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111 Abbreviations

ABBREVIATIONS

aa Amino Acid

Ab Antibody

ABTS 2,2"-azinobis-3-ethylbenzothiazoline-6-sulphonic acid

AS Aminosdure(n)

ts-CN o-Casein, calcium sensitive type 1

ts2-CN o~-Casein, calcium sensitive type 2

f-CN p-Casein

k-CN K-Casein

kDa Kilo Dalton

HPLC High Pressure Liquid Chromatography

LINE Long Interspersed Repetitive Element

LP-s Lactoperoxidase-system

MALDI-MS Matrix Assisted Laser Desorption/lonization
Mass Spectrometry

MFG Milk Fat Globule

MFGM Milk Fat Globule Membrane

ORF Open Reading Frame of a ¢cDNA or genomic DNA
sequence

PAGE Polyacrylamide Gel Electrophoresis

PCR Polymerase Chain Reaction

pfu Plagque Forming Units

PGRP Peptidoglycan Recognition Protein

PP3 Proteose Peptone Component 3

SDS SodiumDodecyl Sulphate

SINE Short Interspersed Repetitive Element

TFA Trifluoroacetic Acid

WAP ‘Whey Acidic Protein
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SUMMARY

The present study aims to contribute in characterisation of the camel milk
protein fraction.

Proteins from milk of Somali and Arabian camel breeds (Camelus
dromedarius) were separated by acid precipitation into a casein and a whey
fraction. Both fractions were further separated by reversed-phase HPLC
chromatography, whey proteins also by  Heparin-Sepharose
chromatography. Purity of isolated proteins was verified by SDS-PAGE.
Proteins were quantified by absorption spectrometry at 280 nm, or by peak
integration at 220 nm. The structures of the isolated proteins, as well as of
gastric aspartic proteases, were characterised by mass spectrometry, N-
terminal sequence analysis, and ¢DNA sequence analysis. It was concluded,
that camel and cow milk strongly differ in the composition of both, casein
and whey protein fraction, and that camel and bovine milk proteins exhibit
distinet structural variations.

Tryptic digests of ca-, ¢se-, p- and k-CN, and ¢cDNA clones corresponding to
the four caseins, were sequenced. The number of residues were ¢-CN 207,
o2-CN 178, B-CN 217, v-CN 162. Similarity to bovine proteins was t-CN A
60.3%, ¢t2-CN 73.0%, B-CN 80.4%, x-CN 73.8%. Acid precipitated casein of
pooled milk was separated by reversed-phase HPLC and monitored at 220
nm, and its composition, estimated from peak integration, was os-CN 22%,
tt-CN 9.5%, B-CN 65%, x-CN 3.5%. Degrees of phosphorylation and
glycosylation were determined by mass spectrometry and sequence pattern
analysis. Molecular masses determined were ¢/s-CN A, 24.7 kDa and 24.8
kDa; o-CN B, 25.3 kDa; os2-CN, 22.0 kDa; B-CN, 24.9 kDa; x-CN, 22.3-
23.0 kDa. The pH values of the most probable isoelectric points were: os:-
CN A 6P, 4.41; us-CN B 6P, 4.40; 05-CN 9P, 4.58; §-CN 4P, 4.66; x-CN 1P,
with 10 sialic acid residues bound, 4.10. It was concluded, that the low gel
firmness of renneted camel milk, as compared to renneted milk of true
ruminants, is a result of the different composition of the casein fraction, and
marked variations in the x-CN primary structure.

The structure of chymosin and pepsin mRNA from gastric mucosa of camels
was determined, to understand specificity of interaction with «-CN.
Chymosin was 323 aa residues long, with a molecular weight of 35.6 kDa
and an isoelectric point at pH 4.71. It shared 96.9% sequence similarity with
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bovine chymosin, Specificity pockets for interaction with the chymosin
sensitive region in x-CN were found to have more pronounced hydrophobic
or hydrophilic characteristics than those in bovine chymosin, and were thus
probably better suited for hydrolysis of the scissile hond in camel x-CN.
Pepsin was 327 aa residues long, with a molecular weight of 34.9 kDa and
an isoelectric point at pH 3.16. Tt shared 98.5% sequence similarity with
porcine pepsin and wag supposed to have a similar activity. It was
econcluded, that the higher activity of camel chymosin in milk renneting,
compared to bovine chymosin, was based on higher specificity towards its
natural substrate, which is camel milk x-CN, and that large-scale
production should be envisaged.

Whey proteins of camel milk were examined with focus on their relative
distribution, as compared to whey proteins of cow milk, and with special
interest in proteins with possible antimicrobial activity.

A novel milk protein was isolated by heparin-sepharose affinity
chromatography from camel whey, which was found at a high concentration
of 370 mg I and had 91.2% similarity with human peptidoglycan
recognition protein (PGRP}. The protein was 172 aa residues long, with a
molecular mass of 19.117 kDa, and an iscelectric point at pH 8.73. In
analogy to homologous proteins from the immune system of vertebrates
and invertebrates, activity against gram-positive, and probabiyy against
gram-negative bacteria, and a potential anti-tumour activity was proposed.

A camel whey protein with 83.6% amino acid sequence similarity to
lactophorin from bovine whey and 67.9% similarity to the mouse (Mus
musculus) glycosylation dependent cell adhesion molecule GlyCAM-1, was
found to be a product of a alternatively spliced gene. About 75% of the
protein was expressed as a long variant A with 137 aa residues and a
molecular weight of 15.7 kDa, about 25% was expressed as a short variant B
with 122 aa residues and a molecular weight of 13.8 kDa. Both proteins were
probably three-fold phosphorylated. In contrast to bovine lactophorin and
mouse and rat GlyCAM-1, no glycosylation was found in the camel whey
protein. Due to this difference, specific interaction with carbohydrate
binding proteins, as reported for GlyCAM-1, was excluded, and a function of
the protein other than cell recognition or rotaviral inhibition was proposed.
Higher amounts of the protein were found in camel milk, with about 954
mg 1, than in cow milk, with about 300 mg . In analogy to bovine
lactophorin, the protetn was proposed to have a function in prevention of
fat globule aggregation, e.g. during secretion of fat globules into the alveolar
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lumen of the lactating udder, and to be a natural inhibitor of spontaneous
lipolysis by lipoprotein lipase.

Lactoferrin of camel whey was isolated by heparin affinity chromatography.
The protein sequence, as deduced from cDNA, had 91.6% similarity to
bovine lactoferrin, the same length of 689 aa residues, 2 molecular mass of
about 80.5 kDa and an isoelectric point at pH 8.14. The protein was
probably two-fold glycosylated, and was found to have twe centres for
binding of Fe3* and COs*. An antimicrobial N-terminal proteolytic
breakdown product was propesed in analogy to bovine lactoferricin. The
protein was found in camel milk at a higher concentration of 220 mg 17,
than in cow milk with 140 mg 1.

Lactoperoxidase, as deduced from ¢cDNA, was 612 aa residues long, with a
molecular mass of 69.5 kDa for the unmodified protein and an isoelectric
point at pH 8.63. Analysis of the pritnary structure, which had 94.9%
homology to cow lactoperoxidase, showed potential for four sites of
glycosylation, covalent binding of a fervic heme and strong binding of a
calcium ion. Similar activity in a lactoperoxidase system as reported for
bovine lactoperoxidase, was proposed.

The different composition of the camel milk whey and casein fractions, as
compared to milk of ruminants, was suggested to be a result of genetic and
environmental factors.



Vil Zusammenfassung

ZUSAMMENFASSUNG *

Mit der vorliegenden Arbeit méchten wir zum besseren Verstindnis der
Proteinfraktion von Kamelmilch beitragen.

Milch von Somalischen und Arabischen Kamelen wurde durch Siurefallung
in eine Kasein- und eine Molkenfraktion aufgetrennt. Beide Fraktionen
wurden mit Hilfe der Phasenumkehr-Chromatographie weiter aufgetrennt.
Ausserdem wirden Molkenproteine mittels Heparin-
Affinititschromatographie isoliert. Die Reinheit der Fraktionen wurde mit
SDS-PAGE  iiberpriift.  Proteinkonzentrationen  wurden  inittels
Absorptionsspektrometrie bei 280 nm gemessen, oder durch Integration
der Signale, die withrend der Phasenumkehr-Chromatographie bei 220 nm
aufgezeichnet wurden. Die Struktur der isclierten Milchproteine und der
Labenzyme wurde durch Massenspektrometrie, Edman-aAbbau und cDNA-
Sequenzierung bestimmt. Sowchl die Zusammensetzung der Kasein- und
Molkenfraktionen, als auch strukturelle Eigenschaften der einzelnen
Proteine, unterschieden sich stark von Resultaten, die aus der
Untersuchung von Kuhmilch bekannt waren.

Die Primérstrukiur von osi-, 02—, B- und x-CN wurde durch Edman-Abbau
von tryptischen Fragmenten und durch ¢DNA-Sequenzierung bestimmt.
a-CN hatte 207, a-CN 178, B-CN 217 und x-CN 162 AS. Die Ahnlichkeit
zu Kuhmiichproteinen war 60.3% fiir 0«-CN, 73.0% fiir ws=-CN, 80.4% fiir
f-CN und 73.8% fiir x-CN. Sauregefiilltes Kasein von Mischmilch wurde
ausserdem mittels Phasenumkehr-Chromatographie getrennt und bei 220
nm aufgezeichnet, Aufgrund der Signalintensitit wurde der relative Gehalt
von ¢a-CN auf 22%, von as:-CN auf 9.5%, von B-CN auf 65% und von x-CN
auf 3.5% des Gesamtkaseins geschitzt. Seitenketten der Proteine, die
miglicherweise posttranslational phesphoryliert oder glykosyliert waren,
wurden durch Massenspektrometrie und durch die Anpalyse von
Erkennungsmustern in der Primérstruktur bestimmt. Fitr o-CN A wurden
Massen von 24.7 und 24.8 kDa gemessen, ¢-CN B, ¢s2-CN, §-CN und x-CN
hatte Massen von 25.3 kDa, 22.0 kDa, 24.9 kDa und 22.3-23.0 kDa, Der
isgelektrische Punkt von os-CN A 6F war bei pH 4.41, von ag-CN B 6P bei
4.40, von us2=CN 9P bei 4.38, von B-CN 4P bei 4.66 und von x-CN 1P mit 10
gebundenen Salicilsiureresten bei 4.10. Die geringe Gallertfestigkeit von
labbehandelter Kamelmilch, verglichen mit labbehandelter Milch von
echten Wiederkiuern, wurde auf die verschiedenartige Zusammensetzung
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der Kaseinfraktion, und aunf deutliche Unterschiede in der x-CN-Struktur
zuriickgefiihrt.

Die mRNA von Chymosin und Pepsin aus der Schleimhant des Labmagens
eines Kamels wurde sequenziert, um die spezifische Interaktion der Enzyme
mit k-CN zu analysieren. Kamel-Chymosin hatte eine Linge von 323 AS, ein
Molekulargewicht von 35.6 kDa und einen isoelektrischen Punkt bei pH
4.71. Die Ahnlichkeit zu bovinem Chymosin war 96.9%. Sogenannte
Spezifizitidtstaschen fiir die Interaktion mit der chymosin-sensitiven Region
von 1-CN wurden gefunden, mit hydrophilen oder hydrophoben
Eigenschaften, die ausgeprigter waren, als diejenigen in bovinem
Chymosin. Daraus wurde geschlossen, dass Kamel-Chymosin zur Hydrolyse
von Kamel-k-CN wahrscheinlich besser geeignet ist als bovines Chymosin.
Kamel-Pepsin hatte eine Lange von 327 AS, ein Molekulargewicht von 34.9
kDa und einen isoelektrischen Punkt bei pH 3.16. Die Ahnlichkeit zu
Schweine-Pepsin war 98.5%. Es wurde angenommen, dass die Aktivitdt
beider Enzyme dhnlich war. Die héhere Aktivitdt von Kamel-Chymosin, die
fiir die Gerinnung von Kamelmilch im Vergleich zur Aktivitit von bovinem
Chymosin nachgewiesen worden war (Wangoh, 1993), wurde auf die hohe
Enzym-Substrat-Spezifitit von Chymosin und x-CN zuriickgefiihrt, und es
wurde angeregt zu priifen, ob sich das Enzym fiir die Kaseproduktion
eignen wiirde,

Die Molkenproteine der Kamelmilch wurden im Hinblick auf ihre
Konzentration, im Vergleich zu Molkenproteinen der Kuhmilch, untersucht,
mit besonderem Interesse an Proteinen mit mdéglicher antimikrobielier
Altivitat.

Ein Protein wurde mittels Heparin-Sepharose-Affinititschromatographie
aus Kamelmolke isoliert, das keine Ahnlichkeit zu in der Literatur
beschriebenen Molkenproteinen hatte. Die Konzentration in Molke wurde
auf 370 mg 11 geschitzt. Das Protein hatte 91.2% strukturelle Ahnlichkeit
zuim menschlichen Peptidoglycan Erkennungsprotein {PGRP), eine Linge
von 172 AS, eine Masse von 19.117 kDa und einen isoelektrischen Punkt bei
pH 8.73. Aufgrund der Wirkungsweise von strukturell verwandten
Proteinen von Wirbeltieren und Invertebraten wurde vorgeschiagen, dass
das Protein gegen grampositive, und wahrscheinlich auch gramnegative
Bakterien wirksam ist.

Kamel-Lactophorin, ein Molkenprotein mit 83.6% Ahnlichkeit zu bovinem
Lactophorin und 67.9% zum murinen Zelladhésions-Molekiil GlyCAM-1,
wurde zu ca. 75% in einer langen Variante A mit 137 AS und einer Masse
von 15.7 kDa, und zu ca. 25% in einer kurzen Variante B mit 122 AS und
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einer Masse von 13.8 kDa gefunden. Die Heterogenitdt war die Folge von
differenziellem Splicing und Verlust des zweiten Exons in Variante B. Beide
Proteine waren vermutlich dreifach phosphoryliert. Im Gegensatz zu
bovinem Lactophorin, und zu den Maus- und Rattenvaritanten von
GlyCAM-1, war das Kamelprotein nicht glycosyliert. Spezifische Interaktion
mit zuckerbindenden Proteinen, wie sie bei GlyCAM-1 berichtet wurden,
konnten deshalb ausgeschlossen werden, und eine Funktion des Proteins in
der spezifischen Erkennung von Zelltypen oder in der Suppression von
Rotaviren ist nicht wahrscheinlich. Die Konzentration in Xamelmilch war
etwa 954 mg I, wahrend die Konzentration von hovinem Lactophorin in
Kuhmilch lediglich etwa 300 mg ! betrug. Es wurde vermutet, dass das
Protein eine dhnliche Funktion in Milch wie sein bovines Pendant ausiibte,
das die Zusammenballung der Fettkiigelchen unterdriickt, z.B. wahrend der
Ausscheidung in die Milchdriisen, und das die spontane Lipolyse des
Milchfetts durch Lipoprotein Lipase hemmt.

Lactoferrin  wurde aus Kamelmolke mit Hilfe der Heparin-
Affinititschromatographie isoliert. Die Proteinsequenz, die von der eDNA-
Sequenz ahgeleitet wurde, hatte 91.6% Ahnlichkeit mit bovinem
Lactoferrin, hatte ebenso wie dieses Protein eine Linge von 689 AS, eine
Masse von 80.5 kDa und einen isoelektrischen Punkt bei pH 8.41. Das
Protein war wahrscheinlich zweifach glycosyliert und hatte zwei mogliche
Zentren fiir die Bindung von Eisen und Karbonat. Analog zu bovinem
Lactoferricin wurde ein N-terminales proteolytisches Abbauprodukt mit
antimikrobiellem Potential vorgeschlagen. Die Konzentration des Proteins
betrug 220 mg 1, und war hiher als in Knhmilch mit 140 mg H.

Die Primdrstruktur von Lactoperoxidase wurde aus ihrer ¢DNA-Sequenz
abgeleitet, nmfasste 612 AS, hatte eine Masse von 69.5 kDa und einen
isoelektrischen Punkt bei pH 8.63. Die Ahnlichkeit zum bovinen Homolog
war 94.9%. Ahnlich wie dieses Protein war Lactoperoxidase aus Kamelmilch
vermutlich vierfach glycosyliert, hatte eine Him-Gruppe kovalent und ein
Kalziumion elektrostatisch gebunden. Eine vergleichbare Aktivitit im
Lactoperoxidase-System wurde vermutet.

Die unterschiedliche Zusammensetzung von Molke und Kasein, im
Vergleich zu Milch von Wiederkiuern, ist vermutlich eine Folge von
erblichen Faktoren und Umwelteinfliissen.
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1 INTRODUCTION

The Arabian camel (Camelus dromedarius) is the most important livestock
animal in the semi-arid areas of Northern and Eastern African countries, Of
19.6 million camels world-wide (dromedaries and bactrians), 14.6 million
are held in Africa, 6.1 million of which in Somalia alone. Camels are
multipurpose animals, they are used for milk, meat and hide supply, as well
as for transport and for field cropping.

Whereas world-wide production of camel milk merely contributes to 0.23%
of total milk production, it accounts for 38% of total milk production in
Somalia. World-wide production of camel milk exceeds production of camel
meat 5.3 times. Compared to world milk produetion of all livestock, which
surpasses world meat production only 2.6 times, it is obvious, that camels
are mainly held as a milk supplying livestock. Total milk vield of the 19.6
miltion carnels was 1.3 billion litre in 1997. Average milk yield per animal
was therefore 0.18 litre per day. Total milk yield of the 1.333 billion cattle
was 471 billion litre, average milk yield per animal was therefore 0.97 litre
per day. This figures implicate, that milk productivity of camels is more
than five times lower than milk productivity of cattle. On the other hand,
average milk yield of Somali camels was 0.38 litre per day, of Somali cattle
only 0.30 litre per day (FAQ, 1998). This figures illustrate, that came] milk
yield is higher than the milk yield of cattle in arid countries. Milk vield per
hectare is even higher in a mixed herd of camels and small ruminants, due
to complementary grazing patterns. The Arabian camel is the livestock,
which has the best chance to survive a prolonged drought period, and helps
the camel keeping societies to survive one ore more dry seasons.
Furthermore, due to their instinet for deferred grazing, camel herds help to
keep the ecological balance intact.

Research on camels is scarce, especially on camel milk, Of a total of more
than 150,000 publications indexed by CAB International, Oxon, UK, every
year, an average of 210 publications was dedicated to camel research in
general, and an average of merely 24 studies focused on camel milk
research. As Fig. 1.1 illustrates, research with focus on camel milk was rare,
compared to the much greater efforts in research about cow milk, but
relatively continuous over the years. Nevertheless, only 0.33% of all
research done about milk focused on camels in the vears 1984 to 1998,
Given the impact, this animal has on the social and economical situation in



arid countries, it is without doubt, that there should be envisaged a serious
step up in camel milk research.

1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994

Fig. 1.1 Research studies published about camel milk in the years 1984 to
1994.

Due to the importance of camels as milk suppliers, research about camel
milk should tackle technologieal problems first, in order to understand the
technological properties of the milk. Main questions which arise when
trving to make products from camel milk, and which cannot be answered
satisfactorily until now, are:

e Why is the curd formed by fermentation or rennet coagulation of camel
milk much weaker than the curd formed by coagulation of milk of
ruminants?

e Why are proteins of camel whey more resistant to prolonged heat
treatment than proteins of bovine whey? Due to this, proof of
pasteurisation by the most common methods, e.g. denaturation of
alkaline phosphatase, is not feasible with camel milk.

e Why is camel milk at high heat temperature less heat stable than cow
milk (Farah & Atkins, 1992)?

e Why is growth of many strains of lactic acid bacteria retarded (Abu
Tarboush, 1994 and 1996; Kamoun, 1995)?

The reasons for the different properties of camel milk and cow milk may be
manifold. The survival of the offspring in a given environment depends on
the immunological situation with regard to the placenta type, the colostrum,
the development and stimulation of the immune system in the calf, and the
nutritional properties in general. Certainly, the long period of the
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paleontological development may have caused noticeable differentiation.
The family of the Arabijan and the Bactrian camels belong to the suborder of
Tylopnda, together with the llama and vicuma families. Because ail
members of the Camelidae suborder ruminate, they were put into a close
paleontological relationship with true ruminants. Most animals used for
milk production are members of the Bovidae family of Ruminantae, e.g.
cattle, sheep, buffaloes and goats. Recent research using morphological and
molecular biological methods showed, that true ruminants are closer
related to Cetacea (baleen and tooth whales) than to Tylopoda and
Suiformae, which are more distantly related. For this reason, the order of
Cetacea and the order of Artiodactyla (even toed ungulates) were put into
one ordetr Cetartiodactyla (Graur and Higgins, 1994). Tylopoda and
Suiformae are probably closer related to each other than to Ruminantae
(Martinat et al. 1991).

Differences in the immunological sitwation as a result of the different
habitats, in which the animals live, adaptation to a sub-optimal food supply
and quality, and differences in the way, the offspring is raised, as well as the
more distant paleontological relationship, can give some explanations to
generally observed differences between camel milk and milk of ruminants,
in terms of chemical characteristics and technological properties,
Fuarthermore, it has to be considered, that systematic selection for
productive traits has never been done in camels (Schwartz & Dioli, 1992).

Most research done for characterisation of camel milk focused on the study
of gross components, such as total protein, fat or minerals. Many properties
of milk depend on the protein fraction. To understand the true nature of the
different proteins, modern analytical methods for isolation and
characterisation have to be applied. There is a need to know the distribution
of the individual proteins in the casein and whey fraction, and to obtain
insight into the primary structure and the way of modifications of the
different proteins, which finally will lead to a better understanding of the
processing quality of camel milk. In the course of this thesis, we tried to
throw light on different aspects of the camel milk protein fraction,

Among these were:

s Quantification and structural analysis of camel milk caseins.

s Quantification of the main whey proteins o-lactalbumin and lactophorin,

¢ Structural analysis of different functional whey proteins: lactoferrin,
lactoperoxidase, and peptidoglycan recognition protein.



e Structural analysis of renneting enzymes chymosin and pepsin, and
comparison to the homologous proteins from cattle.

As there is little research already done in this area, and the milk protein
fraction is a complex subject to investigate, the results of the present work
can only give limited insight into the nature of camel milk proteins, but will
give hints, which questions have to be addressed in further research on this
subject.

In the present thesis, only Camelus dromedarius proteins were studied.
Camel proteins described are named without annotation of species in the
foltowing text, to facilitate ease of reading,
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2 LITERATURE REVIEW

This review was written with the intention to cover some general aspects
with regard to camel milk, and not to give background information about
the proteins studied. Literature concerning individual proteins will be
discussed in the respective chapters of “Results and Discussion”.

Taxonomy

The Camelidae belong to the order of Artivdactyla (even toed ungulates),
and the suborder Tylopoda (pad footed animals). They are divided into the
genus Camelus, with the two old-world species Camelus dromedarius
{Arabian camel) and Camelus bactrianus (Bactrian camel), the genus
Lama, with the new-world species Lama glama (llama), Lama guanicoe
{guanaco), and Lama pacos (alpaca), and the genus Vicugna with the new-
world species Vicugna vicugna (vicuna). Camelids spread from Narth
America, where their ancestors originated, to South America, Asia and
Afriea in the late tertiary age. In North America they became extinct. The
old-world species Camelus dromedarius and Camelus bactriamis can be
crossed and the female offspring is most likely fertile in the first generation,
but the males F, seem to be sterile. The Arabian camel was probably
domesticated in the region of today’s Yemen and Oman about 3,000 to
4,000 years ago and then introduced with the spice trade into North and
East Africa, Persia and India. The wild Arabian camel became extinct
(Schwartz & Dioli, 1992).

Camel hreeds are not as much differentiated as breeds from other livestock.
Systematic selection for produetive traits has never been done in camels,
with the exception of racing camels. There is a rough classification into the
slender type, which is used for riding purposes, and the stout type, which is
used for transport and milk production purposes, and which dominates in
Eastern Africa. The weights of former type rarely exceed 400 kg in females
and 550 kg in males, whereas females of the milk type have weights up to
650 kg and males up to 800 kg. The typical Somali dairy breed, which is the
“Benadir” type, belongs to the heavy baggage type. It can be assumed, that
there is a genetic variability , which is about as high as in cattle, upon study
of body constitution, milk and meat production (Wilson, 1990).

Anatomy and Physiology
Camels are ruminating, but do not belong to the suborder Ruminantia.
They ditfer from true ruminants in their foot anatomy, the absence of horns



or antlers and their stomach system. A similar system of multi-
comparimented stomach digestion of fibrous food by rumination and by
microbial  fermentation evolved in  Ruminantia and Tylopoda
independently. Whereas the stomach of ruminants congists of four
compartments, the stomach of camels is merely divided into three
compartments. The compartment, where the renneting enzymes chymosin
and pepsin are secreted, is the largest one, and is subdivided by a strong
musewlar ridge into a cramial and a cavdal portion. The mechanism of
digestion is also different in ruminants and camels. Whereas all digested
food is mixed in the rumen and reticulum of ruminants, and transported in
the organ homogeneously some hours after feed intake, the camels have
developed a suction pressmre rhythm to separate particles and fluids,
whereby fluids are pressed into the glandular sacs for absorption, and feed
particles are retained in the forestomach for prolonged microbial
degradation (Schwartz & Dioli, 1992).

Arabian camels are especially adapted to a hot and arid environment. The
hump of the camel serves to survive seasons of limited forage supply. Other
livestock in arid areas, such as zebus and fat tailed sheep developed a
similar organ. Even more important for survival in arid regions is short time
witter deprivation. Whereas cattle death oceurs 3 to 4 days after water
deprivation, healthy camels can survive up to 20 days. The mechanisms,
which help to keep water requirement at a low level for a prolonged period
of time are multiple. Water [osses through urine are minimised by a
superior system of urine concentration, faecal dehydration and retention of
metabolites in the body fluids. Unlike other mammals, Arabian camels can
tolerate body temperature fluctuations from 34 °C to 42 °C, thus saving a
considerable amount of water during the daytime, mainly in the afternoon,
in contrast to other animals, which regulate their body temperature by
reinforced sweating. The body temperature is lowered in the night time
beneath a level, which is physiologically tolerable for other mammals.
(Schwartz & Dioli, 1992}. Camels have developed a system of increased and
diluted milk delivery in times of water deprivation, to prevent the newborn
from dehydraticn (Yagil & Etzion, 1980).

Gross Compositien of Camel Milk

There are several studies concerning the content of proteins, fat, lactose,
minerals and vitamins in camel milk. Table 2.1 gives an overview of these
data,
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Table 2.1. Gross composition of camel milk and camel colostrum, compared
to cow and human milks. (Abu-Lehia, 1987; Gorban & lzzeldin, 1997; Farah,

1996),

Camel milk Cow milk
Protein, gt 27-40) 27-47
Fat, gl 32-38 average 38
Lactose, g1 39-56 average 47
Minerals, mg It
Calcinm 1,060-1,570  1,000-1,400
Capper 1.3-1.8 0.1-0.2
Tnorganic Phosphate 580-1,040 650-1,100
Iron 1.3-2.5 0.3-0.8
Kalium 600-2,100  1,350-1,550
Magnesium 75-160 100-150
Mangane 0.08-0.2 0.04-0.2
Sodium 360-620 350-600
Zinc 4.0-5.0 3.5-5.5
Vitamins, mg kgt
Ascorbic acid (C) 24-36 3-23
Cobalamin {B12) 0.002  0.002-0.007
Folic Acid 0.004 0.01-0.10
Niacin (B) 4.6 0.5-0.8
Pantothenic Acid 0.88 2.6-4.9
Pyridoxin (B6}) 0.52 0.40-0.63
Retinol (4) 0.10-0.15 0.17-0.38
Riboflavin (B2) 0.42-0.80 12-2.0
Thiamin {B1) 0.33-0.60 0.28-0.90
Tocopherol {E) 0.53 0.2-1.0
Total Solids, g1 10-11.5 12.5




The average concentration of total solids is slightly lower than in cow milk,
but the relative amount of the main components protein, fat and lactose is
similar to cow milk.

Main mineral salts in camel and cow milk are sodium chloride, caleium and
magnesium phosphate, and citrate, The ionic strength of milk is low
compared to body fluids. Nevertheless, the physical state of milk
components, and the stability of proteins are strongly influenced by mineral
salts, particularly by the phospho-caseinate complex. The reported levels for
caicium and phosphate are similar to cow milk, the casein stabilisation
potential is therefore similar in camel and cow milk. It has to be considered,
that mineral and vitamin content of milk depend mainly on feeding, health
status of the udder and stage of lactation.

Camel milk contains less vitamin A, By, Bz, E, folic acid and pantothenic
acid. The opaque white appearance of camel milk may be a consequence of
the low vitamin A level, The content of niacin and vitamin C is substantially
higher than in cow milk. A higher level was also reported for carnitin
{vitamin Br). Whereas only 235-290 nmol ' were measured in fresh cow
milk, 410 nmol 11 were detected in camel milk (Alhomida, 1996). The higher
proportions of these vitamins were considered to be an adaptation to the
arid environment.

Physico-chemical Properties of Camel Milk

The chemical and technological characteristics of raw camel milk are
different from those of raw cow milk. Basic parameters, which influence the
suitability of the milk for processing, such as acidity, specific gravity and
freezing point, were reported by several authors and usually compared to
values of cow milk. The data collected show great variations and should be
interpreted with eare. Systematic errors may have arisen from experimental
implementation and from the small sample sizes, which were studied. Seme
values may vary due to differences in animal feeding and husbandry. An
additional constraint for interpretation is, that breeds are poorly
characterised, which applies also to the camels chosen for investigation.
There would be a need for a more systematic approach for determination of
compositional values.

The value for the actual acidity of camel milk is similarly to cow milk
between pH 6.5 and 6.75. The maximal buffering capacity of skim camel
milk is at pH 4.95, compared to pH 5.65 for slkim cow milk {(Al-Saleh &
Harmmad, 1992). This gives indication that the composition of constituents
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with buffering capacity is different between camel and cow milk. Titratable
acidity is between an equivalent of 0.13-0.16% lactic acid in fresh milk,
which is slightly lower than the mean value of 0.17% for cow milk, and
seems to depend on the breed (Wangoh, 1997).

Whereas cow milk possesses a pronounced heat stability maximam at pH
6.7 and a minimum at pH 6.9, when determined at 130 °C, with stability
decreasing at pH lower than 6.7 and increasing at pH higher than 6.9, camel
milk does not show an increased stability at pH 6.7. Heat stability of camel
milk is much lower than of cow milk. Heat coagulation time for cow milk at
130 °C is about 40 min at pH 6.7, whereas camel milk coagulates at this
temperature and pH in 2 to 3 min (Farah & Atkins, 1992). There is no
information available concerning the ethanol stability of camel milk.

The freezing point of camel milk was found to be between -0.57 °C and
-0.61 °C (Wangoh, 1997). It is lower than the freezing point of cow milk,
which is between -0.51°C and -0.56°C. A higher salt or lactose
concentration in the camel milk, which was studied, as compared to cow
milk, may have contributed to this result,

Values for specific gravity measured by Kamoun (1990) and Wangoeh (1997)
depended on the breed chosen and varied between 1.028 kg H and 1.033 kg
I-.. These values are similar to values for cow milk, which are between 1,026
kg I and 1.034 kg I, Other authors reported lower viscosity and density for
camel milk than for cow milk (Kamoun, 1995). A mean value for viseosity of
Egyptian camel milk was 2,2 mPa s, which is higher than the mean value of
1.8 mPa s for cow milk {Hassan et al. 1987). These contradictory results
may be explained by differences in husbandry, mainly in water supply.
Hassan et al. (1987} also observed strong seasonal varabions in milk
viscosity, specific gravity and titratable acidity. Milk of heifers deprived
from water for several days was reported to be more dilute, probably to
protect the calf from dehydration during dry periods (Yagil & Etzion, 1980).

Composition and Characteristics of the Protein Fraction

The total protein content of camel milk is similar to cow milk. Values are in
the range of 27 g ' to 40 g 17 (Farah, 1996). The ratio of whey proteins to
caseins is about 0.4, and thus higher than in cow milk, where it is about 0.2,
Camel milk seems to have a slightly higher amount of non protein nitrogen
than cow milk (Farah, 1996). There are no statistically significant data
available to the average amino acid composition of the camel mitk protein
fraction.
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The size distribution of casein micelles is in the range of 15 nm to 500 nm
with a maximum in volume frequency between 260 nm and 300 nm (Farah
& Riiegg, 1989). The distribution is significantly broader than that of cow
milk, where it is in the range of 15 nm to 300 nm, with a maximum between
100 nm and 140 nm. The number of large micelles is significantly higher,
which is unfavourable for formation of a tirm coagulum in milk processing.
A negative correlation between mean micelle size and k-CN content of cow
milk was reported (Schlimme, 1990). Small micelles of about 60 nm
contained 12% k-CN, large micelles of about 200 nm contained mere 2% x-
CN. Since these data also correlate in human milk, which has a mean
micelle diameter of 20 nm to 60 nm and a rather high k-CN content, it was
assumed, that camel milk was low in x-CN or devoid of this protein (Farah,
1996).

A imarkedly higher resistance of whey proteins towards heat treatment was
reported (Farah, 1986). Degree of denaturation varied in camel milk from
32% to 35% at 80°C. In cow milk, 70% to 75% of whey proteins were
denatured at this temperature,

Activity of plasmin and plasminogen in eamel milk of early lactation was
shown to be below the level in cow milk (Baer et al. 1994). Furthermore,
activation of plasminogen into plasmin by urokinase was threefold lower
than activation of bovine plasminogen. Cross-reactivity of bovine and camel
plasminogen, using antibodies against bovine plasminogen, was not
detected, which indicated, that the two plasminogen types were structuraily
different. Slow activation and low activity may be a consequence of serine
protease inhibitors in camel milk. The activity of came] and cow plasmin on
camel casein were similar. Other authors reported higher proteolytic
activity in camel milk than in cow milk (Abu-Tarboush, 1994).

Milk of non-ruminants, such as human, horse or pig milks, revealed high
proportions of glycoproteins, which were connected to the milk fat globule
membrane. These glycoproteins were similar in structure and function to
intestinal mueins, with molecular masses up to 500 kDa and with up to
80% carbohydrate content (Schlimme, 1990). The main function of these
proteins may be in prevention of fat globule aggregation and of lipolysis,
They may also have an antiviral and antimicrobial effect. A high proportion
of these proteins is also likely to oceur in camel milk, since a far thicker
MEGM was observed than in milk of other animals (Knoesset al. 1986).
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Technology applied for Processing of Camnel Milk

The far greatest amount of camel milk is consumed as a fresh or as a
naturally fermented product. “Susa”, a product consumed in North-Eastern
Africa, is made by incubation of milk in smoke sanitised wooden buckets for
about one to three days. The consistency of fermented camel milk is thin. A
flocculent precipitate is formed, rather than a firm coagulum. Studies
carried out in Kenya showed that the quality of “Susa” can be improved
using selected, mesophilic starter cultures rather than spontaneous
bacterial contamination for fermentation. The Somali consumers preferred
this novel product to the traditional product (Farah et al. 1990). Growth of
bacterial strains used for cow milk fermentation may be inhibited by the
natural antimicrobial activity of camel milk (Elagamy et al. 1992). Stronger
initial growth was reported for Lactobacillus acidophilus (Abu-Tarboush,
1994). This could be due to a higher content of non protein nitrogen in
camel milk (Bayoumi, 1990).

Butter is traditionally produced by skimming of creamed up fat, and
subsequent churning. This technique cannot be applied to camel milk fat,
since the milk shows little tendency to cream up. Butter was produced by
heating the milk at 65°C for 30 min and separating the cream by
centrifugation. To obtain a reasonabile butter yield, camel cream was
churned at temperature between 22°C and 25°C. The corresponding
temperature for cow miik cream are between 8 °C to 14 °C. The reason for
this difference is the high melting point of camel milk fat, which is at 40 °C
to 41°C. This seems to shift the ideal ratio of solid to liquid fat at given
temperature towards a point higher than that of cow milk fat (Farah &
Riiegg, 1989). It was shown, that creaming of camel milk fat was markedly
improved by dissolution in skim cow milk. Cow milk fat dissolved in skim
camel milk, on the other hand, showed a sharp decrease in the ability to
cream up, It can therefore be concluded, that agglutinin (immuneglobulin
M), the factor, which promotes creaming of cow milk fat, is low or devoid in
camel milk (Farah & Riegg, 1989). Churning of camel milk fat may be
aggravated by the much lower ratio of lipid droplet to MFGM in ¢camel milk
fat globules. The average moisture content of camel butter is 12.65%, and
thus much lower than the content in cow milk butter, which is 15.56%
(Hagrass et al. 1987). This may explain the sticky texture of camel milk
butter. Came! milk butter may be more susceptible to light oxidation, due to
the higher amount of non saturated triglycerides. It would be well worthy to
study the sensitivity of camel milk fat towards lipelysis and oxidation.
Having in mind, that insolation in camel keeping countries is high and the
total surface of milk fat is larger, sinee the volume to surface ratio of camel
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milk fat globules is only 4.40 um (Farah & Riiegg, 1989; Mehaia, 1995),
compared to a value of 5.32 um for cow milk fat globules, light oxidation of
fresh camel milk may be a concern, since milk is often stored in transparent
containers.

Similarly to horse milk, the renneting capability of camel milk is poor
(Bayoumi, 1990). Addition of 2% CaCl; increased curd firmness slightly,
whereas addition of higher percent amounts decreased coagulation time
without further improvement of curd firmness. Renneting is probably low,
becaunse the mean size of casein micelles is about double of cow milk casein
micelles. Electron micrographs showed, that the network formed at the
coagulation point was less compact than in renneted cow milk, and the
micelles were linked merely by contact adhesion, with little change in the
original micellar structure, whereas the network formed in cow milk
consisted of fused micelles (Farah & Bachmann, 1987). Cheese yield is in
the range of 35% of milk dry mass, compared to about 85% for cow milk.
This result may be explained by the lower amount of total solids, the poor
rennetability, the smaller fat globules, the sodium concentration, which is
often higher than in cow milk, and the higher proportion of whey proteins.
Higher cheese yield was obtained with sophisticated technology, addition of
CaCl; and fourfold higher chymosin concentrations than used in cow milk
{Ramet, 1987). Higher cheese yields were also obtained, when the milk was
blended with milk from ruminants (Ramet, 1991). Most studies on cheese
production from camel milk report the production of a low fat cheese with
slightly bitter taste (Farah, 1996). It can be assumed, that this type of cheese
finds little consumer acceptahility in camel keeping countries, where cheese
has to be introduced as a novel product.

Different studies showed that seasonal variations in camel milk produetion
are great and much of surplus milk is collected during the rainy season.
Processing camel milk into pasteurised and fermented products will
therefore be of great advantage, allowing the camel small-holder to
eommercialise his milk (Farah, 1996). Camel milk is commercially
pasteurised in Saudi-Arabia and Mauritania. Problems may arise from the
low heat coagulation time of camel milk and a tendency to flocculate. There
are also environmental and socio-economical factors which make milk
processing by pasteurisation a difficalt task in arid countries
{Abeiderrahmane & Reed, 1993).

A problem, which arises frem the higher general heat stability of camel
whey proteins is, that the most commonly used methods for determination
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of pasteurisation all fajl. The inactivation of phosphatase and
lactoperoxidase do not occur te the same extent. Positive reaction of the
former by short time heat denaturation is able to detect 0.1% raw milk in
pasteurised cow milk. The latter is able to detect 5% raw milk in high
temperature treated cow milk. Both reactions do not work in camel milk
(Montet, 1997), even not when modified in a way similar to the
Pasteurisation proof of goats milk by alkaline phospatase,

Nutritional Quality and Therapeutic Use of Camel Milk
The gross composition of camel milk is similar to cow milk. Camel milk is
therefore supposed to be nutritionally equivalent to cow milk.

The low proportion of vitamins A, By, B:, E, folic acid and pantothenic acid
is a disadvantage in the composition of camel milk. A balanced diet with
camel milk as basic foodstuff should consider this aspect. Especially a
problem is the low level of vitamin A, since green vegetables are a minor
part of the diet in arid areas. Lack of vitamin A leads to a higher child
mortality rate and, in extreme cases, to blindness. There is no information
available about the vitamin D {calciferol) content of camel milk. Vitamin D
is important for bone formation of children. A high amount in camel milk
would therefore be desirable. A higher level of vitamin A and D could be
achieved by appropriate feeding, whereas the vitamins of the B-group are
mainly provided by the microflora of the rumen. The high content of
vitamin C, niacin and carnitin is nutritionally important for camel milk
conswmers, since fruits and vegetables are scarce in arid areas (Farah,
1996).

The lipid fraction in camel milk is characterised by a high proportion of long
chain fatty acids, which accounts for 96.4%, compared to 85.2% in bovine
milk {(Abu-Lehia, 1989}. A higher proportion of short chain fatty acids
would be favourable for consummation, since short chain fatty acids
alleviate digestion of the triglycerides. The higher proportion of 43.1% non
saturated fatty acids, compared to 38.8% in cow milk fat, is favourable for
the body metabolism. Most prominent is palmitoleic acid with 10.4%,
compared to 3.6% in cow milk fat, whereas the proportion of the essential
linoleic acid is slightly lower in camel milk fat, with 2.9% compared to 3.2%
in cow milk fat. There is no information about the amount of cholesterol in
camel milk fat, which is about 0.4% in cow milk fat (Schlimme, 1990).

Camel milk is used in the traditional medicine of Northern and Eastern
African countries for treatment of inflammation and wounds (Yagil, 1987).
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Raw milk is also used in the therapy of diarrhea, mainly of newborn
children, and of peptic ulcers. Complete healing of 57.5 % of human patients
suffering from gastrointestinal ulcers, and treated with camel milk was
reported, compared to 34.5 % after treatment with cow milk (Lozovich,
1995). A higher antimicrobial potential of raw camel milk compared to raw
cow milk has been reported (Farah, 1996). There are also reports of camel
milk used in non-conventional cancer therapy and treatment of
neurndermitis and diabetes. Fermented camel milk (shubat) is sucessfully
used in the treatment of peptic ulcers in Russia (Sukhovet al. 1986).
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3 MATERIALS AND METHODS

3.1  Protein Analysis

Sample Preparation

Milk of individual Somali and Arabian camels was collected during milking
at Ol Maisor Ranch, Rumuruti, Kenya, and at Kamelfarm Fatamorgana,
Rotfelden, Germany, immediately frozen at -20 °C for transport and stored
at -70 °C until analysis. After thawing, the milk, which had a pH of about
6.6, was skimmed at 1000 g, 4 °C for 15 min. The casein fraction was
isolated by acid precipitation of 1 1 milk at pH 4.6 and 37 °C for 2¢ min,
using 0.1% acetic acid, followed by addition of 10 mM sodium acetate for
nentralisation, and centrifugation at 4000 g for 5§ min. Casein pellet and
whey were frozen and stored at -70 °C. For crude preparation of an «- and a
B-CN fraction, the casein pellet was dissolved in 200 ml 10 M urea, diluted
with 460 m! double distilled water and the pH adjusted to 7.5 with 1 M
sodium hydroxide. The solution was diluted with 200 ml double distilled
water and adjusted to pH 5.0 with 1 M-HCI (Hipp et al. 1952). The firm
precipitate consisted mainly of o~ and x- CN. After centrifugation at 600 g
for 5 min, the supernatant was saturated with ammonium sulphate for
precipitation of B-CN. Both precipitates were lyophilised. 1 g acid
precipitated casein or lyophilisate were dissolved in 5 ml sample buffer with
10 M urea, 140 mM sodium citrate, 35 mM 1,3-Bis{tristhydroxy-methyl)-
methylamino}-propane, 780 mM B-mercaptoethancl, and 200 mM Tris-
(hydroxymethyl)-aminomethan/HCl at pH 8.0, and stirred for 1 h. Whey
was dialysed twice against double distilled water for 5 h at 4 °C, and once
against 10 mM sodium phosphate buffer at pH 7.4 for 14 h, using an
autoclaved SPECTRA/POR membrane tubing with a molecular cutoff of 6 to
8 kDa (Spectrum Medical Industries, Inc., Los Angeles, CA 90060 USA).
Prior to chromatography, sampies were filtered through a hydrophilic 0.45
m membrane (ME25; Schleicher & Schuell, 37586 Dassel, Germany).

RP-Cys HPLC Chromategruphy

Individual caseins were separated by HPLC (LaChrom; Merck, D-64293
Darmstadt, Germany) on a silica-coated, analytical reversed-phase Ca
column (GromSil 200 ODS-4 HE, 5u, 250 x 4.6 mm; Grom, D-71083
Herrenberg, Germany). Solvent A was 0.1% (v/v) TFA in double distilled,
nanofiltered water, solvent B was 0.1% (v/v) TFA in acetonitrile. After
injection of 10l to 50 pl casein filirate, elution was performed by a linear
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gradient from O to 35% solvent B over 15 min, followed by a linear gradient
from 35 to 45% B over 35 min. The flow rate was 1 ml mir! and runs were
performed at ambient temperature. Whey proteins were separated by
injection of 40 pl filtrate. Elution was performed by a 5 min hold with 0%
solvent B, a linear gradient from O to 30% salvent B over 5 min, followed by
a linear gradient from 30 to 70% B over 40 min. The flow rate was 1 ml mir
! and runs were performed at ambient temperature. For large seale isolation
of individual caseins, a silica-coated, semi-preparative reversed-phase Ga
column {GromS3il 300 ODS-5 ST, 51, 250 x 20 mm; Grom) was used to
separate the proteins of the crude o~ and B-CN fractions. After injection of 1
ml filtrate, elution was performed by a 9 min hold at 0% solvent B, followed
by a linear gradient from 0 to 40% B over 3 min and a linear gradient from
40 to 43% B over 28 min. The flow rate was 9.5 ml min?, and runs were
performed at 30 °C. The column effluent was monitored with a diode array
detector {L-7450; Merck) from 200 to 300 nm. Proteins eluted were
collected manually and lyophilised.

Heparin-Sepharose Affinity Chromatography

40 ml whey were loaded on a 1 ml Heparin Sepharose HiTrap column
(Amersham Pharmacia, 751 25 Uppsala, Sweden). The column was washed
with 10 m] of 10 mM sodium phosphate, 20 mM sodium chloride buffer at
pH 7.4. Elution was performed at ambient temperature by a linear gradient
from 0.02 to 1 M sodium chloride over 40 min. The column effluent was
monitored with an UV detector (1.-7300; Merck) at 280 nm. Proteins eluted
were collected manually and lyophilised. Fractions were further purified,
prior to micro-sequencing and molecular mass determination, by reversed-
phase C;s HPLC, Elution was performed by a linear gradient from 0.1% TFA
in double distilled, nanofiltered water, to 0.1% TFA in acetonitrile, over 60
min,

Amino Acid Sequencing

Proteins collected from the effluent of the semi-preparative column were
used directly for N-terminal sequencing. Eluted proteins were applied on a
TFA-treated cartridge filter and dried under continuous nitrogen flow.
Automated Edman degradation {(Matsudaira, 1989) was performed using an
ARI 471A sequencer (PE Applied Biosystems, Foster City, CA 94404 USA),
equipped with a 120A HPLC, for on-line reversed-phase Cig HPLC analysis
of phenylthichydantoinyl aa derivatives.

From each of the peaks corresponding to osi-, 0k2-, - and x-CN, 1 mg
lyophilisate was dissolved in 1 ml of a buffer with 40% (v/v) acetonitrile,
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60% (v/v) double distilled water, containing 400 mM ammonium
carbonate, pH 9 and digested overnight at 37 °C with 25 pg trypsin
{Sequencing grade, Boehringer, D-68305 Mannheim, Germany). Peptides
were separated using the same analytical column and a linear gradient from
0 to 100% solvent B over 180 min. The flow rate was 1 ml min! and runs
were performed at ambient temperature. Peptides eluted from the column
were collected manually and dried by vacuum-centrifugation with a speed-
vac SVCI00 (Savant Instruments, New York, 11741-4306 USA). Samples
were dissolved in 100 pl of 50% (v/v) acetonitrile, 50% (v/v) water. 20-100
ul were applied on a TFA treated cartridge filter and dried under a
continuous nitrogen flow, and used for antomated Edman degradation.

Evaluation of Protein Purity

About 1 pg sample was loaded on a 12.32% T, 2.7% (b sodium
dodecylsulfate {SDS) polyacrylamide 1.5 mm vertical slab gel with a pH at
8.8, which was overlaid by a 4.62% T, 2.7% Cuis SDS stacking gel at pH 6.8,
Samples were separated in a MiniProtean IT™ gpparatus (BioRad, Hercules,
CA 94547 USA) at 40 mA. Proteins were stained with 1% Coomassie G-250
in 40% methanol, 10% acetic acid for one hour, followed by destaining in
40% methanol, 10% acetic acid overnight. A 1:10 diluted protein marker
(V5231; Promega, Madison, WI 53711-5399 USA) was used for mass
determination.

Mass Determination of HPLC Separated Proteins

Molecular masses of proteins were measured by matrix assisted laser
desorption/ionization mass spectrometry (MALDI-MS). Vacuum-dried
casein and whey protein samples were dissolved in 39.5% (v/v) acetonitrile,
59.5% (v/v} double distilled water, 1% TFA. Samples were co-crystallised
with an equal volume amount of ¢-eyano-4-hydroxy-cinnamic acid (5 g 1)
in 0.2% TFA. 1-3 pmol sample was applied to the target, and air-dried at
ambient temperature. For analysis, to a time-of-flight mass spectrometer in
linear mode was used (Voyager Elite, PerSeptive Biosystems, Framingham,
MA 01701 USA). Spectra were recorded using a nitrogen uitraviolet laser at
337.1 nm and an aceeleration voltage of 25 kV. The instrument was
calibrated with poreine myoglobin, a menomeric protein of 16,953 kDa.

Quantification

Protein peaks of the HPLC runs described in “Isolation of individual
caseins” were integrated at 220 nm. Relative amounts of peaks
corresponding to the different caseins and whey proteins were calculated
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and the results were compared with weights of the lyophilized fractions and
literature values (Farah, 1996},

3.2 DNA Analysis

PolyA-mRNA Isolation

Udder tissue of a lactating Somali camel (1 g) was taken in the morning
after milking and immediately homogenised with a rotor-stator
homogeniser {Kinematica, CH-6014 Littau, Switzerland). PolyA-mRNA was
isolated with the Oligotex™ Direct mRNA Kit (Quiagen, D-40724 Hilden,
Germany) according to the manufacturer’s instruction for large scale
preparation of mRNA. Total vield was 21.6 ug mRNA and the Asyo:Asgo ratio
was 2.4. [n the same way, polyA-mRNA was prepared from 500 pg of
mucosa tissue from the rough and the smocth part of the rennet stomach of
a 1.5 vears old Arabian camel. Yield was 68 pg mRNA, and 60ug mRNA,
respectively, with an Aose: Asg, ratio of 1.9.

Construction of a ¢cDNA Library

Single stranded c¢DNA, for use in PCR, was synthesised with a reverse
transcription system (A3500; Promega), according to the manufacturer’s
recommendations.

A sample of mRNA (2 pg) was used for synthesis of cDNA using the
Universal RiboClone® ¢DNA Synthesis System {Promega) with an
oligo{dThs primer and EcoR I adapters. One-fifth of the resulting cDNA was
ligated to 1 pug dephosphorylated A-gt1l arms (Promega). The ligated DNA
was in-vitre packaged using an E.coli C Packagene® A DNA exiract
{Promega). All work was done according to the manufacturer's instructions.
Phages were plated on E. coli LE 392 {Promega). The titre of the library was
estimated at 2.6x105 pfu ml'L 100 pl of the library were amplified and
produced a lysate with a titre of 1x10f pfu ml-.

Sequence Analysis

The cDNA library was screened for cDNA corresponding to os-, oks2-, B~ and
®k-CN by nuclcic acid hybridisation (Maniatis et el. 1989). Plaque lifts,
hybridisation and signal detection were done with the digoxigenin (DIG)
system of Boehringer, using uncharged nylon membranes, DIG EasyHyb
solution, anti-DIG-AP Fab fragments and CSPD®, according te the
manufacturer's instructions. Specific probes were synthesised by the
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polymerase chain reaction (PCR) with DIG-11-dUTP to screen for ¢DNA
corresponding to G-, Ge-, B~ and x-CN. Degenerate PCR primers were
designed with the help of amino acid sequences obtained from sequencing
the N-terminus and tryptic digests of the caseins (see above). The following
primer pairs were used (IUB eode for mixed base sites):

os-CN

5-TAYCCNGARGTNTTYCARAAY-3', derived from the sequence Tyr-Pro-
Glu-Val-Phe-Cln-Asn at the N-terminus of o,-CN, and
5-NGGRTGNGCDATRTAYTGCAT-3', derived from the sequence Met-Gln-
Tyr-lle-Ala-His-Pro, part of a prominent fragment of the ¢-CN tryptic
digest eluted at 123 min,

as-CN

5-AARCAYGARATGGAYCA-3', derived from the sequence Lys-His-Glu-
Met-Asp-Gln, at the N-terminus of o2-CN, and
5'-TGRTCCCANGGRTTCAT-3', derived from the sequence Met-Asn-Pro-
Trp-Asp-Gln, part of a major fragment of the ae-CN tryptic digest eluted at
101.5 min.

BFCN

5-GARAARGARGARTTYAARACN-3', derived from the sequence Glu-Lys-
Glu-Glu-Phe-Lys-Trp at the N-terminus of f-CN, and
5-RTCNGGNACNGGYTCYTGRAA-3', derived from the sequence Phe-Gln-
Glu-Pro-Val-Pro-Asp, part of a major fragment of the f-CN tryptic digest
eluted at 53 min.

&~CN

5-GARGTNCARAAYCARGARCAR-3', derived from the sequence Glu-val-
Gln-Asn-Gln-Glu-Gln at the N-terminus of x-CN, and
5-GATCTCAGTCGAAGTAATTTG-3', derived from a sequenced PCR
fragment of 320 bp, which was synthesised using genomic DNA of a
Bactrian camel and bovine primers JK 501 and JK 302 (Schlee & Rottmann,
1992),

The base lengths of the probes against o=, ¢s2-, - and ©-CN cDNAs were
528, 271, 597, and 486 respectively. Positive plaques were picked and
verified by PCR, using the appropriate primer pairs from before. For each
protein, the ¢DNA insert of one positive plaque was excised with partial
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EcoR I-digest, ligated into a pGEM-7Z vector {Promega), dialysed, and
transformed into E. coli XL1-Blue (Stratagene, La Jolla, CA 92037 USA) by
electroporation with a Gene-Pulser® (BioRad) at 2.5 kv, 25 pFD, and 200
in 0.2 em cuvettes. The transformed bacteria were plated overnight at 37 °C
on IPTG/X-Gal/Ampicillin-selective agar. White colonies were picked and
grown overnight in 20 ml LB-Ampicillin 100 (Maniatis, 1989). Plasmid
DNA was purified for fluorescent sequencing with the Wizard Plus SV
Minipreps DNA Purification System (Fromega).

Fluorescent sequencing of the ¢DNA was carried out using an ALF
automated device (Amersham Pharmacia), internal Cy5™-dATP labelling
(Amersham Pharmacia) and primer walking starting from commercial SP6
and T7 primers (Promega).

Overlapping fragments, which were produced by polymerase chain reaction
(PCR), were used for sequence analysis of renneting enzymes and whey
proteins. The following protocol was applied to most of the reactions: 2 of
the A-cDNA library or 0.5 |l of single stranded cDNA were taken as
templates in 50 ul PCR assays with 2.5 units Taq Polymerase (Amersham
Pharmacia), which was hlended with 0.05 units Pfu Polymerase
(Stratagene}, and 5 pl 10x TaqPlus Precision incubation buffer (Stratagene),
20 nmol of each ANTP (Amersham Pharmacia) and 50 pmol of specific
primers. 30 cycles were run with initial 2 min denaturation at 94 °C,
followed by 10 sec denaturation at 94 °C, 30 sec annealing at 55 °C and 2
min 30 sec elongation at 68 °C. Elongation prolongation was 20 sec per
cyele. A final 10 min incubation step at 72 °C was added to increase the
concentration of full length products. Each PCR product was generated
twice and ligated into a pGEM®-T Easy vector (Promega) according to the
manufacturers instructions, In case of base reading ambiguities, a third
PCR product was generated. Two A-gtll vector specific general primers
were constructed for sequence analysis of full-length ¢DNA products of the
respective clones:

A-gtll forward: 5-GACGACTCCTGGAGCCCGTCAGTA-3
h-gtll reverse: 5'-CACCAGACCAACTGGTAATGGTAG-3

The following PCR products were generated, mostly with the help of highly
conserved regions in the cDNA sequences of other species (mixed base sites
according to IUB code):
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Chymosin

A 0.15 kbp PCR produet of chymosin exon 1 was generated with
5-GTGGGCCCTGGCTACAGCAG-3, and
5-TGGTGATCYCASYGCCYTGGGAGAG-3, and genomic camel DNA, This
sequence was used to generate a 1.2 kbp PCR product of the chymosin ORF
with

5-TGACCAGGTCCAGGTCCAGGATGC-3’, and
5-GGSGACAGYGAGGTTYKTRGTCAGSG-3', and cDNA from stomach
mucosa.

Pepsin

A 1.2 kbp PCR product was generated with
5-KRGASTTGGGASCCRGGAAGAACC-3, and

5 -RGATCTTCCTGGGAGGTGGCTGGA-Y, and ¢DNA from stomach

mucosa.

Peptidoglycan Recognition Protein

A 0.3 kbp PCR product was generated with
5-CCCGCCTGCGGTTCNATHGTNCC-3', and
5-TGATGTTCCAGCCTCGGCCTTCAT-3', and ¢cDNA from mammary gland
tissue. This sequence was used to generate a 0.65 kbp PCR product with
5-CCGAGTGCAGAGAAAGGCTAACAC-3’, and A-gtll reverse, and a 0.4 kbp
PCR product with

5 -CCATCTTCTCCGATCAGGAAGTTG-3', and A-gtll forward, and cDNA
from mammary gland tissue.

Lactophorin

A 0,28 kbp and a 0.32 kbp PCR product were generated with
5-GCCAGCTTGGCCGCCACCTCTCTC-3', and
5-GGCATGAGGGAATAGGCTTTTCAG-3’, and ¢cDNA from mammary gland
tissue. This sequence was used to generate a 0.6 kbp PCR product with
5'-CCACCTCTCTCGCCAGCCTTAATG-3', and A-gt1! forward,

and a 0.55 kbp PCR product with

5-AAAGTCCATGGTTTCTCTCATGGT-3', and A-gtll forward, and ¢DNA
from mammary gland tissue.

To obtain the intron sequences of lactophorin, the PCR reaction, as
described before, was applied, and 1 pl genomic DNA was used as a
template, which was isolated from Arabian camels using a QlAamp Blood
Kit (Qiagen GmbH, 40724 Hilden, Germany) according to the
manufacturers’ instructions.
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A PCR product, which contained intron 1 was generated with
5 -ATGAAATTCTTCGCTGTCCTGCTG-3" and
5-CTGAGACTCCATGTAGATTTCATC-3'.

A PCR product, which contained intron 2 was generated with
5-GATGAAATCTACATGGAGTCTCAG-3
5-GACCTGATGGTTGCTCATGATGAC-3

A PCR product, which contained intron 3 was generated with
5-CAATCAGAAGAGACCAAAGAACTC-3'

5 -TATGATTTTATGAGTGAGCTCCAC-3’

Lactofervin

A 0.4 kbp PCR product was generated with
5-CTGTCCCATAGACCTCTGCCGCTA-3', A-gtll reverse, and cDNA from
mammary gland tissue. A 0.8 kbp PCR product was generated with
5-GTTCRRTGGTGTRCCRTMTCCMMA-3', and
5-GTCTTTGAACAGCAGGTCCTTCTG-3, and ¢DNA from mammary gland
tissue. A 1 kbp PCR product was generated with
5-TTCCAGCTCTTTGGCTCYCC-3', and

5 -TIGAACAGAAGGTTTTTGGT-3', and ¢DNA from wmammary gland
tissue. A 0.4 kbp PCR product was generated with
5-CCAGGCAAGTTTTGCTTGTTCCAG-3', A-gt1l reverse, and cDNA from
mammary gland tissue,

Lactoperoxidase

A 1.35 kbp PCR product was generated with
5-CTTCTGCATCTCATCACCTAGCAC-3', A-gtll reverse, and c¢DNA from
mammary gland tissue. A 0.24 kbp PCR product was generated with
5-GGAGCAYAACCGGCTGGCCAGAGAA-3, and
5-GTGGCCAAAGCGGAAGGCRAAGGTG-3', and ¢DNA from mammary
gland tissue. A 1.35 kbp PCR product was constructed with
5-GTGCTAGGTGATGAGATGCAGAAG-3', A-gtll reverse, and ¢cDNA from

mammary gland tissue.

Transformation, blue/white screening, bacterial eulture and plasmid
purification was done in the same way as with the pGEM-7Z vector.
Fluorescent sequencing was carried out using an ALF automated device
{Amershamt Pharmacia) with standard operating procedures. Sequencing
samples were prepared, using the Cy5™-dATP labelled, vector specific
primers:
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Cy5-SP6:  5-TACTCAAGCTATGCATCCAACGCG-3', and
Cy5-T7:  B-ACTCACTATAGGGCGAATTGGGCC-3,

and the Thermo Sequenase cycle sequencing kit RPN 2438 (Amersham
Pharmacia} according to the manufacturer’s instructions. The following 25
cycles were applied: 95 °C, 30 sec, 50 °C, 30 sec, 72 °C, 50 sec. Where
sequencing results differed, a third PCR product was sequenced.
Overlapping sequences were detected using the FASTA module of the
geg/egeg programme package (Genetics Computer Group, Madison, W1
53711 USA). Consecutive sequences were joined and vector specific
sequences removed. In this way, complete cDNA sequences were obtained.

3.3 Computational Sequence Analysis

Alignments of DNA and protein sequences and DNA similarity searches
were performed using the geg/egeg programme package (Geneties
Computer Group).

Genomic DNA was screened for interspersed elements using RepeatMasker
(Smit, 1996).

Probability calculations for intron-exon junctions were made by a combined
linear discriminant recognition function, using information about
significant triplet frequencies in various functional parts of splicing site
regions, and preferences of octanucleotides in protein coding and intron
regions (Solovyev et al. 1994).

Protein sequence similarity searches against the Swissprot database (Swiss
Institute of Bioinformatics, Geneva, Switzerland) were made using a Smith
& Waterman algorithm with default values (Barton, 1997).

Secondary structure predictions were made using nearest neighbour
analysis with local alignments {(Salamov & Solovyev, 1997),

Potential for O-glycosylation was analysed, using the NetOGlye 2.0.
Prediction Server trained on muecin type O-glvcosylation sites in
mammalian proteins, which are glycosylated by the UDP-GalNAc-
polypeptide N-acetylgalactosaminyltransferase family {Hansenet al. 1995).
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Low resolution models of the tertiary structures of camel milk proteins were
obtained by comparative modelling {Guex & Peitsch 1997). The primary
structures, which were revealed by amino acid and ¢cDNA sequencing, were
threaded over tertiary structures of proteins with high similarity in primary
structure. Multiple sequence alignments were made for improvement of
modelling reliability. Energy minimisation of the model was done with force
field computation by GROMOS96.
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4 RESULTS AND DISCUSSION

4.1 Caseins

Literature

The protein fraction of cow milk consists to about 80% of caseins. Four
different gene products are designated as otsy, o+, B+, and x-caseins, which
together form miecellar structures of 20 nm to 500 nm by non-covalent
aggregation. os-CN, 0-CN, and B-CN are structurally related and
contribute to 38%, 10% and 36% of total casein. y-CN, a term used for
breakdown products of 8-CN, contributes to about 3% of the casein fraction,
and k-CN, a protein, which is structurally not related to the other caseins,
contributes to about 13% of total casein. All caseins share a distinet
amphiphilic nature, The N-terminal region of k-CN, and the C-terminal
regions of G-, 0=, and B-CN are pronounced hydrophobic. The N-terminal
regions of o=, ¢s-, and B-CN are hydrophilic and contain clustered
phosphoserines, which bind inorganic calcium phosphate with extremely
low dissociation rates. The C-terminal region of ¥-CN is hydrophilic and
poly-O-glycosylated. All caseins have a high proline content, which prevents
formation of secondary structures, mainly of a-helices, in the intact protein.
Cysteine was not found in o, Os2-, and §-CN of any species analysed. The
two cysteines found in bovine x-CN were shown to form intermolecular
crosslinks in micelles, which may support the rigidity of the steucture and
help in growth termination of micelles (Swaisgood, 1992). In camel milk,
large micelles, which usually contain low amounts of x-CN, were found in
higher amounts than in cow milk (Farah & Rilegg, 1989). Due to the ability
to bind inorganic calcium phosphate, easein is a rich source of this mineral,
which is a prerequisite in bone formation of the suckling.

The colloidal-dispersed structure of caseins contributes to the low viscosity
of the milk. Casein micelles are held together mainly by hydrophabic forees
between the hydrophobic parts of the proteins, which are found in the core
of the micelles, and by phosphoserine clusters, which bind calcium
phosphate crystals with high affinity. Milk casein micelles are protected
against hydrophobic forces, which promote aggregation and coagulum
formation, by a hydrophilic, negatively charged layer of oligosaccharides,
which cover the entire surface, and which are attached to C-terminal
threonines of k-CN. Proteolytic cleavage of the glycomacropeptide, which is
the C-terminal part of x-CN, by the renneting enzymes chymosin and
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pepsin, leads to aggregation of casein micelies, which subsequently form a
micellar network, observed as a firm coagulum. The coagulation process is
promoted by acidification of the milk to pH 4.7, which leads to charge
neutralisation, and by addition of caleium salts. Camel milk shows litile
tendency to coagulate upon rennet treatment and acidification, only a weak
curd is obtained (Farah, 1996). The milk tends ta flocculate, which is of
disadvantage for manufacturing of cheese and fermented milk products.
Addition of up to 2% CaCl; increases the strength of the eoagulum slightly
(Bayouumi, 1990).

With the present study, we intended to learn about the molecular
organisation of the caseins found in camel milk micelles for comparison
with cow milk caseins. Low rigidity of the coagulum may be a result of total
casein concentration in camel milk, of the proportion of individual caseins,
and of the protein properties, which are defined by primary structure and
by post-translational modifications. We expected, that these properties are
inherited by the breed, and independent of husbandry and feeding
parameters. We therefore decided to choose randomly selected camels of
the Somali breed, which is the most common breed world-wide with about
6 million animals, for mvestigation of milk and ¢DNA. The nucleotide
sequences described in Figs 4.1 — 4.4 were therefore considered to represent
the most frequent of presumed genetic variants of camel milk caseins. These
sequences have been deposited to the GenBank™/EBI Data Bank with
accession numbers AJ012628 (ox:-CN A), AJ012629 (0;:-CN), AJO12630
(B-CN}, Y10082 {x-CN).

We decided to present and discuss the results of eamel milk casein analysis
within one chapter, to take respect to the manifold interactions between the
four caseins.
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S0 10

GGG GETCTTGACCACCATSARGCTTCTCATCCTTACT TGTG
MetLysLeuLeul leLeuThrCysLeuVal
130 150

AGRAGTCTTTCAAMATGARCCAGARCAGCATAGAG

170 190 4

cDNA GRRGTCCTCAACARAAGARRGAT TCTTGAGT TAGCAGTGOTT TCACCCAT TCAGTT TAGACAGGAGRACATCGAT
Protein GluVllLauAsnLysAquysi1aLnuG1uLauAlnvaanlsarProIlaGlnPhi&:qunGlu&xnIlchap

230 250 270 230
cDHA GAACTGAAGGATACTAGGAACGAACCAACCGAAGATCACATCATECAAGACACTGAGT CEABAGGARTCTGGARAGT

Protein GluLﬁuLysA:pThrﬂxgnsnslu?:orhxelnnspﬂxa1laNetGluASPTh:GluquLyaGluSn:GlySnr

310 330
cDNA AGT AGTGAGEAACTTGTTTCCAGTACCACTAAGCAGARL TCTCI :
Protein Sersa:SezsluGluValVllSarsarThrrh:GluGlnLyuAspI10L-u1yaG1uAapMatP:os.:Glnhxg

B PE
390 a10

=DHA TATCTGGAAGAGCTTCACAGAC TGAACARATACARARCT
Protein Ty:LauGlusluL-uHLaL:gLauhanLysryzLysLeuLeuGlnLauGluAllIl.hzgnspclnLysLaulla

450

=DHA CCARGH C {
Protein ?roh:ganLyaLnuS.xSerB;aPra?yrLeuGluGlnLauTy:AnglannnGlun;pnsnnlsPrnGlnL-u

cDHA f 3 3
Protein Glyﬁlu?xoValLtuaanlTh:GlnPtoPth:aGlnPhoPh-GlnLauGlyalas.:?rary:ValAlnT:p

cDNA
Protein Ty:Tyzrrar:oGangantGlnTyrIlonlaﬂ1sProSerS.rTyzkspThtProGluGlyIla&laSarGlu

cDNA
Protein

Fig. 4.1. cDNA sequence of camel milk 0:-CN A and corresponding protein,
mature protein in bold. The open reading frame of the cDNA sequence is
from A% to G71 and the polyadenylation signal in bold from A7 to A'%2,
Numbering of the amino acid chain starts from the first residue of the
mature protein. B, potentially phosphorylated serine residues.
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i0 50 70
cDNA TCTGA AL TG CTGEAC TAC TTGRTCTTCCCTTCAGGARARTARGGAC TARGTARACATGARATTTTTCATT
Protein Met Fhefhelle

110 130 150

cDNA T TECARAGTATGAGA TEGATCAGGGOTCCTCCAGTGAGGARTCTATCARD

Protein 1lalysHisGluMethspGlnGlySerSerSerGluGluSaerlleAsn
170 190 0

cDHA GTCTCTC! ARAARATTTRAAGCAGCTARAGAAGETGGCCATTCATCCCAGCARGGAGGACATCTGCTCCACATTT

Protein ValSerGlnGlnLysPhelysGlnValLysLysValAlalleHisProSerLlysGluAspIleCysSerThrFPhe

250 290
=DHA COARGCTOTARGGARCATARACGRAS CCACAGAGARCARAATCAGTCARTTT
Protein CysGluGluAla\FulAr:qunIlaLysGlanlGluSerA.lnGluValP:oTh:GluAsan{sIlaSatGlnPha

cDNA TCARG
Protein 'I’Y:‘Gl nLys szl.ys PhnLnuGlnerauGlnhlaLeuR:. sclnclycln IloValHa tMnPraTrpAanln

3 EEI 41 430 450
cDNA GOCARCACAAGGGCLT CTITTATTCCCA GARCACAGAGCAL CCATCAGTGAGGAATCAACTGAA
Protein GlyI.yaI‘hrn.rg.hlq‘.l‘yzEJ:aPheI1eP:ofhrVansnTh:GluGlnI.GuSn:IJ..Sn:GJ.uGJ.uSn:ThrGlu

170 450 510
CDNA. GTTCCC GAGGAATCAACAGAAGTATTCACTAAGARALACTGARTTGAL ARGARGARRAGGRTCACCAARAA
Protein ValProThrGluGluSerThrGluValPheThrLysLysThrGluleuThrGluGluGluLlysAspHisGlnLys

570 500
<DMA ! ACAARAT AGACATTCC T TG CCAGAGTATC TCAAGAC TETTTATCAATATCAG
Protein PhaLaunnnLysIleTnyln!‘eryrGlnThrPhnMuTer:oGlu'l‘y:LnuLysThrValTyrGlnTyrGln

630 650 670
cDNA A A TATCACTCCATGERAATC ACATCARGAGA T ACT TTTRAAGAT TCTTGAAT TARCTGCTTC TACTTGATTATG
Protein LysThrMetThrProTrpAsnHisIlelysArgTyrPhesnd

730 750

ATCTTCTGCAGTTTCTTE

<DMA GC GCATCTTTAGAGAGA
cDNA GALBACGRAL

cDNA

cDNA

Fig. 4.2. ¢cDNA sequence of camel milk ot:2-CN and corresponding protein,
mature protein in bold. The open reading frame of the ¢cDNA sequence is
from AS! to T3 and the polyadenylation signal in bold from A% to A9%49,
Numbering of the amino acid chain starts from the first residue of the
mature protein. B, potentially phosphorylated serine residues.
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E1 i)
TGGACTTGAGRGT

cDHA
Protein

cDMA

Protein L 21

cDHA

Protein 46

cDHA
Frotein

Ti

cDNR “TTONR T T
Protein Lau?zaﬁlnAanPh.L.uProEroLeuGlnPro&laValMetValP:oPheLauGlnProLysValuhtnsanl 96

4'h

410 4
oDMNA Tt
Protein

cDNA
PBrotain

cDHA
Protein

cDHR
Frotein

cDNA
Protein

cDNA

cDNA

cDNA

Fig. 4.3. ¢cDNA sequence of camel milk B-CN and corresponding protein,
mature protein in bold. The open reading frame of the ¢cDNA sequence is
from A% to C™8 and the polyadenylation signal in bold from A%73 to AL078,
Numbering of the amino acid chain starts from the first residue of the
mature protein. B, potentially phosphorylated serine residues.
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30 50 70
cDNA CCAL TACTGCCARGCARGACCTGACAGGCACARGLGAAGSTGCARTCATGAAGA GCTTCTTC?TAST“
Protein MetLysSerPhePheleula

20 110 130 150

CAGAGGETGCARAACCAGGAAC ARCCARCATGTTTTGAG

cDNA GTGACTATCCTGGCATTAACTCTACCTTTTTTG
I lyalaGluvalGlnAsnGlnGluGlnPraThrCysPheslu

Protein ValThrlleLeuAlaLeuThrLeufrokbh

170 160 210
cDNA ARGGTGGAAACAT TG T AR TG AR A AR A ACTC R AA TAT T T CCCART TCAC T TEGTCCAGAG TAGATATCCTAGT
Protein LysValGluArgLeuLeuAsnGluLysThrvValLysTyrFheProIleGlnPhevValGlnSerArgTyrProSar

el 250 270 280
cDNA TATGERATCAAT TACTACC AR A AGAC TAGC TGTACCAATTARTARCCAATTTATTCCTTACCCARATTATGCC
Protein TyrGlyIlleAsnTyrTyrGlnHisArgLeuAlaValProlIleAsnAsnGlnFPheIleProTyrProAsnTyrRAla

3 150 i70
cDNA ALGCCAL ATTAGACTRCATGCTCAR CTCAGTGCCAAGT CCARATAT “TACTGTG
Protein LgaonVa131;IlaA:qLeuH;anlaGlnIlaPraGlnCyeGln&laLch:n&snIl.nspP:oP:nTh:val

430 450
X AGGATARARCAGTCAACCCT
laProPrelysLysThrGlnAspLyaThrValAanPro

cDNA GAALC
Protein GluArgArgPr

gProArgProSarPhallaila

470 4 510
cDNA GCCATCAATACTGTTGCTACTGTTGA CCAGTTAL TACCGCCGRACCAGCAGTGRACACTGTAGTTATT

Protein AlalIleAsnThrValAlaThrValGluFroProValIleProThrAlaGluProAlaValAisnThrValValIle

| 370 530
cDNA G ARGCTT CAGRATTCATC CACARGCACACCCGAGACCACCACAGTCCARATTACTTCGACTGAGATC
Protein AlaGluAlaSerSerGluPhellaThrThrSerThrProGluThrThrThrValGlnlleThrSerThrGlulle

670

B1( ]
ABACGACCERGTTCARRCTCTECTTTS

cDNA TRARARACTA?
End

CAGGTCTTGCTGARACT

710 130 750
GAGAAT. %T1H"T"_ ACAGAT GCTCCTTTCTCTTCTCCCCTTACATT

Fig. 4.4. cDNA sequence of camel x-CN and corresponding protein, mature
protein in bold. The open reading frame of the cDNA sequence is from A5
to €% and the polyadenylation signal in bold from A7# to A7, Numbering
of amino acid chain starts from the first residue of the mature protein.
Chymosin cleavage site, Phe?”- Ile%; B, potentially phosphorylated serine;
@1y, glycosylated threonines. Arrow indicates chymosin cleavage site.
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Elution Pattern of Caseins in Reversed-Phase Chromatography

Proteins of fractions I, II, IIL, V and VI (Fig, 4.5) were partially sequenced.
Fraction I consisted of k-CN, Il and III of 05-CN, V of o,2-CN and VI of p-
CN. Amino acid sequencing of the fragment eluted at 123 min from the
tryptic digest of fraction [[I revealed a major insert, Glu-Gin-Ala-Tyr-Phe-
His-Leu-Glu, (Fig. 4.6) between Gln!>¢ and Pro!S5 of the mature protein (Fig.
4.1), Measured protein mass was about 25.7 kDa. From these results, we
propose an ¢-CN B 6P with 215 amino acids, a molecular mass of 25,773
kDa and an isoelectric point at pH 4.40 (Fig. 4.6). Long and short variants
of as-CN also oceur in ovine milk (Ferranti et al. 1995).
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Retention Time fmin]

Fig. 4.5. Reversed-phase Cis HPLC chromatogram of acid precipitated
camel milk casein. Peaks I, II, 111, V, VII and VIII were collected for further
analysis. Peaks IV and VI were not identified. Gradient of solvent B as
dashed line.

The authors suggested, that those variants were a result of alternative
splicing of the heterogenecus nuclear RNA transcribed from the oy-CN
gene rather than gene products of two different alleles.

Concentration of Solvent B, mi 1
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RPEYPLRYPEVFQNEPDSIEEVLNKRKILDLAVVSPIQFRQENIDELEDT 50
P

RNEFPTEDHIMEDTERKESGSSSSEEVVSSTTEQRDILKEDMPSQRYLEEL 100
P PPPP

HRLNKYKLLOLEATIRDQKLIPRVKLSSHPYLEQLYRINEDNHPQLGEFVK 150

VVTOEOREERIE P FPQFFOLGASPYVAWYYPPOVMOYIAHPSSYDTPEGT 200

ASEDGGKTDVMPOWNW 215

Fig. 4.6 Proposed amino acid sequence of camel milk ¢.,;-CN B 6P, Insert
shaded and amino acid residues in bold. P, potentially phosphorylated
serines.

The minor peak VI to the left of peak VII (Fig. 4.5) is suggested to represent
a variant of B-CN. Comparing the -CN sequence of camel milk obtained by
Beg et al. (1986 a) with the B-CN sequence shown here revealed a single
exchange: Glu's for GIn'5. The fragment sequenced by Beg may therefore
belong to a novel B-CN variant B. Molecular masses of fraction VIII were
13.9, 15.7, 15.75 and 15.9 kDa and presumably belonged to hydrophobic y-
CN.

Species Casein Sequence of signal peptide
Camel os1-CN MELLILTCLVAVALA
Cow as1-CN MELLILTCLVAVALA
Camel 052-CN MKFFIFTCLLAVVLA
Cow as1-CN MKFFIFTCLLAVALA
Camel B-CN MEVLILACRVALALA
Cow B-CN MEVLITACLVALALA
Camel k-CN MKSFFLVVTILALTLPFLGA
Cow Kk-CN MMESFFLVVTILALTLEFLGR

Fig. 4.7. Sequence comparison of signal peptides from camel and cows' milk
caseins. Conserved residues are shaded.

Signal Sequences

cDNA sequences were translated into casein precursor proteins containing
signal peptides (Figs 4.1 — 4.4), which lead proteins into the rough
endoplasmic reticulum and are subsequently cleaved off (Burgess & Kelly,
1087). Signal peptide sequences of all examined proteins were highly
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conserved between camel and cow (Fig. 4.7). The signal peptides of the
calcium-sensitive caseins -, 02~ and B-CN were all 15 amino acids in
length and similar in amino acid sequence. We assume that this similarity is
a result of the common evolutionary origin of the respective genes {(Rosen,
1987) and of the similar protein target and function.

Phosphorylation

Caseins are preferentially phosphorylated by mammary gland casein kinage,
which recognises the pattern [Ser, (Thr))-Xaa-[SerP, Glu, (Asp)]-Xaa, with
Glu or Asp at position +1 and +3 enhancing phosphorylation (Swaisgood,
1992). The motif was found six times in os-CN (Ser!8, Ser%, Ser™, Ser™,
Ser? and Ser”), nine times in as:-CN (Ser$, Serd, Serl0, Serd2) Sers?, Serlos,
Serti9, Ser!!? and Ser'1), four times in B-CN (Ser's, Sert?, Ser’® and Ser'®) and
twice in k-CN (Ser'#! and Ser'™) (Figs 4.1 — 4.4). Ser'®® in x-CN was found
towards the end of the protein, a position that is less frequently
phosphorylated. Modification of the proposed sites is in agreement with the
molecular masses measured by matrix assisted laser desorption/ionisation
mass spectrometry. The measured meolecular masses of gsi-, ¢t:2- and §-CN
were a multiple of one phosphate group, which accounts for 80 Da, higher
than the molecular masses calculated from the unmeodified amino acid
chain (Table 4.1). The most frequent form of B-CN had only three phosphate
groups bound instead of the four groups predicted. The degree of
phosphorylation of k-CN could not be determined by this method because
this protein was also glycosylated. Respective pH values of isoelectric points
for camel milk proteins compared to the most frequent variants of
respective bovine milk proteins are given in Table 4.1. Isoelectric focusing of
camel milk caseins revealed a narrower pH range than for cow milk caseins,
within which the major bands appeared. Focusing of the different bands
near pH 4.6 was in good accordance with the caleulated values. Although
camel milk caseins were less phosphorylated than cow milk caseins, the pH
values of their isoelectric points were similar. However the amount of
micellar caleium phosphate may be lower than in cow milk,

Glyeosylation of x-Casein

Another posttranslational modification found in caseins is glycosylation of
Thr residues in k-CN. This occurs for Thr near Arg/Lys, Thr or Pro, and is
likely to be inhibited by Ile (Pisano et al. 1994). Prediction of O-
glycosylation was done by the method of Hansen et al. (1995). Whereas
bovine ¥-CN had high glycosylation probability at Thri2l, Thri24, Thri®,
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Fig. 4.8. O-glycosylation potential of threonines in k-casein. The potential of
the residues is shown as a solid bar with a value from ¢ (no potential) to 1
(high potential). The threshold, which depends on the primary structure of
the protein, is shown as a dashed line, The probability of glycosylation is the
difference between the potential and the threshold. (a) Camel k-casein, (b)
Bovine k-casein.
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Thr#3, Thriss, Thr'3¢, Thr42, and Thres, glycosylation potential of camel k-
CN was high at Thri®9, Tha'#?, Thri4é, Thri4?, Thr#%, Thrs3, Thr®4, and Thrt
(Fig. 4.8). Seri#8 in camel x-CN, and Ser'?7, Ser'?2, and Ser'®? of bovine k-CN
#lso had a high glycosylation potential and the bovine x-CN serine residues
were reported to be glycosylated sometimes (Swaisgood, 1992). The
positions in camel x-CN were predominantly towards the C-terminal end of
the glycomacropeptide, whereas glycosylation potential of bovine x-CN was
high towards the N-terminal end. This difference is suggested to be a
struetural consequence of a deletion, which makes camel x-CN seven amino
acids shorter than the bovine counterpart (Fig. 4.9). It is assumed, that
bovine k-CN and camel x-CN have different affinities towards camel and
bovine chymosin, These differences between camel and bovine k-CN may
also have implications on x-CN tertiary structure, micelle assembly and
structure, hydrophilic shielding of the micelle core by the glycosylated part
of «-CN, and charge neutralisation by calcium salts. Total glycosylation
potential was similar in bovine and camel k-CN. Micro-heterogeneity found
in k-CN of other species due to differences in pattern and composition of
carhbohydrate moieties is also expected in camel k-CN. The carbohydrates
attached in bovine k-CN are trisaccharides of the type NANA-a(2—3)Gal-
P(1>3)NAGA-B(1), or tetrasaccharides, which have an additional
o{2>6)NAGA linked NANA residue, If five of the threonines with
glycosylation potential have two stalic acid restdues bound, and one serine
is phosphorylated, the isoelectric point will be lowered to 4.11. SDS-PAGE
and mass spectroscopic studies revealed that most of the k-CN analysed was
of relatively low molecular mass, making the low glycosylated form
predominant and the protein very basic. This finding disagrees with the
high sialic acid content reported by Mehaia (1987). It is assumed, that peaks
in the MALDI spectrum with higher molecular masses were not detected,
due to peak broadening by k-CN micro-heterogeneity.

Primary Structure

Similarly to bovine caseins, camel ¢t,,-CN and B-CN were devoid of cysteine
residues, and o.2-CN and x-CN both contained only two cysteines. The
proline content in camel cascins was slightly higher than in bovine caseins,
with 9.2% in o.-CN, 4.5% in os-CN, 17.1% in B-CN, and 13.6% in x-CN,
compared to 8.5% in bovine ¢5-CN B, 4.8% in bovine u:2-CN A, 16.7% in
bovine B-CN A2, and 11.8% in bovine x-CN A, This higher proline content in
camel caseins may lead to destabilisation of secondary structures in a more
pronounced way than it occurs in bovine caseins,
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The gene structure of ta-, 0-, and B-CN is characterised by many short
€xon sequences, which are usually interrupted by long introns. The mRNA
of bovine 0-CN is only 1172 bp long, the related hnRNA comprises 17,508
bp. The inserted sequence Asni# to Glu20 in both variants of camel as-CN
was probably the result of an additicnally expressed exon between bovine
exon 3 and exon 4, and the deletion of bovine Glu!4t to Glu¢ in camel og;-
CN A referred to bovine exon 16. The insert of GIn'Y” to His'2® in camel o5~
CN A and B was not at an intron/exon junction and therefore likely the
result of an inserticn in the camel ¢t-CN gene. The intron/exon structure of
the bovine o0~CN gene is not yet resolved. The mRNA of bovine B-CN is
1089 bp long, the heterogeneous nuclear RNA precursor 8498 bp. Camel
and bovine B-CN had a similar length with few insertions in camel g-CN
(Fig. 4.9). The short ingertions were a result of mutations in the camel B-CN
gene, rather than a consequence of alternative splicing, Camel x-CN was
seven residues shorter than the bovine counterpart. Deletion of VaP? to
Ala®? is suggested to be the resuit of a mutation in the third exon of the x-
CN gene, which codes for the largest part of the mature protein in both
species. The bovine k-CN mRNA is 850 bp long, the corresponding hnRNA
more than 6,000 bp. In contrast to the other casein genes, the gene does not
consist of short exon sequences, which partially may have evolved by exon

duplication in tandem direction. The deletion of Va2 to Ala% is also found
in porcine x-CN, and the cleavage site Phe?-Ile® also corresponds to the
porcine cleavage site. Nonetheless, porcine x-CN contains an insert in the
glycomacropeptide, which was not found in the camel protein. The
glycosylation potential of porcine k-CN was more evenly distributed along
the whole glycomacropeptide sequence than in camel and bovine k-CN.

Secondary Structure

Sequence comparison of cow and camel milk caseins are shown in Fig. 4.9.
Few pronounced structural differences were found, when camel and cow
milk caseins were compared. Although ¢5-CN of camel and cow milk had a
low percentage similarity in primary structure, similarities in the secondary
structure, {(a series of ¢-helical regions followed by a C-terminus with little
defined secondary structure), predominated. In camel milk g-CN,
hydrophilicity of the N-terminal end was slightly more pronounced. The
deletions that shortened came} milk co-CN compared with cow milk oe-
CN A occurred in an ¢-helical region between bovine Glu#* and Asn®3 (Fig,
4.9). They went along with the loss of the phosphorylated serine cluster
Sers®, Sers” and Sers?). This loss may have implications in micelle
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assemblage and stability, as well as in the nutritional behaviour of the
caseins (Ferranti et al. 1995). Similarly to cow milk, camel milk ne-CN was
the most hydrophilic among the four caseins and had a high potential for
secondary structures, mainly o-helices (Fig. 4.9). The two cysteine residues
also occurred at about position 40.

Chymosin Sensitive Site of x-Casein

The site of cleavage of camel milk x-CN by chymosin is Phe®-11e®? (Fig. 4.4),
leaving a2 macropeptide of 6.774 kDa, 65 amino acids in length with an
isoelectric point of the unmodified peptide at pH 4.13. In bovine x-CN, the
site of cleavage is Phelo5-Met!®, leaving a macropeptide of 6.707 kDa, 64
amino acids in length with an isoelectric point of the unmeodified peptide at
pH 3.87. The amino acid sequence from His’® to Lys!2 is involved in
binding and cleavage of bovine k-CN by chymosin {Visser, 1987). It is
assumed, that the proline residues in this sequence stabilise the correct
conformation of x-CN in the active site cleft of chymosin, and the basic
residues are thought to bind to acidic residues at either end of the active
side cleft (Plowman, 1995). All proline residues were conserved in camel
milk k-CN as shown in Fig. 4.10 and the bovine residue Lew'®3 was replaced
by Pro®.This additional proline residue may help to stabilise a
conformation of x-CN in the active site cleft of camel chymosin different to
the conformation of cow milk x-CN in the cleft of bovine chymosin.
Histidine residues in the sequence Hig®-Pro-His-Pro-Hisl?? of cow milk x-
CN were replaced by more basic arginine residues in camel milk k-CN (Fig,
4.10}. Since arginine remains protonised at higher pH values and has a
longer and more flexible side chain, it can be speculated that these residues
will still bind to the acidic centres of chymosin at a higher local pH and that
the camel milk x-CN backbone does not need to be bound as tightly to
chymosin as it was shown for cow milk k-CN (Plowman, 1995).

Models for secondary structure patterns were similar in bovine and camel
milk k-CN, with an N-terminal a-~helix containing one Cys followed by -
pleated sheets and a second Cys (Fig. 4.9). Both Cys residues were at
positions similar to those in bovine milk ¥-CN, and are suggested to be
involved in intermolecular crosslinks (Richardson et al. 1992). Of x-caseins
already sequenced, porcine x-CN was most similar in overall strueture,
revealing a cleavage site highly similar in primary and secondary structure,
Porcine chymosin acting on porcine milk was shown to have 6-8 times
higher proteolytic specificity compared with bovine chymosin (Houen et al.
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1996). A similar ability to cleave camel milk x-CN with very high specificity
is assumed rennet coagulation of camel milk with camel chymosin.

Camel:

Arg*-§E8-Arq-BE8-Arg-Pro-SEEEEHE- 11c-

Cow:

His”"-Bro-His-Bre-His-Leu-Ser-Phe-Met-Ala-T1e-Pro-]

Fig. 4.10. Sequence comparison of the chymosin-sensitive region of xk-CN
from camel and cow milk. Conserved residues are shaded.

Rennet Coagulation

The quantitative distribution of individual caseins in total casein, as
calculated from Fig. 4.5, were 0-CN 22%, as2-CN 9.5%, B-CN 65%, k-CN
3.5%. k-CN was considered to have a terminating function in micelle growth
(Horne et al. 1989), as well as a stabilizing effect on the micelle by its net
charge and by steric hindrance of aggregation by its hydrophilic C-terminal
end (Holt et al. 1996). The glycosylated forms may have a stronger impact
on both these functions than the non-glycosvlated form, which seemed to be
predominant in camel milk, owing to steric repulsion of charged sialic acid
groups and to increased hydrophilicity. After cleavage of the macropeptide,
hydrophobic forces and electrostatic interactions of bivalent cations with
negatively charged groups promote coagulation and stabilise the curd
(Dalgleish, 1983, Mora-Gutierrez et al. 1993). Since B-CN predominated in
the camel milk studied and phosphorylation of o~ and o.2-CN was lower
than in cow milk, we assume that hydrophobicity is the driving force in
coagulation of camel milk. It has been shown that camel milk casein is less
stable at elevated temperature than cow milk (Farah & Atkins, 1992). This
may be an effect of the high B-CN content. On the other hand, in milks with
amounts of k-CN higher than in cow milk, e.g. in buffalo milk with 130-200
g k-CN/kg total casein (El-Din & Aoki, 1993), curd firmness was found to be
higher than in cow milk (Bayoumi, 1990). Moreover, milks of transgenic
mice producing bovine x-CN were shown to have a linear correlation
between the amount of k-CN and curd firmness (Gutiérrez-Adan et al.
1996), and an inverse correlation with micelle size. The mean diameter of
camel milk casein micelles is larger than that of casein micelles in bovine
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milk (Buchheim ef al. 1989). Milk of anmimals traditionally used for
processing to cheese has higher amounts of x-CN and lower amounts of f§-
CN than came] milk. It may be assumed that lack of selective breeding of
camels for milk with favourable cheese-making properties is responsible for
the high §~CN and the low x-CN content.

Considerations for Camel Milk Processing

Technological difficulties in processing camel milk are probably due to
different proportions of the individual caseins compared with cow milk,
rather than to structural variations within the proteins. It has been shown
that a high degree of B-CN and a low degree of xk-CN adversely affects some
of the processing characteristics of casein micelles (Schmidt & Koops, 1977),
such as stability towards ethanol, homogenisation and heat treatment. It
must be assumed that the differences in protein composition between the
ruminant milks and camel milk will have a major impact on technological
properties, and that a lower ratio of B-CN to k-CN would be favourable for
curd coagulation and heat sterilisation.

4.2 Renneting enzymes

Literature

Chymosin (EC 3.4.23.4) and pepsin (EC 3.4.23.1), the renneting enzymes of
the main stomach, are aspartic proteases, and thus belong to the broad AA
clan of peptidases (Rawlings & Barrett, 1995). Aspartic proteases are found
in eukaryotes, retroviruses and some plant viruses, Eukaryotic aspartic
proteases are monomers of about 35 kDa, which are folded into a pair of
tandemly arranged domains, with, e.g. in camel chymosin, about 20.4%
similarity. It is assumed, that the two domains evolved from duplication of
an ancestral gene encoding a primordial domain. The overall secondary
structure consists almost entirely of pleated sheet, and is low in a-helices.
Each domain contains an active site, centred on a catalytic aspartyl residue,
with a consensus sequence [hyvdrophobic]-Asp-Thr-Gly-[Ser/Thr], which
helps to maintzin the correct -loop conformation of the site, and with
multiple hydrophobic residues near the aspartic residue. The two catalytic
centres are arranged face-to-face in the tertiary structure of correctly folded
proteins. The distance between the aspartic side-chains is about 3.5 A in
bovine chymosin. The residues were reported to be extensively hydrogen
bonded, concomitantly with the adjacent threonine residues, to the
corresponding residues of the other domain, or to neighbouring atoms of
the own domain, to fix the correct position. Optimal activity of an aspartic
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protease is achieved, when one of the aspartic residues is protonated, and
the other negatively charged. Thus, the pH optimum depends on the
electrostatic micro-environment created by the residues surrounding the
aspartic residues. The active sites are embedded, with low accessibility, in
the middle of a cleft, about 40 A in length, which separates the two
domains, and which is covered by a flap that extends about from Lew’ to
Ile® in the N-terminal domain of bovine and camel chymosin. The B-factor
of this flap is low, which indicates high flexibility. In crystallographic
studies, oligopeptide protease inhibitors were shown to bind within the
cleft. The flap was found to close down over the inhibitors, excluding
solvent, while becoming considerably less flexible (Davies, 1990).

A short N-terminal peptide of about 45 aa is cleaved from the proenzyme of
eukaryotic aspartate proteases by an autocatalytic process at acidic pH (Fig.
4.13). This peptide is of distinctly basic nature, with isoelectric points at pH
10.37 for camel chymosin, and at pH 10.17 for camel pepsin. In porcine
pepsin, the peptide was shown to be buried along the substrate binding cleft
in the proenzyme, thereby inhibiting the enzyme by blocking the active site
with Ser3¢ and Leu-, and by displacing a water molecule, which is bound in
the active enzyme, with the highly conserved Lys? (Sielecki ef al. 1991). Six
of the basic aa residues of the porcine peptide were shown to form ion patrs
with acidic residues, which are involved in substrate binding in mature
porcine pepsin. Lowering the pH possibly protonates these acidie residues,
conformational changes and loss of o-helical structure are followed by
cleavage of the amide bond between Lew?? and Ile28, with further structural
rearrangement and proteclytic steps leading to the mature enzyme (Davies,
1990). The propeptide was found to be a prerequisite for correct folding of
the enzyme (Li ef al. 1998). It serves for protection of cellular proteins from
digestion, before the enzyme is transferred, for example into a lysesomal
compartment, or is secreted, which is, in the case of the renneting enzymes
chymosin and pepsin, from the mucosa layer of the stomach into the peptic
juices.

Aspartic proteases are endopeptidases with high substrate specificity. The
peptide substrate is numbered away from the scissile bond, P; to Py on the
N-terminal side of the amino acid chain, and P to P’» on the C-terminal
side. Specificity pockets of the corresponding enzyme subsites are labelled
S to 8., and 8 to $%, respectively. Substrates, such as x-CN or
angiotensinogen, a protein cleaved by renin, are usually bound in a p-
pleated structure with a turn at P’s to P’s. The active site cleft accommodates
a hepta- to nonapeptide substrate, and probably also the same target site of
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a protein, such as k-CN in chymosin. P; and P, were found to be critical in
substrate binding (Davies, 1990). It is assumed, that binding of an
appropriate peptide leads to a conformational strain in the scissile peptide
bond, which is twisted out of planarity. This twisting reduces the double-
bond character of the amide bond, in 2 way, that the nitrogen atom of P3
adopts the pyramidal nature of a secondary amine, which is more likely to
accept a proton. A central water molecule, which is bound by hydrogen
bonds to two carbonyl groups of the catalytic aspartates, is ready for a
maeleophilic attack on the carbonyl group of Pi.. The nitrogen atom will be
protonated by the C-terminal catalytic aspartic acid, and the original
conformation of the enzyme restored by release of the hydrolysed
fragments, and binding of a free water molecule by the catalytic aspartates.
In this way, and by isotope exchange experiments with 1#0-water, the
reaction mechanism is supposed to be based on a general base catalysis,
without covalent intermediates (Davies, 1990).

Enzymes of the aspartic protease family are of commercial interest in
processing of milk, soya and cocoa (Albert et al. 1998), Chymosin is the
preferred enzyme in the cheese-making process, since specificity forx-CN is
high, general proteolytic activity is low, and optimal activity is achieved at
mildly acidic conditions (Williams et al. 1997). Zymogens of the natural
renneting enzymes chymesin and pepsin are isolated from the mucosa layver
of the forth stomach of the unweaned calf, and in the case of pepsin, also of
the adult animal. Pepsin exhibits broader proteolytic activity than
chymosin, with a lower pH optimum, and is less suitable for cheese
production, since bitter, hydrophobic peptides, which are formed by
proteolytic action on te- and B-CN during ripening, impair the sensory
value of the cheese. The low general activity of bovine chymosin was
explained by a self-inhibited state of the resting enzyme, which is provoked
by oceupation of the S, substrate binding pocket by Ty1