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The solution structure of the G strand of human tear
lipocalin was deduced by site directed tryptophan
fluorescence (SDTF). The fluorescent amino acid, tryp-
tophan, was sequentially substituted for each native
amino acid in the sequence of the G strand. The fluo-
rescent properties resolved alternating periodicity as
predicted for B sheet structure, twists in the 8 sheet,
strand orientation in the lipocalin cavity, and the rela-
tive depth of residues in the cavity. A distribution of
microstates with various orientations of dipoles in the
side chain environments of the G strand revealed mo-
bility on the nanosecond time scale. SDTF is broadly
applicable to most proteins and will complement x-ray
crystallography, site directed spin labeling by electron
paramagnetic resonance (EPR), and nuclear magnetic
resonance (NMR) in the determination of solution

structure. © 1997 Academic Press

Tear lipocalin is the principal lipid binding protein
in tears and is bound to fatty acids, glycolipids, phos-
pholipids and cholesterol in tears (1). Its broad ligand
specificity makes tear lipocalin an unusual member of
the expanding lipocalin family, proteins characterized
by the ability to bind small hydrophobic molecules. X-
ray crystallography and computer generated models of
several lipocalins have revealed structural features in
common (2-6). Eight strands are arranged in a S-barrel
and are joined by loops between the S strands (2). How-
ever, the solution structure of lipocalins has been prob-
lematic. S-lactoglobulin is found as a dimer in the na-
tive state. But the solution structure of S-lactoglobulin
could be obtained by nuclear magnetic resonance
(NMR) only in the monomeric form at acidic pH, (4).
Three structurally conserved regions have been identi-
fied for the lipocalins (2). One of these regions, the G
beta strand, consistently contains tyrosine, isoleucine
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and phenylalanine residues. Crystallographic struc-
ture analysis of similar lipocalins, indicates that these
residues are in close proximity to ligands (3,7,8). These
features suggested to us that this region may be im-
portant for ligand binding. We sought to investigate
the solution structure of this region.

There are a number of excellent methods for defining
structures of proteins. Crystallographic methods pro-
vide information about the static structure of proteins.
However, no general approach is available for crystalli-
zation of membrane proteins. NMR provides solution
structure of proteins less than 20 kD but is unfeasible
if the protein forms aggregation complexes in solution
(4,9). EPR is an exciting technique for revealing solu-
tion structure and monitoring structural changes on
the millisecond time scale but requires cysteine substi-
tution followed by a spin labeling reaction (10-12). Pro-
teins with multiple cysteines and disulfide bonds or
with a deeply buried site in a hydrophobic cavity may
require disulfide reduction of the protein before label-
ing and refolding after labeling. The method that we
adopted, SDTF, provides solution structure on the na-
nosecond time scale but does not require a complex
labeling reaction.

In recent years many advances have been made in
fluorospectroscopic analysis with tryptophan scanning.
Previous work in synthetic peptides has demonstrated
resolution of a-helical properties with little pertuba-
tional effect by replacement of amino acids with trypto-
phan (13). A great deal of information about protein
structure has been revealed in special cases of proteins
bearing one tryptophan but the analysis is made com-
plicated with multiple tryptophan residues (14-18).
This led to the hypothesis that sequential substitution
of native amino acids by tryptophan followed by trypto-
phan scanning (SDTF) would reveal information about
secondary structure, exposure of individual amino acid
residues as well as motion of amino acid residues and
neighboring groups.

The rationale for using SDTF to study tear lipocalin
structure is multifold. Tryptophan fluorescence is ex-
quisitely sensitive to motion, environment and position
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(protein surface or interior) (13,19-21). Therefore, se-
quential substitution of individual amino acids with
tryptophan would yield abundant structural informa-
tion about each residue in a protein. This approach was
well suited for tear lipocalin because it contains a single
tryptophan residue in the native structure (6).

MATERIALS AND METHODS

Site-directed mutagenesis and plasmid construction. The tear li-
pocalin cDNA in PCR Il (In Vitrogen, San Diego, CA), previously
synthesized (22), was used as a template to clone the TL gene span-
ning bases 115-592 of the previously published sequence (6) into pET
20 b (Novagene). Flanking restriction sites for Ndel and BamHI were
added to produce the native protein sequence as found in tears (23).
To avoid the use of subtraction spectra in analysis and to simplify
the interpretation of quenching experiments in molecules with sub-
stituted tryptophans, it was first necessary to substitute the native
tryptophan with an amino acid that did not induce significant struc-
tural perturbations. We prepared a tear lipocalin mutant, W17Y with
oligonucleotides (Universal DNA Inc.) using the previously published
method of introduction of a point mutation by sequential PCR steps
(24). Twelve additional mutant cDNAs were constructed in which
the corresponding amino acids 94-105, on the G strand of tear lipo-
calin were converted sequentially to trytophan. (Amino acid 94 corre-
sponds to Lys, bases 394-396 of Redl (6).

Expression and purification of mutant proteins. The mutant plas-
mids were transformed in E. Coli, BL 21 (DE3) and cells were cul-
tured and protein was expressed according to the manufacturer’s
protocol (Novagene). Following cell lysis as previous described (25),
the supernatant was treated with methanol (40% final concentration)
at 4°C for 2 1/2 hours. The suspension was centrifuged at 3000g for
30 minutes. The supernatant was dialysed against 50 mM Tris HCI
pH 8.4. The dialysate was treated with ammonium sulfate 45-75%
saturation. The resulting precipitate was dissolved in 50 mM Tris
HCL pH 8.4 and applied to a Sephadex G-100 column (2.5 x 100
cm) equilibrated with 50 mM Tris HCL, 100 mM NacCl, pH 8.4. The
fraction containing the mutant protein was dialysed against 50 mM
Tris HCL, pH 8.4 and applied to a DEAE Sephadex A-25 column.
Bound protein was eluted with a 0-.8M NaCl gradient. Eluted frac-
tions containing mutant proteins were centrifugally concentrated
(Amicon, Centricon-10). Purity of mutant proteins was verified by
SDS tricine gel electrophoresis (1). The protein concentration was
determined by the biuret method (26).

Circular dichroism measurements. Spectra were recorded (Jasco
600 spectropolarimeter, .2 mm path length for far-UV spectra) using
protein concentrations of 1.2 mg/ml. Eight scans from were per-
formed from 190-260 nm. Results were recorded in mdegrees.

Fluorescence spectroscopy. Fluorescence measurements were
made on Perkin-Elmer LS-5 specrofluorometer using 3-nm band-
widths except for quenching experiments (5-nm bandwidths). The
excitation \ of 295 nm was used to ensure that light was absorbed
almost entirely by tryptophanyl groups. Protein solutions with less
than .1 OD at 295 nm were analysed. All spectra were obtained from
samples in 10mM sodium phosphate, pH 7.3, at room temperature.
The fluorescence spectra were corrected for light scattering from
buffer. The fluorescence of a protein, monitored at its emissions Apax,
was quenched by the progressive addition of small aliquots of an
8M acrylamide solution as previous described (20). Correction for
dilution of the sample and for inner filter effects caused by acryl-
amide absorption was performed as previously described (20). The
guenching data were fit to the modified form of the Stern-Volmer
relationship (20): F/F=(1+Ksv[Q])e"? where F, and F are the fluo-
rescence intensities in the absence and presence of the quencher,
respectively, [Q] is the concentration of quencher, Ky, is the dynamic
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FIG. 1. Far UV CD spectra of expressed proteins. (—) wild
type of tear lipocalin; (---) mutant W17Y. Spectra were obtained
from protein samples 1.0 mg/ml in 10mM sodium phosphate buffer,
pH 7.3.

quenching constant and V is the static quenching constant. Ky, =Kq7,
Estimation of collisional rate constant, K,, was performed using L-
tryptophan as a fluorescence standard. The quantum yield and fluo-
rescence lifetime, 7,, were assumed to be .13 and 2.8 ns, respectively
(27,28). The red excitation experiment was performed according to
Demchenko (29) under the conditions above. The parameter l3,0/1360
is a linear function of fluorescence maxima positions. For blue shift
effects the parameter ls,0/l35 calculated at acrylamide concentra-
tions of 0 and .7M.

RESULTS AND DISCUSSION

Circular Dichroism

We compared circular dichroic spectra of expressed
W17Y mutant tear lipocalin with that of the wild type.
The superimposed far UV CD spectra were extremely
similar and showed nearly identical content of 5 sheet
and alpha helical structure confirming the lack of sig-
nificant secondary structural alterations with this sub-
stitution (Fig. 1). The spectra of both samples, indicat-
ing B structure, overlap except in the range 218-238
nm where the loss of the positive aromatic side chain
contribution of the mutant is evident as greater optical
activity. Expressed W17Y mutant tear lipocalins that
included sequentially substituted tryptophans for
amino acids K94-L105 showed no significant differ-
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ences in the far UV CD spectra from the W17Y mutant
(data not shown).

Fluorescence

We reasoned that fluorescence spectra of sequen-
tially substituted tryptophans of a § sheet should re-
flect the periodic physico-chemical environment of
amino acids along the peptide chain. Since the lipocal-
ins are composed of S sheets we proposed to study the
G strand region of tear lipocalin, K94-L105, that by
our calculation and others should contain a § sheet
structure (6). Tryptophanyl residues that are exposed
to a more polar enviroment (exposed to solvent) and
have high mobility reveal maximum emission peaks
that are red shifted and those in apolar environment
(buried in the protein) would reveal blue shifted emis-
sion (19-21).

Analysis of the emission peaks of the fluorescent
spectra indicated alternating periodicity of residues
F99-L.105 in their exposure to solvent as predicted for
a [ sheet (Figs. 2 and 3). Hence Y100, E102, E104 are
oriented exposed to solvent while F99 C101, G103 and
L105 are oriented in the interior of the protein.

Furthermore, from the relative emission peaks of the
internally situated molecules we hypothesized that the
F99 was likely to be deeply buried in the lipocalin cav-
ity while L105 was in a more shallow position. How-
ever, positions of the emission peaks are complex and
related not only to the exposure of tryptophan in a
protein but also to the polarity of its microenvironment
as well as to specific interactions with polar groups
of the protein, the presence of water molecules in the
protein’s interior, and mobility (20). In order to obtain
a quantitative measure of kinetic exposure of the tryp-
tophans used in substitution we performed acrylamide
quenching experiments. The quenching reaction in-
volves physical contact between acrylamide and an ex-
cited indole ring and can be kinetically described in
terms of a collisional and a static component that are
calculated from the modified Stern-Volmer plot (Fig.
4). In the calculations of the dynamic and static compo-
nents of the quenching reactions there is evidence for g
sheet structure. Inspection of Fig. 5 shows alternating
periodicity from F99-L105 for both collisional rate con-
stants and static quenching constants. A further exam-
ination of the plots shows a progressive increase in
collisional rate constants for buried residues from F99
to L105. Since in a perfect 5 sheet, all buried residues
share a similar orientation with respect to the solvent,
influences of depth in the cavity and configuration of
the S sheet must affect the collisional rate constants.
An analogous situation exists for exposed residues. F99
has the lowest collisional rate constant and therefore
lies deep in the cavity. L105 is more exposed although
still oriented away from solvent and therefore is more
shallow position in the cavity. Furthermore, the pro-
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FIG. 2. Fluorescence spectra of expressed mutant tear lipocalin
proteins. Spectra were obtained from samples in 10mM sodium phos-
phate, pH 7.3, at room temperature. The fluorescence intensities of
the mutants were adjusted to the same gain.

gressive increase in the collisional rate constants for
the even numbered residues exposed to solvent, Y100-
E104, indicates that the S sheet is twisted. Unlike the
case for buried residues, the collisional rate constant
of exposed residues is not limited by diffusion of acryl-
amide to a position in the cavity but rather by the
relative orientation of the residues with respect to sol-
vent molecules. Y100 is turned slightly toward the inte-
rior of the cavity and has relatively less exposure than
E104 which is turned exteriorly. Both the position of
emission peaks and collisional rate constants provide
further evidence for twisting of the G strand. Alternate
periodicity is predicted by the Chou-Fasman analysis
in the region of residues 198 and F99 (6). If the G strand
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FIG. 3. The position of the emission peak (from above) versus
position of the tryptophan substitution in the tear lipocalin sequence.
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FIG. 4. Stern-Volmer plots of Trp fluorescence quenching by
acrylamide at pH 7.3 of tear lipocalin mutants.
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FIG. 5. Fluorescence quenching constants versus position of the
tryptophan substitution in the tear lipocalin sequence.

were an ideal g structure, 198 would be oriented ex-
posed to solvent. But the collisional rate constant are
similar to F99; 198 is not exposed.

The findings by SDTF are comparable to crystallo-
graphic findings of the homologous G strand of 5 lacto-
globulin. Residues Y102, L103, and L104 of S lactoglob-
ulin are homologous to Y97, 198, and F99; all lie deep
in their respective cavities. In both lipocalins, the G
strand is twisted.

Comparison of the collisional rate constant with the
position of the emission peak for H96 brings to light
the influence of polar side chain interactions. The colli-
sional rate constant is low indicating that the residue
is not exposed to solvent but the emission peak is red
shifted indicating that H96 encounters a polar environ-
ment presumably from protein groups.

One of the advantages of fluorescence spectroscopy
is the detection of dynamic structure on the nanosecond
time scale (29,30). By exploiting fluorescence spectral
shift caused by red edge excitation, information can be
acquired about the rigidity of surrounding dipoles for
each amino acid residue substituted by tryptophan.
The basis of the red edge excitation effect is that inho-
mogenous chromophore microstates results in broaden-
ing of the electronic spectra. When the relaxation time
following excitation is longer than the fluorescence life-
time (7, > 1), it is possible to detect the altered distri-
bution as a manifestation of motion. The fluorescence
spectra for varying excitation wavelengths were mea-
sured for all mutants representing sequentially substi-
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FIG. 6. The red edge excitation and blue shifts for tryptophan substituted mutants. (A) ls/lz60 Versus excitation wavelength for
tryptophan substituted mutants. (B) lsz0/lss0 at acrylamide concentrations of 0 and 0.7M.

tuted amino acids with tryptophan (Fig. 6) and the red
edge excitation effect for different locations is compared
(Fig. 7A). Four mutants, W98, W99, W101, and W103,
that are internally located in the cavity showed a prom-
inent red edge excitation effect indicative of a more
rigid environmental state. W99, located deep in the
cavity, is in the most rigid state. However, W105 is
also internally located in the cavity but shows little red
excitation effect and therefore must be surrounded by
mobile dipoles composed of protein groups. W100,
W102, and W104, located external to the cavity, show
a minimal red excitation effect, indicative of reorienta-
tion of surrounding solvent dipoles on a subnanosecond
time scale (29).

Information regarding the relative exposure of the
subset of tryptophanyl residues in a rigid state is pro-
vided by an analysis of acrylamide induced blue shift
(Figs. 6B and 7B). Residues exhibiting the red excita-
tion effect are in a rigid microenvironmental state. The
subpopulation of residues that are more exposed
and fluoresce at longer wavelengths are preferably
guenched leading to a blue shift in the composite spec-
tra. For most of the substituted residues we found that
there is a blue shift. However, at the positions W97
and W99 there are blue shifts that are markedly less
than the corresponding marked red excitation effects
(Fig. 7). These residues show a wide distribution of

microenvironmental states. However, the blue shift is
reduced because acrylamide is unable to efficiently
quench the subpopulations of tryptophans that contrib-
ute to the longer wavelengths. The resolution of move-
ment on the nanosecond time scale reveals marked dif-
ferences between W99 and other buried tryptophans.
In contrast, for other residues (e.g. W101 and W103),
the amplitude of the induced blue shift is commensu-
rate with that of the red edge effect. We surmize that
there is greater accessibility of acrylamide for the sub-
set of microenvironmental states of these tryptophans
that fluoresce at longer wavelengths. Therefore, the
motion detected for W99 (surrounding dipoles) is not
accompanied by increased accessibility to acrylamide
but the motion observed in W101 and W103 is accompa-
nied by accessibility to acrylamide. Subtle dynamic
changes in accessibility of individual residues may oc-
cur during ligand binding and are detectable by SDTF.

The SDTF studies have added insights into the solu-
tion structure of the G strand of tear lipocalin. A
twisted S sheet structure is apparent. The strand spans
the depth of the cavity with exposed residues (L105)
that lie at the mouth as well as residues buried deep
in the cavity (F99). Polar side chain interactions are
apparent (H96). The motion of surrounding dipolar
groups for each residue is discernible on the nanosec-
ond time scale. The results suggest that SDTF may be
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FIG. 7. Red edge excitation and acrylamide induced blue shift
effects at the positions of tryptophan substitution in tear lipocalin.
(A) Alzyllzso Was calculated from Fig. 6 as the difference in values
at excitation wavelengths 295 and 305. (B) Alsy/ls60 is the difference
of the values in Fig. 6B of acrylamide at 0 and 0.7M.

applicable to other systems. Since the florescence of
Trp (emission maximum and quantum yield) is very
sensitive to interactions with ligands, SDTF may be
especially useful to investigate ligand binding.
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