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Abstract- Molecular computing is viewed hereasa pro- & paste technique as our method of writing on DNA. If aque-
cess of writing on molecules while they are dissolved in ous computing is to become practical we expect it be imple-
water. When DNA molecules are employed, they are  mented not in test tubes, but perhaps in flowing capillary sys
used only in double stranded form and only asdataregiss  tems as exemplified by the PCR system of [KMM98].

ters. All computationsareinitialized with the same single The proposals made here arose in the current of DNA
molecular variety. Current progress toward laboratory ~ computing studies generated by the electrifying work of
prototyping of computationsisreported. L.Adleman [A94]. Excellent introductory papers on DNA
computing are [A98], [Ka97] & [Am99]. The book [PRS98]
1 Introduction is highly recommended. The collection of papers [P98]

will be of interest in any extensive study of biomolecu-
A vision for the future of molecular computing is sketched lar computing. Researchers have found the paper [L95]
here. It may be regarded as a more conventional approadby R.Lipton to be highly stimulating and provocative. The
to molecular computing than other approaches currently imote by J.Hartmanis [Ha95] sounds an important warning.
progress: There is an identifiable computer. The computefThe laboratory work that is reported here was stimulated by
in its initial state, consists of a volume of water in which a [OKLL97]with the details stemming from [H87] & [HPP97].
vast number of identical molecules are dissolved. The molecldeas presented appear in [H98] in a more relaxed form, but
ular type selected for this initialization is chosen to @nt with less generality and unification. For help with the bio-
specific distinguishable locations that can function atabie ~ chemistry see the first chapter of [PRS98], the initial sedi
devices, thus representing bits 0 or 1. We will call thesedoc of [Ka97], or [HPP97]. See [M95] as a thorough backup.
tions stations. Every computation begins with each of these
molecules having all of its stations viewed as representing A Single Descriptive Format for Several Clas-
t_he same bit. As a computation progresses selected bit §et—sica| NP-Complete Problems
tings are altered. Conceptually, each of these molecules is
data register that displays the same fixed number of bits. Thglany NP-complete algorithmic problem families are readily
collection of all these data register molecules constitte  assimilated to a common pattern which allows a solution by a
memory of the computer. The role of the water is fundamensingle aqueous algorithm. Only three will be treated cdhgfu
tal: (1) it separates the memory molecules from one anothetiere. Some others are mentioned in [He98].
to allow access to each one; (2) it randomizes the location of (1) Find the largest cardinal number for which the undi-
the molecules by diffusion; (3) it allows partition oftheme  rected graphG = (V, A) has an independent subset of that
ory into any chosen number of (approximately indistinguish cardinal [GJ79,p.194]. In this notatidn is the finite set of
able) parts so that different actions can be taken in eadh pawertices ofG and A is the family of unordered pairs of ver-
and (4) it allows the rejoining of the parts. Note that agieou tices that constitute the arcs (= unordered edges).of
computing realizes content addressable parallel pravgssi (2) Find the smallest cardinal number for which the undi-
described in [F76,Chap.1]. rected graphG = (V, A) has a vertex cover of that cardinal

There are many reasonable ways that the bits of the daf@J79,p.190].

register molecules might be altered. If the memory molezule  (3) For a given finite seP of Boolean variables and a finite
are circular double stranded DNA then they can be altered adett/ of clauses oveP, does a truth setting for the variables
restriction enzyme sites by cut & paste operations using rein p exist for which each of the clauses i is satisfied?
striction enzymes and a ligase. If the memory molecules argzJ79,p.38].

proteins then they can have antibodies, perhaps with phos- All these problems can be viewed as special cases of the
phorescent labels, attached. With complexes of nucle@saci following algorithmic problem:

& polypeptides, electromagnetic radiations of various fre  The Common Algorithmic Problem (CAP). Let S be a
quencies might be used to alter the conformations of theinjte set. LetF” be a family of subsets o. Find the largest
polypeptides. Here we report our pursuit of solutions to acardinal number for which there is a sub&eof S which fails
collection of NP-complete algorithmic problems using a cutto contain any of the sets belongingfb We say that the sets



in the family F' areforbidden sets. (orin any order): foreach(1 < i < k), for every data regis-

Problem (1) above is obtained by lettisSg= V andF' = ter molecule in tube, set the bit at the station corresponding
A. The cardinal number desired in (1) is the cardinal numbeto the element; of S to 0. Unite thek tubes by pouring
that is the solution of the CAP. the contents of each into a single common tube. On arrival

Problem (2) above is obtained by lettifg= V" and letting  at MaxCountOfOnes we have a single tube. This command
F consist of the neighborhoods of the verticesthfwhere  requires the determination of the largest cardinal numnmiesr t
the neighborhood of the vertexin V is {uin V : w = v or  appears as the number of 1’s that remain atitlseations (i.e.,
{u,v}in A}. The cardinal number desired in (2) is producedthosen that were set in one-one correspondence \githof
by subtracting the solution of the CAP from the cardinal num-any of the data register molecules.
ber of V. This algorithm is a variation of the algorithm used in
Problem (3) above is obtained as follows: For each vari{OKLL97]. If our algorithm is applied to the problem treated
ablepin P, letp’ be a new symbol. LeP’ = {p' : pin P}.  in [OKLL97] then the forbidden sets af@,0} {0,5} {5,1}
Let S be the union of? and P’. Construct a subsét’ of S & {1,3}. The test tube is initialized (as always) to contain
from each claus€' in U as follows: If a symbop appears only one molecular variety. The numbers of distinct molec-
in C, placep’ in C'; and if the negation op appears inC, ular varieties in the test tube at the completion of each pass
placep in C’. ConstructF’ as follows: For eaclp in P, place  throughthe Forloop are: 2, 4, 7, 12. One of these 12 provides
{p,p'} in F'; and for eactC in U, placeC’ in F'. Now letn  the solution. The procedure of [OKLL97] may be formulated
be the cardinal number d?. Notice that the solution to the using a similar For loop. There the test tube is initialized
CAP is at mosth. From this it follows that the solution to to contain 64 molecular varieties. The numbers of distinct
Problem (3) is YES if the solution of the CAPisand NO  molecular varieties in the test tube at the completion oheac
otherwise. pass through that For loop are: 48, 40, 32, 26. One of these
26 provides the solution.

3 An Aqueous Algorithm for Solving the Com-
mon Algorithmic Problem 4 A Proposed Laboratory Procedure Using the

» _ _ Cut & Paste Technology
Let S be a finite set and let’ be a family of forbidden sub-
sets of S. In order to discuss the proposed algorithm with In order to provide a convenient proof of concept we use as
minimal dependence on the choice of molecular implementasur data register molecule one of the standard double stthnd
tions, the biochemical details of the laboratory work now in DNA cloning plasmids commercially available. This plasmid
progress will be deferred to Section 4. The algorithm is give is a circular molecule of approximately three kilobases. It

immediately for inspection - with explanation following. contains a subsegment, MCS (multiple cloning site), of ap-
proximately 175 base pairs that can be removed using a pair
Al gorithm Initialize, of restriction enzyme sites that flank the segment. The MCS
For  each {sl1, s2, ... ,sk} in F Do contains eight pairwise disjoint sites at which restrioten-
Pour (k) zymes act such that each produces a 5’ overhang of four
1: SetToZero( sl ) bases. These eight sites serve as the stations of our d&a reg
2: SetToZero( s2) ter molecules. If we obtain laboratory evidence that sutgges
c that problems requiring a larger number of stations might be
k: SetToZero( sk ) solved using DNA plasmids then an appropriate plasmid hav-
Unite ing many more stations can be constructed.
EndFor ; The initial condition of a station (= restriction enzymes3it
MaxCount Of Ones. is chosen to represent the bit one. A zero is written at a sta-

. ) ) _ tion by altering the site using the following three step m®s

The validity of the algorithm follows immediately once (1) |inearize the plasmid by cutting it at the station (Ssite
the actions Initialize, Pour-Unite, and MaxCountOfOnesith the restriction enzyme associated with the site; (2)gis
have been explained. a DNA polymerase, extend the 3’ ends of the strands lying

Letn be the cardinal number &f. The molecule to be ,hqer the 5 overhangs to produce a linear molecule having
used as the data register molecule must have at#e88-  pynt ends; and (3) in dilute solution apply a ligase to re-
tions. The elements of are then placed in one-one cor- gjrjarize the linear molecule by ligation of the blunt end
respondence with a subset of the set of stations of the daighen 4 station is altered to represent the bit zero the length
register molecule. We Initialize to a tube of water conta@ni ¢ the station is increased by four base pairs and the staton

many identical data register molecule. We choose to regarg)nger encodes a site for the originally associated retric
each station of each molecule as representing the bit 1- For-

i ) ) enzyme.
Do- -EndFor has its usual meaning. P¢ky requires that the

_ _ At the initiation of a computation all eight sites are preasen
contents of a single tube be poured itak < 1), separate i, aach of the data register molecules. Thus initially each
tubes with equal amounts in each of théubes. In parallel



molecule is read as: 11111111. Note that the first time a zerooded in part in the MCS. An Ecoli bacterial clone that con-
is written at a station the molecule increases in circunmfege  tains a pBluescript plasmid is blue in the presence of a sub-
by four base pairs, after which no further alteration of thatstrate for theg-galactosidase, X-Gal (5-bromo-4-chloro-3-
station can occur during a computation. If we suppose thaindolyl-3-D-galactopyranoside). When thggalactosidase
zeros have been written at the second, fourth, & fifth station gene of pBluescript has been disabled, the clones are white.
of a molecule then the circumference of the molecule willThe translation system between DNA and protein occurs in
have been increased by twelve base pairs and the moleculéplets, three bases of DNA yielding one amino acid of the
will be read as: 10100111. This completes the biochemicaprotein. In step (1), the cut, fill-in & paste operation shbul
realization of Initialization and SetToZero appearing et successfully add four bases in tHendlll site of pBluescript
Algorithm of Section 3. MaxCountOfOnes can be realizedwith the result that the reading frame will be off by one base
by applying the following three step process: (1) Using thepair for the 3-galactosidase gene. Thus this plasmid should
restriction enzyme having sites at each end of the MCS (mulproduce an inactivg-galactosidase and 100% white clones.
tiple cloning site), cut the plasmids into the roughly 175da The plasmid DNA from one of the white colonies can be used
pair and the nearly 3 kilobase long linear molecules; (2} sepfor the next step. In step (2), the second cut, fill-in & pagte o
arate the short strands of length roughly 175 base pairs oaration in theBamHI site should successfully add four more
an acrylamide gel in one lane with a calibrating DNA ladderbases making the reading frame off by two base pairs this
in a second lane; and (3) from the length in base pairs of théme. The plasmid should again produce 100% white clones.
molecules in the band on the gel that consists of the moleculeThe plasmid DNA from one of these white clones can be used
that have the least length, calculate the number of reistnict for the next step. In step (3), the third cut, fill-in & pastesop
enzyme sites that remain. This is the value returned by Maxation in theXbal site should restore the proper reading frame
CountOfOnes. For example, if the length in base pairs ofor the -galactosidase gene of pBluescript. The total exten-
the molecules of least length is 187 then MaxCountOfOnes ision of twelve base pairs in the gene for thgalactosidase
8 — (1/4)(187 — 175) = 5, which is the number of ones in should result in the insertion of four extra amino acids and
10100111. some alterations that produce a slightly different, buglijk

If desired, the restriction sites that remain in the molesul active protein. Thus we expect 100% blue clones from the
that provide the maximum number of ones can be obtaine®NA after this step. If the results in (1), (2) & (3) were each
in parallel by applying the eight restriction enzymes inheig as expected, this would assure us that the sequences of cut,
separate tubes. If the solution is not unique this will need t fill-in & paste operations, required in computing accordiag
be done after a cloning process. The status of the statians cahe Algorithm of Section 3, can be successfully carried out.

also be determined by DNA sequencing. The final gel separation that concludes the Algorithm is not
expected to present an obstacle since it is a standard proce-
5 Progress Report from the Laboratory dure of molecular biology.

In this paragraph we report the actual test results we have

The critical challenge for the computational procedureobtained at the time of this writing, March 26, 1999, at each
sketched in Section 4 is expected to be the three step cut &f the three steps described in the previous paragraph: At
paste process by which a station is set to zero. More prestep (1) we obtained 87% white clones, as computed from
cisely, the difficulty will lie in carrying out each cut & past 40 white and 6 blue. The plasmid DNA from three of the 40
operation with such precision that, after several such aper white colonies was isolated and tested for the presence of a
tions have been carried out in series, the answer can be re&tindlll site; as expected, none of the plasmids contained the
definitively at the final gel separation step. We report heresite. At step (2) we obtained 96.4% white clones, as com-
the results of carrying out three successive cut & paste-opeputed from 80 white and 3 blue. Plasmid DNA from four of
ations. the 80 white colonies was prepared and tested for the contin-

We used a pBluescript plasmid (Strategene, La Jolla, CAyed presence of Hindlll site or aBamHI site; as expected,
as our data register molecule. The cut operations were mad®ne of the DNAs contained either of these sites. At step (3)
using the three restriction enzymidindlll, BamHI, andXbal we obtained 85% blue clones, as computed from 97 blue and
(New England Biolabs, Beverly, MA) in the order given. 17 white. DNA plasmids from four of the 97 blue colonies
pBluescript has a unique site for each of these three enzymagas prepared and tested for the presenceldirdllll site, a
and these three sites lie in the MCS (multiple cloning site).BamHI site, or anXbal; as expected, none of the DNAs con-
In all three cases the four base extensions were made witlained any of these three sites. To confirm the correctfiiling
Klenow DNA polymerase (Stratagene, La Jolla, CA) and thereactions at each site, we sequenced one of the plasmid DNAs
blunt end ligations were done with T4 DNA ligase (Strata- obtained from white clones at steps (1) and (2) and two of the
gene, La Jolla, CA). plasmid DNAs obtained from blue clones at step (3). These

In this paragraph, we explain the molecular basis for thesequences are found in Figure 1 and confirm the completion
plan of our testing procedure and the expected results.gaBlu of the cut, fill-in & paste operations. These sequences also
script includes a gene for the proteifrgalactosidase en- confirm the restoration of thg-galactosidase reading frame



in the DNA from the two blue colonies from step (3).

See Figurel

In none of the three steps were the results 100% as expresentation of this paper, we will report laboratory siolng
pected. How serious are these divergences? At step (1) tifer instances of computational problems of the sort desctib
87%, with near certainty, presents no problem. The pBluein Section 2 using the Algorithm of Section 3.
script molecules, but not the lengthened molecules, are ex-
pected to be supercoiled. This allows the (comparativelyA cknowledgments
few?) remaining unmodified molecules to enter bacteria with
much higher probability than the modified molecules. ConsePartial support for this research through NSF CCR-9509831
quently the slightest trace of remaining unmodified molesul and DARPA/NSF CCR-9725021 is gratefully acknowledged.
(which would produce blue colonies) might have resulted inSupport for the second author through the Japan Society for
this observed deviation from 100% white colonies. At stepthe Promotion of Science under the Research for the Fu-
(2) the 3.6% blue clones gives us more concern since it inture Program (JSPS-RFTF 96100101) is acknowledged with
dicates an unexpected restoration of the reading frame dhanks. The first author thanks the Leiden Center for Natural
B-galactosidase. Plasmid DNA from two of the three blueComputing (LCNC) at Leiden University, the Netherlands,
colonies was prepared and tested for the presence of eith&r support and for providing stimulating contacts during t
a Hindlll site or a BamHI site; neither restriction enzyme summer of 1998 when some of the ideas presented here were
site was present. This supplementary result is comfortingdeveloped. Closely related developments are also in psegre
but these plasmids should be examined further to determinet the LCNC and the first author is very grateful to Professors
how they have produced blue clones after only kiadlll Grzegorz Rozenberg and Herman Spaink of Leiden Univer-
and BamHI sites were destroyed. At step (3) the 85% fig- Sity for their collaboration, encouragement, and advicd. A
ure gives us serious concern since it suggests inefficiency #hree authors thank Xia Chen for excellent technical suppor
either cut or fill-in steps. M.Yamamura visited Binghamton University during the

What we have reported here are our first test results. Asicademic year 1998-1999. His permanent address is: Pro-
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We think this will be possible, especially once the mystesio
appearance of blue colonies at step (2) and the continued ap-
pearance of so many white colonies at step (3) is understood.
It may be necessary to replagbal with a different restric-

tion enzyme at step (3). We hope that, by the time of the oral
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The pBluescript (pBS), filled in Hindlll ([H]), filled in BamHand Hindlll ([HB]), and filled in Xbal, BamHI and HindllI
([HBX]) plasmid sequences (DNA) and the protein sequeneeisided from the DNA sequences (prot) are shown. The new

pr ot
pr ot
pr ot
pr ot

Xbal BanHl Hi nd3
GTI'GECGGECCGCTCTAGAACTAGT GGAT CCCCCGGEGECTGCAGGAATTCGATATCAAGCT TATCGATACCGT CGACCT CGAGG
GI'GGCGGECCGCTCTAGAACT AGT GGAT CCCCCGGGECT GCAGGAATTCGATATCAACGCTaget TATCGATACCGTCGACCTC
GTGGCGGCCGCTCTAGAACTAGTGGATCgat ¢ CCCCGGGCT GCAGGAATTCGATATCAAGCTaget TATCGATACCGTCGA
GI'GGCGECCCCTCTAGet agAACTAGT GGATCgat ¢ CCCCGEGCTGCAGGAATTCGATATCAAGCTagcet TATCGATACCG
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Figure 1. The DNA and protein sequences for the pertinermhsags of the MCS
region of pBluescript and the altered plasmids producenh fitee computation

nucleotides that were introduced in [H] [HB] and [HBX] aremied in lower case.
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