injection of beta2 mRNA along with an
alpha2, alpha3, or alpha4¢ mRNA (2, 3).
Although the subunit composition of neu-
ronal nAChRs in vivo has not been deter-
mined, the idea that the neuronal receptors
are composed of two different subunits is
consistent with findings in a recent study
(21). On the basis of the stoichiometry of
the Torpedo electric organ receptor, we pre-
dict that the neuronal receptor is a penta-
meric structure.

Detailed studies of in situ hybridization
histochemistry (22) show that alpha2, al-
pha3, and alpha4 transcripts are coexpressed
with beta2 transcripts (3) in many brain
regions. This result suggests that the func-
tional combinations observed in oocytes
could also occur in vivo. However, the
studies also show that in some regions,
beta2 and alpha2, alpha3, and alpha4 tran-
scripts are not coexpressed. This observation
raises the possibility of the existence of
another alpha-type subunit and another
beta-type subunit. It would seem, therefore,
that there are more than three distinct popu-
lations of neuronal nAChRs.

Our studies indicate that the alpha2 gene
product functions as a neuronal nAChR
subunit with pharmacological features dif-
ferent from those of the alpha3 and alpha4
subunits and that the alpha2 type of recep-
tor differs from all other neuronal nAChRs
studied to date. Neuronal nAChRs are a
heterogeneous population with respect to
composition, distribution, and functional
propertics.
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Exon-Intron Organization in Genes of Earthworm

and Vertebrate Globins

Sissy M. JHIANG, JaAMES R. GAREY, AUSTEN F. R1Ggas

The structure of an invertebrate, intron-containing globin gene has been determined as
part of a study of the evolution of hemoglobin. The gene encoding chain ¢ of Lumbricus
terrestris hemoglobin has the two-intron, three-exon structure characteristic of verte-
brate globin genes, and the exact positions of the splice junctions are conserved. The
two introns interrupting the coding sequence are longer than those of known
hemoglobins but shorter than myoglobin introns. The gene encodes a secretory
preglobin containing a 16-residue signal peptide, as expected for an extracellular
hemoglobin. However, no intron separates the DNA encoding the signal sequence
from that of the globin sequence. The 3’ untranslated region of the Lumbricus gene is
much longer than those of the genes for other hemoglobins and is similar to those

found for myoglobins.

HE GENES OF VERTEBRATE GLOBINS

are characterized by the presence of

three exons separated by two introns
(1). A third intron, which is predicted to
have existed in the ancestral globin gene and
to have been lost during animal evolution
(2), exists in the genes for plant globins (3—
5). The structures of invertebrate globin
genes need to be determined in order to fix
the time of loss of the third intron (Fig. 1A).
The only invertebrate globin gene character-
ized to date is that of the insect Chironomus
thummi, which surprisingly contains no in-
trons (6). We have investigated the organi-
zation of a gene coding for a chain of
carthworm hemoglobin to determine if this
gene is similar in intron organization to
those of vertebrates, plants, or the insect
Chironomus.

The extracellular hemoglobin of the earth-
worm Lumbricus tervestris is composed of
about 200 polypeptides of six kinds (7) that
are arranged to form hexagonally shaped
molecules with a molecular weight of 3.8
million (8). The amino acid sequences (9,

10) of the four major globin chains (4, &, ¢,
and ) are homologous with those of verte-
brates. Two additional chains of unknown
structure appear to be necessary for assem-
bly (11). The globin chains are synthesized
in the chloragogen cells that line the gut (12,
13).

A M\gtl0 complementary DNA (cDNA)
library was prepared from polyadenylated
RNA of the chloragogen cells. The 1119-bp
insert of a clone was sequenced (I4) and
found to encode chain ¢. Comparison with
the known protein sequence (10) shows the
presence of an NH,-terminal signal peptide
of 16 residues. The remainder of the open
reading frame corresponds exactly to the
sequence of chain ¢ determined by protein
analysis.

The 3' untranslated regions of known
globin cDNAs range from 88 to 295 bp (15,
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16). Those of seal and human myoglobins
are 548 and 531 bp (15, 17). The 3’ un-
translated region of the cDNA for Lumbri-
cus chain ¢ is 559 bp (14), which is closer in
length to those of myoglobins than those of
hemoglobins and is the longest found for
globins examined to date (Table 1). It is not
known whether the length of the 3’ untrans-
lated region has any biological significance.

A 4-kb Xba I-Eco RI fragment that con-
tained the gene coding for chain ¢ from
Lumbricus was isolated from a partial geno-
mic library in Agtl0. Comparison of the
coding region with the sequence of the

cDNA showed that the coding sequence of
chain ¢ is interrupted by two introns of
about 1150 and 1250 bp (Fig. 1B). Align-
ment (I0) of the amino acid sequence of
Lumbricus chain ¢ with other globins shows
that the two introns in the ¢ gene are in
exactly the same positions as in the genes for
vertebrate globins.

The two-intron, three-exon gene organi-
zation, which has been strictly conserved in
vertebrate hemoglobins and myoglobins, is
also conserved in the Lumbricus chain ¢ gene.
This finding suggests that the three-exon,
two-intron organization of genes encoding

Table 1. Lengths (in base pairs) of noncoding regions of genes for various globins. NT, untranslated

messenger RNA sequence.

5" NT

Intron

3’ NT Refer-

Gene

Central 2

€nce

Globin
Lumbricus
Vertebrate o
Vertebrate B
Plant

Myoglobin
Seal
Human

1150
108-171
116-192
119-169

34-40
45-53
49

70-72
70

4800
5800

99-334

1250
103-338
573-906
159-680

559
95-109
88-132

144-174

(15)
(15)
4 15)

3400
3600

548
531

(15)
17)

Fig. 1. (A) Distribution of A
the number of introns in
genes of globins of verte-
brates, invertebrates, and
plants. (B) The organization
of the gene of chain ¢ of
Lumbricus globin deduced
from DNA sequencing and
mapping of restriction sites.
Polyadenylated RNA from
chloragogen cells was the
template for double-strand-
ed cDNA synthesis with
oligo (dT) as primer (25).
Eco RI linker-ligated dou-
ble-stranded cDNA was
cloned into the Eco RI-di-

Vertebrate globins
2introns

Plant globins
3introns

Invertebrate globins
Arthropods: Chironomus 0 introns
Annelids: Lumbricus 2 introns

Lower invertebrates

Nematodes? \

Flatworms?
Protozoa?
Primitive globin gene

gested Agtl0. An oligonu- =
cleotide-primed, P-la- g
beled, single-stranded w

- Hind I
- Bal 11
I~ BglIl

c¢DNA was used for screen-
ing. Eight clones that
showed strong hybridiza-
tion signals were plaque-pu-
rified. DNA was isolated
from each clone and digest-
ed with Eco RI to release
inserts, which were sub-
cloned into Bluescript (Stra-
tagene Cloning Systems,
San Diego, California). The

Length in bp ~230

Signal peptide
protein residues

Intron 1 Exon 2 Intron 2

5 ——

5' Untranslated
16 residues

~1150 217 ~1250

3’ Untranslated

1-42 42-114 115-153

cDNA inserts were sequenced from double-stranded templates with T3 and T7 primers (Stratagene)
and by the use of specific primers (26). A Southern blot of Eco RI-digested genomic DNA prepared
from Lumbricus sperm was hybridized with a 3?P-labeled RNA probe derived from a cDNA clone for
chain ¢. Four bands, 5 to 10 kb in size, were found. These fragments were electroeluted and cloned into
Agt10. The **P-labeled RNA transcripts derived from the cDNA clone were used to screen the partial
genomic library and to identify a globin gene. The restriction map of the 6.5-kb genomic DNA insert
was established by single and double digestion. The entire fragment was sequenced except intron 2, 120
bp of intron 1, and 200 bp upstream from the TATA box, which is 45 bp upstream from the ATG start
signal. The first intron starts before the G of the AAG codon for Lys at position 42 of the protein
sequence. The second intron starts after the AAG codon for Lys at position 114.
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vertebrate globins was established by the
time of divergence of annelids and the com-
mon ancestor to chordates and echinoderms
(18, 19). Echinoderms were well established
by the early Cambrian period (18), some
600 million years ago, and annelids were
probably established by this time also, al-
though worm castings and impressions pro-
vide the only fossil evidence for their early
presence (19). This conclusion is consistent
with the fact that the genes for vertebrate
myoglobins and hemoglobins have the same
organization and are believed to have di-
verged about 600 million years ago (15).
Therefore, the loss of the third intron must
have occurred early in the evolution of
invertebrate globin genes, and the loss of all
introns from the genes for Chironomus glo-
bin may be anomalous. We anticipate that
introns will be found in globin genes of
other noninsect invertebrates and perhaps in
those of other insects as well.

Why have the positions of intron junc-
tions in animal globins been so highly con-
served? Intron-exon splice junctions tend to
map at protein surfaces (20), which means
that insertions and deletions can be accom-
modated without structural damage. How-
ever, the junctions map within helices at the
surface of subunits in tetramers of vertebrate
hemoglobins, but not at the surfaces of the
tetramers. The splice junctions are in helices
that form critical intersubunit contacts in
the tetramer. Any insertions or deletions
associated with “sliding” of these splice
junctions in globin genes would be expected
to disrupt the helices and modify the sub-
unit contacts and should therefore be select-
ed against. Comparisons among eight differ-
ent globin chains from annelids (10) indi-
cate that insertions and deletions probably
have occurred exclusively in regions be-
tween helices or at their ends and not in the
neighborhood of splice junctions, emphasiz-
ing the conservation of these regions.

The length of the introns in genes of
vertebrate globins is relatively constant (Ta-
ble 1). The Lumbricus chain ¢ gene has
introns longer than those of vertebrate he-
moglobin genes but shorter than those
found in myoglobin genes. The intermedi-
ate intron length and the long 3’ untranslat-
ed region of the Lumbricus gene suggest an
evolutionary relation between earthworm
hemoglobin and vertebrate myoglobins.
Protein analysis shows that invertebrate glo-
bins are more diverse than vertebrate glo-
bins. The invertebrate globins differ from
vertebrate globins more than vertebrate
myoglobins differ from vertebrate hemoglo-
bins (21). However, the time of divergence
of vertebrate myoglobins and invertebrate
globins is uncertain. Our data suggest that
the time of the origin of annelids and the
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time of vertebrate myoglobin divergence
were close.

Many eukaryotic genes that code for se-
cretory proteins have introns between the
signal peptide coding region and that of the
mature protein (22). Neither the Lumbricus
nor the Chironomus globin gene has an
intron in this position. There is speculation
that the absence of this intron in the Chiron-
omus globin genes indicates that the total
loss of all introns in Chéronomus globins was
caused by a single conversion event rather
than by separate stochastic events (23). The
absence of this intron in the Lumbricus chain
¢ gene suggests that the lack may be a
common feature shared by other genes of
extracellular invertebrate hemoglobins.

Our results suggest that the third (central)
intron of globin genes was lost at least 600
million years ago. A third intron should be
sought in the genes for globins of lower
invertebrates, particularly those of nema-
todes, flatworms, and protozoa (Fig. 1A).
All these phyla have members with hemo-
globins (24). It is possible that a third intron
may not be found at all in the invertebrates,
because comparison of animal and plant
globins suggests a possible common ances-
tor 1500 million years ago (4).
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Oral Salmonella typhimurium Vaccine Expressing
Circumsporozoite Protein Protects Against Malaria

JeraLD C. SADOFF, W. RIPLEY BALLOU, LoUils S. BARON,
WiLLiam R. MAJARIAN, ROBERT N. BREY, WAYNE T. HOCKMEYER,
Jamgs F. YOUNG, STANLEY J. CRYZ, JONATHAN OU,

GEORGE H. LoweLL, JEFFREY D. CHULAY

Immunization with radiation-attenuated malaria sporozoites induces potent cellular
immune responses, but the target antigens are unknown and have not previously been
elicited by subunit vaccines prepared from the circumsporozoite (CS) protein. A
method is described here for inducing protective cell-mediated immunity to sporozo-
ites by immunization with attenuated Salmonella typhimurium transformed with the
Plasmodium berghei CS gene. These transformants constitutively express CS antigens
and, when used to immunize mice orally, colonize the liver, induce antigen-specific
cell-mediated immunity, and protect mice against sporozoite challenge in the absence
of antisporozoite antibodies. These data indicate that the CS protein contains T cell
epitopes capable of inducing protective cell-mediated immunity, and emphasize the
importance of proper antigen presentation in generating this response. Analogous,
orally administered vaccines against human malaria might be feasible.

NIMALS AND HUMANS CAN BE PRO-

tected against malaria by immuniza-

tion with radiation-attenuated spo-
rozoites. The basis of this immunity is com-
plex and includes a humoral immune re-
sponse to immunodominant repeat epitopes
on the circumsporozoite (CS) protein, and
cell-mediated immune responses to sporozo-
ite or exoerythrocytic antigens (1). We pre-
viously reported that protective immunity
induced by irradiated Plasmodium berghei
sporozoites is mediated by antigen-specific
T cells (2). These T cell populations may
participate in cytotoxic or lymphokine-me-
diated killing of exoerythrocytic parasites in
the liver (3). Unlike live sporozoites (4),
killed sporozoites do not invade cells and are
unable to induce protective immunity (5).
Intracellular targeting of CS antigens may
be necessary for induction of protective cell-
mediated immune responses. We therefore
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investigated the use of attenuated Salmonella
as vectors to present CS antigen.

Soon after oral inoculation, attenuated
Salmonella vaccine strains are found in re-
gional and systemic lymphatics where they
are ingested by macrophages (6). Immunity
induced by these strains is cell-mediated and
its induction requires a period of intracellu-
lar survival by the organism (7-9). We used
a plasmid containing the P. berghei CS pro-
tein gene to transform S. typhimurium
WR4017, an avirulent strain with impaired
ability to multiply within macrophages (10).
This transformant vaccine constitutively ex-
pressed CS antigen, and induced antigen-
specific cell-mediated immune responses in
mice and protection from sporozoite chal-
lenge in the absence of measurable antibod-
ies to CS protein. These studies identify the
CS protein as a target antigen for protective
cell-mediated immunity against sporozoites
and demonstrate the feasibility of construct-
ing analogous oral vaccines against human
malarias.

The transformant (WR4017/pMGB2)
was constructed with an expression plasmid
containing the entire P. berghe: CS protein
coding region (Fig. 1). Female BALB/c
mice (6 to 8 weeks old) were immunized by
subcutaneous (sc) injection of 10* bacteria
or by oral administration of 10° or 10"
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