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Name Sequence
aPP Ac-FLNCCPSQPTYPGDDAPVEDLIRFYDNLQQOYLNVCCMEP -NH,
aPp24P Ac-FLNCCPSQPTYPGDDAPVEDLIRPYDNLQQYLNVCCMEP -NH,
appF24YsiP Ac-FLNCCPSQPTYPGDDAPVEDLIRPYDNLQQPLNVCCMEP-NH,
i Ac-FLNCCEWTWDDATKTWTWTCCMEP-NH,

Zip4 WO 16A Ac-FLNCCEWTADDATKTATWTCCMEP-NH,
GCN4 Ac-CCGGQLEDKVEELLSKNYHLENEVARLKKLVG-NH,
GCN42oP Ac-CCGGQLEDKVEELLSKNYHPENEVARLKKLVG-NH,
Jun Ac-WRIARLEEKVKTLKAQNSELASTANMLREQVAQLKQKVCC-NH,
Jun-20P Ac-WRIARLEEKVKTLKAQNSEPASTANMLREQVAQLKQKVCC -NH,
+ control Ac-FLNCCPGCCMEP-NH,
— control Ac-FLNCCPPPPPPPPPCCMEP-NH,

proteins GCN4 (ref. 22) and Jun (ref. 23), which were modified to
contain a single dicysteine motif (Fig. 1b,c).

Fluorescence titrations were performed to quantify the apparent
affinity of each construct for FIAsH and ReAsH and to determine the
relative brightness of the resulting complexes (Fig. 2). Each biarsenical
dye (25 nM) was incubated with increasing concentrations of syn-
thetic peptide in a buffered solution of 1 mM EDT (3), and the
fluorescence emission was monitored (Fig. 2). Dithiols such as EDT
and British anti-Lewisite (BAL, 4) compete with peptides containing
di- or tetracysteine motifs for the biarsenical to lower the apparent
affinity of these binding interactions and reduce nonspecific binding
in vitro and in cell-based experiments®. Under these conditions Zip4
and Jun bound FIAsH to form complexes with apparent dissociation
constants (K,p,p) comparable to those of analogous complexes contain-
ing an optimized linear tetracysteine sequence. aPP and GCN4 formed

Figure 2 Equilibrium binding of FIAsH and ReAsH to polypeptides or protein
domains containing a bipartite tetracysteine motif. (a,b) Each plot shows the
emission intensity of FIAsH (a) or ReAsH (b) solutions on addition of the
indicated polypeptide or protein domain. Binding reactions were performed
using 25 nM FIAsH or ReAsH in 100 mM Tris-HCI (pH 7.8) containing

3.5 mM TCEP, 1 mM EDT and 1 mM EDTA. Emission intensities were
monitored at 530 + 12.5 nm (FIAsH) or 630 + 17.5 nm (ReAsH). Each
point represents the average of three or more independent titrations + the
s.d. All binding reactions were monitored as a function of time to determine
when equilibrium had been reached. These experiments indicated that all
binding reactions, except that between FIAsH and aPP"24F reached
equilibrium within 30-90 min.

Intermolecular bipartite C4 display

Figure 1 Intra- and intermolecular bipartite
tetracysteine display using FIASH-EDT, and
ReAsH-EDT5. (a) Structures of FIASH-EDT, (1)
and ReAsH-EDT, (2). (b) Scheme illustrating
intramolecular and intermolecular bipartite
tetracysteine display. (c) Polypeptide and protein
domains used in this work. For intramolecular
bipartite tetracysteine display, the polypeptides
aPP (ref. 20) and Zip4 (ref. 21) and variants
thereof each carried the first five and last five
residues (underlined with cysteine residues in
orange) of the optimized dodecameric
tetracysteine sequence FLNCCPGCCMEP

(ref. 9) split between the N and C termini. For
intermolecular bipartite tetracysteine display the
bZip domains of GCN4 (ref. 22) and Jun (ref. 23)
each carried a single CCGG (GCN4 and variants)
or Cys-Cys (Jun and variants) at the N or C
terminus, respectively. An optimized dodecameric
tetracysteine sequence® and a variant obtained by
replacing Pro-Gly with (Pro)g which adopts a rod-
like type Il helix in solution?”, were used as
positive and negative controls, respectively. Point
mutations that disrupt folding, dimerization or
both of these properties are shown in red.
Apparent equilibrium dissociation constants

Kapp (UM) . . .
FlAsH ReAsH (Kapp) of biarsenical complexes were measured in
58407 34412 TTEE buffer containing 100 mM Tris-HCI (pH
27+ 11 20410 7.8), 3.5 mM tricarboxyethylphosphine (TCEP),
72+17 65+ 12 1 mM EDT and 1 mM EDTA. PDB coordinates
0.62+0.12  0.38+0.17 used to generate images of aPP, Zip4, GCN4
38+ 16 13+3.6 and Jun can be found using the following PDB
25+2.8 28+6.8 ID numbers, respectively: 1PPT, 1LE3, 2ZTA
>111 >111 and 1JUN.
1.8+0.7 107
>111 >111
0'48111‘1)'16 0'371i1(1)'20 slightly less stable complexes with FIAsH
> >

characterized by values of Ky, that were
12- and 50-fold higher, respectively (Figs. 1
and 2a). Although finite, these differences in K, are small when
compared with the 80,000-fold increase in K, observed upon
replacing the central Pro-Gly in the sequence WDCCPGCCK with
Asp-Glu-Ala (ref. 13). Notably, the relative brightnesses (relative
brightness = quantum yield x extinction coefficient) of the FIAsH
complexes of Jun, aPP and GCN4 at saturation (Fig. 2) are compar-
able to that of the optimized linear tetracysteine complex.

The apparent affinity of each polypeptide for ReAsH was similar to
its affinity for FIAsH (Fig. 1), although the relative fluorescence
intensities of the resulting ReAsH complexes were lower, which is
consistent with the three-fold lower quantum yields reported for
ReAsH complexes relative to analogous FlAsH-containing com-
plexes®!? (Fig. 2b). We note that the K, values measured for the
complexes containing Zip4 were approximately the same as for
complexes containing the optimized linear tetracysteine control.
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However, the Zip4 complexes were less bright (Fig. 2), presumably
because of tryptophan-mediated self-quenching?®. Taken together,
these in vitro experiments verify that well-folded polypeptides and
protein-protein binding domains, when appropriately modified for
bipartite tetracysteine display, bind biarsenicals with high affinity and
can form complexes with fluorescence intensities that rival the
optimized tetracysteine motif.

To determine whether the FIAsH complexes of aPP, Zip4, GCN4
and Jun have native-like folds and the expected stoichiometries, we
performed preparative-scale binding reactions at concentrations at or
above the equilibrium dissociation constant of each complex (20 pM
protein and 100 pM FlAsH). FlAsH-containing complexes were
purified by HPLC and analyzed by MALDI-TOF mass spectrometry
(Supplementary Table 1 online) and circular dichroism (Supple-
mentary Table 2 online). Under these conditions, aPP and Zip4
formed only 1:1 protein—FIAsH complexes with the expected mole-
cular masses of 5,031 and 3,493 Da, respectively. GCN4 and Jun
formed 2:1 protein-FIAsH complexes with the expected molecular
masses of 7,792 and 9,796 Da, respectively. In no case was the
intermediate 1:1:1 polypeptide-FIAsSH-EDT complex observed. The
circular dichroism (CD) spectrum of each wild-type polypeptide—
FIAsH complex was similar to that of the analogous unmodified
polypeptide (Fig. 3). Consistent with the reported dimerization of
these domains?>?3, the CD spectra of unmodified Jun and GCN4 were
concentration-dependent (apparent Ky = 10 uM), whereas the
corresponding isolated 2:1 FIAsH complexes were not (Supplemen-
tary Fig. 1 online). Importantly, intensities characteristic of the
predominant secondary structures (the o-helix signal at 222 nm for
aPP, GCN4 and Jun, and the exciton-coupled signal at 230 nm for
Zip4) changed minimally upon FlAsH modification. Full-spectrum

Figure 4 Misfolded polypeptides and their assemblies bind FIAsH and
ReAsH with diminished affinities. Each plot shows the emission intensity of
25 nM FIAsH or ReAsH solutions on addition of the indicated wild-type or
variant polypeptide or protein domain. Black symbols illustrate data for the
negative control sequence in Figure 1. Binding reactions were performed as
described in Figure 2. In the case of the B-hairpin Zip4, the fluorescence
intensity of the misfolded variant Zip4¥9:16A hound to FIAsH or ReAsH
exceeded that of the wild type, presumably because of the two-fold lower
tryptophan content of the variant?4. Error bars show s.d.
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Figure 3 Effect of FIAsH binding on the secondary structures of wild-type
and variant polypeptides and protein domains. (a) aPP, aPPF24" and
aPPF24.Y31P (b) Zip4 and Zip4W?:16A, (c) GCN4 and GCN420P. (d) Jun and
Junt20P CD spectra of unmodified polypeptides are shown as solid lines;
spectra of FIAsH complexes are shown as dotted lines. CD spectra were
acquired at 25 °C in 10 mM phosphate buffer (pH 7.0) at [protein] =

10 uM (aPP, Zip4) or 20 uM (GCN4, Jun) in the absence of competing
dithiols. [@] represents mean residue molar ellipticity. See Supplementary
Figure 1 for concentration-dependent CD spectra of GCN4, Jun, GCN4-20P,
Junt29P FIASH-(GCN4), and FIAsH—(Jun)s.

analysis of the CD spectra using SELCON3, CONTINLL and CDSSTR
also indicates little (if any) change in secondary structure upon FIAsH
binding (Supplementary Table 2). Under these conditions, there-
fore, FIAsH binds these polypeptides to form complexes whose
secondary structures closely resemble those of the wild-type polypep-
tide or protein domain. Moreover, the quantum yields (¢) of the
isolated FIAsH complexes of aPP, GCN4 and Jun (0.65 * 0.01, 0.68 *
0.01 and 0.54 £ 0.04, respectively) compare well with the quantum
yield of GFP (0.58-0.79)° and with that of conventional tetracysteine—
FIAsH complexes (0.44-0.71)'3.

To evaluate whether bipartite tetracysteine display can differentiate
folded and misfolded polypeptides in vitro, we constructed variants of
aPP and Zip4 containing one or more destabilizing point mutations
(Fig. 1c). CD analysis confirmed that these variants are largely
unstructured, with little or no o-helix signal at 222 nm for aPP
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variants aPP¥24" and aPPF#PY3IP and no exciton-coupled signal at
230 nm for the B-hairpin variant Zip4"V*!°* (Fig. 3ab). Like the
analogous wild-type constructs, aPPF4F, aPPF4PY3IP apd 7ipgWo.164
each formed only 1:1 FIAsH complexes whose CD spectra indicate no
significant change in a-helical (in the case of aPPF24F and aPPF4PY31P)
or B-sheet (in the case of Zip4"V*1%4) secondary structure at 222 and
230 nm due to FIAsH coordination (Fig. 3a,b and Supplementary
Table 2). Equilibrium FIAsH and ReAsH binding experiments in the
presence of 1 mM EDT revealed that the relative stabilities of these
misfolded polypeptides are from 0.9 to 2.5 kcal mol™" lower than those
of the analogous wild-type complexes (Fig. 4), and at low protein
concentrations (<10 puM), the emission intensities of wild-type—
biarsenical complexes were from two- to ten-fold higher than those
of the misfolded variants.

To assess the ability of bipartite tetracysteine display to detect
intermolecular protein assemblies in vitro, we performed analogous
experiments with GCN4 and Jun variants containing destabilizing
point mutations (GCN4%? and Jun!??) at the dimerization interface
of each coiled coil. CD analysis confirmed that the variants are largely
unstructured (Fig. 3¢,d), with little or no dimer present at concentra-
tions as high as 40 uM (Supplementary Fig. 1). Equilibrium FlIAsH
and ReAsH binding experiments revealed that the biarsenical com-
plexes of these GCN4 and Jun variants are at least 1.4 kcal mol™ less
stable and from 7- to 20-fold less bright than the analogous
wild-type complexes (Fig. 4). These data indicate that misfolded
and/or unassembled polypeptides bind to FIAsH and ReAsH with
lower affinity and fluoresce less brightly than well-folded variants.
Thus, in both inter- and intramolecular contexts, biarsenical affinity
and brightness are sensitive to the precise tetracysteine arrangement.

We next sought to determine whether bipartite FIAsH and ReAsH
display can detect protein folding and assembly in live mammalian

Figure 5 Differentiation of folded and misfolded proteins and assemblies
in living cells with ReAsH-EDT,. (a) 12% PAGE of Hela cell extracts
containing eGFP, eGFP-aPP"24P and eGFP-aPP (left) or eGFP, GCN4L20P.
eGFP and GCN4-eGFP (right) following treatment with ReAsH-EDT, confirms
that all fusion proteins are expressed and bind ReAsH. No other fluorescent
bands were observed. Samples were loaded in 1% SDS sample buffer
lacking DTT to prevent eGFP denaturation, which precludes quantitative
analysis of eGFP or ReAsH emission. (b) Live Hela cells expressing eGFP,
eGFP-aPP and eGFP-aPP" 24P See Supplementary Figure 2 for close-up
images of these cells. (c¢) Trypsinized cells expressing eGFP, eGFP-aPP and
eGFP-aPPF24P were pelleted and analyzed by flow cytometry to monitor
ReAsH fluorescence. The mean fluorescence intensities (arbitrary units) for
ReAsH fluorescence were measured and plotted as a function of each log
unit of eGFP fluorescence indicated. See Supplementary Figure 3 for the
flow cytometry data used to generate these averages. Error bars shown
indicate the standard error. See Supplementary Table 3 online for oligo-
nucleotide sequences used for vector construction. We estimate that each
eGFP fusion protein imaged in these experiments represents between 0.04
and 0.07% of total cellular protein. (d) Live Hela cells expressing eGFP,
GCN4-eGFP and GCN429P_eGFP. See Supplementary Figure 2 for close-up
images of these cells. (e) Analysis as in ¢ of cells expressing eGFP, GCN4-
eGFP and GCN420P_eGFP.

cells (Fig. 5). We genetically fused the sequences encoding aPP and
aPPF%? {5 the C terminus, or GCN4 and GCN4M2F o the N
terminus, of enhanced green fluorescent protein (eGFP) and transi-
ently expressed the fusion proteins in HeLa cells alongside cells
expressing eGFP alone. eGFP was chosen as a fusion partner so that
fusion protein expression could be quantified independently of ReAsH
binding. All fusion proteins were expressed in HeLa cells at compar-
able levels, and their ability to bind ReAsH was verified by
gel electrophoresis (Fig. 5a). Live cells were treated with ReAsH
(500 nM), washed with BAL (0.75 mM) and imaged by microscopy
(Fig. 5b,d and Supplementary Fig. 2a online). eGFP emission
was observed in each sample, but cells expressing eGFP-aPP and
GCN4-eGFP were also brightly fluorescent at the ReAsH emission
maximum. Cells expressing only eGFP, misfolded aPP (aPPF24P)
or destabilized GCN4 variants (GCN4L2%") showed only weak
fluorescence at 608 nm. In contrast to previous FRET studies that
used pairs of FPs, the differences in brightness between cells expressing
wild-type and misfolded polypeptides are clearly visible by microscopy
in real time without the need for multicolor imaging or false
coloration methods, even at relatively low expression levels (Supple-
mentary Figs. 2b and 3b online). Unlike ratiometric analysis of FRET,
the differences in bipartite tetracysteine protein expression predictably
affect the fluorescence intensity of individual cells stained with ReAsH.

To correlate ReAsH fluorescence to cell-to-cell variations in eGFP
expression, trypsinized cells were analyzed by flow cytometry using a
dual laser system that selectively excites the eGFP and ReAsH chro-
mophores (Fig. 5 and Supplementary Fig. 3). Quantification of eGFP
and ReAsH emission from cells expressing unmodified eGFP showed
variable green emission and no covariation in red emission (Fig. 5c.e).
Cells expressing the fusion proteins eGFP-aPP and eGFP-aPPF#P
showed similar levels of red emission at low levels of eGFP expression,
but the population of eGFP-aPP—expressing cells emitting red light
increased considerably as a function of eGFP emission to 400% over
background (Fig. 5c). Even greater differences in fluorescence are
observed when cells expressing GCN4-eGFP and GCN4F2P_eGFP are
compared (Fig. 5e). Thus, bipartite tetracysteine display can be used to
detect discrete conformational states and stable protein-protein inter-
actions in live cells—in this case distinguishing between 40-kDa fusion
proteins that differ by a single amino acid in the hydrophobic core of
aPP or within the dimerization interface of GCN4.
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Protein misfolding and aggregation is associated with many human
diseases, including sickle cell anemia, cystic fibrosis, Alzheimer’s
disease and Parkinson’s disease. Here we describe a fluorescent labeling
strategy for the sensitive detection of discrete protein conformations
and protein-protein interactions in live mammalian cells. Notably, the
spatial requirement for effective bipartite tetracysteine display (~10 A
between the two bicysteine pairs) is substantially more demanding
than for FRET between CFP and YFP (~50 10\) or even between
small molecule pairs (which typically show 100% FRET at all distances
less than ~ 20 A), which suggests that this approach may provide high
spatial resolution. Previous studies indicate that ReAsH staining and
imaging are sufficiently sensitive to accurately detect recombinant
proteins expressed at 1 pM and above!2. Bipartite tetracysteine display
should be compatible with more advanced fluorescent applications
including fluorescence recovery after photobleaching (FRAP),
fluorescent-assisted light inactivation (FALI), and electron micro-
scopy, thus enabling high-resolution imaging and/or inactivation of
discrete, heteromeric protein-protein complexes*. It may also provide
a strategy for high-throughput screening of compounds that stabilize
discrete protein folds?® and/or for detecting early protein misfolding
events associated with Alzheimer’s disease, Parkinson’s disease and
cystic fibrosis.

METHODS

General methods. Descriptions of materials, polypeptide synthesis and char-
acterization, quantum vyield calculations, and vector constructions may be
found in Supplementary Methods online.

Determination of apparent equilibrium dissociation constants (Ky). Equili-
brium dissociation constants of biarsenical-protein complexes were determined
by monitoring the increase in biarsenical fluorescence intensity as a function of
peptide or protein concentration (Figs. 2 and 4). Additional details can be
found in Supplementary Methods.

Preparative-scale synthesis and purification of FIAsH-peptide complexes. A
fresh stock solution of FIAsH-EDT, was first diluted in fresh TTEE buffer
containing 100 mM Tris-HCI (pH 7.8), 3.5 mM TCEP, 0.1 mM EDT and 1 mM
EDTA and then added to the desired polypeptide or protein domain (approxi-
mately 20 nmol), which was also dissolved in fresh TTEE buffer. Final
concentrations were 40 uM (peptide) and 80 uM (FIAsH-EDT,). Reactions
were incubated overnight at room temperature (~25 °C), purified by HPLC
and characterized using MALDI-TOF mass spectrometry. Molecular formulas,
calculated masses and measured (m/z) ratios of FIAsH—protein complexes as
determined by MALDI-TOF MS (positive mode) are found in Supplementary
Table 1. HPLC traces of purified polypeptides and protein domains and their
FlAsH complexes are found in Supplementary Figure 4 online.

Characterization of proteins and FIAsH-protein complexes using CD. CD
spectra were acquired in 10 mM sodium phosphate (pH 7.0) buffer using a
Jasco J-810-150S spectropolarimeter. Peptide concentrations were 1-80 pM,
and three wavelength scans (50 nm min™!) were averaged for each background-
corrected (buffer only) plot.

Gel electrophoretic analysis of fusion protein expression and ReAsH label-
ing. Cultures of approximately 1 x 10° HeLa cells expressing eGFP, eGFP-aPP
or eGFP-aPP'?4? were stained with 0.5 uM ReAsH-EDT, for 30 min in phenol
red—free DMEM containing 100 uM EDT. Cells were then washed with
0.75 mM BAL in the same medium for 30 min. Cells were then treated with
trypsin, pelleted, redissolved in 1x phosphate-buffered saline (PBS) and lysed
by 10 freeze-thaw cycles (freeze to —80 °C and then thaw to 37 °C) in the
absence of protease inhibitors. Cell debris was removed upon centrifugation for
5 min at 20,000g. The cell extract was concentrated using a Microcon YM-10
centrifugal filter device (Millipore) and normalized to a constant level of GFP
emission (508 nm) using an Analyst AD plate reader (LJL Biosystems). After
normalization, samples of each extract were subjected to SDS-PAGE (12%
precast polyacrylamide gels, BioRad), with samples loaded in 1% SDS sample
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buffer lacking DTT to minimize GFP denaturation. The gel in Figure 5a was
imaged using a Typhoon Imager (GE Healthcare) by independently exciting at
488 nm and monitoring at 526 nm (eGFP), and then exciting at 532 nm and
monitoring at 610 nm (ReAsH).

Fluorescence microscopy. Cells were imaged with an Olympus CKX41
microscope equipped with a mercury lamp using a 475 + 15 nm excitation
filter and an LP 520 nm barrier filter to monitor eGFP fluorescence and using a
515 + 35 nm excitation filter and an LP 590 nm barrier filter to monitor
ReAsH fluorescence.

Flow cytometry. Live Hela cells expressing eGFP, eGFP-aPP, eGFP-aPP'24,
GCN4-eGFP or GCN420P_eGFP were treated with 500 nM ReAsH-EDT, and
100 pM EDT in phenol red—free and serum-free DMEM supplemented with
2 mM 1-glutamine for 30 min, washed with PBS and treated with 0.75 mM
BAL in the same medium for 30 min. Trypsinized cells were pelleted and
analyzed by flow cytometry using a Becton Dickinson FACS Vantage instru-
ment with a 488 nm laser and a 530 = 15 nm filter to monitor eGFP
fluorescence and with a 568 nm laser and a 610 £ 10 nm filter to monitor
ReAsH fluorescence. The mean fluorescence intensity (arbitrary units) for
ReAsH fluorescence was measured and plotted (Fig. 5¢,e) as a function of each
log unit of eGFP fluorescence indicated. Error bars shown represent the
standard error of measurement.

Accession codes. Protein Data Bank: PDB coordinates used to generate images
of aPP, Zip4, GCN4 and Jun can be found under 1PPT, 1LE3, 2ZTA and 1JUN,
respectively. All structures were deposited as part of previous studies.

Note: Supplementary information and chemical compound information is available on
the Nature Chemical Biology website.
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