
occurred, which 1s characterized hy the  ap- 
p o a c h  and separation of the t\vo vibration- 
al levels and a concom~tan t  intensity trans- 
fer from v,, to vs. Ahove this point, the 
frecl~~ency of the stretching vll7ration ex- 
ceeded the defor l~~at lonal  mode (Fig. 4 ) ,  
llldlcatlllg that proton t~~lll leli l lg hetlveen 
t\vc, potentla1 ln ln i~na  has heen suppressed, 
~vh lch  is consistent ~ v i t h  the presence of 
statlc, syl~llnetric hyclrogen holliis (24).  Fur- 
ther inforlnation o n  the structure, incl~~ciing 
cha~lges in hydrogen positiolls and 
Lilstortioll of the  0 suhlattice, ~vi l l  be pos- 
slhle if synchrotron x-ray measurements o n  
ice are 11laiie in this ne\vly accesslhle pres- 
sure range. 
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Making DNA Add 
Frank Guarnieri, Makiko Fliss, Carter Bancroft* 

Recent studies have demonstrated the feasibility of using DNA-based experiments to 
compute solutions to combinatorial problems. However, a prerequisite for designing a 
computer useful in a wide range of applications is the ability to perform mathematical 
calculations. The development of a DNA-based algorithm for addition is presented. The 
DNA representation of two nonnegative binary numbers is presented in a form permitting 
a chain of primer extension reactions to carry out the addition operation. To demonstrate 
the feasibility of this algorithm, a simple example was executed biochemically. 

I n  a p ~ o ~ ~ e e r l n g  study, Adlelnan used DNA 
to solve a dlrected Halniltonian path prohleln 
( I ) ,  thus delnonstratillg the feaslhllity of a 
molecular approach to the s o l ~ ~ t i o n  of comhi- 
natorial prohlelns. This approach has heen 
extended by Lipton to the soh~tlon of another 
NP-complete prohlem, the "satisfaction" 
prohlem (2) .  These elegant s t ~ ~ d i e s  demon- 
strated h o ~ v  prohle~ns correspo~ldillg to Bool- 
ean formulas can he solved hy a massively 
parallel processillg proceciure that nlakes use 
of the ability of D N A  seilueilces to hybridize 
spec~f ical l~  to their co~~lple~nel l tary  sequenc- 
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es. More recently, Relf has proposed an  ah- 
stract mathematical model for the perfor- 
nlance of parallel molec~~lar  colnputatlon (3). 

It 1s clearly of mterest to design DNA- 
hased c o m p ~ ~ t e r s  capable of performing 
search proced~~res .  Ho\ve\~er, design of a 
versatile computer requires de\~elopment of 
the hit man ip~~ la t ions  for carrylng out addi- 
t1o11. Mathematical ca l c~~ la t ions  such as ad- 
d1tlo11 represent a different prohle111 than 
the  solution of search prohlelns. A search 
prohleln can he solved hy generating all 
posslhle col~lhillatlons and searching for the 
correct o ~ ~ t p u t ,  ~vhereas hinary operatlolls 
such as addltlon r e q ~ ~ i r e  that o~nly the  cor- 
rect output is produced in response to spe- 
cific ~npu t s .  Conseiluently, the addition op- 
eration requires a quite iiifferent Illode1 for 
the use of D N A  111 comput i~lg  than that 
used previo~~sly  for search proced~~res .  As an  
approach to the developl~lent of a generally 
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2' Position 2' Position 

OI'PlOI 
Second digit I J 1 J 

ncri~!/L)CTio,~)) .I OI>PII)/DEF~O.I)/ J 

- { ~ & l l ~ ~ i l . l , ,  .I 

o r r i l ~ l  o P r ( o . r j  J Fig. 1. DNA representation of all possible nonnegatve two-digt binary Second digit '" ''- - 

Integers, to be added parwise. 

Placeholder for 22 ~osition 
useful DNA-haseci computer, Lve have gen- strands ~ ~ 1 1  serve as a prllner for continued 
erated alnd applied a paraiilgln for makln:, extension of the result strand, as follows: If 
D N A  add anv t\vo rational nonnegatlve the  reaction at  the 2" ~ o s ~ t l o n  broueht to - 
hinary numhers. 

W e  first present a general algorithnl for 
DNA-hased ad~iition of any trvo nonnegative 
rational hinary numbers. \Ve hegin \\it11 the 
D N A  represelltation of all posslhle palrs of 
inpi~t  nonnegat~ve t~vo-dlglt integers (Flg. 1 ) .  
The  "first digit" and "second digit" at a given 
2" nosition refer to the v a l ~ ~ e  (either O or 1 )  at  
that position of, respectively, the first and 
second numbers to he added. All DNA se- 
quences are single-stranded, unique, anc-i non- 
complementary, escept that overlining indi- 
cates a cogdementary  DNA sequence [for 
example, DEF(0, 1) is complementary to 
DEF(0, I)] .  A llillnher in parentheses refers to 
a position, whereas a n~lmher not in paren- 
theses refers to the \ ~ a l ~ ~ e  of the digit at  that 
position. The  .first dielt at the 2' nosition is 
iepresentkd 'hy two ~ N A  strands, 'each con- 
taining (from the 5' end) fi"position transfer 
operator" [for example, DEF(0, I ) ,  ~vhich 
transfers inforlnation from the 2" to the 2' 
position], an  element representing the \ a l ~ ~ e  
of the diglt at the 2@ peen, and a "position 
operator" [for example, DEF(O), ~vhicll is used 
only at  the 2' posltion]. The  second digit at 
the 2"osit~on is represented 1 3 ~  a sirgle DNA 
strand with the sequence DEF or OPP if the 
digit is, respect~\.ely, 0 or 1. This strand rep- 
resents an  operator that rvill serve as a prirner 
in a primer extension reaction (4). The sec- 
ond digit at the 2' positlon 1s represented hy 
two D N A  strands, each c s a i n i n g  a p on 
transfer operator [either DEF(0, 1)  or OPP(0, - 
1)  as ahove or a third operator, termed C A R  

the 2 '  position a O anti the value of the 
secon~l  digit a t  the 2l position is a O or 1,  
then the telnplate is, respectively, the  aL7- 
propriate first or second strand. However, if 
the  2" re;lction lxmught to the  2' position a 
1 anil the value of the second digit at  the 2' 
position is also a 1, then the ten~pla te  is the 
third strand representing the value 1,  and 
in addition a 1 milst be "carried" to the 2' 
aosition. T o  nerlnit this final information 
transfer, a placeholder strand for the 2' 
p ~ s i t i o n  is included, rvhich ~vi l l  serve as a 
temnlate to further extend the result D N A  
strand only under appropriate conditions. 
T h e  latter oaerations are analt~eous to the - 
"hit flipping" used in electronic comp~lters. 

As a schematic example, we illustrate the 
use of this algoritllln to add hinary 11 + 01 
(Fig. 2).  The  input DNAs for each of the f o ~ ~ r  
reactlolls ill~lstrateil are as follorvs: the flrst 
and secollii ~ n p u t  2" position diglts (each = 

l ) ,  the second digit at  the 2' position (0) ,  the 

first digit at  the 2l ~ o s i t i o n  ( I ) ,  and the 
placeholder strand. In reaction 1, the operator 
(primer) representing the second digit at  the 
2"ros~tion l~yhrldizes to the appropriate 

strand representing the first dlgit at  the 2' 
position and, ilpon primer extension, yields 
result strand 1 ( R S l ) ,  encoding a O at  the 2' 
pc~sition. In reaction 2, RS1 hyl~ridizes to the 
approprixc strand of the second digit at the 2 '  
position, yielding, after extension of RS1, 
RS2. In reaction 3,  RS2 primes the appropri- 
ate strand of the first digit at the 2 '  position, 
resulting in extension of RS2 to yield RS3, 
now aiiditionally encoding a 0 at  the 2' posi- 
tion. Finally, in reaction 4, RS3 prinles the 
placeholder strand fi:r the 2' position, result- 
1119 In extension of RS3 to vield t l ~ e  final 
result stran~l. These s~~ccessive reactions to- 
gether represent an  esalnple of a process rve 
tern1 a horizontal chain reactLon, in rvhich 
input D N A  sequences serve as successive tern- 

- - 
OPPil] OPPib,I)/ J 

2 , ,  3' 
OPP(O.I)/ O(iI)IOPP(Oi 

, , , , ,  , , , , ,  - , , , , ,  
q+--*- 

s , , , ,  

Result strand 1 OPP(O.I)/ (NO) I OPP(O) 

(0, 1 )  ("Carrier")], a position operator, and a 
J element that will prevent template exten- D E F ~ I , ~ ) ~ ? ( I ) I D C P ( I ) I  .I 

3 
sion. Only one of the strands representing this OPPi1,2)1 :(l j loppil , l  
digit will serve as a template for f~rrther elon- 

1 + 3 ,  0 0 P P O . 1  0 O P P  ., + 

O P P ~ I , ~ ) ~  ~( I ) /=R(I ) /  J Result strand 2 
gation of the result strand. If a 0 or 1 were 
carried from the reaction at  the 2@ posltion, 
the primer extension ternplate would be, re- 
spectively, the first or second strand of this 
digit. Thus, the roles of the position transfer 
operators in the representation of the 2"o- 
sition and the 2' position are, respectively, to 

'send and receive information. The  first digit 
at the 2' position is represellteii 1 3 ~  three 
strands, each containing the indicated four 
elements, defined as above. Only one of these 

Final result strand 

Result strand 3 

Fig. 2. Illustration of the operation 11 + 01 as  an exatnple of a DNA-based algorithm for adding two 
two-dig~t binary numbers. Vertical dotted lines represent hybridization between complementary DNA 
elements, and reiterated arrows represent primer extension 
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~lates  for extension of a result strand. The 
final result strand encodes three digits, inter- 
spersed with operator sequences, that repre- 
sent precisely and in the correct order the 
outcome of the addition omration: 100. In 
addition, each such element'encodes both the 
value and position of a result digit. A number 
of molecular biological approaches could thus 
be applied to the readout operation; for exam- 
ple, use of appropriate oligomers as hybridiza- 
tion probes or polymerase chain reaction 
(PCR) primers, or direct DNA sequencing 
(4) .  

Generalization of this algorithm to the - 
addition of two nonnegative n-digit binary 
numbers is straightforward. If necessary, zeroes 
are added to the left of the smaller integer so 
that both numbers are represented by the 
same number of digits. The two digits in the 
2' position are represented as in Fig. 1. The 
two digits in each of the positions 2' through 
2" are represented as shown for the 2' position 
in Fig. 1, with the following modification. At 
a position i other than 1, unique DNA se- 
auences reuresent the values O(i) and 1 (i), and . . .  

operatorsare replacebpropriately; for ex- 
ample, DEF(1) and DEF(1, 2) b y N A  se- 
auences re~resentine DEF(i) and DEF(i. i + 
i).  ina all^: a placetolder ~ m s t r a n d  'with 
the sequence 5' l (n  + l)/OPP(n, n +1)/J 
3' is included. The addition operation is in 
theory exactly as described above. This op- 
eration will yield a final result strand longer 
than that shown in Fig. 2, but with the 
same basic structure; that is, elements rep- 

resentine in the correct order the numerical " 
outcome of the operation, interspersed with 
operator sequences. This more general al- 
gorithm can readily be extended to the 
addition of any two n-digit positive rational 
numbers (5). 

We have designed and executed an appli- 
cation of our algorithm to DNA-based addi- 
tion of all possible pairs of nonnegative binary 
integers. Addition is performed by combining 
in a test tube primer extension reagents plus 
the DNA strands appropriately representing 
the two numbers to be added, followed by a 
primer extension reaction (6). The predicted 
reactions are illustrated in Fig. 3 (because only 
the 2' position is represented, neither the 
position transfer operators nor the position 
indicators defined above for the general algo- 
rithm are needed). For 0 + 0, the 20-base 
input operator DEF hybridizes specifically to 
the @-base "defining" (first input digit) 
strand, and primer extension elongates the 
DEF operator to yield a 40-base result strand 
encoding DEF plus the result 0. For 0 + 1, the 
20-base input operator OPP hybridizes to the 
70-base "opposite" strand, yielding after prim- 
er extension a 70-base result strand encoding 
OPP plus the result 1. Similarly, input of 1 + 
0 yields a 70-base result strand encoding DEF 
plus the result 1. For 1 + 1 (= 10 in binary 
notation), the first primer extension reaction 
(Fig. 3A) yields the 60-base first result strand 
and transforms the potential primer creator - 
PP into the actual primer PP. Consequently 
(Fig. 3B), the placeholder strand functions as 

. - - -  . 

5' a I K F ~  DEF 
- 
1 1 opP 3' 

+ 3' - 5' - 
5' 

-sob+ ZOb +- 

a template for further extension of this result 
strand, yielding a 110-base result strand. This 
result strand contains a 0 written in the 2' 
position and a 1 that has been carried to the 
2' position. Thus, the placeholder strand has 
yielded transfer of information from the 2' to 
the 2' position, generating a final result strand 
directly encoding the outcome of the addition 
operation, 10 (in binary). This is the simplest 
exam~le of the horizontal chain reaction de- 
scribed above. 

This simple theoretical algorithm was ex- 
ecuted biochemically (6). Figure 4A shows 
that the 0 + 0 operation yielded the expect- 
ed 40-base-long result strand, whereas the 
operations 0 + 1 and 1 + 0 each yielded the 
expected 70-base-long result strand, thus 
satisfying biochemically the required com- 
mutativitv of addition. Similar results for 
the latter two operations were obtained in 
a separate reaction (Fig. 4B), although for 
reasons not presently clear, the 1 + 0 
result strand migrated slightly faster than 
predicted. Figure 2B also shows that the 
operation 1 + 1 yielded the expected 110- 
base-long result strand, demonstrating 
that both of the successive reactions illus- 
trated in Fig. 1, A and B, for this operation 
had occurred. These results demonstrate 
the biochemical execution of the addition 
algorithm depicted in Fig. 3. In ~articular, 
the successful performance of the 1 + 1 
operation demonstrates experimentally 
that a placeholder DNA strand can be 
used to extend a single-digit DNA algo- 
rithm to one in which a second binary 
dieit is incoruorated into the calculation. 

-use of the' general algorithm (Fig. 1) to 

5' 
5 I DEF J. add two large binary numbers may require 

i i i i i some technical modifications. As the number 
. , , a n  
, , , a n  

3 , . ,  ; ;  5 of successive primer extension reactions in- 
creases, the possibility o'f errors in both these 
reactions and the readout process will in- 

s' " 3' 
- 

5' 
I I OPP 3' crease. The introduction of redundant steps 

. , . . ,  
0 + 1 :  - + 3 ~ o P p 5 '  . , , , ,  

l 3, : : : : : or increased hybridization stringency (or 5' 3' ----- *- .- -----. - 
I I- " both) may be useful in overcoming this prob- 

- - 
I 

5' I =F 3' 5' I =F 3, 
- DEF . , , . ,  

. , , . a  

1+0: P P I  i, ~ZP 3, + 3 ' 5 ' -  , , , . a  . , . a ,  A B 
3'-. -----. . . . *. -- - ! P 3  0 1 1  3 r n b ,  1 * * +  

M O T 0  M 1 0 1  

3'- ---- * ----- * ------ . . , , ,  
5' 

I I PP I 0 1 OPP 

Fig. 3. Illustration of a simple DNA-based algorithm for adding two binaty digits. (A) lnput DNA strands 
and expected reactions for the operations 0 + 0,0  + 1, and 1 + 0, and input DNA strands and expected 
first reaction in the 1 + 1 operation. (B) lnput placeholder DNA strand and expected second reaction in 
the 1 + 1 operation. Vertical dotted lines and reiterated arrows are as in Fig 2. 

Fig. 4. Biochemical execution of a simple DNA- 
based algorithm for adding two binaty digits. M. 
single-stranded molecular size markers. Molecu- 
lar sizes are indicated on the left (in bases). (A) 
Products of each of the first three addition reac- 
tions shown in Fig. 3A. (B) Products of the (0 + 1) 
and the (1 + 0) reactions (Fig. 3A) and the sequen- 
tial (1 + 1) reactions (Fig. 3, A and B). 
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lem. Also. cumulative effects of inefficiencies 
in each of the primer extension reactions 
lnay necessitate that the growing result DNA 
strand be isolated, possibly amplified by PCR, 
and the reaction continued in a new test tube 
or tubes containing components required for 
the remaining steps in the algorithm. 

The  first generation addition algorithm 
described here has an obvious limitation. 
Because the output is encoded in a different 
form than the input, it is not presently 
possible to perform either iterative or par- 
allel addition. The  development of a more 
mature DNA-based addition aleorithm will 
require modification of the present proce- 
dure to take full advantage of the enormous 
potential of DNA to engage in massively 
parallel reactions. 

Other aspects of the present algorithm 
deserve comment: (i) The operator corre- 
sponding to the second digit at the 2' posi- 
tion plays a special role, because no primer 
extension reaction would occur without this 
DNA strand. This onerator thus initiates a 
horizontal chain reaction, involving multi- 
ple sequential reactions that ultimately yield 
the final result strand 17). (ii) The amount of , ,  , ,  

DNA required to perform this algorithm 
does not rise exponentially with the number 
of digits n in each of the two numbers to be 
added, but is only a linear function of n. For 
large n, where end effects of the 2' position 
and the plziceholder strand can be ignored, 
representation of each of the two numbers to 
be added reuuires 2.5n DNA strands. iiii) 
The algorithA described here is not techn; 
callv demandine, because the silnnle bio- " 

chemical procedures involved require ap- 
proximately I or 2 days of laboratory work. 

Finally, a distinctive aspect of this algo- 
rithm is the production in each reactlon of 
a successivelv eloneated result DNA strand 
that serves a'dual function in the addition 
operation. One role of the result strand is to 
record, in the proper order, the result of 
each reaction in the operation. In this 
sense, the growing result strand is analogous 
to a passive tape on which the outcome of 
successive operations is written, yielding fi-  
nally an output tape that encodes the result 
of the addition operation. However, the 
growing result strand is also an active par- 
ticipant in the addition algorithm because 
the output result strand for each operation 
(reaction) serves as the operator (primer) 
for the succeeding operation. Thus, the re- 
sult DNA strand serves both as an operator 
that transfers information during the addi- 
tion algorithm and as a tape that records 
the outcome of this algorithm. 
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Maya Blue Paint: An Ancient 
~anostructured Material 

M. Jose-Yacaman,* Luis Rendon, J. Arenas, 
Mari Carmen Serra Puche 

Maya blue paint was often used in Mesoamerica. The origin of its color and its resistance 
to acids and biocorrosion have not been fully understood. High-resolution transmission 
electron microscopy, electron energy loss spectroscopy, and x-ray microanalysis stud- 
ies of authentic samples show that palygorskite crystals in the paint form a superlattice 
that probably occurs as a result of mixing with indigo molecules. An amorphous silicate 
substrate contains inclusions of metal nanoparticles encapsulated in the substrate and 
oxide nanoparticles on the surface. The beautiful tone of the color is obtained only when 
both the particles and the superlattice are present. 

W h e n  studying Mayan archeological sites, tified on ancient or medieval paintings from 
researchers are always stunned by the blue Europe or Asia. It is not based on copper or 
color often used in pottery, murals, and on ground lapis lazuli or lazurite, which are 
ceremonial artifacts. The color first de- common in European and Asian paintings 
scribed in the Chichen Itza ruins by Merwin (3). Maya blue was used in Mesoamerica 
( 1 )  was named Maya blue by Gettens (2).  and colonial Mexico probably as late as the 
This color differs from any blue ever iden- 20th century (Fig. 1). In addition to its 

beautiful look. Mava blue is resistant to 
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diluted mineral aciik, alkalis, solvents, oxi- 
dants, reducing agents, moderate heat, and 
even biocorrosion. Paintings in the Bonam- 
pak archeological site have retained their 
blue color after centuries in the extreme 
conditions of the rain forest. 

The  structure of the material and the 
origin of the Maya blue color have been 
debated extensively. Maya blue contains 
clays (mainly palygorskite mixed with 
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