
 
 
 

 
 

 
 

EPR Studies of Functionally Active, Nitroxide Spin- Labeled 

Peptide Analogs of the C-terminus of a G-Protein Alpha 
Subunit 

 
 

Journal: Biochemistry 

Manuscript ID: bi-2010-00846c.R1 

Manuscript Type: Article 

Date Submitted by the 
Author: 

n/a 

Complete List of Authors: Van Eps, Ned; UCLA, Chemistry & Biochemistry 
Anderson, Lori; University Nebraska-Lincoln 
Kisselev, Oleg; Saint Louis University, Ophthalmology 
Baranski, Thomas; Washington University School of Medicine, 
Medicine 
Hubbell, Wayne; UCLA, Chemistry & Biochemistry 

Marshall, Garland; Washington University Medical School, Center 
for Computational Biology 

  
 
 

 

ACS Paragon Plus Environment

Biochemistry



 

Page 1 of 39

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Page 2 of 39

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Page 3 of 39

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Page 4 of 39

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Page 5 of 39

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(Submitted to Biochemistry) 

EPR Studies of Functionally Active, Nitroxide Spin- 

Labeled Peptide Analogs of the C-terminus of a G-

Protein Alpha Subunit 

Ned Van Eps
3 *

. Lori L. Anderson
1,2*

, Oleg G. Kisselev
4
, Thomas J. Baranski

2
,  Wayne L. 

Hubbell
3,# 

and 
 
Garland R. Marshall

1,#
 

1Department of Biochemistry and Molecular Biophysics; 2Departments of Medicine, Molecular 

Biology and Pharmacology, Washington University, St. Louis, MO 63110 

3Jules Stein Eye Institute and Department of Chemistry and Biochemistry, University of 

California, Los Angeles, California 90095-7008 

4Departments of Ophthalmology and of Biochemistry and Molecular Biology, St. Louis 
University School of Medicine, St. Louis, MO, 63104 
 
* These authors contributed equally to the work. 
 
# Corresponding authors 
 
 

 

 

Page 6 of 39

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 2 

ABSTRACT 

 The C-terminal tail of the transducin alpha subunit, Gtα(340-350), is known to bind and 

stabilize the active conformation of rhodopsin upon photoactivation (R*).  Five spin-labeled 

analogs of Gtα(340-350) demonstrated native-like activity in their ability to bind and stabilize 

R*.  The spin label 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC) was 

employed at interior sites within the peptide, whereas a Proxyl (3-carboxyl-2,2,5,5-tetramethyl-

pyrrolidinyloxy) spin label was employed at the amino terminus of the peptide. Upon binding to 

R*, the electron paramagnetic resonance spectrum of TOAC343-Gtα(340-350) revealed greater 

immobilization of the nitroxide when compared to that of the N-terminal modified Proxyl-

Gtα(340-350) analog. A double-labeled Proxyl/TOAC348-Gtα(340-350) was examined by DEER 

spectroscopy to determine the distribution of distances between the two nitroxides in the peptides 

when in solution and when bound to R*. TOAC and Proxyl spin labels in this GPCR-G-protein 

α-peptide system provide unique biophysical probes that can be used to explore the structure and 

conformational changes at the rhodopsin-G-protein interface. 
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 3 

Abbreviations: EPR, electron paramagnetic resonance; TOAC, 2,2,6,6-tetramethylpiperidine-1-

oxyl-4-amino-4-carboxylic acid; Proxyl, 3-carboxyl-2,2,5,5-tetramethyl-pyrrolidinyloxy, free 

radical; G-protein, heterotrimeric guanine nucleotide binding protein; GPCR, G-protein coupled 

receptor; DEER, double electron-electron resonance 
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 4 

 

 Spin-labeled proteins and peptides, as used in EPR studies, provide a dynamic view of 

biological phenomenon.  In site-directed spin labeling (SDSL), nitroxide amino acids are 

selectively introduced into a peptide or protein, and the electron paramagnetic resonance is 

analyzed to provide information on sequence-specific secondary and tertiary structure, 

membrane protein topography and electrostatic potential (1), conformational changes (2), protein 

dynamics (3), and inter-nitroxide distances (4-7).  In most studies, the nitroxide side chain 

designated R1 has been employed (Figure 1a). Crystallographic (8-11), mutagenic (12, 13) and 

spectral simulation studies (14) revealed that internal motions of the side chain are constrained 

due to interactions of the disulfide with main-chain atoms. Thus, the dynamics, and hence the 

EPR spectra, are primarily determined by limited torsional oscillations about two dihedral angles 

(angles X4 and X5 in Figure 1a). As a result of this constrained motion, the EPR spectrum is 

highly sensitive to additional backbone fluctuations and to modulations of the motion due to 

interactions of the nitroxide with the local environment in the protein. Thus, the EPR spectrum is 

a “fingerprint” of the local structure and dynamics. For this reason, EPR spectral lineshape 

analysis of R1 in proteins has been able to reveal and characterize conformational changes (2),  

in some cases with real time resolution (15-16). Of particular interest for the present report are 

SDSL studies of receptors systems, including the GPCR rhodopsin (17,18)  its cognate G protein 

transducin (19-23), and the estrogen receptor alpha (24). In addition to investigating 

conformational changes, EPR spectra of R1 have been analyzed to determine the amplitudes of 

backbone fluctuations on the nanosecond time scale (3). This is of interest because sequences 

with flexibility on this time scale often turn out to be involved in protein-protein recognition. 
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 5 

One of the most powerful tools for static structure determination in SDSL is inter-spin 

distance measurement in systems containing two nitroxide side chains. Under normal 

physiological temperatures, inter-spin distances in the range of 10-20 Å can readily be measured 

using continuous wave (CW) EPR deconvolution methods to extract dipolar broadening (4,5). At 

low temperature, the time-domain method DEER (Double Electron Electron Resonance) extends 

the distance range to near 80 Å (6,7).  Most importantly, DEER resolves multiple discrete 

distances and their corresponding distributions, with the only disadvantage that time-resolved 

changes in distances are not readily monitored due to the requirement of low temperature.  Thus, 

the range of distances between 10 – 80 Å is accessible, ideal for mapping structure and structural 

changes in proteins and complexes.  

 Although the R1 side chain has proven extremely useful as a monitor of local protein 

structure and dynamics, the inherent potential for the R1 side chain to adopt multiple rotamers in 

proteins warrants particular care for interpretation of interspin-distances in terms of protein 

structure.  Despite the fact that R1 has a limited conformational space at solvent-exposed sites 

(8-11), interactions with the protein can result in the population of higher energy rotamers. This 

can be mitigated for measuring structural changes by judicious selection of sites for R1 

introduction (18), but uncertainty remains for relating inter-nitroxide distances to distances 

between Cα carbons. This uncertainty can be overcome to some extent with sufficient distance 

constraints to localize the spatial position of the nitroxide, but practical applications requires 

multiple nitroxide pairs (18).  

  The present report explores the utility of a more constrained side chain, TOAC (Figure 

1b). The tetra-substituted α,α-dialkyl spin label TOAC (2,2,6,6-tetramethylpiperidine-1-oxyl-4-

amino-4-carboxylic acid) (25) contains a nitroxide ring attached to the peptide backbone through 
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 6 

its α-carbon (Figure 1b).  Due to the self-imposed cyclic constraints of TOAC, it provides a 

useful tool in measuring conformational changes using DEER, since distances between TOACs 

are not compromised by uncertainties in rotamer distribution, but TOAC does have twist-boat 

ring conformers in which the 2p orbital of the nitroxide is inclined at different angles with 

respect to an alpha helix axis (26, 27).  The fixed spatial orientations of TOACs can complicate 

simple distance measurements, but this feature is of potential use in measuring relative 

orientations of structural elements in a protein (28).  

 The introduction of TOAC into peptide chemistry allowed the first use of linking a rigid 

spin label to a growing peptide chain through an amide bond.  Although incorporation of TOAC 

has become common by chemical synthesis due to its high sensitivity for monitoring 

conformational changes within the peptide scaffold, its use in biologically relevant systems is 

limited, as it cannot be incorporated biosynthetically and is more difficult to synthetically 

incorporate in peptide sequences for chemical ligation due to its lower reactivity due to steric 

hinderance.  

Acetyl-TOAC-α-MSH (29) and N-terminal TOAC-derivatives of angiotensin (30, 31) 

and bradykinin (31) demonstrated the first syntheses of spin-labeled peptide hormones which 

maintained biological activity.  Furthermore, a series of three, TOAC-labeled, neuropeptide Y 

analogs maintained their ability to bind the G-protein coupled receptor Y, demonstrating the 

ability to obtain structural informational upon binding of the NPY ligand to its receptor (32). 

Smythe et al were the first to incorporate two TOAC residues into model helical peptides for 

comparison with EPR studies on the more flexible SDSL label R1 (33, 34). 

Herein, TOAC-labeled Gα-transducin (Gtα)-terminal peptides are used to probe changes 

in peptide mobility that accompany binding at the GPCR rhodopsin/G-protein interface. 
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 7 

Rhodopsin, the primary visual receptor and the prototype of G-protein-coupled receptors, is one 

of the best characterized of all GPCRs.  Upon photoactivation, rhodopsin forms an active 

signaling conformation, metarhodopsin II (MII) resulting in interaction with transducin (Gtαβγ), 

its heterotrimeric G-protein partner.  Interaction between Gtαβγ and MII stabilizes the MII state 

and initiates a signal cascade ultimately leading to nucleotide exchange on Gtα resulting in 

dissociation of Gtαβγ from the GPCR as Gβγ and Gα-GTP (35, 36).  A synthetic undecapeptide 

corresponding to Gtα(340-350) (IKENLKDCGLF) binds to activated rhodopsin and stabilizes 

the MII state, thus mimicking the effects of transducin itself (37). The structure of the Gtα-

peptide bound to photoactivated rhodospin was solved using transferred nuclear Overhauser 

effect (TrNOE) NMR spectroscopy (38, 39).  

 Results reported by Kisselev et al. demonstrated that upon light activation, Gtα(340-

350) shifts from a highly disordered conformation to a ordered continuous helix terminated by a 

C-terminal capping motif, associated with the formation of a unique clustering of residues, 

namely L344, K345, L349 and F350 (39).  Similar structural results were obtained by Koenig et 

al using transferred NOE on an analog of Gtα(340-350) bound to MII (40) as well as by the 

crystal structure of the undecapeptide bound to opsin (41). The conformational changes that 

occur in the C-terminal sequence upon receptor interaction were further investigated by 

fluorescence and spin labeling of substituted cysteines in the Gtα subunit (42, 43).  Further 

understanding these conformational changes should provide better insight into possible 

mechanisms of nucleotide exchange of α-subunits of G-proteins. 

Here, the syntheses of spin-labeled Gα peptide analogs, TOAC343-Gtα(340-350) and 

Proxyl-Gtα(340-350) and the double-labeled Proxyl/TOAC348-Gtα(340-350) are reported. Each 

retained the ability to stabilize the MII state of rhodopsin. In addition, the analogous [TOAC343] 
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 8 

and Proxyl analogs of the 100-fold higher-affinity peptide (VLEDLKSCGLF) reported from 

phage display (44) were prepared. Finally, the light-dependent binding of these analogs to native 

rhodopsin in disk membranes was demonstrated.   

 

MATERIALS AND METHODS 

Peptide Synthesis 

Native Gtα(340-350) IKENLKDCGLF was synthesized in 0.2 mmol scale by manual 

Fmoc-protection strategy using Fmoc-Phe-Wang resin and the following Fmoc amino acid 

derivatives: Fmoc-Lys(Boc), Fmoc-Glu(tBu), Fmoc-Asn(Trt), Fmoc-Asp(tBu), and Fmoc-

Cys(Trt).  Couplings were facilitated by 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU) in the presence of DIPEA in DMF, with a 3-fold excess over the 

amino component.  Crude peptide was released from the Wang resin using Reagent K (82.5% 

trifluoroacetic acid, 5% water, 5% thioanisole, 5% phenol and 2.5% 1,2,-ethanedithiol).  After 

reacting for 1 hour, the mixture was filtered, washed with TFA, evaporated and the crude peptide 

was precipitated with diethyl ether.  The peptide was purified by preparative HPLC using a C-18 

column with a 10-90% gradient (solvent A: 0.5% TFA in H2O; solvent B: 0.038% TFA/90% 

acetonitrile/10% H2O) over 25 minutes.  Characterization by MALDI mass spectroscopy gave 

the expected molecular weight (m/z) of 1279.53. 

The synthesis of TOAC343-Gtα(340-350) IKE-TOAC-LKDCGLF and the respective 

high-affinity analog VLE-TOAC-LKSVGLF followed the same synthesis as above with the 

following modifications.  The stable nitroxide Fmoc-amino acid TOAC was synthesized 

according to a reported procedure (46).  The coupling steps involving the carboxyl and amino 

groups of TOAC were achieved with 5 eq of Fmoc-amino acid activated by 5 eq of TFFH and 10 
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 9 

eq of DIPEA and repeated twice for 2 hours.  After incorporation of TOAC and Asp, unreacted 

amino groups were acetylated with acetic anhydride/DMF using a catalytic amount of DMAP for 

30 minutes.  The peptide was cleaved from the resin using HF in the presence of 5% anisole.  

Following cleavage, the peptide was precipitated with ether, filtered, and extracted with 30% 

acetic acid and water.  The crude peptide was submitted to alkaline treatment (0.02 M 

ammonium acetate, pH 9, 3 h) to recover the paramagnetic moiety.  The peptide was purified by 

preparative HPLC using a linear gradient of 10-90% B over 26 minutes with solvent A as 0.05 M 

ammonium acetate, pH 5 and solvent B as 90% acetonitrile.  Characterization by electrospray 

ionization mass spectroscopy gave the expected molecular mass of 1363 and 1302 for the low- 

and high-affinity analogs respectively. 

Proxyl-Gtα(340-350), its respective high-affinity analog and the double-labeled 

Proxyl/TOAC348-Gtα(340-350) were synthesized through coupling of 3-carboxy-Proxyl (3-

carboxyl-2,2,5,5-tetramethyl-pyrrolidinyloxy, Aldrich, St. Louis, MO) to the amino terminus of 

the peptide sequences as synthesized above.  Activation of the carboxyl group of Proxyl (5 eq) 

was achieved with 5 eq TFFH and 10 eq DIEA and followed by coupling twice for 2 hours.  

Cleavage and purification was the same as for TOAC343-Gtα(340-350).  Analysis by electrospray 

ionization gave the expected molecular mass of 1448 and 1388 for the low- and high-affinity 

analogs and 1531 for the double-labeled peptide, respectively. 

Preparation of Rod Outer Segments  
 

Urea-washed rod outer segments (ROS) were prepared from dark-adapted retinas (W.L. 

Lawson Co., Lincoln, NE) using a sucrose-gradient procedure as previously described (46).  All 

purification steps were carried out in dim red light (Kodak safelight filter, 650 nm cutoff) at 4ºC. 
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 10 

The final ROS samples were resuspended in a 20 mM MES buffer (pH 6.8) containing 100 mM 

NaCl, 2 mM MgCl2, and 10% glycerol and stored at -80 degrees Celsius until further use. 

UV/visible spectroscopy  

The binding affinities of Gtα(340-350), TOAC343-Gtα(340-350) and the double-labeled 

Proxyl/TOAC348-Gtα(340-350) to rhodopsin in rod outer segments (ROS) were measured using 

a Meta II stabilization assay (47) by UV/visible spectroscopy. The samples contained 2.5 µM 

rhodopsin in ROS membranes (48) and peptides in buffer A (20 mM Tris-HCl pH 8.0, 130 mM 

NaCl, 1 mM MgCl2, 1 µM EDTA). The samples were kept on ice and prepared under dim red 

light to avoid premature bleaching of rhodopsin. The absorption spectrum of dark-adapted 

rhodopsin was taken, illuminated with 490 ± 5 nm light for 20 s, followed by acquisition of the 

light-activated spectrum, using a Cary50 spectrophotometer (Varian, Palo Alto, CA). The cuvette 

compartment was maintained at 4° C.  The measurements were done in triplicate at varying 

peptide concentrations from 1 µM to 5 mM. The Meta II stabilization was calculated as ∆A380 

nm
 - ∆A417 nm, where ∆A is the absorbance change before and after light activation.  The data was 

fit using the equation MII = Baseline + Range * {[peptide] / ([peptide] + EC50)} to obtain EC50 

values of the peptides.  Baseline and Range values were kept constant throughout all 

determinations at 0.05 and 0.75, respectively.  

EPR Measurements 

EPR measurements were carried out on a Bruker 580 spectrometer at X-band microwave 

frequencies using a high-sensitivity resonator (HS0118) with an optical port. Spin-labeled 

peptides were mixed with dark-adapted ROS in 20 mM MES buffer (pH 6.8) containing 100 mM 

NaCl, 2 mM MgCl2, and 10% glycerol and loaded into a quartz flat cell. Low-affinity peptide 

data were recorded at 277 K to slow the disappearance of the rhodopsin bound component (see 
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 11 

discussion below), while high-affinity peptide data were recorded at 296 K. Spectra were 

initially recorded under dim red light. Samples were subsequently photobleached with a tungsten 

lamp (500 nm cutoff filter) for 40 s and an EPR spectrum was recorded.   

Time-resolved EPR photolysis experiments were initiated with a ~6 ns laser pulse (500 

nm) from a Q-switched Nd:YAG laser coupled with a tunable optical paramagnetic oscillator 

(Vibrant, Opotek, Inc., Carlsbad, CA).  The magnetic field position was set at the center field 

trough of the unbound peptide spectrum, and the resulting EPR transient was detected with 

100kHz field modulation. The signals were recorded with a LeCroy digital oscilloscope (LeCroy 

Corp., Chestnut Ridge, NY).  

Double Electron Electron Resonance Experiments (DEER) 

 Double spin-labeled peptides were mixed with dark-adapted ROS (both in 10% (v/v) 

glycerol) and flash frozen in the dark in 1.5 mm x 1.8 mm quartz capillaries in liquid nitrogen. 

DEER measurements were performed at 50 K on a Bruker Elexsys 580 spectromenter with a 2-

mm split-ring resonator. Four-pulsed DEER was carried out as previously described (7, 49) with 

the π pump pulse (16 ns) positioned at the absorption maximum of the field swept spectrum. The 

observer π (16 ns) and π/2 (8 ns) pulses were positioned at the low-field line of the spectrum (∆f 

= 70 MHz). After dark-state data were acquired, the samples were thawed, illuminated with light 

(500-nm-cutoff filter) and refrozen in liquid nitrogen for a second DEER experiment. All DEER 

data were analyzed with the DEER Analysis 2009 software package freely available at the 

website http://www.epr.ethz.ch/. Tikhonov regulatization and distance distribution widths were 

optimized using L-curve analysis implemented in the software package. 
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 12 

 

RESULTS  

Peptide Synthesis 

 It has been demonstrated that positions that accept Aib (α-aminobutyric acid), will 

usually also accept TOAC substitutions.  Molecular modeling of conformationally constrained 

peptides identified the analog of Gtα(340-350), AibKAibAibLKDCGLG, that was synthesized 

and shown to maintain full activity in stabilization of the MII state of rhodopsin (50).  Given that 

Aib mimics the conformational effect of TOAC substitutions on the peptide backbone (51-54), 

these results suggested that residues I340, E342 and N343 are capable of tolerating substitution. 

For the work outlined here, we chose substitution with TOAC at N343.  A TOAC scan of the C-

terminal tail also revealed that substitution of Gly348 with TOAC maintained the ability to 

stabilize the MII state of rhodopsin (data not shown) and double-labeled Gtα(340-350) 

Proxyl/TOAC348-Gtα(340-350) was therefore prepared.   

 

Binding of spin-labeled Gαααα peptides to light-activated rhodopsin 

EPR studies have focused on characterizing the TOAC343-Gtα(340-350) (IKE-TOAC-

LKDCGLF; Fig. 1D bottom) and the corresponding high-affinity TOAC343 analog (VLE-TOAC-

LKSVGLF) in terms of mobility both in the rhodopsin-bound and unbound forms.  

Characterization of Proxyl340-Gtα(340-350)  (Figure 1D top) and the corresponding high-affinity 

analog has also been carried out for comparison with the TOAC analogs.  The EPR spectra of the 

spin-labeled peptides in the presence of dark- and light-activated ROS membranes are shown in 

Figure 2.  In each case, the spectrum of the peptide in the presence of ROS membranes in the 

dark is the same as that for the peptide in buffer, and consists of a single component of three 

Page 17 of 39

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 13 

relatively sharp lines, characteristic of a rapidly and isotropically tumbling nitroxide (Figure 2, 

left-hand panel).  On the other hand, spectra of the peptides in the presence of photoactivated 

ROS membranes are a composite of two distinct components (Figure 2, center panel), one of 

which corresponds to the free peptide in solution.  The other component is identified by well-

resolved hyperfine extrema (arrows, Figure 2) indicative of peptide immobilization and 

rhodopsin binding. As expected, the amplitude of the bound component is much greater for the 

high-affinity analogs.   The individual components, resolved by spectral subtraction, are shown 

for each peptide in the right-hand panel of Figure 2.  The components corresponding to the 

bound states (right panel, blue traces) each have line shapes characteristic of highly immobilized 

nitroxides.  A comparison of the spectral components corresponding to the bound states reveals 

different mobilities for the TOAC and Proxyl analogs. An approximate rotational correlation 

time (τc) for a nitroxide may be computed from the separation of the outer hyperfine extrema 

(2Azz) and that for the same sample in a frozen state in the absence of motion (2Azz
0) (55). For 

the TOAC and Proxyl analogs of the high-affinity peptide bound to photoactivated rhodopsin, 

2Azz is 69 and 64 Gauss, respectively (Figure 2). For both analogs bound to photoactivated 

rhodopsin, 2Azz0 obtained at 223° K is 74 G (spectra not shown), indicating that the nitroxides 

in each case are located in a polar environment, presumably facing the solvent.  From these 

values, assuming Brownian motion, τc is estimated to be 19.4 and 8.7 ns for the TOAC and 

Proxyl analogs, respectively. Thus, the TOAC analog of the high-affinity peptide is more 

immobilized than the corresponding Proxyl analog. Because the rotational diffusion of rhodopsin 

in the disc is very slow (τR ≈ 12µs, (56)), and because TOAC is rigidly attached to the peptide 

backbone, the 19.4 ns correlation time for the TOAC analog directly measures the fluctuation 
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 14 

frequency of the peptide in the rhodopsin binding site.  Differences in 2Azz, and hence mobility 

are observed between TOAC and Proxyl in both the low- affinity and high-affinity peptides.  

 

 

Activity of the Peptides: Stabilization of MII 

The binding of a C-terminal G-alpha peptide or analog to photoactivated rhodopsin can 

be monitored by an increase in the amount of MII due to the presence of the peptide.  A dose-

response curve of concentration of peptide relative to its effect on MII stabilization can be fit to 

the model described in Methods to provide a value for the apparent dissociation constant (Kd). 

Results are compared for the native Gtα(340-350), the TOAC343-Gtα(340-350) and Proxyl-

Gtα(340-350) in Figure 1E. The data reveal that the presence of the TOAC343 or the Proxyl 

groups has little effect on the binding affinity to the receptor. Figure 3B shows examples for the 

TOAC343-Gtα(340-350) high-affinity peptide compared with the high-affinity peptide without 

TOAC. The fits to the data, shown by the solid traces, give Kd values of 10 µM and 4.2 µM, 

respectively.  Thus, the presence of the TOAC spin label at 343 increases the Kd by about a 

factor of   ≈2.5, corresponding to a modest increase in the free energy  of the bound state by  0.5 

kCal/mole due to the TOAC.  

It is of interest to compare the apparent dissociation constant for a spin-labeled peptide 

determined by the MII stabilization assay with that determined from direct binding using EPR. 

Figure 3A, left-hand panel, shows the absorption EPR spectrum (obtained by integration of the 

first derivative spectra) corresponding to the equilibrium of TOAC343-Gtα(340-350) high-affinity 

peptide with photoactivated rhodopsin (black trace). Also shown are the individual components 

corresponding to the bound and free peptide (red and green traces, respectively), obtained by 
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 15 

subtraction.  Integration of the individual spectra provides the relative equilibrium concentrations 

of each, which gives a Kd of 12.5 µM for the TOAC343-Gtα(340-350) high-affinity peptide.  This 

compares favorably with the value of 10 µM obtained from the MII stabilization data shown in 

Figure 3B. Figure 3A, right-hand panel, shows similar data for Proxyl-Gtα(340-350) high-

affinity peptide, giving a Kd of 4 µM.  This value is essentially identical to that obtained for the 

non-labeled high-affinity analog using the MII stabilization assay, suggesting that the terminal 

location of the spin label does not perturb the peptide-R* interaction. Interestingly, the peptide 

dissociation constants measured in Figure 3A via EPR techniques did not vary over a pH range 

of 6-8 (data not shown). 

 

Kinetics of binding for Gαααα peptide analogs 

The kinetics of binding to photoactivated rhodopsin (R*) for the TOAC343-Gtα(340-350) 

high-affinity peptide was determined by monitoring the EPR signal after a ~6 ns actinic flash at 

500 nm. Figure 4A shows the EPR spectral amplitude collected at three different peptide 

concentrations (gray, green, and red traces) monitored at the centerfield trough of the EPR 

spectrum, corresponding to the unbound peptide (see Figure 2A, right panel). Data was collected 

as a function of time after the laser pulse and was fit to a single exponential rise (black line) with 

an apparent lifetime of ~6 ms. The time course of peptide binding was independent of the 

peptide concentration for the three concentrations tested, suggesting that the binding event is rate 

limited by structural changes within the rhodopsin photoreceptor that lead to opening of the 

binding site rather than diffusion of the peptide to the receptor. The data were collected under 

either pseudo-first order (2.5 mM peptide) or second order (50 and 250 µM peptide) conditions. 

The second order reaction, however, is not a simple second order binding event, but instead is 
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 16 

coupled to the unimolecular appearance of the active receptor state. Figure 4B shows EPR 

absorption spectra collected as a function of time after the initial rapid-binding event.  As is 

evident, the broad spectral component, corresponding to the bound peptide, decreases in time 

with a concomitant increase in the sharp component, reflecting a slow, spontaneous, dissociation 

of the bound peptide from R*.  The decay of the bound signal can be fit with a single exponential 

with half-life of 8 minutes (Figure 4D, open circles), similar to that for MII decay in native disk 

membranes (57).  

 Similar results were obtained for the dissociation of the Proxyl-Gtα(340-350) high-

affinity peptide from R* (Figure 4C), and the data are included in the plot of Figure 4D 

(triangles). These results further demonstrate the functionality of the spin-labeled Gtα(340-350) 

analogs in their ability to bind and stabilize R* and to sense the activated conformational state of 

the receptor.  

DEER spectroscopy 

 To investigate the conformation of the peptide bound to MII, the high affinity analog of 

double-labeled Proxyl/TOAC348-Gtα(340-350) (Figure 5A) was prepared so that the distribution 

of inter-spin distances in the peptide (in solution or when bound to R*) could be monitored by 

DEER spectroscopy.  The Kd of this peptide was 65 µM, and, as expected the EPR spectra of the 

unbound and bound peptides reflected rapid isotropic motion and strong immobilization, 

respectively, similar to the spectra of the peptides containing a single nitroxide (Figure 5B). The 

featureless dipolar evolution function of the peptide in the presence of dark rhodopsin (Figure 

5C, upper trace) and the corresponding dipolar spectrum (Figure 5D, black trace) reflect a broad 

distribution of inter-nitroxide distances in the range 18 to 34 Å,  (Figure 5E, black trace), 

consistent with an ensemble of conformations for the unbound peptide. Distance distributions of 
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 17 

peaks longer than 34 Å in Figure 5E are inaccurately determined due to the 1.1 µs length of the 

dipolar evolution functions.  On the other hand, in the presence of R* striking oscillations are 

evident in the dipolar evolution function (Figure 5C, lower trace) corresponding to a remarkably 

narrow interspin distance distribution centered at 19Å (Figure 5E, red trace). Modeling of the 

nitroxides in the crystal structure conformation of the peptide (41) (Figure 5F) shows this 

distance to be consistent with the crystal structure and the unique configuration of the R*-bound 

Gtα(340-350) as determined by Kisselev et al. from NMR (39).   

 

DISCUSSION 

Heterotrimeric α-subunits have been shown to have several contact regions that are 

critical for receptor interaction (19, 58). One of these regions is apparently the C-terminal 

sequence of Gα, as shown by the fact that a synthetic undecapeptide corresponding to Gtα(340-

350) binds to R* and stabilizes the MII state, thus mimicking the effects of transducin itself (37). 

In this study, we provide evidence that five spin-labeled Gtα(340-350) analogs maintain 

their ability to bind and stabilize the photoactivated MII state of rhodopsin. Receptor binding 

was detected by immobilization of incorporated TOAC and Proxyl residues as the peptide adopts 

a highly restricted bound conformation.   Comparison between the peptide analogs revealed a 

higher degree of immobilization with the TOAC compared to the Proxyl analog.  The difference 

in immobilization can be explained in part by the fact that the N-terminal Proxyl label is 

connected by an amide linkage to the Gtα(340-350) backbone, and thus potentially has two 

additional rotational degrees of freedom relative to TOAC. TOAC is incorporated directly within 

the peptide chain and has only limited internal motion relative to the backbone. Hence, when the 

peptide is immobilized on R*, so is the TOAC nitroxide. Interestingly, however, there is some 
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degree of motion on the ns time scale still present in the bound TOAC343-Gtα(340-350) and 

high-affinity analog that cannot be attributed to R* rotational diffusion.  The rotational 

correlation time of rhodopsin in native disk membranes has been measured to be 20-40 µs (59, 

60). This motion is too slow to affect the EPR lineshape, which is sensitive to motion in the 100 

ps – 100 ns time domain. Thus, the ns motions detected in the bound peptide reflect structural 

fluctuations of the peptide in the binding site on this time scale. It should be possible to construct 

approximate partition functions from the distance distributions seen in Figure 5 to estimate the 

change in entropy of the peptide ligand on binding to photoactivated rhodopsin. 

 Consistent with the bound conformation of Gtα(340-350) peptides to R* observed by 

NMR is the crystal structure of the complex of opsin with this undecapeptide (41). The crystal 

structure helps to further rationalize the differences in nitroxide rotational correlation times of 

the Proxyl and TOAC adducts (see discussion above). Models of the Proxyl peptide using the 

crystallographic data show that this label projects outward toward solvent (see Figure 5F). 

Motion due to the additional rotational degrees of freedom is consistent with the higher mobility 

of the Proxyl relative to the TOAC nitroxide. Note, however, that the Proxyl is still quite 

immobilized, presumably due to contacts of the nitroxide ring with nearby side chains in 

rhodopsin.  The TOAC343-Gtα(340-350) peptide is also solvent accessible (model not shown), 

but the internal constraints of this spin label prevent additional nitroxide motion. Finally, a 

TOAC label placed at position 348 reduced the affinity of the labeled peptide (see Figure 5B), 

likely because the TOAC-348 residue is predicted to have steric clashes with the receptor near 

the helix 7/8 region (see Figure 5F). 

 Studies of peptide binding kinetics to a cognate receptor are an important strategy 

to explore the mechanism of protein-protein recognition.  The kinetics of binding of Gtα(340-
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350) and the high-affinity analog to R* have been previously investigated at low temperature 

(1.5 deg C) and high pH (7.9) by monitoring the production of “extra MII” induced by peptide 

binding (61). An advantage of the EPR method described here is that it is a direct measure of the 

binding interaction compared to the extra MetaII assay which relies upon changes in 

chromophore protonation states at a receptor site distant from the receptor/G-protein interface. In 

addition, physiological temperatures, a wide range of pH values and high concentrations of 

native disc membranes can be used in the EPR method to investigate the binding mechanism.   

The latter point is raised because light scattering artifacts due to high concentration of membrane 

vesicles can complicate interpretation of optical signals, but present no problem in magnetic 

resonance detection.  Light scattering methods have also been used to measure peptide binding to 

R*, but this method requires an increase in mass of the peptide, accomplished by fusing the 

peptide to maltose binding protein (MBP, 42.5 kD) (62). While these fused peptides were shown 

to bind to rhodopsin in a light-dependent manner, rate data were likely influenced by the 

presence of MBP due to changes in diffusion constant and, most importantly, to steric constraints 

on the binding event. It could be argued that the presence of the spin label in the peptide could 

also modify the binding kinetics, but the similarity of the Kd for the singly labeled and native 

peptides suggest otherwise.   

As shown by the data in Fig. 4, the rate of peptide binding to R* as measured by EPR 

follows a single exponential time course that is apparently rate limited by conformational 

changes in rhodopsin that lead to the binding competent state of the receptor. This is consistent 

with earlier studies which showed fast proton release within rhodopsin upon formation of the 

peptide/receptor complex (16) in DM micelles. The proton release was rate limited by the 

appearance of the active receptor state at much lower reagent concentrations than used in the 
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current work verifiying the validity of the rate limiting step approximation.  The time constant 

for binding to rhodopsin in ROS membranes observed here (≈ 6 ms) is in the time window for 

formation of deprotonated forms of the receptor detected optically at 380nm (MIIa, MIIb, 

MIIbH+) (63-65);  presumably the binding competent state corresponds to one of these 

intermediates.  SDSL data first provided direct evidence that the outward movement of 

transmembrane helix 6 (TM6) by about 5 Å gives rise to the activated state of the receptor (18, 

66). The outward movement of TM6 is consistent with generation of a binding pocket for the C-

terminal tail of the Gtα subunit (and the corresponding peptides) within the intracellular loops of 

R*. This model is directly supported by the recent crystal structure of an opsin/Gtα(340-350) 

peptide (41). It is thus reasonable to speculate that the peptide binding is rate-limited by the 

movement of TM6.  The time constant for TM6 movement following an activating light flash has 

in fact been measured by SDSL to be ≈2 ms, and was shown to correspond to the formation of 

MIIb, but this was determined for rhodopsin in micelles of DM where rate constants for 

interconversion of the intermediates are generally accelerated (16).  Future studies will be 

required to identify the specific intermediate competent for peptide binding in the native 

membrane.   

The ability to synthesize fully active, TOAC-labeled analogs of Gtα(340-350) provides a 

strategy for mapping the structure of the rhodopsin-peptide complex using distance 

measurements between pairs of spins, one in the peptide and the other at selected sites 

throughout the cytoplasmic domain of rhodopsin. Such measurements will determine the relative 

orientation and position of the bound peptide within the complex, and may identify any 

additional binding modes of lower affinity.  The TOAC spin label is ideally suited for this 

purpose, because incorporation of α, β, and γ carbons as well as the nitroxide moiety into one 
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heterocyclic structure eliminates rotation about side-chain bonds, effectively fixing the nitroxide 

relative to the backbone. This is a significant advantage over the more commonly used nitroxide 

side chains where the possible existence of multiple rotamers complicates the interpretation of 

interspin distances.  

 Incorporation of synthetic peptides into a Gα subunit by expressed protein ligation has 

been demonstrated (67, 68), setting the stage for future studies that incorporate a TOAC-labeled 

Gtα(340-350) peptide into the full-length Gtα. Thus, it would be possible to compare salient 

structural features of the complex formed with R* by the isolated peptide with that formed by the 

full-length Gtα. Such studies using the internally constrained TOAC should be able to measure 

structural heterogeneity at the rhodopsin/transducin interface and explore the effect of allosteric 

regulators. Such studies should provide insight into enzymatic mechanisms of transducin 

activation by R*.  
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Figure 1.  Chemical structures of spin-labels and peptides and the binding of peptides to 

activated rhodopsin.  A. Spin label R1 (cysteine(S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-

3-yl)methyl-disulfide) used in SDSL with potential degrees of freedom indicated (X1-X5 

dihedrals). B. TOAC (2,2,6,6-tetramethyl-piperadine-1-oxyl-4-amino-4-carboxyl) spin labels. C. 

Proxyl (2,2,5,5-Tetramethyl-3-carboxyl-pyrrolidine-1-oxyl) spin label used to modify the amino 

terminus. D. Chemical structures of two spin-labeled peptides. E. MII stabilization assay for 

native Gtα(340-350) compared with Proxyl-Gtα(340-350) and TOAC343-Gtα(340-350). 

 

Figure 2.  EPR spectra of the indicated spin-labeled peptides.  Left hand panel: spectra in the 

presence of dark-adapted ROS membranes; Center panel: spectra in the presence of 

photoactivated ROS membranes (red trace) compared to those in the dark-adapted state (black 

trace); right-hand panel: spectra of the pure bound (blue trace) and unbound (green trace) states 

obtained by spectral subtraction. The high-affinity peptide data was recorded with 2G 

modulation amplitude at a temperature of 296° K. The low-affinity TOAC343-Gtα(340-350) and 

Gtα(340-350) Proxyl-Gtα(340-350) peptide data was recorded with a 4G modulation amplitude 

and a temperature of 277° K to facilitate detection of the bound component. The higher 

modulation accounts for the broader lines in the spectra of the unbound component in (C) and 

(D). EPR spectra in the left-hand and center panels have been normalized to the same number of 

spins, and plotted with the indicated scaling factor. Individual component spectra (right-hand 

panel) are arbitrarily scaled for direct line-shape comparison. The samples were in 20 mM MES 

buffer (pH 6.8) containing 100 mM NaCl, 2 mM MgCl2, and 10% glycerol.  
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Figure 3.  Binding of the high-affinity spin-labeled peptides to photoactivated rhodopsin.  

(A) Absorption EPR spectra for the TOAC and Proxyl high-affinity peptides in equilibrium with 

photoactivated rhodopsin at 296° K.  The composite absorption spectra (black lines) are shown 

with the individual spectral components overlaid in green and red. The percentage of rhodopsin-

bound peptide was determined by spectral integration. The concentration of rhodopsin and spin-

labeled peptide were 90 and 50 µM respectively. The samples were in 20 mM MES buffer (pH 

6.8) containing 100 mM NaCl, 2 mM MgCl2, and 10% glycerol.  B. Dose-responses of MII 

formation to determine Kds for TOAC343-Gtα(340-350) and Gtα(340-350) high-affinity 

peptides. The measurements were made independently with different preparation of ROS and the 

graphs were not normalized to overlap initial and final values. 

 

Figure 4.  Binding and dissociation kinetics for high-affinity spin-labeled peptides.  A) 

Transient EPR changes for the TOAC343-Gtα(340-350) high-affinity peptide collected at the 

centerfield trough of the free peptide spectrum are plotted as a function of time after the laser 

flash. The gray, green, and red traces were collected at peptide concentrations of 2.5 mM, 250 

and 50 µM, respectively. The rhodopsin concentration was 250 µM. The samples were in 20 mM 

MES buffer (pH 6.8) containing 100 mM NaCl, 2 mM MgCl2, and 10% glycerol. All three traces 

were well fit with a single exponential function with a lifetime of 5.8 ms (black solid lines). B) 

EPR absorption spectra as a function of time following the rapid transient showing the decay of 

the immobile spectral component and the appearance of a mobile species for the TOAC343-

Gtα(340-350) high-affinity peptide and C, for Proxyl-Gtα(340-350) high-affinity peptides. The 

arrows indicate the direction of the line-shape changes in time. D) Decay of the bound 

component with time; blue circles, TOAC343-Gtα(340-350) high-affinity peptides; red triangles, 
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Gtα(340-350) Proxyl-Gtα(340-350) high-affinity peptides. A single exponential (black line) of 

time constant 8 min was fit to the data. 

 

Figure 5.  DEER distance measurements for the double spin-labeled peptide 

Proxyl/TOAC
348

-Gtαααα(340-350). A) Diagram of the high affinity double-labeled undecapeptide. 

A range of distances between spin labels was anticipated in the unbound peptide in solution; B) 

Estimation of the dissociation constant of the peptide. EPR spectrum of 90 µM ROS mixed with 

50 µM peptide before (black trace) and after (red trace) photobleaching. The individual spectral 

components were obtained as above, and a Kd of 65 µM was determined. The samples were in 

20 mM MES buffer (pH 6.8) containing 100 mM NaCl, 2 mM MgCl2, and 10% glycerol. C) 

Dipolar evolutions functions for the unbound (black trace) and rhodopsin bound (red trace) 

peptide. The ROS and peptide concentrations were 250 and 200 µM, respectively. The green 

traces represent fits to the data using Tikhonov regularization as implemented in the DEER 

Analysis 2009 software package (see Methods). The high frequency oscillations observed in the 

unbound peptide dipolar evolution function are electron/proton ESEEM signals that are not fit 

using the DEER Analysis software package.   D) Dipolar spectra of the unbound (black trace) 

and rhodopsin-bound (red trace) peptide. The gray highlighted regions indicate frequencies 

where ESEEM signals appear. E) Distance distributions for the unbound (black trace) and 

rhodopsin-bound (red trace) peptide, and F) Model of the rhodopsin bound double-labeled 

Proxyl/TOAC348-Gtα(340-350) high-affinity peptide based on the peptide-bound crystal 

structure of opsin (39). Helix 5, 6, 7, and 8 in opsin are colored cyan, red, purple, and orange 

respectively. The peptide ribbon is shown in yellow while side chains are shown as sticks. The 

distance as measured by DEER between the two spin labels matched that predicted from NMR 
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structural data (model not shown) as well as the peptide-bound crystal structure of opsin (39). 

The Proxyl side chain is more solvent exposed and is projected toward the helix 5/6 loop in 

opsin, while TOAC-348 is buried near the helix 7/8 interface. Steric contacts between TOAC-

348 and opsin likely reduce its binding affinity relative to other spin-labeled peptides (Kd 

(Proxyl/TOAC348-Gtα(340-350)) = 65 µM). 
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