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RET and Anisotropy Measurements Establish the Proximity of the Conserved Trpl7

to 11e98 and Phe99 of Tear Lipocalin
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ABSTRACT. Previous studies suggest that the conserved Trpl7 on strand A of TL has a role in lipocalin
stability and interacts, directly or indirectly, with 1le98 and Phe99 on strand G to influence ligand binding.
Here, we determined the proximity of Trp17 to [le98 and Phe99. Time-resolved fluorescence experiments
showed resonance energy transfer between tryptophans at positions 17 and 98. In addition, an exciton
effect was discovered in CD experiments resulting from interactions of the excited states of these
tryptophans. Fluorescence anisotropy values of mutants containing two tryptophans (positions 99/17 and
98/17) were lower than expected in the absence of RET, confirming that these residues are proximate in
tear lipocalin. The data support a model of tear lipocalin in which Trp17 and Phe99 are close together
deep in the cavity and participate in an internal hydrophobic cluster. 11€98 is proximate to Trpl7 but
faces toward the outside of the cavity and in the model is part of an external hydrophobic patch. Comparison
with g-lactoglobulin suggests that these motifs may have an important influence on protein stability and
ligand binding in other members of the lipocalin family.

TL? is the principal lipid binding protein in tears and that is resistant to denaturatiohlj. In addition, an external
carries fatty acids, glycolipids, phospholipids, and cholesterol hydrophobic patch may act as an external binding 4ig.

(2). Putative functions for TL include scavenging lipid from Although the crystal structure of TL has not yet been
the corneal surface to prevent the formation of Iipid'indUCEd revea|ed, the Secondary structure of the entire protein has
dry spots ), solubilization of lipid in tearsg), antimicrobial ~ peen resolved by site-directed tryptophan fluorescence
activity (3), cysteine proteinase inhibitiod), transport of  (SDTF) and in part validated by site-directed spin labeling
sapid molecules in saliveb), transport of retinol in tears (12—14). On the basis of SDTF data, a three-dimensional
(6), Scavenging of potentially harmful ||p|d oxidation prOd- (3D) homo|ogy model for TL has been Constructéﬁ)(
ucts (7), and endonuclease activit§)( Common to each of  Comparison of the analogous regionsiefctoglobulin and
these diverse functions is the binding of a ligand or substrate. T permits the hypothesis that key residues in TL may form
Lipocalin family members exhibit a wide range of func-  hydrophobic groups that influence protein conformation and
tions that have been deduced from the type of ligand. For |igand binding. In the model of TL, residues Trp17, Phe99,
most lipocalins, ligand binding occurs within the lipocalin  gnd 11e98 occupy positions analogous to Trp19, Leu103, and
fold (9). The lipocalin fold is a large cup-shaped cavity that Try102 of 8-lactoglobulin, respectively. Trp19 and Leu103
exists within an eight-stranded antiparaflesheet. The sheet  gre positioned in an internal hydrophobic cluster, and Tyr102
is closed back on itself to form a continuously hydrogen- s |ocated in an external hydrophobic patclfefictoglobulin
bondedp-barrel. The binding sites for a few ligands have (10). Evidence is mounting that these positions are critical
been established in crystallographic studies of several li- for the structure-function relationships of TL. Trp17 is the
pocalins. 5-Lactoglobulin has been the most extensively sole tryptophan in TL. Trpl7 is relatively inaccessible to
studied. Ragona et al. identified 11 amino acid residues of solvents in both the holo- and apo-TL forms5). Lipid
f-lactoglobulin that form a hydrophobic cluster and perhaps pinding produces structural and conformational alterations
an internal binding sitel(). This cluster of hydrophobic  that involve Trp17. Replacement of Trp1l7 with a nonaro-
residues may be important in providing a stabilizing core matic residue is accompanied by a reduction in the extent
T Supported by U.S. Public Health Service Grant EY 11224 and an of ﬂ_StrUCtur? fo'rmatio.n_and aromatic- side chain asymmgtry,
unrestricted grant from Research to Prevent Blindness to B.J.G. decreas_ed bln_dlng affinity for fatty acids, and destabilization
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the mutation F99C exhibits decreased overall aromatic side Expression and Purification of Mutant Proteinhe
chain asymmetry as well as reduced asymmetry specifically mutant plasmids were transformeddscherichia colBL21-
contributed by Trpl7 X4). SDTF data show that Trp at (DE3); cells were cultured, and protein was expressed
position 99 has the second most blue shifted emissionaccording to the manufacturer’s protocol (Novagene). Fol-
maximum (325 nm) of aljf-strand residues in the entire lowing cell lysis @0), the supernatant was treated with
lipocalin molecule {2). Therefore, Phe99 is a likely par- methanol (final concentration of 40%) at°€ for 2.5 h.
ticipant in an internal hydrophobic cluster and may be in Alternatively, mutant proteins expressed in inclusion bodies
the proximity of Trpl7. were dissociatechi8 M urea at room temperature for 2 h.
lle98 on the G strand of TL is analogous to Tyrl02 in In either case, the resulting suspension was centrifuged at
B-lactoglobulin. Ing-lactoglobulin, a hydrophobic surface 300Q for 30 min. The supernatant was dialyzed against 50
patch (Leu22, Ala23, Tyr42, Tyr102, and Leu104), which mM Tris-HCI (pH 8.4). The dialysate was treated with
is located in a groove between the strands and mdielix, ammonium sulfate (4575% saturation). The resulting
was suggested as a possible external binding $@e The precipitate was dissolved in 50 mM Tris-HCI (pH 8.4) and
TL model suggests that the side chain of [1e98 faces out from applied to a Sephadex G-100 column (2.5 &nil00 cm)
the cavity. A close relationship is implied between 11e98 and equilibrated with 50 mM Tris-HCI and 100 mM NaCl (pH
Trpl7 because the mutant 198C shows a marked decreas®.4). The fraction containing the mutant protein was dialyzed
in optical activity in the region of the chromophore absorp- against 50 mM Tris-HCI (pH 8.4) and applied to a DEAE-
tion band of Trpl7 14). Using a nitroxide spin-label at Sephadex A-25 column. Bound protein was eluted with a 0
position 98 and a fast relaxing reagent, both mobile and to 0.8 M NaCl gradient. Eluted fractions containing mutant
motionally restrained populations have been identifibg).( proteins were centrifugally concentrated (Amicon, Centricon-
These data suggest that 1198 exhibits tertiary side chainl10). The purity of mutant proteins was verified by SDS
interactions with another strand and may account for tricine gel electrophoresid). The protein concentration was
susceptibility to structural alterations. Mutation at positions determined by the biuret metho@1j. For ligand binding
17 or 98 with a nonaromatic residue greatly enhances retinoidexperiments, delipidation of WT and mutant proteins were
binding presumably by relaxation of the putative hydrophobic performed as previously describet).(

cluster that in turn permits better accommodation of the Absorption Spectroscopy)V absorption spectra were
f-ionone ring (unpublished data). recorded at room temperature using a Shimadzu UV-2400PC
Together, these data point to the existence of functional spectrophotometer. The spectra were corrected for turbidity
and structural interrelationships among residues Trp17, 11€98,by plotting the dependence of the log of the absorbance of
and Phe99. The 3D model of tear lipocalin suggests the solution versus the log of the wavelength and extrapolat-
proximity between the residues [I1e98 (CB)rpl7 (CZ3) ing the linear dependence between these quantities in the
= 5.53 A and Phe99 (CB)Trp17 (CH2)= 3.84 A] (12). range of 326-360 nm to an absorption range of 24820
These distances are particularly suitable for detecting reso-nm.
nance energy transfer between the two tryptophans as well
detection of an exciton effect in CD spectra. The purpose of
this study is to determine experimentally if the proximity of
Trpl7 to Phe99 and 1le98 is consistent with a model in which
Phe99 and Trpl7 are positioned in a hydrophobic cluster
and 11e98 is positioned in an external hydrophobic patch.

EPR MeasurementsElectron paramagnetic resonance
spectra were recorded at X-band with a Varian E-109
spectrometer fitted with a two-loop one-gap resona2@y. (
Samples (5«L) were loaded in 0.84 mm outside diameter
capillaries (Vitrocom Inc., Mountain Lakes, NJ) that were
sealed at one end. All spectra were acquired at X-band using
an incident microwave power of 2 mW and a scan width of
100 G. Acquisition and manipulation of EPR spectra were

Site-Directed Mutagenesis and Plasmid Constructidre carried out using computer programs written in LabVIEW
TL cDNA in PCR Il (Invitrogen, San Diego, CA), previously ~ (National Instruments, Austin, TX) by C. Altenbach. The
synthesized X7), was used as a template to clone the TL modulation amplitude wal G and the time constant 0.3 s.
gene spanning bases 11592 of the previously published — Signal averaging was performed with 30 scans. For ligand
sequenced) into pET 20b (Novagene). Flanking restriction binding, a stock solution of C12SL was prepared in ethanol
sites forNdd and BanmHI were added to produce the native (1). A constant concentration of WT was titrated with
protein sequence as found in teat8)( To avoid the use of  progressively increasing concentrations of C12SL or mutant
subtraction spectra in analysis and to simplify the interpreta- proteins, and the EPR spectra were recorded. The final
tion of quenching experiments in molecules with substituted concentration of ethanol did not exceed 2%. The EPR spectra
tryptophans, it was first necessary to substitute the nativerevealed the presence of both the free spin-label and that
tryptophan with an amino acid that did not induce significant bound to protein. The ratio of bound to free spins in
structural perturbations and has similar binding characteristicsequilibrium was estimated by spectral titratidr).(The free
(13, 16). We prepared a TL mutant, W17Y, with oligonucleo- spectrum of the spin-label was subtracted from a composite
tides (Universal DNA Inc.) using the previously published spectrum of bound and free to give the pure bound spectrum.
method of introduction of a point mutation by sequential PCR The ratio of double integrals of the pure bound to pure free
steps 19). Using this mutant as a template, mutant cDONAs gave the bound to free molar ratio. The concentrations of
were constructed in which the corresponding amino acids the spin-label in solution, calculated by double integration
were additionally substituted sequentially with tryptophan. of the EPR spectra, were compared with that of a standard
Amino acid 1 corresponds to His, bases 1138 according solution of Tempol {). The Scatchard plots were fitted by
to Red! ©). standard nonlinear regression techniques (using ORIGIN,

EXPERIMENTAL PROCEDURES
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Microcal, Northampton, MA) to a linear curve to give calculated from the formula4)
estimates of the dissociation constalig)(
CD Spectral MeasurementSpectra were recorded (Jasco R = 2.296x 10‘39J:_erma>(Ai/Ai), 0 max = 3298A€, .4
600 spectropolarimeter, 0.2 and 10 mm path lengths for far-
and near-UV spectra, respectively) using protein concentra- Experimentally, the couplet strength corresponds to the peak-
tions of 1.2 mg/mL. Eight and 16 scans from 190 to 260 nm to-trough difference in ellipticities of the coupls= 6% —
and from 250 to 320 nm were averaged, respectively. Resultsgﬁ, where6* and 6 are |0ng- and Short-wave|ength lobes
were recorded in millidegrees and converted to mean residueof the couplet, respectivelyi®# = Opnax exp{ —[(A — A%F)/

ellipticity in degrees per square centimeter decimole. A%, ando*? = o, &+ V;, whereo is the wavenumber and

To obtain spectra reflecting only the Trp contribution in g; is the wavenumber that corresponds té; @f 225 nm.
various positions of TL, we subtracted the spectrum of  Fluorescence Spectroscaopteady-state fluorescence
W17Y, a mutant without Trp, from spectra of mutants with  measurements were taken on a Jobin Yvon-SPEX (Edison,
Trpl7. The structural and blndlng characteristics of W17Y NJ) F|uoro|og tau-3 Spectroﬂuorometer, where the band-
are similar to those of WT1{). The greatest difference in  widths for excitation and emission were 2 nm. The excitation
the amplitude of the near-CD spectra of W17Y versus the j of 295 nm was used to ensure that light was absorbed
W17F is only 13% (data not shown). Therefore, the almost entirely by tryptophanyl groups. Protein solutions with
contribution of Tyr at position 17 in the calculated CD ~0.05 OD at 295 nm were analyzed. All spectra were
spectra is insignificant. obtained from samples in 10 mM sodium phosphate (pH 7.3).

We estimated the distances between the midpoints of thEThe temperature was maintained at 45 with a thermo-
CD2-CE2 bonds of the tryptophans in 1I98W using the value jacketed cell holder. The fluorescence spectra were corrected
calculated for the most favorable orientation for maximum for light scattering from buffer and the instrument response
couplet strength which occurs when the indole rings are using the appropriate correction curve.
stacked, with the center to center vector perpendicular t0 The emission spectrum for 198W (Trp17, Trp98) in the
eahCh er3§] and one ring rotated by “4%ith respect to the  apsence of energy transfer was calculated as follows:
other @3).

To further check our approximations of distances between | TPL7.TIPOR ) ) = OL17|ATrp17( 2) + OL98|ATrp98( )
these tryptophan residues, the spectrum of exciton coupling ' ' ' ' ' '

was derived using the calculations of couplet strength whereo7 andogs andl;™P1(4;) and1;P98(4;) are normalized

between two tryptophan2g, 24) in combination with the  rg|ative absorbances (at the excitation wavelength) and
distances estimated from fluorescence (see below). Calculagmission intensities, respectively, of the two separate cor-

tions of rotational strengtR and interaction energy; were responding tryptophan residues. A similar equation was used
performed and included only the,Bansition of the indole ¢4 calculation of emission spectra for FOOW (Trp17, Trp99).
side chains. For pairwise interaction, this gives a simple  Time_resolved intensity decay data were obtained using a
exciton couplet centered at the wavelength of the transition j5pin Yvon-SPEX Fluorolog tau-3 phase/modulation fre-
in the isolqted chromophore. The two exciton components quency domain fluorometer equipped with a 450 W xenon
have rotational strengths of the same magnitude. Onejamp a5 a light source. The excitation wavelength was set at
calculatesk from the equation 295 nm. Emission was observed through a Corning 7-57
R=( /2/1_)#_'.#' = filter. The light was modulated by a Pockels cell modulator.
TI24)Ry*Hioa X Hjoa The available frequency range was 9310 MHz. P-
Terphenyl in ethanol was used as a reference standaxd (
1.05 ns). Data analyses were performed with nonlinear least-
squares programs from SPEX or from the Center for
Fluorescence Spectroscopy (M. L. Johnson), University of
Maryland at Baltimore, School of Medicine (Baltimore, MD).
The goodness of fit was assessed by ghecriterion (?
ranged from 1.2 to 3.0).
a3 - . = No significant difference was detected with and without
Vi = (Ry) 3[”i0a'/‘1'0a_ 3(tioa Ry) Wjox Rij)/Riiz] the “magic angle” condition in the fitted values. Therefore,
. the magic angle condition was not used for most intensity
Parameters for Trp residues were taken from 2§sand decay measurements.

25. The energy of the Btransition was taken to be 5.5 eV Thg intensity decay data were analyzed in terms of the
(Amax = 225 nm), andzi| = 5.7 D. The center of the indole following multiexponential decay law:
group was taken to be midpoint of the CBEE2 bond. To

calculate CD spectra, a Gaussian band shape was assumed. _ . e
The bandwidth parameter, half the width*ef the maxi- '® ,za' exp(-v/m)
mum, was calculated from each band from the empirical
formula 3). whereq; andz; are the normalized preexponential factor and

decay time, respectively. The fractional fluorescence intensity

A= k/lil‘5 of each component is defined &s= oini/Y a;T;.
The mean lifetime was calculated as= }fit;. For

The value of the parametkiwas taken to be 0.0027, which  calculation of the efficiency of RET, the amplitude-averaged
gives aA; of 9.1 nm for ai; of 225 nm @3, 25). Omax Was lifetime ZUO(=Y,047;) was used.

where/; is the wavelength of the unperturbed transitiﬁm,

is the vector from the center of chromophar® that ofj,
andioa andijo, are the electric dipole transition moments
for transition 0— a of groupsi andj, respectively. The
interaction energy was calculated by the point dipole
approximation



8840 Biochemistry, Vol. 41, No. 28, 2002 Gasymov et al.

RET between Trp ResidudRET between Trp residues
was calculated according to the method of Eftink et2#)( 17
For example, the fluorescence quantum yield of mutant 1I98W
(Trpl7, Trp98) containing two Trp residues was compared
with the sum of yields of WT (Trpl7) and W17Y/I98W
(Trp98) containing a single Trp residue. In the absence of
RET between the tryptophan residues, the quantum yield,
¢, is expected to be equal tQp17 + Olospos, Wheregp,7 and
¢os are the quantum yields of Trpl7 and Trp98, respectively,
anda,7 andagg are the normalized relative absorbances of
the two separate tryptophan residues at the excitation
wavelength. From corrected absorbance spectra, we calcu-
lated 017 and awg to be 0.61 and 0.39, respectively, at an Ficure 1: Orientation of pqsitions 17 and 98 in TL (black) and
excitation wavelength of 295 nm. The efficiency of energy 98W (gray) models. Modified from the homology model of TLA
transfer, Er, from Trp98 to Trpl7 was calculated by the (12). The distance between midpoints of the tryptophans is 9.1 A.

following equation, assuming that the environments_of Trpl7 steps of steepest descent were followed by 200 steps of
and Trp98 are the same when they are together in mutantconjugate gradient desced®y. Four rotamers were excluded

198W (26): because of positive couplet strength and TptRnsition
. . moments, and aR; value connecting the midpoint of the
¢ = Aoghoe(l — Er) + ayzhi (1 + Brlieg0y). chromophore constitutes right-handed screwness. The relative

orientation of Trp residues where the distance between Trpl7
efficiency of energy transfer frofCvalues. The normalized and Trp98is 9.1 A as measured from their geometric centers

2 — = i
relative absorbances of the tryptophan residues at positionsK 0.77; Figure 1) best characterizes both fluorescence

I . energy transfer and TepTrp couplet strength.
17 and 99 for mutant FO9W containing both Trp residues . .
were calculated to be 0.60 and O. 409 respectit)/ely at an The absorption spectra for Trp17 and Trp98 were obtained

excitation wavelength of 295 nm. by spectral subtraction (WF W17F and W17Y/I98W—

According to Foster’'s theory 27), the efficiency of W17Y, respectively).

radiationless energy transfét, between a donor, D, and an To calculate the spectral overla_p integraf), it was
S necessary to construct the blue side of the Trp emission
acceptor, A, is given by

spectra. The spectrum of an elementary component on the
6 wavelength (nanometers) scale can be described by a
— L biparametric (maximum amplitude and position) log-normal
RS+ R function @0). The log-normal function30) is fitted to Trp
emission spectra, and the obtained parameter was used to
where R is the distance between the donor and the construct the blue side of the spectra:
acceptor. The distancB, (in angstroms) at which 50%
energy transfer occurs is obtained from 1) =1_exp— In2, »(a—1/4
m |n2 p a— 1//‘Lm
wherely, = [(An) is the maximal fluorescence intensit,
The refractive indexn, of the medium is taken to be 1.5 is the wavelength of the band maximups= (1/Am — 1/4-)/
(28). ¢p is the quantum yield of the donor in the absence of (1/A+ — 1/Ay) and is the band asymmetry parameter:
the acceptor. UAm + (A4 — 1A-)p/(p? — 1) and is the function-limiting
The orientation factorg?, describing the relative orienta-  point, andA+ = 107/(0.831 x 10"/Ayn + 7070) andi- =
tion of the transition dipoles of the donor and acceptor is 107/(1.177 x 10°/An, — 7780), wherel+ and A- are the

An analogous formula was used for calculation of the

Ry’ = 8.79x 10 °[k°n *ppJ(A)]

calculated from wavelength positions of half-maximal amplitudes. In some
) ) cases for better fitting, a second component was added.
k“ = (cosf; — 3 cosb, cosb,) Spectral overlap integrd(4) (in M~ cm™t nm) between

the emission spectrum of the dortey(1) and the absorption
where 67 is the angle between the emission dipole of the spectrum of the accepter(1) is defined as
donor and the absorption dipole of the acceptor ésndnd

0 are the angles between these dipoles and the vector joining fFD(/l)EA(/l)/14 di

the midpoints of the CE2CD2 bond of the donor and the J) =

acceptor, respectively. The direction of the transition moment f Fo(d) di

of the L, state is situated-38° from the longest axis in

tryptophan 29). The structural model of TL 12) was Steady-State Fluorescence Anisotropy Measurements.

assessed to compare it with experimental data. The side chairSteady-state fluorescence anisotropy measurements were
conformation of the conserved Trpl7 was modeled as in performed using a Jobin Yvon-SPEX automated L-format
f-lactoglobulin which is conserved for the lipocalin family. polarization accessory (Glan-Thompson polarizers). The
Six rotamers for Trp98 were analyzed. Optimization of the bandwidths for excitation and emission were 2 and 6 nm,
TL structure with tryptophan rotamers was performed by respectively. All anisotropy experiments were carried out at
energy minimization as previously described except that 200 22 °C.
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The fluorescence anisotropy was calculated as follows: A free
r=(,— G/, + 2Gl,) bound
wherely andly are the fluorescent intensities of the vertically N
and horizontally polarized components, respectively, when

excited with vertically polarized lighG is a correction factor
and is equal tdy/Hy, whereHy andHy are the vertically
and horizontally polarized components of fluorescence,
respectively, when excited with horizontally polarized light.
Values ofG were measured for each set/gf andAem (295
and 340 nm, 300 and 340 nm, and 305 and 345 nm). All
measured fluorescence intensities were corrected for light
scattering from buffer. The accuracy of the polarizer's
alignment was checked by anisotropy values of scattered light
using a dilute suspension of glycogen. The measured values
> 0.98. The anisotropy of NATA< 0.005 in buffer at pH
7.3.

The fluorescence spectral center of mass (SCM; average
emission wavelength) was calculated as

apo-WT 27102 0901
apo-WI7Y/I98W 34+ 04  1.0+0.2
apo-WI7Y/FOOW  5.0+0.7  1.1202
apo-FOOW 55408 12502
apo-198W 63+13 1203

0.3 4

SCM= Zile(/li)/zifsl(ii)

o
N
1

[C12SL],

wherel(4)) is the fluorescence intensity at wavelengtthat
was sampled in 0.5 nm intervals.

[C12SL]/[Protein]

RESULTS 0.1

Electron Paramagnetic Resonance-Monitored Ligand Bind-
ing. The results of ligand binding after substitution of
tryptophan for native amino acids are shown in Figure 2.
The composite spectra demonstrate the signals of free and 0-00.0 02 o4 os o8 1o 12
bound C12SL monitored by high-field resonance peaks
(Figure 2A). Free C12SL gives rise to a narrow peak, while

the bound ligand yields a broad immobilized component. The FIGURE 2: (A) EPR spectra of C12SL (3AM) with apo-WT (62

spectra are quite similar for apo-WT and F99W. The #M) () and C12SL (2&«M) with apo-FIOW (54uM) (b). (B)
) The dissociation constants and stoichiometry for each mutant are

dissociation constant§) and stoichiometry are derived  gnown in the table. Scatchard plot of C12SL binding to apo-WT
from the Scatchard plots of C12SL binding to each mutant (a) and apo-F99W (b) where [C12$li§ the concentration of bound

(Figure 2B). All mutants show a level of binding of C12SL ligand, [C12SL{is the concentration of free ligand, and [protein]
within the same order of magnitude as that of apo-WT is the concentration of total protein. The experiments were
(Figure 2B). performed in 10 mM phosphate buffer (pH 7.3).

Circular Dichroism The far-UV circular dichroism spectra By, band of two tryptophan residues. According to Grishina
of WT (Trpl7), W17F (no Trp), W17Y (no Trp), W17Y/  (23), when two tryptophans are separated by 4.5 A, the
198W (Trp98), and 198W (Trpl17, Trp98) are shown in Figure maximum strength is predicted to be as large as 20°
3A. The spectrum of WT is similar to that of W17Y and deg cm? dmol®. For TL, with 158 residues, the molar
W17F except in the 226235 nm region. In this region, there  ellipticity per residue becomes 12 658 deg éndmol .
is increased optical activity indicating a positive contribution Because couplet strength decreasesRag the couplet
from Trpl7 in WT. The rotational strength of aromatic strength of 2520 deg cm dmol™* (Figure 3A, inset)
residues interacting with the nearest neighbor peptide groupcorresponds to a distance of 10 A between tryptophans in
can significantly contribute to the optical activity between the most favorable orientation. This implies that the distance
220 and 230 nm25). The mutant W17Y/I98W with a single  between Trp17 and Trp98 is10 A. The calculated exciton
Trp98 shows less optical activity in the 22225 nm region spectrum for Trpl7 and -98 in 198W (orientation in Figure
than WT (Trp17). This difference and the formation of new 1 and distance of 9.3 A as determined from fluorescent data;
minima at 208 nm may be due to the distortion of secondary see below) is shown in the inset of Figure 3A. The calculated
structure and/or an aromatic residue contribution. A dramatic spectrum closely approximates the observed data, verifying
difference is observed in the 22@45 nm region with I98W  the estimation of distances above.

(mutant with tryptophans at 17 and 98). There is a marked Figure 3B shows the far-UV spectra of WT (Trpl7),
increase in optical activity compared to mutants without W17Y, W17F (no Trp), W17Y/F99W (Trp99), and FO9W
tryptophan as well as those with a single tryptophan. The (Trp17, Trp99). The spectrum of W17Y/F99W is minimally
difference CD spectra (Figure 3A, inset) show a positive altered from the spectra of W17Y and W17F. There is little
contribution to rotary strength at 219 nm and a negative contribution from Trp99 in the 226250 nm region. In
contribution at 231 nm. The midpoint of these extremes is addition, the difference CD (Figure 3B, inset) shows no
centered at 225 nm, indicating an exciton spectrum for the evidence to support an exciton effect. The lack of an exciton

[C125L},/[Protein],,
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Ficure 4: (A) Fluorescence spectra (corrected and normalized to

an Aygs of 0.05) of WT (Trpl7), W17Y/1I98W (Trp98), and 198W

(Trpl7, Trp98) and that predicted for 198W in the absence of energy

— 77— transfer, assumingy; = 0.61 andagg = 0.39. (B) Absorbance

190 200 210 220 230 240 250 260 spectra for WT (Trpl17) and W17Y/I98W (Trp98).

Wavelength ( nm )
Ficure 3: (A) Far-UV CD spectra of Trp mutants of TL for

Table 1: Fluorescence Parameters of WT and TL Mutants

position 98. WT and tryptophanless mutants are shown for 198W Foow
comparison. The inset shows difference CD spectra of the double TWL Wl;Y/S')%BW (TTrpglg : Wl?”gggw (1Trp9197 ;
tryptophan mutant 198W (Trpl7, Trp98), the mutants without (Trp17) (Trpo8)  Trp98)  (Trp99)  Trp99)
tryptophan, and the calculated Trg Bxciton band for Trp17 and Amax (NM) 332 329 333 325 332
Trp98. (B) Far-UV CD spectra of Trp mutants of TL for position quantumyield  0.017 0.147 0.034 0.082 0.092
99. WT and tryptophanless mutants are shown for comparison. Theguantum yield 0.068 0.043
inset shows difference CD spectra of the double tryptophan mutant 71 (ns) 0.24 1.15 0.59 0.76 0.92
F99W (Trpl17, Trp99) and the mutants without tryptophan. o 0.97 0.26 0.95 0.59 0.58
f1 0.72 0.09 0.80 0.25 0.32
o 72 (Ns) 3.6 4.05 2.85 3.22 2.76
effect does not exclude the proximity of chromophores, as g, 0.03 0.74 0.05 0.41 0.42
the relative orientation may not permit excited-state inter- f 0.28 0.91 0.20 0.75 0.68
actions 23). Tmean 1.18 3.79 1.04 2.61 2.17
z0 0.34 3.30 0.70 1.77 1.69
Steady-State Fluorescence Dathe fluorescence spectra @3 1.49 0.91

of WT (Trp17), W17Y/198W (Trp98), and 198W (Trpl7, a Predicted value for quantum yield &0in the absence of RET
Trp98) are shown in Figure 4A. WT has a maximum between Trp residues.

emission at~332 nm. W17Y/I98W is blue shifted in its

emission maxima, and the fluorescent quantum yields areProcedures) in the absence of energy transfer can be
larger than that of the WT. Various fluorescence parameterscompared to the observed spectrum (Figure 4A).

of WT and mutant proteins are listed in Table 1. The Figure 4B shows that the absorbance of Trp98 in mutant
fluorescence spectrum predicted for 1I98W (see Experimental W17Y/I98W is blue shifted compared to that of Trpl7 in
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Ficure 6: Phase angle (filled symbols) and modulation (empty

symbols) fluorescence lifetime data for WT and position 98 mutants.
Solid lines represent the best biexponential fit for the parameters
given in Table 1.

0.8 4

0.6 4

Absorbance

0.4 4

by a 4.05 ns component, and the decay of 198W is dominated
by a 0.59 ns component. In all three cases, there is a
contribution from other components. In theory, in the absence
of resonance energy transfer, the fluorescence decay of the
oo mutant with two tryptophans reflects the sum of the
T 280 20 230 20 20 w0 30 30 combination of the decays of the two separate proteins each

Wavelength (nm) with a single tryptophan. The amplitude-averaged lifetime
FIGURE 5: (A) Fluorescence spectra (corrected and normalized to FLfor mutant 1I98W shows a value lower than that predicted
an Aggs of 0.05) of WT (Trpl7), W17Y/F99W (Trp99), and F99W  in the absence of RET (Table 1).

(Trpl7, Trp99) and that predicted for F99W in the absence of : :
energy transfer, assumings; = 0.60 andag = 0.40. (B) The decay for W17Y/F99W (Trp99) is dominated by a

Absorbance spectra for WT (Trp17) and W17Y/FOOW (Trp99). 3.22 ns component and for Foow (Trpl7, Trp99) az2.76ns
component (Table 1). Both proteins show contributions from

the wild type. This feature indicates that Trp98 has a more other components. In line with steady-state fluorescence, the
apolar environment than Trp17. amplitude-averaged lifetime for the mutant F99W shows a
TTh1e7ﬂuorg?/(\:/igﬁ(%sgpgi/var?r ofgg99W (;]I'rp17_, TFr_p99), VXT value greater than that predicted in the absence of RET.
'(I'hrer) erzl,is?sri]on maximum of(rgﬁtagt?/(/eliYcljl\évggl\?v (l_?rl:)rggf)i is’ The absorbance and emission spectra of Trpl7 and Trp98
are shown in Figure 7. The overlap is more pronounced for

blue shifted, and the fluorescent quantum yield is greater ~.
direct transfer from Trp98 to Trp17 than the reverse. Values
than that of WT (Table 1). The fluorescent spectrum for for the calculated distanc&sbetween the tryptophan residues

FOOW (Trpl7, Trp99) exhibits a peak at 332 nm with a . : X .
shoulder at 337.5 nm. The observed fluorescence spectrurﬁn 198W, the orientation factore’, and the overlap integrals

: ) . X
of FO9W shows a marked increase in quantum yield and is Jhare s_ho;;v_n N -liat_’l_lﬁ 21‘ corresplond§ to th(lafon(_T_ntatl?on
red shifted compared to that predicted in the absence ofShown in Figure 1. The lower overlap integral for Trp3

energy transfer. Figure 5B shows that the absorbance of |"P98 and the much lower quantum yield of Trp17 (Table

Trp99 in W17Y/F99W is blue shifted compared to that of 1) 'esult in a lowerR, value for energy transfer from

Trp17 in the wild type. As in case of Trp98, Trp99 also has P17 — Trp98 than from Trp98~ Trp17. For a distance
a more apolar environment than Trp17. of 9.3 A between tryptophans, the efficiency of energy

Time-Resaled Fluorescence Dat®hase/modulation fluo- ~ transfer from Trp17=Trp98 would be 0.056 or 8% of the
rescence lifetime data for WT and the two mutants are shown 9Pserved efficiency of energy transfer from Trp98Trp17.
in Figure 6. In each case, the decay is nonexponential. Theherefore, energy transfer from Trpl7- Trp98 was
fitting parameters for biexponential decay are given in Table excluded in the calculations of efficiency of energy transfer.
1. The WT has contributions from both a 0.24 ns component  Steady-State Anisotropy Datteady-state anisotropy data
and a 3.6 ns component. The decay of WT is dominated by for WT and mutants are shown in Figure 8. In every case,
a 0.24 ns component; the decay of W17Y/I98W is dominated the anisotropy values rise with increasing excitation wave-

024
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but at 305 nm, the anisotropy is intermediate between that
of WT and that of W17Y/F99W.

DISCUSSION

Exciton Effect and the Proximity of Positions 17 and 98.
Excited-state interactions between Trpl7 and Trp98 give rise
to a couplet CD band centered near 225 nm, an exciton effect.
It is considered that the Bband of Trp at 225 nm, the
strongest transition in the indole grougnéx ~ 35 000 Mt
cm™?), is responsible for the main far-UV CD contribution
(23). The magnitude and sign of,Band CD strongly depend
on both the backbone and side chain conformation. A special

C N situation occurs when two Trp residues are in proximity. It
240 260 280 300 320 340 360 380 400 420 440 is known that if two identical chromophores are sufficiently
Wavelength (nm) close, their excited states will interact to give rise to an
FiGURE 7: Spectra of absorbance (left) and emission (right) of Trp17 €Xciton effect, which has a characteristic CD band called a
and Trp98. The blue sides of the emission spectra (bold solid and couplet. Because the couplet strength decreasBs?gR is
bold dotted lines) were constructed as a biparametric log-normal the distance between the geometric centers of the chro-

function (30). Solid lines show the overlap for RET from Trp98 to - mgphores), the interaction is expected to be significant even
Trpl7; dotted lines show the overlap for RET from Trp17 to Trp98. at distances from 10 to 15 A if the chromophores are

Table 2: Calculated Distand® (A), Orientation Factorg?, Overlap favoraply oriented3). On the other hand, the strength of
Integralsd (x10 M~ cm-* nn), andR, Values (A) for an exciton couplet depends on the square of the oscillator
Tryptophans in 198W strength of the couplet chromophores and hencengf La
(maximum at 275 nm) andd@maximum at 225 nm) bands

0.8+

0.6 4

04 -

Absorbance or Emission

0.2

0.0+

Trp98— Trpd7 Trpd7™ Trp98 of Trp haveemax values of approximately 4500 and 35 000
52 g% 0.77 M~1cm, respectively. Therefore, the Trg Band is ideally
3 6.66 1.72 suited for detecting sterically close Frrp pairs through
Ro 10.4 5.8 exciton couplet formation. Such couplets have been observed
in different proteins 23, 31) and supported by theoretical
5 calculations 23). The far-UV CD spectra of 198W, which
0.24 has two Trp residues at positions 17 and 98, differ strikingly

from those of other mutants with one or no Trp. Difference
CD spectra show that the TrpETrp98 interaction gives a
rise to negative couplet centered at 225 nm. The asymmetry
observed for the exciton couplet may arise from the-Tyr

0.20 4

g Trp interaction (mutant W17Y/I98W) and/or from uncer-

fg 016 tainty in the determination of protein concentration. For

< oWt example, a 7% increase in the intensity of the W17F CD

o WATY/FOOW spectrum results in an ideal symmetric couplet with a

—A— WATY/I98W crossover at 225.3 nm. The exciton coupling is strong

0421 —v—l98W evidence that Trpl7 and Trp98 are in proximity. The
e resw estimated maximal distance of 10 A concurs with the distance

; ; ; . ; . obtained by fluorescence (9.3 A). The calculated exciton

294 296 296 300 %02 304 306 spectra for 9.3 A with the orientation chosen (Figure 1)

Excitation wavelength (nm) corroborate the experimental data.

FIGURE 8: Anisotropy as a function of excitation wavelength of ~ Resonance Energy TransféResonance energy transfer
TL and its mutants. from Trp98 to Trpl7 is apparent in Figure 4A. The quantum

yield of a Trp residue depends on its local environment and
length. WT (Trp17) shows the greatest value of anisotropy. the proximity to a quenching group. Trp98 has a higher
W17Y/I198W (Trp98) has the lowest value of anisotropy quantum yield than Trp17. Both the absorption and emission
among single-tryptophan mutants. The anisotropies of I98W spectra of W17Y/I98W are blue shifted compared to that of
(Trp17, Trp98) are lower than those of both WT and W17Y/ WT. Therefore, Trp98 is exposed to a more apolar environ-
198W throughout the excitation wavelength range. There is ment than Trpl17 and is expected to be the donor in RET.
a greater increase in anisotropy for 1I98W at 305 nm (92% The fluorescent quantum yield of the mutant 198W (Trp17,
increase over anisotropy at 295 nm) than for the single- Trp98) is lower than that predicted from the sum of the
tryptophan mutants (56% increase in anisotropy at 295 nm), quantum yield data for Trp17 and Trp98. The efficiency of
although its value did not reach an intermediate value energy transfer from Trp98 to Trp17 obtained from quantum
between that of WT and that of W17Y/I98W. The increase vyield data is 66 and 69% as obtained fréthvalues. There
in anisotropy of FO9W (Trpl7, Trp99) is much greater than is a significant increase in the short lifetime component (0.59
that of 198W with increasing excitation wavelength. The ns) in 1I98W compared to that of WT (0.24 ns). These data
anisotropy of F99W at an excitation wavelength of 295 nm and the calculated?, values (Table 2) show that RET
is lower than the anisotropies of both WT and W17Y/F99W, predominates from Trp98- Trpl7.
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In proteins, for typical tryptophantryptophan RET with Anisotropy MeasurementBhe steady-state anisotropy data
closely overlapping absorption and emission sped®&a, show resonance energy transfer from both Trp98 and Trp99
values are~7—10 A (32—34). «2, the orientation factor,  to Trp17 (Figure 8). For any tryptophan excited at 305 nm,
depends on the relative orientation of the transition dipoles the maximum anisotropy is0.32 37). Given the fluorescent
of the donor and acceptd3Z—35). Estimation of the distance  lifetimes, the relatively high anisotropy values obtained for
between Trpl7 and -98 required knowledge of the correct Trpl7, Trp98, and Trp99 at the excitation wavelength of 305
side chain orientation. RET depends on the orientation of nm suggest restricted mobility of their side chains. These
the L, bands of tryptophan, but exciton coupling depends data corroborate site-directed spin labeling work that showed
on the B bands. The directions of the,and B, bands differ the side chains of Trp98 and Trp99 are motionally con-
from each other so that one can choose the orientation whichstrained {4). Trp17, which has the highest anisotropy value,
yields concordant results between the CD and fluorescencealso has the lowest mean lifetime of fluorescence (Table 1).
data. Six possible rotamers were examined. The derivedAccording to the Perrin equatioB2), anisotropy is sensitive
exciton coupling spectra from four of these rotamers revealed to both the fluorescent lifetime and the rotational correlation
positive couplets and were eliminated. Of the two remaining time of the fluorophore. The higher anisotropy value obtained
rotamers, one closely approximated our exciton coupling for Trp17 compared to those of Trp98 and Trp99 does not
spectrum. In addition, the model constructed of this rotamer necessarily imply that its side chain is more restricted. All
revealed an inter-tryptophan distance of 9.1 A which closely anisotropy values increase with increasing excitation wave-
matches our value for fluorescence data of 9.3 A with the length (Figure 8). This dependence is attributed to the two
orientation shown (Figure 1). excited states of indole {land L,). The transition moments

The existence of RET between Trpl7 and Trp99 is made a::iuprg“;ﬁgidr:fuﬁgrtﬁ ?ha;Chg,(')sttg(tag wﬁictrr:eiser?elfjsgr?if?g dTrp
complicated by the unusual fluorescence parameters of F99V\/20m ared toxche | state Theref,ore the increase in the
(Table 1). The absorption and emission properties of Trp99 anisgtropy toward the re.d edge of fhe absorption band is
and _Trp17 suggest that Trp17 is probably a RET acceptordue to photoselection of the predominantly transition
(@s in the case of .|98W) In mutant F99w,_|:99w has a since there are small angular differences between the
quanium yield that Is greater thgn 'that predicted from the absorption and emission transition moments far L
Suthf thbe quanturp yields ththe mghwdual tryptopgans e(\j/eg The anisotropies of 198W and F99W, each containing two
in the absence of RET. These data are corroborated by . I T . .
lifetime measurements. The amplitude-averaged lifetime for Trp residues, have similar patterns with an increasing

FI99W in the absence of energy transfer is predicted to be ggf:a;'feré Vt\ga\t/ﬁéengtpé”t::totfhﬁ:: S"’i‘;e Ig?%ortap;tgilzfser?: iﬁz
0.91 ns, but the observed value is 1.69 ns. In addition, the P P 9 PP )

emission spectrum of F99W shows a shoulder at 337.5 nmabsence of energy transfer, anisotropy of a protein containing

) two Trp residues is given by= firy + for,, wheref; andr;
that was not obsgrved in the presence of both Trp17 andrepresent the anisotropies and the fractional fluorescence
Trp99. The most likely explanation is that the fluorescence

o : intensities of the individual species, respectively. Therefore,
guantum yield increased because the level of quenching byin the absence of RET, the anisotropy values of mutants with
neighboring groups in the single-tryptophan mutant proteins '

as diminished in the mutant containing two trvbtophans two Trp residues are expected to have an intermediate value
w imini ! u ining two tryptop " between those of the two separate proteins, each with a single

It is quite possible that the presence of both Trp17 and Trp. At the excitation wavelength of 295 nm, anisotropies
Trp99 produced conformational changes that resulted in aof 198W (Trp17, Trp98) and F99W (Trpl7, Trp99) are
reduced level of quenching of one or both tryptophan residuessubstantially lower than those of both WT and W17Y/I198W
by neighboring groups. It is most likely that Trpl7 is and WT and W17Y/F99W, respectively (Figure 8). This
responsible for an increased quantum yield in FO9W becauseindicates resonance energy transfer from Trp98 and Trp99
it accounts for most of the absorption (60%). In WT, Trp17 to Trp17. With the increase in excitation wavelength, a red
has a much lower quantum yield (0.017) than Trp99 (0.082) edge excitation effect is produced, whereby the emission
in W17Y/FO9W. The far-UV CD data show little structural spectrum of the donor is red shifted to reduce the spectral
perturbation in the FO9W mutant compared to proteins with overlap (reduced overlap integral) with absorption spectra
single tryptophans at each site, suggesting that the overallof the acceptor32). It is evident in Figure 8 that with the
structure is maintained. EPR data (Figure 2) show that F99W increase in the excitation wavelength to 305 nm, the
maintains ligand binding properties similar to those of other anisotropy of FO9W increases to an intermediate value
mutants and apo-WT. Analysis of the model generated from between that of WT and W17Y/F99W. If the decreased value
the secondary structure of TL confirms that the two residues of anisotropy for F99W at the excitation value of 295 nm
are likely in proximity to permit such conformational was due to a perturbation that changed the side chain mobility
interactions {2). Previous data suggest that Trp99 is more and/or fluorescence lifetime, then this change should be
blue shifted than Trp98 and is oriented so that the side chainconsistent throughout the range of excitation wavelengths
is pointed toward the interior of the cavity. Trp99 encounters that were tested. However, the relative increase in anisotropy
an apolar environment and is constraindd, (36). The with red edge excitation to an intermediate value between
lifetime component of FO9Wz;, was markedly increased, those of Trpl7 and Trp99 clearly establishes the existence
perhaps indicating a conformational shift of Trp17 occurred. of resonance energy transfer at the excitation wavelength of
However, the increased, of Trpl7 could reflect both a 295 nm.
conformational shift at Trp17 and energy transfer from Trp99 It is evident from Figure 8 that the response to the red
to Trpl7. To establish the resonance energy transfer fromexcitation effect is greater in magnitude for F99W than for
Trp99 to Trpl7, we performed anisotropy measurements. 198W (in both cases, resonance energy transfers to Trpl7).



8846 Biochemistry, Vol. 41, No. 28, 2002

Gasymov et al.

Table 3: Interatomic Distances between Residues That Constitute the Internal Hydrophobic Cluster in TL

amino acid (atom)

amino acid (atom)

distance (A)

V13 (CB) W17 (CZ2) 3.85

M39 (CB) W17 (CB) 4.83

L41 (CD2) W17 (CD1) 3.98

F99 (CD1) W17 (CZ2) 3.97

V116 (CG2) W17 (CB) 3.47

L41 (CD2) M39 (CB) 3.82

F99 (CB) V116 (CG2) 4.30

F99 (CB) 188 (CG1) 3.83

V116 (CG2) L41 (CD2) 451

V116 (CG1) L19 (CD2) 3.62

L19 (CD2) M39 (SD) 4.10

L49 (CD2) F99 (C2) 3.81

L49 (CB) Y77 (CD2) 3.79

A86 (CB) Y77 (CB) 4.53

corresponding residues fhlactoglobulin and TL that form the internal hydrophobic cluster

BLG V15 w19 S21 V43 L46 L54 F82 V92 Vo4 L103 F105 L122
TL V13 W17 L19 M39 L41 L49 Y77 A86 188 F99 C101 V116

a Coordinates derived from the homology model for TI2),
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FiGurRe 9: Red edge excitation effect for mutants with tryptophans

at positions 98 and 99.

The anisotropy data also support the notion that the
environment of tryptophan at position 99 in F99W is similar
that of W17Y/FO9W. Comparison of the spectra in Figure 9
shows an enhanced red excitation effect for W17Y/F99W
compared to W17F/I98W and implies that position 99 is
more sensitive to this effect than position 98 in the proteins
with a single tryptophan. It is evident from Figure 8 that
F99W displays a higher value of anisotropy at 305 nm than
does 198W due to reduced spectral overlap (RET) at the
longer excitation wavelengths and indicates that the emission
of F99W is more red shifted than that of 198W. Hence,
photoselection of the microstates of tryptophan at position
99 in W17Y/F99W that led to the increased sensitivity for
the red excitation effect is retained in F99W. Furthermore,
the anisotropy of F99W at 305 nm is intermediate between
those of WT and W17Y/F99W (Figure 8), a result expected
in the absence of RET. These findings are evidence against
a major environmental/positional alteration of either Trpl17
or Trp 99 in the FO9W mutant despite the discrepancy
between quantum yields of proteins containing one and two
tryptophans.

Trpl7 is close to the residues in positions 98 and 99 of
tear lipocalin. These data provide direct experimental support
for our homology model of TLX2) which places Trp17 only
3.97 A from Phe99 (Table 3) and 5.53 A [Trp17 (CZ3)
[le98 (CB)] from 1l1e98. In the model, Phe99 is buried deep
in the cavity, a position consistent with numerous previous
observationsi3, 14, 36). It is likely that Phe99 is part of a

This difference can be related to the greater red edgehydrophobic cluster in the cavity of TL.
excitation shifts of the emission spectra of W17Y/F99W (the

red shift from 295 to 305 nm is 8.4 nm) compared to that |ipocalin family, and it is logical that its impact on function
for W17Y/I98W (the red shift from 295 to 305 nm is 4.5 \ould also be conserved. Ifi-lactoglobulin, NMR data

The tryptophan in TL is a highly conserved residue in the

nm) (Figure 9). The overlap integral is influenced mainly jdentify 11 amino acid residues that point toward the interior
by the blue edge of the emission spectra of the donor. and form a hydrophobic cluster centered around conserved
Inspection of Figure 9 reveals that the red shift differences Trp19 and including Leu10310). In the crystal structure of
are even greater at the blue edge of the spectra for W17Y/g-lactoglobulin, Trp19, Tyr102, and Leul03 are located in
FOOW and W17Y/1I98W compared to that of SCM of the the closed end of the cavity. Despite the fact that Leu103
same spectra. Therefore, the spectral overlap is reduced morand Tyr102 face different sides of the cavity (internal and
for FO9W than for 198W, which accounts for the reduced external, respectively), they are close to Trpl9 [Trpl9
level of resonance energy transfer between Trp residues in(CH2)—Leu103 (CB)= 3.9 A and Trp19 (CZ3)Tyr102
FI99W at the excitation wavelength of 305 nm. (CB) = 4.9 A (PDB entry 1B0O)].
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Ficure 10: Residues that constitute the internal hydrophobic cluster (green, carbon; red, oxygen; blue, nitrogen; and yellow, sulfur) and
external hydrophobic patch (magenta) of (A) tear lipocalin as derived from the homology ri@pah@ (B)j-lactoglobulin (PDB entry
1B00O).

Ficure 11: Stereodiagram of TL in a ribbon configuration with hydrophobic residues (red) proximal to Trp and side chains (green, carbon;
red, oxygen; blue, nitrogen; and yellow, sulfur), with coordinates derived from the homology mM@lel (

The interior hydrophobic cluster and external hydrophobic Trpl7 forms the core of the internal hydrophobic cluster. In
patch fors-lactoglobulin can be compared with the homology the model, Trp on strand A is proximate to hydrophobic
model for TL (12) and the corresponding residues (Figure residues on strands B, G, and H as well as the shor,

10). The model of TL (Figure 10A) shows that the side chain helix. The short interatomic distances for these residues are
of [1e98 (Tyr102 ing-lactoglobulin, Figure 10B) is oriented  conducive to hydrophobic forces that would act to hold the
away from the cavity but close to Trpl7. It is evident from strands andxs-10 helix together to form the closed tip of
Table 3 that Trpl7 lies close to five hydrophobic residues; the calyx of TL (Figure 11). In addition to the analogous
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5. Blaker, M., Kock, K., Ahlers, C., Buck, F., and Schmale, H. (1993)

Table 4: Interatomic Distances between Residues That Constitute o : -
the External Hydrophobic Patch in TL and Their Corresponding Biochim. B'OthS' Acta 117231 13.7' .
Residues inB-Lactoglobulin (PDB entry 1B00O) 6. Redl, B., Holzfeind, P., and Lottspeich, F. (1992Biol. Chem.
_ ” _ ” " 267, 20282-20287.
amino aci amino aci istance .
(atom) (atom) A) 7. Lechner, M., Wojnar, P., and Redl, B. (20@ipchem. J. 356
129-135.
198 (CG1) Y100 (CE2) 3.59 8. Yusifov, T. N., Abduragimov, A. R., Gasymov, O. K., and
L115 (CG) Y100 (CE2) 3.99 Glasgow, B. J. (2000Biochem. J. 347815-819.
L115 (CD1) A21 (CB) 4.07 9. Flower, D. R. (1996]Biochem. J318 1-14.
corresponding residues fhlactoglobulin and TL 10. Ragona, L., Pysterla, F., Zetta, L., Monaco, H. L., and Molinari,
that form the external hydrophobic patch H. (1997)Folding Des. 2281-290.
11. Katakura, Y., Totsuka, M., Ametani, A., and Kaminogawa, S.
BLG L2 A2 vez Y1z Lld cCla (1954) Biochim, Blophys. Acta 12086 67
N - - - - 12. Gasymov, O. K., Abduragimov, A. R., Yusifov, T. N., and
No corresponding residue because strand B is truncated in TL. Glasgow, B. J(2001) Biochemistry 4014754-14762.
13. Gasymov, O. K., Abdl_Jragimov, A R., Yusifov, T. N., and
residues fop3-lactoglobulin, the interatomic distances from Glasgow, B. J(1997) Biochem. Biophys. Res. Commun. 239
. S . i, 191-196.
Leul9 to Met39 and Vall16 in combination with the position 14. Glasgow, B. J., Gasymov, O. K., Abduragimov, A. R., Yusifov
in th? 3D model of TL 5“9965t that_ Leul9 is al_so a T N., AIt’en'ba'c’h, C., and’Hleb'éII, W. L. (lggéjdchémistry ’
constituent of the hydrophobic cluster in TL. Ser21 is the 38, 13707-13716.

corresponding residue ifirlactoglobulin and is not part of 15. Gasymov, O. K., Abduragimov, A. R., Yusifov, T. N., and
the hydrophobic cluster. Phel05 in the hydrophobic cluster Glasgow, B. J. (1998Biochim. Biophys. Acta 138@45-156.

of B-lactoglobulin corresponds to Cys101, which has a 16.Gasymov, O. K., Abduragimov, A. R., Yusifov, T. N., and
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