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ABSTRACT: The extracellular signal-regulated protein kinase, ERK2, fully activated by
phosphorylation and without a Hiss tag, shows little tendency to dimerize with or
without either calcium or magnesium ions when analyzed by light scattering or
analytical ultracentrifugation. Light scattering shows that ~90% of ERK2 is monomeric. + ES
Sedimentation equilibrium data (obtained at 4.8—11.2 uM ERK2) with or without

magnesium (10 mM) are well described by an ideal one-component model with a fitted

molar mass of 40180 4 240 Da (without Mg*" ions) or 41290 4 330 Da (with Mg*" ®

® &

ions). These values, close to the sequence-derived mass of 41711 Da, indicate that no

significant dimerization of ERK2 occurs in solution. Analysis of sedimentation velocity data for a 15 #4M solution of ERK2 with an
enhanced van Holde—Weischet method determined the sedimentation coefficient (s) to be ~3.22 S for activated ERK2 with or
without 10 mM MgClL,. The frictional coefficient ratio (f/f;) of 1.28 calculated from the sedimentation velocity and equilibrium data
is close to that expected for an ~42 kDa globular protein. The translational diffusion coefficient of ~8.3 x 10~” cm”s~ " calculated
from the experimentally determined molar mass and sedimentation coeflicient agrees with the value determined by dynamic light
scattering in the absence and presence of calcium or magnesium ions and a value determined by NMR spectrometry. ERK2 has been
proposed to homodimerize and bind only to cytoplasmic but not nuclear proteins [Casar, B., et al. (2008) Mol. Cell 31, 708—721].
Our light scattering data show, however, that ERK2 forms a strong 1:1 complex of ~57 kDa with the cytoplasmic scaffold protein
PEA-1S. Thus, ERK2 binds PEA-1S as a monomer. Our data provide strong evidence that ERK2 is monomeric under physiological
conditions. Analysis of the same ERK2 construct with the nonphysiological Hiss tag shows substantial dimerization under the same

ionic conditions.

Mitogen—activated protein kinases (MAPKs) are pivotal
enzymes in cellular communication and include the extra-
cellular signal-regulated kinase family (ERKs), the c-Jun N-term-
inal kinase family (JNKs), and the p38MAP kinase family.' The
ERKs mediate effects on proliferation and differentiation by
growth factors and hormones. The JNKs and p38 MAPKs help
fashion cellular responses to stress. Breakdown in the control of
these enzymes can lead to numerous cancers and degenerative
diseases.” MAPKs each have multiple protein substrates yet
paradoxically elicit specific biological responses. An understand-
ing of the rules governing the interactions between these kinases
and other cellular proteins will provide insight into how this
specificity is achieved and help in identifying strategies for
correcting biological signals when they go awry.

The ERK1 and ERK2 pathway begins with Ras, a GTPase.”
Ras is anchored to the cytoplasmic face of the plasma membrane
and is activated by a cascade of events after various hormones
bind to their respective cell surface receptors. Following activa-
tion, Ras recruits Ser/Thr-specific Raf kinases to the cellular
membrane* and induces their activation through a series of
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complex phosphorylation events.”® Phosphorylated Raf kinases
then activate two closely related cytoplasmic kinases, MKK1 and
MKK2, by phosphorylating each within its respective activation
loop at Ser-217 and Ser-221.” Activated MKK1 and MKK2 can
then activate ERK1 and ERK2 by phosphorylation.® Activated
ERK1 and ERK2 are found in both the nucleus and cytoplasm,
but only cytoplasmic ERK1 and ERK2 are likely to activate the
Ser/Thr-specific RSK1 and RSK2 kinases,gf12 which can then
join nuclear ERK1 and ERK2 to phosphorylate transcriptional
regulators that include Elk-1,"> SAP1, and SAP2."* This tran-
scriptional activation results in the rapid appearance of products
of immediate early genes, which include transcription factors that
control cell survival and/or the cell cycle.

X-ray crystallographic analysis of activated Hiss-ERK2 re-
vealed a putative dimeric interface facilitated by a nonhelical
leucine zipper comprised of residues L333, L334, and L336 from
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each monomer subunit.'> Phosphorylated Hiss-ERK2 and un-
phosphorylated Hiss-ERK2 were reported to self-associate to
form homodimers with dissociation constants of 7.5 and 20000
nM, respectively, in the absence of added divalent metal ions.'®
Hiss-ERK2 has been reported to be monomeric in the presence
of chelating agents, such as EDTA and EGTA,'*" and divalent
metal ions such as Mg”" and Ca®" have been reported to be
essential for dimerization.'® In vivo studies failed to detect the
presence of GFP-ERK2 homodimers in cells under conditions
where GFP-ERK - GFP-MKKI1 dimers were readily observed.'®
However, ERK2 was reported to associate as a homodimer into
cytoplasmic scaffolds following cell stimulation, and it was
proposed that this “assembly-mediated” dimerization in the
cytoplasm is important for tumorigenesis.19 In contrast, ERK2
was reporfgd to associate with nuclear proteins only as a
monomer.

His, tags have been shown to promote the self-association of
some proteins’>*" and could potentially influence the tendency
of ERK2 monomers to dimerize. For example, we have found
that the presence of a His, tag at the N-terminus of p38 MAPK
o dramatically improves its ability to be phosphorylated by
MKK6.* Furthermore, transition metals such as nickel and
cobalt bind Hiss tags™ and if present in trace amounts could
influence the properties of a protein. We reevaluated the self-
association of activated ERK2 without the Hisq tag and also asked
whether ERK2 self-associates on the cytoplasmic scaffold protein
PEA-1S. We find that activated ERK2 binds to PEA-15 as a
monomer. These results suggest that activated ERK2 is predo-
minantly monomeric.

B MATERIALS AND METHODS

Materials. Yeast extract, tryptone, and agar were purchased
from U.S. Biological (Swampscott, MA). Competent cells used
for amplification and expression were obtained from Novagen
(Gibbstown, NJ). Ni-NTA Agarose, the QIAprep Spin Miniprep
Kit, the QIAquick PCR Purification Kit, and the QIAquick Gel
Extraction Kit were provided by Qiagen (Valencia, CA). En-
zymes for restriction digestion and ligation were obtained from
New England BioLabs (Ipswich, MA) and Invitrogen Corp.
(Carlsbad, CA). respectively. All the buffer components used
for protein purification and experimental procedures were ob-
tained from Sigma (St. Louis, MO). Amersham Biosciences
(Pittsburgh, PA) provided the FPLC system and the columns
for purification. P81 cellulose papers were obtained from What-
man (Piscataway, NJ). ATP was purchased from Roche
(Indianapolis, IN). Radiolabeled [y-**P]ATP was obtained from
Perkin-Elmer (Waltham, MA).

Protein Preparation. Construction of a Hiss Cleavable Con-
struct of ERK2 in pET28a. We previously constructed pET28-Hisg-
ERK2 Cysless PKA. A mutant of ERK2 lacking cysteines with a
thrombin cleavable N-terminal His, tag and C-terminal PKA tag
was cloned into a pET28a expression vector at the Ndel and
HindIII restriction sites.”* To generate a wild-type construct, a
SaclI—HindIII fragment containing all the mutations and the
C-terminal PKA tag was replaced by DNA encoding wild-type
ERK2 (Rattus norvegicus mitogen-activated lzorotein kinase 1,
GenBank accession number NM_053842).”* The resulting
construct contains a Hisg tag followed by a thrombin cleavage
site (Met-Gly-Ser-Ser-His-His-His-His-His-His-Ser-Ser-Gly-
Leu-Val-Pro-Arg-Gly-Ser-His) at the N-terminus of the
ERK2 sequence immediately preceding Met-1. The sequence

was verified at the Institute for Cell and Molecular Biology (ICMB)
Sequencing Facility at the University of Texas.

ERK2 Expression and Purification. A pET28a-Hiss-ERK2
plasmid with a cleavable Hisg tag was transformed into BL21-
(DE3) cells. Cells from a single colony were used to inoculate
100 mL of LB medium containing 30 xg/mL kanamycin and
grown overnight at 37 °C. The culture was diluted 100-fold into
4 L of LB broth containing 30 #g/mL kanamycin and was grown
at 37 °C to an optical density of 0.6 at 600 nm. The cells were
induced with 500 #M IPTG and cultured for an additional 4 h at
30 °C. The cells were harvested, flash-frozen in liquid nitrogen,
and stored at —80 °C until they were lysed. Cells were lysed in
200 mL of buffer A [40 mM Tris (pH 7.0), 0.03% Brij-30, 0.1% f3-
mercaptoethanol, 1 mM benzamidine, 0.1 mM TPCK, and
0.1 mM PMSF] containing 750 mM NaCl, S mM imidazole,
and 1% Triton X-100 and sonicated at 4 °C for 20 min usinga S s
pulse with S s intervals. The lysate was centrifuged (16000 rpm)
at 4 °C for 30 min, and the supernatant was agitated gently with
10 mL of Ni-NTA beads (Qiagen) at 4 °C for 1 h. The beads
were washed with 200 mL of buffer A containing 10 mM
imidazole with the pH readjusted to 7.5 and then eluted with
50 mL of buffer A containing 200 mM imidazole with the pH
readjusted to 8.0. An aliquot of the eluted protein, 50 mL, was
loaded onto a Mono-Q HR 10/10 anion exchange column pre-
equilibrated with buffer B [20 mM Tris (pH 8.0), 0.03% Brij-30,
0.1 mM EDTA, 0.1 mM EGTA, and 0.1% f-mercaptoethanol].
The protein was chromatographed in Mono-Q_buffer with a
gradient from 0 to 0.5 M NaCl over 17 column volumes
(~170 mL) and was eluted at ~0.25 M NaCl The eluted
fractions of Hiss-ERK2 were pooled and dialyzed overnight
against either buffer S [25 mM HEPES (pH 7.5), SO0 mM KC],
0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, and 10% glycerol]
for further activation or thrombin cleavage buffer C [20 mM
Tris-HCl (pH 8.3), 150 mM NaCl, 2.5 mM CaCl,, and 0.1% /-
mercaptoethanol] for further Hisq tag cleavage. Cleavage was
performed at 23 °C for S h by mixing 1 unit of thrombin (Novagen)
per milligram of ERK2. The cleavage was verified by electrophoresis
via 10% sodium dodecyl sulfate—polyacrylamide gel electrophor-
esis (SDS—PAGE). After Hiss tag cleavage, the protein was
dialyzed overnight against buffer B, filtered, and loaded on a
Mono-Q HR 10/10 anion exchange column. The separation of
tagless ERK2 from uncleaved protein or Hisg tag was accom-
plished as described above. Cleavage was confirmed by ESI-MS.
Eluted fractions were pooled and dialyzed against buffer S for
further activation.

Activation of ERK2. Either Hiss-cleaved or Hise-tagged ERK2
(7 uM) was incubated with constitutively active MKK1 (0.35
M) in buffer D [25 mM HEPES (pH 7.5), 0.1 mM EGTA,
20 mM MgCl,, 2 mM DTT, and 4 mM ATP] to a S0 mL final
volume at 27 °C for 6 h. The activated protein was dialyzed
against Mono-Q buffer B (pH 8) and purified with a Mono-Q_
HR 10/10 anion exchange column as described above. The
purity and identity of the active ERK2 were verified by running
the protein fractions on 10% SDS—PAGE and by ESI-MS.
Eluted fractions were pooled and dialyzed against buffer S and
then concentrated using an Amicon Ultra-1S instrument (10000
molecular weight cutoff), frozen in liquid nitrogen, and stored at
—80 °C. For analytical ultracentrifugation, the active tagless
enzyme was further purified by HIC, diluted 10-fold in buffer E
[S0 mM potassium phosphate buffer (pH 7.4), 0.1 mM EDTA,
0.1 mM EGTA, 0.1% f-mercaptoethanol, and 1 M ammonium
sulfate], and loaded onto a HiLoad 16/10 Phenyl Sepharose
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High Performance column (2.6 cm X 10 cm) that was pre-
equilibrated with buffer E. The column was run with a decreasing
gradient concentration of ammonium sulfate from 1 to 0 M. The
protein was eluted at ~0.2 M ammonium sulfate. Eluted frac-
tions were pooled and dialyzed against buffer S. The purity of the
protein was confirmed by SDS—PAGE. In all cases, the concen-
tration of activated ERK2 was determined with an extinction
coefficient (Ayg0) of 52067 cm™ ' M ™" ** The activation status of
the protein was verified by ESI-MS performed at the Institute for
Cell and Molecular Biology Mass Spectrometry Facility at the
University of Texas and also by an in vitro kinase assay with Ets as
a substrate.”

Constitutively Active MKKT and Ets Expression and Purifica-
tion. Expression and Euriﬁcation of MKK1 and Ets have been
described previously.”

Expression and Purification of Tagless Full-Length PEA-15.
Full-length PEA-15 was cloned into the pET28a vector’® and
transformed into BL21(DE3)-pLys cells. Cells were grown at
37 °Cin Luria broth medium containing 30 ¢g/mL kanamycin to
an optical density of 0.6 at 600 nm. Protein expression was
induced with 0.5 mM IPTG, and the cells were cultured for an
additional 4 h at 30 °C before being harvested. The purification
of Hisg-PEA-15 was similar to that of ERK2, except a 0 to
250 mM NaCl gradient was used for elution of PEA-15 from the
Mono-Q HR 10/10 column (yield of ~65 mg/L of culture).
Hisg-PEA-15 (10 mg) was cleaved to tagless PEA-15 by throm-
bin in a 10 mL reaction volume containing 10 units of thrombin
(Calbiochem). The cleavage was conducted for S h at 25 °C in
buffer C. The resulting PEA-15 contains three residues, Gly-Ser-
His, at the N-terminus before Met-1. The reaction sample
(10 mL) was then dialyzed against buffer B at 4 °C and applied
to a Mono Q HR 10/10 anion exchange column. The eluted
fractions were pooled and concentrated by ultrafiltration to
~1 mM. A 2 mL aliquot of the concentrate was applied to a
Superdex 75 gel filtration column equilibrated in buffer F
[25 mM HEPES (pH 7.5), 100 mM KCl, 0.1 mM EDTA, and
1 mM DTT]. The collected fractions were combined and
dialyzed against buffer S. Cleavage of the Hiss tag and the final
purity were confirmed by SDS—PAGE. The concentration was
determined with an extinction coefficient (A,g) of 10930 cm ™!
M for PEA-15.%

Assay. In vitro assays for tagless active ERK2 were performed
in 100 uL volumes at 30 °C in buffer G [25 mM HEPES
(pH 7.5), 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM
DTT, 10 mM MgCl,, and 40 yg/mL BSA] containing 2 nM
ERK2, 500 uM radiolabeled [y-**P]JATP (specific activity of 1 x
10"* cpm/mol), and 0—400 M Ets. Reaction mixtures contain-
ing everything except ATP were prepared and kept on ice until
the time of the assay. The reaction mixture was incubated for 10
min at 30 °C before the reaction was initiated with the radiolabeled
ATP. Aliquots (10 uL) were spotted onto P81 filter papers at fixed
times. The filter papers were each washed three times for 15 min
with 50 mM phosphoric acid to remove excess ATP and washed
once with acetone for drying. The amount of phosphate incorpo-
rated into Ets was determined by the associated counts per minute
on a scintillation counter (Packard 1500) at a 0 value of 2.

Light Scattering. Active ERK2 (100—300 uM) was dialyzed
against buffer F. Aliquots of MgCl, or CaCl, were then added
from a 1 M stock solution to give concentrations of 0.5 or
10 mM prior to the light scattering experiments. PEA-15 (1000 4M)
was also dialyzed against the same buffer without MgCl, or CaCl,
prior to use. Light scattering analysis was performed on 100—300 4uM

active tagless ERK2 and 200 uM active Hiss-tagged ERK2 in
different experiments. The analysis of ERK2—PEA-15 associa-
tion was conducted via injection of 20 uL of 300 uM active
tagless ERK2 alone, 20 uL of 1 mM PEA-15 alone, and then
20 uL each of active tagless ERK2/PEA-15 mixtures (1:1 and 1:2
molar ratios) in which the ERK2 concentration was fixed at
300 uM to the size-exclusion column. Static light scattering
measurements were taken as previously described'®'” with the
addition of dynamic light scattering with the Wyatt QELS
detector (Wyatt Technology, Santa Barbara, CA). All measure-
ments were taken at 25 °C. Size-exclusion chromatography was
performed as previously described'®'” with a TSK-GEL G3000PW+q,
column [300 mm X 7.8 mm (inside diameter), 14 mL column
volume, Tosoh Bioscience LLC]. Buffer F, freshly prepared with
Nanopure water (~18.3 M2 cm) and filtered through a 0.02 ym
filter (Anodisc 47, Whatman, catalog no. 6809-5002), was used to
establish the light scattering and refractive index baselines. Bovine
serum albumin monomer (Sigma A1900) was injected into the
column at a concentration of 2 mg/mL for normalization of the light
scattering detectors. Size-exclusion chromatography was conducted
at a flow rate of 0.4 mL/min at room temperature with a run time of
~40 min. Samples were centrifuged for ~30 s to remove any
insoluble components prior to injection. Molar masses, peak con-
centrations, and hydrodynamic radii were determined with Astra
(Wyatt Technology).

Analytical Ultracentrifugation. Both sedimentation velocity
and equilibrium experiments were conducted at 20 °C in a
Beckman-Coulter Optima XL-I/A analytical ultracentrifuge with
an ANG0Ti rotor. The buffer used for all experiments contained
25 mM HEPES (pH 7.5), 100 mM KCI, 0.1 mM EDTA, 1 mM
TCEP, with or without 10 mM MgCl,, and various concentra-
tions of tagless activated ERK2 as described below. Buffer
densities were measured with an Anton Paar DMA 5000 density
meter and found to be 1.0064 and 1.0057 g/cm® with and
without 10 mM M%CIZ, respectively. Buffer viscosities calculated
with SEDNTERP*® were 1.023 and 1.019 cP with and without
MgCl,, resg)ectively. A partial specific volume (7) of ERK2 of
0.7403 cm”/g at 20 °C was calculated from the amino acid
sequence with SEDNTERP.

Sedimentation equilibrium experiments were conducted with
tagless active ERK2 loading concentrations of 4.8, 8.0, and
11.2 uM in six-sector Epon-charcoal centerpieces with quartz
windows. Samples (110 L) were spun at rotor speeds of 15000
and 25000 rpm until equilibrium was reached. Data were
collected at 280 nm with 10 replicates with a step size of
0.001 cm. Data sets consisting of six curves were globally fit to
various models using UltraScan version 9.9.”” Sedimentation
velocity experiments were conducted in double-sector Epon-
charcoal centerpieces with quartz windows. The assembled cell
was loaded with 430 4L of 15.2 M tagless active ERK2 without
MgCl, and allowed to equilibrate thermally with the rotor in the
centrifuge chamber for a few hours. Scans were collected at
45000 rpm in continuous mode at 280 nm with 0.002 cm radial
resolution and zero time intervals. Following this, 1.55 uL of
MgCl, from a 2.8 M stock solution was added to the ERK2
sample in the assembled cell to give a final MgCl, concentration
of 10 mM and tagless active ERK2 concentration of 15 uM.
The cell was agitated to redistribute the sedimented protein
and the sample run again. Data were analyzed by the enhanced
van Holde—Weischet method> as incorporated in Ultrascan
version 9.9. All sedimentation coeflicient values are reported
for water at 20 °C.
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Figure 1. Purification of tagless ERK2. (A) Fractionation of tagless activated ERK2 by 10% SDS—PAGE. A BenchMark Protein Ladder (Invitrogen) is
shown as a reference. (B) Mass spectrometry of thrombin-cleaved ERK2 (left, inactive form; right, fully active form). A constitutively active form of
MKK1 was used to activate ERK2 by phosphorylation of two residues. (C) Phosphorylation of the substrate Ets by activated tagless ERK2 in the presence

of 0.5 mM ATP and 10 mM MgCl,.

"H NMR. For '"H NMR experiments, we used a Bruker Avance
spectrometer (operating at a nominal frequency of 600 MHz) at
298 K. NMR self-diffusion experiments were performed on
tagless activated ERK2 in the absence or presence of 10 mM
MgCl, in a buffer containing 10 mM sodium phosphate, 100 mM
KCl, 0.5 mM EDTA, and 2 mM DTT. Lysozyme [1 mM in
30 mM NaCl (pH 2.8)] was used for calibration, and bovine
serum albumin [0.65 mM in 10 mM sodium phosphate (pH 6.8)]
was used as a standard. Diffusion coefficients were measured
using a standard spin-echo and LED (longitude encode—decode)
with bipolar encoding gradients,” two z-spoil gradients, and
Watergate water suppression. Sixteen 'H spectra were acquired
with 1024 scans, with a gradient strength increasing from 3.8 to
34.3 G/cm, three times. The encoding gradients were set to 4 ms,
and the diffusion delay was 50 ms. The self-diffusion coefficient
(Dy) is obtained from a fit of the signal decay to the relationship
1/1, = exp[—y>G*0*(A—0/3)/D,], where y is the '"H gyromag-
netic ratio, O is the gradient duration (seconds), G is the gradient
strength (Gauss per centimeter), A is the time between PFG
(pulse field gradient) pulses (seconds), and I is the echo
amplitude. Data were analyzed using Bruker Topspin version 1.3.

B RESULTS

Biophysical studies of the self-association of ERK2 have
historically utilized a polypeptide containing six histidines in-
serted immediately between the initiating methionine and the
first coding residue, Ala-2.>* However, hexahistidine tags can
promote self-association of some proteins,”>*" so we constructed
a new DNA expression plasmid encoding ERK2 to avoid this
problem. The construct was designed such that cleavage by
thrombin produces an ERK2 protein with just three residues,
Gly-Ser-His, at the N-terminus before Met-1. Previously, we
prepared activated Hiss-ERK2 bgf utilizing a constitutive form of
the upstream activator MKK1.*®> We used a mass spectrometry-
based analysis of the undigested or tryptically digested protein to
establish that MKK1 exclusively phosphorylates Hiss-ERK2 at
Thr-183 and Tyr-18S within the activation loop. Thrombin-
cleaved ERK2 was prepared and activated as described above
(Figure 1A,B) (see Materials and Methods). Mass spectrometry
established that cleavage had occurred exclusively at the throm-
bin site and that the activated ERK2 contains two phosphates
(Figure 1B). The tagless ERK2 was found to exhibit the same
kinetic properties as Hiss-ERK2. Initial velocity data at different
concentrations of Ets were fitted with the Michaelis—Menten
parameters [ke, = 19 s L and K, =8.5 uM (Figure 1C)], which

4571

matches what was established before for Hisg-ERK2 by
Waas et al.>

Measurement of the ability of tagless activated ERK2 to self-
associate to a homodimer was conducted via gel filtration
followed by light scattering (see Materials and Methods). The
following buffer conditions were employed: 25 mM HEPES
(pH 7.5), 100 mM KCI, 1 mM DTT, 0.1 mM EDTA, and 0, 0.5,
or 10 mM MgCl, or CaCl, at 25 °C. The molar mass distribution,
as a function of elution volume, is shown for each sample in
Figure 2A—C. The concentrations of each of the central major
peaks for the ~7.2—8.8 mL range (determined at the peak
maximum) were in the range of 0.4 mg/mL (~9.0 uM) for the
highest concentrations of ERK2 applied to the column. The
weight-average molar mass of each of the central major peaks is
~42 kDa, which is close to the sequence-derived mass of 41711
Da for activated ERK2 and therefore corresponds to the ERK2
monomer. The presence of either MgCl, or CaCl, up to 10 mM
does not affect the weight-average molar mass of the monomer as
~90—95% of the active ERK2 is monomeric (Figure 2A,B).
Figure 2C also shows that in the absence of any divalent cations,
activated ERK2 is ~90—95% monomeric. We used dynamic
light scattering [DLS or QELS (quasi-elastic light scattering)] to
investigate further the self-association of ERK2. The translational
diffusion coeflicient, D, of a particle may be derived from
dynamic light scattering measurements.”**> QELS was used to
determine the translational diffusion coefficients for tagless active
ERK?2 applied to a gel filtration column at three concentrations
(100, 200, or 300 #M) in the absence of metal ions and at 300
uM in the presence of 0.5 mM MgCl,, 10 mM MgCl,, 0.5 mM
CaCl,, and 10 mM CaCl,. Analysis by Astra IV provides the
hydrodynamic radius for the fractionated protein (indicated in
Figure 2A—C). The average value over the major peak
(~7.2—8.8 mL) was used to determine the translational diffu-
sion coefficient using the Stokes—Einstein equation.’® In the
presence and absence of free magnesium or calcium ions, the
average diffusion coefficients determined by DLS were found to
vary over the range of 8.36—8.59 x 10~ cm®/s. Thus, DLS
confirms that the transitional diffusion coefficients of active
tagless ERK2 are not affected by the presence of divalent cations
or even by varying the concentration of ERK2. A small shoulder
can be seen in the elution patterns for the monomeric ERK2 at
~8.1 mL in Figure 2 but is not apparent in the ERK2 elution
pattern in Figure 6. We interpret the main peak and shoulder to
reflect different conformations of ERK2 molecules that do not
differ significantly in molar mass. A very similar pattern has been
observed by others,'® who interpreted the main peak as a dimer
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Figure 2. Light scattering analysis of active tagless ERK2 self-associa-
tion. Fractionation of concentrated active ERK2 using size-exclusion
chromatography followed by MALS-QELS analysis of ERK2 self-
association. The chromatographic conditions are given in Materials
and Methods. (A) Twenty microliters of 300 #M activated ERK2 with
0.5 mM MgCl, (1, red) and 20 uL of 300 4M activated ERK2 with
10 mM MgCl, (2, blue) were injected into the column and eluted at
concentrations (at the maximum of each peak) of 5.4 and 5.1 uM,
respectively. (B) Twenty microliters of 300 #M activated ERK2 with
0.5 mM CaCl, (3, black) and 20 uL of 300 uM activated ERK2 with
10 mM CaCl, (4, green) were injected into the column and eluted at
concentrations (at the maximum of each peak) of 9 and 8.4 uM,
respectively. (C) Twenty microliters of 100 uM (S, red), 200 uM (6,
blue), and 300 uM (7, black) active ERK2 with no divalent cations were
injected into the column and eluted at concentrations (at the maximum
of each peak) of 1.5, 3.4, and 5.4 uM, respectively. The patterns
represent the relative concentrations determined by measurement of
the refractive index differences, the molar mass and Stokes radius (Ryy),
as a function of elution volume.
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Figure 3. Light scattering analysis of the effect of the Hiss tag on the
self-association of ERK2. Fractionation of active ERK2 with and without
a His, tag shows that the His, tag on ERK2 causes significant dimeriza-
tion. (A) Molar mass distribution in the absence of added divalent
cations: black for 20 L of ERK2 (200 M) with the Hisg tag, red for 20
uL of ERK2 (100 M) without the His, tag, and blue for 20 4L of ERK2
(200 uM) without the Hisg tag injected into the column and eluted at
concentrations (at the maximum of each peak) of 2.7, 1.5, and 3.4 uM,
respectively. (B) Molar mass distribution in the presence of 10 mM
MgCl,: black for 20 uL of ERK2 (200 4M) with the His, tag and blue for
20 4L of ERK2 (300 uM) without the His tag injected into the column
and eluted at concentrations (at the maximum of each peak) of 2.2 and
5.1 uM, respectively. The chromatographic conditions are the same as in
Figure 2. All experiments were conducted in the presence of
0.1 mM EDTA.

and a shoulder as a monomer on the basis of the Stokes radius.
Slightly different shapes or conformations can change the Stokes
radius and modify the elution volume with no change at all in the
molar mass.

Figure 3A compares ERK2 with and without a His, tag. The
data show that the His, tag on ERK2 causes significant dimeriza-
tion in the absence of added divalent cations. The apparent molar
mass at ~7.4 mL, ~SS kDa, for the leading edge of the Hiss-
tagged ERK2 peak decreases to ~43 kDa at 8.4 mL. In the
absence of the His tag, the molar mass does not change
significantly across the elution peak. Figure 3B shows that the
addition of Mg”*" ions has no significant additional effect. The
pattern for the His-tagged ERK2 in Figure 3A can be interpreted
in terms of a monomer—dimer equilibrium. A weight-average
molar mass of ~55 kDa corresponds to ~30% dimer. The size-
exclusion column acts on a monomer to dimer equilibrium to
separate dimer from monomer. However, as the dimer begins to
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Figure 4. Sedimentation analysis of active tagless ERK2. In a volume of
110 uL, activated ERK2 at concentrations of 11.2 (1), 8 (2), and 4.8 uM
(3) was spun at rotor speeds of either 15000 rpm (gray data points) or
25000 rpm (black data points) until equilibrium was achieved. The lines
through the data correspond to the best fit to an ideal one-component
system with the resulting residuals shown above the fits. Buffer
contained (A) 0 mM MgCl, or (B) 10 mM MgCl,. (C) Integral
distribution plot showing an enhanced van Holde—Weischet analysis
of velocity experiments of 15 uM activated ERK2 in the presence of
either 0 (@) or 10 mM MgCl, (O). All sedimentation coefficient values
are reported for water at 20 °C.

separate from the monomer, it starts to dissociate to reestablish
equilibrium according to mass action requirements.

The experiments described here were conducted with the
cleavable Hiss tagged ERK2 construct. Prior experiments with
noncleavable Hisg tagged ERK2 are shown in Figure 6% of ref 17.
These data show that ERK2 with the noncleavable His, tag is
monomeric in contrast to our data for cleavable Hiss-tagged
ERK2 (Figure 3) that show that the cleavable His, tag allows
ERK2 to dimerize. Thus, the nature of the Hiss tag adduct on
ERK2 determines its effect on oligomerization.

We next examined the self-association of ERK2 by analytical
ultracentrifugation. Sedimentation equilibrium experiments were
performed using three different concentrations of tagless ERK2
(ranging from 4.8 to 11.2 uM) at two different rotor speeds in
25 mM HEPES (pH 7.5), 100 mM KCl, 0.1 mM EDTA, and
1 mM TCEP in the presence or absence of 10 mM MgCl,. TCEP
was used instead of DTT, because of the propensity of oxidized
DTT to interfere with the detection of proteins at 280 nm. The
sedimentation equilibrium data, over the range of concentra-
tions, in the absence and presence of MgCl,, were described well
by an ideal one-component model with fitted molar masses of
40180 + 480 and 41290 =+ 660 Da, respectively (Figure 4A,B).
This is consistent with the monomeric molar mass of ERK2 of
41711 Da. Analysis of the data using a monomer—dimer model
failed to improve the fit and gives unreasonable dissociation
constants of ~1 mM for an ERK2 dimer.

These results are supported by sedimentation velocity data
obtained with a 15 #M solution of activated tagless ERK2. An
enhancement®® of the original method developed by van Holde
and Weischet (vVHW)>” was adopted to determine the sedimen-
tation coeflicient of ERK2 in the absence and presence of 10 mM
MgCl,. The vHW method is particularly suited for distinguishing
heterogeneous systems from single-component systems.*® No-
tably, the integral distribution plots shown in Figure 4C, which
are based on the enhanced vHW analysis, are virtually identical
for the sample of ERK2 in the absence or presence of MgCl, and
provide an average estimate of 3.2 S for the sedimentation
coefficient of ERK2 in both solutions. Using the generally
accepted hydrodynamic nonideality constant for globular pro-
teins of 0.009 mL/mg, an ERK2 concentration of 0.63 mg/mL,
and the experimentally determined s, of 3.2 S, the sgo,w value at
infinite dilution for ERK2 is calculated to be 3.22 S. The sgo,w of
322 S (f/fo = 128) for the activated ERK2 monomer’ is
consistent with values determined for other globular proteins
such as lysozyme (M = 14400 Da) and serum albumin (M =
66000 Da) that exhibit s%om values of 1.91 (f/fo = 1.25) and 4.31
(f/fo = 1.35), respectively.®® The molar mass, M, determined by
sedimentation equilibrium and the sedimentation coeflicient, s,
may be used to estimate the translational diffusion coefficient D
for activated ERK2 using the Svedberg equation (eq 1).

M(1—-v
S M, which rearranges to D
D RT

sRT

- (1

M(1—-7p)

Using an R of 8.314 x 107 g cm®s Zand a T of 293 K, a Dio
value 0f 7.3 x 10”7 cm*s ™" is obtained. This compares to values
of diffusion coeflicients reported for lysozyme and bovine serum
albumin at 20 °C of 11.2 x 107 and 5.94 x 1077 cm® s},
respectively.*® Taken together, the analytical ultracentrifugation

4573 dx.doi.org/10.1021/bi200202y |Biochemistry 2011, 50, 4568-4578



Biochemistry

-1.0

"
(=3
1

In(/L,)

&
<
1

=
2

0§ 10 15 20 25 30 35
¥'G,*8°(A-5/3) x10%cm?s)

Figure 5. Translational diffusion attenuation of "H NMR signal in-
tensity for active tagless ERK2 in the absence of MgCl,. The self-
diffusion coefficient (D) is obtained from a fit of the signal decay to the
relationship I/1, = exp[—y>G**(A—8/3)/D,], where G is the gradient
strength (Gauss per centimeter) and I is the echo amplitude. Logarith-
mic (normalized) signal intensities for activated ERK2 (A), bovine
serum albumin (O), and lysozyme () from a single experiment.

and DLS experiments argue that phosphorylated ERK2 is
monomeric in solution.

The rate of translational diffusion can be determined by 'H
NMR from the signal decay that arises from molecular translation
occurring during a diffusion delay period that is bracketed by
defocusing and refocusing pulsed field gradients.”® Thus, the
translational diffusion coefficient of activated tagless ERK2
(55 uM) was determined using this bipolar pulse longitudinal
eddy current delay approach in the absence or presence of
10 mM MgCl, in a buffer containing 10 mM sodium phosphate,
100 mM KCJ, 0.5 mM EDTA, and 2 mM DTT at 25 °C. For
comparison, diffusion experiments were also conducted with
samples of 1 mM lysozyme and 0.65 mM BSA. The diffusion
coefficients were obtained by fitting the decay of the protein 'H
signal intensity as a function of defocusing or refocusing gradient
strength as shown in Figure S. The measured translational
diftfusion coefficient at 25 °C for activated ERK2 was determined
to be (8.7 £ 0.4) x 107 cm”s™ " in the presence or absence of
MgCl,, and the translational diffusion coefficients for BSA and
lysozyme were (6.8 + 0.1) and (12.9 & 0.1) x 10 7em s,
respectively (Figure S). These data demonstrate that activated
tagless ERK2 diffuses faster than BSA (66 kDa) and slower than
lysozyme (14.7 kDa) and support the notion that ERK2 is a
monomer in solution at a concentration of 55 uM. The experi-
mentally determined translational diffusion coeflicient for ERK2
from NMR is in excellent agreement with the values calculated
from the sedimentation and DLS experiments.

Although our light scattering, sedimentation, and NMR data
show that ERK2 is monomeric, the possibility that accessory
proteins might mediate the dimerization of ERK2 cannot be
ignored. Cytoplasmic scaffolds have been reported to induce
dimerization of ERK2.** We examined the possibility that ERK2
and the small cytoplasmic scaffold PEA-15" interact. We used
the same approach described for the ERK2 self-association
studies shown in Figure 2. Active ERK2 was applied to the
column at a concentration of ~300 uM. As before, Figure 6A
shows that the enzyme is predominantly monomeric at this high
concentration in the absence of MgCl,. On the basis of their
amino acid compositions, the calculated molar masses of ERK2
and PEA-1S are 41717 and 15321 Da, respectively. Figure 6A
shows that the much smaller PEA-15, ~15 kDa, elutes

A 1.0x10%
3 PEA15
_8 00| ERK2:PEA15 ERK2
£ E
k) molar mass of . . molar mass
a 1:1 complex of |: ’ '.:IofERKZ
s ERK2 and PEA15
§ 55 kDa ~42 kDa
c molar mass
Eo ' |of PEA15
1.0x10°— 1.2 ERK2:PEA1’S s ~15kDa Mixture
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1 1:1 ERK2:PEATS 2
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5 6 7 8 9
Volume, mL
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Figure 6. Light scattering analysis of an active tagless ERK2/PEA-15
mixture following fractionation with a size-exclusion column. (A) Four
chromatograms are shown: active tagless ERK2 alone (~300 uM, green
line), PEA-15 alone (~1 mM, black line), and two mixtures of ERK2 and
PEA-1S at molar ratios of 1:1 (blue line) and 1:2 (red line) with the
active tagless ERK2 concentration fixed at ~300 #M. The 1:1 molar
ratio results in a complex with a measured molar mass of ~55 kDa
(ERK2 monomer, 42 kDa, with PEA-1S, 15 kDa, for a total of $7 kDa).
The small peak at 8.6 mL is an artifact present in all samples. The solid
lines represent the relative concentrations determined by measurement
of the refractive indices. (B) Titration of active tagless ERK2 with PEA-
15. ERK2 (4.35 nmol) was titrated with 0— 16 nmol of PEA-1S. The line
corresponds to the best fit to an assumed E 4 P ==E - P equilibrium. The
concentrations seen by the refractometer are ~10-fold lower than
those shown.

(~6.7 mL) from the size-exclusion column before the larger
ERK2, ~42 kDa (~7.9 mL). This early elution reflects the
extended conformation of PEA-15*" and emphasizes that molar
masses cannot be accurately determined solely from elution
volumes. A mixture of ERK2 and PEA-15 results in the forma-
tion of a complex that elutes at ~6.4 mL with a molar mass of
~5S kDa as determined by MALS, close to the expected mass
of 57 kDa for the E+P complex. This finding supports a 1:1
stoichiometry for the ERK2 - PEA-1S complex (E-P).

A titration of ERK2 with PEA-15 was made by making
mixtures with known compositions and subjecting them to
MALS analysis after fractionation on the size-exclusion column.
The quantity of the complex cannot be estimated directly
because the peak for the complex overlaps with the elution of
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free PEA-15 (Figure 6A). Measuring the concentration of free
ERK2 and subtracting it from the known total amount of ERK2
in the composition of the initial mixture according to the
relationship [E-P] = E, — E;; where E, and E; are the total and
free nanomoles of ERK2, respectively, allowed the amount of
complex to be estimated. The fraction of ERK2 with bound PEA-
1S was estimated from the ratio (E, — E)/E,. Figure 6B shows
the titration of ERK2 with increasing amounts of PEA-1S. The
line corresponds to the best fit to an assumed E + P == E-P
equilibrium. It should be noted that this is a titration and would
represent a measure of a true equilibrium only if the rates of
association and dissociation were extremely slow. The titration
data support the stoichiometry of one molecule of PEA-15
forming a complex with one molecule of ERK2. The molar mass
of the complex (~55000 Da) measured by MALS is close to the
value expected for a 1:1 stoichiometry (57038 Da).

l DISCUSSION

Activated ERK2 Is a Monomer in the Absence or Presence
of Divalent Cations. The purpose of this study was to evaluate
the self-association of activated ERK2 in the presence or absence
of divalent cations. X-ray crystallographic studies have re-
vealed a potential interface for the stabilization of ERK2
homodimers by a nonhelical leucine zipper composed of
1333, L334, and L336 from each monomer.'® However,
previous reports concerning the self-association of ERK2 in
solution have been contradictory.'> "7 Activated Hisg-ERK2
monomers were initially reported by Khokhlatchev et al."> to
self-associate with high affinity (dissociation constant Ky =7 nM)
in the absence of added divalent metal ions. However, Wilsba-
cher et al.'® and Callaway et al."” later reported that Hiss-ERK2 is
monomeric in the presence of chelating agents such as EDTA
and EGTA. While dimerization was reported to be partially
restored by the addition of divalent magnesium or calcium ions, "¢
the possibility that trace transition metals promote dimerization
of Hiss-ERK2 in the absence of chelating agents, potentially
through coordination to the Hiss tag, was not addressed. We
have now assessed the possibility that activated tagless ERK2
might self-associate to form a homodimer. Activated ERK2
without the Hiss tag is fully active when assayed with the
transcription factor substrate Ets (Figure 1).

Several complementary biophysical techniques were used to
determine whether activated ERK2 forms specific homodimers
(Figures 2—6). These techniques, taken together, provide a
convincing description of activated ERK2 as a monomer in
solution at concentrations 1 order of magnitude higher than
the concentrations of 50—1000 nM normally found in mamma-
lian cells.*

Gel filtration analysis of the eluted proteins by light scattering
is a useful way to measure self-association.””~** Light scattering
is necessary because elution volumes are very sensitive to
conformation and ionic conditions and cannot be confidently
used to determine accurate molar masses.*>*® Light scattering is
particularly helpful for characterizing polydisperse solutions of
proteins that may result from significant aggregation. No sig-
nificant self-association was observed in the presence of 0.5 or
10 mM free Mg2+ or Ca*" ions (Figure 2A,B). Similarly, the
monomeric fraction exceeded ~90% when ERK2 was loaded
onto the SEC column at a concentration of 100, 200, or 300 M
in the absence of free divalent cations.? Moreover, QELS analysis
indicates that the hydrodynamic radius [Ryy(23w)] of ~2.8 nm

for ERK2 is unaffected by the presence or absence of divalent
cations (Figure 2A—C). This suggests that divalent cations do
not affect ERK2 self-association at physiological or saturating
concentrations.

Possible self-association of ERK2 was studied further via
sedimentation equilibrium and velocity experiments, which are
important approaches for examining the association of
oligomers.**® The longer experimental time scale of the sedi-
mentation experiments makes possible the resolution of slowly
equilibrating nonspecific aggregates.*>*® Neither the sedimenta-
tion equilibrium nor the velocity experiments were able to detect
any significant self-association of ERK2 either in the presence or
in the absence of magnesium ions (Figure 4). The equilibrium
experiments were fitted with a single species of ~42 kDa
(Figure 4A,B). A sedimentation coefficient of ~3.22 S was
calculated from the velocity data (Figure 4C). The frictional
coefficient ratio (f/f) was calculated to be 1.28 for monomeric
activated ERK2, which lies in the range of 1.20—1.40 generally
observed for globular proteins. The translational diffusion coeffi-
cient, D, was calculated to be ~8.3 x 1077 em” s~ ' for the
activated ERK2 monomer. This finding was supported by
dynamic light scattering, which also showed a translational
diffusion coefficient D of ~8.3 x 10~7 cm”s~ "' for ERK2 under
all the experimental conditions. Furthermore, the NMR experi-
ments showed a similar translational diffusion coefficient D of
(8.7+04) x 1077 ecm®s 'at 55 UM activated ERK2 (Figure S).
The excellent agreement between these three biophysical tech-
niques in the determination of the translational diffusion coeffi-
cient confirms that phosphorylated ERK2 is monomeric in the
presence or absence of divalent cations and at different ERK2
concentrations of 1.5—9 M.

How Does ERK2 Associate with a Cytoplasmic Scaffold?
Studies of the self-association of ERK2 in vivo are contradictory.
A FRET-based study failed to identify dimerization of activated
GFP-ERK2 in cells."® A genetically encoded bioluminescence
probe containing two ERK2 monomers joined by a linker was
used as evidence of dimerization.*” However, this latter approach
is not a freely reversible process as the bioluminescence is
dependent on the irreversible formation of Renilla luciferase
and the monomers are present in the same polypeptide. Casar
et al."” used the approach of Philipova and Whitaker*® to report
that ERK2 forms a homodimer on cytoplasmic scaffolds and
substrates. They also report that only a monomer forms on
nuclear substrates. We used static light scattering to examine the
propensity of ERK2 to form a homodimer in association with the
cytoplasmic scaffold PEA-15. Figure 6 clearly demonstrates that
ERK2 and PEA-1S form a 1:1 complex of 57 kDa and that ERK2
is a monomer in this complex.

We have shown with three approaches that ERK2 has virtually
no propensity to self-associate in the presence of physiological
concentrations of either magnesium or calcium ions. Thus, if
ERK2 forms dimers with cytoplasmic scaffolds, an underlying
mechanism of selectivity must be associated with the process.

The method employed by Casar et al.,'” which was first used
by Philipova and Whitaker for the identification of ERK dimers
in vivo,* requires incubation of the proteins under nonreducing
conditions where they have a propensity to cross-link with
disulfide bonds. As many mechanisms can bring two proteins
to sufficiently close in space to form a chemical cross-link in a
cellular lysate, such an approach can be misinterpreted. Most of
the evidence supporting the importance of ERK2 homodimer-
ization in solution utilizes the mutations originally identified by
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Khokhlatchev et al."> These mutants were designed to break the
putative homodimer interface seen in the crystal structure.”
However, caution is needed when interpreting experiments with
these mutants as their translocation to the nucleus (which is not
dependent on dimerization) is impeded*® and similar mutations
in ERKI render the protein unrecognizable by a phospho-
specific antibody.*® This suggests that the mutations may alter
their ability to interact with other proteins.

B CONCLUSION

The ability of activated ERK2 to self-associate into specific
homodimers at micromolar concentrations is not supported by a
number of complementary biophysical techniques. Thus, ERK2
is unlikely to form specific homodimers in vivo at physiological
concentrations. Although Hiss-tagged ERK2 can form dimers
under certain conditions, the tag is nonphysiological, so the
dimers formed have no cellular significance. In addition, the
assembly of activated ERK2 homodimers onto cytoplasmic
scaffolds is not a general phenomenon. Further experimental
work is required to establish whether such homodimers can form
through cooperative interactions with scaffold proteins in vitro
and in vivo.
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