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1. Introduction

ABSTRACT

Amide hydrogen/deuterium exchange mass spectrometry is a powerful method both for mapping
protein—-protein interactions and measuring conformational dynamics of protein complexes. In this study
we report its application to monitoring the stepwise process governing cAMP-dependent activation of
Protein Kinase A (PKA). In the absence of cAMP, PKA exists in an inactive complex of catalytic (C) and reg-
ulatory (R) subunits. cAMP binding induces large conformational changes within the R-subunit leading
to dissociation of the active C-subunit. Although crystal structures of end-point, inactive and active states
are available, the molecular basis for cooperativity in cAMP-dependent activation of PKA is not clear. In
this study we report application of amide hydrogen/deuterium exchange mass spectrometry on tracking
the stepwise cAMP-induced conformational changes using a single point mutant (R209K) at the cyclic
nucleotide binding domain (CNB)-A site. Our amide exchange results reveal that binding of one molecule
of cAMP increases amide exchange in important regions within the second CNB-B domain. Increased
exchange was also seen at the interface between CNB-B and the C-subunit suggesting weakening of the
R-C interface without dissociation. Importantly, binding of the first molecule of cAMP greatly increases
the conformational mobility/dynamics of two key regions coupling the two CNBs, the aC/C":A and aA:B
helix. We believe that the enhanced dynamics of these regions forms the basis for the positive coop-
erativity in the cAMP-dependent activation of PKA. In summary, our results reveal the close allosteric
coupling between CNB-A and CNB-B with the C-subunit providing important molecular insights into the
function of CNB-B domain.

© 2010 Elsevier B.V. All rights reserved.

classes of proteins and in eukaryotes, one of the principal targets
of cAMP is the cAMP-dependent protein kinase, Protein Kinase A

Cyclic 3’5’ adenosine monophosphate (CAMP) is an important
second messenger that enables cells to sense and respond to hor-
monal stimuli. The cyclic nucleotide binding (CNB) domain is an
ancient motif that appears to have co-evolved as the primary recep-
tor for cAMP [1]. CNBs function as regulatory modules in different

Abbreviations: BME, [(-mercaptoethanol; cAMP, cyclic 3’5’adenosine
monophosphate, C, catalytic subunit of cAMP-dependent protein kinase; R,
regulatory subunit of cAMP-dependent protein kinase; PKA, cAMP-dependent
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of the R-subunit; CNB, cyclic nucleotide binding domain; PBC, phosphate binding
cassette; MOPS, 3-(N-Morpholino)-propane-sulfonic acid; TFA, trifluoroacetic acid.
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(PKA), whose regulatory subunit (R-subunit) contains two tandem
CNBs. In the absence of cAMP, PKA exists as an inactive tetrameric
holoenzyme with the homodimeric R-subunits bound to two cat-
alytic (C) subunits. cAMP binding to the CNBs of the R-subunits
induces conformational changes, leading to dissociation of the C-
subunit and activation of PKA [2]. Out of 4 isoforms of the C and
R subunits, Ca and Rla are most widely distributed throughout
all mammalian tissue and are the most important isoforms of
PKA [3]. PKA R-subunit is an extended molecule containing an
N-terminal dimerization domain and a pseudosubstrate region fol-
lowed by CNB-A and CNB-B respectively (Fig. 1A). The R-subunit
lacking the N-terminal dimerization domain, Rla(92-379), retains
high-affinity binding to the C-subunit and provides a minimal
monomeric model for examining R-C interactions as well as cCAMP
binding to CNB-A and CNB-B (Fig. 1A) [4,5]. A specific conserved
set of residues critical for binding to cAMP is referred to as the
phosphate binding cassette (PBC) (PBC:A and PBC:B for CNB-A and
CNB-B respectively) [1]. In contrast, PKA C-subunit is a globular
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Fig. 1. A: Domain organization of Rla showing an N-terminal dimerization/docking domain (D/D) (gray hashed box) connected by a linker to two tandem cAMP-binding
domains, CNB-A and CNB-B in green. The linker contains a PKA pseudosubstrate site which is essential for facilitating interactions of Rla with the C-subunit in red. B:
Mechanism of type I PKA regulation. In PKA holoenzyme, the C-subunit (gray) is kept inactivated by the R-subunit (green) (structure of the Rla(92-379):C holoenzyme
complex (PDB ID: 2QCS). Note the structure of the Rla(92-379):C holoenzyme complex solved by X-ray crystallography was of a point mutant, Rla (92-379)R333K in
complex with the C-subunit [4]. ATP and the pseudosubstrate region occupy the active site cleft formed by the two lobes of the C-subunit. Binding of 2 molecules of cAMP
to CNB-A and CNB-B of the holoenzyme induces conformational changes leading to dissociation of the C-subunit and its activation. The R-subunit thus adopts distinct
conformations, bound to C-subunit (green, H-conformation) [4] and bound to cAMP (brown, B-conformation) (PDB ID: 1RGS) [5]. C: Close-up of the Phosphate binding
cassettes (PBC) (brown) from both CNB-A and CNB-B. In PBC:A, the critical conserved residues Arg 209 and Glu 200 and in PBC:B, Arg 333 and Glu 324 together with backbone
amide nitrogen atoms of residues in the PBC anchor the cyclic phosphate and 2’OH moieties of cAMP (yellow) respectively. D: Cartoon showing stepwise cCAMP-mediated
activation of PKA (* represents a molecule of cAMP, X represents a point mutation that abolishes high-affinity binding of cAMP). Activation of type I PKA is cooperative and
sequential with cAMP binding first to CNB-B and then to CNB-A. Mutation of Arg 209 to a Lys in CNB-A of R-subunit abolishes high-affinity cAMP binding to the CNB-A
without significantly affecting binding of cAMP to CNB-B. The holoenzyme, Rla(92-379)R209K:C provides an ideal model system to probe the effects of a single molecule of
cAMP binding to CNB-B and to study effects of a single cAMP-bound intermediate in the cAMP-dependent activation pathway of PKA. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

protein with a bilobal structure characteristic of all kinases, where
the small N-terminal lobe and larger C-terminal lobe enclose a
cleft which binds ATP and provides binding sites for substrates or
inhibitors [6].

Structures of cAMP-bound conformations of the CNB domain,
denoted the ‘B-conformation’, reveal a highly conserved architec-

ture with two subdomains: a 3-subdomain with an eight-stranded
[3-sheet, containing the solvent-shielded pocket for binding cAMP
and a non-contiguous a-subdomain. The structure of a PKA holoen-
zyme complex [4,7] revealed a large conformational change in
the R-subunit which is denoted as the ‘H-conformation’ (Fig. 1B).
The PBC region within the (-subdomain reveals a conserved
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Table 1
Effect of cAMP binding on the R-subunit (peptides from Rla(92-379)R209K:C holoenzyme and Rla(92-379)R209K) measured by amide H/D exchange.
R-subunit pepsin digest fragments (sequence) (m/z) Charge (z) Maximum exchangeable Maximum deuterons exchanged after 10 min
amides

Rl (92-379) Rl (92-379) Rl (92-379)

R209K:C R209K:C+cAMP  R209K+cAMP
EVYTEE (101-106) (769.33) 1 5 3.0 £ 0.06 3.3 £ 0.00 4.0 £ 0.05
YVRKVIPKDYKTMAA (111-125) (446.50) 4 13 10.5 + 0.21 10.7 £ 0.10 12.1 £ 0.05
YVRKVIPKDYKTMAALAKAIEKNVL (111-135) (573.34) 5 23 14.6 + 0.28 15.9 + 0.60 17.0 +£ 0.07
FSHLDDNERSDIF (136-149) (797.86) 2 12 1.7 £ 0.02 1.7 £ 0.01 3.7 £ 0.04
IAGETVIQQGDEGDNF (157-172) (846.89) 2 15 6.7 £ 0.08 6.4 £ 0.10 6.7 £ 0.19
YVIDQGEMDV (173-182) (1168.52) 1 9 1.3 £ 0.01 1.3 £ 0.00 1.8 +£0.03
DVYVNNE (181-187) (852.37) 1 6 3.1 £ 0.07 3.0+ 0.10 2.6 £ 0.01
WATSVGEGGSF (188-198) (1097.49) 1 10 5.0 + 0.00 5.5+ 0.10 6.8 £0.12
FGELALI (198-204) (762.44) 1 6 2.5 +0.05 1.2 £0.10 0.1 £ 0.02
ALIYGTPKAAT (202-212) (553.32) 2 9 5.7 £ 0.07 6.3 + 0.00 7.9 £ 0.08
ALIYGTPKAATVKAKT (202-217) (545.00) 3 14 6.1 £ 0.01 7.6 £ 0.30 9.1 £ 047
VKAKTNVKL (213-221) (500.83) 2 8 1.7 + 0.04 1.5+ 0.10 1.8 + 0.03
WGIDRDSY (222-229) (506.23) 2 6 0.9 + 0.00 0.8 + 0.00 1.3 £ 0.02
RRILMGSTL (230-238) (523.81) 2 8 1.3 £ 0.00 2.4 +0.00 3.4 +0.03
RKRKMYEEF (239-247) (643.84) 2 8 2.2 £0.02 4.1 £ 0.00 4.6 £ 0.05
LSKVSIL (248-254) (759.50) 1 6 2.5 +0.02 3.1 £0.10 3.1 £0.02
LSKVSILESLDKWERLTVADALE (248-270) (872.48) 3 22 8.6 +£0.18 16.1 £ 0.50 10.0 + 0.06
TVADALEPVQ (264-273) (521.77) 2 8 3.1 £0.02 3.6 £ 0.00 3.4 +£0.01
PVQFEDGQKIVVQGEPGDE (271-289) (1036.00) 2 16 6.3 + 0.09 53 +0.10 5.4 +0.09
EDGQKIVVQGEPGDEF (275-290) (873.91) 2 14 42 +0.03 3.0 +£0.20 3.0 £ 0.05
IILEGSAAVL (292-301) (493.30) 2 9 3.7 +£0.13 3.7 £0.10 4.5 £ 0.01
QRRSENEEF (302-310) (597.78) 2 8 4.0 £0.02 4.0 £ 0.00 4.6 £+ 0.06
VEVGRLGPSDYFGE (311-324) (762.87) 2 12 3.7 £ 0.06 3.1 £ 0.00 1.8 +£0.03
FGEIAL (322-327) (649.36) 1 5 2.1 £ 0.03 1.1+ 0.10 0.2 £ 0.11
LMNRPRAAT (328-336) (515.28) 2 7 3.9 £0.02 2.9 +£0.10 1.6 + 0.05
VARGPLKC (338-345) (422.25) 2 5 0.7 + 0.02 0.6 + 0.00 04 +0.13
VKLDRPRF (346-353) (515.81) 2 6 0.7 + 0.00 1.0 £ 0.10 1.3 £ 0.03
ERVLGPCSD (354-362) (975.45) 1 7 2.3 +£0.03 3.1 £ 0.00 3.2 +£0.04
ILKRNIQQYNSF (363-374) (762.42) 2 11 9.0 + 0.09 8.5 + 0.00 6.8 +£0.03

Values reported are the mean and standard error calculated from two independent experiments. All deuterium exchange values reported were corrected for ~33% back
exchange by multiplying the raw centroid values by a factor of 1.49.

Table 2
Effect of cAMP binding on the C-subunit (peptides from Rla(92-379)R209K:C holoenzyme) measured by amide H/D exchange.
C-subunit pepsin digest fragments (Sequence) (m/z) Charge (z) Maximum exchangeable Maximum deuterons exchanged after 10 min
amides
RIa(92-379) R209K:C RIa(92-379) R209K:C + cAMP

FLAKAKED (18-25) (461.25) 2 7 45+ 048 47 +£0.04
LKKWETPSQNTAQL (27-40) (822.44) 2 12 8.1 + 0.07 7.8 + 0.06
TPSQNTAQLDQFDRIKTLGTG-

SFGRVMLVKHKESGNHYAMK (32-72) (919.08) 5 39 12.7 £ 0.14 13.2 £0.10
IEHTLNE (85-91) (428.22) 2 6 0.2 +£0.04 0.4 £+ 0.01
KRILQAVNFPFL (92-103) (723.44) 2 10 2.2 +0.00 2.0 + 0.00
VKLEFSFKDNSNL (104-116) (770.91) 2 12 2.5+ 0.01 2.2 +£0.05
VMEYVAGGEMFSH (119-131) (728.84) 2 12 0.3 +0.02 0.4 +0.09
EMFSHLRRIGR (127-137) (701.38) 2 10 6.4 + 0.29 6.3 + 0.21
RRIGRFSEPHARF (133-145) (427.97) 4 11 1.4 + 0.00 1.3 £ 0.02
IVLTF (150-154) (592.37) 1 4 0.1 +0.05 0.1 + 0.06
FEYLHSLDLI (154-163) (625.33) 2 9 0.2 + 0.01 0.3 + 0.01
IYRDLKPENLL (163-173) (687.40) 2 9 0.5 + 0.00 0.6 + 0.01
LIDQQG (173-178) (673.35) 1 5 1.5 + 0.02 1.4 + 0.02
YIQVTDFGF (179-187) (942.46) 1 8 0.3 £ 0.00 0.3 £ 0.00
AKRVKGRTWTLCGTPEYLAPEIIL (188-211) (932.50) 3 21 3.0 £ 0.05 3.5+ 0.02
SKGYNKAVDWWALGVL (212-227) (903.98) 2 15 1.9 £ 0.01 1.9 + 0.04
IYEMAAGYPPFFADQPIQ (228-245) (1029.49) 2 14 6.1 + 0.08 6.2 + 0.09
YEKIVSGKVRFPSHFSSDLKDLLRNLL (247-273) (633.16) 5 25 4.5 + 0.02 4.5 + 0.00
QVDLTKRFGNLKNGVNDIKNHKW (274-296) (681.88) 4 22 7.5 + 0.07 8.5 +0.20
FATTDW (297-302) (740.33) 1 5 3.4 + 0.05 2.9 +0.02
IAIYQRKVEAPFIPKFKGPGDTSN (303-326) (669.87) 4 20 10.0 + 0.16 9.5 + 0.03
FDDYEE (327-332)(817.29) 1 4 2.6 +0.01 2.5+ 0.05
DDYEEE (328-333) (799.27) 1 5 3.4 + 0.09 3.0 + 0.02
IRVSINEKCGKE (335-346) (485.91) 3 11 7.1 £0.13 6.9 + 0.02

Values reported are the mean and standard error calculated from two independent experiments. All deuterium exchange values reported were corrected for ~33% back
exchange by multiplying the raw centroid values by a factor of 1.49.
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hydrogen bonding network, connecting residues that are critical
for specific binding to cAMP [1]. The key residues include sin-
gle conserved arginines in both domains, Arg 209 and Arg 333,
which are important for anchoring the phosphate moiety of cAMP
(Fig. 1C). cAMP binding to CNB-A and anchoring of the cyclic
AMP phosphate with Arg 209 is critical for the activation of C-
subunit as it has been shown that the R209K mutation abolishes
the tight binding of cAMP at CNB-A [8] and blocks activation of
PKA.

It has been known that cAMP binds the PKA holoenzyme in
a positive cooperative manner wherein a first molecule of cAMP
binds first to the CNB-B domain followed by binding to CNB-A,
leading to holoenzyme dissociation and activation [8,9]. Although
numerous crystal structures of free individual R-subunits and in
complex with the C-subunit have been solved, providing high-
resolution insights into the end-point conformations of PKA, the
molecular basis for cooperativity and allosteric coupling of the
two cAMP binding events is not clear as it requires structural
characterization of an intermediate state with the CNB-B domain
alone bound to a single molecule of cAMP (Fig. 1D). NMR stud-
ies on the wild-type and single point mutants of Rla(119-379)
have revealed the connectivity between CNB-A and CNB-B domains
[10] but they still do not describe the conformation of an inter-
mediate in the cAMP-mediated activation pathway, namely of
the holoenzyme state bound to a single cAMP molecule at CNB-
B. Amide hydrogen/deuterium exchange coupled with ESI-QTOF
mass spectrometry is a powerful tool to study protein-protein
interactions and monitor conformational dynamics of proteins
[11]. We have used this technique to characterize an impor-
tant intermediate in the cAMP activation pathway of PKA by
monitoring the effects of cAMP binding to the point mutant
RIoi(92-379) R209K. The X-ray crystal structure of holoenzyme
(PDBID: 2QCS) has revealed four sites on the R-subunit that interact
with the C-subunit in the holoenzyme complex [4], one site con-
tributed by the pseudosubstrate site, two contributed by CNB-A
and one by CNB-B. Our amide exchange results reveal that bind-
ing of one molecule of cAMP increases deuterium exchange in
two key regions, the aC/C’ of CNB-A domain (aC/C":A) and oA
helices of the CNB-B domain (aA:B). The aC/C’ of CNB-A domain
undergoes the largest conformational rearrangements between
the cAMP-bound and C-subunit-bound conformations of the R-
subunit [7], while the aA helix of the CNB-B domain (oA:B)
contains W260, a key aromatic capping residue that serves to sta-
bilize binding of a second molecule of cAMP to CNB-A [1]. We
believe the increased exchange in these regions reflects enhanced
conformational mobility/dynamics which facilitates binding of
a second molecule of cAMP to CNB-A providing the basis for
the positive cooperativity in the cAMP-dependent activation of
PKA.

2. Materials and methods
2.1. Reagents

BL21 (DE3) E. coli strains were from Novagen (Madison,
WI). TALON metal affinity resin was from Clontech Labora-
tories (Mountain View, CA). 8-AminoEthylAmino (AEA)-cAMP
was from Biolog Life Science Institute (Bremen, Germany).
ATP and cAMP were obtained from Sigma-Aldrich Corp. (Sin-
gapore). Poroszyme immobilized pepsin cartridge was from
Applied Biosystems (Foster City, CA). Deuterium oxide (99.9%
deuterium) was obtained from Sigma-Aldrich Corp. (Singapore).
Trifluoroacetic acid (TFA) and acetonitrile were from Fisher Sci-
entific (Singapore). All other chemicals were at least reagent
grade.

2.2. Purification of Rlo(92-379)(R209K) and C-subunit

cAMP affinity chromatography resin for R-subunit purification
was synthesized by coupling 8-AEA-cAMP to the NHS-activated
sepharose 4 Fast Flow® beads as recommended (GE Life Sci-
ences, Singapore). cCAMP-free Rla(92-379)R209K was expressed
and purified as described previously [8,12]. Hexahistidine tagged
C-subunit of PKA was expressed and purified as described pre-
viously [13]. The holoenzyme, RIx(92-379)R209K:C was purified
by size exclusion-gel filtration chromatography on an AKTA sys-
tem (GE Life Sciences) as described earlier [8] by using the buffer
50 mM MOPS, pH 7.0, 50 mM NaCl, 2mM MgCl,, 0.2 mM ATP and
5 mM BME.

2.3. Amide hydrogen/deuterium exchange mass spectrometry

The size exclusion chromatography purified cAMP-free
RIoi(92-379)R209K:C holoenzyme complex was concentrated to
50 WM using vivaspin concentrators (Sartorius Stedim Biotech
GmbH, Goettingen, Germany). 2 wL of the samples in storage
buffer (20 mM Tris-HCI, pH 7.5, 50 mM NacCl, 10 mM MgCl,, 5mM
BME) were diluted and incubated with 18 uL of D,0 (99.90%)
resulting in a final deuterium concentration of 90% in buffer A
(20mM MOPS, pHieag 7.0, 50mM NaCl, 2mM MgCl,, 0.2 mM
ATP, 5mM BME). Amide exchange was carried out at 20°C for
various time points (0.5, 1, 2, 5 and 10min). In order to test
the effects of cAMP binding to CNB-B of Rla of the holoenzyme,
we incubated the 50 uM R:C holoenzyme complex with a final
concentration of 70 wM cAMP. Given a Kd of the CNB-B domain
in the holoenzyme complex for cAMP (Kd~0.8 .M for CNB-B
domain) [8], we predicted that the CNB-B domain site of the
protein complex would be completely saturated with cAMP
allowing for characterization of a single cAMP-bound holoenzyme
intermediate. Deuterium exchange reactions were carried out
for both holoenzyme samples in the presence and absence of
cAMP and cAMP-bound Rlo(92-379)R209K as described previ-
ously [24]. The exchange reaction was quenched by addition of
40 wL of pre-chilled 0.1% TFA to get a final pHeaq Of 2.5. 50 pL
of the quenched sample (~100pmol protein sample) was then
injected on to a chilled nano-UPLC sample manager (beta test
version, Waters, Milford, MA) as previously described [14]. The
sample was run through a 2.1 x 30 mm immobilized pepsin col-
umn (Porozyme, ABI, Foster City, CA) using 100 p.L/min 0.05%
formic acid in water. The digested peptides were trapped on a
2.1 x5mm C18 trap (ACQUITY BEH C18 VanGuard Pre-column,
1.7 wm, Waters, Milford, MA) and eluted using an 8-40% gradient
of acetonitrile in 0.1% formic acid at 40 wL/min, supplied by a
nanoACQUITY Binary Solvent Manager (Waters, Milford, MA),
on to a reverse phase column (ACQUITY UPLC BEH C18 Column,
1.0 x 100 mm, 1.7 pm, Waters, Milford, MA) for resolution. Pep-
tides were detected and mass measured on a SYNAPT HDMS mass
spectrometer (Waters, Manchester, UK) acquiring in MSE mode
[15,16].

Peptides were identified from MSE data in the non-deuterated
samples using ProteinLynx Global Server 2.4 (beta test version)
(Waters, Milford, MA) [17,18]. Identifications were only considered
if they appeared at least twice out of three replicate runs. These
identifications were mapped on to subsequent deuteration exper-
iments using prototype custom software (HDX browser, Waters,
Milford, MA). Data on each individual peptide at all time points
were extracted using this software, and exported to HX-Express
[19] for analysis.

Continuous instrument calibration was carried out with Glu-
Fibrinogen peptide (GFP) at 100 fmol/pL. We also visually analyzed
the data to ensure only well-resolved peptide isotopic envelopes
were subjected to quantitative analysis. A control experiment was



B.S. Moorthy et al. / International Journal of Mass Spectrometry 302 (2011) 157-166

[ aXn | [ anA ]
A 92 RRRRGAISAEVYTEEDAASYVRKVIPKDYKTMAALAKAIEKNVLESHLDDNERSDIFD 149

0 e | p2:A | [ p3:A [ B4:A | B5:A | ER (eB:A )
150 AMFPVSEFIAGETVIQQGDEGDNEYVIDQGEMDVYVNNEWATSVGEGGSFGELALIYGTPK 209
s > 5 , % <=3
[ pa:A [ aB:A ) aC:A (aC”:A]) ( aA:B ]
ﬂﬂAATVKAKTNVKL@GIDRDS¥§RILMGST%BKRKMYEEE;SKVSILES%DKWERLTVADAL2“
|_B1:B_| | B2:B | | p3:B [ B4B | B5:B_| R (BB )

270 EPVOFEDGQKIVVQGEPGDEFFIILEGSAAVLORRSENEEEFYEVGRLGPSDYFGETIALLM 329

«—r
MEEE BT (B8 (ac:B |
330 NRPRAATVVARGPLKCVKLDRPRFERVLGPCSDILKRNIQQYNSEVSLSV 379

B ( aA ) ETErTa | P2 |
1 GNAAAAKKGSEQESVKEFLAKAKEDFLKKWETPSQONTAQLDQFDRIKTLGTGSFGRVMLYV 6o

. B = ) o€ ) B s
61 KHKESGNHYAMKTLDKQKVVKLKQIEHTLNEKRI LOAVNFPFLYKLEFSFKDNSNLYMYM 120

| (e | ( oE )] E | B7 | O
121 EYVAGGEMFSHLRRIGRFSEPHARFYAAQIVLTFEYLHSLDLIYRDLKPENLLIDQQGYT 180
e > o * " —% 5

| B8 2 ( oF )
181 QVI DFGFAKRVKGRTWTLCGTPEYLAPETIILSKGYNKAVDWWALGVL LYEMAAGYPPEFFA 240

& ( o | Ca ]
241 DQPIQI'_YEKIVSGKVRFPSHFSSDLKDLLRNLLQVDLTKRFGNLKNGVNDIKNHKWFATT 300

161

[ C Terminal Tail

300 DWIATYORKVEAPF I PKEFKGPGDTSNEFDDYEEEE IRVSINEKCGKEFTEEF 350
+ g > e =

Fig. 2. Sequence coverage map for the R and C-subunit. Amino acid sequence of (A) Rla(92-379)R209K and (B) C-subunit showing secondary structure elements with
boundaries. Solid lines denote the pepsin digest fragments analyzed in the study with a total sequence coverage of 90% and 88% for Rla and C-subunit respectively.

carried out to calculate the deuterium back exchange loss dur-
ing the experiment as described previously [24]. Briefly, this was
carried out by incubating ligand-free Rla(91-244) with deuter-
ated buffer A for 24h at room temperature (20°C). Even after
extended deuteration, Rla(91-244) still showed some ordered
regions that were not completely deuterated. For an accurate
measurement of back exchange loss, we therefore focused only
on peptides from within highly solvent exchangeable regions of
the protein, identified as those regions that show greater relative
exchange at shorter time points (10 min exchange). The region
in Rla(91-244) spanning residues 111-130 is a highly solvent
exchangeable region and all 3 overlapping peptides used for cal-
culations of back exchange span this region and showed nearly
maximal exchange in ligand-free Rloi(91-244) following 10 min
deuterium exchange and would thus represent fully deuterated
samples following 24 h exchange. An average deuteration back
exchange of ~33% was calculated from average back exchange val-
ues for 3 peptides: Rla(111-123) (m/z=547.65) (back exchange
- 34.4%), Rla(111-126) (m/z=632.701) (back exchange=30.4%)
and Rla(111-119) (m/z=595.34) (back exchange =33.7%). All deu-
terium exchange values reported were corrected for a 33%
back exchange by multiplying the raw centroid values by a
multiplication factor of 1.49 [24]. The analyzed data were
then mapped on to the crystal structures of PKA holoen-
zyme (PDB ID: 2QCS) [4] and that of cAMP-bound Rla(92-379)
(PDB ID: 1RGS) [5]. The data shown in Figs. 3 and 4 and
Tables 1 and 2 are from replicate, independent experimental mea-
surements.

3. Results and discussion

To monitor the stepwise cooperative activation of type I PKA
by cAMP, we used amide H/D exchange measured by ESI-QTOF
mass spectrometry. The Rla(92-379)R209K:C holoenzyme was
used as a model to monitor the effects of binding of a single cAMP
molecule to the CNB-B domain, thereby enabling probing of the
conformation of a key intermediate in the activation pathway. Fur-
thermore, this also enabled us to unravel the role of CNB-B domain
in mediating the cooperative activation of PKA. We first set out to
measure amide H/D exchange of the Rla(92-379) R209K:C holoen-
zyme both in the presence and absence of cAMP and cAMP-bound
Rl (92-379)R209K. Mutation of Arg 209 to a lysine within the
PBC:A of Rla abolishes high-affinity binding of cCAMP to CNB-A site,
without significantly altering cCAMP binding to CNB-B [8]. Binding
of a single molecule of cAMP to CNB-B induced both local changes
within PBC:B as well as global changes in rest of the R-subunit and
regions of the C-subunit involved in mediating specific interface
contacts with CNB-B. The results are organized to describe: (i) local
effects within PBC-B, (ii) changes observed at regions spanning the
R-Cinterface and (iii) global changes within the R-subunit outside
PBC-B.

3.1. Pepsin digestion of Rl(92-379)R209K and C-subunit

A total of 29 pepsin digest fragments for Rla(92-379)R209K
and 24 fragments for the C-subunit were detected and analyzed
in this study. These covered 90% and 88% of their respective pri-
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Fig. 3. ESI-QTOF mass spectra of pepsin digest fragments from 6 different regions of RIa(92-379)R209K from the R:C holoenzyme that showed the largest changes in amide
H/D exchange upon binding cAMP. The peptides are m/z=762.44, z=1, Rla. (198-204); m/z=523.81, z=2, Rl (230-238); m/z=643.84, z=2, Rla (239-247); m[z=872.48,
z=3, Rla (248-270); m/z=873.91, z=2, Rla (275-290); m/z=649.36, z=1, Rla (322-327)). i) The isotopic envelope for the peptides from cAMP-bound Rla(92-379)R209K
subunit after 10 min deuteration. ii) The isotopic envelope for the peptides from cAMP-bound Rlx(92-379)R209K:C holoenzyme after 10 min deuteration. iii) The isotopic
envelope for the peptides from cAMP-free Rla(92-379)R209K:C holoenzyme after 10 min deuteration. iv) Undeuterated isotopic envelope of six R-subunit peptides from

Rla(92-379)R209K.

mary sequences (Fig. 2A and B). The average numbers of deuterons
exchanged (10 min) for each of the peptides were calculated as
described in Section 2 and are summarized in Tables 1 and 2. A
comparison of average deuteration after ten minutes has provided
insights into the effects of cAMP and C-subunit binding in ear-
lier studies [20] and in our study was used to monitor the effects
of cAMP binding to the CNB-B domain. For those segments (6 R-
subunit peptides) showing the most significant changes observed
upon cAMP binding, electrospray ionization time-of-flight (ESI-
TOF) spectra are shown in Fig. 3 and plots of the time-course of
deuteration are shown in Fig. 4.

3.2. cAMP binding to Rlx(92-379)R209K:C holoenzyme does not
lead to dissociation of the complex

Binding of cAMP to the Rla(92-379)R209K:C holoenzyme com-
plex under our deuterium exchange reaction conditions did not
lead to dissociation of the holoenzyme confirmed by comparing
the deuterium exchange of our results with earlier studies on free
Rla and holoenzyme complexes [20]. In the holoenzyme, the N-
terminal pseudosubstrate regions were completely shielded from
solvent in contrast to the free, unbound state [20,21]. We observed
the same effects in the N-terminal pseudosubstrate region from
our samples of the cAMP-bound Rla(92-379)R209K:C holoenzyme.

This is entirely consistent with previous studies that showed cAMP
binding to CNB-B in the Rla(92-379)R209K:C holoenzyme failed to
dissociate the C and R-subunits [8].

3.3. cAMP binding to Rlo,(92-379) R209K:C holoenzyme
decreases deuterium exchange in PBC:B

The regions from CNB-B of Rla spanning peptides (271-289),
(275-290), (311-324), (322-327), (328-336) showed decreased
exchange upon binding of cAMP. This is a direct result of binding
interactions of these residues with cAMP. From the crystal structure
of cAMP-bound Rla(113-379) [5], it can be seen that the residues
which form part of CNB-B include Arg 333, Glu 289 and Glu 324
(Fig. 5B). Arg 333 in PBC:B hydrogen bonds directly with the equa-
torial exocyclic oxygen of the cAMP phosphate and also forms salt
bridges with Glu 289. Additionally, the backbone amide nitrogens
of residues Gly 323, Ala 326 and Ala 335 also mediate interactions
with cAMP. The decreased exchange observed in our experiments
thus reflects binding of 1 molecule of cAMP to PBC:B (Figs. 3 and 4
- peptides, Rla(322-327) and Rla(275-290)).

Comparison of the amide exchange in the cAMP-
bound RIa(92-379)R209K:C holoenzyme and cAMP-bound
RIa(92-379)R209K showed some differences. While the exchange
measured was similar in certain regions, the magnitude of amide
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Fig. 4. Time-course (0.5-10 min) of deuterium exchange for peptides from Rla(92-379)R209K. Open circle (O), Rle(92-379)R209K:C in the absence of cAMP; close circle

(@), RIoe(92-379)R209K:C in the presence of cCAMP.

exchange protection seen upon cAMP binding in the free R-
subunit was significantly different from that in the cAMP-bound
holoenzyme (Figs. 3 and 4 - peptide Rla(322-327)). This presum-
ably reflected the C-subunit-induced long-range conformational
changes that affected the dynamics of the CNB-B domain [20,21].

3.4. cAMP binding to CNB-B increases deuterium exchange at
interface between CNB-B and C-subunit

Even though the C-subunit does not dissociate upon binding of
1 cAMP molecule to Rla(92-379) R209K:C holoenzyme complex,
the R-C interface shows increased deuterium exchange at peptide
fragment C (274-296). In the C-subunit, this region corresponds to
aH-al region (site 4 of R-C interface contacts) which contacts the
aB:B-aC:B helix (residues 354-362) [4]. Interestingly, the above
region from the C-subunit and CNB-B of the R-subunit showed
increased exchange (Tables 1 and 2, Fig. 5A) suggesting detachment
of CNB-B from the C-subunit. These results reflect cAMP-induced
conformational changes within the CNB-B domain leading to partial
disruption of the R-C holoenzyme interface.

3.5. Effects of CAMP binding to Rla(92-379)R209K:C
holoenzyme: Changes in PBC:A of Rl

Upon binding of cAMP, 1 region in PBC:A spanning residues
198-204 (Figs. 3 and 4 - peptide Rla(198-204)) showed decreased
exchange while another region, RIoi(202-212) and Rla(202-217)
showed increased exchange upon cAMP binding to PBC:B. We
believe this indicates that cAMP binding to the CNB-B induces long-
range conformational changes within PBC:A and the altered amide
exchange is reflective of that.

Comparison of cAMP-bound Rla(92-379)R209K:C holoenzyme
and cAMP-bound RIx(92-379)R209K subunit (Table 1, Fig. 5B)
showed higher exchange in cAMP-bound Rla(92-379)R209K sub-
unit within the PBC:A also reflecting the long-range allosteric and
direct binding effects of C-subunit on the dynamics of CNB-A
[20,21].

3.6. Global conformational changes in Rl

In the process of activation of holoenzyme, cAMP binds to CNB-
B first followed by CNB-A leading to dissociation of the C-subunit
[8]. Addition of cAMP to the Rla (92-379)R209K:C showed exten-
sive changes in amide exchange throughout the molecule, beyond
the cAMP binding sites in the two domains. These are summarized
below:

3.6.1. Pseudosubstrate region

The N-terminal pseudosubstrate region fragments,
(101-106), (111-125) and «A:A region fragment, (136-149)
in Rla(92-379)R209K:C holoenzyme showed lower deuterium
exchange when compared to the cAMP-bound Rla(92-379)R209K.
Barring one segment spanning residues 126-135 obtained from
subtractive analysis, that showed increased deuterium exchange
in the holoenzyme upon binding of a single molecule of cAMP,
all above regions in holoenzyme did not show any difference in
deuterium exchange upon cAMP binding to the CNB-B. This reflects
overall retention of integrity of the holoenzyme in the absence of
a second molecule of cAMP stably binding CNB-A.

3.6.2. aB/C:A, aC':A and oA:B helix

The aB/C:A and aC’:A helices connect CNB-A and B of R-
subunit and undergoes a large conformational change between the
C-subunit bound H-form and the cAMP-bound B-form [4]. The frag-
ments, (230-238), (239-247) and (248-254) which cover aB/C:A
and aC’:A helices show greatly increased amide exchange in the
holoenzyme complex bound to a single molecule of cAMP at CNB-B
(Figs. 3 and 4 - peptides, Rloi(230-238), Rlat(239-247)). We believe
that this increased exchange that is seen only in the single CAMP-
bound intermediate is reflective of greater conformational mobility
[22]. The peptide (248-270) showed significantly greater exchange
(Figs.3 and 4 - peptides Rloe(248-270)) upon addition of 1 molecule
of cAMP and spans helices a:C:A, aC":A and aA:B (Fig. 5B). Interest-
ingly, aA:B helix forms the bridge that communicates the signal
associated with binding of cAMP to CNB-B to CNB-A. The position-
ing of this helix is greatly shifted in structures of the cAMP-bound
and C-subunit-bound states (Fig. 6A and B). Several key residues
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Fig. 5. A: cAMP binding to the CNB-B domain shows increased exchange at the CNB-B:C-subunit interface of the PKA R:C holoenzyme. The R-subunit and the C-subunit

are shown in green and gray respectively. Regions showing increased exchange upon binding cAMP are in red and suggest disruption of the specific intersubunit contacts

mediated by the CNB-B domain with the C-subunit (yellow arrow), (site 4 of R-C intersubunit interactions [4]). B: Increased exchange upon binding of a single molecule of
cAMP to Rl (92-379) R209K:C holoenzyme, within residues 230-270 (spanning aB/C:A and aA of CNB-B) region of the R-subunit reflects increased dynamics and is shown in
red. This region reflects the large conformational changes between the H (green) and B (gray)-conformations shown by superposition of PBC:A of cAMP-bound Rlat (113-379)
(PDB ID: 1RGS) and PBC:A of C-subunit-bound Rla (92-379) (PDB ID: 2QCS). The yellow arrow shows alternate positioning of aB/C:A helix between the H and the B forms.

Regions spanning PBC:B show decreased exchange upon binding of cAMP (blue). The inset figure shows residues that are critical for cAMP binding to PBC:B.
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cAMP (A)

Fig. 6. Importance of CNB-B aA in mediating allosteric cooperativity in the cAMP-activation of PKA. Crystal structure of Rla(92-379) in C-subunit bound, H-conformation
(A) (PDB ID: 2QCS) is compared with the crystal structure of Rla(113-379) in cAMP-bound conformation, B-form (B) (PDB ID: 1RGS). Regions showing salt bridges between
Q370-E255,E261-R366,R241-D267 and E143-K240 are critical when the R-subunit is in the H-conformation. Binding of a single molecule of cAMP to CNB-B leads to disruption
of these critical salt bridges and increases the mobilities of ®A:B and « B/C:A helices. The increased mobility positions the critical anchoring residue, W260 to facilitate and

stabilize binding of a second molecule of cAMP at CNB-A, leading to activation of PKA.

including Trp 260, a hydrophobic capping residue for cAMP bound
to PBC-A, are part of ®A:B [1,4]. It is to be noted that 6 amides out
of a total of 10 exchangeable amides spanning this helix are com-
pletely exchanged with solvent deuterons upon binding of cAMP.
Interestingly, the cAMP-bound R-subunit showed lower exchange
in this region comparable to C-subunit-bound holoenzyme com-
plex. This suggests that binding of a single cAMP molecule at CNB-B
domain shows increased protein mobilities at this region. This con-
tributes to a large difference in conformational entropy as seen in
cAMP-bound intermediates in Catabolite Activator Protein (CAP)
[22]. In such a model, the end-point B and H-conformations show
reduced conformational dynamics compared to the single cAMP-
bound intermediate, clearly highlighting the high conformational
entropic penalty that accompanies binding of the second molecule
of cCAMP to CNB-A of wild-type Rla [21]. This clearly explains the
negative cooperativity seen in CAP but not the positive coopera-
tivity (Hill coefficient>1) seen in activation of type I PKA [4,23].
We attribute the positive cooperativity to the increased dynamics
in this segment facilitating ordering of the critical aromatic cap-
ping residue - Trp 260 which although lies within CNB:B domain,
is essential for stable binding of cAMP to CNB:A. It must be noted
that the Rla(92-379)(W260A) mutation shows a greatly reduced
Hill coefficient (~0.9 compared to 1.5 for wild-type Rla(92-379):C
holoenzyme) [4]. Thus even though the increased dynamics of
the intermediate would have predicted an entropic penalty con-
tributing to negative cooperativity, this is offset by the increased
sampling of preferred W260-cAMP orientations to facilitate stable
capping of cAMP-bound to CNB:A. This effect is likely to be less
pronounced in the other CNB-containing proteins including CAP
which lack a conserved aromatic capping residue [1]. The increased
dynamics in this region reflected by the high amide exchange seen
in this segment of the single cAMP-bound intermediate together
with the complementary information from X-ray crystallography
of the two end-point conformations and extensive biochemistry
[1] thus clearly defines the basis for the contribution of the CNB-

B domain to cooperativity in the cAMP-dependent activation of
PKA. Higher exchange at this region is also consistent with loss
of a salt bridge between Glu 261-Arg 366 of Rla-subunit in the H
conformation [4].

4. Conclusion

Our study has highlighted a powerful application of amide
H/D exchange mass spectrometry in characterizing transient inter-
mediates in the activation cycles of large protein complexes not
easily amenable by other structural biology tools such as NMR and
X-ray crystallography. Our results on the cAMP-dependent activa-
tion of type I PKA clearly demonstrate the important role of the
CNB-B domain in mediating the cooperative and allosteric CAMP-
dependent activation of PKA. By using a point mutant that abolishes
high-affinity binding of cAMP to the CNB-A site, we demonstrate
the conformational properties of an intermediate bound to a sin-
gle molecule of cAMP. Binding of cAMP to CNB-B increases amide
exchange at one of the four sites of R—-C intersubunit interactions,
suggesting that conformational changes associated with cAMP
binding at the CNB-B domain partially disrupt intersubunit inter-
actions without leading to dissociation of the C-subunit. Another
important resultis the increased exchange seen upon cAMP binding
at two key regions, the aC/C’:A helix and the aA:B helix. Both these
regions are critical in relaying the effects of CAMP binding to CNB-B
to CNB-A. The increased exchange in these two regions exclu-
sively in the cAMP-bound to the Rloi(92-379)R209K:C holoenzyme
but not cAMP-bound to Rla(92-379)R209K specifically highlights
the role of CNB-B domain in facilitating the cooperative cAMP-
dependent activation of PKA by potentially enhancing affinity of
binding of a second molecule of cAMP to CNB-A domain. Our results
provide unique insights into the role of CNB-B domain and its
communication with CNB-A domain to allow a coordinated and
cooperative regulation of PKA where the two domains function as
closely coupled rather than individual isolated domains.
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Our results highlight the unique capabilities of amide H/D
exchange mass spectrometry in structural biology in understand-
ing regulatory cycles of enzyme complexes. It is uniquely poised to
probe conformational dynamics of transient reaction intermediates
and presents a powerful tool for obtaining mechanistic insights on
allostery in enzyme regulation.
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