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Repeating copolymers of (dT-dC);(dA-dG), sequences 
(TCaAG,) can assume a hinged DNA structure (H-DNA) 
which is composed of triple-stranded and single-stranded 
regions. A model for the formation of H-DNA is pro- 
posed, based on two-dimensional gel electrophoretic 
analysis of DNA's with different lengths of (TCeAG), 
copolymers. In this model, H-DNA formation is initiated 
at a small denaturation bubble in the interior of the 
copolymer, which allows the duplexes on either side to 
rotate slightly and to fold back, in order to make the first 
base triplet. This nucleation establishes which of several 
nonequivalent H-DNA conformations is to be assumed 
by any DNA molecule, thereby trapping each molecule in 
one of several metastable conformers that are not freely 
interconvertible. Subsequently, the acceptor region spools 
up single-stranded polypyrimidines as they are released by 
progressive denaturation of the donor region; both the 
spooling and the denaturation result in relaxation of 
negative supercoils in the rest of the DNA molecule. 
From the model, it can be predicted that the levels of 
supercoiling of the DNA determine which halfof the (dT- 
dC), repeat is to become the donated third strand. 

W HEN EXPOSED TO NEGATIVE SUPERCOILING OR LOW 

pH, (dT-dC);(dA-dG), repeats [referred to as 
(TCsAG),] can assume an unusual structure (1-18) called 

H-DNA. Such sequences are present in the genomes of both 
vertebrates and invertebrates (1, 2, 9). Although several models have 
been proposed for the structure of H-DNA (1-8), the one that is 
supported by enzymatic (1-5, 9-12), chemical (4, 5, 12-16), and 
hybridization and protection (16) data postulates that this confor- 
mation contains both single-stranded and triple-stranded regions. In 
this model, half of the Watson-Crick duplex is disrupted and the 
released polppyrimidine strand is folded back, enabling it to pro- 
gress down the major groove of the other half of the repeat (Fig. 
1A). This third strand (which we call the donated strand) associates 
with purines in the helical half of the repeat (the acceptor region) by 
Hoogsteen base pairs, forming dT-dA.dT and dC-dG.dC+ base 
triplets. The structure introduces a flexible kink into DNA, which 
serves as a hinge between the flanking duplexes (16). Originally the 
structure was called H-DNA (3),  primarily because of its require- 
ment for protons (1-4, 7, 8, lo), but the name is also appropriate for 
hinged DNA (16). 

Either the 3' or the 5' half of the polypyrimidine strand could be 
used as the donated strand in H-DNA (16) (Fig. 1B). We refer to 
the conformer in which the 3' half of the polp~~~rimidine repeat is 
the donated region as H-y3 DNA and we call the other isomer, in 

which the 5 '  half of the pyrimidine strand is donated, the H-y5 
DNA conformer. Although both H-p3 and H-y5 conformers appear 
equivalent when drawn in two dimensions (Fig. lB),  a strong 
unexplained bias toward the H-y3 conformer has been observed (4, 
11-19). We show here that the two forms are not equivalent, since 
more negative supercoils are relaxed by formation of H-y3 than H-  
y5 DNA. However, in spite of their nonequivalence topologically 
and hence energetically, the two conformers can coexist in noninter- 
convertible, metastable forms. 

We propose a model for H-DNA formation in which nucleation 
of the Hoogsteen base pairing near the middle of the repeat 
determines the ultimate structure. Subsequently, the two duplexes 
flanking the triplex undergo mutual rotations in which the donor 
region produces an unpaired polypurine strand and polppprimidines 
that are spooled onto the acceptor duplex, thereby extending the 
triplex. This model predicts that the direction of rotation of the 
flanking duplexes just prior to nucleation dictates whether the 5' or 
the 3' region of the pyrimidine repeat is to be the donor; moreover, 
the degree of supercoiling influences the sense of this rotation. Thus, 
(TC-AG), repeats in highly supercoiled DNA should primarily form 
H-y3 DNA, and repeats in less supercoiled DNA should also form 
H-y5 DNA. This prediction is borne out experimentally, so that we 
can explain the bias toward the H-y3 conformer and thus establish 
the validity of our model. 

Relaxation of negative supercoils during H-DNA formation. 
Two-dimensional gel electrophoresis of a population of topoisomers 
of DNA from two different U1 FGUA genes containing (TCvAG), 
repeats (Fig. 2) showed that H-DNA formation caused relaxation of 
negative supercoils. Molecules containing a locally underwound 
structure (in the first dimension) had less writhe and hence migrated 
more slowly than normal. The number of negative supercoils relaxed 
as a result of the new conformation was revealed as the difference in 
linking numbers (determined after electrophoresis in the second 
dimension) of two topoisomers that have the same mobility when 
one of them contains this structure (20). In this context, the 
alternative structure itself is assumed to have no significant effect on 
the overall mobility of the plasmid in the porous gels used here. 

Because (TC*AG)5 is too short to form H-DNA at normal levels 
of negative supercoiling (2, 21), any transition in mobility must 
derive from structures elsewhere in the plasmid. Topoisomers of 
plasmids containing TCVAG)~, with a linking difference of - 13 or 
more (relative to the most relaxed molecule in the first dimension) 
have an anomolously slow mobility in the first dimension (Fig. 2A). 
This transition results from formation of a cruciform at a 39-bp 
(base pair) inverted repeat in pBR322 sequences (22,23), so that die 
plasmid migrates at the rate of a molecule containing 3.6 to 3.9 
fewer negative supercoils (Fig. 2A). 
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A population of DNA topoisomers of plasmid DNA containing 
(TC-AG)ls rather than (TC.AG)s exhibits an additional mobility 
(and hence structural) transition when the linking difference of the 
molecule is -8 (Fig. 2B); formation of this structure in (TC-AG) 
relaxes 3.4 negative supercoils. As a result of this relaxation, 
d r m  formation in these molecules requires a linking diffuence 
of - 16 rather than - 13; thus the mobility change in molecules with 
a linking difference of -8 is due to unwinding of the double helix 

(3, 4) rather than the simple bending of the DNA, as proposed by 
others (24). This new mobility transition is due to formation of H- 
DNA since nudease S1 cleaves molecules in the TC-AG repeat, but 
only when they have an altered mobility (and not just a high level of 
negative supermiling) (21). 
The length of the TCaAG repeat iduenccs the two-dimensional 

gel pattern of the topoisomers in several ways. Longer repeats 
support the generation of multiple contbrmers, and they require less 

Flg. 1. Sauaurc of H- 6 -5 1 
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negative supercoiling to promote formation of H-DNA (Fig. 2, C 
and D). Furthermore, the maximal amount of negative supercoiling 
that can be relaxed by H-DNA formation increases with longer 
repeats (Fig. 3). 

The presence of multiple topoisomers at any one linking differ- 
ence (arrayed in vertical lines of spots in Fig. 2, C and D)  indicates 
the existence of multiple H-DNA conformers, each relaxing a 
characteristic number of negative supercoils. The discrete nature of 
the spots (Fig. 2C) suggests that the conformers are not intercon- 
vertible but are trapped in local energy minima. In support of this 
concept is the changed pattern of spots when the DNA is subjected 
to various reversible treatments before electrophoresis (21). Thus 
each spot contains a single H-DNA conformer that is trapped in a 
local energy minimum. As we discuss below, the conformation 
assumed by each DNA molecule is determined by the kinetics of H -  
DNA nucleation, but the stabilities of the conformers are deter- 
mined by their length, with longer structures being more stable than 
shorter ones (21). 

The multiple metastable H-DNA conformers result from differ- 
ences in the alignment and orientation of the triplex within the 
(TCsAG), repeat (Fig. 2, C and D) .  Longer repeats are more likely 
than short ones to allow extension of an H-DNA structure to a 
length that is stable, when the structure is located away from the 
middle of the repeat. Thus, it is not surprising that, as the repeat 
length increases, increasing numbers of stable conformers are ob- 
served. Also, the greater stability of these longer structures (21) 
reduces the level of negative supercoiling needed to support them; 
that is shown by the shift in transitions to lower levels of supercoil- 
ing with longer repeats. 

The strands of H-DNA are locally unlinked. The extent to 
which various lengths of (TCsAG), repeats could relax negative 
supercoils is summarized in Fig. 3. To allow direct comparison of 
molecules with multiple H-DNA forms, we present the maximum 
extent of supercoil relaxation, measured at linking differences only 
slightly greater than those needed to achieve H-DNA formation. 
For repeats longer than (TCSAG),~, the data fall on a straight line, 
the slope of which shows that one negative superhelical turn in 
plasmid DNA is relieved for every 11 nucleotides of (TCsAG), 
repeat that can be converted from duplex to H-DNA conformation. 
Therefore, the entire (TCsAG), repeat, and not just the donor half, 
becomes topologically unlinked. We demonstrated earlier (16) that 
this would occur as the donated strand progressed down the major 
groove of the acceptor half of the repeat; being folded back, the 
polypyrimidine strand would effectively unwind itself from around - 
the polypurine strand in the acceptor. The result is a paranemic knot 
with no net winding over the length of the triplex. 

Extrapolation of the line in Fig. 3 to a repeat length of zero shows 
that incorporation of repeat sequences into the triplex does not 
account for all of the relaxation of negative supercoiling. Another 
component, equivalent to about 0.7 turn, is introduced by "end" 
effects at the tip (where the single-stranded pyrimidines fold back 
onto the acceptor helix) and at the hinge region (the flexible kink) 
present at the base of the structure (16). Our model-building studies 
721) show that about one half turn can be accommodated bv the \ ,  
single-stranded nucleotides at the base, which may account for the 
displacement of the data for (TCSAG)~ and (TCeAG) 11 above the 
lin; in Fig. 3. Also, this single-stranded region can be increased from 
2 nucleotides to 12 by high levels of negative supercoiling (16). 

A model for H-DNA formation. The existence of multiple 
metastable conformers of H-DNA demonstrated that the 
to formation of H-DNA is critical. That led us to consider how the 
donated pyrimidine strand could become wound around the accep- 
tor helix. We propose that the key event in H-DNA formation is the 
generation of the first base triplet (nucleation) in the interior of the 

repeat, to create the tip of the triplex structure [Fig. 4, H-y3(1) or 
H-y5(1)]. Subsequently, the triplex is propagated outward toward 
the ends of the repeat, with a minimal number of unpaired 
nucleotides at any stage (Fig. 4, lower structures). This is accom- 
plished by turning the donor and acceptor helices in concert, in the 
same plane but in opposite directions. This counterrotation of the 
two helices (curved arrows in Fig. 4) allows the acceptor helix to 
spool up pyrimidines as they are released from the donor helix. 
Because both of these rotations reduce the negative supercoiling in 
the molecule, two turns are relaxed for every 10 to 11 pyrimidines 
that are transferred from Watson-Crick base pairs in the donor 
duplex to Hoogsteen base pairs in the triplex. In the process, the 
single-stranded polypurines form a stacked loop on one side of the 
triplex, rather than winding around it. The rotations continue until 
one or the other duplex runs out of TCeAG repeats. The turning of 
the two helices, as one of them progresses down the other, resembles 
a combination of a rack-and-pinion gear and a worm gear. 

For clarity, the kinks in all structures in Fig. 4 have arbitrarily 
been drawn at a constant 45", although this angle is likely to vary as 
a result of flexibility of the single strands at the base of the triplex 
(16). Also, because the displaced polypurine chain acts as a tether 
between the tip of the triplex and the end of the donor duplex, it 
could influence the angle between these two helices. In particular, 
when the triplex is turned so that the polypurine strand emerges 
from it on the side away from the donor duplex [as in H-y3(12) or 
H-y5(12)], the tether would tend to pull the donor helix up, toward 
the tip of the triplex. We expect this effect to be more pronounced 
with shorter H-DNA structures, which have relatively short poly- 
purine chains. Furthermore, ionic conditions that affect the rigidity 
of the stacked purines in this strand could change the effective length 
of this tether; the accessibility of these purines to DEPC (diethyl 
pyrocarbonate) is altered by the presence of M ~ * +  [compare figures 
2 and 4 from (16) with Fig. 6 (see below)] showing that the single- 
stranded polypurine chain can assume several conformations. 

Prenucleation events at the tip of the triplex affect the formation 
of H-DNA (Fig. 5). The generation of a small denaturation bubble 
of six nucleotides would unwind the duplex by about one half turn 
(Fig. 5, A and B). The two duplexes must again be rotated by about 
one half turn relative to each other to place the pyrimidines that are 
released at the end of the donor duplex into the major groove of the 
acceptor duplex (Fig. 5C). Simply folding the denatured pyrimidine 
chain directly back on itself would place the donated strand about 
half of one turn away from the point where it must be to form a 
Hoogsteen base pair with the acceptor purine (25, 26). 

The prenucleation rotation that orients the ends of the two 
duplexes could occur in either a positive or a negative sense. With 
negative rotation (Fig. 5C, left), formation of the tip of H-DNA 
contributes approximately one full turn to the overall negative 
supercoil relaxation; about one half turn results from denaturation 
of the 6 bp at the tip, and another half from the rotation itself. In 
contrast, with positive rotation, formation of the tip has little or no 
net effect on the overall amount of negative supercoiling; in this 
case, the half turn resulting from denaturation is offset by the 
rotation in the opposite direction. Thus the structures on the left 
halves of Fig. 5, C and D, are topologically distinct from those on 
the right, with the former relaxing one more negative supercoil than 
the latter. 

Upon orientation of the ends of the flanking helices and kinking 
of the DNA so that one helix meets the other, the first Hoogsteen 
base pair is formed, an event we call nucleation of the H-DNA 
triplex (Fig. 5D). It is possible to draw four nucleation structures by 
donating either the 5' or the 3 '  side of the polypyrimidine strand to 
the major groove of DNA that had undergone either negative or 
positive prenucleation rotation. Two of those structures would force 
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the single-stranded polypurine chain to pass through the loop made 
by the polypyrimidine chain as it folds back onto the acceptor helix 
(the two central structures in Fig. 5D). However, this local linking 
would be energetically very costly and hence unlikely to occur. Thus, 
to avoid local linking of the strands at the tip, the 3 '  half of the 
polypyrimidine chain must be the donor in DNA that has under- 
gone negative rotation; the result is the H-y3 conformer. Likewise 
the 5' half must be used after positive rotation, resulting in the H-y5 
conformer. Because these two conformers arise from intermediates 
that differ by one negative supercoil (Fig. 5C), they should be 
separable by gel electrophoresis. 

Influence of supercoiling on H-y3 and H-y5 conformer 
formation. The degree of supercoiling of the DNA should deter- 
mine whether the H-v3 or H-v5 conformers are favored. Because 
nucleation of the H-y5 conformer requires no net rotation, it can 
proceed simply by disrupting 6 bp as the duplex kinks back on itself, 
with minimal disru~tion of base stacking. Thus in DNA's that are " 
relaxed or show little negative supercoiling, the H-y5 conformer is 
more easily nucleated. In contrast, H-y3 conformers should prevail 
when negative supercoiling is moderately high, which would pro- 
mote denaturation and full (negative) rotation of the two abutting 
helices. 

We tested these predictions directly by determining which half of 
the polypurine repeat in (TCvAG) 18 was single-stranded at high and 
low levels of negative supercoiling. The 3 '  half of the polypurine 
strand was accessible to diethyl pyrocarbonate, and hence single- 
stranded, in most of the molecules with low levels of negative 
supercoiling (Fig. 6, lane 1). Thus, the complementary 5' halfof the 
polypyrimidine strand was the third strand in the triplex, confirming 
the prediction that small amounts of negative supercoiling would 
promote the formation of H-y5 conformers. When more highly 
negatively supercoiled plasmids were assayed (Fig. 6, lane 2), the 
reactive region switched to the other end of the repeat (the H-y3 
DNA), as predicted. 

This shift from H-y5 or H-y3 conformers with increasing levels of 
negative supercoiling coincides with a progressive increase in the 
proportion of topoisomers that are in the slower migrating, more 

0.0 
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Fig. 3. Negative supercoil relaxation as a function of repeat length. The 
maximum number of negative supercoils relaxed by H-DNA formation was 
determined for TCeAG repeats of various lengths by two-dimensional gel 
electrophoresis (Fig. 2). Relaxation was determined when supercoiling was 
slightly in excess of that required for H-DNA formation (dashed lines in Fig. 
2B). The slope of the line between (TCeAG) I5 and (TC.AG)30 shows that 
one supercoil is relaxed for every 11 bp of repeat. The deviation of shorter 
repeats from this line-(TC.AG)9 through (TC.AG)13-probably results 
from flexibility of the hinge at the base of the triplex (16) under conditions of 
higher negative supercoiling. 

Fig. 4. A model for the formation of H-DNA. Left and right sides, the 
formation of H-y3 and H-y5 conformers, respectively; parentheses, the 
lengths of the triplex; curved arrows, direction of rotation that relaxes 
negative supercoiling; straight arrows, the direction that nucleotides move as 
they are recruited into the H-DNA structure during its elongation; thick 
lines, Watson-Crick base pairs; thin lines, Hoogsteen pairs; plus (+) and a 
minus ( - )  located 13 nucleotides apart on the phosphodiester backbone of 
the polypyrimidine strand illustrate the progression of nucleotides from the 
flanking region duplex into the body of the triplex. The nucleotides in the 
single-stranded polypurine loop are stacked in pairs along one side of the 
triplex (2,  5). All helices have arbitrarily been drawn with 11 bp or triplets 
per turn. H-DNA formation is initiated by breathing within the middle of 
the TC.AG repeat, allowing the duplex to kink back on itself. Nucleation 
occurs by alignment of a pyrimidine at the end of one duplex (the donor) in 
the major groove of the other (the acceptor), allowing formation of the 
Hoogsteen pair at the tip of the triplex. Elongation occurs when the two 
helices rotate coordinately, allowing the acceptor helix (shown above) to 
spool up pyrimidines as they are released by denaturation of the donor helix 
(below); both rotations are propelled by the force associated with negative 
supercoiling. The structure is thereby elongated until either the donor or the 
acceptor helix no longer has nucleotides that can be incorporated into the 
triplex. The single-stranded nucleotides at the end of the donor helix (16) 
provide for a small amount of supercoiling relaxation in the absence of 
further denaturation. 
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relaxed form in the first dimension (Fig. 2C). Thus, as expected, one 
more negative supercoil is relaxed when molecules contain H-y3 
DNA than H-y5 DNA of comparable length. These two conformers 
are therefore topologically, and energetically, nonequivalent. 

The influence of the level of negative supercoiling on the distribu- 
tion of H-y3 and Hy5 conformers can be explained only if local 
linking at the tip (Fig. 5D, central two structures) were not allowed; 
otherwise, rotation in either direction prior to nucleation would 
give rise to both conformers. The absence of such linking supports 
the direction of H-DNA formation proposed in Fig. 4, because 
elongation toward the tip would have resulted in local linking at the 
tip. 

The above results and earlier ones (16) make it unlikely that 
several alternative structures for H-DNA that have been considered 
by others are correct. The lack of chemical reactivity at the base of 
the acceptor helix, regardless of whether the DNA is in the H-y3 (4, 
12-19) or H-y5 (16) conformation, is strong evidence against any 
discontinuity between the triplex and its adjacent duplex. Thus the 
triplex is likely to be a right-handed helix, resembling an A-like 
right-handed duplex with an extra strand, in agreement with the 
results of fiber-diffraction studies on the triplex dTn-CIA,,-dTn (27). 
Our topological arguments (Fig. 5) demonstrate that the use of a 3' 
donor relaxes more negative supercoils in a right-handed helix than 
does use of a 5' donor, when the third strand is in the major groove 

Negative rotation Positive rotation 

Flg. 5. The role of prenucleation rotation in the determination of donor and 
acceptor polarities in H-DNA. The two flanking duplexes are represented by 
cylinders and the major groove by a spot. Prior to nucleation (Fig. 4), the 
two helices (A) undergo two halfturn rotations: denaturation of nucleotides 
to make the loop and first donated pyrimidine (B) and orientation of a donor 
pyrimidine opposite an acceptor major groove (C). The two flanking 
duplexes containing the 5' and 3' halves of the polypyrimidine repeat are 
represented by white and gray cylinders, respectively. Fdr clarity, only one of 
the two flanking duplexes is rotated. While the rotation associated with 
denaturation occurs only in the negative sense (relaxing negative supercoils 
in the DNA) (B), rotation to reorient the pyrimidines at the ends of the 
duplexes opposite the major groove of the other duplexes can be in either the 
negative or positive sense (C). The sense (direction in space) of this latter 
rotation determines whether formation of the nucleation structure will be 
topologically significant (- 112 plus - 112 = - 1 turn) or neutral (- 112 plus 
+ 112 = 0 turn). Furthermore, it dictates which halfof the polypyrimidine is 
to be donated as the third strand. To avoid local linking of strands at the tip 
(where the polypurine would be forced to pass through the polypyrimidine 
loop), only two of the four possible structures drawn in (D) can be used to 
nudeate H-DNA formation: negative prenucleation rotation results in use of 
the 3' region of the polypyriidine as donor whereas positive prenucleation 
rotation resuh in use of the 5' region. Extensive negative supercoilin 
would be expected to foster negative preroution (and give rise to H - ~ $  
DNA), whereas low pH or little negative supercoiling, which allow the DNA 
duplex to kink directly back on itself, would support positive rotation and 
give risc to H-y5 DNA. 

Flg. 6. Effect of the amount of supercoiling on A Lk 
the use of 3' or 5' donors in H-DNA. The - m 
distribution of (TC.AG),gcontaining t o p -  T-3 
isomers in the H-y3 or H-y5 conformation was B o 
monitored by reaction with diethyl pyrocarbon- sc\l= 
tate under conditions in which only single-strand- 5 # * 7  + 
ed purines are reactive (1 6). Three different popu- -"? 1. 
lations of topoisomers were probed, with average .= 
linking differences (ALk) of -7 or -8 (range to 
-6to -9), -13or -14(range -12to -15)and 
+ 2  or +3 (range + l  to +4) (assayed as Fig. 2). 
The locations of adducts on the single-stranded 
polypurines were mapped (16) and compared to 
the sequence of the repeat (heavy box) and flank- - - 
ing region (light boxes) (16) (Fig. 1B). The lanes 
on the left orient the reactive nucleotides within 
the sequence. 5' and 3' show the polarity of the 
polypurine strand in the repeat. Reactivity of the 
3' region of the polypurines at low levels of - 
negative supercoiling (lane 1) and of the 5' region 
of the polypurines at high levels (lane 2) indicates 

strands are the donated regions, respectively. 
that the 5' and 3' halves of the polypyrimidine A 3, , 

of the acceptor helix. Therefore, our data lend strong support for the 
structure of H-DNA presented in Fig. 1A. The binding of Z-DNA- 
specific antibodies t~-~lasmids containing TC-AG refiats (4) must 
result either from recognition of other structures in the DNA, lack 
of specificity of the antibodies for only %DNA, or recognition of an 
additional structure induced by the antibody itself. 

Our model for H-DNA formation can be generalized to triplex 
structures derived fiom other sequences regardless of whether the 
donated strand is polypyrimidine (H-y) or polypurine (H-r). The 
repeating polymer dCn.dGn has been shown to assume either H-y3 
or H-r3 conformations when negatively supercoiled, making it very 
likely that these structures resemble the ones formed by the TC-AG 
repeats studied here. Because of differences in the ]&ation of the 
donated strand in the triplexes of H-y and H-r structures (19), we 
expect that H-r3 DNA would relax slightly less (about one-fourth of 
a turn) negative supercoiling than does H-y3 DNA (28). Also, we 
predict that when there is little negative supercoiling this repeat 
should assume H-y5 and H-r5 conformations. 

The multiple c6nformations at any one linking difference (Fig. 
2D) demonstrate that multiple nucleation events can result in a 
population of metastable H-DNA's. Some of these forms differ in 
being H-y3 or H-y5 conformers of comparable length (Fig. 2C), 
whereas others also differ in the amount of repeat that is incorporat- 
ed into H-DNA (Fig. 2D). Although we have been aware of these 
metastable forms for several years (29), we were unable to explain 
their existence adequately until we developed the model described 
above. While this model explains these processes qualitatively, it is 
not yet known how various conditions Sec t  the energetics of - 
nucleation and elongation. 

The existence of H-DNA in vivo is still a matter of conjecture (30, 
31); repeats of TC-AG long enough to hybridize to (dT-dC)ls are 
present in human DNA about once every 140 to 150 kb (21, 32), 
raising the possibility that H-DNA may be widespread in genomic 
DNA. Sequences capable of forming H-DNA (33,34) are present in 
regions that function in transcription, replication, or recombination 
(1 6,21, 32, 35). As noted earlier, the kink and single or triple strands 
of H-DNA could all influence DNA-protein interactions (16). Also, 
because H-DNA formation relaxes negative supercoiling, it could 
act as a buffer for relaxation of surges & negati;e supercoiling such 
as those generated by transcription (36, 37). As a consequence, 
transcription may activate DNA functions that require an H-DNA 
structure. Finally, depending on transient conditions at the moment 
of nucleation, the same DNA sequence may assume either an active 
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or inactive conformation because of the nonequivdence of the H-y3 
and H-y5 conformations. 

~ ~ ~ - - - - - - - 
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A Multiubiquitin Chain Is Confined to Specific 
Lysine in a Targeted Short-Lived Protein 

The ubiquitin-dependent degradation of a test protein p- tin chain is linked to one of two specific Lys residues in 
galactosidase (pgal) is preceded by ubiquitination of pgal. pgal. These same Lys residues have been identified by 
The many (from 1 to more than 20) ubiquitin moieties molecular genetic analysis as components of the amino- 
attached to a molecule of Pgal occur as an ordered chain terminal degradation signal in P al. The experiments 

4F of branched ubiquitin-ubiquitin conjugates in which the with ubiquitin mutated at its Lys residue indicate that 
carboxyl-terminal ~l~~~ of one ubiquitin is joined to the the multiubiquitin chain in a targeted protein is essential 
internal ~~s~~ of an adjacent ubiquitin. This multiubiqui- for the degradation of the protein. 

u BIQUITIN, A 76-RES1~uE IS PRESENT IN V. Chau and D. Marriott are in the Department of Pharmacology, Wayne State 
karyotes either free or covdently joined, through its car- University School of Medicine, Detroit, MI 48201. J. W. Tobias, A. Bachmair, D. K. 

boxyl-terminal glycine residue, to various cytoplasmic, ~ ~ ~ ; l ~ ~ , A b ~ ~ ~ ~ e ~ ~ ~ $ ~ ~ ~ ~ ~ ~ ~ ~ f ~ ~ l O ~ ~ ~ ~ ~ n ~ ~ & ~ ~ ~  
nuclear, and integrd membrane proteins (1). The coupling of Pharmacology, Smith, K k ,  and French Laboratories, Philadebhia, PA 19101. 

ubiquitin other proteins is a of ubiquitin- *present address: Maw-plmck.Instimt fiir Ziichmgsforschung, Abteilung Genetische 
conjugating enzymes (dso called E2 enzymes) (1, 2). In the yeast Grundlagen der Pflanzenziichtung, Egelspfad, D-5000 KBln 30, Federal Republic of 
Saccharomyces cerevisiae, two of the approximately six such enzymes Germany. 

present have been identified as products of the genes RAD6, whose tpresent address: ISIS Pharmaceutical, Carlsbad, CA 92008. 
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