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Figure S1 MALDI-ToF mass spectra of representative Gai1 Hexa I Cysteine mutants (C63, 
C180 and C209) and their Alexa 488 (C5) adducts.  “D” Values represent the observed or 
calculated mass difference between the Gai1 Hexa I cysteine mutant and its Alexa 488(C5) 
adduct.  
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Figure S2  Intrinsic and Ric-8A-catalyzed GTPgS binding rates of Gai1 Hexa I cysteine mutants 
and their Alexa 488(C5) adducts.  GTPgS binding was assayed by the change in intrinsic 
tryptophan fluorescence as described (see main text). Briefly, freshly prepared Gαi1 (both 
labeled and unlabeled) were diluted to 1 µM in 20 mM HEPES pH 8.0, 100 mM NaCl, 10 mM 
Mg2+, 0.05% C12E10 in the presence of absence of 1.5 µM Ric-8A.  GTPγS was added to the 
sample at a final concentration of 10 µM to initiate nucleotide exchange. The reaction was 
monitored by emission at 340 nm after excitation at 295 nm (10-nm bandpass excitation and 
emission) continuously for 20 min using a Perkin-Elmer LS 55 luminescence fluorimeter.  Three 
individual data sets for each sample were globally fit to a single exponential function to 
determine the rate using the program OriginPro 9.0.  
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TIME-RESOLVED FLUORESCENCE ANISOTROPY 

Data collection: fluorescence anisotropy decay measurements were carried out using the FLASC 
1000 (Quantum Northwest, Liberty Lake, WA), as described (1). Excitation was provided by ~ 70 
ps pulses (FWHM) at a repetition rate of 10 MHz from a 470-nm laser diode (LDH-P-C-470; 
PicoQuant GmbH, Berlin). Vertical or horizontal components of excitation were selected by a 
rotating Glan-Thompson polarizer (Karl-Lambrecht, Chicago, IL). The vertical and horizontal 
components of the emission (VV and VH, respectively, with vertical excitation) were resolved by 
a beam-splitting Glan-Thompson polarizer (Karl-Lambrecht, Chicago, IL), thereby allowing 
simultaneous collection of of VV and VH decay curves. The fluorescence emission was selected 
by 525/50-nm (Chroma Technology Corp., Bellows Falls, VT) band-pass filters, and IBH model 
TBX-04 photomultipliers (Glasgow, Scotland) were used for single-photon counting. V and H 
decay curves were collected semi-simultaneously for equal times using a PRT 400 router and 
TimeHarp 200 PCI board (PicoQuant GmbH, Berlin) until 4x104 counts (timing resolution of 35 
ps/channel) were obtained at the maximum of the V curve. The instrument response function (IRF) 
is scatter from colloidal silica. 

Data analysis: The time-resolved 
anisotropy decay is given by 

𝑟 𝑡 =
𝐼%% 𝑡 − 𝐼%' 𝑡
𝐼%% 𝑡 + 2𝐼%' 𝑡  

The vertical and horizontal decay 
curves (V and H in Figure S3), obtained 
with vertical excitation, were fit 
simultaneously (global fit) by iterative 
re-convolution of trial decay functions 
with the IRF using the FluoFit Pro 
v4.6.6.0 analysis software package 
(PicoQuant GmbH, Berlin).  The 
anisotropy decay data were fit as sums 
of exponentials according to the 

following relationships (2): 
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where ai and ti are the amplitude and lifetime of the ith intensity decay component; bj and fj are 
the relative amplitude and correlation time of the jth rotational decay component, and the sum of 

Figure S3 Anisotropy decay data: Ax330 Gai1•GDP 
at 25 ºC. The left-hand and right-hand plots show the 
parallel (V) and perpendicular (H) decay curves (black) and 
IRFs (grey) for the anisotropy decay (35 ps/channel).	
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bj for all anisotropy components is equal to the time-zero limiting anisotropy, r0. The correction 
factor 𝐺 = 𝐼'%𝑑𝑡 𝐼''𝑑𝑡 was obtained by using horizontal excitation (i.e., HV and HH) to 
correct for differences in the efficiencies of the V and H detection channels; under ideal conditions 
G = 1 (28). Goodness of fit was judged by the c2 statistic, residuals and their autocorrelation (see 
below for different decay models). Error estimates of the recovered parameters were calculated at 
the 95% confidence limit using the support-plane method (3). 

Sample preparation: HPLC purified Alexa-labeled Gαi1 complexes were GDP, Ric-8A or GTPγS. 
50 mM Tris (pH 8.0), 250 mM NaCl, 2 mM DTT, 0.05% C12E10 and either 100 µM GDP, 1 µM 
Ric-8A, or 10 µM GTPγS+10 mM Mg2+, for each Gαi1 binding state, respectively were added and 
used for data acquisition. 

Results for Ax330 Gai1•GDP: The 
left-hand column of Figure S4, V1 
and H1, shows residuals and 
autocorrelation of the residuals for 
fitting the above anisotropy decay 
data with a single rotational 
correlation time, which yields a value 
of 6.59 ns, r0 of 0.202, and c2 = 2.91; 
the non-randomly distributed 
residuals and auto-correlation 
function indicate that a single 
rotational correlation time model 
yields a poor fit. Statistically 
satisfactory fits have c2 values close 
to 1.0; the residuals and 
autocorrelation function both will be 
randomly distributed about zero 
throughout the time range, as in the 
middle column for V2 and H2, a fit 
for two unconstrained rotational 

correlation times. When data for all other complexes were fit with a single rotational correlation 
time, high c2 values and non-random residuals were obtained, indicating that in all cases the Alexa 
probe is reporting complex dynamics. 

The middle column, V2 and H2, shows residuals and their autocorrelation when fitting two 
unconstrained rotational correlation times. This fit yields short and long correlation times of 
0.93 (-0.19, 0.23) ns, b short = 0.127 (-0.007, 0.007) and 15.31 (-2.15, 3.09) ns, b long = 0.131 (-0.006, 
0.005) with r0 of 0.258, c2 = 1.13. Fixing the long correlation time at 15.05 ns, the average value 
calculated from FCS data (see below), yields the same parameters and same c2 with equivalent 
residuals and autocorrelation function.  

Figure S4 The residuals and their autocorrelation for 
various fits of the Ax330 Gai1•GDP anisotropy decay data. 
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The right-hand column, V2* and H2*, shows residuals and their autocorrelation for two rotational 
correlation times when the long and short correlation times fixed at 15.05 and 2.31 ns, respectively; 
the value for the short correlation time was obtained from analysis of the anisotropy decay data of 
the Ax330 Gai1:Ric-8A complex with the long correlation time fixed at 53 ns, described below. 
The sum of bj gave r0 of 0.222 and c2 = 1.73, indicating that a short correlation time of 2.31 ns 
does not fit the anisotropy decay data for the GDP complex. 

Results for fitting Ax330 Gai1:Ric-8A data: results for the Ric-8A complex are shown in Figure 
S5 for three different models, each with two rotational correlation times.  The left-hand column, 
V2 and H2, are the residuals and autocorrelation for an unrestricted analysis.  This fit yields a short 
correlation time of 2.05 (-0.39, 0.48) ns, b short = 0.077 (-0.008, 0.009), a long correlation time of 

47.8 (-7.1, 11.7) ns, b long =	0.225 (-
0.011, 0.008) with r0 of 0.302, and 
c2 = 1.08. When the long correlation 
time is fixed at 53 ns, which is the 
average value for the global rotation 
of the Ric-8A complexes calculated 
from FCS data (see below), the short 
correlation time increases slightly to 
2.31 (-0.22, 0.25) ns with b short = 
0.082 (-0.003, 0.003) and b long = 
0.219, yielding a similar r0 of 0.301, 
the same c2 statistic of 1.08, and 
similar residuals and autocorrelation. 

The middle column, V2* and H2*, 
shows residuals and autocorrelation 
for two rotational correlation times 
when the shorter component is fixed 
at 0.93 ns, a value obtained from 
analysis of the Ax330 Gai1:Ric-8A 
complex (above), and the longer 

component fixed at 53 ns, the value obtained from the FCS data (see below). This gave r0 of 0.323 
and c2 = 1.37. The nonrandom residuals and autocorrelation at early times in the decay (within 5 
ns) of both V2* and H2* indicate that a short correlation time fixed at 0.93 ns (about half the value 
of that obtained from either fit described in the preceding analysis) does not fit the anisotropy 
decay of the Ric-8A complex.  

The right-hand column, V2** and H2**, shows residuals and their autocorrelation for two 
rotational correlation times when the long correlation time is fixed at 15.05 ns, the value obtained 
from FCS (see below) measurements used in analysis of the Ax330 Gai1•GDP complex (above). 

Figure S5 The residuals and their autocorrelation for 
fits of the Ax330 Gai1:Ric-8A anisotropy decay data. 
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This gave r0 of 0.294 with essentially no contribution from a shorter correlation time, and c2 = 2.60.  
Visual inspection of the residuals and their autocorrelation clearly shows that a long rotational 
correlation time of 15 ns does not fit the anisotropy decay of the Ax330 Gai1:Ric-8A complex. 

FLUORESCENCE CORRELATION SPECTROSCOPY 

Data collection: FCS measurements were carried out using 
an inverted-confocal Olympus IX71 microscope fitted with a 
60X 1.2-NA water-objective.  A 468-nm pulsed-diode laser 
(20-60 µW, 20 MHz Model LDH-P-C-470 PicoQuant 
GmbH, Berlin) was used for excitation. The fluorescence 
emission was isolated by a 535/50-nm bandpass filter 
(Chroma Technology Corp., Bellows Falls, VT) with 
detection using avalanche photodiodes (APD) (Perkin-Elmer 
model SPCM-AQR-14-FC). The Alexa 488 (C5) β-ME 
adduct was used to optimize the confocal optical train by 
measuring the dye’s molecular brightness (counts-1 molecule-

1 sec-1), and the confocal volume properties were determined 
using a translational diffusion coefficient of 420 ± 5 µm2 s-1 
at 21.5°C (value and range calculated from the literature (4-
6)).  Figure S6A shows example data for the Ax330 GDP and 
Ric-8A complexes and Figure S6B shows residuals from 
single-species fits. Recovered FCS parameters are listed in 
Table 1 of the paper. 

Labeled protein complexes were prepared as described 
above. One mL of 50-100 pM protein sample was placed in a 
cylindrical confocal microscope sample chamber fitted with 
optical grade disposable cover slips.  

Typical data collection times were five minutes.  
SymPhoTime v5.3.2.2 (PicoQuant GmbH, Berlin) software 
was used for data acquisition and analysis. 

Data Analysis: Fluorescence fluctuations in time, 
𝜕𝐹 𝑡 ≡ 𝐹 𝑡 − 𝐹 𝑡 , 

 can be induced by a variety of processes and depend on 
various photo-physical parameters (2).  Following the 
treatment of Schwille et al., (7-10), the normalized 
fluorescence fluctuation autocorrelation function Gii(τ), with 
lag time τ, is defined as: 

𝐺.. 𝜏 =
𝜕𝐹. 𝑡 ∙ 𝜕𝐹. 𝑡 + 𝜏

𝐹. 𝑡 C  

G
(t)

/G
(0

) 

ms 
Figure S6A Normalized FCS 
curves for Ax330 Gai1:Ric-8A (----), 
Ax330 Gai1•GDP (¾¾), and Alexa 
488 b-ME adduct (-•-•-•-). 

ms 

Figure S6 B Residuals for single 
species fits of Ax330 Gai1•GDP (Top), 
Ax330 Gai1:Ric-8A (Middle), and 
Alexa 488-b-ME adduct (Bottom).  
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Assuming the intensity fluctuations are due to changes in concentration (so-called number 
fluctuations), they can be described by a normalized three-dimensional diffusion autocorrelation 
function for species i: 

𝐺.. 𝜏 = 𝜌.(1 +
𝜏
𝜏.
)0;(1 +

𝜏
𝜏.𝜅C

)0
;
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.:;

 

where 𝜌. =
;
H

<
.:;  is the inverse of the average number of molecules inside the effective 

measurement volume, 𝑉JKK = 𝜋
M
N𝜔PC𝑧P, and 𝜏. =

RSN

TU4
	is defined as the average lateral diffusion time 

for a molecule of species i through Veff. The ellipticity of Veff is defined as 𝜅 = WS
RS

, the ratio of 

vertical to horizontal radii.   Thus, when Veff is properly calibrated with a known standard, a 
translational diffusion coefficient (𝐷.) can be easily derived from the characteristic decay time, τi. 
The shape of Gii (τ), however, can be significantly distorted by dye converting from the singlet 
excited state to the triplet state, which is on the same timescale as diffusion and independent of 
calibration. APD shot-noise and after-pulsing also can contribute to apparent triplet state 
distortion.  Accordingly, a triplet-state “character” τT, is incorporated in Gii (τ): 

𝐺.. 𝜏 = 1 − 𝑇 + 𝑇𝑒0
3
3Z 𝜌.(1 +

𝜏
𝜏.
)0;(1 +

𝜏
𝜏.𝜅C

)0
;
C

<

.:;

 

and 𝜌. =
;

H ;0[
<
.:; . 

To reduce shot-noise and effects of after-pulsing, a lifetime gating filter was applied, eliminating 
the need for cross-correlation (11, 12) . However, a triplet-state correction was still necessary.   

Global rotational correlation times, used for fitting anisotropy decay data (above), were calculated 
by using the Stokes-Einstein and Stokes-Einstein-Debye relations  (2, 9): 

𝐷1\]<^_]1.`<]_ =
𝑘b𝑇
6𝜂𝜋𝑟 

and 

𝐷\`1]1.`<]_ =
𝑘b𝑇

6𝜂	 43 𝜋𝑟
f
	, 

respectively, relate translational diffusion to rotational diffusion such that  

𝐷\`1]1.`<]_ = 𝐷1\]<^_]1.`<]_
3
4𝑟C	, 

where kB is Boltzmann’s constant, T is temperature, 𝜂 is the viscosity of the medium and r is the 
hydrodynamic radius of a spherical rotating body.  
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