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In addition to essential nutrients, human milk contains several
classes of bioactive factors such as enzymes, hormones, and
growth factors, many of which are implicated in infantile
growth and development. Secretory carbonic anhydrase isoen-
zyme VI (CA VI) has been identified earlier as an essential
component of mammalian saliva, and we demonstrate here by
using biochemical and immunohistochemical techniques that it
is also an elementary component of milk. The 42-kDa glyco-
polypeptide purified from human milk in CA inhibitor affinity
chromatography shared 100% homology with salivary CA VI in
the protein sequence analysis (40% coverage), and its digestion
with PNGase F resulted in a polypeptide backbone similar in size
to salivary CA VI. Quantification of CA VI in milk by using a
time-resolved immunofluorometric assay revealed an approxi-
mately eight-times-higher concentration in human colostrum
than in mature milk, the latter corresponding to the levels
previously detected in human saliva. The high concentration in
the colostrum, in particular its functional and structural stability
in an acidic milieu, and its growth-supporting role in the taste
buds suggest that milk CA VI is an essential factor in normal
growth and development of the infant alimentary tract.

In addition to essential nutrients, human milk contains several
types of bioactive factors, including growth hormones, en-

zymes, antimicrobial factors, antiinflammatory agents, trans-
porters, and peptide and nonpeptide hormones (1). Many of
these factors appear in high concentrations in the colostrum
(milk secreted during the first 3–5 days after parturition) and can
have multiple functional roles (1–3). The gastrointestinal tract of
a newborn infant undergoes pronounced growth, morphological
changes, and functional maturation postnatally, and many of
these factors have beneficial effects on these changes (2).

The carbonic anhydrases (CAs) are an expanding family of
zinc-containing enzymes, which classically participate in the
maintenance of pH homeostasis in the human body, catalyzing
the reversible reaction: CO2 1 H2Oº HCO3

2 1 H1 (4). CA VI
is the only known, secreted isoenzyme of this family (5–7), which
has been detected in the saliva secreted by the serous acinar cells
of mammalian parotid and submandibular glands (8). An intra-
cellular, stress-inducible form of CA VI recently has been
described in mouse fibroblasts (9). However, the physiological
role of this CA VI form has remained undefined. Recent studies
have, in turn, provided new information about the function of the
secretory CA VI. It has been proposed that this isoenzyme may
participate in protecting the teeth from caries (10) and in
neutralizing excess acid in the mucous layer covering the esoph-
ageal and gastric epithelium (11). Another novel role for CA VI
became apparent when Thatcher et al. (12) identified gustin, a
salivary factor implicated in taste bud growth, as CA VI.

Because a high amount of CA VI is supplied to the adult
gastrointestinal tract daily in the saliva (13), and the newborn
infant’s saliva secretion is low because of the immaturity of the
salivary glands (14, 15), we set out to ascertain whether there is
any other source of CA VI that could ensure a high concentra-
tion of the enzyme in the postnatal alimentary canal. Our results
show that CA VI is present in milk and that its concentration is
approximately eight times higher in the colostrum than in the

mature milk, the latter levels corresponding to those reported
earlier for adult human saliva. Thus, during the early postnatal
period, CA VI is transferred to the infantile alimentary tract in
the milk in concentrations that exceed the levels found in adult
human saliva several times over. These high concentrations of
CA VI found in colostral and mature milk, its functional and
structural stability in an acidic milieu (11), and its growth-
supporting role in taste buds (12) suggest that milk CA VI not
only is linked to the functions of the upper gastrointestinal tract
but also may participate in normal growth and development of
the whole alimentary tract.

Materials and Methods
Antisera. The production and characterization of the antisera to
human and rat CA VI have been described earlier (8, 16). Both
antisera have been characterized by Western blots in which they
have shown high isoenzyme specificity.

Collection of Milk, Saliva, and Tissue Samples. Colostral milk sam-
ples were obtained from nine mothers on days 2–4 postpartum,
and saliva samples were obtained at the same time from two
3-day-old infants before nursing. Mature milk samples were
obtained from four mothers on the 90th day postpartum. The
procedures were carried out according to the provisions of the
Declaration of Helsinki, and informed consent was obtained
from each mother. Rat milk samples were collected from
Sprague–Dawley rats anesthetized with fentanyl-f luanisone (3
mlykg; Janssen) on the 2nd day postpartum and pooled. All of
the milk samples were stored frozen before use in the experi-
ments. Mammary gland specimens were taken from a sexually
mature, nonpregnant female rat and from another 2 days before
and 2 days after parturition. The tissue samples were homoge-
nized in ice-cold 0.1 M TriszSO4 buffer, pH 8.7, containing 1 mM
PMSF, 1 mM benzamidine, and 1 mM o-phenanthroline as
protease inhibitors, and used for Western blotting or fixed in
Carnoy’s f luid and embedded in paraffin as described (17).

Purification of CAs. Human colostrum (15 ml) was centrifuged
(35,000 3 g) at 4°C for 30 min, and the clear supernatant (10 ml)
was collected and mixed with 30 ml of ice-cold 0.1 M TriszSO4
buffer, pH 8.7, containing 1 mM benzamidine as a protease
inhibitor, and subjected to affinity purification. The inhibitor
affinity chromatography was performed by using CM Bio-Gel A
coupled to p-aminomethylbenzenesulfonamide as described (8).

SDSyPAGE and Western Blotting. The milk samples were centri-
fuged (15,000 3 g) at 4°C for 10 min, and the supernatants were
recovered. Samples of CAs purified from human colostrum (0.2
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and 0.6 mg), human and rat salivary CA VI (1 mg), human
colostrum (10 ml), human saliva (10 ml), rat milk (30 mg), and rat
homogenized mammary gland (30 mg) were subjected to SDSy
PAGE under reducing conditions according to Laemmli (18).
All of the reagents for SDSyPAGE were from Bio-Rad or Sigma.
The Western blotting was carried out as described (17).

Protein Sequence Analysis. The protein sequencing of trypsin-
digested polypeptides was carried out by matrix-assisted laser
desorption ionizationymass spectrometry followed by analysis
with the PROFOUND and PEPTIDESEARCH programs. The se-
quencing was performed in the Howard Hughes Medical Insti-
tute BiopolymeryW. M. Keck Foundation Biotechnology Re-
source Laboratory at Yale University.

Deglycosylation Studies. Purified milk and salivary CA VI (1 mg)
were digested with PNGase F as described earlier (19), and the
deglycosylated and nondeglycosylated proteins were subjected to
SDSyPAGE followed by Colloidal Coomassie staining
(NOVEX, San Diego).

Fluoroimmunoassay. The competitive time-resolved fluoroimmu-
noassay for CA VI was performed on the human milk samples
(colostrum, n 5 9; mature milk, n 5 4) as described in detail
previously for saliva samples (13). The mean intraassay coeffi-
cient of variation (CV) of the present series was 9.4%, and the
interassay CV determined in three assays was 9.7%.

Immunocytochemistry. Mammary gland samples fixed in Carnoy’s
f luid were sectioned at 5 mm and placed on gelatin-coated
microscope slides. Immunohistochemical staining was per-
formed by using the biotin–streptavidin complex method as
described (17). The stained sections were examined and photo-
graphed with a Nikon Eclipse E600 microscope.

Results
Documentation of the Presence of CA VI in Human and Rat Milk.
Western blotting of samples of human colostrum, saliva, and
purified salivary CA VI with specific antibody to human salivary
CA VI revealed a major, 42-kDa polypeptide band in all cases.
In addition, a minor, 36-kDa band, representing the deglycosy-
lated form of the enzyme, was detected in the purified salivary
CA VI (Fig. 1A). A major, 42-kDa band and minor, 36-kDa
polypeptide band also were obtained from rat milk and purified
salivary CA VI samples that were subjected to immunoblotting
with specific antibody to rat salivary CA VI (Fig. 1B). The
42-kDa polypeptide also was purified effectively from human
colostrum in CA inhibitor affinity chromatography (Fig. 2).
PNGase F digestion of the purified human milk and salivary CA
VI reduced their molecular size from 42 to 36 kDa, indicating
that both glycopolypeptides have a similar-sized polypeptide
core (Fig. 3). To confirm that the human milk CA is isoenzyme
VI, the purified colostral isoenzyme was isolated from a SDS gel
followed by trypsin digestion and sequencing with matrix-
assisted laser desorption ionizationymass spectrometry. The
analysis of the sequence data with the PROFOUND and PEP-
TIDESEARCH databases revealed a 100% identity with human
salivary CA VI. The sequenced polypeptides covered 40% of the
full-length CA VI.

CA VI Concentrations in Human Colostral and Mature Milk. The mean
concentrations of CA VI were 34.7 mgyliter (range, 10.0–78.4
mgyliter, n 5 9) in colostrum and 4.5 mgyliter (2.6–6.9 mgyliter,
n 5 4) in mature milk (Fig. 4). The CA VI levels in the saliva of
two infants were 1.9 and 3.6 mgyliter, about half of the concen-
tration in adults (13).

Detection of CA VI in the Rat Mammary Gland by Immunohistochem-
istry. The mammary glands of a sexually mature nonpregnant
female rat showed a faint, positive reaction for CA VI in the
alveolar epithelia, and the same was observed before and after
parturition (Fig. 5 A, C, and D). A strong reaction was seen in
the alveolar milk after parturition, with the reaction slightly
weaker before parturition (compare Fig. 5 A and C). No reaction
was seen in the alveolar lumen of the resting gland (Fig. 5D).
Western blotting of mammary gland homogenates showed the

Fig. 1. (A) Western blot of the saliva of the human newborn infant (N saliva),
human colostral milk (milk), human adult saliva (A saliva), and purified human
salivary CA VI (CA VI) by using anti-human CA VI antibody (anti-CA VI) and
normal rabbit serum (NRS). The anti-human CA VI antibody recognized the
42-kDa polypeptides of glycosylated CA VI in all of the samples. In addition,
the 36-kDa polypeptide of the deglycosylated form of CA VI was visible in the
purified human salivary CA VI sample. Control stainings using NRS were
negative. (B) Western blot of rat milk (milk), rat mammary glands, and purified
rat salivary CA VI (S CA VI) by using antibody raised against rat CA VI. All of the
samples showed similar 42- and 36-kDa polypeptide bands. From three dif-
ferent mammary gland specimens, the positive signal was strongest in the
lactating gland (lact.), moderate in the gland from pregnant animal (preg.),
and faintest in the resting gland (rest.).
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most intense band in the lactating gland, a moderate band in
glandular tissue before parturition, and a faint band in the resting
gland (Fig. 1B).

Discussion
CA VI is the only secretory isoform in the CA gene family,
identified previously in the saliva of several mammalian species.
We demonstrate here that CA VI is also present in milk. There
are several lines of evidence to support this conclusion. The
specific antibodies to salivary CA VI recognized polypeptides of
similar molecular mass (42 kDa) in human and rat saliva and
milk, the polypeptide could be purified effectively from human
milk on CA inhibitor affinity chromatography, and digestion of

the purified human milk 42-kDa polypeptide with PNGase F
reduced its molecular mass to 36 kDa, indicating that it is a
glycopolypeptide by nature and that its polypeptide backbone
probably is identical to that of salivary CA VI. The partial amino
acid sequence of the purified 42-kDa polypeptide was identical
to salivary CA VI. Although the homologous sequence covered
40% of salivary CA VI sequence, the possibility remains that
colostral CA VI represents the product of an additional locus.
Immunohistochemical staining of a rat mammary gland showed
that the enzyme is present in both the alveolar milk and the
glandular epithelia. The fairly faint epithelial staining is likely a
result of the rapid secretion rate of the epithelia during late
pregnancy and lactation. The immunoblots revealing the major,
42-kDa polypeptide in rat mammary gland samples confirmed
that the immunohistochemical results are specific to CA VI.

The mean concentration of CA VI was found to be about eight
times higher in the human colostrum than in mature milk, where
it corresponded to concentrations reported earlier for adult
human saliva (13). This high concentration of CA VI in the
colostrum, together with our preliminary observation that the
salivary CA VI concentration in newborn babies is low and the
fact that their salivary secretion rate also is low (14, 15), suggests
that milk CA VI may compensate for this low salivary CA VI as
a regulatory factor in the infant alimentary tract, particularly
during the early postnatal period.

CA VI initially was discovered as a zinc-binding salivary
protein named gustin, which was linked functionally to taste and
smell perception (20, 21). It was not until recently that gustin was
identified as CA VI by protein sequencing, activity profiles, and
other physical data (12). Henkin et al. (21–23) described a
clinical disorder in which patients had decreased salivary CA VI
concentrations associated with a loss and distortion of taste and
smell after an influenza-like illness. The morphological changes
in the taste buds presented apoptotic-like features (21). Treat-
ment with zinc normalized the CA VI concentrations and the
senses of taste and smell in some cases (24). The taste bud
morphology also was normalized in these patients, suggesting
that CA VI may function as a trophic factor for the taste bud
stem cells (24). Interestingly, CA VI supports in vitro growth in
chicken embryo sympathetic ganglia and PC12 cells (24). There

Fig. 2. SDSyPAGE and colloidal Coomassie blue staining of total colostral
milk (milk), CA purified from colostral milk (M CA VI; 0.2 mg, left lane; 0.6 mg,
right lane), and CA purified from saliva (S CA VI). The '42-kDa polypeptides
are seen in CAs purified from both milk and saliva. A polypeptide of similar size
is also visible in the total milk sample.

Fig. 3. PNGase F treatment of human salivary and milk CA VI followed by
SDSyPAGE and Colloidal Coomassie blue staining. Without PNGase F treat-
ment (2), the 42-kDa polypeptides for both salivary (S) and milk (M) CA VI are
seen, corresponding to the glycosylated form of CA VI, but after digestion (1),
the 36-kDa polypeptides for both samples are seen, indicating that the two
glycopolypeptides have polypeptide cores of similar sizes.

Fig. 4. Mean concentrations of CA VI in human colostrum and mature milk.
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is also evidence that CA VI activates calmodulin-dependent
bovine brain cAMP phosphodiesterase, which is a factor in-
volved in taste function (25), and that CA inhibitors can cause
taste distortions in clinical use (26–28).

Another attractive link between CA VI and growth regulation
was provided by observations that CA VI has characteristics
similar to nerve growth factor (NGF) (29), which is one of the
key growth modulators in the gastrointestinal tract and also is
present in milk (30). For example, CA VI displaces 125I-NGF
bound to enriched taste bud membrane fractions (24). Although
the exact physiological significance of milk CA VI remains
undefined here, we suggest that, as an acid-resistant enzyme
(11), it may function as a trophic growth factor in the infant
alimentary tract, which undergoes pronounced growth and
functional maturation during the immediate postnatal period.

Many milk glycoproteins have a multifunctional nature (1,
3), and one also could hypothesize that CA VI as a glycopro-
tein and an acid–base-modulating enzyme also may possess
multifunctional properties such as antimicrobial (31), antiin-
f lammatory, immunomodulating, and mucosa-protecting
effects (11). In fact, studies in our laboratory have shown
indirectly that CA VI binds to immunoglobulins A and G (8,
32), although its role in immunological responses has not been
determined. Future studies will clarify the possible multifunc-
tional nature of CA VI.
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10. Kivelä, J., Parkkila, S., Parkkila, A.-K., Leinonen, J. & Rajaniemi, H. (1999)
J. Physiol. 520, 315–320.

11. Parkkila, S., Parkkila, A.-K., Lehtola, J., Reinilä, A., Södervik, H.-J., Rannisto,
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