
trodes located at the left and right black 
u 

dots, respectively, on the top portion of Fig. 
2G. 

An alternative inter~retation of the data is 
that a circular wave of activity propagates 
radially from an origin at the initial site of 
activation. Our dataare not com~atible with 
this notion. There was a lack of burst activity 
in TRNs located farther from the fixation 
zone than the initially active zone. For ex- 
ample, cell Q37 did not burst (Fig. 1E) after 
the start of 10" to 15" gaze shifts that began 
at the SC site of Q24. 

Our observations suggest that a topo- 
graphically represented motor command is 
transformed into the temporal firing pattern 
that motoneurons send to muscles (the so- 
called spatial temporal transform) when 
gaze is controlled throughout the spatial 
trajectory of neural activity on the motor 
map (18). This conclusion implies that tra- 
ditional models of collicular control of gaze 
shifts need to be revised. In these models, 
the SC provides a command specifying only 
the initial vector of the intended gaze shift 
(1): a brainstem feedback control system is 
hypothesized to subtract actual gaze posi- 
tion from this signal, thereby yielding in- 
stantaneous gaze error, which drives the 
movement (19). Our results show that the 
SC itself spatially encodes the gaze error. 
Therefore, the SC may reside within the 
gaze feedback loop (3, 8, 14). This hypoth- 
esis is supported by observations that a 
sudden increase in the discharge frequency 
of TRN phasic bursts speeds up a gaze shift 
without affecting its accuracy (8) .  Such a 
finding is difficult to incorporate in tradi- 
tional models of the SC, but, in a feedback 
control system wherein the SC provides the 
error signal, the higher velocities reduce 
gaze error more quickly, allowing shorter 
movement duration while maintaining accu- 
racy. 
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Second Structural Motif for Recognition of DNA by 
Oligonucleotide-Directed Triple-Helix Formation 

Relative orientations of the DNA strands within a purine.purine.pyrimidine triple 
helix have been determined by &ty cleaving. A purine-rich oligonucleotide bound in 
the major groove of double-helical DNA antiparallel to the Watson-Crick purine 
strand. Binding depended upon the concentration of multivalent cations such as 
spermine or Mg2+, and appeared to be relatively independent of pH. Two models with 
specific hydrogen-bonding patterns for base triplets (GeGC, AeAT, and TeAT) are 
proposed to explain the sequence specificity of binding. The two models differ in the 
conformation about the glycosyl bond (syn or anti) and the location of the phosphate- 
deoxyribose backbone in the major groove of DNA. This motif broadens the structural 
frameworks available as a basis for the design of sequence-specific DNA binding 
molecules. 

P YRIMIDINE OLIGONUCLEOTIDES BIND the formation of Hoogsteen hydrogen bonds. 
specifically to purine sequences in dou- Specificity is derived from thymine (T) rec- 
ble-helical DNA to form a local triple- ognition of adenine-thymine base pairs 

helical structure (1-4). These oligonucleo- (TeAT base triplets) and protonated cytosine 
tides bind in the major groove parallel to the (C+)  recognition of guanine-cytosine base 
Watson-Crick (W-C) purine strand through pairs (C+GC) base triplets). Less well under- 
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stood is a triple-helical motif in which a 
purine-rich oligonucleotide binds duplex 
DNA (5-8). 

Mixtures of p l y  G and p l y  C fbrm stable 
2: 1 complexes [poly(G.GC)], and prepara- 
tions of poly(A), when mixed with poly(U), 
can form poly(A.AU) (5, 6). More recent 
studies of a poly(dG).poly(dC) tract under 
torsional stress show that this sequence can 
support two distinct structures depending 
on the ionic conditions (7). Two mple 
helices were proposed, one with a pyrimi- 
dine strand folded back parallel to the purine 
strand of the W-C duplex (H-form) (C+GC 
mplets), and the other with a purine strand 
folded back antiparallel to the purine strand 
of the duplex (G-GC mplets) (7). 

Evidence for a purine-rich oligonucleo- 
tide binding site-specifically to duplex DNA 
was provided when Hogan and co-workers 
demonstrated that a G-rich oligonucleotide 
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Fig. 1. (A) Autoradiogram of an 8% polyacryl- 
arnide sequencing gel showing the dependence of 
cleavage efficiency on sequence composition of 
oligonucleotides 1 to 3, each at three different 
concentrations (0.1,0.5, and 1.0 pM). The cleav- 
age reactions were performed on the Hind III- 
Ssp I restriction fragment of plasmid pPBAG19 
labeled at the 3' end with (15). The reactions 
were carried out by combining a mixture of 
oligonucleotide-EDTA and 2.5 e uivalents of 9 Fe(NH4),(S04),.6H20 with the P-labeled re- 
striction fragment [-I00 nM in base pairs, 
- 10,000 cpm] in a solution of ms acetate, pH = 
7.8 (50 mM), NaCl (10 mM), spermine (100 
pM), and calf thymus DNA (100 pM in base 
pairs), which was then incubated at 24°C for 1 
hour. Cleavage reactions were initiated by the 
addition of dithiothreitol ( D m )  (4 mM) and 
allowed to proceed for 12 hours at 24°C. The 
reactions were stopped by precipitation with eth- 
anol, and the cleavage products were analyzed by 
gel electrophoresis. Lane 1, products of an A-spe- 
cific cleavage reaction ( 14). Lane 2, control show- 
ing intact 3' end-labeled restriction fragment ob- 
tained aker treatment according to the cleavage 
reactions in the absence of oligonucleotide- 
EDTA-Fe. Lanes 3 to 11, cleavage products pro- 
duced by oligonucleotides-EDTA-R of general 
sequence T*G3XG4XG4XGJT-3': lanes 3 to 5, X 
= T ;  lanes6to8,X = A;andlanes9to 11,X= 
C. Concentrations of oligonucleotide-EDTA-Fe 1 
to 3: lanes 3,6, and 9 , l  to 3 at 0.1 pM; lanes 4, 
7, and 10, l  to 3 at 0.5 pM; and lanes 5, 8, and 
11, 1 to 3 at 1.0 pM. Cleavage efficiencies were 
quantitated by using storage phosphorimaging 
plates with a Molecular Dynamics 400s Phos- 
phoImager. (8) Ribbon model and sequence of 
local triple-helical complex between oligonucleo- 
tides-EDTA-Fe 1 to 3 and the target sequence. 
Circles represent backbone positions of cleavage. 
Sizc of circles represent extent of cleavage. The 
third strand is located near the center of the major 
groove of the double-helical DNA based upon 
models in Fig. 2A. 

represses transcription of the human c-myc 
gene in vitro (8). Although no hydrogen- 
bonding scheme was put forward, the bind- 
ing of the purine-rich oligonucleotide was 
proposed to be based upon A-AT and G-GC 
mplets with the third purine-rich strand 
parallel to the purine strand of the W-C 
duplex (8). Our efforts to confirm this par- 
allel purine-rich model failed (2). Moreover, 
we found that within a pyrimidine-rich oli- 
gonucleotide, G does not bind GC base 
pairs but rather, in some cases, binds TA 
base pairs (G-TA triplet) (3). This result 
suggested to us that there may be two 
different structural motifs for triple-helical 
recognition (3). We report the results of 
affinity-cleaving experiments that reveal the 
orientation of a purine-rich oligonucleotide 

bound in the major groove of double-helical 
DNA. 

Models for possible base triplets formed 
when a purine-rich oligonucleotide binds 
duplex DNA (G-GC and A-AT) can be put 
forward based on structures previously pro- 
posed, logical hydrogen-bonding patterns, 
and a relatively fixed positioning of the 
phosphate-deoxyribose backbones (6, 7, 9, 
10). In addition to possible G-GC and A-AT 
base triplets, one can consider a T-AT base 
mplet in which T in the third strand binds 
the AT base pair in a reverse-Hoogsteen 
manner (11). 

We chose as our target binding site a 
19-bp purine sequence, 5'-AG3AG4AG4- 
AG3A-3', within a 648-bp restriction frag- 
ment. The target sequence is identically read 

.A 

.G 

.A 
-T 

A-T 
A-T 
A-T 
A-T 
G-C 

- - - -  - 

G*G-C 
GG-C 
GG-C 
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from 3' to 5' or 5' to 3'. Therefore, it could 
a priori support two putative triple-helical 
structures within a purineepurine-pyrimidine 
motif with the third strand parallel or anti- 
parallel to the W-C purine strand. Oligonu- 
cleotides 1 to 3 of sequence composition 
5'-T*G,XG4XG4XG,T-3' (where X = 

T,A,C, respectively) were synthesized with 
thymidine-EDTA (T*) at each 5' end (12). 
Oligonucleotides-EDTA-Fe 1 to 3 (0.1 to 
1.0 pM, pH 7.8, 24°C) cleaved the double- 
helical DNA at the target site but with 
different efficiencies (Fig. 1). Cleavage oc- 
curred near the 3' end of the purine tract. 
The cleavage maximum on each strand was 
shifted asp~metricallp in the 5' direction. 
The asymmetry and location of the cleavage 
pattern on one end of the binding site 
indicate that oligonucleotides 1 to 3 were 
bound in the major groove antiparallel to 
the W-C purine strand. This result rules out 
strand displacement (D-looping) as the 
mode of recognition. No cleavage products 
corresponding to a parallel orienktibn could 
be detected. 

From phosphorimager quantitative analy- 
sis of the absolute cleavage efficiencies, oli- 
gonucleotides 1 to 3 at 1.0 phi concentra- 
tion appeared to bind the target sequence 
with relative affinities 1.0 (X = T),  0.56 (X 
= A), and 0.16 (X = C), respectively. 
Therefore, for this particular sequence and 
under these reaction conditions, the contri- 
bution to the stability of the triple helix from 
three A.AT triplets differed from that of 
three T.AT triplets by less than a factor of'2. 
However, when C was placed opposite three 
AT base pairs, the binding of the oligonu- 
cleotide decreased by nearly a factor of 8. 
Although the binding of oligonucleotides 1 
to 3 is dominated by the formation of G.GC 
triplets, we believe the difference in affinities 
for 1 to 3 may be evidence for specific 
hydrogen bond contributions in the T.AT 
and A.AT triplets (Fig. 2). Undoubtedly, 
the relative affinities of these triplets will 
depend on sequence composition (13). 

The efficiency of strand scission depended 
upon the concentration of multivalent cat- 
ions such as spermine and Mg2+, with max- 
imum cleavage occurring 2 100 pM concen- 
tration of spermine. Cleavage efficiencies 
were comparable throughout ;he pH range 
6.6 to 7.8. The pH dependence on the 
recognition of G-rich sequences through 
pyrimidine oligonucleotide-directed triple- 
helix formation is well documented (1-4). 
The apparent requirement for protonation 
of cytosines in the third strand to form 
C+GC triplets limits the pH range (typical- 
ly 'pH 7.0) within which this triple-helical 
structure can be formed. With oligonucleo- 
tide-EDTAs 1 and 2, for which the target 
duplex is 75% guanine-rich, we observed 

efficient cleavage at pH 7.8. Therefore, pu- 
rine-rich oligonucleotides bound double- 
helical DNA in a relatively pH-independent 
fashion. 

Within the constraints of our experimen- 
tal data that the third strand is antiparallel to 
the purine-rich W-C strand, models of pos- 
sible hydrogen-bonding patterns for AaAT, 
TeAT, and G-GC base triplets place the 
phosphate-deoxyribose backbone in differ- 
ent locations in the major groove depending 
on whether the base in the third strand is in 
the anti or syn conformation (Fig. 2). The 
anti conformation would generate a struc- 
ture with the phosphate-deoxyribose back- 
bone centrally located in the major groove 
of the double helix (Fig. 2A). The spn 
conformation would place the backbone in a 
similar location in the major groove as 
found with the pyrimidine motif (Fig. 2B). 
Although reasonable hydrogen-bonding 
models for T.AT and G.GC triplets can be 
written for both the spn or anti conforma- 
tions of the third strand, models for the 

A-AT triplet suggest the most reasonable 
structure is the anti conformation (Fig. 2A). 
Hence, we tentatively favor the anti confor- 
mation and placement of the phosphate- . . 

deoxyribose backbone near the center of the 
major groove located more equidistant be- 
tween the W-C strands (Fig. 2A). This 
triple-helix structure differs from the pyrimi- 
dine-rich motif in which the phosphate- 
deoxyribose backbone is located proximal 
(and parallel) to the purine W - 6  strand. 
Motif descriptions based on the terms "py- 
rimidine-rich" and "purine-rich" will be- 
come less meaninghl as mixed sequence 
oligonucleotides are used. Similarly, parallel 
versus antiparallel motif (to the purine W-C 
strand) may not be precise as recognition of 
mixed purine-pyrimidine sequences of du- 
plex DNA becomes possible. The contrast 
between the symmetric and asymmetric ra- 
dial distribution of the backbones appears to 
be a usehl distinguishing feature of the two 
triple-helical motifs. 

Although there are apparently two differ- 

Fig. 2. (A) Models for G.GC, A.AT, and T.AT triplets within a triple-helix motif where the third strand 
is antiparallel to  the purine W-C strand and bases are in the anti conformation. (8) Models for G.GC, 
A.AT, and T.AT triplets where the third strand is antiparallel to  the purine W-C strand and the bases 
are in the syn conformation. Plus and minus indicate relative polarities of the phosphate-deoxyribose 
backbones. 
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ent structural classes of triple helices for 1. S. Sun et al.. Proc. Natl. Acad. Sci. U . S . A .  86. 

oligonucleotide-directed recognition of 
double-helical DNA, both are currently lim- 
ited to binding purine-rich tracts of DNA. 
Moreover, the sequence-composition de- 
pendence of the triplet stabilities within each 
triple-helix motif remains to be elucidated. 
High-resolution x-ray crystallographic data 
for either structural class does not yet exist. 
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An in Vivo Model of Somatic Cell Gene Therapy for 
Human Severe Combined Immunodeficiency 

Deficiency of adenosine deaminase (ADA) results in severe combined immunodefi- 
ciency (SCID), a candidate genetic disorder for somatic cell gene therapy. Peripheral 
blood lymphocytes from patients affected by ADA- SCID were transduced with a 
retroviral vector for human ADA and injected into immunodeficient mice. Long-term 
survival of vector-transduced human cells was demonstrated in recipient animals. 
Expression of vector-derived ADA restored immune functions, as indicated by the 
presence in reconstituted animals of human immunoglobulin and antigen-specific T 
cells. Retroviral vector gene transfer, therefore, is necessary and sufficient for devel- 
opment of  specific immune functions in vivo and has therapeutic potential t o  correct 
this lethal immunodeficiency. 

inase (ADA) results in a variant of severe 
combined immunodeficiency (SCID), a lethal 
disorder usually treated with allogeneic bone 
marrow transplantation (8). Retroviral vec- 
tors derived from the N2 prototype can effi- 
ciently transduce the human ADA gene into 
established lymphoid cell lines that had been 
derived from ADA- SCID patients (9)  and 
into hematopoietic in both short- 
and long-term culture, with expression of the 
newly introduced ADA enzyme occurring in 
cells of myeloid and lymphoid lineages (7). 
However, in neither system was direct evi- 
dence available that expression of ADA activ- 
itv in ADA- cells would restore specific im- 
mune functions. To address this issue, we 
reconstituted a number of immunodeficient 
BNX (homozygous bg/nu/xl" mice (10) with 
human ADA- peripheral blood lymphocytes 
(PBLs) transduced with a retroviral vector 
(DCA, double-copy ADA) that contained a 
human ADA mini-gene (11). We then ana- 
lyzed human cell survival, ADA gene transfer 
and expression, and reconstitution of im- 
mune functions. 

BNX mice were injected with DCA-in- 

Relative fluorescence (hu-CD4) 

Fig. 1. Frequency of CD4+ human T cells in the 
spleen of recipient BNX mice 6 weeks after recon- 
stitution. (A) Untreated animal. (B) Animal treat- 
ed with mock-infected ADA- PBLs. (C) Animal 
reconstituted with DCA-infected ADA- PBLs 
(751). Animals 721, 751, 727, and 651 had 
frequencies of CD4+ human T cells varying be- 

G ENE THERAPY ASSUMES THAT A DE- to secondary effects of its products (1). The 2.1 and 4.2. had I;ower 
values. Fluorescein isothiocyanate (FITC)-conju- finitive cure for a genetic disease altered gene can be complemented by intro- gated MAbs to human (hu)-CD4 (T4), hu-CD8 

should be possible by directing ducing the normal gene into the cell genome (Tg), hu-CD19 (B4), and hu-CD20 ( ~ 1 )  were 
treatment to the abnormal gene rather than with an a ~ p r o ~ r i a t e  vector. Retroviral vec- obtained from Coulter Immunolow (Hialeah. " " L '2, \ 
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Soldati, F. Mavilio, C. Bordignon, Laborato of Hema- DNA sequences hematO~Oietic progen- to reduce nonspecific binding. Furthermore, pos- 
tology, Istituto Scimtifico H.S. Raffaele. ~ x n o ,  Italy. itors and pluripotent stem cells. Gene trans- iti, data were accepted only when background R. Giavazzi, Istituto di Ricerche Mario Negri Bergamo, 
Bergamo, Italy. fer has been successful in vitro and in vivo in from negative controls (unstained cells from the 
G. Ungers and E. Gilboa, Department of Molecular the mouse (2, 3) and with lower efficiency in experimental animal and stained cells from a 
Biology, Memorial Sloan-Kettering Cancer Center, New cultured hematopoietic progenitors that mock-reconstituted animal) did not exceed 1% of 
York, NY, 10021. positive cells. Flow analysis was done on a EPICS 
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were derived dogs and primates i4 )  5 ) ,  751 cell sorter (Coulter Electronics, Hialeah, 
matology Sewice, Istituto Scientific0 H.S. Raffaele, via ( 6 ~  7)' Florida), equipped with a 5 W Argon laser (In- 
Olgettina, 60, 20132, Milano, Italy. Deficiency of the enzyme adenosine dearn- nova 90, Coherent Inc., Palo Alto, California). 
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