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Specific Tryptophan UV-Absorbance Changes Are Probes of the Transition of
Rhodopsin to Its Active State
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ABSTRACT. The difference of rhodopsin and metarhodopsin Il (MIl) absorption spectra exhibits a
characteristic pattern in the UV wavelength range, consisting of peaks at 278, 286, 294, and 302 nm.
These difference bands are thought to result from the perturbation of the environments of tryptophan
and/or tyrosine residues. We used site-directed mutagenesis to investigate the contribution of tryptophan
absorption to these spectral features. Each of the five tryptophan residues in bovine rhodopsin was replaced
by either a phenylalanine or a tyrosine. The mutant pigments (W35F, W126F, W161F, W175F, W265F/
Y) were prepared and studied by UVisible photobleaching difference spectroscopy. The difference
spectra of the W35F and W175F mutants were identical to that of rhodopsin, whereas in the W161F
mutant, the magnitudes of the 294- and 302-nm bands were slightly lowered. The differential absorbance
at 294 nm was reduced by over 50% in the W126F and W265F/Y mutants. The difference peak at 302
nm was reduced in the W265F/Y mutants, but was almost completely absent in the W126F mutant. These
data indicate that the difference bands at 294 and 302 nm originate from the perturbation®%afdp

Trp?%5 environments resulting from a general conformational change concomitant with MIl formation
and receptor activation. Model studies on tryptophan absorption indicate that the difference peak at 294
nm is due to the differential shift of theylabsorption of the indole side chain as a result of decreased
hydrophobicity or polarizability of the TAg® and Trg%® environments. The resolution of the 302-nm
band, assigned to the differential shift of the indolgalbsorption, is consistent with hydrogen-bonding
interactions of the indole N-H groups of T#pand TrE% becoming weaker in MIl. These results suggest

that the photoactivation of rhodopsin involves a change in the relative disposition of transmembrane helices
3 and 6, which contain T#° and Trg% respectively, within thex-helical bundle of the receptor.

Rhodopsin, t_he visual pigment of the rod cell, i; a member Cytoplasm 00CAP A Q
of a superfamily of seven-transmembrane helix receptors STt syrTSAE
(Khorana, 1992). Photoactivated rhodopsin catalyzes GDP/ 1 2 3 4 5,65,6 DDG
GTP exchange in the visual G protein, transducin. The 11- . KPM SNF QQA TTek, ¢ ML
cis-retinal chromophore in bovine rhodopsin is covalently o ¢ Rr, A E,f R N
linked by a protonated Schiff base (PS®pnd to Ly$% N ? va N K N e g
(Figure 1). Gld*3functions as the counterion and stabilizes v "Nf}‘?' RIS IEA E M %é
the positive charge of the PSB group (Sakmar et al., 1989; [ +7¢ LALNV v"sL c“j:v 6Q fom! ‘:'KY
Zhukovsky & Oprian, 1989; Nathans, 1990). The light- |»' ;¢ | [ [ | @42 Tl | o | ['oen | |5
induced isomerization of the chromophore to Hiktrans LLxM V“;F ELG”l, MoLA L 265 ‘; 2069 TS
geometry initiates the conversion of the chromophangsin " ME S B R A I P Aol P
complex via several spectrally distinct intermediates to the MLFAS R %G ;@e "\{fv Y TIIFM
active R* state. During the transition from metarhodopsin g ?F y Lof l?'\\”s FSENN, B b
I (Ml, Amax = 480 nm) to metarhodopsin Il (MIlimax = ey A o oSeq E % F
380 nm), the chromophore deprotonates and the opsin adopts; SNgr, SPF Gy Yy et
VYFN VVRNM—ACN
PGgeTC Intradiscal Space
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The transduction of the signal (i.e., light absorption) from MATERIALS AND METHODS
the interior of the receptor to the surface loops is presumably
accomplished by a modification of its transmembrane Reagents.Monoclonal antibody 1D4 was prepared by the
structure. The FTIR spectra of the thermal intermediates in National Cell Culture Center (Minneapolis, MN). The 11-
the bleaching of rhodopsin exhibit changes in the amide C|srret|nal_was provided by the National Eye Institute through
vibrations that are consistent with a conformational transition Dr- Rosalie Crouch. NATA was purchased from Sigma (St.
involving the alterations of helix backbone structures (Klinger Louis, MO). Sources of other reagents were previously
& Braiman, 1992; Garcia-Quintana et al., 1995). Perturba- "eported (Min et al., 1993; Zvyaga et al., 1993; Chan et al.,
tions of the hydrogen-bonding interactions of 8Fahmy  1992)
et al., 1993), Asfy (Fahmy et al., 1993; Rath et al., 1993), Construction and Expression of Rhodopsin Mutargge-
and cysteine residue(s) (Rath et al., 1994) and the protonatiordirected mutagenesis was performed using restriction frag-
of GIu*3 (Jgyer et al., 1994) have also been detected by FTIR ment replacement “cassette mutagenesis” in a synthetic gene
spectroscopy. EPR spectroscopy on site-specific spin-labeledor rhodopsin that had been cloned into the expression vector
rhodopsin mutants suggests movement of residues on theas previously described (Min et al., 1993; Franke et al.,
cytoplasmic border of helix 3 during receptor activation 1988). DNA oligonucleotides containing the desired codon
(Farahbakhsh et al., 1995). alterations were synthesized on an Applied Biosystems
There is evidence that the local protein environments Model 392 DNA synthesizer, and then purified and annealed.

around tryptophan residues change during the thermal The mutagenic duplexes for the mutants were as follows:
conversion of rhodopsin to MIl. The difference spectrum W35F, 129-bpKpni—Bcll duplex; W126F, 62-bpRsil -
obtained by subtracting the UwWisible absorption spectra  SP@ duplex; W161F, 114-bgpe—Sfil duplex; W175F, 24-

of Mll and rhodopsin shows distinct peaks at 278, 286, 294, bp Sfil—Xba duplex; W265F/Y, 95-biMiul—Apa duplex.

and 302 nm. Since these wavelengths are close to the lowest N€ duplex for E113A/A117E was prepared as previously
n—7* optical transitions of a tryptophan, Rafferty and co- 'ePorted (Zvyaga et al., 1994). The nucleotide sequences
workers (1980) interpreted these UV-difference bands in of all'cloned synthetic duplexes were conflrmeq py the cha}ln
terms of the environments of at most two tryptophan residues {€rminator method for DNA sequencing on purified plasmid
becoming more polar in MIl. In addition, a linear dichroism DPNA using Sequenase Ver 2.0 (United States Biochemical).
study of these bands by Chabre and Breton (1979) indicated! N€ ltered genes were expressed in COS-1 cells following
a reorientation of an indole side chain during the-MMII tran5|ent transfecnon' by a lipofectamine procedure (GIBCO
conversion. There are a total of five tryptophan residues BRL: Life Technologies).

(positions 35, 126, 161, 175, and 265) in the primary  Reconstitution and Purification of Mutant PigmentSOS
structure of bovine rhodopsin, three of which (¥ Trp'e, cells expressing mutant apoprotein were harvestd@ h
and Trg%) reside in the putative membrane-embedded after transfection and incubated in the presence o€ig1-
portion of the opsin (Figure 1). The tryptophan residues at retinal (~80uM) at 4 °C under dim-red light to reconstitute
positions 126, 161, and 175 are conserved in virtually all & pigment. The pigment was solubilized in the dodecyl
vertebrate rhodopsins and cone visual pigments (Yoshizawa,maltoside detergent (w/v 1%, 50 mM Tris-HCI, pH 7, 100
1992). Trp% is conserved in all pigments, except in the MM NaCl, 1 mM CaC}, 0.1 mM phenylmethanesulfonyl
family of blue cone pigments in which the residue is a fluoride) and bound to the 1D4-immunoaffinity resin(Sakmar
tyrosine. A tryptophan is also conserved at position 35 €t al., 1989). The resin was washed four times withx 10
except in the blue cone pigments of some species (e.g.,bed volume of low-salt, low-pH wash buffer (2 mM
chicken, goldfish). The red and green cone pigments containphosphate buffer, pH 6, 0.1% (w/v) dodecyl maltoside or

additional tryptophan residues, whose conservation is variabledigitonin). The pigment was eluted by supplementing the
between species. wash buffer with the antigenic carboxyl-terminal peptide to

A tryptophan is often used as a noninvasive environment- the 1D.4 antibody. _The l(.)W salt and low pH of the _buffer
result in a preferential elution of the correctly folded pigment

sensitive probe of protein structure because of its unique ~~. ) ; i
absorption and fluorescence properties. Structural studiesWhICh had regenerated with Llsretinal (Ridge et al., 1995).

of bovine rhodopsin and its intermediates by fluorescence Aliquots of concentra_ted Trls-HQI and l_\la_CI solutions were
spectroscopy of tryptophan residues have been impracticaladded to the eluted pigment to bring thelr_flnal concentrations
because of the low fluorescence quantum vyield.022) to 50 mM (pH 7) and 100 mM, respectively.

apparently due to quenching by the retinal chromophore via Absorption SpectroscopySpectroscopy was performed
energy transfer (Ebrey, 1972). In one study, however, this On a-19 Perkin-Elmer spectrophotometer. The sample (100
property was exploited and served as a basis for monitoring#L) Was placed in a quartz cuvette (1-cm path length) which
MII decay by measuring the fluorescence increase due toWas kept at 3C. The sample chamber was purged with
the release of free retinal out of the opsin after Schiff base N2(g) to prevent condensation. Absorption scanssq
hydrolysis (Farrens & Khorana, 1995). In this paper, we scans) of thg unphotolyzed pigment were collected first. To
report the preparation and the biophysical characterizationPleach the pigment, the sample was illuminated in the cuvette
of tryptophan mutants of bovine rhodopsin for the purpose for 15 s, or longer if needed, with a 150-W halogen light
of assigning the UV-difference absorption bands to specific Source filtered through a 495-nm long-pass filter. Im-
tryptophan residues. These assignments, coupled with modeMediately afterward, 2650 scans of the photolyzed pigment
studies on tryptophan absorption, are used to interpret thewere recorded. The step size was 1 nm, and the spectral
absorbance changes in terms of the perturbations of the locafesolution was 2 nm.

tryptophan environments and of the general opsin structure, The normalized difference spectrum for each pigment was
which occur during the activation of the receptor. calculated using the expression,
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Table 1: Spectral Properties and Relative Transducin Activation
Rates of Rhodopsin Mutants

relative
relative transducin
Amax €max activation
pigment (nm) (£10%}p (£10%)
rhodopsin 500 1.0 1.0
W35F 500 1.0 1.0
W126F 500 0.90 0.50
W161F 500 0.90 0.90
W175F 500 1.0 1.0
W265Y(F) 485 (481) 1.0 0.80
E113A/A117E @ pH 6 493 0.90 ~0.5F

aThe extinction coefficient of each pigment was determined by acid
denaturation as described in Materials and Methbdisitial rate of
light-dependent activation of transducin by each pigment at pH 7.2 (5
°C) normalized by the rate of rhodopsiCalculated from data in
Zvyaga et al. (1994). The relative transducin activation rates by
rhodopsin and the E113A/A117E mutant a¥6.65 and 0.35, respec-
tively, at pH 6.

(L—D)
A(absorbancey (absorbance @ma)) *
1 (émax of mUtant)

(photoproduct yieId)>< (€max Of rhodopsin)

where L and D refer to the absorption spectrum of the

Absorbance
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pigment recorded after and before illumination, respectively. Figure 2: UV—visible absorption spectra of recombinant rhodopsin
The first term expresses the difference as a fractional changeand mutant rhodopsins. (A) Rhodopsin, (B) W35F, (C) W126F,
relative to the initial pigment absorbance in the dark. Itis (D) W161F, (E) W175F, (F) W265Y and W265F, and (G) E113A/
normalized by the approximate fraction of the photoproduct A117E pigments solubilized in dodecyl maltoside. (H) Rhodopsin
. . . ; solubilized in digitonin. For each pigment, the spectrum recorded
in the photolyzed sample in order to scale its magnitude t0 pefore and after illumination by 495-nm light are labeled “D”
the case of~100% photoproduct formation. The photo- and “L”, respectively. All of the pigments were reconstituted in
product yield was estimated from its absorbancé.at. In 0.1% dodecyl maltoside (AG) except for one rhodopsin sample,
product displayed amaxVvalue of 380 nm. For rhodopsin in OLE(;ITF\)’VZSGSe':Ct?Q?NZ\r’g?g:eﬁ'?ﬂgﬂti alr_‘zrﬁreZ?hml‘Zﬂ h %15|3ngle
digitonin and the E113A/A117E mutant, the photoproduct P P g P g '
was a species Withmax value at~475 nm. Multiplication
by the ratio of the:max Values corrects for the difference in
pigment concentration between the mutant and rhodopsin
samples. A(Absorbance) of 1.0 corresponds to a change in
molar extinction of~40 600 Mt cm™2,

Estimate of the Extinction Coefficient Atax The emax
of each pigment was determined from the ratio of its
absorbance atmax in the dark and the absorbance at 440 ResSULTS
nm of retinal PSB, which is produced when the pigment is
acid denatured by the addition of HCI. Thgax values of UV—Visible Absorption of RhodopsinThe absorption
the mutant pigments relative to the value of rhodopsin are spectrum of rhodopsin consists of a broad band with a
listed in Table 1. Themax of rhodopsin is~40 600 M?* maximum at 500 nm and a narrower band with a maximum
cm™! (Wald & Brown, 1953). at~280 nm (Figure 2A). The 500-nm band corresponds to

Assay of Light-Dependent Transducin Aation Rates. the lowest energy electronic excitation of the dig¢retinal
The radionucleotide filter-binding assay of light-dependent PSB chromophore in the pigment. The 280-nm line is a
transducin activation by a pigment was carried out as composite of the overlapping absorption bands of aromatic
described (Min et al., 1993; Zvyaga et al., 1994). Briefly, residues in the protein. There are 31 phenylalanine, 18
aliquots of the reaction mixture (4 nM pigment, 700 nM tyrosine, and 5 tryptophan residues in the rhodopsin primary
purified bovine transducin, 50 mM Tris-HCI, pH 7.3, 100 structure. The ratio of the protein and chromophore absorp-
mM NaCl, 2 mM MgC}, 1 mM dithiothreitol, 0.01% dodecyl  tions (i.e., Asd/Asog) gives a relative measure of the extent
maltoside, 20uM [3S]GTP/S, 5 °C) were removed at  of reconstitution of the opsin with 1dis-retinal. Rhodopsin
constant time intervals during the assay and applied to purified from bovine retina or from COS-1 cells typically
nitrocellulose filters (Schleicher & Schuell, BA85). The has aratioof 1.61.7. A ratio of 1.8 or greater is indicative
relative amount of PS]GTP/S that bound irreversibly to  of the presence of contaminating protein(s) or non-
transducin was quantitated by measuring the radioactivity reconstituted opsin. Since the immunoaffinity purification
of the filters in a scintillation counter. Background radio- procedure is selective for the visual opsin, the contaminating
activity was determined from aliquots removed from the species in most cases is excess unreconstituted misfolded

reaction mixture in the dark. Light-dependent uptake of
GTPyS by transducin was assayed under constant back-
ground illumination with light filtered through a 495-nm
long-pass filter. The initial rate of transducin activation was
estimated from a linear-regression fit to the data points
obtained during the first minute of the illumination.
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opsin. However, the low-salt, low-pH elution condition
employed in the purification minimizes the amount of
unreconstituted opsin that coelutes with the pigment (Ridge
et al., 1995).

The illumination of the rhodopsin solubilized in dodecyl
maltoside converts nearly 100% of the ground-state pigment
to MIl. This reaction is characterized by the shift of the
visible absorption band to 380 nm, which is caused by the
deprotonation of the chromophore Schiff base. This shift is
also accompanied by5% decrease of the absorbance at
280 nm. Over time, MIl thermally decays to MIIR{ax
~460 nm) and the Schiff base linkage between the retinal
and Lys%is hydrolyzed to yield freall-trans-retinal @max (C) E113A/AT17E
~380 nm) and opsin (Hofmann, 1986). However, under the |
conditions employed in this study (L, pH 7.0), Mll is
kinetically stable during the collection of the absorbance
scans. We estimate that5% of MIl converted to Milll .

278

(A) WT Rhodopsin
in Dodecy! Maltoside B

(B) WT Rhodopsin
in Digitonin

Differential Absorbance

based on the very small decrease of the absorbance at380 | ——— " —F—F—+—+———— 17—
nm and a corresponding increase~a60 nm. To estimate 250 260 270 280 290 300 310 320
the extent of Schiff base hydrolysis, the fraction of intact Wavelength (nm)

Schiff base linkage was assayed by denaturing the sampleFicure 3: Normalized photobleaching-difference spectra (250
by the addition of HCI. The 440-nm absorbance of the 320 nm) of rhodopsin reconstituted in (A) 0.1% dododecyl

; ; maltoside and (B) 0.1% digitonin. (C) Normalized photobleaching-
retinal PSB generated by the denaturation of the photolyzeddiﬁerence spectrum of the E113A/A117E mutant in dodecyl

pigment at the end of the experiment was similar in majoside. The difference spectra are computed from the “D” and
magnitude to that obtained when unphotolyzed rhodopsin “L” spectra shown in Figure 2 (see Materials and Methods). The
was acid denatured (data not shown). This indicates thatdashed line in (A) is the base line estimated by extrapolating the
most of the 380-nm absorbance was due to the absorptionshort-wavelength tail of the 380-nm peak to wavelengths below
by the chromophore of Mil and not due to free retinal. We 20 nm. One interval on the ordinate is equivalent tfecaf ~4060

. X . M~1cm L
estimate that the Ml population decreaseddi0% via the

two pathways by the end of a typical experiment. height, while the absorbance-a880 nm increased slightly.
The “dark” spectrum was subtracted from the “light” Thel.0f 480 nm is characteristic of the MI species (Franke
spectrum to reveal spectral features that change betweeret al., 1992; Resek et al., 1994). The absorption spectrum
rhodopsin and MII. The visible region of the difference shows that the thermal transition of Ml to Ml is inhibited
spectrum contains a positive band at 380 nm and a negativein digitonin and that most of the pigment af@ is trapped
band at 500 which correspond to the absorption bands ofin the Ml state.
the unprotonated and the protonated Schiff base chromophore Since the MI species is more abundant in the photolyzed
in MIl and rhodopsin, respectively (data not shown). Inthe pigment solubilized in digitonin, the subtraction of the “dark”
UV wavelengths, the subtraction yields smaller, but repro- spectrum from the “light” spectrum essentially yields a pure
ducible differential absorbance peaks. The expanded viewdifference between MI and rhodopsin (Figure 3B). The sharp
of the MII/Rho difference between 250 and 320 nm is shown difference bands, which were observed in the MII/Rho
in Figure 3A. The base line is approximated by extrapolating spectrum, are absent in the MI/Rho spectrum. Instead, there
a Gaussian fit of the blue side of the 380-nm envelope to is only a single broad featureless bancd~&81 nm. The
the region below 320 nm. The negative differential absor- differential absorbance at 281 nm correspondsAto of
bance pattern between 270 and 320 nm is composed of at<2000 Mt cm?, about a factor of 1.5 less than tite
least four separate bands. There is a broad peak centered atalues found in the MIlI/Rho spectrum. The comparison of
278 nm that overlaps with a narrower line at 286 nm. The the two difference spectra shows that difference bands at
differential absorbance at 278 nm corresponds to a change
in molar extinction Q¢) of ~3000 M~ cm™*, and theAe at 2 Specifically, theAe at 286 nm is~2 times larger and the 294-nm
286 nm is~3500 Mt cm™1. Between 290 and 310 nm, band appears as an unresolved shoulder on a larger band at 300 nm in

there are two overlapping bands centered at 294 and 302the light/dark difference spectrum of Rafferty et al. (1980). We ascribe
. - 1 _q o 3 these differences to the fact that the spectrum of illuminated rhodopsin

n.m’ each withAe of ~3500 M ,Cm - Similar UV obtained by Rafferty et al. is actually a spectrum of the denatured

difference features were observed in the MII/Rho spectrum pigment. Their “light” spectrum was recordedl h (@ 25°C) after

of rhodopsin in native ROS membranes (Rafferty, 1979). the rhodopsin had been photolyzed. Under this condition, no Ml would

The wavelengths of the difference peaks also generally agreéikely be present. We observed similar spectral features in our samples
. . . . that had been acid denatured, or that were photolyzed in the presence
with those in the light/dark difference spectrum of Emul- ot hydroxylamine. In order to confirm that the differences were not
phogene-solubilized rhodopsin (Rafferty et al., 1980), but due to effects associated with the specific interaction of the protein
the relative heights of the bands differ slighily. with the detergent, we also repeated the absorbance measurements on
. o o ] . rhodopsin solubilized in the detergent Lubrol PX which has a
Solubilization of Rhodopsin in Digitonin.Rhodopsin hydrophobic tail that is chemically equivalent to Emulphogene BC720.

reconstituted in digitonin displayed the sagx value as The UV-difference features in the light/dark spectrum of Lubrol-

; ; ; solubilized rhodopsin recorded af@ (data not shown) were identical
that of the pigment in dodecyl maltoside, but showed an to those of the MII/Rho spectrum reported in this study, except that

altered bleaching process (Figure 2H). After illumination, the sizes of the bands were slightly smaller because the-Mill
the absorption peak shifted te480 nm and decreased in  conversion in Lubrol was not 100% complete.
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278, 286, 294, and 302 nm withe values of>3000 M
cm! are characteristic of the MII/Rho spectrum.
Mutant Pigment E113A/A117EThe E113A/A117E pig-
ment in dodecyl maltoside absorbs maximally at 493 nm |
(Figure 2G and Table 1). The photolysis of the ground-
state pigment produces a pH-dependent mixture of 474- and
and 380-nm photoproducts, which contain protonated and $
unprotonated Schiff base chromophores, respectively. Earlier
studies have shown that the 474-nm pigment, which pre-
dominates at acidic pH, is the active R* species that is
capable of activating transducin (Zvyaga et al., 1994; Fahmy
et al.,, 1994). The difference between the absorption §
spectrum of the ground-state and photolyzed pigment yields
UV-spectral features that closely resemble those of the MIl/
Rho difference (Figure 3C). Specifically, the four difference
bands are detected at 278, 286, 294, and 302 nm. These
UV-difference bands are associated with the active 474-nm
species because it is the main photoproduct when the buffer
pH|S6 Tt T 1 1t r Tt r Tt
Tryptophan Replacement Mutant3.o determine if the 2%0 260 270 ﬁ:fe.engthii%, 300 310 %20
UV-dlfferenc_e features of the Mil/Rho spgctrum were caused Ficure 4: Normalized photobleaching-difference spectra of tryp-
by perturbation(s) of tryptophan absorption, we repeated thegphan mutants in 0.1% dodecyl maltoside. (A) Rhodopsin, (B)
absorption measurements on site-directed mutants of rhodopw35sF, (C) W175F, (D) W161F, (E) W126F, and (F) W265%)(
sin in which each of the five tryptophans in the sequence and W265F {--) pigments. The difference spectra are computed
had been replaced by phenylalanine or tyrosine. The from the “D” and “L” spectra shown in Figure 2 (see Materials
absorption spectra of the tryptophan mutants are presentecﬁ?iﬁﬂoeégolsg‘cggf interval on the ordinate is equivalent & a
in Figure 2B-F, and their biochemical properties are listed '
in Table 1. Thelmax values of the ground-state pigments in  species (Figure 2F). The relative transducin activation rates
all of the mutants, except for W265F and W265Y, are of the photolyzed W265F/Y mutants were80% of the
unchanged from th&yax 0f rhodopsin. The absorption bands normal value. This number is close to the approximate
of the W265 mutants are blue-shifted 20 nm. Thelmax fraction of the Mll-like species present in the photolyzed
values of W126F, W265F, and W265Y pigments are samples as judged by their absorption spectra. We conclude
identical to those previously reported by Khorana and co- that the Mll-like spectral forms of the W265F/Y mutants
workers (Ridge et al., 1992; Nakayama & Khorana, 1991). are able to activate transducin at the same rate as Ml of
TheAsxsd Ay, ratio of the mutant preparations varied between rhodopsin. Moreover, the acid denaturation of the photo-
~1.7 and~2.0, indicating that their purities were comparable lyzed mutant pigments at the end of the scans yielded
to that of a typical rhodopsin preparation. However, absorption bands characteristic of retinal PSB, which were
compared to rhodopsin purified from COS cells transfected similar to that obtained with the denaturation of rhodopsin
in parallel, the absolute amount of some of the tryptophan (data not shown). This assay indicates that the relative
mutant pigments recovered using low-pH, low-salt elution amount of free retinal and/or Mlll-like species in the
buffer was consistently lower, indicating that these mutant photolyzed mixture of all tryptophan mutants was also
opsins did not regenerate with Tisretinal as well as the  <10%.

278
286
294
302

(A) WT Rhodopsin

rential Absorban
1

(D) W161F

native opsin. The reconstitution yield was80% for the The light/dark difference spectra of the tryptophan mutants
W161F and W265F/Y opsins and60% for the W126F are presented in Figure 4. The spectra of the W35F and
opsin. W175F mutants appear identical to the MII/Rho spectrum

The W35F, W161F, and W175F mutants showed the samewithin the resolution and the signal-to-noise of the data. This
response to illumination as rhodopsin. There was a nearlyis also clearly demonstrated in Figure 5, which displays the
complete shift of the 500-nm band to 380 nm, presumably difference between the light/dark difference spectra of the
due to the formation of Mll-like species (Figure 2B,D,E). mutant pigment and rhodopsin. This double-difference
Consistent with this, these three pigments showed normalspectrum shows the loss of the UV-differential absorbance
transducin activation rates (Table 1). In the W126F mutant, signal resulting from the tryptophan replacement and cor-
most of the ground-state species converted to the 380-nmresponds to the difference of the individual tryptophan
species, but there appeared to be a small amout®%o) of absorbance between MIl and the ground state, assuming that
Ml in equilibrium, as judged by some residual absorbance each mutation does not influence the remaining tryptophan
at~480 nm (Figure 2C). The transducin activation rate by absorptions. It is readily apparent that there is no differential
the photolyzed W126F pigment was0% of the rhodopsin  absorbance due to either Prr Trp'”® between 270 and
rate. The production of MIl-like species was further 320 nm. The replacement of Tfp does not affect the
perturbed in the W265F and W265Y mutants. The illumina- overall shape of the difference features, but reduces the
tion time that was required to completely bleach the other magnitudes of the 294- and 302-nm peaks~#5%. By
pigments only resulted in the formation of about half as much contrast, the substitutions of tryptophan at positions 126 and
MIl-like pigment for the W265F/Y mutants. About 60 s of 265 elicit distinct changes to the shape and the size of the
illumination was required to convert the majority of the difference features (Figure 4E,F). For the W126F mutant,
ground-state population in these two mutants to the 380-nmthe magnitude of the peaks at 294 and 302 nm~a58%
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large difference features in the MI/Rho spectrum indicates
that the opsin structures of rhodopsin and Ml are not very
different. To be precise, the thermal relaxation of the opsin
structure following thecis—transisomerization of the retinal
chromophore does not involve significant reorganization (i.e.,
to a degree that influences the side-chain absorption spec-
trum) of the environments around the side chains responsible
for the UV-difference bands. This result, combined with
the fact that difference features are present in the MII/Rho
spectrum, shows that the perturbations of the side-chain
environments occur specifically during the Mt Ml
transition. The conversion of Ml to MIl consists of two
sequential chemical events: (1) the deprotonation of the PSB
group, and (2) the change of the protein conformation from
its inactive form to the active R* state, which is able to bind
transducin and to catalyze its GDP/GTP exchange (Arnis &
Hofmann, 1993). A priori, the UV-difference bands may
be reporting on environmental perturbation associated with
either one of the processes.

In order to determine whether the UV-spectral changes
can be ascribed to a specific event, the difference spectrum
of the E113A/A117E mutant was examined. In this mutant,
T T T L B B the counterion position on helix 3 has been moved up by 1

250 260 270 280 290 300 310 320 turn toward the cytoplasmic surface (Zvyaga et al., 1993).

Wavelength (nm) . . . A
_ o This mutation confers catalytic activity to the 474-nm
Ficure 5: The difference spectrum of each individual tryptophan photoproduct, which contains ai-trans chromophore with

residue obtained by subtracting the photobleaching-difference - L . .
spectrum of each tryptophan mutant pigment from the rhodopsin a protonatedSchiff base. The visible absorption of this

difference spectrum. Difference absorption spectrum of (AfSrp ~ “active” photoproduct is similar to that of native MI, but
(B) Trpt7®, (C) Trp'®L, (D) Trp'?5 and (E) Trp% between rhodopsin ~ the protein has adopted the R* conformation normally

anﬂ Mil. One interval on the ordinate is equivalentteof ~2030 associated with active MIl as assayed by its ability to activate
M~ e, transducin (Zvyaga et al., 1994) and by its FTIR spectrum

h (Fahmy et al., 1994). The net effect of this mutation is to
lower, but the features at 278 and 286 nm appear unc angeddecouple the Schiff base deprotonation from the conforma-

The replacement of TP causes a more general perturba- o0 change required for receptor activation. We find that

tion. It decreases the differential absorbance at 286 nm a”dthe difference between the 474-nm photoproduct and ground-
the differential ab.sorba.nce between 2.90 and 320 nm. state spectra of the E113A/A117E pigment displays the same
However, qlearly discernible Ff"?l‘;"ks remamggﬂ% and 302 UV-spectral features seen in the MII/Rho difference spectrum
nm. The difference spectra of Tffand Trg* correspond- (Figure 3C). Since the Schiff base is still protonated, we

in_gly show distinctive pa_ttern? (Figure IE’D"_E)' l;l‘hedil?ﬁp conclude these UV-absorbance changes must originate from
difference spectrum consists of two overlapping bands at 294, ¢.qjyes whose environments are altered specifically during

a_nd 902 nm, each witihe of ~2000 Ml. cm. The the R— R* conformational transition. The UV-difference
difference spectrum of T# has a sharp line at 286 "M jat3 of Wil MI, and the E113A/A117E pigment, taken
a”‘ﬂla broad asymmetric band with & of ~3000 M- together, also argue against the potential contribution from
cm* at ~296 nm. the UV absorption of the retinal chromophore to the observed
DISCUSSION difference features beca_use neither the isomerization nor the
deprotonation event which may be expected to change the
In rhodopsin, the conversion of the pigment to Mll results absorption spectra of the Xis andall-trans chromophores
in ~5% decrease of the protein absorbance at 280 nm. Theis correlated with the appearance of the UV-difference bands.
difference spectrum calculated by subtracting the absorption Tryptophan Contribution to the UV AbsorptionOnly
spectra of MIl and rhodopsin displays a characteristic UV- aromatic amino acids have side chains with significant molar
spectral pattern, which consists of four overlapping downward- extinction between 270 and 300 nm. Results from two
pointing bands with their peaks at 278, 286, 294, and 302 earlier studies of native rhodopsin suggested that the UV-
nm (Figure 3). These features are not observed in the MI/ difference feature, specifically the bands at 294 and 302 nm,
Rho spectrum. The shapes and the relative sizes of thewere due to the absorption by one or two tryptophans.
difference bands in the MII/Rho and MI/Rho spectra of Rafferty et al. (1980) were able to mimic the general
rhodopsin solubilized in detergent are similar to those seenbandshape and size of the difference peaks in their light/
in the difference spectra of rhodopsin in ROS membranes dark spectrum of solubilized rhodopsin by taking a difference
obtained under conditions that stabilized MIl and MI, between an absorption spectrum of tryptophan dissolved in
respectively (Rafferty, 1979). water and one that had been artificially red-shifted in
A nonzero differential absorbance reflects the fact that the wavelength by 10 nm. The latter red-shifted spectrum was
absorption spectrum of a residue has changed during themeant to mimic a spectrum of a tryptophan in a nonpolar
transition of rhodopsin to MIl because of perturbation to its solvent. A similar fitting analysis of the 286-nm band
structure and/or environment. Therefore, the absence of anysuggested that it could arise from the differential absorbance

Differential Absorbance

(E) Trp?®®
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of approximately 4 tyrosine residues. In a linear dichroism that the receptor activation alters the environments of?frp
study of the bovine and frog MII/Rho spectra, Chabre and and Tr@®. The downward deflection of the 294- and 302-
Breton (1979) showed that the dichroism of the UV- nm bands indicates that the absorption spectra of these
difference feature between 285 ar@00 nm resembled the  tryptophans are red-shifted in rhodopsin compared to those
dichroism of the tryptophan—as* transitions inferred from in MIl (Figure 5D, E). Since the red shift of a tryptophan
its fluorescence polarization excitation spectrum. The as- absorption is correlated with its surroundings becoming more
signment of the 294-nm difference band to a tryptophan nonpolar and polarizable, the band assignments imply that
absorbance in the two studies suggested that the environmenTrp?6 and Tr@® are initially in an environment that is
of one or two tryptophans, which was initially apolar in  solvent inaccessible, consistent with their putative locations
rhodopsin, became polar or less apolar in MII. in the membrane-spanning domain of the opsin (Figure 1).

In the present study, we employed site-specific mutagen-In MIl, or more specifically the R* conformation, the
esis to examine the contribution of tryptophan absorbanceenvironments of Trf#® and TrF® become less nonpolar.
to the UV-difference bands in the MII/Rho difference Trp!6 which is also located in the low dielectric transmem-
spectrum. The replacement of Prr Trpt’® with phenyl- brane domain, is expected to display a red-shifted absorption
alanine had no effect on the spectroscopic and transducin-similar to that of Trp2 or Trp?%. However, the dielectric
activation properties of the mutant pigments W35F and character and the polarizability of its environment apparently
W175F. The UV-difference bands of these mutants were do not change significantly between R and R* conformations
also identical to those of rhodopsin. Therefore, neither because the\e of the Trg®! difference is comparatively
residue is responsible for absorbance changes between 28@maller (Figure 5C).
and 300 nm, and the local environments of Pignd Trg"®
are not altered during tertiary changes associated with the R
— R* conversion. These results are not surprising given
that transducin binds to the cytoplasmic surface of rhodopsin.
Ir:;ija;i(;rsrﬁ;::?\r/gllocatgd atthe |r_1érlad|scal eg(:s?r:‘hehlces tAbsorption of light triggers a cyclic reaction consisting of

, Fesp °ly, and are possibly €xposed (o e SOWVeNly 0 a1 thermal intermediates, which are distinguished by
The three remaining tryptophan residues at positions 126,

161, and 265 are located in the transmembrane regions 0](d|fferent retinal configurations and/or protein conformational

helices 3. 4. and 6. respectively. The replacement offtr states (for review, see Mathies et al., 1991). In bacterio-
S , respectively. =P P rhodopsin, the absorbance increase at 296 nm associated
results in a small decrease in the magnitude of the 294- and

302-nm difference bands, but the general spectral pattern isWIth the transition of the protein from the ground state to

similar to that seen in rhodopsin. In contrast, the re Iacementthe conformationally-altered *M" intermediate (Hess &
nodopsin. In contrast, pace Kuschmitz, 1979; Sdlseet al., 1984) has been assigned to
at the 126 or 265 position causes significant perturbation of

: > ; .
the UV-difference signal. In the W126F mutant, the differ- the_dabsorpno;n othrﬁ (Vr\]/u et aL" |_1991)f.bTh|s_ rehsuZue .
ence lines at 294 and 302 nm are replaced by a broad'esides near the chromophore on helix 6 of bacteriorhodopsin

unresolved feature withhe of ~1500 M-t cm-t  The (Henderson et al., 1990), at a position analogous t¢®Trp

substitution by phenylalanine or tyrosine at the 265 positions in rhodopsin.

results in the decrease of the differential absorbance at 286 Electronic Origin and Interpretation of the UV-Difference
and 294 nn#,but does not seem to affect the signal at 302 Bands. The lowest UV-absorption spectrum of the indole
nm. These data indicate that the difference features in thechromophore of tryptophan and the model compound NATA
MII/Rho spectrum between 290 and 320 nm are caused by(Figure 6) is a superposition of two overlappimg-s*

the differential absorbances of T#p and Tr@s. Trp?® transitions designatedaland L, (Valeur & Weber, 1977;
makes the dominant contribution to the absorbance at 294Albinsson et al., 1989). The overall width of the absorption
nm, but the 302-nm peak seems to be solely due t82Trp  envelope is primarily due to the broad, featurelegband.
The difference band at 286 nm also disappears in the The L, band is slightly narrower and is characterized by the
W265F/Y mutants, suggesting that it may also be due to presence of structured vibronic features. In water, the peaks
Trp?% absorption. However, differential absorbances by Of Ly vibronic bands are visible at 280 and 288 nm. The
several tyrosine residues most likely account for the majority latter peak corresponds to the-0 band. In an increasingly

of this signal because the size of this peak is not consistentnonpolar or polarizable environment, there is a progressive
with the molar extinction change of a single tryptophan (see decrease of bothdand L, transitions to lower energies. The

A similar perturbation of tryptophan environment has been
inferred from transient UV absorbance at 296 nm in
bacteriorhodopsin, a bacterial seven-transmembrane helix
protein that contains a lysine-bound retinal prosthetic group.

below). lowering of the l, energy is evident from the red shift of
Given the evidence that the UV-difference features are the vibronic peaks, and the decrease of theehergy is
specific to the R~ R* process of the M~ MII transition, inferred from the shift of the blue edge of the absorption

the results from the tryptophan mutant experiments show envelope. The €0 L, band of NATA shifts from 288 nm
in water to~291 nm in a less polar solvent like ethanol or

3 Given the assighment of the 294-nm difference band t3*Trp a nonp0|ar_ SOlYent such as dioxane (Figure 6A). The
substitution of a tyrosine at this location should result in the appearance corresponding difference spectra of NATA in water and in
of a downward-pointing difference band between 285 and 290 nm. The these solvents show a negative peaka92 nm, due to the

Ace of a difference band due to one tyrosine changing from a relatively . . .
nonpolar to polar environment (e.g., DMSO to water) is estimated to shifted difference of the-80 L, band, withAe of at most

be~700 ML cmL There is no readily discernible peak in the w265y 1000 M~* cm™, which returns to base line above 295 nm
spectrum that is assignable to a shifted tyrosine band, apparently due(Figure 6B). These NATA difference spectra can model the

to its anticipated small size. However, the comparison of the W265Y _ ; ;
and W265F spectra indicates a slightly larger differential signal2as 294-nm difference peak in the MII/Rho spectrum, but do

nm in the W265Y spectrum with the expected magnitude. We ascribe N0t satisfactorily reproduce the differential absorbance
this shoulder to the shifted tyrosine difference band. observed at~300 nm.
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Ficure 6: (A) Normalized absorption spectra df-acetylt-

tryptophanamide (NATA) dissolved in watet}, ethanol (---),
DMSO (--+), and dioxane<+-—). The emax at ~280 nm is~5000
M~ cm Inset The indole chromophore of NATA. The angle
between the L and L, transition moments is-90° (Albinsson et
al., 1989). (B) Difference between NATA absorption in water and
its absorption in ethanol (---), DMSO-+(), and dioxane {--—).

A model difference spectrum that more closely resembles
the experimental curves is obtained when one subtracts the

NATA spectrum in DMSO from that in water or ethanol
(Figure 6B). The larger differential absorbance around 300
nm is a result of substantially higher absorbance by NATA
in DMSO from~294 to 310 nm. This extinction increase
is attributed to the red-shifting of the,labsorption band
due to the hydrogen bonding of the indole N-H group with
the dipolar, aprotic SO group of DMSO. Because the
dipole moment of the } state is larger than that of the, L
state (Pierce & Boxer, 1995), this interaction would prefer-
entially stabilize the |, state and move the,lorigin below
that of the L, state (Rehms & Callis, 1987; Strickland et al.,
1970). This type of l-state lowering is also seen when a
hydrogen-bonding solvent like butanol is mixed into a
solution of indole or tryptophan model compound in a

Lin and Sakmar

Tryptophan residues inside proteins also exhibit these
spectral properties. In the human tissue factor protein, the
absorption spectra of two out of the four tryptophan residues
display higher extinction above 295 nm compared to the
spectrum of NATA in dioxane, while their-60 L, peak
positions are only slightly changed (Hasselbacher et al.,
1995). In addition, the 80 L, bands in the low-temperature
absorption spectra of horseradish peroxidase and bovine/
horse heart cytochromes have been resolved 300 and
~292 nm, respectively (Strickland et al., 1971). The
difference of this lr-shifted tryptophan absorption in a protein
and a tryptophan in a weaker hydrogen-bonding environment
would yield a band with substantidle between 295 and
~310 nm as seen in the model difference spectrum of NATA
in water and DMSO.

The comparison of the model compound and tryptophan-
difference spectra enable us to infer the properties of the
tryptophan environments in ground-state rhodopsin and in
MIl. The difference spectra of THF, Trp'%, and Trg%° all
show a band at-294 nm, assigned to the differential-0
L band, indicating that they initially reside in a low dielectric
environment. During the Mt~ MII transition or receptor
activation (R— R*), the environments of Tg® and TrF®
become polar, perhaps due to the accessibility of water at
these sites, whereas the Tenvironment becomes slightly
less nonpolar.

The TrE® environment in rhodopsin may be more
nonpolar or polarizable compared to that of ®fbecause
its difference peak appears red-shifted to 296 nm. This
unique environment might be due to the proximity of #pp
to the retinal chromophore, which has a large ground-state
polarizability (Corsetti & Kohler, 1977; Ponder & Mathies,
1983). Results from several studies are consistent with the
location of Tr@% in the retinal-binding pocket. First, the
blue-shift of the chromophore absorption band in the W265Y,
F, or A mutant (Nakayama & Khorana, 1990) indicates that
Trp?%%is close enough to interact with the retinal. Second,
it seems to be one of the residues in steric proximity because
introducing a phenylalanine at this position improves the
stability of the pigment reconstituted with a tisretinal
analogue with a locked £=C;, bond (Ridge et al., 1992).
Lastly, Tr®%is one of the residues that cross-links with the
p-ionone ring of a retinal analogue (Nakayama & Khorana,
1990; Zhang et al., 1994).

Chabre and Breton (1979) concluded that thér&nsition
moment of a single tryptophan tilts toward the membrane
plane during M MII conversion on the basis of the linear
dichroism of the 296-nm difference band in the MII/Rho
difference spectra of frog and bovine rhodopsins in native
membranes. The assignment of this band to the absorption
of a L, transition is supported by linear dichroism of
tryptophan model compounds (Albinsson et al., 1989) and

nonpolar solvent such as methylcyclohexane (Strickland et consistent with the NATA difference spectra. The present
al., 1972, 1970). In these cases, one sees an increase in thg@yptophan mutant data indicate that most of this signal
extinction at the red edge of the absorption envelope. Theoriginates from Tr§5. Therefore, we conclude that 7

deconvolution of the Land L, contributions in the red tail
of the low-temperature spectrum of NATA also reveals a
distinct shoulder at~295 nm due to a 4 vibronic band

is the residue whose indole plane changes orientation during
the R— R* conformational transition. This result supports
the initial hypothesis by Chabre and Breton that the tryp-

(Pierce & Boxer, 1995), whose size appears solvent dependtophan undergoing rotation is the one closest to the chro-

ent. Given the narrower linewidth of the-0 Ly, vibronic

mophore.

band, these model compound studies argue that an absor- In addition to the bulk dielectric changes surrounding

bance increase at wavelengths abex295 nm is indicative
of a red-shifted L absorption.

tryptophans, the largeAe at ~300 nm observed in the
difference spectra of T and Tr@® is consistent with
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changes in their hydrogen-bonding interactions during the
R — R* transition. The Trf?¢ difference spectrum contains

a resolved peak at 302 nm, which is assigned to a difference
of the shifted I, transition. The Trgf® difference spectrum
clearly has differential absorbance assignable,tivdnsition,

but a separate peak is not resolved from the differentjal L {
band. Based on these observations, we conclude that the
indole side chains of T#g®and Trg%® are hydrogen bonded

to another protein residue or group in the ground state of
rhodopsin. The conformational change leading to MiII
formation or receptor activation alters tertiary interactions A153
within the opsin and weakens these hydrogen-bond interac- cie7,
tions. The FTIR spectrum of MIl is also consistent with

weaker hydrogen bonding and increased solvent accessibility

of N-H group(s) which may belong to tryptophan residue(s)

(Maeda et al., 1993; Kandori & Maeda, 1995). The results pigyre 7: Schematic model of the seven-transmembrane helix
of this UV-absorption study suggest that the perturbed N-H arrangement in rhodopsin (Baldwin, 1993; Schertler & Hargrave,

group(s) may correspond to the indole N-H of either¥%p 1995) showing the probable locations of selected residues. The
Trp?%5, or both residues. membrane-embedded tryptophans, F5pTrp®, and TrEs, are

. . . highlighted by dark ovals. The view is of the membrane plane from
Earlier, the 286-nm difference band in the MI/RhO ¢ cvioplasm. The size of the triangle indicates the relative depth

spectrum was explained as a tyrosine difference because itsf the residue into the membrane. Larger triangles represent residues
Ae (~3500 M1 cm™t) was larger than that expected from a closer to the cytoplasmic membrane surface.

single tryptophan. Based on model NATA difference spectra

(Figure 6C), theAe at ~285 nm due to a secondary the combined use of site-directed mutagenesis and biophysi-
tryptophan difference peak is estimated to 800 M cal methods, such as FTIR and EPR spectroscopies, to
cm. The Ae due to a single tyrosine, which experiences identify amino acids whose environment and structure are
the same change from a nonpolar to a polar environment, isaltered upon Mll formation (Figure 7). Most of these studies
~700 Mt cm™t. Therefore, the differential absorbance at have focused on transmembrane helix 3, and the results
286 nm probably originates from-% tyrosine residues that  suggest a significant perturbation of its disposition within
experience environmental perturbation concomitant with R the helix bundle. GIt3, the counterion to the PSB group
— R* transition, with some contribution from the secondary in rhodopsin, becomes protonated in MiTgéaet al., 1994).
difference band of T$°. The rather large reduction of the In fact, one of the requirements for the initiation of the-R
286-nm difference signal in the W265F/Y mutant suggests R* transition seems to be the neutralization of this carboxy-
that the replacement of T#¥% may indirectly inhibit the late (Cohen et al., 1992; Zvyaga et al., 1994). There is also
perturbations of some tyrosine residues. weakening of the hydrogen bonding of the carboxyl side

Dynamics of Receptor Actition. The activation of chain of GIU*(Fahmy et al., 1993). On the cytoplasmic
rhodopsin represents a dynamic process that couples thesurface of helix 3, EPR experiments detect a decrease in the
chromophore photoisomerization to the reorganization of the steric interactions and increased mobility of the side chains
cytoplasmic loop domains to conformations that are able to of residues at positions 136, 138, 139, and 140, which form
bind and to activate transducin. Biophysical studies on the putative tertiary contact sites of helix 3 with the
rhodopsin structure indicate that this process involves someneighboring helices (Farahbakhsh et al., 1995). The same
alteration of the helix backbone conformation and interhelical study shows a smaller perturbation of side chains at positions
contacts. Characteristic differences are detected in thel53 and 154 near the cytoplasmic border of helix 4. In
infrared intensities and frequencies of the amide | and Il addition, a conserved glutamic acid residue at position 134,
vibrations between MIl and rhodopsin. These observations near the cytoplasmic border of helix 3, becomes protonated
are consistent with the perturbation of a number of peptide (Arnis et al., 1994; Cohen et al., 1993). FTIR data show
hydrogen bonds, which indicates a limited perturbation of strengthening of hydrogen bonding by A%mn helix 2
secondary and tertiary structures (Klinger & Braiman, 1992). (Fahmy et al., 1993; Rath et al., 1993) and cysteine resi-
Recent analysis of the deconvoluted amide | bands betweerdue(s) (Rath et al., 1994).

1620 and 1700 cmt in rhodopsin and MII has interpreted Results relating to the T#f and Tr@%® environments in

the observed spectral differences in terms of a more extensiverhodopsin and MIl provide additional insight into the
structural rearrangement that includes the alteration of themolecular details of the activation process. *Ftprobably
a-helical bundle structure, presumably due to distortions of resides at or near the interface of helices 3 and 4 because it
some helix backbones, and a change in the secondaryis positioned~3.6 helix turns from GIi3. In this orienta-
structures of solvent-exposed domains (Garcia-Quintana ettion, the N-H group on its indole side chain could be
al., 1995). However, the specific regions of the protein that hydrogen bonded to an acceptor group on helix 4. This
participate in the dynamics of the activation process are notinteraction is broken or becomes significantly weaker in Mll.
known. Given that Trp?8is also positioned-1 helix turn from Gld?,

In the absence of three-dimensional crystal structures ofthe UV-absorption and FTIR data indicate a concerted
the R and R* conformations of rhodopsin, a molecular picture disruption of hydrogen bonding by membrane-embedded side
of the activation process must be reconstructed from chains facing helix 4, which is coupled to the perturbation
information about changes in the local environments and of the cytoplasmic surface residues (Fr Val'3, val'3?,
structures of individual residues. It has been possible with Cys'“9 of helix 3. The evidence for extensive and concerted
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perturbations of helix 3 between Gfaand Cy3*°suggests  Trp?%® and increases the polarity around these tryptophans
a motion of at least one-third of its length closest to the and several tyrosines.

cytoplasm, which disrupts interhelical contact between

helices 3 and 4, during the R R* transition. This activity =~ ACKNOWLEDGMENT
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