
were 201, 205, and 193, respectively. 
The nearly equal specific activities in- 
dicate that Hb III is synthesized in the 

duckling and that its presence does not 

represent simply a carry-over from 
late embryonic life. 

The chronology of cell hemoglobin 
values is shown in Table 1. The times 
of the activation and deactivation of 

hemoglobin synthesis have not yet 
been determined. Cell hemoglobin con- 
tent is maximum in the 7- to 9-day 
embryo. The subsequent decrease at 
14 days is conincident with the disap- 
pearance of the so-called "primitive" 
cells (8). The reciprocal change in cell 
content of Hb's I and II stabilizes in 
the adult, while Hb III decreases and 

ultimately disappears. 
We suggest that the appearance of 

Hb III in the duck embryo, its pres- 
ence in the duckling, and its disap- 
pearance in the adult are similar to 
characteristics of fetal hemoglobin in 
the human. According to current 

epigenetic concepts, the inactivation of 

genes for duck embryonic hemoglobins 
occurs at widely separate times, that 
for Hb IV early in embryonic life 
and that for Hb III after hatching. 
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Complexes of F-Pili and 

RNA Bacteriophage 

Abstract. Cell-free filtrates of F+ 
strains of Escherichia coli "inactivate" 
RNA phages. The active agents have 
been identified in the electron micro- 
scope as thin appendages called F-pili. 
Complexes of F-pili and phage may be 
easily assayed because of their reten- 
tion by membrane filter pads. Calcium 
ion is required for formation of the 
complex. 

The thin filaments growing out from 
the surface of male (F + and Hfr) 
strains of Escherichia coli and related 
organisms are called F-pili (1, 2). While 
several types of morphologically simi- 
lar pili (also called fimbriae, 2) are syn- 
thesized by Gram-negative bacteria, 
Crawford and Gesteland (1) observed 
in the electron microscope that a male- 
specific bacteriophage, R-17, was ad- 
sorbed only to pili of an Hfr and F+ 
strain of E. coli but not to pili of an 
F- strain. Brinton, Gemski, and Carn- 
ahan (2) obtained similar results with 
the RNA phage M12, and found that 
usually only one or two F-pili were 
present on each male cell along with 
large numbers of more common pili, 
Type I pili, which were unrelated to 
maleness. The F-pili were easily dis- 
tinguished in electron micrographs 
since at high concentration the phage 
almost covered the surface of the F- 
pili without interacting with other pili 
on the same bacterium (2). The F-pili 
were genetically controlled by the fer- 
tility factor of E. coli (2). Brinton et al. 
(2) have proposed the name F-pili for 
this kind of appendage and suggested 
the interesting idea that F-pili may 
serve as hollow tubes through which 
nucleic acid may be transferred. An 
assay in vitro for complexes of bac- 
teriophage and F-pili would have ob- 
vious advantages. We have devised a 
simple and rapid filtration assay which 
has enabled us to study RNA phage 
adsorption to F-pili in vitro. Evidence 
will be presented for the following 
reaction: 

Ca++ 
-------_ + @ (o? o (o) 

F-pili Phage Pili-Phage 
Complex 

F-pili were sheared from the sur- 
face of E. coli cells by treatment in the 
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F-pili Phage Pili-Phage 
Complex 

F-pili were sheared from the sur- 
face of E. coli cells by treatment in the 
Waring blendor (3). In a typical experi- 
ment, 20 g of cell paste of an F+ 
strain of E. coli (K 12) grown to late 

log phase in tryptone-yeast extract broth 

Waring blendor (3). In a typical experi- 
ment, 20 g of cell paste of an F+ 
strain of E. coli (K 12) grown to late 

log phase in tryptone-yeast extract broth 

(4) with gentle aeration were sus- 
pended in 200 ml of water and blended 
for 2 minutes. After centrifugation the 
cell-free supernatant containing the 
F-pili fragments was dialyzed and 
stored at 0?C. This "F-pili concen- 
trate," which also contained Type I 

pili and other impurities, was sufficient 
for several thousand assays. Radio- 
active virus used for the F-pili assay 
were prepared by infecting 20 ml of 
cell culture containing radioactive phos- 
phorus with coliphage f2 (5). Approx- 
imately 3 X 1012 phages (plaque-form- 
ing units) containing P32 (1.6 X 107 
count/min) were obtained after purifi- 

Table 1. Adsorption of P32-labeled phage to 
F+ cells (E. coli, K 12). A culture containing 
4 X 108 cells/ml was infected with about 
3 X 107 f2 per ml (1300 count/min; P32_ 

labeled). After 10 minutes (for adsorption), 
the cells were centrifuged to remove unat- 
tached phage, precipitated with 5 percent 
cold trichloroacetic acid, and the pre- 
cipitate was collected on glass filter pads for 
counting. The cell supernatant was assayed 
for viable phage, and the number of ad- 
sorbed phage was calculated by difference. In 
the blending experiment cells were treated for 
2 minutes in the Waring blendor. Incubation 
was at 37?C. 

Adsorbed phage 

Radio- 
activity No. 

Conditions (count/ (plaques/ 
min per ml) 
10 ml) 

Complete 156 2.2 X 107 
Minus cells 6 0 
F- cells 9 1 X 10? 
Complete (100 gg/ml 

ribonuclease) 14 
Complete (cells blended 

before adsorption) 83 
Complete (su-1 defective 

added instead of f2, 
1600 count/min) 5 

Complete (3 min incuba- 
tion instead of 10) 89 1.6 X 107 

Complete (cells blended 
after 3 min adsorption) 11 4 X 106 
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Table 2. "Inactivation" of phage by F-pili. 
In this experiment 5 ml of F-pili were added 
to a suspension of 7 X 107 phage per milli- 
liter. After incubation (37?C) with F-pili, 
the remaining viable phage was assayed by 
plaque count. Blending of the complexes was 
carried out for 2 minutes. 

107 X Viable 
phage 

Conditions remaining 
(plaques/ 

ml) 

Control (0 time sample) 6.5 
Complete (10 min incubation) 3.6 
Complete (complexes blended) 6.0 
Complete (complexes blended; 

reincubated 40 min) 3.2 

511 
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Table 3. Filtration assay for F-pili-bacterio- 
phage complexes. Conditions as in text. Type 
I pili from F- cells were prepared in the 
same manner as the F-pili concentrate; boiled 
pili were heated at 100?C for 2 minutes. Ap- 
proximately an equal number of radioactive 
su-I (defective) particles were used as for 
f2. Acid-treated pili were incubated at pH 
1.9 for 30 minutes at 25?C and neutralized 
with KOH to pH 7.1. Alkali-treated pili were 
incubated at pHI 11 for 30 minutes and neu- 
tralized. 

Counts 
retained 

Conditions on filter 
pad 

(cpm) 

Complete 120 

Minus F-pili 4 

Boiled F-pili 6 

F-pili, 70?C, 2 min 54 

Acid-treated F-pili 144 

Alkali-treated F-pili 113 

Su-1 (defective) phage added 
instead of f2 6 

Complete, plus 100 i/g ribonuclease 
and 20 /tg deoxyribonuclease 114 

Pili from F- cells 4 

Complete (incubated at 0?C) 38 

Fig. 1. Electron micrographs of F-pili- 
RNA bacteriophage complexes formed in 
vitro. Bacteriophage appear as small 
spheres (diameter, , 250 A) attached to 
the surface of the long filaments (F-pilus). 
The preparation was freed of unattached 
phage by several cycles of sedimentation 
and washings. Complexes were negatively 
(phosphotungstic acid) stained (8). a and 
b, X 70,000; c and d, X 110,000. 

cation (5), a quantity sufficient for sev- 
eral thousand assays. A radioactive 
lysate of a host-dependent mutant su-1 
(defective) was prepared as above and 
assayed as described by Zinder and 
Cooper (6). 

About 10 to 15 percent of the total 
radioactivity of the f2 phage prepara- 
tion was adsorbed to susceptible bac- 
teria, whereas 80 to 90 percent of the 
viable phages were adsorbed (Table 1). 
Thus only viable radioactive phage at- 
taches to bacteria, with noninfective 
particles being excluded. In support of 
this, noninfective phage-like particles 
produced by an f2 mutant (su-1) did 
not adsorb (Table 1). Furthermore, of 
the total radioactivity (from f2) ad- 
sorbed, as much as 50 percent was 
present shortly after infection in the 
"replicative form" described by Kelly 
and Sinsheimer (7), demonstrating that 
a large proportion of the adsorbed 
particles took part in the infective proc- 
ess. As expected, no P32 was adsorbed 
by female strains. These results sug- 
gest that the aforementioned assay with 
P32-labeled phage may be considered 
valid for measuring the attachment of 
f2 phage to male bacteria. 

When F-pili were mixed with RNA 

bacteriophages, the phages adsorb 

along the surface of the pilus (Fig. 1) 
as seen in the electron microscope. 
Crawford and Gesteland (1) and Brin- 
ton et al. (2) also observed that almost 
the entire surface of the F-pilus could 
become covered with virus particles. 
The fragments of F-pili observed in the 
electron micrographs were of varying 
lengths, the longest being in the order 
of 1 ,u. The number of attached phage 
particles per F-pilus fragment varied 
and depended on the phage titer and 
the method of preparation. The spheri- 
cal bodies marked by arrows in the 
micrograph are apparently not phage 
particles but may represent a membra- 
nal base or root of the F-pili. When 
present, these particles are observed 
only at the tips of pili fragments. In Fig. 
1b there is a separate pilus with a single 
attached phage lying near the basal 
body. There is also an attached cluster 
of three phage particles in Fig. la, as 
well as a free phage particle. The more 
heavily stained center region of the 
pilus in Fig. ld suggests a tubular 
structure with an axial hole as seen 
by Brinton et al. (2). 

The electron micrographs helped to 
explain another curious finding. In a 
number of experiments it was observed 
that addition of F-pili to a phage lysate 
reduced the viable phage titer as much 

E 
L 96 

o 

I, 48 

0 
0 120 240 

F Pili Added (/,g Protein) 

Fig. 2. Phage adsorption as a function of 
F-pili concentration. Standard assay as in 
text. 

as 50 to 75 percent (Table 2). This "in- 
activation" was reversed if the F-pili- 
phage complex was blended immedi- 
ately prior to phage assay. On further 
standing "inactivation" again took 
place; this suggests a re-formation of 
the complexes (Table 2). Such "inacti- 
vation" may now be explained by a 
reversible attachment to the F-pili. A 
single pili-phage complex containing 
many individual phage particles would 
score as a single plaque, thus account- 
ing for a reduced titer. Violent disrup- 
tion of such complexes would account 
for the subsequent increase in the num- 
ber of plaque-forming units to the origi- 
nal number. We conclude that most 
of the f2 phage particles cannot be- 
come inactivated by simple attachment 
to free F-pili. 

We observed that F-pili-phage (P32- 

labeled) complexes, but not unattached 
phage particles, were retained by mem- 
brane filter pads; this permitted a rapid 
and quantitative assay. Portions (10 ml) 
of reaction mixture containing 0.05 
tris buffer (pH 7.1) and 0.0032M CaClI 
were added to test tubes. F-pili were 
added and the reaction was initiated by 
addition of 0.1 ml of radioactive phage 
(approximately 3 X 108 phage par- 
ticles). Tubes were incubated at 25?C 
for 5 minutes and chilled to 0?C before 
filtering (Schleicher and Schull, B-6, 
2.4 cm). Each pad was washed with 
20 ml of water and the radioactivity 
was determined with a thin window 
gas-flow counter (Table 3). Experiments 
in which sedimentation (40 minutes at 
30,000g replaced filtration gave com- 
parable results. Some fluctuation in the 
amount of radiation in the background 
was observed with different lots of fil- 
ters. 
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Low concentrations of F-pili were 
effective for adsorption (Fig. 2). Satu- 
ration was reached when about 120 jig 
protein of the F-pili preparation was 
added to the 10-ml reaction tube. In 
our most purified preparations as little 
as 1 to 2 /g gave a positive reaction. 
Whereas the protein nature of F-pili 
has not actually been established, thus 
far we have followed the purification 
of F-pili as a function of the protein 
concentration. Electron micrographs 
also show that F-pili vary greatly in 
length (even on the same bacterium), 
with sizes varying from about 0.1 A 

to 8 /,. It is difficult to obtain an accu- 
rate absolute count or "titer" of F-pili 
since even the small fragments appear 
to adsorb phage. For the micrographs 
of Fig. 1 the phage concentration was 
several times higher than for the stan- 
dard assay (Fig. 2). 

Preparations dialyzed overnight ad- 
sorbed phage very poorly. A number 
of divalent metal ions including Ca+ +, 
Mg++, and Mn+-+ restored activity 
(Fig. 3). The role of the metal ion in 
the attachment process is not known, 
but is consistent with an earlier finding 
that Ca++- is required for phage devel- 
opment (4). 

The filtration assay is a convenient 
tool for studying certain general prop- 
erties of F-pili. F-pili are remarkably 
resistant. They retain full activity after 

precipitation with 0.1NHC1, and are 
unaffected by lyophilization, freezing 
and thawing, and incubation at pH 11. 

Upon exposure to pH 1.9 for 30 min- 
utes followed by neutralization, an in- 
crease in activity was observed (Table 
3). 

On the other hand, heating at 70?C 
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Fig. 3. Calcium-ion requirements for phage 
adsorption to F-pili. Incubated 5 minutes 
at 25?C; 0.3 ml of F-pili concentrate was 
used. Note optimum at 0.0032M CaCl2. 
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(Table 3) for 2 minutes resulted in 
about 50-percent loss of activity, where- 
as higher temperatures or treatment 
with high-frequency sound completely 
destroyed their ability to adsorb phage. 
They were sedimented by centrifuga- 
tion at 100,000g for 30 minutes and 
were readily precipitated with (NH4)2- 
SO4 (up to 30 percent, wt to vol). By 
these criteria, F-pili are somewhat simi- 
lar to other types of pili (9), although 
only F-pili adsorb phage. 

Although RNA phages readily form 
complexes with F-pili, the natural role 
of these thin filaments in phage infec- 
tion is open to some question. Phages 
may be detached from F-pili without 
loss of viability, and this indicates that 
their RNA was not injected into the 
core of the pilus. Furthermore, treat- 
ment of F-pili-phage complexes with 
ribonuclease neither destroyed the via- 
bility of the phage nor disrupted the 
complex (Table 3). Similar treatment 
of cell-phage complexes resulted in 
complete hydrolysis of the infecting 
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Ribonucleic acid is capable of in- 
ducing protein (enzyme) biosynthesis. 
Apparently the protein produced is re- 
lated to the tissue source of the RNA 
(1). If mouse ascites tumor cells are 
treated with liver RNA, the cells syn- 
thesize serum albumin (2), glucose-6- 
phosphatase, tryptophan pyrrolase (3), 
catalase, and cysteine desulfurase (4). 
The acquisition of newly synthesized 
glucose-6-phosphatase was first shown 
by an increased enzyme activity of the 
homogenates as measured by the re- 
lease of phosphate determined by a 
slightly modified method of Cori and 
Cori (5). This procedure was later 
replaced by the measurement of glucose 
with an improved glucostat method 
(reagents purchased from Worthington 
Company). 

Imsande and Ephrussi (6) reported 
that under their conditions the gluco- 
stat method was inadequate for the 
assay of glucose-6-phosphatase activity 
in Ehrlich ascites tumor cells. Their 
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RNA (Table 1). Adsorption of phage 
must therefore be clearly differentiated 
from the process of RNA injection. 
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conclusion was based on: (i) the in- 
sensitivity of the method to low concen- 
trations of glucose; (ii) the presence 
of peroxidase inhibitor in ascites cell 
homogenates which interferes with the 
assay. They also suggested that the 
activity of ascites cell homogenates 
might be due to an acid phosphatase 
rather than to glucose phosphatase. 

In view of the report of Imsande and 
Ephrussi, I have reexamined the ade- 
quacy of my technique for measure- 
ment of glucose-6-phosphatase activity. 
First the sensitivity of the glucostat 
method was tested with respect to the 
recovery of glucose added to ascites 
cell homogenates; this was accom- 
plished by adding different concentra- 
tions of glucose to Nelson ascites tumor 
cell homogenates and then measur- 
ing the recovery of the added glucose 
in the incubated mixture. The optical 
density at 400 m/A (Table 1) of the re- 
action mixture (column 4) is propor- 
tional to the amount of sugar added 
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Glucose-6-Phosphatase: Reexamination of the 
RNA-Induced Activity in Mouse Ascites Tumor Cells 

Abstract. The glucostat method for the measurement of glucose released by 
glucose-6-phosphatase has been reexamined; it is accurate and sensitive enough 
to measure glucose-6-phosphatase activity in mouse ascites tumor cells. In seven 
different experiments, treatment with RNA from liver led to increases in enzyme 
activity varying between 125 to 200 percent. The activity of induced enzyme 
is optim,um from pH 6 to 6.4. 

Glucose-6-Phosphatase: Reexamination of the 
RNA-Induced Activity in Mouse Ascites Tumor Cells 

Abstract. The glucostat method for the measurement of glucose released by 
glucose-6-phosphatase has been reexamined; it is accurate and sensitive enough 
to measure glucose-6-phosphatase activity in mouse ascites tumor cells. In seven 
different experiments, treatment with RNA from liver led to increases in enzyme 
activity varying between 125 to 200 percent. The activity of induced enzyme 
is optim,um from pH 6 to 6.4. 


