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Summary. Bacter iophage fd gene 2 protein was specif- 
ically labeled with radioactive amino acids and was 
isolated f rom membranous  cell structures as an appar-  
ently homogenous  protein. A m i n o  acid sequence 
analysis revealed that  the protein was initiated at two 
distinct A U G  codons  close to the r ibosome binding 
site. The two resulting translation products  were 
found to begin with a deformylated methionine resi- 
due. Init iation at the first signal was used for 90% 
of  the chains and at the second signal for 10% of  
the sequenced molecules. The use o f  one or  the other 
chain start may  influence functions of  gene 2 protein. 

Introduction 

Replicat ion o f  double-s t randed phage fd D N A  de- 
pends on the funct ion o f  phage coded gene 2 protein 
(Lin and Prat t  1972; Fidanifin and Ra y  1972). The 
recently isolated phage protein is a very specific endo- 
nuclease o f  molecular  weight 46,000 dal ton which can 
also seal previously cleaved D N A  (Meyer and Geider 
1979a; Meyer  and Geider 1979b). Gene 2 protein 
specifically reacts with supercoiled replicative form 
D N A  of  f i lamentous bacteriophages (fd, fl, M13) and 
cleaves the viral s trand of  the replicative fo rm I in 
the intergenic region of  the phage genome (Meyer 
et al. 1979). This nick is subsequently used as the 
origin for synthesis o f  the viral strand (Meyer and 
Geider 1979a; Geider and Meyer 1978). 

The sequence o f  the gene 2 protein can be deduced 
f rom the D N A  sequence (Beck et al. 1978; Schaller 
et al. 1978). The protein was suggested to start at 
either one o f  the two A T G  triplets beginning at posi- 
tions 6007 and 6016, respectively, and to terminate 
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at posit ion 828 of  the fd genome. Both  A T G  triplets 
belong to the same translational  reading frame. A 
sequence characteristic for  a r ibosomal  binding site 
is found  three to nine nucleotides in front  o f  the 
first potential  initiation codon  of  gene 2 and 12 to 
18 nucleotides in front  o f  the second A U G  codon  
(Schaller et al. 1978). Thus, there are three possibili- 
ties for  translation o f  the gene 2 prote in:  (i) the first 
methionine codon  is used for initiation, or (ii) the 
second methionine is used or (iii) both  methionine 
codons  are used. The distances between the r ibosome 
binding sites and the two initiation signals are extreme 
values observed in translat ion o f  p rokaryot ic  genes 
(Steitz 1979). Sequence analysis of  the radioactively 
labeled in vivo produc t  revealed that  bo th  start co- 
dons are used. The major  species starts at the first 
A U G  triplet o f  the m R N A .  The C-terminal  sequence 
of  the protein was analyzed by digestion with carboxy-  
peptidase C, and the results were also in agreement  
with the sequence predicted f rom the D N A  sequence. 

Materials and Methods 

Escherichia coli strain Hfr C7 is met , thi , phage fd am 51 is 
mutated in gene 5. Tritium-labeled amino acids were from Amer- 
sham Buchler (Braunschweig, FRG) and carboxypeptidase C was 
from Carl Roth KG (Karlsruhe, FRG). 

Preparation o f  Radioactively Labeled Gene 2 Protein. Strain Hfr 
C7 was grown in 20 ml M9-medium (supplemented with methio- 
nine and thiamine) (Pratt and Erdah11968) at 37 ° C to 2 x 108 cells/ 
ml and irradiated with UV (about 10 kerg mm-2). The culture 
was supplemented with all 20 amino acids (20 gg/ml, except 5 gg/ml 
for the tritiated amino acid to be incorporated) and the cells were 
then infected with 20 phages per cell. After 10 min at 37 ° C 5 mCi 
of the [3HI-labeled amino acid (leucine, valine, and proline, respec- 
tively) were added and the incubation continued for 60 min at 
42 ° C. The cells were then converted to spheroplasts (Osborn et al. 
1972), the spheroplasts were sonicated and membranous cell struc- 
tures were pelleted in a sucrose gradient (Osborn et al. 1972; Lin 
and Pratt 1974) in a Beckman 50 Ti rotor for 2 h at 50,000 rpm 
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and 10 ° C. Gene 2 protein was separated from other labeled pro- 
teins of the fast sediraeBting material by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis. The slab gel containing 12.5% 
acrylaraide and 0.5% bisacrylamide (L~mrali 1970) was loaded 
with material of the pellet, which was dissolved in 150 gl of 20% 
glycerol, 3% sodium dodecyl sulfate, 3% 2-mercaptoethanol and 
0.005% bromo-phenol blue. At both sides of the application line 
on the gel, the marker ovalbumin (Mr 45,000) was added and 
the gel was run for 10 h at 6 V/cm. The ovalbumin-containing 
part of the gel (longitudinal strips) was stained with Coomassie 
brilliant blue, destained and fixed in 10% acetic acid. The tritiated 
gene 2 protein which coelectrophoretes with the marker protein 
was eluted electrophoretically from the corresponding unstained 
gel strips as described under Results. 

Amino Acid Sequence Analysis. The radioactive samples were sup- 
plemented with 4 rag of oxidised chicken lysozyme and subjected 
to automated Edman degradation in an updated Beckman model 
890B sequencer equipped with a Sequemat P-6 automatic converter. 
A single-coupling (using 0.1 M Quadrol/trifluoroacetic acid buffer, 
pH 9.5), single-cleavage program including a combined benzene/ 
ethyl acetate wash (Brauer et al. 1975) was used. Each degradation 
was started with three nondegradive cycles (without phenylisothio- 
cyanate) to wash out potential radioactive contaminants. The anal- 
ysis of the phenylthiohydantoin derivatives of the carrier was per- 
formed as described (Beyreuther et al. 1977; Beyreuther 1977; Bey- 
reuther et al. 1978). The radioactivity of phenylthiohydantoin deriv- 
atives of the gene 2 protein was determined on an aliquot in 10 ml 
of Aquasol-2 (New England Nuclear). Repetitive degradation 
yields over the first 25 steps of oxidised lysozyme as carrier ranged 
between 95% and 96%. Sequencer runs resulting in lower repetitive 
yields for the carrier were repeated. 

Digestion with Carboxypeptidase C. [3H]leucine fd gene 2 protein 
(62,000 cpm) was supplemented with 0.8 mg of oxidized chicken 
lysozyme and denatured by heat treatment at 100°C for 20 min. 
Digestion was performed in 0.125 ml of 0.1 M ammonium acetate 
buffer, pH 5.5 with 1,000 mU of enzyme and 0.02 ml were with- 
drawn after 0, 6, 9, 12, 24, and 48 h of digestion. These samples 
were lyophilized and assayed for radioactivity released (Beyreuther 
et al. 1980). 

Results 

Isolation o f  in vivo Radioactively Labeled 
Gene 2 Protein 

A l t h o u g h  b io logica l ly  active gene 2 pro te in  o f  fila~ 
men tous  phages  is found  in the  cy top la sm (Meyer  
and Ge ide r  1979a), it is t r apped  in m e m b r a n o u s  cell 
s t ructures,  when the phage  infected cells a re  g rown 
at  4 2 ° C  (Linn and  Pra t t  1974). Two  o ther  phage  
prote ins ,  the gene 8 p ro te in  (fd coa t  prote in)  and  
the gene 5 p ro te in  (fd D N A  b ind ing  prote in)  are  also 
assoc ia ted  with  such s t ructures  (Meyer  and  Ge ide r  
1979a;  Webs te r  and  R e m e n t e r  1980). 

Gene  2 p ro te in  in m e m b r a n o u s  cell s t ructures  was 
separa ted  f rom o ther  p ro te ins  by  sod ium dodecyl  sul- 
fate po lyac ry l amide  gel e lec t rophores is  (Fig. 1). To  
elute gene 2 p ro te in  f rom the gel, the  gel slice conta in-  
ing the p ro te in  was t ransfer red  into a gel e lec t rophore-  

Fig. 1. Polyacrylaraide gel electrophoresis of fast sediraenting mate- 
rial (membrane fraction) from E. coli cells infected with phage 
fd. [3H]labeled phage proteins were enriched as described in Materi- 
als and Methods. The gene 2 protein band at Mr 45,000 was 
localized via the marker protein ovalbumin which was stained 
with Coomassie brilliant blue. The section of the gel containing 
gene 2 protein was cut out with a razor blade and eluted as de- 
scribed in Results. This figure shows an analytical gel-fluorograph 
of an aliquot of the labeled membrane fraction. A. [3H]leucine; 
B. [3H]valine; C. [3H]proline; G2P: fd gene 2 protein. The other 
bands are host proteins 

sis tube,  the slice was e m b e d d e d  in po lyac ry l amide  
and  the p ro te in  was e lec t rophor ized  for 12 h at  5 V/ 
cm into a dialysis  bag  which was sealed at  the anod ic  
end of  the tube.  The pro te in  e luted was then dia lysed 
for  48 h at  3 7 ° C  agains t  50 m M  Tris/HC1, p H  7.4 
in 8 M urea,  for  24 h agains t  0.1 M a m m o n i u m  bicar-  
bona te  and lyophi l ized.  The  yields o f  labe led  pro te in  
are l isted in Table  1. The  three t r i t i a ted  amino  acids  
used had  the  same specific rad ioac t iv i ty  (50 mCi /  
retool) ,  bu t  the  up take  o f  an  amino  acid,  measu red  
by its i nc o rpo ra t i on  into  gene 2 prote in ,  increased  
f rom [aH]leucine and  [3H]proline to [3H]valine. Con-  
s ider ing the f requency o f  the a m i n o  acid  in the p ro te in  
the specific r ad ioac t iv i ty  o f  the [3H]val ine-protein  is 
much  higher  than  tha t  of  the two o ther  der ivat ives  

(Table  1). 

N-terminal Sequence of  the Gene 2 Protein 

Gene  2 p ro te in  p repa ra t ions  labeled with  ei ther  leu- 
cine, val ine or  pro l ine  were subjected to a u t o m a t e d  
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Table 1. In vivo incorporation of tritiated amino acids into phage 
fd gone 2 protein 

Incorporated Radioactivity (cpm) Total 
tritiated number 
amino Membrane Purified of 
acid fraction gone 2 residues/ 

protein gene 2 
protein 

Specific 
radioac- 
tivity of 
gene 2 
protein 
(cpm/ 
residue) 

Leucine 1.7 x 106 1.2 x 105 46 2,926 
Valine 5.6 x 106 6.3 x 105 26 28,636 
Proline 1.1 x 106 0.9 x 105 16 6,428 

The total number of amino acid residues of gene 2 protein were 
taken from the nucleotide sequence (Schaller et al. 1978). The ra- 
dioactive samples were obtained as described in Materials and 
Methods 

Table 2. Carboxypeptidase C digestion ofl3]leucine-labelledfdgene 
2 protein 

Digestion Gene [3H]Leucine Number of 
time 2 protein released a [3H]leucine 
(h) (input in cpm) (cpm) residues b 

released 

0 9,875 0 0 
6 9,710 187 0.89 
9 10,150 276 1.25 

12 9,920 438 2.03 
24 9,485 866 4.20 
48 10,430 948 4.18 

a determined by radiolabel amino acid analysis 
b on the basis of 46 leucine residues/chain (Schaller et al. 1978) 

sequence analysis (Fig. 2). The three amino acids ap- 
peared in the following positions: [3H]leucine: (2), 
(4), 5, 7, 9, (12), 15, 20, 25, 31, 37 and 42; [3H]valine: 
(3), 6, (13), 16 and 29; [3H]proline: (7) and 10. Values 
in parantheses indicate steps where about 10% 
of the expected radioactivity per residue were re- 
leased. In addition automated sequence analysis of 
[3H]leucine gene 2 protein was carried out after prior 
chemical deformylation treatment. When the tritiated 
protein was incubated with 0.1 ml of 1 M HC1 in 
methanol at 25°C for 90 rain (Clark and Marcker 
1966) in the presence of lysozyme as carrier (4 rag), 
the recovery of [3H]leucine in the corresponding deg- 
radation steps was only five percent higher than com- 
pared to the untreated protein. This shows that the 
protein became deformylated before complexing to 
membranous cell structures. 
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Fig. 2. Sequence analysis of phage fd gene 2 protein labeled with 
[3H]leucine or [3H]valine and [3H]proline. Phage fd gene 2-protein 
and oxidized chicken lysozyme as carrier were subjected to 20 50 
cycles of Edman degradation and the radioactivity released was 
analyzed as described in Materials and Methods. The radioactivi- 
ties in the samples analysed were: 73,800cpm for [3H]leucine; 
79,300 cpm for [3H]valine, and 48,000 cpm for [3H]proline. The 
[3H]leucine protein was pretreated with 1 M HC1 in methanol 
(deformylation treatment). The untreated [3H]leucine derivative 
gave the same sequence positions as shown here (with 5% lower 
initial yield). The filled arrows indicate sequence positions assigned 
to sequence I, the open arrows to sequence II of Fig. 3. Cycle 
zero represents a blank cycle (without phenylisothiocyanate) 

Release of [3H]Leucine From the C-Terminus 

Carboxypeptidase C treatment of [3H]leucine-gene 2 
protein resulted in the release of a total of four leucine 
residues per molecule (Table 2). Virtually all radioac- 
tivity coeluted with leucine as shown by analyses of 
radioactively labeled amino acids in carboxypeptidase 
digests and hydrolysates of the [3H]leucine-protein. 
Only traces of radioactivity (less than 1% of the input) 
coeluted with the amino acids methionine, tyrosine 
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and phenylalanine. Glycine is the only amino acid 
residue known to significantly decrease the rate of 
release of C-terminal amino acids (Tschesche 1977). 
The release of four leucine residues suggested that 
the fourth leucine residue from the C-terminus is pre- 
ceded by a sequence containing a residue which is 
only slowly released by carboxypeptidase C. Indeed, 
a glycine residue is found between the fourth and 
fifth leucine residue from the C-terminus of the pro- 
tein (Schaller et al. 1978). 

Discussion 

Two methionine start codons are found close to the 
ribosome binding site of phage fd gene 2 (Schaller 
et al. 1978). Amino acid sequence data presented here 
show that both signals are used for the initiation 
of the peptide chain. 90% of gene 2 protein molecules 
start at the first methionine codon after the ribosome- 
binding site, 10% of the radioactivity of gene 2 pro- 
tein eluted in positions which do not agree with the 
assignment of the translational start at the first AUG 
codon (Fig. 2). These peaks cannot be due to a flow 
of label from the tritiated amino acid to other amino 
acids, as a flow of label was not detected by acid 
hydrolysis of [3H]leucine-containing gene 2 protein. 
Radioactivity coeluting with amino acids other than 
leucine was lower than 1% of the input. 

Incomplete degradation of precursor protein 
could also generate two size classes of a peptide. For 
filamentous phages the products of gene 3 and gene 

8 were found larger when synthesized in vitro in a 
protein synthesizing system compared to the size of 
these proteins from the virions (Konings et al. 1975). 
They are apparently processed in vivo. Our data on 
the sequence of gene 2 protein show that processing 
of the enzyme in vivo is unlikely, because most of 
a precursor protein should be converted into the ma- 
ture product. Furthermore, the protein becomes de- 
formylated in the cell but the N-terminal methionine 
residues are not released. As already shown for dihy- 
drofolate reductase of E. coli (Brown et al. 1967), the 
enzyme which removes methionine residues seems not 
to act on Met-Ile sequences apparently, on Met-Leu 
sequences (sequence II in Fig. 3). 

The minor peaks appearing in Fig. 2 most likely 
suggest a chain start which uses the second start co- 
don leading to a shift of three residues in the protein 
sequence. Because of interference with the major pro- 
tein not all expected positions could be detected for 
the second peptide. Increasing background in the 
course of degradation made the detection of minor 
peaks more and more difficult after 15 steps of se- 
quence determination. 

Unprecise chain initiation was also detected for 
gene 0.3-protein of bacteriophage T7 (Dunn et al. 
1978 and F.W. Studier, pers. commun.). When the 
ribosome binding site for the gene 0.3 was mutated, 
the first methionine was used to initiate half the pep- 
tides translated and the second and third methionine 
were signals to initiate the other peptide chains. The 
early ribosome binding site is presumably used for 
the first and second chain start, whereas a second 

Nucleotide number 6007 6016 

L i 
gene 2 mRNA: 5"..UCAACCGGGGUACAU AUG AUU GAC AUG CUA GUU UUA CGA UUA CCG UUC AUC GAU UCU CUU GUU .. 

16S rRNA: 3" HoAUUCCUCCACUAG... 

Protein sequence 
deduced from DNA sequence: F-Met-Ile-Asp-Met-Leu-Val-Leu-Arg-Leu-Pro-Phe-Ile-Asp-Ser-Leu-Val- 

Protein sequences determined 

by radiolabel Edman degrad- 

ation: Sequence I: .................. Leu-Val-Leu ..... Leu-Pro ................. Leu-Val- 

5 6 7 9 i0 15 16 

Sequence II: .... Leu-Val-Leu ? -Pro ................. Leu-Val- 
2 3 4 7 12 13 

Fig. 3. Comparison of the two possible start positions of gene 2 protein deduced from the DNA sequence (Schaller et al. 1978) with 
the partial N-terminal protein sequence obtained by radiolabel Edman degradation. The ribosome binding site (underlined) and the 
protein sequence deduced from the DNA sequence were taken from Schaller et al, (1978), codon assignments of gene 2 m R N A  are 
from Beck et al. (1978). Sequence I represents 87%-90% and sequence II 13%-10% of  total gene 2 protein 
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ribosome binding site may account for the third chain 
start (Dunn et al. 1978). In wild-type cells the second 
and third initiator AUG are used in less than 1% 
of the chain starts. - Thiogalactoside transacetylase, 
the lacA gene product of E. coli might also be initiated 
at two codons (Bfichel et al. 1980; Bennet 1974). 

The data on fd gene 2 protein support the idea 
that more than one initiation codon may be available 
for chain start in vivo. A single ribosome binding 
site might be used for the two products of gene 2, 
since both initiator AUG codons are preceded in a 
proper distance by a 'Shine-Dalgarno sequence' 
(Schaller et al. 1978; Steitz 1979). The two resulting 
peptide chains may not have the same activities attri- 
buted to gene 2 protein. The choice for one or the 
other codon may regulate the enzyme functions re- 
quired for phage replication. 

Aside from the two sequences discussed for initia- 
tion of gene 2 protein a third peptide can be synthe- 
sized starting at a distance of 3/4 within gene 2. This 
peptide, called X-protein or gene 10 protein, is in 
phase with gene 2 protein, but initiated by a promoter 
and a ribosome binding site within gene 2 (Van den 
Hondel et al. 1975). Phage 4~X174 gene A codes for 
a protein with a role comparable to fd gene 2 protein 
in DNA replication of the phage. A peptide which 
corresponds to fd gene 10 protein is called A* protein 
and is also synthesized in the reading frame of gene 
A protein (Linney and Hayashi 1974). The role of 
A* protein may be a regulatory function for the ac- 
tion of gene A protein (Ikeda et al. 1979; Langeveld 
et al. 1980). 

The small single stranded DNA phages could pos- 
sibly regulate the activity of genes and gene products 
required for the replication of their DNA by the syn- 
thesis of various peptides, which are coded for by 
the complete or partial information of the corre- 
sponding gene. The use of predominantly a first or 
a second initiation codon could regulate the amount 
of gene 2 product synthesized assuming that a chain 
start in some distance of the ribosome binding site 
is less efficient. Missing amino acids at the N-terminal 
end could furthermore change properties of gene 2 
protein in the life cycle of phage fd. 
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