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Specific Covalent Labeling of
Recombinant Protein Molecules
Inside Live Cells

B. Albert Griffin,* Stephen R. Adams, Roger Y. Tsien?

Recombinant proteins containing four cysteines at the j,i + 1,i + 4, and/ +
5 positions of an o helix were fluorescently labeled in living cells by extracellular
administration of 4’,5’-bis(1,3,2-dithioarsolan-2-yl)fluorescein. This designed
small ligand is membrane-permeant and nonfluorescent until it binds with high
affinity and specificity to the tetracysteine domain. Such in situ labeling adds
much less mass than does green fluorescent protein and offers greater versa-
tility in attachment sites as well as potential spectroscopic and chemical
properties. This system provides a recipe.for slightly modifying a target protein
so that it can be singled out from the many other proteins inside live cells and
fluorescently stained by small nonfluorescent dye molecules added from out-

side the cells.

Attachment of fluorescent or other useful labels
onto proteins has traditionally been accom-
plished by in vitro chemical modification after
purification (7). Green fluorescent protein
(GFP) from the jellyfish Aequorea victoria can
be genetically fused with many host proteins to
produce fluorescent chimeras in situ (2, 3).
However, GFP is potentially perturbative be-
cause of its size (238 amino acids), can usually
only be fused at the NH,- or COOH-terminus
of the host protein, offers a limited variety of
colors, and is of no assistance for spectroscopic
readouts other than fluorescence. We therefore
designed and synthesized a tight-binding pair of
molecular components: a small receptor do-
main composed of as few as six natural amino
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acids that could be genetically incorporated into
proteins of interest, and a small (<700-dalton),
synthetic, membrane-permeant ligand that
could be linked to various spectroscopic probes
or crosslinks. The ligand has relatively few
binding sites in nontransfected mammalian
cells but binds to the designed peptide domain
with a nanomolar or lower dissociation con-
stant. An unexpected bonus is that the ligand is
nonfluorescent until it binds its target, where-
upon it becomes strongly fluorescent.

Our approach exploits the facile and revers-
ible covalent bond formation between organo-
arsenicals and pairs of thiols. Trivalent arsenic
compounds bind to the paired thiol groups of
proteins containing closely spaced pairs of cys-
teines or the cofactor lipoic acid (4, 5). Such
binding, which is responsible for much of the
toxicity of arsenic compounds, is completely
reversed by small vicinal dithiols such as 2,3-
dimercaptopropanol  [British  anti-Lewisite
(BAL)] or 1,2-ethanedithiol (EDT), which form
tighter complexes with the organoarsenical than
do cellular dithiols (6, 7). If a peptide domain
could be designed with even higher affinity
than that of the antidotes for an organoarsenical
ligand, the ligand could be administered in the
presence of excess antidote and specifically
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bind the desired peptide domain without poi-
soning other proteins. To achieve this unusu-
al affinity, we designed a peptide domain
with four cysteines already organized to bind
an organic molecule containing two appropri-
ately spaced trivalent arsenics (Fig. 1). If the
distance between the two pairs of cysteines
matched the spacing between the arsenics,
the two dithiol-arsenic interactions should be
highly cooperative and entropically favor-
able. The four cysteines were placed at the i,
i+ 1,i+4,andi + 5 positions of an « helix,
so that the four thiol groups would form a
parallelogram on one side of the helix. We
chose acety- WEAAAREACCRECCARA-
amide (8) as a model peptide for in vitro tests,
on the basis of the known propensity of pep-
tides of the form acetyl-W(EAAAR),A-
amide (9) to form « helices.

Fourteen biarsenical ligands were synthe-
sized and tested for their ability to bind the

S.
HgOAc HgOAc As As

HO. g T e HOL A ool g
Y T 13 T T b
1. AsCly .l

L _cooH 2. HSCH,CH,SH

A.._-COOH
(= EDT) T

4 5-bis(acetoxy-
mercuri)fluorescein

FLASH-EDT,

a-helical CCXXCC domain

Fig. 1. Synthesis of FLASH (20) and proposed
structure of its complex with an a-helical tet-
racysteine-containing peptide or protein do-
main. Although the structure is drawn with the
iandi + 4 thiols bridged by one arsenic and the
i+ 1andi + 5 thiols bridged by the other, we
cannot rule out the isomeric complex in which
one arsenic links the i and i + 1 thiols while the
other links the /i + 4 and i + 5 thiols.

Fluorescent complex
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Fig. 2. Fluorescence of FLASH is induced by
binding to a tetracysteine motif. (A) Fluores-
cence excitation (Exc) and emission (Em) spec-
tra of 250 nM FLASH bound either to a model
tetracysteine-containing peptide (20) in phos-
phate-buffered saline at pH 7.4 (solid lines) or
to EDT at the same gain settings (dashed line,
emission spectrum only). (B) Kinetics of binding
of 1 uM FLASH to 10 pM peptide in the
presence of 10 wM EDT and subsequent rever-
sal by a higher concentration (S mM) of EDT.
The apparent fluorescence of FLASH-EDT,
ranged from 0.05% (A) to 0.5% (B) of that of
the FLASH-peptide complex and might merely 500 600
reflect trace impurities such as free fluorescein. Wavelength (nm)
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Fig. 3. FLASH labeling of a tetracysteine motif appended to a GFP mutant in living cells. (A)
Reversible intracellular labeling of a tetracysteine-containing peptide, AEAAAREACCRECCARA (8),
fused to the COOH-terminus of ECFP (13, 74) and expressed in Hela cells (27). Fluorescence
images (22) were recorded before and after incubation with 1 WM FLASH-EDT, and after treatment
with 1 mM EDT. Excitation was at 440 = 10 nm, and emissions were collected at 480 + 15 nm
(top row) and 635 * 25 nm (bottom row). Comparison with a transmitted-light view (far left)
shows that cells not expressing the fusion protein showed negligible fluorescence at either emission
wavelength. Fluorescence images were taken at 4, 150, and 195 min. (B) Time course of intensities
at cyan (circles) and red (squares) emission wavelengths for the fluorescent cell at the upper right,
compared to the same measurements (up- and down-pointing triangles) on a nonexpressing cell.
Excess FLASH and EDT were removed as indicated (washout), then the cells were incubated with
the indicated concentrations of EDT.
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tetracysteine peptide in the presence of a
small excess of BAL or EDT (/0), but the
only successful ligand was 4',5'-bis(1,3,2-
dithioarsolan-2-yl)fluorescein, which may also
be called FLASH-EDT, [fluorescein arseni-
cal helix binder, bis-EDT adduct (Fig. 1)].
FLASH-EDT, was prepared in a single step
by transmetallation (//, 12) of commercially
available fluorescein mercuric acetate, fol-
lowed by addition of EDT to facilitate puri-
fication. The product was virtually nonfluo-
rescent but became brightly fluorescent after
addition of the tetracysteine peptide to dis-
place the EDT. The excitation and emission
peaks were 508 and 528 nm, respectively
(Fig. 2), which are about 20 nm longer in
wavelength than those of free fluorescein.
The quantum yield of the FLASH-peptide
complex was 0.49, whereas FLASH-EDT,
was =5 X 107* times as fluorescent. The
small size of EDT probably permits rotation
of the aryl-arsenic bond and excited state
quenching by vibrational deactivation or
photoinduced electron transfer, whereas the
peptide complex may evade such quench-
ing because its more rigid conforma-
tion should hinder conjugation of the arsenic
lone pair electrons with the fluorescein orbit-
als. The equilibrium reaction FLASH-EDT,
+ peptide = FLASH-peptide + 2 EDT fa-
vored FLASH-peptide at =10 puM EDT and
FLASH-EDT, at =1 mM EDT, so that label-
ing was reversed by millimolar concentra-
tions of EDT (Fig. 2B). Monothiols such as
2-mercaptoethanol or glutathione were help-
ful to catalyze equilibration but did not com-
pete themselves. The FLASH-peptide com-
plex showed no sign of dissociation even
when diluted to 1 nM in 5 mM 2-mercapto-
ethanol and left for weeks, which indicates
that complex formation was essentially irre-
versible in the absence of excess EDT. The
apparent pK, of the fluorescein chromophore
in the FLASH-peptide complex was 5.4, so
the fluorescence should not be sensitive to
variations in cytosolic pH near 7.

To test the membrane permeability of
FLASH-EDT, and the specificity of the
FLASH-peptide interaction in live mammalian
cells, we genetically fused the designed peptide
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Fig. 4. FLASH labeling of a tetracysteine motif inserted within a protein. (Left) Fluorescence images
(excitation 480 = 15 nm, emission 535 * 12.5 nm) of Hela cells transiently transfected with a
gene for Cys®71%"1-calmodulin, labeled 36 hours later with 1 uM FLASH-EDT, and 10 uM EDT in
Hank's balanced salt solution for 1 hour at 25°C, then washed free of excess dye just before
imaging. (Middle) Nontransfected Hela cells labeled and imaged under identical conditions.
(Right) Nontransfected controls reimaged at 4.5-fold higher gain.

(with the tryptophan changed to an alanine) to
the COOH-terminus of a cyan mutant [en-
hanced cyan fluorescent protein (ECFP)] of
GFP (I3, 14) and transiently expressed this
fusion protein in HeLa cells. ECFP was chosen
as the host protein so that expressing cells could
be distinguished from nonexpressing cells by
ECFP fluorescence (Fig. 3) and because forma-
tion of the ECFP-Cys, peptide-FLASH com-
plex should be demonstrable by fluorescence
resonance energy transfer (FRET) from ECFP
to FLASH. Before addition of FLASH-EDT,,
some cells were brightly fluorescent at the
ECFP emission maximum (480 nm) and only
very dimly fluorescent at 635 nm, at which
ECFP barely emits; whereas the other cells did
not express ECFP. When 1 uM FLASH-EDT,
was added with 10 uM EDT, cells already
expressing ECFP increased their fluorescence
at 635 nm more than threefold, because of the
long-wavelength tail of FLASH emission,
whereas the fluorescence of ECFP at 480 nm
declined by >70%, indicating FRET from the
ECFP to the bound FLASH. The high efficien-
cy of FRET showed that >>70% of the intracel-
lular ECFP molecules had directly bound
FLASH and that the distance between the chro-
mophores was <5 nm as expected from the
protein dimensions (/5). Cells not expressing
ECFP were unaffected by FLASH-EDT,. After
binding was complete, which required about 1
hour (Fig. 3B), removal of FLASH from the
medium while maintaining 10 uM EDT had
little effect, but 1 mM EDT largely reversed the
effects of FLASH-EDT, (Fig. 3, A and B). The
controllable onset and reversibility of binding
and labeling should prove valuable in many
applications.

The tetracysteine motif also worked when
introduced into an endogenous o helix. The
gene for Xenopus calmodulin (/4) was mutated
to replace four residues of the NH -terminal o
helix (Glu®, Glu’, Ala'®, and Glu'!) with cys-
teines. The cytosol and nuclei of Hela cells
expressing this mutant calmodulin became
brightly fluorescent when treated with 1 pM
FLASH-EDT, and 10 uM EDT (Fig. 4). Con-
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trol nontransfected cells in a different dish
showed dimmer staining, which appeared to be
mostly mitochondrial. This background label-
ing could be somewhat further reduced by high-
er EDT concentrations, which would not inter-
fere with FLASH labeling if the affinity of the
tetracysteine peptide for FLASH could be in-
creased by combinatorial optimization of adja-
cent residues.

FLASH-EDT, (I uM) administered
with 10 uM EDT had no detectable effect
for up to 4 hours on the viability of HelLa
cells and Jurkat lymphocytes assayed by
propidium iodide exclusion; reduction of
methylthiazolyldiphenyltetrazolium to the
colored formazan (/6); or ability to re-
spond to muscarinic stimulation, assessed
by activation of the nuclear factor of acti-
vated T cells and monitoring of the expres-
sion of a B-lactamase reporter (/7). How-
ever, 2 wM phenylarsine oxide, which con-
tained an equivalent amount of arsenic but
lacked the EDT antidote, was quite toxic.
Therefore, EDT seems necessary and suffi-
cient to prevent FLASH-EDT, from exert-
ing acutely toxic effects (6, 7).

It is unlikely that every native protein
that contains the core motif CCXXCC (8)
will bind FLASH. The thiols must be able
to reach an a-helical or other conformation
able to form two pairs that grip the arsenics
like pincers, yet the thiols must not be
disulfide-bonded or tightly chelated to a
metal. Endogenous competing proteins or
ligands are clearly rare enough in mamma-
lian cells to permit easy detection of trans-
fected proteins over background (Figs. 3
and 4). FLASH confers temporal control of
labeling, which is particularly helpful in
quantifying FRET because it enables donor
emission to be compared in situ before and
after labeling by FLASH acting as an ac-
ceptor (Fig. 3). Derivatives of FLASH that
incorporate luminescent or magnetic reso-
nance reporters, environmentally sensitive
fluorophores or indicators, or photochemi-
cally reactive moieties should label pro-

teins containing the CCXXCC motif and
confer the appropriate spectroscopic proper-
ties. Immobilized FLASH analogs and tetra-
cysteine motifs might complement systems
such as biotin:avidin, glutathione:glutathione
S-transferase, and nickel:polyhistidine for
protein attachment and affinity purification
(5, 18). FLASH dimers with two xanthene
nuclei and four arsenics should induce ho-
modimerization of peptides or proteins con-
taining the tetracysteine motif in analogy to
methods that rely on immunosuppressants
binding to immunophilins (/9). The new sys-
tem combines high affinity and specificity,
easy reversibility, easy modification of the
ligand, small size of the peptide domain,
physiological compatibility, and fluorescence
indication that binding has occurred.
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21. ECFP (74) is Aequorea victoria GFP with mammalian
codons and the following additional mutations: K26R,
F64L, S65T, Y66W, N146l, M153T, V163A, and
N164H (8). A gene encoding a fusion of the peptide
Ala-Glu-Ala-Ala-Ala-Arg-Glu-Ala-Cys-Cys-Arg-Glu-
Cys-Cys-Ala-Arg-Ala to the COOH-terminus of ECFP
was created with the following primer in a polymer-
ase chain reaction (PCR): 5'-GCCGAAT TCTTAGGC-
CCTGGCGCAGCACTCCCTGCAGCAGGCCTCCCT-
GGCGGCGGCCTCGGCCTTGTACAGCTCGTCCATGC-
CG-3'. The resulting gene was inserted into the
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pcDNA3 vector (Invitrogen) at Hind Il and Eco RI
restriction sites. After amplification in DHS bacteria,
it was transfected into Hela cells with Lipofectin
(Gibco-BRL). The gene for Xenopus calmodulin was
mutated to encode cysteines at residues 6, 7, 10, and
11 by PCR with the following primer: 5’-CGCGGATC-
CGCCACCATGCATGACCAACTGACATGCTGCCAGA-
TTTGCTGCTTCAAAGAAGCCTTCTCATTATTC-3,
and inserted into pcDNA3 as described above.

22. Images of cells at room temperature were acquired
with a cooled charge-coupled device camera (Photo-

Rad53 FHA Domain Associated
with Phosphorylated Rad9 in
the DNA Damage Checkpoint

Zhaoxia Sun, James Hsiao, David S. Fay,* David F. Sternt

The Rad53 protein kinase of Saccharomyces cerevisiae is required for check-
points that prevent cell division in cells with damaged or incompletely repli-
cated DNA. The Rad9 protein was phosphorylated in response to DNA damage,
and phosphorylated Rad9 interacted with the COOH-terminal forkhead ho-
mology-associated (FHA) domain of Rad53. Inactivation of this domain abol-
ished DNA damage~dependent Rad53 phosphorylation, G,/M cell cycle phase
arrest, and increase of RNR3 transcription but did not affect replication inhi-
bition—dependent Rad53 phosphorylation. Thus, Rad53 integrates DNA damage
signals by coupling with phosphorylated Rad9. The hitherto uncharacterized
FHA domain appears to be a modular protein-binding domain.

The consequences of DNA damage to eukaryotic
cells are minimized by simultaneous activation of
DNA repair mechanisms and cell cycle arrest at
DNA damage checkpoints. In Saccharomyces
cerevisiae, the proteins encoded by the genes
POL2, RFC5, and DPBI1 are required for arrest
in response to inhibition of DNA replication (1),
whereas the proteins encoded by the genes RAD9,
RADI17, RAD24, DDCI, and MEC3 operate in
response to DNA damage (2, 3). MEC! and
RADS3 are required for both checkpoints (3, 4).
Rad53 (also called Spk1, Sadl, and Mec2) is an
essential Ser/Thr/Tyr protein kinase (3, 6). Mec]
belongs to a subgroup of the phosphatidylinositol-
(3)-phosphate kinase family that includes known
protein kinases (7). Signals generated by replica-
tion inhibition or by DNA damage apparently
activate a protein kinase cascade, in which Mecl
is required for phosphorylation of Rad53 (8, 9),
which is required for phosphorylation and activa-
tion of protein kinase Dunl (10).

A catalytically hypoactive Rad53, in
which Ala?®® was changed to Pro (/1), was
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used to search for interacting proteins ex-
pressed from a S. cerevisiae cDNA library

. (S.]. Elledge, Baylor College of Medicine) in

a yeast two-hybrid screen. The strongest in-
teractor was a region of Rad9 (amino acids
553 to 1056) followed by polyadenylate. Au-

A

BD | Rad9 Rad9 Rad53 Rad53 -

AD - Rads3 Rad9 Rad53 Rad9
I 1 299 1 221 5 2

Fig. 1. Interaction of Rad9 and Rad53. (A)
Two-hybrid analysis. B-Galactosidase (B-Gal)
activity resulting from coexpression of GAL4
DNA-binding domain (BD) and GAL4 activation
domain (AD) fusion constructs (pPC86 and
pPCI7) (22) of RAD9-FLAG (encoding Rad9 fol-
lowed by a single epitope tag) and RAD53 was
assayed in strain MaV103 (GAL1:HIS3, GALT:
LacZ, SPAL:URA3) (22) as described (23). Arbi-
trary units are defined as before (23). -, empty
vector control. B-Gal activity is shown in
X1072 units. (B) Coimmunoprecipitation of
Rad9-FLAG and Rad53. pRS313GAL7-RADS-
FLAG and pNB187-RAD53 (6) were trans-
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thentic Rad9 and Rad53 also interacted with
one another (Fig. 1A).

Rad9-FLAG (12) overexpressed with
Rad53 migrated on gels as a heterogeneous
polypeptide. The fastest migrating form
(estimated molecular size just below 200
kD) predominated (Fig. 1, B and C) and
was larger than the 149-kD size of the
predicted sequence (/3). These bands were
only present in galactose-treated samples
from strains carrying the tagged expression
plasmid. The fastest migrating form of
Rad9 migrated at a similar position to that
of the in vitro transcription-translation
product (/4). Antibody to FLAG (anti-
FLAG) cross-precipitated Rad53. Anti-
Rad53 preferentially precipitated slower
migrating forms of Rad9 (Fig. 1B). Bacte-
rially produced glutathione S-transferase
(GST)-Rad53 COOH-terminus also inter-
acted with slow migrating forms of Rad9
from yeast lysates overexpressing both
Rad9 and Rad53 (Fig. 1C). Calf intestine alka-
line phosphatase (CIP) converted the slow mi-
grating forms to the fast migrating form, indi-
cating that the mobility shift of Rad9 is mostly

B + normal IgG
+ - anti-FLAG
+ anti-Rad53
FLAG -
immunoblot - —197kD
-
Rad53
immunoblot
€ -+ + + GST-Rads3/C
+ - - - anti-FLAG
+ + CIp
- 4+ B-glycerophosphate
FLAG "l
immunoblot

- _ 197kD

formed into yMP10500 (MATa ura3 leu2 trp1 his3, provided by E. Foss and L. Hartwell, Fred
Hutchinson Cancer Research Center). Expression of Rad9-FLAG and Rad53 was induced by
incubating log phase cells in galactose (2%) for 3 hours. Equal portions of extracts from 100-ml
cultures were immunoprecipitated and immunoblotted by means of detection with enhanced
chemiluminesence. Arrows mark positions of forms of Rad9-FLAG precipitated with anti-Rad53. Bar
marks position of a 197-kD marker. (C) Rad9 is phosphorylated. GST-Rad53/450-821 fusions were
produced in Escherichia coli and bound to glutathione-Sepharose beads. Equivalent portions of
yeast lysates prepared as in (B) were used for GST-affinity purification. One-fifth equivalent
amount of lysate was precipitated with anti-FLAG. Beads were incubated with 50 units of CIP at
37°C for 10 min in the presence or absence of B-glycerophosphate, a CIP inhibitor (24). Samples
were then analyzed by immunoblotting. Arrows mark forms of Rad9-FLAG. Bar indicates the

position of a 197-kD marker.
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