Griffin, B. E., Jarman, M., Reese, C. B., Sulston, J. E., and
Trentham, D. R. (1966), Biochemistry 5, 3638.

Henes, C., Krauskopf, M., and Ofengand, J. (1969), Bio-
chemistry 8, 3024,

Hussain, Z. (1974), Ph.D. Thesis, University of California,
San Francisco, Calif,

Hussain, Z., and Ofengand, J. (1973), Biochem. Biophys.
Res. Commun. 50, 1143,

Kern, D., Giegé, R., and Ebel, J.-P. (1972), Eur. J. Bio-
chem. 31, 148.

Krauskopf, M., and Ofengand, J. (1971), FEBS (Fed. Eur.
Biochem. Soc) Lett. 15, 111,

Kumar, S. A., Krauskopf, M., and Ofengand, J. (1973), J.
Biol. Chem. 74, 341.

McLaughlin, C. S., and Ingram, V. M. (1965), Biochemis-
try 4, 1448.

Muench, K., and Berg, P. (1966), Proced. Nucleic Acid
Res., 375.

Ofengand, J., and Chen, C.-M. (1972), J. Biol. Chem. 247,
2049.

Ringer, D., and Chladek, S. (1974), Biochem. Biophys.
Res. Commun. 56, 760.

SOPORI er al.

Roe, R., and Dudock, B. (1972), Biochem. Biophys. Res.
Commun. 49, 339.

Roe, R., Sirover, M., and Dudock, B. (1973), Biochemistry
12, 4116.

Siddiqui, M. A. Q., and Ofengand, J. (1971), FEBS (Fed.
Eur. Biochem. Soc.) Lett. 15, 105.

Sonnenbichler, J., Feldmann, H., and Zachau, H. G.
(1965), Hoppe-Seyler’s Z. Physiol. Chem. 341, 249.

Sprinzl, M., and Cramer, F. (1973) Nature (London), New
Biol. 245, 3.

Stern, R., and Littauer, U. Z. (1968), Biochemistry 7,
3469.

Tal, J., Deutscher, M. P., and Littauer, U. Z. (1972), Eur.
J. Biochem. 28, 478.

Thiebe, R., and Zachau, H. G. (1968), Biochem. Biophys.
Res. Commun. 33, 260.

Thiebe, R., and Zachau, H. G. (1970), Biochim. Biophys.
Acta 217, 294.

Tscherne, J. S., Lanks, K. W., Salim, P. D., Grunberger,
D., Cantor, C. R., and Weinstein, I. B. (1973), J. Biol.
Chem. 248, 4052.

Zamecnik, P. C. (1962), Biochem. J. 85, 257.

Affinity Labeling of Escherichia coli Ribosomal Proteins
with an Analog of the Natural Initiator tRNAT

Mohan Sopori,! Maria Pellegrini,§ Peter Lengyel, and Charles R. Cantor*

ABSTRACT: Bromoacetylmethionyl-tRNA™e¢t is an analog
of the peptide chain initiator formylmethionyl-tRNAMet,
Its binding to unwashed 70S Escherichia coli ribosomes is
enhanced 18-fold in the presence of bacteriophage f2 RNA.
f2 RNA does not promote the binding of the analog to salt-
washed ribosomes. This presumably indicates that the pro-
cess requires initiation factors. Addition of alanyl-tRNA, in
the form of an alanyl-tRNA - EF-Tu - GTP complex, to the
reaction mixture containing the analog bound to ribosomes
in the presence of f2 RNA results in the attachment of
about 0.6 mol of alanyl residues/mol of analog attached.
This is taken as evidence for the formation of a substituted
methionylalanyl dipeptide and is the expected result since
alanine is the second amino acid in the coat protein trans-

The determination of the location within the ribosome
and function in protein synthesis of particular ribosomal
proteins is under way. One of the approaches to this prob-
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lated from f2 RNA in vitro. About 5% of the labeled ana-
log and of the labeled alanyl residues were found to be cov-
alently linked to 50S proteins. One protein, 1.2, contained
four times as much covalently attached label as any other
50S protein. In another experiment in which only the la-
beled analog was bound to ribosomes L2 again was the most
heavily labeled. A smaller amount of label was attached to
L27. In the absence of f2 RNA or 30S subunits only 5% as
much analog became linked to 50S proteins as in a com-
plete system. These results are in line with earlier conclu-
sions from experiments with poly(uridylic acid) and a phe-
nylalanyl-tRNA analog. They both indicate that L2 and
perhaps L27 may be part of the peptidyl-tRNA binding site
(P site) of the 50S subunit or are at least close to this site.

lem is based on affinity labeling. This involves the use of
certain analogs of substrates or inhibitors of reactions oc-
curring on the ribosome. Such a substrate analog carries a
chemically reactive group. Upon binding of the analog to
the ribosome the reactive group is potentially able to form a
covalent linkage between the analog and particular ribo-
somal components. Any ribosomal component which reacts
with the analog can then be identified. If other explanations
can be ruled out, it is assumed that such a ribosomal com-
ponent is part of the binding site or is located close to the
binding site of the substrate. The validity of this assumption
is greatly supported if it can be shown that the substrate an-
alog functions correctly after it has been linked covalently
to the ribosome.



AFFINITY LABELED RIBOSOMES

One of the compounds which has been used for affinity
labeling of ribosomal components is BrAcPhe-tRNA, an
analog of peptidyl-tRNA (Pellegrini et al, 1972). This
compound has been found to become covalently linked
mainly to the L2 and L27 proteins of the large ribosomal
subunit in the presence of poly(uridylic acid) (Oen et al.,
1973). BrAcPhe-tRNA was found to participate in peptide
linkage formation with Phe-tRNA and with the antibiotic
puromycin. The products of these reactions have not been
identified. These results were taken to indicate that
BrAcPhe-tRNA can function similarly to normal peptidyl-
tRNA and that the proteins L2 and 127 are part of (or are
at least located close to) the peptidyl-tRNA binding site of
the large ribosomal subunit.

Many of the affinity labeling experiments in the past
were performed with Phe-tRNA.analogs and the synthetic
homopolymer poly(uridylic acid) (Oen et al., 1973; Czerni-
lofsky et al., 1974; Bispink and Matthaei, 1973; Bochkare-
va et al., 1971). This is an artificial system in which trans-
lation occurs without proper peptide chain initiation. In this
communication we report experiments with affinity labeling
in which a natural mRNA (f2 bacteriophage RNA) and an
analog of the natural chain initiator tRNA (BrAcMet-
tRNAMet) were used.

Experimental Section

Published procedures were used for preparing elongation
factor Tu (EF-Tu, previously designated as S5, apparently a
homogeneous protein), elongation factor Ts (EF-Ts, pre-
viously designated as S;, “purified peak S;”’) from Bacillus
stearothermophilus (Beaud and Lengyel, 1971), f2 bacter-
iophage RNA (Eoyang and August, 1968; Gupta et al,
1970), [*HJAla-tRNA, ribosomes (Gupta et al., 1971),
and salt-washed ribosomes (i.e., ribosdmes washed in a so-
lution of high ionic strength to remove initiation and elon-
gation factors (Nishizuka and Lipmann, 1966). [33S]Met-
tRNAMet and [3H]Met-tRNAMet were prepared by
charging purified tRNA™¢t on Escherichia coli (a gift of
A. D. Kelmers, Oak Ridge National Laboratory) using an
aminoacyl-tRNA synthetase preparation purified by frac-
tionation on DEAE-cellulose (Muench and Berg, 1966).

Preparation of Derivatives of Met-tRNA/Met. [35S]Met-
tRNAMet and [SH]Met-tRNAMet were prepared by
charging purified tRNAMet from E. coli (a gift of A. D.
Kelmers, Oak Ridge National Laboratory) using an ami-
noacyl-tRNA synthetase preparation purified by fraction-
ation on DEAE-cellulose (Muench and Berg, 1966). The
tRNA was 85-100% aminoacylated. N-Acetylation and
N-bromoacetylation of Met-tRNAMet (o give AcMet-
tRNA™Met and BrAcMet-tRNAMet were performed as de-
scribed for Phe-tRNA using the N-hydroxysuccinimide
ester of acetic or bromoacetic acid (Pellegrini et al., 1972).
Met-tRNAMet wag 70% acetylated by this method. The
amount of N-acetylation was determined as previously de-
scribed (Pellegrini et al., 1972). The reaction of the suc-
cinimide esters at positions on the tRNA other than the a-
amino group of methionine was not excluded. However, co-
valent products of the resulting affinity label are detected
by the incorporation of radioactivity into ribosomal pro-
teins. Only the methionine is radioactive. Also, we have ob-
served that the rest of the tRNA molecule is dissociated
from the methionine residue at the time of the final analysis
of the ribosomal proteins (Pellegrini, 1973). The only way
radioactivity could be incorporated into ribosomal compo-
nents is through covalent reaction of the a-bromocarbany!
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moiety attached directly to the methionine residue.

Initiation Complex Preparation. The reaction mixture
(1 ml) contained the following components: 50 mM Tris-Cl
(pH 7.4), 50 mM NH4Cl, 5 mM magnesium acetate, 0.4
mM GTP, 0.56 uM BrAcMet-tRNAMet (unlabeled or la-
beled with [33S]methionine (sp act. 20 Ci/mmol) or [3H]-
methionine (sp act. 2.6 Ci/mmol), 30 4,4 units of ribo-
somes (or salt-washed ribosomes if so indicated), and in
some cases 20 4,60 units of f2 RNA. After incubation at
37° for 40 min the reaction mixture was cooled to 0° and
made 6 mM in 2-mercaptoethanol.

Assay of the Reactivity of the Initiation Complex Prepa-
rations with Puromycin. Initiation complex preparations
(0.075 ml) prepared with BrAcMet-tRNA™Mzet were made 2
mM in puromycin, incubated at 0° for 10 min, and filtered
through Millipore filters. The filters were washed with an
ice cold solution containing 50 mM Tris-Cl (pH 7.4), 50
mM NHCI, 7.5 mM magnesium acetate, and 6 mM 2-mer-
captoethanol, dried, and counted in a toluene based scintil-
lator.

EF-Tu-GTP- Ala-tRNA Complex Preparation. The
reaction mixture (1 ml) contained the following compo-
nents: 50 mM Tris-Cl (pH 7.4), 50 mM NH4Cl, 10 mM
magnesium acetate, 6 mM 2-mercaptoethanol, 0.05 mM
GTP, 8.5 4360 units of Ala-tRNA (sp act. 30.3 Ci/mmol;
carrying 400 pmol of [3H]Ala residues), 40 ug of EF-Tu,
and 40 ug of EF-Ts (needed to regenerate EF-Tu). The
reaction mixture was incubated at 37° for 5 min.

Pretranslocation Complex Preparation. Three volumes
of initiation complex preparation was mixed with 2 vol of
EF-Tu - GTP - Ala-tRNA complex preparation and incu-
bated at 0° for 40 min.

Dissociation of the Pretranslocation Complex Prepara-
tion into Subunits and Separation of the Subunits by Sedi-
mentation through a Sucrose Gradient. The pretransloca-
tion complex preparation (1.25 ml) was dissociated into
subunits by dialyzing it against a solution (2 1.) containing
20 mM Tris-Cl (pH 7.4), 10 mM NHCI, 0.5 mM magne-
sium acetate, and 1mM dithiothreitol at 0° for 12 hr. Dur-
ing this time the dialyzing buffer was changed four times.
The dissociated pretranslocation complex preparation (0.5
ml) was applied to the top of an isokinetic sucrose gradient
(5-20% w/v, total volume 12 ml) (Noll, 1969), prepared in
20 mM Tris-Cl (pH 7.4), 100 mM NH4CI, 0.5 mM magne-
sium acetate, and 1 mM dithiothreitol. The gradient was
centrifuged at 40,000 rpm (180,000g) in the SB 283 rotor
of the IEC B60 ultracentrifuge at 2° for 4.5 hr. After cen-
trifugation the gradient was collected in 0.5-ml fractions.
Aliquots (0.2 ml) of each were counted in Bray’s scintilla-
tion fluid. The fractions in the 50S region and in the 30S re-
gion were pooled for further analysis.

Processing of Pooled 508 Fractions for Two-Dimension-
al Gel Electrophoresis. To the pooled fractions from the
50S region of the sucrose gradient, 10 mg of unlabeled car-
rier 50S subunits (Pellegrini et al., 1972) was added. The
subunits were sedimented by centrifugation at 190,000g for
5 hr and the pellet obtained was resuspended in 0.25 ml of
10 mM Tris-Cl (pH 7.4), 50 mM NH4Cl, 0.25 mM magne-
sium acetate, and 6 mM 2-mercaptoethanol. To this was
added 0.25 ml of an 8 M urea-4 M LiCl solution. The mix-
ture was allowed to stand at 4° for 72 hr. The precipitated
RNA was sedimented by centrifugation at 3000g for 18
min and the supernatant fraction containing ribosomal pro-
teins was dialyzed against 4 M urea at 4° for 4 hr. The solu-
tion (0.5 ml) was supplemented with 100 ug of pancreatic
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ribonuclease and incubated at room temperature for 1 hr.
Thereafter the ribosomal proteins were fractionated by two-
dimensional gel electrophoresis according to the procedure
of Kaltschmidt and Wittmann (1970). The gels were
stained in a solution of 0.01% w/v Coomassie Blue in 10%
trichloroacetic acid {Chrambach ez al, 1967) for 2 hr,
Each protein spot was cut out, and trichloroacetic acid was
removed by extracting the gel pieces with ether. The pieces
were dried in a vacuum oven at 80° overnight. For the dou-
ble label experiment each piece of gel was supplemented
with 0.75 m! of a 30% hydrogen peroxide solution and incu-
bated at 60° for 2 hr. The dissolved gels were counted in
Bray’s scintillation fluid. When labeled proteins contained
only [*H]methionine the corresponding gel pieces were oxi-
dized in a Packard sample oxidizer and counted in Perma-
fluor II (Packard). One-dimensional gel electrophoresis was
performed as previously described (Pellegrini et a/., 1972:
Fogel and Sypherd, 1968). Identical protein samples were
electrophoresed on duplicate gels. One gel was stained in
10% trichloroacetic acid containing 0.01% Coomassie Blue;
the other was immediately sliced into 2-mm slices and each
of these was oxidized in a Packard sample oxidizer. It
should be noted that proteins L26 and L27 coelectrophorese
when analyzed by this one-dimensional gel technique.

Results

BrAcMet-tRNAfMet is g structural analog of the natural
peptide chain initiator fMet-tRNAfMet The functional
analogy between the two compounds is revealed by the fol-
lowing series of observations.

BrAcMet-tRNA™Me¢ Can Substitute for fMet-tRNAMe!
in Initiation Complex Formation. f2 RNA promotes the
binding of BrAcMet-tRNAM™et to ribosomes carrying
bound initiation factors but not to ribosomes from which
the initiation factors had been removed by washing with
salt solutions. The behavior of BrAcMet-tRNA™¢t and
AcMet-tRNA™Met i quite similar (Table I). This indicates
that the reactive bromo group is not causing any drastic in-
terference with tRINA recognition or placement on the ribo-
some. The binding characteristics are similar to those estab-
lished earlier for the binding of fMet-tRNAMet to ribo-
somes (Iwasaki er al., 1968; Anderson er al., 1967). A di-
rect comparison is not possible because 2-mercaptoethanol
had to be absent in our incubation mixtures while it was
present in reported studies with fMet-tRNA™Met,

Eighty per cent of the fMet residues in an initiation com-
plex with f2 RNA can be released from the ribosomes upon
treatment with puromycin (Gupta et @/, 1971). Under the
same conditions 50% of the BrAcMet residues are released
(unpublished data). These results indicated that the bulk of
the BrAcMet-tRNA™M=t residues are apparently correctly
situated at the peptidyl (P) site.

The Initiation Complex Containing BrAcMet-tRN A/Me
Can Be Converted into a Pretranslocation Complex. Under
the proper conditions only one initiation complex is formed
on the f2 RNA molecule. This is formed at the site specify-
ing the initiation of translation of f2 coat protein (Gupta e?
al., 1971). The second amino acid in the coat protein is ala-
nine. When Ala-tRNA (in the form of the Ala-tRNA -
GTP - EF-Tu complex) is added to the initiation complex it
is bound to the ribosome. Subsequently, peptide bond for-
mation takes place and a fMet-Ala-dipeptide is formed
which is not reactive with puromycin, i.e., is located at the
aminoacyl (A) site. The resulting ribosomal complex is des-
ignated as the pretranslocation complex (Gupta er al.,
5434
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TABLE 1: Binding of Analogs of fMet-tRNA ™t to Ribosomes
and Salt-Washed Ribosomes in the Presence and Absence of
f2 RNA.“

pmol of [*H]Met Residue for

BrAc[*H]Met-

Ac[*H]Met-
tRNA Retained tRNA Retained
on Filter on Filter
Initiation complex 5.5 9.0
Initiation complex 0.30 0.09
without f2
Initiation complex 0.36 012

(except with salt-
washed ribosomes)

?The initiation complex was prepared according to the
procedure in the Experimental Section. f2 RNA was omitted
where indicated and either ribosomes or salt-washed ribo-
somes were used as indicated; 0.075-ml aliquots of the
initiation complex were applied to Millipore filters. The
filters were washed with an ice cold solution containing 50
mm Tris-Cl (pH 7.4), 50 mm (NH,)CL, 7.5 mMm magnesium
acetate, and 6 mM 2-mercaptoethanol, dried, and counted in a
toluene based scintillator.

1971).

We examined whether an initiation complex formed with
BrAcMet-tRNAMet would also direct Ala-tRNA binding.
In the course of these experiments we attempted to maxi-
mize the possibility of forming a covalent linkage of the af-
finity label to the ribosomes prior to the addition of Ala-
tRNA and minimize the possibility of the formation of this
linkage after adding Ala-tRNA. Since the analog reacts
with SH groups (free BrAcMet-tRNAMet reacts to com-
pletion at 37° within 40 min with 13 uM cysteine), the initi-
ation complex was formed in a reaction mixture with no
added SH compound. The incubation was performed at 37°
for 40 min. We hoped that these conditions would allow the
affinity analog to form a covalent linkage to properly situat-
ed reactive groups on the ribosome. To diminish the proba-
bility of covalent linkage formation between the affinity an-
alog and ribosomes after the addition of Ala-tRNA the fol-
lowing procedure was followed. The reaction mixture con-
taining the initiation complex was cooled to 0° and supple-
mented with 6 mM mercaptoethanol. Thereafter, the Ala-
tRNA - GTP - EF-Tu complex was added to the reaction
mixture and incubated with it at 0° for 40 min. At these
low temperatures the reaction of free BrAcMet-tRNA™Met
with cysteine is 20 times slower than at 37° (Pellegrini,
1973). Moreover, since the concentration of 2-mercap-
toethanol in the reaction mixture was several thousand-fold
higher than that of the ribsomes any free BrAcMet-
tRNAPMet could have reacted with 2-mercaptoethanol. This
experimental procedure offers a reasonable chance that any
Met residues from BrAcMet-tRNAMMet which are found
covalently attached to ribosomes became covalently linked
to them prior to the binding of Ala-tRNA.

The results in Table 11 reveal that (1) Ala residues (from
an Ala-tRNA - GTP . EF-Tu complex) became attached to
an initiation complex in which BrAcMet-tRNA™Met wag
substituted for fMet-tRNA™et and (2) the amount of Ala
residues bound was diminished by over 80% when the “initi-
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TABLE 11: Dependence on BrAcMet-tRNAMet of the Binding
of Ala-tRNA to Ribosomes in the Presence of f2 RNA.?

Ala-tRNA Retained

on Filter
(pmol of [*H]Ala
Residue)
Pretranslocation complex 5.1
“Pretranslocation complex”’ 0.92

(except without BrAcMet-tRNA fMet

¢The initiation complex was prepared according to the
procedure in the Experimental Section (except that BrAcMet-
tRNA™Met was omitted if so indicated). Both complexes were
converted into pretranslocation complexes according to the
procedure in the Experimental Section. Aliquots (0.125 ml)
of the complexes were applied to Millipore filters. These were
prepared for counting as indicated in Table I.

| o \

355 cpm x 1073 o—o
31 cpm x 1072

@ L L i L

5 10 1% 20 25
Fraction No.

FIGURE 1: Amount of Met and Ala residues bound to separated 508
and 30S subunits of a pretranslocation complex preparation. The com-
plex was prepared with BrAc[>’S]Met-iRNA™¢t and [3H]Ala-tRNA
and was dissociated, and its subunits were separated from each other
according to the procedures described in the Experimental Section.

ation complex” was prepared without BrAcMet-tRNAfMet

The ratio of Ala to Met residues in the resulting pre-
translocation complex was 0.69 (Table III), i.e., similar to
that in a pretranslocation complex containing fMet-
tRNAMet in which it was 0.5 (Gupta et al., 1971). By an-
alogy we assume then that in the pretranslocation complex
prepared with BrAcMet-tRNAfMet the Ala residues were
also in the form of BrAcMet-Ala-tRNAAl,

Covalent Reaction of BrAcMet-tRNA™e Appears to
Occur Mainly with the 508 Subunit. The pretranslocation
complex was dissociated into ribosomal subunits and these
were separated from each other by centrifugation through a
sucrose gradient (Figure 1). Approximately 5% of the net
residues bound in the pretranslocation complex were re-
tained on the 50S subunit and 0.1% on the 30S subunit
(Table IIT). These are first indications that a covalent reac-
tion might have occurred between the BrAcMet-tRNAMet
and the ribosomes. Moreover, in this case over 30 times
more covalent reaction occurred with components of the
508 subunit than with those of the 30S subunit. It should be
noted that in the previous studies in which BrAcPhe-tRNA
was used the same ratio was as low as 4 (Eilat et al., 1974).

The data in Table III reveal that 60% as many Ala resi-
dues were bound to the 50S subunit as Met residues. This

BIOCHEMISTRY, VOL.

TABLE 1i: Amount of Met and Ala Residues in a Pretrans-
location Complex, Bound to the Separated 50S Subunits
(Obtained by Centrifugation of the Dissociated Pretrans-
location Complex through a Sucrose Gradient) and Linked
Covalently to 50S Proteins.®

Pretrans-

location 50S 30S

Complex Subunit Subunit
Met Ala Met Ala Met Ala

(1) pmol of aminoacyl 66.3 45.7 3.3 2.0 0.10 0.08
residues retained

on filters

(2) Ala/Met 0.69 0.61 0.80
50S Subunit Proteins
Met Ala
(3) pmol of aminoacyl 3.1 1.9

residues linked
covalently to

?The pretranslocation complex was prepared with BrAc-
[#*S]Met-tRNAMet  and  [3H]Ala-tRNA, dissociated and
fractionated into 50S and 30S subunit-containing regions by
centrifugation through a sucrose gradient according to pro-
cedures in the Experimental Section. The pooled fractions in
the 50S and 30S regions of the gradient were filtered through
Millipore filters. The filters were prepared for counting as
indicated in the legend to Table I. Proteins of the 50S subunit
were processed as described for two-dimensional gel electro-
phoresis through the treatment with pancreatic ribonuclease
and counted. The picomoles shown are total amounts cal-
culated to be present in a pretranslocation complex prepara-
tion, or in the subunits obtained by dissociating it or in the
50S subunit proteins obtained from the total 50S subunits.
The latter values were corrected for the loss of protein during
the separation of the proteins from the ribosomal RNA.
Total protein was determined by the procedure of Lowry et al.
(1951).

makes it likely that the majority of the covalently linked
product is a dipeptide. Since the amount of labeled Met and
Ala residues bound to the 30S subunits was small, these
were not characterized further.

Analysis of BrAcMet-tRNA™e Reacted 50S Proteins.
50S particles were isolated from BrAcMet-tRNAfMet treat.-
ed 70S ribosomes. Ribosomal proteins and rRNA were sep-
arated by treatment with LiCl-urea as described in the Ex-
perimental Section. Ribosomal RNA contained less than
5% of the total [3H]- or [3°S]Met covalently incorporated
into the ribosome. This was not further characterized. Ri-
bosomal proteins contained the remainder of the covalently
incorporated amino acids as shown in Table III. The pat-
tern of incorporation into individual 50S ribosomal proteins
was analyzed by two-dimensional gel electrophoresis. Re-
sults from ribosomes incubated with BrAc[3H]Met-
tRNAMet alone (Figure 2C) and BrAc[35S]Met-tRNAMet
(Figures 2A,B) followed by enzymatic addition of [*H]Ala-
tRNA are given in Figure 2. The major reaction product in
both cases is clearly protein L2. The relative amount of la-
beling of L2 varies with respect to L26-127 as do the
amounts of labeling of other proteins. A similar variation
has been found for labeling with BrAcPhe-tRNA and it ap-
5435
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FIGURE 2: Amount of Met and Ala residues linked covalently to 50S proteins in initiation complex and pretranslocation complex preparations as
analyzed by polyacrylamide gel electrophoresis in two dimensions: (A) and (B) the pretranslocation complex was prepared according to the proce-
dure in the Experimental Section: the protein sample applied to the gel contained 31,400 cpm of [33S]Met residues and 11,250 cpm of [*H]Ala resi-
dues; (C) the initiation complex was prepared according to the procedure in the Experimental Section. The protein sample applied to the gel con-
tained 33,000 cpm of [*H]Met residues. For further details see the Experimental Section. For the experiments shown in A and B only a small region
of the two-dimensional gel around L27 was cut and counted. Subsequently to these experiments we learned that the alkyfated L.27 protein tends to
spread into neighboring regions in the gels. Thus. it is conceivable that in this experiment we may have detected only part (we estimate from other
experiments about one-third) of the total label present in L27. However, it is clear from the results that this would not alter any of the conclusions
drawn from the experiment. For the experiment in C. .27 was analyzed in a larger region of the gel. This may account. at least in part, for finding a

larger percentage of the total labeling in L27.

pears to be a function of the ribosome preparation used
(Pellegrini et al., 1974). However, the majority of the reac-
tion takes place with L2.

In the standard BrAc[?H]Met-tRNAM™et labeling reac-
tion the only significantly reactive ribosomal component be-
sides protein L2 is protein L26-127. Resolution of radioac-
tive products in the L26-1.27 region of the gel leaves much
to be desired (Czernilofsky et al., 1974; Pellegrini et al.,
1974). Hence, from gel analysis alone, one cannot unequiv-
ocally identify whether the radioactive component is L26,
L27, or both. By analogy to previous work where specific
antisera were used (Czernilofsky er al., 1974) it is likely
that the actual product seen in this region is alkylated £27.
Overall, the labeling pattern seen with BrAc[*H]Met-
tRNAMet i very similar to labeling obtained with
BrAcPhe-tRNA (Oen ¢er al.,, 1973).

For clearer identification of modified proteins, both one-
and two-dimensional gel analyses were performed on the
same sample of 530S proteins labeled with BrAc[?H]Met-
tRNA™et The one-dimensional gel lacks the resolving
power of two-dimensional separating. However, the entire
gel can be conveniently sliced and counted. Therefore, all
radioactive products are sure to be found.

A set of one-dimensional results is shown in Figure 3.
The ratio of [?H]Met incorporated into proteins L2 and
L26-1.27 is identical with that found by two-dimensional
analysis. Therefore, these products represent the only major
sites of radioactive incorporation.
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As seen in Figure 2, the pattern of attachment of
[*H]Ala residues to 530S proteins is similar to that for
[35S]Met. L2 is again the main reaction product. The yield
of dipeptide bound to L2 is 75%, that is, 75% of the Met
residues found covalently attached to this protein were able
to participate in peptide bond transfer to an aminoacyl-
tRNA in the A site.

Proteins labeled to a lesser extent in this dipeptide experi-
ment are L20, L26-1.27, L6, and L.14. Of these proteins
[.26-L27 contains the highest ratio of dipeptide, 75%. This
is comparable to that found in L2. L14 and L20 contain ap-
proximately 50% dipeptide, while L6 has less than 40%.
These results suggest that BrAcMet-tRNA™et that has
reacted with proteins L2 and L26-1.27 is in the best posi-
tion to participate in peptide bond formation and by this
criterion these sites are the most likely to be functionally
significant. The major difference between these results and
those obtained from dipeptide experiments with
BrAc['H]Phe-tRNA and [3H]|Phe-tRNA (Oen er al,
1973; Eilat et al., 1974) is the extent of labeling of proteins
L15-L16. Consistently 25% of the total [3H]Phe incorpo-
rated into ribosomal protein in these experiments is found
with L15-L16. No labeling of L15-L16 is found in the
BrAcMet-tRNAfMet dipeptide experiment. This may be
due to a different binding mode of BrAcPhe-tRNA. It has
been suggested that the 3’-(Ac-AA-CCA) end of bound
peptidyl-tRNA is flexible (Pestka, 1969; Celma er al.,
1971). The Phe residue is very hydrophobic and may well
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FIGURE 3: Amount of Met residues linked covalently to 50S proteins in an initiation complex preparation and in a preparation obtained under con-
ditions of the formation of the initiation complex but with no f2 RNA added. Analysis by polyacrylamide gel electrophoresis in one dimension. The
initiation complex was prepared with BrAc[*H]Met-tRNA™¢t according to the procedures described in the Experimental Section except that 2
RNA was omitted from the preparation if so indicated. The protein sample from the initiation complex applied to the gel contained 10,200 cpm of
{3H]Met residues; that from the complex prepared without f2 RNA contained 1,680 cpm. Gels were stained with Coomassie Brilliant Blue
(Chrambach et al., 1967) and scanned at 650 nm in a Gilford spectrophotometer with a linear transport attachment. Gels to be analyzed for radio-
activity were not stained but were cut into 2 mm thick slices which were oxidized in a Packard sample oxidizer and counted in Permafluor II (Pack-
ard): (1 and 2) the areas of the one-dimensional gel in which proteins L2 and L26-L27 migrate, respectively; (—) Agso; (x-x) picomoles of 3H-
labeled residues (from BrAcMet-tRNAMet) attached to 50S proteins from the initiation complex; YO--O) [*H]Met residues (from BrAcMet-
tRNAMet) attached to 50S proteins from the complex formed in the absence of f2 RNA.

TABLE 1v: Amounts of Met Residues from BrAc[?H]Met-
tRNA™et T inked Covalently to 50S Proteins in an Initiation
Complex, in a Complex Prepared in the Same Way as the
Initiation Complex but without f2 RNA, and in Salt-Washed
50S Subunits Incubated with BrAc[*H]Met-tRNAfMet 2

pmol of [*H]Met residues/mg of
protein retained on filters

Initiation complex 1506

“Initiation complex”’ 218
(withoutf2 RNA)

Salt-washed 50S subunits 82

incubated with
BrAc[*H]Met-tRNAMet

? The initiation complex was prepared with BrAc[*H]Met-
tRNAMet according to the procedure in the Experimental
Section except that f2 RNA was omitted if so indicated.
Salt-washed 50S subunits were prepared according to the
procedure of Pellegrini er al. (1972). The reaction mixture
(0.5 mi) contained 12.5 mg of salt-washed 50S subunits which
were treated with 15 nmol of BrAc[*H]Met-tRNAMet (apn
amount equivalent to that found bound to whole 50S par-
ticles isolated from the “initiation complex™ reaction).
The mixture included 50 um Tris-HCI1 (pH 7.4), 50 um NH,CI,
0.3 mM magnesium acetate, and 6 mM 2-mercaptoethanol.
The components of the reaction mixture were mixed at 4°,
Immediately after adding BrAcMet-tRNA™et 0.5 ml of a
solution containing 4 M LiC! and 8 M urea was added. The
solution was incubated at 4° for 72 hr. The amount of BrAc-
Met-tRNAMet added to the reaction mixture, 17 nmol,
corresponded to that usually found in the standard reaction
mixture at the time of its treatment with the LiCl-urea con-
taining solution. 50S proteins were prepared from the initia-
tion complex and the “initiation complex’” (without f2 RNA)
according to the procedure in the Experimental Section.

bind in a somewhat different way to ribosomal proteins
(Harris er al., 1971; Nathans and Neidle, 1963; Rychlik et
al., 1970).

Since L15-L16 is highly reactive toward A site bound
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BrAcPhe-tRNA, it may be that the different binding made
of BrAcPhe-tRNA in the P site brings it closer to the A site
than BrAcMet-tRNA™et (Eilat e al., 1974). Although the
binding of BrAcPhe-tRNA does not exactly parallel that of
BrAcMet-tRNA™et in this case, the fact that BrAcPhe-
tRNA reacted with L15-L16 can still participate in peptide
formation argues that this binding is functionally signifi-
cant for that system.

Reaction of BrAcMet-tRNA™e Requires Ribosome
Binding and Does Not Take Place with Isolated Ribosomal
Proteins. The dipeptide experiment mentioned above is the
strongest evidence we have that BrAcMet-tRNA reacts
with ribosomes while in a functionally significant site.

A supporting piece of evidence for affinity labeling is the
demonstration that the extent of covalent reaction corre-
lates with the extent of binding. This is usually done by
competition with natural substrate. However, for ribosome
studies, our previous work with BrAcPhe-tRNAPhe indicat-
ed that mRNA dependence of covalent reaction is a more
reliable test than tRNA competition (Pellegrini et al.,
1974). Therefore, the effect of f2 RNA on the covalent in-
corporation of [*H]Met was examined. In the absence of 2
RNA, binding of BrAcMet-tRNAMet is greatly reduced
(see Table I) as is covalent reaction (see Table IV). A com-
parison of the one-dimensional gel labeling patterns of
BrAcMet-tRNA™et in the presence and absence of f,
RNA is given in Figure 3. f2 RNA stimulates the covalent
reaction of BrAcMet-tRNA™™et into particular proteins.
Reaction with L2 is stimulated tenfold. This is comparable
to the stimulation of binding of BrAcMet-tRNA™Met jp the
initiation complex (see Table I). As found with BrAcPhe-
tRNA (Pellegrini et al., 1974), covalent reaction of the af-
finity analog directly parallels binding.

Reaction of BrAcMet-tRNAMet with jsolated S0S sub-
units at the time of protein stripping is negligible (see Table
1V). This strongly suggests that the reaction of BrAcMet-
tRNAMEet during isolation of 50S proteins is most unlikely.
It is certainly not sufficient to account for the results pre-
sented here in Figures 2 and 3.

Discussion

The yield of the covalent reaction of BrAcMet-tRNAMet
with ribosomal proteins in the initiation complex is only 5%
5437
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(Table III). This is comparable to the yield observed pre-
viously with BrAcPhe-tRNA in the presence of poly(uridyl-
ic acid) (Pellegrini et al., 1974). Such low yields raise the
suspicion that covalent reaction could have cccurred either
through a nonspecific reaction or from tRNAs which were
not bound correctly to ribosomes or were bound to nonfunc-
tional ribosomes. The following considerations can be mar-
shalled to dispel this suspicion.

The best evidence for the occurrence of the covalent reac-
tion with BrAcMet-tRNAMet correctly bound at the pepti-
dyl site is the following result. Seventy-five per cent of the
BrAcMet-tRNAMet which was found covalently attached
to L2 reacted with [PH]Ala-tRNA (Figure 2). This means
that the very same tRNA molecules which can covalently
react with ribosomal proteins can also bind correctly at the
peptidyl site. We cannot prove, however, whether covalent
attachment to the ribosome occurred before or after peptide
bond formation. It should be noted, though, that our experi-
mental protocol was designed to maximize the chances of
the covalent reaction prior to peptide bond formation. Thus,
a 40-min incubation of the BrAcMet-tRNA™et ribosome
complex at 37° preceded a 40-min incubation with Ala-
tRNA at 0°. This procedure makes it probable, though not
certain, that the bulk of the peptide bond formation may
have occurred with moieties of BrAcMet-tRNAMet which
were already covalently attached to protein.

The origin of the low yield of the covalent reaction is still
not clear. Possibilities include some destruction of the bro-
moacety! moiety by reaction with any traces of 2-mercap-
toethanol which may have survived our extensive dialysis
procedures or by Tris buffer or even water. Bruton (1969)
has suggested that «-haloacetylmethionyl-tRNA can react
intramolecularly to yield a cyclic sulfinium compound
which might then be incapable of functioning as an affinity
label. Another possibility is a heterogeneity of ribosome
binding modes so that only some fraction of affinity label is
situated within reach of the reactive nucleophiles of ribo-
somal proteins. The two 50S proteins we label (i.e., L2 and
L27) are known to have very reactive sulfhydryls (Moore,
1971; R. R. Crichton, personal communication). However,
S18 and L17 also have very reactive sulfhydryls and these
are not labeled to any significant extent. In addition, the co-
valent reaction we observe is strongly dependent on the
presence not only of the reagent, BrAcMet-tRNA™et but
also on that of the correct messenger RN A and, apparently,
of the initiation factors. These facts make a nonspecific
reaction seem unlikely.

The most reasonable conclusion from these results is that
L2, and probably also L27, lie in the peptidyl site adjacent
to the 3’ end of the initiator peptidyl-tRNA. Whether one
or both of these proteins actually form part of the peptidyl
transferase cannot be stated, but their spatial location in the
ribosome makes this conceivable. The BrAc moiety does not
appear to interfere substantially with the correct placement
of the initiator tRNA analog in the P site of the ribosome.
Neither does it appear to affect the subsequent Ef-Tu and
GTP dependent binding of Ala-tRNA.

After this work was concluded, Hauptmann et al. (1974)
reported similar studies with a different initiator tRNA an-
alog, p- nitrophenylcarbamyl-Met-tRNAM®t They find ini-
tiation factor dependent covalent reaction, although the
ability of the bound product to participate in peptide trans-
fer was not investigated. The main covalent product is pro-
tein L27, which was unequivocally identified by the use of
specific antisera. The difference between our results and
5438
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those of Hauptmann et al. (1974) can probably be ex-
plained most easily by the different chemical specificity of
the two reagents used. BrAc will favor sulfhydryl reaction
while p-nitrocarbamyl will favor amines.

These results add BrAcMet-tRNAMMet tg the list of affin-
ity analogs which have been used successfully to identify ri-
bosomal proteins at or near particular functional sites on
the E. coli ribosome (Czernilofsky et al., 1974; Pongs et
al., 1972, 1973; Sonenberg et al., 1973; Oen et al., 1973).
The functioning of BrAcMet-tRNAM™et in 3 natural mes-
senger-directed system and the good agreement between
these affinity labeling results and those with BrAcPhe-
tRNA support the idea that AcPhe-tRNA (at least at its 3’
end) can bind to 70S ribosomes in a similar, if not identical,
manner to fMet-tRNAM™et These results should encourage
the use of BrAcPhe-tRNA, BrAcMet-tRNAMet and simi-
lar analogs in studies of antibiotic action. Those antibiotics
which are believed to distort the P site or alter peptidyl-
tRNA binding are good candidates for further study.
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Isolation and Properties of Human Plasma a-1-Proteinase

Inhibitor?

Ralph Pannell, David Johnson, and James Travis*

ABSTRACT: Human a-1-proteinase inhibitor has been puri-
fied to homogeneity in excellent yield (60%) by a simple
four-step procedure. The protein has a molecular weight of
53,000 by sedimentation equilibrium centrifugation and
contains four half-cystine residues. The N-terminal has
been identified as either glutamic acid or glutamine. In con-
trast to the results of others, the molecule has only two sial-

Human a-1-proteinase inhibitor («-1-PI),! more com-
monly called a-1-antitrypsin, is a glycoprotein which has
been shown to be responsible for approximately 90% of the
trypsin inhibitory capacity of plasma (Heimburger et al.,
1971). The broad specificity and high concentration of this
protein in plasma and tissue fluids reflect its important role
in preventing tissue proteolysis. The high incidence of
phagocyte mediated proteolysis of lung tissue observed in
some a-1-PI deficient individuals correlates with this func-
tion (Laurell and Eriksson, 1963; Fagerhol, 1972). This has
resulted in an increased interest in both the properties and
function of this protein.

During the past several years many laboratories have
published methods for the isolation of human «-1-PI in var-
ious states of purification (Moll et al., 1958; Bundy and
Mehl, 1959; Schultze et al., 1962; Shamash and Rimon,
1966; Liener et al., 1973; Murthy and Hercz, 1973; Craw-
ford, 1973). Unfortunately, none of the procedures used are
desirable because the isolated inhibitor is obtained either in
low yield or in a partially inactive form.

The isolation of a-1-PI is complicated primarily by two
other plasma proteins, albumin and orosomucoid («-1-acid
glycoprotein). Albumin has the same molecular weight be-

t From the Department of Biochemistry, University of Georgia,
Athens, Georgia 30602. Received August 19,1974. Supported in part
by Research Grant HL-14778 from the National Institutes of Health
and by a grant from the Council for Tobacco Research. One of us
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Health. A preliminary report of the results presented here was given at
the 2nd International Symposium on Proteinase Inhibitors (Bayer
Symposium V), Grosse Ledder, West Germany (1973).

! Abbreviations used are: a-1-PI, o-1-proteinase inhibitor; NP, nor-
mal plasma; SDS, sodium dodecyl sulfate.
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ic acid residues, indicating that differences in charge be-
tween various phenotypes of a-1-proteinase inhibitor cannot
be due solely to differences in sialic acid content. Isoelectric
focussing indicates that the protein is elicitied mainly as
two major isoinhibitors. The protein inhibits 2 mol of tryp-
sin or 2 mol of chymotrypsin, suggesting that it acts as a
“multiheaded inhibitor” with overlapping inhibitory sites.

havior as a-1-PI in gel exclusion chromatography; its ionic
properties, too, mimic those of a-1-PI so closely as to render
them unresolvable by ion exchange chromatography, partic-
ularly with the high proportion of albumin present in plas-
ma. QOrosomucoid is poorly resolved from «-1-PI by disc
electrophoresis (Ornstein, 1964); detection of this impurity
is further obscured since it stains very weakly with conven-
tional protein stains. Contamination with orosomucoid is
also particularly inconvenient for sugar analysis since it
contains some 40% polysaccharide.

Recently, we described a technique for the preparation of
albumin-depleted plasma (Travis and Pannell, 1973). By
using this procedure, together with other conventional steps,
we have succeeded in purifying «-1-PI to homogeneity with
good recovery of inhibitory activity. This report describes
the techniques used for the isolation of the inhibitor as well
as some of the properties of the purified protein.

Experimental Section

Materials

Human plasma was obtained from St. Mary’s Hospital,
Athens, Ga. Sepharose-Blue Dextran was synthesized by
the method of Travis and Pannell {1973). The final product
had a capacity to bind 8 mg of albumin/ml of packed deriv-
ative. Porcine and human trypsins were prepared as pre-
viously described (Travis and Liener, 1965; Travis and
Roberts, 1969). Both trypsin preparations were titrated
with p-nitrophenyl guanidinobenzoate (Chase and Shaw,
1967) to determine the number of active sites. The porcine
and human enzymes were found to have 82.5 and 86.5% ac-
tive sites, respectively. Bovine trypsin, bovine a-chymotryp-
5439
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