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ABSTRACT. Dexamethasone (Dex) and triiodothyronine
(T3) were administered to pregnant rats during late gesta-
tion to evaluate potential developmental effects on fetal
lung vitamin K-dependent carboxylation. Maternal rats
were injected on the 2 d before study with Dex (0.2 mg/kg
intraperitoneally), with T5 (0.7, 3.5, or 7 mg/kg intramus-
cularly), or with a combination of both hormones. Fetal
lung microsomes were prepared at 18, 19, and 20 d of
gestation, and carboxylase activity was assessed by meas-
uring the incorporation of **CQ; into a synthetic pentapep-
tide substrate. Dex alone resulted in a small but consistent
increase in activity in all three gestational ages. T; alone
increased activity approximately 85% at 20 d of gestation.
Treatment with a combination of Dex and T; caused a 60%
increase in vitamin K-dependent carboxylation at each
gestational age. Decreased lung growth was noted with
combination hormone treatment in all rats studied at 19
and 20 d of gestation. Lung growth expressed as lung wt/
body wt was more sensitive to the effects of Dex plus T;
than was carboxylase activity. Decreased lung wt/body wt
(decreased 25%) was noted with Dex plus T (0.7 mg/kg);
however, no induction of carboxylase enzyme activity was
evident at this dose. This study demonstrates that vitamin
K-dependent carboxylase activity in fetal rat lung can be
induced by the exogenous administration of Dex and T to
pregnant rats. Fetal lung microsomes contain multiple
endogenous substrates for the vitamin K-dependent car-
boxylase enzyme. These hormones play a significant de-
velopmental role not only in protein biosynthesis, but in
posttranslational processing as well. The more general
effects of hormone treatment on lung growth can be distin-
guished from a relatively specific effect on lung vitamin K-
dependent carboxylase activity by a difference in sensitivity
of these responses to hormone treatment. (Pediatr Res 25:
530-534, 1989)
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SP-A, high molecular weight surfactant protein
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Dex, dexamethasone
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K,H;, reduced vitamin K
IP, intraperitoneal
IM, intramuscular

Pulmonary surfactant is a complex mixture of lipids, proteins,
and carbohydrates that facilitates the maintainance of alveolar
stability at low lung vol (1). Surface active characteristics of
surfactant both in vivo and in vitro are dependent on complex
interactions between the protein and lipid components (2). Sur-
factant proteins are specific to the lung and are subdivided into
at least three groups: a higher mol wt (28-40 kD) acidic group,
and two lower mol wt lipophilic groups (2). The lower mol wt
proteins are intimately associated with the lipid components of
surfactant and are required for their in vivo and in vitro activity
(3, 4). The higher mol wt proteins (SP-A), by contrast, further
modify the surface characteristics of surfactant (3) and appear to
be involved in the formation of the complex, three-dimensional,
extracellular form of surfactant known as tubular myelin (5). SP-
A has also been implicated as having a regulatory role in surfac-
tant lipid turnover (6) and may be involved in the immunologic
defense of the alveolus (7).

The interactions of SP-A with surfactant lipids are Ca** de-
pendent (8). We have recently described a posttranslational
modification of rat lung SP-A that provides a structural basis for
this interaction (9), namely, that glutamic acid residues of the
protein are carboxylated in a vitamin K-dependent pathway to
yield Gla. This posttranslational modification is analagous to
that of the well-characterized blood coagulation factors. In the
clotting system, the normal interactions of the vitamin K-de-
pendent factors with lipids in the coagulation cascade are de-
pendent upon vy-carboxylation, in which the Gla residues of
proteins confer the capacity for calcium-dependent interactions
with phospholipids. Other than the vitamin K-dependent clotting
factors, SP-A is one of only a few y-carboxylated proteins for
which specific in vivo functions have been identified (10).

Development of the vitamin-K dependent carboxylase system
in fetal rat lung can be distinguished clearly from the more
completely characterized system of the liver. We have previously
shown that fetal rat lung vitamin K-dependent carboxylase activ-
ity increases to adult levels during late gestation (d 18, 19), in
contrast to liver carboxylase activity, which continues to increase
until adulthood (9).

Both the protein and the lipid components of pulmonary
surfactant are known to appear during late gestation (d 18-21)
in the fetal rat (11, 12). The enzymatic capability for surfactant
protein carboxylation therefore is available at the time when SP-
A appears in lung microsomes. This normal, late-gestational
maturation of the surfactant system requires both adrenal glu-
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cocorticoids and thyroid hormones. When administered exoge-
nously, these hormones have additive stimulatory effects of
surfactant lipid synthesis (13); however, the role of Ts in SP-A
production is unclear (14, 15).

In this present study, we have investigated whether the admin-
istration of exogenous glucocorticoids and/or triiodothyronine
(T5) to pregnant rats would induce fetal lung carboxylase activity.
We have studied stimulation of vitamin K-dependent carboxyl-
ation by these hormones throughout that range of gestational
ages where dramatic changes in the maturation of the surfactant
system are known to occur.

MATERIALS AND METHODS

Timed-pregnant female Sprague-Dawley rats are obtained
from Charles River Laboratories. Dex (0.2 mg/kg, diluted in
0.9% NaCl) is given IP in the morning of the 2 d before the
study. Triiodothyronine (0.7, 3.5, or 7 mg/kg in 0.45% NaOH/
0.45% NaCl) is given IM on the same schedule. The 7-mg/kg
dosage has previously been shown by Gross ef al. (13) to give
maximal stimulation of choline incorporation into phosphati-
dylcholine by fetal lung, without a change in endogenous corti-
costeroid levels. Appropriate placebo controls are used.

Fetuses are removed from ether-anesthetized females, then
decapitated, bled, and promptly cooled to 4°C in isotonic saline
before lung or liver dissection. Tissues are homogenized in 25-
mM imidazole buffer (pH 7.2) with 250-mM sucrose (SI buffer),
using 10 strokes with a Potter-Elvehjem homogenizer (Thomas
Scientific, Swedesboro, NJ). A microsomal pellet is obtained
after centrifugation of the homogenate at 10 000 X g (15 min)
and further centrifugation of the resulting supernatent at 100 000
X g for 60 min. Microsomes are resuspended and solubilized by
homogenization into 25-mM imidazole buffer (pH 7.2) with
0.5% (wt/vol) CHAPS (3-[(3-cholamidopropyl) dimethyl am-
monio]-1-propane sulfonate), and aliquots are stored at —75°C
for subsequent assay (within 2-3 d).

Vitamin-K dependent carboxylase activity is estimated in mi-
crosomal preparations by the addition of chemically reduced
vitamin-K (K ;H,) and is based on the incorporation of *CO,
into an acid-soluble synthetic pentapeptide (Phe-Leu-Glu-Glu-
Leu; Vega Corp., Tucson, AZ) after precipitation of microsomal
proteins with cold trichloroacetic acid (16). Specifically, resus-
pended lung microsomes are incubated at 25°C for 30 min in a
240-uL reaction mixture containing [-mM MnCl,, 5.2-mM di-
thiothreitol, 2-mM pentapeptide, 100 ug/mL vitamin K,H,, and
20 uCi/mL NaH'*COs;. The reaction is stopped by adding 1 mL
of cold trichloroacetic acid, and unbound "“CO; is removed by
bubbling CO, gas through the acid soluble supernatant before
scintillation counting in ACS II (Amersham Corp., Arlington
Heights, IL). Incorporation of isotope into peptide is linear over
at least 30 min and is directly related to the amount of micro-
somal protein (data not shown) over at least a 4-fold range of
dilution down to 120 ug protein/assay. Endogenous proteins are
carboxylated in a similar reaction mixture with no synthetic
peptide present, this mixture is then dialyzed against 0.1-M
ammonium bicarbonate buffer and lyophilized in preparation
for subsequent SDS-PAGE (9).

Specific proteins are identified by 12% SDS-PAGE using a
Mini-Protean II slab gel apparatus (Bio-Rad Laboratories, Rich-
mond, CA). Gels are stained with Coomassie Brilliant Blue R-
250 and relative mol wt are determined using protein standards
(Bio-Rad), or their '“C-methylated derivatives (Amersham). Gels
selected for autoradiography are fixed overnight in 40% metha-
nol/7% acetic acid (vol/vol) and then treated with En*Hance
(New England Nuclear Products, Boston, MA) for 1 h before
they are dried overnight. The dried gels are exposed to Kodak
X-Omat XAR-5 film (Eastman Kodak Co., Rochester, NY) at
=75°C for 1 mo.

Specific SP-A IgG is prepared as previously described (9).
Briefly, purified surfactant obtained by lavage of 12 rats is
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suspended in distilled water to give 0.5 mL, which is combined
with an equal vol of Freund’s complete adjuvant and injected at
multiple intradermal sites into New Zealand white rabbits. Rab-
bits are given subcutaneous booster injections of 0.25 mL of the
same surfactant preparation. Blood is drawn from an ear vein
and the serum is stored at —20°C. IgG is purified by ammonium
sulfate fractionation and DEAE-cellulose chromotagraphy as
described by Fahey (17). Antibodies against serum protein con-
taminants of the surfactant preparation are removed from the
IgG fraction by immunoaffinity chromatography, using a resin
prepared with dialyzed rat serum and activated CH-Sepharose
4B (Pharmacia Fine Chemicals, Uppsala, Sweden). For immu-
noblots, proteins are transferred from SDS-PAGE gels to nitro-
cellulose membranes using a Bio-Rad Mini Trans-Blot cell.
Membranes treated in 50-mM Tris buffer, pH 7.4, with 0.1-M
NaCl and 5% (wt/vol) nonfat dry milk are incubated with specific
antibody overnight at 4°C. Immunoreactive protein bands are
visualized after reaction with horseradish peroxidase-conjugated
goat antirabbit IgG.

Total protein concentrations are determined using a modified
Lowry assay (18) with BSA standards.

Radiochemicals are purchased from New England Nuclear;
DEAE-Sephacel and H-Sepharose 4B, from Pharmacia; and all
other biochemicals from Sigma Chemical Co. (St. Louis, MO).
Dex sodium phosphate (4 mg/mL) is obtained from Lypho Med,
Inc. (Melrose Park, IL), and triiodothyronine from Sigma.

For enzyme studies, lungs from each litter are pooled and
homogenized. Microsomal fractions from each litter are analyzed
in duplicate in the presence of K,H, and compared against a
blank (no vitamin) to give one value. Each treatment group
consists of three—five litters. Hormone effects are assessed at only
one gestational age on a given d and contrasted with parallel
placebo controls. For the time-course data, breedings are coor-
dinated such that all three gestational ages are studied simulta-
neously. Results are analyzed for statistical significance using
ANOVA and Student’s ¢ test.

RESULTS

y-carboxylation of endogenous SP-A is detectable in micro-
somal preparations of fetal rat lung. A representative fluorogram
of 20-d fetal lung microsomes radiolabeled with '*CO- in the
presence of reduced vitamin K and separated by SDS-PAGE is
shown in Figure 1, Lane A. Lane B represents an immunoblot
of a similar preparation using SP-A-specific IgG. Two immuno-
reactive bands, at 36 000 and 31 000 mol wt, are shown. The
radiolabeled protein of higher mol wt was previously determined
to be SP-A in adult type II pneumocytes by autoradiography of
the actual immunoblot (9).

In vitro vitamin K-dependent carboxylation of endogenous
fetal lung proteins suggests a physiologic role for this posttrans-
lational modification. To characterize the developmental regu-
lation of the carboxylase system, a pentapeptide substrate was
used to quantitate the enzyme activity in microsomes isolated
from fetal lungs at several gestational ages. Several treatment
protocols were designed whereby pregnant rats were injected
with Dex and/or T; for 48 h before tissue isolation. Dex alone
(treatment for the 2 d before study) resulted in a small but
consistent increase in vitamin K-dependent carboxylase activity;
however, this 25% effect never reached statistical significance in
numerous studies (Fig. 2). Coadministration of Dex and T; are
known to result in an additive stimulation of surfactant lipid
synthesis in developing lung (13); however, opposite effects have
been described on other indicators of fetal lung maturation,
including the development of the antioxidant system (19). In the
present studies, Jung carboxylase activity increased 60% at all
three gestational ages studied when a combination of Dex and
Ts was administered to the pregnant females for 2 d (Fig. 2).
Administration of T3 alone on gestational d 18 and 19 resulted
in a 77% increase in carboxylase activity, as compared to the
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Fig. 1. Microsomal subfractions of 20 d fetal rat lung were separated
by 12% SDS-PAGE. Lane A represents a fluorogram of proteins radio-
labeled in vitro with '“CO, in the presence of K,H,. Lane B is an
immunoblot of a similar sample using anti-SPA IgG. Two immunoreac-
tive bands (36 000 and 31 000 mol wt) are identified (arrowheads), and
the higher mol wt band (36 kD) is gamma carboxylated.
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Fig. 2. Vitamin K-dependent carboxylase activity was assayed in fetal
lung microsomes after maternal treatment with hormones on the 2 d
before study. Results are expressed as a percentage of placebo control +
SEM, (n = 4-7 litters) and represent the incorporation of '“CO, into
synthetic pentapeptide substrate in the presence of K,H, (*p < 0.02 vs.
control and +p < 0.02 vs. control and Dex).
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control group. (Fig. 2). Hormonal stimulation did not abolish
the gestational age associated increase in carboxylase activity
which had been observed previously (data not shown) (9).

Lung wt normally increased nearly 4-fold between 18 and 20
d of gestation (Table 1). Decreased lung growth was noted with
combination hormone treatment in rats studied at 19 and 20 d
of gestation, but not when the hormones were administered at d
16 and 17, (study d 18). At the earlier gestational ages, rapid
increases in lung wt have not yet begun. This effect appeared to
be organ specific, as body wt in general was not affected (not
shown). Lower doses of T3 in conjunction with Dex were tested
at gestational d 20 to separate general effects of T3 on lung growth
from the stimulatory effect on carboxylase activity. These results
showed a preferential decrease in lung wt, as demonstrated by
the lower lung wt to body wt ratio in the treatment groups
relative to the placebo controls (Dex with no Ts) (Fig. 3). This
effect was noted at the lower dose of T; (0.7 mg/kg) and was
quantitatively similar to that observed with a dose of 3.5 mg/kg.
No induction of carboxylase enzyme activity was measured,
however, at the lower dose of T;. At 3.5 mg/kg Ts, a minimal
additional effect on lung wt/body wt, along with a 60% increase
in carboxylase activity was evident. This result is qualitatively
similar to the increase at the 7-mg/kg T; dosage (Fig. 2).

DISCUSSION

Vitamin K-dependent carboxylase activity was first character-
ized in microsomes from adult rat lung by Bell (16) in 1980,
when increases in enzyme activity were noted with vitamin K
deficiency and with warfarin treatment. Until our recent inves-
tigations, however, none of the substrates for the lung carboxylase
enzyme had been described; we examined vitamin K-dependent
carboxylase in fetal lung and in type II cells from adult rats, and
found that SP-A and prothrombin are two of the endogenous
substrates in the adult tissue (9, 20). The studies reported here
are the first to address the role of hormones in regulation of fetal
lung carboxylase activity and to initiate characterization of car-
boxylase substrates in developing lungs.

Lung vitamin K-dependent carboxylase activity is stimulated
by Dex, T3, and combinations of both hormones during late
gestation in the fetal rat. The effect of combination hormone
treatment was similar to that of T; alone. We have studied the
induction of carboxylase activity by these hormones in fetal lung
because of their known stimulatory effects on other key enzymes
involved in lung maturation and surfactant production (2). In
other systems involving Gla-containing proteins, similar effects
on carboxylation by relevant hormones have been described. For
example, serum bone Gla protein levels are increased by injection
of 1,25(OH),Ds (21); the synthesis of kidney Gla protein is
stimulated by parathyroid hormone and by 1,25(OH).Ds (22).
In the latter case, both carboxylase enzyme activity and substrate
levels were elevated by hormone treatment.

It is not clear whether the stimulatory effect of hormone
treatment on lung carboxylase activity is a direct effect of the

Table 1. Effects of maternal hormone treatment
on fetal lung wt*

Fetal lung wt (mg/lung)t

18d 19d 20d
Control 16.1 £ 0.8 40.7 = 1.9 68.5 = 3.1
Dex 159+1.2 34.0 £ 0.6% 643 x 1.6
Dex + T3 16.4 +0.8 29.3 + 2.6§ 52.6 +3.4§

* Lungs were removed from fetuses en bloc and dissected free from
major airways. Tissues from each litter were combined and weighed, and
the total was divided by the number of fetuses in the litter.

T Mean + SEM for four-five litters.

1 p =< 0.02 vs. control.

§p = 0.01 vs. control.
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Fig. 3. Theeffects of combination hormone treatment on lung growth
and carboxylase activity was assessed at 20 d of gestation using Dex and
the doses of Ts indicated. (n = 4; *p < 0.001 relative to Dex alone).

hormone on carboxylase synthesis or its activity, or whether it
represents an indirect effect which follows induction of some
major substrate (e.g. SP-A). The observation that the relative
increase in enzyme activity slightly precedes the increase in the
amount of immunologically detectable microsomal SP-A (not
shown) argues against the latter explanation. This observation is
consistent with the findings of Ballard et al. (14), who showed
that T; (alone or with Dex) did not lead to increases in either
SP-A or its mRNA in fetal lung tissue. It is possible, however,
that the amount of SP-A in the microsomal fraction represents
only a portion of the carboxylated or carboxylatable substrate
pool and, therefore, may be misleading as an assessment of
substrate availability. There are multiple additional substrates of
the vitamin K-dependent carboxylase enzyme which can be
detected in fetal lung microsomes (Fig. 1). Though SP-A appears
to be a major carboxylated product, it is possible that these
alternative substrates may be increased by hormone treatment
and that they could serve to induce enzyme activity to the level
observed. Because in these studies whole lung microsomes were
derived from multiple cell types, some of the activity changes
may be related to different effects on multiple cell populations
and/or substrates.

The possibility of direct hormonal stimulation of the carbox-
ylase enzyme is supported by the finding of similar relative
activities between gestational ages, but increased absolute activity
with hormone treatment. Again, it is as yet not clear which cell
type is most affected. It is likely, however, that much of the
activity measured in fetal tissue reflects type II cell metabolism.
We have previously shown that microsomes isolated from type
II pneumocytes, but not lung macrophages, actively carboxylate
both endogenous and exogenous substrates (22). The effect of
hormone treatment on lung growth in the present studies, how-
ever, suggests the possibility of more widespread effects. Ts
administration in these studies is clearly associated with increases
in carboxylase activity, yet this hormone is generally thought to
have less specific effects on the type II cell than does Dex. It is
likely therefore that some of the increase in activity is due to
effects on other cell types. We have measured significant vitamin
K-dependent carboxylase activity in microsomes from fetal lung
fibroblasts (not shown), but fibroblast activity was below that
observed in type II cells isolated from the same lungs at day 19
of gestation.

The observation that the 36-kD SP-A polypeptide is the only
carboxylated SP-A band detectable on fluorograms of fetal whole
lung microsomes, whereas labeling of both the 31- and 36-kD
polypeptides was observed in adult type II cell microsomes (9),
suggests several possibilities. SP-A is a group of protein isoforms
which differ by their degrees of glycosylation (2). It is possible
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that the highly glycosylated protein is a better substrate for the
carboxylase than is the less glycosylated form (31 kD). Anti-SP-
A immunoblots of both fetal lung and adult type II cell micro-
somes show similar relative amounts of SP-A in polypeptides of
both mol wt, whereas, in these two tissues in vitro carboxylation
of the larger polypeptide predominates. By contrast, the in vitro
labeling of both polypeptide bands by the carboxylase enzyme
in microsomes prepared from adult type II cells may reflect
increased enzyme activity in that tissue relative to fetal whole
lung microsomes. We have no evidence to suggest “CO; incor-
poration into the 28 000 mol wt band, which is reported to be
the primary translation product of SP-A (23). This observation
suggests that glycosylation precedes and may serve as a signal for
subsequent carboxylation. This sequence of posttranslational
modification is consistent with findings in the liver carboxylase
system, where it is known that glycosylation of newly synthesized
proteins occurs before carboxylation (10).

In summary, the present study identifies a role for glucocorti-
coids and thyroid hormone in the developmental regulation of
vitamin K-dependent carboxylase in the lung. The more general
effects of hormone treatment on lung growth could be distin-
guished from a relatively specific effect on lung vitamin K-
dependent carboxylase activity by a difference in sensitivity of
the two responses to hormone treatment. These findings suggest
that vitamin K-dependent carboxylation plays a significant role
in the post-translational processing of lung proteins. The func-
tional role of this modification and the identity of the multiple
endogenous substrates remain to be elucidated.
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