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Abstract: We recently introduced a method (Griffin, B. A.; Adams, S. R.; Tsien, R. Y. Science 1998, 281,
269—272 and Griffin, B. A.; Adams, S. R.; Jones, J.; Tsien, R. Y. Methods Enzymol. 2000, 327, 565—578)
for site-specific fluorescent labeling of recombinant proteins in living cells. The sequence Cys-Cys-Xaa-
Xaa-Cys-Cys, where Xaa is an noncysteine amino acid, is genetically fused to or inserted within the protein,
where it can be specifically recognized by a membrane-permeant fluorescein derivative with two As(lIl)
substituents, FIAsH, which fluoresces only after the arsenics bind to the cysteine thiols. We now report
kinetics and dissociation constants (~10-1! M) for FIAsH binding to model tetracysteine peptides. Affinities
in vitro and detection limits in living cells are optimized with Xaa-Xaa = Pro-Gly, suggesting that the preferred
peptide conformation is a hairpin rather than the previously proposed o-helix. Many analogues of FIASH
have been synthesized, including ReAsH, a resorufin derivative excitable at 590 nm and fluorescing in the
red. Analogous biarsenicals enable affinity chromatography, fluorescence anisotropy measurements, and
electron-microscopic localization of tetracysteine-tagged proteins.

Introduction

Modification of proteins with reporter probes has permitted
a great many in vitro biophysical and biochemical studies of
protein structure, dynamics, enzyme activity, and protein
protein interaction$-> However, studies with labeled proteins
inside living cells have been more difficult and limited because
the protein generally has to be purified in vitro, labeled,
repurified, and then reintroduced into cells by such invasive
techniques as microinjection or electroporation. Recently,

genetic fusion of proteins to fluorescent proteins such as the

jellyfish green fluorescent protein (GFP) has been highly

valuable in understanding protein localization and dynamics in

cell biology®” However, GFP is a full-sized protein of 238
amino acids, whose folding is far from instantaneous and whose
concatenation often perturbs the protein of interest. Furthermore,
the only spectroscopic readout is fluorescence at emission
maxima of up to 529 nm. Although red-emitting fluorescent
proteins are now known, their slow maturation and obligate
tetramerization have greatly restricted their utility as fusion
partners’

We recently introduced the first solution to the general
problem of site-specifically attaching a small organic molecule
to a short (6-8 residue) motif of natural, genetically encodable
amino acids within recombinant proteins in living céll$he
motif consists of four cysteines in the sequence Cys-Cys-Xaa-

* To whom correspondence should be addressed. Telephone: (858) 534-Xaa-Cys-Cys (where Xaa is any amino acid except cysteine),

4891. Fax: (858) 534-5270. E-mail:
T Department of Pharmacology.
* Department of Chemistry and Biochemistry.
§ Howard Hughes Medical Institute.
I'Biomedical Sciences Program.

rtsien@ucsd.edu.

UPresent address: AstraZeneca R&D Boston, 35 Gatehouse Drive,

Waltham, MA 02451.

and the first complementary membrane-permeant small molecule
is fluorescein with As(lll) substituents on thée-4and 3-
positions, “FIAsH”. The interaction of a single arsenic with a
pair of thiol groups is well-known. The rigid spacing of the
two arsenics in FIAsH enables it to bind with considerable
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into a variety of proteins. Binding to endogenous cysteine pairs
or lipoamide cofactors, which would cause toxicity and non-
specific labeling, is minimized by addition of micromolar levels
of 1,2-dithiol antidotes such as 1,2-ethanedithiol (EDT) or 2,3-
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dimercaptopropanol (BALJ, which outcompete endogenous
pairs of thiols for FIAsH binding. Millimolar concentrations of
these antidotes can outcompete the tetracysteine motifs as wel
and thereby strip FIAsH off the target proteins if desired.

FIAsH is conveniently synthesized in one step by palladium-
catalyzed transmetalation of fluorescein mercuric acetate with
arsenic trichloride and is best isolated as the adduct with two
EDT molecules already bound. That adduct, FIASEDT,, is
practically nonfluorescent but becomes more than 50 000 times
more fluorescent (quantum yiekd 0.5) upon exchanging the
EDTs for a tetracysteine-containing peptide. Presumably HAsH
EDT, is quenched by vibrational deactivation or photoinduced
electron-transfer mechanisms, which are hindered by the more
rigid and constrained peptide complex. This enhancement is very
valuable because it reduces the need to remove excess +lAsH
EDT, rigorously. The first two examples of recombinant proteins
labeled with FIAsH-EDT in living cells were a GFP mutant
with a tetracysteine appended to its carboxy terminus, and
calmodulin containing a tetracysteine motif inserted within an
a-helical region near the amino terminus.

To extend the understanding and utility of this promising
system, we now describe analogues of FIAsH with other useful
properties such as red or blue excitation and emission wave-
lengths, localizability by electron microscopy, or nonperme-
ability through membranes to confine labeling to surface-
exposed tetracysteines. We quantify the affinity of FIAsH for a
variety of tetracysteine motifs by measuring association and
dissociative exchange rates. Surprisingly, the tightest binding
is found with Pro-Gly between the cysteine pairs, suggesting
that the preferred conformation is a hairpin rather thao-telix
as previously conjectured. Fluorescent anisotropy measurement:
reveal that FIAsH is rotationally locked to the host protein,
making it a useful probe for protein dynamics. The tight,
specific, yet reversible binding of FIAsH for tetracysteine sites
shows promise for affinity purification of recombinant proteins.

Results and Discussion

Red- and Blue-Fluorescing Biarsenical DyeRed-emitting
fluorophores are particularly attractive for fluorescence micros-
copy because cellular absorbance, scattering, and autofluores
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tautomer. To avoid such steric interactions, we turned to

resorufin, the phenoxazine analogue of fluorescein. Mercuration
by mercuric acetate gave a mixture of polysubstituted products
as an intractable solid, which on treatment with arsenic (ll1)

trichloride followed by EDT gave the desired product in low

and variable yield. Mercuric trifluoroacetate gave exclusive
disubstitution that upon transmetalation gave modest yields of
ReAsH-EDT, (Scheme 1). A related red biarsenical of Nile
Red has recently been reported as an environmentally sensitive

?Iuorophore targetable to tetracysteine motifs.

ReAsH-EDT, was nonfluorescent like FIASHEDT, but
rapidly formed a fluorescent complex with a tetracysteine-
containing peptide. The complex had excitation and emission
maxima of 593 and 608 nm, respectively (Figure 1A), slightly
red-shifted from resorufin in the same way that FIASH is
bathochromically shifted from fluorescein. Addition of milli-
molar concentrations of EDT reversed the complex formation
but did not reduce or add to the phenoxazine, contrary to the
parent fluorophore, resorufin. To demonstrate specific labeling

cence decrease greatly at longer wavelengths. Red fluorophoresy ; brotein containing a tetracysteine motif by ReAsH in living
would also be useful acceptors of fluorescence resonance energy.q|is Hela cells were transiently transfected with a GFP or

transfer (FRET) from GFP. We therefore tried several strategies

yellow fluorescent protein (YFP) containing a C-terminal

to obtain red analogues of FIAsH. Several rhodamine analoguestetracysteine site. Exposure of the cells t@\s ReAsH-EDT,
of FIAsH were prepared by the same transmetalation strategy, i 10 uM EDT quenched the donor GFP or YFP emission

as used for FIAsH. The rhodamine free bases were mercuratedoy >80% and caused sensitized emission measured at 635 nm

under conditions used for analogous triphenylmethane dyes to
give the appropriate’&'-substitutiont® Transmetalation with
AsCls catalyzed by palladium acetate followed by addition of

characteristic of FRET (Figure 1B). The completeness of the
donor quenching indicated that at least 80% of the proteins were
labeled, assuming 100% FRET efficiency in the complex.

EDT gave the desired products in low yield (Scheme 1 in ayematively, if the FRET efficiency were only 80%, then 100%

Supporting Information). Reaction with a model tetracysteine
peptide gave complexes of the expected molecular weights but

of the protein molecules would have had to undergo labeling.
The fluorescence staining and FRET could be completely

no increase in fluorescence. The absorbance spectra of thggerseq by 5 mM BAL. EYFP emission was quenched more

isolated complex lacked the strong visible peak typical of

rhodamines, suggesting that the fluorophore was in the colorless,

lactone tautomer. Steric collisions between the peptide-bound
4' 5-arsenic and '3 -alkylamino groups probably twist the latter

completely than EGFP as expected because of more favorable
spectral overlap of EYFP with the absorbance spectrum of
ReAsH (data not shown).

Blue-fluorescing bisarsenicals (HoXAsSHEDT, and CHoX-

out of plane with the xanthene ring, destabilizing the quinonoid AsH—EDT,) were generated by the usual mercuration and

(9) Webb, E. C.; Van Heyningen, Biochem. J1947, 41, 74—82.
(10) Chalkley, L.J. Am. Chem. So0d.94], 63, 981-987.
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A showed no pH sensitivity within the physiological rang&4{p
CHOxAsH FIAsH ReAsH < 5). HoXAsH-EDT, and CHoXAsH-EDT, both gave
specific labeling of gap junctions in Hela cells transfected with
tetracysteine-tagged connexin 43 although the contrast, bright-
ness, and photostability of the staining were less than that
achievable with FIAsH or ReAsH (data not shown). CHoXAsH
may be useful as a FRET donor for GFP or YFP and for
multicolor labeling with other bisarsenicals or autofluorescent
proteins.
FIAsH Derivatives That Photosensitize the Polymerization
of Diaminobenzidine. Fluorescent staining of intracellular
components with appropriate dyes may also be visualized at
oo much higher resolution by electron microscopy using “photo-
30 400 450 50 S0 600 650 conversion” of diaminobenziding. In this process, strong
Wavelength (nm) illumination of the dye generates singlet oxygen, which
polymerizes diaminobenzidine into a highly localized precipitate
1800 that can be stained with osmium tetroxide to give an electron-
5 iM ReASH 5 mM BAL dense marker. Previously, eosin-labeled antibodies have been

1600 1 4+ 10 EoT / used to localize antigens and epitoput access of the
antibodies to protein epitopes is often hindered by the fixation
required for optimal sample integrity. A means of genetically
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targeting singlet-oxygen-generating chromophores to recombi-
nant proteins within living cells would therefore be a valuable
complement. Unfortunately, GFP does not undergo photo-
conversion, presumably because the protein shell around the
. chromophore prevents the necessary ingress of triplet oxygen
‘,r"“‘““ and egress of singlet oxygen. We were therefore interested to

635 rm x test whether biarsenical-labeled proteins could undergo photo-
teosmamnneo o/ NONranSiected conversion to provide ultrastructural localization of any recom-
0 500 1000 1500 2000 2500 3000 binant protein containing the tetracysteine motif.

Time (s) Initial experiments with FIAsH stained connexindtetra-

Figure 1. (A) Fluorescence spectra of ReAsH and CHoXAsH bound to CYSFe'”? ConStrL_‘éls' e_XpreS_Seq in Hela cells where it f(_)rms
the model tetracysteine peptide, ACWEAAAREACCRECCARA-NFhe distinctive gap junctions, indicated poor photoconversion of
spectra of the FIAsH complex are also shown for comparison (dotted line). diaminobenzidine, as expected, because fluorescein-labeled

The excitation spectrum of HPLC-purified complex, in 100 mM KCI 10 ; ; i ; - e
mM K-MOPS pH 7.2, was collected with emission at 632 nm and the antibodies are similarly inefficient. Additional heavy atoms such

emission spectrum with excitation at 590 nm for ReAsH or with excitation S .the four bromines in €0sin Iincrease Intersygtem crossing,
at 388 nm and emission at 433 nm for CHoXAsH. Bandwidths for spectra resistance to photobleaching, and photoconversion efficiency,

‘fNeredZ nm. (B) ISPECifiC”|abe"”9 ObeReASH VIVIith‘ alt%f?cysu;fi?]e Peptige and thus we prepared several FIAsH derivatives incorporating
used to GFP in living cells. Reversible intracellular labeling of the peptide .
AEAAAREACCRECCARA fused to the C terminus of GFP, transiently [€2VY atoms such as bromine or sulfur (Table 1). As expected,

transfected in Hela cells. Fluorescent images were taken at the timespPhotoconversion efficiency was correlated with the brightness
indicated with an excitation of 480 nm (30 nm bandwidth at half-height) of the fluorescent staining with each derivative, with the best

and emission at 535 nm (25 nm bandwidth) or 635 nm (45 nm bandwidth). derivatives scoring highly with both of these properties.
The average fluorescence intensity of a region over individual transfected

or nontransfected cells for each emission wavelength is shown. At the start/An@l0gues in which the xanthene ring oxygen is replaced by
of the experiment, the emission at 535 nm from the Gp@ptide fusion sulfur (tFIASH-EDT, and ThAsH-EDT,) were too dimly

construct was high but was rapidly quenched upon addition and subsequentfluorescent to locate labeled gap junctions to determine their

fast specific binding of ReAsHEDT; in the presence of a low concentration . . A N
of EDT. FRET from the GFP to bound ReAsH now gave emission at 636 photoconversion efficiency, although controls indicated binding

nm. Washing out the free ReASHEDT, had little effect on the fluorescence, ~ Of tFIASH to a cyan fluorescent protein (CFRptracysteine
indicating tight binding to the peptide. Millimolar amounts of the dithiol  construct by measuring the quenching of the CFP fluorescence.
BAL rapidly reversed the labeling, regenerating initial conditions. Non-  Addition of bromine substituents to FIAsH or ReAsH to form

transfected cells show minimal changes in fluorescence at these wavelengths . .
despite some nonspecific binding of ReAsHDT; as it is poorly excited BrAsH, Br,AsH, and BeReAsH increased the photoconversion

at 480 nm. efficiency modestly while retaining sufficient fluorescent stain-

] ) ] ing, but prolonged illumination increased fluorescence probably
subsequent transmetalation reactions upon  3,6-dihydroxy-p nhotodebromination, thereby decreasing the total output of
xanthone and its 2,7-dichloro derivative respectively (Scheme singlet oxygen. Surprisingly, ReAsH gave the best photocon-

2 in Supporting Information). These compounds also gave aygrsion and, with its bright fluorescent staining, gave the optimal
substantial enhancement of fluorescence (over 20-fold) uponyegyits for both requirements. The trafficking of this con-
binding with a tetracysteine peptide to form isolatable complexes

i ; itati o (12) Deerinck, T. J.; Martone, M. E.; Lev-Ram, V.; Green, D. P. L.; Tsien, R.
of the expected molecular weights with excitation and emission Y. Spector, D. L. Huang, S.. Elisman. M. H. Cell Biol. 1994 126

maxima of about 380 and 430 nm, respectively (Scheme 1, 901-910.

B ; 13) Gaietta, G.; Deerinck, T. J.; Adams, S. R.; Bouwer, J.; Tour, O.; Laird, D.
_Flgure 1A) CHoxXAsH shoyved more favoraple properties as 3) W.; Sosinsky, G. E.; Tsien, R. Y.; Ellisman, M. t$cience2002 296,
its peptide complex was brighter (quantum yield of 0.35) and 503-507.
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Table 1. Relative Efficiency of the Fluorescent Staining of
Tetracysteine-Tagged Gap Junctions and Subsequent
Photoconversion of 3,3'-Diaminobenzidine by Biarsenical Dyes
(Synthetic Details Given in Schemes 3 and 4 in Supporting

Information)?@
S, .S S, .S
As As
N
w 4 X
] fluorescent DAB
substituents staining  photoconversion
name w X Y z efficacy efficacy
FIAsH H H O C-GCgHsiCOOH ++++ -
BrAsH Br H O C-CgHsiCOOH +++ +
BroAsH Br Br O C-CeHs COOH ++ ++
tFIASH H H S C-CgH COOH () -
ReAsH H H O N ++++ +++
Br,ReAsH Br Br O N ++ +++(+)
ThAsH H H S N - -

aHela cells transfected with a connexirdt@tracysteine constriétwere
stained with +5 M biarsenical and 56100uM EDT for 2 h, washed,
and viewed by fluorescence microscopy and photoconverted as previously
described.

nexin43-tetracysteine construct in living cells can be conve-
niently monitored by fluorescence with electron microscopical
snapshots of the photoconverted product giving detailed ultra-
structural imformatiort3

FIAsH Labeling of Cell-Surface Tetracysteine-Containing
Proteins. FIAsH binding to a tetracysteine motif requires that Figure 2. Staining of extracellular tetracysteine motifs by impermeant
the thios of the four cysteines are reduced, theprevalent form 385 cel re sovermees i e om0
of CytOplaSmlc th'OIS' Other cellular compartments, SUCh_ a_s _the phosphine (TCEP) gnd 2—mercaptoetﬁanesuIfonate (MES) and stzineg with
endoplasmic reticulum or the cell surface have more oxidizing sFIAsH-EDT, and 10uM EDT, and washed. (A) Image of transfected
environments, probably precluding FIAsH labeling unless the cells expressing BFP (exciting at 380 nm with emission at 440 nm). (B)

cystines are acutely reduced. To test this, we transiently Same field of cells showing bright plasma membrane sFIAsH staining is
) ’ estricted to the same cells as in panel (A). Dim background staining is

expressed in Hela cells a tetracyste_ine peptid_e (Figure 2) fused:/isible on surrounding nontransfected cells. (C) Same field of cells after
to the C terminus of VAMP2 (vesicle associated membrane washing with 10 mM impermeant dithiol, 2,3-dimercaptopropanesulfonate

protein 2 or synaptobrevird}. The FIAsH tag would be either (DMPS), removes the fluorescent stain in the preceding panel, indicating
in the lumen of secretory vesicles or on the extracellular side (S:gre]g'tfr'lf;"y (Bg’“?fanssﬂﬁfsd tﬁg;rt'eing’zt;cﬁtet'ag ﬁ";cl’é'f Oc]ff Ctgl?s \@\';/'ezlzs
of the plasma membrane. After brief reduction of any accessible nontransfected cells are present in this field that did not give the sFIAsH
disulfide bonds with the membrane-impermeant reductants, staining pattern.
2-mercaptoethanesulfonate (MES) and tris(carboxyethyl)phos-
phine (TCEP), the cells were stained with a sulfonated derivative
of FIAsH (sFIASH-EDTj; for synthetic details see Scheme 5
in Supporting Information) to prevent membrane permeation
and intracellular staining. Only cells coexpressing BFP (as a
marker of transfected cells) gave distinct plasma membrane
staining (Figure 2B) which was reversible with a few millimolar
2,3-dimercaptopropanesulfonate (DMPS), a membrane-imper- . ) . A
meant dithiol. No labeling occurred without prior reduction only by Western blotting with ganFP ant_|bo_d|es._We t_herefore
indicating the cysteines were oxidized as expected. The extenteXpressed C3?§~10v1_10almodulm mEscherlchla coliand incu-
of labeling under these conditions could be assessed by labeling?@ted crude bacterial lysates for-380 min at room temperature
a VAMP2—GFP-tetracysteine construct with ReAsH which  With FIAsH in a modified sample buffer for SDS-PAGE in
quenched approximately 280% of the GFP fluorescence by which the usual thiol reductant (DTT dithiothreitol, or BME
FRET. This percentage quench of the GFP was similar to 2-mercaptoethanol) was replaced by TCEP. After electrophore-
unlabeled cells that were rapidly acidified to pH 5.2 to quench SIS, @ single major fluorescent species running at the expected
extracellular GFP. These results indicate that most, if not all, molecular weight for the calmodukifFIAsH complex was
the extracellular tetracysteines were initially oxidized but full Visible under UV illumination (Figure 3, lanes—35). Other
recovery by reduction was possible. fluorescent bands, correspondingt®% of the total fluores-
SDS-PAGE of FIAsH—Protein Complexes.The apparent  cence, include partially disulfide-linked multimers of €y3%1
high affinity of biarsenical/tetracysteine complexes suggested calmodulin which must still bind at least one FIAsH.
(14) Efferink, L. A.; Trimble, W. S.; Scheller, R. H. Biol. Chem1989 264, Subsequent staining with Coomassie Blue revealed the
11061-11064. expected ladder of native protein bands present throughout the

that they should be stable to typical denaturing gel electro-
phoresis conditions. Survival of fluorescence during SDS-PAGE
would be useful to permit quick verification of the identity and
integrity of tetracysteine-tagged proteins. For comparison,
naturally fluorescent proteins do not retain fluorescence after
denaturation; therefore, fusions to GFP can be detected in gels

6066 J. AM. CHEM. SOC. = VOL. 124, NO. 21, 2002
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Figure 3. FIAsH—tetracysteine complexes are stable to reducing, denaturing
polyacrylamide gel electrophoresis. Soluble lysate of bacterially expressed Figure 4. Affinity purification by a tetracysteine tag yields protein of purity
polyhistidine tagged Cy<1%!1calmodulin was treated with 10, 50, or 100 similar to that by conventional hjstag. Soluble lysate (load) of the
uM FIASH—EDT, dissolved in sample buffer containing either 20 mM  bacterially expressed polyhistidine tagged €y$811calmodulin was batch-
TCEP (lanes 3, 4, 5) or 1M BME (lane 7) for £30 min at room bound to the two supports, separated by pouring into columns (flow
temperature, loaded and run on a 12% SDS-PAGE gel. (A) Proteins were through), washed (wash), and eluted with either 0.25 M imidazole or 10
visualized by staining with Coomassie Blue. (B) The fluorescence of the mM DMPS (elution), respectively. The collected fractions were analyzed
unstained gel was collected with excitation at 480 nm (60 nm bandwidth) by a reducing 15% SDS-PAGE gel and stained with Coomassie Blue.
and emission at 545 nm (bandwidth 35 nm). The arrow marks the region
in which the FIAsH complex was more clearly detected on Coomassie-
stained gels with higher loadings of lysate.

absorbed and could then be eluted with a high concentration of
the competing ligand, DMPS. SDS-PAGE of these fractions
gel at much higher levels than the transfected calmodulin, (Figure 4) indicated a high purity in reasonable yield even
showing that the fluorescent labeling was quite specific for the without a wash of the adsorbed protein with a low concentration
tetracysteine-tagged protein. BME at the traditional concentra- of eluting ligand. By comparison, the same protein construct
tions of 0.1-1 M in the sample buffer prevented formation of  was purified by a conventional polyhistidine?XiNTA method
the complex (lane 7), probably by competition with the cysteines in good yield with comparable purity even with the inclusion
for FIAsH. Excessive boiling of the FIAsHIysate mixture of several washes before final elution with high concentrations
decreased the fluorescent staining although 3 min at®6  of imidazole.
(which is sufficient for denaturing most proteins) had only a  Similar results have recently been reported for a kinesin fused
small effect (lanes 810). Alternatively, FIASH-EDT, can be to a short peptide containing the tetracysteine motif (with
added after the boiled sample has cooled back to roomimproved purity compared to hisag), using a slightly different
temperature. Attempts to stain gels with FIASHDT, after immobilization of FIASH (a 6-aminoFIAsH with a glycine
electrophoresis were more wasteful of the reagent and gave lesgpacer)t” Our synthesis appears more straightforward with well-
intense specific staining over a dimly fluorescent background, characterized intermediates requiring simpler purification steps.
probably due to poor penetrability of FIASHEDT, into the Further optimization of the support and the binding and elution
gel, leading to incomplete formation of the complex. By forming  conditions should achieve better yields of purified protein. Some
the complex before electrophoresis, the yield of the FIAsH advantages of the FIAsH method include its compatibility with
complex is increased, and excess FIASEDT, (which could thiols, the minimal size of the binding site to FIAsH, the speed
raise the background fluorescence) is removed because itof the purification requiring one simple wash, and the high purity
migrates with the dye front. of the final product. The DMPS can be easily removed from
Affinity Purification of Proteins. The high specificity of the purified protein by dialysis. EDT may be used if a volatile
biarsenical dyes for the tetracysteine motif and the low apparentdithiol is required, although its limited solubility and tendency
abundance of endogenous proteins containing such sites sugto precipitate upon aerial oxidation are drawbacks.
gested that immobilized biarsenicals could be used for the Fluorescence Anisotropy of FIAsH-Protein Complexes.
affinity purification of tetracysteine-tagged proteins. Existing Conventional fluorescent labeling agents such as fluorescein
tags for affinity purification range from large proteins, such as isothiocyanate (FITC) or Texas Red are attached through
glutathione-S-transferase or maltose-binding protein, to small rotationally mobile single bonds from the 9-(carboxyphenyl)
peptides such as epitope or polyhistidine tags. Epitope tagssubstituent to the flexible side-chain of amino acid residues such
require expensive antibody columns and harsh elution condi- as cysteine or lysine. Rapid rotation of these bonds within the
tions, whereas polyhistidine tags often leave contamination with excited-state lifetime diminishes fluorescence polarization or
Ni2*, Co?*, and intrinsic proteins. Immobilized monoarsenical anisotropy. By contrast, the biarsenical dyes bind tetracysteine
supports have been described for the purification of proteins motifs via four covalent bonds to the arsenic substituents directly
that contain existing vicinal cysteines with some limited attached to fluorophore; therefore, the attachment of the
succesd>16To immobilize FIAsH, we coupled thi-hydroxy- fluorophore to the peptide backbone should be very rigid. Such
succinimide ester of 5-carboxyFIASHEDT, to an amino- rigidity should be ideal for fluorescence anisotropy measure-
modified agarose support (Scheme 6 in Supporting Informa- ments of the local rotational mobility of peptides or protein
tion). When this affinity matrix was mixed with lysate from domains, including many popular assays in which binding of a
bacterial cells expressing a low level of calmodulin containing fluorescently labeled ligand to a macromolecule is assessed by
an inserted tetracysteine site, the desired protein was specificallythe resulting rotational immobilization of the ligand and

(15) Kalef, E.; Walfish, P. G.; Gitler, CAnal. Biochem1993 212 325-334.
(16) Kalef, E.; Gitler, CMethods Enzymoll994 233 395-403.

(17) Thorn, K. S.; Naber, N.; Matuska, M.; Vale, R. D.; Cooke PRotein Sci.
200Q 9, 213-217.
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80 pairings could be, i + 4 andi + 1,i + 5, ori, i + 5 andi +
(Feelytumiing) 3 P e TE 1, i + 4. A hint as to the most likely isomer resulted from
e experiments with a fluorescein with just one arsenic substituent,
80 4'-(1,3,2-dithiarsolan-2-yl)-5-carboxyfluorescein, prepared by

monomercuration of 5-carboxyfluorescein followed by trans-
metalation. This monoarsenical was reacted with model peptides
ACWEAAARECCARA-amide and AcCWEACARECAARA-
amide containing either ani + 1 or ani, i + 4 arrangement
P L of two cysteines. Both generated a single fluorescent product
ren (shown by HPLC and ES-MS) but the complex with the+
4 peptide formed more slowly and was considerably less
' 0 200 o0 B 500 quore_scgnt. On at_JIdlng excesss + 1 peptide _to t_hls _complex,
(cold, viscous) Temp (K) / Viscosity (cP) (hot, nonviscous) a rapid increase in fluorescence resulted, indicating preferred
Figure 5. Perrin plot of FIAsH-Cys7101lcalmodulin and fluorescein-  formation ofi, i + 1 complex. Thus, a single arsenic attached
labeled calmodulin. Fluorescence polarization of the two labeled proteins to fluorescein preferred to bind to a pair of adjacent cysteines

(1 uM) were measured in buffers of 50 mM-KIOPS, 2 mM MES, 1 mM rather than to separated cysteines, suggesting that the most likely

EDTA, pH 7.4, adjusted to various viscosities with sucrose, at 10, 25, and . .: PRI ; ; .
40 °C. The FIAsH complex shows a negligible decrease in polarization pairing for FIAsH isi, i + 1 andi + 4, i + S. Addltlo_n of
upon an increase in temperature and a decrease in viscosity indicating aFlASH—EDT, to ACWEAAARECCARA-amide gave either a

rigidly bound complex, in contrast to the fluorescein-labeled protein. two-peptide:1 FIAsH or a 1:1 complex depending on which
component was in excess. The 1:1 complex was only weakly
equorescent, suggesting that one dithiarsolanyl substituent is
sufficient to quench the fluorescein fluorescence.

Kinetics and Dissociation Constants of FIAsH-Tetra-

50 4

40

30 4

1/ r (anisotropy)

20 4

10 4
(immobile)

0

increased fluorescence anisotropy. We therefore examined th

fluorescence anisotropy of FIAsH-labeled &¥&%11lcalmodulin

and compared it with calmodulin labeled with a conventional ) o ” e
cysteine Complexes.In our initial papet the dissociation

lysine-reactive fluorescein tag. Figure 5 shows a Perrin plot of f the FIASH . id |

the fluorescence anisotropies measured in aqueous sucrose a&or?stant of the sHtetracysteine peptide complex was .
various viscosities and temperatures. The reciprocal of the estimated to be subnanomolar, because the fluorescence emis-
anisotropy £) is plotted against absolute temperatdredivided sion Of_l M Of the_complex in the presence of m|II|moIar

by the viscosity ) in centipoise. The viscosity is obtained from monothiol (to mimic intracellular glutathione) remained unal-

the table of the CRC Handbook. in which the buffer is assumed tered for several days, and subsequent changes seemed consistent

to contribute negligibly. The values for 4C were extrapolated with decomposition rather than dlssc.)uatl(.)n.. We have now
from the data given for 36C in the table. measured the rate constants for the dissociation and formation

The intercept of the Perrin plot of FIASHCyS7:10.11 of the complex, whose ratio gives the equilibrium dissociation
calmodulin indicates a limiting anisotropy of 0.35. More constant. In the absence of EDT, the reaction at neutral pH is:

significantly, the linearity of the points irrespective of temper- FIAsH bis-arsenoxide- tetracysteine peptide

ature indicates a lack of segmental motions between the label FIAsH—tetracysteine peptid¢ 2 H,O (1)
and adjacent amino acid residues, which are known to cause
the deviations normally observed in Perrin plots for protéins.
From the slope (0.0081) of the regression line for FIAsH > © _ _ : i :
Cy$710.11calmodulin and the excited-state lifetime of 4.37 ns PY Stoichiometric reaction with 2 equiv of Hg Formation of
measured in separate experiments by modulation fluorometry,the extremely stable HgEDT complex (with an association
a molecular diameter of 34 A can be calculated, assuming a constant of 18" M™)° leads to irreversible hydrolysis of the

spheroidal shaptThis estimate is in reasonable agreement with AS—S bonds (see Scheme 1 for an analogous reaction with
the known dimensions of calmodulin even though the protein REASH-EDT,). The reaction can be conveniently monitored

shape is actually a dumbbell. Thus, FIAsH is indeed rigidly PY Visible spectroscopy as stepwise addition of mercury (If)
attached to the protein. By comparison, the fluorescence acetate at neutral pH gave an immediate reaction resulting in a
anisotropy of a fluorescein attached by a lysine residue of hyPsochromic shift of the absorption maximum of 508 nm to a
calmodulin showed a far greater dependence upon the temper'€W peak at 485 nm with sharp isobestic points. Analysis by
ature and viscosity of the solution with marked deviations from reverse-phase HPLC indicated clean conversion to a more polar
linearity in the Perrin plot. In nonviscous solution, the calculated Product whose NMR spectrum and molecular weight were
rotational correlation time is0.5 ns, similar to that previously ~ consistent with the bis-arsenoxide. This spectroscopic change
reported? for the FITC conjugate of calmodulin, indicating free  ¢an be reversed by the addition of excess EDT, which
rotation of the dye independent of the protein. This contrasts regenerated the starting material (followed by visible spectros-

with a rotational correlation time of 7 0.3 ns for the FIAsH-  CoPy and thin-layer chromatography). Addition of excess'Hg
labeled protein. to the bis-arsenoxide gives a slower, subsequent decrease in

Which Pairs of Thiols Bind to Each Arsenic?In principle the absorbance at 485 nm, consistent with decomposition.
there are three ways that the two arsenics of FIAsH can plug Solutions of FIASHO in DMSO were stable in the absence of

into the four thiols. One As could bind thei + 1 cysteines e HG™.

while the other As binds the + 4,1 + 5 cysteines, or the ;g g R M. Martell, A. E.: Motekaitis, R.. NIST Critical Stability

Constants of Metal Complexes Databasgrsionl; Standard Reference Data

(18) Lambooy, P. K.; Steiner, R. F.; Sternberg, Atch. Biochem. Biophys. Program; U.S. Department of Commerce, National Institute of Standards
1982 217, 517-528. and Technology: Gaithersburg, MD, 1993.

The bis-arsenoxide (named FIAsHO, to indicate the oxygen
ligands of arsenic atoms) was generated from FIAE&DT,
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Figure 6. Kinetics of association and dissociation of FIASHO and tetracysteine peptide. (A) Time courses of the reaction of 5 nM FIASHO with
AcWEAAAREACCRECCARA-NH in the presences of 1, 5, or 20 MM MES. The increase in fluorescence intensity at 530 nm (with excitation at 508 nm)

of a solution of peptide (1.2M) and MES in 100 mM KCI, 10 mM KMOPS, pH 7.2, on treatment with 5 nM FIAsHO at time zero. The small amount

of fluorescence contributed directly by FIASHO is subtracted. The experimental fits shown are to single exponentials. (B) Reaction of FIAsH@s&ith ex
peptide in 5 mM MES shows pseudo-first-order kinetics. Rates derived from progress curves at different peptide concentrations were derivelddfas in pan
and fitted by least-squares analysis to a straight line with a gradient equal to the rate constant. (C) Time courses of the exchange of ReAsHO with the
complex formed from FIAsH and AcCWEAAAREACCRECCARA-NHt different monothiol concentrations. 100 nM of preformed complex dissolved in
degassed 100 mM KCI 10 mM KMOPS pH7.2 with 1, 5 or 20 mM MES was treated wifd ReAsHO at time zero and sealed from the air. The exchange
reaction gave a decrease in fluorescence intensity at 530 nm (with excitation at 508 nm) that was fitted to a single exponential to yield thentate consta
Increasing the concentration of MES increased the exchange rate. (D) The apparent dissociation constant of FIAsH bound to two tetracystgine peptide
AcWEAAAREACCRECCARA-NH and AcWDCCPGCCK-NH varies with monothiol concentration.

The reaction of FIASHO and tetracysteine peptides to form rape 2. Apparent On-Rates, Exchange-Rates and Dissociation
the complex was readily monitored by the resulting increase in Constants of FIAsH Complexed to
fluorescence. The arsenoxide group strongly quenches thegff}’giﬁmﬁﬁgﬁigfg;%éﬁg t'i\'o':éfr ACWDCCPGCCK-NH; at
fluorescein fluorophore, albeit to a lesser extent than the 1,3,2-
dithioarsolan-2-yl substituent. Formation of the tetracysteine
peptide complex leads to a 50-fold fluorescence enhancement

‘ [MES] Kon Kexch Kq®
peptide mM M- st pM

ACWEAAAREACCRECCARA-NH 20 65000 4.5<10°% 70

with a single-exponential rate in the presence of excess peptide 5 55000 1.1x 106 20
(Figure 6A). Addition of millimolar monothiol such as MES 1 53000 39<107 7
gave a further small increase in fluorescence (less than 10% of 0 23000 [10x 10;] (41
the total fluorescence change) perhaps resulting from catalytic , \ oo i, zg 3712888 216];( 1&7 g:g
formation of a more stable (and more fluorescent) conformation. 1 74000 ~1x 107 ~2
Pseudo-first-order kinetics from the initial rates in the absence 0 nd nd nd

of MES are found with large excesses of the 17-mer peptide, ) ) - )
ACWEAAAREACCRECCARA-NH giving an on-rate of about Values in brackets determined by extrapolation; nd, not determined.
20 000 M1 s71 for the forward reaction 1. In the presence of If FIAsHO and MES are allowed to react completely before
MES (1-20 mM), a modest enhancement of the initial rate was peptide addition, the rate with peptide with the MES complex
observed (Figure 6A), giving a rate of 55000 Ms™* at 5 of FIAsH is much slower by a factor of 2100 and the total

mM monothiol. MES, itself directly reacts with FIAsHO to fluorescence increase is less. Thus, a reasonably accurate
generate a small increase in fluorescence at 530 nm (less thamimeasure of the formation of the complex from FIASHO and
10% of the total fluorescence increase with peptide) but with a the peptide can be made in the presence of physiological
rate approximately 45 orders of magnitude slower than the concentrations of a monothiol (Table 2). To measure the
peptide. The kinetic data was fitted to a single exponential for dissociation rate of the FlAsHtetracysteine complex, we
approximately the first 75% of the fluorescence increase to needed a reagent that would trap either FIASHO or the
decrease the contribution of the reaction of FIASHO with MES. tetracysteine peptide while minimizing the risk of directly
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Table 3. Fluorescent Properties and Stability of FIAsH-labeled Tetracysteine-Containing Peptides in 20 mM MES at pH 72

CCXcc no. of quantum Kon Kexch KPP

peptide sequence X= 1:1 complexes yield M~tst st pM
AcWDCCCCK-NH - 1 0.14 46000 8.% 10°° 1800
AcWDCCACCK-NH; A 3 0.6 57000 3.8« 106 67
AcWDCCGCCK-NH G 3 0.66, 0.5, 0.5 35000 36106 100
AcWDCCPCCK-NR P 2 0.61, 0.58 100000 1610° 150
AcCWEAAAREACCRECCARA-NH RE 2 0.5 65000 4.5% 1076 70
AcWDCCAECCK-NH, AE 2 0.58 25000 1.8 10° 72
AcWDCCSECCK-NH SE 2 0.58 50000 2.%10°6 42
AcWDCCDECCK-NH DE 2 0.5 32000 1.3 1076 41
AcWDCCPGCCK-NH PG 2 0.71,0.62 310000 12106 4
AcWDCCGPCCK-NH GP 1 0.44 50000 3.6 10°6 72
AcWDCCDEACCK-NH DEA 3 0.10, 0.13, 0.46 65000 601073 92000

aThe products from the reaction of FIASHEDT, and peptides at pH 7 were separated by HPLC. Each peak was collected and gave the expected
molecular weight of the complex.

breaking the As-S bonds or sequentially trapping each cysteine amide was designed to favarhelicity with the cysteine sulfurs
as it dissociated stepwise. We chose as the trapping agent at the vertexes of a parallelogram, based on modeling efforts
10-fold excess of ReAsH bis-arsenoxide (ReAsHO; see Schemesuggesting that the two arsenic atoms of FIAsH could comfort-
1) rather than ReAsHEDT, so that initial dissociation of EDT  ably bind all four cysteines in such a conformation. However,
does not limit trapping and to avoid the competing reactions we had not proven that the above peptide is indeed optimal or
involving EDT. The reaction was followed by a decrease in that it adopts aru-helical conformation in the complex. We
the fluorescence at 530 nm (from the FIAspeptide complex) have now altered the length of the peptide and the number and
with a concomitant increase in fluorescence at 640 nm (from identity of the amino acid residues between the cysteines. The
the ReAsH-peptide complex). The reaction kinetics fitted a ability of FIAsH to bind these peptides at pH 7 was assessed
single exponential as expected for a first-order reaction, and by generation of fluorescence upon mixing the two components,
the rate was moderately sensitive to the concentration of HPLC separation of the products, and verification of correct
monothiol (in the tested range of-20 mM), requiring 20 mM mass by electrospray mass spectrometry. The affinities of the
MES to complete the reaction in several days (Figure 6C). Under complexes formed were determined by measuring the on- and
conditions mimicking intracellular monothiol concentrations off-rates as described above and are shown in Table 3. We had
(e.g., 5 mM reduced glutathione), the exchange rate was 1  expected that truncation of the peptide from 17 to 8 amino acids
10-%s~L Dividing this by the on-rate of FIASHO and the peptide would decrease the stability of am-helix and therefore its
at this concentration of MES yields an apparent dissociation complex with FIAsH. Such truncation actually made little
constant of about 10 pM under these conditions (Figure 6D, difference to the rate of association with FIASHO, the rate of
Table 2). dissociation, or the spectroscopic properties of the complex (see
The dissociation constant of arsenite or 4-sulfonamidophe- Table 3). The size of the peptide tag for N- and C-terminal
nylarsenoxide for vicinal thiols (cysteines or dithiols) has been fusions may therefore be reduced considerably. Replacing the
reported to be 021.4 uM).?%21 For comparison with this  two amino acids between the cysteines with helix-favoring
method, which is too insensitive to measure the much tighter residues such as Ala or Ser or with additional anionic residues
binding of FIAsH complexes, we measured the on- and off- also had little effect. However, substitution with Pro and Gly,
rate for a fluorescein containing one arsenoxide complexed with two helix-breaking amino acids, gave complexes of much greater
a peptide containing two cysteines spaced atithe + 1 stability, suggesting that an-helix is far from the optimal
positions. The on-rate was similar to that found for FIASHO conformation. The increased affinity was due mainly to an order-
and the tetracysteine peptide, but the off-rate was increased byof-magnitude increase in association rate, presumably reflecting
about 4 orders of magnitude, giving an apparent dissociation pre-organization of the four cysteines into a hairpin conformation
constant of 72 nM (at 5 mM MES), only a little lower than the resembling the complex. The CCPGEEIAsH complex was
above-reported values. Thus, the cooperation between the twdb-fold more stable than the CCRECC complex at 5 mM MES,
arsenic-dithiol binding steps raises the affinity about 7200-fold. and almost 20-fold more stable at 20 mM MES (Table 2).
This increase is quite considerable and is essential for the Considering that physiological monothiol concentrations are
practical utility of the biarsenical/tetracysteine system. However, typically in the range of 510 mM, the CCPGCC complex
it leaves considerable room for improvement, because once oneshould be 5-10-fold more stable than the initial peptide in living
arsenic and pair of cysteines have bonded, the second pair ofcells.
cysteines is presented to the other arsenic at an effective An important consequence of the fast association rate is that
concentration of only about 7200 72 nM = 0.5 mM. If the if the biarsenical dye is already present in a cell, freshly
peptide were well preorganized to make both arsenic-dithiol biosynthesized tetracysteine sequences should become fluores-
interactions strain-free, one might expect effective molarities cent in a few seconds or less. By contrast, jellyfish and coral
closer to 1 M. fluorescent proteins require tens of minutes to tens of hours to
Optimizing the Tetracysteine Motif. The sequence of the  become fluorescent, due to the multiple steps of covalent self-
original tetracysteine peptide ACWEAAAREACCRECCARA- modification to generate the fluorophof®%?? The superior

(20) Zahler, W. L.; Cleland, W. WJ. Biol. Chem.1968 243 716-719. (22) Gross, L. A.; Baird, G. S.; Hoffman, R. C.; Baldridge, K. K.; Tsien, R. Y.
(21) Griffin, B. A. Ph.D. Thesis, University of California, San Diego, 1998. Proc. Natl. Acad. Sci. U.S.200Q 97, 11990-11995.
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speed of FIAsH staining of tetracysteines has already found A
practical application for monitoring protein synthesis kinet- 100
ics 23

Reversing the order of the proline and glycine hindered FIAsH
binding and resulted in formation of a less fluorescent complex,
suggesting that a specific conformation allowable by PG, but
not GP, is preferred. This observation may correlate with the
strong preference for proline in thet 1 and glycine in the
+ 2 positions of Type-l and -IB-turns?* Although Gly-Pro
can form a Type-Il 5-turn, this geometry is apparently not
favored for binding of FIAsH to the tetracysteine motif. When
the two pairs of cysteines were separated by just one amino
acid (CCXCC where X= A, G, or P), the stability of the
complex was only slightly impaired relative to most of the
CCXXCC motifs except XX= PG. The CCPCC peptide had a 0
significantly faster on-rate than the alanine or glycine containing
peptides, but also a 5- to 10-fold increase in off-rate. The proline [Ethanedithiol, mM]
may form a turn in the tetracysteine motif, thereby preordering
the sulfhydryl groups for FIAsH binding and resulting in the
faster on-rate. The increased off-rate with proline may be due
to the inability of the FIAsSH-CCXCC complex to adapt a stable
conformation that is allowed only for the conformationally more
flexible alanine and glycine residues. Eliminating the spacer
amino acids altogether to give CCCC decreased the stability of
the complex 10-fold and the fluorescence quantum yield about
4-fold. Increasing the number of spacer residues to three in
CCDEACC was even more drastically detrimental due to 3
orders of magnitude increase in the off-rate with no increase in
the on-rate. The stability of the FIASHCCDEACC complex 51
was comparable to that of a single arsenoxide with two 1 -!xﬁ:
cysteines, even though the mass spectrum of this complex was T —
consistent with both arsenoxides reacting with the cysteines. 0 10 20 30 40 50 60 70 8 90 100

Comparison of FIAsH Binding to Different Tetracysteine [CFP-tetracysteine, uM]
Motifs in Living Cells. On the basis of these kinetic studies Figure 7. Comparison of reversible, intracellular FIASHEDT, labeling
with model peptides in vitro, the CCPGCC peptide appended of tetracysteine peptides, AEAAAREACCRECCARA or AEAAAREAC-

to a recombinant protein should form more stable complexes CPGCCARA, fused to the C terminus of CFP. (A) EDT-dependent

. _ AR . displacement of FIAsH from labeled CFPeptide fusions transiently
with FIASH—EDT in living cells than could our original expressed in Hela cells. The fluorescent intensity from direct excitation of

CCRECC peptide motif. To test this prediction, we expressed FlAsH (at 525 nm with excitation at 495 nm) is normalized to the starting
fusions of cyan fluorescent protein (CFP) with either EAAAR-  intensity Oféhe f#"y Iabﬁled tﬁtfacysfteinl?dCO?StlfUCT (or tr)]aCkgrounf_i) after
EACCRECCARA or EAAAREACCPGCCARA in HeLa cells, ~ Staining and a thorough washout of residual FiAst with,d8 EDT in
L . . . Hanks buffered salts saline (HBSS). The FIASECPGCC complex
Binding of FIAsH to the tetracysteine motifs was mc_)n't_ored by (squares, 50% quench at 1.6 mM EDT) is much more resistant than FIAsH
FRET from CFP to FIAsH, which quenches CFP emission. Both CCRECC (circles, 50% quench at 0.35 mM EDT) to subsequent washes
constructs reacted with FIASH at similar rates but the complex ‘(’j"ith iféCfeaSinfg Concen_tff_atg’”sk of d“dhiot'-_ A'SO(tS_hOWI“ isSéD/e dithior'] t
. : : _dependence of nonspecific background staining (triangles, 50% quench a
fPrmEd with CC,PGC,C had greater resistance to high concentra 0.1 mM EDT) of nontransfected cells by FIASHEDT.. (B) Contrast (ratio
tions of competing dithiol. For example, FIASH was about 50% of fluorescent intensity from direct excitation of FIAsH in transfected versus
displaced from the CCPGCC construct at 1.6 mM EDT or 0.7 nontransfected cells) versus CFP concentration in Hela cells stained with
mM BAL mpar 35 mM EDT for the oriainal RE 2.5uM FIAsH and destained under optimized conditions. Specific destain
! Clc;. pa e;j;o ql_iS P ort Qfo g. a Cg C;C conditions for CCPGCC are 1.3 mM EDT in HBSS either with (squares)
construct (Figure )'. e CCPGCC mP“ resists about 4.6- or without (circles) 2Q:M Disperse Blue. For CCRECC the conditions are
fold higher concentrations of EDT than its CCRECC counter- 0.5 mM EDT in HBSS either with (down triangles) or without (up triangles)
part, which translates to a 21-fold ratio of apparent affinities Disperse Blue.
because two EDT molecules should be required to displace a . . ) .
tetracysteine peptide. Thus the Pro-Gly spacer confers increasedPecific staining upon labeling with FIAsH and subsequent
affinity in live cells as well as in vitro. Direct excitation of washing out under various regimens designed to give the largest

FIASH at 495 nm, a wavelength that avoids excitation of CFp, SPEcific signal with the imallest background. S
permitted comparison of fluorescence from transfected cells | "€ majority (-90-95%) of FIAsH background staining in

expressing the constructs and nontransfected neighboring cellsnontransfected cells can be competitively suppressed by addition

Nonspecific staining (background) could then be compared to ©f sufficient concentrations of dithiol (1.3 mM EDT or 1.2 mM
BAL). The residual thiol-independent background stainin§-<

n  CFP-AEAAAREACCPGCCARA
o CFP-AEAAAREACCRECCARA
A nontransfected cells

FIAsH Fluorescence (Normalized)
8 8 8
1 [ ] 1
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00—
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CCPGCC + disperse blue
CCPGCC
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15+

104

Contrast of fluorescent staining g
(specific : background)

(23) Rice, M. C.; Czymmek, K.; Kmiec, E. Blat. Biotechnol2001, 19, 321— 10%) persists even at concentrations of dithiol as high as several
(24) ?Fezo%e, G. D.; Gierasch, L. M.; Smith, J. Adv. Protein Chem1985 37, millimolar. Addition of the hydrophobic dye Disperse Blue (20
1-109. uM) suppresses the majority of this thiol-independent back-
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ground staining, presumably by competition for nonspecific
binding sites on hydrophobic protein surfaces or quenching of
the fluorescence at those sites.

The combination of the improved tetracysteine motif
(CCPGCCQC), the optimized concentration of dithiol (1.3 mM
EDT), and Disperse Blue (2aM) has permitted us to investigate
the detection limit of FIAsH labeling. HelLa cells transfected
with the CFP-CCPGCC construct express the fluorescent

inside cells because the chelators would release the toxic
transition metals and lose any selectivity for hexahistidines.
Still's group has developed interesting dye-labeled macrocyclic
polyamides that bind peptides with micromolar dissociation
constants in chloroform and increase fluorescence several-
fold.3233 Other polyamides at-58 uM showed qualitatively
detectable binding to peptides on beads in water at gHodit

no binding at physiological pH has yet been reported, let alone

protein at concentrations ranging froml0 uM to approxi- cellular applications. The peptides contairamino acids and
mately 1 mM. Intracellular CFP concentrations were calibrated thus are not genetically encodable. Rozinov and Nlased
before addition of FIAsH by comparison to wedges of purified phage display to evolve 12-mer peptides (“fluorettes”) of natural
CFP, assuming an average cell thickness o> After amino acids to bind commercially available fluoresceins and
staining with FIASH-EDT,, washing with HBSS, and treatment  rhodamines. The resulting change in dye fluorescence was at
with EDT and Disperse Blue, cells expressingid® CCPGCC most a few percent, and the lowest dissociation constant was
showed approximately 510-fold greater total fluorescence 1.6 #M. Rao et al*® attached three-Ala-p-Ala moieties to a
(excitation at 495 nm, emission at 535 nm) than nontransfected trimeric scaffold and showed that this ligand would bind a trimer
cells (Figure 7B). Under these conditions;60% of the of vancomycin with aKq ~ 4 x 107" M at neutral pH.
tetracysteines were labeled with FIAsH, and cellular autofluo- Although none of these components are fluorescent, genetically
rescence contributed10—20% of the background fluorescence encodable, or readily attachable to proteins, this system is
resulting from nonspecific FIAsH staining. It is interesting to analogous to the biarsenical-tetracysteine system in exploiting
note that FIAsH background staining is effectively excluded multivalency to attain extremely high affinity yet reversibility
from the nucleus, so that CCPGCC motifs fused to proteins by ligands of lesser valency.
targeted to the nucleus could probably be distinguished from  Thus, the biarsenical-tetracysteine system offers the following
background at in situ concentrations well below 4. advantageous properties: Short—@ step), facile synthetic
Similar experiments with ReAsHEDT, labeling of analo- ~ routes have been developed to a wide variety of tricyclic
gous GFP-tetracysteine constructs also gave a 4.6-fold differ- biarsenicals, which can be chosen either to be membrane-
ence in EDT concentrations between the CCRECC and CCPGCCPermeant or -impermeant. The complementary peptide motif is
motifs. However, to reverse ReAsH binding required 2.9-fold genetically encodable and small, as few as six amino acids, for
less EDT than for FIAsH, indicating slightly weaker binding Which the current preferred sequence is Cys-Cys-Pro-Gly-Cys-

of ReAsH to a tetracysteine peptide
Conclusions and Outlook

It is instructive to compare the biarsenical-tetracysteine pair
with other systems of small molecules binding to peptides or
proteins. Biotin binds to avidin or streptavidin with femtomolar
dissociation constants, an attachment of great utility in vitro.
However, avidin and streptavidin are obligate tetramers totaling
over 400 amino acids, and biotin is an essential cofactor in the
cytosol and mitochondria. Therefore, expression of streptavidin
in the cytosol is toxic unless it can be presaturated with
biotin.2627Inside live cells, the only locations where avidin has

been used to trap biotinylated probes are the organelles of the

secretory pathwas?—30 Glutathione binding to glutathione-S-

transferase (GST) is the basis for affinity purification of GST
fusion proteins on columns of immobilized glutathione, but the
millimolar endogenous concentrations of glutathione in cells

make this pair useless inside cells, and GST is an obligate dimer

of 52 KDa. Mixed complexes between Nior Cc&*, im-
mobilized iminodiacetate, and hexahistidine motifs are the basis
for metal chelate chromatographic purificafibbut are useless

(25) Miyawaki, A.; Griesbeck, O.; Heim, R.; Tsien, R. Proc. Natl. Acad.
Sci. U.S.A1999 96, 2135-2140.

(26) Sano, T.; Cantor, C. Froc. Natl. Acad. Sci. U.S.A99Q 87, 142-146.

(27) Argaram, C. E.; Kuntz, I. D.; Birken, S.; Axel, R.; Cantor, C. Rucleic
Acids Res1986 14, 1871-1882.

(28) Wu, M. M.; Llopis, J.; Adams, S.; McCaffery, J. M.; Kulomaa, M. S.;
Machen, T. E.; Moore, H.-P. H.; Tsien, R. €hem. Biol.200Q 7, 197—
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Cys. The affinities are unprecedented for such small partners,
<10 pM dissociation constants, with reasonably fast association
rates (seconds). Time scales for dissociation are weeks in the
absence of 1,2-dithiols, yet can be accelerated to minutes at
millimolar dithiol concentrations. Fluorescence of the biarsenical
dyes is greatly enhanced by binding to the target tetracysteine,
and the anisotropy of the resulting fluorescence reflects the
overall rotational freedom of the peptide domain rather than
the flexibility of a linker. Labeling remains visible after
denaturing gel electrophoresis and can be used for affinity
purification or electron-microscopic visualization of tetra-
cysteine-tagged proteins.

Compared to a natively fluorescent protein (Table 4) such as
GFP or DsRed, the tetracysteine motif needs a biarsenical small
molecule partner, which adds one step and a potential for
toxicity, but allows a much wider range of spectroscopic
properties. Also the association between the biarsenical and the
unstructured tetracysteine motif develops fluorescence within
seconds, considerably faster than the tens of minutes required
for cyclization and autoxidation to form the fluorescent protein
chromophores. Therefore, if the biarsenical is already present,
its fluorescence can monitor the biosynthesis of a tetracysteine-
tagged protein with faster and more faithful kinetics than that
of an autofluorescent protefd.Despite the above advantages,
there is still considerable need and scope for improvements and
alternatives. The most important improvement for fluorescence
labeling inside live cells would be a further increase in the ratio

(32) Still, W. C.Acc. Chem. Red.996 29, 155-163.

(33) Chen, C.-T.; Wagner, H.; Still, W. Gciencel998 279, 851-853.

(34) Torneiro, M.; Still, W. C.Tetrahedron1997, 53, 8739-8750.

(35) Rozinov, M. N.; Nolan, G. PChem. Biol.1998 5, 713-728.

(36) Rao, J.; Lahiri, J.; Isaacs, L.; Weis, R. M.; Whitesides, GSklencel 998
280 708-711.
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Table 4. Comparison between Autofluorescent Proteins and Tetracysteine—Biarsenical System

autofluorescent proteins derived from
Aequorea and Discosoma

tetracysteine—biarsenical system

length of polypeptide
tendency to aggregate

time to become fluorescent

chemical requirements
toxicity concerns
emission wavelengths
extinction coefficients, (mM)icm™1
fluorescence quantum efficiencies
photobleach resistance
fluorescence detection limits
for diffuse cytosolic tag
usefulness for fluorescence
polarization assays

fluorescence remaining after
denaturing gel electrophoresis
simultaneous multicolor labeling
of different proteins
sequential (pulse-chase) multicolor
labeling of a single protein
photoconvertible into
electron-microscopic image
generalizability to other
spectroscopic properties
usability for affinity chromatography

238900
weak dimerization to strong
tetramerization
minutes to days

Anust be present
HO, generated
blue to red
20-60
028
low to very high
<1luM

limited because protein itself is large
enough to be rotationally immobile,
regardless of host

none to slight

yes

possible by photobleaching or
without precise temporal control

no

probably not

no

6-10
none known, provided cysteines
are reduced or bound to biarsenical
seconds once biarsenical present; minutes
for biarsenical to cross membranes
cysteines must be reduced
1,2-dithiol antidote must be present
blue to red
30-80
0.:-0.6
low to good
severauM

very promising because tag is small
and rigidly attached to its host

good, if boiling with
excess thiols avoided
not yet possible
yes
yes

probably yes

yes

of the intensity of intended fluorescence relative to background reagents for peptide synthesis were from Perseptive Biosystems. Thin-
staining, especially the dithiol-independent component of the layer chromatography and column chromatography used Merck pre-
latter. This signal-to-background ratio has already improved coated silica gel 60 F-254 plates and silica gel 60 {2800 mesh),
considerably since our initial report and those using similar reSPectively.

staining conditions! due to optimization of the peptide Instrumentation. Proton nuclear magnetic resonance spectra were

sequence, staining protocols, and use of nonfluorescent dyes té:ollected on a Varian Gemini 200 MHz spectrometer in the solvent(s)

te f ted bindi N thel the detection limit Indicated. UV absorbance and fluorescence spectra were recorded on
compe € o_r unwan _e . inding. Nevertne ess,. e_ . ctec |or_1 Imits 5 Cary 3E (Varian) spectrophotometer and Fluorolog 2 (Spex) fluo-
for biarsenical dyes in live cells are currently significantly higher

! i X rimeter, respectively. Fluorescence polarization was recorded on a K2
than the estimate of kM required to detect GFP diffusely  fiyorimeter (ISS Inc.) Mass spectrometry was performed using a

expressed in the cytos#l Further reduction in the number and  Hewlett-Packard Electrospray 5989B mass spectrometer in the Howard
fluorescence brightness of biarsenical molecules bound toHughes Medical Institute facility at the University of California, San
nonspecific sites would still be desirable. Meanwhile, it should Diego. Peptides were synthesized by standard Fmoc solid-phase
be possible to increase the specific brightness of tagged proteingechniques using a Multiple Peptide Synthesis system attached to a
simply by concatenating multiple copies of the tetracysteine Pioneer peptide synthe_sger_ (Perse_-ptlve B|<_)SC|_ences_)._ Peptides were
motif, so that each molecule of protein attracts multiple copies acetylated on the N termini with ac_etlc anhydrlde'l'n pyrldlne_and DMF,
of the biarsenical dye. Beyond such refinements in the current 2"d cleaved from the support with TFADTtriisopropylsilane-

. . . . . . H20 and precipitated with cold ethehexanes. Peptides were purified
biarsenical-tetracysteine system, it would still be worthwhile . ; . )

. : by HPLC (Dionex) on Gg columns (analytical or semi-prep; Phenom-

to devise a second, chemically orthogonal attachment system

o . enex) with acetonitrile H,O0—0.1% TFA gradient or isocratic elution
to permit simultaneous attachment of two different tags or a 5nq yophilization.

heterodimerizing cross-link to pairs of distinct proteins. Another Complexes formed between peptides and arsenicals were formed at
attachment system might be created either by changing the sterigetween 5:M to 1 mM final concentration by mixing the components
relationship between the arsenic atoms to complement ain 100 mM K-MOPS buffer pH 7.3 for 2660 min with 1-5 mM
significantly different tetracysteine peptide motif, or by finding MES and 1 mM TCEP. Products were isolated by HPLC and
a system not reliant on cysteines and trivalent arsenic. Efforts lyophilized.
in both directions are underway. 4' 5-Bis(arsenoso)fluorescein; FIASHO; 36'-dihydroxy-spiro-
[isobenzofuran-1(3H),9-[9H]xanthen]-3-one]-4,5'-bis(oxoarsine).
FIAsH—EDT-1,2 (5.7 mg, 8.6umol) dissolved in THF (1 mL) was
treated with mercuric acetate (5.7 mg,&r@ol) dissolved in a minimum

Materials. Chemicals were from Aldrich and general solvents of 10 mM aqueous TFA. After vigorous mixing, the red precipitate of
(HPLC-grade) were from Fisher, and were used directly as received mercury thiol complex was removed by centrifugation and washed (3
unless otherwise noted. NMP and DMSO were dried by storage over x 1 mL) with warm THF. The combined THF supernatant and
4 A molecular sieve. Solvents, activated amino acids, and coupling washings were evaporated to dryness, and the resulting solid was
triturated with 95% EtOH, chilled, and filtered to give the product as
(37) gég)ffekova, K.; Proenza, C.; Beam, K. Bflugers Arch2001, 442, 859 an orange solid. Yield, 1.5 mg (34%). The solid appears stable for at
(38) Niswender, K. D.; Blackman, S. M.; Rohde, L.; Magnuson, M. A.; Piston, 1€aSt 6 months when stored-a20°C.*H NMR: (d-DMSO—-CDCl;—

D. W. J. Microsc.1995 180, 109-116. trace NI} in D;O) 6.03-6.25 (m’s, 2H, H-2 7'), 6.62-6.82 (m’s,

Experimental Section
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2H, H-1, 8), 7.06 (m, 1H, H-4), 7.5 (m, 2H, H-5,6), 8.0 (m, 1H, H-7).
ES-MS (90% MeOH, 0.04% N#j -ve mode: (M— 1)~ 511.2. Calcd
for C20H1007A52 512.1.

Resorufin 4,5-Bis(mercuric trifluoroacetate); Bis(trifluoroacetato-
«O)[u-(7-hydroxy-3H-phenoxazin-3-one-4,5-diyl)]dimercury. Re-
sorufin sodium salt (59 mg, 0.25 mmol) was added with stirring to a
solution of mercuric oxide (120 mg, 0.50 mmol) in trifluoroacetic acid
(2 mL) at room temperature. After overnight reaction, the dark red

material (by TLC) to give baseline product and by the weight gain of
the isolated product.
4,5-Bis(1,3,2-dithiarsolan-2-yl)-3,6-dihydroxy-9H-xanthen-
9-one, HOXAsH-EDT,. Dimercurated intermediatéH NMR (de-
DMSO) 7.07 (d, 2H, H-2,7), 7.97 (d, 2H, H-1,8) 10.7 (s, 2H, OH).
BiarsenicalH NMR (ds-DMSO) 3.3 (m, part obscured by,8, EDT),
6.91 (d, 2H, H-2, 7), 8.00 (d, 2H, H-1, 8), 11.4 (br s, 2H, OH) ES-MS
(90% MeOH, 1% HOAc)+ve mode: (M+ 1)t 560.6. Calcd for

solution deposited a solid. The reaction mixture was evaporated and c,/H,,0,As,S; 559.8. Complex with AcCWDCCPGCCK-N+HES-MS

diluted with water (20 mL), and the precipitate was collected by
filtration, dried in vacuo over s to give a dark red powder. Yield,
132 mg (63%)*H NMR: (ds-DMSO) 6.97 (d, 2HJ = 8.8 Hz), 7.04
(s, 1H, OH), 7.26 (d, 2H, 8.7 Hz).
4,5-Bis(1,3,2-dithiarsolan-2-yl)-resorufin; ReAsH-EDT .. Resoru-
fin bis(mercuric trifluoroacetate) (73 mg, 8mmol) was suspended in
dry NMP (1.5 mL) under argon. Arsenic trichlorid€dution: toxic,
handle only in a fume-hood(170 uL, 4.0 mmol), palladium acetate
(few mg), and DIEA (14Q:L, 1.6 mmol) were added, and the reaction
mixture was stirred at 6670 °C for 2 h. After cooling, the reaction
mixture was poured into acetored.25 M phosphate buffer pH 7 (25
mL, 1:1 v/v), treated with excess 1,2-ethanedithiol (0.5 mL), extracted
with CHCI; (3 x 30 mL), dried over Ng50O,, evaporated, and purified
by chromatography on silica (20 g packed in toluene, eluted with 10%
EtOAc—toluene). Care should be taken not to evaporate purified
fractions excessively as this leads to partial loss of EDT. After trituration
with 95% EtOH, the product was obtained as a dark red-purple solid
(16 mg) with the evaporated EtOH yielding a further 2 mg. Yield (39%).
H NMR (CDCl): 3.49 (m, 8H, S-CHy), 6.22 (d, 2H,J = 8.3 Hz),
6.30 (d, 2H,J = 8 Hz). ES-MS (90% MeOH, 0.04% Nji-ve mode:
(M — 1) 543.8. Calcd for GH13NO3As,S, 544.8. Complex with
ACWEAAAREACCRECCARA-NH ES-MS (50% MeOH, 1% HOAc)
+ve mode: (M+ 3)*" 766.5. Calcd for GgH121AS:N27020S, 2297.6.
Fluorescence quantum yield of peptide complex in pH 7 buffer,
0.2.

4,5-Bis(arsenoso)resorufin, (ReAsHO)ReAsH-EDT, (1 mM in
THF) was treated with an equal volume of 2 mM mercuric acetate in
10 mM aqueous TFA. The THF was removed by evaporation with a
stream of N, and the product was collected by centrifugation, washed
with water, dissolved in DMSO, filtered, and stored frozen. ES-MS
(50% MeOH, 0.2% NH) -ve mode: (M— 1)~ 391.6. Calcd for GHs-
As;NOs 392.86.

General Synthesis of Biarsenical Derivatives of Dyes3,6-
Dihydroxyxanthoné? 2,7-dichloro-3,6-dihydroxyxanthorfé, 2'-bro-
mofluorescein (prepared by fusion of 4-bromoresorcinol and phthalic
anhydride at 190C; purified as the diacetate);,Z-dibromofluores-
cein thiofluoresceif? (3,6 -dihydroxyspiro[isobenzofuran-1(3H);9
[9H]thioxanthene]-3-one), thiorSl(7-hydroxy-3H-phenothiazin-3-one),
and 2,7-dibromoresorufth (2,8-dibromo-7-hydroxy-3H-phenoxazin-

3-one) were synthesized according to literature methods. 5,(6)-

(50% MeOH, 1% HOAcH-ve mode: (M+ 1)" 1427.5, (M+ 2)**
714.1, deconvolved to MW of 1426.28. Calcd fossBs4AS:N1:0165
1426.27. Fluorescence quantum yield of peptide complex in pH 7 buffer,
0.12.
4,5-Bis(1,3,2-dithiarsolan-2-yl)-2,8-dichloro-3,6-dihydroxy-9H-
xanthen-9-one, CHoXAsH-EDT,. Dimercurated intermediatéH
NMR (de-DMSO) 8.01 (s, 2H, H-1,8), 10.97 (s, 2H, OH). Biarsenical
H NMR (ds-DMSO) 3.5 (EDT peaks part obscured by®), 7.71 (br
s, 2H, OH), 8.05 (s, 2H, H-1,8). ES-MS (50% MeOH, 0.1%J)\He
mode: (M— 1) 626.7. Calcd for GH12AS,Cl,04S, 627.7. UV-vis
(pH 7 buffer) Amax 389 €max 33600 Mt cm~t. Complex with AcWD-
CCPGCCK-NH ES-MS (50% MeOH, 1% HOAc)-ve mode: (M+
1)t 1497.0. Calcd for @He2ASCloN1,016S4 1496.1. Fluorescence
quantum yield of peptide complex in pH 7 buffer, 0.35.
4'5-Bis(1,2,3-dithioarsolan-2-yl)-2 7 -dibromofluorescein, Br,AsH—
EDT,. Dimercurated intermediatéd NMR (ds-DMSO) 1.85 (s, 3H,
OAc), 1.86 (s, 3H, OAc), 7.26 (s, 2H, Hs&), 7.32 (m, 1H, H-7),
753 (m, 2H, H-5,6), 7.68 (d, 1H, H-4). BiarsenicdH NMR
(ds-DMSO) 3.5 (EDT peaks part obscured by®), 6.85 (s, 1H, H-),
7.02 (s, 1H, H-8, 7.42 (dd, 1H, H-7), 7.82 (m, 2H, H-5,6), 8.12 (dd,
1H, H-4). ES-MS (50% MeOH, 0.1% Ngi-ve mode: (M— 1)~
821.9. Calcd for @H16ASBr0OsS 822.7. Complex with ACWEAAAR-
EACCRECCARA-NH ES-MS (50% MeOH, 1% HOAc)-ve mode:
(M + 3)3+ 859.2. Calcd for €5H124ASQBI'2N2603184 2576.1 (av).
Fluorescence quantum yield of peptide complex in pH 7 buffer, 0.18.

4' 5-Bis(1,2,3-dithioarsolan-2-yl)-2-bromofluorescein, BrAsH—
EDT,. Biarsenical NMR (CDGJ) 3.6 (m, 8H, S-CH,), 6.52 (d, 1H,
H-7'), 6.61 (d, 1H, H-8, 6.90 (s,1H, H-1), 7.21 (dd, 1H, H-7), 7.69
(m, 2H, H-5,6), 8.03 (dd, 1H, H-4), 9.90 (s, 1H;BH), 10.55 (s, 1H,
6'-OH). ES-MS (50% MeOH)-ve mode (M+ 1)* 744.3. Calcd for
CoaH17AS:BrOsS, 743.4. Complex with ACWEAAAREACCREC-
CARA-NH; ES-MS (50% MeOH, 1% HOAc)}ve mode: (M+ 3)3*
832.4. Calcd for GeHi25AS:BrN205:1S, 2497.2 (av). Fluorescence
quantum yield of peptide complex in pH 7 buffer, 0.27.

4' 5-Bis(1,2,3-dithioarsolan-2-yl)-thiofluorescein, tFIASH-EDT,.
Biarsenical,'H NMR (CDCL) 3.56 (m, 8H, S-CH,), 6.64 (d, 2H,
H-2',7), 7.09 (d, 2H, H-18), 7.3 (m,1H, H-7), 7.63 (m, 2H, H-5,6),
7.92 (m, 1H, H-4). ES-MS (50% MeOH, 1% HOAd)ve mode: (M
+ 1)+ 680.7. Calcd for @H1sAS,04Ss 679.8. Complex with AcWD-

Sulfofluorescein was purchased from Molecular Probes. Standard CCDECCK-NH ES-MS (50% MeOH, 1% HOAc)-ve mode: (M+

mercuration conditions used mercury bis(trifluoroacetate) in TFA or
mercury diacetate in acetic acid and transmetalation with Aa@d
was as described above for the preparation of ReASHT,. Biarseni-
cal derivatives of dyes were characterizedHyNMR, ES-MS of their
EDT complexes, and by ES-MS of the purified peptide complex.

2)?* 819.4. Calcd for G@H70AS:N12020S 1636.19. Fluorescence
quantum yield of peptide complex in pH 7 buffer0.01.

4' 5'-Bis(1,2,3-dithioarsolan-2-yl)-fluorescein-5(6)-sulfonic acid,
sFIAsH—EDT,. Dimercurated intermediatéH NMR (D20 + Na-
COy): 1.85 (s, 3H, OAc), 1.86 (s, 3H, OAc), 6.62 (d, 2H, H7), 7.0

Comparable analysis of the dimercurial intermediate was often greatly (m, 1H, H-7), 7.04 (d, 2H, H-18), 7.5-8.1 (m’s, 2H, H-4,(5,6)).

hindered by their insolubility in any suitable solvents, although reaction

BiarsenicalH NMR (ds-DMSO) 3.5 (m, obscured by water), 6.64 (d,

progress could be conveniently monitored by the conversion of starting 2H, H-2,7), 7.03 (d, 2H, H-18), 7.23 (m, 1H, H-7), 7.72 (m, 1H,

(39) Grover, P. K.; Shah, G. D.; Shah, R.L.Chem. Socl955 3982-3985.

(40) Kurduker, R.; Subba Rao, N. YProc. Indian Acad. Sci., Part A963 57,
280-287.

(41) Sandin, R. B.; Gillies, A.; Lynn, S. @. Am. Chem. Sod939 61, 2919-
2921.

(42) Pfoertner, K. HJ. Chem. Soc. Perkin Trans.1®91, 523-526.

(43) Houston, D. F.; Kester, E. B.; DeEds, JFJAm. Chem. So&949 71, 3819-
3822.

(44) Afanas’eva, G. B.; Viktorova, T. S.; Pashkevich, K. I.; Postovskii, I. Y.
Khim. Geterotsikl. Soedirl.972 3, 348-353.
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H-5(6)), 8.09 (m, 1H, H-4). ES-MS (50% MeOH, 0.2% BK)Hve
mode: (M— 1)t~ 742.7. Calcd for @H18AS,0sSs 743.80.

4,5-Bis(1,2,3-dithioarsolan-2-yl)-thionol, ThASH-EDT. Biarseni-
cal, ES-MS (50% MeOH, 0.2% N#i-ve mode: (M— 1)~ 559.8.
Calcd for GeH13As:NO,Ss 560.8. Complex with AcCWDCCDECCK-
NH; ES-MS (50% MeOH, 1% HOAc)-ve mode: (M+ 2)?* 759.9
Calcd for GeHesAS2N13018Ss 1517.16. Fluorescence quantum yield of
peptide complex in pH 7 buffers0.01.
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4,5-Bis(1,2,3-dithioarsolan-2-yl)-2,8-dibromoresorufin, BfReAsH—
EDT,. Biarsenical, ES-MS (50% MeOH, 0.2% NH-ve mode:
(M — 1) 701.6. Calcd for @GH11AS:Bro,NO;S; 702.6.

Preparation of Immobilized FIAsH—EDT,. 5-Carboxyfluores-

of free amines was achieved by treatment with a 4-fold excess of
N-acetoxysuccinimide (prepared from acetic acid &hdydroxysuc-
cinimide with dicyclohexylcarbodiimide in Ci€l,) over total amines
(approx 15umol/ml) in the same phosphate buffer with slow rotation
cein-4,5-bis(mercuric diacetate). 5-Carboxyfluorescefi (188 mg, overnight. After washing with buffer, a sample of the agarose tested
0.500 mmol) dissolved in 1 mLfol M KOH was added dropwise negative for free amines by reaction with ninhydrin. The immobilized
over 30 min to a stirred solution of mercuric acetate (350 mg, 1.10 FIASH—EDT, was washed and stored in 50% EtOH &iCl

mmol) in glacial acetic acid (5 mL) at 58C. The reaction mixture Staining of Extracellular Tetracysteine Motif by Impermeant

was kept at room-temperature overnight, the precipitate was collected FIAsH. A gene encoding a fusion of the peptide AEAAARECCREC-
by centrifugation and washed with,@, and dried in vacuo over,Bs. CARA to the C-terminus of VAMP 2 (vesicle associated membrane
Yield, 390 mg (88% but NMR indicated about 75% dimercuration and protein 244 was created by the polymerase chain reaction (PCR). The
25% monomercuration; the crude product was used without further resulting gene was inserted into pcDNA3 vector (Invitrogen) and

purification).*H NMR (D20 + NaCQs): 1.84 (s, 6H, CH), 6.62 (d,
2H,J =9 Hz), 7.11 (d, 2HJ) = 9 Hz), 7.67 (s, 1H, H-4), 7.78 (d, 1H,
J = 8 Hz, H-7), 8.00 (d, 1H,] = 8 Hz, H-6).

4' 5-Bis(1,2,3-dithioarsolan-2-yl)-fluorescein-5-carboxylic Acid,
5-Carboxyflash—EDT,. Crude 5-carboxyfluoresceiri;8-bis(mercuric
acetate) (89 mg, 0.10 mmol) was suspended in dry NMP (1 mL) under
Ar and treated with arsenic trichloride (17Q, 2.0 mmol), DIEA (140
uL, 0.80 mmol), and palladium (1) acetate (a few mg). After overnight

cotransfected with an EBFP plasmid into HelLa cells with lipofectin.
After 24—48 h, the cells were treated with 5 mM MES and 0.5 mM
TCEP in HBSS for 26-30 min; 2-5 uM sFIAsH—EDT, was added

for a further 30 min, and the cells were rinsed with fresh HBSS. Imaging
experiments were performed as described above with excitation at 480
nm (30 nm bandwidth), emission at 535 nm (25 nm bandwidth), and
dichroic mirror at 505 nm for sFIAsH; and excitation of 380 nm
(bandwidth 10 nm), emission at 440 (bandwidth 40 nm), and dichroic

reaction, the reaction mix was added to aqueous phosphate buffer, pHat 420 nm for EBFP.

7; acetone (1:1 v/iv 50 mL, 0.2 M KPfpand ethanedithiol (0.5 mL)
was added to give a heavy precipitate. CEH@0 mL) and sufficient

Affinity Purification of Proteins Using Immobilized FIASH —
EDT.. Crude his-tagged C$8'21¢almodulirt containing an N-terminal

acetic acid to decolorize the mixture were added, and the mixture was polyhis tag was prepared by clonin¢enopusCys>%12-3calmodulin

stirred fa 1 h and separated, and the aqueous layer was extracted (2
30 mL) with CHCE. The combined organic layers were dried §Na
SQOy) and evaporated to dryness with the residual NMP being removed
by rotary evaporation with a high vacuum pump. The orange residue

into pRSETB vector, expression . coli, lysis by French press in
250 mM KCI, 50 mM KPQ, 1 mM EDTA, 10 mM MES, 1 mM TCEP,
pH 7.5, containing the protease inhibitors, leupeptin, aprotinin, TLCK,
TPCK, and PMSF, followed by high-speed centrifugation. The super-

was separated by chromatography on silica (20 g packed in toluenenatant was stored frozen &80 °C.

with 0.5% HOAc, sample loaded in CH#lwith elution with 0.5%
HOAc—toluene to remove A$EDT); and EDT, then 25% ethyl
acetate-0.5% HOAc-toluene to elute the product. After trituration
with 95% EtOH, 14 mg (20% vyield) of a whitish-pink solid was
obtained.!H NMR (CDCL—CD;0OD): 3.5 (m, partially obscured by
solvent), 6.42 (d, 2H) = 9 Hz),6.50 (d, 2HJ = 9 Hz), 7.78 (s, 1H,
H-4), 7.97 (d, 1HJ = 8 Hz, H-7), 8.21 (d, 1H) = 8 Hz, H-6). ES-
MS (50% MeOH, 0.04% Ng) -ve mode; (M— 1)~ 708.4. Calcd for
CysH1507As,S, 708.5.

Further elution with 2550% ethyl acetate0.5% HOAc-toluene
yielded the monosubstituted product as a yellow solid (15 mg, 28%
yield). ES-MS (50% MeOH, 0.04% Nji-ve mode; (M— 1)}~ 541.5.
Calcd for G3H1s0/AsS, 542.42. Conversion to the arsenoxide with
Hg?* was as described for ReAsHO.

4',5'-Bis(1,2,3-dithioarsolan-2-yl)-fluorescein-5-carboxylic Acid,
Succinimidyl Ester: 5-Carboxyflash—EDT, Succinimidyl Ester.
5-CarboxyFIAsH-EDT> (3.5 mg, 5.umol) was dissolved in dry THF
(0.5 mL) under Ar and diisopropylcarbodiimide (1, 6 umol) and
N-hydroxysuccinimide (0.7 mg, gmol) were added. After 3 h, the
mixture was evaporated and the product was purified by chromatog-
raphy on silica (7 g Si@ eluted with 30% ethyl acetat®.5% HOAc-
toluene) to give a white solid (3.7 mg, 92% NMR (CDCl): 2.91(s,
4H, OCH,), 3.60 (m, 8H, SCh), 6.54 (d, 2HJ = 9 Hz), 6.60 (d, 2H,
J=9Hz), 7.95 (s, 1H, H-4), 8.15 (d, 1H,= 8 Hz, H-7), 8.38 (d, 1H,
J = 8 Hz, H-6), 9.97 (s, 2H, OH).

Coupling to Amino Agarose.5-CarboxyFIAsH-EDT, succinimidyl
ester (0.2 mL of 2.4 mM solution in DMSO, 0.50nol) was added to
1 mL of amino-agarose (Affi-Gel 102; Biorad, or Sepharose-EAH;
Pharmacia), which had been washed thoroughly with 50 mMRQO,,

0.1 mM EDTA, pH 7.5; 5 mM BME and 0.1 mM EDT can be added
to maintain the integrity of the FIASHEDT, moiety without affecting
coupling significantly but is not necessary. The mixture was mixed by
slow rotation at £C overnight, poured into a short column, and washed

Supernatant (1 mL) was mixed by slow rotation &Cifor 3—12 h
with 0.5 mL agarose FIASH—EDT, which had been washed in 250
mM KCI, 50 mM KPQ,, 1 mM EDTA, pH 7.5. The mixture was
transferred to a short column, the unbound material was collected, and
the resin was washed with buffer{20 mL) and then eluted with
buffer containing 10 mM DMPS (& 0.2 mL). Fractions were analyzed
by SDS-PAGE (15% separating gel).

Purification by the poly-histidine tag used standard immobilized
metal affinity chromatography methods (Qiagen) except that 1 mM
NiCl, was added to the bacterial supernatant before binding to prevent
the EDTA from removing Ni" from the support. The protein was bound
to 100uL of resin at 4°C for 3—4 h, washed with buffer (0.25 M
NaCl, 10 mM Tris, pH 8, containing 10 mM and 20 mM imidazole
(each 10 mL), and eluted with buffer containing 0.25 M imidazole
(3 x 0.2 mL).

SDS-PAGE of Proteir-FIAsH Complexes. FIASH—EDT,
(10—100uM) was added to Laemmli sample buffer with SDS, glycerol,
Tris-HCI pH 6.8, bromophenol blue, but containing 50 mM TCEP
(diluted from a 100 mM stock neutralized with 3.5 equiv of Tris base)
as the reductant instead of BME or DTT. The protein and sample buffer
were kept at room temperature for-130 min and loaded onto the gel
that was run as usual. The samples can be briefly boiled (3 min only)
but did cause a slight decrease in the intensity of the fluorescent band.
Alternatively, if the protein requires heat to denature, the sample
combined with sample buffer lacking FIASHEDT,, can be boiled and
cooled, and FIASHEDT, can be added. High=(1mM) concentrations
of DTT and BME should be avoided in the sample buffer. The pretein
FIAsH complexes were visualized on the unstained or unfixed gel by
illumination with either an ultraviolet light-box or by using a CCD
camera and Xe-light source with appropriate filters for FIAsH
fluorescence (excitation at 480 nm, with emission at 535 nm).

Fluorescence Polarization of FIAsH and Fluorescein-Labeled
Calmodulin. Measurements of fluorescence anisotropy were made on

extensively with the same buffer. Measurement of the absorbance ofan ISS Inc. K2 fluorimeter with Glan-Thompson polarizing prisms, 1

the washings at 508 nm indicated0% coupling efficiency. Capping

(45) Rossi, F. M.; Kao, J. Bioconjugate Chenil997, 8, 495-497.

mm slits, 18 A lamp current, and excitation monochromator set at 500
nm, and measuring emission at 533 nm, for FIASEys 71011
calmodulin. For fluorescein-labeled calmodulin, the excitation setting

J. AM. CHEM. SOC. = VOL. 124, NO. 21, 2002 6075



ARTICLES Adams et al.

was 490 nm, and emission was at 520 nm. The samples were preparegh)cDNA3 (Invitrogen) and either it or CFRCCRECC were transfected

in 50 mM MOPS adjusted to pH 7.4 with potassium hydroxide, also into HelLa cells with Fugene (Roche). Imaging experiments were
containing 2 mM mercaptoethanesulfonate (MES) and 1mM ethylene- performed 24 h after transfection with a cooled charge-coupled device
diaminetetraacetic acid (EDTA). To adjust viscosity, the buffer above camera (Photometrics) controlled by Metafluor software (Universal
was used to prepare a solution of 60% sucrose by weight and thenlmaging). Fluorescence was monitored in three channels; CFP, excite
mixed with unsweetened buffer in 0.3-mL divisions to obtain a series at 440 nm (20 nm bandwidth) with emission at 480 nm (30 nm
of sucrose concentrations of 0, 10, 20, 30, 40, and 50%. In each cuvettebandwidth); FRET, excite CFP with emission at 635 nm (55 nm
0.3 mL of the reduced and labeled stock protein solution was diluted bandwidth); FIAsH, excite at 495 nm (10 nm bandwidth) with emission

6-fold to obtain a concentration of approximately:i. at 535 nm (25 nm bandwidth). The 455 nm dichroic mirror reflected
The labeling of the Cys1%11calmodulin sample was accomplished  sufficient 495 nm light. Cells were washed with Hanks buffered saline
as follows: 144ul of the recombinant Cy<1%icalmodulirt stock solution (HBSS) containing glucose and were stained by addition of a

(200u4M) was mixed with 1056:l of 50 mM K-MOPS pH 7.4 buffer premixed DMSO stock solution to give a final concentration of 2.5
(no MES or EDTA) containing 1 mM (TCEP) and allowed to stand at uM FIAsH—EDT, and 10uM EDT. Staining was generally allowed
room temperature for 2.5 h to reduce any disulfide bonds. Theh 4  to proceed for 6690 min before the cells were thoroughly washed

of 1 mM FIAsH-EDT, (in DMSO) was added so that 24M of with HBSS and allowed to equilibrate. Concentrated DMSO stock
Cys$7101lcalmodulin was labeled with 3.8M FIASH—EDT,. The solutions of EDT and Disperse Blue were generally added in volumes
sample was kept at room temperature 2oh and then at 4C for 2 of less than L. CFP concentration was calibrated using a wedge of

days. Prior to diluting the samples, the 1.2 mL of sample was gel- height 0.14 mm and length 7.4 mm that contained:avBsolution of
filtered with 0.4 g G25 Sephadex (Sigma) in which the void volume purified CFP in HBSS. Under conditions identical to those used for
was determined to be 0.5 mL. The buffer used for elution was the live cell imaging, the objective lens was moved through the thickness
MOPS-MES—EDTA used to dilute the samples. Several of the 0.5- of the wedge at a constant rate, and the start and end of the fluorescent
mL fractions were fluorescent and were combined and diluted to 2 signal were taken as the start and end of the physical wedge. The
mL. The specificity of labeling was verified by electrospray ionization fluorescence at a wedge thickness qird was interpolated and used
mass spectrometry. It was found that the TCEP reduction step wasas the scaling factor for calibrating CFP concentration in HeLa cells.
necessary to observe distinct, deconvolved mass peaks for the labeled Photoconversion and Fluorescent Staining of FIAsH Derivative-
and unlabeled Cyg:*%calmodulin components in the sample. The Labeled Connexin 43.A gene encoding a fusion of the peptide
gel-filtered complex was stable for at least several days even though aAEAAARECCRECCARA to the C terminus of connexin ¥3vas
nonoptimal FIAsH site (CCQICC) was used. For the control sample created by the polymerase chain reaction (PCR). The resulting gene
of fluorescein-labeled native calmodulin, 5(6)-carboxyfluorescein suc- was inserted into pcDNA3 vector (Invitrogen) and cotransfected with
cinimidyl ester (Molecular Probes) was reacted with recombinant bovine a EBFP plasmid into HeLa cells with lipofectin. Fluorescent imaging
CaM at pH 7, gel-filtered, and dialyzed to remove any free fluorescein. and photoconversion staining were performed as described (Gaietta et
It was then diluted into a similar series of six stepped sucrose percentageal., submitted) with excitation of bound FIAsH, BrAsH, BisH, and
cuvette samples as described above. The effect of FIAsH or fluoresceintFIAsH at 480 nm emission and emission at 535 nm, and with excitation
labeling upon the biological activity or structure of calmodulin has not of ReAsH, BeReAsH, and ThAsH at 580 nm with emission at 630
yet been determined. nm.

Complex Stability and Kinetics. On-rate: 2-5 nM FIAsSHO was
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added to a stirred, degassed solution of peptide (6-016M) and cknowledgment. We thank Jianghong Rao and Oded Tou

MES (0, 1, 5, or 20 mM) in 100 mM KC, 10 mM KIOPS, pH 7.3, for helpful discus;ions and Guido Qaietta and Tom Deerinck
at 20+ 2 °C in a Spex fluorimeter. The fluorescence intensity at 530 for photoconyersmn procedures. This work was supported by
nm was monitored with time (36300 s), with excitation at 508 nm,  National Institutes of_HeaIth Grant NS27177 (to_ R.Y.T.), the
and the initial part was fitted to a single exponential using GraphPad Howard Hughes Medical Institute (to R.Y.T.), Office of Naval
Prism software. The determined rate plotted against at least threeResearch, Order No. N00014-98-F-0402 to the Molecular
different peptide concentrations gave a straight line with gradient equal Design Institute through the U.S. Department of Energy under
to the rate constant. Contract No. DE-AC03-76SF00098 (S.R.A., J.L., and R.Y.T.)
Exchange-rate: FlAsHpeptide complex (0.4M isolated by HPLC) and National Institutes of Health Grant PO1 DK54441 (to Susan
in degassed 100 mM KCI, 10 mM-KIOPS, pH 7.3, was treated with S. Taylor). The award of a NIH Training Grant to G.K.W.
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FIupre;cent emission spectra (with excitation .at.508 nm) were acqmredinCIuded here was conducted at the National Center for
periodically over 3-4 weeks. Long-term variationst(L0%) in the

fluorimeter stability were corrected for by referencing each time point Mlc_roscopy a_lnd Imaging Research, which is supported by
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time were fitted to single exponential decays. Ellisman).

FIAsH—EDT Staining in Live Cells. The CFP-CCPGCC (CFP Supporting Information Available: Synthetic details (PDF).
AEAAAREACCPGCCARA,) construct was prepared by PCR of the  This material is available free of charge via the Internet at
previously reported CFPCCRECC (CFP-AEAAAREACCREC- http://pubs.acs.org

CARA)! with an antisense primer that contained the RE to PG
mismatch. The gene was cloned into the mammalian expression vectorJA0O17687N

6076 J. AM. CHEM. SOC. = VOL. 124, NO. 21, 2002



