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Introduction 

The Fift h Internationa l Meetin g o n DN A Base d Computer s wa s hel d a t MI T 
June 14-15 , 199 9 an d presente d paper s tha t explore d tw o distinc t style s o f DN A 
computing: 

1. DN A computin g base d o n combinatoria l search , wher e randoml y create d 
DNA strand s ar e use d t o encod e potentia l solution s t o a  problem, an d con -
straints induce d b y th e proble m ar e use d t o identif y DN A strand s tha t ar e 
solution witnesses . 

2. DN A computing base d o n finite-state  machines , where the state of a compu-
tation is encoded in DNA, which controls the biochemical steps that advanc e 
the DNA-base d machin e fro m stat e t o state . 

Early result s i n DN A computin g focuse d o n idealize d combinatoria l search . 
The first  resul t b y Leonar d Adlema n i n Science  title d "Molecula r Computatio n 
of Solution s t o Combinatoria l Problems " showe d ho w t o solv e a  smal l instanc e 
of th e directe d hamiltonia n pat h problem . Pur e combinatoria l searc h propose s 
to us e exponentia l amount s o f DN A instea d o f th e exponentia l amoun t o f tim e 
used b y traditional approaches . Lipton , Boneh , an d colleague s presented molecula r 
algorithms fo r solvin g formula an d circui t satisfiabilit y problems , an d severa l othe r 
groups showe d tha t universa l Turin g machine s ca n b e simulate d i n parallel , wit h a 
single DN A molecul e encodin g th e tap e an d hea d stat e o f each machine . However , 
despite som e ver y rea l experimenta l advances , laborator y demonstration s o f DN A 
computing ar e stil l firmly  i n Toyland . Th e questio n o n everyone' s min d durin g th e 
meeting was , "Ca n w e get ou t o f Toyland? " 

The meeting was organized int o four half-da y sessions : Satisfyin g Experiments , 
Design an d Simulation , Self-Assembl y an d Nanomachines , an d Theoretica l Per -
spectives. Afte r eac h session , a  pane l discussio n wa s hel d t o brin g int o th e ope n 
questions abou t wher e th e researc h i s going an d wha t need s t o b e don e next . 

The first  sessio n opene d wit h thre e back-to-bac k talk s eac h describin g th e suc -
cessful solutio n o f a  smal l Formul a Satisfiabilit y proble m usin g a  differen t tech -
nique. Th e pape r b y Dir k Faulhammer , Anthon y Cukras , Richar d Lipton , 
and Laur a Landwebe r describe s thei r wor k usin g RNA . Th e Princeto n group' s 
work i s notable no t onl y because i t i s the larges t SA T problem ye t attempted , wit h 
9 inpu t variables , bu t perhap s mor e importantl y becaus e the y hav e mad e a  con -
siderable effor t t o characteriz e th e erro r rate s an d erro r mechanism s i n individua l 
reactions. 

Hiroshi Yoshid a an d Akir a Suyam a describ e thei r wor k developin g meth -
ods for solvin g 3-SAT b y breadth-first search . Th e University o f Tokyo researchers ' 
goal i s t o find  mor e efficien t algorithm s tha n th e 'classical ' brute-forc e approac h 

ix 
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wherein al l possibl e solution s ar e generate d an d tested . I n th e breadth-firs t al -
gorithm, solution s ar e constructe d recursively , firs t findin g al l 1-variabl e solutions , 
then expanding those to all 2-variable solutions , and so forth. Empirica l trials of the 
algorithm sugges t tha t th e numbe r o f differen t DN A strand s require d fo r 'typical ' 
problems scale s as 2^ instea d o f 2 n -  a  dramatic improvemen t (bu t no t uncommo n 
in compute r science ) tha t lead s th e author s t o thin k tha t 100-variabl e problem s 
might b e solve d b y thi s method . I t remain s a n ope n questio n whethe r th e mos t 
difficult 3-SA T problem s wil l succum b t o th e breadth-firs t approach , an d whethe r 
breadth-first algorithm s fo r formula-SA T o r circuit-SA T ca n b e devised . Th e al -
gorithm presente d her e i s particularl y elegant , wit h al l ke y step s experimentall y 
prototyped o n a  4-variabl e formula ; importantly , erro r rate s wer e als o measured . 

The tal k b y Lima n Wan g describe d th e Wisconsi n group' s recen t succes s 
doing DN A computin g o n surfaces . Thei r effor t work s to brin g t o DN A computin g 
the lesso n o f automate d DN A synthesis : tha t i t i s eas y t o subjec t a  populatio n 
of DN A strand s t o a  sequenc e o f chemica l reagent s whe n th e DN A i s attache d 
to a  soli d support . The y hav e no w develope d th e technolog y t o full y implemen t 
their algorith m o n a  4-variabl e 3-SA T problem . A n ancillary , bu t als o important , 
accomplishment o f th e Wisconsi n grou p i s that , a t leas t fo r smal l problems , DN A 
chips ca n b e use d t o read-ou t th e entir e se t o f DN A sequence s a t an y poin t i n 
the algorithm , allowin g the m t o measur e th e sequence-dependenc e o f erro r rate s 
- knowledg e tha t wil l b e critica l fo r scalin g u p al l DN A computin g approaches . 
Unfortunately, thei r pape r wil l no t appea r i n thi s volume . 

The discussio n pane l brough t u p man y toug h question s abou t th e feasibilit y o f 
solving significant SA T problems with DNA. A critical question, i f SAT is to remai n 
a majo r targe t fo r DN A base d computers , i s whethe r ther e ar e an y problem s i n 
the siz e rang e DN A base d computer s migh t b e abl e t o solv e tha t woul d pos e an y 
real difficult y fo r electroni c computers . I t wa s pointe d ou t tha t moder n heuristi c 
algorithms suc h a s Walk-SA T ca n routinel y solv e "typical " thousand-variabl e 3 -
SAT problem s a s wel l a s th e hardes t randomly-generate d 250-variabl e problems , 
and there are other 3-SA T algorithm s fo r which 0(1.61 n) bound s have been proved . 
But ar e ther e an y har d 10 0 variabl e problems , o f th e scal e tha t DN A computer s 
can potentiall y handle ? 

Going on e ste p beyon d Yoshid a an d Suyam a o n th e roa d fro m rigorou s algo -
rithms t o heuristics , Junghue i Chen , Eugen e Antipov , Bertran d Lemieux , 
Walter Cedefio , an d Davi d Woo d describe d preliminar y result s applyin g th e 
logic of evolutionary computatio n t o DNA-base d computation . Althoug h thei r ex -
perimental protoco l i s designe d t o solv e a  triviall y simpl e problem , i t i s on e tha t 
has bee n th e subjec t o f many theoretica l studie s o f genetic algorith m performance . 
It wil l b e interesting , i n th e future , t o experimentall y evaluat e th e effectivenes s o f 
genetic algorithm s o n large DNA population . I t woul d b e a  welcome turn o f event s 
if the synthesi s o f evolutionary computatio n an d DN A base d computer s als o lead s 
to bette r way s t o evaluat e th e effectivenes s o f traditiona l in-vitr o evolutio n an d 
finds method s t o improv e them . 

As hinted above, understanding and controlling error rates are central to solving 
large problem s wit h DN A base d computers . I f a t eac h step , a  stran d ha s eve n a 
10% chanc e o f bein g misprocesse d o r accidentall y destroyed , afte r jus t 10 0 step s 
only 1  in 40,00 0 strand s wil l hav e bee n processe d correctly . Addressin g thi s issue , 
Kevin Che n an d Eri k Winfre e analyze d error-correctin g algorithm s fo r bot h 
separation error s and fo r stran d los s errors, presuming tha t sequenc e independenc e 
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of erro r rate s ca n b e achieve d b y biochemica l means . However , error s ar e no t 
the onl y potentia l bottlenec k t o scalin g u p DN A base d computation s t o significan t 
problems. Th e limiting factors could equally well be time if many steps are required , 
or stran d length , o r tes t tub e complexity . I t behoove s u s t o figure  ou t whic h 
are th e critica l bottlenecks . Ne w implementation s tha t allo w mor e computatio n 
to occu r i n a  singl e tes t tube , suc h a s th e us e o f liposome s t o compartmentaliz e 
reactions as proposed by Brian Bloo m an d Carte r Bancrof t o r the self-assembl y 
approaches mentione d below , ma y mak e application s t o large r proble m instance s 
feasible. Overall , thing s loo k prett y good . I  wil l eve n ventur e t o be t tha t a  20 -
variable SA T problem will  be solved withi n th e year . However , w e are stil l very fa r 
from doin g soli d engineering , wher e w e buil t system s wit h reliabl e performanc e b y 
using well-characterized components ; we do not ye t hav e the intellectua l framewor k 
for characterizin g an d predictin g th e behavio r o f molecular system s t o the require d 
level o f accuracy . 

To make matter s mor e complicated , th e se t o f available molecula r tool s i s ever 
increasing. I n a  captivatin g invite d talk , Eri c Koo l describe d thre e molecula r 
technologies h e ha s bee n developing . Closes t t o th e atomi c scal e i s a  ne w pai r o f 
artificial DN A "bases " tha t ca n b e incorporate d b y DN A polymerases . The y ar e 
remarkable becaus e on e i s essentiall y nothin g (a n abasi c site ) an d th e sid e grou p 
on th e othe r i s a  larg e four-benzene-rin g structure , pyrene , an d thu s specificit y 
is no t mediate d b y hydroge n bonds . A t a  slightl y large r scal e ar e activate d DN A 
oligonucleotides, with modified 3 ' and 5 ' ends, that ca n easily be ligated without th e 
need for enzymes or special reagents. Hi s last exampl e made novel use of an enzym e 
by askin g RN A polymeras e t o transcrib e fro m smal l circula r oligonucleotide s -
somewhat lik e teachin g a n elephan t t o balanc e o n a  circu s ball . Indeed , i n thi s 
reaction, "rollin g circl e transcription, " th e polymeras e will  g o aroun d an d aroun d 
the template , productin g lon g transcript s -  which , i f they contai n th e appropriat e 
ribozyme motif , i n tur n ca n self-cleav e t o produc e a  well-define d product . 

The secon d sessio n o n Desig n an d Simulatio n focusse d o n ho w to desig n DN A 
computers withi n th e limit s se t b y physics . Th e pape r b y Alle n Mills , Bernar d 
Yurke, an d Phi l Platzma n describe s ho w paralle l DN A hybridizatio n reac -
tions coul d implemen t vecto r algebr a operations , includin g neura l networks . Afte r 
analysing th e cycl e time an d statistica l limit s fo r thi s for m o f computation, h e con-
cluded tha t vecto r space s a s larg e a s 10 7 dimension s ar e conceivable . A n unsolve d 
problem i s ho w t o find a  se t o f 10 7 oligonucleotide s wit h n o o r ver y littl e cross -
hybridization. Ami t Marath e an d Ann e Condo n addresse d thi s proble m b y 
defining severa l criteri a relate d t o cross-hybridization , an d finding  bound s o n th e 
size o f set s o f string s tha t satisf y th e criteria . Ma x Garzon , Russel l Deaton , 
John Rose , an d Donal d Pranceschett i discus s a  differen t se t o f criteri a fo r 
the sam e problem , whic h hav e bee n implemente d i n th e softwar e packag e Edna . 
Masahito Yamamot o e t al . hav e their ow n criteria fo r designin g non-interactin g 
DNA sequences ; thei r wor k i s notabl e fo r havin g a n experimenta l investigatio n o f 
the sequence s the y designed . Alexande r Hartemink , Tarje i Mikkelsen , an d 
David Giffor d describ e modula r softwar e fo r simulatin g biologica l reactions ; sub -
modules includ e predictio n o f hybridizatio n an d th e actio n o f enzyme s suc h a s 
polymerase an d ligase . Th e packag e ha s bee n use d t o predic t th e product s o f th e 
PCR-based unar y counte r tha t thei r laborator y ha s bee n investigatin g experimen -
tally. Suc h a  too l ca n b e usefu l no t onl y fo r prediction , bu t als o fo r identifyin g 
hypotheses fo r unexpecte d experimenta l results . 
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Panel discussion identified severa l challenges for simulation and design software . 
The first  i s how to assess validity and scope - tha t is , how to compare the simulatio n 
results to real experiments an d understan d th e limit s for accurat e prediction o f new 
experiments. Ther e was discussion o f what th e fundamenta l dat a structure s shoul d 
be fo r suc h a s simulation ; shoul d modellin g b e don e a t a n abstrac t logica l level , 
at a  quantitativ e thermodynami c level , a t th e atomi c o r quantu m level , o r d o al l 
these level s o f abstraction s nee d t o b e combine d t o accuratel y mode l molecula r 
systems? A s a  practica l matter , ther e wa s genera l agreemen t tha t algorithm s an d 
code shoul d b e mad e availabl e o n th e Web , t o promot e communicatio n betwee n 
labs; i t i s a  bi t frustratin g tha t ever y la b ha s thei r ow n DN A desig n criteria , an d 
no on e ca n convincingl y argu e tha t on e i s unambiguously bette r tha n another . 

The thir d sessio n o n Self-Assembl y an d Nanomachine s explore d som e alter -
native approache s t o an d alternativ e use s fo r molecula r computation . Thoma s 
LaBean, Eri k Winfree , an d Joh n Rei f report experimenta l progress toward im-
plementing th e Strin g Til e model , whic h hold s promis e usin g a  single self-assembl y 
reaction t o construc t a  molecular looku p tabl e fo r addition . Michai l Lagoudaki s 
and Thoma s LaBea n giv e a  theoretica l exampl e o f performin g mor e comple x 
computations b y 2 D self-assembly : the y sho w ho w t o construc t a  se t o f tile s tha t 
solve th e satisfiabilit y proble m i n a  singl e self-assembl y reaction . Takash i Yoko -
mori propose s a  new mode l o f computation tha t involve s a  particularly simpl e ex -
perimental reaction : th e self-assembl y o f linea r chain s o f pre-forme d components , 
followed b y melting an d re-hybridizatio n int o a  low-energ y structure . Remarkably , 
this mode l i s Turing universal . 

Andrew Turberfield , Bernar d Yurke , an d Alle n Mill s describe a series of 
fiendishly clever , ye t remarkabl y simple , experiment s wher e DN A oligonucleotide s 
are use d a s catalyst s t o contro l th e hybridizatio n o f othe r DN A molecules . Thi s 
careful an d quantitativ e wor k i s sur e t o serv e a s th e groundwor k fo r mor e elab -
orate DN A mechanisms . I n fact , th e grou p hav e alread y constructe d thei r first 
"machine", a  jointed DN A molecul e tha t ca n b e opene d an d close d lik e tweezers . 
A paper b y Michae l Robertson , Ja y Hesselberth , Coli n Cox , an d Andre w 
Ellington describe s the group's work using in  vitro  evolution and rational modifica -
tion t o discove r ribozyme s tha t ca n ligat e DN A unde r contro l o f a  comple x switc h 
that ca n depen d on , s o far , u p t o thre e inputs , suc h a s a  DN A oligonucleotide , 
adenosine, an d theophyline . Combinin g thes e switche s int o interactin g molecula r 
systems wil l be a  fascinatin g endeavour . 

It i s interesting t o speculat e o n wher e thi s wor k i s going . DN A an d RN A ca n 
perform logica l computations durin g self-assembly; i t ca n catalyze and perfor m me -
chanical wor k o n othe r DN A molecules ; i t ca n underg o conformationa l switchin g 
in respons e t o effecto r molecules ; i t ca n catalyz e chemica l reactions ; ar e thes e no t 
sufficient buildin g block s for constructin g arbitraril y sophisticate d biochemica l sys -
tems an d molecula r devices ? Migh t w e b e creatin g a  "DN A world " a s a  stag e i n 
molecular engineering , regardles s o f whethe r suc h a  stag e existe d i n th e evolutio n 
of lif e o n Earth ? Thes e wer e al l topic s o f the pane l discussion . 

What theoretica l construct s wil l b e necessar y fo r molecula r computatio n an d 
complex biochemica l systems ? Wha t theoretica l goal s ca n hel p us e guid e experi -
mental investigation s int o promisin g areas ? Thi s wa s th e topi c o f th e fourt h an d 
final session , Theoretica l Perspectives . Th e pape r b y Andrze j Ehrenfeucht , 
Hendrik Ja n Hoogeboom , Grzegor z Rozenberg , an d Nik e va n Vug t gives 
an elegan t mathematica l analysi s o f set s generate d b y simultaneou s enforcin g an d 
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forbidding conditions . A n advantage of this formalism i s that i t does not depen d ex-
plicitly o n the orde r o f elementary event s -  a  key property fo r describin g molecula r 
systems wher e reaction s occu r asynchronously . Lil a Kar i an d Laur a Landwe -
ber as k whether concept s fro m compute r scienc e can help us understand biologica l 
phenomena, suc h a s the mysteriou s gen e unscramblin g foun d i n single-cel l ciliates . 
Gheorghe Pau n an d Takash i Yokomor i presen t ne w result s fo r a  famil y o f 
models inspire d afte r th e subcellula r compartment s foun d i n Eukaryoti c cells . Go -
ing eve r smaller , Ehu d Shapir o presente d hi s mode l o f computatio n i n whic h a 
hypothetical holoenzym e -  lik e the ribosome bu t tailore d fo r computatio n -  act s on 
a DNA-like polymer t o simulate a  Turing Machine , possibly producing molecule s a s 
output. Hi s paper wil l appear elsewhere . Th e paper b y Ashish Gehani , Thoma s 
Labean, an d Joh n Rei f analyse s a  new and unexpecte d directio n fo r DNA-base d 
cryptography: rathe r tha n tr y t o brea k electroni c cryptosystems , us e DN A t o en -
crypt an d transmi t secre t messages . I t seem s ther e i s n o shortag e o f surprise s i n 
the molecula r world . 

During the panel discussion i t was noted tha t i n fields such as computer scienc e 
and quantu m physics , theor y preceed s experiment , whic h onl y goe s s o fa r a s t o 
find a  wa y t o obtai n wha t th e theor y predicts ; wherea s i n fields  suc h a s biolog y 
and solid-stat e physics , experimen t preceed s theory , whic h onl y manage s t o pu t 
the piece s togethe r an d explai n the m i n a  mor e understandabl e form . S o far , 
DNA base d computin g ha s bee n drive n b y theory . Bu t i t i s quit e possible , a s 
unexpected molecula r computin g component s ar e discovered , a s continually occur s 
in Ellington' s lab , tha t th e revers e tren d wil l become dominant . 

So, th e futur e o f DN A computin g look s bright . Bu t don' t reac h fo r you r sun -
glasses. I t i s stil l befor e th e dawn , an d i n th e dar k shadow s I  just stubbe d my  to e 
on something . 

Erik Winfre e 

David Giffor d 

Organizers &  Editor s 
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