activation.

E392A: A C-C Subunit Interface Mutation

Mutation of a cysteine (at a position equivalent to yeast 394) in rat M2 PK to
leucine shifted the normal sigmoidal kinetic response to varying PEP concentrations to a
hyperbolic response (76). The yeast residue 394 is not a cysteine residue; however, a
glutamic acid residue at position 392 interacts with the neighboring subunit in the yeast PK
molecular model (Figure 42). Jurica et al. (20) and Friesen et al. (111) have both noted the
evolvement of residues equivalent to 392 in hydrogen bonds across the C-C subunit
interface in yeast and mammalian isozymes, respectively. The E392A yeast PK mutant was
created in this study to investigate the role of glutamic acid 392 in the allosteric regulation of
yeast PK by FBP.

In this study, hyperbolic PEP dependent activation (Figure 26) and hyperbolic FBP
dependent fluorescence quench curves (Figure 27) both suggest that the E392A mutation
converts yeast PK to a high activity state (R-state), uncoupling communications between
subunits. Furthermore, since the apparent affinities of E392A for PEP and FBP are similar
to those of the activated wild type PK, the mutation does not appear to influence binding of
PEP or FBP. Therefore the glutamic acid 392 of yeast PK may stabilize a low activity state
of yeast PK (T- state). |

Uncoupling caused by the E392A mutation may be due to disruption of
communication at the interface and/or dissociation of subunits. Active dimers or monomers

of yeast PK have not been reported (65). However, Kuczenski and Suelter showed that loss
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of activity of yeast PK follows a two step inactivation. This two step inactivation
corresponding to dissociation of tetramers first into dimers, with half of the activity of the
native isozyme, and then inactive subunits (108). Since the E392A mutation does not cause
a decrease in activity (Figure 26), the multimeric conformation of this mutation is not
predicted to be different from that of wild type PK.

Even though the 392 equivalent residue position in mammalian isozymes is a lysine
(Figure A1) with a positive charge instead of the negatively charged glutamic acid of yeast
PK 392, both appear to be in hydrogen bonds with a tyrosine residue, 414 in yeast PK, of
the neighboring subunit. Friesen et al. (111) has proposed that the tyrosine residue is part
of a hydrogen bonding network which transmits an allosteric signal from the C-C subunit
interface to the active site. In the hypothesis of Friesen et al. (111), the tyrosine (equivalent
to 414 in yeast PK) would interact with an alanine. However, PK isozymes have a highly
conserved tyrosine-arginine sequence equivalent to yeast PK 414-415. The B.
stearothermophilus arginine equivalent to yeast PK 415 has previously been predicted to be
in a salt bridge that is important to allosteric regulation (34). In crystal structures of both
mammalian M1 (17-19) and yeast (20) isozymes, this arginine is orientated towards
charged groups across the A-C domain interface (Figure 42). Therefore, in contrast to the
predictions of Friesen er al. (111), the yeast PK arginine 415 may be involved in relaying
the allosteric signal to the active site. Unfortunately, the R415Q mutation designed in the
current study was not expressed, preventing further study of this possibility.

Q299N: An A-A Subunit Interface Mutation

A glutamine to asparagine mutation in PK of B. stearothermophilus, at a position
equivalent to yeast PK 299, decreased the enzyme's kinetic responsiveness to its allosteric
activator, ribose-5-phosphate (59). However, the Bacillus enzyme's affinity for PEP
followed by fluorescent quench techniques is still responsive to the activator (59). To
investigate the role of glutamine 299 in the allosteric regulation of yeast PK by FBP, the

Q299N yeast PK mutation was created.
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Figure 43. Location of Amino Acids of a Possible Relay Involved in Allosteric
Regulation. Panel A shows rabbi'g M1 PK (17-19) and panel B shows yeast PK (20). In
both structures, the subunit of interest is shown in white and the neighboring subunits
green. The yeast PK equivalent positions of 392, 414, 415 are shown in green, red, cyan,
respectively. In addition, charged A-domain amino acids orientated towards the 415

equivalent residue are orange.
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In contrast to the B. stearothermophilus mutant PK, the Q299N yeast PK mutant's
S,), for PEP was fesponsive to the allosteric activator, FBP. The Q299N yeast PK mutant
has an increased S, for PEP in the absence of FBP and incfeased S,,, for FBP activation.
These results might support that the Q299N mutation reduces ligand affinitiés of the T-state
without affecting ligand affinity of the R-state. The Q299N mutation may also stabilize the
low activity state of yeast PK (T- state), evidenced by the increased ny for varying PEP in
the absence of FBP. Due to the lack of purification, FBP binding could not be followed
with the fluorescent technique.

In this study, the kinetic response of Q299N yeast PK to varying concentrations of
ADP supports that FBP regulates apparent ADP affinity (Figure 28). However, even
though the 12 mM PEP concentration used while varying ADP is saturating for wild type
PK, this PEP concentration may be below saturating conditions for Q299N (Figure 28). At
PEP concentrations below saturating, FBP's ability to shift the S;,, for ADP may be due to
FBP's affect on PEP affinity. Increasing the PEP concentration to 22 mM while varying
ADP had no effect on ADP dependent parameters (Table 11). Therefore, in this study, the
Q299N mutant exhibits an observable FBP regulation of ADP affinity in contrast to wild
type enzyme. A similar regulation of ADP affinity by FBP has been seen in another A-A
subunit interface yeast PK mutant (T311M) studied by Bollenbach (109).

Dr. Thomas Nowak has shown that even though the kinetic dependent response of
yeast PK for ADP is hyperbolic, ADP binding curves are sigmoidal (110). Mesecar
observed that high concentrations of free ADP increase the S,,, for PEP. Competition
between PEP and ADP with ADP acting as a dead-end inhibitor as suggested by Mesecar
(24) may explain these observations. However, Haeckel et al. reported that the ny of yeast
PK's ADP-dependent kinetic curves is dependent on PEP concentration (41). A dead-end
inhibitor complex caused by ADP binding does not easily explain this observation.
However, a coupling between ADP and PEP binding is supported. The 299 residue is
adjacent to threonine 298 of the PEP binding site (20). Lovell et al. has proposed that the
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glutamine 299 equivalent of B. stearothermophilus is important in coupling PEP binding
with cooperative and allosteric functions (59). Altered coupling of PEP binding may allow
the apparent ADP affinity to become responsive to FBP. This hypothesis is consistent with
the report of Kuczenski and Suelter, who used fluorescent techniques to show coupling
between the binding of ADP and FBP to yeast PK (44).

T311M: An A-A Subunit Interface Mutation

Recreating a hemolytic anemia mutation (PK Tokyo; threonine to methionine at a
position equivalent to yeast PK 311) in the mammalian M2 isozyme is reported to cause a
loss of sensitivity to allosteric activation by FBP and loss of allosteric inhibition by
phenylalanine (79,80). To examine the role of yeast PK's threonine 311 in allosteric
regulation, T311M was created ih this study.

The T311M yeast PK mutant has an increased S,,, for PEP and FBP, a decreased
affinity for FBP as indirectly evidenced by fluorescent quench titration curves, and is
absolutely dependent on FBP for catalytic activity under standard assay conditions used in
this study (Figures 30 and 31). Since T311M had reduced affinity for FBP, the enzyme
may not have been fully activated by standard assay conditions in the presence of FBP.
Therefore the activity response to varying ADP and PEP are both sigmoidal in the presence
of FBP. Since T311M has an increased S,, for PEP and FBP and a decreased affinity for
FBP, the main effect of the T311M yeast PK mutation may be to stabilize the low activity
state of yeast PK (T- state).

During the course of this study, the T311M mutation in yeast PK was also created
by Bollenbach (109). Regulation of apparent ADP affinity of T311M by FBP is reported
(109). Bollenbach demonstrated that the largest shift in ligand affinity caused by the
T311M mutation was for the divalent cation, Mg**> or Mn** (109). The current study did
not monitor effects of mutations on divalent cation affinity and therefore the T311M yeast
PK mutant's apparent dependence on FBP for catalytic activity observed in this study may

be due to the lowered divalent cation affinity reported by Bollenbach (109). Binding of
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divalent ion to yeast PK is coupled to both FBP and PEP binding (60,61). Therefore,
T311M yeast PK mutation may stabilize the low activity state of yeast PK (T- state) by
reducing divalent cation affinity as reported by Bollenbach (109). Since the role of the
divalent ion in coupling PEP binding with binding of FBP has been reported, altered
coupling of PEP binding to binding of other ligands may allow apparent ADP affinity to
become responsive to FBP.

Friesen et al. has suggested that the T311M equivalent mutation in mammalian PK
isozymes may interrupt a salt bridge between the A and B domains (79). In the proposal of
Friesen et al., the T31 1M mutation might cause the helix, containing both the yeast PK 311
and 312 positions, to reorientate. This helix reorientation could interrupt a salt bfidge found
between arginine 312 and aspartic acid 147 equivalent positions in the rabbit muscle PK
crystal structure (79).

The Fructose-1,6-Bisphosphate Binding Site

The true FBP binding site identified by co-crystallization of FBP with yeast PK
shows that the FBP binding site is not highly positive as was proposed early in this study
(20). Instead only one ionic bond is involved in binding FBP to yeast PK (Figure 32). The
1'-phosphate group of FBP is bound to arginine 459 through a strong electrostatic
interaction (20). In contrast to predictions in the current study, hydrogen bonds play an
important role in FBP docking. Analysis of the electron density shows the 6'-phosphate of
FBP is bound by a loop (402-407 loop) through hydrogen bond interactions (Figure 32).
Serine 402, serine 404, and threonine 407 of the loop in yeast PK are all involved in this
interaction.

Site directed mutagenesis was used to probe residues of the FBP binding site that
are predicted to be important to allosteric regulation. In the FBP binding site, T406R,
T403K, and A458K do not cause large changes in kinetic parameters (Table 12). However,
R459Q causes a lack of kinetic activation by FBP (Figure 34) and greatly decreases affinity

for FBP as indirectly evidenced by fluorescence titration curves (Figure 35). Reduced FBP
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affinity in the R459Q mutation was predicted due to removal of ionic bonding capabilities.
R459Q has a sigmoidal PEP activation curve indicating that even though the mutation
reduces FBP affinity it does not affect the activity state of the enzyme or the ability of PEP
to activate the enzyme (cooperative regulation) (Figure 34). Since the R459Q mutation
greatly reduces yeast PK's affinity for FBP, this mutation does not support that the 459
arginine is responsible for triggering an allosteric transition. However, positively charged
mutants at positions in the FBP binding site, other than the 459 position, did not alter
allosteric regulation by FBP. Therefore, the ionic bond formed between arginine 459 and
the 1'-phosphate of FBP may be a key residue in allosteric regulation.

FBP analogs were used to probe regions of the activator important to triggering the
allosteric response. F1P was able to activate wild type PK (Figure 36), supporting F1P's
ability to cause allosteric acfivation of PK. F1P affinity indirectly monitored by fluorescence
quench titrations is responsive to aliosteric regulation by PEP in a manner similar to that of
FBP (Figure 37). Very high concentrations of F6P were also able to activate PK activity
(Figure 36). Due to the very low affinity of yeast PK for F6P indirectly monitored by
fluorescence quench titrations, the influence of PEP on F6P affinity could not be
determined (Figure 37). The use of FIP and F6P as FBP analogs supports FBP's 1'-
phosphate as important for mediating the allosteric activation of yeast PK.

Haeckel et al. repdrted no activation by 10 mM and 7.5 mM of fructose-1-
phosphate and fructose-6-phosphate, respectively (41). However Haeckel et al. assayed for
activation in the presence of low levels of PEP, ADP, and Mg ions (41). Since, binding of
divalent ion to yeast PK is coupled to both FBP and PEP binding (60,61), reduced divalent
cation levels in the activation assay of Haeckel et al. (41) may have caused reduced affinity
for FBP and FBP analogs. Since the 5 mM FBP used by Haeckel et al. to test FBP
activation were well in excess of saturating FBP concentrations (Figure 36), a reduced FBP
affinity due to low divalent cation concentrations may not have been detected (41). Ten mM

and 7.5 mM concentrations of fructose-1-phosphate and fructose-6-phosphate, respectively,
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used by Haeckel et al. are not satﬁrating concentrations for these activators (Figure 36).
Therefore the F1P and F6P activation in the current study are not inconsistent with those
reported by Haeckel er al. (41).

Mutational probing into the FBP binding site and FBP analogs studies in the
current work is consistent with a hypothesis that FBP is anchored to PK through 6'-
phosphate and sugar ring interactions. Interactions with the 1'-phosphate of FBP may be
responsible for triggering allosteric transition. Sequence alignments show all FBP activated
PK''s do not have an amino acid sequence that conserves an arginine at a position equivalent
to yeast PK 459 (20). The structures of two PK isozymes, E. coli and Leishmania have
been solved by crystallography (21,22). These crystallized isozymes do not have an amino-
acid sequence that conserves an arginine at a position equivalent to yeast PK 459 (Figure
Al). However, when the structures of E. coli and Leishmania are examined, two arginines
are in likely locations to function similarly to the yeast arginine 459 (Figure 44) (21,22).
Therefore, even though the yeast PK arginine 459 may not be conserved in the amino acid
sequence of other PK isozymes, the arginine may be conserved in the structures of other
PK isozymes.

Yeast PK arginine 459 is located on a helix structure (H17 helix) that also contains
the single tryptophan per subunit (tryptophan 452). When FBP binds interactions between
arginine 459 and the 1'-phosphate may shift the H17 helix. This is consistent with
fluorescence changes caused by FBP binding to yeast PK (Figure 15). Allosteric
regulation between FBP and PEP must link specific changes in the FBP binding site to
specific changes in the PEP binding site. FBP's allosteric regulation of PEP apparent
affinity (Figure 12) and PEP's allosteric regulation of FBP affinity (Figure 15) support this
assertion. Therefore, activation of PK by PEP must induce a change in the FBP binding
site. This is supported by the fluorescence quench caused by PEP binding even though the
single tryptophan residue is in the FBP binding site (Figure 15). Fluorescence quench

caused by FBP binding in addition to that caused by PEP binding may be due to direct
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Figure 44. Hand Alignment of Amino Acids of Crystallized PK Isozymes in the
Arginine 459 Helix. Alignment A shows sequences aligned to the sequence of yeast PK
based on E. coli's arginine 431 being equivalent to yeast's arginine 459 (21). Alignment
B shows sequences aligned to the sequence of yeast PK based on Leishmania's arginine

456 being equivalent to yeast's arginine 459 (22).

Alignment A
waedvdlrvnlamnvgkar
waedvdlrvnlamnvgkar
wtddvearinfgiekakef
ddfy-rlgkelalgs
keh--rvaagvefaksk

Alignment B
waedvdlrvnlamnvgkar
waedvdlrvnlamnvgkar
wtddvearinfgiekakef
ddfyrlgkelalgs
ke--hrvaagvefaksk

correspond to yeast 459 and 455 are in bold.
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interactions of FBP with tryptophan 452 and not due to further protein structural changes
around the tryptophan. This further supports that a shift of the H17 helix may be
intermediary to communications between the FBP binding site and the active site.

The amino acids that interact with the sugar ring (402-407 loop) and 6'-phosphate of
FBP in yeast PK (20) are not conserved between species (Figure A1). Therefore the bonds
responsible for anchoring FBP may vary between PK isozymes. One might predict that the
residues that mediate allosteric activation are highly conserved in allosteric activated PK
isozymes. The lack of conservation of residues of the 402-407 loop also supports that the
residues of this loop are probably not key residues in mediating allostéric activation.

The structure of the 402-407 loop in crystallized yeast PK is responsive to the
presence of FBP (20), even though the yeast PK structures both in the presence and
absence of FBP were activated by substrate analogs (20). Yeast PK's affinity for FBP is
under allosteric regulated by PEP (Figure 15). Therefore, activation of the yeést PK
isozyme by substrate, or substrate analogs, causes a change in the FBP binding site that
affects FBP affinity. Since the structure of the 402-407 hydrogen-bonding loop of
substrate activated yeast PK is responsive to FBP binding (20), this loop may not be part of
the structural changes in the FBP binding site caused by substrate activation. In crystallized
yeast PK structures, the responsiveness of the 402-407 hydrogen-bonding loop to FBP
binding (20) is consistent with the mechanism of FBP allosteric activation proposed here.

As discussed earlier, the M1 isozyme has a hyperbolic response to varying
concentrations of PEP in the absence of allosteric effectors, while the response of the M2
isozyme is sigmoidal (26). There are 22 amino acid differences between these two
isozymes (25). The position of the last residue that differs between the mammalian M1 and
M2 PK's is at a position equivalent to yeast PK 403 (threonine in yeast), and is part of the
402-407 hydrogen-bonding loop which binds the 6'-phosphate of FBP (20). In the M1
isozyme the position equivalent to yeast PK 403 is a glutamic acid. The same equivalent

position in the M2 isozyme is a lysine. In the current study the threonine 403 of yeast PK
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was mutated to mimic that of the M1 isozyme (T403E) and that of the M2 isozyme
(T403K). Since 403 is in a position to interact with the 6'-phosphate of FBP, T403E was
predicted to repel negatively charged FBP, while T403K was predicted to increase the yeast
PK's affinity for FBP. The M1 isozyme exists in an activated state in the absence of FBP,
therefore, the presence of a negative charge in the FBP binding site was considered as a
possible activator of PK. Activation of the T403E yeast PK mutation in the absence of FBP
was considered possible. As predicted the T403E yeast PK mutation was less sensitive to
activation by FBP (Figure 34) and had a decreased affinity for FBP as indirectly evidenced
by fluorescence titration curves (Figure 35). However, the sigmoidal kinetic response of
T403E to varying PEP concentrations (Figure 34) does not support activation of the enzyme
caused by introducing a negative charge into the FBP binding site. Surprisingly, the T403K
mutation had a S,,, for FBP activation very similar to that of wild type PK (Table 12).
Therefore, the 403 position is not predicted to be a key residue in mediating allosteric
activation of yeast PK. This further supports that specific interactions betwéen yeast PK
and FBP are responsible for binding FBP and for activating the allosteric response of yeast
PK. Therefore, an overall positive charge in the FBP binding site does not appear to
mediate allosteric regulation through charge-charge interactions.
Pyruvate Kinase Regulation Speculation

As discussed in the introduction, allosteric effectors may shift the equilibrium
between activity states independently of the substrate effects. Due to the possible ties
between cooperative and allosteric regulation, discussing cooperative regulation may be
useful to understand allosteric regulation. In order for PK to have cooperative regulation by
PEP, then the l_igation state of a PEP binding site must be communicated to one or both of
the subunit interfaces and then to the other PEP binding sites. Communication of the PEP
ligation to a subunit interface must be through the amino acids of PK.

There are several lines of evidence that support that communication at the C-C

subunit interface is responsible for cooperative regulation. 1) The 22 amino acid
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differences between the mammalian M1 and M2 isozymes occur in a 45 amino acid stretch
which is largely located in the C-C interface (25). As a reminder, the mammalian M1
isozyme has a hyperbolic response to varying concentration of PEP and M2 has a
sigmoidal response (26). 2) Mutating specific amino acids of the C-C interface has greatly
altered cooperativity in mammalian M1, mammalian M2, yeast, and B. stearthermophils PK
isozymes (59,76-78, this study). 3) Comparison of the amino acid sequence of the non-
cooperative, dimeric PK isozyme from Z. mobilis (36,37) with amino acid sequence of
cooperative, tetrameric PK isozymes suggests that loss of cooperativity may be the
consequence of changes in the C-C subunit interface. 4) In the present study a single
mutation, E392A, in the C-C interface causes the sigmoidal response to varying
concentrations of PEP to become hyperbolic.

Within the C-C interface, a hydrogen bond between glutamic acid 392 of one
subunit and tyrosine 414 of the neighboring subunit may mediate allosteric regulation. In
this study, the E392A mutation completely removed cooperative regulation. Binding of PEP
at the active site may be coupled to interactions between the glutamic acid 392 and tyrosine
414. Friesen et al. proposed that in mammalian muscle PK such a coupling between the C-
C interface and the active site might involve hydrogen bonding between the tyrosine
equivalent to yeast PK tyrosine 414 and an alanine at the 290 equivalent position (111).
Mutagensis of the 414 equivalent residue of rabbit muscle PK supports this possibility
(111). Friesen et al. suggested that the 392 to 414 hydrogen-bond could be linked to the
active site through the H10 helix (111).

Based on the crystal structure of yeast PK (20), a second possible regulation
pathways might be proposéd for coupling the 392-414 interactions with the active site
(Figure 45). PK isozymes have a highly conserved tyrosine-arginine sequence equivalent to
yeast PK 414-415. The B. stearothermophilus PK arginine equivalent to yeast PK 415 has
previously been suggested to be in a salt bridge with the equivalent to yeast PK aspartic acid

327. This salt bridge has been suggested to be important to allosteric regulation, based on
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mutation studies (34). In crystal structures of both mammalian M1 (17-19) and yeast (20)
isozymes, this arginine is orientated towards charged groups across the A-C domain
interface (Figure 42). A salt bridge across the A-C domain interface between arginine 415
and aspartic acid 327 may be part of a communication relay between the C-C interface and
the active site. The aspartic acid 327 in yeast PK is in a loop at one end of S17 B-sheet
while serine 332 is at the other end. The S17 B-sheet extends the A domain as part of the B-
barrel structure. Serine 332 residue is in the active site. Therefore, the ligation state of PEP
may be communicated from the active site through the S17 B-sheet to the salt bridge
between aspartic acid 327 and arginine 415 and finally to the interactions between tyrosine
414 and glutamic acid 392. Unfortunately, the R415Q mutation designed in the current
study was not expressed.

A third pathway can be proposed (Figure 45). The loop containing aspartic acid
327 is connected to the H11 helix. The H11 helix is part of the A-A interface. The H11
helix contains aspartic acid 317, which is in a salt bridge with arginine 264. Arginine 264,
in turn, is covalently linked to aspartic acid 266, which is involved in coordinating the
divalent cation in the active site. In this possible pathway, the ligation state of PEP may be
communicated from the active site through the divalent cation to the 317 to 264 salt bridge,
through the H11 helix, across the 327 to 415 salt bridge and to the interactions between
tyrosine 414 and glutamic acid 392.

One might consider if cooperative regulation occurs by a ligand's ability to
destabilize subunit interfaces or if a specific regulation relay pathway exists across a subunit
interface. At the C-C subunit interface interruption of the interactions between glutamic acid
392 of one subunit and tyrosine 414 of the neighboring subunit may destabilize the subunit
interface. The interactions at the interface may adjust to more favorable interactions. This
rearrangement may be related to the T to R conformational switch assumed in both the
concerted and sequential models of cooperative regulation (53,54). If cooperativity is due to

a ligand's ability to destabilize a subunit interface, then any mutation that alters the stability
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Figure 45. Possible Communication Pathways Linking the PEP Binding Site With the

C-C Subunit Interface.
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of the subunit interface would affect cooperativity. Therefore, an effect of a single mutation
will be influenced by what other stabilizing interactions are already present. Such an
explanation may explain the effects seen by adding an arginine at the 369 yeast PK
equivalent position in the mammalian muscle PK isozyme. However, removing th: arginine
369 equivalent residue in yeast PK, in the current study, as well as the mammalian M2 PK
isozyme did not alter allosteric regulation.

Instead of a general destabilization of the C-C subunit interface, a molecular relay
across the C-C interface may allow for active sites to communicate. Most likely is that a
molecular relay across the C-C interface would connect two identical pathways, one in each
subunit. If the 392 to 414 interaction is part of a molecular relay, then the two 392 to 414
contacts of a single C-C subunit interface might be coupled. Within a single subunit, the
yeast PK structure (20) indicates that arginine 413 is in a salt bridge with glutamic acid 380
(Figure 46). Since arginine 413 is covalently linked to tyrosine 414 and glutamic acid 380
is located on the same helix (H14 helix) as glutamic acid 392, this 413 to 380 salt bridge
might be involved in coupling the two 392 to 414 interactions of a C-C subunit interface.
However, both R413Q and R413E did not greatly alter kinetic properties. This does not
support that the 380 to 413 interactions are involved in coupling the two 392-414
interactions of a C-C subunit interface. |

Next, one might consider if there is direct communication between a FBP binding
site and a PEP binding site, or only communication of the two types of binding sites with
the subunit interface? The E392A mutant yeast PK has a hyperbolic kinetic response to
varying concentrations of PEP and a hyperbolic fluorescence quench response to varying
concentrations of FBP (Figures 26 and 27). This suggests that this single mutation has
interrupted the communication between PEP binding sites as well as between FBP binding
sites. In addition, the PEP dependent kinetic activation curve of E392A was not responsive
to FBP, nor the FBP dependent fluorescence quench titration curve of E392A responsive to

PEP (Figures 26 and 27). Therefore the communication between the FBP binding site and
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the PEP binding site has been disrupted by a C-C interface mutation. The 392 position is
likely to play a méjor role in allosteric activation.

Glutamic acid 392 is located near the S18 B-sheet that extends the hydrophobic core
of the C domain (Figure 47). The hydrogen-bonding loop responsible for binding the 6'-
phosphate of FBP is located at the other end of the S18 B-sheet. After the backbone forms
the hydrogen-bonding loop in the FBP binding pocket, it forms the H15 helix. Arginine
413, tyrosine 414, and arginine 415 are at the end of the H15 helix. The backbone then
makes a B-sheet (S19 B-sheet) which again passes through the hydrophobic core of the C-
domain. At the end of the S19 B-sheet arginine 425 interacts with aspartic acid 455 of the
H17 helix. As areminder, H17 contains arginine 459, which forms an ionic bond with the
1'-phosphate of FBP. Therefore the S18 B-sheet, the H15 helix and the S19 B-sheet may all
be involved in relaying the Aligation state of the FBP binding site to the E392-Y414-R415
pathway already proposed in PEP cooperative regulation (Figure 47).

The molecular interactions of the FBP binding site in yeast PK have already been
discussed. Data in the current study are constant with the importance of a specific amino
acid residue involvement in allosteric regulation, in contrast to an overall charge effect
introduced by FBP binding. Mutagenesis of amino acids in the hydrogen binding loop that
interact with the 6'-phosphate of FBP do not support the involvement of these amino acids
communicatjng a regulation “signal". Therefore, the link between the hydrogen bonding
loop of the FBP binding site with glutamic acid 392 through the S18 B-sheet helix may not
be important in communicating the ligation state of the FBP binding site to the proposed
E392-Y414-R415 cooperativity connnunication pathway. The same may be true of the link
between the hydrogen-bonding loop with tyrosine 414 through the H15 helix.

If the formation of the ionic bond between arginine 459 and the 1'-phosphate of
FBP causes the H17 helix to shift, then ionic interactions between aspartic acid 455 and
arginine 425 may be disrupted (Figure 48). This altered interaction may be communicated

through the S19 B-sheet to arginine 415. The ligation state of the FBP binding site may
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Figure 47. Possible Communication Pathways Linking the FBP Binding Site With the C-

C Subunit Interface.
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influence the E392-Y414-R415 cooperativity communication pathway. Therefore FBP
ligation might affect both the C-C subunit interface and the active site. This possible
communication pathway may also be used to explain the cooperative regulation of FBP
apparent affinity.

A possible communication pathway through the S17 B-sheet, as discussed earlier,
does not account for the central role of the divalent cation in coupling binding of FBP to
binding of PEP as has been reported by Mesecar et al. (60,61). However, the proposed
pathway through the H11 helix incorporates a role of the divalent cation in coupling FBP
binding and PEP binding. Furthermore, the H11 helix is connected to the 311 position of
the T311M mutation, which in this study affects both PEP and FBP apparent affinities.
Therefore the communication pathway(s) most consistent with data of this study and that
feported in the literature is summarized in Figure 48.

Future Studies

In the regulation pathway(s) proposed above (Figure 48) there are a few residues
that might be predicted to be key elements of the pathway(s). Mutagenesis of these key
residues might be used to probe the accuracy of the proposed regulation pathway(s). The
ionic bond between arginine 425 and aspartic acid 455 is central in FBP communication in
the proposed model. Therefore, mutagenesis of arginine 425 and aspartic acid 455 to alter
charges and side chain lengths might be useful to testing the model. The ionic bond
between arginine 264 and aspartic acid 317 is central in PEP communication in the model.
Mutagenesis of arginine 264 and aspartic acid 317 to alter charges and side chain lengths
might be useful to testing the model. In addition the model predicts that the ionic bond
between arginine 415 and aspartic acid 327 is important in all channels of communication.
Therefore, further mutagenesis of arginine 415 and aspartic acid 327 to alter éharges and
side chain length might be useful to testing the model.

Mutations created in the current study might be useful in a number of new

investigations into allosteric regulation of PK. The E392A mutation is locked in the
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Figure 48. Proposed Communication Pathways. Formation of the ionic bond between
the 1'-phosphate of FBP and arginine 459 might cause a rearrangement of the H17 helix.
This rearrangement might disrupt the interactions of aspartic acid 455 and arginine 425.
The "signal" might be passed from arginine 425 through the S19 B-sheet to a salt bridge
between the A and C domains involving arginine 415 and aspartic acid 327. Changes in
the 415 to 327 salt bridge might cause the H11 helix to rearrange, which might in turn
effect a salt bridge between aspartic acid 317 and arginine 264. Changes in the 317 to
264 salt bridge might then cause changes in the interaction between aspartic acid 266 and
the divalent cation. These changes might be responsible for altered S,, for PEP
associated with allosteric regulation by FBP. The "signal"” pas'sed through the S19 B-
sheet might also affect the C-C subunit interface. A hydrogen bond across the C-C
subunit interface involving tyrosine 414 and glutamic acid 392 of the neighboring subunit
might be one important subunit contact involved in regulation. Interactions across the C-
C interface may give rise to the cooperativity in FBP binding. The same pathways,
which communicate the PEP binding site with the C-C subunit interface, might be used to
explain the cooperativity of PEP apparent binding. In like manner, the pathway linking
the PEP binding site with the FBP binding site might be used to explain allosteric

regulation of FBP binding by PEP.
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activated state (R-state) and therefore comparison of free energies of E392A PK ligation
with those of wild type PK ligation can be used to derive stoichiometric free energy
components of FBP cooperativity for yeast PK. R459Q disrupts FBP binding and
therefore if mixed tetramers of this mutation with wild type PK are generated, the stepwise
ligation of yeast PK with FBP could be determined. Similar approaches have been used to
determine stoichiometric free energy components and stepwise ligation of hemoglobin (55).
Summary

Yeast pyruvate kinase (PK), the tetrameric regulating enzyme of carbohydrate
metabolism, catalyzes the final step of glycolysis and is regulated by several mechanisms
including feed forward activation by fructose-1,6-bisphosphate (FBP). This study used site
directed mutagenesis as the major experimental approach to gain understanding of the
mechanism of allosteric regulation of yeast PK by FBP. Two positively charged A-C
domain interface pockets (Tyr 436 pocket and Arg 42 pocket), the C-C subunit interface, the
A-A subunit interface, and the FBP binding site were probed to understand their roles in
allosteric regulation of PK by FBP (Figure 49).

Interrupting a specific hydrogen bond in the C-C interface disrupts cooperative
binding of both PEP and FBP. Even though a number of roles for residues in the A-C
domain contacts have been proposed, little evidence has supported these theories. However,
specific interactions in the A-C domain contacts, which may include yeast PK arginine 415,
may be in an allosteric signal pathway between the C-C subunit interface and the active site.
Altered energy constraints due to changes at C-C subunit interface is also possible.

The role of the A-A interface in cooperative and allosteric regulation has not been
well studied. A-A interface residues that play a role in allosteric regulation do not abolish
cooperativity. In addition, mutatgenesis of the A-A interface residues causes the ADP
apparent affinity to become regulated by FBP. Current evidence suggests that both the

active site and FBP binding site are sensitive to the perturbations at the A-A interface.
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Several possible pathways of communication between the subunit interfaces, the
active site, and the FBP binding site are discussed. A molecular network of communication

may link the FBP binding site, the PEP binding site, and the C-C subunit interface.
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Figure 49. Locations of Expressed Mutations. A yeast PK subunit as resolved by Jurica
et al. (20) is shown in white. Neighboring subunits are shown in green. FBP is shown in
the FBP binding site as a red ball-and-stick structure. Mutations in the A-A subunit
contacts (A-A) are in cyan spacefill. Mutations in the C-C subunit contacts (C-C) are in
purple spacefill. Mutations in the FBP binding site (FBP) are in yellow spacefill.
Expressed mutations in the Tyr 436 pocket (Tyr 436) are in white spacefill. R77Q of the
Arg 42 pocket (Arg 42) is shown in pink spacefill and appears on the back site of the

structure.
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Figure Al. Sequence Alignment for Many PK Isozymes. The positions of residues
with single amino acid replacements in red blood cell deficiency are highlighted. These
residues are listed in Table 1. Mutations listed in Table 2 are denoted by (*). Mutations
listed in Table 3 are denoted by (*). Structural assignments are based on the rabbit

muscle PK structure (17).
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Label:
HumanR
HumanL

RatR

RatL
MouseM?2
RatM2
HumanM?2
HumanM1
CatM1
RabbitM1
RatM1
FrogMuscle
ChickenMuscle
S. cerevisiael
S. cerevisiae2
Yarrowia
Emericella
Aspergillus
Trichoderma
T. brucei

T. borelli
PotatoCytosolic
TobaccoCytosolc
B. subtilis

B. licheniforms
B. stearotherm.
B. psychrophils
E. coli Typel

Synechocystis

Lactococcus
spirochete
Tobaccoplastid
TobaccoCloroplt
Haemophilus

E. coli Typell

Mycobacterium -

Corynebacterium
Zymomonas
Leishmania

PK isozyme:
Human red blood cell

. Human liver

Rat red blood cell

Rat Liver

Mouse M2

Rat M2

Human M2

Human muscle

Cat muscle

Rabbit muscle

Rat muscle

Clawed frog muscle

Chicken muscle
Saccharomyces cerevisiae pykl
Saccharomyces cerevisiae pyk2
Yarrowia lipolytica
Emericella nidulans
Aspergillus niger
Trichoderma reesei
Trypanosoma brucei
Trypanoplasma borelli
Potato cytosolic

Tobacco cytosolic

Bacillus subtilis

Bacillus licheniformis
Bacillus stearothermophilus
Bacillus psychrophilus
Escherichia coli Typel

FBP activated
Synechocystis sp.

(strain PCC 6803)
Lactococcus lactis
Borrelia burgdorferi
Tobacco plastid
Tobacco chloroplast
Haemophilus influenzae

(strain Rd KW20)
Escherichia coli Typell

AMP activated
Mpycobacterium tuberculosis

(strain H37RV)
Corynebacterium glutamicum
Zymomonas mobilis
Leishmania

160

Reference:
(113)
(114)
(30)
(30)
(115)
(25)
(116)
(116)
(56)
(17)
(25)
(117
(118)
(119)
(120)
(121)
(122)
(123)
(124)
(125)
(126)
(127)
(128)
(129)
(130)
(131)
(130)

(132)

(133)
(134)
(135)
(137)
(137)

(138)
(139)
(140)
(141)

(36)
(22)



HumanR = = ~==-======-=-= MSIQENISSLQLRSWVSKSQRDLARSILIGAPGGPAGYLRRASVAQLTQE
HumanL, = = =  s--sesssssseeemoo oo s e ——e——ooeo- MEGPAGYLRRASVAQLTQE
RatR = mememeee—oo MSVQENTLPQQLWPWIFRSQRDLARSALSGAPGGPAGYLRRASVAQLTQE
RatL, @ memmmmm e m e mmmr e e mcanm e, ————— MEGPAGYLRRASVAQLTQE
MouseM2 = = = -~ =-- o mmem e e e e mme e m——m————————m MPKPHSE
RAtM2 3 —ececmcrmc e e e e mmcmmee— e ——— . —————— MPKPDSE
HUMANM2 ~ =mmme e mmme e e oo e e e MSKPHSE
HumanMl =  ~-cscmmcccccccemec e e c e e cc s e sms s e e a e mm e —————— MSKPHSE
catul ------------------------------------------------------ SKPHSD
RabbitMl 3 —e;cccmcc et e e m— - SKSHSE
RatMl 3 —esmcecc e cc e em e mc s seme e m e m e — e — e — MPKPDSE
FrogMuscle® ~—--e e o e e e e e MSE
ChickenMugcle  —==——— = - oo e MSKHHD
S. cerevigiael ~emeemremm e e e——aa
S. cerevisiae? -------m e re s e rrcndm e m e e e cw e ———
Yarrowia = = ~-emem e e eue e ameemmmeces— e m——— -
Emericella  —==--cemmmc e encme e meremescmcemeer e mem e —a———————————
ASpergillug z  m-e-eere e e e e m e
Trichoderma = ~——————c--memmcmmmmm e cr e mmm e MSQISR
T, brucei = - e ——
T. borelli  —--ccccmremeerdemrcdccer—cdacrcmees e mmmrcaEme— e ———————
PotatoCyto80lic —=-————mm e e
PobaccoCyto80LlE ~=mm——— e m e e et
B. subtilig  ~eecmmemmemm e re e me R ce e se e me e ————————
B. licheniformsg --===creceem e e — e
B. stearothérm. -=~--—--—--—ceccmcmcc e e e e m e —— -
B. psychrophils =-=--——m-—- - mee e e o
E. coll Typel —=---—=- e e —m e m e —eeaeeao
SynechoCystis  ~——— =~ ccc o c e
LACLOCOCCUS 3+~ == - e e e m e e e e —— =
spirochete =  ~=-----c-ossemcmececeeer oo m e m s rmoo o ——o—— oo
Tobaccoplastid ~-==---cmoc—oweaao MATMNLPTGLHVAARPASLDRLSSARNVGDLFFSDSRHRRKRVN
TobaccoCloroplt MSQALNFFVSSSSRSPATFTISRPSVFPSTGSLRLLVERKSLRTLVVEASSAAASDLDEPQ
Haemophilus e L B L L L e
E. coli TYPeIT -------c-m e mr e mmemme e e e e
Mycobacterium =---==e-ememmcm e e e nene e —em—ea
Corynebacterium ~-——=e-e oo e e e
ZYMOMONAS = — === == o e e - e e e e e e e e e e e e e e e e ——— - ————
Leishmania =  —----ceccmmcmcccmccceccdcerccsmcm e m e m e ———— e ——————
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<H1~-> <=-H2-> <Sl-~-

HumanR LGTAFFQQQQLPAAMADTFLEHLCLLDIDEEPVAA -~~~ == m—mm == mm e mm RSTSIIA
HumanL LGTAFFQQQQLPAAMADTF LEHLCLLDIDEEPVAA~~~==mommm=m == e RSTSIIA
RatR LGTAFFQQQQLPARMADTFLEHL.CLLDIDEQPVAA- ==~ === mmmmmmam e RSTSIIA
RatL LGTAFFQQQQLPAAMADTFLEHLCLLDIDEQPVAR- === =m==mmmcmmmme RSTSIIA
MouseM2 AGTAFIQTQQLHARMADTFLEHMCRLDIDGAPITA-~=~=========mm=mx RNTGIIC
RatM2 AGTAFIQTQQLHARMADTFLEHMCRLDIDEAPITA- ——====—==c===-=== RNTGIIC
HumanM2 AGTAPIQTQQLHAAMADTFLEHMCRLDIDEPPITA~ == === ==m== === ==u RNTGIIC
HumanM1 AGTAFIQTQQLHAAMADTFLEHMCRLDIDEPPITA- —=~-===m======mmu RNTGIIC
catMl VGTAFIQTQQLHAAMADTFLEHMCRLDIDEPPITA-—--=~=—===—===-=c RNTGIIC
RabbitMl AGSAFIQTQQLHAAMADTFLEHMCRLDIDGAPITA~~======c=m=ewaemx RNTGIIC
RatMl AGTAFIQTQQLHAAMADTFLEHMCRLDIDEAPITA-~======mm=m=——=ue RNTGIIC
FrogMuscle AGSAFIQTQQLHAAMADTFLEHMCRLDIDEEPIVA----=~—=m=ccecnoou RNTGIIC
ChickenMuscle  AGTAFIQTQQLHAAMADTPLEHMCRLDIDGEPTIA---=----==-==m==-=x RNTGIIC
S. cerevisiael =--~------m--eo- MSRLERLTSLN--VJAGSDL-~~-======—-nc-o—= RRTSIIG
S. cerevisiae2 ------------- MPESRLQRLANLE-- [ETPQQL-~-======-=—=c==== RRTSIIG
Yarrowia = = o ——==--e-emmcmmceeooo MIYTAN--SEPSTNL-~~--ccccecmccanan QGPSTLN
Emericella ---MAASSSLDHLSNRMKLEWHSKLNTEMEPARNE - - - - —- == —=—-———--= RRTSIIC
Aspergillus - - -MAASSSLDHLSNRMKLEWHSKLNTEMEP SKNF = =~ = ===~ == =~ wc=m=x RRTSIIG
Trichoderma TQSIMATTAQEHLETGGRINWLASLNTAFIIPARNE - ~ =~ === =w === =ww- RRTSIIC
T. brucei = = —=e-=cecc—ecaoaao MSQLEHNIGLSIPEPVAKH--========w=-oa==u RANRIVC
T. borelli = = =-=-----c-cwoen MRKSQLQFNTELRVHIIPPALF - ~--—===-—--=-=--- RSNKIIC
PotatoCytosolic ---=----==--cn-o MANIDIAGIMRDLENDGRI---~-~===-—===co-= PKTKIVC
TobaccoCytosole —--~----=-cc-c-- MAIENNNNGVNECHVKR -~ === ~======co-—camo PKTKIVC
B. subtilis =  =—-meo—mmmmemeemeeeeee | - R O RKTKIVC
B. licheniformg ---=-----—=ccocccccomocacnoo| - e S RKTKIVC
B. 8tearotherm. -=-—=----c-ecceaccaaocacceand - R R atatale RRTKIVC
B. psychrophils -=--cec--cmrcce e r e B----M--—— s RKTKIVC
E. coli Typel  -------m-—=--ceoccommmmeocooaoo - e L i KKTKIVC
Synechocystis  ---—=--c—ce-oecocaa- MPALINPVKMRPLS--=-==-==c—uo—-o—- HRTKIVA
Lactococcus = m-—=—-==-—=oo-- MNKRVKIVSTLGPAJEIRGG--~--=oc-ccemnoomn KKFGESG
spirochete ——-—momemmmeecmeeeeee B--MIS---cceemmemmm o KLTKIVA
Tobaccoplastid TSNQIMAVQSLEHIHGVNNNVYANYVNFNYPSSGYSLGQESVYLN-~——--- SPRRTKIVC
TobaccoCloroplt SSPVLVSENGSGGVLSSATQEYGRNAPPGHDSSSIEVDTVTEAELKENGFRSTRRTKLIC
Haemophilus =  —————-—-—mmmemm oo BMSRRL - -~ = — -~ = m e RRTKIVC
E. coli TypeIT ——----—-—mmmmmmmmm e BMSRRL-——-———— - RRTKIVT
Mycobacterium ~------—cmmmmm e B---MT--—ee e - RRGKIVC
Corynebacterium -------—c-oaommm e B---MD-- - RRTKIVC
Zymomonas = —-~==-——————m—mmem e - MTEGLFPRGRKVRVVS
Leighmania =  -==-==-cmaceomaao MSQLAHNLTLSIFPVANY ==~ -===m===caaon=x RAARIIC
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s1l-> <~=Hi=w=m> <S2-> Cummm—— H4----- >

HumanR

HumanL

RatR

RatL

MouseM2

RatM2

HumanM2

HumanM1l

CatMl

RabbitMl

RatM1l
FrogMuscle
ChickenMuscle
S. cerevisiael
S. cerevisiae2
Yarrowia
Emericella
Aspergillus
Trichoderma

T. brucei

T. borelli
PotatoCytosolic
TobaccoCytosolc
B. subtilis

B. licheniforms
B. stearotherm.
B. psychrophils
E. coli TypeI
Synechocystis
Lactococcus
spirochete
Tobaccoplastid
TobaccoCloroplt
Haemophilus

E. coli TypeII
Mycobacterium

Corynebacterium

Zymomonas
Leishmania

TIG---PASRSVERLKEJIRAGMNIRLNFEHGSHEYHARSIANREAVESFAGSPLSYR
TIG---PASRSVERLKEJIRAGMNIRLNFEHGSHE YHARTANFREAVESFAGSPLSYR
TIG---PASRSVDRLRENIKAGMNIPRLNFEHGSHEYHARSIANIREATESFATSPLSYR
TIG---PASRSVDRLKEUIRAGMNIRLNFEHGSHEYHAESTANIIREATESFATSPLSYR
TIG---PASRSVEMLKEJIRSGMNVIRLNFEHGTHE YHARII KNyREATESFASDPILYR
TIG---PASRSVEMLREJIKSGMNVIRLNFEHGTHE YHARJT RN RAATESFASDPILYR
TIG---PASRSVETLKENIKSGMNVIRLNFEHGTHEVHAERIKNRTATESFASDPILYR
TIG---PASRSVETLKENIKSGMNVIIRLNFEHGTHEYHAENI KNJRTATESFASDPILYR
TIG---PASRSVEILKELIKSGMNVIRLNFEHGTHEYHAEIKNjRAATESFASDPIRYR
TIG---PASRSVETLREIKSGMNVINRMNFEHGTHE YRAENIKNGRTATESFASDPILYR
TIG---PASRSVEMLKERIKSGMNVERLNFEHGTHEYHAERT KN RAATESFASDPILYR
TIG---PASRSVEMLKERIKSGMNIERLNFEHGTHE Y HAGHIKNYREATESLASNPIHYR
TIG---PASRSVDRLKENIKSGMNVIRLNFEHGTHEYHEGHIKNGREATESFASDPITYR
TIG---PKTNNPETLVARRRAGLNIJRMNFEHGSYEYHRSIIDNIRRSEELYP-G~~--~R
TIG---PKTNSCEAITAFRKAGLNIBRLNFEHGSYEFHQSIENVKSEQQFP-G--~--R
TDDI~-PTRNYRKSSIIETIAGLNIRMNFEHGS YEYHQSIENDRESEQRFR-G- -~ -R
TIG---PKTNSVEKINAZRRAGLNVIRMNFIEIHGSYEYHQSIIDHI\REAEKQAA-G~---R
TIG---PKTNSVERINSPRTAGLNVIIRMNFEHGSYEYHQSIIDNIREAARTQV-G--~--R
TIG---PKTNSVEALNKIRDAGLNVIRMNFEHGS YEYHQSIDNRASVAAHP-G- -~ -R
TIG---PSTQSVEALKNIMKSGMSVERMNFEHGSHEYHOTHINNRAAAAELG - -~~~ - L
TIG---PSSQSVEVLKNMMKAGLNVIRMNFEHGT YR YHORII DNYRRAASELG~- - -~ - I
TLG- - - PSSRTVPMLERIALRAGMNVI R FNFEHGTHE YHQERL. DNBK TAMONTQ - - - — - - I
TLG-- -PASRSVPMIERIBLRAGMNVIRFNFEHGSHD YHQEHNT DMIRQAMES TG- - - - - — I
TIG---PASESIEMLTKIMESGMNVIRLNFEHGDFEEHGASII RNISREASKKLG- - -~ -~ K
TIG---PASESVERLTQMMEAGMNVERLNFEHGDFEEHGAIIKNEREAAGKLG -~ - -~ - K
TIG-- - PASESVDKLVQIMEAGMNVERLNFSHGDHEEHGRII ANISREAARRTG -~ — -~ - R
TIG---PASESPELLEQAIEAGMNVIIRLNFSHGNHAEHRASIIDSIRRVARERG -~~~ - - K
TIG---PKTESEEMLAKILDAGMNVERLNFEHGDYAEHGQRIIQNIRNVMSKTG- - - - -~ K
TIG---PASSSVEVIRQUVDAGMNVERLNFEHGSYEDHATEVRLERSVEQEMD - -~ ~ -~ - T
YWGESLDVEASARNIAARIEEGANVERFNFEHGDHPEQGATMATIHRAREIAG- -~ -~ - H
TIS---DLRCEPEHIKDEHDAGVNVERLNTIHOSHEDT IKIDNGRKI SN- -~ -~ =~~~
TIG---PSTSSREMIWKZAEAGMNVIIRLNMEHGDHASHQRIJIDIJKEYNAQFED - -~ - - K
TIG---PATCGFEQLERPAEGGMNVIR INMEHGTREWHRMYIERBRRLNEEKG- -~ =~ ~ F
TMG- - - PSTDRDNNLEKEIAAGANVRMNFEHGT PDDHIGTAERGRSTAKKLG - — - — - - K
TLG- - - PATDRDNNLERI AAGANV{GRMNFEHGS PEDHKMIADKREI AAKLG -~ - - — - R
TLG- - - PATQRDDLVRAFVEAGMDVERMNFERGDYDDHR VXY ERRVASDATG - - - - - — R
TLG-- - PAVASADGILRIVEDGMDVEIR LNFISHGDHPDHE QY KWGREAAEKTG - - ~ - — - R

TLG-- - PASSTAEQIRDEF LAGADVER INMEHGTHDERKVESVDNIERALEREFN -~ - =~ - R
TIG---PSTQSVEALKGAIQSGMSVIRMNFEHGSHEYHQTIINNGRQAAARLG -~ =~~~ v
L) A A ”*
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149
118
149
118
106
106
106
106
105
105
106
102
105
77
79
73
91
91
100
77
79
77
75
59
59
60
59
59
73
81
57
149
171
63
63
60
60
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HumanR

HumanL

RatR

RatL

MouseM2

RatM2

HumanM2

HumanMl

CatMl

RabbitM1

RatMl
FrogMuscle
ChickenMuscle
S. cerevisiael
S. cerevisiae2
Yarrowia
Emericella
Aspergillus
Trichoderma

T. brucei

T. borelli
PotatoCytosolic
TobaccoCytosolc
B. subtilis

B. licheniforms
B. stearotherm.
B. psychrophils
E. coli Typel
Synechocystis
Lactococcus
gpirochete
Tobaccoplastid
TobaccoCloroplt
Haemophilus

E. ¢oli TypeII
Mycobacterium

Corynebacterium

Zymomonas
Leishmania

<~83-=-> <=84-> <85> <~-S86-> <S7>

- PVAIARDTREPEIRTGI LQGGPESEVELVKGSQVLVTVDPAFRTRGNANTVWVDY PN~~~

PVAIARDTKEPEIRTGILQGGPESEVELVRGSQVLVTVDPAFRTRGNANTVWVDY PN -~ -
PVAIABDTKEPEIRTGVLQGGPESEVEIVRGSQVLVTVDPKFQTRGDAKTVWVDYHN - - -
PVAIARDTREPEIRTGVLOGGPESEVEIVRGSQVLVTVDPKF QTRGDAKTVWVDYHN -~ -
PVAVARDTKEPEIRTGLIKGSGHAEVELKKGATLKITLDNAYMEKCDENILRLDYKN -~ ~
PVAVARDTREPEIRTGLIKGSGHARVELKKGATLKITLDNAYMEKCDENILWLDYKN -~~~
PVAVARDTKEPEIRTGLIKGSGHAEVELKKGATLKITLDNAYMEKCDENILWLDYKN -~ -
PVAVARDTKEPEIRTGLIKGSGHAEVELKRGATLKI TLDNAYMEKCDENILWLDY KN~~~
PVAVARDTKEPEIRTGLIKGSGHARVELKKGATLKITLDNAYMEKCDENVLWLDYRN - ~ -
PVAVAPDTKEPEIRTGLIKG SGEAEVELKKGATLKITLDNAYMEKCDENI LWLDYRN - - ~
PVAVARDTREPEIRTGLIKGSGEAEVELKKGATLKITLDNAYMEKCDENI LWLDYKN - - -
PVAVARDTKEPEIRTGLIKGSGEAEVELKKGATMR I TLDDAF QENCDENVLWVDY RN - - ~
PVAIARDTHEPEINTGLIKGSGAEVELKKGAALKVTLDNAFMENC DENVLWVDYRN- -~
PLAIARDTREPEIRTGTTTN--EVDYPIPPNHEMIF TTDDKYARACDDKIMYVDYRN- -~
PLATARDTKEPEIGTGRTLN--BODLYI PVDHQMIF TTDASFANTSNDKIMY IDYAN -~ -
PLATARDTREPEIQTGVTED - -BKDWDVKAGHVMLF STNPKYKDQCDDKIMY IDYTN -~ -
PVAIAPBDTREPEIRTGNTVG--KDIPIKAGHEMNI STDEQYATASDDQNMYVDYRN - -~
PLATARDTKEPEIRTGNTPD- -BKDI PIRQGHELNITTDEQYATASDDRNMYLDYRKN -~ -
PVAIARDTKEPEIRTGNTAG- -BVDI PISAGTVMNF TTDEKYATACDTQNMY VDY KN -~ ~
HIGIAPDTKEPEIRTGLFKD--JGEVSFAPGDIVCVTTDPAYEKVGTKERFYIDYPQ-- -
HVGIARDTKEPRIRTGLFPA - -JGDVVIEAHKTVILTTDETF KEKGTAERFYVDYMN -~ ~
LCAVMZDTKEPEIRTGFLTD - -[EKPIQLREGQEITVSTD- - YTIKGNEEMI SMSYKK -~ -
LCAVMZDTKEPE I GFLED- -[JKPVQLKQGQEITISTD- - YSIKGDESMICMSYKK - -~
NVGIL#DTKEPEIRTHTMEN- -G~ IELETGKELIISMD- - -EVVGTTDKISVTYEG--~
DIGILEDTKEPEIRTHTMEN - -[§S - IELAAGSQLIVSMD - - -EVIGTPDKISVTYDG- -~
TVAILZDTKEPEINTHNMEN - -[EA - IELKEGSKLVI SMS - - ~-EVLGTPEKISVTYPS- - -
VVGILBDTKEPEIQNTHSMMN - -EK - LELVTGQKIDISMT - - - QVEGNNDVF SVSYDK -~ -
TAATILFDTREPEIRTMKLEG - -ENDVSLKAGQTFTFTTDK- - SVIGNSEMVAVTYEG-- -
PITLLIDLOEPRIFIGOLPG- -JGERQLREGEK- -VSLVPVEIGDRHPGAVGIDYPH- -~
KVGFLEDTREPEMITELFTDG - SI SVVTGDRFRVATKQG - - LKSTPELIALNVAGGLD
KIALMBEDTKEPEVITANIEN--[-PIIVRTGDKVIISTSP- - ~- INEPNNFQTNYDG-- -
VIAIMPDTREPEVESGDVPK- - PILLREGQEFNFSIKRG---VSTEDTVSVNYDD-~-
AVAIMIDTEESEIIMGDLGG - -\SSARAEDGEIWNF TVR - SFDPPLPERTVTVNYDG-- -
TVAILEPLOEPKIFVSTFRD- -JGRIFLNVGDKFILDAELP -KGEGTQESVGLDYKT - - -
HVAILEDLOEPKI[VSTFKE - -QGKVFLNIGDRF LLDANLG-KGEGDKEKVGIDYKG -~ -
AVGVLIDLOEPKIFL.GRFAS - - JGATHWAEGE - -TVRITVG-ACEGSHDRVSTTYKR- - -
AVGILOLOEPRIFLGRFTD- - PGATVWENGE - - TIRITVD-DVEGTHDRVS TTYRN -~ -
PTTILPOLOEPKIIVGDFKEG-- KVQLREGQTF TFDQDPTLGDETRVN - - - LPHPE - - -
NIAIARDTKEPEIRTGQFVGG-]-DAVMERGATCYVT TDPAFADKGTKDRFYIDYQN-~~
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IVRVVPVGGRIYIDDGLISLVVQKIGPE--GLVTQVENGGVLGS-~—---~ RRGVNLPGA
IVRVVPVGGRIYIDDGLISLVVQKIGPE--GLVTQVENGGVLGS--—~~~~ RRGVNLPGA
ITRVVAVGGRIYIDDGLISLVVQKIGPE--GLVTEVEHGGILGS~~--—--- RKGVNLPNT
ITRVVAVGGRIYIDDGLISLVVQKIGPE--GLVTEVEHGGILGS---~---- REGVNLPNT
ICKVVEVGSKIYVDDGLISLQVKEKGAD--FLVTEVENGGSLGS-—-~---- KKGVNLPGA
ICKVVEVGSKIYVDDGLISLQVKEKGAD-~-YLVTEVENGGSLGS~~~~--- KRKGVNL.PGA
ICKVVEVGSKIYVDDGLISLQVKQKGAD--FLVTEVENGGSLGS-~----- KKGVNL.PGA
ICKVVEVGSKIYVDDGLISLQVRQKGAD--FLVTEVENGGSLGS-~-~~—- KKGVNLPGA
ICKVVEVGSKVYVDDGLISLLVREKGAD--FLVTEVENGGSLGS~~~~-—-~ KKGVNL.PGA
ICKVVDVGSKVYVDDGLISLQVRQRGPD--FLVTEVENGGFLGS------- KKGVNLPGA
ICKVVEVGSKIYVDDGLISLQVRERGAD--YLVTEVENGGSLGS ~—~-~---~ KKGVNLPGA
LTKVVKPGSKIYVDDGLISLLVKEIGPD--FCVTEIENGGMLGS——-~---~ KRKGVNLPGA
LIRVIDVGSKIYVDDGLISLLVKEKGKD--FVMTEVENGGMLGS----~-—- KKGVNLPGA
ITKVISAGRIIYVDDGVLSFQVLEVVDDK-TLRVRKALNAGKICS----~-- HRKGVNLPGT
LTRVIVPGRFIYVDDGILSFKVLQIIDES~-NLRVQAVNSGYIAS == ==~~~ HRGVNLPNT
IVRQIDIGKIIFVDDGVLSFRVLEKIDGE-TLKVETLNNGKISS~~===«==~ RERGVNLPGT
ITKVISAGKLIYVDDGILSFEVLEVVDDRK~TLRVRCLNNGNISS~=—==~— RRGVNLPGT
ITRVISPGKLIYVDDGILSFEVLEVVDDK-TIRVRCLNNGNISS-~~~~-~ RKGVNLPGT
ITKVIQPGRVIYVDDGVLAFDVLSIKDDQ-TVEVRARNNGFISS ===~~~ RKGVNLPNT
LTNAVRPGGSIYVDDGVMTLRVVSKEDDR-TLRCHVNNHHRLTD = =~ ~—~~- RRGINLPGC
ITKVVPVGGHIFVDDGLLDL-IVVKISGK-DIECVAQNTHTISN--~~~-— RKGINLPNA
LVVDLKPGNTILCADGTITLTVLSCDPPSGTVRCRCENSATLGE--~~--~~ RRKNVNLPGV
LAEDVKPQSVILCADGQITFTVLSCDEKENGLDRCRCENTAVLGE-~~----— RENVNLPGV
LVHDVEQGSTILLDDGLIGLEVLDVDAAKREIKTRKVLNNGTLRN==~~=== KKGVNVPGV
LIHDVSVGSTILLDDGLVGLEVIDINKDKREIVTRVMNSGTLRN~ = =~==~ KKGVNVPGV
LIDDVSVGAKILLDDGLISLEVNAVDRKQAGEIVTTVLNGGVLRN~~===== KKGVNVPGV
LIEDVNEGSVILLDDGLIQLEVTGRDVARGLIHTLIINSGSLSN~~~~-~--~ NRGVNIPGV
FTTDLSVGNTVLVDDGLIGMEVTAIEGNK--VICKVLNNGDLGE-~-~~-- NRGVNLPGV
LATEARKVGERILLDDGLLEMRVVSIQDPE--VICEVVTGGILKS-~----- RKGVNLPGL
IFDDVEIGQTILIDDGKLGLSLTGKDAATREFEVEAQNDGVIGK-~—-~—~~ QRGVNIPNT
FVREVPQGSKVLIDDGELEMTVVARLPDR--LICEIKNDGQIRN-~---~-~ KKSINTPGI
FINDVEAGDILLVDGGMMSLAVRSKTSD--IVRCEVIDGGELRS -~ -—~~-- RRHLNVRGK
FAEDVKVGDELLVDGGMVRFEVIEKIGP - -DVRCLCTDPGLLLPRANLTFWRDGKLVRER
LPQDVVPGDILLLDDGRVQLKVLSTDGAK- -VFTEVIVGGPLSN~---~~~ NKGINKLGG
LPADVVPGDILLLDDGRVQLRKVLEVQGMK--VFTEVITVGGPLSN-~-~--~~ NKGINKLGG
LAQDAVAGDRVLVDDGKVALVVDAVEGDD--VVCTVVEGGPVSD~~~----— NKGISLPGM
LAKDAKPGDRLLVDDGRVGLVCVSVEGND--VICEVVEGGPVSN-—---~-— NRKGVSLPGM
IFRALDRGHRLLLDDGKIVVRCVESSPTK~-~IVIRVEVPGPLSD~~=~~~= HKGFNVPDV
LSKVVRPGNYIYIDDGILILQVQSHEDE~QTLECTVINSHTISD~~~~~~~ RRGVNLPGC
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QVDLPELSEQDVRD-LRFEVEH- -GV IVFASGVRKASDVIAVRAALGPE--GHGIKHIS
QVDLEELSEQDVRD-LRFEVEH- -GV IVFASGVRRASDVIAVRAALGPE - ~GHGIKHIS
EVDLEELSEQDLLD-LRFEVQH--NVEI IFASEVRRASDVIBAVRDALGPE- -GQNIKIIS
EVDLEPELSEQDLLD-LREEVQH--NVEI IFASEVRRASDVIBAVRDALGPE- -GQNIKHIS
AVDLPIWSEKDIQD-LKFEVEQ--DVEMVFPASHIRKAADVEVRRVLGER--GKNIKHIS
AVDLPEWSEKDIQD-LKFEVEQ- - DVEMVFASHIRKAADVIEVRRVLGER - -GKNIKHIS
AVDLPIWSEKDIQD-LKFEVEQ--DVEMVFASHIRKASDVEVRRVLGER~-GKNIKHIS
AVDLPEWVSEKDIQD-LKFEVEQ- - DVEMVFASHIRKASDVIEVRKVLGEK - -GKNIKHIS
AVDLPEWSEKDIQD-LKFEVEQ--DVEMVFASHIRKASDVIEVRRKVLGERK--GKNIKHIS
AVDLPEWVSEKDIQD- LKFEVDE - ~ DVEMVFASHIRRAADVIEVRKILGEK- -GRNIKHIS
AVDLPEWSEKDIQD-LKFEVEQ- - DVEMVFASJIRRAADVIEVRRVLGEK - -GKNIKHIS
AVDLPEWVSSKDIQD-LQFEVEQ- - DVEMVFASHIRKAADVIEVREVLGEK - -GKNIKHIS
AVDLP{WSEKDIQD-LKFEVEQ- - NVEMVFASHIRKAADVEAVRKVLGEK- ~-GKHIKHIS
DVDLPLWLSEKDKED - LRFVEN - -GVIMVFASFIRTANDVIAT IREVLGEQ- -GKDVEHIV
DVDLPZLSAKDMKD - LQFEVRN - -GIFIIVFASHIRTSEDVIRSIRKALGSE - - GQDIKHIS
DVDLP}LSEKDKAD- LKFEVEH - - GVEMIFASEVRTANDVEAIRDVLGEK- -GKGIQIS
DVDLPNL.SERKDI SD- LKFEVRN- - KVEMVFASHIRRGSDIJHIREVLGEE - -GREIQIITA
DVDLP{MLSERDIAD-LKFEVRN-- KVEMVFASHIRRGSDIJHIREVLGEE--GREIQHIA
DVDLP{MLSEKDRAD- LRPEVEN - -NVEMVF ASHIRRAQDIIDIRDVLGPE--GKQIQHIA
EVDLPVSEKDRKD-LEFEVAQ - -GVEMIFASJIRTAEQVEIEVRAALGEK - -GKDILEIS
DVDLPVSEKDLMD - LQFEAKN - - RVEFVFASFIRNADQVEEVRQAF G- ~ - -GR- IA{{IA
VVDLPELTEKDREDI LEWEVEPN- -NIBMIALSFVRRGSDI{NVRRALGPH- ~AKRIQ[RMS
IVDLPQLTDKDKDDILNWEVEN- -HIEMIALSGVRKGSDL{EVRRLLGER - - ARNILI#MS
SVNLP[JITEKDARD- IVEEIEQ--GVEF IAPSHIRRSTDV#EIRELLEEHEN-AQDIQHIP
SVNLPEITEKDAND-IVFEIEQ--GVEF IAASEVRRPSDVIREIRELLEEHN-AADIQRI P
KVNLPZITEKDRAD-ILFEIRQ--GIPFIAASHVRRASDVIAEIRELLEAHD-ALHIQNTA
SVQLPEMTEKDAED- ILFEIRE- - GVIEF IAASHVRRASDVIIE IRALLENNN-GSNLQETP
SIALP{JLAEKDKQD-LIFECEQ- -GVEFVAASHIRKRSDVIIEIREHLKAHG-GENIHIIS
VLTLPEMTTKDRQD-LEFELSQ- - GIEWVSLSFVRKGEDIFITLKQF LAERG~-KPDLPGIA
KIPFPILARRDDAD-IRFELSQPGGIJFIAISEVRTANDVIIEVRRICEETG-NPHVOALA
SLRLQEVTEKDKGE - IELEAKY - -NVEF IAHSJVRHSKDVIDVQEILTASG-NPDVKIRIS
SATLPEITEKDWDD - IKFSVNN- -QVF YAVSJVRDAKVVIELKDYLKSC - -NADIHIV
NAMILPISSKDWLD- IDFEIAE - -GVIF IAVSEVRSAEVIIHLKSYIQARARDSDISEIA
GLSAD{\L.TEKDRAD- ITTHARI - -GVRFLAVSHPRS SADLIYARELAQQA - - GLNAKIIVA
GLSAENL.TEKDRAD- IKTEALI - -GVEY LAVS[JPRCGEDLJYARRLARDA ~ - GCDAKIVA
NVTAPIN.SERDIED-LTPEN.NL - - GVEMVALSEVRS PADV{ELVHEVMDRT - -GRRVEHIA
DISVPLSEKDIRD-LREILRL - -GVEF IALSEVRSPADABLVHKIMDEE - -GRRVP{IA
VIPLARLTPKDRKD-LDFINLKE - - KAEWVALSEVORVEDVEREARELIKG- -~ - - RAPPLV
DVDLPLVSAKDRVD-LQFEVEQ- - GVEMIFASHIRSAEQVEDVRKALGPK- ~-GRDIMIUIC
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REEENHEGVER - - - FDEI LEVSEErMviRG e 1 pARvr L iorndicfcTragkevie
KEEINHEGVRR - - - FOEI LEVSEETiviEloELRe T pAsGvrLoxmiicTcTLABRP Ve
KEENHEGVRK- - -FNEILEVSEEIMVIGELERET PAETVE Lo kiMiicRCTLAER pvlic
KE3NHEGVRR- - -FDEILEVSIETMVIRGEL e rPAEvr L JorndicRoTLAERFvc
KENHEGVRR - - - PDEILEASTEIMVINIGELERE T P ARGV L SorndicTcTragkevilc
KISZNHEGVRR- - - FDEILEASHE I MVERIGELERE T PAEVE LA FMEGEC TR ASK PVRC
KEINHEGVRR - - - PDEI LEASTE MVIEIGEL e T pARGvEL JorviccTrASKEvEC
KEEINHEGVRR - - - FDEILEASEETMVINIGELERE T PAEGvE L doranviic R TrAgKRVEC
KEESNHEGVRR - - ~FDEILEASEETMVIRIGEL SRR T pARvF L ornicRc TraBKE vl
RESNHEGVRR- - - FDEILEASHE IMVINIGRLERE T PAEVE LA KM IHGRCTRASR PVEIC
KEENHEGVRR - - - FDEILEASEETMVIRIGEL EiE T PAEGvF Lo REcTcTRAGKEVEC
KISNHEGVRR - - - FDEILEASHEI MG ERe I PAEvPLR S remficECTRAER PVEC

369
338
369
338
326
326
326
326
325
325
326
322

KESNHEGVRR- - ~ FDEIMEASEEIMVIEGELERET PARQVF L O ReIGRICERAERPIlC 325
KEEENQOGVNN-~ - -FDEI LEVIEEVHMVINIGE e T PAREV LA ORKLEARSTLAGKEVEC 296
KEENOQGLDN- - ~FDET LEVTEVHI G SR AP BV ABORKIHARCTLAKEVEC 298
KEENQQGVNN- - -FDEI LRETHEVMVERGELERE T PARIVF IR AT LAEReVEC 292

310
310

KEENQQGVNN- - ~FDEI LEETEEVMVIEIGELERE 1 PAR v Iilo oI TicN TRER PVERC
KEENQQGVNN- - ~FDEILEETEEVMVIRGELERE 1 PA Pvr 1o AT T KER P Ve

KIESNRQGLNN- ~ -FAEI LEETEEvMVINIGELERE I PAAEVF AR OKRMEAZICT TAEKE Ve 319
KEENHQGVON- - - IDSIIEASJEIMVIRGEL SRR T PARVC VoM TisIcEvVVERPVERC 295

293
296

KESNYQGIDN- - - IDAI IDAARE I MVERGRILEGE T PAERvVIRorMITsRcIRvERTVEC
RUENQECVIN- - - FDEILRETREFMVIRIGEUETE P vERT L orndRy i TLAGKAVT
KUSNQEGVAN- - ~FDDILLNSER MR ETe T P T BRI FLORVMEYICT I OERPVET 294
KESNQEGVDN- - -IDAILEVSEELMVINIGELEYE 1 PAERVP LI ORELEKICTALERPVEr 276
KIENQEGVDN- - -IDAI LEVSHEL ViGN rT PAESVPLIORELEKIECTALEKPVET 276
KNEEGVAN- - - IDET LEAATELMVIRGELEE T PAEGVR LEORL LERGCTMLER VT 277
KENQEGVDN- - - IDETLNVSTELMVIRGEU e T P pEZveLgorNL el ToARKRVET 276
KEENQEGLNN- - - FDEILEASTETMVINGEL e T PVEGy TFilornielciRATKVVET 276
KISKPQAIDN- - -LEEIVAVSTEIMVERcELaEvNPERVPRIORETHRECTVREII PVEIT 289
KIENQQGIEN- - - LDEI IEAARSIMIEIGIMEREVE FEYVPVEOKL INSTVIRABKIVT 306
KIJENQEGIDN- - - IEEIARASIE I MviNIGEyEie I PAERVP IO LR IRORCRRYEIPVEIT 270
KI3SADSIPN-~~LESIISASTEAMVERGEL L IERVP LIOEDIRRACRsMEKPVEV 362
Ki33SIDSLEN- - - LEEI IQASEEAMVIRIGE TN I PLESVP SEQQRIGORCROLIRPVERV 397
KIERAETVANDEAMDD I ILASEGTMVIIGEILEEI GDPELVGHOKKLERISToLIRAVET 282
KYBRAEAVC SQDAMDD I ILASEVMVERIGHLE R IGDPELVGHORALEREADOLIRAVET 282
REZKPEAIDN- - - LEAIVLAFVMVERGEURYEL PLERVP LGOKRAROTARENIRPVERY 274
KEERPEAVTS- - -LEPIVIARTVMVIEICELEEVeLEEVP Lo RRATORARENIKEVEY 274
KBSKPAAIEN- - -LESILAATIWMVIRGEL S ECLPERVP PRORR IGERSROLERPVV 278
KISNHQGVON- - -IDSTIEESHe IMVINGRLEE T PAERVVVIORT LisTcTvagReviiC 255
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<====Hll----> <817> <

ATQMLEEMITRKARPRRAET SEVENAVLDGADC IMLSGERAKGNF PVEAVRMIHATARGAE
ATQMLESMITRAR PRRAETSEVEINAVLDGADC IMLSGENARGNFPVEAVRMEHA T AZEAE
ATQMLEEMITRARPHRAETSEVINIAVLDGADCIMLSGENARGSFPVEAVMMESHATATEAE
ATOMLESMITRARPIRAETSEVINAVLDGADCIMLSGEfJARGSFPVEAVMMBHAI ARIZAE
STOMLERMIKKPRPIRAEGSEVEWA VLDGADC IMLSGESAKGDY PLEAVRMEHLIALEAE
ATQMLEEMIKKPRPERAEGSEVINAVLDGADC IMLSGEJARGDY PLEAVRMEHLIARAE
ATQMLEEMIKKPPPRAEGSEVINAVLDGADC IMLSGEARGDY PLEAVRMEHLIATEAR
ATOMLEEMIKKPPPHRAEGSEVINAVLDGADC IML SGEARGDY PLEAVRMSHLIAREAE
ATQMLEEMIKKPRPERAEGSEVINAVLDGADC IMLSGEJARGDY PLEAVRMEHLIAREAE
ATQOMLEEMIKRPRPERAEGSEVEWAVLDGADC IMLSGEfJARGDY PLEAVRMEHLIATEAR
ATOMLEEMIRKPRPIRAEGSEVEWAVLDGADC IMLSGESARGDY PLEAVRMEHLIASIGAE
ATQMLESMIKKPRPURAEGSEVINAVLDGADC IMLSGEAKGDY PLEAVRMEHATALEAE
ATQMLEEMIKKPRPIRAEGSEVENAVLDGADC IMLSGEJARGDY PLEAVRMSHAIAISAE
ATQMLESMTYNPRPGRAEVSEVENAILDGADC VML SGENARGNY PINAVT TIAETATEIAR
ATQMLDEMTHNPRPJRAEVSEVENAVLDGADCVML SGEFARGDY PVNAVNITAATAIEIAE
ATQMLDEMTYNPREGRAEVSEVEYAVLDGADCVNL SGEJARGTY PIESVKMIHETCIAJAE
ATQMLEGMTYNPRPERAEVSEVINAVLDGADCVML SGEHARGNY PCEAVTMISETCRIAE
ATQMLESMTYNPRPRRAEVSEVINAVLDGADCVML SGENARGNY PNEAVRMISETCIRIAE
ATQMLESMIRKNPRPHRAEI SEVENA VT DGADCVML SGEJAKGNY PAES THEZHEASIETIAE
ATOMLESMT SNPRPIRAEVSEVENA VLNGADCVML SGEAKGKY PNEVVQYTARICIIAQ
ATQMLDEMTEGPRPERAEVSEVINISVLDGADCVMLSGEBAKGKY PVETVVYTISRICEETQ
ATQMLESMIKSPRPERAEATEVENAVLDGTDCVMLSGEFAAGAY PELAVKITISRICIIZAR
ATQMLESMIKSPRPERAEATEVENAVLDGTDCVML SGEQIAAGAY PDLAVGTIARI CIIZAR
ATOMLDEMORNPRPIRAEASEVINATF DGTDAIMLSGERAAGSYPVEAVQTIHNT AREISE
ATQMLDEMORNPRPIRAEASEVINIA IF DGTDAIMLSGEAAGNY PVEAVQTIHNIAREISE
ATOMLDEMORNPRPIRAEASEVINA IF DGT DAVML SGEIAAGQY PVEAVKTITHQIARITE
ATQMLDEMORNPRPIRARASEVINA IF DGTDAIML SGEAAGI YPVESVQTIDRIANTE
ATQMLDEMIKNPRPIRAEAGEVENAILDGTDAVMLSGEFARGKYPLEAVSITATICERITD
ATQMLDEMIQNSRPERAEASEVIEIA I LDGTDAVNL SGEFAVGQY PVKSVQMERKIATHTE
ATNMLEEMTYNPRARRSEI SEVIFTAVIDGTDATMLSGESANGKY PRESVRTIATVINETAQ
ATQMLEGMIENPRPRRAEVSEIITAILNGTDA IMLSGERAYGKY P IEAVKMYT STAIRIVE
ATNMLESMIDHPTPHRAEVSEIEIAVREGADAVML SGESAHGKY PLEAVKVIEHIVAIEITE
ASQLLEGMIEYPIPHRARVARVEISAVRQRGDALMLSGESAMGOF PERALTVIRRSVSIEIE
ATQMMERMI SNPMPHRAEVMEVINJAVLDGT DAVMLSAEARGQY PSETVAAJASVCINEAE
ATOMMEEMITNPMPERAEVMEVINJAVLDGT DAVML SAEfIAAGQY PSETVAATARVCIHEAE
ATQMLDEMIENSRPHRAPASEVINAVLDGADALML SGERSVGKY PLAAVRTIESRI IFEVE
ATQMLDEMIENSRPERAEASEVINIAVLDGADAVML SGEHSVGRDPHNVVRTLISRIVEIHAE
ATAMLESMIKAPAPRRAEVSEVINIA TYEGADGIMLSAREAAGDWPHEAVNMTHRIASTVE
ATOMLESMTYNPRPERAEVSEVINAVFNGADCVML SGEJJARGKY PNEVVQYTARICIEIAQ
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398
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A[WVYHR- - -QLFEELRRAAPLSRDPTEVTAI X FAAFKCC-TAATIVLTTTGRSAQLLY
ARWYHR- - -QLFEELRRAAPLSRDPTEVTAIEN EAAFRCC-BAAT IVLTTTGESAQLLY
ARWYHR- - -QLFEELRRAAPLSRDPTEVTAIENYEASFKCC-MAAI IVLTKTGRSAQLLY
AfWYHR-- -QLFEELRRAAPLSRDPTEVTAIZENIEA SFKCC-MAAIIVLTRTGRSAQLLY
ARIYHL---QLFEELRRLAPITSDPTEAAAVEENYEASFRCC-EGAI IVLTRSGESARQVE
AL YHL---QLFEELRRLAPITSDPTEAAAVERIEASFKCC-EGAI IVLTKSGRSAHQVE)
ABMYHL- - -QLFEELRRLAPITSDPTEATAVEIRYEASFKCC-EGAI IVLTRSGRSAHQVE)
APMFPHR - - -RLFEELVRAS SHSTDLMEAMAMERUFASYRCL-EMALIVLTESGRSARQVEY
A[MPHR - - - RLFEELVRGSSHSTDLMEAMAMEEEPASYRCL -[MAALIVL TESGIISARQVE)
APMPHR - - -RLFEELARS SSHSTDLMEAMAMERYEASYRCL-EMALIVLTESGISARQVEY
ALWFHR- - -LLFEELARASSQSTDPLEAMAMERYEASYRCL -EMMALIVLTESGRSARQVEY
ARNIFPHR- - -QLFEELRRVSPLTRDPTEATAVENYEASFRCS -EGAI IVLTRSGESARLLE
AEWMFHR- - ~-QQFEEI LRHSVHHREPADAMAASINUEASFRCL-AAL IVMTESGRSAHRLVE
QO IAYL- - - PNYDDMRNCTPRKPTSTTETVAANJAAVFEQR -[YKAT IVLSTSGITPRLVY
SQIAHL---ALYDDLRDATPKPTSTTETVAALNYAAI LEQD-ERAIVVLSTTGYTARLLY
FQIAYA---PLFNEMRTLTVRPTETVETIAIFNSASFEQQ-IRAI IVLSTSGRSARLCE
VI)IPHF - - ~-NVFDELRNLAPRPTDTVES IAMNYYSASLELN-NGAIVVLTTSGUTARMIG
VIMIPHF - - -NVFDELRNLAPRPTDTVESIAMYYYSASLELN-DNGAIVVLTT SGRTARYLE
NQIPYV-- - SHFEEMCTLVRRPVSTVESCAMYRYRASLDLG-GGIIVLSTSGESARLLEY
SEMHDT - - -VMPNSIKNLQKIPMCPEEAVCSEENASAFEVQ-ERAMLVLSNTGEISARLIF
VEMWNM- - -ARFEAIRNLQSFPLIPEEAICSENUNS IFELE -IIKAI LVLINTGRSAHMVE
SBLDNE- - -AIFKEMIRCTPLPMSPLESLASEEURTANKAR -BIRLI VVLTRGGETARLVE)
SEIDYP---DVFRRINSNAPVPMSPLESLASEIRTANSAK-EALILVLTRGGETARLVE)
EJLNYK- - -EILSKRRDQV- -GMTITDAIGOEZHTAINLN-JAAIVTPTESGETARMILY
EJLNHK- - -KILSARSKQV- - SMSITDAIGQREIZYHTA INLD-[GNAIVT PTESGHTARMIG
OY.EHR- - -DILSQRTKES - -QTTI TDAIGOREHTALNLD-[AAI VT PTVSGRTPQMVEY
AQIDYR---SVVSTRRREK- -HGNMTEAIGOIN YW TAINLK - RKAVLAPTESGIITARMIR

RQMNSR- - - LEFNNDNRK- - - -LRITRAVCRINETAERLD -[}PLIVVATQGGHSARAVE]
VB--------- LHLVNNPPIENTETHALSENYVIDGILD-BRYIVTFTTSCETSLLAY
THLR------ EYGRLHPERYDKSTVTEVVAAGNAAFAMD - KLIVALTESGJTARLI
KER--==-== KMTLYKDELFYDKSITRNY II[X} I DATKLMDISRAT I VDSLRGFTARIME
sBrLors----- TSSPSQSAAYKSHMGEMFAFEEIISMANTLS -BTPIIVFTRTGEMAIILY
RIWREQKRHEVIELPSIASSFSDSISEEICNEENIKMANNLE -JDALFVYTRNGIMASLLY
RPS------ INVSRHRMDKEFETIEESVAMI X VAANHMRGAATIVTLS STGRTPLLME
Fipg------ INVSKHRLDVQFDNVEEAIAMELYAANHLKGTAI ITHTESGRTALMTE
Ef--------- STAAPPLTHIPRTKRGVISYINNIDIGERLD-KALVAFTQSGETVRRLY
--------- G-RVPDLTHIPRTKRGVISYEEEIDIAERLN-IRALVAFTTSGETARRVEY

NIPGYI---ERVRFTP--TPAEPTTVDALAELGKTAETVG-KAI IVF TETGRTAQRVY

SEXLNEY - - -VFFNSIKKLQHI PMSADEAVC SEERINSVYETK-EARAMVVL SNTGRISARLVE)
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442
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442
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412
414
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411
409
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475
516
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H15> <819> <==H16~-~> <820-> <H17-

HumanR

HumanL

RatR

RatL

MouseM2

RatM2

HumanM2
HumanMl

catMl

RabbitM1

RatMl
FrogMuscle
ChickenMuscle
S. cerevisiael
S. cerevisiae2
Yarrowia
Emericella
Aspergillus
Trichoderma

T. brucei

T. borelli
PotatoCytosolic
TobaccoCytosole
‘B. subtilis

B. licheniforms [

B. stearotherm.
B. psychrophils
E. coli Typel
Synechocystis
Lactococcus
spirochete
Tobaccoplastid
TobaccoCloroplt
Haemophilus

E. coli TypeII
Mycobacterium
Corynebacterium
Zymomonas
Leishmania

Byrefaavivrg------------- SAQAAFQVHLCEGVFPLLYEPPEA - - - ~-IWADD
EYrRefRAvIRvR------------- SAQAARQVHLCGVFPLLYREPPEA - - - -IWADD
ByreFAAVIEVTR----~ccomommm SAQAASQVHLSEGVFPLLYEPPEA- - - -IWADD
BYReFRAVIEVTR-----~------- SAQAARQVHELSJGVFPLLYREPPEA - - - -IWADD
RyrefAPTIRVIR--------om--- NPQTASOAHLYRGIFPVLCIDAVLN- - - -AWAED
RyrRefAPI IRV~ - -~ ---mm e NPQTAZAHLYGIFPVLCIDAVLD - - - ~AWAED
BYRPEAPTIVTR- -~ == e e mem NPQTAOAHLYGIFPVLCIDPVQE - - - ~AWAED
BYRPEAPITVTR-~-~~mecmmaa NPQTARQAHLYRGIFPVLCIDPVQE - - - ~AWAED
RyrefAPIIRVTR------------- NHOTARQAHLYRGIFPVVCIDPVQE - - - ~-AWAED
BYrReQAPTTEWVTR---—-----—--~ NHQTAROAHLYRGIFPVVCIDPVQE- - - ~AWAED
EYRPEAPITEWTR- - === mmmm NPQTARQAHLYGIFPVLCIDAVLD~ - - ~AWAED
RyrefAPIIBvrR---------o--- NGQTARQAHLYRGIFPVLYJEAVHE - - - -AWAED
RyreRAPTIRVTR------------- NDQTARQAHLYEIGVF PVLCIOPAHD - - - -AWAED
ByrefcPIIBvrfl------------- CPRAASFSHLYEGVFPFVFEKEPVS - - - -DWTDD
Gyrefcpr@vrfl------------- HARTAQIAHLYGVF PFLYEPKRLD- - - -DWGED
BYRPECPILIVIR------------- NAQAARF SHLYRGVYPFIYEKARASN - PAEWQHD
BYRPYCPIINVSR---m-mmmmmm - NPAATEY SHLYRGVWPFYFZERKPDFNVKIWQED
BYRefcPIVIVIR------------- NPAASHY SHLYFIGVWPFLFZERKPDFNVKVWQED
BYREfCPIFIVIR-~---------~- NPTTSE SHLYQGVY PFLYEQKPDF DTVNWQED
EYrefcprI@VeR------~=----~ RLQTCIOLNVIISVVSVFYAARSG- -~~~ EDKD
EYRPFVPIIEASE- - == e m e mm ELDVCRLLSITRETIPVYYRTERLG- - - -~ PDYD

BYRPEWPI LRV PVLTTDSFDWS I SDETPAJHSLVYRIGLI PLLGEGSAKAT - - - -DSES

EYRPEMP IV PEIKTDSF DWTCSDES PARHS LT PIGLVPVLH)GSARAS - - - ~HEES
GyreaPIVRVIg-- o oo oo m oo NDSISERLALVEGVFARSGEN- - - -~ == AsS
BYRPEAPIVEVI------------- NDAVSERLSLVEGVEATSGEIN- - -~~~ -~~~ HSS
EvrefaPIIRVIR------------- NEAVSTRLALVIGVY TREAGH - - - - - - ~- -~ VNT
FyreScpviRveg------------- SEMCSPRLSLIJGVYPIVGEK- == n===n ass
ByreFArIiRueg-----~------- NERTAFQLVLSEGVVRPQLVEE -~ -~~~ ~ -~ - IT8s
ToreBvevIRerf------------- SERVYESLNLVIGIIPPLIfEE--~-----~ FDT
[EmePADILITF-----==-=---- DERVESGLMINGVI PMMTIEKP - - -~ ~ - - =~ - AS
BYRABVPLFHTTY------------- SERLARQELALSHGVY SNLVNN- -~ —-— -~ FKR
ENRPEsTVFRPTY------------- NERVEKERLALYEGVVPIYMEFS-~-—--=-- SD
EcrRPECPIFRPTY-—----------- TTSVRERLNLOTGLMPFRLEFS- -~~~ ~-—~~ DD
EISS@'PIFBLSE """"""" NQETM@WPIY}@E ---------- ESR
RrssBrerridesy------------- HERTLLTALYGVTPVHERS - -~ = = == = = AND
BLHTRLPLIRF TR - -~ =~ - - = - oo WPEVREQLAMTIGTETE VK- --~~--~-~- MQS
BrusfreLifErg------------- NEAVREELALTJGATTFLCEP-----~~-=~ vSD
BarefaPIBLTG----~-------- DAEVARRLGLVIGAQPVQVE----=-==~- TVET
EyrRefcPIVEVTHR------=------ RLQTCERQLNITRGVESVF FEADKL-~ - -~ GHDEG
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~~Hl7mmmmm > <~-=S21-> <822->

HumanR VDREVQFGIESGKLRGFLRVGDL{YIVVT-GW- ~JPGSGYTIMRVLSISPIRKIHUPL~ ~
HumankL VDREVQFGIESGKLRGFLRVGDLYIVVT-GW- -fJPGSGY T IMRVLSI SPIRKIRTPR- -
RatR VDREVQFGIESGKLRGFLRVGDL{IVVT-GW-~[JPGSGYTYIMRVLSVSPIRKIRTPL- -
RatL VDREVQFGIESGKLRGFLRVGDLIVVT-GW- ~fJPGSGY P IMRVLSVSPIRS - -~ —--~
MouseM2 VDLEVNLAMDVGKARGF FKKGDV{YI VLT -GW- -fJPGSGF T TMRVVPVPPIRB -~~~ =~ =~
RatM2 VDLEVNLAMNVGKARGFFKKGDVYIVLT-GW- -JPGSGF T TMRVVPVPPIRC -~ = ===~
HumanM2 VDLEVNFAMNVGKARGF FRKGDVYIVLT -GW- -IPGSGF I rMRVVPVPPIRS - = ===~ =
HumanM1 VDLEVNFAMNVGRARGE FRKGDVYIVLT -GW- -JPGSGF T TMRVVPVPPIRA-~ -~ - -~
CatMl VDLVNLAMNVGKARGFFKHGDV{YIVLT-GW- -IPGSGF T TMRVVPVPPTRKICHPM- -
RabbitM1 VDLEWVNLAMNVGKARGF FRKGDVYIVLT -GW- -JPGSGF T TMRVVPVPPIRC- =~~~
RatM1 VDLEVNLAMNVGKARGF FKKGDVII VLT - GW- PGS GF TYTMRVVPVPPIRN- = ~ = =~ —
FrogMuscle VDSEVNFAMDIGKARGFFRSGDVYIVLT-GW- -JPGSGP T TMRVVPVPPIRS - -~ — -~ ~

ChickenMuscle VDLEVNLGMNVGKARGFFKTGDL{IVLT-GW--JPGSGY T TMRVVPVPPIRKIBYP~~~
S. cerevisiael VEA[INFGIERAKEFGILKKGDTHVSIQ-GF--JAGAGHSJTLQVSTVPIRD--—-~~-~
S. cerevisiae2 VHRELKFGVEMARSFGMVDNGDTVSIQ-GF--3GGVGHSJTLRISTVGQEFPIRC-—-—

Yarrowia VEEQLKWGMDEAVALGILNKGDVIVAIQ-GW- -[iGGLAT PRI SEF S SVSKLFNTNLLDYK
Emericella VDRELKWGINHGLKLGI INKGDNIVCVQ-GW- -FIGGMGHTYTVRVVPAEEN - - — = = ==~ =
Aspergillus VDRELKWGINHALKLGIINKGDNIVCVQ-GW- -fIGGMGHT{YTVRVVPAEEN~ ~ ~ = - ===~
Trichoderma VDRI KWAVTRAIELKTLTAGDIVVVQ-GW- -[iGGMGNTYTLRIVRADPDH- - = = =~~~
T. brucei KERQWVKLGLDFAKREKYASTGDVVVVE-AD- - QISVKGY PJIQTRLIYLPPIRS -~~~ =~~~
T. borelli REKJVGLAIDVGKQMGVFKEGDVJVAVH-AD- ~JHTKGFAJOIRATYIKPIRA- ~~=-—~
PotatoCytosolic TEVELEAALKSAVTRGLCKPGDAJVALH--~-- H-RIGSABVIKICVVRPIRG-------
TobaccoCytosolc TEEQILDFALQHAKTKGLCKQGDSHVALH----- B-RVGTABVIKIVTVRPIRC---—-—-
B. subtilis TDEJLEDAVQKSLNSGIVKEGDLEVITA-GT - - GESGTTILMKVHTVGDI IAKGQGIGR

B. licheniforms TDEJLEKAVQRSLDTGIVRHGDLEVITA-GA--JGEAGTTILMRVYVVGDVVAKGQGIGR
B. stearotherm. TDEJLDVAVDAAVRSGLVKHGDL{VITA-GVP-JGETGSTILMKVHVISDLLAKGQGIGR
B. psychrophils IDEHLQESVEESVKHQYVGHGDV{YIITA-GVP-JGEAGTTILMRKIHVIGDLLARGQGIGK
E. coli Typel  TDDJYRLGKELALQSGLAHKGDVJVMVS-GAL-{fjP-SGTTUTASVHVLPIRS--—-—-——
Synechocystis  FEDJIQQAERVLLRDRKMVEKGDQILIMA-GIP-QRIPRGTPLKIHRISPIRC-~---—-~

Lactococcus TDDIFEVAEKVALASGLVEAGDNIIIVA-GVP -G~ TGRTIYTMRIRTVKPIRC = = = = ===
spirochete TTEQVVTSLKMLKEQGVVNDKDTI IS -GNPNEINIERGTZFMEINTVEDATKGRNIPIR
Tobaccoplastid AEERFSRAIKLLLSKSLVKDGQYNTILVQSGAQPIWRRESTEHIQVRRVQSPIRG-——~~~
TobaccoCloroplt MESJLNKTFSLLKARGMIKSGDL{JIAVS----- B---DMLE]SIQVMNVPPIRS -~ ~~~-~
Haemophilus TEAZARAAPQSLKERGYLSTGDLLVTQ-GGQ~EATQTNVERTLIVEPIRC -~~~ ===~

E. coli TypeIIl GVAJJASEAVNLLRDKGYLMSGDL{IVTQ-GDV-ISTVGSTITTRILTVE---—-—-—-~-
Mycobacterium TDGIIRQVDKSLLELARYKRGDL{[VIVA-GAP-EGTVGSTILINVERIGEDD----VPIR
Corynebacterium TDDIMREVDRALLAMPEYNKGDMIVVVA-GSP-JGVTGNTIMIHVHLLGDDTRIAKLPIR
Zymomonas LDERKLAAETAKKYGFAKAGDKRVVVA-GEP-GGRAGTTIIVDVIEA- -~ ~ -~ === =-
Leishmania REESWAAGVEFAKSKGYVQTGDYBVVIH-AD- -KVKGYAJQTRILLVE -~~~ -~ -~~~
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HumanR

HumanL

RatR

RatL

MouseM2

RatM2

HumanM2
HumanMl

CatMl

RabbitM1
RatMl
FrogMuscle
ChickenMuscle
S. cerevisiael
S. cerevisiae2

Yarrowia TYSMVIRSVNGGVLYRPIRB- = ==~ === = o= = e e e e e e e 531
Emericella =  ----------- LGLSEPIRS--=-=mmeceeecccremccrenrcem e ——— 530
Aspergillus =  --=-------- LGLARPIRA-———~———— ==~ — = m m e 530
Trichoderma ERRLS TEL LD GIGQMEPIRS-——=—-rmm-m-— e cccmmmccccm——— - ————— 542
T. bruceli = =  —eeece e
T. borelli =  —-ccememccmcm e e
PotatoCyto80lic ====crcmcm e e e
TobacCOCYtO80LC ——=——— s e m e e

B. subtilis KSAYGPVVVAQNAKEAEQRMTDGAVLVTKSTDRDMIASLEKASALITEEGGLTSHAAVVG 544
B. licheniforms KSAFGEVVIAQNAQEAARKMKDGAVLVTRKSTDRDMMASLEKAAALITEEGGLTSHAAVVG 544
B. stearotherm. KSAFGKAVVAKTAEEARQRMVDGGILVTVSTDADMMPAIEKAAAIITEEGGLTSHAAVVG 546
B. psychrophils DVAYGRTVVARNAAEALAYDTEGAILVTNASDRDMMPAIEKCAGLITEEGGLTSHGAIVG 545

E. coli TypeIl
Synechocystis
Lactococcus
spirochete
Tobaccoplastid

TobaccoCloroplt

Haemophilus
E. coli TypeII
Mycobacterium

Corynebacterium S-----—==c=momcm oo e cme e m—mm e

Zymomonas
Leighmania
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HumanR = ===eee e e e me— e -
Humanl, = ===sme e e e e
RatR = s e e e e
RatL = c e e e
MOUSEeM2 = = = e s s e s e e e e e eo s se——e— o
RatM2 = = = = sseesemmeesemesceeeem oo e oo —ccscco—sc-—o--
HumanM2 = —=-e e e e e mae e
HumanMl =~ o e o e e e e
(o1 X - . e
RabbitMl = =  —-=-memmemem e e -
RatMl = = = =  —e—em—eemecmccmcccc—eoeo—e- e m e
FrogMuscle =  ~--------cr-mocm e e r————m e
ChickenMuscle  ----=-----cr-ccmmccorooo o mhmcce oo — o

S.
S.

cerevigsiael «“-c-cccmcmmccemmccmcmcremccccmrecm e ————
cerevigiae2 ---c-cccccicrcccccccnccmcccccmccccccc e ——————

Yarrowia == 2 —eeeem e mmncmdcndecemmddec e cmece— e ————
Emericella =  —----rmemcmmeec e mdmeccamaeme—cea——————
Agpergillug = —=--—- e
Trichoderma = ~-=--c--e-cmccccdcmcccccccccccsecwec—cecwe————

T.
T.

brucei = 2 cemmeceemmemmeemcemmcemcmnmcememeecmmeccem—-
borelli ~eeeme e e e

PotatoCytos0olic ===—-mmrcrr e — e e
TobaCCOCYLOB01lQ ~-=-— e e d e ct et c e e e — e e —————

B.
B.
B.
B.
E.

gubtilis LSLGIPVIVGLENATSILTDGQDITVDASRGAVYQGRASVLPIRS 589
licheniforms LSLGIPVIVGMENATSILKEGEDITVDSARGAVYKGRASVLPIRS 589
stearotherm. LSLGIPVIVGVENATTLFRKDGQEITVDGGFGAVYRGHASVLPIRS 591
psychrophils LSLGIPIIVGVENATELIQHGKEITMDAESGVIYNGHASVLPIRS 590
CcOli TYDOI ~~-crecrcmcccreccremrcercmeceercs———e————————

Synechocystis ==---ccrccccccmcccmmccmcccmcmccme e
LactocoCcu8 3z —-—-c-meecmrcmmec e cmc e r e c e mme e — e
Spirochet® =  —c—eee e
Tobaccoplagstid ~-=--e--mmemce e ———
TobaccoCloroplt -——---ecmmmm e mccmcmcccm e
Haemophilug -—==e-e-eeer e cmccee e

coll TYpeII --==-=---c-cecccccceccecccccceceecaecm———————

Mycobacterium —---ceccemmc e
Corynebacterium -------ececmmcc e cer e
ZYIMOMONAS 3 =—====-—=mmememeemec—ececmcmeemecme—————e————
Leishmania ~c-crccccmmmcccmccccccccccrceccacccdcea—aao
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Table Al. A Current List of Site Directed Mutations in PK Isozymes.
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Point Yeast

Mutation Position PK isozyme Location Ref.

R to Q 19 T. brucei A-C DOM CONT 71)

R to G 22 T. brucei A~-C DOM CONT (71)

L to R 77 T. brucei A-C DOM CONT 71

R to Q 77 Yeast A-C DOM CONT Current Study
E to K 89 Rabbit M1 Active Site (142)

E toa 89 Rabbit M1 Active Site (142)

E to. D 89 Rabbit M1 Active Site (142)

E to K/K to Q 89/86 Rabbit M1 Active Site (142)

R to C 91 Rabbit M1 (80)

K to Q 236 Yeast A-C DOM CONT Current Study
K to M 240 Yeast ACTIVE SITE (143)

E to Q 242 Yeast ACTIVE SITE (52)

R to K 264 Yeast ACTIVE SITE (52)

M to R 289 B. stearothermophilus A-C DOM CONT (59)

K to Q 292 Yeast A-C DOM CONT Current Study
Q to N 299 Yeast A-A SUB CONT Current Study
Q to N 299 B. stearothermophilus A-A SUB CONT (59)

T to M 311 Rabbit M1 A-A SUB CONT (80)

T to M 311 Yeast A-A SUB CONT Current Study
T to M 311 Yeast A-A SUB CONT (109)

T toM 311 Rabbit M2 A-A SUB CONT (79)

D to E 327 B. stearothermophilus A-C DOM CONT (34)

Q to K 348 Rabbit M1 A-A SUB CONT (80)

Y to F 360 Rat M2 C-C SUB CONT (76)

F toY 360 Rat M1 C-C SUB CONT (77)

A toR 369 Rat M1 C-C SUB CONT (77)

R toa 369 Yeast C-C SUB CONT Current Study
R to A 369 Rat M2 C-C SUB CONT (76)

A to S/P to § 372/373 Rat M2 C-C SUB CONT (76)

S to A/S to P 372/373 Rat M1 c-C SUB CONT (77)

S to P 373 Rabbit M1 €-C SUB CONT (144)

T to L 379 Rat M2 C-C SUB CONT (76)

LtoT 379 Rat M1 C-C SUB CONT (77

S to P 3sd Yeast C-C SUB CONT (78)

E toa 392 Yeast C-C SUB CONT Current Study
Ctol 394 Rat M2 C-C SUB CONT (76)

L to C 394 Rat u1 C-C SUB CONT amn

I toL 399 Rat M2 €-C SUB CONT (76)

L to I 399 Rat M1 C-C SUB CONT amn

T to E 403 Yeast FBP binding site Current Study
T to K 403 Yeast FBP binding site Current Study
T to R 406 Yeast FBP binding site Current Study
R to Q 409 Yeast A-C DOM CONT Current Study
K to E 413 Yeast A-C DOM CONT Current Study
K to Q 413 Yeast A-C DOM CONT Current Study
Y to F 414 - Rabbit M1 C-C SUB CONT (144)

Y to F 436 Yeast A-C DOM CONT Current Study
Y to 8 436 Yeast A-C DOM CONT Current Study
WtoY 437 B. stearothermophilus A-C DOM CONT (34)

A to K 458 Yeast FBP binding site Current Study
R to Q 459 Yeast FBP binding site Current Study
F to V 466 T. brucei A-C DOM CONT an
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