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Carboxyl-Group Footprinting Maps the
Dimerization Interface and Phosphorylation-
induced Conformational Changes of a
Membrane-associated Tyrosine Kinase*s

Hao Zhangt, Wei Shen§, Don Rempelt, John Monsey§, llan Vidavskyt,

Michael L. Grosst, and Ron Bose§T||

Her4 is a transmembrane receptor tyrosine kinase be-
longing to the ErbB-EGFR family. It plays a vital role in the
cardiovascular and nervous systems, and mutations in
Her4 have been found in melanoma and lung cancer. The
kinase domain of Her4 forms a dimer complex, called the
asymmetric dimer, which results in kinase activation. Al-
though a crystal structure of the Her4 asymmetric dimer is
known, the dimer affinity and the effect of the subsequent
phosphorylation steps on kinase domain conformation
are unknown. We report here the use of carboxyl-group
footprinting MS on a recombinant expressed, Her4 ki-
nase-domain construct to address these questions. Car-
boxyl-group footprinting uses a water-soluble carbodii-
mide, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, in
the presence of glycine ethyl ester, to modify accessible
carboxyl groups on glutamate and aspartate residues.
Comparisons of Herd kinase-domain monomers versus
dimers and of unphosphorylated versus phosphorylated
dimers were made to map the dimerization interface and
to determine phosphorylation induced-conformational
changes. We detected 37 glutamate and aspartate resi-
dues that were modified, and we quantified their extents
of modification by liquid chromatography MS. Five resi-
dues showed changes in carboxyl-group modification.
Three of these residues are at the predicted dimer inter-
face, as shown by the crystal structure, and the remaining
two residues are on loops that likely have altered confor-
mation in the kinase dimer. Incubating the Her4 kinase
dimers with ATP resulted in dramatic increase in Tyr-850
phosphorylation, located on the activation loop, and this
resulted in a conformational change in this loop, as evi-
denced by reduction in carboxyl-group modification. The
kinase monomer-dimer equilibrium was measured using a
titration format in which the extent of carboxyl-group
footprinting was mathematically modeled to give the
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dimer association constant (1.5-6.8 x 10'2 dm®/mol). This
suggests that the kinase-domain makes a significant con-
tribution to the overall dimerization affinity of the full-
length Her4 protein. Molecular & Cellular Proteomics
10: 10.1074/mcp.M110.005678, 1-16, 2011.

Her4 (also called ErbB-4) is a transmembrane receptor ty-
rosine kinase belonging to the ErbB-Epidermal Growth Factor
Receptor (EGFR) family; it plays a vital role in the cardiovas-
cular system, nervous system, and other tissues (1, 2). Ge-
netic knock-out of Her4 in mice results in embryonic lethality
because of malformations of the heart and hindbrain (3). Can-
cer-associated mutations in Her4 were found in malignant
melanoma and lung adenocarcinomas (4, 5).

The structure of Her4 consists of an extracellular domain that
mediates ligand binding, a transmembrane domain, a short
intracellular juxtamembrane domain, a tyrosine kinase domain
and a C-terminal-tail domain that contains multiple autophos-
phorylation sites (6). As with other receptor tyrosine kinases, li-
gand binding stimulates Herd dimerization, which results in acti-
vation of its tyrosine-kinase domain and autophosphorylation of
multiple Tyr residues (6—8). Biophysical and protein crystallogra-
phy studies demonstrate that residues in both the extracellular
domain and in the intracellular portion (kinase domain and jux-
tamembrane domain) contribute to full-length ErbB protein
dimerization (9-14). Studies of the isolated extracellular domain
provide the extracellular domain dimerization affinity (10), but anal-
ogous studies on the intracellular portions of Her4 are lacking.

A critical question in the ErbB-EGFR field is how receptor
dimerization translates into activation of the tyrosine kinase
domain. A landmark study on EGFR showed that the isolated
EGFR kinase domain can form dimers that activate the tyro-
sine kinase by an allosteric mechanism (9). This model of
ErbB-EGFR kinase activation, which is called the Asymmetric
Dimer model, applies in vivo to the entire ErbB family, includ-
ing Her4 (11, 12, 15, 16). The kinase dimers are called asym-
metric dimers because they are formed by a contact between
surfaces on the C-lobe of one kinase monomer (termed the
donor) and the N-lobe of the other kinase monomer (termed
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the acceptor). Several important questions remain about this
model including, (1) what is the dimerization affinity of the
asymmetric kinase dimer, (2) what is the conformation of
these kinase dimers on the surface of a lipid membrane, (3)
how do these conformations change when different ErbB-
EGFR family members form heterodimers, and (4) how does
the subsequent phosphorylation step affect the conformation
of the Her4 kinase domain? In this paper, we combined a
reconstituted, in vitro model system with MS-based footprint-
ing to address these questions.

Protein footprinting has rapidly developed over the past 20
years (17). Notable approaches include acetylation (18), am-
ide hydrogen/deuterium exchange (H/DX) (19), and hydroxyl
radical footprinting (20). MS-based footprinting methods have
been successful for monitoring protein folding and unfolding
dynamics (21), characterizing protein-ligand interaction (22,
23), and protein oligomerization (24). For probing complicated
systems, such as membrane-associated proteins, H/DX suf-
fers limitations because of significant back exchange accom-
panying the demanding postlabeling purification. For hydroxyl
radical based footprinting, an extra purification step (e.g.
SDS-PAGE) may lead to false readouts induced by post foot-
printing oxidations(25). Nevertheless, improvements in H/DX
(26) and hydroxyl radical based footprinting (27, 28) show
promise in probing membrane proteins.

One alternative to H/DX and hydroxyl-radical footprinting is
the labeling of carboxyl side chains by 1-ethyl-3-(3-dimethyl-
aminopropylycarbodiimide (EDC)-mediated incorporation of
glycine ethyl ester (GEE) (see Fig. 1A)(29). The coupling reac-
tion is efficient in biologically relevant buffer systems (30),
biological mixtures can be directly modified without presepa-
ration of the proteins affording an opportunity to probe pro-
teins in their native state, and irreversibly modified products
can survive intensive postlabeling purification. We previously
applied this carboxyl-group footprinting method to determine
the orientation of the FMO antenna protein within the native
photosynthesis complex of a green sulfur bacterium (31).

In this article, we show that carboxyl-group footprinting can
be used to study the conformational changes of recombinantly
expressed Herd kinase-domain (residues 677-1004) upon
dimerization or phosphorylation. We take advantage of a previ-
ously developed, in vitro model system to study the activation
mechanism of Her4’s tyrosine kinase activity (15). In this model,
the isolated Her4 kinase-domain contains an N-terminal poly-
histidine (Hisg) tag and is incubated with liposomes that contain
a synthetic lipid with a nickel-chelating headgroup. This pro-
vides orientated binding of the kinase-domain protein construct
on the liposome surface (32, 33). The surface binding also
increases the local concentration of the Her4 kinase-domain to
allow dimer formation, which mimics the behavior of full-length
Herd in vivo after ligand binding (15). This model system was
previously applied to the isolated EGFR kinase domain to pro-
duce EGFR kinase dimers in vitro and provided critical data to
support the Asymmetric Dimer model (9).

Specifically, we seek to identify the acidic residues at the
binding interface of the Her4 kinase domain dimer by using
the Her4 in vitro model system and carboxyl-group footprint-
ing. To our knowledge, the “solution” structure of the isolated
Her4 kinase-domain dimer has not yet been probed. Although
the crystal structure of the Herd kinase-domain dimer is
known (11), it relies upon crystal-packing (solid-state) inter-
actions among kinase monomers to infer the dimer structure.
The relevance of the inferred crystallographic dimer remains
to be established. Furthermore, growing MS evidence dem-
onstrates that EGFR-ErbB kinases can be phosphorylated in
vivo and in vitro on their activation loops (8, 34-39), but no
crystal structures of the activation loop phosphorylated
EGFR-ErbB kinases exist. Applying carboxyl-group footprint-
ing, we can probe the conformational changes induced by
Her4 activation loop phosphorylation at Tyr-850.

We also seek to determine the affinity of protein dimeriza-
tion on a lipid membrane surface, which is a challenging
biophysical problem. Through a novel modification of our
SIMSTEX method (Self-association Interactions using Mass
spectrometry, Self-Titration and H/D Exchange)(24), we are
able to use a self-titration platform whereby the extent of
carboxyl-group footprinting as a function of concentration can
be modeled to give the dimerization affinity of the isolated
Her4 kinase-domain dimer. This dimer association constant is
an important gauge of the Her4 kinase-domain’s contribution
to the overall dimerization of the full-length Her4 protein.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents— Dioleoyl-phosphatidylcholine (DOPC)
and nickel-1,2-dioleoyl-sn-glycero-3-([N-(5-amino-1-carboxypentyl)-
iminodi acetic acid]succinyl)-nickel salt (Ni-NTA-DOGS) were pur-
chased from Avanti Polar Lipids (Alabaster, AL). Water, acetonitrile,
formic acid, glycine ethyl ester, EDC" (1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride, ammonia acetate, trypsin from
porcine pancreas were from Sigma-Aldrich (St. Louis, MO). The pep-
tides LLEGDEKEYNADGGK and LLEGDEKEY(Phos)NADGGK were
synthesized by GenScript USA Inc. (Piscataway, NJ).

Protein Expression and Liposome Preparation— The protocols for
Her4 kinase-domain protein expression using baculoviral vectors and
Sf9 cells and for liposome preparation using the extrusion method
were previously reported by us (15). Briefly, the Her4 kinase-domain
(residues 677-1004) was cloned into pFastBacHT vector, and the

" The abbreviations used are; EDC, 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide; EGFR, epidermal growth factor receptor; GEE,
glycine ethyl ester; LC-MS/MS, liquid chromatography coupled tan-
dem mass spectrometry; H/DX, hydrogen deuterium exchange; MS,
mass spectrometry; SDS-PAGE, sodium dodecyl sulfate polyacrylam-
ide gel electrophoresis; DOPC, dioleoyl-phosphatidylcholine; Ni-NTA-
DOGS, nickel-1,2-dioleoyl-sn-glycero-3-([N-(5-amino-1-carboxypen-
tylliminodi acetic acid]succinyl)-nickel salt; DTT, dithiothreitol; ATP,
adenosine triphosphate; Q-TOF, quadrupole time of flight; ESI, electro-
spray ionization; CD, circular dichroism; BSA, bovine serum albumin;
CID, collision-induced dissociation; NCBI, national center for biotech-
nology information; MW, molecular weight; SIMSTEX, self-association
interactions using mass spectrometry, self-titration and H/D exchange;
SUV, small unilamellar vesicles.
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recombinant baculovirus was made following the Bac-to-Bac proto-
col (Invitrogen). Sf9 cells were infected with this baculovirus at one
multiplicity of infection and were harvested after 48 h. The Hisg-
tagged Her4 kinase-domain was purified in two steps using Ni-NTA-
beads followed by gel-filtration chromatography. Her4 residue num-
bering is based on the mature, full length protein minus its signal
peptide and matches the numbering used by Qiu et al. (11).

Liposomes were prepared by the reverse-phase method of Papa-
hadjopoulos (40) followed by extrusion through a mini-extruder
(Avanti Polar Lipids) with 200-nm polycarbonate membranes. This
generated small unilamellar vesicles (SUV) whose diameter was 180—
190 nm (measured by dynamic light scattering). Nickel-liposomes
were SUV’s containing 95 mol% DOPC and 5 mol% Ni-NTA-DOGS,
whereas control liposomes were SUV’s containing 100 mol% DOPC.

Protein Dimerization and Phosphorylation — Protein stock solutions
contained 20 mm Tris-HCI, 150 mm NaCl, 1 mm dithiotreitol (DTT) (pH
8.0). Dimerization experiments were started by equilibrating protein
with nickel liposomes for 15 min on ice. Protein phosphorylation was
initiated by adding ATP and MgCl, to the dimer solution (final con-
centration 100 um ATP and 10 mm MgCl,). After 5 min incubation on
ice, phosphorylation samples were taken for GEE modification.

Carboxyl-Group Modification Reaction—A Her4 sample (10 ul of
2.5 pMm) in 20 mm Tris-HCI, 100 mm NaCl, pH 7.5 in 0.5 ml Eppendorf
protein LoBind tube (Eppendorf North America, Hauppauge, NY) were
prepared for the modification reaction. GEE stock solutions (2 Min 0.5
ul of water) with 0.5 ul EDC stock solution (50 mm in water) were
mixed to initiate the reaction. The reaction was quenched at 10 min by
adding an equal volume of 1 M ammonium acetate. Synthetic pep-
tides (5 nv) in 20 mm Tris-HCI, 100 mm NaCl, pH 7.5 were as above.
In titration experiments, Her4 samples with protein concentrations
{from 0.0375 to 1.25 um) were used.

Gel Separation and In-Gel Trypsin Digestion—Immediately after
quenching the carboxyl-group modification by adding ammonium
acetate, 5X SDS-PAGE sample-loading buffer, containing DTT as the
reducing reagent, was mixed with each sample, and the mixture was
boiled for 3 min. The samples were loaded onto 10% SDS-PAGE gel
and detected by SimplyBlue SafeStain (Invitrogen, Carlsbad, CA).
In-gel digestion was performed as per Shevchenko et al. (41) with
modification of the peptide extraction steps. Extraction buffer A (5%
formic acid, 0.1% trifluoroacetic acid, and 50% acetonitrile in water)
was added to each tube (solution:gel = 2:1 v/v), the tube shaken in a
Thermomixer (Eppendorf North America) at room temperature for 10
min, and supernatant collected in an Eppendorf protein LoBind tubes.
A second extraction was similar, using extraction buffer B (5% formic
acid and 0.1% trifluoroacetic acid in acetonitrile). The supernatants
were combined and dried with a speed vacuum.

ESI-MS of Herd Protein—ES| mass spectra were acquired in the
positive-ion mode on a Waters (MicroMass) Q-TOF Ultima (Man-
chester, U.K.) equipped with a Z-spray ESI source. The Instrument
parameter setup and the trap-column desalting were reported previ-
ously (18).

Circular Dichroism—Samples of Her4 for which the carboxyl group
was either unmodified or modified were dialyzed into CD Buffer (10
mM NaPQ,, pH = 7.2, 5 mm NaCl) by using Amicon Ultra 10k spin-
concentrators and centrifuging the samples to ~100 wul and filling the
concentrator with CD Buffer three times. The samples, ~2 um, were
transferred to a 1-mm path-length quartz cell. CD spectra were meas-
ured at room temperature from 195 to 260 nm wavelengths at 1-nm
intervals by a JASCO J715 CD spectrometer (JASCO Analytical In-
struments, Tokyo, Japan). Three scans were taken and averaged,
then corrected with a buffer blank. The protein concentration was
determined by the Bradford assay using BSA as a standard.

LC-ESI-MS/MS of Herd Tryptic Peptides— Peptide samples from
the in-gel digestion were reconstituted with 20 ul water containing

0.1% trifluoroacetic acid. C18 zip tips (Millipore Co., Billerica, MA)
were used to remove salts. The peptide sample was extracted with
75% aqueous acetonitrile containing 0.1% trifluoroacetic acid and
dried by speed vacuum. The tryptic-peptide residue was reconsti-
tuted with 15 ul solvent A (water, 0.1% formic acid). An aliquot (5 ul)
was injected by Eksigent NanoLC-Ultra 1D (Eksigent Technologies,
Inc. Livermore, CA) into a custom-packed nano column. This reverse-
phase nano column was custom-built by packing C18 material
{(Magic, 5 um, 120 A, Michrom Bioresources, Inc., Auburn, CA) into
silica capillary tubing with a PicoFrit tip (75 pm X 200 mm, New
Objective, Inc., Woburn, MA). The gradient was from 2% to 60%
solvent B (acetonitrile, 0.1% formic acid) over 60 min at 260 nL/min.
The gradient was followed by a 10 min 80% solvent B wash and a
12 min re-equilibration with 100% solvent A. A PicoView Nanospray
Source (PV550, New Objective, Inc., Woburn, MA) was used with an
LTQ Orbitrap (Thermo-Scientific, San Jose, CA). The nano electro-
spray parameters were tuned by direct infusion of an Angiotensin Il
solution (10 pg/ml, 70% solvent A, 30% solvent B). Liquid chroma-
tography MS (LC-MS) data were acquired in standard data-de-
pendent mode controlled by Xcalibur 2.0.7 software. Peptide mass
spectra (m/z range: 350-2000) were acquired at high mass resolv-
ing power (60,000 for ions of m/z 400). The six most abundant ions
were fragmented by collision-induced dissociation (CID) in the lin-
ear ion trap (isolation width, 2 Da; activation time, 30 ms; normal-
ized collision energy, 35%; minimum ion counts, 1000). The mass
calibration was checked and repeated frequently by using a stan-
dard calibration mixture of caffeine, short peptide MRFA, and Ul-
tramark 1621.

Database Searching of LC-MS/MS Results—Each product-ion
mass spectrum was extracted from the raw data file by DTA creator
of Rosetta Elucidator (v3.3.0.0.220, Rosetta Biosoftware, Seattle,
WA). The combined dta files were searched by using Mascot (version
2.2.06, Matrix Science, London, UK) against a custom-built database
containing Hiss-tagged Her4 kinase-domain sequence. The custom-
built database was established by adding all analysis targets of our
lab (30-40 entries) into the E. coli database (~39,000 entries from
NCBI nr database). Custom-built modification profiles (all carboxyl-
group modification products), phosphorylation (tyrosine, threonine
and serine) and oxidation (methionine, tryptophan and histidine) were
used as variable modifications. Carbamidomethylation of cysteine
was considered in the database searching as a fixed modification.
The other parameters in Mascot searching were: enzyme, trypsin;
maximum number of missed cleavage, one; peptide mass tolerance,
15 ppm; '3C isotopic peak consideration, one; product-ion mass
tolerance, 0.8 Da; instrument type, ESl-trap.

Data Processing— Raw format data were loaded onto the Rosetta
Elucidator (v3.3.0.0.220, Rosetta Biosoftware, Seattle, WA). The align-
ment retention times and peak areas were determined by using the
Elucidator PeakTeller algorithm (parameters were default). Dynamic
background subtraction and smoothing across the alignment window
(both in retention time and m/z dimensions) were used. All features were
assigned a feature ID; a product-ion mass spectrum was associated
with a feature by judging the retention time and precursor m/z; the
outcome of Elucidator was further processed by using an Excel macro
written in our lab. Modification extents were calculated using the peak
areas of all extracted ion chromatogram features.

Equilibria Modeling— The inference of the Her4 dimerization asso-
ciation constant on the surface of the liposome relied on a bulk-
solution model, which was later reinterpreted to give the desired
surface-binding constants. Specific binding (the law of mass action
applies) and the principle of microscopic reversibility (42, 43) were
assumed in the model. The strategy for model calculation was an
extension from one dimension to two dimensions of the strategy
employed by Zhu (44, 45).

Molecular & Cellular Proteomics 10.6
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The equilibrium is described by mass conservation. The mass
conservation law for the Her4 is shown in Eq. 1 where [Herd ;074 is
the analytical concentration of Her4, and [Her4] is the solution con-
centration of the free monomer Her4.

+ BiglPlHerd]  (Eq. 1)

The overall Adair binding constant for attachment of the Her4
monomer to the liposome is given by 8+ ; (811 = Kj4; the term K;; was
used in the results section); the overall Adair binding constant for the
dimerization of the Her4 on the liposome surface is ,,. The equiva-
lent bulk concentration of the free nickel binding sites on the liposome
surface is [B]. The model incorporated a provisional collection of
parasitic binding sites for the Her4; these sites competed with the
liposome binding and removed Her4 from the detection path. The
equivalent bulk solution concentration of the free form of these sites
is [P]. The total nickel binding sites on the liposomes has an equiv-
alent bulk solution binding concentration of B, as shown in Eq. 2 for
the corresponding mass conservation law for the nickel binding.

Buax = Bl + B11[BliHerd] + 28, {BF{Herd}  (Eq. 2)

The parasitic binding sites also have an equivalent total bulk solu-
tion concentration P,,,x and a corresponding mass conservation law
as shown in Eq. 3.

Pusc = P] + Brol PllHer4] a9

The concentrations of the various bound species are given by their
corresponding product terms in the above equations, and, their eval-
uation at each titration point requires knowledge of the free concen-
trations [Her4], [B], and [P]. There is no aspect of the experiment
results that permits a simple inference of the free concentrations.

This situation is resolved in each trial of a nonlinear least squares
search where unknown model parameters are posed. An indirect but
constructive method was used to infer what the free concentrations at
each titration point would have been given the posed model param-
eters. In each trial, a model titration curve is computed and compared
with the experiment titration curve.

The method for calculating the free concentrations is based on the
fact that the derivatives of the needed unknown function can be
readily calculated in the situation of each trial. The method description
begins by viewing Eqs 1 and 2 as components of the vector Eq 4,
which expresses [Herd ;074 and Byax as a function of [Her4] and [B].

[ [Herd roma

B MAX

1 = F({Her4],[B)) (Eq. 4)

Calculation of free concentrations was achieved by evaluating the
inverse function F~' in Eq 5, which expresses [Her4] and [B] as a
function of [Herd ;o7 and Byax.

[ “‘{g}‘” w = F([Her4Trom:.Bun) (Ea. 5)

The evaluation follows the trajectory of the titration experiment as
it moves along a path /(r) in the [Herd];pra X Byux domain as
described in Eqg. 6.

“’?ZTJ}(T) — F(m) (Eq. 6)

A total derivative with respect to the path variable r, which marks
off the progress of the titration, gives Eq. 7.

dl [Herd] | oF ! 'Cﬁ o
il 18] ]° i[Herd Tom By | 0 EFT)

By the inverse function theorem (46, 47),

d[ [Her4] ]7[ aF } dl Eq.9

dr 8] J([HerdB) | dr

which can be viewed as a first-order, ordinary differential equation
of a dynamical system, was solved with the “Rkadapt” function in
Mathcad 14 (Parametric Technology Corporation, Needham, MA).
The first leg of the path, which accounted for the addition of the
binding sites on the liposomes to the system, moved from (0,0) to
(0,B4,4x) for the value of ([Herd]rora, ,Baax) for which the solution of
([Her4],[B]) moved trivially from the initial value of (0,0) to (0,B,,4)- The
more consequential second leg, which accounted for the titration
with Her4, was given by (7,B,;4x), where 1 varied over the domain
interval of [Herd];51,, from zero to 17.3 uMm. Rkadapt was set to
record the solution for the second leg in a table of ftriples
(7,[Her4],[B]) for 5000 equal length intervals. The accuracy of the
solution was checked by recalculating [Herd];5r4, by Eqg. 1 and
B,,4x by Eq. 2 from values for [Herd] and [B] extracted from the
table. For the table triples, the relative error of the recalculated
[Her4]rora, was typically less than 2 X 107 '2, and the relative error
of the recalculated [B] was less than 1 x 1073, For linear interpo-
lations between consecutive table entries, the relative error of the
recalculated [Herd],.rs, typically varied from 2 X 1072 at low
concentrations to 1 X 107° at high concentrations for Her4 and the
relative error of the recalculated [B] typically varied from 7 x 107
at low concentrations to 4 X 1077 at high concentrations for Her4.

The signal function Frac,,,.q5. (EQ. 9) was constructed to represent
the transfer function of the mass spectrometer and the following
spectrum analysis.

[Herd] + By 1[Bl[Herd] + A2p,.[BF[Herd T}
HIHerd] + By 1[BlHerd] + 2, | BF[Herd 1}
+{G(1 — N2, I BFIHerd Pl

(Eq. 9)

It was assumed that the spectral signals varied in proportion to the
concentrations of their corresponding solution species. The numera-
tor in Eq. 9 gives the concentrations of those species that were
assumed to be modified by GEE. The factor f allows for a fraction of
the Her4 dimer population to be modified despite the supposed
protection. The remaining product term in the denominator repre-
sents the concentration of those Her4 molecules existing as dimers
that were not modified. A relative sensitivity factor G accounts for the
different sensitivities of the mass spectrometer to various peptides
and their modified counterparts.

The inference of the Her4 dimerization association constant
was accomplished by performing a nonlinear-least-square fit of a
Frac,,,.ameq CUrve to the experimentally determined extents of modi-
fication plotted as the curve of the Her4 titration experiment. The
search minimizes the root mean square of the residuals (Residual
RMS). In each trial of the search for the fit, Eq. 8, was solved by using
“known” fixed parameter values or trial parameter values posed by
the Quasi-Newton algorithm of the “Minimize” function in Mathcad
and a Frac,,,, s curve was calculated. Fixed parameters were K|,
Bysax, and G,. The parameters K, and B;,,x were selected as de-
scribed in the Results section. The parameter G was determined to
have value of 1.1236 by using Arg '*N labeled Her4 as standard. The
searched parameters were f, B, 5, 8.3, and Py4x. The equivalent bulk

10.1074/mcp.M110.005678—-4
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Fia. 1. A, Footprinting by carboxylic-acid, side-chain modification. Carbodiimide (EDC) modifies acid side chain of proteins in physio-
logical relevant buffer. In the presence of nucleophiles (glycine ethyl ester), reaction occur to give mass shifts 85.0522 Da and 57.0209 Da
(hydrolysis product of ester). B, Work flow of MS based carboxyl group protein footprint (1) Modification (2) ESI-MS analysis of modified protein
(3) In-gel separation and proteolytic digestion (4) LC-MS analysis of peptides (5) LC-MS/MS analysis of peptides (6) calculation of modification

extent.

solution dimerization association constant K., was computed by eval-
uating Eq. 10 after the fit by Frac,casca-

(Eg. 10)

In Eq. 10, association constant K, has units of M™". The isolated
Her4 kinase-domain dimerization, however, is occurring on the lipo-
some surface and is formally expressed in units of protein surface
density (moles of kinase per dm? of liposome surface). We use mol/
dm? because it is the two-dimensional equivalent of M, which is
mol/dm?® (16). If we can assume the equivalent bulk-solution concen-
trations of liposome-bound species is the product of surface concen-
trations and the liposome surface area per liter of solution, then the
surface dimer association constant is the product of equivalent bulk-
solution dimer association constant and the liposome surface area
per liter of solution. This assumption is based on mass conservation
on the macroscopic scale. The bulk lipid concentration was 0.5 mg/ml
in our experiments; thus, liposome surface area was 1.5 X 10* dm?/L.
This calculation is based on the molecular weight of DOPC (786.113
g/mole), the surface area of one molecule of DOPC taken to be 72 A?
(48), and the mole ratio of DOPC molecules on the liposome inner
leaflet to the liposome outer leaflet of ~0.9 (49). The apparent bulk
solution dimerization association constant K, is 1 X 108t0 4.5 X 108
M~', and using the liposome surface area of 1.5 X 10* dm?/L, the
Her4 kinase-domain dimer surface association constant is between
1.5 % 10" and 6.8 X 10'? dm?/mol.

RESULTS

Carboxyl-Group Footprinting Method—In this MS-based
footprinting, protein samples are modified by a coupling re-
action between the carboxyl side chain of proteins and the

primary amine of GEE, a reaction driven by EDC (Fig. 1A). This
reaction is performed at physiological pH and salt concentra-
tion and yields products of +85.0522 Da or +57.0209 Da. The
modified protein can be directly analyzed by ESI-MS using a
C18 trap column to desalt the sample, or can be digested by
trypsin and analyzed by LC-ESI-MS/MS to quantify the site of
modification. With accurate mass measurement, the percent-
age of modification (the modification extent) is determined
with little ambiguity on the basis of the peak area of the
modified peptide divided by the peak areas of all forms of that
peptide. The site of carboxyl-group modification is located
from the product-ion spectrum (Fig. 1B).

Global Information of Modified Her4 Protein—Multiply
charged protein ions were observed upon ESI of the recom-
binantly expressed Her4 kinase-domain construct (Fig. 2A).
The most abundant charge state was +51. Deconvolution
(“de-charging”) of the spectrum gave a protein molecular
weight (MW) of 42,167 = 3 Da, which is in good agreement
with the theoretical MW provided that the protein N terminus
is acetylated (MW = 42,166 Da). A second series of multiple
charged ions was clearly observed with extended view of
charge state +51 (Fig. 2B). The MWs of the species corre-
sponding to the second and third peaks are incremented by
+80 Da, indicating low levels of basal phosphorylation of the
isolated Her4 kinase-domain. This basal phosphorylation of
Her4 is assessed in Fig. 4.
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Fic. 2. A, ESI-MS spectra of Her4 kinase-domain protein. B, Magnified view of +51 charge state with different reaction times. The ion of
m/z 827.9 represents the unmodified protein. Two peaks separated by 80 Da (corrected by +51 charge state) were observed. C, CD spectrum

of protein with and without carboxyl group modification.

To limit the overall modification of the protein, we measured
the time course of the reaction of the isolated Her4 kinase-
domain by comparing the ESI mass spectra of modified pro-
teins at different reaction times. In the extended view of
charge state +51 (Fig. 2B), the relative abundance of the ions
of m/z = 829.4 and 831.0 increased with increasing modifi-
cation time. These ions are consistent with addition of +85 Da
to the carboxylic acid side chains. The relatively lower abun-
dances in the mass spectrum at zero time likely represent
basal phosphorylation of the protein, as discussed above. The
mass shifts induced by ethyl ester groups (+85 Da) and by
phosphorylation (+80 Da) are similar and at the +51 charge
state, this 5 Da nominal mass difference corresponds to an
m/z difference of 0.098.

In our prior experience, the duration of carboxyl-group la-
beling needs to be optimized for each protein to ensure that
the labeling does not disrupt overall protein conformation or
cause unfolding (31, 50). To ensure there was no protein
unfolding or major conformational change, one could aim
conduct the reaction under “one-hit” conditions. Although this
is difficult to control, Fig. 2B shows that the protein, even after
2 min, is not extensively modified (~25% single modification,
~18% double, and ~15% ftriple and quadruple). Moreover,
we obtained circular dichroism (CD) spectra before and after

carboxyl-group modification. The CD spectra (Fig. 2C)
showed no difference between modified and unmodified
Her4, demonstrating that carboxyl-group modification caused
no large conformation change in the protein. An additional
concern is that the carbodiimide can function as a cross
linker, leading to a coupling reaction to give a covalent dimer.
By adding GEE prior to the EDC, any intermolecular coupling
was avoided as determined from a gel assay (see sup-
plemental Fig. S1).

LC-MS/MS of Herd Kinase-domain Digest—Digestion gave
98% sequence coverage over the Her4 kinase-domain se-
quence. The two missing regions correspond to two small
peptides, each of which contained three or four amino acids.
Besides common protein oxidation (on methionine, trypto-
phan, and histidine), six phosphorylated residues (three on
tyrosine, two on serine, and one on threonine) were detected
(supplementary Fig. S2), and their significance is addressed
below.

We found that 37 carboxyl groups were modified: 20 on
Glu and 17 on Asp. The Her4 kinase-domain protein se-
quence contains a total of 47 Asp/Glu sites, and the condi-
tions employed here modified 79% of those residues. We
verified all sites of carboxyl-group modification reported
here by manually inspecting the product-ion spectra. The

10.1074/mcp.M110.005678-6
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modification assignments are problematic when applied for
low-abundance ions (<10,000 counts in the product-ion
spectrum). Peaks corresponding to those low-abundance
ions were not used for quantitative analysis. Modification-
extent data represent mean and standard deviation of three
independent samples.

Footprinting Between Her4 Monomer and Dimer—We gen-
erated isolated Her4 kinase-domain dimers by binding the
Hisg-tagged isolated Her4 kinase-domain protein to a lipo-
some containing the nickel chelating lipid Ni-NTA-DOGS, as
described in Monsey et al. (15). The binding of the Hisg-
tagged Her4 to these “nickel liposomes” results in a high local
concentration of Her4 that allows the dimers to form nearly
spontaneously. The His;-tagged isolated Her4 kinase-domain
protein is predominantly a monomer in solution, as demon-
strated by gel filtration analysis (data not shown). As an ad-
ditional control, we tested isolated Her4 kinase-domain incu-
bated with control liposomes that lack the nickel-chelating
lipid to evaluate for any nonspecific effects from the lipo-
somes on the carboxyl-group modification reaction. These
three conditions (i.e. Her4 monomer in solution, Her4d mono-
mer plus control liposomes, and Her4 dimer on nickel lipo-
somes) were reacted with GEE in the presence of EDC in an
identical way and analyzed by in-gel trypsin digestion and
LC-MS/MS. Modification extents for the 37 Asp/Glu of Herd
kinase-domain protein were compared (Fig. 3A and sup-
plemental Table S1). Decreased modification extents of iso-
lated Her4 kinase-domain dimers compared with monomers
were observed for several residues: two N-lobe residues,
Glu-690, Glu-692, one activation loop residue, Asp-853, and
one C-lobe residue, Glu-912. Based on the crystal structure of
the Her4 kinase-domain dimer (11), the C-lobe of one mono-
mer (the donor) contacts the N-lobe of the other monomer (the
acceptor) to form an asymmetric dimer (Fig. 3B8). Glu-690,
Glu-692, and Glu-912 are all located in the dimer interface
(Fig. 3B). Given that Glu-690 is located 5.5 A from Lys-910
and Glu-912 is 2.7 A from Lys-689 (Fig. 3B inset), these two
pairs of residues are likely to form salt bridges that stabilize
the kinase dimer structure and reduce the modification ex-
tents of Glu-690 and Glu-912.

Asp-853, which also showed reduced carboxyl-group
modification, is not located near the dimerization interface
but rather is on a flexible activation loop that can adopt
several different conformations (11, 51). In fact, Asp-853
and its neighboring amino acids were not visualized on the
Her4 crystal structure (11), further supporting the flexibility
of this loop. The N-terminal portion of the activation loop
packs up against the aC-helix of Her4 kinase-domain and
the opposite surface of the «C-helix is directly involved in
the dimer interface (supplemental Fig. S3). Indeed, in
protein kinase A (PKA), which was the first kinase to be
crystallized, a coupling between the conformation of the
aC-helix and the activation loop was also described (51).
Therefore, the dimerization-induced movement of the aC-

helix alters the conformation of the activation loop and
changes the degree of carboxyl-group modification of Asp-
853. The change in carboxyl-group modification of Asp-853
is likely to be an indirect, or allosteric, effect of kinase
domain dimerization.

Only Asp-897 showed increased carboxyl-group modifica-
tion upon dimerization; this residue (Fig. 3A) is located on the
C-lobe but away from dimer interface (> 15 A). Asp-897 is
located on the loop between the oF and oG helices (Fig. 3B
inset). The C-terminal end of the aG-helix contains Glu-912
and is part of the kinase-dimer interface. Analogous to the
interpretation of Asp-853 modification behavior above,
the dimerization-induced movement of the aG-helix affects
the conformation of the loop between aF and oG helices, and
its increased modification extent is also likely because of an
indirect, or allosteric, effect of dimerization.

Footprinting on Her4 Dimer Autophosphorylation—A grow-
ing body of MS evidence has demonstrated that EGFR-ErbB
family kinases are phosphorylated on their activation loop
both in vivo and in vitro (8, 34-39). A previous study of
full-length Her4 demonstrated phosphorylation of Tyr-850 in
the Her4 activation loop (8). For a closely related kinase,
Her2/neu, we showed that the homologous activation loop
Tyr residue (Tyr-877) is also phosphorylated in cells (35). To
study the conformation changes induced by phosphorylation,
we first incubated Her4 monomers and Her4 dimers with ATP
and MgCl,. Although a low-level phosphorylation of six resi-
dues was detected prior to ATP addition, particularly at Ser-
828 and Ser-972 (Fig. 4A), we interpret this as basal phos-
phorylation of the isolated Her4 kinase. This phosphorylation
likely occurred during recombinant protein expression in the
insect cell, as was observed in other studies (52). Consistent
with our previous report (15), phosphorylation levels of iso-
lated Her4 kinase-domain monomer showed only small
changes when incubated with 100 um ATP for 5 min at 4 °C,
whereas a dramatic increase in phosphorylation at Tyr-850
occurred when isolated Her4 kinase-domain dimers were in-
cubated with ATP under the same conditions. Her4 is known
to contain additional autophosphorylation sites in its C-termi-
nal tail domain, but that domain is not included in this isolated
Her4 kinase-domain construct. Phosphorylation extents were
calculated in the same way as for the carboxyl-group modi-
fication. Although these extents do not represent the absolute
stoichiometry of phosphorylation in the sample, they do pro-
vide a reliable relative change in phosphorylation among
samples.

We next compared the modification extent of the Tyr-850
phosphorylated isolated Her4 kinase-domain dimers to the
dimers that had not been incubated with ATP. Given that the
phosphorylation of Tyr-850 did not reach 100%, the isolated
Her4 kinase-domain dimer that was incubated with ATP rep-
resents a mixture of Tyr-850 phosphorylated and unphos-
phorylated proteins. In a bottom-up approach, phosphoryla-
ted and unphosphorylated peptides can be separated by aLC
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structure are labeled in red. The residues from activation loop are

labeled in blue. Data represent mean and standard deviation of three

independent samples. B, Her4 kinase-domain asymmetry dimer. Based on carboxyl group footprinting results, two residues E690 and E912
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and identified by MS based on the mass shift induced by
phosphorylation, and their carboxyl-group modification ex-
tents can be calculated separately. Measuring the modifica-
tion extent for the unphosphorylated Tyr-850 containing pep-

tides can be viewed as another control experiment. We found
that, of the five possible modification sites in the peptide
containing Tyr-850, four were modified (Fig. 48 and Table ).
The modification extents were significantly decreased for Glu-
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TaBLE |
LC-MS results of modified residues in the activation foop.

Peptide Sequence MS2 ID’d Theoretical Mass Error Net Mass Peak Retention
Modification* Mass Centroid (ppm) Change Time (min)

842-848 LLEGDEK E847 859.429 859.429 -0.1 57.0215 16.51
842-848 LLEGDEK E847 887.46 887.459 -0.8 85.0528 21.56
842-856 LLEGDEKEYNADGGK E847 1693.78 1693.78 -1.1 57.0215 20.94
842-856 LLEGDEKEYNADGGK E844 1721.81 1721.81 —2.6 85.0528 23.69
849-856 EYNADGGK E849 909.383 909.381 -1.5 57.0214 10.4
849-856 EYNADGGK E849 937.414 937.412 -2.2 85.0527 17.58
849-860 EYNADGGKMPIK M857 1337.63 1337.63 -0.7 15.9949 16.59
849-860 EYNADGGKMPIK D853, M857 1394.65 1394.65 -0.4 73.0164 16.6
849-860 EYNADGGKMPIK D853 1378.66 1378.65 -15 57.0215 21.06

* Note: +15.9949 Da, methionine oxidation; +57.0215 Da, ester hydrolysis product of carboxyl group footprinting reaction; +73.0164 Da,
methionine oxidation and carboxyl group modification, +85.0527 Da, ethyl ester product of carboxyl group footprinting reaction. The
unmodified peptide peak usually has similar retention time with the +57.0215 Da modified peptide.

847, Glu-849, and Asp-853 in the Tyr-850 phosphorylated To rule out that decreases in the carboxyl-group modifica-
state of Her4 as compared with the state for which Tyr-850is  tion are due simply to the proximity of the acidic phosphoty-
unphosphorylated (Fig. 4C). rosine group, we synthesized the tryptic peptide containing
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values becoming very large (>10° m™).

Tyr-850 in both its phosphorylated and unphosphorylated
forms, and submitted them to carboxyl-group modification,
both in solution and in the presence of control liposomes or
nickel-liposomes. The carboxyl-group modification extents of
the synthetic peptides were similar regardless of whether the
Tyr-850 was phosphorylated or unphosphorylated (Fig. 4D).
Further, the addition of either control liposomes or nickel-
liposomes had no impact on the carboxyl-group labeling. This
indicates that the decrease in Glu-847, Glu-849, and Asp-853
maodification extents upon activation-loop phosphorylation of
dimeric Her4 is because of a conformational change in this
loop.

Titration of Her4 Kinase-Domain—To gain a more quantita-
tive view of Her4 kinase-domain dimerization, we modified the
protocol of our previously reported H/D exchange method
(SIMSTEX) (24) and used carboxyl-group modification instead
of H/DX to determine the isolated Her4 kinase-domain dimer
association constant. We started the titration experiment by
equilibrating nickel liposomes with different concentrations of

the isolated Her4 kinase-domain protein. After reaching equi-
librium, the samples were modified by EDC and GEE in an
identical manner for each. By following the modification ex-
tent versus protein concentration, we obtained titration curves
and fit them with mathematical models to afford the Her4
dimer association constant. The decreases in modification
extents are in agreement with results of carboxyl-group mod-
ification between isolated Her4 kinase-domain dimers and
monomers (Fig. 3A and supplemental Fig. S4). The titration
curve of Glu-847 in the presence of nickel liposomes (Fig. 5A)
was used in the dimerization modeling. As a control, we
performed a similar titration experiment in the absence of
liposomes and found that the modification extent did not vary
with Her4 concentration (data not shown). Therefore, the ti-
tration curve (Fig. 5A) is a measure of the dimerization equi-
librium on the nickel liposome surface.

We generated liposome-bound isolated Her4 Kkinase-do-
main dimers by binding the recombinant, Hisg-tagged Herd
kinase-domain protein to the nickel-liposome.(15). This cre-
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ates an equilibrium between Her4d monomers and dimers on
the liposome surface (Fig. 5B). We first assumed that all of the
Her4 kinase-domain was bound to the liposome, either as
monomer or dimer. Testing this, we found a clear bias in the
model; the fitted parameters G and f are clearly unreasonable
(supplemental Fig. S5). To adjust, we made a simple incre-
ment in model complexity that resulted in the removal of
model bias. The increment incorporated four states for the
isolated Her4 kinase-domain (Fig. 5B): free monomer in solu-
tion, monomer on liposome surface, dimers on liposome sur-
face, and Her 4 binding to plastic walls or other surfaces in our
sample vessels. The latter state, which is termed “parasitic-
binding sites” in the method section, removes Her4 from MS
analysis. With this model, an equation giving the carboxyl-
group modification extents (Fig. 5A) was established as
Frac oqifieq IN EQ. 9.

We chose the two parameters, K, and B,,,x, based on the
following considerations. Changes in K, , the affinity of Hisg-
tagged isolated Her4 kinase-domain to nickel-liposome pro-
duced little change in the shape of the fitted model curve (Fig.
5C). Fits were calculated for K, values of 3.3 x 10°,1 x 10°,
3.3 X 10% and 1 X 107 m~ ', which is a reasonable range for
the association of Her4 to nickel-binding sites on the lipo-
some surface (10, 15). Although the value for B,,,, could not
be determined with precision, it was not likely to be greater
than the value 4.2 X 107% m~ " that was determined in exper-
iments performed under the same conditions by Monsey et al.
(15). The minimum residual RMS for each K,, occurs along
the left heavy line on the surface for which B,, ., ranges from
1.75 X 107 at the back to 1.28 X 107° m at the front of the
surface (Fig. 5C). Below these respective values, the model
curves clearly exhibited bias with the curves turning up rapidly
at the high end of the titration curve.

The association constant for the isolated Her4 kinase-do-
main dimer can either be expressed in bulk phase molar units
or in units of protein surface density (moles of kinase per dm?
of liposome surface). Although the use of molar units is more
familar, the kinase-domain dimerization is occurring on a sur-
face and, therefore, should formally be expressed in protein
surface density units. Based on this modeling, the isolated
Her4 kinase-domain dimer association constant (K,,) is be-
tween 1.5 X 10" and 6.8 X 10" dm?/mol, which corre-
sponds to an apparent bulk phase association constant of 1 X
10810 4.5 X 108 M~ (Fig. 5D). The right-most vertical axis on
Fig. 5D provides the association constant (K,,) in protein
surface density units, and the left-most vertical axis shows it
in bulk phase molar units. Equilibrium constants in this range
are not sensitive to changes in the liposome binding capacity
(Bpsax) or the binding constant of Her4 to liposome (K,,) as
shown in Figs. 5C and 5D.

DISCUSSION

Benefits of Carboxyl-group Footprinting— Carboxyl-group
footprinting may become generally applicable for character-

ization of protein conformational changes because it is in-
formative and easily implemented. We initially tested it on a
small, soluble protein, calmodulin, and then applied it to char-
acterize a photosynthetic protein in a native-membrane envi-
ronment (31, 50). Here we used it to characterize the dimeriza-
tion and phosphorylation-induced conformational changes of
a recombinantly expressed, membrane-associated protein ki-
nase. Carboxyl-group labeling is performed under physiologic
conditions (aqueous buffers, neutral pH and 50-150 mm salt),
requires no special equipment, and is readily performed. The
use of a standard SDS-PAGE followed by in-gel digestion
protocol for protein separation, clean-up, and digestion make
sample preparation relatively simple and readily implemented
in other labs.

The compatibility of carboxyl-group footprinting with
SDS-PAGE yields several advantages. Lipids, detergents,
and salts can be removed during the gel electrophoresis,
and separation of multiple proteins prior to MS analysis is
easily performed. Commonly used MS-based H/DX and
hydroxyl radical labeling schemes are not compatible with
SDS-PAGE because the protein undergoes back-exchange
in H/DX or additional protein oxidation in hydroxyl-radical
footprinting occur during electrophoresis. The advantages
of carboxyl-group footprinting MS are particularly well-
suited for the study of membrane proteins, as there are very
few MS-based studies of protein structure and only a limited
number of protein crystal structures for this class of proteins
(26, 27, 53).

The extents of modification of Asp and Glu residues depend
on extrinsic factors including reaction temperature, time, and
reactant concentration, all of which are constant in the exper-
iment, and intrinsic factors including steric effects, solvent
accessibility, electrostatic interactions, and local pH (17). By
comparing the extent of modification of the same residue in
two or more states of a protein, we can measure the effects of
conformational changes or protein-protein interactions on this
residue. An important caution for carboxyl-group footprinting
is the potential of the modification to directly alter protein
conformation. For this reason, we kept the reaction time short
to ensure that the extents of modification were low but still
detectable. Further, the CD spectrum of Her4 after carboxyl-
group labeling showed that the labeling reaction did not glob-
ally perturb the protein structure. Whenever this approach is
applied to a new protein or experimental system, we recom-
mend carrying out this reaction-time optimization and testing
of protein conformation. Other limitations of carboxyl-group
footprinting include the relatively long labeling times (~ min-
utes), making it unsuitable for studying fast processes, and
the labeling of only acidic residues, which does not provide
information on the other 18 amino acids. Nevertheless, car-
boxyl-group footprinting complements H/DX, which provides
information on the backbone amides, and hydroxyl radical
footprinting, which gives provides information on aromatic,
sulfur-containing and aliphatic amino acid side chains. The
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complementarity of H/DX and hydroxyl radical footprinting
was already demonstrated (54).

In comparison to protein crystallography, all MS-based
footprinting approaches can be performed with very small
amounts of protein, can be repeated under multiple states of
the protein, and are done in solution. They assess dynamic
changes in proteins, whereas protein crystallography repre-
sents a “snap-shot” of a single conformation. Additionally,
MS-based methods provide information on flexible regions of
proteins, which often lack electron density in crystal struc-
tures or cause failure to crystallize. Footprinting, however,
does not provide direct structural characterization at the
atomic level. Although footprinting results, including those
involving carboxyl groups, can be interpreted in the absence
of a crystal structure, data interpretation is greatly aided if
the 3D structure of the protein or a homolog is known. Fur-
thermore, crystal structures can be re-interpreted based on
functional or dynamic data that MS-based methods provide
(55, 56).

Application to Her4 —Footprinting of a reconstituted, in
vitro model system of Her4 offers several advantages includ-
ing conducting experiments that would be very difficult in
intact cells. It complements the traditional approach of using
recombinant protein expression of isolated kinase domains to
study protein kinase structure and enzymology (7, 9, 51).
Indeed, the activation mechanism for ErbB kinase activity was
established using isolated kinase-domain constructs at-
tached to liposomes. This activation mechanism, termed the
asymmetric dimer model, was supported by subsequent mu-
tation studies on the full-length proteins (9, 15, 57). Biophys-
ical determinations of the affinity of kinase-domain dimeriza-
tion can be made in vitro to assess the role of the kinase
domain in full length Herd dimerization. Studies of an isolated
kinase domain, however, do have inherent limitations. For
example, the interactions between the kinase domain and the
juxtamembrane domain or C-terminal-tail domain cannot be
tested, and the missing domains could modify the kinase
domain’s function. Unfortunately, attempts to purify the full-
length EGFR protein have been hampered by low yields and
purity, the need for detergents, and the proteolysis of the
C-terminal tail domain of EGFR (39, 58). Because detailed
biochemical or structural studies on purified full-length ErbB
proteins are not yet available, footprinting of isolated ErbB
domains offer a tractable experimental system from which to
draw cautious conclusions.

The classical model of ErbB receptor tyrosine kinase func-
tion holds that these receptors exist as autoinhibited mono-
mers that undergo dimerization after ligand binding (7). There
is evidence, however, that EGFR can exist in preformed
dimers on the cell surface. These preformed dimers may be in
an inactive conformation that is converted to an active con-
formation upon ligand binding (59, 60). Given that the Her4
kinase-dimer interface is essential for Herd signal transduc-
tion (11), we conclude that if the preformed dimer model is

correct, it still requires formation of the asymmetric kinase
dimer. An additional property of full-length Her4 is that after
ligand binding, it can undergo cleavage by two membrane-
associated proteases, «- and +y-secretase, to yield an m80
fragment or a s80 fragment (61-63). The m80 fragment is
membrane-associated and contains the transmembrane, jux-
tamembrane, kinase, and C-terminal-tail domains. The s80
Herd fragment lacks the transmembrane domain and is a
soluble protein that localizes to the cytosol or translocates
into the nucleus. The kinase activities of the m80 and s80
Her4 fragments are preserved (62), and our footprinting stud-
ies of the isolated Her4 kinase-domain provide data on the
possible behavior of these Her4 fragments.

Our current understanding of the Her4 kinase dimerization
interface is based on protein crystallography. Although these
crystal structures provide an excellent starting point, they also
have several limitations. In particular, the Her4d asymmetric
dimer structure is inferred from the crystal packing of the
kinase monomers and had to be validated by mutational
studies (11). These limitations motivate a direct test of the
Herd kinase-dimer structure. By attaching it to a lipid mem-
brane, we mimic the environment and orientation that the
Her4 kinase-domain experiences in vivo. We observed that
four residues show a decrease and one residue shows an
increase in modification extent in the Her4 kinase dimer as
compared with the monomer. Of these residues, three are
directly located at the crystallographic kinase-dimer interface,
and the two remaining are in loops whose movement is likely
to be directly influenced by dimerization. Asp-853 is at the
activation loop, whose movement is coupled to the «C-helix,
and the «C-helix forms part of the dimer interface. Asp-897 is
located on the loop between «F- and «G-helices and the
C-terminal end of the aG-helix also forms part of the dimer
interface. The changes in modification extents of these five
residues indicate that the solid-state structure of the Herd
kinase dimer is relevant to solution.

The Her4 kinase-domain crystal structures provide less
information about the activation loop. In one crystal structure
(PDB accession number:3BCE), residues 853 and 854 lack
electron density, and in another (PDB accession number:
3BBT, termed the inactive conformation) a much larger sec-
tion of the activation loop, residues 844 to 857, lacks electron
density (11). Further, there is growing MS evidence that EGFR
(34, 38, 39), Her2 (35-37), and Her4 (8) are phosphorylated on
a conserved tyrosine located on the activation loop, but no
crystal structure of this activation loop phosphorylated ErbB
kinase is available. The modification extents for isolated Her4
kinase dimers attached to liposomes show that activation-
loop residues Glu-847, Glu-849 and Asp-853 are significantly
decreased in the phosphorylated dimer as compared with the
unphosphorylated dimer. A control experiment on a synthetic
peptide shows that this decrease in carboxyl-group modifi-
cation is because of a conformational change of the activation
loop and not because of a chemical effect of the nearby
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phosphotyrosine group. These results are analogous to those
from H/DX on the Ser/Thr kinases, PKA, ERK2 MAP kinase
and p38a MAP kinase, all of which show reduced H/DX of the
phosphorylated activation loop as compared with the un-
phosphorylated state (55, 64, 65). Many protein kinases are
known to be regulated by activation loop phosphorylation
(51). However, based on mutational studies and crystallogra-
phy studies on EGFR, activation loop phosphorylation of
EGFR was thought not to be required and this conclusion was
extended to the rest of the ErbB tyrosine kinase family (9, 66,
67). The results presented here suggest that Her4 activation-
loop phosphorylation causes a conformational change in this
loop. Given the MS evidence documenting EGFR, Her2, and
Herd activation loop phosphorylation, additional biological
experiments on the effects of activation loop phosphorylation
are required.

Although footprinting provides evidence for phosphoryla-
tion-induced conformation change in the activation loop, de-
lineating the conformation is more difficult. We considered
three possible conformations that are consistent with the
footprinting results. First, the activation loop could form a
hydrogen-bonding or electrostatic-interaction network be-
tween the phosphorylated residues and nearby basic resi-
dues, thereby reducing loop flexibility. This has been ob-
served in several protein kinases, including insulin receptor
kinase and ERK2 (68, 69). In fact, a molecular dynamics
simulation of activation loop phosphorylation of Her2 sug-
gests that the Her2 residue homologous to Glu-849 interacts
electrostatically with an Arg residue (70). This reduction in
flexibility and formation of new electrostatic interactions
should reduce the modification extent in the phosphorylated
Her4 kinase-domain. Second, the activation loop could adopt
a conformation whereby the carboxyl groups lose solvent
accessibility. Solvent-accessible surface area calculations on
the phosphorylated and unphosphorylated ERK2 (PDB ac-
cession numbers: 2ERK and 1ERK) indicate that several Asp
residues in the activation loop have reduced solvent accessi-
bility in phosphorylated ERK2 (55, 69, 71). Third, the activation
loop of one monomer could insert into its dimer partner.
Although this activation loop exhange is a more radical con-
formational change, it was demonstrated for checkpoint ki-
nase 2 (CHK2), Ste20-like kinase (SLK), Ser/Thr kinase 10
(STK10) and death-associated protein kinase 3 (DAPKS, also
named ZIPK) (72, 73). Although there is no other evidence for
activation loop exchange in tyrosine kinase structures, this is
an intriguing possibility that could also explain these footprint-
ing results.

Affinity of dimerization—The isolated ErbB kinase-domain
constructs are monomers in solution. Therefore, the contribu-
tion of the kinase domain to the dimerization of the full-length
ErbB protein is assumed to be small. Crystallographic studies,
however, showed that EGFR and Her4 kinase dimers have a
buried surface area of 2019 A? and 2252 A?, respectively (9,
11). In comparison, the buried surface area of the isolated

EGFR extracellular domain dimer is 2553 A? (13, 74). The
magnitudes of these areas suggest that the kinase domain
can make significant contributions to the dimerization affinity
of the full-length ErbB protein. In keeping with this, Mac-
Donald and Pike (16) showed that the EGFR Leu-680 to Asn
substitution, which is in the kinase domain and at the asym-
metric dimer interface, results in a three-orders-of-magnitude
decrease in the dimerization of full-length EGFR. Although the
dimerization affinity of the isolated EGFR kinase domain is
~250 nm (10), the dimerization affinity of the isolated kinase
domains has not been measured, to our knowledge. There-
fore, we incorporated carboxyl-group footprinting in a titration
experiment to measure the isolated Herd4 kinase-domain
dimerization affinity. This approach has advantages over tra-
ditional methods of determining binding constants, such as
isothermal titration calorimetry and surface plasmon reso-
nance, because it measures directly the reduction in labeling
because of dimerization without the confounding effects of
the affinity and free energy change of the His,-tagged protein
binding to the nickel-liposomes (given by equilibrium constant
K,, in Fig. 5B).

Our approach models the modification extent of the iso-
lated Her4 kinase-domain as a function of the bulk solution
concentration of Herd. We did not use the estimated local
surface density of Her4 kinase-domain on the nickel-lipo-
somes in the initial steps of our model because of difficulty in
precisely determining Herd’s local surface density. Instead,
we converted the solution association constant to surface
density units in the final step of our model. The outcome,
1.5-6.8 X 10'2 dm?%mol, is comparable to previously re-
ported dimerization association constants for the full-length
EGFR (16). We acknowledge that the use of the bulk Her4
solution concentration is a limitation in our modeling. We
further acknowledge that independent approaches to verify
this association constant are needed. Nevertheless, the result
suggests that the kinase domain makes a significant contri-
bution to the dimerization of the full-length ErbB protein.

We can reconcile the observation that isolated ErbB kinase
domains are monomers in solution, even at high concentra-
tions, with the finding of strong dimerization affinity of the
isolated kinase domains on the surface of the nickel-lipo-
somes by considering that the nickel-liposome surface con-
centrates the Her4 kinase domain construct and raises the
local concentration of available kinase domain monomers.
Because the apparent bulk phase association constant for
dimerization is proportional to the square of the free monomer
concentration, a thousand fold increase in the Her4 kinase
monomer concentration on the liposome surface will result in
a million-fold increase in the apparent association constant on
the liposome surface. This means that an apparent bulk phase
association constant of 108 m~' on the liposome surface
would translate to a 10° m~' in solution. If the apparent
association constant is 10° M~ in solution, then Her4 kinase
domain construct would remain predominantly as monomers
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in solutions, even at concentrations up to 10 mg/ml (0.25 mw).
This local concentrating effect on the lipid membrane surface
also occurs inside cells, because the full-length Her4 protein
is a transmembrane protein and localizes to the plasma mem-
brane in vivo.

CONCLUSIONS

The changes in carboxyl-group footprinting of the Her4
kinase-domain dimer, as compared with the monomer, are
consistent with the crystallographic asymmetric dimer, thus
providing corroborating evidence that the isolated Her4 ki-
nase-domain dimer on a lipid membrane surface adopts a
similar conformation to that observed in the crystal structure.
Furthermore, the Her4 kinase-domain autophosphorylates it-
self on Tyr-850 in vitro, altering the activation loop conforma-
tion, and this is detected by carboxyl-group footprinting.
Finally, mathematical modeling of the carboxyl group foot-
printing titration curve suggests that the kinase domain makes
a significant contribution to the dimerization of the full-length
Her4 protein.

An exciting future application of carboxyl-group footprinting
MS is to study ErbB tyrosine kinase heterodimerization. In
addition to forming homodimers, the full-length Her4 protein
can dimerize with EGFR or Her2 to form heterodimers (75).
In fact, the ErbB family member, Her3, is thought to require
heterodimerization for its normal, physiological functioning
because Her3 has a defective kinase domain and, therefore,
cannot initiate signaling on its own. Recent crystal structures
of the Her3 kinase domain show that its N-lobe is markedly
altered as compared with Herd and EGFR (76, 77). This means
that Her3 cannot function as an acceptor monomer in the
asymmetric dimer and is restricted to being a donor monomer
(9, 76). Carboxyl-group footprinting offers a promising
method for studying these heterodimers and other membrane
protein complexes.
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