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The Site of Covalent Attachment in the Crystalline
Osmium-tRNAMet [somorphous Derivative®

Joseph J. Rosa and Paul B. Sigler*

ABSTRACT: The site of osmium attachment in the crystal-
line isomorphous derivative of yeast tRNAMet js shown to

be cytidine-38, the first hydrogen-bonded base to the 3’ side

of the anticodon loop. The site of modification was deter-
mined chromatographically from nuclease digests of dis-
solved crystals of '851°10s-tRNAMet A new and potential-
ly useful column packing, Al-Pellionex-WAX, was em-

An osmium derivative of crystalline formylmethionine
transfer RNA from yeast (yeast tRNA™et)! has previously
been characterized crystallographically (Schevitz er al.,
1972) and was shown to have a single dominant osmium
site. We report here that the osmium is bound to the cyti-
dine at position 38 in the sequence, the first hydrogen-bond-
ed residue of the anticodon loop (Simsek and RajBhandary,
1972). These experiments were carried out primarily to fa-
cilitate the molecular structure determination of yeast
tRNAMet by correlating the position of the osmium in the
electron-density map as determined crystallographically,
with the position of a specific residue in the sequence, there-
by providing a guide point for tracing the polynucleotide
chain. Evidence is also presented demonstrating that the ad-
dition of osmium to the molecule does not alter the ability
of the yeast initiator tRNA to be aminoacylated by methio-
nine:tRNA ligase, indicating that the site of osmium at-
tachment does not interfere with the formation of a produc-
tive tRNA-ligase complex.

The original work of Criegee demonstrating that nitrogen
heterocycles enhance the stability of osmate esters (Criegee
et al., 1942) has been utilized by a number of workers seek-
ing to attach heavy atoms to nucleic acids for structural
studies (Beer et al., 1966; Burton and Riley, 1966). Recent-
ly, detailed investigations by Behrman and coworkers (Sub-

* From the Department of Biophysics and Theoretical Biology, Uni-
versity of Chicago, Chicago, lllinois 60637. Received July 16, 1974.
Work supported by National Institutes of Health, Grant No.
(M 15225; National Science Foundation, Grant No. GB97654: Ameri-
can Cancer Society, Grant No. 98A. J.J.R. is supported by U. S. Pub-
lic Health Service Training Grant GM 780 and P.B.S. had a Rescarch
Career Development Award GM 22801.

' Abbreviations used are: yeast tRNA™e formylatable methionine
tRNA from yeast: 415y unit, that amount of tIRNA when dissotved in
1 ml of H,O produces an absorbance of 1 at 258 nm with a I-cm light
path.

5102

BIOCHEMISTRY, voL. 13, NO. 25,

1974

ployed in this analysis. The osmium adduct includes two
pyridine molecules, is unusually stable, and does not inter-
fere with enzymatic aminoacylation. Having established the
attachment site, the osmium atom becomes a heavy-atom
marker of a specific residue to aid in the interpretation of
the electron-density map of yeast tRNA™et,

baraman et al., 1971) have shown that relatively stable os-
mium adducts of pyrimidines may be formed in the pres-
ence of pyridine. We show here that exposure of crystals of
yeast tRNA™et (5 3 mother liquor containing Os(VI) and
pyridine produced a derivative containing approximately |
atom of osmium and two molecules of pyridine for each
molecule of tRNA. The adduct is stable and cannot be re-
versed by conditions known to disrupt the secondary and
tertiary structure of the tRNA molecule. Although the os-
mium and pyridines are also irreversibly bound to a dode-
camer released by ribonuclease T,, a certain degree of
three-dimensional structural integrity is apparently re-
quired, since complete digestion of this fragment disrupts
the adduct.

We also present two new and convenient techniques de-
veloped in the course of this work to analyze and isolate nu-
clease-digest products of subnanomolar quantities of
tRNA.

Materials and Methods

Yeast tRNA/Met, {tRNA™et was purified from bulk yeast
tRNA prepared according to the method of Holley (1963),
using the purification scheme of Johnson er al. (1970) as
summarized by Pasek er al. (1973). Crystals were grown as
described by Johnson et al. (1970) from preparations of
tRNAMet which accepted 1.8 nmol of methionine/41sx
unit. Acceptance levels as low as 1.4 nmol/ 4,5 unit werce
encountered but only in crystals which had been irradiated.

Preparation of Os-tRNA/M¢.'Crystals of yeast tRNA™M¢t
were soaked in a stabilizing supernatant solution containing
potassium osmate and pyridine as described by Schevitz et
al. (1972). This “soak solution™ was obtained by a 50-fold
dilution of a 1 M K,0s02(OH)s4, 3.1 M pyridine “‘stock so-
lution,” prepared by adding an equal volume of a 1:1 (vol.)
mixture of pyridine and 1 N HCI to a 0.2 M aqueous sus-
pension of K,OsO,(OH)s (Alfa Inorganics). This “‘stock
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solution” was heated briefly to solubilize any precipitate be-
fore dilution with the crystal stabilizing solution. No precip-
itate formed in the pale amber “soak solution” which was
0.002 M in osmium and 0.063 M in pyridine.

Preparation of ['8519105]1K 2050, (OH )4. The radioac-
tive osmium derivative of yeast tRNAMet was made by
using labeled K,0sO,(OH)s prepared from an isotopic
mixture of !'850s and '°!Os as hexachlorosmic acid
(['85-1910s]H,0sCls, Amersham-Searle).

Typically, an equal volume of 10 N NaOH was added to
0.14 mmol of ['851°10s}H,0sCls (Amersham-Searle, 2.1
Ci'850s, 17.2 Ci of 1970s/mol) in 7 ml of 1.7 N HCI. The
greenish-yellow solution of hexachlorosmic acid initially be-
came colorless, then over a period of several days at room
temperature, the solution became purple, then black. Low-
speed centrifugation yielded a granular black powder, pre-
sumably OsO,. The powder was washed twice with 5 ml of
1 N NaOH and once with water and suspended in 0.7 ml of
cyclohexane. To the suspension was added 2 ml of freshly
prepared aqueous 0.3 M NalOy. The two phases were then
mixed until all of the yellowish-brown color of OsOy4 ap-
peared in the organic phase. (It was occasionally necessary
to add a small amount of HCI to neutralize any residual
NaOH to prevent the formation of the red-colored peros-
mate, [OsO4(OH),]}2~, which is water soluble.) The cyclo-
hexane phase, containing the OsQy4, was removed and the
osmium reduced by the addition of 0.4 ml of an aqueous so-
lution containing 0.4 mmol of KOH and 0.7 mmol of etha-
nol. The resulting pink precipitate of potassium osmate was
left to develop in the cold. The K>OsO3(OH)4 was centri-
fuged and the pellet washed with cold absolute ethanol and
anhydrous ethyl ether. The rose-colored powder was dried
under vacuum at room temperature. The vyields of
[1851910s]K,0s0,(0OH), ranged from 50 to 85%. The os-
mium radioisotopes were counted in a Nuclear-Chicago
well-counter. The molar specific radioactivity of the 0.1 M
K;0s0:(OH)4 “stock solution’ was determined to an accu-
racy of £10% by measuring the concentration of the os-
mium spectrophotometrically as the thiourea complex

" (Dwyer and Gibson, 1951).

Preparation of '851910s + ['4C|Pyridine Soak Solu-
tion. Crystals of yeast tRNA™et were also soaked in a sta-
bilizing supernatant containing ['4C]pyridine as well as
18519105, The composition of this soak solution was as de-
scribed in the preparation of Os-tRNAMet except that
['4C]pyridine (ICN, 12.9 Ci/mol, 0.85 M in H,0) was used
at a final radiospecific activity of 1.75 Ci/mol.

Enzymatic Digests. RNase T, (Calbiochem) was dis-
solved on 0.02 M Tris-HCI (pH 7.5) to a concentration of
5000 units/ml and twice heated to 85° for 2 min to inacti-
vate any phosphatase contaminants (Reeves er al., 1968).
Typically, a solution of 2 4353 units of tRNAM™et (or the
Os adduct) was dialyzed for three 2-hr periods against 1 1.
of H,0, lyophilized, dissolved in 0.12 ml of 0.1 M Tris-HCI
(pH 7.5) and incubated for 1 hr at 37° with 50 units of
RNase T.

Pancreatic RNase (Sigma, RNase A 5X crystallized)
was dissolved in 0.02 M Tris-HCI (pH 7.5) to a concentra-
tion of 0.5 mg/ml; 0.1 4,60 unit of lyophilized oligonu-
cleotide was dissolved in 50 ul of 0.1 M Tris-HCI (pH 7.5)
and digested with 2.5 ug of pancreatic RNase for 1 hr at
37°.

Oligonucleotides were enzymatically degraded to nu-
cleosides by adding to the polynucleotide solution 0.1 vol-
ume of a solution containing 0.25 mg/ml each of pancreatic
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RNase, £. coli alkaline phosphatase (Worthington,
BAPF), and snake venom phosphodiesterase (Worthington)
in 0.01 M MgCl,-0.1 M Tris-HCI (pH 8.0). Typically 0.05
A260 unit of lyophilized oligonucleotide was dissolved in 50
ul of 0.01 M MgCl,-0.1 M Tris-HCI (pH 8.0) and digested
with § ul of the mixture of nucleases for 3 hr at 37°,

Column Chromatography. Oligonucleotide fragments
from RNase T and pancreatic RNase digests were sepa-
rated by one of three methods: (a) on DEAE-cellulose
{Schleicher and Schuell) in the presence of urea (Tomlin-
son and Tener, 1963), (b) on Bio-Gel P-6 (Bio-Rad) in 0.02
M Tris-HCI (pH 7.8) or (¢) on Al-Pellionex-WAX (Reeve-
Angel). Pooled fractions from DEAE-cellulose and Bio-Gel
columns were rid of salt and urea by absorption of the olig-
onucleotide to a 0.3 ml column of DEAE-cellulose, elution
with 2 M triethylammonium bicarbonate (pH 8) (Rushizky
and Sober, 1962), and lyophilized. Fractions from Pellionex
columns were desalted on a 1 X 30 cm column of Bio-Gel
P-2in 0.02 M NH4HCOj; and lyophilized.

Nucleoside analyses were performed on Aminex A-6
(Bio-Rad) essentially according to Uziel et al. (1968).
Samples were injected onto the column through a slider
valve (Chromatronix) nominally containing 20 ul.

All column effluents were continuously monitored at 254
nm (Altex, Model 154 or Chromatronix, Model 220).
Quantitation of nucleoside analyses was made by the
“Xerox-cut-and-weigh” technique standardized by applying
known amounts of nucleoside to the column. Typically,
noise levels were approximately 1.0 X 104 4353 unit. Ac-
curacy was estimated to be +5% for guanosine and adeno-
sine and £10% for cytidine and uridine.

Attempts to Disrupt the Osmium Adduct. The integrity
of the osmium adduct was tested by incubating radioactive
Os-tRNAM™Met o Os-oligonucleotide under denaturation
conditions with reagents which might compete with nucleic
acid for the binding of osmium. Samples of approximately 1
nmol of Os-tRNAMet or Os-oligonucleotide were dissolved
in 20-ul solutions of 0.1 M NaCl, 0.01 M sodium cacody-
late, 0.01 M Na,EDTA, 33% formamide, and containing at
least a 100-fold excess of competing reagent. The solutions
were incubated at S0° for 10 hr, then chromatographed at
50° on a 0.3 X 100 cm column of G-25 Sephadex (Pharma-
cia) in 0.1 M NaCl, 0.01 M sodium cacodylate, 0.001 M
Na;EDTA, and 33% formamide. The periodate treatment
of the osmium adduct which led to release of the Os on P-2
gel filtration was carried out with a 100-fold molar excess
of NalOy (typically SmM ) at 50° for 1 hr.

Aminoacylation of Yeast tRNA™M¢' and Os-tRNA/Me,
A crude preparation methionine:tRNA ligase from E. coli,
prepared according to Muench and Berg (1966), was used
to routinely measure the amino acid acceptance of both
yeast tRNAMet and Os-tRNAMe¢, The possible disruption
of the osmium adduct by enzymatic aminoacylation was in-
vestigated by adsorbing the methionyl-Os-tRNAMet g g
1-ml column of DEAE-cellulose, washing with 0.3 M NaCl
to remove all unbound radioactivity, and eluting the ami-
noacyl-tRNA with 1 M NaCl. Aliquots of the eluate were
counted for ['*Clmethionine and '83:19'Qs.

A partially purified preparation of yeast methionine:
tRNA ligase (gift of Margaret D. Rosa) was used to obtain
the time course of the aminoacylation reaction.

Results

Stoichiometry. As previously described (Schevitz et al.,
1972), crystals of yeast tRNAfMet reacted with osmium
5103
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TABLE 1: Stoichiometry of Osmium and Pyridine.

g-atoms of
Radioactivity Osmium’ mol of Pyridine
Sample Az Units Osmium* Pyridine” mol of tRNA  mol of tRNA
tRNAMetd 2.1 7 30 0.0 0.0
Os-tRNAMet 0.6 2.0 4051 0.9
52 8128 1.0
33 1976 0.9
Os-tRNA!Met d 4.1 2649 9432 0.9 2.3
Os-tRNAMet 4./ 1.9 1368 4040 1.0 2.1
Methionyl-Os-tRNAMet 4. 1.2 2325 0.9

CCPM 2 i0s corrected for decay. * CPM MC counted in Aquasol (New England Nuclear) and corrected for

.

spill over™

of Os radioactivity. © Ay taken as 2.0 nmol. ¢ All crystals were dissolved; then the solution was desalted on G-235 Sephadex.
¢ Three separate preparations of crystalline ¥ ¢'Qs-bipyridy! adduct of yeast tRNA'et 7 Crystals equilibrated with supernatant
solution containing nonradioactive Os(V]) and pyridine, * Os-tRNAM*t was ¢enzymatically methionylated with & crude prep of
E. coli enzymes (Muench and Berg, 1966) to a maximum level of 1.5 nmol of Met/A4.;; unit. The reaction mixture was processed
on DEAE-cellulose as described in the Materials and Methods section.

gradually became colored, and appeared blue when viewed
down the hexagonal axis and amber when viewed normal to
this axis. This color change was complete in about 3 weeks.
The stoichiometry of the osmium-tRNA™¢ adduct was de-
termined after G-25 Sephadex chromatography of dissolved
crystals cither by neutron activation analysis (Schevitz et
al., 1972) or by the use of radioactive osmium (Table ). By
cither method, approximately 1.0 (+10%) g atom of os-
mium was tfound irreversibly bound/mol of tRNAMet The
same stoichiometry was found after Os-IRNAMet wyg
subjected to solvent and temperature conditions known to
disrupt the sccondary structure. Crystals reacted with
WAIOs and [C]pyridine were found to contain 2.2
{£5%) mol of pyridine and 1.0 (£10%) g atoms of Os/mol
ol tRNA after G-25 Sephadex chromatography.

The Stability of the Osmium Adduct. The stability of
the osmium adduct in both tRNA™< 4nd the dodecanu-
cleotide fragment. fragment 127 (see below), was investi-
gated by denaturation experiments as described in the Ma-
terials and Methods section. Both #3.19105 {RNAMet 4nd
fragment 12”7 were challenged with excess amounts of pyri-
dinc. thymidine, cytidine, ApC., ApApC, ethylene glycol. or
saturated sodium carbonate, under conditions of solvent
and temperature known to disrupt secondary structure. In
all cases the osmium reproducibly cochromatographed with
the tRNA or dodecanucleotide fragment. Sodium per-
iodate, known to oxidize osmium to Os(VIII), was required
for the release of the '*31910s from the nucleic acid under
the vigorous conditions described in the Materials and
Mecthods section. The stability of the adduct is striking
since the osmium bipyridyl addition products previously re-
ported have been relatively labile (Subbaraman er al.,
1971: Beer er al., 1966: Burton and Riley, 1966). The ra-
dioactive pyridine moieties did not exchange when crystals
were soaked in a stabilizing supernatant solution containing
pyridine (Table 1) nor when the osmated dodecanucleotide.
fragment 12°. was subjected to molecular sieving on a Bio-
Gel P-6 column previously equilibrated with pyridine. No
further attempts to dislodge the pyridine were made.

Determination of RNase T | Fragment Bearing Ospiium.
To establish the point of osmium attachment both
{RNAM:t and Os-tRNAMe were digested to completion
with RNase T;. DEAE-cellulose chromatographic clution
STO4 BIOCHEMISTRY, NO. 28,
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profiles of these digests are shown in Figure la. An abscnce
(or near absence) of fragment 12 and the clution of a new
peak containing all of the radioactive Os (fragment 12%)
were the only changes found in ten separate experiments. In
partially reacted specimens the relative amount of fragment
12" was proportional to the extent of osmium addition and
was associated with a complementary diminution in the
amount of fragment 12, For one-to-one stoichiometry of Os
to tRNA™e fragment 12 was completely replaced by frag-
ment 12, In a number of chromatograms, however. an un-
usual and variable degree of retardation of the osmium and
fragment 12" was noted and, in certain instances. neither
the Os nor fragment 12’ could be cluted at all. To circum-
vent this problem subsequent separations of the products of
RNase T, digestions were performed on columns of Bio-Ge!
P-6 (Figure 1b). In these experiments the recovery of Os ra-
dioactivity in the front-running peak was quantitative. This
technique proved to be the most convenient and reproduci-
ble method of isolating the Os-bearing fragment.

The identity of DEAE-cellulose fragment 12 was deter-
mined by complete enzymatic digestion of the oligonucleo-
tide to nucleosides and chromotography on Aminex A-6
(Figure 2 and Table 1I). The only portion of the sequence of
veast tRNA™M which corresponds to the composition of
fragment 12 is Cj3)-U-C-A-U-t°A-A-C-C-C-U-Gap. con-
taining the anticodon (Figure 3; Simsck and RajBhandary.
1972) Table II also shows that the front-running Bio-Gel
P-6 peak and peak 15 of the Pellionex column (described
below) are identical with fragment 12 as isolated on DEAE-
cellulose.”

Analysis of fragment 127 (Table 11) showed that this
fragment has the same nucleotide composition as fragment
12, demonstrating that fragment 12’ differs from fragment
12 by only the addition of osmium. Complete nuclease di-
gestion of fragment 127 causes the release of the osmium
suggesting that a covalently constrained conformation of
nucleotide residues is required to stabilize the osmium ad-
duct (see Discussion).

To confirm that the osmium attachment site(s) is (are)

* Throughout this paper, the oligonucleotide C-L-C-A-L-1"A-A-C-
C-C-U-Gp will be referred 1o as fragment 12 regardless of its chroma-
tographic origin.
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FIGURE 1: RNase T, digestions of 2 4555 units of tRNA™¢ and 2 4,55 units of !8%1910s-tRNA™M™¢. (a) Chromatography on a 0.6 X 120 cm
DEAE-cellulose column in the presence of 7.0 M urea and 0.02 M Tris-HCI (pH 7.5) using an 860-m! linear gradient from 0.0 to 0.45 M NaCl at 15
ml/hr. At the arrow, the column was left for 24 hr before starting a 250-ml gradient of NaCl from 0.4 to 1.0 M in 7.0 M urea-0.02 M Tris-HCI (pH
7.5). (b) Chromatography on a 0.6 X 210 cm Bio-Gel P-6 column in 0.02 M Tris-HCI (pH 7.8) at 4.5 ml/hr; only the first three peaks eluted are
shown. (c) Chromatography on a 0.2 X 100 cm column of Al-Pellionex-WAX at 12.0 ml/hr (~120 psig) and maintained at 50°. A 75-ml concave
gradient (0.001 M KH»PO,) (pH 3.4) to 0.25 M KH2PO,4 and 1.0 M KCI (pH 3.0) started with 50 ml of 0.001 M KH;PO, initially in the mixing
chamber. Peak 15 is equivalent to fragment 12 of profile (a). The osmated fragment does not clute from Al-Pellionex-WAX under the conditions

used.

restricted to the dodecamer, Cj ... Gyo, digests of parent
and derivative tRNA were compared by chromatography
on Pellionex allowing complete resolution of nearly all of
the fragments (Figure 1c). As was the case for DEAE-cel-
lulose, the chromatograms differ only with regard to frag-
ment 12 (peak 15). Moreover, analysis of the composition
of the individual fragments (Table III) indicates that there
are no covalently bonded Os atoms—indeed no noticeable
modifications—outside of the sequence C3; ... Gqgo.

Osmium Protects a Single Cytidine from Bisulfite Cata-
lyzed C — U Conversion. The studies on model compounds
done by Behrman and coworkers (Subbaraman et al., 1971,
1973) have demonstrated that, in the absence of reactive cis
diols (Criegee et al., 1942), pyrimidines are much more
susceptible to attack by osmium than are purines and form
a saturated diester across the 5,6 double bond.

Shapiro et al., (1970) and Hayatsu et a/. (1970) have
shown that HSO;~ will quantitatively convert cytidine resi-
dues to uridine with the reaction proceeding through an in-

BIOCHEMISTRY,
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FIGURE 2: A typical nucleoside analysis (here of fragment 12) by Am-
inex A-6 chromatography. Approximately 100 pmol was applied to a
0.3 X 50 cm column and eluted at 50° by 0.4 M NHg-formate (pH
4.65) at 12.0 ml/hr and ~140 psig.
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TABLE 11: Nucleoside Compositions of Fragments 12 and 12’.

Relative Composition®

DEAE-cellulose

Bio-Gel P-6 Peilionéx7

Nucleoside Expected® Fragment 12 Fragment 12’ Fragment 12 Fragment 12/ Fragment 12
U 3 2.9 (260) 3.0(245) 2.8 (140) 2.8 (305) 2.9 (595)
G 1 1.0 (90) 1.0 (80) 1.0 (50) 1.0(110) 1.0 (205
A 2 2.1 (190) 2.1110) 1.9 (95) 2.1(230) 2.0415)
C S 5.2 (475) 5.1 (410) 4.9 (245) 5.2 (575) 4.9 (995)
5 AY 1

¢ Compositions are relative guanosine. The numbers in parentheses are the number of pmoles found by nucleoside analysis on
Aminex A-6 as described in the Materials and Methods section and Figure 3. Amounts of U and C are +10%, G and A =5%.
®t8A could not be determined since it cochromatographed with the nucleases. ¢ Sequence by Simsek and RajBhandary (1972):

C-U-C-A-U-t*,A-A-C-C-C-U-Gp.

TABLE 1I: Assignment of Fragments from Pellionex Chromatography of RNase T, Digestion of tRNAfMet,

pmol of Nucleoside Found® Composition
Peak Urd Guo Ado Cyd N? Urd Guo Ado Cyd N Assignment
1 550 1.0 Gp
2 110 v 1.0 Cpm:*Gp
3 150 v 1.0 v DpGp
4 135 130 1.0 1.0 CpGp
5¢ CpCpGp°
64 CpUpApCpCpAo}{d
7 CpApGp°
8 210 405 1.0 1.9 ApApGp
9 v,V Vv *Ap*Gp
10 175 v,V 1.0 RO, Upm!Gpm?Gp
11 125 135 140 135 09 10 10 1.0 ApUpCpGp
12 170 180 1.0 1.1 pApGp
13 135 275 260 v 10 20 1.9 & m!ApApApCpCpGp
14 290 150 160 160 v, v 1.9 1.0 1.0 1.0 «v,+ ApUpm'GpDpm*Cpm*CpUpCpGp
15¢ 280 85 175 420 v 32 1.0 20 49 « CpUpCpApUptsApApCpCpCpUpGp*

@ The nucleoside analyses were performed as in the Materials and Methods section and Figure 3.” N refers to modified nucleo-
sides that were detected (denoted by v ) but not quantitated. ¢ These peaks were not analyzed and the assignments are tentative.
“ Identified by unique sensitivity to limited venom phosphodiesterase digestion of intact tRNAf*¢t (J. Tropp, personal communi-

cation). ® This peak corresponds to fragment 12.

termediate in which HSO;~ adds across the 5,6 double
bond. If the osmium were to form an adduct of cytidine and
that adduct were to remain intact during the HSO;™ treat-
ment, then that cytidine should be protected from bisulfite
catalyzed C — U conversion. Treatment of fragment 12’
with bisulfite, followed by Bio-Gel P-2 chromatography,
demonstrated that bisulfite does not displace the osmium.
Figure 4 compares the nucleosides produced by enzymatic
digestion (which invariably releases the osmium) of frag-
ments 12 and 12’ previously subjected to bisulfite treat-
ment. The quantitation of the chromatograms (Table V)
shows that a single cytidine in fragment 12’ is protected
from bisulfite conversion to uridine.

Osmium is Bound to the Pancreatic RNase Fragment
194-A4-C3p. To determine which cytidine was the site of
modification, fragments 12 and 12’ were treated with pan-
creatic RNase and the digests analyzed by Pellionex chro-
matography (Figure 5). In comparing these digests the
most striking result is the concomitant failure to recover
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both the fragment t°A-A-Csgp and the osmium radioactivi-
ty. A similar result was observed with DEAE-cellulose
chromatography. While the chromatographic phenomenon
which underlies this extreme degree of retardation is not ev-
ident to us, these results strongly suggest that the osmium is
bound to this oligonucleotide.

Osmium Interferes with Pancreatic RNase Cleavage of
the Ci3pCiyy Phosphodiester Bond. Comparison of the
mononucleotides released from fragments 12 and 12’ by
pancreatic RNase (Table V) revealed that digests of the os-
mated fragment were reproducibly deficient in a single 3’
CMP. These results are consistent with the osmium being
attached to Csg since, as shown in the sequence included in
Figure 5, the Os(pyridine); moiety might be expected to
sterically interfere with the cleavage of the Cs3pCiy phos-
phodiester bond, leaving the fragment t®A-A-93C35-Cp in-
tact.

Osmium Protects Cyg from Bisulfite Conversion to U.
To more conclusively demonstrate that the osmium binding
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FIGURE 3: The cloverleaf representation of yeast tRNA™et (Simsek
and RajBhandary, 1973). The box encloses fragment 12. Arrow points
to C3y which is in bolder relief.

site is Csg, fragments 12 and 12’ were treated with bisulfite
as previously described. The bisulfite treated oligonucleo-
tides were then incubated with NalO4 to remove the os-
mium, and digested with pancreatic RNase. Figure 6 shows
the elution profiles of the digest products on Pellionex.
Whereas tSA-A-Usgp is generated from fragment 12 due to
the C — U conversion of Cag, the corresponding fragment
from 12’ is t°A-A-Cagp (Table VI). This demonstrates that
the single cytidine protected by osmium is at position 38.

Os-tRNAMe! is q Normal Substrate for Enzymatic
Aminoacylation. Table | shows that 1.5 nmol of methionine
are enzymatically accepted per Ajsg unit of Os-tRNAMet
without detectable loss of covalently bound osmium. The
time course of the charging reaction (Figure 7) is the same
for both parent and Os-tRNAM™e¢! indicating that the pro-
ductive interaction of yeast tRNAfMet and yeast methio-
nine:tRNA ligase is not disturbed. A similar result is ob-
served using the Escherichia coli enzyme.

Discussion

The Mode of Attachment of Osmium to Csg. The origi-
nal rationale for the preparation of the osmium derivative
of yeast tRNAMet was to label the 3-OH terminus with a

bispyridyl osmate ester. The reactivity of Os(VI) toward cis
diols was first shown by Criegee et al. (1942) and has been

TABLE 1v: Composition of Bisulfite Treated Fragments 12
and 12'.

Relative Composition®

Sample A G U C
Fragment 12 2.0 1.0 3.2 4.9
Fragment 12 + 1.9 1.0 8.0 <0.2

bisulfite — T
Fragment 12/ 2.1 1.0 3.1 1
Fragment 12’ + 2.0 1.0 7.0 1.1

bisulfite

? Nucleoside compositions relative to G. t°A is not de-
tected by the technique.
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1.0
10.0
4.0
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2.0
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FIGURE 4: Nucleoside analysis of fragment 12 and fragment 12/ after
trcatment with bisulfite to convert cytidine to uridine. Approximately |
nmol of oligonucleotide was dissolved in 0.5 ml of 2 M NaHSO;-1 M
NaySO; (pH 5.8), left at 20° for 24 hr, desalted on a 1 X 30 cm col-
umn of Bio-Gel P-2 in 0.02 M NH;HCOj and lyophilized. The residue
was treated with 0.5 ml of 0.4 M triethylammonium bicarbonate (pH
9.2) for 6 hr at 37° and lyophilized. The analysis of nucleoside compo-
sition was performed as described in Figure 3.

used by Behrman and coworkers (Subbaraman et al., 1973)
to prepare osmium derivative of nucleic acids. The ability to
aminoacylate dissolved crystals of yeast Os-tRNAMet with-
out releasing the osmium demonstrated that the osmium
was not bound to the cis diol at the 3’ terminus (Schevitz et
al., 1972). The possibility that a reactive diol might exist
due to the presence of a trialcohol amide in the supermodi-
fication of the N-(purin-6-ylcarbamoyl)threonine, t°A
(Kasai et al., 1974), at position 36 was excluded by Dr.
Kasai, in the laboratory of Dr. S. Nishimura, who kindly
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FIGURE 5: Pellionex chromatography of pancreatic RNase digests of
fragment 12 (a) and fragment 12’ (b). Arrows indicate sitcs to be
cleaved by pancrcatic RNase. Shaded arrow indicates the phospho-
diester linkage likely to be protected by extensive modification of Cjg.
Elution was carried as in Figure lc.
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TABLE v: Composition of Fragments from Pellionex Chromatography of Pancreatic RNase Digests of Fragments 12 and 12,

Cp Up
Expected 4 2
Fragment 12 4.0 2.1
Fragment 12’ 3.0 1.9

G p(Z

1
1.0

1.0

U

1
1.1

0.9

A

ApUp’
0 1
0.0 1.0
0.0 1.0

- .C

0
0.0

0.0

0

0.0

tsApApCp”

G A
0 I
0.0 1.0

Not eluted

“ The mononucleotides released by pancreatic RNase digestion were quantitated directly from the chromatographic profile
(Figure 5) and are given relative to Gp. ” These fragments were collected and analyzed by nucleoside analysis as described in the
Materials and Methods section and Figure 3. t°A is not detected by this analysis.

TaBLE vi: Composition of Fragments from Pellionex Chromatography of Pancreatic RNase Digests of HSO,™ and 10~
Treated Fragments 12 and 127,

ApUp" APAPCP’ (or PAPAPUD')
Cp Up Gp* U G A C >U » G B A - “C |
Fragrﬁent 12 dO_ 5§ 7 ¥10 ():9 0 7() » 10 0.0 - O..9 . 0..0 1.0 W 0.0
Fragment 12’ 0.0 6.1 1.0 1.1 0.0 1.0 0.0 h(),(; 0.0 1.0 1()

“ The mononucleotides released by pancreatic RNase were quantitated directly from the chromatographic profile (Figure 6)
and are given relative to Gp. * The fragments werce collected and analyzed by nucleoside analysis as described in the Materials

and Mecthods section and Figure 3. 1°A is not detected by this analysis.

T T T T T T T T
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FIGURE 6: Pellionex chromatography of pancreatic RNase digests of
fragment 12 (a) and fragment 12’ (b) having been treated successively
with bisulfite to convert C to U and periodate to remove Os from the
oligonucleotide. The elution conditions were as described in Figure lc.
The inserts show the putative sequences of the oligonucleotides fol-
lowing HSO37 /1047 treatment.

verified that our samples of yeast tRNAM™<t contained the
usual t°A modification (personal communication). Os-
mium, as OsOy, will readily add across the 5.6 double bond
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of a pyrimidine base to form a hydrolytically labile adduct
which in the presence of pyridine forms a stable bispyridyl
osmate ester (Beer er al., 1966; Burton and Riley, 1966;
Subbaraman er al., 1971). We suggest that the crystals of
yeast tRNA™<t react with K;0s05(OH)4 to form such an
irreversible bispyridyl adduct of C3g4 and that the attacking
reagent is not Os(VI) but a highly transient species of
Os(VI1I) produced in trace amounts by disproportionation
of Os(VI) during the three weeks necessary to carry out the
rcaction (Subbaraman er al., 1972). Figure 8 depicts a pos-
sible course for the reaction.

Stereochemical Requirements for a Stable Osmium Ad-
duct. The specificity of this reaction is apparently depen-
dent, in some unknown way, on the chemical and steric con-
straints unique to the crystal since in a solution (approxi-
mating the stabilizing mother liquor) K,0sO>(OH)4 or
0s0; in the presence of pyridine reacts with tRNAMet 4t
many sites. Moreover, the nature of the complex produced
in the crystals was distinctive in that the osmated tRNAMe!
isolated from the solution reactions appeared colorless or
amber in solution, while dissolved crystals of Os-tRNAMet
or solutions of fragment 12" appeared pale blue at concen-
trations exceeding ~107¢ M.

The fact that the isolated T, fragment retains the unique
blue complex suggests that whatever stereochemical factors
specify the formation of the osmium adduct in the crystal,
interactions with neighboring functional groups within the
fragment are sufficient to stabilize it. Moreover, it appears
that interactions with other residues in the T, fragment arc
necessary as well as sufficient for stability. This follows
from the fact that total enzymatic digestion of fragment 12
to nucleosides completely disrupts the adduct. The osmium
adduct apparently does not involve residues 39-42 of the
anticodon stem. This follows from the observation that the
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FIGURE 7: The time course of enzymatic aminoacylation of Os-
tRNAMet (A) and tRNA™et (@) by yeast methionine:tRNA ligase.
The reaction mixtures contained 0.010 M MgCl,, 0.003 M ATP, 0.001
M dithiothreitol, 0.2 mg/ml of bovine serum albumin, 3.0 X 1075 '™
methionine (['*C]Met 50 Ci/mol; 5.10 X 10* cpm/nmol), 0.050 M
Tris-HCl (pH 7.5), 0.40 A2ss unit of tRNA™ /ml or 0.425 4,55
unit of Os-tRNAet/m], and yeast enzymes. The reactions were incu-
bated at 37° and 100 ul aliquots were removed periodically to deter-
mine the acid precipitable radioactivity according to Hoskinson and
Khorana (1965). The concentrations of the tRNAs were adjusted to
produce the same maximum levels of methionine incorporation.

adduct is no more stable in the native molecule, where these
residues presumably are constrained in a hydrogen-bonded
helical stack (Kearns and Shulman, 1974; Kim et al., 1973;
Schevitz et al., 1974), than it is in fragment 12, which has
no sequence complement (Simsek and RajBhandary, 1972).
We therefore suggest that the stability of the osmium bispy-
ridyl adduct of Cjg is enhanced by a functional group or
groups from neighboring residues which are constrained in
an appropriate three-dimensional arrangement by an intact
segment of the anticodon loop. It is tempting to speculate
that the oxygen functions of the threonyl moiety of the t5A
at position 36 form a ligand of the adduct. Preliminary
model building studies of the anticodon stem and loop re-
gions of yeast tRNAMet (Schevitz er al,, 1974) indicate
that the formation of a bispyridyl osmate diester across the
double bond of C;y is stereochemically compatible with the
Watson--Crick base pairing (Kearns and Shulman, 1974)
and acceptance of a threonyl oxygen function of the t°A.

Aminoacyl Ligase Interaction with the Anticodon Loop.
The normal aminoacylation of Os-tRNA™et by the methi-
onine:tRNA ligases from both yeast and E. coli is of inter-
est since Schulman and Goddard (1973) have shown that in
the E. coli system bisulfite conversion of C — U in the an-
ticodon causes rejection of the tRNAMet a5 a substrate.
However, the ligase, whether from E. coli or baker’s yeast,
is apparently insensitive to substantial structural changes
immediately to the 3’ side of the anticodon since it charges
both E. coli and yeast tRNA™Eet the former having an un-
modified adenosine at the position corresponding to t°A in
the yeast tRNAM™et [t is therefore not surprising that a
substantial structural change involving the sequence, toA-
A-Csg, does not affect the ligase interaction with yeast
tRNAMet,

A Heavy Atom Marker for the Position of Cis in the
Electron Density Map. This study has been carried out in
parallel with the crystallographic structure determination
of yeast tIRNAMet (Schevitz et al., 1974). Having estab-
lished that the osmium is attached to Csg, the osmium atom
becomes an invaluable aid in the interpretation of the low

BIOCHEMISTRY, VOL. 13, NO. 25,

OH HeO + “ 2 OS(V)
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FIGURE 8: Schematic summary of pathways leadmg to osmium bispy-
ridyl adduct (Subbaraman er al.; 1971,1972,1973). Bold arrows indi-
cate pathway suggested here.

resolution electron-density map and complements the work
of Pasek et al. (1973) who marked the position of C7; in
the electron-density map by preparing a crystalline deriva-
tive in which C;; was enzymatically replaced by iodocyti-
dine.

Although preliminary results indicate that there may be
some significant differences between the three-dimensional
structures of yeast tRNAMet (Schevitz et al., 1974) and
yeast tRNAPH (Kim et al., 1973), there is a suggestion
that the overall dimensions of the two molecular species are
comparable since the distance between the heavy atom
markers at Cig and C7, (54 A) is in close agreement with
the corresponding distance in the model of tRNAP" pro-
posed by Kim et al., (1973) (A. McPherson, G. Quigley, A
Rich, N. Seeman, and P. Sigler, unpublished observations).
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Ribonucleic Acid Ligase Activity of Deoxyribonucleic Acid
Ligase from Phage T4 Infected Escherichia coli*

Hiroshi Sano and Giinter Feix*

ABSTRACT: This study presents evidence that the DNA li-
gase of phage T4 purified according to the procedure of
Weiss et al. (Weiss, B., Jacquemin-Sablon, A., Live, T. R.,
Farced, G. C., and Richardson, C. C. (1968), J. Biol.
Chem. 243, 4543) can be used as an RNA ligase. Working
with high enzyme concentrations, with short oligoribonu-

Deo,\')ribonuclcic acid ligase activities are implicated in
replication, repair, and most probably also in recombination
of double-stranded DNA in procaryotic and eukaryotic cells
(Klein and Bonhoeffer, 1972; Radding, 1973). They cata-
lyze the formation of phosphodiester bonds between the 5/-
phosphoryl group and the 3’-hydroxyl group of nicks (inter-
ruptions of one strand) in double-stranded DNA structures
{Richardson, 1969). Because of this activity, DNA ligases
have become helpful tools in several synthetic reactions in
vitro (Goulian et al., 1967; Agarwal et al., 1970; LLobban
and Kaiser. 1973). Recently, it was found that the DNA li-
gasc of phage T4. a polynucleotide ligase studied rather ex-
tensivelv. will also catalyze the end-to-end joining of biheli-
cal DNA with fully base paired termini (Sagaramella and
Khorana. 1972). In addition to this reaction, DNA ligase of
phage T4 will also accept DNA-RNA hybrid structures as
substrates. which has been demonstrated by the head-to-taii
joining of various oligodeoxyribonucleotides on a polyri-
bonucleotide template and vice versa (Kleppe er al., 1970:
Farced er a/., 1971). Similar experiments, however, using
oligo(rA)-poly(rU) or oligo(rU)-poly(rA)! as substratc

* From the Institut fiir Biologic 11 (Genetik, Molekular-biologic
und Biophysik). Universitidt Freiburg, 78 Freiburg, West Germany.
Received June 3, 1974, This work was supported by the Deuatsche Tor-
schungsgemeinschalt (SFB 46).

" The abbreviations used are specified in Biochemistry 9, 4022
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cleotides, and at 0°C, oligo(rU), oligo(rl), and oligo(rC)
could be joined head-to-tail, respectively, in the presence of
the corresponding complementary polyribonucleotides. Oli-
go(rA), however, in combination with poly(rU) or oligo-
(rU) could not be covalently linked under the conditions
used.

combinations were unsuccessful (Kleppe er al., 1970; Far-
eed et al., 1971), and led to the conclusion that DNA ligasc
of phage T4 might not work with double-stranded RNA
structures as substrate. During our attempts to connect
RNA molecules covalently with each other, we restudied
the DNA ligase of phage T4 and found that this enzyme
can indeed be used as an RNA ligase if RNA-RNA struc-
tures other than oligo(rA)-poly(rU) are offered as sub-
strates. It will be shown that under the conditions used
(high enzyme concentration, rather short oligonucleotides,
low temperaturc) DNA ligase of T4 does behave as an
RNA ligase connecting oligoribonucleotides in various
RNA-RNA combinations in a head-to-tail manner with
the only exception that of oligo(rA)-poly(rU).

Experimental Section

Materials

DNA ligase was prepared principally according to the
method described by Weiss er al. (1968) with a modifica-
tion introduced by Knopf (1974). T4 am 4647 infected
Escherichia coli strain B41 cells (50 g) (dectailed procedure
will be given elsewhere) were homogenized, treated by
streptomycin, fractionated with ammonium sulfate, di-
alyzed, and loaded on a DEAE-cellulose column (4.5 X 11
cm) equilibrated with 10 mM Tris-HCI (pH 7.4)-1 mm g-
mercaptoethanol (TM buffer), and eluted with 1000 ml of a
linear gradient from 0 to 0.3 M sodium chloride in TM



