lution (73) before GS-MS analysis (Hewlett-Packard
5890, electron-impact ionization at 70 eV). The car-
rier gas was He, and a 12 m by 0.2 mm HL-1
(crosslinked methylsilicone gum) capillary column
was used. The following products were identified as
methyl derivatives: chloromaleic acid 1, dimethyl es-
ter, MS data (fragments and relative intensity): 180
[(M+2)*, 2.0], 178 (M™*, 5.8), 149 [M+2-0OCH,)*,
33.5], 147 [M-OCHy*, 100], 121 [M+2-—
COOCH,)™*, 1.1], 119 [M-COOCH,)*, 2.5], 111
[M—=0OCH;—HC)*, 2.1], 59 (COOCH;*, 17.6). Chlo-
rofumaric acid 2, dimethyl ester, MS: 180 [M+2)*,
3.0, 178 (M*, 10.0), 149 [(M+2—-0CH,)*, 33.1], 147
[(M=OCH,)*, 100], 121 [M+2-COOCH,)*, 3.0],
119 [(M—COOCH)*, 7.0], 111 [M—OCH,—HC)*,
4.0], 59 (COOCH4™*, 31.0). Maleic acid 3, dimethyl
ester, MS: 144 (M*, 1.1), 113 [M—OCH,)*, 100], 85
[(M—COOCH,)™*, 18.1], 82 [M—20CH,)*, 2.8], 59
(COOCH,4*, 23.8). Fumaric acid 4, dimethyl ester,
MS: 144 (M*, 1.7), 113 [M—OCH,)*, 100], 85
[(M—COOCH,)*, 71.0], 82 [M—20CH,)™", 7.1], 59
(COOCH,4*, 41.0). Compound 5, 2,6-dichloro-4-
(2,4,6-trichlorophenoxy)phenol, methyl ether, MS:
374 [(M+4)*, 36], 372 [(M+2)*, 58], 370 (M™*, 34),
359 [(M+4—CH,)*, 65], 357 [M+2—CH,)*, 100],
355 [M—CH,)™", 61]. The distribution pattern of clus-
ter peaks is characteristic of a molecule having five Cl
atoms. Compound 6, monoester-dimethyl ether de-
rivative, MS: 342 [(M+4)*, 2.0], 340 [M+2)*, 5.8],
338 (M*, 59), 311 [M+4-0CH,)*, 5], 309
[(M+2—-0CH,*, 16], 307 [M—OCH,)", 18], 283
[(M+4—-COOCH,)*, 32.0], 281 [(M+2—COOCH,)"*,
93], 279 [M-COOCH,)*, 100], 175 [CgH.Cl,
(OCH,)™*, 6.5]. The distribution of peaks in the molec-
ular ion cluster region and in clusters after OCH, and
COOCH,; losses are typical of amolecule with three Cl
atoms.

13. W. Butte et al., Anal. Lett. 15, 841 (1982).

14. Maleic and fumaric acids were purchased from Al-
drich. Chlorofumaric acid was prepared according to
the methods of W. H. Perkin [J. Chem. Soc. 53, 695
(1888)] and M. Akhtar, N. P. Botting, M. A. Cohen,
and D. Gani [Tetrahedron 43, 5899 (1987)]. Chloro-
maleic acid was prepared according to the method
of V. G. Gruzdev and G. V. Gruzdev [J. Gen. Chem.
USSR 56, 1872 (1986)).

15. The NMR analysis of products of oxidative dechlori-
nation and aromatic cycle cleavage of TCP was per-
formed as for run 2 of Table 2. The reaction mixture
(100 ml) was dried in vacuum, and 7 ml of 1 M HCI
saturated with NaCl was added to the dry residue.
The products were extracted with diethyl ether (three
times with 60 ml). After evaporation of the ether ex-
tracts, the solid residue was dissolved in deuterated
dimethyl sulfoxide (DMSO-dy) for NMR analysis. We
added 6 ul of CHCI,; (0.075 mmol) as an internal
standard to quantify the oxidation products. The total
yield of coupling products was based on two protons
per aromatic ring.

16. Coupling products that have a quinone function can-
not be analyzed by GS-MS directly or after treatment
with Me;S+OH .

17. Coupling products of TCP oxidation were also ana-
lyzed by EI-MS after separation of organic-soluble
material as follows. The reaction conditions were
those as for run 13, Table 1. After the reaction mixture
had been stirred for 4 min, 40 ml of the violet reaction
mixture was treated with CH,CI, (four times with 20
ml) and the organic phase was dried. The crude prod-
uct was extracted with 5 ml of CH,Cl,, and the insol-
uble material was isolated by filtration. This latter solid
residue was soluble in acetonitrile and was identified
by EI-MS as 2,6-dichloro-4-(2,4,6-trichlorophen-
oxy)phenol 5 on the basis of a molecular ion peak
cluster typical for a molecule containing five Cl atoms.
MS: 360 [(M+4)*, 1.4], 358 [M+2)*, 3.6], 356 (M)*,
1.3), 290 [M+4-2C)*, 0.7], 288 [M+2-2C)*,
2.8], 286 [(M—2CI*, 3.6], 211 (2.1), 209 (6.4), 207
(7.2), 196 (100) (see Fig. 4). After loss of two Cl
atoms, the peak distribution indicates a fragment
having three Cl atoms. This loss of two Cl atoms
suggests that the OH group is in the para position
to the diphenyl ether bond. The phenoxyphenol
with an OH group ortho to the diphenyl ether bond
should show (M-HCI) fragmentation accompanying
ring closure (79). We added 12 ml of hexane to the
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remaining red-brown CH,CI, solution; this pro-
duced a red-brown precipitate containing 2-hy-
droxy-6-(2,4,6-trichlorophenoxy)-1,4-benzoqui-
none 7, MS: 321 [M+4-H)*, 2.1], 319
[M+2-H)*, 8.6], 317 [M-H)™*, 8.8], 301
[(M+2-H,0)*, 4.3], 299 [M—H,0)*, 3.2], 291
[(M+2-CO)*, 3.2], 289 [M—CO)*, 4.3], 257 (4.3),
198 (72), 196 (79), 97 (100), a compound contain-
ing three Cl atoms. The remaining yellow solution
was dried, and succeeding EI-MS analysis showed
the presence of 2,6-bis(2,4,6-trichlorophenoxy)-
1,4-benzoquinone 8, 500 [M+4)*, 1.9], 498
[M+2)*, 3.4], 496 (M*, 1.0), 465 [(M+4-Ch*,
5.2], 463 [M+2-Cl)*, 9.0], 461 [(M—-Cl)*, 4.8],
319 (63.2), 317 (51.4), 303 (62.8), 301 (60.0), 97
(100), a molecule containing six Cl atoms (Fig. 4).

18. J. M. Bollag, in Degradation of Environmental Pollut-
ants by Microorganisms and Their Enzymes: Metal
lons in Biological Systems, H. Sigel and A. Sigel, Eds.
(Dekker, New York, 1992), vol. 28, pp. 205-217.

19. R. E. Clement and H. M. Tosine, Mass. Spectrom.
Rev. 7, 593 (1988).

20. This work was supported by Centre National de la
Recherche Scientifique, Elf-Aquitaine, and the Euro-
pean Environmental Research Organisation (EERO),
Wageningen, Netherlands). A.S. is indebted to
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Oxford University) for editing the English of the
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A Region of Adenylyl Cyclase 2 Critical for
Regulation by G Protein v Subunits

Jiangiang Chen, Michael DeVivo, Jane Dingus, Anya Harry,
Jingrong Li, Jinliang Sui, Donna J. Carty, Jonathan L. Blank,
John H. Exton, Robert H. Stoffel, James Inglese,
Robert J. Lefkowitz, Diomedes E. Logothetis,

John D. Hildebrandt, Ravi lyengar*

Receptor-mediated activation of heterotrimeric guanine nucleotide-binding proteins (G
proteins) results in the dissociation of « from By subunits, thereby allowing both to regulate
effectors. Little is known about the regions of effectors required for recognition of GBy.
A peptide encoding residues 956 to 982 of adenylyl cyclase 2 specifically blocked GBvy
stimulation of adenylyl cyclase 2, phospholipase C-3, potassium channels, and 3-ad-
renergic receptor kinase as well as inhibition of calmodulin-stimulated adenylyl cyclases,
but had no effect on interactions between Gy and Ga,. Substitutions in this peptide
identified a functionally important motif, GIn-X-X-Glu-Arg, that is also conserved in regions
of potassium channels and B-adrenergic receptor kinases that participate in GBvy inter-
actions. Thus, the region defined by residues 956 to 982 of adenylyl cyclase 2 may contain
determinants important for receiving signals from Gpvy.

G protein signaling is mediated by both Ga
(1) and GBy (2) subunits. Effectors regulat-
ed by GBvy include K* channels, phospho-
lipase C—B, and adenylyl cyclases. Adenylyl
cyclases 2 (AC2) and 4 (AC4) are condi-
tionally stimulated by GBy (2). Purified
AC2 directly interacts with G~y (3). Here,
we sought to identify regions of AC2 that
participate in interactions with GBy. Of the
eight ACs that have been cloned and ex-
pressed (4), two (AC2 and AC4) are stimu-
lated by GBvy in the presence of activated
Ga,, one (ACl) is inhibited by GBy, and
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three (AC3, AC5, and AC6) do not appear
to be directly regulated by GBvy (2, 5). We
identified three regions of AC2 that are
conserved only between AC2 and AC4 and
tested whether peptides corresponding to
these regions affected Gy regulation of
AC2 and other GBy-regulated effectors, in-
cluding K" channels, phospholipase C-33
(PLC-B3), B-adrenergic receptor kinase (-
ARK), and ACI1.

We synthesized three synthetic peptides
corresponding to portions of AC2 (QAID
peptide, residues 558 to 569; QEHA peptide,
residues 956 to 982; and TEMS peptide,
residues 1077 to 1090) and tested their ef-
fects on GB+y stimulation of AC2 (6). AC2
expressed in Sf9 cells was stimulated by GBy
in the presence of activated Go (2). The
QEHA peptide inhibited GB+y stimulation of
AC2 expressed in Sf9 cell membranes; the
inhibition of Gy stimulation appeared spe-
cific because stimulation by mutant (Q227L)
activated Ga, was not affected (Fig. 1A). At
all concentrations tested, the QEHA peptide
did not affect basal AC2 activity or activity
stimulated by Q227L-Ge, or forskolin (Fig.
1B). Because forskolin still stimulated AC2
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Fig. 1. Effects of peptides corresponding to vari-
ous regions of ACs on the activity of AC2 in Sf9 cell
membranes. (A) Effects of peptides TEMS, QEHA,
and QAID on basal activity or activity stimulated by
Q2271L-Ga(1 nM) in the absence or presence of
Gy (100 nM). (B) Effect of various concentrations
of QEHA peptide on basal AC2 activity or activity
stimulated by Q227L-Ga, (1 nM), Q227L-Ga (1
nM) plus GBvy (100 nM), or forskolin (100 wM). (C)
Sequence alignment of the region of AC2 corre-
sponding to QEHA (residues 956 to 982) with the

cognate regions of other AC isoforms. The sequences of the peptides QEHA
(AC2) and SKEE (AC3) are underlined. The highly conserved (80% similarity over
eight amino acids) and the moderately conserved (60 to 80% similarity over
eight amino acids) regions of the proteins are shown as solid boxes and shaded
boxes, respectively, in the schematic representation. (D) Effects of peptides

activity in the presence of the QEHA pep-
tide, the inhibition of GBy stimulation of
AC2 by this peptide was apparently not the
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Fig. 2. Effects of the peptides TEMS and QEHA (A)
and various concentrations of peptides QEHA and
SKEE (B) on GBv inhibition of rat brain membrane
AC activity stimulated by Ca?* and calmodulin
(CaM). Values for (A) are means * SD of triplicate
determinations. In (B), the percentage inhibition of
Ca?*-CaM-stimulated AC activity by GB+y subunits
in the presence of various concentrations of pep-
tides was calculated by subtracting the AC activity
in the presence of Ca?*, CaM, and GBy from that
in the presence of Ca2* and CaM, and dividing by
the activity in the presence of Ca?* and CaM. Each
experiment was repeated twice with similar resuits.
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result of simple inhibition of enzyme activi-
ty. The location of the QEHA peptide with-
in the presumed structure of mammalian
ACGC:s is shown in Fig. 1C. To explore fur-
ther the specificity of the effect of the
QEHA peptide, we synthesized and tested
a peptide (SKEE) corresponding to the
cognate region of AC3. The SKEE peptide
inhibited GB<y stimulation of AC2 by
GBy only slightly (Fig. 1D). Several pep-
tides corresponding to regions of B-ARK
with unrelated sequences also had no ef-
fect on GBvy regulation of AC2 (7).

It is possible that functionally distinct
regions of GBvy subunits mediate the stimu-
latory and inhibitory effects of GBvy on dif-
ferent ACs. We therefore tested the effect of
the QEHA peptide on regulation of brain
AC:s by calmodulin (8). The QEHA pep-
tide completely suppressed inhibition of
the calmodulin-stimulated activity of rat
brain membrane ACs by GBy, whereas
the TEMS and SKEE peptides had no such
effect (Fig. 2). Thus, the QEHA peptide
specifically blocks GB+y regulation of ACs,
irrespective of whether the effect is stim-
ulatory or inhibitory.

We tested whether the QEHA peptide
regulated GP7y interactions with Ga sub-
units (Fig. 3). Biotinylated GB<y subunits
were bound to avidin beads and washed, and
Ga,, was added to allow reassociation.
Ga,, binding was detected by analysis of the
protein adsorbed to the avidin beads by elec-
trophoresis on SDS-polyacrylamide gels (9).
Only beads with adsorbed biotinylated GBy
bound Ga_,, and this binding was inhibited
by excess free unbiotinylated GBy. Addition
of 100 pM QEHA peptide did not affect
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QEHA and SKEE on basal AC2 activity or activity stimulated by Q2271 -G, (1
nM) in the absence or presence of GB+y (100 nM). All values are means * SD of
triplicate determinations. Abbreviations for the amino acid residues are: A, Ala;
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val, W, Trp; and Y, Tyr.

Ga,, binding to the biotinylated GBry; ad-
dition of the peptides SKEE or TEMS also
had no effect. The QEHA peptide by itself
did not have any effect on the interaction of
biotinylated GBy with the avidin beads.
Hence, the QEHA peptide does not appear
to affect the interaction between GB+y and
Ga 4. This result implies that the sites on
GBy responsible for Ga binding and AC
interaction are distinct.

To determine whether the QEHA pep-
tide affected GBvy regulation of other effec-
tors, we tested its effects on GBy stimulation
of B-ARK, atrial K* channels, and PLC-
110, which is a truncated version of PLC-83
that is stimulated only by GBy. The QEHA
peptide, but not the SKEE peptide, blocked
GBy stimulation of B-ARK (10) (Fig. 4A).
The QEHA peptide also specifically blocked
Gy stimulation of PLC-110 (11) (Fig. 4B)
and chick atrial K* channels (12) (Fig. 4, C
to F). In the cell-attached patch clamp mode

Avidin-beads
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Y

Biotinylated Py

- = , e |
& | g5 38<
+ towa 8
=} =} g g é
Fig. 3. Effects of QEHA, TEMS, and SKEE pep-

tides on Ga,, interaction with GB+y subunits. Pro-
teins were visualized by Coomassie blue staining.
The 32- to 42-kD region of the gel is shown. The
experiment was repeated three times with similar
results.
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Fig. 4. Effects of QEHA, TEMS,
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with acetylcholine in the pipette (extracel-
lular side), the average K* channel activity
in the patch was 0.378 (Fig. 4C). Excision of
the patch into the inside-out mode and bath
perfusion (intracellular surface) with gua-
nosine triphosphate (GTP)—free solution re-
sulted in a decrease in channel activity to
~3% of that apparent in unexcised patches.
Bath perfusion with GTP increased the ac-
tivity of the K™ channels in the patch to a

Fig. 5. Localization of determinants within the QEHA
peptide that are important for modulation of GBvy
effects on AC2. (A) Effects of QEHA, QEHA, ., and
MHIG peptides on stimulation of AC2 activity by
Q227L-Gayg (1 nM) and GB+y (100 nM). All peptides
were used at a final concentration of 300 wM.
QEHA v QEHAQEPERQYMHI; MHIG peptide,
MHIGTMVEFAYALVGK. (B) Effects of various con-
centrations of QEHA, QEHA-s1, and QEHA-s2 pep-
tides on GBy stimulation of AC2 activity in Sf9 cell
membranes. Percentage inhibition by peptide was
calculated as 1 minus the ratio of the activity in the
presence of peptide to that in the absence of pep-
tide. Values are means + SEM from three seperate
experiments. QEHA-s1, QEHAAAPERQYMHIGTM-
VEFAYALVGK; QEHA-s2, QEHAQEPAAQYMHIG-

1(|)0
QEHA (M)

1000

level comparable to that observed in cell-
attached patches. Removal of GTP again
decreased channel activity. Perfusion with a
solution containing GBy (10 nM) in the
previously tested buffer solution resulted in
channel activation. During perfusion of the
patch with SKEE peptide (50 wM), channel
activity decreased by 27%; perfusion with 50
M QEHA peptide reduced channel activ-
ity by 98% relative to the activity apparent

6006 [J Basal
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TMVEFAYALVGK (bold Ala residues are those that were substituted for the native residues). (C) Comparison
of amino acid sequences from the indicated proteins, which are established or putative (AC7) effectors for GBy
subunits. The sequences for B-ARK-1 and GIRK-1 are in Reuveny et al. (15), B-ARK-2 in (20), AC2 in (21),
AC4 in Gao and Gilman (2), and AC7 in Watson et al. (15). Residue numbers are shown on the right.
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SKEE QEHA

in the presence of GRy. This effect of
QEHA is evident in single-channel record-
ings from around the time of peptide appli-
cation (Fig. 4D). The QEHA peptide had
no effect on the activity of adenosine
triphosphate (ATP)-sensitive K* channels
(Fig. 4E) (13). Data from several experi-
ments are summarized in Fig. 4F. These data
suggest that the QEHA peptide, by interact-
ing with GBvy subunits, can selectively block
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GBy interaction with effectors.

To determine the structural specificity of
the QEHA peptide-GBvy interaction, we
substituted potentially important residues
within the QEHA peptide with alanine
and also synthesized two peptides corre-
sponding to different segments of QEHA
(14). Neither the 14— (QEHA ;) nor the
16— (MHIG) amino acid unsubstituted
peptides inhibited stimulation of AC2 by
GBy (Fig. 5A). Two 27-amino acid substi-
tuted peptides—QEHA-s1 and QEHA-
s2—also showed greatly reduced capacities
to inhibit stimulation of AC2 by GBvy (Fig.
5B). Neither the QEHA-s1 nor QEHA-s2
peptide inhibited basal or Gea-stimulated
AC2 activity (17). Thus, although the
QEHA,, .. peptide containing the amino
acids targeted for substitution was not ac-
tive, the presence of these amino acids in
the longer QEHA peptide was crucial for
inhibition of GBy regulation of AC2. The
QXXER motif is conserved in AC2, AC4
(2), and AC7 (15). AC7, which is closely
related to AC2, has recently been shown to
be regulated by protein kinase C (15), as is
AC2 (I8), and the occurrence of the
QXXER motif in ACT7 suggests that this
enzyme also might be susceptible to stimu-
lation by GB+y subunits. Furthermore, this
or a similar motif also appears in regions of
B-ARK-1, B-ARK-2, and the G protein—
gated potassium channel GIRK-1 that are
thought to be required for regulation by
GBy (Fig. 5C) (15), suggesting that the
motif may participate in signal transduction
from GRy subunits. The Q and the ER
residues are important in AC2, but it re-
mains to be determined if they are also
important in the other proteins.

Signal transmission in G protein—regu-
lated pathways appears to be achieved by
interactions between discrete regions of the
signaling components. Such regions on re-
ceptors and G proteins have been mapped
in several pathways (16). Regions of effec-
tors that interact with G protein subunits
are less well characterized. Our data delin-
eate a region of AC2 that may participate
in the interaction with GBvy subunits.

Given the diverse effectors regulated by
GBy subunits, it might be expected that
distinct sites on By subunits interact with
the different effectors. However, we have
shown that a relatively short, 27-amino
acid peptide corresponding to a region of
AC2 blocks GBvy regulation of five effec-
tors: AC2, ACI1, phospholipase C-B3, K*
channels, and B-ARK. Such blockade prob-
ably occurs because the peptide binds to
GBy and prevents GBy interaction with
effectors, thus indicating that the regions of
GBy that interact with the different effec-
tors are very close to each other if not
overlapping. Because the peptide corre-
sponding to the AC2 sequence did not

affect GBvy interaction with Ga subunits,
the region of GBy that participates in the
interaction with Ge is functionally, if not
physically, distinct from the GBvy effector
region. The similar potencies with which
the AC2 peptide blocked GBy regulation of
several unrelated effectors and the similar
concentrations at which GBvy regulates the
different effectors (17) suggest that differ-
ential effector affinities for G+ are unlike-
ly to direct signals through GBy subunits to
different effector pathways. Rather, the rel-
ative abundance of the effectors and their
relative proximity to the released GBvy sub-
units are likely to be more crucial factors in
determining whether receptors successfully
use GB7y subunits to transmit signals to
different effector pathways.
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