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ABSTRACT. The fluorescence properties of three variantsudfctalbumin (-LA) containing a single
tryptophan residue were investigated under native, molten globule, and unfolded conditions. These proteins
have levels of secondary structure and stability similar to those of the wild type. The fluorescence signal
in the native state is dominated by that of W104, with the signal of W60 and W118 significantly quenched
by the disulfide bonds in their vicinity. In the molten globule state, the magnitude of the fluorescence
signal of W60 and W118 increases, due to the loss of rigid, specific side chain packing. In contrast, the
magnitude of the signal of W104 decreases in the molten globule state, perhaps due to the protonation of
H107 or quenching by D102 or K108. The solvent accessibilities of individual tryptophan residues were
investigated by their fluorescence emission maximum and by acrylamide quenching studies. In the native
state, the order of solvent accessibility is as follows: W}18V60 > W104. This order changes to

W60 > W104 > W118 in the molten globule state. Remarkably, the solvent accessibility of W118 in the
a-LA molten globule is lower than that in the native state. The dynamic properties of the three tryptophan
residues were examined by time-resolved fluorescence anisotropy decay studies. The overall rotation of
the molecule can be observed in both the native and molten globule states. In the molten globule state,
there is an increase in the extent of local backbone fluctuations with respect to the native state. However,
the fluctuation is not sufficient to result in complete motional averaging. The three tryptophan residues
in the native and molten globule states have different degrees of motional freedom, reflecting the folding
pattern and dynamic heterogeneity of these states. Taken together, these studies provide new insight into
the structure and dynamics of theLA molten globule, which serves as a prototype for partially folded
proteins.

Many proteins adopt a partially folded conformation, a recent review, see réf0). Molten globules are involved
termed the molten globule state, under physiological or in a number of biological or pathological processes that
mildly denaturing conditions (for recent reviews, see tefs require the protein to become partially unfolded, such as
and?2; also see ref8—8). Molten globules have high levels interaction with molecular chaperones, translocation across
of secondary structure, a compact hydrodynamic radius, andbiological membranes, formation of amyloid, and dissociation
a partially formed, native-like tertiary topology, but they of supramolecular complexe$X—17). Finally, point muta-
usually do not have rigid, specific side chain packing. Except tions may convert native proteins into molten globule-like
for proteins that fold via a two-state transition, the molten species, and some of these mutations correlate with the
globule has been proposed to be a general intermediate irgenetic predisposition for human diseask$ {8—22). Thus,
protein folding @); thus, studies of molten globules may hold understanding the structure and dynamics of molten globules
the key to understanding the determinants of protein structurenot only is necessary for understanding the mechanism of
formation in the absence of detailed side chain packing protein folding but also may shed light on many natural or
interactions. In addition to their role in protein folding, disease-related processes.
molten globules may have other biological functions. For  o-Lactalbumin (-LA)! is a small, two-domain protein,
example, intrinsically unstructured or partially structured which has been studied extensively as a model system in
proteins existing under physiological conditions may serve protein folding (e.g., see re23 and24). Thea-LA molten
as a conformational switch or target for gene regulation (for
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globule can be observed under a broad range of conditions verified by automated DNA sequencing throughout the entire
including low pH, low concentrations of denaturant, removal coding region. Reduced-LA was refolded by dialysis

of the tightly bound calcium ion, and reduction of disulfide against a buffer containing 20 mM Tris, 1 mM CaC2.5
bonds. The similarity between tleeLA molten globule and mM cysteine, and 0.5 mM cystine at pH 8.5. The refolded
its kinetic folding intermediate has been established by protein was further purified by reverse phase HPLC, lyoph-
stopped-flow CD and stopped-flow NMR studiezs{-27). ilized, and stored at-80 °C. The identity of all proteins
The highly dynamic nature of th@-LA molten globule has ~ was confirmed by electrospray mass spectrometry. The
precluded the determination of its high-resolution structure activity of a-LA was determined by measuring the level of
by X-ray crystallography or heteronuclear NMR. Although Stimulation of lactose synthase activity using a coupled
many spectroscopic techniques and disulfide exchange€nzymatic reaction as described previoud®)(The specific
experiments have been used to study the secondary andctivity was obtained by plotting the initial rate of UDP
tertiary structure of thex-LA molten globule, our under- ~ production as a function af-LA concentration.

standing of the local side chain conformation and dynamics ~ Circular Dichroism (CD) SpectroscopD studies were

of individual residues is still very limited. performed on a JASCO J-715 spectropolarimeter equipped
with a thermoelectric temperature controller. Buffers for the
native condition consisted of 10 mM Tris and 1 mM CacCl
(pH 8.5). Buffers for the molten globule condition consisted
of ~5 mM HCI, and the pH was adjusted to 2.0 with dilute
(0.1 M) HCI. The far-UV CD spectra were acquired by using
a 1 mm path length cuvette wita 1 nmbandwidth. The
near-UVvV CD spectra were acquired by usia 1 cmpath
length cuvette wh a 5 nmbandwidth. All measurements
were conducted at 20C. The concentration of the protein

o X was 25u¢M for the native condition and 3@M for the molten
addition, intramolecular distances between a tryptophan andglobule condition determined by the absorbance at 280 nm

a specifically labeled residue can be measured by quores-in 6 M guanidine hydrochloride (GUHCI), using extinction
cence resonance energy transfer (e.g., see3feéad 32). coefficients of 22 190 M cm* for wild-type a-LA and

One _potential. caveat for these applications.is that most 10 810 Mt ¢ for variants containing a single tryptophan
proteins contain more than one tryptophan residue; thus, theresidue 43

fluorescence signal is a superposition of signals originating  \uyr SpectroscopPne-dimensional proton NMR spectra
from different tryptophan side chains. This limitation is | e acquired using a Varian INOVA plus 600 MHz

especially serious for fluorescence anisotropy decay StUdiesspectrometer at 28C with water suppression by presatura-
because each tryptophan can potentially produce a decayjon The samples consisted o200 «M protein in a 90%
curve with several exponential time constants. Consequently,HZO/lo% DO mixture with 2 mM CaGl. The pH of the

a superposition of signals from several tryptophan residuessamp|e was adjusted to 79 0.1 with 0.1 M NaOH. The
usually cannot be deconvoluted to yield single-residue spectra were processed by using Felix.

information G0). Fluorescence Spectroscopgteady state fluorescence
In this study, we constructed three variantsoef.A in spectra were acquired by using a SPEX Fluorolog spectro-
which two of the three tryptophan residues were replaced fluorimeter at room temperature (28 1 °C). Samples in
with phenylalanine using site-directed mutagenesis. This the native and molten globule states consisted giM
approach has been used previously to study the cellularprotein in the same buffers used for CD studies. Samples in
retinoic acid binding protein and the RNase inhibitor Barstar the unfolded state consisted ofgM protein in a buffer
(33, 34). The fluorescence properties of these proteins, eachcontaining 10 mM Tris ath 8 M urea (pH 8.5). The spectra
containing a single tryptophan residue, were investigated were recorded usgna 1 cm x 1 cm cuvette with an
under the native (with or without the bound calcium), the excitation wavelength of 290 or 295 nm and an emission
molten globule (pH 2), and the unfolded state, providing wavelength varying between 310 and 400 nm. Both the
information regarding the change in the local side chain excitation and emission slit widths were set to 4 mm. Under
environment and mobility for each tryptophan residue as the these conditions, the optical density of the sample at the
protein becomes progressively unfolded. These results, in€xcitation wavelength is less than 0.05; thus, the inner filter
conjunction with previous® NMR studies 85), have led  effect can be neglected4). A sample without protein was
to a better understanding of the side chain conformation andused for buffer subtraction. The steady state fluorescence

One extremely useful technique for monitoring the local
side chain environment and dynamics is tryptophan fluores-
cence. The intrinsic fluorescence signal of tryptophan has
been widely used to follow the kinetics of protein folding
(for a recent review, see r@B); the solvent accessibility of
tryptophan side chains can be estimated by iodide or
acrylamide quenching studie29), and the mobility and
dynamics of such side chains can be analyzed by time-
resolved fluorescence anisotropy decay studigd). (In

the time scale of motions in the molten globule state-afA. experiments were not conducted under magic angle condi-
tions; thus, the fluorescence spectra, quantum yield, and
MATERIALS AND METHODS Stern—Volmer constants could be slightly distorted by the

polarization effect. The shapes of the fluorescence spectra

Protein Expression and PurificatioRecombinant human  obtained at both excitation wavelengths were identical,
o-LA and its variant proteins were expressedEstherichia  suggesting that tyrosine does not contribute significantly to
coli as previously describe@, 37). The recombinani-LA the fluorescence intensity. To reduce the day-to-day variation
has an additional N-terminal methionine, which reduces its of the instrument, the fluorescence spectra were normalized
stability in the native state but does not affect its structure by the area of a standard tryptophan sample.
or function 88—40). Site-directed mutagenesis was per-  Urea DenaturationDenaturation curves were obtained in
formed using Kunkel's methodt{), and the mutations were  the native buffer by measuring the CD signal at 222 nm
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([®]222) and the center-of-mass waveleng#tedy) of the 3
fluorescence emission spectra as a function of urea concen- l54 (1) = Zlai exp(t/t,)
tration @5, 46). The variables were normalized to yield the 1=
fraction of unfolded protein using the following formula L)) = ls4 711 + 2r()])/3 (3)
X=X 0 1o0) = sy 1 — 1())/3
uTy
X=Xy wherer (t) is the anisotropy at timg which can be expressed

) . as a sum of three exponential functions with rotational
whereX stands for @]22,0r Acom With X andX, representing  ¢orrelation times; and their initial anisotropys;.
the values obtained in 0 8 M urea, respectively. The

midpoint of denaturation was defined as the urea concentra- 3
tion for whichf, equaled 0.5. r(t) = Zﬁi exp(-t/¢;) (4)
Acrylamide Quenching StudieBor each protein in the =
native, molten globule, and unfolded states, the intensity at Using lifetimesz; and their relative amplitude; from magic
the fluorescence emission maximurti{) was measured angle decay measurements helped us to determine the
as a function of acrylamide concentration using an excitation rotational correlation times and their initial anisotropy by
wavelength of 290 nm and the same buffer system asthe decays of horizontal and vertical configurations. The best
described for CD and steady state fluorescence studies. Thdit was attained by a search for minimgd. The range of
value of imax did not change with acrylamide concentration. uncertainty of the parameters was estimated by a rigorous
The fluorescence intensities were corrected for the inner filter analysis procedure in which one parameter at a time was
effect, and theF¢/F ratio was fit to the SteraVolmer fixed at a certain value while all others were floating, thus
equation producing a surface gf? versus the parameter.
Steady state anisotropy data were obtained using an AVIV
Fo/F =1+ K [Q] 2 ATF-105 spectrofluorimeter with excitation and emission
wavelengths of 297 and 350 nm, respectively, and slit widths

where K, is the Stera-Volmer constant and [Q] is the ©f 1 and 3 nm. Parallell) and perpendicular )
acrylamide concentration. components were separately measured for the sample as well

: - as for the relevant bufferB(, and B, for background
Time-Resaled Fluorescence StudieBme-resolved fluo- g ea cion, ThdReyp value was an average of 50 points and
rescence anisotropy decay studies were carried out in four

) : was calculated with the measur€&dfactor according to
conformational states. Buffers for the native and molten 9

globule states were identical to those described for CD and Iy — By, — Gy, — Byt

steady state fluorescence studies. Buffers for the calcium- Rexpz | B (5)
free apo state consisted of 10 mM Tris and 1 mM EDTA tot ot

(pH 8.5), and buffers for the unfolded state consisted of 10 liot =l T 2Gl,,

mM Tris ard 6 M GuHCI (pH 8.5). The samples contained

30uM protein, and all measurements were carried out at 25 Biot = By T 2GBy;,

°C. The time-correlated single-photon counting system was
described previously4(, 48). The fluorescence decay was
monitored at 90 orientation with Glan Thompson polarizers
in the path of the excitation and emission beams set at
parallel, perpendicular, and magic angle configurations. The _

system was routinely checked for linearity and time calibra- Reae 1/Ta"lzjzaiﬂ i (T ¢) ©)
tion by determination of the decay kinetics of binaphthyl in .

cyclohexane (decay time is 2.7 ns at 360 nm). Using a 360 .

nm emission wavelength and a 16 nm slit bandwidth, up to Tav = Zaiti

20 000 counts were recorded for each sample. We used 1024 =

channels with resolutions of 0.0187 or 0.0374 ns/channel where 7,, is the average lifetime of tryptophan for each
for the long components of the anisotropy decay and 0.005 protein.

ns/channel for the short components. TGefactor was

measured independently for each experiment, and eachRESULTS

measuremg_nt was repeated three or four times to ensure Humana-LA contains three tryptophan residues, which

reproducibility. are located at strategic positions in the protein (Figure 1).
Deconvolution and global analysis of the fluorescence W60 is sandwiched between the-helical and 3-sheet

decay curves were achieved using the Marquardt, nonlineardomain. Since it is believed that thehelical domain retains

least-squares methodq). The reference lamp profile used a native-like tertiary topology in the-LA molten globule,

for deconvolution was a scattered light signal generated by whereas thgg-sheet domain is significantly unfolde&a@),

a sample containing a suspension of latex beads inside thaV60 may serve as a reporter for the structure reorganization

cell. The decay curves of the magic andla £), the parallel of the 5-sheet domain. W104 and W118 are both located

(1,), and the perpendiculatd) configuration were fit to the  inside thea-helical domain and belong to two hydrophobic

following equations: clusters 51, 52). W104 is located in the hydrophobic box

Comparison between the time-resolved and steady state
anisotropy values was obtained by calculatiag. from the
time-resolved parameters:
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Ficure 1: Schematic representation of the X-ray crystal structure B D
of humana-LA (78), showing the location of three tryptophan side 15+

chains. The secondary structure elements and disulfide bonds are .
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for the folding and stability of thex-LA molten globule FicuRe 2: Far- and near-UV CD spectra afLA-W60 (®), a-LA-
(54, 59). W104 @), ando-LA-W118 (®) in comparison with that of the

We produced three variants af-LA proteins, each wild type (+). (A) Far-UV CD spectra in the native state. (B) Far-
containing a single tryptophan residue with the remaining UV CD spectra in the molten globule state. (C) Near-UV CD spectra

: ; : in the native state. (D) Near-UV CD spectra in the molten globule
two tryptophan residues replaced with phenylalanine. Thesestate_ In panel C, the sum of three near-UV CD spectraifbA-

proteins are designated asLA-W60, a-LA-W104, and W60, a-LA-W104, anda-LA-W118 is denoted with a dotted line.
o-LA-W118. All three variant proteins refold efficiently to

a single-disulfide bond species (data not shown), implying sjightly lower level of secondary structure than the other three
that the substitutions have not compromised the ability of proteins (Figure 2B). Under native conditions, the near-UV
thel protein to reach a unique disulfide configuration. The cp signal at 270 nm for the three single-tryptophan proteins
activities ofa-LA-W60, o-LA-W104, anda-LA-118 were s |ess pronounced than that of the wild type (Figure 2C).
measured by using a coupled enzymatic assayA-W104 However, the sum of all three near-UV CD spectraddrA-
anda-LA-W118 have 4-5% of the specific activity of the g0, o-LA-W104, anda-LA-W118 is similar to that of the
wild type, whereasx-LA-W60 has approximately 12% of  jild type, suggesting that the characteristic peak at 270 nm
the specific activity of the wild type (data not shovéifhese iy wild-type a-LA is made of contributions from individual
results were not unexpected because both W104 and W118ryptophan residues. Under molten globule conditions, none
are involved in the binding ofi-LA with galactosyltrans-  of the proteins exhibit a significant near-UV CD signal
ferase and consequently the stimulation of its lactose synthaseu:igure 2D), consistent with the loss of rigid, specific side

activity (52). chain packing and with the aromatic residues being in a
Flgure 2 shows the far- and near-UV CD SpeCtrad.fA' re|ati\/e|y Symmetric environment.

W60, o-LA-W104, anda-LA-W118 in comparison with that Additional support for the single-tryptophanlL A having

of the wild type. Under the native and molten globule ,\ye||defined tertiary structure comes from one-dimensional
conditions, the wild-typer-LA and all three variant proteins  \ MR studies. At pH 7.0 with 2 mM Caglall three single-
have similar values of @]z Thus, the tryptophan 10y niqphan-containing proteins exhibit proton NMR spectra
phenylalanine substitutions have not significantly altered the similar to that of the wild type, including several upfield-
level of secondary structure. There are, however, some minorgp ¢4 methyl groups and a well-dispersed amide region
differences in the observed far-UV CD spectra (Figure 2A). gata not shown), suggesting that no global conformational
For example, in the native state, the magnitude of the change has been introduced by mutations.

shoulder near 230 nm is diminished in batiLA-W104 The fluorescence spectra of the three single-tryptophan
ando-LA-W118, suggesting that this shoulder is caused by . . P ) gle-ryptop
variant proteins under the native, molten globule, and

aromatic contributions of W60 to the far-UV CD signal. In unfolded conditions are shown in Figure 3 with the values
the molten globule statey-LA-W118 appears to have a Jmax listed in Table 1. In the native state;LA-W104

exhibits the highest fluorescence intensity, whereas the

2 At this time, we do not have an explanation wint A-W60, which ; 1 AL 1A iqnifi
has both W104 and W118 replaced with phenylalanine, seems to haveSIQnaIS froma-LA-W60 ando-LA-W118 are significantly

a slightly higher activity than proteins which have only one of these quenchec_i (Figure 3A)- Thénax for OL'LA'\_N104 is 330 nm,
residues replaced with phenylalanine. characteristic of a buried tryptophan residue. Theg values
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Ficure 3: Relative fluorescence intensity @fLA-W60 (@), a-LA-

W104 @), and a-LA-W118 (#) in comparison with that of the

wild type (+). The sum of the spectra ofLA-W60, o-LA-W104,

and o-LA-W118 is denoted with a dotted line. (A) Native state,
(B) molten globule state, and (C) unfolded state. All fluorescence

intensities were referenced to a tryptophan standard.

Table 1: Fluorescence Emission Maximuin4) of a-LA Variants
under Different Conditions

Amax (NM)
native state molten unfolded state
(pH 8.5, globule state (pH 8.5,
protein 1 mM CaC}) (pH 2) 8 M urea)
o-LA-W60 336 344 351
o-LA-W104 330 339 351
o-LA-W118 339 335 351

for a-LA-W60 anda-LA-W118 are slightly red-shifted with
respect to that of-LA-W104, suggesting that the aromatic agreement with that ofma,. In the native state, W118 has
rings of these residues are partially exposed to the solventthe highest acrylamide accessibility, as indicated by a Stern
or that the structures surrounding these residues are less rigidyolmer constantis,) that is approximately 30% higher than
In the molten globule state, the fluorescence intensity of that of W60 and W104 (Figure 4A). Consistent with that,

o-LA-W60 anda-LA-W118 increases relative to that of the
native state (Figure 3B). Surprisingly, the fluorescence
intensity ofa-LA-W104, which is the highest in the native
state, becomes significantly quenched in the molten globule

state. Thelmax for o-LA-W60 is shifted from 336 to 344

nm, and thela, for a-LA-W104 is shifted from 330 to 339

Chakraborty et al.

nm, indicating that these residues have gained additional
solvent accessibility or became less rigid in the molten
globule state. Interestingly, thé&n.x for a-LA-W118 de-
creases from 339 to 335 nm, suggesting that this residue is
more buried in the molten globule state than in the native
state. Although this was a surprising result, the change in
solvent accessibility for W118 is fully consistent with that
measured by°F NMR (35).

In the unfolded state, all fluorescence spectra have the
same Amax Values (351+ 1 nm), suggesting that the
tryptophan residues are equally exposed to solvent (Figure
3C). The sum of the fluorescence spectra doLA-W60,
o-LA-W104, ando-LA-W118 in the unfolded state gives a
spectrum that is almost identical to the spectrum of the wild
type. This is expected since the tryptophan residues in the
unfolded proteins should not interact with each other. In
contrast, the sum of the fluorescence spectra for the three
single-tryptophan variant proteins in the native and molten
globule states has a higher amplitude than the spectrum of
the wild type. This is probably due to the existence of energy
transfer between different tryptophan residues in the native
and molten globule state of the wild-type prote&6)

The stability ofa-LA-W60, a-LA-W104, anda-LA-W118
was examined by urea denaturation studies in the native
buffer (data not shown). As expected for proteins with point
mutations, all three single-tryptopharLA variants are
slightly, but not significantly, less stable than the wild type.
We decided to use the transition midpoint, instead\&,
to describe the denaturation process, because the denaturation
curves monitored by using the center-of-mass wavelength
of the fluorescence emission spectra do not superimpose with
that monitored by using the far-UV CD signal at 222 nm,
suggesting that the transition is not two-state. general,
the denaturation curves monitored by fluorescence have a
lower transition midpoint and a higher cooperativity than
that monitored by CD, consistent with the change in
fluorescence being dominated by the disruption of tertiary
structure. On the basis of the fluorescence measurements,
all three single-tryptophan proteins have the same stability.
The transition midpoint is 3.8 M urea, instead of 4.2 M urea
for the wild type. On the basis of the CD measurements, the
transition midpoint foroa-LA-W118 is essentially the same
as that of the wild type (5.2 M), while the transition
midpoints fora-LA-W104 anda-LA-W60 are slightly lower,
at 4.2 and 4.7 M urea, respectively. Most importantly, all
three single-tryptophan variant proteins have a flat baseline
between zero and 1.5 M urea, suggesting that these proteins
are well-folded under native conditions.

The solvent accessibility of individual tryptophan residues
in the native, molten globule, and unfolded states was also
investigated by acrylamide quenching studies (Figure 4 and
Table 2). The results of these studies are generally in

¥ When the fluorescence intensities in the native and denatured states
are not equal, the center-of-mass wavelength tends to bias toward the
state that has a higher fluorescence intensity. However, a more likely
explanation for the difference in the two denaturation curves is that
the transition is not two-state, since it is known tleat A adopts a
molten globule-like conformation at low denaturant concentrations.
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Ficure 4: Stern-Volmer plots of the acrylamide quenching data
for a-LA-W60 (@), o-LA-W104 (M), anda-LA-W118 (@) in (A)

the native state, (B) the molten globule state, and (C) the unfolded
state.

Table 2: Sterr-Volmer ConstantsKs,) Obtained fora-LA
Variants under Different Conditions

Kev (M71)
native state molten unfolded state
(pH 8.5, globule state (pH 8.5,
protein 1 mM CaC}) (pH 2) 8 M urea)
o-LA-W60 1.51+ 0.08 3.81+0.14 5.23+0.12
a-LA-W104 1.514+ 0.07 2.72+0.04 4,62+ 0.17
o-LA-W118 2.254+0.04 1.914- 0.09 4,294+ 0.17

o-LA-W118 also exhibits the most red-shifted fluorescence
spectra. The SterrVolmer constant of W118 decreases upon
transition to the molten globule state, whereas those of W60

Time (ns}

Ficure 5: Typical fluorescence anisotropy decay curvederA-
W104 in the native state. Excitation was at 297 nm, and emission
was at 360 nm. The experimental data and lamp profile (peaks near
the origin) were fit to eqs 3 and 4 (thin solid lines). The residual
x? and the autocorrelation functions are given for both data sets.
The best-fit parameters for fluorescence lifetimes and amplitudes
are as follows:7; = 0.38,0;1 = 0.36,7, = 2.04,00, = 0.51,73 =

4.57, andaz = 0.13. The best-fit rotational parameters are listed
in Table 3.

0.3

02+

anisotropy

0.1

0

0 5

Time (ns)
FIGURE 6: Fluorescence anisotropy decaysoeEA-W104 in the
native and molten globule states. The best-fit curves are given as
thin solid lines, and the parameters are listed in Table 3.

We have investigated the fluorescence anisotropy decay
of single-tryptopharu-LA variant proteins in four confor-
mational states: the native, molten globule, unfolded, and
apo state (for example, see Figures 5 and 6). The anisotropy
decay curves were fit by a sum of exponential functions (up

and W104 increase (Figure 4B). The same trend has alsoto three), which reflect three different motional relaxation

been observed for the changelim. In the molten globule

state, the order of SterfVolmer constants for acrylamide
quenching is W60> W104 > W118, consistent with the
red shift measured bimaxand solvent-induced isotope shift
effect measured b{yF NMR (35). On the basis of acrylamide

mechanismsg7). The fitting parameters are summarized in
Table 3. The overall rotation of the molecule has a motional
correlation time on the order of 10 nS§); the segmental
backbone fluctuation within the molecule typically has a
motional correlation time ranging from 1 to 3 n88( 59),

quenching studies, in the unfolded state, there remain someand the local rotation of the indole side chains has a motional
small differences among the three tryptophan residues (Figurecorrelation time ranging from 50 to 400 ps. The very fast

4C). However, these differences have not been confirmed
by the values oflmax Or by **F NMR studies.

motions as well as the internal conversion between'the
and!L, states of tryptophar6Q, 61) cannot be resolved by
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Table 3: Fitting Parameters for the Time-Resolved Fluorescence Anisotropy Decay Data

protein 7a?(NS)  ¢1(nS) B1)®  ¢2(nS) B2)°  #3(NS) Ba)°  Rea®  Rexy x° QYe  w/QY  read (A)
o-LA-W60 (native) 1.55 10.6 (0.17) 0.9 (0.06) 0.16 0.21 1.13 0.034 44.9 22.1
o-LA-W60 (molten globule) 1.56 12.0(0.14) 1.3(0.11) 0.16 0.17 1.22 0.049 315 23.1
a-LA-W60 (unfolded) 1.83 35(0.11)  025(0.12) 008 013 112 0096 19.2
a-LA-W60 (apo) 178  10.7(0.18)  1.1(0.08) 017 0.8 1.09 222
o-LA-W104 (native) 1.76 8.2 (0.26) 0.20 0.22 1.17 0.151 11.7 20.3
a-LA-W104 (molten globule) ~ 1.48 9.7(0.19)  0.95(0.07) 017 020 106 0035 42.9 215
o-LA-W104 (unfolded) 2.21 2.6 (0.15) 0.08 0.16 1.25 0.147 15.0
a-LA-W104 (apo) 1.97 8.2 (0.21) 015 017 1.07 20.3
a-LA-W118 (native) 158 9.4(0.16) 1.5(0.13) 018 023 100 0053 295 21.3
o-LA-W118 (molten globule) 1.53 10.5(0.15) 2.2 (0.10) 0.18 0.17 1.01 0.079 19.4 22.1
a-LA-W118 (unfolded) 1.87 16(0.16) 0.39(0.07) 010 015 1.00 0.098 19.2
a-LA-W118 (apo) 161  105(0.13) 2.0(0.12) 016 017 1.06 22.1

2The average lifetime calculated by using ed &he error in the short and mediugnand all values is~25%. The error in the long values
is ~40%. ¢ The calculated steady state anisotropy according to édbe steady state anisotropy measured by experiment for which the error is
at most 20%¢ Quantum yield, calculated on the basis of the spectra in Figure 3 and a quantum yield value of 0.13 for free tryptdghan.
hydrodynamic radius of the protein, calculated with the equatien 47133 = ¢KT/n, whereg is the longest rotational correlation time,s the
solvent viscosity; 0.95 cP for aqueous solution and 1.54 ¢B fd GuHCI solutions at 22C. rcacis not a well-defined parameter for the unfolded
state.

our system, which has a response time in the range ofnative state than to those of the molten globule state. For
50 ps. o-LA-W118, the properties in the three compact states (the

The longest motional correlation time observed in the native, molten globule, and apo state) are all similar, perhaps
native and molten globule states reflects the overall rotation because the location of this residue at a more solvent-exposed
of the molecule. Interestingly, such motion was not observed position near the end of the polypeptide chain makes the
in the unfolded state. For each protein, the rotational conformational state of the protein having a smaller effect
correlation time in the molten globule state was always on its mobility.

S|Ight|y Ionger than that in the native state, consistent with The Steady state anisotropy calculated from the time-
the molten globule having a slightly expanded hydrodynamic resolved data using eq &, is generally in reasonable
radius. The segmental backbone fluctuations of the polypep- agreement with the steady state anisotropy measured by
tide chain, which are on the order of 8 ns, were observed experiment,Rex, With two exceptions. In the native states
in all proteins in the molten globule state, but not always in of o-LA-W60 anda-LA-W118 and in the unfolded state of
the native statea-LA-W104 does not exhibit such motion  the three mutant proteins, the calculated anisotropies from
in the native state, an@-LA-W60 has a smaller contribution the time-resolved data were lower. This probab]y is due to
of that component in the native statg £ 0.06) than in  an extra weight given to the short anisotropy decay compo-
molten globule statef(= 0.11). Fora-LA-W118, not much  nents since the mean fluorescence lifetimes of tryptophan
difference was observed between the native and mOltenresidueS are in the range of these Components_ Thus, the
gIobuIe states. Both forms exhibit Comparable contributions uncertainties of the long anisotropy decay components are
from the overall rotation and segmental backbone fluctuation. |arger gi-LA-W104, which does not have a short component,
In the unfolded state, in which the intramolecular interactions did not show this discrepancy in the native state). In the
are weaker and larger portions of the polypeptide chain areynfolded state, where the fast anisotropy decay rates domi-
solvated, the protein is expected to adopt a less compactyate the overall decay kinetics, small contributions of a decay
form. This is reflected by an anisotropy decay curve component with a correlation time larger than 10 ns may be
dominated by medium and short components. For example,gverlooked by the statistical analysis, and as a result, the
motions with 3 ns correlation times make the most calculated Steady state anisotropy was reduced.
significant contribution to the anisqtropy decay @fLA- The intrinsic anisotropy,, which should be equal to the
W60, a-LA-W104, anda-LA-W118 in the unfolded state g, o o) pre-exponential constarfts was in the range of
(=0.11,0.15, and 0.16, respectively). Shorter componentsg >1_q 59 for the three tryptophan residues. These values

were also observed in the unfolded stateceLA-W60 are lower than the fundamental anisotropy of the indole
(¢ =0.25 'ns,6 = 0.12) andu-LA-W118 (¢ = 0.39 ns 5 - chromophore observed at the same excitation wavelength in
0.08), which probably correspond to the local rotation of a glass state~0.3) (63). Since the internal conversion
tryptophan side chains. Sinceeth M GUHCI solution used  poyeen thel, and L, states has already been taken into
© oobtam_ the unfolded state has a viscosity of 1.54 cP at account, the reduced values of the intrinsic anisotropy in the
22°C W.h'le the nat|v¢ buffer has a viscosity of 0'95. &2)( present experiments may be due to the limited ability of our
the motional correlation time of the unfolded protein should system to resolve decay times shorter than 50 ps as well as

be divided by 1.6 when it is compared with the motional o \;nderweighting of the contribution of some long com-
correlation time of the native protein according to the ponents.

Stokes-Einstein relationship.
Except fora-LA-W118, the results obtained in the native  pjscussIiON

state are different from the results obtained in the molten

globule state, which in turn are different from the results In this study, we have determined the fluorescence

obtained in the unfolded state. The results obtained in the properties of each of the three tryptophan residues in human

calcium-free apo state are closer to those obtained in thea-LA. The proteins were investigated under different condi-
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tions, covering the native, molten globule, and unfolded creases substantially relative to that of the native state. The
states. The fluorescence techniques used here are particularly,/QY ratios suggest that both W60 and W104 are signifi-
useful for studying partially folded proteins, since these cantly quenched, consistent with the existence of an ordered
proteins typically exhibit high levels of side chain mobility  structure with nonlocal contacts. W118 is less quenched in
and conformational heterogeneity, which prevent structure the molten globule state. One likely scenario is that the
determination by X-ray crystallography and high-resolution increase in segmental and side chain mobility probably will
NMR. An additional advantage of the fluorescence technique reduce the rigidity of interactions between W118 and the
is that studies can be carried out using relatively dilute protein putative quenchers, since W118 is three residues apart from
solutions. This helps avoid aggregation and overcomes thethe disulfide bond between residues 6 and 120 and the
problem of limited solubility often associated with many disulfide bond between residues 28 and 111 may be moved
partially folded proteins. away. The increased level of quenching of W104 in the

The fluorescence intensity or quantum yield (QY) of molten globule state suggests that the relaxation of the native
individual tryptophan residues can be used to probe the localstructure seems to allow a higher probability of interactions
environment of these residues. In an earlier study, Sommeror a closer proximity with quenchers that are restricted in
and Kronman examined the fluorescence propertieslof the native state.
from four different species6d). They estimated the fluo- Three residues may serve as potential quenchers for W104
rescence quantum yield of individual tryptophan residues by in the molten globule state. First, the low-pH condition used
assuming that the fluorescence signals from different tryp- to generate the molten globule state will result in protonation
tophans are independent. Although this procedure gives aof H107, which enhances its ability to quench fluorescence
reasonable estimate for W28, it leads to a negative quantum(67). Second, D102 and Y103 may also quench the fluores-
yield for W60, which clearly is impossible. Our current data cence of W104, and it has been proposed that in the molten
show that the fluorescence intensity of wild-typel A is globule state, Y103, W104, and H107 form a non-native
smaller than the sum of intensities for the three single- cluster §8). Evidently, these quenching interactions are either
tryptophan variant proteins (Figure 3), indicating that the absent or more restricted in the native state.
additivity relationship does not hold in general for proteins  In the unfolded state, all three tryptophan residues exhibit
in the native and molten globule states. The differences thata relatively high quantum yield and a relatively low but
we observed could in principle be due to the propagation of similarz,/QY ratio. Our results suggest that W60 and W118
conformational changes from the two sites where tryptophan may still experience a small amount of static or very fast
residues were substituted by phenylalanine. More likely, quenching, perhaps by residues that are located adjacent to
however, this could be due to the energy transfer betweenor one residue removed from the tryptophan residues in the
individual tryptophan residues in the wild-type protein. In  amino acid sequence. There is no strong evidence suggesting
the unfolded state, where subtle conformational changes arehat the structure of the unfolded state deviates significantly
eliminated and the distances between tryptophan residues arérom a statistical random coil conformation.
large, the sum of the fluorescence intensities for the three The solvent accessibility of individual tryptophan residues
single-tryptophan-containing proteins is close to that of the can be inferred from the value df,.x and the value of
wild type. Stern—Volmer constants obtained in acrylamide quenching

In the native state, the ratio of the average fluorescencestudies. Acrylamide has been shown to be an efficient
lifetime and the corresponding fluorescence quantum yield fluorescence quencher, and since it is a neutral molecule,
for o-LA-W104 is close to the value expected for the the effect of acrylamide quenching is independent of local
radiative lifetime of tryptophan residue65 66). For the charge distributions6@). In the native state, the results of
other two mutant proteins, the,/QY ratios were much  our Amax @and acrylamide quenching studies are generally in
higher, indicating the presence of static quenching or very good agreement with the crystal structure colA. For
fast quenching with a fluorescence lifetime 60 ps for example, the values df,.x for W60, W104, and W118 are
W60 and W118. Except for W104 in the native state, the 336, 330, and 339 nm, respectively; this order is consistent
other two tryptophan residuesdnLA all have nearby strong  with the order of solvent accessible surface areas calculated
quenchers. It is interesting to speculate about which residuesfrom the X-ray crystal structure (10.4, 5.0, and 17.3 A
or interactions could be responsible for quenching the respectively). TheK,, values for W60, W104, and W118
fluorescence signal. According to the X-ray crystal structure are 1.51, 1.51, and 2.25 M respectively, also indicating
of a-LA, both W60 and W118 are located relatively close that W118 has the highest solvent accessibility in the native
to disulfide bonds [cystine is a much stronger quencher thanstate. TheKs, values measured for individual tryptophan
cysteine 67)]. Thus, the disulfide bond between residues residues are comparable with the results for wild-typleA
61 and 73 potentially is an efficient quencher for W60, and (70, 71), although it was surprising that acrylamide quenching
the disulfide bond between residues 6 and 120 potentially iscannot distinguish the difference in solvent accessibility
a quencher for W118. In addition, W118 is located close to between W60 and W104 in the native state. The bimolecular
the disulfide bond between residues 28 and 111 (the distancequenching constantky, which can be calculated by dividing
between W118 and C28 in the native structure is only 3.5 K, with the average fluorescence lifetime, are in the range
A). In contrast to W60 and W118, the lack of a short of 0.8-1.4 x 10° M~! s"%, Compared to the bimolecular
component in the fluorescence anisotropy decay of W104 is quenching constant of a completely exposed tryptophan
consistent with the indole side chain being located in a well- [4 x 10°M~1s1 (69)], these values suggest that the solvent
defined, nonquenching environment. accessibility of tryptophan residues in nativelLA is

In the molten globule state, the quantum yield of W60 between 20 and 35%. These values are higher than the
and W118 increases moderately while that of W104 de- solvent accessibility calculated from the crystal structure (on
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the basis of the crystal structure, the tryptophan side chains(74). The radii of gyration in the native and molten globule
are less than 10% accessible), perhaps because acrylamidstates measured by solution state X-ray scattering are 15.7
may partially penetrate into the interior of the protein. In and 17.2 A, respectively, which correspond to hydrodynamic
the molten globule state, W60 becomes the most solventradii of 20.3 and 22.2 A, respectively7§). The small
accessible tryptophan residue, which is likely due to the differences in hydrodynamic radii between different mutant
unfolding of thef-sheet domain. A similar change has also proteins are probably insignificant, because these values were
been observed previously in th% NMR studies 85). On derived from a 10 ns relaxation time which is considerably
the basis of the fluorescence data, the solvent accessibilitylonger than the average fluorescence lifetime of tryptophan
of W104 increases moderately upon the transition to the (the average tryptophan lifetime is1.5 ns; the longest
molten globule state. This has not been observed before.component has a lifetime 65 ns with a relative amplitude
However, thel® NMR and fluorescence studies do not of 0.07-0.2).

monitor exactly the same property. The fluorescence proper- As expected from the increase in the hydrodynamic radius,
ties are related to the solvent accessibility of the entire indole there is a small but observable increase in the amplitude of
ring, whereas the chemical shift values of 5-fluorotryptophan |ocal backbone fluctuations upon the transition from the
only reflect the local environment of the fluorine atom. Most native to the molten globule state. These motions have3 1
interestingly, the solvent accessibility of Wlt@creases ns time scaleq9, 76). The increase is more prominent for
upon the transition to the molten globule state. This w104, which has a rigid conformation in the native state,
phenomenon has been observed¥®yNMR, by the change  than for W60. For W118, the amplitude of local motions
in Amax, @nd by the change in the Sterolmer constant.  actually decreases in the molten globule state relative to that
Thus, we are quite confident that it is not an experimental in the native state, which is consistent with the decrease in
artifact. These results suggest that in the.A molten solvent accessible surface area. In the native state, the rigidity
globule, W118 is located in a buried position. Consistent of the protein is quite different for tryptophan residues located
with this hypothesis, substitutions of W118 significantly in the different parts of the protein. No local fluctuation was
lower the effective concentration for formation of the observed for W104, but a significant amount of motion was
disulfide bond between residues 28 and 111 in dheA observed for W118. Although this heterogeneity is smaller

molten globule as shown by previous studig4, (55). in the molten globule state, the region surrounding W104
On the basis of our fluorescence anisotropy decay studies still seems to have a more rigid structure.
the overall dynamic properties of tiheLA molten globule The fast rotation of the tryptophan side chains, which has

are similar to that of the native state, but are significantly 5 ¢qrrelation time in the range of 5@00 ps (in comparison
different from that of the unfolded state. In the molten 4 30 ps for frea-tryptophan), does not always exist in native
globule state, the long component of the anisotropy decay proteins 9, 76, 77). In our case, no such motion was seen
is maintained, which means that the molecule still retains a j, the native and molten globule states. It is possible that

globular shap_e, and _the sub_—nanosecond motions ref_leqtinqhere exists a shorter component, beyond the 50 ps time
the free rotation of side chains are not observed. This is aesolution of our instrument. It is also possible that in the
little surprising because previous NMR studies show that ative and molten globule states, the side chain motions are
the o-LA molten globule has a narrow range of chemical pingered by the compact structure of the protein; thus, a free
shift dispersion, presumably due to a dynamic averaging of yotation does not occur on the fluorescence time scale. In
local side chain conformation$§ 72). NMR relaxation  the ynfolded state, the fast motions of tryptophan side chains
studies and line shape analysis also suggest thad-ih& can be easily observed for W60 and W118.

molten globule is rich in local motion8%, 73). This apparent Our fluorescence anisotropy decay studies are in good
paradoxical situation can be reconciled by considering the agreement with théma and acrylamide quenching studies.

time scale of fluctuation. The fluorescence anisotropy decay W118 has the highest solvent accessibility in the native state,

?hcgﬂ;gncﬁeprﬁnggﬁ%d t:I neasngig(:I%nedstr']n;eesg?éeég\r']r;i.re:gnd its anisotropy decay also has the highest contribution
: It vaid : P V€ from local motions. The solvent accessibility of W118 is

gonr;g;gpsrgtg ;‘Org'g;c:ﬁggg?ﬂ ctj?nm!I;Z’?ﬁgpg}g;gﬁssgaslﬁﬁl?;:f more limited in the molten globule state than in the native
P 9 state and so are the segmental motighs=(0.1 instead of

ﬁ)mgﬁgggstsrgg 'rgtt;iicr:fnosf Igigglc_:ﬁari?]gltg?egfriu:i the0.13). W60 and W104 are more access!ble to the solvgnt in
unfolded state, but the structure of the molten globule is th.e molten g!ob_ule state _than.m the native state. Cons_|stent
relaxed to an e;<tent that allows some segmental quctuationsWIth _thes_e findings, their anisotropy decay has a higher
and motions on a time scale that is much longer than the contribution from Io_cal motions in the molten globule state.
fluorescence lifetime The u_nfolded state is the most ac_cess_lble state for all mutant
) proteins. The rotational correlation times show the same

_The overall rotat_|on qf the prote|r_1 can be _analyzed by trend, with more local motions and even the fast rotations
using the StokesEinstein relationship assuming that the of the side chain

shape of the molecule can be approximated as a sphere. Our

results (Table 3) show that the equivalent hydrodynamic radii conCLUSIONS

of the protein are in the range of 2@3 A, with a 5%

increase from the native to the molten globule state. These Analysis of the fluorescence properties of individual
results are in excellent agreement with previous measure-tryptophan residues in tleeLA molten globule suggests that
ments. For example, the effective hydrodynamic radii of the molecule retains a compact, globular shape, and the
a-LA in the native and molten globule states measured by accessibility, internal quenching, and restricted rotation of
the NMR diffusion method are 19.7 and 20.9 A, respectively side chains can be interpreted by the existence of native-
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like tertiary interactions. On the other hand, the structure of 26. Balbach, J., Forge, V., van Nuland, N. A. J., Winder, S. L.,
the a-LA molten globule is relaxed to an extent to allow

the onset of segmental fluctuations and motions slower than
the fluorescence lifetime. Our results also confirmed that

W118 is buried in a hydrophobic core with a lower solvent
accessibility in the molten globule state than in the native
state.
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