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Thermal denaturation of recombinant human lactoferrin from transgenic rice with different degrees
of iron saturation has been studied by differential scanning calorimetry. The maximum temperature,
enthalpy change, and activation energy of denaturation were higher when recombinant lactoferrin
was more saturated with iron, indicating an increase in the stability of the protein structure. Maximum
temperature and activation energy values for apo- and holo-lactoferrins were practically identical to
those reported for the same forms of lactoferrin from human milk, which indicates a similar thermal
stability. However, the value of enthalpy change for denaturation of the recombinant lactoferrin was
2.5—3-fold lower than that found for the human milk protein. This finding may reflect the influence
that the different glycosylation pattern may have in the relationship between lactoferrin domains.
Denaturation of recombinant lactoferrin in milk was compared with denaturation in phosphate buffer,
and results indicated that the protein was more heat-sensitive when treated in milk than in buffer.
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INTRODUCTION formula more similar to human milk would be interesting. Up

to now, bovine lactoferrin obtained from whey produced in the
cheese-making process has been used as a supplement in special
products. However, it is still not clear whether the activity of
Opovine lactoferrin is the same as that of human lactoferrin for

all of the proposed functions. Therefore, the possibility of using

h. human lactoferrin in products for human consumption would

There is one iron-binding site located in each lobe, and the iron P& interesting. Taking into account the difficulty in obtaining
atoms bound are coordinated by four protein ligands: two numan lactoferrin in high amounts, some systems have been
tyrosines, one hystidine, and one aspartate. In the binding site,d€veloped to produce recombinant human lactoferrin (rhLF),

a CO2 or HCO;™ ion adjacent to an arginine side chain also such as fungi culturessj, transgenic cows9j, or plants such
participates (2). as tobacco (10), maizel]), and rice 12). The possibility of
using the transgenic rice directly, without isolating lactoferrin,

activities such as protection from pathogens by reducing the I SOMe special products is v,ery_interesFin_g because rice is a
availability of iron to microorganisms, regulation of iron normal component of children’s diet and it is a hypoallergenic
absorption in the intestine, or inhibition of oxidative reactions food (12).
(3). On the other hand, there are other functions attributed to It is important to determine the thermal stability of rhLF to
lactoferrin for which the level of iron bound is not essential, design treatments that ensure that the structure and biological
such as the bactericidal activity of lactoferrin by interacting with  activity of the protein are maintained. Although it has been
the bacterial surfaced], the modulation of some functions of reported that rhLF from rice possesses similar biological
the immune system f5the promoting activity on cellular growth  activities and a similar structure to human milk lactoferda (
(6), or the antitumoral activity (7). 13), there are differences in the glycosylation pattern, which
Human milk is particularly rich in lactoferrin; however, could be important in the behavior of the proteit4].
bovine milk contains very low levels of this protei8)(Because  Differences have also been reported in the glycans of the
milk products, based on bovine milk, are practically devoid of different transferrins (15) and also in the lactoferrin isolated
lactoferrin, supplementation with this protein to make infant from leucocytes as compared with that from milk6).
Furthermore, recombinant lactoferrin frohspergillus awamori
* To whom correspondence should be addressed. Tel: 34 976 761585.a1S0 has different glycan structures from those of lactoferrin
Fax: 34 976 761612. E-mail: Isanpan@unizar.es. from human milk (8). It has been reported that the unglycosy-

Lactoferrin is a glycoprotein that belongs to the family of
iron-binding proteins that also includes transferrin, ovotrans-
ferrin, and melanotransferrii). It has a molecular mass of 80
kDa, and its three-dimensional structure has been determine
by crystallographic analysi?). It consists of a polypeptide
chain, which forms two globular lobes with two domains eac

The ability to bind iron gives lactoferrin several biological
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lated lactoferrin is much more susceptible to degradatian), (

and some studies have revealed that the susceptibility of

lactoferrin to tryptic proteolysis depends on the type of bound a
glycans (18). Actually, human lactoferrin is more resistant to
proteolysis than bovine lactoferrin due to differences in the
glycan composition (19).

Thermal stability of lactoferrin has been studied in several
works (20—24). The thermal parameters found for the thermal
denaturation of bovine lactoferrin studied by calorimetry were
lower (22) than those obtained for human lactofer23), which
indicates that the bovine protein is not as stable as the human
one. We have reported in a previous wa2k) that the behavior
of rhLF from A. awamoriis similar to lactoferrin from human Io_z Wig
milk when subjected to calorimetry, which reflects the high
degree of structural similarity between the two proteins. Several
works have demonstrated that the iron bound to lactoferrin
confers more resistance to thermal denaturat®y 22) and
proteolytic digestion (26) to the protein structure. .

The objective of this work was to determine the thermal 20 40 80 %0 100 120
stability of rhLF from rice by differential scanning calorimetry
(DSC) in different conditions, to compare the results with those
of lactoferrins from other origins and to facilitate the design of Figure 1. DSC thermograms of thLF from rice as apo-form (a), as isolated

heat treatments that will maintain its integrity and biological form (b), and as holo-form (c). Scanning was performed at a heating
activity. rate of 10 °C/min.

«—— Endothermic heat flow

Temperature (°C)

MATERIALS AND METHODS the variation of the maximum heat temperature and the heating rate

rhLF isolated from rice was kindly provided by Ventria Bioscience 2ccording to this expression:

(Sacramento, CA). It was supplied in three forms, apo (0.05 mg Fe/g

LF), holo (1.3 mg Felg LF), and as-isolated from rice (0.98 mg Felg (BITpat) = (AE/R)e =/RTmax 2

LF). These proteins were analyzed by sodium dodecyl sulfate poly-

acrylamide gel electrophoresis and showed a main band that cor-wherep is the scanning ratéa is the maximum peak temperature,

responded to a protein with a molecular mass of about 80 kDa; E,is the activation energy is the preexponential factor, afis the

therefore, they were used in the calorimetric experiments without further universal gas constar/R was determined from the slope of In(s/

purification. Tmad) VS UTmaxWithout assuming any order of reaction. Data obtained
Solutions of the different forms of rhLF described above were were statistically evaluated hiytest using the SPSS 13.0 package for

prepared in a buffer containing 15 mM potassium phosphate and 150 Windows.

mM NaCl, pH 7.4 (phosphate-buffered saline, PBS), at a protein

concentration of 100 mg/mL. Samples and referencesu{)Owere RESULTS

introduced into aluminum pans (TA Instruments, New Castle, United . ) )

States) and sealed for analysis. The references consisted of pans 1hermal denaturation of rhLF was studied by DSC using

containing the same volume of PBS or bovine skimmed milk. different heating rates. The thermograms obtained for lactoferrin

DSC of proteins was performed in a DuPont thermal analyzer (model With different degrees of iron saturation at a heating rate of
DSC 10, Nemours, Germany), using a thermal analyst 2000 system.10 °C/min are shown irFigure 1. The comparison between
DSC scans were programmed in the temperature range-ef B%°C the three forms of lactoferrin is made considering the main peak
and at heating rates of 2, 3, 4, 5, 7, 10, and@0min. Samples were  of each form as the most representative. The apo- and holo-
analyzed at least in triplicate. After the treatment of proteins, denatured forms of rhLF show one main denaturation peak with differences
samples were left to cool at room temperature and rescanned in thejn position and shape due to the different conformations that
eslir;wle cc(Jjndltlons to evaluate if there was renaturation of the proteins present the two forms of lactoferrin. The thermogram obtained

yzed. for apo-lactoferrin presents a maximum temperature of dena-

From the transmon_ peak obtained by DSC, it was possible to obtal_n turation at 72°C, and only at the heating rate of 2@/min, a
several thermodynamic parameters. The enthalpy change of denaturation

was calculated by integrating the peak area using a straight baseline™"Or pea_k appears with a max'“."'“m temperature_d(BS_rhe
drawn from the onset to the end of thermal transition. Values of denaturation thermogram of as-isolated lactoferrin, with 60%

temperature of maximum heat absorptiop4), onset temperaturdy), iron saturation, shows a main peak coincident with that of holo-
and enthalpy chang@{..) of denaturation were plotted as a function lactoferrin and a minor peak with the same maximum temper-
of heating rate, and the same parameters were estimated by extrapolatioature as the main peak of apo-lactoferrin. Temperatures of
to 0 °C. The measurement of the endothermic peak width at its half- maximum heat absorption and enthalpy change are higher when

height (AT,) was used to calculate the van't Hoff enthal@r}: lactoferrin is more saturated with iron, as shownTiable 1.
However, the half-peak height of the thermogram of apo-
AHy,, = 4RT, AT, (1) lactoferrin is wider than that of the iron-saturated forms. This

fact could indicate that the apo-form presents lower cooperativity
whereR is the universal gas constant afigky is the maximum peak ~ IN the denaturation process. The van't Hoff enthalpy was
temperature. To check the irreversibility of the denaturation process, calculated considering the maximum peak temperature and width
the value of the raticAHyn/AHco was determined (28). at half-peak height, as has been described previously in the
The kinetic parameters for denaturation were calculated by Kis Materials and Methods. The ratio between the calorimetric
singer’s methodZ9). This method is based on the relationship between enthalpy change and the van’'t Hoff enthalgyHca: AHvH) was
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Table 1. Thermal Parameters for Denaturation of rhLF from Rice in PBS at a Heating Rate of 10 °C/min2
T (°C) AHea (kJimol) ATy2¢ (°C) AHy€ (kd/mol) AHea: AHy
Apo-rhLF 71.92+0.23 801 +55 6.28 £ 0.53 634 +58 127+0.14
As-isolated-rhLF 93.47 £0.09 1041 + 150 5.35+0.48 840 £ 80 1.26 £0.27
Holo-rhLF 93.84 +0.26 1549+ 79 5.58 +0.26 804 + 39 1.93+0.19

aEach value represents the mean + SD of three or four replicates. ® Peak maximum temperature. ¢ Denaturation enthalpy change. ?Half-width denaturation peak.

¢ Van't Hoff enthalpy of denaturation.

e

100 4

90 4

Table 2. Thermal Parameters for Denaturation of rhLF from Rice in
PBS, Extrapolated to 0 °C/min

2w Tia® (°C) AHe? (k3/mol) T (°C)
E —‘_.J’k_)/”' Apo-hLF 66.47 583 63.10
. As-isolated-hLF 89.36 1361 85.07
Holo-rhLF 89.81 1500 85.45

60

50

10 15 20 25

Heating rate (°C/min)
Figure 2. Maximum peak temperature (Tnax) at different heating rates
for denaturation of rhLF from rice in PBS as apo- (M), as isolated (a),
and as holo-forms (OJ).

2Peak maximum temperature. © Denaturation enthalpy. ¢ Onset temperature.

Table 3. Comparison of the Thermal Parameters for Denaturation of
rhLF from Rice in PBS and in Bovine Skimmed Milk at a Heating Rate
of 10 °C/min2

Tmax (°C) AHca (kd/mol) Ts (°C)

1 Apo-rhLF
2000 4 PBS 7192 £0.23 801 +55 66.00 £ 0.65
- milk 66.50° + 0.39 602 + 130 59.620 + 1,68

g " o As & = a As-isolated-rhLF

3 1200 4 " PBS 93.47 +0.09 1041 + 150 88.32 + 0.56
E A A A milk 91.51 +0.07 951 +£98 87.510+0.21

1 M Holo-rhLF
200 . - PBS 93.84 £ 0.26 1549 + 79 89.10 £ 0.90
milk 91.56° + 0.10 1281 + 310 87.69°+0.17

0

20 25

Heating rate (°C/min)
Figure 3. Enthalpy change (AH) at different heating rates for
denaturation of rhLF from rice in PBS as apo- (M), as isolated (a), and
as holo-forms (OJ).

also calculated. When the ratidHca:AHyw is around 1, the
calorimetric enthalpy change is equal to the van’t Hoff enthalpy,
which occurs in small single-domain globular protei28)(
However, in proteins in which the conformation is stabilized
by interactions among several domains, the ratit.,; AHyu

is greater than 1. Thus, we have found a ratit.,;: AHy above

1 for all forms of recombinant lactoferrin; for the iron-saturated
protein, the ratio was very close to 2.

As shown inFigures 2and3, the maximum peak temperature
and enthalpy change of denaturation are different depending
on the heating rate, suggesting that the denaturation process i
kinetically determined. The data were fitted to one line with
correlation coefficients from 0.92 to 0.94 for the maximum peak

temperature and below 0.37 for the calorimetric enthalpy change.

For as-isolated rhLF, values of maximum peak temperature and

enthalpy change of denaturation at a heating rate %/tnin
have not been considered because it was not possible to properl
determine the baseline in any of the replicates. The maximum

aEach value represents the mean + SD of three or four replicates. © Significant
difference for p < 0.05.

denaturation enthalpy change, which is 2.5 times higher for holo-
lactoferrin than for the apo-form.

The denaturation of rhLF in bovine skimmed milk has also
been studied, and the results obtained are showralie 3,
together with those obtained in PBS. The values of the
maximum peak temperature, denaturation enthalpy change, and
onset temperature of lactoferrin heated in bovine skimmed milk
were significantly lower for the majority of parameters than
those obtained when heated in PBS.

The Kissinger method was used to calculate the activation
energy for thermal denaturation of rhLF. The Kissinger plots
for the three forms of lactoferrin adjust very well to straight
lines, with correlation coefficients from 0.98 to 0.9Bidure

%). The activation energy values were calculated from the slopes

of those straight lines. It has been observed that the activation
energy increases with the iron saturation degree of lactoferrin;
the values obtained were 240.0, 318.6, and 387.4 kJ/mol for
the apo, as-isolated, and holo-forms, respectively.

)BISCUSSION

peak temperature parameters clearly increase with the heating |n this work, we have studied the thermal behavior of rhLF
rate; however, for the enthalpy change, the increase with thefrom rice by DSC. The thermograms obtained showed higher
heating rate was slight for the apo-form, and this parameter evenvalues of maximum peak temperature and enthalpy change when
decreased for as-isolated lactoferrin. The values of maximum lactoferrin was saturated with iron than when it was in its apo-
temperature of denaturation, denaturation enthalpy change, andorm. These results indicate an increase in the protein stability
onset temperature obtained by extrapolation t8COmin are with the increase in the degree of iron saturation that has also
shown inTable 2. These parameters increased with the iron been found for human milk lactoferrin, rhLF frofa awamori
saturation degree of lactoferrin, mainly for the parameter of the (25), and bovine lactoferrin (2@2). Denaturation of the holo-
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Winee (1K) domains (34). It is known that in the process of protein
OO oOF oo 0O o 00 o denaturation there are many endothermic reactions involved
(break-up of electrostatic and van der Waals’ interactions and
551 hydrogen bonds) and also exothermic reactions (break-up of
90 hydrophobic interactions), which can lower the overall observed
o | enthalpy (35). Furthermore, in the case of large globular proteins,
L 8 E, = 240.0 KJ/mol . - oo .
g such as lactoferrin, the denaturation state is irreversible and
£ 400 E,=318.6 KJ/mol

aggregation processes, which are generally exothermic, can take

A0S kool place especially at high concentrations of protein, as those used
’ in the DSC technique. For these reasons, the enthalpy change

(AH) observed by DSC can vary depending on the denaturation

-11,0 4

e o . o temperature and on hydrophobicity and aggregation processes
Figure 4. Kissinger plot for heat denaturation of rhLF from rice in PBS (35). Interactions among hydrophobic regions could be more
as apo- (M), as isolated (a), and as holo-forms (Q). Trax is the peak strengthened in rhLF from rice than in human milk lactoferrin
maximum temperature (degrees Kelvin), and f is the scanning rate. due to differences in glycosylation, and consequently, their
E. = activation energy. break-up with thermal denaturation could decrease the enthalpy

change value.
The analysis of the crystallographic structure of human
ctoferrin revealed that the sites of glycan attachment are
situated on the surface of the molecule (2). Furthermore, it has
been reported that human lactoferrin bears three potential sites
for N-glycosylation at As#® in the N-lobe and Ast® and
srf24in the C-lobe 7); a study with glycosylation site mutants
18) has shown that A3#f and Asrt’® are the preferential
glycosylation sites. Although it is well-known that glycosylation
affects the three-dimensional structure and the dynamics of a
protein @34), any study has shown how the variations in position
and type of glycans attached may influence the structure of
lactoferrin.

rhLF from rice gave a single peak, which indicates that the two
lobes of the protein have the same thermosensitivity and la
denature simultaneously. The endotherm obtained for denatur-
ation of the apo-form presented a single peak at all heating rates
except for the 10C/min heating rate, in which a second small
peak appeared at a maximum temperature aroui€8a peak

that might correspond to aggregated molecules. For as-isolate
lactoferrin (60% iron saturation), an endotherm with two peaks
has been found, a main peak coincident with that of holo-rhLF
and a minor peak coincident with the main peak of apo-rhLF.
The finding of a double peak in the endotherm had been
previously reported for the 30% iron-saturated bovine lactoferrin
and for the holo-bovine lactoferrir2®). The presence of these

two peaks has been attributed to differences in the thermosta- A work carried out by van Berkel et all{) showed that
bility of the two lobes of lactoferrin 30), since the C-lobe unglycosylated rhLF from human kidney 293(S) cells was much

appears more compact than the N-lobe in the iron-saturategMore susceptible to degradation by trypsin than the glycosylated

protein (31), and it has also been explained by the presence ofl©M- However, another study published by the same group
monoferric species (20). revealed that the susceptibility of the protein to proteolysis was

The maximum temperatures of the endotherm obtained for more affected by an altered conformation of glycans rather than
rhLF from rice in the different forms are very similar to the an absence (.)f glycosylatiodg). Itlhas been repqrted that the
values that we obtained in previous studies for human milk ohgosecch_arldes bound to proteins con_fer resistance to pro-
lactoferrin and for the recombinant protein frofn awamori tequss, either because they cause an increase of th_e protein
(25), which means that all of the proteins present similar thermal rigidity or be(_:ause glycans sterically protect the susceptible sites
stabilities. However, the value of enthalpy change for denatur- for proteolytic enzymes (34).
ation of rhLF from rice is about 2.5 or three times lower, In the studies reported until now, no significant differences
depending on the degree of iron saturation, than that obtainedin the biological activities have been found between recombinant
for human milk lactoferrin or for the protein produced in lactoferrin from rice and lactoferrin from human milk. These
A. awamori. This fact could be due to some differences in the Proteins bind the same amount of iron at various pH values,
structure of the protein. It has been reported that the molecularthey have the same pH dependency in iron release, and they
mass of the recombinant lactoferrin from rice is lower than that both inhibit the growth of human pathoger2(13). Moreover,
of lactoferrin from human milk, 78.5 and 80.6 kDa, respectively hLF and rhLF from rice bind to the human colon carcinoma
(12). This difference is likely the result of a lower degree of Ccell line Caco-2; the binding constant is similar for both proteins,
glycosylation for the recombinant protein, with 2.9% of glycans, although the number of binding sites reported was slightly higher
as compared with the milk protein in which glycans represent for rhLF, a difference that has been attributed to differences in
5.5% (12,13). There are also differences in the type of glycans glycosylation (12).
due to the different mechanisms of glycosylation that the  The calculation of the van't Hoff enthalpy from the width at
vegetable cells have as compared to those of the mammary glandhalf-peak height of the transition peak gives information about
epithelial cells. Thus, lactoferrin from human milk has the the complexity of the denaturation process. When this value
typical glycans of mammals, such a®-6-linked neuraminic approaches the actual value of enthalpy obtained by integrating
acid, f1-4-linked galactose, and1-6-linked fucose 32), and the endotherm, it means that the protein denaturation follows a
lactoferrin from rice has the typical glycans of vegetables such two-state kinetic modeP8). However, in the case of rhLF from
asal-3-linked fucose an@#1-2-linked xilose (14). Differences  rice, the ratioAHca:AHyy is above 1.0 for the three forms of
in glycosylation have also been found in other rhLFs such as lactoferrin; for the holo-rhLF, it is almost 2. Those results
those produced i\. awamori(8), in the milk of transgenic indicate that partially unfolded intermediates are in equilibrium
cows (9), or in the milk of transgenic mic83). with the native state during the thermal denaturation process.

Glycans may be involved in intermolecular carbohydrate  This occurs in proteins with a conformation that is stabilized
carbohydrate or carbohydratprotein interactions; thus, they by interactions among several domains. The three-dimensional
can have an influence on the relationship between protein structure of lactoferrin is in agreement with these results, as it
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consists of two globular lobes, each of which is organized into  (2) Anderson, B. F.; Baker, H. M.; Dodson, E. J.; Norris, G. E,;

two domains with the iron site at the domain interface (2). In Rumball, S. V.; Waters, J. M.; Baker, E. N. Structure of human
the case of lactoferrin from human milk, the values obtained lactoferrin at a 3.2 A resolutiorRroc. Natl. Acad. Sci. U.S.A.
for the ratio AHca:AHyy were close to 4235), much higher 1987,84, 1769—-1773.

(3) Séanchez, L.; Calvo, M.; Brock, J. H. Biological role of lactoferrin.
Arch. Dis. Child.1992,67, 657—661.

(4) Ellison, R. T., lll; Giehl, T. J.; Laforce, F. M. Damage of the
outer membrane of enteric Gram-negative bacteria by lactoferrin

than those obtained for the recombinant protein from rice, which
also reflects differences between them in their thermal behavior.
The activation energy for denaturation of rhLF from rice has

been calculated by the method of Kissing28), It has been and transferrininfect. Immun1988,56, 2774—2781.

observed that the activation energy increases with the iron (5) van Snick, J. L.; Markowetz, B.; Masson, P. L. The ingestion
saturation degree of lactoferrin, which is in agreement with and digestion of human lactoferrin by mouse peritoneal mac-
previous results that show a higher thermal stability for iron- rophages and the transfer of its iron into ferritih.Exp. Med.
saturated lactoferrin. Although this method is applied to single 1977,146, 817—-827.

denaturation reactions, which is not the case of lactoferrin, we (6) Levay, P. F.; Viljoen, M. Lactoferrin: A general review.
have used it to obtain a kinetic approximation to the thermal Haematological 995,80, 252—267.

denaturation of rhLF. The Kissinger plot obtained for rhLF gives () IQ%\/Y{ C.;bWaégn:be, R.;I ronike,tY._; Mitﬁbe' M'I; SEim"’.lzakil‘l
a straight line, which indicates a good correspondence with - yvatanape, 5., Azuma, 1. APOPIOSIS In uman 'eUkEmIC Cells

. . s . induced by lactoferricin, a bovine milk protein-derived peptide:
single reactions (36). The values of activation energy obtained Involvement of reactive oxygen speci@ochem. Biophys. Res.

for lactoferrin from rice are very close to those obtained for Commun1997,237, 624—628.

lactoferrin from human milk and for the recombinant protein  (g) ward, P. P.; Piddington, C. S.; Cunningham, G. A.; Zhou, X.;
from A. awamori(25), which indicate a very close similarity Wyatt, R. D.; Conneely, O. M. A system for production of
in their structure. commercial quantities of human lactoferrin: a broad spectrum

To determine if the composition of the medium can influence natural antibiotic Biotechnologyl1995,13, 498—503.

the thermal behavior of rhLF from rice, its denaturation has  (9) Van Berkel, P. H.; Welling, M. M.; Geerts, M.; van Veen,
also been studied by DSC in bovine skimmed milk. Milk H. A Rayensbergen, B.; Salaheddine, M.; Pauwels, E. K;
subjected to DSC without added proteins did not show any Pieper, F.; Nuijens, J. H.; Nibbering, P. H. Large scale production

of recombinant human lactoferrin in the milk of transgenic cows.
Nat. Biotechnol2002,20, 484—487.

(10) Salmon, V.; Legrand, D.; Slomianny, M. C.; Yazidi, |. E.; Spik,
G.; Gruber, V.; Bournat, P.; Olagnier, B.; Mison, D.; Theisen,
M.; Mérot, T. B. Production of human lactoferrin in transgenic

endothermic peak. This is due to the low concentration of
proteins in bovine whey and also to the absence of a signal
given by casein when subjected to DSC (37). The results
obtained for lactoferrin denaturation in milk were compared with

those obtained for the protein denatured in PBS. We found that tobacco plantsProtein Expression Purif1l998,13, 127—135.
the peak maximum temperature and the onset temperature were(11) Samyn-Petit, B.; Gruber, V.; Flahaut, C.; Waida-Dubos, J. P.;
significantly lower when lactoferrin was heated in bovine Farrer, S.; Pons, A.; Desmaizieres, G.; Slomianny, M. C,;
skimmed milk than in buffer. The denaturation enthalpy was Theisen, M.; Delannoy, P. N-glycosylation potential of maize:
also lower for the three forms of lactoferrin when heated in the human lactoferrin used as a modglycoconjugate J2001,
skimmed bovine milk, although the difference was found to be 18, 519—527.

statistically significant only in the case of apo-rhLF. The lower ~(12) [\‘?gdi' IS SGU_Z‘;"L Y. AN; Ht{ang' ‘;'3|Yg'd§' D P_ham'f';'; wu,
values of thermal parameters obtained for lactoferrin denatured - Bartiey, G.; Huang, N.; Lonnerdal, B. Expression of human
in bovine milk as compared to those in buffer could be due to lactoferrin in transgenic rice grains for the application in infant

. ) o formula. Plant Sci.2002,163, 713—722.
the pH decrease that milk experiences when it is heated and (13) Suzuki, Y. A.; Kelleher, S. L.: Yalda, D.; Wu, L.; Huang, J.:

also to changes in the balance of calcil@®)( Similar results Huang, N.: Lénnerdal, B. Expression, characterization, and

were also found for bovine lactoferrir2Z), for human milk biologic activity of recombinant human lactoferrin in rice.

lactoferrin, and for recombinant lactoferrin produced An J. Pediatr. Gastroenterol. Nut2003,36, 190—199.

awamori(25). Therefore, the composition of the medium should (14) Fujiyama, K.; Sakai, Y.; Misaki, R.; Yanagihara, I.; Honda, T;

be taken into account to determine the thermostability of Anzai, H.; Seki, T. N-linked glycan structures of human

lactoferrin in each product. Ia.ctoferrin produced by transgenic ricBiosci., Biotechnol.,
The results of this work did not show a different thermal Biochem.2004,68, 2565—-2570.

(15) Spik, G.; Coddeville, B.; Montreuil, J. Comparative study of the

primary structures of sero-, lacto- and ovotransferrin glycans from
different speciesBiochimie1988,70, 1459—1469.

Derisbourg, P.; Wieruszeski, J. M.; Montreuil, J.; Spik, G.

Primary structure of glycans isolated from human leucocyte

stability of human recombinant lactoferrin from rice when
compared to human lactoferrin from milk. However, the lower
value of the enthalpy change observed for the recombinant (16)
protein may suggest the existence of differences in the relation-

ship between the glycans and the domains of lactoferrin. Further lactotransferrinBiochem. J1990,269, 821—825.

experiments are needed to evaluate whether or not those (17) van Berkel, P. H. C.; Geerts, M. E. J.; van Veen, H. A;;

differences may affect the various biological activities exerted Kooiman, P. M.; Pieper, H. A.; de Boer, A.; Nuijens, J. H.

by lactoferrin. Glycosylated and unglycosylated human lactoferrins both bind
iron and show identical affinities towards human lysozyme and
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