THE SUBCELLULAR LOCATION of the
type Il cAMP-dependent protein kinase
(PKA) is maintained through interaction
between the regulatory subunit of the
kinase (RII) and specific anchoring pro-
teins (for review see Ref. 1). Subcellular
fractionation and immunolocalization
techniques have demonstrated that a
significant proportion of the type Il PKA
is associated with the plasma mem-
brane, cytoskeletal components, se-
cretory granules or the nuclear mem-
branes®’. More recently, Rubin, Erlich-
man and others have characterized a
family of proteins which co-purify with
RII after affinity chromatography on
cAMP-sepharose*®, Rubin and col-
leagues have named these molecules
Akinase anchoring proteins (AKAPs)
because they are capable of tethering
the type Il PKA to specific subcellular
sites, presumably co-localizing the
kinase close to physiological sub-
strates!!. This article describes three
techniques, listed below, which have
been used extensively to study the pro-
tein—protein interactions between the
type Il PKA and AKAPs.

(1) A modified western blot procedure
using radiolabeled RIl as a probe,
called the RIl-overlay technique,
which has been successfully used
by several laboratories to identify
numerous AKAPs.

(2) An expression cloning strategy
using radiolabeled RIl as a probe,
resulting in the isolation of several
cDNAs encoding AKAPs!>15,

(3) Gel electrophoresis under non-
denaturing conditions, called ‘band-
shift’ analysis, used to demonstrate
the formation of multiprotein com-
plexes between certain AKAPs and
the PKA holoenzyme (R2C2)™1.
This technique has also been used
to determine the relative binding
affinities of mutant AKAPs.

While the examples in this article
focus on the use of protein blotting and
band-shift methods to study PKA
anchoring, these techniques can easily
be adapted to study multiprotein com-
plexes in a variety of experimental sys-
tems.

~
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Blotting and band-shifting: techniques
for studying protein-protein

interactions

Daniel W. Carr and John D. Scott

The type Il cAMP-dependent protein kinase (PKA) is localized in certain cellu-
lar compartments through association with specific A-kinase anchoring
proteins (AKAPs). A variety of blotting and electrophoresis techniques
have been developed to study the protein—protein interactions that occur
between the regulatory (R) subunit of PKA and AKAPs. These methods
have also been used for a variety of purposes such as detecting cal-
modulin-binding proteins, comparing wild-type- and mutantform binding
affinities and estimating the molecular weight of multiprotein complexes.

The Ril-overlay technique

Detailed study of PKA anchoring was
made possible by the original obser-
vation of Lohmann and colleagues!' that
many, though most likely not all, AKAPs
retain their ability to bind RIl after
transfer to nitrocellulose. As a result,
an overlay technique has been devel-
oped which is essentially a modification
of the western blot procedure'”®®, Pro-
tein samples are separated by SDS poly-
acrylamide gel electrophoresis (PAGE)
and transferred to nitrocellulose by
standard electrotransfer techniques'.
The immobilized protein is partially
renatured by incubation in a blocking
solution of powdered milk before reac-
tion with *P-labeled RIl probe. After
extensive washing to remove uncom-
plexed Rll, AKAPs are detected by
autoradiography. A five- to tenfold in-
crease in sensitivity can be achieved if
bound Rl is detected immunologically
with antiRll-antisera and '*labeled
protein A. As can be seen in Fig. 1a, a
survey of nine bovine tissue hom-
ogenates detected numerous Rll-binding
bands ranging in size from 34 to 300
kDa. Greater separation of these pro-
teins is achieved if a two-dimensional
Ril-overlay procedure is used (Fig. 1b).
Crude extracts from various tissues are
separated by isoelectric focusing (IEF)
in the first dimension and by SDS-PAGE
in the second dimension. After electro-
transfer, the standard overlay pro-
cedure is performed. Surprisingly, both
overlay procedures are highly specific
for detecting AKAPs. No RIl binding is
detected if RIIA1-23, a deletion mutant

unable to interact with AKAPs, is used
as a probe in overlay experiments'®.

Expression cloning with Rll as a probe

An elegant extension of the overlay
technique, first used by Rubin and col-
leagues, is the use of RII to screen cDNA
expression libraries. This protocol is an
adaptation of the antibody screening
method of Helfman®, but uses *P-labeled
Rll as a probe. Using this strategy Rubin
and colleagues isolated cDNAs for two
anchoring proteins, AKAP 75 and AKAP
150 (Refs 12,13). More recently, this
procedure has been modified by pre-
absorbing filters with a tenfold molar
excess of RIIA1-23, a mutant that does
not bind anchoring proteins. This step
cuts down on the non-specific inter-
action of the probe with bacterial cell
debris and prevents detection of cDNAs
encoding the C subunit of PKA which
bind RIAI-23 with high affinity. To
date, a total of eight AKAP cDNAs have
been identified and characterized using
this screening method!>%,

Band-shift analysis

Although overlay methods are ef-
fective for screening and identifying
proteins that bind RIl, they cannot
quantitate binding or determine the
molecular weight of a multiprotein com-
plex. Additionally, the harsh conditions
used to separate and transfer proteins
to nitrocellulose may eliminate certain
AKAPs from solid-phase interaction
with RIl. To overcome some of these
limitations, we have used a band-shift
technique that examines protein—protein
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interactions under non-denaturing con-
ditions'*!®. The method takes advantage
of the observation that a protein com-
plex migrates on a native polyacryl-
amide gel with a different motility than
its individual components. Proteins are
preincubated in binding buffer to allow
complex formation. After dilution with
sample buffer, free and complexed pro-
teins are separated by electrophoresis.
Protein bands are detected using either
Coomassie Blue or autoradiography.
The band-shift technique was used to
detect the formation of the type Il PKA
holoenzyme complex (Fig. 2a) and its in-
teraction with recombinant fragments
of two AKAPs, microtubule-associated
protein (MAP2) and Ht 31. This tech-
nique demonstrates that AKAPs bind to
the RII subunit, whether or not it is part
of the PKA holoenzyme.

Another application of the band-shift
is to compare the relative binding af-
finities of AKAPs. Figure 2b compares
the binding properties of wild-type Ht 31
to a mutant with reduced affinity for RIL
The binding affinities of several Ht 31
mutants, containing amino acid sub-
stitutions within the RIl-binding domain,
have been assessed using this method.
The sensitivity of this technique is lim-
ited by the high concentration of pro-
tein required for detection of complexes
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Figure 1

Rl overtays. (a) Tissue survey of bovine Rll-anchoring proteins. Crude protein extracts from
nine bovine tissues were analysed by RIl overlay for anchoring proteins. Protein
samples (100 pg) were separated by electrophoresis on a 4-12% SDS polyacrylamide gradi-
ent gel and transferred to immobilon. Ril-binding bands were detected by autoradiography
after incubation of the blot with 32Pabeled Rllo. Tissue sources are marked above each
lane. (Reproduced with permission of J. Biol. Chem.) (b) Protein extract from bovine lung
was separated by isoelectric focusing in the first dimension and electrophoresis on 4-12%
gradient SDS-PAGE gels before transfer to immabilon. Rll-anchoring proteins were detected
by autoradiography after incubation of the blot with *2P-labeled Rllct. The direction of IEF
and molecular weight markers are indicated on the sides of each overlay.

and because equilibrium conditions are
not maintained during electrophoresis.
However, greater sensitivity can be
achieved by utilizing a competitive
binding assay in conjunction with the

band-shift technique. A peptide encom-
passing the Rll-binding domain of Ht 31,
a human thyroid AKAP, has been syn-
thesized. Binding of radiolabeled pep-
tide to Rllee can be detected by auto-

Binding of AKAPs to Rlla and type |l PKA holoenzyme under non-denaturing conditions. (a) The ability of Ht 31 (418-736) and MAP2 (1-154)
to interact with Rlla or the type |l PKA holoenzyme was determined by band-shift assay. The migration rate of the proteins or protein com-
plexes is based on size and charge. Complex formation produces a band with a migration rate distinct from any of the components. Various
combinations of proteins (5 pg each) were mixed together for 1 h at 22°C before electrophoresing on a 6% (w/v) polyacrylamide gel, and
staining with Coomassie Brilliant Blue. Lane 1 contains C subunit (the C subunit is basic and migrates to the top of the lane); lane 2, Rllo;
lane 3, Rlla + C (type Il PKA holoenzyme); lane 4, Ht 31; lane 5, Ht 31 + C; lane 6, Ht 31 + Rllg; lane 7, Ht 31 + type |i PKA holoenzyme;
lane 8, MAP2; lane 9, MAP2 + C; lane 10, MAP2 + Rlla; lane 11, MAP2 + type Il PKA holoenzyme. (Reproduced with permission of J. Biol.
Chem.) (b) Samples of RIl (1.7 um) and various concentrations of recombinant Ht 31 (wild-type) or Ht 31 (Pro498) were incubated and separ-
ated by non-denaturing gel electrophoresis. Free Rli, Ht 31 and the RII-Ht 31 complex are indicated.
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various laboratories to
monitor the protein-pro-
tein interactions involved
in PKA anchoring®15192!,
Cytoskeletal localization
of PKA has been shown
to occur through associa-
tion of RIl with MAP2. A
family of RIl deletion
mutants expressed in E.

Ril * rr coli were tested for RII-
Ht31Peptide - + + + + + o+ o+ binding activity using the
Ht31Protein - - 1% 5 10A - 1% 54 10% overlay procedure with

immobilized MAP2 or
Figure 3 AKAP 75 as a substrate.

Band-shift analysis of Rlla/Ht 31 peptide—peptide inter-
action and competition with Ht 31 protein.
labeled Ht 31 (493-515) peptide (4.2 ng pI™*) and RIl
(4.2 pg It were incubated for 1 h at 22°C. Samples
were incubated further with various concentrations of
Ht 31 protein (0.5 pg p™Y) and separated by non-
denaturing electrophoresis. Gels were analysed (a) by
Coomassie Blue staining and (b) by autoradiography.
The reaction mixtures are indicated below each lane.
(Reproduced with permission of J. Biol. Chem.)

radiography after electrophoresis on
native gels (Fig. 3). Addition of wild-
type or mutant anchoring proteins to
the reaction mixture displaces the pep-
tide from interaction with Rll in a dose-
dependent manner. The relative bind-
ing affinities can be calculated by deter-
mining the concentration of anchoring
protein needed to displace 50% of the
peptide from RIL.

The application of these techniques to
study PKA anchoring

Protein blotting and band-shift tech-
niques have been successfully used by

Data suggest that MAP2
interacts only with the
dimerized RIl, but that
regions distal to the
dimerization domain are
also required for bind-
ing'*?, These results
have led us to propose a
model for PKA anchoring,
presented in Fig. 4. This
model predicts that all
AKAPs bind to the same or overlapping
sites on RIl and are therefore likely to
contain a similar Rll-binding motif. In an
attempt to identify this RIl-binding
motif, several cDNAs encoding AKAPs
were isolated by expression cloning
with RII as a probe!*. Although no pri-
mary structure motif was evident, com-
puter-aided analysis of secondary struc-
ture identified common regions of 14
residues which displayed high probabil-
ities of forming amphipathic helices™,
Band-shift analysis was used to show
that mutations designed to disrupt sec-
ondary structure within the putative
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Figure 4
Model for the topology of the anchored type Il PKA holoenzyme. This schematic represents
the summary of data from many investigators showing how the first 50 residues of murine
Rlla could interact with an amphipathic helix on a Rll-anchoring protein and thereby target
the type Il PKA holoenzyme to specific subcellular locations.
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helix region of Ht 31, a human AKAP,
reduced Rll-binding dramatically'. Spe-
cifically, proline was substituted within
the helix region of Ht 31 and reduced
RIl binding, as assessed by band-shift
analysis. In contrast, substitution of pro-
line at a site downstream of the puta-
tive helix had no effect on Rll-binding.
Combined, these data suggest that AKAPs
may interact with RII via an acidic am-
phipathic helix motif (Fig. 4). Recently,
this hypothesis has been supported by
additional evidence: a peptide encom-
passing the amphipathic helix region of
Ht 31 adopts an o-helical conformation
as assessed by circular dichroism and
the same peptide binds Rll or the type Il
PKA with nanomolar affinity's.

Conclusions and perspectives

The techniques described in this
article are simple yet powerful methods
that should be generally applicable to
many other systems. The advantages of
the overlay method are that it requires
small quantities of probe (1 ug) and is
capable of identifying binding proteins
with high specificity. In fact, partially
purified extracts enriched with the pro-
tein probe can be used. Other examples
of this technique include the use of
radiolabeled calmodulin as a probe for
detecting calmodulin-binding proteins®.
Biotinylated calmodulin also retains its
ability to bind to immobilized proteins
and is detectable using streptavadin
conjugated alkaline phosphatase. This
provides a highly sensitive non-radio-
active technique which can detect as
little as 10 ng of calmodulin-binding pro-
tein®. Protein kinase C (PKC) has also
been shown to bind immobilized cyto-
skeletal components in the presence of
a phosphatidylserine??,

One limitation of the overlay and
expression “cloning techniques is the
harsh treatments employed to separate
and immobilize the proteins. Conse-
quently, protein-protein interactions
that occur through contact at several
sites on the surface of the target pro-
tein are less likely to be detected by
overlay. For this reason, only about 50%
of calmodulin-binding proteins can be
detected by overlay methods. Likewise,
the association of the regulatory (R)
and catalytic (C) subunits in the PKA
holoenzyme (R2C2) is not detected in
Rl overlays'%!S, Therefore, a deter-
mining factor in the success of overlays
must be the extent.to which a target
protein renatures when immobilized on
nitrocellulose. Renaturation of immobi-
lized proteins is different for each



TIBS 17 - JULY 1992

molecule and consequently very little
data is available on this subject.
Renaturation of some immobilized pro-
teins is favored if they are first com-
pletely denatured by incubation in sol-
utions of 8 M urea or 6 M guanidine®.
Denaturation-renaturation cycles have
enhanced detection of transcription
factor cDNAs from expression libraries
screened with enhancer element
probes?. It is possible that a similar
procedure would also improve detec-
tion by other protein probes.

Although band-shift analysis requires
greater amounts of purified protein
(2-5 pg per lane), it provides a more
sophisticated analysis of protein—pro-
tein interactions. This technique can be
used to demonstrate the formation of
multiprotein complexes, compare the
binding affinities of wild-type and
mutant proteins, and as a competition
assay to determine the binding affinity
of various proteins. The versatility of
the band-shift analysis is demonstrated
by its use as a method to measure the
molecular weight of a multiprotein com-
plex. Protein complexes are analysed
on series of non-denaturing gels at
increasing concentrations of acryl-
amide (4-12%). The log of R, is plotted
against the acrylamide concentration
and the slope is calculated. Comparison
of this value to the slopes of standard
proteins allows extrapolation of the
molecular weight!®%, This can be used
to determine the number or stoichi-
ometry of the subunits in a multiprotein
complex.
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or Qs -m:y?

wqwna;y?ls that the question?
Whether ‘tis nobler in the mind,
i mmq«wﬁtyfbrt&sa@ofqaaﬁty,

‘w}ﬁat artist Jew&;ps fi:.s art mtﬁout extensive pmcme?
What scientist can contribute reliably without repetition?
What grant gets funded withiout enough quality publications?
Moreover, under many circumstances, quantity is the best quality!
fwmp@mmtfadt&&wmnpwu&mnmtﬁw

%mﬁfﬁwztﬁe%p&mﬁmofﬁm{m
+ Or the spurtis thal patient merit-of the potentially unworthy takes,
Mmﬁekwe{fmgﬁtﬁzsquumm@mtﬁaéméoﬂé}u?
Whotn ar, to grunt and sweat under a weary fife,
But that Emﬁts jmmquanmyqfqm&tys&ouﬂ resule?
- Which pr mal, yea, did yet produce,
Without tﬁzsweatanéﬁ[oodof&zﬁmw?
What inspiration was e er expressed,
Without the discipline of learning?
Amonyg the great human crentors, do not quality and quantity coincide?
(Examine works of Bach, Beethoven arid Brakinms,
Or of Darwin; Cinstein and Pauling, for example.)
And thus, it seems, the question is not quality or quantity,
But both or neither.
Let this perplexing fact not puzele the will,
Norlet fear of perseverance make cowards of us afl.
Be not sicklied o'er with the pale cast of thought,
So as thus, to loose the name of action.

Will Shakespeare

Milt Saier
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