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ABSTRACT The amino acid sequence of (3-galactosidase
was determined. The protein contains 1021 amino acid residues
in a single polypeptide chain. The subunit molecular weight
calculated from the sequence is 116,248. The sequence deter-
mination, carried out mainly by conventional methods, was
aided by complementation tests, by the use -of termination
mutant strains, and by a new immunochemical method. The five
residue sequence Thr-Pro-His-Pro-Ala appears twice within the
polypeptide chain, but no other striking homologous features
are evident.

f3-Galactosidase (f3-D-galactoside galactohydrolase, EC 3.2.1.23)
is specified by the first structural gene (lac Z) of the lac operon
in Escherichia coli. Physical and chemical studies have shown
that the protein is a tetramer of four identical, unusually long,
polypeptide chains. Estimates of the size of the monomer have
varied from about 1000 to 1200 amino acid residues; the value
of 1170 has been assumed in the past (1, 2).

Although the determination of t~he primary structure of ,B-
galactosidase was a major undertaking, it seemed warranted
for a number of reasons. Sequence ianformation is important in
order to correlate some of the extensive genetic data available
on the Z gene with the protein, to investigate enzyme struc-
ture-function relationships, and to study the origin of this single
protein and other proteins of the lac operon by examination for
homology.
The amino acid sequence of #-galactosidase has now been

completed and is presented here.

RESULTS AND DISCUSSION
The amino acid sequence proposed for ,B-galactosidase is shown
in Fig. 1. From the composition (Table 1) molecular weights
of 116,248 for the monomer and 464,992 for the tetramer were
calculated.
The sequence was derived by studies of peptides obtained

by cleavage of the protein with trypsin, chymotrypsin, and
cyanogen bromide (CNBr). Structure determination was ini-
tiated by isolation of tryptic peptides (3, 4) including the amino-
and carboxyl-terminal fragments (5). Additional large peptides
were obtained from a tryptic digest of ,B-galactosidase blocked
at lysine residues with citraconic anhydride. Details of peptide
isolation and sequence determination will be published else-
where.
Of the 24 unique peptides produced by cyanogen bromide

treatment, 8 ranging in size from 2 to 15 residues were purified
by standard techniques of paper electrophoresis and paper
chromatography. The 16 larger peptides, containing 23 to 119
residues, were chromatographed at pH 5.0 on a O-carboxy-
methylcellulose column in 0.02 M ammonium acetate buffer
containing 8 M urea and were eluted with a salt gradient (6).
The elution position of these peptides can be seen in Fig. 2.
Some of the peaks in the profile represent fragments obtained

Abbreviation: CNBr, cyanogen bromide.

in low yield which were not cleaved at certain methionine
residues, or peptides derived by cleavage of the three as-
partyl-prolyl bonds in fl-galactosidase. All peptides were pu-
rified further by gel filtration and, in some cases, by additional
ion-exchange chromatography procedures (6). Criteria of purity
included dansyl amino-terminal analysis, electrophoresis on
7.5% polyacrylamide gels containing urea, and automated se-
quence analysis.
The structure of small peptides was obtained by manual

methods. The larger peptides were analyzed in a Beckman
Sequenator by using the 0.1 M Quadrol program with dual
benzene/ethyl acetate wash with some modifications (ref. 7 and
Beckman program 030176, courtesy of Jack Ohms). Excellent
results were obtained in most cases. For example, 52 residues
of the 61 in CNBr21 were identified. All CNBr peptides were
also cleaved with trypsin. In some cases, additional cleavages
with chymotrypsin, thermolysin and/or staphylococcal protease
were necessary to establish the complete sequences pf the CNBr
peptides. Carboxypeptidase A was used to establish carboxyl-
terminal sequences.
Cyanogen bromide peptides were placed in order by com-

parison to sequences in tryptic and chymotryptic peptides as
indicated in Fig. 1. The order CNBr5-CNBr6 was confirmed
by isolation of a chymotryptic peptide containing residues
204-209. CNBrl3-CNBrl4 are the only peptides joined by a
one residue overlap.

Sequence order determination was also aided by other
techniques, such as a-complementation. When a CNBr digest
is added to an extract of the genetically-defined deletion mutant
strain M15, which produces a defective,B-galactosidase, enzyme
activity is restored (8). The purification of a single peptide
CNBr2, residues 3-92, was monitored for activity in this
manner (9).

Another aid for determining the order of the peptides was
the use of termination mutants. The polypeptide from strain
NG125 that maps near the center of the lac Z gene has a mo-
lecular weight of approximately 60,000 (10, 11). A cyanogen
bromide digest of this polypeptide was chromatographed on
a O-carboxymethylcellulose column using conditions identical
to those used for a digest of the whole protein. The elution
profile was thus a kind of fingerprint, and peptides which were
identified by automated sequence analysis could be assigned
to the amino-terminal half of the molecule.
A new immunochemical method was also devised. Antibodies

were prepared against many cyanogen bromide peptides and
were used to search for overlapping peptides. For example, the
binding of '25I-labeled CNBr21 to antib6dy against CNBr21
was found to be inhibited by a tryptic digest of citraconyl ,B-
galactosidase. Purification of an inhibiting peptide containing
the carboxyl-terminal 31 residues of CNBr21 and the amino-
terminal 13 residues of CNBr22 was assayed by measuring in-
hibition (12). This procedure saved considerable time by
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10 20 30
Thr-Met-11e-Thr-Asp-Ser-Leu-Ala-Va1-Val-Leu-Gln-Arg-Arg-Asp-Trp-Glu-Asn- Pro-Gly-Val -Thr-Gln-Leu-Asn-Arg-Leu-Ala-Ala-His -
CNBrl.-

MTS4

40 50 60
Pro-Pro-Phe-Ala-Ser-Trp-Aig-Asn-Ser-Glu-Glu-Ala-Arg-Thr-Asp-Arg-Pro-Se -Gln-Gln-Leu-Arg-Ser-Leu-Asn-Gly-Glu-Trp-Arg-Phe-

CNBr2

70 80 90
Ala-Trp- Phe-Pro-Ala- Pro-Glu-Ala-Va1- Pro-Giu-Ser-Trp-Leu-Glu- Cys -Asp-Leu-Pro -Glu-Ala-Asp-Thr-Val1-Val1-Va1-Pro-Ser-Asn-Trp-

MTIn8

100 110 120
Gln-Me t-His -Gly-T~yr-Asp-Ala -Pro- Ile -Tyr-Thr-Asn-Va1-Thr-Tyr- Pro -I le-Thr-Val1-Asn- Pro-Pro-Phe-Va1-Pro-Thr-Glu-Asn-Pro- Thr&

130 140 150
Gly-Cys-Tyr-Ser-Leu-Thr-Phe-Asn-Val-Asp-Glu-Ser-Trp-Leu-Gln-Glu-Gly-Gln-Thr-Arg-Ile-Ile-Phe-Asp-Gly-Val-Asn-Ser-Ala-Phe-

CNBr3

160 170 180
His -Leu-Trp-Cys -Asn-Gly-Arg-Trp-Val -Gly-Tyr-Gy-Gln-Asp-Ser-Arg-Leu-Pro-Ser-Glu-Phe-Asn-Leu-Ser-Ala-Phe-Leu-Arg-Ala Gly-

190 200 210
Glu-Asn-Arg-Leu-Ala-Val-Met-Va1 -Leu-Arg-Trp-Ser-Asp-Gly-Ser-Tyr-Leu-Glu-Asp-Gln-Asp-Met-Trp-Arg-Met-SerGly-Ile-Phe-Arg-CNBr4 ..-CNBr5

TB14 TA12 - - TN3

220 230 240
Asp-Val -Ser-Leti-Leu-His-Lys -Pro-Thr-Thr-Gln-Ile-Ser-Asp-Phe-His -Val-Ala-Thr-Arg-Phe-AAn-Asp-Asp-Phe-Ser-Arg-Ala-Val-Leu-

CNBr6

250 260 270
Glu-Ala-Glu-Val-Gln-Met-Cys-Gly-Glu-Leu-Arg-Asp-Tyr-Leu-Arg-Val-Thr-Val-Ser-Leu-Trp-Gln-Gly-Glu-Thr-Gln-Val-Ala-Ser-Gly-

MTS2

280 290 300
Thr-Ala -Pro-Phe -Glyd-Gly-Glu- Ile-Ile-Asp-Glu-Arg-Gly-Gly-Tyr-Ala-Asp-Arg-Vsa1-Thr-Leu-Arg-Leu-Asn-Val -Glu-Asn-*o-Lys -Leu-

310 320 330
Trp-Ser-Ala-Glu-I le-Pro-Asn-Leu-Tyr-Arg-Ala-Va1-Val -Glu-Leu-His -Thr-Ala-Asp-Gly-Gln-Leu-Ile-Glu-Ala-Gly-Thr-Cys-Asp-Phe-

- CNBr7

340 350 360
Arg-Glu-Va t-Arg- Ile-Glu-Asn-Gly-Leu-Leu-Leu-Leu-Asn-Gly-Lys -Pro-Leu-Leu- Ile-Arg-Gly-Val1-Asn-Arg-His -Gln-His -His-Pro-Leu-

370 380 390
His -Gly-Gln-;Val1-Met-Asp-Glu-Gln- Thr-Met -Val -Gln-Asp- Ile-Leu-Leu-Me t-Lys -Gln-Asn-Asn-Phe -Asn-Ala-Val1-Arg-Cys -Ser-His8-Tyr-** -CNBr8--- * - CNBr9

CT16-51

400 410 420
Pro-Pro-Glu-His-Glu-Ser-Tyr-Thr-Leu-Cys-Asp-Arg-Tyr-Gly-Leu-Tyr-Val-Val-Asp-Glu-Ala-Asp-Ile-Glu-Thr-His -Gly-Met-Val-Pro-

CNBriO MTS6 -CNBrll

430 440 450
Met-Asn-Arg-Leu-Thr-Asp-Asp- Pro-Arg-Trp-Leu-Pro-Ala-Met- Ser-Glu-Arg-Val1-Thr-Arg-Met -Val1-Gln-Arg-Asp-Arg -Asn-His8-Pro- Ser-

NBr12 __-_CNBrl3_' ' TN23 TB166

460 470 480
Val-Ile-Il-Trp-Ser-Leu-Gly-Asn-Glu-Set-Gly-His-Gly-Ala-Asn-His-Asp-Ala-Leu-Tyr-Arg-Trp-Iie-Lys-Ser-Val-Asp-Pro-Ser-Arg-

CNBr14

490 500 510
Pro-Vall-Gln-Tyr-Glu-Gly-Gly-Gly-Ala-Asp-Thr-Thr-Ala-Thr-Asp-Ile-Ile-Cys-Pro-Met-Tyr-Ala-Arg-Val-Asp-Glu-Asp-Glu-Pro-Phe-

MTS1
FIG. 1. Continued on following page.

avoiding the necessity for examination of many fractions in tion). Assignments of aminoacid residues1-145 were found to
order to find the desired peptide. agree with the assignments predicted from the DNA sequence.

Finally, we were aided in the sequence determination by a Several minor uncertainties could be resolved, as for example
correlative study of the DNA sequence of the early part of the an amide assignment at residue 135.
lac Z gene (A. Maxam and W. Gilbert, personal communica- Completion of the sequence determination proves that there
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520 530 540
Pro-Ala-Val -Pro-Lys -Ser-Trp- Ile-Lys-Lys -Trp-Leu-Ser-Le'u'-Pro-Gly-Glu-Thr-Arg -Pro-Leu-Ile-Leu-Cys -Glu-Tyr-Ala -His8-A la-Met -

CNBrL15
TN8

550 560 570
Gly-Asn-Ser-Leu-Gly-Gly-Phe-Ala-Lys -Tyr-Trp-Gln-Ala -Phe-Arg -Gln-Tyr-Pro -Arg-Leu-Gln-Pro -Gly - Phe -Val1 -Trp -Asp-Trp-Val1-Asp -

CNBrl6

580 590 600
Gln-Ser-Leu-Ile-Lys -Tyr-Asp-Glu-Asn-Gly-Asn-Pro-Trp-Ser-Ala-Tyr-Gly-Gly-Asp-Phe-Gly-Asp-Thr-Pro-Asp-Asp-Arg-Gln-Phe-Cys -

_______________________________C-7

610 620 630
Met -Asn-Gly -Leu-Val1-Phe-Ala-Asp-Arg- Thr-Pro-His -Pro-Ala -Leu-Thr-Glu-Ala -Lys -Hls -Gln-Gln-Gln-Phe -Phe -Gln-Phe -Arg-Leu-Ser-

CNBr17

640 650 660
Gly-Gln-Thr-Ile-Glu-Val-Thr-Ser-Glu-Tyr-Leu-Phe-Arg-His-Ser-Asp-Asn-Glu-Leu-Leu-His -Trp-Met-Va 1 -Ala-Leu-Asp-Gly-Lys -Pro-

CT3-31

670 680 690
Leu-Ala-Ser-Gly-Glu-Val-Pro-Leu-Asp-Val-Ala-Pro-Gln-Gly-Lys -Gln-Leu-Ile-Oiu-Leu-Pro-Glu-Leu-Pro -Gln-Pro-Glu-Ser-Ala-Gly-

CNBr18

700 710 720
Pro-Leu-Trp-Leu-Thr-Val1-Arg-Val1-Val1-Gln-Pro-Asn-Ala -Thr-Ala-Trp-Ser-Glu-Ala -Gly-His8- Ile-Ser -Ala-Trp-Gln-Gln-Trp-Arg-Leu-

730 740 750
Ala-Glu-Asn-Leu-Ser-Val-Thr-Leu-Pro-Ala-Ala-Ser-His-Ala-Ile-Pro-His-Leu-Thr-Thr-Ser-Glu-Met-Asp-Phe-Cys -Ile-Glu-Leu-Gly-

TN1

760 770 780
Asn-Lys -Arg-Trp-Gln-Phe-Asn-Arg-Gln-Ser-Gly-Phe-Leu-Ser-Gln-Met-Trp-Ile-Gly-Asp-Lys-Lys -Gln-Leu-Leu-Thr-Pro-Leu-Arg-Asp-

CNBrl9 ' _'
TB6

790 800 810
Gln-Phe-Thr-Arg-Ala-Pro-Leu-Asp-Asn-Asp-Ile-Gly-Val-Ser-Glu-Ala-Thr-Arg-Ile-Asp-Pro-Asn-Ala-Trp-Val-Glu-Arg-Trp-Lys -Ala-

CNBr2o

820 830 840
Ala-Gly-His-Tyr-Gln-Ala-Glu-Ala-Ala-Leu-Leu-Gln-Cys-Thr-Ala-Asp-Thr-Leu-Ala-Asp-Ala-Va 1-Leu- Ile-Thr-Thr-Ala-His -Ala-Trp-

850 860 870
Gln-His-Gln-Gly-Lys-Thr-Leu-Phe-Ile-Ser-Arg-Lys-Thr-Tyr-Arg-Ile-Asp-G1t-Ser-Gly-Gln-Met-Ala-Ile-Thr-Val-Asp-Val-Glu-Val-

CT6-69

880 890 900
Ala-Ser-Asp-Thr-Pro-His-Pro-Ala-Arg-I le-Gly-Leu-Asn-Cys -Gln-Leu-Ala-Gln-Val-Ala-Glu-Arg-Val-Asn-Trp-Leu-Gly-Leu-Gly-Pro-

CNBr21

910 920 930
Gln-Glu-Asn-Tyr-Pro-Asp-Arg-Leu-Thr-Ala-Ala-Cys -Phe-Asp-Arg-Trp-Asp-Leu-Pro-Leu-Ser-Asn-Met-Tyr-Pro-Thr-Tyr-Val -Phe-Pro-

TA13

940 950 960
Ser-Glu-Asn-Gly-Leu-Arg-Cys-Gly-Thr-Arg-Glu-Leu-Asn-Tyr-Gly-Pro-His -Gln-Trp-Arg-Gly-Asp-Phe-Gln-Phe-Asn-Ile-Ser-Arg-Tyr-

CNBr22

970 980 990
Ser-Gln-Gln-Gln-Leu-Met-Glu-Thr-Ser-His-Arg-His-Leu-Leu-His-Ala-Glu-Glu-Gly-Thr- TrP-Leu-Asn-Ile-Asp-Gly-Phe-His-Met-G

CNBr23
TB12 CT4-57

1000 - 1010 1021
Ile-Gly-Gly-Asp-Asp-Ser-Trp-Ser-Pro-Ser-Va 1-Ser-Ala-Glu-1he-Gln-Leu-Ser-Ala-Gly-Arg-Tlyr-His-Tyr-Gln-Leu-Va1-Trp-Cys-Gln-Lys

CNBr24-

FIG. 1. Amino acid sequence of f3-galactosidase. The letters CNBr indicate cyanogen bromide peptides; MTS, MTIn, TA, TB, TN, and
CT refer to tryptic peptides, and C refers to chymotryptic peptides.
are no smaller subunits making up the monomer of f3-galacto- content is extremely high (38 residues). The lysine content, on
sidase. The single polypeptide chain of 1021 residues is the the other hand, is quite low (20 residues). Only five of these are
largest whose primary structure has been established so far. It in the first half of the chain, whereas eleven are between resi-
has several unique features besides its large size. The tryptophan dues 515 and 772. The only lysine beyond residue 852 is at the
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FIG. 2. O-Carboxymethylcellulose chromatography of cyanogen bromide peptides of ,B-galactosidase. Peptides were applied to a column
(2.5 X 38 cm) in 0.02 M ammonium acetate, pH 5.0, and 8 M urea, and were eluted with a linear gradient of 0-0.15 M NaCl in the same buffer.
Total volume was 3000 ml.

carboxyl-terminus. Because it is generally believed that lysine
residues are on the exterior of protein molecules, this suggests
that much of the amino-' and carboxyl-terminal regions of the
polypeptide chain of f3-galactosidase may be buried within the
molecule.
The only striking duplication within the protein is the five-

residue sequence Thr-Pro-His-Pro-Ala which is present at

Table 1. Amino acid composition of ,3-galactosidase

No. residue found

Amino acid Analysis Sequence

Tryptophan 27 38
Lysine 23 20
Histidine 31 34
Arginine 64 66
Aspartic acid 105 110
Threonine 59 56
Serine 60 61
Glutamic acid 124 121
Proline 62 64
Glycine 72 70
Alanine 81 76
Half-cystine 15 16
Valine 64 63
Methionine 23 23
Isoleucine 38 39
Leucine 96 95
Tyrosine 29 31
Phenylalanine 38 38

Total residues 1011 1021

residues 610-614 and again at residues 874-878. No other in-
ternal homologous features are obvious nor does there appear
to be any significant homology of ,B-galactosidase with the lac
repressor protein (J. M. Hood, A. V. Fowler, and I. Zabin, un-
published).
We thank A. J. Brake for determining the sequence of the car-

boxyl-terminal cyanogen bromide peptide and for help in the peptide
isolation steps, and Steve Barta, Paulette Osborne, Karin Pratt, Carol
Sander, and Val Schaeffer for excellent technical assistance. This in-
vestigation was supported in part by U.S. Public Health Service Grant
Al 04181 and National Science Foundation Grant GB 37559.
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