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(57) ABSTRACT 

The invention is based on the discovery that the sequence of 
monomers in a polymeric biomolecule can be determined in 
a self-contained, high pressure reaction and detection appa 
ratus, Without the need for ?uid ?oW into or out from the 
apparatus. The pressure is used to control the activity of 
enZymes that digest the polymeric biomolecule to yield the 
individual monomers in the sequence in Which they existed 
in the polymer. High pressures modulate enZyme kinetics by 
reversibly inhibiting those enzymatic processes Which result 
in a higher average activation volume, When compared to the 
ground state, and reversibly accelerating those processes 
Which have loWer activation volumes than the ground state. 
Modulating the pressure alloWs the experimenter to pre 
cisely control the activity of the enZyme. Conditions can be 
found, for example, Where the enZyme removes only one 
monomer (e.g., a nucleotide or amino acid) from the bio 
molecule before the pressure is again raised to a prohibitive 
level. The identity of the single released nucleotide or amino 
acid can be determined using a detector that is in commu 
nication With a probe in the detection Zone Within the 
reaction vessel. 
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INTEGRATED SEQUENCING DEVICE 

BACKGROUND OF THE INVENTION 

[0001] The invention is in the ?eld of devices and methods 
for sequencing biopolymers. 

[0002] The prevailing DNA sequencing methods are based 
on Sanger chemistry and on fragment analysis using gel 
based electrophoresis. These methods reveal the base pair 
sequence of individual fragments of DNA. The bases are 
separated by subjecting the fragments, suspended in a slab 
gel, to an electrical ?eld. This causes siZe-dependent migra 
tion and spatial separation of the fragments. Once they have 
been separated on the gel, the bands corresponding to the 
individual base pairs are read or digitally scanned to deter 
mine the fragment sequence. 

[0003] Although the results obtained from gel electro 
phoresis are generally of high quality and reliability, the 
process is labor intensive and relatively sloW. Due to its 
complexity, gel electrophoresis often requires a skilled tech 
nician. Additionally, preparing samples prior to sequencing 
requires that the target be isolated, puri?ed, ampli?ed, and 
fragmented into relatively smaller pieces (e.g., about 300 to 
500 base pairs) . Since the average length of a human gene 
is over 50,000 bases (i.e., 15,000 to over 1,000,000 bases), 
considerable sample preparation is necessary to systemati 
cally fragment, purify, and amplify the fragments. 

[0004] To ensure that each fragment is sequenced at least 
once, the target section is often deliberately overlapped, With 
the consequence that the same bases may be sequenced ten 
times or more in the end. Once the sequencing has been 
completed, the resulting data are processed to deduce the 
sequence of the original target section. 

[0005] Improved engineering and automation have 
resulted in sequencing systems that include such technologi 
cal advances as automated gel-based electrophoresis or 
ultra-thin capillary tube electrophoresis. These techniques 
permit higher speed and loWer cost sequencing but are still 
limited by the fundamental constraints of Sanger-based 
chemistry and fragment analysis, namely the need for highly 
trained personnel to prepare relatively short read lengths. 
Nonetheless, automated gel electrophoresis is the technique 
currently used for almost all high throughput commercial 
sequencing. 
[0006] Current efforts toWard gene discovery, for example 
those based on “population-based” genetic analysis, can 
create tremendous demand for cost-effective DNA sequence 
analysis. For example, HIV protease inhibitor medications 
recently introduced rely heavily on DNA sequencing of 
individual patient samples to detect the emergence of resis 
tant strains of HIV and subsequently alter choice of thera 
peutic intervention. Indeed, cost-effective DNA sequence 
analysis methods are likely to prove to be a prerequisite for 
“individual-based” preclinical and clinical patient studies. 

SUMMARY OF THE INVENTION 

[0007] The invention is based on the discovery that the 
sequence of monomers in a polymeric biomolecule can be 
determined in a self-contained, high pressure reaction and 
detection apparatus, Without the need for ?uid ?oW into or 
out from the apparatus. The pressure is used to control the 
activity of enZymes that digest the polymeric biomolecule to 
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yield the individual monomers in the sequence in Which they 
existed in the polymer. High pressures modulate enZyme 
kinetics by reversibly inhibiting those enZymatic processes 
Which result in a higher average activation volume, When 
compared to the ground state, and reversibly accelerating 
those processes Which have loWer activation volumes than 
the ground state. Modulating the pressure alloWs the experi 
menter to precisely control the activity of the enZyme. 
Conditions can be found, for example, Where the enZyme 
removes only one monomer (e.g., a nucleotide or amino 
acid) from the biomolecule before the pressure is again 
raised to a prohibitive level. The identity of the single 
released nucleotide or amino acid can be determined using 
a detector that is in communication With a probe in the 
detection Zone Within the reaction vessel. 

[0008] In general, the invention features an integrated 
device for sequencing a polymeric biomolecule, including: 
a reaction vessel that includes a reaction Zone and a detec 

tion Zone; a solid support in the reaction Zone for chemical 
attachment of the polymeric biomolecule; an enZyme that 
catalyZes the removal of one monomer unit at a time from 
one end of the polymeric biomolecule; a probe for sensing 
a characteristic (e.g., ?uorescence, mass, impedance, opti 
cal, voltammetric or amperometric properties, etc.) of the 
released monomers positioned Within the detection Zone of 
the reaction vessel; and a pressure-control device (e.g., 
pieZoelectric crystal-driven pressure modulation, thin-?lm 
driven pressure modulation, electronic, pneumatic, hydrau 
lic, magnetostrictive, etc.) that controls the pressure at least 
in the reaction Zone of the reaction vessel. 

[0009] Solid supports are available in many con?gura 
tions, including beads, ?lters, membranes, capillaries, and 
frits. Both organic and inorganic supports can be used. For 
example, sephadex, agarose, dextran, latex, silica gel, glass, 
polyacrylamide, polystyrene, polyethylene, polyvinylidene 
?uoride, and other polymers; collagen and similar gels; and 
biological substrates can all be suitable. 

[0010] The solid supports can be activated to form speci?c 
bonds With biomolecules. Reagents used to activate the solid 
supports toWard covalent bonding include the cyanogen 
halides, sulfonyl chloride, periodates, sulfonate glutaralde 
hyde, and carboxyl functionaliZed compounds. 

[0011] The reaction Zone can be either spatially separated 
from the detection Zone or not. 

[0012] The probe can be an optical WindoW of quartZ or 
sapphire. 

[0013] The device can also include a modulated electro 
phoretic, electroosmotic, ?uid ?oW, or ?oW cytometry 
device to connect the reaction and detection Zones. The 
modulation device can contain a buffer, the pH of Which is 
pressure-sensitive. 

[0014] The device can include multiple probes Within its 
detection Zone, alloWing it to sense a characteristic of a 
multiplicity of monomers (e.g., for parallel analysis of 
multiple single molecule sequencing reactions). 

[0015] The probe can be, for example, an optical ?ber for 
?uorescence detection, a ?uorescence microscope (e.g., 
CCD-based or confocal), an infrared or Raman spectrom 
eter, a ?uorescence polarimeter, an enZymatic biosensor, or 
a mass spectrometer. 
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[0016] The polymeric biomolecule can be a nucleic acid or 
a polypeptide, for example. 

[0017] At least some of the monomers of the polymeric 
biomolecule can be labelled With ?uorescent tags, and the 
identity of the ?uorescently labelled monomers can then be 
determined by ?uorescence resonance energy transfer 
betWeen the monomers and the enZyme. 

[0018] Another embodiment of the invention is a sample 
plate that includes a solid surface adapted for use in the 
sequencing device described above, and a linker molecule 
covalently bonded to the surface and to a primer molecule 
complementary to a biomolecule to be sequenced. 

[0019] Still another embodiment of the invention features 
a method for sequencing a polymeric biomolecule. The 
method includes the steps of immobiliZing the polymeric 
biomolecule on a solid support in a reaction vessel; associ 
ating an ion-dependent, biomolecule-digesting enZyme With 
the nucleic acid under conditions in Which the activity of the 
enZyme is blocked by an exogenously controllable charac 
teristic that can be altered Without adding a reagent from a 
separate vessel; then, With the pressure in the vessel at a 
level that inactivates the enZyme, altering the exogenously 
controllable characteristic to alloW the enZyme’s biomol 
ecule digesting activity to be functional and to excise the 
terminal monomer from the polymeric biomolecule; adjust 
ing the pressure to activate the enZyme to dissociate one 
monomer from the polymeric biomolecule; determining the 
identity of the dissociated terminal monomer With a probe 
for sensing a characteristic of the dissociated monomer 
Within the reaction vessel; adjusting the pressure to inacti 
vate the enZyme; and repeating the pressure adjusting and 
identity determining steps. The biomolecule immobiliZing 
and enZyme associating steps can be performed in either 
order, so long as they precede the characteristic altering step. 

[0020] The polymeric biomolecule can be either a nucleic 
acid molecule (e.g., DNA or RNA) or a polypeptide, for 
example. The enZyme can thus be an exonuclease or an 
exopeptidase (e.g., carboxypeptidase C), respectively. 
[0021] The exogenously controllable characteristic can be 
ion concentration (e.g., Mg2+, Mn2+, C02", Cr3+, K", Zn2+, 
or ethylenediamine2+concentration), pH, or a photolabile 
protecting group, for example. Such a photolabile protecting 
group can be attached to either the enZyme or the polymeric 
biomolecule, or can be a cage-like chelating molecule that 
sequesters divalent metal ions necessary for the enZyme’s 
biomolecule digesting activity. The photolabile protecting 
group can be removed by an intense pulse of light. 

[0022] Examples of photolabile protecting groups include, 
but are not limited to: 4,5 -dimethoxy-2-nitrobenZyl bromide 
or trans-2-(4,S-dimethoxy-2-nitrophenyl)-l-nitroethene 
(suitable if the enZyme contains a catalytically important 
thiol); 1-(4,5-dimethoxy-2-nitrophenyl)ethyl (DMPNE) 
(suitable if the enZyme or the biomolecule contains a cata 
lytically important carboxylate); NVOC chloride (suitable if 
the enZyme contains a catalytically important amine); or 
1-(4,5-dimethoxy-2-nitrophenyl) EDTA (suitable for 
sequestering magnesium ions. 

[0023] Ion concentration (e.g., [Mg’'’']) and pH can be 
altered by a pressure change, through the use of buffers With 
high absolute ioniZation volumes (e.g., borate, 1,3-“bis-tris” 
propane, pyrophosphate ion, etc.), for example, electroni 
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cally, or by an intense pulse of light. Depending on the 
enZyme being used, a pH in the range of 3 to 11 can be 
permissive. Magnesium ion concentrations of 0.1 to 50 mM 
are often suitable. 

[0024] The polymeric biomolecule and the solid support 
can both be in the organic phase of a biphasic solvent 
system, While the dissociated monomers are detected in the 
aqueous phase of the biphasic solvent system. 

[0025] pH can also be altered by the release of a proton 
from 2-hydroxyphenyl-1-(2-nitrophenyl)ethyl phosphate. 

[0026] The monomers can be labelled With ?uorescent 
tags to facilitate identi?cation. In some instances, the iden 
tity of the ?uorescently labelled monomers are discriminated 
by ?uorescent resonance energy transfer betWeen the mono 
mers and the enZyme. For example, the inherent ?uores 
cence of the enZyme can be the energy donor and the 
?uorescently labelled monomers can be the energy accep 
tors. Alternatively, the enZyme can be derivatiZed With a 
?uorescent label and can thereafter act as the energy donor 
or acceptor. 

[0027] The dissociated monomer can also be transported 
from the reaction site to a detection Zone (e. g., 1 pm to 1 mm 
aWay, or further) Within the reaction vessel. This transport 
ing step can be effected by intermittent electrophoresis, 
electroosmosis, ?uid ?oW, or ?oW cytometry. A gel can be 
used, although it is not necessary. 

[0028] The dissociated monomer can be detected at the 
reaction site. 

[0029] The pressure can be modulated using feedback 
from the probe or another detection device. 

[0030] A detection device relies on pH titration of the 
spectroscopic or electrophoretic properties of labelled or 
unlabelled adenosine monophosphate, guanosine mono 
phosphate, cytidine monophosphate, and thymidine mono 
phosphate. 
[0031] The pressure can be increased to a level su?icient 
to alloW direct identi?cation of the dissociated nucleic acid 
monomer by inherent ?uorescence properties in organic 
solvent, for example. 

[0032] Apulsed current can be used to induce the activity 
of the enZyme, or a continuous current can be supplied to 
extend and relax polymeric biomolecule binding to facilitate 
enZyme activity. For example, strands of DNA can be 
straightened by electricity (or by exposure to organic solvent 
or ?oWing aqueous solvent). 

[0033] A ?uorophore can be introduced to alloW indirect 
detection of monomer absorbance properties. 

[0034] The solid support can be a plate. The siZe of the 
plate depends on the sensitivity of the probe, and Whether 
the sequencing is carried out in a parallel (i.e., multiple 
probes) or in a serial manner. The plate can be made from 
various materials (e.g., glass, metal, semiconductor, insula 
tor, polymer, etc.). The plates can be either disposable or 
reusable. The pressure exerted in the vicinity of the plate (or 
in other locations Within the reaction vessel) can be the same 
as the pressure throughout the entire vessel or can be 
generated locally. For example, a magnetostrictive (i.e., 
elastic deformation of a ferromagnetic material such as 
nickel upon application of a magnetiZing force, quartZ 
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crystal, a ceramic transducer, or an ultrasonic (>20 kHZ) 
transducer) device can be used; local pressure changes can 
also be effected With a piezoelectric device, Wherein a 
mechanical deformation occurs, produced by the interaction 
of an applied electric ?eld With an anisotropic crystal. 
LocaliZed pressure alloWs, for eXample, the reaction vessel 
to be in communication With other vessels at enZyme 
operative pressures. The plate can be a microfabricated or 
micromachined circuit (suitable if electrophoresis is used). 

[0035] The enZyme can have a net neutral charge, either 
naturally or due to a mutation. In some cases, the enZyme is 
not metal ion-dependent. For eXample, the enZyme can be an 
acid eXonuclease, or a phosphodiesterase (e.g., snake venom 
phosphodiesterase). A continuous supply of metal ions (e.g., 
divalent magnesium ions) can be introduced the reaction 
Zone in some cases. 

[0036] Many classes of nucleases can be used in the neW 
devices and methods. Examples include the 3‘-eXonucleases 
such as snake venom phosphodiesterase and E. coli eXonu 
cleases VII (EC 3. 1. 11. 6) and III (EC 3. 1. 11. 2), 
)t-exonuclease (EC 3. 1. 11. 3), T7 Gene 6 eXonuclease, and 
the eXonuclease activities of certain polymerases (e.g., T4, 
Taq, Deep Vent, and Vent DNA polymerases) or subunits of 
polymerases (e.g., T7 subunit of DNA polymerase III of E. 
coli). Other enZymes useful in sequencing include mung 
bean nuclease, Bal-31 eXonuclease, S1 nuclease, S. aureus 
micrococcal nuclease, DNase I, and other eXodeoXyribonu 
cleases producing 5‘-phosphomonoesters (EC 3. 1. 11.X; X 
can be any integer corresponding to a knoWn enZyme). 

[0037] For sequencing RNA, ribonuclease A and T1 
micrococcal nuclease are suitable. Other eXoribonucleases 
(EC 3. 1. 13.X and 3. 1. 14.X) and eXonucleases active With 
either DNA or RNA (EC 3. 1. 15X and 3. 1. 16.X) can also 
be used. 

[0038] For sequencing polypeptides, suitable peptidases 
include: eXopeptidases, carboXypeptidases A, B, and C (3. 4. 
17. 1, EC 3. 4. 17. 2, and EC 3. 4. 16. 1, respectively), 
serine-type carboXypeptidase C (EC 3. 4. 16. 5), aminopep 
tidase M (EC 3. 4. 11. 2) and other aminopeptidases (EC 3. 
4. 11.X), dipeptidases (EC 3. 4. 13.X), dipeptidyl- and 
tripeptidyl-peptidases (EC 3. 4. 14.X), peptidyl-dipeptidases 
(EC 3. 4. 15X), serine-type carboXypeptidases (EC 3. 4. 
16.X), metallocarboXypeptidases (EC 3. 4. 17.X), cysteine 
type carboXypeptidases (EC 3. 4. 18X), omega peptidases 
(EC 3. 4. 19.X), serine endopeptidases (EC 3. 4. 21.X), 
cysteine endopeptidases (EC 3. 4. 22.X), aspartic endopep 
tidases (EC 3. 4. 23.X), metalloendopeptidases (EC 3. 4. 
24.X), and other endopeptidases of unknoWn catalytic 
mechanism (3. 4. 99X). 

[0039] Unless otherWise de?ned, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which this 
invention belongs. Although methods and materials similar 
or equivalent to those described herein can be used in the 
practice or testing of the present invention, the preferred 
methods and materials are described beloW. All publications, 
patent applications, patents, technical manuals, and other 
references mentioned herein are incorporated by reference in 
their entirety. In case of con?ict, the present application, 
including de?nitions, Will control. In addition, the materials, 
methods, and eXamples are illustrative only and not intended 
to be limiting. 
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[0040] An advantage of the neW devices and methods is 
the capability to rapidly and economically sequence nucleic 
acid molecules or polypeptides in a single apparatus. 
Because the devices require only pressure modulation to 
control, digest, separate, and analyZe, there is no need for 
haZardous chemicals (e.g., acrylamide or cross-linking 
agents) to be used. Furthermore, no Waste is generated other 
than the digestion products. By combining the reaction and 
detection functions in a single unit, the neW devices and 
methods can also save time. 

[0041] Another advantage is that the neW devices and 
methods eliminate the need to add additional reagents to the 
reaction vessel under high pressure conditions. Still another 
advantage is that the neW devices and methods utiliZe a 
probe Within the detection Zone of the reaction vessel, 
alloWing detection at high pressure nearly concurrent With 
the digestion reactions. 

[0042] Other features and advantages of the invention Will 
be apparent from the folloWing detailed description, and 
from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0043] FIG. 1 is a cross-sectional vieW of a pressure cell. 

[0044] FIG. 2 is a cross-sectional vieW of a ?ber optic 
?tting. 
[0045] FIG. 3 is a cross-sectional vieW of a reaction Zone 
and detection Zone. 

[0046] FIGS. 4A to 4C are vieWs of a 25-well microchip 
for DNA sequencing. 

[0047] FIG. 5 is a vieW of an optical detection system. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0048] A sequencing device can be based on the relation 
ship betWeen pressure and enZymatic activity. EXonucleases 
and eXopeptidases are modifying enZymes that catalyZe the 
hydrolytic cleavage of one nucleotide or amino acid residue 
at a time from the ends of nucleic acid molecules and 
polypeptides, respectively, regardless of the identity of the 
terminal nucleotide or amino acid or the overall sequence. 
Under hyperbaric conditions, eXonucleases and eXopepti 
dases are catalytically inactive. By decreasing and increas 
ing the pressure at appropriate times (e.g., in a pressure 
cycling reactor), the enZyme can be controlled to react just 
once before the pressure is again altered to a prohibitive 
level. The released product can, for eXample, be removed 
from the reaction chamber (e.g., electrophoretically, elec 
troosmotically, by ?uid ?oW, or How cytometry) and iden 
ti?ed by standard analytical methods (e.g., optical sensing, 
impedance measurement, voltammetry, mass spectroscopy, 
or amperometry) , or can be detected at the reaction site 

(e.g., by ?uorescence resonance energy transfer). 

[0049] General 

[0050] FIG. 1 is a cross-sectional vieW of a pressure cell 
10. The cell includes a bottom port 12, through Which ?uid 
under pressure is applied, and a top opening 14 With a 
radially sealed, removable cap 16. The cap 16 contains tWo 
sealed electrical feed-throughs 17 for applying an electro 
phoresis voltage, a seal 18, and a locking ring 19. The cap 
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16 also provides mounting means 20 for a reaction capillary 
22. The sidewall 24 of the cell contains a threaded, pressure 
sealed port 26 for receiving a ?ber optic ?tting 28. 

[0051] FIG. 2 presents a cross-sectional vieW of the ?ber 
optic ?tting 28. This ?tting 28 contains and locates the end 
of an optical ?ber 30 in close proximity to the reaction 
capillary 22. The ?tting 28 also provides a seal 32 for the 
?ber 30 that is capable of Withstanding the pressures Within 
the pressure cell 10. This seal 32 is achieved by ?rst 
epoxying the optical ?ber 30 into a short length of stainless 
steel hypodermic tubing 36. This tubing 36 is, in turn, 
retained and sealed into a pressure ?tting 38 by means of a 
ferrule 40 and ferrule nut 42. 

[0052] FIG. 3 is a cross-sectional vieW of the reaction 
Zone 44 and the detection Zone 46 of the pressure cell 10. 
The nucleotide monophosphates released from the reaction 
Zone 44 are spatially separated from the reaction Zone 44 and 
introduced into the detection Zone 46. Means for spatial 
separation include, but are not limited to, electrophoresis, 
electroosmosis, and positive ?uid displacement. 

[0053] FIGS. 4A to 4C are vieWs of a 25-well microchip 
48 for DNA sequencing. Each Well 50 includes a center 
electrode 52, surrounded by an electrically insulating mate 
rial 54 that separates it from a ring shaped outer electrode 56. 
The exposed cylindrical surface 58 of the center electrode 52 
is coated With an immobilized, ?uorescently labelled DNA 
sample; during the sequencing procedure, the released 
nucleotide are transferred toWard the outer electrode 56. All 
twenty-?ve center electrodes 52 are interconnected to a 
common conductor 60, and all outer electrodes 56 are 
similarly interconnected to a second common conductor 62. 
A voltage is applied betWeen these conductors 60 and 62, 
Which polariZes the center electrode 52 positively With 
respect to the outer electrode 56. In an alternative embodi 
ment, the outer electrode 56 can be coated With the ?uores 
cently labelled DNA sample; the released nucleotides Would 
thus be draWn to the center electrode 52 during the sequenc 
ing reaction. 

[0054] FIG. 5 is a vieW of a microchip 68 for use in an 
optical detection system 70. The microchip 68 is enclosed 
Within a pressure cell 72 containing an optical WindoW 74. 
A CCD camera 76 is positioned so that it can vieW the entire 
chip 68 through the WindoW 74. A laser beam 78 of the 
appropriate excitation Wavelength is scanned across the 
entire chip 68 in a tWo-dimensional raster pattern at a 
frequency of several hundred HZ. The stationary dichroic 
mirror 80 is transparent to the camera 76 at the ?uorescent 
emission Wavelength, but provides a 90° de?ection of the 
laser beam. 

[0055] Nucleic Acid Sequencing 

[0056] As exonucleases are highly processive (i.e., they 
are capable of uninterrupted association With their substrates 
over many cycles of reactions) and have very rapid reaction 
rates (e.g., 275 bases cleaved per second With E. coli 
exonuclease I), they are potentially poWerful tools for DNA 
sequencing applications. 

[0057] An advantage of the present method is the ability 
that it affords to sequence bulk amounts of DNA, thereby 
providing a strong signal. HoWever, enforcement of syn 
chroniZation of the population of enZymes in the sample is 
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dif?cult and is nevertheless necessary for maintaining the 
correlation betWeen polymer sequence and the time of signal 
detection. 

[0058] In one embodiment, single molecule sequencing is 
used to improve synchronism. When there is only a single 
molecule involved, the digestion is inherently synchronous. 
One single molecule sequencing approach utiliZes exonu 
cleases to sequentially degrade native DNA and detect 
intrinsic ?uorescence of unmodi?ed nucleic acids. This 
approach requires physical separation and decoupling of the 
biological enZyme reaction at ambient temperature (310 K) 
from the native base detection at 111 K as the environments 
are mutually exclusive. 

[0059] Another single molecule sequencing approach 
involves incorporating ?uorescently tagged nucleotides into 
double-strands using DNA polymerase and single strand 
templates. This tagging approach is currently being pursued 
by Los Alamos National Laboratories (US. Pat. No. 5,405, 
747) and a consortium formed by the Karolinska Institute. 
This method requires 100% dye-tagged nucleotide incorpo 
ration. Typically, hoWever, only 0.1% to 40% of tagged 
molecules are incorporated in non-single molecule DNA 
polymerase sequencing reactions. 

[0060] One method of compensating for the loss of syn 
chronism is to run many single molecule reactions simulta 
neously (i.e., in parallel). The time-dependent release of 
nucleotides from parallel reactions can correlate Well With 
the actual sequence, While facilitating detection With less 
sensitive equipment. 

[0061] To improve the resolution by light microscopy in 
the analysis of the multiple single molecule reactions, a 
bulky adapter molecule can be used to achieve even spacing 
of the reactions on the solid support. Suitable adapter 
molecules include dendrimers, biotin/avidin complexes, and 
derivatiZed proteins. Detection can then be achieved, for 
example, by ?uorescence resonance energy transfer or ?uo 
rescence polariZation measurement. 

[0062] In another embodiment, electrophoretic techniques 
can be adapted to increase signal-to-noise ratio. For 
example, negatively charged molecules are displaced by an 
electric ?eld, Whereas sources of background signals gen 
erally are not. Fluorescence correlation spectroscopy takes 
advantage of this fact, alloWing exonuclease based sequenc 
ing methods to use very small amounts of ?uorescent label, 
minimiZing adverse effects attributable to steric croWding of 
highly labelled DNA. A ?uctuating electric ?eld in each 
microscopic sequencing unit can enable measurement of 
correlated ?uctuations of emitted light. A circular, three 
electrode system (see FIGS. 4A to 4C), for example, can 
alloW electrical ?uctuation With minor perturbation of the 
?eld around the DNA molecules. 

[0063] Because of the circular electric ?eld, individual 
nucleotide molecules Will move in nearly random directions 
and correlated ?uctuations can be measured using ?uores 
cence microscopy in conjunction With a high resolution 
CCD-array camera (see FIG. 5) or an array of optical ?bers. 

[0064] A homogeneous DNA population can be obtained 
at the start of the sequencing procedure through the use of 
?ll-in PCR in the 5 ‘->3‘ direction. The sequence is read from 
5‘->3‘. 
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[0065] The activation volumes for some enzymes that 
catalyze phosphodiester hydrolysis reactions are negative. 
For example, ribonuclease catalyzed hydrolysis of cytidine 
2‘,3‘-phosphate has an activation volume of —20+/—2 ml/mol 
(R. Williams and C. Shen, Arch. Biochem. Biophys. 152, 
606-612, 1972). Data shoWn here indicate a negative acti 
vation volume for the )t-exonuclease-catalyZed release of a 
single nucleotide. Pressure cycling can therefore synchro 
niZe the enZyme population, thereby providing precise con 
trol of DNA digestion by exonuclease. High pressure is 
thought to increase the rate of hydrolysis of individual 
nucleotides from the 5‘ ends of the DNA While simulta 
neously inhibiting the enZyme from advancing to the next 
base. Methods that further accelerate the hydrolysis reaction, 
such as modulation of pH during a de?ned phase of the 
pressure cycle, can be used to optimiZe the process. 

[0066] Pressure can also be used to modulate enZyme 
activity by changing the concentration of free ions (e.g., H", 
OH“, or Mg++) in a reaction. For example, pressure can be 
used to shift the equilibrium of a buffer having a large 
ioniZation volume. For instance, pyrophosphate has been 
reported to have an ioniZation volume of —28.9 ml/mol for 
its pK 9.4 proton dissociation (Kitamura and Itoh, J. Sol. 
Chem. 16, 1987, 715). This corresponds to a pH decrease of 
about 1.5 units and a pOH increase of 0.5 units at 4 kbar of 
pressure. For a buffer With an ioniZation volume of +20/ml/ 
mol, one expects a pH increase of about one unit in pH and 
a pOH decrease of over 2 units, corresponding to a 100 fold 
rate acceleration for a hydroxide catalyZed reaction. EnZy 
matic reactions can have even larger pH-dependent rate 
changes occurring at the titration points of one or more 
amino acid residues or cofactor moieties involved in cata 
lytic activity. 

[0067] Pressure modulated equilibrium shifts can be used 
to alter the concentrations of cofactors and inhibitors. For 
example a Mg++/EDTA buffer system Will have an increased 
free Mg++concentration under high pressure, thus stimulat 
ing the exonuclease. In another example, a pressure-induced 
change in the ioniZation of a polyamine compound Would 
modulate the enZyme activity. Certain polyamine com 
pounds are knoWn to be inhibitory to DNA hydrolyZing 
enZymes due to the ability of the amino cations to tightly 
bind the DNA phosphate backbone. 

[0068] Pressure modulated equilibrium shifts can also be 
used to alter the properties of solvents. For example, the 
polarity and hydrophilicity of a nonpolar organic solvent 
increases With pressure (J . Am. Chem. Soc., 115, 8845-8846, 
1993). Polarity changes can be used to modulate enZyme 
activity. Many enZymes retain activity in aqueous-organic 
biphasic solutions. For example, replacement of the “bulk” 
Water solvent With an organic solvent does not completely 
inhibit the reactivity, provided that loW concentrations of 
Water are available to bind in a monolayer (or less) around 
the enZyme (Biotransformrations in Organic Chemistry, K. 
Faber, 2nd Edition, Springer-Verlag, pp. 271-311, (1995). 
Additionally, using biphasic solutions in conjunction With 
pressure modulation can be advantageous for augmenting 
the spatial separation of the reaction components. 

[0069] The device can employ biosensors, analytical 
devices that use the binding and catalytic properties of 
biopolymers such as enZymes, binding proteins, or oligo 
nucleotides to detect an analyte in a mixture. Biosensors can 
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transduce and amplify binding information into an optical or 
electrical signal. An integrated sequencing device can utiliZe 
speci?c enZyme-nucleotide interactions to discriminate 
among the four nucleoside monophosphates liberated by 
exonuclease action. 

[0070] A class of enZymes that is useful for use in bio 
sensors is the 5‘-monophosphate kinases: cytidylate kinase 
(EC 2. 7. 3. 14), dTMP kinase (EC 2. 7. 4. 9), guanylate 
kinase (EC 2. 7. 4. 8), and dAMP kinase (EC 2. 7. 4. 11), 
Which act to transfer a phosphate from ATP to the appro 
priate nucleoside monophosphate. Several schemes for 
using these enZymes in a detection system are possible in 
Which the four enZymes are immobiliZed in or near the 
detection Zone of the device. If a constant supply of ATP is 
introduced into the device and the enZymes are immobiliZed 
in parallel, speci?c phosphorylation can be achieved. Detec 
tion can make use of the change in charge or electrophoretic 
mobility betWeen the nucleoside monophosphate and 
nucleoside diphosphate. 

[0071] Alternatively, the binding of the substrate to the 
enZyme in the detection Zone can be used for detection by 
observing parameters such as migration (e.g., sloWed migra 
tion of the nucleotide in the Zone With the appropriate 
immobiliZed enZyme) or spectroscopic properties of the 
enZyme or substrate. Examples of spectroscopic changes 
include altered ?uorescence excitation or emission Wave 
lengths of tryptophan residues in the enZyme, altered ?uo 
rescence lifetimes of tryptophan residues, changes in infra 
red or Raman spectra, or changes in refractive index at the 
surface of the device. The enZymes or mutated recombinant 
enZymes may be labeled With ?uorophores Which change in 
?uorescence resonance energy transfer or excimer formation 
ef?ciency due to the conformational change induced by 
nucleotide binding. 

[0072] The device can be designed and constructed to 
employ numerous analytical devices to detect and quantify 
the released reaction products. Analytical techniques using 
mass spectroscopy can also be incorporated directly into the 
chemical reaction device to detect released nucleotide 
monophosphates. 

[0073] Another class of enZymes Which can be used in 
biosensor applications are the nucleoside kinases (deoxycy 
tidine kinase EC 2. 7. 1. 74, deoxythymidine kinase EC 2. 
7. 1. 75 and deoxyadenosine kinase EC 2. 1. 7. 76). In the 
presence of ADP, these enZymes can speci?cally catalyZe the 
reverse of their physiological reactions to produce the 
nucleoside and ATP, Which can be assayed by standard 
methods such as chemiluminescence using ?re?y luciferase. 

[0074] Another embodiment combines the reaction and 
detection processes into the same Zones thus eliminating the 
need for spatial separation of the retested reaction products 
(e.g., nucleotide monophosphates) folloWing each cycle. 
Dye molecules that have different emission spectra folloW 
ing release from the DNA polymer (i.e., the different emis 
sions of polymeric and monomeric ?uorescence) can be 
used in this embodiment. Examples of detection techniques 
include, but are not limited to, ?uorescent polariZation and 
resonance energy transfer. The advantages of a single Zone 
embodiment include the capacity for massively parallel 
sequencing strategies to be designed and devices constructed 
for the practice of these strategies. A device capable of 
performing multiple processes can enhance the reproduc 
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ibility of sequencing results by querying the degree of 
synchronism obtained at each cycle. Signal processing soft 
Ware algorithms can be developed to ?lter out data from 
non-synchronous read frames. 

[0075] The digestion of DNA by an exonuclease in an 
electric ?eld can require careful selection or design of the 
exonuclease to minimize perturbation due to the electric 
?eld. In general, therefore, an enZyme of net neutral charge 
is most suitable for use in an electric ?eld. 

[0076] An exonuclease having a net negative charge can 
be converted to an enZyme of net neutral charge by mutation 
of surface carboxylate residues (e.g., aspartic acid or 
glutamic acid) to non-charged, polar groups such as 
glutamine, asparagine, serine, or threonine. An enZyme 
having a net charge of —2 may be mutated to have a net 
neutral charge by replacing a carboxylate residue With a 
positively charge residue, such as lysine or arginine. 

[0077] EnZymes of net positive charge may similarly be 
mutated to an enZyme of net neutral charge by replacing 
positively charged residues on the surface of the protein With 
negative or neutral residues. 

[0078] An electric ?eld can promote dissociation of metal 
ions (such as Mg++) from the enZyme. To avoid any adverse 
effects of magnesium dissociation, a magnesium-indepen 
dent enZyme (e.g., some acid exonucleases, venom exonu 
cleases, or phosphodiesterases) can be used. Alternatively, 
the reaction area can be continuously supplied With magne 
sium ions. 

[0079] Polypeptide Sequencing 

[0080] Polypeptides can be sequenced by using pro 
teolytic enZymes such as the exopeptidases aminopeptidase 
M (EC 3. 4. 11. 2), and carboxypeptidases A, B, and C (3. 
4.17.1, EC 3.4.17.2, and EC 3. 4. 16. 1, respectively). The 
only requirement of a suitable peptidase is broad speci?city. 
Serine-type carboxypeptidase C (EC 3. 4. 16. 5), for 
example, is a hydrolase that acts on peptide bonds to release 
the carboxy terminal amino acid residue from any polypep 
tide. The enZyme has an optimal operating pH range of 4.5 
to 6.0. Thus, amino acid residue hydrolysis can be controlled 
via pressure cycling of pressure-sensitive buffers. Alterna 
tively, the enZymes can simply be inactivated by high 
pressure in the absence of a buffer having a large ioniZation 
volume. 

[0081] In general, the amino terminal end of a polypeptide 
chain can be immobiliZed on a solid support, a hydrolytic 
peptidase can be introduced under inhibitory pressure con 
ditions, and the pressure can be cycled to release one amino 
acid residue at a time. Detection schemes as described above 
in connection With nucleic acid sequencing can also be 
employed for detection of the free amino acid residues. 

[0082] The invention Will be further described in the 
folloWing examples, Which do not limit the scope of the 
invention described in the claims. 

EXAMPLES 

Example One 

[0083] Preparation of immobiliZed nucleic acid mol 
ecules: Using a Hamilton syringe, a ?ne-tipped needle is 
inserted to the midpoint of the internal lumen of a glass 
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capillary tube (e.g., borosilicate or quartZ glass for capillary 
electrophoresis, internal diameter 0.5 mm, length 10 A 
small volume of a chemical linker (e.g., silanes) in an 
appropriate solvent is sloWly injected into the capillary tube 
to obtain a band of less than 0.1 mm. Examples of suitable 
chemical linkers are found in Nucleic Acid Research 
22:5456-5465, 1994, including various aminosilanes. The 
linker is attached to a spacer (e.g., glutaraldehyde, 1,4 
phenylene-di(isothiocyanate), or succinimidyl-1,4-[male 
imidophenyl]butyrate) and a hybridiZation sequence. 

[0084] Either a single strand oligonucleotide complemen 
tary to a tail of another double stranded nucleic acid mol 
ecule to be sequenced or a chemically modi?ed double 
stranded DNA molecule is chemically coupled to the linker. 
A nucleic acid molecule With a single strand tail having 
?uorescently tagged bases is added. The product is then 
Washed both With ethylenediaminetetraacetic acid (EDTA) 
buffer to remove metal ions and With bovine serum albumin 
(BSA) to block non-speci?c binding sites on the capillary 
tube. Abuffered, pH-inhibitory, metal-free solution of exo 
nuclease is added to effect association With the nucleic acid 
molecule. The mixture is Washed to remove unbound exo 
nuclease molecules. 

[0085] Preparation of the device: An electrode is inserted 
into one end of the capillary tube. EnZyme-inhibiting buffer 
solution is sloWly injected With a Hamilton syringe to cover 
the immobiliZed DNA/enZyme complex. An enZyme acti 
vation buffer solution is then sloWly injected to form a layer 
on top of the inhibiting solution. A second electrode is 
inserted into the other end of the capillary. 

[0086] Insertion of the device into a high pressure cell: 
The terminals of a DC poWer supply are connected to the 
electrodes at the ends of the capillary. The entire device is 
carefully inserted into a ?uid-?lled high pressure cell With 
pressure-resistant, optical quartZ glass; alternatively, ?ber 
optics or a sapphire optical WindoW material can be used 
With the high pressure cell. The device is oriented to alloW 
spectral detection betWeen the DNA band and the negative 
electrode (cathode). The optical detection Zone is adjacent to 
the DNA band to enable discrimination betWeen released 
bases. The electrodes are connected to the poWer supply, 
affording external control of current. 

[0087] Activation of enZyme: The pressure is increased 
from atmospheric to 50,000 psi. Acurrent at 100 V is applied 
to the device. The pH of the DNA/enZyme complex changes 
from inhibitory pH level (e.g., pH 6.0) to permissive pH 
level (e.g., pH 9.4). After an appropriate time interval (as 
determined in previous optimiZation experiments), pressure 
cycling betWeen 40,000 and 10,000 psi is begun, modulating 
enZyme activity. The voltage drop is maintained throughout 
the procedure. 

[0088] Detection of released nucleotide monophosphates: 
As the pressure is loWered to permissive levels the exonu 
clease is activated and the nucleotide monophosphate prod 
uct is released. The current across the capillary tube alloWs 
the temporarily and spatially separated nucleotides tagged 
With ?uorescent dyes to enter the detector Zone in a sequen 
tial manner. 

[0089] The resulting data can be expressed as a continuous 
signal, With intermittent peaks and troughs representing the 
presence or absence of each of the nucleotide monophos 
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phates. Conventional signal processing algorithms, such as 
those used With automated gel electrophoresis DNA 
sequencing instrumentation, can determine the extent of 
homogeneity of a signal generated in the previous degrada 
tion cycle. For example, if multiple DNA molecules from a 
heteroZygotic allele Were sequenced, the resultant signal 
Would be a mixture of tWo bases at one position. Heterog 
enous sequence results Would also be expected When micro 
biological samples Were sequenced (e.g., viral typing of HIV 
pathogens). 

Example TWo 
[0090] Pressure Stimulated Release of a terminal 2-ami 
nopurine 2‘-deoxyribonucleoside 5‘-monophsophate from 
duplex DNA: Complementary synthetic oligodeoxynucle 
otides Were purchased from Midland Certi?ed Reagent 
Company (5‘—phosphoryl-2-aminopurine-ATA TTA TAT 
GAG TGT CCT GCA GCA CG and CGT GCT GCA GGA 
CAC TCA TAT AAT ATT; SEQ ID NOS:1,2). 

[0091] The oligonucleotides Were dissolved in 10 mM Tris 
at pH 8/100 mM KCl and hybridiZed by combining equimo 
lar amounts of the oligonucleotides, placing the reaction 
tube in boiling Water, and alloWing it to sloWly cool to room 
temperature. The concentration of duplex DNA Was 78.3 
pM. This Was diluted 1:10 in 10 mM Tris (pH 8)/1 mM 
EDTA to make a 7.8 pM stock. 

[0092] The exonuclease reaction Was initiated by the addi 
tion of 2.5 pl of )t-exonuclease (2.9 units/pl; Life Technolo 
gies) to 211 pl of Water, 25 pl of 670 mM glycine, pH 9.4 
With 500 yg/ml of BSA and 4 pl of the 7.8 MM double 
stranded DNA substrate at 292 K. The reaction mixture Was 
transferred to a semi-micro quartZ cuvette (Starna Cells) for 
?uorescence detection and completely topped-off With DoW 
Corning silicone high vacuum grease. The top quarter of the 
cuvette Was Wrapped With tWo layers of PARAFILM® 
(American National Can) and tWo layers of DURA-SEAL® 
(Diversi?ed Biotech). 
[0093] The cuvette Was placed in a custom-built holder 
and loWered into an ISS high pressure optical bomb Which 
had been ?lled With spectroscopic grade ethanol. The bomb 
Was sealed With a torque Wrench set to 50 ft-lbs and the 
bomb Was placed in an ISS PC1 ?uorometer. Pressure Was 
applied by attaching a hand-cranked pressure generator 
(High Pressure Equipment) and monitored With a digital 
pressure gauge (Sensotech). Fluorescence Was monitored at 
an excitation Wavelength of 311 nm and an emission Wave 
length of 380 nm. 

[0094] Pressure stimulation of base release Was observed 
as an increase in the slope of the ?uorescence intensity over 
time. The natural logarithm of the ratio of slope at 14, 5,000, 
and 10,000 psi to the slope of atmospheric pressure Was 
determined then multiplied by RT (351860/ml psi/mol). 

Pressure (psi) RTln (rate [p]/rate [atm]) 

14 0 
5000 174727 

10000 300312 

[0095] This log ratio Was plotted against the pressure. The 
slope Was determined using the SigmaPlot softWare and 
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multiplied by RT (R=1205 (ml~psi)/(mol-K) and T=292 K) 
to yield a slope of —31+/—3 ml/mol., indicating that the 
reaction is strongly stimulated by pressure. 

Example 3 

[0096] A detection scheme based on ?uorescence reso 
nance energy transfer (FRET) betWeen ?uorophores on the 
enZyme and on the DNA: Fluorescence resonance energy 
transfer (FRET) is a spectroscopic phenomenon in Which 
tWo ?uorophores Will interact in such a Way that When one 
?uorophore is excited by light, it Will transfer energy to 
another nearby (about 5 to 100 ?uorophore having an 
excitation spectrum that overlaps With the emission spec 
trum of the ?rst ?uorophore. The second ?uorophore Will 
then emit light at a longer Wavelength than Would have been 
emitted by the ?rst ?uorophore alone. The energy transfer is 
highly speci?c for closely positioned ?uorophores since it 
decreases proportionally to the sixth poWer of the distance 
betWeen the tWo ?uorophores. 

[0097] FRET can be used to eliminate the need for sepa 
ration of the product nucleotides from the oligomeric sub 
strate normally required by nucleotide detection and dis 
crimination methods. The native ?uorescence of groups on 
the enZyme such as tryptophan, tyrosine and phenylalanine 
can donate energy to labels on the DNA or the enZyme can 
be tagged With a non-native ?uorophore. The nucleotides 
can be discriminated by using four different ?uorescent tags, 
each emitting at a characteristic Wavelength or by using a 
mixture of enZymes tagged With ?uorophores that excite at 
different Wavelengths and tagged nucleotides that are 
excited by these tagged enZymes. Alternatively, the labels on 
the DNA can donate energy to the label or labels on the 

enzyme. 

Example 4 

[0098] Pressure-modulated hydrolysis and product 
release: A lineariZed, double strand DNA sample to be 
sequenced is covalently immobiliZed on a solid support in a 
sequencing device. Exonuclease III in introduced in excess 
to associate With the DNA sample. The enZyme is in a buffer 
solution containing a pressure-sensitive buffer having a large 
ioniZation volume. At atmospheric pressure, the pH of the 
buffer is inhibitory for Exonuclease III’s hydrolytic activity. 
The pH is, hoWever, permissive for association and binding 
of the enZyme With the DNA sample. 

[0099] The DNA is chemically coupled to a solid support 
contained Within an alternating or continuous electromotive 
potential. By introducing the enZyme bound to the DNA, the 
DNA molecule becomes oriented adjacent to a detector 
Zone. The detector Zone is an optically clear region of the 
sequencing device, in Which laser-induced ?uorescent exci 
tation and emission of nucleotide monophosphates can be 
monitored. 

[0100] The pressure is increased to a hydrolytically per 
missive Zone, Which inhibits product release. The pressure is 
then decreased to a product release permissive Zone, Which 
inhibits hydrolysis. The pressure is cycled, alternating 
betWeen these limiting Zones, While concurrently removing 
the products from the reaction vessel electrophoretically. 
The sequence can thus be read in real-time (i.e., as the 
individual nucleotides are being hydrolyZed aWay from the 
immobiliZed molecule. When the hydrolysis and product 
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release steps reach their respective end-points at the end of 
each pressure cycle, resynchronization of the enZymes 
occurs, such that all of the enZymes rest on a common base 
When the pressure is non-permissive. 

Example 5 

[0101] Coupling of a DNA molecule to a glass plate: To 
immobilize a polymeric biomolecule on a solid support, it is 
generally necessary to chemically modify one end of the 
molecule With a reactive functional group. Suitable func 
tional groups include primary amine and thiols. For small 
DNA molecules (e.g., less than 40 nucleotides), automated 
DNA synthesiZing equipment that uses phosphoramidite 
compounds can be used to functionaliZe the end of the DNA. 
The polymerase chain reaction (PCR) can be used to activate 
larger DNA molecules (i.e., 80-1000 nucleotides). 

[0102] The forWard primer of the LACZ gene Was 
obtained and modi?ed to include a primary amino group at 
its 5‘ end. This primer Was used to 5‘ modify an 800-bp DNA 
molecules in the PCR reaction. 

[0103] The 800-bp, double-stranded DNA molecule Was 
then labelled With a ?uorescent reporter by partial substitu 
tion of dTTP With ?uorescein-labelled dUTP (NeW England 
Nuclear, DuPont, Wilmington, Del.), also via PCR. 

[0104] After incorporation of the ?uorescent label, glass 
plates Were prepared for DNA attachment. 25x75 mm glass 
slides Were cleaned With a 1:2 solution of 30% aqueous 
hydrogen peroxide and 98% sulfuric acid. Cleaning in this 
manner creates a hydrophilic surface on the slides and 
exposes SiO'ions on the surface. The slides Were then dried 
at 120° C. for 10 minutes. 

[0105] The cleaned and dried plates Were treated With 
3-aminopropyltriethoxysilane (APTES), a silaniZation 
reagent that modi?es the glass to incorporate a terminal 
amino group (NucleicAcia' Research, 24:3031-3039, 1996). 
A 1% APTES solution in 95% denatured methanol Was used; 
the glass Was dipped in the solution for 20 minutes at room 
temperature. After silaniZation, the Water contact angle of 
the glass had increased from 0° to 36°. 

[0106] The APTES-coated glass Was further activated 
With glutaraldehyde, Which acts as a linker betWeen the 
amine-modi?ed DNA molecule and the amine-modi?ed 
glass. Thus, the silaniZed plates Were treated With a 12.5% 
(v/v) solution of glutaraldehyde (Sigma, St. Louis, M0.) in 
coupling buffer (0.1M sodium phosphate/0.15M sodium 
chloride, pH 7.0) With 0.6 g sodium cyanoborohydride per 
100 ml of coupling buffer. The glutaraldehyde-activated 
plates Were Washed tWo more times With the coupling buffer. 

[0107] The ?uoroscein-labelled PCR product With the 
5‘-primary amine linker and the glutaraldehyde-activated 
plates Were incubated together overnight in coupling buffer 
to alloW diffusion and reaction of DNA molecules at the 
solid-liquid interface. The slide Was Washed With coupling 
buffer and 0.1M tris buffer (pH 8), then imaged under an 
epi-?uorescence microscope at 470-490 nm as a light source 
for ?uorescein excitation. Four distinct bright spots With 
green light emission Were observed. 

[0108] Thus, the amine-modi?ed, 800-bp PCR product 
Was concluded to have been coupled to the glutaraldehyde 
activated glass. Further Washing of the plate With distilled 
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Water did not signi?cantly reduce the ?uorescence intensity, 
consistent With covalent binding. 

Example 6 

[0109] Radial electro-analytical DNA sequencing device: 
Three silicon substrates are etched to form plates each 
having circular microstructures of 40 pm in diameter. Cir 
cular rings of tWo different siZes are also etched onto each 
of the plates, the ?rst having an outer diameter of 120 pm 
and an inner diameter of 40 pm, and the second having an 
outer diameter of 200 pm and an inner diameter of 120 pm. 

[0110] Three photo-resist polymer stamps With uniform, 
200 pm circles and the ?rst and second circular rings 
described above, respectively, are developed from the etched 
silicon substrates. 

[0111] The polymer stamps are soaked With different sol 
vents to pattern a cleaned glass surface With surface active 
reagents including different silanes. Thus, the ?rst polymer 
resist (i.e., having 40 pm circles) is soaked With 2% (v/v) 
3-amino-triethoxysilane (APTES) in 95% methanol, then 
used to pattern a predetermined region of the glass surface. 
The second polymer stamp (i.e., having the ?rst circular 
ring) is soaked in 0.6% (v/v) APTES in 95% methanol and 
used to pattern the same region on glass and subsequently 
With 1% dimethyl-dichlorosilane (DCS) in 100% trichlo 
romethane. DCS acts as a capping agent for the APTES 
silaniZed glass and increases the surface hydrophobicity in 
the region. The third surface polymer-resist stamp is pat 
terned With the second circular ring in 2% APTES co 
solvent. Thus, concentric circles With three distinct surface 
properties are made on the glass surface. Amino-modi?ed 
DNA molecules are coupled to the mixed silaniZed region of 
APTES and DCS With the second concentric ring polymer 
stamp to form polymer brushes. 

[0112] By inserting a micro-electrode of negative charge 
in the center of the concentric micro-structure and a circular 
electrode With a diameter of 200 pm to surround the circle, 
a radial DNA sequencing device is made. The device is used 
to enZymatically digest DNA in the hydrophobic region of 
the ?rst ring and detect the individual nucleotide in the 
hydrophilic region of the second ring under the rapid pres 
sure cycling conditions in the presence of a radial electric 
?eld. This micro-patterning method can alloW parallel 
sequencing of thousands of DNA samples. 

Other Embodiments 

[0113] It is to be understood that While the invention has 
been described in conjunction With the detailed description 
thereof, that the foregoing description is intended to illus 
trate and not to limit the scope of the appended claims. Other 
aspects, advantages, and modi?cations are Within the scope 
of the folloWing claims. 

What is claimed is: 
1. An integrated device for sequencing a polymeric bio 

molecule, the device comprising: 

a reaction vessel, Wherein said reaction vessel includes a 
reaction Zone and a detection Zone; 

a solid support in said reaction Zone for chemical attach 
ment of the polymeric biomolecule; 
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an enzyme that catalyzes the removal of one monomer 
unit at a time from a terminus of said polymeric 

biomolecule; 
a probe for sensing a characteristic of monomers posi 

tioned Within the detection zone of the reaction vessel; 
and 

a pressure-control device that controls the pressure at least 
in the reaction zone of said reaction vessel. 

2. The device of claim 1, Wherein said reaction zone is 
spatially separated from said detection zone. 

3. The device of claim 1, Wherein said reaction zone is not 
spatially separated from said detection zone. 

4. A device of claim 1, Wherein said probe is an optical 
WindoW of quartz or sapphire. 

5. A device of claim 2, further comprising a modulated 
electrophoretic, electroosmotic, ?uid ?oW, or ?oW cytom 
etry device connecting said reaction and detection zones, 
Wherein said modulated device contains a buffer, the pH of 
the buffer being pressure-sensitive. 

6. A device of claim 1, Wherein said detection zone 
includes multiple probes for sensing a characteristic of a 
multiplicity of monomers positioned Within the detection 
zone of the reaction vessel. 

7. A device of claim 1, Wherein the probe is an optical 
?ber for ?uorescence detection. 

8. Adevice of claim 1, Wherein the probe is a ?uorescence 
microscope. 

9. Adevice of claim 1, Wherein the probe is an infrared or 
Raman spectrometer. 

10. A device of claim 1, Wherein the probe is a ?uores 
cence polarimeter. 

11. Adevice of claim 1, Wherein the probe is an enzymatic 
biosensor. 

12. A device of claim 1, Wherein the probe is a mass 
spectrometer. 

13. A device of claim 1, Wherein said polymeric biomol 
ecule is a nucleic acid. 

14. A device of claim 1, Wherein said polymeric biomol 
ecule is a polypeptide. 

15. A device of claim 3, Wherein at least some of the 
monomers of the polymeric biomolecule are labelled With 
?uorescent tags, and the identity of the ?uorescently labelled 
monomers is determined by ?uorescence resonance energy 
transfer betWeen the monomers and the enzyme. 

16. A sample plate for use in a sequencing device, 
comprising a solid surface adapted for use in the high 
pressure device of claim 1, a linker molecule covalently 
bonded to the surface, and a primer molecule complemen 
tary to a biomolecule to be sequenced, the primer molecule 
being covalently bonded to the linker molecule. 

17. A method for sequencing a polymeric biomolecule, 
the method comprising: 

a) immobilizing the polymeric biomolecule on a solid 
support in a reaction vessel; 

b) associating an ion-dependent, biomolecule-digesting 
enzyme With the nucleic acid, Wherein the enzyme’s 
biomolecule digesting activity is blocked by an eXog 
enously controllable characteristic that can be altered 
Without adding a reagent from a separate vessel; 

c) With the pressure in the vessel at a level that inactivates 
the enzyme, altering said eXogenously controllable 
characteristic to alloW the enzyme’s biomolecule 
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digesting activity to be functional and to eXcise the 
terminal monomer from said polymeric biomolecule; 

d) adjusting the pressure to activate the enzyme to disso 
ciate one monomer from the polymeric biomolecule; 

e) determining the identity of the dissociated terminal 
monomer With a probe for sensing a characteristic of 
the dissociated monomer Within the reaction vessel; 

f) adjusting the pressure to inactivate the enzyme; and 

g) repeating steps d), e), and f); 
provided that steps a) and b) may be performed in either 

order, so long as they are performed before step c). 
18. A method of claim 17, Wherein said polymeric bio 

molecule is a nucleic acid molecule. 
19. A method of claim 17, Wherein said polymeric bio 

molecule is a polypeptide. 
20. A method of claim 17, Wherein said eXogenously 

controllable characteristic is ion concentration. 
21. A method of claim 17, Wherein said eXogenously 

controllable characteristic is pH. 
22. A method of claim 17, Wherein said eXogenously 

controllable characteristic is a photolabile protecting group. 
23. A method of claim 22, Wherein said photolabile 

protecting group is on the enzyme. 
24. A method of claim 22, Wherein said photolabile 

protecting group is on the polymeric biomolecule. 
25. A method of claim 22, Wherein said photolabile 

protecting group sequesters divalent metal ions necessary 
for biomolecule digesting activity. 

26. A method of claim 22, Wherein said photolabile 
protecting group is removed by an intense pulse of light. 

27. Amethod of claim 20, Wherein said ion concentration 
is altered by a pressure change. 

28. A method of claim 21, Wherein said pH is altered by 
a pressure change. 

29. A method of claim 17, Wherein the polymeric bio 
molecule and the solid support are in the organic phase of a 
biphasic solvent system and said dissociated monomers are 
detected in the aqueous phase of the biphasic solvent system. 

30. A method of claim 23, Wherein the photolabile group 
is 4,5-dimethoXy-2-nitrobenzyl bromide and the enzyme 
contains a catalytically important thiol. 

31. A method of claim 23, Wherein the photolabile group 
is trans-2-(4,5-dimethoXy-2-nitrophenyl)-1-nitroethene and 
the enzyme contains a catalytically important thiol. 

32. A method of claim 23, Wherein the photolabile group 
is 1-(4,5-dimethoXy-2-nitrophenyl)ethyl (DMPNE) and the 
enzyme contains a catalytically important carboXylate. 

33. A method of claim 23, Wherein the photolabile group 
is NVOC chloride and the enzyme contains a catalytically 
important amine. 

34. A method of claim 24, Wherein the photolabile group 
is 1-(4,5-dimethoXy-2-nitrophenyl)ethyl. 

35. A method of claim 25, Wherein the metal ions are 
magnesium ions and the photolabile protecting group is 
1-(4,5-dimethoXy-2-nitrophenyl) EDTA. 

36. Amethod of claim 21, Wherein the pH is altered by an 
intense pulse of light. 

37. Amethod of claim 21, Wherein the pH is altered by the 
release of a proton from 2-hydroXyphenyl-1-(2 
nitrophenyl)ethyl phosphate. 

38. A method of claim 21, Wherein the pH is altered 
electronically. 
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39. A method of claim 20, wherein the ions are magne 
sium ions. 

40. A method of claim 17, Wherein the monomers are 
labelled With ?uorescent tags to facilitate identi?cation. 

41. A method of claim 40, Wherein the identity of the 
?uorescently labelled monomers are discriminated by ?uo 
rescent resonance energy transfer betWeen the monomers 

and the enZyme. 
42. A method of claim 41, Wherein the inherent ?uores 

cence of the enZyme is the energy donor and the ?uores 
cently labelled monomers are the energy acceptors. 

43. A method of claim 41, Wherein the enZyme is deriva 
tiZed With a ?uorescent label and is the energy donor. 

44. A method of claim 41, Wherein the enZyme is deriva 
tiZed With a ?uorescent label and is the energy acceptor. 

45. Amethod of claim 17, further comprising transporting 
the dissociated monomer from the reaction site to a detection 
Zone Within the reaction vessel. 

46. A method of claim 45, Wherein the transporting step 
is effected by intermittent electrophoresis, electroosmosis, 
?uid ?oW, or ?oW cytometry. 

47. A method of claim 17, Wherein the dissociated mono 
mer is detected at the reaction site. 

48. A method of claim 17, Wherein the pressure is modu 
lated using feedback from the probe. 

49. A device of claim 18, Wherein the probe relies on pH 
titration of the spectroscopic or electrophoretic properties of 
adenosine monophosphate, guanosine monophosphate, cyti 
dine monophosphate, and thymidine monophosphate. 

50. A method of claim 18, further comprising increasing 
pressure to a level sufficient to alloW direct identi?cation of 
the dissociated nucleic acid monomer by inherent ?uores 
cence properties. 

51. A method of claim 17, further comprising applying 
pulsed current to induce the activity of the enZyme. 

52. A method of claim 17, Wherein a continuous current 
is supplied to eXtend and relaX polymeric biomolecule 
binding to facilitate enZyme activity. 

53. Amethod of claim 17, further comprising providing a 
?uorophore to alloW indirect detection of monomer absor 
bance properties. 
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54. A method of claim 17, Wherein the solid support is a 
plate. 

55. A method of claim 54, Wherein the plate is a micro 
fabricated circuit. 

56. Amethod of claim 17, Wherein the pressure is uniform 
throughout the reaction vessel. 

57. Amethod of claim 17, Wherein the pressure is adjusted 
Within a local region of the reaction vessel. 

58. Amethod of claim 57, Wherein the pressure is adjusted 
With a magnetostrictive device. 

59. A method of claim 57, Wherein the reaction vessel is 
in communication With other vessels at enZyme operative 
pressures. 

60. A method of claim 17, Wherein said enZyme has a net 
neutral charge. 

61. A method of claim 17, Wherein said enZyme is not 
dependent on metal ions. 

62. Amethod of claim 61, Wherein said enZyme is an acid 
eXonuclease. 

63. A method of claim 61, Wherein said enZyme is a 
phosphodiesterase. 

64. A method of claim 17, further comprising supplying a 
continuous supply of metal ions into the reaction Zone. 

65. A method of claim 64, Wherein said ions are magne 
sium ions. 

66. A method of claim 18, Wherein said nucleic acid is 
DNA. 

67. A method of claim 18, Wherein said nucleic acid is 
RNA. 

68. A method of claim 18, Wherein said enZyme is an 
eXonuclease. 

69. A method of claim 19, Wherein said enZyme is an 
eXopeptidase. 

70. A method of claim 69, Wherein said eXopeptidase is 
carboXypeptidase C. 


