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’ INTRODUCTION

Identifying drug targets and elucidating their pharmacological
pathways provide the basis for understanding drug function.
There have been numerous experimental approaches to identify-
ing and validating targets.1�10 Microarrays (e.g., nucleic acid,
protein, cell, tissue) have proved effective in identifying either
genes or proteins whose expression profiles are altered upon drug
administration or are present in different levels in diseased
tissues. While this approach has revealed global pictures of gene
and protein expression profiles, it does not determine which
protein target interacts directly with the drug. Antisense tech-
nologies, especially RNA interference (RNAi), provide alterna-
tive strategies to identifying and validating drug targets. By
knocking down or silencing genes of interest, these technologies
mimic the activity of a drug that partially or completely inhibits
the normal function of the genes’ products. Unfortunately, RNAi

does not directly identify the protein that interacts with the drug
of interest. Recently, chemical biology approaches to identifying
drug targets have attracted considerable attention. Specifically,

forward chemical genetics has been used to identify protein
targets and pathways that are chemically modulated.3�5 Typi-
cally, this is accomplished by determining the molecular mecha-
nism(s) that underlie the phenotypic changes induced by small
molecules (drugs, drug candidates). Nonetheless, identifying
proteins that interact with small molecule therapeutic agents
remains a major challenge. This challenge increases for thera-
peutic agents whose binding to the target is modest. Further
complicating target identification studies is the sheer number of
binding proteins that could interact with a therapeutic agent,
some of which have functional significance, but others do not.
This is particularly true for neurological agents, such as anti-
epileptic drugs (AEDs), wherein drug function is often associated
with multiple receptor interactions,11,12 and the efficacy of the
drug might be the sum of several beneficial interactions.13,14
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ABSTRACT: We have advanced a useful strategy to elucidate
binding partners of ligands (drugs) with modest binding
affinity. Key to this strategy is attaching to the ligand an affinity
bait (AB) and a chemical reporter (CR) group, where the AB
irreversibly attaches the ligand to the receptor upon binding and
the CR group is employed for receptor detection and isolation.
We have tested this AB&CR strategy using lacosamide ((R)-1),
a low-molecular-weight antiepileptic drug.We demonstrate that
using a (R)-lacosamide AB&CR agent ((R)-2) 14-3-3 ζ in rodent brain soluble lysates is preferentially adducted, adduction is
stereospecific with respect to the AB&CR agent, and adduction depends upon the presence of endogenous levels of the small
molecule metabolite xanthine. Substitution of lacosamide AB agent ((R)-5) for (R)-2 led to the identification of the 14-3-3 ζ
adduction site (K120) by mass spectrometry. Competition experiments using increasing amounts of (R)-1 in the presence of (R)-2
demonstrated that (R)-1 binds at or near the (R)-2modification site on 14-3-3 ζ. Structure�activity studies of xanthine derivatives
provided information concerning the likely binding interaction between this metabolite and recombinant 14-3-3 ζ. Documentation
of the 14-3-3 ζ�xanthine interaction was obtained with isothermal calorimetry using xanthine and the xanthine analogue 1,7-
dimethylxanthine.
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We15,16 and others17�26 have advanced a useful strategy to
identify binding partners for ligands (low-molecular-weight
drugs) that have modest binding affinities for their complemen-
tary targets. This approach calls for constructing drug analogues
that contain affinity bait (AB) and chemical reporter (CR) units.
Upon receptor binding of the drug’s AB&CR analogue, covalent
attachment of the analogue occurs at the AB site, leading to
irreversible, covalent modification of the receptor. Target detec-
tion (e.g., in-gel fluorescence) and isolation (e.g., affinity-based
chromatographic methods) is accomplished through the CR
moiety upon reaction with a bio-orthogonal probe,27,28 and
then the isolated bound receptors are identified by mass spectro-
metry (MS) or other methods.

Our laboratory discovered lacosamide ((R)-N-benzyl 2-acet-
amido-3-methoxypropionamide, (R)-1),29 a first-in-class AED
that has been introduced in the United States and Europe for the
adjunctive treatment of partial-onset seizures in adults (Figure 1).30

The mode of action of (R)-1 is unclear, and only recently has
information been presented that this novel drug might modulate
sodium channel function.31,32 We, from our proteomic search for
(R)-1-binding proteins, and others have implicated collapsin-
response mediator protein 2 (CRMP2)15,33,34 and carbonic
anhydrase35 to interact with (R)-1, but the functional significance
of these targets has not been determined.

In this study, we report that 14-3-3 ζ selectively interacts with
a lacosamide AB&CR agent and that adduction is specific with
respect to the lacosamide AB&CR agent. Significantly, we dem-
onstrate that capture of the target protein is uniquely dependent
upon the presence of xanthine, an endogenous small molecule
metabolite, in the brain lysate. We show that lacosamide AB&CR
adduction of 14-3-3 is isoform specific, and we report the
xanthine structural requirements necessary for the lacosamide
AB&CR adduction process. Finally, our findings suggest that
xanthine is an endogenous modulator of 14-3-3 ζ, a key regula-
tory protein in the brain. This study validates the AB&CR
strategy to identify ligand (drug) protein binding partners and

the need to carefully utilize lysates that closely mimic in vivo
conditions in proteomic searches of drug binding targets.

’RESULTS

Identification of 14-3-3 ζ as an (R)-1 Binding Partner. We
chose to use lacosamide AB&CR agent 2,15 which contained an
isothiocyanate AB group positioned at the 40-position of the N-
benzylamide ring and a propargyl CR group located at the C(3)
oxy site (Figure 1a). The isothiocyanate group is an established
AB moiety36 that displays an excellent balance between stability
and reactivity, while the alkyne moiety in the 3-oxypropargyl
residue readily undergoes Cu(I)-mediated cycloaddition react-
ions37,38 with azide probes. Accordingly, we used the rhodamine-
containing azide probe 315,39 for the in-gel experiments and
the biotin-containing azide probe 415 for receptor isolation
(Figure 1b). For AB&CR 2, we tested individually both the
(R)- and the (S)-enantiomers because the anticonvulsant activity
of 1 is associated with the (R)-stereoisomer.29 In the mice
maximal electroshock (MES) seizure model,40 (R)-1 was >22-
fold more potent than (S)-1.29 Thus, preferential receptor
adduction by (R)-2 as compared to (S)-2 is an important
measure of target site specificity,41 and it provided a powerful
tool to identify binding partners that selectively interact with
(R)-1. We have reported the whole animal pharmacological
activities of (R)-2 and (S)-2 in the MES test in both mice (ip) and
rats (po).15Weobserved that (R)-2displayed potent seizure protec-
tion while (S)-2 did not, but that (R)-2 was approximately 10-
fold less active than (R)-1 in mice (ip). More recently, using
patch-clamp electrophysiology, we determined the functional
activity of these compounds in mouse CAD cells.42 Like (R)-1,31

(R)-2 promoted sodium channel slow inactivation without
affecting fast inactivation, and sodium channel inactivation was
stereoselective with (R)-2 being active but (S)-2 not. These
results indicate that our placement of the AB (isothiocyanate)
and CR (propargyl) moieties in the lacosamide framework did

Figure 1. Structures and proteome reactivity profiles. (a) Structures of lacosamide ((R)-1) and lacosamide AB&CR agent ((R)-&(S)-2). (b) Structures
of rhodamine-azide (3) and biotin-azide (4) reporter probes. (c) Proteome reactivity profiles of lacosamide AB&CR 2 using the mouse brain soluble
lysate. An asterisk marks selectively labeled protein by (R)-2. (d) Proteome reactivity profiles of lacosamide AB&CR 2 using the lysate precleared
through a Nap-10 column. An arrow marks selectively labeled protein by (R)-2. All labeled proteins were detected by in-gel fluorescence scanning after
Cu(I)-mediated cycloaddition to a rhodamine probe 3. All proteins in lysate were visualized by Coomassie blue staining after in-gel fluorescence
scanning. All images are shown in gray scale.
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not markedly affect the modified agent’s binding to some of its
cognate receptor(s).
We began the study by treating the mouse brain soluble lysate

with either (R)-2 or (S)-2 and then reacting the treated lysates
with rhodamine probe 3 under Cu(I)-mediated cycloaddition
conditions (Figure 1c). We previously evaluated a similar lysate
with these probes and identified the preferential adduction of
CRMP2, a potential binding target for (R)-133,34 (Figure 1d,
arrow).15 However, the specificity of CRMP2 captured by (R)-2
versus (S)-2 was modest (1.5�1.8-fold). Significantly, the lysate
used in this earlier study had been precleared through a gel-
filtration NAP-10 column (G-25 resin) to remove small mol-
ecules that might react with (inactivate) the isothiocyanate AB
group. When the reaction was repeated using the lysate not
treated with NAP-10, we observed the preferential adduction of
another protein(s) located at∼25 kDa (Figure 1c, asterisk). The
level of selective adduction by (R)-2 as compared to (S)-2
was g5:1, significantly greater than that observed for CRMP2.
Overall, the level of total protein modification was higher with
the NAP-10-treated lysate (Figure 1d) than with the untreated
lysate (Figure 1c), a finding consistent with the notion that the
NAP-10 column removed low-molecular-weight nucleophilic
molecules (e.g., glutathione) that could react with isothiocya-
nate-containing 2. Interestingly, we did not observe specific
adduction of the ∼25 kDa-band in the Nap-10-treated lysate
by (R)-2 as compared to (S)-2 (Figure 1d), and the level of
adduction of the ∼25 kDa-band versus other bands in the gel
increased when the Nap-10 step was omitted (Figure 1c). To
determine the identity of this protein, the experiment was
repeated using probe 4 in place of 3, and then the biotinylated
products were captured by streptavidin, released by heating in
aqueous 1% SDS, and separated using gel chromatography.
The ∼25 kDa-band was excised and analyzed by mass spectro-
metry (MS) (see Supporting Information Table 1). Two pro-
teins were identified corresponding to 14-3-3 γ and ζ.
To determine if (R)-2 selectively adducted 14-3-3 γ or ζ, the

lysate mixture was sequentially treated with either (R)-2 or (S)-2,
rhodamine probe 3, and immunoprecipitated with antibodies
against either 14-3-3 γ or ζ (Figure 2a). Comparison of the
Western blots data with those obtained by in-gel fluorescence
established that (R)-2 selectively adducted 14-3-3 ζ. To further
confirm this finding, we overexpressed C-terminal His-tagged
14-3-3 ζ and added purified recombinant protein to the original
lysate for the adduction (Figure 2b). Including the C-terminal
His-tag appeared to decrease the electrophoretic mobility of
14-3-3 ζ, thus allowing us to distinguish the recombinant protein
from endogenous 14-3-3 ζ. Treatment of the doped lysate
samples with either (R)-2 or (S)-2 showed that (R)-2 selectively
modified both endogenous and recombinant 14-3-3 ζ to similar
extents, which approached g5:1.
Knowing that 14-3-3 ζ was selectively modified by (R)-2, we

identified the site of protein modification. Using 14-3-3 ζ,
adduction experiments (10 μM, 22 �C, 1 h) were run with
(R)-5.43 We reported that (R)-5 exhibited excellent seizure
protection in the MES test in rodents that exceeded (R)-2
(mice (ip) MES ED50 (mg/kg), (R)-2, 45; (R)-5, 24; rat (po)
MES ED50 (mg/kg), (R)-2, >30; (R)-5, 4.2), and like (R)-1 and
(R)-2 the activity resided principally in the (R)-stereoisomer.43

Furthermore, (R)-5 was >8-fold more potent than (S)-5 in pro-
moting CAD cell sodium channel slow inactivation.42 MS analysis of
the (R)-5 adduction product showed only the presence of a
monoadduct and a sitewhere onemethionine residuehadundergone

oxidation (see Supporting Information Figure 1a). The level of
monoadduction was modest (∼20%). MS�MS of the tryptic
digest identified the principal site of adduction as K120, a residue
that is conserved in different 14-3-3 isoforms (see Supporting
Information Figure 1b). To examine whether K120 is indeed the
adduction site, we generated K120A and K120E mutants of His-
tagged 14-3-3 ζ by site-directed mutagenesis. In agreement with
the MS results, treatment of His-tagged wild-type, K120A, and
K120E 14-3-3 ζ proteins with either (R)-2 or (S)-2 showed
significantly reduced levels of adduction by (R)-2 for the K120
mutated proteins (Figure 3a). Nonetheless, we observed prefer-
ential adduction by (R)-2 as compared to (S)-2 for the K120A
and K120E 14-3-3 ζ mutants, suggesting that an alternative
nucleophilic residue near the binding site of (R)-2 may have been
modified when the nucleophilic lysine at position 120 wasmutated.

X-ray crystallographic structures of 14-3-3 ζ have been
reported.44�47 Significantly, the K120 residue is not as exposed
to solvent as many other lysine residues on the surface of 14-3-3 ζ,
suggesting that labeling by the lacosamide AB group in (R)-2 and
(R)-5 relies on a binding pocket. The K120 residue is adja-
cent to a key protein binding pocket in 14-3-3 ζ (Figure 3b),45

Figure 2. Verification of 14-3-3 ζ. (a) Isoform-specificity of the
adduction of 14-3-3 proteins by (R)-2. Anti-14-3-3 ζ and anti-14-3-3
γ antibodies were added to labeling/click reactions, immunoprecipi-
tated (IP), and then analyzed by in-gel fluorescence scanning. Total
amounts of both 14-3-3 ζ and 14-3-3 γ proteins were detected by
Western blot (WB) analysis. (b) In vitro labeling of mouse soluble lysate
containing His-tagged 14-3-3 ζ with (R)-2 and (S)-2. An arrow shows
His-tagged 14-3-3 ζ protein. All proteins in lysate were visualized by
Coomassie blue staining after in-gel fluorescence scanning. All images
are shown in gray scale.
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raising the possibility that (R)-1 binding may stabilize a key
structural element in the protein or modulate the interaction of
14-3-3 ζ with its binding partners.
Selective Modification of 14-3-3 ζ by (R)-2 Requires an

Endogenous Small Molecule Factor. The loss of selective
modification of 14-3-3 ζ by (R)-2 upon lysate treatment with a
gel-filtration NAP-10 column (Figure 1d) suggested that either a
low-molecular-weight molecule or ion was necessary for efficient
and selective labeling of this protein. We observed a similar loss
of adduction when the mouse brain lysate was dialyzed with
50 mM HEPES buffer (pH 7.6) using a membrane with 3.5 kDa
molecular weight cutoff (data not shown). We suspected the use
of a buffer containing this small molecule factor should recover
the adduction. Accordingly, the mouse brain soluble lysate was
passed through a Centricon 3K membrane filter, and the filtrate
was collected (see Supporting Information Figure 2). We have
termed this filtrate as natural buffer. To determine if the endo-
genous factor remained in the natural buffer, we added recombinant
14-3-3 ζ and bovine serum albumin (BSA), as a control protein,
then sequentially treated the reaction sample with either (R)-2 or
(S)-2 and rhodamine probe 3 (Figure 4). Parallel experiments were
conducted with the untreated mouse brain lysate and with 50 mM
HEPES buffer. We observed selective modification of recombinant
14-3-3 ζ in the untreated lysate and the natural buffer, but not in the
50mMHEPES buffer, and that the level of (R)-2 specific adduction
was g5:1. Coomassie blue staining of the gels indicated that the
level of proteins present in the natural buffer is low (Figure 4).
These findings suggested that the endogenous factor was suffi-
ciently small so as to pass through the Centricon 3K filter.
Key to our identification of the endogenous factor within the

soluble lysate was finding that (R)-2 selectively modified 14-3-3 ζ,

as compared to (S)-2 (g5-fold), and that (R)-2 preferentially
modified recombinant 14-3-3 ζ, as compared to BSA control, even
though the amount of BSA included in the reaction mixture was
greater than His-tagged 14-3-3 ζ (Figure 4). These two diagnostic
signatures served as the basis of our bioassay used to identify the
endogenous factor.
Prior to isolating the endogenous factor, we boiled the natural

buffer from mouse brain lysate to determine if the factor under-
went heat denaturation. Similarly, we treated the natural buffer
with divalent chelating agents (EDTA (2 mM), EGTA (1 mM))
to determine if metals, such as Mg2+ and Zn2+, were the endo-
genous factor (see Supporting Information Figure 3). Using our
bioassay, both treatments provided high (R)-2 versus (S)-2
adduction selectivity, suggesting that the endogenous factor
was neither a small protein nor a divalent metal ion. Moreover,
the endogenous factor appeared sufficiently stable to survive
most isolation procedures.
The endogenous factor isolation protocol is provided in

Supporting Information Figure 2. We chose to use rat rather
than mouse brain soluble lysates to provide larger lysate samples.
(R)-129 showed comparable levels of seizure protection in the
mouse and rat. Prior to isolating the endogenous factor, we
compared the gel patterns obtained from both untreated rodent
brain lysates after sequential reaction with either (R)-2 or (S)-2,
followed by rhodamine probe 3 treatment (see Supporting Infor-
mation Figure 4). As expected, we observed selective adduction
of 14-3-3 ζ by (R)-2 as compared to (S)-2 in both soluble lysates,
thereby ensuring the presence of the endogenous factor in the rat
brain lysate. Accordingly, the rat brain natural buffer lysate was
first sequentially extracted with ethyl acetate, methylene chloride,
and hexanes to remove lipophilic constituents. The aqueous layer

Figure 3. Modification site of 14-3-3 ζ. (a) In vitro labeling of mouse soluble lysate containing K120-mutated, His-tagged 14-3-3 ζ proteins with (R)-2
and (S)-2. His-tagged 14-3-3 ζ protein was marked with an arrow. All proteins in lysate were visualized by Coomassie blue staining after in-gel
fluorescence scanning. All images are shown in gray scale. (b) The K120 residue projected as atom spheres lies adjacent to a key protein binding pocket in
14-3-3 ζ. R-18 peptide (cyan color) bound to the conserved amphipathic groove of 14-3-3 ζ. R-18 is an established, unphosphorylated peptide that binds
tightly to 14-3-3 ζ (Kd = ∼80 nM)45 (PDB ID: 1A38).
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was separated on a Sephadex G-25 column (see Supporting
Information Figure 5a) and then a reverse-phase C-18 column
(see Supporting Information Figure 5b). At every stage, fractions
were tested using the in-gel, fluorescence-based bioassay wherein
recombinant 14-3-3 ζ and BSA were added to the fractions and
then evaluated with (R)-2 and (S)-2 (data not shown). 1H NMR
spectroscopy was instrumental in our identification of the
endogenous factor. We obtained 1H NMR spectra for the active
fractions and the surrounding fractions that were partially active
or inactive. Comparative analysis allowed us to tentatively
identify compounds of interest as well as other biomolecules in
the active fractions. Supporting Information Figure 6a,b shows
the 1H NMR spectra of two different active fractions obtained
from different isolation efforts after the C-18 column (the
fractions were obtained using different eluant water/methanol
compositions). Two sets of peaks were common to both spectra
(indicated by red and black arrows), which we have tentatively
identified as glycerol and xanthine (6) (see Supporting Informa-
tion Figure 6). Using this information, we tested to see if either
of these biomolecules (0.5 mM) would lead to selective (R)-2
versus (S)-2 adduction when added to a 50 mM HEPES buffer
solution containing His-tagged 14-3-3 ζ and BSA. We also tested
a range of other biomolecules that may have been present in the
active fractions, including ATP, ADP, AMP, cAMP, GTP, GMP,
ITP, adenosine, guanosine, inosine, adenine, guanine, hypo-
xanthine, phenylalanine, serine, and GABA. Only xanthine led
to the selective modification of recombinant 14-3-3 ζ by (R)-2 as
compared to (S)-2, and the selective (R)-2 adduction of 14-3-3 ζ
versus BSA (data not shown). We also monitored the relative
amounts of xanthine in the active C-18 fractions byHR�MS (see
Supporting Information Figure 7). The HR�MS confirmed the
presence of xanthine in the active fractions and documented that
the relative abundance of xanthine in these fractions mirrored the
observed selectivity of (R)-2 versus (S)-2 adduction in the in-gel
experiments (see Supporting Information Figure 5b).
We determined a dose dependency for xanthine modulation of

(R)-2 adduction of His-tagged 14-3-3 ζ in 50 mM HEPES
solutions (Figure 5a). Preferential (R)-2 versus (S)-2 14-3-3 ζ
modification was observed at xanthine concentrations as low
as 31.3 μM and steadily increased as the xanthine concentration
was raised to 250 μM. At 62.5 μM xanthine, we estimated the

selectivity was ∼2:1. Furthermore, we observed little difference
in the extent of xanthine-mediated (R)-2 selective protein modi-
fication in either the absence or the presence of Mg2+ ions
(2 mM) and further showed that 14-3-3 ζ was preferentially
modified as compared to BSA (Figure 5b).
(R)-2 Modification of 14-3-3 Is Isoform Specific. 14-3-3

proteins are a family of conserved regulatorymolecules expressed
in all eukaryotic cells.48 They consist of seven homologous
isoforms that are presumed to have some redundant biological
functions. We determined whether or not (R)-2 modification
was selective to a specific 14-3-3 isoform using our bioassay in the
natural buffer (Figure 6a). Significantly, when we used commer-
cial samples of all seven nonphosphorylated 14-3-3 isoforms,
only 14-3-3 ζ was selectively adducted by (R)-2, as compared to

Figure 4. (R)-2 selective modification of 14-3-3 ζ in the natural buffer. The mouse brain soluble lysate was passed through a Centricon 3K membrane
filter, and the filtrate (natural buffer) was collected. His-tagged 14-3-3 ζ was added to the lysate, natural buffer, and HEPES buffer (50 mM) and labeled
with (R)-2 and (S)-2. BSA served as a control protein in the natural andHEPES buffer (50 mM) experiments. All proteins were visualized by Coomassie
blue staining after in-gel fluorescence scanning. All images are shown in gray scale.

Figure 5. Evaluation of the effect of xanthine on the adduction reaction.
(a) Concentration-dependent effects of xanthine on (R)-2 selective
modification of His-tagged 14-3-3 ζ using HEPES buffer (50 mM).
(b) (R)-2 selective modification of His-tagged 14-3-3 ζ with/without
divalent metal ion using HEPES buffer (50 mM). BSA was served as a
control protein. Both proteins were visualized by Coomassie blue staining
after in-gel fluorescence scanning. All images are shown in gray scale.
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(S)-2 (Figure 6a), and further the 14-3-3 ζ was preferentially
modified as compared to BSA (data not shown). This finding
documented that (R)-2 modification was highly isoform selec-
tive, despite the homologous nature of this family of proteins.
The Xanthine Structure�Activity Relationship for (R)-2

Modification of Recombinant 14-3-3 ζ. We determined the
structure�activity relationship (SAR) for the endogenous factor,
xanthine (6). Xanthine is a metabolite derived from the ATP and
inosine degradation pathways.49 It is also a common core struc-
ture of an important class of natural products. Thus, we tested
three N-monomethyl derivatives of xanthine (N-1 (7), N-3 (8),
N-7 (9)), threeN,N0-dimethyl derivatives (10 (theophylline (N-
1, N-3)), 11 (N-1, N-7), 12 (theobromine (N-3, N-7))), and one
N,N0,N00-trimethyl derivative (13 (caffeine (N-1, N-3, N-7)),
along with uric acid (14), a metabolite produced from xanthine
(Figure 6b).49 Of these compounds, only 1-methylxanthine (7),
7-methylxanthine (9), and 1,7-dimethylxanthine (11) exhibited
preferential (R)-2 versus (S)-2 modification of recombinant 14-
3-3 ζ comparable to that observed for xanthine (Figure 6c). This
pattern suggested that xanthine binding with 14-3-3 ζ is facially
dependent and that binding likely occurs at the N-3 edge of the
purine metabolite.
1,7-Dimethylxanthine Binding to 14-3-3 ζ.We determined

if 1,7-dimethylxanthine binds to recombinant 14-3-3 ζ using
isothermal calorimetry (ITC). We chose 1,7-dimethylxanthine
based on our xanthine SAR studies and the enhanced water
solubility of 1,7-dimethylxanthine as compared to xanthine.
Accordingly, we added a moderately high concentration of 1,7-
dimethylxanthine (10 mM) to a solution of recombinant 14-3-3 ζ
(200 μM) in phosphate buffer solution (pH 7.6) and obtained a

binding isotherm (Figure 7), showing that binding was endother-
mic. Using Origin 7.0 software, we saw that the binding isotherm
for 1,7-dimethylxanthine converged and fit best to a binding site
model with a Kd of 68 ( 5.3 μM and a corresponding c value of
10.5. Knowing this, we repeated the binding study using a dilute
solution of xanthine (1 mM) in place of 1,7-dimethylxanthine and
recombinant 14-3-3 ζ (100 μM). Under these conditions, we
obtained an approximate Kd of 29 ( 7.2 μM (c = 3.4) (see
Supporting Information Figure 8).
Efforts to detect (R)-1 binding to solutions containing re-

combinant 14-3-3 ζ in the absence of either xanthine or 1,7-
dimethylxanthine were unsuccessful. However, small changes
were observed in the ITCs for (R)-1 versus (S)-1 in the presence
of 1,7-dimethylxanthine and recombinant 14-3-3 ζ, but we were
unable to confidently assign these changes to specific protein
binding by (R)-1.
(R)-1BindsAtorNear the (R)-2ModificationSiteon14-3-3ζ.

To determine if (R)-1 binds near the (R)-2 14-3-3 ζ modifica-
tion site, we added increasing amounts of (R)-1 into the reaction
solutions containing high levels of 14-3-3 ζ (20 μg/50 μL
reaction volume), the control protein, enolase (30 μg/50 μL
reaction volume), and 1,7-dimethylxanthine (0.5 mM) and using
a short incubation time (2 min) conditions that was similar to
those employed in other competition experiments.50 In the
absence of (R)-1, we observed selective modification of 14-3-3
ζ by (R)-2 as compared to (S)-2, and the preferential modifica-
tion of 14-3-3 ζ versus the control protein (Figure 8a,b, lanes
1 and 2). The relative levels of 14-3-3 ζ-to-enolase modification
surpassed that found for 14-3-3 ζ-to-BSA (Figure 8a and
Supporting Information Figure 9a). Upon addition of competing

Figure 6. Studies using 14-3-3 isoforms and xanthine derivatives. (a) In vitro labeling of seven 14-3-3 isoforms with (R)-2 and (S)-2 in the natural buffer.
(b) Structures of xanthine derivatives. (c) Effects of xanthine derivatives on (R)-2 selective modification of His-tagged 14-3-3 ζ using HEPES buffer
(50 mM). 14-3-3 proteins were visualized by Coomassie blue staining after in-gel fluorescence scanning. All images are shown in gray scale.
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amounts of (R)-1, we witnessed a steady decrease in the level of
14-3-3 ζmodification as the number of equivalents of (R)-1 was
increased (Figure 8a, lanes 3�5). Repetition of this experiment
using (S)-1 in place of (R)-1 led to no noticeable loss in the (R)-2
modification level (Figure 8a, lanes 6�8).

’DISCUSSION

Our proteomic AB&CR strategy was designed to identify ligand
(drug)�receptor interactions in which binding wasmodest.15,17�26

We have outlined the structural requirements for the AB and CR
units installed within the lacosamide framework.15 Key to the
strategy is selecting AB and CR units that do not impede binding
of the lacosamide AB&CR agent to the (R)-1 binding site(s).
The AB group should be sufficiently stable to permit dissolution
and protein binding yet sufficiently reactive to irreversibly modify
the target. The CR moiety must readily undergo bio-orthogonal
coupling with a suitable probe. We prepared both C(2) stereo-
isomers of the lacosamide AB&CR agent because anticonvulsant
activity of the drug resided principally in the (R)-isomer (D-
configuration).29 Accordingly, we evaluated both (R)-2 and (S)-
2 in the in vivo MES model37 for differentiation of stereoisomers
in activity of this AB&CR agent.15We found that (R)-2was >6.7-
fold more active than (S)-2 in mice (ip). Similarly, we found that
(R)-5 displayed potent anticonvulsant activity in mice (ip) and
rats (po).43 Nonetheless, we recognized that the promising
pharmacological data do not guarantee that these compounds’
function is similar to (R)-1 or that they will act as site-selective
agents. Recent patch-clamp electrophysiology studies with CAD

cells demonstrated thatAB&CR(R)-2 andAB (R)-5, like (R)-1,31,32

modulated sodium channel slow inactivation processes and did
not affect fast inactivation processes.42 When (R)-2 was com-
pared to (S)-2, the IC50 for (R)-2 was >10-fold lower (more
active) than that for (S)-2, a finding in close agreement with the
differences in the anticonvulsant activities for these two stereo-
isomers in the MES test in mice (ip). A similar finding was
observed for (R)-5 versus (S)-5.42 These collective findings
indicate that the AB&CR (R)-2 and the AB (R)-5 agents serve
as excellent surrogates for (R)-1.

Our knowledge of (R)-1 function is evolving. Whole animal
pharmacological studies showed that (R)-1 anticonvulsant activ-
ity is unique and prevents seizure spread bymechanisms different
from those of other AEDs.29,51 Radioligand displacement assays
using more than 100 potential receptors did not reveal any high-
affinity binding targets.33 This finding suggested that either the
target(s) is novel or the binding is weak or both. Recently, patch-
clamp electrophysiology experiments have shown that (R)-1 mod-
ulated the slow inactivation gate in sodium channels without affect-
ing fast inactivation processes.31,32 (R)-1 is the only AED known to
preferentially affect the sodium channel’s slow inactivation. Separate
studies have shown that (R)-1 binds to CRMP215,33,34 and carbonic
anhydrase,35 but the functional significance of these results remains
unclear. Thus, we investigated the untreated rodent brain soluble
lysate using our AB&CR strategy to identify other (R)-1-interacting
proteins that may bind the AED.

Using a mouse brain soluble lysate without depleting small
molecules, we identified a band at ∼25 kDa that was preferen-
tially adducted byAB&CR(R)-2, as compared to (S)-2 (Figure 1c).
This selective adduction served as an important measure of target
site specificity and paralleled the anticonvulsant activities of (R)-1
and (S)-1.29 Furthermore, the ∼25 kDa-band was extensively
modified as compared to other higher molecular weight protein
bands. Both the specificity for the (R)-enantiomer adduction
and the extent of adduction differed from the same lysate in
which small molecules have been depleted by passing through a
Nap-10 column prior to treatment with the AB&CR agent
(Figure 1d). MS confirmed the presence of 14-3-3 proteins

Figure 7. Binding of 1,7-dimethylxanthine to His-tagged 14-3-3 ζ. (a)
Calorimetric titration profile of aliquots of 10 mM 1,7-dimethylxanthine
added to 0.2 mM His-tagged 14-3-3 ζ in 50 mM phosphate buffer,
pH 7.6. (b) Sigmoidal plot of normalized titration isotherm. The solid
line represents the best fitting curve calculated from one type of binding
site model.

Figure 8. Competition experiments using (R)-2 with either excess (R)-
1 or (S)-1 in the HEPES buffer (50 mM) including 0.5 mM of 1,7-
dimethylxanthine. (a) His-tagged 14-3-3 ζ was detected by in-gel
fluorescence scanning after adduction with (R)-2 in the presence of
excess 1 (room temperature, 2 min) followed by Cu(I)-mediated
cycloaddition with 3. Enolase served as a control protein. (b) Both
proteins were visualized by Coomassie blue staining after in-gel fluor-
escence scanning. All images are shown in gray scale.
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(γ, ζ) (Supporting Information Table 1), and we further
identified by immunoprecipitation that 14-3-3 ζ was preferen-
tially adducted by (R)-2 (Figure 2a). Adding overexpressed His-
tagged 14-3-3 ζ to lysate led to selective adduction of the protein
by (R)-2, as compared to (S)-2 (Figure 2b).

The 14-3-3 proteins are a family of conserved regulatory
molecules expressed in all eukaryotic cells.48 The 14-3-3 proteins
are abundant in the brain, comprising approximately 1% of its
total soluble protein.52 They consist of seven homologous iso-
forms, which are presumed to have some redundant biological
functions. A characteristic feature of 14-3-3 proteins is their
ability to bind to a wide variety of functionally diverse signaling
proteins.52 More than 100 signaling proteins have been reported
as 14-3-3 interacting partners.53 14-3-3 proteins are present as
either homodimers or heterodimers and contain different do-
mains or regions for divalent cation binding, post-translational
modification, and proteolytic cleavage. Crystal structure analysis
shows that 14-3-3 proteins have a cup-shaped dimeric struc-
ture,44�46 with each monomer containing nine R-helices orga-
nized in an antiparallel manner to form an L-shaped structure.
The interior of this structure contains a highly conserved concave
amphipathic groove, which is the site where the 14-3-3 protein
interacts with its binding motifs that often contain a phosphory-
lated serine or threonine residue.47,54 It is notable that K120, the
(R)-5 modification site identified by MS (see Supporting In-
formation Figure 1), is adjacent to this amphipathic groove
(Figure 3b), suggesting that (R)-1 binding near this locus could
affect 14-3-3 ζ interaction with its binding partners. Because
K120 is in close proximity to the established binding site for the
R-18 protein45 (Figure 3b), we tested whether R-18 competi-
tively blocked (R)-2 covalent modification of 14-3-3 ζ (see
Supporting Information Figure 10). We observed that inclusion
of R-18 (3.5�7 equiv) with recombinant 14-3-3 ζ in natural buffer
led to a dose-dependent reduction in (R)-2 adduction levels.

We were surprised to find that preferential modification of
14-3-3 ζ by (R)-2 as compared to (S)-2 depended on xanthine’s
being present in the lysate medium (Figures 4 and 5). When the
lysate was either passed through a NAP-10 column (Figure 1d)
or dialyzed against HEPES buffer, we observed minimal adduc-
tion of the ∼25 kDa-band associated with 14-3-3 ζ and no
difference in the extent of modification by (R)-2 versus (S)-2. In
the presence of xanthine and using only HEPES buffer, the
observed selectivity for 14-3-3 ζwasg5:1 (Figure 5b), a value far
higher than that observed for CRMP2 (1.5�1.8-fold; Figure 1d)
and one that mirrored the differences in anticonvulsant activities
in the whole animal MES seizure model.29 The effect of xanthine
on (R)-2 adduction was dose dependent and could be seen as low
as 31.3 μM (Figure 5a) and irrespective of Mg2+ (Figure 5b).
Using the in vitro bioassay conditions, we also demonstrated that
xanthine enhanced the selective adduction of 14-3-3 ζ as
compared to BSA control, suggesting that xanthine binding to
14-3-3 ζ facilitated (R)-2 adduction.

We determined the SAR for xanthine-mediated adduction of
14-3-3 ζ by (R)-2. Using seven methylated xanthine derivatives
(Figure 6b), we showed that methylation of the N(3) site in
xanthine led to a loss of the facilitating effect (Figure 6c). This
finding indicated that this facial side in xanthine derivatives
interacts with the 14-3-3 ζ surface, possibly leading to a
conformation change that permits (R)-2 adduction.

Evidence to support xanthine interaction with recombinant
14-3-3 ζ was gained using ITC where a binding isotherm
was observed for 1,7-dimethylxanthine, providing a Kd value of

68 ( 5.3 μM (Figure 7). The ITC experiment showed that
binding was endothermic, which indicated that favorable entro-
pic changes leading to a net increase in disorder accompanied the
binding of this xanthine derivative. A comparably endothermic
binding isotherm for xanthine was observed and provided a Kd

value of 29 ( 4.2 μM (see Supporting Information Figure 8).
Similar endothermic binding processes have been observed for
other biomolecular interactions. For example, addition of por-
cine pancreatic trypsin to soybean trypsin inhibitor leads to a
favorable interaction withmoderate affinity but is endothermic.55

Recently, xanthine levels have been determined in both rat56

and human57,58 brain tissues using HPLC and a cooled column,
and in the human cerebrospinal fluid.59,60 Xanthine levels in
brain tissues were shown to increase with time due to post
mortem metabolic degradation of nucleosides in the brain. In
the rat brain, the xanthine level 30 s after surgical removal was
50.53 μmol/kg of wet tissue, which increased to 110.80 and
158.60 μmol/kg after 4 and 24 h storage at 25 �C, respectively.56
The corresponding values in the human brain were 26.57, 42.51,
and 110.78 μmol/kg.56 By comparisons, reported xanthine
concentrations in the cerebrospinal fluid of humans spanned
from∼2.6 to 13 μM.59,60 In our study, we used both intact frozen
(�78 �C) mice and rat brain tissues obtained from the supplier
and the soluble lysate prepared at room temperature within 4 h
and then diluted with buffer (∼5-fold) to give a known volume
of lysate prior to use. Using the literature rat value56 (110.80
μmol/kg) for 4 h at 25 �C, we estimated that the xanthine level in
our soluble brain lysate after dilution was ∼22 μM, such a value
that may be higher if metabolic degradation in lysate proceeded
to a greater extent than in the intact whole brain. The ∼22 μM
xanthine concentration is close to the measured Kd value for the
xanthine�14-3-3 ζ complex (Kd = 29( 4.2 μM), suggesting that
appreciable amounts of the protein may be bound to xanthine,
and thus responsible for the specificity of the (R)-2 adduction
process. Nonetheless, we cannot exclude that other, unidentified
modulators in the lysate may have facilitated the observed
selective (R)-2 adduction process. Moreover, we recognize that
the interaction of 14-3-3 ζ with other proteins in the cellular
milieu might further enhance the binding of xanthine to 14-3-3 ζ.

We are unaware of xanthine being reported to be a modulator
of 14-3-3 function. In the brain of mammals, adenine tripho-
sphate (ATP) degradation is associated with glutamate-mediated
excitotoxicity.59 ATP is sequentially metabolized providing in-
osine and then hypoxanthine.49 Hypoxanthine is metabolized to
xanthine by xanthine oxidoreductase. Xanthine is also produced
from guanine by guanine deaminase.49 Because ATP is a meta-
bolic source for purine metabolites, the cerebrospinal fluid levels
of xanthine and other metabolites have been determined in
patients with different neurological disorders (i.e., epilepsy,
stroke, muscular sclerosis, myelopathy, viral meningitis). Inter-
estingly, patients with these conditions showed a 1.7-fold in-
crease over controls in xanthine levels.59 Accordingly, due to the
relative abundance of xanthine in brain tissues, it will be impor-
tant to determine if this metabolite is involved in modulating the
select 14-3-3 ζ regulatory pathways, and if this is controlled, in
part, by pathological processes.

Our studies using the mouse brain soluble lysate showed that
only 14-3-3 ζwas selectively modified by (R)-2. Nonetheless, we
asked whether the other unphosphorylated 14-3-3 isoforms in
the presence of xanthine were selectively modified by (R)-2 as
compared to (S)-2 (Figure 6a). Of the seven isoforms, selective
adduction was detected only for 14-3-3 ζ, indicating that this
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adduction is highly isoform specific. This finding was surprising
in context of the primary sequences surrounding the K120 adduc-
tion site for 14-3-3 ζ and the corresponding sequences for the
other 14-3-3 isoforms (see Supporting Information Figure 11).
We found that the immediate residues surrounding the K120 site
in 14-3-3 ζ are highly conserved in the other isoforms, but that
sequences out of this motif are diverse. Without the correspond-
ing cocrystallographic data for the 14-3-3 ζ/xanthine complex,
we are unable to rationalize the observed selectivity (Figure 6a).

Finding that (R)-2 selectively adducted 14-3-3 ζ in the rodent
brain soluble lysate led us to determine the binding interaction of
the parent agent, (R)-1, with recombinant 14-3-3 ζ by ITC. We
were not able to detect (R)-1 binding to recombinant 14-3-3 ζ in
the absence of xanthine. Including 1,7-dimethylxanthine led to a
small difference in the isotherms for (R)-1 as compared to (S)-1,
but we could not confidently assign these to selective binding of
(R)-1 to a 1,7-dimethylxanthine/14-3-3 complex. This was not
unexpected, because the analysis of an ITC binding isotherm is
difficult for systems with small binding constants.61 Thus, we
documented that (R)-1 binds near the (R)-2modification site in
14-3-3 ζ in the presence of 1,7-dimethylxanthine by a competi-
tion experiment using excess amounts of (R)-1 to block the (R)-2
adduction process using an established procedure50 (Figure 8a).
We observed that (R)-1, but not (S)-1, inhibited adduction in a
dose-dependent manner.

The functional significance of (R)-1 binding to 14-3-3 ζ
remains unknown. Reports indicate that 14-3-3 proteins play
an essential role in controlling the function and expression
of diverse ion channels. In mouse cardiac myocytes, 14-3-3 η
interacts with the cytoplasmic I interdomain of NaV1.5, and such
interaction induces a negative shift in the inactivation curve of the
sodium current, while the activation curve and the current
density are not changed.62 In the rat brain, the chloride intracel-
lular channel protein (Clic4) binds directly to 14-3-3 ζ and
dynamin I and possibly influences its roles in membrane traffick-
ing.63 A recent study described direct modulation of CaV2.2
channel inactivation properties by 14-3-3.64 Interference with 14-
3-3 binding in hippocampal neurons accelerates CaV2.2 channel
inactivation and enhances short-term synaptic depression.64

Finding 14-3-3 ζ as a putative (R)-1 target raises the possibility
that the 14-3-3 ζ-mediated ion channel function might be
modulated by the drug. Nonetheless, we recognize that not all
binding interactions have physiological consequences. For ex-
ample, both CRMP215,33,34,65 and carbonic anhydrase35 interact
with (R)-1, but their physiological relevance for drug function
remains unclear. Thus, detailed studies are underway to examine
the impact of (R)-1 binding to 14-3-3 ζ and whether this
interaction can contribute to its pronounced antiepileptic activity.

’CONCLUSIONS

An important outcome of this study was validating the
AB&CR strategy to identify binding partners of ligands (drugs)
that have modest binding.15,17�26 Using (R)-2, we identified
14-3-3 ζ as a potential lacosamide target. We suggest that most
other proteomicmethodswould not be sensitive enough to identify
this interaction, thus demonstrating the power of the AB&CR
approach. A second important finding was that the metabolite
xanthine binds with 14-3-3 ζ. We are not aware of prior studies
reporting that xanthine is a 14-3-3 modulator. It will be interest-
ing to determine the role of xanthine on 14-3-3 ζ signaling
pathways and how the levels of xanthine in the central nervous

system affect different pharmacological pathways. A third finding
was the demonstration that 14-3-3 ζ is a binding partner of (R)-1.
(R)-2 modification was stereospecific and preferentially occurred
with 14-3-3 ζ as compared to other proteins in the soluble brain
lysate or added control proteins (i.e., BSA, enolase). Finally, the
observation that xanthine was critical for the (R)-2modification of
14-3-3 ζ emphasizes the need to utilize in vitro proteomic target
search conditions that closely parallel the in vivo setting. Our
current understanding of the proteome and its cellular environment
is sufficiently incomplete to allow us to anticipate all of the required
interactions for ligand (drug) binding to a given receptor. Knowing
this, it makes sense to employ a test system that only minimally
disrupts the proteome environment.

’EXPERIMENTAL SECTION

Preparation of Brain Soluble Proteomes. Either mouse brains
(male, 2 months, ICR mice, Rockland Immunochemicals) or rat brains
(male, 2months, Sprague�Dawley strain, Rockland Immunochemicals)
were Dounce-homogenized in 50 mM HEPES buffer (pH 7.6). The
lysate was centrifuged at slow speed (1200g for 12 min at 4 �C) to
remove debris. The supernatant was then centrifuged at high speed
(100 000g for 1 h at 4 �C). The resulting supernatant was collected and
stored at �80 �C until use. The total protein concentration was
determined using the Bradford assay.
Probe Labeling, Cycloaddition Reaction, and In-Gel Fluor-

escence Scanning (Method A). Brain soluble proteomes (50 μL,
4.0 mg/mL protein in 50 mM HEPES buffer (pH 7.6)) were treated
with 2 (10 μM) at room temperature (5�30 min). The modified lysates
was sequentially treated with rhodamine reporter tag 3 (rhodamine-
azide (Rho-N3) (50 μM)), TCEP (1 mM), TBTA (100 μM), and
CuSO4 (1 mM). Samples were shaken and allowed to rotate using Roto-
shake (8 rpm) at room temperature (5�30 min). SDS-PAGE loading
buffer (2�) was added to the proteins, and then they were separated by
SDS-PAGE and visualized by in-gel fluorescence using a typhoon 9400
scanner (Amersham Bioscience), with excitation at 532 nm and detec-
tion at 580 nm.
In-Gel Fluorescence Using the Over-Expressed His-

Tagged 14-3-3 ζ. His-tagged 14-3-3 ζ protein and BSA as internal
standard solution (50μL, 0.2mg/mLof 14-3-3 ζ protein and 0.4mg/mLof
BSA in 50 mMHEPES buffer (pH 7.6)) were added to either the lysate,
the natural buffer, or the phosphate buffer, then labeled using Method A
and visualized by in-gel fluorescence.
Purification of Probe-Labeled Proteins. Mouse brain lysate

(200 μL of 4.0 mg/mL protein in 50 mM HEPES buffer (pH 7.6)) was
treated with (R)-2 (20 μM) at room temperature (30 min). To the
modified lysate were sequentially added 4 (100 μM), TCEP (500 μM),
TBTA (100 μM), and CuSO4 (1 mM). The samples were shaken and
allowed to rotate using Roto-shake (8 rpm) at room temperature (1 h).
After passage through a NAP-5 column, the sample was added to an
immobilized streptavidin slurry (0.3 mL) (high-capacity streptavidin
agarose resin, Pierce) and rotated (15 rpm) at 4 �C (90 min). The
streptavidin beads were sequentially washed with aqueous 0.1% Triton
X-100/15 mM HEPES buffer (pH 7.4) (3 � 0.8 mL), an aqueous 6 M
urea solution (3 � 0.8 mL), and an aqueous 15 mM HEPES buffer
(pH 7.4) (4� 0.8 mL). The beads were centrifuged (1000 rpm, 1 min),
and the supernatant was removed. The beads were treated with loading
buffer (aqueous 1% SDS, 10% glycerol, 1% mercaptoethanol, 0.01%
bromophenol blue (final concentration)) (95 �C, 5 min). The samples
were loaded on a 10% SDS-PAGE gel, and the proteins were visualized
by silver staining.
Immunoprecipitation. Utilizing proteomic method A, mouse

brain lysates (50 μL of 4.0 mg/mL protein in 50 mM HEPES buffer
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(pH 7.6)) were treated with 2 (10 μM) at room temperature (30 min).
The modified proteins (50 μL) were treated with Rho-N3 (3) under
Cu(I)-mediated cycloaddition conditions. The aliquots (8 μL) of
samples were loaded on 10% SDS-PAGE and visualized by in-gel
fluorescence. The remaining samples (42 μL) were treated with either
14-3-3 ζ antibody (2 μg, sc-1019, Santa Cruz Biotechnology) or 14-3-3
γ (2 μg, sc-731, Santa Cruz Biotechnology) and incubated at 4 �C (1 h).
The samples were then added to a protein A/G agarose slurry (30 μL)
(Protein A/G PLUS-Agarose, Santa Cruz Biotechnology) and rotated
(15 rpm) at 4 �C (1 h). The beads were washed with aqueous RIPA
buffer (3� 0.2 mL) and aqueous 15 mM HEPES buffer (pH 7.4) (2�
0.2 mL). The beads were centrifuged (1000 rpm, 1 min), and the
supernatant was removed. The beads were treated with loading buffer
(aqueous 1% SDS, 10% glycerol, 1% mercaptoethanol, 0.01% bromo-
phenol blue [final concentration]) (95 �C, 5 min). The samples were
loaded onto two 10% SDS-PAGE gels, and the proteins were visualized
byWestern blot and in-gel using a typhoon 9400 scanner with excitation
at 532 nm and detection at 580 nm.
Preparation of Natural Buffer and Purification of Small

Molecule Factor. Rat brains (5 g, male, 2 months, Sprague�Dawley
strain, Rockland Immunochemicals) were Dounce-homogenized in
50 mM HEPES buffer (25 mL, pH 7.6). The lysate was centrifuged at
slow speed (1200g for 12 min at 4 �C) to remove debris. The super-
natant was then centrifuged at high speed (100 000g for 1 h at 4 �C). The
resulting supernatant (20 mL) was centrifuged (�3700 g, 1 h) using a
Centricon (UFC800324, Millipore) to remove proteins. The resulting
solution (natural buffer) was extracted with organic solvents (n-hexanes,
EtOAc andCH2Cl2, sequentially, (20mL,�3 each)). The aqueous layer
was concentrated in vacuo. The residue was loaded on a Sephadex G-25
size exclusion column (17-0033-01, GE Healthcare), water was used as
the eluent, and 5mL fractionswere collected. The fractionswere tested using
in-gel fluorescence after addition of His-tagged 14-3-3 ζ (0.3 mg/mL),
BSA (0.6 mg/mL), 2 (10 μM), and 3 (method A), and the active
fractions were collected and concentrated in vacuo. The resulting
residue containing the active fractions was separated on a C-18
reversed-phase silica gel column (60756, Fluka) using water/MeOH
(10:0�9:1, v/v) as the eluent and then tested for activity after adding
His-tagged 14-3-3 ζ (0.3 mg/mL), BSA (0.6 mg/mL), 2 (10 μM), and 3
(method A). The active fractions were analyzed by 1H NMR and
HR�MS.
Competition Experiment. Utilizing proteomic method A, His-

tagged 14-3-3 ζ protein and enolase as internal standard solution (50 μL,
0.4 mg/mL of 14-3-3 ζ protein and 0.6 mg/mL of enolase in 50 mM
HEPES buffer (pH 7.6) including 0.5 mM of 1,7-dimethylxanthine) and
either excess (R)-1 or (S)-1 were treated with 2 (40 μM) at room
temperature (2 min), followed by Cu(I)-mediated cycloaddition with 3
at room temperature (5 min). The proteins were visualized by in-gel
fluorescence.
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