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Variable Occurrence of the #nrdB Intron in the T-Even
Phages Suggests Intron Mobility

JoAN PEDERSEN-LANE AND MARLENE BELFORT

The bacteriophage T4 #7dB gene, encoding nucleoside diphosphate reductase subunit
B, contains a self-splicing group I intervening sequence. The #n74B intron was shown to
be absent from the genomes of the closely related T-¢ven phages T2 and T6. Evidence
for variable intron distribution was provided by autocatalytic **P—guanosine 5'-
triphosphate labeling of T-even RNAs, DNA and RNA hybridization analyses, and
DNA sequencing studies. The results indicate the nonessential nature of the intron in
nrdB expression and phage viability. Furthermore, they suggest that either precise
intron loss from T2 and T6 or lateral intron acquisition by T4 occurred since the
evolution of these phages from a common ancestor. Intron movement in the course of
T-even phage divergence raises provocative questions about the origin of these self-

splicing elements in prokaryotes.

HILE SELF-SPLICING RNAS ARE
remarkable for their autocatalytic
properties (1), there is mounting

evidence implicating these introns as mobile
elements. There are several examples where
the presence of eukaryotic group I introns is
not uniform in equivalent genes of closely
related species [for example, the large ribo-
somal RNA (rRNA) of Tetrahymena (2)] or
even in different strains of the same species
[for example, the large rRNA of Saccharomy-
ces cerevisiae mitochondria (3)]. In the latter
case site-specific transposition of the intron
from intron” to intron~ copies of the gene,
with the aid of an intron-encoded endonu-
clease, has been demonstrated (3). Further-
more, there is evidence (based on conserved
features of sequence and structure) for the
transfer of group I introns between different
fungal mitochondrial genomes (4) and be-
tween fungal mitochondrial genes and the
Tetrahymena nucleus (5). Surprisingly, the
protein potentially encoded by the intron
open reading frame (ORF) of gene td in
bacteriophage T4 (6) shares homology with
intron ORFs of three group I mitochondrial
intervening sequences of filamentous fungi
(7). This observation led to speculations on
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a recent genetic exchange between these
fungi and the genome of T4 (7).

In the face of these provocative observa-
tions that argue in favor of intron mobility,
we have investigated the distribution of the
group I nrdB intron of phage T4 (8, 9) in
the T-even phage family. We provide evi-
dence that the intron in the T4 #74B gene,
which encodes the B subunit of ribonucleo-
side diphosphate reductase, is absent from
the genomes of T2 and T6. These results
indicate the dispensability of the #74B in-
tron for T-even phage viability and imply
movement of the T4 #74B intron since the
divergence of the closely related T-even
phages from their common ancestor.

The existence of multiple T4 genes encod-
ing group I self-splicing RNAs was inferred
by labeling T4 RNA with **P-guanosine 5-
triphosphate (GTP) under self-splicing con-
ditions (8). In addition to a labeled band
corresponding to the previously identified
td intron (6, 10), several other labeled spe-
cies were seen. The most intense of these
other bands corresponds to the 0.6-kb #74B
intron (8). The profile of labeled bands was
strikingly different in a similar autocatalytic
32P.GTP labeling experiment with T2 and
T6 RNAs (Fig. 1). While the ¢4 band
appeared to be present in all three phages,
the 0.6-kb n7dB species was apparently ab-
sent from T2 and T6 RNA. The #4 intron is
indeed homologous throughout the T-even

phages, as demonstrated by hybridization
and dideoxy primer-extension analysis of
pre-messenger RNA (mRNA) and splice
products (11). In contrast, similar experi-
ments argue in favor of the variable occur-
rence of the #74B intron in the T-even phage
family.

Dot-blot analysis revealed that several
nrdB intron—specific probes that gave a
strong hybridization signal with T4 DNA or
RNA did not hybridize to T2 or T6 DNA
or RNA (Fig. 2, probes 3 and 4). This was
true for end-labeled oligonucleotide probes
directed against the intron ORF (probe 4)
as well as for probes that hybridized to
noncoding sequences believed to form part
of the active splicing conformation (probe
3). Similar results were obtained with a
nick-translated intron probe (see legend to
Fig. 2C). The nrdB intervening sequence
thus appears to be absent from the genomes
of T2 and T6. In contrast, the #d intron-
specific control probe hybridized through-
out, except to a T4 phage construct that has
a td deletion (Fig. 2A, probe tdi). These
data, suggesting the absence of the »n#dB
intron from T2 and T6, are in agreement
with the results obtained with a synthetic

442—

3a9—|

Fig. 1. Labeling of T2, T4, and T6 RNAs with
32p_GTP. RNA was extracted from T2-, T4- or
T6-infected Escherichia coli B 12 minutes after
infection or from cells transformed with plasmid
pJSK6 after transcriptional activation of the in-
tron-containing »n74B gene (8). After incubating
the deproteinized RNA with a-[>?P]GTP at 42°C
for 1 hour under self-splicing conditions (8; 18),
samples were separated on a 5% acrylamide gel
alongside denatured DNA size standards (a 123-
bp ladder) used to infer species lchFths (left). The
position of the #4 intron was indicated by a td
control clone and that of the #74B intron from the
band in lane P, which contains labeled RNA from
pJSK6. The absence of an #74B band of equiva-
lent intensity or mobility from the T2 and T6
lanes should be noted. Unmarked bands in the T4
and T6 lanes have not been identified and may
well represent other group I introns.
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oligodeoxynucleotide probe (25-mer) com-
plementary to the T4 #74B mRNA ligation
junction (Fig. 2, probe 2). Whereas this
probe hybridized to RNAs from all three
phages and to DNA from T2 and T6, no
signal was observed with T4 DNA. These
are the predicted results for a split #74B gene
that is spliced at the RNA level in T4 and for
an nrdB gene that is uninterrupted at the
equivalent site in T2 and T6. These observa-
tions were confirmed by DNA sequence
analysis of the T2 and T6 ##4B genes across
the site that contains the intron insertion in
T4 (Fig. 3). Clearly the T2 and T6 genes are
contiguous at this site.

The T-even phages are similar by many
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Fig. 2. Dot blot hybridization analysis of T-even
phage DNA and RNA. (A) DNA blots. Aha III-
digested, heat denatured (95°C, 3 minutes) DNA
from T2, T4, T6, and T4tdA, a construct deleted
for a portion of the #d gene including the intron,
was applied to nylon membranes (100 ng per
spot). These were probed with 5'-32P-labeled
oligonucleotides, directed to regions indicated in
(C) of the figure. Probes were complementary to
T4 n7dB exon II (probe 1), splice junction (probe
2), and intron (probe 3) sequences. A fourth
probe was directed against the ¢4 intron (i) (6,
19). Hybridization (37°C) and wash (46°C) con-
ditions were as described (19). (B) DNA/RNA
blots. Phenol-extracted RNA (R) was isolated
from E. coli B that had been infected with the T-
even phages for 12 minutes at 30°C and was
spotted alongside the DNA (D). Conditions were
as in (A) above, as were probes 1, 2, and 3. An
additional #74B intron probe (4) was used. (C)
Map of the #7dB gene of T4 and hybridization
probes. The 1762-bp n7dB gene is drawn to scale,
with an intron of 598 bp (9, 20). Restriction
enzyme sites are Hind III (H), Bgl IT (B), Eco RI
(E), and Kpn I (K). The bar above the map
represents the intron ORF. Oligonucleotide
probes (2 to 4) indicated by arrows are as de-
scribed (21). While a nick-translated Hind III-
Bgl II exon I probe hybridized to T2, T4, and T6
sequences the Eco RI-Kpn I intron fragment
gave a signal with T4 only, corroborating the
oligonucleotide probe data in (A) and (B),
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criteria. In addition to complementation,
recombination, and immuno—cross-reactiv-
ity between these morphologically similar
viruses, there is extensive DNA sequence
homology. Relatedness has been demon-
strated over the entire length of the phage
genomes (160 to 166 kb) by heteroduplex
analysis, which indicates 88% homology
(12), and by sequence analysis of selected
homologous genes (13, 14), which in some
cases reveal upward of 97% homology (13).
Our data demonstrating the absence of the
nrdB intron from T2 and T6 are consistent
with the heteroduplex studies in which
“bubbles” of nonhomology in the #7dB re-
gion were observed with T2/T4 and T6/T4
hybrids but not with T2/T6 hybrids (12).
These findings suggest either horizontal in-
tron acquisition by the uninterrupted T4
nrdB gene since its divergence from a com-
mon T-even ancestor, or intron loss from
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Fig. 3. Sequence analysis of the T2 and T6 nrdB
genes. The sequences of T2 and T6 correspond-
ing to the region in #74B that contains an intron
in T4 are shown. These sequences were deter-
mined with heat-denatured Aha Ill-restricted
phage DNA templates by the dideoxy method,
with an end-labeled exon II oligonucleotide prim-
er (probe 1 in Fig. 2) (21) and reverse transcrip-
tase. The absence of any intron sequence in the
equivalent position to that in T4 n7dB is evident
from inspection of the sequence (9). The contigu-
ous sequence in T2 and T6 is shown below the
sequencing gel, with the arrowhead indicating the
position of the intron in T4. The splice sites (SS)
are separated by a 598-bp intron in T4 (20). A
variable nucleotide (asterisks on autoradiogram
and shaded in sequence below) occurs in T2, T4,
and T6 two bases upstream from the 5’ SS in T4.
These mutations represent silent changes at the
wobble position of an alanine codon. This is the
only polymorphic site within 30 residues to either
side of the intron insertion site in T4 n7dB. A
relationship between this polymorphism and the
recombipation events that have resulted in the
differences in #74B intron occurrence in the T-
even phages is an interesting possibility.

the ancestral ##dB gene by a precise excision
event during the evolution of T2 and T6. In
either event the results indicate the nonessen-
tial nature of the intron both in terms of #74B
gene expression and T-even phage viability.

The catalytic nature of RNA has fueled
arguments that RNA was the primordial
nucleic acid and that introns have been
present since the earliest evolutionary times
(15, 16). The relatively rare occurrence of
intervening sequences in prokaryotes has
been attributed ta their loss under pressure
to streamline these genomes in the interests
of replicative efficiency (16). Despite their
rarity, the existence of introns in prokary-
otes lent credence to the antiquity of these
elements (16, 17). While our results do not
contradict the primeval nature of introns,
their variable occurrence in homologous
genes of closely related phages must be
taken into account when considering the
origin of these elements in prokaryotes. If
indeed the group I introns are capable of
lateral movement, it is possible that they
have recently invaded genes of modern pro-
karyotes. Wherever the truth behind these
observations may lie, the intron polymor-
phisms in the T-even phage genomes pre-
sent us with a system to investigate the
mobility of these elements in a prokaryotic
context.
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The Inversion of Sensory Processing by Feedback
Pathways: A Model of Visuial Cognitive Functions

E. HarTH, K. D, UNNII(RISHNAN, A. S. PANDYA

The mammalian visual system has a hierarchic structure with extensive reciprocal
connections. A model is proposed in which the feedback pathways serve to modify
afferent sensory stimuli in ways that enhance and complete sensory input patterns,
suppress irrelevant features, and generate quasi-sensory patterns when afferent stimu-
lation is weak or absent. Such inversion of sensory coding and feature extraction can be
achieved by optimization processes in which scalar responses derived from high-level
neural analyzers are used as cost functions to modify the filter propertles of more
penpheral sensory relays. An optimization algorithm, Alopex, which is used in the
model, is readily implemented with known neural circuitry. The functioning of the
system is investigated by computer simulations.

UCLEI IN THE THALAMUS TRANS-

mit information received from the

senses to appropriate centers in the
neocortex. These thalamic relays are also
affected by reafferent neural pathways ema-
nating from the neocortex and the brainstem
reticular formation. The function of these
feedbacks has long been a pizzle to neuro-
physiologists. In the visual system the cortex
exhibits a variety of neural maps that pre-
serve to some extent the retinotopic charac-
ter of the stimulus: neighboring neurons
represent  neighboring  points in sensory
space. At the same time, feature-analyzing
networks will tend to transform the initially
retinotopic pattern into oné in which codes
are substituted for particular sensory fea-
tures. Thus, at the cortical level, we know
that single neurons express by their activity
very specific features of the visual input and
may be presumed to form part of feature
analyzing systems (I). In the present model
we propose a mechanism whereby central
coded responses are able to recreate periph-
eral retinotopic activity. Both corticofugal
fibers and brainstem afferents to the dorsal
lateral geniculate nucleus (dLGN) play a
role in this process.

In the mammalian visual system the
dLGN is more than a passive relay between
the retina and the visual cortex. The cortico-
fugal fibers make up a large fraction of all
inputs into the dLGN (2). In addition,
fibers from centers in the brainstem and
midbrain reticular formation are synaptically
connécted to neurons in the dLGN (3).
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Figure 1 shows the connections between
neurons in the dLGN, the perigeniculate
nucleus (PGN), visual cortex, and afferents
from the retina and reticular formation.
Circles represent populations of neurons.
The diagram shows the retinal afferents to
geniculate relay cells (G) and interneurons

,——-@4H Cortex

~><|D:- PGN
From dLGN
" retina

P

From brainstem

Fig. 1. Neural connectivity in the mammalian
visual system. G, relay cells in dLGN; I, interneu-
rons in dLGN; P, cells in PGN; C, cells in visual
cortex. Open circles represent populations of neu-
rons. Arfows represent excitatory synapses and
filled circles represent inhibitory synapses.

(I). Fibers ascending from the dLGN to the
cortex make collateral connections with
PGN cells (P), and corticofugal fibers syn-
apse with PGN cells on their way back to the
dLGN (4). PGN cells are inhibitory on relay
cells in the dLGN and receive diffuse inputs
from the brainstem reticulat formation. We
have taken these inputs to be inhibitory (2).
Unlike the corticofugal fibers, which are
retinotopically arranged, afferents from the
reticular formation, at least those emanating
from the locus coeruleus, appear to be dif-
fusely distributed over the dLGN (5).

Visual information is evidently modified
on its way to the cortex, and the modifica-
tions carry with them information derived
from higher level cortical analyzers and the
presumably more global information from
the reticular core.

Visual centers in the cortex also exhibit
reciprocal innervation (6), and are affected
by reafferents from the reticular formation
(7). The mammalian visual pathway, after
the retina, thus appéars as a succession of
mutually interacting centers, which are also
subjected to the global influence of the
reticular core,

Figure 2A illustrates the mechanism by
which inverse sensory processing may be
achieved through feedback. This was dis-
cussed in earlier versions of the model (8).
Here, an array {x} is incident on a sensory
relay (a) that passes the information in
modified form {3} to a set of analyzers (b).
The responses of these analyzers form a new
array {r} whose components reflect the pres-
ence of particular features in {y}. Responses
are calculated as inner products between {y}
and static templates, and are multiplied by
coefficients that define the sensitivities of the
analyzers (9). All responses are summed in
(s), producing a sealar quantity p. The sum-
mation is nonlinear, so that p is sensitive to
the emergence of a single coniponent of {7},
rather than to a superposition of many
weaker responses. This is accomplished, for
example, by adding the responses raised to a
power greater than one.

Modification of {x} proceeds by an itera-
tive optimization process. Maximizing the
global feedback p will have the following
consequences:

1) If {x} has some initial resemblance to
one of the features defined by the analyzers
and if the sensitivities of the analyzers are all
the same, the pattern should converge on
that feature. Missing parts of the pattern will
be completed and extraneous features sup-
pressed.
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