
or the tissue is converted to a state in 
which treatment with a carcinogen im- 
mediately results in the formation of 
dormant tumor cells. 

The inversion experiment thus contra- 
dicts the assumption that conversion is 
due to a selection and clonal expansion 
of neoplastic cells or to transition of 
initiated into dormant tumor cells. It may 
also be incompatible with our former 
interpretation that conversion is due to 
an expression of the neoplastic pheno- 
type ( 1 3 ,  unless TPA pretreatment cre- 
ates conditions in skin that facilitate a 
spontaneous phenotypic expression after 
initation. 

We would like, therefore, to modify 
Boutwell's concept in such a way that 
the process of conversion is considered 
as a discrete element of multistage tu- 
morigenesis in mouse skin rather than as 
a component of promotion. The term 
"promotion" should actually be restrict- 
ed to those events that must occur after 
carcinogen treatment and that have been 
called "stage I1 of promotion." We 
agree with Hennings and Yuspa (16) that 
these events may critically involve a 
selection and clonal expansion of tumor 
cells. The term "stage I of promotion" 
should be avoided in the future and re- 
placed by the term "conversion," which 
may be operationally defined as a con- 
version of the tissue into a state of (in- 
creased?) promotability. This would 
mean that the distinction between in- 
complete and complete skin tumor pro- 
moters would be obsolete. Both RPA 
and TPA are promoters of comparable 
potency, but for reasons still unknown 
TPA is a much stronger converting agent 
than RPA (or mezerein). Such a reevalu- 
ation of the nomenclature is more than a 
matter of semantics, since it may help to 
overcome the discrepancy that (with few 
exceptions) no differences between the 
biological effects of RPA (or mezerein) 
and TPA could be found in systems other 
than the skin of the living mouse (17). 
Since the other systems are mainly in 
vitro models, the necessity of conversion 
might be restricted to the in vivo situa- 
tion. 

A mechanistic interpretation of our 
results is hampered by the fact that little 
is known about the cellular and molecu- 
lar events occurring in the conversion 
stage. Events thought to be essential for 
phorbol ester-induced tumor promotion, 
such as an interaction with protein ki- 
nase C (1 7) and generation of superoxide 
anion radicals ( la ) ,  appear not to be of 
critical importance for conversion. 
Whereas promotion is fully reversible 
when the intervals between individual 
RPA treatments are extended up to 2 
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A Model for the Tertiary Structure of p21, the 
Product of the ras Oncogene 

Abstract. A model was developed for the structure of p21, the protein with a 
molecular weight of 21,000 that is produced by the ras genes. This model predicts 
that p21 consists of a central core of p-sheet structure, connected by loops and a 
helices. Four of these loops comprise the guanine nucleotide binding site. The 
phosphoryl binding region is made up of amino acid sequences from 10 to 16 and 
from 57 to 63 of p21. The latter sequence may contain a site for magnesium binding. 
Amino acids dejning guanine speciJicity are Asn-116 and Asp-119, and sequences 
around amino acid 145 may contribute to guanine binding. The model makes it 
possible to visualize how oncogenic mutations ofp21 affect interaction with guanine 
nucleotides. 
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Proteins with a molecular weight of 
21,000 (p21) are produced by a family of 
proto-oncogenes referred to as ras 
genes. There are at least three members 
of the ras gene family in the human 
genome, designated H-ras, K-ras, and 
N-ras (1). Closely related proteins are 

made by the yeast Saccharomyces, the 
fruit fly Drosophila, and the slime mould 
Dictyostelium (2). Several reports have 
pointed to sequence homology between 
p21 proteins and various nucleotide- 
binding enzymes and regulatory pro- 
teins, such as the p-subunit of bovine 
mitochondria1 adenosinetriphosphatase 
(3), bacterial elongation factors EF-Tu 
and EF-G, a-tubulin, adenylate kinase 
and other nucleotide-binding enzymes 
(4) ,  and signal-transducing G proteins 
(5). Of this group, the homology between 
p21 and EF-Tu is particularly interest- 
ing, since EF-Tu has been extensively 
studied at the structural level. The pri- 
mary sequence of p21 has been aligned 
with EF-Tu so that 42 percent of p21 
amino acids have identical or conserva- 
tive equivalents in EF-Tu (6). Further- 
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more, the tertiary structure of the guano- 
sine diphosphate (GDP) binding domain 
of EF-Tu has recently been solved by 
means of x-ray crystallography (7). We 
have used this information, together with 
supporting biochemical, immunological, 
and genetic data, to generate a model for 
the tertiary structure of p21. This model 
predicts the p21 sequences responsible 
for guanine nucleotide specificity and for 
binding and hydrolysis of guanosine tri- 
phosphate (GTP), and allows us to pro- 
pose mechanisms by which specific mu- 
tations may lead to oncogenic activation. 

The GDP binding site of EF-Tu, ana- 
lyzed at 0.29-nm resolution with x-ray 
crystallography (7), is composed of four 
loops; two contribute to the phosphoryl 
binding region and two to the guanine 
binding region. A magnesium ion has 
also been tentatively identified in the 
GDP binding site. These regions are 
shown diagrammatically in Fig. 1A. Sim- 
ilar regions are drawn for p21 (Fig. lB), 
on the basis of sequence homologies in 
aligned regions of these proteins [see (6) 
and Table 1 I .  

In EF-Tu, the phosphoryl binding re- 
gion (amino acids interacting directly 
with the two phosphate groups of GDP) 
is made up of two loops, each connecting 
a f3 strand to an a helix, a structure 
typically seen in nucleotide binding sites. 
One loop is defined by the sequence Gly- 
His-Val-Asp-His-Gly-Lys corresponding 
to amino acids 18 to 24 (7). We propose 
that the equivalent loop in p21 is defined 
by Gly-Ala-Gly-Gly-Val-Gly-Lys, in 
which amino acid 12 is the second gly- 
cine residue. This assignment is based on 
the observation that this sequence can be 
aligned with the equivalent sequence of 
EF-Tu (6) and the following immunologi- 
cal and genetic information: First, an 
antibody whose epitope includes the 
12th amino acid of p21 has been shown 
to inhibit the ability of p21 to bind GTP. 
Conversely, the ability of this antibody 
to bind to p21 is inhibited by GTP or 
GDP (8). These data have led to the 
proposal that this region of p21 is part of 
the guanine nucleotide binding site. Sec- 
ond, replacement of the 12th amino acid 
of p21 (normally glycine) with valine 
results in an eight- to tenfold drop in p21 
guanosine triphosphatase (GTPase) ac- 
tivity (9), suggesting that sequences 
around position 12 interact directly with 
phosphoryl groups of GTP and are thus 
part of the GTP binding site. 

Figure 2 shows how the phosphoryl 
binding loop of p21 may be positioned 
relative to the bound GDP molecule. 
This figure was generated by replacing 
EF-Tu sequence with the aligned p21 
sequence and utilizes spatial coordinates 

Table 1. Components of the GTPIGDP binding site from several guanine nucleotide-binding 
proteins. 

Protein Sequences 

Phosphoryl binding sequences 
E. coli EF-Tu (25) Gly His Val Asp His Gly Lys (18-24) 
S. cerevisiae EF-lalpha (26) Gly His Val Asp Ser Gly Lys (14-20) 
Artemia (brine shrimp) EF-a (27) Gly His Val Asp Ser Gly Lys (14-20) 

Bovine transducin, a subunit (9) Gly Ala Gly Glu Ser Gly Lys (36-42) 

S. cerevisiae RAS 1 (2) Gly Gly Gly Gly Val Gly Lys (17-23) 
S ,  cerevisiae RAS 2 (2) Gly Gly Gly Gly Val Gly Lys (17-23) 
Human H-ras, N-ras, K-ras (2) Gly Ala Gly Gly Val Gly Lys (10-16) 

E. coli EF-Tu (25) Asp Cys Pro Gly His (80-84) 
S. cerevisiae EF-lalpha (26) Asp Ala Pro Gly His (91-95) 
Artemia (brine shrimp) EF-a (27) Asp Ala Pro Gly His (91-95) 

Bovine transducin, a subunit (9) Asp Ser Ala Gly Tyr (145-150) 

S, cerevisiae RAS 1 (2) Asp Thr Ala Gly Gln (64-68) 
S, cerevisiae RAS 2 (2) Asp Thr Ala Gly Gln (64-68) 
Human H-ras, N-ras, K-ras (2) Asp Thr Ala Gly Gln (57-61) 

Guanine specificity region 
E, coli EF-Tu (25) Asn Lys Cys Asp (135-138) 
S .  cerevisiae EF-a (26) Asn Lys Met Asp (153-156) 
Artemia (brine shrimp) EF-a (27) Asn Lys Met Asp (152-154) 

Bovine transducin, a subunit (9) Asn Lys Lys Asp (265-268) 

S, cerevisiae RAS 1 (2) Asn Lys Ser Asp (123-126) 
S. cerevisiae RAS 2 (2) Asn Lys Leu Asp (123-126) 
Human H-ras, N-ras, K-ras (2) Asn Lys Cys Asp (116-119) 

obtained for EF-Tu-GDP by x-ray crys- distance of the backbone of the loop 
tallography ( 7 ) .  In this model, the loop from the phosphates is predicted to 
consisting of amino acids 10 to 16 of p21 be sufficiently close to allow hydrogen 
passes under the bound guanine nucleo- bonding to occur. The exact positioning 
tide close to the phosphate groups. The of the p21 loop is, of course, likely to 

differ from that of the EF-Tu loop be- 

Fig. 1. Schematic representation of (A) EF-Tu 
and (B) p21 GDP binding sites. Amino acid 
sequences in the loops proposed to constitute 
the GDP binding sites are indicated by single 
letter codes: A, alanine; C, cysteine; D, as- 
partate; E ,  glutamate; G, glycine; H,  histi- 
dine; K. lysine; L.  leucine; N, asparagine; P, 
proline; Q, glutamine; R, arginine; S, serine; 
T ,  threonine; and V, valine. 

cause the sequences are not identical. 
Table 1 shows sequence alignments 

from amino terminal regions of several 
guanine nucleotide-binding proteins, in- 
cluding the a subunit of transducin. On 
the basis of the EF-Tu structure, and on 
less direct evidence for p21, it is proba- 
ble that these related sequences are also 
part of the phosphoryl binding regions. 
Each of these loops contains glycine 
residues that impart a high degree of 
flexibility. This flexibility may be possi- 
ble because the loops stand out from a 
rigid structure composed of f3 strands 
connected by a helices. The presence of 
a flexible phosphoryl binding region at 
the transition between a (3 strand and an 
a helix is typical of many nucleotide- 
binding proteins (10). It is thought that 
the a helix generates an electrical dipole 
with the positive end at the amino termi- 
nus (11): this field may have the effect of 
increasing the on-rate for nucleotide 
binding and may be involved in position- 
ing the phosphoryl groups favorably for 
catalytic hydrolysis. 

In EF-Tu, a loop that includes amino 
acids 80 to 84 has been found adjacent to 
the bound guanine nucleotide, as indicat- 
ed diagrammatically in Fig. 1A. Figure 
1B shows a similar arrangement in which 
aligned amino acids from p21 (6) are 
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Fig. 2. Proposed spa- 
tial arrangement of 
p21 GDP binding site. 
Magnesium ion is rep 
resented as a blue 
sphere. GDP by pink 
lines, and the back- 
bone of the polypep 
tide chain by green 
lines, the intensity of 
which represents the 
distance from the 
viewing surface. 

substituted in this model. The predicted 
spatial arrangement of these amino acids 
is depicted in Fig. 2. It can be seen that 
amino acids 59 and 61, both activating 
positions of p21, are close to the bound 
nucleotide and constitute part of the nu- 
cleotide binding site. Furthermore, a 
magnesium ion has been tentatively 
identified in the guanine nucleotide bind- 
ing site of EF-Tu (7) where it may be co- 
ordinated to aspartate-80. p21 has an 
aspartate at the aligned position (amino 
acid 57), as do the other G proteins 
shown in Table 1. Magnesium has been 
shown to be directly involved in the 
mechanism of GTP hydrolysis by EF-Tu 
(12). Likewise, magnesium is essential 
for GTP hydrolysis by p21 (9), and it 
seems likely that this ion is located at an 
equivalent position in this protein as 
shown in Fig. 2. We have found that 
millimolar concentrations of magnesium 
(or manganese) inhibit the ability of p21 
to bind to antibodies that interact with 
the 12th amino acid (13). This provides 
supporting evidence for the proximity of 
bound magnesium to sequences around 
position 12. 

In EF-Tu, two noncontiguous loops 
contribute to the guanine binding pocket 
(7). Both of these are loops connecting p- 
sheet to a-helical regions. They consist 
of amino acids 135 to 138 (Asn-Lys-Cys- 
Asp) and 173 to 176 (Ser-Ala-Leu-Lys), 
as shown in Fig. 1. The sequence Asn- 
Lys-Cys-Asp is found in p21 at amino 
acids 116 to 119, as others have pointed 
out (4, 6). Side groups of these amino 
acids define the specificity of EF-Tu for 
guanine nucleotides, Asp hydrogen 
bonding to the amino group and Asn to 
the keto group on the pyrimidine ring (7). 
These residues may perform the same 

function in p21 and in the other GTPI 
GDP-binding proteins listed in Table 1. 
In p21, replacement of Asn1l6 or Asp119 
with Ala, by site-directed mutagenesis, 
eliminates GTP binding to p21(14); these 
results are consistent with the proposal 
that this part of p21 interacts with gua- 
nine of GTP. In EF-Tu, ~ e u ' "  contrib- 
utes a hydrophobic region to the guanine 
pocket. p21 has no leucine at an equiva- 
lent position, and it is not clear whether 
other aligned residues (as depicted in 
Fig. 1B) have any role in guanine bind- 
ing. 

The GDP binding domain of EF-Tu 
corresponds to about 50 percent of the 
protein's mass, or about 21,000 daltons 
of amino acid sequence (7). Since p21 is 
a similar size and may have a similar 
GDPIGTP binding site, it is possible that 
the tertiary structure of the EF-Tu GDP 
binding domain is similar to the tertiary 
structure of the entire p21 protein. By 
substituting homologous sequences of 
p21 in the EF-Tu model, a model for the 
tertiary structure of p21 can be drawn 
(Fig. 3). In this model, the overall struc- 
ture of p21 consists of four parallel p 
strands connected by a helices and 
loops. This structural feature, the so- 
called Rossmann fold, has been ob- 
served in many nucleotide-binding pro- 
teins (10). There are no intramolecular 
cystine bridges in this model structure. 
The ease with which p21 can be rena- 
tured after complete reduction and dena- 
turation is consistent with this sugges- 
tion (9). Furthermore, it has been dem- 
onstrated experimentally that EF-Tu 
does not contain intramolecular cystine 
bridges (15). The carboxy terminal re- 
gion of p21 is not homologous to EF-Tu, 
and varies between different p21 pro- 

teins. No particular structure can there- 
fore be easily assigned to this region. 

The secondary structure of p21 has 
been predicted on the basis of the algo- 
rithms of Chou and Fasman (16) and 
Gamier (17). Briefly, these analyses pre- 
dict each of the p strands shown in Fig. 
2, and each a helix, with the exception of 
the fist  which is predicted to be a p 
strand (9, 18). Each of the regions that 
are proposed to be involved in GTP 
binding and hydrolysis (amino acids 10 
to 16, 56 to 63, 116 to 119, and possibly 
144 to 160) are predicted to be coils by 
these analyses. These results therefore 
lend support to the model shown in dif- 
ferent ways in Figs. 2 and 3. 

A novel family of ras-related genes, 
designated rho genes, has recently been 
described (19). These genes encode pro- 
teins that are about 35 percent homolo- 
gous to p21. It is striking to note that 
conserved regions between ras and rho 
gene products are predominantly in the 
four domains proposed here to constitute 
the guanine nucleotide binding site; spe- 
cific amino acids such as the aspartate 
residue at position 57 that may bind 
magnesium, and the asparagine and as- 
partate residues at 116 and 119 that con- 
fer guanine specificity, are identical in 
products of rho and ras. 

It is evident that the colinear arrange- 
ment of phosphoryl binding regions and 
guanine binding regions that is shared 
between the proteins listed in Table 1, as 
well as the rho gene products, raises the 
possibility that all these proteins have 
similar tertiary structures, so that the 
structural arrangement depicted in Fig. 3 
may represent the general structure of all 
other related G proteins. 

The best characterized biochemical 
property of p21 is its ability to bind 
guanine nucleotides. The essential role 
of guanine nucleotide binding to p21 was 
demonstrated recently by Feramisco and 
co-workers (20), who microinjected an 
antibody that inhibits GTP binding to p21 
into p21-transformed cells. Injected cells 
reverted transiently to an untransformed 
phenotype as a result of specific inacti- 
vation of the oncogene. Genetic analysis 
of oncogenic forms of p21 has revealed 
that they differ from normal, proto-onco- 
genic forms by single base changes, usu- 
ally in the 12th or 61st codon (I). Both of 
these positions are in the guanine nucleo- 
tide binding site of p21, according to this 
model. 

Several groups have investigated the 
guanine nucleotids-binding properties of 
purified p21, and have proposed that the 
biochemical basis of oncogenic activa- 
tion of p21 is a reduction in the rate of 
hydrolysis of bound GTP by mutant 
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forms (9); this reduction in GTPase ac- 
tivity could maintain p21 in an "active" 
GTP-bound form for a longer time and so 
cause inappropriate cell proliferation. It 
is likely that the GTP-bound form of p21 
differs from the GDP-bound form in its 
ability to interact with other cellular pro- 
teins, and that the basis of this difference 
may be conformational changes that ac- 
company GTP or GDP binding. La Cour 
and co-workers have predicted that the 
conformation of the guanine nucleotide 
binding domain of EF-Tu is likely to be 
different when GTP is bound rather than 
GDP (7); this prediction was based on a 
consideration of atomic spacing with the 
use of computer graphics, which indicat- 
ed that the EF-Tu loop 80 to 84, which 
corresponds to p21 sequences 57 to 61, 
would be unacceptably close to the y- 
phosphate of GTP. If indeed the guanine 
nucleotide binding site of p21 resembles 
that of EF-Tu, as proposed here, the 
same steric constraints would apply, and 
an altered conformation of p21-GTP 
would be predicted. It is interesting that 
the phosphoryl binding region of EF-Tu 
contains valine at the position corre- 
sponding to Gly12 of p21 and may more 
closely resemble the structure of the 
oncogenic valine mutation. 

It has been demonstrated that replace- 
ment of glycine at position 12 with any 
other amino acid, except proline, acti- 
vates the transforming potential of p21 
(21). This lack of selectivity for the re- 
placing amino acid suggests a common 
structural difference between normal p21 
and activated forms. According to our 
model, the 12th amino acid of p21 is in 
the phosphoryl binding loop (Figs. 1 to 
3). It is likely that replacement of Gly12 
with other amino acids would result in 
changes in the conformation of the loop, 
and that these changes would affect the 
interaction of the loop with the bound 
nucleotide. Glycine is unique among nat- 
urally occurring amino acids in not hav- 
ing a side chain; this allows a greater 
range of main chain dihedral angles than 
other amino acids. This distinction be- 
tween glycine and all other amino acids 
may account for the observation that all 
substitutions at position 12, except pro- 
line, have qualitatively similar effects on 
the biological properties of p21. It may 
be significant that proline also differs 
from all other amino acids in generating a 
fixed main chain dihedral angle. This 
angle may be close to the angle adopted 
when glycine is at position 12 but differ- 
ent from the angle adopted when any 
other amino acid is at this position, so 
that interaction of the phosphoryl bind- 
ing loop with bound nucleotide is not 
significantly altered by this substitution. 
4 OCTOBER 1985 

Fig. 3.  Model for the 
tertiary structure of 
p21. Significant ami- 
no acids and p strands 
are numbered, the lat- 
ter with Roman nu- 
merals. Broken lines 
represent regions in 
which sequence ho- 
mology with EF-Tu is 
insignificant. 

The acutely transforming retroviruses 
Harvey sarcoma virus and Kirsten sar- 
coma virus contain ras oncogenes trans- 
duced from rat cells. Both of these ras 
genes are altered at position 59 (as well 
as 12), each encoding threonine instead 
of alanine at this position. This threonine 
becomes the substrate for GTP-depen- 
dent autophosphorylation (22), the y- 
phosphate being transferred to the hy- 
droxyl group of threonine. Fig. 2 shows 
that Mas9 is adjacent to the f3 phosphate 
of GDP. The hydroxyl group may be 
positioned such that it replaces a water 
molecule normally coordinated to mag- 
nesium in the GTP binding site. Substitu- 
tion of alanine for threonine reduces 
GTPase activity of p21 (9); this may be 
because threonine interferes directly and 
specifically with hydrolysis, and not be- 
cause of structural effects on the posi- 
tioning of f3 and y phosphates, as sug- 
gested for position 12 mutations. In sup- 
port of this it is interesting that all 
activating position 59 mutants so far de- 
tected, including those generated by ran- 
dom mutagenesis in vitro (23), are threo- 
nine substitutions. Normal p21 has a 
threonine at position 58: the side chain of 
this residue is expected to face away 
from the bound guanine nucleotide, by 
analogy with the equivalent residue of 
EF-Tu (cys8'). This hydroxyl group is 
therefore not available as a substrate for 
autophosphorylation. 

Mutations at amino acid 61 of p21 
activate the oncogenic potential of p21 
and reduce GTPase activity (9). The pro- 
posal that amino acid 61 is part of the 
GTP binding site is consistent with these 
findings and has been suggested previ- 
ously (6, 23). However, from the model 
shown in Fig. 2 it is not obvious how 
Gln6', which appears to be at the edge of 
the cleft defining the guanine nucleotide 

pocket, could interact directly with GTP 
or affect GTP hydrolysis. 

The preceding discussion can be sum- 
marized as follows: mutations at certain 
positions in p21 may alter the interaction 
of p21 with phosphoryl groups of bound 
guanine nucleotide, or with magnesium 
and water molecules in the nucleotide 
binding site. These altered interactions 
reduce p21 GTPase activity (9) so that 
the protein remains in a GTP-bound state 
rather than a GDP-bound state. The es- 
sential difference between these states is 
conformational and affects the interac- 
tion between p21 and other cellular com- 
ponents. These interactions, in turn, 
contribute to cellular transformation. It 
should be noted that activating muta- 
tions in p21 could conceivably lead di- 
rectly to these conformational changes, 
and that effects on GTP hydrolysis could 
be secondary to these changes. 

The proposed structural similarity be- 
tween the guanine nucleotide binding 
domains of ras gene products, elongation 
factors, and mammalian G proteins leads 
to the notion that these domains have a 
similar function, that of a biochemical 
switch. Whether this switch is "on" or 
"off' is determined by the phosphoryl- 
ation state of the bound nucleotide. For 
example, EF-Tu . GTP binds aminoacyl- 
tRNA with high affinity, but this affinity 
decreases by two orders of magnitude 
when the bound nucleotide is hydrolyzed 
to GDP on the ribosome. This decrease 
is thought to be the result of a change in 
conformation that accompanies loss of 
the y-phosphate group of GTP. EF- 
Tu . GDP is released from the ribosome, 
and can be restored to the GTP-bound 
form by an exchange reaction catalyzed 
by EF-Ts (24). A similar situation has 
been demonstrated for G proteins. GTP- 
bound forms of these regulatory proteins 
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interact with their target enzymes (ade- 
nylate cyclase or phosphodiesterase) and 
are converted to inactive GDP-bound 
forms by intrinsic GTPase activity. GTP- 
bound forms are regenerated by interac- 
tion with activated receptors. It is likely 
that, by analogy with EF-Tu and G pro- 
teins, the GTP- and GDP-bound forms of 
p21 represent active and inactive confor- 
mations that are interconverted by in- 
trinsic GTPase and catalytic GTP-GDP 
exchange. Identification of the role of 
the active form of p21 and knowledge of 
the mechanism by which it is regenerat- 
ed after hydrolysis would greatly accel- 
erate understanding of the transforma- 
tion process. 
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Z-DNA Forms Without an Alternating Purine-Pyrimidine 

Sequence in Solution 

Abstract. Nuclear magnetic resonance spectra (proton and phosphorus-31) and 
ultraviolet absorption spectra of the DNA decamer d ( b ? ~ G b r ~ ~ G ~ ~ b r ~ ~ G b r ~  CG), 
in which the central two adenine-thymine base pairs are out of order with the rest of 
the purine-pyrimidine alternation sequence, indicate that under appropriate solvent 
conditions (high salt and methanol) the molecule undergoes a structural transition 
from a right-handed B-DNA conformation to a left-handed Z-DNA conformation. 
Measurements of the two-dimensional nuclear Overhauser effect on the decamer 
indicate that all of the guanines as well as the two equivalent thymines adopt the syn 
conformation. 
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There is a dynamic equilibrium be- 
tween right-handed B-DNA and left- 
handed Z-DNA, and the former is usual- 
ly the major species (1). In B-DNA, all 
bases are in the anti conformation, 
whereas in Z-DNA, consecutive bases 
alternate between the anti and syn con- 
formations. Purines adopt the syn con- 
formation more readily than pyrimi- 
dines; thus the B to Z equilibrium has, 
until recently, been studied in solution 
only in polymers with alternating purine- 
pyrimidine sequences such as poly(dG- 
dC) (2, 3), and poly [d(A-C) . d(G-T)] as 
well as other modified polymers ( 4 , 5 ) ,  or 
in oligomers such as ( m S d C - d ~ ) ~  (6, 7). 
Indirect evidence has suggested that nat- 
urally occurring sequences of DNA that 
are not strictly alternating purine-pyrimi- 
dine can be stabilized in the Z conforma- 
tion by negative supercoiling (8). To in- 
vestigate the structure of the putative Z- 

DNA in such sequences, we designed a 
series of DNA oligomers that were bro- 
minated at the 5-position of cytosine, 
since previous studies had shown that 
this modification strongly favors the Z- 
DNA conformation (9). A recently ex- 
amined crystal structure of the DNA 
oligomer d ( b r 5 c G ~ ~ b r S c G )  showed that 
it adopts the Z conformation with its 
thymines in the syn conformation (lo), 
but its stability as Z-DNA in solution 
remains questionable. 

We now show that in solution the 
modified DNA decamer, d(b$CGbrS- 
CGAT~$CG~$CG), which has a nonal- 
ternating purine-pyrimidine sequence, 
undergoes a structural transition from 
the B to Z conformation under appropri- 
ate solvent conditions. Large changes in 
the proton ('H) and phosphorus ( 3 1 ~ )  
nuclear magnetic resonance (NMR) 
spectra are observed when the solvent is 
changed from an aqueous solution with 
low salt concentration to one that con- 
tains a high salt concentration and meth- 
anol. Measurements of the two-dimen- 
sional nuclear Overhauser effect (2D- 
nOe) (10, 11) indicate that all of the 
guanines as well as the two equivalent 
thymines are in the syn conformation in a 
methanol-water solution with a high con- 
centration of salt. The differences be- 
tween the absorption spectra of the mol- 
ecule in the two solvent systems are also 

Fig. 1. (a) Ultraviolet absorp- 
tion spectra of d(b?CGb$- 
CGAT~$CG~$CG) in aque- 
ous solutions containing 0.1 M 
NaCl (dashed line) and 3M 
NaCl and 33 percent methanol 
(solid line). (b) The difference 
spectrum (Z - B). There is an 
isosbestic point at about 279 
nm. We also found that the 
absorption spectrum of the de- 
camer in a 0.1 M NaCl solution 
with 33 percent methanol is 

o 'h nearly identical to that in 0.1 M 
220 260 300 340 NaCl alone. The DNA was 

Wavelength (nm) prepared by improved phos- 
photriester synthesis (22). The 

starting material for the modified cytosines was 5-bromodeoxycytidine. The DNA concentra- 
tion for these ultraviolet absorption experiments is 100 times less than for the NMR 
experiments. 
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