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Abstract: The catechin, epigallocatechin gallate (eGCG), fomngreen tea, has inhibitory activity
against a number of protein toxins and was investigateglationto its impact upon ricin toxin (RT)
in vitro. The ICsq for RT was 0.080.004ngmL where as the ICsq for RT + 10(uM eGCG was
3.02:0.572ng/mL, indicating that eGCG mediated a significant (p<0.0001) redurctiarin toxicity.
This experiment was repeatéd the human macrophage cell line THP-1 d@g, values were

obtained forRT (0.54:0.024ng/mL) andRT + 10QuM eGCG (0.680.235ng/mL) again using 10®
eGCG and was significap=0.0013). The documented reductiarricin toxicity mediated by eGCG

was foundto be eGCG concentration dependent, with 80 andud®iL (.e. 178 and 22@M

respectively) of eGCG mediating a significant (p=0.0472 and 0.0232) redirctimm toxicity at 20
and 4ng/ml ofRT in Vero and THP-1 cells (respectivilyWhen viability was measured THP-1
cells by propidium iodide exclusion (as opposedhe MTT assays used previously) 10ng/mL and
5ng/mL of RT was used. The additiaf 100QuM and 10@uM eGCGmediated a significant (p=0.0015
and <0.0001 respectively) reductinricin toxicity relativeto anidentical concentration of ricin with
lug eGCG. Further, eGCG (1081) was foundto reduce the binding oRT B chainto lactose-
conjugated Sepharose well as significantly (p=0.0039) reduce the uptad®eRT B chainin Vero
cells. This data suggests th& @G may provide a starting poit refine biocompatible substances
thatcanreduce the lethality of ricin.

Keywor ds: ricin toxin, endocytosis, polyphenol, epigallocatechin gallate, eGCG, tea

Abbreviations: Bicinchoninic acid (BCA), bovine serum albumin (BSAi)cular dichroism (CD)
commercially acquired RTAC (cRTAC), commercially acquired RTBC (cRTEMethyl sulfoxide
(DMSO), endoplasmic reticulum (ER), epigallocatechin gallate (eG@&®)| ¢alf serum (FCS), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 1-ethyB3limethylamino-
propyl) phorbol 12-myristate-13-acetate (PMA), recombinant RTBC (rRTB&), toxin (RT),RT B
chain (RTBC)RT A chain (RTAC), standard errof the mean (SEM).
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Introduction: Thereis a clear and pressing need for improved first-line treatment apdthylaxisto
combat the ever-increasing threat posed by agents of bioterrorism. Amongsadkasis ricin toxin
(RT), a protein produced by the castor beRitius communis RT is rated by théJS Centre for
Disease Control and Preventiaga level B biothreat [1] and has been used within the last X8tgea
incite terror, with the intentioof causing harm, morbidity and mortality within the human population
[2]. RT is knownto be of interesto organizations sucasal-Qaeda, thoughb be developing a ricin
“bomly’ i.e. wrapping ricin powder round explosive dessas a meanf dissemination [B The
availability of RT was underpinned by both the intoxicatisihRoger Bergendorfin 2008 [4] and the
discovery ofRT containing letters sertb Bill Frist in 2004, who wasat the time theUS senate
majority leader [ The tangibility (and consequent potency) of these thiegfisen greater urgency
by the fact thaRT is relativelyeasyto produce and weaponize lethal quantities [R Thereis alsono
cure for intoxication with medical support being palliative [the UK andUS government exploited
these observations during the productiorfampound W (RT) prior to the Biological and Toxin
Weapons Conventioof 1972 and the Chemical Weapons Conventioh973 [7.

RT is composed of two protein chains joined via a single disulphide bond.ettieid RT B chain
(RTBC) is responsible for the binding of the toximthe cell membrane. Binding achieved viaan
interaction between RTBC and a terminal galactos&l-acetyl-galactosamine residues, which are
then internalized [B RTBC has ai-lobal structure, with each lobe having lectinic activity [9] and
mediates the translocation BT A chain (RTAC)to the endoplasmic reticulum (ER}(. RTBC s
internalized via clathrin, caveolin and non-clathrin mediated endocytosisaastocatiornof the RT
moleculeto the ER is achieved via the Golgi body. From tB&, the catalytic RTAC passes into the
cytosolto mediate the depurination (and inactivation) of ribosome&11Q Critical to RT activity is

the ability of RTBCto interact with membrane componerdswithout RTBC, RTAC (and other type

| ribosome-inactivating proie), is relatively non-toxic [1P

Resources have been directed towards developing treatments (aside frontapticpimymunization
i.e. RiVax) [13],to prevent ricin intoxication post-exposufie date, several strategies have emerged.
The first employs a small molecui@ inhibit ricin translocation out of the endosoine Retro-2 [15.
The second seelte block ricin uptake or intracellular trafficking via either antibodgdiated steric
hindrance 15&16] or by feeding milk-derived material.€. lactose)to exposed individuals [17
RTBC has been documenttmhave a high lactose binding affinity and lact@sthoughtto compete
for cell binding sites on RTBC [®/.8]. In additionto the above, the inhibition of a variety of protein
toxins suchasanthrax [19], tetanus [20], botulinum [21] and shiga toxin [22] by polyphenols (found
tea), has also been reported. One such polyphergigallocatechin gallate (eGCG) [2Herewe
presentan evaluationof the inhibitory effect of eGCG updRT in vitro. An evaluation of potential
mechanisms of inhibitory activity was also undertaken and has been discussed.
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Materials and Methods: General chemicals and reagenfBRITON-X-100, propidium iodide,
glycine, paraformaldehyde, leupeptin hydrochloride, bovine serum albumin (BSA), |-B€8y
dimethylamino- propyl) phorbdl2-myristate-13-acetate (PMA), the bicinchoninic acid (BCA) assay
kit, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTand anhydrous cell culture
grade dimethylsufoxide (DMSO) were from Sigma-Aldrich (Dorset, UK). The (2R,3R)34,5-
Trihydroxyphenyl)-3,4-dihydro-1[2H]-benzopyran-3,5,7-triol-3-(3,4,5-trihydroxybenzoatedGCG)
was purchased from Merck (Calbiochem, Nottingham, UK).

Texas Red-labeledRTBC: labeling was performed using Texas R&d succinimidyl ester, mixed

isomers (Invitrogen, Paisley, UK) following the manufactisrenstructions andas previously

described for labeling BSA [24]. Commercial (c) RTAC ardTBC were from Vector labs
(PeterboroughUK) andre-folded ricin was generated using a previously published protocplRR25
folded ricin holotoxin was characterized by Western immunoblottingnagai known quantityf
cRTAC and (separately) cRTBC. Wherefolded RT has been documented the experimental
section the amounts indicated retiethe amounodf RTAC in the preparation and not the total mass of
protein. Thisis to control for small inter-batch variabilityy RTBC content required fdRT refolding
[25]. Antibodies: Monoclonal anti-TGN46 was fronAbD Serotech (Kidlington,UK) and the
polyclonal rabbit anti-RTAC and anti-RTBC were from AbCam, (CamieriddK). The anti-mouse
and anti-rabbit secondary antibodies conjugated with Texas Red- or Alexafluor-488franer
Invitrogen (Paisley UK). Horseradish peroxidase-conjugated anti-rabbituativinouse secondary
antibodies for immunoblotting were froBE Healthcare (Little Chalfont, Bucks, UK).

Cell culture and MicroscopyRPMI 1640 medium, Dulbecco's minimal essential medium, glutamax,
penicillin/streptomycin, Dulbecco's Modified Eagles Medium without sodium pyeuwaith
450mg/mL glucose, kanamycin and fetal calf serum (FCS) were fronndgeit (Paisley, UK). The 6
well treated cluster plates and sterile x22x0.Jnm coverslips were from Fisher Scientific
(Loughborough, UK). Vero cells (ATCC number CCL-81), and THP-1 cellsC@Thumber TIB-
202), were from the American Type Culture Collection (ATCC) (Teddington, UK).

Methods: Cloning and expression of recombinant (r)RTB&:pUC19-derived plasmid encoding
E.coli codon optimized RTBC was supplied by Biobasic Inc (Markham, Ontari@ai@hjvas created
using published sequences [26] RTBC was amplified from the aforementioned ¢enomiteg the
following primers: (forward) ((5-CAC CGC TGA TGT TTG TAT GGA TCC T and (reverse)'5
TCA AAA TAA TGG TAA CCA TAT TTG). The resulting PCR product was ligated into pET151/D

Topo (Invitrogen, Paisley, UK) following the manufactigenstructions. PCR was performed using

an Accuzyme PCR kit (Bioline Reagents Limited, London, UK). Sub-cloning weai$iad by DNA
sequencing, performed bPNA Sequencing and Serviced Dundee University, (Dundee, UK).
Protein expression, enrichment from bacterial lysate and characterizationmanoblotting was
performedaspreviously reported [37

Cell culture: Immunofluorescent Microscopythis methodology has been extensively described and
discussed previously [24Briefly, after being exposetb either Texas Red-labeled RTBC (f&dmL

eachtreatment) or Texas Red-labeled RTBC with eGCG |(M@achtreatment), and left for 4h

under standard incubation conditions, the cells were fixed with 2% (arvjalin in PBS at room
temperature for 20 min, prido being quenched with 5% (w/v) glycine PBS containing 0.05%
(w/v) Triton-x-100 which also served permeabilized the cells. Following a blocking step using 1%
(viv) FBS in PBS, the cells were expostal an anti-TGN46 primary antibody, (60 miat room
temperature) andn Alexa488-labelled secondary antibody. Following a subsequent wasBstep
using PBS) the cells were mounted 50% (w/v) glycerolin PBS containing 1% (w/v) n-propyl
gallate. Microscopy was performed usiaigEclipse 90i microscope (NikodK Ltd, Kingston Upon

4
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Thames, SurreylJK) fitted with an Apo x60 objective and BS-QilMc camera. Image acquisition
was performed using Advanced Research Elements software version 3.2 (Nkbtd, Kingston
Upon Thames, Surrey, UK).

In vitro toxicity assay:This methodology has been described extensively [28] and assays were
conducted oved8 or 72h (as stated) with the stated humber of replicate&2ZUStatistical analysis
was performed using the Prism 6.0b software package (GraphPaa limlla, CA, USA) and t-tests
were unpaired, two tailed. Where concentrations of eGCG abgé M@re used, care was taken
remove the eGCG from the culture andwash the culture 3 times with PBS prioradding MTT.
This was necessatyg minimize any false positive data resulting frameGCG interaction with MTT
(data not shown). Where eGCG wasadministered wittRT the two substances were dissolved
complete media and left for 60 m@ room temperaturéo cometo equilibrium priorto being added
to cells. Flow cytometer data was acquired using an AdC@riflow cytometer (BD Bioscience,
Oxford UK). THP-1 cells were incubated wiRT and eGCGAn PBSat the reported concentrations
and left for the specified time pridio being re-suspendedn sterile PBS containing 10ng/mL
propidium iodide. The cells were then subjectnalysisat 488nm. ThdCs, values for refoldedRT
are also representatioé an extended dataetbeyond the number of replicates stats@gach batch of
refolded ricin was characterized (in part) by examiriggpxicity.

RTBC uptake experimentddere 5x16 Vero cells were useih seed individual wellin a 6 well plate.
The cells were then left overnigint complete media under standard incubation conditiorC(@7a
humidified atmosphere containing 5%(vR2)3,). The next day, either RTBC (p@/mL) or RTBC
plus eGCG (1mM) were added along with a third treatment which had only RTBC added and was kept
at 0°C through out the experiment. The remaining two plates were placed backstamttard culture
conditions. After 4h the cells were washed with ice-cold PBS 3 timeblattdd dry, taking care not
to disturb the monolayer. The monolayers were then dissalvedlaemmli SDS page buffer
containing 10% (v/v) 2-mercaptoethanol and run on a 12% (w/v) SDS PAGrigeto Western
blotting using standard conditions. After transfer had completed the blogs biarked with PBS
containing 0.01% (v/v) TWEEN 20 and 5% (w/v) none fat dried milk. Biase then cuin half to
allow thento be separately probed with antibodies specific for EEAL1 (BD Bioscidbxfard, UK)

and RTBC (AbCam, Cambridgé&lK) using HRP-conjugated secondary antibodies (GE Healthcare;
Bucks, UK) following standard protocols and following the manufacturetsigi®ns, using Piercd
ECL reagent (Therm8dentific; Waltham,MA USA).

In vitro RTBC binding assayLactose-conjugated Sepharose (Sigma Chemical Company, Dorset UK)
was washed 3 timesn PBS and either recombinant RTBC commercial RTBC (Vector Labs;
Peterborough, UK) or commercial RTBC and eGCG was added. This was watiheld wolumn
volumes of PBSTo the beads, 1Q0 of Laemmli SDS page buffer containing 10% BME) was added
and this was compardd an equivalent amount of input protein. Following the sedimentation of the
beadsat 12 000 x Gat room temperature for 2 min, the supernatant was analyzed by SDS &A&GE
Western blotting. Detection was performed useng anti RTBC polyclonal antibody (AbCam;
Cambridge, UK) andan anti-rabbit, HRP-conjugated secondary (Invitrogen, Paisley, UK) using
Piercé™ ECL reagent (Thermo Scientific; WalthamA USA).

Assessment of protein conformation using Circular Dichroism (CD) Spectroscopy. Proteins
(0.3mg/ml in PBS) were analyzed using a Chirascan™ CD spectrometer, (Applied Photophysics,
Surrey, UK), and data was acquired between 190-260nm, (2 seconds per time point, 1nm
bandwidth) at 20°C. Three repeats were taken and 6M guanidine hydrochloride denatured
samples were used as a control. A 0.1 mm path-length was used.
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Results: The characterization of RT, RTBC and RTAC was performed (figure 1| ppaed with the
exceptionof the re-folded RT preparation, there was no detectable RTiBthe RTAC preparations
and no detectable RTAID the RTBC preparations (figure 1; pangl Bhese data (figure 1; pare)
were important for the validatioof the re-folded RT. Whenre-folded RT was characterized by
immunoblotting, typically a 2:1 ratio of RTB® RTAC was obtained (data not shown). This was
unavoidable consequence of the protocol that was neceassansure that the majority of tHeT
preparation was heterodimeric [28Vhilst this procedure was not optimélywas necessary, given the
current availability of commerci®T holotoxinin the UK.

a) Characterization of RT by
Immunoblotting

cRTA cRTB RT

2 T
o-RTAC — -_1-;.’
a-RTBC lu ’ -

b) RT toxicity in Vero cells ¢) RT Toxicity in THP-1 cells
(72h; n=8 £ SEM) (72h; n=8 £ SEM)

1407
1204
1004

80

60

Cell Viability (%)

Cell Viability (%)

404

204

1%104 12102 1x102 1x107 1x100 1x107 1x102 1x10% 1=x104 1x10% 104 10 102 10! 10° 107 102 10° 104 108
Protein Toxin Concentration (ng/mL) Protein Toxin Concentration (ng/mL)

Figure 1. Characterization of RT and RT components. Panel (a) depicts the immunological profié commercially
obtained(“c”) RTAC, cRTBC, and refolde®RT when probed (individually) with antibodies specifor RTAC or RTBC.
Panel(b & c) document thén vitro toxicity profilesof refolded ricin holotoxin (black circles joindxy a dotted line), cRTAC
(black squares), cRTBC (black triangles, paip) and recombinant RTBC (black triangles, point davim)oth Vero (panel
b) and THP-1 (panet) cells after72h when assessed using the MTT assay (in each irstan8; + SEM). Data derived
from these assays are summarized (tdblehere calculatetCsy values are recorded.

To characterize refoldeRT (and its component$) vitro toxicity, both Vero (African green monkey
kidney) and THP-1 (human macrophage) cell lines were used. These tdatat{figurel; panel b &
c) are summarizedin table 1 & 2) and in each instantee refoldedRT holotoxin displayed the
highest levelbf toxicity (ICso Vero 0.08+0.004ng/ml; THP-1 0.54+0.024ng/mL), followed by RTAC
(ICso Vero 3.525+£1.017pg/mL; THP-1 0.068+0.001uglntRTBC (IG, Vero 28.625+2.917ug/mL;
THP-1 9.750+0.744pg/mL) with recombinant RTBC demonstrating the least yoitio# ICs, was
100+pg/mLin Vero and 100+pg/mlin THP-1 celly. Having established base-line toxicities fer
folded ricin, the effectof a known inhibitor of ricin toxin (lactose) [17s well as that of the
polyphenol under investigation (eGCG) was investigated, with lactose sawmngpositive control
rather than a gold standard. However, before these interactions loeubtharacterized, baseline

6
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toxicities for each of the potential inhibitors were also meas{iigute 2; panel a & b) and tH€s,
values calculated (table 1). InitiallRT inhibition was assessed using a static concentraifon
potential inhibitorin relationto a variable concentratioof RT (figure 2). These data are shown for
Vero cells (figure 2; panel c) and THP-1 cells (figure 2; pahelFigure 2 (panel c) documents a

statistically significant inhibition oRT by: eGCG (43.8g/ml (i.e. 10QuM)) (p>0.0001), when tested

in Vero cells. The addition of lactose (3uf2ml (i.e. 10uM)) to RT prior to incubation with Vero

cells resultedn anICsg, value that was greater than 10ng/ml (RTAC equivalent) under simflay as
conditionsto those reportedh figure 2 (panel d). A similar concentratioh lactose gave ris® an
ICso value of >10ng/mL (RTAC equivalent) when measure@HP-1 cells. Similarly figure 2 (panel
d) documents a statistically significant inhibitiohRT by eGCG (p=0.0013) when measured using
THP-1 cells.

THP-1 (72h) pg/ml Vero (72h) pg/ml
c¢RTAC 0.068 + 0.001 3.525 +1.017
c¢RTBC 9.750 £ 0.744 28.625+2.917
rRTBC 100 + 100 +
Lactose 58.625 + 1.361 61.375+11.361
eGCG 100 + 200 +

Table 1: IC,, values of experimental materials evaluated herein

Table 1. documents the ICso values characterizing the individual experimental components used herein with THP-1 and
Vero cells after 72h (n=6 *+SEM). These data are derived from figure 1 (panels b & c) and figure 2 (panels a & b).

THP-1 (72h) P value Vero (72h) P value
ng/ml D RTICy, ng/ml D RTICy
Ricin Toxin (RT) 0.54 £ 0.024 - 0.08 £ 0.004 -
Ricin + eGCG 0.68 £0.235 0.0013 (**) 3.02+0572 <0.0001 (*#%*)
Ricin + Lactose >10 - > 100 -

Table 2: IC,, values describing the toxicity of ricin holotoxin
and its inhibition by eGCG and lactose

Table 2: documents ICso values for RT in vitro with and without the proposed inhibitors after 72h (n=6 * SEM). These

data are derived from figure 1 (panels a & b) and figure 2 (panels c & d).
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a) Lactose and eGCG toxicity in Vero cells 1501 T
150 ) (72h; n=6 +SEN\I/) b) Lactose and eGCG toxicity in THP-1 cells
b ;n=6t
' (72h; n=6 +SEM)
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Effect of lact d eGCG RT 150 d) Effect of lactose and eGCG upon RT
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Figure 2: The effects of potential inhibitors upon RT intoxication. The in vitro toxicity profile of both lactose (white
square) and eGGC (white triangle) upon Vero celbility over 72h (panela; n=6 + SEM) was documented (panel a). A
similar characterization was performed using atgdaTHP-1 cells (panel b). The viabilitf cells exposedo a static
concentratiorof either lactose (10uM i.e. 3.42ug/ml) (black tritesgjor eGGC (100uM i.e. 43.8ug/ml) (black squaresd
increasing concentratioraf RT was documenteth Vero cells using the MTT assay (72h; n=6+SEM) (plac). A similar
experiment was performed using activated THP-1sdgldnel d). Data derived from these data setsamenarized (tabl@)
where calculatediCs, values are recorded.

Given that eGCG could mediate a significant reductioR Dtoxicity when assayeih both Vero and
THP-1 cells,at a static concentration of eGCG, the next logical questiontwask if a variable
concentrationof eGCG could exert a dose dependent effect upon the toxicity of a Bfftic
concentration (figure 3)As Vero and THP-1 cells displayed varying sensitit@\RT (table 3, Vero
being approximately 6 times more sensitivRT than THP-1 cellsit was surprisingo note that the
effect of (eGCG mediated}T inhibition was more profound within the populatioofsVero cells
(table 2; figure2; panels c & gl A consequencef this was the choice of static concentrationfRof
usedto generate figure 3. Figure 3 (panel a) shows the effect of a lethal corioargf®&T (20ng/ml)
when incubated with increasing amounts of eGCG upon Vero viability 48ter Figure 3 (panel)
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reports thatin every instance, a statistical difference was observed retatieells only treated with
RT. Here 100, 80, 60 and d@fmL of eGCG demonstrated significarite(, p=0.0464, p=0.072,
p=0.0233, p=0.0337 respectively) increaisesell viability relativeto an untreatedRT control. Figure
2 (panel b) shows the effect of eGCG (504&§Yénl) upon THP-1 celiability after incubation with
RT (4ng/ml)at a lower concentration. Again a significant differemteviability is reportedat a dose

of eGCG of 100Qg/ml (p=0.0232) and 2Q@/ml (p=0.0076) relativéo the RT only control (figure 3;
panel B. In an attemptto further rule out the possibilitpf false positive data resulting froan
interaction between MTT and eGCG, a flow cytometer was tgetheasure propidium iodide
exclusion (asan indication of cell viability) from non-activated (monocyte) THP-1 gdfigure 3;
panel ¢ and d). This assay used more eGCG than had been previously asgase@;(fianels a-d)
and showsan increasen cell viability (p=<0.0014) (100@M eGCG relativeto 1uM eGCG) when
THP-1 cells were treated withOng/mL RT (figure 3; panel ) When a reduced concentrationRt
was used (5ng/mL) (figure 3; pang| a statistically significant increase in cell viability wasareled

when a dosef 100QuM eGCG was comparead 1uM of eGCG (p>0.0001).

a) Vero viability after treatment with 20 ng / mL RT b) THP-1 viability after treatment with 4 ng/ mL RT
and eGCG after 48h (n=6 + SEM) and eGCG after 48h (n=6 + SEM)
607 *
’ « 60 x*
I . |
' . ) I n/s |
T 40 — 1
= =
o =
2 s
@ =z
O 204 g 20-
0- 0-
® By & f & N & &> >

eGCG Concentration (ug/ml) eGCG Concentration (ug/ml)

Figure 3: Effect of varying the concentration of eGCG upon RT lethality. Panel (a) documents the effezt varying
concentrationof eGCG upon a static concentration (20ng/mE)RT in Vero cells. Cell viability was documented and
statistically significant differencef viability were recorded for40 (p=0.0464),60 (p=0.0472),80 (p=0.0233) and
100pg/ml (p=0.0337) eGCG relatite no eGCG and 20ng RT. Viability daia responseo challenge with 4ng/mRT and
varying concentrationsf eGCG was also recorded using THP-1 cells (panetayistically significant variation from THP-
1 viability after treatment witlRT andno eGCG was observeat 100 (p=0.0232) and 200 (p=0.0076) pgtheGCG. These
data sets (panel a &) were acquired over 48h. These data were acquisétguhe MTT assay. Flow cytometry and
propidium iodide exclusion was also usedmeasure (non-activated) THP-1 viabilttyfurther control for any interaction
between MTT and eGCG (panels ¢ & d). Ricin concetidnsof (panelc) 10ng/ml and (panal) 5ng/mlRT were used and
data were gathered after a 72h expostardoth RT and eGCG. There was a statistically significaritedéncein cell
viability between cells treated with 10ng/RT i.e. with: 1000uM eGCG (p=0.0014), 100uM eGCG ([@3009) and 10uM
(p=0.0015) and cells treated with 1uM eGCG (panelAcstatistically significant amoundf RT inhibition (5ng/ml) was
mediatedby 10 and 100pug/mL eGCG relativ®e 1uM eGCG (panel d). The p values were: 1000uM eG@E€0.0021),
100pM/ml (p=0.0021) and 10uM eGCG (p>0.0001) retato 1pM. The flow cytometry assays were performedmes
each and the data represents the meSaEM
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¢) THP-1 viability with 10ng/mL RT plus d) THP-1 viability with 5ng/mL RT plus
eGCG at 72h measured by propidium eGCG at 72h measured by propidium
lodide exclusion (n=4 + SEM) lodide exclusion (n=4 + SEM)
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In an attemptto understand the mechanism(s) driving the observed redudtioR3 toxicity, the
effect of eGCG was examined upon RTBC. The effect of eGCG upon RTB@osamented (figure
4; panel a) where the aibyl of cRTBCto bind to lactose-conjugated Sepharose witil without
eGCG (100uM) relativéo rRTBC (the negative control) was investigated. Reduced cRTBCitectin
activity in the presence of eGCG (100uM) was recorded. This observation sabberthypothesis
that the reductioim toxicity associateavith RT in the presencef eGCG may beat leastin part, due

to an interaction between eGCG and the RTBC, which resuhecelaxed RTBC conformation
(impacting upon RTBC lectinic activity, cell uptake and RTAC intracellularitiaffg).

This hypothesis was tested by monitoring the uptake of RTBC, withvéihdut eGCG by Vero cells
over 4h (figure 4; pandd). On account of the relatively short timescale used, the dose of eGCG was
increased and the results expressed relativee housekeeper (early endosomal antigeBA)1), to
control for any variabilityn cell number. Figure 4 (pank) shows that there was a reductiorRTBC
uptake by Vero cells (p=0.0039) incubated with RTBC and 1mM eGCG refaieells only
incubated with RTBCat 37°C andat 0°C. The 6C control was necessansit controlled for non-
specific interactions.lt was possible that eGCG was inhibiting endocytasissuch a high
concentration rather than reducing RTBC uptake via eGCG mediated RTBC catidoah
relaxation, however this point remaits be addressed. What was clear was that less RTBC was
entering the cellsat high concentrations of eGCG, which may account for the reduced toxicity
observed earlier (table 1). Were this hypothesis true, ithemght be predicted that treatment with
eGCG would alter levelsf RTBC cellular uptake and Golgi translocation. The resfltesting this
hypothesisvere documented (figurd; panel c). Figure 4 (panej micrographs to iii) were captured

in the absencef eGCG and show theo-localization of Texas-Red labeled- cRTBC with a primary
antibody specific for TGN4@a Golgi marker), which was labeled with a secondary (anti-ejous
antibody conjugatedto Alexafluor® 488. In contrast, figure 4 (panels; micrographsiv-vi)
documented no detectabt®-localization between TGN46 and Texas Red-labeled cRiB@e
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presencef eGCG (100uM). These micrograptipport the hypothesis that eGCG altered the activity
of RTBC. Figure 4 (panal) shows theCD spectrunmof eGCGat a concentration of 100uiv PBS.It
was of note that eGCG displayed a profound spectra particularige 200-230 nm band. ThisD
responsef eGCG means that may hide changes within the RTBC spectiraany are present. This
negative peak impacts upon the interpretation ofsfeetra derived from RTBC (panel e) and its
summative effect suggests that there was a decheaseéer, regarding the secondary (and tertiary)
conformation ofRTBC (panele). This may represent a loss ef-lielical) secondary structure. This
data was reinforced given tieD spectra of RTBC without eGCG, which remains very sintitar
those previously publigu[29].

b) Effect of eGCG (1mM) upon RTBC uptake in Vero cells

a) RTBC binding to lactose-conjugated Sepharose
) . wE a (4h; n=3 + SEM) relative to EEA1 expression levels

Lactose-conjugated
sepharose

- - cRTBC (positive control)

- s CRTBC+ 100 uM eGCG

Input

*%

60+ 1

- rRTBC (negative control)

Cell associated RTBC relative

9 O «°
04’/0 < 00(\
e
< Qo
-ve
eGCG
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+ve
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Arrows denote co-localization. Size bar =5 um
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d) Characterization of eGCG e) Characterization of RTBC::eGCG
by CD interaction by CD
i an — cRTBC
— 10uMeGCG -=-- cRTBC + 100 uM eCGC
- 100 uM eGCG + cRTBC +10 uM eCGC
=+ cRTBC + 5 uM eCGC
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Figure 4: The effect of eGCG upon RTBC activity. Panel (a) depicts the effecf eGCG (100puM) upomR7BC'’s lectinic
activity in relationto RTBC bindingto lactose-conjugated Sepharose. Panel (b) docurtieatsffectof eGCG upon RTBC
uptakeby Vero cells overh relativeto a FC control. A statistically significant (p=0.0039Hibition of RTBC uptake was
mediatedby eGCG (1000uM). Panel (c) documents the eftdctO0OpM eGCG upon the Golgi localizatioh Texas Red-
labeled RTBC after &0 min (RTBC) pulse and a furtheg0 min chase. Micrographg-iii) show typicalco-localization
between Texas-Red labeled RTBC and the trans-Gplegific antibody TGN46. Micrographs (iv-vi) demdnage thatin the
presenceof 100uM eGCG, therés no detectableco-localization. Micrographs were representatofethe majorityof the
populationof cells observed. Arrows denote-localization and the siZear represents approximately 5 microns. Paifels
& e) denote the effeadf eGCG upon th€D spectraof RTBC. The spectraf eGCGat 100uMin PBS (dotted line) and
10pMis shown (panetl) aswell asthatof RTBC (solid line)aswell asRTBC +100uM eGCG (dashed line), +iM eGCG
(dotted line) and +5uM eGCG (dotted and dashed Im@BS(panele).
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Discussion: RT toxicity has been assayed using a variety of methodologies, which haedunany
different cell lines. This variety and diversity of methodology, whitslerscoring the robust nature of
these findings, makes direct comparisons between this work andathotbeers difficult. Previously,

we evaluated commerci&®T (isolated fromRicinus communistoxicity using B16 cellsn vitro [28]

after 72h using the same experimental paramatzeported here and the results are comparable. The
ICso values published for HUT102 cells [30] are also simitathe values presented herein, once
experimental variables and the sensitivity associated with diffeedlritnes are considered (table 1 &
2).

In orderto gauge the efficiency of any inhibitory activity exerted by eGC@ositive control was
established. The literature suggested the use of lactosegh7fuitable inhibitor. Above a lactose
concentratiorof 3.4pug/mL, some toxicity was documented (figRrganels a & b) presumably dte
osmotic effects or the effectd lactose upon none-enzymatic glycosylation][3dhe ICs, resulting
from treating THP-1 cells with escalating dosefkdfand 10pM lactose were beyotige maximum
concentratiorof RT assayed (10ng/mL), limited by the resudfsthe re-folding procedure usetb
anneal the A and B chainRT inhibition by lactose was also documentadvero cells and were
similarto those documented for THP-1 cells. Supplemental figure 1 also shows thimheffect of
Lactosein a complex mixture (non-fat dried milk (NFDM)), which surprisingly himtémited lactose
bioavailability when NFDMs usedin this context.

Treatment of both Vero and THP-1 cells with eGCG resutteshme toxicity above 1@ml and this
wasto be expectedseGCG has previously been reporteénduce apoptosis [32figure 2; panel a &
b) and may be linketb eCGCs abilityto switch from actingas a free radical scavengér a free
radical generatolas a function of pH [33]. Little inhibition of RT was recordedat an eGCG
concentration of 10uNh either cell line (data not shown). Consequently a concentratia@@QuM
(43.8ug/ml) was usedit 100uM eGCG, Vero cells display significgim0.0001) resistance RT
intoxication whenlCs, values were compared (table 2). Similarly eGCG also mediated significant
inhibition to RT intoxicationin THP-1 cells(p=0.0013) upon a comparisaf ICsyvalues relativeao
RT treated cells alone (tablg. Z'hese data sets were reinforced when the effect of eGCGRIpon
intoxication was measured using a static concentratidRToand variable concentratioms eGCG
(figure 3; panels a-d)t is of note that protection froRRT intoxication by eGCGvas observedn an
assaythat did not require MTT (figure 2; panels ¢ & d) negating the possilitidy the previous data
sets coulde subjectto false positivessa result ofaninteraction between eGCG and MTTis also
importantto note that during the assays reported herein, the cells were beingdsbeds®h eGCG
and RT andit is for this reasorwe conjecture that 100% protection frdRT intoxication was not
documented.

The reported reductiorin RT toxicity in the presenceof eGCG required some mechanistic
explanationlt was hypothesized that the reductiorRT toxicity was dueo an alterationin RTBC
conformationas a resultof either a direct or indirect interaction with eGCG. This interadtias not
been defined herein. However, others have reported the ability of trggarirbctionsto bindto both
tetanus toxin20] and botulinum toxin [34]. Given tham the presence of 100pM eGCG, (i) cRTBC
losesits ability to efficiently bindto lactose conjugated-Sepharose (figdr@anela), (ii) that eGCG
reduces RTBC cellular uptake (figure 4; panel b) eitheawiateraction with RTBCan interaction
with the cell, reducing endocytic internalization or both, and thatafii@r exposure of Vero celts
Texas Red-conjugated cRTBC, little Golgi localization was documeittaglas possible thaan
interaction between eGCG and cRTBC letida changén RTBC conformation which rendeitsless
able to bind to sugars (receptors) on the cell membrane. A consequence of impaired RTBC cel
binding would predict that cellular uptake was dramatically redasétdis likely that RTBC would
undergo fluid-phase captuas opposedo a more efficient receptor mediated means of cellular entry
facilitating Golgi localization. This hypothedis shown diagrammatically (figure).3t is of note that
there was some interaction between eGCG upon RTAC, which may alsat ltiat possibility of
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eGCG activity post-RTAC cytosolic translocatiar. once RTAC has translocated the cytosol
(figure 5). Howeveif a synergy between lactose and eG€Gonsideredit is unlikely that any effect

of eGCG upon RTAGvould be measurablie vitro. This conjecturds based upon the efficient way
lactose prevents RTBC cell uptake and Golgi translocatonhe RTAC would be prevented from
reaching the cytosol by virtuef the interaction of both lactose and eGCG with the B chain. This
observatioris further underscored by the published data documenting only 5% of interrridineid

the Golgi apparatus [35Whilst both eGCG and lactose inhibited RTBC may well enter the cell
(inefficiently) by fluid phase endocytic capturd, is unlikely that this cargo could escape
endolysosomal translocation and destruction. These data / observationd agleéestions about the
specificity of eGCG with regard®o RT A and B chains howevét is worth mentioningat this
juncture that eGCGAs not ubiquitously active against all protein toxias the cytotoxicity of
Clostridium difficile toxin A is unaffected by 100ug/mL of eGCG (data not shownyero cells after
72h.

The CD spectrum of RTBC has been previously published [29] and agrees wittpdiotra of
commercial RTBC documented herein (figure 4; panel e). bespectraof eGCG (100uM), was
recorded and surprisingly a negative peak was evident between 200-22tlarnob3ervation helps
when interpreting th€D spectraof RTBC upon the additioof eGCG (100uM), which may hawn
additive effectAs the 190-210nm regioof the CD spectrds sensitiveto alterationsn the amounbf
helix presentit is likely thatupon the addition of eGCG there was a marked chantfge amounbf
disorder associated with RTBi&. the addition of eGCG resulis a decreasen the amounof a-
helix within the RTBC.In addition, there was little significant change (given the presehce
contributionto the spectra from eGCG)) the RTBCCD spectraat 232nm, previously reported be
due to disulphide bond transitior2f]. This may indicate that eGCG was not reducing disulphide
bonding or the environmentsf the disulphide bonds between RTBC and RTAC during toxicity
experiments, which would resuih RTAC behaving like a type | RIPAs no large structural
observations were documentadhe spectraf RTAC upon the addition of eGCG (data not showin),

is difficult to draw any conclusions about the effects of eGCG upon RTAC structure using thi
methodology. Furtheran investigation into the ability of eGC@ inhibit RTAC usingan in vitro
translation assay was also inconclusive. Although althefcomponents of thigssaybehavedasthe
literature would suggest, the asseself was inhibited by eGC@t 100 uM (though notat an eGCG
concentration of 10uM) (data not shown). This makes attributing specificityebetm eGCG and
RTBC interaction difficult andloesn’t rule outan inhibition of RTAC by eGCG, contributingp the
reduced levels ORT toxicity observedn the presence of eGCG (table 2). The redudtidniological
activity observed was not simply a consequence of protein precipitation and thiflewedeot only

in the CD data, but also visually during the execution of experiméwdsclouding of solutions or
increasan turbidity was observedt any timein responseo the additiorof eGCG. Given that théD
experiments required a protein concentration of 0.3mgfnprotein precipitation was occurririg
would have been eady detect (ast is when 6-His tagged recombinant proteins all too frequently
precipitate during dialysis against PBS).

Tetley have estimated that the level of flavonaiigheir classic blendo be approximately 156
mg/cup and that of these flavonoids eGCG was predominant [36]isThisontrasto a recent study
evaluating the total flavonoid content of the green(1€a3 mg/g + 0.9 mg/g (zSE; n=38) whilst the
average for the black teas was low¢rl2.9 mg/g = 0.8 mg/g (xSE; n = 3437 Given the eGCG
activities recorded herat is unlikely that a cup of tea could provide a feasible antidot®T
intoxication. Given that lactose would only be effective ptmthe cellular uptake oRT and the
cytosolic translocation of RTAC, and that there are a significant nuofbgeople who are lactose
intolerant, these intriguing results suggest that there may be wafurther investigatinggGCG’s
ability to reduce RTSs toxicity with a viewo isolating active groupsr moieties within eGCGn order
to improve itsRT inhibitory potential.
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Figure 5: Cartoon depicting the intracellular trafficking of RT with and without an inhibitor (eGCG or lactose). This

cartoon proposes a mechanisnexplain the inhibitiorof RT toxicity mediatedby eGCG. These data are adapted from: [16,

3.
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Running title: Epigallocatechin gallate (eGCG) inhibits ricin

Highlights

Epigallocatechin gallate (eGCG) has inhibitory activity against ricin tdXir).(

The reductionn ricin toxicity mediated by eGCG was concentration dependent.
EGCGwas foundo reduce the binding &®T B chainto lactose-conjugated Sepharose.
EGCG significantly reduce the uptakeR¥B chainin Vero cells.

EGCG may provide a starting poitd refine substances that reduce ricin toxicity.
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