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The S 1 -Sensitive Form of d(C-T);d(A-G).: Chemical 
Evidence for a Three-Stranded Structure in Plasmids 

Homopurine-homopyrimidine sequences that flank certain actively transcribed genes 
are hypersensitive to single strand-specific nucleases such as S1. This has raised the 
possibility that an unusual structure exists in these regions that might be involved in 
recognition or regulation. Several of these sequences, including d(C-T),.d(A-G),, are 
known to undergo a transition in plasmids to an underwound state that is hypersensi- 
tive to single strand-specific nucleases; this transition occurs under conditions of 
moderately acid p H  and negative supercoiling. Chemical probes were used to examine 
the reactivity of a restriction fragment fiom a human U1 gene containing the sequence 
d(C-T)18.d(A-G)ls as a function of supercoiling andpH, and thus analyze the structure 
in this region. Hyperreactivity was seen in the center and at one end of the (C-T), tract, 
and continuously from the center to the same end of the (A-G), tract, in the presence 
of supercoiling and p H  16.0. These results provide strong support for a triple-helical 
model recently proposed for these sequences and are inconsistent with other proposed 
structures. 

A NUMBER OF ACTIVELY TRANSCRIBED 

eukaryotic genes in chromatin are 
hypersensitive to nucleases that nor- 

mally only attack single-stranded DNA, 
such as S1 (1-3). The S1-sensitive sites have 
been mapped to homopurine-homopyrimi- 
dine sequences, and many are found in 
promoter regions at the 5' ends of the genes 
(2, 3), suggesting that they may play a role 
in transcriptional control. 

One homopurine-homopyrimidine se- 
quence common in eukaryotic DNA is the 
alternating sequence d(C-T),.d(G-A),, 
henceforth designated (C-T),. Sl-hypersen- 
sitive (C-T), sequences have been found in 
genes encoding sea urchin histones (4), Dvo- 
sophila heat-shock proteins (5 ) ,  and human 
U1 (6) and U2 RNAs (7), for example. In 
actively transcribed members of the human 

U1 gene family, the sequence (C-T)ls is 
located 1.8 kb downstream of the RNA- 
coding region (6) .  When cloned into plas- 
mids, this sequence has been shown to 
undergo a transition to an S1-sensitive state 
with a concomitant loss of up to four super- 
coils (8, 9). Thus the altered structure is 
topologically equivalent to a melted, un- 
wound region or a cruciform, contributing 
no net helical winding to the plasmid DNA. 
The transition requires somewhat acid p H  
and is aided by negative supercoiling, al- 
though the need for supercoiling diminishes 
with increasing length of the (C-T), se- 
quence (8). Several models have been sug- 
gested for the S1-sensitive, unwound con- 
formation of (C-T), sequences. To help 
distinguish among these models, the chemi- 
cal reactivity of the altered conformation has 
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been examined using reagents which were 
previously shown to be sensitive probes for 
non-B-DNA structures (10). The results of 

\ ,  

these experiments support a recent model 
(11, 12) in which the normal double helix 
reapportions itself into triple-stranded and 
single-stranded regions. This conclusion is 
reinforced by recent experiments on other 
homopurine. sequences j 13-1 6 )  and by ex- 
periments in which the same sequence was 
analyzed (17) with a somewhat different 
technique (1 8). The present results further 
suggest that the length of the triple helix in 
the altered conformation may vary with 
superhelical density. 

The chemical probes used include diethyl 
pyrocarbonate (DEP), which reacts prefer- 
entially with purines in Z-DNA that are in 
the usual syn conformation (1 0, 19); dimeth- 
ylsulfate (DMS), which is hyperreactive 
with purines in the unusual anti conforma- 
tion in Z-DNA (10); hydroxylamine, which 
reacts specifically with cytosines at junctions 
between B- and Z-DNA (10) and at junc- 
tions between out-of-phase blocks of Z- 
DNA (20); and osmium tetroxide (Os04), 
which reacts preferentially with thymines at 
B-Z junctions (10, 21). DEP (22), hydroxyl- 
mine (23), and Os04 (24) also react with 
cruciform loops. DEP favors structures, in- 
cluding single-stranded regions or Z-DNA, 
in which the reactive N~ and N-7 positions 
of adenine and the N-7 position of guanine 
are especially accessible. The pyrimidine- 
specific reagents hydroxylamine and Os04, 
on the other hand, appear to recognize 
single-stranded regions or dislocations in 
the helix that allow the reagents to attack 
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their respective target bases fiom out of the 
plane of the pyrimidine ring (10). These 
four reagents, together with the hydroxyl- 
amine derivative methoxylarnine, were used 
to chemically modify pGEM2-SB-OF, a 
plasmid that contains a restriction fragment 
from a human U1 gene bearing the (C-T)18 
sequence. After the reaction, sites of chemi- 
cal modification were identified as previous- 
ly described (10). Briefly, a restriction fiag- 
ment fiom the modified plasmid containing 
the sequence of interest was prepared with a 
radioactive label at one end, the backbone 
was cleaved at modified sites by treatment 

with piperidine, and the resulting fragments 
were resolved on a sequencing gel. 

Autoradiographs of gels indicating the 
reactivity of bases on the 3' end-labeled CT- 
containing strand and the 5' end-la- 
beled AG-containing strand are shown in 
Figs. 1 and 2. The sequence is shown in Fig. 
3, with base pairs numbered fiom the 5' end 
of the (C-T), sequence. The double-headed 
arrows in Figs. l a  and 2 extend fiom nucleo- 
tides (nt) 1 to 42, covering the entire homo- 
pyrimidine sequence. Lanes 1 to 8 of Fig. l a  
show the reactivity patterns exhibited by the 
altered form toward methoxylamine and hy- 

-MeONH, - -HONH, .- -0~0,- 
a pH5 pH6 pH5 pH6 P H 5  pH6 pH8 

PH 
N H I N  H I N  H l N  H I N H l N  H I N  H b 4.5 5 5.5 6 6.5 7 8 

36 a . 1 1 2 3 4  5 6 7  

Flg. 1. Reactivity of the CT 
strand of pGEM2-SB-OF as a func- 
tion of supercoiling and pH. (a) 
Reactivity of the altered, under- 
wound state under various condi- 
tions, and its disappearance at pH 
8. (b) The effect ofpH on reactivity 
toward hydroxylamine, showing 
just the (C-T),, region, with the 
cytosine bands numbered as in Fig. 
3. Autoradiographs of 8% poly- 
acrylamide sequencing g l s  are 
shourn. The reagents used were 
methoxylarnine (,'vleONH,), hy- 
droxylamine (HONH?), and osmi- 

um tetroxide ( 0 ~ 0 ~ ) .  Superhelical density is indicated by N (native; characteristic of plasmids isolated 
from E. coli) and H (high; u = -0.12). The double-headed arrow exactly spans the homopyrimidine 
sequence (nt 1 to 42), the single-headed arrows indicate the short AT-rich direct repeats, and PulPy 
indicates an alternating purinelpyrimidine sequence. Hyperreactive regions in the middle and at the 
lower (3') end of the (C-T) 18 sequence are designated by heavy square and curved brackets, respecti\,ely. 
The adjacent hyperreactive AT sequence is indicated by angled brackets. Preparation of supercoiled 
DNA, modification reactions, and subsequent enzymatic and electrophoretic steps were as described 
( I  7 )  except as follows: all reaction mixtures were preincubated in the appropriate buffer plus 1 m l  
EDTA for 15 min at 37°C prior to the addition of the reagent. The reaction buffers, titrated to the 
indicated pHs, were: 50 mV sodium acetate for pH 4.5 to 5.5; 50 mM sodium cacodplate for pH 6 to 7, 
and 20 ml? EDTA for p H  8. DEP reactions were stopped by the addition of SaCl to  0.2M and 
precipitation by ethanol, solubili7ation of the pellet in tris-EDTA (pH 7.4), and a second ethanol 
precipitation. Osmium tetroxide reactions were initiated bv adding pvridine (titrated to the appropriate 
pH with HCL) to 4% final concentration, followed by aqueous OsO, to 1%. OsO, reactions were 
terminated by three extractions with carbon tetrachloride at 0" followed by one ethanol precipitation. 
For the hydroxylamine pH series in (b), hydroxylamine was titrated to the various pHs with 
diethylamine. The active form of the reagent is presumably the free base, which is present at higher 
levels for higher pH values. T o  compensate for this, the time of incubation with hydroxylamine was 
made shorter for higher pH values as follo\vs: p H  4.5,35 min; pH 5,30 min; pH 5.5,20 min; pH 6 and 
6.5, 15 min; and pH 7 and 8, 12 min. Under these conditions, a darker exposure showed that 
corresponding bands outside the homopvrirnidine region were of nearly equal intensity. T o  the extent 
that there were variations in intensity, they follo\\.ed the patternpH 6 > 6.5 = 8 > 5.5 > 5 = 4.5 > 7. 
Thus for the four IOUTS~ pH values, homopyrimidine-specific reactivity drops quickly while background 
reactivity is slightly increasing. 

droxylamine for two pH levels (5.0 and 6.0) 
and two levels of negative supercoiling. 
These levels were the "native" level (N) 
characteristic of plasmids isolated fiom Etch- 
m'chia coli, with specific linking difference 
u = -0.05, and a much higher level (H) of 
o = -0.12. Under all these conditions, cy- 
tosines in the center of the CT block (square 
bracket; nt 16 to 22) and at its 3' end (heavy 
curved bracket; nt 36, 40, and 42) were 
strongly reactive. For hydroxylamine, the 
hyperreactivity of these two regions de- 
clined as the pH was increased above 4.5; 
vimally no reactivity was detected above 
pH 6 at the native level of supercoiling (Fig. 
lb). In the case of hydroxylamine at pH  6 
(Fig. la, lanes 7 and 8, and Fig. lb, lane 4), 
a moderate hyperreactivity throughout the 
CT block appeared to be sup$rimposed on 
the bimodal distribution of reactivity seen at 
lower pH. 

When Os04 was used to probe thymines, 
reactivity was again seen in the center and 
the 3' end of the CT block at the native level 
of supercoiling and pH 5 or 6 (Fig. la, lanes 
9 to 12). Additional hyperreactivity was 
seen just to the 3' side of the CT block, in an 
ATTATTT sequence (nt 44 to 49; Fig. la, 
lanes 9 and 11, angled bracket). However, at 
the higher superhelical density and pH 5, 
the peak of hyperreactivity in the center of 
the CT block (square bracket) was shifted 
slightly but reprodudbly in the 3' direction, 
and the hyperreactivity at the 3' end of the 
CT block (nt 35 to 41) was greatly reduced 
(Fig. la, compare lanes 9 and 10). In addi- 
tion, the 3' end of the adjacent AT sequence 
(nt 48 and 49) as well as the 3' end of a 
nearby T6 sequence (nt 63 and 64) became 
highly reactive (Fig. la, lanes 10 and 12). 
[At pH 6 and high superhelicity (Fig. la, 
lane 12) the reduced reactivity in the middle 
of the CT tract was variable and may be 
partly due to heavy reaction at nt 48 and 49, 
which would lead to depletion of longer 
fragments.] At pH 8 all the hyperreactivities 
seen at the lower pHs were abolished, and 
new hyperreactivity was seen at an altemat- 
ing purine-pyrimidine sequence located 76 
bp to the 5' side of the CT region (Fig. la, 
lanes 13 and 14, Pu/Py). Apparently the 
high pH disallows the unwinding transition 
at the CT sequence and the unrestrained 
helical tension helps to convert the altemat- 
ing purine-pyrimidine sequence to left- 
handed ZDNA, which is reactive with 
Os04 at its junctions with B-DNA (10). 

In Fig. 2, the AG-containing strand is 5' 
end-labeled so that sequences toward the 
bottom in Figs. 1 and 2 are toward the right 
in Fig. 3. The reaction of supercoiled, low 
pH samples with DEP showed hyperreac- 
tivity at adenines in the entire 5' (right- 
hand) half of the (A-G), sequence (Fig. 2, 
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Fig. 2. Reactivity of the AG pH5 DE- - m- -0s0,- 
pH pH pH ,,,, 16) relative to the 5' half (nt 24 to 32) of the 

strandofpGJ3Q-SB-OFasahuu- I L N H / L ? ~ N  H \ L  N H I L  N H ( L N  H ~ L  N H I  (A-G),repeatdeCKasedfm0.85+0.05 
tion of supercoiling and pH. Syrn- - -- -- m 
bols are the same as in Fig. 1 with for the presumed B-DNA structure (Fig. 2, 
the addition of: DEP, diethyl pyro- - ?I lane 11; linear DNA, pH 6) to 0.5 2 0.05 
carbonate; DMS, dimethyl sulfate; for the altered structure (Fig. 2, lanes 9, 10, 
and L, linear (not supercoiled). The b-4 

B 12, and 13). 
region of the homopurine sequence These results are consistent with, and 
that is hyperreactive in the altered 
conformation is designated by the strongly favor, the partially three-stranded 
dashed square bracket, and the AT --- structure shown in Fig. 4a. In this model, 
sequence just below the AG repeat the right half of the (C-T), repeat has 
is designated by the angled bracket. effectively melted, and the pyrimidines of 

I,= . r  the melted region have folded back into the 
major groove of the left half of the repeat to 
form Hoogsteen base pairs with the purines. 

(=-- This blocks the N-7 position of the purines, 
thus accounting for the partial protection of - 

4 - r the left half of the purine repeat from DMS. 
The reactive bases at the center of the CT 
strand are assigned to the single-stranded 
loop. The pyrimidines involved in either 

1 1 3 4 3  6 7 8 0 1 0 1  I S  16 I7 I8 IV Watson-Crick pairing (nt 1 to 15) or Hoog- 
steen pairing (nt 23 to 34) of the triple-helix 
are protected, but those which form the 
loop region (nt 16 to 22) are reactive to all 

lanes 2,3, and 5 to 7; dashed square brack- adjacent AT sequence (nt 44 to 49) to remain three pyrimidine reagents. [These reagents 
a; Fig. 3, open cigar-shaped symbols on nt base-pared, since no hyperrea&vity was seen are normally unreactive toward uniform he- 
15 to 41), in marked contrast to the local- in that region (Fig. 2, lanes 1 and 14). lical regions (lo).] The adenines of the right 
ized, bimodal reactivity seen on the CT The transition to the altered conforma- half of the purine repeat (nt 17 to 41) are 
strand. However, in both strands it was the tion results in only rather subtle changes in unpaired and therefore reactive to DEP. 
right half of the sequence shown in Fig. 3 reactivity of the homopurine strand toward Hyperreactivity extends progressively into 
that was mainly reactive. In the AG strand as DMS. Some changes in reactivity were seen the region beyond the mplex (nt 35 to 49) 
well as in the CT strand, the AT sequence at four guanines within the (A-G), repeat, with increasing supercoiling, presumably re- 
(Fig. 2, nt 44 to 49; angled bracket) was nt 1, 3, 24, and 26 (Fig. 3; solid cigar- flecting the melting of this AT-rich sequence 
hyperreactive when supercoiled. This was shaped symbols). These were hyperreactive under the unwinding stress of supercoiling. 
particularly true at high superhelicity for in the altered form, but the exact pattern Triplex models of this sort have been pro- 
both DEP reaction at adenines (Fig. 2, lanes varied with pH and superhelical density posed recently (1 1, 12) on the basis of the 
3, 5, and 7) and Os04 reaction at thymines (Fig. 2, lanes 9, 10, 12, and 13). In addi- pH dependence of the unwinding transition 
(Fig. 2, lanes 16 and 19). At high superheli- tion, densitometer traces of lanes 8 to 13 in and earlier evidence that the linear homo- 
city some Os04 reactivity was also seen for Fig. 2 revealed a decreased reactivity of polymer poly(dC-dT)-poly(dA-dG) can as- 
thymines on the opposite side of the (A-G), guanines in the 3' (left-hand) half of the sociate with poly(dC-dT) to form a mple- 
sequence (Fig. 2, lane 16, just above the AG (A-G), sequence (dashed square bracket). stranded structure (25). The degree of un- 
blodr, nt -3, -5, and -8) and at the 3' end Ignoring the contributions from the hyper- winding expected from the model, dubbed 
of the & sequence that is complementary to reactive nt 1,3,24, and 26, the average ratio "H-DNA" by Lyamichev et al. (12) was 
the hyperreactive T6 sequence (nt 57 and of band intensities for the 3' half (nt 6 to approximately equivalent to that of a melted 
58; lowest bands in Fig. 2, lanes 16 and 19). 
[Hyperreactivity in the alternating purine- 
pyrimidine sequence at high superhelicity n +- 
(Fig. 2, lanes 3,5,16, and 19) indicates that 

N N N[[HiH ,(fib torsional strain can be sdicient to convert 
this sequence to ZDNA even in the pres- ;,IIIIII, III I I I I i i 

AGGACAGG TCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTTTCTC ATTATTTGCATCATTATTTTTTGCCAT 

ence of the altered conformation at the - 5  1 5 1 0  1 5  20 25 30 35 1 0  - 15+ 50 - 55- 65 
TCCTGTCC AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAAAGAG TAATAAACGTAGTAATAAAAAACGGTA 

(C-T), sequence.] As expected, the DEP I I I I t  
reactivity of linear DNA at pH 6 is charac- - 1 1 I 1 I1l11 1 1 1 1 111 1 11 111 

H 
5 

I ...---------......---------- J 
teristic of normal B-DNA, with uniform I I! : ,., 
reaction inside and outside the (A-G), re- 

L ,W,J  .--. 
peat (Fig. 2, lanes 4 and 17), although 
guanines were slightly more reactive Fig. 3. Summary of reactivity data. Solid bars represent Os04 reactivity and open bars hydroxylamine 

(except at pH 6; see text for discussion) and methoxylamine reactivity. The height is roughly 
adenines hide the repeat (Fig. 2, lane 4). proportional to the intensity of the reaction as determined from densitometer traces of the autoradio- 
Ihear  DNA at pH 5 appeared to weakly grams in Figs. 1 and 2, except for the tallest solid bars, which underrepresent the true OsO4 reactivity. 
favor the altered conformation, consistent Solid and open cigar-shaped symbols represent DMS and DEP hyperreactivity, respectively. H, N, 5, or 
with the observation that this DNA can 6 next to a symbol indicates that hyperreactivity was seen only at high or native superhelical density, or 

only at pH 5 or 6, respectively. (H) indicates that the intensity shown refers to high superhetical density, convert to the underwound state in the and the reactivity at native supercoiling was less than, but still above, background. Only changes 
absence torsional s M  at low PH (6, 7). induced by supercoiling or acid pH (or both) are shown. The short direct AT-rich repeats are indicated 
This absence of strain evidently allows the by arrows, and the brackets are as in Figs. 1 and 2. 
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or a cruciform structure, consistent with 
two-dimensional gel data (9). The require- 
ment that the cytosines of Hoogsteen C:G 
base pairs be protonated explained the stabi- 
lizing influence of low p H  on the altered 
structure (12). More recently, oligopyrimi- 
dines have been shown to associate with 
complementary homopurine-homopyrimi- 
dine duplex regions of restriction fragments 
(26), and evidence that only mirror-symmet- 
ric homopurine sequences can form the "H- 
DNA" structure, as required by the model, 
has been presented (27). It now appears that 
a wide variety of these kinds of sequences 
can form this structure (13-16). 

Under the low salt conditions of the 
Os04 reaction, the structure at p H  5 ap- 
pears to change in going from native to high 
superhelical density. The shift of the maxi- 
mal Os04  hyperreactivity in the center of 
the CT block from nt 19  to 21  (for example, 
Fig. la, compare lanes 9 and 10 at the 
square bracket) and the loss of hyperreacti- 
vity of t h p n e s  in the TCTTT sequence at 
the 3' side of the CT block (nt 35 to 39; 
same lanes, curved bracket) may be due to 
the formation of the structure shown in Fig. 
4b, in which the length of the triplex regi;n 
has been extended to include the TCTTT 
sequence. This allows more unwinding in 
response to the increased torsional stress, at 
the cost of forming a mismatched C:G:T 
base triplet at the middle thymine of the 
TTT sequence (Fig. 4b). 

The key feature of the data that the triplex 
model explains, and with which other pro- 
posed models have difficulty, is the asy&e- 
uy in the reactivity patterns seen in the 
differences between the two halves of the 
homopurine repeat as well as in the differ- 
ences between the two strands. According 
to the triplex model, this arises from the fact 
that both halves of the pyrimidine strand 
participate in the triple helix, while only the 
left half of the purine strand does so. How- 
ever, two conformers are possible for a 
tripl'ex structure, depending b n  which half 
of the repeat retains Watson-Crick base- 
pairing (12). If both were present in equal 
proportions, no asymmetry would be seen 
in the two halves of the repeat. The asymme- 
try that is seen indicates that the conformers 
shown in Fig. 4, in which the 3' half of the 
homopyrimidine sequence loses its Watson- 
Crick base pairs, are strongly favored:. Only 
at high superhelical density is there some 
slight hyperreactivity to the left of the ho- 
mopurine sequence (especially noticeable in 
Fig. 2, lane 16, above the AG repeat), indi- 
cating that the alternate isomer does exist in 
a minor proportion. While the AT-rich se- 
quence on the 3' edge of the homopyrimi- 
dine sequence may facilitate melting from 
the 3' side, recent studies of other mirror- 

symmetric homopurine sequences indicate 
that opening of the 3' half of the pyrimidine 
strand is a common feature (13-1 6). 

Alternate proposals to explain the S1- 
sensitivity of (C-T), sequences include slip- 
page loops (4 ) ,  a left-handed duplex (28), a 
duplex in which bases alternate between 
Watson-Crick and Hoogsteen base-pairings 
(29), and a heteronymous duplex (30). Slip- 
page loops should result in a reactive region 
on each strand (the loop) opposite a largely 
unreactive seauence on the other strand: the 
center of the' repeat would be paired'and 
hence unreactive. However, the left side of 
the sequence is unreactive on both strands, 
and the middle is especially reactive. Thus 
slippage loops could not account for the 
reactivity data. [For the same reason, they 
could not account for the hyperreactivity at 
the AT sequences (nt 41 to 49 and 53 to 
61), which form a pair of short direct re- 
peats (Figs. 1 to 3; single-headed arrows).] 
The other proposed models are all some sort 
of duplex structure. A left-handed double 
helix (28) appears to be ruled out by data on 
the extent of unwinding accompanying the 
transition (8, 9). Pulleyblank et al. (29) re- 
ported that the ~1-sensitive conformation of 
a plasmid containing (T-C)22*(A-G)22 par- 
tially protects about half of the (A-G), 
sequence from methylation by DMS in a 
manner similar to that seen in Fig. 2. How- 
ever, they interpreted those results in terms 
of a uniform duplex structure in which 
all the guanines are Hoogsteen base-paired 
to the complementary cytosines, which 
are protonated. Evans and Efstratiadis (30) 
used a variety of techniques to study a 
(T-C)38-(A-G)38 sequence, which becomes 
S1-sensitive at low p H  when either linear or 

supercoiled. They found no protection with 
DMS and observed hyperreactivity with 
DEP in the S1-sensitive conformation. Al- 
though they described hyperreactivity over 
the entire insert at p H  4.5 for both linear 
and supercoiled plaimids, their data (figure 
7b) indicate that, for the linear samples, only 
the adenines in about half of the homopur- 
ine sequence are hyperreactive, as has been 
observed here (Fig. 2). The more uniform 
hyperreactivity across the repeat they ob- 
served for the supercoiled samples might be 
due to the formation of both potential iso- 
mers of triplex structure under the added 
stress of supercoiling, while the weaker driv- 
ing force for the transition in linear DNA 
seeks out the most stable isomer. They also 
found that alternating CT primers (but not 
GA primers) annealed to the S1-sensitive 
conformation could be extended with DNA 
polymerase, a result entirely consistent with 
the triplex model, although they favored 
instead a heteronymous duplex of unknown 
structure. 

Each of these duplex models, and indeed 
any duplex model, has difficulty explaining 
how a uniform sequence, (C-T),, in a pre- 
sumably uniform duplex could result in the 
strongly nonuniform reactivity that is seen 
along the sequence. While a heteronymous 
duplex model in which the two strands have 
different helical characteristics could account 
for differences in reactivity between the two 
strands, the highly nonuniform reactivity 
along each strand cannot be accounted for in 
any simple way. Thus all these alternative 
models are unlikely in view of the reactivity 
data. 

The hyperreactivity that is seen farthest 
from the CT repeat (Fig. la ,  lanes 10 and 

Fig. 4. The structure of the al- 
tered form as inferred from the 
reactivity data. (a) The proposed 

under conditions of pH 5 

perreactive bases (Fig. 3) are indi- +T 

cated by arrows, with the most *c 

reactive pyrimidines receiving large 
+T arrows. The brackets designate re- 

active regions as in Figs. 1 to 3. The , 1 5  7 9 1 1 1 3 1 3 1 . 1 9 -  

proximity of the complementary ' +C G -' ,,, / /'--+GGT;T;TFT;T;T;T;T;T;T L\ 2 a  

strands to each other in the region A T *  - - TCC$F$f?F?F$f?F?f$F?f$G T * 
of nt 42 to 49 indicates that this T C T T T C T C T C T C T C T C T C T - C ~ ~ G A G .  . .. 

X 
A T +  A 39 17 I> I1  31 24 27 25 2 1  region may be "breathing"; reactiv- G 

ity here is low except at high super- \ $ :: : A ~ ~ A  
helical density. (b) A possible struc- T +  G ~ ~ ~ ~ ~ ~ ~ ~ ~ G  

A G A  
+T A *  

ture for pH 5 and high superhelical G * C  +T A 

COG +T A 
density under the conditions of the I I +T A 

Os04 reaction, with hyperreactive 1 G * C  

thymines indicated by arrows. Note a COG 
1 I 

the shift in the center of the pyrimi- b I 
dine loop, from nt 19 to 21, and 
the protection of the TIT sequence (nt 37 to 39) by its participation in the lengthened triplex region, 
despite the resultant formation of a C:G:T triplet, whose mismatched pairing is indicated by an open 
circle. The increased reactivity of nt 43 to 49 is not represented here, but this region is likely to be 
unpaired to a greater extent than at native superhelical density. 
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12, and Fig. 2, lanes 16 and 19; nt 57, 58, 
63, and 64) occurs mainly at thymines that 
lie at either end of a (dT)6.(dA)6 sequence. 
Because oligo[(dA).(dT)] sequences can 
adopt a non-B structure having a high pro- 
peller twist (P-DNA), there is rather poor 
stacking at junctions between B-DNA and 
P-DNA regions (31, 32). Hence the helix 
may "buckle" under high torsional strain at 
these sites, allowing accessibility to Os04. 

While most probes yield similar results at 
pH 5 and 6, hydroxylamine exhibits at p H  6 
a moderate reactivity over most of the ho- 
mopyrimidine sequence which is superim- 
posed upon the localized hyperreactivity 
seen at pH 5 (Fig. la, lanes 7 and 8, and Fig. 
1 b, lane 4).  Because the hydroxylamine reac- 
tion at pH 6 takes place under conditions of 
high salt (10) and nearly neutral pH, both of 
which somewhat disfavor the altered struc- 
ture (6,  7), there may be an equilibrium 
mixture of B-DNA, the altered conforma- 
tion, and intermediate structures which are 
substantially unpaired and therefore reactive 
over much of their length. It is not clear why 
this anomalous reactivity at p H  is seen with 
hydroxylamine but not with methoxyla- 
mine. 
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Changing the Acceptor Identity of a Transfer RNA by 
Altering Nucleotides in a 'Variable Pocket" 

The specificity of tRNAA'g (arginine transfer RNA) for aminoacylation (its acceptor 
identity) were first identified by computer analysis and then examined with amber 
suppressor tRNAs in Escherichia coli. On replacing two nucleotides in tKNAPhe 
(phenylalanine transfer RNA) with the corresponding nucleotides from tRNAA'g, the 
acceptor identity of the resulting tRNA was changed to that of tKNAArg. The 
nucleotides used in the identity transformation occupy a "variable pockety' structure on 
the surface of the tRNA molecule where two single-stranded loop segments interact. 
The middle nucleotide in the anticodon also probably contributes to the interaction, 
since an amber suppressor of tRNAA'g had an acceptor identity for lysine as well as 
arginine. 

T RANSLATION OF THE GENETIC CODE 

by tRNA molecules requires two 
specificities, one for amino acids and 

the other for nucleotide sequences. The 
specificity of a tKNA for an ananlino acid is 
referred to as its acceptor identity (1). The 
acceptor identity is read by 1 of 20 amino- 
acyl-tRNA synthetase enzymes, which at- 
tach the proper amino acid only to its 
cognate tRNA species. Computer algo- 
rithns can effectively locate the nucleotides 
in tRNA that determine acceptor identity 
(2 ,  3). 

The acceptor identity of a tRNA results 
from two types of interactions, the produc- 
tive interaction of the tRNA with its cog- 
nate aminoacyl-tRNA synthetase and the 
nonproductive interaction of the tRNA 
with all other aminoacyl-tRNA synthetases 
(4, 5 ) .  The acceptor identity of tRNA ap- 
pears to be determined by multiple nucleo- 
tides whose locations are not conserved 
between different molecules. This plurality 
may sharpen aminoacyl-tRNA synthetase 

Deparunent of Bacteriology, University of Wisconsin, 
Madison, WI 53706. 

Position in tRNA sequence 

Fig. 1. Frequency of positions in discriminators of tRNAArg (2). Frequency on the vertical axis is a 
fimction of position in the tRNA on the horizontal axis. Cloverleaf stem segments on the horizontal axis 
are indicated as A, acceptor; D, dihydrouridine; C, anticodon (X marks the anticodon); and T, TV. The 
data set contained 65 tRNA sequences. There were 58 one-position discriminators involving position 
20 and four two-position discriminators involving positions 4 and 35; 35 and 51; 35 and 63; and 35 
and 69. 
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