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Macromolecular Affinity Labeling Agents. Reaction of 
N-Bromoacetylisoleucyl Transfer Ribonucleic Acid with 
Isoleucyl Transfer Ribonucleic Acid Synthetaset 

Daniel V. Santi* and Stephen 0. Cunnion 

ABSTRACT : N-Bromoacetyl-Ile-tRNA forms a covalent bond 
with isoleucyl-tRNA synthetase from Escherichia coli B. The 
complexes are readily isolable by gel filtration and are not 
disrupted by equilibration with tRNAIIe or treatment with 6 
M urea in the presence of 0-mercaptoethanol. When tRNA"" 
is present during incubation, the enzyme is protected against 
alkylation by this reagent. Under conditions comparable to 

A ffinity labeling, or active-site directed irreversible inhibi- 
tion, has provided much information regarding protein-small 
molecule interactions (Singer, 1967 ; Baker, 1967 ; Shaw, 
1970). Although the utility of this technique in investigations 
of interactions of two or more macromolecules can readily be 
visualized, the formidable technical difficulties of attaching 
chemically reactive groups to specific noncontact points of 
macromolecules has precluded progress in this direction. 
One class of macromolecules which appears amenable to be 
used as affinity labeling agents is the aminoacyl-tRNAs. 
Techniques have been devised in which the a-amino group of 
the amino acid moiety can be selectively and quantitatively 
acylated (see Lapidot and de Groot, 1972); fortunately, since 
recognition of tRNA by its biological receptors likely in- 
volves a composite of numerous interactions, perturbations 
resulting from introduction of a single reactive group are un- 
likely to dramatically effect binding. The successful acylation 
of Met-tRNA synthetase with p-nitrophenylcarbamyl-Met- 
tRNA (Bruton and Hartley, 1970) provided the first indication 
that this approach was indeed feasible. In conjunction with 
ongoing studies of the aminoacyl-tRNA synthetases (Santi 
and Peiia, 1973; Santi and Danenberg, 1971; Santi et al., 
1971a,b), we sought to prepare a chemically reactive derivative 
of aminoacyl-tRNA which would be capable of reacting with 
a wider variety of nucleophiles than the aforementioned re- 
agent and which would yield a modified amino acid readily 
amenable to isolation and identification. 

Bromoacetamides are capable of alkylating histidine, 
cysteine, methionine, and lysine residues of proteins (Shaw, 
1970 ; Singer. 1967), and N-bromoacetyl-Phe-tRNA has 
recently been reported to be a labeling reagent for the 50s 

t F r o n i  the Department of Biochemistry and Biophysics and the 
Department of Pharmaceutical Chemistry, University of California, 
San Francisco, California 94143. Received August 9, 1973. This work 
was supported by U. S. Public Health Service Grant CA-14266 from 
the National Cancer Institute. A preliminary communication leading 
to this work has been reported (Santi et al., 1973). 

those used for the affinity labeling experiments, N-bromo- 
acetyl-lle does not alkylate the enzyme in the presence or 
absence of tRNA1'". The results demonstrate that N-bromo- 
acetyl-Ile-tRNA binds to the enzyme by reversible interactions 
with the tRNA moiety, and then forms a covalent bond 
between the alkylating group and an amino acid residue of the 
protein. 

particle of Escherichia coli ribosomes (Pellegrini et al., 1972). 
We describe here the preparation of N-bromoacetyl-Ile-tRN A, 
and provide evidence that this analog serves as an affinity 
labeling reagent of Ile-tRNA synthetase.' 

Materials and Methods 

[*H]lle (105 Ci/mmol) was a product of New England 
Nuclear and diluted to desired specific activity with unlabeled 
Ile (Nutritional Biochemicals Corp.). Bromoacetic acid 
(Matheson Coleman and Bell) was distilled before use; bp 
98" (15 mm). Unfractionated tRNA ( E .  coli B) was obtained 
from SchwarziMann and had 16 pmol of tRNA1le/AI1eO. All 
other reagents were the highest purity available and used 
without further purification. 

Ile-tRNA synthetase obtained by the method of Eldred and 
Schimmel (1972) moved as a single band on sodium dodecyl 
sulfate disc gel electrophoresis and showed 50x maximal 
activity using the ATP-PPi exchange assay (Baldwin and 
Berg, 1966a). Purified Ile-tRNA was obtained by published 
methods (Gillam er al., 1968; Yarus and Berg, 1969) and had 
an amino acid capacity of -1.7 nmol of lle-tRNAiArso. 
Preparations of Ile-tRNA were performed essentially as de- 
scribed by Baldwin and Berg (1966b). Unless otherwise speci- 
fied, the extent of acylation was monitored by acid precipita- 
tion of t3H]Ile-tRNA and filtration through Whatman GFjC 
glass filters (Calendar and Berg, 1966). Isolation of [3H]Ile- 
tRNA for subsequent reactions was accomplished by the 
addition of 1/6 vol of 2.5 M sodium acetate (pH 5.0) and pre- 
cipitation with 2 vol of cold 95 % ethanol. After centrifugation 
at O o ,  the precipitate was washed in cold 95% ethanol, dis- 
solved in 0.1 M sodium acetate (pH 4.5p0.4 M sodium chloride, 
and reprecipitated. Radioactivity adsorbed on glass filters was 
counted under toluene containing 0.4 2,5-diphenyloxazole 

1 Abbreviations used are: .tRNAIle, tRNA specific for isoleucine 
acceptance; Ile-tRNA, tRNA1le which has been esterified with Ile. 
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and 0.01 % 1,4-bis[2-(5-phenyloxazolyl)lbenzene in a Nuclear- 
Chicago Isocap 300 scintillation counter. Counting efficiencies 
were determined by the dual channel ratio method. 

Bromoacetic Acid N-Hydroxysuccinimide Ester. The ester 
was prepared by a modification of the general method reported 
by Anderson et al. (1964). To a magnetically stirred solution 
of 139 mg (1.0 mmol) of bromoacetic acid and 115 mg (1.0 
mmol) of N-hydroxysuccinimide in 5 ml of dioxane was added 
206 mg (1 .O mmol) of N,N'-dicyclohexylcarbodiimide. After 
stirring at ambient temperature for 1 hr, the precipitated di- 
cyclohexylurea was filtered and washed with several small 
portions of dioxane. The combined mother liquor and wash- 
ings were evaporated in C ~ C U O  (25") and the residue recrys- 
tallized from isopropyl alcohol: mp 115-117"; y2:r1 1790, 
1820 cm-l. The product gave a positive test for active halogen 
(Baker et al., 1966; Epstein et al., 1955). The ester was stored 
at -20' over calcium sulfate. Anal. Calcd for C6H6BrN04: 
C, 65.73; H, 8.27; N, 9.58. Found: C, 65.78; H, 8.51; N, 
9.48. 

N-Bromoacetyl-Ne, A solution of 131 mg (1 mmol) of Ile, 
168 mg (2 mmol) of NaHCOa, and 236 mg (1 mmol) of the 
N-hydroxysuccinimide ester of bromoacetic acid in 6 ml of 
50 aqueous dioxane was allowed to stand for 1 hr at ambient 
temperature. After adjusting the pH to ca. 1 with concentrated 
HC1, the product was extracted into three 20-ml portions of 
CHCl,, dried with MgS04, and evaporated in uacua. The oily 
residue was crystallized from benzene to give 197 mg (78 %) of 
white needles: mp 119-119.5; y:,pl 1720 (C02H), 1650 cm-' 
(CONH). The product moved as a single spot (RP 0.7; RF'0.1) 
on tic (silica gel) using 95% EtOH, and on Whatman No. 1 
using n-BuOH-AcOH-HzO (2:l :1) (RF 0.95; R:e 0.77) or 
the upper phase of i-BuOH-HzO (RF 0.75; R:e 0.24); 
spots were detected by spraying with p-nitrobenzylpyridine 
(Baker et ul., 1966) and ninhydrin. Anal. Calcd for C8H14Br- 
NO,: C, 38.11; H, 5.60; N, 5.56. Found: C, 38.28; H, 5.48; 
N,  5.66. 

N-Bromoacetj+[ ,H]lle. The radioactive analog was pre- 
pared as above using 10 pl of [3H]lle (11 nmol; 1.25 Ci/mmol), 
10 p1 of 0.6 M sodium bicarbonate (6 pmol), and 20 p1 of 0.15 
M bromoacetic acid N-hydroxysuccinimide ester (3 pmol) in 
dioxane. After 30 min at ambient temperature the reaction 
mixture was chromatographed on Whatman No. 1 paper with 
n-butyl alcohol-acetic acid-water (2 :1 :l). The product (RF 
0.95) was eluted with 95% ethanol using the technique of 
Edstrom (1968) and was shown to co-chromatograph with the 
unlabeled material in the systems described above. 

Reaction of lle-tRNA Synthetase and N-Broinoacer yl-[ ,HI- 
Iie. A 2 ms4 potassium phosphate-1 mM magnesium chloride 
buffer (pH 7.5) (250 pl) containing 5 nmol (20 p ~ )  of N- 
br~moacetyl-[~H]Ile (0.75 Ci/mmol), 45 pmol (0.18 p ~ )  of 
tRNA1le, and 45 pmol (0.18 p ~ )  of the enzyme was incubated 
at 23 ". An identical experiment was performed except tRNA 
was omitted. At time intervals 50-pl aliquots were withdrawn 
and passed through a Sephadex G-25 column (70 X 0.7 cm) 
at 23" using 10 mM sodium cacodylate-5 m M  magnesium 
chloride (pH 7.5) as eluent. The flow rate was 0.5 ml/min and 
0.3-ml fractions were taken and counted for radioactivity using 
10 ml of toluene scintillation fluid containing 2 5 x  Triton 
X-100, 4% water, and 40 mg of Omnifluor. Radioactivity 
present in the void volume (7.6 ml) was considered alkylated 
enzyme. 

Reaction of rRNA and N-Brom~acetyl-[~H]Ne. A solution 
(350 pl) containing 0.1 M triethanolamine'HC1 (pH 7.81, 
0.01 M magnesium chloride, 0.6 mM unfractionated tRNA (106 
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A260), and 5 m M  N-br~moacetyl[~H]Ile (1.7 mCi/mmol) in 
30% dioxane was allowed to stand at ambient temperature. 
At time intervals, 100-p1 aliquots were removed and added to 
1 ml of cold 95 ethanol. After 20 min at - 20 ", the precipi- 
tate was centrifuged and washed with 1-ml portions of cold 
95 % ethanol. The tRNA was twice reprecipitated from 100 p1 
of 1 M NaCl and washed as above. The final wash contained 
less than twice background radioactivity. The precipitate was 
dissolved in 300 p1 of 0.1 hf potassium phosphate buffer (pH 
6.8); a 10-pl aliquot was removed for determination and 
the radioactivity determined from the remaining 290 pl in 10 ml 
of toluene containing 25 % Triton X-100 and 40 mg of Omni- 
fluor. The extent of reaction was calculated from disintegra- 
tions per minute per A?60 unit and expressed as moles of al- 
kylated tRNA per mole of total tRNA. 
N-Rromaa~eryl-[~H]Iie-iRNA~~~. A solution (100 pl) con- 

taining 0.6 OM purified [3H]Ile-tRNA11e (4.5 Ciimmol), 10 
mM magnesium chloride, 0.1 M triethanolamine. HC1 (pH 
7 . Q  and 5 mM bromoacetic acid N-hydroxysuccinimide ester 
in 30z aqueous dioxane was stirred at ambient temperature 
for 1 hr. Two volumes of cold 95% ethanol were added and 
the mixture was cooled at -20" for 20 min. The precipitate 
was centrifuged and redissolved in 0.4 hf sodium chloride-0.1 
M sodium acetate (pH 4.5) and reprecipitated with 2 vol of cold 
ethanol. Under these conditions 63% of the total radioactivity 
was recovered which was niinimally 64 product according to 
cupric ion catalyzed hydrolysis of [,H]Ile-tRNA (Schofield 
and Zamecnik, 1968). 
N-Bromoa~eryl-[~H]Ile-tRNA~~~-lle-tRNA Synrhetuse Co- 

calent Complex. A solution (100 pl) containing 10 mM potas- 
sium phosphate5 mhi magnesium chloride buffer (pH 7 .3 ,  6 
pmol (0.06 p ~ )  of N-brom~acetyl-[~H]Ile-tRNA~~~ (4.5 Cil 
mmol), and 10 pmol (0.1 PM) of the enzyme was incubated at 
25" for 24 hr. An excess of unfractionated tRNA"" (450 
pmol; 27 , 4 2 6 0  units of crude tRNA) was added and after 1 hr 
the reaction was filtered through a Sephadex G-100 (40-120 
mesh) column (40 x 0.7 cm) at 5" using 10 mM sodium caco- 
dylate-5 mM magnesium chloride buffer (pH 5.5) as eluent. 
The flow rate was 18 ml/hr and 0.5-ml fractions were collected. 
Radioactivity was determined in 10 ml of toluene containing 
25 Triton X-100 and 40 mg of Omnifluor. 

Results 

Since affinity labeling must proceed unimolecularly within a 
specific reversible complex, it is important to demonstrate that 
an analogous chemically reactive function which does not form 
a reversible complex will not alkylate the protein under similar 
conditions. Some indication that a bimolecular reaction 
between a-halocarbonyl alkylating agents and Ile-tRNA syn- 
thetase would not occur under the conditions employed here 
could be derived from the data of Iaccarino and Berg (1969). 
These workers reported the bimolecular rate constant for the 
reaction of the enzyme and iodoacetamide to be 7.9 X lo-* 
M-' min-' at 17". Using this value and concentrations of ca. 

hi for Ile-tRNA synthetase and N-bromoacetyl-[ ,HIIle- 
tRNA as in a typical affinity labeling experiment, we calculated 
that a negligible amount of enzyme would have reacted over 
thc 24-hr duration of the experiment. To verify this, we per- 
formed an experiment in which N-bromoacetyl-[ ,H]Ile and 
the enzyme were incubated at concentrations (2 X 10-j and 
2 x 10-7 M, respectively) which exceeded those used in the 
affinity labeling experiment. After 24 hr, the enzyme was 
separated from the unreacted alkylated agent by filtration 
through Sephadex G-25 and was shown not to contain radio- 
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FIGURE 1 : Sephadex G-25 filtration after incubation of N-bromo- 
acetyl-[3H]Ile (N-BrAc-[3H]Ile) with Ile-tRNA synthetase with (0) 
and without (A) tRNA for 24 hr as described under Materials and 
Methods. The void volume (7.6-9.8 ml) was determined with 50 p1 
of a 2-mg/ml blue dextran solution. 

activity (Figure 1). An identical result was obtained if tRNA1le 
was included in the reaction mixture. 

In the preparation and storage of N-bromoa~etyl-[~HITle- 
tRNA, the nucleic acid is continuously exposed to the alkylat- 
ing agent. If reaction occurs, the alkylating potency will be 
abolished and the nucleic acid modified. Although unfrac- 
tionated tRNA has been alkylated with halides of comparable 
reactivity (Smith and Yamane, 1967; Hara et al., 1970; 
Grachev et a/., 1972), quantitative data were unavailable which 
would allow prediction as to whether such reactions would 
occur under the conditions used here. There was some indica- 
tion that tRNA1le would not be susceptible to alkylation under 
the conditions used, since it does not contain the exposed 
4-thiouridine residue (Yarus and Barrell, 1971) believed to 
react with a-bromoacetamides (Hara et a/., 1970). To ensure 
this, unfractionated tRNA was treated with a radioactive 
bromoacetamide under conditions more extreme than those 
employed in the preparation and storage of N-bromoacetyl- 
[ 3H]Ile-tRNA. During incubation under N-acylating condi- 
tions (except for a 103-fold increase in tRNA) aliquots of the 
solution were taken at various intervals and repeatedly pre- 
cipitated with ethanol to remove the alkylating agent. The 
extent of acylation was determined from the radioactivity 
associated with the tRNA. After the normal 1-hr incubation 
and after 24 hr, the extent of alkylation was determined to be 
l/llooth and 1/140th mol of alkylating agent per mol of tRNA, 
respectively. It must be emphasized that unfractionated tRNA 
was used in this experiment as well as a large excess of alkylat- 
ing agent; we conclude that alkylation of tRNA"" by the 
reactive chemical group is not significant enough to warrant 
concern. 

A number of workers have demonstrated that aminoacyl- 
tRNAs form tight complexes with their cognate synthetases 
which may be isolated by gel filtration (Lagerkvist et al., 
1966; Myers ef a/ . ,  1971; Eldred and Schimmel, 1973) or 
adsorption on nitrocellulose membranes (Yarus and Berg, 
1969). The rate of dissociation of the complex is relatively slow 
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FIGURE 2:  Separation of enzyme-N-acetyl-Ile-tRNA complex from 
N-acetyl-Ile-tRNA on Sephadex G-100; direct filtration (0) and 
addition of 16-fold excess tRNA before filtration (A). Unfractionated 
tRNA containing 25 pmol of N-acetyl-[3H]Ile-tRNA was incubated 
with 40 pmol of enzyme in 100 p1 of 10 mM potassium phosphate-5 
mM magnesium chloride buffer (pH 7.5) for 1 hr. The column was 
preequilibrated and eluted with 10 mM sodium cacodylate-5 mM 
magnesium chloride buffer (pH 5 .5 ) .  The column was calibrated 
with the indicated markers. 

( t i  ? for dissociation is 90 sec at 17"; Yarus and Berg, 1969) 
and under conditions of dilution with excess tRNA, bound 
aminoacyl-tRNA may be exchanged with the tRNA of the 
medium. The complex with N-acetyl-[ 3H]Ile-tRNA and Ile- 
tRNA synthetase may be isolated in the excluded volume by 
Sephadex G-100 filtration (Figure 2), whereas N-a~etyl-[~Hl- 
Ile-tRNA was eluted after the void volume. When the pre- 
formed complex was incubated with excess tRNA prior to 
filtration, a radioactive complex was not obtained. 

When N-br~moacetyl-[~H]Ile-tRNA prepared from highly 
purified tRNA1le was incubated with Ile-tRNA synthetase 
under the same conditions, Sephadex G-100 chromatography 
(Figure 3a) gave radioactive peaks corresponding to the 
enzyme-N-bromoacetyl-[ 3H]Ile-tRNA complex and N-bromo- 
acetyl-[ 3H]Ile, apparently resulting from hydrolysis during the 
incubation period ; the amount of free N-bromoacetyl-[ 3H]Ile- 
tRNA was negligible. When the preformed complex was in- 
cubated with an excess of tRNA prior to filtration under 
conditions in which the Ile-tRN A synthetase-%acetyl-[ 3H]Ile- 
tRNA complex dissociated, there was little loss in the isolable 
radioactivity associated with the enzyme (Figure 3b). How- 
ever, when the incubation of N-bromoacetyl-[ 3H]Ile-tRNA 
and the synthetase was performed in the presence of excess 
tRNA, little or no radioactivity was associated with the en- 
zyme (Figure 3b). Pooled fractions of the Ile-tRNA syn- 
theta~e-N-bromoacetyl-[~H]Ile-tRNA complex could be re- 
chromatographed with little loss in radioactivity (Figure 4a), 
and served to remove contaminants of unbound N-bromo- 
acetyl-[ *H]Ile-tRNA. An almost identical elution pattern 
(Figure 4b) was obtained when the complex was treated with 
6 M urea and 1 mM 6-mercaptoethanol for 1 hr prior to filtra- 
tion; under these conditions the urea should denature the 
protein and disrupt any noncovalent complexes and the mer- 
captan should have reacted with any reactive halogen still 
remaining. 
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FIGURE 3: Sephadex G-100 chromatography after incubation of 
N-br~moacetyl-[~H]Ile-tRNA with enzyme for 24 hr at 2 5 " :  (a) no 
excess tRNA added prior to filtration: (b) excess tRNA competitor 
added before (A) and after (0) incubation period. 

Discussion 

N-Acetyl- and N-bromoacetyl-Ile-tRNA form complexes 
with Ile-tRNA synthetase which may be isolated by Sephadex 
G-100 gel filtration. However, the enzyme-N-acetyl-Ile-tRNA 
complex is disrupted upon equilibration with tRNA whereas 
the complex formed with the N-bromoacetyl derivative is 
stable. In fact, it may be rechromatographed or treated with 
6 XI urea and P-mercaptoethanol without apparent dissocia- 
tion. These results clearly demonstrate that a covalent bond 
is formed between Ile-tRNA synthetase and N-bromoacetyl- 
Ile-tRNA (ciz. enzyme-CH2CO-Ile-tRNA), undoubtedly as a 
result of displacement of the reactive halogen by a nucleo- 
philic group of the enzyme. 

As with any irreversible inhibitor, the paramount question 
to be answered is whether the covalent bond forms cia bi- 
molecular reaction or from within a reversible complex. In 
the present case commonly used kinetic criteria (Baker, 1967) 
for affinity labeling agents are dificult to apply since the re- 
versible dissociation of tRNA from Ile-tRNA synthetase is 
known to be slow (Eldred and Schimmel, 1973; Yarus and 
Berg, 1969); if formation of the covalent bond is faster than 
this process, the reaction would show bimolecular kinetics 
regardless of the mechanism and the distinguishing "rate 
saturation" phenomenon (Baker, 1967) would not be observed. 
In addition, the relative instability of ester linkage of N-acyl- 
Ile-tRNAs over the time periods used for the labeling experi- 
ments described precludes precise kinetic evaluatlon of the 
mechanisms of covalent bond formation. Nevertheless, several 
direct lines of evidence provide strong support that the reac- 
tion of Ile-tRNA synthetase with N-bromoacetyl-Ile-tRNA 
proceeds by the affinity labeling mechanism rather than bi- 
molecular alkylation. 

First, in the presence or absence of tRNA"", N-bromo- 
acetyl-Ile does not alkylate the enzyme; in this case, the alkylat- 
ing agent is of identical chemical reactivity as the affinity 
labeling agent, but does not reversibly bind to the enzyme. 
Second, incubation of the affinity labeling agent with Ile- 
tRNA synthetase in the presence of a competitor for the 
nucleic acid binding site ( i . ~ . ,  tRNAT1") decreases the extent 
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FIGURE 4: Sephadex G-100 chromatography of the purified enzyme- 
N-bromoacetyl-Ile-tRNA complex before (a) and after (b) treatment 
with 6 M urea-1 mM B-mercaptoethanol. 

of covalent bond formation. Together these data suggest that 
N-bromoacetyl-Ile-tRNA reversibly binds to Ile-tRNA syn- 
thetase oia recognition of the tRNA moiety, and then under- 
goes a unimolecular reaction in which the chemically reactive 
a-bromoacetamide moiety forms a covalent bond with the 
enzyme. Since these experiments were performed with limiting 
concentrations of N-bromoacetyl-tRNA, they do not ascertain 
the stoichiometry of the reaction. However, since Ile-tRNA 
synthetase is a monomer of 114,000 daltons (Arndt and Berg, 
1970; Baldwin and Berg, 1966a) and possesses a single binding 
site for Ile-tRNA ( Y a w  and Berg, 1967), it is reasonable to 
assume that the enzyme reacts with only 1 equiv of the affinity 
labeling agent. 

Although we have not yet identified the target amino acid of 
Ile-tRNA synthetase which is alkylated, it is interesting to note 
that Jaccarino and Berg (1969) have reported that a cysteine 
residue exists at or near the acetive site of the enzyme which 
rapidly reacts with alkylating agents. Experiments are in 
progress which should identify the amino acid residue which 
reacts with N-bromoacetyl-Jle-tRNA. In addition, selective 
degradation of the affinity labeled enzyme should provide 
modified derivatives which will be useful in unraveling 
mechanistic features of the catalytic process. 

References 

Anderson, G. W., Zimmerman, J. E., and Callahan, F. M. 

Arndt, D. J., and Berg, P. (1970), J .  Biol. Chern. 245,665. 
Baker, B. R. (1 967), Design of Active-Site-Directed-Irrevers- 

Baker, B. R., Santi, D. V. ,  Coward, J. K., Shapiro, H. S., and 

Baldwin, A. N., and Berg, P. (1966a), J .  Bid.  Chenz. 241,831. 
Baldwin, A. N., and Berg, P. (1966b), Proc. Nlrcf. Acid Res., 

Bruton, C. J., and Hartley, B. S. (1970):J. ?dol. Biol. 52, 165. 
Calendar, R., and Berg, P. (1966), Biochen7istry 5 ,  1690. 
Edstrom, R .  D. (1968), And .  Biochem. 26,204. 
Eldred, E. W.? and Schimmel, P. R. (1972), Bioclzemistr); 

(1964), J .  An7er. Chern. SOC. 86,1839. 

ible Enzyme Inhibitors, New York, N .  Y . ,  Wiley. 

Jordaan, 3. H. (1966), J .  Heterocycl. Chem. 3,425. 

400. 

I I, 17. 



U V - I N D U C E D  R N A  P O L Y M E R A S E - D N A  C O M P L E X E S  

Eldred, E. W., and Schimmel, P. R. (1973), Anal. Biochem. 

Epstein, J . ,  Rosenthal, R. W., and Ess, R.  J. (1955), Anal. 

Gillam, I. C., Blew, D., Warrington, R. C., Von Tigerstrom, 

Grachev, M. A,, Kumarev, V. P., and Rivkin, M. I. (1972), 

Hara, H., Horiuchi, T., Saneyoshi, M., and Nishimura, S. 

Iaccarino, M., and Berg, P. (1969), J .  Mol. Biol. 42,151. 
Lagerkvist, U., Rymo, L., and Waldenstrom, J. (1966), J .  Biol. 

Lapidot, Y., and de Groot, N. (1972), Prog. Nucl. Acid Res. 

Myers, G., Blank, H. U., and So11, D. (1971), J. Biol. Chem. 

Pellegrini, M., Oen, H., and Cantor, C. R.  (1972), Proc. Nut. 

51,229. 

Chem. 27,1435. 

M., and Tener, G.  M. (1968), Biochemistry 7,3459. 

FEBS (Fed. Eur. Biochem. Soc.) Lett. 24,69. 

(1970), Biochem. Biophys. Res. Commun. 38,305. 

Chem. 241,5391. 

12, 189. 

246,4955. 

Acad. Sci. U.  S. 69,837. 

Santi, D. V., and Danenberg, P. V. (1971), Biochemistry 10, 

Santi, D. V., Danenberg, P. V., and Montgomery, K. A. 

Santi, D. V., Danenberg, P. V., and Satterly, P. (1971b), 

Santi, D. V., Marchant, W., and Yarus, M. (1973), Biochem. 

Santi, D. V., and Peiia, V. A. (1973), J.  Med. Chem. 16,273. 
Schofield, P., and Zamecnik, P. C. (1968), Biochim. Biophys. 

Shaw, E. (1970), Enzymes, 3rd Ed., I ,  91. 
Singer, S. J. (1967), Aduan.Protein Chem. 22, 1. 
Smith, I. C. P., and Yamane, T. (1967), Proc. Nat. Acad. Sci. 

Yarus, M., and Barrell, B. G. (1971), Biochem. Biophys. Res. 

Yarus, M., and Berg, P. (1967), J .  Mol. Biol. 28,479. 
Yarus, M., and Berg, P. (1969), J .  Mol. Biol. 42,171. 

4813. 

(1971a), Biochemistry 10,4821. 

Biochemistry 10,4804. 

Biophys. Res. Commun. 51,370. 

Acta 155,410. 

U. S. 58,884. 

Commun. 43,729. 

Induction of Stable Linkage between the Deoxyribonucleic 
Acid Dependent Ribonucleic Acid Polymerase and 
d(A-T),. d(A-T), by Ultraviolet Lightt 

Gary F. Strniste* and David A. Smithf 

ABSTRACT: Escherichia coli RNA polymerase bound to the 
synthetic polymer d(A-T), d(A-T), can be induced with 
ultraviolet (uv) light to form stable binary complexes. The 
stability of the complex most likely is due to covalent link- 
age(s) between the enzyme and polymer as shown by resis- 
tance of the complex to high ionic strength solutions and 
stability to alkali or heat treatment. Formation of stable com- 
plexes was found to be a function of the incident uv dose, the 
input molar ratio of enzyme-polymer, and the components 
present in the irradiation solution. Ultraviolet light induced 
enzyme-polymer complexes were detected by retention on 
Millipore filters after washing with high ionic strength solu- 
tions (2 M) which dissociate nonlinked enzyme-polymer com- 
plexes. Analysis of uv-induced stable complexes on cesium 

T he first step in ribonucleic acid (RNA) synthesis is 
association of the deoxyribonucleic acid dependent ribo- 
nucleic acid polymerase (RNA polymerase) with the deoxy- 
ribonucleic acid (DNA) template; this initial process is 
designated as the binding step. Upon mixing purified RNA 
polymerase with a nucleic acid polymer in citro, a binary com- 

t From the Cellular and Molecular Radiobiology Group, Los Alamos 
Scient’fic Laboratory, University of California, Los Alamos, New 
Mexico 87544. Receiued August 8, 1973. This work was performed 
under the auspices of the U. S. Atomic Energy Commission. G. F. S. 
was a postdoctoral appointee at the Los Alamos Scientific Laboratory 
for the duration of these studies. His present address: Department of 
Biological Sciences, Herbert H. Lehman College, Bronx, N. Y. 10468. 
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chloride sedimentation equilibrium gradients resulted in for- 
mation of an enzyme-dependent peak which essentially 
floated on top of the gradient. For a particular dose of uv 
light, the per cent total polymer present in this floating peak 
compared favorably with the per cent total polymer retained 
on Millipore filters after a high salt wash for several molar 
ratios of the enzyme-polymer tested. From density distri- 
bution profiles of detergent-treated, uv-induced enzyme- 
polymer complexes in cesium chloride equilibrium gradients, a 
significant fraction of the denatured enzyme-polymer com- 
plex banded at a density of 1.58 g,km3. This fraction most 
likely contains only one linked polypeptide subunit of the 
multisubunit enzyme, and this is possibly the cy or cr subunit. 

plex is formed in the absence of RNA synthesis (Fox et ul., 
1965). The Escherichia coli RNA polymerase is a complex 
multisubunit enzyme ; the holoenzyme is composed of the 
polypeptide subunits a2&3’u(w) (Zillig et al., 1970; Burgess 
and Travers, 1971). Recent studies using partially dissociated 
fragments of the RNA polymerase have provided evidence as 
to the function(s) of the various subunits of rhe enzyme in the 
process of RNA synthesis (Zillig er a/., 1970; Ishihama, 
1972). However, in order to understand better the molecular 
mechanisms of transcription, it is necessary to know the 
spatial relationship of the various subunits of the enzyme in 
the RNA polymerase-DNA complex. Several attempts have 
been made with the electron microscope to determine the fine 
structure of RNA polymerase and RNA polymerase bound to 
DNA (Fuchs et al., 1964; Slayter and Hall, 1966; Colvill et a/.,  
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