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(57) ABSTRACT 

The present invention outlines a novel approach to utilizing 
the results of genomic sequence information by computer 
directed polynucleotide assembly based upon information 
available in databases such as the human genome database. 
Speci?cally, the present invention may be used to select, 
synthesiZe and assemble a novel, synthetic target polynucle 
otide sequence encoding a target polypeptide. The target 
polynucleotide may encode a target polypeptide that exhibits 
enhanced or altered biological activity as compared to a 
model polypeptide encoded by a natural (Wild-type) or 
model polynucleotide sequence. 



Patent Application Publication Mar. 10, 2005 Sheet 1 0f 17 US 2005/0053997 A1 

F1 

GOO GOO O00 O00 OOOQERVOO OOOIiOOO OOOQQIOO OOODJOOO OOQQGOOO GO 000 CO 000 O0 @0000 OOwmmOOO O0 000 AacUE-PGN ‘OOOOOOOO OOOOOOOO OOOOOOOO. 
R12- - 

l I I l I l 1 I 9 [B H II 

OOOOOOOO 
T1 

00000000 000 saw 000 0003>l000 00060000 0003000 00 000 00 00.0 00 0000 O0 0.00 00000000 OOOlqDOOO . OOOOOOOO ABCDEFGN 00008.00 oooonnoo OOOQQJZ-O OOO®®0OO OOOIIQOO oooéa?oo OOO' H 000 OOOOOaOO OOO_$._.OO OOOtQtOO ABCDEFGH 
// 

S2 4 

Biomek Set¢up 

Figure l, - I 



Patent Application Publication Mar. 10, 2005 Sheet 2 0f 17 US 2005/0053997 A1 

Genewriter - Olig'oriuclgotide Pooling Plan 

F-AS 

R-AS 

1'23 45 6139104112. 

00000000.. OOOOGGQO @OQOQGOO OOGOOOOOJ OOODOOOO OOGGGOGG . 00000000 00000000 00000000 00000000 GOOQGGGO. OOGGOOOG 
12's 4 5 a 7 a 9.'1o11.'12‘-' 

.ABCD.EF..G H. 

00000000, 00000000 . @OOGGGOG 60000000 0 QGOOGOOQ . OGOGGOOO OOOOGOOO OOOOGGGO OGGGGOOG OOGOOGOG. 00000000 00000000 A.BCDEFGH 
Figure 



Patent Application Publication Mar. 10, 2005 Sheet 3 0f 17 US 2005/0053997 A1 

OOOOOOOO . 00000000. 00000000 7 0800000 

. _ PCR ampli?cation 

-% V ' 

' Figure 3 ‘ 



Patent Application Publication Mar. 10, 2005 Sheet 4 0f 17 US 2005/0053997 A1 

~° Hazimiict?c 
nanovuluml 
‘dispenser 

-‘—-——> 
-' ‘ x-y stage ‘ 

Synthesis 
chamber! 

Syringe pump , 

poollnglasaernbty >_ 
manlfald . 

assembled gene 

Figure A 



Patent Application Publication Mar. 10, 2005 Sheet 5 0f 17 US 2005/0053997 A1 

3' GAGCTACGMGCTBACTAAAGCOCA 5' 

6' OATCGTTATTCOCTCGATG-CTTCOA 3' 1M ’ 5' CTGATTTCGCGTATACTAATC c‘rs'r 1‘ 

2. Ollgcnucleo?da 
poailng and . - 

anneallng l 

O 3. Qligbnuciedtlda 
' assembly Bum.“ 

" GATCGTTATTCQCTCCIATCIQ‘I‘I'CGyCTOATTTSBGGTATACTMTCCTGT 3' 
' ‘ macncanac‘rmcnuaccn 

Figure 5 



Patent Application Publication Mar. 10, 2005 Sheet 6 0f 17 US 2005/0053997 A1 

\QQOOOO . 

.3 

booooooo. :oooooo , 
i ‘Q :30. 

Figure 6 



Patent Application Publication Mar. 10, 2005 Sheet 7 0f 17 US 2005/0053997 A1 

‘88008 
Figure 7 

Figure 8 

o a e e0»??? 
nae-2. i . 

. .4" .OQQQQQQ 



Patent Application Publication Mar. 10, 2005 Sheet 8 0f 17 US 2005/0053997 A1 

». u n - m 
u "a ‘I gumlllll 
liq-In 

um “mm-an 
I. 

I Figure 9 



Patent Application Publication Mar. 10, 2005 Sheet 9 0f 17 US 2005/0053997 A1 

- _ ‘ i '_ cavern": 

E - J 

QR pullqllu mlanluldlo imanmh 

palm charm-ll . 

Tumult-utm 

/ manual 

13?’ - -1 

Figure 10 



Patent Application Publication Mar. 10, 2005 Sheet 10 0f 17 US 2005/0053997 A1 

Gonuurihr Ph?urm Design . ' 
l I 96 ml! plan. uddmusd with 15 pinzlulbcuiu 
nnnovnlumo dllpanu heads; One-washldry station 
and um additional plats station. 5 plat: mauazad by 

i I llngh vacuum‘m?nn. 

‘Capacity of B x 9: I 758 algal/run 

Figure 1 1 



Patent Application Publication Mar. 10, 2005 Sheet 11 0f 17 US 2005/0053997 A1 

cmm mum Design - High tiapldty Mode , ‘ ‘ 
8-: 1535 well mica-any plum addruuod ‘nth 1G Hezbollah: 
nlnuvuluma alumna hand‘; Ono \nlhléry nl?an - 
and cm lddltlnnll plan union. 18 plan avian-tad by 
l singl- nmum Man. ‘ ' 

Capacity at 5 x 1636 = 12,286 cilia-{run 

' 1535 will mum 
plum: 

‘Bi-‘K 

.vhr 

oooooo . 

oooooooo _~ 
oooooooo = 

ooooogoo . ooooo cc: . 
oooooooo 

Figure 12 



Patent Application Publication Mar. 10, 2005 Sheet 12 0f 17 US 2005/0053997 A1 

1 ' " ammn'rmmmccr“ l"n-r1cmmccm" 

I‘ alum-mammalian?“ ‘' 

2‘ . V ~~<~4 
" cmanurrcaocum' u?cmwunam " 

r mmaanmm r 

3 x " _mlumcmml=:n " 

'' WWW! numumamarmlc:f..." ' ' 

I‘ :gncwlnmaumm P I I 

figure 13 



Patent Application Publication Mar. 10, 2005 Sheet 13 0f 17 US 2005/0053997 A1 

Figure 14 



Patent Application Publication Mar. 10, 2005 Sheet 14 0f 17 US 2005/0053997 A1 

-. 

.qclllvl 

Figure 15' I 



Patent Application Publication Mar. 10, 2005 Sheet 15 of 17 US 2005/0053997 A1 

FER In; Fl 2 FAB 

,_ Bidirectional primer extension strategy for gene assembly 

1 

2 'rn 

AncnEFWH 

- PCR émpi?cation 2. 
-4 

Figure 16 



Patent Application Publication Mar. 10, 2005 Sheet 16 0f 17 US 2005/0053997 A1 

I System Diagram for Genewriter 

Compmer I 

Oligonucbotide 
array synthesizer I 

Ge newriter Arrays o1 
instrument component 
system oligonudeotid es 

Gene assembler ' v ‘ - l 

Bacterial . 

transformation “ 

Bacteria expréssing 
' genelpmtein ' 

Figure 17 



Patent Application Publication Mar. 10, 2005 Sheet 17 0f 17 US 2005/0053997 A1 

Perspective view of Genewriter Instrument 

_ Genewrfter diagram 

Oiigonudeotide anay synthesis 

'Poohng manifold Slnthesis plates 

Gene symhesisltransfonna?on 
vessel 

_‘ * Bactedaltransforimation ‘ 
Cloneblate A 

Figure 18 



US 2005/0053997 A1 

COMPUTER-DIRECTED ASSEMBLY OF A 
POLYNUCLEOTIDE ENCODING A TARGET 

POLYPEPTIDE 

[0001] This application is based on, and claims the bene?t 
of, US. Provisional Application No. 60/262,693, ?led Jan. 
19, 2001, and entitled COMPUTER-DIRECTED ASSEM 
BLY OF A POLYNUCLEOTIDE ENCODING A TARGET 
POLYPEPTIDE, and Which is incorporated herein by ref 
erence. 

TECHNICAL FIELD 

[0002] The present invention relates generally to the area 
of bioinformatics and more speci?cally to methods, algo 
rithms and apparatus for computer directed polynucleotide 
assembly. The invention further relates to the production of 
polypeptides encoded by polynucleotides assembled by the 
invention. 

BACKGROUND 

[0003] EnZymes, antibodies, receptors and ligands are 
polypeptides that have evolved by selective pressure to 
perform very speci?c biological functions Within the milieu 
of a living organism. The use of a polypeptide for speci?c 
technological applications may require the polypeptide to 
function in environments or on substrates for Which it Was 
not evolutionarily selected. Polypeptides isolated from 
microorganisms that thrive in extreme environments provide 
ample evidence that these molecules are, in general, mal 
leable With regard to structure and function. HoWever, the 
process for isolating a polypeptide from its native environ 
ment is expensive and time consuming. Thus, neW methods 
for synthetically evolving genetic material encoding a 
polypeptide possessing a desired activity are needed. 

[0004] There are tWo Ways to obtain genetic material for 
genetic engineering manipulations: (1) isolation and puri? 
cation of a polynucleotide in the form of DNA or RNA from 
natural sources or (2) the synthesis of a polynucleotide using 
various chemical-enZymatic approaches. The former 
approach is limited to naturally-occurring sequences that do 
not easily lend themselves to speci?c modi?cation. The 
latter approach is much more complicated and labor-inten 
sive. HoWever, the chemical-enZymatic approach has many 
attractive features including the possibility of preparing, 
Without any signi?cant limitations, any desirable polynucle 
otide sequence. 

[0005] TWo general methods currently exist for the syn 
thetic assembly of oligonucleotides into long polynucleotide 
fragments. First, oligonucleotides covering the entire 
sequence to be synthesiZed are ?rst alloWed to anneal, and 
then the nicks are repaired With ligase. The fragment is then 
cloned directly, or cloned after ampli?cation by the poly 
merase chain reaction (PCR). The polynucleotide is subse 
quently used for in vitro assembly into longer sequences. 
The second general method for gene synthesis utiliZes 
polymerase to ?ll in single-stranded gaps in the annealed 
pairs of oligonucleotides. After the polymerase reaction, 
single-stranded regions of oligonucleotides become double 
stranded, and after digestion With restriction endonuclease, 
can be cloned directly or used for further assembly of longer 
sequences by ligating different double-stranded fragments. 
Typically, subsequent to the polymerase reaction, each seg 
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ment must be cloned Which signi?cantly delays the synthesis 
of long DNA fragments and greatly decreases the ef?ciency 
of this approach. 

[0006] The creation of entirely novel polynucleotides, or 
the substantial modi?cation of existing polynucleotides, is 
extremely time consuming, expensive, requires complex and 
multiple steps, and in some cases is impossible. Therefore, 
there exists a great need for an efficient means to assemble 
synthetic polynucleotides of any desired sequence. Such a 
method could be universally applied. For example, the 
method could be used to ef?ciently make an array of 
polynucleotides having speci?c substitutions in a knoWn 
sequence that is expressed and screened for improved func 
tion. The present invention satis?es these needs by providing 
ef?cient and poWerful methods and compositions for the 
synthesis of a target polynucleotide encoding a target 
polypeptide. 

SUMMARY 

[0007] The present invention addresses the limitations in 
present recombinant nucleic acid manipulations by provid 
ing a fast, ef?cient means for generating a nucleic acid 
sequence, including entire genes, chromosomal segments, 
chromosomes and genomes. Because this approach is based 
on a completely synthetic approach, there are no limitations, 
such as the availability of existing nucleic acids, to hinder 
the construction of even very large segments of nucleic acid. 

[0008] In one embodiment, the invention provides a 
method of synthesiZing a target polynucleotide sequence 
including; a) providing a target polynucleotide sequence; b) 
identifying at least one initiating polynucleotide present in 
the target polynucleotide Which includes at least one plus 
strand oligonucleotide annealed to at least one minus strand 
oligonucleotide resulting in a partially double-stranded 
polynucleotide comprised of a 5‘ overhang and a 3‘ over 
hang; c) identifying a second polynucleotide present in the 
target polynucleotide Which is contiguous With the initiating 
polynucleotide and includes at least one plus strand oligo 
nucleotide annealed to at least one minus strand oligonucle 
otide resulting in a partially double-stranded polynucleotide 
comprised of a 5‘ overhang, a 3‘ overhang, or a 5‘ overhang 
and a 3‘ overhang, Where at least one overhang of the second 
polynucleotide is complementary to at least one overhang of 
the initiating polynucleotide; d) identifying a third poly 
nucleotide present in the target polynucleotide Which is 
contiguous With the initiating sequence and includes at least 
one plus strand oligonucleotide annealed to at least one 
minus strand oligonucleotide resulting in a partially double 
stranded polynucleotide comprised of a 5‘ overhang, a 3‘ 
overhang, or a 5‘ overhang and a 3‘ overhang, Where at least 
one overhang of the third polynucleotide is complementary 
to at least one overhang of the initiating polynucleotide 
Which is not complementary to an overhang of the second 
polynucleotide; e) contacting the initiating polynucleotide 
With the second polynucleotide and the third polynucleotide 
under conditions and for such time suitable for annealing, 
the contacting resulting in a contiguous double-stranded 
polynucleotide, resulting in the bi-directional extension of 
the initiating polynucleotide; f) in the absence of primer 
extension, optionally contacting the mixture of e) With a 
ligase under conditions suitable for ligation; and g) option 
ally repeating b) through f) to sequentially add double 
stranded polynucleotides to the extended initiating poly 
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nucleotide through repeated cycles of annealing and 
ligation, Whereby a target polynucleotide is synthesized. 

[0009] The invention further provides a method of syn 
thesiZing a target polynucleotide including: a) providing a 
target polynucleotide sequence derived from a model 
sequence; b) identifying at least one initiating polynucle 
otide sequence present in the target polynucleotide sequence 
of a), Wherein the initiating polynucleotide including: 1) a 
?rst plus strand oligonucleotide; 2) a second plus strand 
oligonucleotide contiguous With the ?rst plus strand oligo 
nucleotide; and 3) a minus strand oligonucleotide including 
a ?rst contiguous sequence Which is at least partially 
complementary to the ?rst plus strand oligonucleotide and 
second contiguous sequence Which is at least partially 
complementary to the second plus strand oligonucleotide; c) 
annealing the ?rst plus strand oligonucleotide and the sec 
ond plus strand oligonucleotide to the minus strand oligo 
nucleotide of b) resulting in a partially double-stranded 
initiating polynucleotide including a 5‘ overhang and a 3‘ 
overhang; d) identifying a second polynucleotide sequence 
present in the target polynucleotide sequence of a), Wherein 
the second polynucleotide sequence is contiguous With the 
initiating polynucleotide sequence and includes: 1) a ?rst 
plus strand oligonucleotide; 2) a second plus strand oligo 
nucleotide contiguous With the ?rst plus strand oligonucle 
otide; and 3) a minus strand oligonucleotide comprising a 
?rst contiguous sequence Which is at least partially cornple 
rnentary to the ?rst plus strand oligonucleotide and second 
contiguous sequence Which is at least partially complemen 
tary to the second plus strand oligonucleotide; e) annealing 
the ?rst plus strand oligonucleotide and the second plus 
strand oligonucleotide to the minus strand oligonucleotide of 
d) resulting in a partially double-stranded second polynucle 
otide, Wherein at least one overhang of the second poly 
nucleotide is cornplernentary to at least one overhang of the 
initiating polynucleotide; f) identifying a third polynucle 
otide present in the target polynucleotide of a), Wherein the 
third polynucleotide is contiguous With the initiating 
sequence and comprises: 1) a ?rst plus strand oligonucle 
otide; 2) a second plus strand oligonucleotide contiguous 
With the ?rst plus strand oligonucleotide; and 3) a minus 
strand oligonucleotide comprising a ?rst contiguous 
sequence Which is at least partially complementary to the 
?rst plus strand oligonucleotide and second contiguous 
sequence Which is at least partially complementary to the 
second plus strand oligonucleotide; g) annealing the ?rst 
plus strand oligonucleotide and the second plus strand 
oligonucleotide to the minus strand oligonucleotide of f) 
resulting in a partially double-stranded second polynucle 
otide, Wherein at least one overhang of the third polynucle 
otide is complementary to at least one overhang of the 
initiating polynucleotide and not complementary to an over 
hang of the second polynucleotide; h) contacting the initi 
ating polynucleotide of c) With the second polynucleotide of 
e) and the third polynucleotide of g) under conditions and for 
such time suitable for annealing, the contacting resulting in 
a contiguous double-stranded polynucleotide, Wherein the 
initiating sequence is extended bi-directionally; i) in the 
absence of primer extension, optionally contacting the mix 
ture of h) With a ligase under conditions suitable for ligation; 
and optionally repeating b) through i) to sequentially add 
double-stranded polynucleotides to the extended initiating 
polynucleotide through repeated cycles of annealing and 
ligation, Whereby a target polynucleotide is synthesiZed. 
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[0010] In another embodiment, the invention provides a 
method a method for synthesiZing a target polynucleotide, 
including; a) providing a target polynucleotide sequence 
derived from a model sequence; b) identifying at least one 
initiating polynucleotide present in the target polynucleotide 
Which includes at least one plus strand oligonucleotide 
annealed to at least one rninus strand oligonucleotide; c) 
contacting the initiating polynucleotide under conditions 
suitable for primer annealing With a ?rst oligonucleotide 
having partial cornplernentarity to the 3‘ portion of the plus 
strand of the initiating polynucleotide, and a second oligo 
nucleotide having partial cornplernentarity to the 3‘ portion 
of the minus strand of the initiating polynucleotide; d) 
catalyZing under conditions suitable for primer extension: 1) 
polynucleotide synthesis from the 3‘-hydroxyl of the plus 
strand of the initiating polynucleotide; 2) polynucleotide 
synthesis from the 3‘-hydroxyl of the annealed ?rst oligo 
nucleotide; 3) polynucleotide synthesis from the 3‘-hydroxyl 
of the minus strand of the initiating polynucleotide; and 4) 
polynucleotide synthesis from the 3‘-hydroxyl of the 
annealed second oligonucleotide, resulting in the bi-direc 
tional extension of the initiating sequence thereby forming a 
nascent extended initiating polynucleotide; e) contacting the 
extended initiating polynucleotide of d) under conditions 
suitable for primer annealing With a third oligonucleotide 
having partial cornplernentarity to the 3‘ portion of the plus 
strand of the extended initiating polynucleotide, and a fourth 
oligonucleotide having partial cornplernentarity to the 3‘ 
portion of the minus strand of the extended initiating poly 
nucleotide; f) catalyZing under conditions suitable for primer 
extension: 1) polynucleotide synthesis from the 3‘-hydroxyl 
of the plus strand of the extended initiating polynucleotide; 
2) polynucleotide synthesis from the 3‘-hydroxyl of the 
annealed third oligonucleotide; 3) polynucleotide synthesis 
from the 3‘-hydroxyl of the minus strand of the extended 
initiating polynucleotide; and 4) polynucleotide synthesis 
from the 3‘-hydroxyl of the annealed fourth oligonucleotide, 
resulting in the bidirectional extension of the initiating 
sequence thereby forming a nascent extended initiating 
polynucleotide; and g) optionally repeating e) through f) as 
desired, resulting in formation of the target polynucleotide 
sequence. 

[0011] The invention further provides a method for iso 
lating a target polypeptide encoded by a target polynucle 
otide generated by a method of the invention by; a) incor 
porating the target polynucleotide in an expression vector; b) 
introducing the expression vector into a suitable host cell; c) 
culturing the cell under conditions and for such time as to 
promote the expression of the target polypeptide encoded by 
the target polynucleotide; and d) isolating the target 
polypeptide. 
[0012] The invention further provides a method of syn 
thesiZing a target polynucleotide including; a) providing a 
target polynucleotide sequence derived from a model 
sequence; b) chernically synthesiZing a plurality of single 
stranded oligonucleotides each of Which is partially cornple 
rnentary to at least one oligonucleotide present in the plu 
rality, Where the sequence of the plurality of 
oligonucleotides is a contiguous sequence of the target 
polynucleotide; c) contacting the partially cornplernentary 
oligonucleotides under conditions and for such time suitable 
for annealing, the contacting resulting in a plurality of 
partially double-stranded polynucleotides, Where each 
double-stranded polynucleotide includes a 5‘ overhang and 








































