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ABSTRACT

In this thesis, the structure, stability and digestion of caprine and bovine lactoferrin were compared. The work

carried out in this project has been divided into four parts.

A comparative study was done on the thermal stabilities and conformational changes in the native forms of caprine
lactoferrin (cLF) and bovine lactoferrin (bLF) in the pH range 2.0-8.0. In the pH range 2.0-8.0, bLF showed
maximum thermal denaturation temperature (T,,) values than that of cLF. At pH 7.0, the T, values of cLF and bLF
were 671 and 70+1 °C, respectively. For both cLF and bLF, with reduced pH values a decrease in T,, values was
observed. At pH 3.0, cLF and bLF showed 30+1 and 39+1 °C T,, values, respectively. At pH 2.0-3.0, the structural
unfolding of cLF and bLF was observed. Both cLF and bLF were rich in B-structure (54 and 57%, respectively).
Further at pH 2.0, tryptophans were exposed to the solvent to a greater extent in bLF than cLF. The thermal stability

of bLF was higher than cLF and was pH dependent.

The structural characteristics and thermal stabilities of apo and holo forms of caprine and bovine LF were compared
in the pH range 2.0-8.0. At pH 7.0, the holo forms of both cLF and bLF showed higher T,, values (68+1 and 90+1
°C, respectively) than the corresponding apo forms (64+1 and 66+1 °C, respectively). For both apo and holo forms
of cLF and bLF, a continuous reduction in T, values with a reduction in pH from 8.0 to 3.0 was evident. A
reduction in pH from 7.0 to 2.0 showed significant loss in iron content of both apo and holo forms from both caprine
and bovine LF. A higher exposure of hydrophobic surfaces at low pH for both apo and holo forms of cLF and bLF
indicates the protein unfolding. These data were supported by the circular dichroism (CD) unfolding studies of both

apo and holo forms of cLF and bLF at pH 2.0.

The interaction between zinc (Zn**) and LF from caprine and bovine was studied in the pH range 2.0-7.0. At pH 7.0,
the zinc bound forms of cLF and bLF showed 67+1 and 83%1 °C T,, values, respectively. Thermal stability (T,,)
values were decreased to 761 and 55+1 °C, respectively at pH 4.0. When the pH was reduced from 7.0 to 2.0, a
significant loss in the zinc content of both cLF and bLF was observed. The CD results showed that at pH 2.0, the
structure of zinc bound bLF (ZnbLF) was more unfolded than that of zinc bound cLF (ZncLF). The unfolding data
was supported by the maximum exposure of tryptophan residues in ZnbLF than ZncLF at pH 2.0. Guanidine
hydrochloride induced denaturation of ZncLF and ZnbLF indicated higher unfolding of the protein. In the pH range
2.0-7.0, a higher amount of iron binding to both cLF and bLF was observed when compared with the corresponding

zinc bound forms. The thermal stabilities of ZncLF and ZnbLF were dependent of the pH and zinc binding.

A study was undertaken to identify peptides generated from bLF and cLF during in vitro digestion with human
gastrointestinal enzymes, and to examine factors known to influence the outcome of protein degradation, 1) different
concentrations of human gastric juice (HGJ) and human duodenal juice (HDJ), 2) different concentrations of bLF
and 3) two different gastric pH values. Protein profiles of undigested and digested LF were obtained by SDS-PAGE.
The degree of hydrolysis was assayed by the o-phthaldialdehyde (OPA) method. Peptides generated were identified
by nano LC-MS. Protein degradation was highly dependent on gastric pH (2.5 and 4.0). At pH 2.5 lower content of

intact LF and higher degrees of hydrolysis (~ 10.5) were observed. The peptide profiles from these samples revealed



higher number of peptides at pH 2.5 than at pH 4.0. Identical protein degradation patterns were seen in caprine and
bovine LF samples. However, their peptide patterns showed differences with regard to number of different peptides
and different sequence lengths. At pH 2.5 and 4.0, the apo and holo forms of bLF showed similar degradation
patterns. More than 90% peptides were originated from the N-terminal part of bLF (native, apo and holo) or cLF
(native) at pH 2.5 and 4.0. During the pH reduction to 2.5 or 4.0, the digested bLF with fast pH reduction generated
more peptides when compared to that of slow pH reduction. After the action of HGJ and HDJ, more peptide
fragments were detected in native bLF than that of native cLF at both pH values 2.5 and 4.0. The multiple sequence
alignment of peptides from LF digests showed the presence of proline and leucine patterns at both pH values, 2.5
and 4.0. The use of in vitro digestion could contribute to a better knowledge about the generation of peptides during

gastrointestinal digestion, however, this has to be confirmed by in vivo experiments.
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1. INTRODUCTION

Milk - ‘A perception of the traditional art to the modern science in India’

Every day, I get up in the morning and go to the market around the corner and buy a plastic bag of milk.
It's fresh every morning, yummy! Buffalo milk is the best. The regular cow's milk is also available. This stuff isn’t
exactly low-fat, either, so it is really tasty... even in your coffee or tea! In rural India milk is delivered daily by a
local milkman carrying bulk quantities in a metal container, usually on a bicycle; and in other parts of metropolitan

India, milk is normally delivered in plastic bags via supermarkets.

Milk is as ancient as mankind itself, as it is the substance that feed the neonate of mammalian species from
humans to whales. By 2000 B.C, the domesticated cow had appeared in North India, coinciding with the arrival of
the Aryan nomads (Sanskrit word ‘Arya’ means noble). The Vedic civilization that ruled North India from about
1750 B.C to about 500 B.C depended much upon the dairy products of cows. Such a dependence on the cow milk
was strengthened by the Vedas. Hence, the cow was considered as a sacred animal from ancient India to modern

India!

Technological advances have come about in the history of milk consumption, and our generations will be the ones
credited for having turned milk processing from art to science. The first modern dairy founded in India in 1946
under the brand name "AMUL" (Subrahmanyan et al., 1957; Misra, 1959). The cooperative was further developed
with a technology breakthrough as it demonstrated that buffalo’s milk, till then considered unsuitable for processing,
could very well be formulated into a baby food powder. The first time on a commercial scale anywhere in the world.
The availability of milk and milk products today in the modern world is a blend of centuries of old knowledge of

traditional milk products with the applications of today’s science and technology.

Milk has co-evolved with mammals and mankind to nourish their offspring and is a biological fluid of
unique composition and richness. Milk is a complex fluid that contains 88% water and nutrients such as proteins,
carbohydrates, fatty acids, minerals and vitamins secreted by the mammary gland (Shennan, 2008; Anderson et al.,
2007; van Herwaarden et al., 2007; Lonnerdal, 2007; Bode, 2006). Milk contains all necessary nutrients for the
growth and development of the newborn (German et al., 2008). The composition varies between different breeds and

also between individuals within one breed (Ng-Kwai-Hang et al., 1982). The composition also varies between



different species like caprine, bovine and human (Anjaneyulu et al., 1985). Human milk contain macro- and
micronutrients that influence the immune system and cognitive development, prevent pathogen colonization and
positively modulate the intestinal microflora (Daniels & Adair, 2005; German et al., 2002; Harmsen et al., 2000;
Kunz & Rudloff, 2006; Warner et al., 2001). Bovine milk is rich in bioactive compounds, which provide the
newborn with protection from various infections (Korhonen & Pihlanto, 2006). The molecular understanding of

biological milk function has emerged as a central theme in nutritional research (Ward & German, 2004).

1.1. Nutritional status of caprine, bovine and human milk

The composition of milk differs by the needs of the neonate of different species and can be affected by
nutritional and non-nutritional (breed, parity, lactation, milk production and milk quality) factors (Arunvipas et al.,
2003; Rook, 1961; DePeters & Cant, 1992). Human milk is the fit food for human infants for optimal growth and
development (ESPGAN, 1982). While human milk is superior for the neonate, milk substituents (bovine or caprine
milk) play a necessary role in nutrition and physiological effects as in infants when breast feeding is not possible,
desirable or sufficient. The composition of caprine, bovine and human milk is shown in the Table 1. The nutritional
composition varies among caprine, bovine and human milk. This may depend on the need of the neonate and the
genetic set up of each species. The protein, fat and energy (cal) contents in caprine milk are higher than that of
bovine and human milk. Caprine milk is significantly higher in the minerals calcium, phosphorous and sodium than
bovine and human milk. The iron content in caprine, bovine and human milk is almost same, but the zinc content in
caprine milk is almost two times lesser than that of human milk. It seems that there is a variable concentration of

different vitamins in caprine, bovine and human milk (Table 1).

However, there were few negative effects of bovine milk on human health. Cow’s milk protein (CMP)
allergy is one of the most common food allergies and is potentially fatal (Brock et al., 2007; El-Agamy, 2007). The
reported incidence of CMP allergy is in the range of 2 to 5%, of which only 60% are Immunoglobulin E (IgE)
mediated (Host, 2002; Sampson, 2003). The rate of reported growing out of the allergy and the ability to tolerate
milk also varies considerably and ranges between 29 and 76% for IgE-mediated cow’s milk allergy (IgECMA). Cow

milk allergy (CMA) is considered a common disease with a prevalence of 2.5% in children during the first 3 years of



life (Businco & Bellanti, 1993), occurring in 12-30% of infants less than 3 months old (Lothe et al., 1982), with an
overall frequency in Scandinavia of 7-8% (Host et al., 1988), even as high as 20% in some areas (Nestle, 1987).
Treatment with goat milk has resolved the CMA problems in humans to some extent (Sabbah et al., 1997; Reinert &
Fabre, 1997). The nutritional and health benefits of goat milk have proved less allergenicity and better digestibility

than cow milk (Fabre, 1997; Grzesiak, 1997).

Table 1. Composition of caprine milk in comparison to bovine and human milk

Component Caprine Bovine Human
Moisture (%) 86.8 87.5 88.0
Protein (%) 33 3.2 1.1
Fat (%) 4.5 4.1 34
Carbohydrate (%) 4.6 4.4 7.4
Calories (cal) 72.0 67.0 65.0
Minerals (%) 0.8 0.8 0.1
Calcium (mg/100 g) 145.0 114.0 28.0
Phosphorous (mg/100 g) 130.0 90.0 11.0
Sodium (mg/100 g) 70.0 40.0 15.0
Potassium (mg/100 g) 136.5 160 55
Magnesium (mg/100 g) 15.0 12.0 4.0
Iron (mg/100 g) 0.3 0.2 0.2
Zinc (mg/100 g) 0.29 0.43 0.6
Selenium (mg/100 g) 1.33 0.96 1.52
Vitamin A (IU) 182.0 174.0 137.0
Vitamin C (mg) 1.0 2.0 3.0
Thiamine (ug) 50.0 50.0 20.0
Riboflavin (pg) 40.0 190.0 20.0
Niacin (pg) 300.0 100.0 -
Free folic acid (pg) 0.7 5.6 1.3
Total folic acid (pg) 1.3 8.5 -
Vitamin B, (pg) 0.05 0.14 0.02

Anjaneyulu et al., 1985; Guo et al., 2001; Lindmark-Mansson et al., 2003; Leitner et al., 2004a; 2004b; Sahan et al.,

2005; Garcia et al., 2006; Park & Chukwu, 1988; Park & Chukwu, 1989.



1.2. Milk proteins

Milk serves as one of the most excellent protein sources. Most of the milk proteins are synthesized in the
mammary gland or, except for serum albumin that are retrieved from the blood. Mainly, milk proteins can be
grouped into two classes: caseins (80%) and whey proteins (20%). In addition there are some minor proteins.
Among these are the proteins that are related to milk fat globule membrane (MFGM). The caseins (asl, as2, f and
K) are organized in casein micelles. These micelles are large spherical particles of high molecular size (Dalgleish et
al.,, 2004). The casein precipitates at pH 4.6, while the whey proteins remain soluble in the serum phase. A
comparison of the quantities of caseins and whey proteins and minor proteins in caprine, bovine and human milk is
shown in the Table 2. The total content of caseins in human milk is 4-5 times less as compared to bovine and
caprine milk. Bovine milk has high content of whey proteins than caprine and human milk. Human milk lack beta-
lactoglobulin (B-LG) and aS2-casein. But it has a higher content of a-lactalbumin (a-LA), lactoferrin (LF) and

immunoglobulins (Igs) than bovine and caprine milk. Bovine milk has higher content of B-LG than caprine milk.

1.3. Whey proteins

Whey is a byproduct of cheese production and has until few years ago been regarded as a waste with low
commercial value. Using new fractionation methods whey has been commercialized for the use in different
products. Whey can be fractionated by membrane-based technology such as ultrafiltration (UF) or diafiltration (DF).
UF mainly concentrates the proteins, whereas DF generates whey protein concentrates (WPC), in which lactose,
minerals, and the low molecular weight fractions are removed. The protein content in WPC may differ between 35
and 80% (w/w) and even up to 90% (w/w), a so called whey protein isolate (WPI). The major whey proteins are 3-
lactoglobulin (B-LG), a-lactalbumin (a-LA), serum albumin (SA), immunoglobulins (Igs), lactoferrin (LF) and
lactoperoxidase (LP). Since whey proteins have a high nutritional value, the individual whey proteins have been

isolated and commercialized to be used as ingredients in many products (Kinsella & Whitehead, 1989).



Table 2. Total quantity (mg/ml) of caseins, whey proteins and minor proteins present in caprine, bovine and
human milk

Protein Caprine (mg/ml) Bovine (mg/ml) Human (mg/ml)
Total caseins 19.8-26.8 27.2 5.8
Whey proteins 33 4.5 2.1
Casein/ whey ratio 6.6-7.9% 6.0 2.8
as1-Casein 0-7.0%* 10.0 0.8
as2-Casein 4.2 3.7 -
B-Casein 11.0 10.0 4.0
k-Casein 4.6 3.5 1.0
a-Lactalbumin 1.2 1.2 1.6
B-Lactoglobulin 2.1 33 -
Lactoferrin 0.02-0.2 0.1-0.3 1.0-4.0
Serum albumin 0.26-0.30 0.1-0.4 0.1-0.4
Immunoglobulins 0.047-0.17 0.26 0.38
Lactoperoxidase 0.03 0.03 -

* The values correspond to the mean amounts recorded for goat homozygous 0/0 and A/A at the aS1-casein locus, respectively.

Brignon et al., 1985; Chtourou et al., 1985; Fox & McSweeney, 1998, 2003; Grgtte, 2001; Henart et al., 1991;
Martin & Grosclaude, 1993; Martin et al., 1996; Masson et al., 1966; Masson & Heremans, 1971; Miranda et al.,
2004; Sanchez et al., 1988; Drackova et al., 2009; Polis & Shmukler, 1953; de Wit & van Hooydonk, 1996; Park et
al., 2007.

1.4. Lactoferrin

Lactoferrin (LF) was identified as a milk protein in 1960 (Groves, 1960). It is an 80 kDa iron-binding
monomeric glycoprotein belonging to the transferrin (TF) family with an isoelectric point ~ 9.0 (Peter &
Margaretha, 1995; Steijns and & Hooijdonk, 2000). Lactoferrin is widely distributed in mammalian milks, other

secretory fluids and white blood cells, and it has a complex biology (Adlerova et al., 2008; Farnaud & Evans, 2003;

10



Jennes, 1980). The concentration of LF in milk of mammals is quite variable and dependent on the lactation stage.
In human milk, LF is a major whey protein, with 6.0-8.0 mg/ml in colostrum and 1.0-4.0 mg/ml in milk (Henart et
al., 1991; Masson & Heremans, 1971). Bovine colostrum and milk are much lower in LF content (~ 1.0 mg/ml and
0.1-0.3 mg/ml for colostrum and milk, respectively) (Masson et al., 1966; Sanchez et al., 1988). Caprine milk
contains about 0.02 to 0.2 mg/ml of LF (Park et al., 2007). It can be purified on an industrial scale from whey by
cation exchange chromatography (Law & Reiter, 1977; Yoshida et al., 2000; Ounis et al., 2008; Recio & Visser,
2000). The isolated LF can be used as a preserving agent in food, drugs, and cosmetics (Saito et al., 1994). This
protein is homologous to the iron binding protein from serum, transferrin, but the proteins appear to differ from each
other with respect to structure and function (Gordon et al., 1963). The LF has the ability to bind two Fe** jons
together with two CO32' ions (Baker, 1994). There are two metal-binding sites in two lobes, known as N- and C-.
The lobes are further divided into two identical domains, N1, N2 and C1 and C2. The two iron atoms are surrounded
by each lobes; N1, N2 and C1 and C2 (Baker & Baker, 2004). The LF shows visible absorption spectra at 465 nm

(Recio & Visser, 1999, 2000).

1.4.1. Lactoferrin in different species

The high concentration of LF in human milk indicates that it plays a vital role in the growth of the newborn.
Since 25 years, the bLF obtained from whey during cheese-making process has been used as a supplement in special
products. The milk products based on bovine milk, have a low content of LF, therefore the supplementation with this
protein to make infant formula more similar to human milk is of considerable interest. There has been an increasing
demand for natural compounds acting as antibiotics to supplement specialty foods and pharmaceutical products, in
which LF could exert such a role (Smithers et al., 1996). As the interest in LF production is growing, it is necessary

to evaluate the thermal stability of this protein to design treatments which maintain the biological activity.

Current sequence databases contain LF sequences from nine species: human, mouse, sheep, bovine, horse, pig,
caprine, buffalo and camel (Goodman & Schanbacher, 1991; Metz-Boutigue et al., 1984; Provost et al., 1994; Rado
et al., 1987; Rey et al., 1990; Recio & Visser, 1999a). The mature LF from these species comprises 690 residues and

share pair wise identities that range from a minimum of 65% to nearly 100%. They are 90% identical. Human

11



lactoferrin (hLF) shares about 68% sequence similarities with both cLF and bLF. The high sequence similarity in
primary structures among LFs of the three species indicates that there might be small variations in their overall
functional aspects. Figure 1 shows the sequence alignments of cLF and bLF. The secondary structure of hLF was
taken from Anderson et al. (1989). Lactoferrin from bovine is rich in a helices and J strands as compared with that
of caprine (Figure 1). Along the bLF and cLF sequences, amino acid residues in the positions 10, 40, 42, 51, 61,
126, 129, 135, 151, 265, 269, 272, 327, 342, 356, 382, 393, 498 and 606 are different. These residues have resided
mainly in o helices. This will either stabilize or destabilize the protein secondary structure. For example, Asp61 in
cLF is replaced with Gly in bLF. This destabilizes the a helix in bLF. Similarly, Glu51 in bLF is replaced with Gly
in cLF. Tyr135 in bLF is replaced with Pro in cLF. Pro gives structural rigidity to cLF. Such factors can be

explained in more detail by 3D structural analysis of hLF (Anderson et al., 1989; Haridas et al., 1995).

12



1JW1 Signal sequence -19 MKLFVPALLSLGALGLCLA

1BLF MKLFVPALLSLGALGLCLA

1H43 MKLVFLVLLFLGALGLCLA
Clustered basic residues Fe

BBBBP cococooooooo BPBRBRLRL cooocoocoo BBPoa

1JW1 APRKNVRWCAISLPEWSKCYQWQRRMRKLGAPSITCVRRTSVLECIRAIAGKNADAVTLD 60
1BLF APRKNVRWCTISQPEWFKCRRWQWRMKKLGAPSITCVRRAFALECIRAIAEKKADAVTLD 60
1H43 GRRRSVQWCAVSQPEATKCFQWQRNMRKVRGPPVSCIKRDSPIQCIQAIAENRADAVTLD 60

Fe
QLOLOLOLOLOL BBBRBAPRAL BBB  PBPBBPBA
1JW1 DGMVFEAGRDPYKLRPVAAEIYGTEKSPQTHYYAVAVVKKGSNFKLDQLQGQKSCHMGLG 120
1BLF GGMVFEAGRDPYKLRPVAAEIYGTKESPQTHYYAVAVVKKGSNFQLDQLQGRKSCHTGLG 120
1H43 GGFIYEAGLAPYKLRPVAAEVYGTERQPRTHYYAVAVVKKGGSFQLNELQGLKSCHTGLR 120

CO;”
0LOLOLOLOLOLOLOLOLOLOL LOLOLOLOLOLOL BPR BBP
1JW1 RSAGWNIPVGILRPPLSWTESAEPLQGAVARFFSASCVPCVDGKAYPNLCQLCKGVGENK 180
1BLF RSAGWIIPMGILRPYLSWTESLEPLQGAVAKFFSASCVPCIDRQAYPNLCQLCKGEGENQ 180
1H43 RTAGWNVPIGTLRPFLNWTGPPEPIEAAVARFFSASCVPGADKGQFPNLCRLCAGTGENK 180

Fe
OLOLOLOLOLOLOLOLOLOL BBRBRacacoLet acoaoBBBB
1JW1 CACSSQEPYFGYSGAFKCLQDGAGDVAFVKETTVFENLPEKADRDQYELLCLNNTRAPVD 240
1BLF CACSSREPYFGYSGAFKCLQDGAGDVAFVKETTVFENLPEKADRDQYELLCLNNSRAPVD 240
1H43 CAFSSQEPYFSYSGAFKCLRDGAGDVAFIRESTVFEDLSDEAERDEYELLCPDNTRKPVD 240

Fe
BBB  BPBBRP 0LOLOLOLOLOLOLOLOLOLOLOLOLOLOL
1JW1 AFKECHLAQVPSHAVVARSVDGKENLIWELLRKAQEKFGKNKSQRFQLFGSPEGRRDLLF 300
1BLF AFKECHLAQVPSHAVVARSVDGKEDLIWKLLSKAQEKFGKNKSRSFQLFGSPPGQRDLLF 300
1H43 KFKDCHLARVPSHAVVARSVNGKEDAIWNLLRQAQEKFGKDKSPKFQLFGSPSGQKDLLF 300

Interlobe connecting helix
BBRBP (oTeloToteoToteloToteototedotoke o totedoRote o totedoto] 18] 81 S1STSISToTeTsRo Lo o Ro Lo To R0 Lo o R0 ed
1JW1 KDSALGFLRIPSKVDSALYLGSRYLTALKNLRETAEEVKARCTRVVWCAVGPEEQSKCQQ 360
1BLF KDSALGFLRIPSKVDSALYLGSRYLTTLKNLRETAEEVKARYTRVVWCAVGPEEQKKCQQ 360
1H43 KDSAIGFSRVPPRIDSGLYLGSGYFTAIQNLRKSEEEVAARRARVVWCAVGEQELRKCNQ 360

Fe
BRRRBRRE  coccoocoooo BpRacaaaooo BBRRBALA
1JW1 WSEQSGQNVTCATASTTDDCIALVLKGEADALSLDGGYIYTAGKCGLVPVMAENRKSSKH 420
I1BLF WSQQSGQNVTCATASTTDDCIVLVLKGEADALNLDGGYIYTAGKCGLVPVLAENRKSSKH 420
1H43 WSGLSEGSVTCSSASTTEDCIALVLKGEADAMSLDGGYVYTAGKCGLVPVLAENYKSQQS 420

Fe CO*

BRBRBBRP PBBP CLOLOLOLOLOLCLOLOLOLOLCL
1JW1 SSLD--CVLRPTEGYLAVAVVKKANEGLTWNSLKGKKSCHTAVDRTAGWNIPMGLIANQTGS 478
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1BLF SSLD--CVLRPTEGYLAVAVVKKANEGLTWNSLKDKKSCHTAVDRTAGWNIPMGLIVNQTGS 478
1H43 SDPDPNCVDRPVEGYLAVAVVRRSDTSLTWNSVKGKKSCHTAVDRTAGWNIPMGLLFENQT 480

Fe
BBP 0L0LOLOLOL CLOLOLOLOLOLOLOLOLOL
1JW1 CAFDEFFSQSCAPGADPKSSLCALCAGDDQGLDKCVPNSKEKYYGYTGAFRCLAEDVGDYV 538
1BLF CAFDEFFSQSCAPGADPKSRLCALCAGDDQGLDKCVPNSKEKYYGYTGAFRCLAEDVGDV 538
1H43 GSCKFDEYFSQSCAPGSDPRSNLCALCIGDEQGENKCVPNSNERYYGYTGAFRCLAENAG 540

pPPPPacaacaa aooo PRBBRB BB PRB  PBBBR
1JW1 AFVKNDTVWENTNGESSADWAKNLNREDFRLLCLDGTTKPVTEAQSCYLAVAPNHAVVSR 598

1BLF AFVKNDTVWENTNGESTADWAKNLNREDFRLLCLDGTRKPVTEAQSCHLAVAPNHAV VSR 598
1H43 DVAFVKDVTVLQNTDGNNNEAWAKDLKLADFALLCLDGKRKPVTEARSCHLAMAPNHAVV600

0LOLOLOLOLOLOLOLOLOLOLOLOLOLOLOL BBp 0L0L0L0L0L
1JW1 SDRAAHVEQVLLHQQALFGKNGKNCPDKFCLFKSETKNLLFNDNTECLAKLGGRPTYEKY 658
1BLF SDRAAHVKQVLLHQQALFGKNGKNCPDKFCLFKSETKNLLFNDNTECLAKLGGRPTYEEY 658
1H43 SRMDKVERLKQVLLHQQAKFGRNGSDCPDKFCLFQSETKNLLFNDNTECLARLHGKTTYE 660

OLOLOLOLOLOLOLOLOLOLOLOL
1JW1 LGTEYVTAIANLKKCSTSPLLEACAFLTR 689
1BLF LGTEYVTATANLKKCSTSPLLEACAFLTR 689
1H43 KYLGPQYVAGITNLKKCSTSPLLEACEFLRK 691

Fig. 1. A comparison of the sequences of caprine and bovine lactoferrin. The multiple sequence alignment
(MSA) was done using CLUSTAL 2.0.10 software. The secondary structure of human lactoferrin was taken

from Anderson et al. (1989). The different colors of residues indicate the amino acids with relevant properties.

1.5. Structure of lactoferrin

The three dimensional (3D) structure of this protein was determined in 1987, giving the first atomic view of any
member of the transferrin family (Anderson et al., 1987). The structural organization of LF has been determined in
detail for human lactoferrin (hLF) (Anderson et al., 1989; Haridas et al., 1995). The studies on the structures of LFs
from bovine, caprine, mare, buffalo, and camel have shown that the same basic 3D structure is shared by all LFs
(Karthikeyan et al., 1999; Khan et al., 2001; Moore et al., 1997; Sharma et al., 1998). The single polypeptide chain
is folded into two globular lobes (Figure 2), representing its N- and C- terminal halves (residues 1-333 and 345-691
in human LF). The two lobes are connected by a peptide of 10-15 residues (residues 334-344 in human LF), which

forms a 3-turn o-helix that are stabilized by hydrophobic interactions between them. Both lobes have the same fold.
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The two lobes arose as product of gene duplication (Williams, 1982; Metz-Boutigue et al., 1984). The internal
structure of LF is highly conserved, and is dedicated to bind iron (Fe**), which is sequestered in two almost identical
sites, one in each lobe of the molecule. In each lobe, two o/ domains, referred to as N1 and N2, or C1 and C2,
enclose a deep cleft within which is the iron binding site. This 2-lobe, 4-domain structure provides a key to
understand the dynamic properties of LF. The iron binding and release are associated with a significant

conformational change. The protein becomes highly compact when iron is bound (Baker et al., 1994).

The LFs from different species have identical metal and anion binding sites. The metal binding pocket contains four
protein ligands, two Tyr, one Asp and one His. The three negative charges from the protein ligands are balanced
with three positive charges of iron ion together with a helix N-terminus and Arg side chain whose positive charge
balances the negative charge on the COs> anion. The LF structural characteristics relating to iron binding are

strongly conserved.

Holo LF from human acquire a “‘closed’” structure in which the two domains of each lobe enclose the bound Fe*
ion, effectively sequestering it from the external environment. Four protein ligands plus the synergistically-bound
C032' anion are covalently bound to the metal ion, which cross links the two domains (Anderson et al., 1987; Baker
et al., 1987, 1994). This explains the high stability of this rigid structure and the difficulty of removing the bound

metal.

Crystallographic studies on the apo form of hLF have shown that the release of iron involves rigid-body domain
movements in each lobe, in which one domain swings away from the other to open up the binding cleft. This
movement is made possible by a hinge in two polypeptide strands that run behind each iron binding site (Anderson
et al., 1990; Gerstein et al., 1993; Jameson et al, 1998). In the absence of a bound metal ion (apo form) to lock the
two domains of each lobe together, the apo form is flexible. Although it probably exists in the open form (the N lobe
adopts open conformation while both the closed and open conformations have been observed for C lobe), the small
energy difference between open and closed forms enables it to fluctuate between these states (Baker et al., 2002;
Gerstein et al., 1993; Grossman et al., 1992, Jameson et al., 1998). This energy difference may be greater in the LFs

of some species than others (Khan et al., 2001).
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An analysis of hLF 3D structure shows a large domain movement in the N-terminal half of the molecule when
compared with holo LF form (Norris et al., 1991). The superposition of N- and C- individual domains of human apo

LF on to the corresponding domains of holo LF show a very little difference in the domain structure.

The glycans linked to the N-glycosylation sites in bLF possesses heterogeneous structures (Spik et al., 1982; Wei et
al., 2001). Most of the glycosylation sites are highly exposed, on the protein surface, and the sugar residues have

minimal interaction with the protein structure, at most a few hydrogen bonds.

Human and bovine LFs share 69% sequence homology and their tertiary level structures are very similar
(Pierce et al., 1991). The superposition of cLF and bLF is shown in the Figure 2 (C). The 3D structural
superimposability of cLF and bLF shows that they are very similar. The 3D structures of cLF and bLF are 90%
identical. The overall structure of cLF is essentially similar to that of bLF (Kumar et al., 2002). The LFs from
caprine and bovine have the same basic architecture, with two similar lobes connected by a linker region and each
lobe having two sub-domains that form a deep cleft in which iron is bound. The iron-binding environment in cLF is
somewhat different, in which two CO5” ions have low occupancies. The iron binding pattern of bLF is shown in the

Figure 2 (D).
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Fig. 2. 3D-structures of lactoferrin from (A) caprine (PDB file 1jw1) and (B) bovine (PDB file 1blf) species.
(C) Super position of 3D-structures of caprine and bovine lactoferrin. (C) The general type of ferric (Fe) ions
bonded to bovine lactoferrin. The iron (Fe) atoms are shown in yellow. The super positioned structure was a

PYMOL Script (P1M format) from http://topmatch.services.came.sbg.ac.at/.

1.6. Lactoferricin

Lactoferricin (LFcin) is a highly basic peptide derived from the N-terminal region of LF which is not involved
in iron binding (Bellamy et al., 1992a, b). It has a molecular weight ~ 3.15 kDa. Human lactoferricin (hLFcin),
bovine lactoferricin (bLFcin) and caprine lactoferricin (cLFcin) corresponds to the amino acid residues 1-47, 17-41
and 18-42 (14-42), respectively, from the N-terminal region of the protein (Hunter et al., 2005; Hwang et al., 1998;
Recio & Visser, 2000). All LFcins have an 18-residue loop stabilized by a disulfide bridge (Wakabayashi et al.,

2003). The structure of hLFcin and bLFcin are shown in the Figure 3. The sequences of human and bovine LFcins
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form a surface-exposed a-helix with a hydrophobic tail within the native proteins (Odell et al., 1996). The peptide
adopts a different conformation when released from the parent protein (Schibli & Vogel, 2000). The solution
structures of hLFcin and bLFcin were derived by NMR (Hunter et al., 2005; Hwang et al., 1998). Divergent from
the B-sheet structure of the 25-residue bLFcin, hLFcin adopts a coiled structure under similar conditions. The
hLFcin is larger in size as compared with that of bLFcin, hence the lack of amino acid sequence homology, leading
to differences in charge distribution and hydrophobic character. The cLFcin structure is not available in PDB. The
LFcin purified from caprine LF (cLFcin) shows a high similarity (72% sequence identity) to bLFcin (Recio &
Visser, 2000). As part of the intact LF, the peptide forms a number of stabilizing, long range hydrophobic contacts
with other parts of LF. Such long range hydrophobic interactions may encourage the formation of the a-helix in the
intact protein and these would not be present in bLFcin peptide. The primary sequence of bLFcin contains many
hydrophobic and positively charged residues, suggesting that it may interact with biological membranes (Hwang et

al., 1998; Yamauchi et al., 1993).
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Fig. 3. Primary structures of (A) hLFcin and (B) bLFcin. Circles indicate the basic amino acid residues

(Wakabayashi et al., 2003).

1.7. Stability and structure relationships of lactoferrin

The structural factors such as hydrogen bonding, hydrophobic interactions, disulfide bonds, amino acid
composition and ligand binding play a major role in the stabilization of proteins (Kristjansson & Kinsella, 1991;

Mozhaev & Mertinek, 1984). The stability of native proteins is a function of external variables such as pH,
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temperature, ionic strength, and solvent, as they change the various forces that are responsible for the intrinsic
stability of the protein (Privalov, 1979). The thermal stability is important when LF is used as a bioactive component
in foods. The effect of heat treatment on bLF has been widely studied including the effect on some aspects related to
its biological activity (Abe et al., 1991; Kawakami et al., 1992; Oria et al., 1993; Paulsson et al., 1993; Sanchez et
al., 1992b). A study has shown that heating bovine milk at 85 °C for 30 min will denature LF and lead to a loss of
the biological activity. (El-Agamy, 2000). Abe et al (1991) have studied the influence of pH 2.0-11.0 on the heat
stability of bLF. At pH 4.0, when 1% bLF was preheated at 70 °C for 3 min followed by UHT at 130 °C for 2 s, only
3% loss of residual iron-binding capacity was shown compared with that of unheated sample. The bLF heated at pH
2.0 at 120 °C for 15 min had no iron-binding capacity (Saito et al., 1991). The thermal stability of bLF seemed to be
affected by environmental conditions such as pH, salts, and whey proteins (Kussendrager, 1994). The heat-
sensitivity of apo bLF and holo bLF was higher in milk than in phosphate buffer, where apo bLF was denatured
faster than Fe-bLF (Sanchez et al., 1992). The study of the heat-induced denaturation of LF under the conditions of
the application of interest is important. Mata et al (1998) studied the thermal denaturation of hLF and recombinant
hLF by DSC. The thermal denaturation temperature (T,,) of hLF and iron saturated holo hLF were 67.0 and 90.6 °C,
respectively. The thermal stability of hLF is higher than that of bLF (Mata et al., 1998). The binding of iron to LF
may be an important factor in the thermal resistance of the protein structure. Resistance of LF to unfolding increases
with iron saturation. Two thermal transitions have been observed for native bLF (Kussendrager, 1994; Paulson et al.,
1993). The first transition (65 °C) corresponds to the apo LF form and the second (90-92 °C) to the holo LF form.
The two transition peaks are due to N- and C- lobes in the structure of LF (Anderson et al., 1987). The effect of iron
saturation on the thermal aggregation of bLF was characterized by Brisson et al (2007). It was shown that the iron
saturation increased the thermal stability of LF and decreased aggregation. Spik et al (1988) have reported
differences in the glycan composition of lactoferrin from different species such as human, mouse, bovine and
caprine. The number and location of potential glycosylation sites, and the sites actually used, vary among LF in
different species. The bLF and cLF have four glycans each. The relative proportions of glycan of oligomannosidic
and of N-acetyllactosamine type vary with period of lactation. The primary structures of specific glycans bound to
cLF and bLF seems to vary. The thermal stability of LF is influenced by the characteristics of glycans present. This
differs in cLF and bLF (Spik et al., 1988; Van Berkel et al., 1996). The thermal denaturation temperature studies on

the LF from milk of human, sheep, goat, camel, alpaca and elephant was done by Conesa et al (2008). The LF from
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goat and sheep showed two thermal denaturation peaks. This pattern of denaturation was also found for iron
saturated bLF (Sanchez et al., 1992c). This was explained by the different heat sensitivity between the two lobes of
LF appearing in the C- lobe more compact than the N- lobe. The behavior could be also due to the formation of
monoferric species, as was suggested that iron bound to lactoferrin might be sequestered by phosphate when
temperature increases in the DSC analysis (Ruegg et al., 1977). The differences in the thermograms and the values
of the thermodynamic parameters among LFs from milk of different species may indicate some diversity in their
structure (Baker & Baker, 2005). The difference in the amino acid sequences of LFs from different mammal species
is an important factor that influences the thermal stability of the protein. Nam et al (1999) have reported the circular
dichroism secondary structure of goat LF. The secondary structural elements a helix and B structure could be related

to the stabilities of LFs.

1.8. Role of metal ions

The metal ions enhance the structural-stability of a protein in the conformation required for biological
function. The metal ions can alter the protein conformation upon binding (Rasmussen, 1990). The LF binds two Fe**
in vivo in presence of two CO;” (Anderson et al., 1987; Baker et al., 1994). The LF has a much higher (~ 300 fold)
affinity for iron than TF (Brock, 1997). All LFs and TFs so far characterized have essentially identical metal and
anion (CO5”) binding sites, which appear to be optimized for binding Fe®* and CO5*. The iron bound holo form of
LF is conformationally rigid and very stable. Other metal ions such as Ga**, AI**, VO**, Mn**, Co®*, Cu** and Zn**
can bind to LF with less affinity than Fe** (Ainscough et al., 1979; Baker, 1994; Baker et al., 1994; Swarts et al.,
2000). The reaction of a metal ion, M** or M** with apo LF can be explained by the following equation (Harris &

Stenback, 1988):
M?* or M**+HCO; +apo LE—>M-HCO;-LF+2H*

The protein folding process is in general driven by hydrogen bonding, disulfide cross-linking, simple steric
interactions between specific amino acid side chains, and hydrophobic effects (Kraulis et al., 1992). In the case of
LF, metal ions may also facilitate protein folding and stability by providing internal cross-links that directly lead to

the final conformational state as an apo or a holo form. (Anderson et al., 1990; Baker et al., 2002; Wally &
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Buchanan, 2007). Zn* ions play a wide range of structural and catalytic roles in natural proteins (Stillman & Presta,

2000; Underwood, 1977).

1.9. Biological functions of lactoferrin

Lactoferrin is a part of transferrin protein family which plays a key role in controlling the level of free iron in
body fluids (Baker et al., 2002). It is an important component of the innate immune system. The LF is considered to
be an important host defense molecule and has a diverse range of physiological functions such as
antimicrobial/antiviral activities, immune modulatory activity, and antioxidant activity (Baveye et al., 1999;
Chierici, 2001; Ward et al., 2005). The oral administration of LF exerts several beneficial effects on the health of
humans and animals, including anti-infective, anticancer, and anti-inflammatory effects (Kawakami et al., 1988;
Takeuchi et al., 2004; Sato et al., 1996; Togawa et al., 2002a, b; Dial et al., 2005; Tsuda et al., 2000). The bovine
lactoferrin (bLF) has been reported to stimulate the growth of bifidobacteria and lactobacilli. The purified LF from

caprine colostrum may constitute a novel anticancer agent for the food industry (Kim et al., 2009).

The LF could play a role in homeostasis of iron and other trace elements (Baker et al., 2000; Jabeen et al.,
2005; Kozlowski et al., 2009; Kumar et al., 2000). The protein is involved in the transport of iron, zinc and cobalt
and their regulation absorption (Marchetti et al., 1999). In the gastrointestinal tract of humans, preabsorptive
processes substantially influence the zinc availability from LF. The gastric pH and/or intestinal pH could be
important factors affecting both the solubilization of zinc in the stomach and its absorption by the intestine (McClain
et al., 1980; Korhonen & Pihlanto, 2006). The bacteriostatic effect of LF is most probably attributed by apo form,
where the bacteria are deprived of Fe that is necessary for cell growth. The bactericidal effect is a membrane
mediated activity of negatively charged LF leading to cell death (van Hooijdonk et al., 2000). Lactoferrin possesses

an intrinsic bactericidal activity that is unrelated to its capacity to bind iron (Arnold et al., 1977, 1980).

The high pI of LF (~ 9.0) and its strong cationic nature is a major factor in the ability of LF to bind to
different anionic molecules and cells. The binding ability of LF to other macromolecules like DNA and proteins
depend on the surface properties of LF. The LFcin domain in the N-terminal of LF is a major factor in the

antibacterial activity of intact LF (Bellamy et al., 1992; Gifford et al., 1998). The N-lobe of hLF binds specifically
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through LFcin region to the bacterial cell-surface protein, the pneumococcal surface protein A (PspA) from human
pathogen Streptococcus pneumoniae (Senkovich et al., 2007). The LF inhibits the biofilm formation (Singh et al.,
2002). Glycosylation plays an important role in the function of LF (Wei et al., 2001). Glycans of cell-surface are
frequently targeted by viruses to gain entry to human cells, and some antiviral effects of LF may be provided by its

carbohydrate (Spik et al., 1988; Valenti & Antonini, 2005).

1.10. Digestion of caprine and bovine lactoferrin and bioactive peptides

Bioactive peptides (BAP) may be generated in vivo through gastrointestinal processes. These peptides,
encoded within the sequences of native protein precursors, may also be generated in vitro by enzymatic hydrolysis.
The BAP are relatively short, with 3-20 amino acid residues and their activity is based on their amino acid sequence
and composition (Korhonen et al., 1998). They are cationic, amphiphilic and active against bacteria, viruses, fungi
and protozoa (Martin et al., 1995; Bellamy et al., 1992; Meisel & Schlimme, 1996; Pihlanto & Korhonen, 2003).
The action of pepsin on LF generates peptides that have enhanced antimicrobial action as compared to LF. Many
BAP serve in multifunctional capacities and often share common structural features based on a defined, biospecific
role (Tomita et al., 1991). The bovine lactoferricin (LFcin B) is a potent bactericidal peptide specifically generated
by pepsin degradation of LF (Bellamy et al., 1992; Jones et al., 1994; Tomita et al., 1991). This reaction is catalyzed
at acidic pH by pepsin, and it has been shown that it can take place in the stomach releasing LFcin B into the
intestine, where it is relatively stable (Kuwata et al., 1998a, 1998b). There is a direct evidence for the generation of
LFcin in human stomach after the ingestion of LF (Kuwata et al., 1998a). The LFcin B is more potent than LFcin H
with respect to the antibacterial activity (Chen et al., 2006; Vorland et al., 1998). There were studies on the BAP
derived from the pepsin digested bLF (Dionysius & Milne, 1997; Recio & Visser, 2000). Those peptides were
cationic and originated from the N-terminus of bLF in a region where LFcin B was identified. The peptide I
corresponds to residues 17-42 (3195 Da). Peptide II consisted of two sequences, residues 1-16 and 43-48 (2673 Da),
linked by a disulfide bond. Peptide III, a disulfide linked heterodimer, corresponds to residues 1-48 (5851 Da).
Further, lactoferrampin (LFampin) peptides (residues corresponding to amino acids in the regions 268-284, 259-284,
265-296 and 265-284 in bLF) were generated by the proteolysis of bLF by pepsin (Bolscher et al., 2006). Two

peptides with M, values 2205.3 (residues 271-288) and 3494.1 (residues 14-42 corresponds to LFcin C) were
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isolated from the peptic hydrolysate of cLF (Recio & Visser, 2000). There were reports on the synthesis of

antimicrobial LFcin and LFampin peptides (Haney et al., 2007, 2009; van der Kraan et al., 2004, 2006).

There were in vivo studies on bLF digestion in stomach (Troost et al., 2001; Kuwata et al., 1998a, 1998b; Kuwata et
al., 2001). More than 60% of administered bLF survives passage through the adult human stomach. Some parts of
ingested LF were partly digested and remained in lower gastrointestinal tract. A peptide with residues 382-389 was
generated from the C lobe of bLF in human duodenum 20 min after the milk ingestion (Chabance et al., 1998). A
sixteen residue antimicrobial peptide corresponding to residues 25-35 in LF was observed in the pepsin hydrolysate
of cLF (Kimura et al., 2000). An in vitro digestion model was developed by Almaas et al (2006) to study the milk
protein degradation by human gastric juice (HGJ) and human duodenal juice (HGJ). The digestion profiles of
caprine whey proteins were compared with respect to the digestion profiles of human and porcine enzymes. The
proteins from caprine milk were shown to be degraded faster than that of bovine milk. The cLF present in whey was
about 94% degraded (Eriksen et al., 2010). The holo form of LF was shown to be more resistant to degradation than
apo LF (Baldi et al., 2005; Brines & Brock, 1983; Gonzalez-Chavez et al., 2009). Brines & Brock (1983) have
showed that LF resists digestion by pepsin at pH 5.0. The physiological approaches (pH) with respect to the natural
environment in human gastrointestinal system was reviewed (Ekmekcioglu, 2002). The absorption of iron during
human digestion is important in the bioavailability studies (Kalantzti et al., 2006). A study on the effects of aging
with an age range 18-98 years and gastritis on gastric acid and pepsin secretion in humans were done by Feldman et
al (1996). 4000-5000 IU pepsin is necessary for optimal protein digestion (Ekmekcioglu, 2002). A study on human
pancreatic exocrine response to nutrients in health and disease has explained the importance of activities of duodenal
enzymes (Keller & Layer, 2005). Hence, considering the above literature, during the digestion studies of iron
binding protein, LF, the different gastric and duodenal pH values, quantity and composition of digestive enzymes,

the transit time in the various parts of the gastrointestinal tract were considered.
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MAIN OBJECTIVES

The main objective for this project was to compare thermal stabilities, conformational characteristics and in vitro
digestion patterns of caprine lactoferrin (cLF) and bovine lactoferrin (bLF) and to observe the differences between
them. An observation of variations of these factors with regard to native, apo and holo forms of lactoferrin from the
two species was also part of the objective. The influence of pH and iron content on the thermal stability and protein

conformation were of importance.

I. A comparison of effects of pH on the thermal stability and conformation of caprine and bovine lactoferrin

The aim of the study was to compare the structural stability of bLF and cLF with respect to the influence of pH (2.0
- 8.0) and denaturation temperature values (T,,). This was investigated by tryptophan fluorescence, ANS-binding,
acrylamide-quenching, circular dichroism and thermal denaturation measurements which shows changes in surface

hydrophobicity values, a-helices and B-structures of the protein.

II. Structural characteristicc pH and thermal stabilities of apo and holo forms of caprine and bovine

lactoferrins

The aim of the paper was to compare the structural characteristics of holo and apo lactoferrin forms from caprine
and bovine milk with respect to iron binding and release and the thermal denaturation values at different pH values

(2.0 - 7.0) and to observe the differences from the native lactoferrin.

II1. Zn (IT) binding to lactoferrin at pH 2.0 - 7.0. A comparative study of caprine and bovine lactoferrin

The aim of this paper was to determine the conformational characteristics and thermal stabilities of the zinc bound
forms of cLF and bLF with respect the influence of pH 2.0 - 7.0 and to observe differences from the iron bound

forms of LF.

24



IV. Peptides generated by the in vitro digestion of bovine and caprine lactoferrin

The aim of the study was to identify and compare the peptides generated from cLF and bLF digested using human
gastric juice (HGJ) and human duodenal juice (HDJ) varying the following factors. (1) Different activities of HGJ
and HDJ, (2) Different concentration of bLF, and 3) different additions of acid to simulate two gastric pH values, 2.5

and 4.0. This constituted the in vitro digestion model.
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MAIN RESULTS AND DISCUSSION

This section consists of a summary of the results and a general discussion of Papers I-IV. The Figures and Tables
referred to in bold below are found in individual papers. The figures and complementary information in a broader

perspective are found in the respective papers.
Paper 1
A comparison of effects of pH on the thermal stability and conformation of caprine and bovine lactoferrin

Sreedhara A, Flengsrud R, Prakash V, Krowarsch D, Langsrud T, Kaul P, Devold TG & Vegarud GE. Int. Dairy J.

20 (2010) 487-494.

In order to study the stability and conformation of a protein in detail, it must be pure and homogeneous. Protein
purification is vital for the characterization of the structure, stability, function and interactions of the protein of
interest. The lactoferrin (LF) purified from caprine whey was shown to be 95% pure and homogeneous (Figure 1).
The molecular mass values of caprine lactoferrin (cLF) and bovine lactoferrin (bLF) were 78+1 and 79+1 kDa,
respectively, and these values were consistent with previous results (Brock, 1985). The degree of iron (Fe)
saturations in the native forms of cLF and bLF were 5.0 and 15.0%, respectively (Figure 2). At pH < 3.0, LF from
both species released most iron. The amount of iron bound to bLF was higher than that of cLF in the pH range 2.0-
8.0. The binding of Fe is sequential to the two lobes (N and C) of LF. But, both the Fe binding sites in LF are
identical. The mechanism of Fe binding to LF is not clear (Baker & Baker, 2004). The N and C lobes in LF
conformation contains two domains N1, N2 and C1, C2, respectively, with Fe binding sites situated in the
interdomain clefts (Shimazaki et al., 1993). The diferric LF has the ability to bind two Fe-ions. The LF molecule is
capable of solubilizing up to a 70-fold molar equivalent of Fe, which is much higher than the specific Fe-binding
ability of LF (Kawakami et al., 1993). The electrostatic binding properties of cLF and bLF are different. (Baker &
Baker, 2009; Hu et al., 2008; Lonnerdal, 1989; Nagasako et al., 1993). That affects the different iron-binding status

of cLF and bLF in the pH range 2.0 — 8.0.

At pH 7.0 the thermal denaturation temperature values (T,,) of bLF and cLF were shown to be 70£1 and
67+1 °C, respectively (Figure 3A and B). The bLF had a greater thermal stability than cLF in the pH range 6.0-8.0.

From pH 7.0 to 3.0, a gradual reduction in the Ty, of both bLF and cLF was observed and reached 39+1 and 30+1
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°C, respectively (Table 1). The thermal stabilities of cLF and bLF decreased with a successive decrease in pH vales
from 7.0 to 3.0. The T,, values obtained from both methods (CD and UV) were in close agreement with each other.
The LF samples showed aggregation at pH 2.0 and it was difficult to measure the T, at that pH. This is attributed to
the maximum surface hydrophobicity of LF at pH 2.0. At pH 2.0-3.0, LF becomes flexible and more prone to
thermal denaturation. But at pH 7.0, the molecule will be in a closed state with sequential iron binding to N- and C-
lobes in LF (Baker & Baker, 2009). The T, results obtained might depend on the isolation methods used for the cLF
and bLF and the detection limits of the analytical equipment used. The total number of tryptophan residues in cLF

and bLF were 12 and 13, respectively. This might affect the T, of cLF and bLF.

The cLF showed a maximum emission value (A,,x) of 339 nm at pH 7.0. The A,,,x was decreased to 336 nm
at pH 5.0 and then increased to 347 nm at pH 2.0 (Figure 4A). A similar trend was observed for bLF. But at pH 2.0,
the An.x value was higher for bLF (349 nm) than cLF. A maxium exposure of tryptophan residues to the solvent at
pH 2.0 was evident. ANS surface hydrophobicity studies indicated an unfolding of the cLF and bLF (pH<S5)
exposing the hydrophobic groups to which ANS will bind (Figure 4B). The A, values of cLF and bLF at pH 2.0
were observed to be 493 and 484 nm, respectively. This indicates a higher surface hydrophobicity of bLF than cLF
at pH 2.0. However, a similar unfolding of LF from both species was evident below pH 5.0. For both cLF and bLF,
the results of intrinsic tryptophan fluorescene and ANS binding studies were in agreement with each other. These

data were supported by quenching studies of structural changes (Figure SA and B).

The far UV-CD secondary structures of cLF and bLF were shown to be similar with minor differences in
the pH range 5.0-8.0 (Figure 6A and B). Two prominent peaks at 208 and 218 nm in the spectra of cLF and bLF
indicated the mixed type of o/f secondary structure of LF (Nam et al., 1999). But these peaks were smaller in case
of cLF than bLF (pH 5.0-8.0). Both cLF and bLF were shown to be rich in B-structure in the pH range 5.0-8.0
(Table 2). At pH 2.0-3.0, partly unfolded structures of bLF and cLF were observed with relatively low content of a-
helices (3 and 7%, respectively), but higher amount of B-structures (54 and 57%, respectively). The LF from both
species acquired random conformation at pH 2.0. The results show that the unfolding starts at pH < 5.0 for both cLF
and bLF (data shown at pH 2.0). Further, the loss of ellipticities of both LFs at pH 2.0 was evident. The shape of the
spectra indicated that the conformations of cLF and bLF are almost identical. The present data can be correlated to

the earlier reports (Hu et al., 2008; Shimazaki et al., 1991).
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Shimazaki et al. (1991) have shown that CD spectra of bovine, caprine and ovine LF suggested comparable
secondary structures at physiological pH. The present findings can be correlated with this report. The difference in
the shape of the spectra might be due to the interaction between N and C-lobes in LF. The bLF and cLF have four
glycans each. The relative proportions of glycan of oligomanosidic and of N-acetyllactosamine type vary with
period of lactation. The primary structures of specific glycans bound to cLF and bLF seems to vary. The thermal
stability is influenced by the characteristics of glycans present. This differs in cLF and bLF (Spik at al., 1988; Van
Berkel et al., 1996). This might influence the thermal stability and CD conformational alterations in cLF and bLF.
The lactoferricin (LFcin) peptide present in the N-terminal part of intact LF (residues 17-41) forms a number of
stabilizing, long-range hydrophobic contacts with other parts of the protein (Hwang et al., 1998). This may
contribute to the stabilities of cLF and bLF to different extent. The ionic and hydrophobic interactions influence the
thermal stabilities of cLF anf bLF. Further the non-covalent interactions among N- and C- lobes of LF might affect
the thermal stabilities and conformations of LF from both species. The thermal stability values of LF are also
affected by the nature of the glycans present in cLF and bLF (Spik et al., 1988; Van Berkel et al., 1996). The total
number of bonds in bLF and cLF are 5566 and 5404, respectively. As observed from 3D structural model (PDB) the
number of a-helices in bLF and cLF are 26 and 23, respectively. This might impart stability to bLF and cLF. The

bLF has more structure-stability as compared to cLF (Murzin et al., 1995). This factor supports the present research.

Paper 11

Structural characteristic, pH and thermal stabilities of apo and holo forms of caprine and bovine lactoferrins

Sreedhara A, Flengsrud R, Langsrud T, Kaul P, Prakash V, Vegarud GE. Biometals 23 (2010) 1159 - 1170.

In this study, the apo and holo forms of lactoferrin (LF) from caprine and bovine milk were characterized and
compared with respect to the conformation and thermal stabilities in the pH range 2.0-8.0. The holo forms of cLF
and bLF showed an iron content of 73.5 and 88.1%, respectively at pH 7.0 (Table 1). The respective apo forms of
cLF and bLF contained 4-5% iron at pH 7.0. A continuous reduction in the bound iron was observed with a decrease
in pH from 7.0 to 2.0. This was evident for both apo and holo forms of cLF and bLF. In the pH range 2.0-7.0, the

trend of iron release from apo and holo LFs from both species was similar to respective native forms (PAPER I).
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This confirms the previous report on bLF (Baker & Baker, 2009). The domain movements will vary due to pH
reduction, and this will give a reduced iron binding with reduction in pH and increased iron binding with increase in
pH. In addition, the Fe’*-HCO5> coordination observed in bLF as in the N- and C- lobes may differ for cLF and
depend upon the balance between the closed and open conformations (Hu et al., 2008). There are a few direct H-
bonded interactions across the cleft between the two domains of each lobe. Such interactions are affected by pH
which differs to various degrees between cLF and bLF. This could be an important factor for different Fe-saturation
levels in cLF and bLF (pH 2.0-7.0). The electrostatic interactions also influence the iron binding to cLF and bLF to
different extent (Baker & Baker 2004; Hu et al., 2008). The difference in bond angles between the iron binding
residues in cLF and bLF might affect the iron saturation levels in these proteins. Figure 1 shows a structural model
of Fe binding to bLF. This model is based on the model proposed for bLF by Hu et al (2008). The Fe content in holo
cLF and holo bLF at pH 2.0 is almost same, in contrast to the Fe contents at other pH values. The differences in Fe
content at other pH values might be due to the different residue in the position 393 which in cLF is Ser and Asn in
bLF and this difference is absent at pH 2.0 since Asp 395 most likely is then protonated and have none Fe-binding at
that pH. The relatively higher differences in the iron content between the apo forms of cLF and bLF at pH 2.0 could

be due to the presence of higher amount of unordered structure at this pH.

The far UV-CD secondary structures of apo and holo forms of bLF were similar between pH 5.0 and 8.0 (Figure 3a
and b). The far UV-CD spectrum of holo bLF showed no obvious difference from that of apo bLF in the pH range
4.0-8.0. A very similar trend was observed for the apo and holo cLF forms (Figure 2a and b). All along, the far-UV
CD spectrum (200-260 nm) of holo bLF showed no obvious difference from that of apo bLF, indicating that holo
bLF maintained almost same secondary structure as apo bLF. From pH 7.0 to 5.0 a-helix content in apo and holo
forms of cLF was increased (Table 2). But again from pH 5.0 to 2.0, there was an observed decrease in a-helix
content. Further, a decrease in the B-structure between pH 7.0 and 2.0 was evident. However, from pH 7.0 to 2.0,
there is also an observed increase in the aperiodic (random) structure. A similar trend was observed for apo and holo
cLF forms. But in this case, there is a complete loss of a-helix and much higher amount of aperiodic (random)
structure at pH 2.0. Hence, with acidification (pH 2.0), partly unfolded structures are observed for both apo and holo
LFs from both species (Figure 2 and 3). These results were in accordance with our previous data on native forms of

cLF and bLF (PAPER I).
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The 8-anilino-1-naphthalene-sulfonate (ANS) binding to apo and holo forms of both cLF and bLF was minimal in
the pH range 5.0-8.0 (Figure 4a and b). In this pH range LF forms from both species seems to retain the native LF
structure (PAPER I). For all LF forms, an increased ANS binding was observed at pH < 5.0. A considerable increase
in the ANS fluorescence intensity was observed for apo cLF with a reduction in pH from 3.5 to 3.0. This indicates
the greater exposure of tryptophan to the solvent. Below pH 3.0, the hydrophobic interactions lead to a decrease in
hydrophobicity with an observed aggregation. The apo and holo forms of bLF showed a similar trend of increased
hydrophobicity, but with a five time increase in intensity when pH was reduced from 3.5 to 3.0. The apo bLF binds
more ANS than apo cLF at pH 2.0. Similarly more ANS was bound to holo bLF than holo cLF at that pH. The
structural unfolding of apo and holo forms of cLF and bLF at low pH depends on the 3D structural organization of
individual LFs. The unfolding of the protein at pH 2.0-3.5 was also observed by tryptophan fluorescence (Figure 5a
and b). For apo and holo LFs from bovine, a maximum red shift was observed between pH 2.0 and 3.5 during
lowering pH from 7.0 to 2.0. A similar trend was evident for corresponding forms of cLF (pH 2.0-7.0). A maximum
exposure of tryptophan was observed at pH 2.0-3.0 in all cases. With respect to the apo and holo forms of cLF and
bLF (pH 2.0-8.0), the results of tryptophan fluorescence studies were in accordance with the surface hydrophobicity
data. These results were supported by fluorescence quenching studies (Figure 6a and b). Figure 7 shows the Stern-

Volmer constants (Kgy) for the fluorescence quenching of apo and holo forms of cLF and bLF at pH values 2.0-7.0.

The holo form of bLF showed a higher T,, value (90«1 °C) than holo cLF (68+1 °C) at pH 7.0 (Figure 8a and b).
With a reduction in pH from 7.0 to 2.0, a continuous decrease in T,, values of apo and holo forms of cLF and bLF
was observed. For either cLF or bLF, a prominent difference in T,, values was observed among the respective apo
and holo forms (Table 3). A minimum T,, value of 231 °C was observed for apo cLF at pH 3.0. Below pH 3.0,
protein aggregation occurred for apo and holo LFs of both species. The T,, values observed for the native forms of
LF were showed to be between the corresponding T, values of the apo and holo forms (PAPER I). Thermal
denaturation of LF depends on the pH and iron binding. The total contents of glycans present in cLF and bLF may
vary and this will affect the T, of the protein (Spik & Montreuil, 1988). The intra-protein hydrophobic interactions
among cLF and bLF are different (Tine et al., 2007). This might influences the thermal stabilities of apo and holo
forms of cLF and bLF to different extent. The T,, also depends on the opening up of LF conformation at low pH
(2.0-3.0) and the closing of the LF conformation at pH 7.0. This might take place in a different manner between cLF

and bLF (Baker & Baker, 2004).
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Paper 111
Zn (IT) binding to lactoferrin at pH 2.0 - 7.0. A comparative study of caprine and bovine lactoferrin
Sreedhara A, Flengsrud R, Langsrud T, Prakash V, Vegarud GE. “‘Submitted manuscript’’

The binding of ligands such as metal ions to proteins is an important prerequisite for a variety of biological
activities. The interaction between zinc (Zn2+) and lactoferrin (LF) from caprine and bovine was studied in the pH
range 2.0-7.0. The amount of zinc bound to cLF and bLF in the pH range 2.0 - 7.0 and in the presence of a
denaturant (3.0 and 6.0 M GuHC]) is shown in Table 1. At pH 7.0, the zinc content in cLF and bLF was 74.8+£0.5
and 90.1+0.5%, respectively. When the pH was reduced from 7.0 to 2.0, the zinc binding to LF from both species
was decreased. At pH 2.0, about 20% zinc was still bound to LFs from both species. The zinc bound cLF (ZncLF)
and zinc bound bLF (ZnbLF) were not completely saturated with zinc at pH 7.0. The results of zinc binding were
compared with our previous report on iron binding to cLF and bLF (PAPER II). The trend of zinc binding to LFs
from caprine and bovine was similar to that of iron binding. However, differences in the zinc and iron binding in the
pH range 2.0-7.0 to the apo forms of either cLF or bLF depends on the electrostatic binding properties of these
proteins (Baker & Baker, 2009; Hu et al., 2008). The 6.0 M GuHCI denatured forms of ZncLF and ZnbLF showed
the lowest zinc content. Factors such as H-bonding interactions, differences in the amino acid sequence of LF in the
zinc binding area, domain movements due to pH variation indicated that the bond angles between the zinc binding
residues in LF and the overall 3D structure organization of the protein are somewhat different between cLF and bLF

(Hu et al., 2008; Sreedhara et al., 2010b).

The far UV-CD conformations of ZncLF and ZnbLF showed the mixed o/p nature of the protein (Nam et al., 1999)
(Figure 1A and B, Figure 2A and B). Two noticeable peaks at 208 and 218 nm were observed in the CD spectra of
both ZncLF and ZnbLF. However, in the pH range 4.0-7.0, these peaks seem to be weaker in ZncLF than ZnbLF.
The structures of ZncLF and ZnbLF were partly unfolded at pH 2.0. A higher unfolding of both ZncLF and ZnbLF
was observed in presence of 6.0 M GuHCI. For both species, the gross conformations of zinc bound LF were almost
similar to that of corresponding iron bound LFs (PAPER II). When the pH was reduced from 7.0 to 2.0, an increase
in B-structure content with a concurrent decrease in o-helix content of ZncLF was observed (Table 2). A similar

trend of secondary structures was evident for ZnbLF in the same pH range. Both ZncLF and ZnbLF retained about
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50-60% B-structure in the whole pH range from 2.0-7.0. Both ZnLFs, showed a decrease in the a-helix content with
a reduction in pH from 7.0 to 2.0. The secondary structural data of ZncLF and ZnbLF were compared with the
respective FeLF forms in our previous study (PAPER II). The ZnLF forms from both species showed 8-10 % more
o-helix and 10-15% less B-structure than that of corresponding FeLF forms. The changes in the amino acid
sequences in the zinc binding area of cLF and bLF may have a consequence in relation to the changes in the a-

helices and B-structures. So, zinc might be involved in the conformational changes of ZnLF from both species.

It was observed from the intrinsic fluorescence spectra that both ZncLF and ZnbLF showed a A, value of 334 nm
at pH 7.0 (Figure 3 and 4). At pH 2.0, the A, values were shifted to 348 (ZncLF) and 351.1 nm (ZnbLF).
Maximum exposure of tryptophans was observed at pH 2.0. For both ZncLF and ZnbLF, the GuHCI unfolded states
exhibited larger red shift values indicating an even higher degree of unordered structures (Figure 3 and 4). This was
also observed from the CD data of ZnLFs (Table 2). Further there was an observed minimal ANS binding at pH 7.0
for ZncLF and ZnbLF with the A, value between 520-525 nm (Figure 5A and B). With a reduction in pH from 7.0
to 2.0, these A values were blue shifted to 493 (ZncLF) and 487 nm (ZnbLF). The tryptophan exposure was
higher in case of ZnbLF than ZncLF at pH 2.0. These fluorescence results of ZnLF forms from both species were in
a good agreement with that of respective iron saturated holo LF forms (PAPER II). Similar trends in ZncLF and
ZnbLF were observed with respect to the ANS binding data. The structural perturbations start at pH < 4.0. At pH
2.0, is the acid denatured state, usually LF molecule opens up, looses almost all the bound zinc. The trend of zinc
binding to LF at pH 2.0 was almost similar to that of iron binding at that pH (PAPER II). The results of surface
hydrophobicity studies were in a good agreement with the intrinsic tryptophan fluorescence data and the CD
structural changes observed. The data were supported with the quenching studies of structural changes in the pH
range 2.0-7.0 [Figure 6 (i) and (ii)]. The quenching results of ZncLF and ZnbLF can be correlated with apo and iron

saturated LFs from caprine and bovine species at different pH (Sreedhara et al., 2010b).

At pH 7.0, ZnbLF showed a higher Ty, (831 °C) than ZncLF (67%1 °C). By reducing pH to 4.0, T, of ZncLF and
ZnbLF decreased to 76x1 °C and 55+1 °C, respectively (Figure 7A and B). A difference of 17+1 °C in T, was
observed between ZnbLF and apo bLF at pH 7.0. However, only a small difference of 3+1 °C in T,, was observed
between ZncLF and apo cLF at this pH. The ZnLFs from both species were unfolded at pH < 3.0 (Surface

hydrophobicity experiments) and hence the T,, measurements could not be done. The T,, data of ZncLF and ZnbLF
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were compared with our previous studies on iron bound forms of cLF and bLF. The trend of decrease in T,, with a
reduction in pH from 7.0 to 3.0 was similar for ZnLF and FeLF forms from both caprine and bovine. The T, values
observed for ZnLF were somewhat lower than that of FeLF in the pH range 3.0-7.0. The native forms of cLF and
bLF have most stable forms at pH 7.0 and the thermal stabilities were highest at this pH (PAPER I). A comparative
study on the thermal stabilities of apo and holo forms of caprine and bovine LFs showed that the thermal stability of
LF was dependent of the Fe binding capacity of the protein and pH (PAPER II). Therefore, the thermal denaturation
of ZncLF and ZnbLF depend on the pH and the amount of zinc bound to protein. The other factors like the contents
of glycans present in cLF and bLF might have an influence on the T, of iron bound LF. This factor might affect the
thermal stabilities of ZnLF forms from caprine and bovine. The movements of the intra-protein hydrophobic

interactions in cLF and bLF might affect the thermal stabilities of respective zinc bound forms (Tina et al., 2007).

Paper IV

Peptides generated by the in vifro digestion of bovine and caprine lactoferrin

Furlund CB, Sreedhara A, Devold TG, Flengsrud R, Sekse C, Holm H, Jacobsen M, Vegarud GE (Manuscript)

This study was undertaken in order to compare the digestion of bovine lactoferrin (bLF) and caprine lactoferrin
(cLF) with human gastric juice (HGJ) and human duodenal juice (HDJ) and to observe the effect of two gastric pH
values, 2.5 and 4.0. The highest activity of HGJ (20U/g) and HDJ (62.5U/g) used resulted in an increased
degradation of bLF with many fragments in the molecular mass (M;) range of 35-65 kDa and <20 kDa, however still
a high amount of LF resisted digestion (Figure 3). With a decrease in bLF concentration from 10 to 1 mg/ml,
extensive degradation was observed at both low and high activity of HGJ and HDJ (Figure 3, lanes 7-10). The
bovine LF (0.1 mg/ml) was shown to be 100% digested by both low and high activities of HGJ and HDJ (data not

shown).

Figure 4 illustrates differences in the degradation profiles of the digested bLF (10 mg/ml) at gastric pH values 2.5
and 4.0. The degradation of LF was highly dependent on gastric pH values 2.5 and 4.0. Highest degradation was

shown at low gastric pH 2.5 compared to pH 4.0, independent of fast or slow pH reduction (Figure 4, lanes 3, 5, 7
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and 9). More LF was degraded with HDJ giving rise to oligopeptides of lower molecular size. Fast reduction in pH
down to 2.5, resulted in complete digestion of bLF by HGJ and further degradation of the peptides (M, < 25 kDa)
occurred when HDJ was added (Figure 4, lanes 7 and 8). A comparison of the digestion between apo and holo bLF
forms resulted in a similar protein degradation pattern as the native bLF (Figure S3). Digestion of native caprine LF
(10mg/ml) with HGJ and HDJ resulted in a protein degradation pattern very similar as shown for native bLF in
Figure 4. The degree of hydrolysis (DH) of bLF (10 mg/ml) digested at pH values 2.5 (DH ~ 10.5) and 4.0 (DH ~
9.0) is shown in the Figure 5. The highest DH was observed at pH 2.5 as compared to pH 4.0, whereas minor

differences were seen between fast and slow pH reduction to pH 2.5 and 4.0.

The native LF of bovine and caprine generated peptides varying in lengths as a result of the action of HGJ and HDJ
at pH values 2.5 and 4.0 (Figure 6 and 7). Always, more peptides were observed at pH 2.5 than at pH 4.0 and
peptide fragments in the range of 5-32 residues were detected. The results also showed that less peptides were
generated after the slow reduction of gastric pH as compared to the fast pH reduction and this was evident for both
pH values 2.5 and 4.0. Thereafter addition of HDJ degraded longer peptides into shorter ones. However, two
different peptide patterns between fast and slow gastric pH reduction were seen. Most of the peptides detected in
bLF (native, apo or holo) and cLF (native) originated from the N-terminal part of LF. The common peptide
fragments detected in native, apo and holo forms of bLF and native form of cLF are shown in Table 2. A
comparison between native forms of bLF and cLF after the action of HGJ and HDJ at pH 2.5 and 4.0 has shown that
less number of peptides were detected in cLF when compared with bLF (Table 2). The peptides also differed in
sequence and length. Since there are differences in the amino acid sequences between bLF and cLF (Figure 6 and

7), the peptides originated within the same region of bLF and cLF may have different characteristics.

Holo bLF showed less number of peptides when compared with apo bLF and native bLF. The effect of iron could be
important for the LF digestion. Peptide fragments corresponding to residues 267-288 and 271-288 were observed
from HGJ digested of the holo bLF and native cLF forms, respectively. These peptides contain a part of the
lactoferrampin (LFampin) sequence (Recio & Visser 1999, 2000). This peptide sequence was also detected as a part
of the longer peptide fragment 267-299 for the holo bLF after HGJ digestion and in cLF after further digestion with
HDJ at pH 2.5, respectively. The multiple sequence analysis (MSA) of peptides from LF digests showed the
presence of proline and leucine patterns at pH values, 2.5. The peptides generated at pH 4.0 show a different pattern

where lysine, alanine and multiple leucine residues show highest probability of a reliable pattern and indicating a
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different proteolytic mechanism. At high pH 2.5 and 4.0 digestion the proline and leucine pattern is present, in

addition to glycine residues.

In this study, an extensive degradation of bLF and cLF was observed showing the effective action of HGJ and HDJ,
however, a high amount of LF resisted digestion. Studies done on bLF and cLF digestion using commercial porcine
enzymes (Chatteron et al., 2004; Kimura et al., 2000; Recio & Visser, 2000; Dionysius & Milne, 1997; Elbarbary et
al., 2010; Hoek et al., 1997), it was showed that many other peptides might have been generated during in vitro
digestion in comparison with human enzymes. In an in vivo digestion study done by Troost etal (2001), up to 60-
80% LF resisted gastric digestion and the present study is in accordance with that report. The low concentrations
(1.0 and 0.1 mg/ml) of bLF used in the present study represent the LF content in human and bovine milk. The

degradation was dependent of the LF concentration and activities of HGJ and HDJ used.

An antibacterial lactoferricin (LFcin) peptide region residing in the N- terminal part of LF was not detected in
caprine or bovine LF digested by HGJ or HDJ. Even further digestion of LFcin was not evident with regard to the
peptides generated thereafter. This may be due to the different separation techniques that have been used during

fractionation or desalting steps or it might also depend on the sensitivity of the MS instrument used.

The current study has provided a detailed comparison between the digestion patterns of cLF and bLF under different
conditions such as human gastrointestinal pH and different enzyme/ substrate ratios. The use of in vitro digestion

could contribute to a better knowledge about the generation of peptides during gastrointestinal digestion in vivo.
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4. CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The specific objectives of this project were fulfilled through the work in paper I, II, III and I'V.

The conclusions are provided in the respective papers. Additionally, the concluding remarks with respect to the

overall study are provided in the following section.

The physicochemical/ biophysical properties of LF from caprine and bovine have been discussed and compared.
Native bLF has showed higher thermal stability than cLF. Among apo, native and holo forms of cLF and bLF,
differences were observed with respect to the influence of pH. The apo, native and holo forms of bLF showed higher
amount of bound iron when compared with the respective apo, native and holo forms of cLF in the pH range 2.0 -
7.0. At low pH 2.0, iron was released from both the apo and holo forms of cLF and bLF with a highest release from
cLF. Thermal denaturation studies showed that the apo, native and holo forms of bLF were more stable than the
corresponding apo, native and holo forms of cLF at pH 2.0 - 7.0. The holo form of LF had the highest thermal
stability compared to the apo form of both species. Further, with regard to the differences in metal binding, the iron
bound LF form was showed to be more stable than the respective zinc bound form for both cLF and bLF (pH 2.0 -
7.0). The conformation of native cLF was more affected by pH when compared with native bLF with regard to
structural unfolding studies. At pH 7.0, the structure of native bLF seemed to be more stable than native cLF. At pH
2.0, a total loss in a-helix content and a higher content of unordered structure for all LF forms was observed.
However, only subtle differences were observed with respect to the conformations of apo, native and holo (iron and
zinc bound) forms of LF from caprine and bovine species (pH 2.0 - 7.0). Bovine and caprine LF contain 13 and 12
tryptophan residues, respectively. The greater exposure of tryptophan residues in case of bLF (apo, native or holo)
as compared to that of respective apo, native and holo forms of cLF indicated the higher degree of conformational
unfolding of bLF at pH 2.0. The pH plays an important role in the changes in the thermal stability values of apo,
native and holo LF forms of both species. For apo, native and holo forms of cLF and bLF an increase in the
unfolded structure with a higher surface hydrophobicity and the reduction in thermal stability values at pH 2.0-3.0
are well correlated. This investigation provides a good approach for studying the pH induced changes on the thermal

stability and conformational characteristics of LF using UV-visible, fluorescence and circular dichroic spectroscopy.
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Previously, most reports on in vitro digestion studies of bLF have been carried out using commercial porcine
enzymes. The current study has provided a detailed comparison between the digestion patterns of cLF and bLF
under different conditions such as gastrointestinal pH in humans and different enzyme/ substrate ratios. This study

has been done to simulate the digestion in vivo.

During the in vitro digestion of apo, native and holo forms of bLF and of native cLF, many peptides of varying
lengths were generated at both pH 2.5 and 4.0. Different peptide patterns were evident for native forms of cLF and
bLF. More number of peptides were observed at pH 2.5 compared to pH 4.0 after degradation with HGJ and HDJ of
both cLF and bLF. The holo bLF formed showed less degradation than the native and the apo form. The effect of

bound iron could be important for LF digestion.

The current study has provided a comparison between caprine and bovine lactoferrin (LF) resulting in information
regarding iron binding, thermal denaturation and structural changes in a broad pH range 2.0 - 7.0 and the in vitro
digestion by human gastro duodenal juices. Lactoferrin is reported to have bioactive functions in humans; the
structural changes, iron binding and release under similar pH conditions as in gastrointestinal tract may thus be

significant.

Future Perspectives

Based on the current study on the thermal stability, structure and in vitro digestion of caprine and bovine LF,

following interesting recommendations are made for the continuation of present work.

The iron binding capacity of native cLF and bLF was decreased when the pH was reduced from 7.0 to 2.0. Also, the
apo and holo forms of cLF and bLF exhibited difference in the iron content in the pH range 2.0 - 7.0. The secondary
structural features may not provide detailed information regarding the ionic interactions which influence the iron
binding to LF. The stabilizing aminoacids in the iron binding site may be important for the iron binding to LF at
different pH. They are different in cLF and bLF. A structural analysis at tertiary level using NMR spectroscopy may

be useful to get important information regarding the ionic interactions and domain movement at different pH values.
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Zinc binds to the same sites as iron binds to LF. By calorimetric methods, it is possible to obtain information
regarding the binding constant of iron and zinc. Further, a mixture of iron and zinc can be used to study the
competition of zinc with iron binding to LF. Zinc may replace iron bound to LF. Interaction of LF with other metal

ions like Ga™*, AI**, VO**, Mn**, Co®*, Cu** may be important as a comparative study between cLF and bLF.

Lactoferrin may interact with other proteins in milk. Such interaction studies may provide additional possibilities to
modulate the conformational state of LF at secondary or tertiary level. This study may be important in many of the
biological functions of LF from caprine or bovine. Protein-ligand interactions can be studied for LF using

bioinformatics tools of Predicting protein interaction sites.

The peptides generated from LF after digestion exhibit some biological activity that might differ from the biological
activity of native LF. The digestion of cLF and bLF showed difference in peptide patterns. Using chromatography
methods, the digested LF can be partitioned into low and high mass fractions. It is important to study the

antipathogenic/ antiviral spectra of such peptides.

An antibacterial LFcin peptide present in the N- terminal part of LF was not detected in caprine or bovine LF
digested by HGJ or HDJ. Even further digestion of LFcin was not evident with regard to the peptides generated
thereafter. This may be due to the different separation techniques that have been used during fractionation or
desalting steps or it might also depend on the sensitivity of the MS instrument used. However, the findings on LFcin
generation during LF digestion by pepsin hydrolysis were observed in literature. Hence, it may be important to

understand why LFcin was not detected in the LF digests.

The present study on LF digestion in vitro simulates the gastro intestinal conditions in the human stomach. Further
research is needed to throw light on the LF digestion in vivo that could be attributed to native, apo and holo forms of
caprine and bovine LF. A study on the effect of iron on LF digestion could be interesting. It may be possible to

measure the iron released from LF during different steps of digestion in vitro after the action of HGJ and HDJ.
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Thermal stability and structural changes in caprine lactoferrin (cLF) and bovine lactoferrin (bLF) at pH
2.0—8.0 were measured using thermal denaturation temperature (Ty,) analysis, fluorescence spectros-
copy and circular dichroism (CD). Thermal stability analysis indicated a Tr, of 70 °C for bLF and 67 °C for
cLF at pH 7.0. From pH 7.0 to 3.0, a gradual reduction in the Ty, of both bLF and cLF was observed and
reached a value of 39 °C and 30 °C, respectively. At pH 2.0—3.0, a partly unfolded structure of bLF and cLF

was observed with a relatively low content of a-helix structure (3% and 7%, respectively), but still rich in
B-structure (54% and 57%, respectively). A higher exposure of hydrophobic surfaces at low pH for bLF
compared with cLF was proved by fluorescence studies. In conclusion, the structure of cLF was more
affected by pH and showed lower temperature stability than bLF.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The red iron-binding protein in milk was named lactoferrin (LF)
in 1961 (Blanc & Isliker, 1961). This protein is homologous to the
iron (Fe)-binding protein from serum, transferrin, but the proteins
appear to differ from each other with regard to structure and
function (Gordon, Groves, & Basch, 1963). The structure of LF has
two homologous globular lobes (N-lobe and C-lobe), each further
divided into two domains (N1 and N2, C1 and C2, respectively) and
they have identical Fe-binding sites, one per lobe, giving them the
capacity to bind two Fe>* ions per molecule (Baker, 1994). LF is
a whey protein present in variable concentrations in milk
(0.1-7.0 mg mL™!) from a number of species (Masson & Heremans,
1971; Sanchez, Aranda, Perez, & Calvo, 1988). LF has been proposed
to be involved in various biological functions (Farnaud & Evans,
2005) and the protein, in addition, is active against a wide range
of pathogenic bacteria (Kolb, 2001).

LF has high basic pI ~ 9.0 (Steijns & van Hooijdonk, 2000), and
can therefore easily be purified on cation-exchange resins (Ounis,
Gauthier, Turgeon, Roufik, & Pouliot, 2008). However, the protein
might lose its stability and activity (Qiu et al., 1998; Ye, Wang, Liu, &
Ng, 2000) during various steps of purification. This protein may also
interact with other proteins in milk and whey. It is essential

* Corresponding author. Tel.: +47 64 96 61 53; fax: +47 64 96 59 01.
E-mail address: ashoka.sreedhara@umb.no (A. Sreedhara).

0958-6946/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.idairyj.2010.02.003

to overcome such difficulties during purification. Most of the
methods used to date result in lower purity than desirable for high
precision analytical work (Recio & Visser, 2000), and are not easily
scaled up.

The biological properties of a protein depend on its three-
dimensional structure, which can be influenced by chemical and
physical factors (ligands, pH, temperature, pressure, etc.) (Patel,
Singh, Anema, & Creamer, 2006; Privalov, Griko, Venyaminov, &
Kutyshenko, 1986). In view of the variability and the concentra-
tion of LF in milk from different species, it seemed worthwhile to
undertake a detailed investigation of the physicochemical/
biophysical properties of LF from caprine (cLF) and bovine milk
(bLF). Previously, experiments were carried out mainly at physio-
logical pH (Ainscough et al., 1980; Castellino, Fish, & Manna, 1970;
Rossi et al., 2002). This report is a comparative study on the detailed
biophysical characterization of purified cLF and bLF over a wide pH
range, 2.0—8.0. Since LF is reported to have bioactive functions in
humans (Korhonen & Pihlanto, 2006), the structural differences
under similar pH conditions as in the gastrointestinal tract are
important.

Current sequence databases contain LF sequences from nine
species: human, mouse, sheep, cow, horse, pig, goat, buffalo and
camel. The mature LF from these species comprises 690 residues
and share pair-wise identities that range from a minimum of 65% to
nearly 100%. The complete sequences of cLF and bLF were reported
earlier (Goodman & Schanbacher, 1991; Provost, Nocart, Guerin, &
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Martin, 1994; Recio & Visser, 1999). They are 90% identical and this
may influence their structure and function.

A few reports are available on the thermodynamic charac-
terization of the corresponding molecule from cows, goats, sheep
and elephants (Conesa et al., 2008; Paulsson, Svensson, Kishore,
& Naidu, 1993). For cLF, two transitions were observed at pH
74. At neutral pH, LF was observed to maintain a stable
conformation, which was evident from circular dichroism
studies, and bLF was found to be stable against heat treatment
under acidic conditions (Abe et al., 1991). Heat treatment (at
>70 °C) caused denaturation and aggregation through disulfide
cross-linking and hydrophobic interactions. Although these
mechanisms are generally accepted, the contributions of alter-
ations in conformation at secondary and tertiary structural levels
are not fully understood.

The aim of the study was to compare the structural stability of
bLF and cLF with respect to the influence of pH (2.0—8.0) and
temperature. This was investigated by tryptophan fluorescence,
ANS-binding, acrylamide-quenching, circular dichroism and
thermal denaturation measurements.

2. Materials and methods
2.1. Purification of lactoferrin

Whey protein concentrate (WPCG) was prepared from
caprine milk according to the method of Almaas, Holm,
Langsrud, Flengsrud, & Vegarud (2006). LF was purified from
WPCG using membrane cation-exchange chromatography (Etzel
& Chiu, 1997). Sartobind strong cation-exchange micro-porous
membranes S75x and S100x were procured from Sartorius Ste-
dim Biotech GmbH (Gottingen, Germany). The WPCG, dissolved
in 10 mm phosphate buffer, pH 6.5 at a concentration of 6 g L™,
was centrifuged at 20,462 x g for 50 min at 10 °C using a Sor-
vall RC-5B centrifuge (Block Scientific, Inc., Nutley, New Jersey,
USA). WPCG solution and all buffers were passed through
0.22 um filters (Stericup, Millipore). The column was pre-equil-
ibrated using 10 mm phosphate buffer pH 7.0. WPCG was passed
through the columns at a flow-rate of 50 mL min~! for S75x and
80 mL min~! for S100x using a Watson Marlow-Sci-Q 300 series
peristaltic pump (323E/D). To remove impurities and bound
proteins other than LF, the column was washed with 10 mm
phosphate buffer, pH 7.0, followed by washing with the same
buffer containing 0.2 m NaCl. The bound LF was then eluted with
the same buffer containing 1.0 m NaCl (2.0 mL min~'). This
fraction was pale red. In this manner, three cycles of loading/
washing/elution were performed (20 °C) with the purification.
The protein fractions were desalted and concentrated using
a filter with a cut-off of 30 kDa (Amicon Ultra 15, Millipore). The
LF fractions were lyophilized and stored at —20 °C. Native bLF
with 95% purity was supplied by DMV International (Veghel,
Netherlands) and was stored at —20 °C.

The protein concentration and iron saturation of LF were
determined by measuring the absorbance values at 280 and
465 nm, respectively (Recio & Visser, 1999, 2000). Homogeneity of
the proteins was tested by SDS-PAGE (10% gel, 10% T, 2.7% C) using
a discontinuous buffer system (Laemmli, 1970). The total iron (Fe)
content bound to LF at different pH was measured by the standard
method of Inductively Coupled Plasma (ICP) Optical Emission
Spectrophotometer (Uchida, Oda, Sato, & Kawakami, 2006). The
freeze-dried protein (1.0 mg mL™!) was solubilized in 1% (v/v)
HNOs3 before performing the analysis. The Fe-binding measure-
ments were done by ICP in triplicates and averaged for two
consecutive protein purification batches.

2.2. Thermal denaturation analysis

2.2.1. UV—visible spectrophotometric method

The thermal denaturation studies of LF at various pH were
carried out using a Cary 100 Bio UV—vis spectrophotometer (Varian
Instruments Pty Ltd, Mulgrave, VIC, Australia). Protein samples
were prepared at each required pH by dialysis against the appro-
priate buffer for 24 h at 4 °C. The concentration of LF used was
12.5 pum and spectra were recorded at 287 nm over a temperature
range 35—90 °C with 1 °C increment per min using respective
blanks. Measurements were made in triplicate. The apparent
thermal denaturation temperature (T,) was calculated either by
first derivative plot of absorbance or by van't Hoff plots using
a standard equation (Pace, Shirely, & Thomson, 1989).

2.2.2. Circular dichroism (Far-UV) method

Thermal denaturation was monitored following the ellipticity at
222 nm using a band slit of 2 nm and response time of 8 s. CD
spectra and thermograms were recorded on a Jasco J-715 spec-
tropolarimeter (JASCO Inc., Easton, MD, USA). An automatic peltier
accessory (PFD-350S) allowed continuous monitoring of the
thermal transition at a constant rate of 1.0 deg min~. Protein was
dialyzed against the required buffer (pH 2.0—8.0) at 4 °C for 24 h
and then incubated at room temperature (25 °C) for 1 h before
performing the measurements. The concentration of protein used
was 0.25 pm. The temperature of the protein sample was monitored
directly using a probe immersed in a cuvette and controlled with
PFD-350S Peltier type FDCD attachment. Measurements were done
in triplicate. The data were analyzed assuming a two-state revers-
ible equilibrium transition (Koepf, Petrassi, Sudol, & Kelly, 1999).

2.3. Fluorescence spectroscopy and circular dichroism

Tryptophan fluorescence emission spectra and acrylamide-
quenching experiments were done using a Cary Eclipse Spectroflu-
orimeter (Varian BV, Middelburg, The Netherlands). For tryptophan
fluorescence measurements, the LF concentration used was 1.0 pm.
Protein samples were filtered through 50 kDa cut-off Ultracel
membrane filters and concentrated to a final volume of about 10 pL
with the required buffer. The sample was excited at 290 nm and the
emission was recorded in the range 300—400 nm using slit widths of
5 nm for both excitation and emission (Bagshaw & Harris, 1987).
Spectra were recorded 10 s after excitation.

Quenching experiments were carried out by the addition of
varying amounts (0.1—1.0 m) of acrylamide stock solution (5.0 m) to
the protein solution (1.90 um) previously incubated at pH 2.0, 5.0 and
8.0 at 25 °C for 1 h, and the fluorescence intensities were recorded.
The quenching data were analyzed according to Stern—Volmer
equation (Eftink & Ghiron, 1982).

For ANS-binding studies, fluorescence spectra were recorded
using a Cary Eclipse Fluorescence Spectrophotometer (Varian
Instruments, Walnut Creek, CA, USA). LF concentration used was
0.2 pum. ANS concentration was 50 times the protein concentration.
The sample was excited at 380 nm and the emission was recorded
in the range 400—600 nm using slit width of 10 nm for both exci-
tation and emission (Kato & Nakai, 1980). All fluorescence spectra
were scanned with slow speed, and data points are means of data
from triplicate measurements.

Circular Dichroism (CD) measurements in the far-UV region
were carried out with a JASCO J-810 spectropolarimeter (JASCO,
Tokyo, Japan) calibrated with ammonium d-10-camphor sulfonate.
All protein solutions were dialyzed against buffers with the
required pH for 24 h at 4 °C. These samples were centrifuged at
11,500 x g for 5 min and clear supernatants (protein) were used for
the experiments. LF concentration used was 3.1 um. A cell of path
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length 0.1 cm was used for scans between 265 and 195 nm. Each
spectrum was the average of three consecutive scans. The CD result
was expressed as the mean residue ellipticity (MRE in
deg cm? dmol~"), which is defined as:

MRE = f,ps(mdeg)/(10 x n x Cp x I).

where s is the observed ellipticity in degrees, n is the number of
peptide bonds, C, is the molar concentration, and [/ is the length of
light path in cm. The estimation of the contents of a-helix, B-
structure and unordered structure was performed according to
Yang, Wu, and Martinez (1986).

The fluorescence and CD measurements were done at 25 °C.
Buffers used were: 10 mm glycine—HCl, pH 2.0; 10 mwm citrate-
phosphate buffer, pH 2.6, 3.0, 3.6, 4.0, 5.0 and 6.0; 10 mm sodium-
phosphate buffer, pH 7.0 and 8.0.

2.4. Structural data

The X-ray diffraction data of cLF and bLF were obtained from
protein database (http://www.rscb.org). The parameters were
compared between cLF and bLF.

3. Results and discussion
3.1. Purification of caprine lactoferrin

The protein was more than 95% pure and homogeneous, as
measured by SDS-PAGE (Fig. 1). The SDS-PAGE pattern of purified cLF
was compared with native bLF, and the molecular masses were
determined as 78 & 1 and 79 4 1 kDa for bLF and cLF, respectively.
The molecular mass values reported previously for purified LFs from
different species falls in the range 76—82 kDa (Brock, 1985),
consistent with the present results. The LF molecule has a maximum
stability in the pH range 7.0—7.4 (Brock, 1997). The cLF preparation
was pale red, whereas bLF was red. This colour is a good indication of
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Fig. 1. SDS-PAGE electrophoretograms of: 1, Wide range molecular mass marker; 2,
bovine lactoferrin; 3, caprine lactoferrin. The amount of protein loaded was 15.0 pg.
The gel (10%) was stained with Coomassie Brilliant Blue R-250.

the total Fe bound to native (purified) LF. Maximum recovery of cLF
was 40—50 mg from 1 L WPCG. The extinction coefficients (E1 ¢m,
280 nm ) for cLF and bLF were 12 + 0.5 and 12.5 + 0.2, respectively.
The extinction coefficients (E}%cm, 465 nm) for cLF and bLF were
0.21 £0.05 and 0.57 4+ 0.02, respectively.

3.2. Binding of iron to lactoferrin at pH 2.0—8.0

The amount of Fe bound to LF over a broad pH range (2.0—8.0) is
shown in Fig. 2. At pH 7.0, which is the most stable form of LF
(Brock, 1997), the degree of Fe saturations in bLF and cLF were 15.0
and 5.0% (mol mol™ "), respectively. Below this pH, there was an
observed decrease in the bound Fe content. Furthermore, at
pH < 3.0, LFreleased most Fe, giving rise to the Fe-deprived form of
the molecule. This confirms previous reports on bLF (Baker & Baker,
2009). As compared with the Fe bound to cLF (pH 2.0—8.0), bLF
binds higher amount of Fe over the whole pH range. The binding of
Fe occurs sequentially to the two lobes (N and C) of LF. However,
both the Fe-binding sites in LF are identical. The mechanism of Fe
binding to LF is not clear (Baker & Baker, 2004). The N- and C-lobes
of LF contain two domains, N1, N2 and C1, C2, respectively, with Fe-
binding sites situated in the interdomain clefts (Shimazaki et al.,
1993). The diferric LF has the ability to bind two Fe-ions. The LF
molecule is capable of solubilizing up to a 70-fold molar equivalent
of Fe, which is much higher than the specific Fe-binding ability of LF
(Kawakami, Dosako, & Nakajima, 1993). The molecular surface of LF
leads to its Fe-binding properties (Baker & Baker, 2009; Hu et al.,
2008; Lonnerdal, 1989; Nagasako, Sainto, Tamura, Shimamura, &
Tomita, 1993). The cLF and bLF may have different electrostatic
binding properties. This may influence the binding of Fe to cLF and
bLF at various pH values (Fig. 2).

3.3. Effect of pH on thermal denaturation temperature of lactoferrin

Apparent thermal denaturation temperatures (Ty,) of bLF and cLF
were measured either by a thermal response UV spectrophotometry
or by circular dichroism (CD). All the Ty, values obtained with CD are
depicted in Table 1. Fig. 3A and B shows the Ty, profile of cLF and bLF,
respectively, at pH 6.0, 7.0 and 8.0. The Ty, values obtained from both
methods (CD and UV) were in close agreement with each other. At pH
7.0, LF from both species exhibited maximum T, (bLF, 70 & 1 °C, and
cLF, 66 & 1 °C). The values obtained with bLF were consistent with
a previous report on the thermal stability of bLF (Hu et al., 2008). It is
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Fig. 2. Binding of Fe to caprine (O) and bovine (m) lactoferrin at pH 2.0-8.0. The
protein (1.0 mg mL™!) was solubilized in 1% (v/v) HNO3 before ICP measurement (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.).
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Table 1
Thermal denaturation temperature (T, + 1 °C) values of caprine and bovine lacto-
ferrin in the pH range 3.0—8.0.

pH 3.0° 4,0° 5.0° 6.0 7.0 8.0
Bovine lactoferrin 39.0 45.0 50.0 67.0 70.0 67.0
Caprine lactoferrin 30.0 44.0 56.0 64.0 66.0 65.0

2 Ty as monitored by the change in the secondary structure (CD) at 222 nm.

apparent from Table 1 that the binding of Fe to LF affects the thermal
stability of LF, which is decreased with reduced Fe content at reduced
pH. In addition, it was observed that the denaturation of cLFand bLF is
irreversible (data not shown) in the pH range tested (2.0—8.0). It was
difficult to measure the accurate Ty, at pH 2.0, because LF samples
were denatured at 25.0 + 1 °C. This is attributed to the maximum
hydrophobicity of LF at pH 2.0 (Section 3.5 of this article). A
comparison of Ty, profiles of cLF and bLF (Fig. 3A and B) indicated that,
at physiological pH, bLF had a higher thermal stability than cLF (pH
6.0—8.0). The Ty, decreased for cLF with reducing pH and reached
a minimum of 30 + 1 °C at pH 3.0 (Table 1); a similar trend was
observed for bLF. At pH 2.0—3.0, LF becomes flexible and more prone
to thermal denaturation. Initial Fe-binding is to one domain of LF, but
as the protein acquires the closed state (neutral pH), through thermal
fluctuations, it will be locked and closed as it completes its binding to
ligands on the other domain (Baker & Baker, 2004).
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Fig. 3. Effect of pH on the thermal denaturation of lactoferrin as monitored by changes
in the absorbance at 287 nm as a function of temperature for (A) caprine, (B) bovine
lactoferrin in 10 mm sodium-phosphate buffer, pH 6.0 (m), pH 7.0 (O), or pH 8.0 (A)
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).

Thermal stability data of LF from different species have been
reported (Bezwoda & Mansoor, 1989; Conesa et al., 2008; Mata,
Sanchez, Headon, & Calvo, 1998; Nam, Shimazaki, Kumura, Lee, &
Yu, 1999; Paulsson et al., 1993). In the present study, one thermal
transition peak was evident for both cLF and bLF in the temperature
range between 35 and 90 °C. This depends on the detection limits of
the analytical equipment used. The isolation methods used for cLF
and bLF may affect the thermal stability parameters of the protein.
Furthermore, the total number of tryptophan residues in bLF and
cLF are 13 and 12, respectively. This is one of the factors that might
affect the Ty, of bLF and cLF. A slight modification of a single tryp-
tophan residue produces a large decrease in the heat stability of
proteins (Okajima, Kawata, & Hamaguchi, 1990).

3.4. Effect of pH on tryptophan fluorescence

The fluorescence properties of intrinsic tryptophan residues in
proteins invariably change on denaturation of the protein. The
average energy of emission of the tryptophan residues usually shifts
to the red on unfolding due to solvent exposure, augmenting solvent
relaxation in the unfolded state. In the unfolded state, most tryp-
tophan residues in proteins have a maximum emission at ~355 nm.

LF exhibited fluorescence when excited at 290 nm (excitation
maxima). The native cLF (pH 7.0) have a maximum emission of
339 nm. The emission maxima decreased to 336 nm at pH 5.0 and
then increased to 347 nm at pH 2.0, indicating greater exposure of
tryptophan residues to the solvent. A similar trend was observed
for bLF, compared with cLF down to pH 2.6 and 2.0, where the
emission maxima were higher for bLF. Maximum exposure of
tryptophans at reduced pH was observed (Fig. 4A).

3.5. Effect of pH on surface hydrophobicity

The extensive binding of the aromatic chromophore 1-anilino-
8-naphthalene sulfonate (ANS) to a protein surface is associated
with the exposure of hydrophobic regions of the macromolecule
(blue shift in the wavelength of maximum emission) that are
generally buried and inaccessible to the probe. ANS-binding
experiments with cLF at different pH values (2.0—8.0) decreased
the maximum emission wavelength of the ANS-bound protein,
when excited at 380 nm (Fig. 4B). This indicates the unfolding of the
protein (pH < 5) exposing the hydrophobic groups to which ANS
will bind. The emission maximum of ANS-bound cLF shifted from
524 to 493 nm at pH 2.0, and this blue shift of ANS fluorescence is
due to the increased surface hydrophobicity. A similar unfolding
between pH 8.0 and 2.0 was obvious for bLF. However, at pH 2.0, the
emission maximum shifted to 484 nm, which indicates a higher
surface hydrophobicity for bLF than cLF at this pH. A corresponding
increase in the intensity was also evident (not shown). With
decreasing pH values below pH 5.0, the unfolding of both LFs
exposed the hydrophobic amino acids to the environment. This
acid-denatured state has been shown to bind more ANS compared
with the normal native state of LF from both species (pH 7.0).

3.6. Quenching studies of structural changes

Fluorescence quenching of tryptophan residues by different
types of quenchers has been shown to provide information about
the accessibility to solvent of these residues in proteins and the
polarity of their microenvironment (Pawar & Deshpande, 2000).
The Stern—Volmer plot for quenching of intrinsic fluorescence by
acrylamide at pH 2.0, 5.0 and 8.0 is depicted in Fig. 5. The quenching
constants (Ksy) calculated at pH 2.0, 5.0 and 8.0 are 16.86, 7.84 and
716 (m~'), respectively, for bLF and 13.4, 11.7 and 8.0 (M~ '),
respectively, for cLF. The Stern—Volmer plot indicates that the
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Fig. 4. (A) Effect of pH (2.0—8.0) on intrinsic tryptophan fluorescence of bovine (m)
and caprine (O) lactoferrin. Excitation wavelength, 290 nm; emission range,
300—400 nm. Protein samples were equilibrated at 25 °C for 30 min before recording
fluorescence spectra. (B) ANS fluorescence spectra of lactoferrin at pH values 2.0—8.0
in buffer (m), for bovine (O) and caprine (A) lactoferrin. Excitation wavelength was
380 nm; emission scan range was 400—600 nm (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.).

aromatic amino acids were more exposed at pH 2.0 compared with
the native folded conformation at pH 8.0 in cases of both cLF and
bLF. Tryptophan fluorescence was more quenched in bLF.

3.7. Conformational changes in circular dichroism patterns induced
by pH

The pH-dependence of the structural changes of cLF and bLF
were characterized using circular dichroism (CD). The far-UV-CD
spectra (190—260 nm) of cLF and bLF are presented in Fig. 6A and B,
respectively. Hu et al. (2008) have reported the far-UV-CD struc-
tural changes of bLF as a function of guanidine hydrochloride
concentration. In the present investigation, measurements over
a wide pH range (pH 2.0—8.0) were performed. Two prominent
peaks at 208 and 218 nm in the spectra of bLF and cLF indicated that
these LFs are mixed o/f type (Nam et al., 1999). The secondary
structures of bLF in the pH range 5.0—8.0 are constant with minor
changes; a similar pattern was observed in case of cLF (Fig. 6A).
Furthermore, a small shoulder around 218 nm and a negative band
around 208 nm were evident in the case of cLF (pH 5.0—8.0). The
contents of a-helix, B-structure and unordered structure were
estimated from the CD spectra (190—260 nm) (Table 2). The
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Fig. 5. Stern—Volmer plots of fluorescence quenching by acrylamide at pH 2.0 (m), pH 5.0
(O)and pH8.0(A)for (A) caprine, and (B) bovine lactoferrin. Values shown are the ratios of
fluorescence in the absence of acrylamide (Fp) to the fluorescence at the concentration of
quencher (F) (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.).

a-helical content of bLF is higher than that of cLF as observed here.
LF from both species was rich in B-structure in the pH range
5.0—8.0. At pH 2.0—3.0, partly unfolded structures of bLF and cLF
were observed, with relatively low content of a-helices (3 and 7%),
but higher amounts of B-structures (54 and 57%). Thus, this
observation has proved that the state of the molecule under acidic
conditions is different from the native state. Again, the molecule
has acquired random conformation in case of LF from both species
at pH 2.0. It seems that f-structure imparts stability to the
conformation of LF from both species (Table 2).

The refolding of LF when pH was changed from 2.0 to 8.0 was
observed by CD spectra and the protein regained all original
spectral characteristics (data not shown). Apo LF was also used as
a reference in this study and the secondary structure was similar
(unpublished results). Fe might not be involved in the conforma-
tional changes in this case, compared with studies of reversibility of
unfolding. Furthermore, there was no visible aggregation upon
refolding to neutral pH. The binding of Fe to LF is reversible in
accordance with the earlier reports (Baker, 1994; Baker & Baker,
2004, 2009). The shape of the spectra observed at pH 5.0—8.0
were identical (data shown at pH 8.0) and there was observed loss
of ellipticities below pH 5.0 (data shown at pH 2.0). This is an
indication of loss of a-helix or B-structure in the LF from both
species (Table 2). It was apparent that the protein structure is stable
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in the pH range 5.0—8.0 and that unfolding starts at pH < 5.0 for
both LFs (data shown at pH 2.0). Furthermore, the loss of ellipticity
at acidic pH was evident in both LF-species, although bLF seems to
be more stable than cLF. The shape of the spectra indicated that the
conformation of cLF may be nearly identical with bLF.

Shimazaki, Kawano, and Yoo (1991 ) have shown that CD spectra of
bovine, caprine and ovine LF suggested comparable secondary
structures at physiological pH. The present findings can be correlated
with this report. The difference in the shape of the spectra might be
due to the interaction between N- and C-lobes in LF. In the N-terminal
part of LF, the twenty five amino acid residues (17—41) form the lac-
toferricin peptide which has antiparallel B-sheet conformation. As
partofintact LF, the peptide forms a number of stabilizing, long-range
hydrophobic contacts with other parts of the protein (Hwang, Zhou,
Shan, Arrowsmith, & Vogel, 1998). This may play an important role
in providing stability to cLF and bLF to different extent.

Table 2
Secondary structural contents (+0.25%) of lactoferrin as measured by circular
dichroism.

Lactoferrin pH a-Helix B-Structure Aperiodic
Caprine 20 7.0 57.0 36.0

5.0 16.0 63.0 21.0

8.0 15.0 63.0 22.0
Bovine 2.0 3.0 54.0 43.0

5.0 25.0 50.5 24.5

8.0 20.0 60.0 20.0

To support the present research, 3D structural elements (bonds
and helices) in bLF (PDB code 1blf) and cLF (PDB code 1jw1) were
compared. The total number of bonds in bLF and cLF are 5566 and
5404, respectively. As observed from 3D structural modelling
(PDB), the number of a-helices in bLF and cLF are 26 and 23,
respectively. This might impart stability to bLF and cLF. The bLF has
more structure—stability as compared with cLF (Murzin, Brenner,
Hubbard, & Chothia, 1995). From CD data (Table 2) it can be seen
that the total a-helix content at pH 5.0—8.0 was higher in bLF
compared with cLF. All these factors might influence the shape of
the thermograms of bLF and cLF (Conesa et al., 2008). The hydro-
phobic interactions and ionic interactions contribute to the stability
of proteins (Grimsley et al., 1999). These interactions could be
different among cLF and bLF. There are non-covalent interactions
between N- and C-lobes of LF, which depend upon the positions of
different amino acids within the sequence of LF. These factors might
influence the structure and thermal stability of cLF and bLF.

LF is a glycosylated protein, but the number and location of
potential glycosylation sites, and the sites actually used, vary among
species. The bLF and cLF have four glycans each. The relative
proportions of glycan of oligomannosidic and of N-acetyllactosamine
type vary with period of lactation. The primary structures of specific
glycans bound to cLF and bLF seems to vary. The thermal stability is
influenced by the characteristics of glycans present. This differs in cLF
and bLF (Spik, Coddeville, & Montreuil, 1988; Van Berkel, van Veen,
Geerts, de Boer, & Nuijens, 1996). This might influence the thermal
stability and CD conformational alterations in cLF and bLF.
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4. Conclusions

The homogeneity of purified cLF was confirmed by SDS-PAGE
and was compared with that of bLF. Based on the present research,
the purification method can be efficiently applied to the industrial
scale production of LF. The physicochemical/biophysical properties
of LF from both species have been evaluated. Thermal transition
temperature analysis revealed the higher stability of bLF compared
with cLF in the pH range 2.0—8.0. Fluorescence investigations
(intrinsic fluorescence, ANS-binding and acrylamide quenching)
indicated the maximum tryptophan exposure at pH 2.0—3.0. The
variation in pH was strong enough to induce protein changes
measurable by fluorescence spectroscopy. The CD structures of
both bLF and cLF were partially unfolded at pH 2.0—3.0. The CD data
supported the observations done by fluorescence methods. Overall,
this investigation provides a reasonable approach for studying the
pH induced changes on the structure—stability of bLF and cLF using
UV—visible, fluorescence and CD measurements. LF is reported to
have bioactive functions in humans; the structural differences
under similar pH conditions as in gastrointestinal tract may thus be
significant.
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Abstract Apo and holo forms of lactoferrin (LF)
from caprine and bovine species have been character-
ized and compared with regard to the structural
stability determined by thermal denaturation temper-
ature values (7},), at pH 2.0-8.0. The bovine lactoferrin
(bLF) showed highest thermal stability with a T}, of
90 £ 1°C at pH 7.0 whereas caprine lactoferrin (cLF)
showed alower T}, value 68 £+ 1°C. The holo form was
much more stable than the apo form for the bLF as
compared to cLF. When pH was gradually reduced to
3.0, the T, values of both holo bLF and holo cLF were
reduced showing T, values of 49 £ 1 and 40 + 1°C,
respectively. Both apo and holo forms of cLF and bLF
were found to be most stable at pH 7.0. A significant
loss in the iron content of both holo and apo forms of
the cLF and bLF was observed when pH was decreased
from 7.0 to 2.0. At the same time a gradual unfolding of
the apo and holo forms of both cLF and bLF was shown
by maximum exposure of hydrophobic regions at pH
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3.0. This was supported with a loss in a-helix structure
together with an increase in the content of unordered
(aperiodic) structure, while f structure seemed
unchanged at all pH values. Since LF is used today as
fortifier in many products, like infant formulas and
exerts many biological functions in human, the struc-
tural changes, iron binding and release affected by pH
and thermal denaturation temperature are important
factors to be clarified for more than the bovine species.

Keywords Caprine lactoferrin - Bovine lactoferrin -
Apo lactoferrin - Holo lactoferrin - Iron content -
Structural stability - pH stability - Thermal
denaturation temperature

Abbreviations

LF Lactoferrin

apo LF Apo lactoferrin

holo LF Holo lactoferrin

cLF Caprine lactoferrin

bLF Bovine lactoferrin

Trp Tryptophan

CD Circular dichroism

far-UV CD Far-ultraviolet circular dichroism
T Thermal denaturation temperature
Introduction

Lactoferrin (LF), also known as lactotransferrin, is a
globular multifunctional, iron (Fe) binding protein
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with many biological functions. Firstly, it is a part of
the innate defense system of many species, second, in
the transport and supply of iron to the body. LF is found
in milk and mucosal secretions such as tears and saliva
(Adlerova et al. 2008; Farnaud and Evans 2003;
Jenness 1980). It is present in variable concentrations
in milk (0.1-7.0 mg/ml) as reported, however, with a
higher amount in human milk. (Masson and Heremans
1971; Sanchez et al. 1988; Steijns and van Hooijdonk
2000). LF is an iron transporting protein and supplies
the human body with iron. The recommended daily
intake (RCDI) in the diet is about 10 mg, but this may
vary with respect to infants and adults (Neilands 1991).
The bLF has been used in a wide variety of products
such as infant formulas, probiotics, supplemental
tablets, pet food, cosmetics and as a natural solubilizer
of iron in food (Masco et al. 2005; Tomita et al. 2002,
2009; Uchida et al. 2006; Wakabayashi et al. 2006).
The LF plays a major role in the first line of the human
defense system against microbial infections. The
antimicrobial and antifungal properties are the unique
physiological functions of LF (Orsi 2004; Olakanmi
et al. 2002). The LF exerts its antimicrobial activity by
two different mechanisms. The bacteriostatic effect is
most probably attributed by apo form, where the
bacteria are deprived of iron that is necessary for cell
growth. The bactericidal effect is a membrane medi-
ated activity of negatively charged LF leading to cell
death (van Hooijdonk et al. 2000). The biological
function of LF is linked to the unique feature of
transferrin chemistry. Lactoferrin is structurally sim-
ilar to transferrin, a plasma iron transport protein, but
has a much higher ( ~ 300 fold) affinity for iron (Brock
1997). LF, in general, has the ability to bind two Fe ™
ions, together with two CO5>~ ions. The protein folds
into two globular lobes, N and C. The lobes are further
divided into two identical domains, N1, N2 and C1 and
C2. The two iron (Fe) atoms are surrounded by each
lobes; N1, N2 and C1 and C2. Recently Hu et al. (2008)
proposed a new structural model of holo bLF compared
to native bLF. Based on the multiferric Fe-binding they
have concluded that while native LF exists as a
monomer, the holo form (70 FeLF) exists in a
multimeric form, similar to casein micelle. This
supersaturated Fe"-LF structure may help the absorp-
tion of iron in vivo. Mainly, the antimicrobial mech-
anism of LF require iron and is due to the ability of LF
to chelate this metal, thereby, depriving them of the
source of this nutrient (Masson et al. 1966). Again, LF
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interacts with the cell membrane of some bacteria,
leading to changes in the permeability and causing the
release of lipopolysaccharide from the outer mem-
brane of Gram-negative bacteria (Ellison et al. 1988).
The antibacterial activities of cLF and bLF were
reported earlier (Conesa et al. 2008). The cLF was
found to be more active against E. coli as compared to
bLF. In this point of view, the apo and holo LFs from
caprine and bovine species may exhibit differences
with respect to antibacterial spectrum of activity.

The three dimensional (3D) structures of LF from
caprine (cLF) and bovine (bLF) are about 90%
identical, however, the physicochemical and biophys-
ical properties seem to vary. The iron binding proper-
ties seem to vary between LF from different species.
LF has different Fe>™ binding status. The iron free
(apo), the native, and the iron saturated (holo) form.
The thermal denaturation of human LF in relation to Fe
binding was studied by differential scanning calorim-
etry (Mataetal. 1998; Conesaetal. 2007). In a previous
study (Sreedhara et al. 2010), a comparison between
cLF and bLF was done with regard to the conformation
and thermal stability. The native cLF showed a lower
thermal stability than bLF. In a study on the thermal
stability of LF from sheep, goat, human, camel,
elephant and alpaca (Conesa et al. 2008), it was
observed that the thermal transition temperature values
were higher for iron saturated forms of LF as compared
to respective native forms. Further human LF was
reported to be most heat-resistant. It was shown that
there were subtle differences among the structures of
LFs from different species.

Till date, there were no reports available on the
comparison of apo and holo LFs from caprine and
bovine species within the pH range 2.0-7.0. The
present paper aims to compare structural character-
istics of holo and apo LFs from caprine and bovine
species with respect to iron binding and release and
the thermal stabilities at various pH values.

Materials and methods

Chemicals

Ferric chloride, 8-anilino-1-naphthalene-sulfonate
(ANS), citric acid, glycine, ethylene-diamine-tetra-

acetic-acid (EDTA), Tris (hydroxymethyl) amino-
methane and acrylamide were of analytical grade and
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purchased from Sigma-Aldrich Chemical Co., St.
Louis, MO, USA. Dialysis membranes (with a molec-
ular mass cutoff 6.0-8.0 kDa) were procured from
Spectrum Laboratories, Inc, Rancho Dominguez, CA,
USA. Sodium mono- and dihydrogen phosphate,
sodium citrate and sodium hydrogen carbonate and
all the other chemicals were analytical reagent grade
and obtained from Merck, Darmstadt, Germany. All
buffers and reagents were prepared in Milli-Q water.

The buffers used were 10 mM glycine-HCl, pH 2.0;
10 mM citrate—phosphate, pH 2.6, 3.0, 3.6, 4.0, 5.0 and
6.0; 10 mM sodium phosphate, pH 7.0 and 8.0.

Preparation of apo and holo forms of caprine
and bovine lactoferrins

The bovine LF with 95% purity was supplied by
DMV International (Veghel, Netherlands) and was
stored at —20°C. Caprine LF was purified (>95%)
using the cation exchange membrane chromatogra-
phy method (Sreedhara et al. 2010).

Apo (iron deprived) LF from caprine (cLF) and
bovine (bLF) LF was prepared according to the method
of Khan et al. (2001) with a slight modification. The
native LF (100 mg), bovine or caprine, was solubilized
in 1 ml 10 mM Tris—HCl buffer, pH 8.0 and the solution
was dialyzed against 20 volumes of 100 mM citric acid
(pH 2.0) for 24 h followed by exhaustive dialysis
against Milli-Q water at 4°C for 30 h. This colorless
fraction was freeze dried and stored at —20°C.

Holo (iron saturated) LF from caprine and bovine
was prepared according to Karthikeyan et al. (1999)
with a slight modification: Apo LF (1 mM) and
2 mM ferric chloride were solubilized separately in
100 mM sodium bicarbonate—sodium citrate buffer,
pH 8.0. They were brought to 26°C in a water bath
for 15 min. The ferric chloride solution was then
added to the protein solution at the same temperature
and incubated for 24 h. The excess reagent was
removed by exhaustive dialysis against Milli-Q water
at 4°C for 30 h. This red colored fraction containing
LF was freeze dried and stored at —20°C.

The total iron content bound to LF was measured by
the standard procedure of Inductively Coupled Plasma
(ICP) Optical Emission Spectrophotometer (Uchida
et al. 2006). The freeze dried protein (1.0 mg/ml) was
solubilized in 1% (v/v) HNOj; before performing the
analysis. The iron binding measurements were aver-
aged for triplicate measurements.

Table 1 Iron saturation (% mol/mol) in apo and holo forms of
caprine and bovine lactoferrins at pH 2.0-7.0

pH Holo cLF Holo bLF Apo cLF Apo bLF
2.0 20.00 20.70 0.23 0.58
3.0 31.10 36.20 0.81 0.85
5.0 41.80 47.30 3.80 4.00
7.0 73.50 88.10 4.60 5.30

Freeze dried protein samples (1.0 mg/ml) were solubilized in
1% (v/v) HNOj and analyzed by ICP. The values are given as a
mean of three parallels

The LF concentration was determined by measur-
ing the absorbance at 280 nm (Recio and Visser
1999, 2000). The extinction coefficient values for
cLF and bLF were reported by Sreedhara et al.
(2010).

Circular dichroism measurements

Circular dichroism (CD) measurements in the far-UV
region were carried out with protein solutions in
respective buffers with appropriate blanks. These
measurements were done with a JASCO J-810
spectropolarimeter (JASCO, Tokyo, Japan) calibrated
with ammonium d-10-camphor sulfonate. All protein
solutions were dialyzed against the corresponding
buffers at 4°C for 24 h, centrifuged at 11500x g for
5 min and the clear supernatants (protein) were used
for the measurements. The protein concentration used
was 0.25 mg/ml. The measurements were made at
25°C. A cell with a path length of 0.1 cm was used for
the scans between 260 and 200 nm. Each spectrum
was the average of three consecutive scans. The result
was expressed as the mean residue ellipticity (MRE in
deg cm?/dmol), which is defined as:

MRE = 0Ops(mdeg) /(10 x n x Cp x I) (1)

O.ps 1s the observed ellipticity in degrees, n is the
number of peptide bonds, C, is the molar concentra-
tion, and [ is the length of the light path in cm. The
estimation of the contents of o helix, f structure and
unordered structure was performed according to
Yang et al. (1986).

ANS induced fluorescence measurements

Fluorescence spectra were recorded at a slow speed
using a Cary Eclipse Fluorescence Spectrophotometer
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(Varian Instruments, Palo Alto, CA, USA) at 25°C.
The protein concentration used was 0.02 mg/ml. The
protein concentrations of the samples were measured
with a NanoDrop UV-visible spectrophotometer
(NanoDrop Technologies, Thermo Scientific Inc,
Wilmington, DE, USA). The ANS concentration
was 50 times the protein concentration. The ANS
binding was measured by fluorescence emission with
excitation at 380 nm and emission was recorded from
400 to 600 nm. The excitation and emission slit
widths were adjusted to 10/10 nm, respectively.
Measurements were done in triplicate.

Intrinsic tryptophan fluorescence

Intrinsic fluorescence emission spectra were recorded
using a Cary Eclipse Spectrofluorimeter (Varian,
Middelburg, The Netherlands) at 25°C. Protein
samples were filtered using 50 kDa cut-off Ultracel
membrane filters and concentrated to a final volume
of about 10 pl. Protein samples having an absorbance
value of 0.10 at 280 nm (equivalent to 0.08 mg/ml)
were used for the measurements. The samples were
equilibrated at room temperature for 30 min before
tryptophan fluorescence measurements. Excitation
and emission slit widths were kept at 5 nm. The
emission spectra were recorded in the range
300-400 nm after exciting with a wavelength of
290 nm. All the fluorescence measurements were
recorded 10 s after excitation. The spectra were
scanned at slow speed. Appropriate blanks were used
for the baseline correction of fluorescence intensity.
Measurements were done in triplicate.

Fluorescence quenching studies

Fluorescence spectra of LF were recorded using a
Cary Eclipse Spectrofluorimeter (Varian, Middelburg,
The Netherlands) at 25°C. Quenching experiments
were carried out by the addition of varying amounts
(0.10-1.0 M) of acrylamide stock solution (5.0 M) to
the protein solution (0.012 mg/ml) previously incu-
bated at pH 2.0, 3.0, 5.0 and 7.0 at 25°C for 1 h and
the fluorescence intensities were recorded. Protein
sample was excited at 290 nm and the emission was
recorded in the range 300—400 nm. The excitation and
emission slit widths were adjusted to 5/5 nm, respec-
tively. The quenching data were analyzed according
to Stern—Volmer equation (Eftink and Ghiron 1981).
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Fo/F =1+ Ksy[Q] (2)

where Fy and F' are the fluorescence intensities at an
appropriate wavelength in the absence and presence
of quencher, respectively, Kgy is the Stern—Volmer
constant and [Q] is the concentration of the quencher,
acrylamide. Data points were averaged for triplicate
measurements.

Thermal denaturation studies
UV—visible spectrophotometric method

The thermal denaturation studies of LF at various pH,
were carried out using a Cary 100 Bio UV-vis
spectrophotometer (Varian Instruments, Mulgrave,
Victoria, Australia). Protein samples were prepared
at each required pH by dialysis against the appropri-
ate buffer for 24 h at 4°C. Concentration of LF used
was 1.0 mg/ml. The spectra were recorded at 287 nm
over a temperature range 35-90°C with 1°C incre-
ment per min using respective blanks. Measure-
ments were made in triplicate. The apparent thermal
denaturation temperature (7,,) was calculated either
by first derivative plot of absorbance or by van’t Hoff
plot using a standard equation (Pace and Scholtz
1997).

Circular dichroism (far-UV) method

Thermal denaturation was monitored following the
ellipticity at 222 nm using a band slit of 2 nm and a
response time of 8 s. CD spectra and thermograms
were recorded using a Jasco J-715 spectropolarimeter
(JASCO, Easton, MD, USA). An Automatic Peltier
Accessory (PFD 350S) allowed continuous monitor-
ing of the thermal transition at a constant rate of
1.0°/min. Protein was dialyzed against the required
buffer (pH 2.0-8.0) at 4°C for 24 h and then
incubated at room temperature (25°C) for 1 h before
the measurements. The protein concentration was
0.02 mg/ml. The temperature of the protein sample
was monitored directly using a probe immersed in a
cuvette and controlled with PFD-350S Peltier type
FDCD attachment. Measurements were done in
triplicate. The data were analyzed assuming a two-
state reversible equilibrium transition (Koepf et al.
1999).
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Results and discussion
Iron content in apo and holo lactoferrins

The iron content of the apo and holo forms of LF at pH
2.0-7.0 is shown in Table 1. The maximum iron
binding was observed at pH 7.0 and showed 88.1% in
holo bLF and 73.5% in holo cLF. The iron binding was
reduced with acidification and minimum values were
observed at pH 2.0. The apo bLF and apo cLF samples
contained about 4-5% iron at pH 7.0. However, these
values were also reduced following pH reduction to
approximately 0.58 and 0.23%, respectively, at pH 2.0.
As compared with native cLF and bLF, having iron
contents of approximately 5 and 15%, respectively, the
release of iron was in a similar manner when pH was
reduced from 7.0 to 2.0 (Sreedhara et al. 2010). These
results are in accordance with a report of Baker and
Baker (2009). It seems that the electrostatic interac-
tions between the LF molecule and the ferric ions for
protein stability and iron release are important (Baker
and Baker 2004; Hu et al. 2008; Sreedhara et al. 2010).
In the two lobes (N- and C-) of LF, several hydrogen
bonds are associated with Fe-binding sites. In addition,
there are a few direct H-bonded interactions across the
cleft between the two domains of each lobe. Such
interactions are affected by pH which differs to various
degrees in cLF and bLF. This could be an important
factor for different Fe-saturation levels in LF at
different pH levels. The domain movements will vary
due to pH reduction, and this will give a reduced
binding with reduction in pH and increased binding
with increase in pH. In addition, the Fe**—HCO;*~
coordination observed in bLF as in N- and C-lobes
may differ in cLF and depend upon the balance
between the closed and open conformations (Hu et al.
2008).

Another aspect is that the changes in the amino acid
sequence in the iron binding area of the molecule may
be attributed to the different iron binding capacity
between cLF and bLF. Focusing on Ser393 in cLF
sequence that is replaced by Asn393 in bLF means
that these residues are close to the iron binding
Asp395. The bond angles between iron binding
residues in cLF (pdb code 1jwl) and bLF (pdb code
1blf) are different as observed in protein data bank or
measured using Pymol software. This might influence
the different iron binding levels of cLF and bLF at
different pH values. Further, the surface properties of
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Fig. 1 The general type of ferric (Fe) ions bonded to bovine
lactoferrin

apo and holo forms of cLF and bLF were different at
different pH values (see ANS fluorescence data).
Therefore, holo LFs from both species were not fully
iron saturated at pH 7.0. Again, at pH 2.0, holo forms
of cLF and bLF exhibited about 20% bound iron.
However, the structure and mechanism of Fe binding
and release of the holo forms of cLF and bLF with a
reduction in pH from 7.0 to 2.0 is not clear. Figure 1
shows a structural model of iron binding to bLF. This
model is based on a model proposed for bLF by Hu
et al. (2008). But, the amino acid residue numbers that
binds iron ion are different. The iron content in holo
cLF and holo bLF at pH 2.0 is almost same, in contrast
to the Fe contents at other pH values. The differences
in Fe content at other pH values might be due to the
different residue in the position 393 which in cLF is
Ser and Asn in bLF and this difference is absent at pH
2 since Asp 395 most likely is then protonated and has
no iron binding at that pH. The relatively higher
differences in iron content of apo cLF and apo bLF at
pH 2.0 could be due to a lower degree of ordered
protein structure at that pH. More specifically, a
higher exposure of tryptophans to the solvent.

pH dependent changes in the secondary structures
of apo and holo forms of caprine and bovine
lactoferrins

The CD spectra of a protein in the far-UV region
(200-260 nm) are used to monitor the conformational
changes in the polypeptide backbone. Figures 2 and 3
show the effect of pH on the far-UV CD spectra of
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Fig. 2 Effect of pH on the CD secondary structures of a apo
and b holo caprine lactoferrins (cLF). Buffers used are given
under “Materials and methods”

apo and holo forms of caprine and bovine LFs,
respectively. Bovine apo and holo LFs exhibited
similar structures between pH 5.0 and 7.0. Two
prominent peaks at 208 and 218 nm in the spectra of
these LFs indicate the o/f structure of this protein
(Nam et al. 1999). Between pH 4.0 and 8.0 (data
shown at pH 5.0 and 7.0), the peaks observed at 208
and 218 nm in holo bLF seem to be slightly smaller
as compared to that of apo bLF. All along, the far-UV
CD spectrum (200-260 nm) of holo bLF showed no
obvious difference from that of apo bLF, indicating
that holo bLF maintained almost same secondary
structure as apo bLF. From pH 7.0 to 5.0 o-helix
content in apo and holo forms of cLF was increased
(Table 2). But again from pH 5.0 to 2.0, there was an
observed decrease in o-helix content. Further, a
decrease in the f-structure between pH 7.0 and 2.0
was evident. However, from pH 7.0 to 2.0, there was
also an observed increase in the aperiodic (random)
structure content. A similar trend was observed for
apo and holo cLF forms. But in this case, there was a
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Fig. 3 Effect of pH on the CD secondary structures of a apo
and b holo bovine lactoferrins (bLF). Buffers used are given
under “Materials and methods”

Table 2 Secondary structural contents (£0.25%) of lactofer-
rin as measured by circular dichroism (CD)

Lactoferrin o helix  f structure  Unordered
structure
Apo cLF pH 2.0 7.0 55.0 38.0
pH5.0 21.0 56.0 23.0
pH7.0 19.0 58.0 23.0
Holo cLF pH 2.0 8.0 55.0 37.0
pH50 195 57.5 23.0
pH7.0 14.0 65.0 21.0
Apo bLF pH 2.0 0.0 58.5 41.5
pH5.0 230 54.0 23.0
pH7.0 20.0 59.0 21.0
Holo bLF pH 2.0 0.5 59.0 40.5
pH50 17.0 62.0 21.0
pH7.0 115 70.0 18.5

The values are given as a mean of three parallel scans

complete loss of a-helix and a much higher amount of
aperiodic (random) structure at pH 2.0. Hence, with
acidification (pH 2.0), partly unfolded structures were
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observed for both apo and holo LF forms of both
species (Figs. 2, 3). These results were found to be in
a good agreement with the previous data on native
cLF and bLF forms (Sreedhara et al. 2010). The
conformations of native LFs from both species
appeared similar to that of the corresponding apo
and holo LF forms. Iron might not be involved in the
conformational changes with respect to apo and holo
forms of cLF and bLF in the pH range 2.0-7.0.

The intra-protein hydrophobic interactions are
different for cLF and bLF (Tina et al. 2007). This
might affect the thermal stabilities of apo and holo
forms of caprine and bovine LFs to different extent.

Fluorescence measurements

ANS is a fluorescence hydrophobic probe used to
detect hydrophobic regions on protein surfaces
(Matulis et al. 1999). ANS binding to the apo and
holo forms of cLF and bLF in the pH range 2.0-8.0 is
shown in the Fig. 4a and b. The ANS binding to apo
and holo LFs from both species was less in the pH
range 5.0-8.0. Below pH 5.0, an increased binding of
ANS was observed for both apo and holo forms of
cLF and bLF. At pH 3.0, a maximum exposure of the
hydrophobic regions in apo forms of both cLF and
bLF was observed. This opening up of the LF
molecule retains a minimum iron content. As seen in
Fig. 4b, a marked increase (20 times) in the ANS
fluorescence intensity of apo cLF from pH 3.5 to 3.0
along with an observed blue shift in the emission
maximum (4,,,), indicating the exposure of hydro-
phobic regions of the protein. A similar trend was
seen in holo cLF, where the fluorescence intensity
was about seven times higher from pH 3.5 to 3.0
(Fig. 4b). Below pH 3.0, a decrease in the ANS
fluorescence intensity values was observed suggest-
ing the hydrophobic interactions leading to decreased
surface hydrophobicity and an observed aggregation
at pH <3.0. Whereas, from pH 3.5 to 3.0, for both apo
and holo forms of bLF, a successive increase in the
intensity by about five times was seen. These
observations might suggest that this compact state
(pH 3.0) with exposure of hydrophobic clusters can
be an intermediate state observed with several
proteins (Devaraja et al. 2009). At pH 2.0, the
binding of ANS seems to be more in case of apo bLF
as compared to apo cLF. Again, the binding of ANS
to holo bLF at pH 2.0 was two times higher than that

530 A

520 |
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Fig. 4 a The 8-anilino-1-naphthalene-sulfonate (ANS) fluo-
rescence emission maxima of apo and holo forms of caprine
(cLF) and bovine (bLF) lactoferrins within the pH range of
2.0-8.0. b ANS fluorescence intensity of apo and holo forms of
caprine (cLF) and bovine (bLF) lactoferrins within the pH
range of 2.0-8.0. Buffers used are given under “Materials and
methods”

of holo cLF. This depends on the overall 3D
structural organization of apo and holo forms of
cLF and bLF. A slow unfolding of apo bLF was
evident at acidic pH (<4.0). But apo cLF exhibited a
similar pattern of tryptophan exposure in that pH
range. Apo bLF showed a higher ANS binding at pH
3.0 as compared to holo bLF. This was as observed
from the intensity values in Fig. 4b. The extent of
unfolding of apo and holo forms of cLF as well as
bLF at lower pH is dependent on the 3D structures of
individual LFs. These observations were made from
the blue shifts in A,,,x values. However, it was clear
that apo and holo forms of cLF and bLF remain in the
native state at pH 7.0 with little access to ANS
binding. The structural changes start at pH between
6.0 and 5.0.

Intrinsic tryptophan fluorescence studies were
done at different pH. The changes in the fluorescence
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Fig. 5 a Fluorescence emission maxima (4,.,) of apo and
holo forms of caprine (cLF) and bovine (bLF) lactoferrins at
different pH. b Relative fluorescence intensity of apo and holo
forms of caprine and bovine lactoferrins at different pH.
Experimental conditions are as described under “Materials and
methods”

emission maxima of apo and holo forms of cLF and
bLF as a function of pH are as shown in the Fig. Sa.
Figure 5b shows the changes in the relative fluores-
cence intensity values as a function of pH. Intrinsic
fluorescence spectra provide a sensitive means of
characterizing protein conformations. The spectra are
determined mainly by the polarity of the environment
of tryptophan and tyrosine residues, and their specific
interactions. The emission maximum is a best
parameter to monitor tryptophan polarity, and is
sensitive to conformational changes (Gorinstein et al.
2000). Both apo and holo forms from cLF and bLF
exhibited fluorescence when excited at 290 nm.
At pH 7.0, for apo and holo bLF, the emission
maximum (A, values were found to be 337.07 and
342.96 nm, respectively, and at pH 2.0, these values
were red shifted to 353 and 348.1 nm, respectively.
So, as the pH was lowered from 7.0 to 2.0, a
maximum red shift was observed between pH 2.0 and
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3.5. This indicates the unfolding of the protein due to
tryptophan exposure at acidic pH. This is also an
indication of protein denaturation. A similar trend
was observed with respect to the red shifts in the 4,
values of apo and holo forms of cLF (Fig. 5). At pH
3.0, apo cLF showed highest fluorescence intensity as
compared to holo cLF. Further, an abrupt fall in the
fluorescence intensity of apo cLF was evident at pH
2.0. Overall these data fits well with the results of
ANS fluorescence. The results of fluorescence studies
can be correlated with CD conformational studies in
the pH range 2.0-7.0. In case of apo and holo LFs
from both species, a marginal red shift of about
5-10 nm in the A,,, values from pH 4.0 to 2.0 was
evident. Hence, the maximal exposure of tryptophans
in all cases at low pH (2.0-3.0).

The data of ANS and tryptophan fluorescence
showed a disordered pattern of the fluorescence
changes of apo cLF, depending on either A, or
fluorescence intensity values as a function of pH
seems to emphasize changes in the range 2.0-4.0.

Fluorescence quenching of apo and holo forms
of caprine and bovine lactoferrins at different pH

Quenching of tryptophan fluorescence by an external
quencher is acommon method to determine the solvent
accessibility and microenvironment of tryptophan
residues in proteins. The quenching of tryptophan
fluorescence was determined based on the method of
Eftink and Ghiron using uncharged molecules of
acrylamide (Eftink and Ghiron 1981; Eftink and
Selvidge 1982). Figure 6a and b represents the
Stern—Volmer plots for the quenching of fluorescence
by acrylamide in apo and holo forms of cLF and bLF at
pH 2.0-7.0, respectively. Figure 7 shows the Stern—
Volmer constants (Kgv) fitted to the linear part of the
curves. Kgy value for apo cLF at pH 3.0 is 46.81 M~'
and is higher than that at pH 7.0. Further at pH 2.0 the
value was reduced to 26.17 M. These results were in
good agreement with intrinsic fluorescence emission
results. Tryptophans were more exposed to solvent at
pH 2.0-3.0 than at pH 7.0. A similar trend was seen in
case of apo bLF, where the values of Kgy from pH 7.0
to 2.0 were in an increasing order, the highest value was
45.94 M~ at pH 2.0. Again, holo bLF was seen to be
more hydrophobic as compared to holo cLF between
pH 2.0 and 3.0. This is in accordance with the ANS
binding data.
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Fig. 6 a Fluorescence acrylamide quenching of A apo and
B holo forms of caprine lactoferrin (cLF) at pH values 2.0-7.0.
b Fluorescence acrylamide quenching of A apo and B holo
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Fig. 7 Stern—Volmer constants (Ksy) for fluorescence quench-
ing of apo and holo forms of caprine (cLF) and bovine (bLF)
lactoferrin at pH values 2.0-7.0. Buffers used are given under
“Materials and methods”

LF acquires open conformation at low pH (<3.0)
and this may play a significant role during the
exposure of tryptophans to solvent. The closed

b 20
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5 _a pH50 1
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[QIM

forms of bovine lactoferrin (bLF) at pH values 2.0-7.0. Buffers
used are given under “Materials and methods”

structure of LF at pH 7.0 shows tryptophan to be
fully embedded in the interior core as seen by ANS
binding data.

Thermal denaturation profiles of apo and holo
forms of caprine and bovine lactoferrins at pH
2.0-7.0

Apparent thermal denaturation temperature values
(T,,) of the protein as determined by thermal response
UV spectrophotometer (pH 6.0-8.0) and circular
dichroism (pH 3.0-5.0) methods are depicted in
Table 3. Figure 8a and b shows the thermal denatur-
ation (7T,,) profiles of the apo and holo forms of cLF
and bLF in the pH range 6.0-8.0. The T, measure-
ments at pH 6.0, 7.0 and 8.0 by both methods were
identical. The holo form of bLF exhibited the highest
T (90 £ 1°C) at pH 7.0 as compared with the holo
form of cLF (68 & 1°C). There was a decrease in Ty,
values with reduction in pH. A large difference was
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Table 3 Thermal denaturation temperature (£1.0°C) values
of cLF and bLF at different pH

pH 3.0° 4.0 5.0 6.0 7.0 8.0

ApocLF  23.00 3250 4950 63.0 640 64.00
ApobLF  36.00 4250 50.00 650 660 67.00
Holo cLF  40.00 56.50 58.00 650 68.0 67.00
Holo bLF  49.00 60.50 78.50 82.0 90.0 86.00

The values are given as a mean of three parallels

4 T,, as measured by circular dichroism by monitoring the
changes in secondary structure at 222 nm

1.0+

0.8}

0.6 |

04t 1
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[ —<—pH 7.0, holo cLF
2 —— pH 8.0, holo cLF
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Fig. 8 Thermal denaturation profiles of apo and holo forms of
caprine (cLF) and bovine (bLF) lactoferrins at different pH.
a caprine, b bovine lactoferrin. The spectra were recorded at
287 nm over a temperature range 35-90°C with 1°C increment
per min. Buffers used are given under “Materials and
methods”

observed between the apo and holo forms of bLF. But
this was not seen for apo and holo forms of cLF
(Table 3). The reduction in pH from 7.0 to 3.0
showed reduced thermal stability for apo and holo LF
forms from both species. Holo bLF retained a T}, of
49 £ 1°C even at pH 3.0. Whereas, holo cLF showed
a T, of 40 £ 1°C at that pH. A minimum 7, value of
23 £ 1°C was observed for apo cLF at pH 3.0. A low
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protein concentration was chosen to measure T,
below pH 6.0 to avoid precipitation. At pH <3.0
protein aggregation occured. This was identical for
both apo and holo LF forms from both species.
Previously, a comparison study was carried out with
regard to the T}, values of native cLF and bLF forms
in the pH range 2.0-8.0 (Sreedhara et al. 2010). It
was shown that the thermal stability of LF from both
species at different pH was dependent on iron
binding. Again, the T, values observed for native
forms of cLF and bLF in the pH range 3.0-8.0 were
in between apo and holo forms. The thermal stabil-
ities of apo and holo forms of LFs from caprine and
bovine were pH dependent. The amount of iron
bound to cLF and bLF was reduced with a decrease in
pH from 7.0 to 2.0. Hence the thermal stability of
these proteins is dependent of the iron-binding
capacity of cLF and bLF over the broad pH range
studied. The total content of glycans may vary among
cLF and bLF (Spik and Montreuil 1988). This may
explain the variation in T, values of cLF and bLF
with respect to apo and holo forms.

Conclusions

Thermal denaturation (7},) data of apo and holo forms
of LF indicated that holo LF of both bovine and
caprine species was much more stable than the
respective apo form in the pH range 2.0-7.0. The
bLF showed much higher thermal stability than
the cLF. A significant loss in the iron content of both
holo and apo forms of the cLF and bLF was observed
when pH was decreased from 7.0 to 2.0. The confor-
mation of apo and holo LFs from both caprine and
bovine species showed an increased unfolded structure
with reduced pH values. At pH 2.0, a higher content of
aperiodic structure with an overall loss of «-helices
was observed in case of apo and holo forms of bLF.
Apo cLF and holo cLF showed 7-8% o-helix at low
pH. This observation was supported by a maximum
exposure of hydrophobic regions of the apo and holo
LF forms of both species at pH 2.0-3.0. This data was
also supported by acrylamide quenching studies. The
results obtained to clarify structural conformation with
respect to iron binding and release within the large pH
range may be of importance to understand the
behaviors of apo and holo LFs during the different
gastrointestinal pH conditions in gut.
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Abstract

The interaction between zinc (Zn**) and lactoferrin (LF) from caprine and bovine species was studied in the
pH range of 2.0-7.0. The conformational changes and thermal stabilities of the apo and zinc bound holo LF (ZnLF)
forms were compared among caprine and bovine species. At pH 7.0, zinc bound bovine LF (ZnbLF) showed a
higher T, (83£1 °C) as compared to zinc bound caprine LF (ZncLF) (67+1 °C). By reducing pH to 4.0, Ty, of ZncLF
and ZnbLF decreased to 76x1 °C and 55+1 °C, respectively. The apo and zinc bound LF forms from both species
showed highest stability at pH 7.0. A significant loss in the zinc content of both cLF and bLF was observed when
the pH was reduced from 7.0 to 2.0. At pH 2.0, the structure of ZnbLF was more unfolded than ZncLF having 54%
B and 45% unordered structures and lowest a-helix structure (1%). Whereas, ZncLF retained unfolded structure with
57.5% P structure and 6% a-helix at that pH. A higher exposure of hydrophobic surfaces at pH 2.0 for ZnbLF as
compared to ZncLF was shown. The results were supported by guanidine hydrochloride induced denaturation
studies. Further, zinc bound LFs from both species were more stable than the respective apo LF forms. Since zinc is
a trace element and plays a vital role in many biological systems in humans, the zinc binding and structural
properties of LF obtained at different pH are significant with regard to simulated gastrointestinal conditions. Hence,
comparison of the structural properties of cLF and bLF with regard to zinc binding/ release to LF could contribute as

a better understanding of the absorption of trace elements ions in humans.

Keywords: caprine lactoferrin, bovine lactoferrin, pH effect, thermal denaturation, zinc binding, structural stability
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Introduction

Lactoferrin (LF) is a mammalian iron-transport metalloprotein of molecular weight 80 kDa which is
present in bodily fluids such as milk, tears, saliva, mucosal and genital excretions (Masson et al. 1966). This protein
belongs to the transferrin (TF) family. Transferrins are a family of eukaryotic iron (Fe) binding glycoproteins that
share the common function of controlling the level of free iron in biological fluids (Crichton et al. 1987). Lactoferrin
has two metal-binding sites in two lobes, known as N- and C- lobe. Most studies on LF have been focused on its
iron binding capacity. All LFs and TFs so far characterized have essentially identical metal and anion (COs™)
binding sites, which appear to be optimized for the binding of Fe*>* and COs>. The iron bound holo form of LF is
conformationally rigid and very stable. Other metal ions such as Ga®*, AI**, VO**, Mn™, Co®*, Cu®™ and Zn** can
also bind to LF with less affinity than Fe** (Ainscough et al. 1979; Baker 1994; Baker et al. 1994; Swarts et al.

2000). The reaction of Zn (II) with apo LF can be explained by the following equation (Harris and Stenback 1988):
Zn**+HCO; +apo LF~Zn-HCO;-LF+2H*

Among the first-row transition metals, zinc (Zn) is second only to iron (Fe) in terms of abundance and
importance in biological systems. Lactoferrin is involved in the transport of iron, zinc and cobalt and their regulation
absorption (Baker and Ghio 2009; Marchetti et al. 1999). Lactoferrin could play a role in homeostasis of iron and
other trace elements (Baker et al. 2000; Jabeen et al. 2005; Kozlowski et al. 2009; Kumar et al. 2000). In the
gastrointestinal tract of humans, preabsorptive processes substantially influence the zinc availability from LF. The
gastric pH and/or intestinal pH could be important factors affecting both the solubilization of zinc in the stomach

and its absorption by the intestine (McClain et al. 1980; Korhonen and Pihlanto 2006).

A study on zinc bound LF (ZnLF) is important because Zn>* ions play a wide range of structural and
catalytic roles in natural proteins (Stillman and Presta 2000; Underwood 1977). The role of zinc as a cofactor in LF
depends on the three dimensional (3D) conformation of LF. The protein folding process is in general driven by
hydrogen bonding, disulfide cross-linking, simple steric interactions between specific amino acid side chains, and
hydrophobic effects (Kraulis et al. 1992). In the case of LF, metal ions like zinc may facilitate protein folding and
stability by providing internal cross-links that directly lead to the final conformational state as an open (apo) and a

closed (holo or metal saturated) form. (Anderson et al. 1990; Baker et al. 2002; Wally and Buchanan 2007).
3
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Although there were many reports on the iron binding and structural properties of LFs, and bLF in
particular, no precise data were known about cLF. In a previous study, a comparison between iron bound forms of
cLF and bLF was done with regard to the conformation and thermal stability at different pH values (Sreedhara et al.
2010b). The thermal stabilities of iron saturated LF forms from both species were found to be much higher than the
corresponding apo forms. Partly unfolded secondary structures of apo and iron saturated forms of cLF and bLF were
observed at pH 2.0-3.0 (Sreedhara et al. 2010a). The mechanisms for iron and zinc binding may be different in cLF

and bLF.

The aim of this paper was to determine the conformational characteristics and thermal stabilities of the zinc bound
forms of cLF and bLF with respect the influence of pH 2.0 - 7.0 and to observe differences from the iron bound

forms of LF.

Materials and methods

Materials

All the chemicals were analytical reagent grade and obtained from Merck, Darmstadt, Germany. All buffers
and reagents were prepared in Milli-Q water. The buffers used were 10 mM glycine-HCl, pH 2.0; 10 mM citrate-

phosphate, pH 4.0 and 10 mM sodium phosphate, pH 7.0.

Preparation of apo and zinc bound form of caprine and bovine lactoferrin

Bovine LF with 95 % purity was supplied by DMV International (Veghel, Netherlands) and was stored at -
20 °C. Caprine LF was purified (> 95 %) using the cation exchange membrane chromatography method (Sreedhara

et al. 2010a).
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Apo (iron deprived) LF from caprine (cLF) and bovine (bLF) species was prepared according to the method of Khan

et al (2001) with a slight modification (Sreedhara et al. 2010b).

Zinc bound LF from caprine (cLF) and bovine (bLF) species was prepared according to the holo LF preparation

method of Karthikeyan et al (1999) with a slight modification (Sreedhara et al. 2010b).

The concentrations of cLF and bLF were determined by measuring the absorbance values of protein solutions at 280
nm (Recio and Visser 1999, 2000; Sreedhara et al. 2010a). The extinction coefficients for cLF and bLF were
reported by Sreedhara et al (2010a). The zinc content in LF was determined using a Shimadzu atomic absorption
spectrophotometer (AA-6701F, Shimadzu, Kyoto, Japan) calibrated with appropriate reference standards (Arnaud et
al. 1992). The zinc saturation levels of cLF and bLF were 90+0.5% and 7540.5% (mol/ mol), respectively. No iron

was detected in zinc bound LF forms as measured by the atomic absorption method.

Circular dichroic spectral measurements

Circular dichroism (CD) measurements in the range 195-260 nm were done with a JASCO J-810
spectropolarimeter (JASCO, Tokyo, Japan) calibrated with ammonium d-10-camphor sulfonate. All protein
solutions were dialyzed against the corresponding buffers at 4 °C for 24 h, centrifuged at 11500 x g for 5 min and
clear supernatants (protein) were used to record the spectra. The protein concentration used was 3.1uM. The
measurements were made at 25 °C. The path length of the cell used was 0.1cm. Each spectrum was the average of
three subsequent scans. The results were expressed as the mean residue ellipticity (MRE in deg.cm*dmol), which is

defined as:
MRE = 0, (mdeg)/ (10 xnx C,x1) ....... 3)

Where 0, is the observed ellipticity in degrees, n is the number of peptide bonds, C,, is the molar concentration, and
‘1" is the length of light path in cm. The estimation of the contents of a helix, B structure and unordered structure was

performed according to Yang et al (1986).
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Fluorescence measurements

For 8-anilino-1-naphthalene-sulfonate (ANS) induced fluorescence measurements, the spectra were
recorded using a Cary Eclipse Fluorescence Spectrophotometer (Varian Instruments, CA, USA) at 25 °C. Protein
concentration was 0.02 mg/ml. ANS concentration was 50 times the protein concentration. ANS binding was
measured by fluorescence emission with an excitation at 380 nm and the emission was recorded from 400 to 600 nm

(Kato and Nakai 1980). The excitation and emission slit widths were adjusted to 10 nm.

Intrinsic tryptophan fluorescence and acrylamide quenching studies were carried out using a Cary Eclipse

Spectrofluorimeter (M/S Varian, B. V, 4330 EA Middelburg, The Netherlands) at 25 °C.

For tryptophan fluorescence measurements, the LF concentration used was 0.08 mg/ml. The protein
samples were filtered using 50 kDa cut-off Ultracel membrane filters and concentrated to a final volume of about 10
pL. while washing with the required buffer. The protein samples were equilibrated at room temperature for 30 min
before recording for tryptophan fluorescence measurements. Excitation and emission slit widths were kept at 5 nm.
The emission spectra were recorded in the range 300 - 400 nm after exciting with a wavelength of 290 nm (Bagshaw

and Harris 1987). The fluorescence measurements were recorded 10 sec after excitation.

Quenching experiments were carried out at the concentrations of 0.10-1.0 M of acrylamide stock solution
(5.0 M) to a final protein concentration of 0.012 mg/ml. The protein samples were incubated at required pH for 1 h
at 25 °C and the fluorescence intensities were recorded. Protein sample was excited at 290 nm and the emission was
recorded in the range 300 - 400 nm. The excitation and emission slit widths were adjusted to 5 nm. The quenching

data were analyzed according to Stern-Volmer equation (Eftink et al. 1981):

where Fy and F are the fluorescence intensities at an appropriate wavelength in the absence and presence of
quencher, Kgy is the Stern-Volmer constant and [Q] is the concentration of the quencher, acrylamide. All

fluorescence spectra were scanned at a slow speed, and the measurements were done in triplicate.
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Thermal denaturation studies

The apparent thermal denaturation temperature (T,,) measurements of apo and zinc bound LF forms at pH
2.0 - 7.0, were carried out using a Cary 100 Bio UV-vis spectrophotometer (Varian Instruments Pty Ltd, Mulgrave
VIC, Australia). Protein samples were prepared at each required pH by dialysis against the appropriate buffer at 4 °C
for 24 h. The concentration of LF used was 1.0 mg/ml. The spectra were recorded at 287 nm over a temperature
range 35 - 90 °C with 1 °C increment per min using respective blanks. Measurements were made in triplicate. The
T,, value was calculated either by first derivative plot of absorbance or by van’t Hoff plot using a standard equation

(Pace et al. 1997).

Results and discussion

Zinc binding to caprine and bovine lactoferrin at pH 2.0 - 7.0

The zinc bound to cLF and bLF in the pH range pH 2.0 - 7.0 and in the presence of a denaturant (3.0 and
6.0 M GuHCI) is shown in Table 1. The degrees of zinc binding at pH 7.0 in cLF and bLF were 90.1£0.5% and
74.840.5%, respectively. When pH was reduced to 2.0, both cLF and bLF showed a large decrease in the bound zinc
content (~ 20%). At low pH, LF loses the bound metal and the molecule opens up and unfolds. Furthermore, the 6.0
M GuHCI denatured forms of ZncLF and ZnbLF showed very less content of bound zinc. The LF forms from both
species were not fully zinc saturated at pH 7.0. The different binding of zinc to cLF and bLF could be due to the
difference in electrostatic binding properties of cLF and bLF. Previously, iron binding studies on the native forms of
cLF and bLF was done at pH 2.0-8.0 (Sreedhara et al. 2010a). At pH 7.0, native cLF with 5% iron content showed a
lower thermal stability (6621 °C) than bLF with 15% iron content (70£1 °C). The release of bound zinc to LF was in
a similar manner when pH was reduced from 7.0 to 2.0. The data of zinc binding was in agreement with iron binding
data to apo LF (Sreedhara et al. 2010b). A significant loss in the iron content of both holo and apo forms of cLF and
bLF was observed when pH was reduced from 7.0 to 2.0. The iron binding properties of cLF and bLF showed that
the holo form was much more stable than the apo form of bLF as compared with cLF (Sreedhara et al. 2010b). The
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molecular surface of LF leads to its zinc binding properties (Baker and Baker 2009; Hu et al. 2008; Sreedhara et al.
2010a). The H-bonded interactions across the cleft between the two domains of N- and C- lobes in LF are affected
by pH to different degrees in cLF and bLF. This might influence the different zinc binding in cLF and bLF in the pH
range 2.0-7.0. Other important factors like the movement of domains during pH variation, changes in the amino acid
sequence in the zinc binding area, the bond angles between the zinc binding residues in cLF and bLF could affect
the different binding of zinc to LFs from caprine and bovine species in the pH range studied (Hu et al. 2008;

Sreedhara et al. 2010b).

Conformational changes in circular dichroism (CD) patterns of zinc bound forms of caprine and bovine lactoferrin at

pH2.0-7.0

The CD spectrum of a protein in the far-UV (195-260 nm) region is particularly sensitive to its secondary
structure. The CD unfolding measurements of ZncLF (Fig. 1A and 1B) and ZnbLF (Fig. 2A and 2B) over pH range
2.0 - 7.0 and in presence of 3.0 and 6.0 M GuHCl, were performed. Apo cLF and apo bLF were used as controls for
ZncLF and ZnbLF, respectively. Two significant peaks at 208 and 218 nm in the spectra of ZnbLF indicated the o/p
mixed nature of LF (Nam et al. 1999). In the pH range 4.0 - 7.0, two prominent peaks observed at 208 and 218 nm
were weaker in apo bLF structure than ZnbLF (Fig. 2A and 2B). As seen in the Fig. 1B, in the pH range 4.0 - 7.0,
the negative extreme around 218 nm for ZncLF was weaker when compared with ZnbLF (Fig. 2B). In addition, a
peak at 208 nm seems to weaker than the peak in ZnbLF. It was observed that the far-UV CD spectra of ZnLF from
both species exhibited no reasonable differences when compared with the respective controls, apo LFs. The gross
conformations of ZncLF and ZnbLF were almost identical with the corresponding iron saturated forms of cLF and
bLF (Sreedhara et al. 2010b). At pH 2.0, partly unfolded structures of native forms of cLF and bLF were observed
and were different from the corresponding native states at pH 7.0 (Sreedhara et al. 2010a). The secondary structures

of ZncLF and ZnbLF were also partly unfolded at pH 2.0.

With a decrease in pH from 7.0 to 2.0, there was an observed increase in fB-structure content with a
concomitant decrease in a-helix content in ZncLF (Table 2). At pH 2.0, the partially unfolded structures of apo and

zinc bound forms of cLF and bLF retained about 50 - 60% B-structure. For both ZnLFs, the trend of change in a-

8
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helix content by the reduction in pH from 7.0 to 2.0 is similar to the respective native LF forms (Sreedhara et al.
2010a). At pH 7.0, as compared to iron bound LF forms of caprine and bovine species, the zinc bound LF forms
from both species showed about 8-10% more a-helix and 10-15% less B-structure (Sreedhara et al. 2010b). There is
about 2-3% observed difference in the total zinc and iron bound to LF among each species at pH 7.0. The changes in
the amino acid sequences in the zinc binding area of cLF and bLF may have a consequence in relation to the
changes in the a-helices and B-structures. So, zinc might be involved in the conformational changes of ZnLF from
both species. Further, among both species, at pH 2.0, the contents of a-helices and B-structures of ZnLF resemble
the respective iron bound holo forms (Sreedhara et al. 2010b). In all forms of LFs from both species, the structures

at pH 2.0 seems to be similar to that in presence of 6.0 M GuHCIl.

Intrinsic tryptophan fluorescence changes in zinc bound lactoferrin from caprine and bovine induced by pH 2.0 - 7.0

Intrinsic fluorescence spectra of ZncLF and ZnbLF at pH 2.0, 4.0, 7.0 and in the unfolded state (3.0 and 6.0
M GuHCl) are shown in Fig. 3 and 4, respectively. Apo cLF and apo bLF were used as controls for ZncLF and
ZnbLF, respectively. At pH 7.0, for both ZncLF and ZnbLF, ., value was 334 nm. In case of ZnbLF, at pH 2.0,
Amax Value was red shifted to 351.1 nm. The spectral changes were very similar to that in apo bLF (Fig. 4A). When
the pH was lowered from 7.0 to 2.0, an unfolding of ZnbLF was observed. The unfolded state (6.0 M GuHCI),
however, exhibits a larger red shift with A, at 359.1 nm which indicate that tryptophan residues were maximally
exposed to the solvent. A similar trend was observed with respect to ZncLF over the same pH range. A, value at
pH 2.0 was observed to be 348 nm. In presence of 6.0 M GuHCI, this value was shifted to 357.1 nm. Hence the
greater exposure of tryptophan residues to the solvent in case of ZnbLF than ZncLF. Further, the red shifts in the
Amax Values of ZncLF and ZnbLF suggested that a gross conformational alteration in the protein was induced by 6.0
M GuHCI. Previously, a comparison among apo and iron saturated forms of cLF and bLF showed that LF unfolds
partially due to tryptophan exposure at pH 2.0 (Sreedhara et al. 2010b). The ZncLF and ZnbLF showed similar

unfolding patterns at pH 2.0.

Surface hydrophobicity changes in the zinc bound forms of caprine and bovine lactoferrin at pH 2.0 - 7.0

9
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Results of 1-anilino-8-naphthalene sulfonate (ANS) binding experiments with apo and zinc boound LFs
from caprine and bovine species in the pH range of 2.0 - 7.0 and in the presence of a denaturant (3.0 and 6.0 M
GuHCI) are depicted in the Fig. 5. ANS binding has been used to probe the conformational changes that occur
during protein denaturation (Engelhard and Evans 1995). ANS in buffer alone showed a A, value of about 520 -
525 nm in the pH range 2.0-7.0. As evident from the Fig. SA and B, ANS binding was minimal at pH 7.0 with
respect to ZncLF and ZnbLF. A maximal binding of ANS was observed at pH 2.0 with a blue shift of 493 nm and
487 nm for ZncLF and ZnbLF, respectively. However, in presence of 6.0 M GuHCI unfolded state these values were
shifted to 482 and 480 nm, respectively. Alternatively, from pH 7.0 to 2.0, a concurrent increase in the relative
fluorescence intensity was evident in case of apo and zinc bound LFs from both species (Fig. 5B). According to
previous reports on native LFs from caprine and bovine, unfolding was observed at pH < 5.0 (Sreedhara et al.
2010a). The present data on zinc bound LFs can be correlated with that report. At pH < 4.0, the unfolding of metal
bound LF from both species exposed the hydrophobic amino acids to the solvent. At pH 2.0, ZnbLF exhibited higher
surface hydrophobicity than ZncLF. The respective apo LF forms from caprine and bovine (controls) showed
slightly higher ANS binding as compared to the zinc bound forms. Overall, similar trends in ZncLF and ZnbLF were
observed with respect to the ANS binding data. The structural perturbations start at pH < 4.0. At pH 2.0, is the acid
denatured state, usually LF molecule opens up, looses almost all the bound zinc. The trend of zinc binding to LF at
pH 2.0 was almost similar to that of iron binding at that pH. The results of surface hydrophobicity studies were in a

good agreement with the intrinsic tryptophan fluorescence data and the CD structural changes observed.

Quenching studies of structural changes in zinc bound forms of caprine and bovine lactoferrin at pH 2.0 - 7.0

The quenching of tryptophan fluorescence was determined based on the procedure of Eftink and Ghiron
using uncharged molecules of acrylamide (Eftink and Ghiron 1981; Eftink and Selvidge 1982; Pawar and
Deshpande 2000). Fig. 6 (i) and (ii) shows the Stern-Volmer plots for the fluorescence quenching by acrylamide in
apo and zinc bound LFs from caprine and bovine species in the pH range 2.0 - 7.0 and GuHCl denatured states (3.0
and 6.0 M GuHCI). Table 3 shows the Stern-Volmer constants (Kgy) fitted to the linear parts of the curves. Kgy

value for ZnbLF at pH 7.0 is 8.25 M"'. Whereas at pH 2.0, the value is 26.4 M. Tryptophan exposure was maximal
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at acidic pH (2.0).The Kgy value is still higher in presence of 6.0 M GuHCI induced unfolded state (45.95 M™Y. The
6.0 M GuHCI denatured form of ZnbLF seems to be completely unfolded and hence the molecule opens up with a
higher tryptophan exposure to the solvent. These values were compared with that of ZncLF. A similar trend was
seen in case of ZncLF. Overall, tryptophan fluorescence was more quenched in ZnbLF than ZncLF. But, the
respective apo forms from both species showed more quenching of fluorescence than zinc bound forms. The
quenching results of ZncLF and ZnbLF can be correlated with apo and iron saturated LFs from caprine and bovine

species at different pH (Sreedhara et al. 2010b).

The results were in a good agreement with intrinsic tryptophan and ANS fluorescence data.

Effect of pH on the thermal denaturation temperature profiles of zinc bound forms of caprine and bovine lactoferrin

The dependence of apparent thermal denaturation temperature (T,,) with respect to the Zn-LF complex was
compared among cLF and bLF in the pH range 2.0-7.0. Fig. 7A and B shows the T,, profiles at pH 7.0 and 4.0,
respectively. Apo cLF and Apo bLF were used as controls for ZncLF and ZnbLF, respectively. At pH 7.0, ZnbLF
exhibited higher T, (83+1 °C) than ZncLF (67+1 °C) which was also found between ZnbLF and apo bLF at pH 7.0.
However, only a small difference of 3+1 °C in T,, was observed between ZncLF and apo cLF at that pH. A reduction
in pH from 7.0 to 4.0 suggested that thermal stability was decreased and it was evident with respect to T,, values
obtained for apo and ZnLFs from species, caprine and bovine. With respect to ZnLFs from both species, at pH < 4.0,
there was a visible aggregation at 25 °C and this has made the thermal denaturation measurements difficult. The
ZnLFs from both species were unfolded at pH < 3.0 (Surface hydrophobicity experiments) and hence the T,
measurements could not be done. There were reports on the thermal stabilities of native cLF and bLF forms (Hu et
al. 2008; Sreedhara et al. 2010a). The native forms of cLF and bLF have most stable forms at pH 7.0 and the thermal
stabilities were highest at this pH (Sreedhara et al. 2010a). A comparative study on the thermal stabilities of apo and
holo forms of caprine and bovine LFs showed that the thermal stability of LF was dependent of the Fe binding
capacity of the protein and pH (Sreedhara et al. 2010b). Therefore, the thermal denaturation of ZncLF and ZnbLF

was dependent of the pH and the amount of zinc bound to protein.
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Conclusions

pH plays an important role in the thermal stabilities and conformational changes of ZncLF and ZnbLF. The
thermal denaturation temperature studies revealed the higher stability of ZnbLF than ZncLF in the pH range used.
The zinc bound holo LF forms from both species were showed to be more stable than the respective apo LF forms,
indicating that the zinc ion plays an important role in the thermal stability of the protein. The CD structures of
ZncLF and ZnbLF showed an increased unfolded structure with reduced pH values. The zinc bound forms of cLF
and bLF were compared with the corresponding iron bound LF forms at different pH. The study shows that

simulated pH conditions to the gastrointestinal tract influence the zinc availability from LF by structural changes.

This study could contribute as as a model for studying other proteins interacting with zinc.
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Figure captions

Fig. 1. Effects of pH 2.0 - 7.0 and GuHCl on the CD secondary structures of (A) apo and (B) zinc bound forms of

caprine lactoferrin. Buffers used are given under Materials and Methods.

Fig. 2. Effects of pH 2.0 - 7.0 and GuHCI on the CD secondary structures of (A) apo and (B) zinc bound forms of

bovine lactoferrin. Buffers used are given under Materials and Methods.

Fig. 3. Fluorescence emission spectra of (A) apo and (B) zinc bound forms of caprine lactoferrin at pH 2.0 - 7.0 and
in presence of GuHCI in the range 300 - 400 nm upon excitation at 290 nm. Slit width was 5/5 nm. Buffers used are

given under Materials and Methods.

Fig. 4. Fluorescence emission spectra of (A) apo and (B) zinc bound forms of bovine lactoferrin at pH 2.0 - 7.0 and
in presence of GuHCI in the range 300 - 400 nm upon excitation at 290 nm. Slit width was 5/5 nm. Buffers used are

given under Materials and Methods.
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Fig. 5. (A) The 8-anilino-1-naphthalene-sulfonate (ANS) fluorescence emission maxima of apo and zinc bound
forms of lactoferrin from caprine and bovine species at pH 2.0 - 7.0 and in presence of GuHCL. (B) ANS
fluorescence intensity of apo and zinc bound forms of lactoferrin from caprine and bovine species at pH 2.0 - 7.0

and in presence of GuHCI. Buffers used are given under Materials and Methods.

Fig. 6 (i). Fluorescence acrylamide quenching of (A) apo and (B) zinc bound forms of caprine lactoferrin at pH 2.0-
7.0 and in presence of GuHCI. (ii). Fluorescence acrylamide quenching of (A) apo and (B) zinc bound forms of

bovine lactoferrin at pH 2.0-7.0 and in presence of GuHCI. Buffers used are given under Materials and Methods.

Fig. 7. Thermal denaturation profiles of apo and zinc bound forms of caprine and bovine lactoferrins. (A) at pH 7.0
and (B) at pH 4.0. The UV-visible spectra were recorded at 287 nm over a temperature range 35 - 90 °C with 1 °C

increment per min. Buffers used are given under Materials and Methods.
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Fig. 2
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Fig. 3

1000 F ' ' ' ' ' '
—=—pH2.0
—+—pH4.0
800 —a—-pH7.0
—v— 3.0 M GuHCI
—<— 6.0 M GuHCI
600 |-
400 |-
200}
=
<
>
7] O 1 N 1 N 1 N 1
|5 300 325 350 375
GE) 1000 F T d T d T d T d T
o
c
[}
o
8
S 800}
3
o
2
T 600}
(]
o
400 |-
200 |-
0

30 325 350 375 400

Wavelength (nm)



Fig. 4
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Fig.6 (i)
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Fig. 6(ii)
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Table 1 Zinc saturation (£0.5%) in ZncLF and ZnbLF at pH 2.0, 4.0, 7.0 and in presence of
denaturants (3.0 and 6.0 M GuHC]l). The values are given as a mean of three parallels

pH ZncLF ZnbLF
2.0 18.0 22.3
4.0 41.3 45.6
7.0 75.8 90.1
3.0 M GuHCI 15.4 16.0

6.0 M GuHCl 9.2 10.5




Table 2 Secondary structural contents (+0.25%) of zinc saturated forms of caprine lactoferrin
(ZncLF) and bovine lactoferrin (ZnbLF) as measured by circular dichroism. The values given are
a mean of three parallel scans

o helix f structure aperiodic
Apo cLF pH 2.0 7.0 55.0 38.0
pH 4.0 21.0 55.0 24.0
pH 7.0 18.0 57.0 25.0
3.0 M GuHCl 14.0 55.0 31.0
6.0 M GuHCl 8.5 56.5 35.0
Zn cLF pH 2.0 6.0 57.5 36.5
pH 4.0 21.0 53.0 26.0
pH 7.0 22.0 53.0 25.0
3.0 M GuHCl 15.0 54.0 31.0
6.0 M GuHCl 5.0 57.0 38.0
Apo bLF pH 2.0 0.0 58.5 41.5
pH 4.0 17.0 60.0 23.0
pH 7.0 17.0 62.0 21.0
3.0 M GuHCl 18.0 54.0 28.0
6.0 M GuHCI 0.0 54.0 46.0
Zn bLF pH 2.0 1.0 54.0 45.0
pH 4.0 18.0 60.0 22.0
pH 7.0 22.0 56.0 22.0
3.0 M GuHCl1 18.0 53.0 29.0

6.0 M GuHC1 0.0 55.0 45.0




Table 3 Stern-Volmer constants (Kgy) for fluorescence quenching of apo and zinc saturated
forms of LFs from caprine and bovine at pH 2.0 - 7.0 and in presence of 3.0 and 6.0 M GuHCI
denaturant

Apo cLF ZncLF Apo bLF ZnbLF
pH 2.0 19.27 14.43 27.41 26.40
pH 4.0 15.92 10.84 13.75 13.21
pH 7.0 13.78 8.37 8.97 8.25
3.0 M GuHCl 21.35 243 28.92 31.76

6.0 M GuHCl 26.22 30.65 32.84 45.95
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Abstract

The present investigation was undertaken to identify peptides generated from bovine lactoferrin (bLF) and
caprine lactoferrin (cLF) during in vitro digestion with human gastrointestinal enzymes, and to examine factors
known to influence the outcome of protein degradation, 1) different concentrations of human gastric juice (HGJ)
and human duodenal juice (HDJ), 2) different concentrations of bLF and 3) two different gastric pH values.
Protein profiles of undigested and digested LF were obtained by SDS-PAGE. The degree of hydrolysis was
assayed by the o-phthaldialdehyde (OPA) method. Peptides generated were identified by nano LC-MS. Protein
degradation was highly dependent on gastric pH (2.5 and 4.0). At pH 2.5 lower content of intact LF and higher
degrees of hydrolysis (~ 10.5) were observed. The peptide profiles from these samples revealed higher number
of peptides at pH 2.5 than at pH 4.0. Identical protein degradation patterns were seen in caprine and bovine LF
samples. However, their peptide patterns showed differences with regard to number of different peptides and
different sequence lengths. At pH 2.5 and 4.0, the apo and holo forms of bLF showed similar degradation
patterns. More than 90% peptides were originated from the N-terminal part of bLF (native, apo and holo) or cLF
(native) at pH 2.5 and 4.0. During the pH reduction to 2.5 or 4.0, the digested bLF with fast pH reduction
generated more peptides when compared to that of slow pH reduction. After the action of HGJ and HDJ, more
peptide fragments were detected in native bLF than that of native cLF at both pH values 2.5 and 4.0. The
multiple sequence alignment of peptides from LF digests showed the presence of proline and leucine patterns at
both pH values, 2.5 and 4.0. This study showed that LF degradation and peptide formation in the stomach and
duodenum after digestion is highly dependent on LF concentration in the sample, buffering gastric pH and the
dosage of human gastrointestinal enzymes. These findings may be of importance when comparing peptides from

LF with non-human enzymes that have previously been proposed to have physiological effects.

Abbrevitations: LF, lactoferrin; BAP, bioactive peptides; LFampin, lactoferrampin; LFcin, lactoferricin; Slow
reduction of pH to pH 2.5 or 4.0, HGJ added at pH 7.0; Fast reduction of pH to pH 2.5 or 4.0, HGJ added at pH

2.5 or 4.0.
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Introduction

Lactoferrin (LF) is a cationic 80 kDa iron binding glycoprotein, present in exocrine secretions like bile,
pancreatic juice and small intestinal fluids and in mucosal secretions like milk, tears, saliva, vaginal fluids,
semen, nasal and bronchial secretion and urine [1-4]. Due to the high pI (~ 9.0) it can undergo nonspecific
receptor binding to many anionic target cells and proteins [5]. Lactoferrin receptors are found in the
gastrointestinal tract, on leukocytes and macrophages, platelets and on bacteria, which makes it important in the
first line of defence against microbial infections [4]. LF has bacteriostatic and bactericidal activity against gram
positive and gram negative bacteria, antifungal effect and antiviral effect on both RNA and DNA viruses. In
addition LF has a role as an iron-transporter and is of importance for infants, because it can bind and release

metal atoms, and can deliver essential metals in the gut of the infant [3;4;6].

Lactoferrin in bovine milk consists of 689 amino acid residues with high homology among species. The
polypeptide chain is folded into two lobes, an N- and a C-lobe. Each lobe contains one iron (Fe) binding site,
that can bind Fe®* reversibly [1-4]. The binding of Fe** is dependent on a synergistic binding of carbonate anion
[1;3;4]. With respect to iron binding, LF exists in two different forms, an iron free (apo LF) form and an iron
saturated form (holo LF)[3;4]. LF has the ability to retain bound iron in a broad pH range 2.0-7.0. The holo bLF
shows higher content of iron even at pH 2.0 when compared with apo bLF. The apo and holo forms of caprine

lactoferrin (cLF) bind less iron than bLF in the pH range 2.0-7.0 [7].

Lactoferrin is an important protein in milk of nearly all mammalian species; the exception is in dogs and
rats, where lactoferrin cannot be found. The concentration varies greatly among different species, with a higher
concentration in human milk (1.0 g/1) than in many other species like cow and goat (0.1 g/1) [2;4;8]. Lactoferrin
is known to be partly digested in the newborns and absorbed in intact form from the gut of infants [2;4;9]. Due to
the limited proteolysis in the stomach, LF may have beneficial effects with the release of fragments from

lactoferrin that seems to have even more potent bactericidal activity [8].

Many bioactive peptides (BAP) have been identified by the hydrolysis of purified bLF from milk with
commercial enzymes. These BAP may act as physiological modulators of metabolism during the intestinal
digestion. The BAP usually contain 3-20 amino acid residues, and their activity is based on their amino acid

sequence and composition. Some of these BAP fragments have been reported to be related to nutrient uptake

3
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and, immune defence and in activities like opioid, antioxidant and antihypertensive properties [10-16]. In
addition potential antimicrobial properties were reported for the peptide fragment lactoferricin (LFcin) f (17-41),
being released by the hydrolysis from human LF with commercial pepsin [17]. Another antimicrobial peptide
detected in the N1-domain of LF, is lactoferrampin (LFampin) f (268-284), which is close to the LFcin site of the
3 dim. structure of the molecule [18]. However, reports differ with regard to LF resistance to degradation by
enzymes and also influenced by iron content as apo, native and holo forms of LF [3;19-21]. A study of the
digestion of human milk by newborn infants showed that many milk proteins resisted degradation including LF,
however, this was pH and time dependent [9]. Previous studies have identified differences in the protein and
peptide profiles from caprine milk and whey when comparing commercial and human gastrointestinal enzymes
[22;23]. Kimura et al. identified sixteen antimicrobial peptides from a pepsin digested hydrolysate of caprine

lactoferrin (cLF) [24].

Only a very few in vivo studies have been reported so far, one of these identified only two peptides
(fragment 382-389 and 442-447) from the C terminal part of bLF after milk ingestion[25]. Troost et al. showed
that a major proportion (60-80%) of orally administered bLF survived passage through the stomach in adults and
that the LF solution was emptying the stomach within 20-30 min after the ingestion. This study showed that pH
gradually decreased after ingestion of the test meal and therefore the buffering capacity of food is very important

to take into consideration when in vivo digestion is performed [26].

Most in vitro digestion studies have been done with fast reduction of pH to 2 or 2.5 before adding the
pepsin and this may have an important effect on the generation of peptides, both with regard to hydrolytic

peptide bonds, sequences and quantity.

Human gastrointestinal enzymes will vary in activity, volume and pH according to age, fasted or fed
stage and other physiological conditions as reviewed by Ekmekcioglu [27]. To simulate digestion represented
increasing secretion of enzymes, acid and various pH values that correspond to the situations in the human

gastrointestinal system in adults or infants is a challenge [27;28].

Today, information about peptides generated from gastrointestinal digestion of lactoferrin is limited. In
the present study bovine and caprine lactoferrin were in vitro digested with human gastrointestinal enzymes

varying the following factors: 1) different activities of HGJ and HDJ added to bLF, 2) different concentrations of
4



79  bLF 3) mimicking two different levels of gastric pH (2.5 and 4.0). Moreover, the effect of buffering gastric pH,

80 LF concentration and various dosages of the gastrointestinal enzymes on the formation of peptides was studied.
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Materials and methods

Lactoferrin

Bovine LF with 95 % purity was supplied by DMV International (Veghel, Netherlands) and was stored
at -20 °C. Caprine LF was purified (> 95 %) using the cation exchange membrane chromatography method [7].
Apo (iron deprived) LF from bovine (bLF) was prepared according to modified of Khan et al.[29;30]. Holo (iron
saturated) LF from bovine (bLF) was prepared according to a modified method of Karthikeyan et al. [30;31].
The iron content in the different samples of bovine LF was 5 % in apo-, 15 % in native and 88 % in holo- bLF,

Caprine lactoferrin had 5 % iron content.

Aspiration of human gastric and duodenal juices

Human enzymes were obtained by collecting human gastric and duodenal juices according to Holm et
al. [32]. In brief, a three-lumen tube (Maxter Catheters, Marseille, France) enabled simultaneous installation of
stimulation solution and aspiration of gastric and duodenal juices. The stimulation solution consisted of 7 0g/l
sucrose, 1.8 g/l NaCl, 3.2 g/l L-phenylalanine and 2.3 g/l L-valine in water, and was instilled close to the papilla
of Vater (100 ml/h) to stimulate the production of pancreatic enzymes. The human duodenal juices was aspirated
some 18 cm distally. Aspirates were collected on ice, centrifuged (4500 g for 10 min) and frozen in aliquots at -
20°C before use. Pooled HGJ and HDJ collected from 20 healthy donors that were pooled in one large batch.

The procedure was approved by the ethical committee.

Enzymatic activities of gastric (HGJ) and duodenal (HDJ) enzymes

Pepsin activity in the HGJ was analysed according to Sanchez-Chiang [33]. Total proteolytic activity of
HDJ was measured according to Krogdal et al. [34]. One unit of enzyme activity (U) was defined as the amount
of enzymes (ml or mg) giving an absorbance of 1.0 at 280 nm with in 10 min at 37°C. All enzyme assays were

run in triplicates or more.
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In vitro digestion of lactoferrin

A two step in vitro digestion model with batches of HGJ and HDJ, used varying enzyme activities
(Table 1) [23]. In the gastric phase/step samples were acidified by addition of 1M HCI to either pH 2.5 or 4.0. To
simulate buffering and nonbuffering conditions of two different methods for reaching end-pH was used; 1) fast
reduction or 2) slow reduction as illustrated in Figure 2. Gastric digestion proceeded for 30 min in total. Before
adding HDJ to the samples the pH was adjusted to 7.0, and the duodenal digestion lasted for 30 min. During the

digestion samples was taken at different time points and frozen immediately for every step.

Bovine LF (native, apo and holo) or native cLF 10 mg/ml, 1 mg/ml or 0.1 mg/ml was dissolved in
Millipore water, pH was adjusted and HGJ (5 U/g or 20 U/g) was added according to Figure 1. After 30 minutes
1 ml sample were taken out for analysis, and the LF sample were further digested after pH adjusted to pH 7.0
and in step 2, the samples were incubated at 37°C for 30 min before the samples were put on ice to stop the

enzymatic reaction. All digestion models were run in duplicates.

Protein degradation profiles by SDS-PAGE

Protein degradation profiles of bLF were studied by SDS-PAGE using 15 % acrylamide gels (Bio-Rad
Mini-PROTEAN 3 cell system, Bio-Rad Laboratories Ltd, Hemel Hempsted, Herts, UK) [35]. 2 ul of each
samples were mixed with 2x SDS sample buffer (0.125M Tris-Cl, 4 % SDS, 2 % glycerol, 2 % 2-
mercaptoethanol and 0.03 mM bromophenol blue) and heated at 95 °C for 5 min before applied on to the gel. 2.0
ul of each sample was loaded into the gel. The electrophoresis was performed at 50 V for 20 min, and then the
voltage was raised to 150 V for 50 min (Powerpac basic, Biorad). Proteins were visualized by Coomassie

Brilliant Blue R-250.

Degree of proteolysis/hydrolysis

The spectrophotometric o-phthaldialdehyde (OPA) assay by Chrunch et al with some modifications was
used to measure protein hydrolysis in HGJ/HDJ digests [36]. In brief; 100 to 200 pl of sample (diluted 1:10 in

100 mM sodium tetraborate and 2 % (wt/wt) SDS to stop proteolysis) was added to 1.0 ml of OPA reagent, (100
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mM sodium tetraborate, 2 % (wt/wt) SDS, 6 mM OPA (28.5 mM B-mercaptoethanol). After 2 min of incubation
at ambient temperature absorbance was read at 340 nm. Unhydrolyzed LF was used as “blank”. Protein
concentrations in unhydrolysed and hydrolysed samples were assayed using the absorbance at 280 nm against a
bLF standard curve. Protein hydrolysis is expressed as degree of hydrolysis (DH) defined as the percentage

peptide bonds hydrolysed by the action of gastric and duodenal proteinases. All samples were run in triplicates.

Preparation of LF peptides <10 kDa

The LF digests were fractionated by centrifugation in a 10 kDa Millipore Amicon Ultra-15 centrifugal
cut-off filter (Amicon, Millipore, Bedford, MA). The peptide mix/ fraction <10 kDa was freeze-dried. The
peptides were dissolved in 0.1 % (v/v) formic acid. C18 columns were packed, by using Eppendorf GELoader
micropipette tips (Eppendorf, Hamburg, Germany) with the insertion of C18 column material (3M Empore C18
extraction disks; 3M Bioanalytical Technologies, St Paul, MN, USA). The peptides were eluted using 3 ul of 70

% acetonitrile and 0.1 % formic acid (v/v).

Nano-LC MS of peptides

Peptide fraction <10 kDa diluted in 10 pl 1% (v/v) formic acid were loaded onto a nanoACQUITY ™
Ultra Performance LC system (Walters Corp., Milford, MA, USA), equipped with a Symmetry C18 (180 um x
22mm; Waters) in front of a 3 um Atlantis™ C18 analytical column (100 um x 100mm; Waters). Peptides were
separated at a flow of 0.4 ul/min with a gradient of 5-90 % (v/v) acetonitrile, 0.1 % (v/v) formic acid, eluted to a
Q-TOF Ultima Global mass spectrometer (Micromass/Waters) and subjected to data-dependent tandem MS
analysis. Peak lists were generated by the Protein-Lynx Global server software (version 2.1), and the resulting
pkl files were searched against National Center for Biotechnology Information (NCBI) non-redundant protein
sequence database using the MASCOT search engine (http://www.matrixscience.com). Peptide mass tolerances
used in the search were 100 parts per million (ppm), and fragment mass tolerance was 0.1 Da. The taxonomy

used in the search was mammalian. Data were acquired over a mass:charge ratio of 400-1500 Da, detecting
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peptides with two or three charges. Thus, only peptides with mass above 800 and below 4500 Da were subjected

to collision-induced fragmentation and further processing.

The peptides produced by LF digestion were studied by multiple sequence alignment using Clustal
2.0.12 and Jalview (http://www.ebi.ac.uk/Tools/clustalw2/). The sequences used here were chosen taking care to

include all detected residues with a minimal overlap.

Results

Digestion with varying activity of human gastrointestinal enzymes

Two different concentrations of bLF, 10 mg/ml and 1 mg/ml, were used in this study with slow
reduction of pH to 2.5(Table 1). bLF concentration (10 mg/ml) and low activity of HGJ (5 U/g) and HDJ (15
U/g) showed very little protein degradation (Fig. 3, line 3 and 4). Increasing the activity of HGJ (20 U/g) and
HDJ (62.5 U/g) resulted in increased degradation of bLF showing many fragments in the M, range of 35-65 kDa
and <20 kDa (Figure 3), however still high amount of undigested LF was observed. When bLF was reduced to
Img/ml much higher degradation was shown at both low and high activity of HGJ and HDJ (Fig. 3, lines 7-10).
No intact bLF was observed after digestion with the highest activity of gastrointestinal enzymes HGJ and HDJ.
In addition one study was performed with bLF at 0.1 mg/ml, as comparative concentration to the LF
concentration in milk. Lactoferrin was totally degraded with both low and high activities of the HGJ and HDJ

(data not shown).

Digestion using varying gastric pH

Two different gastric pH was used, pH 2.5 and pH 4.0, and in addition the simulated effect of slow and

fast reduction of pH on the degradation of LF (10 mg/ml) was studied (Fig 2).

Gastric digestion at pH 2.5 and 4.0 resulted in different bLF degradation. Highest degradation was

always shown at low gastric pH 2.5 compared to pH 4.0, independent of fast or slow pH reduction (Fig 4, lane 3,

9
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5, 7 and 9). More LF was degraded after step 2 with HDJ giving rise to oligopeptides of lower molecular size.
Fast reduction in pH down to 2.5, resulted in complete digestion of bLF by HGJ and further degradation of the

peptides (MW < 25 kDa) occurred when HDJ was added (Fig 4, lane 7 and 8).

A comparison of the digestion between apo and holo forms of bLF resulted in similar protein

degradation pattern as the native bLF form (data not shown).

Digestion of native caprine LF (10 mg/ml) with HGJ and HDJ resulted in a protein degradation pattern

very similar as shown for native bLF (Fig 4).

Degree of hydrolysis

The degree of hydrolysis (HD) of digested bLF samples (10 mg/ml) are given in Fig 5. The highest DH was
obtained for the samples digested at pH 2.5 as compared to pH 4.0, whereas smaller differences were seen

between fast and slow pH approaches.

Identification of peptides after digestion of caprine and bovine lactoferrin

Many peptides were generated after digestion of bLF (10 mg/ml) and cLF (10 mg/ml) using the highest
activities of HGJ and HDJ (Fig 6 and 7). More peptides were observed at pH 2.5 than at pH 4.0, ranging from
short f (237-242) residues to long f (267-299) residues (Table 2). The results also showed that fewer peptides
were generated when gastric pH was slowly reduced compared with fast acidification. Thereafter addition of
HDJ degraded longer peptides into shorter peptides. However, two very different peptide patterns from fast and
slow gastric pH reduction were observed and this is in accordance with the protein degradation profiles in Fig 4

for bLF.

Most peptides originated from the N-terminal region of lactoferrin. Some peptides within the same
region sometimes overlapped and are not seen as individual peptides in the protein sequence figures (Fig 6 and
7). Some of the peptides that were found in more than one sample are highlighted in Table 2.

10
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When comparing holoLF with apo and native LF redundant, the digestion of holoLF generated fewer

peptides compared with apo and native LF form (Fig 6 and supplemented Figure 1).

There are some differences in the amino acid sequence between bLF and cLF (Figure 6 and 7). When
comparing peptides generated after digestion with HGJ and HDJ of cLF and bLF, less peptides from cLF was
observed at both pH 2.5 and pH 4.0. The peptides also differed in length and sequence. Two new peptides
occurred in the C-terminal end after digestion of cLF; f (618-631) and f (618-640). Also a peptide f (267-288)
bLFampin and f (271-288) cLFampin, was found in bovine holo LF f (267-288) after HGJ digestion at pH4, but
no longer observed after further HDJ digestion. This peptide sequence was also found as part of a longer peptide
f (267-299) for holo bLF after HGJ digestion and in cLF f (267-288) after further digestion with HDJ digestion,

both in pH 2.5.

The peptide lactoferricin (bLFcin) f (17-41) was not detected after bLF digestion in our study neither

was the peptide lactoferricin cLFcin f (14-42) from cLF.

The results from the multiple sequence alignment of the peptides from lactoferrin digestion are
presented in Fig 8. Consensus residues are given and those with highest quality in the consensus analyses are

marked.

Discussion

An extensive degradation of bLF and cLF was observed showing the effective action of HGJ and HDJ
at gastric pH values. Eriksen et al. have shown that porcine pepsin degraded caprine whey proteins better than
human gastrointestinal enzymes at different pH values mimicking the pH range in adult’s and infant’s stomach
[23]. There were reports on bLF digestion using commercial enzymes [9;24;37-41]. These studies have

identified many peptides, of which several of these were reported to be bioactive.

In the present study more intact LF was observed at pH 4.0 when compared with pH 2.0 after digestion
with HGJ and HDJ. Troost et al. showed that buffering capacity and slow pH reduction in the stomach affected
the digestion of LF (15mg/ml) in humans. Up to 60-80% LF resisted gastric digestion in this study dependent on

11
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the apo or holo LF form [26]. We observed only differences in apo and holo LF at the peptide level obtained by
LC-MS, a much more sensitive analysis than SDS-PAGE. We also observed that different concentration of LF
(10mg/ml, Img/ml and 0.1mg/ml) affected the degradation pattern. At low concentrations of LF, 1mg/ml and

0.1mg/ml, that is representative with the LF content in human and bovine milk, the degradation seemed to vary.

Resistance of milk proteins to degradation was also shown by Chatterton et al. [9]. In vitro digestion of
human milk with infant gastrointestinal enzymes showed considerable amounts of intact proteins after one hour
of digestion. They also observed that human milk was more resistant to digestion than bovine milk, and that

human LF was partially resistant to the effects of gastric digestion even at pH 2.0 [9].

Our study also showed that using two different activities of the gastrointestinal enzymes of HGJ and

HDJ affected the degradation of LF.

According to Ekmekcioglu individuals produces gastrointestinal enzymes in a range of 1900IU/15 min
basal pepsin, 39kU/h amylase, 5-10kU/30min trypsin, 4kU/min lipase and 20mM/min bile salt for middle aged
humans [27]. Our enzyme activities lie within the range of individuals observed in other studies [42;43]. In an in
vitro digestion study of bLF, Brines and Brock have digested bLF with trypsin or chymotrypsin to give
200ug/ml of the active enzyme. This amount of enzyme is comparable to the level of duodenal juice used in the

present study [20].

Elbarbary et al [38] identified a peptide in bovine lactoferrin that showed antibacterial activity f (69-77)
in addition to the bLFcin. In our study a longer peptide sequence was observed for this peptide in all samples
except for native bLF in slow reduction of pH to pH 4.0. Another characterized peptide from the N-terminal is
LFampin, characterized by Reico and Visser for both cLF and bLF [41;44]. The peptide sequence for bLF have
later been produced synthesised f (265-288) by van der Kraan [18]. In our study we found this peptide as part of

longer peptides.

The analysis of the generated lactoferrin peptides showed that the scores varied considerable, in part
reflecting the number of short peptides. The short peptides aligned all with the central part of the longer peptides.
The analysis of digestion generated lactoferrin peptides shows that at pH 2.5 the presence of proline with

neighboring hydrophobic residues, preferable leucines could be a possible motif here. This is in accordance with
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the analysis of the peptides generated from B-lactoglobulin, f-casein and k-casein glycomacropeptide at pH 2.5
using HGJ (unpublished data). The peptides generated at pH 4.0 show a different pattern where lysine, alanine
and multiple leucine residues show highest probability of a reliable pattern and indicating a different proteolytic
mechanism. At high 2.5 and 4.0 digestion the proline and leucine pattern is present, in addition to glycine

residues.

The current study has provided a detailed comparison between the digestion patterns of cLF and bLF
under different conditions such as human gastrointestinal pH and different enzyme/ substrate ratios. The use of
in vitro digestion could contribute to a better knowledge about the generation of peptides during gastrointestinal

digestion in vivo.
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Figure captions

Figure 1. Intragastric pH in humans after ingestion of 4.5 g bovine apo LF with citrate buffer (drink 1), 4.5 g bovine
apo LF without buffer (drink 2) and 4.5 g bovine holoLF without buffer (drink 3). All drinks contain 80 g/L
maltodextrin in 300 mL water. Values are means + SD, n = 12. *P < 0.05, drink 1 vs. drink 2; #P < 0.05, drink 1 vs.

drink 3. (Copied with permission from the authors Troost et al (2001).

Figure 2. pH reduction during the course of LF digestion by human gastric juice (HGJ).

Figure 3. SDS-PAGE electrophoretograms of the digestion of 10mg/ml and 1mg/ml native bovine lactoferrin (bLF)
by human gastric juice (HGJ) and human duodenal juice (HDJ) of low and high activities. 1. Broad range molecular
weight marker; 2. 10 mg/ml bLF, 3. 10 mg/ml bLF added HGJ (5U/g), 4. 10 mg/ml bLF added HGJ (5U/g) + HDJ
(15U/g), 5. 10 mg/ml bLF added HGJ (20U/g), 6. 10 mg/ml bLF added HGJ (20U/g) + HDJ (62U/g), 7. 1 mg/ml
bLF added HGJ (5U/g), 8. 1mg/ml bLF added HGJ (5U/g) + HDJ (15U/g), 9. 1 mg/ml bLF added HGJ (20U/g), 10.

1 mg/ml bLF added HGJ (20U/g) + HDJ (62U/g).

Figure 4. SDS-PAGE electrophoretograms of the different digestion of native form of bLF by human gastric juice
(HGJ) and human duodenal juice (HDJ). 1. LMW marker, 2. 10 mg/ml bLF, 3. Slow reduction of pH to pH 2.5,
HGJ, 30 min, 4. Slow reduction of pH to pH 2.5, HGJ + HDJ, 30 min, 5. Slow reduction of pH to pH 4.0, HGJ, 6.
Slow reduction of pH to pH 4.0, HGJ + HDJ, 7. Fast reduction of pH to pH 2.5, HGJ, 8. Fast reduction of pH to pH

2.5, HGJ + HDJ, 9. Fast reduction of pH to pH 4.0, HGJ, 10. Fast reduction of pH to pH 4.0, HGJ + HDJ.

Figure 5. Degree of hydrolysis of bLF samples after the gastro-duodenal digestion at pH values 2.5 and 4.0.

Figure 6. Peptide regions (in red) for bLF generated by the fast reduction of pH to pH 2.5. A. Native LF HGJ, B.

Apo LF HGJ, C. Holo LF HGJ, D. Native LF HGJ + HDJ, E. Apo LF HGJ + HDJ and F. Holo LF HGJ + HDJ.

Figure 7. Peptide regions (in red) for cLF (10 mg/ml) produced by the fast reduction of pH to pH 2.5 and pH 4.0. A.
Native LF HGJ pH 2.5, B. Native LF HGJ pH 4.0, C. Native LF HGJ + HDJ pH 2.5, D. Native LF HGJ + HDJ pH

4.0.

Figure 8. CLUSTAL 2.0.12 multiple sequence alignment (MSA) of the peptides generated after the gastro-duodenal

digestion of LF at (1) pH 2.5 and (2) pH 4.0.
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Table 1. Different concentrations of bovine lactoferrin (bLF), human gastric juice (HGJ) and

human duodenal juice (HDJ) used during the digestion.

Concentration of bLF (mg/ml) 10.0 1.0 0.1
Step 1 Low concentration HGJ (U/g) 5.0 50.0 500.0
Step 2 Low concentration HDJ (U/g) 156 156.0 1560.0
Step 1 High concentration HGJ (U/g) 20.0 200.0 2000.0

Step 2 High concentration HDJ (U/g) 62.4 624.0 6240.0
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Figure S1. Peptide regions (in red) from bovine lactoferrin generated by the fast reduction of pH to 4.0. A.
Native LF HGJ, B. apo LF HGJ, C. holo LF HGJ, D. Native LF HGJ + HDJ, E. apo LF HGJ + HDJ and F. holo LF
HGIJ + HDJ.
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Figure S2. Peptide regions for bovine lactoferrin at slow reduction of pH to 2.5 and 4.0. A. Native LF HGJ pH
2.5, B. Native LF HGJ pH 4.0, C. Native LF HGJ + HDJ pH 2.5, D. Native LF HGJ + HDJ pH 4.
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