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Abstract

Probing structures and dynamics within biomolecules using ensemble and single-molecule fluores-
cence resonance energy transfer requires the conjugation of fluorophores to proteins in a site-specific
and thermodynamically nonperturbative fashion. Using single-molecule fluorescence-aided molecular
sorting and the chymotrypsin inhibitor 2–subtilisin BPN0 complex as an example, we demonstrate
that protein–protein interactions can be exploited to afford site-specific labeling of a recombinant
double-cysteine variant of CI2 without the need for extensive and time-consuming chromatography.
The use of protein–protein interactions for site-specific labeling of proteins is compatible with and
complementary to existing chemistries for selective labeling of N-terminal cysteines, and could be
extended to label multiple positions within a given polypeptide chain.
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Fluorescence resonance energy transfer (FRET) be-
tween a single donor (D) fluorophore and a comple-
mentary single acceptor (A) fluorophore (single-pair
FRET, or spFRET) is a particular powerful and sensi-
tive method for monitoring conformational dynamics

in biomolecules, and protein folding in particular, at
ensemble and single-molecule resolution (Selvin2000;Weiss
2000; Deniz et al. 2001; Ha 2001, 2004). The FRET-
efficiency E is a sensitive function of the D/A-distance R,
as E= [1+(R/R0)

6]�1. R0 is a constant that corresponds
to a D/A-distance at which E=50% (Clegg 1992).
Because of its dependence on the distance R, spFRET
can be used as a distance ruler to track intrachain-
conformational dynamics in polypeptide chains in the
2–8 nm range (Stryer and Haugland 1967).

A critical component in a spFRET protein folding
experiment is the ability to label a polypeptide chain
with a unique D/A-pair in a controlled and site-specific
way. In the past, single-molecule spFRET folding stud-
ies have been performed with chemically synthesized
polypeptides (Jia et al. 1999; Deniz et al. 2000; Talaga
et al. 2000). Chemical synthesis of polypeptides has the
advantage that side-chain protecting groups can be
exploited to facilitate site-specific two-color labeling,
but the labeling of proteins of >100 amino acids in
length are difficult to achieve.
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Recombinant expression of proteins offers more flex-
ibility with respect to chain size. Cysteine (Cys) residues
are statistically underrepresented in protein sequences,
and many proteins are either devoid of Cys or intrinsic
Cys can be removed by site-directed mutagenesis. A
unique pair of Cys can then be (re)introduced into the
protein at carefully selected surface accessible positions
for conjugation with thiol-specific fluorophores. For
stoichiometric labeling of double-Cys proteins with a
D/A-pair, a two-step protocol is usually employed
(Sinev et al. 2000; Ratner et al. 2002; Schuler et al.
2002; Rhoades et al. 2003). First, the protein is reacted
with a single fluorophore, added at (sub)stoichiometric
ratio to minimize double labeling. Singly modified pro-
tein molecules are then separated chromatographically
from unreacted or doubly labeled molecules and reacted
with the second, complementary, dye. Unfortunately,
this two-step sequential labeling is not strictly site-
specific. Unless the dye-accessibility of the two thiol
groups differs drastically, the first added fluorophore
can be attached to either of the two sulfhydryl groups,
giving rise to mixtures of D/A-labeled molecules and the
dye-permutated, A/D analogs (Ratner et al. 2002). Such
mixtures can lead to unwanted sample heterogeneity, as
the conjugated dyes can exert a positional-dependent
perturbation of the folding free energy of the modified
protein. Also, heterogeneities in photophysical proper-
ties of the fluorophores due to different local environ-
ments (local charge, pH, or hydrophobicity) could
complicate the interpretation of spFRET measurements
(Moerner and Orrit 1999; Brasselet and Moerner 2000).
Last, strict site-specificity of labeling is absolutely man-
datory for more sophisticated three- or multicolor
FRET experiments (Liu and Lu 2002; Watrob et al.
2003; Hohng et al. 2004).

To increase the site-specificity of sequential labeling,
labeling chemistries have been developed that selec-
tively modify N-terminal Cys residues. For example,
N-terminal Cys specifically react with thioester-moieties
into a stable amide bond (Dawson et al. 1994; Muir et
al. 1998; Tolbert and Wong 2002). This chemistry has
been exploited by Schuler and Pannell (2002) to label a
short synthetic model peptide at the N terminus using a
commercial fluorophore chemically modified with a
thiobenzylester functionality. Other strategies involve
the oxidation of an N-terminal serine (Ser) or threonine
(Thr) to the corresponding aldehyde and subsequent
coupling with fluorophore containing hydrazine, alkoxy-
amine, or hydrazide functionalities (Geoghegan and
Stroh 1992), or the specific reaction of an N-terminal
Cys with aldehydes into thiazolidines, a reaction that
has been utilized to label and immobilize peptides and
proteins (Shao and Tam 1995; Zhang and Tam 1996;
Guillaumie et al. 2002; Chelius and Shaler 2003).

Here we show that protein–protein interactions can
be utilized to site-specifically label recombinantly ex-
pressed multi-Cys proteins. The new labeling method
does not require a N-terminal Cys to afford site-specific
labeling, and is thus complementary to the various chem-
istries developed for N-terminal Cys modification.

Results

Protein–protein interactions as a tool for site-specific
labeling of proteins

Protein–protein interactions are among the most
ubiquitous types of interactions in biological systems.
Protein–protein interactions are generally characterized
by large buried binding interfaces. An analysis of over
70 protein–protein complexes (Lo Conte et al. 1999;
Chakrabarti and Janin 2002) showed that a typical
interface buries on average about 16006 400 Å2. Ala-
nine scanning studies in 22 protein–protein complexes
indicate that only a fraction of those residues constitut-
ing a binding interface are actually important to binding
energetics (Bogan and Thorn 1998). Therefore, we
rationalized that it should be possible to introduce a
Cys residue into the binding regions of protein known
to be engaged in high affinity protein interactions with-
out severely compromising its binding affinity. Upon
protein–protein interaction, the engineered Cys in the
interface region will become surface-inaccessible and
protected from conjugation with thiol-specific fluoro-
phores, while a second, solvent-accessible Cys that is
not part of the binding interface should be susceptible
to labeling.

We tested the concept of selective protection of cysteines
upon protein–protein interaction using chymotrypsin inhi-
bitor 2 (CI2) and subtilisin BPN0 (Sbt) as model proteins.
CI2, a small 64-residue single-domain protease inhibitor
binds with high affinity (KD=3.03 10�12 M�1) to Sbt
BPN0, a serine protease (Fig. 1). The recognition site of the
CI2 inhibitor, known as the inhibitory loop, forms a single-
patch interface of standard buried surface area (1630 Å2)
with the active site region of Sbt (Radisky and Koshland
2002, 2003). As a bound inhibitor is cleaved by active Sbt
and a long-lived acyl-enzyme intermediate is formed
(Radisky and Koshland 2002), a catalytically impaired Sbt
variant was used for labeling (Bryan et al. 1995). As wild
type-CI2 (wt-CI2) is devoid of Cys residues, two Cys were
engineered into the inhibitor sequence. The first Cys
(dubbed Cys10 to retain the numbering scheme of wt-CI2)
was inserted between the initiation methionine (Met1) and
lysine 2 (Lys2) at theN terminus.The secondCys substitutes
a methionine (Met) residue at position 40 (Cys40) in the
center of the inhibitory loop (Fig. 1). The side chain of
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Met40 is solvent-accessible in the unliganded CI2, but is
completely buried in the CI2 � Sbt complex. Site-directed
mutagenesis data implies that Met40 is neither important
for protein stability nor required for high-affinity complex
formation (Jackson and Fersht 1991, 1994; Radisky et al.
2004).

Selective labeling of the two engineered Cys in CI2 is
achieved in three steps: First, the CI2 � Sbt complex is
assembled at micromolar concentrations to protect
Cys40 in the binding interface. Second, A647 is added
to label the exposed thiol-moiety of the solvent-accessible
Cys10 residue. Excess unreacted dye is removed by gel
filtration. Third, the CI2 � Sbt complex is denatured in the
presence of high concentrations of denaturant to expose
and label the buried Cys40 by addition of a 10-fold
stoichometric access of A488. A/D-labeled CI2 was sepa-
rated from the protease by capturing the His6-tagged Sbt
on an immobilized metal affinity chromatography
(IMAC) resin under denaturing conditions. A variant of
CI2, in which the position of the dyes is permutated (D/A-
labeled CI2–Cys10/Cys40), has been prepared analogously
by changing the order of the added dye.

Labeling specificity in the CI2 �Sbt complex

To demonstrate that Cys40 in the inhibitory loop is
protected in the Sbt �CI2 complex, we performed a
dye-accessibility experiment. First, we incubated CI2–
Cys40 with or without a twofold stoichometric excess of
Sbt (Cys-free). A 10-fold excess of A647 was added to
the solution to quantitatively label any accessible thiol
moieties. Excess dye was removed by filtration and the
extent of A647-labeling was estimated from absorption
spectra taken with the protein solution. Figure 2a shows
that while the sample containing the CI2–Cys40 variant
(but no Sbt) was labeled by A647 (as demonstrated by
the A647-typical absorption band with a maximum
around 647 nm and a shoulder at 600 nm), no measur-
able dye absorbance was detectable when A647 was
added to the preassembled Sbt �CI2 complex. The

minor peak at 280 nm observed in the spectrum of the
Sbt �CI2 complex can be attributed to the high content
of tyrosine (Tyr) and tryptophan (Trp) residues in Sbt
(Sbt: 3 Trp, 10 Tyr; CI2: 1 Trp, 1 Tyr). We conclude
that complex formation renders the buried Cys40 inac-
cessible to the added fluorophore and no unspecific
labeling of either CI2 or Sbt has occurred (the sample
containing the Sbt �CI2–Cys40 complex shows no
absorbance at 647 nm). Experiments performed with
A488 gave comparable results (data not shown).

Next, we repeated the experiment with the CI2–Cys10/
Cys40 variant. In the presence of a twofold stoicho-
metric excess of Sbt, the absorbance spectrum was
essentially superimposable to the spectrum obtained

Figure 1. Protein–protein interactions as a tool for site-specific labeling of recombinant multi-Cys proteins. Chymotrypsin

inhibitor 2 (CI2) (PDB entry 1LW6) is represented as Ca-backbone with side chains not shown explicitly and colored in magenta.

Sbt (PDB entry 1LW6) is shown in light gray and depicted with the solvent-accessible surface area shown explicitly. The position

of the engineered Cys (Cys10, Cys40) in CI2 is indicated by filled blue spheres overlaid onto the Ca-backbone of the inhibitor. The

donor (D) and acceptor (A) fluorophores are depicted as small circles and are color-coded green and orange, respectively.

Figure 2. Thiol-accessibility assay of the engineered Cys10 and Cys40

residues in CI2. Absorbance spectra obtained with (a) CI2–Cys40 and

(b) CI2–Cys10/Cys40 in the absence (black spectrum) and presence

(gray spectrum) of a twofold stoichometric excess of Sbt after addition

of a 10-fold stoichometric excess of A647 and incubation for 4 h at

25�C (excess free dye removed by gel filtration). (c) Absorbance spec-

trum of A/D-labeled CI2–Cys10/Cys40, prepared according to Figure 1.

(d) Fluorescence emission spectrum of the sample shown in c under

native conditions (0 M GdnCl, gray spectrum) and strongly denaturing

conditions (6 M GdnCl, black spectrum).

Fig. 1 live 4/c
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with CI2–Cys40 in the absence of Sbt (Fig. 2b). We con-
clude that Cys10 at the N terminus is labeled with A647,
while the buried Cys40 remains protected. In the absence
of Sbt, the integrated area under the absorbance spectrum
(500–760 nm) is approximately twice as high, an indication
that both Cys10 and Cys40 are efficiently labeled.

Figure 2c shows a representative absorbance spectrum
of A/D-labeled CI2–Cys10/Cys40, prepared according to
the scheme in Figure 1. The presence of two absorbance
bands with maxima at 647 nm (typical for A647, molar
extinction coefficient 262,000 M�1) and 488 nm (typical
for A488; molar extinction coefficient 72,000 M�1) is evi-
dence that singly labeled CI2–Cys10/Cys40 can be released
from the complex with Sbt and that the deprotected Cys40
can be modified by the second fluorophore added.

A fluorescence emission spectrum (excitation 470 nm)
of the same sample is shown in Figure 2d. The emission
band with a maximum around 510 nm is due to A488
(D) emission. As direct excitation of A647 (A) is negli-
gible at 470 nm, the additional red-shifted emission peak
must result from A-emission, due to FRET between the
D and A fluorophores. Unfolding of CI2 in the presence
of 6 M GdnCl leads to a pronounced increase in
D-fluorescence, and a decrease in A-fluorescence, con-
sistent with an expected increase in the D/A-distance in
the polypeptide chain.

Characterization of labeled products by mass
spectrometry

To determine the labeling stoichometry of the various CI2
samples, aliquots of labeled products were subjected to
MALDI-MS analysis (matrix-assisted laser desorption/
ionization mass spectrometry). The following molecular
weights were determined:

(1) A488 (free dye in H2O): observed mass, 739.10 Da;
expected mass, 720.48 Da (the difference is most
likely due to hydrolysis of the maleimide moiety).

(2) A647 (free dye in H2O): observed mass, 981 Da;
expected mass, unknown (patent pending). As for
A488, the mass obtained most likely represents
hydrolyzed A647.

(3) CI2-Cys10/Cys40: expected mass, 7348.70 Da;
observed mass, 7329.4 Da.

(4) A/D (or D/A)–CI2–Cys10/Cys40: observed mass,
9063.00 Da; expected mass, unknown (exact molec-
ular weight of A647 unknown). Expected mass
calculated from experimentally determined molec-
ular weights of free A488 and A647 is 9068.70 Da.
The mass agrees well with the mass expected from
labeling of CI2 with a single D- and single A-fluoro-
phore.

(5) A–CI2–Cys10/Cys40 (labeling in the presence of Sbt)

(Figs. 1, 2a): observed mass, 8318.23 Da; expected
mass (calculated as in [4]), 8329.10 Da. The mass
agrees well with labeling of only the N-terminal
Cys10 by A647 (Cys40 is thus protected in the Sbt–
CI2 interface, consistent with Fig. 2a). (6) D–CI2–
Cys10/Cys40 (labeling in the presence of Sbt [Fig. 1]):
observed mass, 8053.17 Da; expected mass (calculated
as in [4]), 8087.00 Da. The mass agrees well with
labeling of only the N-terminal Cys10 by A488
(Cys40 is thus protected in the Sbt–CI2 interface,
consistent with Fig. 2a).

Characterization of the labeled products using
fluorescence-aided molecular sorting

The extent of labeling and sample heterogeneity was
also addressed at the single molecule level. Alternating-
laser-excitation (ALEX) is a recently developed single
molecule spectroscopy method that can be used for
fluorescence-aided molecular sorting (FAMS) of freely
diffusing molecules (Kapanidis et al. 2004). In ALEX-
FAMS, single molecules are detected as bursts of fluores-
cence photons produced as they diffuse through a focused
laser excitation volume. Both D and A in a D/A-labeled
sample can be excited directly with an alternation period
shorter than the diffusion time of the molecule through
the excitation volume, allowing the determination of
FRET-efficiencies (E) outside the dynamic range of the
particular FRET-pair used (E<0.2 or E>0.9), due to
coincidence detection of the D and A. ALEX-FAMS also
provides information about labeling stoichiometry (i.e.,
D-only, A-only, or D/A-labeled subpopulations) through
the ratio S (see Materials and Methods for details).

Figure 3 depicts representative 2D S–E histograms of
D-only-labeled CI2–Cys40 (Fig. 3a), A-only-labeled CI2–
Cys10 (Fig. 3b), and A/D-labeled CI2–Cys10/Cys40 (at
various concentrations of denaturant) (Fig. 3c–f). One-
dimensional (1D) histograms of the stoichiometric ALEX
ratio S (shown in blue color to the right of each 2D E–S-
histogram) are obtained by projection of the entire 2D
S–E-histograms onto the vertical S-axis. Both D-only-
labeled CI2–Cys40 and A-only-labeled CI2–Cys10 exhibit
the expected unimodal distribution of S with mean S
values close to 1 (D-only) or 0 (A-only). The A/D-labeled
CI2–Cys10/Cys40 sample also shows a single subpopula-
tion (>95% of histogram area) with an S value � 0.5,
which must arise from protein molecules that contain
both D- and A-fluorophores. Notably, both D-only and
A-only subpopulations are essentially absent in the A/D-
labeled CI2 sample. It should be stressed that the lack of
D-only and A-only species does not depend on the parti-
cular threshold burst size used (in this study, >80 photons
per burst), as significantly lower values (10 photons per
burst) resulted in similar S-histograms, but with larger
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width due to shot-noise (data not shown). This indicates
that both labeling steps (steps 2 and 3 in Fig. 1) must
have occurred essentially quantitatively, as any non-
reacted Cys10 would have been modified upon complex
dissociation in the presence of a 10-fold stoichiometric
access of A488, giving rise to a substantial D-only
labeled subpopulation, which is not observed. The
absence of any significant amounts of D-only and
A-only subpopulations is also consistent with a 1:1
labeling deduced from MALDI-MS (see above).

One-dimensional (1D) histograms of the FRET-
efficiency E for each sample are displayed at the top of
each 2D E–S-histogram (histograms shown in purple).
To construct these 1D E-histograms we exploited the
fluorescence aided molecular sorting capabilities of
ALEX and projected only the section of the 2D E–S-
histogram onto the horizontal FRET-efficiency axis
that contains A/D-labeled CI2 species (0.20<S-
ratio<0.60; selected area indicated by dashed purple
box). This option enhances sorting even further by
removing D-only and A-only species that contaminate
the 1D E-histograms obtained with traditional single-
laser excitation (Deniz et al. 1999, 2000; Schuler et al.
2002), due to partially labeled protein samples or sam-
ples with either photobleached D- or A-fluorophores in
traditional single-laser excitation (Deniz et al. 1999,
2000; Schuler et al. 2002), and is thus particularly useful
for the extraction of accurate mean E-values and sub-
populations that significantly overlap with the D-only

(E<0.2) or A-only (E>0.8) subpopulations. Under
conditions where CI2 is folded ([GdnCl]<2.5 M), a
unimodal, high-FRET distribution (E� 0.95, S� 0.45)
is observed (Fig. 3c). Higher denaturant concentrations
lead to unfolding of CI2 and the coexistence of both
high-FRET and low-FRET subpopulations (Fig. 3d,e).
At [GdnCl]>5 M, the unfolding process is complete
and only the low-FRET subpopulation is visible
(Fig. 3f).

Effect of labeling on protein folding energetics

Protein labeling with large, aromatic extrinsic fluoro-
phores is frequently accompanied by a decrease in pro-
tein stability (Ratner et al. 2002; Schuler et al. 2002),
indicating a perturbation of free energy landscape of
folding by the attached dye. To test the effect of fluoro-
phore labeling on the folding thermodynamics of CI2
and to detect a possible dependence of protein stability
on a particular dye positioning in the polypeptide chain
(A/D-labeled CI2 vs. D/A-labeled CI2), protein stabili-
ties of labeled and nonlabeled CI2 were measured at the
ensemble level.

The free energies of folding of unlabeled CI2 is deter-
mined by following the increase in Trp-fluorescence upon
unfolding (Fig. 4a). Fitting the change in integrated Trp-
fluorescence emission (310–420 nm) to a two-state model
(Santoro and Bolen 1988) yields a folding free energy
(DGN-U) of 27.46 0.5 kJ mol�1 and an unfolding coop-
erativity (mG-value) of 7.66 0.2 kJ mol�1 M�1.

To extract thermodynamic stabilities of A/D- and D/
A-labeled CI2, the integrated change in fluorescence
emission from 650 nm to 740 nm (F(DA)) of the A647
acceptor (A), after D-specific excitation at 470 nm (see
Fig. 2d), was monitored. To account for small varia-
tions in fluorescence intensity due to adsorption of the
labeled protein to the quartz cuvette at the low protein
concentrations employed (10 nM), we normalized F(DA)

by the integrated fluorescence emission intensity of A
after direct excitation at 630 nm (F(A)), and used the
ratio F(DA)/F(A) as a progress coordinate for unfolding.
Raw data obtained with D/A-labeled and A/D-labeled
CI2–Cys10/Cys40 are shown in Figure 4, b and c, respec-
tively. The decrease in F(DA)/F(A) is consistent with an
increase in the interdye distance upon unfolding. Free
energies of folding and cooperativity m-values of D/A-
labeled and A/D-labeled CI2 are, within error, identical
to those measured for the unmodified wt-CI2 reference
(D/A-labeled CI2: DGN-U=27.26 0.6 kJ mol�1,
mG=7.56 0.2 kJ mol�1 M�1; A/D-labeled CI2:
DGN-U=28.76 1.1 kJ mol�1, mG=8.06 0.3 kJ mol�1

M�1). Unfolding transitions, normalized to the fraction
of folded protein (see Materials and Methods for details),

Figure 3. Probing labeling quality by alternating-laser excitation

(ALEX) and fluorescence aided molecular sorting (FAMS). Sorting

in ALEX-FAMS is achieved in 2D histograms using the FRET-

efficiency (E) and the ALEX-ratio (S) as independent variables. E

sorts species according to FRET (interdye distance), S sorts on the

D/A-stoichometry (extent of labeling). E-S histograms for D-only

labeled CI2–Cys40 (a), A-only labeled CI2–Cys10 (b), A/D-labeled

CI2 Cys10/Cys40 (c–f ) at various denaturant concentrations are

shown.

Fig. 3 live 4/c
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are superimposable within experimental error to the
curve obtained with the unmodified CI2–Cys10/Cys40
(Fig. 4d). We conclude that labeling does not measurably
perturb the folding free energy of CI2.

Discussion

We have introduced a novel approach to afford site-
specific labeling of recombinant proteins for FRET-
based single molecule studies. The new method, which
we dub SLOPPI (for site-specific labeling of proteins
using protein–protein interactions) in the following,
invokes protein–protein interactions to selectively protect
engineered cysteines that become buried in a binding
interface upon protein–protein interaction against label-
ing in a multicysteine protein context. Unlike statistical
two-step labeling (Sinev et al. 2000; Ratner et al. 2002;
Schuler et al. 2002), SLOPPI can be performed in simple
batch-mode and does not invoke time-consuming two-
step chromatography to separate singly labeled protein
from non- or doubly labeled side products required in
conventional sequential labeling. SLOPPI may thus be
useful for rapid optimization of dye pairs, for example,
to optimize the FRET-efficiencies for protein folding stud-
ies (the FRET-efficiency E is most sensitive in the linear

range where 0.3<E<0.8) or to minimize previously
reported dye-induced destabilization of the labeled protein.
SLOPPImay also be helpful in those cases where sequential
labeling is difficult to achieve, for example, when neutral or
zwitter-ionic dyes are employed and the singly labeled pro-
tein cannot be easily separated chromatographically from
unlabeled or doubly labeled side products.

The suitability of SLOPPI as a tool for site-specific
labeling of proteins was demonstrated for the binary
CI2 � Sbt complex as a model system. The same concept
can be immediately applied to label several other proteins
that serve as interesting model systems for protein folding
studies, and that participate in high affinity binary or
multisubunit complexes for which high-resolution struc-
tural information is available (Buckle et al. 1994; Welch
et al. 1998; Lim et al. 2001; Fieulaine et al. 2002).

Because SLOPPI does not require N-terminal cysteines,
it is compatible with and complementary to existing chem-
istries specific for N-terminal labeling (Shao and Tam
1995; Schuler and Pannell 2002). Figure 5 depicts how
SLOPPI and specific N-terminal labeling could be com-
bined to achieve three-color labeling of recombinantly
expressed proteins for FRET-based single molecule pro-
tein folding studies. A hypothetical, recombinantly
expressed triple-Cys protein (depicted as a four-helix bun-
dle [red]) with Cys at the N terminus and at internal
positions i and k along the chain (indicated by filled blue
spheres) is first specifically modified at the N-terminal Cys
with a thioester (COSR)-modified fluorophore (Schuler
and Pannell 2002) F1 (green circle), followed by addition
of an interacting protein to render Cys i solvent-
inaccessible in a binding interface (step 1). The unlabeled
Cys k is then conjugated with a second maleimide-
functionalized fluorophore D2 (orange circle) (step 2). In
the final step, the protecting protein masking Cys i is then

Figure 4. Thermodynamic analysis of chemically unmodified and fluo-

rophore-labeled CI2–Cys10/Cys40. (a) Denaturation of unlabeled CI2–

Cys10/Cys40, followed by the change in Trp-fluorescence emission inten-

sity. (b,c) Denaturation curve of A/D-labeled CI2–Cys10/Cys40 (b) and

D/A-labeled CI2–Cys10/Cys40 (c). The change in the A-emission after

D-excitation (FDA), normalized to A-emission (FA, excitation at 633 nm)

is shown. Solid lines in a–c represent fits of the raw data to a two-state

unfolding model. (d) Unfolding transitions shown in a–c after normal-

ization to the fraction of folded protein (FN=1�FU; FU defined by

Equation 1b in Materials and Methods). Open circles, unlabeled CI2;

open squares, A/D-labeled CI2; open rhombuses, D/A-labeled CI2.

Figure 5. Combining selective labeling of interacting proteins and

specific labeling of N-terminal Cys to afford site-specific three-color

labeling of a hypothetical recombinant protein with Cys at the

N terminus, and internal positions i and k. See main text for details.

Fig. 5 live 4/c
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removed by denaturation of the binary complex in high
concentrations of chaotropes, followed by removal of the
interacting protein via IMAC (only one of the interacting
proteins carries a N- or C-terminal His6-tag) (this study)
or by gel filtration (if the difference in molecular weights is
sufficient) under strongly denaturing conditions. The
unmasked Cys i in the doubly labeled hypothetical is then
reacted with a third commercial maleimide-functionalized
fluorophore D3 (red circle) yielding the site-specific, triply
labeled protein of interest.

By using recombinant single-chain fragments (scFv) or
Fab-fragments of antibodies as interacting domains and
Cys-protecting tools, we envision that SLOPPI can be
developed into a general method for site-specific protein
labeling. The affinity of antibody fragments directed
against protein antigens is typically in the nanomolar
range (Hawkins et al. 1993; Kelley and O’Connell 1993;
Chakrabarti and Janin 2002), high enough to afford essen-
tially irreversible binding at the micromolar protein con-
centrations typically employed in labeling experiments.
The buried interfaces in these antibody–antigen complexes
range from 1250 Å2 to 2320 Å2 (Li et al. 1997; Ding et al.
2000; Chakrabarti and Janin 2002), providing enough flex-
ibility in the positioning of unique interfacial cysteines.
Advanced mass spectrometric methods in combination
with hydrogen–deuterium exchange (Mandell et al. 1998;
Hughes et al. 2001; Anand et al. 2003; Chu et al. 2004) and
thiol-accessibility assays similar to those described in the
text can be utilized to map binding interfaces in these
antibody–antigen complexes, allowing the engineering of
Cys into the binding surface even if no high-resolution
structural data are available. Moreover, directed evolution
of antibodies against the protein of interest (Feldhaus et al.
2003), together with epitope mapping, could produce sev-
eral different monoclonal antibodies against different epi-
topes of the same target. Cys residues could be engineered
into each of the epitope interfaces. Such an approach
could, in principle, afford the labeling of n engineered
Cys in a single chain. In the first labeling step, n� 1
monoclonal antibodies will protect n� 1 Cys, and only
the single-exposed Cys will be labeled. After denaturation
and separation, n� 2 monoclonal antibodies will be used
to protect the remaining Cys except for the second one to
be labeled. After n� 1 similar steps, a single chain could be
site-specifically labeled with n fluorophores.

Materials and methods

Materials

Alexa Fluor 488 maleimide (A488) and Alexa Fluor 647 male-
imide (A647) were purchased from Molecular Probes.
Guanidinium thiocyanate (GdnSCN) was from Sigma; Guani-
dinium chloride (GdnCl, sequanal grade) was from Pierce.

A plasmid for recombinant expression of a truncated 64-resi-
due double mutant (Glu26Ala/Lys53Arg) of CI2, obtained by
deletion of the first, unstructured 19 amino acid residues and
replacement of Leu20 with a new starting Met was a gift from
Dr. Daniel Koshland (University of California at Berkeley).
This truncated and mutated CI2 variant has been shown to
retain the structure and function of full-length CI2 and is
referred to as wild type hereafter (Radisky and Koshland
2002, 2003). Three additional CI2 variants are described in
the text. The first mutant is a single-Cys variant in which
Met40 in the inhibitory loop was replaced by a Cys (dubbed
CI2–Cys40 hereafter). This mutant is used as a control to test
site-specific labeling of a double-Cys variant of CI2 in the
CI2 � Sbt complex. The second variant carries a unique Cys
engineered between the initiation methionine (Met1) and lysine
at position 2. Electrospray-ionization mass spectrometry indi-
cates that Met1 is not proteolytically removed in vivo (data
not shown). In order to retain the amino acid numbering
scheme of wt-CI2, the inserted Cys was dubbed Cys10, and
the corresponding CI2-variant called CI2–Cys10. The third
variant (dubbed CI2–Cys10/Cys40 hereafter) contains both
Cys10 and Cys40. The CI2–Cys10/Cys40 variant is used for
labeling with a unique D/A-FRET pair.

A plasmid for the expression of a catalytically inactive and
stability-engineered variant of subtilisin BPN0 (dubbed wt Sbt
hereafter) (Bryan et al. 1995) was kindly provided by Dr. Bryan
(CARB, University of Maryland Biotechnology Institute). A
hexa-His tag was added to the C terminus of the protease to
facilitate separation of Sbt from labeled CI2 under denaturating
conditions using batch-mode IMAC.

Protein expression and purification

Protein expression and purification was performed as
described (Bryan et al. 1995; Radisky and Koshland 2002,
2003). Purified wt-CI2 and Sbt were dialyzed against buffer
A (20 mM sodium phosphate [pH 7.0], 100 mM sodium chlo-
ride) and stored at 4�C until further use. The Cys variants of
CI2 were stored in buffer B (20 mM sodium phosphate, 100 mM
sodium chloride [pH 7.0], 10 mM dithiotreitol [DTT]) at 4�C
until used in labeling experiments.

Labeling specificity in the CI2 �Sbt complex

A quantity of reduced CI2–Cys40 or CI2–Cys10/CysC40
(10 mM, in buffer B) was passed through a PD10 column
(Pharmacia), equilibrated in buffer A, and mixed with a twofold
excess of Sbt (in buffer A) and incubated for 30 min to allow
complex formation. A 10-fold excess of A647 (or A488) was
added and the solution was incubated for 4 h at 25�C in the
dark. Excess dye was removed by repeated concentration/dilu-
tion of the protein solution in a Centricon YM3 concentration
device until the absorbance of the flow-through fraction at 647
nm (or 488 nm) was negligible. The washed protein solution was
transferred to a 1.5 mL Eppendorf tube. The volume of the
solution was adjusted to 1 mL and transferred to a 10-mm quartz
cuvette.Absorbance spectrawere recorded from220nmto 760 nm
in a Perkin-Elmer model Lambda 25 UV/Vis spectropho-
tometer (Perkin-Elmer). The extent of Cys labeling was judged
from the sample absorbance at 647 nm (absorbance maximum
of A647) or 488 nm (absorbance maximum of A488).
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Protein labeling

For the labeling of CI2–Cys10 and CI2–Cys40, a quantity of
freshly purified protein (in buffer B) was passed through a
PD10 column, equilibrated in buffer A. A 10-fold excess of
maleimide-fluorophore (in buffer A) was added to the solution
and incubated for 4 h at 25�C. The protein solution was
washed extensively on a Centricon YM3 centrifugal filter
membrane (Millipore Corp.) to remove excess unreacted fluoro-
phore. Singly labeled protein solutions were stored at 4�C in
the dark until further use.
Two doubly labeled CI2 variants are described in the text. In

the first variant, Cys 10 is labeled with A647 (A) and Cys40 is
labeled with A488 (D) (A/D-labeled CI2 hereafter). In variant
2, the dye positions are permutated and Cys 10 is labeled with
A488, while Cys 40 is modified with A647 (D/A-labeled CI2
hereafter).
To prepare A/D-labeled CI2, a quantity of purified and

reduced CI2–Cys10/Cys40 (10 mM in buffer B) was passed
through a PD10 column, equilibrated in buffer A, mixed
with a twofold excess of Sbt (in buffer A) and incubated for
30 min at room temperature to allow complex formation.
A 10-fold excess of A647 (in buffer A) was added to the
protein solution and incubated for 4 h at 25�C in the dark.
Unreacted dye was removed by extensively washing the pro-
tein solution with buffer A on a Centricon YM-3 centrifugal
filter. To release CI2–Cys10/Cys40 (singly labeled with A647 at
Cys10) from the CI2 � Sbt complex, the protein solution was
mixed with a stock solution of GdnSCN (in buffer A) to give a
final concentration of 4 M denaturant. After incubation for 2
h at 25�C in the dark, a 10-fold excess of A488 (in buffer A)
was added to the solution and incubated for another 4 h at
25�C in the dark. To separate the hexa-His-tagged Sbt from A/
D-labeled CI2, 1 mL of a slurry of IMAC resin (Pharmacia),
equilibrated in buffer A, was added to the protein solution.
After incubation and gentle agitation of the mixture for 1 h at
ambient temperature in the dark, the slurry was centrifuged
for 10 min in a benchtop centrifuge and the supernatant frac-
tion containing A/D-labeled CI2 recovered. To remove excess
dye, the protein solution was then exchanged into buffer C
(20 mM sodium phosphate [pH 6.3], 100 mM sodium chloride)
(PD10 column) and stored at 4�C in the dark until used. D/A-
labeled CI2 was prepared accordingly by changing the order of
the added dyes. A/D- and D/A-labeled CI2 was monomeric, as
confirmed by injecting small aliquots of the protein solutions
onto a HighLoad 16/60 Superdex 75 size-exclusion column
(Pharmacia), equilibrated in buffer C (data not shown).

Thermodynamic analysis

Stability measurements were performed by mixing CI2 with
increasing amounts of chaotrope (0–6 M GdnCl). Denaturant
concentrations were determined refractometrically (Pace 1986).
The thermodynamic stability of unlabeled wt-CI2 was deter-
mined by monitoring the increase in fluorescence emission of
the single tryptophan (Trp5) upon unfolding. Protein concen-
trations of 5 mM in buffer D (20 mM sodium phosphate [pH
6.3]) were employed. After incubation for 4 h at 25�C, fluores-
cence emission spectra were recorded from 310 nm to 420 nm
(excitation at 295 nm). The stability of the D/A-labeled CI2–
Cys10/Cys40 variant (or the A/D-permutant thereof) was deter-
mined in buffer D (containing 100 mg/mL bovine serum albu-
mine (BSA) to minimize adsorption of the protein to the cuvette
wall) by recording acceptor fluorescence emission spectra from

650 nm to 740 nm after excitation at 488 nm (A-emission due to
FRET) and 630 nm (direct excitation of A) as a function of
denaturant concentration. A protein concentration of 10 nM
was used. Changes in free energy of folding (DGN-U) were
estimated by a six-parameter least-squares fit, assuming a two-
state unfolding model (Santoro and Bolen 1988):

Sobs ¼
Sfolded þmfolded D½ � þ Sunfolded þmunfolded D½ �ðð Þð Þ exp � DGN-U �mG D½ �=RTð Þf g

1þ exp � DGN-U �mG D½ �=RTð Þf g

ð1aÞ

Sobs is either the observed integrated fluorescence emission
between 310 nm and 420 nm (unlabeled CI2) or the integrated
fluorescence intensity of A647 after excitation of the donor at 488
nm, normalized by the integrated fluorescence intensity of A647
after direct excitation (630 nm) at denaturant concentration [D]
(labeled protein). Sfolded, Sunfolded,mfolded, and munfolded represent
intercepts and slopes of native and unfolded baselines, respec-
tively; mG is a cooperativity parameter related to the change in
exposure of hydrophobic surface area upon unfolding (Myers et
al. 1995);R is the gas constant; and T is the absolute temperature.
Unfolding transitions were normalized to the fraction of
unfolded protein, FU (Santoro and Bolen 1988):

FU ¼ Sfolded þmfolded D½ �ð Þ�Sobsð Þ
Sfolded þmfolded D½ �ð Þ� Sunfolded þmunfolded D½ �ð Þð Þ ð1bÞ

Fluorescence aided single molecule sorting (FAMS)

Single-molecule measurements were performed with an invert-
ed fluorescence microscope (Zeiss Axiovert 100, 1003 1.4 NA
oil-immersion objective, 100 mm pinhole), modified to allow
alternating laser excitation (ALEX) using a two-laser excita-
tion source (488 nm Ar+-laser, 638 nm diode laser). A detailed
description of ALEX is given elsewhere (Kapanidis et al.
2004). Briefly, alternation of the two lasers with a period of
100 msec, a timescale faster than the residence time in the
confocal spot (�600 msec for CI2) allows simultaneous, direct
probing of both A488 (D) and A647 (A) in the diffusing CI2
molecule. ALEX allows the fluorescence-aided molecular sort-
ing of species that differ in their emission profiles using two
ratiometric expressions, the traditional FRET-efficiency E and
the stoichiometry ratio S. The FRET-efficiency E is defined as:

E ¼ FAem
Dexc

FAem
Dexc þ �FDem

Dexc

ð2aÞ

FDem
Dexc is the background-corrected D-excitation-based

D-emission, FAem
Dexc is the D-excitation-based A-emission, and

g is a detection and quantum yield correction factor. The novel
stoichiometric ALEX-ratio S is defined as:

S ¼ FDexc

FDexc þFAexc
ð2bÞ

FDexc is the sum of D-excitation-based emissions, FAexc is
the sum of A-excitation-based emissions. For a D-only mole-
cule (e.g., single D-fluorophore or bleached A-fluorophore),
FAexc is negligible and S is � 1. For an A-only molecule, both
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FDexc and S values are around 0. The S-ratio of a D/A-labeled
molecule depends on the excitation power used. If the excita-
tion is adjusted such that FDexc�FAexc (this study), S� 0.5.
All measurements were carried out in buffer D (containing

100 mg/mL BSA). The concentration of the protein was
100 pM and was calculated from the absorbance of A at 647
nm.D- andA-excitation powerwas adjusted to 50mW.Fluores-
cence bursts indicating the presence of a molecule in the laser
confocal spot were detected by binning the recorded photons
in 500 msec time bins and defining the beginning and end of a
burst using a threshold (D+A photons) set such as to reject
most of the background (Dahan et al. 1999; Deniz et al. 2001).
Only bursts containing >80 photons were retained for further
analysis. E- and S-ratios were calculated for each burst and
represented as E- or S-histograms. Denaturation studies were
carried out in buffer D with GdnCl concentrations varying
from 0 M to 6 M. GdnCl from Pierce (sequanal grade) was
found to be sufficiently background-free for these single mole-
cule experiments. Data acquisition was for 25 min, and histo-
grams were calculated and analyzed using in-house written
LabView software.
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