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Monkeys learned that one CS predicted only
juice, whereas another predicted juice plus a simul-
taneous aversive stimulus (fig. S1C). Consist-
ent with both hypotheses, the CS predicting juice
alone caused a much stronger activation than the
CS predicting juice plus saline or bitter (Fig. 3A).
However, in contrast to the single-dimension hy-
pothesis, prediction of air caused only a small
suppression of the CS response in monkey F
(Fig. 3B) and no suppression in monkey O
(Fig. 3C). Across all 49 cells in monkey F in
which experiments were performed both with
air (Fig. 3B) and saline (Fig. 3A), the effect of
saline (in suppressing firing rates) was signif-
icantly greater than that of air (P = 0.02, paired
t test). When air was delivered together with
juice but with a probability of 0.5 (following a
CS), its aversiveness had no effect on firing rate
(Fig. 3D). Analogous experiments in which a
loud (90 dB) but neutral sound replaced air
yielded similar results, with the sound being
ineffectual (fig. S3).

The insensitivity of dopamine neurons to aver-
siveness suggests that other neurons should rep-
resent aversiveness. Reward and aversiveness
could be represented independently by discrete
sets of neurons because they are experienced by
the brain as statistically independent of one an-
other, displaying neither strong positive nor nega-
tive correlations. They would not be represented
as opposites along a single dimension because
in general, they are not anticorrelated with one
another. This is essentially the same explanation
that has been given for receptive field formation
in sensory systems, in which distinct neurons learn
to recognize statistically independent features
as discrete “objects” (26, 27).

Past and present results do support the ex-
istence of opponent representations for reward
(3, 13, 16, 28), and the same is likely to be the
case for aversiveness. Thus, one can infer from
the present results that there are four types of
value representations, which could be denoted as
reward-ON (Roy), reward-OFF (Ropr), aversive-
ON (Aon), and aversive-OFF (Aggg). The “ON”
neurons would be activated by evidence for re-
ward, or for aversiveness, and the “OFF” neurons
by evidence against reward, or against aversive-
ness. These four putative types of neurons would
mediate the four types of reinforcement distin-
guished at the behavioral level. Skinner denoted
these, esoterically, as positive reinforcement (Roy),
positive punishment (Aoy), negative reinforce-
ment (Aorr), and negative punishment (Rorp)
(7). Because dopamine represents Roy,;, it is nat-
ural to ask whether the other three major mod-
ulatory neurotransmitters might represent the
other three value signals. Although some record-
ings have been made from neurons containing
norepinephrine, serotonin, and acetylcholine, it
remains uncertain how they represent value, in
part because of the challenges described above
in characterizing neuronal responses to both re-
ward and aversiveness. Regardless of the other
classic neuromodulators, the present results sug-
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gest the existence of at least three other modu-
latory signals to represent the other three aspects
of value and to “teach” value throughout large
parts of the brain in a manner analogous to that
proposed for dopamine (2, 7, 9).
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Functional Lysine Modification by an
Intrinsically Reactive Primary
Glycolytic Metabolite

Raymond E. Moellering and Benjamin F. Cravatt

The posttranslational modification of proteins and their regulation by metabolites represent
conserved mechanisms in biology. At the confluence of these two processes, we report that the
primary glycolytic intermediate 1,3-bisphosphoglycerate (1,3-BPG) reacts with select lysine
residues in proteins to form 3-phosphoglyceryl-lysine (pgK). This reaction, which does not
require enzyme catalysis, but rather exploits the electrophilicity of 1,3-BPG, was found

by proteomic profiling to be enriched on diverse classes of proteins and prominently in or around
the active sites of glycolytic enzymes. pgK modifications inhibit glycolytic enzymes and, in

cells exposed to high glucose, accumulate on these enzymes to create a potential feedback
mechanism that contributes to the buildup and redirection of glycolytic intermediates to

alternate biosynthetic pathways.

egulation of protein structure and func-
Rtion by reversible small-molecule binding

(Z, 2) and covalent posttranslational mod-
ification (PTM) (3) are core tenets in biochemistry.
Many intermediates in primary metabolic path-
ways reversibly bind to proteins as a form of
feedback or feedforward regulation (2). Covalent
PTMs are, however, typically introduced onto pro-

teins by enzyme-catalyzed processes, but can
also result from enzyme-independent interactions
between reactive metabolites and nucleophilic
residues in proteins (4—7). The scope and broad
functional significance of nonenzymatic mod-
ifications of proteins, however, remain poorly
understood. In this context, we wondered wheth-
er intrinsically reactive intermediates in primary
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metabolic pathways might covalently modify
proteins.

A survey of primary metabolites with the
potential to modify proteins focused our at-
tention on the central glycolytic intermediate 1,3-
bisphosphoglycerate (1,3-BPG), a product of
catalysis by glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) that has a highly electrophilic
acylphosphate group (Fig. 1A). Acylphosphate
reactivity is central to several enzyme-catalyzed
metabolic processes (8, 9) and has proven useful
in the design of electrophilic nucleotide probes
that react with conserved lysines within kinase
active sites (/0). We thus examined whether 1,3-
BPG might modify lysine residues on proteins to
form 3-phosphoglyceryl-lysine (pgK) (Fig. 1A).

Because of its propensity for rearrangement to
the more stable isomer 2,3-bisphosphoglycerate
(2,3-BPG), 1,3-BPG is not commercially avail-
able. Therefore, to initially determine whether
1,3-BPG reacted with proteins to form pgK mod-
ifications, we produced this metabolite in situ by
incubating purified human GAPDH with substrate
and cofactor (fig. S1). GAPDH was then tryp-
sinized and analyzed by liquid chromatography—
tandem mass spectrometry (LC-MS/MS) on an
Orbitrap Velos mass spectrometer for peptides
with a differential modification mass of 167.98238
daltons on lysines, the expected mass shift caused
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Fig. 1. 1,3-BPG forms a stable, covalent modification on lysines of

GAPDH in vitro. (A) pgK formed by reaction of a

acylphosphate functionality in 1,3-BPG. (B) Spectral counts of pgK-modified
tryptic peptides detected by LC-MS/MS analyses of GN, GG, and GGN GAPDH
enzymatic reactions (average of two independent experiments). (C) MS/MS
spectra of the in vitro GGN-GAPDH—derived (left) and synthetic (right) doubly
charged tryptic peptide VV(pg)KQASEGPLK. Observed b-, y-, and relevant
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by pgK formation. Several pgK-modified GAPDH
peptides were identified in reactions with sub-
strate and cofactor (GGN conditions) (Fig. 1B
and table S1). These pgK-modified peptides
were much less abundant, but still detectable
in control reactions lacking substrate (GN) or
cofactor (GG), which suggested that commer-
cial GAPDH, which is purified from erythrocytes,
may be constitutively pgK-modified. Structur-
al assignments for two distinct pgK-modified
GAPDH peptides were verified by comparison
with synthetic peptide standards (fig. S2, see
Materials and Methods), which showed equivalent
LC retention times and MS/MS spectra (Fig. 1C
and figs. S3 and S4). Analysis of a GAPDH crys-
tal structure revealed that all of the pgK-modified
lysines are solvent-exposed (fig. S5) and that the
most frequently identified sites of modification
(K107, K194, and K215) (table S1) cluster around
the GAPDH active site (Fig. 1D). Isoelectric
focusing (IEF) revealed a shift in the isoelectric
point (pl) distribution of GAPDH from ~8.6 in
GN control reactions to 6.5 to 7.66 in GGN reac-
tions (Fig. 1E and fig. S6). This shift is consistent
with GAPDH’s having acquired a net negative
change in charge through capping of lysines by
phosphoglycerate, a conclusion also supported by
LC-MS/MS analysis, which revealed substantial
enrichment of pgK-modified peptides in the acidic
IEF fractions (fig. S6).

We next assessed the existence and global
distribution of pgK modifications in cell pro-
teomes. We reasoned that pgK-peptides might
share enough physicochemical properties with
phosphorylated peptides to permit enrichment

by a standard phosphoproteomic workflow that
used immobilized metal affinity chromatogra-
phy (IMAC) (fig. S7) (11). pgK-modified ly-
sines were identified in several protein classes
in four human cell lines examined (table S2).
Two of the aforementioned pgK-sites observed
for GAPDH in vitro were detected in human
cells and generated MS/MS spectra that matched
the spectra of both the synthetic (fig. S8) and in
vitro—derived (figs. S3 and S4) pgK-modified
GAPDH peptides. Meta-analysis of published
phosphoproteomic data sets (/2, /3) confirmed
that pgK-modified proteins are also present in nor-
mal mouse tissues and that several pgK sites are
conserved in human and mouse protein orthologs
(Fig. 2, A and B, and table S3). Bioinformatic
clustering with DAVID software (/4) and KEGG
pathway analysis revealed enrichment of pgK-
modified proteins in glycolysis in both human
cells (Fig. 2C and table S4) and mouse liver
(Fig. 2D and table S4).

Examination of the observed modification
sites revealed that they often occurred on cata-
lytic or regulatory lysine residues in the active
sites of glycolytic enzymes that use three-carbon
substrates (Fig. 2, A, B, and E; and fig. S9). No-
table exceptions were phosphoglycerate kinase
(PGK1) and bisphosphoglycerate mutase (BPGM),
both of which accept 1,3-BPG as a substrate
but have active sites predominantly made up of
histidine and arginine residues (fig. S10). These
findings suggest that both PGK1 and BPGM
may have evolved to have active sites that are
resistant to stable modification by 1,3-BPG. Anal-
ysis of the local sequence context surrounding
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peK sites revealed no discernible motif (fig. S11),
which is consistent with an enzyme-independent
labeling mechanism.

Metabolic labeling with heavy glucose (p-
glucose-">Cg. 1,2,3,4, 5,6, 6-d;) revealed that
pgK modifications were derived from glucose
metabolism (fig. S12). We next tested whether
changes in glycolytic flux, through altering 1,3-
BPG, might dynamically regulate the extent of
pgK modifications in cells. We exposed cells to
normal (10 mM) or high (25 mM) concentra-
tions of glucose and found that the latter cells,
which had 4- to 5-fold elevations in bis-(1,3
and/or 2,3-)phosphoglycerate (Fig. 3A), exhibited
greater pgK signals for several proteins (Fig. 3B), as
judged by immunoblotting with antibodies gen-
erated against pgK (fig. S13 and Materials and
Methods). Similar experiments performed on hu-
man embryonic kidney—293T (HEK293T) cells
expressing FLAG-tagged ENO1 or GAPDH re-
vealed that both proteins showed significant glu-
cose concentration—dependent increases in their
pgK-modification state (Fig. 3, C and D). We
also used the quantitative proteomic method
SILAC [stable isotope labeling of amino acids
in cell culture (/5)] and found that cells grown
in 25 mM glucose exhibited increased pgK
modification of several proteins, including the
active-site lysine of ENO1, K343, without changes
in the abundance of non-pgK peptides in these

Human Cell Lines

proteins (Fig. 3, E and F; table S5; and fig. S14).
IEF further established a shift in ENO1 protein
to more acidic pH fractions in cells grown in
25 mM glucose (Fig. 3G). Finally, analysis of
mouse phosphoproteomic data sets (/2) re-
vealed that the extent and distribution of pgK
modifications for glycolytic enzymes, as mea-
sured by pgK-peptide spectral counts, were high-
est in liver, brain, and kidney, which are major
sites of glucose uptake and glycolytic and gluco-
neogenic activity in vivo (Fig. 3H, fig. S15, and
table S3) (16).

We detected pgK modification of multiple
nuclear proteins (tables S2 and S3 and figs. S14C
and S16A). GAPDH can localize to the nucleus
(17), and this distribution is promoted by ex-
posing cells to high concentrations of glucose
(18, 19) (fig. S16, B and C), which provides a
potential mechanistic explanation for the glucose-
stimulated increase in pgK signals for the nuclear
protein NUCKSI (nuclear ubiquitous casein and
cyclin-dependent kinases substrate 1) (figs. S14C
and S16D). We further tested this premise by
comparing nuclear pgK profiles in HEK293T
cells transfected with wild-type (GAPDH-WT)
or nuclear-localized GAPDH (GAPDH-NLS, con-
taining a C-terminal SV40 nuclear localization
sequence) (fig. S16, E to G). GAPDH-NLS cells ex-
hibited increased pgK signals in a subset of nuclear
proteins (fig. S16H), including NUCKSI (fig. S16I).

REPORTS

We next assessed the impact of pgK mod-
ification on glycolytic enzyme activity. We first
compared in vitro pgK-modified (GGN) with
control (GN) GAPDH reactions after dialysis
to remove unreacted 1,3-BPG and other metab-
olites. GAPDH from GGN reactions exhibited
an approximately twofold increase in apparent
Michaelis constant (K),,) value (Fig. 4A), indi-
cating that pgK modifications may perturb
interactions with GAP substrate. We attempted
to mimic 1,3-BPG modification of the catalytic
lysine (K343) of ENO1 (20), as well as another
active site lysine (K394) (Fig. 4B), by generating
K-to-E mutations, which displayed substantial-
ly reduced activity (Fig. 4C and fig. S17A). We
also found that FLAG-tagged ENO1 enzyme ex-
pressed in HEK293T cells showed ~30% lower
activity after exposure to 25 mM versus 10 mM
glucose for 24 hours (Fig. 4D), which is con-
sistent with our quantitative proteomic findings
indicating enhanced pgK modification of K343
in cells exposed to high glucose concentrations
(Fig. 3C, E-G).

We used targeted metabolomics (table S6)
to measure glycolytic and citric acid cycle (CAC)
intermediates in human cells exposed to 10 versus
25 mM glucose for 24 hours and, as expected,
found higher concentrations of metabolites in the
latter condition. However, these increases were
not uniform but were mostly restricted to central

Downloaded from www.sciencemag.org on August 3, 2013
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Fig. 3. Dynamic coupling of pgK modification to glucose metabolism.
(A) Intracellular glucose and bisphosphoglycerate (BPG, aggregate of both
1,3- and 2,3-isomers) levels from cells grown at indicated glucose concentra-
tions for 24 hours. (B) Antibody against pgK (o-pgK) 1B and Coomassie-stained
gel of proteomes from HEK293T cells grown at indicated glucose concen-
trations. (C and D) o-pgK IB of o-FLAG—enriched ENO1 (C) and GAPDH (D)
expressed in HEK293T cells grown at indicated glucose concentrations. Shown
below each blot is a graph of the average relative o-pgK band intensities
(n = 4 per group). (E) Representative SILAC chromatograms, MS1 isotope
envelopes, and corrected (corr.) area ratios for non-pgK (left) and pgK-
modified (right) peptides from ENO1. Integration area is shown within

green bars; asterisk (*) in the chromatogram signifies the triggered MS2
scan. (F) Average SILAC ratios for pgk343-containing and non-pgk ENO1
peptides from cells grown at indicated glucose concentrations. Horizontal
line and whiskers represent the mean and 10 to 90% confidence intervals,
respectively. (G) IB of IEF-focused ENO1 from MCF7 cells grown at the indicated
glucose concentrations. Plot shows the IEF-focused ENO1 pl distributions quan-
tified by densitometry. (H) Spectral count values for pgK-modified enolase
peptides across nine mouse tissues (table S3). Data represent means + SEM;
statistical significance was determined by two-way t tests with a Bonferroni
correction for (C) and (D) and Welch's correction for (F): *P < 0.05; **P < 0.01;
***P < 0.005.

glycolytic metabolites, including fructose-1,6-
bisphosphate (FBP), glyceraldehyde-3-phosphate
(GAP), phosphoglycerate (both 2- and 3-isomers,
2PG and 3PG) and phosphoenolpyruvate (PEP)
(Fig. 4E and fig. S17, B to D). A similar meta-
bolomic profile was observed in cells cultured
in normal glucose and treated with the ENO1
and PKM2 inhibitor NaF (3 mM, 24 hours)
(fig. S17, E to G). We used pulse-chase experi-
ments with 10 mM "*C-labeled glucose to mea-
sure glycolytic flux in cells grown in 10 versus
25 mM glucose for 24 hours. Cells grown in
25 mM glucose showed reduced glycolytic flux
at early time points postchase with '*C-glucose
(< 6 hours) and these decreases were alleviated
by 16 hours (Fig. 4F), which correlated with
changes in pgK-signals over the time course
(fig. S17H, I). Finally, the build up of glycolytic
metabolites in cells exposed to either high glu-
cose or NaF was accompanied by increased con-
centrations of metabolites that are biosynthesized
from central glycolytic intermediates, including
serine, ribulose-5-phosphate, and reduced glu-
tathione (Fig. 4G and fig. S17J).
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We found that a synthetic, pgK-containing
tetrapeptide Ac-AA(pg)KA (fig. SI18A) was de-
acylated (Ac-AAKA) and dephosphorylated
[Ac-AA(g)KA; glyceryl-lysine, (g)K] when ex-
posed to native, but not heat-denatured, cell
lysates or buffer alone (fig. S18, B and C), which
indicated that pgK modifications can be enzymat-
ically metabolized. Broad-spectrum phosphatase
inhibitors blocked formation of dephosphorylated
and, to a lesser extent, deacylated peptide products
(fig. S18D), which suggested that deacylation
may occur directly from pgK-peptides or through
a dephosphorylated gK intermediate (fig. S18E).
Kinetic analysis in cell lysates further revealed
that deacylation and dephosphorylation reactions
occur on similar time scales in cell lysates (fig.
S18F). These data indicate that pgK is a dynamic
and reversible PTM.

In summary, we have identified herein a PTM
found on numerous mammalian proteins (tables
S2 and S3) that originates from the reaction of
lysines with a primary glycolytic metabolite, 1,3-
BPG. This reaction increases the size and inverts
the charge potential of the modified residue from

positive to negative and, therefore, has the po-
tential to affect the structure and function of pro-
teins from diverse families and pathways (fig. S19).
1,3-BPG modification of lysines also likely oc-
curs in lower organisms, given the conservation
of glycolysis throughout evolution (27, 22). The
enrichment of pgK-modification sites on glyco-
lytic enzymes indicates that these enzymes may
form a physical complex in cells (23), as has been
observed for other metabolic pathways (24).
The localization of GAPDH to additional sub-
cellular structures or protein complexes could
provide a general mechanism to regulate the
pgK-modification state of proteins. An aggregate
effect of partial enzyme impairments by pgK mod-
ification in the glycolytic pathway may be reduced
carbon flow into Lac and CAC intermediates,
which leads to increased levels of central metab-
olites that can be shunted to alternate biosynthetic
pathways (fig. S20) (25, 26). Erythrocytes isolated
from patients with a rare deficiency in BPGM,
which should increase 1,3-BPG concentrations,
show a profile similar to that of cells grown in
high concentrations of glucose, with build-up of
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Fig. 4. pgK modification impairs glycolytic enzymes and correlates with
altered glycolytic output in human cells. (A) Michaelis-Menten kinetic
analysis comparing GAPDH from GGN (1,3-BPG—producing) with GN (control)
reactions. v, initial enzyme velocity measurements. (B) Structure of ENO1
active site (PDB accession no. 3B97) showing residues important for catalysis,
including pgK sites K343 and K394. (C) Relative activities of wild-type and
mutant FLAG-tagged ENO1 expressed and affinity-isolated from HEK293T
cells (fig. S17A for expression data of ENO1 variants). (D) Relative activities
of FLAG-isolated ENO1 expressed in HEK293T cells cultured in 10 versus 25
mM glucose for 24 hours. (E) Relative metabolite levels in HEK293T cells

grown in 10 versus 25 mM glucose for 24 hours. (F) Relative heavy lactate
and citrate levels in HEK293T cells pretreated with the indicated glucose
concentrations for 24 hours and then grown in 10 mM heavy glucose for the
indicated length of time. (G) Relative metabolite measurements in cells grown
in 10 versus 25 mM glucose (left) or treated with NaF (right). Data shown
represent means = SEM from triplicate experiments. Statistical significance
was determined by two-way t tests: *P < 0.05; **P < 0.01; ***P < 0.005; n.s.,
not significant. G6P, glucose-6-phosphate; FBP, fructose-1,6-bisphosphate;
Pyr, pyruvate; Lac, lactate; Succ, succinate; Cit, citrate; Glu, glutamate; Ser,
serine; R5P, ribulose-5-phosphate; GSH/GSSG, reduced/oxidized glutathione.
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