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ABSTRACT

Camelida-lactalbumin is the only known protein that can undergo nonenzymatic deamidation on
two Asn residues. This leads to the generation of a mixture of unsual iso-Asp and D-Asp residues
that may impact health. The effect of deamidation on canrt@ttaloum instability was investigated.
Circular dichroism showed that the altered protein acquired secondary structure resulting in an

increase ima-helix content. In good agreement, the 3D structure of canrt@ttalbumin determined

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/



by X-ray crystallography, displayed a short additiba-helix probably induced by deamidation,
compared to the human and bovine counterparts. &hislix was located in the C-terminal region
and included residues 101 to 106. Differential saam calorimetry together with the susceptibility
to thermolysin showed that the deamidation progegsforced the structural stability of the

lactalbumin at high temperature and its resistdaoegrd proteolysis.

Abbreviations:a-La: a-lactalbumin; CD: circular dichroism; DSC, diffeteal scanning calorimetry; FPLC, fast protein
liquid chromatography; HAMLET, human-lactalboumin made lethal to tumor cells; HPLC, hjggrformance liquid

chromatography; PAGE, polyacrylamide gel electrophis.

1. Introduction

Nonenzymatic deamidation of proteins has been etuéixtensivelyin vivo and in vitro
because of its important biological effects on enaic activity, folding, and proteolytic
degradation, and also because of its crucial rela enolecular clockn vivo (Aswad, Paranandi &
Schurter, 2000; Robinson & Robinson, 2004). The sidain of Asn residues is prone to deamidate
under physiological conditions (i.e. near-neutraslaghtly basic pH and 37 °C), especially when the
adjacent residue at the C-terminal side is Gly. elav, ordered secondary structures such-as
helices and-sheets inhibit the process, as the peptide baekbod the side chains are stabilized by
numerous hydrogen bonds (Robinson & Robinson, 2004 post-translational modification leads
to the production of a mixture of L-isoAsp, L-Adp;isoAsp, and D-Asp residues in the polypeptide
chain (Aswad et al., 2000).

Intriguingly, a few dietary proteins, especiallpiin milk of some species, are readily subject
to nonenzymatic deamidation at the level of thean&ly sequences: women’s milk lactoferrin

(Belizy et al., 2001), equina-lactaloumin &-La; Girardet et al., 2004) andcasein (Girardet,

Miclo, Florent, Mollé, & Gaillard, 2006), canine kilysozyme (Nonaka et al., 2008), bovibe



lactoglobulin B (Meltretter, Wst, & Pisc, 2013), and more recently in our presiowork, we have
identified two deamidated isoforms cdmelus dromedarius-La by Fourier transform ion cyclotron
resonance mass spectrometry and shown thaf® Asnleamidated spontaneously at pH 7.4 and 37
°C, whereas Asi needs a more basic pH higher than 8.0 to underdeamidation process (Si
Ahmed Zennia et al., 2015). Among the investigateldas, that of theCamelidaefamily (camel,
guanaco, and llama) has the particularity to beatg knowna-La with two Asn-Gly motifs at
positions 1617 and 4546. However, whatever the species studied, theogichl significance of
nonenzymatic deamidation of dietary proteins remainknown. Si Ahmed Zennia et al. (2015)
assumed that the formation of isoAsp in the gugratbbmel milk-derived food intake might elicit
auto-immunity (Aswad et al., 2000) and might bepaessible of IgE-mediated allergy as reported by
Gall, Kalveram, Sick, and Sterry (1996) after eguinilk consumption.

Thea-La protein is a subunit of the lactose synthasepiex that promotes the synthesis of
lactose in the mammary gland in response to piiald&iuhn, Carrick, & Wilde, 1980). It contains
123 amino acid residues and its compact, globufactsire is stabilized by four disulfide bonds and
by the presence of a calcium ion (holo form). Thabglar structure of-La is composed of a large
a-domain (regions-134 and 86123) containing threa-helices and two i3 helices, and a smdiF
domain (region 3585) containing a three-stranded antiparatiedheet and a3 helix (Chandra,
Brew, & Acharya, 1998; Chrysina, Brew, & Acharyd)0P). Besides, the 9914 region forms a
flexible loop located betweem-helix a3 (region 8698) and the @ helix h2 (region 115118). The
calcium-binding loop including ASp Asp?’, and Asf® is located at the junction of tree andb-
domains and this explains why the presence of ateiuen ion strongly stabilizes the protein
(Chrysina et al., 2000). Calcium binding confersetative resistance to enzyme proteolysis and
different strategies to remove calcium are beingeliged to increase the susceptibility adla
towards proteases, such as acidification (Schmid®dl, 1991), heat treatment (N'Negue et al.,
2006), or zinc ion binding (Permyakov & BerlineQ@). In the absence of calcium (apo form), the

protein adopts a molten globule state sensitivprtdeolysis. The molten globule is defined by a



partly unfolded, reversible structure for which tBB structure is poorly defined whereas the
secondary structure remains unchanged (for reveaaPsitsyn, 1995).

Thea-La protein displays many biological propertieshirman, ap@&-La, in molten globule
state, can form a complex with oleic acid (C18M-cis), thus acquiring a tumoricidal activity
against cancer cells of different origin. This cdempis known as HAMLET (for human-
lactalbumin made lethal to tumor cells; Ho, Nade&n§vanborg, 2017). Similarly, camatLa is
able to bind oleic acid and acquires cytotoxic @ffes. human prostate cancer cells (Atri et al1,130
or breast cancer cells (Uversky, El-Fakharany, Seue, Almehdar, & Redwan, 2017). In cow’s
milk, a-La is considered as the least allergenic milk giro{Natale et al., 2004), contrary o
lactoglobulin, which is the most abundant solubtetgin and one of the major milk allergens
responsible for cow milk allergy (Wu et al., 2018he camel milk has the particularity to be free of
b-lactoglobulin and therefore-La is the most abundant among the soluble protgigher than 5
g/L, Alavi, Salami, Emam-Djomeh, & Mohammadian, ZP1Another advantage of camelLa is
its antioxidant power, more efficient than thatbmvine a-La (Salami et al., 2009). Besides, the
camela-La possesses a nutritional interest, as it costaiigh concentration of essential amino
acids in agreement with its polypeptide sequeneds&SProt accession number P00710), slightly
higher than the bovine counterpart, as noticeddsrsi et al. (2009).

The degree of hydrolysis obtained by trypsin (E3@.21.4) or chymotrypsin (EC 3.4.21.2)
treatment is higher with camatLa than with bovinea-La (Salami et al., 2009). This is explained
by conformational and structural differences betwdee two homologous proteins, as shown by
fluorescence measurements performed by Salami. g2@0D9). Despite the attractive nutritional
value ofa-La, low digestibility is reported for this proteiespecially in the stomach the pH of which
Is 56 during a milk intake, preventing the action opgia (E.C. 3.4.23.1) which has an optimal

activity at ca. pH 42 (Lindberg, Engberg, Sjéberg, & Lonnerdal, 1998)cording to Salami et al.



(2009), in the gut trypsin and chymotrypsin plagrdical role to diges@a-La, the camel protein
appearing more sensitive than the bovine counterpar

More generally, interest for camel milk use in hunmatrition has increased during the last
decade, as evidenced by many review-articles t@irt nutraceutical potential and health benefits
of this milk. For instance, camel milk is used floerapeutic properties efficient against diabetets a
cancer as well as for anti-hypertensive and antiaiie properties (for recent review, see Sakandar
et al., 2018).

The present work focuses onvitro studies of the structural stability of the maimehwhey
protein, namelya-La, susceptible to undergo a deamidation phenomesgpecially in the gut after
a milk intake. This nonenzymatic deamidation, nageryved for the bovine protein, might change the
stability of camela-La and have an incidence on the bioavailabilityhe gastrointestinal tract and
thus on its biological activity and nutritional perties. The investigations were performed by using
circular dichroism and X-ray crystallography, adlas differential scanning calorimetry and finally

studies concerning susceptibility to proteolysis.

2. Materials and methods

2.1. Materials

The AKTA-Purifier system and the Superdex 75 columane from GE Healthcare (Uppsala,
Sweden), the Amicon™ concentration cell was puredafom Merck Millipore (Darmstadt,
Germany), the spectropolarimeter CD6 was from Jotwion (Palaiseau, France) and the X8-
Proteum diffractometer was from Bruker AXS (Madis@vil, USA). The Microcal VP-DSC device
was purchased by Malvern Instruments, Malvern, UK)e Alliance 2690 unit was from Waters
(Milford, MA, USA) and the LichroCart G column (250 x 4 mm, 5 um particle size, 10 nm
porosity) was from Merck (Darmstadt, Germany). &le chemicals, reagents and enzymes were

purchased from Sigma Chemical Co. (St. Louis, MGAY



2.2. Nonenzymatic deamidationata and purification of isoforms

Raw milk was obtained from a herd of Sahraoui fenttbmedariesGamelus dromedari)s
and immediately stored at -20 °C until use. Thegbithe fresh milk sample was 6.7. After skimming
the milk by centrifugation (350@ at 32 °C for 30 min), the casein fraction was aided by
precipitation at pH 4.3 with 1 M HCI and centriftiga. The supernatant was neutralized with 1 M
NaOH, dialyzed against ultra-pure water at 4 °C7ADh and the soluble protein fraction was freeze-
dried.

The soluble protein fraction was dissolved at 13migin 150 mM sodium phosphate buffer,
pH 8.4 (in the presence of 0.02% sodium azide asepvative), filtered at 45 um, and incubated at
37 °C for 96 h. After incubation, the mono-deamada(/A) and di-deamidated forms gAwere
purified from the soluble protein fraction by anierchange fast protein liquid chromatography
(FPLC) performed with an AKTA-Purifier system aatimig to the method of Si Ahmed Zennia et
al. (2015). The native form (A was also purified by anion-exchange FPLC, bumfrihe soluble
proteins that had not been incubated at 37 °C.rébevereda-La isoforms were then checked for
purity by native polyacrylamide gel electrophore$t®\GE performed under non-reducing and non-
denaturing conditions) as described (Si Ahmed Zeehal., 2015). The three isoforms were desalted
by size exclusion chromatography onto a Superdesoilimn connected to the AKTA-FPLC system
stored in a refrigerated cabinet maintained at 4 & finally concentrated with an Amicon™

concentration cell.

2.3. Circular dichroism of-La isoforms

The circular dichroism (CD) spectra were recordéith & spectropolarimeter CD6 equipped

with a thermostatic cell holder (25 °C), using i1 path length quartz cell. CD spectra were



acquired with 20-nm/min scan speed at 0.2 nm siap and 1.0-nm bandwidth under constant
purging with nitrogen. Changes in the secondanycttres of deamidated forms of camedla were
monitored in the far-UV region (19260 nm) at final protein solutions concentratiorB6f 63 and

76 uM for A, A2, and A isoforms, respectively. Near-UV CD (26220 nm) spectra were recorded
using the same parameters with final protein comagons of 3.60, 12.70 and 7.65 uM for, A,

and A isoforms, respectively. The concentration of protesolutions was measured
spectrophotometrically using an extinction coeéfiti ofe = 32,470 M cmit at 280 nm. The buffer
was sodium phosphate 10 mM, pH 7.4. Three spectn@ \accumulated and averaged for each
sample. The baseline obtained with buffer was scted from each spectrum and the resultant
values were adjusted to the concentration when nedegessed raw data were converted to mean
residue ellipticity [] expressed in deg damol?!, based on a mean amino acid residue molecular

mass n) of 113 Da. The mean residue ellipticity was defiras:

[ ] =100m obsc/l (1)

where obsis the observed ellipticity in degrees at a giwavelength, c is the protein concentration
in mg/mL and | is the length of the cell (cm). Sedary structure estimation from the far-Uv CD

spectra was calculated using the software CDNN ggdWuhr, & Jaenicke, 1992).

2.4. Crystal structure of camatLa

2.4.1. Crystallization and X-ray data collection

Crystals of cameh-La were grown by vapor diffusion in hanging dr@gsording to Ducruix
and Giegé (1999). Drops were made at 293 K by mgigimi of the protein solution at 45 mg/mL

and 3L of a reservoir solution containing 20% polyetmgeglycol PEG 6000, 2 mM zinc chloride,



and 100 mM Tris at pH 8.0. The obtained crystal®rxp to space group3:21 with unit-cell
parameters a = 52.2 A, b =52.2 A, and ¢ = 75.Bdsuming one monomer in the asymmetric unit,
the packing densityw is 2.06 &.Da' and the solvent content is 40.3%. Crystals wexshflfrozen

in liquid nitrogen in the mother liquor with additi of 20% glycerol as cryoprotectant. A native data
set at 1.93-A resolution was collected in our lalbary at 100 K on an X8-Proteum diffractometer,
with incident radiation at a wavelength of 1.542The crystal-to-detector distance was 40 mm with
0.5° oscillation per CCD image. Data were process#alg the X8-Proteuts software from Bruker

AXS.

2.4.2. Crystal structure determination

The crystal structure of the camalLa was solved by molecular replacement with the
program PHASER (McCoy et al., 2007) using the coaigs of the humaa-La (Chandra et al.,
1998; PDB 1A4V). Building of the model was perfonesing Coot (Emsley, Lohkamp, Scott, &
Cowtan, 2010), and the refinement of the crystalcstire was performed in the range 1®3 A
using REFMACS5 (Vagin et al., 2004). A total of 1086 the native data were selected fRiee
calculations. The model was refined to the fiRakior of 19.5% andRiee of 26.8% (Table S1) and
includes residues-#3, 46 65, and 68120 of the cameh-La, as well as 84 water molecules, one
calcium ion, and one zinc ion. Because of the Hdaensity, residues 445, 66 67, and 121123 of
the camehl-La were not built. Over 96% of the residues werthiw the most favored regions, and
no residue was within the disallowed regions inaan@chandran plot, as defined by PROCHECK

(Laskowski, McArthur, Moss, & Thornton, 1993).

2.5. Differential scanning calorimetry afLa isoforms



Differential Scanning Calorimetry (DSC) experimemtere performed on a Microcal VP-
DSC apparatus equipped with 0.54-mL cells, at presef 2 atm. The thermograms were recorded
using the isoforms A A2 and A of a-La at a 0.5 mg/mL (35 uM) in 10 mM acetate bufiét 6.0.
A scanning window from 20 to 100 °C with a constsedn rate of 1 °C/min was applied. Origin 7.0
software was used to determine the Tm (midpointth&f unfolding transition) and theHca
(calorimetric enthalpy). Except for the Al isoforrayersibility of unfolding was observed when the
samples were rescanned after heating to 100 °@liBas recorded with both cells filled with buffer
were subtracted from the experimental traces taiolihe heat capacity curves@p, excess heat
capacity,vs.temperature). The thermodynamic data were theageenf three scans and results were
expressed as the mean + SD. Statistical analysspedormed with GraphPad Prism 5 using one-

way ANOVA method followed by Bonferroni’s multip@mparison test.

2.6. Susceptibility of-La isoforms to thermolysin hydrolysis

Hydrolysis of the camel-La isoforms A, Az, and A by thermolysin(EC 3.4.24.27was
carried out according to N'Negue et al. (2006). THea isoforms (A, Az, and A) were solubilized
at 1 mg/mL (70 uM) in 50 mM 2-[4-(2-hydroxyethyl}giperazine] ethanesulfonate buffer, pH 7.2,
containing 10 mM CaGland 0.02% sodium azide. An appropriate aliquotharmolysin from
Bacillus thermoproteolyticus rokkewas added to 1 mL of eaehilLa isoform solution to obtain an
enzyme-to-substrate molar ratio of 1/80. The reactvas carried out at 37 °C for 30 to 180 min and
was stopped by adding 2% trifluoroacetic acid widelsreased the pH to 1.0. The characterization
of the hydrolyzates obtained from eaehlLa isoform was performed by reversed-phase high-
performance liquid chromatography (HPLC) onto ahkaCart Gs column connected to an Alliance
2690 unit according to N'Negue et al. (2006). BevatLa, purified from raw milk as previously

described (N’'Negue et al., 2006), was used asdteeence in the same experimental conditions.



3. Results and discussion

In a previous work (Si Ahmed Zennia et al., 20183, unveiled that camel-La (Swiss-Prot
accession number P00710) is subject to nonenzymesimidation at its two Asn-Gly motifs, A8n
being more readily deamidated than Xdior which a more basic pH is needed for the geimeraf
the deamidated form. Besides, we demonstratedtibdtvo variants reported in the earlier literature
correspond in fact to native isoformsffand to mono-deamidated isoform at position 45.(No di-
deamidated isoform (# was observed in the early reports. The presgmmp@cuses on the impact
of deamidation on the structure of canaelLa, this nonenzymatic modification being the most
extensive among adl-Las susceptible to deamidation.

The three isoforms were prepared by anion-exch&®jeC with high purity as shown by
native PAGE analysis (Fig. 1). Their identificatiomas performed by determination of their
respective molecular masses in our previous workAfned Zennia et al., 2015). Differences in
molecular masses between @&nd A, and between Aand A are 0.991 and 0.984 Da, respectively,
that corresponds to the replacement of one priraarye function by one hydroxyl function in the
case of deamidation of one Asn residue. Besidescdltium ion naturally bound to the protein was
preserved during the chromatographic purificatitep erformed under nondenaturing conditions.
Indeed, Girardet et al. (2004) showed that thetamtdof ethylenediaminetetraacetate (EDTA, strong
chelator of calcium) to equiree-La leads to release of calcium ion, observed elpbbretically by a
band shift of the -La, deamidated or not (higher migration rate). §,ithe native and deamidated
La isoforms are still in their holo form after theurification. Two other studies (Salami et aDP2;
Atri et al., 2010) have also purified the holo foalhcamela-La without loss of calcium ion during
the process (ammonium sulfate precipitation ancdhiiitration). In fact, the calcium ion strongly
binds toa-La with an affinity constant of 3 x §0M* for humana-La (Permyakov & Berliner,

2000).



The secondary and tridimensional structures 9fA4, and A were investigated by CD in the
far- and near-UV regions (Fig. 2). The near-UV (i2ctra had the typical features of the spectrum
of holo-a-La with a minimum in the region 27275 nm (corresponding to Tyr) and a maximum at
292 nm for Trp (Girardet et al., 2004; N'Negue ket 2006; Saricay, Wierenga, & de Vries, 2014).
According to former studies, the spectrum of aploa is different but nevertheless retains the
characteristic shape of the spectrum of the hel@a with much lower intensity (Saricay et al.,
2014), or is featureless (N'Negue et al., 2006)wkieer, the peak at 292 nm was not well-resolved
in the case of the camatLa, because the signal related to 5 Trp (the caméin contains an extra
Trp) is stronger around 300 nm than the signal @uenly 4 Trp in the case of bovire-La
(N'Negue et al., 2006; Saricay et al., 2014) oriega-La (Girardet et al., 2004). On the other hand,
the spectra of the three isoforms were similar sagigg that the single deamidation as well as the
double deamidation had no significant effect on 3Bestructure of camed-La, or as no aromatic
amino acid is sufficiently close to the deamidatsites, no disturbance of the aromatic amino acid
environment was detected.

The far-UV spectra of A A2, and A corresponded to ordered secondary structures with
more than 52% aofi-helices and-strands (Table 1). The shapes of the spectra swariéar to those
determined by Salami et al. (2009) and Atri et(2010) for camel hol@-La in native state. When
the protein became deamidated, the ellipticity22 Am increased, that could be interpreted by an
increase ofi-helix content upon deamidation (Greenfield, 2008B)e deamidation of A$h (isoform
A») seemed to be the one that caused the most proad@onformational change with this particular
gain ina-helix secondary structure. The extra deamidatioAsm'® (in As) did not seem to modify
more significantly the conformation at the secogdstructure level. It is worthy to note that the
secondary structure content ob /s very close to that of the camaiLa in Atri et al. (2010),
suggesting that the reported protein is perhapsord@amidated. Besides, the secondary structure

content of A was also close to that of its bovine counterpant ¢t al., 2010).



In order to deepen the structural investigations,determined the 3D structure of the camel
a-La at atomic resolution by X-ray crystallograpfiye overall fold of the camel-La (Fig. 3a) is
similar to the 3D structure of otharLa from various species. For instance, the sugsosition of
the 3D structure of the camalLa with the crystal structures of the humaiLa (Chrysina et al.,
2000) and the bovina-La (Chandra et al., 1998) yielded a root-mean-sgwkeviation of @
positions of 0.79 A and 0.83 A, respectively. Thgstal structure of the camakLa revealed the
presence of one calcium ion at the surface of théem. This calcium binding-site was identical to
that found in the crystal structures of human aadirke a-Las and involved side-chains of Ap
Asp®” and Aspe As the solution used for the crystallization betcamela-La did not contain
calcium ions (see Materials and Methods), the gaicion was not lost during the chromatography
purification step and the camalLa was still in its holo form after purificatiofhe crystals of
camela-La that were used for X-ray structure determinmgtiwere obtained from puie-La isoform
A1 (no deamidation) in a solution containing 100 mksTt pH 8.0. As the Adhfrom camela-La
was shown to deamidate spontaneously at pH 7.4eabeksh® needs a more basic pH upper to 8.0
to undergo a deamidation process (Si Ahmed Zenna.,e2015), a native PAGE analysis of the
crystals was performed to determine whécha isoform was preferentially crystallized. As sho
in Figure 3b, mainly the mono-deamidated isofors(deamidation of AsR) was generated during
the crystallogenesis. The deamidation of Asn leth&éoproduction of a mixture of L-isoAsp, L-Asp,
D-isoAsp, and D-Asp residues in the polypeptideirti{aswad et al., 2000). A lack of electron
density was observed in the crystal structure ofet@-La for the loop betweeb-strand$2 andb3
that includes Ash and this could be explained by an heterogeneitgénsample due to spontaneous
deamidation in the crystal (Fig. 3b), whereas arcleectron density was observed for the loop
betweena-helicesal anda2 where Astf is located. Thus, the crystal structure of the elaanlLa
determined in the present study corresponded tistfierm A with the deamidation of Adhand no

deamidation of AsH.



In accordance with results of near-UV CD spectraisafforms A and A, the single
deamidation had no significant effect on the ovefald of the camela-La. However, a close
structural comparison of the canmaelLa with bovine and humaa-Las revealed the existence of a
small additionala-helix (nameda4) in the cameh-La that included residues 101 to 106. These
residues are located in, or close to the flexibpl 105110 (Chandra et al., 1998; Chrysina et al.,
2000) and this could explain that these residuds 1@ were prone to adopt a helical conformation
under particular conditions such as deamidationdéscribed above, the far-UV CD spectra of the
isoforms A and A of the cameh-La showed that this protein underwent slightlyréase of the-
helix content upon deamidation as confirmed by itteasing 222 nm value. Interestingly, the
additional a-helix a4 was located at the proximity of the A3mdeamidation site in the crystal
structure of the cameh-La (Fig. 3a) and such a deamidation process mmgbdify the local
physicochemical properties of the protein in theinity of the loopb2-b3 that includes the
deamidation site. Overall, these results suggedhtcthe deamidation of Agh(isoform A) seemed
to induce the formation of this additional sharhelix in camek-La.

A DSC approach was used to study the thermostabilithe cameh-La upon deamidation
(Fig. 4). The DSC thermograms underwent significdmfts as a function of deamidation level (from
0 to 2). As the protein was deamidated, it becarnesrheat stable: the melting temperature (Tm)
increased significantly (p < 0.01) by ca. 3 °C deamidation level (Table 1). The enthalpy change
(DHca) did not differ significantly from an isoform tonather, suggesting that same amount of
energy was necessary for their unfolding. Howetrex,consequences on the physical features were
drastically different, since the nativee-La (A1) precipitated at temperatures higher than 80 °C
contrary to the deamidated isoforms; (@d As) for which the denaturation process was reversible
between 20 and 100 °C. Extra negative chargesedatry the isoAsp or Asp residues would
strengthen the intramolecular electrostatic intiivas of thea-La molecule. The conclusions of

Atri, Saboury, Moosavi-Movahedi, Kavousi, and Agaejad (2015) substantiate this possible



explanation. Indeed, the authors observed thatiignaof zinc ion onto a secondary site of camel
La decreases thermal stability, as intramoleculectestatic interactions weaken. This secondary
binding site is identified in humaa-La and concerns in particular residues®and GIld*® located
on the surface of the molecule (Noyelle & Van D&€I02). In our opinion, the addition of negative
charges (by deamidation) should have an opposieetefo Zn binding that shields a number of
negative charges on the thermostability of camla. Besides, it is noteworthy that the melting
temperature (Tm) and enthalpy chanDelf{,) determined for the mono-deamidated proteinvére
very close to those of the canelLa reported by Atri et al. (2010), supporting tiygpothesis that
thea-La of their study might have deamidated spontaskgou

On the other hand, the thermodynamic parametenatdfe cameh-La A; were rather close
to those determined for the bovimelLa (Atri et al., 2010). Nevertheless and unlike thative
isoform A, the thermal denaturation of the bovine proteimeigersible between 15 and 100 °C,
according to Boye, Alli, and Ismail (1997). Thelapiof bovine holoa-La to renature upon cooling
is attributed to the absence of aggregation upemthl treatment. The secondary structure of the
bovinea-La is easily altered by heating but can refolé toonformation similar to that of its native
state (Boye et al., 1997). This could explain wikféul, Lopez, Gaucheron, Attia, and Ayadi (2015)
have observed that camellLa precipitates more easily than bovieed.a upon milk heat treatment
mimicking industrial conditions. With a less ordéreecondary structure, the natia@d_a (isoform
A1) was readily prone to precipitate at high tempemtbut not the bovine counterpart. It would
seem that the deamidation process would prevemeggtion and precipitation of the camel protein
at high temperature by inducing a conformationange resulting in a more ordered secondary
structure (additionad-helix a4 in isoform A).

Due to its compact structure, boviaelLa is known to be resistant to proteolytic enzymes
and especially to thermolysin, a thermostable emzyNiNegue et al., 2006). Thus, the impact of

deamidation on the susceptibility of canmselLa towards thermolytic activity was studied in the



present work. It is reported that the bovanda, in its folded state, is highly resistant tertmolysin
at temperatures reaching up to at least 44 °C (blieet al., 2006). The enzyme possesses
endopeptidase activity and cleaves the peptide ohthovinea-La (unfolded) preferentially at the
amino-terminal side of the hydrophobic residues lleu, Phe, Tyr and, to a lesser extent of Val
(N'Negue et al., 2006). The bovireLa is sensitive to thermolysin only in a molteolglle state,
for which the hydrophobic clusters are more actéssindeed, at a temperature of 70 °C, the bovine
protein adopts a partly unfolded, reversible ssaig its hydrolysis is readily achieved by thermlys
(N'Negue et al., 2006). The present work shows tlaatela-La was also resistant to thermolysin,
similarly to the bovine protein, as few peptidegaveeleased after incubation for 3 h at 37 °C (Fig.
5). The camel protein was folded in a compact stinecconferring this resistance. The nonenzymatic
deamidation did not change the behaviour of caamkh toward the thermolysin, as similar HPLC
profiles were obtained between the three isoforms A, and A (Fig. 5). The fact that the
deamidated isoforms were equally resistant to tbgrem was expected, because the altered proteins
adopted a slightly more ordered secondary structtnite keeping the native 3D structure, and also
acquired conformations more stable toward heatrnirexat. The altered isoforms might not expose
their hydrophobic clusters to the solvent, so thgyregation and subsequent precipitation upon
thermal treatment did not occur, on the contrarthonative isoform, and the sites of hydrolysis by
thermolysin were kept hidden in the structure. ®Salat al. (2009) reported that the pancreatic
enzymes, i.e., trypsin and chymotrypsin, are ableartly degrade camel-La in vitro, the latter
being a better substrate than the bovine counterpath in the native and molten globule states.
Trypsin was also used in the present study (datashown). As observed with thermolysin, the
camela-La isoforms displayed a relative resistance tpdity with similar HPLC profiles (i.e. few
peptides generated and significant remaining pmptei

After camel milk or milk-derived food intake, th&-La might undergo a deamidation
mechanism in the gut, the physiological conditiares, pH 7.08.0, and 37 °C, being favorable for

this process to take place. The altered proteinldvbe resistant to pancreatic proteases or brush-



border membrane peptidases in the intestinal teact,might acquire biological activity, for instanc
against cancer cells, in a way similar to HAMLETo(kt al., 2017) or camel oleic acid-bindiag-a

(Atri et al., 2011; Uversky et al., 2017). If cabe a-La is hydrolyzed, the generated peptides with
an Asn-Gly motif are more readily prone to deangdast they lack ordered secondary structure that
inhibits the nonenzymatic deamidation in proteiR®l{inson & Robinson, 2004). Thus, peptides
containing the AsK-Gly!’ sequence would be more easily deamidated in thevgwereas the
reaction is limited in the whole protein. This wduksult in accumulation of unusual residues such
as L/D-isoAsp and D-Asp that might either have ktéeious effect in term of food allergy or gain
some benefits, for instance in the recognitionnbégrins overexpressed in the membrane of tumor
cells. In this context, it is interesting to notat the motifs isoAsp-Gly-Asn-Arg or Asp-Gly-Asn-
Arg at position 4548 of the camela-La presents similarities to sequences iSOAsp-Giy-A
(Mastrangeli et al., 2018) and Arg-Gly-Asp (Polaakt 2018) that bind efficiently to some members

of the integrin family, as very recently reported.

4. Conclusion

Thea-La of theCamelidaefamily is the only one that possesses two sitesooienzymatic
deamidation among the knownLas in other mammals. Devoid of Asn-Gly sequetioe bovinea-
La does not deamidate spontaneously and remaimsichiéy stable. The present study focused on
the impact of the deamidation on the structure stadility of camela-La. This post-translational
modification reinforced the stability of the protdbward heat treatment and preserved the resestanc
toward proteolysis. Our experimental findings sigjdbat the deamidation process is able to induce
a conformational change with an exd&rdnelix in the C-terminal region that conferred heglistability
of the protein. To understand the biological sigaifice of this kind of chemical alteration, further

investigations on the bioavailability and healthpant of the camed-La need to be performed.
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Legends to Figures

Fig.1. Native PAGE control of native (& mono-deamidated @\ and di-deamidated gha-La
purified by anion-exchange FPLC. IgG, immunoglobsilG; SA, serum albumin; SP, total soluble

proteins of camel milk.

Fig. 2. CD spectra of native (A mono-deamidated @)\ and di-deamidated gha-La in the far-Uv

(a) and near-UV (b) regiong][ mean residue ellipticity.

Fig. 3. (a) Ribbon representation of the caraela crystal structure witla-helices,b-strands, and
loops. One calcium ion is represented by a spfdre.loop betweeb-strand$2 andb3, as well as
the loop betweem-strandb4 anda-helix a3 were partially not built due to a lack of densatyd
these disordered residues are modeled as daslesd (o) Native PAGE control of the composition
of the crystal generated from puaeLa A:. Mainly mono-deamidated isoform;Avas generated

during the crystallogenesis.

Fig. 4. DSC thermograms of native {A mono-deamidated @} and di-deamidated ¢ha-La. Cp,

heat capacity.

Fig. 5. Reversed-phase HPLC analysis of native)(Aono-deamidated @)\ and di-deamidated
(A3) a-La hydrolyzed by thermolysin, in comparison to ibeva-La hydrolysis. Proteolysis
conditions: Enzyme-to-substrate ratio 1/80, pH h2ubation at 37 °C for 30 to 180 min. Abhs

absorbance at 215 nm.
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