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ABSTRACT. We present a site-directed fluorescence labeling (SDFL) study of 25 different T4 lysozyme
protein samples labeled with the thiol-cleavable fluorophore, (2-pyridyl)dithiobimane (PDT-Bimane). Our
results demonstrate PDT-Bimane can be used in cysteine-scanning studies to detect protein secondary
structure, and to map proximity between sites in proteins by monitoring tryptophan quenching of bimane
fluorescence. In addition, the reducible nature of PDT-Bimane can be exploited to resolve problems often
faced in SDFL studies: ensuring specific labeling of cysteine residues, determining the extent of free
label contamination, and accurately determining labeling efficiency even at low concentrations. The ability
to cleave PDT-Bimane off the protein enables rapid determination of these parameters, and positions it as
an ideal fluorophore for automated, high-throughput structural studies of protein folding, the detection of
protein—protein interactions, and the monitoring of real-time conformational changes.

The ability to carry out site-directed fluorescence labeling 37). Our work has focused on using the small fluorescent
(SDFL) has dramatically advanced the type of questions probe monobromobimane (mBBr; Figure 1A) with the goal
biochemists can address using fluorescence spectrostepy (  of defining exactly what structural information can be
12). In brief, SDFL involves introducing unique cysteine obtained in SDFL studies using this probe, and assessing
residues at defined sites in a protein, then attaching fluores-the effect of introducing this fluorescent reporter group on
cent labels to these sites to act as local reporter groups. Thehe protein’s structure and stability.
information these probes report on their local environment  |n the present paper, we report that our SDFL studies can
(for example, buried vs solvent exposed) is then used to be substantially improved and simplified by using a new
assess the structure and monitor dynamic changes in thesimane derivative, (2-pyridyl)dithiobimane (PDT-Bimane;
protein. By systematically scanning through a protein region, Figure 1B). PDT-Bimane is small, and its unique properties
SDFL can be used to obtain localized secondary structureprovide key features that should allow automation of SDFL
information @), map proximity in proteins(0), study protein  procedures. We demonstrate from scanning SDFL studies
folding (13), assess conformational changes in a protein’s of 25 different T4L mutants (Figure 1C) that PDT-Bimane
structure 6, 14), determine membrane protein topology and can be used to map solvent accessibility and determine local
insertion (5), and monitor proteirprotein interactions). regions of protein secondary structure (by assessing shifts
Similar information can be obtained using other site-directed in the probe’s emissiofnax values and changes in the steady-
methods, such as site-directed tryptophan fluorescelite ( state anisotropy values). Further, we find PDT-Bimane
20) or site-directed spin labeling (SDSL21-31). fluorescence is dramatically quenched by proximal tryp-

Although powerful, SDFL is an immature structural tophan residues, and this distance-dependent quenching can
technique still under development. To help standardize andbe used to obtain localized tertiary structure information.
improve our SDFL methods, we have been carrying out a A major goal of this paper is to develop procedures that
series of scanning SDFL studies on the protein T4 lysozyme sypstantially simplify SDFL studies of protein structure. We
(T4L) (3, 10), inspired by previous studies using SDS2¢ ultimately hope to combine these methods with the recently
developed automated protein expression and purification
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L-cysteine; SDFL; site-directed fluorescence labeling; TEBRI, Tris linkage can be used to overcome a number of practical
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Ficure 1. Reaction schemes for two bimane derivatives with
sulfhydryl groups. (A) Reaction of the monobromobimane (mBBr)
label with a sulfhydryl group to produce an -S-Bimane side chain
(-B1). (B) Reaction of the (2-pyridyl)dithiobimane (PDT-Bimane)
label with a sulfhydryl group to produce an—S-Bimane side chain
(-B,). The latter reaction also results in the release of pyridyl-2-
thione, which can be spectroscopically monitored at 343 3@h (
(C) Model of T4 lysozyme indicating sites of cysteine substitutions
for the SDFL studies using PDT-Bimane. The black balls show
the relative positions of eaak-carbon substituted with a cysteine.
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Biotech and GibcoBRL. The cysteine-free lysozyme gene
(containing the substitutions C54T and C97A) was kindly
provided by F. W. Dahlquist (University of Oregon). This
will hereafter be called the “wild type” or T4L.

The buffers used were as follows: buffer A, 50 mM
MOPS, 50 mM Tris, 1 mM EDTA, pH 7.6. Buffer B, 0.1 M
Tris—HCI, 0.1 M NgEDTA. Buffer C, 20 mM Tris-HClI,

1 mM CacCl}, pH 8.0. Buffer D, 20 mM Tris, 20 mM MOPS,
0.02% sodium azide, 1 mM EDTA, 1 mM DTT, pH 7.6.
Buffer E, 20 mM KH,PQ,, 25 mM KCI, pH 3.0. Buffer F,
50 mM MOPS, 50 mM Tris, 1 mM EDTA, pH 7.6, 3 M
guanidine hydrochloride.

Construction, Expression, and Purification of Mutaritke
construction and expression of the cysteine mutants used in
the present work has been previously described in d&ail (
10). Briefly, K38 Escherichia colicells were transformed
with the T4L cysteine-mutant plasmid, and protein produc-
tion was induced in log-phase cultures, harvested, lysed in
buffer D by French press, and clarified by centrifugation.
Following centrifugation, the cell solution was filtered and
DTT was added to 20 mM. After 30 min, the solution was
loaded onto a Pharmacia Biotech HiTrap cation exchange
column equilibrated with buffer A. The samples were eluted
with a salt gradient (ramped from 6 & M in 20min). The
purity of the proteins was assessed by SIPAGE and
judged to be at least 90% pure for all samples studied.

Fluorescence Labelind-abeling of each lysozyme mutant
was carried out essentially as described previou3|yi()
using a 5-10x molar excess of the fluorescent label in buffer
F at 4°C overnight. Free label was separated from labeled
protein using gel filtration on a Pharmacia Biotech HiTrap
desalting column previously equilibrated with buffer A and
the labeling efficiency for each mutant was calculated from
the absorption spectrum (using a Shimadzu UV 160UV
Vis spectrophotometer). Protein concentrations were calcu-
lated using an extinction coefficient efgo = 23 327 L cn1?
mole! for T4 lysozyme. A value of 5000 L cm mol™*
was used for the PDT-Bimane label. Note that this value is
based on the value of mBBr. A value @go = 5600 L cnt?t
mol~* was either added or subtracted to the WT T4 lysozyme
extinction coefficient to correct for mutants that had a
tryptophan introduced or removed, respectively. The con-

studies: by simply comparing spectra of labeled samples yihytion from the PDT-Bimane label at 280 nm was
before and after reduction, one can rapidly assess the solvengypiracted before calculating the protein concentrations.
accessibility (and thus secondary_st_ructure) of .the region Control experiments using the cysteine-less WT protein
under study, and detect the proximity of the site to Trp showed that background labeling was less than 3% for PDT-
residues. _ _ _ Bimane (as judged by absorbance).

In summary, the unique spectral properties of PDT-Bimane  njonitoring Reaction Rate of PDT-Bimarfeaction rates
coqpled with its ability to be re_duced off proteins make Iit for PDT-Bimane can be determined by monitoring the
an ideal probe for automated, high-throughput SDFL studies tormation of pyridine-2-thione (absorbance extinction coef-
of protein structure and function, for mapping protein  fcient €343 = 8080 L cnt® mol-2), the leaving group in the
protein interactions, and for monitoring real-time conforma- a5ction of PDT-Bimane with a cysteine (see Figure 39);
tional changes in proteins. The relative stability of the PDT-Bimane label in solution
EXPERIMENTAL PROCEDURES was assessed .by monitoring the absorbance in_crease at 343

nm (as a function of time) from a 30M sample in buffer

Materials (2-Pyridyl)dithiobimane (PDT-Bimane or suffix A (pH 7.6) and room temperature using a Shimadzu UV 1601
-B,) was purchased from Toronto Research Biochemicals. UV —Vis spectrophotometer. The resulting curve was fit to
TCEP-HCI was purchased from Pierce. Quinine sulfate a single-exponential rise to maximum function in Sigma Plot
monohydrate was purchased from Aldrich Chemical Co. 8.0 to give the rate of spontaneous hydrolysis.

Neutral density filters, long-pass filters, and interference  The reaction rate of PDT-Bimane to a protein sample was
filters were from Oriel Corporation. All cuvettes were from performed by adding 12M of sample K124C (50@.L in
Uvonics. All buffer components were purchased from Fisher- buffer A) to a cuvette to which s molar PDT-Bimane was
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rapidly mixed and monitored at room temperature for the The Cys-B model compound was then used to measure
formation of the pyridine-2-thione product (343 nm absorb- fluorescence emission spectra in dioxane/water mixtures
ance). The resulting curve was fit to a double exponential ranging from 0 ¢ = 79.5) to 100% £ = 2.2) dioxane (v/Vv)
rise to maximum function with one of the rates being fixed at 22 °C. Wavelength maxima were determined from the
at the rate obtained from the spontaneous hydrolysis experi-first derivative of the spectra. The emissibfy values thus
ment kK = 4.4 x 1075 s™%). obtained were used to generate a standard curve reflecting
NomenclatureThe nomenclature for identifying the vari- emissionimax @s a function of solvent dielectrie)( This
ous mutations and bimane labeled T4 lysozyme derivativesstandard curve was subsequently used to assess the solvent
follows the same formula as befor& (0). The samples are  polarity for each one of the PDT-Bimane labeled samples
named by specifying the original residue, the number of the from T115-K135, based on their measured emissignx
residue, and the new residue, in that order. For example, thevalues. For more details, see &f
code T115C indicates that the native threonine residue at Steady-State Fluorescence and Anisotropy Measurements.
the 115th amino acid position was mutated to a cysteine. All steady-state fluorescence excitation, emission, and ani-
Hereafter, protein samples labeled with a bimane fluorophore sotropy measurements were carried out using a PTI fluo-
are indicated with the suffix -Bfor mBBr, and -B for PDT- rescence spectrometer essentially as described previ@sly (
Bimane. For example, the code T115Rdicates that the  10). The fluorescence excitation measurements were carried
native threonine residue at the 115th amino acid position out at 22°C on 2uM sample in buffer A and were measured
has been mutated to a cysteine and reacted with the PDTHrom 300 to 450 nm using an integration time of 1 s, a step
Bimane label. size of 1 nm, and a corrected emission signal at 490 nm.
Protein Actiity Assays.The enzymatic activity of each  Excitation slits were 1-nm band-pass and emission slits were
PDT-Bimane labeled mutant was measured by monitoring set at 15-nm band-pass. Fluorescence emission measurements
changes in light scattering due to the fluorescently labeled to determine the emissiohnax values of the PDT-Bimane
T4L digesting a suspension of peptidoglycan. As previously labeled mutants were taken at 22, using 2uM sample in
reported B), the assay measured changes in light intensity buffer A and measured from 395 to 600 nm with excitation
at 365 nm (5-nm band-pass) from a 358 nm (1-nm band- at 381 nm, using an integration time of 1 s, a step size of 1
pass) excitation beam using a Photon Technology Inter- nm, and a corrected emission signal. Excitation and emission
national (PTI) steady-state fluorescence spectrophotometerslits were 10- and 1-nm band-pass, respectively.
Reactions were initiated by adding:8 of PDT-Bimane All other emission measurements (i.e., for comparing
labeled lysozyme mutants {2V in buffer A) to 350uL of fluorescence intensities of PDT-Bimane labeled samples with
peptidoglycan solution, and the activity rates were determinedand without Trp residues) used samples ai\s in buffer
from the initial slope of a plot of change in light intensity A. These emission spectra were measured from 395 to 600
versus time. The mutants’ activities thus determined are nm (1-nm band-pass) with excitation at 381 nm (3-nm band-
reported as a percentage of the wild type’s activity. All pass), a 1-nm step size,cha 1 sintegration time.
measurements were performed in triplicate at@tnd the Anisotropy measurements were carried out at@auising
average values are reported. each PDT-Bimane labeled sample 1) in buffer A.
Assessment of Thermodynamic Stabilyfluorescence  Excitation was at 381 nm (4-nm slits) and emission was
assay (as previously described in rafand10) was used to  collected at 475 nm (5-nm slits) with the samples lightly
assess the thermodynamic stability and analyze the thermaktirred. The measurements were performed in triplicate and
unfolding properties of the PDT-Bimane labeled samples. the average steady-state anisotropy was obtained.
Briefly, these measurements usedul®! labeled protein Quantum Yield Measurementhe quantum yields for the
(dialyzed against buffer E) and were measured using the PTIPDT-Bimane labeled mutants, as well as for PDT-Bimane,
fluorometer in a T-format. Samples were excited at 280 nm free in solution at pH 4.0, were measured using a Quinine
and the fluorescence emission was monitored at 350 and 32(Bulfate standard (quantum yield equal to 0553 N H,SQy),
nm while the temperature was increased from 6 t6@@t as described previoush,(10). The quantum yields of 5
a rate of 2 deg/min. At the end of each run, the samples uM PDT-Bimane labeled protein samples in buffer A were
were cooled back to 8C, to determine the extent of protein measured using 360 nm excitation (3-nm band-pass) while
refolding, and melted again. Except for samples A130B monitoring emission from 370 to 700 nm (1-nm band-pass)
L133B,, and A134B, the mutants showed greater than 75% and compared to the quinine sulfate standard measured under
refolding, as judged by the extent to which the ratio returned identical conditions. The buffer intensity was subtracted from
to its starting value. The reportdd, values are the average all samples before integration from 370 to 625 nm. The
of the two melts thus measured and were calculated assum-gquantum yield of the PDT-Bimane label, free in solution,
ing a two-state model (native folded state and totally was measured by first reacting a stock solution of the label
denatured state) in equilibrium. TheAG values for each ~ with 15x TCEP-HCI (to remove the pyridyl group from
mutant were calculated using the approximation tRAIG the bimane moiety). The TCEP-reacted stock PDT-Bimane
= ATnASwt (40) and the magnitude of these values were sample was then aliquoted into a 400 mM sodium acetate
taken to reflect the amount of perturbation induced in the (pH 4.0) buffer to 5uM, and emission scans were taken
protein structure by the presence of the label. For more as described above. Using these conditions, the quantum
details, see re8. yield of reduced PDT-Bimane at pH 4.0 was established to
Sokent Sensitiity of Model Bimane Compound3he be 0.27.
sensitivity of PDT-Bimane fluorescence to solvent polarity  Lifetime Measurement\ll fluorescence lifetimes were
was assessed by reacting PDT-Bimane wittysteine (5 measured at 22C using a PTI Laserstrobe fluorescence
excess) to create a model compound referred to as @ys-B lifetime instrument on 25@L of 5 uM samples 8, 10, 41).



High-Throughput Site-Directed Fluorescence Labeling Biochemistry, Vol. 43, No. 29, 2008429

Measurements used 381 nm excitation passed through dluorometer by taking emission scans from 395 to 600 nm
298-435 nm band-pass filter, and emission was monitored (1-nm band-pass) while exciting at 381 nm (3-nm band-pass).
through two long-pass filters>@70 nm). The instrument Effect of Reducing PDT-Bimane Labeled Protein Samples
response function (IRF 1.5 ns) was determined using a on Fluorescence Intensitfhe effect of reducing the PDT-
solution of Ludox. Each lifetime decay was measured using Bimane label off the protein was assessed by addingl10
two averages of five shots per point, collected randomly in from a 100 mM TCEP-HCI stock to 200uL of a 5 uM
time over 150 channels. Data were acquired using anPDT-Bimane labeled sample in buffer A (absorbance of
arithmetic data collection method, and analyzed using the samples matched at 380 nm). Although it is not necessary
commercial PTI T-Master software with either single expo- to do so, the TCEPHCI stocks were made up fresh before
nential or double exponential fits. Goodness of fit was each set of experiments and used immediately. It has been
evaluated byy? values (acceptable values between 0.8 and shown that TCEPHCI, in the absence of phosphate buffers
1.2) and visual inspection of the residuals. (such as the buffers we used when reducing the label), is
For data requiring a two-exponential analysis, the amplitude- resistant to oxidation<20%) at millimolar concentrations
weighted fluorescence lifetim&= o,* 71 + 0* 12, Where for periods up to 3 weeks, with no change in concentration
oy anda, are the preexponential factora;(+ a, = 1.0) detected after 24 h at room temperatus6)( This reaction
for 71 and 7, respectively, was used to represent the was allowed to proceed for 5 min and then00f 2.5 M
“average” lifetime for the sample. The value of the amplitude- sodium acetate (pH 4.0) was added to lower the pH to 4.0.
weighted fluorescence lifetime represents the area under the=luorescence emission scans were recorded before and after
decay curve and is thus proportional to the steady-statefluorophore reduction to monitor fluorescence intensity
intensity (i.e., quantum yield¥@—46). This is easily shown  changes by exciting at 381 nm (3-nm band-pass) and

in the following derivation, adapted from réb. averaging 2 emission scans from 395 to 700 nm (1-nm band-
The fluorescence decay is represented by the following pass). The fluorescence intensity values obtained for each
sum of exponentials: PDT-Bimane labeled sample were determined by the fraction
of its integrated intensity from 370 to 700 nm as compared
N e to the same sample with the fluorophore reduced (pH 4.0).
Et)= ) oe ™ Before integrating the total intensity from 370 to 700 nm,

the dilution factors were accounted for and the buffer
intensity was subtracted.

TCEP Reduction Method to Determine the Extent of PDT-
Bimane Labeling and Extent of Free Label Contamination.
A protocol for determining the amount of free label was

N N developed that involves comparing the fluorescence intensi-
|0 Zl o f“ e Vgt = zl o, ties of the labeled protein samples before and after protein
& 0 = precipitation with TCA. The procedure was as follows. Two
tubes containing 106L of sample at identical concentrations
Thus, the steady-state intensity is proportional to the were first prepared. To tube I, 1Q. of 10% TCA was
amplitude-weighted fluorescence lifetime. Deviations from added. To tube 2, 100L of 100 mM TCEP was added.
this proportionality, for example, when changes in steady- Both tubes were allowed to incubate at room temperature
state intensity are not reflected by comparable changes infor 5 min and then spun for 5 min on a tabletop centrifuge.
the fluorescence decay, suggest underlying static quenchingAfter centrifugation of the sample, 1Q0 from each tube
mechanisms are affecting the fluorescence of the fluorophorewas removed and placed into fresh eppendorf tubes. To tube
(43, 47). In the discussion section, we show how identifying |, 100 L of 100 mM TCEP was added and to tube II, 100
the type of quenching (i.e., dynamic quenching vs static uL of 10% TCA was added. The fluorescence of each tube
guenching) can be used to determine the distance betweenvas then measured and compared using excitation at 381

where the sum od; is normalized to unity. The steady-state
fluorescence intensity]), is proportional to the integral of
E(t):

the PDT-Bimane label and the Trp residue. nm (3-nm band-pass) and monitoring the fluorescence

Calculation of Salent-Accessible Surface Aredhe emission intensity from 395 to 600 nm (1-nm band-pass).
solvent-accessible surface area for each residue betweeNote that this protocol results in tube | and tube Il receiving
T115-K135 was calculated with the program ICM L.it4§) identical treatment but in a different order (see Figure 4A).

using a probe radius of 1.4 A (radius of a water molecule) Finally, note that the TCA precipitation protocol does not
and the crystal structure coordinates of a cysteine-less WTresult in the precipitation of free PDT-Bimane label (data
T4 lysozyme mutant (PDB file 1L6349). not shown).

Reduction and pH-Dependent Fluorescence Properties of To quantitate the total amount of label present on a protein
Free, Reduced PDT-Bimane Labelo assess the pH sample, a standard curve of fluorescence intensity as a
dependence of the free, reduced fluorophore, PDT-Bimanefunction of PDT-Bimane concentration was generated.
(0.5 mM in buffer A) was reacted with the reducing agent Briefly, this first involved making PDT-Bimane stock
TCEP (5« molar excess) for 20 min to produe€s-Bimane solutions from 50 nM to 4Q«M in 0.4 M sodium acetate
and pyridine-2-thione (see Figure 1B). This reaction mixture (pH 4.0). To 200uL each of these stock PDT-Bimane
was then aliquoted to a/M final concentration in sodium  solutions, 10uL of 100 mM TCEP was added (5-min
phosphate buffer varying from p& 3.0 to pH= 10.0 to incubation), followed by 19Q«L of 10% TCA. The fluo-
assess the pH-dependent titration of the remaining thiol onrescence intensity of each sample was measured using 381
this bimane derivative. The fluorescence intensities of thesenm excitation (3-nm band-pass) while collecting emission
reduced bimane samples were measured in the steady-statigom 395 to 600 nm (1-nm band-pass). This generated a plot
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Table 1: Characterization of PDT-Bimane Labeled T4 Lysozyme Functional and Thermodynamic Assessme@usr func-

Mutants at Residues 13335 tional studies showed that all the PDT-Bimane labeled

mutant mol label/ activity AT, AAGP samples retained some enzyma'.[ic activity,. measured by their
no. mol protein  (%WT) (C) (kcal/mol) ability to breakdown a preparation &. coli cell walls. In

T1158, 09 121 32 10 general, mutants where the label is incorporated at buried
N116B, 0.9 161 -16 —05 sites show substantially reduced activity, although this is not
S117B 0.6 46 -1.0 -0.3 always the case (Table 1). Similarly, the thermodynamic
L118B, 0.9 69 —8.9 25 stabilities of the PDT-Bimane labeled mutants (Table 1)
'\Rﬂlllz%% 8:;‘ 16553 :g:g jz% indicate protein stability is generally impaired only for
L121B, 0.9 41 ~141 —40 mutants whose labeled site is buried in the protein structure.
Q122B 0.6 100 -2.8 -0.8 We feel the thermodynamic stability data better reflect global
Q1235 0.8 93 —35 —-1.0 structural perturbation due to the bimane label than do
Eg‘ég 8'2 gg :‘3"; :1'8 enzyme activity assays, since some residues may play a
W126B, 11 109 ~138 —39 functional role as well as a structural one.
D127B, 0.7 41 —4.3 -1.2 Spectral Properties of PDT-Bimane Reflect it Ac-
E128B 0.7 42 —3.4 —-1.0 cessibility at the Site of Attachmenthe fluorescence of
ﬁgggﬁ 8'; ﬁg __1%'2 :f'g PDT-Bimane is solvent sensitive (Figure 2A), thus emission
V131B, 0.6 100 15 0.4 spectra of the PDT-Bimane labels attached to the protein at
N132B; 0.8 120 -0.2 -0.1 exposed sites (i.e., K135Bare more red-shifted than when
I;\:;-.%igzz 8-2 % —18-;1 —8-2 attached at buried sites (i.e., L133BWe calibrated this
K1358. 07 o1 _47 13 sensitivity by reacting PDT-Bimane withcysteine and then

measuring the fluorescence of this compound (CysiB
different mixtures of dioxane (dielectrie,= 2.2) and water
(dielectric,e¢ = 79.5). These measurements allowed us to
) . ) ) generate an “apparent polarity” scale, which we used to
of fluorescence intensity as a function of PDT-Bimane compare with the PDT-Bimane labeled TAL samples. The
concentration. Followmg generation of the_ standard curve, advantage of this approach is that it provides an instrument-
200uL of a labeled protein sample was subjected to the samejngependent way to compare results. i.e., any systematic error
protocol (10uL of 100 mM TCEP was added, followed by iy wavelength accuracy for a particular instrument is removed
190uL of 10% TCA). The fluorescence !nten3|ty produced by measuring an apparent polarity scale using model
by the sample, following buffer subtraction, was compared compounds on the same instrumer). (Note that the
to the standard curve to yield the concentration of bimane “apparent polarity” thus determined for each site compares
in the labeled protein sample. well with the solvent-accessible surface calculated from the
crystal structure (Figure 2B).
RESULTS As seen in the inset of Figure 2A, the emissigny values
Characterization of PDT-Bimane and Labeled Mutants for Cys-B; vary as a function of the “apparent polarity”. Two
Labeling Efficiency Table 1 reports the labeling efficiency linear regions are observed, one frem~ 2 to 10, and a
of the mutants used in this study. This region of T4L was second frome ~ 18 to 80. Fits to these linear regions yield
chosen since it possesses two significant stretches of secondhe following relationshipsW = 2.02(nmé)D + 432.7 nm
ary structure (a helixturn—helix motif; see Figure 1C) and  (for € ~ 2 to 10) andW = 0.28 (nmé)D + 451.6 nm (fore
was previously studied with mBBB8). Most of the samples  ~ 18 to 80), whereW is the absorbance wavelength in
could be labeled with efficiencies between 0.7 and 0.9, nanometers anD is the dielectric constant). Comparing
although interestingly, two of the sites, R1198hd L133B, these results with this region of the T4L structure (Figure
displayed lower labeling efficiencies (0.4 and 0.3, respec- 1C) indicates that emissiotax values for the PDT-Bimane
tively), even though the labeling was carried out on guani- labeled samples reflect the solvent surface accessibilities of
dine-denatured samples. We anticipate PDT-Bimane to bethe residues from 115 to 135, as calculated from the crystal
more selective for cysteine residues than other derivative structure (Figure 2B).
bimane probes (such as monobromobimane and mono- Measurement of PDT Fluorophore Mobilityhe steady-
chlorobimane) because it attaches to cysteines via a disulfidestate fluorescence anisotropy values of PDT-Bimane labeled
exchange reaction. In contrast, the monobromo- and mono-samples also reflect the solvent accessibility of the probes
chlorobimanes attach to the most reactive nucleophile at the points of attachment. As expected, labels at buried
available through ana2 reaction usually, but not always, a sites reveal a higher steady-state anisotropy since their
cysteine at pH 7.4. rotational mobility is restricted. There are, however, some
Stability of PDT-Bimane Free in Solution and Reaction outliers that may be related to differences in fluorescence
Rate With Protein SamplesWe find the spontaneous lifetimes or because of local interactions between the label
hydrolysis of a 3QuM solution of PDT-Bimane in buffer A and the protein, both of which will affect the apparent steady-
(pH 7.6) is slow, but not insignificant, and occurs with a state anisotropy. The absolute values are given in Table 2

2Ty, for wild-type T4AL= 52.4°C. °* AAG = ATnASu (ASw = 284.6
cal mofit K=1).

7112 0f @about 4.5 h. In contrast, the rate of labeling ofid2 (to facilitate comparison with the solvent-accessible surface,
mutant K124C in buffer A, using 6(xM PDT-Bimane, the inverse of these anisotropy values are plotted in Figure
occurs with ary; of ~12 min. Thus, under these conditions, 2C).

the rate of labeling the protein sample>20x faster than Power Series Calculation of SDFL Data Can Be Used to

the rate of spontaneous hydrolysis (data not shown). Assess Protein Secondary Structufie provide a more
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A) 3 12 7599m 2724 0m Table 2: Spectral Characterization of PDT-Bimane Labeled T4
< 10 g g 480 Lysozyme Mutants at Residues 1535
> ° < 470
3 08 § a0 m, abs steady-state
3 g ol dm mutant  Amax excitatiort emissiof anisotropy
?C) 06{ & Wb no. (M) Amax (NM) Amtax (NM) (x 1079
S .l ¢ ® Dielectrie Contant. T1158, 386.7 389.0:0.6 470.3:0.2 114.14+0.8
§ N116B, 385.2 389.H-1.0 470.8+0.1 101.9+0.5
0 0234 S117B  382.0 388.5+0.2 4685+0.2 137.8+4.7
S o L1188, 384.1 387.1-0.2 466.9+0.1 131.4+3.6
TR ' : ‘ ‘ ‘ R119B  387.6 388.5:0.2 471.4+0.2  935+25
400 450 Was\?glengtsho(nn?)oo 650 M120B, 3895 388.3t06 469.6:0.1 114.5+11.1
L121B, 389.3 388.4£04 466.6£0.6 132.9+2.8
B) 90 ] oL 120 Q122B  391.3 388.2£0.7 468.6£0.1 121.4+2.0
] < Q123B 3947 389.8:0.4 470.4+0.1  86.3+1.9
- 80 7 F oo > K124B, 394.1 390.5£ 0.3 470.1+£0.3 128.1+6.8
5 70 4 = R125B  391.6 383.9-0.3 472.1+0.2 107.4+18
€ o 1 60 @ W126B, 389.5 388.8:0.6 468.2£0.1 142.6+29
g g D1278, 387.8 389.6:0.4 469.6+0.1  93.0+0.3
5 %7 F30 < E128B  391.6 396.4-0.1 470.8+0.5 118.9+0.8
S0 & A129B, 3842 387.5:0.5 465.6+0.1 128.0+2.0
5 ] o s A130B, 3853 385.0:0.4 468.0-0.2 136.5+2.4
09 —— Y V131B, 3743 382.6£1.2 468.9+0.1  99.1+ 4.0
O T Mia  mes dmedi douoz piase
Residue Number A134B, 3836 381.8:1.2 4627407 157.5:58
C) 14 K1358, 391.0 391.4-1.0 4724+0.3  80.6+1.5
e qp ] i 1203"3; aEmission collected at 490 nrAExcitation at 381 nm¢The
§ Foo 2 uncertainty represents the SEM of three measurements.
g 101 - 60 %
< 2. g guantitative comparison of the PDT-Bimane data with the
8{ &7 £ solvent-accessible surface of T4L, we carried out a power
. Foo 2 series analysis of the periodicity in the emissignx data
. /4 @ combined with the fluorescence anisotropy data (shown in
RIS U A I SRR RS Figure 2D). Note that the data shows good agreement with
Residue Number that expected for a region that ig-helical, exhibiting
D 25 primarily periodicity of~96°. Further details on the power
) series calculation are given in raf
20 Fluorescence Intensity of Reduced PDT-Bimane is pH
151 Dependent, but PDT-Bimane Attached to the Protein Is Not
& The PDT-Bimane label can be reduced off T4L, using TCEP
o101 as a reducing agent (see Figure 3A). However, when carrying
05 | out these studies, we found the fluorescence intensity of the
resulting~S-Bimane increases as the pH is lowered (Figure
0.0 4

3B), presumably as the resulting free thiol group becomes
protonated. Titration of this effect shows an inflection point
at approximately pH 6.5, a value within the range of possible

_ ) . . . pKa's observed for thiol groups (Figure 3C). Identical results
Ficure 2: Scanning SDFL studies using PDT-Bimane can be used \yere gptained using-mercaptoethanol as the reducing agent,
to map solvent accessibility and protein secondary structure. (A) . dicati hi ff - TCEP d d d
The spectral properties of PDT-Bimane reflect the surrounding 'Ndicating this effect is not T ependent (data not
solvent polarity. The probe shows a blue-shift in fluorescence shown). The fluorescence lifetime of TCEP reduced PDT-
emission when attached to a buried site (L133fen circles) in Bimane is also increased from= 6.2 ns (pH 10.0) ta =
comparison to an exposed site (K135Black line). The inset 10.4 ns (pH 3.0) at the lower pH values (Figure 3D),

shows the emissioin.x of PDT-Bimane reacted with cysteine . . . . -
measured in solvents of different polarity. (B) Comparison of consistent with an increase in quantum yield. Importantly,

the apparent polarity determined for PDT-Bimane at each attach- We find PDT-Bimane fluorescencerist pH dependent when
ment site (black circles) with the solvent accessibility calculated attached to the protein (Figure 3E).

from the T4 lysozyme crystal structure (open circles). (C) Com-  The fluorescence lifetime of PDT-Bimane is not mono-
parison of the inverted steady-state fluorescence anisotropy Va'uesexponential, thus in this paper we report the amplitude-

(black circles) with the calculated solvent accessibility (open . e :
circles). The fluorescence data in panels B and C representWelghted fluorescence lifetimé&l)described by the formula

measurements carried out in triplicate (note that the error bars U= ou71 + 02, Whereay and o, are the normalized

in most cases are hidden by the symbols). In panels B and C,preexponential factors (i.ex; + o, = 1.0) for each lifetime,

the solid black and dashed lines represent a cubic-spline fit of ¢; andz,, respectively. The amplitude-weighted fluorescence
the respective data. (D) Fourier transform spectral density zrjjfetime is used here because it represents the area under

analysis of the normalized fluorescence emission apparent . . .
polarity values averaged with the normalized steady-state anisotropythe decay curve and thus, in the absence of static quenching

values. Note the large peak at°9éndicating the presence of an ~Phenomena, is proportional to the steady-state intensity (see
a-helix. Experimental Procedures for details).
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Ficure 3: Reduced PDT-Bimane exhibits a strong pH dependence of fluorescence intensity. (A) The proposed chemical scheme for the
Tris[2-carboxyethyl]-phosphine (TCEP) reduction of an RSB, labeled sample. Note that in this scheme, the reduced label can exist
either as S-B, or HS-B,, depending on the pH of the buffer. (B) Emission scans of TCEP reduced PDT-Bimane across the pH range 3.0
to 10.0. (C) Plot of maximum fluorescence intensity from panel B as a function of pH. Note the inflection point at pH 6.5, consistent with
the protonation of the free thiol group produced by cleaving the disulfide. (D) Fluorescence lifetime decay curves of TCEP reduced PDT-
Bimane exhibit an increase in fluorescence lifetime at pH &0~ 10.4 ns) vs pH 10.0#[= 6.2 ns). (E) Emission scans of PDT-Bimane
labeled protein samples at pH 3.0 vs pH 10.0. Note that the PDT-Bimane fluorescentsésisitive to pH when the label is attached to

a protein sample.

Labeling Efficiency and Specificity can be Determined protocol described above. The results in Figure 4C show that
using a Protocol Combining TCEP Reduction and TCA a value of 1.1uM PDT-Bimane was obtained from the
Protein Precipitation.We find TCEP reduction of PDT-  standard curve, indicating this procedure can be used to
Bimane can be used to determine both the total amount ofreliably determine labeling efficiency

bimane label and the amount of free, unattached label present PDT-Bimane Displays Distance Dependent Quenching by
in the sample. Importantly, this approach can even be usedproximal Tryptophan Residues, and the Quenching Is
at low sample concentrations, which cannot be determinedRemaeed Upon Reduction With TCER o test if proximal
from absorbance spectra. Trp residues quench PDT-Bimane fluorescence (as they do
The protocol is as follows. The protein samples are first for mBBr) (10), we introduced a Trp residue at site 116 in
treated with TCA to precipitate the protein. Any fluorescence T4L, and measured its effect on a PDT-Bimane probe
signal remaining in the supernatant after centrifugation is introduced on nearby sites 123, 128, 132, and 135 (see Figure
assumed to be free, unattached label. To determintotae  5A). As expected, the Trp residue affects the fluorescence
amount of PDT-Bimane label present, the samples are firstintensity of the PDT-Bimane labeled sites in a manner
reduced with TCEP (as described aboyezjor to TCA consistent with their relative proximity. For example, the
precipitation and centrifugation. Finally, these two values bimane label at site 132, closest to W116, shows the largest
are compared to standard curves of PDT-Bimane (generatecamount of quenching (compare N132Bvith N116W/
by the same protocol as the samples) to determine the molamN132B,). In contrast, the bimane labels farthest away from
amounts of label present, from which the extent of specific site 116 (sites 123 and 135) show the least amount of
protein labeling can then be calculated. quenching. The tryptophan-induced quenching is observed
Figure 4 shows an example of this analysis carried out on as an effect on both the steady-state fluorescence intensity
sample N132B Note that, after TCA precipitation, very little  (Figure 5B) and the fluorescence lifetimes (Table 3).
(<2.5%) of the total signal remains, indicating minimal free Furthermore, we carried out an independent test of the Trp/
label contamination (Figure 4B). The labeling efficiency of bimane quenching hypothesis by measuring the effect of
this sample was next determined by subjecting the samplereducing the samples with TCEP. As seen in Figure 5C,
at concentration 1.2M (determined by absorbance) to the addition of TCEP to reduce the PDT-Bimane off the samples
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Ficure 4: A protocol combining TCA precipitation and TCEP reduction can be used to reveal the presence of unreacted, free label in
samples and to determine total labeling efficiency. (A) Protocol for determining presence of free, unreacted label (Tube 1), and for determining
total labeling efficiency (Tube 2). (B) Spectrum | shows that TCA precipitation of samples followed by centrifugation and TCEP treatment
results in essentially no fluorescence compared to the same sample that is first treated with TCEP before TCA precipitation and centrifugation
(spectrum 1), indicating there is no unattached, free label in the sample. (C) Example of determining labeling efficiency by comparing
TCEP reduced samples to a standard curve of PDT-Bimane. The plot shows a sample of concentpaltibfdét@mined by absorbance)
subjected to the TCA/TCEP precipitation protocol, and compared to the standard curve. Notice that a valudvoPDT-Bimane was

obtained, indicating this procedure can be used to reliably determine labeling efficiency.

is accompanied by an increase in fluorescence, the magnitudextent of free label contamination. This approach is very
of which depends on proximity to the Trp residue. These useful for samples with concentrations in the nanomolar

results are further analyzed in Discussion. range, which cannot be accurately measured on an absorb-
ance spectrometer. Finally, because PDT-Bimane attaches
DISCUSSION to proteins through a disulfide bond, it specifically reacts

Overview. We set out to explore whether a new bimane with cysteine residues, as Qppos_ed to T“BB“ which has the
derivative, PDT-Bimane, might prove advantageous for use pptentlal to label other amino acid residues under unusual
in SDFL studies of protein structure. Our hope was this label Circumstancess(d).
could be used to determine localized regions of secondary PDT-Bimane Can be Used in Scanning SDFL Studies to
structure and short-range distances within proteins, while alsoMap the Salent-Accessible Surface of a Protein and thus
providing a unique ability to overcome problems that plague Determine Secondary Structu@ur results indicate that, in
SDFL studies: (i) concern about labeling of noncysteine general, the emissiobmaxand steady-state anisotropy values
residues, (i) problems with determining the molar labeling of PDT-Bimane labeled protein samples reliably report on
efficiency and extent of free label contamination, and (iii) the local environment around the probe. Thus, PDT-Bimane
circumventing the need to carry out the labor-intensive can be used in an SDFL scan to map the solvent-accessible
procedures such as matching sample concentrations forsurface of a protein by assessing the “apparent polarity” at
comparative studies. As discussed below, we find PDT- each site and the mobility of the attached probe. Although
Bimane can be used to address all of these issues, and caMisual inspection of these data (Figure 2B,C) can be used to
greatly simplify the process of carrying out SDFL studies, glean the probable secondary structure of the region under
potentially allowing for automation and high-throughput study, a more quantitative result can be obtained by analyzing
proteomic studies. the results using a power series analysis that calculates

Advantages of PDT-Bimane for Preséng Protein Func- periodicity in the data. For example, a strong periodic peak
tion and Stability and for Determining Labeling Efficiency. at ~96° indicates the region of the protein is anhelix
The function and thermodynamic stability of TAL are mainly (Figure 2D), as would be expected.
affected only when the PDT-Bimane is introduced at buried PDT-Bimane Can be Used to Map Proximity Within
sites (Table 1). We previously observed a similar result for Proteins Through Monitoring Trp Quenching of Bimane
mBBr, but the PDT-Bimane appears to be slightly less FluorescenceAs we previously found for mBBr, proximal
destabilizing than mBBr. One explanation may be the Trp residues dramatically affect PDT-Bimane fluorescence
disulfide bond in PDT-Bimane allows additional degrees of in a distance-dependent manner. This effect is clearly seen
rotational freedom, thus enabling the protein to undergo in Figure 5, where the Trp residue at site 116 affects the
structural dynamics necessary for function and stability. This fluorescence intensities of the neighboring PDT-Bimane
conclusion is consistent with previous analysis of EPR spin- labels depending on its relative proximity (Table 3, Figure
label probes on T4L, which found nitroxide spin labels 5B). These observations are consistent with our hypothesis
attached through a disulfide linkage increased the tolerancethat the Trp quenching is due to photoinduced electron
to the exogenous probe3), because the disulfide bond transfer (PET) from Trp to the excited-state bimab2 63),
allows the probe to alter its conformations to minimize steric since PET is sharply dependent on distance. Formerly, it
clash at buried sites36). should be possible to calculate distances between Trp/bimane

Another advantage of PDT-Bimane is that the ability to pairs based on PET transfer rates. However, PET is a
cleave it off the protein and compare it to standards provides complex phenomenon that depends on factors such as solvent
a simple way to quantitate both labeling efficiency and the polarity (54), steric and stereochemical facto&§), and the
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Thus, rather than trying to determine distance from PET
guenching rates, we have developed a more simple and robust
method to assess proximity directly from the fluorescence
data, as discussed below.

The degree of Trp/bimane proximity can be determined
by assessing the nature of the fluorescence quenching at a
given site, by comparing the fluorescence intensity data to
the fluorescence lifetime data. Specifically, one compares
the ratio of the steady-state fluorescence intensity without
and with the presence of the tryptophan residegH,) to
the ratio of the weighted fluorescence lifetime datstz(,).

From these results, one can determine whether the Trp/
bimane pair is “close” and in near contact distaned @—

15 A) or “very close” and within contact distance§—10

A) based on the type of quenching observed; i.e., whether
the quenching is dynamic or static in nature.

The rationale for this analysis is as follows: if the Trp/

a5 ;Z 83 ;2 | NAEWO1238, 4TCER bimane pair is “close”, then the quenching can occur through
8< 06 8< o6 dynamic or collisional mechanisms during the lifetime of
83 04 gz | the bimane excited state. Such quenching will cause the
g2, £ g, steady-state fluorescence intensities and the fluorescence
0.0 0.0 . lifetimes to decrease by roughly the same amount (Eas
400 ‘:\fm Ieig?h {nmf;w 600 400 433“3::;'"‘ m:f;" 600 Fw > 1, r_o/rw > 1,_ andFJ/Fy ~ to/ty (47_)). In contrast, a
o " "_::peual S|tu:'it|on is (_)bserved for Trp/bimane pairs that are
gl - /E 1268, +TCEP very close”, or_wnhm contact distance-6—10 A) at the _
ggo‘ﬁ ggo'a moment of excitation. For such “very close” pairs, static
ggm ggni_‘ guenching will occur through the formation of a nonfluo- .
el 2., A—— rescent groun_d-stat_e compl_ex and be observed as a drop in
i . fluorescence intensity that is greater than the change seen
400 450 500 550 600 400 450 500 550 600 in the fluorescence lifetime (thuBy/F, > 74/, (47)). Note
SO .. ... e that this type of quenching could also be observed if the
330.35 N132B, g5 08 N716W(N132B, +TCEP guenching occurs faster than the time resolution of our
8§< 06! §< o6 lifetime instrument.
§§M, ggm Figure 6 shows an example of how this type of analysis
22, e (- can further resolve Trp/bimane proximity. The data compare
0.0 “ 0.0 b diie, the PDT-Bimane labeled sites shown in Figure 5 (123, 128,
400 "fugmfgﬂﬂl (m?ﬁ“ 600 400 ﬁmbf»::th (n:'IE;O 600 132, and 135) with and without the tryptophan residue at
- - site 116. Note that the N116W/E128Rair shows substantial
o5 03 a5 08 1358, +TCEP steady-state quenching, yet thg/F, and 7./, ratios are
Eé 08 . similar (Figure 6A), indicating the quenching is primarily
£% o4 §f§ . N116W/K{35B, dynamic, classifying this pair as “close*(0-15 A). In
€2 o, 2E,, contrast, the lifetime and steady-state ratiosndd match
00 0.0 for mutant N116W/N132B(Figure 6A), indicating substan-
aadll T T 400 450 500 550 600 tial static quenching, and thus this Trp/bimane pair must be
avelength (nm) Wavelength (nm)

“very close” (~5—10 A). These conclusions are consistent
Ficure 5: PDT-Bimane shows distance-dependent quenching by with the T4L crystal structure (Figure 5A), and are further
proximal Trp residues. (A) Model of T4 lysozyme indicating the supported from an analysis of the absorption spectra, which
location of the tryptophan residue and the site of each PDT-Bimane shows the absorption spectrum for N116W/N132Raltered

attachment site (the--carbon sites for each cysteine substitution
are shown as blue spheres). (B, left column) Steady-state fluores-0Y 6 NM compared to mutant N13zZ@lone, further sug-

cence intensity measurements of PDT-Bimane labeled cysteinegesting the Trp residue and bimane label in this pair form a
mutants with (red) and without (blue) the Trp residue at site 116. ground-state complex (Figure 6B).
Notice that introducing the Trp residue at 116 causes a dramatic TCEP Reduction Prddes a Simple Way to Assess Trp/

decrease in fluorescence intensity for labels at sites 128 and 132. _Ri . e .
(C, right column) Comparison of PDT-Bimane labeled sites with PDT-Bimane Proximityldentifying Trp proximity can be

the Trp residue at site 116 before (red) and after (blue) TCEP determined by comparing quantum yields and fluorescence
reduction. Notice that essentially the same results are obtained agntensity measurements between carefully matched protein

in panel B. samples (see Figure 5B). However, this process is laborious,
and requires measurements be repeated on samples in which
relative orientation between the molecule pd&6)( Thus, the suspected “offending” Trp residue has been mutated to

quantitative interpretations of distance would require taking a phenylalanine to relieve the quenching. A similar process
these factors into account while also carrying out molecular is required when using mBBr.

modeling and analysis of the time-resolved data using a However, the ability to reduce the PDT-Bimane label off

distance-dependent quenching model by Zelent etcd). ( the protein dramatically simplifies this process by eliminating
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Table 3: Quantum Yields and Lifetime Analysis of the Fluorescence Decay Measurgments

mutant QP 71 (ns) o 72 (ns) o2 %2 @ (ns)
Q123B 0.097+ 0.004 6.7+ 0.3 0.8+£0.1 1.4+ 0.5 0.2+ 0.1 1.0+ 0.1 5.6+ 0.1
N116W/Q123B 0.059+ 0.007 5.7+0.2 0.6+ 0.1 1.3+ 0.2 0.4+ 0.1 0.9+ 0.1 3.9+ 0.1
E128B 0.102+ 0.008 8.5+ 0.5 0.8+ 0.1 1.6+ 0.6 0.2+ 0.1 0.9+ 0.1 7.2+0.2
N116W/E128B 0.019+ 0.005 55+£0.1 0.3+ 0.1 1.0+ 0.1 0.7£0.1 0.9+ 0.1 2.5+ 0.2
N132B, 0.100+ 0.005 7.0+ 0.7 0.7+ 0.1 1.8+ 0.7 0.3+ 0.1 1.0+ 0.1 5.4+ 0.2
N116W/N132B 0.006+ 0.003 6.9+ 0.2 0.2+ 0.1 0.5+ 0.1 0.8+ 0.1 1.0+ 0.1 1.7£0.3
K135B, 0.082+ 0.009 6.2+ 0.3 0.8+ 0.1 0.8+ 0.4 0.2+ 0.1 1.1+ 0.1 5.2+ 0.2
N116W/K135B 0.059+ 0.005 52+ 0.2 0.7£0.1 1.3+ 0.1 0.3+ 0.1 1.0+ 0.1 3.9+ 0.1

a Excitation wavelength was 381 nm and emission was collected using #¥6 nm long-pass filters. The average of six lifetime measurements
=+ the standard error of the mean are reported. Abbreviationst,, fluorescence lifetimes in nanoseconds; a,, normalized preexponential
factors such thaty + o, = 1.0; ¥2, chi-squared value of the fit. The uncertainty reported is the standard deviation from two separate quantum
yield measurement$.<7> = oyt + 0272, the amplitude-weighted fluorescence lifetime. The> values reported in this table represent the
average of six sets of lifetimes the standard error of the mean.

A) increase in fluorescence (Figure 7A), possibly due to relief
of quenching by proximal tyrosine residues, which can also
guench bimane fluorescence but do so with-fold less
efficiency 68). In contrast, the fluorescence intensity increase
observed after reducing samples that contain a proximal Trp
residue are an order of magnitude larger. For example, there
is a 600% increase observed for N116W/E12&®d a
3700% increase for N116W/N132BFigure 7B).

When the inherent70% increase in fluorescence intensity
caused by TCEP reduction is taken into account, almost
identical results are obtained to those using the much more
laborious approach of measuring and comparing the quantum
yields of samples with and without the Trp residue; compare
Figure 7, panel C to D.

These results also suggest the PDT-Bimane reduction
method can be used to assess Trp/bimane distances, inde-
pendent of sample concentration and labeling efficiency.
While other powerful methods exist for measuring distances
Ficure 6: Proximity between Trp/bimane pairs can be further in macromolecule§ (fluqre'scence.resonance energy transfer
resolved by comparing the fluorescence intensities and lifetimes (5, 9, 11, 59) or spin—spin interactions34, 60, 61)), these
with (Fy; 7w) and without Fo; 7,) a Trp residue. (A) The large  can sometimes be affected by labeling efficiency and usually
difference in the steady-state fluorescence intensity r&gig-{) require equal concentrations of donor and acceptor. Like
compared to the weighted fluorescence lifetime ratifr{) reveals these other labeling methods, however, the PDT-Bimane

;hueelg‘ﬁ,’iﬁg“:,?ﬁ t%l; ?St ’\\‘,35 ‘é‘,’é,ﬁ;ﬁ%ﬂ‘ge}_f\?"@ﬁg{ggg N{lsé?,t\',(,: reduction method is sensitive to the amount of contaminating

E128B undergoes primarily dynamic quenching and thus is “close” free label, and this must be determined using the methods
(~10—15 A). The uncertainty reported is the standard error of the outlined here.

mean from four measurements. (B) Absorption spectra of PDT-  ppT-Bjmane Enables a High Throughput Approach For

Bimane labels at sites 128 and 132 with (dashed line) and without . . .
(solid line) the neighboring Trp residue at site 116. The change in Assessing Protein Structure and DynamiesFigure 8, we

the absorption spectra at site 132 suggests a ground-state compleQutline how PDT-Bimane Coulld be used to §imp|ify and
forms for mutant N116W/N132B consistent with the static ~ automate SDFL studies. In brief, one would first generate

quenching detected in (A). single cysteine protein mutants, label these samples with
PDT-Bimane, and determine the amount of labeling and the
the need for precisely matching sample concentration or percent free label in each sample using the TCEP/TCA
mutating Trp residues. Using PDT-Bimane, the proximity precipitation protocol. Next, one would determine the extent
to a nearby tryptophan residue can simply be determined byof solvent exposure at each site by comparing the “apparent
reducing the label off the protein and assessing the amountpolarity” of each bimane label (determined from the emission
of fluorescence increase. Figure 5C shows an example ofimax shifts) before and after TCEP reduction, and use the
this approach. Note that some increase in PDT-Bimane periodicity in these data to determine the secondary structure
fluorescence occurs upon reduction even in the absence obf the region under study (in this analysis, sites which do
a neighboring Trp residue (possibly due to lesser quenchingnot label would be considered as buried). Finally, the
from other amino acids), and this change explains the limited proximity to any Trp residues would be determined by
discrepancy between the data in Figure 5B and Figure 5C.comparing fluorescence intensities before and after TCEP
However, as shown in our control experiments in Figure 7, reduction.
this increase is small compared to the change observed in At this stage of the analysis, one could deduce both the
the presence of a proximal Trp. Reduction of samples not secondary structure motif of the region being scanned, and
containing neighboring Trp residues (Q123E:128B, which sites are close to Trp residues. However, in proteins
N132B,, and K135B) results in an average 7& 20% of unknown structure, such data would not identify precisely
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) N116W/ N116W/ N116W/ N116W/ studies of protein structure using PDT-Bimane. Briefly, one would
Q1238, E128B, N132B, K1358, label samples with PDT-Bimane and measure fluorescence emission
D) scans with and without TCEP to reduce the label off the protein
0412 sample. Comparison of the differences in emissigp, values
o 010 would reflect the solvent surface accessibility, and thus secondary
E 0.08 structure, and the differences in fluorescence intensity values would
S 006 | reflect proximity to tryptophan residues and thus tertiary structure.
2 This approach would lend itself to automation and the use of a
S 004 4 .
E fluorescence plate reader, and thus should prove useful for high-
002 1 throughput protein structural studies.
0.00 -

ConclusionsWe have shown PDT-Bimane, like mBBr,
can be used in a scanning SDFL approach to determine
structural information at the level of the backbone fold and

FiIGURE 7: Proximity of PDT-Bimane to Trp residues can be O measure proximity within proteins by the distance-
determined by simply comparing fluorescence intensity values dependent tryptophan quenching meth@dLQ). In addition,

_before_ _and after TCEP reduction. (A) Relative fluorescence we demonstrated the ability to reduce PDT-Bimane off the
intensities of samples Q123BE128B, N132B, and K135B protein can be exploited to (i) quickly and easily quantitate

before and after reducing the PDT-Bimane label off the protein ) \ o
with TCEP. Note the inherent increase in bimane fluorescence € extent of label incorporation and free label contamination,

intensity 70%) for these samples that do not contain the proximal (i) assess the extent of solvent exposure of the probe, and
Trp residue at site 116. (B) The fluorescence intensity increases (iii) assess label proximity to tryptophan residues. These
dramatically upon TCEP reduction of sites with a proximal Trp features of PDT-Bimane make it ideal for use in automated,

residue at site 116. (C) Relative fluorescence intensities of samples,: 1. . : .
from (B) after correction for the 70% increase seen in panel A. high-throughput proteomic studies of protein structure and

(D) Quantum yield values of matched concentrations (by absorb- f0lding, the detection of proteiaprotein interactions, and
ance) of the PDT-Bimane labeled samples both with and without the monitoring of protein conformational changes. We also
the presence of the tryptophan residue at site 116. Note that theanticipate the unique properties of PDT-Bimane will prove
data from panel C provides nearly identical values relative to those seful for technically challenging studies such as assessing

seen in panel D, yet the TCEP reduction does not require mutating " ; ; ;
away the Trp residue at site 116 or carefully matching sample real-time _ conformational changes in receptors and ion

concentrations. The uncertainty reported in this figure represent thechannels in natural membrane environments.
standard deviation of two measurements.
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