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SUMMARY

The sequence of amino acid residues comprising the major form of sheep red
cell carbonic anhydrase C has been determined. The primary sequences of peptides
derived from cyanogen bromide cleavage and tryptic digestion were obtained prima-
rily through the use of the Edman degradation procedure. The ordering of these
peptides in the sheep molecule is based on the high degree of homology between the
sheep enzyme and the previously sequenced human and bovine carbonic anhydrase C
molecules. Based on comparisons with the three-dimensional structure of human
carbonic anhydrase C, the function of certain residues which appear to be involved
either in the maintenance of structure or in the active site of the sheep enzyme is
discussed.

INTRODUCTION

Previous work from this laboratory has shown that sheep erythrocytes contain
only a single major form of carbonic anhydrase (carbonate hydro-lyase, EC 4.2.1.1),
whereas erythrocytes from most mammalian species contain two distinct isozymes
of carbonic anhydrase (designated CA B or CA I and CA C or CA II) known to be
the products of independent genetic loci [1, 2]. Furthermore, on the basis of kinetic
properties and the amino acid sequence of the C-terminal portion of the molecule,
it was postulated that the sheep enzyme was homologous to the high activity C form
observed to occur in other mammals [1].

The complete primary sequences of the human B and C forms have been
reported [3-6]. Further, a considerable portion of the sequence of bovine CA C has
also been determined [2, 7, 8]. Complimenting these sequence efforts has been the
X-ray analysis of the crystal structure of the human C and B forms which have now
been resolved to the 2.0- and 2.3-A levels, respectively [9, 10, 20]. Because of the availa-
bility of this type of comparative data from the human enzymes, it was of interest to
determine the amino acid sequence of the sheep red cell enzyme in order to ascertain
what features it might share in common with the human carbonic anhydrase C both
structurally and functionally.

Abbreviations: FiAc, trifluoroacetic acid; MalNEt, N-ethylmorpholine.
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Part of our previous report on the sheep enzyme dealt with the complete amino
acid sequence of the penultimate and C-terminal CNBr fragments, and provided the
first primary sequence data for the sheep enzyme. That study indicated that CNBr
cleavage at each of the three methionyl residues offered a promising method of
attacking the entire molecule. Continuation of these studies, reported here, involved
the preparation and purification of the two N-terminal CNBr fragments as well as
the determination of their primary sequences. Together, these four CNBr fragments
satisfactorily account for the amino acid composition of sheep carbonic anhydrase C.

MATERIALS AND METHODS

Enzyme preparation

Sheep red cell carbonic anhydrase was purified according to a previously
reported procedure [1]. After selective removal of hemogiobin, the enzyme was iso-
lated using DEAE-cellulose and DEAE-Sephadex column chromatography pro-
cedures. Electrophoresis on starch gel was employed to confirm that the final prepa-
ration was essentially homogeneous. The previously reported Ajg o value of 16.1
was used to determine the protein concentration of the final preparation.

Reaction with CNBr

As previously reported [1], the sheep enzyme contains three methionyl residues
all of which react quantitatively with CNBr. Using the amino acid analyzer to measure
methionine destruction, we observed that the CNBr reaction in 709 trifluoroacetic
acid (F3Ac) was complete within 12 h and therefore this time was routinely employed.
Upon dilution of the reaction mixture, to 5% F;Ac, one insoluble and three soluble
fragments were obtained.

Isolation of CNBr fragments

The following designations have been applied to the CNBr fragments: N-
terminal fragment, F, (Residues 1-58); the large insoluble fragment, F, (5§9-221);
penultimate fragment, F; (222-239), and C-terminal fragment, F, (240-259).

The three 59, FiAc-soluble CNBr fragments (F,, F; and F,) were separated
from the single insoluble fragment by centrifugation, and the remaining F;Ac was
removed from the former by lyophilization. To separate the F;Ac-soluble fragments,
the lyophilized material was taken up in 0.17 M pyridine-acetate buffer (pH 4.7), and
applied directly to a 1.5 ¢cm X 30 cm column of SE- or SP-Sephadex equilibrated with
the 0.17 M buffer. A 150-ml linear gradient (0.17-2.0 M pyridine-acetate) was used
to elute the column, and 2-ml fractions were collected. Individual fractions were
pooled on the basis of ninhydrin-positive material. Routinely, three major peaks were
obtained corresponding to the three soluble CNBr fragments. To confirm the purity
of these fragments, high-voltage paper electrophoresis (Whatman 3 MM) was carried
out in pyridine-acetate—water (100:4:900, by vol.) (pH 6.5); the N-lerminal fragment
F,, identified with both ninhydrin and the Pauli stain for histidine, appeared pure by
this isolation method and no further purification was undertaken.

Because the F, fragment was blocked at the N-terminus, it was necessary to
cleave this peptide into fragments which could then be sequenced directly. One
approach was the limited digestion with trypsin (2 h, 37 °C, 1% TPCK-treated
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trypsin) followed by separation of the tryptic peptides on a 1.5 cm x 30 cm SP-
Sephadex column using a 280 ml 0.17-4 M pyridine-acetate gradient.

Two procedures were used during the course of this work to further purify
the 59 FsAc insoluble CNBr fragment F,. The first technique involved resuspending
the insoluble CNBr fragment in 25 %, acetic acid; the residual amounts of the soluble
fragments were then removed by passing the suspension through a 0.9 cm x 90 cm
Sephadex G-100 column equilibrated with 259 acetic acid. A single major peak
emerged near the void volume of such a column, and this material corresponded to
the large insoluble CNBr fragment. During the latter part of this work it was found
that the residual amounts of soluble peptide could be removed by washing the 5%,
F3Ac pellet 3 times with distilled water. The washed pellet was soluble in 5%, N-ethyl
morpholine (MalNEt), and the solution could be adjusted to pH 8.5 with 6 M HCI.
The latter procedure was found to be the more useful because it was rapid and the
MalNEt buffer (pH 8.5) was, after dilution, compatible with subsequence strategies
involving the use of lysine blockage and/or treatment with trypsin.

Sequence determination

The Beckman Model 890 automatic sequencer was used to obtain the sequences
reported below. Details of the procedures employed have been previously reported [1].
During the course of this work, the Braunitzer reagent [11] (4-sulfophenylisothio-
cyanate) became commercially available (Pierce Chemical Co.) and was employed
during the sequencing of peptides containing a C-terminal lysine. Routinely, a
suitable amount of peptide was dissolved in 0.2 ml dimethylallylamine to which was
added 0.1 ml of a 59, solution (in water) of Braunitzer reagent. After flushing with
N,, the mixture was incubated at 50 °C for 1 h and then sequenced without further
treatment. An unreacted portion of the peptide was used to determine the N-terminal
residue.

In all cases, duplicate or triplicate sequencer runs were performed on the
peptides reported below. Phenylthiohydantoin derivative yields, as determined with
the gas chromatograph, ranged from a high of 759/ to a low of 2-3 9. Arginine yields
were not quantitated during this work.

Tryptic peptide separation of the F, fragment

To facilitate sequence determination of the large insoluble CNBr fragment,
F,, it was found useful to treat the material with 1%, TPCK-trypsin (2 h, 37 °C) and
isolate the resulting tryptic peptides. A 0.6 cm x 100 cm column of chromobeads
(Technicon type P), maintained at 50 °C, was employed for such peptide separations.
Routinely, a double linear gradient was used; the first gradient ranged from 0.05 M
pyridine~acetate buffer (pH 2.4) to 0.5 M pyridine-acetate buffer (pH 3.1), while
the second gradient extended from 0.5 to 2.0 M pyridine-acetate buffer (pH 5.0).
Only those peptides soluble in the starting buffer were applied to such a peptide
column. Approx. 85% of the column effluent was routed to a fraction collector; the
remainder was mixed with ninhydrin, and the colorimetric readings were recorded
using techniques similar to those reported by Jones [12]. After pooling the fractions,
the pyridine-acetate buffer was removed by lyophilization. Where necessary, the
peptides were desulted using a Sephadex G-15 column equilibrated with 1.0 M or
259 acetic acid.
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Masking of lysine residues

Another technique, used to prepare tryptic peptides from the F, fragment,
involved the reacting of lysine side chains with citraconic anhydride followed by
tryptic cleavage of arginine bonds essentially as described by Gibbons and Per-
ham [13], except that a 2-fold excess of citraconic anhydride was used. The blocking
groups were quantitatively removed, at the appropriate time, by subjecting these
peptides to low pH conditions (approx. pH 2.0).

Amino acid composition

The methods reported earlier [1] were used except that the peptides were
routinely hydrolyzed for 18-24 h with redistilled 6 M HCIl. No phenol was added to
protect tyrosine residues, and no corrections were applied for slowly-released amino
acids, or for amino acid destruction occurring during the hydrolysis.

Carboxypeptidase digestion

Carboxypeptidase A and B were obtained from the Worthington Biochemical
Co.; both were treated with diisopropyl phosphofluoridate to eliminate trace tryptic
and chymotryptic activity. The carboxypeptidase B was used directly, and the car-
boxypeptidase A was prepared according to the procedure described by Ambler [14].
The time span of a typical experiment, carried out at 37 °C, ranged from 5 min to
3 h with 7 intermediate times. The released amino acid residues were, when necessary,
quantitated using a Beckman PA-35 physiological column in order to resolve the
amide amino acids. All carboxypeptidase results are based on duplicate or triplicate
digestion experiments.

RESULTS

Characterization of N-terminal CNBr fragment

In order to isolate the N-terminal CNBr fragment, F;, 3 umoles of whole
enzyme were subjected to the CNBr cleavage reaction. After removal of the insoluble
material and F;Ac, the resulting fragments were purified on a SE-Sephadex column
(see Materials and Methods). Three ninhydrin-positive peaks were observed, the
first and third were the penultimate (F;) and C-terminal (F,) CNBr fragments, respec-
tively ;the primary sequences of which have been previously reported [1]. The intermediate
peak proved to be the N-terminal fragment (F,). Subsequent examination of this
fragment with high-voltage paper electrophoresis indicated that no detectable impu-
rities were present.

The amino acid composition of the N-terminal fragment is given in Table I;
this fragment is comprised of 58 residues, and is presumably acetylated at the N-
terminus on the basis of its failure to undergo Edman degradation in the automatic
sequencer. Because of the blocked N-terminus, it was useful to subsequently digest
this fragment with trypsin. Following incubation with trypsin, the tryptic peptides
were separated using SE-Sephadex column chromatography. Four major ninhydrin-
positive peaks were observed with the following order of elution: Tp2; TP3; Tp4;
Tpl. High-voltage paper electrophoresis was performed to determine their purity;
none of the peptides appeared to require further purification. The amino acid com-
position of each of these peptides is given in Table I, and together they account for
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TABLE 1

AMINO ACID COMPOSITION OF THE N-TERMINAL CNBr FRAGMENT, F,, AND THE
COMPONENT TRYPTIC PEPTIDES

The residue values reported represent the observed and nearest integers, respectively.

Amino Entire F, Tp 1 Tp 2 Tp 3 Tp 4
acid fragment

Asp 6.1 (6) 1.0 (1) 394 1.2 (1)

Thr 0.9 (1) 09 (1)

Ser 2.6 (3) 0.8 (1) 0.9 (1) 1.0 (1)

Glu 6.4 (6) 222 2.0(2) 232

Pro 6.2 (6) 1.3(1) 2.4 (2) 3.4(3)

Gly 4.2 (4) 3.1(3) 0.9 (1)

Ala 6.0 (6) 1.1 (1) 5.2(5

Val 3303 1.1 (1) 1.8 (2)

Met” ) (§))]
1le 202 1.8 (2)

Leu 4.5@4) 374

Tyr 1.9 (2) 0.9 (1) 1.0 (1)

Phe 1.2(1) 0.9 (1)

Lys 3.1 (3) 1.0 (1) 1.1(1) 1.0 (1)

His 4.9 (5) 5.1(5)

Arg 330) 0.9 (1) 0.9 (1) 0.9 (1)
Trp™* 2.4(2) 2)

Total 58 17 18 21 2

* Scored as homoserine.
** The values are based on extinction at 287.5 and 278.0 nm [18].

the composition of the N-terminal CNBr fragment. Tpl is the blocked N-terminal
tryptic peptide of the fragment.

Further treatment of Tpl was undertaken to prepare it for sequencing. The
material was treated for 35 min with 1% chymotrypsin, and the resulting peptide
mixture was analyzed using high voltage paper electrophoresis. Peptides were located

TABLE II

AMINO ACID COMPOSITION OF THE CHYMOTRYPTIC PEPTIDES COMPRISING
TRYPTIC PEPTIDE, Tp 3

Amino Tp 3 Cpl Cp2 Cp3
acid

Asp 1 0.9 (1)

Ser 1 0.9 (1)

Glu 2 2.0(2)

Pro 1 L1

Gly 3 2.8 (3)

Tyr 1 0.8(1)

Lys 1 1.2 (1)
His 5 2.1(2) 1.7 (2) 0.8 (1)
Trp 2 1 1"

* Based on positive reaction with Erlich’s stain; confer text for details,
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on the paper (Whatman 3 MM) by staining guide strips. Three peptides were observed,
only two of which were ninhydrin-positive. The third, Cpl, was observed when the
paper was sprayed with Ehrlich’s stain (p-dimethylaminobenzaldehyde) which is
specific for tryptophan, or with the Pauli stain for histidine; it was therefore assumed
to represent the acetylated N-terminal chymotryptic peptide. The amino acid com-
positions of the three chymotryptic peptides, isolated from paper, are given in
Table II.

To obtain the sequence of Tpl, each of the chymotryptic peptides was isolated
using a 0.6 cm X 15 cm SP-Sephadex column eluted with an 80 ml 0.1-2 M pyridine-
acetate buffer gradient. Two ultraviolet-positive peaks were observed, one corre-
sponding to Cpl and the other to Cp2; the observed elution profile is presented in
Fig. 1. When Cpl was treated with carboxypeptidase A, the sequence His—His-Trp

7 T T

Cp2
Cpli

RELATIVE EXTINCTION
AT 280 mM
T
1

—

7/ 1 1 1
0 20 30 40 50

FRACTION NUMBER
Fig. 1. Isolation of Cpl and Cp2 using a SP-Sephadex column developed with a 0.17-2 M gradient

of pyridine-acetate. Fraction volumes collected were 2 ml; the horizontal bars represent pooled frac-
tions.

was observed, leading us to conclude that the complete sequence of Cpl is Acetyl-
Ser—His-His-Trp.

Cp2 was sequenced directly using the C-terminal peptide program (Beckman
092370); the results are presented in Table III. It should be pointed out that by
employing limited chymotryptic digestion, minimal cleavage appears to occur on the
carboxyl-side of the tyrosine at Residue Position 6.

The sequence of Cp3 is presumed to be His-Lys on the basis of trypsin
specificity.

Sequence determinations of Tp2 and Tp3 were undertaken using peptides
isolated by SE-Sephadex chromatography. The results are given in Table III, and in
each case account completely for the known peptide amino acid composition. Tp4
is presumed to be Arg-Met based on the known specificity of the CNBr reaction.

Characterization of the CNBr fragment, F,

The amino acid composition of the F, material, (Table IV), after fractionation
on a column of Sephadex G-100 equilibrated to 259 acetic acid, suggested that this
CNBr fragment represented the remainder of the sheep carbonic anhydrase molecule.
This fragment was composed of 160 amino acid residues, and a number of strategies
were employed to obtain the primary sequence.
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TABLE Hi1

AUTOMATIC SEQUENCER RESULTS OF TRYPTIC, CHYMOTRYPTIC AND CNBr
PEPTIDES

Peptide

Cp2 Gly-Tyr~-Gly-Glu-His-Asn-Gly-Pro-Glu-His~-Trp

Tp2 Asp-Phe-Pro-lle-Ala-Asp-Gly-Glu-Arg—Gin-Ser—Pro-Val-Asp-lle~Asp-Thr—Lys”

Tp3 Ala-Val-Val-Pro-Asp-Pro-Ala-Leu-Lys-Pro-Leu-Ala-Leu-Leu-Tyr-Glu-Gln—
Ala-Ala-Ser-Arg”

F; Val-Asn—-Asn-Gly-His-Ser-Phe—~Asn-Val-Glu-Phe-Asp-Asp-Ser-Gin-Asp-Lys—
Ala~Val-Leu-Lys-Asp-Gly-Pro-Leu—

Tp6 Ala-Val-Leu-Lys™

Tp7 Asp-Gly-Pro-Leu-Thr—Giy-Thr-Tyr-Arg”

Tp9 Tyr-Ala-Ala-Glu-Leu—His-Leu-Val-His-Trp-Asn—Thr-Lys”

Tp8 Leu—Val-GIn-Phe-His-Phe-His-Trp-Gly-Ser-Ser—Asp-Asp-Gln-Gly-Ser-Glu-His -

Tpi0 Tyr-Gly-Asp-Phe~-Gly-Thr-Ala-Ala-GIn-Gln-Pro-Asp-Gly-Leu-Ala-Val-Val-
Gly-Val-Phe-Leu-Lys”™

Tpll Val-Gly-Asp-Ala~Asn-Pro-Ala-Leu-GlIn-Lys*

Tpi2 Val-Leu—-Asp-Val-Leu-Asp-Ser-Ile-Lys”

Tpls Ser-Ala-Asp-Phe-Pro-Asn-Phe-Asn-Pro-Ser-Ser-Leu-Leu-Lys*

Tpl6™*  Ala-Leu-Asn-Tyr-Trp-Thr-Tyr-Pro-Gly-Ser-Leu-Thr-Asn—Pro-Pro-Leu-Leu-
Glu-Ser-Val-Thr-Trp-Val-Val-Leu-Lys-Glu-Pro-X""*-X**-Val-

" Not actually sequenced; residue presumed on basis of amino acid composition.
** Residue not identifiable using the automatic sequencer.
*** Includes residues beyond the C-terminus of Tp13; confer Results for details.

TABLE 1V

AMINO ACID COMPOSITION OF THE F; CNBr FRAGMENT

The residue values reported represent the observed and nearest integers, respectively.

Amino Observed Nearest

acid integer
Asp 20.5 21
Thr 9.5 10
Ser 13.7 14
Glu 13.8 14
Pro 104 10
Gly 12.3 12
Ala 10.3 10
Val 14.8 15
Met* — 1
Ile 1.4 1
Leu 17.1 17
Tyr 4.8 5
Phe 7.6 8
Lys 12.3 12
His 6.1 6
Arg 2.8 3
Trp“ . 3

Total 162

" Scored as homoserine.
** Based on the automatic sequencer data of various peptides comprising this CNBr fragment.
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Fig. 2. Typical elution profile of sheep carbonic anhydrase C tryptic peptides separated on a column
of Technicon Type P resin developed with a pyridine acetate gradient. Confer text for procedural
details.

To determine the amino acid sequence of the N-terminal portion of the F,
fragment the material was sequenced directly using the automatic sequencer; this
permitted the determination of the sequence of the first 25 residues. These data are
presented in Table Il as sequence F,'.

To obtain additional sequence information, it was necessary to cleave this
CNBr fragment with trypsin. Tryptic peptides, soluble in 0.05 M pyridine-acetate
buffer (pH 2.4), were separated by ion-exchange chromatography using pyridine-
acetate gradients. Up to 2 umoles of CNBr fragments were routinely treated in this
fashion. Fig. 2 shows a typical elution profile of the soluble tryptic peptides obtained
by this method. After suitable pooling, the samples were lyophylized and the amino
acid compositions determined. The composition data are given in Table V; and

TABLE V
AMINO ACID COMPOSITION OF THE SOLUBLE TRYPTIC PEPTIDES FRACTIONATED
ON THE PEPTIDE COLUMN

The residue values represent observed and nearest integers, respectively.

Amino Tp6 Tp7 Tpl0 Tpll Tpl2 Tpl3 Tpl4 Tpls
acid
Asp 1.3 (D) 2.2(2) 2.0(2) 2.4(Q2) 2.8(3)
Thr 1.8(2) 1.0 (D) 09 (1)
Ser 0.9 (1) 2.6 (3)
Glu 2.2(2) 1.0 (1)
Pro 1.1 (1) 1.3 (D) 1.1(D) 1.6 ()
Gly 2.0 (2) 3914 0.9 (1) 1.0(1)
Ala 1.0 (1) 3.2(3) 1.8(2) 0.9 (1)
Val 1.2 (1) 2.8 ()" 1.0 (1) 2.0(2)
Ile 0.9 (D)
Leu o1 140 2.1(2) 0.9 () 1.9 (2) 2.0
Tyr 1.0 1.0 (1)
Phe 1.5(2) 1.7 (2)
Lys 0.9 (1) 1.0 (1) 1.0Q) 1.0 (1) 1.3¢) 111 10Q)
Arg 1.0
Residue

total 4 9 22 10 9 2 2 14

* Required 72 h acid hydrolysis to obtain quantitative valine release.
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Fig. 3. Isolation of Tp8 and Tp9 using a SE-Sephadex column developed initially with 100 ml of 0.17
M pyridine-acetate followed by a 0.17-2 M gradient of pyridine-acetate (125 ml/125 ml). Fraction
volumes collected were 2 ml; the horizontal bars represent pooled fractions.

together, these eight tryptic peptides account for 72 amino acid residues. Each peptide
except Tpl3 and Tpl4, was individually sequenced with the automatic sequencer,
and the results are presented in Table 111 (Tp6, Tp7, Tpl0, Tpll, Tpl2, Tpl3, Tpl4
and Tpl5). Because of large extractive losses during the automatic sequencing of
Tpl0, a mixed carboxypeptidase A and B digest was subsequently carried out to
confirm the sequence of the four C-terminal residues of this peptide. The carboxy-
peptidase data confirmed the sequence obtained with the automatic sequencer.

The sequence of Tpl3 (Thr-Lys) and Tpl4 (Gly-Lys) was determined on the
basis of trypsin specificity.

TABLE VI

AMINO ACID COMPOSITION OF TRYPTIC PEPTIDES Tp8 AND Tp9 ISOLATED FROM
A SP-SEPHADEX COLUMN DEVELOPED WITH A PYRIDINE-ACETATE GRADIENT
The residue values represent observed and nearest integers, respectively.

Amino Tp8 Tp9
acid

Asp 2.703) 1.1 Q1)
Thr 0.9 (1) 1.0(1)
Ser 2.6 (3)

Glu 2.7(3) 1.1 (1)
Gly 1.9(2)

Ala 1.9(2)
Val 1.8(2) 1.0 (1)
Leu 1.0 2.0(2)
Tyr 0.9 (1)
Phe 2.0(2)

Lys 1.1 (1)
His 2503 1.8 (2)
Arg 1.1 (1)

Trp* ) )
Residue

total 22 13

* Determined by automatic sequencer anaiysis.
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Tryptic Peptides Tp8 and TP9 were isolated in high yields using material
derived from a tryptic digestion of the CNBr fragment F, without acidification. After
enzymatic digestion at pH 8.4 in 0.05 M MalNEt, the sample was carefully concen-
trated and equilibrated with 0.17 M pyridine—acetate buffer prior to fractionation on
a 1.5 cm x 30 cm SP-Sephadex column equilibrated with 0.17 M pyridine-acetate
buffer (pH 5.0). This column was initially developed with 100 ml of 0.17 M pyridine-
acetate buffer (pH 5.0), followed by a 250 ml 0.17-2.0 M gradient. Using this gradient,
two clearly resolved, ultraviolet positive peaks, were observed; the first corresponded
to Tp8 while the second proved to be Tp9. Fig. 3 shows a typical elution profile and
Table VI presents the amino acid composition data of these two peptides; subsequent
sequence determinations accounted completely for these composition results.

Using the automatic sequencer it was possible to determine the sequence of the
first 18 residues of Tp8. However, some difficulty was experienced with the first two his-
tidine residues (sequencer Steps 5 and 7) generating out of phase sequences. To com-
plete the sequence of Tp8 (Residues 19-22), a mixed carboxypeptidase A and B digest
was employed; carboxypeptidase B treatment for 20 min followed by carboxypepti-
dase A digestion for various time intervals up to 2 h. The results of such a digestion pro-
vided the following sequence for the C-terminal portion of Tp8: Thr(107)-Val-Asp-Arg.

The complete sequence of Tp9 was determined after treating the peptide with
the Braunitzer reagent. Contrary to our experience with Tp8 no difficulty was expe-
rienced with the two histidines contained in this peptide.

The final amino acid sequence for both Tp8 and Tp9 is presented in Table III.
These two peptides are linked through a pair of lysine residues as shown in Table VII.
Evidence for this linkage was acquired by treating the CNBr F, material with citra-
conic anhydride followed by tryptic digestion. The resulting peptides were acidified
with acetic acid, and the insoluble material isolated by centrifugation. This insoluble
material was used directly for automatic sequence analysis. During the course of
analyzing the first five steps, three sequences were clearly observed, two of which
could be accounted for by previous work (Tp8 and Tp16). The third sequence proved
to be Lys—Lys-Tyr—Ala~Ala and on the basis of homology this material was assumed
to represent Residues 111-115 (see Table VII).

Further sequence information in the F, region was obtained by treating native
enzyme with citraconic anhydride followed by digestion at arginine bonds with
trypsin for up to 6 h. Adjustment of the pH of this peptide mixture, to between pH 5
and 6, with 1.0 M acetic acid resulted in a precipitate which was subsequently washed
with water and partially resuspended in 0.5 M acetic acid. The material which was
not soluble in 0.5 M acetate was isolated by centrifugation and designated Tp16.
Amino acid analysis of Tpl6 suggested a low level of contamination; however,
attempts at further fractionation were unsuccessful. On the other hand, when this
material was analyzed in the automatic sequencer only one major sequence was
observed; two others, occurring at low levels, could be accounted for and were no
longer observed following sequencer Step 6. The amino acid sequence of Tpl6 is
presented as all 26 residues of Tp16 plus three residues of Tp17 (Table III); Steps 29
and 30 could not be positively identified using the automatic sequencer due to
extractive losses.

The amino acid sequence of the Tpl7 region was completed by carrying out
carboxypeptidase A digestion of the entire F, CNBr fragment over a time span of
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5 min to 3.5 h. This fragment was soluble in the MalNEt buffer titrated to pH 8.5.
The low activity of the serine residues modulated the rate of amino acid release, and
the placement of the valine at Position 216, using the automatic sequencer, greatly
assisted in our interpretation of the sequence. The proline at Position 213 prevented
additional carboxypeptidase A digestion. The results of such a carboxypeptidase
digestion provided the following sequence : Thr(214)-Ser—Vai-Ser-Ser—GIn-Gln-Met.
The complete sequence of Tpl7 is shown in Table VII.

DISCUSSION

Our present results provide the amino acid sequence of several additional
peptides comprising sheep erythrocyte carbonic anhydrase C, and along with previ-
ously reported work [1], these peptides account for the complete primary sequence
of the enzyme. Because very little overlapping sequence data were obtained, the final
alignment of the sheep peptides was constructed, for the most part, on the basis of
inferred homology with the known sequences of the human and bovine CA C
enzymes [2, 6-8]. Because reasonable homology was observed at all times, this
approach could be employed quite effectively. Table VII shows the previously reported
sequences of the human and bovine enzymes along with the sequences of the sheep
enzyme. The tryptic, chymotryptic and CNBr data for the sheep molecule are indi-
cated. For the purpose of convenience, we will follow the numbering of the human
carbonic anhydrase C sequence [6] in aligning the homologous sites of the C enzymes
(Table VII).

CNBr fragment, F,, represents the N-terminus of the molecule, and is com-
prised of four tryptic peptides (Tpl, Tp2, Tp3, and Tp4). Two of these, Tp2 and Tp3,
were sequenced directly and demonstrated a high degree of homology to the corre-
sponding human and bovine sequences. The dipeptide, Tp4, comprised of methionine
and arginine, is obviously the C-terminus of F,. The blocked N-terminus tryptic
peptide, Tpl, required further cleavage with chymotrypsin to yield material which
could be analyzed in the automatic sequencer or treated with carboxypeptidase A.
The Arg-Gln bond (Positions 26 and 27 of Tp2) was observed to be resistant to
short-term tryptic cleavage, and digestion times of 6 h or longer were required to
quantitatively hydrolyze this bond.

Following isolation, the CNBr fragment F, could be sequenced directly to
obtain the primary sequence of the first 25 residues. Furthermore, Tp6 and part of
Tp7 overlap and confirm the C-terminal portion of the sequence determined in this
fashion. Much of the remaining portions of this fragment were sequenced as tryptic
peptides either with or without prior treatment to block tryptic cleavage at lysine
residues. Some of these peptides were observed to be quite insoluble and therefore
difficult to isolate in a purified state.

The arginine at Position 185 was placed on the observation that, when the
lysine residues in the whole enzyme are blocked with citraconic anhydride and treated
with trypsin, the Peptide Tpl6 is quantitatively released. This peptide is adjacent to
the carboxyl side of Arg-185.

Because of the obvious homology between human, bovine and sheep carbonic
anhydrase C, it was of interest to compare in detail the sheep sequence with the amino
acid sequences determined for these other sources as well as to compare residues
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whose positions and possible functions have been based on the three-dimensional
structure of human carbonic anhydrase C [9, 10, 15, 16].

The homologies of the C enzymes are apparent when the human C sequence
is compared to those of bovine and sheep (Table VII). The following percentages of
identical amino acid homologies were found: human C/sheep C, 78%,; human
C/bovine C, 77%; sheep C/bovine C, 929%. In contrast, the degree of identical
homology between the various C enzymes and the human low activity B isozyme,
carbonic anhydrase B, are: human B/sheep C, 589, and human B/human C, 609,.
The implications concerning the differential rates of evolution of the human, sheep,
and bovine carbonic anhydrases have been treated elsewhere [17, 19], and will not
be detailed here.

The three-dimensional studies of the active site region of human carbonic
anhydrase C indicate that the histidine residues at Positions 94, 96 and 118 are
involved in binding the zinc to the active site [9, 10, 15, 16]. The sheep and bovine
sequences also show histidine residues at these positions.

Other residues which have been located in the active site region of the human
carbonic anhydrase C molecule by X-ray diffraction studies [9, 10, 15, 16] such as
His-63, Asn-66 (formerly designated Gln-66), GIn-91, Phe-129 (formerly His-128),
Leu-196, Thr-197, and Glu-116 (formerly Glx-115) were found to be at corresponding
positions in the sheep enzyme without exception.

On the basis of the X-ray studies of human carbonic anhydrase C [9, 16], two
pronounced aromatic clusters have been described: one which is located near the
N-terminus (Cluster I) and the other (Cluster II) in the hydrophobic core of the
molecule. It is of interest that the residues found in these clusters have remained
essentially the same in the human, bovine and sheep enzymes. The five residues com-
prising Cluster I of human carbonic anhydrase C (Trp-4, Tyr-6, Trp-15, Phe-19 and
His-63) are the same in all three carbonic anhydrases. The six phenylalanyl residues
comprising Cluster II at Positions 65, 69, 92, 94, 174, and 177 occupy homologous
positions in the human and sheep and bovine with the exception of Phe-69 which is
a tyrosine residue in the bovine enzyme.
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