
trodes located at the left and right black
dots, respectively, on the top portion of Fig.
2G.
An alternative interpretation ofthe data is

that a circular wave of activity propagates
radially from an origin at the initial site of
activation. Our data are not compatible with
this notion. There was a lack ofburst 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 100 to 150 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
ofTRN 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.

REFERENCES AND NOTES

1. D. Guitton, in Eye Movnetets, R. H. S. Carpenter,
Ed. (Macmillan, London, in press); D. L. Sparks,
Physiol. Rev. 66, 118 (1986); __ and L. E.
Mays, Antu,.. Rev. Neuirosci. 13, 309 (1990); R. H.
Wurtz and J. E. Albano, ibid. 3, 189 (1980).

2. A neuron in the superficial layers responds to visual
stimuli restricted to a particular location in the
contralateral half of the visual field. Neurons are
arranged topographically to form a continuous rep-
resentation (map) of this half-field (1).

3. D. Guitton, D. P. Munoz, H. L. Galiana, J.
Neuirophysiol. 64, 509 (1990).

4. M. Crommelinck, M. Pare, D. Guitton, Soc. Neutro-
sci. Abstr. 16, 1082 (1990); D. Guitton, M. Crom-
melinck, A. Roucoux, Exp. Braitn Res. 39, 63
(1980); A. Roucoux, D. Guitton, M. Crommclinck,
ibid., p. 75.

5. A. Grantyn and R. Grantyn, Exp. Brain Res. 46,
243 (1982); A. K. Moschovakis and A. B. Kara-
belas, J. Comp. Neurol. 239, 276 (1985).

6. M. A. Meredith and B. E. Stein, J. Neurophysiol.
56, 640 (1986).

7. D. P. Munoz and D. Guitton, Braitn Res. 398, 185
(1986).

8. D. P. Munoz, thesis, McGill University, Montreal
(1988); _ _ and D. Guitton, Rev. Neusrol.
(Paris) 145, 567 (1989).

9. A. Berthoz, A. Grantyn, J. Droulez, Neuirosci. Lert.
72, 289 (1986); A. Grantyn and A. Berthoz, Exp.
Brain Res. 57, 417 (1985).

10. D. P. Munoz and D. Guitton, Soc. Neturosci. Abstr.
14,956 (1988); D. P. Munoz, D. M. Waitzman, R.
H. Wurtz, ibid. 16, 1084 (1990).

11. In six alert cats we studied the movemcnt-rclated
discharge characteristics of 16 antidromically identi-
fied TRNs. Of these, nine TRNs were recorded over
a wide range ofgaze-shift amplitudes, which provid-
ed the present database, whereas the other seven
provided limited, but confirmatory, data. Methods
have been described (3, 8). Cats were trained to
generate orienting movements of different ampli-
tudes and directions. An opaque barrier of variable
width and orientation was positioned in front of the
animal and a food target was presented on one side,
then moved behind the barrier to remain hidden
there. The trained animal oriented to the opposite
side where it anticipated target reappearance. Thus,
the animal oriented to a spatial locus devoid ofa new
sensory cue. Some experiments were designed [P.
Mlisson, D. Guitton, D. P. Munoz, Exp. Brain Res.
78, 654 (1989)] such that the animals oriented to
the opposite side ofthe barrier in complete darkness.
Similar results were obtained. To evaluate a neural
discharge, it is usual to sum many responses into
histograms, which give an estimate of the probabil-
ity of an action potential occurring in each bin. To
provide this estimate for single trials, we substituted
Gaussian distributions, 20 ms wide, for each spike,
thereby creating a spike probability density function
(14). With this technique, the time of occurrence of
a peak discharge was rarely ambiguous, but, when it
was, the time of the earliest peak was plotted. The
sum of such transformed rasters is the average spike
density function.

12. More anterior positions on the motor map code
smaller gaze shifts. The stereotactic position ofQ24
was about 1.5 mm anterior to that of Q37. Mi-
crostimulation at the sites of Q24 and Q37 elicited
130 and 700 gaze shifts, respectively, which arc close
to the values predicted from Fig. 2.

13. The large range of gaze-shift amplitudes, over which
the discharge of Q37 preceded movement onset, is
characteristic of cells in the caudal SC and is due to
the nonlinear characteristics of the motor map. In

the caudal SC, a small zone of the motor map codes
a wide range of amplitudes. Cell Q37 initiated -60°
gaze shifts. Extending the properties of cell Q24 to
Q37 implies that the latter should discharge after the
onset of gaze shifts larger than 600. Given the
compressed scaling of the posterior SC, 1000 ga-
shifts would probably have to be studied to discern
this effect. Unfortunately, we could not test Q37 for
amplitudes greater than 70° because our cats rarely
generated such large single-step gaze shifts.

14. D. M. Waitzman, T. P. Ma, L. M. Optican, R. H.
Wurtz, ibid. 72, 649 (1988).

15. D. P. Munoz, D. Pdisson, D. Guitton, unpublished
data.

16. In monkey, neurons that burst before saccades have
finite movement fields: upper and lower limits in the
direction and amplitude ranges over which the cell is
active. By comparison, cat TRNs, such as cell Q24,
had a lower limit on amplitude but no upper limit:
they discharged for all amplitudes above the lower
limit.

17. The limited range of eve motion (±250) ( 1, 3, 4) in
the cat prevented us from ascertaining whether or
not these mechanisms operate to drive saccades in
the cat whose head is held fixed.

18. Theoretical considerations related to and predicting
moving activity patterns on thc motor map of the
SC were proposed by W. Pitts and W. S. MeGul-
lough [Bull. Matih. Biip/iys. 9, 127 (1947)]. Addi-
tional analyses have been conducted by J. Droulez
and A. Berthoz [in Neural Cotinputcrs, R. Eckmillcr
and C. v. d. Malsburg, Eds. (Springer-Verlag, Bcr-
lin, 1988), pp. 345-358; Proc. Nail. Acad. Sci.
U.S.A., in press], and P. Lefebvrc and H. L.
Galiana [Soc. Neurosci. Abstr. 16, 1084 (1990)].

19. J. H. Fuller, H. Maldonado, J. Schlag, Brain Res.
271, 241 (1983); D. Guitton, R. M. 1)ouglas, M.
Volle, J. Neurophysiol. 52, 1030 (1984); D. Guit-
ton and M. Volle, ibid. 58, 427 (1987); V. P.
Laurutis and D. A. Robinson, J. Pl/ysiiol. (Lonidot)
373, 209 (1986); D. Plisson and C. Prablanc,
Brain Res. 380, 397 (1986); _ , C. Urquizar,
J. Neuroiphysiol. 59, 997 (1988); R. D. Tomlinson
and P. S. Bahra, ibid. 56, 1558 (1986).

20. Supported by the Medical Research Council of
Canada, the Fonds de Ia Recherche en Sante du
Qucfbec, and a stipend from the Montreal Neuro-
logical Institute (D.P.M.).

10 August 1990; accepted 7 December 1990

Second Structural Motif for Recognition of DNA by
Oligonucleotide-Directed Triple-Helix Formation
PETER A. BEAL AND PETER B. DERVAN*

Relative orientations of the DNA strands within a purine-purine-pyrimidine triple
helix have been determined by affinity 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 ofpH. Two models with
specific hydrogen-bonding patterns for base triplets (G.GC, A.AT, and TAT) 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 ofDNA. This motifbroadens the structural
frameworks available as a basis for the design of sequence-specific DNA binding
molecules.

PYRIMIDINE OLIGONUCLEOTIDES BIND

specifically to purine sequences in dou-
ble-helical DNA to form a local triple-

helical structure (1-4). These oligonudeo-
tides bind in the major groove parallel to the
Watson-Crick (W-C) purine strand through

1360

the formation ofHoogsteen hydrogen bonds.
Specificity is derived from thymine (T) rec-
ognition of adenine-thymine base pairs
(T-AT base triplets) and protonated cytosine
(C+) recognition of guanine-cytosine base
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 ofpoly G and poly C form 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 triple
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
triplets), and the other with a purine strand
folded back antiparallel to the purine strand
of the duplex (G.GC triplets) (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

Arnold and Mabel Beckman Laboratories of Chemical
Synthesis, Division of Chemistry and Chemical Engi-
neering, California Institute of Technology, Pasadena,
CA 91125.

*To whom correspondence should be addressed.

Fig. 1. (A) Autoradiogram of an 8% polyacryl-
amide 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 ,uM). The cleav-
age reactions were performed on the Hind III-
Ssp I restriction fragment of plasmid pPBAG19
labeled at the 3' end with 32p (15). The reactions
were carried out by combining a mixture of
oligonucleotide-EDTA and 2.5 equivalents of
Fe(NH4)2(S04)2-6H20 with the 3P-labeled re-
striction fragment [-100 nM in base pairs,
- 10,000 cpm] in a solution of tris acetate, pH =
7.8 (50 mM), NaCI (10 mM), spermine (100
gM), and calf thymus DNA (100 ,uM in base
pairs), which was then incubated at 24°C for 1
hour. Cleavage reactions were initiated by the
addition of dithiothreitol (DTT) (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 ofan A-spe-
cific cleavage reaction (14). Lane 2, control show-
ing intact 3' end-labeled restriction fragment ob-
tained after treatment according to the cleavage
reactions in the absence of oligonucleotide-
EDTA-Fe. Lanes 3 to 11, cleavage products pro-
duced by oligonucleotides-EDTA-Fe of general
sequence T*G3XG4XG4XG3T-3': lanes 3 to 5, X
= T; lanes 6 to 8, X = A; and lanes 9 to 11, X =
C. Concentrations ofoligonucleotide-EDTA-Fe 1
to 3: lanes 3, 6, and 9, 1 to 3 at 0.1 gM; lanes 4,
7, and 10, 1 to 3 at 0.5 gM; and lanes 5, 8, and
11, 1 to 3 at 1.0 ,uM. Cleavage efficiencies were
quantitated by using storage phosphorimaging
plates with a Molecular Dynamics 400S Phos-
phoImager. (B) Ribbon model and sequence of
local triple-helical complex between oligonuclco-
tides-EDTA-Fe 1 to 3 and the target sequence.
Circles represent backbone positions of cleavage.
Size of circles represent extent of cleavage. The
third strand is located near the center ofthe 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
triplets 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

A X=T X=A X:

1 2 3 4 5 6 7 8 9

CL
.0

40

W0

.a
it

bound in the major groove ofdouble-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
triplet 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

=C B
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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 purine-purine-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*G3XG4XG4XG3T-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 FM, pH 7.8, 240C) 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 asymmetrically 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 orientation could
be detected.
From phosphorimager quantitative analy-

sis of the absolute cleavage efficiencies, oli-
gonucleotides 1 to 3 at 1.0 p.M 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 ofthe 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 ofG-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 .100 p.M concen-
tration of spermine. Cleavage efficiencies
were comparable throughout the 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

1362

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 A-AT,
T-AT, 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 syn
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 syn or anti conforma-
tions of the third strand, models for the

A
0

G-GC
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N N

T-AT

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-C strand.
Motif descriptions based on the terms "py-
rimidine-rich" and "purine-rich" will be-
come less meaningful 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 ofthe backbones appears to
be a useful distinguishing feature of the two
triple-helical motifs.
Although there are apparently two differ-
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Fig. 2. (A) Models for G-GC, A-AT, and T-AT triplets within a triple-helix motifwhere the third strand
is antiparallel to the purine W-C strand and bases are in the anti conformation. (B) 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
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 ofthe 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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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 progenitors in both short
and long-term culture, with expression ofthe
newly introduced ADA enzyme occurring in
cells of myeloid and lymphoid lineages (7).
However, in neither system was direct evi
dence available that expression ofADA activ
ity in ADA-cells would restore specific im
mune functions. To address this issue, we
reconstituted a number of immunodeficient
BNX (homozygous bg/nu/xid

) 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-

A
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An in Vivo Model of SOl11atic Cell Gene Therapy for
HUltlan Severe COl11bined Inununodeficiency

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 to correct
this lethal immunodeficiency.
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Fig. 1. Frequency of CD4+ human T cells in the
spleen ofrecipient BNX mice 6 weeks after recon
stitution. (A) Untreated animal. (8) 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
tween 2.1 and 4.2. All other animals had lower
values. Fluorescein isothiocyanate (FITC)--eonju
gated MAbs to human (hu)-CD4 (T4), hu-CD8
(T8), hu-CD19 (B4), and hu-CD20 (Bl) were
obtained from Coulter Immunology (Hialeah,
Florida). Isotype-matched MAbs were used for all
analyses. Conjugated MAbs were chosen in order
to reduce nonspecific binding. Furthermore, pos
itive data were accepted only when background
from negative controls (unstained cells from the
experimental animal and stained cells from a
mock-reconstituted animal) did not exceed 1% of
positive cells. Flow analysis was done on a EPICS
751 cell sorter (Coulter Electronics, Hialeah,
Florida), equipped with a 5 W Argon laser (In
nova 90, Coherent Inc., Palo Alto, California).

to secondary effects of its products (1). The
altered gene can be complemented by intro
ducing the normal gene into the cell genome
with an appropriate vector. Retroviral vec
tors can be used to introduce exogenous
DNA sequences into hematopoietic progen
itors and pluripotent stem cells. Gene trans
fer has been successful in vitro and in vivo in
the mouse (2, 3) and with lower efficiency in
cultured hematopoietic progenitors that
were derived from dogs and primates (4, 5),
including humans (6, 7).

Deficiency of the enzyme adenosine deam-
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G
ENE THERAPY ASSUMES THAT A DE

finitive cure for a genetic disease
should be possible by directing

treatment to the abnormal gene rather than
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