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Tyrosine autophosphorylation of receptor tyrosine kinases plays a
critical role in regulation of kinase activity and in recruitment and
activation of intracellular signaling pathways. Autophosphoryla-
tion is mediated by a sequential and precisely ordered inter-
molecular (trans) reaction. In this report we present structural and
biochemical experiments demonstrating that formation of an
asymmetric dimer between activated FGFR1 kinase domains is re-
quired for transphosphorylation of FGFR1 in FGF-stimulated cells.
Transphosphorylation is mediated by specific asymmetric contacts
between the N-lobe of one kinase molecule, which serves as an
active enzyme, and specific docking sites on the C-lobe of a second
kinase molecule, which serves a substrate. Pathological loss-
of-function mutations or oncogenic activating mutations in this in-
terface may hinder or facilitate asymmetric dimer formation and
transphosphorylation, respectively. The experiments presented
in this report provide the molecular basis underlying the control
of transphosphorylation of FGF receptors and other receptor tyro-
sine kinases.

cell signaling ∣ phosphorylation ∣ protein kinases ∣ protein–protein
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Ligand-induced tyrosine autophosphorylation plays an impor-
tant role in the control of activation and cell signaling by re-

ceptor tyrosine kinases (1–6). Structural and biochemical studies
have shown that autophosphorylation of fibroblast growth fac-
tor receptor 1 (FGFR1) (7, 8) and FGFR2 (9) are mediated by
a sequential and precisely ordered intermolecular reaction that
can be divided into three phases. The first phase involves trans-
phosphorylation of a tyrosine located in the activation loop (Y653
in FGFR1) of the catalytic core resulting in 50–100-fold stimula-
tion of kinase activity (7). In the second phase, tyrosine residues
that serve as docking sites for signaling proteins are phosphory-
lated including tyrosines in the kinase insert region (Y583, Y585),
the juxtamembrane region (Y463), and in the C-terminal tail
(Y766) of FGFR1. In the final and third phase, Y654, a second
tyrosine located in the activation loop is phosphorylated, result-
ing in an additional 10-fold increase in FGFR1 kinase activity (7).
Interestingly, tyrosines that are adjacent to one another (e.g.
Y653, Y654 and Y583, Y585) are not phosphorylated sequen-
tially, suggesting that both sequence and structural specificities
dictate the order of phosphorylation. Although tyrosine phos-
phorylation plays a major role in cell signaling, it is not yet clear
what the structural basis for transautophosphorylation is. In other
words, the molecular mechanism underlying how one kinase (the
enzyme) within the dimerized receptor specifically and sequen-
tially catalyzes phosphorylation of tyrosine(s) of the other kinase
(the substrate) is not yet resolved.

We previously determined the crystal structure of activated
FGFR1 kinase domain bound to a phospholipase Cγ (PLCγ)
fragment composed of two SH2 domains and a tyrosine phos-
phorylation site (Fig. 1) (PDB code 3GQI) (10). In this structure
we found that the substrate-binding pocket of the kinase mole-
cule (the enzyme molecule, termed molecule E) is occupied by

the residue equivalent to Y583 of a symmetry-related molecule
(the substrate molecule, termed molecule S). This tyrosine (sub-
stituted by an phenylalanine residue) is located in the kinase
insert and is the second FGFR1 tyrosine that becomes phos-
phorylated in vitro (7). On reexamination of the crystal structure,
3GQI, we found that there is a substantial crystallographic inter-
face between the N-lobe of the molecule that serves as an enzyme
and the C-lobe of molecule that functions as a substrate. In this
interface there are direct interactions between R577′ and D519
(Fig. S1A). Inherited mutations have been documented that
result in D519N, a loss-of-function mutation causing lacrimo-
auriculo-dento-digital syndrome (11), and in R576W, a somatic
gain of function mutation found in glioblastoma (12). In the cur-
rent study we used structural and biochemical tools to show that
R577 is involved in creating, in vivo, an asymmetric FGFR1 dimer
that allows transphosphorylation of Y583 and other tyrosine
autophosphorylation sites in FGF-stimulated cells. This study
provides the basis for understanding molecular-level specificity
in FGFR1 transphosphorylation and cell signaling.

Results and Discussions
Asymmetric Dimerization Interface During Autophosphorylation of
FGFR1. The structure of activated FGFR1 kinase in complex
with a phospholipase Cγ (PLCγ) fragment (10) shows that two
symmetry-related activated kinase domains form an asymmetric
dimer that we hypothesize illustrates in vivo transautophosphor-
ylation of Y583 in the kinase insert region (Fig. 1A and Fig. 1B).
The asymmetric arrangement of the two kinase molecules is
mediated by an interface formed between the activation segment,
the tip of nucleotide-binding loop, the β3-αC loop, the β4-β5 loop,
and the N-terminal region of helix αC in a kinase molecule that
serves as an enzyme (E), and the kinase insert and residues be-
tween C-lobe helices αFand αG in a second kinase molecule serv-
ing as a substrate (S) (Fig. 1C and D). Importantly, R577, a re-
sidue close to the kinase insert region of the substrate molecule,
contributes to this interface (Fig. 1B). The total buried surface
area is 1648 Å2 (13).

The interface formed between the two active FGFR1 mole-
cules consists of two regions. One is the proximal substrate-
binding site near the Pþ 1 region of the activation segment. The
other is a region distal from the substrate-binding site. The distal
substrate-binding site is formed between a region adjacent to the
nucleotide-binding loop of molecule E and the αF-αG loop and
the N-terminal residues of the kinase insert region of molecule S.
In the crystal structure clear electron density is seen for R577 and
D519 (Fig. S1A). It is of note that the R577 side chain faces
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approximately 180° opposite from that of R576, an amino acid
mutated in glioblastoma (Fig. S1B) (12).

The two regions of the asymmetric dimer interface are com-
plementary with an Sc ¼ 0.62 (Fig. 2) (14). For the proximal
substrate-binding site molecule E predominantly contributes re-
sidues from the activation segment (N659–V664) that form a
short antiparallel β-sheet with residues C-terminal to Y583′ from
molecule S, and R570 forms a salt bridge with E582′ (Fig. 2B).
For the distal binding site, R577′ binds both the backbone car-
bonyl and side chain of D519, and the loop between helices
αF and αG in molecule S forms multiple aliphatic contacts with
the β3-αC and β4-β5 loops (Fig. 2C).

In Vitro Tyrosine Kinase Activity of the R577E FGFR1 Mutant. To inves-
tigate the in vitro effects of R577E mutation (FGFR1-RE) we
conducted autophosphorylation experiments of wt-FGFR1 and
FGFR1-RE kinase domains. Purified FGFR1 kinase domains
were incubated with ATP and Mg2þ at room temperature and
monitored at different times by stopping the transphosphoryla-
tion reaction with EDTA and running all samples on a nonredu-
cing native gel (Fig. 3A and B). The reaction profiles of
wt-FGFR1 and FGFR1-RE in native gels clearly showed that
transphosphorylation and the reverse dephosphorylation reaction
of FGFR1-RE were substantially retarded when compared to
those of wt-FGFR1 kinase domain. Transphosphorylation of wt-
FGFR1 kinase domain took place within 10 min, reaching a fully
phosphorylated state, and then underwent the reverse depho-
sphorylation reaction. This contrasts with FGFR1-RE, which be-
came fully phosphorylated within 30 min and then underwent the
reverse reaction. This experiment demonstrates that the intrinsic

kinase activity of FGFR1-RE kinase domain is maintained, yet it
is kinetically retarded.

To study how the R577E mutation affects the activity and
transphosphorylation of full-length FGFR1, we stably expressed
wt-FGFR1 and FGFR1-RE in L6 myoblasts (Fig. 3C). Lysates
from cells expressing wt-FGFR1 or FGFR1-RE were immuno-
precipitated and subjected to an in vitro autophosphorylation re-
action at room temperature (7). The experiment presented in
Fig. 3C shows that both full-length wt-FGFR1 and FGFR1-RE
become tyrosine autophosphorylated to a similar extent and are
capable of phosphorylating an exogenous substrate molecule
composed of the two SH2 domains and a phosphorylation site of
PLCγ. These results show that the tyrosine kinase activity of full-
length R577E FGFR1 mutant is maintained in vitro.

Tyrosine Autophosphorylation of the R577E Mutant Is Strongly
Compromised in Living Cells. We next compared autophosphoryla-
tion of WTor the R577E FGFR1 mutant in FGF-stimulated live
cells. Stable L6 cell lines matched for expression level of wt-
FGFR1 or FGFR1-RE were stimulated with different FGF con-
centrations for 10 min at 37 °C (Fig. 3D) or with 100 ng/ml FGFat
different time points (Fig. 3E). The level of receptor tyrosine
phosphorylation was determined by subjecting lysates from unsti-
mulated or FGF-stimulated cells to immunoprecipitation with
anti-FGFR1 antibodies followed by immunoblotting with anti-
pTyr antibodies. FGF stimulation of cells expressing wt-FGFR1
resulted in ligand-dependent receptor tyrosine phosphorylation.
By contrast, FGF stimulation of cells expressing FGFR1-RE re-
sulted in a very weak phosphorylation even at the highest dose of
the ligand. The drastic reduction in tyrosine autophosphorylation

Fig. 1. The overall structure of asymmetric activated FGFR1 kinase dimer and detailed views of inter receptor contacts. (A) Asymmetric dimer of active phos-
phorylated FGFR1 is shown in ribbon diagram. Molecules E and S of the asymmetric dimer are colored in cyan and green, respectively. (B) A detailed view of the
interface formed between kinases in the asymmetric dimer. ATP analog (AMP-PCP) and interacting residues are shown in stick representation and the mag-
nesium ion is shown as a blue sphere. Residues frommolecule S are labeled with primes. The color scheme applied in this figure is used for all figures. Secondary
structures are labeled in blue. (C) Surface representation of molecule E is depicted in cyan with interacting residues of the molecule S in stick and ribbon
representation. Representative residues from molecule S are labeled. (D) Surface representation of molecule S is shown in green with interacting residues
of molecule E (Pale Cyan) in stick and ribbon representation (www.pymol.org).
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of FGFR1-RE in vivo, is not caused by the loss of its intrinsic
kinase activity because both isolated full-length R577E mutant
and the purified kinase domain of the R577E mutant maintained
kinase activity in vitro.

Crystal Structure of R577E Mutant. We next examined the effect of
the R577E mutation on the integrity of the kinase domain by de-
termining the crystal structure of the kinase domain of an FGFR1
mutant protein. The R577E mutant protein was expressed in
E. coli and purified by affinity, size exclusion, and anion exchange
chromatography. Rod-shaped crystals of mutant protein grew
in 2 wk at room temperature and diffract to 3.2 Å resolution.
These crystals belong to space group C2 and include four copies
of FGFR1-RE in the asymmetric unit. All four molecules of
FGFR1-RE are in very similar conformations and superpose with
RMSDs <0.4 Å over residues 461–762 without the kinase insert
region (aa. 576–594) (Fig. S2) (15); the kinase insert is flexible
and modeled in only two of the four molecules. All four FGFR1-
RE molecules are in the active state and exhibit few changes in
overall conformation when compared to 3GQI. We have also de-
termined the structure of unphosphorylated FGFR1 in the inac-
tive conformation to 2.70 Å resolution (Table S1).

Briefly, the FGFR1-RE mutant crystal structure is an active-
state kinase domain with an extended activation loop. The N-lobe
is rotated toward the C-lobe of the kinase structure as has pre-
viously been seen in activated phosphorylated FGFR structures
(9, 10). In the structure of FGFR1-RE, no density for ATP ana-
log, ACP-PCP, was found in the catalytic cleft between the N-
lobe and C-lobe. Helix αC in the N-lobe of FGFR1-RE is ro-
tated slightly closer to the activation loop than in previously

determined structures of FGFR1 (Fig. 4A–C). The two unpho-
sphorylated activation loop tyrosines (Y653, Y654) in FGFR1-
RE are located in the same positions as phosphotyrosines
(pY653, pY654) in the active FGFR1 structure probably because
of incompatibility of this crystal form with the inactive conforma-
tion of the kinase (Fig. S3).

Comparison of FGFR1 Crystal Structures. The conformation of
the FGFR1 kinase insert region shows significant conforma-
tional flexibility between all three FGFR1 structures (FGFR1
and FGFR1-RE determined in this study and 3GQI that we term

Fig. 2. Surface distributions of residues in the asymmetric FGFR1 kinase di-
mer interface. (A) Overall structures of the asymmetric kinase dimer are
shown in ribbon format. (B) Surface presentation of molecule E (the enzyme)
is in cyan. The proximal substrate-binding region is shown in red and distal
substrate-binding region is shown in yellow. Activation-loop (A-loop) and nu-
cleotide-binding loop (N-loop) are indicated. (C) Surface representation of
molecule S (substrate) is in green with the tyrosine autophosphorylation site
(Y583) in the kinase insert region of molecule S indicated. Substrate site of
molecule S is colored in red and the distal substrate site is in yellow.

Fig. 3. Autophosphorylation of FGFR1 in vitro and in vivo. Profiles of in vitro
phosphorylation reactions of isolated kinase domains of (A) wt-FGFR1 and (B)
FGFR1-RE at room temperature as a function of time. (C) Kinase activity of
FGFR1-RE in vitro is maintained. Lysates of L6 cells expressing wt-FGFR1 or the
FGFR1-RE mutant were subjected to immunoprecipitation with anti-FGFR1
antibodies. The immunoprecipitates were then incubated in the presence
or absence of an FGFR1 substrate (PLCγ fragment, described in the results)
for 30 min at room temperature followed by SDS-PAGE and immunoblotting
with anti-pTyr or anti-FGFR1 antibodies. (D) Autophosphorylation of FGFR1-
RE in vivo, is strongly compromised. L6 cells expressing either wt-FGFR1 or its
RE mutant were stimulated with increasing concentrations of FGF (as indi-
cated) for 10 min at 37 °C. Lysates of unstimulated or FGF-stimulated cells
were subjected to immunoprecipitation using anti-FGFR1 antibodies fol-
lowed by SDS-PAGE and immunoblotting with antipTyr or anti FGFR1 anti-
bodies. (E) L6 cells expressing wt-FGFR1 or FGFR1-RE were stimulated with
100 ng/ml FGF for different times (as indicated). Lysates of unstimulated
or FGF stimulated cells were subjected to SDS-PAGE followed by immunoblot-
ting with anti-pTyr or anti-FGFR1 antibodies.
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FGFR1-3P), with rmsd between 4 and 5.4 Å over residues
576–594) (15) (Fig. 4). For FGFR1-RE the asymmetric dimer dis-
cussed above, where one kinase domain presents itself as a sub-
strate for a partner kinase domain, is not seen; in FGFR1-RE we
find that in none of the four molecules in the asymmetric unit
does the kinase insert region present itself to the catalytic cleft
of another FGFR1 molecule. In all three structures R576 main-
tains a similar orientation, however, in the FGFR1-RE structure
the orientation of side-chain R577E is flipped approximately 180°
compared to wild-type FGFR1 (Fig. 4D). We hypothesize that
this crystallographically seen alteration in the conformation of
residue 577 illustrates a change in structural space that this loop
samples over time.

Upon receptor activation and initiation of transphosphoryla-
tion there is a specific sequence of tyrosine phosphorylation that
ensues. This means that dimerization surfaces between two ki-
nase domains are sequentially utilized to allow phosphorylation
in the correct order and implies that specific interactions between
the two kinase molecules will play important roles in phosphor-
ylation of each specific tyrosine. This is surprising, as the same
enzymatic reaction occurs at each phosphorylation site within
the protein, suggesting similar surface properties of the intermo-
lecular interaction.

Recently, an asymmetric dimer was described for the ki-
nase domain of FGFR2 (9). In the FGFR2 crystal structure
Y769 (equivalent to Y766 in FGFR1) is trapped in a position that
seems poised to be a substrate for the other kinase domain. Y769
is located at the extreme C-terminus of the kinase domain. Com-
parison of these two structures (PDB IDs: 3CLY and 3GQI) vi-
vidly illustrates the relationship between two FGFR family kinase
domains that act as either the enzyme (molecule E) or the sub-
strate (molecule S) (Fig. 5A and B). In both structures the buried
surface area of the interface is in the range of 800–900 Å2 (13)
and is comprised of a proximal and a distal binding site. The two
structures show that at the proximal substrate-binding region
there is high structural similarity in the C-lobe of molecule E.
However, the distal substrate-binding region is significantly dif-
ferent between the two structures. The N-lobe residues of

molecule E that comprise the distal substrate-binding surface
are conformationally divergent (Figs. 2 and 5A and B). In the
structure of FGFR1 the distal binding site is formed by residues
in the β3-αC loop and by amino acids from the nucleotide-binding
loop that contributes only A488 and F489 to the interaction.
However, although the conformation of the β3-αC loop is largely
unchanged from FGFR1, the nucleotide-binding loop of FGFR2
is significantly altered in conformation and all residues from
G488 to G493 contribute to binding. We therefore hypothesize
that structural differences in the kinase N-lobe alter the distal
substrate-binding site and could be important for the sequential
nature of transautophosphorylation.

Structure-based sequence alignment of FGFRs shows conser-
vation of residues involved in the formation of interfaces found in
structures of both active FGFR1 and FGFR2 (Fig. S4A) (16).
Interestingly, the N-terminal tip of the helix αG and the adjacent
region in the N-terminal loop of the helix αG in FGFR1 is in-
volved in interface formation as a part of the substrate (molecule
S) whereas the same region in FGFR2 structure is part of the
enzyme (molecule E). In addition, the loop C-terminal to the he-
lix αG is involved in interface formation as a part of the substrate
in the FGFR2 structure. On both loops connecting helix αG to
the main body of the kinase several loss-of-function mutations
have been clinically discovered (Fig. S4B) (17). The loss of autop-
hosphorylation activity of the receptors in vivo may come from
the disruption of interface formation for transphosphorylation.

Conclusions
Receptor tyrosine kinases transphosphorylate in response to li-
gand activation in a specific sequence, however, the molecular
mechanism responsible for this sequential order of transpho-
sphorylation events is not understood. In this study we show that
for FGFR1 there are two regions that mediate asymmetric dimer
formation when Y583 is transphosphorylated. Furthermore, we
show that the single point mutation of a residue intrinsic to this
interface, R577E, drastically reduces autophosphorylation of
FGFR1-RE in live cells. To confirm that this mutation did
not alter the kinase fold and did not introduce significant

Fig. 4. The structures of kinase domains of (A) wt-FGFR1 (PDB ID: 3KY2), (B) FGFR1-RE mutant (PDB ID: 3KXX), and (C) activated FGFR1 (FGFR1-3P) (PDB ID:
3GQI) in a simplified cartoon (Upper) and in a ribbon diagram (Below). The catalytic loop is shown in yellow, and the activation loop in green, helix αC is
depicted as a cylinder in the cartoon. Phosphotyrosines are colored in red in the cartoon and in stick representation in the ribbon diagram. (D) Ribbon diagrams
of kinase insert loops of FGFR1, FGFR1-RE, and FGFR1-3P are in green, cyan, and blue, respectively. Side chains of R576, R577 and R577E are shown in stick
representation. (E) Superposition of kinase insert regions of FGFR1 (Green), FGFR1-RE (Cyan), and FGFR1-3P (Blue) revealing multiple conformations of the
kinase insert regions in the three structures.
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conformational changes we crystallized FGFR1-RE and found no
significant differences to wt-FGFR1 (Fig. 4B and C). This con-
firms that the loss of ligand-induced FGFR1 autophosphoryla-
tion in living cells is not caused by a conformational change in
the kinase domain. The drastic reduction of autophosphorylation
of FGFR1-RE mutant in live cells can be addressed by the steric
constraints driven by the ligand-induced dimerization in vivo. In
living cells autophosphorylation is mediated by FGF and heparan
sulfate proteoglycan induced FGFR1 dimerization. Under these
conditions interactions among kinase domains in two dimensions
increase the steric constraints and decrease the probability of po-
sitions between kinase domains within a dimeric complex. That is,
only a limited number of modes of interaction between kinase
domains of receptor molecules in the cytoplasmic face of the cell
membrane are allowed. In an in vitro environment on the other
hand, the kinase domains is not subjected to steric constraints
generated by receptor dimerization in the cell membrane allow-
ing for freedom to move in three dimension enabling transpho-
sphorylation of Y583 and other tyrosine residues. However,
ligand-induced dimeric FGFR1-RE in vivo cannot bypass the dis-
rupted interface due to the steric constraints generated by dimer-

ization resulting in the failure of transphosphorylation. We have
previously demonstrated that autophosphorylation and kinase ac-
tivation of FGF-stimulated FGFR1 in cells is prevented by mu-
tating the two tyrosine autophosphorylation sites in the activation
loop. However, autophosphorylation and kinase activation of li-
gand stimulated FGFR1 in cells is not prevented by mutating a
single or the four other tyrosine phosphorylation sites in the ki-
nase domain (18). The experiments presented in our current re-
port demonstrate that a point mutation that prevents asymmetric
kinase dimer formation has a stronger impact on autophosphor-
ylation and kinase activity of ligand-stimulated FGFR1 in liv-
ing cells.

We previously showed that transphosphorylation of FGFR1
occurs in precisely ordered sequence (7, 8). The order of trans-
phosphorylation sites of FGFR1 is as follows: Y653, Y583, Y463,
Y766, Y585, and Y654. Strikingly, the distance between each
of these sequential tyrosine phosphorylation sites is between
35–50 Å (Fig. 5C). The phosphorylation of Y583 comes second
in the order after the phosphorylation of Y653 in the activation
loop. Furthermore, the full activation of FGFR1 is achieved by
the phosphorylation of Y654 in the activation loop, which is the
last residue to be phosphorylated in sequence. The failure of the
phosphorylation of Y583 may result in attenuation or termination
of transphosphorylation, perhaps by failure to form an asym-
metric dimer necessary for Y463 phosphorylation resulting in
strong inhibition of receptor autophosphorylation in living cells.
Moreover, it is of note that the autophosphorylation experiments
of ligand stimulated living cells were performed with cells expres-
sing full-length FGFR1 containing a cytoplasmic region with
intact juxtamemberane (JM) and C-terminal tail, enabling poten-
tial formation of additional asymmetric contacts between the cy-
toplasmic regions of ligand stimulated FGFR1 that might be
supported by asymmetric contacts by the JM or the C-terminal
tail of FGFR1.

Materials and Methods
Protein Expression and Purification. Site-directed mutagenesis was performed
to introduce the mutant (R577E), and transformed into E. coli strain BL21

Fig. 5. Overall structures of asymmetric FGFR1 and FGFR2 kinase dimers, and
distances between sequentially ordered FGFR1 tyrosine autophosphorylation
sites. (A, B) Overall structures of asymmetric FGFR1 and FGFR2 kinase dimers
are shown in ribbon diagrams (Upper) or as cartoons (Bottom). The proximal
and the distal substrate interfaces are marked by a yellow or a red sphere,
respectively. The phosphorylated regions and activation loops of both struc-
tures are shown. Helix αC is shown as a cylinder. The proximal substrate inter-
face of both structures is marked by a yellow circle, and the distal substrate
interface is marked by a red circle. (C) A model of FGFR1 (including residue
Y766 not yet observed in an inactive FGFR1 structure) is shown in ribbon dia-
gram and six phosphotyrosine sites in stick representation and colored in red.
The sequence of autophosphorylation of the six autophosphorylation sites of
FGFR1 is marked with numbers and approximate distances between inter au-
tophosphorylation sites shown. Distances between two phosphotyrosine sites
are the average of distance between unphosphorylated and phosphorylated
FGFR1 structures, and summarized in the table.

Table 1. Data collection and structure refinement statistics
for WT-FGFR1 and the R577E mutant FGFR1-RE

Data collection FGFR1-RE WT-FGFR1

X-ray source NSLS X29 Rigaku R-Axis 4
Wavelength (Å) 1.0809 1.5418
Space group C2 C2
Unit cell dimensions

a (Å) 185.6 212.0
b (Å) 74.2 49.8
c (Å) 135.8 66.5
β (°) 97.4 107.5

Resolution (Å) 50-3.2 (3.31–3.20) 50-2.7 (2.80–2.70)
No. of total reflections 623,854 164,827
No. of unique reflections 30,901 18,604
Completeness (%) 98.8 (97.4) 99.9 (100.0)
I∕σ (I) 15.6 (4.7) 14.6 (6.0)
Rmerge (%) 9.5 (35.2) 8.6 (24.1)
Redundancy 4.0 (3.9) 3.6 (3.5)
Refinement
Resolution (Å) 50-3.2 (3.24–3.20) 50-2.7 (2.76–2.70)
Rwork (%) 22.2 (31.0) 20.3 (25.0)
Rfree (%) 26.3 (37.3) 25.2 (33.9)
No. of atoms

Protein 9,444 4,673
Ligand/ion 0 20
Water 0 247

rmsd
Bond lengths (Å) 0.010 0.007
Bond angles (°) 0.99 0.97

Protein Data Bank ID 3KXX 3KY2

Values in parentheses indicate statistics for the highest resolution shells.
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(codon+). Cultures were grown in terrific broth media at 37 °C to an OD600 of
0.8 and induced with 1mM isopropyl-thiogalactopyranoside at 18 °C for 10 h.
Cells were harvested and resuspended in lysis buffer (20 mM Tris-HCl pH 8.0,
20 mM NaCl, and 2 mM PMSF) then lysed by French press followed by cen-
trifugation to remove cellular debris. Expression and purification of WT and
FGFR1 R577E mutant (aa 458–765) were performed as previously described
(7). Proteins were first isolated by affinity chromatography on Ni-NTA beads
(GE Healthcare) and eluted with an imidazole gradient up to 250 mM. The
eluted sample was subsequently subjected to size-exclusion chromatography
using Superdex-200 (S200, GE Healthcare), and further purified by MonoQ
(GE Healthcare) ion-exchange chromatography. The purity and mass of
the purified protein was verified by electrospray mass spectroscopy.

Crystallization and Structure Determination. Proteins were concentrated to
12 mg/ml. The R577E mutant protein was transferred to the buffer contain-
ing 1 mMAMP-PCP, 6 mMMgCl2, 2 mM tris[2-carboxyethyl]phosphine hydro-
chloride (TCEP-HCl), 20 mM Tris pH 8.0, and 100 mM NaCl, and subjected to
screening and optimization. Crystals were grown at room temperature in
14 d using the hanging drop technique containing equal volumes of protein
solution and reservoir buffer (15% [w/v] polyethylene glycol 3350, 200 mM
lithium citrate). Crystals belonged to the centered monoclinic space group
C2 with unit cell dimensions of a ¼ 186.8 Å, b ¼ 74.3 Å, c ¼ 135.8 Å, and β ¼
97.4° with four molecules in the asymmetric unit. The solvent content of the
complex was around 61%. Crystals were transferred into the cryoprotectant
containing reservoir buffer with 15% glycerol then flash frozen in liquid ni-
trogen. Crystals of wt-FGFR1 were obtained as described (15). Wt-FGFR1 crys-
tals belonged to C2 space group with unit cell dimensions of a ¼ 212.0 Å,
b ¼ 49.8 Å, c ¼ 66.5 Å, and β ¼ 107.5°. Data were collected on beamline
X29 at the National Synchrotron Light Source for R577E FGFR1 mutant and
using the home source for the wild-type protein. Data were processed using
HKL2000 (19). A molecular replacement solution for FGFR1 was found with

Phaser (20) using the structures of the kinase domains of FGFR1 (21) (PDB
code: 1FRK) and of FGFR-3P (10) (PDB code: 3GQI). Model building and the
refinement of wt- andmutant FGFR1were carried out with Coot (21) and CNS
(22) to a crystallographic R and Rfree for FGFR1-RE of 22.2% and 26.3%, and
for wt-FGFR1 of 20.3% and 25.2%, respectively. Figures were prepared using
PYMOL (www.pymol.org). PDBsum was used to calculate intermolecular in-
terfaces (13). Data and refinement statistics are summarized in Table 1.

In Vitro Transphosphorylation of wt-FGF1 and FGFR1-RE. 1 μl of purified wt-
FGFR1 (aa. 458–765) or FGFR1-RE (10 mg/ml) was mixed with 1 μl of each
25 mM ATP, 125 mM MgCl2 (in 10 mM HEPES pH 7.5), and 10 mM HEPES
pH 7.5, then quenched with the 1 μl of 250 mM EDTA in 10 mM HEPES
pH 7.5 at every 10 min until 90 min at room temperature. Native gel electro-
phoresis was performed with reaction samples with 7% native gels.

Cell Culture, Immunoprecipitation, and Immunoblotting Experiments. A retro-
viral vector, pBABE, containing a puromycin resistance gene was utilized for
generation of stable cell lines expressing wt-FGFR1 or the R577E FGFR1 mu-
tant in L6 myoblasts. Cells were grown in DMEM containing 10% FBS and
penicillin/streptomycin. For experiments, cells were starved overnight in
DMEM containing penicillin/streptomycin, and subsequently, stimulated
for 10 min with 100 ng/ml FGF. Cell lysates were subjected to immunopreci-
pitation followed by immunoblotting with various antibodies. Antiphospho-
tyrosine (4G10) antibodies were obtained from Upstate Biotechnology, and
anti-FGFR1 antibodies were previously described (7, 8).
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