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The carbonic anhydrase isozymes (CA I and CA II) of the pig-tailed macaque,
Macaca nemestrina, have been chosen to study the regulation of enzyme levels in red
blood cells. Two quantitative variants of CA I that are ideal for studies of enzyme
regulation exist in this species. One variant is one of four known electrophoretic types
of CA 1, designated CA Ia, which is present at levels about 309, of those of the other
electrophoretic types. The other is a deficiency variant of CA I which, in homozy-
gotes, reduces the product of the CA I locus about 5000-fold and reduces the product
of the CA II locus by about 60%. L-[1*C]Serine was used to study the biosynthesis of
CA T and CA Il isozymes in the reticulocytes of animals carrying these CA I variants.
Specific radioactivity and total incorporation data from bone marrow erythroid cells,
and peripheral blood reticulocytes indicate that the reduced CA Ia concentration is
probably the result of degradation. This degradation appears to oceur for only a short
time before the reticulocytes enter the peripheral blood. It was not possible to de-
termine whether the 5000-fold reduction of CA 1 in the CA I-deficient animals is due
to reduced transcription, reduced translation, or degradation. The effect of the CA
I-deficiency mutation on the synthesis of CA II was also studied. For each dose of
CA I-deficiency gene, there appears to be a 309 reduction in the rate of L-[1¢C]serine
incorporation into CA II, thereby accounting for the reduced CA IT concentration in

CA I-deficient animals.

The #n vitro biosynthesis of proteins in
reticulocytes was first demonstrated by
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Borsook et al. (1). Since that time, most of
the relevant work in this area has dealt with
investigations on the biosynthesis of hemo-
globin. Studies of mechanisms involved in
the regulation of other red cell proteins,
particularly enzymes, in mammals have
been hampered by the lack of protein sys-
tems which exhibit both a sufficient number
of mutations which result in altered protein
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concentrations and the potential for product
analysis at the molecular level. However,
with the recent demonstration of the in
vitro synthesis of one of the carbonic an-
hydrase isozymes in human reticulocytes
(2, 3), it is now feasible to undertake studies
on the synthesis of carbonic anhydrase
isozymes in primates. Carbonic anhydrase,
which occurs in most mammalian erythro-
cytes in concentrations second only to
hemoglobin, is usually present in two
molecular forms, or isozymes, which have
been designated CA I (or CA B) and CA II
(or CA C) (¢f. 4). Comparative sequence
data (5) and genetic and evolutionary
studies (6, 7) indicate that these isozymes
are products of different autosomal genes
which arose by gene duplication. In addi-
tion, recent studies have shown that the
CA I and CA II gene loci are probably
linked in rodents (8) and primates (9).

The carbonic anhydrases of the pig-tailed
macaque, Macaca nemestring, are ideally
suited for studies of the regulation of enzyme
levels in a primate species because of the
considerable number of electrophoretic and
quantitative genetic variants which are
now known for their two carbonic an-
hydrase isozymes. In this species of macaque
monkey, there are four types of CA I and
two types of CA Il which are electropho-
retically distinct and are the products of the
structural alleles designated CA I#, CA I°,
CA I, and CA I¢ at the CA I locus and
CA IT** and CA II* at the CA II locus (6).
The CA I* allele product is present at levels
about 30% of the other electrophoretic
types (10). In addition to the alleles deter-
mining the different electrophoretic types of
CA 1, there is also an inherited deficiency of
CA T which results in about a 5000-fold
reduction of this enzyme in red cells. This
deficiency mutation is inherited codomi-
nantly and is either an allele at the CA I
locus or closely linked to it (6). Associated
with this deficiency phenotype, there is a
60 % reduction in the concentration of
CA 1II (10, 11).

The present report describes methods
capable of analyzing the biosynthesis of not
only CA I and CA II, but also their different
electrophoretic types. By these methods it
has been possible to obtain further insight
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into the genetic mechanisms involved in
the regulation of the red cell carbonic
anhydrases.

EXPERIMENTAL PROCEDURES
M aterials

Uniformly labeled L-[“CJserine (>100 mCi/
mmole) and a standard solution of C in toluene
(4.36 X 105 dpm/ml) were obtained from New
England Nuclear, and unlabeled amino acids from
Sigma. TPCKS-treated trypsin was obtained from
Worthington, MEM Eagle Vitamins 100X and
Spinner Balanced Salt Solution 10X from BBL
(Division of Bioquest), and cellulose polyacetate
electrophoresis strips (2.5 X 15 cm) from Gelman
Instrument Company. Dibutyl and dimethyl
phthylate esters with specific gravities of 1.0465
and 1.189, respectively, at 25°C were obtained
from Eastman Organic Chemicals. Other chemi-
cals were reagent grade.

Preparation of Reticulocytes

Reticulocyte-rich blood was obtained from
both pig-tailed macaques (Macaca nemesirina)
and rhesus macaques (Macaca mulatia). Reticulo-
cytosis was produced by daily intraperitoneal
injection of a solution of phenylhydrazine hydro-
chloride (50 mg/ml) titrated with 1 M NaOH to
pH 7.4. A dose of 7 mg/kg was given for 7 days. On
Day 9, 50-80 ml of blood was drawn from a femoral
vein, heparinized, and placed in ice. The hemato-
crit was 18-22 and the reticulocyte count was
50-95%. The blood was washed four times by
centrifugation (2000g at 4°C) in a balanced salt
solution (NKM) containing 0.153 M NaCl, 0.005 m
KCl, and 0.005 M MgCl,.

Preparation of Erythroid Cell-Rich
Bone Marrow

Erythroid cell-rich bone marrow was produced
by seven daily injections of phenylhydrazine as
above. From Day 3 through Day 8 of treatment, a
daily injection of 1 mg of folic acid and a daily oral
dose of 100 mg of ferrous sulfate was given. On
Day 9, bone marrow aspirations were performed
as described by Switzer (12). To obtain a large
enough sample of bone marrow for incubation, it
was necessary to aspirate both ischial tuberosities
and both iliac crests. The marrow samples were
then treated in an identical manner as that de-
scribed for reticuloeyte-rich blood.

¢ Abbreviations used are: carbonic anhydrase
I, CA I; carbonic anhydrase II, CA II; TPCK,

L-(1-Tosylamido-2-phenyl) ethyl chloromethyl
ketone: MEM, Eagle’s minimum essential
medium.
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Incubation Procedure

Immediately after washing, the packed cells
from the peripheral blood or the bone marrow were
added to the incubation medium in a ratio of two
parts of cells to three parts medium. The incu-
bation medium, which contains no anemic plasma,
was prepared as described by Boyer et al. (13).
L-Serine, to be added in radioactive form, was
omitted from the 2C-amino acid mixture. The
incubation mixture was distributed into Erlen-
meyer flasks and placed in a water bath with
shaker at 37°C. After 15 min of preincubation, 10
uCi of uniformly labeled r-{**Clserine was added
per m! of packed cells. Incubations were ter-
minated by the addition of 4 vols of ice-cold
NKM at the indicated times. The cells were then
isolated by centrifugation (2000g for 10 min at
4°C).

Separation of Bone Marrow Red Cells by
Cell Age

After incubation, the bone marrow red cells
with different mean cell ages were separated
according to their density by the method of
Danon and Marikovsky (14). Dimethyl phthalate,
and dibutyl phthalate esters were mixed to yield
fluids with increments of specific gravity of
0.005. The incubated marrow cells were first lay-
ered on a fluid with a specific gravity of 1,085,
and subsequently, they were centrifuged (12,000¢
for 15 min at 25°C) in a swinging bucket rotor.
Cells with specific gravity less than 1.085 were
then layered on a second fluid with a lower specific
gravity and centrifuged again as described above.
By this procedure, cell fractions with the specific
gravities indicated in Table V were obtained. Each
separate cell fraction was then lysed by the addi-
tion of 1 vol of ice-cold distilled water.

Isolation of “C-labeled Carbonic Anhydrases
Sfrom Peripheral Blood Incubations

Cells from the incubation mixtures were lysed
by addition of 1 vol of ice-cold distilled water. An
aliguot of this lysate was removed for subsequent
quantitation of CA T and CA II isozymes by
means of a radioimmunosorbent assay (15). The
concentrations of each carbonic anhydrase (ug
carbonic anhydrase/mg Hb) determined in these
lysates were later used to estimate total in-
corporation. The hemoglobin in the remainder of
the lysate was precipitated at 4°C by addition of
0.4 vols of chloroform and 0.8 vols of 409, ethanol
to 1.0 vols of lysate followed by vigorous stirring
for 1 min. The hemoglobin precipitate was re-
moved by centrifugation (10,000g for 30 min at
4°C) and the supernatant fluid dialyzed overnight
at 4°C against distilled water prior to lyophiliza-
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tion to dryness. The lyophilized powder from each
sample (corresponding to 1.5-2 ml of cells) was
redissolved in 0.2 ml of distilled water. By this
procedure, a 75- to 100-fold purification and a 10-
to 15-fold concentration of carbonic anhydrase
was realized. These concentrated enzyme solu-
tions were centrifugated (3000g for 10 min) to
remove particulate material. After centrifugation,
10 pl of each sample was added in duplicate to
cellulose polyacetate membranes, and subjected
to electrophoresis (room tempe. ature) for 3 hr at
20 V/em in a 0.09 m Tris/0.01 M borate/0.003 m
EDTA buffer adjusted with 1 » HCI to pH 8.8 +
0.01 (16). Subsequently, the membranes were
stained with naphthol blue black and destained
overnight. A complete separation of the various
forms of carbonic anhydrase studied in this paper
was obtained (Fig. 1).

Isolation of ¥C-labeled Carbonic Anhydrases
from Bone Marrow Cell Fractions

The packed cell volume in some cell fractions
was less than 0.1 ml. This volume is too small to
permit chloroform—ethanol extraction as de-
scribed for peripheral blood samples above;
therefore, the separation of the carbonic an-
hydrases in all the cell fractions was performed
in the presence of hemoglobin. The cell stromata
were removed from the lysate by toluene treat-
ment, and the lysate was subsequently dialvzed
overnight at 4°C against distilled water prior to
Iyophilization to dryness. The lyophilized powder
from each lysate was redissolved in a sufficient
volume of distilled water to make a final hemo-
globin concentration of 150-250 mg/ml. Thesc
concentrated lysates were applied to cellulose
acetate strips and subjected to electrophoresis as
above. The volume of lysate added to each strip
was dependent on the concentration of hemo-
globin in the sample.

Determination of Specific Radioactivity

The stained regions corresponding to each
electrophoretic type of carbonic anhydrase were
carefully cut from the membranes, placed into
counting vials, and dissolved in Bray’s solution.
The volume of Bray's solution used was dependent
on the mass of protein in the cut section. The
amount of radioactivity was determined by
counting in a liquid scintillation spectrophotom-
eter. After counting for 10 min, each vial was
internally standardized by addition of 20 ul of
[“Cltoluene and recounted. The background was
20-24 cpm, the sample counts were at least 75 cpm,
and the counting efficiency of the stained sample
was 35-509;. The mass of protein in each vial was
determined spectrophotometrically using the
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Fia. 1. Cellulose acetate electrophoresis of red cell carbonie anhydrases showing separa-
tion of CA Ia, CA Ib, and CA II of M. nemestrina, and CA 1 and CA II of M. mulaita.
Electrophoresis (20 V/cm) carried out at room temperature for 3 hr in 0.09 m Tris/0.01 M

borate/0.003 M EDTA buffer, pH 8.8.

absorbancy of naphthol blue black as a measure of
protein concentration (17). The specific activity
was calculated from the activity of the samples
corrected to disintegrations per minute (dpm)
divided by the mass of isozyme protein. The
specific activities were also corrected for a differ-
ence in the number of serine residues between the
CA T and CA I isozymes (17, 18).

The specific activities were standardized to
1009 reticulocytes in the peripheral blood studies.
This standardization was accomplished by divid-
ing the unadjusted specific activity by the propor-
tion of reticuloecytes in the incubation mixture.
The purpose of this standardization procedure was
to permit comparisons between the different in-
cubation mixtures. The hemoglobin incorporation
was not used for comparison, because hemo-
globin may not be synthesized during the same
time period as carbonic anhydrase.

The coefficient of variation, calculated from
duplicate determinations, was used to estimate the
error in specific activity measurements. These
relative errors were found to be 49, for CA I and
7% for CA 11.

Other Procedures

Carbonic anhydrase isozymes were purified by
means of column chromatography using DEAE-
Sephadex (19). Monospecific antibodies towards

CA 1 and CA II were obtained from immunized
rabbits (20). The concentration of CA I and CA II
(ug carbonic anhydrase/mg Hb) was determined
in the whole cell lysates by a radioimmunosorbent
agssay (15). The isolation of peptides from a tryptic
digest of enzyme was performed as described by
Tashian et al. (21). Hemoglobin was determined
spectrophotometrically as hemoglobin cyanide
(22). Hemoglobin specific radioactivities were
determined in a manner similar to that used for
the carbonic anhydrase specific radioactivities.
Five microliters of cell lysate, for which a hemo-
globin concentration had been determined, were
streaked on a cellulose acetate electrophoresis
strip. The strip was immediately placed in naph-
thol blue black and destained overnight. The
estimation of “C-radioactivity (dpm) was per-
formed precisely as that described above. The
specific radioactivity was then calculated as
dpm/ug Hb added to the strip.

RESULTS
Evidence for Chain Initiatton

The carbonic anhydrase isozymes were
isolated by means of column chromatog-
raphy (19) from pooled, concentrated en-
zyme solutions obtained from the four hour
incubation studies (see Experimental Pro-
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cedures). The specific activities (dpm/ug
isozyme) of CA Ia, CA Ib, and CA II from
M. nemestring were found to be in agree-
ment with the corresponding values ob-
tained by means of cellulose acetate clec-
trophoresis (Table I). The “C-labeled CA
[h was obtained in sufficient quantity
(approximately 2.0 mg) to determine the
amount of radioactivity in single peptides
isolated by peptide mapping of a tryptic
digest of the isozyme. Three different pep-
tides were sclected for the analysis: (a) the
N-terminal peptide  (T-1), (b) the C-
terminal peptide (T-4), and (¢) a peptide
from the interior of the molecule (T-2).
FEach of these peptides contains one serine
residue. In addition, a peptide (T-3) which
lacks serine residues was chosen as a control.
The results of the determination of CM-

TABLE 1
1-[UCISERINE-SPECIFIC ACTIVITIES OF CA 1a,
CA Ib, axp CA II rFrom RETICULOCYTES
or Macaca nemestrina SEPARATED BY MEANS
or CorvmMN CHROMATOGRAPHY AND CELLU-
LOSE ACETATE

Specific activity (dpm/ug CA)

Carhonic anhyvdrase

form — -
Cellulose DEAE-AS0
acetate
CA Ia 38.0 36.5
CAIb 12.1
CA Tl 7.3
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radioactivity in these peptides are shown in
Table II. As can be seen, the specific activi-
ties (dpm/residue serine) of the three pep-
tides containing one serine residue are ap-
proximately equal.

Time-Course Studies

The incorporation of ©-[“Clserine into
cach carbonic anhydrase component was
determined during 20 hr of incubation for
both 7. nemestrina and M. mulatta and the
specific activities were plotted as a function
of incubation time (Figs. 2 and 3). It is
evident that there are considerable differ-
ences among the specific activities of the
various forms of earbonic anhydrase,

Fowr-Howr Incubation Studies

The results deseribed in Figs. 2 and 3
indicate that the incorporation of r-{“Cj-
serine into CA [ approaches maximum
values after 4 hr of incubation. This 4-hr
incubation period was chosen for further
studies. The values for coneentration, total
incorporation, and specifie activity obtained
for each form of carbonic anhydrase in M.
mulatta and M. nemestrina are shown in
Tables III and IV, respectively. CA I in
M. mulatta and CA Ib in 7. nemestrina are
present in higher eoncentrations than their
CA 1I isozymes, In agreement with the
lower CA 1T concentration, therc is also a
lower total incorporation of r-J4(C]serine

TABLE 11
[NCORPORATION OF L-[UC|SERINE INTO SeLrcrhp Trypric Prerives oF CArBONIC

ANHYDRASE I IsoLATED FROM RETIcTLOCYTES OF Macaca nemestrina

Activity  Approxi- Normalized

Tryptic peptide+
(dpm) mate total
relative  activity
vield of
peptide
T-1 (Acetyl-Ala-Ser-Pro-Asp-Trp-Gly-Tyr-Asp-Asp-Lys) 495 0.5 490
1 5 10
T-2 (Thr-Ser-Glu-Ala-Lys) %18 0.5 1022
35
T-3 (Leu-Gln-Lys) 0 0.9 0
157
T-4 (Ala-Ser-Phe-COOH) 1145 1.0 1145
258 260

« Residue numbers based on a total of 260 residues for human CA 1 (36). Inferred sequences of tryptic

peptides from Tashian and Stroup (37).
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into CA II than into CA I or CA Ib. It the total incorporation into CA II is directly
should be noted that the specific activity of proportional to CA II concentration. Un-
CA II in M. nemestrinag is constant over a expectedly, the CA Ia specific activity in
wide concentration range, and therefore, M. nemesirina appears to be inversely pro-

M. mulatta

SPECIFIC ACTIVITY(dpm/ g Carboric Anhydrase)

N N L. d Y Il i T ) I R 1

2 4 6 8 10 12 14 16 18 20
HOURS OF INCUBATION

Fia. 2. Time course of incorporation of L-[1*Clserine into the carbonic anhydrases of
reticulocytes from M. mulatta. A——A, CAI; 0—0O, CAIL

M. nemestrina

SPECIFIC ACTIVITY (dpm /a9 Carbonic Anhydrase)

) L —1 1 L d 1 I 1

2 4 6 8 0 12 14 16 18 20
HOURS OF INCUBATION

Fia. 3. Time course of incorporation of L-[¥Clserine into the carbonic anhydrases of
reticulocytes from M. nemestrina. Solid triangles and circles are determinations on an ani-
mal with the a/o genotype. Open triangles and circles are determinations made on an animal
with the a/b genotype. A—A, CA Ia; @—@, CA IT A——A, CA Ia; A-—----A, CA Ib;
O0——0, CA 1L
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TABLE III

Four-Hour INCORPORATION OF L-[MCJSERINE INTO THE RETICULOCYTE CARBONIC
ANHYDRASES OF Macace mulatia

Animal  Reticulocytes CAI CAII
number (%) -
Concentra— Total Specific Concentra- Total Specific
tion incorporation  activity tion incorpora- activity
(ng/mg Hb) (dpm/mg Hb) (dpm/ug  (ug/mg Hb) tion (dpm/ug
CAI (dpm/mg CAID
Hb)
1 65 7.4 50.8 6.87 2.1 5.48 2.61
2 85 11.7 101.2 8.65 2.4 8.06 3.36
TABLE 1V

Four-HoUR INCORPORATION OF L-[“C]SERINE INTO THE CARBONIC ANHYDRASE OF
ReTicurLocyTES FROM THREE Macaca nemesirina wiTH DirrereNT CA I

GENOTYPES
CAI Reticulo- CATa CAIb CA Il
genotype | cytes (%)
Con- _ Total Specific | Concen- Total Specific | Concen- Total |Specific activity
i centration| incorpo- | activity | tration | incorpo- | activity tration | incorpo- (dpm/ug
(ug/mg ration (dpm/pg (ug/mg ration (dpm/pg | (ug/mg ration CA II)
Hb) {dpm/mg | CA1 Hb) (dpm/mg | CA Ib) Hb) {dpm/mg
Hb) Hb) Hb)
a/be | 50 3.5 134 38.2 9.5 131 13.8 3.5 29.4 X.4 [Ib*
a/b ’ 75 2.5 124 49.5 10.5 161 15.3 2.7 17.3 6.4 IIb
a/b 80 4.2 140 33.4 8.8 135 15.3 3.2 23.2 7.3 IIb
a/be 3.4 133 40.4 9.6 142 14.8 3.1 23.3 7.4 1Ib
a/o 90 2.7 103 38.0 — — — 1.8 15.0 %.4 [Ib
oo 70 — — — — — - 1.0 9.3 9.3 IIb
o/od 70 — — — — - - 0.5 4.1 (8.11 I1b
— - — — — -— 0.5 [4.4] [8.8] I1a.

e Same a/b animal was used for these experiments.

b CA 11 allelic type.
¢ Average of the three a/b incubations.

4 This animal was heterozygous for CA II (1I*2/11v).
¢ Bracketed values have been extrapolated from an eight-hour incubation.

portional to the CA Ia concentration. The
CA Ia incorporates L-[“C]serine at the
same rate as CA Ib.

Pulse-Chase Incubations

Approximately 12 ml of packed reticulo-
cytes were incubated with 1-[“Clserine as
described above. After 90 min, 10.5 ml of
cells were removed and synthesis was in-
terrupted by the addition of 4 vol of ice-cold
NKM. The remaining 1.5 ml was incubated
for an additional 90 min (for a total of 3 hr)
before terminating synthesis. The 10.5 ml
of cells were then collected by centrifuga-
tion (3000¢ for 10 min at 4°C), washed once
in 4 vol of ice-cold NKM, and collected

again by a second centrifugation step. A
1.5-ml aliquot of cells was removed at this
time and treated as described above for
determination of L-[**C]serine incorporation.
The remaining 9 ml of cells was divided
equally; 4.5 ml was placed into media with
1-[#Clserine and the other 4.5 ml placed
into medium containing a 5X normal
incubation concentration of vL-["?Clserine.
The cells were allowed to incubate further,
aliquots of 1.5 ml each were removed, and
synthesis terminated at the indicated times
(TFig. 4).

The results of these experiments are de-
seribed in Fig. 4. The cffect of the medivm
change after 90 min is to prolong the period
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of maximum synthesis. This effect can easily
be seen by ecomparing the specific activities
of the cells whose medium was changed with
the specific activities of the untreated con-

DESIMONE ET AL.

SPECIFIC ACTIVITY (dpm/ug Carbonic Anhydrase)

1L 1

Y

2]

8 0 24
HOURS OF INCUBATION

trol cells. It can also be seen that the spe-
cific activities of all forms of carbonic
anhydrase remain constant after the re-
moval of L-["“Clserine,

Fia. 4. Time course of L-[1*C]serine-specific radioactivities for (A) CA Ia, CA Ib, and
(B) CA IIb in a pulse-chase incubation of reticulocytes from CA Iab animal. Reticulocytes
were incubated with L-[*C]serine for 90 min. An aliquot was then removed and allowed to
incubate for an additional 90 min. The remaining cells were divided into two equal portions,
one of which was placed into fresh medium with 1-[1*C]serine and the otherinto fresh medium
with 1[12C]serine. Both portions were then allowed to incubate further and aliquots were
removed at the indicated times for analysis. Unbroken lines indicate the specific activities
in cells incubated in 1L-]YClserine after initial pulse, the curved dashed lines are the specific
activities of the control cells (3-hr incubation), and the horizontal dashed lines indicate
specific activities in cells incubated in 1-[**C]serine after initial pulse (chase). CA Ia (A),
CATb (A), CAIIb (O).

nemesirina BoNE Marrow EryTHROID CELLS As A FuNcrioN oF MeaN CELL AGE

TABLE V
Two-Hour INCORPORATION OF L-[MC]SERINE INTO THE CARBONIC ANHYDRASES OF Macaca

CA Specific gravity of CAla CATb CAII Hb
genotype cell fractions
Concen-| Total | Specific | Concen- | Total | Specific [Concen-| Total Specific | Specific
tration |incorpo- | activity | tration |incorpo- | activity | tration | incorpo- | activity | activit,
(ug/mg | ration | (dpm/ug| (ug/mg | ration | (dpm/ug | (ug/mg| ration (dpm/ug (dpm/y
Hb) |(dpm/mg| CA Ia) Hb) (dpm/ | CA Ib) Hb) (dpm/ CA II) u#g Hb)
Hb) mg Hb) mg Hb)
a/b <1.065 4.9 | 2300 | 469.3 | 7.0 [2528 361.1 1.8 | 754 419 234.3
<1.085 > 1.065| 7.6 | 1166 | 153.4 | 13.2 |1001 75.8 3.4 | 291 85.7 106.5
>1.085 2.5 21 8.3 | 14.7 27.2 1.9 4.0 9.9 2.4 2.6
b/o <1.065 — — d — - 198 — — 200.8 —
<1.07 > 1.065 — — — 9.0 531 57.0 1.8 | 133 74.1 123
<1.085 > 1.07 — — — 7.4 63.5 8.6 3.4 24.1 7.04 43.2
>1.085 -— — — 8.6 12.05 1.4 2.5 — — 3.9
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Bone Marrow Incubations

The values for concentration, total in-
corporation, and specific activity for each
form of carbonic anhydrase in M. nemestrina
bone marrow cell fractions are shown in
Table V along with their respective specific
gravities. The separation of cells with differ-
ent mean cell ages is reflected by the specific
activity measurements of both carbonic
anhydrase and hemoglobin for each cell
fraction. In agreement with the low CA II
concentration, there is a lower total in-
corporation of L-[“Clserine into CA II than
into CA Ib in the incubation of both CA I
a/b and CA II b/0 marrows. It should be
noted, however, that CA Ia total incorpora-
tion is equal to that of CA Ib, although the
concentration ratio of CA Ib to CA Ia in-
creases with increasing cell age. The greatest
change in this ratio occurs in the oldest cell
stage.

DISCUSSION

Validity of Carbonic Anhydrase Synthests
Rates Determined in Reticulocytes

One prerequisite for an interpretation of
our results is the assumption that the ob-
served rates of in wvitro biosynthesis gen-
erally reflect the over-all rates of n wvivo
biosynthesis. However, since most protein
synthesis has probably been completed
before the reticulocyte stage, there may be
no quantitative relationship between the
m vivo and the in vitro rates of synthesis.
The results of Herzberg et al. (23) and Gee-
Clough and Arnstein (24), nevertheless,
indicate that the low synthetic rate in
reticulocytes is due to a generalized reduced
capacity to initiate polypeptide chain
synthesis rather than to a loss of mRNA.
Therefore, if the reduction in the capacity
for synthesis is such that the rclative rates
of synthesis are maintained, a proportion-
ality would be expected between the con-
centration of a specific protein and the
total amount of radioactive label it in-
corporates during #n vitro incubation. That
the coneentrations of proteins synthesized
m the reticulocyte, are in fact approxi-
mately proportional to their total incorpora-
tion of radioactive label has been demon-
strated for hemoglobins A and A, in man
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(25), hemoglobins S and A, in man (26),
and also for hemoglobins A and A, in Ateles
paniscus (27). Data presented in this paper
for CA Ib and CA II of M. nemestrina and
CA 1 and CA Il of M. mulatta are also gen-
erally consistent with the assumption that
concentration ‘s proportional to total radio-
activity.

Time-Course Studies

The results of our time-course studies
indicate that the CA Ia specific activity
curves in CA Ta and CA Iab animals are
identical, suggesting that no interaction
between these two electrophoretic types
occurs during synthesis.

Initial rates of synthesis of both CA I and
CA 1I isozymes are maintained for only 1-2
hr of incubation. As demonstrated by the
pulse-chase experiments, initial rates of syn-
thesis can be maintained for an additional
1-2 hr by simply removing the used medium
and replacing it with fresh medium (Fig. 4).
Whether initial rates can be maintained over
longer periods of time by this procedure has
not been determined. Borsook et al. (1) and
Jonxis and Nijhof (28) have shown essen-
tially the same type of stimulation for
hemoglobin synthesis. Borsook et al. (1)
demonstrated that a boiled, nonprotein fil-
trate of liver would stimulate synthesis while
Jonxis and Nijhof (28) observed a stimula-
tion by dialyzed, non-heat-denatured anemic
plasma. The stimulating factor(s) in our ex-
periments, like those of Borscok et al. (1), are
probably essential vitamin(s) and not protein
as suggested by Jonxis and Nijhof (28).

Synthests of the Carbonic Anhydrase [ and I1

Animals that are homozygous for the CA
I-deficiency gene show a 60 % reduction in
CA II concentration compared to animals
not carrying the deficiency, and animals het-
erozygous for the deficiency show a 30% rc-
duction in CA IT levels. The effect of the CA
I-deficiency mutation on the CA II concen-
tration seems to be related solely to the dose
of the deficiency gene, and not to the level of
CA I (10). Recent evidence indicates that the
CA I and CA I1 loci are linked, and that the
effect of the deficieney gene is to reduce the
level of the CA 1T allelie product that is ¢is
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1o it by 60 % (9, 10). The total incorporation
of 1-[*C]serine into CA II is also reduced by
approximately 30 % for each dose of the de-
ficiency gene. Moreover, the total incorpo-
ration into each CA II allelic product in a
homozygous deficient animal is reduced by
60 % (Table IV). Therefore, the decrease in
CA II concentration associated with the de-
ficiency gene apparently results from regu-
lation at the transcriptional or translational
level and not at any posttranslational level.
This apparent polar effect of the CA I-de-
ficiency gene on the synthesis of CA 11 is cur-
rently being investigated.

CA Ta and CA Ib incorporate L-["*Clserine
at equal rates even though their concentra-
tions differ 3- to 4-fold. This equal total in-
corporation, despite concentration differ-
ences is not consistent with the assumption
that total incorporation is porportional to
concentration. Since the CA Ia specific ac-
tivity appears to be inversely proportional to
CA Ia concentration, it is clear that the final
CA Ia concentration is not determined en-
tirely by its rate of synthesis. The CA Ib and
CA II specific activities, however, are con-
stant over the concentration ranges ex-
amined ; therefore, their final concentrations
are determined mainly by their rates of syn-
thesis. The assumption of proportionality
between total incorporation and concentra-
tion is generally correct, but does not take
into account other factors, not related to syn-
thesis, which can also determine final protein
concentrations.

The CA Ia, Ca Ib, and CA II concentra-
tions have been determined in young and, old
peripheral red blood cells which were sepa-
rated by differential centrifugation (DeSi-
mone, unpublished results). It was found
that these molecules are stable and show no
concentration changes during the life span
of the mature erythrocyte. Therefore, the
low concentration of CA Ia relative to CA
Ib must result from a regulatory process
which occurs at some point during the period
of synthesis. Results of the time course stud-
ies demonstrated that CA Ia and CA Ib
incorporated L-[%Clserine at equal rates
during 20 hr of incubation, and therefore in-
dicated that degradation does not occur in
the reticulocyte. To further exclude the pos-
sibility of degradation during this time

DESIMONE ET AL.

period, pulse-chase experiments were per-
formed. The rationale for the pulse chase is
that the turnover rate of CA Ia during the
chase period should be higher than that for
CA Ib, and the difference in turnover rates
should be reflected in diminished CA Ia
total “C-radioactivity relative to CA Ib.
Since the total “C-radioactivity remained
constant for both CA Ia and CA Ib during
the chase period, it can be concluded that
degradation does not occur in the reticulo-
cyte.

The finding in the bone marrow studies,
that the CA Ib to CA Ia concentration ratios
markedly increase with increasing cell age
while the total incorporations remain ap-
proximately equal at each cell stage, clearly
demonstrates that the CA Ia concentration
is dependent upon its rate of degradation.
This net loss of CA Ia may result from either
passive denaturation or active catabolism
by a proteolytic enzyme. Whatever the
mechanism of degradation, it must be limited
to a short time period before the reticulocyte
passes into the peripheral blood since there
is no evidence for degradation occurring
either in the mature red cell or in the: older
reticulocytes. Experimental evidence sup-
ports the idea that turnover of nonhemo-
globin protein is rapid during the earlier
cell stages of erythrocyte development (29,
30).

Ttano (31) proposed that differential sur-
vival of completed hemoglobin molecules
may be an important factor in determining
the final concentration of human variant
hemoglobins. Since that time, a number of
hemoglobins have been characterized which
have abnormal heat stabilities and low cellu-
lar concentration (32). The most recent
evidence in support of degradation has come
from synthesis studies of a heat-unstable
hemoglobin, Hb Ann Arbor (33). Their evi-
dence indicates that newly synthesized ab-
normal a-chains are most susceptible to deg-
radation.

Degradation has also been implicated as a
mechanism for the regulation of protein con-
centrations in many mammalian tissues
other than blood (34, 35).

Experimentally, it is difficult to distin-
guish whether the low level of CA I present
in CA I-deficient animals is due to a syn-
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thetic defect or to degradation. If degrada-
tion is responsible for the low CA T concen-
tration, it would have to proceed at approxi-
mately the same rate as that of synthesis.
Assuming degradation occurs randomly in
the free CA I pool, incubation of deficiency
reticulocytes should produce CA I with a
markedly increased specific activity relative
to the nondeficiency CA 1 electrophoretic
types. No incorporation of L-[*C]serine into
CA T could be demonstrated, although ap-
proximately 2.0 ug of purified CA I was ana-
lvzed. Therefore, either CA I in these ani-
mals is preferentially lost as newly forming
or newly formed molecules, or the synthesis
of CA T is proceeding at a 5000-fold reduced
rate. Unfortunately, it was not possible to
examine the polyribosomes.

One additional observation which requires
more experimental evidence is that carbonic
anhydrase and hemoglobin may be made
during different time periods in erythrocyte
development. By comparing the relative
change in the specific activity of hemoglobin
with that of CA Ib or CA IIin bone marrow,
it appears that hemoglobin synthesis falls
off less rapidly than carbonic anhydrase syn-
thesis. Since the concentrations of CA Ib and
CA II relative to hemoglobin are low in the
early cell stages, it is possible that hemo-
globin synthesis starts prior to, and ends
later than, carbonic anhydrase synthesis.

ACKNOWLEDGMENTS

We are very thankful to Dr. Junius G. Adams
IIT for his generous help and suggestions in
establishing the incubation procedures used in
this study. We are also grateful to Dr. Henry
Gershowitz, Dr. Lewis J. Kleinsmith, Dr. Roy D.
Schmickel, and Dr. Donald C. Shreffier for their
useful advice and ¢riticism during the preparation
of this report. We also acknowledge the excellent
research assistance of Mrs. Ya-Shiou L. Yu, Mrs.
Sharon K. Stroup, and Miss Floretta Reynolds.

REFERENCES

1. Borsoox, H., Drasy, C. L., HagEN-SMITH,
A, J., Krigurey, G., anp Lowry, P. H.
(1952) J. Biol. Chem. 196, 669.

2. Mreverrs, N. C., BReweg, G. J., AND TasHIAN,
R. E. (1969) Biochim. Biophys. Acta 195, 176.

3. Epwarps, J. A. (1970) Biochim. Biophys.
Aecta 204, 280.

4. Linpskoa, 8., Henperson, L. E., Kanxnax,

10.

11.

12.
13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

-1

~ !

K. K., Linsas, A., Nyman, P. O., axp
STRANDBERG, B. (1971) in The Enzymes
(Boyer, P. D., ed.}, Vol. 5, p. 587. Academic
Press, New York.

. HeEnperson, L., Hexrickson, D., Nyman,

P. O, anp Strip, L. (1972) ¢n Oxygen
Affinity of Hemoglobin and Red Cell Acid
Base Status, Alfred Benzon Symposium TV
M. Rgrth and P. Astrup, eds.), p. 341,
Munksgaard, Copenhagen and Academic
Press, New York.

. Tasuran, R. K., Goopman, M., HeapiNgs,

V. E., DtSmvmong, J., axp Warp, R. H.
(1971) Biochem Genet. &, 180.

. Tasmian, R. E,, Ta~ts, R. J., Ferrern, R, 1.,

AND Goopmax, M. (1972) J. Hum. Evolution
1, 545.

. CarTER, N. D. (1972) Comp. Biochen. Physiol.

43B, 743.

. DrSimoxe, J., LiNnpr, M., anp Tasnran, 12 T

(1973) Nature (London) New Biol. 242, 55.

DeSmMonNg, J., Maeip, E., axp Tasuran,
R. E. (1973) Biochem. Genet. &, 165.

Heapings, V. K., anp TasHran, R. K. (1971)
Biochem. Genet. b, 333.

SwiTzer, J. W, (1967) Lab. Anim. Care 17, 255.

Boyvrr, 8. H., Crossy, E. F., axo Novues,
A.N. (1968) Johns Hopkins Med. J. 123, %5.

Daxox, D., anp Marixovsky, Y. (1964) J.
Lab. Clin. Med. 64, 668.

Maaip, E., DeSimonE, J., anp Tasuran, R, 15,
(1973) Biochem. Genel. 8, 157.

Ruis-Rrys, G., ANp RaMirez-ZoriLLa, M. J.
(1968) Amer. J. Clin. Pathol. 50, 677.

Macip, . (1970) Scand. J. Clin. Lab. Tneest.
26, 257.

Durr, T. A., snp CoLimaN, J. E. (1966) Bio-
chemistry &, 2009.

Taxits, R. J., Tasuian, R. E., anp Yu, Y. L.
(1970) J. Biol. Chem. 246, 6003.

Tasuran, R. 1., SEHrREerrLer, 1. ., ixp
Saows, T. B. (1968) Ann. N. Y. Acad. Sei.
151, 64,

TasHIAN, R. K., Rises, 8. K., axp YU, Y. L.
(1966) Arch. Biochen.. Biophys. 117, 320.

KampuN, K. J., AND Zwustra, W. (. (1965)
Advan. Clin. Chem. 8, 141.

HerzBirG, M., Reven, M., anp Daxox, D.
(1969) Eur. J. Biochem. 11, 148.

Ger-Crovey, J. P, axp ArnsToin, H, R,
(1971) Ewur. J. Biochem. 19, 539.

WinsLow, R. M., anp Ingram, V. M. (1966)
J. Biol. Chem. 241, 1144.

Kazazian, H. H., Jr., anp Iraxo, H. A.
(1968) J. Biol. Chem. 243, 2048.

Boyer, 8. H,, Crossy, K. F., FrLner, G. L.,
Noves, A. N., anp Apams, J. (. (1968)
Aun. N. Y. Acad. Sci. 166, 360.



376

28. Jonxis, J. H. P., anp Nuyror, W. (1969) Ann.

29.

30.

31.

32.

33.

N.Y. Acad. Sci. 165, 205,

Borsooxk, H. (1964) Ann. N. Y. Acad. Sci.
119, 523.

Borsook, H. (1968) Ann. N. Y. Acad. Sci.
149, 416.

Itano, H. A, (1957) Advan. Prot. Chem. 12,
215.

Leamann, H., anp Carrery, R. W. (1969)
Brit. Med. Bull. 25, 14,

Apawms, J. G., WinTER, W. P., RUCKNAGEL,

DESIMONE ET AL.

D. L., anp Seencer, H. H. (1970) Blood 86,
851.

34. Ganscuow, R. E., anp ScuiMke, R. T. (1969)
J. Biol. Chem. 244, 4649,

35. Frirz, P. J., Veserr, E. 8., WHitg, E. L.,
AnD Prurrt, K. M. (1969) Proc. Nat. Acad.
8ci. USA 62, 558.

36. Anpersson, B., Nyman, P. O., anp Strip, L.
(1972) Biochem. Biophys. Res. Commun. 48,
670.

37. Tasmian, R. E., anp Stroup, 5. R. (1970)
Biochem. Biophys. Res. Commun. 41, 1457.



