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CONTROL OF THE EXPRESSION OF ANCHORED 
GENES USING MICRON SCALE HEATERS 

FIELD OF THE INVENTION 

[0001] The present invention relates to methods and prod 
ucts for controlling the expression of genes immobilized on 
a temperature controlled template. More particularly, the 
invention relates to the use of an in vitro method and 
apparatus for controlling gene expression. 

BACKGROUND OF THE INVENTION 

[0002] Gene expression is controlled by a variety of 
regulatory mechanisms (Alberts B, et al. (1994) “Molecular 
Biology of the Cell” NeW York, Garland). Advances in 
genome sequencing (Olson M. V. (1993) Proc. Natl. Acad. 
Sci. 90:4338-4344) and DNA chips (“DNA chips” (1999) 
Special Issue, Nature Genetics, suppl. vol. 21, January, 
1999) provide insight into the collective gene expression 
pattern and protein function that control netWorks in cells. 

[0003] Protein production is a result of a tWo step process: 
transcription and translation. First RNA polymerase (RNAP) 
transcribes DNA into messenger RNA (MRNA) and subse 
quently a ribosome translates mRNA into a protein. During 
translation, the protein is in a stable complex With mRNA 
via the ribosome. At the end of translation, When the 
ribosome reaches a stop codon, the neWly synthesiZed 
protein is released from the ribosome as Well as the mRNA. 
Similarly, in transcription, the mRNA stays associated With 
the DNA via RNAP, and is released When the polymerase 
reaches a terminal signal. 

[0004] For translation, the stop codon used are UAA, 
UGA or UAG. Experimentally one can delete the stop codon 
function. In one method a piece of DNA is annealed comple 
mentary to the sequence along the coding sequence 
(betWeen start and stop codon). Under such conditions, the 
translation stalls at the annealing site, and the protein 
remains in complex With the ribosome and mRNA (Hae 
uptle, et al. (1986) Nucleic Acids Res 14(3):1427-48). In 
another approach, the stop codon is deleted from the initial 
DNA. Without stop codon, the ribosome Will move along the 
mRNA to the very last base, but Will not release the protein. 
Such “stopless” coding has been is used in experiments 
Where a stable attachment of protein to the mRNA is 
required, for example, in vitro protein evolution (He et al. 
(1997) Nucleic Acids Res. 25(24):5132-5134) and co-trans 
lational protein folding (Fedorov et al. (1995) Proc. Natl. 
Acad. Sci. USA 92(4):1227-1231; Makeyev, et al. (1996) 
FEBS Lett 378(2):166-170). 

[0005] Normally the signal to terminate transcription is a 
terminator sequence on the DNA. The signal, in vitro, can 
also be the very end of a linear DNA. This end-of-DNA 
termination signal is commonly used in run-off transcrip 
tion, Where RNAP runs to the end of DNA and falls off from 
it. There are methods to prevent RNAP from reaching the 
termination signal, for example, by covalently crosslinking 
the DNA duplex structure (Shi, et al. (1988) J. Biol. Chem. 
263(1):527-534;Shi, et al. (1988) J. M01. Biol. 199(2):277 
293), or by DNA lesion (Sauerbier et al. (1978) Annu. Rev. 
Genet. 12:329-363; Mellon et al. (1989) Nature 
342(6245):95-98; (Selby et al. (1993) Science 263(1):527 
534). Under these conditions, mRNA remains attached to the 
DNA via RNAP. 
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[0006] The human genome is the genetic material in 
human egg and sperm cells Which contain 3><109 base pairs 
(bp) of DNA. The sequence of 3><109 bp corresponds to 750 
megabytes of information. If the sequence of the human 
genome could be determined, it Would be possible to store 
and manipulate it on a personal computer. Olson (1993) 
Proc. Natl. Acad. Sci. USA 90:4338-4344. Re?nements in 
experimental protocols, instrumentation and project man 
agement have made it practical to acquire sequence data on 
an enlarged scale. Id. Once genomic sequences are knoWn 
any gene construct is easy to implement. Once function is 
understood it becomes possible to realiZe in vitro protein 
netWorks (Jermutus et al. (1998) Curr. Op. Biotechnology 
9:534-548) similar to the biological ones. 

[0007] Arrays offer a systematic Way to survey DNA and 
RNA variation. Lander (1999) PerspectivezNature Genetics, 
suppl: 1-8. Arrays offer opportunities to analyZe large num 
bers of sequence interactions. Southern et al. (1999) Nature 
Genetics (supp) 21:5-9. Array-based methods of observing 
DNA hybridiZation to complementary RNA are knoWn in 
the art. Id. 

SUMMARY OF THE INVENTION 

[0008] The present invention is directed to the use of 
micron scale heaters for gene expression. The present inven 
tion is based on the unique determination that in vitro 
temperature controlled protein expression is achievable on a 
micron scale. 

[0009] The micron scale heaters and methods of the 
present invention are useful for preparing in vitro program 
mable protein netWorks and protein micro arrays. In accor 
dance With the present invention protein micro arrays are 
synonymous With biological chips or DNA chips. The prod 
ucts and methods of the present invention are particularly 
useful for comparative expression analysis, the analysis of 
molecular interactions and for providing insights into com 
plex biochemical netWorks. 

[0010] One embodiment of the present invention provides 
an apparatus for controlling gene expression comprising a 
temperature-controlled template having a nucleic acid con 
struct immobiliZed thereon. The temperature-controlled 
template comprises a metal oxide pad With attached elec 
trodes. In a preferred embodiment the metal oxide pad is an 
indium tin oxide (ITO) pad. 

[0011] The metal oxide pad is affixed to a substrate, such 
as glass, for example. The metal oxide pads contain avidin 
coated beads, Which bind to biotinylated nucleic acid con 
structs. The metal oxide-substrate combination of the 
present invention is mounted on a Water-cooled brass sample 
plate. The apparatus also optionally includes a means for 
detecting protein expression. 
[0012] Another embodiment of the present invention pro 
vides an in vitro programmable protein micro array. Such 
array includes a plurality of temperature-controlled metal 
oxide pads (e.g. ITO pads) mounted on a substrate (e.g. 
glass) Wherein each pad is individually temperature-con 
trolled. Each temperature-controlled metal oxide pad com 
prises at least one immobiliZed nucleic acid construct of a 
speci?c type Which is capable expressing a protein Which is 
localiZed With the nucleic acid construct. 

[0013] In another embodiment, the present invention pro 
vides an in vitro programmable protein netWork having a 
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plurality of temperature-controlled metal oxide pads (e.g. 
ITO) mounted on a substrate (e.g. glass) Wherein each pad 
is individually temperature-controlled. Each temperature 
controlled metal oxide pad comprises at least one immobi 
liZed nucleic acid construct of a different type Which is 
capable expressing a protein Which is released from the 
nucleic acid construct. 

[0014] The present invention also provides an in vitro 
method of controlling gene expression by immobiliZing a 
nucleic acid construct on a temperature-controlled template, 
applying a cell extract, expressing a protein and detecting 
the expression of the protein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 is a schematic of the experimental setup. 
The ITO glass slide is mounted on a Water-cooled bath. The 
sample chamber is thermally anchored to de?ne a homoge 
neous sample temperature. Asimple re?ection microscope is 
used to visualiZe and detect using a PMT detector. (a) (inset): 
Photo of the ITO slide. 6 transparent ITO pads (100 pm><100 
pm) are connected With the gold electrodes. (b) Photo of a 
single ITO pad after lithographic patterning of avidin coated 
beads to immobiliZe the biotin-DNA construct. (c) Sche 
matic of DNA attachment and in-vitro transcription/transla 
tion. 

[0016] FIG. 2A: A calibrated thermocouple is put in 
contact With the ITO pad. Temperature versus current is 
plotted. The solid line is an exponential ?t. 

[0017] FIG. 2B: Temperature pro?le recorded by scan 
ning the thermocouple along to the ITO pad. 

[0018] FIG. 3 shoWs the light emission of luciferase 
plotted as a function of time. 

[0019] FIG. 4 shoWs measured luminescence at T=30° C. 
versus time for the three DNA constructs immobiliZed on the 
ITO slide. (a) the mRNA and Protein are released; (b) 
mRNA is bound to the DNA but the protein is released; (c) 
both the mRNA and the protein are bound to the DNA 
construct. 

[0020] FIG. 5 shoWs controlled expression of Luciferase 
on the ITO slide. Three independent measurements of lumi 
nescence verus time at different temperatures: (a) T=5° C.; 
(b) T=18° C.; (c) T=28° C. 

[0021] FIG. 6 shoWs a line scan of controlled expression 
on the ITO slide. The Luciferase protein is attached to RNA 
and DNA after translation. The Intensity pro?le of the ITO 
pad shoWs localiZation of the protein. The control shoWs the 
Intensity pro?le of a second pad, Which is not heated. 

[0022] FIG. 7 demonstrates protein production observed 
by luminescence as the ITO pad current is turned on at 40 
mA and off. The bottom recording indicates luminescence 
When the construct is not anchored to the ITO but the entire 
reaction medium is present. 

[0023] FIG. 8 shoWs a programmable protein network, 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0024] The present invention is directed to an apparatus 
and method of controlling the expression of anchored genes. 
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[0025] Speci?cally, it has been discovered by the present 
inventors that anchoring gene constructs on a local tempera 
ture heater and using cell extracts as the reaction medium, 
permits controlled protein synthesis. In accordance With the 
present invention, it has also been found that by using 
different nucleic acid constructs, the expressed protein 
remains bound to the DNA coding sequence or is released 
from it. When the protein remains bound to the DNA coding 
sequence, protein chips are obtained. 

[0026] An in vitro programmable protein micro array is 
therefore provided having a plurality of temperature-con 
trolled metal oxide pads 102 mounted on a substrate 104 
Wherein each pad is individually temperature-controlled. 
The temperature-controlled metal oxide pads have at least 
one immobiliZed nucleic acid construct 106 thereon. The 
immobiliZed nucleic acid construct on the micro-array is 
uniform. By “uniform” is meant one speci?c type of nucleic 
acid construct (e.g. DNA encoding luciferase or polymerase) 
Which is capable of expressing a protein. In accordance With 
the present invention, the expressed protein is localiZed With 
the immobiliZed nucleic acid construct as a consequence of 
the deletion of the stop codon from the nucleic acid con 
struct. 

[0027] The present invention also provides an in vitro 
programmable protein netWork having a plurality of tem 
perature-controlled metal oxide pads mounted on a substrate 
Wherein each pad is individually temperature-controlled. 
The temperature-controlled metal oxide pads have at least 
one immobiliZed nucleic acid construct thereon. The immo 
biliZed nucleic acid construct on the programmable protein 
netWork is non-uniform. By “nonuniform” is meant a plu 
rality of diverse nucleic acid constructs (e.g. DNA encoding 
each molecule in a complex biochemical pathWay, such as a 
gene regulation pathWay (see Example 5, infra) Which are 
each capable of expressing a protein. The skilled artisan 
appreciates, in accordance With the present invention, that 
tWo or more non-uniform nucleic acid constructs may be 
applied to tWo or more adjacent temperature-controlled pads 
to cause sequential protein expression. By “adjacent” is 
meant temperature-controlled pads that are less than about 2 
mm apart, so as to permit migration of protein from one pad 
to another, by diffusion, for example. 

[0028] In accordance With the present invention, the 
expressed protein of the protein netWork-is released from the 
immobiliZed nuclei acid construct and migrates to an adja 
cent pad (containing a construct encoding the next protein in 
the pathWay) Where additional and diverse protein is con 
trollably expressed. Release of the protein is achieved in 
accordance With the present invention by preparing a nucleic 
acid construct Which contains a stop codon Within the coding 
region of the construct. 

[0029] Accordingly, the present invention employs an 
apparatus containing nucleic acid constructs immobiliZed at 
designated positions thereto and methods that are useful for 
the controlled expression of proteins for the manufacture of 
programmable protein netWorks, protein micro-arrays. The 
present invention also provides individual chips for com 
parative expression analyses. 

[0030] By “nucleic acid construct” is meant a DNAhaving 
three regions: a control region, a protein coding sequence, 
and a spacer. A preferred control region comprises a T7 
promoter. Another preferred control region comprises a T3 



US 2002/0055146 A1 

promoter. A preferred spacer comprises at least about 30 
base pairs. The present invention contemplates a spacer 
region having several hundred base pairs. 

[0031] “A temperature-controlled template” as used 
herein, refers to at least one individual metal oxide pad 
fabricated on a rigid substrate, such as for example a 
gold-coated glass or silicon substrate. Preferred metal oxide 
pads of the present invention include indium tin oxide (ITO) 
pads. Preferably, the ITO pads are about 1 pm thick and have 
an area of about 100 pm><100 pm, more preferably about 20 
pm><20 pm and most preferably about 10 pm><10 pm. A 
preferred substrate is -glass. The preferred device comprises 
one or more ITO pads fabricated on a glass substrate. 

[0032] In accordance With the present invention tempera 
ture is used as a control parameter. Local variation of 
temperature is achieved by applying electrical current to the 
individual pads. 

[0033] The present invention provides an ITO-micro 
heater pad fabricated on a glass coverslip. Any number of 
micro-heater pads are contemplated by the present invention 
to be fabricated on a glass coverslip based on the surface 
area of the glass coverslip and the surface area of the 
micro-heater pad. Moreover, it is contemplated that each 
micro-heater pad Will contain either one type of DNA, 
alloWing for the formation of a protein chip or several 
different types of DNA, alloWing for the formation of 
protein netWorks. 

[0034] In accordance With the present invention, each ITO 
pad acts as an individual heating element to provide a local 
temperature control of gene expression. Each ITO pad is 
connected to a poWer source, preferably by gold electrodes 
108. In a preferred embodiment the ITO pads are spaced 
about 1 pm to about 5 mm apart. More preferably the ITO 
pads are spaced about 1 mm apart. 

[0035] The temperature of individual ITO pads is con 
trolled by a conventional poWer source. The pads are con 
trolled to cover a temperature range from about 1° C. to 
about 100° C. and most preferably from about 5° C. to about 
40 ° C. The resistance of the pads is preferably about 5 Ohms 
to about 100 Ohms and most preferably about 50 Ohms. To 
heat the pad, a dc current from 0 to about 100 mA is applied. 
Most preferably the applied dc current is about 40 mA. 

[0036] In one embodiment of the present invention, DNA 
is attached to its encoded protein by the alteration of 
transcription and translation. In accordance With the present 
invention a double alteration method is used to prevent both 
transcription and translation termination. To prevent tran 
scription termination, avidin is attached to the terminal end 
of biotinylated DNA and RNAP moves toWard the biotin 
end. The translation termination is prevented in accordance 
With the present invention by deletion of the stop codon from 
the initial DNA. Without a stop codon, the ribosome does 
not release the protein. Biotin modi?ed nucleic acid (gene) 
constructs are coupled to avidin coated beads Which are 
immobiliZed at designated positions on the metal oxide 
substrate. Prevention of transcription and translation termi 
nation results in a ?nal structure that consists of mRNA 
linked to DNA via RNA polymerase and the protein bound 
to mRNA through the ribosome. 

[0037] In accordance With the present invention a Wheat 
Germ Coupled T7 Transcription and Translation kit 
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(Promega, Madison, Wis.) is used as the reaction medium to 
transcribe and translate the immobiliZed genes. HoWever, 
the skilled artisan appreciates that the reaction medium may 
be conventionally varied depending upon the desired pro 
tein. The concentration of the protein product translated is 
about 108 molecules (encoded from —10° immobiliZed DNA 
constructs). The linear DNA constructs (T7 promoter 
sequence, gene sequence and linker) are designed so that the 
synthesiZed protein is either attached or released from its 
DNA coding sequence. Shumo Liu, et al. (1999) “ToWards 
a Protein Micro-array: Binding a Protein to its DNA and 
mRNA” (submitted to Biotechniques for publication). 

[0038] In accordance With the present invention it has 
been found that gene function, eg protein synthesis is 
controllable in a current/temperature-dependent manner. 
Increasing the dc current supplied to the electrodes leads to 
a concomitant temperature increase resulting in a rapid 
increase in detectable protein synthesis Within about 10 
seconds. Protein synthesis is detectable With an optical lens 
116 using a photo multiplier tube 118. HoWever, the skilled 
artisan can readily detect protein synthesis by other means as 
are conventionally understood. When the temperature of at 
least one individual pad is increased, detectable protein 
expression is turned on. When the temperature is loWered, 
protein expression decreases. When no heat is applied, 
detectable protein expression stops. Thus, the present inven 
tion provides a method for sequentially controlling the 
temperature of the metal oxide pads and the concomitant 
expression of protein in an on/off manner. 

[0039] In accordance With the present invention, When the 
reaction medium is maintained at loW temperature (5° C.), 
all the reactions in the cell extract are turned off. When the 
metal oxide pad-substrate is mounted on a Water-cooled 110 
brass sample plate 112 maintained at 5° C., a homogeneous 
temperature of 5° C. is imposed for the reaction medium by 
cooling the sample from the top, using a thermal anchored 
cover slide 114. In accordance With the present invention, 
the temperature of individual metal oxide pads is controlled 
to cover a temperature range from about 5° C. to about 40° 
C. Thus, genes can function at desirable rates depending on 
the applied local temperature. 

[0040] Another embodiment of the present invention pro 
vides an in vitro programmable protein micro-array having 
immobiliZed DNA on a temperature controlled template. By 
“programmable” is meant electronically controlled protein 
expression on an individually heated pad. A programmable 
protein micro-array of the present invention is contemplated 
to express a desired type of protein in detectable quantities 
for comparative expression analyses. The expressed protein 
of the micro-array array is bound to mRNA through the 
ribosome and is therefore localiZed With its DNA. 

[0041] Still another embodiment of the present invention 
provides an in vitro programmable protein netWork. In 
accordance With the present invention a multiplicity of 
diverse DNAs encoding a series of proteins or an entire 
biochemical pathWay are immobiliZed to individual ITO 
pads betWeen electrodes. By controlling the How of elec 
tricity to each individual pad in sequence, detectable quan 
tities of protein are expressed and released in sequence. 
Thus, the controlled expression and release of a ?rst protein 
in a pathWay migrates to an adjacent pad containing the 



US 2002/0055146 A1 

DNA encoding the next protein in the pathway, Which is then 
controllably expressed leading to the ultimate synthesis of a 
desired end product. 

[0042] This invention is further illustrated by the folloW 
ing examples, Which are not to be construed in any Way as 
imposing limitations upon the scope thereof. The terms and 
expressions Which have been employed in the present dis 
closure are used as terms of description and not of limitation, 
and there is no intention in the use of such terms and 
expressions of excluding any equivalents of the features 
shoWn and described or portions thereof. It is to be under 
stood that various modi?cations are possible Within the 
scope of the invention. All the publications mentioned in the 
present disclosure are incorporated herein by reference. 

[0043] The folloWing examples are illustrative of tempera 
ture controlled expression of the North American ?re?y 
Luciferase (luc) gene. The Luciferase gene is useful to assay 
because of its fast folding time and also because it is one of 
the most sensitive measures of protein expression levels. 
Luciferase catalyZes light emission in the presence of 
luciferin and some other chemical factors. It can thus be 
rapidly detected by its luminescence. Wilson T et al. (1998) 
“Bioluminescence” Ann. Rev. Cell Devel. Biol. 14: 197 
230. 

EXAMPLE 1 

ITO HEATING PADS 

[0044] Apicture of the protein chip substrate is shoWn in 
FIG. 1a With 6 ITO pads and their electrical connections. 
Each ITO pad (100 pm><100 pm connected by gold elec 
trodes) acted as an individual heating element (inset 1b). The 
resistance of the pads Was 50 Ohms. To heat the pad, a dc 
current 126 (HP 3630) from of 0 to 40 mA Was applied. 
PoWer dissipation Was 80 mW for a maximum current of 40 
mA. The temperature of the ITO pad as a function of applied 
current is plotted in FIG. 2A. It Was measured With a 
calibrated thermocouple (Omega: CHCO-001) positioned in 
contact With the ITO pad using a XYZ translation stage 120. 
FIG. 2b shoWs the temperature pro?le of the heating pad as 
a function of distance. The pad Was heated to 20° C. and the 
temperature pro?le clearly shoWs that the temperature of the 
pad decays over a length scale comparable to the pad siZe. 
The ITO glass Was mounted on a Water-cooled brass sample 
plate maintained at 5° C. In order to impose a homogeneous 
temperature of 5° C. for the reaction medium the sample Was 
cooled from the top as Well, using a thermal anchored cover 
slide (see FIG. 1). 

EXAMPLE 2 

A: Construction of Biotin Modi?ed DNA Codinq 
Sequences 

[0045] The nucleic acid construct has three regions: the 
control region, the luciferase sequence (1.65 lb), and a 
spacer. The control region has a T7 promoter sequence for 
transcription by T7 RNAP. In one nucleic acid construct the 
stop codon of the luciferase sequence Was deleted by PCR 
using luc C-terminal primer (lucC). Immediately doWn 
stream of luc Was a spacer sequence. Since several codons 
on mRNA Were covered by RNAP and about 30 amino acid 
residues Were Wrapped inside the ribosome tunnel, about 40 
or more codons Were needed doWnstream of luc. Accord 
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ingly, a spacer of 717 base pairs Was added (the spacer 
sequence originated from gfp, green ?uorescent protein). 
The entire coding sequence gave one messenger the luc 
spacer fusion protein Without stop codon. 

[0046] DNA fragments Were ?rst made by PCR. These 
fragments Were joined together by directional ligation, fol 
loWed by PCR of the joined sequence. The ligated DNA Was 
further ampli?ed by PCR. For immobiliZation on avidin 
coated beads, the C-terminal primer (at the end of the 
transcription) Was biotinylated. Shumo Liu, et al. (1999) 
“ToWards a Protein Micro-array: Binding a Protein to its 
DNA and mRNA” (submitted to Biotechniques J. for pub 
lication) 

B: DNA Biotinylation and ImmobiliZation on 
Beads 

[0047] Biotin Was attached to the 5‘ end of a desired DNA 
primer using a biotinylation kit (Amersham-Pharmacia Bio 
tech, PiscataWay, N] and puri?ed by G-25 gel ?ltration 
column (AmiKa, Columbia, Md.). Using one biotinylated 
primer, the PCR product Was biotinylated at the end corre 
sponding to the primer site. NeutrAvidin (a variation of 
avidin) coated polystyrene beads (1 pm diameter, 3.6><107 
beads/pl, 24 pmol/pl of biotin binding capacity, Molecular 
Probes, Eugene, Oreg.) Were the solid medium for DNA 
immobiliZation. Biotin binds strongly to avidin With a dis 
sociation time scale on the order of about a month. The 
biotin-binding site of avidin is in a cavity bout 9A beloW the 
avidin molecule surface. The beads Were Washed in TBSM 
(TBSM: 10 mM Tris-Cl, pH 8.0, 50 mM NaCl, 5 mM 
MgCl2) once and suspended in TBSM (diluted 10 times 
compared to the original bead product package). DNA (0.1 
pmol/pl) and the resuspended beads Were mixed at 1:1 ratio, 
the binding Was at 37° C. for 30 min., or at room temperature 
(23° C.) for several hours. Before using the beads for the 
next reaction, they Were collected by centrifugation at 
14,000 g for 5 minutes. 

C: PCR 

[0048] The PCR buffer Was similar to that for RapidCycler 
(Idaho Technology, Boise, Id.); it had 200 mM Tris-Cl, 
pH8.4, 2.5 mM MgCl2 and 0.2 mM of each of the four 
dNTP’s. The reaction has 0.25 pM of each of the primers 
(P1: 5‘ GATTACGCCAAGCTCTAATACGACTCACTATA 
3‘ (SEQ ID NO:1); lucC 5‘ CACGGCGATCTTTCCGC 
CCTTCTTG 3‘ (SEQ ID NO:2); P2 5‘ TTTGTATAGT 
TCATCCATGCC 3‘ (SEQ ID NO:3)) and less than 2 nM of 
the starting template. Either Advantage 2 (Clontech, Palo 
Alto, Calif.) or a 1/32 mixture of pfu (Promega) and Taq 
(Life Technologies, Rockville, Md.) Was used. The reaction 
volume Was 30 pl in a 0.2 ml thin-Wall tube on a thermal 
cycler, Hybaid Sprint (Hybaid, UK), in a tube simulated 
temperature control mode of the cycler. The thermal cycler 
parameters Were 940 C. for 1 second, the loWer temperature 
of the tWo primer Tm’s (melting temperatures) for 1 second 
and 74° C. for a duration of 1 second per 50 base pairs of the 
template length. Total cycles Were 25 to 30 cycles. PCR 
product Was treated at 25° C. for 15 minutes With 1 unit of 
KlenoW Fragment of E. coli DNA polymerase I (NeW 
England Biolabs, Beverly, Mass.). It Was then puri?ed With 
a PCR puri?cation kit (Amersham-Pharmacia Biotech) and 
eluted and stored in 50 pl TloW E (TloWE: 10 nM Tris-Cl, 
pH 8.5, 0.1 mM EDTA). The quality of PCR Was examined 
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by agarose gel electrophoresis. If multiple DNA bands 
appeared-on the gel, the band of correct length Was excised 
and the DNA extracted With a DNA extraction kit (Qiagen, 
Valencia, Calif). 

D: Ligation 

[0049] TWo DNA fragments, blunt-ended and PCR made, 
Were joined together by ligation. One fragment is biotiny 
lated at one end and immobilized on NeutrAvidin coated 
polystyrene beads via biotin-avidin binding. The other end 
Was free and not phosphorylated. The second fragment Was 
free in solution and Was phosphorylated at one end, the end 
for ligation. Ligation reactions joined the free end of the 
immobiliZed DNA fragment to the phosphorylated end of 
the free fragment. Ligation reaction solution had 1 pmol of 
immobiliZed fragment, 0.1 pmol of free fragment, 2.5 pl of 
clonable ligation mix (Novagen, Madison, Wis.) and 5 pl of 
H20. The reaction Was performed at room temperature and 
lasted 15 minutes. The beads Were collected by centrifuga 
tion, at 14,000 g for 5 minutes. The supernatant Was dis 
carded and the beads resuspended and stored in 10 pl of TE 
(TE:10 mM Tris-Cl, pH 8.5, 1 mM EDTA). 

EXAMPLE 3 

[0050] To immobiliZe the NeutrAvidin-coated polystyrene 
beads at precise positions a technique previously described 
Was employed. Shivashankar et al. (1998) Appl. Phys. Lett. 
73:417-419. Athin gold ?lm (30A) Was sputtered on the ITO 
slide to be used as an absorption surface. An infrared laser 
beam Was focused to a diffraction spot at the gold ?lm, 
heating surface for a short time. Avidin covered beads (1 pm, 
Molecular probes) Were immobiliZed on the ITO pad during 
laser absorption. As the laser Was moved, lithographic-like 
patterns Were Written (FIG. 1, inset b). The avidin beads 
Were absorbed onto the surface along the infrared beam 
trajectory. A typical number of beads absorbed Was 104 for 
the lithographic pattern shoWn in FIG. 1, inset a. Thus, for 
each ITO pad, given 100 DNA constructs per bead, the total 
number of DNA Was about 106. Biotinylated DNA 
sequences (2 pl, concentration 0.1 picoM) Were incubated on 
the ITO lithographic pattern at 30° C. for 1 hour after Which 
the sample Was Washed to remove unbound DNA sequences. 
The volume of the sample cell Was 25 pl. The DNA 
molecules immobiliZed on beads Were then subjected to in 
vitro coupled transcription and translation. 

[0051] A kit (Wheat Germ Coupled/T 7 Transcription and 
Translation, Promega, Madison, Wis.) Was used for in vitro 
transcription and translation of the luciferase gene and the 
spacer sequence. The total reaction volume, 50 pl, contained 
about 0.3 pmol of bead-immobiliZed DNA. The reaction Was 
carried out at 25° C. for 50 minutes, With occasional shaking 
to keep the beads in suspension. 

[0052] The total of 50 pl of reaction product Was separated 
into supernatant With DNA attached beads and supernatant. 
After a brief centrifugation, 20 pl of supernatant Was col 
lected, and the bead pellet Was mixed With another 20 pl of 
supernatant. This portion of the reaction product Was 
assayed for luciferase activity. 

[0053] Luciferase reaction mix (Promega), Which con 
tained 0.8 mM luciferin and stabiliZing agents, Was mixed 
With the transcription and translation sample. Light emission 
from the reaction Was measured With a Beacon 2000 (Pan 
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Vera, Madison Wis.) adapted so that the excitation light Was 
blocked, and the emission ?lter omitted. The sample cham 
ber 122 cover on the instrument Was modi?ed to alloW 
injection of samples into the reaction tube. In the sample 
chamber, 80 pl of luciferase reaction mix Was set at 25° C. 
20 pl of transcription and translation product Was then 
injected into the luciferase reaction. Luminescence measure 
ment sampling rate Was about 7 seconds. The total light 
intensity, in RLU (relative light units), Was collected by an 
NEC PC computer and plotted With KaleidaGraph softWare 
on an Apple G3 computer. The instrument has a minimum 
threshold of about 0.01 RLU. 

[0054] It is knoWn that luciferase fused With a peptide at 
the C-terminal end is functional (Makeyev, Kolb, et al. 
1996). The functionality of the luciferase construct Was 
con?rmed by measuring the light output. For luminescence 
detection a simple microscope With a 20 X objective lens 
124 Was used to visualiZe the ITO pads and a PMT 
(Hamamatsu) Was employed to detect luminescence. The 
calculated light collection ef?ciency Was 0.75%, for the 
numerical aperture of the lens used and the quantum ef? 
ciency of the detector at the Working Wavelength. Thus, for 
every 1000 photons emitted 7.5 photons Were detected. The 
light output Was 2 RLU (relative light units), Where the 
threshold level for the instrument Was 0.01 RLU. The light 
emission demonstrates that fusion luciferase is functional. 

[0055] To determine if the luciferase made from the 
immobiliZed DNA Was in the supernatant or stayed associ 
ated With the DNA coated beads, the supernatant Was 
assayed for luciferase activity. After Washing the superna 
tant, 25 pl of luciferase assay reagent (Promega) Was added. 
The intensity pro?le of the ITO pad shoWed strong activity 
on the ITO pad exclusively. The light emission registered 
Was near the instrument noise level and 26 out of 30 
measurements Were beloW the detection threshold (FIG. 3). 
Therefore, light emission and thus the protein Was localiZed 
With the beads, not With the supernatant. 

EXAMPLE 4 

[0056] In FIG.4 the time scale of luciferase synthesis for 
three different gene constructs is plotted at T=30° C. In one 
construct the mRNA and the protein Were released. In the 
second one mRNA Was bound to its DNA but the protein 
Was released. In the last one both mRNA and protein stayed 
bound to their DNA . The reaction Was most ef?cient When 

mRNA and protein are released (FIG.4a). Under similar 
reaction conditions the ef?ciency Was reduced When the 
mRNA Was bound, and even further reduced When mRNA 
and the protein Were bound (FIG.4b&c). The onset of 
detectable protein synthesis Was determined to occur at 
about 15 minutes. Those results Were consistent With studies 
of in-vitro transcriptions and translation of luciferase gene. 
(Kolb et al. (1994) EMBO J.13:3631-3637; Makeyev et al. 
(1996) FEBS Lett. 378:166-170; Yang et al. (1997) FEBS 
Lett. 417:329-332.) 
[0057] FIG.5 demonstrates the attachment of mRNA. 
Luciferase activity Was observed after about 30 minutes. At 
T=28° C. a further enhancement of the synthesis Was 
recorded With a detectable onset after about 15 minutes 

(FIG.5a). 
[0058] To further test the control and localiZation of gene 
expression, DNA constructs Were immobiliZed on tWo 
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neighboring ITO pads. This test employed the construct 
Where mRNA and protein Were bound after transcription and 
translation. Controlled expression Was carried out on one of 
the ITO pads by applying a current I=40 mA (T=28° C.) for 
30 minutes While maintaining the Water bath at 5° C. The 
sample cell Was then Washed and 25 pl of luciferase assay 
reagent (Promega) is added. Intensity pro?le of the ITO pad 
(FIG. 6) Was recorded by displacing the sample mounted on 
the XYZ stage. Similar data Was recorded on the second ITO 
pad kept at the bath temperature of 5° C. With no observed 
activity. The data shoWs controlled expression and localiZa 
tion of the produced protein at the surface of the ITO pad 
When heated. 

[0059] The catalytic activity of luciferase luminescence 
Was used to obtain a time constant for the ITO heater pad. 
In FIG.6 the luciferase activity is plotted as a function of 
time. The activity Was monitored during the in vitro reaction. 
A detectable concentration of the protein Was achieved With 
the Water bath at 5° C. Turning on the current (T=30° C.) 
resulted in a rapid increase in light intensity Within about 10 
seconds. The steep rise in intensity Was due to the increase 
in catalytic activity of luciferase gene betWeen 5 and 30° C. 
in about 10 seconds. Thus, the time needed to heat and cool 
the pad from 5 to 30° C. Was about 10 seconds. (FIG. 7) In 
addition during each temperature cycle, neW proteins Were 
synthesiZed leading to a net increase in luminescence. In the 
absence of neW protein synthesis the temperature dependant 
catalytic activity of Luciferase Was measured. 

EXAMPLE 5 

[0060] In a programmable protein netWork of the present 
invention at least tWo non-uniform DNA constructs are 
separately immobilized on at least tWo separate pads in 
accordance With the present invention, as shoWn in FIG. 8. 
Both constructs comprise a T7 promoter. Pad 2 has the luc 
(luciferase gene) ligated to the lac operator and is heated to 
a temperature of 25° C. Pad 1 has the laci (lac repressor gene 
of E. coli). Temperature is controlled by the experimenter. 
When pad 1 is heated to 25° C., laci is expressed and the 
product of lacI, the lac repressor, is released into the 
surrounding medium. The lac repressor migrates (by diffu 
sion, for example) to pad 2 and binds to the lac operator, thus 
blocking the expression of luciferase. Once expression of 
luciferase is blocked, expression is turned off and pad 2 goes 
“dark”. When pad 1 is maintained at about 5° C., the laci is 
not expressed, and the luc on pad 2 is expressed (pad 2 is 
illuminated or “on” . 

What is claimed is: 
1. An in vitro method of controlling gene expression 

comprising immobiliZing at least one nucleic acid construct 
on a temperature-controlled template, applying a cell extract 
and expressing at least one protein. 

2. The method of claim 1 further comprising detecting the 
expressed protein. 

3. The method of claim 1 Wherein said nucleic acid 
construct comprises a control region, a coding sequence and 
spacer region. 

4. The method of claim 3 Wherein said control region 
comprises a promoter sequence. 

5. The method of claim 3 Wherein said coding sequence 
comprises a polymerase chain reaction (PCR) deleted stop 
codon. 
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6. The method of claim 3 Wherein said spacer region 
comprises at least about 70 base pairs. 

7. The method of claim 4 Wherein said promoter sequence 
comprises a T7 promoter. 

8. The method of claim 1 Wherein said nucleic acid 
construct is DNA. 

9. The method of claim 8 Wherein said DNA construct is 
C-terminally biotinylated. 

10. The method of claim 1 Wherein said temperature 
controlled template comprises one or more metal oxide pads 
af?xed to a substrate. 

11. The method of claim 10, Wherein said metal oxide 
pads further comprise indium tin oxide (ITO). 

12. The method of claim 10 Wherein said substrate is 
glass. 

13. The method of claim 10 Wherein said metal oxide pads 
contain avidin-coated beads. 

14. The method of claim 10 Wherein said metal oxide pads 
comprise about 10 um by about 10 um to about 100 um by 
about 100 uM. 

15. The method of claim 1 Wherein said template is 
controlled at a temperature of about 5° C. to about 100° C. 

16. The method of claim 10 Wherein said metal oxide pads 
have a resistance of about 50 Ohms. 

17. The method of claim 1 Wherein said template is heated 
by means of electrodes attached to a metal oxide pad. 

18. The method of claim 17 Wherein said electrodes 
conduct an applied dc current. 

19. The method of claim 18 Wherein said dc current 
applied is about 1 mA to about 40 mA. 

20. The method of claim 10 Wherein said metal oxide 
substrate is mounted on a Water-cooled brass sample plate. 

21. The method of claim 20 Wherein said Water-cooled 
brass sample plate is maintained at a temperature Wherein 
protein expression is prevented. 

22. The method of claim 21 Wherein said Water-cooled 
brass sample plate is maintained at about 5° C. 

23. The method of claim 17 Wherein said template is 
heated to a temperature Which causes an onset of protein 
expression. 

24. The method of claim 23 Wherein said protein expres 
sion is stopped by reducing the heat applied to said template. 

25. The method of claim 1 Wherein said expressed protein 
is localiZed With the immobiliZed nucleic acid. 

26. The method of claim 1 Wherein said expressed protein 
is released from the immobiliZed nucleic acid. 

27. An apparatus for controlling gene expression com 
prising a temperature-controlled template having a nucleic 
acid construct immobiliZed thereon. 

28. The apparatus of claim 27 Wherein said temperature 
controlled template comprises one or more metal oxide pads 
af?xed to a substrate. 

29. The apparatus of claim 28, Wherein said metal oxide 
pads further comprise indium tin oxide (ITO). 

30. The apparatus of claim 28 Wherein said substrate is 
glass. 

31. The apparatus of claim 28 Wherein said metal oxide 
pads contain avidin-coated beads. 

32. The apparatus of claim 28-Wherein said metal oxide 
pads comprise about 10 um by about 10 um to about 100 um 
by about 100 um. 

33. The apparatus of claim 28 Wherein said metal oxide 
pads have a resistance of about 50 Ohms. 
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34. The apparatus of claim 28 wherein said template is 
heated by means of electrodes attached to a metal oxide pad. 

35. The apparatus of claim 34 Wherein said electrodes 
conduct an applied dc current. 

36. The apparatus of claim 35 Wherein said dc current 
applied is about 1 mA to about 40 mA. 

37. The apparatus of claim 28 Wherein said metal oxide 
substrate is mounted on a Water-cooled brass sample plate. 

38. The apparatus of claim 27 further comprising a means 
for detecting protein expression. 

39. The apparatus of claim 38 Wherein said means for 
detecting protein expression is an optical lens. 

40. An in vitro programmable protein micro array com 
prising a plurality of temperature-controlled metal oxide 
pads mounted on a substrate Wherein each pad is individu 
ally temperature-controlled. 

41. The in vitro programmable protein micro array of 
claim 40 Wherein said temperature-controlled metal oxide 
pads comprise at least one immobiliZed nucleic acid con 
struct. 

42. The in vitro programmable protein micro array of 
claim 41 Wherein said immobiliZed nucleic acid construct is 
uniform. 

43. The in vitro programmable-protein micro array of 
claim 41 further comprising expressed protein. 

44. The in vitro programmable protein micro array of 
claim 43 Wherein said expressed protein is localiZed With 
said immobiliZed nucleic acid construct. 

45. The in vitro programmable protein micro array of 
claim 41 Wherein said temperature-controlled metal oxide 
pads comprise indium tin oxide pads affixed to a substrate. 

46. The in vitro programmable protein micro array of 
claim 45 Wherein said substrate comprises glass. 

47. An in vitro programmable protein netWork comprising 
a plurality of temperature-controlled metal oxide pads 
mounted on a substrate Wherein each pad is individually 
temperature-controlled. 
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48. The in vitro programmable protein netWork of claim 
47 Wherein said temperature-controlled metal oxide pads 
comprise at least one immobiliZed nucleic acid construct. 

49. The in vitro programmable protein netWork of claim 
48 Wherein said immobiliZed nucleic acid construct is non 
uniform. 

50. The in vitro programmable protein netWork of claim 
47 further comprising expressed protein. 

51. The in vitro programmable protein netWork of claim 
50 Wherein said expressed protein is released from said 
immobiliZed nucleic acid construct. 

52. The in vitro programmable protein netWork of claim 
47 Wherein said temperature-controlled metal oxide pads 
comprise indium tin oxide pads affixed to a substrate. 

53. The in vitro programmable protein netWork of claim 
52 Wherein said substrate comprises glass. 

54. An in vitro method of programming sequential protein 
expression comprising immobiliZing a ?rst nucleic acid 
construct on a ?rst temperature-controlled template, immo 
biliZing a second nucleic acid construct on a second tem 
perature-controlled template, applying a cell extract and 
expressing said ?rst protein. 

55. The in vitro method of programming sequential pro 
tein expression of claim 54 Wherein said ?rst protein is 
released from said immobiliZed nucleic acid construct. 

56. The in vitro method of programming sequential pro 
tein expression of claim 55 Wherein said released protein 
migrates to said second temperature-controlled template. 

57. The in vitro method of programming sequential pro 
tein expression of claim 56 Wherein said released protein 
binds to a protein localiZed With said second immobiliZed 
nucleic acid construct on said second temperature-controlled 
template. 


