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Phosphofructokinase-1 (PFK1) catalyzes the rate-limiting step of glycolysis,
committing glucose to conversion into cellular energy. PFK1 is highly regu-

lated to respond to the changing energy needs of the cell. In bacteria, the
structural basis of PFK1 regulation is a textbook example of allostery; mole-
cular signals of low and high cellular energy promote transition between an
active R-state and inactive T-state conformation, respectively. Little is known,
however, about the structural basis for regulation of eukaryotic PFK1. Here, we
determine structures of the human liver isoform of PFK1 (PFKL) in the R- and
T-state by cryoEM, providing insight into eukaryotic PFK1 allosteric regulatory
mechanisms. The T-state structure reveals conformational differences
between the bacterial and eukaryotic enzyme, the mechanisms of allosteric
inhibition by ATP binding at multiple sites, and an autoinhibitory role of the
C-terminus in stabilizing the T-state. We also determine structures of PFKL
filaments that define the mechanism of higher-order assembly and demon-
strate that these structures are necessary for higher-order assembly of PFKL

in cells.

Glycolysis is an ancient, highly-conserved metabolic pathway for the
extraction of energy from sugars. During glycolysis, glucose is meta-
bolized to produce energy in the form of ATP, the essential cofactor
NADH, as well as other biosynthetic precursors to support cellular
functions. The first committed step of glycolysis is catalyzed by
phosphofructokinase-1 (PFK1), which converts fructose 6-phosphate
(F6P) to fructose 1,6-bisphosphate (F1,6BP), consuming one molecule
of ATP in the process. Given this central role as the gatekeeper of
glycolysis, PFK1 is heavily regulated by the energy state of the cell; PFK1
is activated by signals of low cellular energy, such as AMP and ADP, and
inhibited by signals of high cellular energy, such as ATP and citrate.
The structural basis for PFK1 regulation is best described for the
bacterial enzyme'>. Bacterial PFK1 is a D2-symmetric homotetramer
with four active sites, each formed at an interface between two
monomers. The enzyme transitions between an active R-state con-
formation, promoted by binding to F6P and allosteric activators, and
an inactive T-state conformation, observed in the absence of F6P and

upon binding to allosteric inhibitors. The R-state to T-state transition
involves a rotation between essentially rigid dimers and rearrange-
ment of active site residues, which together function to disrupt the F6P
binding pocket®.

The PFK1 catalytic domain architecture is conserved in eukar-
yotes. However, eukaryotic PFK1 has an additional regulatory domain,
which arose from gene duplication, tandem fusion, and evolution of
the ancestral prokaryotic catalytic domain*. The resulting eukaryotic
PFK1 monomer corresponds to the bacterial dimer that rotates as an
essentially rigid body during the R- to T-state transition. Generally,
eukaryotic PFK1 tetramerizes via its regulatory domains, producing a
quaternary structure distinct from that observed for the prokaryotic
enzyme’®. Oligomerization regulates PFKL activity; tetramers with
D2 symmetry represent the active form of the enzyme, and allosteric
activators promote tetramerization, while allosteric inhibitors pro-
mote tetramer disassembly”*". Eukaryotic PFK1 is subject to addi-
tional layers of regulation, being regulated by over 20 allosteric
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ligands"™, in addition to post-translational modification by phosphor-
ylation, glycosylation, and acetylation™¢. Vertebrates possess three
PFK1 isoforms: platelet (PFKP), muscle (PFKM), and liver (PFKL), each
with particular catalytic and regulatory properties, as well as tissue-
specific expression profiles”. PFKL forms filamentous polymers in vitro
and micron-scale puncta in cells’®. However, whether higher-order
assembly of PFKL in cells reflects the filament formation observed with
purified protein is unclear. Further, the functional role of these higher-
order assemblies remains an open question.

Bacterial PFK1 provides a canonical example of the structural basis
for allosteric regulation, though little is known about the structural
basis for the regulation of the vertebrate enzyme. Existing crystal
structures of vertebrate PFK1 in various ligand states all resemble the
R-state, suggesting that crystal packing may preferentially select for
the R-state conformation®®,

Here, we determine cryoEM structures of PFKL in the R- and
T-state conformations. The conformation of T-state PFKL differs from
its bacterial counterpart and other vertebrate PFK1 structures. The
T-state conformation of PFKL is stabilized by binding of the C-terminus
across the catalytic and regulatory domains, and truncation of the
C-terminus disrupts PFKL regulation. We further show that PFKL forms
filaments in both the R- and T-state conformations, present cryoEM
structures of filaments in both states, and demonstrate that micron-
scale, punctate assemblies of PFKL observed in cells are composed of
the same filament structures observed in vitro.

Results

Structure of human PFKL in the R-state

We determined structures of human PFKL in the presence of substrates
ATP and F6P by cryoEM (Fig. 1). 2D classification produced an incom-
pletely separated mixture of short filaments and free tetramers, which
we therefore separated by 3D classification and refined independently
(Fig. 1a, b, Supplementary Fig. 1). Free tetramers and tetramers within
filaments are in the same conformation (Ca RMSD 0.5A for super-
position of tetramers) (Fig. 1c), such that combining them in a masked,
consensus refinement produced the highest resolution tetramer
structure (Fig. 1d) (3.1 A, 3.6 A, and 2.9 A resolution was achieved for the
free tetramer, filament, and consensus tetramer structures, respec-
tively; Supplementary Fig. 1b). F6P and ADP are bound in the active sites
(Fig. 1e), suggesting catalysis and product formation occurred during
sample preparation. ADP is bound at two additional sites on each
monomer: an activating allosteric site (site 1) present at the interface
between the catalytic and regulatory domains-this site was previously
shown to bind ADP, AMP, and a variety of small-molecule activators®'*—
as well as a second site (site 2) present in the catalytic domain, adjacent
to loop 390-400 connecting to the regulatory domain (Fig. le). The
allosteric sugar-binding site is also occupied—we modeled this ligand as
F1,6BP, produced by catalysis of F6P and ATP by PFKL (Fig. 1e). The F6P-
bound PFKL structure presented here is in the active R-state con-
formation, as revealed by comparison to existing prokaryotic and
eukaryotic R-state PFK structures (Fig. 1f)**5,

PFKL filaments assemble as stacked tetramers via two separate
interfaces (Fig. 1g), as previously described at lower resolution in a
negative stain EM reconstruction'®. Although PFKL filaments can adopt
distinct straight or bent architectures'®, adjoining tetramers are all
related by twofold symmetry, and we, therefore, imposed C2 sym-
metry on tetramer pairs during 3D refinement (Supplementary Fig. 1a).
Interface 1, the largest interface, is on the symmetry axis and is formed
by loops containing residues 511-520 and 693-705 of the regulatory
domain. The core of the interface is formed by N702-N702 and F700-
F700 interactions, with possible additional interactions between R695
and Y514. Interface 2 also involves residues on loop 693-705 of a dif-
ferent PFKL protomer, which inserts into a groove on the surface of the
catalytic domain of the adjoining tetramer. Masked local refinement of
interface 1 improved the resolution from 3.6 to 3.5A (Fig. 1g,

Supplementary Fig. 1a) while twofold symmetry expansion and local
refinement of interface 2 failed to improve the EM map in this region.
The precise interactions at interface 2 are therefore less well-
resolved (Fig. 1g).

Structure of human PFKL in the T-state
We next aimed to determine the structure of PFKL in the inactive
T-state and therefore solved cryoEM structures of PFKL in the presence
of ATP but without substrate F6P (Fig. 2, Supplementary Fig. 2). We
also included F1,6BP in the sample preparation, as we suspected that
occupying additional ligand sites might aid in stabilizing the protein
for structure determination. We again observed a mixture of tetramers
and short filaments by 2D classification, and therefore processed the
data as described for the R-state structures; we again found that free
tetramers and filament-associated tetramers were in the same con-
formation (Ca RMSD 0.39 A), such that a consensus structure com-
bining both achieved the highest resolution (2.9A, 3.1A, and 2.6 A
resolution was achieved for the free tetramer, filament, and consensus
tetramer structures, respectively; Supplementary Fig. 2b). On each
monomer, ATP is bound in the active site, site 2, and a third site (site 3)
between the catalytic and regulatory domains that does not contain a
nucleotide in the R-state, while activating site 1 is not occupied
(Fig. 2a). F1,6BP is bound in the allosteric sugar binding site (Fig. 2a).
In the absence of F6P, PFKL adopts the T-state conformation.
Compared with the R-state structure, this involves a rotation between
monomers forming the catalytic dimer, which functions to disrupt the
active sites (Fig. 2b). With bacterial PFK1, the transition from the R- to
the T-state conformation involves a 7 degree rotation between
essentially rigid dimers around one of the twofold symmetry axes of
the tetramer® (Supplementary Fig. 3a). In contrast, the PFKL R- to
T-state transition involves a 7 degree rotation between monomers
around a different axis, which is not coincident with any of the three
twofold PFKL symmetry axes, but instead is between the pseudo
twofold axes relating the catalytic and regulatory domains (Supple-
mentary Fig. 3b). Compared with bacterial T-state PFK1, PFKL exhibits a
rotation between catalytic domains—around an axis different from that
observed for the R- to T-state transition—as well as structural rear-
rangements in the region around ATP sites 2 and 3 (Supplementary
Fig. 3¢). Nonetheless, transition to the T-state in both bacterial PFK1
and PFKL has the same functional outcome: the enzyme is inactivated
by disruption of the F6P binding pockets, though without affecting
ATP binding in the active sites. In the PFKL structure, ATP binding at
site 3 is linked to local unfolding of an adjacent a-helix (Fig. 2c). This
disrupts the positions of residues R201 and R292, which in the R-state
bind to the phosphate of F6P in the active site of the adjoining catalytic
domain (Fig. 2c). ATP binding in site 3 therefore appears to be inhibi-
tory, contributing to disruption of the F6P binding pocket and stabi-
lization of the T-state conformation. In existing R-state human PFKP
structures, site 3 is occupied by a phosphate ion (Supplementary
Fig. 3d), and both phosphate and sulfate ions have been shown to
increase PFK1 activity”°. Taken together, this suggests that PFKL site 3
may function as both an allosteric activating and inhibitory site. Con-
sistently, a dual activating and inhibitory role for this site has also been
demonstrated for the bacterial enzyme, where site 3 is occupied by the
allosteric inhibitor phosphoenolpyruvate in the T-state” and the
allosteric activator ADP in the R-state® (Supplementary Fig. 3d).
Notably, rearrangement of active site residue R201 in PFKL differs
from bacterial PFK1, where the corresponding residue R162 instead
swaps positions with E161 upon F6P binding and transition to the
R-state conformation (Supplementary Fig. 3e). The T-state PFKL
structure also differs from existing human PFKP crystal structures,
which all exhibit overall catalytic domain conformations resembling
the R-state, regardless of F6P occupancy”®. Most of the PFKP struc-
tures also have an R-state arrangement of active site residues, with the
exception of an ATP-bound structure (PDB: 4XY]J), which exhibits the
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Fig. 1| cryoEM structures of PFKL tetramers and filaments in the R-state.
aRepresentative 2D class averages of PFKL in the presence of fructose 6-phosphate
(F6P) and ATP. b Generalization of the cryoEM processing scheme. Three structures
were determined: a free tetramer, a filament, and a consensus tetramer including
both free and filament-associated tetramers. ¢ Overlay of the three structures
outlined in (b) which are in the same conformation. d CryoEM structure of the
consensus PFKL tetramer, colored by monomer. Monomer A is also colored by
domain. e Zoomed-in views of the regions indicated in (d) showing the various

consensus
tetramer

R470

ligand-binding sites for ADP, F6P, and fructose 1,6-bisphosphate (F1,6BP). f F6P-
and ADP-bound PFKL is in the R-state conformation, as revealed by comparison to
existing R-state PFK structures. Catalytic domains are shown, with F6P and ADP
colored as in panel (e). Structures are aligned on catalytic domain A. g CryoEM
structure of the R-state PFKL filament, colored by monomer. Circles show zoomed-
in views of filament interfaces 1 and 2. Two views of interface 1 are shown, focused
on N702 (left) and F700 (right) at the center of the interface.

T-state orientation of R210 (R201 in PFKL) as well as local unfolding
similar to that seen adjacent to ATP site 3 in T-state PFKL (Supple-
mentary Fig. 3f).

Transition from the R-state to T-state of PFKL also involves a
7-degree rotation of the regulatory domain towards the catalytic
domain within each monomer (Fig. 2d). The rotation compresses the
activating site 1, preventing ADP/AMP binding at this site in the T-state

conformation (Fig. 2a). Additionally, the C-terminal tail of PFKL (resi-
dues 754-771), which is disordered and not resolved in the R-state
structure, is bound in an extended conformation that bridges across
the regulatory and catalytic domains in the T-state structure. The tail
acts as a kind of strap linking the two domains, suggesting it may
function to stabilize the inactive enzyme conformation (Fig. 2d). The
conformational changes between the T- and R-states also result in a
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Fig. 2 | cryoEM structures of PFKL tetramers and filaments in the T-state.

a CryoEM structure of the consensus PFKL tetramer bound to ATP and fructose 1,6-
bisphosphate (F1,6BP), colored by monomer. Monomer A is also colored by
domain. Insets show the various ligand binding sites. b Comparison of the catalytic
domain conformation of the ATP- and F1,6BP-bound structure (blue) with the
R-state PFKL structure (green). Structures are aligned on the catalytic domain of
subunit A. ADP and fructose 6-phosphate (F6P) from the R-state structure are
shown in the active site. c Comparison of the F6P binding site in the R-state (green)
and T-state (blue) structures. The binding site involves residues from the catalytic
domains of two monomers (A and B). d Comparison of monomer conformations in

the R-state (green) and T-state (blue) structures. Structures are aligned on their
catalytic domains (lighter shades). The C-terminus (yellow) bridges across the
regulatory and catalytic domains in the T-state conformation. Lower panel shows
the isolated density of the C-terminus from the T-state cryoEM map. e CryoEM
structure of the T-state PFKL filament, colored by monomer. Circles show zoomed-
in views of filament interfaces 1 and 2. Panels at right show comparisons to inter-
faces 1 and 2 in the R-state structure. Inward rotation of the catalytic domain at
interface 2 in the R-state would produce a clash with the C-terminus at the position
observed in the T-state structure.
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Fig. 3 | Filament interface 1 is essential for assembly of PFKL in vitro and in cells.
a Structure of PFKL filament interface 1 showing two loops forming the interface
(top) and sequence alignment of interface 1 residues with other human isoforms
(bottom). Poorly-conserved PFKL interface residues are highlighted in blue, with
N702 underlined. b Negative stain EM showing that PFKL-N702T does not form
filaments in either R-state or T-state ligand conditions. Panels at right show
representative 2D class averages of PFKL-N702T tetramers in R-state conditions.
Scale bar is 100 nm. ¢ Quantification of assembly state of PFKL and PFKL-N702T by
mass photometry. Relative abundance of oligomers was calculated as described in
Methods. Data are presented as mean and standard deviation of n =3 experiments
for PFKL and n =4 experiments for PFKL-N702T, with individual data points also
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shown. d Immunofluorescent images of parental HepG2 cells and cells expressing
wild type FLAG-PFKL or FLAG-PFKL-N702T labeled with anti-FLAG (white) and
Hoechst 33342 (blue) under serum starved conditions. Puncta are only visible in
wild type FLAG-PFKL cells. Inset shows a higher magnification view of the 10 um by
10 pm area in the yellow box. Scale bar is 20 um. e Quantification of the number of
cells in continuous serum or in serum starved conditions containing PFKL punctae,
as defined as cells with three or greater PFKL assemblies of at least 1 pm diameter.
Data is representative of 3 independent passages of cells. Mean and SEM are shown,
two-way ANOVA test (PFKL, serum vs starved p = 0.0008; N702T, serum vs staved
p=0.9999; Serum, PFKL vs N702T p = 0.0001; Starved, PFKL vs N702T p = 0.0001).

small rotation between the regulatory domains within catalytic dimers
(Supplementary Fig. 3g), which produces a slight conformational
change at the tetramer interface (Supplementary Fig. 3h).

T-state PFKL filaments have a similar overall architecture to
R-state filaments, being composed of stacked tetramers (Fig. 2e).
Interface 1 is the same in the T-state and R-state filament structures
(Fig. 2e), while interdomain rotations in each protomer result in dis-
ruption of interface 2 interactions. In the T-state filament, loop
693-705 is rotated away from the binding groove on the adjoining
tetramer, which is instead occupied by the C-terminus (Fig. 2d, e).
Residues on loop 693-705 are in range to form contacts with the
C-terminus in the T-state filament, though specific contacts were not
well-resolved in this region. Inward rotation of loop 693-705 upon
transition to the R-state conformation is sterically inhibited by a bound
C-terminus in an adjoining T-state tetramer; in order for a tetramer
within a filament to transition from the T-state to the R-state con-
formation, the C-termini of neighboring T-state tetramers must be
displaced. Thus, competition at interface 2 between binding of a
protomer’s own C-terminus and loop 693-705 on a neighboring tet-
ramer may provide a mechanism to allosterically couple T- to R-state
transitions between tetramers within filaments. For both the R- and
T-state filaments, the two adjoining protomers at interface 2 exhibit
the same overall conformation despite being in different packing
environments, with one protomer donating and the other receiving
loop 693-705 (Ca RMSD 0.5A and 0.2A for the R- and T-state struc-
tures, respectively) (Supplementary Fig. 3i-k).

Cellular assembly of PFKL requires filament formation

Towards understanding the function of PFKL filaments, we generated a
non-polymerizing PFKL mutant. PFKP does not assemble filaments'®,
and several residues at PFKL interface 1 differ between the isoforms
(Fig. 3a). N702 at the core of PFKL interface 1 is substituted for
threonine in PFKP, and we, therefore, expressed and purified the
substitution mutant PFKL-N702T (Supplementary Fig. 4a). Negative
stain EM confirmed that PFKL-N702T disrupted filament assembly in
both R- and T-states, but did not disrupt tetramer formation (Fig. 3b).
This result was confirmed by mass photometry: wild-type PFKL was
predominantly filamentous, with 60% of protein in assemblies larger
than tetramers, while PFKL-N702T was 90% tetrameric with no larger
species observed (Fig. 3¢, Supplementary Fig. 5a, b). Both samples also
exhibited small populations of monomers and dimers (Fig. 3c).
Enzyme assays revealed that filament formation had only a modest
effect on enzyme activity and allosteric regulation: Compared with
wild-type PFKL, PFKL-N702T exhibited a slight increase in maximal
velocity, F6P affinity, and cooperativity, as well as a slight decrease in
affinity for inhibitory ATP (Supplementary Fig. 4b).

PFKL assembles into micrometer-sized structures in the human
hepatocellular carcinoma cell line HepG2*. We aimed to determine
whether these higher-order structures observed in cells correspond to
the PFKL filaments observed with purified protein. We, therefore,
expressed N-terminally-tagged wild-type FLAG-PFKL or non-
polymerizing FLAG-PFKL-N702T in HepG2 cells and imaged both by
immunofluorescence (Fig. 3d, Supplementary Fig. 4c, d). In cells grown
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Fig. 4 | The C-terminal tail of PFKL stabilizes the T-state conformation.

a Enzyme activity assays to determine the affinity for F6P (left) and ATP (right) for
wild type PFKL (blue) and PFKL-AC (green). Assay conditions are described in
Table 1. F6P data are mean and SEM of n =7 replicates for PFKL (n = 6 for2mM F6P,
n=1for 0.25mM F6P) and n =5 replicates for PFKL-AC (n=2 for 2 mM F6P). ATP
data are mean and SEM of n =7 replicates for PFKL and n = 4 replicates for PFKL-AC.
b Difference in per-residue root-mean-square fluctuations (ARMSF) after
C-terminal tail removal as observed in MD simulations. The light blue regions

correspond to the 95% confidence intervals. Arginine residues 88 and 210, involved
in binding F6P in the R-state, are highlighted by arrows. ¢, d PFKL monomer with
residues colored according to ARMSF values in (b). Removal of the C-terminus
produces elevated ARMSF values at the C-terminus binding site (c) and in the active
site (d). e Average Ca RMSD from the cryoEM structure of a T-state subunit during
the last 200 ns of the MD simulations for PFKL and PFKL-AC. Data points represent
values for a total of 12 protein subunits sampled in 3 simulation replicas. Error bars
represent the 95% confidence intervals.

Table 1 | Kinetic parameters for wild type and mutant PFKL

Kom.rep £ SEM (mM)

Hill coefficient + SEM

Vmax + SEM (Units per mg PFK1)

PFKL (n=7) 21£0.3 2.6+0.6 9.6+1.4
PFKL-N702T (n=6) 15£0.1 3.9:0.7 13.8+0.8
PFKL-AC (n=5) 0.8+0.1 2.6+0.5 10.6+0.7

The kinetic parameters for PFKL were determined at pH 7.5 with 125 pM ATP. The parameters were generated by fitting data to the allosteric sigmoidal model. The number of experimental replicates is

noted in parentheses.

in complete media containing 10% FBS, FLAG-PFKL had a diffuse
cytoplasmic localization in a majority of cells. However, in 7% of cells
FLAG-PFKL assembled into multiple structures greater than 1uym in
diameter (Fig. 3e, Supplementary Fig. 4d). We next asked if serum
starvation altered the number of cells displaying puncta as withdrawal
of insulin signaling decreases glucose uptake in HepG2 cells®. In
HepG2 cells that were incubated in media containing 0.1% FBS over-
night, the percentage of cells containing FLAG-PFKL puncta doubled to
14% (Fig. 3d, e), suggesting that PFKL assembly is regulated by hor-
monal or growth factor signaling. In contrast, FLAG-PFKL-N702T was
diffuse in both complete serum and serum starved conditions
(Fig. 3d, e, Supplementary Fig. 4d), indicating that polymerization of
PFKL into filaments is required for assembly of the micron-scale PFKL
structures observed in cells.

The T-state of PFKL is stabilized by the C-terminal tail

The C-terminal tail is required for proper regulation of PFK1 in Dic-
tyostelium discoideum and human PFKP®**, though the mechanism by
which it imparts allosteric control of PFK1 has not been described.
Notably, the C-terminal region of PFK1 shows substantial sequence

variation across species and also between the PFKL, PFKP, and PFKM
isoforms (Supplementary Fig. 4e). To determine the role of the
C-terminal tail in PFKL allosteric regulation, we purified a construct in
which the C-terminal 28 amino acids were removed (PFKL-AC) and
tested its activity and regulation. As shown for other human PFK1
isoforms®, removal of the C-terminal tail increased affinity for the sugar
substrate F6P and relieved allosteric inhibition by ATP (Fig. 4a, Table 1).
Negative stain EM and mass photometry indicated that truncation of
the C-terminus had no major effect on tetramer or filament formation
compared with the wild-type enzyme (Supplementary Fig. 4f, g, Sup-
plementary Fig. 5c).

Given that the PFKL C-terminal tail was only resolved in the T-state
cryoEM structure, we hypothesize that the C-terminal tail stabilizes
PFKL in the less active T-state conformation and removal of these
residues would promote transition to the R-state. To test this
hypothesis, we performed molecular dynamics (MD) simulations and
asked if removal of the tail altered the conformation of the enzyme. We
ran three independent 400 ns MD simulations with the C-terminal tail
included (residues 753-780) using the CHARMM36m protein force
field®, and we repeated the same computational protocol for the
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structure lacking the C-terminal tail. The simulations showed that
removal of the C-terminus destabilizes the T-state structure, as quan-
tified by the difference in per-residue root-mean-square fluctuations
(ARMSF) (Fig. 4b-d). The structural changes mainly concerned the
region of residues ~330-380 and notably residue 715 on the solvent-
exposed side of the subunit. These residues correspond to the region
of PFKL where the C-terminal tail binds. Additionally, some of the
residues surrounding the catalytic site show a change in structure,
specifically residues involved in binding F6P (R88 and R210), sug-
gesting that conformational changes caused by removal of the
C-terminal tail propagate to the active site. The overall conformation
of PFKL subunits transitions away from the T-state upon the C-terminal
tail removal, as measured by the average Ca RMSD from the cryoEM
structure of the T-state (Fig. 4e). We note, however, that the current
MD simulations do not show a statistically significant decrease in the
Ca RMSD from the cryoEM structure of the R-state (Supplementary
Fig. 6a). In fact, our simulations indicate an overall destabilizing effect
of the C-terminal tail removal on the time scale of hundreds of nano-
seconds (see Supplementary Fig. 9 for the time-course analysis of the
MD results, showing consistent trends among the simulation replicas).
However, the time scale of the complete transition between the T- and
R-states, which may also require changes in allosteric site occupancies,
likely exceeds that of the simulations. Therefore, a combination of
enhanced sampling simulation methods may be necessary to sample
the complete transition and evaluate the relative populations of the T-
and R-states.

When the C-terminal tail conformation is transferred from the
T-state to the R-state, the region of the C-terminus resolved in the
T-state structure remains bound to the protein surface on the time-
scale of the MD trajectories (3 x 400 ns). However, as a consequence of
the altered domain angle in the R-state, we observe a strong decrease
in the interactions between this region and the region formed by
residues 680-740 of the regulatory domain (Supplementary
Fig. 6b, ¢), including the loss of the electrostatic interaction between
residues K715 and E767. These interactions, which are lost in the
R-state and upon C-terminal tail truncation, likely contribute to T-state
stabilization by helping to maintain the domain angle characteristic of
the T-state.

To further describe the impact of the C-terminal tail on the T-
state, we analyzed the dynamic coupling of the C-terminal tail residues
with the active site and the allosteric sites 1 and 3, which change their
occupancies between the T- and R- structures. Using ensemble corre-
lation network analysis®® (see Methods), a method relying on the
analysis of nanosecond-scale motions of protein residues, we con-
structed a network of inter-residue correlations based on our MD
trajectories of the T-state. For each residue of the C-terminal tail, we
then identified the optimal and suboptimal network paths to residues
from the sites of interest, as shown in Supplementary Fig. 7. The path
lengths between two source and sink residues express the coupling
strength, with shorter pathways corresponding to a tighter dynamic
coupling between the two residues.

We found that the coupling strength varies along the sequence of
the C-terminal tail. The tightest coupling to the active site and the
allosteric sites 1 and 3 is displayed by residues near the beginning of
the C-terminal tail domain (residues 753-756) and residues in the
region ~765-771, where the C-terminal tail is bound to the adjacent [3-
strand 342-347 (Supplementary Fig. 7a). The C-terminal tail residues
765-771 exhibit a tight coupling to the active site residue R210 via
portions of the (-strand 342-347, o-helix 348-364 and the loop
163-176 (see Supplementary Fig. 7b). These secondary structure ele-
ments are also crossed by paths leading to the active site residue R201,
involved in the T-R transition (Supplementary Fig. 7c in SI). Paths of
comparable length couple residues 765-771 to the active site residue
R201 from the neighboring subunit (Supplementary Fig. 7c). Routes
connecting the C-terminal residues 765-771 to the allosteric site 1

(residue K677) cross the interface between the B-hairpin 334-347 of
the catalytic domain and the [B-hairpin 707-721 of the regulatory
domain (Supplementary Fig. 7d). This suggests an important role of
this interface in mediating the allosteric coupling of the C-terminal tail
and site 1. Further, the C-terminal tail residues are coupled more
strongly (i.e., via shorter paths) to the residue T194 from the allosteric
site 3 of the neighboring subunit than to this residue in the same
subunit (Supplementary Fig. 7a and Supplementary Fig. 7e). Residue
T194 as well as several other residues from the helix that undergoes
local unfolding upon ATP binding at site 3 exhibit the highest density
of dynamic connections, as measured by node centrality (Supple-
mentary Fig. 8). The high density of dynamic connections underlines
the importance of site 3 for the allosteric regulation of PFKL.

Discussion

The regulation of PFK1 is a textbook example of allostery, with sub-
strate, activators, and inhibitors competing to shift the enzyme
between the active R-state and inactive T-state conformations. How-
ever, much of the structural insight into PFK1 regulation has been
limited to the bacterial enzyme, with all existing structures of verte-
brate PFK1 exhibiting the R-state conformation’®, The R-state PFKL
structure presented here resembles existing R-state PFK1 structures
indicating-perhaps unsurprisingly-that a particular, conserved con-
formation is necessary for catalytic activity. By contrast, T-state PFKL
differs from existing T-state structures, exhibiting a different overall
conformation, an additional allosteric ATP-binding site, as well as
additional regulation through binding of the C-terminal tail. Previous
studies have shown that insulin induces phosphorylation of the PFKL
C-terminus, increasing PFKL activity and flow through glycolysis?.
Based on the structures presented here, it seems plausible that phos-
phorylation could displace the PFKL C-terminus, thus favoring the
R-state conformation and increasing enzymatic activity. There is sub-
stantial sequence variation in the C-terminal tails between human
PFKL, PFKP, and PFKM, perhaps providing an additional mechanism
for differential regulation of the isoforms. Given the large number of
ligands known to regulate PFK1 activity, additional structures in dif-
ferent ligand states are certainly warranted and may lead to identifi-
cation of additional PFK1 conformations.

PFKL filaments are somewhat unique in comparison to filaments
of other metabolic enzymes. As with many other enzyme filaments,
PFKL filaments are polymers of a subunit with dihedral symmetry®*-°
—filaments of this sort may be the simplest to evolve, with a single,
symmetric interface allowing for propagation of an unbounded
polymer®2, For most enzyme filaments, the helical axis is coincident
with a symmetry axis within the core, dihedral protomer, producing
filaments with a linear architecture. With PFKL filaments, however,
incoming tetramers can associate at one of two different positions on a
filament end, resulting in both straight and bent architectures'®.
Notably, these variable architectures emerge despite the fact that each
individual filament interface is the same.

Enzyme filaments variously function to increase or decrease
enzyme activity*™, increase cooperativity in regulation®, facilitate
substrate channeling®®*°, and tune affinity for regulatory ligands**.
PFKL filaments differ in having no major direct effect on enzyme activity
or regulation, and their function may therefore only be apparent in the
context of the cell. Indeed, under conditions of energy stress, PFK1
assembles with other glycolytic enzymes into cellular foci which appear
to both increase the rate of glycolysis and localize energy production to
particular subcellular sites****, In neurons, for example, PFK1 assem-
blies appear at synapses, where there is an increased demand for ATP
production**, PFKL assemblies have also been observed near the plasma
membrane, where they could function to increase local ATP con-
centrations to support endocytosis, protrusion, and active transport™,
These assemblies may increase the rate of glycolysis by enabling more
efficient transfer of substrates between members of the glycolytic
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pathway. The fact that PFKL can form filaments with a range of bent and
straight architectures suggests that long-range order of PFKL oligomers
may be less important than aggregation of many copies of the enzyme
in one location in the cell. This would be consistent with a scaffolding
role of PFKL in assembly of condensates containing multiple glycolytic
enzymes. The PFKL-N702 non-polymerizing mutant provides a tool to
address the functional role of PFKL assembly in cells and to determine if
the higher-order assembly of other glycolytic enzymes depends on
PFKL polymerization.

In summary, the present study provides a detailed structural
understanding of the allosteric regulation of eukaryotic PFK1. These
structural insights will aid in the development of small molecule
compounds specifically designed to target PFK1. Pharmacologically
targeting glycolytic enzymes is a proposed therapeutic approach for
the treatment of diseases in which glucose metabolism is dysregu-
lated. For example, proliferative cancer cells have an increased reliance
on glycolysis to generate energy and biosynthetic precursors to sup-
port their rapid proliferation, which may make them susceptible to
inhibition of glycolytic flux. However, there are currently no specific,
high-affinity PFK1 inhibitors available; generating small molecules that
can stabilize the T-state, possibly by stabilizing the C-terminal tail-
bound conformation, is an area of future research.

Methods

Expression, purification, and activity of recombinant PFKL
Wild type and mutant recombinant human (NP_002617) with an amino
terminal His-tag was expressed in sf9 cells using the Bac-to-Bac
Expression system (Invitrogen)'s. 2 x 10® sf9 cells were used to express
PFKL at an estimated multiplicity of infection of 2 viral particles per cell
for 48 h. Cells were resuspended in lysis buffer (20 mM) TRIS hydro-
chloride, pH 7.5, 80 mM potassium phosphate; 1mM 2-mercap-
toethanol; 10% glycerol; 10 mM imidazole, and EDTA-free Protease
Inhibitor Cocktail (Abcam) and lysed with 20 passes of a Dounce
homogenizer. Lysates were cleared by centrifugation and the super-
natants were incubated with 5 ml HisPur cobalt resin (ThermoFisher
Scientific). The resin was washed with 5 bed volumes lysis buffer, 10
bed volumes high salt lysis buffer containing 1M NaCl, and 5 bed
volumes lysis buffer. PFK1 was eluted in lysis buffer supplemented with
100 mM imidazole. Fractions containing protein were pooled, and the
buffer was exchanged for freezing buffer (20 mM 4-(2-hydroxyethyl)
-1-piperazineethanesulfonic acid, pH 7.5; 1mM DTT; 500 pM ammo-
nium sulfate; 5% glycerol; 1 mM ATP, and 100 pM EDTA) using a HiPrep
26/10 desalting column (GE Healthcare Life Sciences). Proteins were
concentrated using an Amicon Ultracel-30K Centrifugal Filter Unit
(MilliporeSigma) and their concentrations determined using a Brad-
ford Protein Assay (ThermoFisher Scientific). Small aliquots of PFKL
were snap frozen in liquid nitrogen and stored at -80°C. PFKL-
Asn702Thr point mutant was generated by using a commercially
available site-directed mutagenesis kit (QuikChange Lightning; Agilent
Technologies). DNA primers were designed using an online primer
design tool (Agilent Technologies) and were purchased from Inte-
grated DNA Technologies, Inc. The presence of the mutations and the
integrity of the constructs were verified by Sanger sequencing (WVU
Genomics Core). PFK1 activity was determined using an auxiliary
enzyme assay to monitor the production of fructose 1,6-phosphate
adapted for use in a 96-well format, as previously described”'®*. The
absorbance at 340 nm was measured using a Varioskan LUX Multi-
mode microplate reader (ThermoFisher). Kinetic parameters were
generated by nonlinear regression analysis using Prism (GraphPad
Software) and are the mean of a minimum of three measurements
from two independent preparations of protein. One unit of activity was
defined as the amount of enzyme that catalyzed the formation of
1umol of fructose 1,6-bisphosphate per minute at 25 °C. F6P affinity
was determined at pH 7.5 with 0.125mM ATP. ATP inhibition was
determined at pH 7.5 with 4 mM F6P.

Negative stain electron microscopy

Negative stain samples were prepared by diluting freshly thawed
protein to 1puM in 50 mM HEPES pH 7.5, 20 mM (NH,4),SO,4, 10 mM
MgCl,, 2 mM ADP, 2 mM F6P to promote the R-state conformation or
in 50 mM HEPES pH 7.5, 20 mM (NH,),SO.,, 10 mM MgCl,, 4 mM ATP,
0.5 mM F1,6BP to promote the T-state conformation. The protein was
applied to glow-discharged carbon-coated grids, washed three times
with water, and stained with 2% (w/v) uranyl formate. Grids were
imaged using a 120kV FEI Spirit microscope with a 4k x4k Gatan
Ultrascan CCD camera. Micrographs used to generate 2D negative
stain averages of PFKL N702T were acquired on a sample containing
250nM PFKL N702T in 50 mM HEPES pH 7.5, 20 mM (NH,4)2SO,,
10 mM MgCl,, 2mM ADP, 2 mM F6P, prepared as described above.
Automated collection of negative stain micrographs was performed
using the Leginon software. 240 micrographs were collected with
defocus values ranging from -2 to -1 um and an average electron dose
of -50 electrons/A% CTF parameters were estimated with CTFFIND4*5,
Particles were selected using Blob Picker, then extracted and subjected
to three rounds of reference-free 2D classification in cryoSPARC*.

CryoEM sample preparation, data collection, and data
processing

CryoEM samples were prepared by applying protein to CFLAT 2/2
holey carbon grids (Protochips) and blotting away liquid four times
successively before plunging into liquid ethane using a Vitrobot
(ThermoFisher). Samples used to determine R-state structures con-
tained 9 uM PFKL, 2 mM F6P, and 1 mM ATP in storage buffer 20 mM
HEPES pH 7.5, 1mM DTT, 500 uM ammonium sulfate, 5% glycerol,
100 uM EDTA). Samples used to determine T-state structures con-
tained 2 mM ATP, 10 mM MgCl,, and 500 uM F1,6BP in storage buffer.
For R-state PFKL structures, movies were collected on a Titan Krios
(ThermoFisher) equipped with a K3 Direct Detect Camera (Gatan Inc.)
operating in superresolution mode with a pixel size of 0.4215 A/pixel,
75 frames, and a total dose of 63 electrons/A%. For T-state PFKL
structures, movies were collected on a Titan Krios equipped with a K2
Direct Detect Camera (Gatan Inc.) operating in superresolution mode
with a pixel size of 0.525 A/pixel, 50 frames, and a total dose of 90
electrons/A2. A subset of the data for the T-state sample was collected
at 30° tilt. Data collection was automated with Leginon software®’.
CryoEM data was processed using cryoSPARC*’, and processing
workflows are summarized in Supplementary Figs. 1, 2. Super-
resolution movies were motion corrected, dose-weighted, and binned
2X using patch motion correction. CTF parameters were estimated
using patch CTF. Particles were picked using the blob picker and
subjected to multiple rounds of 2D classification. Initial 3D refinements
were performed with combined particles representing both filaments
and free tetramers, using a tetramer starting reference. Tetramers and
filaments were then separated by 3D classification (without alignment)
and refined independently with D2 and C2 symmetry, respectively.
Additional rounds of 3D classification were performed to remove poor
quality and damaged particles (Supplementary Figs. 1, 2). Masked, local
refinement of filament interface 1 was performed using a mask
encompassing the two dimers associated across interface 1. Per-
particle defocus, beamtilt, and spherical aberration were also refined
for all structures. Density modification was performed using Resolve-
Cryoem in Phenix*®. Atomic models were built using ISOLDE* and real-
space refinement in Phenix. Structures were visualized with UCSF
Chimera*. Cryo-EM data collection, refinement, and validation statis-
tics are summarized in Supplementary Table 1.

Mass photometry experiments and analysis

Mass photometry experiments were performed using the TwoMP
system by Refeyn®. PFKL filaments were assembled by diluting freshly
thawed PFKL to 2.5 M in cold dilution buffer (50 mM HEPES pH 7.5,
100 mM KClI). The 2.5 pM PFKL sample was diluted to 250 nM in cold
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polymerization buffer (50 mM HEPES pH 7.5, 100 mM KCI, 20 mM
(NH4),S04, 10 mM MgCl,, 2mM ADP, 2 mM F6P). The samples were
incubated on ice for 2 min before they were diluted tenfold into a
droplet of room temperature MP buffer (50 mM HEPES, pH 7.5, 50 mM
KCI). As PFKL-N702T was predominantly tetrameric with no protein
sequestered into larger-order oligomers, it was diluted 20-fold for a
final concentration of 12.5nM to obtain a measurable number of
binding events. Movies were recorded immediately following dilution.
Binding events were measured at a rate of 600 frames/min for one
minute. Mass calibrations were performed with 5-10 nM each of beta-
amylase, apoferritin, and glutamate dehydrogenase. Movies were
collected with AcquireMP v2.3 and data was analyzed using Dis-
coverMP v2.3.To compare the relative populations of PFKL species in
each movie, the counts per species was determined by the area under
the curve of a Gaussian fit to the histogram of mass species using the
DiscoverMP v2.3 software (Refeyn Ltd). This number was normalized
to account for the number of PFKL monomers per species and con-
verted to a percent of the total counts per species per movie. These
percentages were averaged across replicates and compared among
PFKL wild-type and mutants. Error bars represent the standard devia-
tion. At least three replicates were performed for each sample.
Representative histograms of PFKL and mutants are shown in Sup-
plementary Fig. 5.

Generation and imaging of HepG2 cells

HepG2 cells were purchased from ATCC (HB-8065), were authenti-
cated by ATCC using short tandem repeat (STR) testing, and were
verified to be mycoplasma-free. Cells were grown in high glucose
DMEM (ThermoFisher Scientific) supplemented with 10% Heat Inacti-
vated Fetal Bovine Serum (FBS; ThermoFisher Scientific) and 1% peni-
cillin/streptomycin (ThermoFisher. Scientific) in a 37 °C tissue culture
incubator with 5% CO,. FLAG-PFKL and FLAG-PFKL-N702T were cloned
into a pLenti6.3 vector (ThermoFisher Scientific). The presence of the
mutations and the integrity of the constructs were verified by Sanger
sequencing. HepG2 cells expressing FLAG-PFKL were generated as
previously described*. Lentivirus was generated using HEK293"" cells
(ATCC) and ViralPower lentiviral packaging mix (ThermoFisher Sci-
entific), according to the manufacturer instructions. Blasticidin-
resistant cells were pooled and used in experiments. The expression
of exogenous FLAG-PFKL was verified by western blot (WB) analysis
using primary antibodies generated against FLAG and PFKL, while
GAPDH was used as a loading control.

For immunofluorescent (IF) analysis, parental HepG2 cells or
cells expressing FLAG-PFKL or FLAG-PFKL-N702T were plated on
1.5 mm glass coverslips and incubated overnight at 37 °C. Cells were
washed with PBS and the media was replaced with media containing
either 0.1% or 10% FBS. The next day, cells were rinsed in PBS, fixed in
4% paraformaldehyde, and permeabilized in 0.1% Triton X-100.
Coverslips were blocked in blocking buffer (3% BSA, 1% non-immune
goat serum, 1% cold water fish gelatin) at room temperature for
30 min. Primary antibodies to FLAG were used at a 1:1000 in blocking
buffer and incubated at 37 °C for 2 h. Coverslips were incubated with
secondary goat anti-mouse antibodies labeled with Alexa Fluor-488
and Hoechst-33342 (Thermofisher Scientific; Ref:H3570; Lot:
1932770; 1:10,000 dilution) for 30 min at 37 °C. Coverslips were
mounted on glass slides with Prolong™ Gold antifade reagent
(Thermofisher Scientific), allowed to cure overnight, and sealed with
nail polish. Coverslips were imaged using a Nikon TI2-E Inverted
Microscope with a CSU-W1 Confocal Scanner spinning disk with a
60x oil immersion objective. Image processing was performed in NIS
Elements and ImageJ. To quantify the ability of wild type and N702T
FLAG-PFKL to form punctae in cells, we counted the percentage of
cells with greater than three FLAG assemblies of at least 1um in
diameter. Between 100 and 150 cells were counted in each experi-
mental group for three independent passages of cells. Two-way

ANOVA was performed to determine statistical significance using
GraphPad Prism software.

The antibodies used were: Monoclonal anti-FLAG M2, Sigma
Aldrich, Ref: F1804, Lot: 00002788731, IF: 1:500 dilution, WB 1:1000
dilution; Rabbit monoclonal anti-PFKL antibody, Abcam, Ref:
abl181064, Lot: GR164226-1, WB: 1:1000 dilution; Rabbit monoclonal
GAPDH D16H11, Cell Signaling Technologies, Ref: 5174, Lot: 8, WB:
1:2000 dilution; Alexa Fluor-488 goat anti-mouse IgG (H+L), Invitrogen
Ref: A11001, Lot: 2610355, IF: 1:500 dilution; Donkey anti-mouse IgG
Secondary Antibody, HRP, Jackson Immuno Research, Ref: 715-035-
150, Lot: 150088, WB: 1:20,000 dilution; Donkey anti-rabbit IgG Sec-
ondary Antibody, HRP, Jackson Immuno Research, Ref: 711-035-152,
Lot:, 156087 WB: 1:10,000 dilution.

MD simulations

The cryoEM structure of the PFKL tetramer in the T-state including the
ATP and F1,6BP ligands was used as the starting point for all-atom MD
simulations. For simulations involving the full-length C-terminal tail,
the initial positions of the nine C-terminal residues, which were not
resolved in the cryo-EM structure, were modeled using PyMOL soft-
ware version 2.5.4%. For simulations of the PFKL-AC construct, the
structure of each subunit was truncated after residue 752. The first 10
N-terminal residues, which were missing from the experimental
structure, were not included in the simulations. The protonation states
of histidine residues were adopted from the experimental structure. In
addition, MD simulations were performed starting from the cryoEM
structure of the R-state tetramer including the ADP, F6P, and F1,6BP
ligands and with the full-length C-terminal tail transferred from an
equilibrated geometry of the T-state.

The GROMACS pdb2gmx tool*® (version 2022.5) was used for
protein topology preparation, and the CHARMM36m?* force field, a
structure-balanced all-atom force field suitable for the description of
both folded and intrinsically disordered proteins, was employed to
describe the protein. Existing CHARMM parameters for ATP and ADP
were obtained from the CHARMM-GUI webserver’’*%, and the same
web server was employed to parameterize the F1,6BP and F6P mole-
cules using the CHARMM General Force Field (CGenFF)*. Water
molecules were described with the TIP3P model*®, and K* and CI” ions
were modeled using the default ion parameters associated with the
CHARMM36m force field. To allow for a longer time step in production
simulations, the hydrogen mass repartitioning scheme®, transferring
the mass of 3 Da to a hydrogen atom from the nearest heavy atom, was
applied to protein and ligand hydrogen atoms.

The PFKL tetramer was placed in a rhombic dodecahedral simu-
lation box with the nearest-image distance of 20.1 nm and 18.7 nm for
the T-state system with and without the C-terminal tail, respectively,
and 18.9 nm for the R-state system. The protein was solvated in a
150 mM KCI aqueous solution, including additional K* ions to neu-
tralize the net negative charge of the ligand-bound protein. In total, the
system contained ~569,000, ~-451,000, and ~470,000 atoms, respec-
tively. The system setup is summarized in Supplementary Table 3.

All-atom MD simulations were performed in the GROMACS
2022.5 software’. Short-range non-bonded interactions were treated
with a 1.2 nm cutoff, and van der Waals forces were smoothly switched
to zero between 1.0 and 1.2 nm. Long-range electrostatic interactions
were computed using the particle mesh Ewald method®. The leap-frog
algorithm® was used to numerically integrate Newton’s equations of
motion. The LINCS algorithm® was employed to constrain the lengths
of all hydrogen-involving protein bonds, with the highest order in the
expansion of the constraint coupling matrix being increased from 4 to
6 in production simulations to achieve better accuracy with the longer
time step used. The SETTLE algorithm® was utilized to keep water
molecules rigid.

To gently relax the protein structure in the simulation box, the
system was subjected to an energy-minimization and equilibration
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protocol. First, an energy minimization was performed to decrease the
maximum force below 1000 kJ mol™nm™, while harmonic restraints
were applied to all heavy atoms of the protein and those of the ligands
(with a force constant kgg =1000 kJ mol™ nm™ assigned to the protein
backbone atoms as well as the ligand atoms and a force constant
ksc =500 k] mol™ nm™ applied to the side-chain atoms). This energy
minimization was followed by a six-step relaxation protocol during
which the harmonic position restraints were gradually decreased. The
first two steps of the equilibration protocol were performed in the NVT
ensemble and were followed by four NPT simulations (see Supple-
mentary Table 2 for more details).

The production simulations were performed with an extended
time step of 4fs, enabled by the use of the hydrogen mass reparti-
tioning approach®. The length of each production trajectory was
400 ns. For each system, a set of three independent production tra-
jectories was obtained, each started after independent minimization
and equilibration of the initial structure. The trajectory frames were
saved every 200 ps.

In equilibration simulations, the temperature of the system was
maintained at 300 K by the Berendsen thermostat®® with a time con-
stant of 1 ps, and where applicable, the pressure was kept constant at
1.01 bar by the Berendsen barostat with the same time parameter. In
production simulations, performed at the same temperature and
pressure as the equilibration, the velocity rescaling thermostat with a
stochastic term®” was used with a time constant of 0.1ps, and the
Parrinello-Rahman barostat®® was employed with a time constant of
1ps. In all cases, the thermostats were coupled separately to the pro-
tein and to the rest of the system.

The per-residue RMSF were calculated separately for each subunit
and over each production trajectory using the GROMACS RMSF tool*®
by considering the positions of all the atoms forming each residue. To
describe the effect of the C-terminal tail removal, the differences in the
per-residue means of these values were calculated between the PFKL
and PFKL-AC systems. The P-values as well as the 95% confidence
intervals of these differences were determined by performing a two-
sided unpaired t-test using the Pingouin package*® (version 0.5.3).

The root-mean-square deviation of Ca atoms (Ca RMSD) relative
to the cryoEM structures of the T-state and R-state was computed
using the MDAnalysis package® (version 2.7.0) for residues 20-752 in
each subunit after aligning the subunit with a cryoEM subunit. The Ca
atoms of residues 20-752 were used for the alignment. For each sub-
unit, the average Ca RMSD over the second half of the production
trajectory was calculated, and the mean of these values obtained for all
the subunits and independent production trajectories was reported
together with 95% confidence intervals estimated using Student’s
t-distribution.

Correlation network analysis

To describe the network of correlated motions in the T-state of PFKL,
we conducted ensemble correlation network analysis?® (eCNA)
implemented in the Bio3D package™ (version 2.4.4). In the eCNA
approach, significant dynamic cross-correlation values (c;) between
residues are identified across multiple simulation replicas to build a
consensus network graph with edge weights determined from the ¢;
values®. Specifically, cross-correlations between Ca atoms were cal-
culated from the MD trajectories for each subunit after mass-weighted
superposition of the dimer formed by the subunit and its neighboring
subunit across the catalytic interface. The initial 50 ns of each trajec-
tory were excluded from the analysis. Network edges were added for
(1) residue pairs with |c;;| 2 0.5 for all subunits and all trajectories and
(2) residues satisfying |c;;| > 0.5 for at least one subunit and trajectory
and with a Ca-Ca distance <10 A for at least 75% of total simulation
frames. Node centralities, expressing the density of connections per
node?®, were computed using the Bio3D package. Network path ana-
lysis was performed using the Bio3D package to identify the optimal

and suboptimal network paths connecting selected pairs of source
and sink residues. Path length distributions, indicating the strength of
the dynamic coupling between the source and sink residues, were then
evaluated. A total of 500 paths were generated for each residue pair.
Normalized node degeneracy, defined as the fraction of the number of
paths crossing each residue, was computed. The resulting paths were
visualized using the VMD software” (version 1.9.3).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Cryo-EM structures and atomic models have been deposited in the
Electron Microscopy Data Bank (EMDB) and Protein Data Bank (PDB),
respectively, with the following accession codes: EMD-43747, PDB:
8W2G (R-state PFKL tetramer); EMD-43749, PDB: 8W2I (R-state PFKL
filament); EMD-43748, PDB: 8W2H (T-state PFKL tetramer); EMD-
43750, PDB: 8W2J (T-state PFKL filament). MD simulation input files
and final geometries, as well as node degeneracies from network path
analysis, are available on Zenodo (https://doi.org/10.5281/zenodo.
12168317). The reference structure used in this work is 4XYJ. Source
Data are provided as a Source Data file. Source data are provided with
this paper.
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