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ABSTRACT. We report an investigation of how much protein structural information could be obtained using

a site-directed fluorescence labeling (SDFL) strategy. In our experiments, we used 21 consecutive single-
cysteine substitution mutants in T4 lysozyme (residues FKIE5), located in a helixturn—helix motif.

The mutants were labeled with the fluorescent probe monobromobimane and subjected to an array of
fluorescence measurements. Thermal stability measurements show that introduction of the label is
substantially perturbing only when it is located at buried residue sites. At buried sites (solvent surface
accessibility of<40 A?), the destabilizations are between 3 and 5.5 kcal/mol, whereas at more exposed
sites,AAG values of<1.5 kcal/mol are obtained. Of all the fluorescence parameters that were explored
(excitation Amax €MIissionimax fluorescence lifetime, quantum yield, and steady-state anisotropy), the
emissiontmaxand the steady-state anisotropy values most accurately reflect the solvent surface accessibility
at each site as calculated from the crystal structure of cysteine-less T4 lysozyme. The parameters we
identify allow the classification of each site as buried, partially buried, or exposed. We find that the
variations in these parameters as a function of residue number reflect the sequence-specific secondary
structure, the determination of which is a key step for modeling a protein of unknown structure.

Fluorescence spectroscopy is ideal for studying the tween regions of a protein can be detectet] 12) and three-
structure, function, local environment, and dynamics of dimensional protein models can be generafe-(5). Key
proteins (—5). Unfortunately, frequently no fluorescent to the SDSL approach is the fact that introduction of the
molecule (or site to which to attach one) is present in the spin-label probe does not result in large changes in the
region of interest. Site-directed mutagenesis has recentlystructure at the level of the backbone fold.
solved this problem, by allowing the introduction of a probe  The purpose of this paper is to examine systematically
anywhere in the structure that the folded protein will tolerate, what level of protein structural information can be obtained
enabling a more systematic application of fluorescence to using an analogous site-directed fluorescence labeling (SDFL)
structural studies. Recently, a number of studies have shownapproach. Thus, we set out to determine (1) what affects the
the power this new ability gives to fluorescence studies of introduction of the fluorescent probe has on a protein
protein structure and dynamic6—8, 9). structure and (2) which fluorescent parameters reliably

Similarly, it has recently been established that through the encode protein structural information. For this purpose, we
combination of site-directed mutagenesis and electron para-determined the structural and functional consequences of
magnetic resonance (EPR) spectroscopy, regular segmentiitroducing the fluorescent probe monobromobimane
of protein secondary structure can be identified [for a review, (MBBr)* into a protein sequence. An example is shown in
see Hubbell et al.10)]. In these types of studies (called site- Scheme 1. We chose mBBr as it is a relatively small,
directed spin-labeling, or SDSL), cysteine residues are uncharged fluorescent label (about the size of a tryptophan
systematically engineered, one after another, into a definedor spin-label), is sensitive to changes in the polarity of the
region of a protein. A nitroxide spin-label is then attached Surrounding solvent, and has been well characterized by
to the cysteines, and the mobility and solvent accessibility Kosower and colleague&). Furthermore, London and co-
of each label are determined from analysis of the EPR data.workers have recently shown that bimane is an excellent
Through the combination of SDSL scanning and distance probe for use in SDFL studies of membrane protei.(
measurements between pairs of nitroxides, movement be-As a model protein system, we chose T4 lysozyme, because
of the vast amount of thermodynamic and structural data that
is available for this protein. The studied region consists of a
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components were purchased from Fisher-Biotech except
guanidine hydrochloride, which was purchased from Gibco
BRL. The cysteine-free pseudo-wild-type lysozyme gene
containing the substitutions C54T and C97¥8)was kindly
provided by F. W. Dahlquist (University of Oregon, Eugene,
OR). This will be called the “wild type” or T4L.

The buffers used were as follows: buffer A, 50 mM
MOPS, 50 mM Tris, and 1 mM EDTA (pH 7.6); buffer B,
0.1 M Tris-HCl and 0.1 M NgEDTA; buffer C, 20 mM Tris-
HCl and 1 mM Cadl (pH 8.0); buffer D, 20 mM Tris, 20
mM MOPS, 0.02% sodium azide, 1 mM EDTA, and 1 mM
DTT (pH 7.6); buffer E, 20 mM KHPQO, and 25 mM KCI
(pH 3.0); and buffer F, 50 mM MOPS, 50 mM Tris, 1 mM
EDTA (pH 7.6), adl 3 M guanidine hydrochloride.

FiGure 1: Model of cysteine-less WT T4 lysozyme based on the ~ Construction of T4L MutantsSite-directed mutagenesis
crystal structure showing the location of cysteine mutant sites that \yas carried out using polymerase chain reaction (PCR)

were labeled with monobromobimane. The black balls show the g .
relative positions of eaclw-carbon substituted with a cysteine methods 9). Two new restriction siteSph andXbd, were

residue. introduced into the previously described plasmid using the
overlap extension method. Synthetic oligonucleotides con-

Scheme 1: Reaction of the Monobromobimane (mBBr) taining the X to cysteine substitution and overlapping either
Label with a Cysteine Residue To Produce an S-Bimane of the restriction sites were used to generate PCR fragments.
Side Chain The PCR fragments were then digested and ligated into the

o 0 appropriate cloning vector. All mutant constructs were

“ﬁj&r,u)ﬁg”“ + Protein - SH confi_rmed by DNA sequencing. Mutants are nameq by
wel N specifying the original residue, the number of the residue,
’ Br and the new residue, in that order. For example, the code

. o T115C indicates that the native threonine residue at amino
! ﬁN o acid position 115 was mutated to a cysteine.
&gczs Expression and Purification of T4L Mutantdutant
proteins were expressed as described previo@8)y Briefly,

s Ca
\ep/ competent K3&. coli cells were transformed with the T4L

cysteine mutant plasmid2{), and protein production was

helix—turn—helix motif, and thus provided enough structural induced in log phase cultures (@of 1.2) by the addition
variation to allow generalized conclusions to be made Of IPTG (1 mM). After being shaken for 120 min at room
(Figure 1). temperature, the cells were harvested by centrifugation (3500
rpm for 15 min). The cell pellet was resuspended in 30 mL
of buffer D; the cells were lysed using a French press, and
the suspension was then spun at 10 000 rpm for 30 min and
filtered (0.45um). DTT was added to the filtered cell solution
to a final concentration of 20 mM, and after 30 min, the
solution was loaded onto a Pharmacia Biotech HiTrap 1 mL
SP anion exchange column equilibrated with buffer A. The
samples were eluted with a salt gradient (ramped from 0 to
1 M over the course of 20 min). The protein concentration
was determined by UV absorption at 280 nm using an
extinction coefficient for T4 lysozyme of 23 327 L crh
mol~. Protein purification was assessed by SIFAGE,
and all mutants were judged to be at least 90% pure.
Fluorescence Labeling of T4L Mutantsabeling of each
lysozyme mutant was accomplished using ax1folar
excess of the fluorescent label in buffer F &Clovernight.
The labeled protein was separated from free label using a
Pharmacia Biotech HiTrap 5 mL desalting column (equili-
MATERIALS AND METHODS brated with buffer A). The labeling efficiency for each mutant
was calculated from the absorption spectrum measured using
Materials. Monobromobimane (mBBr) was purchased a Shimadzu UV 1601 U¥vis dual-beam spectrophotometer,
from Molecular Probes. Quinine sulfate monohydrate was using the following extinction coefficientse,go = 23 327
purchased from Aldrich Chemical Co. The reagenis L cm™! mol™ for T4 lysozyme andezgo = 5000 L cnr?t
cysteine andescherichia colstrain B were from Sigma. The  mol~ for mBBr (ane,go of 17 727 L cnt? mol~* was used
solvent dioxane was purchased from Mallinckrodt. Neutral for mutant W126C). The contribution from mBBr at 280
density filters, long-pass filters, and interference filters were nm was subtracted before calculating the protein concentra-
from Oriel Corp. All cuvettes were from Uvonics. All buffer  tions. Incubation of the cysteine-less WT protein showed that

The experiments involved constructing 21 sequential
cysteine mutants in T4 lysozyme (T4L), reacting each with
the fluorescent mBBr label, and then subjecting the lot to
analysis using an array of fluorescence techniques. The
general conclusions from our work are (i) the mBBr label is
only substantially perturbing to the protein stability and
function when introduced into a buried site, (ii) the solvent
accessibility of the protein is reliably reflected in the
fluorescence emissiohnaxand steady-state anisotropy values,
and (iii) the fluorescence excitatioimay, fluorescence
lifetime, and quantum yield values do not simply reflect the
three-dimensional structure of the protein. Several strengths
of the SDFL approach we describe include the small amount
of sample required for the measurements, the commercial
availability and relative ease of use of the methods described,
and the ability of the bimane label to monitor the apparent
polarity at sites on a protein structure.
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the level of background labeling was less than 1% as judgedat which half of the protein is in the native, folded state and
by fluorescence. half is in the denatured, unfolded state).
The nomenclature used throughout the rest of the paper Rearranging the above equation (at equilibrium) results
is outlined below. Mutants labeled with mBBr are named in
by specifying the original residue, the number of the residue,
and the suffix B, indicating the monobromobimane label. T = AH,
For example, the code T115Bndicates that the native m o AS,
threonine residue at amino acid position 115 has been
mutated to a cysteine and reacted with the mBBr label.  Using this relationship, th&y, of each mBBr-labeled mutant
Protein Actiity Assays The enzymatic activity of each  was determined by fitting the steady-state fluorescence melt
mBBr-labeled mutant was assessed by monitoring changesdata (F) to the following equatior24) to obtain values for
in light scattering as the T4L digests a suspension of AH, andAS;:
peptidoglycanZ?). In brief, peptidoglycan was isolate@3)
and suspended in buffer C for the activity assays. Each assay Fon T ST + (Fou + syT) x gl TAHeFTAS)RT
measured light intensity at 365 nm (5 nm band-pass) from a F= (—AHy+TAS)RT
358 nm (1 nm band-pass) excitation beam using a PTI 1+e
steady-state fluorescence spectrophotometer (PTI). To initiatewhere Fox
the assays, pL of mBBr-labeled lysozyme mutant (@M

is the fluorescence intensity of the native state

. ) . and Fqy is the fluorescence intensity of the unfolded state.
In EUﬁﬁr A) Wasl added to 35’@" ?; peptl_dogycalm s(,jolu_uon, h The variablesy ands, represent the temperature dependence
and the samples were stirre CO”“”UOUSY uring the (baseline slope, assumed to be linear) of the fluorescence
measurement. The activity rates were determined from thefor the native state and unfolded state, respectiveh,® is

[Pki]tial slope of a plot of change in Iiggt intensity versus tirr;eh the enthalpy change, an,° is the entropy change for the
_lg mutant's gqt|V|t||\</Ts are reported as a pkerce_ntagelp theyo-state unfolding reaction,
wild type's activity. Measurements were taken in triplicate i the assumptions put forth by Becktel and Schellman

at 20°C and averaged. . . . (27), AAG values for each mBBr-labeled T4 lysozyme
Assessment of Thermodynamic Stabilltige stability of mutant were calculated using the approximation
each mBBr-labeled mutant was assessed by analyzing its

thermal unfolding properties24, 25), by monitoring the AAG = AT, x AS,,
tryptophan fluorescence emission intensity at 320 and 350
nm as a function of temperature. At the point of thermal whereAT,, is the difference in melting temperatures between
denaturation, the emission at each of these wavelengthshe mutant and the wild type and th&,, value is the change
changes due to the solvent sensitive property of tryptophanin entropy between the folded and denatured states of the
fluorescence44, 26). wild-type protein The thermodynamic properties of each

The thermal melts used 2M labeled protein dialyzed  mutant were determined by measuring th&., and then
against buffer E and were carried out using the PTI steady- calculating theAAG value [using the approximation that
state fluorescence spectrophotometer in a T-format. The AAG = AT, x ASy (27)], relative to the cysteine-less WT
samples were excited at 280 nm, and the tryptophan protein. All calculations and nonlinear least-squares analyses
fluorescence emission was monitored at 350 and 320 nm,were carried out using Sigma Plot 5.0 (SPSS Inc.).
using 3 nm slit widths on both the excitation and emission  Sobent Sensitiity of Model Bimane Compound (mBBr-
monochromators. The melts involved ramping the temper- Cys). The sensitivity of the mBBr absorbance spectra to
ature from 6 to 80C at a rate of ZC/min, after which the  solvent polarity was assessed by reacting mBBr 440
samples were cooled to & to determine the extent of  with L-cysteine (20QuM), and then measuring the absor-
protein refolding. The mutants exhibited greater than 75% bance spectrum in dioxane/water mixtures ranging from 0
refolding, as judged by the extent to which the ratio returned to 100% (v/v) dioxane at 22C. Similarly, the solvent
to its starting value. The melts were carried out in duplicate, sensitivity of the mBBr-Cys fluorescence properties was
and the reported, values are the average of the two melts. determined using a 2M solution of the mBBr-Cys from
To avoid photooxidation, the samples were only exposed to the stock described above and the same conditions. Wave-
the UV excitation light for 5 s/min during the temperature |ength maxima were determined from the first derivative of
ramping process. the spectra.

The thermal melt data were analyzed assuming a two- Steady-State Fluorescence Measurements of Mufgings.
state model (native folded state and totally denatured state)steady-state fluorescence measurements of mBBr-labeled

in equilibrium @4, 25): mutants were taken at 2Z, using a «M sample in buffer
A and the PTI fluorometer, unless noted otherwise. The
folded (F)<> unfolded (V) fluorescence excitation spectra were measured from 300 to

450 nm, using an integration time of 1 s, a step size of 1.0

At equilibrium, the above assumption can be used to obtain nm, and a corrected emission signal at 490 nm. Excitation
slits were 1 nm band-pass, and emission slits were set at 15
AG=AH,—T,A§=0 nm band-pass. The fluorescence emission spectra were

measured from 395 to 600 nm while exciting at 381 nm,

whereAG refers to the free energy for the unfolding reaction, using an integration time of 1 s, a step size of 1.0 nm, and

AH, is the enthalpy of unfoldingAS, is the entropy of a corrected emission signal. To maximize the resolution in
unfolding, andTl, is the melting temperature (the temperature the emission data, emission slits were kept at 1.0 nm band-
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pass and excitation slits were set at 10 nm band-pass. Alldone in triplicate, and the average steady-state anisotropy
measurements used real-time excitation correction. was reported.

Quantum Yield MeasuremenfBhe quantum yields for Calculation of the Selent-Accessible Surface AreBhe
each mBBr-labeled mutant were measured using the relationsolvent-accessible surface area of each residue in the range
(29 of T115-K135 was calculated using a probe radius of 1.4
A, using the program ICM Lite33, 34), and the crystal
structure coordinates of a cysteine-less WT T4 lysozyme
mutant (PDB file 1L63;35).

Time-Resaled Fluorescence Emission SpectrBime-
where subscripts st and x refer to standard and unknownresplved emission spectra were measured using the PTI
solutions, respectively® is the quantum vyieldF is the | aserstrobe instrument. Briefly, this involved measuring the
relative integrated fluorescence intensity, and OD is the emission intensity at a user defined time after the excitation
optical density at the exciting wavelength. Quinine sulfate |aser pulse. To generate an emission scan, the measuring

F, OD

*

st F,, OD,

D, =P

(quantum yield equal to 0.5%1i1 N H,SO,) was chosen as

process was repeated at different wavelengths, a process

the standard. Corrected emission spectra were taken usingtomated by the PTI instrument. The time for the scan after

360 nm excitation (3 nm slit width), from 370 to 700 nm (1
nm band-pass) at 22 for 10uM samples of the bimane-

the excitation pulse was selected using a Stanford Digital
delay line. Spectra were recorded using the monochromator

labeled lysozyme mutants and for the quinine sulfate (5 nm band-pass) 1 ns after the excitation pulse, and then
standard. The buffer intensity was subtracted from each again after a time corresponding to three average lifetime
sample and from the standard before integration from 370 gecays. A 361 nm excitation wavelength was used to reduce
to 625 nm. light scattering over the emission wavelength region that was

_ Fluorescence Lifetime Measuremerithe fluorescence  measured, although similar results were obtained using 381
lifetimes of the mBBr mutants were measured using a PTl nm excitation.

Laserstrobe fluorescence lifetime instrument, which consists Fourier Transform Spectral Density CalculatioRourier

of a nitrogen-pumped dye laser and a stroboscopic detectoryanstorm power spectrab(w), were calculated for the
Measurements were taken at 22, using 381 nm excitation average of the emissiofimax values and the steady-state

phulsesh(fwlhm~ 15 ?IS) while monitoring the emissiond anisotropy values and compared to the power spectrum of
through a long pass filter{470 nm). Measurements used e residue solvent accessibility (accessibility calculated from

250uL of a 10uM sample placedi a 4 mmblack-jacketed b orystal structure of T4 lysozyme). The calculations were
cuvette ar_ld represent two averages of five shots per pomt’performed following methods previously describéd, (36,
collected in 150 channels. A 298135 nm band-pass filter 37 " gyjefly, the fast Fourier transform of the data was

was also used on the excitation beam. The instrumentyoiormined and the spectral density calculated by summing

response function (IRF) was determined by measuring light e square of the real and the square of the imaginary portions
scatter from a solution of Ludox through a 400 nm broadband ¢ e fast Fourier transform. The calculations were made
interference filter. Data were acquired using an arithmetic using Sigma Plot 5.0 (Jandel Scientific).

data collection method, and analyzed using the commercial
PTI software. Both a two-exponential decay model and the ResyLTS
Exponential Series Method (ESM2%-32) were used in
the analysis. The ESM method fits the decay data using a Our goal in this paper was to assess quantitatively whether
series of exponentials as a probe function with fixed, site-directed fluorescence labeling (SDFL) could be used to
logarithmically spaced lifetimes and variable pre-exponentials obtain protein structural information at the level of the
to differentiate between continuous lifetime distributions and backbone fold. We also wanted to determine if the solvent-
discrete, multiexponential decays. The ESM analysis was sensitive properties of bimane could be used to estimate
allowed to fit the decay data using 100 discrete lifetimes of apparent polarity at the site of labeling. Toward these goals,
varying amplitude from 0.1 to 30 ns and proceeded ydtil  we prepared 21 single-cysteine substitution mutants (Figure
was minimized. 1) and reacted each with the fluorescent probe mBBr
Steady-State Fluorescence Anisotropy Measuremenés.  (Scheme 1). The region we chose to study (amino acids
steady-state fluorescence anisotropywas measured using  T115-K135) represents an-helix—turn—helix secondary
the PTI instrument, by comparing the polarization of the light motif (35, 38), and thus serves as a good case on which to
emitted to the polarization of the excitation light: test our methodology. The labeled mutants were first
characterized and then subjected to an array of fluorescence
_ =Gl measurements, the results of which are described below.
1,4+ 26l Characterization of mBBr-Labeled T4L MutanTable 1
reports the labeling efficiency as well as the functional and
wherel; andl refer to the intensity of fluorescence emission thermodynamic stability of the mBBr-labeled mutants. As
parallel and perpendicular to the plane of excitation light, can be seen, all the T4L mutants could be labeled at an
respectively. Th&-factor was determined before measuring essentially 1:1 ratio, whereas the cysteine-less “WT” protein
the anisotropy of each mutant to correct for bias in the exhibited a less than 1% level of labeling (data not shown).
monochromator. Anisotropy measurements were carried outThe functional activity results, which measured the labeled
at 15°C using each lysozyme mutant ) in buffer A. mutants’ ability to breakdown a preparation Bf coli cell
Excitation was at 381 nm (4 nm slits), and emission was walls (22), indicate that some mutants have impaired activity,
collected at 475 nm (5 nm slits). The measurements wereespecially those at buried sites. The thermodynamic stability

r
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Table 1: Characterization of Bimane-Labeled T4 Lysozyme Mutants

AT2at AAG® AAG?

mol of label activity 320 nm AT,P at 350 (kcal/mol) (kcal/mol)
mutant per mol of protein (% of WT) (°C) nm/320 nm {C) at 320 nm at 350 nm/320 nm
T115C 1.0 2 -1.0 -0.5 -0.3 -0.1
N116C 1.0 25 —-2.1 —2.0 —0.6 —-0.6
S117C 1.0 0 —10.1 —-11.4 -3.1 -3.2
L118C 1.0 3 —-14.7 —14.2 —4.5 —4.0
R119C 0.9 69 -0.8 -0.5 -0.2 -0.1
M120C 0.8 80 -5.5 -5.3 -1.7 -15
L121C 1.0 0 -15.1 —15.4 —4.6 —4.4
Ql22C 1.3 51 —-1.2 -1.0 —-0.4 -0.3
Q123C 1.0 71 -0.1 0.3 0.0 0.1
K124C 0.9 61 =27 —-2.5 —-0.8 —-0.7
R125C 1.0 72 -1.9 -1.6 -0.6 -0.5
W126C 0.9 5 -12.1 -11.6 -3.7 -3.3
D127C 0.9 40 —-1.4 —-14 —-0.4 -0.4
E128C 1.1 41 -1.3 -1.8 -0.4 -0.5
A129C 1.1 0 —-11.5 —-12.4 —-35 —-3.5
A130C 0.9 76 -3.1 —-4.7 -1.0 -1.3
V131C 0.9 122 0.8 0.7 0.2 0.2
N132C 0.8 80 15 1.8 0.5 0.5
L133C 11 18 —22.0 —19.5 —6.8 -5.5
Al134C 0.9 138 -0.9 -1.0 -0.3 -0.3
K135C 0.8 15 —0.8 —0.6 —0.2 —0.2

2 Wild-type T, (determined from 320 nm fluorescence)52.9°C.  Wild-type Tr, (determined from 350 nm/320 nm fluoresceneeb2.4°C.
CAAG = ATm x ASy (ASw = 305.7 cal moft K7%), calculated using the 320 nm dataAAG = ATy, x ASw (ASw = 284.6 cal mott K1),
calculated using the 350 nm/320 nm data.

theoretical basis for using the single-wavelength values is

- 20.0
1o 517-5- more firmly established2d). Note that the ratio of fluores-
3ol cence at 350 nm to that at 320 nm eliminates the sloping
075 { §1004 350 nm baseline that is caused by the inherent temperature depen-
NS 320 nm dence of tryptophan fluorescence. The measurements indicate
that protein stability is generally impaired only for mutants

whose labeled site is buried in the protein structure.

Spectral Properties of mBBr-Labeled Mutanigure 3

WT shows how the spectral properties of mBBr-labeled mutants

can vary at different sites. The spectra show that an exposed

site (E128B) has a much greater red shift to its spectral

properties than a buried site (L133BTable 2 reports the

0 25 30 25 40 a5 2o 5 oo o5 70 Amax values_ of all the mutants. Previous studies have shown

Temp (°C) that mBBr is a solvent-sens!tlve fluorophot®9); thus, the

differences in the spectral shifts of the mBBr-labeled mutants

FIGURE 2% t_Thefmf:l (:er_}%turalti(zn r(])f WIhT4 ||Yf_02y:j|“e and a gre likely related to this sensitivity. This subject will be
representative mutant. The plot shows the relative fluorescence ; ; ;

change in T4AL determined from the ratio of 350 nm to 320 nm explored further in the Discussion. - )
fluorescence as the temperature is increased. The inset shows the We tested whether the solvent-sensitive properties of

raw data from the melting experiments. Note that at both wave- mBBr could be used to establish a scale for evaluating the
folowod by & rolative mrease In 350 nm emission a8 the proten Suuctural classification” of a given mutant. To provide a
unfolds. y P reference calibration, we measured the spectral properties
of mBBr reacted with cysteine in different mixtures of
was measured by monitoring the intrinsic tryptophan ﬂuo_ dioxane and water. The measurements Of th|S m0de| com-
rescence with increasing temperatu?d)( Table 1 reports ~ Pound (hereafter termed mBBr-Cys) enabled us to compare
the thermal unfolding temperatures determined by monitoring the mBBr mutant values with an “apparent polarity” scale.
the fluorescence signal at a single wavelength, 320 nm, andWhile the apparent polarity values thus generated are based
by monitoring the ratio of fluorescence at 350 nm to the On an arbitrarily chosen reference, they allow for an
fluorescence at 320 nm. The inset of Figure 2 shows how instrument-independent comparison scale; i.e., any systematic
the fluorescence signal changes at 350 and 320 nm with€Tor in wavelength accuracy for a particular instrument is
increasing temperature. Notice the fluorescence changes thaformalized by measuring the model compound apparent
occur at the unfolding transition (due to the exposure of the Polarity scale on the same instrument.
tryptophan residues upon unfolding). Examples of thermal In all the spectroscopic measurements,thg of mBBr-
melt curves obtained using the ratio of fluorescence (350 Cys varies as a function of the solvent dielectric constant
nm:320 nm) is shown if Figure 2. These measurements were(achieved by varying the dioxane concentration). As shown
used to calculate thAAG values reported in Table 1. Both in the insets of Figure 3, two linear regions are observed in
approaches produce almost identical results, although thethese measurements, one frenr 2 to ~10, and a second

0.25 A

Normalized Fluorescence Ratio
(350/320nm)
(=)

o

o

S
1

-
o



16388 Biochemistry, Vol. 38, No. 49, 1999

Mansoor et al.

(A) Table 2: Spectral Characterization of Bimane-Labeled T4
oz 38 L Mutants
ysozyme Mutan
o L133B, g0 -
E1288 £ 385 mBBr bimané
0" ! % a0 absorbanceexcitatiort emissiofi quantum  SS anisotropy
g = s mutant  Amax(NM)  Amax(NM)  Amax(nm) yield (D) (x1079)
g 0.10 70 T115B 387.9 385.7 468.6 0.15 102466.2
§ 0 10 20 30 40 50 60 70 80 N116B, 388.2 386.3 469.6 0.18 107490.2
< 260 v Dielectric Constant (z) S1178 385.5 383.6 462.9 0.20 15543.7
0.05 | L118B; 387.1 384.5 467.7 0.16 1439€1.3
R119B 387.4 386.2 471.1 0.15 9247 3.0
M120B; 380.9 380.2 467.5 0.26 105461.8
0.0 . ‘ . L121B, 386.1 385.7 464.7 0.08 128486.3
250 300 350 400 450 500 550 600 650 Q122B, 388.6 386.8 467.2 0.24 113#44.8
Wavelength (nm) Q123B 389.1 387.4 469.8 0.24 8895.0
(B) (©) K124B; 393.3 388.8 471.2 0.04 146468.0
R125B 383.2 381.7 472.7 0.23 8336.0
per—r T —— W126B,  387.7 385.4 467.3 0.23 12640.7
nm nm  agp
470 D127B, 388.1 387.5 470.5 0.20 6851.7
1.00 Eoes 100 Ewo E128B 400.5 399.6 470.9 0.19 135430.9
Fowo Easo Al129B; 386.9 388.3 466.8 0.09 116#43.7
5 <75 H = o A130B; 383.4 383.3 467.6 0.26 128480.6
< 07 0751 ¢ 0 V131B; 381.3 378.1 468.4 0.22 101431.6
3 Ooicaetnc Gongtant &3 : ® bietetric Constant 6 N132B 387.8 386.2 468.8 0.35 9640.6
c IS L133B; 379.8 378.9 456.3 0.08 174489.6
§ 0.50 050 42 Al34B; 379.8 377.8 462.0 0.17 161493.1
g 5 K135B; 391.5 389.7 472.4 0.17 6084.1
£ 02 0z b @Emission collected at 490 nrhExcitation at 381 nm¢The
’ K uncertainty is in the mean of three measurements.
0.00

440 480 520 560 600 640
Emission 2 (nm)

360 400 440 480

Excitation A (nm}

520

Ficure 3: Solvent sensitivity of the absorbance, fluorescence
excitation, and fluorescence emission of mBBr. Examples show
mBBr on an exposed site on T4L (E128Black line) and at a
buried site (L133B, O). The inset in each figure shows the linear
dependence of mBBr-Cys on the solvent polarity, achieved by
varying the dielectric constant of the solvent through the use of
different combinations of water and dioxane. (A) Solvent sensitivity
of absorbance spectra. (B) Solvent sensitivity of fluorescence
excitation spectra. (C) Solvent sensitivity of fluorescence emission
spectra.

from ¢ ~ 18 to 80. Each of these linear regions could be fit
to a line of the formW = mD + b, whereW s the absorbance
wavelength (nanometers), is the slope of the lineD is
the dielectric constant), andb is they-intercept. The results

from those of buried and exposed sites. Thus, three distinct
classes of sites can be identified on the basis of the steady-
state anisotropy. The error bars shown in Table 2 are the
standard error uncertainty in the mean of the three anisotropy
measurements for each mutant.

Quantum YieldThe relative fluorescence decay properties
of each labeled mutant were checked by measuring its
quantum vyield 28). The values reported in Table 2 are
averages of two measurements. It can be seen that the
guantum yields of the mBBr-labeled mutants vary in a
sequence-specific fashion, with values ranging from 0.35
down to 0.04.

Fluorescence Lifetime3he fluorescence lifetimes of the
mBBr-labeled T4L mutants were measured and analyzed
using both a two-exponential fit and the exponential series

of the spectral calibration measurements are summarized asnethod 29—31). The two-exponential fit results are reported

follows: absorbance)N = 1.06(nmé)D + 369.8 nm (fore
= 2-10), andwW = 0.18(nm¢)D + 380.2 nm (fore ~ 18—
80); fluorescence excitatioly = 0.56(nmé)D + 371.5 nm
(for e = 2—10), andW = 0.17(nmé)D + 376.8 nm (fore
~ 18—80); and fluorescence emissialt,= 1.98(nmé)D +
433.7 nm (fore = 2—10), andW = 0.28(nmé)D + 452.7
nm (for ¢ ~ 18—80). The apparent polarity values thus

in Table 3. The fits from the exponential series method are
graphically shown in Figure 4. Although the fluorescence
lifetime of mBBr-Cys in water is well-described using just

a single-exponential decay, the lifetimes of mBBr attached
to T4L differ dramatically, depending upon the location of

the label on the mutant (Table 3 and Figure 4). These
differences were further explored using the ESM analysis,

generated by these relationships are used in the Discussionwhich show for several mutants, the fluorescence decays are

Note that the two different linear regions of mBBr sensitivity
to solvent polarity have previously been observed by
Kosower and colleague89).

Measurement of the mBBr Fluorophore Mobilitfhe

well fit only using a broad distribution of lifetimes and/or
multiple distributions of lifetimes. This is especially clear
in mutants L121B, K124B,, W126B,, A129B,, and L133B
(Figure 4). This broad distribution and multiple populations

second parameter expected to reflect the local atomic densityof lifetimes could be due to several factors, including the
around the site of attachment is the mobility of the probe. conformational heterogeneity of the flourescent label in either
The mobility of each mBBr label attached to the T4L mutants the ground state or excited states, or the heterogeneity of
was assessed by steady-state fluorescence anisotropy medhe protein structure.

surements. Variations are observed in the anisotropy values Time-Resaled Fluorescence Emission SpectrAs a
(Table 2). Generally, labels at buried sites exhibit a higher followup to the fluorescence lifetime studies, the environment
steady-state anisotropy than those at exposed sites, indicatinground the mBBr labels in the excited state was probed for
that the dense packing at buried sites restricts the rotationalseveral mutants by recording time-resolved emission spectra.
mobility of the probe. Similar to the shift in the emission These experiments measured the emission spectrum 1 ns after
wavelength, the anisotropy values at contact sites are distinctthe excitation pulse, and then again after three average
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Ficure 4: Fluorescence decay data from the 21 mBBr-labeled T4L mutants analyzed using the exponential series method. Data were fit
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by allowing the amplitudeytaxis) of 100 evenly spaced lifetimes-#xis) to vary until the best fit of the data was achieved (definegfas
= 1). Notice that a broad distribution of lifetimes is required to fit the data for many of the buried sites (e.g., L WIF5B,, A129B,,

and L133B), suggesting heterogeneity of the emitting species.

Table 3: Results of the Two-Exponential Lifetime Fits for the

(A)

)

Fluorescence Decay Measureménts 10 10 .o
. 05 0| pholise L133B,

mutant 71 (ns) a1 f1(%) w(ns) o (%) y o o

T115B, 7.86 0.86 93 113 0.07 7 110 5ol 5 ol

N116B; 8.83 0.84 86 1.59 0.14 14 0.81 SO <

S1178 1112 083 89 1.02 010 11 114 8 o 8 %%%9

L118B; 9.63 0.67 66 1.63 0.35 34 1.28 8 04l ! 8 o ‘z,%a

R119B 828 092 98 008 002 2 098 g0 S 4 *y

M120B, 11.22 0.94 95 0.18 0.05 5 1.07 E_g‘“ é 021 ‘

L121B, 8.52 0.68 63 155 040 37 1.05 on § o1 F

Q122B 882 0.96 70 024 042 30 121 o0 o maany o] Lo

Q123B 9.78 0.75 99 0.002 0.01 1 1.05 20 40 480 480 50 520 540 420 440 460 480 500 520 540
K124B, 4.86 0.29 17 1.20 1.41 83 1.04 Emission Wavelength (nm) Emission Wavelength (nm)
R125B 9.67 1.06 91 0.01 0.10 9 1.04

w1268, 9.12 0.73 80 053 018 20 101 Fgure5: Time-resolved emission spectra of E1288xposed site)
D127, 838 1.04 92 075  0.09 8 096  and L133B (buried site). (A) Normalized time-resolved emission
Ei28 870 1.06 100 086 001 — 0.85 spectra of solvent-exposed mutant E128bectra were recorded
Al29B, 875 091 61 095 057 39 0.88 1 ps after the pulse (black line) and again after 26 @x The
A130B, 964 084 90 104 009 10 094  |ater delay time was chosen to allow three average lifetimes to
vi3ig, 819 1.03 90 050 012 10 126  pasq after which-85% of the excited molecules will have decayed.
N132B, 1180 092 8 029 015 14 104  Note that no change in emissidpayis observed. (B) Normalized
,I&llziBBli g-% 2-6‘; 22 é-gg é-gg gi 8'32 time-resolved emission spectra of buried mutant L133&8ken 1
K135, 876 079 79 112 021 >1 0.92 ns after the pulse (black line) and again after 9@ @Again, the

a Excitation wavelength of 381 nm; emission collected usingdda0
nm long-pass filterr; andz, are lifetimes in nanoseconds; and o,
are pre-exponential factors for andz,, respectivelyf; andf, are the
fractional amplitudes of each lifetimé& = 100 x a/Za;, andf, =

latter time was chosen to allow three average lifetimes to pass.
Notice the large, approximately 20 nm red shift that occurs in the
emissionlmay indicating that a time-dependent solvent rearrange-
ment around the excited bimane species has occurred.

100 x o/Za;. ¥ is the chi-squared value of the fit. (solvent-exposed) and L133Bburied). Note that in mutant
E128B,, the emissiommax is ~470 nm immediately (1 ns)
lifetime decays had occurred (after which approximately 85% after the excitation pulse and remains so when measured after
of the initial excited species has decayed). Two representativethree average lifetime decays have passed (26 ns). In contrast,

examples are given in Figure 5, showing mutants E4X28B emission from mBBr attached at a buried site (L133C) starts
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at~435 nm 1 ns after the excitation pulse, but can be seen
to shift to~460 nm after three lifetime decays (9 ns). These 30
results indicate that the excited-state behavior of mBBr
depends on whether it is in a buried or exposed location on
the protein.
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BackgroundAs stated in the introductory section, our goal
in this paper was to test how much protein structural
information could be obtained using a site-directed fluores- 0
cence labeling (SDFL) strategy. Thus, we systematically
introduced the fluorescent label mBBr into 21 different sites )
on T4 lysozyme, and then subjected the samples to a battery Residue Number
of measurements (fluorescence excitation, emission, lifetime, Fézuﬁg %B%’Bg:??hde)'?gsngc gt:ck))lilié%?;&%?;%&ﬁghngﬁé?féme

H i u Iau \ | |

e o abes o e 350 20 i it arymyar

] ’ it values from the 320 nm analysia). The residue solvent
we discuss (i) the effect of the mBBr label on the T4L protein accessibility andAAG values at each site were calculated as
function and stability, (ii) how the SDFL results compare described in Materials and Methods. The dotted and solid black
with the structure of T4L, and (iii) speculation about why lines represent a cubic-spline fit of the respective data.
some spectral parameters provide more structural information
in an SDFL study. Note that the apparent polarity values were calculated by

(i) Effects of the mBBr Label on T4L Protein Function 0MParing the emissiofina of the mBBr-labeled mutants
and Stability.Except mutant T115C (Table 1), enzymatic With the results from the model mBBr-Cys measurements
activity is not abolished when the mBBr label is attached in dioxane (gee Materlals. and Methods and Results). We
on the surface of the protein. However, buried sites are haste_n to point out there is no single, generally applicable
affected, as was previously observed in studies of spin- polarity pargmeterZ(). However, we chose to refere_nce our
labeled T4L mutants40). The thermal stability of the results against the apparent polarity s_c_ale we derived fr(_)m
proteins is also worse for buried mutants. It appears thathBr'Cy.S in dioxane/water because (i) it provides an easily
introduction of the mBBr label into sites with less than 40 '€Producible way to compare values from mBBr-labeled

A2 accessible surface area results in a destabilization betweer'?roteins between different Igboratories and (i) it proy!des a
3 and 5.5 kcal/mol. In contrast, for more solvent-exposed "0Ugh feel for solvent polarity on a scale more familiar to
sites, the destabilization is less than 1.5 kcal/mol. Matthews’ Pi0Chemists.
group has established that introduction of volume into a Figure 7B compares the fluorescence anisotropy as a
stericly crowded region of T4L destabilizes the proteit)( function of residue position with the solvent accessibility at
thus, we surmise that the destabilization caused by mBBr ateéach site. A good correlation is evident, although not quite
buried sites is due to rearrangements of the core required toas close as with the emissi@nax values. Interestingly, two
satisfy the increased volume of the labeled side chain. Despitemutants (K124Band E128B) are anomalous; although these
these destabilizations, the labeled mutants still exhibit Sites are exposed on the crystal structure of T4L, their
reversible and cooperative thermal unfolding and have anisotropy values are unexpectedly high. These two sites are
melting curves that are very similar to those of the wild- at the location of turns in the protein. Thus, it is possible
type protein. Analogous results were also seen in spin-labelthe attached labels may experience a restriction in mobility
studies of T4L 40). not reflected in the accessibility of a relatively smaller

Figure 6 compares the destabilization, representehe@ molecule (watgr). Studies are currently under way to resolve
values, caused by the introduction of the mBBr label (Table these anomalies.
1) along with the solvent accessibility of the original residue  The fluorescence lifetimes also vary with the solvent
(calculated from the crystal structure of T4L). Notice that accessibility, especially in the relative amount of long and
destabilization mirrors the solvent accessiblity of the original short fluorescence lifetime components from the two-
residue. Most of the sites (15 out of 21) exhibit destabiliza- exponential fits (Table 3). However, the correlation is not
tion of <1.5 kcal/mol. Only the extremely buried sites exhibit as good as observed for the emissionx and anisotropy
larger destabilizations (between 3.0 and 5.5 kcal/mol). While data. This is not surprising, as many processes can affect
the latter destabilization values are not trivial, they are not the decay properties of a fluorescent molecule on a protein,
larger than those resulting from substitution with native including quenching by the peptide backbone and neighbor-
amino acids at the same sitel). ing amino acids %, 42, 43). The latter explanation is

(i) Comparison of Results with the Structure of T4f. supported by the observed variations in quantum yields
all the parameters we studied, the fluorescence emission andTable 2).
steady-state anisotropy values of the mBBr-labeled mutants The differences in the lifetime data between buried and
best reflect the T4L protein structure, specifically, the exposed sites are more pronounced when the decays are
solvent-accessible surface area of residues-1B85 in T4L analyzed using the exponential series method (ESM). ESM
(Figure 7). Figure 7A shows the calculated solvent acces-fits the decay data using a number of discrete exponential
sibility at each residue compared to the measured apparentifetimes, while allowing the contribution of each lifetime
polarity at each residue plotted versus the residue number.component to vary30). ESM analysis is useful for detecting
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FIGURE 8: Apparent polarities calculated from the fluorescence
18 excitation spectra of mBBr-labeled T4L mutar® compared with
the original residue solvent accessibility at attachment s{igs (
Note that the mBBr mutants’ excitation apparent polarity values
are derived from the model mBBr-Cys excitation measurements in
various dioxane/water mixtures, as described in Materials and
Methods. Measurements were carried out in triplicate, and the
standard errors in the mean values are shown by the error bars.
The solid black and dotted lines represent a cubic-spline fit of the
respective data. The apparent polarity values from the fluorescence
excitation measurements do not agree with the solvent accessibility
at several sites.
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—————— (iii) Speculation about Why Some Spectral Parameters
116 118 120 122 124 126 128 130 132 134 Provide More Structural Information in an SDFL Studihe
Residue Number ‘ explanation for why the emission anisotropy follows the
FiGURE 7: Comparison of the calculated residue solvent acces- Solvent-accessible surface of the protein is straightforward;
sibility with the apparent polarity and the mobility of mBBr at each  depolarization mainly depends on the local mobility of each
cysteine substitution site. Note that the mBBr mutants’ emission attached mBBr label. At buried sites, there are more steric
apparent polarity values are derived from the model mBBr-Cys yastrictions on the label’s mobility; thus, the overall anisot-

emission measurements in various dioxane/water mixtures, as . .
described in Materials and Methods. (A) Fluorescence emission ropy values are higher. Although the steady-state anisotropy

apparent polarity values at each si#§ tompared with the residue ~ Values are affected both by the protein tumbling in solution
solvent accessibility®). (B) The inverted steady-state fluorescence and by local movements of the attached label, within the set
anisotropy values®) compared with the residue solvent acces- of mutants the data are comparable because the protein
sibility (O). Measurements were carried out in triplicate, and the tumbling rates are likely the same for all of the mutants.

standard errors in the mean values are shown by the error bars_l_h he d larizati inlv d d he | I bil
The solid black and dotted lines represent a cubic-spline fit of the ' NUS, the depolarization mainly depends on the local mobility

respective data. Note that the inverses of the steady-state value®f €ach attached mBBr label. One cautionary note is that a
are represented to allow direct comparison with the solvent shorter fluorescence lifetime at a buried site will also

accessibility. contribute to a higher steady-state anisotropy value.

cases where a fluorescent molecule is found in several OUr explanation for why the fluorescence emissignax

heterogeneous states, such as in the interior of a protein o2"d lifetime values are in good agreement with the solvent-

membrane. Notice that at the buried sites, a broad distribution2ccessible protein surface area is more involved, E”t still
of lifetimes is observed, consistent with a heterogeneous Straightforward. Bimane in the excited state (mBBr) un-
population of emitting species. In extremely buried sites, d€rgoes a charge separation that requires the surrounding
multiple broad distributions are found (see for example solvent to rearrange to form more favorable interactions with

Figure 4, mutant L1338, suggesting that the fluorophore ~the néw mBBr* species3Q). Favorable solvent repacking
may exist in multiple conformers. occurs around the.m_BI.Sr*, lowering its energy and thus
Interestingly, the apparent polarity values obtained from resulting in a red shift in its fluor.escence emission spectrum.
ground-state measurements (absorbahigg and fluores- The mBBr labels at exposed sites of the protein can easily
cence excitatiorma) do not correlate very well with the yndergo solvent repacking. In contrast, the local environment
solvent accessibility (compare Figure 7 with Figure 8). Large IS less able to accommodate the excited mBBr* species at a
discrepancies are seen for M120BR1258, E128B, and buried site, and thus the emission occurs out of a higher-
V131B,, which may be caused by perturbation (hydrogen €nergy (and thus blue-shifted) species.
bonding or electrostatic interaction) of the mBBr label in  The time-resolved emission spectra of the mutants shown
the ground state. Particularly striking is the abnormally high in Figure 5 support the latter hypothesis. These spectra show
(compared to that of water) apparent polarity of E128B that the excited-state mBBr* behaves differently at a buried
which may occur because of the proximity of R125. We are site than at a solvent-exposed site. Any spectral shifts at the
exploring these aspects further, as they may prove to beE128B* site are complete within 1 ns after excitation (Figure
useful in mapping local polarity or electrostatics on a protein. 5A). In contrast, the spectral shifts observed for the buried
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Ficure 9: Fourier transform spectral density calculations carried
out on the fluorescence emission and steady-state data compared
with calculations carried out on the solvent accessibility data. (A)
Spectral density transforms of the solvent accessibility data. (B)
Spectral density transforms of the normalized fluorescence emission
apparent polarity values averaged with the normalized steady-state
anisotropy values.

10.
11.
12.

13.

E133B* (Figure 5B) occur slowly, presumably because of 14
hindered solvent repacking.

Conclusions and Future Direction#/e have demonstrated ~ 1°:
in this paper that an SDFL strategy can be used to estimate ;¢
the solvent-accessible surface area of a protein and determine
its structure at the level of the backbone fold. From our 17.
analysis, the fluorescence emission and steady-state anisot-
ropy measurements are easiest to interpret and most faithfully 18
reflect the secondary structure of the protein fold, although '
information is also certainly encoded in the other spectral 19,
parameters. Clearly, the methods outlined here could help
in modeling proteins of unknown structure. Recently, Perozo 20
and colleagues have demonstrated the usefulness of analyzing21
site-directed spin labeling results using Fourier transform '
spectral density calculationd4). In Figure 9, we have 22.
extended this approach by comparing the Fourier transform
spectral density calculation of the residue solvent accessibility 23-
(from the crystal structure) with the spectral density calcula-
tion of the combinedax emission apparent polarity values 55
and steady-state anisotropy values. Similar periodicity com-
ponents are present in both sets of data. Especially note-
worthy is the major peak centered at approximately, 90 26
which reflects the presence of arhelix. These types of 7
calculations allow an objective way of quantifying the
periodicity of the SDFL data, and would allow one to  28.
objectively model an unknown protein structure based on 29.
an SDFL study. For example, one could constantly change
a protein structure model until the Fourier transform spectral
density power spectrum of its solvent accessibility agrees 31.
with the SDFL data. In future work, we hope to turn our

Mansoor et al.

ntion to using such methods to study proteins of unknown
cture.
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