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ABSTRACT

Human liver pyruvate kinase (hIPYK) catalyzes the final step in glycolysis, the formation of
pyruvate (PYR) and ATP from phosphoenolpyruvate (PEP) and ADP. Fructose 1,6-
bisphosphate (FBP), a pathway intermediate of glycolysis, serves as an allosteric activator of
hIPYK. Zymomonas mobilis pyruvate kinase (ZmPYK) performs the final step of the Entner-
Doudoroff pathway, which is similar to glycolysis in that energy is harvested from glucose and
pyruvate is generated. The Entner-Doudoroff pathway does not have FBP as a pathway
intermediate, and ZmPYK is not allosterically activated. In this work, we solved the 2.4 A X-ray
crystallographic structure of ZmPYK. The protein is dimeric in solution as determined by gel
filtration chromatography, but crystalizes as a tetramer. The buried surface area of the ZmPYK
tetramerization interface is significantly smaller than that of hIPYK, and yet tetramerization
using the standard interfaces from higher organisms provides an accessible low energy
crystallization pathway. Interestingly, the ZmPYK structure showed a phosphate ion in the
analogous location to the 6-phosphate binding site of FBP in hIPYK. Circular Dichroism (CD)
was used to measure melting temperatures of hIPYK and ZmPYK in the absence and presence of
substrates and effectors. The only significant difference was an additional phase of small
amplitude for the ZmPYK melting curves. We conclude that the phosphate ion plays neither a
structural or allosteric role in ZmPYK under the conditions tested. We hypothesize that ZmPYK
does not have sufficient protein stability for activity to be tuned by allosteric effectors as

described for rheostat positions in the allosteric homologues.



INTRODUCTION

Pyruvate kinase (PYK) 1is the final enzyme of glycolysis, converting
phosphoenolpyruvate and ADP to pyruvate and ATP. The human liver isoform (hIPYK) is
tetrameric, and allosterically regulated by fructose-1,6-bisphosphate (FBP), an earlier pathway
intermediate of glycolysis (Scheme 1). Binding of FBP (yellow in Figure 1) to a site distant
from the active site alters the catalytic rate (citrate is bound in the active site in this structure and
shown in brown) /. hIPYK has long been used as a model system for the study of allosterism /-
22, however, a predominance of the structures determined for hIPYK were determined at low pH

values, which render the enzyme
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isolated as a contaminant from beer and
cider . Z mobilis uses the Entner-
Doudoroff pathway, in place of glycolysis,
to convert glucose to glucose 6-phosphate
(hexokinase) which 1is oxidized to 6-
phosphogluconolactone by glucose 6-

phosphate dehydrogenase (Scheme 1) 2.

The lactone is ring opened to make 6-

Figure 1. Tetrameric structure of hIPYK (PDB: 4IP7;
phosphogluconate (by 6- | monomers shown in different colors) with citrate
(brown) bound in the active site and fructose 1,6-
phosphogluconlaotonase) and dehydrated to | bisphosphate (yellow) bound in the allosteric site. In this
image, the dimers are made up two monomers of a
lighter shade (gray and lavender) or 2 monomers of a
vibrant shade (azure and navy blue). These two sets of
dimers form the tetramers, with tetramerization
(by  6-phosphogluconate  dehydratase), | interfaces between the gray and azure monomers and the
lavender and navy monomers.

make 2-keto-3-deoxy-6-phosphogluconate

which is cleaved to generate glyceraldehyde

3-phosphate and pyruvate (by 2-keto-3-deoxy-6-phosphogluconate aldolase). The energetic
result of the Enter-Doudoroff pathway is 1 net ATP produced per glucose molecule metabolized,
as opposed to 2 ATP per glucose for glycolysis. Since glyceraldehyde 3-phosphate is
metabolized using enzymes homologous to those of glycolysis, Z. mobilis possesses a pyruvate
kinase. Importantly, the Enter-Doudoroff pathway does not contain a phosphofructokinase
homologue, and fructose 1,6-bisphosphate is not a pathway intermediate. Genome analysis has
confirmed that Z. mobilis lacks the phosphofructokinase gene 24, thus it is not surprising that Z.
mobilis pyruvate kinase (ZmPYK) is not allosterically regulated by fructose-1,6-bisphosphate as

is the case for hIPYK 25 26,



Here, we determined the structure of the non-allosteric ZmPYK to 2.4 A resolution. To
our surprise, the protein crystallized as a tetramer, despite eluting from a gel filtration column at
a molecular weight consistent with a dimer. The structure contained a phosphate ion in the site
comparable to where the 6-phosphate of FBP binds in hIPYK. We used circular dichroism (CD)
spectroscopy of phosphate-bound and phosphate-free samples to determine that the phosphate in
the crystal structure is neither structurally essential nor an allosteric regulator under these

conditions.

MATERIALS AND METHODS

Preparation of overexpression plasmids. The gene sequence for the Zymomonas mobilis
pyruvate kinase was acquired from NCBI using accession number WP_011240112.1. The
sequence was codon optimized for expression in E. coli by GenScript and ligated into pET-15TV
such that the produced protein contains a N-terminal hexahistidine affinity tag that can be
cleaved with TEV protease. The plasmid was transformed into E. coli BL21 (DE3) cells
(Invitrogen) for protein overexpression. The expression plasmid for tobacco etch virus (TEV)
protease was a kind gift from Roberto DeGuzman (University of Kansas). This construct

produces TEV protease containing an N-terminal hexahistidine tag.

Overexpression and purification of ZmPYK with phosphate. E. coli BL21 (DE3) transformed
with the ZmPYK overexpression vector were grown overnight in 50-100 mL. LB Miller broth
containing 200 pg/ml ampicillin in a shaking incubator (185 rpm) at 37 °C. Baffled flasks

containing 1 L of LB Miller broth and 200 pg/ml ampicillin were inoculated with 10-35 ml of



overnight culture and grown to an ODeoo of 0.6-0.87 at 37 °C. The cultures were induced with
200 pM of isopropyl B-D-1-thiogalactopyranoside (IPTG; final concentration) and grown 3
hours at 37 °C. The cells were harvested by centrifugation at 6,000 x g for 10 minutes at 4 °C.
The pellet was resuspended in 25 mM Tris pH 8, 500 mM sodium chloride, 50 mM imidazole
when the protein was used for circular dichroism or biochemical assays. For protein intended for
crystallization, the purification buffer used was 25 mM potassium phosphate pH 8. The cells
were lysed using a French Press apparatus, with four passages at 15,000 psi. The lysate was
centrifuged for 30 minutes at 11,000 x g at 4 °C, and loaded onto a nickel-chelating sepharose
fast flow column (Cytiva) equilibrated with the same buffer. ZmPYK was eluted using a linear
gradient of the purification buffer with 500 mM imidazole. ZmPYK elutes at 100 mM imidazole.
Pooled fractions containing ZmPYK were dialyzed into 50 mM Tris pH 8, 150 mM sodium
chloride, 0.2 mM Tris(2-carboxyethyl)phosphine (TCEP) for CD studies or 50 mM potassium
phosphate pH 8, 50 mM sodium citrate, 50 mM sodium chloride, 10% (v/v) glycerol and 0.2 mM
TCEP for crystallization studies. The hexahistidine tag was removed by TEV (tobacco etch
virus) protease cleavage. Briefly, nickel fractions were dialyzed into 50 mM potassium
phosphate pH 8, 50 mM sodium citrate, 50 mM sodium chloride, 10% glycerol and 0.2 mM TEV
protease was added at a molar ratio of 1:50 (TEV protease:protein) and incubated at 4 °C
overnight. TCEP was then dialyzed out of the buffer before returning the protein over the nickel-
chelating fast flow sepharose column. Unbound ZmPYK was collected in the wash, concentrated
and loaded onto a GE Superdex 200 size exclusion chromatography column equilibrated with 50
mM MES (2-(N-morpholino)ethanesulfonic acid) pH 6.8, 100 mM potassium chloride, 1 mM

TCEP and 10% (v/v) glycerol at 4 °C. ZmPYK was concentrated using an Amicon stirred cell to



a final concentration of 14-27 mg/ml as measured by Bradford assay prior to freezing aliquots at

-80 °C. This preparation yields 28 mg per liter of culture.

Overexpression and purification of ZmPYK without phosphate. Phosphate free ZmPYK was
expressed as described above. The purification was similar to that described about, except a 25
mM Tris 8 buffer system was used in place of the phosphate buffer system, and an additional
phosphate removal step was added after TEV protease cleavage. The TEV protease was
transferred to a phosphate-free buffer (25 mM Tris 8.0, 150 mM NaCl) using a PD-10 column
(Cytiva) prior to use. ZmPYK and TEV protease were dialyzed together overnight in 25 mM
Tris 8.0, 150 mM NacCl, 0.2 mM TCEP. The TCEP was removed from the ZmPYK sample by
dialysis after TEV cleavage (1 hr against 25 mM Tris 8.0, 150 mM NaCl). To remove phosphate
from ZmPYK, human purine nucleoside phosphorylase (PNP, 10 mg), 5 mM adenosine, and 1
mM magnesium chloride were incubated with ZmPYK overnight at 4 °C before returning the
protein to the nickel-chelating sepharose fast flow column and completing the purification using
a Tris buffer system. ZmPYK scrubbed of phosphate was concentrated using an Amicon stirred
cell to a final concentration of 19 mg/mL as measured by Bradford assay prior to freezing

aliquots at -80 °C. This preparation yields 5.2 mg per liter of culture.

Overexpression and purification of hIPYK. The overexpression and purification of hIPYK was

completed as previously described /2.

Overexpression and purification of Tobacco Etch Virus (TEV) protease. The plasmid producing

TEV protease was transformed into E. coli BL21 (DE3) cells. Baffled flasks containing 1 L of



LB Miller broth containing 200 pg/ml ampicillin was inoculated with 25 ml of overnight culture
and grown to an ODego of 1.1 at 37 °C. The culture was induced with 1 mM IPTG and the culture
was grown at 37 °C for 3 hours. The cells were harvested at 6,000 x g for 10 min at 4 °C. The
pellet was resuspended in 50 mM sodium phosphate pH 8, 100 mM sodium chloride, 50 mM
imidazole, 10% (v/v) glycerol. The cells were lysed by three passages through a French Press
apparatus. The lysate was centrifuged for 30 minutes at 11,500 x g at 4 °C, and loaded onto a
nickel-chelating sepharose fast flow column equilibrated with the same buffer. Protein was
eluted using a step gradient containing 300 mM imidazole. Fractions containing TEV protease
were pooled and dialyzed against 50 mM sodium phosphate pH 8, 200 mM sodium chloride, 10
mM DTT, 2 mM ethylenediaminetetraacetic acid (EDTA), 10% (v/v) glycerol. This preparation
yields 50 mg per liter of culture. Aliquots of 4.4 mg/ml as determined by Bradford assay were

stored at -80 °C.

Overexpression and purification of purine nucleoside phosphorylase (PNP). The human purine
nucleoside phosphorylase enzyme (PNP) construct was purchased from Addgene (catalog
number 64076) containing an N-terminal hexahistadine tag and was transformed into E. coli
BL21 (DE3) cells and expressed in LB Miller broth overnight at 37 °C along with 200 pg/ml
ampicillin in a shaking incubator. Baffled flasks containing 1 L of LB Miller media containing
200 pg/ml ampicillin was inoculated with 25 ml of overnight culture and grown to an ODgoo of
0.6 at 37 °C. The culture was induced with 100 uM IPTG and the culture was grown at 37 °C for
16 hours. The cells were centrifuged at 6,000 x g for 10 min at 4 °C. The pellet was resuspended
in 25 mM Tris pH 8, 500 mM sodium chloride, 50 mM imidazole. The cells were lysed by three

passages through a French Press apparatus and centrifuged for 30 minutes at 11,500 x g at 4 °C.



The lysate was loaded onto a nickel-chelating sepharose fast flow column equilibrated with the
same buffer. Protein was eluted using a step gradient containing 300 mM imidazole. Fractions
containing PNP were pooled and dialyzed against 50 mM HEPES pH 8, 100 mM sodium
chloride. The final concentration was determined by Bradford assay as 2 mg/ml and stored at -80

°C.

Determination of phosphate content. The removal of phosphate from ZmPYK samples was
verified using a colorimetric assay in which inorganic phosphate and 2-amino-6-mercapto-7-
methylpurine riboside (MesGR) are substrates for PNP, producing 2-amino-6-mercapto-7-
methylpurine (MesG) monitored at Asze on a Shimadzu UV-2600 spectrophotomer. 100 uM
PNP, 533 uM ZmPYK, 200 uM MesGR in 50 mM Tris-HCl, 1 mM magnesium chloride, pH
7.5 were incubated for 1 hr at room temperature. The absorbance was converted to concentration

using a phosphate standard curve at concentrations of 0 to 20 uM.

Crystallization of ZmPYK. Crystals were grown in hanging drops composed of 1.5 pL of 29
mg/mL ZmPYK (purified with phosphate) in 50 mM MES pH 6.8, 100 mM potassium chloride,
I mM TCEP and 10% (v/v) glycerol and 1.5 uL of well solution composed of 65 mM potassium
thiocyanate and 29.5% (w/v) PEG 3350. Crystals grew as rods and cubes within 5 days at 24 °C.
Crystals were transferred into well solution supplemented with 15% (v/v) glycerol as a

cryoprotectant using a cryoloop prior to flash cooling in liquid nitrogen.

X-ray structure determination of ZmPYK. Diffraction data were collected remotely using Blu-

Ice %7 on beamline 12-2 at the Stanford Synchrotron Radiation Lightsource (SSRL, Menlo Park,
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CA). A wavelength of 0.97946 A and detector distance of 250 mm were used to collect 240° of
data with 0.15° oscillation with 0.2 s exposures at a temperature of 100 K. Statistics for data
collection and refinement are listed in Table 1. Data were processed to 2.40 A using AutoPROC
28 A phasing solution was determined by molecular replacement in Phaser ?° using pyruvate
kinase from Geobacillus stearothermophilus (PDB: 2E28, monomer A) as a model with a
resulting LLG of 1,491 and TFZ of 22.5. Following the initial build performed in Phenix
Autobuild *° the Rwork = 27.2 and the Rfree = 31.8 with 3225 out of 3800 residues placed. Rounds
of model building and refinement were completed in Coot 3/ and Phenix Refine %°. Density for
the phosphate was evident following molecular replacement, but the phosphate ligand was
modeled only after refinement was complete for the ZmPYK protein chains. Waters were placed

by Phenix Refine, corrected manually and verified following a round of refinement.

Table 1. Data collection and refinement statistics
Values in parentheses are for the highest resolution shell.

ZmPYK
Data collection
Space group P212:12
Unit cell (A, °) a=207.9, b=256.1, c=82.7, a, B, y=90"
Resolution range (A) 161.4 —2.40 (2.442 - 2.40)
Completeness (%) 98.7 (99.0)
Total reflections 2,319,686 (106,871)
Unique reflections 170,665 (8,504)
I/o 10.8 (2.1)
Runerge” 0.234 (1.312)
Ryin® 0.065 (0.382)
Multiplicity 13.6 (12.6)
Refinement
Resolution range (A) 66.9 —2.40 (2.43 - 2.40)
No. of reflections 159,016 (4,602)
Rwork 18.5 (242)
Riree” 24.6 (345)
No. non-hydrogen atoms 28,119
Protein atoms 27,334
Ligand/ions 70

11



Waters 715
Ramachandran favored (%) 97.05
Ramachandran allowed (%) 2.58
Ramachandran outliers (%) 0.37

Wilson B 28.7
Average B (A?) 36.2
Protein 36.3
Ligand/ion 36.6
R.m.s. deviations
Bond lengths (A) 0.013
Bond angles (°) 1.27

¢ Rmerge = Yonkt! et — Dnitl/ Lnkt Inkr Where Iy;is the intensity of reflection Akl and (I) is the
mean intensity of related reflections.

bRpim = thl 1/ 1/n -1 |Ihkl — <I>hkl|/2hkl Ihkl Where n iS the multlphClty of related
reflections.

‘R= Z|Fo — |F, || / 2| E,| where F, = to the observed structure factors and F, = structure factors
calculated from the model. 5% of the reflections were initially reserved to create an Ryree test set
used during each subsequent round of refinement.

ZmPYK crystallographic model analysis. The asymmetric unit of the ZmPYK crystal contained
8 monomers. A model for the B domain (residues 77-175) that caps the active site could be
constructed for 6 of 8 monomeric chains. A summary of the model components can be found in
Table 2. The model contains 715 water molecules. Ramachandran analysis was performed by
MolProbity #? showing good geometry overall with 0.37% outliers. Threonine 280, an outlier in
all 8 chains, is associated with the active site and is a known outlier in pyruvate kinases ’°.
Structural alignments were performed using PDBeFold %3.  Structural figures were generated in

PyMOLV.3.7 (Schrodinger). The coordinates and structure factors have been archived in the

Protein DataBank with accession code 7UEH.

Table 2 Model Components

. Ordered
Chain Residues
A 3-475
B 4-475
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C  4-170, 173-461, 465-475
D 4-82, 89-154, 157-475
E 4-81, 172-475

F 4-79, 164-463, 466-475
G
H

3-475
3-475

Circular dichroism spectroscopy. Circular dichroism (CD) spectra were collected on a Jasco J-
1100 CD Spectropolarimeter using 250 uL solutions of protein in a 1 mm cell. Proteins were
diluted to 1 mg/ml in 50 mM MES pH 6.8, 100 mM KCl, 10% glycerol, 1 mM TCEP with ligand
concentrations at 2 mM. Each trace represents the average of three scans at 50 nm/min with a
1.00 nm bandwidth and a digital integration time of 4 seconds. Spectral scan data were collected
from 185 nm to 260 nm at 0.1 nm intervals. The melting temperature of each protein was
measured with a bandwidth of 1.00 nm, monitoring at 222 nm. Data were collected from 4 °C to
80 °C with equilibration time of 60 seconds between each data point. The midpoints of the
unfolding transitions were determined by fitting either single or double sigmoidal curves in
Kaliedagraph v5.0.3. The reported melting temperature represents the average of three melting
experiments. CD spectra of 1 mg/ml protein were collected after melting, and again after
cooling the melted sample. For both ZmPYK and hIPYK, the protein did not have refolding
capacity (data not shown).

350 -
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Crystal structure of ZmPYK. ZmPYK was heterologously & .|

u

produced in E. coli with an N-terminal histidine tag, and oo
50

purification proceeded using nickel-affinity and gel

0 . L . . . . )
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13 Figure 2. ZmPYK oligomer in
solution. ZmPYK eluted from a
Superdex 200 size exclusion column
as a 101 kDa complex, equivalent to a
dimer.




filtration chromatography. This
process included a step for the
removal of the histidine tag using
TEV protease. ZmPYK eluted
from the gel filtration column with
an elution volume that equates to a

molecular weight of 101 kDa,

which is equivalent to a dimer of
the 51.4 kDa protein (Figure 2),
agreeing with previous reports that
ZmPYK is dimeric and not
tetrameric like hIPYK 2> 26, The

peak has a shoulder at lower

elution volume (~65 mL),

Figure 3. The tetramer and monomer structure of ZmPYK.
The dimers are made up of two monomers colored brown and green
or 2 monomers colored blue and orange. These two sets of dimers
form the tetramers, with tetramerization interfaces between the
equilibrium with a larger | brown and blue monomers and the green and orange monomers.
The phosphate ions bound in the site comparable to a phosphate
molecular weight oligomer. moiety of FBP bound to hIPYK are shown as spheres. Inset: A
monomer of ZmPYK with the A, B and C domains highlighted.

potentially indicating an

ZmPYK crystallized using PEG
3350 as a precipitant, and the structure was determined by molecular replacement using a
monomer of the G. stearothermophilus pyruvate kinase (PDB: 2E28) as a model (Figure 3).

The resultant structure has 8 molecules in the asymmetric unit.
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Monomeric structure of ZmPYK. Like other pyruvate kinases, ZmPYK monomers are composed
of three domains (Figure 3). The A domain, residues 1-77 and 176-352, contains the active site.
The B domain interrupts the A domain, consisting of residues 78-175. In many structures of
PYK homologs, the B domain is mobile and cannot always be modeled. Indeed, in this structure
of ZmPYK, the B domain is only modeled in 6 of the 8 monomers, with insufficient density in
monomers E and F. The C domain, which contains the site analogous to the FBP-binding pocket

in hIPYK, is made up of residues 353-475.

Tetrameric assembly. The crystallographic software PISA* (proteins, interfaces, structures and
assemblies) predicts two tetrameric assemblies formed by chains A - D and E — H, respectively,
with one assembly shown in Figure 3. While this tetrameric assembly is homologous to other
pyruvate kinase tetramers (Figure 4), it has less interface surface area. The ZmPYK monomer is
68 amino acids smaller than hIPYK; a majority of the difference is due to the tetramerization
interface. The first 25 residues of hIPYK are disordered in the majority of structures determined,
and these have no corresponding residues in ZmPYK. At residue 10, the ZmPYK A domain
begins to align well with hIPYK’s A domain at that homologue’s residue 55. These residues in
hIPYK are a significant part of the tetramerization interface. In addition, there is a helix in
hIPYK (residues 402 to 415 of the C domain) that is in proximity to residues 26-55, which are
also part of the tetramerization interface. By comparison, these residues in ZmPYK (343-354)
form a short helix followed by a loop, reducing the size of the tetramerization interface. PISA
calculates the dimeric interfaces of hIPYK to be ~2750 A% In ZmPYK, the dimerization
interfaces are significantly smaller: ~1660 A2 (see Figure 3 caption). The tetramer interface in

ZmPYK comprises ~800 A2, whereas this same interface in hIPYK is ~1450 A2 Although

15



ZmPYK crystallized by packing in the same tetrameric form as hIPYK, the smaller interacting
surface area suggests the reason that the dimeric state is predominant in solution. Typically, a
single interface with less than 1000 A2 surface area would be considered a crystal packing

interface and not a clear biological assembly.

Figure 4. Comparison of structural homologues with ZmPYK.

Comparison to structural homologues. The nearest structural homolog is E. coli type I pyruvate
kinase (PDB:4YNG), with root mean squared deviation (r.m.s.d.) of 1.42-1.58 A over 444-451
Ca, depending on which monomers are being compared (Figure 4). Two other close structural
homologues are from Trypanosoma cruzi (PDB:4KRZ), with an r.m.s.d. of 1.70 A over 452 Ca
and Leishmania mexicana (PDB:3QV8), with an r.m.s.d. of 1.65 A over 444 Ca. The r.m.s.d.
comparison for ZmPYK and hIPYK gave a value of 2.6 A over 416 Ca. With the exception of
ZmPYK, all of these homologues are allosterically regulated and tetrameric. Interestingly, the
two prokaryotic proteins (ZmPYK and EcPYK) do not have the N-terminal residues that assist
with tetramerization. Nevertheless, ECPYK does bury surface area suitable for tetramerization

(each interface is ~2000 A2) and is tetrameric in solution 3%, All of the homologues depicted here

16



encode a complete glycolytic pathway, except ZmPYK, which uses the Entner-Doudoroff

pathway > % (Figure 1).

Phosphate ion in “allosteric” site.  The
allosteric binding site is largely conserved in
ZmPYK, with a phosphate ion bound in the
location occupied by the 6-phosphate of FBP in

the homologue structures (Figure 5). There

are two differences at the 1-phosphate position - . .
Figure 5. The allosteric site. The allosteric site of

. hIPYK (gray) with FBP bound (yellow) is overlaid
that may account for FBP not serving as an | it the same site for ZmPYK (green) and the
bound phosphate ion. The phosphate ion of the
allosteric modulator for ZmPYK. Arginine | ZmPYK structure is surrounded by the 2Fo-F. map
contoured at 1.5¢6. Note that Arg501 that chelates
the 1-phosphate in hIPYK is L346 in ZmPYK
reducing binding energy for the sugar phosphate.
Also of note, Thrd445 of hIPYK is E383 in ZmPYK,
the 1-phosphate. This residue in ZmPYK is | which may cause charge repulsion with the 1-
phosphate and/or occlude the 1-phosphate binding
site.

501 of hIPYK makes an ionic interaction with

leucine 436, and cannot perform the same role.

Indeed, the helix in which arginine 501 resides and the loop that precedes it (residues 423-443 of
ZmPYK) have shifted significantly making the allosteric binding pocket smaller. In addition,
ZmPYK glutamate 383 has replaced hIPYK threonine 445. In hIPYK Thr-445 faces away from
the binding cavity. The longer Glu-383 of ZmPYK could occlude the binding site of the 1-

phosphate of FBP, or cause charge repulsion preventing binding.

Removal of phosphate from ZmPYK. Purine nucleoside phosphorylase (PNP) was used to scrub
phosphate from ZmPYK samples. PNP catalyzes the conversion of a purine nucleoside and

phosphate into adenine and ribose 1-phosphate. PNP and excess adenosine were incubated with

17



the ZmPYK sample, and the ZmPYK was subsequently further purified by nickel affinity. To
verify the removal of phosphate from the sample, ZmPYK was denatured and tested for
phosphate using the MesG assay. None was detected (Supplemental Figure 1). This indicates
that our scrubbing method was successful in removing phosphate (the phosphate was bound

sufficiently tightly such that it could only be removed with the use of PNP or protein unfolding).
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Figure 6. Circular dichroism spectra. A.hlPYK in the absence (dark blue) and presence (light
blue) of FBP. B. ZmPYK in the absence (dark green) and presence (light green) of phosphate.

Circular Dichroism spectra. To examine the effect of FBP or phosphate on the overall fold of

hIPYK and ZmPYK, CD spectroscopy was performed. When the CD spectra of hIPYK were
recorded in the absence and presence of FBP, the traces were comparable and indicated a mix of
a-helices and B-sheets (Figure 6A). When the analogous experiment was performed with
ZmPYK, in the absence and presence of phosphate, the shape of the curve was also comparable
(Figure 6B). The presence of substrates or products (phosphoenolpyruvate and pyruvate) did
not appreciably change the spectra; however, ATP and ADP altered the traces at wavelengths
below 215 nm, most likely due to signal interference by these molecules (Supplemental Figure

2). For this reason, 222 nm was the wavelength chosen for melting curves.
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Circular Dichroism melting curves. To examine
enzyme stability in the presence and absence of
FBP or phosphate, the melting temperatures were
measured by CD spectroscopy. The melting
curves for hIPYK were determined in the absence
and presence of FBP. These traces show a single
melting phase and were fit to a sigmoidal equation
with a single exponential term (Figure 7). The
melting temperatures range from 61.4 to 66.9 °C,

with the effector FBP not significantly altering the

Normalized ellipicity at 222 nm

0 10 20_ 30 40 50 (60 70 80
Temperature ("C)

Figure 7. hIPYK melting curves. Melting
curves are shown for apo-hIPYK (red), hIPYK-
FBP (pink), hIPYK-PEP (blue), hIPYK-PEP-
FBP (cyan), hIPYK-PYR (purple), hIPYK-
PYR-FBP (lavender).

melting temperatures (Table 3). However, the binding of substrates and products changed the

thermal stability of hIPYK, as noted by the change in slope of the curves (Supplemental Figure

3). For example, pyruvate promotes thermal stability when compared to the apo protein or other

bound ligands (light and dark purple traces in Figure 7).

The melting curves for ZmPYK were determined in the absence and presence of

phosphate (Figure 8). Interestingly, the curves were sigmoidal, but were fit using two

exponential terms to account for the two distinct melting temperatures: 38 + 4 °C (without

phosphate) and 36 + 2 °C (with phosphate) for the early transition, and 49 + 1 °C (without

phosphate) and 50.1 * 0.4 °C (with

Table 3: Melting Curve data for hIPYK

phosphate) for the late transition (Table 4).

The early transition appears to represent

~20% of the normalized signal, with the

Tm1 (°C) Slope Tm1
hIPYK w/o FBP
apo 61.4 + 0.1 28+ 1
ATP 63.4 + 0.3 37+ 4
ADP 63.2 + 0.2 33+ 6
PEP 65.21 + 0.04 51+ 4
pyruvate 66.9 + 0.3 20+ 4
hIPYK w/ FBP
apo 61.6 + 0.2 34 + 3
ATP 639 + 0.4 34+ 5
ADP 63.5 + 0.6 52+ 4
PEP 66.7 + 0.4 60 + 11
pyruvate 653 + 04 24 + 4




remaining 80% for the second transition. The
traces overlay well (dark and light green in
Figure 8), with the slopes also being comparable.
Due to the observed oligomerization differences
in the size exclusion chromatography and the
crystal structure, one possibility is that the first
transition arises from changes in secondary
structure that are coincident with the conversion
of the protein to a dimeric state, a feature that
would be found for ZmPYK but not hIPYK.

However, this is one possible interpretation
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Figure 8. ZmPYK melting curves. Melting
curves are shown for apo-ZmPYK (dark green),
ZmPYK-POy (light gren), ZmPYK-ADP
(orange), ZmPYK-ADP-PO; (yellow), ZmPYK-
PYR (dark gray), ZmPYK-PYR-PO; (light

gray).

among many, including the impact of the mobile B domains or general differences in overall

stability. When substrates (phosphoenolpyruvate or ADP) or products (pyruvate or ATP) are

included, the primary difference is in the fraction of change in ellipticity accounted for by the

initial phase. The melting temperature for the first phase ranges from 33 to 40 °C and for the

second phase from 49 to 50.1 °C. There is one exception: ADP causes an increase in melting

temperature of the second, significant unfolding phase (52 — 52.4 °C) (orange and yellow traces
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in Figure 8), and eliminates the initial unfolding phase in the sample without phosphate. The
black and grey traces in Figure 8 represent the traces with pyruvate, which show the most

predominant initial unfolding phase. All traces can be found in Supplemental Figure 4.

DISCUSSION

In this work, we report the X-ray crystallographic structure of ZmPYK to 2.4 A. While
gel filtration chromatography confirms the dimeric state to be the most prevalent in solution, the
protein crystallized as a tetramer. ZmPYK crystallizes using the standard tetramerization
interfaces observed for PYK homologues; however, the amount of buried surface area is
considerably smaller than that documented in other species, consistent with solution

dimerization. In other

words, the protein is | Table4: Melting Curve data for ZmPYK

. . . . Tm1 (°C) Tm2 (°C) Slope Tm1  Slope Tm2
dimeric in solution, 7 pyk w/o PO4
apo 38+ 4 49 + 1 10 £ 10 48 + 8
but crystallized as a ATP 37+ 1 49.2 + 0.2 8+ 3 52+ 7
ADP 52.0 £ 0.5 38+ 4
tetramer because this PEP 40 + 496 + 0.1 9+ 1 64 + 16
pyruvate 33+ 3 49.5 + 0.2 + 1 46 + 13
provides an easily ZmPYKw/PO4
apo 36 + 2 50.1 + 0.4 12 + 2 51+ 9
accessible low energy ATP 40 £ 1 499 + 0.1 7+1 54 + 9
ADP 30 + 3 52.4 £ 0.5 5+ 1 39 + 2
path . crystal PEP 38 + 2 49.8 + 0.1 9+ 1 53+ 8
pyruvate 36+ 1 50.1 + 0.2 6+t 1 75+ 7

formation. Circular dichroism measurements suggest that there is an initial melting transition,
that could be interpreted as being derived from the dimer-tetramer oligomerization equilibrium,
from B domain mobility or other general differences in protein stability between ZmPYK and

hIPYK.
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Neither the final ZmPYK gel filtration purification step for crystallization nor the
crystallization conditions contain phosphate ions, so we were surprised to observe a phosphate
bound in the site analogous to the 6-phosphate site of FBP in hIPYK. This led us to speculate
that the phosphate ion could be serving as an allosteric regulator in the place of FBP or could be
serving a structural role. Circular dichroism spectra and melting curves show no significant
changes upon binding of the effector FPB to hIPYK nor for binding of phosphate to ZmPYK.
Our data are therefore inconclusive as to the role of phosphate in ZmPYK, but the simplest
explanation is that the phosphate is derived from the cellular cytoplasm of the E. coli during
heterologous expression, and remains bound throughout purification. A current hypothesis is
that the Entner-Doudoroff pathway evolutionarily pre-dates glycolysis 3. This phosphate
binding site may represent the initial phases for developing an allosteric site for regulation of
pyruvate kinase in higher order species. Alternatively, this site could play a functional under
some as yet unknown condition.

Many studies of enzyme function rely on mutational analyses in which catalytic residues
are substituted for amino acids of different biochemical properties and the kinetic parameters are
compared between wildtype and variant forms. For example, converting the catalytic
nucleophile, say the serine of a serine protease, to a residue that is incapable of serving as a
nucleophile, such as an alanine, results in the abolishment of catalytic activity. These residues
serve structurally or functionally important roles, are very highly conserved, and are considered
“toggle” positions (activity is on or off). Some non-conserved positions in allosterically
regulated proteins have been shown to have “rheostat” activity: substituting these positions with
all possible variations shows that activity can be dialed up or down like a dimmer switch,

sometimes to values higher than wildtype /% /8 2/ 3840 The model systems for these studies have
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been hIPYK, aldolase A, and the Lacl/GalR protein family. Interestingly, changes in sequence at
rheostat residues have been shown to coincide with phylogenetic branch points (non-conserved
positions that correlate with speciation events within a family phylogenetic tree) #/. We recently
reported that using the same methodology for identifying rheostat positions in allosteric enzymes
(phylogenetic branch points) was not successful in ZmPYK 2.

When this work began, we had expected to map rheostat residues onto the solved
structure of ZmPYK, but in other work we have recently shown that of all of the predicted
rheostat residues (mutations associated with phylogenetic branch points), only one turned out to
show moderate rheostat behavior: Proline 226, which is found in Domain A at the interface with
Domain B 2. All other predicted sites had toggle or neutral (no change in kinetic parameters)
behavior. This may be because of the low melting temperature of ZmPYK relative to hIPYK.
The CD data indicate that ZmPYK is less thermally stable than hIPYK, promoting a theory that
rheostat residues are not observed because the protein does not have a similar dynamic range for
calibrating activity before it becomes unstable. We propose that tetramerization of PYK affords
sufficient structural stability to accommodate rheostat tuning of allosteric behavior. An
alternative hypothesis is that only enzymes evolutionarily adapted to tune their activity using
allosteric modulators will possess rheostat positions. We hypothesize that ZmPYK will make an

excellent structural model to serve as a negative control for allosteric structural changes observed

in hIPYK as this research moves forward.
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