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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 (Tm), at pH 2.0–8.0. The bovine lactoferrin

(bLF) showed highest thermal stability with a Tm of

90 ± 1�C at pH 7.0 whereas caprine lactoferrin (cLF)

showed a lower Tm 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 Tm values of both holo bLF and holo cLF were

reduced showing Tm 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

3.0. This was supported with a loss in a-helix structure

together with an increase in the content of unordered

(aperiodic) structure, while b 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.
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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

Tm 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 Fe3?

ions, together with two CO3
2- 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 Fe3?-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

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 Fe3? 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 (Mata et al. 1998; Conesa et al. 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) HNO3 before performing the

analysis. The iron binding measurements were aver-

aged for triplicate measurements.

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 115009g 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 cm2/dmol), which is defined as:

MRE ¼ hobs mdegð Þ= 10� n� Cp � l
� �

ð1Þ

hobs is the observed ellipticity in degrees, n is the

number of peptide bonds, Cp is the molar concentra-

tion, and l is the length of the 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).

ANS induced fluorescence measurements

Fluorescence spectra were recorded at a slow speed

using a Cary Eclipse Fluorescence Spectrophotometer

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) HNO3 and analyzed by ICP. The values are given as a

mean of three parallels
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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 ll. 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).

F0=F ¼ 1þ KSV Q½ � ð2Þ

where F0 and F are the fluorescence intensities at an

appropriate wavelength in the absence and presence

of quencher, respectively, KSV 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 (Tm) 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 Fe3?–HCO3
2-

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 1jw1) 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

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

OH

Fe

N

O
H

NH

O O

C

O

C

O

H
O

3+

Tyr 433

His 595

Asp 395

Tyr 526

Fig. 1 The general type of ferric (Fe) ions bonded to bovine

lactoferrin
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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 a/b 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 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 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

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

-12

-9

-6

-3

0

3

6

9

200 220 240 260

200 220 240 260
-12

-9

-6

-3

0

3

6

9

 pH 2.0
 pH 5.0
 pH 7.0

a

 pH 2.0
 pH 5.0
 pH 7.0

[ θ
] M

R
W

 x
 1

0-3
 (

d
eg

.c
m

2 .d
m

o
l-1

)

Wavelength (nm)

b

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’’
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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 a helix b structure Unordered

structure

Apo cLF pH 2.0 7.0 55.0 38.0

pH 5.0 21.0 56.0 23.0

pH 7.0 19.0 58.0 23.0

Holo cLF pH 2.0 8.0 55.0 37.0

pH 5.0 19.5 57.5 23.0

pH 7.0 14.0 65.0 21.0

Apo bLF pH 2.0 0.0 58.5 41.5

pH 5.0 23.0 54.0 23.0

pH 7.0 20.0 59.0 21.0

Holo bLF pH 2.0 0.5 59.0 40.5

pH 5.0 17.0 62.0 21.0

pH 7.0 11.5 70.0 18.5

The values are given as a mean of three parallel scans
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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 (kmax), 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

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 kmax 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. 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’’
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emission maxima of apo and holo forms of cLF and

bLF as a function of pH are as shown in the Fig. 5a.

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 (kmax) 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

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 kmax

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 kmax 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 kmax 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 a common 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 (KSV) fitted to the linear part of the

curves. KSV value for apo cLF at pH 3.0 is 46.81 M-1

and is higher than that at pH 7.0. Further at pH 2.0 the

value was reduced to 26.17 M-1. 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 KSV from pH 7.0

to 2.0 were in an increasing order, the highest value was

45.94 M-1 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. 5 a Fluorescence emission maxima (kmax) 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’’
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LF acquires open conformation at low pH (B3.0)

and this may play a significant role during the

exposure of tryptophans to solvent. The closed

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

(Tm) 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 (Tm) profiles of the apo and holo forms of cLF

and bLF in the pH range 6.0–8.0. The Tm measure-

ments at pH 6.0, 7.0 and 8.0 by both methods were

identical. The holo form of bLF exhibited the highest

Tm (90 ± 1�C) at pH 7.0 as compared with the holo

form of cLF (68 ± 1�C). There was a decrease in Tm

values with reduction in pH. A large difference was
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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

forms of bovine lactoferrin (bLF) at pH values 2.0–7.0. Buffers

used are given under ‘‘Materials and methods’’
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‘‘Materials and methods’’

Biometals (2010) 23:1159–1170 1167

123



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 Tm of

49 ± 1�C even at pH 3.0. Whereas, holo cLF showed

a Tm of 40 ± 1�C at that pH. A minimum Tm value of

23 ± 1�C was observed for apo cLF at pH 3.0. A low

protein concentration was chosen to measure Tm

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 Tm 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 Tm 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 Tm values of cLF and bLF

with respect to apo and holo forms.

Conclusions

Thermal denaturation (Tm) 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 a-helices

was observed in case of apo and holo forms of bLF.

Apo cLF and holo cLF showed 7–8% a-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.

Table 3 Thermal denaturation temperature (±1.0�C) values

of cLF and bLF at different pH

pH 3.0a 4.0a 5.0a 6.0 7.0 8.0

Apo cLF 23.00 32.50 49.50 63.0 64.0 64.00

Apo bLF 36.00 42.50 50.00 65.0 66.0 67.00

Holo cLF 40.00 56.50 58.00 65.0 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
a Tm as measured by circular dichroism by monitoring the

changes in secondary structure at 222 nm
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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’’
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Å resolution. J Biol Chem 276:36817–36823

Koepf EK, Petrassi HM, Sudol M, Kelly JW (1999) WW: an

isolated three-stranded antiparallel b-sheet domain that

unfolds and refolds reversibly; evidence for a structured

hydrophobic cluster in urea and GdnHCl and a disordered

thermal unfolded state. Protein Sci 8:841–853

Masco L, Huys TG, De Brandt E, Temmerman R, Swings J

(2005) Culture-dependent and culture-independent quali-

tative analysis of probiotic products claimed to contain

bifidobacteria. Int J Food Microbiol 102:221–230

Masson PL, Heremans JF (1971) Lactoferrin in milk from

different species. Comp Biochem Physiol B 39:119–129

Masson PL, Heremans JF, Prignot JJ, Wauters G (1966)

Immunohistochemical localization and bacteriostatic

properties of an iron-binding protein from bronchial

mucus. Thorax 21:538–544

Mata L, Sanchez L, Headon DR, Calvo M (1998) Thermal

denaturation of human lactoferrin and its effect on the

ability to bind iron. J Agric Food Chem 46:3964–3970

Matulis D, Baumann CG, Bloomfield VA, Lovrien RE (1999)

1-Anilino-8-naphthalene sulfonate as a protein confor-

mational tightening agent. Biopolymers 49(6):451–458

Nam MS, Shimazaki K, Kumura H, Lee KK, Yu DY (1999)

Characterization of Korean native goat lactoferrin. Comp

Biochem Physiol B 123:201–208

Neilands JB (1991) A brief history of iron metabolism. Bio-

metals 4:1–6

Olakanmi O, Rasmussen GT, Lewis TS, Stokes JB, Kemp JD,

Britigan BE (2002) Multivalent metal-induced iron

acquisition from transferrin and lactoferrin by myeloid

cells. J Immunol 169:2076–2084

Orsi N (2004) The antimicrobial activity of lactoferrin: current

status and perspectives. Biometals 17:189–196

Pace CN, Scholtz JM (1997) Measuring the conformational

stability of a protein. In: Creighton TE (ed) Protein

structure: a practical approach, 2nd edn. IRL Press,

Oxford, pp 299–321

Recio I, Visser S (1999) Two ion-exchange chromatographic

methods for the isolation of antibacterial peptides from

lactoferrin: in situ enzymatic hydrolysis on an ion-

exchange membrane. J Chromatogr A 831:191–201

Recio I, Visser S (2000) Antibacterial and binding character-

istics of bovine, ovine and caprine lactoferrins: a com-

parative study. Int Dairy J 10:597–605

Sanchez L, Aranda P, Perez MD, Calvo M (1988) Concen-

tration of lactoferrin and transferrin throughout lactation

in cow’s colostrums and milk. Biol Chem Hoppe-Seyler

369:1005–1008

Spik BC, Montreuil J (1988) Comparative study of the primary

structures of sero-, lacto- and ovotransferrin glycans from

different species. Biochimie 70:1459–1469

Sreedhara A, Flengsrud R, Prakash V, Krowarsch D,

Langsrud T, Kaul P, Devold TG, Vegarud GE (2010) A

comparison of effects of pH on the thermal stability and

Biometals (2010) 23:1159–1170 1169

123



conformation of caprine and bovine lactoferrin. Int

Dairy J 20:487–494

Steijns JM, van Hooijdonk ACM (2000) Occurrence, structure,

biochemical properties and technological characteristics

of lactoferrin. Br J Nutr 84:S11–S17

Tina KG, Bhadra R, Srinivasan N (2007) PIC: protein inter-

action calculator. Nucleic Acids Res 35:W473–W476

Tomita M, Wakabayashi H, Yamauchi K, Teraguchi S, Ha-

yasawa H (2002) Bovine lactoferrin and lactoferricin

derived from milk: production and applications. Biochem

Cell Biol 80(1):109–112

Tomita M, Wakabayashi H, Shin K, Yamauchi K, Yaeshima T,

Iwatsuki K (2009) Twenty-five years of research on

bovine lactoferrin applications. Biochimie 91:52–57

Uchida T, Oda T, Sato K, Kawakami H (2006) Availability of

lactoferrin as a natural solubilizer of iron for food prod-

ucts. Int Dairy J 16:95–101

Van Hooijdonk ACM, Kussendrager KD, Steijns JM (2000) In

vivo antimicrobial and antiviral activity of components in

bovine milk and colostrum involved in non-specific

defence. Br J Nutr 84:127–134

Wakabayashi H, Yamauchi K, Takase M (2006) Lactoferrin

research, technology and applications. Int Dairy J

16:1241–1251

Yang JT, Wu CS, Martinez HM (1986) Calculation of protein

conformation from circular dichroism. In: Hirs CH, Ti-

masheff SN (eds) Methods in enzymology, vol 130.

Academic Press, New York, pp 208–269

1170 Biometals (2010) 23:1159–1170

123


	Structural characteristic, pH and thermal stabilities of apo and holo forms of caprine and bovine lactoferrins
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Preparation of apo and holo forms of caprine and bovine lactoferrins
	Circular dichroism measurements
	ANS induced fluorescence measurements
	Intrinsic tryptophan fluorescence
	Fluorescence quenching studies
	Thermal denaturation studies
	UV--visible spectrophotometric method
	Circular dichroism (far-UV) method


	Results and discussion
	Iron content in apo and holo lactoferrins
	pH dependent changes in the secondary structures of apo and holo forms of caprine and bovine lactoferrins
	Fluorescence measurements
	Fluorescence quenching of apo and holo forms of caprine and bovine lactoferrins at different pH
	Thermal denaturation profiles of apo and holo forms of caprine and bovine lactoferrins at pH 2.0--7.0

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


