pathogenicity. Both visna virus and
equine infectious anemia virus (EIAV)
are believed to avoid elimination by host
immune defense mechanisms by under-
going progressive changes in their enve-
lope proteins during the course of infec-
tion (/3). It is not yet known whether a
similar type of immunologic escape oc-
curs with HTL V-III, but the existence of
neutralizing antibodies in infected indi-
viduals (/4) and the relatedness of
HTLV-III to visna virus and EIAV make
this a serious consideration.

Another question is why some individ-
uals infected with HTLV-III develop
AIDS, others ARC, and still others no
disease at all (15). Viral genotype, host
immune response, and other factors are
likely to be determinants of clinical out-
come. From our analysis of the 18
HTLV-III isolates, we were unable to
identify any disease-specific restriction
pattern. In fact, each of the 18 viral
isolates was different from the next and
none were identical to HTLV-Ilg,
LLAV, or ARYV. Further nucleotide se-
quence analyses and deletion mutant
studies (/6) will be needed to identify
regions of the HTLV-III genome respon-
sible for the virus’s biologic effects and
for correlating viral genotype with clini-
cal outcome.

Finally, it is of interest that in most
patients only one predominant form of
the AIDS virus was identified. If this is
not the result of selective pressures in-
troduced by cultivation in vitro, it sug-
gests that some sort of interference pro-
cess may occur, since these patients,
especially the hemophiliacs, homosex-
uals, and intravenous drug addicts, are
subject to repeated exposures to geno-
typically diverse viruses. The data would
also then suggest that if genotypic varia-
tion is being generated in vivo as occurs
with visna virus and EIAV (/3), then
either it is a rather slow process or the
preexisting viral strains are largely elimi-
nated during the disease course. Analy-
ses of viral isolates from the same patient
at different time points and from donor-
recipient pairs of individuals would help
to address these questions.
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Gram-Positive Bacteria: Possible Photosynthetic Ancestry

Abstract. A 16S ribosomal RNA gene has been sequenced from Heliobacterium
chlorum, the recently discovered photosynthetic bacterium that contains a novel
form of chlorophyll. Comparisons with other 16S ribosomal RNA sequences show
that the organism belongs to the Gram-positive bacteria (one of ten eubacterial
“phyla’’ )—more precisely to the so-called low G + C (G, guanine; C, cytosine)
subdivision thereof. This brings to five the number of such phyla that contain
photosynthetic species, the other four being the purple bacteria and relatives, the
green sulfur bacteria, the green nonsulfur bacteria, and the cyanobacteria. The
finding suggests that Gram-positive bacteria may be of photosynthetic ancestry, and
it strengthens the case for a common photosynthetic ancestry for all eubacteria.

C. R. WOESE for the evolution of plant life, and so
B. A. DEBRUNNER-VOSSBRINCK indirectly, for animal life as well. In
H. Oyvaizu some earlier era devoid of oxygen, other

photosynthetic bacteria may have had a
comparable impact on the evolutionary
course and the physical state of the plan-
et. The role of photosynthetic bacteria in
the origin of cellular life is not known.
Although we are only now beginning to
understand the natural relationships
among bacteria, the biologist in the past
has proposed theories regarding them,
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The role of photosynthetic bacteria in
evolution, although poorly understood,
is clearly central. Cyanobacteria and
their endosymbiotic descendants, the
chloroplasts, are responsible for the oxy-

particularly theories regarding the rela-
tionship of photosynthetic bacteria to
bacterial evolution. Oparin long ago ar-
gued (/) that the primitive oceans were a
“‘soup’’ of energy-rich biochemicals, and
consequently, the first organisms arising
therein were nonphotosynthetic, fermen-
tative heterotrophs—there being no need
initially for biological systems to gener-

gen atmosphere surrounding this planet, ate their own energy-rich compounds.

Fig. 1 (Opposite page). Sequence of Heliobacterium chlorum 16S rRNA (hc) aligned with three
other eubacterial 165 rRNA’s—(bs) Bacillus subtilis (14), (an) Anacystis nidulans (15), and (ec)
Escherichia coli (16). A gene for rRNA was selected by plaque hybridization procedures from a
library of H. chlorum DNA in lambda phage produced by shotgun cloning of a Sau 3A partial
restriction digest (/7). The gene was subcloned into the phage M13 system as two Eco RI
restriction fragments (/8). [An Eco RI site is located in the sequence in the vicinity of position
680.] The sequence was determined by the dideoxy method, using both the normal primer for
the M13 system and a variety of primers produced (for the most part by the University of Illinois
DNA Synthesis Facility) specifically for use in sequencing eubacterial 16S ribosomal RNA’s
(19). The oligonucleotide catalog for the 165 rRNA itself was determined as described (20). The
starting material for these studies was a frozen cell pellet of H. chlorum cells harvested
anaerobically in early log phase (13). Sequences were aligned by the method indicated in (21).
Numbering accords with that for the E. coli sequence (16), each line being 100 positions long by
this measure. Our H. chlorum sequence begins at E. coli position 15 because the original clone
(Sau 3A site) began at this point. The 165 rRNA oligonucleotides are shown by overlining the
appropriate portions of the corresponding gene sequence. Discrepancies between the rRNA
catalog and the sequence (discussed in text) are indicated by lowercase symbols for the bases
inserted into the overlined segments (to indicate the catalog sequences). An oligonucleotide
predicted by the sequence but not found in the catalog is indicated by xxx... in the overlining.
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Photosynthetic species arose only later,
as the oceanic supply of energy-rich bio-
chemicals became exhausted. Oparin’s
view was taken to mean that the first
bacteria were heterotrophs and that pho-
tosynthetic bacteria arose only later, as
one particular subline in the otherwise
nonphotosynthetic bacterial world (2).
Although we still have no idea whether
such an idea is correct, it tends to be
presented to each new generation of mi-
crobiologists as unassailable truth.
Ribosomal RNA (rRNA) sequence
comparisons have begun to reveal the
overall pattern of bacterial evolution (3).
It is already evident that photosynthetic
bacteria are neither confined to one of
the eubacteria sublines, nor phylogeneti-
cally isolated from their nonphotosyn-
thetic counterparts. Of the ten known
major eubacterial groups (the bacterial
equivalent of metazoan phyla or divi-
sions), four contain photosynthetic spe-
cies—the purple bacteria and relatives,
the green sulfur bacteria, the green non-

sulfur bacteria, and the cyanobacteria
(3-6). Such a broad phylogenetic distri-
bution of photosynthetic species sug-
gests either that most if not all eubacteria
have arisen from a common photosyn-
thetic ancestor, or that photosynthesis
has arisen a number of times among the
eubacteria.

Although the classical photosynthetic
phenotypes have been recognized for
more than a century, two new ones have
been discovered within the last decade,
Chloroflexus aurantiacus (7) and Helio-
bacterium chlorum (8). The first of these
resembles the classical green photosyn-
thetic bacteria in its chlorosomes (7), but
is unlike them in the structure of its
photoreaction center (9); and together
with its nonphotosynthetic relatives the
organism holds a distinctive phylogenet-
ic position (6). The second, Heliobacte-
rium, a strict anaerobe, contains a new
type of bacterial chlorophyll (8), but its
phylogenetic position is unknown. We
now show that H. chlorum is not specifi-

Table 1. Oligonucleotide signature showing the specific relationship of H. chlorum to the Gram-
positive eubacterial ‘‘phylum.”” The table contains all sequences from the H. chlorum 165
rRNA oligonucleotide catalog heptamer and larger that meet the following criteria: (i) they
occur in at least one other eubacterial catalog and (ii) they have been found in less than five of
the ten eubacterial “‘phyla’ (4). Their percentage occurrence in each of the eubacterial
“‘phyla’’—the Gram-positive “‘phylum’’ being split into its two subdivisions (3, 4)—appears in
the various columns. In some cases a more generalized form of a given H. chlorum sequence,
shown in brackets, is also included, to further demonstrate the specificity of the relationship.
The number of catalogs in each group (4) is shown under each column heading (where
appropriate) in parentheses. Abbreviations are LG+, low G+C subdivision of the Gram-
positive eubacteria (3); HG+, high G+C subdivision of the Gram-positive eubacteria (3); SPR,
spirochetes and their relatives (/2); PUR, purple bacterial ‘‘phylum’ (5); DSM, sulfate-
reducing bacteria and relatives (22); CFB, bacteroides, cytophagas, and their relatives (23);
CYN, cyanobacterial ‘“‘phylum” (3, 4); RAD, radioresistant micrococci, (3, 24); OTH, the
remaining eubacterial phyla (3, 4); Y, pyrimidine; and R, purine. A dot signifies no occurrence

of the sequence in a group.

Percent occurrence in

Sequence LG+ HG+ SPR PUR DSM CFB CYN RAD oo
©) 6D (@ W) 8 @ © O
CACUCCG 53 5 6 : .
CAUACCG - : . - 100
CAAUCCG 2 C ~ - :
CAUAACG - .3 . . . . .
AUAACAG 13 9 1 1
CAAUAAG 18 s . .
UUCCCAG 2 o - . -
ACUCUAG 2 e I -
CUCUCUG 28 .2 s . . .
CUCUUAG 1 .7 : . ~ : .
AUAACCUGH 6 s - 15 - . -
UAACCUUU-- 26 - . - . . .
[UAACCYYY-1] (40) - (5 ©® © - .
CAACACCCG 5 16 - - X - .
[YAAYACCCR]  (67) (85 .
CCCCUUAUG 89 93 18 - : -
AAUCUUCCG 24 45 - . . . -
[AAUCUUC--] (55 G5 @ - . .00 -
CUCAACUCCG 3 s : T .
ACAUCCUCUG 2 . . .
[ACAUYYYCU-] @) (@ . : .
UCACACCACG 6 - 0 - . . .
AACCUUACCAAG 6 6 R N A .
UCAAAUCAUCAUG 84 51 14 - . . . . .

* In catalog only; sequence counterpart ACAACCUACCG.
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cally related to any other photosynthetic
bacteria, but is, surprisingly, a member
of the Gram-positive bacteria as defined
phylogenetically.

The H. chiorum 165 rRNA gene se-
quence is aligned with those of three
other eubacteria in Fig. 1. Correspond-
ing T1 oligonucleotide sequences, deter-
mined from the rRNA itself, are in-
dicated by overlining their presumed
counterparts in the gene sequence. Some
discrepancy exists between the oligonu-
cleotides predicted from the DNA se-
quence and those found in the rRNA
catalog. Most, if not all, of this disagree-
ment would seem to reflect sequence
heterogeneity among the various copies
of the 165 rRNA gene in the H. chlorum
genome. The existence of multiple cis-
trons of slightly different sequence can
be deduced from the rRNA catalog. For
example, UAACCUUUUCUG (U, ura-
cil; A, adenine; C, cytosine; G, guanine)
(vicinity of position 1450) occurs in the
catalog along with lesser amounts of
UAACCUUUUUAG and UAACCUU-
UUAUG, obvious sequence variants; the
gene sequence shows yet a fourth version,
UAACCUUUCAG. In the vicinity of po-
sition 130, the gene sequence is ACAAC-
CUACCG, but its counterpart in the cata-
log is AUAACCUG (an oligonucleotide
that is actually more typical of the general
sequence pattern in this area than that
found in the DNA sequence). CCCUUCG
is the gene sequence in the vicinity of
position 1030, but CCCUUAG is found in
the catalog. It would appear that the 16§
rRNA gene we have sequenced is a minor
variant of the predominant rRNA gene in
this organism.

The H. chlorum sequence is most
closely related to that of B. subtilis and
vice versa; they are 85 percent homolo-
gous. Homology for the remaining pairs
of sequences in Fig. 1 ranges from 76 to
81 percent. (Only those 1470 positions in
the alignment that are represented in all
four sequences are scored in this calcula-
tion.)

Too few eubacterial 16§ rRNA se-
quences have been determined for us to
analyze the phylogeny of H. chlorum in
any detail. However, this phylogeny is
spelled out by the 400 or so oligonucleo-
tide catalogs that now exist for a variety
of prokaryotic species. Table 1 is an
oligonucleotide signature (4-6) that
places H. chlorum within the Gram-posi-
tive eubacterial ‘‘phylum.”” Oligonucleo-
tides from H. chlorum 16§ rRNA are
found elsewhere most frequently among
the catalogs of Gram-positive bacteria.
In some of the examples in Table 1 a
more generalized form of the H. chlorum
sequence is also included to further em-
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phasize the relation to the Gram-positive
bacteria. For example, of the eight possi-
ble specific sequences of the general
form UAACCYYY ..., five are seen
among the catalogs of the ‘‘clostridial’
subdivision of the Gram-positive bacte-
ria, and these represent at least six phy-
logenetically independent occurrences.
Similarly, six of the eight possible ver-
sions of YAAYACCCR are found in this
same group, representing at least eight
phylogenetically independent occur-
rences (10).

Heliobacterium chlorum appears clos-
er to the ‘‘clostridial’” (low G + C) than
to the ‘‘actinomycete’” (high G + C)
subdivision (3) of the Gram-positive bac-
teria by this measure. Although the orga-
nism should probably be considered a
member of this particular subdivision, a
definitive statement regarding this must
await full sequence analysis of a repre-
sentative ‘‘actinomycete,”’ because the
relative lack of closeness in this case
may merely reflect rapid evolution in the
“‘actinomycete’’ subline (/7). In Table 1,
H. chlorum also shows some relation-
ship to the spirochete ‘‘phylum’’ (12). A
possible distant but specific relationship
between the spirochetes and Gram-posi-
tive bacteria has previously been noted
“@).

To date nothing we know about the H.
chlorum phenotype suggests a relation-
ship to the Gram-positive bacteria (or to
any other eubacteria for that matter). On
preliminary examination, the organism’s
cell wall is not of the Gram-positive type
13).

The association of H. chlorum with
the Gram-positive bacteria is surprising
only in terms of our prejudices regarding
relationships between photosynthetic
and nonphotosynthetic bacteria. Prece-
dent for the observed relationship defi-
nitely exists in the phylogeny of eubac-
teria determined by rRNA cataloging (3—
4). The purple photosynthetic bacteria
are part of a unit, a phylum, that includes
many nonphotosynthetic phenotypes (5).
The known members of the green non-
sulfur “‘phylum’’ are predominantly non-
photosynthetic (6). The interesting ques-
tion now is whether there exist other, as
yet undiscovered, photosynthetic eubac-
teria belonging to ‘‘phyla’” not now
known to contain photosynthetic spe-
cies.

Given that five of the ten recognized
eubacterial ‘‘phyla’ (4) have now been
shown to contain (each a different type
of) photosynthetic species, it would
seem likely that the ancestor common to
all eubacteria was itself photosynthetic.
The point, although strengthened by our
results, is, however, intrinsically unprov-
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able. Therefore, although our conclusion
is not a compelling one, it does demand
that the archaic and now suspect notion
that all bacteria have arisen from a com-
mon nonphotosynthetic ancestor no
longer be accepted and perpetuated as
dogma.
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Antibody-Directed Urokinase: A Specific Fibrinolytic Agent

Abstract. A specific fibrinolytic agent was synthesized by covalently coupling
urokinase to a monoclonal antibody that was fibrin-specific and did not cross-react
with fibrinogen. The antibody was raised against a synthetic peptide representing the
seven amino-terminal residues of the beta chain of human fibrin. The urokinase-
antifibrin conjugate retained the original binding specificity of the antibody and
showed 100-fold increased fibrinolysis in vitro when compared to unmodified
urokinase. The presence of human fibrinogen at plasma concentration did not

influence these properties.
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Coronary arteriographic studies indi-
cate that 87 percent of transmural myo-
cardial infarctions are caused by coro-
nary thrombosis (/). Although thrombo-
lytic agents currently available can lyse
coronary artery thrombi in the early
hours of coronary thrombosis and there-
by diminish myocardial injury, their clin-
ical application has been attended by
significant problems. Both urokinase and
streptokinase activate the conversion of
plasminogen to the fibrinolytic enzyme
plasmin. Plasmin, in turn, not only af-
fects lysis of the fibrin in the thrombus
but also promotes generalized fibrino-
genolysis, at times resulting in severe

bleeding (2). Human tissue plasminogen
activator may be more fibrin-specific
than urokinase (3). In order to target
urokinase to a fibrin-containing clot, we
coupled this plasminogen activator to a
monoclonal antibody that was raised
against a syrnthetic peptide representing
the seven amino-terminal residues of the
beta chain of human fibrin. This anti-
body is specific for fibrin and does not
cross-react with fibrinogen (4). Fibrino-
lysis was promoted to a much greater
extent with the conjugate than with un-
modified urokinase.

Reduced urokinase was coupled to fi-
brin-specific monoclonal antibody 64C5
by means of its intrinsic sulfhydryl
groups, with N-succinimidyl 3-(2-pyri-
dyldithio)propionate (SPDP) as a cross-
linking agent (5). The cross-linking agent
(20 mM in 0.05 ml of absolute ethanol)
was added to the antibody [6.3 mg in 3.0
ml of phosphate-buffered saline (PBS)
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