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SUMMARY The mRNA sequence for bovine lactoferrin expressed in the manauary 
gland was determined by sequencing three over lapping cDNA clones and by 
direct sequencing of the mRNA. The mRNA (2351 bases} codes for a 708 amino 
acid protein with a 19 amino acid signal peptide immediately preceding a 
sequence identical to the N-terminal 40 amino acids reported for bovine lacto- 
ferrin (i). A putative destabilizing sequence (AUUUA) was identified in the 
3'-untranslated region. The nucleic acid sequence and deduced amino acid 
sequence are highly homologous with other transferrin family members. Lacto- 
ferrin mRNA concentrations in bovine mammary tissue were quite low two days 
before parturition and during lactation but were high three•days after the 
cessation of milking, a sharp contrast from the pattern of regulation of the 
other milk proteins. © 1991 Academic Press, Inc. 

Lactoferrin is a member of the transferrin gene family of non-heme iron- 

binding glycoproteins and is found in polymorphonuclear leukocytes and in 

mucosal and epithelial secretions (2). It is the major iron-binding protein 

of bovine and human milk and mammary secretions (3). Lactoferrin is recog- 

nized for its importance in the transport of iron to suckling young, as well 

as to the antimicrobial defenses of the maternal mammary gland and neonatal 

gut (3,4,5). It also modulates immune functions, granulocyte and lymphocyte 

mitogenesis and localization (6), and growth of intestinal epithelium (7). 

Lactoferrin's regulation is contrary to that of other milk proteins. In 

mammary secretions, bovine lactoferrin (bLf) is elevated in colostrum (1-2 

mg/ml), is lowest in milk (0.01-0.1 mg/ml), and increases remarkably (20- 

lOOmg/ml) during mammary involution as the secretion of milk and other milk 

proteins decrease (8). After intramanunary infection, lactoferrin is elevated 

in milk (>2 mg/ml) for prolonged periods even though other milk proteins 

remain at normal concentrations (9). In human milk, lactoferrin concentra- 

The sequence of bovine mammary lactoferrin mRNA has been accepted for depos- 
it in the GenBank data bank under accession number M63502. 

^To whom correspondence should be addressed at Lab. Mol. and De~ 
Biology, Dept. Dairy Science, Ohio Agricultural Research and Development 
Center, Ohio State Univ., 1680Madlson Ave., Wooster, OH 44691. 

Abbreviations: bLf, bovine lactoferrin; hLf, human lactoferrin; hTf, human 
transferrin; mLf, mouse lactoferrin; oTf, ovotransferrin; pTf, porcine trans- 
ferrin; aa, amino acid. 

75 

0006-291X/91 $1.50 
Copyright © 1991 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



Vol. 180, No. 1, 1991 BIOCHEMICAL AND BIOPHYSICAL RESEARCH.COMMUNICATIONS 

tion8 are high in colostrum (1-40 mg/ml) and at 90 days of lactation remain 

higher (0.04-6.0 mg/ml) than in bovine milk (10). 

For the transferrin gene family of iron-binding glycoprotein8, cDNAs 

described for human serum transferrin (11), ovotransferrin (conalbumin) of egg 

white (12), and for human (13,14), and mouse (15, incomplete) mammary lacto- 

ferrin8 indicate they code for single polypeptide chains of about 700 amino 

acids, with an iron-binding site in each of the similar N- and C-terminal 

halves. In spite of high homology and structural similarities, little i8 

known about the tissue or species specificity for regulation of lactoferrin 

expression (2). The structural basis for human lactoferrin's iron binding has 

been defined by X-ray crystallography (16), but the structure recognized by 

lactoferrin receptors has been localized only to the 282 amino acid N-termlnal 

fragment (17}. Recently described cDNA's for bovine lactoferrln, published 

after the completion of our work, are incomplete at the 5' end (18,19). We 

describe here the first complete sequence for bovine mammary lactoferrin mRNA 

(20) and show that its regulation is opposite that for other milk proteins 

during bovine mammary development and involution. 

MATERIALS AND METHODS 

Bovine mammary tissues were= developing gland (estimated to be two days 
prepartum, #3091); peak (117 days) lactation (#3017); late (318 days) lacta- 
tion (#3148) with continued regular milking of one-half of the gland while the 
contralateral half was unmilked for three days to induce early involution; and 
early involuting mammary tissue, induced in the entire gland (70 days) by 
complete cessation of milking three days prior to slaughter (#2949). Cellular 
RNA isolated from cultured bovine mammary cells (21) and mammary tissue #2949 
using the guanidinium isothiocyanate/CsCl method, was further purified with 
oligo-dT cellulose (22) and used in the construction of two cDNA expression 
libraries in lambda gtll (Amersham and Invitrogen kits, respectively). The 
librarles were screened with rabbit antisera to bovine lactoferrin (21), ~- 
tected with alkaline phosphatase labeled secondary antibody, and with 3=_ 
labeled eDNA probes derived from the first antibody positive clones. Inserts 
from the three lambda clones were subcloned into pGEM-4Z (plf3a, plf3ac, pa3, 
ph4, pc3) or pGEM-SZf(+) (pn16b, p5'-5), then further subcloned by restriction 
and religation (Fig. 3). 

Sequenase version 2.0 (U.S. Biochemicals) kits were used to sequence the 
cDNA clones by Sanger dideoxy-chain termination of denatured plasmids as 
described in the manufacturer's instructions, using T7 or SP5 primers. The 5' 
end of the mRNA sequence was determined by direct dideoxy-sequencing (23) of 
MeHgOH denatured mRNA, primed with one of three oligonucleotide8 (#1, 5'- 
AGCATCCGCCTTTTTCTC-3'; #2, 5'-TCCCATAGATCTCTGCTG-3'; and #3, 5'- 
GTCCCGGCCCGCCTCAAAC-3'), and sequenced using a ~Seq, AMY reverse transcrip- 
tase sequencing kit (Promega). The [alpha-~S]dATP labeled sequencing 
products were detected• following electrophoresis in 5% polyacrylamide, 7M urea 
sequencing gels (22), by autoradiography with XAR X-ray film (Kodak}. Homolo- 
gy comparisons and protein structural analysis were perfomed with ALIGN and 
PROTYLZE software, respectively, from Scientific and Educational Software 
(State Line, PA). 

Northern blots were performed with cellular RNA from bovine mammary 
tissues (above), liver and circulating leukocytes (huffy coat of venous 
blood}; isolated by the guanidinium/phenol method with 4M LiCl precipitation 
(24). RNA (20 ug/5 ul H20 ) was diluted with 25 ul of denaturing solution (mM 
Na HEPES, pH 7, 6 mM NaO~c, 1.2 mM NaEDTA A 50% formamide [deionized], and 7.2% 
formaldehyde [deionized]), heated to 70vC for 10 mins. and electrophoresed 
through 1.5% agarose (0.82 M formaldehyde), with 20 mM sodium phosphate 
(pHT.0) running buffer. The gel was then stained with ethidium bromide before 
the RNA was denatured in NaOH, neutralized with Tris and transferred by capil- 
lary blotting with 10X SSC (22) to GeneScreen Plus, nylon membranes. Mem- 
branes were baked at 80°C for two hours, then prehybri~zed with BLOTTO (25} 
and hybridized with 200 ng of random primed, [alpha-~'P]dCTP labeled cDNA 
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insert (22). Bovine eDNA probes were: pLf3a (bLf); alphaal-casein (26); beta- 
casein, pC14 (27); kappa-casein, pC371 (27); beta-lactog~obulin, pBL13 (28); 
and alpha-lactalbumin, paLac (K. Brew, Miami Univ., unpublished). Post-hybri- 
dization washes were 2X SSC, 0.1% SDS at room temperature, followed by 0.2X 
SSC and 0.1% SDS at 55°C before exposing XRP X-ray film with the membrane 
using intensifying screens at -70°C. 

RESULTS AND DISCUSSION 

The complete sequence of bovine lactoferrin mRNA isolated from mammary 

glands was determined by sequencing three over-lapping cDNA clones and sub- 

clones (bases 237-2351) and by direct sequencing of the 5'-terminus of the 

mRNA (bases 1-237) as indicated in Figure I. Clone pLf3a was isolated by 

screening 3 X 105 plaques from the library derived from cultured mammary 

cells, using anti-bLf serum. An open reading frame in the 5' end of pLf3a was 

determined to have 70% identity with the 3'-coding regions of mouse lactofer- 

rin (15) and human transferrin (11). Rescreening (105 plaques) by hybridiza- 

tion with 32p-labeled eDNA from pLf3a failed to identify any longer clones. 

The second library (unamplified) was screened with anti-bLF serum (2.5 X 105 

plaques) and by hybridization with the labeled insert of pLf3a (i X 105 

plaques). The sequence of the 3°-end of the longest of 44 clones, pNl6b, 

matched the 5'-end of pLf3a. The second library was rescreened (5 X 105 

plaques) with a labeled 5'-Xho I fragment of pNl6b, yielding just one clone 

(p5'-5) which extended further 5' than pN16b. The combined cDNA sequence was 

incomplete based on the estimated protein length for bLf. The 5'-end of the 

sequence was completed by dideoxychain termination sequencing of RNA template 

using oligonucleotide primers chosen from segments of the sequenced cDNA. We 

used MeHgOH to denature the RNA template to prevent premature termination of 

the reaction. Even with this procedure the reaction with the most 3' of the 

three primers was unsuccessful, probably due to strong secondary structures 

which could block the AMV reverse transcriptase. Analysis of the mRNA se- 

quence using the RNAFold program predicted a complex secondary structure 

between bases 5 and 305 with a bond energy of -81.6 kcal/mol. The sequencing 

method used here for mRNA sequencing is analogous to primer extension (29) and 

consistently terminated in an unreadable series of 4 bases indicating a 

probable cap structure. Three bases in the sequence were ambiguous but were 

assigned (C213, C217, and U235; Figure 2) on the basis of sequence data pub- 

lished for other lactoferrins. The indicated bases C213 and C217 are the only 

ones which would code for arginine (aa 39) and alanine (aa 40), respectively, 

identified at those positions by previous sequencing of the 40 amino acid N- 

terminus of mature bovine lactoferrin (1). The assignment of base 235 as U 

was used since Ile (aa 46) is conserved at this position in mouse (15) and 

human lactoferrin (30), human transferrin (11), porcine transferrin (31), and 

hen ovotransferrin (12). 

The bLf mRNA (Fig. 2) includes a 42 bp 5'-UTR, a continuous open reading 

frame coding for a 708 amino acid signal peptide, and 185 bases of 3'-UTR 

containing putative destabilization signals (32,33) of AUUUA and AUUUUA at 32 

and 12 bases, respectively, 5'-of the polyadenylation signal at base 2325, and 

a polyadenylation tract starting at base 2347. The sequence around the trans- 

lation initiation codon at base 42, AGCCCAUGA, with a C-3 bases from the AUG 

is unusual for its occurrence in only 2% of the 699 mRNA's examined by Kozak 

77 



V o l .  1 8 0 ,  N o .  1, 1991  B I O C H E M I C A L  A N D  B I O P H Y S I C A L  RESEARCH C O M M U N I C A T I O N S  

A 

--C> 
I 

--C> 
! 

! I 
<3-- 

! 

<3 

< : 3 - -  

X P 
i 

I I i 
0 500 

H D EPr P 
I ,I AI, I I 

1000 1500 2()00 
Base Number 

, ~3~ 

i ~3c= 

p~4 

pc3 

* 
im16b 

p5'5" 

mRl~ 

I 
2351 

" ' ( - )  ; 
D Y R  

I I  I l l  , i 

C 
- 1 9  +1 

(I) N - L O B E  

* * ( - )  * 
D YR Y 

I , , l  , , I 
I I I I I I 

C 34O C C C 689 

C - L O B E  (7oe) 

Amino Acid Number 

Fiaure 1. Diagram Of cDNA plasmid clones, cDNA and mRNA sequencing strategy, 
restriction enzyme sites and deduced protein features for bovine mammary 
lactoferrin. 
A. Direction and extent (arrows) of sequence determinations for each eDNA 
clone (bold lines), with the three independent primary cDNA clones (*) shown 
below the secondary eDNA clones derived from each. The 5'-terminus was deter- 
mined by direct mRNA sequencing (open box). Restriction endonuclease cleavage 
sites are: B, Bam HI; E, Eco RI; H, Hind III; P, Pet I; and X, Xho I. 
B. Protein features indicated for the 708 amino acid sequence deduced for the 
complete lactoferrin protein include= signal sequence (-19 to -1), amino acid 
residues (single letter code) involved in iron (*) and anion ((-~) binding; 
potential glycosylation sites (c); and the expected N- and C-lobe division 
near amino acld 340. 

(34) and differs substantially from the optimum initiation sequence of 

CCA/GCCAUGG. Comparison of our bLf sequence with the recently published 

incomplete bLf sequences (18,19) identified a small number of mismatches 

(Fig.2). The additional 13 bases between the poly(A) signal and the start of 

the poly(A) tract which appears in the other bLf sequences may be due to 

alternate splicing. A consensus of the three sequences (not shown) was deter- 

mined for bLf and used to deduce an amino acid sequence (Fig. 3) for compari- 

son with other members of the lactoferrin/transferrin family. This consensus 

polypeptide differs from the deduced sequence of our bLf at amino acids 

(consensus/deduced) 47 (R/P), 48 (A/G), and 278 (F/S). Whether sequence dif- 

ferences represent genetic diversity or experimental error isn't known. 

Our nucleic acid sequence coding for the mature protein and the deduced 

consensus amino acid sequence of the mature protein of bLf are highly homolo- 

gous with published sequences for human lactoferrin (77% and 68%, respectivly) 

and to lesser degrees with mouse lactoferrin (72% and 64%), human transferrin 

(68% and 60%), porcine transferrin (67% and 61%), ovotransferrin (62% and 
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Her s ignaL pep >1 

bL f  NNNNGAG~UU~GUUCCGGAGU~G~CAGGACG~CAG~CAU6AAGCUCUU~GU~G~CU~CUGU~CC~JUGGAG~CUUG~GG~ ( 1 0 0 )  

P-S .................................................. . ............. 0 ................................... ( 50) 

b L f  CCCGAGGAAAAACGUUCGAUGGUGUACCAUCUCCCAACCUGAGUGGUUCAAAUGCCGCAGAUGGCAGUGGA~GAU~G~GG~G~CC~UC ( 2 0 0 )  

P-S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 1 5 0 )  

H'~T  . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  C.CC . . . . . . . . . .  CGC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 80)  

b L f  A~CUGUGUGAGGCGGGC~UUUGCC~JUGGAAUGUA~CCGGGCAU~GCGGAGAAAAAGGCGGAUGCUGUGACCCUGGAUG~GGC~GW~GGCGG ( 3 0 0 )  

P-S . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . .  C.G. .C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 2 5 0 )  

M+T . . . . . . . . . . . .  A . . . A A  . . . . . . . . . . . . . . . . .  C.G. .C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 1 8 0 )  

b L f  GCCGGGA~CCC~JACAAACUGCGGC~AGUAGCAGCAGA~AUCUAUGGGACGAAAGAGUCUC~CCAAACCCACUAUUAUGCUGUGGCCGUCGU~GGG ( 4 0 0 )  

b L f  CAGCAACU~X~CAGCUGGACCAGCUGCAAGGCCGGAAGUCOJGCCAUACGGGCCUUGGCAGGUCCGCUGGGUGGAUCAU~CUAUGGGAAUC~CGCCCG ( 5 0 0 )  

P-S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 4 5 0 )  

b L f  UACUUGAGCUGGACAGAGUCACUCGAGCCCCUCCAGGGAGCUGUGGCUAAAUUCUUCUCUG~CAGCU~CC~G~WA~G~CCC~ ( 6 0 0 )  

b L f  ACCUGUGUCAACUGUGCAAGGGGGAGGGGGAGAACCAGUGUGCCUGCUCCUCCCGGGAACCAUACUUCGG~X~AUUCUGGUGC~C~G~ ( 7 0 0 )  

b L f  CGGGG~UGGAGA~GUGGCUUUUGUUAAAGAGACGACAGUGUUUGAGAACUUGCCAGAGAAGGCUGACAGGGACCAGUAU~G~CU~GC~C~C ( 8 0 0 )  

bL f  AGUCGGGCGCCAGUGGAUGCGL~JCAAG~AGUGCCA~CUGGC~CAGGUCCCUUCUCAUGCUGUCGUGGCCCGAAGUGU~GAUGGCAAGGAA~ ( 9 0 0 )  

bL f GGAAGCUUCUCAGCAAGGCGCAGGA~AAAUCUGGAAAAAACAAGUCUCGGAG~UUCCAGCUCUUUGGCUCUCCACCCGGCCAGAGGGACCUG~ ( 1000 ) 

P-S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  U . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 9 5 0 )  

M+T .............................. U ..................................................................... (880) 

b L f  AGACUCUGCUCUUGGGUUUUUGAGGAUCC~CUCGAAGGUAGAUUCGGCGCUGUA~CUGGGCUCCCGCUACUUGA~CACCUUGAAGAACCU~CU (11.00) 

P-S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  U.CG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (1050)  

bL f  G~GGAGGAGGUGAAGGCG~GGUACACCAGGGUCGUGUGGUGUGCCGUGGGACCUGAGGAGCAGAAGAAGUGCCAGCAGUG~G~GCA~GC~C~ (1200)  

P'S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (1150)  

b L f  ACGUGACCUGUGC~ACGGCGUCCACCAC~GACGACUGCAUC~U~CUGGUGCUGAAAGGGGAAGCAGAUGCCCUGAACUUG~UG~G~A~C~C (1300)  

P-S . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (1250)  

1:4.f UGCGGGCAAGUGUGGCCUGGUG~CUGU~CUGGCAGAGAACCGGAAAUCCUCCAAACACAGUAGCCUAGAUUGUGUG~C~CG~GGG~C~ (1400)  

P-S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  U . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . .  (1350)  

bL f  GCCGUGG~AGUUGUCAAGAAAGCAAAUGAGGGGCUCACAUGGAAUUCUCUGAAAGACAAGAAGU~GUGCCACACCGCC~G~G~CUG~GG~G~ (1500)  

b L f  ACAUC•CCA•GGGC•UGAUCGU•AA•CAGACAGGCUCCUGCGCAUUUGAUGAAUUCUUUAGUCAGAGCUGUGCCCCUGGGGCUGACCCGAAAUCCAGACU (1600)  

P-S ................................................................................ CG . . . . . . . . . . . . . . . . . .  (1550)  

b L f  ~UGUGCCUUGUGUGCUGGCGAUGACCAGGGCCUGGACAAGUGUGUGCCCAACUCUAAGGAGAAGUACUAUGGCUAUACCGGGGCUUUCAGGUGC~GG~ (1700)  

bL f  GAGGACGUUGGGGACGUUGCCUU~GUGAAAAACGACACAGUCUGGGAGAACACGAAUGGAGAGAGCACUGCA~GGG~~CW~GG (1800)  

bL f  ACUUCAGGUUG~UCUGCCUCGAUGGCA~CAGGAAGCCUGUGA~GGAGGCUCAGAGCUGCCACCUGGCGGUGGCCCCGAAUCACGCUGUGGUGUC~G~G (1900)  

P-S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (1850)  

bL f  ~GAUAGGGCAGCACA~GUGAAACAGGUGCUGCU~CA~CAGCAGGCUCUGUUUGGGAAAAAUGGAAAAAACUG~GGACAAGU~JUU~~U (2000)  

bL f  GAAACCAAAAACCUU~UGU~CAAUGACAACACUGAGUGU~UGGCCAAACUUGGAGGCAGACCAACGUAU~GGG~~CACGG (2100)  

END 

bL f  CCAUUG•CAA•CUGAAAAAAUGCUCAACCUCCCCGCUUCUGGAAGCCUGCGCCUUCCUGACGAGGUAAAGCCUGCAAAGAAGCUAGCCUGCCUCCCUGGG (2200)  

\ \ \ \ \  

b L f  CCUCAGCUCCUCCCUGCUCUCAGCCCCAAUCUCCAGGCGCGAGGGACCUUCCUCUCCCUUCCUGAAGUCGGAtz-%%~JGC~G~~ (2300)  

\ \ \ \ \ \  . . . . . .  +++++  • 

3Lf UUCCCUGCUGUCAUUUUAGCAA~kAUAAJ~UUAGAA~GCUGUUG . . . . . . . . . . . . .  AAAAA (2351)  

)-S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  AUUUUCAUUCCClJ . . . . .  (2314)  

4+T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . .  AUUUUCAUUCCCU . . . . .  ( 2244 )  

J Fioure 2 .  Nucleotide sequence of bovine mammary lactoferrin mRNA and compari- 
I son with newly published bovine lactoferrin cDNA's. Sequences of the complete 

bLf mRNA (201 and incomplete eDNA's, P-S (181 and H+T (191 are listed (differ- 
ences only). The eDNA'8 are converted to mRNA for comparative purposes. Gap8 
(-1 and identical bases (.) are marked. The initiation codon (Met), the end 
of the signal peptide ( >I 1, the termination codon (END), putative destabili- 
zation 81gna18 (\1 polyadenylation signal (=) and poly A tract (+++I are 
identified. Undetermined nucleotide8 are indicated (N). 

53%), and melanotransferrin (35, not shown) (57% and 41%). The 19 amino acid 

signal peptlde sequence coded from the initiation codon at base 42 conforms to 

the common patterns of signal peptide sequences (361 and should be cleaved at 
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- 1 9  - l J  +5  s s s s 811 * 
b L f  ~(LF~PALLSLGALGLCLAAPR~(Nv=RWCT~S~PEWFKCRRk~iWRHK~LGA~PS~TCV~tRAFALE~RA~AE~(~ADAVTLDGG~4VFEAGR~PYKLRP~ ( 7 7 )  
m L f  : : . L I . S . I F . E  . . . . . .  = . K A T T . : . . . A V . N S . E E . . L . . . N E . R . V . G : : : . P L S . . K I ( S S T R Q . . Q . . V T N R . . . N  . . . . .  T H . D . . K P  . . . . . . .  ( 7 7 )  
h L f  . . . V F L V . . F  . . . . . . . . .  G R . R S . = Q . . A V . N . . A T . . F Q . . R N . R . V R G = : : . P V S . L K . D S P I Q . . Q  . . . .  NR . . . . . . . . .  F ! Y . . . L A  . . . . . . .  ( 7 7 )  
h T f  . R . A . G . . . V C A V  . . . . . .  V . D . T . : . . . A V . E H . A T . . Q S F R D H . . S V ! P S D G . . V A . . K K . S Y . D  . . . . . .  ANE . . . . . . .  A . L . Y D . Y L A . N N . K . .  ( 8 0 )  
p T f  = = = = = = = = = = = = = = = = = = = = = = = = = =  . . . . . .  N Q . A N . . S S F R E N . S . A V K N G : . L V S . . K K S S Y . D . . K . . R D . E  . . . . . . .  A . L  . . . . .  L A . . N . K . .  ( 7 9 )  
o T f  . . . ! L C T V  . . . .  ! A A V . F . . . P . S . I  . . . . . .  S . . E K . . : N N L R D L T O Q E R : : : ! . L . . . Q K . T Y . D . . K . . . N N E . . . I S  . . . .  Q . . . . .  LA . . . .  R . !  ( 7 7 )  

• S ( - )  s s 
b L f  A A E ~ Y G T K E S P ~ T H Y Y A ~ A V V K K G ~ N F ~ L ~ L ~ G R K S ~ H T G L G R S A G ~ / ~ G ~ L R P Y L ~ W T ~ E ~ L E P L ~ G A ~ A K F F S A S C V P C ~ D R ~ A Y P N L C  ( 1 7 0 )  
m L f  . . . V  . . . . .  Q .R . . . . . . . . . .  N S . . . H . N  . . . .  LR . . . . .  | . . . . . .  K . . I . T  . . . . .  N .  N=======GPPAS. E E . .  S . . . .  K . . . .  GAQKDRF . . . .  ( 1 7 0 )  
h L f  . . . V . . . E R Q . R  . . . . . . . . . . . .  G S . . . N E . . . L  . . . . . . .  R . T . . . N V .  1 . T . . .  F . N . . = = = = = = = G P P . .  I E A . . . R  . . . . . . . .  GA.KGQF . . . .  ( 1 7 0 )  
h T f  V . . F . . S . . D . . . F  . . . . . . . . .  D . G . . N N . . R . K  . . . . . . . . . . . . .  N . . I . L . = = . C D L P = = = = = = = . P R K . . E K . . . N . . . G . . A . . A . G T D F . Q . .  ( 1 7 1 )  
p T f  V . . F . . Q . D N  . . . . . . . . . . . . . . . . . .  ~ . . . .  KR . . . . . . . . . . . . . . . . .  L . = = . D Q L P = = = = = = = . P R K . I E K . . . S . . . S  . . . . .  A . P V N F . K . .  ( 1 7 0 )  
o T f  . . . . .  EHT .GST.S  . . . . . . . . . .  T E . T V N D . . . K T  . . . . . . . . . . . .  N . .  ! . T . = = = . H . G A I E W E G I . . G S V E . =  . . . . . . . . . . . .  = = G A T I E Q K . .  ( 1 7 1 )  

s s * s s c s * 
b L f  QLC~GEGEN~CACSSREPYFGYSGAF~(CL~DGAGD~AFVKETTvFENLPEKADRD~YELLCLNNSRAPV~AF~ECHLAQVPSHAWARSVDGKEDL~WKL ( 2 7 0 )  

m L f  S S . A . T . A . K . . S . P E . . . S . . A . . L R . . R . N  . . . . . .  TRGS . . . .  E . . N . . E  . . . .  K . . . P D . T W K . . T E Y  . . . . . . . . . . . . . .  S . . T N O . . E A . . E .  ( 2 7 0 )  
h L f  R . . A . T . . . K . . F . . O  . . . .  S . . . . . . . .  g . . . . . . . .  I R . S  . . . .  D . S D E . E . . E  . . . . .  P D . T . K . . . K . . D  . . . .  R . . . . . . . . . . .  N . . . .  A . . N .  ( 2 7 0 )  

h T f  . . . P . = = = = = . G . . T L N O  . . . . . . . . . . .  I( . . . . . . . . . .  H S . I  . . . .  AN . . . . . . . . . . . .  D . T . K . . . E Y . D  . . . . . . . . .  T . . . . .  HG . . . . . . .  E .  ( 2 6 6 )  
p T f  . O . A . K . A E K  . . . .  NH . . . . . .  A . . . N . . K E D  . . . . . . . .  H S . . L  . . . .  D . . . . . . . . . . .  R D . T . R . . . D Y E N . Y  . . . . . . . . . . . . . . . .  Q . . S . . E .  ( 2 7 0 )  
o T f  R Q . . . D P K T K . . = = R N A . . S  . . . . . .  H . . K . . K  . . . . . . .  H . . . N . . A . = = O L N . E  . . . . . .  D G . . Q . . . N Y . T . N W . R . A A  . . . . . .  - - D . N . V E D . . S F  ( 2 6 6 )  

<< N-LOBE C-LOBE >> 
a c V s s 

b L f  LS~AQEKFG~(NKSRSFQLFGSP~PGQRDLLF~(DSALGFLR~PSk~V~SALYLGSRYLTTLKNLRETA~EEV~ARYTRWW~AVGPEEQK~(CQQ~S ( 3 6 2 )  
mL f  .RQS . . . . . .  KQASG . . . .  A . . : : : : S . . K  . . . . .  E . . | . . V . V . Q . . . V G . . . T F S . T . S I Q . . N K K Q : = Q O . : : ! . S K A . . T  . . . . .  S . . K R . . D . . N  ( 3 6 2 )  
h L f  .RQ . . . . . . .  D . . P K  . . . . . . .  = = = = S . . K  . . . . . . . .  Z . . S . V . P R I . . G  . . . . .  G . F . A I Q . . . K S E : = . . . : : A . . R A  . . . . . . . .  E Q . L R . . N . . .  ( 3 6 2 )  
h T f  . N Q . . . H . . . D . . K E  . . . .  S . . = = : = H . = K  . . . . . . . .  ~ I . . . k ' V . P R N . A I G I . . . Y E . V . A | R  . . . .  G T C P . A P = = T D E C K P . K . . . L S H H . R L . . D E . .  ( 3 5 9 )  

p T f  . N Q . . . H . . R D . . P D  . . . .  S . S = = = = H . : K  . . . . . . . .  N . . . K  . . . .  N . . S  . . . .  Y O . V . A . R  . . . .  E I : = S P D S S . N E C I ( K . R . . . ! . H . . T O . . D A . .  ( 3 6 3 )  
o T f  . . . . .  S D . .  VDTKSD. H . . .  P .  GKKD. VLK . . . . . . . .  I N L K . V . . L I 4 . . q  . . . .  FE.  YSAIQSN. K D Q : : L T P = = S P .  EN. tO . . . . .  K D . K S . . D R . .  ( 3 6 2 )  

c $ s s s s 
b L f  Q~SG~WTCATASTTDDC~VLVL~GEADAL~LDGGY~TAG~CGLvPvLAENR~SS~HSSL~==CVLRPTEGYLAVAW~(KANEG=LTWNSLKDK~SCHT ( 4 5 9 )  
mL f  R D . R G R . . .  ! S F P . . E  . . . .  A I H . . D . . . H S  . . . . . . . . . . . . . . . . . . . . .  O . . . .  S N G . . : : . . N . . V  . . . . . . .  A . R R E D A . = F . . S . . R G  . . . . . .  ( 4 5 9 )  
h L f  G L . E G S . . . S S  . . . .  E . . . A  . . . . . . . . .  HS . . . . .  V . . . . . . . . . . . . . . .  Y . . O Q S . D P . P N . . D . . V  . . . . . . . . .  RRSDTS= . . . . .  V .G  . . . . . .  ( 4 6 1 )  

h T f  V N . V G K | E . V S . E . . E . . . A K I H N  . . . . .  HS . . . .  F V . I  . . . . . . . . . . . . .  ====YNK. DN==. EDT. E A . .  F . . . . . . .  S A S D = . . . D N . . G  . . . . . .  ( 4 5 2 )  
p T f  ! N . . G K | E . V S . E N . E . . . A K I V  . . . . . .  HS . . . . . . .  l . . . . . . . . . . . . .  = = = Y . T E G E N = = . . N T . E K  . . . . . . . . . .  S S G P D . N . . N . . G  . . . . . .  ( / , 5 8 )  
o T f  W .  NC, D . E .  TVVDE. K . . .  =K IN . . . . . .  VA . . . .  LV . . . .  V . . . . . .  N . .==RYDDE.  OCS==KTDERPAS. F . . . .  A R . - - D S N = V N . . N . .  G . . . . . .  ( 4 5 5 )  

( - )  c s s s s s * s c 
b L f  AV~RTAGWN~PHGL~VNQTGSCAFDEFFSQSCAPGADPKSRLCALCAGDD~QGLDK~CVPNSKEKYYGYTGAFRCLAEDVGDVA.FVKNDTWENTNGEST ( 5 5 7 )  
m L f  . . . . . . . . . . . . . .  L A . . . R . . K . N  . . . . . . . . . . . . . . .  N . . . . .  I . . E : K . E N . : . A  . . . . .  R.Q . . . . .  L . . . . .  K A . N . . . L . D S . . L Q . . D . K N .  ( 5 5 7 )  

h L f  . . . . . . . . . . . . . .  LF . . . . . .  K . . . Y  . . . . . . . .  S . . R . N  . . . . .  K . . E : . . E N . :  . . . . .  N.R . . . . . . . . . . . . .  NA . . . . . . .  D V . . L Q . . D . N N N  ( 5 5 9 )  
h T f  . . G  . . . . . . . . . . .  L Y . K I N H . R  . . . . . .  EG . . . .  S K K D . S . . K . . H . : : : S . . N L : . E . . N . . G  . . . . . . . . . . .  V . : K  . . . . . . .  H Q . . P Q . T G . K N P  ( 5 4 7 )  
p T f  . . . . . . . . . . . . . .  L Y , K I N . . K . . Q . . G E G  . . . .  SQRN.S . . . . .  X .SE :RAPGRE.LA .NH.R  . . . . . . . . . . .  V . : K  . . . . . . .  D Q V . Q Q . . D . K N K  ( 5 5 6 )  
o T f  . . G  . . . . .  V . . . . . .  H . R . . T . N . . . Y . . E G  . . . .  SP.N . . . .  Q . . Q . S G G I P P E . : . . A S . H . . . F  . . . . .  L . . . V . : K  . . . . .  ; Q H S . . E . . . G . K N K  ( 5 5 3 )  

S S * S S S 
b L f  ADWAKNL~REDFRLL~LDGTRKPVTEAQ~HLA~APNHAw~R~DRAAHVKQ~LLH~QALFGKNGKNCP~(FCLFKSET~(NLLFNDNTECLA[CLGGRPTY ( 6 5 7 )  

m L f  E E . . R . . I ( L K . . E  . . . . .  0 . . . . . . . .  I(N . . . .  1 . . . . . . . . .  T . k ' V E V L Q . . V . D . . V Q . . R . . Q R . . G E  . . . .  Q . K  . . . . . . . . . . . . . . .  I P . K T . S  ( 6 5 7 )  
h L f  E A . . . D . K L A . . A  . . . . . .  K . . . . . . .  R . . . . .  H . . . . . . . . .  H.KVERL . . . . . . . . .  K . . R . . S D  . . . . . . . .  O . . . . . . . . . . . . . . . .  R . H . K T . .  ( 6 5 9 )  
h T f  DP . . . . . .  EK.YE . . . . . . . . . . .  E.YAN . . . .  R . . . . . . .  T . K ~ K E . C . H K I . R Q . . H . . . S . V T D . S G N  . . . .  R . . . .  D . . . R . D . V  . . . . .  H D . N . .  ( 6 4 7 )  
p T f  D . . . .  D . I ( Q I 4 . . E . . . Q N . A . E . . D N . E N  . . . .  R . . . . . . .  A . D . I ( V T C . A E E . . K . . . Q . . R H V T D . S S S . . H . . . N . . D . . . R . D . Q . . . = R V . K T . .  ( 6 5 5 )  

o T f  . . . . . . .  O f l O . . E . . . T . . R . A N . N D Y R E . N . . E V . T  . . . .  V . P E K . N K X R D L . E R . E K R . . V . . = S E K S . . H H . E . Q N K O . . . K . L . K . .  F . V R E G T . .  ( 6 5 2 )  

s s HomoLogy t o  b L f  

b L f  EEYLGTEYVTAXANLI(KCSTSPLLEACAFL=========T=R (689) - - -  
mL f  . K . . . K . . . T . T E R . . Q . . S  . . . . . . . . . .  : : : : : = = : : . = O  ( 6 8 9 )  6 4 Z  

h L f  . I ( . . . P Q . . A G . T  . . . . . . . . . . . . . .  E . . = = = = = = = = = R = K  ( 0 9 1 )  68X  
h T f  . K . . . E . . . K . V G . . R  . . . . .  S . . . . .  T .R=========R=P ( 6 7 9 )  60X  
p T f  . S . . . A D . I . . V . . . R  . . . . .  K . . . . .  T.HSAKNPRVET.=T ( 6 9 6 )  61X  
o T f  K . F . . D K F Y . V . S . . . T . N P . D I . G H . S . . = = = = = = = = = E G K  ( 6 8 5 )  5 3 Z  

Fiaure 3. Amino Acid Homology Alignment of transferrins/Lactoferrins. Actual 
(hLf) and deduced (bLf, mLf, hTf, pTf, and oTf) amino acid sequences indicate 
conservation of the spatial arrangement of the iron binding (*) and anion 
binding sites (-). Oystelnes probably involved in disulflde bridges (s) are 
highly conserved. Potential glycosylation sites for bLf (c); identical amino 
acids (.); gaps (=) and the division between lobes (N-LOBE \/ C-LOBE) are 
indicated. Amino acid numbers for signal peptide8 are negative while those 
for the mature protein are in parentheses. Abbreviations and references are 
shown: bLf, bovine lactoferrin (consensus of 18,19,20); mLf, mouse lactoferrin 
(18); hLf, human lactoferrin (13,14); hTf, human transferrin (ii); pTf, por- 
cine transferrin (31); oTf, ovotransferrln (12). The consensus bLf sequence 
differs from our sequence at three amino acids (@). 
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Table 1. Comparison of predicted disulfide bonding for bovine laotoferrin and 
human laotoferrin and transferrin. Intra-peptlde disulfide bridges, identi- 
fied as probable for human lactoferrin (30), with modified amino acid numbers 
(16} to match the eDNA corrected primary sequence. Oysteine8 found in identl- 
ca1 positions in the deduced amino acid sequence of bovine lactoferrin are 
predicted to participate in the corresponding disulfide bond, with bond num- 
bering as adopted from Metz-Boutigue et al. (30) preceded by N for those of 
the N-Lobe and by C for those of the C-Lobe. 

Human Bovine Human 
Disulfide Lactoferrin Lactoferrin Transferrin 
Bond No. Residue No. Residue No. Residue No. 

N-Lobe N1 9 - 45 9 - 45 9 - 48 
N2 19 - 36 19 - 36 19 - 39 
N3 115 - 198 115 - 198 118 - 194 
N4 157 - 173 157 - 173 158 - 174 
N5 170 - 181 170 - 181 171 - 179 
N6 231 - 245 231 - 245 227 - 241 

NI0 .................. 137 - 331 
NIl ......... 160 - 183 161 - 177 

C-Lobe Cl 348 - 380 348 - 380 345 - 377 
c2 358 - 371 358 - 371 355 - 368 
c3 459 - 534 457 - 532 450 - 523 
c4 493 - 507 491 - 505 484 - 498 
c5 504 - 517 502 - 515 495 - 506 
c6 575 - 589 573 - 587 563 - 577 
c7 483 - 677 481 - 675 474 - 665 
c8 427 - 649 425 - 647 418 - 637 
c9 405 - 686 405 - 684 402 - 674 

c12 .................. 339 - 596 
c13 627 - 632 625 - 630 615 - 620 

the Ala19-Ala20 Juncture during translation to yield the mature protein of bLf 

with an N-terminus identical to that reported by Rejman (i}. 

Amino acid residues involved in iron and anion binding in human lacto- 

ferrin by Anderson (16) are conserved in each of the two halves of bLf, as in 

all other known lactoferrin8 and transferrins (Fig. 3). Other amino acids 

immediately surrounding arginines 121 and 463 (ThrXXXArgXAIaGIy) which may 

also participate in anion and therefore iron binding, as predicted for hLf 

(16), are also conserved in bLf, hLf, mLf, hTf, pTf, and oTf. The bLf se- 

quence presented here includes five potential N-linked glycosylation sites; 

Asparagine8 233, 281, 368, 478, and 547. Bovine and Caprine lactoferrin8 are 

thought to have four glycan chains normally (37). 

Cysteine residues and disulfide bonds established for ovotransferrin and 

human transferrin and lactoferrin (30), are highly conserved in this family of 

proteins (Fig. 3). Based on the deduced amino acid sequence, bLf likely has a 

total of 17 disulfide bonds (Table i), including the 16 disulfide bonds 

present in hLf plus one additional inthe N-lobe of bLf which is found in hTf 

(Nll) but not in hLf. Two additional bridges (NIO and C12) of hTf are appar- 

ently absent from both bovine and human lactoferrin. 

Northern blots of RNA from liver (negative control, not shown), periph- 

eral circulating leukocytes, and mammary glands during prepartum development, 

lactation, and early involution (Fig.4) showed the expected sizes (estimated 

from 288 and 188 rRNA) for each of the milk protein mRNAs shown, and indicate 
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1 2 3 4 5 6 

Laotoferrin 

alphas 1-Casein 

beta-Casein 

kappa-Casein 

beta-Lactoglobulin 

alpha-Lactalbumin 

Fiuure 4. Northern blot analysis of mammary and leukocyte mRNA for lactofer- 
tin and milk protein expression. Cellular RNA (20 ug/lane) was from bovine 
mammary tissues [two days prepartum, #i; peak lactation, #21 late lactation, 
milked half, #3; involuting late lactation, unmilked for 3 days (same cow as 
#3), #4; involuting mid-lactation, unmilked for 3 days, #5~ and circulating 
leukocytes, #6. Membranes were hybridized with [alpha-32p]dCTP labeled eDNA 
inserts for bovine lactoferrin (pLf3a), alphasl-casein (pC184), beta-casein 
(pC14), kappa-casein (pC371), beta-lactoglobulin (pBl13), or alpha-lactalhumin 
(paLac), as indicated. 

an mRNA for bLf of about 2500 bases, favorably agreeing with the 2351 base 

mRNA sequence which is devoid of a normal poly(A) tail (with I00 tc 300 A's). 

Hybridization of liver RNA with bLf eDNA followed by low stringency washing 

gave a faint band at about 2500 bases. This band disappeared with high strin- 

gency washing and probably represents the homologous transferrin RNA. 

The Northern blots (Figure 4) reflect relative changes in mRNA levels 

for each of the milk proteins at the represented mammary stages. Interesting- 

ly, little lactoferrin mRNA was noted in mammary tissue from either two days 

prepartum or lactation, even though the concentration of bLf in prelactating 

mammary secretion is generally 10-100 fold higher than in milk (8). This 

unexpected finding could be the result of translational regulation of bLf 

expression, or of protein storage and delayed release. The cessation of 

milking causes a dramatic increase in bLf mRNA which appears partly due to 

local non-hormonal effects, as evidenced by the increase in bLf mRNA in the 
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involuting unmilked half of the mammary gland of cow #3148 (Fig. 4, lane 4) 

while in the regularly milked contralateral half bLf mRNA remained low (Fig. 

4, lane 3). The greater abundance of bLf mRNA in the fully unmilked half of 

the mammary gland of cow #3148 suggests increased induction of bLf in mammary 

tissue allowed to involute without continued milking stimulus. Although 

lactoferrin is found in secondary granules of polymorphonuclear leukocytes 

(3), no bLf mRNA was detected in RNA from circulating bovine peripheral leuko- 

cytes (Fig. 4, lane 6) either because the number of neutrophils in peripheral 

blood is low, or the abundance of bLf mRNA in circulating cells is low. 

The half-life of bLf mRNA may be regulated in-part through the AUUUA and 

AUUUUA sequences found in the 3'UTR, as occurs with the destabilizing effect 

of similar sequences in the c-myc mRNA (32,33), by altering accessability to 

endonuclease sensitive sites. Human lactoferrin does not have similar se- 

quences which may explain the difference in milk secretion between human and 

bovine lactoferrins. Additional regulation of bLf expression may involve the 

formation of secondary structures in the mRNA as predicted for bases in the 5 

to 305 region, and by the suboptimal sequence at the initiation codon. 

Steady-state levels of mRNAs for alphasl- and kappa- caseins did not 

decrease while those for beta-casein and beta-lactoglobulin decreased somewhat 

in the unmilked involuting half of the mammary gland of #3148 compared to the 

lactating contralateral half (Fig. 4, lane 4 and 3). Except for beta-lacto- 

globulin, mRNA levels for caseins and alpha-lactalbumin are significantly 

lower in early involuting mammary tissue (cow #2949) which was completely 

unmilked for three days prior to slaughter. AIpha-lactalbumin message was not 

detectable in the two day prepartum gland (Fig.4 lane i), and declined dramat- 

ically with early involution in the totally unmilked gland (Fig. 4 lane 5) 

compared to levels in lactating tissue (Fig. 4, lane 2), which were essential- 

ly the same as in the milked and unmilked halves of the same gland (Fig. 4, 

lanes 3 and 4), indicating a dramatic down regulation of bovine alpha-lactal- 

bumin message soon after the complete cessation of milking. 

These studies provide the first complete mRNA sequence for bovine lacto- 

ferrin with minor sequence differences from the two published partial se- 

quences (18,19). The Northern blot data show for the first time that bovine 

mammary lactoferrinmRNA concentrations are regulated contrary to that for the 

other milk proteins. The exact mechanisms by which bLf mRNA is regulated must 

be experimentally determined. 
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