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Abstract

Betalains are bioactive dietary phytochemicalsnficactus pear and red beet, which
are their main dietary sources. Intestinal absonptimechanism of these
phytochemicals and influence of their food matnmxtbe process were investigated in
a model of Caco-2 cells seeded on Transwell inserider an inwardly directed pH
gradient, simulating luminal and basolateral sidesiuman intestinal epithelium.
Apparent permeability coefficients {9 for the AP-to-BL trans-epithelial transport
suggests a substantial intestinal absorption. p@mhsof indicaxanthin was not-
polarized, linear as a function of time, and unztfd by inhibitors of membrane
transporters. Betanin exhibited significantly diéfet bidirectional Ehpand non-linear
efflux kinetics, to be related to a multidrug stance associated protein 2 (MRP-2)-
mediated apical efflux. Neither indicaxanthin noetdnin underwent metabolic
transformation. Permeation of both betalains insedaremarkably after EDTA
treatment of the cell monolayer indicating a paltatse transport for both
compounds. Additional trans membrane permeationb&aconsidered for betanin.
The food matrix did not affect the AP-to-BL transpof indicaxanthin, but the
absorption rate of betanin was reduced, for reset bmore than cactus pear. In
conclusion indicaxanthin can freely diffuse througlaracellular junctions of
intestinal epithelial cells, whereas betanin absomnps limited by a MRP2-mediated
efflux and is negatively affected by its own foodatnx. Present findings are

consistent with the higher bioavailability of indi@anthin over betanin in humans



Introduction

Functional foods and nutraceuticals

The idea of functional food and nutraceuticalsnigune with the broad concept of
health as a state of complete physical, mental,sacthl well-being and not merely
the absence of disease. Apart from their conveatigalue as a source of nutrients,
functional foods provide benefits for certain boflynctions, important for
maintaining healthy status or reducing disease fihe concept of functional foods
IS susceptible of dfierent interpretations relevant to their charadiesstheir active
components, or their regulatory framework. In reécgears, there has been an
increasing interest in diets rich in fruits and e&dples, mostly due to the presence of
bioactive compounds. Functional food ingrediemsitri@ceuticals) in fruits and
vegetables are very different in nature, from $mmadlecular components, such as
the secondary plant products, to macromoleculaties)te.g., pectin and cellulose,
among others, a large number of polyphenol phytooteds, whose activity is now
considered to be very important to maintain thexecbnditions necessary to control
cell functions. In fruits, the most common functbnngredients are the color

components anthocyanins and carotenoids.

Betalain pigments

Betalain pigments are immonium derivatives ofatahic acid and include a quite
modest number of structurd®etalains such as betacyanins and betaxanthing mccu
a number of natural sources; however, cactus pedr (Opuntia ficus indical.
Mill.), Beetroot Betavulgaris L. ssp. wlgaris), and the fruit from vine cactus are the
only foods containing this class of compound arartntensive color is due to the
presence of these characteristic pigments. Thetwiell betacyanins are conjugates
of betalamic acid with eithecycloDOPA or cycloDOPA glycosyl and acyl
derivatives at the C-5 or C-6 positions, where&sdtange-yellow betaxanthins are

conjugates with amino acids or amines (Stretcal 2003



Beta vulgaris Opuntia ficusindica

Betalains from cactus pear fruits, indicaxanthird dmetanin, are adducts

betalamic acid with proline andycloDOPA 5-O-f3 glucoside, respectively={gure
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Figure 1 —Betalamic acid and predominant betalains in cgotas fruit.



The extended conjugation system justifies the mglhar extinction coefficients of
these compounds in the visible range of the spexctiine characteristic yellow-
orange colorX max~ 480 nm) of betaxantins is due to the presentieein molecular
structure of aresonance system of three doubleddydormed by conjugation
of an amino acid with betalamic acid. A large bavoac shift (60-70 nm), related to
the presence of the aromatic ring portoyelo-DOPA, is responsible for the
colouring of betacianins. The intense color, Ist@éb a wide pH range between 3 and
7, and their lack of toxicity (Schwartz Bt al. 1983 Von Elbe JH.1981), made
betalaines particularly interesting in the foodustly. Today some of them are used

as natural dyes for weakly acidic food (Francis1R89.

Opuntiaficusindica L.

Opuntia ficus indicaalso known as prickly pads, represents an impompart of the
human diet in certain arid zones of the globe. plant , a member of the Cactaceae
family, is an interesting vegetable due the hardirenmental conditions where it
grows and its resistance to climatic extrentesckly pads are grown throughout
Mexico and in all North and South America. Thistoagrows in many other regions
of the World such as Africa, Australia and in tdediterranean area (de Wit M.
2010 Corrales GJ.2003. In recent years, many countries have increased t
production of prickly pears, Sicily ranks secondoaig all countries in the world for
producing and exporting prickly pear fruits.
Cactus pads are commonly called “nopales” or “fitgs when they are fresh
young prickly pads from 3-4 weeks of age. Tradaibn “nopales” have been
consumed in Mexico and Unites States, using sewdiffdrent preparations or
cooking methods. The older stage pads are frelyuaséd as forage, especially
when there is shortage of fresh forage due to dvisudhis plant is cheap, plentiful
and sometimes it has also been used for erosiotrotdLe Houérou HN1996).

The nutritional properties of tHeesh stems (cladodes) have long been known, and

prickly pear is used also in traditional medicine for its hypagimic and



hypolipidemic actions (Reid IRet al. 1995 Palumbo Bet al.2003 Feugang JMet

al. 2006 Gebremariam T.et al. 2009. In the industrialized countries dhe
Mediterranean area, cladodes are not a usualionaitsource for humans, but the
fruits are largely consumedsweet and tasty fruits of prickly pear, ripenirgveeen
the end of July and November, may be easily fomdpntaneous vegetation, but
products from cultivations are now usually market€de fruit is juicy and sweet,
with a thorny peel and a large number of small laawdl seeds. Cactus pear fruits are
characterized by various colors due to the comiminaif two betalain pigments, the
purple-red betanin and the yellow-orange indicaxanffigure 2).

The yellow cultivar exhibits the highest amountetalains, followed by the red and
the white cultivars. The purple-red betanin wadligdge in the white fruit, while the
ratio betanin/indicaxanthin varied from 1:8 (w:vg) 2:1 (w:w) in the yellow fruit.
The yellow one is the maincultivar in Sicily, accounting for almost 90% of the
plantations, while the red and the whdaeltivars account for 10% and 2% of the
plantations, respectively. In addition to betalpigments, this fruit is rich in sugars,
vitamin C and minerals such as Ca, Na, Mg, Zn,aRe, according to some authors,
also Mn and Se (Duro A971 Gurrieri S.et al. 2000.The nutrients and chemical
composition of the prickly pear fruit have been regiorted (El Moghazgt al. 1982

El Kossori RL.et al.1992).
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Figura 2 — Betalains inOpuntia ficus indica

Spectrophotmetric analysis o hydrophilicextracts of fruits, is used to deterie the

total content of betalamand thir ratio in the three main Siciliacultivars, the red,

the yellow and white on@3uteraD. et al.2002).

Taking into account the overlaing of betanin absorbance banc the peak at 482
nm, spectrophotometric quantitation ¢ indicaxanthin can be calculated |

accordance with equation (:

[Indicaxanthin uM)] = 23.8 x Agr— 7.7 X Az (1)

This equation was obtained by apply algorithms based on the mc absorbance of
indicaxanthin at 482 nmA g, (indicaxanthin) 42 600;Riattelli M. 1964)] and of
betanin at either 536 nnA\{;; (betanin) 65 000 ; (Schwartz St.al 1980] or 482
nm. [calculated Agxbetanin) 30 90(



Radical scavenger activity and biological effectsfdaetalain pigments
Radical-scavenging activity of purified betalaihas been assessed using the ABTS
colorimetric assay ( Butera [t al. 2002) Hydrophilic extracts from the three
cultivars were submitted to the ABTS radical cation decaktion assay, and the
activities of the extracts were expressed as Xrploydrophilic vitamin E analogue)
equivalents. The total radical-scavenging abilitythee methanolic extracts from the
yellow fruit is significantly higher than the aaty of the red and white ones. In fact,
indicaxanthin has been reported twice more effecthan Trolox, and betanin was
demonstrated for up to 20 times more active.

The oxidation potentials of betanin and indicakantwere evaluated by Cyclic
Voltammetry CV). Differential pulse measurements, which were cated in order
to increase the sensitivity, show three anodic wdoebetanin and two anodic waves
for indicaxanthin. The peak potentials [Ep(a)s]icating the reducing power are 404,
616, and 998 mV for betanin, while for indicaxantthe values are 611 and 895 mV.
The shape of the voltammetric waves toward the thaggotential indicates that
both compounds are irreversibly oxidized and tipeoducts can no longer accept
electrons. In contrast to other natural pigmenthsas carotenoids and anthocyanins,
the physiological effects of betalains have notligth so extensively. There is rapidly
growing information on different bioactivities obetalain pigments from some
vitro andex vivostudies.

The antiviral and antimicrobial effects of betalgpigments have been reported
(Strack D.et al.2003. Furthermore, the antioxidant properties of [zete have been
demonstrated in a wide range of assays (Zakhanoddatroval998 Kanneret al
2002, Butera D.et al 2004 and it was reported that indicaxanthin and betdmm
cactus pear fruits, increased resistance to agitlashowing antioxidant activity in
biological lipid environments from human low-degsifipoproteins to cell
membranes and whole cells (Tesorieteal. 2005 Tesoriere L.et al. (B), 2004
Tesoriereet al.2003.



Moreover, both pigments were able to modulate redediate signal transduction
pathways involved in activation of endothelialledy inflammatory cytokines
(Gentileetal. 2004). It has recently been documented that betamrnirdabit the cell
proliferation of a variety of human tumor cells @éaliaet al 2011 Sreekantah, DS.
et al. 2007 Reddy MK. et al. 2005), and a role for betalain pigments in the
chemoprevention against lung and skin cancers bas beported (Kapadiet al.
1996.

Bioavailability of indicaxanthin and betanin

Although there is evidence that betalain pigmesats be absorbed in humans, the
information found on their bioaccessibility and dailability is limited. The term
bioaccessibility is defined as the amount of a coumgl ingested that is transferred
during digestion from the food matrix to the miesll thus becoming accessible for
its absorption in the intestinal tract, it dependsnly on the physical properties of its
food matrix. Oral bioavailability, refers to thea@tion of a bioaccesible compound
that is absorbed from the intestine and becomesadaiea for its use, metabolism,
and/or storage by the organism. Studies on thevailadility of betalains in humans
are relevant to indicaxanthin and betanin fromusgear fruits (Tesoriere L., Butera
D. et al.2009 and betanin from red beet juice (Kanneetlal.2001;, Frank T.et al.
2005 and seem to indicate that indicaxanthin is al&fltimes more bioavailable
than betanirffigure 3).

The results of am vivo study showed that daily supplementation with §0atactus
pear fruit pulp for 2 wk greatly improves the oxiga stress status of healthy
subjects. The experimental evidence includes readek reductions in plasma
markers of oxidative damage to lipids, such as r@stpnes and MDA; an
improvement in the oxidative status of LDL; consaldy higher concentrations of
major plasma antioxidants; and improvement in tedox status of erythrocytes
(Tesoriere Let al. (B), 2004.



Thein vitro measurment of bioaccessibility iconsidered to be a reliable tool
approach the bioavailability of a dietary compoutaking into account eventu
variations due to food source, digestive stabibfythe molecule, and maximu
solubility in the gastrointe:nal (Gl) medium, as an index of availability foreenual
processes of apical uptake by absorptive epitheéilis. Recent studies were carri
out to investigate digestive stability and bioasdabty of a number of betacyani
and betaxanthins fromekalair-rich foods. A simulated gastrantestinal digestiol
demonstrated that digestive stability and additiofactors relevant to th
solubilization from food matrix and style of foodopessing, influence the fraction
soluble betalains in the peisitestinal digesta potentially available for tr-epithelial

transfer (Tesoriere let al. 200€).
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A minor loss of indicaxanthin, at the gastric-léevironment only, and a decrease

of vulgaxanthin | through all digestion steps weleserved, which was not affected
by food matrix. In contrast, food matrix preventegtay of betanin and isobetanin at
the gastric-like environment.

Loss of betacyanins, either purified or food-dedywas observed during the small
intestinal phase of digestion. Betalamic acid aadated after digestive degradation
of purified pigments, but not of food betalains t&8&nthins were wholly soluble in
the aqueous (bioaccessible) fraction after ultradagation of the postintestinal (PI)
digesta, whereas release of betacyanins from thaxnveas incomplete. The data
suggest that digestive stability controls bioacitagy of dietary betaxanthins,
whereas additional factors, relevant to the foodrimnand style of processing, affect

betacyanin bioaccessibility (Tesoriere gt al.2008).

Caco-2 cells

Compared to human and animal models that are higityplex, it is easy to control
parameters like absorption and metabolism innawitro study. Anin vitro assay is
simple, more convenient, and less expensive. Caceld have been the most
extensively characterized and usafulitro model in the field of drug permeability
and absorption. The differentiated cell monolayege also been used for the study
of unidirectional transport of phytochemicals sashquercetin, epicatechin, proantho
cyanidins, and carotenoid and much valuable inftionahas been obtained using
this model system.

The Caco-2 cells line is a continuous line of hegenous human mature epithelial
colorectal adenocarcinoma cells. Despite theircesyus origin, Caco-2 cells are
unique in their ability to initiate spontaneousfeliéntiation on reaching confluence
under normal culture conditions (i.e., in presengk glucose and serum).
Consequently, over a period of 20-30 days of posifl@gent culture, these cells

gradually show a morphological polarity and levefdrush border hydrolases that



are both comparable with those of mature intestateorptive cells, intercellular
tight junctions and apical microvilli, carriers fautrients as well as efflux proteins.
(Artursson Pet al 2001; Walgren RA.et al. 1998 Garrett DA.et al.2000 .

A good correlation between permeability across €aaell monolayer, solubility

and oral bioavailability in humans has been denmated (Ungell AL.et al. 2004).

Purpose

In light of the observed bioavailability of betals in humans, we investigated
aspects of the intestinal permeation of indicaxanand betanin using Caco-2 cell
monolayers seeded on Transwell inserts. In addisamce food matrix can affect
absorption, the Caco-2 cell permeation of betaldiosn various betalainic food
preparations submitted to a simulated gastro-im@stdigestion ( Bioaccesible

fraction,BF), was compared with that of from pure compounds.

Materials And Methods
Unless stated otherwise, all reagents and matewal® purchased from Sigma
Chemical Co. (St. Louis, MO), and solvents weretht@d highest purity or HPLC

grade.

Purification of Indicaxanthin and Betanin.

Betanin and indicaxanthin were isolated from cacgbesmr fruits as previously
reported ( Buterat al. 2002 Prickly pear fruits, collected in September-Nowemin
Sicily (Italy), were obtained from a local marketdawere processed within 48-72 h
of collection. Four different lots of fruits, at mparable ripening stages, were
analyzed for each cultivar. The fruits were peelad finely chopped. The pulp was
separated from the seeds and weighed, and 100pgspuhples were homogenized
with 100 mL of methanol. The mixtures were allowtedstand for 60 min at 4 °C
before centrifugation (10 min at 3000g). The orgdayer was then recovered and

the extraction repeated with the same volume dham®l. The combined extracts



were subjected to rotary evaporation to removeotiganic solvents. All the samples
were portioned and stored at -80 °@etanin in the methanolic pulp extracts was
spectrophotometrically evaluated by the absorbamicb36 nm, using a molar
extinction coefficient of 65 000 (Schwartz f.al. 1983. Owing to the overlapping
of betanin absorbance with the absorbance of irdithin at 482 nm [calculated
AssAbetanin) ) 30 900], the indicaxanthin concentratiio crude extracts containing
both pigments was calculated according to eq @¢&tanin and indicaxanthin were
separated by gel filtration on a Sephadex G-25mnl(¥0 cm x 2.2 cm) according to
Kanner et al. (Kanner &t al. 2001, with minor modifications. Briefly, aliquots of
methanol extracts from 2 g of fresh pulp were elutgth 1% acetic acid.Fractions
(2.5 mL) were collected and tested spectrophotocadiy at 482 and 536 nm for the
presence of indicaxanthin and betanin, respecti@lgttelli M. et al 1964.The
eluition profile provided evidence that completpam@ation of the two pigments was
achieved. The isolated pigments were submitted igh-performance liquid
chromatography analysis on a Varian Microsorb G:d8mn (125 cm, Varian, Palo
Alto, CA), eluted with a 20-min linear gradient &tun from solvent A (1% acetic
acid in water) to 20% solvent B (1% acetic acichaetonitrile) at a flow rate of 2
mL/min. Spectrophotometric revelation was at 586 482 nm for betanin (12.4
min) and indicaxanthin (13.6 min), respectively. ‘Ainor peak in the HPLC
chromatogram, tentatively identified as isobetafii.3 min) (Stintzing FCet al.
2002, accounted for 0.5% of the isolated betanin. €uwgion volumes relevant to
indicaxanthin and betanin were collected. Sampl#ter acryoessiccation were

resuspended in PBS at suitable concentrations<freranental measurements.

Physicochemical Properties

Molecular descriptors of the betalains such as EJoGlogD were computed by
Qikprop 3.1 predict program (Schrodinger, LLC, N&ork, NY). The non-polar

surface area (NPSA) was obtained as the differeidée molecular surface area
(MSA) and polar surface area (PSA), calculated W9DESSA PRO software



(Katritzky AR et al1996. pK,values of indicaxanthin were obtained by two deéfer
approaches, i.e. the semi-empirical partial chaelgted and the Hammet and Taft
linear free-energy relationships. Semi-empiricalcuations were carried out by
means of Marvin Sketch 5.0.6.1 prediction progra@hgmAxon, Budapest,
Hungary), based on the calculation of Mulliken @drcharge of atoms in the
molecule. The Hammet and Taft linear free-enerdgticmships were calculated by
Epik 1.6 software (Schrddinger, LLC, New York, NY)hich adopts the
combination of Hammet and Taf methods in conjumctwith ionization and
tautomerization tools. The pKvalues of betanin were obtained from literature
(Gliszczynskeet al. 2006).

Cell Culture.

Caco-2 cells, obtained from the American Type @eltCollection (Rockville, MD),
were cultured in Dulbecco’'s modified Eagle mediumdMEM; Gibco Life
Technologies, Grand Island, NY) supplemented wiibolfetal bovine serum (Gibco
Life Technologies), 1% non-essential amino acids,mM HEPES, 50 units/mL
penicillin, 50 pg/mL streptomycin, and 100 pg/mLngamicin and were maintained
at 37 °C in 5% Cg and 95% humidity. Medium was changed 2-3 timasweek.

Caco-2 cells were used between passages 27 and 31.

In vitro simulated digestion and preparation of the bioaccessible fraction from
betalainic food

Fresh cactus pear fruit©( ficus indicaL. Mill.) from yellow and red Sicilian
cultivars and red beet root8.(Vulgaris L. ssp Milgaris) from Tuscany (ltaly)
cultivations, were obtained from a local marketdReet juice (Biotta AG, CH-8274,
Tagewiler, Switzerland) was purchased in a hedtibd store.

Cactus pear fruit juice was prepared after briembgenization of the pulp in a
kitchen-type blender and filtration through a calan(0.2 mm mesh size).



Aliquots (20 g of each food preparation) wasvebe@ 10 times by a single
investigator and subsequently expelled in a taeskér. The post-oral material was
briefly homogenized in Hanks' balanced salt solytgH 7.4 (HBSS, 1:2, w:v) for 2
min in a laboratory blender (Waring, New HartfolT), acidified at pH 2.0 with
HCI, and 8 mg/mL porcine pepsin (3200-4500 unit9/mgs added. After incubation
in a shaking (100 rpm) water bath (type M 428-Bbsttuments s.r.l., Bernareggio,
Mi, Italy) at 37 °C, for 2 h to simulate the gastphase, the pH of the sample was
immediately increased to 7.4 with 0.5 M NaHCOhe small intestinal phase of
digestion was started after the addition of 2.4migporcine bile extract and 0.4
mg/mL pancreatin. After incubation in the shakingter bath as above, for 2 h at 37
°C, the post-intestinal digest was centrifuged @QD@, for 35 min at 4 °C in a
Beckman Optima TLX ultracentrifuge, equipped with MLA-55 rotor (Beckman
Instruments, Inc., Palo Alto, CA), to separatedhjaeous bioaccessible fraction (BF)
from particulate material. Digestive enzymes warmaved by ultracentrifugation
through YM-10 membranes, and the betalain conteBtFomeasured by HPLC (see
below). Food BF were stored at -80 °C until use.

Cytotoxicity of the BFs on Caco-2 cells wagdked in pilot studies. Caco-2 cells
were seeded at 5x10ells well in a six-well flat-bottom plate, andetmedium was
changed three times a week. After 15 days from lagente, differentiated
monolayers were washed three times with HBSS, #henl of food BF was added.
The BFs were filtered through a Millex HV 0.2 uritdr (Millipore, Billerica, MA)
immediately before the use. After a 90 min inculratcells were washed and 50 pl
HBSS containing 5 mg/mL MTT were added. The medwas discarded after a 4 h
incubation at 37 °C, and formazan blue formed enahlls was dissolved in DMSO.
The absorbance at 540 nm of MTT-formazan of undckaells was taken as 100%
viability. In addition, viability of the cells aftereatment was determined by trypan

blue exclusion and microscopy examination. Neithemtment caused cell toxicity.



Trans-epithelial transport
Transport experiments were carried out using Trafi8wnserts (polycarbonate
membrane, 0.4m pore size, 24 mm diameter, Corning Inc., Cornikhyg).
Inserts were placed in 6-well plates. Caco-2 aeise seeded at 5x16ells per crh
on the membrane insert with 1.5 mL of medium indbecal /luminal side (AP) and
2.5 mL of medium in the basolateral /serosal sile).( Cells reached confluence
within 5 days post-seeding. Culture medium was ghdrthree times a week. On day
15 after reaching confluence, the DMEM was remosad the cells were rinsed
three times with HBSS. The integrity of Caco-2 calbnolayers was evaluated by
measuring the transepithelial electric resistafideER), according to Hidalgo et al.
(Hidalgo 1J.et al 1989. TEER values across the cell monolayers were uneds
using a Millicell-ERS voltohmeter (Millipore CorgBedford, MA). Only monolayers
with TEER > 300Q /cnf were utilized. After washing of the cells with HBSs
reported above, either indicaxanthin or betanifiood BF in HBSS were added to
the donor compartment and HBSS to the acceptor &E&SS in the apical
compartment was buffered at pH 6.0 with 20 mM 2riNrpholine) ethanesulfonic
acid (MES).When necessary, HBSS solutions of variaither inhibitors or
substrates of membrane transporters were added AR side.
Cultures were incubated (37°C, 5% g@nd the acceptor medium was collected at
15 min time-intervals between 0 and 90 min, andaega with an equal volume of
HBSS. The acceptor medium was centrifuged at 10G0rgl0 min at 4°C and
submitted to HPLC analysis of betalains. In paladheperiments flux of marker
compounds phenolsulfonaphtalein (phenol red, 5 rald testosterone (100M)
were evaluated by spectrophotometric and HPLC aislyespectively (Behrenset
al. 2001).

The effect of either purified betalains or fd®8 on the barrier integrity of Caco-2
cell monolayers was assessed by checking the TEH&ew at the end of each
transport experiment. In addition, the transferpbinol red from the AP-to-BL

compartment was also measured.



Under the conditions applied, treatment with eithmtalains or BF did not
significantly modify the monolayer resistance onrlga integrity. The apparent

permeability coefficients (i) were calculated according to the equation

af-_V dCcms' Eq.1
AC, dt

where V = the volume of solution in the receivirgmpartment, A = the membrane
surface area (4.71 énGC, = the initial concentration in the donor compamnend
dC/dt the steady-state flux across the monolayer caledlas the slope of the curve
betalain concentration in the receiving compartnvensus time (Artursson R990.
The mass balance, calculated as the percemtagiee original pigment mass
accounted for at the end of the trans-epithelaigport experiments, was assessed by
evaluating the compound recovered in the donor eewkiving chambers, and
associated with cells. To this end the cell monedayas washed three times with 2
mL of HBSS containing 5 mmol/L sodium taurocholate, remove the pigment
adhered to cell surface. Rinsed cells were scrapedethanol and each well was
washed three times with the same solvent. Celldh wiashing solvent were
immediately extracted, sonicated in ice bath fonié and centrifuged at 2000 g for 5
min. Methanol supernatant was collected and the wadre re-suspended in methanol
and extracted again as above. The methanol extrerts gathered and reconstituted

in suitable solvent for HPLC analysis of betalains.

Transport after alteration of the Tight Junction barrier

A 10 pM EDTA solution was prepared using PBS solutionhaitt C&/Mg?®*and
applied to the apical and basolateral sides of €acell monolayers for 5 min at
37°C (Artursson et al 1990.

After the solution was removed, cells were wadheele times with the PBS without
ca/Mg**, before adding of either betalains (10®1), or phenol red (5 mM), or



testosterone (10aM), at the apical compartment, under pH-gradiemdaons (pH
6.0/7.4; AP/BL).

HPLC analysis of betalains

HPLC measurements of betalain pigments were peddras reported (Butera Bt
al. 2002 using a RP-18e Performance column (100 x 4.6 iMerck, Darmstadt,
Germany), equipped with RP-18e Chromolith guardriciye (5 x 4.6 mm, Merck),
eluted with a 20-min linear gradient elution froolvent A (1% acetic acid in water)
to 20% solvent B (1% acetic acid in acetonitrila), a flow rate of 1 mL/min.
Spectrophotometric detection of indicaxanthin (E& ®hin) or betanin (Rt 12.5 min)
was at 482 nm or 536 nm, respectively. Quantitat\@s by reference to curves
constructed with 1 to 100 ng of the purified compas; and by relating the amount
of compound under analysis to the peak area.

Statistical Analysis of Data

All data are expressed as means + SD. Three indepewobservations were carried
out for each experiment. All experiments have begticated two to three times, to
have 6< n <9. Statistical difference were calcalatseing unpairetttest. Significance
was accepted if the null hypothesis was rejectetheaP < 0.05 level. Calculations
and graphs were obtained by Instat-3 statistictivane (GraphPad Software Inc.,
San Diego, CA).

Results

Physicochemical parameters

Physicochemical parameters and ionization constealisulated for indicaxanthin
and betanin are reported in Table 1. Indicaxantna betanin are cationized
molecules, with a positive charge localized in pmoty of the N1 nitrogen (Fig. 1).

Both molecules possess a number of ionizable cgflgprups, with B, between 2.0

and 5.4 from our calculations and literature dataaddition, betanin bears a phenol



hydroxyl at the cyclo Dopa, thekpof which has been reported more acidic than
expected (Gliszczynskeet al. 2006. In accordance to the measurements,
indicaxanthin mainly exists as a bis-anion botlpldt6.0 and 7.4, whereas betanin
must shift towards a tris-anion around pH 7.0 (Kr&net al. 2005 Gliszczynskeet

al. 2009.

Trans-epithelial transport of pure betalains

The bidirectional trans-epithelial transport of izakanthin and betanin across Caco-
2 cell monolayers was investigated under a pH grad6.0/7.4; AP/BL). Functional
characteristics of the monolayer were preliminadhecked using phenol red and
testosterone as markers for paracellular and tralhslar permeation, respectively.
The values of B, (ap--s0) Calculated for these compounasre 0.280.01x10° cm s'
and 30.1 ©.6x10%m s’ respectively. All transport experiments were duaiith 100
UM of either betalains and the amount of pigmerthi receiving compartment was
monitored at 15 min time-intervals for 90 min, undhetial rate conditions.

The RB,, measured for indicaxanthin across the Caco-2 roelholayer in the
absorptive AP-to-BL direction (4.2 x 10° cm $") was comparable with that
measured in the secretive BL-to-AP direction (&.4+x 10° cm s', Fig. 2),
indicating a non polarized transport.

On the other hand, the calculateg,,f betanin was significantly higher in the
absorptive AP-to-BL direction (3.2 8.33 x 10 cm $%) than in the efflux direction
(2.5 +0.23 x 1 cm $', Fig. 2). Due to the plkvalue of the —OH phenol group near
to the pH in the donor BL-compartment, variatiortlod ratio between bis anion and
tris anion species in favor of the latter could ategely affect the efflux of betanin,
resulting in an asymmetric flux of the phytocherhica

At the end of each experiment a complete rbatance of both compounds was
verified on the basis of the sum of the cumulativeounts of the phytochemicals

recovered in the receiving chamber and the residaalpound in the donor one.



Only traces of the molecules were found in cellsede data ruled out metabolism of
betalains by intestinal cells as well as endocallaccumulation.

The cumulative amounts of either indicaxantbinbetanin transported into the
receiving chamber as a function of time are shownFig. 3. The amount of
indicaxanthin crossing the monolayer increasedliyewith time within 90 min, in
both the absorptive and efflux direction, with cargble transport rates (Fig. 3, A).
For betanin, the relationship was linear in theogtsve direction, whereas a quite
different relationship was observed in the effleansport (Fig. 3, B). On the whole,
the data suggested a simple diffusion procesafticaxanthin, but a more complex
transfer for betanin, across the Caco-2 cell momola

In the presence of the proton gradient appltddependent influx carriers were
considered. Then, the AP-to-BL trans-epitheliahg@ort of betanin was measured in
the presence of substrates for the monocarboxytatesporter (MCT1) and the
organic anion transporting polypeptide (OATP2Bly potential competitors.
Permeation of betanin was unaffected by eithediteacid or acetate, both substrates
of MCT1 (Konishi Y.et al. 2003 Thwaites DT.et al. 2007, and by pravastatin, a
substrate for OATP2B1, whereas valproate, a substfar both transporters
(Thwaites DT et al. 2007), caused an unexpected increase,gf (Fable 2). The AP-
to-BL trans-epithelial transport of betanin wasoaisvestigated in the presence of
either verapamil or indomethacin as specific irfoits of the efflux proteins P-
glycoprotein and multidrug resistance associateddepm 2 (MRP2), respectively
(Shugarts Set al. 2009. Indomethacin, but not verapamil, caused a Sicamt
increase of betanin permeation (Table 2), indicatitat absorption of betanin across
the cell monolayer was negatively influenced byMRP2-mediated efflux. As a
corollary, these data provided an explanation ® iticrease of B, evaluated for
betanin in the presence of valproate, since vatprbas been shown to be a substrate
of MRP2 (Ogawa K.et al 2006. Finally. the absorption of glycosylated
phytochemicals could involve the Ndependent glucose transporter of the brush

border membrane (Walgren RAt al 2000. When 100puM betanin was co-



incubated in the apical side with excess glucobe, germeation rate was not
significantly modified (Table 2).

In parallel experiments, the AP-to-BL permdabof indicaxanthin was measured
in the presence of the mentioned competitors fodépendent carriers and efflux
transporters, to rule out that the apparent absefhce carrier-mediated transport
actually resulted from a false negative. None ef tompounds caused variations of
the calculated B, of indicaxanthin (not shown), ruling out effectistke pigment on
the transporters considered.

The By, of the AP-to-BL transfer of indicaxanthin and betaacross Caco-2 cell
monolayers was evaluated after treatment of theohagar with EDTA, that affects
paracellular permeabilityia loosening of the tight junctions (Artursson1®90, in
comparison with compounds markers for paracellalad trans-cellular pathways.
The Rpp value of indicaxanthin increased around 11-foltj af betanin 7-fold (Fig.
4). As expected, an effective transfer of phendlaeross the epithelial cell layer was
observed only after loosening of the TJs, wherbaspermeability of testosterone,
the transfer of which occurgia a passive trans-cellular pathway, was almost
unaffected by the EDTA treatment of the cells (Fy.It was concluded transport of

both betalains substantially occurred through pehalar permeation.

Transport of betalains from food digesta

The absorption of betalains from digested betatdmod was evaluated. Cactus pear
fresh fruits and juice as a source of indicaxanémd betanin, as well as raw red beet
and red beet juice, as a source of betanin, weeepsed through a simulat@&dvitro
digestion, and the bioaccessible fractions so nbthwere placed at the apical side of
Caco-2 cells layered on a Transwell insert, aftelasuring their betalain content.
Permeation of indicaxanthin and betanin is repomet@able 3. Whereas permeation
of indicaxanthin from cactus pear either fruit oicg was quite comparable with that
of the pure pigment, the food matrix reduced tlamgport rate of betanin, red beet

more than cactus pear (Table 3).



DISCUSSION

Bi-directional transfer of indicaxanthin and betarthrough Caco-2 cell monolayers
The intestinal absorption of two bioavailable digtabetalains, betanin and
indicaxanthin, has been investigated using Cac@R monolayers grown on
permeable polyester membranes as a model for thal smestinal mucosal
epithelium, and the influence of the betalainicdaoatrix on the absorption process
evaluated. Different tracts of the gastro-intedtinaen are characterized by different
pH values, and further pH changes are measuredgidigestion (Dressman JBt
al. 1990. The pH in the upper gastro-intestinal tract urfdsting conditions ranges
from 5.0 to 6.5, and it has been reported to bet®.8.3 just above the absorbing
epithelial cell layer (Lucas ML983. We then measured the flux of betalains across
the Caco-2 cell monolayer under conditions of amairly directed pH gradient (pH
6.0/7.4) approaching the pH microclimate at theihahand serosal sides of human
intestinal cells, with maintaining first order cotohs to mimic physiological
absorption circumstances at the small intestineaddition, the experiments were
carried out using a betalain concentration whiclpre@ched the amount in the
intestinal digesta from one serving of either cagbear fruit pulp or raw red beet
(Tesoriere Let al. 2008, when considering an intestinal volume of 600 (ilahe S.
et al 1992.

Like for xenobiotics, the intestinal absorptiof phytochemicals may occur
passively, through trans-cellular permeation olapaliular route in accordance with
molecular mass and physicochemical characterisamg,could involve either influx
or efflux membrane transporters. Our computaticaahlysis provided solubility
parameters and the polar and non-polar surfaceddreaicaxanthin and betanin, as
well as dissociation constants of the indicaxandarboxyl groups. According to our
calculations and literature data ( FrankeT al 2005 Gliszczynskeaet al. 2006 both
compounds mainly occur as bis-anions at pH 6.0. dbtnol/water partition
coefficients Clo§ and Clod® (pH 6.0) indicated that indicaxanthin is modenatel

less polar than betanin. Finally, the calculatedSNRprovided evidence that both



betalains have a quite large non-polar surfaceyuatag for around 50% of surface
area, which substantiated previous observationtherability of these molecules to
interact with lipid environments from membranesier Jet al 200% Tesoriere L.
et al. 2005 Turco Liveri M. et al 2007 Turco Liveri M. et al 2009 to low density
lipoproteins ( Tesoriere let al. 2003 Tesoriere Let al (A), 2004 Tesoriere Let
al. 2007).

Generally, unless utilizing transporters ia #@pithelial membrane, charged solutes
of a suitable molecular mass should diffuse throthgh paracellular route, and be
transported passively by solvent drag (Adson Aalet1994 Knipp GT.et al 1997).
Quite consistent with the physicochemical featwkmdicaxanthin and betanin our
study shows that both compounds may cross the edipittcell layer by passive
diffusion via the paracellular pathway, without any metabolem&formation. Some
findings, however, suggest a mixture of paracellalad trans-cellular transport for
betanin.

The effects of perturbation on the permeatdrsolutes are used as criteria to
determine the preferred route of intestinal trams@onishi Y. et al 2003 Gan LS.
et al.1993. If the permeation is significantly affected bgrfurbation of cellular tight
junctions (TJs), then the permeation is considecedccur predominantly by the
paracellular route. We observed that an openinglrdd with EDTA induced a
remarkable incease of the indicaxanthin and betanflux, consistent with a
paracellular transport of both compounds acrosCiéeo-2 cell monolayer. Indeed,
the trans-epithelial transfer of indicaxanthin diot appear to be polarized, nor the
absorption was varied by inhibiting membrane tramngrs, in accordance with the
simple diffusion-solubility criteria governing pa&ellular transports. On the other
hand, the absorption of the glycosylated betanipeaped polarized, and the
cumulative transfer in the efflux direction was ioear with time, suggesting the
involvement of saturation-dependent efflux systets: experiments in the presence
of various competitors revealed a role for the alpiefflux transporter MRP2.

Notably however, under our experimental set-up wkmig physiological conditions,



the permeation rate of betanin was higher in theogdtive than in the secretive
direction, which should assure that absorptiorhatintestine will prevail. It may be
worthwhile to mention that our experiments have nbe®ne with amounts of
betalains consistent with the intestinal contetgrad dietary intake (Tesoriere &t
al. 2008, which may be critical when dealing with carrreediated processes.

The involvement of MRP2 in the transport disels interesting features of the
betanin ability to migrate through the Caco-2 eetinolayer. While indicating that
the bioavailability of this phytochemical is limiteby an absorption barrier, our
findings suggest that trans-cellutaansfer of betanin could occur in parallel witle th
paracellular one. Partition of various ionized sg&dnto chemical bilayers has been
determined (Avdeef Aet al 1998, and trans-cellular transport of ionized species
across Caco-2 cell monolayers has been suggesteitheén studies (Palm ket al.
1999 Menez C.et al 2007). Moreover, previously performed chemico-physical
partition studies in our laboratory provided evidenthat betanin locates at the
phospholipid core of the bilayer in an aqueous phasdyl-choline liposomal
system (Turco Liver MLet al 2007). Then it seems reasonable to suppose betanin
permeation of the cell membrane at the apical swi¢h access to the apical
membrane efflux transporter, and possibly laterfilglon to the basal side of the
cell and release to the basolateral compartment.

With solutes of like charge paracellular peainbty is a function of the molecular
mass and decreases with the increase of molecdmhiv[Adson A.et al 1994
Karlsson Jet al. 1994 Knipp GT.et al. 1997). Since indicaxanthin and betanin have
a comparable ionic charge at pH 6.0, the molegukss should favor the paracellular
permeation of indicaxanthin. Noteworthy, that i gresence of indomethacin, i.e.
blocking the MRP2 efflux transporter, theyPfor the absorption of betanin has
appeared as high as that of indicaxanthin may hedirect evidence that additional
trans-membrane transport of betanin does occur. ifkestinal absorption of
xenobiotics is considered negligible if thg,R 0.1x10° cm s' and essentially
complete if the trans-epithelial, 2> 5.0x10° cm $' (Hillgren KM. et al 1995



Artursson Pet al 199]). The permeability coefficients of indicaxanthimdabetanin,
with the trans-epithelial gradient of the betalaiais the intestinal lumen after
ingestion and their continuous removal by the bét@im at the serosal side, could
account for a significant intestinal transport. d&m@ data indeed are consistent with
and appear to validate the high fraction of dietaugicaxanthin absorbenh vivo
(Tesoriere Let al (A), 2004). Bioavailability of betanin in humans has beeavsh
much lower than indicaxanthin (Tesoriereebtal (A), 2004 Kanner Jet al 2001).
According to previous studies (Tesorierestal(B), 2004). around 50% of betanin is
lost during the digestive process, however itsveppin human urine was found no
more than 3 % of the compound ingested with varioosls (Tesoriere Let al(A),
2004 Kanner Jet al 200]). Present findings on the intestinal processing e
calculated R, do not fully consist with the bioavailability memements. The
complexity of thein vivo system could involve other significant losses, iy
hydrolytic processes by glycosidases of the imtastimicroflora, and/or some
oxidation of the pigment in the body (Tesoriere dt. al 2009. Other factors,

including the food matrix, could play additionales.

Influence of betalainic food matrix on the inteatipermeation of the pigments

The absorption efficacy of phytochemicals can Hecéd by the mixture of their
food matrix (Boyer Jet al. 2004. With respect to the pure compounds, the trans-
epithelial transport rate of betanin from the st#uipaction of betalainic food digesta
was strongly reduced, whereas that of indicaxantts not. Phenolic groups of
phytochemicals may be involved in hydrogen bondwgh protein moiety
(Hagerman AEet al 1981), then complexes between betanin and soluble iprote
fragments in the post-intestinal digesta could en¢\a fraction of the pigment to be
absorbed. Eventual competition by other betalaiftod components for the
paracellular pathway could also be hypothesized.

Present observations that betanin from cactus gg@eared more readily absorbed

than from red beet are quite in accordance withipus studies in humans showing



higher bioavailability of betanin from dietary castpear fruit than red beet juice
(Tesoriere Let al. (A), 2004Kanner Jet al 2001). This may deserve consideration

for nutritional purposes.

Conclusive remarks
Dietary bioactive phytochemicals are now considepedential nutraceuticals /
pharmacological molecules (Konishi 011), then analyzing mechanisms and
factors affecting intestinal absorption transfeuldohelp to predict their eventual
effects in the body. Definite evidence has beenvigeml that the very high
bioavailability of dietary indicaxanthin in humaii$esoriere L.et al (A), 2004
results not only from relatively high stability tife molecule to the digestive process
(Tesoriere L.et al 2008, but also from favorable intestinal absorptiomotigh
paracellular route by solvent drag, and easy rel&asn food.

Betanin bioavailability, instead, appears to lbeited by digestive instability
(Tesoriere Let al. 200§ and by an intestinal efflux mechanism reducingoaption
by around 35%. Furthermore, its intestinal pernoeathay negatively be influenced
by its food matrix. Importantly, indicaxanthin afetanin do not need metabolic
transformations to be released in plasma and aitew@s unconjugated molecules.
Taking all these facts into consideration, beneafictffects of dietary betalain
pigments, as well as impact of betalainic foodshoman health (Tesoriere ket
al.(B), 2004 ) may be considered and results from approprigddynedin vitro
studies may be interpreted to suggest real effects/o. Present data may provide a
basis for research on the potential health effetteese substances, eventually to be

orally administered as purified compounds.



Table 1 Physicochemical parameters of indicaxanthin agtdrbn

MW logP log» PSA  NPSA Ka
A®) (COOH)  (phenol-OH)

Indicaxanthin 309  0.362 -7.25 622  161.11  5£3.711;2.6u3
Betanin 551 -1.767 -15.63  246.53229.26 <34:3.415;3.417°  <7.4°

The molecular surface is described by the poldasararea (PSA) and the non-polar surface areaANPS
%octanol/water partition coefficient

Poctanol/buffer pH 6.0 partition coefficient

“C atom in bracket

%theoretically calculatediy values (see Methods)

°oK, values from Gliszczynsket al 2006

Table 2.Influence of various compounds on betanin trarnspde across Caco-2
cells monolayers

Compound Concentration applcAP-BL) n
(mM) x10°cms?)
Control 3.21+0.30 4
Ferulic acid 10 3.1729 2
Acetic acid 5 3.25+0.31 2
Pravastatin 5 3.11+0.35 2
Valproic acid 10 4.51+0.38* 3
Verapamil 5 3.09+0.31 2
Indomethacin 10 4,93+ 0.33* 3
Glucose 10 3.15+0.28 2

Betanin (10QuM) was added to the apical (AP) compartment of nteyyers in the absence (control) or in the presence
of each compound at the indicated concentratioandepithelial transport experiments were carrigduader gradient
pH conditions (pH6.0/7.4; AP/BL) at 37°C for 60 nam described in Methods. Data are the means +f$Dseparate
experiments carried out in triplicate. *Statistlgadignificant vs control with p<0.005 (Student’gest).



Table 3. Apparent permeation coefficient ) across Caco-2 cell monolayers of
betalains recovered in the bioadbés$raction (BF) from betalainic foods.

Betalain BF concentration apP
Source pM (16cmsh
Indicaxanthin cactus yellow fruit 30.5+2.3 4.32+0.35
cactus yellawit juice 29.8+3.2 4.15+0.41
Betanin raw red beet 62.5+5.3 1.98+021
red beet juice 11.7+1.1 2E@.20
cactus red fruit 12.2+1.5 2.78+0.34*
cactus red fruit juice 81Pr 2.61+0.3%

Preparation of BF from foods amzlibation conditions of Caco-2 monolayers weresgsrted in methods.
Values are the mean * SD ofdtdeterminations carried out on two different feagnples.
Significantly different from, of the relative pure compound, *p<0.001, **p<0(@udent’st-test).
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Molecular structure with charge delocalizationimdicaxanthin and betanin
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Fig. 5.

Bidirectional apparent permeability coefficient{fp of betalains across Caco-2 cell monolayers
under inwardly pH gradient (AP pH 6.0/ BL pH 7.Zyansepithelial transport AP-to-BL (black
bars) and BL-to-AP (white bars) andyfRmeasurements were as reported in methods. Valees a
the mean of three separate experiments carrieh duplicate. *Statistically significant vs the
relevant AP-to-BL direction with p<0.001(Studerttgst).



3A Indicaxanthin @ AP-to-BL
O BL-to-AP

R?=0,9856
R?=0,9901

1,5

Betanin @ AP-to-BL R?2=0,9927
O BL-to-AP

Cumulative amount transported
(nmol/cnf)

Time (min)

Fig. 6.

Characteristics of the transepithelial transpbtiatalains across Caco-2 cell monolayers. Transd
indicaxanthin (A) or betanin (B) across cell monyels both in AP-to-BL and BL-to-AP direction was
measured as reported in methods. Data are the m&&nef three separate experiments carried out in
triplicate. Trend lines from linear regression gs fitted through zero showing good linearity*R.95)

are reported
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Apparent permeability coefficient {) for red phenol, betalains and testosterone acass-2

cell monolayer with tight intact (without EDTA) (ep bars) and after opening of tight junctions
with 5 mM EDTA (black bars). Data are the meandDtdd two separate experiments carried out in
triplicate. For each compound, bars labeled wi)hafe statistically different with p<0.001
(Student’g-test).
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An archaeal molecular model to test human chaperons Il associated with

human diseases

Abstract

Mutations in CCT subunits 4 and 5 have beemdoto cause disease but little is
known on the pathogenetic mechanisms at the maeterlel, and on the impact of
the mutations upon the subunits’ structure andtfans. This absence of information
Is mostly due to the lack of a suitable prokaryetiperimental model, simpler than
the eukaryotic cell itself but still representatioé what happens in it. We have
developed such an experimental model using theaamitPyrococcus furiosuéPf),
which has a single CCT subunit but forms octamerd hexadecamers like the
human counterparts. We have focused on the humadb @itation His147Arg, and
have standardized the Pf model accordingly by udimgnformatics, computer-
assisted modeling, and molecular biological andchmonical analyses. We have
studied the structural and biochemical propertiepuwified recombinant Pf-Cpn at
various temperatures, assessing the formation aomkrs, and chaperoning
properties, and the effect of mutations on themndystructural modeling we have
identified the position that in the Pf chaperoni®f-Cpn) matches His147 in the
human ortholog, and studied the effect of mutatianthis position on 3D structure,
oligomerization, and chaperoning properties. Thia daow that the archaeal model
is reliable and amenable to the manipulations rsergsto generate a strategy to
mimic pathological features.



Introduction

Molecular chaperones constitute multifunctiocellular systems that assist folding
and assembly of newly synthesized proteins, traasilon of unfolded proteins across
membranes, as well as refolding and degradatiomisfolded and aggregated
proteins (Okochet al. 2005. Chaperonins (Cpns) are large, hollow complekes t
promote correct folding of a wide range of unfoldedsfolded or partially folded
proteins (Ransoet al. 1998. Chaperonopathies constitute a large group afadiss
in which defective chaperones play a pathogenelec(Macario, A.J.Let al.2005.
Since chaperones are essential mediators of aelutdein folding in eukaryotes,
defective chaperones may affect a variety of callplrocesses unrelated to protein
guality control(Cappell@t al.2008 Macario A.J.Let al 2010.

Unchecked protein aggregation and misfoldingracegnized as the root cause of a
large and diverse collection of diseases termedtegn misfolding’ or ‘protein
conformational’ disease (Chitet al. 2009. These diseases, which include
amyotrophic lateral sclerosis (ALS), Alzheimer'sarkinson’s, Huntington’s and
other polyglutamine diseases, arise when certaiatejms adopt non-native
conformations that endow them with a tendency @reggate and form intra- and/or
extra-cellular deposits. In all these cases, pmotaisfolding results in ‘gain-of-
function’ proteotoxicity, whereby misfolding confenewly-gained cytotoxicity onto
the disease protein, by promoting inappropriaterattions that are detrimental to the
cell. Misfolding and aggregation of the diseasgtgin may also confer some degree
of loss of function, which may additionally conuile to disease pathogenesis (Lim J.
et al 2008 Schiffer N.V.et al 2008.

Although considerable progress has been adihiewe the study of
chaperonopathies from the genetic and clinico-patho standpoints, little is known
about the molecular mechanisms by which a defectliaperone affects cell
physiology and causes tissue and organ patholdys.skarcity of knowledge on the

intrinsic molecular mechanisms driving the phystbpéogy of chaperonopathies is



partly due to the difficulties inherent in the sguof complex molecular assemblies
and their interactions with others, which are cbtmastic of chaperones.

In humans lomo sapiens for example, the number of the chaperonin oktyp
genes is as high as 14, including canonical andcaoonical CCT molecules, and to
this number one must add the variations in thegmmetfrom these genes(Mukherjee,
K. et al. 2010. There is, therefore, a need for developing arpantal models that
are simpler than those afforded by human cellsammy eukaryotic cell, but still
representative of what occurs in those cells.

Archaea are simple prokaryotes that nonethelessguite similar to eukaryotes in a
number of features, among which the chaperonintesysand are thus good model
candidates (Macario A.J. let al 2004). In this regard, bacteria are also simple but
are evolutionarily distant from eukaryotes, morstait than archaea and, with rare
exceptions still under scrutiny, do not have sorh¢he key chaperones present in
human cells like, for example, the chaperoninsypetll (Macario A.J. L.et al
2009).

We are developing a model system for analysingtheture and the functions
of CCT subunits using as model the archaBgrococcus furiosyswhich has only
one CCT homolog (Pf-Cpn) and forms oligomers simita those typical of the
human counterparts (Luo. ldt al 2009 Luo H.et al. 201J).

Here we report our results pertaining to Pf-Cpraasodel system to studyjomo
sapiensCCT subunits, CCT5 (Hs-CCT5) in particular. Mutas in this subunit have
been implicated in the pathogenesis of some dis¢sisory-motor neuropathies
(Bouhouche A.et al. 2006 (A); Bouhoucheet al. 2006 (B); OMIM entry
http://omim.org/entry/256840 ).



Materials and Methods

Cloning and expression of Pf Cpn and mutants

E.coli strains used in this study were Did%or the initial cloning of the Pet33b
expression plasmid and Rosetta cells for recombipeotein expression. Restriction
enzymes, polymerase, and ligase were purchased Nemw England Biolabs
(Beverley, MA). All other chemicals were of anabgi grade from Sigma-Aldrich (St
Louis, MO). All solutions were made up in ultra-puvater. The native gel protein
marker was NativeMark unstained molecular weight protein standard from
InVitrogen (Carlsbad, CA). Glutamate, ATP, EDTA, DTB-NADH, and NAD were
purchased from Sigma- Aldrich (St Louis, MO). Bawiglutamate dehydrogenase
(GDH) was purchased from Amresco (Solon, OH).

Purification and preparation of Cpn wild-type and mutants

Pf Cpn was prepared as previously reported (eu@l. 2009. Genes for Pf Cpn
mutants were amplified by PCR with the correspogginmers listed in Table 1. The
mutants were cloned, expressed, and lyzed usingrtitecol for Pf Cpn (Luet al.
2009 with modification. The supernatant extracts wkeated at 8% for 30 min,
then they were purified to homogeneity by two stepanion exchange: HiTraP Q
HP cartridge from Biorad (Hercules, CA) and Bio4884 macro-prep high Q
cartridge from GE healthcare (Uppsala, Sweden). plagein concentration was

determined by the Bradford assay.

ATP hydrolysis activity

The standard reaction mixture contained 25 mM HERBS!, pH7.2, 300 mM KCl,

1 mM MgCh, 0.1 mg/ml Cpn, and 10AM ATP in a final volume of 9Qul. The
reaction mixture was incubated at the indicatedoenatures for 3 min before adding
ATP to initiate ATP hydrolysis. The reaction wasfpemed for 15 min, followed by
2% perchloric acid addition to quench the reactibme liberated Pi was determined



by the Malachite Green assay at 630 nm (Bayk&bal 1988 Geladopoulost al.
1991, Yoshidaet al.1997).

Bovine Glutamate Dehydrogenase (GDH) Protection Aays

Chaperone activities of Pf Cpn WT and mutants werapared by their protection of
Bovine GDH at 50C. GDH samples (2.5 mg/ml) were incubated in bufef25
mM HEPES-KOH, pH8.0, 300 mM KCI, and 1 mM Mgt 5C0C in the presence
or absence of Cpn (0.2mg/ml) and 4 mM ATP. Theratmbty was assayed by
measuring the enzyme activity after indicated waerGDH activity was determined
by oxidative dearmination measuring the glutamateetident reduction of NADP at
340 nm as previously described (Laksanalaataal. 2009. The reaction mixture
contained 90 mM EPPS, pH8.0, 2 mM L-glutamate,ndM® NADP, and enzyme in a

total volume of 32%5ul.

Size determination of complexes of Pf-Cpn mutants

The oligomeric status of mutants were determine@-8% non-native gradient gel.

Molecular modeling
Direct and comparative modeling; secondary anddriginder structures of wild type

and mutant molecules.

Results

Pf-Cpn hydrolyzes ATP, has exceptional stabilitgrnis a functional chaperonin
complex, and is amenable to mutations that afienttfon, Figures 1- 3. Hs-CCT5
and Pf-Cpn are very similar in sequence and strect@Figure 4 ). Pf-Cpn
“humanized” mutants lle138His and lle138Arg, paraly the latter, have impaired
functional ability as compared with the Pf-Cpn wiyghe, Figures 5 - 7.



Conclusions

Sequence comparisons between the wild-type humaniCEis-CCT5) and archaeal
(Pf-Cpn) proteins, using various complementary m@shsuch as alignments of entire
sequences and of selected portions of them, angason of 3D molecular models
showed that they are very similar in all their atpe

Molecular modeling of wild-type and mutant Hs-CC&Bd comparison of the
models with one another by various complementady seguential methods showed
that the mutation His147Arg has little impact oremll structure;

The position in Pf-Cpn equivalent to the Hs-CCTSHi7 is 1le138;

Laboratory testing of wild-type and mutants to assATP-binding and hydrolysis,
protection of proteins from denaturation by stressoand formation of
homoligomers, showed that Pf-Cpn mutants lle138htiatching Hs-CCT5 wt) and
lle138Arg (matching Hs-CCT mutant that is implichte disease) impair function.
The llel38His mutation has a slight effect on fisrttand stability, whereas
lle138Arg causes significant defects in function.



Figure 1. P-Cpn hydrolyzes ATP and has exceptional stgl

>

Relative ATPase Activity (%)

110

Relative ATPase Activity (%)

o
(=1
1

90

80 -

70

80 -

50 -

40

10 20 30 40 50 60 7O 80 90 100 110

Temperature {°C}

140 4
120 4

100 4

= @ o
(=] (=] (=]
1 PR |

r
(=}
I

—O—KCl
== NHaCl
="—=NaCl

(=]

0 250 500

750 1000 1250 1500 1750 2000
Salt Concentration (mM)

Relative activity (%)

(=

Relative ATFase Activity (%)

100
90-‘
80 H
70 4
BO-‘

50

40

110

100

20 4
30-‘
70-‘
60-
50-‘
40-‘
30 4

20 4

—%

100 °
1 8105 "

—e— 110 "C

3'0 ' 'SIO ' 9'0 '12'0'
Time (Min)

A. Temperature profile of ATPase acitiv B. ATPase activities of FCpn at

various pH levels.C. ATPase activities of FCpn in different salt concentration:s

D. Thermal stability of the recombinant-Cpn at high temperatures. The sam,

were heated at the shown temperatures for thefgzetimes and then assayed

their ATPase activities at °C. Data reflect the average values from ti

experiments.



Figure 2. Pf-Cpn is a functional chaperonin comg
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Figure 3. Identification of mutations impairing -Cpn function
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Figure 4. Selective alignment -CCT5 and Pf-Cpn
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Figure 5. ATPase activity of purified mutants Hnda R, and wild type
(WT) Pf-Cpn proteins

0.06

0.05-.
0.04-.
0.03-.
0.02-.

0.01

0.00— NN

ATP Control WT 1148H 1148R

ATPase Activity (umol/min/mg)

Figure 6. Protection of GDH against heat (52 °d®naturation by Pf-Cpn
Wt and H and R mutants

100
==
= 80
2 = CTRL
:ED = Wt
- = H
= 40
@ m R
=]
s 20
o
0

Minutes



Figure 7. Oligomerization capacity of purified €pn mutants H and R
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Immunohistochemical detenction of receptors and ngonal markers in

paraformaldehyde fixed nervous tissues

Introduction

The Lateral Habenula

The lateral habenula (LHD) is part of the habenotanplex, which is situated in the
dorsal diencephalon of all vertebrates on bothssafehe third ventricle The LHb is
involved in the response to stresSl{astrette N. et al. 1991; Wirtshafter &&. al.
1994 Timofeeva E.et al 2001 Amat J.et al. 2001 Villareal JS.et al 2002
maternal behavior, (Corodimas Két al 1993 Corodimas KPet al 1992 Felton
TM. et al. 1998 Kalinichev M. et al. 2000 nociception,( Nagao Met al. 1993
Cohen SRet al. 1985 Cohen SRet al. 1986 Cohen SRet al 1993 Terenzi MG.
et al. 1990 circadian rhythms,(Guilding Get al. 2007 Tavakoli-Nezhad Met al
2005 Zhao H.et al. 2005 Hattar S.et al. 2006 Qu T. et al. 1996 learning,
(Villareal JS.et al. 2002 Lacourtier L.et al.2007) and reward (Sutherland Rel al.
1981, Morissette MC.et al. 200§ Vachon MP.et al. 1992 Nakajima S.et al.
1984 .Most recently, it has been discovered that thd lddnveys negative reward
information to the dopaminergic midbrain and therefplays a crucial role in reward
learning( Ullsperger Met al. 2003 Matsumoto Met al 2007). Due to its prominent
interactions with the dopaminergic and serotoniitesystem the LHb has been
suggested to be involved in the development angrpssion of psychiatric diseases,
including major depression, schizophrenia, and dwadjction (Sutherland R1982
Ellison G.1994 Kelly PH.1998 Lecourtier L.et al. 2004 Shepard PDet al.2006
Morris JS.et al.2001).

In contrast to the surprising diversity of behasjoin which the lateral habenular
complex is thought to be involved, there is an mstong lack of information
regarding its cellular organization, its neuroniatwts, and the neurophysiological
mechanisms, which may provide the physiological madecular basis for its diverse

biological functions. Recently, a detailed subnaclerganization has been described



(Andreset al 1999. Available criteria, however, can be applied Goyostat or
Vibratome thin sections to allow identificationdadelineation of subnuclei of the

lateral habenular complex.

Materials and Methods

Paraformaldehyde perfusion

Rats were fixed by transcardial perfusion undepdsdoral hydrate anesthesia (800
mg/kg) with 100 mL phosphate buffer (0.1 M, pH 7fd)lowed by 500 mL of a
paraformaldehyde solution (4% in phosphate buff@Mains were removed and
postfixed overnight in the same fixative, they wdren washed and cryoprotected in
phosphate-buffered saline (12 mM phosphate bufiét, 7.2, with 0.9% NaCl)
containing 30% sucrose.

Subsequently sections were stabilized with Adacks, cut at 4@m following the
frontal plane on a Vibratome (VT 1000S, Leica, Ded&, IL) at 40um and
collected free-floating i®BS .

Histochemistry

For immunohistochemistry, free-floating sectionsrev washed in PBS ( 3 x 10
minutes), to remove all traces of paraformaldehsuae sucrose that interfere in the
results of analysis. After that they were incubdta 15 minutes in a 1% J0,/50%
ethanol solution if used for a peroxidase reactiwashed in PBS (3 x 10 minutes),
and incubated in PBS containing Triton X-100 andd®tkey serum for 45 minutes.
Sections were then incubated overnight at room ésatpre in PBS with Triton X-
100, 1% donkey serum, and primary antibody. Trid6oti00 was used at 0.5%,
except for glutamic acid decarboxylase (GAD) immhustochemistry, for which it
was lowered to 0.2% to reduce process stainingalitate cell body identification.



Sections for peroxidase reaction were washed in &% 10 minutes), incubated
with a biotinylated donkey antirabbit secondaryitmody (Amersham Biosciences,
Arlington Heights, IL; 1:200 in PBS, 0.5% Triton 260, 1% donkey serum) for 1
hour and 30 minutes, washed in PBS (3 x 10 minu&s) incubated with PBS
containing the avidinbiotin-peroxidase complex (AB@ABC Elite, 0.2% A and

0.2% B; Vector) for 1 hour and 30 minutes. Aftersiiamg in Tris-HCI buffer (0.05
M, pH 7.5; 3 x 10 minutes), bound peroxidase wagaked either by incubation in
0.025% 3.3x- diaminobenzidine tetrahydrochloridd@), 0.0006% HO, (Sigma) in

Tris-HCI buffer or by using the peroxidase substMéctor SG kit (Vector). Sections
were incubated for approximately 10 minutes andhedsagain. Finally, sections
were mounted on glass slides, coverslipped andysewl with a Leica CS-SL

confocal microscope.
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