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1. Introduction

Affinity labeling studies have contributed impor-

4»...-.4»1‘, in tha indentification of several functional sites
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on the E. coli ribosome [1-3]. The puromycin
binding site has been the subject of several such
studies [4—9]. We have shown that native puromycin
can itself be used as a specific photoaffinity label
[4,5]. To investigate the question of to what extent
the labeling results obtained in this work were depen-
dent on the special photochemical reaction(s) leading
to incorporation, we have begun a program to repeat
the photoaffinity labeling experiment with several
different photolabile derivatives of puromycin. We
describe here the synthesis and characterization of a
new photolabile derivative of puromycin, 6-dimethyl-
amino-9-[3'-deoxy-3'-(p-azido-L-phenylalanylamino)-
B-D-ribofuranosyl] purine, which we call ‘p-azido-
puromycin’ (fig.1), and present preliminary ribosomal
photolabeling results obtained with this derivative.
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Fig.1. Structures of puromycin and p-azidopuromycin.
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2. Materials and methods

Puromycin dihydrochloride and puromycin amino-

nuclansida were r\nfnhncnﬂ fram IInitae Qtatac Rin
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chemical Corporation. [G->H]Puromycin amino-
nucleoside (14 900 Ci/mol) and [8-*H]puromycin
(3500 Ci/mol) were purchased from Amersham.
Ribosomes were prepared after the method in [10] as
in [4,5]. Ribosomal and photolysis buffer contained
50 mM KCl, 50 mM Tris (pH 7.4, room temp ) and
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photolabile compounds were carried out under
reduced light. The purity of compounds was veri-
fied by thin-layer chromatography (TLC) in at least
two solvents. Analytical TLC was performed with
Merck silica gel 60F-254 plastic-backed plates, and
preparative TLC with Merck silica gel 60F-254 glass-
backed piates, 0.25 mm or 0.5 mm thickness. Soivent
system A (S, ): ethanol/chloroform, 1:9 v/v. Solvent
system B (Q.\\ ethvl] acetate/methanol/H.Q/acetic
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acid 25: 10 1 1 by vol. Solvent system C (S¢): iso-
propanol/H,O/NH,OH, 6:3:1, by vol. Descending paper
chromatography was performed using prewashed
[11] Whatman 3MM paper. All reagents and solvents
were of the highest quality commercially available
and were used without purification.
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N-+BOC- pNQO,;—L-phenylalanine [12] was syn-
thesized in 71% yield using 2-(z-Butoxycarbonyl-
oxyimino)-2-phenylacetonitrile, ‘BOC-ON’ [13].
N-tBOC-p-azido-L-phenylalanine was prepared as in |12].
The EEDQ (V-ethoxycarbonyl-2-ethoxy-1,2-di-
hydroquinoline)-mediated coupling reaction [14]

was used to synthesize N-tBOC-p-azidopuromycin.

FEDN (1282 simal) wac addad to nuramyuein amina
Lk (100 UiNi0i) Was aGGCa 1O puromy<Cinl amino-

nucleoside (68 umol) and N-tBOC-p-azido-L-phenyl-
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alanine (132 umol) in ethanol (1 ml). The solution
was stirred for 1.5 h at room temperature during
which time a precipitate formed. Upon evaporation
of the solvent, the residue was dissolved in chloro-
form and subjected to preparative TLC (S, ). The
product band was isolated and extracted with ethanol/
chloroform (7:13, v/v). Centrifugation, filtration and
evaporation of solvent afforded N-tBOC-p-azido-
puromycin in 67%yield. [Rg(Sp) 0.43;Rp(Sp) 0.84;
Ry(S¢) 0.68; ultraviolet spectrum (ethanol): Ay,
262 nm (e 24 800 M™! cm ™), Ay 230 nm, Ag,

275 nm; infrared spectrum (KBr): 2100 cm™,

1660 cm™, 1680 cm™, 1600 cm™ . Deprotection
was accomplished by treatment with anhydrous
trifluoroacetic acid for 5 min at room temperature.
The azido group is stable under these conditions.
Most of the excess acid was removed by evaporation
under reduced pressure. Full removal necessitated
repeated evaporations of acetonitrile solutions of the
residue. The final residue was dissolved in ethanol and
purified by preparative TLC (Sp). Extraction of the
product band with ethanol, followed by centrifugation,
filtration, and evaporation of the solvent yielded pure
p-azidopuromycin in 80% yield. A sample of p-azido-
puromycin spotted on Whatman 3MM paper gave a
positive ninhydrin test. [Rg(S,) 0.05 (puromycin,
0.03); R(Sg) 0.17 (puromycin, 0.12); Rg(S¢) 0.77
(puromycin, 0.76); ultraviolet spectrum (ethanol):
Amax 262 nm, A5 230 nm, Ay 275 nm; infrared
spectrum (KBr): 2100cm™*,1660 cm ™", 1600 cm L H
NMR (220 MHz, D,0, ppm downfield from 3{Tri-
methylsilyl)-tetradeutero sodjium propionate): 3.34
(singlet: —N(CH3),), 5.84 (doublet: anomeric H),
7.17 (quartet, A,B, pattern: azidophenyl H), 8.03,
8.16 (singlets: purine H-2, H-8). N-+BOC-p-azido-
[G-*H]puromycin was synthesized in 51% yield
when [G-3H]puromycin aminonucleoside (4 mCi,
0.27 umol) was treated with a 20-fold molar excess
of EEDQ and N-tBOC-p-azido-L-phenylalanine in
ethanol (0.05 ml) for 3 h at room temperature. The
isolation and purification of radioactive V-tBOC-p-
azidopuromycin was as described above. The BOC
group was removed either by treatment with tri-
fluoroacetic acid as above, or with 2 N HCl in ethyl
acetate at 0°C for 0.5 h. The latter method led to

a smaller amount of radioactive impurities. Prepara-
tive TLC was performed in Sy, and final purification
accomplished by descending paper chromatography
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in Sc. The product band was eluted with ethanol.
The radioactive compound had Ry values identical to
those for p-azidopuromycin in solvent systems Sy,
Sp, and Sc. It was stored at —20°C in ethanol with
no apparent decomposition over several months.

Peptidyl transferase assays were performed using
the method in [15]. Ribosome photoincorporation
experiments were performed at 5 + 1°C using 2 dif-
ferent sets of Rayonet lamps, RPR-2537 A and
RPR-3500 A, as described, as were determinations
of incorporation of the affinity label into RNA and
protein and one-dimensional gel electrophoresis of
ribosomal protein [4,5]. Two-dimensional polyacryl-
amide gel electrophoresis of ribosomal protein was
performed using the modification [16] of the method
in [17].

3. Results and discussion

3.1. Chemical and biochemical properties of
p-azidopuromycin

The ultraviolet spectrum of p-azidopuromycin has
an A,¢; nm max and a shoulder at 275 nm (corre-
sponding to the absorbance of the N®, N® -dimethyl-,
adenosine moiety). Brief photolysis leads to a rapid
loss of Az¢,, the appearance of a new A, at 275 nm
and a broad shoulder centered at 310 nm. In our
photolysis apparatus, p-azidopuromycin dissolved in
ribosome buffer has a half-life of 7 s using the 2537 A
lamps and 4.2 min using the 3500 A lamps, as deter-
mined by monitoring 4,4,. Although p-azidopuro-
mycin is stable in ribosomal buffer at room temper-
ature, the presence of dithiothreitol (5 mM) leads to
a marked time-dependent spectral change. The 4.,
shifts from 262 nm to 275 nm with a half-life of
conversion of 95 min (room temp.) [18] . Accordingly,
solutions of p-azidopuromycin in DTT were kept cold
and used soon after preparation.

The biochemical competence of p-azidopuromycin
was demonstrated by its ability to accept [**C] AcPhe
from [**C] AcPhe-tRNAFhe bound in the ribosomal
peptidyl site at a rate comparable to that obtained
with puromycin (data not shown).

3.2. Photoincorporation of p-azidopuromycin into
ribosomes
p-Azidopuromycin was found to efficiently co-
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Table 1
Incorporation of p-azidopuromycin into ribosomes

No. Radioactive Added Prephoto-  Total incorp. Protein RNA
ligand ligand lysis (mol/mol ribosome)  incorp. incorp.

1 p-Azidopuromycin - - 0.77 0.56 0.21
0.03 mM

2 p-Azidopuromycin - + 0.14 0.12 0.02
0.03 mM

3 p-Azidopuromycin Puromycin - 0.27 0.24 0.03
0.03 mM 1.9 mM

4 Puromycin - - 0.03 0.02 0.01
0.03 mM

Photolysis conditions: 70 S ribosomes, 1—2 uM; Photolysis for 4 min at 2537 A. Results reported are corrected for
background, defined as the radioactivity obtained in the ribosomal pellet when the photolysis step is omitted.
Prephotolyzed p-azidopuromycin gave a higher background than p-azidopuromycin itself and this was taken into
account in obtaining the numbers listed. This higher background was shown not to arise from a dark reaction with
ribosomes and reflectsincomplete removal of non-incorporated compound on ethanol precipitation of the ribosomes

valently label 70 S ribosomes on irradiation with
either the 2537 A or 3500 A lamps. Some of the
more salient features of the incorporation process

are summarized in table 1. Overall incorporation is
markedly reduced if p-azidopuromycin is first pre-
photolyzed to destroy the azido group and then re-
photolyzed in the presence of ribosomes, providing
strong evidence that incorporation is predominantly
nitrene-dependent. This conclusion is supported by
the finding that the amount of native puromycin in-
corporated into ribosomes is much less than that seen
for p-azidopuromycin when both are irradiated under
similar conditions. Photoincorporation of p-azido-
puromycin proceeds mostly into protein and is
extensively decreased by 1.9 mM puromycin which is
evidence that much of the labeling is site-specific [5].
Labeling is also substantially decreased by 5 mM DTT
(data not shown). The results in table 1 are for
experiments using the 2537 A lamps. Qualitatively
similar results were obtained on irradiation with the
3500 A lamps. One-dimensional polyacrylamide gel
patterns of 70 S protein extracted from ribosomes label-
led by p-azidopuromycin in the presence and absence of
puromycin are shown in fig.2. Irradiation with the
3500 A lamps yields a pattern showing a wide distri-
bution of radioactivity, with no clear protection
effects by puromycin. By contrast, irradiation with
the 2537 A lamps yields a pattern with 3 prominent
peaks of radioactivity (I, I, III) of which two (I, II)

are well-protected and one (III) is only partially

protected by puromycin. Because of this difference,
two-dimensional gel electrophoretic analysis of the
incorporation products was carried out on proteins
obtained from experiments using the 2537 A lamps.
The results of this analysis are presented in fig.3,
which represents the average of 4 photoincorporation
experiments. The relative numbers shown refer to
radioactivity comigrating with the proteins indicated,
taking the radioactivity in S18 as 1.0. The acidic
proteins (S1,L7,19,L10,1.12,S6) are not shown.
Preliminary work had shown that none of these
proteins was labeled to a major extent. Accordingly,
subsequent two-dimensional gel electrophoreses were
performed only on the basic proteins to maximize
the resolution obtainable [5]. Analyzed in this
manner there are two major labeled proteins, S18 and
L11, and several proteins labeled to a secondary
extent, most prominently L2, L3, L17, L18, 127,
and S3, S4 and S5. The results are consistent with the
one-dimensional pattern seen in fig.2B since proteins
L2,L3,L11, 83, S4 and S5 fall in the region of the
gel corresponding to peak I, L17 and L18 fall in
peak II, and S18 falls in peak III [19,20]. From the
two-dimensional results, S18labeling should dominate
peak III. Thus, the lack of protection by puromycin
of peak III is evidence that S18 labeling is non-specific
and does not proceed via an affinity labeling process.
This recalls earlier work with N-bromoacetyl-Phe-
tRNA, which was found to label S18 extensively but
via a poly(U)-independent process [21], and may
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Fig.2. One-dimensional polyacrylamide gel electrophoretograms of labeled proteins from 70 S particles in the absence and presence
of puromycin. (A) 54 4,4, units/ml ribosomes; 0.033 mM p-azidopuromycin (1350 Ci/mol): a. no puromycin; b. plus 2.0 mM
puromycin; photolysis was for § min with 3500 A lamps. (B) 56 4,4, units/ml ribosomes; 0.033 mM p-azidopuromycin

(1350 Ci/mol): a. no puromycin; b. plus 1.9 mM puromycin; photolysis was for 4 min with 2537 A lamps.

reflect the high intrinsic nucleophilicity of S18 [22].
From a quantitative point of view, the labeling
pattern seen in fig.3 must be considered preliminary

for 2 reasons:

1. There are several areas of the gel which were re-
producibly found to contain appreciable amounts
of radioactivity but which do not stain for protein.
This may be due to an alteration of electrophoretic
mobility on incorporation of p-azidopuromycin
into a ribosomal protein in analogy to what has
been seen in other ribosomal affinity labeling
studies [5,23]. In the present case, the most pro-
minent such areas are in the vicinities of S18 and
L11, but there are other proteins sufficiently close
by that the assignment of this radioactivity toa .
given protein could not be made unambiguously.
For this reason, radioactivity in areas not staining
for protein is not included in fig.3.

2. It is possible that some of the radioactivity incor-
porated into a given protein may show up in

proteins which are near neighbors in the two-
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dirnensional gel electrophoretogram. Thus the
radioactivity seen in the group S3, S4 and S5 on
the one hand, and the group L17 and L18 on the
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Fig.3. Two-dimensional gel electrophoresis pattern of 70 S
ribosomal protein labeling. Experimental conditions were
essentially as in fig.2B, except that higher specific radioactivity
p-azidopuromycin was used (3000 Ci/mol).
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other, might actually arise from the labeling of
only a single protein in each of these groupings.

Immunoprecipitation studies, utilizing antibodies
specific to ribosomal proteins, are now underway to
resolve these uncertainties.

4. Conclusion

The peptidyl transferase center is known to be
localized on the 50 S subunit [24] and by its inhib-
itory role puromycin should bind to this center. It is
thus of interest to compare the present results with
those obtained in other studies of the puromycin site
and the peptidyl transferase center. The major 50 S
protein photoaffinity labeled by native puromycin is
123 [4,5]. Although this protein is not 2 major in-
corporation site for p-azidopuromycin, it is impor-
tant to note that immune electron microscopy studies
place most of the 50 S proteins which are labeled by
p-azidopuromycin, including L2, L11, L18 and 127,
in the vicinity of L23 and within a limited area of the
50 S subunit [15]. Furthermore, L2, L11,L18 and
L27 have been affinity labeled by both photolabile
and electrophilic derivatives of N-acyl-aminoacyl-
tRNA and chloramphenicol [21,26,28] and both
L2 [29] and L11 [30] have been functionally
implicated at the peptidyl transferase center. Thus,
with respect to the 50 S subunit, photoaffinity label-
ing studies with both puromycin and p-azidopuro-
mycin give consistent results in that both compounds
incorporate predominantly into the same general area,
and are in support of other results localizing the
peptidyl transferase center to this area [1,25],
although the particular proteins labeled by each com-
pound appear to depend on the photochemistry
utilized. A similar argument may apply to the 30 S
proteins labeled by p-azidopuromycin, since parts of
S3, S4, S5 and S18 have been shown by immune
electron microscopy to be in the vicinity of S14
[25,31], the major 30 S protein photoaffinity labeled
by puromycin [4,5}.
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Note added in proof

The synthesis of the analogous compound,
2'(3")-0{(4-azido-L-phenylalanyl) adenosine, has
been reported |23].

References

[1] Cooperman, B. S. (1978) in: Bioorganic Chemistry. A
Treatise to Supplement Bioorganic Chemistry,

(Van Tamelen, E. ed), vol. 4, p. 81, Academic Press,
New York.

[2] Johnson, A. E. and Cantor, C. R. (1977) Methods
Enzymol. 46, 180.

[3] Zamir, A. (1977) Methods Enzymol. 46, 621.

[4] Cooperman, B. S., Jaynes, E. N., jr, Brunswick, D. J.
and Luddy, M. A. (1975) Proc. Natl. Acad. Sci. USA
72,2974.

[5] Jaynes, E. N., jr, Grant, P. G., Giangrande, G., Wieder,
R. and Cooperman, B. S. (1978) Biochemistry 17, 561.

[6] Greenwell, P., Harris, R. J. and Symons, R. H. (1974)
Eur. J. Biochem. 49, 539.

[7] Eckermann, D. J. and Symons, R. H. (1978) Eur. J.
Biochem. 82, 225.

[8] Pongs, O., Bald, R., Wagner, T. and Erdmann, V. A.
(1973) FEBS Lett. 35,137.

[9] Minks, M. A., Ariatti, M. and Hawtrey, A. O. (1975)
Hoppe-Seyler’s Z. Physiol. Chem. 356, 109.

{10] Traub, P., Mizushima, S., Lowry, C. V. and Nomura, M.
(1971) Methods Enzymol. 20, 391.

[11] Symons, R. H. (1970) Biochem. Biophys. Res.
Commun. 38, 807.

[12] Schwyzer, R. and Caviezel, M. (1971) Helv. Chim. Acta
54,1395,

[13] Itoh, M., Hagiwara, D. and Kamiya, T. (1975) Tetrahed.
Lett. 4393,

[14] Harris, R. J., Mercer, J. F. B., Skingle, D. C. and Symons,
R. H. (1972) Can. J. Biochem. 50, 918. )

[15] Duquette, P. H., Ritter, C. L. and Vince, R. (1974)
Biochemistry 13, 4855.

[16] Howard, G. A. and Traut, R. R. (1974) Methods
Enzymol. 39, 526.

[17] Kaltschmidt, E. and Wittmann, H. G. (1970) Anal.
Biochem. 36, 401.

[18] Staros, J. V., Bayley, H., Standring, D. N. and Knowles,
J. R. (1978) Biochem. Biophys. Res. Commun., 80,
568.

[19] Hardy, S. J. S., Kurland, C. G., Voynow, P. and Mora,
G. (1969) Biochemistry 8, 2897.

207



Volume 90, number 2

[20] Mora, G., Donner, P., Thamanna, P., Lutter, L.,
Kurland, C. G. and Craven, C. R. (1971) Mol. Gen.
Genet. 112, 229.

[21] Pellegrini, M., Oen, H., Eilat, D. and Cantor, C. R.
(1974) J. Mol. Biol. 88, 809.

[22] Moore, P. B. (1971) J. Mol. Biol. 60, 169.

[23] Czermilofsky, A. P., Collatz, E. E., Stéffler, G. and

Kuechler, E. (1974) Proc. Natl. Acad. Sci. USA 71, 230.

[24] Monro, R. G., Stachelin, T., Celma, M. L. and Vazquez,
D. (1969) Cold Spring Harbor Symp. Quant. Biol. 34,
357.

[25] Stoffler, G. and Wittmann, H. G. (1977) in: Molecular
Mechanisms of Protein Biosynthesis (Weissbach, H. and
Pestka, S. eds) p. 117, Academic Press, New York.

208

FEBS LETTERS

June 1978

[26] Hsiung, N. and Cantor, C. R. (1974) Nucleic Acids Res.
1,1753.

[27] Hsiung, N., Reines, S. A. and Cantor, C. R, (1974) J.
Mol. Biol, 88, 841.

[28] Sonenberg, N., Wilchek, M. and Zamir, A. (1973) Proc.

~ Natl. Acad. Sci. USA 70, 1423,

[29] Fahnestock, S. R. (1975) Biochemistry 14, 5321.

[30] Nierhaus, K. H. and Montejo, V. (1973) Proc. Natl.
Acad. Sci. USA 70, 1931.

[31] Lake, J. M. and Kahan, L. (1978) private communication.

[32] Quiggle, K., Wejrowski, M. L. and Chladek, S. (1978)
Biochemistry 17, 94.



