
Proc. Nat. Acad. Sci. USA
Vol. 72, No. 3, pp. 844-848, March 1975

Identification of a Ribosomal Protein Essential for Peptidyl
Transferase Activity

(reconstitution/fragment reaction/carboxymethyl-cellulose/lithium chloride split proteins)

VIRGINIA G. MOORE*, ROBERT E. ATCHISON, GEORGE THOMAS, MARK MORANt, AND
HARRY F. NOLLER

Thimann Laboratories, University of California, Santa Cruz, Calif. 95064

Communicated by Harry Beevers, December 19, 1974

ABSTRACT Extraction with 2 M lithium chloride
removes a group of proteins (LiCl SP) from 50S ribosomal
subunits. Both the LiCl SP and the resulting cores, which
contain the remaining proteins as well as 5S and 23S RNA,
lack peptidyl transferase activity, as measured by the
"fragment reaction." Activity can be restored to the
LiCl cores by reconstitution with LiCl SP under conditions
of high temperature and high ionic strength. The LiCl SP
proteins were fractionated by carboxymethyl-cellulose
and Sephadex G-100, and the individual fractions were
tested by this reconstitution system. Of the 18 ribosomal
proteins found in the LiCl SP, only L16 is essential for
reconstitution of peptidyl transferase activity.

The discovery that peptidyl transferase is an integral part of
ribosomal structure was of particular importance in focusing
attention on the ribosome as an active participant in the trans-
lation process (1, 2). Since that time, the view has gradually
emerged that many aspects of protein synthesis, such as trans-
location (3, 4), although mediated by nonribosomal factors,
are intrinsic properties of the ribosome itself.

In order to understand the peptidyl transferase reaction in
terms of simple chemical mechanisms, it is essential to identify
the ribosomal components involved, as well as the extra-
ribosomal ligands with which they interact. Monro and co-
workers have shown that under the conditions of the "frag-
ment reaction," peptide bond formation is not dependent on
the presence of the 30S ribosomal subunit, mRNA, intact
tRNA, supernatant protein factors, or GTP (5). Although
little is known about the identity of the riboso'Mal components
involved in this function, it has been found that removal of a
subset of proteins from the 50S subunit gives rise to inactive,
protein-depleted "core" particles, and that reconstitution of
the split proteins (SP) with the core particles restores activity
(6). The latter observation suggested that one or more pro-
teins that can be easily removed from the 50S subunit are
essential for the peptidyl transferase function and presented
a system that could be used to identify these proteins. An
important step toward a molecular description of peptidyl
transferase is the identification of these essential split protein
components.

Abbreviations: LiCl SP, the split protein fraction obtained from
lithium chloride extraction of 50S ribosomal subunits; LiCl cores,

core particles obtained by the same method; CM-cellulose,
carboxymethyl-cellulose.
* Present address, Dept. of Botany, Univ. of Wyoming, Laramie,
Wyo. 82071.
t Present address, School of Medicine, Univ. of Calif. at Los
Angeles, Los Angeles, Calif. 90024.

Using a partial reconstitution procedure based on lithium
chloride extraction of split proteins from 50S ribosomal sub-
units, we have tested purified split proteins for their ability
to restore activity to the inactive core particles. We report
here that, of the ribosomal proteins found exclusively in the
split fraction, only one of these, L16, is essential for recon-
stitution of peptidyl transferase activity.

MATERIALS AND METHODS

Solutions. Activation buffer contains 5 mM Tris HCl
(pH 7.5), 5 mM MgCl2, and 50 mM NH4Cl. SP buffer
contains 0.4 M NH4Cl, 20 mM Tris-HCl (pH 7.5), and 10
mM 1\IgCl2. Reconstitution buffer contains 0.35 M NH4Cl,
20 mM Tris HCl (pH 7.5), 20 mM MgCl2, 2 mM 2-mercapto-
ethanol. Core buffer contains 0.2 M NH4Cl, 20 mM Tris HC1
(pH 7.5), and 10 MM M'IgC12.
Preparation of LiCl Cores and Split Proteins. Ribosomal

subunits were prepared as described (7). Cores and split pro-
teins were derived from 50S subunits essentially by the
method of Marcot-Queiroz and Monier (8). The 50S subunits
were suspended at a concentration of 25 mg/ml in a buffer
containing 50 mMI Tris-HCl (pH 7.5), 0.05 mM MgCl2, and
60 mMI NH4Cl and heated for 10 min at 400. An equal volume
of 4 M LiCl was added, and the mixture was gently shaken at
00 for 15-16 hr. Cores were pelleted by centrifugation for 5
hr at 50,000 rpm (A-321 rotor, IEC B-60 ultracentrifuge).
The supernatant containing the split proteins (LiCl SP) was
dialyzed at 60 against four changes of SP buffer. Pelleted core
particles (LiCl cores) were resuspended in core buffer and
dialyzed against four changes of the same buffer at 60.
Dialyzed LiCl SP and LiCl cores were frozen in dry ice/ace-
tone and stored at -80° if not used on the same day. LiCl
cores used in reconstitution experiments were thawed no

more than once, and stored frozen no longer than 6 weeks.

Reconstitution of particles from LiCl cores and various split
protein preparations was done essentially by the method
described by Staehelin and MIaglott (9) for reconstitution of
particles from cesium chloride cores and split proteins. LiCl
cores (7.5 A260 units) were incubated with split proteins for
90 min at 500 in reconstitution buffer. The total volume of the
reconstitution reaction and the amount of split protein frac-
tion varied, and are indicated in the legends to Tables 1 and
2. A typical reconstitution mixture contained 7.5 A260 units of
LiCl cores and 60 ug of LiCl SP in a total volume of 1 ml of re-

constitution buffer. Particles were recovered by precipitation
with an equal volume of ethanol at 00, followed by centrifuga-
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tion for 30 min at 15,000 rpm (SS-34 rotor, Sorvall RC-2B
centrifuge). Pellets were resuspended in activation buffer at a
concentration of about 50 A260 units/ml.

Peptidyl Transferase Assay. The peptidyl transferase
activity of particles was assayed by the method of Monro
(10), after the particles were heated for 10 min at 400 in
activation buffer. Assay mixtures contained 6000 cpm of the
C-A-C-C-A-(acetyl-[3H]Leu) fragment and 1.5 A260 units of
50S subunits or reconstituted particle in a final volume of 100
ul. The reaction was initiated by the addition of 50,l of
methanol (00), and incubation was continued for 1 hr. The
amount of radioactivity incorporated into ethyl acetate-
extractable material was measured by scintillation counting
in 10 ml of a solution containing 0.84% 2-(4'-t-butylphenyl)-
5-(4'-biphenyl)-1,3,4-oxadiazole (butyl PBD) and 10% Bio-
Solv BBS-3 (Beckman) in toluene.

Fractionation of LiCl SP. All operations were carried out at
60. LiCl SP in SP buffer were dialyzed into 6 M urea, 10 mM
KCl, 10 mM Tris*HCl (pH 7.5), applied to a CM-cellulose
column, and fractionated as described in Fig. 2. Fractions were
monitored by measuring absorbance at 230 nm and by one-
dimensional and two-dimensional gel electrophoresis. Frac-
tions were pooled according to their protein composition,
diluted with an equal volume of 6 M urea, and concentrated
by adsorption on a small column (0.5 ml) of CM-cellulose
followed by elution with 1.5 ml of a solution containing 6 M
urea, 10 mM Tris (pH 7.5), and 0.5 M KCl. Material in peak
V was subjected to further purification by direct application
of the concentrated protein sample to a column of Sephadex
G-100, as described in Fig. 2 (insert).

Concentrated solutions of purified proteins were dialyzed
against SP buffer, and final protein concentrations were deter-
mined by the Lowry assay (11). Protein solutions were frozen
in dry ice/acetone and stored at -80° until needed.

Gel Electrophoresis. Total 50S and LiCl core proteins were
prepared by the ribonuclease/EDTA method as described
(12). Prior to electrophoresis, proteins were precipitated with
10% trichloroacetic acid, and the pellets washed in succession
with 1 ml of acetone and 1 ml of ether, lyophilized, and redis-
solved in the appropriate sample buffer. Sodium dodecyl
sulfate-urea and pH 4.5 urea slab gels were prepared and run

TABLE 1. Reconstitution of peptidyl transferase activity from
lithium chloride core particles

Peptidyl transferase activity
of reconstituted particles

Components present Acetyl-['H]leucyl-
in reconstitution puromycin %

mixture formed (cpm) Activity

50S subunits 938 (100)
LiCl cores 20 2
LiCl SP 0 0
LiCl cores + LiCl SP 625 67

Mixtures were subjected to reconstitution conditions, as
described in Materials and Methods, using 7.5 A260 units of LiCl
cores or 50S subunits, and, where appropriate, 160,ug of LiCl SP.
Aliquots (1.5 A260 units, or the equivalent amount of LiCl SP)
were assayed for peptidyl transferase activity by the fragment

as described by G. Thomas, R. Sweeney, C. Chang, and H.
F. Noller (manuscript in preparation). Two-dimensional gel
electrophoresis was done by a modification of the method of
Kaltschmidt and Wittmann (13). Urea was omitted from the
running buffer, and its pH was adjusted to 8.6 with NaOH.
Samples were polymerized in a 1 cm band in the middle of the
cylindrical pH 8.6 first-dimension gel (overall dimensions,
2.5 X 130 mm). After electrophoresis at 200 V (2.5 mA per
tube) for 4.5 hr at room temperature, the first-dimension gel
was dialyzed against second-dimension buffer and polymerized
into a two-dimensional slab (0.15 X 13 X 16 cm). The second
dimension of electrophoresis was performed in the device
described by Reid and Bieleski (14) at 80 V (10 mA) at room
temperature for 14 hr. One-dimensional urea gels and two-
dimensional gels were stained with 0.3% Coomassie blue in
methanol/water/acetic acid (5:5: 1) at room temperature for
1 hr, and destained electrophoretically at 12 V (1-2 amp).
Sodium dodecyl sulfate-urea gels were stained and destained
as described (15).

RESULTS

Reconstitution of Active Particles from Inactive LiCl Cores
and LiCi Split Proteins. Treatment of 50S subunits with 2 M
LiCl removes a set of ribosomal proteins (LiCl SP) and gives
rise to a particle (LiCl core) that lacks peptidyl transferase
activity. Active particles can be reconstituted from inactive
LiCl cores and LiCl SP by incubating them together in a high
salt buffer for 90 min at 500 (Table 1). From 50 to 80% of the
original activity is restored by this procedure. The heating
procedure alone does not restore activity to LiCl cores, in-
dicating that one or more proteins from the LiCl SP fraction
are required for reconstitution of peptidyl transferase.
The protein composition of the LiCl core and LiCl SP frac-

tions was determined by two-dimensional gel electrophoresis

TABLE 2. Peptidyl transferase activity of particles reconstituted
from LiCl cores and purified LiCl split proteins

cpm
Column Protein Ac- [3H] Leu %

Expt. peak components formed Activity

1 - - 32 4
Flow-
through L7, L8/9, L10, L12 22 3

I LI, L5, L6, LIi, L25 176 22
II L6, Lli 135 17
III L18 98 12
IV L15, L27, L32, L33 111 14
V L16, L26 674 84
VI L2, L28 89 11

LiCl SP 798 (100)
2 63 9

V-1 L16 692 99
V-2 L26* 168 24

LiCl SP - 698 (100)

Reconstitutions and assays were performed in duplicate, as
described in Materials and Methods. Column peak designations
refer to Fig. 2. Proteins were concentrated and dialyzed into SP
buffer prior to reconstitution, as described in Materials and
Methods. Aliquots containing 1.5 A260 units of reconstituted
particles were used for each assay.

* The L26 sample used in this experiment was contaminated
reaction (see Materials and Methods). with minor amounts of L16.
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FIG. 1. Protein composition of LiCl core and split fractions.
Protein samples (about 3 ,ug per protein) were prepared and
subjected to two-dimensional gel electrophoresis, as described in
Materials and Methods. Individual proteins are identified accord-
ing to the nomenclature of Kaltschmidt and Wittmann (29).

(Fig. 1). Although more than half of the 33 50S proteins are

found to some extent in the LiCl SP fraction, some of these
(L1, L2, L5, L8/9, L1S, L18, and L25) are found in significant
amounts in the LiCl cores. Proteins L6 and L11 are found
almost exclusively in the LiCl SP fraction, and L7, L10, L12,
L16, L26, L27, L28, L32, and L33 are detectable only in the
LiCl SP fraction (Fig. 1). No significant amount of 5S or

23S RNA is found in the LiCl SI fraction.

Isolation and Identification of the Active Protein Component
from LiCl SP. Attempts to recover active protein fractions
after CM-cellulose chromatography of the LiCl SP proteins
under standard conditions (16) were unsuccessful. It was

found that activity could be maintained if the chromatog-
raphy is performed above pH1 7. Fractionation of the LiCl SP
proteins under such conditions is shown in Fig. 2. The activity
of each protein peak was estimated by the ability of particles
reconstituted from LiCl cores and individual protein fractions
to catalyze the "fragment reaction" (see Materials and Meth-
ods). Peptidyl transferase activity was clearly localized in

50 100 150 200
FRACTION NUMBER

FIG. 2. Fractionation of LiCl SP proteins on carboxymethyl-
cellulose. A sample (80 mg) of LiCl SP in 10 mM KCI, 10 mM
Tris HCl (pH 7.5), 6 M urea, was applied to a column (1 X 10
cm) of carboxymethyl-cellulose (Whatman CM-52), and eluted
at 60 with a 1200-ml linear gradient of KCl (0.01-0.2 M) in 10
mM Tris HCl (pH 7.5), 6 M urea. Fractions (5 ml) were collected
and their absorbance at 230 nm was determined. The insert
shows repurification of peak V by gel filtration on a column (1 X
87 cm) of Sephadex G-100, carried out in 6 M urea, 0.1 M KC1,
and 10 mM Tris (pH 7.5), at 60. Twenty-drop fractions were
collected. Proteins were identified by two-dimensional gel elec-
trophoresis and are indicated in Table 2.

peak V, although some stimulation was obtained from the
other protein fractions (Table 2, Exp. 1). Preliminary experi-
ments, in which arbitrary pools of all column fractions were
tested, indicated that fractions located between the major
peaks did not have significant activity.
One- and two-dimensional gel electrophoresis showed that

peak V contained two major protein components, L16 and
L26. These two proteins were resolved by gel filtration on
Sephadex G-100 (Fig. 2, insert). Although L26 obtained by
this method contained minor amounts of L16, L16 was ob-
tained in high purity, and migrated as a single polypeptide
chain in both urea and sodium dodecyl sulfate gels (Fig. 3a
and b). Peptidyl transferase activity equivalent to that of
total LiCl SP was found for purified protein L16 (Table
2, Exp. 2). Identification of protein L16 by two-dimensional
gel electrophoresis is shown in Fig. 3c.

DISCUSSION
Previous attempts to identify molecular components of
peptidyl transferase have involved partial reconstitution (6,
17), affinity labeling (18-25), and enzymatic modification
(26, 27). Affinity labels designed to react covalently with
ribosomal sites in the neighborhood of the 3' end of bound
tRNA react with proteins L2 (18) and L27 (18, 19, 22), as

well as with ribosomal RNA (23, 24). Reactive analogs of
antibiotics known to interact with peptidyl transferase have
also been used as affinity labels. Monoiodoamphenicol, a

chloramphenicol analog, reacts with protein L16 (20),
whereas N-iodoacetyl-puromycin reacts mainly with protein
L6 (21). Another puromycin analog, 5'-O-(N-bromacetyl-p-
aminophosphoryl)-3'-N-L-phenylalanyl purornycin amino-
nucleoside, reacts with ribosomal RNA (25). Mild enzymatic
digestion with either proteases (27) or nucleases (26) lead to
loss of peptidyl transferase activity, consistent with the inter-

, L7
L12
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pretation that protein as well as RNA components are es-
sential for this function.

Staehelin et al. used the partial reconstitution approach to
attempt to identify essential protein components of peptidyl
transferase (6). These authors showed that removal of a group
of proteins from the 50S subunit by centrifugation through
cesium chloride gradients resulted in loss of peptidyl trans-
ferase activity. Activity could be substantially restored by
incubation of the split proteins with the protein-depleted cores
under conditions of elevated temperature and high ionic
strength.
More recently, Nierhaus and Montejo (17) have reported

reconstitution experiments based on lithium chloride ex-
traction of 50S subunits, similar to the system described here.
Use of this system affords a simple and rapid means for ob-
taining the large amounts of split proteins required for sub-
sequent fractionation procedures. By combined use of gel
filtration chromatography and gel electrophoretic analysis,
the latter authors identified protein L11 as the protein in the
split fraction which restores activity to LiCl cores. In contrast,
we show here that purified protein L16 is as active as total
split protein in restoring peptidyl transferase activity to LiCl
cores. Almost no L1i is present in the cores, yet reconstitution
of cores with protein Lii gives little stimulation of activity.
It could be argued that the small amount of L1i remaining in
the core particles is responsible for the observed activity and
that addition of L16 is required for stimulation of L11.
Another possible explanation for this discrepancy is that the
gel filtration method used by Nierhaus and Montejo affords
inadequate resolution of the LiCl split proteins, necessitating
indirect identification of proteins from the activity obtained
by reconstitution with mixtures of proteins. For example,
the elution position of protein L16 strongly overlaps that of
Lii, making difficult the unambiguous assignment of activity
to a single protein. In fact, the latter authors report that
purified Lii did not restore activity to LiCl cores, in agree-
ment with the results reported here. However, this finding
could be attributed to inactivation of the protein during puri-
fication. In fact, we have found that purification procedures
carried out at low pH lead to loss of activity of protein L16, a
difficulty that has prevented the use of standard ion-exchange
chromatographic procedures in this system.

In addition to Lii, protein L6 is also found in greatly re-
duced amounts in LiCl core particles, and is thus probably
not essential for peptidyl transferase activity. Proteins L7,
L10, L12, L26, L27, L28, L32, and L33 appear to be com-
pletely dispensable, and thus cannot play an essential role in
catalysis of peptide bond formation. The lack of requirement
for L27 is of interest because of its apparent proximity to the
3' terminus of peptidyl tRNA (18, 19, 22). Protein L2,
another 50S component strongly implicated in the peptidyl
transferase function, is found in large amounts in LiCl core
particles, and thus no conclusion can be drawn from its lack of
significant stimulation in the present study.
The requirement of L16 for peptidyl transferase activity is

consistent with a number of related observations. Affinity
labeling of L16 by monoiodoamphenicol (20) and demonstra-
tion that L16 is required for binding of chloramphenicol to
50S subunits (28) show that L16 interacts with chlorampheni-
col,. an antibiotic whose inhibitory effect on protein synthesis
is closely associated with the acceptor moiety in the peptidyl
transferase reaction.
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FIG. 3. Identification and purity of protein L16. Gel electro-
phoresis of total 50S proteins (TP 50), 50S LiCl split proteins
(LiCl SP), and purified L16. Proteins were run (a) in 15% acryl-
amide/sodium dodecyl sulfate/urea gels, or (b) in 7.5% acryl-
amide (pH 4.5)/urea gels, in slabs 1.5 mm thick and 13 cm high.
(c) Proteins were identified by two-dimensional gel electro-
phoresis, as described in Materials and Methods, with 10 jug of
pure L16 mixed with a 1 sg per protein background of total 50S
proteins.

The studies reported here do not shed light on the precise
functional role of L16 in peptidyl transferase, apart from the
suggestion from previous workers that it may be involved
with the acceptor, rather than the donor, moiety. We have
been unable to detect peptidyl transferase activity with L16
in the absence of LiCl cores, nor have we detected esterase
activity with the purified protein. Whether or not L16 pos-
sesses catalytic activity in situ, or whether this is a function
of other protein or RNA components of the 50S ribosomal sub-
unit, remains to be shown.

We thank Mr. Frits van Dyk for numerous technical con-
tributions. This work was supported by PHS Grant no. 17129
from the National Institute of General Medical Sciences, and
by an NIH Postdoctoral Fellowship (GM 54327) to V.G.M.

1. Traut, R. R. (1964) J. Mol. Biol. 10, 63-72.
2. Monro, R. E. (1967) J. Mol. Biol. 26, 147-151.
3. Pestka, S. (1974) in Methods in Enzymology, eds. Moldave,

K. & Grossman, L. (Academic Press, New York), Vol. 30,
pp. 462-470.

Peptidyl Transferase Protein 847



848 Biochemistry: Moore et al.

4. Gavrilova, L. P. & Spirin, A. S. (1974) in Methods in
Enzymology, eds. Moldave, K. & Grossman, L. (Academic
Press, New York), Vol. 30, pp. 452-462.

5. Monro, R. E., Staehelin, T., Celma, M. L. & Vazquez, D.
(1969) Cold Spring Harbor Symp. Quant. Biol. 34, 357-366.

6. Staehelin, T., Maglott, D. & Monro, R. E. (1969) Cold
Spring Harbor Symp. Quant. Biol. 34, 39-48.

7. Noller, H. F. & Chaires, J. B. (1972) Proc. Nat. Acad. Sci
USA 69, 3115-3118.

8. Marcot-Queiroz, J. & Monier, R. (1967) Bull. Soc. Chim.
Biol. 49, 477-494.

9. Staehelin, T. & Maglott, D. (1971) in Methods in Enzy-
mology, eds. Moldave, K. & Grossman, L. (Academic Press,
New York), Vol. 20, Part C, pp. 449-456.

10. Monro, R. E. (1971) in Methods in Enzymology, eds.
Moldave, K. & Grossman, L. (Academic Press, New York),
Vol. 20, Part C, pp. 472-481.

11. Bailey, J. L. (1967) in Techniques in Protein Chemistry
(Elsevier, New York), 2nd ed., pp. 340-341.

12. Noller, H. F., Chang, C., Thomas, G. & Aldridge, J. (1971)
J. Mol. Biol. 61, 669-679.

13. Kaltschmidt, E. & Wittmann, H. G. (1970) Anal. Biochem.
36, 401-412.

14. Reid, M. S. & Bieleski, R. L. (1968) Anal. Biochem. 22,
374-381.

15. Fairbanks, G., Steck, T. L. & Wallach, D. F. H. (1971)
Biochemistry 10, 2606-2617.

16. Moore, P. B., Traut, R. R., Noller, H. F., Pearson, P. &
Delius, H. (1968) J. Mol. Biol. 31, 441-461.

17. Nierhaus, K. & Montejo, V. (1973) Proc. Nat. Acad. Sci.
USA 70, 1931-1935.

18. Oen, H., Pellegrini, M., Eilat, P. & Cantor, C. R. (1973)
Proc. Nat. Acad. Sci. USA 70, 2799-2803.

19. Czernilofsky, A. P., Collatz, E. E., St6ffler, G. & Kuechler,
E. (1974) Proc. Nat. Acad. Sci. USA 71, 230-234.

20. Pongs, O., Bald, R., Wagner, T. & Erdmann, V. A. (1973)
Proc. Nat. Acad. Sci. USA 70, 2229-2233.

21. Pongs, O., Bald, R., Wagner, T. & Erdmann, V. A. (1973)
FEBS Lett. 35, 137-140.

22. Hauptmann, R., Czernilofsky, A. P., Voorma, H. O.,
Stoffler, G. & Kuechler, E. (1974) Biochem. Biophys. Res.
Commun. 56, 331-337.

23. Bispink, L. & Matthaei, H. (1973) FEBS Lett. 37, 291-294.
24. Girshovich, A. S., Bochkareva, E. S., Kramarov, V. M. &

Ovchinnikov, Y. A. (1974) FEBS Lett. 45, 213-217.
25. Harris, R. J., Greenwell, P. & Symons, R. H. (1973) Bio-

chem. Biophys. Res. Commun. 55, 117-124.
26. &erna, J., Rychlik, I. & JonAk, J. (1973) Eur. J. Biochem.

34, 551-556.
27. Chang, F. N. & Flaks, J. G. (1971) J. Mol. Biol. 61, 387-400.
28. Nierhaus, D. & Nierhaus, K. (1973) Proc. Nat. Acad. Sci.

USA 70, 2224-2228.
29. Kaltschmidt, E. & Wittmann, H. G. (1970) Proc. Nat.

Acad. Sci. USA 67, 1276-1282.

Proc. Nat. Acad. Sci. USA 72 (1975)


