
180  |        FASEB BioAdvances. 2022;4:180–196.www.fasebbioadvances.org

1   |   INTRODUCTION

Pulmonary  vasodilation  is  mediated  by  endothelial  ni-
tric oxide acting via the cyclic guanosine monophosphate 

pathway,  and  by  circulating  prostacyclin  acting  through 
the  cyclic  adenosine  monophosphate  (cAMP)  pathway. 
Persistent  pulmonary  hypertension  of  the  newborn  is 
a  syndrome  characterized  by  disruption  of  circulatory 
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Abstract
Activation  of  adenylyl  cyclases  (ACs)  by  G- protein  Gαs  catalyzes  the  produc-
tion of cyclic adenosine monophosphate (cAMP), a key second messenger that 
regulates diverse physiological responses. There are 10 AC isoforms present  in 
humans, with AC5 and AC6 proposed to play vital roles in cardiac function. We 
have previously shown that under hypoxic conditions, AC6 is amenable to post- 
translational  modification  by  nitrosylation,  resulting  in  decreased  AC  catalytic 
activity. Using a computational model of the AC6– Gαs complex, we predicted key 
nitrosylation- amenable cysteine residues involved in the interaction of AC6 with 
Gαs and pursued a structure– function analysis of these cysteine residues in both 
AC6 and Gαs. Our results based on site- directed mutagenesis of AC6 and Gαs, 
a constitutively active Gαs, AC activity, and live cell  intracellular cAMP assays 
suggest that Cys1004 in AC6 (subunit C2) and Cys237 in Gαs are present at the 
AC– Gαs interface and are important for the activation of AC6 by Gαs. We further 
provide mechanistic evidence to show that mutating Cys 1004 in the second cata-
lytic domain of AC6 makes it amenable to inhibition by Gαi, which may account 
for decreased functional activity of AC6 when this residue is unavailable.
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adaptation at birth, resulting in varying degrees of hypoxic 
respiratory failure.1 The ensuing hypoxemia and metabolic 
acidosis start a vicious cycle of increased pulmonary vas-
cular  resistance  and  further  hypoxemia,  with  often  fatal 
outcomes.  Pulmonary  and  cardiac  tissues  are  often  hy-
poxic at the time of therapeutic intervention, which may 
impair  responsiveness  to vasodilator  therapy.2– 5 Hypoxia 
is known to attenuate  the sensitivity of pulmonary arte-
rial adenylyl cyclase (AC) to prostacyclin6 or β- adrenergic 
stimulation.7

The AC– Gαs– cAMP pathway is a key pathway for pul-
monary vasodilation and cardiac contraction. Binding of 
Gαs to AC results in the generation of intracellular cAMP.8 
ACs are ubiquitously expressed, plasma membrane asso-
ciated proteins consisting of six transmembrane domains 
and two cytosolic catalytic domains (C1 and C2). The nine 
membrane- bound  AC  isoforms  share  a  common  topol-
ogy.9,10 The cytoplasmic domains of AC create a pseudo-
symmetrical site that is primed for bidirectional regulation 
by either the stimulatory or inhibitory G proteins. Despite 
their topographical similarity, each isoform displays vary-
ing degrees of structural similarity and distinct patterns of 
regulation; AC isoforms 5 and 6 can be activated by GTP- 
activated Gαs11,12 as well as by allosteric activator forsko-
lin,13 and are inhibited by Gαi.14,15

We previously demonstrated the predominance of AC 
isoform  6  expression  in  pulmonary  arterial  myocytes.16 
AC6 catalytic activity is known to be attenuated by nitric 
oxide17; and under hypoxic conditions is inhibited due to 
S- nitrosylation,16 a reversible post- translational modifica-
tion of proteins that can occur during hypoxia,18 targeted 
at  specific  cysteines.19,20  As  nitrosylation  occurs  only  on 
specific cysteine residues, this also implicates cysteine res-
idues in AC6 activation.

Cysteines are the least abundant residues in proteins, 
but also the most conserved, critical to structure and func-
tion.  Analysis  of  the  primary  structure  of  different  AC 
isoforms  demonstrates  some  highly  conserved  cysteine 
residues within the most conserved parts of the catalytic 
site. The  long history of examination of  the structure of 
AC  catalytic  domains  has  been  largely  derived  from  the 
crystal structure of AC5 and AC2 catalytic subunits, and 
recently  the  AC9  holoenzyme.21– 23  The  juxtaposition  of 
the  catalytic  C1  and  C2  domains,  forming  a  functional 
heterodimer, is altered by the interaction of AC with Gαs, 
resulting in AC catalytic activity. Cysteines located at po-
sitions 432, 441 and 444 in the C1 domain of rat AC5 were 
identified to be involved in its binding to the second cat-
alytic domain as well as to its substrate ATP.22 These C1 
cysteines, plus C441 located in C2 also participate in the 
formation of the allosteric forskolin binding pocket.22 In 
AC5, C459 and C494 are important for the coupling of the 
two  catalytic  domains  and  thereby  enzyme  activation.22 

Studies of the AC– Gαs interface have mapped their con-
tact surfaces; the switch II helix of Gαs (residues 225– 240) 
inserts into the groove between the α2′ helix and the α3′– 
β4′ loop of AC C2, with the majority of interacting amino 
acids located on β4′.24 In AC2, C911 located at the edge of 
the α2′ helix in C2 was identified as adjacent to residues 
directly interacting with Gαs, and important in the binding 
of C2 to C122; but its role in securing the Gαs interaction 
was  not  characterized  functionally.  Examination  of  the 
Gαs  binding  pocket  in  AC5  and  AC6  identified  residues 
phenylalanine  1078  and  serine  1090  as  involved  in  acti-
vation.25 While  several  studies  have  noted  that  blocking 
or modifying cysteine thiol groups, using reagents such as  
N- ethylmaleimide,  and  5,5′- dithobis  (2- nitrobenzoic 
acid),  can  dose- dependently  inhibit  AC  activity,26– 29  the 
role  of  cysteines  in  AC6– Gαs  docking  has  not  been  di-
rectly examined.

While there is a range of sequence conservation for the 
catalytic  domains  among  the  various  AC  isoforms,  they 
respond to hypoxia differently16 and also demonstrate dif-
ferential  responses  to  stimulatory  and  inhibitory  G  pro-
teins15 as well as other regulatory proteins.30,31 Given the 
key role of AC6 in pulmonary hypertension and its suscep-
tibility to inhibition, we hypothesized that the blockage of 
specific cysteines in AC6 could abrogate its activation by 
Gαs. We previously published a homology model for the 
AC6– Gαs  complex and  identified highly conserved  resi-
dues in both AC6 and Gαs, predicted to play a role in their 
interaction.32  Using  the  recently  reported  cryo- electron 
microscopy structure for the bovine AC9– Gαs complex,21 
we  identified  two  critical  cysteine  residues  with  a  high 
probability for nitrosylation in our human AC6– Gαs ho-
mology  model:  C1004  in  a  conserved  region  of  the  AC- 
C2; and C237 on Gαs, at its interface with AC6. These two 
cysteines appear to form the first point of contact for Gαs 
docking with AC. In this study, we perform site- directed 
mutational analysis of these cysteines in AC6 and in Gαs, 
to  examine  their  functional  roles  in  AC6– Gαs  interac-
tion  and  AC  activation.  To  avoid  the  need  for  receptor- 
mediated activation of Gαs, a constitutively active mutant 
(CAM) of Gαs, with the well- described mutation Q227L 
slowing  its  GTPase  activity,33,34  was  used  as  a  base.  We 
then examined the roles of cysteines C1004 in AC6, and 
C237  in  Gαs  CAM,  in  determining  AC  catalytic  activity 
and intracellular cAMP generation, and in the critical reg-
ulatory balance of AC6 activation by Gαs versus inactiva-
tion by Gαi.

2   |   MATERIALS AND METHODS

The  human  embryonic  kidney  (HEK293T)  cell  line 
was  purchased  from  ATCC.  Dulbecco's  Modified  Eagle 
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Medium  (DMEM)- F12  (Gibco,  Life  Technologies),  10% 
(v/v)  heat- inactivated  fetal  bovine  serum  (FBS;  Sigma), 
and  1%  (v/v)  penicillin– streptomycin  (Gibco,  Life 
Technologies)  were  used  in  a  complete  cell  culture  me-
dium. Hygromycin (200 μg/ml; Sigma- Aldrich) was used 
in  the  selection  medium  to  generate  AC6  stable  cells. 
Zeocin  (100  µg/ml;  Thermo  Fisher  Scientific)  was  used 
in  the  selection  medium  to  generate  Gαs  WT  and  CAM 
stable cells.

DMEM/F12, FBS, penicillin– streptomycin, Lipofectamine 
2000,  and  Opti- MEM,  were  acquired  from  Thermo  Fisher 
Scientific.  N- Dodecyl  β- d- maltoside  (DM)  was  purchased 
from  Sigma- Aldrich  (Cat  #D4641).  The  CAMP- Glo  Max 
assay  kit  (Cat  #V1681)  was  obtained  from  Promega.  Gαi- 
based  cAMP  homogeneous  time- resolved  fluorescence 
(HTRF)  kit  was  obtained  from  Cis  bio  (Cat#  62AM9PEB). 
Gαi  inhibitor, Tat- GPR was purchased from Kerafast  (Cat# 
ESC101).  APC  anti- FLAG  tag  antibody  (Cat  #637308)  and 
anti- HA- Alexa Fluor 488 antibody (Cat #901509) were pur-
chased from Biolegend; anti- HA tag antibody from Genscript 
(ab18181); anti- FLAG antibody from abcam (ab245895). Gαs 
antibody was purchased from Proteintech (Cat #17903- 1AP); 
Gαi antibody from Santa Cruz (sc- 7276) and native AC6 anti-
body from abcam (ab 14781).

For  co- immunoprecipitation  (IP),  Anti- HA  mag-
netic beads were purchased from Thermo scientific  (Cat 
#88836), Anti- FLAG M2 magnetic beads were purchased 
from Sigma (Cat #M8823), magnetic anti- IgG beads were 
purchased from Cell Signaling Technologies (Cat #5873). 
Protease  inhibitors  and  common  chemicals  were  pur-
chased from either Fisher or Sigma.

2.1  |  Molecular modeling of AC6 and 
Gαs complex

The  cryo- electron  microscope  structure  of  the  bovine 
AC9– Gαs  complex  was  recently  reported  for  the  full- 
length  AC9  isoform.21  We  performed  Clustal  Omega 
pairwise sequence alignment to check the homology be-
tween the human AC6 and AC9, as well as the human 
AC6 and bovine AC9. We then built a molecular model of 
AC6– Gαs complex protein using the available AC9- Gαs 
cryoEM (PDB ID: 6R3Q) structure as a template on the 
Maestro  platform  (Schrodinger  Maestro  v11  suite).  To 
check the other templates, the amino acid sequences of 
AC6 (UniProtKB- O43306) and Gαs (UniProtKB- P63092) 
were  submitted  to  the  I- TASSER  server  (https://zhang 
lab.ccmb.med.umich.edu/I- TASSE R/). The server gives 
ten  templates  using  the  LOMETS  meta- server  thread-
ing  approach,  which  performs  the  multiple  template 
alignment  from  the  PDB  library.  Model  number  6R3Q 
was  found  to  be  one  of  the  best,  with  a  high  template 

modeling  score  (TM,  which  assesses  the  topological 
similarities  of  protein  structures).  After  building  the 
homology model, a protein preparation wizard was per-
formed  in  Maestro  to  fill  the  missing  side  chains  and 
loops.  The  loops  of  side  chains  of  the  AC6– Gαs  struc-
ture were further refined by loop refinement. The model 
was energy minimized according to Maestro guidelines 
by  selecting  all  atoms  and  performing  65  steps  per  it-
eration  with  0.01  kcal/mol/Å  root- mean- square  (RMS) 
gradient  for  convergence  using  the  PRIME  module  of 
Schrodinger  software.  The  model‘s  quality  was  checked 
using  Procheck  (https://servi cesn.mbi.ucla.edu/PROCH 
ECK/).35  Ramachandran  plot  showed  99.1%  of  residues 
were  in  favorable  and  allowed  regions.  The  complex  of 
AC6– Gαs  was  further  analyzed  to  study  the  interaction 
using PyMol molecular visualization software.

2.2  |  Recombinant plasmid DNA and 
transfections

Using a targeted substitution mutagenesis approach to re-
veal the function of a cysteine's reactive thiols without al-
tering residue bulk or hydrophilicity, human AC isoform 
six wild- type (AC6 WT) and AC6 containing alanine sub-
stitutions at positions C1004, C1145, or C447, as well as 
the Gαs wild- type (Gαs WT), and Gαs (Q227L) CAM mu-
tant with or without cysteine- to- alanine substitution mu-
tations  at  C162,  C174,  and  C237,  were  codon- optimized 
for expression in the mammalian cells, and commercially 
synthesized  (GenScript  Inc.)  as  previously  described.36 
All  the cysteine- to- alanine mutations  in Gαs were made 
in the CAM (Gαs CAM), and are designated as Gαs CAM 
(C162A), Gαs CAM (C174A), and Gαs CAM (C237A).

The  AC6,  Gαs  WT,  and  mutant  gene  sequences  con-
sisted of a FLAG and HA epitope coding sequence at the 
5′  and  3′- end  genes,  respectively.  These  plasmids  were 
cloned  into  a  mammalian  expression  vector,  pcDNA3.1- 
Hygro  (+)  for  AC6  and  pcDNA  3.1- Zeo  (+)  for  Gαs. 
HEK293T  cells  were  maintained  in  DMEM/F12  (1:1) 
media  supplemented  with  10%  FBS,  100  U/ml  penicil-
lin,  and  0.1  mg/ml  streptomycin  at  5%  CO2  and  37°C. 
HEK293T  cells  were  transfected  with  3  μg  of  DNA  per 
5 × 106 cells using Lipofectamine 2000 in six- well plates. 
The wild- type AC6 and CAM mutants were transiently or 
stably expressed in HEK293T cells using protocols as de-
scribed previously.36– 38

2.3  |  Flow cytometry

HEK293T  cells  stably  expressing  AC6– FLAG,  AC6 
(C1004A)– FLAG,  and/or  Gαs– HA  were  used  to  detect 

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6R3Q
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://servicesn.mbi.ucla.edu/PROCHECK/)
https://servicesn.mbi.ucla.edu/PROCHECK/)
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expression  using  a  BD  FACS  canto  analyzer.  Briefly, 
100,000  cells  were  washed  using  ice- cold  fluorescence 
activated cell sorting (FACS) buffer (0.5% bovine serum 
albumin  in  1×  phosphate- buffered  saline  [PBS]),  fol-
lowed by fixation with 4% paraformaldehyde. Cells were 
then  permeabilized  with  0.2%  saponin  in  FACS  buffer 
and incubated with mouse monoclonal APC conjugated 
anti- FLAG antibody (1:300 dilution) and/or rabbit mon-
oclonal  Alexa  Fluor  488- anti- HA  antibody  (1:300  dilu-
tion) for 1 h on ice. HEK293T with APC and Alexa Fluor 
488  conjugated  IgG  antibody  were  used  as  negative 
control. The cells were  then washed  thrice with FACS 
buffer and were resuspended in 200 μl of the same. The 
fluorescent  intensity  was  measured  using  a  BD  FACS 
Canto analyzer and quadrant gating was used  to  iden-
tify the percentage of cells expressing AC6– FLAG and/
or Gαs– HA.

2.4  |  Determination of intracellular  
cAMP

The cAMP assays were carried out in HEK293T stably or 
transiently expressing AC6 or Gαs using a live cell cAMP 
assay  kit  (cAMP  GloMax  Kit  Promega)  per  manufac-
turer's instructions. Briefly, 24 h after transient transfec-
tion, 20,000 cells (96- well white transparent bottom plate) 
were used for a cAMP assay,  in the presence or absence 
of 10 µM forskolin for 15 min. Luminescence was meas-
ured using a FlexStation 3 microplate reader (Molecular 
Devices).  The  assays  were  carried  out  3– 5  times  each 
and data were analyzed using PRISM software version 8 
(GraphPad Software, Inc.); cAMP values were expressed 
in nM.

Gαi- based  cAMP  accumulation  was  measured  using 
an  HTRF- based  cAMP  kit  (CisBio)  as  described  previ-
ously.39,40 To measure Gαi- mediated inhibition, 2500 cells/
well were added in triplicate wells in white 96- well plates 
(low volume white microplate, CisBio) in the absence or 
presence  of  3  mM  forskolin. The  detection  range  of  the 
HTRF- based  cAMP  kit  is  150– 718,000  pM.  Cells  were 
treated for 20 min with 100 nM of Gαi  inhibitor peptide 
Tat- GPR  (TMGEEDFFDLLAKSQSKRMDDQRVDLAK), 
as per the manufacturer's recommendation and previous 
use.41,42  Isobutylmethylxanthine  (IBMX)  (100  μM)  was 
 included  to  prevent  cAMP  degradation  during  30  min 
stimulation  on  a  plate  shaker  at  room  temperature. 
HTRF was measured using a Flex  station 3 plate  reader 
(Molecular  Devices).  Fluorescence  resonance  energy 
transfer (FRET) ratios (665/615 nm) were extrapolated to 
cAMP concentrations using a standard curve according to 
the manufacturer's instructions.

2.5  |  Cell harvesting, cell lysis, and 
membrane preparation

The membranes were prepared from HEK293T cells sta-
bly  expressing  AC6  WT  and  mutants  using  previously 
published protocols.43 The high confluent culture plates 
were kept on ice prior to harvesting, rinsed twice with 
cold  (PBS),  then  cells  were  collected  by  scraping  and 
centrifuging at 500 g  for 5 min at 4°C. The cell pellets 
were  then  resuspended  in  5  ml of  lysis  buffer  (10  mM 
Tris- HCl, pH 7.4 containing protease inhibitors), poured 
into a 15- ml dounce  tissue homogenizer  (Kinematica), 
and homogenized twice with 30 strokes each. The sus-
pension  was  centrifuged  at  300  g  for  10  min,  and  the 
pellet was discarded. The supernatant was then centri-
fuged at 48,000 g for 40 min. The resulting pellet was re-
suspended in 10 ml of buffer (50 mM Tris- HCl [pH 7.4], 
12.5 mM MgCl2, containing protease inhibitors), and the 
suspension again centrifuged at 48,000 g for 40 min. The 
resulting pellet was resuspended in 1 ml of the suspen-
sion  buffer  (20  mM  Tris- HCl  [pH  7.4],  500  mM  NaCl, 
10% glycerol, 1% DM, and protease inhibitors), and ali-
quots of the suspension were snap- frozen and stored at 
−80°C.

For  obtaining  total  cells  lysates,  cells  were  collected 
in ice- cold PBS. The cells were then resuspended in lysis 
buffer  (50  mM Tris- HCl  [pH  7.4],  12.5  mM  MgCl2,  con-
taining protease inhibitors) followed by lysis by sonication 
(Branson  Sonifier  450),  then  centrifuged  at  10,000  g  for 
15 min to clear the lysate. The protein concentration was 
determined  using  a  modified  DC  protein  assay  kit  from 
Bio- Rad Laboratories.

2.6  |  Western blot analysis

Membrane enriched extracts and whole cell extracts were 
fractionated  by  sodium  dodecyl  sulfate- polyacrylamide 
gel  electrophoresis  and  transferred  to  a  polyvinylidene 
difluoride  membrane  using  a  transfer  apparatus  accord-
ing to the manufacturer's protocols (Bio- Rad). For AC6– 
FLAG detection, after transferring, the membranes were 
first blocked by incubation with 5% non- fat milk in TBST 
(10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20) for 
60 min, the membrane was washed once with TBST and 
incubated with antibodies against FLAG (1:1000), hAC6 
(1:1000),  Gαs  (1:1000),  Gαi  (1:1000),  HA(1:1000),  or  
β- actin  (1:10,000)  at  4°C  for  12  h.  Membranes  were 
washed thrice with TBST for 10 min and incubated with 
a  1:3000  dilution  of  horseradish  peroxidase- conjugated 
anti- mouse  or  anti- rabbit  secondary  antibodies  for  2  h. 
Blots were washed with TBST three times and developed 



184 |   BHAGIRATH et al.

with the ECL system (Bio- Rad) according to the manufac-
turer's protocols.

2.7  |  AC activity

Adenylyl cyclase activity assay was performed as described 
previously.16,44  HEK  293T  cells  stably  or  transiently  ex-
pressing AC6 WT, Gαs WT, or Gαs CAM as well as their 
respective  cysteine  mutants  were  lysed  in  20  mM  Tris 
buffer pH 7.4 containing protease inhibitors. Lysates were 
adjusted to 3 μg protein/μl and AC activity assay was car-
ried out in 96- black- well plates with serial wells holding 
50 µl of 3 mM ATP and 50 µl of terbium- III norfloxacin 
(0.5 and 0.1 mM respectively) with 10 mM MgCl2, 20 μM 
CaCl2 and 1% bovine serum albumin in 20 mM Tris- HCl, 
at  37°C.  The  reaction  was  initiated  by  addition  of  50  μl 
lysate. Fluorescence intensity of terbium- norfloxacin was 
acquired by FlexStation3 (Molecular Devices; 337 nm ex-
citation,  545  nm  emission)  and  these  experiments  were 
performed three times in triplicate. Baseline fluorescence 
due to the immediate ATP binding to terbium- norfloxacin 
decreases  only  after  the  addition  of  AC- containing 
lysate.  This  AC- specific  activity  is  measured  by  the  loss 
of   ATP- bound  terbium- norfloxacin  fluorescence  due  to 
ATP- to- cAMP conversion44 and is represented as Δ fluo-
rescence/min/mg protein.

2.8  |  AC6– Gαs/Gαi co- IP

For  AC6– Gαs  co- IP,  FLAG- tagged  AC6  and  HA- tagged 
Gαs,  or  HA- tagged  Gαs  CAM  were  co- expressed  in 
HEK293T  cells.  The  cells  were  lysed  using  previously 
described  protocols  with  minor  modifications.45  Briefly, 
the cells were washed twice with ice- cold PBS and resus-
pended in lysis buffer (50 mM Tris- HCl, pH 7.4, supple-
mented with protease  inhibitors)  followed by sonication 
(three cycles of 15 s each), and clarification by centrifu-
gation  at  15,000  g  for  10  min  at  4°C.  For  examination 
under reducing conditions, cells were collected into pre- 
boiled reducing lysis buffer with 50 mM Tris and 70 mM 
β- mercaptoethanol  as  a  reducing  agent  and  boiled  for 
10 min before addition of cold RIPA buffer, incubation on 
ice for 15 min, and clarification by centrifugation.46 For all 
co- immunoprecipitation studies, 250 μg total protein was 
then incubated with 40 μl of anti- DYKDDDDK antibody 
bound beads and anti- HA beads at 4℃ overnight. Mouse 
anti- IgG beads were incubated with the same amount of 
total protein as a negative control. Similarly, for AC6– Gαs/
Gαi pulldown assay, AC6 WT and mutant cells were first 
collected in ice- cold PBS. Cell lysates were prepared as de-
scribed before and 250 μg of total proteins were incubated 

with 40 μl of anti- DYKDDDDK antibody bound beads at 
4℃ overnight.

The  immunoprecipitated  proteins  on  beads  were 
washed  three  times  with  lysis  buffer  and  solubilized 
in  Laemmli  sample  buffer  (no  β- mercaptoethanol).  
β- mercaptoethanol was added to lysates just prior to load-
ing  the  gels.  For  AC6– Gαs  co- IP  assay,  the  membranes 
were  probed  for  both  FLAG  and  HA.  For  AC6– Gαs/Gαi 
pulldown the membrane was probed with FLAG for AC6, 
as well as bound endogenous Gαs and Gαi using respec-
tive antibodies.

2.9  |  Statistical analysis

Statistical  analyses  were  performed  using  GraphPad 
Prism version 6.0 software. One- way analysis of variance 
and Dunnett's multiple comparison tests were used to de-
termine statistically significant differences in experiments 
involving  more  than  two  treatment  groups.  Student's 
t- test was used to determine statistical differences  in ex-
periments with two treatment groups. Statistical analysis 
was  performed  from  a  minimum  of  three  independent 
experiments  to  determine  statistical  significance  wher-
ever applicable. *p < 0.05, **p < 0.01, ***p < 0.001; ns is 
non- significant.

3   |   RESULTS

3.1  |  Computational model of AC6– Gαs 
interaction

A  pairwise  sequence  alignment  showed  23.9%  sequence 
homology  between  human  AC6  and  AC9,  whereas  33% 
similarity  was  observed  between  the  human  AC6  and 
bovine  AC9.  To  characterize  AC6  interaction  with  Gαs, 
we built a 3D structure of the AC6– Gαs complex protein 
using  a  homology  modeling  approach,  with  the  known 
bovine  AC9- Gαs  cryoEM  structure  as  a  template.21  The 
AC6– Gαs  interaction is predicted to occur in the second 
catalytic domain of AC6 and is relevant to cAMP produc-
tion. AC6 structure from the N to C termini can be divided 
into four main regions: the six TM domains (TM1– TM6), a 
cytosolic region that includes a catalytic domain (C1a and 
C1b),  followed  by  the  second  TM  region  (TM7– TM12), 
and then the second cytosolic catalytic domain (C2a and 
C2b). The most conserved portions are the C1a and C2a 
domains,  which  belong  to  the  class  III  nucleotidyl  cy-
clases.  We  have  not  included  forskolin  in  the  computa-
tional model because it is known to bind at an allosteric 
site with no influence on Gαs binding. We have also not 
included any modifications to Gαs.
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The  computational  structure  showed  Gαs  predom-
inantly  interacts  with  the  catalytic  domain  C2  of  AC6. 
The C1004 residue  is present at  the C2 catalytic domain 
close  to  the  Gαs– protein  interface.  Our  previously  pub-
lished sequence analysis showed that C1004 in the motif 
“ANNEGVECLRLLNEI” might play an important role in 
AC6 structure and  function.32  In  the newly built model, 
C237 residue in Gαs is the closest cysteine at the AC6– Gαs 
interface, and the distance between the residues C1004 in 
AC6 and C237  in Gαs  is estimated at 7.7 Å (Figure 1A). 
Based on this model, we hypothesized that these two cys-
teine residues, AC6 (C1004) and Gαs (C237), might inter-
act  reversibly  or  form  a  disulfide  bridge  facilitating  AC 
activation. To  delineate  the  roles  of  these  specific  cyste-
ines, we also chose to mutate one cysteine close to the site 
of interaction (C1145), and one cysteine farther from the 
site of interaction (C447) in AC6; and C162 and C174 in 
the Gαs CAM. These cysteines were identified as free and 
amenable to post- translational modification in our previ-
ous study.32

3.2  |  Co- IP of AC6 and Gαs

To  experimentally  analyze  the  role  of  AC6– C2  C1004 
in  the  interaction,  we  first  stably  co- expressed  both  the 
FLAG- tagged  wild- type  AC6  or  the  FLAG- tagged  AC6 
(C1004A),  and  HA- tagged  WT  Gαs  in  HEK293T  cells. 
Figure  1B  shows  the  FACS  plots  for  the  AC6  WT– Gαs 
WT  and  AC6  (C1004A)– Gαs  WT  stably  co- expressing 
cells, confirming the expression stoichiometry. We then 
prepared the total cell lysates for the HEK293T cells sta-
bly co- expressing both AC6 and Gαs and performed co- 
IP using both anti- FLAG and HA beads  to examine the 
pulldown of AC6 and Gαs in the WT and C1004A mutant. 
In Figure 1C, co- IP studies of AC6 WT (left panels) ver-
sus AC6 C1004A (right panels)  indicated  that mutating 
C1004 in AC6 visibly diminished the association of AC6 
(IP- FLAG) with Gαs (WB- HA); however, this comparison 

did  not  achieve  statistical  significance  due  to  inherent 
variability  between  co- precipitation  blots  (Figure  S1). 
Mouse IgG was used as the negative control for this ex-
periment. Co- precipitation of AC6 WT with Gαs WT was 
not diminished by reducing conditions (data not shown), 
so  the  formation of a  covalent disulfide between C1004 
in AC6 and Cys237 in Gαs cannot be imputed; only that 
these two cysteines appear to be involved in the intermo-
lecular interaction necessary to activate AC6. To address 
the possibility  that  the Gαs conformation  in  its  inactive 
state was affecting its interaction with the docking inter-
face  of  either  AC6  or  AC6  C1004A,  we  used  a  GTPase- 
impaired CAM, Gαs Q227L. Termed here the Gαs CAM, 
this mutant remains GTP- bound, resulting in the mainte-
nance of an active state with the correct switch II confor-
mation for interaction with AC. Figure 1D shows co- IP of 
AC6 WT or AC6 C1004A with Gαs Q227L; similar to the 
WT Gαs data, mutation of AC6 C1004 decreased the in-
tensity of the co- precipitated band for Gαs, as visualized 
by antibody to HA. This comparison was statistically sig-
nificant (p<0.001). Densitometric analyses of co- IP blots 
are presented in Figure S1.

3.3  |  Mutation of cysteine residues in AC6  
affects AC activity and cAMP generation

ACs are activated in response to the occupation of Gαs 
at  their  binding  sites.47  Intracellular  cyclic  AMP  con-
centrations  are  principally  controlled  at  the  level  of 
its  synthesis,  by  ACs,  which  converts  ATP  into  cAMP 
(Figure 2A). To understand the role of the predicted res-
idues in AC6 function, we mutated the selected cysteine 
residues in AC6 and Gαs to alanine. First, we examined 
the role of cysteines in AC6 and constructed HEK293T 
cells  stably  expressing  AC6  WT,  AC6  (C1004A),  AC6 
(C1145A),  and  AC6  (C447A).  Using  previously  pub-
lished  protocols  to  specifically  measure  ATP  catalysis 
by  AC11  we  measured  the  AC  activity  in  lysates  tested 

F I G U R E  1  Characterization of AC cysteine- to- alanine mutants. (A) Partial molecular model of human AC6– Gαs complex, based 
on known bovine AC9– Gαs cryoEM structure. Interactions visualized using the PyMol software: human AC6- C1 (brown), AC6- C2 
(light blue), in complex with human Gαs (green). Locations of the residues C1145 and C447 in AC6, and C162 and C174 in Gαs, are 
highlighted. Inset shows the proximity of residues C1004 of AC6- C2 interacting with C237 in Gαs. (B) AC6- FLAG and Gαs- HA double 
staining by flow cytometry. The top right quadrant of each plot represents FLAG- APC and HA- Alexa fluor 488- dual- stained cells. (C) Co- 
immunoprecipitation of AC6 WT with Gαs WT (left) and AC6 (C1004A) with Gαs WT (right), stably co- expressed in HEK293T cells. (D) 
Co- immunoprecipitation of AC6 WT with Gαs CAM (left) and AC6 (C1004A) with Gαs CAM (right), stably co- expressed in HEK293T cells. 
Two hundred fifty micrograms of total lysate protein was immunoprecipitated using antibody to FLAG tag (AC6) or to HA tag (Gαs), then 
separated by SDS- PAGE and transferred to nitrocellulose for western blotting. Lane 1 shows the molecular weight ladder (L); Lane 2 shows 
proteins immunoprecipitated using anti- FLAG antibody; Lane 3 proteins immunoprecipitated using anti- HA antibody; Lane 4 proteins 
immunoprecipitated using IgG (negative control); Lane 5 is the input (100 μg). The upper part of the blot was probed with anti- FLAG 
antibody and the lower part was probed with anti- HA antibody. These blots are representative of at least three independent experiments. 
Quantitative comparison of band densities shown in Supplementary Figures. AC, adenylyl cyclase; CAM, constitutively active mutant; SDS- 
PAGE, sodium dodecyl sulfate- polyacrylamide gel electrophoresis
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against  serial  concentrations  of  ATP:  AC6  WT,  EC50: 
9.7  ±  3.8  μM,  Emax:  4019  ±  591  (ΔF/mg/min);  AC6 
(C1004A), EC50: 5.3 ± 0.6 μM, Emax: 1724 ± 410 (ΔF/mg/
min); AC6 (C1145A), EC50: 6.2 ± 0.1μM, Emax: 2771 ± 536  
(ΔF/mg/min); AC6 (C447A), EC50: 20.1 ± 1.5 μM, Emax: 
3266 ± 768 (ΔF/mg/min) (Figure 2B,C). We observed a 
statistically significant decrease in AC activity at 1 mM 
ATP for AC6 (C1004A) (Figure 2C, p < 0.001). We then 
measured  cAMP  accumulation  in  live  HEK293T  cells 

stably  expressing  AC6  WT  or  the  cysteine  mutants 
under  basal  conditions  without  exogenous  ATP.  Only 
AC6  (C1004A)  demonstrated  a  significant  decrease  in 
intracellular  cAMP  (p  <  0.05)  (Figure  2D).  We  con-
firmed that these results were not due to change in AC 
expression, by western blot (Figure 2E) and intracellular 
FACS analysis (Figure 2F) showing no significant differ-
ences in FLAG- tagged AC6 expression between the WT 
and mutants.



   | 187BHAGIRATH et al.

3.4  |  Cysteine mutation in Gαs at C237A 
influences activation of AC6

After  mutational  analysis  of  AC6- side  cysteines,  we 
transitioned  to  study  Gαs  cysteines.  To  examine  Gαs 
activation of AC6 independent of the need for receptor 
stimulation, we employed Gαs containing a mutation at 
Q227L  in  the  GTPase  domain  (Figure  3A),  referred  to 

as  Gαs  CAM.  The  Gαs  CAM  exhibits  reduced  GTPase 
activity  and  increased  AC  activation33,34  and  has  been 
used previously to examine the interaction between AC 
and Gαs.48,49 We did not observe any significant confor-
mational differences between Gαs WT and CAM upon 
close  analysis  of  the  homology  models  (Figure  S2).  As 
expected, in Figure 3B,C, HEK293T cells stably express-
ing the Gαs CAM exhibit higher basal cAMP production 
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as  well  as  AC  activity  as  compared  to  the  Gαs  WT. 
Figure 3D shows the western blot for protein abundance 
of Gαs WT and CAM.

To examine the functional importance of cysteine resi-
dues, we then transiently transfected HEK293T cells with 
Gαs WT, Gαs CAM, or Gαs CAM containing cysteine- to- 
alanine mutations at the predicted sites (C237A, C162A, 
and C174A), hereafter referred to as Gαs CAM (C162A), 
Gαs CAM (C174A), and Gαs CAM (C237A).

We first examined the effect of cysteine mutations  in 
Gαs upon cAMP accumulation and observed that in both 
the basal unstimulated condition, as well as upon stimu-
lation with allosteric AC activator forskolin. Cells express-
ing  Gαs  CAM  (C237A)  or  Gαs  CAM  (C162A)  showed  a 
significant  decrease  in  intracellular  cAMP  generation 
by endogenous AC, as compared  to cells expressing Gαs 
CAM (Figure 4A). In contrast, Gαs CAM (C174A) did not 
alter cAMP accumulation. Next, we examined the effect of 
cysteine mutations in Gαs CAM on AC catalytic activity in 
cell lysates stimulated with exogenous ATP. Selecting only 
those Gαs residues that exhibited an effect on cAMP accu-
mulation we transiently  transfected HEK293T cells with 
pcDNA (control), Gαs WT, Gαs CAM, Gαs CAM (C237A), 
or Gαs CAM (C162A). As shown in Figure 4B, there was 
no  significant  change  in  AC  activity  between  Gαs  CAM 
and Gαs CAM (C162A); however, the Gαs CAM (C237A) 
mutant exhibited a statistically significant decrease in AC 
activity (p < 0.01). Equivalent HA- tagged Gαs protein ex-
pression in the transiently transfected cells was confirmed 
by western blot  (Figure 4C); no  significant difference  in 
expression  was  observed  between  the  Gαs  CAM  and  its 
cysteine mutants (Figure S3).

To determine whether cysteine mutations in Gαs alter 
its activating effect on AC6, we used HEK293T cells sta-
bly expressing AC6 WT or AC6 (C1004A), then transiently 
transfected  these stable cells with pcDNA (control), Gαs 
WT,  Gαs  CAM,  or  the  Gαs  CAM  cysteine  mutants,  and 
examined  the  effect  on  intracellular  cAMP  generation. 
As shown in Figure 4D, both AC6WT and AC6 (C1004A) 
exhibited statistically significant decreases in intracellular 

cAMP  when  co- expressed  with  Gαs  CAM  (C162A),  and 
Gαs CAM (C237A) mutants.

3.5  |  Substitution of cysteine at 1004 in 
AC6 renders AC amenable to inhibition 
by Gαi

We  had  hypothesized  that  the  activation  of  AC6  by 
Gαs  requires  interaction of C1004  in AC6 with C237  in 
Gαs.  Data  thus  far  showed  that  mutating  one  interact-
ing partner residue to alanine did not affect the physical 
association of  the  two proteins but did exert  significant 
functional effects on the catalytic activity of AC as well 
as  on  the  generation  of  the  second  messenger  cAMP. 
Mutating  cysteines  in  Gαs  at  two  key  positions  C162A 
and  C237A  resulted  in  decreased  intracellular  cAMP; 
however,  the  effect  on  AC  activity  persisted  only  for 
C237A. The function of AC6 is tightly regulated by bind-
ing  to  Gαs  or  Gαi.  Binding  of  Gαs  activates  AC6  while 
Gαi  inhibits  it  (Figure  5A).  We  then  hypothesized  that 
the  cysteine  mutations  in  AC6  could  alter  the  relative 
binding of Gαs or Gαi to AC6.

To  determine  which  cysteine  mutations  render  the 
AC6  molecule  more  amenable  to  interaction  with  Gαi, 
HEK293T cells stably expressing AC6WT, AC6 (C1004A), 
AC6  (C1145A),  and  AC6  (C447A)  were  stimulated  with 
3  μM  Forskolin  and  assayed  for  Gαi- mediated  AC  inhi-
bition,  detected  as  a  downward  deflection  in  stimulated 
cAMP  concentration  compared  to  the  control.50  Gαi  in-
hibitor Tat- GPR was used to examine for reversal of Gαi- 
mediated inhibition. Cells were treated with Tat- GPR for 
20 min at 100 nM.42,51 In Figure 5B, data are shown as raw 
cAMP values in picomoles (pM). Diminution of forskolin- 
stimulated  cAMP  due  to  the  action  of  Gαi  was  signifi-
cantly greater for AC6 (C1004A) as compared to AC6WT 
and the other cysteine mutants. Upon treatment with Gαi 
inhibitor, cAMP accumulation by only AC6 (C1004A) in-
creased,  though not  fully  restored  to  levels generated by 
WT  AC6.  This  increase  in  cAMP  between  AC6  (C1004) 

F I G U R E  2  Effect of AC cysteine to alanine mutations on AC6 function. (A) Schematic figure showing Gαs interaction with AC, AC 
activation and the generation of intracellular cAMP. Cysteines targeted for mutational analysis are located on the cartoon as white dots 
(representative figure, not drawn to scale). (B) AC catalytic activity quantified in lysates as the loss of terbium- norfloxacin fluorescence 
(ΔF/mg total protein/time) in the presence of serial concentrations of substrate ATP. (C) AC activity at 1 mM ATP (ΔF/mg/min). (D) Live 
cell cAMP generation in agonist- naïve HEK293T, expressing AC6WT or cysteine mutants, obtained using cAMP Glo Max assay kit, shown 
as cAMP in nM. (E) Western blot of AC6 expression in 40 μg of membrane enriched proteins from HEK293T cells stably expressing AC6WT 
and cysteine mutants, separated using SDS- PAGE. The blots were probed with rabbit monoclonal anti- FLAG antibody (1:1000). HEK293T 
cells not expressing a FLAG- tagged protein were used as antibody control; β- actin used as the loading control. (F) Protein expression 
quantified by FACS analysis of HEK293T, FLAG- tagged AC6 WT and mutants shown as mean fluorescence intensity values. Data indicate 
mean ± SEM obtained from at least three independent experiments. All statistical comparisons by one- way ANOVA with Dunnet's post 
hoc test for multiple comparisons, versus AC6 WT. *p < 0.05, ***p < 0.001; ns, non- significant. AC, adenylyl cyclase; ANOVA, analysis 
of variance; cAMP, cyclic adenosine monophosphate; FACS, fluorescence activated cell sorting; SDS- PAGE, sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis; SEM, standard error of the mean
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and Tat- GPR- treated AC6  (C1004A) was  statistically  sig-
nificant (p < 0.01).

To confirm this, we performed a pulldown assay using 
FLAG- tagged beads in whole lysates of HEK293T cells sta-
bly expressing AC6WT, AC6 (C1004A), or AC6 (C1145A). 
We  then  probed  the  blots  with  anti- FLAG,  anti- Gαs,  or 

anti- Gαi  antibodies.  In  Figure  5C,  AC6  (C1004)  exhib-
its  relatively significantly higher association with Gαi as 
compared  to  AC6WT  and  AC6  (C1145A),  while  its  co- 
precipitation with Gαs is lesser than others. We, therefore, 
infer that a cysteine mutation at the 1004 position renders 
AC6 amenable to inhibition by Gαi. Western blots of the 

F I G U R E  3  Effect of Gαs CAM cysteine to alanine mutations on AC6 activity. (A) Schematic figure showing the interaction of Gαs 
CAM (Q227L) mutant with AC. Gαs cysteines targeted for mutational analysis are located on the cartoon as white dots; Q227L mutation 
conferring constitutive activity shown as a red dot (representative figure, not drawn to scale). (B) Intracellular cAMP generation in agonist- 
naïve HEK293T, expressing Gαs WT, or Gαs CAM (Q227L), obtained using live cell cAMP Glo Max assay kit, shown as cAMP in nM. (C) 
AC catalytic activity quantified as the loss of terbium norfloxacin fluorescence (ΔF) at 1 mM ATP (ΔF/mg/min). (D) Western blot for 
Gαs WT and Gαs CAM (Q227L) in 40 μg of total cell lysates prepared from HEK293T cells, HEK293T stably expressing Gαs WT, or Gαs 
CAM, following separation using SDS- PAGE. The blots were probed with mouse monoclonal anti- HA antibody (1:1000). HEK293T cells 
not containing a HA- tagged protein were used as antibody control; β- actin as the loading control. All statistical comparisons by one way 
ANOVA using Dunnet's post- hoc test. *p < 0.05, ***p < 0.001; ns, non- significant. ANOVA, analysis of variance; CAM, constitutively active 
mutant; cAMP, cyclic adenosine monophosphate; SDS- PAGE, sodium dodecyl sulfate- polyacrylamide gel electrophoresis; SEM, standard 
error of the mean
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whole lysates pre- immunoprecipitation shown as controls 
(Figure 5D), confirming comparable abundance of FLAG- 
tagged AC6 in WT and mutants as well as native AC6, Gαs 
and Gαi abundance in naïve HEK293T cells. Quantification 
of densitometry for FLAG- immunoprecipitated AC6, Gαi, 
and  Gαs  as  well  as  for  the  native  AC6,  Gαi,  Gαs,  and  β 
actin is presented in Figure S4.

4   |   DISCUSSION

This  study  focused  on  identifying  regulatory  cysteines  in 
AC6,  the  most  abundant  and  functionally  significant  AC 
isoform  in  pulmonary  arterial  myocytes,16  examining  the 
interaction  between  AC6  and  Gαs  using  mutational  stud-
ies as well as functional assays in HEK293T cells. We have 

F I G U R E  4  Analysis of cysteine to alanine mutations in Gαs. (A) Intracellular cAMP generated in HEK293T transiently transfected 
with pcDNA (control), Gαs WT, Gαs CAM (Q227L), or Gαs CAM containing cysteine mutants C162A, C174A, or C237A, at basal level 
(left) or after stimulation with forskolin (allosteric AC activator; 10 μM). Results obtained using live cell cAMP Glo Max assay kit, shown 
as cAMP in nM. (B) Unstimulated AC activity in HEK293T cells transiently transfected with pcDNA (control), Gαs WT, Gαs CAM, Gαs 
CAM (C162A) or Gαs CAM (C237A), quantified as the loss of terbium norfloxacin fluorescence (ΔFI) at 1 mM ATP (ΔF/mg/min). (C) 
Western blot of HEK293T cells transiently transfected with Gαs WT, Gαs CAM, Gαs CAM (C162A) or Gαs CAM (C237A), confirming 
abundance of the overexpressed proteins. Total cell lysates separated using SDS- PAGE; 40 μg protein used for western blotting. The blots 
were probed with mouse monoclonal anti- HA antibody (1:1000); β- actin was used as the loading control. Representative of at least three 
independent experiments. Quantitative comparisons of band densities are shown in Supplementary Figures. (D) Intracellular cAMP 
generation in HEK293T cells stably expressing AC6 WT (left panel) or AC6 (C1004A) (right panel), transiently transfected with Gαs WT, 
Gαs CAM (Q227L), and the cysteine mutants Gαs CAM (C162A), Gαs CAM (C174A) or Gαs CAM (C237A), obtained using live cell cAMP 
GloMax assay kit, shown as cAMP in nM. All statistical comparisons by one way ANOVA against Gαs CAM, using Dunnet's post- hoc test 
for multiple comparisons. *p < 0.05, **p < 0.01; ns, non- significant. AC, adenylyl cyclase; ANOVA, analysis of variance; CAM, constitutively 
active mutant; cAMP, cyclic adenosine monophosphate; SDS- PAGE, sodium dodecyl sulfate- polyacrylamide gel electrophoresis
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previously shown that the Gαs- mediated activation of AC6 
is significantly decreased in hypoxic pulmonary artery myo-
cytes,  coincident  with  increased  cysteine  nitrosylation  of 
AC6.16 Analyses of AC5 have shown that cysteines in its C1 
and C2 domain are important for its catalytic as well as regu-
latory functions.22 These cysteines are also conserved across 
other AC isoforms; AC5 has the greatest sequence homol-
ogy with AC6 (91.5% pairwise sequence alignment score).

We  had  previously  modeled  the  interaction  between 
AC6 and Gαs using homology modeling,32 and concluded 
that the activation of AC6 by Gαs was hinged on a single 
nitrosylatable cysteine in each protein within close prox-
imity.  Functional  domains  in  ACs  are  highly  conserved, 
hence in this study we first revised our homology model 
for  AC6– Gαs  interaction  using  the  cryoelectron  micros-
copy structure reported in 2019 for bovine AC9 bound to 
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Gαs.21 The cysteines predicted to be amenable to nitrosyla-
tion  remained  conserved  between  AC6  and  AC9.  While 
the orientation of Gαs in the docked model changed based 
on the newly defined AC9- Gαs structure, the residues in 
AC6 predicted to be relevant to Gαs interaction remained 
the  same.  We,  therefore,  carried  out  site- directed  muta-
genesis  of  AC6  (C1004)  and  Gαs  (C237)  using  cysteine- 
to- alanine substitution. We also mutated other (predicted) 
nitrosylatable residues close to and distant from the inter-
action site, to rule out accessory involvement and to act as 
controls.  Native  cell  systems  such  as  pulmonary  arterial 
myocytes express several ACs which could complicate the 
mutational analysis of one specific isoform, thus we chose 
HEK293T  cells  as  the  heterologous  cell  expression  sys-
tem. While HEK293T does express AC isoforms endoge-
nously,52 in our hands their background AC activity is low 
enough to be readily distinguishable from overexpressed 
AC.

We then examined the AC activity of AC6WT as well as 
all the AC6 cysteine mutants. We observed that at equiva-
lent protein expression levels, with varying concentrations 
of  substrate  ATP,  AC6  (C1004A)  exhibited  significantly 
lower  basal  (unstimulated)  activity  than WT  and  gener-
ated  a  significantly  decreased  amount  of  intracellular 
cAMP.  C1004  is  located  on  the  solvent- exposed  surface 
of  the  highly  conserved  C2  domain  in  AC6  close  to  the 
ATP binding site, and adjacent to the Gαs insertion point 
at the groove formed by two alpha helices in C2 domain 
of  AC6.  C1004  corresponds  to  the  C911  located  in  AC2 
previously shown to be key for interaction with Gαs.53 It 
is  likely  that  mutating  such  a  key  cysteine  weakens  the 
C1– C2 clamping and  thus ATP binding  required  for AC 
activation, which could explain the reduced activation by 
endogenous Gαs and thus the decreased AC activity and 
cAMP.

We next characterized the other interaction partner, 
Gαs. The activation of Gαs is highly dependent on recep-
tor stimulation, such that wild- type Gαs would need to be 
co- expressed with a cognate G- protein coupled receptor; 

this  complicates  unstimulated  functional  assays  exam-
ining the  interaction of Gαs with AC.54 HEK293T cells 
also express high basal cAMP,55 which may obscure the 
effect of site- directed mutations in Gαs. Thus, to abolish 
the  need  for  an  affiliated  receptor  as  well  as  to  clearly 
delineate functional effects of the cysteine mutants, we 
employed the CAM of Gαs (Gαs CAM) which contains a 
mutation in the phosphodiesterase domain (Q227L) pre-
venting the hydrolysis of bound GTP, resulting in high 
basal activity.34 We confirmed both  the expression and 
the AC- stimulating activity of Gαs CAM as compared to 
the  Gαs  WT  in  HEK293T  cells  stably  expressing  these 
proteins. We then performed site- directed mutagenesis 
in the Gαs CAM, targeting nitrosylatable cysteines prox-
imal  or  distal  to  the  predicted  AC  interaction  site.  We 
observed  that  AC- mediated  live  cell  cAMP  production 
was  significantly  reduced  for  both  Gαs  CAM  (C162A) 
and Gαs CAM (C237A), under both basal and forskolin- 
stimulated  conditions.  However,  AC  catalytic  activity 
(determined  as  loss  of  ATP- bound  lanthanide  fluores-
cence,  an  indirect  but  specific  indicator  of  AC  ATPase 
activity44) was significantly reduced only for Gαs CAM 
(C237A). These  data  suggested  that  C237  in  Gαs  is  re-
quired for AC catalysis of ATP. We then transfected the 
Gαs WT  and  CAM  mutants  into  HEK293T  cells  stably 
expressing AC6 or AC6 (C1004A). Similar  results were 
obtained:  live  cell  cAMP  production  was  significantly 
reduced  for  both  Gαs  CAM  (C162A)  and  Gαs  CAM 
(C237A)  transfected  cells.  While  the  lanthanide- based 
AC  activity  measures  substrate  ATP  turnover  and  is 
an  assessment  of  AC  catalytic  function,  the  intact  cell 
cAMP assay is a cumulative measure of product forma-
tion in the absence of exogenous substrate, reflecting a 
steady state inclusive of cAMP generation, degradation, 
or export.24 Our data indicate that while both C162 and 
C237  may  be  important  for  Gαs  activity,  only  C237  is 
critical for (Gαs- mediated) activation of AC. Upon close 
examination of the homology model of AC6– Gαs, C162 
is located much further from the interaction site and is 

F I G U R E  5  Effect of AC cysteine- to- alanine mutation on G- protein coupling. (A) Schematic figure showing the regulation of AC 
activity via Gαs and Gαi, and effect of AC6 (C1004A) on the balance of Gs/Gi regulation. Figure is representative, not drawn to scale. (B) 
Gi mediated cAMP generation measured using homogeneous time- resolved fluorescence (HTRF)- based cAMP kit (CisBio); 2500 cells/well 
were added in triplicate wells in white 96- well plates (low- volume white microplate) in the absence or presence of 3 μM forskolin. FRET 
ratios (665/615 nm) measured using Flex station 3 plate reader (Molecular Devices) were extrapolated to cAMP concentrations (in pM) 
using a standard curve, per manufacturer's recommendations. This assay was repeated at least three times, and comparisons made using 
one- way ANOVA with Dunnet's post- hoc test. *p < 0.05, **p < 0.01, ***p < 0.001; ns, non- significant. (C) HEK293T cells stably expressing 
FLAG- tagged AC6 WT, AC6 (C1004A) or AC6 (C1145A) were lysed before immunoprecipitation of 250 μg total protein with antibody to 
FLAG. Co- precipitated AC6- associated proteins were separated on SDS polyacrylamide gels and transferred to nitrocellulose for western 
blotting. Upper blot probed with anti- FLAG antibody; middle blot probed with anti- Gαs antibody; lower blot probed with anti- Gαi antibody. 
Lysed native HEK293T cells were used as antibody control. L = molecular weight ladder. (D) Whole lysate abundance of AC6- FLAG, native 
AC6, Gαs, Gαi, and β- actin proteins. Quantitative comparison of band densities shown in Supplementary Figures. ANOVA, analysis of 
variance; cAMP, cyclic adenosine monophosphate; SDS- PAGE, sodium dodecyl sulfate
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buried in the alpha helix of Gαs close to glutamic acid at 
176 position. Mutating C162 to a non- polar alanine may 
affect the interaction between these two residues, alter-
ing protein structure; our preliminary in silico mutagen-
esis of C162A suggested a conformational change from 
the Gαs CAM homology model with  root- mean- square 
deviation  of  3.05  Å,  a  value  large  enough  to  suggest  a 
perturbation in protein configuration.56 While we spec-
ulate that this could explain the impact of a C162 muta-
tion on the binding of Gαs to AC, further structural data 
is needed to robustly clarify this finding.

Mutation of AC at C1004 did indeed inhibit baseline 
AC6 activity and cAMP generation, relative to AC6 WT 
or  to AC6 mutated at other cysteine positions. Per our 
initial hypothesis, mutation of AC6 at C1004 should de-
crease  the  physical  association  of  AC6  (C1004A)  with 
Gαs  WT,  impairing  activation  of  AC(C1004A).  While 
substitution  of  AC6  C1004  appeared  to  only  modestly 
inhibit  AC6  association  with  Gαs  WT,  the  importance 
of  this  cysteine  was  clarified  upon  co- precipitation 
with Gαs CAM, demonstrating a  significant  loss of as-
sociation  between  AC6  C1004A  and  active  state  Gαs. 
Disulfide bond formation is not postulated, as reducing 
conditions did not abolish co- precipitation of AC6 with 
Gαs. In the absence of covalent bonds, it is known that 
pulldown binding assays may underestimate reversible 
interactions  between  AC  and  other  binding  proteins.57 
The observed decrease in interaction could owe to con-
formational  changes  in  the  AC6  molecule;  loss  of  se-
quential binding could also give rise to conformational 
changes altering intermolecular interactions. A molecu-
lar dynamics study of AC5– Gαs interaction showed that 
the C2 domain of AC5 can undergo three different con-
formations  involving  large movement of  the β2  loop,58 
such that the conformation of AC5 initially docked with 
Gαs  differs  from  the  activated,  Gαs- plus- ATP- bound 
AC5  conformation.  A  model  of  AC9– Gαs  interaction 
also  demonstrated  a  secondary  conformational  change 
largely mediated by binding of ATP.21 These sequential 
conformational changes are  intrinsic  to AC regulation; 
AC5  bound  to  Gαs  is  inimical  to  AC5  binding  to  Gαi, 
while dissociation of Gαs renders AC5 accessible for Gαi 
binding.59 We speculate that AC6 C1004 is required for 
its  interaction  with  Gαs  to  trigger  the  conformational 
change of AC6 to its active ATPase state.

The  activity  of  AC  isoforms  are  differentially  regu-
lated by stimulatory and inhibitory G proteins.14 Group 
III  ACs  AC5  and  AC6  are  classically  activated  by  Gαs 
or Gβγ,60 while regulated negatively by Gαi,14 calcium61 
and  protein  kinases.30,31,62  Gβγ  interactions  with  AC6 
and AC5 require initial Gαs binding, and can also aug-
ment  forskolin- mediated  activation63;  but  Gβγ  binding 
to AC5 and to AC6 are differently regulated despite the 

structural  similarity  of  these  two  AC  isoforms,  high-
lighting the relevance of  individual residues governing 
these specific molecular interactions.57 To determine the 
residues critical for the regulatory balance of G- protein 
interaction, we examined the association of AC6 WT or 
AC6  cysteine  mutants  with  Gαs  and  Gαi  by  co- IP,  and 
found that mutation of C1004 resulted  in greater asso-
ciation with Gαi and diminished association with Gαs. 
Additionally,  measured  cAMP  production  by  AC6  be-
came more amenable to inhibition by Gαi. This was par-
tially reversed upon treatment with cell- permeable Gαi 
inhibitor  Tat- GPR.  The  Tat- GPR  peptide  inhibits  only 
Gαi  while  stimulating  the  activation  of  Gβγ  signaling, 
while pertussis toxin inhibition stabilizes the entire het-
erotrimer.42,51 Its high specificity and efficiency depend 
on  the  presence  of  the  GPR  motif  in  Gαi1- 3  isoforms, 
which  functions  as  a  guanine  nucleotide  dissociation 
inhibitor.51 This peptide blocker has low affinity for Gαi 
family  members  Go  or  Gz,  so  we  recognize  some  AC- 
inhibitory signal may remain despite its usage.64 Studies 
in AC5 have shown that Gαs and Gαi can bind distinct 
domains  of  AC  to  elicit  their  effect.65  The  conforma-
tional  state  of  the  C1  and  the  C2  domains  are  critical 
for  AC  function.  Gαs  subunit  binds  to  C2  (in  the  cleft 
formed by the α2’ and α3’ helices)47,53 and increases the 
affinity of the C1 and C2 domains, promoting catalysis; 
while Gαi binds to C1 in a similar groove53 but counter-
acts  AC  activation.66  Gαi  mediates  its  inhibitory  effect 
by reducing the ability of the C1 and the C2 domains to 
obtain  a  closed  conformation,  even  in  the  presence  of 
the allosteric activator forskolin.65 We did not observe a 
complete loss of Gαs binding to AC6 (C1004A), suggest-
ing that Gαs and Gαi regulate AC function in a ratio de-
pendent manner. The absence of AC6 C1004 could result 
in a conformation favoring the binding of Gαi while not 
completely abolishing binding of Gαs. A study of inhibi-
tion of AC5 by Gαi showed that an activated Gαi clamps 
the  C1  cytosolic  domain  into  inactive  conformation.67 
AC  can  simultaneously  bind  to  both  stimulatory  and 
inhibitory  G  proteins  creating  binary  or  ternary  com-
plexes;  in  any  combination  inclusive  of  a  Gαi,  the  AC 
structure  is modified  to an  inactive conformation with 
diminished ATP binding probability, even if a stimula-
tory Gα also forms part of that complex.68 We speculate 
that  C1004  may  be  required  to  stabilize  the  exclusive 
AC6– Gαs interaction, such that its absence permits AC6 
to simultaneously associate with Gαi, resulting in a con-
formation repressing ATP catalysis.

In  summary,  our  data  identify  key  roles  for  free  cys-
teines  C1004  in  AC6,  and  C237  in  Gαs,  for  the  activa-
tion  of  AC6.  While  cysteines  present  at  solvent- exposed 
surfaces are known to play key roles  in protein stability, 
their  role  in  reversible  protein- protein  interactions  has 
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been  less  explored  and  further  structure/function  stud-
ies are warranted. Free cysteines are amenable to several 
post- translational modifications depending upon the cel-
lular  environment.  Building  on  our  previous  report  that 
agonist- naïve  and  agonist- stimulated  AC6  activity  in 
hypoxic  myocytes  is  inhibited  due  to  S- nitrosylation  oc-
curring at very specific cysteines,16 the present study sug-
gests a possible mechanism for AC inhibition by cysteine 
unavailability  due  to  post- translational  modification,  by 
using mutational analysis to confirm the critical residues 
for AC interaction with Gαs, the absence of which appear 
to free AC6 for an inhibitory interaction with Gαi.
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