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Interaction of light-activated rhodopsin with transducin (T) is the first
event in visual signal transduction. We use covalent crosslinking
approaches to map the contact sites in interaction between the two
proteins. Here we use a photoactivatable reagent, N-[(2-pyridyldi-
thio)-ethyl], 4-azido salicylamide. The reagent is attached to the SH
group of cytoplasmic monocysteine rhodopsin mutants by a disulfide-
exchange reaction with the pyridylthio group, and the derivatized
rhodopsin then is complexed with T by illumination at l >495 nm.
Subsequent irradiation of the complex at l310 nm generates covalent
crosslinks between the two proteins. Crosslinking was demonstrated
between T and a number of single cysteine rhodopsin mutants.
However, sites of crosslinks were investigated in detail only between
T and the rhodopsin mutant S240C (cytoplasmic loop V-VI). Crosslink-
ing occurred predominantly with Ta. For identification of the sites of
crosslinks in Ta, the strategy used involved: (i) derivatization of all of
the free cysteines in the crosslinked proteins with N-ethylmaleimide;
(ii) reduction of the disulfide bond linking the two proteins and
isolation of all of the Ta species carrying the crosslinked moiety with
a free SH group; (iii) adduct formation of the latter with the N-
maleimide moiety of the reagent, maleimido-butyryl-biocytin, con-
taining a biotinyl group; (iv) trypsin degradation of the resulting Ta

derivatives and isolation of Ta peptides carrying maleimido-butyryl-
biocytin by avidin-agarose chromatography; and (v) identification of
the isolated peptides by matrix-assisted laser desorptionyionization
time-of-flight mass spectrometry. We found that crosslinking oc-
curred mainly to two C-terminal peptides in Ta containing the amino
acid sequences 310–313 and 342–345.

cysteine mutants u disulfide exchange u cytoplasmic domain u avidin-
biotin affinity

L ight activation of rhodopsin initiates two biochemical cascades,
one leading to sensitization (amplification) and the other to

desensitization (quenching). Binding and activation of transducin
(T) and rhodopsin kinase are, respectively, the first events in the two
cascades (1). Competition between T and rhodopsin kinase for
interaction with the light-activated rhodopsin and its phosphory-
lated form is central to the progression of the two cascades.
Therefore, understanding the requirements of the two proteins for
binding to rhodopsin and the contact sites in the complexes formed
is of much interest. Ideally, three-dimensional structures of the
complexes between the proteins are needed, but such structural
analysis lies in the future. Alternative approaches have provided
some insights into the sites in rhodopsin required for binding of T.
Thus, peptides corresponding to the amino acid sequences in the
different cytoplasmic loops of rhodopsin inhibit T activation (2),
and similarly mutagenic studies (3–5) have indicated that a con-
siderable portion of the cytoplasmic domain of light-activated
rhodopsin is involved in binding to T. Some information also has
been obtained on the regions of T that contact rhodopsin in the
complex. Thus, the effects of anti-Ta antibody binding (6, 7),
ADP-ribosylation of the a subunit of transducin (Ta), and peptide

competition for binding (8) all indicated that the C-terminal region
of Ta is a major site of interaction with rhodopsin. More recently,
involvement of amino acid sequence 330–350 in the C-terminal
region of Ta in binding to rhodopsin received further support by
alanine scanning, chimeric receptor studies, and peptide-binding
studies (9–11). Additional evidence suggested that the region
around residue R310 in Ta also is likely to be involved (9, 12, 13).
However, further insights into the contact sites in complex forma-
tion between light-activated rhodopsin and T are desirable. An
earlier paper described a crosslinking approach to determine the
contact sites between the two proteins by the use of a photoacti-
vatable carbene-generating reagent (14). This basic approach has
been investigated further in this and an accompanying paper (16).
In work herein reported, we use a nitrene-generating photoacti-
vatable reagent for covalent crosslinking of the above two proteins.
Photoactivatable crosslinking reagents pioneered by Westheimer
and coworkers (17) in exploring three-dimensional proximity rela-
tionships have been found to have extensive applications (18–20).
The reagents generate highly reactive short-lived electron-deficient
carbene or nitrene intermediates after photolysis that react with
neighboring amino acids. For identification of the sites of crosslink-
ing, radioactively labeled crosslinking reagents have been used in
the past; however, mass spectrometry now offers a more facile
method for this purpose.§

Strategy for Covalent Crosslinking of T to Light-Activated
Rhodopsin and Mass Spectrometric Identification of the
Sites of Crosslinking in T
Monocysteine mutants of rhodopsin on the cytoplasmic face
(Fig. 1) form the starting points in attachment of the crosslinking
agents. Thus, the site of contact with rhodopsin itself is defined
at the outset by the position of the cysteine group on the
cytoplasmic face. Structure of the crosslinking reagent used here
is shown in Fig. 2 (21, 22). The steps used in the strategy for
covalent crosslinking are shown in Fig. 3A. The pyridine-thio
group, a reactive leaving group, is displaced readily by the SH
groups of rhodopsin cysteine mutants, and the disulfide-
exchange reaction results in transfer of the group R (Fig. 2) to
rhodopsin (Fig. 3A, II, Step 1). This step and several of the
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subsequent steps are carried out conveniently while the rhodop-
sin mono-cysteine mutants are bound to Sepharose beads via the
rho-1D4-antibody. Rhodopsin derivatives (Fig. 3A, II) are irra-
diated at l .495 nm in the presence of GDP-bound transducin
(GDPyTabg) to form complex III between the two proteins. Step
3 involves photolysis of the azido-phenolic group at l310 nm.
The photolysis is carried out efficiently by using the monochro-
matic light from a fluorometer. Subsequent washes with GTP
(step 4) selectively release Tbg as well as the excess of unreacted
GDPyTabg. The crosslinked portion of T is retained as complex
V. The strategy for subsequent identification of the sites of
crosslinks in Ta is shown in Fig. 3B. Isolation of Ta containing
the crosslinked moiety donated by reagent I (Fig. 1) aimed at the
use of the SH group present in the moiety for linkage to the
maleaimido group in maleimido-butyryl-biocytin (MBB; Fig. 4)
for subsequent use of biotin-avidin affinity chromatography.
Therefore, first, the SH groups in all the cysteines in rhodopsin
and Ta were derivatized with N-ethylmaleimide (NEM; step 5,
Fig. 3B). This reaction was done at pH 6 to avoid any exchange
reaction of the disulfide group present in the crosslinked pro-
teins. The NEM-derivatized product (Fig. 3B, VI) was treated

next with DTT (step 6) to release VII. In step 7, the SH group
in VII now was derivatized with MBB to form VIII. Subsequent
trypsin digestion (step 8) would form a mixture of peptides (Fig.
3B, IX). Only the MBB-derivatized peptides containing the
crosslinks to Ta would be expected to bind to avidin-agarose in
step 9. The MBB-labeled peptides thus selected (X) were
subjected to matrix-assisted laser desorption ionizationytime-of-
f light mass spectrometry (MALDIyTOF; step 10). Develop-
ment of the above strategy for the objective of crosslinking and
subsequent identification of the sites of crosslinking in T has
been the major goal in this initial investigation. Although
crosslinking was demonstrated to occur between T and several
monocysteine mutants of rhodopsin (Fig. 1), the total method-
ology leading to the identification of crosslinking sites was
completed only for the rhodopsin mutant S240C.

Materials and Methods
Materials. The reagent I, N-[(2-pyridyldithio)-ethyl], 4-azido sali-
cylamide (Fig. 2) was purchased from Molecular Probes; MBB was
from Calbiochem, and GTP was from Roche Molecular Biochemi-
cals. GDPyTabg was prepared from bovine rod outer segments as
described (23) and was stored in buffer containing 100 mM NaCl,
20 mM Hepes (pH 7.5), 5 mM Mg(OAc)2, 2 mM DTT, and 50%
(volyvol) glycerol. Monoclonal antibody Mab4A against Ta was
provided kindly by H. E. Hamm ( Northwestern University Institute
of Neuroscience, Evanston, IL). Polyclonal antibodies K-20 against
Ta and M-14 against Tb were purchased from Santa Cruz Biotech-
nology. Anti-biotin antibody was purchased from New England
Biolabs. a-Cyano-4-hydroxycinamic acid, biotin, and monomeric
avidin-agarose were purchased from Sigma. Sequencing-grade
trypsin was purchased from Promega. C18 zip-tips were from
Millipore. Poly(vinylidene difluoride) membrane was purchased
from Bio-Rad.

The buffer solutions used are: buffer A, 137 mM NaCly2.7 mM
KCly1.8 mM KH2PO4y10 mM Na2HPO4 (pH 7.2); buffer B, 5 mM
Mes (pH 6.0)y0.05% DM; buffer C, 10 mM Mes (pH 6.0)y100 mM
NaCly2 mM MgCl2y0.012% DM; buffer D, 20 mM Mes (pH
6.0)y50% glyceroly100 mM NaCly5 mM Mg(OAc)2; buffer E, 5
mM Mesy150 mM NaCly1 mM EDTAy0.012% DM; buffer F, 10
mM NaPi (pH 7.5)y0.012% DM.

Expression of Rhodopsin Gene Mutants in COS-1 Cells and Purification
of Rhodopsin Mutants. The construction of vectors for the single-
cysteine rhodopsin gene mutants, their expression in COS-1
cells, reconstitution of the expressed proteins with 11-cis-retinal,
and purification of rhodopsin mutants by using 1D4-
immunoaffinity column were all as described (24).

SDSyPAGE and Immunoblotting. SDSyPAGE was performed by
using 10% acrylamide gels. Samples of crosslinked products were
reduced immediately after the addition of Laemmli buffer by
adding DTT to a final concentration of 10 mM. The samples
were incubated at 20°C for half an hour before SDSyPAGE. For
immunoblotting, proteins were transferred from the gel to
poly(vinylidene difluoride) membrane, and anti-Ta antibody
Mab4A or K-20 was used to visualize Ta, anti-Tb antibody M-14
for Tb, and anti-biotin antibody for MBB-labeled transducin.

Reaction of Rhodopsin Cysteine Mutants with N-[(2-pyridyldithio)ethyl],
4-azido Salicylamide (I) to Form Disulfide-Bonded Rhodopsin Derivatives
(Fig. 3A, Step 1, II). The reaction with I was carried out while the
rhodopsin cysteine mutants were bound to the 1D4-Sepharose
beads. The beads containing bound rhodopsin mutants (i.e., mutant
S240C, 200 ml) were packed into a 2-ml spin column (Bio-Rad), and
the beads were washed first with 30 bed volumes of buffer A
followed by a further wash with 15 bed volumes of buffer B. A
solution of I in 2 ml of buffer B (200 mM) was added and after a
3-h incubation at room temperature, the beads were washed with

Fig. 1. A secondary structure model of rhodopsin showing positions of the
single cysteine-containing mutants that were tested for attachment of R (I)
and showed photocrosslinking with heterotrimeric Tabg (circled in blue). Mu-
tant S240C (circled in red) was taken through all steps in the strategy described
in Fig. 3.

Fig. 2. The photoactivatable reagent N-[(2-pyridyldithio)ethyl]-4-azido-
salicylamide (I). The group R is transferred to the SH group of cysteine residue
in a rhodopsin mutant by a disulfide-exchange reaction with the reactive
pyridylthio group in I.
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30 bed volumes of buffer B. The washed beads were used for
photocrosslinking experiments as below. If required, the derivatized
rhodopsin mutants (II) were eluted from the matrix with the same
buffer containing C9,C99 peptide as described (24).

Complex Formation Between Rhodopsin Derivatives (II) and GDPyTabg

(Fig. 3, Step II)yLight-Dependent Binding of GDPyTabg to 1D4-Sepha-
rose-Bound Rhodopsin. 1D4-Sepharose resin with bound rhodop-
sin derivative (Fig. 3, II; 600 pmol) was washed with 10 bed
volumes of buffer C; GDPyTabg, from which DTT had been
removed by a 1-ml Sephadex G-50 spin column equilibrated with
buffer D, then was added to the resin in the dark at a rhodop-
sinyTabg ratio of 1:2. Half of the mixture was kept in the dark
while the other half was bleached with light (.495 nm) to initiate

the formation of the rhodopsin–T complex. Excess Tabg that was
not bound to rhodopsin was washed from the resin with 250 bed
volumes of buffer C. The portion of Tabg that formed complex
with the bound rhodopsin then was eluted either together with
rhodopsin with 20 ml of buffer C containing 200 mM of rhodopsin
C9,C99 peptide or alone with 20 ml of buffer C containing 200 mM
of GTP. All eluted fractions then were analyzed by reducing
SDSyPAGE and immunoblotting using antibody Mab4A or
K-20 against Ta.

UV-Activation of Azido-Phenyl Group in R (I) for Crosslinking to
Tabg. Photolyis was carried out at l310 nm by using a xenon
lamp in a PTI MPIII f luorescence spectrophotometer. A
sample tube containing both rhodopsin-bound 1D4-Sepharose
beads and Tabg was placed in the cuvette holder in the
f luorometer, and irradiation at 310 nm as well as by the yellow
light (l .495 nm) from a slide-projector lamp were carried out
simultaneously to keep rhodopsin at the meta II state. We
found that UV irradiation at 310 nm of rhodopsin meta II
caused the red shift of meta II UV absorption. However, such
effect was diminished by bleaching the sample with .495 nm
light at the same time. The slide projector was placed above the
cuvette holder such that both the yellow light and the UV light

Fig. 3. Steps in strategy for photocrosslinking (A) and subsequent analysis of crosslinked sites in Tabg (B). See text for details.

Fig. 4. Structure of MBB, an SH-specific reagent containing a biotinyl group.
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from the xenon lamp illuminated the sample. Photolysis was
performed for 3 min.

Photocrosslinking of Derivatized Rhodopsin Cysteine Mutant Derivat-
ized with R (Fig. 3B, II) to Tabg. Photocrosslinking of derivatized
rhodopsin cysteine mutants to Tabg was carried out while rhodopsin
was bound to 1D4-Sepharose following the procedure in Fig. 3A.
Approximately 3 nmol of N-[(2-pyridyldithio)-ethyl], 4-azido sali-
cylamide-labeled rhodopsin S240C was mixed with Tabg in buffer C
(rhodopsinyTabg 5 1:2) in the dark. The samples were bleached
with .495 nm light and subsequently irradiated with UV at 310 nm.
To remove excess unbound Tabg, the resin was washed extensively
with 250 bed volumes of buffer C, the portion of Tabg that was
bound to but not covalently crosslinked to rhodopsin then was
eluted with 100 ml of buffer C containing 200 mM GTP for three
times followed by a further washing with 15 bed volumes of the same
GTP-containing buffer.

Derivatization of SH Groups in Rhodopsin–T Complex with NEM. After
being washed with the GTP-containing buffer, the 1D4-
Sepharose-bound rhodopsin–Ta complex (V) was incubated
with 40 mM NEM in buffer E for 1 h at room temperature (Fig.
3B, step 5). The resin then was washed with 50 bed volumes of
buffer E followed by 10 bed volumes of buffer F. The resulting
NEM-derivatized product (Fig. 3, VI) was incubated with 1 mM
DTT in 150 ml of the same buffer (vortexing for 20 min at room
temperature; Fig. 3B, step 6).

Derivatization of the Single SH Group with MBB (Fig. 3, VII, Step 7).
The single SH group now released in VII was incubated with 5
mM MBB in buffer F to give VIII (Fig. 3B). The latter was
analyzed and purified by reducing SDSyPAGE. After the elec-
trophoresis, protein bands corresponding to MBB-derivatized T
were sliced out before the gel was stained. The position of the
protein band was determined either by the standard protein
marker or by staining one of the lanes on which some of the
tagged Ta was applied. The gel slices then were macerated and
immersed into 300 ml of water, and the diffusive elution of the
protein from the gel was allowed overnight.

Trypsin Digestion of Purified Ta Tagged with Crosslinking Moiety (Fig.
3B, Step 8). VIII (Fig. 3B) eluted from the acrylamide gel was
incubated with trypsin at a substrateytrypsin ratio of 50:1 in 50 mM
NH4HCO3 (pH 8.0). The digestion was allowed for 9 h at 37°C. The
reaction then was terminated by snap-freezing in liquid N2.

Purification of MBB-labeled Trypsin-Digestion Fragments by Avidin-
Agarose Affinity Chromatography (Fig. 3B, Step 9). Biotin (1 mgyml
in buffer A) was used to block the nonexchangeable biotin-binding
sites in 40 ml of monomeric avidin-agarose beads. First, agarose
resin was washed with 20 bed volumes of 0.1 M glycine-HCl (pH 2.0)
and then equilibrated with 20 bed volumes of buffer A. Trypsin-
digested peptide fragments (Fig. 3B, IX) were mixed with equili-
brated avidin-agarose and mutated for 1 h at room temperature.
The resin then was washed with 100 bed volumes of buffer A, and
MBB-containing peptides (Fig. 3B, X) that were bound to avidin-
agarose were eluted subsequently with biotin (1 mgyml); four
fractions (100 ml each fraction) were collected. To increase the
elution efficiency, agarose beads were allowed to sit for 20 min at
room temperature in between each fraction.

Fig. 5. Light-dependent binding of GDPyTabg to wild-type rhodopsin bound to
1D4-Sepharose. Analysis was performed by SDSyPAGE (reducing). Tabg was visu-
alized by immunoblotting using Ab Mab4A against Ta. Samples were treated as
described in Materials and Methods. After extensive washing of 1D4 Sepharose
beads both in the dark (D) and after illumination (L), Ta and rhodopsin were
eluted together from the matrix with the epitope peptide (lane 2, dark; lane 3,
after illumination). Ta was released also alone from the matrix by the addition of
GTP (lane 4, dark; lane 5, after illumination). Controls are: lane 1, Tabg; lanes 6 and
7, controls of lanes 3 and 5 without 1D4-Sepharose-bound rhodopsin.

Fig. 6. SDSyPAGE analysis of products formed in crosslinking of rhodopsin derivative S240C-R and Tabg. The photocrosslinking procedure was performed as
described in Fig. 3. All samples were treated with 10 mM DTT immediately after the addition of Laemmli SDS sample buffer. The gel was visualized by Coomassie
blue staining. (A) After GTP washing (Step 4) to remove uncrosslinked Tabg (lane 2), sample V was reduced by DTT and the eluted protein is shown in lane 1. Lane
3 contains 25 pmol of purified Tabg as a control. (B) Sample V in Fig. 3 was treated with NEM and eluted with DTT, and the eluate was then derivatized with MBB
(Steps 5–7) in Fig. 3B. Sample VIII (Fig. 3B) then was analyzed by Western blotting using antibodies against Ta (I), Tb (II), and biotinyl moiety (III). Lane 1 in all three
cases contained purified Tabg as a control.
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Mass Spectrometry. Mass analysis of avidin-agarose purified
tryptic fragments of T was performed (step 10) by using
MALDIyTOF (PerSeptive Biosystems, Framingham, MA). Be-
fore the mass analysis, peptide fragments eluted with biotin were
purified further by using C18 zip-tips to remove biotin and excess
salt. Purified peptides (1 ml) then were mixed with an equal
volume of the matrix a-cyano-4-hydroxycinamic acid (in 50%
acetonitriley0.1% trif luoroacetic acid) and subjected to mass
spectrometry. Mass spectra were taken by using the linear mode.

Results
Light-Induced Binding of GDPyTabg to Rhodopsin Bound to 1D4-
Sepharose. Development of the strategy in Fig. 3 necessitated
investigation of conditions to be used essentially at every step. Use
of rhodopsin while bound to 1D4-Sepharose offered significant
simplification of the procedure at several steps. Therefore in the
first experiment, light-dependent binding of GDPyTabg to Sepha-
rose-bound rhodopsin was tested. Rhodopsin thus bound was
illuminated (l .495 nm) in the presence of GDPyTabg. Excess of
Tabg was removed by washing, and the portion of GDPyTabg

complexed with rhodopsin then was eluted from the Sepharose
matrix together with rhodopsin in the presence of the epitope
peptide. In an alternative experiment, elution with GTP was
performed to release Ta (formed by breakdown of GTPyTa from
the matrix). Fig. 5 shows the results obtained with immunoblot
analysis of fractions after SDSyPAGE, under reducing conditions,
by using anti-Ta antibody Mab4A. Lane 2 contains the eluate with
the epitope peptide in the dark, and lane 3 contains the corre-

sponding eluate after illumination of the matrix. Lanes 4 and 5 are
the corresponding samples (dark and light) after elution with GTP.
Immunoblots of lanes 2 and 3 and 4 and 5 showed clearly that the
binding of GDPyTabg to rhodopsin was light dependent. Lane 1 is
the control showing the position of Ta, and lanes 6 and 7 are
controls (rhodopsin2) for lanes 3 and 5, respectively.

Next, control experiments were performed to test the effect of
binding of rhodopsin to 1D4 Ab on the rate of Tabg activation by
rhodopsin. The rates of Tabg activation by wild-type rhodopsin
were compared by using the fluorescence assay (25) in the
presence of various concentrations of the antibody 1D4 in
solution with the rate in the absence of the antibody. No
significant difference in the rates was seen (data not shown).
Thus, binding of the antibody to the C terminus of rhodopsin
either in solution or when bound to the Sepharose matrix did not
affect the binding or activation of Tabg.

Crosslinking of Rhodopsin Cysteine Mutant S240C with Ta After
Photolysis of Group R (Fig. 1) in II (Fig. 3A) at l310 nm. The rhodopsin
mutant S24C carrying R (Fig. 3A, II) was complexed with
GDPyTabg by light activation, and the resulting III (Fig. 3A) was
illuminated at l310 nm. The matrix then was washed with GTP (Fig.
3A, step 4), followed by treatment of the complex bound to the
matrix (Fig. 3A, V) with 10 mM DTT. Both the DTT eluate and the
GTP eluate were analyzed (Coomassie blue staining) by
SDSyPAGE, and the results are shown in Fig. 6. As judged by the
intensity of the protein bands, GTP eluate (Fig. 6A, lane 2)
appeared to contain more Tb than Ta, whereas in the DTT eluate
(lane 1), the band corresponding to Ta was more prominent. The
DTT eluate (Fig. 6A, lane 1) also showed two additional bands that
were identified as 1D4-heavy and -light chains, respectively, result-
ing from partial reduction of the antibody by DTT.

Characterization of the Derivatization of the SH Group in R (Fig. 2) with
MBB. The strategy for identification of the site of crosslinking in Ta

(Fig. 3B) required the selective derivatization of the SH group in R
as linked to specific peptides. As a control, the reactivity of the SH
group in R was checked. The latter was prepared from I by
reduction with an excess of DTT for 30 min at room temperature
and treated with an 8-fold excess of MBB (Fig. 4) overnight. The
expected adduct with MBB was characterized by MALDIyTOF.
The main peak obtained (myz, 788.16) corresponded to the K1 salt
of the adduct (data not shown). The nonadduct form of this product
(MH1 5 750.4) also was seen as minor peaks in adduct forms with
Na1 and K1 (data not shown).

Derivatization of V (Fig. 3B) with NEM, Reduction of NEM-Derivatized
VI with DTT, and Reaction of the Single Cysteine in VII with MBB.
Covalently linked product V from mutant S240C and Ta (Fig.
3A) was treated with NEM (Fig. 3B), and the derivatized VI was
reduced with DTT that released the Ta-derivative VII contain-
ing a single SH group. The latter then was derivatized with MBB

Fig. 7. MALDI analysis of the MBB-labeled tryptic fragments of T2 obtained
after avidin affinity purification (Fig. 3B, ). Peaks labeled in red are the identified
fragments. Amino acid sequences and the predicted masses of these fragments
are indicatedinthe insets.Unidentifiedpeaks labeled inbluealsoappearedinthe
two control samples (trypsin alone and Ta-MBB alone, data not shown).

Fig. 8. Amino acid sequence of Ta. Shaded sequences indicate the secondary
structural elements in the C-terminal region (26). The two regions identified
from photocrosslinking are highlighted in red. Sequence 310–313 (R DVK), is
located between the a4 and b6 regions of Ta, and the sequence 342–345 is near
the C terminus.
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(Fig. 4), and the product was characterized as in Fig. 6B by
probing with antibodies against Ta, Tb, and biotin group. The
derivatized VIII contained predominantly the Ta (Fig. 6B, I, lane
2) and not much of the b subunit (II, lane 2). Moreover, it carried
biotin moiety as shown by immunoblot analysis by using the
anti-biotin antibody (Fig. 6B, III). Also seen in III are the protein
bands with sizes matching those of 1D4-heavy and -light chains.
These antibody 1D4 chains formed after reduction with DTT
evidently were derivatized by MBB together with VIII.

Therefore, to purify VIII from both the antibody components of
1D4 and the excess of free MBB, SDSyPAGE was performed, and
the protein bands corresponding to VIII were sliced out from the
gel, gel slices were macerated, and VIII was eluted from the gel by
passive diffusion. The resulting sample then was digested with
trypsin (Fig. 3B, step 8), and MBB-derivatized fragments were
purified by chromatography using avidin-agarose (Fig. 3B, step 9).

MALDIyTOF Identification of Sites of Crosslinking to Ta. Results of
analysis of MBB-labeled fragments (Fig. 3B, X) are shown in Fig.
7. As seen in the three panels, a total of four peaks (with mass
shown in red) corresponding to myz of 1,266.4 (peak 1), 1,269.9
(peak 2), 1,296.4 (peak 3), and 1,315.3 (peak 4) were observed.
Their identifications are given in the insets of the individual
panels. They correspond to the peptide sequences 310–313 (R
DVK) and 342–345 (ENLK; Figs. 7 and 8) in Ta. Two additional
peaks (mass highlighted in blue) that were observed were found
also in the two controls when Ta alone or trypsin alone was used
in the trypsin-digestion experiments (data not shown).

Discussion
The study of protein–protein interactions by probing covalent
crosslinking between proximal sites in the proteins is a time-
honored approach (17–20). Thus, in the 1960s, it provided extensive
information on proximity relationships between structural proteins
in the ribosomal subunits (27). Research using this approach
continues to find applications in studies of a variety of important
questions. Two specific and elegant recent applications are in
studies of multisubunit protein–DNA interactions (e.g., refs. 28 and
29) and in studies of dynamics of protein transport across the
eukaryotic endoplasmic reticulum (30). Previously, the general
approach has been applied in this laboratory to studies of mem-
brane protein–phospholipids interactions (31–34) and in probing
the retinal binding pockets in both bacteriorhodopsin (35) and
rhodopsin (36). In this report and in an accompanying paper (16),
we have developed a general strategy partly based on earlier work
(14) that first defines the location of a crosslinking reagent on the

cytoplasmic face of rhodopsin and subsequent crosslinking that
aims at identifying the sites in T that are proximal.

Previous work on the interaction of T with light-activated
rhodopsin by several groups has indicated that the interaction
involves mainly the a subunit. The total evidence suggests that
the C-terminal region of Ta is a major site of interaction. The
strategy now developed has provided more precise information
on the contact sites in rhodopsin and T interaction. The photo-
activatable crosslinking group attached at position 240 in rho-
dopsin crosslinked mainly to two C-terminal sequences, 310–313
[between a-helix 4 and b-sheet 6 in crystal structure (26)] and
342–345. Both regions containing the above sequences were
postulated previously to be involved in binding to rhodopsin
(9–13). Our results have defined more specifically the amino acid
sequences in Ta that are proximal to the third cytoplasmic loop
of rhodopsin in the interaction between the two proteins.

The major aim of the present work has been to develop a general
strategy for studies of protein–protein interactions that uses the
covalent-crosslinking approach and includes mass spectrometric
analysis of the crosslinked peptide sequences. The latter is far
superior to the labor-intensive radioactive-labeling methods used
previously. Further work on mapping of the contact sites can take
a number of directions. There is an infinite variety in chemical
concepts that have been used in design of crosslinking agents
previously, and undoubtedly these can be developed further. In
every crosslinking reagent, the spacer length between the two ends
carrying the functional groups can be systematically varied. Then,
there are the two main classes of photoactivatable groups, those
generating carbenes and those forming nitrenes as the reactive
intermediates. Only one of the simplest conceivable nitrene-
generating reagent (I) has been investigated in the present work.
Finally, it is noted that more than 100 rhodopsin mutants containing
single reactive cysteines that span all of the cytoplasmic face of
rhodopsin are available from our previous structural studies. Avail-
ability of these mutants and versatility in crosslinking reagents
should enable detailed mapping of interactions of rhodopsin with
the proteins involved in visual signal transduction.
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