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ABSTRACT. A strategy for isolating each of the four potentially unique heterotropic pairwise allosteric
interactions that exist in the homotetramer phosphofructokinase Banillus stearothermophiluss
described. The strategy involves the construction of hybrid tetramers containing one wild-type subunit
and three mutant subunits that have been modified to block binding of both the substrate, fructose
6-phosphate (Fru-6-P), and the allosteric inhibitor, phospho(enol)pyruvate (PEP). Each type of binding
site occurs at a subunit interface, and mutations on either side of the interface have been identified that
will greatly diminish binding at the respective site. Consequently, four different types of mutant subunits
have been created, each containing a different active site and allosteric site modification. The corresponding
1:3 hybrids isolate a different pair of unmodified substrate and allosteric sites with a unique structural
disposition located 22, 30, 32, and 45 A apart, respectively. The allosteric inhibition exhibited by the
unmodified sites in each of these four hybrids has been quantitatively evaluated in terms of a coupling
free energy. Each of the coupling free energies is unique in magnitude, and their relative magnitudes vary
with pH. Importantly, the sum of these coupling free energies at each pH is equal to the total heterotropic
coupling free energy associated with the tetrameric enzyme. The latter quantity was assessed from the
overall inhibition of a control hybrid that removed the homotropic interactions in PEP binding. The results
do not agree with either the concerted or sequential models that are often invoked to explain allosteric
behavior in oligomeric enzymes.

The basis for allosteric communication within oligomeric single location from any site. Such a result would be
proteins for the most part remains an enigma. In part this is predicted by a concerted transition of all subunits to a single
due to the inherent complications associated with the inhibited state upon the binding of the first equivalent of
multiplicity of ligand binding sites usually present in an inhibitor similar to the concerted model describing allosteric
oligomer. Even in the simplest homotetramer, containing on behavior that was originally proposed by Monod et &). (
average a single active site and a single allosteric site per Another possibility, representing the other extreme, is that
subunit, no fewer than four potentially unique heterotropic a given active site may be influenced by the binding of an
allosteric interactions exist by which the binding of an allosteric ligand at only one site. In this situation, binding
allosteric ligand can influence the binding of the substrate. of an allosteric ligand at any of the other three sites would
To illustrate this point, consider the circumstance of a single have no effect. Such a result would be expected if the
equivalent of substrate binding to a tetrameric enzyme to allosteric sites and the active sites were paired off so that
which a single equivalent of allosteric ligand has already inhibition at each active site was the result of the binding of
bound. There are four different situations that could be inhibitor to one particular site, for example, if each subunit
encountered since there are four possible sites at which thewas essentially independent of the other. In addition, a
allosteric ligand could have bound. The question we wish sequential model, reminiscent of that proposed by Koshland
to address is how much of an allosteric effect would be et al. ), as applied to heterotropic effects would also
manifested when binding the single equivalent of substrate produce this result when only a single equivalent of each
in each of these four situations. ligand binds, as illustrated in Figure 1.

Assuming the allosteric ligand inhibits substrate binding,  Reality, of course, may lie somewhere between these
one limiting possibility is that it does not matter to which extremes, with the binding of an allosteric ligand to each
site the allosteric ligand binds; i.e., the allosteric ligand is site exerting a unique and varying influence on the binding
equally effective at inhibiting the binding of substrate at that to a particular active site. Such a circumstance would suggest

that multiple heterotropic allosteric routes of communication
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Amicon Corp. The coupling enzymes (aldolase, triosephos-
phate isomerase, and glycerol-3-phosphate dehydrogenase)
were purchased as ammonium sulfate suspensions from
Roche. Prior to use in kinetic assays, the coupling enzymes
were dialyzed extensively against 50 mM MOPSOH (pH

7.0), 100 mM KCI, 5 mM MgC}, and 0.1 mM EDTA.
Creatine phosphate, NADH, and the sodium salts of Fru-
6-P and PEP were purchased from Sigma-Aldrich. The
sodium salt of ATP was obtained from either Sigma-Aldrich
or Roche. Creatine kinase was purchased from Roche.
Bicinchoninic acid reagents used in determining protein
concentration were purchased from Pierce. Site-directed
mutagenesis was performed using the Altered Sites in vitro
mutagenesis system which was purchased from Promega and
included the pALTER vector, pALTER control vector, and
ampicillin repair and control oligonucleotides. DNA-modify-
FiIGURE 1: Contrasting predictions of simple concerted and INg enzymes (T4 DNA polymerase, T4 DNA ligase, and
sequential models regarding the influence of the binding of a single T4 polynucleotide kinase) were purchased from Promega.
allosteric ligand to the binding of substrate at a single active site Mutagenesis oligonucleotides were synthesized using an

associated with the shaded subunit. In the concerted model, binding ; ; ;
of the allosteric ligand, X, to any site influences the binding to the Applied Biosystems 392 DNA/RNA synthesizer at the Gene

active site to the same degree as commonly denoted by the changJeChnOloQie§ Laboratory, Institute Of De\_/elopm_entgl and
in shape from circle to square. In the sequential model, binding to Molecular Biology, Texas A&M University. Deionized
only one site influences the binding of substrate at the shaded site.distilled water was used throughout.

) ) o Site-Directed Mutagenesiall of the BsPFK variants were
per subunit. When PEP binds to the allosteric sites, the created via site-directed mutagenesis using the Altered Sites
affinity for the substrate, Fru-6-P, is diminished. Each of . yitro mutagenesis system as provided by Promega. A
these binding sites spans a subwisitbunit interface, with — ya| TER vector, containing the wild-type BsPFK gene under
residues from each side of the interface contributing sub- a|ac promoter termed pGDR2@l), was used to create all
stantially to the binding energy. , _ of the BsPFK variants. Each mutant protein was created to

We have previously reported the construction of a 1:3 jngividually isolate each of the four heterotropic interactions
hybrid enzyme, containing one wild-type subunit and three by introducing the various mutations (R162E, R252A, and

subunits of a modified form of the enzyme, which isolates p12a or R243E at the active site. R25E or R211E/K213E
a single heterotropic interaction because all but one Fru-6-P ¢ the allosteric site, and K9OE/K91E at the surface of the

and PEP binding site are modified to greatly reduce the rqtein) into the BsPFK gene as described by Kimmel and
affinity of the respective ligands). We report herein an  Reinhart £). All ampicillin-resistant colonies were chosen
expansion of this approach in which we have constructed 5 sequencing reactions performed across the entire gene
three additional 1:3 hybrids, each of which isolates a different 14 confirm the desired mutations at the Gene Technologies
heterotropic interaction. Furthermore, a strong case can be|_ gporatory via the Sanger dideoxynucleotide method, utiliz-
made that each of these isolated interactions relates quaning an Applied Biosystems sequencer and dye-labeled
titatively to the corresponding interaction in the native (orminators. Plasmid DNA was isolated throughout using
tetramer. » _either Wizard spin preps (Promega) or Qiagen spin preps

Our results suggest, perhaps not surprisingly, that neither gjagen). The resulting mutant plasmids were transformed
the simplified concerted nor the independent/sequential i competentEscherichia coliDF1020 cells, a PFK-1

models properly describe the network of allosteric com- yeficient strain 6, 7), using the calcium chloride method
munication in this enzyme. Rather, the occupancy of each ).

allosteric site by the inhibitor introduces a unique effect on
the binding of substrate to a particular active site. The results
further suggest that different routes of allosteric communica- \/514ez et al. @) with minor modifications as described

tion exist between the various pairwise combinations of reviously 6, 10). Protein concentrations were determined
allosteric and active sites within the native tetramer. by either BCA or by absorbance usikgs = 18910 M1
cm™ (4).
MATERIALS AND METHODS ; . . . -
Hybrid Formation and Isolationwild-type and modified
Materials. All chemical reagents used for protein purifica- BsPFK were incubated together 2 M KSCN and 20 mM
tion and kinetic assays were of analytical grade purchasedTris-HCI (pH 8.5) for 30 min at room temperature to facilitate
from Sigma-Aldrich, Bio-Rad, or Fisher. The Matrex Blue breakdown of the parental tetramers to their individual
A—agarose resin used for purification was purchased from subunits. To improve the yield of the 1:3 hybrid, ap-
proximately a 2-fold greater amount of mutant protein than
1 Abbreviations: Fru-6-P, fructose 6-phosphate; PFK, phosphofruc- Wild-type protein was often used, with a final concentration
tokinase; BsPFK, phosphofructokinase fr@acillus stearothermo- equal to 2 mg/mL total protein. After incubation, the sample
philus PEP, phospho(enol)pyruvate; MOPS, Nfiorpholino)- was dialyzed against 20 mM Tris-HCI (pH 9.0)rf8 h at
propanesulfonic acid; EPPS\-(2-hydroxyethyl)piperazinéy¥-3- . ) .
propanesulfonic acid; Tris, tris(hydroxymethyl)aminomethane; MES, [0OM temperature with two buffer changes after 60 min. The
2-(N-morpholino)ethanesulfonic acid. protein mixture was then loaded onto a Pharmacia Mono-Q

Concerted Sequential

Protein Purification.Purification of wild-type BsPFK and
of all mutant forms of BsPFK was performed according to
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HR 10/10 FPLC anion-exchange column, previously equili- affinity interaction, and saturation of the low-affinity sites
brated with 20 mM Tris-HCI (pH 9.0). Elution was achieved could not be completely achieved.

with a linear 6-1 M NaCl gradient. The absorbances at 280  The variation in the appareK,, for Fru-6-P as a function
nm and activity assays were performed on the fractions to of PEP concentration was fit to the equation:

locate the different hybrid species.

To identify the different hybrid species, the fractions 0 Kg, +[Y]
comprising the various protein peaks were pooled together, Kyjz = Kig —KO QY] 3)
and a sample was loaded onto a 4% stacking/10% resolving iy ay[

native polyacr_ylamlde .gella) an.d'run for 3 h at 100 V'in ._where [Y] represents the concentration of the allosteric
an ice bath using the Bio-Rad Mini-Protean Il electrophoresis .

ag_» O . . . .
system. After electrophoresis, the gels were stained in O.1%Lﬂh'bltot: I?EF’Kliza |56thpe ?pfﬁrengd'SSOCIa?OS;OOSt?Qt for
Coomassie blue for approximately 30 min prior to destaining ¢ SuPStraté Fru-b-F* in e absence o B.is the

and analysis. The isolated 1:3 hybrid was then stored at gdissociation constant for PEP in the absence of Fru-6-P, and
°C to prevent rehybridization. Q.y is the coupling parameter describing the extent to which

Enzymatic Actity Assays.Activity measurements of the binding of PEP effects the binding of Fru-6-P and vice

BsPFK were conducted by coupling the formation of fructose versa as defined by the equation:
1,6-bisphosphate to the oxidation of NADH and monitoring KO KO
the corresponding decrease in the absorbance at 340 nm. _la_
Assays were carried out in a 1.0 mL reaction volume Ki K;’;
containing 50 mM MESKOH (pH 6.0), 50 mM MOPS

KOH (pH 7.0), or 50 mM EPPSKOH (pH 8.0) buffer plus whereKj; and K/ represent the dissociation constants for
100 mM KCI, 5 mM MgC}, 0.1 mM EDTA, 2 mM DTT, Fru-6-P and PEP, respectively, in the saturating presence of
0.2 mM NADH, 2509 of aldolase, 5Qig of glycerol-3-  the other ligand. By resolving both the terid§ and Qa,,
phosphate dehydrogenase, andu@ of triosephosphate  eq 3 allows the separate quantification of both PEP binding
isomerase. Creatine kinase and creatine phosphate wergffinity and its allosteric effect once bound, respectively (
added to regenerate MgATP from MgADP to alleviate the 5 10, 13-16).

activation of BsPFK by MgADP. The concentration of  The coupling paramete®.,, describes both the nature and

MgATP was held constant at 3 mM in all assays, and the magnitude of the effect the allosteric ligand has upon the
concentrations of Fru-6-P and the inhibitor PEP were b|nd|ng of the substrate. [Day < 1, the allosteric ||gar|d is

adjusted as indicated. Assays were initiated by the addition gn inhibitor, and ifQay > 1, the allosteric ligand is an

of 10 uL of BsPFK that had been appropriately diluted so activator. IfQ. = 1, then the allosteric ligand has no effect
as not to exceed a change of 0.1 absorbance unit at 340 nnpn the binding of substrate. In the case of the inhibitor PEP,

per minute. One unit of activity is defined as the production the smaller the value oRa, the greater the extent of
of 1 umol of fructose 1,6-bisphosphate per minute. Activity jnhibition by PEP upon substrate binding.

measurements were conducted on Beckman Series 600 The coupling parameter can also be used to calculate the
spectrophotometers using a linear regression calculation tofree energy associated with the interaction between substrate
convert change in absorbance at 340 nm to enzyme activity.and allosteric effector, provided the rapid equilibrium as-

Data Analysis.nitial velocity activities as a function of  sumption is valid as it is for BsPFKL6) using the equation:
Fru-6-P concentration for the wild-type enzyme were fit to

= Qqy (4)

the equation 12): AG,, = —RTInQ, (5)
VAl ™ whereAG,y is the free energy of inhibition by PER|is the
p=—1 - Q) gas constant expressed in kcal/(degl), andT is absolute
Kb, + [A]™ temperature in kelvin. Allosteric inhibition is defined by a
AG,y value greater than zero, while allosteric activation
where v equals the steady-state rate of turnov&pax results in aAG,y value less than zero. When no coupling
represents the maximal specific activity, [A] equals the between the ligands occurAG,, = 0.
concentration of Fru-6-F,, is the concentration of Fru- All data analysis was performed on either a Power
6-P resulting in half-maximal specific activity, amg is the Macintosh 7100/80AV or a Macintosh G4 using Kaleida-
Hill coefficient. graph 3.08 (Synergy Software).
Data obtained from the hybrid enzymes that exhibited two
distinct affinities for Fru-6-P were fit to the equation: RESULTS
. Strategy Oligomeric enzymes often contain binding sites
— VinalAl Vimad Al ) that reside across subunit interfaces. BsPFK follows form,
Kyt TAl Kyt [A] with the added feature that its four active sites are located

across one dimerdimer interface while its four allosteric
whereV'max andK'y, refer to the maximal specific activity — sites are formed across the other dimédimer interface 17).
and apparent dissociation parameters for the low-affinity Due to the asymmetry of the interaction of the individual
active site population, respectively. The introduction of subunits, the residues making up a complete binding site [be
nonunitary Hill coefficients into eq 2 did not improve the it an active site capable of binding the substrate fructose
fit significantly. This result was not surprising since no 6-phosphate (Fru-6-P) or an allosteric site capable of binding
cooperativity should be associated with the single high- either the inhibitor phospho(enol)pyruvate (PEP) or the
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R162 D
Ak
D12 1wt:3[aa] 1wt:3[ap]
R252
R25 ( b
R211__ K213
a B
B A D
22 <> 30 1wt:3[ba] 1wt:3[bf]
45, (>'E2
S i
Ficure 3: Two-dimensional representations of the four BsPFK 1:3
B C> C heterotetramers which individually isolate each of the four hetero-

tropic interactions found in the native tetramer that are shown in
FIGURE 2: (A) Schematic representation of a single subunit of Figure 2B. Filled shapes indicate the side of the binding site that
BsPFK. Two complementary halves of the Fru-6-P binding site has been modified to greatly reduce the binding affinity of the
are denoted by the symbols labeled a and b. The two complementaryrespective ligand. The K90E/K91E charge tag that was added to
halves of the allosteric PEP binding site are denoted by the symbolsall of the mutant subunits to facilitate separation is also indicated.
labeleda andf. Arginine and lysine residues which were modified The specific residues within the active sites and allosteric sites that
to reduce binding affinity are indicated next to the respective binding have been modified in each case are described in the text.

site. Modification of D12 was also required to facilitate hybrid

formation in the presence of the R252A mutations as discussed inyy qecrease PEP affinity dramaticalljt0j. Variants of
the text. (B) Schematic representation of the assembled tetramerB PEK . Il of th dificati desi t
of BsPFK. The four unique pairwise heterotropic interactions are ©S containing all of these modifications we designate
depicted and labeled by the distances in angstroms between thdaa]. We have also developed procedures for constructing
sites. Individual subunits are labeled-m®. and isolating a hybrid form of BsPFK that contains one
subunit of wild type and three subunits ofifladenoted 1wit:
activator MgADP] are different on one side compared to the 3[aa]. This hybrid possesses a single unmodified active site
other. This arrangement is depicted schematically in Figure and a single unmodified allosteric site, and the allosteric
2. For example, the Fru-6-P binding site contains an arginine coupling between these sites has been measui®d An
at position 162 on one side of the binding cavity (a-side) examination of the structure of BsPFK7) reveals that this
and an arginine at position 252 on the other side (b-side). hybrid isolates the 22 A interaction.
Likewise, the allosteric sites are flanked by both an arginine  Below we describe the identification of mutations from
and a lysine at positions 211 and 213, respectively, from the p-side of the active site and tfieside of the allosteric
one subunit-side) and an arginine at position 25 from the  sjte that similarly nearly abolish binding of Fru-6-P and PEP,
neighboring subunit A-side). It is this characteristic of respectively, without otherwise disrupting the structure
BsPFK which we have exploited to distinguish the different gybstantially. The identification of these mutants has enabled
possible ways Fru-6-P and PEP might interact. The four ys to construct four different modified enzymes that each
different heterotropic interactions are depicted in a schematic exhibit poor binding of both Fru-6-P and PEP:aJa[bA],
of the fully formed tetramer in Figure 2B. To distinguish  [a], and [bo]. Construction of 1:3 hybrids with each of these
the different heterotropic interactions from one another, the variants has allowed us to isolate each of the four different

distance between a single active site and each of the fourheterotropic interactions between Fru-6-P and PEP individu-
allosteric sites was measured according to their locations g]jy.

within the crystal structurel(7). Thii results in four unique Figure 3 illustrates the isolation of each of the four possible
distanced of 22, 30, 32, and 45 A as indicated in Figure peterotropic interactions via their respective 1:3 hybrid

2B. In th|s_report, the four interactions V_V|II t_>e referred 0 ~ompinations. The presence of a mutation at a binding site
by these distances. However, this notation is not meant 104t sybstantially prevents binding at that site is designated
imply anything about the route by which information must 5 filled shape. The native, nonsubstituted portions of

travel from one site to another. . ~ binding sites remain open. The arrow drawn between the

As we have shown earlier, an R162E mutation to the a-side two remaining completely unmodified binding sites depicts
of the active site is sufficient to substantially diminish the the specific heterotropic interaction isolated within each of
binding affinity of Fru-6-P 10). Similarly, R211E/R213E  the four different 1:3 hybrids. Table 1 lists the four different
modifications of then-side of the allosteric site is sufficient  BsPFK variants used in this study, the modifications they
contain, and the specific interaction isolated in the 1:3 hybrid.

2The structure determined by Shirmer and Evar® has Fru-6-P b-Side Actie Site MutationsOn the b-side of the active
bound in the active site and ADP bound in the allosteric site. The site, R252 directly interacts with the 6-phosphate of Fru-
distances associated with each heterotropic interaction were measure%_P according to the X-ray structur&7). To discourage Fru-
from the phosphorus atom of the Fru-6-P molecule bound in the active S . "
site to each of th@-phosphorus atoms of the ADP molecules bound  6-P binding, the R252E mutation was introduced. However,
in the allosteric sites. this mutation dramatically lowerek.,; (data not shown),
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Table 1: List of MutationsUsed To Isolate the Four Individual 140

Allosteric Heterotropic Interactions in BsPFK

heterotropic 120
interaction active site allosteric site
isolated (a or b side) (ocor 3 side) >
22 A R162E (a) R211E/K2136] £100
30A R252A/D12A (b) R25ER) =
32A R252A/D12A (b) R211E/K213En() S !
45 A R162E or R243E (a) R25B) > L
a|n addition, each variant also contained the charge tag modification g L
K90E/K91E on the surface of the protein to facilitate the separation of g 60

the various hybrid species via anion-exchange chromatography as
described in the text.

(3]
=

40 [

Spec

increasing the likelihood that this mutation disrupted the basic I
structure of the enzyme, so a more conservative mutation, 20 |
R252A, was constructed. This maodification diminished

binding by more than 2 orders of magnitude without - i N
significantly affectingk.a: as previously reported by Valdez 0.001 0.01 0.1 1 10 100
et al. ©). However, R252A did not properly form hybrids, [Fru-6-P] (mM)

despite extensive efforts to find suitable conditions. Further
examination of the structure revealed that R252 interacts not .
only with Fru-6-P but also with D12, which in turn interacts - B
with H160 on the adjacent subunit. We reasoned that D12, I
unrestrained by an interaction with R252, might be perturbed
by H160 in such a way so as to interfere with the subunit
interface. Consequently, we introduced a second mutation,
D12A, which, when combined with R252A, produced a
protein that readily formed all possible hybrids with wild
type.

Figure 4A illustrates the result of incorporating the R252A/
D12A mutations on the activity of the enzyme. Equation 1
was used to fit both the wild-type and mutant data, although
the Hill coefficient did not vary significantly from 1. The
apparent dissociation of Fru-6-RK() is increased by
approximately 240-fold relative to that of wild type. More-
over, the specific activity of the mutant is unaffected,
indicating no significant structural perturbation of the active

10—

for Fru-6-P (mM

1/2

K

Apparent

Y S ST B S A AT ET] B A
site. 0.001 0.01 0.1 1 10 100

001 Lo |

p-Side Allosteric Site MutationsOn the -side of the [PEP] (mM)
allosteric site, R25 was changed to a glutamate. The effectspigyre 4: Steady-state kinetic experiments to determine the effects
of this mutation are shown in Figure 4B. Due to the of b-side active site ang@-side allosteric site mutations on the
difficulties in assessing the direct binding affinity of PEP to binding of the substrate Fru-6-P and the inhibitor PEP, respectively.
BsPFK, the ability of PEP to inhibit the binding of Fru-6-P  (A) Fru-6-P saturation profiles for wild-type BsPFI@) and the

. active site mutant R252A/D12AQ) at pH 7.0 and 25C. The
for both the wild-type and R25E mutant enzymes was MgATP concentration was 3 mM. The curves represent the best

measured. The resulting data were fit to eq 3 to assess thit of these data to eq 1 as described in the text. (B) Dependence
affinity of PEP for BsPFK. As Figure 4B shows, it requires of the apparenKy,, for Fru-6-P on increasing concentrations of

more than 10 mM PEP to inhibit th&,, for Fru-6-P, the in_hibitor PEP for wild-type BsPFK®) and the R25E mutant
suggesting a decrease in PEP affinity of nearly 4 orders of Protein ©) at pH 7.0 and 25C. The curves represent the best fit
. . L - _of these data to eq 3 as described in the text. The resulting

magnltl_Jde. Table 2 summarizes the kinetic aqd aII_osterIC parameters are summarized in Table 2.
properties of the wild-type enzyme and the active site and
allosteric site mutant forms of BsPFK, including those which of the active site and allosteric site mutations they
characterized previouslyL(). contain. These proteins were further modified by incorporat-

Isolating the Four Heterotropic InteractionsHaving ing the K9OE/K91E mutations. K90 and K91 occur on the
identified these new mutations, R252A/D12A at the b-side surface of the protein, and these modifications serve to allow
of the active site and R25E at tlfeside of the allosteric ~ separation of the mutant protein from the native protein on
site, and in conjunction with the mutations on the a-side of anion-exchange chromatography while not interfering in the
the active site and.-side of the allosteric site, R162E and functional properties of the enzym#Q).
R211E/K213E, respectively, four different modified proteins  Hybrids between each of those four modified proteins and
were generated which demonstrated very poor binding of wild type were made following the procedure outlined in
Fru-6-P in the active site and PEP in the allosteric site. TheseMaterials and Methods and confirmed by native PAGE. The
proteins are designatedofh [a3], [ba], and [k5] to indicate 1:3 hybrid (wild type:mutant) of each modified protein was
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Table 2: Steady-State Kinetic and Thermodynamic Coupling
Parametefsfor Wild-Type BsPFK, the Active Site Mutants, and
the Allosteric Site Mutants at 25C and pH 7.0 with [MgATP]=
3mM

enzyme Vmax (Units/mg¥ K2 (MM)P ny°
wild type 1254 2 0.021+ 0.001  1.30+ 0.09
R252A/D12A 122+ 3 5.0+ 0.3 1.17+£ 0.05
R162E 146+ 6 21.2+1.9 1.15+ 0.06
R25E 91+ 1 0.047+ 0.002 1.274 0.05
R211E/K213E 109+ 1 0.0584+ 0.001 1.12£0.08

aThe values determined fcb(f; were~100 mM PEP and-20 mM
PEP for the R25E and R211E/K213E mutant proteins, respectively.
b Pertaining to Fru-6-P saturation profiles at 0 mM PEBxperiment
performed under identical conditions except at pH 8.0).(

isolated and purified as described previouslg)( All 1:3
hybrids were stored at4C, and no rehybridization between

subunits was observed for at least 4 weeks as confirmed by

native PAGE analysis (data not shown). Examination of the
structure of the tetrameric form of the enzyme reveals that
the 1:3 hybrids of the f@], [ag], [ba], and [K5] proteins
isolate the 22, 45, 32, and 30 A heterotropic interactions,
respectively. Isolation and identification of each hybrid were
analogous to the results previously described for thd [a
hybrid (10).

Functional Properties of the Hybrid Enzymekhe de-

Ortigosa et al.

is comparable to three-fourths tNg .. value for the wild-
type enzyme since the active site mutations do not alter the
keat of BsPFK. Furthermore, the low-affinitf,, values are
generally comparable to th€;, values measured for the
corresponding active site mutant enzymes.

To measure the nature and magnitude of the allosteric
effect resulting from each heterotropic interaction, the high-
affinity Ky, for Fru-6-P was determined as a function of PEP
concentration for each of the four 1:3 hybrids at various pH
values. Ideally, this measured allosteric effect would cor-
respond to the interaction of only the native active site and
native allosteric site. However, it was previously found that
the binding of PEP at high concentration to the three mutated
allosteric sites still has the ability to influence the binding
of Fru-6-P to the 1:3 hybrid to a small degre#&O)
Consequently, a control hybrid for each 1:3 hybrid was made.
This control hybrid consists of one native active site, three
mutated active sites, and four mutated allosteric sites. Using
the notation introduced by Fenton and Reinhdd)( this
control hybrid is designated@, where 1 equals the number
of native Fru-6-P binding sites and 0 equals the number of
native allosteric sites in the tetramer. Thus, we have created
two types of 1:3 hybrids in each case, the experimental that
isolates a single heterotropic interaction between a native
active site and a native allosteric site, designatdd dnd a
control in which the influence of the mutated allosteric sites

pendence of enzyme activity as a function of Fru-6-P on a single native active site can be assessed, designated
concentration was determined for the wild-type enzyme, as 1|0. Each of the four control hybrids was constructed by

well as the individual 1:3 hybrid species at pH 6.0, 7.0, and gypstituting the appropriate allosteric site mutant for the wild-

8.0. As expected, the Fru-6-P saturation profiles for the 1:3
hybrids exhibited the saturation of two different types of
binding sites, corresponding to the high-affinity and low-
affinity active sites, respectively (data not shown). This
agrees with previous results reported by Kimmel and
Reinhart (0) for the 22 A interaction at pH 8.0. Data
obtained from the Fru-6-P saturation profiles for the wild-
type enzyme were fit to eq 1, while data for the 1:3 hybrids
were fit to eq 2.

Table 3 summarizes the kinetic parameters obtained from

these fits for wild-type BsPFK and both the high-affinity
(native) and low-affinity (mutated) Fru-6-P binding sites
found in the 1:3 hybrids. At all pH values, the maximal
specific activity for the high-affinity interactionVnay) is

approximately one-fourth that of wild type. This result was

type parental proteinlQ). Fru-6-P titrations at pH 6.0, 7.0,
and 8.0 were performed for each 1:3 hybrid and its
corresponding control hybrid at increasing concentrations of
PEP. The measured high-affinitg,, for each 11 hybrid
was corrected for the possible influence of PEP binding to
the mutated sites by measuring kg, for the 10 control
and then using the equation:

Kip(1/2)

K, (corrected= m
1/2!

(6)

In all casesK;;(1|0) values were independent of PEP
concentration except at very high values, as shown previously
(10).

Figure 5 shows the corrected values for g for Fru-

expected, as each 1:3 hybrid contains one-fourth the numbers-p plotted as a function of PEP concentration at each of

of native active sites found within the BsPFK tetramer. Also,
the maximal specific activity for each of the 1:3 hybrids

the three pH values investigated. With the exception of the
30 A interaction at pH 6.0 and the 45 A interaction at all

increases with an increase in pH, a behavior consistent withpH values, the high-affinity binding site of each of the 1:3

the wild-type enzymel(6). The values obtained for the high-
affinity Ky, for Fru-6-P agree, within error, with thi€;,,
values for the wild-type enzyme except for the 32 A

hybrids was found to behave like the wild-type enzyme in
that the addition of PEP increases #g, for Fru-6-P in a
saturable manner. The coupling between Fru-6-P and PEP

interaction at pH 8.0. This overall agreement was expectedin each caseQa, was obtained by fitting these data to eq 3,

because the wild-type enzyme exhibits little to no cooper-
ativity between active sites in the absence of effeci@).(

and the results are presented in Tabl€4.for each of the
1:3 hybrids is reduced to different extents relative to wild

We do not have an explanation for the increased value type. Moreover, all of the heterotropic interactions, with the
exhibited by the 32 A interaction at pH 8; however, this exception of the 45 A interaction, display an increase in
perturbation does not seem to adversely affect the allostericcoupling with an increase in pH, a phenomenon consistent
couplings (see below). with the behavior exhibited by the wild-type enzynie)

The values obtained for the low-affinity active sites also Table 4 also presents the coupling data in terms of free
conform to expected results. The maximal specific activities energy as calculated by eq 5.
for the three low-affinity active sited/(may) is approximately Only the 45 A heterotropic interaction was found to
three-fourths thé&/nax value for the mutant tetramer, which  produce no allosteric effect upon the binding of PEP at any
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Table 3: Steady-State Kinetic Parameters for Wild-Type BsPFK and the Four 1:3 Hybrids Containing the Four Individual Allosteric
Interactions within BsPFK at 25C, pH 6.0, 7.0, and 8.0, [MgATP¥ 3 mM, and [PEP}= 0 mM

high affinity low affinity
enzyme Vmax (Units/mg) K1z (mM) Vmax (Units/mg) K12 (mM)

pH 6.0

wild type 67.1+1.1 0.032+ 0.001 n/a n/a

22 Alinteraction 22.5£ 0.5 0.028+ 0.002 85+ 1 3.6+0.1

30 Ainteraction 15.4- 0.4 0.035+ 0.003 36+ 1 8.0£0.3

32 Alinteraction 14.5: 0.5 0.031+ 0.003 46+ 2 10.0+ 0.8

45 A interaction (R162E) 194 1.1 0.039+ 0.007 85+ 1 6.2+ 0.3

45 Ainteraction (R243E) 176 0.8 0.028+ 0.004 50+ 1 5.7+ 0.5
pH7.0

wild type 125+ 2 0.021+ 0.001 n/a n/a

22 Alinteraction 28.: 1.0 0.029+ 0.004 113+ 2 8.6+ 0.5

30 Ainteraction 26.40.7 0.020+ 0.002 96+ 3 12.1+ 0.7

32 Alinteraction 30.9-1.1 0.047+ 0.005 94+ 3 9.6+ 0.5

45 Ainteraction (R162E) 29.2 0.8 0.024+ 0.002 114+ 1 9.3+ 0.4

45 A interaction (R243E) 28.8 1.3 0.017+ 0.003 95+ 2 6.3+ 0.5
pH 8.0

wild type 153+ 3 0.034+ 0.001 n/a n/a

22 Alinteraction 36t 1 0.034+ 0.004 90+ 3 25+ 2

30 Alinteraction 3H2 0.079+ 0.008 ud@ ud

32 Alinteraction 382 0.310+ 0.035 ud ud

45 A interaction (R162E) 321 0.038+ 0.003 12310 42+ 6

45 A interaction (R243E) 322 0.024+ 0.004 117+ 3 8.3+ 0.9

aud = undetermined.

Table 4: Thermodynamic Parameters for Wild-Type and the Four Individual Allosteric Interactions (Control Subtracte®¥apH5.0, 7.0,
and 8.0, and [MgATPE 3 mM

enzyme K2 (mM) Ky (MM) Quy AGgy (kcal/mol)
pH 6.0
wild type 0.032+ 0.001 0.026+ 0.002 0.041: 0.002 1.8 0.03
22 Ainteraction 0.026: 0.002 0.09H- 0.086 0.50+ 0.08 0.414+0.10
30 A interaction 0.035: 0.003 ud 1.00+£0.10 0.004 0.006
32 Ainteraction 0.02% 0.005 0.0045t 0.0061 0.56t 0.10 0.344+0.10
45 A interaction (R162E) 0.03% 0.004 ud 1.06t 0.15 0.004+ 0.09
45 A interaction (R243E) 0.033 0.006 0.27+ 0.08 0.68+0.18 0.23+0.14
pH7.0
wild type 0.030+ 0.002 0.023+ 0.002 0.0085k 0.0004 2.82+ 0.03
22 Ainteraction 0.023: 0.002 0.079+ 0.047 0.33+ 0.05 0.664+ 0.10
30 A interaction 0.01% 0.004 0.0003t 0.0007 0.59+0.11 0.31+0.11
32 Alinteraction 0.035: 0.006 0.003+ 0.002 0.38+ 0.07 0.57+0.10
45 A interaction (R162E) 0.024 0.001 ud 1.0Gt 0.06 0.00+ 0.03
45 A interaction (R243E) 0.022 0.005 0.04+ 0.02 0.77+0.18 0.18+ 0.14
pH 8.0
wild type 0.027+ 0.001 0.039+ 0.001 0.002Gt 0.0001 3.58t 0.02
22 A interaction 0.03% 0.002 0.22+ 0.07 0.08+ 0.02 1.48+ 0.15
30 A interaction 0.074: 0.014 0.002+ 0.001 0.44+ 0.08 0.49+0.11
32 Alinteraction 0.3 0.06 0.0004+ 0.0003 0.25+ 0.05 0.82+0.12
45 A interaction (R162E) 0.03& 0.001 ud 1.0Gt 0.04 0.004 0.02
45 A interaction (R243E) 0.026: 0.003 2.0+£0.9 0.78+ 0.24 0.17+0.20

aud = undetermined.

of the pH values examined. To confirm that this observation The values of each individually isolated interaction,
was not due to damage to the protein introduced by the expressed as coupling free energies, are compared in Figure
mutations, a second mutant protein was constructed in which6. At pH 8, the 22 A interaction clearly dominates the values
the active site mutation of R162E was replaced with R243E. of the other interactions, measuring 1.5 kcal/mol or ap-
R243 is a residue adjacent to R162 on the a-side of the activeproximately 42% of the 3.6 kcal/mol coupling free energy
site. The steady-state characterization of the R243E mutationof the wild-type tetramer under identical conditions. The 32
showed it to be functionally analogous to the R162E mutation and 30 A interactions have smaller, but significant, values
(data not shown), and 1:3 hybrids (boti land 10) made that are approximately one-half and one-third the value at
with an enzyme containing all of the same mutations in the 22 A, respectively. The 45 A interaction at best makes only
modified subunits except for the substitution of R243E for a minor contribution relative to the magnitudes of the other
R162E likewise behaved similarly in the absence of PEP couplings.
(see Table 3). The overall trend with pH evident in Figure 6 is consistent
In this case a small, barely significant, coupling was with the influence that pH has on the wild-type enzyme, with
evident at pH 8, which increased as pH decreased to a moreeach coupling individually diminishing in magnitude with
significant, but still small value at pH 6. These results are lower pH, with the possible exception of the 45 A coupling.
also included in Table 4. At pH 6, all of the couplings are very small, with the 22 A
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Ficure 5: Dependence of the corrected appatep for Fru-6-P

on increasing concentrations of the inhibitor PEP for the 22 A
interaction @), the 30 A interactionl), the 32 A interaction®),

and the 45 A interactioriy). The hybrids which isolated the 45 A
interaction contained the R243E active site mutation in the modified

subunits as described in the text. All of the curves correspond to

the best fit of these data to eq 3 as described in the text.
Conditions: (A) pH 6.0 (50 mM MESKOH buffer); (B) pH 7.0
(50 mM MOPS-KOH); (C) pH 8.0 (50 mM EPPSKOH).
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Ficure 6: Comparison of the individual coupling free energies
determined for the four heterotropic interactions at pH 6.0, 7.0,
and 8.0. Key: black, 22 A interaction; dark gray, 30 A interaction;
light gray, 32 A interaction; white, 45 A interaction.

coupling being reduced to 0.4 kcal/mol, a value only slightly
larger than the 32 A coupling, while the 30 A coupling has
been reduced to completely negligible values. The 45 A
coupling measured with the R243E mutation is slightly larger
than its value at pH 8, and the value determined with the
R162E mutation, but the magnitude of the relative error
suggests that the significance is marginal.

The question naturally arises whether the differences
between the values of the couplings measured in this way
are due to intrinsic differences in the couplings as they are
manifested in the native tetramer or whether they are created
by the structural perturbations that have been introduced in
their isolation. To assess this issue, it is necessary to consider
the sum of the individual heterotropic coupling free energies
and compare that sum to the overall heterotropic coupling
functioning in the wild-type tetramer.

The basis for comparing the sum of the individual
couplings to the overall coupling comes from the principle
of thermodynamic linkage20—24). A detailed examination
of the origins of overall heterotropic coupling in a dimer
(24), however, has revealed that changes in homotropic
cooperativity, with respect to either substrate or allosteric
ligand, introduced by the presence of the heterotropic ligand
can also contribute to the magnitude of the apparent
heterotropic interaction. Although Fru-6-P binds to BsPFK
with little or no cooperativity, positive cooperativity in PEP
binding has been observedl)( To estimate the total
heterotropic interaction that is manifest by the tetrameric
enzyme in the absence of cooperative interactions between
the several PEP binding sites, we constructed a hybrid
between the wild type and a variant containing only the
[-side allosteric site and charge tag mutations (KQOE/K91E).
The 1:3 hybrid was isolated as outlined above, resulting in
an enzyme with four native active sites and only one native
allosteric site, designated¥ This control hybrid does not
exhibit PEP binding cooperativity, as expected (data not
shown). By analogy to the dimeric case, the overall hetero-
tropic coupling exhibited by the |2 hybrid should in
principle be one-fourth that observed for thig 4vild-type
protein in the absence of homotropic cooperativig, 23).
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4 pairwise couplings and the terms in the parentheses relate
to homotropic interactions. In the absence of homotropic
S g interactions, the quantities in the parentheses equal 1.
Therefore, the somewhat surprising result, embodied in eq
— 7, is that the overall allosteric effect is given by the product
of the individual coupling parameters. Converting these
. parameters to coupling free energies using eq 5 leads to the
conclusion that the overall allosteric effect in free energy
- terms is given by the sum of these individual coupling free
energies.

7 By extension, the overall inhibition of the BsPFK tetramer
should equal the sum of the individual, unique pairwise
couplings in the absence of homotropic effects. Since wild-
type PFK does exhibit homotropic cooperativity in the
binding of PEP 4), a more valid comparison is made to the
overall inhibition manifest in the |4 hybrid tetramer. This
hybrid has only one PEP binding site, removing the op-
portunity for homotropic effects. Since this hybrid has only

Ficure 7: Comparison of the sum of the individual coupling free one copy of each interaction, not fo.ur copies of each like
energies determined for the four heterotropic interactions to the the wild-type enzyme, the expectation is that the overall
overall heterotropic coupling free energy determined from tfie 4  inhibition exhibited by this tetramer would be one-fourth (in

control hybrid at pH 6.0, 7.0, and 8.0. The bar on the left at each free energy terms) of the heterotropic effects contributing

pH indicates the sum of the coupling free energies determined g the behavior of the wild-type enzyme. Consequently, the

I(Z?Xidglealg)fotrhtgeézf ilmg::gilgg ((kl)ilg;ir?tk)g’;rtgi) ngalrltheéaztslon/& contribution of the heterotropic interactions to the apparent

interaction (white). The striped bar on the right at each pH inhibition by PEP in the wild-type enzyme can be estimated
corresponds to the coupling free energy determined from the 4 to be equal to 4 times the inhibition observed in thé 4
control hybrid as described in the text. The latter values should hybrid. Since the individual couplings add up to the total
correspond to the total heterotropic coupling in the native tetramer heterotropic effect deduced from the behavior of the 4
in the absence of homotropic interactions. hybrid as shown in Figure 7, the pairwise couplings isolated
gin the various 11 hybrids likely reflect the corresponding
interactions in the wild-type enzyme.

It is significant, therefore, that the value of each of the
couplings is different. Moreover, as pH is varied, not only
do the absolute values of the couplings change but also their
relative values, indicating that the binding of a single Fru-
6-P equivalent is influenced to a unique extent depending
on which of the four allosteric sites is occupied by PEP. We
note that our data do not indicate how a second equivalent
DISCUSSION of bound PEP might further influence the binding of that

o first Fru-6-P equivalent. Nonetheless, this result clearly lies

The agreement of the sum of the measured individual hetween the predictions made by either a simple concerted
couplings with the L control hybrid provides strong  mqde| or a simple sequential model, such as summarized in
evidence that the individual interactions isolated in the Figure 1.
respec_tlve_ 1:3 hyprlds can be relgteq directly 'to the corre- |t is also unlikely, given the modest magnitudes of the
spo_ndlng interactions as they exist in the native tetramer. ;. qiviqual couplings even at pH 8, that a single species
At first glance it might not be apparent how these individual containing one bound PEP and one bound Fru-6-P would
couplings, determined with only a single equivalent of each e tormed in a suitable titration experiment. Although one
ligand bound, are relevant to the overall heterotropic inhibi- \yq 14 clearly expect the concentration of the species with
tion of the native tetramer, with four equivalents of each £r,.5.p and PEP 45 A apart to dominate (except at pH 6)
ligand, even ignoring complications that arise from homo- ¢ gther species would be populated to lesser, but nonzero,
tropic interactions. Our expectations arise by analogy t0 the gyents at ambient temperatures, especially at the lower pH
relationship of these individual pairwise couplings to the \4jes, Thus a two-state view of the structural response of
overall allosteric effect in a homodimer. _ BsPFK to ligand binding becomes far too limiting a way of
_ Desp_lte the fact .that the c_)verall effect'of an allosteric modeling its functional behavior, even in the seemingly
ligand in @ homodimer requires two equivalents of each gimple case of the binding of a single equivalent of each
ligand to bind, thermodynamic linkage predicts that the ligand.
overall coupling,Q, measured will be equal t@4)

(kcal/mol)

AG
ay

A value equal to 4 times the coupling free energy measure
for the 41 hybrid is presented in Figer7 , enabling a
comparison of this value to the sum of the individual
couplings measured in the fourllhybrids. At pH 8.0 and
7.0 these values are in complete agreement. At pH 6.0, the
sum is 75% of the control hybrid value, but the relative errors
are large enough to make this discrepancy of questionable
significance.

These results also suggest that allosteric interactions
Q 0 05 proceed_ by different pathways when considering.hc_)w dif-
Q= QuyiQuy Z( yy/a)( adyy) @) ferent sites are coupled. Statgd another way, it is now

ny Q.a reasonable to attempt to define the residues that are

responsible for transmitting the influence between the various

where Qa1 and Qa2 represent the two different individual  pairs of active and allosteric sites. Furthermore, it is unlikely
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that the same residues will be important for establishing the 9. Valdez, B. C., French, B. A., Younathan, E. S., and Chang, S. H.
allosteric conduit in each case. Since the hybrids isolate each __ (1989 J. Biol. Chem. 264131-135. . .

individual interaction, however, determination of the residues 'T'lrggna'il‘lljéz;” and Reinhart, G. D. (200Biochemistry 40
that participate in the transmission of the allosteric influence 11, Laemmli, U. K. (1970Nature 27 680.

would now seem to be possible, and these investigations are 12. Hill, A. V. (1910) J. Physiol. (London) 40iv—vii.

o

ongoing. 13. Tlapak-Simmons, V. L., and Reinhart, G. D. (1988}h. Biochem.
Biophys 308 226-230.
REFERENCES 14. %%ngon, J. L., and Reinhart, G. D. (19B#&)chemistry 332635~
1. Monod, J., Wyman, J., and Changeux, J. P. (196%)ol. Biol. 15. Johnson, J. L., and Reinhart, G. D. (19%ipchemistry 36
12, 88—118. 12814-12822.
2.Koshland, D. E., Jr., Nemethy, G., and Filmer, D. (1966) 16. Tlapak-Simmons, V. L., and Reinhart, G. D. (19889phys. J.
Biochemistry 5365-385. 75, 1010-1015.
3. Hengartner, H., and Harris, J. L. (197BEBS Lett. 55282 17. Schirmer, T., and Evans, P. R. (199Q)ture 343 140-151.
285. 18. Evans, P. R., and Hudson, P. J. (19K8}ure 279 500-504.
4. Riley-Lovingshimer, M. R., and Reinhart, G. D. (20®ipchem- 19. Fenton, A. W., and Reinhart, G. D. (200BJochemistry 41
istry 40, 3002-3008. 13410-13416.
5. Kimmel, J. L., and Reinhart, G. D. (200Byoc. Natl. Acad. Sci. 20. Wyman, J. (19647dv. Protein Chem19, 223-286.
U.S.A. 973844-3849. 21. Wyman, J. (1967). Am. Chem. So®9, 2202-2218.
6. Daldal, F. (1983). Mol. Biol. 168 285-305. 22. Weber, G. (1972Biochemistry 11864—878.
7. g'g'g"_ng% H. W., and Evans, P. R. (1985)r. J. Biochem149 23. Weber, G. (1975)dv. Protein Chem29, 1-83.
8. Cohen, S. N., Chang, A. C. Y., and Hsu, L. (19P2pc. Natl 24. Reinhart, G. D. (1988iophys. Chem. 30159-172.

Acad, Sci. U.S.A. 62110. BI035077P



