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Abstract A simple NMR method is presented for the
identification and assignment of phosphorylated serine and
threonine residues in '>C- or '*C/"N-labeled proteins. By
exploiting modest (~5 Hz) 2- and 3-bond '*C->'P scalar
couplings, the aliphatic "H-">C signals from phosphose-
rines and phosphothreonines can be detected selectively in
a >'P spin-echo difference constant time 'H-'>C HSQC
spectrum. Inclusion of the same *'P spin-echo element
within the '*C frequency editing period of an intraHNCA
or HN(CO)CA experiment allows identification of the
amide "HY and '°N signals of residues (i) for which Bexi)
or "C*Gi — 1), respectively, are coupled to a phosphate.
Furthermore, 3P resonance assignments can be obtained
by applying selective low power cw >'P decoupling during
the spin-echo period. The approach is demonstrated using a
PNT domain containing fragment of the transcription
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Abbreviations

CT Constant time

Ccw Continuous wave

DSS 2,2-Dimethyl-2-silapentance-5-sulfonic acid
ERK2  Extracellular regulated kinase 2

HSQC  Heteronuclear single quantum correlation
MAPK Mitogen activated protein kinase

pSer Phosphoserine

pThr Phosphothreonine

TMP Trimethylphosphate

Introduction

Phosphorylation is the most common post-translation pro-
tein modification, allowing the reversible control of a
myriad of processes ranging from signal transduction to
enzymatic regulation. Phosphoacceptor sites in proteins are
most frequently the hydroxylamino acids, occurring with
an estimated distribution in eukaryotes of 86.4%
phosphoserine, 11.8% phosphothreonine, and 1.8% phos-
photyrosine (Olsen et al. 2006). Less well characterized are
phosphorylated histidine, lysine, arginine, aspartic acid,
glutamic acid, and cysteine sidechains, possibly due to
their limited occurrence and chemical lability relative to
the more stable phosphoester. In a typical experimental
scenario, the phosphorylation of a protein might be
detected initially through *?P-radiolabelling or phosphoa-
mino acid analysis, by alterations in electrophoretic
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mobility, or via mass spectrometric proteomic approaches
(Coligan et al. 2008). The exact site(s) of modification are
then defined by methods such as the use of phosphoamino
acid specific antibodies, mutation of kinase consensus
target sequences, and mass spectrometric peptide
sequencing (Smith and Figeys 2008).

Somewhat surprisingly, although many phosphopeptides
and phosphoproteins have been characterized by NMR
spectroscopy (Brauer and Sykes 1984; Vogel 1989), meth-
ods for the direct identification of phosphoacceptor residues
by this technique have not been presented. In this brief
report, we demonstrate the use of '*C—>'P spin-echo dif-
ference methods to selectively detect and assign the NMR
signals from phosphoserine and phosphothreonine residues.
This approach is, of course, conceptually similar to previ-
ously published *'P spin-echo difference "H-"°N correlation
and "H-"'P correlation experiments used to identify and
quantitate 3hy ~np and Zhy up scalar coupled NH-OP and OH-OP
hydrogen bonds between protein residues and phosphorylated
sidechains or ligands (Mishima et al. 2000; Lohr et al. 2000;
Gschwind et al. 2004; Suh et al. 2005).

A general theme of our research is to investigate the
structural basis for the regulation of the eukaryotic tran-
scription factor Ets-1 by post-translational modifications,
including phosphorylation and sumoylation. In response to
multi-site phosphorylation of a serine rich region (residues
244-279) by Ca**-dependent calmodulin kinase II, Ets-1 is
repressed through the reinforced autoinhibition of its
C-terminal DNA-binding ETS domain (Pufall et al. 2005).
In contrast, phosphorylation of Ets-1 via the MAP kinase
ERK?2 enhances transcription at Ras-responsive promoters
by facilitating recruitment of the general co-activator CPB/
p300 (Foulds et al. 2004). Initially, Thr38 within a con-
sensus substrate sequence (Ser/Thr-Pro) was identified as
the site of phosphorylation by this kinase (Slupsky et al.
1998; Seidel and Graves 2002; Waas and Dalby 2002).
However, we have discovered recently that a second
phosphorylation event also occurs at an adjacent non-
consensus site, Ser4l (...> PLLTPSSKEM™...). This
phosphoacceptor was verified by mass spectrometric
sequencing, and its biological relevance confirmed by
mutagenesis and in vivo transcription assays (Nelson et al.
in preparation). Both Thr38 and Ser41 lie within the con-
formationally mobile N-terminal segment of Ets-1
proceeding its structured PNT domain (residues 42-134).
This helical bundle domain serves as a docking site for
ERK?2 to enhance phosphorylation at the adjacent acceptor
sites, as well as a binding interface for CPB/p300 (Seidel
and Graves 2002; Foulds et al. 2004). In order to dissect
the molecular mechanisms of these protein—protein inter-
actions, we have used NMR spectroscopy to characterize
the structure and dynamic properties of a deletion fragment
of Ets-1 spanning residues 29—138 (Slupsky et al. 1998).
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The in vitro phosphorylated form of this fragment, denoted
2p-Ets-17°7138 serves as a convenient model system for the
development of NMR spectroscopic methods to charac-
terize phosphoserine/threonine residues.

Materials and methods
Sample preparation

Uniformly '*C/"°N-labeled Ets-1?°""® was expressed from
a pET28a plasmid in Escherichia coli BL21(ADE3) cells,
as described previously (Slupsky et al. 1998; Mackereth
et al. 2004). After isolation by Ni*T-affinity chromato-
graphy and thrombin cleavage of the His¢-tag, the protein
was reverse phase HPLC purified, lyophilized, and
re-suspended in kinase buffer (25 mM Tris pH 7.5, 20 mM
NaCl, 5 mM DTT, 50 mM MgCl,, 100 uM ATP, and
Phosstop (1 tablet/100 ml reaction, Roche)). Phosphoryla-
tion was achieved by overnight treatment with bacterially-
expressed active ERK2 (Khokhlatchev et al. 1997) at a
kinase: substrate ratio of 1:10. The phosphoprotein was
re-purified using MonoQ ion exchange chromatography (GE
Healthcare) and adjusted to a final concentration of
~0.5 mM in NMR sample buffer (20 mM NaPhos, pH 6.3,
20 mM NaCl, 2 mM DTT, and 10% D,0O). The stoichiom-
etric addition of two phosphate groups to yield 2p-Ets-12°""*
was confirmed by MALDI-ToF mass spectrometry (delta
mass = 159 Da; predicted = 2 x 80 Da).

NMR spectroscopy

All spectra were recorded at 25°C on a 600 MHz 4-channel
Varian DirectDrive spectrometer equipped with a non-
cryogenic 'H-detect '>C/'>N/*'P-indirect penta probe, and
processed with NMRpipe (Delaglio et al. 1995) and Sparky
(Goddard and Kneeler 1999). Standard 'H-'*C CT-HSQC,
BEST-intraHNCA, and BEST-HN(CO)CA pulse sequen-
ces, included in the Varian BioPack library, were modified
to incorporate the spin-echo difference pulse sequence
element depicted in Fig. 2. The new pulse sequences are
available from the authors upon e-mail request. '*C was
referenced to an external sample of DSS, and 5N refer-
enced indirectly using gyromagnetic ratios (Markley et al.
1998). *'P was referenced against an external sample of
50 mM trimethylphosphate (TMP; 0.00 ppm) in NMR
sample buffer.

Results and discussion

The 1D *'P-NMR spectrum of 2p-Ets-12°"'** contains two
signals of approximately equal intensity from
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phosphorylated sidechains, assigned as explained below to
pThr38 and pSer41 (Fig. 1). The signals are well dispersed
due to the distinct ionization states of the two residues,
augmented by differences in the random-coil *'P chemical
shifts of phosphoserine versus phosphothreonine (Bien-
kiewicz and Lumb 1999). Based upon 'H-'N HSQC
monitored pH titrations, the apparent pKa values of pThr38
and pSer41 are 6.5 and 5.8, respectively (Nelson et al. in
preparation). Thus, at the sample pH of 6.3, the equilibrium
ratios of mono- to di-anionic species are approximately 1.6
for pThr38 and 0.3 for pSer4l. Given that deprotonation
leads to an ~5 ppm downfield shift in the *'P signal of a
phosphorylated serine or threonine (Bienkiewicz and Lumb
1999), the *'P chemical shifts of pThr38 and pSer4l are
consistent with their average charges of approximately
—1.25 and —1.6, respectively.

As a first step towards developing the methods presented
herein, we measured the 31p_13C and *'P-'H scalar cou-
plings in reference amino acid samples of phosphoserine
and phosphothreonine. The coupling constants range from
~2 to 6 Hz, with the largest values observed for the B3
carbons (Table 1; Brauer and Sykes 1984). By analogy to
well-established NMR pulse sequences used to study
nucleic acids (Flinders and Dieckmann 2006), the presence
of modest 2- and 3-bond couplings between the phosphate
and each aliphatic carbon nuclei of these phosphoamino
acids can be exploited for their selective detection and
spectral assignment within the context of a '*C-labeled
polypeptide or protein (Fig. 2a).

A straightforward approach towards this end would be
to use an HCP-type experiment that directly correlates the

pS41
pT38

1 0 -1 -2 3 -4
“'P (ppm)

Fig. 1 3'P-NMR spectrum of 2p-Ets-17°"'3% in phosphate (P;) buffer.
The 'H-coupled spectrum was recorded in 2 h using direct detection
via the *'P-tuned coil of a Varian penta probe

3p, 13C, and 'H signals of a phosphorylated residue in a
3D spectrum (Flinders and Dieckmann 2006). However,
the long BC31P transfer delays required (twice ~ 1/2Jcp),
and fast transverse spin relaxation during *'P frequency
editing at high magnetic fields disfavors this experiment for
practical applications. Using an appropriately adjusted
HCP pulse sequence from the Varian BioPack library, a
satisfactory spectrum could not be obtained for the 2p-Ets-
129138 sample even after a day long acquisition period. In
addition, the 3D spectral space is not really required to
resolve the few correlation peaks expected from the small
number of modified residues in typical phosphoproteins.
Therefore, we propose an alternative, and more sensitive
NMR spectroscopic solution to this problem based on the
recording of a few 2D constant-time (CT) 'H-13C HSQC
spectra (Santoro and King 1992; Vuister and Bax 1992;
Szyperski et al. 1999; Mishima et al. 2000). A new pulse
sequence building block, shown in Fig. 2b, replaces the '°C
editing in the standard sensitivity enhanced CT-HSQC
experiment. To detect the 'H and 'C frequencies of
phosphorylated residues, two experiments are performed
with the *'P 180° pulse applied either at position (A) or
(B), respectively. In the reference experiment (position A),
the >*C—>'P coupling evolution during the constant time
delay T is refocused, while in the transfer experiment
(position B), the coupling is active during the entire time
delay T. Therefore, addition of the resulting FID’s yields
an essentially unedited reference spectrum, whereas sub-
traction yields a difference spectrum in which only signals
from *'P-coupled '*C nuclei are present. To refocus the
spin evolution due to homonuclear one-bond '*C-'°C

Table 1 Phosphate scalar couplings in phosphorylated hydroxyl-
amino acids

Amino acid Phosphate coupling (Hz)

Jeap “Jepe e Jripp
Phosphothreonine® 5.5 5.1 2.1 8.0
pThr38® 6 5 2°¢
Phosphoserine® 6.5 4.4 6.6
pSer41® d 4

Teer Tew Ty
Phosphotyrosine® 6.4 44 1.2

? Rotomer averaged values measured from natural abundance
3'P_NMR and "H-decoupled '*C-NMR spectra for the free amino acid
in NMR sample buffer (pH 6.3, 25°C). Errors + 0.2 Hz

® Measured from the *'P spin-echo difference 'H-'>C CT-HSQC
spectra  of 2p—Ets—1(29_'38) (Fig. 2a, b), according to Egq. (1).
Errors + 0.5 Hz

¢ May be underestimated due to partial overlap of methyl signals in
the sum spectrum

9 Not determined due to overlap in the sum spectrum
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couplings in the aliphatic side chains (Joc ~ 35 Hz), the
CT delay has to be set to a multiple of 1/Jcc. Since the
13C*'P couplings of phosphoserine and phosphothreonine
are small (on the order of 5 Hz), a total constant time delay
of 2/'Jcc ~56 ms, rather than 1/'Jcc ~ 28 ms, yields
better signal discrimination, albeit at the price of decreased
overall sensitivity due to spin relaxation. Using this 2D
difference approach, the "H-'°C signals from one phos-
phothreonine (i.e. with a methyl group) and one
phosphoserine were detected in 2p-Ets-12"""*® (Fig. 3a, b).
These were immediately attributable to pThr38 and pSer41
based upon the 'H and '’C assignments of 2p-Ets-17"38
obtained independently by conventional 'H/'*C/"°N triple
resonance methods (Nelson et al. in preparation).

@ Springer

«Fig. 2 Detection and assignment of phosphorylated protein residues.

a The drawing illustrates the discrete nature of the problem: which *'P
signal, denoted (1) or (2), is correlated with which "H-13C or 'H-1* N
spin pair? b, ¢ Pulse sequence elements used for Be3p spin-echo
difference spectroscopy. The building block (b) replaces standard '*C
frequency editing in the 'H-'">C CT-HSQC experiment, while
sequence (c) is inserted into the intraHNCA and HN(CO)CA
experiments described in this manuscript. Filled and open pulse
symbols indicate 90° and 180° rf pulses, respectively. '*CO 180°
pulses have the shape of the center lobe of a (sin x)/x function, while
the aliphatic '3C 180° pulse is applied with a rectangular shape and
zero-excitation at the '*CO frequency. The constant time delay T is
set to 2/Jcc = 55 msec where Joc is the homonuclear one-bond
Be-Be coupling constant in aliphatic protein side chains. In
sequence (b), selective editing of phosphorylated residues is achieved
by a difference experiment where two data sets are recorded, one with
the rectangular shaped 40 ps 180° 3'P pulse applied at position A
(reference experiment), and a second one with the 180° 3p pulse at
position B (transfer experiment). In sequence (c) the transfer and
reference experiments are obtained with and without a 180° 3p pulse,
respectively. The difference of the two recorded data sets yields only
cross peaks for spin systems scalar coupled to a phosphorous. *'P
frequency assignments are obtained by additional low power cw >'P
decoupling (gray bar) applied during the time delay T in the transfer
experiment. For efficient frequency-selective suppression of spin
evolution due to "*C—>"P couplings, the following condition for the
decoupling field strength needs to be satisfied: Jcp < yB /21 < Av,
with Av the frequency difference between two neighboring *'P
resonance lines. If the decoupling frequency is on-resonance with one
of the *'P lines, the correlation peaks for that particular phosphor-
ylated residue are no longer present in the difference spectrum

It is noteworthy that the phosphorylation of these
two residues leads to significant downfield IHN, 15N,
and '>C”? chemical shift perturbations (in particular,
13Cﬁ(phos_n0nphos) = 3.4 ppm for pThr38 and 1.7 ppm for
pSer41) relative to unmodified Ets-1?°7'*®. These diag-
nostic shift changes, expected from random coil chemical
shift measurements (Hoffmann et al. 1994; Bienkiewicz
and Lumb 1999), can serve as a simple route for the
preliminary identification of phosphorylated serine and
threonine residues in proteins. However, direct NMR
detection is preferable to avoid possible ambiguities from
phosphorylation-dependent structural changes. In the par-
ticular case of 2p—Ets—129*138, this was not a complication
as both Thr38 and Ser41 remain predominantly unstruc-
tured upon modification (Nelson et al. in preparation).

Following the quantitative J-correlation strategy (Vuis-
ter and Bax 1993; Bax et al. 1994), the ratios of signal
intensities measured in the difference (Igs) versus sum
(Isum) 31P-spin-echo 'H-'3C CT-HSQC spectra are given
by Eq. (1):

Id]‘ff . 1-— COS(TEJCPT)
Iam 14 cos(mcpT)

(1)

where T is the total constant time delay and Jcp is the 3p
coupling to the observed '*C nucleus. Fitting the data of
Fig. 2a and b to this transfer function yielded J values for
pThr38 and pSer4l similar to those measured to for the



J Biomol NMR (2009) 43:31-37

35

corresponding free amino acids (Table 1). This is not
unexpected, as the sidechains of these two conformation-
ally disordered residues likely undergo rapid rotomer
averaging. However, in the case of well ordered phos-
phoserines/threonines, such quantitative J coupling
measurements should provide useful sidechain dihedral
angle information, given that the Karplus equations for
these phosphoamino acids are appropriately parameterized.

In addition to identifying phosphoserine and phospho-
threonine residues, the assignment of their *'P signals can
also be readily obtained from '*C—>'P spin-echo difference
spectra. In principle, this can be achieved by utilization of a
selective, rather than a broad-band, 31p 180° pulse in the
transfer experiment. However, due to the limited 31p shift
dispersion expected for these residues, and the resulting
long pulse durations required to separate individual reso-
nances, a more practical approach is to retain the hard *'P
180° pulse while also applying additional low-power cw
3P decoupling during the entire constant time delay period
at one individual *>'P frequency, identified previously from
the 1D *'P-NMR spectrum of a phosphoprotein. When
applied on resonance, this prevents the evolution of

13C_3'P scalar couplings, and thereby attenuates the signals
in the resulting difference spectrum arising from "H-'°C
moieties in the sidechain of the phoshorylated amino acid
with the selected *'P resonance frequency. As shown in the
spectra of Fig. 3¢ and d, *'P cw decoupling at —2.00 ppm
strongly reduces the signals from pThr38, whereas decou-
pling at —0.75 ppm suppresses those from pSer4l, thus
providing the desired 3P resonance assignments. The
degree of attenuation achievable will depend upon the
decoupling field strength and the frequency separation of
the individual *'P signals. In the case of less resolved *'P
spectra, it may be necessary to record a series of spin-echo
difference spectra with an array of *'P decoupling fre-
quencies, followed by a quantitative comparison of signals.

The "*C—*'P spin-echo element may also be incorpo-
rated into the '’C editing periods of amide-detected
"H/'3C/"*N correlation experiments. In this case, it is more
convenient to edit the '°N frequencies instead of '°C, as the
"H-'N correlation spectrum of a protein generally serves
as its “fingerprint” due to the presence of one 'HN-'°N
crosspeak from each non-proline or non-N-terminal residue
(Fig. 4a), and the availability of robust methods for rapidly

-
@Sy, == - [® © (@
pT38 < — .:.B - = pT3asy = pT3sy 20
' T =
T b L i T B L} L T T L} T - T b T - T
1.6 1.4 1.2 1.0 1.6 1.4 1.2 1.0 1.6 1.4 1.2 1.0 1.6 1.4 1.2 1.0
pS41c — =
g O
P = = - /
B g — = pSdia pS4ic ( e
e = ==_
- a2, . o = = = = o0 [ E
- - . = pT38u pT38a o
/ - - e 4 &
PT38u psa1p ™ " _ o
- pS41p pS4ip
70
= - =
pT38p pT38p pT38p 75
T T L} T T L} L} T T T T Ll
4.6 4.4 4.2 4.0 4.6 4.4 4.2 4.0 4.6 4.4 4.2 4.0 4.6 4.4 4.2 4.0
1
H (ppm)

Fig. 3 Identification of pThr38 and pSer41 as the sites of phosphor-
ylation in 2p-Ets-1**7"*% using 2D '*C-*'P spin-echo difference
"H-"3C CT-HSQC spectroscopy. Shown are selected upfield (top) and
downfield (bottom) portions of the (a) sum and (b-d) difference
spectra recorded using the pulse sequence element of Fig. 2b inserted
into a sensitivity-enhanced 'H-"*C CT-HSQC sequence. A single
reference experiment (a), and a total of 3 different transfer
experiments were performed using either no cw decoupling (b), or
cw decoupling at two different offset frequencies (¢ and d). The
acquisition time for a single (reference or transfer) data set was ~5 h,
yielding a total experimental time of 20 h for the spectra shown in
(a—d). Only the '3C*-"H?, '*CP_'H’, and '*C’-'H" signals of pThr38
and pSer41 are observed in (b) due to the presence of 2- and 3-bond
13C3'P scalar couplings (Table 1). The 'H” and 'H” of pSer41 are

degenerate. In the difference spectrum of (c), signals from pThr38 are
strongly attenuated due to additional low power cw 3p decoupling
(yBy/2n =~ 50 Hz) at —2.00 ppm during the 55 ms CT delay.
Similarly, in (d), signals of pSer4l show significantly reduced
intensity due to cw >'P decoupling at —0.75 ppm. Spectra have been
processed and displayed using identical parameters, with the excep-
tion that the starting contour level of (a) is 4-times higher than those
of (b—d). The multiple signals from pSer4l are attributed to
uncharacterized sample degradation, which progressively worsened
over the time coarse of this study. Also shown are partial structures of
di-anionic phosphoserine (¢) and phosphothreonine (d) with the
detected 2- and 3-bond '*C—>"P scalar couplings indicated by curved
lines (black, phosphate; grey, carbon, nitrogen, or oxygen; white,
hydrogen)

~
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Fig. 4 Identification of pThr38 and pSer4l as the sites of phospho-
rylation in 2p-Ets-1?*"'%® using amide detected *'P-'*C spin-echo
difference experiments. A portion of the '>C-decoupled 'H-'"N
SOFAST-HMQC spectrum (Schanda et al. 2005) of the protein is
shown for reference in panel (a). This spectrum has been fully
assigned by conventional "H/"*C/"*N correlation experiments (only
partially annotated for clarity). In panel (b), the amide signals of

assigning the signals from backbone nuclei (Sattler et al.
1999). In the absence of '*C frequency labeling, the
13C_*'P spin-echo element simplifies to the pulse sequence
shown in Fig. 2c. Here we use BEST-type HNCA experi-
ments that provide optimized sensitivity for fully
hydrogenated protein samples (Schanda et al. 2006;
Lescop et al. 2007). As shown in Fig. 4b, only the signals
from pThr38 and pSer41 are observed in the difference *'P
spin-echo intraHNCA spectrum of 2p-Ets-12°""** (Brut-
scher 2002). This experiment detects selectively the 'HY of
a residue (i) for which its own C*(i) exhibits scalar cou-
pling to a phosphorous. Similarly, in Fig. 4c, only the
amide signal of Lys42 is recorded in a difference *'P spin-
echo HN(CO)CA spectrum due to the selective observation
of the "HY of a residue (i) for which the preceding side
chain is phosphorylated (Lescop et al. 2007). Since pThr38
is followed by Pro39 within a consensus proline-directed
MAP kinase target site, this amino acid pair is not obser-
vable in this spectrum. The same cw decoupling strategy as
outlined above for the case of "H-'>C correlation spectra
can also be used in these experiments for assigning the *'P
resonances of the protein. Although these amide-detected
experiments are particularly attractive because of the
simple readout of the desired information (i.e., one peak
per residue with high spectral resolution), two distinct
disadvantages of these latter approaches relative to the
simpler '"H-'>C CT-HSQC experiment are their reduced
sensitivity due to additional magnetization transfer steps
and the requirement of a 4 frequency channel spectrometer
equipped with a probe simultaneously tunable to 'H, "°C,
>N, and *'P (plus *H-lock).

In summary, we have presented a simple spin-echo
difference method for the direct detection of phosphoserine
and phosphothreonine residues in an isotopically-labeled
protein, as well as for the assignment of their lH, 13 C, ISN,
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pThr38 and pSer4l are selectively observed in a difference 2D
'HN_' N face of a BEST-intraHNCA spectrum. In panel (c), only the
signal of Lys42 is observed in a difference 2D 'HN-'"N face of a
BEST-HN(CO)CA spectrum. The split peaks from pSer41 and Lys42
are attributed to sample degradation. The data were recorded in
experimental times of (a) 16 min, (b) 23.8 h, and (¢) 7.7 h

and *'P signals. A similar approach should be possible for
phosphotyrosine (Table 1), as well as the more labile
phosphorylated forms of aspartic acid, glutamic acid, cys-
teine, histidine, and lysine. This will facilitate structural,
dynamic, and electrostatic studies of the numerous phos-
phoproteins present in biological systems.
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