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/Abstract \

To understand PFKFB3 control by covalent modifications, the structure/function effect of
protein arginine methyl transferase 1-dependent asymmetric di-methylations at Arg131 and
Argl134 (N-CH3) and its relationship to S-glutathionylation at Cys206 (S-Gsh) was investigated.
Distinctly from the report that N-CH3 is for protection of PFKFB3 from the APC/C-Cdh-mediated
polyubiquitination and proteolysis, an increase in the activity for Fru-2,6-P. production was shown
from a molecular simulation and in-vitro tests. The simulation suggested that N-CH3 would
uncouple the Fru-6-P entry turn (-®*°TRERRH-) from its coupling to the n-helix (-***DKCDRD-)
by disabling the interaction between Arg131/134 and Asp207. The uncoupling consequently is
likely to facilitate the Fru-6-P binding by enhancing the conformational flexibility.

Confirming the simulation, N-CH3 was shown to cause a 5-fold increase in the specific
activity (kca/Km) mostly through a 4-fold decrease in Kms for Fru-6-P. A similar extent of
activation was induced by Asp207->A mutagenesis, which disables the coupling, while the
activation by N-CH3 was almost abolished by Argl131->A mutagenesis. More interestingly,
PFKFB3 with N-CH3 could be additionally S-glutathionylated at Cys206, when oxidative stress
is elevated. When modified by both N-CH3 and S-Gsh, the activity was decreased, as if there was
no N-CH3 at all, suggesting that the deactivation completely overrules the activation.

When HeLa cells were treated for the dual modifications of PFKFB3, the overruling
deactivation effect of S-Gsh was prevalent, causing decreases in Fru-2,6-P> levels and increases in
glycolytic flux redirected to the pentose phosphate pathway. As a result, the levels of NADPH and
reduced glutathione were markedly elevated, enhancing cell viability under the conditions of
elevated oxidative stress. Altogether, it is suggested that the functional effect of S-Gsh, which
represents a mechanism for survival under detrimental oxidative stress, dominates over the effect
of N-CH3, which has been suggested as a mechanism for growth.
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Introduction transition %1%, Moreover, it has been
Selective overexpression of the revealed that PFKFB3 in the wvascular
inducible form 6-phosphofructo-2- endothelial stalk cells promotes formation of

kinase/fructose-2,6-bisphosphatase (PFKFB3)
among the four isoforms (PFKFB1-4) is an
essential component of the metabolic
reprograming of oncogenic cell
transformation 8. PFKFB3 has distinctively
high activity for production of fructose-2,6-
bisphosphate (Fru-2,6-P2), which is the most
potent allosteric activator of
phosphofructokinase (PFK), the rate-limiting
enzyme of glycolysis ®°. It was recently
shown that Fru-2,6-P, is also an activator of
cyclin-dependent protein kinase 1 (CDK1),
which promotes the Gi- to S-phase cell cycle
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new blood vessels 221, Altogether, PFKFB3
plays crucial roles in the three hallmarks of
cancer: vigorous glycolysis, long known as
the Warburg effect 1722 rapid cell cycle
progressions >!61923 and new blood vessel
sprouting 202124 Thus, artificial down-
regulation of PFKFB3 activity has been
suggested as a new paradigm of the fights
against cancer 4228,

It has been shown that PFKFB3 is
controlled by various posttranslational
dynamic covalent modifications. Its catalytic
activity for Fru-2,6-P2 production is increased
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upon phosphorylation (O-Pho) at Ser461 2°-31
by various protein kinases but decreased upon
S-glutathionylation (S-Gsh) at Cys206 2. The
resulting changes in Fru-2,6-P> levels are the
causes of changes in glucose metabolism and
the rates of cell cycle progression 16-19:23:33.34
For Dbetter understanding of PFKFB3
functions and controls, we have addressed the
molecular basis of Fru-2,6-P> synthesis by
PFKFB3 through crystallographic studies of
PFKFB3 in a native state (pdb code ‘2AXN’),
a pseudo-Michaelis complex
(PFKFB3eAMPPCPeFru-6-P, pdb  code
‘2DWP’), and the product complex
(PFKFB3eADPeFru-2,6-P2, pdb code 211V?)
35,36

Then, we unfolded the roles of
PFKFB3 in the fights against oxidative stress
by characterizing S-glutathionylation of
PFKFB3 and its functional effects inside cells
% 1t was revealed in the structure of S-
glutathionylated PFKFB3 (pdb code ‘4MA4°)
that Fru-6-P binding to the catalytic pocket is
interfered by the glutathione (GSH) moiety
attached to Cys206, resulting in a 4-fold
decrease in the activity. Increases in cellular
oxidative stress caused S-Gsh of PFKFB3 and,
as a result, a decrease in cellular Fru-2,6-P>
levels and glycolysis was induced inside cells.
The event was coupled to enhanced
redirection of glucose metabolic flux to the
Pentose Phosphate Pathway (PPP). Ultimately,
reduction of NADP to NADPH and oxidized
glutathione (oxGSH) to reduced glutathione
(reGSH), which are necessary for
neutralization of reactive oxygen species
(ROS), was markedly increased. Thus, S-Gsh
of PFKFB3 together with S-Gsh of pyruvate
kinase was suggested as one of the crucial
mechanisms underlying cell survival under
the condition of elevated oxidative stress 3741,

It was recently shown that PFKFB3 is
also asymmetrically di-methylated at Arg131
and Argl34 through the protein arginine
methyl transferase 1 (PRMTL1)-catalyzed
reactions and that the level of this methylation
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(N-CH3) is maintained higher in proliferating
cells 4243, A decrease in the level of this N-
CH3, which can be elicited by onsets of
oxidative stress with an unclear mechanism,
was shown to cause a biological effect similar
to that caused by S-Gsh of PFKFB3. It has
been argued that PFKFB3 is protected from
the anaphase promoting complex/cyclosome
with Cdhl (APC/C-Cdhl)-dependent
polyubiquitination-mediated proteolysis by
N-CH3. Decreases in the N-CH3 levels lead
to decreases in PFKFB3 protein levels,
causing a same biological effect as
deactivation of PFKFB3 inside cells. As a
consequence, decreases in Fru-2,6-P, levels
together with decreased flux of glycolysis
were induced to cause the concomitant
increases in the increased PPP flux
accompanied with increased concentration
ratios of NADPH/NADP and reGSH/oxGSH,
enhancing cell viability under oxidative stress
42,43

However, we suspected a possibility
of a distinct role of N-CH3, because the site,
Arg131/134, belongs to the first turn of an a-
helix, which is crucial for catalytic Fru-6-P
binding and is within 3.7 A from Cys206, the
S-Gsh site. This structural feature suggests
that N-CH3 would affect the activity by
altering the Fru-6-P binding and that N-CH3
and S-Gsh affect each other. To address the
suspicion, we investigated the functional
effects of N-CH3 on the PFKFB3 activity at
the molecular level, employing molecular
dynamics, site-directed mutagenesis, and
Kinetics. Then, we investigated the molecular
relationships between N-CH3 and S-Gsh and
the metabolic effect of their interplay at the
cellular level, to evaluate the biological
significance. The results of the two aimed
studies are reported and discussed here.

Experimental procedures:

Materials
The following materials were obtained
from the sources indicated: dimethyl
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sulfoxide, oxidized L-glutathione (oxGSH),
reduced L-glutathione (reGSH), and BCNU
(Sigma Chemical Co., St. Louis, MO, USA);
Qdot 605 ITK streptavidin conjugate kit (2
uM solution), dextran alexafluor 488, anti-V5
antibody, calceinacetoxymethyl ester, PLUS
reagent, lipofectamine LTX reagent, and
biotinylated glutathione ethyl ester (BioGEE)
(Invitrogen

Corporation, Carlsbad, CA, USA); anti-
glutathione monoclonal antibody (ViroGen
Corporation); V5 antibody affinity purified
agarose immobilized conjugate (Bethyl
Laboratories); goat anti-mouse glutaredoxin-
1/GLRX1 antibody (R&D Systems Inc.); and
glutaredoxin-1 and glutaredoxin-1 antibody
(Abcam).

Plasmid Constructs and Mutagenesis.

Full-length cDNA constructs for
human PFKFB3 mutants, Argl31—-K,
Argl31—A, and Aap207—A, were generated
by site-directed mutagenesis using the
QuikChange Il XL Site-Directed Mutagenesis
Kit (Stratagene), following the manufacturer's
recommendations and the commercially
available vector pcDNA3.1/myc-HisA with
human PFKFB3 as a template *2. The mutants
were then subcloned from pcDNAS3.1/myc-
HisA into the pET3a vector using Nhel and
BamHI restriction sites to create bacterial
expression plasmids. All constructs were
sequenced for verification.

Protein Preparation, S-Glutathionylation,
N-Methylation, and Western Blotting.

The N-terminal 6XHis-tagged human
PFKFB3 and the mutants were expressed in
Escherichia coli CL41(DE3) and purified
using Ni-NTA affinity columns and,
subsequently, Mono Q anion-exchange
chromatography. The detailed methods are
described elsewhere .

To induce protein S-glutathionylation,
purified PFKFB isoforms (0.3mg/ml) in a
buffer containing 50 mM TriseHCI (pH 7.5),
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10 mM NaP;j, 5% glycerol, and 0.5 mM EDTA
were incubated for 30 min with 3 mM of 1:1
molar ratios of GSH to GSSG (total
concentration at 3 mM) in 50 mM TriseHCI
pH7.5 at room temperature 2. For Western
blotting, samples were then mixed with
Laemmli sample buffer without reducing
agent or heating but with 1 mM N-
ethylmaleimide (NEM) for the alkylation of
accessible thiols on PFKFB3, resolved in non-
reducing SDS-PAGE, and transferred to
nitrocellulose membranes. The Membranes
were probed with anti-glutathione antibody
(Virogen), followed by detection with
horseradish peroxidase-conjugated secondary
antibody (Novagen). Bands were visualized
by enhanced chemiluminescence
(SuperSignal West Pico, Pierce) according to
the manufacturer’s instructions. Membranes
were subsequently re-probed with anti-
PFKFB3 antibody (Abgent).

In vitro PFKFB3 N-CHs was carried
out using the recombinant human protein
arginine methyl transferase 1, which was
expressed and purified similarly to the
protocol for PFKFB3. PFKFB3 was N-
methylated by the recombinant PRMTL1 in a
buffer containing 50 MM MOPS (pH 7.5), 300
mM NaCl, 2 mM EDTA, 1 mM PMSF, and
0.4 mM S-adenosyl methionine (SAM). For
Western blotting, samples were then resolved
in non-reducing SDS-PAGE and transferred
to nitrocellulose membranes. To detect N-CHs,
the membranes were probed with anti-
asymmetric  dimethyl arginine antibody
(ASYM25, Millipore-Sigma) followed with
horseradish peroxidase-conjugated secondary
antibody (Novagen).

Measurement of PFKFB3 activity.

The catalytic activity of PFKFB3 for
Fru-2,6-P> synthesis was performed as
described previously 44 The 2-Kinase
reactions were performed first and the Fru-
2,6-P> produced was measured by a
conventional enzyme coupled assay. The
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reaction mixture contained 20 mM TriseHCI
(pH 8.5), 0.5 mM MgClz, 0.1mM ATP, and
10-20ug PFKFB3. The reaction was initiated
by adding 0.05mM Fru-6-P and incubation at
25 °C for 10 min, and the concentration of
Fru-2,6-P> was determined every 5 min. Fru-
2,6-P> was measured using the potato
pyrophosphate-dependent 6-
phosphofructokinase (PPi-PF1K) activation
assay in which NADH consumption by
glycolytic pathway was measured at 340nm
using a microplate reader (Model 3550-UV,
Bio- Rad), as described in elsewhere.

Cell Culture, Transient Transfection, and
Oxidant Treatments.

HeLa cells were obtained from ATCC
and cultured in DMEM containing 2 mM
glutamine, 10% fetal calf serum (FCS), 100
U/ml penicillin and 100 pg/ml streptomycin
(all from GIBCO-BRL). All cells were

cultured in a humidified incubator at 37°C, 5%

CO:s. Cells expressing PFKFB3 and its mutant
were established by transfecting cells with
pcDNA3.1/myc-HisA-PFKFB3  WT and
mutant(s) using GeneJuice® transfection
reagent (Novagen). Overexpression of
PFKFB3 was confirmed by immunoblotting
analysis. BCNU [N,N'-bis(2-chloroethyl)-N-
nitrosourea] and H20 (hydrogen peroxide)
were from Sigma and used as described in the
text.

Detection of N-methylation and S-
Glutathionylation of PFKFB3 in HeLa cells.

For detection of endogenous PFKFB3
glutathionylation and methylation, cells were
treated with 10 pM proteasome inhibitor
MG132 for 8 hrs. The whole cell lysates were
prepared in a modified RIPA buffer (0.01 M
sodium phosphate pH 7.2), 150 mM NacCl,
0.1mM EDTA, 1% Nonidet P-40, 1% sodium
deoxycholate, and 0.1% SDS, 10 mM N-ethyl
maleimide (NEM) supplemented with a
protease inhibitor mixture (Roche) without
reducing agent, to avoid changes in the S-
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glutathionylation  status. Samples were
immunoprecipitated using  anti-PFKFB3
antibody, to enrich PFKFB3, and then
resolved in non-reducing SDS-PAGE and
subsequently transferred to nitrocellulose
membranes.

Determination of Cellular Metabolites.

HeLa cells were plated at a density of
1x107 in T 175 culture flasks in DMEM
containing 10% FCS, 2 mM glutamine, 100
U/ml penicillin and 100 pg/ml streptomycin.
After 36 hours of incubation, the media were
replaced with fresh DMEM containing either
H202, AdOX, or GSHee at the indicated
concentrations and time.

Media samples were collected for
measuring the lactate secretion levels using a
lactate oxidase-based assay kit (Sigma-
Aldrich). Cell extracts were prepared with the
lysis buffer containing 0.01 M sodium
phosphate (pH 7.5), 150 mM NaCl, 5 mM
EDTA, 1% Nonidet P-40, and 5% 5-
sulfosalicylic acid. Before each assay, ice cold
2M KOH was added to the SSA- preserved
sample for neutralization. The Fru-2,6-P>
level was determined in the collected cells
after the treatment by the method described
previously.

For the quantification of the PPP,
levels of ribulose 5-phosphate (Ribul-5P) and
xylulose-5-phosphate (Xyl-5P) were
monitored 37345 For this, the mixture of
Ribul-5P, Xyl-5P, and glyceraldehydes-3-
phosphate (G-3P) was quantitated first and the
quantity of G-3P was subtracted. First, the
quantification of mixture of the three was
performed in a system containing 58 mM
glycylglycine, 3.3 mM Xyl-5P, 0.002% (w/v)
cocarboxylase, 15 mM magnesium chloride,
0.14 mM RB-nicotinamide adenine dinucleotide,
reduced form, 15 mM MgClz, 20 units a-
glycerophosphate dehydrogenase, 5 units
triosephosphate isomerase, 0.1 unit ribulose
5-phosphate  3-epimerase, and 5 units
transketolase as described previously . Then,

https://esmed.org/ MRA/mra/



https://esmed.org/MRA/mra/

Jeong-Do Kim, et al.

levels of G-3P have been measured under the
same condition but in the absence of ribulose
5-phosphate 3-epimerase and transketolase.
Protein concentration was measured using
QuantiPro BCA assay kit (Sigma-Aldrich)
and  metabolite  concentrations  were
normalized to the total cellular protein
concentration.

NADPH/NADP and
measurements

Cells were prepared as described
above in Metabolite determination. The

GSH/GSSG

cellular  NADP/NADPH  ratios  and
GSH/GSSG ratios were analyzed
spectrophotometrically by using a

reGSH/oxGSH measurement kit or NADPH
assay kit (Abcam) according to the
manufacturer's instructions.

Results and Discussion:
Catalytic Fru-6-P binding and the Fru-6-P
entrance turn

Structural characteristics involved in
the catalytic binding of Fru-6-P to the 6-
phosphofructo-2-kinase domain of PFKFB3
are shown in Figure 1. Positions of the
structural elements important for Fru-2,6-P>
synthesis are shown in Figure 1A. One
PFKFB3 subunit from the functional
homodimer is shown as a C. tracing and the
individual substrate pockets are indicated by
the bound ATP and Fru-6-P revealed in the
pseudo-Michaelis complex structure (pdb
“2DWP’) 3. The B-strand crucially employed
for the dimeric interface and the two helices,
an a-helix (residues 130-145) and a nt-helix (-
202 Asp-Pro-Asp-Lys-Cys-Asp?’-), are
labeled as ‘Dimer’, ‘a-h’, and ‘m-h’,
respectively. The first turn of the a-helix that
is a part of the Fru-6-P entrance to the catalytic
pocket is marked with a yellow star to indicate
its relative positions in the entire PFKFB3
molecule.
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In Figure 1B, the Fru-6-P entrance a-
helix turn (-B°Thr-Arg-Glu-Arg-Arg4-) is
shown with Arg131/134, which is the N-CH3
site, and Arg133, which is the Fru-6-P binding
residue. Arg133 undergoes a ~4 A down
swing from its free enzyme position (gray,
pdb ‘2AXN’) to form a strong divalent salt
bridge to the 6-phosphate moiety of bound
Fru-6-P or Fru-2,6-P, (in pdb ‘2DWP’ and
‘211V’, respectively). As revealed long time
ago in the study of PFKFBL, the liver-type
PFKFB isoform, Argl31 and Argl34 have
been considered important for attracting the
negatively charged substrate, Fru-6-P, to the
catalytic pocket “°. Supporting the idea, the
amino acid sequence of this turn is strictly
conserved among all four PFKFB isoforms,
whereas the rest of the helix is relatively
varied (data not shown). Confirming the
suggested role of Argl31l, its mutagenesis to
Ala (Argl31->Ala) nearly abolished the
activity but over 50% the wild-type activity
was retained, when the positive charge was
conserved by Argl31->Lys mutagenesis, as
shown in Figure 1C.

The structural features of PFKFB3
suggest that this Fru-6-P entrance turn
undergoes a significant conformational
change to accommodate Fru-6-P into the
catalytic pocket 3>%.  However, the
conformational change is limited by its
coupling to the neighboring m-helix (-
24DKCDRD-) through dual hydrogen bonds
between Argl131/134 and Asp207 in the =-
helix (Figure 1B). This coupling is stably
protected by core hydrophobic interactions
between Leu210, Leul38, and Phel50.
Consequently, the substrate binding and,
thereby, the enzymatic activity is limited by
this coupling. Supporting this rationale, when
this coupling was removed by Asp207->Ala
mutagenesis, a 5-fold increase in the activity,
the specific activity (kcat/Km) more precisely,
was observed. (Figure 1C and Table 1). Taken
together, conformational flexibility of the Fru-
6-P entrance (-1*°Thr-Arg-Glu-Arg-Arg®*-) is

https://esmed.org/ MRA/mra/
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an important molecular paradigm in controls
of the PFKFB3 activity.

Confirming this paradigm, S-Gsh of
PFKFB3 at Cys206 caused a 4-fold decrease
in the PFKFB3 activity 3. The crystal
structure of S-glutathionylated PFKFB3 (pdb
‘4AMAA4’) revealed that the glutathione moiety
(GSH, Glu-Cys-Gly) attached to Cys206
causes a dual structure/function effect. A
bulky negatively charged GSH moiety (green
in Figure 1D) attached to nearby the catalytic

Medical Research Archives vol 10 issue 1. January 2022
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residues, as Argl31->Ala mutagenesis does
(Table 1). More importantly, the attached
GSH restrains conformational change, which
is required upon the Fru-6-P binding. As
shown in Figure 1D, the attached GSH
provides multiple hydrogen bonds to main
chain N of Glul132, the side chain of Arg131,
and helix-capping GIn198, decreasing the
conformational flexibility of the Fru-6-P
entrance. Taken together, the PFKFB3
activity is doubly compromised upon S-Gsh to
cause the observed deactivation.

pocket impedes charge-attracted Fru-6-P
binding by neutralizing charges of the Arg
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Figure 1. Structural paradigm of Fru-6-P binding and PFKFB3 activity. A. Structure of monomeric
PFKFB3 (cyan). ATP and Fru-6-P bound to the catalytic pocket are shown colored sticks. The entrance of
Fru-6-P to the catalytic pocket is marked with a yellow star. The helices neighboring the entrance and a
strand employed in the dimeric interface are labeled accordingly: a-h, n-h, and Dimer, respectively. B. Role
of the a-helix turn in Fru-6-P binding. Structural coupling between the o-helix (yellow ribbon) and the r-
helix (yellow turn) by multivalent hydrogen bonds and the direct interaction between Fru-6-P and the turn
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are shown as dotted lines. C. Effects of various site-directed mutagenesis on the PFKFB3 activity for Fru-
2,6-P2 production. The activities are represented relatively to the wild-type (Native). Mutagenesis is shown
as R131K for Argl31->Lys for example. D. Structure of S-Glutathionylated PFKFB3. A glutathione
moiety (green) attached to Cys206 in the wt-helix (yellow turn) via a disulfide bond and its interactions with
the a-helix is shown (Adopted from pdb’4MA4’). Residues from the dimeric interface strand are shown in

orange.

Table 1. Kinetic properties of covalently modified or mutated PFKFB3

States Keat (sec™) Kn ™ (uM)  Kp®TP (uM)  Kead! K™ (sectuM™)
Native 0.15+0.024 122+2.8 16.7+2.1 0.0136 + 0.0067
S-Gsh 0.12 £ 0.032 495+7.2 156+ 34 0.0033 + 0.0033
N-CH3 0.19£0.074 28+1.1 185+4.4 0.0629 + 0.0103
Asp207>A 0.20 £ 0.044 2.3+0.7 17.3+5.7 0.0673 + 0.0056
Argl31->K 0.14 £ 0.037 53.6£6.9 14.7+29 0.0125 + 0.0044
Argl31>A 0.16 £ 0.019 57+16 16.2+5.1 0.0035 + 0.0061
Observations of these the resulting structures were superposed for
structure/function  relationship  altogether analysis of differences. As shown in Figure

support that the conformational flexibility of
the Fru-6-P entrance is an important control
factor of PFKFB3 activity and, further,
suggest that any molecular event that
increases the conformational flexibility of this
helix turn would increase the PFKFB3 activity.
Tests of such a model became inevitable,
because Argl31/134 of this F-6-P entrance
turn was revealed to be asymmetrically di-
methylated (N-CH3) by the actions of protein
arginine methyl transferase 1 (PRMT1) inside
cells. It is suspected that N-CH3 causes direct
structural effects on the Fru-6-P entrance.

Structure/function effect of asymmetrical
di-methylation at Arg131/134

Simulation:  To have insights into
the possible structural effect of N-CH3, the
asymmetrical di-methylation at Argl131/134
were simulated using the energy minimization
algorithm implemented in MOE under the
Merck Molecular Force Field 94 4748, For
comparative structural analysis, the energy
minimization was introduced onto both the
native protein and the methylated protein and

Copyright 2021 KEI Journals. All Rights Reserved

2A, the Fru-6-P entrance turn of the
methylated PFKFB3 moves away from the r-
helix by ~1.3 A because of the four methyl
groups crammed into a narrow space between
the two helices. Di-methylated Arg131 moved
away by ~3.5 A from its native position to
interact with GIn199 and Pro200 instead of
Asp207. In comparison, Arg134 moved away
by ~14 A to enhance hydrophobic
interactions between the added methyl groups
and the protein hydrophobic core. As a result,
the F-6-P entrance turn is uncoupled from the
n-helix. The uncoupling was suspected to
enhance conformational flexibility of the turn
and, thereby, to facilitate the catalytic Fru-6-P
binding.

Functional effect: For better
understanding of the biological significance
of N-CH3 of PFKFB3, its effect on the
activity for Fru-2,6-P> production was
investigated. The wild-type PFKFB3 and two
site-directed mutants, Argl31->Lys and
Argl31->Ala, were methylated in-vitro, to
confirm the in-vitro site specificity of PRMT1.
Western blot with anti-asymmetric dimethyl
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arginine antibody and its densitometric
quantitative analysis showed that N-CH3 by
PRMT-1 is specific for Arg131/134 (Figure
2B). The methylation level was decreased to
42% in the presence of 50 uM adenosine-
2’,3’- dialdehyde (AdOX), an accepted
PRMT1 inhibitor, confirming the PRMTL1
dependency “>%349 The methylation levels of
the two Argl31 mutants were also severely
decreased to 23% and 15% in Argl31->Lys
and Argl31->Ala, respectively, confirming
that Argl131 is the major methylation site, as
pointed out in % The results altogether
confirmed that Argl31 and Argl34 are the
sites of PRMT1-dependent methylation (N-
CH3) and showed that N-CH3 of PFKFB3 is
reproducible in-vitro.

In Figure 2C, the functional effect of
the in-vitro N-CH3 was compared to those of
other known regulatory covalent
modifications of PFKFB3, S-
glutathionylation at Cys206 (S-Gsh) and
phosphorylation at Ser461 (O-Pho). When
compared to the untreated control (Native), O-
Pho and S-Gsh caused a 4-fold increase and a
4-fold decrease in the activity, respectively, as
reported  previously  (15,16,32,33). In
comparison, N-CH3 caused a 5-fold increase
in the activity and the magnitude was
decreased to less than 50% in the presence of
50 uM AdOX, agreeing with the Western
results. Taken together, the PFKFB3 activity
for Fru-2,6-P, production is increased by
PRMT1-dependent methylation at
Argl31/134.

Structural effect: The structural
model of activation from the simulation study
was tested wusing the coupling-disabled
Asp207->Ala site-directed mutant. As shown
in Figure 2D, this mutant showed a 5-fold
increase in the activity, mimicking the
methylated PFKFB3. The observation
suggests that N-CH3 and Asp207->Ala share
mechanics for the enhancement of the activity.
Supporting the notion, the activity of the
Asp207->Ala mutant was not significantly
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further enhanced by N-CH3 and the
Argl31->Ala mutant, either (D207A/CH3
and R131A/CH3, respectively, in Figure 2D).
Taken together, N-CH3 at Argl31/134
facilitates the Fru-6-P binding by enhancing
the conformational flexibility of the Fru-6-P
entrance turn, to cause the observed activity
enhancement. The idea was supported by the
steady state kinetics summarized in Table 1.
Both the activation by N-CH3 and
Asp207->Ala caused near 5-fold decreases in
the Kms for Fru-6-P with no major changes in
Keat, Whereas S-Gsh increased the Km to a
similar extent. It was also notable that ATP
binding was not significantly affected by these
covalent modifications or mutagenesis,
confirming the simulation result.

Biological significance: To
evaluate biological significance of the
suggested N-CH3-dependent activity
enhancement, the functional effect of N-CH3
on PFKFB3 inside cell was compared to that
of the functionally opposing S-Gsh. HelLa
cells were transformed to overexpress wild-
type PFKFB3 (WT) in order to control the
cellular PFKFB3 abundance and glycolytic
rates (Figure 2E-G). The extent of N-CH3 was
controlled by the treatment with 100 uM
AdOX (AdOX) and S-Gsh was induced by 50
uM H20> (H202). To compare the effects of
N-CH3 and S-Gsh of PFKFB3, the mutants,
Argl31->A (R131A) and Cys206>A
(C206A), were also expressed, the former as
the control for low N-CH3 levels and the latter
as that for low S-Gsh levels. Their effects on
glycolysis and the pentose phosphate pathway
(PPP) were characterized by assaying the Fru-
2,6-P2 levels and the NADPH levels.

As shown in the Western blots (Figure
2E), the PFKFB3 protein levels were
increased by the overexpression. The N-CH3
level was kept as high as that of endogenous
PFKFB3 (Endogenous) and the level was not
affected by the employed vector (Vehicle).
The N-CH3 level of R131A overexpressed
was significantly lower than that of the wild-
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type but not notably higher than that of the
endogenous. In comparison, the S-Gsh level
of C206A was significantly lower than the
wild-type but not notably lower than the
endogenous. The Western blot results, thus,
clearly show that Arg131 is the major site of
N-CH3 and Cys206 of S-Gsh, as previously
reported 3242,

As expected, the overexpression of
WT or C206A significantly increased the
cellular Fru-2,6-P> levels to the similar extent,
while R131A did not (Figure 2F, Native). That
is because WT and C206A maintain high N-
CH3 levels, whereas R131 does not.
Supporting the rationale, when they were
treated with AdOX to lower the N-CH3 levels,
the magnitudes of increases were severely
decreased (AdOX) and the decrease was
maximal, when the oxidative stress (H202)
was raised, resulting in a sharp decrease in the
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Fru-2,6-P>, production. The decrease by
oxidative stress was not shown in C206A,
which is insensitive to S-Gsh.

Significant decreases in the Fru-2,6-P
levels causes a bottleneck in the glycolytic
pathway at the step for conversion of Fru-6-P
to Fru-1,6-P> and, as a result, the upstream
substrates including Fru-6-P are rerouted into
the PPP, resulting in increased production of
NADPH (Figure 2G). The magnitude of this
metabolic redirection and NADPH production
were dependent on the abundance of PFKFB3
with the activity that can be decreased by the
decreases in the N-CH3 levels (AdOX) or by
the increases in the S-Gsh levels in a ROS-
dependent manner (H202). Altogether, it was
indicated that both N-CH3 and S-Gsh of
PFKFB3 plays important role in the reciprocal
activation of glycolysis and the PPP.

https://esmed.org/ MRA/mra/
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Figure 2. PRMT-1-dependent methylation of PFKFB3 at Arg131 and Argl34.

A. Computational prediction (MD) of structural changes in PFKFB3 by PRMT1-dependent asymmetrical
di-methylation. The MD structure of the methylated protein (yellow) is superposed onto that of the native
protein (gray). B. Immunoblots of purified recombinant PFKFB3 methylated by PRMT-1 and the effects
of 100 uM AdOX, and site-directed mutagenesis on the methylation. C. Effects of various covalent
modifications on the PFKFB3 activity. The activities of untreated (Native), phosphorylated by protein
kinase A (Pho), S-glutathionylated (Gsh), methylated by PRMT-1 (CH3), and methylated by PRMT-1 in
the presence of 50 uM AdOX (AdOX). D. Effects of various site-directed mutagenesis and the PRMT-1-
dependent methylation on the PFKFB3 activity. E. Immunoblotting of various states of PFKFB3 in HelLa
cells after the treatments for PFKFB3 modifications: untreated (Ctrl), 100 uM AdOX-treated for PRMT-1-

Copyright 2021 KEI Journals. All Rights Reserved https://esmed.org/MRA/mra/



https://esmed.org/MRA/mra/

Jeong-Do Kim, et al.

Medical Research Archives vol 10 issue 1. January 2022

Page 12 of 21

inhibition (AdOX), and 50 uM H.0O--treated for S-glutathionylation (H20O). Endogenous, no treatment for
protein over expression; Vehicle, empty vector transformed; Wild-type, the wild-type overexpressed;
R131A, the Argl31->Ala mutant overexpressed; and C206A, the Cys206-> Ala mutant overexpressed. F.
The effect of diminished N-CH3 (AdOX) and S-Gsh (H202) on the cellular levels of Fru-2,6-P> and
NADPH, when cells were treated the same as in the immunoblotting. Absolute values were normalized to
the total protein concentration and changes in metabolite levels are expressed as a percent of control (Native,
untreated). T-tests were performed against control (*, P < 0.05; **, P < 0.01; ***, P <0.001; +, P < 0.06

(marginally significant); NS, not significant).

Relationship between N-CH3 and S-Gsh in
PFKFB3 control

As described above, N-CH3 and S-
Gsh are the covalent modifications that cause
two  functionally  opposing  effects.
Interestingly, the two modifications occur to a
nearly same area nearby the entrance to the
catalytic pocket, as shown in Figure 1B. The
distance between Argl31 for N-CHsz and
Cys206 for S-Gsh is only 3.7 A, suggesting a
possibility of interplay between the two
opposing modifications. Considering that S-
Gsh is a process carried out by a single
tripeptide molecule, glutathione (GSH), S-
Gsh is not likely to be impeded, whether the
methyl groups are attached to Arg131/134 or
not. On the other hand, N-CH3, an enzyme-
catalyzed process, would be severely
interfered, if Cys206 is attached with a GSH
molecule in advance, because of its severe
steric hindrance to the access of the enzyme,
PRMTL.

This speculation was tested by
investigating how one modification affects the
other in terms of its efficacy and ultimate
functional effects, using purified recombinant
PFKFB3. As shown in Figure 3A, PFKFB3
methylated in advance could be additionally
S-glutathionylated, when the oxidative stress

Copyright 2021 KEI Journals. All Rights Reserved

levels were elevated by addition of 3 mM
0XGSH (CHas/Gsh). More surprisingly, as
shown in Figure 3B, this additional S-Gsh
(CH3/Gsh) not only abolishes the activation
by N-CH3 but also deactivates the enzyme, as
if there was no previous N-CH3 at all in the
protein. In other words, the deactivation by S-
Gsh dominates in the functional effect on the
PFKFB3 activity, whether S-Gsh is first or
second, as shown as Gsh and CH3/Gsh,
respectively. The functional effect of the
additional S-Gsh on the methylated PFKFB3
is not different from that of S-Gsh on the
native protein.

However, when S-Gsh was introduced
in advance, the subsequent N-CH3 was
negligible (Gsh/CH3 in Figure 3A) and the no
changes in activity was accompanied
(Gsh/CH3 in Figure 3B). The functional
prevalence of S-Gsh in the methylated protein
is attributable to the interactions of the GSH
moiety with the Fru-6-P turn residues as
described above and shown in Figure 1D. It is
likely that, although N-CH3 uncouples the
turn from the n-helix, the GSH attached to
Cys206 freeze the conformation of the turn its
increased interactions to the turn and
neighboring structures.

https://esmed.org/ MRA/mra/
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Figure 3. Interplay of PRMT-1-dependent asymmetrical di-methylation and S-glutathionylation in
PFKFB3. A. Immunoblotting of PFKFB3 after the dual modifications: untreated (Nati), PRMT-1-
dependent N-methylation (CH3), S-glutathionylation (Gsh), S-glutathionylation after N-methylation
(CH3/Gsh), N-methylation after S-glutathionylation (Gsh/CH3). B. Effects of the dual modifications on the
PFKFB3 activity: untreated (Native), S-glutathionylation (Gsh), PRMT-1-dependent N-methylation (CH3),
100 uM AdOX (AdOX), S-glutathionylation after N-methylation (CH3/Gsh), N-methylation after S-

glutathionylation (Gsh/CH3).

These results altogether suggest that
the deactivation effect of S-Gsh on PFKFB3
would be prevalent, whenever the oxidative
stress level is elevated. Onsets of excessive
oxidative stress would induce S-Gsh of
PFKFB3 even though most PFKFB3 exist as
the methylated form inside cell. As a
consequence, the cellular Fru-2,6-P, levels
would be promptly decreased and, thereby,
the glycolytic flux would be redirected to the
pentose phosphate pathway (PPP) for
enhanced production of NADPH for
neutralization of reactive oxygen species
(ROS) 323738 Thus, it can be projected that a
mechanism crucial for cell survival from
oxidative stress would overrule a mechanism
for steady cell growth, when endangered by
oxidative stress.

Interplay between S-Gsh and N-CH3 for
PFKFB3 control inside cell

The interplay between S-Gsh and N-
CH3 for the control of PFKFB3 inside cell
was investigated. HeLa cells were
transformed to overexpress PFKFB3, cultured,
and treated in a way to change the
modification states of cellular PFKFB3 and
the results were analyzed using Western blots

Copyright 2021 KEI Journals. All Rights Reserved

of cell extracts (Figure 4A). The cells were
untreated to maintain a higher level of N-CH3
(Control); and/or a treated with 100 uM
AdOX, PRMT1 inhibitor, to decrease the N-
CHs level (AdOX); and/or 50 uM H20; to
induce S-Gsh of PFKFB3 (H202). To test the
effect of preexisting N-CH3 on the additional
S-Gsh, S-Gsh of PFKFB3 with a higher level
of the previous N-CH3 (H202) and that with
a lower level of N-CH3 (AdOX + H202) were
compared. To test the effect of preexisting S-
Gsh on the additional N-CH3, the (AdOX +
H202) cells were transferred to the medium
with no AdOX to allow restoration of N-CH3
(AdOX + H202 — AdOX).

Consistently with the results from the
recombinant protein experiments, a near
abolishment of N-CH3 was caused by the
treatment with excessive 100 uM AdOX
(AdOX), compared to the untreated control
(Control). However, when cellular oxidative
stress level was elevated by the H.0:
treatment, not only native PFKFB3 but also
PFKFB3 methylated in advance was S-
glutathionylated (H202 and AdOX+H202,
respectively), showing that S-Gsh is not
affected by the previous N-CH3 as in the

https://esmed.org/ MRA/mra/



https://esmed.org/MRA/mra/

Jeong-Do Kim, et al.

recombinant protein experiment described
above and in Figure 3A. On the contrary, once
S-glutathionylated, PFKFB3 was no longer
subject to N-CH3 (AdOX+H202-AdOX).
Taken together, elevated oxidative stress can
cause  S-glutathionylation of PFKFB3,
whether it is previously methylated or not.
Furthermore, it was observed that
PFKFB3 control by S-Gsh and N-CH3 was
followed by the metabolic effects. Changes in
glycolytic flux were characterized by changes
in Fru-2,6-P> levels (Figure 4B) and secreted
lactate levels (Figure 4C), while those in the
PPP were by Ribulose-5-phosphate +
Xylulose-5-P  concentration levels (Figure
4D), NADPH/NADP concentration ratios
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(Figure 4E), and reduced/oxidized glutathione
(reGSH/oxGSH) concentration ratios (Figure
4F). As shown in Figure 4B and 4C, decreases
in N-CH3 levels by the AdOX treatment were
reflected in decreases in the levels of Fru-2,6-
P> and secreted lactate to a similar extent,
supporting the speculation that N-CH3 is a
mechanism for activation of PFKFB3 and
glycolysis. However, when cellular oxidative
stress was elevated by the H2O» treatment, S-
Gsh of PFKFB3 was increased. As shown in
Figure 4D-F, all the tested PPP metabolites
and reGSH were increased after the H.O>
treatment, reflecting the covalent
modification effects shown in Figure 4A.
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Figure 4. Effects of the dual modifications on PFKFB3 and metabolism inside HelLa cells. A.
Immunoblotting of PFKFB3 overexpressed in HeLa cells after the treatments for PFKFB3 modifications:
untreated (Ctrl), 50 uM AdOX-treated for PRMT-1-inhibition (AdOX), 50 uM H,O.-treated for S-
glutathionylation (H20,), treated with 50 uM H,0; after with 50 uM AdOX (AdOX+ H,0,), washed with
medium with no AdOX to remove AdOX but not H.0, (AdOx+ H.0>-AdOX). B.-F. Effects on Fru-2,6-P
levels (B), secreted lactate levels (C), Ribulose-5-phosphate/Xylulose-5-P levels (D), NADPH/NADP
ratios (E), and GSH/GSSG ratios (F), when cells were treated the same as in the immunoblotting. Absolute
values were normalized to the total protein concentration and changes in metabolite levels are expressed as
a percent of control. T-tests were performed against control (*, P < 0.05; **, P <0.01; ***, P <0.001; +, P
< 0.06 (marginally significant); NS, not significant). Additional T-tests were performed between the groups

of AdOX+H202 and AdOX+H202-AdOX.

Taken together, modulation of
PFKFB3 activity by the HO. treatment
decreased glycolysis and increased the PPP,
resulting in an increase in NADPH/NADP
ratio and, ultimately, an increase in
reGSH/oxGSH ratios. An increase in PPP flux
and, thereby, reGSH/oxGSH concentration
ratios is crucial for regulating cellular ROS
levels and, ultimately, cell survival under
oxidative stress. Thus, our results reconfirm
that S-Gsh of PFKFB3 controls glucose
metabolism for regulation of oxidative stress
homeostasis.

Biological significance

The results altogether reveal that the
PFKFB3 activity is controlled by N-CH3 and
S-Gsh, which occur to the same protein area
but for the practically opposing functional
effects. The relationship between the two
covalent controls of PFKFB3 is analogous to
the  ‘Yin-Yang’ relationship  between
phosphorylation (O-Pho) and O-linked

Copyright 2021 KEI Journals. All Rights Reserved

glycosylation with N-acetylglucosamine (O-
GIcNAC) in dual covalent controls adopted in
many other proteins %2, As well documented,
O-Pho and O-GIcNAc compete for the same
or nearby serine/threonine residues such that
the one exerts exclusive influence on the other
by exerting steric hindrance to both the
protein-dependent modifications 13,

However, N-CH3 and S-Gsh in
PFKFB3 is uniquely different from the typical
‘Yin-Yang’ relationship. Because S-Gsh is
accomplished by a protein-free process, which
is insensitive to prior N-CH3, N-CH3 and S-
Gsh unevenly compete for the same area of
PFKFB3. Moreover, the S-Gsh effect is
released only after oxidative stress was
subdued by activation of the PPP and the
resulting increases in reGSH. This uneven
relationship  between the two control
mechanisms would force continuous cycles of
glycolysis and the PPP for regulation of
cellular oxidative stress homeostasis, as
diagramed in Figure 5.
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Figure 5. Cyclic activation of glucose metabolisms by covalent control of PFKFB3. The uneven competitive
relationship between N-CH3 and S-Gsh force continuous cycles of glycolysis and the PPP for regulation of
cellular oxidative stress homeostasis. To avoid the detrimental oxidative stress (OXS), which is easily
induced by activated glycolysis in tumor cells (Red), up-regulation of NADPH and, thereby, reGSH, via
the PPP (Blue) is necessary for detoxification of ROS. To achieve alternative activation of glycolysis and
the PPP, the PFKFB3 activity for production of Fru-2,6-P; is crucially controlled by cellular oxidative stress
via S-Gsh. PFKFB3-CH3, N-methylated PFKFB3; Gsh-PFKFB3, S-glutathionylated PFKFB3; Gsh-
PFKFB3-CH3, PFKFB3 both N-methylated and G-glutathionylated; and OXS, oxidative stress.

Activation of aerobic glycolysis and
mitochondrial impairment is the two
hallmarks of tumor cells and, as a result of
such metabolic reprogramming, cellular
oxidative stress easily increases to detrimental
levels. To avoid the detrimental conditions,
up-regulation of the PPP and, thereby, reGSH,
which is recycled using NADPH produced
from the PPP, is necessary for detoxification
of ROS. In that regard, it is interesting that the
PFKFB3 activity for production of Fru-2,6-P>,
which is the key allosteric regulator of
glycolysis, is crucially controlled by cellular
oxidative stress via S-Gsh, because decreases
in cellular Fru-2,6-P levels and glycolysis is

Copyright 2021 KEI Journals. All Rights Reserved

coupled to a reciprocal increase in the PPP. It
is even more interesting to find that S-Gsh, a
survival mechanism, can overrule N-CH3, a
growth mechanism, to ensure the metabolic
shifts crucially required for coping with onsets
of detrimental oxidative stress.

Periodical alternative activation of
glycolysis and the PPP is also necessary for
biosynthesis of nucleotides, some amino acids,
and lipids for rapid cell proliferation in cancer
23437 Activation of glycolysis is not only for
energy production but also for production of
the glycolytic intermediate metabolites used
as precursors of the anabolic processes.
Modulation of PFKFB3 enables cells to
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secure large quantities of the glycolytic
metabolites necessary for such anabolic
processes.  Otherwise, a  harmonious
biosynthesis using the PPP products would
not be possible. In this regard, PFKFB3
control by S-Gsh also suggests a possible role
of PFKFB3 in cell cycle progression of cancer
cells, although further studies are necessary to

Continued cell cycle progression of
proliferation of tumor requires metabolic
alteration of cellular glucose to glycolysis and
the PPP for production of energy and
materials. It has been shown that the
alternation is achieved by dynamic covalent
modifications of PFKFB3 and the resulting
changes in the level of Fru-2,6-P>. We have
shown that N-CH3 at Arg131/134 is for up-
regulation of Fru-2,6-P>, while S-Gsh at
Cys206 for down-regulation. Moreover, the
two functionally opposing mechanisms
controls the PFKFB3 activity in a cyclic
manner such that tumor cells steadily continue
cell division, avoiding detrimental effects of
ever-increasing ROS.

Copyright 2021 KEI Journals. All Rights Reserved
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elucidate the details of this mechanism. This
new understanding will contribute to the
development of appropriate therapeutic
strategies for cancer prevention and treatment
based on their redox profile.

Conclusion
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