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Two Mammalian Genes Transcribed from Opposite 
Strands of the Same DNA Locus 

This report describes the characterization of a genomic locus in the rat that encodes 
overlapping genes occupying both strands of the same piece of DNA. One gene 
(strand) encodes gonadotropin-releasing hormone (GnRH). A second gene, SH, is 
transcribed from the other DNA strand to produce RNA of undefined function. The 
RNAs transcribed fbm each DNA strand are spliced and polyadenylated, and share 
signiiicant exon domains. GnRH is expressed in the central nervous system while SH 
transcripts are present in the heart. Thus, the genome of a mammalian organism 
encodes two distinct genes by using both strands of the same DNA. 

I NHERENT TO THE CONCEPT OF A EU- 

karyotic gene is that the function of the 
DNA strand opposite the transcribed 

strand is to serve as a necessary conduit for 
double-stranded, semiconservative DNA 
replication. Likewise, although the discov- 
ery of introns brought about modifications 
in the concept of genes as linear discrete 
units along the chromosome, introns have 
been regarded as raw genetic material sus- 
ceptible to high levels of evolutionary drift 
with regard to nucleotide sequence and even 
to size fluctuation. Exons have been regard- 
ed as the biologically relevant portions of a 
gene, existing under varying degrees of se- 
lective pressure, reflective of the relative 
advantage they confer upon the organism 
possessing the particular allele. However, a 
number of recent reports have indicated a 
need to reexamine these concepts. The Gart 
locus of hsophila melutwpster, known to 
encode three purine pathway enzymatic ac- 
tivities, has been shown to contain an entire 
gene encoding a cuticle protein, "nested," 

within the first Gart intron and transcribed 
from the opposite DNA strand ( I ) .  The 
cuticle protein gene itself is divided by an 
intron. Another Drosophila locus, encoding 
dopa decarboxylase, has been shown to 
share an 88-bp region at its 3' end with the 
3' end of a transcript arising from an un- 
known gene on the opposite strand (2). A 
comparable situation has been described for 
a region of mouse DNA from tissue culture 
cells, BALBIcTS-A-3T3, which encodes two 
3' overlapping transcripts of undetermined 
functions (3). The data presented here ex- 
tend these observations to describe the vir- 
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tual cohabitation of a genomic locus within 
mammalian DNA by two distinct genes. 
Both DNA strands serve as templates for 
transcription, and the resulting poly- 
adenylated [poly(A)+] RNAs contain a sig- 
nificant amount of shared exonic sequences. 

The gonadotropin-releasing hormone 
(GnRH) gene is a single-copy gene exhibit- 
ing a similar arrangement of four exons in 
both rats and humans (4). In the maturation 
of human placental preproGnRH messenger 
RNA (mRNA), the first intron is not re- 
moved and thus the human placental GnRH 
mRNA possesses an exceptionally long 5' 
untranslated region (5). During experiments 
to characterize the hypothalamic form of 
GnRH mRNA, human placental GnRH 
complementary DNA (cDNA) was nick- 
translated and used as a hybridization probe 
to screen rat hypothalamic cDNA clones. 
DNA sequence analysis demonstrated that 
ten of the clones showing hybridization to 
this probe represented the hypothalamic 
form of preproGnRH mRNA. Surprisingly, 

Fig. 1. Northern analysis of rat hypothalamic and 
heart poly(A)+ RNA. Duplicate samples of heart 
(lanes 2 and 4) and hypothalamic (lanes 1 and 3) 
poly(A)+ RNAs were prepared as a Northern blot 
and probed with an SP6-generated GnRH (lanes 
1 and 2) or SH (lanes 3 and 4) strand-specific 
probe. In control hybridizations to M13 template 
DNAs of defined sequence the SP6 probes were 
shown to be completely strand-specific. Sizc 
markers are indicated to the left. Total cellular 
RNA was prepared from the indicated rat tissues 
by the guanidinium/CsCl method (27) and 
poly(A)+ RNAs selected on oligo(dT)-cellulose. 
Glyoxal-denatured poly(A)+ RNA (2.5 ) ~ g  per 
lane) was fractionated on a 1.4% agarose gel, run 
in 10 mM NaPO., (pH 6.7) (28), and subsequent- 
ly transferred to Nytran. SP6 strand-specific RNA 
probes were generated as described (7). Probes 
were labeled to a specific activity of 5 x lo8 
counts per minute per microgram of RNA. Blots 
were probed at 60°C in standard hybridization 
solution in the presence of 50% formamide. 
Filters were washed in .07x standard saline ci- 
mate15 mM EDTA/O.5% SDS at 70°C and ex- 
posed to x-ray film for 10 hours. 
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one hybridizing clone of 250 bp, SH-0, 
represented a polp(A)+ RNA that had been 
derived from a sequence within the intron 
between the exons (1  and 2) that code for 
hypothalamic GnRH mRNA (6). The loca- 
tion of a poly(A) tail, preceded 26 bp up- 
stream by an AAUAAA polpadenylation 
signal sequence, indicated that the RNA 
represented by SH-0 was transcribed from 
the DNA strand opposite that used to gen- 
erate the GnRH mRNA. 

To examine whether the preproGnRH 
and S H  clones represent full-length RNAs 
and to determine the tissue distribution of 
the transcripts defined by the two types of 
hypothalamic cDNA clones, the GnRH and 
SH cDNA sequences were subcloned into 
SP6 vectors. SP6-derived RNA probes are 

produced as unidirectional, single-stranded 
RNAs (7) and allow the detection of strand- 
specific RNAs when used to probe North- 
ern blots. Hybridizations were performed 
with either probe on Northern blots pre- 
pared with poly(A)+ RNA isolated from a 
spectrum of rat brain and peripheral tissues. 
PreproGnRH mRNA was detected in a 
variety of central nervous system areas, in- 
cluding the hypothalamus (Fig. 1). The size 
of the GnRH mRNA in the hypothalamus 
was -500 bases, in agreement with previous 
estimates (4). 

In contrast, a positive signal was observed 
only when an RNA probe, derived from 
SH-0 and specific for the SH RNA, was 
used with rat heart poly(A)+ RNA (Fig. 1). 
The size of the hybridizing RNA was 650- 

750 nucleotides, significantly different from 
the size of either placental (- 1500 bases) or 
brain (-500 bases) preproGnRH mRNA 
(4,5). This Northern analysis also suggested 
the presence of multiple species of heart S H  
transcripts of similar size. Although the S H  
probe was initially derived from a hypotha- 
lamic cDNA clone, it remains to be deter- 
mined why no hybridization signal was seen 
in polp(A)+ RNA isolated from brain tis- 
sues. 

Next, rat heart poly(A)+ RNA was used 
to construct a cDNA library in A phage. 
Eight clones showed hybridization to the 
SH-0 probe and DNA sequence analysis of 
the inserts revealed three distinct popula- 
tions of cDNA clones. The RNA represent- 
ed by the SH-4 cDNA (Figs. 2 and 3) 

IN-term1 Met Ala 8 1 ~  Ale Val Acq 6ec Lye Ser Aen Trp Cye Trp Gln Thr Tyr Leu Leu Glu Arq 2@ 
AIG GCT CAT GCA AGA AGC M G  E A  M T  TGD TOC TOG C M  ACT TAC CTC TtG G M  AGA 140 T C C T C C ~ C U T C T G D A G A T L U O M T W G A ~ ~ U T G M G  'GGCGCMCCCITAGGICCAGTOCIGGCnG 158 

3' GAG M C  C m  E T  AGGAGGMCGGGTA .... CCGCGTIGGCTATCC~TCACGACCCICC tw Gln Phe Ser G l u L y ~ G l y U ~ )  ~.....ArqLeuGlyTyrs~rTrp8lsG1~~~~~~ 
G A P  11.43 G n R H  1-8 
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Asp Val Leu 81. 01" Tbr AsnJArg Lys Glyely Pro Arp Leu Gly Tyr Ser Trp 81. G* Slsnal  

G A P  1-11 GnRH 
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@r ser Cys Gly Glu Leu Cye va1 Tbr LLU LCU vel va1 11.  la met LCU ~ y s  pro 11e 
C A G A C I U I ~ ~ A T C I G C C n ; T C C T M G ~ A C ~ C A C ~ C I G G U C C n ; T A C T A G A ~ A  398 

Arp Phe 81. 6er Lye Gly 81. Gln Asp Tbr Glu Gly Arp 11. Leu Trp Lye Glu Ala Ser 8s 
c m  TIC CAT TCT p c  a CAT CM GAC ACA GAG GCA AGA ATA crr TGD MA OM GCC AGC x e  
GCA M G  GTA A 5 T A T I C A G T A C m m T O T G D T M T C T A G 1 * : C A ~ A ~ G T T A C C C A O M C C U T M r r C A E C C R A C C  478 
Thl Glu MLt) )(N-term1 
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Thr Arq Tbr Thr AEP 6er Thr Glu Tbr Ale Asp Tbr Gln Leu Val Gln Arq Gln Gly Aen 100 M A T t G M C T l T C G C C A T O C A ~ A C C C A ~ A T M A ~ A G m T C M C ~ T U ~ T G M G ~ A G A G C T A G G C C A T C  558 
ACC CGG ACC ACT GAC TCC ACA OM ACT GCA GAC ACA CAG CTl GTT CAG AGA C M  GGA M T  380 

Gly Gly Ilc Cye Leu ser End (C-term) 1#6 T O C T C ~ O M m A C C T A C ~ A ~ n G C T ~ W ~ T C T A ~ T A C C ~ G - p 0 1 y A  3' 630 
GGG GGC ATC TCC c n  TCC TM ~ A C G ~ C A C ~ C A ~ A C C ~ A ~ A ~ ~ T O C C A T A ~ A G  452 
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T A C - M m A G E C A C - m A ~ A C C C A O M C C C A T M m A T C C C r r A C C M T t G  531 

5' A G A G C A G A O M ~ G A ~ O M G D M ~ T A T A C G A G G C C M C I G A T l T C ~ G G C A m A G G C C T A C C  8) 

M C ~ G C U T C C A 1 T A C C C I 1 T A T M ~ A C m : T C M C T C ~ ~ T G M ~ A C I G C T A G G C U T C T O C T C  610 

L L M C T G G M m M T C T C T A m m G T T A T M ~ M G T Z T A C M m M 1 T W E U I m A m m  160 

~ O M m A C C T A C ~ A T C T C I G U : T ~ W ~ A T G T A ~ T A C C C m u ; - p e 1 y A  3' 677 
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Fig. 2. Nucleotide sequences of SH cDNAs as isolated from rat heart tissue. 
The complementary nucleotide strand and amino acid sequence of pre- 
proGnPJ4 is shown below the SH sequence in regions that serve as exons in 
both genes. Dots in the GnRH sequences indicate the continuation of the 
GnRH exon beyond the sequence found in the SH-1 or SH-2 cDNAs. The 
different functional domains of the GnRH precursor are indicated. Arrows 
indicate interruptions due to introns in the corresponding genomic DNA 
sequence. The polyadenylation signal sequence, AATAAA, is underlined. 
The arrow in the SH-4 sequence indicates the splice junction used as an 
acceptor site in the other classes of SH cDNA clones. A postulated 
glycosylation site (9) in the translated SH-4 sequence is indicated by 
asterisks. The Gly-Lys-Arg sequence used in proteolytic cleavage of pre- 
proGnRH and COOH-terminal amidation of the GnRH decapeptide (4) is 
underlined. An analysis of sequences involved in SH precursor RNA 
processing is shown underneath the SH-2 sequences. Nucleic acid strand 
polarity is indicated. Nucleotide sequences around splice donor sites in the 
SH-1 and SH-2 clones conform entirely to published consensus sequences 
( lo),  while the 3' end of the intron sequence varies at only two of six 
positions. Polyadenylated RNA (5 pg) from rat heart tissue was converted 
into double-stranded cDNA by standard procedures (4), except that a 
specific cDNA size cut of 500 to 1200 bp was taken for cloning from a 6% 
acrylamide gel. The eluted cDNA was cloned with AgtlO as a vector as 
described (29). Recombinant phage (lo6) were screened with an SP6- 
derived probe specific for SH sequences. The probe was labeled to a specific 
activity of 5 X 10' counts per minute per microgram of RNA. Eight 
hybridizing A clones were isolated and found to contain inserts of 600 to 750 
bp. These cloned cDNAs were sequenced with single-stranded recombinant 

AG 4 GGCCCMCCCATAGGACCAGKkTGGCIGCAGCACC~C~CACACAG1*:MCACUCMCACCGGCCATCAG 
3 ' . . . . C C G C ~ A X ~ C G A C C G A C C X m G C M G ~ A m ~ ~ C C C m A C T C  
~.....A~qL~uGl~rs~rTcp8L~G1~erS~1Cy~GlYGluL~uCyaValTbrL~uLeuValValAlaAlaMetL~~ 

GnRH 1-8 

5' 
C.0" 

3' 
intron 

68-1 T C M C A I G  

88-2 ATCGGCTCA 

M I 3  DNA as template for primed DNA synthesis in the presence 
dideoxynucleoside triphosphates (30, 31). 
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If, however, the cDNA sequences presented 
here represent virtually full-length RNAs, mRNA 

GnRH 500 bp 

Eco RI Hind I l l  Hlnd I l l  Eco RI Stu I Barn HI Barn HI 

m 
Lm 3' 

Gene 
3' I m a 5' 

(A)n- SH-2 
mRNA 

(A),  jp- SH-4 

Fig. 3. Structure and restriction map o f  the GnRH-GAP:SH gene from rat. The information shown is 
derived from nucleotide sequences o f  the genomic locus (4, 6), and from cDNA nucleotide sequences 
( 4 , 5 ) .  Boxed areas are RNA-coding exons. The joining o f  exons from each gene, GnRH or SH, to yield 
the different RlVAs is schematically represented. The open box 5'  to exon I1 in the GnRH gene 
corresponds to the 5' untranslated sequence in the human placental GnRH mRNA. The coding regions 
that correspond to the precursor domains o f  signal sequence ( S ) ,  LHRH or GnRH (L ) ,  and GAP (G) 
have the same shading in the gene and the GnRH RNAs. Likewise the SH codng regions are shaded 
alike in the gene and corresponding mRNAs. W a y  lines indicate that the exact 5' nucleotide o f  the 
exon is not k~~own .  Note the different scale for gene and cDNA; bp, base pairs. 

contains the entire sequence of the SH-0 
clone and extends this sequence through the 
exon that encodes the GnRH precursor 
signal peptide, the GnRH decapeptide, and 
the initial 11 amino acids of GnRH-Associ- 
ated Peptide (GAP). The cDNA insert is 
673 bases long and is colinear with the gene 
sequence. The RNA identified by the SH-4 
clone contains an open reading frame capa- 
ble of encoding a peptide of 106 amino 
acids. The putative reading frame begins 
with the most 5' AUG at nucleotide 77 and 
terminates with an ochre stop codon, UAA. 
The stop codon is followed by 276 nucleo- 
tides of a 3' untranslated region, which 
contains an AAUAAA polyadenylation sig- 
nal sequence (8 )  26 nucleotides upstream of 
the poly(A) site. There is one possible site 
for N-glycosylation (Asn-X-ThrISer) (9) at 
amino acids 52-54. The sequence of the 
putative peptide shows no homology with 
any known protein. 

The SH-1 cDNA clone contains the same 
3' nucleotide sequence that is present in the 
SH-4 sequence. However, an intron of 
-1600 nucleotides is spliced from SH pre- 
cursor RNA joining a 126-bp sequence 
from an upstream exon to the 3' nucleotides 
shared by the SH-4 and SH-1 RNAs (Fig. 
2). The upstream exon is encoded by DNA 
that contains exon 3 of the GnRH gene on 
the opposite DNA strand (Fig. 3). The SH- 
1 cDNA is 630 nucleotides in length and 
contains nvo of the protein-coding exons of 
the GnRH gene. 

The SH-2 cDNA, 766 bp in length, 
shares the same 3' sequences with SH-4 and 
SH-1 (Figs. 2 and 3). However, a diferent 
upstream exon, which is transcribed from a 
region of DNA 300 bases upstream of the 
st> of the SH-1 sequence, is spliced to the 
common 3' sequence. This DNA is part of 
an intron between GnRH exons 3 and 4, on 
the opposite DNA strand. As shown in Fig. 
2, the splice acceptor junction is identical for 
the RNAs represented by clones SH-1 and 
SH-2 and the nucleotide seauence sur- 
rounding splice donor and acceptor sites is 
in excellent agreement with published con- 
sensus sequences (10). Neither SH-1 or SH- 
2 contain-open reading frames of significant 
length (1 1 ). Thus, the SH clones represent 
heart RNAs of similar lengths that share a 
conmon 3' sequence of niarly 500 nucleo- 
tides. However, the 5' regions of the SH 
mRNAs are unique over a stretch of approx- 
imately 200 nucleotides. Although the 
lengths of the cDNA clones analyzed here 
are close to the size indicated by Northern 
analysis, S1 mapping (12) or primer exten- 
slon (13) reactions have not vet been used to , , 

unambiguously map the cap sites of the SH 
RNAs. There may be an as yet undefined 5'  
SH exon conlnlon to all SH transcripts. If 
this situation occurs, then the mature SH 
RNAs would probably be derived from a 
unique species-of nudear precursor RNA 
transcribed from a single promoter. The 
three species of mature SH RlVAs would 
thus result from alternative splicing (14, 15). 

then the relative positions of  the-^^ coding 
sequences within the genomic DNA would 
suggest that they could only arise from 
transcription initiating at three independent 
promoters (see Fig. 3). 

Thus, we have found evidence for the use 
of both strands of a unique segment of 
genomic DNA to encode spliced poly(A) + 

RNAs in mammalian organisms. The SH 
clones show heterogeneous 5' sequences 
joined to a common 3' sequence. In all three 
categories of SH cDNA clones, at least one 
SH genomic exon also represents an exon in 
mRNA that is transcribed from the opposite 
strand and encodes preproGnRH. 

The function of the SH gene product 
remains a mystery. Some or all of the SH 
RNAs may function as regulatory mole- 
cules. Among the prokaryotes, there are 
several examples of antisense RNAs that 
senre functional roles as regulatory mole- 
cules (1 6-20). In eukaryotes, the introduc- 
tion of antisense RNA into cells has been 
shown to inhibit expression of the endoge- 
nous sense mRNA (21-24). In this way, the 
SH RNAs may be invol\~ed with the regula- 
tion of GnRH gene expression. While we 
have no evidence that the GnRH gene is 
transcribed in the rat heart, the discovery of 
a partial SH cDNA clone from a rat hypo- 
thalamic cDNA library suggests that both 
DNA strands are transcribed in that tissue. 

It is equally possible that the SH and 
GnRH genes are functionally unrelated. The 
integrity of the GnRH gene is central to the 
reproductive capability of the manlmalian 
organism (25, 26), and thus is under strin- 
gent selective maintenance. This implies that 
the SH gene product, whether RNA or 
protein, is also under considerable selective 
pressure. Thus, the organism maintains the 
SH gene by means of an evolutionan pig- 
gy-back. The availability of strand-specific 
probes may allow the discoven of analogous 
genetic arrangements at other loci. Indeed, 
this situation may be a significant form of 
molecular genetic evolution. By using both 
strands of the same conserved DNA, the 
information content (regulaton andlor 
structural) of a particular genetic segment 
becomes amplified, adding a new complex- 
ity to the concept of a eukaryotic gene. 
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Optical Trapping and Manipulation of 
Viruses and Bacteria 

Optical trapping and manipulation of viruses and bacteria by laser radiation pressure 
were demonstrated with single-beam gradient traps. Individual tobacco mosaic viruses 
and dense oriented arrays of viruses were trapped in aqueous solution with no 
apparent damage using - 120 milliwatts of argon laser power. Trapping and manipula- 
tion of single live motile bacteria and Escherichia coli bacteria were also demonstrated 
in a high-resolution microscope at powers of a few milliwatts. 

W E REPORT THE EXPERIMENTAL 

demonstration of optical trap- 
ping and manipulation of indi- 

vidual viruses and bacteria in aqueous solu- 
tion by laser light using single-beam gradi- 
ent force traps. Individual tobacco mosaic 
viruses (TMV) and oriented arrays of virus- 
es were optically confined within volumes of 
a few cubic micrometers, without obvious 
damage, and manipulated in space with the 
precision of the optical wavelength. The 
ability of the same basic optical trap to 
confine and manipulate motile bacteria was 
also demonstrated. We have used the trap as 
an "optical tweezers" for moving live single 
and multiple bacteria while being viewed 
under a high-resolution optical microscope. 
These results suggest that the techniques of 
optical trapping and manipulation, which 
have been used to advantage with particles 
in physical systems, are also applicable to 
biological particles. Optical trapping and 
manipulation of small dielectric particles and 
atoms by the forces of radiation pressure 
have been studied since 1970 ( 1 4 ) .  These 
are forces arising from the momentum of 
the light itself. Early demonstrations of opti- 
cal trapping (1) and optical levitation (5) 
involved micrometer-size transparent dielec- 
tric spheres in the Mie regime (where the 
dimensions d are large compared to the 
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wavelength A). More recently optical trap- 
ping of submicrometer dielectric particles 
was demonstrated in the Rayleigh regime 
(where d < < A). Single dielectric particles as 
small as -260 A (6) and even individual 
atoms (7) were trapped with single-beam 
gradient traps (8). 

Single-beam gradient traps are conceptu- 
ally and practically the simplest. They con- 
sist of only a single strongly focused Gauss- 
ian laser beam having a Gaussian transverse 
intensity profile. In such traps the basic 
scattering forces and gradient force compo- 
nents of radiation pressure (1, 3, 4, 8) are 
configured to give a point of stable equilib- 
rium located close to the beam focus. The 
scattering force is proportional to the optical 
intensity and points in the direction of the 
incident light. The gradient force is propor- 
tional to the gradient of intensity and points 
in the direction of the intensity gradient. 
Particles in a single-beam gradient trap are 
confined transverse to the beam axis by the 
radial component of the gradient force. Sta- 
bility in the axial direction is achieved by 
making the beam focusing so strong that the 
axial gradient force component, pointing 
toward the beam focus, dominates over the 
scattering force trying to push the particle 
out of the trap. Thus one has a stable trap 
based solely on optical forces, where gravity 
plays no essential role as was the case for the 
levitation trap (5). It works over a particle 
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size range of lo5, from -10 pm down to a 
few angstroms, which includes both Mie- 
and Rayleigh-size particles. 

The sensitivity of laser trap effectiveness 
to optical absorption and particle shape is of 
particular importance for the trapping of 
biological particles. Absorption can cause an 
excessive temperature rise or additional ther- 
mally generated (radiometric) forces as a 
result of temperature gradients within a 
particle (9). In general, the smaller the parti- 
cle size the less the temDerature rise and the 
less the thermal gradients for a given absorp- 
tion coefficient (10). Particle shape plays a 
larger role in the trapping of Mie particles 
than Rayleigh particles. For Mie particles 
both the magnitude and direction of the 
forces depend on the particle shape (3). This 
restricts trapping to fairly simple overall 
shapes such as spheres, ellipsoids, or parti- 
cles whose optical scattering varies slowly 
with orientation in the beam. In the Rav- 
leigh regime, however, the particle acts as a 
dipole (6) and the direction of the force is 
independent of particle shape; only the mag- 
nitude of the force varies with orientation. A 
significant conclusion of this work is that 
important types of biological particles in 
both the Mie and Rayleigh regimes have 
optical absorptions and shapes that fall with- 
in the scope of single-beam gradient traps. 

As a first test for trapping of small biolog- 
ical particles we tried TMV, a much studied 
virus that can be prepared in monodisperse 
colloidal suspension in water at high con- 
centrations (11, 12). Its basic shape is cylin- 
drical with a diameter of 200 A and a length 
of 3200 A (13). Although its volume of 
about 470 A3 is typical of a Rayleigh parti- 
cle, its length is comparable to the wave- 
length in the medium and we expect some 
Mie-like behavior in its light scattering. 
TMV particles have a negative charge in 
solution (14) and an index of refraction (15) 
of about 1.57. Our virus samples were pre- 
pared from the same batches used in experi- 
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