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TECHNI CAL FI ELD The present invention relates to biosensors and to nethods
of making and using 10 sanme. BACKGROUND Bi osensors are analytical tools
that can be used to neasure the pre8EASENSOR single nolecular species in
a conplex mxture by conbining the exquisite nolecular recognition
properties of biological nmacronol ecules with signal transduction nechani sns
that couple is |igand~piadiHg-to-Leadi det.ect abl.£ P i.cal changes (Hall
Bi osensors, Prenti ce-Hatrt—Eng . cH ==Net ; chel l er et al.
Con. Op. Biotech. 12:35-40, 2001). Ildeally, a biosensor is reagentless
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not change con%%g?ﬂ? ﬁm&§‘améﬁﬁ@%aﬁ@ﬁg@ﬁﬁP“ﬁ@RWn@P@ﬁeNoﬁ@H%U¥%ﬁéﬁkﬁ

(Hel i nga & MakYigghr ends Bi otech. 16:183-189, 1998). Most biosensors 20
conbi ne a naturally occurring macronol ecul e such as an enzyne or an

anti body, with the identification of a suitable physical signal particular
to thesnol ecul e | ElREBALOY, SHREORAED RESARGET OBDBVFA.GHBVEDITor specific
to that system (Meadows, Adv. Drug Deliv. Rev. 21:177-189, 1996).
Recently, nol ecul ar engi neering techni ques have been explored to develop

macr onol ecul es Thaal.SCOoirG e hak detdiafges af thy Retnrspgiblided tdres pad
affinities 25 with a conmon signal transduction nechanism to construct a

generic dé¢astl GHEsKOE aVIftB87] #rarfyNBi NEW¥H &R8- bRAl Yt es (Hel 1inga & Marvin,
Trends Biotech. 16:183-189, 1998). WD 2004/036176 PCT/ 1152003/ 032581
Escherichia co/i periplasm c bindj i re menbers of a protein
superfam |y (bacteri al periplasnﬁﬁQanf}h?hﬁ%“ eins, bPBPs) (Tam & Sai er,
M crobiol. Rev. 57:320-346, 1993) that has been shown to be well suited
for the engineering of . biosensors (U.S. Patent 6,277,627).. These proteins
Compr i se. a0 G0 REPRE T RS OBy Ao BT Lgrol TEHPOs AmEkngdon ATEMb ec.
M cr ohQpol gaR017-25, 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 |igand-bound cl osed form
which interconvert via a hinge- beBACKGR@HNEhi sm upon |igand binding. This
gl obal, ligand- nedi ated conformati onal change has been exploited to couple
| i gand binding to changes in

Biosensors are analytical tools that can be used to measure the presence of a single

molecular species in a complex mixture by combining the exquisite molecular recognition
properties of biological macromolecules with signal transduction mechanisms that couple
15 ligand binding to readily detectable physical changes (Hall, Biosensors, Prentice-Hall,
Englewood Cliffs, New Jersey; 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 consequence of making the
measurement (Hellinga & Marvin, Trends Biotech. 16:183-189, 1998). Most biosensors
20  combine a naturally occurring macromolecule such as an enzyme or an antibody, with the
identification of a suitable physical signal particular to the molecule in question, and the
construction of a detector specific to that system (Meadows, Adv. Drug Deliv. Rev.
21:177-189, 1996). Recently, molecular engineering techniques have been explored to
develop macromolecules that combine a wide range of binding specificitics and affinities
25 with a common signal transduction mechanism, to construct a generic detection system for

many different analytes (Hellinga & Marvin, Trends Biotech. 16:183-189, 1998).



10 fluorescence intensity by positioning single, environnentally sensitive
fluorophores in |ocations that undergo | ocal conformational changes in
concert with the global change (Brune eta!., Biochem stry 33:8262-8271,
1994; G | avdpotetwd@he, Prot. Eng. 10:479-486, 1997; G | ardi/ugtodizisiAnal .
Chem 66:3840-3847, 1994; Marvin et al.,,Proc. Natl. Acad. Sci. USA

94: 4366- 4371, 1997, Marvin and 1-lellinga, J. Am Chem Soc. 120:7-11,

1998; 15 Tol osapgl,.Blhin AN L9 - 1 PO tdel baum &
Lakow cz, Anal. Bieochlgm ?enp@%_ %Etsmz%%g%t%}ésﬁ% ﬁ%g} Hel | |ang§ Proc. Natl.
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variety of chemc cl.asses_incl udi ng su no acids, ept i des,
cations, ati < Rerriar thﬁﬁegeéfaﬁ? @&ﬁ@b&@ Pade s cUB A e et o ng in
clinical FUst : _Ngs, WARY, GF THE

| NVENTI ON ﬁﬁﬁ]e pragl(s)génta ]I vent| o %@d%ggébr%doseng&?%&nakl ng them from

mut ant or imdrckingpe vxmhitnge&emﬁmghb&cbminenp@i hmﬁibmhcﬁsgm%mglnﬁainggmdet ein

(bPBP) superfam |y, and usi ng them to assay for etect and/or .
quant i t at e!yleqhmjaﬁanfwﬁéﬂ@w £nanag s berateripR 6d tq)mp&e lﬂ&aﬂd SR Wedapsesiho

dormai ng, | i f gchXceainmnﬁgfb%\gggﬂ&n%Esggghédv%ﬂﬁegt'ap? >§&g» J@%ﬁﬁ{% Vwﬂk%?@stlﬁd 30 at

an i nterfac et wee I Ca
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whi ch interconvert via a hinge WO 2 004/036 _1 76 PCT/US2003/032581 3
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bi ndi ng OfUBAQﬂWCB()EmBUhlel@ﬁ%@ﬂﬁ@xr&ndﬁ—nﬁf@a J S Clhangc M0:ha 1sigsal
transduced by the reporter group which can be analyzed by 5 assessing any

of itslioobsEplostital phopeBiichem( @6l 14-bHt.i189%, Qﬁtte&hagm &d@fk@ﬂﬁl@al‘\n@r operties).
Bi cl d th b
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those sites (}: .e., distal or proximal). In accordance with the invention,

the event ®fC angamab|aha|h¢giqf@e@tm§@n§@rﬂ0@haﬁ@é§mt betwiehe thegwalecePlA onnent

of the positi on- Spec ifi ched re r.ou The

reporter grotpy ﬁéig” glzagﬁ)é[ %&8&”%198%%@{’%&5 ﬁ%}tgquglfo;ovlgﬁegg ghg&gﬁ rle1(?0rxedox
cof actgy s. comeor(@eﬁmqn RB¥nREBPRuatieds wadey physi ol ogi cal conditions
wi thout additional reagents. Objects and advantages of the present

invention wll Bg Gleakt Vel BRVIRS & middiddUT LDl HFBPWencrate 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.

25 SUMMARY QF THE INVENTION

The present invention relates to biosensors, making them from mutant or wildtype
members of the bacterial periplasmic binding protein (bPBP) superfamily, and using them
to assay for (i.e., detect and/or quantitate) lipand. The tertiary structure of bPBPs is
comprised of two domains linked by a hinge region with a ligand-binding pocket located

30 at an interface 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-



15 BRI EF DESCRI PTI ONS OF THE DRAW NGS Figure 1 shows the 3-D structures of
el even bPBPs indicating |locations of allosteric, endosteric, and
peristeric sites used. Each protein is shown in the closed form wth
bound | i gando zeiding@a@ted by bal | -and-stick structures. The pawpshansins;of
each bPBP are oriented vertically with the first (containing the

N-term nus) above the second 20 (containing the C-termnus). A hinge

segnhent con ture ine BP.is.used to
repr esent tﬁ@;ﬁ@’ @g‘fqlaqg Rl%?i dg??l&g%:d&eg}e 8?%%%9%‘702 LF fHPE S,
Resi dues rruBaisambotscmemaebgaeoam@m rmln@atc@dalbm}daﬁafc%g% le‘ést%ﬁ@@'@ébrt%i@ [155,
and differentiated as allosteric éheavg shadi'ng), endosteric

i

shadi ng, i n'CCGBPR WBMY§ spesific prsttioss et & bPB ghan shdidz g )igai8t toubd utme@sam Ghere

db d f by T S M b
277 350- 345, 190t B B oLt e FEhElaa trebarioh g penbredber 2
ar abi nose %Sés@ﬁDg)any@Ifﬂ§6§ﬁr\ﬁ|8ie(@ﬁ)éme@@qj rdg@@@%r%fécfr@@?&mc g'r'ésrge?tqe

di pepti de BP Cluster 3: ‘glutam ne hi stidin and
gl ut amat e/ a@k@é‘?ﬂsatseifgﬂasséfm@ccm@ngsmehe &iatlphdspha&e:eBBie(d%BE’bmandnsuf tlhat e BP
(SBP). Cus e, BP. Fe ) FeBP). WMpl ecul ar

gr aphi cs m¢€§5$%r%%“pe ?R’“Q/B’Igsgbtfaﬁ)? rl'%‘g é E@Sté’ ic, RBRASIETs 95t al | ogr .
24:946- 950, pek Q1) ON@SQM@%@@%Z@O?%éyﬁ%OQ%Q%g%%1m§1 Figure 2, shows

al i gnnent of sequences of E. coil YBEJ (putative glutafmate/ aspartate BP),
gl utam ne BP, ang JiSski I e
Aci ds Res. 22:4673- 4%80’%%8‘ %ﬁ‘ﬁ%z"%@\éﬁ@ﬁ%iﬁ}@” fo b‘{’s"’Pf‘{l?%ga“ges

i ni tiatiton tboteal ofvirohmentopene pc&ad:lnlﬂlgnef:ﬂfﬁmﬁaiﬁ}@ﬂ rofffribr okdipl Elﬁd: ﬂgnd josthHeeader
sequence. The underlined 5 nethionine is the initiation codon
expr essi on 'GPOABETCURSBRY PhetsEatat higgne %ﬁ?r@lﬂé‘@rqmor%a@ﬁ%r@p@ucaf@m Ther e

mut at ed to The
Tetters ar oa P cRone iR B8P b ?Oﬁﬁégﬂfﬁhhé’ﬂoﬁ% I
all osteric or res : ure3 ructural formul ae
of thiol-reactive J?(ﬁﬁ do?)qYSPtgggs Oﬁfdb"r B ‘?‘Pé PBOW{}@F%V\%%%O‘Bft hedserripgion

fl uor escengratgyitdbati on and em ssion, respectively, of the protein- bound
fl uorophores are (in nm: pyrene (340, 390); acrylodan (390, 500);
fluorescein (485, 520); NBD (490 540) ; NBDE (490 530); JPWI039 (485,
590); JPWI042 (470, 640) ;BRbd DEPORIE 4 40 DR AWINIGSs 4A and 4B show a
definition of fluorinetric paraneters. Flg 4A shows 15 paraneters X ,d,
li, and 12 used to determ ne the standard intensity change Alstd. Fig. 4B

shovvs par anmet er g e ach of the areas
A enconpasses th FFé?;%)%\géh\?zgngrsggaﬁe%ffﬁﬁ?’ 123 E]%p%wﬁ Cég%ﬁ 995 i et ri ¢
titration aflogéricesdosBricamet girlsteriznlied usedSPANLRLRINBE sEOWL UoRk Rfsed f@m, SA
shows titration of glucose BP WL83C acryl odan with 20 glucose. Fig. SB

Titration Sfithqawndhgerd wesated &y batrngaspiolosBming t Fheamondorzagisdsf, eababRBP

are oriented vertically with the first (containing the N-terminus) above the second

20 (contaming 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 defined by Tam & Saier

25 (Microbiol. Rev. 57:320-346, 1993) according 1o 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), histidine BP (HBP), and glutamate/aspartate BP
(EBP). Cluster 6: phosphate BP (PBP) and sulfate BP (SBP). Cluster | maltose BP
(MBP) and Fe(llI) BP (FeBP). Molecular graphics were rendered with Molscript (Kraulis,

30 J. Appl. Crystallogr. 24:946-950, 1991).



points: Oglutamc acid; + aspartic acid; asparagine; x glutamne. In Fig.
SA and Fig. SB the |lines shown are the best fit binding isotherns. Figures
6A-6C shows occurrence of fluorinmetric paranmeters in the set of 320

fl uor escenwcuny/opaties. Fig. 6A shows distribution of thedhidtois2as

wavel engt h of maxi num 25 fluorescent intensity (maxXsaturated maxXlr) Fig.
6B shows distribution of the intensity ch4ange paraneter Als,d. Fig. 6C

shows distributi f d trd r r X, For each
arameter, the. Upbar beid SEMIREH el A AT @y Blusihrb301 76
PCT/ US2003/#33i2 &84 BP3, dhitgtiire BP, 2RO Wati0me B @ngec! 9dtal N angaapdon e hoangk!
affinity am)ng the three cl asses of fluorophore attachnent site. Legend:

endost eri ¢ A§i¢eRes. 2214683 9680.5.99ple Nustbering bedine&omhibe phietive ratiaionalodosolr i ¢

sites, ope . e ar ghi.nose BR. the value for w Kd is that
of the ©6 gp%%arﬁ% (%é Er%\r/\n%?@hygﬁ’ leng]ﬂéé[tsée?d%ﬁﬂgu?%ﬁ'ej’lhwc&”ﬁ di pepti de
BP and Be( InhdthioBReSs dlednifigfion fsdodd8idexphakioh RE YR NBES inf i€ sKdyf REsiGe¥il-eu
di peptide in the wild-type has not beéen reported. In the caSe of Fe(lll)

BP, the Kd ¢¢h pioscip i metryaviatedrin caneinEsT B ugeephatt configatiprriareeid. bolkbfonkach
interval o -axi s, dh er _bound is i.ndicated. For .exanple, the

i nterval Ia%jtéepge‘taé i 0&‘ %]gnﬁjalgﬁrgeg&a e d uelsda’czmgeﬁ&}r qi%s)slfgcapgn ég]é)ll‘(?z“?ﬂc or

Fi gures 8Apandcl8 rafiewivepti ometric titration of bPBP fluorophore conjugates
to using different pairs of em ssion wavel ength bands. Fig. 8A shows

gl ucose BP-W 183C conjugated to acrylodan, titrated with glucose at the
followng ratios _of fluorescence em ssion (wavelengths in nm: O,

F450- 459/ F550- 539248 P skews stouctvpt fofthulaggbthiciedarng uos phoamPRaproxtatd m\) ;

O FAT30481E45004091 LRI mollede M bLness shovell Ldoyeauabl g0 4y The

normal serum gl ucoSe range (eug

vertical | ibbesd flisrobhges &8 (Bhoms F?ﬂeh@%ﬂ@?@dﬁ;@&?oﬁﬂmmgtj@@; HRoRGENR 0R3N,
titrated with ribose at the following ratios of fluorescence eni ssion

(wavel engt 0% AEY490 5405 DB (1964500 4 BOV (430K 85 ADOPMP W42 (470, 640); and
F4so0a59/ F5@; 254 pM; 0, F450-459547.556 (aPPK4 461 pM .
DETAI LED D%@ﬁg%l((%?(%@)rHE | NVENTI ON The present invention relates to

bi osensors constructed using engi neered bPBPs, 20 for exanple, E. coli
bPBPs. In accordance with the invention, conjugates are constructed that

can be used to Finirto4A hihddBRYowh defigiRindSf oo BRBIE. patonkegaras 40adhohe
produced by introducing nutations into a bPBP at one or nore specific

posi ti ohs PHAMKEprat &i. And bupercouicervineribe sandaré mensitatchargredilan.dpprifer
groups (e.g.. fluorophores o, redex cofactors). respond a copformati onal
change of g’ﬁdév%%ﬁ{nﬁi?ffsc "éécddr’fngpg‘rllsﬁi &éﬁi erﬂ?l%lpgrg.ga%‘i’ré‘?‘e??ﬁaﬁefa‘hods f or
coval ent |y e @onf}RRsG ANt BFHCtive &k @ghi ng at | east one reporter group to one
or nore amno ‘acid residue positions in the primary am no acid sequence of

a nutant or wldtype bPBP include: addition or substitution of any
activatable crosslinkers, use of designer or non-natural tRNAs,
i ntroduction of Fegoesdimand 6l show dsprimeuic Q2004 £0B64/BP RGT /glisanes/ 032581

aspartate BP conjugates. Fig. SA shows titration of glucose BP W183C-acrylodan with
20 glucose. Fig. SB. Titration of glutamate/aspartate BP T129C-NBD with amino acids. Data
poinis: @ glutamic acid; + aspartic acid; 4 asparagine; x glutamine. In Fig. 5A and

Fig. 5B the lines shown are the best fit binding isotherms.

Figures 6 A-6C shows occurrence of fluorimetric parameters in the set of 320
fluorescent conjugates. Fig. 6A shows distribution of the shift in wavelength of maximum
25 fluorescent intensity (" Asawraied=" - Aapo). Fig. 6B shows distribution of the intensity
change parameter Alyg. Fig. 6C shows distribution of the ratiometric change parameter

ARnax. For each parameter, the upper bound of each interval is indicated.



6 The universality of the engineered conformational coupling mechanismin
bPBPs is disclosed herein. As described in the Exanple that follows, ten
bPBPs of known structure have been used, and eight different

envi ronmentdl 1y4+/6@ndi ti ve fl uorophores have been introdusEduato3vwni ety
of locations predicted to link |ocal confprmational changes to 5

| i gand- nedi at ed hi nge-bendi ng notion. Bioinformatics techni qgues can be used
to predict the fogatd f bl J j: - tr i«ch
are not known, Hﬁg?gg@QBﬁgéfﬁgﬂﬁﬁgnggﬁg?gﬁg%ﬁﬁgg&%ﬂgaﬁgpééﬁ%ﬁﬁ%gﬁ&g%ﬂhc
par al ogs andudioptiregsachinent fimvEegead entdoyreribeiess, fidehbdrt,ipdsteric kiés hitamdd y by
genon c se uenc‘ ng studies (Blattner et al., Science 277:14353-1474, 1997,
Quentin et XIS allgSienppiiesgpnsh bassghn the paskgy arabyuny BPrawetalnerion Fh it et afghe

opportuniti - Q- i I dr. bi ndj ci-HhGid Y

(Hel 1'i nga &@éd‘l%)c @%’%ﬁﬁ%%w&%%%g%gg%g%l@fgef% ?’fﬁ]ﬁ%ﬁ({l@ﬁé nga,
Proc. Nat | .ardeadncl8ded. FolUSA fB8ned 9o 14 960G1200 Yipepthr ifxianpllepsovisced bel ow
denonstrates the vast_ potentia e bPBP superfam as the basis for a

| of th |
system of Di¢68&5P95¢d. [aihe eate ebFy{ It BBdbe Hagé tfwruncaplpgalt@imtm ES57B was not

Furt her nor [ - bi. ndi et . he i.neered ind |igands
whi o ar et BBRGR LR BARE SEhi TR BHeEOHATR bRl Ry G D

| ocat ed at ihfeevai fbelefiaoe cohshwested faoPBR A K ywe -damei<ns. Mutating ami no
acid residues at that interface which are near (i.e., in or around) the
binding site of wild-type bPBP nay generate new contacts wth |igand
(e.g., Zni for IVBP) and destroy or alter binding with cognate |igand
(e.g., 20 mal t oda2¥6 SHBPS SBIhPY rakemeisc wis@tor of g%%%ﬁéomgow@mﬁ@ﬁty of
t he |i gand-Ripdi: t F | I | ndi n [ Ot e been
mutated to ShE Trenr T s AR B} I DN H A o
trinitrotolwepeatel 1b agldtigs, taRedSKRIOLIRBIR o MR/ ¥ilBwghielidd sfforefene. Natl .
Acad. Sci. USA 98:4955-4960, 2001, Looger et al., Nature 423:185-190, 2003,
Dwer et alemissRroevaviigngths Acerd): 0S€iso.4s/880 100 K255-01a80 3, RROIY Fasdhwis,

bi osensors %§<mhi bi nd_noncognate |jgand can be nade by mutating am no

h I
acid resi dies 4t lg-ﬁéﬂM)h@eFﬁa@e(F ob-a he oo hpEAVddrssiovditgesaraios 4 new
| i gand- bi ndig, N u 4 i - I¥ t . bind
i [ type oo ERErm e BB 0t DR 1Y SIS ML Bk o1
of the 1bi odenBAY shoevsgibose BRUBIISONS Nt N6 LEGERIa AT 1itHe€S KAk eibbka i thg
affinity or_specificity; enhance or reduce 30 signal transduction; .ladd a
new funct i SAEMYiRg TEosfAlSluereswineh eairstondwaceenghy drae O, Fspiso/Faarsss (FF6i ei n

domai n; inprove thernostability or thernolability; introduce a catalytic
activity; 4&&&5%&2 0455 t*ﬁ%& Bperztiia’, %i*fﬁ-es? \w@éﬁ"ﬁ% naft 8wk he
conditions for operation; or any WO 2004/036176 PCT/ US2003/ 032581 7

conbi nation thereof Preferred is mutating am no acid residues at positions

of the hPBP where a repEIAMGDINEYCRISTAN (B TAENRV K er@N at | east one
m ssense nutation which is not a cysteine conjugated through a thiol bond

to a fluorophore).
The present invention relates to biosensors constructed using engineered bPBPs,

20 for example, £. 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 intc a bPBP at one or more specific positions in the protein
structure where covalently attached reporter groups (e.g., flucrophores or redox cofactors)
respond to a conformational change of the bPBP which occurs upen ligand binding. Other

25 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 activatabie crosslinkers, use of

designer or non-natural tRNAs, introduction of coordination sites, etc.



I n one enbodi nent, the present invention relates to a nmethod of
constricting a 5 reagentl ess fluorescent biosensor. The nethod conprises
identifying sites on a bPBP that undergo a |ocal conformational change in
concert- wi VR 280413¢HAd- medi at ed hi nge-bendi ng notion. Cy&C&iUsetd3ddifues can
be introduced at one or nore such sites gnd a fluorophore coupled thereto
so that fluorescence intensity of the fluorophore changes upon |igand

bi ndi ng. 10 bPBF%e suiveRbl® didlie digendered RRIRHAGEN cHBIIMQIn&ABNbSR inelPaet ed or
designed. The bPBP superfamly is well suited for the redesign of

| i gand- bi néfi $igFlese dietetiAs descraied he thadyxangephat ftliovnaten hBBRogEkmewhy ot her

nmeans or b d the,ligand. t.o.be detected ee, ..fop exampl e,.
eyt os of Gr QR PRkl e TGRS RS R e o ar gt P ERR g ave
att achnment be@fin@bguRl aPL&idiLPOILAISs(Bedeted td WA BRNALARHMALi 620U @Kanges to
cofactors) .include allosteric sites, 15 peristeric sites, and endosteric

sites (& ré&pyirmediagd hagsdepdingmeaian Barinformaticsspefmaquengansbe esedftepragise, f or
exanple, a fer ol t f .an al.losteric site he..reporter
Corars & ¢ PRsolaRisR S MBS sl OFREATE Bl PR oS Beie P r om

the |i gandnhkingdiingossibleeto usé t1R:-larpdinghitler b1 @4MIbpeadd 1anslo & ek MgePeekay ) t hat
undergo | ocal conformational changes wupon ligand binding. In the case of a
peri st eri cbedntidentifted in dpofamly thegepomit semicophgstejlics ddlateerxd apoSdieicened on

the "rint _ i ndi s{ite.but .nqt L i r i nterac wth
t he Iigang%'m%ﬁj ég%oﬁugml%ets‘iﬂv W#?‘PLB@#?@%‘?@ l&%,bﬂ'%i"loﬁgﬁ“&bﬂ’&b € can
be present opfbriuffics B Bl dRGre Hab&l r%@eﬁ@rﬂbf1'i§anﬁfbli;ﬁﬁﬁf§51§3(:ﬂ'lc'it?QHEMin‘%’Bt&h the
ligand. The latter two exanples show attachment proxi mal to the

| i gand- bi nBiangrdsok Rée!l, Bind 2200U30361 169 RCTAOB20 0810825 8toc. Blaflabtasl. Sci

P i al | i ' [ f hPBP | i d | i ' :

cli mical | PSS T BR0T P U heRt BRemRleBPHAEL ORH NGB AP (e FoYP GTURGRe
Burrin & Py ' ; | 95

i hose AORL A0be H A e e TBurtt S Aarabed 154 R 38l B 8 e

Smith and Hmiwemns1994 histidine Taylor et al., 1991 dipeptides phosphate
Burkhardt et al., 1979 APII1A, 1992 sulfate EPA, 1999 Fe(lll) Martin, 1992

Al losteric, perFsiigdhintre, &diRRdoOsidns fodict B3y %@@n%ﬁeéi@@ic%lﬁ@iIigﬂnc&tw}hi@}aSt
two different ways, as detalled in the Exanple that follows. Generally, a
st r uct ur e- &SEHbAI| hyrthe wild-type bPBP. The ligand-binding site is located at the interface
between the bPBP's two domains. Mutating amino acid residues 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.,
20 maltose for MBP). This can be used to change the specificity of the ligand-binding pocket.
For example, maltose binding protein has been mutated to specifically 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 100:11255-11260, 2003). Thus, biosensors
25 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 biosensors may not bind to wild-type bPBP.

Other mutations in the bPBP may be made to affect function of the biosensor: e.g,,
mutations may increase or decrease binding affinity or specificity; enhance or reduce
30 signal transduction; add a new functionality by fusion with another carbohydrate, lipid, or
protein domain; improve thermostability or thermolability; introduce a catalytic activity;

shorten or lengthen operational life; widen or narrow the conditions for operation; or any



approach can be used in which the structures of the open and cl osed states
(for allosteric 5 designs) or the closed state only (for peristeric and
endosteric designs) are exanm ned. Alternatively, a sequence-based design
approach cai Be4/08a® wherei n honol ogy rel ati onshi ps can mgr/espbwistad to
predict the |ocation of cysteine rrutation; in proteins the

t hr ee-di nensi onal structures of which have not been determ ned, provided

t hat such ' Ferd. 7 i: 3 [ f:

Struct ure. 0 e R S e LA Atk AR D Bo o UV e

i nventi on iwbtradegpdating groepnotot dithctietidelgt ot leddt uae aphonesn@adon etk is not a
cofactors. In the case of fluorophores, the choice is dependent, at |east
in part, onofH&GRAHEatgrthoHEh pHug hoH 10 EHPFPPAE) par ti cul ar protein. Wile
one fluorophore may function better in a certain |ocation than another, one
skilled in the Rrinecarodingitl e pedserd tnvehgorprebfiesrivadnéthadpdphotectngra a

parti cul.ar Licatd - f -+ W0 2004/ 036176. PCT/.1JS200310 9
exanpl e U %Q&{I}gg %n “%2?5%%,%%%%”1 e rﬂég%ﬁ(é%?rés% HJ;PUF}BIP?F SV, O that
di fferent findercophiocslTonf@atised chahot heciesh grnaflidanion&saedhingehsmige for:
Ar abi nose Arabi nose binding protein (ABP Di peptides Di peptide binding

prot ei n ( DPPyLions (Esigingrrayiéuas san s puraivecdGlt ehdspmbiendichgitew otded PuqrEBRYe

Cronr) i ocb BEcip 83 BI T Bl o h s ook TSNP Ba%  ndi ng

protein (MBRdid® G ucose d ucose binding protein (GBP) Phosphate Phosphate
bi nding protein (PhBP) Sulfate Sulfate binding protein (SBP). The

i nventi@n, howewgBpsisithile RS 14BYL dhte[grés@ﬂ rﬁé?h&cﬂ&%%e%@ﬁ:%{efdicﬁ £50d] rRpts.

Redox reporters for use in the invention can be a redox-activeé netal center
or a 15 radBaptifvmilpigaei suiral fectie eedebign ofhigde-Hndiagupadifiotigaatier by

f act h_as NAD, . _FAD of t t al t Bl
Copper . i 1 ORTEUHAR TRy DGR eEnS O btk baAORdbs oot e aeean
or ganonet alfhi s AHMNY1cS Y&BreASeBin THHRENT HHBCATRL B¥RP gBFﬁ)?E'aFeth gaRdmstich

as a qui none, or an engineered netal center introduce o the protern or
engi neer ed dogani nosofeaettos (b nliogpsireecr r€dhactfontets) ndiuig siotiesc siags, be
engi neered 20 using ratijonal desi or directed evolution techniques, The
edox riéporCHRCRE NS e A GURMENE FIFoaR TTRSHET DO H Aot AchRen-t'8na g sic

protein, eifthek, Q)Y_eﬁéﬁlﬁe§d%%czie?ér@nc@‘g. 1pewentd & a‘?ﬁhﬁ?]os@eﬂ& 8f&Ghé Pﬂy%ggre{g‘.’ﬁen the

cofactor and protein. 1t can be intrinsic to the proteln suc nmet al

center (nattloatphore)sagbaplretyt e onatae Blatamgaistant FNADheNRPR]-bEAD) g o
or extrinsic (su

con; ugat ed.¢ byfiERE0P 55 e NG APFI ) TR GERRP PR oRURR TBhEHTEF can
be, for exapphfgadiO8iNing Cindhe c£8\0Rh ¢REMYc Sfe, the reporter (e.g., fluorophore) can be
20 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, fluorophore) can be present in the
binding site so that it interacts directly with the ligand. The latter two examples show

attachment proximal to the ligand-binding pocket.



a position where the amno acid residue is on the protein's surface. The
redox reporter can be a netal -containing group (e.g., a transition netal -
containing group) that is capable of reversibly or sem -reversibly
transferri Ny BAE'SI7nore el ectrons. A nunber of possi bl @CTrESIBDINI

net al - contai ning reporter groups can be ysed. - WO 2004/036176

PCT/ L' S2003/ 032581 10 Advant ageously, the reporter group has a redox
potential in,th poot ential. w ndow bel ow that subject to interference by
nol ecul ar 0{118? ﬁ SFFUALAPP C%‘H&’Hé??{v@ﬁé@m@%é%bpsﬁﬁ bg®He for coval ent
conjugation to the protein (e.g., thiof=-reactive functiomatitires—such—as
mal ei mi des or iodoacetani de for coupling tepplinitoe cysteine residues in
the protein). The netal of the-5—+eporter—group—sheuld-be-substituti-onally-

inert in either reducedaigre oxi di zed dirada¢ (i.e., advanka@eous! YenexagRAGUS
groups do not form adventitious—bonds-with the reporter. ..group) The

reporter group can bergapabl e of undergoi ng an anpgfRUet ki ¢
potentiometric change in response to ligand binding. I'n a preferred

enbodi nent, the r eporgtu%segr oupgbﬁily\%tlergqeéspéﬁggl e, igﬁic[;gg_al%g of

site-specific coupling to a protein (e.g a wt reactive
functional group on the,reporter,.grou h eacts w.t ni que cysteine
in the protein), and"GH3%r goes Igglﬁ%’f g‘rﬁtlr gér@[ri c re’gngékgg%on | i gand

bi nding. Suitable transition netals for use in the invention include, but
are not linited to, cOpf (Cu), cobalt (Co), pall48iAfmICRY), iron (Fe),
rut henium (Ru), rhodium (Rh), osmum (Gs), rhenium(Re), platinum(Pt),
scandi um (Sc), titanigiipae), Reanadi Ashwagd, 18 om uffDAE,)19935 manganese
(M), nickel (N), nolybdenum (M), technetium (Tc), tungsten (W, and
iridium(lr). That igusrheefirStutsend Bsrnef, 19%nsition metals, the platinum
netals (Ru, Rh, Pd, GCs, Ir, and Pt), along wwth Fe, Re, W M, and Tc, are
preferred. Particul arhiytidief er r eflaapeet aletal)s that do not change the number
of coordination sites upon a change in oxidation state, including

rutheni um osmum i gERyRkati num and palladium wi th rutheni um being 20
especially preferred. T?'ue reporter group can be present in the biosensor as

a coval ent conj ugate_wi he rotei.n or it..can be a netal center

forms part of the pr8 é#ﬁm%atrﬂgﬂgk%?pﬁﬁ%tg%7e, a redox center éﬁ?ﬁgg?92
iron-sul fur clusters, nme, Blue copper, the electrochem cal properties of
which are sensitive t8“f4'8 I ocal environnment). Alternatively, the*Fépditer
25 group can be present as a fusion between the protein and a netal binding
domain (for instancefedsnml| redox-active protein such as a cyMartnorfsy.
Preferably, the reporter group is covalently conjugated to the protein via
a mal ei mde_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

| ocat ed bet weenAtibgept, plegitbriandd theoedrRCie 68 be3Rsimned Nearied: pLeOUET s Of
the invention can be produced by site-specifically introducing a reporter
group(s) byaroeeafetajsd ndag Bxamplpithas foliayess Oenerally, getactuushawd design, for

gé-agglesg’ Aﬂﬁ;’?&ac‘ﬁtcamae ’use!}ilarﬁ Whefchg&fefss?nﬂ'étg%z 'of gh%go]f);en Errléj Ql%sgat stgtle's (forBlal%:srt]eerirE:] stry

5  designs) or the closed state only (for peristeric and endosteric designs) are examined.

Alternatively, a sequence-based design approach can be used wherein homology
relationships can be exploited to predict the location of cysteine mutations in proteins the
three-dimensional structures of which have not been determined, provided that such

mutations have been characterized in proteins of known structure.

10 As indicated above, reporters suitable for use in the invention include, but are not
limited to, fluorophores and redox cofactors. In the case of fluorophores, the choice is
dependent, at least in part, on the nature of the location within the particular protein. While
one ﬂuorOphpre may function better in a certain location than another, one skilled in the

art can readily select the preferred fluorophore for a particular application (see, for



WD 2004/ 036U6 PCT7US2003/ 032581 11 8271, 1994; Glardi et al., Anal. Chem
66: 3840- 3847, 1994; Godwin et al., J. Am Chem Soc. 118:6514-6515, 1996;
Marvin eta)., Proc. Natl. Acad. Sci. U S. A 94:4366-4371, 1997; Post et

al ., J. Bi o¥O2@REF117269: 12880- 12887, 1994; Ronvoser, J. Biptr/u€hepms2ss
272:13270- 13274, 1997; Thonpson et al ., J9 Bi omed. Op. 1:131-137, 1996;

Wal kup et al., 5 J. Am Chem Soc. 119:5245-5450, 1997). Assays for |igand
may be per f ofafipde, W Npdibe dA 0SENS AR thESAL fal 1EARLAGH rerbht fydiBfhores

bi osensor under appropriate assay conditions. |gana" present 1 n e sanpl e,
if any, mejrebeedieottbe eyl biondicery seotshferbi osensor and neasuring t he
signal transduced by |igand-bound biosensor in the assay. For detection

pur poses, bi ndi ngrabdresenot need to bgrab%cgg@muiﬁgq;rbt\égl agmuse a sinple
determ nation of whether the ligand is present or absent (within detection

limts) needs tophephesformed. O hermggsg?é:tﬁgpﬁ%igf&%ggg@)seri es of

control sanples (e.g., known quantiti I ga e'required to
quantitate the @n@uMiehd tration, of ol gand i.n sanple. Gven the
vol une of the sanple, tehe gs2rgrllc)@'lﬁé~|nt (id.}fe?].ﬁ}?prr%ls]glggg{mw]éggg)and t he

concentration of~]igand are interconyertible. A blank anpl e cont ai ni ng
no |igand may beGilﬂ%agﬁggo determne b @W’Bﬁﬁa’dﬂgg‘ﬁa‘ie?n@ dar ds may be

used to construct ﬂfstandard curve (e.g., hyperbol i_g& used to quantitate
unknown sanpl es Ak hough honmpgenediia diadimg PrejewdFeBR) . e., those requiring
no separation of  hound and non-bound |igand) are preferred, separation in
a het er ogeneous A§8dpef ormat  may belisedut baditg preubsttiBiRes whi ch
significantly interfere with signal transduction and/or 20 nmeasurenent are
present in the ddaipdse. Signal transduetdsermiplief proadt MBPes not require the
addition of exotic reagents so assays of body fluids may be perfornmed with

m ni malio sanpl e @ieger ati on and undeflupbyYiRliPheddin @@BAL ti ons. They may
even be perforned in vivo if the biosensor is adapted to an inplantable

nedi cal device. pokgfpatively, a bi%@ﬂﬁ?{bihﬁﬁng%ﬁéﬁt(g}gﬁﬁf t he skin may

assay interstitial fluid or perspiration. Lavag e used to sanple
mucosal tissues. sanpl e can be ined,in a l.a ory setting (e.g.,
clinic or researsé%-ﬂ% nstitution); f%g]itlaat\er:bl ?1'% P%%E@%ﬁsource (e.qg., air,
aquafers anfq] ot her. badi es of water, . anipal_ or plapt products grown on the
| and, soi | ) CPPGHIAR TRERTE: 15 BInogyy liBitgetogheseshen ioeigbodiRiesshar maceut i cal |
chem cal, or other manufacturing industries). The analyte to be 30 assayed
is identical toXHeXreRgast OEeIpn iirdavestiomske bpkecdoapictise ofetal lsenter grand,

chem cagkl | .at- ! suych that, it is identified a ein
si gnal 6}|t5 r )altr];es éﬁcﬁ“gg OE% " %ﬁﬁoig&ﬂgg%ﬁn&& LWL Yigadif FB@‘PW@U‘?}?‘S&%‘Q ’ ngl y

or nore we&llyoboundrdynetdleeRbOsRASOBIRSC PR DRM A364168RCTf h$20Q34032581
12 conpared to its "correct" ligand), or any conbination thereof The change

in signal SYHBSIEORESHT suchasanssaomesilia eempaintbsecicirangehdniim kenmpbal
structure %l‘{g%nictlbﬁ%dtsggh glsoanduinone, or an engineered metal center introduced into the protein
or engineered organic cofactor binding site. Cofactor-binding sites can be engineered
20 using rational design or directed evolution techniques. The redox reporter can be
covalently or non-covalently attached to the protein, either by site-specific 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
25 organometailic 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.

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

electrons. A number of possible transition metal-containing reporter groups can be used.



identical analyte is identified (see bel ow description of integrative
assays). Exanples of |igands which may be detected or quantitated include:
am no aci ds; carbohydrates; 5 bioactive solid and gaseous conpounds which
are squbF@OﬁﬁW%H“Eﬁueous sanpl e; contraband or contr ol IPEAEANBEABES
(i.e., substances which are illegal to usg or possess, or which are highly
regul ated); environmental pollutants (e.g., phosphates, sulfates);

expl osi ves A®aftagediNK, thd R gl‘t&%%ﬁﬁﬂa@%GE@oxﬁMermépfnquPBt%m(uﬁ vﬂndow below

carcinogens, plant toxins, teratogens); lipids; netal 1ons .g., divalent
cations, f éha'!|S@bjﬁ@irtg)1merfer@n@tmamoteoudaznsxy(gen god hdQe ﬁmxmamabgmﬂpcsuaatﬁé for
viruses, bact eria, roto urot nsmtters serot onj n)

nucl eosi des %t SWLF@P&‘&&F gp tem ﬂPaCtli’&@mC“ﬁéﬁttieéégdbﬁ*S @P}éf%‘ldé%

(e.g. grov&trrbdoae&wa% foP@JJC{SBHE J@I@DMQ:%r%sﬁﬁesqﬁlYﬁé%tBﬁgﬂ?%e ganakgge_

and ther apeutic drugs. contai ner

peopl e 6r vefirier gsnmwsuhdg)etsbbsnmgmnailphec:thp@nnér recdvd oboxidees sae §egur e

areas my bg ng%pect ed for biolog |caI g}ents cont raband, 15 expl osi ves,
artd"®

poi sons, CRUSIY rEX0gRRAUS t%spouaﬁ dappy oaPRdEEREHoeaPPRsISSVIONE TePOTHET e
bi osensors I r lid or
por ous subé’far?% 'e. Tﬁ’éé‘]11 r%”%'/pa%g b@c&gg %\{@ mdleé?ﬁﬁ%%g%grer%%egw Oqf| | ter

menbr ane, @b%ﬂombird&han@@mre@mdmbmrgaﬁmbzm)imgcw 4 pdtdredlen{@dgnentoplei cal
fiber, plastic rod @herl cal (e. crossli nked pol ymer or gl ass bead);
or formed AFOHCEBHURIhBRY é%b?e Iéémab&?rofcswépﬁ% IC QQUAIE 19 RBFPLCiBl (&i%e)V12 The

substrape nﬁbﬂ-r%@ctﬁ\ﬁc;blfu?ﬁ% b of iR rlégbﬁezrg;\loﬂnd“ﬁzﬁ{ I%QEQWhWH?{!JO t«%@?e?r&éﬂﬁ the

signal transduced er group m croscope

spect r onet ¢ire) proﬂem); mcﬂmralergneos @nﬁeﬂﬁmemy rk@oﬁ@gﬁmbhgawbﬂaﬂtn@c Bedatrar ker
{e.g., bar code, a((li ? freqg u or RFID, or biopolynmer) which can be
decoded by”&“?“é%g}“'t Plag use EE‘G ‘Flﬁ’é’?““%’f‘“Flﬁéﬁtméﬁif-%?flmlfﬁéﬂ@ €PRBEr (Caldi o

receiver, Spegdd }Qiil@@fu’ﬂg Q%@%%{ &mﬁxﬁ ﬁﬁéﬁ?@m %%m‘?umz Cﬁrat ed by

a sorter in accordance Wlt hEI r YI ng

bi osensor nimyudm(lhs)ed altmuma(Pe)l $cahdiamalys tisanbytm (AP] wnydxaﬁﬁ(aw agoml@rarmf)e for
aplurallty of 8‘54@ Mul tiple biosensors with different aynd bi ndi ng
speci fi'¢it Fé@g%ﬂeée & ke (), raeliedesngpMe)ptagapaim @Wt@ng&gm htagte

mul tiple | gandS1atridss SR of doMBs ?fatlrz;ng{t%?itrhé{?ll Ythe P gh&%%gg nguf Rh

bi osensors at particular spots on the substra |dent|4y 30
t heir |i gafd;loj avdi Prg zﬁqneg:wfth EBtRceSW Woy\&]ﬁir"& tahem&fegn&al Baratlﬁarbppfhg"erlﬁéd}duced
i aut henti cate ting the assay, using multip

Si gnal b
b: 82 2n§o?§¥qﬁia§wh@h€0 8anehagye Ff‘PE‘LF erdinangritahtPasEpaRe m%é#t#qﬂ ating
the resul tg,fe de?}xlllu% %Rﬂ[lﬁ]e ORalHeA! Po tpﬁaj?m }ﬁegﬂdgrﬂﬂhgigm SREGLHen Ik G?m% he WO

integrative aSsays ‘atter, particu ctivity patterns o
2004/ 0361 76specillyppae3éd32581 13 bi osensors are correlated with the
identity of the analyte bound by them Analytes that are nore closely

related in thei Th@h@@r&ﬁhreﬁgwﬁb@b@sér@:dﬂ@Hld}ﬁﬁﬂﬁ’ a%lcbvéakrnd;oa}alrg@teswmﬂl y
to the cognate biosensor froma plurality of biosensors with

over | appi nBOIRMGW 93P HaRdreLp qeaﬁeﬁglaéfyémswmqfﬂ@spram mmr@gﬁf@me@:an@ﬁ deduce
the identity of 10eANAYISE: o Ryl chustef*rg,\clihe il g&guc[ ﬁog%tere e electrochemtcai

enbodi ment s, 't 0 DIrosensors constrtuc
properties of which are sensitive to its local environment). Alternatively, the reporter

25 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 conjugated 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.

30 Engineered proteins of the invention can be produced by site-specifically
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-



above-descri bed nethods and to the use thereof in analyte detection in, for
exanple, clinical, industrial, and environnmental settings. Particul ar
utilities are described in the specific Exanple that follows. Provided is
a descri pt Man2#/01anunber of sites that can be wused for mpt/isabsgsaose
sensors based on GBP (W 83C conj ugat ed tq acryl odan has been 10 used
successfully in fiber-optic prototypes of! la gl ucose sensor) To the extent

Lhat spect 411 0SERSAFS, SANSKIHCLRL, ) ASEORUTNER LR, LIS T P98t e

approach may bé présent in onmal n

Marvin et aSoq 11P6E6C4-CHES |I99¢9§Q‘ﬁlﬁ|rvn§§tlai RioA, R4 486@- 4871, A994-4966-137 . S.
Patent 6, 277 627) such _biosensors are not within the scoge of the present

i nvention. 1%7CRPSAF Al.als Farlt Shem. 3096l 28BU-4A%S bl Ve4iR deosdedcBidbechdmn gr eat er
detail int 1] t] t ollo |rrenta
Details 20 % g%ﬁpalr zgiongfg%gﬁ( O\Rﬁi s]e% d By F@%%]% ad'ﬁi’?e@ a1L0r

bPBPs frsom J gemaDicen NA. 0fo:R445c0i30. $3973i n CSH100 (arabi nose, dipeptide,
hi stidine, ribose, sulfate, and giutamate/aspartate BP); strain \/\1485

(gl ucose and gl UA%@M%;%P n@hd %Erp@ff&nfb)l itk dhe b @Réorehﬁtsgmﬁﬂ

i nfluenzae strain Rd (Fe(l II) fied pro ucts werer el 6n éal hto one
of the prot@ithtm@mesmromdvmmmlamdﬁm dond@ionnd, igirdunedanoiathe satlp25if

structural studi ez} % 3@ f - act&jn bi ndi ng domain" in Ph.D. thesis,
vassachusety: MRREE elEleddy vrsnigt g losqrgglzyﬂd PRILEDBE Hhe(Enss TaRsdgcsbPy,
Proc. Natl .j; éﬁﬁ@@ou@bmsé@& Ge ?%éb F%??E}gvag epﬂrpo%f,tbqllr:d-qn%gﬁésorﬁo% nkal fdieer et

al., Meth. Enzynol. 185:60 erm ol 1T gonuc ot i de

pri mer slowerguacigisiigheetat e :clsimp& denéryhitdiien pif odesseche Ipand B @886n€ of ¥sont
del eting th(e gnal sequence. The C-term nal primer was designed to 30
append the ?é@f fefrdection ) inaity) negds to b g5rigimed QI@éWB(SH%T)Pa”ﬁ%F%a pEBS 06, or

10 Two VO 2008/ 3D PATLL SRONRLABARA 140 JAGSES A FRIRNR (TAATCY

follow the last Hi expressed

f rom pl asmahquiidbr axﬂlxer(tNewnlﬁﬁggardith@iaahﬂé GsEen geiohghé af g sable; BleUE
(Stratagene) and .DH5a é)n lpahan Ea] Biol. 166:557-580, 1983) were used
for plasm MBS i EudbaSOho ligangp Hm%acea!éraa%aﬂmn@@ﬁ@ﬁ%’cwentgj@n%b&@éd by

5 over |,3ppifgyR P%n@r‘&ﬁ%???%@d @'5'_9 b@h?ﬁd th. pl%ln%%aé%grggnd %%geg) staflidrdShy fyes

and nutations were co y’ nucl eoti de sequen hecase o

ar abi nose BRus¢th® ginsgla aayalﬁaidlmrvd (.o, h@iprbdc)tlysE@ t@@mmameuma&)wnapl aced
by al anine to f i possi bility of reporter group conjugation to

this thiol SERPIF 12?“&“ ho"?f’éeﬁob‘ls aSS@‘lé‘i’ﬁmaﬁ%@W@ﬁ@TWSIH&W%P“&“O” of
Addi ti onal lppubdgndBSGUBRER! I @%dnEinrE |gl'e)feilr?’gc)i rafithah %qle@‘o%:;}%ﬁé 539&%}) RPmaf

G u57 with Asp to 10 raise to a’concentration r e conveniently
measur ed usm%@eﬁegmlréa) if cuhzstaitces whi‘éh etgalfmaEﬂja ireaséronvithRli @ﬁim:dssdmenm and/or

t r ansf i nt o coil strain BL2 own.in nutrient broth
ot Rt SReaByBmey 8 PersE B0 S Hehtr O it RFEtTANY Htes hot require the

addition of exotic reagents so assays of body fluids may be performed with minimal
sample preparation and under physiological 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 fluid or perspiration. Lavage may

25 be used to sample mucosal tissues.

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.

30 assayed is identical to the ligand, comprised of multiple copies of the ligand, chemically
related to the ligand such that it is identified by a change in signal transduction (e.g, a

related chemical structure is more strongly or more weakly bound by the biosensor as



grown further at 37C or 25C. Expression was induced by the addition of

i sopropyl (3-D 1-thiogal actopyranoside to 1 mM when the optical density of
the culture at 600 nm 15 reached 0,4. After 2 to 4 hours, cells were

har vest ed W§ 20@W3fiugati on, resuspended in 20 nM PCT/US2003/032581

3- mor phol i nopr opanesul fonic acid (MOPS), ;400 M NaCl, pH 6.9 and stored
frozen or lysed imediately for protein purification. Protein
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steps were hﬁpl cally carried out at room terrperature To protein at a

concent'? at FHMOBY 51 BBISPRH ARG IOXHEdH Seqry pomilkaHHR|IEANPF) phosphi ne HO to a
five-fold nolar excess to reduce internol ecul ar disulfide bonds. A
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hours, or emeicBhdttorathipdCGeylipanadiat icQmpatal MELRistic feDMmpherieagt ed
quorophore was achi eved by exhaustive dialysis or by size- exclusion
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conjugate. Depletion O/ sulfate and phosphat e. Solutions of sulfate BP and
phosphat e Brecgameter). Individual 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 patterns, radio receiver, specific binding probe or automated sequencer)
25 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 specificities are used in the
same assay to detect and/or quantitate multiple ligands at the same time. Alternatively,
attaching different biosensors at particular spots on the substrate may be used to identify
30 their igand-binding specificities by where the signals are being produced. Signals may be
authenticated by repeating the assay, using multiple biosensors with the same specificity

for redundant assays, or correlating the results from multiple biosensors with overlapping

specificities for integrative assays. In the latter, particular reactivity patterns of the



their buffers were treated to decrease the concentration of contam nating

sul fate and phosphate, respectively. Sulfate BP buffer (20 mM Tris-HCl, pH

8.0) was passed through the chloride formof Dowex 1X2-100 strongly basic

ani on- exchBYBWEYiH. Sul fate BP 20 sol utions were treat & THYS2603413958i s

agai nst treated buffer; Dowex resin held gn a separate dialysis tube was
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equation 3 or 4, as appropriate. 5 Fe(lll) BP has a dissociation constant
for Fe(111) on tleshoedent thit]spiifid Bdhérsars conatucdd in adcorBirek wihe@present

270: 25] 42-25149,, 199 hi nder.i ng gccurat e fluorescence-based neasurenents

of affinit PRGN %’EWS?IF&? thepubBn demeindeigormaey haehiedoskd i Madvingt Bl )
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Resul ts Fahidsgnsofs dié ostemsidn she hopedf ik pedsemenvePBRs with widely varying
| i gand-bi nding specificities was sel ected for engi neering biosensor

function (Tabl e CjrainAspectesiRhé m8hton canWeldesfRAtN ERGIH lbiaBn b is from
| I aenophi hg_s .i.nfluenzae. Binding specificities and™15 affinities of these

protei ns foMiikeFrampe pse{elipavs i gands have been characterized (references
in Table 2). Three proteins bind nonosacchari des (arabinose, glucose and
ri bose BP), one binds di- and trisaccharides of glucose (naltose BP),
three bind am no acids (glutamate/aspartate, histidine, and glutame BP),

one binds di- and tripeptides (di pep'{#g&ﬂd@nﬁ two bi nd oxyani ons
(phosphate and sul fate BP), and one tal ion (Fe(lll) 20 BP). Most
of these bPBPs bind at nost two or three related ligands with high affinity

Experimental Details

20 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 A. influenzae strain Rd (Fe(l1I) BP). Amplified products were
cloned into one of the protein expression vectors pAED4 (Doering, "Functional and

25 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

30 append the sequence Gly-Ser-Gly-(His), or Gly-Ser-(His),, where n=5, 6, or 10, Two



(mcronolar or better). For exanple, phosphate BP binds phosphate and
ar-senate but not other oxyanions (Luecke & Quiocho, Nature 347:402-406,
1990), whi e, gl yeose BP binds glucose and gal actose but not other
nonosacchari des’ (Anfaku, | Biol. Chem 243:3]16- 3 122, F888)5206/¥&i%i de BP
is an exception in that it binds a wwde variety of di- and 25 tripeptides
(Smth et al., Mcrobiology 145:2891- 2901‘fI ]999). Measured |igand
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etal,, 1994 1987 . I1GLG histidine BP Yao et al., 1994 Joshi, & Anes M Il er
etal., 11-@&“01@%%@9%%%% BeETHBP srisrpytatsg by ubstighion|qf (guet With AsPpl ay

et al . ,1oSchyRE 12 todl concehBIR 1991 ch QN0 & uAOBAHIY Sirald . 1997
| ANF phosphat e BI%GLngL}OR% et gi %?_ueckgle& ggté eL'ES%zEIﬁ.?( I\/Zdvmelczky & 1996

bA B Quiocho, 1 te)]ngg’x f‘ggfo%pp@érgidswg? traﬂsf&g%egli&%%ﬁcgﬁ sﬁlaoinlﬁifﬂD%tB, al .,
Sun etal!., 1998 Nohno et al.. iner et al.,
grown in nutrient broth overnight at 37°C, then diluted 100-fold into fresh medium and
grown further at 37°C or 25°C. Expression was induced by the addition of isopropyl 3-D-
I-thiogatactopyranoside to 1 mM when the optical density of the culture at 600 nm
15 reached 0.4. After 2 to 4 hours, cells were harvested by centrifugation, resuspended in 20
mM 3-morpholinopropanesulfonic acid (MOPS), 160 mM NaCl, pH 6.9 and stored frozen

or lysed immediately for protein purification.

Protein Purification. 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
20 onice for 15 min, then centrifuging to peliet cell debris. The supernatant was loaded on a
Ni(II)-charged column of Chelating Sepharose™ 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, protein was eluted with loading
25 buffer containing 400 mM imidazole, 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 dialyzed exhaustively against buffer (20 mM MOPS,
100 mM NaCl, pH 6.9, or 26 mM NaH,PO4, 100 mM NaCl, pH 6.9) or desalted by gel

filtration to remove bound ligand.

30 Fliorophore conjugation to cysteine-substituted bPBPs. Thiol-reactive
fluorophores obtained from Molecular Probes (Eugene, Oregon) were 5-

todoacetamidofluorescein (fluorescein); N-{1-pyrene) iodoacetamide (pyrene); N,N’-
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' exclusion chromatography. The efficiency of reporter group attachment was assessed by
determination of unreacted thiol with Ellman’s reagent (Ellman, Arch. Biochem. Biophys.
74:443-450, 1558) or by measuring the ratio of fluorophore to protein from absorbance

15 spectra of the purified conjugate.

Depletion of sulfate and phosphare. Sclutions 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-HCI, pH 8.0) was passed through
the chloride form of Dowex 1X2-100 strongly basic anion-exchange resin. Sulfate BP

20 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 addition of 7-methylguanosine to 1 mM
and dialyzed against bacterial nucleoside phosphorylase (1 unit mi") (Sigma-Aldrich)

partittoned in a separate dialysis tube (Brune et al., Biochem. 33:8262-8271, 1994),

25 Fluorimetry. All measurements were conducted with an SLM Aminco-Bowman
series 2 fluorimeter, with sampie stirring at 25°C. Fluorescence emission spectra were
acquired with excitation and emission shit widths of 4 and 8 nm, respectively.
Photomultiplier tube potential was maintained between 400 and 800 volts. Protein
concentrations were in the range of 50 to 1000 nM. Fluorophore-specific excitation was at

30 the following approximate wavelengths: tryptophan, 290 nm; acrylodan, 390 nm;
fluorescein, 485 nm; pyrene, 340 nm; NBD and NBDE, 490 nm; JPW4039, 485 nm,
JPW4042, 470 nm;, JPW4045, 470 nm.
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sel ect ed for, it H; I | stryctures have, been solved of the closed,
Iigand-boungﬂéggﬁ%ﬁ%#%ﬁpeu%iég?ﬁ%Pﬂg(%gsﬁs%ﬁ”%ﬁﬁﬁ%Ie BP, the crystal WO

20t M 036176 PCT/H%E@%%%%S 1 19 structure of the E. toll protein has not
been reported, so 5 SAPIRGHEPD gorsypmifon ¢(Uin onsthe prdeeoBR has (Adidpared t o

model the Eet at. ol Bi@r oh@h 705 1hale | BP oee hﬁxdeﬁﬁé 'E%cl%ga% §0Wg€%€%€%%zm are

95% i dentical in amno acid sequence and fience
sinilar striugsweEsntsiol afilyoy pataomdlaspriotineodRnf iy these v&é’\ﬁ%e@?%ﬂ% sms (COh

et al., J. Bi Ch :4135-4143, 1994; Yao et al., Biochenmstry

33: 4769- 47 7‘%@“188%( .Ch@t%ﬁ% & d”%é%‘%b%é’ff%wq@éw Qrrstanes, Bisamdibisgaded
state for sYokoFo77hes tak@yem mrao&ﬁ,i,prég;ﬁ%ayggw (Table 2). Structure-based
desi gn of conformational coupling. Coupling between |igand binding and a
change 1on the fluorescent signal of a covalently attached, environnmentally
10 sensitive fluorophore can be established if the | ocal environment of the
fl uor ophor eeghanges as a result of formation of the conplex and a |inked
conformati onal change. Two nechanisnms can be distinguished to establish
such structuralﬁbh Direct |inkage involves fornmation

of a_non-bonded_go%?%ggﬁﬁg%a%%_Q%ﬂép %ﬁﬁ&gﬁﬂﬁdﬂﬂlHﬁ@gtﬁéymééﬁﬁubb@édg
Structure 1 15 1 he | TGl a6 Veem 13 Tk Re AL A naa Ty ol RO Fa ng
relies on (o bmp%ﬂ&% wfg@msd?qmﬁagmg};hm&hanﬂ%rz&@(Bh]ncﬁﬁg theifhithgenpendi ng
o S Y L 1
cystei ne t o Naviech). f[‘hleefplr(bteil’ngﬁhﬂrrﬂoﬁ(ﬁa@hﬁﬁ@&e@ra@;&»@g%ﬁ}c%gé £nd 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(IIT)

20 BP). Most of these bPBPs bind at most two or three related ligands with high affinity
(micromolar or better). For example, phosphate BP binds phosphate and arsenate but not
other oxyanions (Luecke & Quiocho, Nature 347:402-406, 1990), while glucose BP binds
glucose and galactose but not other monosaccharides (Anraku, J. Biol. Chem. 243:3116-
3122, 1968). Dipeptide BP is an exception in that it binds 2 wide variety of di- and

25 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 Fe(I1T) BP, where the K for Fe(Il}q is estimated to be 102 M in

competition assays with Fe(I1T) chelates (Adhikari et al., J. Biol. Chem. 270:25142-25149,
1995).

30



attachnment site). Indirect |inkage relationships can be established in two
ways. The nost 20 straightforward nethod relies on visual inspection of
the ligand conplex structure, and identifying residues that are |ocated in
the vicini X YPP#d7bi nding site, but do not interact diREEE$NOIM3RHIL he
ligand, and that are likely to be involved in conformational changes. In
the case of the bPBPs, such are residues!focated at the perimeter of the
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1-iellinga, FeUIN c:herﬁmeé&a 120 Bpunpptaly 698 | qﬂébﬂﬁét% - sumir ko ed 2bhe
designs of all three cl?85E%¢ sM@@Ujl n each of%®he receptBFs ysed in
this study. SMfe9¥cati ons of these ‘dpt@sl lr"?8§ he SEBY el bPBP4™akE &Hfown i n
5 Figure 1. Table 3. Fluorophore c p&%@é‘vl 1si 18 steric desi gn steric
design protein tpant cat egorya pr ot ei n_mnut ant category' nethod

ar abi nose BPH8898P3 3 histidi ne BPAETEHC P4 Fse &Ameo29 iilngtai K30 C a 3
V163C p 1 L2 3c a,3 stoc 1 L29B¢E-a 3 F231Cl%9)1 di pepti H83BP D450C p |
Y88C a 3 KIGHESLPA maly étep DO5EPYNIR0 ARidl C BUAAFGSG a 2SRt Eap 1

1329C a 2 T44C p | S2338 [PMP 1889 1p Quicghogsp MP45C a 2 @ WAsp BP A207C p
4 N223C a 2 A2|OC.p 4 N226C a 2 E‘11§&7 H\NE s164C p 2

phosphate B Ledvina et al., Luecke & Magota et al, Medveezky &
1996 10IB Quiochko, 1990 1684 Rosenberg, 1969
1IXH
giutamine BP  Hsiac et al., Sunetal, 1998 Nohno et al., Weiner et al |
1996 1GGG 1WDN 1986 1971
nibose BP Bjorkman & Mowbray & Cole, Groarke ¢t al,, Willis &
Mowbray, 1998 1692 2DRI 1983 Furlong, 1974
IURP
sulfate BP Pflugrath & Hellinga & Jacobson &
Quiocho, 1983; Evans, 1985 Quiocho, 1988
He & Quiocho,

1693 1SBP



F126C a 4 S39C p 2 F13IC a 4 gsmiieBP N1I6OC p 2 F270C p 4 F221Cp 2
&R11C p 4 K219C p 2 K268C p 4 L162C p 2 QL23C p 4 W20 p 2 T129C a 4
Y163C p 2 Fe(l11) BP E203C p 1 Y86C a 2 K202C p 1 ribose BP T135C p 2
K85C a 1 D¥eXH#3p176y287C a | E192C p 2 gl ucose BP YI OC €CI/Us2B4@3%82 N15C
p 1l L236Ca 2 E93Cp 1 L265C a 2 E149C p 1 sulfate BP L65C p 1 H152Cc 1
N7OC p 1 WS83Ce 1 @94C p 1 L255C a 3!R134C p 1 D257C a 3 W90C p 1
V296C a 3 Y67C a. a, .allosterig; e, endosteric; p, peristeric b: 1,
vi sual i nsﬂég’fqtgﬂj[)d’ﬁa Pﬁg‘ Hegway s ¢ %g@éjr e; 2, identi f!ocafi on by aut onat ed
conmpari son of the open and closed states; 3, structural honol ogy; 4,
sequence hdsbypadegiieMuehadiewbudsi: §i Sof 0dnPdhmat i onal coupl i ng. The
nunber of BRBHsroft alkhdwn Ebguehide greaxdllyo éx¥6eds t he nunber for which
st ruct uses Aaser, BeRnl Stlleve @403 1 foB 124012604/ 036176 PCT/ U82003/ 032581 21
whi ch functdaons shalepheBioassi BRedy DV Bensd i €s-050 Aboghen cal
charact er i Zgbikean JUS¥RLPITT MRS neSekV.Bih émgspot ential biosensors,
codi ng seqences ai,pﬁio@ﬁﬁﬁ%trwétzs@ﬁ-h@tdzb' gd and their putative
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For nine of the eleven proteins selected for this study crystal structures have been

solved of the closed, ligand-bound state (Table 2). In the case of sulfate BP, the crystal



To illustrate these principles, a glutamte biosensor was constructed
starting from genone sequence data only. The genone of .E. coil K12 contains
the |l ocus ybe.l encoding a protein identified as a putative bPBP based on
am no aci d wegueédhonol ogy with 15 gl utam ne and hi sti draeuBPs3 (2680 and
23% sequence identity; 41% and 43% sequence simlarity, respectively)
(Blattner et al., Science 277:1453-1474, 1997). The assi gnnent of YBEJ as
an am no- aC'Qrg@fuP %ﬂge rot.ein s strengthened by the presence of conserved

resi dues foun Ul B WsoRt BrRdemyTtlosq Hiat of 3 iipvee Girtephimurium

a- car boxy! atselfge ®Rsa0fdoptdao hiddange i ci d.bi proteins
of known structure |dent0|pf| e?:l in erefL'oCﬁ rg?f;?%?ﬁﬂ}?’?%&n%&# g%a
interest is ’fﬂ‘f’é’”i’ﬁ’é’?ﬁéfft%s%ﬁdeancmrgamlmeacrd&m@ue:eland ¥BERt [epabadvahigiy

osition th her _am no aci in roteins intéracts dlrectl
\?\n th the si ?hmc&ﬁalrn"?mqﬁES ﬁangfi%%h gffﬁ%ﬁgg‘i%g”gﬁ@’é%@%ﬁ@jsmh@h YBHJ JbBlnblsyan
am no acisd Kéami 6e:alItegrdsi \I@EM/ Ya@@ﬁl@!@oﬁie%st?’@%(@%d:hm IM@@%/gtlné(ihéras to be

| ocat ed adj% t to three tandem genes

i nvol ved in ?We Grae H%F‘Eﬁ%ﬁswﬂt@? Qaftdleéﬁ@;fom ssyﬁ“ttiemlé\kamrpr&eaﬁ aValeliaTesle
GenBank Accession Number U10981, 1995), suggesting that ybe.l encodes a
gl utamat e/ aspartate BP. Put ative al I osteric, endosteric, and peristeric

sites were identi !5 a str re based seqguence al | gnrrent of YBEJ
with glutanine BP 4 "§% ﬁ‘f*h%?%u TORGrE! 974G SooaingIETTER ligand

PCT/ US2003/ B&BiﬁnghndZ%hI lig tHe flldr@RBE st i dues Ln_pol ar
am no-acj d bi ndi n% protrgélénls I |an;n r%g?‘ 13616‘"9%Cv‘i’tgb?tl\g‘ﬁhgﬁeﬁémgo%eé}éﬁ

gl ut ani NEBPSBLYVE Borpﬁbor@@e@bqvmwsedqfﬂ& TBEH (374 BL BT thdthaselHesP DI I
Y14 L52 570, A 7 112 D16 s/ar' onBP DIl Y14 F52 570 S72
R77 L117 le}%ﬁ%el'%% adkf%% Of\%é% é gl Gt Higg I o0 fprmaBamat e o oT IR0 D1 83

* sc: side mhféuangsmal‘dan Be amm}gh]sf@@to ast AR AU M‘htcﬁg%r!ﬁﬁ{'ag Pe%qso%}ﬁéf 'Hlrect

productlon fa‘lk t he g; for the bPBPs used in this stu Wer e oned from
E. coli R 2B Bz HEmgEeb AT €N ONerdis ngnRCRet W thehdlﬁ’rd lpept ade the

sequence th@)tn e th | asm identified b
co(r:]fparl son tout%hgg%%rd\melr t&?r]r(r%‘lanﬂ%tag%mvﬁé/% %é?%m tgHFOCPIrPTPW@ %’é&cé“%fn

YBEJ, by hoholrogyditio viaioiwnof ieadeschd ﬂ@@!‘é@ﬂ@@sar(dlﬁﬂeﬁ% h;‘;;a‘?xd -NugheqAci ds Res.
14: 4683 4690 1986% The gﬁ)ot ein was produced by over ression of the

processed P IRrmAL "RECRAPEBHINSE 116 Wethﬁ”%nbeiﬂﬁiit%ra@ﬁlceJnObmt‘«lad@thaé)Paﬂsaced j ust
before the N-term nus of the processed protein, under the control of a
strong i nduci bli&7s5t bgeerclptipnshigs memdlemIergnﬂ@by tépladnd oralduaidown to

tructural b D, th
Vassachuect 1o | nero it Sl e ciaREay M ibg9s Mperhae toabcpet Lahsiar al

Met h. EnzymBhchniBbsi6)- BG;recl&ﬁQége(rNaM@ﬂﬂ s caflb reh%@x%?n 3id L,
Sci encez0277 14@? 1474m8tf 997) . pl asm ds. 2%1 ol i §o i sti Sl neﬁ'{,ﬁgg%arrwﬁ%soesg

the carbox{¥¢ o ﬁ@‘eélgﬁﬁ(@@dlrlé&mtlén of degigand tohplek seuqure findat | on
?y i mobi | 'u:?eﬂﬂfy”ﬁg Rbidues 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 penimeter of the inter-domain cleft
that forms the ligand binding site. The environment of these “peristeric” sites changes

25 significantly upon formation of the closed state. These are examples of positions which are
proximal to the ligand-binding pocket. The second approach identifies sites in the protein
structure that are located some distance away from the ligand-binding site (i.e., distal to
the higand-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

30 “allosteric” sites can be identified using a computational method that analyzes the
conformational change {Marvin et al., Proc. Natl. Acad. Sci. USA 94:4366-4371, 1997).

Alternatively, once allosteric sites have been identified in one bPBP, modeling and



affinity chromatography (Hochuli et al., J. Chromatogr. A 411:177-184,
1987). In all <cases, the receptors expressed well (at |east 50-ng of pure
protein per liter of 15 fernentation). The nol ecul ar nasses estinated by
gel el ect r Sh¥E8Id7%cor responded to the predicted nass JICH¥RIEKPRBssed
readi ng frame. Cysteine point nutations were introduced by the PCR overl ap

method (Ho et al., Gene 77:51-59, 1989)20 Mutant proteins typically
expressed as well as the wild type protein. Al cysteine substliéé#t_i ons in
ar abi nose BPUfFH heBrlagy seferenincanve ioskad oidpaiti greliiEest b opeebRiRts in

i nterferencg; I 0 t el I - I i Chem
254: 7521- 72‘%@ %gﬂ?tgo)% S ltELth@%haé;{:arag@légQ Pf’?%% B)ifta’ am gﬁ%‘ﬁmgéce

const r uct ed 20r7-WD) 12094 /1036 3 56 mRGT-£IS20 A3/ 32581 thR3 cldhiseskEB i sbackgrdguhe. | n
the crystal structure ofFe(l11) BP, this glutamate is coordinated to the

i ron (Brunge@Plogf uscdnphis gpdy, clihe Tegagpns of thesg susyin theglpyen DB RELE Popuiit ™ ha
the E570 mytatijon weakens the affinity of Fe(lll) BP for Fe(1U) from
approxi mately 1x102' (Adhikari et al., J. Biol. Chem 270:25142-25149,
1995) to approximtely 3x10 x, 5 assumng a stability constant for the 1:1
Fe(ll1l) citrate conplex of 1ogK=10.25 (Martell & Smth, Critical Stability

Const ant s, JF;ngrguW Fl2r SS Colr}levxét%grsﬁds 1977), This perm tteq strai ghtforward
determnat1—fr|=|—eJ[L~—|£D€-%l§h—ﬁd)—éﬂfi _ _ {- trate

.5
S transducti’o
muant  _ caiCgo

at nanonol ar goncent ratt itonszl
f1 uor escenge; "8 Bk B-Re - RE ,
f1 uor escent” RS er ps were att 398 hgl e reine Lhiols |
. . . a . B
engi neered into sit hpat were predicted to under tndl ng: dependent
conformational change.,skFght  thiol-rgactive 11 uorophpres wefe exanned
that were chosen on thg.pasis of the gensitivity ofF}%ﬁgi r enjssion gpectra
to changes ;4 n,@B¥brongept and spanning a w de range @kggc-em ssjon ands .
excitation wavel engt hgyoyhki 9. :g) The 1esult.s.f.p bi oggrsor copj ugateg which
15 are illustrative ofisthe inyention are presented impojable 5, (I 2
receptors, 68 cysteingiptants, 320 fuorophore conjugates). WO 20045036176
PCP/ US2003/ 032581 24144 Qb 5 c 0 NMPON- OG@mQC--p- wC 2+ Q

5 _S pO'OONCOVNSl@CFV’g,nbV]' ?4hdped@Pf | " ATRS0 en naF ON MO QN

N b F vl tBwAsp.BP®  A207C p 4 N223C a 2
A210C p 4 N226C a 2

E119C p 4 S164C D 2

F126C a 4 539C p 2

F131C a 4 ghitamine BP NIGOC p 2

F270C p 4 F221C p 2

Gzl1C p 4 K219C p 2

K268C p 4 L162C p 2

Ql123C p 4 w220 p 2

T129C a 4 Y163C p 2

Fe(lIh BP E203C p ] Y86C a 2
K202C p 1 ribose BP T135C p 2

K85C a 1 D165C D 2

V2387C a I E192C p 2

glucose BP Y100 e 1 A234C a 2
N15C p ] L236C a 2

E93C p 1 L265C a 2

E149C P ] sulfatc BP LG5C p 1

His2C e I N70C p 1

W183C e 1 0294C p 1

L255C a 3 R134C D 1

D2sIC a 3 W290C P |

V296C a 3 YG67C p 1

a: a, allosteric; e, endosteric; p, peristeric
b: 1, visual inspection of the closed structure; 2, identification by automated comparison of the
open and closed states; 3, structural homology; 4, sequence homology

Sequence-based design of conformational coupling. The number of bPBPs of

known sequence greatly exceeds the number for which structures have been solved or for
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this reservoir of potential biosensors, coding sequences for bPBPs must be identified and

their putative ligand-binding specificities must be established. The identification of bPBPs
in microbial genomes relies on finding aminc acid sequence homologies to particular
5 clusters of the bPBP family (Tam & Saier, Microbiol. 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 (Peliegrini et al., Proc. Natl. Acad. Sci. USA 96:4285-
4288, 1999). Subsequently sites within the homolog that undergo local conformational

10 change, and to which reporter functions can be attached, must be identified. The selection

of sites for attaching reporter functions refies on homology to bPBPs of known structure.

To illustrate these principles, a glutamate biosensor was constructed starting from

genome sequence data only. The genome of £. coli K12 contains the locus ybe/ encoding
a protein identified as a putative bPBP based on amino acid sequence homology with

15 glutamine and histidine BPs (26% and 23% sequence identity; 41% and 43% sequence
similarity, 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
residues found to be associated with binding to the ci-amino and a-carboxylate groups of
the ligand in all bBPBP amino-acid binding proteins of known structure identified in E. coli

20 (Table 4). Of additional interest is the presence of an arginine residue in YBEJS 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 YBE]J binds an amino acid bearing a negatively
charged side chain. Finally, ybeJ is located adjacent to three tandem genes (g/tJ, glik,
giil) postulated to be involved in the glutamate/aspartate transport system (Lum &

25 Wallace, GenBank Accession Number U10981, 1995), suggesting that ybe/ encodes a
glutamate/aspartate BP. Putative allosteric, endosteric, and peristeric sites were identified
from a structure-based sequence alignment of YBEJ with glutamine BP and histidine BP

(Figure 2).
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ligand group* & C s oN oN ol & s ol oN

ghtamine BP D10 FI3  F50 G68 TH R75 Kil5 T8 Gl9 DIS7
hsidneBP DIt Y4 152 S70 S72 R77 L1177 Ti20 T2 DIl
ysargomBP DIl Y4 F52 S0 S22 R77 L1I17 TI20 T2 D6l

YBEJ R25  S28 S73 S0t T93  RO8  Ti37 TI40 TI4l DI&3

* sc: side chain, oN: a-amino, oC; a-carboxy

Mutagenesis and protein production All the genes for the bPBPs used in this study
were cloned from E. coli or H. influenzae genomic DNA using PCR. The leader peptide
sequence that directs expression into the periplasm was identified by comparison to the
known N-terminus of the protein, or, in the case of YBEJ, by homology to known leader

5  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 methionine
placed just before the N-terminus of the processed protein, under the control of a strong
inducible promoter in the pAED4 (Doering, "Functional and structural studies of a small {-
actin binding domain" in Ph.D. thesis, Massachusetts Institute of Technology, 1992), pET-

10 2la (Studier et al., Meth. Enzymol. 185:60-89, 1990) (Novagen), or pKK223-3 (Blattner
et al., Science 277:1453-1474, 1997) plasmids. An oligohistidine tag was fused to the
carboxy terminus of the cloned receptor to permit facile purification by immobilized metal
affinity chromatography (Hochuli et al,, J. Chromatogr. A 411:177-184, 1987). In all
cases, the receptors expressed well (at least 50 mg of pure protein per liter of

15 fermentation). The molecular masses estimated by gel electrophoresis corresponded to the

predicted mass of the expressed reading frame.

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 constructed in the C64A
20 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
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the ES7D background. In the crystal structure of Fe(llI) BP, this glutamate is coordinated
to the iron (Bruns et al., Nat. Struct. Biol 4:919-924, 1997). 1t was found that the ES7D
mutation weakens the affinity of Fe(IIl) BP for Fe(11I) from approximately 1107
(Adhikari et al, J. Biol. Chem. 270:25142-25149, 1995) to approximately 3x107,
assuming a stability constant for the 1:1 Fe(IlI) citrate complex of logK=10.25 (Martell &
Smith, Critical Stability Constants, Plenum Press, New York, 1977). This permitted
straightforward determination of Fe(11l) affinity by direct titration with Fe(Ill) citrate at

nanomolar concentrations of Fe(Ill) BP.

Signal transduction by fluorescence. To report ligand binding by the set of eleven
bPBPs, fluorescent reporter groups were attached to single cysteine thiols engineered into
sites that were predicted to undergo binding-dependent conformational change. Eight
thiol-reactive fluorophores were examined that were chosen on the basis of the sensitivity
of their emission spectra to changes in environment 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 fluorophore conjugates).

oo-v 00C 'oV 00 0O4Vi VaNCOUOQ
v
C
v

5°©

>



o, 2 . o
o o 20
Z0 .. > 0
= S
s o . o —_ .= 0 6t SLL 991 + [t 6t¢< 1139 adn
Doomo 00w
o % _ o , O £ 144 fLT - P g Gls HED0S2501
00 “d0Z2 !
Q..J 5 m O'm Qo m | 0bo 490 1871 €00 Cob 8y UBpOAY
o > o W_Q- = m_ 8 5§91 el - £8'0 685 08¢ GEOPMAL B DESTT
— o2 __0
o~ ~. B . H O s l it s1¢ - 80°0 B8t¢C (439 Q8N
o I A R |
> N @) > > 2 > > [ |44 01 + 13 1] LIS BES uisassiong
Zz O O - . , .
™0 oz L S 10°0 or'0 611 - 610 ogp 98F ugpolAioy
0o5°00c"_° v L g : 07T 88¢  78¢ . 6E0PMAL B D1oed
- o — om .
o W o oz O - i'0 0's 9,0 - 8c0 i £ps aanN
o ><t>0. o . . .
'O Zo_ © (rpl 50 [ $V0 - FO'0 61¢ 51 413059500
Zz 0O - Z .
> O o H_ > l > - 90 6t 660 + 00 €08 €08 uepoilioy
1 =~
O o ZO0Z V) o™ l 8¢ 2L0 - £60 88¢ L8S 6t0PMAl ® atid
=_0 Z2=. _ o™ .
- @) 0S0O> > o z (43 61 + 70 bs BES Ggn -
o O - O . . A
o0 oz A D = o 0 Ry LEE - £0°0 1749 61¢ 113Is3100],]
o -0 .0O>_> . .
_ Ow . - e = O L 9¢ 991 - 978 i 6 epolkioy
! Z2Z2 o
Z< ! ~ o QU o It
1 < n
- . _V > ! S @) 3 06 60 - BED 96§ (11339 IsoUKGTIE 6tobmdf ® JL5TA  sscuese
_o_2 zZ2 >> :
™~ 115 iE TS "X oo e,
-0 = s . l >0 lguapls (Wi ey gy PR PRy iy adeesy puedy woydosonyy  ous e uz)oad
.- _ i U Jous  ue RUE)
- C o
;1|_ o @0 o > > 51€3dq prednluoa-aioydolonys jo sssputered Buspuig pue pnaxds ¢ sjge
O .8o< 200 | I PR EIRRES e,
o = O
- = P e
> 0O
Z0 . = > >
=2 .m0
oz _.7~0>
z 'o sZ >D0 c
as ' - cZ2+40_—

>z30S0zZz3> >




Zo00 o € >
(O} @) © = Z ©Qo
> ©_>00
"o ' o 000 7o . :
o of N%W 0 890 - 900 IbS 7S aan
O o .
= O % >z - 9 t6 1o + 0g0 s s 2082100y,
NS> 2 20— z £ .
N ©0cz < 06'0 + tTu oD% 405 uepojiay
- Z0= — LO'L
Bo W axrs + (00 ope g9 | SPOVMIS
o >, 2Z2c00 8 8L 660 + 900 F¥9  8E9 ZHOb AL
o0 ' 24 z 0f  pe
y o - + LEO 866 43y 6£0PMdl  d DFEEN
S 1005z ,
m | Z 080 - 0 429 1949 agan
w O w . = - b’ .
= M > < K 00 + oro 0zg 1A HI2053100]
<
P : -
m c o= >>> I ¥9°l + 900 1zs 80¢ uepojiiay
© a < ~>h0 €70 994 £99 SEOPMA
N~ > : .
€0 : - :
m_u - _ c > _ Sl 801 0c'0 a9 999 TEOrMmdr
(%) ocZ2
SO>0 o W
g . .
O0z_ 00 a 0To 160 670 . 0z'0 o
09 41} '3-4
m 2 S o = 9 ua-410 6L0vMdr  d  Dospa apndadep
Nz=z3 Oc c
—Ccm
OcZz © v 9 ’
“<0s0z 1o tSP0 6Es e asn
Oc_o .
~00_>0 8b0 - 00 8ig
O S 8I¢ Ha0sa10a] |
> 2>0 _ZE ¢ br L0
o\ s O D. | } LOD 00s 66F uepojlioy
=S c
02 0c>F z 0L §9°0 - :
-2 2. o~ 2 o tes e 650bMdl ' 08677
Z o MJ.. > > loua s (i) ey s Y anpa pEpg  ws _x___.__,m ode “xem
cO=Z=2_0zzZo 3 Yo X puedi; ssoydosony PUS  wEnw uisjoud
1 + o> O- 5
114 parednfios-aoydoto .
;nW.C MW+ o_ - AV < | nij jo mm_.mEEQ_ Suiping pue enoadg ¢ aqe
o = oz
~0>" ~ >_TC
O ~T Z -
1 oY— —_
O Z_
lo> 0"

.. oc
— WD OxOo -




+ + + .+
Oo0oCOO

0 ,Q(){ru/ (56 166

OU_COd NI
0a333~~Qn9,33"
uao
Ny

UC NUnygée UO. OOOOYyNnVV'OHOPSOU
m'oy
VO 2004/ 036176 PCT/ US211037 032581

OuCCMr
NNNNe CQCOCO-
N N CO -

vl

e -

333

naktlLfl

do O06 - NI
- fry BN f Vi

V' N COe

a C

-c F N u v = -
28 C ~ P 0O
'n ON O 17 5‘&(”@6‘"’6@33“*" |v|o

06 O66 66 V U
OCO- Oto ONO

occccccecccocececcCc NQQNMQNMMNaNNTf N
cc'7vi Vi

QaVvVGNQaQQWM V VM VI enCV Q/1 V

Vi

OO

+ + + +

Table 5. Speciral and binding parameters of Nuorophore-conjugated bP’I3Ps
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Table 5. Spectral and binding parameters of Muorophore-conjugated LIPS
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y Ags*egs‘mem of fluorescent bivsensor function. Fluorescence emission spectra of
bPBP-fluorophore conjugates were recorded in the absence and presence of saturating
figand concentrations. Spectral changes were characterized by four parameters:
wavelength shift (the difference between the wavelengths of emission maximum in the

5  unbound and ligand-saturated states), direction of intensity change (increase or decrease in
intensity at the wavelengths of maximum emission in the two states), standard intensity
change {Algq), and standard ratiometric change {AR). Alyg is defined as the normalized
intensity change relative to the average intensity, determined at the wavelength mid-point

between the two emission maxima:

10 |2 1 (/“ ld) - Sld ))l (])
SR EYZINESE ( ) |

where Aqd = (Amax, unbound T Amax, sawraed /2 and Iy, I, are the fluorescence intensities at Agg

of each spectrum respectively (Fig 4A). AR is defined in terms of two emission bands, A;

(A1, A2]) and Az ([As, A4)) (Fig 4B):

0 w
15 AR = [ 2 @)
A?. AQ

where A, “A; are the areas in the absence of ligand, and “A;, “A; the areas in the
presence of saturating ligand. A computer program was used to enumerate AR for ali
possible pairs of wavelength bands in the two spectra, to identify the optimal sensing
condition, defined as the maximum value of AR. Adjustable parameters of the algorithm,
20 and their values used for AR,y quantities reported here, are: step size (2 nm), step width
(10 nm), minimum integration area limit (fraction of total: 0.1), and maximum integration

area it (fraction of total: 1).

Analyte affinity measurements. 133 bPBP-fluorophore conjugates with Alyy > 0.1
were used to determine ligand binding affinity by fluorimetric titration (Table 5). The
25  emission wavelength monitored was that of maximum difference in intensity between the
ligand-free and bound states, For each conjugate, fluorescence intensiometric observations
were fIt to a hyperbolic binding isotherm for a two-state model (Marvin et al., Proc. Natl.

Acad. Sci. USA 94:4366-4371, 1997):



10

25

N
U

mGGA~Nvuvqu
b

N
O- O0OO0OO NO dN

'in~ UO NInnPNIUN 2v O
PQQCQPQQ CO-0>0TC-0
NM~ 55~~EaFG
1@6P011J32003/032 581 41 0 00 N J
pPWONOM Y- ONNPO VI -NVP M- W
r0- 00Q@00- OOOON

.~ P Nto -

U
(])MS@UU@()?:ZQHO O -
ONO O

e g
d

where F 1s fluorescence at ligand concentration [S], Kq is the dissociation constant, and Fy,
Fp are the fluorescence intensities of the ligand-free and ligand-saturated states,
respectively. Examples of binding isotherms are shown in Figure S for glucose BP and
glutamate/aspartate BP. For ratiometric observations, eq. 3 has to be modified to account
for differentially weighted contributions of the two emission bands (Lakowicz, Principles

of Fluorescence Spectroscopy, 2™ Ed. Kluwer Academic Press, New York, p. 698, 1999):

_ KGR, +[SR,

4
K, +[8] .

where R is ratio 4/4,, R, = “4,/ A, R, = 0,ei}/OA,, and "Kis an apparent

dissociation constant:

0
5PPK _ AZ
d 7w

As

Ky (5)

The success of the fluorescent biosensor design strategy was evaluated by
determining the probability of encountering an effectively responding fluorescent

conjugate, and assessing how the ligand-binding affinities are affected by the fluorophore

conjugate.

Assessment of ligand-mediated changes in fluorescence. Summaries of wavelength
éhiﬁ, Alge, and ARy for all conjugates (n=320) are presented as histograms in Figure 6A.
The distribution of wavelength shifts was symmetrical about zere; that is, there was no
overall tendency toward either blue- or red- shifts. Of the entire collection of conjugates,
130 show increases and 190 show decreases in fluorescence intensity upon binding. A
portion of this skew is due to the finding that addition of Fe(IIT) citrate to all Fe(II[) BP
conjugates caused a decreased fluorescence emission. To examine whether this was due to
quenching by Fe(IlI) in solution, Fe(III) citrate was added to conjugates of other bPBPs
and the effect on emission intensity was monitored. It was found that Fe(III) citrate
quenched fluorescence in all cases, but only at concentrations much higher than those that
led to the effect in Fe(1Il) BP. The decrease in fluorescence intensity observed in all
conjugates of Fe(IlI) BP is therefore due to a binding-specific process, and may involve

relaxation of the excited state via a metal-mediated redox mechanism (Lakowicz,
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698, 1999). The probability of encountering a conjugate that responds with a particular

intensity declines with increasing magnitude of Alyg (Fig 6B). The ratiometric response

behaves similarly (Fig' 6C).

5 The two criteria of greatest utility for optical sensing are Alyy and ARy The
collection of bPBP conjugates was categorized by class of steric site, fluorophore, and
protein scaffold, then, for each category, quantified according to the fraction with Algy >
0.25 and with ARa >1.25. The results (Tables 6 to 8) give an indication of the overall
success rate for finding potentially useful fluorescent biosensor conjugates. For the

10 coliection of 320 conjugates, about 24% meet the criterion for Al,g and about 28% the

criterion for AR ..
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Table 6. Signaling parameters by binding protein

fraction fraction

binding protein Alea>0.25 AR, 1.25 n

arabinose BP 0.50 0.40 20

glucose BP 0.47 0.50 36

ribose BP 0.32 0.41 34

dipeptide BP 0.08 0.14 36

glutamine BP 0.20 0.24 25

histidine BP 0.04 0.13 24

Glu/Asp BP 0.04 0.15 54

phosphate BP 0.45 0.55 22

sulfate BP 0.23 0.20 30

maltose BP 0.29 0.38 21

Fe(1lI) BP 0.28 0.00 18

aggregate 0.24 0.28 320

Table 7. Signaling parameters by steric site

fraction fraction
site Alqg>0.25 ARpmax>1.25 n

aliosteric 0.28 0.32 110

peristeric 0.20 0.15 198

endosteric 0.50 0.50 12

aggregate 0.24 0.28 320
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Table 8. Signaling parameters by fluorophore

fraction fraction

fluorophore Alge>0.25 ARpax>1.25 n

Acrylodan 0.21 0.38 66

Fluorescein 0.13 0.16 62

NBD .25 0.20 61

NBDE 0.00 025 4

Pyrene 0.22 0.30 23

JPW4039 ' 0.38 0.28 39

JPW40472 0.32 ¢.30 37

IPW4045 0.29 0.39 28

aggregate 0.24 0.28 320

15

There appears to be a correlation between signaling success rate and the sequence-
related family, or cluster (Tam & Saier, Microbiol. Rev. 57:320-346, 1993), to which a
scaffold belongs. The scaffolds having the highest success rates for Alyg and ARpay are
arabinose BP, glucose BP, ribose BP, and phosphate BP (Table 6). The former three
belong to cluster 2, that includes binding proteins for hexoses and pentoses, while
phosphate BP, along with sulfate BP, belongs to cluster 6, that includes binding proteins
for morgantc polyanions. The scaffolds having the lowest success rate were dipeptide BP
(cluster 5, peptide and nicke! binding) and the cluster 3 (polar amino-acid binding)

proteins glutamine BP, histidine BP, and Glu/Asp BP.

Among the three classes of attachment sites the endosteric and allosteric sites have
a higher chance of meeting the threshold criteria than peristeric sites (Table 7). Success
rates in terms of Alga varied according to the environmental sensitivity of the fluorophore,
being highest with the styryl and naphthyl dyes JPW4039, JIPW4042, and JPW4045.

Similarly, higher success rates for ARy were associated with JPW4045 and acrylodan

(Table 8).
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st at es, respectl vely. Exanpl es of bi ndi ng’i sotherns_are shown in Fi gure 5
for gl ucoseBRezngites. Ghigrarabwngs fepias wu : ,mII@%thfaﬁPdﬁfé’f}W lealBYBMAaL | ons,
cant i but i o e Bhg i iiheatF SH0s il i s BB B Myl &Hetines,

Nat. Struct. Biol. 8:795-798, 2001). The d1fferences in effects can be rahonahzed in terms

20 of the likelihood that a particular conjugate will sterically interfere either directly with
ligand binding (endosteric sites, and some peristeric sites), or by influencing the intrinsic

equilibrium between the open and closed states (allosteric sites, peristeric sites).



of | 7uorescence Spectroscopy, 2nd. Ed. Kl uwer Academ c Press, New York, p.
698, 1999): R PKIRr 1 [S]R8 (4) =-1 KAT[S] where Ris ratio 4/ A2, Rp =
~A,/ A2 , 1Z" _ 04/04, and 'PPKd is an apparent 10 dissociation constant:
u 'n0 Az ¥ mosedad (5) The success of the fluorescentpchi@sansesssdesi gn
strategy was evaluated by determ ning the probability of encountering an
effectively responding fluorescent conjygate, and assessing how the

| i gand-bi nding affinities are affected by the fluorophore t5 conjugate.

Assessnent of | j - medi at ed .changes. i n_fluorescence. mmar i es of

wavel engt h st#a*j %,ad?%in%% O@h@“ﬂﬁﬁ@?lg%‘r“ bgﬁlfp fﬂ”&ﬁisﬁ‘ahtC&EJUE%g%zo) are presented
as histograns In Figure 6A ~The distribution of vebength shifts was
symmet ri cal about B: that is,!ligére was r%eoé\lfémfw t endency toward

ei ther blue- or 1ted- snifrs—Othe entiTe coltection of conjugates, 20 130
show i ncr easegr@ampse¢$® show decarelsgess in fl udk¥scéfite intensity upon

bi nding. A portion of this skewis due to the finding that addition

of .Fe(ll1) cighabe: BB all Fe(lllguBR conjuddtiest!8lised a deckéased

fl uorescence em ssion. To exam ne whether this was due to quenching by
Fe(l'l1l1) in sokitbboRP Fe(l11) citrigise was addedl t p0%bnj ugat es o0 ot her bPBPs
and the effect on em ssion intensity was nonitored. It was found that
Fe(111) citratgeghdegnenched flugieseence in adoscases, but onky at
concentrations nmuch higher than those that I|ed to the effect in Fe(lll)

BP. The decreagghihefdior escencghpipnsity ohggrved in all  canjugates of
Fe(l'll) BP is“therefore due to a binding-specific process, and nmay involve

rel axati on of - jted statep v nmet al - i redox mechani sm
(Lakowi cz, v\oh%gg'{‘/%@gna PC /U@§B®§?032581 % gﬁ'?ﬁci pl es of CA;I uor escence
Spectroscopy d Ed | uner Academ ¢, Press, York, p. 698,51999). The
probability o llé/r?‘éB tering a lﬁtjaﬁlétgte thatd'\@\égs'pgfn S wth a p9arti cul ar
intensity decljnes with increasing magnitude of 4lstd (Fig 6B),. The
rationetric r@g‘fﬁ?ﬁ%@ BPtklehaves é}lfnﬁgﬂhé‘rel y (Fi gO_Oé&)-_l.% The two ﬁ?l teria of
greatest utility for optical sensing are Al"d and AR,,,aa. The collection
of bPBP conj ugd}(@é%%s cat egori Ze8faly cl ass of-3%téfic site, fldorophore,
and protein scaffold; then, for each category, quantified according to the
fraction withmaltzeddBB 0. 25 andmailioke AR , , aa &2-289 The resul t& (Tables 6
to 8) give an indication of the overall success rate for finding
potential | y u§eflll) B uor escentefiiipsensor conjlugat&s) For the t8 collection
of 320 conj ugates,—about—24%reet—the—e+i-t-eri-en—Fer—A—d—and—about—28% t he
criterion for ARra,.

The effect on dissociation constants is determined not only by the attachment site,

but also by the nature of the attached fluorophore, as illustrated for arabinose BP.
Dissociation constants for arabinose of the five cysteine-substitution mutants (all with the
C64A mutation), measured by tryptophan fluorescence, are 5.0 uM (F23C), 3.2 uM

5 (L253C), 3.4 uM (D257C), 7.6 uM (L298C), and 1.6 pM (K301C). Thus the cysteine
substitutions slightly perturbed affinity for arabinose (Kg of C64A mutant ~ 2.2 pM). The
largest dependence on the attached fluocrophore was found for the L253C mutant, for
which Ky values ranged from 0.7 uM (acrylodan) to 775 uM (NBD). Simiiarly, the K394C
mutant of dipeptide BP has aﬁnéties for Gly-Leu dipeptide ranging from 6 nM (NBD) to

10 93 uM (fluorescein). Most mutants did not exhibit such a wide range of fluorophore-

dependent ligand affinity. For example, five different fluorophores conjugated to ribose
BP E192C have affinities for ribose ranging from 2.6 uM (NBD and JPW4039) to 15 uM
(JPW4045).



WD 2004/ 036176 Pn7Us20031032i 81 46 Table 6. Signaling paraneters by
-binding protein fraction traction binding protein Als,d>0.25 Agra,>1.25 n
arabi nose BP 0.50 0.40 20 glucose BP 0.47 0.50 36 ribose BP 0.32 0.41 34

di peptide ®© 00080514 36 glutamine BP 0.20 0.24 25 hi stirdisnesBR:0: 04
0,13 24 G u/Asp BP 0.04 0.15 54 phosphate BP 0.45 0.55 22 sulfate BP
0.23 0.20 30 maltose BP 0.29 0.38 21 Fg(lIl1) BP 0.28 0.00 18 aggregate
0.24 0.28 320 Table 7. Signaling paraneters by steric site fraction
fraction site AusOu@BnARnmaxe bi@snvr uahl ceqieniacintragion. 3% dafonspeteitister i c

0.20 0.15 198 endosteric, 0.50 12 aggregate 0.24 0.28 320 WO

2001/ 03617éj%ﬁ@3?§/8(£§6b1§71'6‘§12t§§ SedPRRss G WA gY BEP AL By

f | uor ophor eni-éaetd QR 4 pAELL PRedidibdiRy QRBWG AliimabPasfarARBP, using hisBSind
Acrylodan 0.21 0.38 66 Fluorescein 0.13 0.16 62 NBD 0.25 0.20 61 NBDE

0. 00 0.25 4ndpBlpiapac BPe2s Gre30ua8resIPYIOBBLiaS: for Pielggerigpymanialipszgc 0. 30
37 J PV\g'0453ith'. %?1 tge gé% 5%885 th%%trar%gr%de yigl'd%él cgr%ggfﬁgsothat exhibited glutamate and
aspartate-dependent changes in fluorescence. Several sites yielded good or excellent
intensiometric or ratiometric sensors. Table 10 shows that the response is specific for both
aspartate and glutamate, with 50- to 500-fold weaker affinity for giutamine and
asparagine. Other amino acids and sugars did not elicit ligand-mediated changes in

10 fluorescence.

Table 10. Binding specificity and affinity in mutants of glutamate/aspartate BP

Ka(uM)
mutant fluorophore Glu Asp Gln Asn
Q123C Fluorescein 0.75 1.8 49 96
F126C Acylodan 82 115
F126C Fluorescemn 1707 2000
Fi26C JPW4045 903 1497
T129C NBD 0.019 0.061 12.1 5.4
T129C JPW4039 0.093 0.035 23
F131C JPW4039 0.15
A207C NBD 119 454
A210C JPW4042 0.10

Bioinformatics makes possible the discovery of new biochemical applications
without direct experimentation. In the case of biosensors, individuai bacterial genomes
may encode scores of bPBPs that bind specific molecules to initiate transpost or signal

15 transduction (Blattner et al., Science 277:1453-1474, 1997; Quentin et al., J. Mol. Biol.

287:467-484, 1999). Few of these have been characterized, leaving a vast number



There appears to be a correl ation between signaling success rate and the

sequence related famly, or cluster (Tam & Saier, Mcrobiol. Rev.

57:320- 346, 1993), to which a scaffold belongs. The scaffolds having the

hi ghest sucoessiimadies for Als,d and AR 3 are 5 arabi nosep®BRys@hisess BP,

ri bose BP, and phosphate BP (Table 6). The former three belong to cluster

2, that includes binding proteins for hexdses and pentoses, while

phosphate BP, al o 2\% f%cﬂ | fate BP, belongs to cluster 6, that includes

bi ndi ng pr of‘@n‘?&ed ord %é’éﬁp@ﬂbﬁl%ﬁﬁ‘@rﬁ% hyifssibelag obkpigyingdengniche | owest

success rat e I RER t de nd ni ckel bi ndin and

the cl uster 3&?%glogr amlfﬁ%e‘ggl?émé&u gﬁtn?o)rm%ﬁmp% Wellor%o %g(i}'tgé’ﬁ‘?{ﬁléaéﬁ’,conmw“

hi sti di ne BPpicagrdoGhinAspspBEIficAmngbdeneetlbhaeitel asses of attachment sites

the endosteric and allosteric sites have a higher chance of meeting the

t hr eshol d crlterf)a th@Iy gerl steric sites (Table 7). Success rates in terns
n

of Al's,d varied a¢¢6H EIP@W%@a%’HV?‘F&?th@P“ Qkéfh@@q frointly coff (Bivash &

fl uoroph:oreHazpaal BRighesbhw b at92e- sk YRyl d S JPWA039,
3PWI042, and 31PWI045. 15 %}#1 arly glﬁérlfﬁcéﬂgg%% Y d; %,V&ﬁ? wer e

associ at ed %\ﬁot%HFi\ﬁﬁ@A’o*”éhdﬂchdmy&(waﬁd E(eTarlaE pie8s. of\é\ﬂdzﬁ)& L0846 U6 YRE]

PCT/ US2003/ nt of changes in |ligand-binding affinities.
The range o %%l ssoélmattmsdﬁmse&:”o ﬁ[“édegSpé‘Qtafreﬁﬁ Was SpHd e prRiRsgiccur ves

for each |igandsi®nsikewWwith vﬂ_ﬁlfbiln@o@n%g' %tégr\%fgﬁ{ ;gﬁhrz\%ea;%ehgﬁ Fﬁ‘?g%@%@é?on

| i nkage between |igand binding and t
f1 uor ophor eSI&ht WQP%epEQﬁOéﬁ rihe pifenduklycleophored rmcﬁemmen&se(rbfgmmﬁaafggaatrda&:

i ntrinsjic i st.ant ... The chan

by the 1T ouroona f (FAEHE b kAR pittich ok on 76 40 Seht 1o o ies -

pr ot ei n. Tl{éVIUJar& GUSO:@g)ﬂJ Bg;atca&ne&hobrsvmssmnda rrﬁ&gﬁ‘es%e ﬁi‘afsééﬁz* £ppg Tabl e
9). The Chan%fﬁtgg affinity, defined as IQ](;%7 , exam ned as a

function ofP" b Propsaedorbed grqdugiaen e(@éﬁ@loéﬁ@@a,fomdl losgedric, or

t h di t. t ant
reasur ot and 10 Tor e ERe SRR e B e e eB Bt o

protein i s pkavowaly((Babdsk &2Halpthe Bisadstl B hy,gve@ta 1dwatcst hep tibreaygliagses of

site hveﬁyffer(jgécfff ects on afflnltég . za Fl uor ophor’e attachnent

at enddst ef 'EOH 2oV ertgr0.db7 )rﬁrtsymtl étcgfrheapr@émedefrrdn thengefner nd y
to higher yaluese Qhinkd Y, ric and teric

att achnent éﬂruesul fs i nmte%o}af glgssa,Mte g(t&yat?gnhéaﬂﬂéac ﬁ”@%iﬂ EBV’ bWerr?tﬁ‘é’n t he
wild type, ﬁwi@Mdr@érm%effmdl)snheespdxﬁeddﬁmcbmdslfnggltzmma@"@188 g81), ¥ariakion in

ffect fth t th hi gh ffinity than th
w1 type CMETMET s rSheiale RS SBHT brs b vednd Romeeon HoRIon at
al | ost eri cFsildes). Tl THeer QQ@QB%@%@%%)'a‘?éjmﬁ)lﬁfﬁﬁfoetﬁ Ly i3 &%%e?f Al Which

affinity was increased by manipul ating t'he vol une of Fesrdues
al | ost &% i ccqmraseble Matheiil 28 CHBIdresega, coniNghte (Bhirieid0). FRinot, yb8J TRy Z%de?OOl)

The differg, an be rationalized in terms 20 of the
| i kel i hood ?%gﬁdﬁé&egdﬁﬁaﬁ%u a pﬁevl’ﬁ%ﬁ{X %théra\mequze terically interfere either

directly with and bi ndi,n ge dosteric sites, and some peristeric
sites), or by i p{?&{{éﬁ&ﬁ’ﬁg (; Lﬁgméofa conjugate is determined by the absolute

change in signal intensity, the ratiometric change, and the operating concentration range
over which the sensor can respond accurately. Of the two observable parameters,

25 ratiometric change is preferable to absolute intensities, since it is independent of probe

concentration,

Although usable conjugates can be defined as having Algg > 0.25 and ARy >
1.25, “excellent” sensors can be defined as having Alys > 0.9 and AR,y > 2.5. The
magnitudes of the changes in the excellent sensors are likely to be sufficiently large to

30 permit robust measurements in “real-world” applications in complex fluids such as blood.
Based on these criteria there are only thirteen excellent absolute intensity-based sensors

(4% of total), but 36 excellent ratiometric sensors (11% of total); there are seven



equi li brium between the open and cl osed states (allosteric sites,
peristeric sites). WD .2004/ 036176 PCT/ US2003/ 032581 49 Table 9. Range of
ligand affinities in bPBP fluorescent conjugates bPBP |igand range of Kd(M
n arabi nowe BR/@sedi nose 0.46 - 775 19 gl ucose BP gl ucosg/u@2:43/0325818000
26 ribose BP ribose 0.1 - 2090 14 dipeptide BP Ay-Leu 0.006 - 93 21
glutam ne BP glutamne 0.01 - 1.4 8 histjdine BP histidine 0.06 -2.37 4

G u/ Asp BP glutamate 0.019 - 1700 9 phosphate BP phosphate 0.038 - 1.2 12

sul fate BPcShﬁbQﬂ'&Qﬂ@t 32 both2& c8lenaisbase iBRsiplahdseeler raiddSetBe sEs(bl 1) BP
Fe(lll) C|trate 0.66- 260 10 The effe on_di ssoci ati on co% Qts IS

det er m ned Chale 8}1IW“B)‘/’W%@EP&‘P@&’@HW@HF&’SBF&% e(II. P gnd §ispging tif e of the
attached fl P&Eﬂ?ﬂg\(eeat &3t e%rlcleﬁ%lk?x{ %.QIOET%{II@{I%QIHQES?S’ BRed M S80Ci@LiA8 BP

constants for arabl hose Ive cystelne-substitution nmnutants (all wth
the C64A s akilampst nopdsusfacclient corptgpdsaiihédewonjeguendbinvaive BooomOE23C) ,

3.2 M5 (L2530, (,D257C)., 7.6 M (L29 1. K301C Thus the
cyst ei né G%P tq b pae %fsrawwmﬁaww %@FWP@%@ R dH%d of
C64A mut a“f% d% eM Thd DRidch@ 8stel Q%P@&Q@H@Q@a%lytdmna&ﬂeaw%eﬁ kuesiephor e
was found 3/ the 'L253C nutant, for which Kd values ranged fromO0.7 M
(acryl odanknd per7i&idii(chBD) enc&smlbamwgl\ft hee K3o4eenhsanagrs. of di pepti de BP
has affinities for Gy-Leu dipeptide ranging from6 nM (NBD) to 10 93 M
(fluorescein). Nbstdiggugiaiinscotsnindta c&mﬁugbletdesaxmh]eathﬂ cnjeratraggenfaifmration

fl uorophore- dependen gand affin

2 !
f 1 uor ophor é"é“géé’l‘{ffhtjgtc@dh@c B8 éespg@lgcugu%%?ﬁﬂ\;@pgﬁapp% { a[riggéufilgp{%'ﬁ iﬁ bose
rangi ng% me% 5% thad g@&% Ry sngQ&%trtagorasShM fafl JRUAOAR) fol VT B 04/ABR176

PCT/ US 3P033E81 50 Construct/on of a novel biosensor usi ng sequence
i nf or mat i ofMaffon dealnsta diad. Abat Scxdéﬁ/’g%‘l&fﬁfeﬁ%h'ﬁt 199D Hele It’dOSQ rreyBeh FBPs

th k t t t t d |
b edi of od B EHREeROTIT gl ArRREErECRana bepp DR G HTeri Rt Bng” °f

gl utam ne BEs;@gidingi r@trééAe?wg 8Svar-fAng WFfElEridOeahdsdasn BQﬁorﬁstrK&defopﬁlﬁlt&teéBF c
and allosteric 5 sit | the ten sites that were tried yielded

conj ugat es (Maatin ek, Firee flay| &t:fahﬁtllelkﬁfd% 43¢fard Ht e9Uep e Ate téf?&ﬁ@@@“l n

fluorescence. Sev si.tes yielde 0 t c or

rati ometri é‘ﬁé‘% H% ‘S‘?%Cbe}“émfé”gﬂgm@e?ﬁ {1{@ %'p%aﬁgeth? s%tsl%g%f:e?yg& II(l)r bot h
bands for a ratiometric sensor (eq. 2), and additional mutations. For particular

applications, these three factors can be manipulated to construct an appropriate sensor.

Glucose sensor. Among the analytes applicable to clinical medicine, glucose is one

of the most important, particularly with regard to diagnosing and treating diabetes. The

20 normal range of glucose concentration in adult human serum is 4 to 6 mM (Burtis &
Ashwood, Teitz Textbook of Clinical Chemistry, 2™ Ed. W B. Saunders Co., Philadelphia,
Pennsylvania, 1994). The acrylodan conjugate of the endosteric site W183C in glucose BP
has an excellent ratiometric response (ARuax = 5.57) and a dissociation constant of 5.98
mM, and is therefore a good candidate for detecting glucose fluctuations in the

25 physiological range by ratiometry (Figure 8A). Furthermore, by adjusting the ratiometric
parameters, the observation window is easily extended from 5.0 to 17.4 mM, allowing all

clinically relevant ranges to be observed with one sensor (Figure 8A).

Other sensors for clinical chemistry. Amino acids are also commonly assayed in
clinical tests as indicators of disease states. Histidine is an indicator of histidase deficiency
30 (Taylor et al.,, Molec. Biol. Med. 8:101-116, 1991). The best signaling histidine BP
conjugate, V163C-JPW4042, has a Kq 0of 0.25 uM, below the normal range in serum of

about 48 to 125 pM. However, with sample dilution this conjugate could function



aspartate and glutamate, with 50- to 500-fold weaker affinity for glutam ne
and asparagine. Qther am no acids and sugars did not elicit

| i gand- nedi ated changes in 10 fluorescence. Table 10. Binding specificity
and af fi ni W0 jondpxmuteant s of gl utamate/ aspartate BP  K~( MpCTrst@rntos2ss

fl uorophore Gu Asp G n Asn QL23C Fluorescein 0.75 1.8 49 96 F126C

Acyl odan 82 115 F126C Fl uorescein 1707 2000 F126C J1PW045 903 1497 T129C

NBD 0. 019 O. : . - T1 J1IPWI039 0.093 0.035 23 F131C 1PWI039 0. 15
A207C NBD 1f§%b&g" kﬁ‘%ﬂ’é“ﬁﬂ%ﬁ% ¢ BADLEF 4801k R AR RS Sindk 86 gassiop maltpsfe
di scovery ofBPn@imrbince Heftingal N@t%!rh@t@Bio‘P%?%‘Mf@Sb@@@1)%8‘?@Elﬁzmﬁ RtRHNON.

In the case of biosensors, individual bacterial genones y encode scores
of bPBPs t hdtBiofRdT&peerdax¢ititohevuinescidelitrintiedbentmamh sgont cootesianad ofl5

transductio | . ci,epce .277: 1453-.1474, 1997, i.n_et al.,
oW ai o PRBL ARGl @ Ay BRLREE T el L B ey 2 WP ed.

| eavi ng & véastndaurterPIE] 2004/ Pah1y6.RE 1Ho41)S20034 03288 osankoMat apped as
scaffolds for potential biosensors. The feasibility of applying genomc

i nf or mat i onBVEGHAYY Her e B Ba6Gcraiylatan, mhoehnims indh f 8@ pivhambhBgees2. po.ot ei ns,

to construc I or..0 ovel eci f.ici. has en denpnstr at.ed,

Previ ousl y, hgl %Pﬁllte gsrgra lerg%aﬁ{d?etg a ée%@%ﬁ%faa‘bf@’é%{%ﬁlf' &,bfgtampoﬁﬁytiabcgm 7:32-

(Barash & B3 HAbPen mhidl iochdral Bingphy=0 t@\@%@fﬁ@@bﬁﬁ@@é&@Q’lligfg?ﬁian\{mk&§~f‘
a

Furlong, J. Bigl. Chem 250;2574-2580, 1975) and characterized. Seve
pi eces of ebﬁd@ﬁkfﬁ%&f@&&gn@lmglwgne BB cprispondé! ©6-1dnylsdpr. athe osdmserst |

gl ut amajge/ t [ ed from.periplasm extracts, .consi stent
N th vbe | e RO L O B T Rl PR 56 on
Ssi gnal sequence. d, the previously determ ned nol ecul ar nmass
of gl ut anat e/ as pagﬂ%g&glpelﬁbmﬁ@% 1035 ”k?ﬁé”’%/ %3‘?3@?1@ Zeggpisainrelaagetiuichasiiginy s.
Acta 386: 168; A30.). 087 Patian. B131eDe 10W) ki | Bl o

t VY SRR oney B g

250: 2574- 25%0 1975) matches the nmass o
processed yBebeshPeatSs9CARNANE, anssiseioks 38lukDerefabuesd than Z7gM. Inorganic

el ectr ophorgsi,s, . s t:1.S . ir t he am ng. acj.d conpaositions
det or i ned " orZaledn SPEnPsIRARI NG 1Y o Bk SATions dpmy coretray Cineal

386: 1685180,/<tQ75; 2WWHd Ve B&.Sidndew £ONDhiladielpBiaObenrShiemhia 46042 3 2R80, 1975)
are simlar to that predicted fromthe gene sequence, wth sohe deviations

due |i kel y %BsimiepEthe Nopicamplecdilutian Sraicywits nofaspieaeaisnvith these sensors.
Maltose concentration is relevant to a deficiency in acid maltase, with the normal
plasma concentration about 2 uM (Rozaklis et al., Clin. Chem. 48:131-139, 2002). The
best maltose sensors in the present work are maltose BP conjugates S233C-JPW4042
20 (AR = 4.0) and S233C-JPW4045 (AR = 3.9), both with similar affinities (Ka ~ 400
uM}. Fluorescent conjugates of maltose BP mutants having affinities in the 2 pM range

have been described by Marvin et al. (Proc. Nat]. Acad. Sci. USA 94:4366-4371, 1997).

Industrial and environmental applications. bPBP conjugates can function as

sensors for industrial and environmental analytes. Arabinose is relevant to improving the

25 efficiency of ethanol production from corn (Deanda et al., Appl. Environ. Microbiol.
62:4465-4470, 1996). Of the arabinose BP conjugates, the best signalers are K301C-NBD
{(Kg~31 uM, ARmay = 3.2) and L253C-fluorescein, (Kg ~ 48 UM, ARpax = 2.7). Ribose
concentration, assayed in foods and beverages (AOAC, Official Methods of Analysis of
AQAC International, 16" Ed. AOAC International, Arlington, Virginia, 1995), can be

30 measured by ribose BP conjugates T135C-acrylodan (K¢ ~ 0.4 mM, ARy = 6.3 ) and
A234C-JPW4045 (Ka ~ 3.8 pM, ARmay = 4.1). Ratiometric sensing of ribose using a single
ribose BP derivative is illustrated by the T135C-acrylodan conjugate (Fig, 8B). By varying



acid hydrolyzates. Finally, the reported Kd values for glutamate (0.8 M,
aspartate (1.2 pM, as well as the relatively lower affinity for glutam ne
and asparagine (WIllis & Furlong, J. Biol. Chem 250:2574-2580, 1975) are
similar toVPRYSEEEl er mi ned here, and 20 conparabl e to tRET/USZH03/03258]
QL23C-fl uorescei n conjugate (Table 10). Hence, ybeJ likely encodes the

gl ut amat e/ aspartate BP previously characterized. Effective sensor designs.

The utility of. nj i s determ ned by the absolute change in signal
intensity, ?’ﬁfe“‘%gﬁ?%’lﬁféﬁﬁ@aﬁ%%é? flucrgsqene’ BHeles Agd)dbndant lpatibess crahge

over whi ch tdiewseneni eaf f&HAANG 186N alie!ah Shiskbeolel ARSETV ARG,
paraneters, 25 rationetric change is preferaple to absol ute Tntensity es,
since it isWRisHercdenternfU gr 6B4, AealvcBfftatafioon Exbsthoughighdahl eotnmugat es
can be defiped..as,.havjng Als 0. 25_and ARn,ax > _1.25, "excellent”
sensors can}??t{gnge? ?\’?I "nBP 'h‘é%gr@“ﬁ? Qi?lar ‘9@?5%?{8’ 748 {epund Watg, 1991, and can
magni t udes iof arahecé ban@ese BP ddagiaxoelshen apenkikel y. i
sufficiently large t% 30 %er m tﬁlrgobust %e%srﬁuggéng I?ds iaﬁhh’r'}gg‘“- mg?sl)'(bjﬁlgh

appl i cat i on®NEENEGAPY ebphospliads arseohirasnditdbdieletBasied aphcd e seEmehitdred i a

there are ont i epnexcel | ent absql ute [ ntensity-hased sensors 4% of
total), but&% ée@éé‘fal?eeﬁ? C)Fgﬁlt”%tﬁ%tarsinetegéﬁ%‘éerégr.ﬁiﬂ@/é]&%ﬁ’%ﬁ%“}-;koﬂlher e a$ e
seven WO 2&@)41)@3@34’816Iil?ﬁI@HS%QQ%f(Qﬁ@@&}ylin%gr‘t&f?%ékg@st &8:nt B@éan@{hﬁat@@%);gflr as 5)

excel l ent absolute intensity and excellent rationetric sensors
Wth the extept{eh otoarpitme’ Brucpép bhd BiBRockmdichl GtddiingeBRa. al |t he

protei ng, ha excel | e Lpmetric a i ptensjity-based
conj ugalt%e. T4 uog%é{le&%gboﬁ%gd‘t &~ PAr giejé{ﬁ’lkf%ﬂé?] dﬁsseﬁgé"l ?Eﬁ‘t)' ‘%‘@Hf‘@ﬁ BrEs .
These conj Ugatesbaddiernmival wend 4 HREQRIOIELE c8 HOROMTIIPBPERALE EGithatd ¥
‘environnmental |y sensitive (acryl odan, NBD, pyrene, and the styr%l dyes).
The i nci derﬁ?@éf“@%%@fﬂ(&ﬂr Ednisldy 4Lis§ 4venl y distributed between allosteric
and peristeric sites. Al endosteric sites give rise to excellent sensors.
The di ssoci ation constant of a conjygate ,determ nes the operating
concentration range over which the sensor can respond accurately. The
operating range guaranteed to 10 give less than a 5% error spans
concentrations t |l . within five-fold of the Kd value (Marvin et al.,
Proc. Natl. Acaé{J i c°p%eﬁ§&“§§fa§%‘§6%fﬁ§%{f’y 1@9%0Ta‘F‘$<"’c 6 EBIGE egRTeEs: f or
accur atie deflerimcopbiabd bysrefdréiete fHhaRIr Al sSRAT cld-NBRicRSRAPAR) zﬁﬁingi osensor
can be constructed using receptors of varying affinities, as has been
denonst r at 8@4@6?%&5?%@@ e U $ Mappin Net104129,28Br(pebliskad s USCAA3/0S29622)USA

94: 4366- 43 i . e f affecting the dissociation
constant: E%deln%gtgé%g glfa' ?Egﬂégon%/%gjt%é?@hgfogh%%ée of em ssion bands for a
rationetric sensor (eq. 2), and additional nutations. For particular
applications, these three factors can be mani pulated to construct an
appropriate sensor. d ucose sensor. Anong the anal ytes applicable to
clinical medicine, glucose is one of the nost inportant, particularly with
sregard to diagnosing and treating di abetes. The 20 nornmal range of gl ucose
concentration in adult human serumis 4 to 6 nM (Burtis &



Ashwood, Teitz 7exthook of Cinical Chem sdy, 2" Ed. WB. Saunders Co.,

Phi | adel phia, Pennsylvania, 1994). The acryl odan conjugate of the
endosteric site W183C in glucose BP has an excellent rationetric response
(ORn,ar = 5.57) and a dissociation constant of 5.98 nM and is therefore a
good candi date for detecting glucose fluctuations in the 25 physi ol ogi cal
range by rationetry (Figure 8A). Fur®Rernore, by adjusting the rationetric
paranmeters, the observation windowis easily extended fromb5.0 to 17.4
mvli, alﬁg&%I clinically relevant ranges to be observed with one
sensor ( A). Other sensors for clinical chemstry. Amno acids are
al so commonly assayed in clinical tests as indicators of disease states.

H stidine is an indicator of histidase deficiency 30 (Taylor et al.,

Ml ec. Biol. Med. 8:101-116, 1991). The best signaling histidine BP

conj ugatle, VALBREENSANOUgansayhichepraprissszsbaler BlcpasiplasiaicAvIdiag Prad@ife in

serum of, ugat e
coul d f ’RE?PZ%%‘?&&&% éﬁ%fi%é%% t?é&#%é%?’éﬁfg}ésgﬁ ec(?él!ve 3&1 °

Al t er natsiakkbiyBPHbatkarecantiobterizdgitest whetajn mmtia'g;em'fwsc‘shgm‘zd/\msa deparel-hiodingal t ose
BP (Marvin Ilinga, Nat. Struct. 200 and Fe(l1l11) BP
o th o ndoBsStsT S BPRendE auShE frente T soPa b Y 32k BRORHL S0, o has
normal serum concentrations of 20 to 220 M (Burtis & Ashwood, Teitz

Text book of CI inical Chemstry, 2nd Ed. WB, 5 Saunders Co. Phi | adel phi a,
Pennsyl ¥ani a, @é@qﬁens‘i’hécwgtngstﬁqué@ biviaisoyaid SPBH staeRates H@B’hﬁhﬁat e BP

of ton el st gL raanose S P ETBETIFESs R (o ABRE | ©

7: 32- 38ipeptida pindingwraain (C8Mogiwedpse hinging prolesto (GBPaﬁgiqumoaﬁrMQabl y

V1830 aBRP e lfiobi oRE e Bl Rt a2 RuR udin BRAIAC,

mut agen(alSBE‘) troalatjeusinding erisbin (MBPRY, agphatediihdihg PhoteirPiFEMN atitate binding

concentr ati on ser rine are clinically relevant (Burkhardt et

al . nPrQJte’”é%iBt‘fﬂ E@ 'ﬁ?g@%m@@” () . Several phosphate BP

conj ugat es si gnal vveII t he best bei ng S39C JPWI045, and their K4 val ues
are all less than 2 pM I norgani ¢ phosphate in serumis typically 1 to 3

mv (Bur 8i s &The eseasoTasordmgxe istaim ber Zl wikrein saig b@Bé?ﬁSsctcrryprl frie W B.
Saunder e ] nt of

t he Kd %F @ge nfd?éd;?r%%zl on odrD éz;(fr:];a:ié)r é@gh@ﬁ%ﬁéﬁgﬁ%ﬂ rﬁggéyééﬂgors.

Mal toseccmiemitytfrr&dedon is relevant to a deficiency in aC| d maltase, with the
normal plasma concentration about 2 M (Rozaklis eta]., Cin. Chem
48:131-139, 2002). The best maltose sensors in the present work are

mal t ose4BP coRg %GﬁbﬂEoﬁ@&%@diﬂx?\M@@m 28 £ %ereﬁt?(smd %8thm:ﬁ§¥§§&d 28M045

(ARmax = 3.9), both with simlar aflnltlesé| | uor escent

conj ugaf@BPBsechal e ar BRrenRWAlensRRd sjddioan dpewot hirldht@ vaildulypa gBP-have
been described by Marvin et al. (Proc. Natl. Acad. Sci. USA 94:4366-4371,
1997). Industrial and environnental applications. bPBP conjugates can
functiob as 'Ehmb'mssnﬁmadamduﬁsgrtd) alairanid wdevein enepottal gangl igtadtmchaed ableaskte i s

rel evant ;EOOSI'[%OrH){(?\CI)}‘ ngi of glucose binding protein (GBP).

0. The biosensor according to claim 5, wherein said bPBP is GBP mutant W183C.

7. The biosensor according to any one of claims 1 - 6, wherein said reporter group
is covalently attached at one or more amino acid positions of said bPBP.



25 efficiency of ethanol production fromcorn (Deanda et al., Appl.

Environ. Mcrobiol. 62:4465-4470, 1996). O the arabinose BP conjugates,

the best signalers are. K301C-NBD (Ka 31 pM ARmax = 3.2) and

L253C-fluorescein, (Ka - 48 M AR ,,ax = 2.7). Ribose concentration,

assayed in foods and beverages (AOAC, O ficial Ml hods of Anal ysis of

ACACI nt ernational, 16 h Ed. AOAC Inté&fnational, Arlington, Virginia,

1995) can be 30 measur ed by ri bose BP conj ugat es T13SC- acrylodan (Kd - 0.4
and A234C- 3PWM045 (K, 3.-3.8 ionetric

sen5| ng of ri 8 ozip:ﬂs%agc H’§1|t8 anlylod%*s(g pimise} Nba‘f” 9@'” §alé|r9égrttc-;raqrgapby

t he Tl 35 nagsoiaRahaly LRRhEGaL 8né bt %or@@)mn@ﬁc OKitiths WP s&R0YPER6176

PCT! US20031032581 "54 emi ssion wavel ength bands in the fluorescence ratio

(egs. 4, 5) the aPPKd for ribose can be adj usted over a range from4l to

146 M (G g ern

(U 5. Eba foaioovenep Sp SRl e Bru bl e rebtorlF o (ERA

Dri nki ngofm:ltaﬁfr, pp. 1-25, Ofice of Dri nki ng V\ater and G-ound Water, 1999),

and can 5 be analyzed by sulfate BP conjugate R134C-acrylodan (Kd -4 M

AR ,,,r = 2.3). Hgh concentrations of phosphate are environnentally

del et eritQus, Taadissainsdr BecdTaIMgtte cRiim TsiigePhas® PsiRtdPreanisuyfl @sphars.

noted above for clinical applications. Iron concentration linmits primary

productivity in certain regions of the oceans (Martin, bon as a Limting

]-actor 44kn P I g‘g%q 0

Fal kowsk:1 ITho esﬁs@ﬁ%&édr&?ngﬁo?lbgm 0‘3 glﬁl:gm ?g?éﬁé&%ﬁt%g&?lﬂ% Iﬁ%@gllt abl e

ferric Ch@m&:éﬂdszbelmisﬁdmg@tﬂ ligamahig greblesdlars8i25deri ved from Fe(l 1) BP,

such as conjugate E203C-acrylodan (Kd 138 M AI0.4). * * * M docunents

cited above are hereby incorporated in their entirety by reference. |Is

Al so i ndRr poirat &tbdeysoeheraroing td eraimhel, widirsiol 2sding 0§ gadatet thanilcd.devi ces

containing bioelectronic sensors are U S. Appln. No. 10/229, 286 (published

as US 2003/0129622) and Intl Appln. No. PCT/US02/27279 (WD 03/021247). 55

VE CLAIM3, 1. The lb!d%'ieﬁ@&%ccfc%m?'t@%%n ‘I‘@"Wﬂaréﬁ%"d BRSeAsHaChakinim value of

periplasm c binding protein and at [east one reporter group

at t achegtagtash@tiometne ehapgec(SRrex)pdin biodingadf ligead is amaiertthan 1a4%

endosteric sites; wherein binding of said ligand in a |igand-binding

pocket of said biosensor causes a change in signaling by said reporter

group. 24. ThEéhdbasensor aczedinditmglaira 18, aiherdin sateARI B, is@reatbPBRN 25sel ect ed

fromthe group consisting of arabinose binding protein (ABP), ribose

bi nding protein (RBP), dipeptide binding protein (DBP), glucose binding

pr ot ei n1§ GBP)se @F HiAGBdMR 0P RBEHAMG tBrPl/ir &f(tﬁé’ére(fé&rﬁgf diaftfs B askayropr ot ei n

(HBP), glutamate/aspartate binding protein ESP) , tose binding protein

(MBP), hat e bi nding protein (PBP), sulfate binding

16. A method of detecting presence or absence of ligand in a sample, which
comprises: contacting a biosensor according to any one of the preceding claims with
said sample under conditions such that said biosensor is able to bind to ligand present
in said sample; comparing the signal transduced by said reporter group when said
biosensor is contacted with said sample with the signal(s) transduced by said reporter
group when said biosensor is contacted with at feast one control sample containing a
known guantity of ligand; and determining the presence or absence of ligand in said

sample from said comparison.



protein (SBP), and Fe(lll) binding protein (FeBP). 3. The bi osensor
according to claiml1l or 2, wherein said bPBP is conprised of one or nore
mut ati ons at an ami no acid position(s) where said reporting group is not
covalently linked. 4. The bi osensor according to claiml or 2, wherein said
| i gand- bi ndi ng pocket is conprised of one or nore nutations and said

| i gand does not bind to wild-type bPBP. 5. The biosensor according to
claim1l1l, wherein a reporter group is attached at |east at position 10 or

183 of glucosge, hbi,nd] r in (GBP),. 6. The hiosensor according ta claim
5. wher o' o2y el el A inos gendom MRSt aEe AL S Samel TR ©o

any one c@imptsakn®ortactiry a WRGERSST SRLELIREPPEAPHNE PR pﬂe@e@iﬂ%%ﬁaﬁm@\fhflth
attached at one or nore anmino acid positions of said bPBP. 56 8. The

bi osens SRIGIYBPE Ygler soasioanm suet thet spisdiasenser isplie & Rinsdrdigead eresantgr oup
i'S nonc t 6 A 1,10~ AaG A f id bPBP.
o) Tho i SaBNenioig, (Ot heWind? reffRlfodbRaltbloRdybLE Whepledid) § OFP

a redox biesshaot srconi@ted vithisiatckearsple agsitustdigrgls acsdiiced by awenias of sai d

reporter i f : e. 11..The biosensor_accarding to claim 10,
wnerei n ol Brb@ef coht e RinG auphrus i ParaaRE R iErhs stk & g o
l'i gand iigagd eesaid shhapte flo@bsaid ompadisbn.osensor according to claim 11, ,
wherein said ALto is greater than 0.9. 13. The biosensor according to claim

10, wherein said biosensor's maxi numvalue of standard rationetric change
(ARMRX) 18PON AhBEHOIG Asshiig st igandifal SimpIBaRhithZdmpkftesThe bi osensor
according to claim13, wherein said ARmax 1s greater than 2.5. 15. Use of
a bi osef@or gerlectingg hieseasgr aeeordingtth @nyraseesafithg pedcsidng cleins sth said

| i gand. i S frld L

sanpl e, TP clonS SLER AR BRSBAETR B ENH & i MEebMRe o
the precedisggnpeai ms with said sanple under conditions such that said

bi osensqgr, is _able .to bipd to |igand en i N id sanple; ¢ aring the
i gnal - (ansBEBHI B adalemp B RBEe SRR oW Jans] GeehiSbeaif doegittact ed
wi th sagebupaamrbe with the signal (s) transduced by said reporter group when
sai d biosensor is contacted with at | east one control sanple containing a
known qlfant i 8least detgeling orpupndidatingligandgresentgn ssisreample. absence of |i gand
in said sanple fromsaid conparison. 57 17. A nethod of quantitating
amount or concentration of ligand in a sanple, which conprises: contacting
a bi osef8or abeorathod of anvaoge ohelaiths t1bel § maeedinregpid bampie sicomprisedafsanpl e

under condi.t,ions @u h that said biosensor is able to bind to |igand present
in sai dpg%ﬁ*r(ﬂf)g';ca{: lﬁé'ari ng the signal transduced by said reporter group when
sai d

20.  The method of claim 19, wherein said physiological fluid is selected from the
group consisting of biood, interstitial fluid, lavage, perspiration, plasma, saliva, serum,
and urine.

21.  The method of any one of claims 16-20, wherein said sample is suspected of
being comprised of a ligand selected from the group consisting of amino acids, bioactive
solid and gaseous compounds which are soluble, carbohydrates, contraband or
controlled substances, environmental pollutants, explosives, food contaminants and
byproducts, lipids, metal ions, microbial toxins, neurotransmitters, nucleosides or

nucleotides, peptides, steroids, and therapeutic drugs.

22. A method of constructing a biosensor, which comprises:



bi osensor is contacted with said sanpl e against signals transduced by a
series of control sanples containing known quantities of |igand; and
calculating the quantity of |Iligand in said sanple from said conparison.

18. A method of assaying for ligand in a sanple, which conprises: (a)
contacting a biosensor according to any one of the preceding clains with
said sanple under conditions such tR8t said biosensor is able to bind to

| igand present in said sanple; (b) nmeasuring a ratl onetric change (AR) for

or cuanteL at SREATGE B gLt PRRR s te SBGoroR (WP Rt HER LA AGHe of

cl ai 5 BeqldnceMiierbin s3id firs$ BPYBIFSs trﬁe@-QiiFﬁéM@ﬁaE%fcruétur@'ﬂ%'n@k @Qé:@@blvébw d.
20. The rret hod of claim 19, wherein said physiological fluid is sel ect ed

from t héb) gr iRsieliga saist firsbBBPIs thee- dinensienal siraetUre an @ thregdigeensional

perspir h{f’%ﬁ‘a Abpgpne. 21. The nethod of any one
of cl ai %%mgfgj’-r%%{ erse?%édsg??‘&eggdr'r‘p%e?s suspect ed of being conprised of a
| i gand $@) eciabdnihg etradseoge engosterisisge iof gaidf seanna b P&E dith olntecmcmme soI id
and gaseo ounds, whi.ch are soluble car boh dr.at.es nt.r.aban

cont r o PAFYERVER A5k PeSilonsor i areaite R e esaardied P sal s

cont am @B amad byproducts, lipids, netal ions, mcrobial toxins,

neur ot r ansmi tters nucl eosi des or nucl eot des, peptides, steroids, A1d
t her apet(ﬁi c 8 ﬁ%”gé@eaﬁtﬁ%?ﬁwrtﬂ* T BF 0o P"n@‘oée Bf %@@M’VW@H acl
conpris tein
(bPEP) " Br°faa! SITESERE Rk 4 BLcADR tRsoR gl PRI fagEied o8l

t hr ee- dputatise dredensor isduoctionahs not been sol ved; (b) nodeling said first
bPBP s t hree-di nensi onal structure on a three-di nensional structure which
has been solved for a second bPBP; (c) aligning at |east one endosteric
site of said second bPBP with one or nore putative amno acid positions at
whi ch reporter groups are to be attached to said first bPBP;, and (d)
attaching at | east one reporter group at one or nore of said putative am no
acid positions of said first bPBP to forma putative biosensor and

determ ni ng whether said putative biosensor is functional.



