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Genetic analysis of acridine-induced mutations by Crick et al.! has shown that
mutations of this kind can be classified into one of two different sets. When
combined as a double mutant, mutations of the same set produce the same defective
phenotype as either of the single mutations, whereas two mutations belonging to
different sets often suppress each other, resulting in a wild or pseudowild
phenotype.

A previous proposal by Brenner et al.? that acridines induce mutations by causing
deletion or insertion of a single nucleotide in DNA suggested the identification of the
two sets of mutations with, in the one case, deletions, and, in the other case, insertions
of single nucleotides. On the basis of this interpretation the ability of mutations
of the opposite set to suppress each other could be explained by assuming that the
nucleotide sequence of a cistron is translated into its protein product by the se-
quential reading of triplets of bases (in messenger RNA) from a fixed starting
point which corresponds to the beginning of the cistron.! The genetic message was
thus imagined to be separated into groups of three bases by a “reading frame’
which is set in register at the beginning of the message. The addition or deletion
of a base would thus cause a shift in the reading frame and would result in a grossly
different translation of the message beyond the site of the mutation. On the other
hand, if a deletion were followed by an insertion (or vice versa), as would be the
case for a double mutant composed of two acridine mutations in different sets, the
reading frame, and thus the amino acid sequence of the protein product, would be
altered only in the region between the mutations. If the mutations were close to
one another, the protein product of the cistron might in some cases be active.

Crick’s hypothesis might be tested directly if acridine mutations could be in-
duced in a cistron which controls the primary structure of an isolable protein.
1n this communication we report the results of such a test based on studies of the
lysozyme of bacteriophage T4.

Materials and Methods.*—Bacterial strains Escherichia coli B and B/1* and bacteriophage
strains T4 ac ¢,° T4 ac q eJ44,° and T4 ac ¢ eJ42° were used. Sodium Fraser medium consisted
of NaH,PO,-H,0, 4.5 gm; Na,HPO,, 10.5 gm; NH,C], 3 gm; Difco casamino acids, 15 gm;
glycerol, 24 ml; gelatin, 30 mg (in solution); HO, 1 liter; the pH is adjusted to 7.0.7

Preparation of lysates for lysozyme isolation:® E. coli B/1 was grown in aerated sodium Fraser
medium to a concentration of 4 X 108 per ml at 37°; the medium was supplemented with trypto-
phan (20 ug per ml) and infected with about 10° phage per ml. Incubation was continued with
aeration at 37° (e*) or else 30° (eJ42eJ44) for about 4 hr. The lysates were then collected and
stored in the cold for at least 18 hr. Lysates were grown in 20-liter batches in an apparatus modi-
fied from one first described by Fraser.®

Purification of lysozyme:®* Rivanol (6,9-diamino-2-ethoxyacridinelactate- H.O, 0.25 mg per ml)
was added to the lysates. The precipitate (containing DNA, bacterial debris, and acidic proteins)
was removed by filtration through cheesecloth (Woolworth) followed by centrifugation. The
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lysate was diluted twofold with H;O and applied to a column containing IRC 50 (AG, Biorad
coarse grade). Lysozyme was eluted from this column with phosphate buffer (0.1 M, pH 7.0)
containing NaCl (0.55 M), and was purified by two further fractionations on IRC 50 columns,
elution in each case utilizing phosphate buffer (0.1 M, pH 7.0) and NaCl gradients (0-0.65 M).
The lysozyme was finally fractionated twice on Sephadex G75 columns in phosphate buffer con-
taining NaCl (0.45 M). The purification was carried out at 4°.1°

Lysozyme activity was measured by noting the rate of decrease of the optical density of lyo-
philized preparations of E. coli B3

Performic acid oxidation: The oxidation was carried out at —7° using the procedure described
by Hirs.!!

Tryptic digestion: Trypsin (2X crystallized, Worthington) was treated with diisopropylfluoro-
phosphate (DFP).12 Digestion was carried out with an enzyme-substrate ratio of 1:100; the pH
was maintained at 8.0 with additions of dilute KOH by use of an autotitrator. When the diges-
tion had reached apparent completion, a further aliquot of trypsin was added and the reaction
was finally stopped by adjusting the pH to 2.5 by the addition of formic acid. An insoluble core
was removed from the digest by centrifugation.

Peptide column chromatography: Tryptic digests of oxidized lysozyme were applied to 0.9 X
150 em columns of Dowex 50-X2 and eluted using a gradient of pyridine-acetate buffer of in-
creasing pH and pyridine concentration established by means of an eight-chamber varigrad ap-
paratus. Final elution was with the last buffer of the system at 50°, followed by 0.5 N ammonium
acetate. The composition of the buffers, the temperature of the column, and the entire elution
procedure were as described by Canfield.!3 Fractions of 4.0 ml were collected and the flow rate
was 40 ml per hour. )

Assay of eluate fractions: Aliquots of 0.5 ml were hydrolyzed under alkaline conditions as de-
scribed by Hirs et al.,'* and were assayed by use of the potassium cyanide-ninhydrin method de-
seribed by Yemm and Cocking,? the absorbance at 570 mu being measured.

Amino acid analysis: Samples of suitable size were hydrolyzed with constant-boiling HCI
(at 105° for 24 hr) and were analyzed in a Beckman-Spinco automatic analyzer.

Carbozypeptidase digestion: DFP-treated carboxypeptidase A (Worthington) and carboxy-
peptidase B (Worthington) were dialyzed 12 hr at 4° against water, and were then stored frozen.
Digestion was carried out with 2.5 ug enzyme in 0.2 ml dilute bicarbonate buffer (NaHCO;, 1.68
gm; NaCl, 5.85 gm; H;0, 1 liter) for 5 hr at 37°. The reaction was terminated by the addition
of 0.8 ml pH 2.2 buffer (as supplied with the Beckman Spinco amino acid analyzer) and an ali-
quot was applied to the amino acid analyzer.

Paper chromatography: Whatman No. 1 paper and n-butanol-pyridine-acetic acid-water
(15:10:3:12) were used.

Chymotryptic digestion: Digestion of peptides was carried out with 5 ug chymotrypsin
(Worthington) in 0.2 ml N /15 phosphate buffer, pH 8.0, for 12-18 hr. The cleavage products were
separated by means of paper electrophoresis for 3 hr at about 20 v/cm using pyridine-acetic acid-
water (10:0.4:90) at pH 6.4.

Edman degradation: An aliquot of the peptide was treated according to the method of Xonigs-
berg and Hill,” the recovered peptide (lacking the N-terminal amino acid) being hydrolyzed and
analyzed as described above.

Results.—The tsolation of the pseudowild double mutant eJ42eJ44: In order to
recover a pseudowild double mutant, pairwise crosses between g number of closely
linked, independently isolated, proflavine-induced mutants were performed. A
cross of the mutants eJ42 and eJ44 yielded two recombinant types, wild type and
pseudowild.®® In order to show the pseudowild recombinant type to be a double
mutant, crosses of wild type by pseudowild were performed. These crosses yielded
recombinants that were mutant; all of these were either €J42 or eJ44. The pseudo-
wild recombinant (isolated from among the progeny of the cross of eJ42 X eJ44)
is thus the double mutant eJ42eJ44.

Lysozyme activity and the amount of lysozyme of et and eJ42eJ44: In order to
compare the lysozyme activity in bacteria infected with et and eJ42e¢J44 phage,
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F16. 1.—Elution patterns on Dowex 50-X2 columns of tryptic digests of performic acid oxidized
et and eJ42eJ44 lysozyme. Aliquots from alternate tubes were subjected to alkaline hydrolysis,
treated with ninhydrin, and the absorbance at 570 mu was then measured.

“4#8, 50°”’ indicates the application of the last buffer of the series to the column, the temperature
being raised to 50°.

_ Peak 5 varies in size from preparation to preparation and contains an undigested fragment con-
sisting of the peptides in peaks 2 and 3.

standard lysates of these types, as well as of eJ42 and eJ44 phage, were prepared.
The double-mutant phage lysates exhibited approximately half of the lysozyme
activity of wild-type lysates; in contrast, the lysates of the single-mutant phage
contained no measurable levels of activity (i.e., less than 59, of e ).

The specific activity of the purified double-mutant lysozyme was about half of
that of the wild type. There appears to be no great difference in the amount of
lysozyme produced by wild-type and by double-mutant phage.

Separation and the amino acid analysts of the tryptic peptides of e* and eJ42eJ 44:
In order to detect differences between the primary structures of the lysozyme of
et and eJ42eJ44, tryptic digests of the two lysozymes were chromatographed on
Dowex 50-X2 resin as shown in Figure 1. In each digest 18 major peaks were
resolved, 17 of these apparently being identical in the two digests. The only
significant difference observed in the two chromatograms is the presence of peak
10 in only the wild-type digest and the presence of peak 19 in only the double-
mutant digest.

The amino acid composition of material from each of the other peaks was found
to be the same. For some of the peaks the material was further resolved into
several components by paper chromatography, and in each of these cases the result-
ing chromatographic patterns were essentially the same for corresponding peaks
from the wild-type and double-mutant digests.

The peaks labeled a and b in the double-mutant digests yielded nonintegral
ratios for a large number of amino acids, and the molar recoveries of the amino
acids (relative to those in other peaks) were very low; these peaks are judged to
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TABLE 1
SEQUENCE oF AMINO Acips OoF PEPTIDE 10 FrROM e+ LysozyME*

Amino Acid Composition of
Recovered Materia

Method Ser Pro Leu Aspt Ala Lys Amino acid sequence deduced

Acid hydrolysis 1.6 009 1.0 1.0 2.0 1.0 ( )Lys
Carboxy peptidase B di-

gestiont 0.8 ( )Lys
Edman degradation

Step 1 1.0 1.2 1.1 1.1 2.0 — Ser( )Lys

Step 2 1.0 0 1.0 1.1 2.0 — Ser Pro( )Lys

Step 3 0.1 0.1 1.0 0.8 2.0 — Ser Pro Ser( )Lys

Step 4 0.4 0 0.3 1.0 2.0 — Ser Pro Ser Leu( JLys
Carboxy peptidase A and

B digestion} 0 0 0.8 0.8 1.8 1.0 (Ser Pro Ser)(Leu Asn Ala Ala)Lys

confirmed

Chymotryptic digestion

followed by paper elec-

trophoresis

Fragment 1 2.0 1.4 1.1 1.0 0.5 0.4 Ser Pro Ser Leu Asn Ala Ala Lys

Fragment 2 0.3 0 0 0 1.5 1.0

* Some of the analyses were performed on peptide 10 isolated from an independently prepared batch of e+
lysozyme.

1 Recovered as the acid after acid hydrolysis and as the amide after enzymatic digestion.
1 Molar recovery of liberated amino acids.
TABLE 2

SEQUENCE OF AMINO AciDs OF PEPTIDE 19 FrRoM eJ42e¢J44 LysOozYME

Amino Acid Composition of
Recovered Material

Method Val His Leu Met Ala Lys Amino acid sequence deduced
Acid hydrolysis 0.9 1.9 1.0 0.9 2.0 1.2 ( )Lys
Edman degradation
Step 1 0 1.7 1.0 0.9 2.0 — Val( )Lys
Step 2 0 0.9 1.0 1.0 2.0 — Val His( JLys
Chymotryptic digestion:
Followed by Edman
degradation 0 1.4 0.8 0.2 2.0 — ValHis( ) Met( )Lys
Followed by carboxy
peptidase A diges-
tion* 0 0.4 1.0 0 0 0 Val His(  )His Leu Met( )Lys
Carboxy peptidase A and
B digestiont 0 0.5 0.7 0.5 1.5 0.9 Val His His Leu Met Ala Ala Lys}

* Recovery of liberated amino acids.

+ Molar recovery of liberated amino acids.

1 This sequence is further confirmed by the following composition of a peptide isolated after chymotryptic
digestion of the whole lysozyme: Thr, 0.8; Lys, 0.9; Val, 0.9; His 1.9; Leu, 1.0.

represent relatively small amounts of large, contaminating peptides, or else to
represent a mixture of several peptides, each present in relatively small amounts.

Amino acid sequence difference in et and eJ42eJ 44 lysozymes: Peak 10 and peak
19 could be shown to contain one peptide each. Asshown in Table 1, the sequence
of amino acids of the peptide that is present only in the e* lysozyme is Ser-Pro-Ser-
Leu-Asn-Ala-Ala-Lys, while the sequence of amino acids of the peptide that is
present only in the double-mutant lysozyme (Table 2) is Val-His-His-Leu-Met-
Ala-Ala-Lys.

The lysozyme of the double-mutant strain thus differs from that of the wild-
type strain by a sequence of at least five amino acids.

Studies aimed at determining the sequence of amino acids in the whole wild-type
lysozyme molecule!® indicate that a major component of peak 18 represents the
peptide that is N-terminal to the peak 10 peptide described above. This major
component of peak 18 was found to be identical in e* and eJ42¢J44 digests, suggest-
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ing that the change in amino acid sequence is limited to the five amino acids de-
scribed above.

The amino acid composition and sequence of a number of peptides resulting from
the chymotryptie digestion of e+ and eJ42eJ44 lysozyme have been determined.
One of these chymotryptic peptides from the e* digest was found to have the amino
acid sequence Thr-Lys-Ser-Pro-Ser-Leu-Asn, while a chymotryptic peptide from
eJ42eJ44 digests was found to have the amino acid composition (Thr-Lys-Val-
His-His-Leu). Preliminary results indicate that the amino acid sequence of the
peptide is as shown. This establishes that the change in the primary structure of
the eJ42eJ44 lysozyme is confined to a sequence of five amino acids.

That the change is in fact confined to the five amino acids described above is
further confirmed by the analysis of strains that will be described elsewhere.

Discussion.—We have observed that the lysozymes produced by wild-type
phage T4 and pseudowild T4 carrying two proflavine-induced mutations differ
by a sequence of five amino acids. This result is a verification of a major prediction
of the hypothesis advanced by Crick and his associates,! that the translation of the
genetic message is initiated at a given point and proceeds by the sequential reading
of defined groups of nucleotides. The result also verifies the hypothesis that pro-
flavine acts as a mutagen by inserting or deleting bases.

Nirenberg and his co-workers,? and Khorana and his co-workers,?! on the basis
of in vitro studies, have proposed specific triplets that code for each of the 20 amino
acids. Using the triplets proposed by these workers, a sequence of triplets can be
written that would code for the five relevant amino acids observed in the wild-type
lysozyme and that, by the addition and deletion of a single base as indicated below,
would generate a new set of triplets that would code for the five new amino acids
observed in the double-mutant strain. The two sequences of amino acids and the
related sequences of triplets are:

et
Thr Lys ‘Ser Pro Ser Leu Asn Ala

AC. AAé AGU|CCA|UCA|CUU|AAU GC.
T/ \/

_ll +GorA

g A/ TA Y~
AC.|AAL|IGUC|ICATU CAC|UUA|AUG GC.

Thr Lys Val His. His Leu Met | Ala
eJ42eJ44

We wish to point out that (1) triplets compatible with the two sequences of
amino acids can be generated only if the triplets are oriented such that the 5’ to
3’ polarity of the triplets parallels the N-terminal to C-terminal polarity of the
amino acids; (2) the sequence of triplets that codes for the changed amino acid
sequence of the double-mutant strain can be generated from the wild-type sequence



VoL. 56, 1966 GENETICS: TERZAGHI ET AL. 505

of triplets only if one of the mutations results in the deletion of a single base near the
5’ end of the altered region and the other mutation results in the addition of a guanine
or adenine residue at the position near the 3’ end shown above; (3) the sequences of
triplets described above are the only ones that relate the two sequences of amino acids.

To illustrate these points we define two sets of mutations, a “+’ set and a
“—" gset, such that a mutation of either set followed by a mutation of the other
set results in the restoration of the reading frame beyond the second mutation.
Some members of these sets are:

“47 Set “—" Set
++++) +++++
(+) (++)

(= =) (=)
(-~ ——- ) (- —=—-)
ete. ete.

where, for example, (+ + <+ +) represents the insertion of four bases and
(— — — —) the deletion of four bases. The sets are sp composed that a combina-
tion of a “+4”” member with a “—” member always produces a net loss or gain of
3N bases, where N is any integer including zero, “+’’ members producing a frame
shift of one base to the left and ““—’’ members a frame shift of one base to the right.
Some combinations of “+” and “—”’ mutations will result in an increase or de-
crease in the total number of amino acid residues in the product protein. = Since
our altered lysozyme peptide shows no loss or gain of residues, such combinations
can be ignored in the following discussion.

We consider next the two sequences of amino acids in the altered region of the
protein and all of the codons that have been proposed for them. These are shown
in Table 34 where, in the upper part of the table, the bases of the codons have been
oriented such that the 5’ to 3’ polarity parallels the N-terminal to C-terminal
polarity of the peptide, and in the lower part of the table, with the opposite polarity.
Table 3B lists the amino acid replacements which are incompatible with the pos-
sible “+”’, “—”" combinations (up to the deletion or insertion of four bases) for the
two orientations of the nucleotide chain with respect to the peptide. It is seen
that the only case which results in no incompatible replacement is the one in which
the 5’ to 3’ direction of the codons parallels the N to C direction of the peptide and
which involves the deletion and insertion of one base only near the 5’ and 3’ ends,
respectively.

Since it has been shown that the synthesis of polypeptide chains proceeds from
the N-terminal towards the C-terminal end, our results demonstrate that the
sequence of nucleotides in the mRNA is translated from the 5’ toward the 3’ end.
Recent results of other investigators are in accord with this view. 22 23

The precise location of the base deleted near the 5’ end of the region specifying
the changed amino acids cannot be determined since the deletion of any one of
five bases in this region would be compatible with the observed amino acid se-
quences. The base added near the 3’ end of the region specifying the changed
amino acids can be only guanine or adenine.

The results presented here indicate that the following codons, determined, or
else proposed, on the basis of in vilro studies, are in fact utilized by E. cols in vivo:
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TABLE 3
A. Codons for Amino Acids in the Mutated Region N
NH. Th; L; Val His His Leu Met | Ala | COOH
’ i UuA eJ42eJ44
' ac |anrlcu.lcallcall Clavalec.| =
5 . G . C C G .
CU e
UucC. UcC. UvU A
A G, .U ,
5’ AC.AAG ccC. AACGC. 3
U U
AG ¢ AG ¢ CU.
NH. Thr | Lys Ser Pro Ser | Leu | Asn | Ala |COOH et
.CU .CU éU U
3’ cAliaa .ccC gaalca| 5
U U
C GA C GA|.UC P
Ayu N
3/ calAaal.velUac|lac|® |Avalca| &
: G : C C G :
.UC eJ42eJ44
NH. Thr | Lys Val His | His Leu | Met | Ala COOH/
B. Forbidden Amino Acid Replacements
Nature of Mutatlon at: Replacement incompatible with Replacement incompatible with
‘““N-terminal C-termlnal frame shift for 3’ to 5’ frame shift for 5’ to 3’
end” end”’ orientation orientation
(=) (+)* Pro-His;f Ser-His; None
(+) (=) SerAPro-l\\/;alHis;I SerLeu-HisLeu Pro-His;t Ser-His; Asn-Met
sn-Met
(= =) (++) Pro-Val; Leu-His; Asn-LeuMet Pro-Val; Ser-His; Leu-His;
Asn-LeuMet
++) (= =) Ser-His; Pro-His; LeuAsn-Met LeuAsn-Met
++++) (= ———) SerLeu-LeuMet Se{\;{His; Pro-His; LeuAsn-
et,
(———=) (++4++ +) Pro-Val; Ser-His; Leu-His Prl(\>/iVal; Leu-His; Asn-Leu

* A (—) mutation (i.e., the loss of a single base) followed by a (— —) mutation (the loss of two bases) can be
excluded because of the amino acid incompatibilities indicated, and, in addition, because no amino acid is lost;
(+c)l followe% by (4+ +) can similarly be excluded because of the indicated mcompat,lbllltles and because no amino
acid is gained.

No codon for grohne generates any codon for histidine with the indicated direction of frame shift.
a Il‘lIo pa.lé‘ o)f codons for serine and proline (in that order) generates any pair of codons for valine and histidine
in that order;

Ser—AGU, UCA; Pro—CCA; Leu—CUU, UUA; Asp—AAU; Val—GUC; His—
CAU, CAC. The codons that are underlined are present in the wild-type T4B strain.
It is noteworthy that each of the five codons that we have identified in the wild-
type strain ends in either A or U. This is not surprising since the DNA of phage
T4 is relatively rich in AT base pairs.

Two different codons can be assigned to serine in the wild-type DNA, and two
different codons can be assigned to histidine and leucine, showing degeneracy both
for codons in the wild-type DNA and for the 2n vivo code.

Summary.—The primary structures of the lysozymes produced by wild-type
phage and by pseudowild phage carrying two proflavine-induced mutations differ
with respect to a sequence of five amino acids.
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Utilizing current codon assignments, a unique sequence of nucleotides was found
to relate the two sequences of amino acids.

Our results confirm the hypothesis of Crick and his associates regarding the
general nature of the genetic code and are compatible only with a 5’ to 3’ direction
of translation of the messenger RNA.

The authors are grateful to F. H. C. Crick for numerous discussions, to A. Novick, F. W. Stahl,
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