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SUMMARY. The amino acid sequence of human carbonic anhydrase B, the major form
of the enzyme in human red cells, has been investigated using a strategy based
upon restriction of tryptic hydrolysis to arginyl peptide bonds by reversible
blocking of lysine side chains by amidination. A proposal is made for the
complete sequence of the protein which consists of 260 amino acid residues in
a single polypeptide chain devoid of disulfide bridges. From X-ray diffraction
studies on a homologous form of the enzyme three histidine residues in the
central portion of the polypeptide chain have been suggested as ligands to the
zinc ion in the active site. The resulis obtained here provide support for this
suggestion, at least for two of these ligands.

The enzyme carbonic anhydrase catalyzes the reversible hydration of COZ'
The most studied forms of the enzyme are those from mammalian sources, in
particular human red cells (1). Two distinct forms of the enzyme, usually
called B and C, occur in human red cells. Both have molecular weights around
30 000 and contain a firmly bound zinc ion but differ in catalytic properties
and amino acid sequence. Enzyme B is most abundant, occurring in about five
times the amount of form C. Form C is a better catalyst in the 002 reaction
with an efficiency among the highest encountered in enzymology. Both forms
are under investigation by X-ray diffraction and amino acid sequence deter-
mination. Recently, a three-dimensional electron-density distribution to 2 &
resolution was reported for enzyme C (2l while the studies of the B form have
not yet progressed to that stage (3). So far, the complete amino acid sequen—
ce has not been reported for any carbonic anhydrase. Due to its accessibility
the human B enzyme has been the most popular form in primary structure studies
and has been under investigation in several laboratories (4-9): In this paper,
its complete sequence is presented.

MATERIALS AND METHODS

Human carbonic anhydrase B was prepared as described elsewhere (10,11).
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The lysine side chains were amidinated using methyl acetimidate and the product
was hydrolyzed with trypsin as previously described (12). The amidin groups
were removed according to Ludwig and Byrne (13) by treatment with ammonias
acetic acid at pH 11.3. The amidinated tryptic fragment containing the single
sulfhydryl group of the protein was reduced with mercaptoethanol and treated
with maleic anhydride which was found to block irreversibly the cysteine side
chain, Hydrolysis of human carbonic anhydrase B with chymotrypsin and
thermolysin and the digestions of peptides with these and other enzymes such
as papain and subitilisin (Nagarse) were performed with buffers and enzyme:
substrate ratios commonly used in primary-structure investigations (14).

Gel filtrations on Sephadexes were used for peptide separations, in par-
ticular for the large fragments. The runs were carried out in 1 M acetic acid

often containing 2 % dodecylamine. R_,-values for peptides were often markedly

f
changed by the presence of this detergent. High-voltage paper electrophoreses
were run according to Smillie and Hartley (15). Amide groups were determined
from electrophoretic mobility or by amino acid analyses of carboxypeptidase

or aminopeptidase digests.

Sequential degradations of peptides from the amino-ierminal end were car-
ried out by dansyl-Edman, Edman, and Sanger procedures, and by digestions with
leucine aminopeptidase or aminopeptidase M. Carboxyl-terminal analyses were
made by digestions with carboxypeptidases A or B, or the more recently intro-
duced carboxypeptidase C (16).

RESULTS AND DISCUSSION

The results obtained are summarized in Figs. 1 and 2. Fig. 1 shows the
amino acid sequence proposed for human carbonic anhydrase B and tries to in-
dicate the essential features of the strategy used in the sequence determina-
tion.

Tryptic hydrolysis of protein having the lysine side chains masked by

amidin groups leads to a restriction of the tryptic hydrolysis to arginyl
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1 5 10 15 20
Acetyl-Ala-Ser-Pro-Asp-Trp-Gly-Tyr-Asp-Asp-Lys-Asn-G1y-G1n-Pro-Glu-Trp-Ser-Lys-Leu-Tyr-

25 30 35 40
Pro-1le-Ala-Asn-Gly-Asn-Asn-Gln-Ser-Pro-Val-Asp-lle-Lys-Thr-Ser-Glu-Thr-Lys-His-Asp-Thr-

45 50 55 60
Ser-Leu-Lys-Pro-!le-Ser-Val-Ser-Tyr-Asn-Pro-Ala-Thr-Ala-Lys-Glu-lle-1le-Asn-Val-Gly-His-

65 10 15 ‘ 80 85
Ser—PheTE::PVaI—Asn-Phe-Glu-Asp-Asn-Asn-Asp-Arg-Ser-Val-Leu—Lys-Gly—Gly-Pro-Phe-Ser-Asp-

90 * »* 100 105
Ser-Tyr-Arg-Leu-Phe-Gin-Phe-His-Phe-His-Trp-Gly-Ser-Thr-Asn-Glu-His-Gly-Ser-Glu-His-Thr-

110 115 * 120 125 130
Val-Asp-6ly-Val-Lys-Tyr-Ser-Ala-Glu-Leu-His-Val-Ala-His-Trp-Asn-Ser-Ala-Lys-Tyr-Ser-Ser-

135 140 145 150
Leu-Ala-Glu-Ala-Ala-Ser-Lys-Ala-Asp-Gly-Leu-Ala-Val-Ile-Gly-Val-Leu-Met-Lys-Yal-Gly-Glu-

155 160 165 170
Ala-Asn-Pro-Lys-Leu-GIn-Lys-Val-Leu-Asp-Ala-Leu-Gln-Ala-lle-Lys-Thr-Lys-61y-Lys-Arg-Ala-
— —— — —_———
LI

175 180 185 190 19%
Pro-Phe-Thr-Asn-Phe-Asp-Pro-Ser-Thr-Leu-Leu-Pro-Ser-Ser-Leu-Asp-Phe-Trp-Thr-Tyr-Pro-Gly-

2%0 205 210 215
Ser-Leu-Thr Pro-Pro-Leu-Tyr-Glu-Ser-Val-Thr-Trp-Ile-1le-Cys-Lys-Glu-Ser-ile-Ser-Val-

220 225 230 235 240
Ser-Ser-Glu-Gln-Leu-Ala-GIn-Phe-Arg-Ser-Leu-Leu-Ser-Asn-Yal-Glu-Gly-Asp-Asn-Aja-Val-Pro-

(4

245 250 255 260
Met-Gln-His-Asn-Asn-Arg-Pro-Thr-Gln-Pro-Leu-Lys-Gly-Arg-Thr-Val-Arg-Ala-Ser-FPhe

Fig. 1. Amino acid sequence proposed for human erythrocyte carbonic anhydrase
B. The sequence has been numbered starting from the acetylated amino-terminal
end of the polypeptide chain. Cleavages of arginyl peptide bonds by tryptic
hydrolysis of the protein after blocking of lysine side chains by amidination
have been indicated by arrows. The fragments obtained were arranged in order
using the arginine-containing bridge peptides, shown in the diagram, which
were isolated from thermolytic (TL) and chymotryptic (C) digests of the pro-
tein. The region from position 228 to 260 has been investigated earlier (10,
12). The sequencing of the three large tryptic fragments from amidinated enzyme
covering the stretch from position 1 to 227 is illustrated in Fig. 2. Residues
67 and 200 are histidines modifiable with active-site directed reagents (9,21,
22). The three histidine residues at positions 94, 96, and 119 are candidates
for the ligands binding the zinec ion in the active site as suggested from
high-resolution X-ray studies on a homologous form of the enzyme (2). Tyrosine
residues modifiable with tetranitromethane are located at positions 20, 88,
and 114 (8).
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Fig. 2. See legend on following page.
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peptide bonds as indicated by arrows in Fig. 1. The protein molecule contains
in total seven arginine residues. Three of these are located close together
in the carboxyl-terminal region of the protein. The sequence of this portion
of the polypeptide chain, namely from residue number 228 to 260 in Fig. 1,
has been investigated earl%er (10,12,6). Of the four arginine residues
located in the remaining portion of the protein, three were found to be
readily hydrolyzed with trypsin, namely the bonds at positions 76, 173, and
227 as indicated in Fig. 1. The cleavages of these bonds produce three large
fragments containing respectively 76, 97, and 54 amino acid residues. The
sequence determination of these fragments is ocutlined in Fig. 2. By the help
of "overlap" peptides bridging them together, the fragments were then
arranged in order to give the complete sequence for the protein shown in Fig,
1. The positions in the sequence of these "overlap" peptides are indicated
in Fig. 1.

The strategy described above is in principle simple and straight-forward.
The investigation clearly demonstrates the usefulness of the amidination reac-
tion for the reversible masking of the lysine side chains in order to limit
tryptic digestion. The approach involves the purification of large peptides
from the tryptic digest of amidination protein and a considerable part of the
total effort was spent on that.

The sequence proposed in Fig. 1 corresponds to the following amino acid

composition: Lys18H1s11Arg7Trp6Asp14Asn17Thr Ser. .Glu,.Gln Pro G1y16Ala

1477730771379 T 19

Pig. 2. Diagram showing the amino acid sequence studies on three large tryp-
tic fragments from amidinated human carbonic anhydrase B. The investigations
were carried out by the isolation and characterization of smaller peptides
from digests obtained with trypsin (T), chymotrypsin (C), thermolysin (TL),
papain (P), or subtilisin (S) of amidinated or deamidinated pieces. Broken
lines indicate quantitative amino acid analysis. —ws -s= denote sequences deter-
mined by amino-terminal analysis using Edman or dansyl-Edman degradation, di-
nitrophenylation or aminopeptidase digestion.ee— ~w—indicate sequences inves—
tigated by digestions with carboxypeptidases A, B, or C. The amino~terminal
sequence from position 1 to 18 has previously been determined by Laurent et al.
(23) and was not reinvestigated here. Compositions of tryptie and chymotryptlc
peptides from that region obtained here support the results of Laurent et al.
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x)

Val17Met211e1OLeu20Tyr8Phe11Cys1. It is identical with the composition
determined previously for the enzyme (17), with the exception of Glu+Gln and
Pro which differ by 2 and 1 residues respectively. The formal molecular weight,
including the residue weights of 260 amino acid residues + 1 water molecule +
1 acetyl group + 1 zinc ion, is around 28 850 and the protein molecule should
contain 353 nitrogen atoms corresponding to a nitrogen content of 17.14 %.

The results obtained here can be compared with the three-~dimensional
model for human carbonic anhydrase C derived from X-ray diffraction data to
2 A resolution. In fact, the attempis to construct that model (2) have been
made with the aid of much of the sequence information presented here.

The active site of enzyme C has been shown to consist of a crevice in
the globular protein molecule. The zinc ion which is believed to partake in the
catalytic reaction is located at the bottom of this cleft, bound to the protein
molecule by three ligands in an approximately tetrahedral coordination. These
ligands have in the X-ray model been suggested to be histidine side chains
occupying positions 94, 96, and 118 in the carbonic anhydrase sequencex).
Inspection of the B enzyme sequence in Fig. 1 shows that histidine residues
occupy positions 94 and 96. This finding would support the idea that residues
94 and 96 are ligands to the metal ion. Position 118, proposed by the X-ray
work for the third metal ligand, is in the B enzyme occupied by a leucine
residue (see Fig. 1). This leucine residue is, however, adjacent tc a histidine
and a glutamic acid residue at positions 119 and 117 respectively. His-119
would be a candidate for the third metal ligand, but the possibility that

Glu-117 instead partakes in the zinc binding has not yet been excluded. The

latter alternative would mean a metal binding similar to that in carboxy-

The numbering of residues in enzyme C used by the crystallographers differs
from that used here. Residues 64, 67, 94, 96, 118, and 129 in the present
paper correspond to positions 63, 66, 93, 95, 117, and 128 in the discussion
of Liljas et al. (2). A common numbering would be desirable and we would
like to suggest that provisionally the B enzyme numbering also be used

for other carbonic anhydrases.
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peptidase where one glutamic acid and two histidine side chains act as ligands
(18). In carbonic anhydrase as well as in carboxypeptidase two of the ligands
are located close together in the sequence suggesting a role for the metal

ion in the folding of the polypeptide chain into the native conformation

(gﬁ. ref. 19). Electron spin resonance studies on human carbonic anhydrase B

63

having the Zn2+ ion replaced by a Cu2+ ion give results consistent with

the presence of two nitrogen ligands (20). Spectroscopic studies of the metal
binding in the human carbonic anhydrases where the Zn2+ ion has been replaced
by a Coz+ ion point towards a similarity in metal cocordination (1),which
would imply that the nature of the metal ligands may well be identical in the
two proteins.

By chemical modification two histidine residues in the active site of
enzyme B can be specifically labelled (1). Primary structure studies on
modified enzyme (21,22) show that N-chloroacetylchlorothiazide reacts with
His-67 and bromoacetate and other halo acids alkylate His-200. According to
the stretching of the polypeptide chain proposed from the X-ray studies on
human enzyme C,the regions around positions 67 and 200 should both be elements
of the active~site region. Our finding supports the validity of the proposed
X-ray model (2) and would furthermore indicate that the conformations of human
enzymes B and C may be closely similar. The X-ray studies suggest two addi-
tional histidine residues in the region of the active site. They are believed
to0 be associated by hydrogen bonding to a cluster of ordered water molecules
of unknown functional significance in the active-site crevice. One of the
residues, His-64, is also present in the B enzyme sequence as shown in Fig. 1.
However, the other one, ascribed to position 129, is absent. For the B enzyme
it would be tempting to believe that the adjacent residue, Tyr-128, plays the
corresponding role. Determination of the amino acid sequence of human enzyme
C, under way in this laboratory, will identify the side chains in this and
other regions thus providing a basis for more conclusive comparisons between

the sequences and X-ray structures of the isoenzymes.
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