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ABSTRACT. Although individual structures of cAMP-dependent protein kinase (PKA) catalytic (C) and
regulatory (R) subunits have been determined at the atomic level, our understanding of the effects of
cAMP activation on protein dynamics and intersubunit communication of PKA holoenzymes is very limited.
To delineate the mechanism of PKA activation and structural differences between type | and Il PKA
holoenzymes, the conformation and structural dynamics of PKA holoenzyreasd 115 were probed by

amide hydrogenrrdeuterium exchange coupled with Fourier transform infrared spectroscopy (FT-IR) and
chemical protein footprinting. Binding of cAMP to PKA holoenzymesand 113 leads to a downshift in

the wavenumber for both thee-helix ands-strand bands, suggesting that R and C subunits become overall
more dynamic in the holoenzyme complexes. This is consistent with 2 &kchange results showing

a small change in the overall rate of exchange in response to the binding of cCAMP to both PKA holoenzymes
loc and 113. Despite the overall similarity, significant differences in the change of FT-IR spectra in response
to the binding of cAMP were observed between PKA holoenzyneesiid I|5. Activation of PKA
holoenzyme ¢ led to more conformational changes firstrand structures, while cAMP induced more
apparent changes in the-helical structures in PKA holoenzymegll Chemical protein footprinting
experiments revealed an extended docking surface for the R subunits on the C subunit. Although the
overall subunit interfaces appeared to be similar for PKA holoenzymestl 1|3, a region around the

active site cleft of the C subunit was more protected in PKA holoenzyariidn in PKA holoenzyme

I15. These results suggest that the C subunit assumes a more open conformation in PKA hologhzyme |
In addition, the chemical cleavage patterns around the active site cleft of the C subunit were distinctly
different in PKA holoenzymesal and I|5 even in the presence of cAMP. These observations provide
direct evidence that the R subunits may be partially associated with the C subunit with the pseudosubstrate
sequence docked in the active site cleft in the presence of CAMP.

Protein kinases play critical roles in cellular regulation. the inhibitory regulatory (R) subunit to form a tetrameric
As a consequence, for proper cell function, protein kinases holoenzyme (RC,). The binding of cCAMP to the R subunit
must be not only specific catalysts but also precisely induces a conformational change that leads to dissociation
regulated. They are turned on or off at exact times and of the holoenzyme into its constituent R and C suburiits (
locations in response to external signals. cCAMP-dependent2). The free active C subunit can then affect a range of
protein kinase (PKA},the major transducer of the second diverse cellular events by phosphorylating target protein
messenger CAMP in eukaryotic cells, is involved in a myriad substrates that contain the consensus RRX®BA&gquences,
of cellular functions, such as metabolism, cell growth, and where X is any amino acid ar# is a hydrophobic residue
differentiation. In the absence of the intracellular second (3).

messenger cAMP, the catalytic (C) subunit of PKA is hqividual subunit structures of PKA, representing PKA

sequestered in an inactive state by interacting tightly with ;, the active state, have been determined by X-ray crystal-
lography at the atomic levell{ 5). The crystal structure of
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ATP. Crystal structures of the &land RIJ3 deletion proteins, = among PKA isoforms not only determine the outcomes of
with the N-terminal dimerization domain removed, have also AKAP interactions but also may play a direct role in
been determined5( 7). While these structures reveal the controlling in vivo PKA functions. Therefore, an understand-
detailed features of each cCAMP binding site, little information ing of the complex interactions between the R and C subunits
about how R subunits interact with the C subunit to form in the holoenzyme complexes is essential in further elucidat-
the holoenzyme complex has been provided and, conse-ing the function and regulation of PKA. In this study, FT-
quently, how the binding of cCAMP leads to the activation IR and H-D exchange techniques were applied in examining
of PKA. the structure and dynamics of PKA holoenzyme complexes
In mammalian cells, there are two isoforms of PKA, la and l|3, while chemical protein footprinting was used to
designated PKA | and II, due exclusively to differences in probe the interaction between the R and C subunits in the
the R subunits, Rl and RII8}. Four different R subunit = PKA holoenzymes and to identify potential conformational
genes, Rk (9), RIS (10), Rlla. (11), and RIB (12), have differences between PKA holoenzymesand II5.
been identified in humans, while three isoforms of the C
subunit (G, CB, and C) have been discoveredl3). EXPERIMENTAL PROCEDURES
Preferential association of any of these C subunits with either Materials. The expression vectors used for wild-type
RI or RIl has not been observei4). Although the ratio of murine Gy, bovine Rb, rat RI|3, and polyhistidine-tagged
the total R subunits to C subunits in normal tissue has beenC were PLWS-3 27), puUC119 (ATCC), pET1llc, and
found to be relatively constant at around 1:1, the relative pRSET-B (Invitrogen, San Diego, CA), respectively. The
amount of Rl and RIl varies and depends highly on following bacterial strains were used for protein expres-
physiological conditions and the hormonal status of the tissue sion: Escherichia coliBL21-DE3 (C and RIf) andE. coli
(13, 15—17). Of the two PKA isoforms, PKA holoenzyme E222 (Rb). Horseradish peroxidase-conjugated anti-rabbit
loe and its regulatory subunit Blare associated with cell  1gG (donkey) and an ECL Western blotting detection reagent
proliferation and neoplastic transformatiob8( 19). PKA kit were obtained from Amersham Life Science. All chemi-
holoenzyme &, required for the G1-to-S transition of the cals were reagent-grade.
cell cycle, is involved in the epidermal growth factor and Protein Purification The recombinant murine C subunit
transforming growth factoe-mediated mitogenic signaling  was isolated fronk. coli as described previouslB). The
pathways 20—23). In hepatoma/fibroblast cell hybrids, &I peak Il isozyme was pooled and used for all experiments.
acting as an inhibitor of the expression of several genesWild-type bovine R& was purified using DE52 anion
related to cell differentiation, has also been identified as the exchange chromatography followed by FPLC gel filtration
tissue specific extinguisher of differentiatio24j. These on a Superdex 200 column (Pharmacia), as described
observations correlate very well with the fact thablR$ previously 88). Rat RI|3 was isolated by copurification with
often overexpressed in human cancer cell lines and in manyHe-C using a protocol similar to that of HemmeB89j.
primary human cancers, such as breast cancer, colon canceBriefly, equal volumes oE. coli cultures that overexpressed
ovarian cancer, lung cancer, leukemia, and melan@ba ( RIS and H-C were mixed and colysed in the presence of 5
30). In contrast, PKA holoenzymefland its R subunit RA mM MgATP. After batch binding of the holoenzyme onto
are preferentially expressed in normal tissues, involved in Ni?* resin (Qiagen), the free Rlwas eluted from the resin
cell growth arrest and differentiation2§, 26, 31, 32). with 5 mM cAMP. Pooled fractions from the cAMP elution
Constitutive overexpression of Blinduces growth inhibi-  were precipitated with ammonium sulfate and further purified
tion of human cancer cells and reverts the transformed by FPLC gel filtration on a Superdex 200 column. To obtain
phenotype of ras-transformed mouse fibrobla38.(Recent cAMP-free R subunits, Rl and RI|3 were dialyzed against
studies show that in gene knockout mice lacking the gene8 M urea to remove cAMP. The chemically denatured R
encoding RIB, the loss of RIB in brown fat cells is subunit was then refolded back to its folded state by
compensated by an increased level o&tRThe switching removing urea through dialysis and further purified by
of the PKA isoform from RIB.C; to Rlo,C; results in an passing it through a Superdex 200 gel filtration columhd)
elevated basal level of PKA activity and increasing energy All proteins were at least 95% pure, as judged by SDS
expenditure. The RHA knockout mice are leaner and pro- polyacrylamide gel electrophoresis.
tected against diet-induced obesitg4). These results Reconstitution of the PKA HoloenzynedMP-dependent
demonstrate clearly that Rland RI|3, and therefore their  protein kinase holoenzymes were reconstituted from indi-
corresponding PKA holoenzymes, are functionally distinct vidually purified recombinant C and R subunits. Typically,
in vivo. freshly isolated C and R subunits were mixed in a molar
Extensive studies by J. Scott and his colleagues haveratio of 1:1.2 and dialyzed against buffer A [10 mM Mops,
shown that PKA isoforms are differentially targeted to 50 mM NaCl, and 10 mM MgGl(pH 7.2)] extensively at 4
specific subcellular loci by interacting with a large family °C to remove cAMP. The dialyzed sample was assayed for
of structurally diverse A kinase anchoring proteins, AKAPs PKA activity first in the absence of cAMP and then in the
(35). This isoform specific cellular targeting is likely one of  presence of 20@M cAMP to confirm the formation of the
the major factors that are responsible for the isoform specific PKA holoenzyme. PKA holoenzyme complexes were further
PKA functions in vivo as AKAPs bring specific PKA  purified using an FPLC Superdex 200 column equilibrated
isoforms close to a distinct set of substrates at a particularwith buffer A. Fractions corresponding to the PKA holoen-
cellular locus. Emerging evidence also suggests that thezyme were collected and concentrated t618 mg/mL using
modes of interaction between the R and C subunits in the Millipore Ultrafree-4 centrifugal filters. Aliquots of PKA
type I and Il PKA holoenzyme complexes are differe3g)( holoenzyme samples in 100 fractions were flash-frozen
Such intrinsic structural and/or conformational differences and stored at-80 °C.
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FT-IR SpectroscopyeT-IR spectra were recorded with a and Il bands, respectively, . is the amide Il absorbance
Bomem (Quebec, PQ) MB series Fourier transform infrared maximum of fully deuterated PKA, an@ is the ratio of
spectrometer equipped with a dTGS detector and purgedA./A,, with Ay, andA,, being the absorbance maxima for
constantly with dry air. Protein samples10 mg/mL) were the amide Il and amide | bands of PKA in®, respectively
warmed to room temperature and loaded in a Q= with (46).

a 7.5um spacer. For each spectrum, a 256-scan interferogram The exchange kinetic parameters were fitted to the
was collected in single-beam mode with a resolution of 4 equation
cm! at a rate of three scans per second. Reference spectra

were recorded under identical conditions with only the F=Ae " +Ae"+C (2)
corresponding buffer in the cell. Protein spectra were
obtained using a previously established protoctl).( A whereF is the amide proton fraction at tintek; andk; are

straight baseline between 2000 and 1750 tmas used as  the intermediate and slow exchange rates, respectidgly,
the standard to judge the success of water subtraction.A,, andC are constants, arfé is the remaining amide proton
Second-derivative spectra were obtained with a seven-pointfraction at 1 min.
Savitsky-Golay derivative function, baseline-corrected, and  Fe—EDTA Chemical Clegage ReactionChemical cleav-
area-normalized as described previoudl§)(The secondary  age reactions were performed in buffer A at room temper-
structure content of the PKA holoenzyme was calculated by ature. A typical reaction mixture (final volume of 50.)
curve-fitting analysis of the inverted second-derivative contained 16:M purified holoenzyme or C subunit. When
spectrum in the amide | band range of 16A00 cnT! present in the reaction mixture, ATP and cAMP were at
(42). This band is ascribed to the=€D stretching vibration  concentrations of 2 and 1 mM, respectively. The initial
of the peptide bond4@). It was assumed that the fraction of reaction mixture (3L) was incubated at room temperature
residues composing each secondary structure element isor 30 min in a 1.5 mL microcentrifuge tube. The cleavage
proportional to the relative percent area of the associatedreaction was started by simultaneously adding-Zeach of
vibrational band 44, 45). a freshly prepared 1.0 mM XFeSQ/2.0 mM EDTA
Measurement of the kel of Hydrogen-Deuterium Ex- mixture, 20 mM ascorbate (pH adjusted to 7.2), and 1.0 mM
change Protein (10QuL) in buffer A was lyophilized for 3 H.O; (final concentrations). After the mixture had been
h at room temperature. There was no significant difference incubated for an additional 20 min, the reaction was stopped
in the enzymatic activity and the contentsahelices and by adding 17uL of 4x sample loading buffer [50 mM Tris,
p-sheets between the lyophilized (after rehydration) and 4% SDS, 12% glycerol, 298-mercaptoethanol, and 0.01%
unlyophilized proteins measured by the kinetic assay and bromophenol blue (pH 6.8)]. The samples were then applied
FT-IR, respectively. Samples for exchange experiments wereonto a Tricine-SDS gel for analysis or frozen on a dry ice
prepared by dissolving 10@L of lyophilized PKA holoen- bath immediately and stored at80 °C until loading.
zyme or buffer solution with or without 200M cAMP in Generation of Intrinsic Molecular Markersintrinsic
100uL of D,O. The reconstituted sample was injected into molecular markers of the C subunit, generated by partial
a Cak window cell with a path length of 56m. One minute  specific cleavage of the C subunit at Met and Trp residues,
after the addition of BO, single-beam spectra were recorded were used as molecular standards for calibration of the size
using the kinetic scanning mode. FT-IR spectra were of the Fe-EDTA cleavage products. Site specific partial
recordedat1, 2, 3,4,5,6,7,8,9, 10, 11, 15, 20, 30, 40, 50, cleavage at methionine residues was achieved by dissolving
60, 90, 120, 150, and 180 min. Eight scans were collected 100 ug of lyophilized (salt-free) C in 5@ of 4 mg/mL
for each time interval between 1 and 10 min, while 64 and cyanogen bromide in 70% formic acid. After incubation at
128 scans were collected for each time interval between 11room temperature for 30 min, the cleavage reaction was
and 90 min and longer, respectively. To compare the FT-IR terminated by adding 1 mL of water and was followed by
spectra in HO and RO, we normalized the amide | band in  freeze-drying. For site specific partial cleavage at tryptophan
H20 to the amide | band in D at 1 min. The spectrum  residues, 10Qug of C was dissolved in 5.6&L of 88%
collected after exchange for 24 h was used as the fully formic acid, followed by 4QuL of glacial acetic acid and
deuterated spectrum. 4.35ulL of water. The cleavage reaction was initiated by
Calculation of the Amide Proton Exchange RaWe adding 5QuL of 2 mg/mL N-chlorosuccinimide in 80% acetic
monitored the H-D exchange of PKA holoenzymes by acid. The reaction mixture was incubated at room temperature
following apparent intensity changes of the amide Il band, for 15—-60 min, and the reaction was stopped by adding 1
located around 1548 crh which is attributed to a combina-  mL of 3 mM methionine and freeze-drying. Dried peptides
tion of N—H in-plane bending and-€N stretching vibrations  were dissolved in 5@L of gel sample buffer right before
in the peptide bond, because this band does not adverselyoading.
interfere with absorption bands ot&, HOD, or D;O (44). Identification and Analysis of Cleage Products.The
As an N-H bond in protein is changed into an-\D bond cleavage products were analyzed on a 16 cm long, discon-
in D>0, the absorption peak of the-ND bending vibration  tinuous Tricine-SDS gel with 16.5% separating, 10% spacing,
at ~1450 cnt? is strengthened, while the-NH absorption  and 4% stacking gels. The electrophoresis run started at a
peak decreases. The fraction of unexchanged amide protongonstant voltage of 30 V, until the protein samples com-

F, was calculated at various time intervals using eq 1 pletely entered the gel, and then the voltage was increased
to 90-120 V. The run was stopped when the tracking dye
F=A — A)/Aw (1) reached the bottom of the gel. After electrophoresis, proteins

were transblotted onto a PVDF [Quin (Millipore) or 0.2
whereA, andA, are the absorbance maxima of the amide | um (Bio-Rad)] membrane. Electroblotting was performed in
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Ficure 1: Reconstitution of the PKA holoenzyme. The enzymatic
activity of PKA holoenzyme d reconstituted from purified

150

Biochemistry, Vol. 43, No. 7, 20041911

catalytic subunit is in the form of the holoenzyme when
diluted to a final concentration of 30 nM under the assay
conditions. Therefore, it is reasonable to conclude that
essentially all C subunits are associated with the R subunit
in the form of holoenzyme complexes at a much higher
concentration £60 uM) in the reconstituted holoenzyme
preparation. Sedimentation velocity analysis of the recon-
stituted holoenzyme sample showed a single symmetric
boundary with an appare8iow of 7.0 over an approximately
10-fold range of protein concentrations, whg w values

of 3.2 and 4.6 were measured for the individual C subunit
and R subunit dimer, respectively. In addition, SEFFAGE
showed an approximate 1:1 ratio of R and C subunits in the
same holoenzyme preparation (Figure 1, inset). Taken

recombinant R and C subunits was measured spectrophotometricalltogether, these results suggest that the in vitro reconstituted

by a coupled enzyme assay. The reaction rate of 30 nM PKA was
determined by following the decrease in absorbance at 340 nm.
Approximately 1 min into the reaction, CAMP was added to a final
concentration of 20@M as indicated by the arrow, and the reaction
was monitored further for an additional 2 min. The inset shows
SDS-PAGE analysis showing a 1:1 ratio of R and C subunits in
PKA holoenzyme d.

10 mM Caps, 10% methanol (pH 11) buffer at a constant
current of 200 mA fo 1 h at 4°C. The membrane was
blocked with 5% nonfat milk in TTBS buffer [50 mM Tris,
150 mM NacCl, and 0.1% Tween (pH 7.5)]rf@ h atroom
temperature or overnight at’€. The membrane was probed
with affinity-purified anti-C-terminal C subunit antibodies
(47) in TTBS buffer containing 5% nonfat milk for 1 h. After
three 10 min washes with TTBS buffer, the membrane was
further blotted with HRP-conjugated secondary antibody (1:
2500) in TTBS buffer containing 5% nonfat milk for 1 h.
The membrane was then extensively washed with TTBS
buffer (four times for 15 min each) and incubated with ECL
reagents for £2 min. Protein bands were detected by
exposing a sheet of autoradiography film (Hyperfilm-ECL)
using the membrane for various times. Once the proper imag
was obtained, the ECL film was further digitized and
analyzed on an Alphaimager 2000 to determine the electro-
phoretic mobility of the cleavage fragments.

To assign the positions of F&EDTA cleavage sites, we
ran the Fe-EDTA cleaved sample, along with the partially
cleaved peptide fragments<% uL), as molecular weight
markers. The measured relative mobilities of these defined
C fragments were plotted against their molecular weights.

The standard curve was obtained by connecting the neigh-

boring data points on the plot. The molecular weights of the
Fe—EDTA cleavage fragments were calculated on the basis
of their electrophoretic mobility using the standard curve.

€.

PKA holoenzyme preparations exist in an inactiveCR
tetrameric complex as in cells and can be fully activated by
CAMP.

FT-IR Spectra of PKAd and I3 Holoenzyme Complexes
in H,O Solution.The FT-IR absorption spectra of PKAI
and 1|5 holoenzyme complexes in the presence and absence
of 200uM cAMP in buffer A are shown in panels A and B
of Figure 2, respectively. The second-derivative amide |
spectra of PKA holoenzymes.land I3 (panels C and D of
Figure 2, respectively) all exhibited basic band components
that can be assigned to secondary structure components.
Quantitative analysis of the secondary structure of PKA
holoenzyme complexes by curve fitting revealed that PKA
holoenzyme d& contained 35%o-helices, 36%3-strands,
13% p-turns, and 16% i3-helices while PKA holoenzyme
[15 consisted of 35%-helices, 37%p-strands, 149g-turns,
and 15% 3-helices (Figure 3 and Table 1).

Changes in FT-IR Spectra of PKA bnd |8 Holoenzyme
Complexes Induced by cAMBInding of CAMP to PKA
holoenzymesd and I3 led to significant changes in FT-IR
second-derivative spectra. Both spectra for PKA holoen-
zymes bt and |5 shifted to lower wavenumbers in the
presence of cAMP (Figure 2C,D). Interestingly, the second-
ary structure components of both PKA holoenzynmesihd
[1 5 did not change significantly (Table 1), suggesting these
apparent changes in FT-IR spectra mainly originated from
changes in overall protein dynamics. Although spectra
changes in response to cAMP binding were mostly similar,
noticeable differences existed between PKA holoenzymes
loc and 113. While binding of cAMP induced a shift to lower
wavenumbers in thet-helix and S-strand bands for both
PKA holoenzymesd and 13, the degree of the measured
downshifts in a-helix and -strand bands was different
between these two holoenzymes. Binding of cAMP to PKA

The sites of the cleavage were derived using Peptide TOOIShoIoenzyme & induced a downshift of th@-strand band

(Hewlett-Packard) based on their calculated molecular
weights.

RESULTS

PKA Holoenzyme Formatiosuccessful reconstitution of

(2.5 cnm?, from 1638.7 to 1636.2 cml) that was more
apparent than that of the-helix band (1.5 cmt, from 1654.4
to 1652.9 cm?). In contrast, cAMP led to a 3.0 crh(from
1654.4 to 1651.4 cnt) downshift of thea-helix band and
a 1.5 cm? downshift (from 1638.7 to 1637.2 cr) of the

the PKA holoenzyme complex was confirmed by comparing f-strand band in PKA holoenzymesll This ligand-induced

the catalytic activity of the holoenzyme complex in the

shift in the wavenumber ofi-helix and g-strand bands

absence and presence of cAMP. As shown in Figure 1, thereflects an environmental alternation foihelix ands-strand

catalytic activity of the reconstituted holoenzyme in the
absence of cAMP was very low (0.8% and addition of
200 uM cAMP led to a full activation of the catalytic
subunits (24 sY). This result suggested more than 96% of

structures in response to conformational changes at the
quaternary and tertiary levels. A similar cAMP-induced
downshift in wavenumber from 1676 to 1673 cinas well

as a reduction in the intensity of th@&turn band, was
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Ficure 2: FT-IR spectra of PKA holoenzymes in@ in the absence and presence of cAMP. Absorption spectra of PKA holoenzgmes |
(A) and 115 (B). Second-derivative amide | spectra of PKA holoenzyme$Q) and I3 (D). The solid lines depict data for the enzymes
without cCAMP, and the dashed lines depict data for the enzymes withtRDOAMP.

de-4 Table 1: Secondary Structure Contents of PKA Holoenzymes |
A and I|3 Determined by FT-IR
3e-4 1 frequency (cm?) percent assignment
N PKA Holoenzyme & without cAMP
Boeul i 1683.7/1676.1 13.8 0.6 p-turn
& 1662.3 15.6- 1.5 3o-helix
° 1654.1 35.5t 2.4 a-helix
1e-4 | i 1638.8/1626.8 35913 p-strand
\ PKA Holoenzyme & with cAMP
RO\ 1684.6/1673.7 10.3 0.7 B-turn
0 ~ 1661.7 14.06£1.2 3-helix
1700 1680 1660 1640 1620 1600 1652.5 37.6-1.6 a-helix
1 1636.4/1627.3 38.x4.1 p-strand
Wavenumber (cm™) PKA Holoenzyme |B Without cAMP
Aot 1685.2/1676.8 13.8 0.9 p-turn
B 1662.3 14.8:1.2 3o-helix
1654.1 34.H 1.6 a-helix
304 | i 1638.5/1626.3 36.8 2.2 p-strand
PKA Holoenzyme I with cAMP
"% N 1685.1/1673.4 10504 p-turn
< 2e4f - 1661.5 16.6+ 1.6 30-helix
s 1651.2 33.9t21 o-helix
! 1637.1/1625.1 39.82.9 f-strand
ledr \\ / \ 1 aSecondary structure contents were obtained from curve fitting of
/ \ /] x\,ﬁ\ the second-derivative FT-IR spectra using a seven-point Savitsky
0 AN s 2K Golay derivative function as shown in Figure 3.
1700 1680 1660 1640 1620 1600

is inversely related to the strength of hydrogen bonding, the
Wavenumber (cm'1) cAMP-induced downshifts in thex-helix, g-strand, and
FIGURE 3: Calculation of secondary structure components of PKA A-turn band wavenumbers imply an overall strengthening in
holoenzymes. Deconvolution of inverted second-derivative amide hydrogen bonding within these secondary structure elements
| spectra of PKA holoenzymestI(A) and 1I§ (B). when PKA holoenzymes undergo cAMP-induced activation.
Moreover, the differential effects of CAMP a-helix and
p-strand bands between PKA holoenzymesahd 13 also
suggest that the conformational changes accompanying the

observed for both PKA holoenzyme nd 1|3 complexes.
Since the vibrational energy of the amide=O stretching
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Ficure 4: H—D exchange in PKA holoenzymea bnd II5 as monitored by FT-IR. Infrared spectra of PKA holoenzyme$A) and 15

(B) at various time intervals after being dissolved igCDat room temperature. Second-derivative amide | spectra of PKA holoenzgmes |
(C) and 15 (D) in D,O. The spectra of the protein in,8 and in QO after exchange for 24 h depicted with solid and dashed lines,
respectively, are included for comparison. Arrows represent the direction of intensity changes.

activation of PKA are distinct between PKA holoenzymes underwent a gradual increase in intensity and downshift from
loc and 11B. 1638.4 to 1636.4 cnt with an increase in exchange time.
H—D Exchanges of PKAd and 1|3 Holoenzyme Com-  In addition, the spectral changes/sgheet bands were more
plexes Monitored by FT-IRTo explore the intrinsic protein ~ complex for PKA holoenzyme B. There was a noticeable
dynamics and general structural features of PKA holoenzyme shoulder around 1626 crhin D,O (Figure 4D). The effects
complexes, HD exchange of the PKAdl and 15 holoen- of deuterium exchange on tlhehelix spectral region were
zyme complexes was monitored by FT-IR. Panels A and B different. The 1655 cm' band downshifted 1 cnt to 1654
of Figure 4 showed an overlay of the representative absorp-cm* and underwent a gradual decrease in intensity with time
tion spectra of PKA holoenzymes.land 113, respectively, for the PKA la holoenzyme, while the spectral region
recorded at 1, 3, 5, 10, 15, 30, 60, 120, and 180 mind@ D  between 1650 and 1670 cfexhibited a complex pattern
with spectra of the proteins inJ and fully deuterated in ~ of change with time for PKA holoenzymefl An initial
D0 plotted as references. While the spectra i@ dxhibited large drop in intensity at 1 min of exchange time followed
amide | and Il band maxima at 1652 and 1548 ¢m by a gradual relaxation and downshift from 1654.8 to 1652.8
respectively, the spectra of the proteins isxCDshowed a  cm™! was observed for the major-helix band (Figure 4D).
time-dependent isotopic shift of the amide Il band from 1548 The change in intensity for thé-turn region around 1680
to 1455 cm?. This effect is indicative of NHND exchange ~ cm™ for PKA holoenzyme & was immediate. The band
of peptide backbone groups that causes a downshift ofintensities at 1684 and 1677 ciessentially reached their
approximately 100 crt in the vibrational frequency of the  minima after exchange for 2 min (Figure 4C). The effect of
amide Il band 48). H—D exchange on the3-turn region was significantly
To dissect the overlapping band components of the amidedifferent for PKA holoenzyme i compared with the same
| region, second-derivative analyses were performed. Panelsregion in PKA holoenzymeol. While there is an immediate
C and D of Figure 4 show an overlay of second-derivative decrease in the band intensity of theurn region around
spectra of PKA holoenzymescland 1|5 as a function of 1680 cm?l, the 1684 cm! band intensity of PKA holoen-
H—D exchange time, respectively. Almost immediately after zyme II5 increased with exchange time after 3 min gD
the proteins had been dissolved ig@ a 2.9 cm* downshift and remained at a level similar to that in® (Figure 4D).
(from 1638.4 to 1635.5 cm) and a concomitant increase In addition to the intensity change, theturn band also
in intensity in the majop3-sheet band at 1638.4 ciwere underwent a gradual upshift in wavenumber from 1683.7 to
observed for the PKAd holoenzyme complex (Figure 4C), 1685.7 cm? (Figure 4C,D). These results suggested while
whereas the majgf-sheet bands of PKA holoenzymesli there is a rapid HD exchange in thes@-turns for both PKA
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Ficure 5: H—D exchange in PKA holoenzymes and 15 in the presence of 200M cAMP. Infrared spectra of PKA holoenzymes |

(A) and 13 (B) in the presence of 200M cAMP at various time intervals after being dissolved iB(Dat room temperature. Second-
derivative amide | spectra of PKA holoenzymes(IC) and I3 (D) in the presence of 200M cAMP in D,O. The spectra of the protein

in H,O and DO after exchange for 24 h depicted with solid and dashed lines, respectively, are included for comparison. Arrows represent
the direction of intensity changes.

holoenzymesd and I3, the 1685 cm? 5-turn band of PKA 1651.5 to 1652.8 cnt as compared with a downshift from
holoenzyme I relaxes slowly in RO as a function of time.  1654.8 to 1652.8 cnt of the samea-helix band in the
H—D Exchanges of PKAdl and Il Holoenzyme Com-  absence of cAMP (Figure 5D). Finally, the 1685 ¢m-turn
plexes in the Presence of cAMFhe overall H-D exchange band for both PKA holoenzymesxland 1|3 decreased in
absorption profiles of PKA holoenzymes bnd 13 in the intensity initially after 1 min, reached a minimal value around
presence of CAMP were very similar to those in the absence 5 min, and eventually relaxed gradually as a function of time.
of cAMP (Figure 5A,B). However, the second-derivative The sames-turn band of PKA holoenzymenldisplayed an
spectra of H-D exchange in PKA holoenzymes band I3 upshift in wavenumber (from 1684.7 to 1687.6 ¢inthat
in the presence of cAMP were significantly different from was much more apparent than that of PKA holoenzyifie Il
those in the absence of the ligand and from each other (Figure(from 1684.7 to 1685.7 cm) (Figure 5C,D).
5C,D). Unlike the spectral shifts in the absence of cCAMP, a  Differences in @erall H—D Exchange between PKA
much smaller shift of the majof-sheet component was Holoenzymesd and II5. The overall H-D exchange rates
observed in the presence of cAMP for both PKA holoen- of PKA holoenzymesd. and |3 in the presence and absence
zymes b and 1|5. In contrast to an immediate 2.9 cin of cCAMP were estimated by plotting the fraction of unex-
downshift (from 1638.4 to 1635.5 ¢ and increase in  changed amide protons, calculated from amide Il band data
intensity in the majof;-sheet band in the absence of cAMP, using eq 1, as a function of time. In general, all amide protons
an only 1.0 cm? shift (from 1636.5 to 1635.5 cm) and a in proteins can be divided into three class48<51): (1)
gradual increase in intensity of the majbsheet band were  fast exchange protons, which are most likely located on the

associated with the HD exchange of the PKAd holoen- surface of the protein or in regions that are easily accessible
zyme complex in the presence of cCAMP (Figure 5C). The to solvent; (2) amide protons with intermediate rates located
position of the majof3-sheet band for PKA holoenzymesll in flexible buried regions; and (3) the slow exchange fraction

in the presence of cCAMP remained essentially unchangedlocated in the core region of the protein. The fractions of
as a function of exchange time (Figure 5D). While the major unexchanged amide protons at the first exchange time point
o-helix band of PKA holoenzymeal underwent a gradual (1 min) for both PKA holoenzymesiland |3 were around
decrease in intensity dra 1 cnT* downshift in wavenumber,  20% as shown in Figure 6, suggesting that the majority of
the corresponding band in the presence of CAMP stayed atthe amide protons exchanged so rapidly that their exchange
1653 cntt and its intensity fluctuated within a small range was completed within the time interval of the acquisition of
after 1 min (Figure 5C). The majar-helix band of PKA the first time point. Therefore, only the intermediate and slow
holoenzyme IB in the presence of cAMP shifted up from exchange protons can be practically monitored semiquanti-
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to the data points using a two-exponential function as described in
eq 2.

tatively over the time range employed in this study. A two-
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holoenzymes. To monitor the effects of cleavage reagents
on the structural and functional integrity of the PKA
holoenzyme complex and to ensure that our chemical protein
footprinting study of PKA holoenzyme was performed under
the optimal “single-cleavage” conditions, we measured the
remaining catalytic activity of the PKA holoenzyme in the
presence of FEEDTA cleavage reagent as a function of
time. Incubation of PKA holoenzymes with FEDTA
cleavage reagents did not significantly affect the enzymatic
activity of the holoenzymes when compared with that of
control experiments without cleavage reagents. More than
80 and 95% of the PKA catalytic activity was retained after
the enzymes had been treated for 60 and 20 min, respectively.
Therefore, for subsequent experiments, we selected a reaction
time of 20 min for chemical footprinting of PKA holoen-
zymes. Under this specific reaction condition, a majority of
the PKA holoenzymes remained intact and the likelihood of
a single catalytic subunit undergoing more than one hit of
cleavage was negligible during the time course of the
cleavage reaction4{, 52). Maintaining single-cleavage
conditions allows the native conformation of PKA holoen-
zymes to be probed, rather than the secondary products of a
previous cleavage.

The effect of the Rk subunit on chemical cleavage of
the C subunit was examined, and the results were compared
with those of the free C. Interaction between the R subunit
and the C subunit led to a significant change in the cleavage
pattern of the C subunit, reflected by significant decreases
in susceptibility to FeEDTA cleavage in an extensive
region of the C subunit (Figure 7A). Furthermore, the
apparent protective activities of the C subunit by the R
subunit were sensitive to cAMP, and addition of cAMP to
the reaction mixture abolished the protecting effect of the R
subunit (Figure 7A). These results suggested that interaction
between C and Ri subunits in the PKA holoenzyme leads

exponential decay model (eq 2) was used to describe theto measurable changes in the solvent accessibility of the C

exchange reaction of the remaining amide protons within

subunit. Furthermore, these changes in cleavage probed by

the experimental time frame, and the resolved parametersthe chemical protein footprinting technique could be modu-

are summarized in Table 2. Because of the complexity of
the overall H-D exchange reaction of the PKA holoenzyme,

lated by the second messenger, cAMP. Therefore; Fe
EDTA-mediated chemical protein footprinting is a suitable

no attempt was made to quantitatively associate thesetechnique for probing structural information of subunit
parameters with any actual physical properties; instead, theyinteraction of the PKA holoenzyme complex in a specific
were used only qualitatively to assess the overall dynamicsand physiologically relevant manner.

of PKA holoenzymes. In the absence of cAMP, the inter-
mediate exchange rate of PKA holoenzymewas ~80%
faster than that of PKA holoenzymegsll while the initial
percent of unexchanged amide protdfy)(and the slow
exchange rates for PKA holoenzymes &nd |3 were

Identification of the Subunit Interface between the C and
R SubunitsAfter the single-cleavage footprinting conditions
had been established, the interaction between the C and R
subunits was monitored by comparing the chemical cleavage
patterns of PKA holoenzymes.land 13 in the absence and

similar. These results suggested that the fast exchange ratpresence of CAMP. To determine the positions of E©TA

of PKA holoenzyme If must be faster than that of PKA
holoenzymed.. In addition, the overall exchange rate in the

cleavage sites along the primary sequence of the catalytic
subunit, we used C subunit peptide fragments partially

presence of cAMP was faster than that in the absence ofcleaved at Met and Trp residues as intrinsic molecular

cAMP for both PKA holoenzymesal and 1|3. This was

standards for calculating the molecular size of the EBTA

reflected from both the amount of remaining unexchanged cleavage fragments of the C subunit. The locations of the
amide protons (Figure 6) and the estimated exchange ratesleavage sites that lead to the formation of these cleavage
(Table 2). The most dramatic difference between the inactive fragments were then derived from their measured molecular
and active states was the slow exchange rate of PKA weights. A set of unique cleavage sites was identified in this
holoenzyme d, which in the presence of CAMP was3- manner using anti-N- and C-terminal catalytic subunit
fold faster than that in the absence of cCAMP. antibodies in an earlier study). Binding of the R subunit
Chemical Protein Footprinting of PKA Holoenzymes. inthe PKA holoenzyme offered significant protection of the

Chemical protein footprinting was used to further probe the C subunit from chemical cleavages at many locations (Figure
intersubunit interaction and structural dynamics of PKA 7B). Although ECL-based Western blotting is a very sensitive
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Table 2: Fitted Exchange Parameters for PKA Holoenzyme& Il 52

PKA holoenzyme | PKA holoenzyme I
parametey without cAMP with cAMP without cAMP with cAMP
AL 0.073+£ 0.003 0.079= 0.008 0.089+ 0.005 0.078+ 0.004
A 0.118+ 0.004 0.062+- 0.009 0.0944 0.004 0.089+ 0.003
ki (min~1) 0.219+ 0.020 0.229- 0.043 0.123£ 0.011 0.174+£ 0.019
ko (min™1) 0.010+ 0.001 0.036+ 0.006 0.01G+ 0.002 0.014+ 0.002
C 0.010+£ 0.006 0.035+ 0.002 0.01G£ 0.007 0.002+ 0.004
Fo 0.201 0.180 0.193 0.168

aparameters were derived from fitting the exchange data in Figure 6 to a two-exponential model as described’dy egdk, are the
intermediate and slow exchange rates, respecti¥e|yA;, andC are the constant§, is the remaining amide proton fraction after exposure 10 D
for 1 min.
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Ficure 7: Chemical protein footprinting of the PKA holoenzyme.
(A) Effect of cAMP on protection of the C Subunit by thedRl
subunit: lane 1, partially digested C subunit fragment (visualized
with anti-C-terminal C antibodies) generated by Met and Trp
specific cleavage at positions 30, 58, 71, 118, 120, 129, 196, and
221/222; lane 2, FeEDTA cleavage of the C subunit alone probed
by anti-C-terminal antibodies; and lanes 3 and 4-EBTA
cleavage of the PKA holoenzyme. lcomplex probed by anti-C-
terminal C subunit antibodies in the absence and presence of 1 mM ] ] -~ ) o
cAMP, respectively. (B) Protein footprinting of PKA holoenzymes FIGURE 8. Protein surface identified by protein footprinting on the
loeand 113: lanes 1 and 2, FEEDTA cleavage of the C subunitin  C subunit for docking of the R subunits. Regions of the C subunit
the PKA lo. holoenzyme complex in the absence and presence of (blue) that are protected by the R subunits are highlighted in yellow
cAMP, respectively; and lanes 3 and 4 F&DTA cleavage of the in the space filling model of the C subunit structure. Residues
C subunit in the PKA | holoenzyme complex in the absence and  Trp196, Thr197, Leul98, Lys213, and Lys217 that have been
presence of cAMP, respectively. Black bars highlight regions |de.nt|f|.ed previously by genetic screen anq blpchem[cal studies as
protected by the R subunits in the absence of cAMP. being important for R-C interactions are highlighted in magenta.
This figure was drawn with PyMol (DeLano Scientific LLC) using
X-ray coordinates for the C subunit (Protein Data Bank entry latp).

technique, quantitative interpretation of Western blot data

is very difficult. To eliminate potential artifacts due to uneven and biochemical studies as being important fer@interac-
protein transfer and other limitations intrinsically associated tion: His87, Thr197, Trp196, Leu198, Lys213, and Lys217
with Western blotting, we performed our chemical footprint- (53—56). All of these residues, except His87 that is located
ing experiments independently seven times. Similar resultsjust outside the edge, fall within the region that is defined
as shown in Figure 7 with minor variations were obtained. by protein footprinting in this study (Figure 8).

Reliable conclusions can be derived from these multiple  Although general protection around similar regions of the
footprinting experiments. Differential analysis of the cleavage C subunit was observed in both PKA holoenzymesahd
patterns of PKA footprinting in the presence and absence of Il 5, the detailed cleavage patterns of the C subunit in PKA
cAMP led to the identification of the sites along the C subunit holoenzymesd and 1|3 were significantly different, espe-
where changes in solvent accessibility occurred upon ho- cially in the region around the active site cleft. Overall, the
loenzyme formation. These protected sites define a large aredRla subunit offers much more protection around the active
of the C subunit surface, spanning residues-1600 and site cleft of the C subunit than does the R#ubunit (Figure
194—273 (Figure 7B). When these regions were mapped onto 7B, lanes 1 and 3). This observation suggests that although
the three-dimensional structure of the C subunit, they defined Rla. and RI|3 most likely recognize the common docking
a continuous surface on the C subunit onto which the R site on the C subunit as defined in Figure 8, the conformation
subunits could potentially dock (Figure 8). Several residues of the C subunit around the active site cleft is different in
of the C subunit were identified previously by genetic screens PKA holoenzymesd and 1|3 (Figure 7B, lanes 2 and 4). It



cAMP-Dependent Protein Kinase Holoenzyme Complex Biochemistry, Vol. 43, No. 7, 20041917

was also interesting to note that even in the presence ofshifts in thea-helix ands-strand bands further suggest that
cAMP the cleavage patterns of the catalytic subunit around both R and C subunits become overall more dynamic in the
the active site cleft were different in PKA holoenzymes |  holoenzyme complex.
and 1I3. This observation suggests that under the experi- It is gratifying to note that recent amide-HD exchange
mental conditions, the R subunits may be partially associatedmass spectrometry studies of PKA holoenzyneand |3
with the catalytic subunit with the pseudosubstrate sequencesuggest that while binding of the C subunit leads to a
docked in the active site cleft in the presence of CAMP.  decrease in the rate of amide hydrogen exchange in the
binding interface for both R{ and RI|3 subunits §9, 60),
DISCUSSION an increase in the rate of amide hydrogen exchange in the
The cAMP-dependent protein kinase functions as a three-other region of the R subunit is observeds(). Specifi-
component system consistin @ C subunit, an R subunit, cally, regions adjacent to the pseudosubstrate sites in both
and an activating ligand, cAMP. The inhibitory R subunit Rlo and RIj3 and residues 222244 and 253268 in cCAMP
interacts with the C subunit with an apparent dissociation binding domain A of the Rt and RI|3 subunits, respectively,
constant of<0.2 nM to form the PKA holoenzyme complex show a decreased solvent accessibility in the holoenzyme
(57). Such a high-affinity interaction ensures that PKA is complex 69, 60). In contrast, a broad region of cAMP
kept inactive in the absence of stimuli. The second mes- binding domain B along with a small region of cAMP
senger, CAMP, acts as a signal switch to induce conforma-binding domain A (residues 22232) displays enhanced
tional changes in the R subunit and subsequently the structural dynamics upon binding the C subu6il)( These
destabilization and activation of the holoenzyme complex observations are consistent with our current FT-IR study as
in response to external cues. To understand the moleculaithe increase in the magnitude of the protein dynamics
mechanism of PKA activation and isoform specific PKA compensates for the protective effects provided by the
functions, it is essential to analyze the structure and dynamicsformation of the subunit interface and consequently leads to
of the PKA system in both the active and inactive states, to a small difference in the overall hydrogen exchange upon
identify the subunit interface of the PKA holoenzyme, and holoenzyme formation.
to compare the conformation similarity and differences R—C Subunit Interfaces of PKA Holoenzyme Complexes.

between type | and Il holoenzyme complexes. The decreased susceptibility of the C subunit to cleavage
Conformation and Structural Dynamics of PKA Holoen- upon interaction with the R subunit may be due to direct
zyme Complexes and Their Modulation by cAlB®logical protection of residues that come into physical contact with

functions and their regulation are often associated with the R subunit, induced conformational changes associated
changes in protein conformation and dynamics. AmideCH with R subunit binding, or a combination of both. Although
exchange has been used extensively to analyze structuralve cannot distinguish between these possibilities by the
dynamics and conformational changes in proteins as the rateprotein footprint technique, it is reassuring that the majority
at which an amide proton exchanges with the solvent is of amino acid residues identified previously by genetic
largely determined by the flexibility and motion around the screens and biochemical studies as being important for PKA
exchanging proton. For both PKA holoenzymesand 115, holoenzyme formation fall within the surface region that is
the overall amide protein exchange rates monitored by FT- defined by protein footprinting in this study (Figure 8).
IR in the absence of cAMP were slightly slower than that in Agreement of our chemical footprinting results with those
the presence of cAMP (Figure 6). This is not surprising since of earlier mutagenesis studies leads us to suggest that the
formation of PKA holoenzyme complexes involves a large protein surface defined by our protein footprinting study
intersubunit interface that should render a large number of indeed reflects the actual docking surface for the R subunit,
exchangeable amide protons inaccessible to the solventwhich, upon binding to the C subunit, shields the contact
However, the magnitude of the differences in the overall surface from cleavage by FEDTA reagents. This docking
H—D exchange rates of PKA holoenzymes in the presencesurface is large and extends to regions on the C subunit that
and absence of cAMP is unexpected. The very small have not been previously implicated in PKA holoenzyme
observed differences<6%) would not be able to fully  formation. This observation also further confirms that the
account for the large extent of the subunit interface of the boundary of R involved in interaction with the C subunit
holoenzyme complex if the overall dynamics of individual spreads far beyond the consensus inhibitor site, includes the
subunit in the holoenzyme were kept constant in the presencefirst CAMP binding domain A 88), and is consistent with a
and absence of cCAMP. Therefore, our-B exchange data  structural model generated by molecular docking arebH
suggest that the overall dynamics of the R and C subunitsexchange mass spectromet6j).

in the PKA holoenzymes complex are greater in magnitude The C subunit’s docking surface for R subunits revealed
than those of the dissociated R and C subunits in the presencéy chemical protein footprinting is different from that of the
of CAMP. This is further supported by the FT-IR data of PKI site, as defined in the crystal structure of the C subunit
PKA holoenzymes in kD, in which binding of cAMP to bound to inhibitor peptide PKI(524) 4, 6). For PKI, high-
PKA holoenzymes induced a downshift in the wavenumber affinity binding is achieved by a small, contiguous peptide
for both thea-helix andg-strand bands (Figure 2). A shift  that includes an amphipathic helix, immediately followed
to a lower wavenumber implies a strengthening of the by a pseudosubstrate inhibition segment. This binding
hydrogen bonding network within the-helix and between  surface, termed peripheral recognition site 1 (PRS1), consists
theg-strands, therefore producing a more tightly packed and of an acidic patch that is important for interaction with the
less dynamic structuré®). In addition, since the C subunit  positively charged P-6, P-3, and P-2 Args of PKI and a
is predominantlya-helical while the R subunit contains hydrophobic pocket for docking of the P-11 P& Unlike
mainly -strands, the cAMP-induced wavenumber down- the interaction between the C subunit and PKI, the R subunit



1918 Biochemistry, Vol. 43, No. 7, 2004 Yu et al.

recognition site on the C subunit is on the opposite side of at the proximal region of the active site cleft in the C subunit.
the active site cleft and involves a much larger surface areaAs a consequence, the N-terminus obiR$ directed to the
(Figure 8). Itis clear from the work presented here and earlier C-terminal lobe of the C subunit while the N-terminus of
studies that the C subunit employs two different surfaces in RIS interacts exclusively with the N-terminal lobe of the C
addition to the common inhibitor recognition site at the active subunit 86). Since the small C-terminal lobe of C consists
site cleft, to provide high-affinity binding to its two physi- of mostly -strands while the N-terminal large lobe is
ological inhibitors, PKI and R subunits. While peripheral exclusivelya-helical, it is understandable that the interaction
recognition site 1 is essential for interaction with PKI, between Rk and C in PKA holoenzymed causes more
interaction between the R and C subunits involves the conformational changes jsrstrand structures while interac-
docking of the R subunit onto peripheral recognition site 2 tion between RJ§ and C leads to more structural perturbation
(PRS2). in a-helical structures as our FT-IR data suggested.

It has been suggested that while activation of the PKA  Consistent with the FT-IR data, our protein footprinting
holoenzyme by cAMP weakens the interaction between the results further extend this mode of differential interaction
R and C subunits, it does not lead to a complete dissociationbetween R and RIj3 and the active site of the C subunit.
of the C and R subunits. Part of the R subunit may interact The active site of the C subunit in PKA holoenzymeis
weakly with the C subunit to form a partially associated essentially shielded from chemical cleavage, which suggests
complex 62). Our chemical footprinting results showed that most likely that the C subunit is in the closed conformation
although binding of cAMP reversed a majority of the and the pseudosubstrate inhibitor peptide is tightly packed
protections from chemical cleavage on the C subunit inside the active site cleft. In contrast, the active site of the
provided by the R subunit, the cleavage pattern of the C C subunit in PKA holoenzymefflis much more susceptible
subunit around the active site was different between PKA to free radical cleavage, which implies that the C subunit in
holoenzymesd. and 1|5 even in the presence of cAMP. the PKA holoenzyme I complex assumes a more open
These observations provide direct evidence which suggestsconformation and the docking of the substrate sequence of
that binding of cAMP to the holoenzyme might dissociate RIS inside the active site cleft is more loose or dynamic
the R subunit from the PRS2 site, but not the pseudosubstratéhan the pseudosubstrate inhibitor peptide sequencecof RI
sequence from the active site of the C subunit. Complete An interesting question is whether this difference reflects
dissociation of the R subunit may require the binding of the an intrinsic property of the C subunit in differentiating
substrate that replaces the pseudosubstrate sequence of theetween peptide substrates and inhibitors. Further study is
R subunit from the active site of the C subunit. This needed to answer this question. However, a dynamic
conclusion is further supported by analytical ultracentrifu- enzyme-substrate complex is certainly advantageous for
gation results that showed more than 80% of the5R4.6 efficient enzymatic functions, while maintaining a stable and
S) and C subunits (3.2 S) remained in a 7.0 SFRL rigid enzyme-inhibitor complex is important for regulation.
holoenzyme complex in the presence of cAMP under Moreover, conformational differences between PKA holoen-
identical conditions used for our footprinting experiments. zymes t. and 1| may represent an important mechanism

Conformational Differences between Type | and Il Ho- and also provide a structural explanation for isoform specific
loenzyme Complexealthough the overall secondary struc- PKA functions.
ture contents of PKA holoenzymes and I|5 measured by
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