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ABSTRACT: In the study of allosteric proteins, understanding which

effector—protein interactions contribute to allosteric activation is NH_ o 1'0

important both for designing allosteric drugs and for understanding — Ar9501 “-. l?"’P<0

allosteric mechanisms. The antihyperglycemic target, human liver .

pyruvate kinase (hL-PYK), binds its allosteric activator, fructose 1,6- 5

bisphosphate (Fru-1,6-BP), such that the 1’-phosphate interacts with side “.‘ 4

chains of Arg501 and Trp494 and the 6'-phosphate interacts with |

Thr444, Thr446, Ser449 (ie., the 444—449 loop), and SerS31. Trpiss '/”N

Additionally, backbone atoms from the 527—533 loop interact with a Pro529

sugar ring hydroxyl and the two effector phosphate moieties. An effector Ar95/28 W

analogue series indicates that only one phosphate on the sugar is required 527-533 Loop kTyr533
527 Allostery

for activation. However, singly phosphorylated sugars, including Fru-1-P
and Fru-6-P, bind with a Kj, in the range of 0.07—1 mM. The second
phosphate of Fru-1,6-BP causes tight effector binding, because this native effector has a Kj, of 0.061 uM. Glucose 1,6-
bisphosphate and ribulose 1,5-bisphosphate bind in the 0.07—1 mM range. The contrast with a higher Fru-1,6-BP binding
indicates specificity for the fructose sugar conformation. Site-directed random mutagenesis at each residue that contacts bound
Fru-1,6-BP showed that a negative charge introduced at position 531 mimics allosteric activation, even in the absence of Fru-1,6-
BP. Collectively, analogue and mutagenesis studies are consistent with the 527—533 loop playing a key role in allosteric function.
Deletion mutations that shortened the 527—533 loop were expected to prevent formation of hydrogen bonds between backbone
atoms on the loop and Fru-1,6-BP. Indeed, Fru-1,6-BP did not activate these loop-shortened mutant proteins. Previous structural
comparisons of M;-PYK and M,-PYK indicate that the 527—533 loop makes interactions across a subunit interface when an
activator is not present. Mutating the hL-PYK subunit interface interactions among TrpS527, Arg528, and Asp499 mimics
allosteric activation. Considered with published structures, these results are consistent with (1) the two phosphates of Fru-1,6-BP
docking to ArgS01/Trp494 and the 444—449 loop, respectively, and (2) the formation of hydrogen bonds among Fru-1,6-BP
and backbone atoms of the 527—533 loop pulling this loop away from the subunit interface, which results in breaking of the
Trp527—Arg528—Asp499 interactions to elicit an allosteric response.

llosteric drugs that activate human liver pyruvate kinase

(hL-PYK) are an attractive goal for counteracting the
hyperglycemia associated with diabetes. hL-PYK catalyzes the
transfer of a phosphate moiety from phosphoenolpyruvate
(PEP) to ADP to produce ATP and pyruvate as the last step in
glycolysis. As an antihyperglycemic target, the hepatic glucose
production associated with diabetes could be modulated via
activation of hL-PYK to create a futile energy-burning cycle that
is not expected to contribute to weight gain. One approach to
designing allosteric drugs is to create compounds that mimic
physiological allosteric activators. To that end, it is imperative
to realize that allosteric function can be localized to a limited
number of total protein—effector interactions.' '° These
allosterically important interactions can be distinct from those
protein—effector interactions that make the largest contribu-
tions to effector binding. Therefore, the goal of this study was
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to distinguish the interactions between hL-PYK and the
physiological allosteric activator, fructose 1,6-bisphosphate
(Fru-1,6-BP), that contribute to allosteric activation.

The Fru-1,6-BP binding site of pyruvate kinase isozymes was
originally identified in a cocrystallized structure of yeast PYK."!
With the exception of the location of the hydroxyl moiety at the
anomeric carbon 2, Fru-1,6-BP has a 2-fold rotational axis (C,
symmetry). This near symmetry has led to perceived
disagreements about the binding orientation when Fru-1,6-BP
is bound to PYK isozymes.'' "> However, there are no
differences in the actual electron densities for any of the
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cocrystallized structures. We recently determined a 1.85 A
structure of hL-PYK with Fru-1,6-BP bound.'* The improved
resolution confirms that Fru-1,6-BP binds to hL-PYK with the
1’-phosphate directed toward ArgS01 of hL-PYK (Figure 1),
the same binding orientation found in yeast-PYK, human M,-
PYK, and human R-PYK.
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Figure 1. Schematic of the coordination of Fru-1,6-BP to human L-
PYK.>” This schematic is intentionally designed to mimic that used in
the initial characterization of Fru-1,6-BP binding to yeast PYK."" Fru-
1,6-BP is colored black and the protein gray. Interactions between Fru-
1,6-BP and the protein are indicated with dashed lines.

To accomplish our goal of defining which interactions
between hL-PYK and Fru-1,6-BP contribute to allostery, the
study reported here employed both an effector analogue series
and mutations in the activator binding site. In addition to
facilitating future rational drug design, the overall conclusions
provided insights into the molecular mechanisms that give rise
to allostery in hL-PYK.

B MATERIALS AND METHODS

Materials. The potassium salts of ADP and PEP were
purchased from Chem-Impex International, Inc. NADH was
from Sigma. L-Lactate dehydrogenase (type III bovine heart)
was purchased from Calzyme Laboratories, Inc. Other buffer
components were from Fisher Scientific and Sigma. The
sodium salt of 2-deoxyribose 5-phosphate, the dipotassium salt
of p-glucose 6-phosphate, the sodium salt of p-ribulose 1,5-
bisphosphate, the dipotassium salt of a-p-glucose 1-phosphate,
and the disodium salt of D-fructose 6-phosphate were purchased
from Sigma-Aldrich. DpL-Glyceraldehyde 3-phosphate, the
sodium salt of p-fructose 1-phosphate, the dibarium salt of
2,5-anhydro-p-mannitol 1,6-bisphosphate, 2,5-anhydro-p-gluci-
tol 1,6-bisphosphate, and the cyclohexylammonium salt of a-p-
glucose 1,6-bisphosphate were purchased from Santa Cruz
Biotechnology. A table showing the structure of each analogue
is included in the Supporting Information.

Mutagenesis and Protein Expression and Purification.
Mutagenesis of the human L-PYK gene was performed with the
QuikChange kit (Stratagene). Many of the included mutations
were created using site-directed random mutagenesis via
primers that were degenerate at the target codon. Other
mutations were generated with specifically designed primers.
Wild-type and mutant proteins were expressed in the FF50
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strain of Escherichia coli."> Wild-type protein used for analogue
studies was purified using the cell lysis, ammonium sulfate
fractionation, and DEAE-cellulose column steps as previously
described.’® Mutant proteins were partially purified usin

ammonium sulfate fractionation followed by dialysis."

Estimates of ligand binding/affinity and allostery were
equivalent regardless of whether they were evaluated using
purified or ammonium sulfate partially purified protein (Figure
S1 of the Supporting Information). Therefore, mutant proteins
were only partially purified before evaluation, a method that
allowed an assessment of considerably more mutations than
would have been possible if purification of each was required.

Kinetic Assays and Data Analysis. Activity measurements
were taken at 30 °C, using a lactate dehydrogenase coupled
assay in either HEPES or bicine buffer (pH 7.3)." As
previously described, reaction mixtures contained 50 mM
HEPES or bicine, 10 mM MgClL, 2 mM (K)ADP, 0.1 mM
EDTA, 0.18 mM NADH, and 19.6 units/mL lactate
dehydrogenase. PEP and effector concentrations were varied.
The rate of the decrease in Aj,, due to NADH utilization was
recorded at each concentration of PEP, and these initial velocity
rates as a function of PEP concentration were used to evaluate
Kipppep at any one effector concentration. In turn, K pp-pEP
evaluated over an effector concentration range was used to
evaluate allosteric parameters as noted in data fits below. All
assays were completed in 96-well plates, such that 12 wells with
12 PEP concentrations were used to evaluate K., pgp at each
effector concentration. In turn, the eight rows in the 96-well
plate included eight unique effector concentrations. The
enzymatic reaction was initiated with PEP and monitored at
340 nm over time in a UV-Star flat bottom 96-well plate
(Greiner bio-one) containing a total reaction volume of 350 uL.
All activity readings were collected using a Molecular Devices
Spectra,,,, Plus384 spectrophotometer.

Mutations were assayed under the exact conditions
previously described.'” Commercially available analogues
typically used either sodium or potassium as the counterion.
To prevent a large percent change in either Na* or K'
concentration, NaCl and KCl were added to final concen-
trations of 100 and 150 mM, respectively. Under these
conditions, the highest effector concentration that could be
used before observing nonspecific effects was determined to be
0.5 mM (see Figure S2 of the Supporting Information).
Glucose 1,6-bisphosphate and S5-anhydro-p-mannitol 1,6-bi-
sphosphate were purchased as the barium and cyclohexylam-
monium salts, respectively. Therefore, in assays with barium,
the total Ba®* concentration was held constant at 20 mM by
additions of BaCl,, and in assays with cyclohexylammonium,
the total C;H,N* concentration was held constant at 30 mM
by additions of cyclohexylammonium chloride (in addition to
150 mM Na* and 100 mM K*). We previously indicated that
complete replacement of the monovalent cation from Na® to
K* alters kinetic and allosteric parameters.17 Therefore, it was
not surprising that addition of Na*, Ba®*, and/or C¢H N*
altered parameters as compared to those previously reported
for the K*-only assay condition (Figure S3 of the Supporting
Information). The Fru-1,6-BP activation of mutant proteins
was assayed under the 100 mM K' conditions previously
reported.”” For each analogue, comparisons were made only to
the wild type—Fru-1,6-BP system assayed under the same
condition.

Data fitting was with the nonlinear least-squares analysis of
Kaleidagraph (Synergy Software). As previously noted, the
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dependence of the enzymatic activity on PEP concentration is
biphasic.">"” Kpp-pep Values were obtained by fitting initial rates
obtained from the kinetic assay to

V, . [PEP]™
(K,pp-pEp)™ + [PEP]™

v= + ¢[PEP]

(1)

where V. is the maximal velocity associated with the low-PEP
phase, K., pgp is the concentration of substrate that yields a
rate equal to one-half the V., ny is the Hill coeflicient
associated with the low-PEP (i.e., high PEP affinity) phase, and
¢ is the Vi,,/Kypp.pep for the low-affinity PEP phase for which a
maximal velocity is not observed within the working PEP
concentration range. Although ny values may influence fit
parameters associated with PEP affinity, we previously
demonstrated'® that ny; values from PEP titrations have a
minimum influence on allosteric parameters.

Our evaluation of allostery is based on a linked-function-
based energy cycle between substrate (A) and effector (X)
binding to the enzyme (E). This energy cycle is represented in
Reaction I
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In addition to the dissociation constants defined in Reaction
I, the allosteric coupling constant (Q,,) is defined as:

an = Kia/I<ia/x = Kix/Kix/a (2)

Because pyruvate kinase is considered a rapid equilibrium
system, K, pgp Values obtained from initial velocity reactions
were used as a proxy for PEP dissociation constant values.
When allosteric regulation was evaluated, Q,, was determined
by fitting a plot of the K, pgp values as a function of effector
concentration to eq 3:

K, + [effector]
K + Q_ [effector]

Kapp-PEP =K,
®3)
where K, = K., pgp When [effector] = 0, K, is the dissociation
constant for effector (X) binding to the protein in the absence
of substrate (A), and Q,, is the allosteric coupling constant
discussed in detail elsewhere.'® Data for all analogue studies
were replicated at least twice by two different researchers;
average fit parameters are included in figures along with errors
propagated from error estimates obtained from fitting
individual data sets. Data for mutated proteins are from single
assays. However, duplicate data collection for two independent
protein predations was completed before we concluded that a
mutated enzyme lacked activity.

B RESULTS

The overall design of this project was to modify either a
chemical moiety of the effector (analogue series) or the
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chemical nature of a residue side chain of the protein
(mutations) and determine if allosteric function and/or effector
affinity was altered relative to that of the wild-type—Fru-1,6-BP
reference. The approach for quantifying allosteric function has
previously been detailed.'” Briefly, the apparent affinity
(Kapp_PEP) for substrate PEP was first determined by following
initial velocity as a function of PEP concentration. K, pgp as a
function of activator concentration was fit to eq 3 (see
Materials and Methods) to obtain fit parameters for substrate
affinity in the absence of effector (K, pgp), effector binding in
the absence of substrate (Kj), and the allosteric coupling
between the activator and PEP (Q,,). Increased values of K, pgp
and K, indicate decreased binding affinity for the respective
ligands, but Q,, approaches unity as the level of allosteric
coupling in the system is reduced.

Binding of Fru-1,6-BP Analogues. Fit parameters for
activation by Fru-1,6-BP analogues are recorded in Figure 2 and
Table S2 of the Supporting Information. Overall, the effector
binding affinity (K;,) was more sensitive to the varied chemical
nature of the analogues than the allosteric coupling (Q,).
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Figure 2. Binding (K,) and allosteric coupling (Q,,) of analogues of
Fru-1,6-BP. The left panel shows data collected in 100 mM Na* and
150 mM K'. Glu-1-P (***) binding was sufficiently weak that within
the concentration limit saturation was not possible, preventing a fit to
eq 3. There was no shift in K, pgp (i, “No Response”) upon
addition of Fru, Glu, ribulose, or 2-deoxyribose S-phosphate. For the
far right panel, glucose 1,6-bisphosphate was purchased as a
cyclohexylammonium salt and 2,S-anhydro-p-mannitol 1,6-bisphos-
phate (Mannitol-1,6-BP) was purchased as a barium salt. Therefore,
Fru-1,6-BP controls assayed with an equivalent concentration of
alternative counterion are included for comparison. In all panels,
horizontal bars represent the value of the assay-matched Fru-1,6-BP
control to aid comparison. Abbreviations: Fru-1,6-BP, fructose 1,6-
bisphosphate; Fru-1-P, fructose 1-phosphate; Fru-6-P, fructose 6-
phosphate; Fru, fructose; Glu-1-P, glucose 1-phosphate; Glu-6-P,
glucose 6-phosphate; Glu, glucose; 2,5-anhydro-p-glucitol-1,6-BP, 2,5-
anhydro-p-glucitol 1,6-bisphosphate; 2,5-anhydro-p-mannitol-1,6-BP,
2,5-anhydro-p-mannitol 1,6-bisphosphate; Glu-1,6-BP, glucose 1,6-
bisphosphate. Glyceraldehyde 3-phosphate used in this study was a b/
L mixture; the K, estimate is based on the total concentration.
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Analogue binding can be roughly classified into three groups:
(1) one analogue that binds like Fru-1,6-BP, (2) analogues that
bind with a lower affinity (higher values of K;,), and (3) the
group of analogues that show no binding or activation.

2,5-Anhydro-p-mannitol-1,6-BP was the only analogue that
binds with an affinity close to that of Fru-1,6-BP. The hydroxyl
at the anomeric carbon 2 is the only moiety that prevents Fru-
1,6-BP from having 2-fold rotational symmetry (C, symmetry).
2,5-Anhydro-p-mannitol-1,6-BP and 2,5-anhydro-p-glucitol-1,6-
BP lack this anomeric hydroxyl, resulting in a sugar ring that is
locked into one of two anomeric conformations. 2,5-Anhydro-
D-mannitol-1,6-BP has C, symmetry. Consistent with one
previous study of yeast PYK'® (but not the other®®), only 2,5-
anhydro-p-mannitol-1,6-BP mimics the binding and allosteric
responses elicited by Fru-1,6-BP. This is, in turn, consistent
with the f-anomer being the activating form of Fru-1,6-BP, an
observation that is also consistent with structural data.''™"
Also, the relatively subtle effect of removing the anomeric
hydroxyl (ie, compare 2,5-anhydro-p-mannitol-1,6-BP with
Fru-1,6-BP assayed under the same condition) implies that the
anomeric hydroxyl provides only slight selection in the binding
orientation of Fru-1,6-BP (see more below).

With the exception of 2,5-anhydro-p-mannitol-1,6-BP, all
analogues that elicit a response bind with a Kj, value in the
0.07—1 mM range. This range is 3—4 orders of magnitude
weaker than that of binding of Fru-1,6-BP. Because the group
of analogues with low binding includes molecules with only one
phosphate, clearly one phosphate is sufficient for weak binding
and allosteric activation. Fru-1-P and Fru-6-P are included in
the analogue group with Kj, values in the 0.07—1 mM range. By
contrasting these binding affinities with that of Fru-1,6-BP, we
conclude that the second phosphate of Fru-1,6-BP must cause
tight effector binding. In contrast to Fru-1,6-BP, glucose 1,6-
bisphosphate and ribulose 1,5-bisphosphate bind in the 0.07—1
mM range. Therefore, we can then suggest that the other
bisphosphate examples are likely binding through interactions
made with only one of the two phosphates and that Fru-1,6-BP
can access some unique shape that is important for the proper
positioning of the two phosphates for binding. This fructose
specific conformation is then the likely source of effector
specificity.

Within the group of analogues that activate, but do so with
greatly reduced binding (compared to that of Fru-1,6-BP), Fru-
1-P and Fru-6-P deserve special consideration. With regard to
which interactions contribute to binding, clearly removal of
either phosphate moiety from Fru-1,6-BP (ie., Fru-1-P and
Fru-6-P) greatly reduces binding. However, given the minimal
selectivity that is provided by the presence of the anomeric
hydroxyl (compare K, for Fru-1,6-BP with that for 2,5-
anhydro-p-mannitol-1,6-BP), it seems likely that Fru-1-P and
Fru-6-P can bind in the same orientation in the effector binding
site (e.g., the phosphate of Fru-1-P and the phosphate of Fru-6-
P might both interact with the 444—449 loop). In fact, the very
slight difference in binding of Fru-1-P versus that of Fru-6-P is
reminiscent of the slight difference between binding of Fru-1,6-
BP and that of 2,5-anhydro-p-mannitol-1,6-BP. This inter-
pretation can be extrapolated to suggest that Fru-1,6-BP can
bind in two possible orientations, with only a slight binding
preference for the orientation represented in protein structures.
More important to our overall goal of this study, the possibility
that Fru-1-P and Fru-6-P can bind in the same orientation
prevents an interpretation of the analogue series regarding
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which protein—effector interactions are most relevant to
allosteric regulation.

2-Deoxyribose S-phosphate was the only phosphorylated
analogue included in the group of mutations that showed no
activation (Figure 2). (The binding of Glu-1-P was sufficiently
low that saturation with this analogue was not obtained within
the maximal concentration of 0.5 mM, but Glu-1-P did
activate.) Other analogues that did not activate were the
nonphosphorylated sugars (fructose, glucose, and ribulose).
This lack of response does not distinguish between binding
without allostery and loss of binding. However, given the
drastic decrease in binding caused by removing either of the
ligand phosphate moieties, the lack of response by non-
phosphorylated sugars likely reflects a complete lack of binding.

Allosteric Activation by Fru-1,6-BP Analogues. Con-
sidering only analogues that elicited an allosteric response, the
magnitude of the allosteric coupling (Q,,) was less sensitive
than K;, to chemical differences among the analogues (Figure
2). With the exception of 2-deoxyribose-5-P and Glu-1-P
discussed above, once sufficient concentrations of each of the
phosphorylated analogues were added, the degree to which
PEP affinity was increased (Q,,) was approximately the same
for all phosphorylated analogues. Because many of the
activating analogues contained only one phosphate (including
Fru-1-P and Fru-6-P), we conclude that the presence of only
one phosphate on the sugar is necessary to elicit the allosteric
response. However, as discussed in the next two sections, some
component of the sugar ring is also required for allosteric
function. Therefore, a single phosphate is necessary but not
sufficient for allostery.

Phosphate as an Effector Analogue. If the interaction of
only one phosphate moiety from the activator is required for
activation, then we asked if phosphate alone can cause
increased PEP affinity. Phosphate was used cautiously, realizing
that it might bind competitively with PEP and/or ADP in the
active site to result in inhibition. To our surprise, phosphate
neither increased nor decreased PEP affinity nor caused a
reduced V.. Instead, the presence of phosphate removed the
previously reported'® biphasic response to increasing PEP
concentrations; phosphate caused the V. of the first phase to
increase to a level equal to V. of the second phase, so at
maximal phosphate only one phase is observed (Figure S4 of
the Supporting Information). Therefore, the second phase
observed only at high PEP concentrations may be a result of
Vinax activation due to phosphate contamination in PEP stocks.
We have already provided a number of other potential reasons
for the biphasic response.>'” Because the second phase occurs
only at very high PEP concentrations, rigorously describing the
mechanism of this response is not a current priority. More
important to the purpose of this work, phosphate ion
concentrations of up to 1 mM did not cause an increase in
the affinity of hL-PYK for PEP. This is consistent with previous
observations.?! As described above, the absence of a response
does not distinguish between whether the phosphate ion binds
in the Fru-1,6-BP binding site with no allosteric response and a
failure to bind.

Minimal Requirement for Binding and Allostery. Until
now, we have been able to conclude that neither fructose nor
phosphate activates hL-PYK. However, phosphorylated sugars
act as allosteric activators. Given these observations, we can
return to the analogue series (Figure 2) to consider the minimal
chemical structural requirements that result in sufficient
binding affinity for the observation of allosteric regulation.
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Amino Acid Replacement

Figure 3. K, pp, Ky, and Q,, values determined for mutant proteins. Mutated residues are included in the respective section of the graph; sections

dedicated to each residue position are divided by vertical dashed lines,

and replacement residues at the respective positions are listed on the x-axis.

For each position, replacement residues are roughly ordered from least to most hydrophobic and least to most hydrophilic, with positive charge to
negative charge from left to right, respectively. In each panel, a line is included to indicate the wild-type value. Several mutations were not active and
are noted with “No Data”. Examples that show some response to Fru-1,6-BP but with sufficiently decreased affinity to prevent saturation with the
activator are indicated by an asterisk. The absence of any data or symbol in graphs of K;, and Q,, indicates no allosteric response.

The smallest analogue that continues to elicit an increase in
PEP affinity is glyceraldehyde 3-phosphate. Therefore, the
combined sugar phosphate is required for activation, and the
contribution of the sugar can be further localized to the smaller
glyceraldehyde-like substructure. A sugar ring hydroxyl is a
likely candidate for the chemical moiety on the sugar that is
required for allostery, especially given that one sugar ring
hydroxyl appears to make a hydrogen bond with a backbone
atom from the 527-533 loop (Figure 1).

Single-Point Mutations of Arg501 and Trp494. To
further clarify which activator—protein interactions were
required for allosteric function, we next turned to mutagenesis
of the hL-PYK allosteric site. Each of the residues with side
chains that directly interact with Fru-1,6-BP (Figure 1) was
mutated. In any mutational study, one challenge is discrim-
inating whether altered properties are due to (1) the removal of
the original side chain or (2) addition of the substitute side
chain. One approach to resolving this issue is to make a series
of mutations, to determine which side chain properties do and
do not modify function (ie, K, Ky, and Q,, in this study).
Furthermore, any single substitution at a given residue position
may cause multiple perturbations in the protein, and these
various perturbations can compensate for each other in a given
protein function.”> This potential compensation can mask the
identification of residues that participate in a function when
they are screened by a mutagenesis study. Multiple
substitutions introduced at a given position increase the
likelihood of identifying substitutions that perturb function.
For these reasons, a series of substitutions were introduced at
each position in the Fru-1,6-BP binding site. Positional-random
mutagenesis (using primers degenerate at the codon of
interest) was used to generate a substitution series at each

position, such that there was no control over which
substitutions were obtained for each probed position. The
nature of the substitution was determined by DNA sequencing.
Each mutated gene was isolated and introduced into FFS0 E.
coli for protein expression. The allosteric activation by Fru-1,6-
BP was determined using the same approach described for
characterization of the analogues (above). Fit parameters for
activation of mutated proteins by Fru-1,6-BP are recorded in
Figure 3 and Table S3 of the Supporting Information.

In the crystal structure, ArgS01 clearly makes a charge—
charge interaction with the 1’-phosphate of Fru-1,6-BP (Figure
1). Most mutations of ArgSOl retain enzymatic activity but
show either no allosteric response or a greatly decreased Fru-
1,6-BP binding such that data fitting was not possible (Figure
3). The RSOIK mutant is the one exception that retains
allosteric properties close to those of the wild-type enzyme.
This highlights the role of the positive charge of the position
501 side chain in activator binding or activation.

Trp494 might interact with the sugar ring of the allosteric
activator, although a hydrogen bond interaction between the
indole rin§ nitrogen and the 1’-phosphate has also been
indicated."""* Trp494 also potentially contributes to creating a
local hydrophobic environment that influences other ionic and
hydrogen bonding and proper folding in the local area of the
protein. Consistent with this possible role of the hydrophobic
nature of Trp494, Tyr and Phe were the only replacements at
position 494 that retained effector binding and allosteric
functions (Figure 3). In contrast, smaller hydrophobic (Met,
Ile, Val, and Ala) or hydrophilic (Ser, Lys, and Arg)
replacements caused a loss of response to Fru-1,6-BP. Notably,
many mutations at position 494 caused reduced PEP affinity
(see below).
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Single-Point Mutations in the 444—449 Loop. Thr444,
Thr446, and Ser449 interact with the 6’-phosphate of Fru-1,6-
BP (Figure 1), whereas the side chain of Thr44S is oriented
toward the 1'-phosphate of the activator. Because most
substitutions at position 444 abolished detectable enzymatic
activity, we can speculate that this position is important to
proper protein folding. Of the exceptions that retained activity,
both T444E and T444D lacked an allosteric response to Fru-
1,6-BP. These negatively charged residues are expected to cause
charge repulsion with the effector phosphate moieties, thereby
preventing Fru-1,6-BP binding.

Mutations introduced at positions 445, 446, and 449 resulted
in common data trends. Altering the side chain chemistry at
these positions modified Fru-1,6-BP binding but caused only
limited perturbations of allosteric coupling (Q,,). In fact, some
of the largest reductions in Kj, occurred when a negatively
charged side chain was substituted at position 445 or 446. This
likely reflects charge repulsion between the replacement acidic
side chain and ligand phosphates. Overall, Thr445, Thr446, and
Ser449 appear to contribute to effector binding but are not
required for allosteric regulation.

Mutations in the 527—-533 Loop. The side chain of the
Ser531 residue is the only side chain on the 527—533 loop that
appears to directly interact with Fru-1,6-BP, and it does so via
an interaction with the 6’-phosphate of the activator. In general,
mutations at Ser531 followed a trend similar to that of
mutations introduced at positions 445, 446, and 449, albeit with
less impact on Fru-1,6-BP binding. However, acidic sub-
stitutions at position 531 caused considerable differences.
Values of K, pp were greatly decreased (increased affinity), and
the level of allosteric activation (Q,,) caused by Fru-1,6-BP was
reduced. Both observations indicate that the S531D and S531E
proteins are constitutively in a more activated state (even in the
absence of Fru-1,6-BP; K, pgp of <0.5 mM) compared to that of
the wild-type enzyme. The addition of Fru-1,6-BP activated
both S531D and SS31E, although with a decreased allosteric
response compared to that of the wild-type protein. Therefore,
we can envision that Fru-1,6-BP may displace the putative
interaction between the introduced negative charge at position
531 and some other region of the activator binding site. Fru-
1,6-BP activation of SS31D and SS31E also implies that the
carboxylic acid of a side chain at position 531 can only partially
fulfill the role of a negatively charged ligand phosphate. The
need for Fru-1,6-BP to displace a preexisting interaction would
also suggest that Fru-1,6-BP should have reduced binding
affinity for the SS31D and SS31E proteins. As predicted, the
S531D (but not SS31E) mutant shows the expected increase in
its K, value (Figure SS of the Supporting Information).

Double and Multiple Mutations. We combined SS31E
with other mutations to identify how the introduced native
charge at position 531 interacts within the Fru-1,6-BP binding
site. We were not surprised that none of the mutant proteins in
this series responded to Fru-1,6-BP. Therefore, to evaluate
these mutations, we exclusively considered whether K, ppp is
below 0.05 mM like that of the Fru-1,6-BP-activated enzyme or
closer to 0.2 mM, similar to that of the nonactivated wild-type
enzyme (Figure 4). Adding a negative charge at position 446
appears to counteract the SS31E activation based on a K, pgp
value near 0.2 mM. Charge repulsion between the negatively
charged side chains likely indicates that SS31E binds to the
444—449 loop. In contrast, adding mutations at position
Thr44S, Arg501, or Trp494 (in addition to SS31E) resulted in
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Figure 4. Double mutant study with SS31E. The goal of this design
was to identify residues that likely interact with the introduced
negative charge from the S531E mutation. For the second substitution,
only mutations [when introduced as the single mutation in the protein
(see Figure 3)] that caused minimal changes in K, ppp were included.
In the presence of SS31E, modification of residues in the 444—449
loop causes the K, pgp value to approach that for the wild-type enzyme.
Therefore, SS31E likely interacts with this 444—449 loop to mimic
activation.

K, ppp values close to that of the SS31E protein. We can then
propose that S531E interacts with the 444—449 loop.

With regard to allostery, we considered that the introduced
negative charge from S531E could place a negative charge in a
position to interact with the 444—449 loop and, thus, elicit
allostery by causing some change in this 444—449 loop.
However, mutational probing of positions 444, 446, and 449
did not yield clues about which side chain might play that role
in allostery (Figure 3). We then questioned if multiple
interactions with the 444—449 loop (or alternatively ArgS01
and Trp494) are redundant in their role in eliciting allostery;
ie., either of two interactions might be sufficient to cause a
conformational shift in the 444—449 loop. However, combining
mutation of residues in either of the phosphate binding sites did
not provide new insights into a side chain residue that might be
required to elicit allostery (Table S4 of the Supporting
Information).

Deletions that Shorten the 527-533 Loop. Instead of
the interaction of S531E with the 444—449 loop causing a
change in the 444—449 loop, this interaction might mimic
activation by influencing the 527—533 loop. The binding of
Fru-1,6-BP with the formation of interactions with the 527—
533 backbone atoms could cause the 527—533 loop to shift
toward the Fru-1,6-BP binding site (Figure S). Similarly, the
introduced negative charge of SS31E could interact with the
444—449 loop to cause the 527—533 loop to shift toward the
Fru-1,6-BP binding site. In both cases, this shift in the 527—533
loop would be in comparison to the location of the same loop
in the wild-type protein in the absence of the activator.

The suggested conformational shifting of the 527—533 loop
as just described was also previously proposed on the basis of
structural comparisons of M,;-PYK with M,-PYK.'>** In fact,
the earlier of the two previous structural studies labeled the
527-533 loop as the “FBP activating loop”. No testing of this
structural comparison-based proposed role for the 527-533
loop has been reported. Therefore, although the 527—533 loop
shift has previously been proposed, more extensive probing of
this potential shift as a contributor to the allosteric mechanism
is needed.

In our attempt to dissect how each effector—protein
interaction contributes to allostery, we can first revisit the
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affinity.

influence of various side chain substitutions introduced at
Ser531 (Figure 3). Mutations of SerS31 (except those that
introduced negative charges) did not influence allosteric
function. Therefore, the interaction of Fru-1,6-BP with the
native Ser at position 531 does not appear to be required for
allostery. Because the interactions between Fru-1,6-BP and the
backbone atoms of the 527—533 loop are the interactions that
were not probed in the random mutagenesis study, those
backbone interactions are then implicated for primary
importance for a role in allostery.

Mutational probing of backbone interactions is obviously
challenging. We chose to shorten the 527—533 loop by deleting
residues. We predicted that the shortened loop would not make
interactions with bound Fru-1,6-BP. Therefore, even when Fru-
1,6-BP is present, the shortened 527—533 loop is predicted to
remain in the same location in which it resides when Fru-1,6-
BP is absent. Initially, the proline in the 527-WRPGSGY-533
loop was replaced with glycine [with minimal effect on Q,
(Figure 6)], and then the loop was sequentially shortened to
WRGGGY and then WRGGY. Shortening the 527—533 loop
removed an allosteric response to Fru-1,6-BP (Figure 6), which
was consistent with predictions based on the proposed 527—
533 loop shift mechanism.

Mutating Trp527—-Arg528—Asp499 Interactions
Across the Subunit Interface. A structural change in the
527—533 loop was initially described by the Mesecar
laboratory.'* However, a most recent structural comparison
of the M;-PYK and M,-PYK isozymes emphasized that in the
absence of activator, residues equivalent to Trp527 and Arg528
in hL-PYK form an interaction across the subunit interface with
Asp499 of the neighboring subunit.** A Fru-1,6-BP-dependent
shift in the 527—533 loop would interrupt interactions among
TrpS527, Arg528, and Asp499 across the subunit interface. If
Fru-1,6-BP binding interrupts the TrpS527—Arg528—Asp499
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Figure 6. Allosteric activation of wild-type protein and proteins with
deletions that shorten the 527—533 loop. In this presentation, Q,, is
the distance between the upper plateau (in the absence of Fru-1,6-BP)
and the lower plateau (at high Fru-1,6-BP concentrations). The
sequence of the 527—533 loop is 527-WRPGSGY-533. The 529-
PGSG-532 portion of this loop is first modified to substitute the
proline with glycine and then shortened sequentially to GGG and GG.
The shortened loop prevents a response to Fru-1,6-BP, as predicted.
When error bars are not apparent, they are smaller than data point
symbols.

interactions to elicit allostery, then we predicted that mutations
at positions 527, 528, and 499 would also likely mimic allosteric
activation (i.e., increase PEP affinity).

Removal of the Arg528 (R528A) side chain slightly increased
PEP affinity, but overall, the effects of this mutation were minor
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(Figure 7). In contrast, modifying Trp527 resulted in the
expected increased PEP affinity associated with Fru-1,6-BP
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Figure 7. K, values for point mutations introduced with the intent
of interrupting the TrpS27—Arg528—Asp499 subunit interface
interaction. The K., values for the wild-type proteins, in the
presence and absence of Fru-1,6-BP, are indicated by horizontal
reference lines. V498G and D499T mutant proteins did not exhibit
activity and are not represented in the graph. Modification of Trp527
and Asp499 caused an increased affinity for PEP, similar to the

allosteric activation by Fru-1,6-BP.

activation (i.e., K, pgp below 0.05 mM). This is true for
mutations that conserve hydrophobic properties (ie., WS27F,
WS27Y, and WS27M) and mutations that conserve hydrogen
bonding properties (i.e, WS527N, W527Q, WS527Y, and
WS27H). Therefore, Trp at position 527 appears to serve a
very specialized role in allosteric activation. Similarly, modifying
Asp499 results in K,_pgp values close to that of the Fru-1,6-BP-
activated wild-type enzyme. These observations are consistent
with the idea that any modification that disrupts or perturbs the
Trp527—Asp499 interaction results in an increased binding of
PEP.

Mechanism by which Trp494 Mutations Modify PEP
Affinity. At the onset of this study, we focused primarily on
interpreting Q,, as the fit parameter associated with allosteric
coupling between PEP and Fru-1,6-BP binding. However,
mutations that mimic activation can directly modify PEP
affinity (K, pgp) in the absence of activator. This direct effect on
K, pgp was exemplified by SS31E and mutations at Trp527 and
Asp499. We noted earlier that several substitutions at the
Trp494 position modified PEP affinity. The mechanism
included in Figure S offers a highly plausible explanation for
this observation. Removing the large aromatic side chain from
position 494 likely perturbs the helix that also contains Asp499.
Therefore, this helix may be energetically coupled to PEP
binding. To test that possibility, we replaced alanine residues in
the relevant helix with glycine residues. Consistent with
potential energetic coupling with PEP binding, interrupting
the helix containing Trp494, Asp499, and ArgS01 resulted in a
K, ppp value that is shifted toward the K, , pgp value observed for
the wild-type protein when Fru-1,6-BP is bound (see A495G in
Figure 7). Therefore, our working hypothesis is that the effect
of mutations at the Trp494 position on K, pgp is due to an
influence on the properties of this helix. However, because
mutations at the subunit interface (Trp527—Arg528—Asp499)
are sufficient to mimic an allosteric effect, we do not anticipate
that the interaction of Trp494 with the 1’-phosphate of Fru-1,6-
BP contributes to the allosteric mechanism in the wild-type
protein.
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B DISCUSSION

The goal of this study was to determine which interactions
between Fru-1,6-BP and its binding site on hL-PYK are
responsible for eliciting the allosteric increase in substrate PEP
affinity. Using a series of Fru-1,6-BP analogues, we concluded
the following. (1) Both phosphates of Fru-1,6-BP contribute
substantially to activator binding. (2) The hydroxyl moiety at
the anomeric carbon contributes only moderately to binding
affinity, and therefore, there is only a moderate selection for
one of two similar binding orientations of the nearly
symmetrical Fru-1,6-BP molecule (either 1’-phosphate or 6'-
phosphate interacting with the 444—449 loop). (3) Only one
phosphate is necessary (but not sufficient) for activation. (4) At
least a small portion of the sugar is required for binding or
activation, because glyceraldehyde 3-phosphate activates but
phosphate alone does not. Importantly, our data are consistent
with the previous analogue studies of L-PYK.*"**2

From work with mutational probes, we concluded several
additional key points. (1) The interaction of the 444—449 loop
with the 6’-phosphate contributes to effector binding but not
eliciting the allosteric response. (2) The interaction of Trp494
and Arg501 with the 1'-phosphate of the activator contributes
to effector binding. Trp494 may also contribute to allostery.
However, we find it more likely that mutations at this location
influence the helix that contains Trp494, ArgS01, and Asp499
and this mutation-dependent helix perturbation influences PEP
affinity. (3) The acidic side chain introduced by the SS31E
mutation likely interacts with the 444—449 loop. We can
speculate that this interaction can pull the 527-533 loop
toward the Fru-1,6-BP binding site and disrupt the Trp527—
Arg528—Asp499 interactions. (4) Formation of interactions
between Fru-1,6-BP and backbone atoms from the 527-533
loop is also thought to interrupt the Trp527—Arg528—Asp499
interactions. (5) Activation seems to result from any
modification that disrupts the intersubunit interaction between
Asp499 and Trp494. Importantly, a large number of positions
were mutated with no influence on allostery, and these serve as
an important internal negative control, indicating that not all
positions in the protein are allosterically sensitive to
modification.

In summary, a speculative picture emerges that for activation
of hL-PYK by Fru-1,6-BP (1) the interaction of Thr444,
Thr446, and Ser449 with the 6’-phosphate of the activator and
the ArgS01—1'-phosphate interaction are the major determi-
nants of activator binding, (2) the backbone interactions
between the 527—533 loop with one of two phosphates and a
single hydroxyl of Fru-1,6-BP contribute to disrupting the
intersubunit Trp527—Asp499 interaction, and (3) any dis-
ruption of the intersubunit Trp527—Asp499 interaction results
in increased PEP affinity. We can also speculate that the helix
containing Trp494, Asp499, and Arg501 plays an important
role by allosterically coupling the PEP and Fru-1,6-BP binding
events.
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