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ABSTRACT: We present a novel method for mapping proximity within proteins. The method exploits the
guenching of the fluorescent label bimane by nearby Trp residues. In studies of T4 lysozyme we show
that this effect appears to be distance dependent and orientation specific. Specifically, we show that a
proximal Trp residue can reduce bimane fluorescence intensity by up to 500% and induce complicated
fluorescence decay kinetics. Replacing the neighboring Trp residue with phenylalanine removes these
spectral perturbations. The advantages of using the Trp quenching of bimane fluorescence for protein
structural studies include the low amount of protein required and the substantial simplification of labeling
strategies. We anticipate this method will prove suitable for a wide array of high-throughput protein studies
such as protein folding, the detection of proteprotein interactions, and, most importantly, the dynamic
monitoring of conformational changes.

Site-directed labeling methods (SDL) are unique and secondary structure in proteirng (In general, fluorescence-
powerful ways to study protein structure and dynamics. based strategies can be used to provide similar information
Generally, these methods involve introducing cysteine (5—15).
residues into defined regions of a protein and then attaching However, the larger question of determining protein
spectroscopic probes to the cysteines to obtain informationstructure is a more formidable challenge with SDL methods.
about the local environment around each probe molecule.|n addition to sequence-specific secondary structure, geo-
This approach generates an array of data from which the metric information is required to establish the overall packing
solvent accessibility and secondary structure of the region of pairs of secondary structure elements. With the spin
can be inferred {—4). labeling method, this problem can be overcome by measuring

One of these methods uses nitroxide spin labeling and EPRspin—spin interactions between two nitroxide spin labels
spectroscopy. This approach, called site-directed spin labeling(16—20).

(SDSL), can determine conformational changes and local Fluorescence-based SDL strategies for measuring distances
are not as straightforward. The classical approach has been
tThis work was supported by Grants EY12095 to D.L.F. and to measure fluorescence resonance energy transfer (FRET)
EY*12018 and EY12683 to H.S.M. from the National Eye Institute. between two fluorescent probes on different parts of the
4o gyamom comespordene should be addressed. Teephare: (50%protein (L2-14). Altvough powerful, the FRET approach i
*Oregon Health & Science University. usually complicated by the need to label with two different,
8 Vanderbilt University. spectrally overlapping probes and by the orientation factor
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required for data analysis. Also, the linear range of distances A) @ B
that can be determined by FRET (usually-3m A) is often Q@_/_

too large to be useful for determining very close packing . a‘.,
between secondary structure elements in proteins, since the 5 P
size of the probes often used is larger than 10 A. :

We report in this paper a new, simple way to obtain short-
range distance constraints in proteins by fluorescence
spectroscopy. Conceptually, our approach is similar to recent
methods which selectively introduce fluorescence quenching
groups into proteins(, 22). The method we describe here
exploits the ability of tryptophan to quench the fluorescence
of the cysteine-specific probe, bimane. Because this approachB
eliminates the need for the use of two different fluorescent )
probes and operates over much shorter ranges (essentially

11

collision or contact distance), it complements the longer 0.35 1

range FRET methods for protein structure and dynamics 0.30 |

studies. Furthermore, because the Trp quencher is built into

the protein sequence, the labeling strategies are substantially - 0.25

simplified. ;'__J
We recently deduced that Trp quenches bimane fluores- ¢ 0201

cence upon further analysis of our previous SDFL work on 2 g.15 |

T4 lysozyme (T4L) (9). In that work we found that bimane §

fluorescence was unusually low at several sites on the protein & 910

and showed complicated decay kinetics. Intriguingly, the 0.05

location of these sites did not follow any obvious pattern

with respect to their topological or secondary structure 0.00 -

location. 116 118 120 122 124 126 128 130 132 134
Upon closer examination of the crystal structure of T4L, Residue Number

we noticed that these anomalous sites are withthA of Ficure 1: (A) Model of T4 lysozyme based on the crystal structure.

d The model indicates the location of two of the Trp residues in T4

one of the Trp residues in the native protein, as illustrate lysozyme, as well as the-carbons for the 21 cysteine substitutions
in Figure 1. Four of the sites, 121, 124, 129, and 133, showed zpejad with monobromobimane described previoudy. (B)

abnormally low fluorescence quantum yields, as well as Relative quantum yields of mBBr labels attached to the 21 cysteine
complex fluorescence decays (see Figure 4 in9efWe sites. Notice that sites 121, 124, 129, and 133 all show dramatically
hypothesized that these Trp residues may be interacting with!ower quantum yields. These residues also lay close to the two Trp
and influencing the fluorescence properties of neighboring "€Sidues shown in (A) above.

bimane residues. The physical basis of this effect has . . . . .
previously been establishzdyby Kosower and colleagues, Wh0(24’ 22) was kindly prowde_:d by F. W. DahIqU|st (Unlve‘r‘sﬁy
found that Trp strongly quenches the fluorescence of bimanemc Oregon). Hereafter, this mutant will be called the “wild

free in solution and when attached to small peptides4(3 type” or T4L. _
amino acids in length)2Q). 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, 1 mM
EDTA, and 1 mM DTT, pH 7.6; buffer C, 20 mM KO,

and 25 mM KCI, pH 3.0; buffer D, 50 mM MOPS, 50 mM

In this paper we present results showing that proximal Trp
residues cause quenching of bimane in proteins, thus
explaining the unusual fluorescence observed in our previous
work (9). Further, we show that this property is distance- - . e
dependent and can be used to map distances between Tr ris, 1 mM EDTA, pH 7.6, ad 3 M guanidine hydrochlo-
and bimane probes introduced at strategic sites in a protein. ide. ) . ,
We discuss future uses of Trp/bimane quenching for SDFL  Construction of T4L MutantsSite-directed mutagenesis
studies in the context of protein fold determination, detection WS carried out using polymerase chain reaction (PCR)
of protein—protein interactions, and resolving protein con- methods 26). To facilitate this work, two new restriction

formational changes. sites, SpH and Xba, were introduced into the previously
described plasmid using the overlap extension method.
MATERIALS AND METHODS Oligonucleotides containing the X to cysteine substitution

Materials. The reagents (fluorescent label, etc.) and the and overlapping either of the restriction sites were used to
equipment (filters, cuvettes, etc.) used were identical to thosegenerate PCR fragments. The PCR fragments were then
described previouslydj. The cysteine-free pseudo-wild-type digested and ligated into the appropriate cloning vector, and
lysozyme gene containing the substitutions C54T and C97A the mutant constructs were confirmed by DNA sequencing.
NomenclatureThroughout this paper, mutants are named

1 Abbreviations: mBBr, monobromobimane; MOPSN8rfiorpholino)- by specifying the original residue, the number of the residue,
propanesulfonic acid; EDTAY,N'-1,2-ethanediylbig{-(carboxymeth- and the new residue, in that order. For example, the code

yhglycine] disodium salt; Tris, 2-amino-2-(hydroxymethyl)-1,3-pro- i ; ; ;
panediol: TAL. T4 lysozyme: Trp, tryptophan: PET, photoinduced K124C indicates that the native lysine residue at the 124th

electron transfer; Phe, phenylalanine; SCE, standard calomel electrode@MiNO acid position was mutated to a cysteine. Similarly,
IPTG, isopropyls-thiogalactoside. N116W indicates the native asparagine was mutated to a
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tryptophan. Mutants labeled with mBBr are named by two melts. Analysis of the thermal melt data was performed
specifying the original residue, the number of the residue, assuming an equilibrium of a two-state model (native folded
and the suffix B, indicating the monobromobimane label. state and totally denatured statgp,(30).
For example, the code K124 Bhdicates that the native lysine With the assumptions made by Becktel and Schellman that
residue at the 124th amino acid position has been mutatedASnuani= ASw (32), AAG values for each mBBr-labeled
to a cysteine and reacted with the mBBr label. T4 lysozyme mutant were calculated using the approxima-
Expression and Purification of T4L MutantSxpression tion:
of mutant proteins was as described previously Z7).
Briefly, K38 Escherichia colicells were transformed with AAG = AT, AS,
the T4L cysteine mutant plasmié®), and protein production
was induced in log phase cultures (@R = 1.2). After whereAT, is the difference in melting temperatures between
90120 min of shaking at room temperature, the cells were the mutant and the wild type and th&,; value is the change
harvested, and the cell pellet was resuspended in 30 mL ofin entropy between the folded and denatured states of the
buffer B, lysed, and clarified by centrifugation followed by ~Wild-type protein For more details, see refsand 32.
filtration. DTT was added to the filtered cell solution to 20 ~ Steady-State Fluorescendénless noted otherwise, the
mM, and after 30 min, the solution was loaded onto a cation- Steady-state fluorescence measurements of mBBr-labeled
exchange column (Pharmacia Biotech HiTrap, 1 mL SP) mutants were carried out at 2Z, using 2uM to 10 uM
equilibrated with buffer A. The samples were eluted with sample in buffer A and the PTI fluorometer. The fluorescence
an increasing salt gradient from 6 1 M NaCl. The purity emission spectra were measured from 395 to 600 nm (1 nm
of the proteins was assessed by SBPAGE and judged to  slits) while being excited at 381 nm (2 nm slits).
be at least 90% pure for all samples studied. Quantum Yield Measurementhe quantum yield for each
Fluorescence Labeling of T4L Mutantsabeling of each mBBr-labeled mutant was measured as described previously
lysozyme mutant was carried out by using axléolar  (9) using quinine sulfate (quantum yield equal to 0.55in 1
excess of the fluorescent label in buffer D @@overnight. N H2SQ,) as the standard. Emission spectra were taken using
Free label was separated from the labeled protein by gel360 nm excitation (3 nm slit width) from 370 to 700 nm (1
filtration on a desalting column (Pharmacia Biotech HiTrap, "M slits). Measurements were at’A2 using~2 uM to 10
5 mL) equilibrated with buffer A. Absorption spectra #M bimane-labeled lysozyme mutants and for the quinine
(measured using a Shimadzu UV 1601) were used toSulfate standard.
calculate the labeling efficiency for each mutant. Concentra-  Fluorescence Lifetime Measuremerithie fluorescence
tions were calculated using extinction coefficients:gf = lifetimes of the mBBr mutants were measured as previously
23327 L cnt mol2 for T4 lysozyme andksgo = 5000 L described9). Briefly, the measurements were carried out at
cm~! mol~ for mBBr. To correct for mutants in which a 22 °C using a PTI Laserstrobe fluorescence lifetime instru-
Trp residue was either introduced or removed, an extinction ment on 25QuL of a 2-10 uM sample placedn a 4 mm
coefficient value ofesgo = 5600 L cnt? mol~* was either black-jacketed cuvette. The samples were excited at 381 nm
added or subtracted to the WT T4 lysozyme extinction (Pulses of fwhm~1.5 ns), and fluorescence emission was
coefficient. (Note that a mutation from a tryptophan to a Monitored through two long-pass filters 470 nm). Each
phenylalanine resulted in an extinction coefficientgf, = data point on a lifetime decay curve represents two averages
18027 L cnt® mol-t.) The contribution from mBBr at 280 of five laser flashes, and each decay represents 150 of these
nm was subtracted before the protein concentrations weredata points spaced out over the collection time interval.
calculated. Control experiments using the cysteine-less WT Data were acquired using an arithmetic data collection
protein showed that background labeling was less than 3% Method and analyzed using the commercial PTI software.
(as judged by absorption and fluorescence spectroscopy). Both the exponential series method (ESM) and a two-
Thermodynamic StabilityAnalysis of thermal unfolding ~ €Xponential decay model were used in the analy3&-(
properties was used to assess the stability of each mBBr-39)- In brief, the ESM analysis fits the decay data using a
labeled mutantZ9, 30). This analysis was carried out by ~Series of exponentials with fixed, logarithmically spaced
monitoring the tryptophan fluorescence emission intensity lifetimes and variable preexponentials. In the present ESM
at 320 and 350 nm as a function of temperat@e At the analysis, the fluorescence decays were fit allowing 100
point of thermal denaturation, the emission intensities at eachdiscrete lifetimes of varying amplitude from 0.1 to 30 ns
of these wavelengths change due to the solvent-sensitiveuntil they? value was minimized. Plots of ESM analysis are
property of tryptophan fluorescenc2q( 31). included beca_use they pr_owde_a g_rap_hlcal way t(_) differentiate
The details of the measurements were as previouslyk?etween continuous lifetime d|str|but|9ns and discrete, mul-
described9). Briefly, 2 uM labeled protein (dialyzed against ~ tiexponential decays. Thus, analysis of the ESM plots
buffer C) were measured using the PTI steady-state fluo- Provides a rapid way to qualitatively assess the proximity
rescence spectrophotometer in a T-format. Samples weréoetween a bimane label and a Trp residue. The decay data
excited at 280 nm and monitored at 350 and 320 nm. The Were also fit to a two-exponential decay model, and these
melts involved ramping the temperature from 6 to°@Dat values were used to calc_u_late weighted I|fet|me.values.
a rate of 2/min, after which the samples were cooled to 6 _ Calculation of the Driing Force for Photoinduced
°C, to determine the extent of protein refolding, and melted Electron Transfer Rates (PETJhe driving force AGe) for
again. The mutants showed greater than 75% refolding, asthe PET was calculated using a form of the Retivieller
judged by the extent to which the ratio returned to its starting €guation 86—38):
value (except L133BW138F). The melts were done in
duplicate, and the reporték, values are the average of the AGg = €[Ey,(D) — EefA)] — AG,, — W,
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Table 1: Characterization of Bimane-Labeled Mutants

mol of label/ AAGPC absAmad emM Amax quantum

mutant mol of T4L2 AT P (°C) (kcal/mol) (nm) (nm) yield" (@)
K124B, 0.9 —25+ 0.2 —-0.7 392 472.4+ 0.6 0.036+ 0.005
K124B,/W126F 0.9 —4.0+£0.3 -1.2 391 472.3: 0.1 0.185+ 0.009
L133B; 1.2 —19.54+1.0¢ —5.5 380 456.9+ 0.6 0.096+ 0.016
L133B)/W138F 1.0 —20.4+1.0 —6.0¢ 382 452.3 2.8 0.573+ 0.017
D72B; 0.9 —-0.9+£0.1 -0.3 385 463.8£ 0.4 0.2944+ 0.043
D72B)/R76W 1.1 —2.1+0.2 —0.6 387 465.3t 0.5 0.057+ 0.006
Q123B 0.9 +0.3+ 0.5 +0.1¢ 388 468.9+- 0.4 0.220+ 0.017
N116W/Q123B 1.0 —4.0+£0.3 -1.2 390 469.1 0.8 0.135+ 0.004
E128B 1.0 -1.8+ 0.3 -0.5 401 469.5+ 0.5 0.182+ 0.001
N116W/E128B 1.0 —7.0£05 —-2.1 397 469.# 0.5 0.043+ 0.003
N132B 0.9 +1.84+ 0. +0.5° 386 466.8+ 0.1 0.201+ 0.004
N116W/N132B 0.9 +3.14+0.8 +0.9 394 468.9 0.4 0.047+ 0.004
K135B; 0.9 —0.6+£ 0.2 -0.Z 391 472.0+ 0.7 0.146+ 0.023
N116W/K1358 1.0 —4.0+£0.2 -1.2 390 471.6£ 0.3 0.118+ 0.022

aRepresents an average of two independent labeling experiments; the standard error of the mean on afl #tutaftyalues are in comparison
to wild-type lysozyme Ty, = 53.0°C andAS,: = 292.8 calmol™* K™%; AAG calculated using the approximation theAG = ATnASu. ¢ ATy and
AAG values for the indicated mutants are from geéind are provided for comparison purpose&pparentAAG value as this mutant did not
appear to be fully reversiblé Represents an average of two values; all values have a standard erélaim.f Quantum yields were measured
by integrating fluorescence intensity from 370 to 700 nm with 360 nm excitation using quinine snlfatd H,SO, as the standard.

The above variables are defined as follows: is the 1). Neither Trp substitution resulted in a dramatic destabi-
conversion factor from eV to kcal/mol (1 e¥ 23.061 kcal/ lization of the bimane-labeled cysteine mutant protein beyond
mol). Eox and Ereq are the donor (D, Trp) and acceptor (A, that reported previously, indicating the overall fold of the
bimane) redox value€Eq = —1.38 V vs SCE for bimane  protein was not significantly altered (Table 2p). TheATn
(39) andEyx = 1.00 V vs SCE for Trp40)]. The AGy, term and AAG values for mutants L133Band L133B/W138F
is the energy for the bimane excited state (at 381A1G, are larger than the values for the other mutants. However,
= 75 kcal/mol, or 3.25 eV). Finally, the, term represents  such a result is not unexpected and, in fact, would be
the “work” term for the Coulombic attraction felt by the predicted. Residue 133 is the most buried (least solvent
transiently charged species. For the present work we ap-exposed) of the residues in the present study, and it has been
proximatedw, = —1.3 kcal/mol assuming a center to center previously found that destabilization is larger for substitutions
distance between the bimane and Tf7 & (38). Using the at completely buried site®(42). Thus, because mutations
above relationships, the driving force for the electron transfer at site 133 result in largAAG values, it is possible that
was calculated to bAG, = —18.8 kcal/mol (or—0.816 eV), both mutants L133Band L133B/W138F contain a small
suggesting an exergonic photoinduced electron transfer. fraction of sample that is not fully folded under the
Calculation of Photoinduced Electron Transfer Rates experimental conditions. Note that, for all of the data reported
(PET). Electron transfer rates were calculated from the below, the samples were matched, by absorbance, to have
weighted fluorescence lifetime&t[J= fir; + fr2, wheref; the same bimane concentration during the measurements.
= oi/(on + o) and f, = aof/(as + ap)] by using the Mutating the Neighboring Tryptophan Residue to Phenyl-
relationshipker” = 1/t — 1/rer (41). In this analysis, the  alanine Causes an Increase in Bimane Fluorescence Intensity
lifetime of the bimane-labeled sample in the presence of the and Lifetime at Sites 124 and 13gures 2 and 3 show the
proximal Trp residuew,) was used for, and the lifetime  results of making the W126F and W138F substitutions on
of the samples lacking the Trp residug)(was used foter. the fluorescence of bimane labels attached to sites K124C
Similarly, the steady-state fluorescence data were used toand L133C, respectively. Figure 2A shows the location of
calculate electron-transfer rates using the relationkkip K124 and W126 on the T4L structure. Figure 2B and Table
= (Fo/Fw — 1)lto, whereF,, andFo represent the integrated 1 show how the fluorescence increases approximately 5-fold
fluorescence intensity (from 410 to 600 nm, with excitation ypon the W126F mutation, with a concomitant increase in
at 381 nm) of the bimane-labeled samples with and without the fluorescence lifetime (Figure 2C, Table 2). Simplification
the proximal Trp residue, respectively, represents the  of the decay kinetics is also seen, as reflected in the two-

lifetime value as defined above. exponential (Table 2) and ESM analysis (Figure 2D).
Similarly, the W— F mutation at site 138 (Figure 3A) results
RESULTS in an approximate 5-fold increase in fluorescence intensity

Construction and Characterization of Mutants K124B  (quantum yield) from the bimane label at site 133 (Figure
W126F and L133BW138F As discussed in the introduction, 3B, Table 1). The W138F mutation also results in an
a prior SDFL scan of T4 lysozyme showed perturbed increased fluorescence lifetime (Figure 3C, Table 2) and
fluorescence from bimane labels at several sites on thesimplified decay kinetics in the ESM analysis (Figure 3D).
protein, especially sites 124 and 133 (see Figures 1 and 4 ininterestingly, for both mutants, removing the neighboring
ref 9). To determine if these perturbations were due to tryptophan changes the complicated lifetime distribution
neighboring tryptophan residues, we substituted the “suspect”(Figures 2D and 3D, top half) to essentially one lifetime
neighboring Trp residues to phenylalanines (W126F to test (Figures 2D and 3D, bottom half).
site 124 and W138F to test site 133). Both mutants could With the exception of position 133, an overlap of the
incorporate the bimane label with similar efficiency (Table (nhormalized) fluorescence emission spectrum from each
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Ficure 2: Location and fluorescence properties of bimane labels Lifetime (ns)
at site 124 before and after mutating the neighboring Trp residue Ficure 3: Location and fluorescence properties of bimane labels
at site 126. (A) Model of T4 lysozyme indicatingcarbon for site at site 133 before and after mutating the neighboring Trp residue
K124B, and W126. (B) Fluorescence emission spectrum of K124B  at site 138. (A) Model of T4 lysozyme indicatimgcarbon for site
and K124B/W126F. Notice the~5x difference in fluorescence  L133B; and W138. (B) Fluorescence emission spectrum of L133B
intensity between the samples, even though the samples containeénd L133B/W138F. Notice the~5x difference in fluorescence
identical amounts of bimane label. (C) Fluorescence decay of intensity between the samples containing identical amounts of
K124B, and K124B/W126F. (D) ESM analysis of mutants K124B  bimane label. (C) Fluorescence decay of L133®d L133B/
and K124B/W126F. Notice that the complex ESM pattern observed W138F. (D) ESM analysis of mutants L133&8nd L133B/W138F.
for the sample containing the neighboring Trp residue is replaced Notice that the complex ESM pattern observed for the sample
by a pattern showing only one apparent lifetime upon converting containing the neighboring Trp residue is replaced by a pattern
the Trp residues to Phe. showing only a low number of apparent lifetimes upon converting
. the Trp residues to Phe.
sample demonstrates that the. of fluorescence emission
does not show significant changes due to the FrPhe alter the fluorescence of a neighboring bimane residue, we
substitution (Table 1). This latter result indicates that the introduced a Trp at site 76, one turn away from a bimane
difference in intensity is not due to a repacking/change in label attached at site 72. We chose this pair of sites because
hydrophobicity of the bimane label. the 72/76 pair is on the exposed surface of the long helix in

Construction and Characterization of Mutants D72#®d T4L and substitutions are unlikely to disturb the structure
D72B/R76W.To investigate if a Trp can be introduced to (Figure 4A). Furthermore, thie+ 4 residue where the Trp
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Table 2: Two-Exponential Lifetime Analysis of the Fluorescence A) R76W l
Decay Measuremerits
mutant r1(ns) fi  12(ns) f, %2 #0 (ns)
K124B, 49 02 14 0.8 10 2%x13e2
44 0.2 13 0.8 1.0
K124B,/W126F 95 10 11 9.438e2
94 10 0.9
L133B; 70 03 1.0 0.7 10 3%01

L133B/W138F 86 07 07 03 11 6802

D72B, 97 1.0 ' 09 9801

©
©
=
o
Ly
o
~—
—
o
=]

D72B/R76W 6.6 05 0.7 0.5 0.7 4#0.1
6.6 0.6 09 0.4 1.0

Q123B 9.8 10 24e3 192 1.1 89+04
9.9 0.8 22e2 0.2 14

N116W/Q123B 7.2 0.7 0.5 0.3 11 5603
74 08 1.0 0.2 0.8

E128B 8.7 1.0 09 45e3 0.8 8.5+0.1

D72B4/R76W

Fluorescence
Intensity (A.U.)
f=]

3

N116W/E128B 49 03 09 07 09 246.9e-3

49 03 09 0.7 0.9 0.00
N132B 11.8 0.9 0.3 0.1 1.0 1020.4

123 09 1.2 0.1 0.9 400 425 450 475 500 525 550 575 600
N116W/N132B 8.3 0.6 0.7 0.4 0.8 6206 C) Wavelength (nm)

94 07 21 0.3 0.9
K135B, 8.9 0.6 06 0.4 0.7 6.50.3 1.00

N116W/K135B 6.0 08 0.7 02 10 48 3.2e2 D72B1

o
3
a

a Excitation wavelength 381 nm; emission collected using t¥@0
nm long-pass filters. Two sets of the lifetime data are reported for
comparison purposes. Abbreviations;, 7, fluorescence lifetimes in
nanoseconddi, f, fractional amplitude of each lifetimé; = ou/Y a;
andf, = a/Y oy, whereoy anda, are the preexponential factors far

Normalized
Fluorescence
o
w
o

o
[N
s}

andr,, respectivelyy?, chi-squared value of the fit. (= fi71 + foro, 0.00 . : : :
the lifetime weighted quantum yield. The[values represent the 40 50 60 70 80 90
average of the two reported sets of lifetimesthe standard error of D) Time (ns)
the mean.
. _ N _ 06 D72B1
is introduced is located away from termini, allowing a better 0.4
estimation of the distance separation between the Trp and © 02
the bimane side chains. Both mutants could be labeled with :'é 0.0 L.
bimane to unity. Neither the introduction and labeling of the B.0.06 D72B4/R76W
cysteine residue at site 72 nor the D7#B/6W mutation E
. : < 0.04

had much effect on the thermodynamic properties of the 0,02
protein (Table 1). '

Introducing the Trp at site 76 caused a dramatic decrease 0.00
in intensity (Figure 4B, Table 1) and shortened and com- 0.1 A 10

. . . Lifetime (ns)
plicated the fluorescence decay properties (Figure 4C,D, ) . .
Table 2). Ficure 4: Location and fluorescence properties of bimane labels

. . at site 72 before and after introducing a Trp residue one turn away
Construction of N116W Mutants To Measure Distance at site 76. (A) Model of T4 lysozyme indicatirgrcarbon for site

Dependencies of Bimane Quenching by We nexttested  p72B, and R76W. (B) Fluorescence emission spectrum of D728
if tryptophan quenching of bimane can be used to obtain and D72B/R76W. Notice the~4x decrease in bimane fluorescence
proximity information between Secondary structure elements for the label at site 72 after a Trp residue is introduced at site 76.

; ; ; ; (C) Fluorescence decay of D72Bnd D72B/R76W. (D) ESM
in proteins. A reference Trp was introduced at site 116 at analysis of mutants D72Eand D72B/R76W. Notice that the single

the N-terminus of helix G, and the bimane probe was |ietime for mutant D72B is converted to a complex ESM pattern
introduced on selected surface-exposed residues on helix Hupon introducing the Trp residue at site 76.

a neighboring helix in the structure. The location of the

mutation, N116W, and the four sites are shown in Figure to affect the protein stability compared to the previous single
5A. The neighboring bimane attachment sites predicted to cysteine mutants (see Table 1). Note that the four sites in
be potentially affected by the Trp residue (sites 123, 128, lysozyme being tested were previously showh to have
132, 135) are in various distances from this Trp site. The normal bimane fluorescence characteristics [i.e., quantum
sites encompass an+ 8 as well as several different vyields of ~0.2 or greater (see Figure 1B) and monoexpo-
interhelix distances, thus allowing for a qualitative assessmentnential fluorescence decay properties].

of the distance dependence of the Frpbimane quenching The Fluorescence Properties of the N116W Mutants
phenomena. The Trp substitutions at N116 did not appearDepend on the Distance of Bimane from N116We site-
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N116W 123 qualit_ative agreement yvith the crystal structure. For instan_ce,
A) ~ the bimane label at site 132 shows the largest quenching,
consistent with it being closest to the tryptophan at site 116
128 based on the structure. In contrast, bimane at site 135 is the
farthest and shows the least quenching.

In addition to quenching the steady-state fluorescence
intensity, the Trp residue introduced at N116W causes
dramatic effects on the decay properties of some of the
neighboring bimane labels. For example, the presence of the
Trp residue at site 116 increases the fluorescence decay rates
(shortens the fluorescence lifetime) for the bimane labels at
sites 128 and 132 (Table 2). Not only are the decay rates
faster but they are also more complicated, as can be seen
graphically from analysis of the decay data using the ESM
method for measuring lifetime distributions (right panels,
Figure 5C,D). As found for the previous mutants, the ESM
analysis of the bimane-labeled mutants without the Trp
residue is essentially monoexponential (Figure—&B top

B) half of each panel on the right). However, the introduction
g5 ' o 38 Q1238 of the Trp residue results in multiexponential decay char-
g< o7 R ‘ acteristics for most of the sites, which is reflected in the
g2 os0 é %8 | N11oWQ1238 distribution of lifetimes observed in the ESM analysis (Figure
25 o < o ' h 5B—E, bottom half of each panel on the right).

= 000 0.00

C) 4uu V\?asaeleslg;th ?;om)sou *1 Lifelime (ns)10 DISCUSSION
85 ;: JF1288, o o E1288, The fluorescent probe monobromobimane is an excellent
§":~; s N1 eWE1288 S 0z reporter group for protein structural studies. As a probe, it
% 0'25 / ! [ 116W/E128B, ha_ls. a relatively small molgr volume, and thus_ introduces
g2 o'w _ ~ < o0s minimal structyrql p_erturbathn, and shows a defined solvent-

D) w00 a5 s00 om0 o o N i dependent shift in its emlsspn spect& 9).

Wavelength (nm) Lifetime (ns) However, we recently noticed several unusual aspects
g5 10 N132B, o N132B of bimane fluorescence during an SDFL study of T4
§< ors 8 o ' lysozyme: at a number of attachment sites on the protein,
?‘E 0.50 E o NTTGWINTEE ] the bimane fluorescence intensity was abnormally low and
38 o 5 “IIMII the decay kinetics were compleS)(What was the cause of

~ 000 it these anomalies? Closer analysis of the T4L crystal structure

E) 400 v;m I5°° th55° 600 01 1 10 revealed that all of the anomalous bimane sites were close
0= 10 veleng (nm) ,, Lifetime (ns) to a Trp residue, suggesting the tryptophans might be causing
23 ... 1358, o o K135B, the abnormal bimane fluorescence. A search of the literature
§f_§ 0'50 g o2 N supported this theory; in a study of small, bimane-labeled
% % 0'25 3 Ef N116W/K1358, peptides, Kosower and colleagues found that only Trp (and
LE 116VIIK1358; g N l to a much lesser extent tyrosine) affected the bimane

w00 450 50 550 600 ”-"m ' '1-0 fluorescence43). .
Wavelength (nm) Lifetime (ns) Thus, we tested two of the affected sites (K124 and L133)

FIGURE5: (A) Model of T4 lysozyme indicating the-carbon site {0 determine the effect of mutating the proximal tryptophan
for each cysteine substitution and the location of the tryptophan residues to a phenylalanine. In both cases the substitution
residue introduced in this region (N116W). (Left panels; B caused an increase in bimane fluorescence intensity and a
Steady-state fluorescence intensity measurements of mBBr-IabeIedsimp“ficaﬂon of the fluorescence decay kinetics (Tables 1

cysteine mutants with and without the Trp residue introduced at :
site 116. Notice the decrease in fluorescence intensity, especiallyand 2, Figures 2 and 3). Further, we found the reverse to be

at sites 128 and 132, upon introduction of the Trp residue. (Right true: introducing a Trp residue (at site 76) caused quenching
panels, B-E) ESM analyses of proteins in the presence and absenceof a nearby bimane label (at site 72) one turn away on the
of the Trp residue at site 116. Note the low number of apparent same helix (Tables 1 and 2, Figure 4).

lifetimes in the absence of the N116W residue (top half of each : : .
panel on the right side of the figure). This is in sharp contrast to These observations are important for two reasons: they

the multiple species seen in the ESM decay analysis data for somehighlight an interesting property of bimane fluorescence, and
of the same labeling sites containing the Trp residue at site 116 they suggest a possible use of this phenomenon in protein
(bottom half of each panel on the right side of the figure). structure-function studies. Although SDFL scans can yield
information about secondary structural elements and the
specific effects of N116W on the neighboring bimane solvent-accessible surfaces of proteins, determining the three-
fluorescence intensity depend on the relative proximity to dimensional arrangement (packing) of these elements is more
the bimane side chain (Table 1, left panels Figure-&3. difficult. The distance constraints provided by the Trp
What is more important, the distance dependence is inquenching of bimane might provide tertiary structure (pack-
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ing) information to complement secondary structural infor- 16 3. Electron Transfer Rates and Intensity and Lifetime Ratios

mation obtained from an SDFL scan. Calculated from Trp Quenching of Bimane- Labeled Samples
With this goal in mind, we tested whether Trp quenching bimane
of bimane could be used to measure distance separations attachment kert@ kesFa ratio ratio
between sites in a protein, such as between two helices. We  site (x1st)  (x1PsY) ot FolFP
introduced the Trp residue at a location (site 116) that should 124 3.8 4.8 4.5 55
cause different amounts of quenching of bimane labels 133 1.7 4.8 2.2 4.2
attached to neighboring sites. As expected, the Trp mutation 72 14 3.3 2.4 4.2
at site 116 caused variations in the fluorescence intensity/ ﬁg g; gi 411'8 é?
gquantum yields from bimane labels at neighboring sites 123, 132 0.7 4.0 18 53
128, 132, and 135. The extent of the quenching was in 135 0.6 0.3 1.4 1.2

qualitative agreement with the distance between the Trp™ agjectron transfer rates) calculated as described in Materials
residue and these sites on the T4L structure (compare Figureand Methods using the fluorescence intendity?) and lifetime ker?)
5 with the data in Tables 1 and 2). measured with and without the proximal Trp residue. The lifetime
Probable Mechanism for Trp Quenching of Bimane ‘éf""”_ebs 0 “S(ejdf‘.’verdeghe Wei?hted weti’?es aS/S“ming a bieé?"”e““a'
FIuorespence\Nhy do the,prOXimal Trp residues cause such alzs/,?;l lfc()x:’). be'l'lrr:g rat%réf—:hérleh\évrezgee;ce%lafl(jés+(i(r]:t2¢)er?gﬁy;nd
dramatic quenching of bimane fluorescence? The probableyeighted lifetime,r), without (Fo and 7o) and with F. and ) the
cause of the quenching is through photoinduced electronpresence of the neighboring Trp residue, measured with 381 nm
transfer (PET) from Trp to the excited-state bimane. Bimane excitation, as described in Materials and Methods.
is sensitive to quenching by electron-donating grougs; (
43), and the Trp quenching of bimane on peptides was the scope of the present work. Unknown variables in such
proposed to occur by the Trp donating an electron to the calculations include uncertainty in the solvent polarity on
excited-state biman@8). We calculated the possible driving  protein surfaces 4(), as well as distance, steric, and
force for a PET process from Trp to bimane (using tigjr stereochemical factorst§) such as the shape and relative
and E.q values) and found it to bAGe = —0.816 eV, orientation of the two molecule paird9). Thus, instead of
indicating an exergonic and thus likely process (see Materialsapproximating distances from ther rates, we propose a
and Methods). According to the PET fluorescence quenching more simple, qualitative way to assess the proximity of Trp
hypothesis, after electron transfer from the Trp to the and bimane residues directly from the fluorescence data,
proximal bimane, the resulting radical ion pair, Trp-]: described below.
Bim(—-), would undergo reverse electron transfer to return ~ Simple, Qualitatie Way To Classify the Different Types
the bimane to the ground state)$ a radiationless manner.  of Trp/Bimane QuenchingNe propose that comparing the
Similarly, excited-state electron transfer has been ascribedsteady-state and fluorescence lifetime data provides a
to be the cause of tryptophan fluorescence and phosphoresgualitative yet reliable assessment of the proximity of the
ence quenchingdd, 45) and be the cause of the complicated, Trp/bimane pair. In this approach, one first determines the
multiexponential decay properties often observed for the ratio of the fluorescence intensity withoufof and with E)
tryptophan fluorescence in many proteiri®4,(46). The the presence of the tryptophan residd/F,) and then
fluorescence decay data also support a PET fluorescence&compares this value to the ratio obtained from the weighted
guenching mechanism. In every case tested, bimane residuefiuorescence lifetime data without and with the Trp residue
most able to come within contact distance of a Trp residue (zo/t). Note that the weighted fluorescence lifetime data are
showed shorter lifetimes in the two-exponential analysis and proportional to the steady-state fluorescence intenSsidy. (
multiple lifetime species in the ESM analysis, whereas These ratios are then used to assess whether the Trp/
removing the neighboring Trp caused an increase in the bimane pair is “not close”$15 A), “close” (~10—15 A),
lifetimes and a simplification of the ESM decay analysis. or “very close” (5-10 A). Not close pairs are defined as
Assuming a PET quenching mechanism, we calculated ratethose in which no effect of Trp on the bimane fluorescence
constants for the electron transfer from Trp to bimakeg)( is observed. Close pairs are those showing significant
for each of the mutants. These rates were calculated asdynamic fluorescence quenching, i.e., quenching that occurs
described in Materials and Methods and are given in Table because the two species are able to collide during the lifetime
3. The calculatedier rates (maximum value-5 x 1% s™%) of the bimane excited state. Dynamic quenching is indicated
are in reasonable agreement with a PET mechanism. Notewhen both the steady-state fluorescence intensity and fluo-
that both the changes in fluorescence lifetime and the changesescence lifetimes decrease by roughly the same amount (i.e.,
in fluorescence intensity were used to calculatektheates. Fo/lFw > 1, 1oltw > 1, andFo/Fy ~ 1o/ty) (51).
This approach avoids the possibility of missing very rapid  We are defining very close Trp/bimane pairs to be pairs
PET occurring from proximal conformers that would be too for which static fluorescence quenching is observed. Static
fast to detect with our lifetime instrumentation, as it would quenching is indicated when the fluorescence intensity
still appear as a decrease in steady-state fluorescencelecreases but the fluorescence lifetimes do not change (i.e.,
intensity. Several instances whedg™ > kegr® can be seen  Fo/Fy, > 1, butzy/ty ~ 1) (51). Static quenching can occur
in Table 3. only when two molecules are initially very close (i.e., within
In principle, it should be possible to use thédge rates, contact distance) at the moment of fluorophore excitation.
combined with the driving force for the PET, to determine At these close distances, the quenching occurs because the
distances between the Trp donor and bimane acceptortwo molecules have either formed a ground-state, nonfluo-
Unfortunately, to accurately assess distances between the Trpescent complex or alternatively because they undergo a
and bimane pairs using the calculated rates is beyond  “dynamic” quenching process so rapid that it cannot be
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process. Note also that the absorption spectrum is altered
for mutant N116W/N132Bcompared to mutant N132B
also suggestive of a ground-state complex for the former
mutant (Figure 6C). Note further that the same conclusions
can be reached by comparing the ratio of kag andker"
rates for each mutant.

ConclusionWe have shown that Trp quenching of bimane
fluorescence can be used to measure proximity within
proteins. The amount of quenching depends on the distance
between the two molecules as well as on their ability to come
within contact, and thus these constraints limit the number
of Trp/bimane pairs that are able to show quenching.
However, these limitations are also a strength of this method,
since it is only sensitive to local, short-range interactions
that are difficult to measure using longer range FRET
methods. Another advantage of this method is that these
short-range interactions can be measured using widely
available fluorescence instrumentation and requires only
minimal amounts of sample. More quantitative interpretations
of distance constraints await further studies, including anal-
ysis of crystal structures of bimane-labeled samples combined
with molecular modeling and analysis of the time-resolved
data using the distance-dependent quenching model of Zelent
et al. 63). Work of this type is currently underway in our
laboratory. Because the Trp quenching of bimane is easily

FicUrRe 6: Fluorescence decay profiles and steady-state intensitiesetected, we anticipate this phenomenon will be useful in

indicate that some T4L mutants show dynamic quenching and others

protein folding studies, the detection of protejrotein inter-

static quenching. (A) Fluorescence decay profiles of bimane at sites™ ~. o - .
124 and 132. The profiles are shown as log fluorescence intensity@ctions, and the monitoring of protein conformational
to more easily allow comparison. Notice that the decay at site 124 changes.

changes sharply in the presence of the Trp residue (suggesting a

dynamic quenching mechanism), whereas the decays at site 132ACKNOWLEDGMENT

show very similar rates (indicating the quenching occurs through
a static-like mechanism). (B) Graph comparing the ratio of steady-
state intensitesFy/F,) and fluorescence lifetimest{z,). (C)

We thank Dr. A. Beth for critical reading of the manu-
script.

Absorption spectra of bimane labels attached at sites 124 and 132

with (dashed line) and without (solid line) the presence of the
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