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ABSTRACT: Cell signaling pathways rely on phosphotransfer reactions that are catalyzed by protein kinases.
The protein kinases themselves are typically regulated by phosphorylation and concurrent structural
rearrangements, both near the catalytic site and elsewhere. Thus, physiological function requires
posttranslational modification and deformable structures. A prototypical example is provided by cyclic
AMP-dependent protein kinase (PKA). It is activated by phosphorylation, is inhomogeneously phospho-
rylated when expressed in bacteria, and exhibits a wide range of dynamic properties. Here we use31P
nuclear magnetic resonance (NMR) spectroscopy to characterize the phosphorylation states and to estimate
the flexibility of the phosphorylation sites of 2-, 3-, and 4-fold phosphorylated PKA. The phosphorylation
sites Ser10, Ser139, Thr197, and Ser338 are assigned to individual NMR resonances, assisted by
complexation with AMP-PNP and dephosphorylation with alkaline phosphatase. Rotational diffusion
correlation times estimated from resonance line widths show progressively increasing flexibilities for
phosphothreonine 197, phosphoserines 139 and 338, and disorder at phosphoserine 10, consistent with
crystal structures of PKA. However, because the apparent rotational diffusion correlation time fitted for
phosphothreonine 197 of the activation loop is longer than the overall PKA rotational diffusion time,
microsecond to millisecond time scale conformational exchange effects involving motions of phospho-
threonine 197 are probable. These may represent “open”-“closed” transitions of the uncomplexed protein
in solution. These data represent direct measurements of flexibilities also associated with functional
properties, such as ATP binding and membrane association, and illustrate the applicability of31P NMR
for functional and dynamic characterization of protein kinase phosphorylation sites.

Activity modulation via phosphorylation is the predomi-
nant mechanism of signal transduction in cellular pathways,
which, for example, control proliferation, stress response,
and apoptosis. Phosphorylation and dephosphorylation events
are catalyzed by protein kinases and protein phosphatases,
respectively; these enzymes are themselves typically regu-
lated by phosphorylation. Signaling cascades include also a
variety of other events such that signals require a proper
association of many factors, and spurious signals from
spontaneous events are minimized. Failure to maintain
signaling fidelity causes a variety of diseases: most cancers
are associated with constitutive activation of one or more
protein kinases (1).

Phosphorylation control of protein kinase activity occurs
via different mechanisms. Phosphorylation can create rec-
ognition sites for protein kinase-protein substrate or protein
kinase-protein inhibitor docking, as exemplified by phos-
photyrosine-SH2 domain interactions. Phosphorylation may
occur at sites that block substrate binding and thereby
inactivate the kinase. Perhaps the best known mechanisms
involve phosphorylation sites that activate the kinase: a
generally conserved feature among protein kinases is activa-
tion by phosphorylation at the “activation loop”, which when
unphosphorylated may inhibit primarily by blocking access
to the ATP1 binding site or by preventing catalytically
competent structuring of the active site (for recent reviews,
see for example refs2 and3).
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The properties of protein kinases present several obstacles
for researchers. The intrinsic flexibilities of protein kinases
may explain their tendency to form inclusion bodies in high
yield expression systems, to aggregate in solution, and to
resist renaturation. Phosphorylation of recombinant protein
kinases may occur at nonphysiological sites or not at all.
Samples are often heterogeneous with respect to overall
extent of phosphorylation, phosphorylation sites; flexibility
creates structural heterogeneity as well. Taken together, these
properties tend to limit the capacity to generate protein for
research, to complicate interpretation of experimental results,
and for example to impede kinase crystallization.

In contrast to crystallography, NMR techniques are well
suited to study both static and dynamic properties, even if
samples are heterogeneous in composition and structure,
provided that individual resonances are resolved.31P NMR
spectroscopy (4) is thus ideally suited for studies of phos-
phorylated or phosphate binding molecules, and allows the
identification of specific phosphorylation sites, kinetics of
phosphotransfer events, or analysis of dynamic phenomena
involving phosphorus, on time scales ranging from picosec-
onds to days. Examples include studies of amino acids (5),
peptides (6), alkaline phosphatase (7), the complex of G-actin
with ATP (8, 9), flavoprotein component of theEscherichia
coli sulfite reductase (10), bovine cardiac troponin T and I
(11, 12), and other proteins (13-17). Several studies have
focused on the application of31P NMR to evaluate internal
flexibilities, for example of DNA (18) and also of proteins
(17, 19). 31P NMR spectroscopy has several advantages over
the 15N, 13C relaxation studies that are now routinely used
to characterize picosecond to millisecond protein backbone
flexibility. First, the sample requires no isotopic labeling.
Second, while analysis of15N data is complicated by the
variety of possible relaxation mechanisms, a single source
of relaxation, the chemical shift anisotropy (CSA), dominates
for 31P at higher magnetic fields (8, 9, 20). This allows a
direct evaluation of internal molecular motions if the
appropriate chemical shift tensor is known and if confor-
mational exchange can be neglected. The values of the31P
CSA tensor have been determined for several compounds
(21) and thus are available for31P NMR relaxation studies
(18, 19). When fast conformational exchange effects are
present, the peak widths are determined by a combination
of internal motions, overall tumbling, and conformational
exchange induced resonance broadening. In this case,
conformation exchange is detectable when line widths exceed
those corresponding to the overall molecular rotational
correlation time (22). Slow conformational exchange is
detectable as multiple, possibly overlapping, resonance peaks
representing the different conformational states.

The 40-kDa catalytic subunit of cAMP-dependent protein
kinase (PKA) has been studied intensively by X-ray crystal-
lography; Table 1 lists structures available from the Protein
Data Bank (http://www.rcsb.org/pdb/). The conserved general
protein kinase fold comprises two domains. The smaller
N-terminal domain consists mainly of a five-strandedâ-sheet
and a conserved helix (C helix). This domain is connected
to the larger, mostlyR-helical C-terminal domain via a linker
segment that forms a purine anchoring site of the ATP
binding cleft, found at the interface between the two domains.
The two-domain arrangement allows hinging motions that
open and close the active site cleft (23). Segments specific

to PKA include two structures, an N-terminal helix and
C-terminal extended strand, that bridge the two domains
(Figure 1). Two PKA residues, Thr197 and Ser338, must be
phosphorylated for full activity. Thr197, located in the
activation loop near the cleft interface, as in many other
protein kinases, is thought to activate PKA by anchoring the
activation loop away from the active site and freeing access
of substrate and also by contributing to the structuring of
the catalytic residues. The activating role of the phospho-
rylation of Ser338 is less clear, although a Ser338Ala mutant
could not be isolated fromE. coli while the phosphorylation
mimic Ser338Glu could (24). Two other phosphorylation
sites in PKA (Ser139 and Ser10) are associated with
expression inE. coli. Phosphorylation (25) or mutation (24)
of Ser139 has no apparent effect on activity or on solubility.
The behavior of Ser10 is more complex: it is found in a
segment that is disordered in most crystal structures; auto-
phosphorylation occurs here as a function of deamidation
(26, 27), and phosphorylation of Ser10 has no apparent effect
on activity (25), although Ser10Ala and Ser10Glu mutants
were found mostly insoluble inE. coli and inactive in the
soluble fraction (24), while truncation variants are soluble
and active (28, 29). Solubility of PKA mutants expressed in
E. coli is additionally correlated with the phosphorylation
of Thr197, which can be achieved in trans by coexpression
of the wild-type enzyme (30).

A wide range of flexible phenomena have been identified
for PKA. Crystal structures show N- and C-terminal domain
motions associated with ATP binding which open and close
the ATP binding site; inhibitor binding can induce ATP
binding site states intermediate between “open” and “closed”,
and further can induce local translations of the ATP
phosphorus anchoring glycine loop and side chain motions
(31). Additionally, fluorescence anisotropy (32) methods
have shown rotational correlation times at specific sites. Since
the standard high-resolution1H/13C/15N NMR spectroscopy
methods are generally limited to proteins smaller than
approximately 30 kDa, no protein kinase structure has been
determined with NMR. However, other NMR techniques
including31P methods as described above are ideally suited
for protein kinase research. For protein kinases,31P NMR
methods have been used to characterize substrate specificities
and reaction kinetics (33-35). The analysis of the protein
kinase phosphorylation sites themselves has been rare and
to our knowledge limited to a 1984 study of phosphorylase
kinase (13). In this paper, we describe the use of31P NMR
spectroscopy to characterize the number of phosphorylation
sites in various PKA preparations, their flexibility, and that
of AMP-PNP. The sensitivity of these phosphorylation sites
to pH, dephosphorylation by alkaline phosphatase, and
comparisons with crystallographic data identifies local flex-
ibility and accessibility. In particular, the phosphorylation
site at Ser10 is shown to be flexible and readily accessible
to dephosphorylation.

MATERIALS AND METHODS

Sample Preparation.cAMP-dependent protein kinase CR
catalytic subunit was solubly expressed inE. coli and purified
using a PKI(5-24) affinity column as previously described
(36). The different phosphorylated forms were separated by
ion exchange chromatography (Mono-S, Pharmacia) using
a LiCl gradient from 0 to 300 mM LiCl in 20mM bis-tris
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propane at pH 8.5. At+4 °C, PKA is stable under these
conditions for several months. The protein was concentrated
to 12 mg/mL using Ultrafree 10 kDa (Millipore) immediately
prior to measurement. To resolve the NMR spectroscopic
peaks of the quadruply phosphorylated PKA (see below),
the buffer was changed to 5 mM MES-BisTris, 70 mM
LiCl, 0.1 mM EDTA, 1 mM DTT pH 6.9 and concentrated
again to a final concentration of 12 mg/mL.

NMR Spectroscopy.31P NMR spectra of PKA were
obtained at a temperature of 300 K with a Bruker DRX600
14.1 T spectrometer equipped with a 5 mm1H-X broadband
probe head. The proton Larmor frequency of 600 MHz
corresponds to a phosphorus Larmor frequency of 242 MHz.
NMR measurements were done using Shigemi NMR tubes
(Shigemi, Inc., PA). Typical spectra were taken with a
spectral width of 8 kHz, 8000 scans per FID, 16k time
domain points, a relaxation delay of 5 s, and the application
of proton decoupling. Before Fourier transformation, an 8

Hz exponential line-broadening was applied to reduce
spectral noise. The chemical shifts are calibrated to free
inorganic phosphate in solution at pH 8.5. The contributions
to phosphorus NMR line width∆ν can be written as∆ν )
(πT2

*)-1 ) π-1(T2,CSA
-1 + T2,dipole

-1 + T2,inhom
-1). At high

fields, dipole-dipole contributions can be neglected (8, 9,
20). It was estimated from the31P line widths of H3PO4 and
AMP-PNP free in solution that the contribution of magnetic
field inhomogenety is at the most on the order of 1-2 Hz,
and may therefore be neglected compared to the much
broader protein peaks. Proton NMR spectra were recorded
routinely on all samples of PKA to survey the appropriate
shimming of each protein sample and to monitor the folding
of the protein throughout the experiments. ProtonT2 relax-
ation times were measured by a spin-echo sequence with
variable echo times. To avoid HR-HN J-coupling modulation
the 180° pulse was selective for amide protons. The data

Table 1: Phosphorylation of Published PKA Structuresa

PDB ID
(ref) description

nominal
resolution

phosphor-
ylation

described

phosphorylation
modeled (ave

phosphate
B-factor in Å2)

modeled
N-terminus
(B-factor) comments

1BKX
(55)

PKA (mouse)
adenosine

2.6 10
197
338

197(60)
338(90)

Q12(70)

1BX6
(56)

PKA (mouse)
balanol

2.1 197
338

197(30)
338(80)

Q12(60)

1APM
(57)

PKA (S139A, mouse),
PKI (5-24)

2.0 10
197
338

10(100)
197(20)
338(50)

S10 (side chain 100,
main chain 40)

individual atoms of residue 10
including phosphate set at
B-factor 99.99

1CMK
(43)

PKA (pig),
PKI (5-24, iodinated)

2.9 197
338

197(-)
338(-)

G1(-) no B-factors refined

1CTP
(58)

PKA (pig),
PKI (5-24, di-iodinated)

2.9 197 197(20) K7(40)

2CPK
(40)

PKA (mouse)
PKI (5-24)

2.7 139
197
338

139(70)
197(10)
338(40)

V15(60) pSER 139 not hydrogen bonded
to protein

1ATP
(59)

PKA (mouse),
PKI (5-24), Mn2ATP

2.2 197
338

197(30)
338(60)

V15(60)

1JLU
(60)

PKA (mouse),
phosphoryl PKS (5-24)

2.25 197
338

197(20)
338(50)

Q12(100)

1JBP
(60)

PKA (mouse),
ADP, PKS (5-24)

2.2 10
197
338

10(90)
197(10)
338(50)

G9(70) individual atoms of residues 9
and 10 set at B-factor 99.99

1FOT
(29)

PKA (yeast) 2.8 197 197(60) N-terminal alpha
helix and part of
alpha-beta linker
truncated.

disordered C-terminal linker,
sequence lacks other
mammalian PKA
phosphorylation sites,
Ser338 equivalent position
adjacent to insertion and
packs against KcD differently
but at similar position,
activation loop phosphate
more flexible

1FMO
(61)

PKA (mouse),
adenosine, PKI (5-24)

2.2 197
338

197(20)
338(60)

E13(90) individual main chain atoms
through residue 19 set at
B-factor 100

1STC
(31)

PKA (cow), staurosporine,
PKI (5-24)

2.3 197
338

197(30)
338(60)

V15(50)

1CDK
(44)

PKA (pig), PKI (5-24),
Mn2AMPPNP

2.0 197 197(30,20) K8(50,80) two chains in asymmetric unit

1YDR PKA (cow), PKI (5-24), 2.2 10 197(10,10,20) V15(40,30,50)
1YDS H-inhibitors 2.2 197 338(50,50,50)
1YDT
(36)

2.3 338

a Summary of published PKA structures. Most proteins are phosphorylated at Thr197 and Ser338. If Ser10 is phosphorylated, it is disordered or
nearly so. Ser139 and Ser338 are flexible, while Thr197 exhibits very low B-factors.
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were fitted with an exponential function to calculate the
amideT2.

Dephosphorylation with Alkaline Phosphatase.Prior to
dephosphorylation, a31P NMR reference spectrum of 4-fold
phosphorylated PKA was recorded using an experimental
time of 16 h. To initiate dephosphorylation, 1 mM MgCl2,
0.1 mM ZnCl2 (37), and 0.075 U/mL calf intestinal alkaline
phosphatase (AlP) (New England Biolabs) were added to
the protein solution. Immediately following, a second31P
NMR spectrum was recorded with identical acquisition
parameters. After incomplete dephosphorylation was ob-
served, a second identical portion of AlP was added, this
time with an additional 10 mM EDTA. Four subsequent31P
NMR spectra of 16 h duration each were then recorded. The
effective time points of the spectra, defined by the midpoint
of recording duration, are 8, 24, 40, and 56 h after adding
AlP and EDTA. Proton spectra were recorded before, during,
and after the experiment to monitor the folding of PKA.

Interaction with AMP-PNP.To evaluate the interaction
of PKA with AMP-PNP, 0.45 mM of AMP-PNP and 0.9
mM MgCl2 were added to 0.4 mM of triply phosphorylated
PKA at pH 8.5. A reference spectrum of AMP-PNP alone
was recorded under the same buffer conditions as the protein
sample. The sweep width was 16 kHz, and 1536 scans were
acquired. An exponential line broadening of 1 Hz was
applied. The spectrum of PKA in combination with AMP-
PNP was recorded with the same sweep width and 10 000
scans. The spectral noise of the spectrum was reduced by a
exponential line broadening of 10 Hz. The line widths given
in the following are corrected for the different amounts of
artificial line broadening.

RESULTS

The phosphorylation sites of 2-, 3-, and 4-fold phospho-
rylated PKA (2P-, 3P-, and 4P-PKA, respectively) have been

identified (24) as follows: 2P-PKA (Thr197, Ser338), 3P-
PKA (Thr197, Ser338, Ser10), and 4P-PKA (Thr197, Ser338,
Ser10, Ser139). As discussed in the introduction section,
phosphorylation at Ser139 and at Ser10 have been identified
only in E. coli preparations of PKA (24); these phosphoryl-
ations are partially suppressed in the recombinant myristo-
ylated enzyme (A. Schlosser, A. L. Picciolo, W. Lehmann,
and D. Bossemeyer, unpublished results). The31P NMR
spectra of samples at pH 8.5 show three protein phosphate
signals, at 1.85, 1.48, and 0.60 ppm (Figure 2). Scaling the
spectra to obtain integrated intensities of unity at the 1.85
ppm peak indicates the extent of phosphorylation: the ratio
of the three peak integrals becomes 1:0.5:1 in 2P-PKA, 1.0:
0.9:0.9 in 3P-PKA, and 1.0:1.9:2.6 in 4P-PKA. Assuming
that fractional integrated intensities arise from incomplete

FIGURE 1: Schematic representation of PKA (taken from PDB entry 1STC), showing approximate positions of ordered phosphorylation
sites. The N-terminal and C-terminal domains are shown in green and blue, respectively. Phosphorus atoms are depicted in yellow. Thr197
and Ser338, physiological phosphorylation sites, represent the ordered phosphorylation sites of most PKA structures determined to date.
One structure has been published for which Ser139 is ordered and phosphorylated. Many structures report phosphorylation of Ser10, but
none have been ordered so far.

FIGURE 2: The31P NMR spectra of doubly, triply, and quadruply
phosphorylated PKA at 300 K and pH 8.5 are shown. In addition,
a spectrum of triply phosphorylated PKA with 2 mM phosphate
added is shown. All spectra exhibit three PKA resonances: In 2P
PKA, the narrow peak is significantly attenuated compared to 3P
PKA. 4P PKA shows an increased intensity of the peak at 0.6 ppm.
This allows the assignment of Thr197 (1.85 ppm), Ser10 (1.48
ppm), and Ser338/Ser139 (0.6 ppm).
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sample separation and/or measurement errors, the peaks can
be assigned to 2P-PKA (1.85, 0.60 ppm), 3P-PKA (1.85,
1.48, 0.60 ppm), and 4P-PKA (1.85, 1.48, and two at 0.60
ppm). In all spectra, the peak at 1.48 ppm is the most narrow
and prominent of the protein phosphate peaks. In 2P-PKA,
this is significantly reduced compared to both 3P- and 4P-
PKA. 4P-PKA differs from 3P-PKA by an increase especially
in the peak at 0.60 ppm. To resolve the apparent overlap of
signals at 0.60 ppm, the pH was changed to 6.9; this resolved
the spectra of 4P-PKA (Figure 3) by shifting one of the peaks
at 0.60 to-0.03 ppm. The peak at 1.48 ppm was also shifted
to 1.07 ppm, while the peak at 1.85 ppm and one of the
peaks at 0.60 ppm are not shifted significantly. The peak
integral ratios at pH 6.9 are 1:1:0.9:0.8.

The sample dependence, apparent flexibilities and pH
sensitivities support the assignment of these peaks to the
known phosphorylation sites (24) Thr197 (1.85 ppm), Ser10

(1.48 ppm), Ser139, and Ser338 (both 0.60 ppm). Crystal
structures show that Ser10 is usually disordered (Table 1)
and therefore consistent with the narrow width of the 1.48
ppm peak and also its sensitivity to pH. The appearance of
the peak representing Ser10 in 2P-PKA is likely due to
residual populations of 3P-PKA, while the nearly doubled
intensity seen 4P-PKA (pH 8.5) may be due in part to an
underestimation of the peak area of the 1.85 ppm peak.
Crystal structures of mammalian PKA show the phosphate
group at Thr197 to be uniformly bound to neighboring
charged groups, thus less sensitive to pH shifts, rigid, and
chemically distinct from phosphoserine, supporting the
assignment to the 1.85 ppm peak. Ser338 and Ser139
therefore represent the 0.60 ppm peaks. One structure of PKA
phosphorylated at serine 139 is available; no intramolecular
hydrogen bonding to the phosphate group is apparent. Many
PKA structures with phosphoserine 338 show partial shield-
ing of the phosphate from solvent interactions by a local
hydrogen bonding network involving side chains of adjoining
residues (Arg336-Lys342). Thus, the relatively pH insensi-
tive peak at 0.60 ppm (pH 8.5 and 6.9) is more likely due to
Ser338, and the pH-sensitive resonance at 0.60 ppm (pH 8.5)
and 0.03 ppm (pH 6.9) is likely due to Ser139; this pH
sensitivity is consistent with model measurements on the
isolated amino acid phosphoserine (5).

Alkaline phosphatase (AlP) dephosphorylation (Figure 4)
experiments also support this assignment. The most rapid
and obvious effect is the reduction of the narrow peak at
1.3 ppm corresponding to Ser10. After 16 h, dephosphoryl-
ation is incomplete; the 60% residual peak is slightly shifted.
The peak assigned to Thr197 remains unaffected to within
signal-to-noise limits, while the Ser139 and Ser338 peaks
appear slightly shifted. No peak corresponding to unbound
phosphate can be observed. EDTA (which dephosphorylates
and reactivates phosphate bound phosphatase) and AlP was
added to continue dephosphorylation (Figure 4B). After 16
h, the peaks representing disordered phosphoserine 10 and

FIGURE 3: The31P NMR spectra of quadruply phosphorylated PKA
at 300 K and pH 6.9 is shown. The green and red lines indicate the
fitted single Lorentzian peaks and the overall fit, respectively.
Thr197 shows the broadest resonance, whereas the narrowest
resonance is attributed to Ser10. Ser338 and Ser139 exhibit
approximately the same line width. Compared with the spectrum
at pH 8.5 the resonance of Ser139 is significantly shifted.

FIGURE 4: The31P NMR spectra of quadruply phosphorylated PKA in reaction with alkaline phosphatase (AlP) at 300 K are shown. The
pH of the sample is approximately 6.9. The spectra before and after (midpoint: 8 h) addition of AlP are shown in black and blue, respectively.
The spectra 8, 24, 40, and 56 h after addition of AlP and EDTA are shown in purple, green, orange, and red, respectively. The inset C
shows the increasing peak of free phosphate. Ser10 is most susceptible to dephosphorylation, followed by Ser139 and Ser338. Thr197 is
relatively resistant to dephosphorylation.
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serine 139 are either reduced and shifted or supplanted by a
new peak, possibly the AlP phosphorylation peak. The effect
of EDTA in freeing the phosphate bound to AlP leads to
the appearance of a free phosphate peak at-1.1 ppm. Thr197
and Ser338 peaks appear reduced relative to noise but
unshifted. The proton NMR spectra routinely recorded
before, during, and after these measurements verified the
continued integrity of the PKA and eliminates denaturation
as a cause of peak shifts. In summary, these results
corroborate the assignment of the individual residues because
Thr197 and Ser338 are the phosphorylation sites most
resistant to dephosphorylation (38).

When AMP-PNP is added to triply phosphorylated PKA,
three new peaks appear in the31P NMR spectrum, found at
-3.4, -7.9, and-12.6 ppm (Figure 5). These resonances
can be attributed to theγ, â, and R phosphorus atoms of
AMP-PNP, respectively (20). These resonances exhibit the
same chemical shifts as observed for pure AMP-PNP, but
are significantly broadened. The doublets of theR and â
resonances of pure AMP-PNP with line widths of (7.0(
0.2) Hz, (5.3( 0.3) Hz (R), and (17( 1) Hz, (15( 1) Hz
(â) collapse into singlets of (69( 5) Hz and (99( 7) Hz
line widths, respectively. The singlet of theγ resonance is
broadened from (14.1( 0.3) Hz to (40( 2) Hz upon binding
to PKA. No narrow peaks of unbound AMP-PNP are
observed. The PKA resonance of Thr197 shows a line width
of (43 ( 3) Hz, which is significantly broader compared to
the line width of (33( 2) Hz in the reference spectrum.
This implies that the binding of AMP-PNP to PKA has an
impact on the conformation or structural flexibility around
residue Thr197. This finding further corroborates the as-
signment of Thr197, since Ser338 is located quite distant
from the ATP binding site.

The NMR relaxation parameters were extracted from the
spectrum 4P-PKA at pH 6.5. The fit with Lorentzian peaks
gives the line width and relaxation timeT2 values sum-

marized in Table 2. Since the CSA is the dominating
relaxation mechanism for31P at higher fields the correspond-
ing correlation timesτc can be calculated directly from the
measured line widths∆ν, if the contribution of magnetic
field inhomogenety to line width can be neglected (8, 9):

whereωP/2π is the31P Larmor frequency,η the asymmetry
term of the chemical shift tensor, and∆σ is the anisotropy
of the chemical shift. This formula is valid for molecules
with rotational diffusion in the nonextreme narrowing limit,
which is applicable for proteins of the size of PKA. The
calculated effective correlation times depend strongly on the
asymmetry and anisotropy terms, and reflect a model of
spherically symmetrical diffusive rotational motion. Line
widths may be influenced by flexible phenomena that deviate
significantly from this model, such as conformational
exchange, and strongly constrained motions. These must be
considered for correct interpretation of the effective correla-
tion times. To bracket the range of possible effective
rotational correlation times, two sets of values for the CSA

FIGURE 5: 31P NMR spectrum of triply phosphorylated PKA with addition of AMP-PNP (black) and the reference spectrum of triply
phosphorylated PKA with 2 mM phosphate (green) are shown. The resonance of free phosphate is shown in the inset. The spectra are
scaled such that the resonances of Ser10 and Ser338 are superimposed. Interaction with PKA broadens the AMP-PNP resonances significantly.
Ser10 and Ser338 of 3P PKA are not affected by AMP-PNP binding. The resonance of Thr197 is broadened upon AMP-PNP binding.

Table 2: Summary of31P Relaxation Dataa

peak

chem
shift

(ppm)

line
width
(Hz)

T2
*

(ms)

CSA
(AMP)
τc (ns)

CSA
(HPA2)
τc (ns)

THR 197 1.77 56.7( 2.6 5.6( 0.2 45 90
SER 10 1.07 8.71( 0.36 37( 1 6.9 14
SER 338 0.66 32.0( 1.4 9.9( 0.4 25 51
SER 139 -0.03 32.2( 1.6 9.9( 0.4 25 51

a Summary of the measured31P chemical shifts, line widths, and
relaxation timesT2

* and of the calculated correlation times for PKA at
300 K and pH 6.9. AMP and HPA2 were used as model compounds
for the CSA tensor of phosphoserine/threonine. The experimental errors
are given by the statistical error of line width fitting.

τC ) [ 4
45π

ωP
2(∆σ)2(1 + η2

3 )] -1

∆υ
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tensors were chosen for our estimates (Table 2), specifically
adenosine-monophosphate (AMP) and the phospholipid
HPA2 (1-hexadecyl-2-deoxyglycerophosphoric acid mono-
hydrate,39). The AMP CSA tensor has an asymmetry of
η ) 0.82 and an anisotropy of∆σ ) 126 ppm (8, 9). The
HPA2 CSA tensor is characterized by has an asymmetry of
η ) 1.001 and an anisotropy of∆σ ) 84.7 ppm (39). Most
of the published CSA tensor values for phosphocompounds
cluster around∆σ ) 100 ppm, so the true values for
phosphothreonine and phosphoserine are likely to lie between
the AMP and HPA2 values. When compared to the overall
molecular rotational correlation time, the calculated values
of τc,eff can indicate both internal flexibility (line narrowing)
and conformation exchange (line broadening).

DISCUSSION

Assignment.As discussed above, the assignment of the
resonances is nearly unambiguous given the differences
observed between 2-, 3-, and 4-fold phosphorylated prepara-
tions of PKA and the effects of dephosphorylation and
AMP-PNP binding. The assignment of Thr197 and Ser338
to peaks 1.85 and 0.60 ppm, respectively, is based on several
considerations (see Figure 2). First, phosphothreonine is
expected to be generally distinct from phosphoserine and
an overlap is thus unlikely. Second, the sensitivity of the
1.85 ppm peak characteristics to AMP-PNP binding implies
greater proximity to the binding site. Finally, the relative
insensitivity of these peaks to pH induced shifts and
dephosphorylation reflects the greater extent of hydrogen
bonding interactions of these phosphates with the protein
and experimental data (see Table 1). The assignment of Ser10
to the narrow peak at 1.48 ppm is consistent with the disorder
of this residues in all crystal structures and with comparisons
of integrated intensities with known phosphorylation posi-
tions of 2P-PKA, 3P-PKA, and 4P-PKA (24). Evidence of
partial phosphorylation of this peak in the 2P-PKA sample
is consistent with data showing in vitro autophosphorylation
of this peak over time (26). The assignment of Ser139 to a
pH sensitive peak at 0.60 ppm is consistent with its solvent
accessibility (40, PDB: 2CPK) and with the distribution of
peak intensities among the PKA samples.

Flexibility. As listed in Table 2, threonine 197, serines
139 and 338, and serine 10 show progressively shorter
rotational correlation times. The numerical values of these
times depend on the model for the CSA tensor, so two
extremes for the model were chosen to bracket the true
physical values. Assuming at first no conformational ex-
change effects (see below), Thr197 exhibits an effective
rotational correlation time in the range of 45 to 90 ns, Ser338
and Ser139 equivalent at 25 to 50 ns, and Ser10 at 7 to 14
ns. This progression of apparent flexibility is roughly parallel
to the progression of temperature factors refined for PKA
structures (Table 1). Given the theoretical relationship
between refined B-factors and average atomic displacement:

the crystal structures estimate average RMS displacements
from equilibrium positions for the phosphate groups to be
around 0.9 Å (B ) ca. 20 Å2) for Thr197, 1.5 Å (B ) ca. 60
Å2) for Ser338, 1.6 Å (B ) 70 Å2 in 2CPK) for Ser139, and

greater than 1.9 Å for Ser10 (B set at 100 Å2 when modeled
at all). Since B-factors include effects of crystalline disorder,
partial occupancy, measurement errors, and underdetermi-
nation effects in addition to dynamic thermal displacement
effects, estimated values typically overestimate dynamic
physical displacements. However, they do show the phos-
phates at Thr197 to be highly ordered, at Ser338 (and Ser139)
to be flexible, and at Ser10 to be highly disordered.

For a protein of 40 kDa, the overall tumbling correlation
time in solution as estimated from the Stokes-Einstein
equation (41) is expected to be around 20 ns for a rigid
spherical molecule and longer if deviations from a spherical
shape and rigidity are significant. Fluorescence anisotropy
measurements on PKA provided rotational correlation time
estimates for PKA of around 25 ns (32). We measure amide
protonT2 relaxation times of 5 ms to provide an estimate of
the overall rotational correlation time of 40 ns using the
relationshipτc ≈ 1/(5× 109 T2) (42). This estimate represents
an upper limit for τc, considering that accuracy of the
estimation method and possible aggregation effects of the
relatively high concentration of protein. The overall correla-
tion time was subsequently determined by ISN relaxation
measurements on an ISN Gly-Ser labelled PKA sample to
be 24 ns (data not shown). In any case, the effective rotational
correlation time estimate for Thr197 is 45-90 ns longer than
the overall rotational diffusion time, if not corrected for
effects of conformational exchange broadening. Thus, Thr197
of uncomplexed PKA in solution appears to adopt two or
more conformational states which exchange on a time scale
of micro- to milliseconds.

The phosphorus atoms of Ser139 and Ser338 are relatively
rigid, as they show rotational correlation times similar to
the same time scale of overall tumbling. This is in apparent
contrast to the relatively high degree of flexibility shown
by the crystal structures (see above). However, the rapid
motions that contribute to the crystallographic B-factors
include translational motion components which contribute
little to chemical shift anisotropy relaxation. This is particu-
larly true for Ser338 since it is anchored by hydrogen bonds
to neighboring residues. Since little crystallographic informa-
tion is available regarding phosphoserine 139, we can
speculate that rotamer transitions are relatively rare. Shorter
correlation times relative to the overall correlation time must
be attributed to fast internal motions. The residue Ser10 has
been shown to the shortest correlation time of onlyτc )
7-14 ns. It has therefore a highly flexible phosphorus atom.
Although this flexibility could arise from a range of internal
motions, it is most likely due to a flexible protein backbone
at the N-terminus, corresponding to its disorder in most of
the crystal structures (see Table 1).

Flexibility and Function.(a)Open-Closed States.A broad
range of flexibilities (dynamic and/or plastic) have been
demonstrated for kinases, including ligand induced side chain
motions, reorientations of the ATP binding glycine flap,
refolding transitions of the activation loop as a function of
phosphorylation, and open-closed transitions of N- and
C-terminal domains (for reviews and references, see e.g.,
refs2 and3). Motions of the latter type are associated with
ligand, substrate, and inhibitor binding, and are though
important for ATP association and ADP dissociation. For
PKA, crystal structures have shown open, closed, and
intermediate states, whereby closed states are typically ATP

B ) 8
3
π2〈∆u2〉
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or ATP mimic bound, open are unbound, and intermediate
states have been found with nonphysiological inhibitor
complexes. Thus, especially the uncomplexed catalytic
subunit in solution may be in equilibrium between several
conformational states (43). No unphosphorylated PKA
structures have been determined, so the precise structural
role of activating phosphorylation is unknown for this
enzyme. In general, the phosphorylation of activation seg-
ment residues such as Thr197 may have a role in the correct
orientation of catalytic residues (44) and, perhaps more
importantly, may help in the formation of a P+1 substrate
binding site at the C-terminal end of the activation segment
(45, 46). The transition between open and closed states (23)
involves alteration of the hydrogen bonding pattern of
phosphothreonine 197. In the closed state, a hydrogen bond
between the Thr197 phosphate group and the side chain of
His87 exists, possibly helping to orient helix C (residues 84-
97) into a catalytic conformation. A transition to an open
state involves a loss of this hydrogen bond while the N- and
C-terminal domains rotate apart. The direct involvement of
the phosphate group of Thr197 in this transition makes the
open-closed transition a likely cause of the conformational
exchange observed for the Thr197 residue. Since no crystal

structure of the monomeric or unphosphorylated PKA has
been determined, precise structures for these states remain
speculative. If they are intrinsically dynamic, crystallization
may be hindered and crystal structures might represent only
frozen conformations. Further studies on PKA in solution
are required to clarify these issues.

(b) N-Terminus.The N-terminus of PKA is subject to a
variety of co- and posttranslational modifications, such as
the myristylation of the N-terminal glycine residue, and the
deamidation of Asn2 to Asp2 and Iso-Asp2 in one-third of
the mammalian CR and Câ enzyme populations (27, 47).
Phosphorylation of Ser10 has not been observed so far in
enzyme isolated form mammalian sources. Deamidation of
Asn2, however, results in Ser10 phosphorylation upon
addition of MgATP in vitro (26). and thus the structure of
the second N-terminal residue determines the substrate
character of Ser10. Other circumstantial evidence might
suggest a physiological role for phosphorylation at serine
10. The protein kinase SRC possesses a similar myristylation
motif at its N-terminus containing a phosphorylation site
which controls release from membranes (48). Both deami-
dation (49) or (de)phosphorylation are reminiscent of a
“myristoyl-electrostatic switch” (50). Myristylated PKA in

FIGURE 6: Protein environments of Thr197 (A), Ser338 (B), and of the AMP-PNP binding site (C). Panels A and B show PKA in complex
with staurosporine (PDB entry 1STC). C depicts PKA in complex with PKI and AMP-PNP (PDB entry 1CDK). Thr197 mainly interacts
with Arg165, His87, and Lys189. The distance between Thr197 and His87 is one measure for the open or closed conformation. The
phosphate group of Ser338 is hydrogen bonded to side chains of neighboring residues Arg336, Ile339, Asn340, and Lys342. The AMP-
PNP binding site is located between the two lobes of PKA. The main residues interacting with AMP-PNP are Ser53, Gly55, Glu91,
Glu121, Val123, Glu127, and Lys168.
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the regulatory PKA-RII complex binds micelles in vitro,
possibly via RII induced structural changes in the catalytic
domain (51). The phosphorylation site and residues compat-
ible with the RRxS consensus sequence for PKA phospho-
rylation are highly conserved across species and isoforms
(52). No PKA structure has been fully ordered at the
N-terminus. The beginning of the N-terminal helix has been
shown to depend on myristylation or on the presence of
detergent, either of which is associated with an alpha helix
beginning at residue 10. In the absence of myristylation or
detergent, the alpha helix begins one turn later. It has been
shown further that phosphorylation of Ser10 in peptides
results in a destabilization of turn structure (under polar
conditions) and helix (under apolar conditions) (53). The
fragmentary nature of these observations do not identify
physiological roles for myristylation, Ser10 phosphorylation,
or flexibility at the N-terminus. They do however demon-
strate the usefulness of31P NMR to probe flexibility in this
region to clarify these phenomena.

The function and activating mechanism of Ser338 is
unknown at present. It has been proposed to anchor the
C-terminus of PKA onto the surface of the small lobe (23),
although the crystal structures do not indicate direct interac-
tions of the Ser338 phosphoryl group with N-lobe residues.
However, the hydrogen bonding network with neighboring
residues in the C-terminal strand may have an effect in
structuring the segment and modulating the binding affinities
to the N-lobe. The low flexibility indicated by this work,
along with the generally conserved structures in the crystal
structures, supports this interpretation. Other effects could
include a role in substrate protein recognition, but there is
at present no experimental evidence for this.

(c) Dephosphorylation.Ser10 and Ser139 are shown to
be most susceptible for dephosphorylation by alkaline
phosphatase. This corresponds also to the relative sensitivities
of their chemical shifts to pH change, and completes a
coherent picture of greater flexibility and accessibility of
these phosphates with no known physiological function, in
contrast to Thr197 and Ser338 phosphates with their clear
physiological roles. That Ser338 has limited susceptibility
to dephosphorylation has long been known (38, 54). No
physiological role for phosphorylation at Ser10 or at Ser139
has been identified, as discussed above. However, higher
susceptibility to phosphatase action may hinder discovery
of any physiological relevance, especially if rapid phos-
phatase action is required physiologically to suppress any
necessarily short-lived signals. The ability of31P NMR to
monitor phosphorylation- dephosphorylation reactions may
prove valuable in studying any new kinase/substrate interac-
tions suggested by other lines of evidence.

(d) Binding of AMP-PNP.Although Thr197 is not directly
involved in AMP-PNP binding, the Thr19731P resonance
is broadened upon AMP-PNP binding, verifying the impact
of AMP-PNP binding on nearby conformational properties.
In the absence of conformational exchange, line broadening
would indicate rigidification of the phosphate. Crystal
structures of PKA show the open and closed domain
orientation states to be related to ATP site ligands unbound
and bound states, respectively. The transition from the open
to the closed state is also accompanied by an addition of an
interaction with His87 to the Thr197 phosphate-Arg165-
Lys189 network (Figure 6). Thus, rigidification of the

phosphate and indeed the relative domain position upon
AMP-PNP binding would be plausible. However, as
discussed above, the apparent rotational diffusion time is
significantly longer than the estimated overall tumbling time,
strongly suggesting the presence of conformational exchange
effects. Peak broadening may thus result from alteration of
the time scale conformational fluctuations, alterations of the
shifts of the individual conformational states, or rigidification
and thus peak broadening of the individual states. Possibly
the simplest of these explanations is that the binding of
AMP-PNP retards the exchange between the open and the
closed forms, and thereby shifts the exchange broadening
regime from the fast exchange limit toward the coalescence
point, which is the point of maximum broadening (22).

(e) Outlook.For complete quantitative characterization of
internal motions in proteins, including the full range of
picosecond to second time scale phenomena, a full set of
relaxation data including31P T1, T2, and heteronuclear
Overhauser effect measurements is required. This is not
generally possible for many proteins, often due to limitations
in protein stability or protein production. However, the
relatively simple 31P NMR methods and the line-shape
analysis done in this study provides a readily accessible and
highly informative alternative to assess structural and
dynamic properties of phosphorylated proteins. For many
protein kinases, these methods can be used to quickly
determine the extent and homogeneity of phosphorylation,
the apparent solvent accessibility of the phosphate groups,
and their apparent flexibilities. Further,31P NMR can probe
effects of cofactor complexation or other modifications. For
PKA, these methods will prove useful for further studies of
events controlling flexibilities in particular at the N-terminus
and those associated with ligand binding.
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