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ABSTRACT: Tear lipocalin (TL), a major component of human tears, shows pH-dependent endogenous
ligand binding. The structural and conformational changes associated with ligand release in the pH range
of 7.5—3.0 are monitored by circular dichroism spectroscopy and site-directed tryptophan fluorescence.
In the transition from pH 7.5 to pH 5.5, the ligand affinity for 16-(9-anthroyloxy)palmitic acid (16AP)

and 8-anilino-1-naphthalenesulfonic acid is reduced. At pH 4.0 these ligands no longer bind within the
TL calyx. From pH 7.3 to pH 3.0, the residues on loops CD and EF, which overhang the calyx entrance,
show reduced accessibility to acrylamide. In addition resonance energy transfer is enhanced between
residues on the two loops; the distance between the loops narrows. These findings suggest that apposition
of the loops at low pH excludes the ligand from the intracavitary binding site. The conformational changes
observed in transition from pH 7.3 to pH 3.0 for loops CD and EF are quite different. The CD loop shows
less population reshuffling than the EF loop with an acidic environment, probably because backbone
motion is restrained by the adjacent disulfide bond. The Trp fluorescence wavelength maximm (
reflects internal electrostatic interactions for positions on loops CD and EF. The titration curigs of

for mutants on the EF loop fit the Hendersdrdasselbalch equation for two apparekwalues, while

the CD loop positions fit satisfactorily with on&pvalue. Midpoints of transition for the binding affinity

of TL tryptophan mutants to 16AP occur at pH 56.1. Replacement of each amino acid on either loop

by single tryptophan mutation does not disrupt the pH-dependent binding affinity to 16 AP. Taken together
the data suggest that pH-driven ligand release involves ionization changes in several titratable residues
associated with CD and EF loop apposition and occlusion of the calyx.

Tear lipocalin (TL} is a major component and the best studied ligands of TL, are known to bind with the polar
principal lipid-binding protein in tears. TL is promiscuous; headgroup oriented toward solvent at the calyx mouth and
endogenous ligands include an assortment of fatty acids, alkylthe hydrocarbon tail buried in the cavitil). Several features
alcohols, glycolipids, phospholipids, and cholestert). ( of TL may influence ligand binding and stability: the
Putative functions for TL include scavenging lipid from the conserved disulfide bondl®), a hydrophobic cluster of
corneal surface to prevent the formation of lipid-induced dry conserved residues including proximate Trpl7 and Phe99,
spots @), solubilization of lipid in tearsZ), antimicrobial and an external hydrophobic patch that includes 11658 (
activity (3), cysteine proteinase inhibitiod), transport of The disulfide bond and hydrophobic regions confer restrictive
sapid molecules in saliveb), transport of retinol in tears  influences on ligand binding for TL1Q).

(6), scavenging potentially harmful lipid oxidation products  The size of the ligand also appears to be a limiting factor
(7), transport of antioxidants in tear8)( and endonuclease  for binding to TL. The TL calyx is capacious compared to
activity (9). Common to most of these diverse functions is that of other lipocalins. DAUDA and 16-doxylstearic acid
the binding of small hydrophobic ligands. will bind in the cavity of TL but not in the cavity of

TL belongs to the lipocalin family of proteins that is  g-|actoglobulin (4, 15). However, the cavity of TL does
characterized by a cup-shaped ligand-binding fold within a not accommodate P646, which contains a large perylene
continuously hydrogen bondegtbarrel that is formed by group (L6). A homology model of TL constructed from site-
eight antiparallep-strands {0). The endogenous ligands of  directed tryptophan fluorescent data may partially explain
TL are known to bind in the Iipocalin fold. Fatty acids, the the promiscuous ||gand bmdmg'o Residues with smaller
side chains (Ala) are positioned in the calyx of TL at sites
t Supported by U.S. Public Health Service Grant EY-11224 and an that correspond to larger side chain residues (llg}-iac-

unrestricted grant from Research to Prevent Blindness to B.J.G. i iti i
“To whom correspondence should be addressed. Fax: (310) 794_toglobulln. In addition, TL has short interstrand loops CD

2144. Phone: (310) 825-6998. E-mail: bglasgow@mednet.ucla.edu, @Nd EF that overhang the cavity entrance compared to other
1 Abbreviations: ANSA, 8-anilino-1-naphthalenesulfonic acid; 16AP, more selective lipocalins, such as retinol-binding protein.

16-(9-anthroyloxy)palmitic acid; MTS-dansyl, dansylamidoethyl meth- The affinity of TL for an assortment of ligands is also
anethiosulfonate; CD, circular dichroismiax fluorescent emission . . .
maximum; RBP, retinol-binding protein; TL, tear lipocalin; UV, influenced by changes in pH. The affinity of TL for both

ultraviolet; RET, resonance energy transfer. rifampin and spin-labeled lauryl amide is markedly reduced
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at pH 3.0 versus pH 7.318, 19). At pH 3.0 fluorescent  advances in the fundamentals of tryptophan fluorescence
quenching of the single tryptophan in TL by endogenous provide the framework to understand the effects of local side
lipids is markedly reduced and accompanied by a red shift chain interactions on tryptophan fluorescence including the
compared to spectra at pH 7.39. PH-dependent ligand assignment of fluorescence lifetimes to rotamer populations
binding may be functionally important for TL because the (30, 31). Tryptophan fluorescencinay is very sensitive to
tear film is replete with negatively charged phospholipids nearby charges of side chains in proteins. Electron density
that potentially create a steep pH gradient at hpicater is shifted from the pyrrole ring to the benzene ring upon
interfaces 20). excitation to thellL, state, the fluorescent state in most
For some lipocalins, pH-dependent ligand binding may proteins. Furthermore, titratable side chains in proximity to
be related to movement of the interstrand loops that overhangTrp should make an enormous changé. i during acid-
the calyx mouth. In boving-lactoglobulin, acidic pH may  base transitions that generate or annihilate charge. Titratable
trigger closure of the EF loop by protonation of Glu89. The side chains at pH< 7 include Glu, Asp, and His. For Glu
calculated K, value for Glu89 of 5.59 correlates with the and Asp, protonation results in the loss of a negative charge.
midpoint of transition for palmitic acid binding obtained by Protonation of His creates a positive charge. Therefore, a
NMR (21, 22). The effects are presumably mediated through large shift of Trp fluorescencémax is expected with the
a hydrogen-bonding network including GIlu89 and local protonation of nearby Glu, Asp, and His. Complementary
changes in structure that closes the loop and limits access tanformation is available from fluorescence lifetimes. Only
the calyx @3). Fatty acid binding t@-lactoglobulin increases  protonated carboxylic acid side chains quench indole fluo-
from pH 6.2 to pH 8.3 Z4). For another lipocalin, retinol-  rescence. Neutral His is a relatively weak quencher, but
binding protein, pH-dependent retinol release is accompaniedpositively charged His is one of the best quenchers. These
by significant alterations in a complex of salt bridges and interactions of tryptophan provide the basis to study the pH-
hydrogen bonds with substantially lowered conformational dependent changes in structure, conformation, and ligand
stability. Serial changes in the charges of titratable groups binding of TL in solution by spectroscopic methods.

are implicated in pH-induced conformational changes, which  The combination of fluorescent ligands ANSA and 16AP
lead to increased ligand mobility and facilitated release of permits the indentification of binding modes and the
retinol (25). _ functional characterization of ligand binding during pH
The overall structure of TL is very close to that of jyration. Attention is focused on the relative positions of the
f-lactoglobulin although the glutamic acid residue at the jnterstrand loops that overhang the calyx mouth. Site-directed
position corresponding to 89 is not presed?)( Other  muytagenesis is used to create reporter tryptophans and
titratable residues are candidates for pH-driven electrostaticcysteines labeled with dansyl groups along both loops to
interactions that may influence ligand binding. Specifically, monitor conformational changes, ligand binding, and inter-
titratable groups at pH 3:07.5 have been assigned to 100ps  |oop distances at varying pH. The studies show that move-
EF (Asp80) and CD (Glu63) in TL1(). _ ment of the loops CD and EF is associated with protonation
Several methods can be used to study protein structuralof side chains in local environments and correlated with pH-
and conformational changes with pH. Thi€,values of the  gependent changes in ligand binding for TL.
titrating sites in a protein can be experimentally determined
by NMR spectroscopy. Standard NMR methods are currently ExXPERIMENTAL PROCEDURES
limited to proteins with molecular masses 80 kDa or
less @6). Evidence suggests that TL forms a dimer36 Site-Directed Mutagenesis and Plasmid Constructidre
kDa) at physiologic pHZ, 6, 27). An alternative to NMR TL cDNA in PCR Il (Invitrogen, San Diego, CA), previously
spectroscopy is computer-based modeling to deternmiqe p synthesized 32), was used as a template to clone the TL
values of the ionizable groups in a prote®i), but the crystal gene spanning bases 1592 of the previously published
structure is needed and as yet is unavailable for TL. A sequencef) into pET 20b (Novagen). Flanking restriction
crystallographic approach to study pH-induced conforma- sites forNdd and BanHI were added to produce the native
tional changes may have limitations. For example, RBP is protein sequence as found in tea38)( To construct mutant
known to release its endogenous ligand, retinol, at pH 4.5 proteins with a single tryptophan, the previously well
in solution @8). However, in crystallized holo-RBP the characterized TL mutant, W17Y, was prepared with oligo-
ligand remains bound and unaltered with the overall protein nucleotides (Universal DNA Inc.) by sequential PCR steps
structure preserved even at a pH of 26)( This contradic- (34, 35). Using this mutant as a template, mutant cDNAs
tion has been attributed to crystal packing forces that were constructed in which the corresponding amino acids
presumably impede unfolding and release. The conforma-were additionally substituted sequentially with tryptophan.
tional changes that a protein exhibits throughout an entire Amino acid 1 corresponds to His, bases 4148 according
pH range are perhaps best studied in solution. to Redl @). Single Trp mutants include W17Y/S58W (for
Tryptophan fluorescence is a powerful tool for probing simplicity denoted as W58), W17Y/G59W (W59), W17Y/
proteins in solution. Parameters such as the fluorescenceR60W (W60), W17Y/Q62W (W62), W17Y/E63W (W63),
wavelength maximum Aqay), fluorescence lifetimes, and W17Y/D80W (W80), W17Y/G81W (W81), W17Y/G82W
energy transfer can be applied to folding/unfolding, substrate/ (W82), and W17Y/K83W (W83). Mutants that have both a
ligand binding, accessibility to external quenchers, resolving single Trp and a single Cys substitution include W17Y/
secondary structure, and distance measurements between twa101L/Q62W/G81C (W62C81), W17Y/C101L/Q62W/G82C
residues. Site-directed mutagenesis, using tryptophan to(W62C82), W17Y/C101L/E63W/D80C (W63C80), W17Y/
replace a single amino acid in TL, may be done with minimal C101L/V67W/G81C (W67C81), and W17Y/C101L/V67W/
perturbation in structure and functiol?® 29). Recent G82C (W67C82).
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Expression and Purification of Mutant Protein3he S
mutant plasmids were transformed Escherichia coliBL y=—" .
21 (DE3), the cells were cultured, and proteins were Kgt+L

expressed purified and analyzed as previously described in ) ) )
the Supporting Information1( 36, 37). where Fnax IS the fluorescence maximum upon ligand

b . b ) saturation,L is the free ligand concentratioriKy is the
Absorption SpectroscopyJV: absorption spectra Were  on 0o rent dissociation constant that corresponds to the ligand
measured at room temperature using a Shimadzu UV-

concentration at the half point transition of the fluorescence
2400PC spectrophotometer. The spectra were corrected fokjgration curve, anch is the degree of cooperativity.

light scattering by plotting the dependence of the log of the Apo-TL (1.2 uM) was used for similar experiments
absorbance of the solution versus the log of the wavelengthperformed with ANSA (Sigma)sso = 6300 M~ cmi L. The

and extrapolating the linear dependence between theseznNSA binding data were analyzed with the following
quantities in the range 3260 nm to the absorption range  formula for one binding site:

240-320 nm.

CD Spectral MeasurementSpectra were recorded (Jasco y= 0_5,:[(1 + ﬁ + E) _
810 spectropolarimeter, 0.2 and 10 mm path length for far- nP P

and near-UV spectra, respectively) using protein concentra- Ko L2 ALY

tions of 1.2 mg/mL in 10 mM sodium phosphate (pH-%.5 [(1 + H:+ H:) T nP 1 cP
5.5) or 30 mM sodium citrate (pH 4-.0). Eight and

sixteen scans from 190 to 260 nm and from 250 to 320 nm WhereF is a fluorescence scaling factd{, is the apparent
were a\/eraged7 respective|y_ Results were recorded indissociation constank is the total protein concentratioh,

millidegrees and converted to mean residue ellipticity in deg i the total ligand concentratior, is the parameter that
cm? dmolL. accounts for the contribution of nonspecific binding, and

is the stoichiometry.

Steady-State Fluorescence Spectrosc8mady-state fluo-
; . . rescence measurements were made on a Jobin Yvon-SPEX
temperature for 18 h. Circular dlchr0|sm spectra_were (Edison, NJ) Fluorolog tau-3 spectrofluorometer; the band-
obtained at room temperature. The fraction of unfolded \yiqg for excitation and emission were 2 nm. The excitation
protein was plotted as the fractional chang_es |n_eII|pt|C|f[y at ) of 295 nm was used to ensure that light was absorbed
218 nm, § — 0n)/(0u — On), versus progressively increasing  4imost entirely by tryptophanyl groups. Protein solutions with
concentrations of urea, whetkis .the ellipticity observed  gpout 0.05 OD at 295 nm were analyzed. All spectra were
and n .and u refer to the native and unfolded states, gptained from samples in 10 mM sodium phosphate (pH
respectively. 7.5-5.5) or 30 mM sodium citrate (pH 4-€2.0). Temper-

Fluorescence Labeling of TL Mutanf§L mutants con- ature was maintained at 2£ with a thermojacketed cell
taining cysteine were labeled with acGmolar excess of the ~ holder. The fluorescence spectra were corrected for light
fluorescent label MTS-dansyl (TRC Inc., North York, scattering from the buffer and the instrument response using
Ontario, Canada) in buffer 10 mM NaP, pH 6.8, af@ the appropriate correction curve. The details of quantum yield
overnight. Free label was separated from the labeled proteincalculation are described in the Supporting Information.
by gel filtration on a desalting column (Pharmacia Biotech  Accessibility of the Trp Side Chain by Acrylamide Quench-
HiTrap, 5 mL). Absorption spectra were used to calculate ing of FluorescenceThe fluorescence of a protein, monitored
the labeling efficiency for each mutant. Concentrations were &t the emission maximumima, was quenched by the
calculated using extinction coefficieatss = 4100 M1 cm1 progressive adqmon of sma_ll aliquots aof S_M acrylf_;lm!de
for MTS-dansyl. The protein concentration was determined S0lution as previously describe2q). Correction for dilution
by the buret method. The efficiencies of labeling for all of the S"?‘mp'e and for inner filter effe_cts caused by acrylamide
considered TL mutants were in the range of 6:982. absorpt_lon was performed as prevu_agsly descril3a)l (The

o guenching data were fit to the modified form of the Stern

Fluores_:cence Blndlng AssaySampI_es of 2 mL of each  y/gimer relationship 39): {Fo}AF = (1 + Ko[Q])}e"Q,
apoprotein, 1.62.14M in 10 mM sodium phosphate (PH  \hereF, andF are the fluorescence intensities in the absence
7.5-5.5) or 30 mM sodium citrate (pH 4B.0), were  and presence of the quencher, respectively, [Q] is the
titrated by addition of 16AP (Molecular Probes, Eugene, OR), concentration of quenche,is the static quenching constant,
and the fluorescence was measured at 450 fagr= 361 andKs, is the dynamic quenching constaits{ = kqto). Kq
nm. The concentration of an ethanol stock solution of 16AP is the bimolecular collisional rate constant amgl the
was confirmed by absorbance at 361 nm, using extinction fluorescence lifetime in the absence of the quencher.
coefficient eze1 = 8200 Mt cm™ (35). Following each Fluorescence Lifetime Measuremeritéme-resolved in-
addition of ligand, the solution was mixed and allowed to tensity decay data were obtained using a Jobin Yvon-SPEX
equilibrate for 4 min. Background fluorescence was corrected Fluorolog tau-3 phase/modulation frequency domain fluo-
as described previoush88). Fluorescent intensities were rometer equipped with a continuous-wave lasEs).( The
corrected for dilution and inner filter effects. At the end of instrument arrangement is detailed in the Supporting Infor-
each titration experiment, the ethanol concentration did not mation. The intensity decay data were analyzed in terms of
exceed 2%. 16AP binding curves at low pH were noticeably the following multiexponential decay law:
sigmoidal, which denotes cooperative binding. Therefore,
16AP binding curves were fit to the Hill equation I(t) = a; exp(-t/r)

Urea-Induced Unfolding Proteins, 1.2 mg/mL, were
incubated with varying concentrations of urea at room



Loop Movement Regulated by pH in Tear Lipocalin Biochemistry, Vol. 43, No. 40, 200412897

whereq; andr; are the normalized preexponential factor and 8000 -
decay time, respectively. The fractional fluorescence intensity 60004 —— pH7.5 ——pH35
of each component is defined &s= aizi/3 oy7;. —~ {ox o SE e EE o
The mean lifetime (intensity-averaged) was calculated as g *%%] —o— pH5.5 —a— pH2.0
T = Y fit;. For the calculation of the efficiency of RET the 2 2000 —e— pH4.0
amplitude-averaged lifetimé&0= }a;z; was used. The § 0l \/t\
radiative rate constant was calculatedkas ¢/[zL] g AN Za g
All single Trp mutant proteins showed lower fluorescence £ -20007 \
lifetimes at pH 3.0 compared to pH 7.3. To separate dynamic 2 40004
quenching of Trp fluorescence from that of reshuffling 1
between the rotamer populations of Trp, ratios of two 60001
lifetimes were arranged as the following formuk0): 8000 ™~ 0000000
190 200 210 220 230 240 250 260
@0 ) o7y z 4T ¢ Wavelength (nm)
ED_ z%iTOi Zai%i ~ 'PRDQ FicuRe 1: Far-UV CD spectra of apo-TL at various pH values.

the nonlinear least-squares method using Origin 7.0 (Mi-

where the subscript 0 refers to the reference state (l'fet'mecrocal, Northhampton, MD).

parameter at pH 7.3) anfdg andfpg represent population
reshuffling and pure dynamic quenching, respectively. RESULTS AND DISCUSSION

Because the determination of the fluorescence quantum yield . ) ) )
is less accurate than that of the fluorescence lifetime, we ~Circular Dichroism Previous studies have shown that fatty

did not use changes in the average radiative rate constanfcids bind TL at pH 7.3, and are released at pH 3.0. At pH
for analysis of Trp fluorescence. 3.0, TL assumes a molten globule st&t8)( However, only

Distance Measurements by RBEResonance energy trans- two pH Values, 3.0 and 7.3, were studied. To better determine
fer between the Trp residue (donor) and the labeled dansyistructural changes within this pH range, the CD spectra were
group (acceptor) was used to determine the average distancétudied in pH titration experiments. The far-UV CD spectra
in different conditions. The details of the calculation are ©Of apo-TL at varying pH are shown in Figure 1. For the pH
shown in the Supporting Information. range 7.55.5, the minima of the CD Spectl’a are about 208

Calculation of plg Values from F|u0resceno{:max Data. and 214 nm with the maximum at about 192 nm. The
We made the assumption that pH-dependent changes ifminimum at 214 nm is characteristic gfsheet structure.
fluorescencelmax are driven by the ionization state of ~The minimum at 208 nm has been shown previously to occur
titratable amino acid side chains in close proximity of the in delipidated TL and is part of the fractional loss in
tested Trp. Therefore, pH titration data were analyzed by [-structure and concomitant increase in random coil in the
fitting the function derived from the HenderseHasselbalch ~ Protein @5).

equation Within the pH range of 7.53.5, the similar shapes of the
spectra indicate no significant alteration in secondary struc-
_ [conjugate base] 0 ture. At pH 3.0 there is a marked decrease in signal intensity
PH = pK, + log [conjugate acid] PK,+log 1—6 at 192 nm although the general shape of the spectra is

maintained. This change can be attributed to relaxation but
where 6 represents the fractional concentration of the not loss of secondary structure. However, at pH 2.0 and 2.5
conjugate base. In rapid equilibrium conditions between there is a clear loss g8-sheet structure and an increased

protonated and unprotonated forms contribution from unordered structure. At pH 2.0 there is
acid residual optical activity in the regior 210 nm indicative

_ Amax ~ Amax of secondary structural elements; the acidic unfolding of the

- ;meaasxe_ /-Lamc;t;l( protein is not complete. Far-UV CD spectra were obtained

for all of the Trp and Trp/Cys mutants over the entire pH

AmafSdandinaP®erepresent fluorescendgay at the extremes ~ fange and found to be similar (see the Supporting Informa-
of pH and were estimated from the fitting curve generated tion).

by substitutingd into the HendersenaHasselbalch equation: The near-UV CD spectra provide a view of overall
aromatic side chain conformational changes that occur with
jacid  abase g o(pH-pKy) variation in pH for apo-TL (Figure 2). In the pH range %5
max max . . .
max — H—pKD 6.0 the spectra are almost identical. At pH 5.5 there is
1+ 10 increased aromatic side chain asymmetry evident from the

increased negative signal intensity from 270 to 295 nm. There
is a gradual decrease in intensity of the CD signal from pH
5.5 to pH 3.5; the loss of signal intensity is enhanced at pH

For situations where two titrating groups are involved, the
equation for the noninteracting model was used:

Anax = 3.0 and 2.5. By pH 2.0 a complete transition to a featureless
acid .« Aintl pH—pK.) | 4base 2pH-pK—pK.2) spectrum is evident. The comparison of near- and far-Uv
Aax + Amax x 10 + Zmax x 10 CD spectra at various pH values indicates that a decrease in
1 4+ 1ofPHPKD | 1 of2PH-PKa'—PKs) pH from 7.5 to 3.0 is accompanied by successive confor-

mational changes attributed to decreased aromatic side chain
wheredma," is an intermediate value. The data were fit with  rigidity but secondary structure elements are essentially
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250 260 270 280 200 300 310 320 Ficure 3: Denaturation of Trp mutants of TL in urea. TL is shown
Wavelength (nm) for comparison. The midpoints of transition for proteins are shown

FIGURE 2: Near-UV CD spectra of apo-TL at various pH values, N Parentheses.

retained. Acid-driven unfolding at pH 2.0 results in almost 400
complete loss of aromatic side chain rigidity.

Here, we ascribe decreased near-UV CD intensity to ]
decreased aromatic side chain rigidity, but one should keep3 ;4 |
in mind that loss of specific side chain interactions also £
influences the CD signal intensity. A variety of mechanisms
may create an asymmetric environment for the chromophore
and induce CD banddgl{, 42). The wavelength position and
sharpness of aromatic CD bands in proteins are often strongly
influenced by the environment of each side chain, e.g.,
hydrogen bonding, polar or charged groups, and polarizabil-
ity. :
Circular Dichroism of Loop MutantsTo obtain more 50
precise information about the milieu surrounding specific
loop positions, site-directed tryptophan mutagenesis of
interstrand loops CD and EF was performed. Since W17Y
was used as a template for all tryptophan mutants, it is pH
important to note that the far-UvV CD spectra of W17Y and
its binding characteristics have been previously studied andF/GURE 4: Fluorescence intensity of ANSA incubated with apo-
are similar to those of TL 35). Further, far-UV CD TL (1.2 uM) at various pH values showing modes of binding.
measurements of all mutant proteins affirm that the mutations were studied with ANSA, a widely used fluorescent chemical
did not perturb the proteins’ secondary structure (see thefor the detection of hydrophobic patches in proteins. The
Supporting Information). fluorescence intensity of ANSA incubated with apo-TL at

The influence of the interloop Trp mutations on the varying pH is shown in Figure 4. Distinct modes of ANSA
stability of the TL mutant proteins is evident from the binding are suggested at different pH values because at least
fractional change of ellipticity with increasing urea concen- two sigmoidal curves with different parameters are needed
tration (Figure 3). The curves are quite similar in their shape for fitting the data points. Points below pH 3.0 were excluded
for most of the mutants. However, Trp62 shows a marked from the fitting curve because apo-TL shows features of
shift in the midpoint of transition for protein unfolding to  extensive denaturation (Figure 1) and the fluorescent intensity
7.2 M, reflecting increased stability in the presence of falls off dramatically (Figure 4). A significant increase in
denaturing agent. ANSA intensity occurs at low pH with a midpoint of

Circular Dichroism of Mutations Inolving Both Loops transition at about 4.5. This value is close to tlikg palues
CD and EF.The strategy to obtain measurements of interloop for Asp and Glu, both charged residues at neutral pH. At
distances involved proteins with a mutation of tryptophan pH 7.5 the fluorescent intensity of bound ANSA is low and
on one loop and a cysteine substitution for dansyl labeling reaches saturation at approximately equimolar concentrations
on the other loop. As a reference point, proteins were of ANSA and TL. However, as the pH is reduced from 7.5
engineered, each with one cysteine mutation of the EF loopto 3.0, there is a-35-fold increase in fluorescence intensity
and a Trp mutation at the midpoint of the D strand. The of bound ANSA, and the increase of fluorescence intensity
far-UV circular dichroism spectra of these proteins are almost is enhanced with greater concentrations of ANSA (no
superimposable and only slightly different from that of TL, saturation). The increased fluorescent intensity at low pH
indicating that these mutations did not perturb the overall suggests that additional hydrophobic sites became available
structure of the protein (see the Supporting Information). and/or the affinity for existing binding sites increased. These

Influence of pH on ANSA Binding@he influence of pH possibilities were investigated with ANSA titration at varying
on binding sites and the accompanying structural changespH (see the Supporting Information).

350 n ® ANSA1.4uM
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1.6 of transition to TL. But at pH 7.5 there is a slight but
apo-TL (54) consistent decrease in binding affinity for most of the proteins
1.2 tested. Of note W59 shows absence of binding at pH 5.5
and therefore has a steeper transition. The original residue
08 in position 59 is Gly, which does not have a side chain, and
0.4] Trp in that position is exposed to the solveht), Therefore,
' the loss of fatty acid binding at relatively greater pH values
0.0 is not the result of alg, shift in neighboring titratable side
5 7 5 3 chains but rather is probably due to the bulky side chain of
Trp at position 59. This effect was not observed in the Trp
20 substitutions for Gly in positions 81 and 82. Also, despite
N B Psdiiat the fact that the loops CD and EF have the charged (at neutral
= 18 Hpetlioch] pH) residues (Arg60, Glu63 and Asp80, Lys83, respectively),
© 4] ®aoTmesEs) substitution with Trp at these sites did not shift the midpoint
Nt of transition significantly (Figure 5). The utilization of
x' 08 tryptophan substitutions as probes to study conformational
0.4+ changes with varying pH is justifiable for two reasons. First,
001 over the specified pH range the far-UV CD structure is
2 4 6 8 similar between mutants (Supporting Information). Second,
the general features of pH-dependent binding of 16AP are
1.6 not disrupted over the entire pH range. The differences in

the binding curves are likely to reflect pH-dependent

O apo-Trp80 (5.6) . : .
conformational changes resulting from environmental alter-

124 W apo-Trps1 (5.6)
A apo-Trps82 (5.6)

0gl 2 oTREEN) ations induced by the mutations.
It is evident from Figure 5 that the pH dependencies of
0.4 the binding affinity of 16AP to the apoproteins are not simple
sigmoidal plots. Therefore, the loss of ligand binding to TL
0-0'2 - : : cannot be characterized as driven by a single titratable side

chain. The data contrast that described ffdactoglobulin
pH where Glu89 acts as a protonation-induced trigger to close
Ficure 5: pH dependence of apparent binding constants for 16AP |oop EF with concomitant loss of fatty acid bindingaj. In
:‘r’ani?gc;z'g fgr”g gp?(;:/(\a/. m”ta”tf] as shown. tThhe midpoints of T ' several titratable side chains are likely to be involved
poproteins are shown In parentheses. in direct gradual conformational and structural changes.
These changes are reflected in the environment of individual
Taken together, the results of the far- and near-UV CD residues.
and ANSA binding experiments show that apo-TL undergoes  Accessibility Studies of Interstrand Loop Residue Positions.
distinct conformational changes when the pH is decreasedAccessibility studies of single tryptophan mutants character-
from 7.5 to 3.0 with the creation of additional binding sites ize the environmental differences for residues in the inter-
for ANSA. At low pH, extracavitary binding of ANSA  strand loops at pH 7.3 and 3.0. A typical Steiolmer plot
dominates while the secondary structure of the protein that is representative of the quenching experiments with
remains essentially intact. Denaturation of apo-TL occurs at tryptophan mutants is shown in the Supporting Information.
pH below 3.0, which manifests as decreased fluorescenceTypically, there is greater acrylamide quenching at pH 7.3
intensity of ANSA. than at pH 3.0; exposure to solvent decreases at acidic pH.
Influence of pH on the Binding Affinity of 16AP6AP is The fluorescence characteristics including acrylamide quench-
the fluorescent analogue of an endogenous ligand of TL, ing data for all single Trp mutants are summarized in Figure
palmitic acid. Like palmitic acid, 16AP binds exclusively 6 and Table 1. It is evident that accessibility is lower for all
within the cavity 85). 16AP is suitable as a functional probe residues on the interstrand loops at pH 3.0 than at pH 7.3.
to study the relationship of conformational and structural The effect is much less for flanking residues of both loops.
changes of TL mutants to the fatty acid binding properties. For every Trp mutant, except Trp80, the decrease in
16AP-binding experiments were carried out at various pH accessibilities correlates well with their blue shift in fluo-
values for each single tryptophan mutant to be sure pH- rescencelm.. However, Trp80 shows a small increase in
dependent ligand binding is maintained in the mutant fluorescencelmax compared to that of Trp81 despite the
proteins. The binding of 16AP with apo-TL and apo-W59 notable decrease in accessibility (pH 7.3). A charged residue
at varying pH is shown in the Supporting Information. The near Trp80 may account for this discrepancylgfs. It is
titration curves of 16AP with all other loop single Trp known that a positive charge near the benzene end or a
mutants are quite similar (data not shown). negative charge near the pyrrole end of the Trp creates a
The binding constants of 16AP for all single tryptophan red shift of fluorescencel@). Therefore, the large blue shift
mutants are plotted with respect to pH in Figure 5. There in fluorescencémaxof Trp80 that is accompanied by a small
are properties that are common to all mutants and TL suchdecrease in accessibility is most likely due to the loss of a
as binding to 16AP in a broad region around neutral pH but nearby charge that exists at pH 7.3 but not at pH 3.0. This
not at pH=< 4.0. Also, from pH 4.0 to pH 6.5, all proteins may arise from either movement of a nearby charge group
show an increase in binding affinity with similar midpoints and/or protonation of titratable side chains (e.g., Glu or Asp).
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Table 1: Fluorescence Parameters for Single Trp Mutants of TL

T1 T2 T z0O Kr X 106 B'QHB.(!
mutant oy o2 f1 fa (ns) (ns) (ns) (ns) Q (s fer foo @0n7.3 Va
Trp58,pH7.3 059 041 037 063 226 555 433 361 0.13 36 2.4
Trp58, pH 3.0 0.61 0.39 0.29 0.71 0.96 3.70 291 2.03 0.07 34.5 0.98 0.57 0.56 1.6
Trp59, pH 7.3 0.60 0.40 0.36 0.64 1.39 3.72 2.88 2.32 0.07 30.2 2.7
Trp59, pH 3.0 0.75 0.25 0.39 0.61 0.72 3.36 2.33 1.38 0.03 21.7 0.85 0.70 0.59 1.7
Trp60, pH 7.3 0.55 0.45 0.26 0.74 1.01 3.49 2.85 2.13 0.09 42.3 1.3
Trp60, pH 3.0 0.76 0.24 0.43 0.57 0.84 3.51 2.36 1.48 0.05 33.8 0.76 0.92 0.69 15
Trp62, pH 7.3 0.62 0.38 0.36 0.64 1.31 3.74 2.87 2.23 0.10 44.8 2.3
Trp62, pH 3.0 0.64 0.36 0.34 0.66 0.92 3.17 2.41 1.73 0.07 40.5 0.98 0.79 0.78 1.0
Trp63, pH 7.3 0.55 0.45 0.28 0.72 1.49 4.74 3.83 2.95 0.11 37.3 1.7
Trp63, pH 3.0 0.68 0.32 0.38 0.62 1.15 3.94 2.88 2.04 0.07 34.3 0.86 0.81 0.69 1.7
Trp80, pH 7.3 0.32 0.68 0.11 0.89 1.85 7.14 6.56 5.45 0.23 42.2 0.9
Trp80, pH3.0 0.68 0.32 0.41 0.59 1.32 4.11 2.97 2.21 0.07 31.7 0.65 0.62 0.41 1.3
Trp81, pH 7.3 0.48 0.52 0.25 0.75 1.59 4.42 3.71 3.06 0.11 35.9 1.4
Trp81, pH 3.0 0.73 0.27 0.45 0.55 1.07 3.46 2.38 1.72 0.04 23.3 0.77 0.73 0.56 1.1
Trp82, pH 7.3 0.66 0.34 0.38 0.62 1.32 4.21 3.11 2.30 0.08 34.8 1.6
Trp82, pH 3.0 0.73 0.27 0.40 0.60 1.01 4.12 2.88 1.85 0.06 324 0.91 0.88 0.80 1.7
Trp83,pH 7.3 0.45 0.55 0.18 0.82 1.17 4.38 3.80 2.94 0.11 374 1.7
Trp83, pH 3.0 0.69 0.31 0.36 0.64 0.95 3.82 2.79 1.84 0.06 32.6 0.74 0.85 0.63 0.9
—- k, pH7.3 A FLi_,pH73 - fPR
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Ficure 6: Maxima of the emission peaké(,) of the corrected
spectra and bimolecular collisional rate constakfsdf single Trp
mutants of TL at pH values of 7.3 and 3.0.

One possibility is that the protonated side chain is GIlu69.

Ficure 7: Fluorescence lifetime decreas&z.0 = fpripg),
population reshuffling fég), and pure dynamic quenchindpg)
parameters calculated for the single Trp mutants of TL in the
transition from pH 7.3 to pH 3.0.

60) x 1C° s1) (44). The similarities ink, values of Trp

In the TL model (7), Glu69 is in close proximity to Glug0  residues indicate that decreased quantum yields are due to
(distance betweendCatoms~8.4 A). In addition the lifetime ~ dynamic quenching of Trp fluorescence by nearby groups.
of Trp80 decreases more than 2-fold in the transition from Two lifetime components characterized the fluorescence
pH 7.3 to pH 3.0. Glu is known to be a weak quencher of intensity decays, indicating two rotamer populations for Trp
tryptophan in the unprotonated form and becomes a StrongSide chains. The range of fluorescent lifetimes for one
quencher in the protona’[ed (uncharged) StStB(At pH rotamer is 0.722.26 ns, while the other is 3.3%77.14 ns.
3.0 Glu69 will be protonated. Further studies are needed to The decreased average fluorescence lifetime of loop
verify the importance of the possible specific interaction of residues in the transition from pH 7.3 to pH 3.0 (Table 1)
Asp80 and Glu69 in pH-induced conformational changes. can be due to either a relative increase in the population with
The quantum yield and fluorescent lifetimes of tryptophans a shorter lifetime (population reshuffling) or shortening of
in different interstrand loop positions reveal differences about individual lifetimes (pure dynamic quenching}5). These
the protein environment at pH 7.3 versus pH 3.0. Both parameters for the two loops show different characteristics
quantum vyield and average fluorescent lifetime values (Table 1, Figure 7). The population reshuffling and pure
decrease from pH 7.3 to pH 3.0, although to varying extents dynamic quenching factors change in tandem for each
(Table 1). The radiative rate constarks,for Trp residues individual residue along interstrand loop EF. Toward the
in both loops at pH 3.0 and 7.0 are about the same order offlanking region, especially Trp80, one finds the greatest effect
magnitude and comparable kpvalues for 3-methylindole,  for both population reshuffling and pure dynamic quenching.
tryptophan zwitterions, and-acetyltryptophanamide ((40 At Trp82 both factors are closer to 1, i.e., very low population
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Table 2: Fluorescence Resonance Energy Transfer Parameters

1 T2 z0 Jx 1078 Ro R

donor/acceptor analygis oy o2 (ns) (ns) (ns) 2 F E M~ tecminnf)  (A) A
Trp62 (Cys81), pH 6.8 G 055 045 131 447 272
Trp62/dansyl81, pH 6.8 G 0.55 0.45 1.06 4.52 2.6 1.3 0.043 18.831.5
Trp62 (Cys81), pH 3.0 G 0.66 034 093 352 181
Trp62/dansyl81, pH 3.0 G 0.66 0.34 0.61 3.07 1.45 1.4 0.20 18.6 23.4
Trp62 (Cys82), pH 6.8 G 0.64 036 149 477 2.68 0.074
Trp62/dansyl82, pH 6.8 G 0.64 036 080 451 2.15 1.7 0.20 3.96 18.8 23.7
Trp62 (Cys82), pH 3.0 G 071 029 118 3.81 194 0.068
Trp62/dansyl82, pH 3.0 G 0.71 0.29 0.61 3.20 1.36 1.6 0.30 3.98 18.6 21.4
Trp63 (Cys80), pH 6.8 NG 046 054 101 458 292 15 0.084
Trp63/dansyl80, pH 6.8 NG 0.82 0.18 0.56 4.31 1.22 1.5 0.58 3.83 19.1 18.1
Trp63 (Cys80), pH 3.0 NG 0.62 0.38 1.03 3.85 2.10 1.5 0.063
Trp63/dansyl80, pH 3.0 NG 0.74 0.26 0.60 35 1.44 1.8 0.31 3.94 18.3 20.9
Trp67 (Cys81), pH 6.8 NG 0.53 0.47 1.14 424 259 1.5 0.087
Trp67/dansyl81, pH 6.8 NG 0.85 0.15 0.43 3.72 0.91 1.8 0.65 3.98 19.2 17.3
Trp67 (Cys81), pH 3.0 G 0.78 022 158 452 222 0.079
Trp67/dansyl81, pH 3.0 G 0.78 0.22 0.63 3.27 1.20 1.6 0.46 3.82 19.1 19.6
Trp67 (Cys82), pH 6.8 G 0.82 018 256 6.60 3.28
Trp67/dansyl82, pH 6.8 G 0.82 0.18 0.58 4.18 1.22 2.2 0.63 19.2 17.6
Trp67 (Cys82), pH 3.0 G 075 025 157 414 221
Trp67/dansyl82, pH 3.0 G 0.75 025 060 313 124 1.2 0.44 19.1 19.8

aG = global analysis; NG= nonglobal analysis.

reshuffling and pure dynamic quenching. Therefore, the The residues of the CD loop are illustrated as stationary
change in accessibility seen for Trp82 did not produce either because the adjacent disulfide bond at residue 61 should
a change in the rotamer population or apposition to a more restrain its motion.
efficient quenching group. The dynamic changes in the environment of the loops and
The characteristics of loops EF and CD differ. Overall, motion of the loops and the change in binding affinity are
the CD loop shows less population reshuffling in the correlated with pH changes in Figure 11. The pH titration
transition to acidic pH; four out of five residues have the was performed by plottingmax Since this parameter is very
value>0.85 (Table 1). In contrast three residues out of four sensitive to electrostatic interactions (Figure 11). The graphs
of the loop EF have thirvalue<0.77. One explanation is  for Amax0f loop CD positions fit the Hendersetasselbalch
that the loop CD exhibits restricted backbone motion becauseequation for one titration group. The greatest changes occur
the adjacent cysteine (Cys61) is joined in a disulfide bond. between pH 4.0 and pH about 6.5. It is also evident that
Reduced accessibility for the loop CD in the pH transition there is great variability among individual residues in the
can be explained by movement of neighboring groups toward pH values associated with changesiig. The computed
the loop CD. apparent [, values reflect the marked differences of the
Relative Distances between Interstrand Loop (CD and EF) environments at each point along both loops. For the CD
Residues by REThe accessibility and dynamic quenching loop mutants W60 and W62 theKp values, 4.3 and 4.5,
data for residues along both interstrand loops suggest thatrespectively, are quite close to those of residues with
the relative positions of the loops change in response to pH.carboxylic acid side chains, suggesting an adjacent Glu or
The distance between residues on apposing strands wa#\sp. However, the magnitude @max Over the transition
determined by resonance energy transfer using a Trp (donor)rom pH 7.3 to pH 3.0 is about 3.6-fold greater for position
on one strand and a dansyl-labeled cysteine (acceptor) on60 compared to position 62. It is possible that the positively
the other. charged Arg side chain at position 60 suppresses changes in
Examples of frequency domain intensity decay curves for Amax Of Trp62. This interaction implies that the positive
selected mutants at pH 6.8 and 3.0 are shown in Figures 8charge of Arg and the negative charge of Glu or Asp are
and 9. The lifetime data and RET parameters are shown inboth positioned at the pyrrole end of tryptophan.
Table 2. For some of the mutants the data could be fit by The K, values for tryptophan at positions 60 and 62 are
global analysis. different from that for tryptophan at position 59 in which
Inspection of the decay curves for W62C81 at pH 6.8 the K, value is shifted (6.2), perhaps suggesting a nearby
shows that the addition of the dansyl group has little effect His or an anomalous Glu or Asp. Th&g values for W81
on the lifetimes; there is no significant energy transfer (Figure and W82 suggest a nearby carboxylic acid side chain. The
8A). The differences seen at pH 3.0 (Figure 8B) indicate pKz? values may be explained by the adjacent His 84.{p
that the donor and acceptor have moved closer, resulting in(His) ~ 6.0). Interestingly, position 59 is occupied by glycine
higher efficiency RET. The situation for W67C82 is quite in TL, and its (K, value is similar to thelmax pKa? values
different (Figure 9). At pH 6.8 there is a marked difference observed for positions 81 and 82 of the EF loop, which also
in the decay curves that reflects RET. The difference is contain glycine. Because neither glycine nor tryptophan
mitigated at pH 3.0. The Trp and dansyl group have moved contains a charged side chain, the tryptophan mutation is
further apart. Trp67 is not part of the loop but rather is part unlikely to affect the ionization properties of the local
of the strand D 17). environments at these positions. Therefore, the distinctive
A diagramatic summary of the relative positions of the nature of each curve of,. reflects the variation in local
residues from the interstrand loops is depicted in Figure 10. responses at each residue of the loops.
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W62C81 and W62Dansyl81, pH 6.8 W62C81 and W62Dansyl81, pH 3.0
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Ficure 8: Phase angle (triangles) and modulation (circles) fluorescence lifetime data of TL mutant W62C81, dansyl-labeled Cys81 (solid
symbols), and unlabeled Cys81 (open symbols) for detection of RET at pH 6.8 and 3.0. Lines represent the best biexponential fit for the
parameters given in Table 2.
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Ficure 9: Phase angle (triangles) and modulation (circles) fluorescence lifetime data of TL mutant W67C82 with dansyl-labeled Cys82
(solid symbols) and unlabeled (open symbols) for detection of RET at pH 6.8 and 3.0. Lines represent the best biexponential fit for the
parameters given in Table 2.

Several lines of evidence suggest that the mechanism ofpH-dependent ligand binding as would be expected if a single
pH-dependent ligand binding is not attributable to a single titratable residue were critical to the process.
titratable group acting as a trigger. First, thi€,dor Amax
varies at positions along the loop. Each tryptophan mutation CONCLUSION
senses a unique microenvironment with a different local
response to pH. Second, the titration curvesifi vary in The application of site-directed tryptophan fluorescence
shape for each residue, and those of the EF loop cannot belistinguishes pH-induced local environmental changes along
characterized as simple sigmoidal plots that would be the loops EF and CD from that of overall structure and
expected in the case of a single titratable group. Third, reveals important clues about the mechanism of pH-induced
mutations at each position along the loop do not perturb the ligand release in TL.
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Ficure 10: Diagram of the changes in the relative positions of the

residues from the interstrand loops EF and CD in the transition
from pH 7.3 (shaded circles) to pH 3.0 (open circles). Residues
62, 63, and 67 (striped circles) are shown in a stable reference
position.
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FIGURE 11: Amaxfor single Trp mutants of TL at various pH values.
The K, values are shown in parentheses. The dashed lines for W81
and W82 represent fitting curves for a single titratable group in
the HendersenHasselbalch equation.

From pH 7.5 to pH 6.5, ligand affinity is not reduced and
there is no significant change in either secondary structure
or thedmax Of tryptophans at four of the five loop positions.

From pH 6.5 to pH 5.5, ligand release is initiated as
evident by decreased affinity for TL (midpoint of transition
for K, of ~5.9 for 16AP). The K, value for Amax (5.7) of
residue 59 closely corresponds to the midpoint of transition
of ligand affinity. The essentially unaltered CD spectra imply
that ligand release cannot be attributed to relaxation either
in secondary structure or in the conformational state in the
lipocalin core.

From pH 5.5 to pH 3.0, there is progressive loss of
intracavitary ligand binding. There is an accompanying
decrease in accessibility for residues on both loops. In
addition, at pH 5.53.0 there is relaxation of secondary
structure and decreased aromatic side chain rigidity (Figures
1 and 2) that can contribute to the complete loss of
intracavitary binding.

Decreasing pH induces apposition of the EF and CD loops
corresponding to a more buried position of the side chains

Biochemistry, Vol. 43, No. 40, 200412903

of amino acids on both loops and steric restriction of ligand
access. The mechanism of pH-induced ligand release for TL
appears to differ from that gf-lactoglobulin. InS-lacto-
globulin a single titratable group is considered the trigger
for loop movement and fatty acid binding. The overall
impression is that pH-induced ligand release in TL is a
cascade of events starting with sequentially recruited side
chains of varying f.. The pH-driven changes in ionization
states promote apposition of loops CD and EF over the
entrance to the calyx.
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SUPPORTING INFORMATION AVAILABLE

Detailed methods of the expression and purification of
mutant proteins, calculation of the quantum yield, fluorescent
lifetime measurements, distance measurements by RET, far-
UV CD spectra of Trp and Trp/Cys mutants at pH-2705,
far-UV CD spectra of W17Y and TL at pH 7.5, ANSA
binding to apo-TL at various pH values, competition of the
ANSA-binding site of apo-TL by stearic acid at pH 7.3 and
3.0, 16AP binding to apo-TL and apo-W59, and acrylamide
guenching of Trp fluorescence for mutant protein W81, pH
7.3 and 3.0. This material is available free of charge via the
Internet at http://pubs.acs.org.
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