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1. Introduction

Aspartate aminotransferase (L-aspartate:2-oxo-
glutarate aminotransferase, EC 2.6.1.1) is one of the
principal pyridoxal-P-containing enzymes that catalyse
the transamination reactions [3] representing key steps
at the intersection between the metabolic pathways of
amino acids and dicarboxylic acids.

Although the catalytic mechanism of aspartate ami-
notransferase has been investigated at the level of sub-
strate—coenzyme models [4], its elucidation in detail
requires knowledge of the enzyme’s structure, consid-
ering, in particular, that the very high rates of the en-
Zymic process are determined by the structural pecu-
liarities of the specific protein(apoenzyme) of the
aspartate aminotransferase. Accordingly,' we embarked
on the task of elucidating the amino acid sequence of
this enzyme. In the present paper the concluding stage
of the work is reported*.

The object chosen for study was the aspartate ami-
notransferase of the cytosol of pig heart; the enzyme,
which is different from the mitochondrial isozyme
[S, 6] was prepared by a previously reported proce-
dure [7]. The enzyme is a complex dimeric protein of
high molecular weight; each of the associated subunits

* For preceding communications see [1, 2].
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consists of a single polypeptide chain and has no disul-
fide bridges. Indirect evidence (amino acid composition,
analysis of N-terminal residues, and peptide maps) tes-
tified to the identity of the two subunits [8].

2. Experimental

The complete amino acid sequence of the enzyme,
shown in fig. 1, was resolved by the combined use of
conventional and newer analytical methods. The follow-
ing were the main steps of the analysis. The polypep-
tide chain of the protein was split into peptide frag-
ments by either enzymic or chemical means, namely
— tryptic, chymotryptic and thermolytic hydrolyses,
partial acid hydrolysis and cyanogen bromide cleavage.
In addition to ordinary tryptic hydrolysis [9] use was
also made of restricted tryptic hydrolysis of the protein
following preliminary acylation of the lysine residues
[10]. The tryptic cleavage of both the non modified
and modified (acylated) protein permitted the isolation
and identification of all the peptides constituting the
chain of aspartate aminotransferase. The other cleavage
procedures were utilized mainly to obtain overlapping
sequences. Thus, from the chymotryptic digests of
aspartate aminotransferase 68 peptides were isolated,
accounting for 341 amino acid residues. Six of the
seven expected peptide fragments were isolated from
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10 20
Ala—Pro—Pro—~Ser—Val—Phe—Ala—Glu—Val-Pro—-Gln—Ala—GIn—Pro—Val-Leu—Val—-Phe—Lys—Leu—Ile—Ala—Asp—Phe—Arg—
30 40 50
Glu—Asp—Pro—Asp—Pro—Arg—Lys—Val—Asn—Leu—Gly—Val—Gly—Ala—Tyr—Arg—-Thr—Asp—Asp—Cys—GIn—Pro—-Trp—Val-Leu-
60 70
Pro—Val-Val—Arg—Lys—Val-Glu—GIn—Arg—Ile—~Ala—Asn—Asp--Ser—Ser—Leu—Asn—His—Glu—Tyr—Leu—Pro—Ile—~Leu—-Gly—
80 90 100
Leu—Ala—Glu—Phe—Arg—Thr—Cys—Ala—Ser—Arg—Leu—Ala—Leu—Gly —Asp—Asp—Ser—Pro—Ala—Leu—GIn—Glu—Lys—Arg—Val—
110 120
Gly—-Gly—Val-GIn—Ser—Leu—Gly—Gly -Thr—Gly—Ala—Leu—Arg—Ile—Gly - Ala—Glu—Phe—Leu—Ala—Arg—Trp—Tyr— Asn—-Gly —
130 140 150
Thr—Asn—Asn—Lys—Asp—Thr—Pro—Val=Tyr—Val-Ser—Ser—Pro—Thr—Trp—Glu—Asn—His— Asp—Gly —Val—Phe - Thr—-Thr—Ala—
160 170
Gly—Phe—Lys—Asp—Ile—Arg—Ser~Tyr—Arg—Tyr—Trp—Asp—Thr—Glu—Lys—Arg—Gly—Leu—Asp—Leu—GIn—Gly ~Phe-~Leu-Ser—
180 190 200
Asp—Leu—Glu—Asn—Ala—Pro—Glu—Phe—-Ser—Ile—Phe—Val-Leu—His— Ala—Cys—Ala—His—Asn—Pro—Thr—Gly —Thr—Asp—Pro—
210 220
Thr—Pro—Glu—GIn—-Trp—Lys—Gln—Ile— Ala—Ser—Val-Met—Lys—Arg— Arg—Phe—Leu—Phe—Pro—Phe—Phe—Asp—Ser—Ala—Tyr—
230 240 250
Gin—Gly—Phe—Ala—Ser—Gly—Asn—Leu—Glu—Lys—Asp—Ala—Trp—Ala—Ile—Arg—Tyr—Phe—Val-Ser—Glu—Gly —Phe—Glu—Leu—
260 270
Phe—Cys—Ala—Gln—~Ser—Phe—Ser—Lys—Asn—Phe—~Gly—Leu—Tyr—Asn—Glu—Arg—Val-Gly—Asn—Leu—Thr—Val-Val—Ala—Lys—
280 290 300
Glu—Pro—Asp—Ser—Ile—Leu—Arg—Val-Leu—Ser—GIn—Met—Glu—Lys—Ile—Val—Arg—Val-Thr--Trp—Ser—Asn-Pro—Pro—Ala—
310 320
Gln—Gly—Ala—Arg—Ile—Val—Ala—Arg—Thr—Leu—Ser—Asp—Pro—Glu—Leu—Phe—His—Glu—Trp—Thr—Gly —Asn—Val—-Lys~Thr—
330 340 350
Met—Ala—Asp—Arg—Ile—Leu—Ser—Met—Arg—Ser—Glu—Leu—Arg—Ala—Arg—Leu—Glu—Ala—Leu—Lys—Thr~Pro—Gly-Thr-Trp-
360 370
Asn—His—Ile—Thr—Asp—Gln~Ile—Gly7Met—Phe—Ser«Phe—Thr—Gly—Leu—Asn—Pro,~Lys—Gln—Val—G1u~Tyr—Leu—Ile-Asn—
380 390 400
Glu—Lys—His—Ile—Tyr—Leu—Leu—Pro—Ser—Gly—Arg—Ile—Asn—Met—Cys—Gly—Leu—Thr—Thr—Lys—Asn—Leu—Asp—-Tyr-Val—
410

Ala—Thr-Ser—Ile—His—Glu—Ala—Val-Thr—Lys—Ile—Gln

Fig. 1. The complete amino acid sequence of cytoplasmic aspartate aminotransferase from pig heart.

the products of cyanogen bromide degradation. The
N-terminal sequence of the protein up to the ninth
residue was determined on a carboxymethylated speci-
men of the enzyme with the aid of an AP-O1 Sequen-
ator constructed at the Analytical Instruments Design-
ing Bureau of the USSR Academy of Sciences. Car-
boxypeptidases A and B were employed for determin-
ing the C-terminal sequence, the results being subse-
quently confirmed by isolation of isoleucyl-glutamine
in high yield from the tryptic hydrolysate of the en-
Zyme.

Isolation and purification of the peptides was achiev-
ed by a variety of different techniques including col-
umn chromatography with high-resolution ion-exchan-
ge resins and celluloses, gel chromatography, electro-
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phoresis and paper chromatography. Structures of the
simpler peptides were resolved either directly by Edman
degradation, or by the modified technique combining
stepwise Edman cleavage with dansylation of the resi-
dual peptides and identification of the N-terminal
dansyl amino acids [11, 12]. Carboxy- and aminopep-
tidases were also used for this purpose. Larger peptides
were first digested with appropriate proteases, and the
resulting fragments were then analysed by the methods
indicated above. Mass-spectrometry [13] proved highly
convenient for the sequence determination of a large
number of smaller peptides (up to octapeptides) ob-
tained by thermolytic digestion of aspartate aminotrans-
ferase.
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Considerable difficulties were encountered in resolv-
ing the structure of this enzyme, mainly on account of
the large size of its polypeptide chain, and of peculiar-'
ities of the amino acid sequence. For example, the high
tendency of the larger peptides for aggregation was a
serious obstacle to separation and purification of the
aspartate aminotransferase degradation products; this
hindrance could be overcome only by the utilization of
special procedures (acylation of the lysine residues
with maleic or citraconic anhydride; use of concentra-
ted urea solutions, etc.).

We also found that the cleavage by cyanogen brom-
ide is far from complete at methionine residues pre-
ceded by a hydroxy amino acid (e.g. at the sequence
Ser—Met (residues 332-333) in fig. 1). Furthermore,
it was observed in the course of our work that in acid
medium (pH ~ 3) there occurred partial hydrolysis of
aspartyl—proline bonds. Due to these complications
poor yields were obtained of some of the peptidic
products, in particular following cyanogen bromide
degradation or tryptic cleavage (in the case of the
modified-lysine protein), thus causing additional dif-
ficulties in purification of the fragments.

It is appropriate to point out that, in general, the
methodology for primary structure determination of
proteins with long polypeptide chains is a problem
still in an early stage of maturity, the experience
hitherto gained being confined to elucidation of the
structures of glutamate dehydrogenase [14] and yG-
immunoglobulin [15]. Therefore the knowledge ac-
quired in the present work may be of value in elabora-
tion of general approaches to sequence studies on poly-
peptide chains of high molecular weight.

3. Results and discussion

Aspartate aminotransferase is apparently the first
pyridoxal-P-dependent enzyme the complete peptide
sequence of which has been resolved. The results of
the present work prove that the two subunits of the
enzyme are identical, and that the observed electro-
phoretic heterogeneity of aspartate aminotransferase
preparations cannot be due to differences in amino
acid sequence of the components isolated. From the
structure shown in fig. 1 it is seen that each subunit
consists of 412 residues and has the following amino
acid composition: Lyse, Hisg, Argys, (Asp+Asn)a,,
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Thrys, Serse, (Glu+Gln)gy , Progs, Glyas, Alas,, Cyss,

Valyg, Metg, lle g, Leusg, Tyry,, Pheys, Trpg. Hence
the molecular weight of one polypeptide chain is

46 344 and that of the aspartate aminotransferase
holoenzyme (including 2 moles of pyridoxal-P) is

93 147.

Elucidation of the amino acid sequence allows to
obtain precise information on the topography of func-
tionally important residues in the peptide chain of as-
partate aminotransferase. The modification of some
of the functional residues and isolation of correspond-
ing peptide fragments have been reported previously
by several authors [16—18]. Today it is possible to
locate certain residues situated in the enzyme’s active
site or in its proximity — in particular the lysine resi-
due linked by an aldimine bond with pyridoxal phos-
phate (Lys-258) and the functionally important tyrosine
residue (Tyr-40). Knowledge of the primary structure
will facilitate location of other amino acid residues of
the enzyme, known to be essential or functionally
important, and will provide a basis for sequence deter-
mination and comparison in homologous or related
protein, as well as for elucidation, in the future, of
the three-dimensional structure.
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