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ABSTRACT 

Biosensors are made by attaching covalently or non-co 
valently at least one reporter group to one or more speci?c 
positions of a bacterial periplasmic binding protein (bPBP). 
Upon binding of ligand to the biosensor, there is a change in 
the signal transduced by the reporter group. 
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BIOSENSOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of provisional 
Appln. No. 60/418,359, ?led Oct. 16, 2002. 

FEDERALLY SUPPORTED RESEARCH OR 
DEVELOPMENT 

[0002] The US. Government has certain rights in this 
invention as provided for by the terms of NIH-RO1 
GM49871 and ONR-N00014-98-1-0110. 

TECHNICAL FIELD 

[0003] The present invention relates to biosensors and to 
methods of making and using same. 

BACKGROUND 

[0004] Biosensors are analytical tools that can be used to 
measure the presence of a single molecular species in a com 
plex mixture by combining the exquisite molecular recogni 
tion properties of biological macromolecules With signal 
transduction mechanisms that couple ligand binding to 
readily detectable physical changes (Hall, Biosenisors, Pren 
tice-Hall, EngleWood Cliffs, N.J.; Scheller et al., Curr. Op. 
Biotech. 12:35-40, 2001). Ideally, a biosensor is reagentless 
and, in contrast to enZyme-based assays or competitive 
immunoassays, does not change composition as a conse 
quence of making the measurement (Hellinga & Marvin, 
Trends Biotech. 16:183-189, 1998). Most biosensors com 
bine a naturally occurring macromolecule such as an enZyme 
or an antibody, With the identi?cation of a suitable physical 
signal particular to the molecule in question, and the con 
struction of a detector speci?c to that system (Meadows, Adv. 
Drug Deliv. Rev. 21:177-189, 1996). Recently, molecular 
engineering techniques have been explored to develop mac 
romolecules that combine a Wide range of binding speci?ci 
ties and a?inities With a common signal transduction mecha 
nism, to construct a generic detection system for many 
different analytes (Hellinga & Marvin, Trends Biotech. 
16:183-189, 1998). 
[0005] Escherichia coli periplasmic binding proteins are 
members of a protein superfamily (bacterial periplasmic 
binding proteins, bPBPs) (Tam & Saier, Microbiol. Rev. 
57:320-346, 1993) that has been shoWn to be Well suited for 
the engineering of biosensors (U .S. Pat. No. 6,277,627). 
These proteins comprise tWo domains linked by a hinge 
region (Quiocho & Ledvina, Molec. Microbiol. 20:17-25, 
1996). The ligand-binding site is located at the interface 
betWeen the tWo domains. The proteins typically adopt tWo 
conformations: a ligand-free open form, and a ligand-bound 
closed form, Which interconvert via a hinge-bending mecha 
nism upon ligand binding. This global, ligand-mediated con 
formational change has been exploited to couple ligand bind 
ing to changes in ?uorescence intensity by positioning single, 
environmentally sensitive ?uorophores in locations that 
undergo local conformational changes in concert With the 
global change (Brune et al., Biochemistry 33:8262-8271, 
1994; Gilardi et al., Prot. Eng. 10:479-486, 1997; Gilardi et 
al., Anal. Chem. 66:3840-3847, 1994; Marvin et al., Proc. 
Natl. Acad. Sci. USA 94:4366-4371, 1997, Marvin and Hell 
inga, J. Am. Chem. Soc. 120:7-11, 1998; Tolosa et al., Anal. 
Biochem. 267:114-120, 1999; Dattelbaum & LakoWicZ, 
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Anal. Biochem. 291:89-95, 2001; Marvin & Hellinga, Proc. 
Natl. Acad. Sci. USA 98:4955-4960, 2001 ; Salins et al., Anal. 
Biochem. 294: 1 9-26, 2001). Conformational coupling 
mechanisms can also be devised to alter the How of current 
betWeen the surface of an electrode derivatiZed With the engi 
neered bPBP containing a covalently attached redox cofactor 
(Benson et al., Science 293: 1641-1644, 2001). 
[0006] The present invention provides a method of utiliZing 
bPBPs to generate biosensors for a variety of chemical classes 
including sugars, amino acids, dipeptides, cations, and 
anions. These biosensors have Widespread utility including in 
clinical, industrial, and environmental settings. 

SUMMARY OF THE INVENTION 

[0007] The present invention relates to biosensors, making 
them from mutant or Wildtype members of the bacterial peri 
plasmic binding protein (bPBP) superfamily, and using them 
to assay for (i.e., detect and/or quantitate) ligand. The tertiary 
structure of bPBPs is comprised of tWo domains linked by a 
hinge region With a ligand-binding pocket located at an inter 
face betWeen the tWo domains. They typically adopt tWo 
conformations: a ligand-free open form and a ligand-bound 
closed form, Which interconvert via a hinge-bending mecha 
nism Which depends on Whether ligand is bound or not at the 
site. Biosensors are made by covalently or non-covalently 
attaching at least one reporter group to one or more speci?c 
positions of a bPBP. Upon binding of ligand to the biosensor, 
there is a change in the signal transduced by the reporter 
group Which can be analyZed by assessing any of its observ 
able properties (e.g., optical or electrochemical properties). 
Biosensors are classi?ed according to the relationship 
betWeen the attachment site of the reporter group and the 
binding site(s) of the ligand (i.e., allosteric, endosteric, or 
peristeric) or distance betWeen those sites (i.e., distal or proxi 
mal). 
[0008] In accordance With the invention, the event of ligand 
binding to biosensor changes the local environment of the 
position-speci?c attached reporter group. The signal of the 
reporter group may be generated by one or more ?uorophores 
and/or redox cofactors. The biosensor may be operated under 
physiological conditions Without additional reagents. 
[0009] Objects and advantages of the present invention Will 
be clear from the description that folloWs. 

BRIEF DESCRIPTIONS OF THE DRAWINGS 

[0010] FIG. 1 shoWs the 3-D structures of eleven bPBPs 
indicating locations of allosteric, endosteric, and peristeric 
sites used. Each protein is shoWn in the closed form, With 
bound ligand indicated by ball-and-stick structures. The tWo 
domains of each bPBP are oriented vertically With the ?rst 
(containing the N-terminus) above the second (containing the 
C-terminus). A hinge segment connects the domains. The 
structure of histidine BP is used to represent the as yet 
unsolved structure of glutamate/aspartate BP. Residues 
mutated to cysteine are indicated by differently shaded 
spheres, and differentiated as allosteric (heavy shading), 
endosteric (medium shading, in GBP only), or peristeric 
(light shading). Structures are grouped by cluster as de?ned 
by Tam & Saier (Microbiol. Rev. 57:320-346, 1993) accord 
ing to sequence-based relationships. Cluster 2: arabinose BP 
(ABP), glucose BP (GBP), and ribose BP (RBP). Cluster 5: 
dipeptide BP (DPP). Cluster 3: glutamine BP (QBP), histi 
dine BP (HBP), and glutamate/aspartate BP (EBP). Cluster 6: 
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phosphate BP (PBP) and sulfate BP (SBP). Cluster 1: maltose 
BP (MBP) and Fe(III) BP (FeBP). Molecular graphics Were 
rendered With Molscript (Kraulis, J. Appl. Crystallogr. 
24:946-950, 1991). 
[0011] FIG. 2, shoWs alignment of sequences of E. coli 
YBEJ (putative glutamate/aspartate BP), glutamine BP, and 
histidine BP using clustalW (Thompson et al., Nucl. Acids 
Res. 22:4673-4680, 1994). Numbering begins from the puta 
tive initiation codon of the open reading frame for YBEJ, 
including its leader sequence. The underlined methionine is 
the initiation codon for expression of YBEJ used in the study. 
Residues in each protein that Were mutated to cysteine for 
?uorophore conjugation are in bold font. The letters “a” and 
“p” beneath these residues indicate their classi?cation as 
allosteric or peristeric, respectively. 
[0012] FIG. 3 shoWs structural formulae of thiol-reactive 
?uorophores. Approximate Wavelengths of maximal ?uores 
cence excitation and emission, respectively, of the protein 
bound ?uorophores are (in nm): pyrene (340, 390); acrylodan 
(390, 500); ?uorescein (485, 520); NBD (490, 540); NBDE 
(490, 530); JPW4039 (485, 590); JPW4042 (470, 640); and 
JPW4045 (470, 640). 
[0013] FIGS. 4A and 4B shoW a de?nition of ?uorimetric 
parameters. FIG. 4A shoWs parameters kstd, I1 and I2 used to 
determine the standard intensity change AIStd. FIG. 4B shoWs 
parameters A1, A2, 0A, and °°A used to determine AR. Each of 
the areas °°A encompasses the respective area 0A. 
[0014] FIGS. 5A and 5B shoW ?uorimetric titration of glu 
cose BP and glutamate/aspartate BP conjugates. FIG. 5A 
shoWs titration of glucose BP W183C-acrylodan With glu 
cose. FIG. 5B. Titration of glutamate/aspartate BP T129C 
NBD With amino acids. Data points: O glutamic acid; + 
aspartic acid; 0 asparagine; x glutamine. In FIG. 5A and FIG. 
5B the lines shoWn are the best ?t binding isotherms. 
[0015] FIGS. 6A-6C shoWs occurrence of ?uorimetric 
parameters in the set of 320 ?uorescent conjugates. FIG. 6A 
shoWs distribution of the shift in Wavelength of maximum 
?uorescent intensity (maxksammtefmaxkapo). FIG. 6B shoWs 
distribution of the intensity change parameter AIStd. FIG. 6C 
shoWs distribution of the ratiometric change parameter 
ARM“. For each parameter, the upper bound of each interval 
is indicated. 
[0016] FIG. 7 shoWs occurrence of changes in ligand a?in 
ity among the three classes of ?uorophore attachment site. 
Legend: endosteric sites, ?lled bars; peristeric sites, hatched 
bars; allosteric sites, open bars. In the case of arabinose BP, 
the value for WtKd is that of the C64A mutant, in Which all 
conjugates Were made. Data for dipeptide BP and Fe(III) BP 
are not included. For the former, the K d for Gly-Leu dipeptide 
in the Wild-type has not been reported. In the case of Fe(III) 
BP, the Kd of the unconjugated mutant E57D Was not deter 
mined. For each interval on the x-axis, the upper bound is 
indicated. For example, the interval labeled “0” contains val 
ues oflog(’"”tKd/WtKd)>—1 and E0. 
[0017] FIGS. 8A and 8B shoW ratiometric titration of bPBP 
?uorophore conjugates using different pairs of emission 
Wavelength bands. FIG. 8A shoWs glucose BP-W183C con 
jugated to acrylodan, titrated With glucose at the folloWing 
ratios of ?uorescence emission (Wavelengths in nm): 0 , Fm 
459/F550-559 (appKf‘io mM); 1:" F45O-459/F486-495 (a3 
pKd~10.4 mM); 0, F472_48l/F45O_459 (“PPKf174 mM). 
Lines shoW ?t to equation 4. The normal serum glucose range 
(euglycemia) of 4 to 6 mM is delimited by vertical lines. FIG. 
8B shoWs ribose BP-T135C conjugated to acrylodan, titrated 
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With ribose at the folloWing ratios of ?uorescence emission 
(Wavelengths in nm): 1:1, F501-510/17‘450-459 (aPPKf‘ 41 PM); 
0, F45O-459/F5Ol-5lO (aPPKf‘254 PM); <>s F45O-459/F547-556 
(“PPKf-461 uM). 

DETAILED DESCRIPTION OF THE INVENTION 

[0018] The present invention relates to biosensors con 
structedusing engineered bPBPs, for example, E. coli bPBPs. 
In accordance With the invention, conjugates are constructed 
that can be used to monitor binding of ligands to bPBPs. 
Conjugates can be produced by introducing mutations into a 
bPBP at one or more speci?c positions in the protein structure 
Where covalently attached reporter groups (e. g., ?uorophores 
or redox cofactors) respond to a conformational change of the 
bPBP Which occurs upon ligand binding. Other methods for 
covalently or non-covalently attaching at least one reporter 
group to one or more amino acid residue positions in the 
primary amino acid sequence of a mutant or Wildtype bPBP 
include: addition or substitution of any activatable crosslink 
ers, use of designer or non-natural tRNAs, introduction of 
coordination sites, etc. 
[0019] The universality of the engineered conformational 
coupling mechanism in bPBPs is disclosed herein. As 
described in the Example that folloWs, ten bPBPs of knoWn 
structure have been used, and eight different environmentally 
sensitive ?uorophores have been introduced at a variety of 
locations predicted to link local conformational changes to 
ligand-mediated hinge-bending motion. Bioinformatics tech 
niques can be used to predict the location of linked sites in 
bPBPs the structures of Which are not knoWn, thereby making 
it possible to use the large number of paralogs and homologs 
that have recently been identi?ed in this family by genomic 
sequencing studies (Blattner et al., Science 277: 1453-1474, 
1997; Quentin et al., J. Mol. Biol. 287:467-484, 1999). 
Together With the opportunities of structure-based redesign 
of ligand-binding speci?city (Hellinga & Richards, J. Mol. 
Biol. 222:763-785, 1991; Marvin & Hellinga, Proc. Natl. 
Acad. Sci. USA 98:4955-4960, 2001), the Example provided 
beloW demonstrates the vast potential of the bPBP superfam 
ily as the basis for a system of biosensors suited to a broad 
range of applications. 
[0020] Furthermore, the ligand-binding pocket may be 
engineered to bind ligands Which are not bound by the Wild 
type bPBP. The ligand-binding site is located at the interface 
betWeen the bPBP’s tWo domains. Mutating amino acid resi 
dues at that interface Which are near (i.e., in or around) the 
binding site of Wild-type bPBP may generate neW contacts 
With ligand (e.g., Zn++ for MBP) and destroy or alter binding 
With cognate ligand (e. g., maltose for MBP). This can be used 
to change the speci?city of the ligand-binding pocket. For 
example, maltose binding protein has been mutated to spe 
ci?cally bind to noncognate ligand: e. g., metal Zn++ ion, 
trinitrotoluene, L-lactate, and serotonin (Marvin & Hellinga, 
Proc. Natl. Acad. Sci. USA 98:4955-4960, 2001; Looger et 
al., Nature 423: 185-190, 2003; DWyer et al., Proc. Natl.Acad. 
Sci. USA 100: 1 1255-1 1260, 2003). Thus, biosensors Which 
bind noncognate ligand can be made by mutating amino acid 
residues at the interface of the tWo bPBP domains to generate 
a neW ligand-binding pocket; ligand bound by such biosen 
sors may not bind to Wild-type bPBP. 
[0021] Other mutations in the bPBP may be made to affect 
function of the biosensor: e.g., mutations may increase or 
decrease binding a?inity or speci?city; enhance or reduce 
signal transduction; add a neW functionality by fusion With 
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another carbohydrate, lipid, or protein domain; improve ther 
mostability or ther'molability; introduce a catalytic activity; 
shorten or lengthen operational life; Widen or narroW the 
conditions for operation; or any combination thereof. Pre 
ferred is mutating amino acid residues at positions of the 
bPBP Where a reporting group is not attached (e.g., at least 
one missense mutation Which is not a cysteine conjugated 
through a thiol bond to a ?uorophore). 

[0022] In one embodiment, the present invention relates to 
a method of constructing a reagentless ?uorescent biosensor. 
The method comprises identifying sites on a bPBP that 
undergo a local conformational change in concert With a 
ligand-mediated hinge-bending motion. Cysteine residues 
can be introduced at one or more such sites and a ?uorophore 
coupled thereto so that ?uorescence intensity of the ?uoro 
phore changes upon ligand binding. 
[0023] bPBPs suitable for use in the present method can be 
selected or designed. The bPBP superfamily is Well suited for 
the redesign of ligand-binding speci?cities either by compu 
tational methods or by other means or both based on the 
ligand to be detected (see, for example, analytes referenced in 
Table 1). Sites on the bPBP appropriate for attachment of one 
or more reporters (e. g., ?uorophores or redox cofactors) 
include allosteric sites, peristeric sites, and endosteric sites (a 
reporter can also be present at a non-signaling site for use, for 
example, as a reference). In the case of an allosteric site, the 
reporter (e. g., ?uorophore) can be placed at one or more 
locations distant from the ligand-binding site (i.e., distal from 
the ligand-binding pocket) that undergo local conformational 
changes upon ligand binding. In the case of a peristeric site, 
the reporter (e.g., ?uorophore) can be positioned on the “rim” 
of the binding site but not such that it directly interacts With 
the ligand. With an endosteric site, the reporter (e. g., ?uoro 
phore) can be present in the binding site so that it interacts 
directly With the ligand. The latter tWo examples shoW attach 
ment proximal to the ligand-binding pocket. 

TABLE 1 

Potential applications of biosensors for bPBP ligands 

application 

analyte clinical industrial environmental 

arabinose Deanda et al., 
1996 

glucose Burrin & Price, 1985 AOAC, 1995 
maltose Nelson et al., 1977 AOAC, 1995 
ribose AOAC, 1995 
glutamate Burtis & AshWood, 1994 AOAC, 1995 
glutamine Smith and Forman, 1994 
histidine Taylor et al., 1991 
dipeptides 
phosphate Burkhardt et al., 1979 APHA, 1992 
sulfate EPA, 1999 
Fe(III) Martin, 1992 

[0024] Allosteric, peristeric, and endosteric sites can be 
designed in at least tWo different Ways, as detailed in the 
Example that folloWs. Generally, a structure-based design 
approach can be used in Which the structures of the open and 
closed states (for allosteric designs) or the closed state only 
(for peristeric and endo steric designs) are examined. Alterna 
tively, a sequence-based design approach can be used Wherein 
homology relationships can be exploited to predict the loca 
tion of cysteine mutations in proteins the three-dimensional 
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structures of Which have not been determined, provided that 
such mutations have been characterized in proteins of knoWn 
structure. 

[0025] As indicated above, reporters suitable for use in the 
invention include, but are not limited to, ?uorophores and 
redox cofactors. In the case of ?uorophores, the choice is 
dependent, at least in part, on the nature of the location Within 
the particular protein. While one ?uorophore may function 
better in a certain location than another, one skilled in the art 
can readily select the preferred ?uorophore for a particular 
application (see, for example, U. S. Pat. No. 6,277, 627). In the 
Example that folloWs, eight different ?uorophores are used in 
the design of ?uorescent sensors for: 

Arabinose Arabinose binding protein (ABP) 
Dipeptides Dipeptide binding protein (DPP) 
Glutamate and asparate Glu/Asp binding protein (EBP) 
Glutamine Glutamine binding protein (QBP) 
Fe(III) Iron binding protein (FeBP) 
Histidine Histidine binding protein (HBP) 
Maltose Maltose binding protein (MBP) 
Glucose Glucose binding protein (GBP) 
Phosphate Phosphate binding protein (PhBP) 
Sulfate Sulfate binding protein (SBP). 

The invention, hoWever, is in no Way limited to these speci?c 
embodiments. 
[0026] Redox reporters for use in the invention can be a 
redox-active metal center or a redox-active organic molecule. 
It can be a natural organic cofactor such as NAD, NADP, FAD 
or a natural metal center such as Blue Copper, iron-sulfur 
clusters, or heme, or a synthetic center such as an organome 
tallic compound such as a ruthenium complex, organic ligand 
such as a quinone, or an engineered metal center introduced 
into the protein or engineered organic cofactor binding site. 
Cofactor-binding sites can be engineered using rational 
design or directed evolution techniques. The redox reporter 
can be covalently or non-covalently attached to the protein, 
either by site-speci?c or adventitious interactions betWeen 
the cofactor and protein. It can be intrinsic to the protein such 
as a metal center (natural or engineered) or natural organic 
(NAD, NADP, FAD) or organometallic cofactor (heme), or 
extrinsic (such as a covalently conjugated, synthetic organo 
metallic cluster). The redox reporter can be, for example, 
bound (e.g., covalently) at a position Where the amino acid 
residue is on the protein’s surface. 
[0027] The redox reporter can be a metal-containing group 
(e.g., a transition metal-containing group) that is capable of 
reversibly or semi-reversibly transferring one or more elec 
trons. A number of possible transition metal-containing 
reporter groups can be used. Advantageously, the reporter 
group has a redox potential in the potential WindoW beloW that 
subject to interference by molecular oxygen and has a func 
tional group suitable for covalent conjugation to the protein 
(e.g., thiol-reactive functionalities such as maleimides or 
iodoacetamide for coupling to unique cysteine residues in the 
protein). The metal of the reporter group should be substitu 
tionally inert in either reduced or oxidiZed state (i.e., advan 
tageously, exogenous groups do not form adventitious bonds 
With the reporter group). The reporter group can be capable of 
undergoing an amperometric or potentiometric change in 
response to ligand binding. In a preferred embodiment, the 
reporter group is Water soluble, is capable of site-speci?c 
coupling to a protein (e.g., via a thiol-reactive functional 
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group on the reporter group that reacts With a unique cysteine 
in the protein), and undergoes a potentiometric response upon 
ligand binding. Suitable transition metals for use in the inven 
tion include, but are not limited to, copper (Cu), cobalt (Co), 
palladium (Pd), iron (Fe), ruthenium (Ru), rhodium (Rh), 
osmium (Os), rhenium (Re), platinum (Pt), scandium (Sc), 
titanium (Ti), vanadium (V), chromium (Cr), manganese 
(Mn), nickel (Ni), molybdenum (Mo), technetium (Tc), tung 
sten (W), and iridium (lr). That is, the ?rst series of transition 
metals, the platinum metals (Ru, Rh, Pd, Os, Jr, and Pt), along 
With Fe, Re, W, Mo, and Tc, are preferred. Particularly pre 
ferred are metals that do not change the number of coordina 
tion sites upon a change in oxidation state, including ruthe 
nium, osmium, iron, platinum and palladium, With ruthenium 
being especially preferred. 
[0028] The reporter group canbe present in the biosensor as 
a covalent conjugate With the protein or it can be a metal 
center that forms part of the protein matrix (for instance, a 
redox center such as iron-sulfur clusters, heme, Blue copper, 
the electrochemical properties of Which are sensitive to its 
local environment). Alternatively, the reporter group can be 
present as a fusion betWeen the protein and a metal binding 
domain (for instance, a small redox-active protein such as a 
cytochrome). Preferably, the reporter group is covalently con 
jugated to the protein via a maleimide functional group bound 
to a cysteine (thiol) on the protein. In any case, the reporter 
group is attached to the protein so that it is located betWeen 
the protein and the electrode. 

[0029] Engineered proteins of the invention can be pro 
duced by site-speci?cally introducing a reporter group(s) by 
total synthesis, semi-synthesis, or gene fusions (see, for 
example, Adams et al., Nature 39:694-697, 1991 ; Brune et al., 
Biochemistry 33:8262-8271, 1994; Gilardi et al., Anal. 
Chem. 66:3840-3847, 1994; GodWin et al., J. Am. Chem. 
Soc. 118:6514-6515, 1996; Marvin et al., Proc. Natl. Acad. 
Sci. U.S.A. 94:4366-4371, 1997; Post et al., J. Biol. Chem. 
269:12880-12887, 1994; Romoser, J. Biol. Chem. 272: 
13270-13274, 1997; Thompson et al., J. Biomed. Op. 1:131 
137, 1996; Walkup et al., J.Am. Chem. Soc. 119:5445-5450, 
1997). 
[0030] Assays for ligand may be performed With the bio 
sensor. A sample is contacted With the biosensor under appro 
priate assay conditions. Ligand present in the sample, if any, 
may be detected by binding to the biosensor and measuring 
the signal transduced by ligand-bound biosensor in the assay. 
For detection purposes, binding does not need to be quanti 
tative because a simple determination of Whether the ligand is 
present or absent (Within detection limits) needs to be per 
formed. OtherWise, comparison to a series of control samples 
(e. g., knoWn quantities of ligand) may be required to quanti 
tate the amount or concentration of ligand in the sample. 
Given the volume of the sample, the amount (i.e., mass) of 
ligand and the concentration of ligand are interconvertible. A 
blank sample containing no ligand may be used to determine 
background signal. Standards may be used to construct a 
standard curve (e.g., hyperbolic) used to quantitate unknoWn 
samples. Although homogeneous assay formats (i.e., those 
requiring no separation of bound and non-bound ligand) are 
preferred, separation in a heterogeneous assay format may be 
required if substances Which signi?cantly interfere With sig 
nal transduction and/or measurement are present in the 
sample. Signal transduction preferably does not require the 
addition of exotic reagents so assays of body ?uids may be 
performed With minimal sample preparation and under physi 
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ological conditions. They may even be performed in vivo if 
the biosensor is adapted to an implantable medical device. 
Alternatively, a biosensor in contact With the skin may assay 
interstitial ?uid or perspiration. Lavage may be used to 
sample mucosal tissues. 
[0031] The sample can be obtained in a laboratory setting 
(e.g., clinic or research institution); from an environmental 
source (e. g., air, aquafers and other bodies of Water, animal or 
plant products groWn on the land, soil); from an industrial 
source (e.g., the food, biopharmaceutical, chemical, or other 
manufacturing industries). The analyte to be assayed is iden 
tical to the ligand, comprised of multiple copies of the ligand, 
chemically related to the ligand such that it is identi?ed by a 
change in signal transduction (e.g., a related chemical struc 
ture is more strongly or more Weakly bound by the biosensor 
as compared to its “correct” ligand), or any combination 
thereof. The change in signal transduction may be correlated 
to the change in chemical structure such that the non-identical 
analyte is identi?ed (see beloW description of integrative 
assays). Examples of ligands Which may be detected or quan 
titated include: amino acids; carbohydrates; bioactive solid 
and gaseous compounds Which are soluble in an aqueous 
sample; contraband or controlled substances (i.e., substances 
Which are illegal to use or possess, or Which are highly regu 

lated); environmental pollutants (e.g., phosphates, sulfates); 
explosives (e.g., TNT); food contaminants and byproducts 
(e.g., carcinogens, plant toxins, teratogens); lipids; metal ions 
(e.g., divalent cations, ferric ions); microbial toxins (e.g., 
toxic products of viruses, bacteria, or protozoa); neurotrans 
mitters (e.g., serotonin); nucleosides or nucleotides (e.g., 
NAD, NADP, FAD); peptides or steroids (e.g., groWth fac 
tors, hormones, morphogenic or developmental signals); and 
therapeutic drugs. Objects (e. g., baggage, mail, other contain 
ers); people or vehicles passing through a checkpoint; and 
borders or secure areas may be inspected for biological 
agents, contraband, explosives, poisons, and toxins in secu 
rity or military applications. 
[0032] One or more biosensors may be covalently or non 
covalently attached to a solid or porous substrate. The sub 
strate may be ?at and planar (e.g., ?lter membrane, glass 
slide, semiconductor chip); cylindrical (e.g., optical ?ber, 
plastic rod); spherical (e.g., crosslinked polymer or glass 
bead); or formed as a container (e.g., cell or cuvette, multiWell 
plate). The substrate may be fabricated for analysis by instru 
ments Which measure the signal transduced by the reporter 
group (e.g., microscope, photometer, spectrometer). lndi 
vidual biosensors may be coded by an attached marker (e. g., 
bar code, radio frequency or RFID, or biopolymer) Which can 
be decoded by a reader (e.g., scanner of light-and-dark pat 
terns, radio receiver, speci?c binding probe or automated 
sequencer) or separated by a sorter in accordance With their 
marker. The code identifying each biosensor may be used in 
parallel analysis by rapidly assaying a sample for a plurality 
of ligands. Multiple biosensors With different ligand-binding 
speci?cities are used in the same assay to detect and/or quan 
titate multiple ligands at the same time. Alternatively, attach 
ing different biosensors at particular spots on the substrate 
may be used to identify their ligand-binding speci?cities by 
Where the signals are being produced. Signals may be authen 
ticated by repeating the assay, using multiple biosensors With 
the same speci?city for redundant assays, or correlating the 
results from multiple biosensors With overlapping speci?ci 
ties for integrative assays. In the latter, particular reactivity 
patterns of the biosensors are correlated With the identity of 
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the analyte bound by them. Analytes that are more closely 
related in their chemical structure to the ligand Will bind more 
strongly to the cognate biosensor. Signals from a plurality of 
biosensors With overlapping, knoWn ligand-binding speci 
?cities are integrated to deduce the identity of the analyte. 
[0033] The invention relates, in further embodiments, to 
biosensors constructed using the above-described methods 
and to the use thereof in analyte detection in, for example, 
clinical, industrial, and environmental settings. Particular 
utilities are described in the speci?c Example that folloWs. 
Provided is a description of a number of sites that can be used 
for optical glucose sensors based on GBP (W183C conju 
gated to acrylodan has been used successfully in ?ber-optic 
prototypes of a glucose sensor). 
[0034] To the extent that speci?c biosensors constructed in 
accordance With the present approach may be present in the 
public domain (e. g., may be disclosed in Marvin et al., Proc. 
Natl. Acad. Sci. USA 94:4366-4371, 1997 or in US. Pat. No. 
6,277,627), such biosensors are not Within the scope of the 
present invention. 
[0035] Certain aspects of the invention can be described in 
greater detail in the non-limiting Example that folloWs. 

EXAMPLE 

Experimental Details 

[0036] Molecular Cloning. PCR Was used to amplify Wild 
type genes for bPBPs from genomic DNA of E. coli strain 
CSH100 (arabinose, dipeptide, histidine, ribose, sulfate, and 
glutamate/aspartate BP); strain W1485 (glucose and 
glutamine BP) and strain RU1012 (phosphate BP), or of H. 
in?uenzae strain Rd (Fe(III) BP). Ampli?ed products Were 
cloned into one of the protein expression vectors pAED4 
(Doering, “Functional and structural studies of a small f-actin 
binding domain” in Ph.D. thesis, Massachusetts Institute of 
Technology, 1992); pKK223-3 (Brosius & Holy, Proc. Natl. 
Acad. Sci. USA 81:6929-6933, 1984); or pET vectors 
(Studier et al., Meth. EnZymol. 185:60-89, 1990) (Novagen). 
N-terminal oligonucleotide primers Were designed to clone 
only the processed periplasmic form, deleting the signal 
sequence. The C-terminal primer Was designed to append the 
sequence Gly-Ser-Gly-(His)n or Gly-Ser-(His)n, Where n:5, 
6, or 10. TWo tandem stop codons (TAATGA) folloW the last 
His codon. Maltose BP mutants Were made in and expressed 
from plasmid pMAL-c2X (NeW England BioLabs). E. coli 
strains XLl-BLUE (Stratagene) and DHSO. (Hanahan, J. 
Mol. Biol. 166:557-580, 1983) Were used for plasmid con 
struction. Single amino acid substitutions Were generated by 
overlapping PCR mutagenesis (Ho et al., Gene 77:51-59, 
1989). All clones and mutations Were con?rmed by nucle 
otide sequencing. In the case of arabinose BP, the single 
cysteine in the Wild type sequence Was replaced by alanine to 
eliminate the possibility of reporter group conjugation to this 
thiol (Miller et al., J. Biol. Chem. 254:7521-7528, 1979). 
Additionally the sequence of Fe(III) BP Was mutated by 
substitution of Glu57 With Asp to raise the K,- to a concentra 
tion range conveniently measured using Fe(III) citrate. 
[0037] Protein Expression. Plasmids Were transformed into 
E. coli strain BL21 -DE3, groWn in nutrient broth overnight at 
37° C., then diluted 100-fold into fresh medium and groWn 
further at 37° C. or 250 C. Expression Was induced by the 
addition of isopropyl [3-D-1-thiogalactopyranoside to 1 mM 
When the optical density of the culture at 600 nm reached 0.4. 
After 2 to 4 hours, cells Were harvested by centrifugation, 
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resuspended in 20 mM 3-morpholinopropanesulfonic acid 
(MOPS), 100 mM NaCl, pH 6.9 and stored froZen or lysed 
immediately for protein puri?cation. 
[0038] Protein Puri?cation. Cells Were lysed by sonication 
or by passage through a French pressure cell. The lysate Was 
treated by adding Polymin P to 0.33% (W/v), chilling on ice 
for 15 min, then centrifuging to pellet cell debris. The super 
natant Was loaded on a Ni(II)-charged column of Chelating 
SepharoseTM Fast FloW (Amersham Pharmacia Biotech) 
equilibrated With 20 mM MOPS, 500 mM NaCl, 10 mM 
imidaZole, pH 7.5. The column Was Washed With loading 
buffer, then With the same containing 60 mM imidaZole, 
folloWed by the same With 100 mM imidaZole. Finally, pro 
tein Was eluted With loading buffer containing 400 mM imi 
daZole, and Was collected in fractions and assessed for purity 
by gel electrophoresis. All preparations Were at least 95% 
pure by this criterion. Protein-containing fractions Were dia 
lyZed exhaustively against buffer (20 mM MOPS, 100 mM 
NaCl, pH 6.9, or 20 mM NaH2PO4, 100 mM NaCl, pH 6.9) or 
desalted by gel ?ltration to remove bound ligand. 
[0039] Fluorophore conjugation to cysteine-substituted 
bPBPs. Thiol-reactive ?uorophores obtained from Molecular 
Probes (Eugene, Oreg.) Were 5-iodoacetamido?uorescein 
(?uorescein); N-(1-pyrene) iodoacetamide (pyrene); N,N' 
dimethyl-N-(iodoacetyl)-N'-(7-nitrobenZ-2-oxa-1,3 -diaZol 
4-yl)ethylenediamide (NBD); N-((2-(iodoacetoxy)ethyl)-N 
methyl)amino-7-nitrobenZ-2-oxa-1,3-diaZole (NBDE); and 
6-acryloyl-2-dimethylaminonaphthalene (acrylodan). The 
styryl and naphthyl dyes J PW4039, J PW4042, and JPW4045 
(FIG. 3) Were synthesiZed at the University of Connecticut. 
All ?uorophore conjugation steps Were typically carried out 
at room temperature. To protein at a concentration of 100 [1M 
Was added tris-(2-carboxyethyl)phosphine HCl to a ?ve-fold 
molar excess to reduce intermolecular disul?de bonds. A 
thiol-reactive ?uorophore (20 to 25 mM in acetonitrile or 
dimethyl sulfoxide) Was added in small aliquots to a ?ve-fold 
molar excess over protein. Conjugation proceeded in the dark 
at room temperature for 4 hours, or overnight at 4° C. Sepa 
ration of protein from unreacted ?uorophore Was achieved by 
exhaustive dialysis or by siZe-exclusion chromatography. The 
ef?ciency of reporter group attachment Was assessed by 
determination of unreacted thiol With Ellman’s reagent (Ell 
man, Arch. Biochem. Biophys. 74:443-450, 1958) or by mea 
suring the ratio of ?uorophore to protein from absorbance 
spectra of the puri?ed conjugate. 
[0040] Depletion of sulfate and phosphate. Solutions of 
sulfate BP and phosphate BP and their buffers Were treated to 
decrease the concentration of contaminating sulfate and 
phosphate, respectively. Sulfate BP buffer (20 mM Tris-HCl, 
pH 8.0) Was passed through the chloride form of DoWex 
1X2-100 strongly basic anion-exchange resin. Sulfate BP 
solutions Were treated by dialysis against treated buffer; 
DoWex resin held in a separate dialysis tube Was also 
included. Phosphate BP solutions and buffer (20 mM MOPS, 
100 mM NaCl, pH 6.9) Were depleted of phosphate by addi 
tion of 7-methylguanosine to 1 mM and dialyZed against 
bacterial nucleoside phosphorylase (1 unit ml_1) (Sigma 
Aldrich) partitioned in a separate dialysis tube (Brune et al., 
Biochem. 33:8262-8271, 1994). 
[0041] Fluorimetry. All measurements Were conducted 
With an SLM Aminco-BoWman series 2 ?uorimeter, With 
sample stirring at 25° C. Fluorescence emission spectra Were 
acquired With excitation and emission slit Widths of 4 and 8 
nm, respectively. Photomultiplier tube potential Was main 
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tained between 400 and 800 Volts. Protein concentrations 
were in the range of 50 to 1000 nM. Fluorophore-speci?c 
excitation was at the following approximate wavelengths: 
tryptophan, 290 nm; acrylodan, 390 nm; ?uorescein, 485 nm; 
pyrene, 340 nm; NBD and NBDE, 490 nm; JPW4039, 485 
nm; JPW4042, 470 nm; JPW4045, 470 nm. 

[0042] To measure ligand binding af?nity, ligand was seri 
ally added to 3 ml of bPBP at a concentration of 50 to 1000 
nM, and emission intensities recorded. Corrections were 
made for dilution of the protein and for background signal 
from buffer. Binding curves were ?t to binding isotherms 
using equation 3 or 4, as appropriate. 

[0043] Fe(lll) BP has a dissociation constant for Fe(lll) on 
the order of 10-21 M (Adhikari et al., J. Biol. Chem. 270: 
25142-25149, 1995), hindering accurate ?uorescence-based 
measurements of a?inity at nanomolar protein concentra 
tions. Hence we used Fe(lll) citrate (logK~10.25) (Martell 
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glucose and ribose BP), one binds di- and trisaccharides of 
glucose (maltose BP), three bind amino acids (glutamate/ 
aspartate, histidine, and glutamine BP), one binds di- and 
tripeptides (dipeptide BP), two bind oxyanions (phosphate 
and sulfate BP), and one binds a metal ion (Fe(lll) BP). Most 
of these bPBPs bind at most two or three related ligands with 
high a?inity (micromolar or better). For example, phosphate 
BP binds phosphate and arsenate but not other oxyanions 
(Luecke & Quiocho, Nature 347:402-406, 1990), while glu 
cose BP binds glucose and galactose but not other monosac 
charides (Anraku, J. Biol. Chem. 243:3116-3122, 1968). 
Dipeptide BP is an exception in that it binds a wide Variety of 
di- and tripeptides (Smith et al., Microbiology 145:2891 
2901, 1999). Measured ligand dissociation constants in these 
proteins are typically in the range of 0. 1 to 1 uM. An exception 
is Pne(lll) BP, where the Kd for Fe(lll)(aq) is estimated to be 
10 M in competition assays with Fe(lll) chelates (Adhikari 
et al., J. Biol. Chem. 270:25142-25149, 1995). 

TABLE 2 

References and PDBa ?les for bPBP structures genes and ligand bindin_g_ 

cgstal structure 

bPBP open form closed form DNA sequence ligand af?nity 

arabinose BP Quiocho and Scripture et al., Clark et al., 
Vyas, 1984 lABE 1987 1982; Miller et 

al., 1983 
dipeptide BP Nickitenko et Dunten & Abouhamad et Guyer et al., 

al., 1995 lDPE Mowbray, 1995 al., 1991 1986; Smith et 
lDPP al., 1999 

Glu/Asp BP Barash Halpem, 
1975; Willis 
Furlong, 1975 

Fe(III) BP Bruns et al., Bruns et al., 1997 Sanders et al., Adhikari et al., 
2001 1D9V lMRP 1994 1995 

glucose BP Vyas et al., 1988; Scholle et al., Anraku, 1968 
Vyas et al., 1994 1987 
lGLG 

histidine BP Yao et al., 1994 Joshi & Ames Miller et al., 
lHSL 1996 1983 

maltose BP Sharff et al., Spurlino et al., Duplay et al., Schwartz et al., 
1992 1OMP 1991; Quiocho et 1984 1976 

al, 1997 lANF 
phosphate BP Ledvina et al., Luecke & Magota et al., Medveczky & 

1996 1OIB Quiocho, 1990 1984 Rosenberg, 1969 
llXH 

glutamine BP Hsiao et al., Sun et al., 1998 Nohno et al., Weiner et al., 
1996 lGGG lWDN 1986 1971 

ribose BP Bjorkman & Mowbray & Cole, Groarke et al., Willis & 
Mowbray, 1998 1992 2DRI 1983 Furlong, 1974 
lURP 

sulfate BP Pflugrath & Hellinga & Jacobson & 
Quiocho, 1985; Evans, 1985 Quiocho, 1988 
He & Quiocho, 
1993 lSBP 

and Smith, Critical Stability Constants, Plenum Press, New [0045] a: Protein Data Bank (Berman et al., 2000) 
York, 1977) as the ligand in a competition assay. [0046] Abouhamad et al., Molec. Microbiol. 5:1035-1047 

(1991) 
Results [0047] Adhikari et al., J. Biol. Chem. 270:25142-25149 

. . _ (1995) 

[0044] Family'of bIOS'BIIS'OI‘S. A Set o'f'eleven bPBPS Wltll [0048] Anraku’ J' Biol_ Chem_ 24331166122 (1968) 
widely varying l1gand-b1nd1ng spec1?c1t1es was selected for [0049] Barash & Halpema Biochim' Biophys_ Acta 386; 
engineering biosensor function (Table 2). All were from E. 
coli except Fe(lll) BP, which is from Haemophilis in?uenzae. 
Binding speci?cities and a?inities of these proteins for their 
respective ligands have been characterized (references in 
Table 2). Three proteins bind monosaccharides (arabinose, 

168-180 (1975) 
[0050] Bjorkman & Mowbray, J. Mol. Biol. 279:651-664 

(1998) 
[0051] Bruns et al., Biochemistry 40:15631-15637 (2001) 
[0052] Bruns et al., Nat. Struct. Biol. 4:919-924 (1997) 
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[0053] 
[0054] 

(1995) 
[0055] 

(1984) 
[0056] 

(1983) 
[0057] 
[0058] 
[0059] 

(1985) 
[0060] 
[0061] 

(1988) 
[0062] Joshi & Ames, GenBank Accession Number 
U47027 (1996) 

[0063] Ledvina et al., Proc. Natl. Acad. Sci. USA 93:6786 
6791 (1996) 

[0064] Luecke & Quiocho, Nature 347:402-406 (1990) 
[0065] Magota et al., J. Bacteriol. 157:909-917 (1984) 
[0066] MedvecZky & Rosenberg, Biochim. Biophys. Acta 

192:369-371 (1969) 
[0067] Miller et al., J. Biol. Chem. 258:13665-13672 

(1983) 
[0068] 
[0069] 

(1995) 
[0070] 

(1986) 
[0071] 
[0072] 
[0073] 
[0074] 
[0075] 

(1987) 
[0076] 
[0077] 
[0078] 
[0079] 
[0080] 

(1991) 
[0081] 
[0082] 

Clark et al., Biochemistry 21 :2227-2233 (1982) 
Dunten & MoWbray, Protein Sci. 4:2327-2334 

Duplay et al., J. Biol. Chem. 259:10606-10613 

Groarke et al., J. Biol. Chem. 258:12952-12956 

Guyer et al., J. Bacteriol. 168:775-779 (1986) 
He & Quiocho, Protein Sci. 2:1643-1647 (1993) 
Hellinga & Evans, Eur. J. Biochem. 149:363-373 

Hsiao et al., J. Mol. Biol. 262:225-242 (1996) 
Jacobson & Quiocho, J. Mol. Biol. 204:783-787 

MoWbray & Cole, J. Mol. Biol. 225:155-175 (1992) 
Nickitenko et al., Biochemistry 34:16585-16595 

Nohno et al., Molec. Gen. Genet. 205:260-269 

P?ugrath & Quiocho, Nature 314:257-260 (1985) 
Quiocho et al., Structure 51997-1015 (1997) 
Quiocho & Vyas, Nature 3 10:381-386 (1984) 
Sanders et al., Infect. Immun. 62:4515-4525 (1994) 
Scholle et al., Molec. Gen. Genet. 208:247-253 

Scripture et al., J. Mol. Biol. 197:37-46 (1987) 
SchWartZ et al., Eur. J. Biochem. 71 :167-170 (1976) 
Sharff et al., Biochemistry 31:10657-10663 (1992) 
Smith et al., Microbiology 145:2891-2901 (1999) 
Spurlino et al., J. Biol. Chem. 266:5202-5219 

Sun et al., J. Mol. Biol. 278:219-229 (1998) 
Vyas et al., Biochemistry 33:4762-4768 (1994) 

[0083] Vyas et al., Science 242:1290-1295 (1988) 
[0084] Weiner et al., Arch. Biochem. Biophys. 142:715 
717 (1971) 

[0085] Willis & Furlong, J. Biol. Chem. 249:6926-6929 
(1974) 

[0086] 
(1975) 

[0087] Yao et al., Biochemistry 33:4769-4779 (1994) 
[0088] For nine of the eleven proteins selected for this study 
crystal structures have been solved of the closed, ligand 

Willis & Furlong, J. Biol. Chem. 250:2574-2580 
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bound state (Table 2). In the case of sulfate BP, the crystal 
structure of the E. coli protein has not been reported, so that of 
Salmonella Zyphimurium sulfate BP Was adopted to model the 
E. coli protein. Sulfate BP from E. coli and S. zyphimurium are 
95% identical in amino acid sequence and hence likely to 
have highly similar structures, in analogy to histidine BP 
from these tWo organisms (Oh et al., J. Biol. Chem. 269:4135 
4143, 1994; Yao et al., Biochemistry 33:4769-4779, 1994). 
Structures have been solved for the open unliganded state for 
six of the eleven proteins as Well (Table 2). 
[0089] Structure-based design of conformational coupling. 
Coupling betWeen ligand binding and a change in the ?uo 
rescent signal of a covalently attached, environmentally sen 
sitive ?uorophore can be established if the local environment 
of the ?uorophore changes as a result of formation of the 
complex and a linked conformational change. TWo mecha 
nisms can be distinguished to establish such structural link 
age relationships. Direct linkage involves formation of a non 
bonded contact betWeen the bound ligand and the conjugated 
?uorophore. Indirect linkage involves changes in the local 
protein structure in the immediate vicinity of the attached 
?uorophore, and relies on ligand-mediated conformational 
changes such as the hinge-bending motion observed in the 
bPBPs. 
[0090] Direct linkage relationships are readily designed by 
replacing a residue knoWn to form a ligand contact With a 
cysteine to Which the ?uorophore is attached (“endosteric” 
attachment site). Indirect linkage relationships can be estab 
lished in tWo Ways. The most straightforWard method relies 
on visual inspection of the ligand complex structure, and 
identifying residues that are located in the vicinity of the 
binding site, but do not interact directly With the ligand, and 
that are likely to be involved in conformational changes. In 
the case of the bPBPs, such are residues located at the perim 
eter of the inter-domain cleft that forms the ligand binding 
site. The environment of these “peristeric” sites changes sig 
ni?cantly upon formation of the closed state. These are 
examples of positions Which are proximal to the ligand-bind 
ing pocket. The second approach identi?es sites in the protein 
structure that are located some distance aWay from the ligand 
binding site (i.e., distal to the ligand-binding pocket), and 
undergo a local conformational change in concert With ligand 
binding. If the structures of both the open and closed states are 
knoWn, then such “allosteric” sites can be identi?ed using a 
computational method that analyZes the conformational 
change (Marvin et al., Proc. Natl. Acad. Sci. USA 9414366 
4371, 1997). Alternatively, once allosteric sites have been 
identi?ed in one bPBP, modeling and structural homology 
arguments can be invoked to identify such sites in other 
bPBPs in Which only one state has been characterized (Mar 
vin & Hellinga, J. Am. Chem. Soc. 120:7-11, 1998). Table 3 
summarizes the designs of all three classes of sites in each of 
the receptors used in this study. The locations of these sites in 
the eleven bPBPs are shoWn in FIG. 1. 

TABLE 3 

Fluorophore con'ugation sites 

steric design steric design 
protein mutant categorya methodb protein mutant categorya methodb 

arabinose BP D257C a 3 histidine BP E167C p 1 

F23 C a 3 K229C p 1 

K301C a 3 V163C p 1 
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TABLE 3-continued 

Fluorophore conjugation sites 

steric design steric design 
protein mutant categorya methodb protein mutant categorya methodb 

L253C a 3 Y23 0C p 1 

L29 8C a 3 P23 1 C p 1 

dipeptide BP D45 0C p 1 Y88C a 3 

K394C p 1 maltose BP D95C a 2 

R141 C p 1 F92C a 2 

S 1 1 1C p 1 13 29C a 2 

T44C p 1 S233C p 2 

W315C p 1 phosphate BP A225C a 2 

Glu/Asp BP A207C p 4 N223C a 2 

A210C p 4 N22 6C a 2 

E1 19C p 4 S164C p 2 

F12 6C a 4 S39C p 2 

F131C a 4 glutamine BP N160C p 2 

F270C p 4 F221C p 2 

G21 1C p 4 K219C p 2 

K26 8C p 4 L162C p 2 

Q123C p 4 W220 p 2 
T129C a 4 Y163C p 2 

Fe(lll) BP E203C p 1 Y86C a 2 

K202C p 1 ribose BP T135C p 2 

K85 C a 1 D165C p 2 

V287C a 1 E192C p 2 

glucose BP YlOC e 1 A234C a 2 

N15 C p 1 L23 6C a 2 

E93C p 1 L265C a 2 

E149C p 1 sulfate BP L65C p 1 

H15 2C e 1 N70C p 1 

W183C e 1 Q294C p 1 

L255C a 3 R134C p 1 

D25 7C a 3 W290C p 1 

V29 6C a 3 Y67C p 1 

“a, allosteric; e, endosteric; p, peristeric 
b1, visual inspection of the closed structure; 2, identi?cation by automated comparison of the 
open and closed states; 3, structural homology; 4, sequence homology 

[0091] Sequence-based design of conformational cou 
pling. The number of bPBPs of knoWn sequence greatly 
exceeds the number for Which structures have been solved or 
for Which functions have been assigned by genetic or bio 
chemical characteriZation. To exploit this reservoir of poten 
tial biosensors, coding sequences for bPBPs must be identi 
?ed and their putative ligand-binding speci?cities must be 
established. The identi?cation of bPBPs in microbial 
genomes relies on ?nding amino acid sequence homologies 
to particular clusters of the bPBP family (Tam & Saier, Micro 
biol. Rev. 57:320-346, 1993). Ligand-binding can then be 
determined by direct experimentation, or be inferred either by 
structural relationships to bPBPs of knoWn function, or by 
establishing genetic linkage to other genes of knoWn function 
(Pellegrini et al., Proc. Natl. Acad. Sci. USA 96:4285-4288, 
1999). Subsequently sites Within the homolog that undergo 
local conformational change, and to Which reporter functions 
can be attached, must be identi?ed. The selection of sites for 
attaching reporter functions relies on homology to bPBPs of 
knoWn structure. 

[0092] To illustrate these principles, a glutamate biosensor 
Was constructed starting from genome sequence data only. 

The genome of E. coli K12 contains the locus ybe] encoding 
a protein identi?ed as a putative bPBP based on amino acid 
sequence homology With glutamine and histidine BPs (26% 
and 23% sequence identity; 41% and 43% sequence similar 
ity, respectively) (Blattner et al., Science 277: 1453-1474, 
1997). The assignment of YBEJ as an amino-acid binding 
protein Was strengthened by the presence of conserved resi 
dues found to be associated With binding to the ot-amino and 
ot-carboxylate groups of the ligand in all bPBP amino-acid 
binding proteins of knoWn structure identi?ed in E. coli 
(Table 4). Of additional interest is the presence of an arginine 
residue in YBEJ located at a position that in the other amino 
acid-binding proteins interacts directly With the side chain of 
the bound amino acid, suggesting that YBEJ binds an amino 
acid bearing a negatively charged side chain. Finally, ybe] is 
located adjacent to three tandem genes (gltJ, gltK, gltL) pos 
tulated to be involved in the glutamate/aspartate transport 
system (Lum & Wallace, GenBank Accession Number 
U10981, 1995), suggesting that ybe] encodes a glutamate/ 
aspartate BP. Putative allosteric, endosteric, and peristeric 
sites Were identi?ed from a structure-based sequence align 
ment of YBEJ With glutamine BP and histidine BP (FIG. 2). 



US 2008/0166747 A1 

TABLE 4 

Jul. 10, 2008 

Ligand interactions with residues in polar aInino-acid binding proteins 

ligand group* 

sc sc sc ON ON otC sc sc otC otN 

glutarnine BP D10 F13 F50 G68 T70 R75 K115 T118 G119 D157 
histidine BP D11 Y14 L52 S70 S72 R77 L117 T120 T121 D161 
lys/arg/orn BP D11 Y14 F52 S70 S72 R77 L117 T120 T121 D161 
YBEJ R25 S28 S73 S91 T93 R98 T137 T140 T141 D183 

*sc: side chain, (1N: ot-alnino, (1C: ot-carboxy 

[0093] Mutagenesis and protein production All the genes 
for the bPBPs used in this study were cloned from E. coli or 
H. in?uenzae genomic DNA using PCR. The leader peptide 
sequence that directs expression into the periplasm was iden 
ti?ed by comparison to the known N-terminus of the protein, 
or, in the case of YBEJ, by homology to known leader 
sequences (von Heijne, Nucl. Acids Res. 14:4683-4690, 
1986). The protein was produced by over-expression of the 
processed form in the cytoplasm with an initiation methion 
ine placed just before the N-terminus of the processed pro 
tein, under the control of a strong inducible promoter in the 
pAED4 (Doering, “Functional and structural studies of a 
small f-actin binding domain” in PhD. thesis, Massachusetts 
Institute of Technology, 1992); pET-21a (Studier et al., Meth. 
EnZymol. 185:60-89, 1990) (Novagen); or pKK223-3 (Blatt 
ner et al., Science 277: 1453-1474, 1997) plasmids. An oligo 
histidine tag was fused to the carboxy terminus of the cloned 
receptor to permit facile puri?cation by immobilized metal 
a?inity chromatography (Hochuli et al., J. Chromatogr. A 
41 1: 177-184, 1987). In all cases, the receptors expressed well 
(at least 50 mg of pure protein per liter of fermentation). The 
molecular masses estimated by gel electrophoresis corre 
sponded to the predicted mass of the expressed reading frame. 
[0094] Cysteine point mutations were introduced by the 
PCR overlap method (Ho et al., Gene 77:51-59, 1989). 
Mutant proteins typically expressed as well as the wild type 
protein. All cysteine substitutions in arabinose BP were con 

structed in the C64A background to prevent interference from 
this endogenous cysteine (Miller et al., J. Biol. Chem. 254: 
7521-7528, 1979). In the case of Fe(III) BP, all mutations 
were constructed in the E57D background. In the crystal 
structure of Fe(III) BP, this glutamate is coordinated to the 
iron (Bruns et al., Nat. Struct. Biol. 4:919-924, 1997). It was 
found that the E57D mutation weakens the a?inity of Fe(III) 
BP for Fe(III) from approximately 1><10_21 (Adhikari et al., J. 
Biol. Chem. 270:25142-25149, 1995) to approximately 
3><10_8, assuming a stability constant for the 1:1 Fe(III) cit 
rate complex of logK:10.25 (Martell & Smith, Critical Sta 
bility Constants, Plenum Press, New York, 1977). This per 
mitted straightforward determination of Fe(III) a?inity by 
direct titration with Fe(III) citrate at nanomolar concentra 
tions of Fe(III) BP. 
[0095] Signal transduction by ?uorescence. To report 
ligand binding by the set of eleven bPBPs, ?uorescent 
reporter groups were attached to single cysteine thiols engi 
neered into sites that were predicted to undergo binding 
dependent conformational change. Eight thiol-reactive ?uo 
rophores were examined that were chosen on the basis of the 
sensitivity of their emission spectra to changes in environ 
ment and spanning a wide range of emission and excitation 
wavelengths (FIG. 3). The results for biosensor conjugates 
which are illustrative of the invention are presented in Table 5 
(11 receptors, 68 cysteine mutants, 320 ?uorophore conju 
gates). 

TABLE 5 

Spectral and binding paralneters of ?uorophore-coniugated bPBPs 

protein“ mutant site ?uorophore ligand tummy 3P0 km,“ S,‘ AIS“!c inc/decd ARmMc Kd ([JM) std error 

arabinose D257C a JPW4039 arabinose 600 596 0.38 — 0.92 90 3 

BP Acrylodan 495 495 0.26 — 1.66 5 6 7 
Fluorescein 519 520 0.03 — 1.17 4.0 0.4 

NBD 538 544 0.22 + 1.15 32 2 
F23C a JPW4039 587 588 w — 0.76 38 1 

Acrylodan 503 503 0.02 + 0.99 3.9 0.6 
Fluorescein 519 519 0.04 — 0.45 3.2 0.5 

NBD 543 548 0.38 — 0.76 5.0 0.1 

K301C a JPW4039 582 588 w — 1.73 77 4 
Acrylodan 486 486 0.10 — 1.19 0.46 0.01 
Fluorescein 518 517 0.41 1.06 24 1 
NBD 5 32 53 8 0.08 — E 3 1 1 

L253C a JPW4039 590 589 0.83 — 1.31 165 8 

Acrylodan 482 495 0.05 — 1.81 0.69 0.10 

Fluorescein 519 515 0.24 — m 48 3 
NBD 539 539 0.41 1.66 775 49 

L298C a JPW4039 591 591 0.42 — 0.65 70 2 

Acrylodan 499 500 0.07 — 1.77 44 2 

Fluorescein 518 518 0.02 — 0.48 

NBD 543 539 0.45 + 0.41 56 4 
























