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chains on oxygen binding, it will be necessary to study the 
purified cross-linked species. 

Within the p cleft of deoxyhemoglobin the distances between 
pairs of amino groups on opposite /3 chains are as follows 
(Arnone, 1972; Benesch et al., 1975): Lys-82-Lys-82, 8.1 
A; Lys-82-Val-1, 11 A; Val-l-.Val-l, 18 A. In oxy- 
hemoglobin, the first two spans are shorter. From molecular 
models we estimate the following distances between N atoms 
attached to opposite ends of fully extended dicarboxylic acids: 

6.8 A; -(O=)C(CH,),C(=O)-, 9.2 A. Comparison of these 
values with the distances between amino groups across the /3 
cleft rules out the possibility of a four-carbon bridge between 
the valine N termini. Of the other two potential sites for 
cross-linking, a Lys-82 - Lys-82 bridge would be favored since 
its span is the shorter one. 

With the disalicyl diesters, it has also been found (Zaugg, 
1978) that longer bridges, for example, with adipate and 
suberate linkages, are not formed when oxyhemoglobin is 
treated with the respective dia~pir ins .~ Evidently the -NH2 
sites most susceptible to cross-linking are spanned best by a 
four-carbon bridge. Clearly, the /3 portal of hemoglobin is 
sharply selective in the structures that have steric access to 
this cavity. This selectivity is an attractive feature in the 
potential use of diaspirins as antisickling agents. 
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Purification of the Messenger Ribonucleic Acid for the 
Lipoprotein of the Escherichia coZi Outer Membranet 

San-San Wang, Robert Pirtle, Irma Pirtle, Michael Small, and Masayori Inouye* 

ANTRACT: The mRNA for the lipoprotein of the Escherichia 
coli outer membrane has been purified to 85% homogeneity. 
The purification procedure involved phenol extraction, NaCl 
extraction, gel filtration on Sephadex G-100 and Sephadex 
G-200, and reversed-phase column chromatography on RPC-5. 
The purity of the final product was estimated to be 85% by 
analysis of the ribonuclease TI  fingerprint of the mRNA. The 
purified mRNA was able to direct the synthesis of cross- 

x e  lipoprotein of the Escherichia coli outer membrane is 
one of the most thoroughly investigated membrane proteins 
of procaryotic organisms [see a review by DiRienzo et al. 
(1978)]. Biosynthesis of the lipoprotein in vivo and in vitro 
has also been investigated [see a review by Inouye (1979)]. 
The mRNA for the lipoprotein has been shown to be highly 
stable (Hirashima & Inouye, 1973; Hirashima et al., 1973). 

From the Department of Biochemistry, State University of New York 
at Stony Brook, Stony Brook, New York 11794. Receiued April 12,1979. 
This research was supported by grants from the National Institutes of 
Health (GM 19043) and the American Cancer Society (BC-67), as well 
as by fellowships from the National Cancer Institute to R.P. (CA 05809) 
and I.P. (CA 09121). 

reactive material with antilipoprotein serum in both the E. coli 
and the wheat germ cell-free protein-synthesizing systems. The 
size of the mRNA was determined to be 8.2 S from its mobility 
in polyacrylamide-agarose gels. During the purification, two 
other RNA species, similar in size to the lipoprotein mRNA, 
were also isolated. Their sizes were determined to be 8.7 and 
9.1 S. They both were inactive in an E. coli cell-free pro- 
tein-synthesizing system. 

Cross-reactive material with antilipoprotein serum was pro- 
duced in the E. coli cell-free protein-synthesizing system 
(Hirashima et al., 1974), as well as in the wheat germ system 
(Wang et al., 1976), directed by the purified mRNA. The 
primary product in the E .  coli cell-free system was found to 
be a precursor of the lipoprotein, prolipoprotein, which has 
20 additional amino acid residues at the amino-terminal end 
of the lipoprotein, and the amino acid sequence of the pro- 
lipoprotein was determined (Inouye et al., 1977). The in vivo 
32P-labeled lipoprotein mRNA has been identified as the 
mRNA which codes for the lipoprotein (Takeishi et al., 1976), 
and the nucleotide sequence of the 5’ end of the mRNA has 
been determined (Pirtle et al., 1978). 
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and 20 pg/mL poly(viny1 sulfate); Eastman) and 900 mL of 
88% phenol (Mallinckrodt AR No. 0025) were added to the 
cells. This mixture was vigorously stirred for 1 h and sub- 
sequently centrifuged at  lOOOOg for 10 min. The aqueous 
phase was collected by aspiration. The phenol phase was 
reextracted with 450 mL of extraction buffer. The two 
aqueous phases were combined and 1/10 volume of 20% 
NaDodS04 and 1/10 volume of 1 M sodium acetate (pH 5.2) 
were added to a final concentration of 2% NaDodS04 and 0.1 
M sodium acetate (pH 5.2). An equal volume of fresh phenol 
was then added to this mixture, and the mixture was vigorously 
stirred at room temperature for 30 min. The aqueous phase 
was collected by centrifugation as above, and 2.5 volumes of 
95% ethanol (Mallinckrodt AR No. 7019) was added to the 
aqueous phase. The RNA was precipitated at  -20 "C over- 
night and collected by centrifugation at  lOOOOg for 30 min. 

( 2 )  NaCl Extraction. The crude RNA precipitate was 
dispersed in 200 mL of 1 M NaCl (Zubay, 1962), and the 
mixture was vigorously stirred for 1 h to dissolve the smaller 
RNA fractions, leaving the 16s and 23s rRNAs as precip- 
itates. The ribosomal RNA precipitate was removed by 
centrifugation at lOOOOg for 10 min. This precipitate was 
reextracted with 100 mL of 1 M NaCl and subsequently 
centrifuged. The combined soluble RNA fractions were 
precipitated by the addition of 2.5 volumes of ethanol and kept 
at -20 "C overnight. 

(3) Gel Filtration on Sephadex G-100. The RNA pre- 
cipitate from the NaCl extraction was collected by centri- 
fugation at 12000g for 30 min and dissolved in 60 mL of 10 
mM NaC1, 10 mM sodium acetate (pH 5.2), 10 mM EDTA, 
and 4 M urea. One-third of this solution was applied to a 4.5 
X 86 em Sephadex G-100 column (40-120 pm; Pharmacia) 
equilibrated with 0.1 M NaC1. The elution was carried out 
with 0.1 M NaCl. The fractions were analyzed spectro- 
photometrically at 260 nm. Appropriate fractions were pooled 
and assayed for mRNA activity in a cell-free system. 

( 4 )  Gel Filtration on Sephadex G-200. The fractions from 
the Sephadex G- 100 columns which had the highest mRNA 
activity were ethanol-precipitated as described above. The 
RNA pellets were redissolved in 12 mL of 10 mM NaC1, 10 
mM sodium acetate (pH 5.2), 10 mM EDTA, and 4 M urea. 
Portions of this solution were applied to a number of 2 X 68 
cm Sephadex G-200 columns in parallel (10-40 pm; Phar- 
macia Superfine) equilibrated with 0.1 M KC1. The elution 
was carried out with 0.1 M KC1 at 4 "C. Fractions were 
analyzed by absorbance readings at 260 nm. The ability of 
the RNA fractions to stimulate the incorporation of [3sS]- 
methionine into C13AcOH-insoluble material was examined 
in the cell-free system. Appropriate fractions from these 
columns were usually pooled and run on smaller Sephadex 
G-200 columns under the same conditions for improved 
resolution. The Sephadex G-200 fractions containing the 
lipoprotein mRNA were precipitated with ethanol and cen- 
trifuged as above. 

( 5 )  Polyacrylamide Gel Electrophoresis. Polyacrylamide 
gel electrophoresis was performed according to the method 
of Peacock & Dingman (1 967). 

Electrophoresis was carried out at 4 "C, using TEB buffer 
(pH 8.3), which consisted of 10.8 g of Tris, 0.93 g of 
Na2EDTA, and 5.5 g of boric acid per L. The RNA samples 
were dissolved in 20 pL (or 200 pL for preparative gels) of 
water and mixed with 5 pL (or 50 pL for preparative gels) 
of TEB buffer (pH 8.3) containing 40% sucrose, 0.1 M EDTA, 
0.1 M NaCl, and 0.1% bromphenol blue (BPB). Before 
application, the samples were heated at 90 "C for 2 min and 

The present study describes the purification of the lipo- 
protein mRNA on a large scale by phenol extraction, NaCl 
extraction, gel filtration on Sephadex G-100 and Sephadex 
G-200, and reversed-phase column chromatography on RPC-5. 
Several other RNA species have also been isolated and 
characterized by gel electrophoresis and protein synthesis 
studies. 

Materials and Methods 
Bacterial Strains. E .  coli K12 JE5519/F506 (aroD lpp' 

man argE lac gal rpsI nalA recAllF506 aroD+ lpp' man') 
(Movva et al., 1978), a merodiploid strain for the structural 
gene of the lipoprotein (lpp), was used. The preincubated S-30 
extract for protein synthesis was prepared from the E. coli 413  
strain (Nirenberg & Matthaei, 1961). 

Growth Conditions. An overnight 4-L subculture of E. coli 
K12 JE5519/F506 was grown in minimal medium (M9; 
Inouye, 1969) supplemented with 0.2 g/L MgS04.7H20, 4 
g /L  mannose, 2.5 mg/L thiamine, and 50 mg/L arginine. 
This was the starting culture for a 150-L culture grown in a 
New Brunswick Scientific Fermatron fermentor at 37 "C. The 
enriched medium for this large-scale culture contained 17.5 
g/L Penassay No. 3 (Difco) and 2.3 g/L yeast extract (Difco), 
in addition to the minimal medium mentioned above. In the 
middle of the exponential phase (about 5 X lo8 cells/mL), the 
culture was chilled to 5 "C within 20 min by using the chilling 
cycle of the fermentor. When the temperature of the culture 
reached 15 "C, chloramphenicol was added to a final con- 
centration of 50 pg/mL. The cells were then harvested at 5 
"C by using a CEPA continuous flow ultracentrifuge, which 
took about 4 h. About 450 g of cells was obtained and quickly 
frozen at -70 "C. The percentage of Man- segregants was 
determined by plating an appropriate dilution of the culture 
on eosin-methylene blue-mannose plates. 

I n  Vitro Protein Synthesis and Immunoprecipitation. 
Cell-free protein synthesis was carried out as previously de- 
scribed (Hirashima et al., 1974), in order to measure the total 
amounts of proteins made by the various RNA fractions during 
the purification procedure. The reaction mixtures of 50 pL 
were incubated at 35 "C for 30 min. The incorporation of 
[35S]methi~nine into hot C1,AcOH-insoluble material was 
measured in 10-pL portions of the reaction mixture. 

To assay the specific activity (counts per minute of 
[35S]lipoprotein produced per microgram of RNA), the 
[35S]methionine-labeled cell-free products were treated with 
antilipoprotein serum as follows (Inouye et al., 1976). The 
reaction mixture (40 pL) of the cell-free system was mixed 
with 0.36 mL of the purified lipoprotein (0.56 mg/mL) in 
0.14% sodium dodecyl sulfate and 0.1 M sodium phosphate 
buffer (pH 7.0). Then 0.1 mL of antilipoprotein serum was 
added to the mixture. The final mixture was incubated 
overnight at 4 "C. The precipitate thus formed was collected 
by centrifugation and washed 3 times with 1.5 mL of 0.01 M 
sodium phosphate buffer (pH 7.0) containing 0.9% NaCl, 0.1 
mM EDTA, and 0.1% sodium dodecyl sulfate. 

One A260 unit is defined as that amount of material which 
when dissolved in 1 mL of solution will produce an absorbance 
of 1.0 in a 1-cm light path at 260 nm. The amount of RNA 
in all experiments in this paper was measured by assuming 
that 20 A260 units is equal to 1 mg of RNA. 

Procedures for Fractionation of the Lipoprotein mRNA. 
All the procedures described below were carried out at  4 "C 
unless otherwise specified. 

(1) Phenol Extraction. The frozen cells (450 g) were broken 
into small pieces. Nine hundred milliliters of extraction buffer 
(5 mM Tris-HC1, pH 7.4, containing 10 mM Mg(CH3C00)2 
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Table I: Summary of Purification of Lipoprotein mRNA 
sp act. 

purification step total RNA (mg) total act. (cpm)a [ (cpm X lO-’)/mg of RNA] lJ 

phenol extraction 1780 4.0 X lo6 (100) 2.2 (1) 
1 M NaCl fractionation 1250 3.4 X lo6 (85) 2.7 (1.2) 
Sephadex Gl 00 column 5 05 3.2 X lo6 (80) 6.3 (2.9) 
Sephadex (3-200 column 49 2.9 X lo6 (72) 59.2 (27) 
band 4 from gel 2.6 1.6 X lo6 (40) 615 (280) 
RPC-5 column (Figure 5A) 0.12 1.2 x l o s  (3) 1000 (454) 

The total activity is the product of the amount of RNA and the specific activity of the RNA. The percent yield is indicated in parenthe- 
ses. lJ The specific activity is defined under Materials and Methods. The numbers in parentheses represent purification-fold. 

quickly cooled. The RNA samples were then fractionated on 
5% polyacrylamide gels for 2.5 h at  150 V. 

The positions of the RNA bands in preparative gels were 
determined by staining a small vertical strip from one side of 
the gel. A thin slice corresponding to each RNA band was 
excised from the slab gel with the aid of the stained gel strip. 
The gel slice (about 0.3 X 12 X 0.3 cm) was frozen at  -70 
“ C  and crushed. These small gel pieces were homogenized 
in a glass homogenizer with 5 mL of 0.4 M NaCl. The 
mixture was then transferred into a small beaker and stirred 
overnight at  5 “C. The supernatant was collected by cen- 
trifugation at  12000g for 10 min. The gel pellet was reex- 
tracted again with 2 mL of 0.4 M NaCl for 2 h. This was 
centrifuged as above. The two resulting supernatants were 
combined and filtered through a 0.45-pm Millipore filter to 
remove fine gel particles. The filtrate was lyophilized to half 
the original volume, and then 1 / 10 volume of 20% potassium 
acetate and 2.5 volumes of 95% ethanol were added to the 
filtrate. The mixture was kept at -20 “C overnight. The RNA 
precipitate thus formed was collected by centrifugation at  
12000g for 30 min and dissolved in distilled water. Ethanol 
precipitation was repeated, and the final RNA precipitate was 
dissolved in 0.5 mL of water. The specific activities of the 
RNA extracted from these bands were assayed in the cell-free 
system. 

Other Polyacrylamide Gels. For molecular weight de- 
terminations of RNA samples, 3% polyacrylamide-0.5% 
agarose gels were run according to the method of Peacock & 
Dingman (1968). Electrophoresis was carried out on 0.15 X 
15 X 11 cm gels in TEB buffer (pH 8.3) at 100 V until the 
bromphenol blue dye marker was about 1 cm from the bottom 
of the gel. Gels were stained in 0.2% methylene blue in 1 N 
acetic acid for 10 min and then destained with running water 
for 2 h. In order to assess the purity and quality of the RNA 
samples during the various stages of purification, 5% poly- 
acrylamide gels (0.15 X 15 X 11 cm) were done (Peacock & 
Dingman, 1967) for 2.5 h at  150 V.  These gels were stained 
and destained as above. 

NaDodS04 slab gel electrophoresis of the protein products 
from cell-free synthesis was carried out by using 17.5% po- 
lyacrylamide gels according to the method of Anderson et al. 
(1973). After gel electrophoresis, the gel was dried by using 
a Hoefer slab gel dryer. For autofluorography (Bonner & 
Laskey, 1974) Kodak BB-5 X-ray film was used. 

Reuersed-Phase Chromatography. The RPC-5 (Plaskon) 
reversed-phase support (a gift from Dr. Bernard Dudock) was 
coated with Adogen 464 (trialkylmethylammonium chloride) 
by method C of Pearson et al. (1971). High-pressure 
chromatography columns were from Glenco (Houston, TX). 
A Milton Roy minipump with a maximum pressure rating of 
5000 psig was used to generate the flow rate. The 
mRNA-containing fractions from the Sephadex G-200 col- 
umns were precipitated as described above, and the residual 
ethanol was removed by lyophilization over Pz05. The lyo- 

philized sample was dissolved in 300-400 pL of T M  buffer 
containing 50 mM Tris-HC1 (pH 7.3), 10 mM MgC12, and 
0.4 M NaCl (Kelmers et al., 1974) and applied to a 0.9 X 90 
cm RPC-5 column equilibrated in the same buffer. A linear 
0.4-1.1 M NaCl gradient was used for elution. To measure 
the activity of the mRNA containing fractions in the cell-free 
system, a portion of appropriate fractions containing 1 pg of 
RNA was removed, mixed with 10 pug of E .  coli B carrier 
tRNA, and precipitated twice by the addition of 1/10 volume 
of 20% potassium acetate (pH 5.2) and 2.5 volumes of ethanol. 
The fractions exhibiting the highest protein synthesis activity 
were pooled and precipitated. 

For further purification, the lipoprotein mRNA fraction was 
applied to a 0.6 X 60 cm RPC-5 column and run under es- 
sentially the same conditions as the larger column. 

Estimation of Purity of Lipoprotein mRNA by Two-Di- 
mensional Electrophoresis-Homochromatography. The 
fragments produced by ribonuclease T, and alkaline phos- 
phatase digestion (Brownlee, 1972) of the highly purified 
mRNA from the RPC-5 column were labeled at  their 5’ 
termini with [y3*P]ATP and polynucleotide kinase (Simsek 
et al., 1973; Gillum et al., 1975) and “fingerprinted” by 
two-dimensional electrophoresis-homochromatography as 
described elsewhere (Takeishi et al., 1976). Comparison of 
the radioactivity of oligonucleotides derived from the lipo- 
protein mRNA and that of fragments of comparable chain 
length derived from impurities from other RNAs was used to 
estimate the purity of the lipoprotein mRNA. 

Results 
Purification Procedures. About 1.8 g of crude RNA was 

isolated by phenol deproteinization and ethanol precipitation. 
During the extraction of the E .  coli cells in aqueous phenol, 
tRNA, 5 s  RNA, and a number of smaller RNAs are leached 
out through the cell wall, while DNA and a good deal of the 
high molecular weight RNAs are retained inside (Monier et 
al., 1960). Thus, the lipoprotein mRNA is actually extracted 
from the cell suspension by using preparation procedures 
previously used for tRNA (Zubay, 1962). 

The second stage of extraction (NaC1 extraction) removed 
a considerable amount of ribosomal RNAs and other RNAs 
of large molecular weights which would cause loading problems 
(due to viscosity) and poor resolution during gel filtration on 
the Sephadex G-100 columns. About 1.3 g of crude RNA was 
recovered after the NaCl extraction (Table I), but the specific 
activity for the lipoprotein mRNA did not increase signifi- 
cantly, as measured in the cell-free system. 

The next stages of purification involved the fractionation 
of the NaC1-extracted RNA by gel filtration on Sephadex 
G- 100, running the NaC1-extracted RNA on several columns 
in parallel. Figure 1 shows the elution profile of a typical 
Sephadex G-100 column. The three major peaks of absor- 
bance at 260 nm were pooled into portions P1, P2, and P3, 
as shown in Figure 1. It was found that only the P1 fraction 
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FIGURE 1: Fractionation of RNA by gel filtration on Sephadex G-100. 
A portion of the ethanol-precipitated supernatant obtained by NaCl 
fractionation, containing about 8000 A, units (403 mg), was dissolved 
in 10 mM sodium acetate (pH 5.21, IO mM NaCI, I O  mM Na,EDTA, 
and 4 M urea and applied to a Sephadex G-100 column (4.5 X 86 
cm) equilibrated in 0.1 M NaCI. Fractions of about I2 mL were 
collected at a flow rate of 30 mL/h. The absorbance (at 260 nm) 
of 1/100 dilutions of the fractions was measured, and the A, reading 
per milliliter of the fractions was calculated. The two major fractions 
(indicated by the solid lines as PI and P2) were p l e d  and etha- 
nol-precipitated. The P3 fractions were discarded. 

had mRNA activity in the cell-free system, indicative of the 
presence of mRNA (data not shown). When the P2 and P3 
fractions were further analyzed by 5% polyacrylamide gels, 
the P2 fraction mainly contained 5s and 6 s  RNAs and the 
P3 fraction contained 4 s  R N A  (data not shown). In this 
particular gel filtration on Sephadex G-100, the recovery of 
Amabsorbing material was essentially 100%. The percentages 
of the P1, P2, and P3 fractions were 36, IO, and 54%. re- 
spectively. Thus, RNAs of smaller molecular weights were 
separated from the P I  fraction which contained mRNA as 
assayed by cell-free synthesis, and the specific activity of the 
mRNA was greatly enhanced, without any loss of mRNA at  
this stage of purification (Table I). 

The R N A  from the PI fractions was ethanol-precipitated 
and dissolved as described under Materials and Methods for 
application to Sephadex G-200 columns for further frac- 
tionation. A typical fractionation profile of the PI fraction 
on a Sephadex G-200 column is shown in Figure 2. About 
85% of the PI fraction applied to the Sephadex (3-200 column 
appeared in the void volume (SF-I), and about 15% of the total 
R N A  was recovered as a broad peak (SF-2) after the void 
volume. When the ability of the R N A  fractions to stimulate 
the incorporation of [3SS]methionine into the hot trichloroacetic 
acid insoluble material in the cell-free system was examined 
(see Figure 2). it was found that the R N A  from the SF-2 
fraction had much higher mRNA activity than the RNA from 
the SF-I fraction. The RNA fractions from the Sephadex 
G-200 columns were pooled into two portions, SF-1 and SF-2, 
as shown in Figure 2. The cell-free products directed by these 
fractions were examined immunologically with antilipoprotein 
serum. About 20% of the total products directed by the SF-2 
fraction was recovered by immunoprecipitation, in contrast 
to 3% hy the SF-1 fractions. Therefore, it was concluded that 
the SF-2 fractions contained the lipoprotein mRNA. The 
specific activity as measured by the cell-free protein synthesis 
system increased about IO-fold over the previous step (Table 
1). 

When the SF-I and SF-2 fractions from the Sephadex 
G-200 columns were analyzed by polyacrylamide gel elec- 
trophoresis, followed by staining with methylene blue, they 
contained a number of distinct hands, as shown in Figure 3. 
In order to examine which band in the SF-2 R N A  fractions 
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FIGURE 2: Fractionation of RNA by gel filtration on Sephadex G-200. 
About 750 Am units (37.5 mg) of the ethanol-precipitated PI fractions 
from one of the Sephadex G-100 columns was dissolved in 3.0 mL 
of IO mM sodium acetate (pH 5.2), 10 mM NaCI, IO mM Na2EDTA, 
and 4 M urea and applied to a Sephadex G-2W column (2 X 68 cm). 
Fractions of 3.5 mL were collected at a flow rate of 5 mL/h. The 
absorbances (at 260 nm) of l /100 dilutions of the fractions were 
measured, and the Ala reading per milliliter of the fractions was 
calculated. For assaying the mRNA activity, 20 pL of the fractions 
was used to measure the radioactivity of [%]methionine incorporated 
into CI,AcOH-insoluble material in a cell-free system. Fractions SF-I 
and fractions SPZ were p l e d  and ethanol-precipitated, as indicated 
by the solid lines. 
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FIGURE 3: Slab gel electrophoresis of RNA fractions SF-I and SF-2 
from gel filtration on Sephadex G-200. The gel was prepared by 
layering a 3% stacking gel (0.15 X 11 X 2 cm) on top of a 5% gel 
(0.15 X 11 X IO cm). Electrophoresis was camed out in TEB buffer 
(pH 8.3) at 150 V for 2.5 h at rcom temperature. The RNA samples 
were dissolved in 20 pL of TEB buffer (pH 8.3) containing 40% 
sucrose, 0.1 M EDTA, 0.1 M NaCI, and 0.1% BPB. The samples 
are as follows: (A) 16 pg of SF-2; (B) 60 pg of SF-1. 

corresponds to the lipoprotein mRNA, we extracted RNAs 
from bands 1-5 of the gel, and the mRNA activity of each 
band was examined. It was found that hand 4 had the highest 
mRNA activity, as shown in Figure 4. 

In order to preparatively purify the R N A  in hand 4, we 
applied 1.5 mg of the SF-2 RNA fraction to a 5% poly- 
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FIGURE 4: Messenger R N A  activity of R N A  fractions from SF-2. 
About 300 pg of the SF-2 fraction was applied to a 5% polyacrylamide 
gel (0.3 X 6 X 11 cm), and electrophoresis was carried out at 150 
V for 2.5 h at 4 "C. Bands corresponding to bands 1-5 in Figure 
3 were then extracted from the gel as described under Materials and 
Methods. Incorporation of [35S]methionine into hot CI3AcOH-in- 
soluble material was measured in the E. coli cell-free system, directed 
by R N A  from the following sources: (A) SF-2; (X)  band 1;  (a) 
band 2; (0) band 3; (0) band 4; (A) band 5. 

acrylamide gel (0.3 X 15 X 11 cm), and the electrophoresis 
was carried out as described under Materials and Methods. 
About 0.08 mg of band 4 R N A  was recovered from the gel. 
When the purity of the band 4 R N A  was examined by 
polyacrylamide gel electrophoresis, it still contained small 
amounts of bands 3 and 5 R N A  as shown in Figure 3. 
However, the specific activity of the lipoprotein mRNA in- 
creased about 10-fold over the Sephadex G-200 step (data not 
shown). The purity of the band 4 RNA from the 5% gel was 
on the order of 30% as estimated from examination of the 
two-dimensional electrophoresis-homochromatography fin- 
gerprint (not shown, similar to Figure sa)  of the in vitro 
[ 5 - 3 2 P ] ~ l i g ~ n u c l e ~ t i d e ~  from a ribonuclease T1 and alkaline 
phosphatase digest of the band 4 RNA. 

Purification by RPC-5 Column Chromatography. A 
further purification of band 4 R N A  from another 5% 
acrylamide gel by reversed-phase chromatography on RPC-5 
is shown in Figure 5A. The band 4 RNA fraction extracted 
from the gel (1  80 pg) was dissolved in 300 pL of T M  buffer 
(Kelmers et al., 1974) and applied to the RPC-5 column. As 
shown in Figure 5A, three peaks were eluted from the column. 
The mRNA activities of fractions A-C (as indicated by the 
arrows in Figure 5A) were examined in the cell-free system. 
The results indicated that fraction B could direct protein 
synthesis in the cell-free system, while fractions A and C had 
little mRNA activities (see Figure 5B). The specific activity 
of the lipoprotein mRNA at this stage increased about twofold 
over the previous step. To examine the purity of fraction B 
RNA, it was digested with ribonuclease T, and fingerprinted 
by two-dimensional electrophoresis-homochromatography. 
The pattern was almost identical with the one previously 
published for in vivo 32P-labeled lipoprotein mRNA, which 
was purified by completely different procedures (Takeishi et 
al., 1976). This supports our conclusion that fraction B RNA 
is the mRNA for the lipoprotein. From this fingerprint, the 
purity of the lipoprotein mRNA by these procedures was 
determined t o  be 73% (data not shown). At this stage, the 
mRNA had been purified about 450-fold over the crude 
extract (Table I). One can obtain about 120 pg of the RNA 
fraction from 450 g of cells, with about 3% recovery of the 
lipoprotein mRNA. 
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Reversed-phase chromatography of band 4 R N A  from 
polyacrylamide gel electrophoresis. (A) About 180 pg of band 4 from 
the polyacrylamide gel electrophoresis (Figure 3) was dissolved in 
300 pL of T M  buffer (Kelmers et al., 1974) containing 50 mM 
Tris-HCI (pH 7.3), 10 mM MgCI2, and 0.4 M NaCl and applied to 
a RPC-5 column (0.6 X 60 cm) equilibrated with TM buffer. A linear 
0.4-1.1 M NaCl gradient was used for the elution at room tem- 
perature. Fractions of 1 mL were collected at  a flow rate of 0.5 
mL/min. The three fractions (A-C, as indicated by the arrows) were 
pooled and analyzed for mRNA activity in the cell-free system. The 
R N A  from the peak tube from fraction B was fingerprinted by 
two-dimensional electrophoresis-homochromatography. (B) Mes- 
senger R N A  activity of the R N A  fractions from the reversed-phase 
column chromatography. The RNA fractions A-C from Figure 5A 
were pooled and dialyzed against 1 L of distilled water overnight. 
Incorporation of [3H]leucine into hot C13AcOH-insoluble material 
in the cell-free system directed by various amounts of each R N A  
fraction was measured: (A) fraction A; ( X )  fraction B; (0) fraction 
C. 

Isolating large amounts of mRNA from a polyacrylamide 
gel, followed by chromatography on a small RPC-5 column, 
proved to be laborious, since the amount of material from the 
SF-2 fraction of the Sephadex G-200 column which could be 
applied to the gel was small in comparison with the amount 
of SF-2 R N A  which had to be processed. W e  attempted to 
develop a new purification procedure using only reversed-phase 
chromatography on RPC-5 after the Sephadex G-200 columns. 
In a typical experiment, about 100 units (5 mg) of the 
mRNA-containing fraction (SF-2) was dissolved in T M  buffer 
and applied to a 0.9 X 90 cm RPC-5 column. As shown in 
Figure 6B, the SF-2 fraction was separated into a number of 
peaks. In order to measure the mRNA activity, an aliquot 
containing 1 pg of RNA was removed from each fraction and 
mixed with 1 pL of 10 mg/mL E .  coli B carrier tRNA, and 
the RNA was then precipitated by the addition of 1 / 10 volume 
of 20% potassium acetate (pH 5.2) and 2.5 volumes of ethanol. 
Thus, the mRNA activity of each fraction was obtained and 
its profile is shown in Figure 6A. It is clearly seen that 
fractions 114-122 have the highest specific activities. These 
R N A  fractions eluted a t  approximately the same NaCl 
concentration as in vivo 32P-labeled lipoprotein mRNA run 
on a smaller column under the same gradient conditions and 
about the same NaCl concentration as fraction B in Figure 
5A. The tubes in this fraction were pooled, ethanol-precip- 
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FIGURE 6 Isolation of lipoprotein mRNA by reversed-phase chro- 
matography on RPC-5. About 80 Am units (4 mg) of the SF-2 
fraction from one of the Sephadex G-200 wlumns was dissolved in 
250 pL of TM buffer (pH 7.3) and applied to a RPC-5 column (0.9 
X 90 cm) equilibrated in TM buffer and eluted by a linear 0.4-1.1 
M NaCl gradient at rwm temperature as shown in (8). Fractions 
of 1.7 mL were collected at a flow rate of 30 mL/h. Cell-free protein 
synthesis was carried out in 25 pL of the reaction mixture at the RNA 
wncentration of 2 pg/mL for each fraction. The hot CI'AcOH- 
insoluble radioactive material was then plotted in (A). The fractions 
were p l e d  as indicated by the arrow in (B). The p l e d  fractions 
were further purified on a smaller (0.6 X 60 cm) R E - 5  column run 
under the same conditions as shown in the inset, (C). The fractions 
were p l e d  as indicated by the arrow in (C). 

itated, and applied to a smaller (0.6 X 60 an) RPC-5 column 
for further purification. As shown in Figure 6C, a major peak 
appeared at about the same NaCl concentration as shown in 
Figure 6B, and the fractions in this peak were shown to have 
the highest mRNA activity (data not shown). 

Identification of the Lipoprotein mRNA. The R N A  
fraction thus purified was deduced to be the lipoprotein mRNA 
from the following reasons. (a) The R N A  could direct the 
production of cross-reactive material against antilipoprotein 
serum in the E. coli cell-free protein synthesizing system and 
had the highest specific activity among any R N A  fractions 
in the purification procedure (Table I). (b) Figure 7 indicates 
that the nonradioactive band 4 R N A  has the same electro- 
phoretic mobility as the in vivo 12P-labeled mRNA isolated 
as described previously (Takeishi et al., 1976). Furthermore, 
peak B of the RPC-5 column in Figure 5A has the same 
mobility as the band 4 RNA, as well as in vivo I2P-labeled 
mRNA. (c) The most critical identification was carried out 
by fingerprinting by two-dimensional electrophoresis-ho- 
mochromatography of ribonuclease TI fragments of the pu- 
rified RNA, as shown in Figure 8a. This autoradiogram is 
essentially identical with that obtained for the in vivo 32P- 
labeled lipoprotein mRNA, shown in Figure 8b. The in vivo 
'zP-labeled lipoprotein mRNA was identified as the lipoprotein 
mRNA by nucleotide sequence analysis (Takeishi et al., 1976). 
The purity of the final mRNA fraction from the RPC-5 
column (Figure 6C) was estimated to be 85% by assuming that 
the radioactivity of minor spots was due to contaminating 
oligonucleotides. It should be noted that minor changes 
occurred in the mobilities of certain fragments such as the 
slight upward shifts of some fragments on the right side of the 
in vitro labeled ribonuclease TI  fingerprint (Figure 8a) as 
compared to the in vivo labeled ribonuclease TI fingerprint 
(Figure 8b). This perhaps can be attributed to the change 
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FIGURE 7: Fractionation of IipoprOtCin mRNA on 5% polyacrylamide 
gel. About 16 pg of the SF-2 fraction from a Sephadex G-200 dumn 
was applied in slot a of a 5% polyacrylamide gel. About 8 pg of 
nonradioactive band 4 RNA, extracted from a polyacrylamide slab 
gel made of a 3% stacking gel (0.3 X 13 X 2 cm) layered on top of 
a 5% gel (0.3 X 13 X 19 an), was applied in sloth. In vivo '2P-hbeled 
lipoprotein mRNA, isolated as described by Takeishi et al. (1976), 
was applied in slot c. Electrophoresis was carried out in TEB buffer 
(pH 8.3) at 150 V fa 2.5 h at room temperature. Lanes a and h were 
sliced from the gel and stained with methylene blue while lane c was 
placed in autoradiography using Kodak BE5 X-ray film. The stained 
and dried portion of the gel was matched with the corresponding 
autoradiogram. 

FIOURE 8: Identification and estimation of purity of the lipoprotein 
mRNA. A ribonuclease TI digest of the mRNA from the RPC-5 
column shown in Figure 6C was labeled with 'lP and fractionated 
by two-dimensional electmphoreskhomcchromatography as indicated 
under Materials and Methods. First dimension: electrophoresis on 
cellulose acetate in 5% acetic acid, 5 mM EDTA, and 7 M urea (pH 
3.5). Second dimension: homochromatography on DEAE-cellulose 
at pH 7 and 60 OC (Sanger et al., 1973). (a) Autoradiogram of the 
fingerprint of [5'-'2P]oligonuclwtides from a ribonuclease TI digest 
of the mRNA, (b) autoradiogram of the fmgerprint of oligonuclmtides 
from a ribonuclease T, digest of in vivo '?-labeled lipoprotein mRNA, 
isolated as described by Takeishi et al. (1976). The purity of the 
mRNA was estimated as described by Takeishi et al. (1976). 

from a 3'-phosphate group in the in vivo labeled fragments 
to a 5'-phasphate group in the in vitro labeled fragments. The 
streaking at the top of Figure 8a is due to the presence of the 
[-pI2P]ATP-derived artifacts. 

The size of the lipoprotein mRNA was estimated to be about 
8.2 S or about 350 nucleotides by compring its electrophoraic 
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FIGURE 9: Determination of the molecular weight of the lipoprotein 
mRNA. Electrophoresis of 4S, 5S, and 16s RNAs and the lipoprotein 
mRNA was carried out on a gel containing 3% polyacrylamide and 
0.5% agarose. Electrophoretic mobilities of these RNAs were de- 
termined after staining the gel with methylene blue. The S values 
and the number of nucleotides of 4S, 5% and 16s RNAs were plotted 
against their mobilities on the gel. The arrow in the figure indicated 
the mobility of the lipoprotein mRNA on the gel. 

mobility with that of the electrophoretic mobilities of E. coli 
4S, 5S, and 16s  RNAs on a 3% polyacrylamide-0.5% agarose 
gel and plotting electrophoretic mobility vs. S value, as shown 
in Figure 9. 

Other RNA Fractions. The two major RNA fractions from 
bands 1 and 2 of the SF-2 R N A  from the Sephadex G-200 
column (see Figure 3) were also isolated as single bands by 
gel electrophoresis (data not shown). However, neither of them 
had mRNA activity in the E. coli cell-free system. Their sizes 
were estimated by polyacrylamideagarose gel electrophoresis 
to be about 9.1 S (440 nucleotides) and 8.7 S (400 nucleotides) 
for band 1 and band 2 RNAs, respectively. 

In contrast, RNAs extracted from bands IO and 12 (Figure 
3) showed significant mRNA activity as they were able to 
direct protein synthesis in the E. coli cell-free system. Figure 
IO shows the autoradiogram of the NaDodS04-polyacryl- 
amide gel electrophoresis of the 3SS-labeled products directed 
by the RNAs from band 10 and band 12 in the cell-free 
system. Several distinct bands can be seen in Figure IO. The 
major polypeptide (band d) produced in both cases migrated 
at the same position as the prolipoprotein (Inouye et al., 1977). 
However, neither polypeptide was cross-reactive with lipo- 
protein antiserum, and [3H]proline (which could not be in- 
corporated into the prolipoprotein) was incorporated into these 
protein products. Furthermore, when these products were 
analyzed in a different NaDodSOl gel electrophoresis system 
using IO mM sodium phosphate buffer (pH 7.1) containing 
0.5% NaDodSO, (Inouye & Pardee, 1970), both products 
migrated faster than the prolipoprotein (data not shown). 
These results indicate that the RNAs in bands IO and 12 can 
direct the production of polypeptides which are distinctly 
different from the prolipoprotein. It is not known at present 
if the polypeptide in band d (directed by band 10 RNA) is 
the same as that directed by band 12 RNA. The band IO 
RNA fraction appears to contain several mRNAs since several 
other protein products (hands a-c in Figure 10) are also 
produced. The apparent molecular weights of these poly- 
peptides were estimated to he 18 000, 14 500, 11 000, and 
10000 for bands a, b, c, and d, respectively. 

Discussion 
The lipoprotein mRNA is the first biologically active 

mRNA purified from E. coli cells. The mRNA appears to 
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FIGURE IO: NaDcdSO,-pIyacrylamide gel electrophoresis of cell-free 
products obtained by protein synthesis. Bands IO and 12 from the 
gel in Figure 3 were used to synthesize protein products. After 
incubation at 35 OC for 30 min. 2 mL of cold 5% trichloroacetic acid 
was added to the reaction mixture (50 pL), and the mixture was 
incubated in a boiling water bath for 15 min. The CI&OH-insoluble 
material was then washed twice with 2 mL of etheralmhol (I:1) and 
twice with 2 mL of ether. The pellet was dried with an air stream 
and dissolved in 0.1 mL of IO mM sodium phosphate buffer (pH 7.1) 
containing 1% (w/v) NaDodSO,, 10% (v/v) glycerol, and 1% (v/v) 
8-mercaptoethanol (Inouye & Pardee, 1970). The solution was then 
incubated at 70 "C for 20 min. Twenty microliters of each sample 
was applied to the gel. Gel electrophoresis was carried out on a 17.5% 
acrylamide gel (Anderson et al., 1973). (A) Control (minus mRNA); 
(B) prolipoprotein; (C) cell-free products directed by band 12 RNA, 
(D) cell-free products directed by band 10 RNA. 

be monocistronic since 234 nucleotides are required to code 
for prolipoprotein and since the mRNA has recently been 
found to be 322 nucleotides in length (R. Pirtle, I. Pirtle, and 
M. Inouye, unpublished experiments). The lipoprotein mRNA 
also is the first bacterial mRNA to be isolated by reversed- 
phase column chromatography, and this technique could prove 
useful for the isolation of other abundant bacterial mRNAs, 
since the absence of a poly(A) tail does not complicate the 
resolution profiles. 

The nonradioactive RNAs isolated in this paper (bands 1-12 
in Figure 3 and the various peaks from the RPC-5 column in 
Figure 7b) may correspond to some in vivo 32P-labeled RNAs 
observed by Ikemura & Dahlberg (1973) and Takeishi et al. 
(1976) and 10s  RNAs recently identified by Lee et al. (1978). 
In particular, the R N A  from band VI11 of Ikemura & 
Dahlberg (1973) could very well be the lipoprotein mRNA, 
judging from the relative mobilities in the gels. Band IX in 
their paper can be estimated to be about 9 S on the basis of 
the relative mobility in the gel, corresponding to 30WOO 
nucleotides in chain length. Since band 1 and band 2 RNAs 
can be calculated to have about the same S values, it is possible 
that one of these RNAs could correspond to that of band IX 
of Ikemura & Dahlberg (1973). Furthermore, Lee et al. 
(1978) have made an estimate of IO S for a band containing 
two RNAs, roughly estimated to be 500 nucleotides in length. 
It is possible that bands 1 and 2 could correspond to their 10s  
R N A  band, since the S values were measured in entirely 
different polyacrylamide gel systems. Furthermore, band VI 
of Takeishi et al. (1976) also appears to have about the same 
electrophoretic mobility as band 1 and band 2 RNAs in the 
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5% gel system. These RNAs seem to be abundant and stable 
like the lipoprotein mRNA, but their biological function is 
unknown. 

The sequence of the extension peptide at the N-terminal end 
of the prolipoprotein has been determined by using in vitro 
cell-free products directed by the purified mRNA (Inouye et 
al., 1977). This also indicated that the purified mRNA has 
the same biological activity as in the cell. The fact that the 
lipoprotein mRNA can be isolated in reasonably good purity 
and in a reasonable quantity from both gels and RPC-5 
columns further indicates that the lipoprotein mRNA is an 
abundant and stable E.  coli mRNA. The stability of the 
mRNA was demonstrated by Hirashima et al. (1973), who 
showed the functional half-life of the lipoprotein mRNA to 
be 11.5 min, more stable than other E .  coli mRNAs with 
half-lives of 2-4 min. Since the lipoprotein is the most 
abundant protein in the E.  coli cell, it is possible that the 
lipoprotein mRNA is one of the most abundant mRNAs in 
E.  coli. Thus, the lipoprotein mRNA provides an ideal model 
system for the study of the mechanism of biosynthesis and 
assembly of membrane proteins. 
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