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Abstract

Benzophenone is a popular photophore for photoaffinity-labeling. It is also an important
framework for drug development; many drugs contain benzophenone or analogous frameworks.
The current work reports that benzophenone and its analogs bind to human glyoxalase 1. The
binding, however, has little effect on the catalytic activity of this enzyme. The implications of the
finding in terms of both drug development and photoaffinity-labeling are discussed.
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Benzophenone is a popular photophore for photoaffinity-labeling.:2 It is widely used to
study ligand-receptor interactions.3 More recently, benzophenone is employed in chemical
proteomics and drug target identification.*6

Benzophenone is also an important framework in medicinal chemistry. The framework of
benzophenone is seen in many drugs, including ketoprofen (an analgesic targeting COX1
and COX2),” fenofibrate (a lipid lowering agent targeting PPAR),8 and doxorubicin (an
anticancer agent targeting DNA).® According to the SciFinder database, there are more than

Correspondence to: Akira Kawamura.

Supplementary Material: Supplementary data associated with this article can be found in the online version at Xxxxx

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mihai et al.

Page 2

300 benzophenone-containing molecules with diverse pharmacological activities.1% As such,
benzophenone is a versatile framework that can target a wide variety of macromolecules.
The versatility of benzophenone, however, also raises a concern about its selectivity. Do
these benzophenone-containing drugs really bind only to their intended targets? At present,
little is known about the off-target activity of benzophenone derivatives.

Here, we report our fortuitous finding that benzophenone binds to human glyoxalase 1
(GLO1). Further analysis revealed that several clinical drugs containing the benzophenone
framework also bind to human GLO1. The binding of these compounds does not affect the
catalytic activity of GLO1. Implications of this finding in terms of both drug development
and photoaffinity-labeling are discussed (vide infra).

The finding was made during our study of biotinylated benzophenone-adenine photoprobe 1
(Fig. 1a), which was originally designed to enrich adenine-binding proteins, such as kinases
and ATPases, from complex proteomes.11-14 1 was prepared by standard solid phase
synthesis using the Fmoc chemistry.1415 A preliminary photolabeling analysis of five
different cell lines (Hela, MCF7, T24, Calul, THP-1) revealed that THP-1 (human
monocytic leukemia cells) expresses a large amount of a 20 kDa protein that can be readily
enriched by 1 (See Supplementary Figure S1). As such we decided to use THP-1 to identify
the binding targets of 1.

To obtain sufficient amounts of target proteins, THP-1 was cultured in a large scale and
subjected to the photoaffinity-labeling by 1 (Supplementary Scheme S1). Photochemically
biotinylated proteins were purified by streptavidin affinity chromatography, and separated
by SDS PAGE. Coomassie blue staining visualized an intense band at 20 kDa as seen in the
preliminary analysis. In addition, a weaker band was also observed at 40 kDa. Both of these
bands were excised and subjected to mass spectrometric (MS) analysis. Table 1 summarizes
the proteins identified by MS. The 40 kDa band contained expected targets of 1, namely, a,
B, y-isoforms of actin proteins, which are well-known ATPases.

The 20 kDa band, on the other hand, turned out to be GLO1 (Table 1), which is a
homodimeric zinc metalloenzyme for the conversion of methylglyoxal (a toxic by-product
of glycolytic pathway) into S-lactoylglutathione. The finding of GLO1 was surprising
because it was not known as an adenine-binding protein. To verify this finding, recombinant
human GLO1 (rhGLO1) was obtained and subjected to the photoaffinity-labeling with 1.
Western blot of the photolabeled samples showed that rhGLO1 was indeed photolabeled by
1 in a dose-dependent manner with an ECsg valuel6 of 5 uM (Fig. 1b).

Next, we subjected rhGLO1 to the photolabeling in the presence of excess adenine. The
working-hypothesis was that, if GLO1 recognizes the adenine moiety of 1, the excess
adenine would compete for the binding pocket and block the photolabeling. A 20-fold molar
excess of adenine over 1, however, did not affect the band intensity (Fig. 1c), suggesting that
GLOL1 did not recognize adenine. Similar experiments were carried out in the presence of
excess benzophenone and biotin. While excess biotin did not affect the band intensity,
excess benzophenone clearly blocked the photolabeling (Fig. 1c).
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There were two possible mechanisms by which benzophenone blocked the photolabeling.
One possibility was that excess benzophenone and 1 competed for a binding pocket on
GLO1, which resulted in the diminished band intensity. Alternatively, it was also possible
that excess benzophenone photochemically quenched the photolabeling reaction without
binding to GLOL. A clue to distinguish the two mechanisms was obtained with the
subsequent study, in which the photolabeling reaction was conducted in the presence of
excess ketoprofen, a clinical drug containing the benzophenone framework. Excess
ketoprofen blocked the photolabeling more efficiently than excess benzophenone (4-
methylbenzophenone) (Fig. 2), even though both blockers have the same benzophenone
chromophore. Since the concentration of the benzophenone chromophore was same in both
cases, the photochemical quenching mechanism could not account for the observed
difference between the two blockers. It was more likely that the difference in binding
affinity to GLOL1 resulted in the different blocking efficiency. Thus the result suggested that
human GLO1 had a hydrophobic binding-pocket for benzophenone analogs.

The finding opened a possibility that human GLO1 might also recognize various drugs
containing the benzophenone framework. To test this, similar blocking experiments were
carried out with a series of benzophenone analogs (Supplementary Fig. S2). It turned out
that, in addition to ketoprofen, fenofibrate and doxorubicin blocked the photolabeling. No
blocking was observed with carmine, which contains a highly substituted benzophenone
framework, whereas resveratrol, which has a hydrophobic framework with two benzene
rings, was also an efficient blocker of photolabeling. Taken together, these results suggested
that various structural analogs of benzophenone bind to human GLOL.

Next, we examined whether drug binding affects the catalytic activity of human GLOL.
Kinetic analyses were carried out for rhGLOL treated with quercetin (a known inhibitor of
GLO1) and ketoprofen at different substrate concentrations. The Dixon plot analysis showed
that quercetin (a positive control) potently inhibited GLO1 with a K; value of 1.69 £ 0.14
UM (Fig. 3a). Ketoprofen, on the other hand, did not inhibit the catalytic activity of GLO1
(Fig. 3b).

The current work indicates the presence of a hydrophobic binding pocket for benzophenone
analogs in human GLO1. Binding of ketoprofen did not have any effect on the catalytic
activity, suggesting that the binding pocket is located outside of the active site. Similar
binding of small molecules to GLO1 has been observed previously by using affinity
chromatography. In one study, nonsteroidal antiinflammatory drugs (NSAIDS), including
ketoprofen, were found to bind to mouse GLO1 (Supplementary Fig. S3).17 Another study
found that methylgerfelin, an inhibitor of osteoclastogenesis, binds to mouse GLO1
(Supplementary Fig. $3).18 As such, GLO1 may recognize a wide variety of hydrophobic
molecules. It is known that GLO1 expression is up-regulated in many human cancers with
high glycolytic rates, and the overexpression of GLO1 has been associated with multidrug
resistance.1® Our finding of the drug-binding pocket on human GLO1 provides a new clue to
understand the mechanism of multidrug resistance associated with this enzyme.

The benzophenone-binding site on GLOL1 is also important in photoaffinity-labeling studies.
In chemical proteomics and drug-target identification, benzophenone photophores above
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micromolar concentration might identify GLOL especially when studies use cells or tissues
overexpressing this enzyme. In such cases, careful control experiments are needed to
decipher whether GLO1 is indeed the target of the drug of interest.

In conclusion, the current work suggests that GLO1 is an intracellular “magnet” for
benzophenone analogs and possibly other hydrophobic drugs. The finding provides new
clues to understand multidrug resistance as well as to improve photoaffinity-labeling studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Photoaffinity-labeling of human GLO1 by biotinylated benzophenone-adenine photoprobe

1. (a) The structure of 1. (b) Photolabeling of recombinant human GLO1 (rhGLOZ1) with
different concentrations of 1. 30 uL aliquots of rhGLO1 (0.05 pg/ul) in 1x Tris-buffered
saline (TBS: 20 mM Tris-HCI, pH 7.4) were photolabeled with 1 at the final photoprobe
concentrations of 73, 37, 18, 7 and 4 pM. Photocrosslinking was carried out under UV light
(Amax 350 nm) for 2 h. See Supporting Information for more experimental details. (c)
Photolabeling of rhGLOL1 by 1 (7 uM) in the presence of excess (20x, 140 uM) adenine,
benzophenone (4-methylbenzophenone), and biotin.
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Figure 2.

Photoaffnity-labeling of rhGLO1 by 1 (7 uM) in the presence of excess (20%, 140 pM)
benzophenone (4-methylbenzophenone) and ketoprofen. See the caption for Fig. 1b and
Supporting Information for more experimental details.
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Figure 3.
The effect of ketoprofen binding on the catalytic activity of rhGLO1. (a) The Dixon plot of

quercetin, a known inhibitor of GLO1 (positive control). Quercetin gave a Kj value of 1.69 +
0.14 uM in this assay. (b) The Dixon plot of ketoprofen. The initial substrate concentrations
were (¢) 400 pM, (m) 200 UM, (A) 100 uM, and (x) 50 PM.
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Table 1
Target proteins of 1 in THP-1 (human monocytic leukemia cells)
Bang@ Gene ldentifier  Gene MASCOT Scoreb
20 kDa 2292338 Glyoxalase 1 1387
40 kDa 16359158 Actin, beta 963
40 kDa 4885049 Actin, alpha cardiac muscle 1 791
40 kDa 4501889 Actin, gamma 2 764

a . . . .
Coomassie blue stained bands that were subjected to the MS analysis.

bThe table shows the proteins with the MASCOT score of 500 or higher.
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