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ABSTRACT: Studying the interplay between protein structure and function remains a daunting task. Especially
lacking are methods for measuring structural changes in real time. Here we report our most recent
improvements to a method that can be used to address such challenges. This method, which we now call
tryptophan-induced quenching (TrIQ), provides a straightforward, sensitive, and inexpensive way to address
questions of conformational dynamics and short-range protein interactions. Importantly, TrIQ only occurs
over relatively short distances (~5—15 A) making it complementary to traditional fluorescence resonance
energy transfer (FRET) methods that occur over distances too large for precise studies of protein structure. As
implied in the name, TrIQ measures the efficient quenching induced in some fluorophores by tryptophan
(Trp). We present here our analysis of the TrIQ effect for five different fluorophores that span a range of sizes
and spectral properties. Each probe was attached to four different cysteine residues on T4 lysozyme, and the
extent of TrIQ caused by a nearby Trp was measured. Our results show that, at least for smaller probes, the
extent of TrlIQ is distance dependent. Moreover, we also demonstrate how TrlQ data can be analyzed to
determine the fraction of fluorophores involved in a static, nonfluorescent complex with Trp. Based on this
analysis, our study shows that each fluorophore has a different TrIQ profile, or “sphere of quenching”, which
correlates with its size, rotational flexibility, and the length of attachment linker. This TrIQ-based “sphere of
quenching” is unique to every Trp—probe pair and reflects the distance within which one can expect to see the
TrlQ effect. Thus, TrlIQ provides a straightforward, readily accessible approach for mapping distances within

proteins and monitoring conformational changes using fluorescence spectroscopy.

Site-directed labeling (SDL) is a powerful tool for assessing
protein structure and monitoring conformational dynamics (/— 10).
In SDL studies, cysteine residues are introduced into strategic areas
in a protein and labeled with thiol-reactive spin or fluorescent labels.
The spectral data from these probes are then analyzed to glean
insights into the probe’s mobility and solvent accessibility.

Secondary structure in proteins can be identified by carrying
out a systematic SDL scan through a sequence, as the compiled
data display patterns reflecting the periodicity of an a helix or
f strand (11—13). However, SDL methods for studying tertiary
structure are much less straightforward, and intense research has
gone into developing new SDL-based ways to map distances in
biomolecules. Recently, EPR-based methods have been devel-
oped to measure distances with good precision (/4—18). Fluo-
rescence-based SDL methods can also measure distances, and
these are usually based on some variation of Forster resonance
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energy transfer (FRET) (19—25). Unfortunately, except for an
exception (26), FRET methods are usually not well-suited for
studying small dynamic changes in proteins or for determining
how a secondary structure packs into a tertiary structure. This is
because most probes used in FRET are relatively large, 100%
labeling efficiency is usually required for the acceptor probe, and
most FRET methods are optimized for measuring longer range
distances (~20—100 A)

We have developed a new fluorescent approach for measuring
distances within proteins that circumvents most of these problems.
We call this approach TrlQ, for tryptophan-induced guenching.
TrlQ exploits the dramatic quenching effect that tryptophan (Trp)
has on the emission intensity of some fluorophores. TrlQ studies are
relatively straightforward to carry out: the protein is labeled with a
single fluorophore, and then the extent of fluorescence quenching
caused by a nearby tryptophan (Trp) residue is measured.

The TrIQ method has a number of unique advantages over other
SDL methods. TrIQ primarily occurs only over short distances
(515 A) making it ideal for assessing short-range distances and
small changes in protein structure. Furthermore, there are several
practical advantages inherent to the TrIQ method. These include
the following: (i) only one probe is used in a TrlQ study, and thus
only one cysteine is labeled, (ii) the labeling efficiency does not have
to be 100% (since TrIQ monitors the fluorescence of the probe and
the quenching Trp is always present in every protein, underlabeled
samples can be studied), (iii) it is not necessary to carry out extensive
Trp mutations (in fact, native Trp residues can be left remaining in
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the protein or even exploited to act as the quencher), (iv) TrIQ
studies can be carried out using only microgram amounts of sample
at low concentrations, (v) the instrumentation is simple and widely
available, and (vi) TrIQ can be adapted for high-throughput
applications (13).

We first discovered TrIQ can be used to study protein structure
during a systematic study of the fluorescent probe bimane, while
it was attached to cysteine mutants of T4 lysozyme (/3, 27). The
data showed there was substantial TrIQ only when the bimane
fluorophore and quenching Trp residue were near van der
Waal’s contact distance or, more generally, when the C,—C,
carbon distance between the cysteine attachment site and the Trp
quencher was ~5—15 A.

Subsequently, the TrIQ—bimane approach has been used for
a wide array of studies. It has been used to identify key sites of
conformational change in the G-protein coupled receptors rhodop-
sin and the f-adrenergic receptor (28—30), to study the interaction
of rhodopsin with the G-protein transducin (3/), to orient the
interaction between molecular chaperone proteins and their tar-
gets (32), to investigate the dynamic structural changes in a cyclic
nucleotide-gated ion channel upon activation (33), and to study the
secondary structure of the S3—S4 linker of K* channels (34).

All of the TrlIQ studies referenced above used derivatives of
bimane, either monobromobimane (mBBr), a positively charged
bimane (qBBr), or PDT-bimane (which attaches through a
disulfide linkage). Overall, bimane is an excellent probe for TrIQ
studies of protein structure and dynamics, as it is small, nonpolar,
and has well-characterized spectral properties (35—37). However,
bimane has some disadvantages, including a relatively low absor-
bance (¢350nm = 5000 L cm™' M~ ") and the need for UV excita-
tion (at ~380 nm). These two limitations reduce the sensitivity
of TrIQ—bimane and hamper its use in cell-based and in vivo
imaging studies.

Thus, in the present report, we set out to overcome these
limitations and to significantly expand the TrIQ “toolbox”. Our
goal was to increase the distance and spectral range over which
TrIQ studies can be carried out and to increase the number of
probes that can be used to cross-check distances determined in a
TrlQ study. To do this, we measured the distance over which
TrIQ occurred for several fluorophores previously identified to
be sensitive to Trp-induced quenching (34, 38—41). We carried
out these calibrations while these probes were attached to T4
lysozyme (T4L), thus enabling the spectral data to be assessed in
the context of a known protein structure. Importantly, several of
the probes can be used for cell-based imaging studies, thus
opening the possibility of carrying out TrIQ studies in a whole
cell environment.

We also present a comprehensive analytical method for ana-
lyzing TrIQ data. This analysis, which is simple in execution, can
be used to identify where and quantify how many Trp—fluorophore
pairs have formed nonfluorescent complexes at the moment of
light excitation. This concept can be used to determine a “sphere
of static quenching” for each probe, which defines the distance
within which the probe can form a static complex with a Trp
residue. Since these complexes form before (or during) the
subnanosecond process of light absorption by the fluorophore,
their presence gives direct, unambiguous evidence that two parts
of a protein are in very close proximity, with subnanosecond time
scale resolution. We propose measuring the formation of these
complexes provides a unique and powerful tool for mapping
protein distances, monitoring dynamic changes in proteins, and
detecting shifts in conformational equilibria.

Biochemistry, Vol. 49, No. 45, 2010 9723
MATERIALS AND METHODS

Materials. Unless otherwise noted, all basic reagents and
biochemical supplies (buffers, salts, concentrators, plastic-ware,
etc.) were purchased from Fisher or Sigma and their affiliates. The
Tris base and ultrapure guanidine hydrochloride were purchased
from Invitrogen (Carlsbad, CA), the fluorescent probe qBBr
was purchased from Toronto Research Chemicals (North York,
Ontario, Canada), and BODIPY 507/545 iodoacetamide and
lucifer yellow iodoacetamide were purchased from Molecular
Probes (Eugene, OR). Cy5-maleimide was purchased from GE
Healthcare. Atto-655 maleimide was purchased from Atto-tec
(Siegen, Germany).

Buffers. The buffers used were as follows: buffer A, 50 mM
MOPS, 50 mM Tris, and 1 mM EDTA, pH 7.6; buffer B, 20 mM
Tris, 20 mM MOPS, 0.02% sodium azide, ]| mM EDTA, and
I mM DTT, pH 7.6; buffer C, 20 mM KH,PO, and 25 mM KCl,
pH 3.00; buffer D, 25 mM MOPS, 25 mM Tris, | mM EDTA,
pH 7.6, and 3 M guanidine hydrochloride; buffer E, 250 mM
MOPS, 250 mM Tris, | mM EDTA, pH 7.6; buffer F, 12 g of
tryptone digest, 5 g of yeast extract, 10 g of NaCl, 1 g of glucose,
and 1 mL of 100 mg/mL ampicillin/L of medium.

Nomenclature. Throughout the paper, mutants are named by
specifying the original residue, the number of the residue, and the
new residue, in that order. Thus, for example, the code N132C
indicates that the native asparagine residue at the 132nd amino
acid position was mutated to a cysteine. Similarly, N116W
indicates the native asparagine was mutated to a tryptophan.
For labeled mutant samples, each fluorophore has its own suffix:
-B, for monobromobimane, -qBBr for monobromotrimethylam-
moniobimane, -LY for lucifer yellow, -BDPY for BODIPY,
-Atto for Atto-655, and -Cy5 for cyanine-5. Thus, for example,
the name N132-qBBr indicates that the native asparagine residue
at the 132nd amino acid position has been mutated to a cysteine
and reacted with the qBBr label.

Construction, Expression, and Purification of T4 Lyso-
zyme Mutants. The construction of the T4L cysteine mutants
used in the present work has been previously described (27, 37).
Briefly, K38 Escherichia coli cells were transformed with the T4L
cysteine mutant plasmid and inoculated into 25 mL of buffer F
and grown overnight with shaking. The next morning, 10—15mL
of overnight growth was added to 500 mL of buffer Fina 2.8 L
flask and grown with >250 rpm shaking at 37 °C. Protein
production was induced in late log phase cultures (ODgy of
~1.2) by the addition of IPTG to a final concentration of 1 mM.
The induced cultures were allowed to express for 1.5—2 h at room
temperature until harvesting by centrifugation. Pelleted cultures
were stored at —80 °C for later use.

Mutant T4L was purified using cation-exchange chromatog-
raphy with a slight modification of a previously described
protocol (13, 27, 37). Briefly, thawed pellets containing expressed
mutant lysozyme were resuspended manually in 30—35 mL of
buffer B, lysed, and cleared by centrifugation at 10000g for
30 min. DTT was added to ~20 mM, and the lysate was filtered
(0.45 pm filter) and loaded onto a cation-exchange column (GE
Healthcare HiTrap, 1 mL of SP-Sepharose) preequilibrated with
buffer A. The samples were eluted with a salt gradient in buffer A
(ramped from 0 to 1 M NaCl) over ~1.5 h. T4 lysozyme, eluted at
around 200—300 mM NaCl, was collected in multiple fractions,
snap-frozen in liquid nitrogen, and stored at —80 °C. The purity
of the fractions was assessed by SDS—PAGE and judged to be at
least 90% pure for all samples studied.
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Fluorescence Labeling of T4L Mutants. The fluorophores
studied possess a variety of reactive groups and a range of
solubilities; thus the method of labeling T4 lysozyme differed
slightly with each fluorophore. In general, labeling of ~10 nmol
of each lysozyme mutant (~100 uM T4L concentration) was
carried out using ~5—10x molar excess of fluorescent label
(5x for BODIPY and lucifer yellow, 7x for CyS-maleimide, 10x
for Atto-655 maleimide and qBBr), taken from stock solutions
made in DMSO. Labeling was carried out in buffer D at 4 °C
overnight with gentle agitation. Care was taken to ensure that
DMSO concentrations were always <10% of final reaction
volume. Labeled protein was separated from free, unreacted label
using size-exclusion chromatography. It should be noted that
BDPY appeared to induce a small amount of protein aggregation
under some conditions, perhaps due to its hydrophobic nature.

For the fluorophores with a maleimide reactive group
(Atto-655 and Cy5), drops of 1 M MOPS were added to lower the
pH to ~6.5 to avoid amine reactivity and maleimide ring opening.
For the BODIPY 507/545 reactions, DMSO was added to a final
concentration of 10% to help improve solubility of the relatively
insoluble free label. The reactions were then incubated overnight
with rocking at 4 °C in the dark. For qBBr, unreacted free label
was separated from the labeled protein by gel filtration on a
desalting column (Pharmacia Biotech HiTrap, 5 mL) equili-
brated with buffer A. For all other labels, free label was removed
from the reaction solution by first concentrating the entire
reaction to 100 uL using a 3K MWCO spin concentrator
(Amicon Microcon) and then removing free label using G-15
Sephadex in a small desalting column (1.25 cm x 3 cm) with
buffer A and gravity flow. Several sequential passes (1 for
BODIPY, 2—3for LY and Atto, 3—5 for Cy5) and concentration
steps over the desalting column were often necessary to ensure
adequate separation and removal of free label. Absorption
spectra (using a Shimadzu UV 1601) were used to calculate the
labeling efficiency for each mutant.

Concentrations were calculated using extinction coefficients of
€50 = 23327 L em ™' mol ™! for T4 lysozyme. For mutants with
the N116W mutation, an extinction coefficient value of e,5y =
5600 L cm™ " mol ™" was added to the WT T4 lysozyme extinction
coefficient. The amount of label attached to the protein was
approximated using the appropriate extinction coefficient for
each label (350 = 5000 L cm ™' M~ for mBBr and qBBr; esp5 =
64000 L cm ™' M ™! for BODIPY; €457 = 11000 Lem™ ' M~ ! for
lucifer yellow; egss = 125000 L cm ™' M ™! for Atto-655; e6s9 =
250000 L cm ™' M~ for Cy5). The contribution from each label at
280 nm was subtracted before calculating protein concentration.

All reacted T4 lysozyme mutants were analyzed by SDS—
PAGE for purity and determined to be >90% pure. Levels of
unreacted free label in the samples for all labels (except Atto-655)
were determined using a TCA precipitation protocol, as described
previously (13). For Atto-655-labeled samples, the absorbance of
the sample before addition of TCA was compared to absorbance
of the sample after centrifugation. This approach was used because
Atto-655 is nonflourescent in acid, but we assumed it to have a
largely matrix-independent extinction coefficient, based on control
experiments with a mercaptoethanol adduct of the free label. In all
cases, the amount of signal retained following acid precipitation
and centrifugation was taken to be due to unreacted free label.
This was <3% for all samples tested, except for the Cy5-labeled
negative control, which was ~10% or less in all cases.

Assessment of Fluorophore Quenching by Free Amino
Acids. The protocol for assessing the quenching of the
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fluorophores by free amino acids was adopted from previous
work (42). Measurements were performed using a PTI
steady-state fluorometer, with 1 nm excitation slits (3 nm
for gBBr), and 3 nm emission slits. Amino acids were made
up to 60 mM stock concentrations in buffer E. Note that
since tyrosine is only minimally soluble in this buffer, the
tyrosine methyl ester derivative was used. For the quenching
experiments, fluorophores were used at a range of concen-
trations between 1 and 10 uM in buffer E. Unquenched
intensity was taken as the buffer-subtracted integrated
fluorescence of the fluorophore stock diluted 1:1 with buffer
E. Quenched intensity was taken as the buffer-subtracted
integrated fluorescence of the same fluorophore stock
diluted 1:1 with 60 mM amino acid stock (50 mM for tryptophan
diluted to 30 mM final concentration) in buffer E. The ratio of
the fluorescence intensity in the presence of quencher (30 mM
amino acid) to the fluorescence intensity in the absence of
quencher is reported as the relative quantum yield in the presence
of the amino acid.

Characterization of Thermodynamic Stability of T4L
Mutants. To assess the effect of the different probes on protein
stability, we subjected a subset of labeled mutants in buffer C
(pH 3.00) to increasing temperatures while monitoring the
decrease in a-helical CD signal at 222 nm (43). Mutants E128C
and N116W/E128C were chosen for these studies, as our previous
work indicated these exposed sites might be sensitive to becoming
destabilized after label attachment (13, 27, 37). The thermal stabil-
ity of the labeled mutants was assessed as follows. T4L-fluorophore
samples (~500 uL of ~10 uM protein) were thawed and dialyzed
at 4 °C overnight against 500—1000 mL of buffer C (pH 3.00)
with at least three changes of reservoir in a 3000 MWCO Slide-
A-Lyzer cassette (Pierce Scientific). The thermal unfolding was
monitored at 222 nm using circular dichroism (CD) on an AVIV
215 spectrometer with ~350 uL of each sample at concentrations
between 3.5 and 6 uM. Slit widths were 1 nm. The samples were
monitored while heating from 5 to 85 °C, then cooled to 5 °C, and
heated again to determine the extent of protein refolding. The
labeled samples exhibited greater than 75% refolding, as judged
by the recovery of the initial CD signal. Differences in stability
between mutant samples were judged from changes in AAG,
calculated using the approximation that AAG = AT, ASwr (44).

Steady-State Fluorescence and Anisotropy Measure-
ments. All steady-state fluorescence excitation, emission, and
anisotropy measurements were carried out using a PTI fluores-
cence spectrometer in a T-format at room temperature. The para-
meters of the fluorescence emission spectra were measured as
follows: T4L-gBBr, 380 nm excitation, 395—600 nm emission,
2 uM sample, 1 nm excitation slits, 10 nm emission slits; T4L-
BDPY, 490 nm excitation, 495—750 nm emission, 1.5—2.5 uM
sample, 1 nm excitation slits, 3 nm emission slits; T4L-LY,
427 nm excitation, 432—750 nm emission, 2—3 uM sample, 1 nm
excitation slits, 3 nm emission slits; T4L-Atto, 620 nm excitation,
625—900 nm emission, 0.7—1 «M labeled sample, | nm excitation
slits, 3 nm emission slits; T4L-CyS5, 615 nm excitation, 620—
850 nm emission, 0.3—0.5 uM sample, | nm excitation slits, 3 nm
emission slits.

The parameters for the fluorescence excitation spectra were
measured as follows: T4L-qBBr, 300—450 nm excitation scan,
490 nm emission, 2 uM sample, 1 nm excitation slits, 5 nm
emission slits; T4L-BDPY, 250—530 nm excitation scan, 535 nm
emission, 1.5—2.5 uM sample, 1 nm excitation slits, 3 nm emission
slits; T4L-LY, 240—520 nm excitation scan, 530 nm emission,
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2—3 uM sample, 1 nm excitation slits, 3 nm emission slits; T4L-
Atto, 250—675 nm excitation, 680 nm emission, 0.7—1 uM labeled
sample, | nm excitation slits, 3 nm emission slits; T4L-Cy5, 615 nm
excitation, 620—850 nm emission, 0.3—0.5 uM sample, 1 nm
excitation slits, 3 nm emission slits.

Anisotropy measurements were carried out at 22 °C using the
labeled T4L samples at the above concentrations in buffer A.
Excitation light was polarized vertically and emission light
collected simultaneously using vertical and horizontal polariza-
tion of the two emission monochromators in the T-format
spectrofluorometer. G-factors for each sample were calculated
using a horizontally polarized excitation beam. Excitation/emis-
sion parameters (in nanometers) for each set of labeled samples
were taken at the excitation/emission maxima for each fluoro-
phore: 381/475 for T4L-qBBr; 506/530 for T4L-BDPY; 427/525
for T4L-LY; 664/678 for T4L-Atto; and 650/665 for T4L-Cys.
For all samples, excitation slits were set at 3 nm and emission slits
were 5 nm. The measurements were performed in duplicate, and
the average steady-state anisotropy was obtained using buffer
subtraction of individual intensities and real-time emission and
excitation correction.

Interestingly, significant amounts of BDPY-labeled sample
were lost upon repeated pipetting, so pipetting was kept to a
minimum when handling these samples.

Quantum Yield Measurements. The quantum yield of each
labeled mutant was measured using quinine sulfate as the
standard (quantum yield of 0.55 in 1 N H,SOy,), except for
mutants labeled with Atto-655 and CyS5, for which rhodamine 6G
was used as a standard (quantum yield of 0.94 in ethanol). For
the red-shifted fluorophores (BODIPY, Atto-655, and Cy5),
emission correction was used to account for drop off of photo-
multiplier tube sensitivity at longer wavelengths. Measurements
involved matching the absorbance maximum of the standard to
each of the labeled T4 lysozyme samples and measuring inte-
grated fluorescence emission intensity under identical optical
conditions (350 nm excitation, 355—750 nm emission for the
quinine sulfate standard; 500 nm excitation, 505—750 nm emis-
sion for the rhodamine standard). In all cases, the buffer intensity
was subtracted before integrating the fluorescence intensity.

Fluorescence Lifetime Measurements. Fluorescence life-
times for all of the samples (except those labeled with BODIPY)
were measured at 22 °C using a PTI Laserstrobe fluorescence
lifetime instrument at sample concentrations identical to those
used for the steady-state measurements (see above). The lifetimes
for the BODIPY-labeled samples were measured at room tem-
perature using the PTI EasyLife system, with excitation from a
505 nm LED and emission collected using long-pass filters. For
all lifetime measurements, the instrument response function (IRF
~ 1.5 ns) was determined using a solution of Ludox.

Experiments were set up to ensure <5% measured intensity
due to scattered light using the following parameters for each
fluorophore set. T4L-qBBr: Measurements used 381 nm excita-
tion passed through a 298—435 nm band-pass filter, and emission
was monitored through two long-pass filters (>470 nm). Each
lifetime decay was measured using two averages of five shots per
point, collected randomly in time over 150 channels. T4L-BDPY:
Measurements used a 500 nm interference filter on excitation
from a 505 nm LED, and emission was collected using two > 520
nm plus one > 550 nm long-pass filters on emission. Each lifetime
decay was measured using three averages of 150 data points
collected randomly in time. T4L-LY: Measurements used 427 nm
excitation, and emission was collected on a monochromator at
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527 nm (6 nm slits) plus two >500 nm long-pass filters. Each
decay was measured using two averages of 400 data points
collected randomly in time. T4L-Atto: Measurements used
640 nm excitation, and emission was collected at 676 nm emission
(6 nmslits). Each lifetime decay was measured using two averages
of 300 data points collected randomly in time using PTI software.

Data were acquired using an arithmetic data collection method
and analyzed using the commercial PTI T-Master software with
either single exponential or double exponential fits. Goodness of
fit was evaluated by y* values (acceptable values between 0.8 and
1.2) and visual inspection of the residuals.

Integrated Steady-State Fluorescence Intensities. Inte-
grated steady-state fluorescence intensities were calculated from
the steady-state fluorescence emission scans of each labeled
sample. The integrated fluorescence intensities with (F,,) and
without (F) the presence of the tryptophan at residue 116 were
used to calculate the amount of static complex formation (see
below). The following integration parameters were used for each
fluorophore-labeled sample: T4L-mBBr, integration from 410 to
600 nm; T4L-qBBr, integration from 410 to 600 nm; T4L-BDPY,
integration from 495 to 750 nm; T4L-LY, integration from 435 to
750 nm; T4L-Atto, integration from 625 to 800 nm.

Calculation of Static Complex Formation. The fraction
of static, preformed complex (I — y) between each Trp—
fluorophore pair was calculated as described by Spencer and
Weber for measuring the amount of static and dynamic intra-
molecular quenching in a linked fluorophore and quencher pair. A
brief description of the analysis is provided in the Discussion, and
a full derivation of y is reported in the Supporting Information.

RESULTS AND DISCUSSION

Overview of Experiments. Figure 1A shows the sites of
fluorophore attachment on the protein and the relevant C,—C,
distances from each cysteine residue to the quenching Trp.
Figure 1B shows each probe drawn on the same scale, with the
respective absorbance and emission wavelength maxima (the full
spectra are given in Supporting Information Figure 1). Through-
out the text we refer to these probes using the following abbrevia-
tions: monobromobimane (mBBr),> monobromotrimethylam-
moniobimane (qBBr, a positively charged bimane derivative),
lucifer yellow (LY), BODIPY 507/545 (BDPY), and Atto-655
(Atto).” Cyanine-5 (Cy5) was also studied as a negative control.

Characteristics of the Labeled Mutants. The purification,
labeling, and characterization of the T4 lysozyme cysteine mutants
are detailed in the Supporting Information. As listed in Supporting
Information Table 1, typical labeling efficiencies were greater than
80% and ranged from 50% to 100% (as noted in the introduction,
TrlQ studies can be carried out on samples that are not quantita-
tively labeled). The amount of free fluorescent label was <3%
in all mutants tested, and none of the fluorophores showed
significant background labeling for a Cys-less wild-type T4L.
Our thermodynamic stability assays showed that most of the
probes do not substantially decrease T4L stability (AAG values of
<—0.8 kcal/mol), although not surprisingly, the largest probe,

’The tryptophan-induced fluorescence quenching data of mBBr has
been reported earlier (ref 27), but it has not previously been subjected to
the new analysis method we present here. Thus, we have included the
analysis of the previous mBBr data to further demonstrate the utility of
the TrIQ method.

The Atto structure was inferred based on patent USPTO no. 2006/
0179585 A1, and the molecular weight and fluorescence properties were
obtained from the manufacturer.
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FiGure 1: TrIQ-sensitive fluorophores and their attachment sites on
T4L. (a) Model showing the location of the Trp (red) and the sites of
fluorophore attachment (blue spheres at each C, location). The
Co—Cq distances from each site to the Trp are shown in parentheses
and were calculated using coordinates from PDB 1L63. (b) The
abbreviations, spectral properties, and chemical structures of each
cysteine-reactive, Trp-sensitive fluorophore. The structures, drawn to
the same scale, illustrate the differences in size and linker length for
the various probes.

Atto-655, did show increased destabilization (AAG value of —1.6
kcal/mol). The results of these stability assays are reported in
Supporting Information Table 2. In general, the Trp residue at site
116 did not affect the labels’ fluorescence anisotropy, or the 4.
for excitation or emission. However, changes in the absorbance
Jmax Values were observed at several sites (see Supporting Informa-
tion Table 1), indicating some perturbation of the probe in the
ground state (discussed further below).

The Fluorescence Intensity Depends on the Distance of
the Probe from the Trp, but the Fluorescence Lifetime Does
Not. We confirmed that the fluorophores used in this study are
susceptible to tryptophan-induced quenching by carrying out
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studies of the free probes and tryptophan together in solution
(Supporting Information Table 3). The effect of the Trp quencher
on the emission intensity of each label was compared as follows.
First, for each Trp—probe pair, the samples were matched to
ensure that the same amount of label was present in the samples
containing the Trp at site 116 (N116W) and those without
(N116). Then, the steady-state fluorescence emission intensity
was measured. These data are reported in Figure 2A. Comparing
the emission intensities shows that for all of the probes except
Atto-655 the TrlQ effect (the decrease in fluorescence intensity)
depends on how far the probe is from the Trp at 116 (Figure 2A).
However, the absolute amount of quenching clearly varies for
different fluorophores, presumably because of differences in
probe size, linker length, etc. Interestingly, the Trp quenching
of LY and Atto was substantial and occurred at all sites tested.
Note: the fluorophore CyS was tested as a negative control, and it
showed little quenching by Trp (data not shown).

It is not possible to precisely define all of the reasons for the
observed differences in the amount of quenching for each
Trp—fluorophore pair at each site, because the photoinduced
electron transfer (PET) quenching mechanism is affected by a
number of difficult to experimentally define variables. These
variables include the local solvent polarity at the site of attach-
ment and the shape and relative orientation of the two molecule
pairs (43, 46). These factors are for the most part unknown and
will vary for each of the different fluorophore—Trp pairs
discussed here. For these reasons, as discussed further below,
we developed an empirical approach for assessing the proximity
of each fluorophore to the Trp. This approach compares the
steady-state fluorescence data with the rates of fluorescence
decay and uses these values to define a “sphere of quenching”
(the distance within which one will observe measurable
quenching) for each probe—Trp pair. As discussed below, the
“sphere of quenching” can be even further defined and quantified
to provide further distance information.

Fluorescence lifetimes were thus next measured to determine
if the rate of fluorescence decay would change in a distance-
dependent way. These data were fit with either mono- or
biexponential decays and are reported in Supporting Information
Table 4. To enable comparison with the steady-state intensity
data (47), the lifetime data are also plotted in Figure 2B as (z), the
amplitude-weighted fluorescence lifetime.* Although the lifetime
data show changes in the presence of the Trp quencher, it is clear
that the magnitude of these changes in () does not mirror the
changes in intensity and is not strictly dependent on the distance
of the label from the Trp for all of the probes.

We further assessed the distance dependence of TrlQ by
plotting the ratio of the emission or lifetime data (with and
without the Trp quencher) vs the separation distance from the
Trp (Figure 3). In order to test this relationship further, the
analysis of the mBBr samples included data from three other
Trp—mBBr pairs we reported in our previous study (27). The
ratio data clearly show that the TrIQ effect on emission intensity
depends on the distance of the label from the Trp quencher at site
116 (Figure 3A). In all cases except Atto, the greatest quenching
of emission intensity occurs for C,—C, distances <10 A. Inter-
estingly, these ratio plots also highlight the discrepancy between
the Trp-induced changes in fluorescence emission intensity

“The value of (r) is the amplitude-weighted fluorescence lifetime,
defined as (r) = > a,;, where ;is the normalized preexponential factor
for each lifetime, 7;.


http://pubs.acs.org/action/showImage?doi=10.1021/bi100907m&iName=master.img-000.jpg&w=204&h=462

Article Biochemistry, Vol. 49, No. 45, 2010 9727
a b
Mutant ( N116 N116W ) Ca-Ca distance (A)|
. o 7.5 10.1 10.7 110
C,C, distance (A) 1
75 10.1 10.7 11.0 &
i ; : - = E 2.
A © o
> mBBr [ = 132128 123 135
'a 0 ] T T T T T ] )I.' - II I..;\-\-l T ° [
c ' M 4
[0} 14 — 5 &
C ~ QBBr | ] } - 2 a i Iﬂ I,I
® 8 0 e e L YN z v " 132128 123135
e = ! r | 1.
q) © \ |I | | I". — 2 E 31
0 E BDPY X | \ -5} o 24
m P~ 0 . e }I =l | . o) ‘D o 1
q) o L ! ! 1 1 ' L L E g 0 4 _RH RE EN
] é 117 B = ¥ - g 132 128 123 13
ST TER I 55 6
L P S, A S | B . S .0 . Q E > 4
14 : = = = = 4 T = 2
\ - f o 0
Atto | I\ N\ _ ] 132128 123135
0 ] T 4 T ] T "rl.\l;\""' ] T 1': ;"Ih_ B Ir.l\.-\':’ g ’
400 600 800400 600 800400 600 800400 600 800 2 § 2
Wavelength (nm) b 1
0 .
N132C E128C Q123C K135C 192126 123135
Positi

FiGure 2: TrlQ effect on the fluorescence emission intensity and lifetime. The data are organized according to increasing probe size (top to
bottom) and increasing distance from the Trp quencher (left to right). (a) Fluorescence emission spectra were taken for each TrlQ-sensitive probe
at the indicated sites on T4L, both with (red) and without (blue) the Trp atsite 116. For all probes except Atto, the extent of TrIQ effect on emission
decreases as a function of distance from the Trp. For each site/probe combination, the fluorophores’ concentration was matched (for samples with
and without the Trp) to enable direct assessment of the TrIQ effect. Then, to enable comparison between data, the spectra from each site/probe
combination were normalized to the intensity of the Trp-less mutant (the N116 background mutant). (b) Results from fluorescence lifetime
measurements of the same samples. The data are plotted as average amplitude-weighted fluorescence lifetime ({z)), both with (red) and without

(blue) the Trp at site 116.

(Fy/F,) and the fluorescence lifetime ((ry)/(tyy) data. Unlike the
TrIQ effect on emission intensity (Figure 3A), the TrIQ effect on
fluorescence lifetime does not appear to correlate with distance
(Figure 3B). This result is extremely informative, because in the
absence of other quenching effects, the plots of the TrIQ effect on
emission intensity (Fo/Fy) and fluorescence lifetime ({zo)/(Ty))
should be the same (47). The fact that they are not indicates other
processes are occurring besides dynamic quenching, and the
nature of these processes can be analyzed to yield further distance
constraints for the data.

The Presence of Nonfluorescent, Trp—Fluorophore
Complexes Is Indicated by Differences in the Extent of
Fluorescence Intensity Quenching vs Fluorescence Lifetime
Quenching. Roughly speaking, a probe can undergo three
possible fates after light excitation in a TrIQ study. One
possibility is the probe is too far away to interact with the Trp
and thus is not quenched (Figure 4, top). A group of these
fluorophores would appear as if there was no Trp present
and thus show no change in the fluorescence intensity or lifetime.
A second possibility is that the probe is “dynamically quenched”
by the Trp residue (Figure 4, middle). Dynamic quenching
means that, at some time after absorbing a photon (yet while
still in the excited state), the probe becomes close enough to
interact with the Trp and thus is quenched. Each Trp probe has
a unique “sphere of dynamic quenching”, which reflects the

distance within which dynamic quenching can occur. A group of
dynamically quenched fluorophores exhibit both decreased
fluorescence intensity and a shorter fluorescence lifetime. Thus,
with pure dynamic quenching, Fy/F, = (t0)/(ty). Finally, the
probe could be “statically quenched”. In static quenching, the
probe is in a complex with the Trp even before light absorption
(Figure 4, bottom). Statically quenched complexes are nonfluo-
rescent; thus they do not contribute to the observed emission
intensity and have no effect on the observed rate of fluorescence
decay (fluorescence lifetime). Similarly, each Trp—probe pair has
a unique “sphere of static quenching”, which reflects the distance
within which the Trp and probe are close enough to physically
interact to form a ground-state complex resulting in static
quenching. When static quenching is present, Fy/Fy, # (To)/(Tw)
and Fy/F, is greater than (to)/(Ty).

This simple model illustrates how, in TrlQ, the different ways
the photoexcited probe can interact with the Trp contribute
differently to the overall observed fluorescence intensity and
lifetime. To reiterate, both dynamic and static quenching decrease
the fluorescence emission intensity one observes for a sample, but
only dynamic quenching affects the fluorescence lifetime; static
quenching does not. Thus, changes in the fluorescence lifetime
only reflect the unquenched and dynamically quenched probes.

Thus, it is simple to determine if “static quenching” is occurring
in a TrlQ study: one simply compares the intensity and lifetime of
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significant quenching over the entire range tested. These two probes thus display a larger “sphere of quenching”. (b) Interestingly, the lifetime
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FIGURE 4: The fate of an excited fluorophore provides specific distance information in a TrIQ study. A probe in a TrIQ study can undergo three
possible fates, and the fluorescence data can be analyzed to determine the relative fraction of probes in each. At larger separation distances, probes
areinan “open” state; thatis, they are not in contact with the Trp before light excitation. The fraction of “open” probes that never interact with the
Trp will thus exhibit maximal fluorescence (illustrated as “unquenched”). Some closer “open” probes can interact with the Trp at some time after
excitation, and these will thus undergo “dynamic quenching”. A population of dynamically quenched probes has decreased fluorescence
intensities and lifetimes, with the magnitude of decrease dependent on the amount of interaction. Of special interest are probes that are very close
to the Trp, even before light excitation. If these probes contact the Trp and form a nonfluorescent complex (indicated in the figure as “complexed”),
they undergo static quenching and thus do not contribute to the emission intensity or lifetime. Importantly, the relative fraction of probes in the
open and complexed state can be determined from analysis of the fluorescence data. The fraction of probes in the open state, called v, is readily
extracted from the fluorescence data using the relationship y = (Fy/F)(To/Tw). In turn, the relative fraction of “complexed” probes, defined as
probes in contact with Trp before excitation, is simply (1 — y). These examples illustrate how, by simply comparing changes in fluorescence
emission intensity with changes in the fluorescence lifetime, one can extract information embedded in a TrIQ study that directly indicates if a probe
isin contact with a Trp at the moment of light excitation. Probes in contact during the subnanosecond process of excitation are clearly “very close”.
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(A) The fraction of Trp—probe complex formation plotted as a function of C,—C, distance from N116W clearly shows mBBr only exhibits static-
complex formation with the Trp at distances less than ~10 A. Interestingly, the larger probes show increasing amounts of Trp—fluorophore complex
formation over longer distances, in a trend that correlates with the size of the probe and length of the attachment linker. These data indicate that each
probe has a different “sphere of static quenching”. Calculations were carried out as described in the text and Figure 4. As with Figure 3, the plot for the
mBBr data also includes analysis of data from three other C,—C, distances reported in Mansoor et al. (27), at 5.6, 6.4, and 8.6 A. (B) Total fluorescence
signal is determined by the fraction of fluorophores which have formed a static ground-state complex with Trp, the fraction which is quenched
dynamically by Trp, and the fraction that fluoresces without being quenched by either mechanism (see Supporting Information for more details). The
fraction of fluorophores for which absorption occurs from an open, noncomplexed conformation, (y), results in a fluorophore which can emit the
photon through unquenched fluorescence (yg, where yg = (7,/70)y, yellow bars) or a fluorophore that can be quenched by a Trp residue through a
dynamic quenching mechanism (ypq, where ypg = [1 — (tw/70)]y, gray bars). The remaining fraction of total fluorophores, (1 — ), is quenched due to
formation of a static, nonfluorescent complex at the moment of excitation, so-called static quenching (purple bars). The pattern which emerges from this
analysis shows that the smaller probes (the bimanes and BDPY) show a mixture of both dynamic and static quenching, but only at distances <10 A,
whereas the larger probes (LY and Atto) show mostly static quenching over the full range of distances tested. These behavior patterns define the “sphere
of static quenching” and “sphere of dynamic quenching” for each probe and should be taken into account when designing and interpreting TrIQ
experiments. The error bars represent the SEM for two data sets. Derivations of yr and ypq are provided in the Supporting Information.

a sample in the presence and absence of the Trp quencher. If the is a simple way to assess fluorophore—Trp distances in TrIQ studies:
change in the amplitude-weighted fluorescence lifetime ratio in the by quantifying the amount of static complex formation (discussed
presence of Trp ((zo)/(t,) is less than the change in fluorescence above). After all, two molecules close enough to form a nonfluo-
intensity ratio (Fy/Fy), then some of the probes in the sample are rescent, static complex are, by any definition, “very close”.
undergoing static quenching. The Amount of Trp— Fluorophore Complex Can Be Quan-
On the basis of this type of analysis, one can see that the data in tified. In TrlQ, the fluorophore and quencher are both attached
Figure 3 indicate many of the samples have significant nonfluo- to the same molecule. Thus, the quenching is intramolecular
rescent, static complexes present. In particular, the LY- and Atto- and concentration-independent. We found the fraction of static
labeled mutant pairs showed dramatic TrIQ effects on the fluores- quenching in TrIQ data can be calculated by applying an approach
cence intensity, yet little to no change in fluorescence lifetime. These originally developed by Gregorio Weber and his graduate student
discrepancies, as well as the observed shifts in absorbance Ay Richard Spencer to assess intramolecular quenching in FAD and
values (Supporting Information Table 1), indicate ground-state NADH (48, 49). A brief explanation of this analysis is given below,
interactions and “static quenching” for many of the fluorophore— and more detail is provided in the Supporting Information.
Trp pairs. To quantify the relative fraction of Trp—fluorophore com-
The Presence of a Trp—Fluorophore Complex Provides plexes present in a TrIQ study, one first uses the fluorescence data
Direct Evidence of Close Proximity. For the probes we used to calculate vy, the fraction of total fluorophores that absorb a
in this study, the Trp-induced quenching mechanism is thought photon but are not in a static complex with the Trp. Mathema-
to involve photoinduced electron transfer, or PET (34, 38—40). tically, y is defined as
Unfortunately, it is not possible to calculate distances between Trp— Fy\ (7o
fluorophore pairs using PET theory alone, because although PET V= <F0> <Tw>

efficiency does depend on distance, it also depends on a number of
unknown variables, such as steric and stereochemical factors of the where F,, and 7, represent the relative fluorescence intensity (or
probes and the local dielectric constant. However, we realized there quantum yield) and fluorescence lifetime of the fluorophore in
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the presence of the Trp quencher. F; and 7, represent the relative
fluorescence intensity (quantum yield) and fluorescence lifetime
in the absence of the Trp quencher. Once y has been determined,
it is simple to determine the relative fraction of fluorophores in a
nonfluorescent, static complex: it is (1 — y). Note - in this ana-
lysis, any ultra-fast dynamic quenching events that are too fast
to be measured by the fluorescence lifetime instrument (in our
case, less than ~200 ps) will end up being interpreted as “static
quenching”. See the Supporting Information for a complete
description of these calculations and relationships.

The Amount of Trp—Fluorophore Static Complex For-
mation Provides Distance Constraints for the TrIQ Data. A
striking result is observed when static complex formation is
plotted as a function of distance from the Trp; there is a clear dis-
tance dependence as well as variation between probes (Figure 5A).
These differences define the “sphere of static quenching” for each
probe, which correlates extremely well with the sizes of each
probe and its attachment linker (compare probe size in Figure 1B
with degree of static quenching in Figure 5A). For example,
mBBr only shows substantial static quenching at distances less
than 10 A, and it shows no static complex formation for Co—Cy
distances at or greater than 10 A. Hence, for mBBr, the ¢ ‘sphere of
static quenching” is within 10 A. The qBBr and BDPY probes
have some static quenching over a slightly broader distance
range (~40—50% static complex for C4—C, distance of 10 A)
but they only show dynamic quenching at the longer C,—C,
distances. In contrast, most of the quenching for the larger LY
and Atto-655 probes occurs through static, nonfluorescent
complexes over the entire range of distances we studied here.
Calculations of the relative fractions of static quenching,
dynamic quenching, and unquenched fluorescence for each
probe are reported in Supporting Information Table 5 and
graphically displayed in Figure 5B.

The TriQ Properties of Each Probe Are Not Identical:
Each Probe Has Different Advantages and Disadvantages.
Our results clearly show how the behavior of each probe must be
considered when designing a TrIQ study. For example, mBBr has
the most discriminating “sphere of quenching”; it only exhibits
static complex formation for C,—C, distances <10 A. Probe
qBBr, which is similar in structure and behavior to mBBr, shows
significant static complex formation out to 10 A. This might be due
to the extra length added by the permanent positive charge in qBBr,
which also renders it less able to penetrate a biological membrane,
thus making it potentially useful for specifically labeling extra-
cellular cysteine residues.

Like the bimanes, BDPY is a small probe that shows primarily
static complex formation for distances <10 A. BDPY has an
advantage of being highly absorptive (espg = 64000 Lem ™' M ™)
and having a good quantum yield (® ~ 0.4). Most importantly,
BDPY is significantly red shifted (maximum absorbance at
508 nm), which should enable it to be used in biological tissue
with less background absorbance.

LY and Atto were the two largest fluorophores in our
study. Perhaps due to their size and/or the flexibility of their
linkers, both showed primarily static complex formation for
all of the sites studied, even at fluorophore/quenching dis-
tances up to 11 A. We feel these two probes are thus not
suitable for precisely discriminating small-scale intramole-
cular distances within proteins. However, each probe would
be beneficial in a TrIQ study designed to assess intermole-
cular protein—protein interactions or other studies in which a
simple binary change in signal is sufficient. Furthermore, the
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high extinction coefficient, large quantum yields, and ability
to be excited and monitored at visible wavelengths make both
LY and Atto much more attractive for use in imaging and
in vivo applications.

CONCLUSIONS

In the present work, we expanded the palette of probes for
the TrIQ method, and we introduced a new, comprehensive
approach for analyzing TrIQ data. Our results show a different
“sphere of quenching” for different probes, and these must be
considered when designing a TrIQ study. Experiments requiring
short-range distance resolution, such as detecting local confor-
mational changes in a protein, will be best pursued using probes
with a smaller “sphere of quenching”, such as mBBr, qBBr, or
BDPY. In contrast, experiments which can forego short distance
resolution in exchange for a more robust or “binary” signal of
“close” versus “not close” (such as assessing protein—protein
interactions, drug screening assays, or large-scale structural
rearrangements in protein complexes) will be better off using
probes with a larger “sphere of quenching” like LY or Atto-655.
Perhaps most compelling is the prospect of carrying out com-
prehensive TrIQ studies using combinations of the probes des-
cribed here in order to achieve maximal distance resolution.
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SUPPORTING INFORMATION AVAILABLE

Derivations for the analysis method used to determine the
relative fraction of static and dynamic quenching in a TrIQ
study; a table reporting the spectral characteristics of labeled T4
lysozyme samples; a table reporting the thermodynamic character-
ization of some of the labeled T4 lysozyme samples; a table
reporting the susceptibility of the various fluorophores (shown in
Figure 1) to quenching in the presence of different amino acids; a
table reporting the results from lifetime analysis of the fluorescence
decay measurements (used to generate Figures 2B and 3B); and a
table of values (used to generate Figure SA and 5B) that reports the
fraction of fluorophores that have either formed a static complex,
are dynamically quenched, or are unquenched. This material is
available free of charge via the Internet at http://pubs.acs.org.
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