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A B S T R A C T

Following our observation that erythrosine B (FD&C Red No. 3) is a relatively potent inhibitor of the TNF-

R–TNFa and CD40–CD154 protein–protein interactions, we investigated whether this inhibitory activity

extends to any other protein–protein interactions (PPI) as well as whether any other approved food colors

possess such inhibitory activity. We found erythrosine, a poly-iodinated xanthene dye, to be a non-

specific promiscuous inhibitor of a number of PPIs within the tumor necrosis factor superfamily (TNF-R–

TNFa, CD40–CD154, BAFF-R–BAFF, RANK–RANKL, OX40–OX40L, 4-1BB–4-1BBL) as well as outside of it

(EGF-R–EGF) with a remarkably consistent median inhibitory concentration (IC50) in the 2–20 mM

(approximately 2–20 mg/L) range. In agreement with this, erythrosine also showed cellular effects

including clear cytotoxic effects around this concentration range (IC50 � 50 mM). Among the seven FDA-

approved food colorants, only erythrosine showed consistent PPI inhibitory activity in the sub-100 mM

range, which might also explain (at least partially) why it also has the lowest approved acceptable daily

intake (ADI) (0.1 mg/kg body weight/day). Among a number of xanthene structural analogs of

erythrosine tested for activity, rose Bengal, a food colorant approved in Japan, showed similar, maybe

even more pronounced, promiscuous inhibitory activity, whereas fluorescein was inactive and gallein,

phloxine, and eosin were somewhat active in some of the assays.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

During our recent search for small molecule inhibitors of the
CD40–CD154 costimulatory interaction [1–3], which is required
for T-cell activation and development of an effective immune
response, we found erythrosine B, an FDA-approved food colorant,
to be a relatively potent inhibitor (median inhibitory concentra-
tion, IC50 � 10 mM) of two protein–protein interactions (PPI) that
are members of the tumor necrosis factor (TNF) superfamily, TNF-
R–TNFa and CD40–CD154. Since such inhibition could result in
unwanted toxic side effects, we investigated whether any other
approved food colors possess such inhibitory activity as well as
whether this inhibitory activity of erythrosine extends to any other
Abbreviations: ADI, acceptable daily intake; BAFF, B-cell activating factor (CD257);

BrdU, bromodeoxyuridine; BSA, bovine serum albumin; DAPI, 40 ,6-diamidino-2-

phenylindole; EGF, epidermal growth factor; FBS, fetal bovine serum; HRP,

horseradish peroxidase; IC50, median inhibitory concentration; Kd, equilibrium

dissociation constant of a ligand–receptor complex; PBS, phosphate buffered saline;

PPI, protein–protein interaction; RT, room temperature; TNF, tumor necrosis factor.
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PPIs both within the TNF superfamily and outside of it. Erythrosine
B (FD&C Red No. 3, C.I. Acid Red 51, tetraiodofluorescein) (ErB) is a
cherry-pink, coal-based food colorant with a poly-iodinated
xanthene structure (1, Fig. 1) unique among FDA approved food
dyes [4]. It is also used as an exclusion dye and a phosphorescent
probe for membrane proteins. Similar to other compounds
containing a carboxylphenyl group in their structure, ErB can be
either in its open-ring acid (1a) or in its closed-ring spiro-lactone
form (1b; Fig. 1) depending on the surrounding solvent conditions.
Starting with the 1970s, ErB has been associated with the Feingold
hypothesis that food colorants caused hyperkinetic behavior in
children [5], a controversial hypothesis with some limited clinical
evidence [6,7]. This might be due to some of ErB’s effects on the
central nervous system (CNS), which include, among others, the
inhibition of dopamine uptake [6,8–10]. More recently, ErB has
been shown to be a micro-molar inhibitor of a number of
important interactions [11–18] (see Section 4). Here, we report the
results of our investigation on the in vitro inhibitory activity of ErB
and compare it to that of other food colorants including all those
approved for use in the USA, Europe, and Japan as well as that of
some of its structural analogs on important PPIs such TNF-R–TNFa,
CD40–CD154, BAFF-R(CD268)–BAFF(CD257), RANK(CD265)–
RANKL(CD254), OX40(CD134)–OX40L(CD252), 4-1BB(CD137)–4-
1BBL, and EGF-R–EGF.

http://dx.doi.org/10.1016/j.bcp.2010.12.020
mailto:pbuchwald@med.miami.edu
http://www.sciencedirect.com/science/journal/00062952
http://dx.doi.org/10.1016/j.bcp.2010.12.020


Fig. 1. Chemical structure of the compounds of the present study including food colorants (1–14) and xanthene analogs of erythrosine (15–19).
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2. Materials and methods

2.1. Materials

All chemicals and reagents used were obtained from Sigma–
Aldrich (St. Louis, MO). The monoclonal anti-human CD154 (clone
40804) and anti-human TNF-a antibodies (clone 1825) were
purchased from R&D Systems (Minneapolis, MN); the anti-EGFR
antibody (clone ICR10) was obtained from Abcam (Cambridge,
MA). Purified recombinant Fc-conjugated receptors (CD40, TNF-
R1, RANK, BAFF-R, OX40, 4-1BB) and their corresponding FLAG-
tagged ligands (CD154, TNFa, RANKL, BAFF, OX40L, 4-1BBL) of the
TNF superfamily were obtained from Axxora, LLC (San Diego, CA).
The EGF-R was purchased from R&D Systems, and the biotinylated
EGF ligand was obtained from Invitrogen (San Diego, CA).

2.2. PPI inhibition assays

ELISA-based screening assays for testing inhibition by com-
pounds of interest were set up as described previously [1,3,19].
Microtiter plates (Nunc F Maxisorp; 96-well) were coated overnight
at 4 8C with 100 mL/well of Fc chimeric receptors diluted in PBS 7.2.
This was followed by blocking with 200 mL/well of blocking solution
(PBS 7.2, 0.05% Tween-20, 1% BSA) for 1 h at RT. The plates were then
washed twice using the washing solution (PBS 7.4, 0.05% Tween-20)
and dried before the addition of the appropriate FLAG tagged/
biotinylated ligands along with different concentrations of test
compounds diluted in binding buffer (100 mM HEPES, 0.005% BSA
pH 7.2) or protein-containing media (IMDM medium supplemented
with 5% FBS) to give a total volume of 100 mL/well. Either anti-FLAG-
HRP or streptavidin-HRP conjugate was used to detect the bound
FLAG-tagged or biotinylated ligand, respectively. Plates were
washed thrice before the addition of 120 mL/well of HRP substrate
TMB (3,30,5,50-tetramethylbenzidine) and kept in the dark for
30 min. The reaction was stopped using 30 mL 1 M H2SO4, and the
absorbance was read at 450 nm. The concentrations of receptors
used were 0.3 mg/mL for CD40, TNF-R1, and RANK; 0.6 mg/mL for
BAFF-R, OX40, and 4-1BB; and 2 mg/mL for EGF-R. The concentra-
tions of the ligands were fixed at 0.02 mg/mL for CD154, TNFa, and
RANKL; 0.2 mg/ml for BAFF, OX40L, 4-1BBL; and 0.3 mg/mL for EGF.

2.3. Schild analysis

Schild analysis [20] was done using the same setup described
above. The plot was constructed by fixing the concentration of CD40
at 1 mg/mL. The concentration of CD154 was varied from 0 to 10 mg/
mL to obtain dose–response curves in the absence or the presence of
increasing concentrations (0.08–10 mM) of 1, direct red 80 (DR80),
which has been shown to be a relatively specific CD40–CD154
inhibitor [1], and anti-CD154 antibody (0.13–3.25 nM), which was
used as a positive control for competitive behavior. Binding data
were fitted with a unified model as described below.

2.4. Cytotoxicity assays

For the BrdU assay, THP-1 human myeloid cells from American
Type Culture Collection (Manasses, VA, USA) were cultivated in
Roswell Park Memorial Institute (RPMI) media 1640 supplemented
with 10% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin, and
50 mM b-mercaptoethanol to a density of 1 � 106 cells per milliliter.
The cells were centrifuged and re-suspended in the same medium
without FBS and added to a 96-well microtiter plate at a density of
100,000 cells/well in the absence or presence of various concentra-
tions of inhibitors diluted in the same media. The plate was
incubated at 37 8C for 24 h. BrdU incorporation was determined
using the BrdU cell proliferation kit from Roche (Mannheim,
Germany) according to the manufacturer’s protocol. For the DAPI
assay, THP-1, Jurkat, and HEK293T cells were seeded to a density of
250,000 cells per milliliter in the absence or presence of test
compounds for 12 h. Viability upon treatment was determined using
a BD LSR II Flow Cytometer (BD Biosciences, San Jose, CA) and the
software FlowJo version 7.2.2 (Ashland, OR). The number of live cells
was quantified after gating out 40,6-diamidino-2-phenylindole
(DAPI) and cell debris assessed on the basis of forward and side-
scatter properties of the untreated samples as reference.

2.5. JNK phosphorylation

THP-1 cells were starved overnight in 25 cm2 tissue culture
flasks in 10 mL/flask at a cell density of 8 � 105 cells/mL in serum-
free RPMI supplemented with 100 U/mL penicillin and 100 mg/mL
streptomycin, and then stimulated with recombinant human TNFa
(Axxora, LLC; 20 ng/mL). Following an initial time-course investi-
gation of the phosphorylation pattern of JNK in THP-1 cells with
stimulation times of 5 min, 10 min, 30 min, 1 h, 2 h, 4 h, and 8 h,
the 10 min stimulation was selected for the inhibition experi-
ments. In these, TNFa was added immediately after the addition of
test compounds (50 mM) or anti-human TNFa monoclonal
antibody (2.0 mg/mL, �13 nM) (R&D Systems). The JNK (c-Jun N-
terminal kinase) inhibitor anthra (1, 9-cd)pyrazol-6(2H)-one
(SP600125, Sigma–Aldrich) was also used as a positive control
(50 mM, 30 min before TNFa ligand induction). At the indicated
time points, cells were rapidly washed with ice-cold PBS and lysed
with a chilled lysis buffer (10 mM Tris base, 5 mM EDTA, 50 mM
NaCl, 1% Triton X-100, 0.5 mM phenylmethylsulfonyl fluoride,
2 mM sodiumorthovanadate, 10 mg/mL leupeptin, 25 mg/mL
aprotinin, 1.25 mM NaF, 1 mM sodium pyrophosphate and
10 mM n-octyl-b-D-glucopyranoside) for 15 min on ice. Cell debris
was removed by centrifugation at 14,000 rpm for 15 min at 4 8C,
and the supernatant was immediately transferred to a fresh tube.
Solubilized proteins were separated using SDS-PAGE and trans-
ferred to a nitrocellulose membrane. P-JNK and JNK (loading
control) were visualized with monoclonal antibodies #9251 (Cell
Signaling Technology, Beverly, MA) and AF1387 (R&D Systems,
Minneapolis, MN), respectively. Protein quantification was per-
formed with NIH Image J software (http://rsb.info.nih.gov/ij/).

2.6. Data fitting and statistics

All binding analyses were done in duplicate or triplicate per
plate and repeated at least twice; the averaged data was
normalized and used for data fitting and analysis. Binding data
were fitted using the standard log inhibitor versus response model:

B ¼ 100
½C�

½C� þ IC50
¼ 100

1

1þ 10ðlog IC50�log½C�Þ (1)

For the Schild analysis, a common Gaddum/Schild EC50-shift
model was used to fit all binding data obtained at five different
inhibitor concentrations:

B ¼ Bbottom þ ðBtop � BbottomÞ
½L�nH

½L�nH þ fKd½1þ ð½I�=K iÞnS �gnH
(2)

The model was used with unified Kd and Ki values (equilibrium
dissociation constants characterizing the CD40–CD154 and the
inhibitor bindings, respectively) and unity Hill and Schild slopes
(nH = 1, nS = 1). All fittings were done with GraphPad Prism 5.02 (La
Jolla, CA). Cytotoxicity and Western blot data were analyzed by
one-way repeated-measures analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparison test as a post hoc test for
individual differences using GraphPad Prism and a significance
level of p < 0.05 for all comparisons.

http://rsb.info.nih.gov/ij/


Table 1
Median inhibitory concentrations (IC50) of FDA-approved food colorants for the CD40–CD154, TNF-R1–TNFa, and EGF-R–EGF interactions.

No. Legend Compound USA Food Color IC50 (mM; HEPES)

CD40–CD154 TNF-R1–TNFa EGF-R–EGF

1 ErB Erythrosine B FD&C Red no. 3 3 5 3

3 ALR Allura Red FD&C Red no. 40 190 >1000 >1000

5 TZ Tartrazine FD&C Yellow no. 5 >1000 >1000 >1000

8 SSY Sunset yellow FCF FD&C Yellow no. 6 >1000 >1000 >1000

9 BBL Brilliant Blue FCF FD&C Blue no. 1 140 >1000 >1000

11 FG Fast Green FCF FD&C Green no. 3 70 >1000 >1000

13 IDG Indigotine FD&C Blue no. 2 >1000 >1000 >1000
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3. Results

3.1. PPI inhibition

A total of fourteen food colors (Fig. 1) approved in the USA,
Europe, or Japan [4] – including all seven FDA-approved food
colorants – were tested for their activity to inhibit a number of PPIs
Fig. 2. Concentration-dependent inhibition of human TNF-R1–TNFa (A), CD40–

CD154 (B), and EGF-R–EGF (C) interactions by FDA-approved food colorants (see

Table 1 for the corresponding IC50s). Smaller insets show inhibition with the

corresponding antibodies.
mainly within the TNF superfamily (TNFSF), but also outside of it
(Table 1; Fig. 2, Figs. S1 and S2 in Supporting Information). As
before [1–3,19], a blocking antibody was included as a positive
control in a number of assays (e.g., TNF-R–TNFa, CD40–CD154,
BAFF-R–BAFF, and EGF-R–EGF), and in all cases their inhibitory
activities with IC50s in the nanomolar (nM) range have been
confirmed. Whereas ErB (1) consistently showed inhibition in all
these assays with a remarkably similar activity, IC50s in the 2–
20 mM range (approx. 2–20 mg/L), none of the other food colors 2–
14 showed significant (i.e., IC50 < 50 mM) inhibitory activity.
Interestingly, 1 seems to maintain considerably inhibitory activity
even in the presence of protein containing media, a condition that
resulted in about ten-fold loss in activity in these assays for azo-
containing organic dyes [1,2], and also a complete loss of activity
(IC50 > 500 mM) for the food colorants 2–14 (Table S1).

Since 1 has a unique chemical structure among FDA-approved
food colorants, we also tested several close structural analogs
including poly-halogenated xanthene analogs such as rose Bengal
(15), phloxine B (16), and eosin (17), as well as non-halogenated
xanthene analogs such as fluorescein (18) and gallein (19) to assess
the structural basis of the promiscuous inhibitory activity across
the spectrum of these PPIs (Table 2). Whereas 1 and 15 showed
consistent and promiscuous inhibitory activity, this was consider-
ably diminished in the poly-brominated analogs 16 and 17 and
essentially lacking in the non-halogenated fluorescein (18). The
hydroxyl-substituted gallein (19) showed inhibitory activity only
in selected interactions (CD40–CD154, RANK–RANKL, and OX40–
OX40L) (Table 2; Fig. 3, Fig. S3 in Supporting Information).

3.2. Nature of CD40–CD154 inhibition

In previous studies, we have shown that whereas most other
organic dye small molecule inhibitors we identified seem to bind to
the surface of CD154 and not CD40, 1 binds with low mM affinity to
both [2]. As a preliminary evaluation of the mechanism of
inhibition by 1, i.e., as a first test for the competitive/reversible
nature of its inhibitory effect, we performed a Schild analysis [20] as
described in Section 2. Dose–response curves were generated by
using a fixed concentration of CD40 and varying concentrations of
CD154 in the presence of increasing concentrations of inhibitors. As
a positive control, an anti-CD154 monoclonal antibody (mAb) was
used; its binding data (Fig. 4A) could be fitted well with the unified
Gaddum–Schild model (Eq. (2)), and best fit was obtained with a Kd

of 1 nM for the CD40–CD154 binding and a pA2 value of 9.57
(corresponding to Ki of 0.27 nM) for the mAb inhibition – in good
agreement with our previous results from straightforward inhibi-
tion experiments (e.g., IC50 of 0.25 nM� 0.04 mg/mL [1,2,19]). ErB,
as well as direct red 80 (DR80), which was included since it has
been shown to be a relatively specific inhibitor for CD40–CD154 [1],
showed similar profiles (Fig. 4B and C, respectively) indicating
competitive/reversible binding with pA2 values of 6.0 and 5.7
(corresponding to Kis of 1.0 and 1.8 mM), again in good agreement
with our previous results from inhibition experiments (IC50s of 2–
3 mM for both 1 and DR80, respectively [1–3]).



Table 2
Median inhibitory concentrations (IC50) of 1 and its xanthene analogs (15–19) for various protein–protein interactions tested here.

No. Legend Compound IC50 (mM; HEPES)

CD40–CD154 TNF-R1–TNFa RANK–RANKL OX40–OX40L BAFF-R–BAFF 4-1BB–4-1BBL EGF-R–EGF

1 ErB Erythrosine B 3 5 2 2 12 11 3

15 RB Rose Bengal 5 4 2 2 3 3 3

16 PHL Phloxine B 17 161 8 7 365 20 64

17 EO Eosin 104 579 47 45 862 261 308

18 FL Fluorescein >1000 >1000 >1000 >500 >1000 >1000 >1000

19 GLN Gallein 6 143 17 4 63 57 398

Fig. 3. Concentration-dependent inhibition of human TNFR1–TNFa (A), CD40–

CD154 (B), and EGF-R–EGF (C) interactions by structural analogs of erythrosine

(ErB, 1) (Table 2).
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3.3. Cytotoxicity and cell effects

To test whether this promiscuous in vitro protein inhibitory
activity translates into toxic effects, we determined the cytotoxic
potential of 1 in three different cells: THP-1 (human monocytic
leukemia cells), Jurkat (immortalized T lymphocyte cells), and
HEK293T (human embryonic kidney derived cells) compared to
other control organic dyes. Toxic effects were assessed both by an
apoptosis assay (DAPI staining analyzed by flow cytometry) and a
Fig. 4. Schild analysis of the CD40–CD154 inhibitory activity for an inhibitory

antibody (mAb; A), direct red 80 (DR80; B), and 1 (ErB; C).



Fig. 5. Cell toxicities of 1 (ErB), 3 (ALR), 5 (TZ), 15 (RB), and DR80 as assessed by a standard proliferation assay (BrdU; A) and an apoptosis assay (DAPI exclusion; B) in THP-1

cells. Data (average � SD for n = 3 independent experiments with triplicates for each condition) were analyzed by ANOVA with Tukey’s post hoc test and asterisk (*) indicates

statistically significant differences (p < 0.001) versus untreated controls (0).
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cell proliferation assay (BrdU incorporation) (Fig. 5 and Fig. S4
Supporting Information). Whereas both promiscuous inhibitors 1
and 15 clearly showed signs of cytotoxicity with IC50s of less than
100 mM for 1 and even less for 15, the corresponding comparators
used, including DR80, which has a similar Ki for the CD40–CD154
inhibition [1], and 3 (allura red), which is the other FDA-approved
red food colorant, showed no toxic effect up to 500 mM
concentrations (Fig. 5) – a clear indication of the possible
Fig. 6. Inhibition of TNFa-induced JNK phosphorylation by 1 in THP cells as

evidenced by Western blot analysis. Data (fraction of JNK phosphorylated,

normalized with TNFa treatment as reference; average � SD for n = 3

independent experiments) were analyzed by ANOVA with Tukey’s post hoc test,

and yy and ** indicate statistically significant differences (p < 0.01) versus untreated

control and TNFa-treatment, respectively.
detrimental effects related to the nonspecific inhibitory activity
of 1 and 15.

Finally, as a further confirmation that the inhibitory activity of 1
translates into cellular effects, we also evaluated its effect on
TNFa–induced JNK (c-Jun N-terminal kinase) phosphorylation in
THP-1 cells by Western blotting. JNK is a member of the mitogen-
activated protein kinase (MAPK) family, and it is a stress-response
kinase activated by proinflammatory cytokines and growth factors
coupled to membrane receptors or by various stimuli, such as heat
shock, UV irradiation, protein synthesis inhibitors, and elevated
levels of reactive oxygen intermediates (ROI), through nonreceptor
pathways. TNFa (20 ng/mL) clearly caused activation of this
pathway significantly increasing the phosphorylated fraction of
JNK (predominantly that of one isoform [21,22]) even after a short
incubation (5 min), and this was reversed by the anti-TNFa
antibody (2.0 mg/mL) as well as by 1 (50 mM) and the known JNK
inhibitor SP600125, but not 5 (TZ), which was used as a negative
control (Fig. 6). We selected this assay because it can be performed
with short incubation times avoiding possible confounding
effects due to cytotoxicity following longer incubations at these
concentrations.

4. Discussion

Following our initial observation that 1, an FDA-approved food
colorant (FD&C Red No. 3, erythrosine), is a relatively potent and
non-specific inhibitor of a number of important receptor–ligand-
type PPIs within the TNFSF [1], here, we investigated whether any
other approved food colors possess such inhibitory activity. Among
FDA approved food colorants (1, 3, 5, 8, 9, 11, and 13) [4], this
inhibitory activity seems to be unique for 1. Here, we found
compound 1 to inhibit a large variety of PPIs within the TNF
receptor–ligand superfamily (TNFRSF–TNFSF) as well as outside of
it (EGF-R–EGF) with a remarkably consistent IC50 in the 2–20 mM
range (approximately 2–20 mg/L) (Table 1, Fig. 2, Figs. S1 and S2).
Furthermore, beside its long-known inhibitory activity on dopa-
mine uptake (IC50 � 50 mM) [6,8–10] or acetylcholine release [23],



Table 3
Confirmed inhibitory activities of erythrosine (1).

Protein/enzyme IC50 (mM) Reference

TNF superfamily (Table 2) 2–15 Present work

EGF-R–EGF 3 Present work

Catecholamine (dopamine) uptake �50 [6,8–10]

Acetylcholine release �10 [23]

ATPases 10–30 [51,60]

Insulin–insulin receptor 11 [12]

Protein tyrosine phoshatases

(PTP1B, TC-PTP, YPTP1)

5–25 [15]

UDP glucuronosyltransferase (UGT1A6) 50 [13,14]

Cytochrome P450 (CYP3A4) 8 [13,14]

Aromatase (CYP19) �0.3 [61]

P-glycoprotein (P-gp) 16 [13,14]

Galactokinase �10 [16]

Sulfotransferase 5–10 [18]

ADP transport via the ADP/ATP carrier �1 [25]

ATP-dependent glutamate uptake 35 [17]

DNA–anti-DNA antibody

(IgG2b) interaction

�10 [24]
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1 has also been shown more recently to inhibit various other
protein interactions or activities within the same concentration
range (Table 3) [12–18,24,25]. It also showed some evidence of
reducing motor activity by reducing serotonergic activity in
rodents [26]. In rat spleen lymphocytes, 1 as well as 15 stimulated
the production of immunoglobulin IgE while inhibiting the
production of IgG and IgM at 50 mM [27].

Since among FDA-approved food colorants, 1 has a unique poly-
iodinated xanthene structure, we also tested some of its structural
analogs (15–19, Fig. 1). Among them, rose Bengal (15), a poly-
chlorinated analog of 1 and a food colorant approved in Japan,
showed similar, maybe even more pronounced promiscuous
inhibitory activity. The non-specific inhibitory activity was
somewhat diminished in the poly-brominated analogs (16 and
17) and essentially lacking in the non-iodinated fluorescein (18)
(Fig. 3). The non-iodinated, but hydroxyl-substituted gallein (19)
showed inhibitory activity in a few selected interactions. Gallein,
and its close structural analog M119 (NSC119910), but not
fluorescein have also been shown to inhibit the interaction of
the G-protein subunit Gbg with effectors such as phosphoinositide
3-kinase g (PI3-kinase g) [28]. The exact mechanism of this
promiscuous inhibitory activity is somewhat unclear at this point;
the poly-iodinated 1 and 15 bound with low micromolar affinity to
all proteins we tested so far. Since inhibition of protein–protein
interactions with small molecules is a challenging task [29,30], the
existence of such low-micromolar promiscuous inhibitors is
intriguing. The Schild analyses (Fig. 4 and its reversed version
with plate-coated CD154 – data not shown) seem to indicate at
least a partially reversible (surmountable) mechanism as inhibi-
tion by 1 could be overcome with increasing CD40 or CD154
concentrations.

Biochemical screening assays are often confounded by the
presence of compounds that are known ‘promiscuous inhibitors’
[11], ‘frequent hitters’ [31], or contain chemically reactive
functional groups such as protein-reactive electrophilic false
positives as well as chelator and polyionic ‘warheads’ [32].
Compound 1, together with several other dye compounds, have
been found to act as promiscuous inhibitors in high-throughput
screening (HTS) assays, and polymolecular conglomeration
[33,34]/aggregation [11,35] have been suggested as possible
mechanisms. To investigate the possibility of aggregation effects,
we repeated the CD40–CD154 binding assays in the presence of a
non-ionic detergent (Triton X-100, 0.05% and 0.5%) as recom-
mended for the detection of promiscuous inhibitors [36], but
observed no significant effect on IC50s for 1 (data not shown).
Xanthene dyes can aggregate in aqueous solutions, but at higher
concentrations; for example, with Kds around 1 mM for dimeriza-
tion of 1 and its structural analogs [37]. Loss of activity upon
dilution is yet another characteristic of inhibition by aggregates,
and this was not observed with 1 whose activity persisted for a
long time even after dilution.

A mechanism with reversible binding and multiple possible
binding sites on the protein surface, at least some of which overlap
with the binding site of the protein partner, as it has been
suggested on the basis of spectroscopic experimental evidence in
the case of insulin – insulin receptor inhibition by 1 [38] and in the
case of 1 binding to BSA [39], seems more likely here as well.
Compound 1, as well as 15, especially in their spiro isomeric forms,
are not only relatively large, very flat structures, but also
particularly rigid ones having no rotatable bonds that can
relatively easily bind to flat, hydrophobic pockets. Entropy and
more specifically loss of entropy due to binding plays a critical role
in modulating binding efficiency, but predicting its contribution is
non-trivial and controversial [40–42]. The barrier to binding due to
the loss of rigid-body entropy varies across a considerable range
[43], its value being somewhere around 15–20 kJ/mol, which
corresponds to about three orders of magnitude in affinity,
according to a more recent estimate [40]. This might explain at
least part of the promiscuous binding activity of 1 and 15: a
relatively large, flat molecular size with a rigid structure capable of
van der Waals interactions (including aromatic stacking) with no
entropy loss due to blocking of rotational freedoms. Presence of the
large iodine substituents also seems important for the non-specific
inhibitory activity; the smaller the size the less prominent the
promiscuous inhibitory activity found in the assays performed
here.

Xanthene dyes such as 1 and 15 are well-known sensitizers
enhancing the photosensitized oxidation of proteins that might
bind non-covalently and enhance photosensitized oxidation of
biomolecules [39,44,45]. We repeated the CD40–CD154 PPI
inhibitory assay with dark and light conditions in parallel and
found the activity of 1 and 15 to diminish in dark about 5–10-fold
whereas those of DR80 and anti-CD154 mAb were virtually
unchanged (Fig. S5, Supporting Information). Hence, photosensiti-
zation might account for some of the inhibiting activity seen under
in vitro conditions, where light is a factor, but most of the activity is
still retained in dark. Light showed about a similar enhancing effect
on the inhibitory effect of 1 on the binding of ouabain to the digitalis
receptor [46]. For comparison, for a set of compounds identified as
possible PPI inhibitors for TNF-R–TNFa that ultimately turned out to
modify the receptor covalently by a photochemical reaction due to
exposure to light, the activity was 50-fold to>1000-fold diminished
in dark [47]. The presence of bromine or iodine atoms enhances the
yield of intersystem crossing to the reactive triplet state of these
dyes, and tetraiodo xanthene derivatives, such as 1 and 15, show the
greatest photosensitizing activity [48]. Because of their photo-
sensitized oxidative ability, xanthene dyes, and in particular 1, 15,
and 16, have also been explored as possible light-activated
insecticides [48] or antimicrobials [49]. Intralesionally applied 15
is being investigated as a possible chemoablation agent in metastatic
melanoma [50].

There also have been suggestions that some of these xanthenes
dyes, and in particular 1, might be capable of specific interactions
with the nucleotide binding sites of membrane energy-trans-
ducing enzymes (such as ATPases) because of the structural
overlap between ErB and AMP (adenosine monophosphate) [51] or
ADP [25], and such binding sites are present on many different
proteins [52]. However, CPK structures clearly reveal that even if
stick structures might allow some overlap, true structural analogy
is lacking due to the large size of the iodine substituents (Fig. S6),
and molecular size is, of course, a major determinant of binding
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ability [53,54]. In fact, better overlap might be possible with the
flavine part of FAD (flavine adenine dinucleotide).

Toxicity is an obvious concern related to the promiscuous
inhibitory activity, especially that possible toxic side effects are a
particularly controversial issue for synthetic food colorants. These
compounds are relatively nontoxic, but this is certainly a
contentious subject. Various adverse reactions, mainly possible
behavioral alterations and food allergies, have been often – and
controversially – linked to food colorants [55]. Erythrosine (1)
itself has been associated with the controversial Feingold
hypothesis that food colorants caused hyperkinetic behavior in
children [5–7]. For the iodine-containing 1, thyroid toxicity was
also a major concern [56]. One relatively recent study even found a
number of food colors, including 1, 3, and 5 as well as 15 and 16 to
be genotoxic causing dose-related DNA damage in the gastroin-
testinal organs at doses (10 or 100 mg/kg) that are not very far
from the acceptable daily intakes (ADIs) (Table 1) [57]. It is
important to note that the current ADI for 1 is 0.1 mg/kg body
weight/day, already considerably lower than that of any other
FDA-approved food color, e.g., 7 mg/kg body weight/day for allura
red (3) or 7.5 for tartrazine (5) (Table S1) [4]. For 1, this value is
based on the no observed effect level (NOEL) of 1 mg/kg body
weight/day (60 mg per person per day) for effects on thyroid
function in humans observed at the next highest dose of 3.3 mg/kg
body weight/day and obtained using a 10-fold safety factor [58].
Considering the relatively potent promiscuous inhibitory activity
of 1, which is unique among food colorants, such a low ADI seems
to be well-justified. On the other hand, since the nonspecific
inhibitory activity of 1 (as well as 15) seems to become a concern
at concentrations starting around a 2–20 mM (approx. 2–20 mg/L)
range, related effects should not be an issue if the ADI guidelines
(0.1 mg/kg body weight/day) are followed. Nevertheless, because
1 is a quite hydrophobic (log Po/w > 5) and blood-brain barrier
(BBB)-permeable molecule, considerable tissue accumulation
might take place (e.g., biological toxicity seemed log P-related
in xanthenes dyes [59]); hence, adherence to the ADI guidelines
would seem a reasonable precaution, and it should be extended to
rose Bengal (15) as well where it is approved for food use.
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