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Abstract

The mechanism by which the type regulatory subunitRl«) of cCAMP-dependent protein kinase is localized to cell
membranes is unknown. To determine if structural modification efiRimportant for membrane association, both beef
skeletal muscle cytosolic Rl and beef heart membrane-associated RI were characterized by electrospray ionization mass
spectrometry. Total sequence coverage was 98% for both the membrane-associated and cytosolic forms of RI after
digestion with AspN protease or trypsin. Sequence data indicated that membrane-associated and cytosolic forms of RI
were the same RIgene product. A single Iphosphorylation site was identified at Ser81 located near the autoinhib-
itory domain of both membrane-associated and cytosolie. Blecause both R subunit preparations were 30—40%
phosphorylated, this post-translational modification could not be responsible for the membrane compartmentation of the
majority of Rle. Mass spectrometry also indicated that membrane-associateldala higher extent of disulfide bond
formation in the amino-terminal dimerization domain. No other structural differences between cytosolic and membrane-
associated RI were detected. Consistent with these data, masses of the intact proteins were identical by LCQ mass
spectrometry. Lack of detectable structural differences between membrane-associated and cytostiangly sug-

gests an interaction betweendRdnd anchoring proteins or membrane lipids as more likely mechanisms for explaining
Rla membrane association in the heart.

Keywords: compartmentation; mass spectrometry; phosphorylation; post-translational modificationg type |
cAMP-dependent protein kinase

cAMP-dependent protein kinag€’KA) is a tetrameric enzyme subcellular localization of the regulatory subunits is one way in
composed of a regulatory subunit dimer and two catalytic subunitswhich isozyme-selective functions may be conferred. For example,
In mammalian tissue it occurs in two major classes, PKA | andPKA Il can associate with multiple subcellular compartments
PKA I, that are distinguished by the properties of four distinct through the interaction of RM or RII3 with A-kinase anchoring
regulatory subunit gene product®la, RIB, Rlle, and RIB) proteins(AKAPs) (Rubin, 1994; Dell’Acqua & Scott, 1997
(Dgskeland et al., 1993; Brandon et al., 199%though physio- The PKA la isoform has historically been classified as a cyto-
logical roles for PKA isozymes are not fully resolved, differential solic enzyme(Corbin et al., 197Y. Exceptions to this rule have
included PKA | or RI association with erythrocyte membranes
(Rubin, 1979, T lymphocyte plasma membranédasler et al.,
Reprint requests to: John B. Shabb, Department of Biochemistry am]_992; Skélhegg et al., 1984and cardiac myocyte sarcolemma
Molecular Biology, University of North Dakota, Grand Forks, North Da- (Robinson et al., 1996; Reinitz et al., 199Recently, through the
kota 58202-9037; e-mail: jshabb@medicine.nodak.edu. use of the yeast two-hybrid system, RI has been shown to interact
Abbreviations:AKAPs, A kinase anchoring proteins; CID, collision- with AKAP-like proteins such as D-AKAP{Huang et al., 1997a

induced dissociation; HPLC, high-performance liquid chromatography; .
LC/MS, electrospray mass spectrometry;AMS/MS, tandem mass spec- D-AKAP2 (Huang etal., 1997band cytochrome oxidase(Yang

trometry; PKA, cAMP-dependent protein kinasenRtype kr regulatory €t al., 1998, all of which may potentially target the RI subunit to
subunit of cAMP-dependent protein kinase. mitochondrial membranes. These anchoring proteins, however, either

1515




1516 K.M. Boeshans et al.

preferentially bind RIl(Huang et al., 1997a, 199Ybr have not
been tested for their isozyme specificityang et al., 1998 The RI

subunit, but not RII, has been detected in immunoprecipitates of 97 kDa_
EGF receptors in MCF-10A epithelial cell lysat€Bortora et al.,
1997. This interaction is apparently through the SH3 domains of 66 kDa —_

Grb2, suggesting an anchoring mechanism distinct from AKAPS.
Finally, a nonclassical AKAP fronCaenorhabditis elegankas
been identified that interacts with the RI-like protein from that
organism but not with mammalian Rdlor R113 (Angelo & Rubin,
1998. It is not yet clear if any of these RI interacting proteins can 45 kDa _
account for the extensive membrane association observed in eryth-
rocytes, T lymphocytes, or cardiac myocytes.
Three models are proposed to explain differential compartmen-
tation of RI: (1) The R subunit may interact with membrane- 31 kDa _

associated RI-specific anchoring proteins in a manner similar to
AKAPSs, (2) membrane-associated RI may interact directly and
noncovalently with the lipid bilayer as does protein kinaseOgr
& Newton, 1992; Zhang et al., 19950r (3) the membrane-
associated RI may be targeted to membranes via post-translational
modifications such as palmitoylatigiMilligan et al., 1995; Wede-
gaertner et al., 1995; Fraser et al., 1998; Gray et al., 1988his 1 2
paper, mass spectrometric analysis of the purified membrane-
associated and cytosolic forms of RI was undertaken to test thgig 1. polyacrylamide gel electrophoresis of purified cytosolic and
third possibility. In the process, membrane-associated RI was idenmembrane-associatedRIFive micrograms of cytosolic R (lane 3 and
tified as the same gene product as cytosoliee,Rhe in vivo 5 ng of membrane-associated R(lane 2 were incubated in a boiling
phosphorylation site of RI was defined as Ser81, evidence for Water bath for 5 min in the presence of AL 10% SDS, 5uL

. . ] - . ., 2-mercaptoethanol, andid of a sucrosgbromophenol blue solution. The
v_arlab_le gxtents of d_lsulflde bond formation in the amlno-termlnalSamples were applied to a 10% SDS-polyacrylamide gel and subjected to
dimerization domain was observed, and a tendency for theiectrophoresis according to Laemr(l970.
C-terminus to be proteolytically clipped during purification was
noted. No structural differences between the membrane-associated
and cytosolic forms of Rl were detected that could explain lo-
calization. This strongly suggests that the protein—protein or protein—
o . ...~ Overall sequence coverage
lipid interaction model accounts for RImembrane association in
the heart. Soluble and membrane-associated forms of RI were analyzed by
tandem mass spectromettyC/MS/MS) in an attempt to identify
unique ions that could represent structural differences between the
two proteins. Peptides generated by AspN digestion were separated
on capillary HPLC columns directly coupled to the mass spec-
trometer, and were identified in electrospray mass spectrometry
Abovine heart was chosen as the source for purification of detergentL.C/MS) chromatograms by comparing observed masses to masses
solubilized RI because it has a proportionately high amount of Rlof predicted proteolytic fragments. Approximately 94% of the total
relative to RIl in the particulate fractiofReinitz et al., 199Y. amino acid sequence was subsequently determined AMISC
Purification of cytosolic RI from a bovine heart was not practical, (Table . Some short, hydrophilic peptides were not observed in
due to the large amount of contaminating RIl in this compartmentAspN digests. These included peptides D3, D7-D9, D11, D13, and
Instead, bovine skeletal muscle was used. The solulteRiified D15. Using different R subunit preparations, the experiment was
from this tissue was the source for the complete amino acid serepeated with trypsin proteolysiable 2. Because trypsin diges-
guence determination of this proteiiitani et al., 1984. Puri- tion resulted in many very small peptides, and one very large
fication of RI from beef heart particulate fractions required poorly ionizable fragmentT24), only 38% of the RI sequence
modification from the standard protocol designed for purification could be determined. Even so, the sequences of the unidentified
of the cytosolic form. This included homogenization of the tissueD3 and D7 AspN fragments and part of D8 were accounted for in
in high-salt buffer, followed by extensive washing of the pellet andthe tryptic map. The total sequence coverage was therefore 98%
extraction of the pellet with Triton X-100. To get efficient recovery for both the membrane-associatgeg. 2) and cytosolic forms of
of detergent solubilized RI at the cAMP-affinity chromatography the enzyme(not shown. Identities of most peptides were con-
step, it was necessary to incubate the R subunit with an equimoldirmed by collision induced dissociatidi€ID) at the orifice or by
amount of PKA catalytidC) subunit. This stimulated the release LC/MS/MS. The undetected sequences were SDI#5-148,
of cAMP, which allowed subsequent binding of the protein to theDEG (167-169, and DQGEM(176-180.
affinity column. Figure 1 illustrates the purity of representative Because LZMS sequence coverage was not 100%, the proteins
preparations of full-length membrane-associated and cytosolic Rwere subjected to electrospray ion trap mass spectrometry to com-
The term membrane-associatedxRiill henceforth refer to puri-  pare the molecular weights of the intact proteifiable 3. Exper-
fied Triton X-100 solubilized Rt from the particulate component imentally determined molecular weights of membrane-associated
of beef heart tissue. and cytosolic RI were identical, indicating no other detectable

Results

Purification of membrane-associateddR|



Structural characterization of PKA RI

Table 1. Fragments of AspN protease-digested cytosolic and
membrane-associated ®Rbetected by LEMS/MS
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Table 2. Fragments of trypsin protease-digested cytosolic and
membrane-associated &®RHetected by LEIMS/MS

Calculated  Observed mass Observed mass Calculated Observed mass Observed mass
Peptide mass cytosolic Rk membrane Rt Peptide mass cytosolic Rk membrane Rt
Ac-D1 3,446.82 3,446.92 ND T3 1,010.48 1,010.52 1,010.67
(Ac-D1/2),(S-9 16,903.24 16,902.52 ND T3/5 3,214.80 3,214.90 3,214.30
(Ac-D1/2),(S-9, 16,901.24 16,900.52 16,900.83 T4 935.56 935.64 935.63
D2 5,023.79 5,024.26 ND T5 2,203.63 2,203.68 2,203.68
D4 3,220.60 3,221.12 3,220.97 T6 714.33 714.30 ND
P-D4 3,300.660 3,300.72 3,300.62 T11/12 1,947.14 1,946.70 1,947.00
D5 1,345.78 1,345.83 1,345.71 T12 1,516.79 1,516.20 1,516.50
D5/6 3,692.40 3,693.02 3,692.97 P-T12 1,596.79 1,596.90 1,597.20
D6 2,363.82 2,363.99 2,363.98 T17 1,931.08 1,932.00 1,931.70
D10 1,910.19 1,910.52 1,910.34 T23 1,457.70 1,457.70 1,457.70
D12 769.37 769.03 769.45 T31 889.51 889.63 889.54
D14 4,684.30 4,684.62 4,684.72 T34/35 1,173.58 1,173.54 1,173.55
D14/15 4,955.58 4,956.3F 4,956.8¢ T35 1,045.49 1,045.57 1,045.55
D16 3,750.46 3,751.18 3,751.33 T36 1,002.57 1,002.56 1,002.51
D16b 1,492.81 1,492.98 ND T36/37 1,473.79 1,473.75 1,473.90
D17 1,116.60 1,116.51 1,116.68 T39 2,587.97 2,588.70 2,588.40
D18 1,046.50 1,046.21 1,046.29 T40/41 1,449.69 1,449.60 1,449.60
D19 1,225.64 1,225.74 1,225.62 T41 1,293.59 1,293.45 1,293.60
D20 3,595.00 3,595.82 3,595.53 T42b 1,393.72 1,393.50 1,393.50
D21 3,202.96 3,203.59 3,203.40 T48 1,043.58 1,043.51 1,043.68
D22 1,530.78 1,530.75 1,530.80 T48/49 1,199.68 1,199.62 1,199.60
D23 2,124.48 2,124.69 2,124.80 T50 1,497.75 1,497.75 1,497.90
D23 (-SV)® 1,938.23 1,937.98 1,938.28 T50 (-SV)P 1,311.65 1,311.60 1,311.75
D23 (-LSV)¢ 1,825.07 1,825.47 1,824.99

aAverage mass was calculated from ions that «2 and greater. All
other values are monoisotopic masses-a@fions. ND, not detected.
bT50(-SV) indicates the C-terminal peptide minus the last two residues.

aAverage mass was calculated from ions that a2 and greater. All
other values are monoisotopic massestdf ions. ND, not detected.

bD23(-SV) indicates the C-terminal peptide minus the last two residues.

€23(-LSV) indicates the C-terminal peptide minus the last three
residues.
chromatogramnot shown. The parent ion exhibited neutral loss
of phosphoric acid as determined by [I@S/MS. This indicated
post-translational modification of the remaining 2% of the se-that the phosphorylation was on one or more Ser or Thr residues
quence not determined by I/®IS. but not on a Tyr residuéResing & Ahn, 1997. Further fragmen-

A clear signal at-80 Da was not detected in either preparation. tation, however, was insufficient for sequencing. To precisely lo-
This was most likely due to a weak signal of the intact proteincate the phosphorylation site and get a better estimate of the
combined with substoichiometric phosphorylation at Ser81. Baseghosphorylation state, soluble and membrane-associated/&e
on the identical sequence data obtained from the two tandem magsirified in the presence of the phosphoprotein phosphatase inhib-
spectrometry experiments and electrospray ion trap mass spectronitrs fenvalerate, cantharidin, amdnaphthyl acid phosphate. Di-
etry of the full-length R subunits, it was concluded that the gestion of these preparations ofaRiith trypsin resulted in two
membrane-associated and cytosolic forms of Rl were the sam&maller more easily sequenced peptide fragments, T12 and T17,
Rla gene product. Therefore, there were no striking differences irthat spanned D4, plus the intervening fragments T13Gl$-Arg,
post-translational modification that could account for membraneArg, Arg, Arg), which were not recovered. T17 was not phosphor-
association of Rt. ylated, but a phospho-form of T12 was detect&dble 2; Fig. 2.

The phosphopeptide P-T12 consisted of residues 77EBEISP
PPPNPVVK). Because Ser81 was the only serine or threonine in
the sequence, this was designated as the phosphorylation site. This
Because the degree of phosphorylation can also affect the localas confirmed by CID sequenciri§ig. 3. The extents of phos-
ization of proteins(lto et al., 1997; Wartmann et al., 1997a  phorylation in membrane-associated and soluble forms ef#ire
careful search for S¢mhr-containing peptide fragments having approximately 30—40% as determined by the relative intensities of
masses 80 Da greater than expected was made. As indicated T2 to P-T12(not shown. Therefore, there was no significant
Table 1 and Figure 2, a phosphorylated form of @%D4) was  difference in phosphate content between membrane-associated and
observed in both the cytosolic and membrane-associated forms afytosolic forms of Ré.

Rla with a mass of 80 Da greater than peptide @&sidues 78—
106). The extents of phosphorylation in the AspN digest experi-
ment were 27% for soluble Rland 11% for the membrane-
associated form as determined by the relative intensities of th&o preserve potential lipid modifications of the four cysteine res-
phosphorylated and unphosphorylated D4 peptide in théM&  idues of Rk, all protein was purified in the absence of reducing

In vivo phosphorylation

Cysteine residues
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Fig. 2. Coverage map of membrane-associated. Rflembrane-associated &iwas digested with AspN protease or trypsin and
analyzed by L@MS. Peptides that were identified by comparing their observed masses with calculated masses are indicated
(Tables 1, 2 The dashed line in fragment 13 indicates intersubunit disulfide bonding between T3 and T5 in the absence of T4. The
dotted lines represent phosphopeptides. A¢gzDwas detected as the disulfide bonded dif#a-D1/2),(S-95,.

agents, and samples were not reduced and carboxymethylated prigrable 7. HPLC of AspN-digested cytosolic RI showed two

to protease digestion and U@®IS. Analysis of AspN digests of
preparations indicated that membrane-associataechRdl a higher

eluting peaks of this peptide complex—one with a mass consistent
with one disulfide cross-linkAc-D1/2),(S-S and the other con-

degree of intersubunit disulfide bonding via Cys16 and Cys37. Arsistent with(Ac-D1/2),(S-9,. The relative intensities of th@c-
ion series with a mass consistent with two amino-terminal peptide®1/2),(S-9 ions were 5% those ¢Ac-D1/2),(S-9, (not shown.

cross-linked with two disulfide bond@c-D1/2),(S-S, was re-
covered after digestion of membrane-associated ®ith AspN

Table 3. Masses of full-length cytosolic and membrane-
associated Rl as determined by electrospray
ion trap mass spectrometty

Observed mass

Cytosolic Rk
Membrane-associated &l

42,804
42,805

a0bserved mass was calculated fror2 ions. Units are in Daltons
(Da). The calculated average mass of monomeric acetylated iRI
42,804 Da.

A significant amount of uncross-linked Ac-D1 and D2 peptides
was also seen in the cytosolic Rl chromatogram, but their abun-
dance relative to the cross-linked Ac-fI12 fragment could not be
quantified. Likewise, the abundance of T3 and T5 relative t6TE3

in the trypsin datd Table 2 could not be quantified for either the
membrane-associated or cytosolic RI. The reason for the qualita-
tively higher degree of disulfide bonding in membrane-associated
Rla relative to cytosolic Rt is not certain, but may be attributed

in part to different purification schemes. For example, unlike the
cytosolic Ry, membrane-associateddRWas exposed to air dur-
ing multiple homogenization steps after removal from the reducing
environment provided by the cytosol. The antiparallel association
of the Rkx amino-termini, demonstrated by intersubunit disulfide
bond formation between Cys16 and Cys®&ubis et al., 198y,

was confirmed by the observation of a trypsin-generated fragment
T3/5 (Table 2; Fig. 2 but not T3 or T5/5. The remaining cys-
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AAAA Discussion
PPPP b
171 71731777
EDLE ILSLPI_PI}DELI\ILPWF Extensive mass spectrometric analysis of membrane-associated RI
K g y and cytosolic Rk showed that the two were identical gene prod-

ucts and that no unique post-translational modifications correlated
with membrane binding. Special care was taken to prevent the loss
of modifications such as thio-acylations, which are sensitive to
80 7 4 Wy b*P, by2) reducing agentéPepperberg et al., 1985Testing for this type of
modification was of particular concern because other important

100

g 60 4 (¥, B+, bya) « (Vo bg*P, bya) signaling mo_IecuIes_have _been showr_1 to be_targgtgd to the plasma
£ membrane via palmitoylation of cysteine residdbslligan et al.,
= (Vg bs*P, bsA)\ 1995; Wedegaertner et al., 1995; Fraser et al., 1998; Gray et al.,
@ 407 b, Vs (P-T12)” 1998. All four cysteine residues were accounted for, including the
R "\iA’ carboxyl-terminal Cys345 and Cys360, which were unmodified.
0] Wi Y104 Although membrane-associatedaRhad a higher extent of disul-
x fide bond formation in the amino-terminal dimerization domain,
this was not likely the cause for membrane localization. The ab-

sence of structural differences between membrane-associated and
0 200 400 600 800 1000 1200 1400 1600 soluble Rk strongly suggests that Rlis localized to membranes
ml/z in the heart either through protein—protein interactions or nonco-

Fio. 3. Identification of Ser81. as the in vivo phosohorviation site 6&RI valent protein—lipid interactions.

1g. o. entifncation or ser as the In vivo phospnorylation site . . . . i
The +2 ion of the phosphopeptide P-T12 from membrane-associated RI If mernbrane. |Ocal.|z§t|0n _Of Rl is mediated through protein
(Table 2 was subjected to LOMS/MS as described in Materials and Protein interactions, it is unlikely that the large amount of plasma

methods. Amino-terminal “b” ions and carboxyl-terminal “y” ions were membrane-associated Rl found in erythrocytBsibin, 1979, T
produced by cleavage of P-T12 between amide nitrogens and carbonyls §ymphocytes Hasler et al., 1992 or cardiac myocyteéRobinson

its peptide backbone\ indicates neutral loss of phosphoric acid. Ambig- et al., 1996 is a result of interaction with any of the known RI
uities in the designation of several ions are due to the similarities in average h" ; ins. The D-AKAP1 and D-AKARR |
masses of yand s + P ions that are propagated througheyd by + Pby ~ anchoring proteins. The D- and D-AKARRuang et al.,

the series of four prolines in the middle of P-T12. Further complicating the1997a, 1997bare thought to be targeted to mitochondria as is
interpretation is the similarity between prolit@7 Da and the difference  cytochromec oxidase(Yang et al., 1998 Although Grb2 can
between phosphoserine and the dehydroalanine formed from it upon neysotentially localize RI to plasma membrane receptors such as the
g;l zgi?‘éf(,pé'gsﬁgﬂcg_gi'(g; g:)d g(lr S)EZTSFTI% chae d?;flgrr%g/eler::tsr?ae: of epider.mal groyvth factofTortora et al., 199 it is unclear whe.ther
1 Da. Experimental resolution of these masses was not achieved. there is sufficient Grb2 to account for all membrane-associated Rl
that is present in the erythrocytes, lymphocytes, and myocytes. In
the pig cardiac sarcolemma, for example, such an anchoring pro-
tein would need to be present in sufficient abundance to account
teine residues, Cys345 and Cys360, were unmodified in the AspNfor the association of 40 pmol of Rl per mg of plasma membrane
digested preparatiofD21, D22, Table 1for both cytosolic and protein(Robinson et al., 1996n a cellular environment in which
membrane-associated &1 The trypsin experiment also showed 75-80% of the total cellular cAMP-binding activity is contributed
that Cys360 was unmodified in both forr(is48), but T45, which by RIl (Reinitz et al., 199Y. It is therefore likely that the prote{g)
contained Cys345, was not detected. responsible for the majority of Rl membrane association has yet to
be found.

The possibility that Rk may associate with membranes through
direct interaction with phospholipids has yet to be adequately tested.
The N-termini of both soluble and membrane-associatedvikire ~ Because Rt is predominantly a cytosolic protein, a mechanism
stoichiometrically acetylatelable 1, Ac-D1 containing peptides would need to be invoked that would limit the number of available
as has been observed by othé€F#ani et al., 1984 Mass spec- membrane sites. The studies described here rule out post-translational
trometric analysis of peptide fragments from initial preparations ofmodification as one possibility. Ligand-induced conformational
Rla showed differing degrees of C-terminal proteolysis of cyto- change leading to membrane insertion is one option that could be
solic and membrane-associatedaR]Table 1, fragments D23, explored. A precedence for this latter scheme is the calcium and
D23(-SV), D23(-LSV); Table 2, fragments T50, T%8V)]. For diacylglycerol-dependent membrane association of protein kinase
example, the C-terminal peptide fragment D23 was detected mor€ (Orr & Newton, 1992; Zhang et al., 1985
strongly with the membrane-associated’Rh contrast, D28LSV), The phosphorylation site at Ser81 was detected in both mem-
which lacked the last three residues, was the predominant C-terminfrane and cytosolic RI, suggesting that this modification by itself
AspN fragment for cytosolic RI. Subsequent preparations ofdRl  cannot account for membrane localization. The in vivo phosphor-
purified in the presence of the carboxypeptidase inhibitor, 1,10ylation of Rle was originally observed as a charge variant of Rl in
phenanthroline, yielded mostly the intact C-terminal peptide T50S49 lymphoma cell§Steinberg et al., 1978Neither the function
for both the soluble and membrane-associated forms@f@ther  of this modification nor the protein kinase responsible for the
difference ions were detected, but in every case were attributed tphosphorylation have been determined. Until this paper, attempts
contaminating proteins in the Rlpreparation. No other reproduc- to identify the in vivo phosphorylation site in Rlhave been
ible structural differences between cytosolic and membraneunsuccessfu{Hashimoto et al., 1981; Steinberg, 1988lodula-
associated Rl were observed. tion of the phosphorylation state of &lin response to cAMP

N- and C-termini
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elevating agentéSteinberg et al., 1978; Steinberg & Agard, 1981b; in S49 lymphoma cells could affect the phosphorylation state of RI
Russell & Steinberg, 198&uggests, however, that the phosphor- (Steinberg & Agard, 1981b; Russell & Steinberg, 188dthough

ylation may serve some physiological purpose. a direct connection between phosphorylation state and decreased
The location of Ser81 in the primary sequence ai Ruggests  RI half-life could not be madéSteinberg & Agard, 1981b
potential novel functiongFig. 4). Its proximity to the autoinhib- On a technical note, the C-terminal truncation of cytosolia RI

itory site (RRGA,; residues 94—97suggests a possible influence that was consistently observed in four independent preparations of
on the interaction between regulatory and catalytic subunits, thoughovine skeletal muscle of Rlhas implications for the in vitro
earlier studies on the Rlin vivo phosphorylation site discount this characterization of RI. Dissociation assays of the truncated cy-
(Geahlen & Krebs, 1980; Geahlen et al., 1981.is interesting to  tosolic Rkx show that the B-domain dissociation rate is faster than
note that Ser81 is approximately the same distance from the @hat of the intact membrane-associated .M. Boeshans & J.B.
subunit autoinhibitory site as the heterologous in vivo phosphorShabb, unpubl. obk. This is consistent with the finding that a
ylation site in Rlk is from its autoinhibitory site(Carmichael recombinant form of Rl truncated at the last five C-terminal
et al., 1982; Hemmings et al., 1982 residues has a B-domain dissociation rate three times faster than
Ser81 is also adjacent to the sequence P@&sdues 82-85  the full-length proteifKapphahn & Shabb, 1997The addition of
which is the only consensus SH3 domain binding site, Pro-x-x-Prdl,10-phenanthroline to the purification protocol is therefore rec-
(Feller et al., 1994; Pawson, 199%n Rla. This suggests that if ommended to avoid this kinetic heterogeneity.
Rla interacts with this class of proteins, the interaction could be
modulated by phosphorylation of Ser81. The qualitative in vitro
interaction observed by others between the Grb2 SH3 domains arfdaterials and methods
RI (Tortora et al., 1997 makes this an attractive possibility.
Both of the heterologous phosphorylation sites ia Bhd Rl Materials
reside in potential PEST sequendésg. 4) defined as a hydro- 3 ) )
philic stretch of 10 or more residues enriched with Pro, &8kp, [2,8-"H]cAMP (35 Ci/mmol) was from AmershamArlington

and SefThr residues, and bounded by positively charged residueyeights’ IIIinqis); Triton X-100, fenvalerate, canthar_idin, and
(Rogers et al., 1986; Rechsteiner & Rogers, 1998is sequence ¢-"@phthyl acid phosphate were purchased from Calbiodizm

motif is present in a number of proteins that have high rates of1€90: California; 1,10-phenanthroline was from Sigrf&t. Louis,
Missouri); DE52 resin was from Whatma(iClifton, New Jersey

turnover mediated through the ubiquitin-26S proteasome pathwaé%coscint O was from National Diagnostiotanta, Georgia N
’ 6~

Degradation rates of some PEST-containing proteins have be X
observed to modulate in response to phosphorylation of their PES2N(CH2)CAMP Sepharose was prepared according to the method

sequencesYaglom et al., 1995: Lin et al., 1996; Schwarz et al. of Dills et al. (1979. Beef heart and beef skeletal muscle were
1996. Because Rt has been demonstrated to undergo ubiquitin_obtained from a local processing plant and transported to the lab-

dependent proteolysi¢iegde et al., 1993 there could be a rela- oratory on ice. Soluble beef skeletal musclexRlas purified from

tionship between Ser81 phosphorylation and Begradation. the supernatant fraction of 8 kg of beef skeletal muscle as in
Rannels et al(1983, except that following sample application, the

Because of the proximity of the PEST sequence to the auto: o X
inhibitory site in RI, Rechsteiner and colleagues have suggestelje"H2N(CH2)>"¢AMP Sepharose affinity column was washed with

that the rate of Rl degradation may be cAMP-dependBugers L0 column volumes of KPELO mM potassium phosphate, 1 mM
et al., 1986; Rechsteiner & Rogers, 199b6hey suggest that only EDTA, pH 6.8 containing 0.75 M sodium chloride. The affinity

when cAMP levels are elevated is the PEST sequence revealdtP!umn was equilibrated with 10 column volumes of KPE and R

upon dissociation of the catalytic subunit. This hypothesis is conWaS €luted aftea 2 hincubation at room temperature with KPE

sistent with the observation by Steinberg and Agard that the 8.4 ffontaining 10 mM cAMP. The addition of protease and phospha-
half-life of RI in S49 lymphoma cells is reduced 10-fold upon tase inhibitors is as indicated below. A beef heart PKA catalytic
elevation of intracellular cAMRSteinberg & Agard, 1982aThese ~ SuPunitwas purified according to Flockhart and Cortiig4. Al

investigators also demonstrated that manipulation of cAMP levelQther chemicals were of reagent grade and were purchased from
Sigma or FishefPittsburgh, Pennsylvania

P Purification of membrane-associatedadRl
76 | 101 fea indi o :
Unless otherwise indicated, all steps were done°&t entricular
"‘REDE|S|PPPP, NPVVKGRR|RRGA| ISAE... RIOL muscle from beef hearts was trimmed of fat, major vessels, peri-
[ SH3? | Auto-inhib. cardium, and endocardium, cut into strips, and ground in a meat

PEST? grinder. Tissue was divided into four 500-g portions. Each 500 g
’ portion of the beef heart was homogenized in 1.5 L of KPE con-
P taining 0.75 M NaCl by three 30 s bursts at high speed with a
74 1 99 Waring blender. The homogenate was centrifuged at 10:08/Q.«
..SESEDEDEEDLDVPIPGRFDRRVSVCAE.. Rllo  for 30 min at #C. Pellets were homogenized with 1.5 L of 0.75 M
| | NaCl in KPE and the centrifugation was repeated. The pellets were
PEST? Auto-inhib. washed twice more in 1.5 L of KPE by homogenization and cen-
Fig. 4. Features of Rt and Rlkx primary sequences near their heterolo- trifugation as above. The final yvashed pellets were resuspended in
gomjs i.n vivo phosphorylation sites. SH3, potential SH3 domain binding sitel'5 L_ of KPE as at?o"e' and Tr!ton >_('_100 was added to makp al%
consensus sequen¢®XXP); Auto-inhib, C subunit autoinhibitory site ~ solution that was incubated with stirring for 1 h. After centrifuga-
(RRX(A/9)); PEST, potential PEST sequence. tion, the supernatant was collected and loaded batchwise onto 2 L
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of DE52 Cellulose resin for 2 h, stirring every 10 min. The resin pled to the mass spectromet&C/MS). In many cases, peptide
was washed with 15 L of KPETKPE plus 0.01% Triton X-100 identities were confirmed by CID at the orifice. In addition, LC
throuch a 3 Lfritted glass funnel. The resin was poured into a1 8 MS/MS was performed on-line as peptides eluted from the cap-
90 cm column, and the R subunit was eluted with 5 L of 0.35 Millary column, selecting individual peptide ions for CID in the
NaCl in KPET collecting 500 mL fractions. The R subunit was high-pressure collision cell. Analysis of /&S and LGMS/MS
detected by assaying f¢?H]-cCAMP binding activity(Sugden &  was carried out using software provided by PE Sciex.

Corbin, 1976. Fractions containing cAMP binding activity were

incubated fo 1 h with a one-to-one molar ratio of a beef heart PKA

C subunit to an R subunit to release bound cAMP. The TritonElectrospray ion trap mass spectrometry

X-100 solubilized membrane-associated R subunits were purifie
by Ng-H-N(CH,),-cAMP Sepharose affinity chromatography as
described by Rannels et 1983 for cytosolic Rk. Separation of
Rla from RII was achieved by chromatography of the cAMP-
eluted fraction a a 3 mL DEAE-Sephacel column equilibrated
with 30 mL KPET and eluted with a 60 mL linear 0—0.35 M NaCl
gradient with KPET collecting 1.5 mL fractions. The R subunits
were again detected by assaying féi]-cAMP binding activity.

ﬁ’_C/MS analysis was carried out on intact proteins using a Finni-
gan LCQ mass spectrometer connected in-line to a Microtech Ultra
Plus Micro LC pump. Two micrograms of cytosolic or membrane-
associated RI was analyzed on a 0.5 miml5 cm Wdac C4
capillary column equilibrated in 0.1% formic acid and eluted with
an 80% acetonitrile gradient with 0.1% formic acid at 1/68,

with a flow rate of 20uL /min. The LCQ was operated with &N

sheath gas flow rate of 0.45/min, 5 kV spray voltage, 47 V

Immediately after purification, aliquots were stored in the presenc%apillary voltage, and 20T capillary temperature. Data analysis
of 0.01% Triton X-100, frozen with liquid nitrogen, and stored at was performed l;sing Bioworks Explore software

—70°C to prevent its rapid degradation to a 37 K fragment. Some
membrane-associated Rpreparations were purified in the pres-
ence of protease and phosphatase inhibitors. Yield was approxAcknowledgments

. o . o
mately 0.2 mg2 kg of tissue, which is gpproxmately 13 /0_ 9f the The authors thank Dr. Catharine Reinitz for initial development of some of
calculated amount of membrane-associated Rl in beef fieaimitz e purification steps of the membrane-associated. Rhis work was

et al., 1997. supported by an American Heart Association Grant-in-Aid and NSF OSR-
9452892.
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