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ABSTRACT. The interactions of rhodopsin and thesubunit of transducin (ghave been mapped using

a surface modification “footprinting” approach in conjunction with mass spectrometric analysis employing

a synthetic peptide corresponding to C-terminal residues-380 of theo-subunit of G, Gio(340—

350). Membrane preparations of unactivated (Rh) and light-activated rhodopsin (Rh*), each in the presence
or absence of @(340—-350), were acetylated with the water-soluble reagent sulfosuccinimidyl acetate,
and the extent of the acetylation was determined by mass spectrometry. By comparing the differences in
acetylation among Rh, Rh* and the R8:(340-350) and Rh* G (340-350) complexes, we
demonstrate that the surface exposure of the acetylation sites was reduced by the conformational change
associated with light activation, and that binding afu@40—350) blocks acetylation sites on cytoplasmic
loops 1, 2, and 4 of Rh*. In addition, we show evidence of interaction between the end of the C-terminal
tail of rhodopsin and @ in the unactivated state of rhodopsin.

Rhodopsin, the photoreceptor protein of the retinal rod cell, of 5- andy-subunits (Gy). The binding of GoSy to Rh*
is a prototypical G-protein-coupled receptor (GPCRhe catalyzes exchange of GTP with the GDP bound t0.G
protein contains an extracellular N-terminal tail, seven Gafy then dissociates from rhodopsin as thetGGTP
transmembrane helices, three interhelical loops on either sidecomplex and @y. Eventually, Rh* decays to opsin and free
of the membrane, and a cytoplasmic C-terminal tail as shownall-trans-retinal. Recently, an X-ray crystal structure showed
in Figure 1. The chromophore, Iis-retinal, is covalently  the seven-helix bundle and intradiskal face of rhodopsin in
linked to a lysine residue in the transmembrane domain of the ground state (Rh)L{. However, the cytoplasmic side of
the seventh helix. Upon absorption of a photon, the bound the membrane, which binds and activates the G-protein,
retinal is isomerized to the altans form, inducing a  responsible for signal transduction, was not well resolved.

conformational change in the protein on the cytoplasmic side . . . L
of the membrane. The conformational change leads to an A variety of experimental approaches, including limited
proteolysis 2, 3), peptide competition 4), site-directed

active intermediate (Rh*) that binds and activates the . ) - ; o
G-protein, transducin (g and initiates the visual cascade. m.utag(.aneSEE(. 9), and ar!t|body.b|nd|ngl(C) in combination
with biochemical and biophysical assays, have been em-

Gt is a heterotrimeric G-protein composed of a guanine : N .
nucleotide binding:-subunit (G, and a functional complex ~ Ployed to map the sites of Rh and Rh* responsible for the
binding and activation of GThe C2-C4 loops (also known
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Cytoplasmic Side

Ficure 1: Two-dimensional model of bovine Rh with known posttranslational modifications. Lysine residues are shown as filled circles.
The predicted CNBr cleavage sites are numbered. The cytoplasmic loops are labeled.dhe C4 loop is also known ashelix 8.

Both the Ga (15, 16) and Gfy (17—19) subunits of the analysis has also been used to study the intrahelical arrange-
heterotrimeric complex appear to interact with Rh*. The 23 ment in rhodopsin47). There are 10 free lysines on the
N-terminal residues and the 11 C-terminal residues «of G surface of rhodopsin, which could potentially be modified
(15 and the 12 C-terminal residues of)yG(19, 20) are by sulfosuccinimidyl acetate (SA). In the work reported here,
known sites of interaction. In addition, an alanine scanning the stable Rh*G.a(340—350) complex was acetylated and
mutagenesis study suggested the involvement otti86 the relative extent of acetylation was determined by mass
loop of Ga (which lies adjacent to the carboxyl terminus) spectrometry (MS). The results provide evidence of the
in the interactions with Rh*21). A spectrophotometric assay, G (340—350) peptide binding to Rh* and reveal that the
based on the stabilization of Rh* in the presence @f G C-terminal tail of Rh might also be involved in the interaction
showed that synthetic peptideso@40—350) (5, 22) and of rhodopsin with Go.

Gry(50—71)-farnesyl 22, 23) bind and stabilize Rh*, mim-

icking the effect of G EXPERIMENTAL PROCEDURES
Of the various Gfragments that have been reported to ) . .
bind to Rh*, the C-terminal peptide of «&340-350) Materials Cyanogen bromide (CNBr, 5 mol/L in aceto-

(IKENLKDCGLF) has been investigated the most exten- Nitrile, Sigma-Aldrich Chemical Co., St. Louis, MO), en-
sively. Hamm and colleagues) demonstrated thatthe@  doproteinase AspN (AspN, Sigmaj;cyano-4-hydroxycin-
(340—350) peptide binds to Rh* and stabilizes it. The decay Namic acid (Sigma), sulfosuccinimidyl acetate (SA, Pierce
of Rh* in the presence of the&340-350) peptide proceeds B|ofcechno_lo_gy Inc., Rockford, IL), trlbutylphos_phlne (Sigma),
slowly, with a half-life time of 128 min, without generation ~ 4-Vinylpyridine (Sigma), and dodecyl maltoside (DM, EMD
of any other photoproducts of rhodops¥). Acharya and  Biosciences Inc., San Diego, CA) were used as received
co-workers 8) have reported that the&340-350) binding ~ Without further purification.

site consists of residues Tyr13&al139 in the C2 loop and Rh and Peptide PreparationUrea-washed rod outer
residues Glu247Thr251 in the C-terminal portion of the segments were isolated from intact bovine retina (Lawson
C3 loop. Co., Lincoln, NE) as described previousig8f and were

In this paper, we report a study of theo®40—350) stored at—80 °C under Ar in the dark. All manipulations
peptide binding to Rh* using surface modification “foot- were conducted under dim red light unless stated otherwise.
printing” studies in conjunction with mass spectrometric Gio(340—350) (IKENLKDCGLF) was synthesized by the
analysis. Mass spectrometric analysis of integral membraneMedical University of South Carolina Peptide Synthesis
proteins has been successfully used in the mapping ofFacility and purified by LC on a C18 column (Enconosphere,
bacteriorhodopsin and rhodopsig5( 26). Combined with Alltech Associates Inc., Deerfield, IL). The purity of the
the site-specific chemical cleavage, mass spectrometricpeptide was confirmed by MALDI-MS. @(340—-350) (2
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mm_oI/L) was freshly prepared in buffer A [20 mmol/L Table 1: Cyanogen Bromide Fragments of Bovine Rhodépsin
sodium phosphate, 100 mmol/L KCI, 0.1 mmol/L EDTA,

. no.of  expected observedretention
and 1.5 mmol/L DTT (pH 7.5)] and incubated at room acetylated P oes " observed charge  time
temperature under Ar for-23 h before being used to ensure fragment residues lysines (M +H]") mass state  (min)
that the cysteines were in the reduced form. 1 1 144.1 ND - -

Acetylation of RhodopsinRod outer segments were 2 2-39 gfi’;-g “g;’ - -
resuspended in buffer A (&g/uL). SA (50 mmol/L) was 3 40-44 520.3 520 11 235
freshly preparedn a 5 mmol/L citrate buffer (pH 5.0) prior 4 45-49 588.4 588.1 +1 417
to use. Acetylation was performed with a 50-fold molar 5 50-86 42414 42408 43 61.6
excess of SA over total lysine residues, at a final concentra- 42834 42828 43 638
i c ) 43255 43236 +3 66.1
tIC.)n of 2 mmol/L (20 C for 30 rT_1|n), and was quenched 6 87—143 6371.3 6370.8 +4 67.7
with 15 mmol/L (final concentration) Tris buffer (pH 7.6) 64133 64116 +4 69.3
for 15 min. The acetylated rhodopsin was then isolated by 144-155 13747 6880 42 31.9

trifugation (88809 for 10 min at 4°C), and the pellet 8 1567163 go2.4 8782 +1 312
centritug >o0lY %) P 9 164-183 21771 21764 +2 404
was washed twice with }. Acetylation of rhodopsin was 102 184-207 3005.3 3005.1 43 35.9
performed under four different experimental conditions: (1) 11 208-253 53158  5316.0 +3 61.3

5357.8 5356.8 +3 62.3
5399.9 5396.7 +3 63.4
5459.9  5456.7 +3 63.5

427.3 427 +1 26.3
3598.8 3598.0 +2 64.4
2198.1 2196.6 +2 48.1

Rh in the absence of &(340-350), (2) Rh* in the absence

of Gia(340—-350), (3) Rh in the presence ofd%340—-350),

and (4) Rh* in the presence of@340—350). Rh* was 12 254-257
prepared by illuminating Rh suspended in buffer with white 13 258-288
light for 2 min using a fiber optic illuminator. 14 289308

22402  ND - -
Digestions Protein digestions were carried out as previ- 15 309 1201 NP - -
ously described with CNBr2g) and AspN 29). 14-15 289-309 53?72195 2N3E§8-2 +2 51.0

LC—MS Analysis The analysis of the CNBr-digested 44 310-317
samples followed the methodology outlined previougl, (
26) with minor modifications. The sample-(.20ug of total 15-16 309-317
peptides) was loaded onto a reversed phase column (RPR- 318-348
1,100 A, 2.1 mmx 100 mm, Sum particle size, Hamilton,
Reno, NV). The peptides were separated using a flow rate

1097.5 1097.8 +2 21.7
1139.5 1139.0 +2 23.7
1228.6 1227.2  +2 23.2
1270.6 1269.6 +2 25.4
3599.9 3599.7 +3 84.9
3642.0 3641.7 +3 85.9
3684.0 36834 +3 87.5

MNProkrFRroRPoOFRPOoOoFPOoOOOWNFoOoOOODORPRONMNFPOOOR OO

of 400 uL/min. a Boldface identifies fragments with acetylation siteslot detected
The AspN-digested sample was loaded onto a reversedwith LC—MS. ¢ Most abundant glycofornt. Observed with oxidized
phase column (RPR-3, 300 A, 1 mm 100 mm, 10um tryptophan.© Also observed with the N-terminal pyroglutamate form.

fObserved with homoserine at the C-terminus.

particle size, Hamilton) and washed with 2% organic mobile

phase for 5 min to remove salts. The gradient (flow rate of
100 «L/min) started from 2% organic mobile phase and ragments of Rh, Rh*, acetylated Rh, and acetylated Rh*

ramped from 2 to 30% over the course of 28 min, ramped were geparated by LC, anq t.heir. respeciive masses were
from 30 to 98% over the course of 10 min, and held at 98% de.termlned by electrospray |on|zat|o.n.MS (Table 1). A mass
for 2 min. The LC solvents were the same as with the CNBr- shift of 42 Da corresponds to the addition of one acetyl group

: for a singly charged fragment. Fourteen of the 17 total
digested sample2§, 29). . : :

g ple§, 29) predicted CNBr cleavage fragments are detected in a single
RESULTS LC—MS run. Fragments 1 and 15 contain only a single

methionine residue, and their masses are below the lower

Identification and Relatie Quantitation of the Acetylation  mass limit of the instrument, and thus are not detected.
of Lysine Residues in Rhodopsifigure 1 shows a two-  However, due to incomplete cleavage, fragment 18 and
dimensional model of bovine rhodopsin with the previously fragment 1516 are detected. Fragment 2 has the two
observed posttranslational modifications, the predicted CNBr rhodopsin glycosylation sites (Asp2 and -15); because of the
cleavage sites, and potential acetylation sites. There are 1large size and heterogeneity, this fragment is not detected
lysine residues in bovine rhodopsin, nine of which (Lys66, in our LC—MS/MS measurements, but the acetylation of
-67,-141, -231, -245, -248, -311, -325, and -339) are located lysine 16 was confirmed by MALDI-MS.
either in or close to the cytoplasmic side of the membrane.  Figure 2 shows an example of the base peak chromatogram
Lys16 is located on the extracellular side of the membrane. of a CNBr-cleaved acetylated Rh* in the presence of the
Lys296 is the chromophore binding site (&&-retinal is Go(340—350) peptide with the fragments identified on the
bound here via a Schiff base) and is buried in the membrane.pasis of MS analysis. Unlabeled peaks in Figure 2 are not
The cytoplasmic side of the membrane binds and activatesrhodopsin peptides. The unacetylated, singly and doubly
transducin in the visual transducin process. Therefore, theacetylated forms of fragments 5 and 17 are chromatograph-
cleavage fragments with lysine residues located in or closeically resolved and are highly abundant, as shown in Figure
to the cytoplasmic side of the membrane (CNBr fragments 2. The increased retention times of the acetylated fragments
5, 6, 11, 16, and 17) were investigated in detail. are a consequence of the increased hydrophobicity after the

The absorption spectrum of the peptiggpsin complex acetylation of the lysines.
was measured before acetylation. No changes were found The quantitative analysis was based on the relative
in the spectra, an indication that acetylation of the complex intensities of the molecular ion signals of the unacetylated
did not disrupt the complex (data not shown). CNBr cleavage and acetylated fragments detected during the-MS run.
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Ficure 2: Base peak chromatogram of CNBr fragments of an acetylated Rh* in the presence qftB405350) peptide. The CNBr
fragments are numbered at the Met cleavage sites. Bracketed lak2lsfpresent the number of the acetylated lysine residues in CNBr

fragments 5 and 17.
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Ficure 3: Reconstructed ion chromatograms of CNBr fragment 16. Panels A and B represent the reconstructed ion chromatograms of

unacetylated CNBr fragment 16 and incompletely cleaved fragmenfi@5respectively. Panels C and D represent the reconstructed ion
chromatograms of acetylated CNBr fragment 16 and incompletely cleaved fragmeh6 1fespectively.

By specifying the predicted molecular ions, we reconstructed peaks atm/z 636.3+ 0.5 Da in the ion chromatogram of
selected ion chromatograms and calculated the relative pealacetylated fragment 1516 (Figure 3D). After the MS/MS
areas using Xcalibur. Figure 3 shows one example of the spectra for both peaks had been analyzed, only the first peak
reconstructed ion chromatograms of the unacetylated (A) andat 25.54 min was identified as acetylated fragment 16.
the acetylated (C) CNBr fragment 16, and the unacetylated The second peak did not appear to be a peptide and thus
(B) and the acetylated (D) CNBr fragment-156 (from was excluded from the quantitation analysis. The relative
incomplete CNBr cleavage at Met314). An average mass amount of the acetylated fragment was calculated from the
shift of 21 Da was observed for the doubly charged acetylatedrelative peak area of the acetylated fragment compared to
fragment in both cases. the sum of the total peak areas of the acetylated and
The identities of the peaks were further confirmed by MS/ unacetylated fragments, assuming that the unacetylated and
MS spectra as shown in Figure 4. Most of the b ions, y ions, acetylated peptides have similar ionization efficiencies. In
and the loss of vinylpyridine (in the y ion series) were the case of incomplete cleavages, the total peak area includes
detected. A mass shift of 42 Da was observed in the b ion those of the incompletely cleaved unacetylated and acetylated
series (B*—b;*) in acetylated fragment 16. There are two fragments as well.
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FiGure 4: MS/MS spectrum of acetylated CNBr fragment 16.

Table 2: Normalized (percentage) Acetylations under Different Experimental Conditions

CNBr no peptide (no. of experiments) peptide (no. of experiments)

fragment acetylated residues Rh Rh* Rh Rh*
5 K66 or K67 (C1 loop) 100 107.4 6.5 (8) 97.4+ 6.5*(8) 92.6+ 4.9 (8)
K66 and K67 (C1 loop) 100 793 8.2 (8) 100.2+ 9.42(8) 245+ 2.2 (8)

6 K141 (C2 loop) 100 81.27.5(8) 97.7+£ 7.C* (8) 62.8+ 6.9 (7)
16 K311 (C4 loop) 100 94.9-10.2(8) 110.2+ 12.72(8) 46.4+ 5.7 (8)
17 K325 (C-terminus) 100 508 9.2 (4) 123.3+ 9.3 (4) 64.24+- 8.9 (4)
K339 (C-terminus) 100 99.8 0.42 (4) 23.8+ 3.8 (4) 34.0+ 3.1°(4)

aThere is no significant difference when compared with the value for Rh without peptieled(05).° There is no significant difference between
these two valuesR > 0.05).¢ There is no significant difference between these two val@es (.05).

Acetylation of the Cytoplasmic Surface of Rhodopsin on the acetylation of these lysine residues in the Rh state, as
Figure 5 summarizes the acetylation of the cytoplasmic the normalized percentages are the same within the experi-
surface of rhodopsin under the four different experimental mental error (Table 2, columns 1 and 2), showing that Rh is
conditions. Panels AD show the percentages of the indifferent to the peptide. However, light activation changes
acetylated CNBr fragments 5, 6, 16, and 17, respectively. this situation. In the Rh* state, the level of single acetylation
For CNBr fragments 5 (Figure 5A) and 17 (Figure 5D) which s reduced by 14% and the level of double acetylation
have two lysine residues, “singly acetylated” represents the gecreases by 69% in the presence @f(@40-350) (Table
percentage of the fragment with only one lysine residue 5 cojumns 3 and 4). This result indicates that binding of
acetylated while “doubly acetylated” represents the percent-in« transducin mimic peptide in a manner that blocks
age of the fragment with both lysine residues acetylated. The cetylation of one of these lysines is promoted by the
;L;mmof tthe pi(CEntages ?f tg.e atc?jtylatt(ra]d ?nd unac?tylate hodopsin structural changes after light activation. Interest-

gments (which are not indicated in © igures) always ingly, light activation alone (without the peptide) implies a
equals 100%. To separate the effects of light and transducin__*. ; tional ch in the C1.| the level of
binding on the acetylation of lysine residues, Rh and Rh* major conformational change in the 00, as the [evel 0

were acetylated in the presence and absence of tH{845— doub_le acetyle_;\tion decreased by 21% in Rh* compare d t_o
350) transducin mimic peptide. Light exposure and the thatin Rh. This, on the other hand, means the reduction in
presence of the @(340-350) peptide selectively influenced the accessibility of one of 'Fhe Iysme regldqes by the rhodopsin
the acetylation of each lysine residue. For a more convenientStructural changes following light activation. Therefore, the
comparison, Table 2 shows the data normalized to the light-induced binding of @ to the C1 loop coincides with
percentage of the respective peptide of Rh whex(&10— a structural rearrangement which hides some part of the loop
350) was not present (the solid dark columns in Figure 5). from the surface. Further investigation is needed to determine

Gio(340-350) Blocks the Acetylation of the C1 Loop in Why only one of the lysine residues is mainly affected, which
Rh*. CNBr fragment 5 (Leu58Met86) contains Lys66 and  one of the neighboring residues becomes less accessible in
-67 located in the C1 loop of rhodopsin. As seen in Figure light, and which one of these residues has a role in the
5A, the presence or absence qtu@40—350) has no effect  interaction of Rh* with transducin.
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Ficure 5: Results of acetylation of Rh under four experimental conditions. Panel3 depict the percentage of acetylated CNBr fragments

5, 6, 16, and 17, respectively. In panels A and D, “Singly Acetylated” represents the percentage of the fragment with only one lysine
residue acetylated and “Doubly Acetylated” represents the percentage of the fragment with two lysine residues acetylated. Panel E depicts
the percentage of the acetylated C-terminal fragment after AspN digestion (AspBE28). Panel F depicts the calculated percent acetylation

of Lys325. In all panels, bars 1 (black) and 2 (white) represent the acetylation of unactivated (Rh) and light-activated (Rh*) rhodopsin,
respectively, in the absence of theaB40—350) peptide. Bars 3 (dark gray) and 4 (light gray) represent the acetylation of Rh and Rh*,
respectively, in the presence of theu@B40—350) peptide. Each bar represents the mean percentage of acetytadtandard error. The

bars are labeled with the actual mean values. See Table 2 for the number of experiments.

Ga(340—350) Blocks the Acetylation of the C2 Loop in that is located in the C4 loop of rhodopsin. As seen in Figure
Rh*. CNBr fragment 6 (Val8#Met143) contains Lys141 5C, in contrast to CNBr fragments 5 and 6, neither the-G
that is located in the C2 loop of rhodopsin. Figure 5B (340-350) peptide in the Rh state nor light activation alone
indicates that only 27% of fragment 6 is acetylated, which affects the acetylation of Lys311. However, there was a 51%
is lower than the acetylation level in any other fragments. decrease in the level of acetylation following light activation
The hydrophobic residue$3{VVVC'49 near Lys141 may  when the Gu(340-350) peptide was present. These data
inhibit the accessibility of the water-soluble acetylation suggest clear light-induced binding of theoGoeptide in a
reagent. The overall behavior of Lys141 is similar to that of manner that blocks the C4 loop of rhodopsin, indicating that
the lysines of fragment 5, but the binding of the transducin the region of the C4 loop has a less dynamic role, but it is
peptide is less dramatic. In the Rh state, the presence orsignificantly affected by transducin binding to Rh*.
absence of @(340-350) does not make a significant Gia(340—350) Blocks the Acetylation of the C-Terminal
difference, but after light activation, the acetylation of Lys141 Tail of Rh and Rh*CNBr fragment 17 (Val318Ala348)
decreased by 23% when the peptide was present. There wasontains Lys325 and -339 on the C-terminal tail of rhodopsin.
also a similar light-only effect as the level of acetylation of The behavior of the acetylation of CNBr fragment 17 was
Lys141 was reduced by 19% in Rh* when compared to that unique in the sense that this was the only fragment where
in Rh without Go(340—350). These results suggest that binding of Ga(340—350) to Rh reduced the accessibility of
while the light-induced structural changes decrease the levela lysine residue to acetylation. As shown in Figure 5D, there
of exposure of the C2 loop and Lys141 similarly, or slightly was a 42% decrease in the level of double acetylation of the
more than the level of the C1 loop, they are much less fragment even in the Rh state when the transducin peptide
affected by the binding of the & peptide. was added, while in the other regions of the protein, only

Gia(340—-350) Blocks the Acetylation of the C4 Loop in light-induced peptide binding effects could be observed.
Rh*. CNBr fragment 16 (Asp316Met317) contains Lys311  Light activation appears to promote further binding, since
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in Rh*, the level of single acetylation was reduced by 29% and by 48% with the peptide. These results suggest that the
and the level of double acetylation by 53% after the addition presence of the peptide induced some conformational change
of the peptide. Another interesting feature of the acetylation that leads to an increased level of exposure of Lys325, and
of the C-terminal tail was the large 48% reduction in the that light activation decreases the level of exposure of Lys325
level of double acetylation invoked by light only, without regardless of the presence ofa(B40-350). The very

the peptide. These results show a predominant effect of light- different behavior of Lys325 and Lys339 indicates that in
induced structural rearrangement causing less surface expoeontrast to its more distal region, the portion of the
sure, but the role of this region in the binding of the mimic C-terminal rhodopsin tail proximal to the palmitoyl mem-
peptide is not significantly affected by light exposure. The brane anchor does undergo light-activated structural rear-
fact that the peptide binding halves the level of acetylation rangement, but it does not directly take part in transducin
in both Rh and Rh* implies that the roles of the two lysine binding. Rather, the binding of transducin might induce some
sites might be distinct. reorganization resulting in a more exposed C-terminus.

Ga(340-350) Binds to Lys339 in both Rh and RfFo Acetylation of the C3 Loop Is Inconclusi CNBr fragment
determine how each lysine residue in the C-terminal tail of 11 (Phe208-Met253) contains Lys231, -245, and -248,
rhodopsin is affected by light and the peptide, endoproteinasewhich are located on the C3 loop. Although this loop is part
AspN was used to cleave the acetylated rhodopsin, as thepf the cytoplasmic surface, the fragment is not included in
AspN digest peptide (Asp33tAla348) contains only Lys339.  the quantitative analysis presented in Figure 5 and Table 2.
As seen in Figure SE and Table 2, the acetylation of Lys339 Even prior to acetylation, the observed signal for this
was found to be unaffected by light either with or without  fragment is very low. After acetylation, the analysis is further
the peptide, but the peptide reduces the level of acetylationcomplicated by the partitioning of the already low signal
by 76% in Rh and 66% in Rh*. These results suggest that among unacetylated and singly, doubly, and triply acetylated
the end of the C-terminal tail in Rh may be involved in the forms. Moreover, these peptides eluted close to the acetylated
binding of Ga, but that this portion of rhodopsin is not  forms of CNBr fragment 5 and also to CNBr fragment 13
significantly affected by any light-induced structural changes. ynder our LC gradient, as shown in Table 1, causing further

Gi0(340-350) Promotes the Acetylation of Lys325 in both reduction of the signals for fragment 11 peptides due to
Rh and Rh* The measurement of the level of acetylation of Competitive effects. MALDI-MS ana|ysis of the collected
CNBr fragment 17 (containing both Lys325 and Lys339) | C fractions confirmed the presence of singly, doubly, and
and of the AspN fragment (containing only Lys339) allows triply acetylated forms of fragment 11 (data not shown),
calculation of the extent of acetylation of Lys325. The syggesting that the lysine residues are exposed and accessible
measured acetylated AspN fragments, the total acetylatedi the acetylation reagent. However, complete quantitative
Lys339 Gs39), represent a mixture of two states of acetylated jnformation could not be obtained, even though the collected

CNBr fragment 17: one with both Lys325 and Lys339 fraction was subjected to secondary enzymatic digestion and
acetylated (the measured doubly acetylated CNBr fragment| c—MS analysis.

17 Dcner17) @nd another from the portion of singly acetylated
CNBr fragment 17 $ner17) Where only Lys339 was acetyl- DISCUSSION
ated (not measured; designated for calculationg)as
Rhodopsin undergoes conformational changes upon light

S330= Denprar T @ 1) activation, which allow binding of transducin on the cyto-
plasmic surface. Modification of lysine has been used
previously as a tool to study rhodopsin. Barclay and Findlay
(30) showed the lysines could be succinylated in the dark
without affecting the spectral properties of rhodopsin.

Similarly, the percentage of the total acetylated Lys325
(Ss25) is @ mixture of the measured percentage of doubly
acetylated CNBr fragment 17 and the portion of the singly
acetylated CNBr fragment 17 where only Lys325 was | ongstaff and colleagues{) reported that eight or nine
acetylated (not measured; designated)as residues of rhodopsin could be acetylated in the dark without

S5 = Dy + b ) interfering with rhodopsin regeneration or G-protein activa-
tion. The goal of this study was to probe the interaction of
Adding these quantities and taking into account ®a17 rhodopsin and the @(340—-350) peptide using surface
—a+hb modification and MS analysis. There are two factors that
influence the acetylation of the lysine residues in the
Sizet Spo5= 2Dcngrar T Sonendl t 2) protein: light exposure and binding of thgo®340—-350)
peptide. Figure 6 presents a three-dimensional model of the

Thus cytoplasmic surface of rhodopsin showing the lysines whose
Sips = 2Denpinr + Senpir — Siss 3) Sggtg/ézt.mn was affected by binding of theo@340—-350)
Since Dcnprnn Sonsnn and Ssze were measured, the Light-Induced Conformational ChangeRecently, Khora-

percentage of the acetylated Lys325 can be calculated fromna, Hubbell, and co-worker82—35) proposed conforma-

eq 3, the results of which are shown in Figure 5F and Table tional changes of rhodopsin in a micellar solution upon light

2. Interestingly, the percentage of acetylated Lys325 in- activation based on site-directed spin labeling studies. In their
creased 23% in the Rh state, but was not significantly model, upon light activation, the helical bundle opens up at
changed in the Rh* state in the presence of the peptide. Onits cytoplasmic end, exposing various regions for interactions
the other hand, the percentage of the acetylated Lys325with transducin. The proposed changes include outward
decreased after light activation by 50% without the peptide movements of the cytoplasmic ends of helices 2, 3, 6, and
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FiGURE 6: (A) Side view and (B) top view of lysines in rhodopsin. The di&retinal bound to Lys296 is yellow, while the binding site

itself is identified with a dark yellow color. Acetylation of the green colored residues was detected but not quantified. The lysines that
exhibit the most prominent light-induced decrease in the level of acetylation after the additian(8#&t350) are red, while blue identifies

the ones that exhibit a smaller difference. The lysines exhibiting more interaction with the peptide are found in a confined space of the
cytoplasmic surface. The three-dimensional model was prepared with the DeepView/Swiss-PdbViewer, using chain A of entry 1L9H from
the Protein Data bank.

7. Only a small movement between helix 4 and the C4 loop upon light activation. In addition, very small or no changes
was observed3b). Additional evidence for the movement were found in and around residues-886 and in residues

of the C-terminal segment of helix 7 away from the core of 137, 141, 151, 152, 154, and 155 between Rh and Rh*, based
the protein is provided by the fact that residues-3841 (a on spin labeling 8, 39).

peptide segment of helix 7 near the C4 loop) are only  Although residues 304311 are reported to be accessible
accessible to an antibody after light activatidi@)( (for a to antibody after light activation1Q), we did not observe
recent review, see ref6). any light-induced changes in the C4 loop. High-resolution

Another structural model for Rh* derived from solution solution *®F NMR spectra of fluorine-labeled rhodopsin
NMR of peptides 87) also predicts that a crevice opens in  mutants showed little or no chemical shift changes at posi-
a groove between the C2 and C3 loops on the cytoplasmictions 245 and 311 upon light activation, suggesting that resi-
domain of Rh*. Some residues in the C1 loop form the floor dues 245 and 311 face the outside of the helical bundle and
of the groove. The conformational change upon light are easily accessiblel@). Residue 311 is reported to be
activation prepares a surface for transducin binding that is highly mobile, accessible, and modestly reactive based on
partially occluded in Rh. These investigators suggest that site-directed spin labelingd(). In addition, only a slight
the entire groove on the cytoplasmic face of Rh* may be relative movement between helix 1 and the C4 loop was
involved in binding transducin. observed 35). Our results support these observations.

Our results confirm and extend these previous observa- The level of acetylation of Lys325 decreased dramat-
tions. Upon light activation, the level of acetylation of the ically upon light activation (Table 2), suggesting that a
lysine residues located in the C1 and C2 loops and the aminorelatively large conformational change at the C-terminal
terminus of the C-terminal tail is decreased, suggesting thattail adjacent to the palmitoylation sites reduces the level of
the C1 and C2 loops and the C-terminal tail undergo exposure of Lys325. However, the acetylation of Lys339
conformational changes that lead to a reduced level of does not change after light activation, suggesting that
exposure of these lysine residues. The changes upon lighthe accessibility of Lys339 is not affected. Previous spin
activation in the acetylation of Lys66, -67, and -141 located labeling studies 42) showed that the C-terminal tail
in the C1 and C2 loops are relatively small. As shown in beyond residue 328 is highly disordered and similar to an
the crystal structure and spin labeling studigs38, 39), unfolded protein. This area is also not resolved in the crystal
these residues are relatively exposed and easily accessiblestructure 1). There is no steric restraint at the extreme of
which may account for the small change in their exposure the C-terminal tail, so the accessibility of the acetylation
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reagent is not limited by the conformational change upon (340—350) peptide binds to only Rh* and not to RR4J.

light activation. On the other hand, the sequence of Our results suggest that the extremity of the C-terminal tail

residues 325328 has a stable configuratio®2), and might be a site of interaction of Rh with,GThere is no

it folds back and packs against the C4 loop in the difference in the acetylation of Lys325 between Rh* and

crystal structure X). In addition, Lys325 is adjacent to Rh when the peptide is present, suggesting that the peptide

the palmitoylation sites, which may restrict its accessi- definitely does not bind the C-terminal tail region adjacent

bility. to the palmitoylation sites after light activation. The role of
Light-Induced G(340-350) Binding Via a comparison  the interaction between the C-terminal tail and the peptide

of the differences in acetylation between Rh* and the-Rh* in Rh is not clear. A possibility is that the C-terminus serves

Gia(340-350) complex, our data suggest that, after light as a recognition site for Ginding and activation or that

activation, the @x(340—-350) peptide blocks the acetylation the C-terminus prevents interaction of @ith other cyto-

of lysine residues located in the C1, C2, and C4 loops. The plasmic loops before rhodopsin is activated.

light-induced conformational changes at the C1 and C2 loops  In summary, we have applied a footprinting approach that

and the beginning of the C-terminal tail expose the binding combines surface modification and MS in the analysis of

domain, and then the peptide binds and blocks the exposurehe interaction between rhodopsin and th@(@40-350)

of mainly the C1 and C4 loops, and to a lesser extent the peptide. This work demonstrates the change in the level of

C2 loop, as shown by the reduced level of acetylation. This exposure of the lysine residues located in the cytoplasmic

suggests that the C1 and C4 loops may be the main regiondoops of rhodopsin upon light activation and the interaction

involved in the interaction with G However, it must be  of the Ga(340-350) peptide with the cytoplasmic loops in

pointed out that our studies were carried out with a short the Rh*. In addition, the experiments provide evidence of

peptide, and until the studies are conducted with the full interaction between the end of the C-terminal tail of

protein, these results are only suggestive. unactivated rhodopsin and.GThese results support the
The role of the C1 loop in the interaction with 3 not current model of G-protein binding and activation by GPCRs.

clear from previous studies. A peptide competition study

showed that the synthetic peptide corresponding to residuesACKNOWLEDGMENT

61—75 in the C1 loop is not an effective competitor for

binding of G, suggesting it is not involved in the interaction

with G (4). In addition, alanine mutants T62A/V63A/Q64A,

K66A/K67A,_ L6$A{R69A/T7OA, and |_371A were fqund 10  NOTE ADDED AETER ASAP POSTING

have Gactivity similar to that of the wild-type proteirdg).

However, cysteine mutants K66C, K67C, L68C, and P71C  This article posted to the ASAP website on August 6, 2004

exhibited a 56-70% decrease in the level of; @ctivation contained two errors. The last sentence before the Results

when compared with that of the wild typ&8). A longer should have been deleted and the Rh* term was incorrect

peptide corresponding to residues-@4 in the C1 loop has  on line 568. This information has been corrected in this new

been shown to inhibit the signal transduction cascade moreversion posted August 10, 2004.

effectively than the shorter peptide (corresponding to residues

60—75 in the C1 loop), suggesting that the C1 loop may be REFERENCES
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