Table 1. Prevalence of herpesvirus-like sequence
in Kaposi's sarcoma (KS) tissue and blood of KS
patients. Studies were conducted as described in
text (2). Some of the tumor tissues and corre-
sponding controls were provided by the University
of California AIDS Specimen Bank under the direc-
tion of Dr. John Greenspan. Peripheral blood
mononuclear cells from normal subjects came
from healthy volunteers in the laboratory or were
provided by Irwin Memorial Blood Centers, San
Francisco, California.

Subject’s
Specimen status KS330Bam
KS HIV
KS tumor + + 12/12
control tissue + + 4/11
KS tumor + - i7al
control tissue + - (07
PBMC + + 77"
PBMC + - 3/3
PBMC - + 0/6
PBMC - - 0/14
PBMC subsets + +
cD8* 0/3
CD19+ 3/3
Saliva + +
Cells 0/4%
Fluid 0/2
Semen + +
Cells 0/5%
Fluid 0/4

*Testing of samples obtained from at least two different
visits of three of these patients yielded positive results.
Samples from three of these HIV-infected KS patients
were used for the subset analysis. tCell populations
with = 90% CD8+ or CD19+ cells. FRepeat samples
from two patients on separate occasions were evaluated
and also gave negative results.

semen of KS patients. Cells were removed
by low-speed centrifugation and fluids
were ultracentrifuged at 100,000g for 2
hours in a Beckman SW28 rotor. The cells
and high speed pellets were resuspended,
extracted, and analyzed as described (2).
The KS330Bam sequence could not be
detected in these body fluids (Table 1).

These results, showing the presence of
the KS330Bam sequence in KS tissue and
PBMC of both HIV-infected and unin-
fected individuals, provide further evi-
dence of the specific association of a her-
pesvirus-like sequence with this malignan-
cy. Its absence in the KS-derived cell lines
may indicate the lack of cultivation of the
KS cell itself, or an indirect effect of a
herpes-like virus on endothelial cell pro-
liferation, for example via cytokines as has
been proposed (8). The preliminary data
showing the absence of the KS330Bam
sequence in saliva and semen may be a
result of sampling error, and the potential
route of transmission of this KS-associated
agent remains unknown. Further evalua-
tion is also needed to determine the dis-
tribution of this KS-associated agent in
the population.
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Building an Associative Memory
Vastly Larger Than the Brain

Leonard M. Adleman proposes using the
tools of molecular biology to solve comput-
er science problems such as the directed
Hamiltonian path problem (1). Richard J.
Lipton (2) describes an improved biological
procedure to solve directly any computa-
tional problem in the class NP and suggest-
ed approaches to speed up solution of some
important practical problems. It is possible,
at least in principle, to use these tools to
produce an associative, or content address-
able, memory of immense capabilities. A
content addressable memory is one where a
stored word may be retrieved from suffi-
cient, partial, knowledge of its content,
rather than needing to know a specific ad-
dress as in standard computer memories.
Content addressable memories are useful in
a number of computer contexts and are
widely thought to be an important compo-
nent of human intelligence.

The memory is conceptually simple. It
consists of a vessel containing DNA. It
would be able to store binary words of a
fixed length. One would write such a word
in memory by placing in the vessel an ap-
propriate single strand DNA molecule en-
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coding it (3). In the simplest approach, two
distinct DNA subsequences would be as-
signed to each component—the first coding
for a “one” at that component and the
other coding for a “zero.” The DNA mole-
cule coding a particular word would be
composed by concatenating the appropriate
subsequences corresponding to its particular
bits, in any order (4).

This memory would be “content addres-
sable.” Given a “cue” consisting of a subset
of the component values, one might re-
trieve any words in the memory consistent
with these values as follows. For each com-
ponent specified in the cue, one could in-
troduce in turn the complement of the cor-
responding subsequence of DNA, affixed to
a magnetic bead. This compliment would
then bond to DNA molecules in the mem-
oty having that subsequence, that is, coding
for words containing that component value.
A similar bonding procedure was used by
Adleman in his computation (I). These
molecules could then be extracted magnet-
ically. After iteratively extracting on each
component in the cue, one would retrieve
molecules matching the cue exactly and
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these could then be sequenced in order to
read the stored word in its entirety.

Alternatively, it might be possible to
introduce complementary subsequences for
all the components specified in the cue
simultaneously, with some marker attached
to each complementary subsequence. In
this implementation, the sequence with
most marks would be most consistent with
the cue and could be extracted. Such a
parallel implementation would both save
time and allow a full associative retrieve by
finding the word most closely matching the
cue even if the match is not exact. Such
search and read operations would be logi-
cally analogous to the operation of a grand-
mother cell associative memory as described
in (5), only realized biochemically instead
of electronically. The biotin beads used by
Adleman (1) are probably too large to per-
form this function, so an alternative marker
technology would be necessary.

After the read operation, any DNA mol-
ecules removed would have to be reintro-
duced into the memory, so that stored
words would not be lost. One way to do this
simply would be to split these molecules
back to single strand DNA. The strands
without beads attached would then be the
ones we wish to reintroduce. We might also
wish to keep a copy of the entire memory,
and return to the copy after several read
operations.

By choosing a somewhat different encod-
ing, and by care in choosing the DNA sub-
sequences, one could achieve greater com-
putational efficiency and ease in performing
the relevant biochemical manipulations.

It would generally be more efficient to
encode only the components for which the
stored word has value “one.” In this case we
would assign only one DNA subsequence to
each component. We would encode a word
by concatenating all the subsequences cor-
responding to a component having value
one. Thus relatively short DNA molecules
could represent sparse vectors (that is, con-
taining few ones) from a very large vector
space. This ‘encoding scheme would not
encode any information in the order of the
component subsequences on the molecule,
but could otherwise use all potential bits of
information.

There would be considerable freedom in
choosing the DNA subsequences corre-
sponding to components. The only con-
straint would be that none is a subsequence
of another, nor of two others concatenated,
as this would lead to ambiguities in the
recall process. Typically subsequences be-
tween 10 and 100 nucleotides long would
suffice to avoid such ambiguity (depending
on the size of the memory). It might be
convenient to end all subsequences with a
distinctive “stop” subsequence. This would
avoid ambiguities arising from concatena-
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tion, and if the “stop” subsequence is cho-
sen to be broken by a particular restriction
enzyme, would facilitate chopping a DNA
molecule into its component subsequences.
One could use as subsequences, vectors cho-
sen from an optimized code or alternatively
naturally occuring DNA fragments. If the
complement of one sequence is not reused
to code for another sequence, then any
complementary fragments which creep in
during augmentation or reading would not
corrupt the memory (since they would not
be interpreted as stored words), and could
be readily removed. Probably it would be
convenient to choose the subsequences to
facilitate the read operation.

Current technology is such that “auto-
mated oligonucleotide synthesizers [can]
rapidly produce any DNA molecule con-
taining up to about 100 nucleotides” (6, p.
319). These “can be joined together by
repeated DNA cloning steps in various
combinations to produce long custom de-
signed DNA’s of any sequence” (6, p. 319).
One can also produce long DNA sequences
even more easily by linking selected natu-
rally occuring segments (6, p. 320).

Once representatives of component sub-
sequences have been created, they could be
cheaply copied. Writing would be relatively
quick and inexpensive because we would
already have test tubes containing each,
previously created, component sequence.
We would also have previously created se-
quences for use in “splinting” component
subsequences together (7). If we begin each
component subsequence with a start se-
quence A as well as a stop sequence B, the
molecule BA (that is, the Watson-Crick
complement of sequence B ligated to the
complement of sequence A) would serve as
a general purpose splint to join component
subsequences in an order-independent
manner. Alternatively, we could arrange to
append subsequences in a specific order,
using more specific splinting sequences.

The search for a stored molecule when
we only encode the positions of “ones” is
analogous to that described above.

When a DNA molecule is found con-
taining the cue components, it must be se-
quenced to read out the rest of the word.
DNA molecules may now be rapidly se-
quenced using a variety of techniques (6,
chapter 7). This process might be expedited
in our case by appropriate choice of compo-
nent subsequences, as it is only necessary to
identify which component subsequences are
present, not to sequence them in detail. In
fact it would be possible to choose the com-
ponent subsequences to be unambiguously
distinguishable using restriction mapping
(8). In this case, reading could be accom-
plished much more rapidly than would be
necessary to sequence an arbitrary molecule.

To expedite reading or to store more
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information, a slightly more elaborate stor-
age scheme would be possible. Consider
storing DNA molecules consisting of an
address portion and a data portion. The
address portion would be created exactly as
described above and addressed by content.
When it is retrieved, the data portion would
be sequenced and read. The information in
the data portion might be identical, or dif-
ferent, from that stored in the address por-
tion. The coding of the data portion might
be identical, or different. One could imag-
ine storing information in the data portion
simply as a base four word, in which case it
would be very compact, but would require
full sequencing technology to read.

This technology could also be used as an
ordinary random access memory in this
fashion (9), where one must supply the full
address portion in order to read a word. If
the memory is used in this way, the read
operation would be somewhat simplified, as
it would be possible to attach a bead only to
DNA molecules coding for the word desired
to be recalled. This would be expedited if
the address sequences were chosen from an
error correcting code, making far less likely
accidental bonding of retrieval sequences
bonded to beads to molecules they only
approximately match. Thus no other mole-
cules would be removed from the memory
during the read operation, and it would be
much simpler to restore the memory after
the read to its pre-read state.

Standard database operations such as de-
lete are, of course, possible. To delete, for
example, we would simply remove the ap-
propriate molecules from the database.

With present technology, the search op-
erations described above using beads would
be performed on single-strand DNA, while
sequencing and restriction mapping are
done on double-strand DNA. It is possible
but fairly slow to transform DNA from dou-
ble to single strand, and vice versa. Thus it
might be worthwhile to use an address por-
tion that is single strand and a data portion
that is double strand.

The storage that is in principle possible
using these techniques is staggering. [t-is not
completely implausible to imagine vessels
(10) storing, say, 10%° words each vessel
encoding several thousands, or even several
tens of thousands, of bits. This compares to
standard estimates of brain capacity as, per-
haps, 10'* synapses each storing a few bits
(11). With current technology, the read and
write times would be on the order of hours.
[Adelman’s pathbreaking, manual computa-
tion took him 7 days (I).] But the current
rate of technological progress in molecular
biology is rapid, and there is no obvious
fundamental physical limitation preventing
achieving automated read and write opera-
tions on a much faster time scale. It is also
worth noting that once a quantity of infor-




mation were encoded in DNA in this fash-

ion, the whole vessel could be copied rela-

tively easily by DNA replication; and like-

wise that the information in vessels could be

readily merged (by physically merging

them). DNA-based computing could con-

ceivably provide a technological basis for
superhuman intelligence.
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Neutrophils and

In their report (1) Xiaoxia Jiang et al. stud-
ied the role of phagocytes in drug metabo-
lism by measuring the anti-proliferative ef-
fect of products from drug-exposed neutro-
phils. They did not, however, present phys-
icochemical evidence for reactive drug
metabolites reportedly generated by these
cells and did not provide evidence for an
immunostimulatory effect of these products
that might lead to drug-induced lupus. We
and others demonstrated specific immune
reactions to defined metabolites of lupus-
inducing drugs. Unlike the parent drugs or
unreactive metabolites, the reactive metab-
olites tested proved immunogenic for T
cells and, in a T cell-dependent fashion,
activated B cells. Thus, the parent drugs
procainamide (PA) (2), propylthiouracil
(PTU) (3) (both of them studied by Jiang et
al.), and gold(I) thiomalate (3) all were
shown not to be immunogenic for T cells,
and the same results were obtained for the
unreactive metabolite N-acetyl-PA (1). In
contrast, the reactive intermediates of these
drugs, hydroxylamino-PA (2), PTU-sulfon-
ate (3), and gold(III) (4, 5) were shown to
be immunogenic. Moreover, when the par-
ent drugs PA, PTU, and gold(I) thiomalate
were preincubated in vitro with either poly-
morphonuclear or mononuclear phagocytes,
or myeloperoxidase/H,0,/Cl™, the respec-
tive immunogenic metabolites, hydroxyl-

amino-PA, PTU-sulfonate, and gold(III)
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7. This splinting technique was used, for example, by
Adleman (7).

8. A large number of restriction enzymes are known
which cleave DNA molecules at particular loca-
tions. By subjecting a given DNA molecule to dif-
ferent restriction enzymes, one cleaves it into piec-
es of different, but well-defined lengths depending
on the sequence. The lengths of the segments then
provide constraints on the sequence. This is known
as ‘‘restriction mapping’’ (6, p. 294). In our case,
we need merely design sequences that can be
readily distinguished one from another by the vari-
ous lengths they are chopped into by various re-
striction enzymes. This would not be difficult.

9. J. Sambrook, E. F. Fritsch, T. Maniatis, Molecular
Cloning, A Laboratory Manual (Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY, ed. 2, 1989).
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were generated, as detected by chemical
analysis (6) or specific responses of metab-
olite-sensitized T cells (2, 3, 5). Similarly,
upon long-term administration to mice of
the parent drugs PA (2), PTU (3), or
gold(I) thiomalate (5), the respective im-
munogenic metabolites were demonstrable
in phagocytic cells of these animals. In con-
trast to short-term treatment with the par-
ent drugs, long-term treatment, which al-
lows for more extensive generation of the
reactive intermediates, also resulted in sen-
sitization of T cells to the intermediates
(3-5). Both the generation of and the T cell
sensitization to these metabolites could be
enhanced by stimulating the oxidative burst
in phagocytes (2, 3), or, in the case of PA,
by using mice that express the slow-acety-
lator phenotype (2). Finally, mice under
long-term treatment with gold(I) thioma-
late or PTU exhibited immunoglobulin G
autoantibodies and signs of vasculitis (3).
Thus, the evidence weighs against the
hypothesis of papers cited by Jiang et al. that
reactive drug metabolites may induce lupus
because they exert a mitogenic effect on
lymphoid cells in vivo. Our findings support
the view that the immunostimulation un-
derlying drug-induced autoimmunity in-
volves specific T helper cell responses to
hitherto undefined self proteins altered by
reactive drug metabolites. We do agree with
Jiang et al. that generation of the respective

SCIENCE e« VOL. 268 « 28 APRIL 1995

TECHNICAL COMMENTS

metabolites by cells of the immune system

itself facilitates the development of adverse
immune reactions to drugs.
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Response: We presented in our report (1)
physicochemical evidence showing that all
the tested lupus-inducing drugs were trans-
formed by myeloperoxidase [figure 3 in (1)].
However, only the cytotoxic metabolite
of procainamide, procainamide-hydroxyl-
amine, has so far been identified. It should
also be noted that we did reference the
Kubicka-Muranyi paper (2) on the response
of popliteal lymph node cells to procain-
amide-hydroxylamine. Similar studies on
gold salts were not referenced because there
have been no reports to our knowledge dur-
ing the past 25 years of lupus related to gold
therapy despite wide use of gold compounds
in treatment of rheumatoid arthritis.
Adverse reactions to drugs, some of
which are immune mediated, are common,
but lupus-like disease related to more than
40 different medications is relatively rare.
However, drug-induced lupus is provocative
because it strongly resembles systemic lupus
erythematosus (SLE), a disease for which
there is no known cause. Influenced by the
precedent set by penicillin-mediated aller-
gic reactions, most studies have focused on
the capacity of drugs or drug metabolites to
bind components of the peripheral immune
system, such as drug-altered self-proteins, T
cells, or their contact sites on antigen pre-
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