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WO 2004/ 036176 PCT/ US2003/ 032581 1 BI OSENSOR
CROSS- REFERENCE TO RELATED APPLI CATI ONS Thi s

W@pEkiosaré on cl ai ns the benefit of provisi onal PAPPE2903/032581-
No. 60/418,359, filed October 16, 2002. 5 FEDERALLY
SUPPORTED RESEARCH OR DEVELOPMENT The U.S. Gover nnent

has certain rights in t on as provided for

by the terns of N H RO mha

ONR- NO0014- 98- 1-0110. TECHNI CAL FI ELD The present

invention relates to biosensors and to nethods of

meki ng an@wsmwﬁ@mmom@mmﬁms are

anal ytical tools th can be use 0 neasure

presence of a single nol ecul ar species in a conplex

m X (¢

oo epPlcaBRT I he bBfo ML Sl MoBR N 6pra1B oo filed
Ocwbthl G200l transducti on nechani sns that couple 15

l'igand binding to readily detectabl e physical changes

(Hal I, Biosensors, Prentice-Hall Engl ewood O iffs,

New JeEERERALLYSURPQRTED RE CHEF MENT

12: 35-40, 2001). ldeally, a biosensor is reagentless

and, in contrast to enzyne-based assays or conpetitive
i miiho Hs% &jayernterns hapeeri@imighss ndhisgavantion asprayided for by the

R PRI Bl sl O RIS B M) 1ol

bi osensors 20 conbine a naturally occurrlng

macr onol ecul e such asTECIBMIOATRFIELRN anti body, with

the identification of a suitable physical signal

particular to the nolecule in question, and the

conghé erfsérft‘ nn\%f'm@n Fie%t@sctb%oséﬂﬁﬁé fiﬂcptotrﬁeth&?st ofsnyzﬁéilg%"hnd using

(Meadows, Drug Deliv. Rev. :177-189, 1996).
samecent | y, rml ecul ar engi neering technl gues have been

explored to devel op macronol ecul es that combine a

wi de range of binding Mand affinities 25

with a common signal tr chanism to

construct a generic detection syst emfor many

different analy tesaS/@llln ga & Marvin, Trends Biotec

16: BEsenspss arm@ytlc oIpibay aderseblonnemsprohr puesepe of 2 single

r
moﬁeg:ﬁ‘gxg?g&?fsq% Qgr np %Iﬁ r#ll&tstg%e orhbil'ﬁﬂ{gztgg g% 1ﬁt{rﬁol%&§lar recognition
prapertiep bfibioiagidal nocromalecatesiwish sipiBRapsdutiaon meSaingsms that couple
. M cnq?iol. Rev. 57:320-346, 1993) that has been shown
liggng! bjndig k9 readily dejeqtahle physical ﬁ'i“ﬁ’éé? (el Sroseprapsdiamics-Hall,
: S e ORPL

B R e Y S len G Sy O B et R AP h Ry oy, el
a biiskmsor isikagentiessland 2@ .chitr &b to driz96ie- bai'dstbaslsa;gamatob:pmﬂmveg

immunoassays, does not change composition as a consequence of making the
measurement (Hellinga & Marvin, Trends Biotech. 16:183-189, 1998). Most biosensors
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 specificities and affinities
with a common signal transduction mechanism, to construct a generic detection system for

many different analytes (Hellinga & Marvin, Trends Biotech. 16:183-189, 1998).
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site is located at the interface between the two
domai ns. The proteins typically adopt two

w@emhosdred i ons: a |igand-free open form and aPCT/US2003/032581

| i gand- bound cl osed form whigh interconvert via a
hi nge- bendi ng nechani sm upon Ti gand bi nding. This

gl ob :
Do orZeneyiERaRe) pERSAGHE Sl BIofERs AP HonPRAES Bioin
superfamilp(stest periptasaris bindirgyprptesis) bRBP) ¢TamégBeier, Microbiol.
envir t se S|t|ve fl uorophor es | ocatj ons
Reviat: ﬁﬂ@% 25435 2 D opeB ShO toA W beé?or the egmingsring of
bl‘é%éng%% 3@8% %&31%82’?@ l ar%é '15?&&%% céﬂl% 1se§'w%°db%9n§st linked by a
hler EgHOnA8Biochb ¥ Ledvend, Molec. éﬂlcabblol 2@[&17 25Ch@ﬁ) The ligand-binding

840-,3847,. 1994: Mnh .,. P .
S‘@d? SEadaat i inSdachepbenie oo %memﬁrﬁ%cpr%ms twaﬁpyaadopt two

B| oc e%Hg fq%%l%%%ggée&%gggﬁga %%dg@d@na OWI éﬁw

infenednvert Bnmlmage—béﬂiin@ﬁre@lﬁmsﬁﬂ@ﬁnn lidamnd Iblmd?ng-ldlhhs glgbal, ligand-
mg{ilgtép con pt’fglgf %%é%ﬁasz@én %gp ;‘r%gg 4961% hgang %mdlr?gl tlon ianges in
R

losatidna tleat ahdarpo lehbainfatmtideal ichadgdez @dcosice withethe global change

A o 00 G i

alardTla?%lp%gﬁ?'ﬁhe %8‘3%9 %gfﬁ Q‘ébg%aﬁnﬁtzpogr&f Nal Acad. Sci.

ener at e bi gsénsors a vari

USP\ %hméam7lclw$mwln@hwﬁlenmgsugam Cleoi. ISQ)caDROﬂ'$-11 1998,
di pepti des, cations ani ons. These bi osensors

Telasecctal Asg Bighem; P36% 9141 H, 48PS atielbenmd dakowicz, Anal.
Blﬂggé‘rﬁf\ﬁéﬁp gﬁi@g }é@rgg{ﬁa ifba, PRAL 'N} %dz @U%\ﬁﬁb’s 95ss.

498002601 Gakins ¢Taki Agalt Bmémmmwtzwn) ‘@dnﬁirimﬁonal coupling
menbers of the bacteri al periplasm c binding protein

megippsmscap alsp dgideyisediopligs the %@ﬁﬁurte@:j h@gvﬁw thgsurface of an
T
elrerdsEb G P AR O bork R sl BRI SRl o

cdfictar (Bengsh ¢t Selendetd93 86k 1-g8n4l-doomyi ng pocket | ocated
30 at an interface between the two domains. They

typi ¢gpd bﬁéseﬁﬂz‘ ARlenfidPpo01dE Ok Wﬁdﬁ"lﬁ‘utlﬁztﬂ%'b@m 16 pEferBBdsensors

formand a |igand-bound cl osed form ich
fqrmvgngtgmf@hcmwalaclwsm mglgdh)@sﬁgﬁg,/@@ﬁazﬁds dlpeptldes cations, and

PCT/ 1US20Q3/ 03258 end| necha sm.whi fjelpfnds
S DO QRO PR B S BTG RO PE T cLtah TRSral, and
erﬁii@gﬁ{éﬁﬁ[&t@ﬁﬁg_ rrade by coval ently or non-coval ently

attaching at 1east one reporter group to one or nore

speci fic positions of a bPBP. Upon binding of |igand
to the biosensor, SUMMARY OFTHRANYENTIONe si gnal

transduced by the reporter group which can be anal yzed
by 5 assessing any of its observable properties (e.qg.,
opt i The present irnehtiacietarestalbigaenyoes, tmaka)g. thedi foe nawams or wildtype

are classified according to.the r tionship. bet we
"‘FE‘Eef_ét"? SharstrieCpariplasmic h@dlqgéﬁeﬁ%ﬁ% BPbspeE@ebend using them
togdﬁ Sf?g gli%'(.:,tcﬁger%? artfort Mntita@3 NPard. The terfidrly SEhELICof bPBPs is

comprised of two domains linked by a hinge region with a ligand-binding pocket located

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-
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peristeric) or distance between those sites (i.e.,
distal or proximal). In accordance with the invention,
wo be4esamdé of | i gand binding to bi osensor chanP@sUS03/032581
the |l ocal environnent of the gosi tion-specific
attached reporter group The ignal of the reporter
bHIHPm BB R GERRTGBAGEHS BY WARHEPliodRIE bOLMOSARRA &S sice
or F6dox o act ensor may be operated

Bwsd@brMy friadt b9 IcG@dlemlyl’tﬂlrthﬂSal\eml}f‘laltﬂchmgdtt tda@trtﬁie reporter group
reagents. Objects_and advantages of the presen
to oRges Mase spRcHic prsitions of a bPBR; Upen @@é@gic)éthigarﬁi tqthablosensor there

g e e e Ry Bt el B SR Al oy

adsessigl MR @tk obedrvabsd @fopértleﬁ(w%sé;ﬂfchlcor emdobﬁémleaqurbpemes).
sites used. Each protelin is own in the closed form

Bigisensoroui slaFSI@%@PCPmmg:@ttéd r%q;w@alnlp bawepegtth%wachment site of the

rGUEF SRR SR Pl B it g TN PP ST
p&hesti) bh exsaﬂe@mwaéh thesedink (ile) Qilit@l%r%réﬂﬁﬁl)n us). A
hi nge segnent connects the domains he structure of

hi st i) erdahcd with BRAnThtibRPhE Set: of EarRiDiNEhg YIBRLMRE! changes

structure of glutamate/aspartate BP.  Resi dues nmut at ed
thedoay starameeat ef tha dpaaoedpetmﬁodatfahbedenepbnyersgnam dhe signal of the

spheres, and, di fferggtl ated as erl %)hea

rGRAGH 3} a5 SeuiFEd Dot GhmOTHIIGRar s SIS RGN cofestors. The
RSG5 86 be bbirdal yAMGINAbIogRal SHISHS vABUISRIRSH Rbgonts

cluster as defined by 'Tam & Sai er 25 (M crobi ol

57:3 égg%t%@md ]agg%)ta&%? é? J&% p?&eﬁt 1 é&l%éﬁ%%ﬁ,’b?%%%? fron} the descr1pt10n

rel a nshi Srabl hose ucose
tBPIAISHER) , and ri bose BP (RBP). Cluster 5: di pept| de BP

(DPP). Custer 3: glutamne BP (BP), histidine BP

(HBP), and gl ut anat e/ asartate BP .. Cluster 6:

phosphat e BP BBBF DESCKIPTIQNS pTHEHDRAWIN(GS ey 1:

mal t ose BP ( MBP) and Fe(l 1) BP (FeBP) Mol ecul ar

graphics were rendered with Ml script (Kraulis, 30 J.

I
per DS Bisa 5 Sl BPeie itthops ey BEfbhS of
alksqanﬁ:net&&smﬁc,l:_andthstef{BEﬂes(lped dack prageintigshaiey in the closed form,
wgtflﬁ)g gc? {pge(n%ﬁ% gg]alg;n Emﬁqqpuc{ugg | Ie%g Epmgl?lls of each bPBP
arcuriefited v%xqﬁgll}/ &/?t?l"tme iRy g@%‘ﬁfa#rﬁg% Eﬁ%—?&ﬁlﬁ&%ﬁd\% the second
n o e open re

putative initiation cod I'ng

(cfoﬁtalﬁﬁfgthe C-nerirelisN A hinge kepmakat cempugnhedomdias. The structure of
rllned5rreth|on|g_§|sthe|n|t|at|on Cﬁg ﬁ/o
hlése e 8L 1s ysesktovesprgsent thg as yet ynsolyed, shuctwe of glydamatg/aspartate BP.

R??Hltﬂes% Lfeho Ei@émé"@lre‘?nc{%@d ﬁ}ddlgfefegﬂl?gsﬁ%&% %zﬁéeref, and

uorop ore conjugation are In etters
diffetermiatbd"as hllbﬁm@ha\t)hmémg):s:ndmmw (netidoanh ehddiveg, in GBP only), or

cl assi allosteric or eristerjc, .
Perisleric @eﬁe%gms) StEtuses D HEouRtd ?DE?IH?%T S1dsTines s Tam & Saie
(M'iEr9+101 RRGLSM(- k46>f199i)0{c€&d1 Qrs elB8-Basd® relationships. Cluster 2:
wavel engt hs of naxi’ nal uore ex0| tation an
ambines¢ BR (AB®3 zhadaise 8Py GBIY), etﬂdenlmse)Bﬁl (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 1: maltose BP
(MBP) and Fe(III) BP (FeBP). Molecular graphics were rendered with Molscript (Kraulis,

J. Appl. Crystallogr. 24:946-950, 1991).
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bound fl uorophores are (in nm: pyrene (340, 390);
acryl odan (390, 500); fluorescein (485, 520); NBD
W@ 289/03640) ; NBDE (490, 530); JPWI039 (485, 59B0T/US2003/032581
JPWI042 (470, 640); and JPWIQ45 (470, 640). Figures
4A and 4B show a definition o fluorinetric

par a

o CHELELE GO h S dR PO AT RS i S
adpartitk IBR)dglufahine BB, axﬁlh@mmamnmhg cRistAlW (mﬂomﬁsorﬁmhl /-\Nucl
used to deternine AR Each of the areas A enconpasses

Acke Rteés%?e‘lfﬁ7|3v"é83r K204\ Nmbaringdegias roun B8 pykasive initiation codon of
P
o 80 BBl SRR ARt A e

ng{mmﬁexsm iMtadion @6d ot fod @kprétsidh OYBELGRd6n tHe BudybResidues in
Titratjion of glutamate/ aspart ate BP T129C-NBD with
eaghipieteidhefsverpamutated s qystsine fgr ﬂu%rﬁphora@pmugamo@sq@s@m held font.
s i

Tﬁ%ieﬂmsn‘gs ngc[ﬁg tpeglire%tﬁ tt}geggge%ﬁugf intdl ent'cllllglrr] gcﬁis/'\s&(f;}?%lon a3 allgﬁerlc or
p&is%ﬂceﬁesﬁétu@@ shows occurrence of fluorinetric

paraneters in the set of 320 fluorescent conjugates.

Fig. 6A shows distribution of the shi ft in wavel ength

of maxi mum_ 25 fluorescent intensity

(er r Figntad shows simeius! fompdge ﬁtblol-e@cgﬁ%ﬂgorepb,@rw b“ennr@ﬁmate

o

bélﬁfdrﬂﬁmphoré‘soarre @ﬁcnkn) ppyraﬁ@(eao,, 39tor) eacwi@@rn (BQU,FKDOQfﬂL&)aed&em (485,
|nterval i s_1ndicated. W) 2004/

POTNBEL( 68/ @)@25@@155(4&9 R0 J?W\RA“% S3PY, dRWA042 (470, 640); and

n gand affinity anong the three classes of

g?% 79?%Ad3ttachrrent site. Legend: endosteric sites,
filled bars; peristeric sites, hatched bars;
all osteric sites, open bars. In the case of arabinose
BP, FiparesalAlend 4B sifew a )dEfinition bhifitiorirhettib araffeddrs ntig o shows
in which all conjugates were nmade. Data for dipeptide

pm:mast Rfrse( }iy and Isr»s taldéteﬁatge |thfc4t%rﬁiétfi Integsity ﬁ*éansem@ir Fig. 4B
Ki
st rrapdpedhy Apn  ta® CRUsEE Budrfre MRS (iigflo'a

ehddBnpaSed MiggicedvéteaPA. ES7D was not  determ ned. For
each interval on the x-axis, the upper bound |s

i ndi cated. For exarrpl e, the interval |abeled "0"

contai ns val ues of (mutKd/ (err)Kd) > -1 and < 0.

Fi guF@lr®/5Aamﬂ @sm%uolamcmmtmh@n of glugesedsP and glpamate/

ool e UL Bahdd R SRR EP IR Boftodan wie

gRCodd BRCSBCDitfaigAbE glutanaA¢/hspanaRBP TllgCa!\BD withRimino acids. Data
gl ucose at the following ratios of fluorescence

pewiss @ glntahvigeeil chgsfastid avidiy asperagngs o-gAgense. bebig( pAlaad

Fley 38 48 Hhesshais A SpREN 1 PR Oet T hes show T11 (0

equation 4. The normal serum gl ucose range

(euglycema) of 4 to 6 nMis delimted by vertical

|'i negigutéy 6A-BC sBBws BemirentdoBRudBimetdAid pirafiritirsBithe detto? 320
acrylodan, titrated with ribose at the follow ng
flugreseant ofnjegatesr Bige 6Achowsidistributioq wh thelshiftiniuavelength of maximum

fluorescen?ilnteSnlslf'gfrr "ﬂgu?m( AR RK% Fig. 6B shows distribution of the intensity

change parameter Algyq. Fig. 6C shows distribution of the ratiometric change parameter

ARpmax. For each parameter, the upper bound of each interval is indicated.
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41 M; 0, Faso-459/F501-510 (appKd - 254 (err)M; O,

FA450- 459547-556 (appKd - 461 M. DETAI LED DESCRI PTI ON
W@R00FMEs 1ITANVENTI ON The present invention rel at eBCT/0S2003/032581

bi osensors constructed using engi neered bPBPs, 20 for

exanple, E. coli bPBPs. In actordance with the

inve .

usea AP S AR e RS b i ARl i B hrce lasses of

flGonvphoretaascieent bice. fregehdc enﬂds;enclsnésr fitled bag,; pﬁﬂs&iriccsﬁtSs hatched
|nt% a bPBP at one or nmore specific positions in.t
bays Allosterie sitefe PPETEDARR AP @mp@ﬁﬁblyosﬁtﬁ%éh@wm@ f%r tI%rls that of the

CBAR AR telngwhlcflla ﬁagﬁése‘% J(f%d%tacfg{ gE@B%)FBI\’Aﬂ?dCEe(III) BP

respon to a co n onar ange of

aeant ikluded errIt@@fdiﬂmbt olgl Ko for Qljﬂ-ﬁlreu dafeptied ot wildrtype has not
coval ent] é}or non-coval ently attaching at |east one

beasgsperead. & Basateortdicel 1o BhrieK aefi the uacaniigated; rautant ESTD was not
d@t%!t%i'h%c? Hor ecrl'chl gﬁr@arl o@% ?%]8 lr}g% gﬁﬁe‘iiggswﬁ'?ﬁcﬁcﬁ d For example, the
miubsltlhlbélléd ar d@fmaarrsyvaa;ets io? Rigtitiey/ CKYssHi mhex®, use of

desi gner or non-natural tRNAs, introduction of

coordi nation sites, etc VD 2004/ 036176

PCT/ US2003/ 032581 6 The uni versali of the )

engi Riarad cant 8 reay %@meér&mqr@tr@ q%@ﬁ»&’rﬂwmr@ PEpagates

iﬁg ﬂlf?e%rﬂ gﬁls Eﬁ%ﬁ?sﬁo? ‘\Aﬁvg Wﬁéifl 'b? %Reshg&g chise ]Qﬁt 183C

S ruc

Kno Have™ Been use

cédjdgaedidt acdyld‘)daihr titthte@ Mithrgdiudee hiothé Yolb‘zﬁﬁﬁg tdtio8 of fluorescence
fl uorophores have been introduced at a variety of

emissimmni (viazelpngshld iwtren): © oF dsi-akFiseca(™Konfod ma); & dlaso-4s9/Fass.495

BRI Q) f@&gﬁ"é&?a%%nhbﬁg%@ﬁ”%%@ 810 gyation 4

TRl S B HERES 1y SUGLRR i s

Fiss 8Bt shows aibgse BRHTHS5C @bnjpgétad agscravdart) oicdatedositt Hibdse at the
have rec.entlé been|dent|f|ed|nth|sfaml¥ by .
foJlorvang cativs gliBnerestgnes emission (Bhvelengths innma| [, Feciidioesss (PTKa ~

S ééﬁ; 9&3&2“’1%925@3%5 ﬁlswﬂéﬂws@gp if‘a‘lﬁltlfl\é‘%

of structure-based redesign of |igand-binding

specificity (Hellinga & Richards, J. Ml. Biol.

222: 763- 785, pESAH ENMIOESOR P TIEON OFIHE BNUENTION

Acad. Sci. USA 98:4955-4960, 2001), the Exanple

provi ded bel ow denonstrates the vast potentlal of the

bPBP 4y ?ﬁfs&?ﬂhvéﬁn@xﬁ rél&@i’ﬁﬂﬁbﬁn&% c@n Wﬁ}si‘ﬁ% ngineered bPBPs,
bi osensors suited to a broad range o app ons.
farsexempieh & o BPBR$hén hicgatadedwith rt}mgmpemtioat cmlju;gahxfs are constructed

it Rl 65 e 5B T 1 2h BB WS (oryugaies cap B pigeloced by
iﬁl\t/ﬂtﬁigtzliﬂ%‘?ﬁlftﬁ?cﬁls iReh e BP %ré?{fe\é\@ilcg)?e R$in th he Pr(ﬁem

g am no acid residues at tHhat ace
sameurenaere (ovadently iattached aemuted proupe (dog. nﬂllilargpbdrbsomfedox cofactors)

roRaoff {0 BepniorpptiORgls e o OERl Waicracews ubph e dne. Other
n?éﬁ%?ﬁtfgr ¢dvaRAlly bnéh-covaleniflaftaind eﬁrledgggﬁe re g@h& &8 RFone or

used to change the specificity of” the |igand-binding
npwe kmino ackbresidua ppéitonsia theogeniryadiing agd seqienchefsa metant or

wnﬂitype%q’B mcllagCI fdldﬁlonlo¥ sx?bstlgunon 0 %H}(rz 8 pv%%a%le crosslinkers, use of

designer or non-natural tRNAs, introduction of coordination sites, etc.
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ligand: e.g., netal Zn++ ion, trinitrotoluene,

L-lactate, and serotonin (Marvin & Hellinga, Proc.
woado/036Aced. Sci. USA 98: 4955- 4960, 2001; LoogHET/USZOO3/032581

al ., Nature 423:185-190, 2003. Dwyer et al., Proc.

Nat|. Acad. Sci. USA 100: 11258-11260, 2003). Thus,

bi os

e e e R R P
istdiselasedhérPRPAd dﬁmrubsd imthg E&nxemplechat fobows, iteabPBPs asfdmmgvn

ocke l.i gand uch bi. osenso s may. n bi
st hive SR St Bkl IR URBTE R R STPEP THeopres have
beBRGRrddhucad EMarferb&fﬂloﬁg 81teh?ctéﬂ t838R I al confBrmational changes to

mut ati ons may I ncrease or decrease binding affinity or
hwelemédlucd mnge-lbhadmg netion eBiwododiats trrhhiquescandeatsedn predict

th& d%gﬂgg tF%\r‘]&’ﬂfﬁ% tﬁ%‘ft{}’tjcilfrgsn Elﬁ grnqor{pg ggggn thereby
mﬁt’iﬁg”ﬂﬁkﬁgle tb Wu¥e e lér@@ himbakif aFa?( e%s i rhggl‘éggs Fhat havvf recently

catalytic activity; “shorten en operation
beenfidentified émthiy fana}yrhwgmbmm:quertcmgmudlesr (Bipterentet aln;Science

o B S b A LB TR v o
N G S R

RlchaxmlotJ Mochsil azaa&m&wwlemarhmwg]&llmghhﬁ’mb Wathd\dad. Sci.
Iuorophore enbodi nent, the presen

URasRSadRa: 4008 e Examble e eAd mdﬁmevstw@sahsvast potential of
oESRRPLE Tl HESAEC o B ISR os TRt TR 4 brogd v o

appdicatiomsonf or mat i onal change in concert with a

I'i gand- nedi at ed hi nge-bending notion. Cysteine

resi flueike dah m&@ép f hich
and a fl Lﬂfc;)lragbp%rl%e H‘Bu | e (ﬁl}(gt?gt ogigﬂ%?ﬁ&r%rbﬁd gands whic
areIngbbamddryabe imlidepps beBIbfT heHigand-bordoygwteds tdvaiedas thgpanerface

B B TR Sl il e v

néa PEd f 1819 laYound) ¥ loinddidl diRbHATd- iyE@ bPBH fh%iygéénelfate new contacts
I'i gand- bi ndi ng specificities eit conput at i onal

with liganth (ecg., By dorBPrenhdestioy boa]uerﬂmmhng withtcogndte fgand (e.g.,

oo S, e 553 BRSSO 155 pocker

Féi éx%ﬁ%l@a MaltoSd blﬁ&%§%¥otg‘ﬁrlﬁs bEROhLE@IE t6 Spébifically bind to noncognate
f1 uor ophores or re cofactors) i1nclude alloSteric

ligindee.g., bietgd /' Stomy irmitsotolesnpe, inkactatedamd serotonigi (Mg vifiak Hellinga,

PP Kol A0 JE PSRRI, ol G o, 0,
D@gfe%tl é?SPFJc' Naftl A&d. SBeUSaPId 25681960, 20081 9haR MERhsors

be placed at one or nore [ocations distant from
whivh Hindysordopnatel ligandsian de nfade dy mwtatngd mino amidtresidues at the

ingSsFhee o e R HE AL ouEpBiH A el B ap e PRafigand bound

t2f b orter (e
f@&%tﬁé eﬁscﬁ?'fﬂa n%gblﬁd%(vﬂd t?é?@t;}l‘eﬂgfpon Che ”m of the

l'uor op ore) po Si
bi ndj di ‘
W: P h UL Lftgtlcgmlégn ﬂ&b )}e E%%lg{iée troI Acffe%li: nxtli)xﬂéf}{h@%ﬁo%ensor. e.g.,

muepiont aiay (il&:r@isc of dewreasp Ibﬁfde)g affinitper gpeeieity; ¢nhahdecor reduce
bi ndi t that it t d tl
mgb&é%g usplﬁgr% aZl?itaé}e%&t ﬂécté&ghgqr acigugq%:}ggl?hcano){her carbohy(?rate 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
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attachnment proximal to the |igand-binding pocket. WO
2004/ 036176 PCT/ US2003/ 032581 8 Table 1. Potenti al

w@ppkiosarée ons of biosensors for bPBP |igands PCT/US2003/032581

application analyte clinical,industrial environnental
arabi nose Deanda et al., 1996 glucose Burrin & Price,

ot e R AR S o oo

whelh rdp¥rEing 2881 is gbtudtracheda(e Fiat leastruthe massease mbf®idn which is not a
hi stidine Taylor et al., 1991 di peptides phosphate

CysioiRheR el through aghigl bendao aifbgsophom)i at e EPA, 1999
Fe(ll1) Martin, 1992 Allosteric, peristeric, and )
endofn end emeadimentcthg piesertagyentiod rélateato a sgttodiafisonstructing a

di ff : det.aij | i h le th
BB Chipsdt” IR ot Golbiacy 1AERIGint ks 0na ppBP tha
ufiddng P& 168 EEbnifermafibadl chiviyeSh tbsdert wish #ligiiEmedigfedaiitke-bending

cl osed states (for allosteric 5 designs) or the closed

motign.eCystdine (esiduesean botintroducadat enedwgnase sechawtcs gnd3 fluprphore
exam ned tetnatively, a.se nge- based desi gn .
oTRL B s C i RRes e pePB BT i OPRER sb i pppigand
bimdihgbe exploited to predict the location of cysteine
mutations in proteins the three-di nensional

; _ Rl . :
Str UBPHPﬁ?ulﬁBleVYBt G 1Hﬁ1’g€%r€%fgt %ﬁiﬁ)d%ﬁ Bt gél@&gd Pﬁ&é&‘i’gn@&dThe

that such nutations en characteri ze
bPBBtseperfanuly ik melrsuged forthe redesign dSligandiboratinglspeodicdties either by

B0 8 g Bt B ke AR S a5 BBttt o,

& RMpR! SnaltBs fdiGe @ Sn PhbIE 1Y XWiRPBRURSHPER SpirHotidt€ fdrttachment
dependent, at least in part, on the nature of the

of oweer orewkpdrtens fetgs, fhamrephondsar redoxtaetastoryyintlede akhesteric sites,
KT R I A R AN T T

f&&lse tbr E)_Eh‘%nnﬂl’é,eafs QIrEREEntLURT QBRMNeSTaRR1I8stBAE §iteC tebporter (e.g.,
application (see, for 2004/ 036176 PCT/ US2003/ 032581

figorophons) ean ¢ [Bacedaat ene obmARAPGRIDNS distant fremEkeatigarel-binding site
A b S o Sh A RRRLSS sl oS
upbRED AREE TR tKABKR of a peristeric site, the reporter (e.g., fluorophore) can be
positioned on the “rim” of the binding site but not such that it directly interacts with the
ligand. With an endosteric site, the reporter (e.g., 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.
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Di peptides Di peptide binding protein (DPP) 5
d utamat e and asparate G u/ Asp binding protein (EBP)

w@usaniine d ut am ne binding protein (QBP) FefdT/U$2003/032581

Iron binding protein (FeBP) é—li stidine Histidine
bi nding protein (HBP) Maltose Maltose binding protein
(MBP) 10 d ucose d ucose bindin rotein (GBP)

Tl d pPriertiabapr]isations qﬁh&f&ﬁﬁ@r%ﬁwngﬁ ligendP) Sul fate

isinnoway limted to these spxpplicﬁaitionenbodf ments.
Redox reporters f i i i

redox-act i y@alytet al cent eklificala 15 redox- m@hitvel environmental
organic nmolecule 1t can be a natural organic cofactor

such as NgDy: NADP,  FAD or a natural rf%agha 41t §bgguch
as Bl ue Copper, iron-sulfur clusters, or hene, or a

synthetic center su a. . net al | nd
such as a glbl{g%sgni um c‘c‘)‘ﬁ%l%gn%’g@ggni c | |%§ﬁ‘g§)g§§ as a
qui none, or an engi neered netal center iptraod into
the protei Me engi ?Oé‘thét"gJa(‘Wic]c cof ac‘géfx%@i%ﬁ%?ng

site. Cofactor-binding sites can be engi neered 20

usi ng rati 6bae design or directed evol utA@AC, 1995

techni ques. The redox reporter can be covalently or

non- coval ghitdmatat t drimesi&t AshwoedpiWdei n, ADAKAODY
site-specific or adventitious interactions between

t he cof acplutaniind promie and Fdrmaanid9d intrinsic to the

protein such as a netal center (natural or

engi neer edysiffind1at ur afayprdaal C19oNAD, NADP, FAD) or

organonetal i c cofactor (hene), or extrinsic (such as

a coval en&{Pﬁ &Q0j ugated, synthetic 25 organonetallic

cluster). B 2dox reporter can be, for exanple,

bound (e. gval ent | t ition where the

am no aci ah?sgg?taue [%urg%?rgﬁweé ag’r in's surface. The APHA, 1992
redox reporter can be a netal -containing group (e.g.,
atransiti é‘l’ﬁ%t al - containing group) that is capable EPA, 1999
of reversibly or sem -reversibly transferring one or )

more el ecfﬁéﬂé. A nunber of possible transition Martin, 1992
nmet al - cont ai ni ng reporter groups can be used. WO

2004/ 036176 PCT/US2003/032581 10 Advant ageously, the

reporter group has a redox potential in the potenti al

W ndaWohetieWeristeas, and Rh&6stericRite b BeedeBipBBd BV at least two different
nol ecul ar oxygen and has a functional group suitable

waps, as deraid¢deintthe Braroplathas follayvs: engraldy,«i siructurerbased design

t hiol-reactive functjonalities.such as ei m des, . or .
St B ot e R g B R BpRloRt T PEE (aosteric
dés‘i’gﬂs?@r 1he RiRbd state UMy (TBY peristictah@ eRddsRRIRIdeSiing) #9¢ Bxamined.
shoul d be substitutionally inert in either reduced or

Alirinatively, sssequenceibased desigaapproagle oarsheused wdgesio hgmology

r.ou do not for. dventitiqus bonds wi.th the. . .
rHuRRBar ol npf SR bl Iiedb R Bthing o inprppens the
tHEe 8intkpkio HalafruBiRA T WREH KavBhot been determined, provided that such

mutations have been characterized in proteins of known structure.

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 fluorophore 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
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potentionmetric change in response to |igand binding.

In a preferred enbodi nent, the reporter group is
wowi0e3dos ubl e, is capable of site-specific cop@l/Usmos/e32581

a protein (e.g., via a 10 thigl-reactive functiona

group on the reporter group that reacts with a uni que

ex‘g}éh?]e? NS Pdtent 69 7029). ¢h %’Eﬁﬂﬁ_lmgﬁoﬂeﬁ é;]%ht dlsfferent fluorophores

entionetric response upon I'i gand bi ndi ultable
ar¢ psatsin theodesigatofifkiofescen sensors fohe i nventi on i ncl ude,
but are not limted to, copper (Cu), cobalt (Co),
pal | Afhbindsé Pd) , iron ( FeArablnebdBiniding prélein (AB®di um
(Rh), osmum (Gs), rhenium (Re), platinum (Pt),
scandipdpidesC) . titani um Hibedt Ré&eli i rom um
(Cr), p%gﬁcgregnganese (M) ,I()‘?ie%t&%e?ﬁ(ﬁ% ?mﬁgll}{il(]t?gggum (M),

SR T et
i . Ru, , . |
0 OMIME "L (B oSSyl Ry @ 079

Partjcularly preferred are  netals that dq not change
t he ¥atHber of coordi nati%?PE’?‘E%HE%W &eBRhnge in
oxidation state, including ruthenium osmum iron,
pl atHistiinand pal | adi um Histidine bindeng protese(HBP) 20
especially preferred. The reporter group can be

pr esiiattosen t he bi osensorMakos tinding priteic (MBR)at e wi t h
the protein or it can be a netal center that forns

par t Glicodehe protein fTHtTGIucéidHindiﬁgbﬁﬂéiﬁ,(GBPRr edox
center such as iron-sul fur clusters, hene, Bl ue

COPPRifosphdie €l ect rochen piadson e BRI f5teft (PRGN ar e

sensitive to its local environment). Alternatively,

t he §QPY ter 25 group cagulpag Q{ng@gﬁ;&?t%g] @gf#z_si on

bet ween the protein and a neta in (for
i nstance,., a snal.l.redox-actiye protein_.suc s a
The BRI E Rt i oy ibed Foflsta Detggthpdradhts
covalently conjugated to the protein via a maleimde
f uncRedsrdepQytestfor weeiidhe gvantien eandiefaredexaeiive ragfak geater or a

ref b bt OLGERT I gb e SRR Bl i fih AENAD. maoe,

FADWYrei angaldnétaeceate? Gh AR uS @ogﬂf@j nGe s tir RIS, % hene, or a
the invention can be produced by site-specifically

syinHietio geriengch as ap orgasemelaBigrosipobyd sushals agythiemes) eomplex,

oG BLR! S lpBE 16oh  80ed 1580cL ORI o e procin
o&@ﬁﬁ@ﬁh&ﬁ%ﬁhi&@d@&éﬁbii«!@ng QR (o3&t iObiREThE Wiee &3/ e Bagfhbered
1178271, 1994; Glardi et al., Anal. Chem
ugiEs 3gatalgsgn o1 dvertedzphtiondechaiques. JTheandoxaiepanter 8o be
ocafenly g aspleptiaitg i o BpsoRinpitd: B it Rbeciic B ggventitous
infdtdtions 6&wkeB tHe-cb2Reor and %%éinﬂ@ S B¢ intddnsidiodthe pft€ifitsuch as a
272:13270- 13274, 1997, Thonpson et al., J. Bioned. Op.
meta] genterdnaturad opengragekash oe natyral orgagicINAIM NARRNFAB) or
119: 5 - 5450 997).. Assays for ligand be .
oRRaRIrBFAD SR rer e e RER: (it ERBeI T sifuestaq, syntheti
oiahdinéthiic RREEL) TRE ratids@EpHP tAPHE, FbrCexampRy bo@iteld Qddvalently) at
Li gand Er esent in the sanple, if any, may be detected
a positioTwherg theoamine agidoesiders cartbe pavtainis puiéacehe si gnal
transduced by
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.
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| i gand- bound bi osensor in the assay. For detection
pur poses, binding does not need to be 10 quantitative
whewansa’@ sinpl e determ nation of whet her theP¢T/ysawd3/032581

is present or absent (within detection |imts) needs
to be perfornmed. O herw se, npari son to a serles of
f |
%Ht{i ougiggm% gei)é)&glh %o%xg?l%%‘ﬁ:éig}f ggn’ggh{rléﬁﬁ 1 c?ﬁ%;‘gﬁp JB‘&Y below

thaf sdbj@amjmtdﬂfetélﬁe sqmpleculddionggent 4nd hao b ikt dhaltdréup sultable for
nple, the amunt (i.e., nmass) of ligand and the

C@@m Genjugation tothe prgf@nb(e@r,éhuoht@mmmn@nl@es suchlagmialeimides

I t
ot BRI Be SR 3o Bk BP0 AR B R o i, g gt ot
réponst groad stkousd Bé‘ﬁﬁi’sﬁtuﬁbﬁél@ i0€rt th eithay Eb‘aﬁb&i dreoxidis@pisthte (i.e.,
quantitate unknown sanples. Although honpgeneous

a@@@@ge¢®gm1<@geglpuse%rOUP @otrf@maci\fenfgtlw tg@l siathithberepprter
sRRE ET DR RO bt SRl GhuPoBieglnE sl Hrig e o "

pSteSd A EE ShaMple 6 reésparive td Hgdidl Mndlﬂ% hfagiréfeied BmbbaifiRint, the
transduction and/ or 20 neasurenent are present int he
TePARHPT & OUlSisg\ﬁ%tﬁr soluble dSJ@ftPlablﬁ ob ﬁ@-@?@ﬁi%@@b@g tvoa protein (e.g., via a

tl'[)glg‘léll{t%et ctloﬁgld%})ﬁpgg ﬁ%gge\g\/%{%%%ﬁaﬁ %gz g@ﬁﬁ?f’é/lue %ysteme in

tlﬁfﬁ&@ﬁﬁtdn@ﬁmd&@oémﬁﬁétemmlﬁdtﬂé f@peak upem HoddBiading SVitable
may even be perfornmed in vivo i1f the biosensor r1s

tramtmreme&ab tahuserip tminugitionripeides butarg ineelimited to, 00pper (Cu),

M oL Rt ey FoBRERN, Bitoéry® SROE Fodlieh GBI Baiigh o).
rHBAlum &e)Dplatiganl (P19, ssaitlif (SVCaQaiunt (TSR waﬁalerhqv&} adfpdrtium (Cr),

can be obtained in a Iaborato%)settln . g., clinic

mangnesedylah nickak@Ni), umalprdenumnr( awelmwumdﬂms rungsten (W), and
1r§<f3 ﬁjr{r%gfr) (’ﬁlag}s hllt%lﬂ’rﬁt S§t %s? (gf‘otrarnsl 1an1I n?e e{i% éht?bgldidt?usm gtgqt%’i’a hgu 'Rh, Pd,

dsf Bt mim'gtvmt}ﬂFe Sm:UWEM() fangd. Tc hﬂéepré@ﬁtéd Particularly preferred are
bi ophar maceut i cal chenmical, or other manufacturi ng

metaly et deaat change the awpber qf@own@ooaﬁw@@n.aschammu axigation
d of |
o LR TR B B, B pRERED, e e

et c]laﬂ§@fdféﬂr@ﬂ by a change in signal transduction
e g a rel ated chem cal structure is nore strongly
?t@ roﬁ%‘dﬁgb@ﬁfre&!ﬁ? P8 BRIIENor 882 ¥Rvalent conjugate with the
2004/ 036 S2003/ 032581 12 conpared to its
pratein roedtcan bc galmﬂgl center thay/focmsrpam af therprothiermatfix (firanstance, a

roR et Bt e MRS S he, B o e Qs Shgtical
pk%@ﬁfe‘s SRwhashadry béhsitive it ﬁmolcﬁll e@l%fniﬁ@nt?’ Al ARRH/, kiR flePbrter

i ntegrative assaysz) Exanpl es of gands whi ch nmay
gtmlpd@n é@ peagensras glagion betiveen thepretdia: andmi m@alalun@lgg domain (for

i AP NPk e B A Cap R SRR RE R e

gﬁdﬂbtw @d)\}a%i'lt@ bAjugaes fo thee peoteinS/ids hRideiih&bnal  oup bound to a
illegal to use or possess, or which are highly

cysgjne Ghisd)on t@g\prqtgnr@mmam theuepgrtes gfaupys : attached to the protein so
P RSO 8be§n§e’ gﬁ% ypsgxe ind gxia%ggfegt‘?éde( e.g., TNT); food

COI’]t am n nt S carci nogens pl ant
t er at agens

i Bt PURANS pbihe iRyentob san b POBTRIOY Siishecifically

1r(t?od%cmg 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-
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10 toxic products of viruses, bacteria, or protozoa);
neurotransmtters (e.g., serotonin); nucleosides or
wookestirales (e.g., NAD, NADP, FAD); peptides BCT/US2003/032581
steroids (e.g., growth factoys, hornones, norphogenic
or devel opnental signals); and therapeutic drugs.
b r nt-al ).
S5, 150%, it a] AR ORem, B3 8a0 0l 1 SR ORURR Rl 1 Am. Chem

Sbarid8res 1446538,C1906; Masas ety Phe. Nat pAcddeScit OIS . A. 94:4366-4371,
bi ol ogi cal agents, contraband, 15 expl osives, poisons,

19978 Poshat gk, I 1@e€b¢mt%ﬁ9o}28§911|2§§? y 99pReraser.dnBiol chem.
S I v

238 SRIELIAS B R o O Bl 1001000 W8l et .
JsasChéheSam Y 196443- a450amgl9'pl anar (e.g., filter

menbr ane, glass slide, sem conductor chip);

cyI ' W§§dy§ %r I(g%ng may(b‘ét;ie%l'méd Rih theoéléﬁﬁlb& MQdhple is contacted

spherical (e.qg., Ccrosslinked polyner or glass bead
wath th@bmsaxsumiec appirapnete a(sey gonditmis| Ligand presértt én tHbOsample if

mJItl he trate be fabrjcate
aly iyeeopdt S ) bindBg g hiasason Jad e g ths sl tansduced by
ll%ilﬁﬁ@cqh'lﬁ%s@){sdr hr?thre%@ t F(Sr dBBn F)ﬁr&)%ses Pinfin@foRP Rot need to be
hot onet er spectrone I 'ndi v bi 0SEsor s may
qbantitadedebausen sampladbtednmammf Whether thdhgandasl presentadiabsent

(\%&;hlg%r% ﬁ ﬂlelgg)lgntgedor a{ga:{g;?f%r%ﬁ (%tafv\rwt\]xlflgﬁ,]h agrggwﬁs%n%g %%gr?eds of
cOitdl %Migl’es | Bndveif Glatfities &ﬂ%‘éhfi) rﬁaybbﬁﬂ:‘qﬁge&’fcp nﬂfate the

aut omat iuencer) 25 or séparated y ‘a sort
amonntrata:nn@nmndm offlegand lmatﬂeesampréh Givendbe valemeiof ylnm@mple the

each . bi osens e, used i n parall el anal Si s
SFRA §- TRSHE g e EoresP iR gfed Geamerconyetibl, A blank
sdHpikic ?hﬁlnmgoﬁc?P dSm EJ‘us@H ft(ﬁ 8&EMind b Q)d% @%nﬁg Standards may
specificities are used sanme ass y to
banstdapo cqosinict 4 sthedard Icunvp I(egl hmbtdlcansddhe qsantrtaitelunknown

Al terngtive attachin i fferent biosensors
sejuples 4 linghet BmeBeseornss B niHgSeEIUERg B geparation of
bbGRNMddf onIbuhb ¢ ﬁnd)'a %\@f&ieﬁdééﬁgraﬁﬁﬁﬁi 4 hé%brtdlg%eom! assay format
where the S|gnas are being produced. Signal's may be
nmytmemulmdtlé@bbtﬁnceswdach signifiaanthsisteyferawith gigmall transfhection and/or

bi osensors with t sane ECIfICI . for yedundant .
mRaSRERER e Bebiht e AT BlreS EERLAnsducrigh Pre PP GRS hot require the
aBdiflS R BESoticWeddin 46 rabs%??bf‘l&bdysmﬁﬂ by bé b@rffoﬁrﬂeﬁ with minimal

integrative assays. In"the latter, particular
samplctpmpateylopand ender pdnysmlmglc‘ahcﬁﬂﬂm/n@ Sﬁne'yenay even be performed in

003/ 032581 bIOS S are rre
pRal PRBIRERpT brochned Inh GRRRRGUIR el e Atfpatived.
bididdsof [reconfdRE Kith tRS&iy mra? Ia§§a9 GhtbrtitiNGIdid 6P ﬁé’?sﬁi?dtlon Lavage may
structure to the ligand W ll bind nore strongly to the
be vsgitvsamplesoncosal tisfiggnal s froma plurality of
bi osensors with overl appi ng, known |igand- binding
speciThe csample&am be obtatrediab éxbotatoryaciting (e e clinie ot rd¢sgaroh

the ana 5 The invention relates, jn further
mn}, an epvipangeatd sPUce (it 31 efwafers and gther éodles of water,
t
*@n Yt Eﬁﬁél%“g???% FRPACSANERA, Qi Folaf ibIRERRSolrle (e, the food,
bidpdiansmfrcemhqal &helmmal; ior otheembabfastetitg hglastrieg)r The ahalyte to be
util ] sare escrihed in the. specific .e that .
apapPbiradenicahip disdigaad coommsises 5t mofiin ?C%Pl?ﬁ%wl%%nd Shemically
PALED IR Hea A S e BBY hERindd if A28 FERARIED (e, 8
related chemical structure is more strongly or more weakly bound by the biosensor as
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10 used successfully in fiber-optic prototypes of a
gl ucose sensor). To the extent that specific

whe@gesdos s constructed in accordance with theP@resSm®n/032581

approach may be present in thle2 public domain (e.qg.,
may be disclosed in Marvin et "al., Proc. Natl. Acad.

c%%are@%tf‘&bﬂ%&ﬁ héél?d:} or ?zzoﬁlﬁiﬂaﬂoyth%reo?ﬁf & \thange in signal

77,627), such osensors are not wthin the scope
trefisdifteonpmay becorrelatedi ta tha chdrige Ge chaminalasmetirs sush thdtehe non-

ST e BERE MISY B o it sk Eeamplso
SRS B} POk o L D R 5t
bigactoei soliDhitd giseus cmhpounts whith@8HIMD1¢ ar abaqueses sample;

di peptjde, histjdine, ribose, sulfate, and
caﬁf@aw%?remgsﬂ?c{ sbstapges. (1. substanesprgnch geliegabiogsg or possess, or

B 20 LB 5 S B ICSDR 5 s
explogduest(s. gydiNeT); dodroedtantihantoarel yfprdduetsye @t, @areinogens, plant toxins,
expressi on, vectors

[ AED4, ing, . Functi I d 25
tesgtpgRnsy: tigtdss MgHH eps 0% Sa dishiont 54¢£>§§tfﬁ{ﬁl%ggwéf RiFreRiAkPis (e,
<R DRt B AOSRRIRTEbI Ry SRR (g ggrotonin
niNdédsidedoaduclé&atides USA, NAD, dROP GRADB); pkphides; oraterqilld (e.g., growth

vectqrs (Studier et al., th. Enzynol. 185:60-89, )
factays)) orr(\&EﬁFa@@mhogm eF Aeveiapmentag Seink atlﬁ? therapeptiefmigs. Objects
r ' d ] ' j st
(Y8} Sl 9906 ol ERARST Lo DR ARng BRELI Foflpoin
apd borderswaseaies argarxday be B@panpqaicfiod biokegi et qeems €ontraband,

dy-Ser-A@y-(Hs)" or Gy-Ser-(H s)n, where n=5, 6, or
RIS o0 P O] 3158 T55QSEHV ES IR SIANONN. ¢ andlom

stop codons (TAATGA) follow the |ast H s codon. )
Mal t e oBmase bigeensotssnay bagayalently andonsepelertlyeaitacherhio a solid or

I i.d rc2 Engl.and_Bi oL . E ] :

PRt PRk Th B by R R B ey Frangapess side
semichiductd?icllp); APBdASI(H80 o?tlcﬁﬁﬁbeﬂ/\ﬁaﬁt_ic 1A bphérical (e.g.,

pl asm d construction. Single am no acid substitutions
crosslinkgé pelyares @r plassbead)s or &yypied @s PCANtainER (s cesillsor(cMuetts,

[ 74:51:59. 1989) ... A | cl t.ati .
e EBRR  Hisc B e BRE B Facaief (BERNGS A S hicn
nithsié @i ﬁg}ﬁlﬁtrﬁﬁdu&éﬂ%g&w gé@n@ygﬂoat) (&g, hicrbfRdpél pHdbtdrvdier,

sequence was replaced by alanine to elimnate the

sprstromter). igdivitluzl diesensars mgy be godasi)yiayeatiaghed watker &.g., bar code,

thiegl (M]I l, ..Blol. . Ch 254; 7521- 7528
rao ool REFD, Fpionedy ) Bhieh e o aBctef P9 sl e . scamner
ofligted-davk pathehd, Fadid Reeibr, Spoeitc bihdifg PSebeld aufhdiél SQuencer)
the Kd to a concentration range conveni ently measured
op sgpagptetelyyl 2 sortegiin acgpedaney with theimnpikes Jibe sodeidgatifying each

re transfor into E. . coli rain BL21- DE r .
ofSiefigt PR SR PaBUR bl Sy ShieD) SRl il (8 ¥ Blatiey of
ligrHsf Muqiligi@ bidsérsemshvibredifferant Ngandsindmg fspedificifieddre 3¢éd in the

or 25C. pressi on was induced by the additiaon of )
s3rge pysay {4 detert gad/or quantitate multiple ligands at the same time. Alternatively,
attaching different biosensors at particular spots on the substrate may be used to identify
their ligand-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
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1-t hi ogal act opyranoside to 1 mM when the opti cal
density of the culture at 600 nm 15 reached 0.4. After
wQ2a40a/0361nour s, cells were harvested by centri f ROEUSIN3/032581
resuspended in 20 nM 3-nor pl(‘}?rl i nopr opanesul fonic acid
(MOPS), 100 mM Nadl, pH 6.9 d stored frozen or
o
bi %e?x? s an'&le?é%is% tfsl%v\?e @Eg‘& g Ua'hlal és]@c%:dgtﬁ:%g tﬁ%ﬁ. %{}eﬂytes that are
mpaesaa@@ telatedimitheir clEdnaa@lmrpcmsesmrtEe ligdnd. willgnd wad strongly to the
was treated by adding Polymn P to 0.33% (wyv),
cogratel hlwgnsozoslsﬁalﬁ Er@mr pplundlitypfbiosansers »ati eveflapping knewn ligand-

U W O 7

vt BB Rl oG B 6 Dcsphoa g ondpited ing he
alsoRe L¥EcrivRg Imﬁdaﬁ%m thehQa tiePddf huiﬁa@ﬁe d&t'aaibrwnt ﬁ‘)rfeﬂﬁnple

same contai ning 60 nmM i nm dazol e, the sane
Climiicd), indgstmnal) and etairohments seitinigg., qu'l@tlm unlmas aI@I dxsmbed in the

TR TLE el U e 1< Aescpiof Bt gf S tha can be

&Hrfblt Iptl¥l g%ﬁéos‘éls&?st)fso&@é& &§SGBP (W1s3er (%ﬂfgifédQB%chﬁn has been

| east ure this criterion
uﬁdcsumensfnkby]tmﬁbﬁrmgpn‘c pmtonypﬂsofwlacaw aénspBd
exhaustively agai nst buffer (20 nM MOPS, 100 nM Nad ,

PH 6T8 theoéxteHd thms Rz ¥MsendSHO comdtivatel in RédoBdahte Gith the present
desal ted by gel filtration to renove bound |igand. 30
2roRhopRbEPrEtat ugth@ ipublic doreqis (@8 neay e disctased th Mppps et al.,

t Lv.e h S I f

Pg& @‘aﬂ %@@gg& USé ego ﬁfeﬁely&lﬂfﬂs B ¥ 5847 such
bioeéiRaseirandtaitis ﬂfees‘&ﬁgé @fthﬁrbt&érﬁﬁhﬁ%inﬂbﬁ. N-(1- pyrene)

i odoacet am de (pyrene WO 2004/ 036176

PCT/ @&%Qg%é&%?siﬁ‘%e 1115Fnt10n can be described in greater detail in the non-

di met hyl - N-'(1 odoacetyl)-N -(7-nitrobenz=2-oxa-1, 3-di az
limiting Kt aneptlérhae fodldivani de ( NBD) ;

N-((2-(i odoacet oxy) et hyl)-N-net hyl )am no-7-nitrobenz-2

-oxa-1, 3-di azol e (NBDE); and

6- acryl oyl - 2- di et hyl am nonapht hal ene (acryl odan). The

styryl and naphthyl dyes JPWI039, JPW042, and

JPWI045 (Fig. 3) were synt@é@@é@ at the University of

5 Connecticut. Al fluorophore conjugation steps were

typically carried out at room tenperature. To protein
Expergmensalddgititsat i on of 100 M was added tris-(2-

car boxyet hyl ) phosphine HO to a five-fold nolar excess

t o r &hleswlarni/ening| RCRIIvas usédstiol aﬁripﬂiié‘y whildrtgipe gehes for bPBPs from

SRR VA OF £ 600 S LA O8 (e e fipenits. Hisigiges bose, sulfae,
a%dr"%lh{anﬂté/%gﬁﬁﬁetﬂl’)astfdlﬁ’ w148k ggelgpds@rang fif#amin@B¥) and strain RU1012

teln. nj ugation lo proc he dark at room
(plwn]pimt@BH) @r bOH. iflvennus strain RaM@edily BP).aAmglified products were

ration ratein from unrea | uar ophor e.
clge g%anfbﬂ}f) Ls’( RERLRE ERreson YRSQgs a&&% @%ng,p%epwnsﬁand
sE HAPLOGESRIY smdlDRa&id Blﬁéhﬁg ngﬁfn" LEPRID. Shesf! RiBsachusetts

attachnent was assessed eterm nation of unreacted
Inshitwe of i ¢dhnBlogyriP92), rp&l@%t% (Bilokina&, Halyc ArocBNetthésead. Sci. USA

44 0, 195 or b a in he rati
s BRT3% J6e O B Ebar St et e ol 1358866 1990)
(Novagen). N-terminal oligonucleotide primers were designed to clone only the processed
periplasmic form, deleting the signal sequence. The C-terminal primer was designed to

append the sequence Gly-Ser-Gly-(His), or Gly-Ser-(His),, where n=5, 6, or 10. Two
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15 spectra of the purified conjugate. Depletion of

sul fate and phosphate. Sol utions of sulfate BP and
w@bmspkate BP and their buffers were treated POI/US2003/032581

decrease the concentration of contam nating sulfate

and phosphate, respectively.14Sul fate BP buffer (20 nM

Tris-HCl, pH 8.0) was passed through the chloride
tahdemstop dodums TRXTGADIdlomothg llast HissdodonnYlaltoss,Bihatpsts were

resin. Sulfat P 20 sol utd.ons - by o
e (e A plhaP T S U E BRIt £ ol sins
X3 8P BEQStrata@dnkPhil DHBE (Hafatahsp MlCBlleibs: FTo3g0n 2983) were

BP sol utions and buffer (20 mM MOPS, 100 nM NaCl, pH

u§ddpr plesreiddepbtatcddn o¥inglh emprrataid Bybstithgions wareggenerated by

7- et hyl nosi ne taq nd i al [ :
ossprE A TEesSretid L ehrarth HsS-¥E PP A hnes and mutatons
werd SOHErMbAIbY aldleotiddstdueneing dinl the Sass @P arabines¢lBR] theisthgle cysteine
~tube (Brune et al., Biochem 33:8262-8271, 1994%,,25 -
irrtha ovildrtmpe sequance was aepl reedntadaniis 1@ ebigHpate thsgpagpipitypf reporter

SLM Am nco- Bo . i f i I o AM
PTG R SRS Mo fERLES L, AR0L ERER! 28] FoRp 157
AdaRisnagtheistfuetse ot BI(IIOBR s enitaaed onsublstitution df Gdu55fwith Asp to

and 8 nm respectively. Photo It%glier %%ﬁf .
et AR 4P 2 RARCCRERIANIPRARS COIREVERTY MERFuLidasiigd P atrate.

Protein concentrations were in the r,an%e of 50 to

1000 Prveindipesssiohollasmigs avefe ransiarmed dntgi- wak stagin 58-21HaE3,

foll ow i mat S :
sl A SBY R 517G CBeh ipal 1UEKSIR A0 116 hefillm and
gfdWn REReAR A 7NBBE2 549 & xprassid i Wad afiucéBby thetaddididd&dpropyl B-D-

470 nm JPWI045, 470 nm WO 2004/ 036176
1REIbERISR00BA0GRME30 1 MBI Whemihg ntieal deaminf bha@iliwge at 600 nm

affinity, .l igand was seriall t . :
rdpehedhalatr? RORnATS ST wBratin iR Sy ety ARbered n 20
nMtEeRsphoBfopresaeetnicCrid @OPS))S 0vaid N epH f60 and stored frozen

dilution of the protein and for background signal from
oblyised immpflipignigr pipteie puiBeationi t  t o bi ndi ng i sot her s

using equation 3 or 4, as appropriate. 5 Fe(lll) BP

has @rafeasoifantion Calssteantysédby suication ophy phssags depugh a

of 10"21 M ikari et al.,. J. .Bio}. e a1
Foenshassasesi ade 1ty whiithy sMEea iR o 0.33% (i), chiling
ohli&0foe 36 Bk ahbaGRetifupRa Iy hege REIS debrisaThé sipeyhagdnt was loaded on a

nanonol ar protein concentrations. Hence we use

d .
Nid{r¢haygedsotum of Chedaskg1SephapsqNipstdilow 4AmershamP harmacia

Critical..Stabjli S r ~ OLK:7 5 Th
o)) QuiphEs] vihikg T OE S s TN 183 iffizolfli s . The
CEmgﬂdl voama@k@s@tlrnsszrcsng bufse! thefi withalie sanRBRAsaining 160 mM imidazole,
wi de varying |igand-binding specificities was, . .
fliaees batithe @#m@wgthagg mMgHMaagl@nE'&Pﬁm RREINoMas e &ithyloading

i ififabol8X R irfFactifRé &fY AsSessed f
bﬁ?s&%%%%%?? M ifiiazo AR .%QF*AS‘) dpecificities and
plfityaby gelietdcasptwiesid @dieprppobtiimsveront ledseP5%rpepby thiveriterion.
grét%iarl[]éjosrltari]r?i\rgg frggt?onns%\t]e?é gi%iyezgcli %}?l‘ljaugtﬁvee ye erigeari]rss?lsauffer (20 mM MOPS,

100 mM NaCl, pH 6.9, or 20 mM NaH,PO,, 100 mM NaCl, pH 6.9) or desalted by gel

filtration to remove bound ligand.

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

iodoacetamidofluorescein (fluorescein); N-(1-pyrene) iodoacetamide (pyrene); N,N’-
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in Table 2). Three proteins bind nonosacchari des
(arabi nose, glucose and ribose BP), one binds di- and
wo ridasaiar i des of gl ucose (maltose BP), threerbind2003/032581
amno acids (glutamate/aspartate, histidine, and
gl utam ne BP), one binds di- 18nd tripeptides
(di peptide BP), two bind oxyani ons (phosphate and
dineltliydiNe (iBEYacetmeNOZ nificbdez- onetl A-dipgnl- ‘Kjds‘{thylpyedz@nlde (NBD);

NP o H oI BT R Ry arisp s 1R JB 2ok P ANBDE); and
6hekIGNR- dlﬁféfhy%ﬁmh@htmmrqmyledﬁﬁ ”Dlheﬂﬁﬁ ymbﬁkﬁﬁitﬁtﬁl@l anek

arsenat e but "'not ot her oxyanions (Luec %I ocho,
TRW60F% JBWAOA@,zanddBW@éé @Fig. Hhivere sgnthe%éqsl agthel migersity of

? HEASE. AT GRUAGHEaR GRSk %&%éylpggan@s%@%mtmom

tdmieediire (o BRtéis afdd c@ce/Pitionf 100 {Matvas hddedneds- (2 wi de
variety of di- and 25 tri e tides (Smth et al

capbexysBiybIPbesphine10kig 1 ryg@g)exce%tgsrﬁglé(@ 1pt|e§rgﬁlacular disulfide
bgﬁd%sﬁ%lg ke%@ﬂ&s?ﬂ%&r?ﬂﬁo?e !libl\}{oléimfl QAE&bAFrIRIoF dﬁﬁ(&h)ﬁ%biféfﬂd@

€ ran exception is
wiaPadded e emhlﬂl elidfiebts rra fred-folld Jnba exéess ewdripraemd Cbojugalon

pr(oggqszq%g g/lr} IFhre]zéilarkagt rggrljxttéargggptu?%g ﬁ]\i\fotgp,segre AR é]@%ali Zléélt See‘?)aration of
pljo?géh'fontglgrlrwt&pﬁ)u%r%%g*g Qaf gé[{lé@a (‘Bg%&ﬁﬁ%ﬁsédlaﬂyglsﬁ%b%lze-

erences and PBP structures
eygémwm clmnnhatloggqnhyj "Eilem;fﬁqgnqyrgfgemrt@ grqgma@mehwwas assessed by

ggggt%gle(l) and e@éh@?gﬁg Eggl}a%&rgg%en&{ rrgmc lA%F 10c e, Biophys.

4"443 45088 é@@y“m@ﬁﬁﬁné A2 rafl®8Lfludvbphe tcﬁprote'ﬁh from]eﬂﬁ&bance
di pepti’de BP Nickitenko et Dunten & Abouhanad et Guyer

spetralof the parified tO9B2A®OPE Mowbr ay, 1995 al ., 1991 1986;

Smth et 1DPP al., 1999 d u/ Asp BP Barash Hal pern,

1975Depﬂéhbm of sutfard @aiphodFitke. Selutibhy of3@IfBreud awd plzdsphate BP and

Br et al 97 .Sanders et al ’
B Sideated 40, I5995< 1 qupivafieh eﬁg@?aé?maﬁmg U] nd

e

thetchidride form of Dowex 1X2-100 strongly basic anion-exchange resin. Sulfate BP
solutions were treated by dialysis against treated buffer; Dowex resin held in a separate
dialysis tube was also included. Phosphate BP solutions and buffer (20 mM MOPS, 100
mM NaCl, pH 6.9) were depleted of phosphate by addition of 7-methylguanosine to 1 mM
and dialyzed against bacterial nucleoside phosphorylase (1 unit ml™) (Sigma-Aldrich)
partitioned in a separate dialysis tube (Brune et al., Biochem. 33:8262-8271, 1994).

Fluorimetry. All measurements were conducted with an SLM Aminco-Bowman
series 2 fluorimeter, with sample stirring at 25°C. Fluorescence emission spectra were
acquired with excitation and emission slit widths of 4 and 8 nm, respectively.
Photomultiplier tube potential was maintained between 400 and 800 volts. Protein
concentrations were in the range of 50 to 1000 nM. Fluorophore-specific excitation was at
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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1IHSL 1996 1983 nmaltose BP Sharff et al., Spurlino et

al., Duplay et al., Schwartz et al., 1992 |1 OW 1991,
wexooeobn7et 1984 1976 al., 1997 1ANF phosphat BCBBS2003/032581

Ledvina et al., Luecke & Magota et al., Medveczky &

1996 14 B Qui ocho, 1990 1984 R6senberg, 1969 11 XH

gI ut ne BP Hsiag. et al., Sun et al., 1998 Nohno et
a'g]%f‘ﬁéﬁuf%hgaalﬂ blndln&g@nﬁmam&ms soBdlyraded tq bmkef bPBP at a

&
C%P c&i}%&xbﬂ?g%(g‘t% %Fﬁ%d%g%’l egﬁlblgs iegc%rzied C%Igggnons were made
foudilution dErhafrotedn atdfo&bkﬂdgkaun@algﬁaﬂﬁ@ﬁbﬁﬁﬁr @m@fl% Q&REs were fit

. 1985 i ocho, 1988 He & Quiocho
t?%@%“ﬁf%‘g?ﬁ? upiten) $)ephsPoRPBEAe. 18 a: Protein
Dat acl‘B CéBermam et _al., 2000) Abouhamad et al. ,
Mol e Folis @ dissgeiahas camsimt for 97901;1) omdie dederi ofelt0?AM (Adhikari

L3 ) A AT 408, R R e

rEiatsmiem@:ntsBlfaﬁhy@ at A@ﬁcﬂncﬁ&ﬁsrﬂa@ﬁr é&n@er(tﬂa%ﬁé Heﬁb@(ﬁé'{ﬁ&i Fe(I1T)
279:651-664 (1998) Bruns et

céffate lgg%aﬁé)ré\égt(wrtg and §mith) Gy tical Spgulity Capsignss, Blenah Press, New

Wk 19575 1 (ﬁf )97) 10 Clark et al.
Bi ochem g%f/l 1&12132;14; 523,%%38 %s% Dunten & I\/bvvbray,

Protein Sci. 4:2327-2334 (1995) Duplay et al., J.

Bi ol . Chem 259:10606-10613 (1984) Goarke et al., J.
9 Chem 258:12952-12956 (1983) Cuyer et al., J.

]%S terl ol . 168:775-779 (1986) 15 He & Qui ocho, Pr otein

Sci. ,2: 164 -1647 1993 Hel | i nga & Evans, Eur.
Bi oc ﬂém' Y fzéloé%‘o g@%@ﬁven@%&@ wth widely varying |11gand binding

%Cﬂﬁcm@s%s?sg%c%g %‘or( &%ﬁ@rxﬂ@ﬁlgpéﬁgr f%n%noﬁﬁgl’e 23 Ah/b were from £.

coli except Fe(III) BP, Wthh is from Haemaophilus influenzae. Binding specificities and
affinities of these proteins for their respective ligands have been characterized (references
in Table 2). Three proteins bind monosaccharides (arabinose, glucose and ribose BP), one
binds di- and trisaccharides of glucose (maltose BP), three bind amino acids
(glutamate/aspartate, histidine, and glutamine BP), one binds di- and tripeptides (dipeptide
BP), two bind oxyanions (phosphate and sulfate BP), and one binds a metal ior£ (Fe(II)
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 a wide variety of di- and
tripeptides (Smith et al., Microbiology 145:2891-2901, 1999). Measured ligand
dissociation constants in these proteins are typically in the range of 0.1 to 1 pM. An
exception is Fe(IIT) BP, where the Kq for Fe(Il) . is estimated to be 10%' M in
competition assays with Fe(IIT) chelates (Adhikari et al., J. Biol. Chem. 270:25142-25149,
1995).



Joshi & Ames, GenBank Accessi on Nunmber U47027 (1996)

20 Ledvina et al., Proc. Natl. Acad. Sci. USA
wO32008/08676791 (1996) Luecke & Qui ocho, Nat ur ePCT/US2003/032581

347:402-406 (1990) Magota et al., J. Bacteriol.

157:909-917 (1984) Medveczky 1& Rosenberg, Bi ochim

Bi ophys. Acta 192:369-371 (1969) Mller et al., J.

Ball¢ 2. Rufesencesamd PRBSBigs for GPBP stpughimgs, gegesy i

J. Mol. Biol. 225:155-175 (1992) Nickitenko et al

Bi ocheni st r_y_zA_lmaﬂmmgélm ROWrisauspce| | ligand affinity
MBBBC. Gen. Gemseform205: 26dospéBrni1986) Pflugrath &

@QubmokedP Nat ure 314: 257Q@6ho@id85) SCupwestebalet dllark etal,
Structure 5:997-1015 (198%)19801&BE0dH87 & Vyas, Na$diMiller et
310: 381-386 (1984) Sanders et al., Infect. |nmgh,1983
GiDepble BPA52Nickil@B4yt  Schwitdneket al . ,Aligbhaserd eGen Guyer et al,
Genet . 208: @4 19P5PDRE1 9gVpwbiSErlopt ur el el994l ., J. 108 Smith et
Biol. 197:37-46 (1987) I¥fhwartz et al., Eur. Jal,1999
BlhgdkeB® 71:167-170 (1976) 35 Sharff et al., Barash Halpern,
Bi ochem stry 31:10657- 10663 (1992) Snmith et al .1975; Willis
M crobi ol ogy 145:2891-2901 (1999) Spurlino et dfurlongy1975
Be@l) BChem BRé6et5R02- 52B@ny &9b1p97 Suandars eilal,  J Adptri et al,,
Bi ol . 278:22@12P9V( 1998)MRPas et al .1998i ochemi stl9§>
BBcAE®P- 4768 (1994) 40Vissasalel9l . ScBlleshale  Anraku, 1968
242:1290- 1295 (1988) WeVymsetat 1984, | 188Th. Bi ochem

Bi ophys. 142:715-717 (18011 WIlis & Furlong, J.

Bistdine BRem 249: 6926- 697® ¢ 2074894 Wlpshi & Amesur | drigler g al.,
Bi ol . Chem 250:2574-25B5 1975) Yad&%t al ., 1983
Biaticdedh st r $hadB el 69- 47918l g0al), 45 Duplayrst fle of Schwartzetal,
el even prot ¢993940MR ect eth9 oQuibdhpst sti¥84y crystal 1976
structures have been sdl. V¥ 18Nk he cl osed,

lphepaiede BBunbedvinateeal( TablwcR)& | n t heMeagateest of, sulMegtveczky &
BP, the cry$%%I10® 2004Q@8617BPCT/ USBH03/ 03258 Rosanberg, 1969
structure of the E. collIXprotei n has not been

phyoriteBP sHsihdetal. of Sabunmnel,|189% yphYeme etahy  sulWeines etal,
BP was adopi®® IG&EGmodel IWPB® E. coli ¥80tein. Sull¥dte
BBodferRPM E. Bpklimaantl S. Moyphy dColem GroarkegH.i deWillsak

in anmi no acMbwbeguEN8e 9 2PRAce | i kEBY t o have Hrlghg, 974
simlar strddRBres, in analogy to histidine BP from

tshléseBP wo or gani sms  ( OhPlbtgrash &, J. Biladlinga & Jacobson &
Quiocho, 1985; Evans, 1985 Quiocho, 1988
He & Quiocho,

1993 1SBP
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5 Chem 269:4135-4143, 1994; Yao et al., Biochem stry
33:4769-4779, 1994). Structures have been solved for

wo b@4opams unl i ganded state for six of the el eveor/us2003/032581

proteins as well (Table 2). Struct ure-based design of

conf ormati onal coupling. Coupi8ing between |igand

bi ndi ng and a change in the fluorescent signal of a
a:chomreﬁmayBa@kt(Bew et alndd08hmental |y 10 sensitive

fl uorophore can be established if the |ocal
Abouvhanodrat at., Mblec heidrohiok 6p35-d04haIRYes as a result of
Atibikagtet aln JoBidl hehenn 20 2% 14M85 B9 (1648d conf or mat i onal
AGRROOE BidM\CheEZ4331 15156 20 4n9d3g di sti ngui shed to
B%Eﬁbﬂ Hsl eﬁlugtbcﬁtnn lBiBbHy%' Ab{anigaaesr18bql 9Byshi ps.

r‘ﬁ&ﬁ& >, 'MMP Ycﬂsz‘f%ﬂa&éngwé a non- bonded
'f“eht 85 51

§tﬁuc§ 10F%9
C@EFW@ § %Liui# r lies on

Dunten e Masdhray, él° e’é’oﬁﬂé‘r?ﬁéﬂr@ﬁ I n es such as the
Duplag st @ierJdBrde Ghe. %969@&'@‘&}3(&9?4’% bPBPs. Direct
Groarkagfenlr &IRiol. Ehsmi P38 B%52r18886 (198¢si gned by
Gugpgrl enel. Ny Bactegel. d6& 7knd¥h(1986f orm a | i gand cont act
Hei& Quiochy sPhreteeSEio2 Wi he4@9o93)uor ophore is attached
Helligpsl @sE@4dsCEur. AtBidefeENoS638Y3 (198d)rect |inkage
Hsiab 2} 510rJSM&SB@ﬁ@é@@zsaah@pig%ped in two ways. The nost
J& bs%tnr&“ 10dngr s BRY Ped.788l7885168k)vi sual i nspection

kgl aﬁme e%gao wepmqo@ﬁ 9'9 nti fying

of the

Lsfvam%g DI s‘utA%e e)l 980 i th the
Lpgaks ¢ Quige o Magp <9 be i nvoI ved in

Magatacsit dht & &Q‘éﬂerl%lhéﬁ %%9 9”1 9Bhe case of the bPBPs,
Medrerzky & R@gqnaerést@blm &dophyst petagd? RBedr (636% he
Milierent ablohlliel. Chefit258t 134651166 T (1088) | i gand bi ndi ng
Meivtbeay &h€olenlv ManBieht226f156HE5€1993gr i steric" sites
Nedkaogleset2h, Biqgherhisaanti1gsspoesdsaneas) on of the cl osed
NohRS 6t al TNRS&:, e @&Moeszégfzépqwm)ons which are
Pﬂﬁ thr@delchohﬁaiuw@mm 26t nggpPocket . The second

'r5§§7§bf 99 the protein structure
Q|u10 B?Q;EPJ o‘f\%{ur 3?8 away fromthe

nd the conjugated

n ol ves changes in the
he i mredi ate vicinity

to the
S?‘?

g S\IG ng ané g g??)%?)(a l??gland bi ndi ng.

Wpttlﬁee"é{’rhMQJr%@ .dP78dt40 @RE o en and cl osed states
Selrvearteres\ah, Eem &Bigchem. 30: 16311781 c" sites can be
Shzdﬁiﬁtiaf.jBid)chmhintgyélid%ﬁiut%dh%%)net hod that anal yzes
Strlith et glo¥larotadlogn a4 5. 28RO 1(VBSMi n et al ., Proc. Natl.
Sphartiflo efSdli, J. BioA Gknft 366548%32191Q99)) Al ternatively,
sg,pgtedlaljllq%; ibIC2H D BE2 en i dent ified in one

BE, al”E?cﬁJhé g; r3g 4\0@2% % 76 PCT/ US2003/ 032581
:;?g &taﬁugglgﬁ&z @ qggsg\f }TE‘ s can be invoked to

£

E R i e

Wihis &&yrlgng o?oé el“hlz ég Lites in each of

?

Yenet al, Sdegheaignieti Ot Ri(39%Wudy. The I ocations of

these sites in the eleven bPBPs are shown in 5 Figure
1.

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
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Tabl e 3. Fl uorophore conjugation sites steric design
steric design protein nutant categorya nethodb
w@rauBe17érut ant cat egorya mnet hod" arabi nose BRCDRSHG3/632581
3 histidine BP E167C p 1 F23C a 3 K229C p 1 K301C a 3
V163C p 1 L253C a 3 Y230C p 19 L298C a 3 F231C p 1

' ' 3 K394Cp 1 | tose BP
%I@xg@?élcl)gt%e %;) ﬁc?lég%?qn héQréSt gg:glaregqriqi@scptlr_g‘rc) Q@&g%oaelﬁ typhimurium

séffﬂi/@ AEISP ng@&@gé?dgognoo\é?&? Rod 5]%% a%%é'?e @gﬁé’%é% Goliand S.

tm@ggzwmar@&%%(iﬁ@t@al iR ARG ancﬂseﬁiﬁeﬁemna heEcellaae (gtlo?lé% highly

21C p
%‘ Ilsb’ld,}(cetbusg y)@l)gg)éy 68 Hls‘_cilagéggrogm Lt‘r}(ggég(p Brggnw@g @Op eQal J. Biol.

0%3226% 4‘{3 ?ﬁlgg‘s:elp%% f_&( étlal. )Blgaleﬁngls gﬁ’ f]]?)%( gg@ 39%4) Structures

haygbeengolveg fopthe ppen gihg@o@@ sBife TIrGR ef the ARB&prateins as well (Table
15C p 1 L236Ca 2 E93Cp 1 L265C a 2 E149C p 1
ulfate BP L65C p 1 H152C e 1 N7OCp 1 W83Ce 1

Q294%’tr%cl]itre Ib'?z&?z’%e.%gn ojR(:,I"o3n4f(%m%tu%nal coupling. Coupling between ligand
binding and a change in the fluorescent signal of a covalently attached, environmentally
sensitive fluorophore can be established if the local environment of the fluorophore
changes as a result of formation of the complex and a linked conformational change. Two
mechanisms can be distinguished to establish such structural linkage relationships. Direct
linkage involves formation of a non-bonded contact between the bound ligand and the
conjugated fluorophore. Indirect linkage involves changes in the local protein structure in
the immediate vicinity of the attached fluorophore, and relies on ligand-mediated

conformational changes such as the hinge-bending motion observed in the bPBPs.

Direct linkage relationships are readily designed by replacing a residue known to
form a ligand contact with a cysteine to which the fluorophore is attached (“endosteric”
attachment site). Indirect linkage relationships can be established in two ways. The most
straightforward method relies on visual inspection of the ligand complex structure, and
identifying residues that are located in the vicinity of the binding site, but do not interact
directly with the ligand, and that are likely to be involved in conformational changes. In
the case of the bPBPs, such are residues located at the perimeter of the inter-domain cleft
that forms the ligand binding site. The environment of these “peristeric” sites changes
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 ligand-binding pocket), and undergo a local conformational change in concert with
ligand binding. If the structures of both the open and closed states are known, then such
“allosteric” sites can be 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



D257C a 3 W90C p 1 V296C a 3 Y67Cp 1 a: a,
allosteric; e, endosteric; p, peristeric b: 1, visual

w0 pepesdiron of the closed structure; 2, identiPdT/ab1005032581

by aut omated conpari son of the open and cl osed
states; 3, structural honol ogy; 4, sequence honol ogy
Sequence- based desi gn of confornmational coupling. The

stmtmelrhonfoldsgSBi?guménts kamobminsekgdan wngf)ewhy%lt@(meéhﬁr bPBEs in

S L e e e e AR S M

1PN 125988 nlea‘gleby s&ﬁrﬂ%ie@ tl%de@igﬁ@ BE4Tl thidde classes of sites in each of the

characterization. To exploit "this reservoir of

repepterstised inghisserdyofks locasitina gf thespusies dstheslevspBPBPagrershown in

Fbe identified and their putative |Iigand-binding
WHECi1ficities nust be established. The identification
of bPBPs in mcrobial genones relies on finding amno
aci d sequence honol ogies to particular 5 clusters of

the bPBP famly (Tam & Saier, Mcrobiol. Rev.
Tapje % Fiomphore gigugption §iwsny. hi ndi ngcanthenbe

determ ned by di r gt exp@ﬁslgﬁpnt ation, or be | nfelstF%‘bI
eprotRit |y muignt | aigeey” r dpeiiogdonghpy e o p

arphipase BBn, 897Gy esfabl i shidhg gBisdineEH | n%%c d’t her

genes of k]ﬁ?é@n funétion (F3el | egrini et al roc.

Nat | Aca(ﬁ . UBA 96:4285- 4288, 1999\V1%
Subsequen%%%3 ites? WI t hi n X he honol og th)qyg2 der gd’
Ioc l90n ti on8l 10 change, and to ' reporter
Blons be aPft ached st }?% geentiféed. The
seI ectl ong) CS| teg for attachl ng report ef:-92 unctl Qns
relies on |l ogy to bPBF}s of known strugiggre. TP

i1l ustratepjpese ptincipl els a glutamate gqggt@ensorp was

construct gg s¢artigg fromgenoggeeapencedata only.

GI&p @epnomm@&c E. cgil K12 gontains the | egoscybeld a
encod| ng Mecoteip identified as a putatN2geCbPBP a

based on @N® aci g sequence honol ogy W tdiedd p
gl ut am ne Apst hi st kdi ne BRs (26% and 23% S3®quence p
identity; M306 and 43% sequence gusirgBP ar i NA60C p
respecti ve2g)C ( Bl apt ner et4 al ., Science F271QA453- 1474,
1997). Thes2asGi gnmpnt of 4YBEJ as an am k@lecid p
bi ndi ng prke68C n wa$ strengt hened by the grlézence of
conser ved QI236i duep found 40 be associateW2¥th P
bi ndi ng t d1BHe a- ami no and* a- car boxyl at e‘gﬁ%@ps ofP
Fe¢(HB BPi gandE203C al | BPBP amilho-aci d bi ndin t ei ns? of
known strde0%fe idéntified in BbosgdPl 20 1 3dple 4P o
addi tionalX$¥t eres® is the1 presence of aP&%ini né

residue i W2¥8EJ | ofated at! a position t LN the
gl9¢%5eB? ani n¥%ci d- bindi ng proteins intera irectjy
with the s chai B of th1 bound am no a
suggestin t YBBJ binds, an ar p%FﬁlCI d |ng a,

; 14 .
negat i vel yfi, (thar ged side chai n’ | “nal 1y,
| ocated a nt t(§ t hree tandem genes (gid Jode gltlg

gltL) postukated tq be invplved in the. pgy3c
gl ut anat e/(%%p@rtatg transpprt system (LURyzo@5 p

design .
method”

b b e b= = NN RN NN NN NN NDNNNNNDRNDNDNNNNDNDWRE =

Wal | ace, Rank Agcessn on Nunber U10981, Yé-ﬂ,95) p
RES el GORodes a gl utanate/aspartate
% ﬁ emrg Jch ﬁ 55%5 Etﬁlctu?éqgoiﬁén%ﬁbaﬁlon 8 SutBRhtk S pahison of the

oﬁéntaﬁﬁ cl& §ta{ege.3ngt¥§ f24] 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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froma structure-based sequence alignnent of YBEJ with
glutam ne BP and histidine BP (Figure 2). WO
wQ@o@4/08Q64 76 PCT/ US2003/ 032581 22 Table 4. Lipends2003/032581
interactions with residues in polar am no-acid binding
proteins [|igand gmup* sc sc23c aN aN aC sc sc aC aN
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with fundtions hatierhegPasigned by gespic sy hicghemalchatageripapen. To exploit

T8 I LS. oy SEER AT
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_car boxy tagenesi s and protein production Al the .
ingeiseadidl genermes iePEPen fiadieg pRINOHICY seaRipe hagologigsdp@grticular
el %tgr@o'f:‘th GPdp ﬁ{nﬂ?'(Th&f& %ﬁ%,@@icﬁm&nkgv.%ﬁﬂw 15’%} Ligand-
e °Peader peptide” sequence that directs expréssion
binting chh ehepekidpleaninedds dirdetrdxpériraentbyors onpaimiferond ¢ithet be

o By LR BB GE e e
ot %éﬁ@s ofNtfhwn fgg‘ﬁg’? Jﬁgﬁe ribf eA 8B AOR@I. A@&%@B?ih eﬂS% 96:4285-

protein was pr over - éxpr essi on of _
42830 ¢ 29Y eSutfsequenily sitésevithin ¢ lnsmleg that endergn locatdoofprmational

met hi oni ne_ . pl aced j.ust. before th terninus t .
clb'alngg, é’§a & wﬁ}ngtrgmﬁerm pi§ AR bE é’hf‘&lfpt @Pstgges}#?%ﬁ%d. ?ﬁe selection
of HRAYEHECIRALIBLAREr fuRctid8 relRERA hoRR&IgyRE bPBPYBE khdydstructure.

and structural studies of a small f- actin binding

domatRn | : .S, j .
Tochhofibstt ?@%‘gﬁ f ;}lhgélfilaoé{g%gé%%g%ng? déét[kséé’:n.gﬂf/%f;ﬁ?mng from
gEmmensetiuent8Baté ©nB89 Thd ga®)mg dov ag&i§ 12 eontamethe Bxcgs ybe encoding

(Bl at t ner, t al., .Sci 277:1453-1474, 1997 .
» prosdiatififies pistv il fessd 4 o il goftedpmotosy with
gffﬁ@a[ngﬁé()(n& ﬁi?st'i'ﬂiﬂéjﬁl’é)bégt‘ ﬁn&t?ﬁg%lgqlfeﬁé@%ﬂtﬁt?,t $1°RNAUBY% sequence

acil'e purification by imobilized neta affinity
sichiaots resgeayhly) (Blether dt aket Scdnce 237: 1&h-bikk, d§P7). Ahe assignment of

:177-184, 1987),. In all cases r t
vy a8 a8 amierdd pipineo@rces BRSPS AR gf conserved
rdsldugd foRhd 15bd £E6BAEAWIRDIndidH B beihind andas&eSoxylate groups of
estimated by gel electrophoresis corresponded to the

therliednd treall PRBR aminotdvid bingingpsesdins ohkinawn strupture identified in E. coli

B PLpT ARG (il Bt R fes & 4B RE s g YEET ocated o
pdi S thaPinQh&btRer dnvinb Galdlbin@XP pR1%EATinASadtireddly Wiktethe side chain

wld type protein. Al cystelne substitutions in .
ofithatbonud emBP aidy suggestingrthalt ¥RET bindhren apisn 2l bearing a negatively

kgr. d.ta. tr. i . f i
CRRGREERL I FuBOS B ) B854 BHRIRFIT GBI sepes stk
BB pokaddted B2 intSIVE) in the ghuitenatelaganhteftapbpdr) syBem @lim &

mut ati ons were constructed_in WO 200

4/ 036176
VeadirreSiobanb dgewsion 2aintics LHG98) . HEak)y eagReiing thatp)fpe/ encodes a
ggug%rﬁ%?/lﬁ%&saﬂé%tlé%y Riatile GRS eRfosteril]l dHerikRRBERed Were identified

from a structure-based sequence alignment of YBEJ with glutamine BP and histidine BP

(Figure 2).
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to the iron (Bruns et al., Nat. Struct. Biol.

4:919-924, 1997). It was found that the E57D nutation
woeakesd7e¢ he affinity of Fe(l11) BP for Fe(llIpct/usmm3/o32581

approxi mately 1x10-21 (Adhikari et al., J. Biol.

Chem 270:25142-25149, 1995) 2o approxi matel y 3x10"8,

5 assumng a stability constant for the 1:1 Fe(lll)

it & IS%MZLST%I&E&@QKH 1Qidras (H\@d’l&e‘irﬁ1n§ﬂac1§r51ﬁdln%r[o&eins

Crl tical ty Constant S, Pl enum Press ,
This permted o StT ght rwe det er ati
gﬁa‘j(%(qup) affini yby dir O‘I\?rat:tgn \;%\‘/lgthn‘g(lIO?J;1 oN
cTrate at nanonpl ar_conc tratlon f B
Si g#amineaBP ndict F&h bl | Lé@sesé[gﬂcef{él)' 14:3% III gklr?d Di57
b| ndi ng by the set of eleven 10 bPBPs, fluoresc
r pgidineBP gr dabs Wdtte B achd t992si RAT e 1dyEt dilg Mo isi
thiols engineered into sites that were predicted to
unigigrgon BP ndDg- dépenBint $6nf &2t Rghalllthadga) ElZJhtDI6]
thiol -reactive fluorophores were exam ned that were
chgBEN on tR2sbask8 o873 heSHensioBi vROYy TB7t A4t Ti4l DIg3
em ssion spectra-to changes in-envirorrert—ahd———
spanning a wide range of emnission and excitation
wavel engths (Fig. 3). The results for biosensor
copj h I tive of the invention
Jsé%%?d‘e%ﬁ s a%ﬁbr?c{é%gg % re

are presen fed™ i n eptors, 68 cysteine
mut ants, 320 fl uorophore conjugates). WO 2004/ 036176

T IGIE oy i el b BN Bl Bt

wefe é}b@dhﬁd\ﬂlf COHDONT. Mfludnzbb génoml@DB?VA hﬂng/IPCR the -leader peptide
(~ 7 (~1~0O0.rl t~1 00 PI.L V
sequr:nqe thatdircts gRprss F@IRD (e GeTIEIEN pias (S figh X eRmparkyon to the

g -l ok prof o ing Pese 6 b RPIOBY % kngulacer
séduendds (WorCHEiheONOOI. BOiIdRRS. Bt:4683-4690, 1986).Thé] prbtelri waSI produced

1 In In | I
b)\{/(oge?@ngeégigg rg)f)t _e_p?oc\élsqygq‘@@n v ge Ic\:lﬁrggl_a(sjwl V\N@Oano%itfl\lqﬁi%p wnq%onine
pfa@eci fﬁstI BfdeR the NltBrndifud &F the pfdckdled 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-
21a (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
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
background to prevent interference from this endogenous cysteine (Miller et al., J. Biol.

Chem. 254:7521-7528, 1979). In the case of Fe(IIT) BP, all mutations were constructed in
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wQO2004/088106 >+ O D 3 , pp~~ 3 U gq 3 p7 3 pp C PCI/US2003%032581

z wz z LbccasUU | mOlI~il CQi (N UCDO
viy C OOnp |Q W 2004/ @36176 PCT/ US2003/ 032581

251 VOO ~7NMVLI Oy NNOOOQOet NOONO v N
thoR5PADbackgromg 1 theicrystal spyg:tmq@f(}j e@ID\RP, thipglutamage isgrpordinated

to,%lge tron (léxtuns et' al.',\ll\Qt. Stru%p BujS:t. ﬂlé\l&efl, 1'399’). ﬁ:t &Qs Muﬁél t}Qt gioé’E57D
mutati.on weakens the affinity of Fe(III) BP for Fe(III) from approximately 1x10%
(Adhikari et al., J. Biol. Chem. 270:25142-25149, 1995) to approximately 3x10%,
assuming a stability constant for the 1:1 Fe(III) citrate complex of logK=10.25 (Martell &
Smith, Critical Stability Constants, Plenum Press, New York, 1977). This permitted
straightforward determination of Fe(IIl) affinity by direct titration with Fe(IlI) citrate at

nanomolar concentrations of Fe(III) 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).
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bPBPIlubrephoererconjugates werdrecorded in the absence and presence of saturating
ligand concentrations. Spectral changes were characterized by four parameters:
wavelength shift (the difference between the wavelengths of emission maximum in the
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 (Alqq), and standard ratiometric change (AR). Algq is defined as the normalized
intensity change relative to the average intensity, determined at the wavelength mid-point

between the two emission maxima:

N A EIHEM) O
| 1(A0)+ L(A)

where Asd = (Mmax, unbound T Amax, sarated)/2 and Iy, I, are the fluorescence intensities at Agq
of each spectrum respectively (Fig 4A). AR is defined in terms of two emission bands, A;

([7\,1, 7\,2]) and A2 ([7\,3, 7\‘4]) (Flg 4B)Z

A, “A
AR =[G - o= 2)
A2 A2

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 all
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,
and their values used for AR 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 limit (fraction of total: 1).

Analyte affinity measurements. 133 bPBP-fluorophore conjugates with Al > 0.1
were used to determine ligand binding affinity by fluorimetric titration (Table 5). The
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):



g

10

15

20

25

u9aONM[- COCO0ONOOMt~-1 OOOOOONOCO
OCl10 O dCcOOOCOOOOC... OO0OO0O0ON-0O
O Yb4dBdd&N "o o _ Q C 00 00 00 N. '~ 00 N 00 PcDUBL00D032581
MMOO QVlI VvVl MV1IV( VlIVlIM~DV) VI V1 MV1 V V1
to~NONVNNN-~O~-OCV)4 QN~-OMN_ x d NN
OO NOb E7 ut ut Mr N 0O C OO NOCNWV V VLI M
"CM vl v'f en V1'.O)fFV)‘£45@%O O Ino. O@%O
CC OUC~~yyC NOUNUNBI'~+1 NOJ RRQOpP

NOpudOOpVQ1l-. S-. Ql+L- Vice. s p~3p
\ghge% igflgoresggnce atdigandicorgeytrgiond S KJ is e dixspMatibz cansaant, and Fr,

l% Be the fluorescence intensities of the ligand-free and ligand-saturated states,
respectively. Examples of binding isotherms are shown in Figure 5 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):

app
R - prsRF + [S]RB (4)
K, +[s]
where R is ratio 4/4,, R, = “4/ “4,, R,=°4/°4,, and "*K 41s an apparent
dissociation constant;

0A2

appK —
d — w
4,

K, )

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
shift, Alwg, and ARy for all conjugates (n=320) are presented as histograms in Figure 6A.
The distribution of wavelength shifts was symmetrical about zero; 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(III) citrate to all Fe(III) BP
conjugates caused a decreased fluorescence emission. To examine whether this was due to
quenching by Fe(Ill) 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(IIT) BP. The decrease in fluorescence intensity observed in all
conjugates of Fe(IIl) 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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intenskti R IBes Fith i ificreasing magnitude of Alyq (Fig 6B). The ratiometric response

+ O

behaves similarly (Fig. 6C).

The two criteria of greatest utility for optical sensing are Algs and ARpmax. 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 Alyq >
0.25 and with AR,ax >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
collection of 320 conjugates, about 24% meet the criterion for Alyg and about 28% the

criterion for ARpax.
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t heluse®BR i zed i nten®#fy change ref&Pive to the 36
average intensity, determned at the wavel ength

m dbgeiBRt between t h@32wo emi ssi on0Odaixi ma: 10 Al s34 =
2(1 A) - I(~) (1) [I11(ASstd)+12(2scd) where (err)std
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|2 are the fluorescence intensities at (err)std of
eagnta%ggggpum respecthyely (Fig 4A)p24R i s definedsn
terms of two em ssion bands, Al ([ X, X21) and A2

([ 3 1: X4k (Fig 4B): OR =~ - Alj162) OA wA whegfe
Al},gﬁt ?1(%% the areas (|4'§4the absenceb'c%fé ligand, and A,

?gﬁﬁ}{?? apeas in the ppgsence of sabqrjati ng |igandsy A

& program was lsed to enunerate AR for all
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quantities reported here, are: step size (2 nm, step
wi aehiose BB nn), mi ni MRPi ntegrationOdBea limt 21
(fraction of total: 0.1), and maxi mum i ntegration
arBeg(Ill) BPt (fraction @R8total: 1). ARl yte affinitis
nmeasurenents. 133 bPBP-fl uorophore conjugates with
(eaggrégitel > 0.1 were0Qded to deterfi2Be |igand bi 3@0ng

atfinity by fluorinmetrictitration{Fable5—Fhe

Table 7. Signaling parameters by steric site

fraction fraction
site Alg¢>0.25 ARpmax>1.25 n
allosteric 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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i ntensi ometric observations were fit to a hyperbolic

bi nding isothermfor a two-st4éte nodel (Marvin et al.,

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

20%‘%1 864081 PG 993/193RR8hhofd F =K, , FF+[s1FR (3)
CKd_+ %] ' é}ée? engyls %Pﬁggesce#cg at 1igand

concentration [S], i,S_the dissogjation constant,

and FF, FB are the%?ﬁ%?lnescence iﬁjfléegr?giti es of the

ligand-free and |igand-saturated states
egb‘_(’—:ré’f’{‘?/rél y. ExanpPEs™3£ i ndi ngAslff@ﬁelh%Srrrs are shdwn

[ forglucose BP and 5 giutanate/ aspartat e
BPAC%darnati ometric oB8érvations, e8383 has to be 66
nodi fied to account for differentially weighted
coBRluordsctinons of the O0MB em ssion bédds (Lakow cz, 62
Principles of Fluorescence Spectroscopy, 2"d Ed.
KIng® Academ c Pressg.2Bew York, p.0808, 1999): 165 |
RB F (4) appKd As] where Ris ratio AL/A2 , RB = A/
- ARBDERF = Al/ Al, angogppKd is an gpparent 10 4
di ssoci ati on constant: appKd _ O0OAA2 Kd (5) 2 The
supgags of the fluoreggent biosensopisgesi gn strategy
was” eval uated by determ ning the probability of

en b ing an effecfiyely respondpng fluorescent;g
conj ugat’e, and assessing how t he |igand- bi ndi ng

affinitjes are affect by the fluo hore 15

coh]k\&égipg Assessrrents’g? Iigand-rredpgped changes i%7

flyarescence. Summari of wavel eng shift, DIst

angpo‘X% for all con§~§8at es (n:SZOb'ggre pr esent edggas

hi stogranms in Figure 6A. The distribution of

watgdresig h shifts wasO2fmetrical aBd8t zero; that3?ls,

t here—was no—overatt—tendency toward e ther btue- or

red- shifts. O the entire collection of conjugates,

20 130 show i ncreases and 190 show decreases in

f | uoMaseeppears wt wnstdrielatiparbebyerdisippalidk sypoessirata aodl the sequence-

this skewis due to the fipding that ition of .

r¢@€$ fqn}fs@ iOF Flyster (T&na%q Se%t@( Ml?r))glsL Re&oﬂf gﬁ%@ 48 1993 sqywhich a
f GRS R for WIS BEIAR e

R R Bt R P o R R AR are

afa®(roké BPCplucdt BP\aidosdBiR chntd phophptedBR ERabirf 6)0The forheBisee

and the effect on_em ssion intenmtgﬁéwas moni tored. |t
belaas o elnttet habat medydes ;Wm&laf)@lf?s‘% Regse@d pentoses, while

PRETAEAE EE ml lo) JRETERIS Biiprcn
foreifbrighiic BBlyaifioes. dihe seeffdds Imvidg the bsosnuecesstran siarg dipeptide BP

(agsstgrr ,%gptllcpe a?lldlnickel 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 Algq varied according to the environmental sensitivity of the fluorophore,

being highest with the styryl and naphthyl dyes JPW4039, JPW4042, and JPW4045.
Similarly, higher success rates for AR, were associated with JPW4045 and acrylodan
(Table 8).
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45 Principles of Fluorescence®®pectroscopy, 2"d Ed.

Kl uwe, r €SS, 1. (
or ob ssﬁ%g;?gfﬁoryf % nges I lﬁ?\é%g%%%% rﬁmme? 91%?%1;]«1?3 3 %efs diss Iaglatlon
cohithntg IQaeitrabtddafomitm sinding yurdecior each lvgalnh i$ flmv&aalmgle 9. Since

magni tude of Altd (Fig 6B). The rat i.C.response
thh ave@erémwnamwhr(@g@ betweyn h@ﬂ#rbém{%a thedntegactign of the

a%&%ﬁ%%r&ﬁphté xtvc F}fé epcgn%l' gl ﬂl%%gﬁxb&gls BkSect &l hlchatgd A htrinsic

oh of P conj ugat es was
lipahe dissdczidn lopnstha s Sheothasgeini affisiiyt epaftied by olxhbowpplaome is

t ffo then, f h cat tified
SRR Boerideal o HeObsioniP G PGy L3¢ vitiod D kit
wigE Féngg%i(aﬁ’ﬂnt?e@ (TA81€ 97 A% Ichange TRBHRSty Sddfthe s W (B IRIMK,), was

I ndication of the overall success rate for finding
qaam(md ias h lfynctise fofi httddhmenesitcetassifica swr(sndostaiv @ﬂgastee@, or
e 10 about

rrBRer e b FEr e S IR A SRR 0 oG K7€ neasured and

f6f WhRRh tRdib$kialiBh Edm3fmX of MOUREIABAIpfbtein is known (Table 2). The
PCT/ US2003/ 032581 46 Table 6. Signaling paraneters

rpgults |r¢V(§&lrt§}at|dh©ﬂE¢m01a$Sﬁ%l@ﬁ sitohaye differenh effenthem adingy 6Figi ).

bl BB G bafutic Heg Rl BB ifrbhes,an

i foerpllitd @idhker 0al0& dF. Hﬁhﬁﬁthe gshldltt{r;lm glo8Reric.add p@rlﬁérchﬁtachment
hi stidine BP 0.04 0,13 24 04 0.
TBRYS phKt salpes thatyase @ithgs hygher g{',]ppvgf g‘laglﬂ’l%Wé@ t)(pemyltg @erlsterlc sites

eggibﬁtg%etpggbegtf%q?é&é %lleffe_’iz“ &( *ﬂééréstﬁglyp ﬁ'lo%% Qp rtr(%est“emhshlgher
affynisyt tann dqeswﬂcbtyf;')e &owien K, ) b godaten Iprcﬂth‘t&)WSlVd?ﬁ'Oﬁﬁlon_]ugatlon at
a%sterlc 51tes ThlS rvgorroborates detailed studies in maltose BP in which affinity was
increased by manipulating the volume of residues in allosteric sites (Marvin & Hellinga,
Nat. Struct. Biol. 8:795-798, 2001). The differences in effects can be rationalized in terms
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).
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allosteric 0.28 0.32 110 peristeric 0.20 0.15 198
endosteric 0.50 0.50 12 aggregate 0.24 0.28 320 WO

waoeed/o8a6d 76 PCT/ US2003/ 032581 47 Table 8. SipoplUsmg3/032581

paranmeters by fluorophore fraction fraction
fl uorophore DI std>0.25 ARmax>b. 25 n Acryl odan 0. 21
0.38 66 Fluorescein 0.13 0.16 62 NBD 0.25 0.20 61

0. 5858 Rt iy YRR b R gl U0 O

Corr ol BEBEn bot ween L8g Frﬁges%@%é‘f‘ﬁ#g&gbinﬁ the”

sequence reI ated TamTly, or clI uster 'l; & Sal er,
M ¥iaBiBPeR BPRey. 57: 800i9a%, 1993) ¥ ich a
scaffol d bel ongs. The scaffol ds haV|n t he hlghest
sugloeess BRites for (eglpyesstd and Q-&4r¥ are

ar abi nose BP, gl ucose BP, ribose BP, and phosphate BP
(Tebdse B . The f or meribobe ee bel on§. 1t-®0890ust er 2, t Hht
i ncl udes binding proteins for hexoses and pentoses,
whilipeptiqeBB phat e BP,GlgHamg wi t h s0lobat &3BP, bel ong3l t o
cluster 6, that includes binding proteins for

[ nglhg@‘ﬁh@]gpol yani ongluta'ﬂﬁﬁescaffol od1havd ng t he | owsst
success rate were dipeptide BP (cluster 5, peptide

anﬂhsﬁalﬁgﬁlp bi ndi ng) wadithe cl ustgoe32(mol ar 4
am no-acid binding) 10 pr ot ei ns gl utam ne BP,

ofég'{/gapﬁ pBP, and Ggltﬁ{% ¢ BP. Ampng ot heghhree cl asges

ment sites e endosterlc and all osteric

ilrf’li(}e‘?sgsPF%V p @ hi ghephospﬁlﬂge of msgb;;@g]]tzhe t hr eshol 4

an peris C Sites (Table Success
rat terms of Al vari ed accordi to the
ent %ﬁﬁgnt al sen3|trs’\1/1?at§/ of the f {Jég'r%%hore, bei fig
hi ghest with the styryl and napht hy| 9 es JPWI039,
Jrinatigse BB JpwWi045makieses; i | ar| é%er success ©
rates for ARmax were associ ated W|th JPWI045 and

acF¢(IBHBR ( Tabl e By(IIDiirae04/ 036966 -REP/ US2003/ 030881
48

19

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 pM (F23C), 3.2 uM
(L253C), 3.4 uM (D257C), 7.6 uM (L298C), and 1.6 uM (K301C). Thus the cysteine
substitutions slightly perturbed affinity for arabinose (K4 of C64A mutant ~ 2.2 puM). The
largest dependence on the attached fluorophore was found for the L253C mutant, for '
which Kq values ranged from 0.7 pM (acrylodan) to 775 pM (NBD). Similarly, the K394C
mutant of dipeptide BP has afﬁnities for Gly-Leu dipeptide ranging from 6 nM (NBD) to
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
(TPW4045).
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Assessnment of changes in |ligand-binding affinities.
The range of dissociation constants, Kd, extracted
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I

oSPRIR shd Bttt will30- PP KPR for el ite
a{p%'taggme?})ther Rirer aopdsemd sagdradidnen elicit ligandesedated cbart%s in
tends to perturb affinity the greatest, and wuniforny
PBreﬁ"?eé‘ﬁ"er val ues of Kd than the wild type. Allosteric
and peristeric attachnent results in Kd val ues that
are either higher or lower than the wild type, wth
peristeric sites 15 exhibiting the greatest variation
i nTelﬂe é@tEmdlmgtsmcefé@tmdwfﬁmfy mhn@t@nté @ﬁ Blylgeanaéé/ agfjaftgte BP
hl 9||C| afflllll.y l.llall l.llc VV||u Lypc \IUWUI Y\U), d
greater proportion derives from conj KgatNpn at
allosteric sites. Thi
| Nmigdnt 0Se Bidordphvkd ch afihi nity wasp increaised by  Asn

manl pulating the volunme of residues in allosteric

I\/arw &eddeld 1 ng@,75 Nat. Syrguct. Biof
3 75 8 9 96
?gg ZP(T)% y nhe differences in effects can be
?. IlzedAploiagmsZO fth.eIF l'i hood that a

| ar con ugaevvll sterically interfere either

y Wt | i gand bi ng (e teric sites, and
ristertd® %‘?g‘lnes) 12& by i nf nci ng the

| nt rinsic i brium between the gpen and cl osed
st gtl%éc(al I o:%t’%ﬁ“p@ Si te3903per| st e1r4’92 sites). WD

2004/ 036176 PCT/ US2003/ 032581 49 Table 9. Range of

|'i da2RCaf fini tNBB in bPBPI?| uor e9t conj ddgdt es bPBP4
i gand range of Kd(ttM n arabinose BP arabi nose 0.46
- T1%9Q9 gl IRW4E3BP gl 0683e 0.19.035318000 25 ri bose
BP ribose 0.1 - 2090 14 dipeptide BP dy-Leu 0.006 -
93F231C gl ut adPwaOBP gl utdali ne 0.01-1.4 8 histidine BP
histidine 0.06-2.37 4 du/Asp BP glutamate 0.019 -
170009c phosphagp BP phagphate 0.988-1.2 12 sulfate
BP sulfate 0.32 - 29 8

A210C JPW4042 0.10

Bioinformatics makes possible the discovery of new biochemical applications
without direct experimentation. In the case of biosensors, individual bacterial genomes
may encode scores of bPBPs that bind specific molecules to initiate transport or signal
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
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site, but also by the nature of the attached
fluorophore, as illustrated f9r arabinose BP.
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BPro2AY 4R (MatABR A %OO Wﬁgﬂ 318%%@ Mcta(ﬁ%%%%ml&g) or 31 kDa

2004/ 036176 PCT/ US 032581 Construction
(Wole& birbwgnk &iolChey. Wﬁ%%nf%h&tﬂ@ﬁs thEanass of 32.5 kDa
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gl utamat e/ aspartate using histidine ut am ne
pPRPSUsy (Bmsls&rld@ipcme&qcbmg lﬁldfd'lylsoﬁetal?’éﬁﬁ 68dr801 1996t Willis &

FRTRESL 0 PRS2 S50, By i B o PGS e gene

seglisticamitle seél dedstaisidat GkelgRe MRt FRAYES ih IE‘malysm of ?rotem
fluorescence, Several sites yielded good or excel

agighydralvastes fikallyr thegepasted fuiveluse ﬁsréghstﬁmmdpé ), salspmﬁite (1.2
I f. t t.at
b2k AiEas' B RODREY B 2PETI forl MraliOlhngdRpRLAL FNiNe &

FLg‘IdmgaInBiel @heim. 230267292580, 19AShere safilfdoakédsdHetidined here, and
sugar I|gand nmedi at ed changes in 10

I t
coigitIa e 0 236 Tupresoein Bppiee e 0 Honge i Lkl cncodes
DY b BB Rl Wb SLESPar Lat e BP KO(1

t ant or ophor CﬂZSC Fl uor escein
0.75 4 F126 82. 11
0 T R R SR R et s
chaligte . skl Dieddity, kBe datidmitric change, and the operating concentration range
over which the sensor can respond accurately. Of the two observable parameters,
ratiometric change is preferable to absolute intensities, since it is independent of probe

concentration,

Although usable conjugates can be defined as having Alyg > 0.25 and ARy >
1.25, “excellent” sensors can be defined as having Algq > 0.9 and ARyax > 2.5. The
magnitudes of the changes in the excellent sensors are likely to be sufficiently large to
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
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a;g_ taﬁgt’?gl‘% ﬁielﬁ_!%atl %rfgétp{?:ogg Ia’rl?la\ljl%lll%&%?/ ts(’) ceﬁ%t}:H%t gl? gpp]fgpr_la 68 ansor.
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o5 g BB PRSI RSO IRl s e
n@inil 2arge ©f glicBseMoncasiadon at alufthuthaniprunas 4eld mdb(Bures &
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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
(Taylor et al., Molec. Biol. Med. 8:101-116, 1991). The best signaling histidine BP
conjugate, V163C-JPW4042, has a K4 of 0.25 uM, below the normal range in serum of

about 48 to 125 pM. However, with sample dilution this conjugate could function
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Pennsyl vani a, 1994). The acryl odan conjugate of the
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TP bRk BSR0GE hRSvages PAPAG, e B B 508 P s o
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physi ol ogi cal range by rationmetry (Figure 8
meggur ¢fhynbase BR/congljgatesiTHG SCreryledandKetrd. 4 mM, AR = 6.3 ) and

A234C-JPW4045 (K4 ~ 3.8 uM, ARpmax = 4.1). Ratiometric sensing of ribose using a single
ribose BP derivative is illustrated by the T135C-acrylodan conjugate (Fig. 8B). By varying



paraneters, the observation window is easily extended
from5.0 to 17.4 mM allowng all <clinically rel evant
w0 2003083617® be observed wi th one sensor (Fi gur eP@BYS2003/032581
O her sensors for clinical chemstry. Amno acids are
al so commonly assayed in clim4cal tests as indicators
of, di sease states. Histidine is an indicator of
fnissip yaxelgagth bredrop theaugrasmyhaerratie (eafs. 4, SMHeSK sBorafibose can be

: - ok ) t oS i hi stidine BP. .
e L R o DL A S S e Prin
Wwiter morffabndeande Si PP AEHMHOL ffect¥oin Beydstrek8%1idh Levels of Sulfute

ver, VI)M th sar%lae di lution this conjugate could
frdetkign ST 200 4r %3 e eiBvinkspe Yane3pggirousBWater, 1999), and can

t%fud;ngéfg%de’ §r gulgds%tg Vh\g;cggfgl ét%?(ﬁ?ﬁﬁ%c?yﬁg{a%?@g({gw 2:}1{?% =b¥ .3). High

ddabéntragans dshossiatdisrt enBtd¥mentillf Wetel@idus 2 buf ¥t monitored
Fe(ll1) BP with the E57D nutation. The

YsugrRiosRhat BB coniastab 2aapted gbaredanelinitrd spplmatians. dronum

rafi : . 220 urti.s & Ashwood, .
O S prBary P ah Al Mkl O 1 ARechfRR @, rom as
Shirnitieg Sadlar: in Rimbradeloginaity Bed Beogeyencal LORY in hBSea.
i st-iu%} d %%%gensor IS g;utanate/aspartate BP _
ﬁﬁ%‘@- b r‘&PB d, 6+ OB FasT3d, Rignumdlyess) Now YamlawAvailable ferric
i8n &: I Neid ; ' rebr i nal .
1 £t be EretRe Bl oo TRAT U RO SLREISE O3 Bipgpre
B283@kaccodans(Kaor 18l plvianhe 0i43. 120 to 360 M
consi derably higher than the Kd (- 1.4 M of the
best - si gnal i ng gl utani ne BP cgnjuggte,
Y163C- acryl odan. This bi osensor 10 can be used for
such a purpose by nmutagenesis to adjust the Kd, or by
sanpgﬁ ﬂ%}utionh Phosphat e concentrations in serum
and dfl fReumeatsqited aboye aje herplx weerpoRtedingheir ewtiretydly.reference.
ANB indorptd heit i yer.al ini
s prpPtt b B e (e b re Y ER e BB sapipipine
bgebctrompseasrs and). § heppin Kio. ala2028ar(putslished £93S @10 29622)

[ nQr gani [ erumis typically 1 to 3

a%/?’t‘g%ﬁ’gﬁ‘s&“f@ K@H&i@@%ﬁ@z‘%ﬁ@r@%}ﬁ%%?)of dinical 15
Chem stry, 2"d Ed. WB. Saunders Co., Phil adel phi a,
Pennsyl vani a 1994), requiring adjustnment of the Kd or
sanple dilution for accurate nmeasurenents with these
sensors. Maltose concentration is relevant to a
deficiency in acid nmaltase, with the normal plasma
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I ndustrial and environnental applications. bPBP

conj ugates can function as sensors for industrial and
envi ronment al anal ytes. Arabinose is relevant to
improving the 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
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T135C acr yrﬁgig)rﬁ ﬁg%rﬁf uwél Z“?%“?‘%“gés 4 M#@%{/ %ﬁ@?ﬁlgﬁ ffting protein
(PPIBR) whieh TENPERItOS20I03ING P& 8ih and 4t leastowe oepontay glogp gtthched at

band nthe f re C e

i Pt b BORSHF RECulTh e Binie oonid P & tsanc-
%(p@dl&%ﬂs&idg)los%ﬁéor catdel @tcﬁar{-‘g@riﬁf §1%§1£1§HF§' BNsaid fétporter group; with

dr| % wat er are of concern

thy prowise Ut @ biasRRses GPrpH BNgH g}mcg@\}cen@nguprownf(%@) isi limited to

AT ey il b 0 o

tiPgoop cogitiag BT 34 G3ac4y hapless. (Kd - 4 gM ORmax = 2. 3).

Hi gh concentrations of phosphate are environnmental ly

del eterious, and could be nonitored wusing phosphate

BP conj ugates, as noted above for clinical

22PP! IR biABSsor hERRding RNQ&RE | ‘S\Ifﬁe?él? shilibPBPAG 'sé[@ét%%from the group
productivity in certain regi’ons of the oceans

chnsstingf agablriost bind ghaeteor (ABP)Pribasabjndirgphocd (RBE/) dqxdptlde

0, S St e B L o o
gitahiteRbirfafy ‘tﬁh(ﬁrcljg Fﬂﬁ‘elﬁ EEBP? Ipﬂ@s%ﬁﬁt@‘bﬂﬁﬁnglﬁﬂown fPBP) sulfate

bi osensor derive rom P, such as conjugdte

bmmfamw(ﬁﬁiﬁnar(d@(m)mlwromlm (:FdBPZ}) Al'l docunents

cited above are hereby incorporated in their entirety

by reference. 15 Also incorporated by reference for

their disclosure of electronic devices containing

3bi oelTae bicgensor acdsdifigtoddlgimJl & 2 Aptidréin sdv@ bPBY ig BQmﬁb&d of one or

(published as US 2003/ 0129622) and Int'l Appl

oL MUEHIPNS atoarepsitign( Q) ayhgper sudyieposng Eoeuy leset;wqyalently linked.

PCT/ US2003/ 032581 55 WE CLAIM 1. A biosensor for

i gand, which conprises a bacterial periplasmc

bi nding protein (bPBP) which is not maltose binding

4pr ot gha baxsensat adcoating wneaimepor 2, evhegasm sqid altgami:-h'&ﬂir@tpocket is
e.or re specific positio ald b wher ei n

CHPRRFH TGN SEETa PHEHRT HSS 24 SO0 AP 1BOBKEDPEPPBP

sai d bi osensor causes a change in signaling by said

reporter group; with the proviso that a biosensor

conprising a glucose binding protein (GBP) is limted

5to dhe hisensgr aacordingsto any@ne epelptnnbr4gwvberpinasaidoiepomser group is

5 ROB 5P o8l S SE o B B

pésikeprding to claiml, mhereln said bPBP is selected
fromthe group

6. The biosensor according to any one of claims 1-4, wherein said reporter group is

attached to said bPBP at one or more positions proximal to said ligand-binding pocket.



consi sting of arabinose binding protein (ABP), ribose
bi nding protein (RBP), dipeptide binding protein

w@ BBRp361gé ut am ne bi ndi ng protein (QBP), histiPBETES2003/032581
bi ndi ng protein (HBP), gl utanmate/aspartate binding
protein (EBP), phosphate bindfng protein (PBP),

sulfate . binding protein (SBP), .an e(411.) bi.ndi .
7pr ot ERDIPRSIER) %c%sr.dmﬂqte Ll %&%ﬂ@%?'_“ﬁglegr‘%l?eﬁ‘a&ﬁ%‘d? Phfer group s
Raledtly WS At SR & REBRpéFfiCHsmMIdnsodsad bpBe. or  nore

nmut ations at a p03|t|onFs) ere said reporting group

is not covalently linked. 4. The biosensor according

to claim1l or 2, wherein said |igand-binding pocket is

conpkj sed of one of npre e _ ' i ;
8oloesrrh% R cho@qut_otasr}ﬁg)]f{ %S’gg&%% ﬁ&‘hdvéﬁ%}e%sséﬁs oé er group 15
néEo0s1ehtdattaRhé& M dMeer afor€bptifie pbsifionswbitsaed bPERI d

reporter group is attached to said bPBP at one or

nore positions at a distance fromsaid |igand-binding
pocket. 6. The bi osensor according to any one of

cl ai 7 Fne R fhy " - bi3in sald REGES group is a
9t o s ATt LR B dhy oRPRE LRI aL 8 Rhérein B RENES e
rédog@bfictoirndi ng pocket. WD 2004/ 036176

PCT/ US2003/ 032581 56 7. The bi osensor according to

any one of clains 1-6, wherein said reporter group is
covalently attached at one or nore specific positions

187 sahdpRRERor Secofdif R SSME OF clRREPT-T] Wlefelh aithrepoerafroup is a
clains 1-6, wherein Said reporter group is
flnoropbe@l ent |y attached at one or nore specific

positions of said bPBP. 9. The biosensor according to

any one of clainms 1-8, wherein said reporter group is

a redox cofactor. 10. The biosensor according to any

19ne  ghhe GlAEMDr dcchrdindier ethim BRiwherapsait biosgusotpstasdaad intensity
fl uorophore. 11. The_ bi osensor cc%r%ing to cl ai m 10,
chngedAhasunan Bndias Ak bgand 18 gRAGRIEN UPensi ty  change

(ALtd) upon binding of ligand is greater than 0.25.

12. The bi osensor according to claim11l, wherein said

ALtd is greater than 0.9. 13. The biosensor according

120 CIThiethickOnsonkesceding sacldinbi hodreson said ddxd irgreaiaathpa GbF.
standard rationetric change (ARmax) upon bindi ng of

ligand is greater than 1,25. 14. The bi osensor

according to claim 13, wherein said AR, ,,ax is greater
1Bhan heBiostRsor Ackir@ing S Blaint 00, Wihegéin daid i sefisoc's raxises value of
a bacterial periplasmec binqu% protein (bPBP) and ;u
standst] retiemetepohange (§Reupupan bindiag ofliswdds greatgh than 1.25.
specific positions of said bPBP which are episteric

or endosteric sites. 16. Use of a biosensor according

to any one of clainms 1-15 to assay for ligand. WO
R004/10361d@nREREL NN 36 OI3RH 8, witeFein said ARmay is greater than 2.5.

15. A biosensor for ligand, which comprises a bacterial periplasmic binding protein
(bPBP) and at least one reporter group attached at one or more specific positions of said

bPBP which are episteric or endosteric sites.

16.  Use of a biosensor according to any one of claims 1-15 to assay for ligand.



17. A nmethod of detecting presence or absence of

ligand in a sanple, which conprises: contacting a
whr@smsaos according to any one of clains 1-15r@i/Uk2003/032581

said sanpl e under conditions such that said biosensor

is able to bind to ligand present in said sanple;

conparing the signal transduced by said reporter group

when sai d biosensor is contacted with said sanple with

the signal (s) transduced by said reporter group when

12ai d Abinethed eHdeteitBigpoeseact @chbeérich oﬁtigarelaista semplec phiahadomprises:

| t Kk [ d; d
coHdrai T e dese Anppremaaits Tor B AP nger
cSRITROR sLEPHab &idlbio SRS is 28R to bhd t@l@ﬁﬁ({"ﬁ’r@séﬁﬁ 1n said sample;

quant itati ng anount or concentration of in a
celammmg thedsigodl transdused by said cepvrtes giovg vehemsai éms@nsor is contacted

e g S Sl wiis Al oY R B BRI iosensor

ifddnthcted WikiD@ANEhsPHRS&Mtrol fnfé BoriARRIg: kno%f’f}m@mltl?g)fﬂ@@nd and
signal transduced by said reporter group when said

dptierrsimingothe peesensatos sbssace ofi lidand i sid sanple fragesaid gomparison.
signal s transduced by a series of control sanples

contai ning known quantities of |igand; and

calculating the quantity of ligand in said sanple from
18ai d A metipdiof goantitatidg aMooet dradnodntmssayf gpntlan alsampledwhich

in a sanple, mhlch conprises: (a) contactin . )
CRHBE E¥S HANIAHAE A DINSENSSF AcEOpdiRg £ 7 |°r18é>f.CE*f 13 Withgichgpmple

uﬂﬁé}tc%h{i‘i d;()}?sp &R that84ld BlostRBF1s a‘Bﬂ;'etorb@IRptrotl@'anQ E)%d@ﬂt in said sample;
attached at one or nore specific positions of said
compitingnht kigaali tcansdurpd by sal eemirter grormqj|wf@ncsa1dsba<ps¢n$qrgamtacted

.na.jli an d- bi ndi.n ock f, said bjos nsor
NSk TGP Db orTIEs SR e Containing
k&&= 'dﬁérﬁgle@of ﬁédn@”@rﬁrda%u%ﬁggﬁe ARty &ﬂlg‘ﬁﬂ&lrﬁéaﬁl@ #mple from said
transduced by Said reporter = group; "and (c) at |east
comparigonng or quantitating ligand present in said

sanple. 20. The nethod of any one of clains 17-19,

wherein said sanple is conprised of a physiol ogical

fluid. WD 2004/ 036176 PCT/ US2003/ 032581 58 21. The

19€t h@dn@fhoﬁ'oﬁhfﬁhﬁﬁ%] forhiragd i $edntblphylsitiobegpriss: f 1 ui d

is selected fromt group consi sting of bl ood,

(.4.1)nt elcahidabtiid a tﬁlbéé'ngor dofHRAG&I o RRIrfaPpériflasnit Bﬁﬁlﬂlg protein (bPBP)
saliva, serum and wurine. 22. The nethod of any one

and acleast wge flepoter grokpatedchedati e samerespesifispopisions af wid bPBP

8 R R oo 300050 6 b

baﬁ.émuﬁau:s@mm §1d/\43%r€dlhnglb9 ssidlrefdreer geaupbohydr at es,
contraband or controlled substances, enV|ronnentaI

@Ol | WARirthg ﬁéﬂbﬂ@ﬂrﬁé%ﬁanﬁe‘{@@() ?&Wh@@i‘gﬁﬁrﬁa?nscﬁﬁgd by said reporter
yproducts I'i'pids, metal 10ons, mcrobial toxins,

gnaup; end ansmi tters, nucl eosi des or nucl eoti des,
pepti des, steroids, and therapeutic drugs.
(c) at least detecting or quantitating ligand present in said sample.

20.  The method of any one of claims 17-19, wherein said sample is comprised of a

physiological fluid.



23. A nethod of constructing a biosensor, which
conprises: (a) selecting a first bacterial periplasmc
whbediong7@r ot ei n (bPBP) of known anmino acid spOQDERme3/032581
wherein said first pPBP' s three-di nensional structure
has not been solved; (b) nodedg ng said first bPBP s
t hree-di mensi onal structure on a three-di nensi onal
2%t r udhel mthmﬁiafhlaha§0bwharehrﬂaide1dlyﬁmﬂog;caé doshid selegrd fipo) the

alignin ast.one.all.ost endost eri or ..
sfpuipropasting of bf i aSi G G0Rb Yo BB PURIT. By sy gerum, and
uRHt ative positions at which 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 positions of said first bPBP to forma

gﬂ: g g @e% gﬁg éne of;i cld Sntnsglpnlgnv{}gre\m ?&15] ?z{mﬁl@iiéjsuspected 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.

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

(@) selecting a first bacterial periplasmic binding protein (bPBP) of known amino acid

sequence, wherein said first pPBP's three-dimensional structure has not been solved,

(b) modeling said first bPBP's three-dimensional structure on a three-dimensional

structure which has been solved for a second bPBP;

(©) aligning at least one allosteric, endosteric, or peristeric site of said second bPBP
with one or more putative positions at which reporter groups are to be attached to said first

bPBP; and

d) attaching at least one reporter group at one or more of said putative positions of
said first bPBP to form a putative biosensor and determining whether said putative

biosensor is functional.



