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living cells and strongly support our model of
ligand-induced reorganization of the EPOR
dimer (27). EPOR, and perhaps other cytokine
receptors (28), would then exist as unliganded
dimers on the cell surface. The hormone would
trigger a switch between a self-associated, in-
active conformation and an active, ligand-
bound conformation. Agonists and antagonists
would then have to consider self association as
a competing reaction, but small-molecule an-
tagonists for this family of receptors could now
be designed to stabilize the inactive dimeric
form. Finally, plasticity of receptor binding
sites in ligand recognition is emerging as a
prevalent theme throughout biology (21, 29).
The structuré of the human growth hormone
receptor initially showed that the same receptor
binding site residues interact with completely
different faces of its hormone ligand (/6). In the
EPOR system, the same binding site interacts
with two sites on EPO (13), various EMPs (11,
12), and now with itself.
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Erythropoietin Receptor
Activation by a Ligand-Induced

Conformation Change
Ingrid Remy,” lan A. Wilson,? Stephen W. Michnick'*

Erythropoietin and other cytokine receptors are thought to be activated
through hormone-induced dimerization and autophosphorylation of JAK ki-
nases associated with the receptor intracellular domains. An in vivo protein
fragment complementation assay was used to obtain evidence for an alter-
native mechanism in which unliganded erythropoietin receptor dimers exist in
a conformation that prevents activation of JAK2 but then undergo a ligand-
induced conformation change that allows JAK2 to be activated. These results
are consistent with crystallographic evidence of distinct dimeric configurations
for unliganded and ligand-bound forms of the erythropoietin receptor.

The erythropoietin receptor (EpoR) shares
both structural and functional features with
the cytokine receptor superfamily that in-
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cludes the interleukins, human growth hor-
mone (hGH), and colony-stimulating factor
(I, 2). Crystal structures and biochemical
analysis have led to the generally accepted
dimerization model of growth factor-medi-
ated receptor activation, where monomeric
receptors remain inactive until ligand binds
to and oligomerizes the receptors, allowing
autophosphorylation of receptor-associated
intracellular kinases (3). However, dimer-
ization or oligomerization of receptors is a
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required but not necessarily sufficient con-
dition for receptor activation.

Studies of hGH bound to human growth
hormone receptor (h\GHR) and of Epo, ag-
onist, or antagonist peptides bound to EpoR
have shown that all of these ligands bind to
receptor dimers with different dimer inter-
face orientations, which correlate with dif-
ferences in the efficiency of receptor acti-
vation (4). Livnah er al. have also deter-
mined the crystal structure of unliganded
EpoR and show that it is also a dimer, but
with a dramatically different arrangement
of the two subunits (5). A significant fea-
ture of the unliganded extracellular dimer is
that the COOH-termini of the monomers,
the points of insertion into the membrane,
are separated by 73 A, compared with 39 A
when the agonist peptide EMP1 is bound to
EpoR. On the basis of this finding and the
ligand-bound structures, they propose an
alternative allosteric mechanism of recep-
tor activation in which ligand-induced re-

Fig. 1. Schematic representation of the crystal-
lographic structure—based Epo receptor activa-
tion hypothesis and of the experimental strat-
egy. (A) Receptors are dimers in their unligan-
ded state (5). The extracellular domain exists in
a conformation that holds the intracellular do-
mains and associated JAK2s separated from
each other by ~73 A. On binding ligand (Epo or
peptide agonist EMP1), the extracellular dimer
is reorganized, bringing the intracellular do-
mains to within 39 A of each other, allowing
autophosphorylation and activation of the
JAK2s. (B and C) The extracellular and trans-
membrane domains of murine EpoR [EpoR(1-
270)] are fused to one of two complementary
fragments of murine DHFR (F[1,2] or F[3])
through flexible linkers (gray lines) consisting
of (Gly-Gly-Gly-Gly-Ser),, repeats where N =
1, 2, or 6 to generate the following: EpoR(1-
270)-5aa-F[1,2] or -F[3], EpoR(1-270)-10aa-
F[1,2] or -F[3], and EpoR(1-270)-30aa-F[1,2] or
-F[3]. Cells transfected with these fusions ex-
press receptors at the membrane surface. Flu-
orescein-methotrexate (fMTX) is taken up by
cells and binds to reconstituted DHFR
(F[1.2]+F[3]) and is retained in the cell. Un-
bound fMTX is rapidly released from the cells
by active transport (8). Panel (B) shows how
fusions in which DHFR fragments are connect-
ed to receptors by a 5-aa linker cannot com-
plement in the unliganded receptor. When re-
ceptors bind to Epo or EMP1, DHFR fragment
complementation can take place. In panel (C),
fusions with the 30-aa linker allow complemen-
tation of DHFR fragments whether receptors
are ligand-bound or not. (D) Results of comple-
mentation experiments with EpoR extracellular
and transmembrane domains should be repro-
ducible with complete EpoR receptor complex,
including associated JAK2. Here is shown one
such experiment in which DHFR fragments are
fused to the COOH-terminal of JAK2 and co-
expressed in cells along with full-length EpoR.
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organization of the dimer brings the intra-
cellular domains into closer proximity, al-
lowing associated JAK2s to come into con-
tact and autophosphorylate (Fig. 1A).

To test this model, we used a fluorescent
assay based on dimerization-induced comple-
mentation of designed fragments of the mu-
rine enzyme dihydrofolate reductase (DHFR)
(6, 7). The basis for the assay is that comple-
mentary fragments of DHFR, when they are
fused to interacting proteins and expressed in
cells, will reassemble and bind to the high-
affinity (dissociation constant K; = 540 pM)
fluorescein-conjugated inhibitor methotrex-
ate (fMTX) in a 1:1 complex. The fMTX is
retained in cells by this complex, whereas
unbound fMTX is actively transported out of
the cells (8). f MTX-DHFR complexes can be
monitored by fluorescence microscopy, fluo-
rescence-activated cell sorting (FACS), or
spectroscopy. To test the allosteric model we
reasoned as follows: if the receptor dimer
transmembrane domains are separated by the
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distance observed in the crystal structure of
unliganded EpoR (73 A), then DHFR frag-
ments (F[1,2] and F[3]) fused to the COOH-
termini of the transmembrane domains will
complement only if ligand induces the confor-
mation change that allows the fragments to fold
into the precise three-dimensional structure of
DHFR (Fig. 1B) (7, 9). This requires that the
NH,-termini of the DHFR fragments be 8 A
apart. Insertion of flexible linker peptides be-
tween the transmembrane domain and DHFR
fragments allowed us to probe the distance
between the insertion points of the extracellular
domain dimer. Linkers of 5, 10, and 30 amino
acids allowed us to probe the range of possibil-
ities as they correspond to extended lengths of
20, 40, and 120 A, respectively (~4 A per
peptide bond). It would be predicted that with
5—amino acid (5-aa) linkers, complementation
of the DHFR fragments would only occur in the
presence of ligands (Fig. 1B), with 10—amino
acid (10-aa) linkers some complementation
could occur in the absence of ligand, but with
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Fig. 2. Fluorescence flow cytometric analysis of
CHO DUKX-B11 cells labeled with fMTX. Cells
were transfected with EpoR(1-270)-5aa-F[1,2]
and -F[3] (top), with EpoR(1-270)-10aa-F[1.2]
and -F[3] (middle), and with EpoR(1-270)-30aa-
F[1,2] and -F[3] (bottom). Histograms are based
on analysis of fluorescence intensity for 10,000
cells at flow rates of ~1000 cells per second.
Data were collected on a Coulter XL 4 color FACS
analyzer (Coulter-Beckman) with stimulation by
an argon laser tuned to 488 nm with emission
recorded through a 525-nm band width filter.
Histograms represent the response in absence of
ligands (white histogram), with 10 nM Epo (light
gray histogram), or with 10 .M EMP1 (dark gray
histogram). Constructs and methods are de-
scribed in (76).
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30-amino acid (30-aa) linkers it would be in--

dependent of ligand (Fig. 1C).

CHO DUKX-B11 (DHFR™) cells were co-
transfected with EpoR extracellular and trans-
membrane domains [EpoR(1-270)] fused to
peptide linkers and one of the two DHFR frag-
ments F[1,2] or F[3]. Cotransfectants were se-
lected for survival in the presence of Epo (2
nM), to induce DHFR complementation, in nu-
cleotide-free medium (selection for DHFR ac-
tivity). Fluorescence flow cytometric analysis
of the cotransfectants incubated with fMTX
showed significant increases (by a factor of ~8)
in fluorescence over background levels when
cells were treated with Epo or EMP1. In the
absence of ligands, cells transfected with EpoR-
DHFR fragment fused through S5-aa linkers
showed no fluorescence, compared with non-
transfected cells; cells with a 10-aa linker
showed a weak fluorescence, whereas those
expressing fusions with a 30-aa linker showed
the same level of fluorescence in the presence
or absence of ligands (Fig. 2). These results are
consistent with the allosteric model of Livnah ez
al. (5) and cannot be due to steric hindrance
caused by proteins at the membrane intracellu-
lar surface that might prevent DHFR fragment
complementation for the shorter 5-aa and 10-aa
linkers. If this was the case, the signal seen in
the presence of ligand for the 30-aa linker, and
to some extent for the 10-aa linker, would be
higher than for the S-aa linker. In fact, the
fluorescence intensity and number of activated

receptors as determined spectroscopically
+EPO +EMP1
EpoR-F[1,2]
+
EpoR-F[3]

JAK2-F[1,2]
+
EpoR-F[3]

JAK2-F[1,2]
-
JAK2-F[3]
+
EpoR
JAK2-F[1,2]
+
JAK2-F[3]

Fig. 3. Fluorescence microscopy of COS-7 cells
expressing EpoR-DHFR and JAK2-DHFR frag-
ment fusions. Cells were grown on 18-mm
glass coverslips to ~3 X 10° in Dulbecco's
modified Eagle's medium (Life Technologies)
enriched with 10% cosmic calf serum (Hy-
clone) in 12-well plates. Plasmids pMT3 harbor-
ing full-length EpoR or EpoR and JAK2 fused
through a 5-aa linker to F[1,2] or F[3] were
created and cells were transiently transfected
with the different constructs. Cells were pre-
pared as described in (76) for FACS except that
after the last wash with PBS, cells were mount-
ed on glass stides. Fluorescence microscopy was
performed on live cells with a Zeiss Axiophot

microscope (objective lens Zeiss Plan Neofluar
40%/0.75).
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(about 8500 receptors per cell) is the same in all
three cases (/0). Furthermore, dose-response
analyses based on FACS data showed saturable
single-site binding with K;’s of 164 pM and
168 nM for Epo and EMP1, respectively (10).
These results are consistent with previous bind-
ing studies (/, 11).

To demonstrate that the allosteric model
applies to the complete receptor complex, we
coexpressed full-length EpoR and JAK2 in
COS-7 cells fused to complementary F[1,2]
and F[3] fragments through the 5-aa linker
(Fig. 3). Coexpression of EpoR-F[1,2] with
EpoR-F{[3] gave a response in the absence of
ligands. These results are consistent with cir-
cular dichroism and nuclear magnetic reso-
nance studies showing that the intracellular
domain of EpoR is partially unfolded in the
absence of JAK2 (12). Taken with our results
presented here, we suggest that the 236—
amino acid intracellular domain acts as a very
long linker itself, resulting in reconstitution
of DHFR. Fluorescence was also seen when
JAK2-F[1,2] was coexpressed with EpoR-
F[3] in the absence of ligands, consistent with
previous studies indicating that this interac-
tion is constitutive (/3). JAK2-F[1,2] and
JAK2-F[3] coexpressed with full-length
EpoR (not fused to either F[1,2]} or F[3]; see
Fig. 1D) showed an induced response to Epo
or EMPI1. This key result demonstrates that
coupling of a ligand-induced conformation
change in the extracellular domain allows
two JAK2s associated with the receptor in-
tracellular domain to come into proximity.
Finally, coexpressed alone, JAK2-F[1,2] and
JAK2-F[3] showed no detectable fluores-
cence. Cotransfected EpoR and JAK2 was
also shown to function normally with the
attached F[1,2] or F[3] fragments because
ligand-induced phosphorylation of JAK2 and
EpoR were detected (12).

The results presented here are consistent
with the structural allosteric model of Livnah et
al. (5) (Fig. 1A). The model is not contradictory
to dimerization models; dimerization is a re-
quired, but not necessarily sufficient, condition
for receptor activation. Fluorescence resonance
energy transfer studies have demonstrated that
other receptors may exist as preformed dimers,
including those for interleukin-1, interleukin-2,
and epidermal growth factor (/4). Investigation
with strategies such as those described here will
help to determine if these and other receptors
may be activated by a similar mechanism as
that of EpoR.
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at a final concentration of 10 wM and incubated for
22 hours at 37°C without Epo. Cells were then treat-
ed with 10 nM Epo or 10 uM EMP1 {(RW)) for 30 min
at 37°C. The medium was removed and the cells were
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washed with PBS and incubated again for 30 min in
a-MEM with Epo or EMP1 to allow for efflux of
unbound fMTX. Medium was removed and cells were
washed with PBS, treated with trypsin, and suspend-
ed in 500 pl of cold PBS supplemented with 10% FBS
to increase cell viability and kept on ice before cyto-
metric analysis within 20 min.
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Hunting Behavior of a Marine
Mammal Beneath the

Antarctic Fast Ice

R. W. Davis,” * L. A. Fuiman,? T. M. Williams,? S. O. Collier,’
W. P. Hagey,* S. B. Kanatous,® S. Kohin,® M. Horning’

The hunting behavior of a marine mammal was studied beneath the Antarctic
fast ice with an animal-borne video system and data recorder. Weddell seals
stalked large Antarctic cod and the smaller subice fish Pagothenia borchgrevinki,
often with the under-ice surface for backlighting, which implies that vision is
important for hunting. They approached to within centimeters of cod without
startling the fish. Seals flushed P. borchgrevinki by blowing air into subice
crevices or pursued them into the platelet ice. These observations highlight the
broad range of insights that are possible with simultaneous recordings of video,
audio, three-dimensional dive paths, and locomotor effort.

The process by which mammalian predators
search for, locate, stalk, and subdue their prey
has been the subject of considerable research
efforts for terrestrial species (/). In contrast,
less is known about the foraging behavior of
marine mammals, primarily because they are
so difficult to observe underwater. Direct ob-
servation of marine animal behavior with
scuba, fixed-location cameras, remotely op-
erated vehicles, and manned submersibles is
limited by depth or duration. Often these
technologies provide only fleeting glimpses
of highly mobile species. Animal-borne time-
depth recorders and acoustic tracking provide
information on diving performance (2, 3) but
do not allow direct observation of animals at
depth. As a result, our knowledge of the
underwater behavior of marine mammals, es-
pecially deep diving species, is based primar-
ily on indirect information provided by dive
depth and duration statistics and estimated
swim speeds. To provide a better understand-
ing of marine mammal diving and hunting
behavior, we developed an animal-borne vid
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eo system and data recorder that enabled us to
observe Weddell seals (Leptonychotes wed-
dellii) foraging at depth and to compute their
three-dimensional dive paths.

Weddell seals are large, marine predators
that are highly adapted for hunting in shore-
fast and pack ice habitats (2, 4). To forage
beneath the extensive, unbroken fast ice, these
seals must locate, pursue, and capture prey in
three spatial dimensions under low-light condi-
tions and while holding their breath. Foraging is
thought to occur in daily bouts consisting of up
to 40 consecutive dives. These dives are usually
to depths of 100 to 350 m (the maximum
recorded dive depth is 741 m) and less than 25
min long. Analyses of partially digested prey,
fish otoliths, and skeletal material obtained
from stomach samples and feces indicate that
Weddell seals consume a variety of prey, al-
though local diets appear narrow (2, 5). For
example, Weddell seals in McMurdo Sound,
Antarctica, forage primarily on small notothe-
niid fish (Pleuragramma antarcticum, Pago-
thenia borchgrevinki, and Trematomus spp.).
They also capture large Antarctic cod, which
grow to 165 cm in length and weigh up to 77 kg
(5). However, virtually nothing is known about
how Weddell seals find their prey, where they
find it, and how they stalk and capture it.

We attached a small video system and data
logger (6) to four adult Weddell seals (one male
and three females) from October to December
1997 to study their hunting behavior in the fast
ice environment of McMurdo Sound, Antarcti-
ca. The video system recorded images of the
seal’s head and the environment immediately in

front of the animal. The data logger recorded
time, depth, water speed, and compass bearing
once per second, and flipper stroke frequency
and ambient sound were recorded continuously
on the audio channels. These data enabled us to
compute the seals’ three-dimensional dive paths
and locomotor effort.

In 57.4 hours of underwater video and data
recordings, we observed several encounters be-
tween seals and their known prey. Three of
these encounters were midwater interactions
with Antarctic cod. One dive by seal 4, a 462-
kg female, provides details on how Weddell
seals stalk large prey in three dimensions. This
seal departed the breathing hole and descended
at an average swim speed of 1.3 m s™! to a
depth of 51 m (Fig. 1A). Without changing
horizontal direction (bearing), the seal then as-
cended to 33 m at 1.2 m s~! and began a
second, gliding descent at 0.7 m s~ !. We sur-
mise that the seal visually located a cod and
began to stalk it at 4 min 51 s into the dive and
a depth of 53 m when the seal suddenly accel-
erated to speeds of almost 2 m s~! with large
swimming strokes. At this point, the seal was
about 23 m from the cod. Before this (minute 4
of the dive), the seal had been gliding at a
descent angle of 31° along a straight course,
bearing 103°, which almost intersected the
point of contact with the cod (Fig. 1, A and B).
Instead of continuing directly toward the fish,
the seal leveled its descent and veered 28° to the
right with the sudden acceleration (Fig. 1, A
and B). This bearing took the prey out of the
seal’s line of sight and increased the distance
between them. At 5 min 39 s into the dive and
a distance of 28 m from the cod, the seal
accelerated through a looping turn and a 23°
descent to 73 m, reaching speeds in excess of
2 m s~ ! and bringing it beneath a very large
(>1 m long) Antarctic cod (Fig. 1C). The seal
extended its neck and struck the cod near the
anal fin with its muzzle. The fish reacted vig-
orously with a powerful tail thrust and disap-
peared from view; it was not seen again. By
attacking from below at the posterior part of the
fish, the seal silhouetted the cod against the
under-ice surface and remained out of sight.
The seal did not appear to pursue the cod after
the strike but continued descending to 85 m. At
the bottom of the dive, the seal turned left and
then ascended quickly to the ice hole at an
average speed of 1.8 ms™1.

Two other encounters with Antarctic cod
were recorded: one by a 475-kg male (seal 2)
and another by seal 4. The seals approached to
within centimeters of the fish, from slightly
below or horizontally, without eliciting a re-
sponse. The cod encountered by seal 2 was at a
depth of less than 20 m and strongly back-

lighted by the under-ice surface. As the seal

approached, it extended its head with erect
vibrissae toward the fish. The seal vocalized
briefly as it swam over the fish. Seal 4 ap-
proached a cod against a dark background at a
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