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Protein–protein interface design is one of the most exciting fields
in protein science; however, designing nonnatural protein–protein
interaction pairs remains difficult. In this article we report a de
novo design of a nonnatural protein–protein interaction pair by
scanning the Protein Data Bank for suitable scaffold proteins that
can be used for grafting key interaction residues and can form
stable complexes with the target protein after additional muta-
tions. Using our design algorithm, an unrelated protein, rat
PLC�1-PH (pleckstrin homology domain of phospholipase C-�1),
was successfully designed to bind the human erythropoietin re-
ceptor (EPOR) after grafting the key interaction residues of human
erythropoietin binding to EPOR. The designed mutants of rat
PLC�1-PH were expressed and purified to test their binding affin-
ities with EPOR. A designed triple mutation of PLC�1-PH (ERPH1)
was found to bind EPOR with high affinity (KD of 24 nM and an IC50

of 5.7 �M) both in vitro and in a cell-based assay, respectively,
although the WT PLC�1-PH did not show any detectable binding
under the assay conditions. The in vitro binding affinities of the
PLC�1-PH mutants correlate qualitatively to the computational
binding affinities, validating the design and the protein–protein
interaction model. The successful practice of finding a proper
protein scaffold and making it bind with EPOR demonstrates a
prospective application in protein engineering targeting protein–
protein interfaces.

de novo design of protein–protein interaction pair � erythropoietin �
functional site grafting � key residue at interface

Protein–protein interaction is critical in many biological pro-
cesses ranging from cell differentiation to apoptosis; how-

ever, little is known about the general principles governing the
specificity and binding affinity of protein–protein interactions.
Recent developments in structural bioinformatics have contrib-
uted greatly to our understanding of protein–protein interac-
tions (1–6). Several groups have addressed the feasibility of
computational redesign of protein–protein interactions by using
native or homologous protein–protein interfaces (7–10). Be-
cause different protein backbones can perform similar functions
(11), in the current study we explored the feasibility of designing
nonnatural protein–protein interaction pairs using known pro-
tein scaffolds.

To reconstruct the function of a protein, one of the common
strategies is grafting, i.e., transferring the functional epitopes from
one protein to another. The critical step for protein grafting is to
find suitable sites for functional epitope transfer. To this purpose,
several computational methods have been developed including a
geometric hashing paradigm (12), FITSITE (13), GRAFTER (14),
and DEZYMER (15, 16). We have developed a strategy for
protein–protein interface redesign by grafting discontinuous inter-
action epitopes to nonhomologous proteins (17–19). The erythro-
poietin (EPO)–EPO receptor (EPOR) system was used as an
example for nonnatural protein–protein interaction-pair design
with the purpose of finding scaffold proteins that can host the
functional epitopes of EPO and thus can bind with EPOR after
proper mutations.

Human EPO (hEPO), a potent regulator of erythropoiesis, is a
glycoprotein hormone primarily produced by the kidney. Biochem-
ical studies showed that EPO contains two binding sites for the
EPOR, a high-affinity binding site with a KD of �1 nM and a
low-affinity site of 1 �M (20). Mutational analysis suggested that
residues 11–15, 44–51, 100–108, and 147–151 on EPO are impor-
tant for erythropoiesis activity (21). The crystal structure of the
EPO–EPOR complex has been determined at a resolution of 1.9 Å
[Protein Data Bank (PDB) ID code 1EER] (22). This structure
demonstrates that Phe-48, Asn-147, Arg-143, and Arg-150 of EPO
are among the key residues for binding to EPOR (20–22).

We have taken the primary EPO–EPOR binding site as our
target of protein–protein interface redesign. After scanning the
PDB, rat pleckstrin homology (PH) domain of phospholipase C-�1
(PLC�1-PH) was found to accommodate well the key interaction
residues in EPO and at the same time can form a good interface
with EPOR. The designed mutants of rat PLC�1-PH showed high
binding affinity with EPOR in vitro and significant biological
activity in a cell-based assay. The current study presents a successful
example for de novo nonnatural protein–protein interaction-pair
design.

Results
Computational Design Results. Based on the experimental mutation
data (20–22) and the crystal structure of the EPO–EPOR complex
(22), three key residues in EPO, Phe-48, Asn-147, and Arg-150 at
the high-affinity binding site of EPO–EPOR complex, were se-
lected and used in scaffold protein searching. By using the crystal
structure of the EPO–EPOR complex (PDB ID code 1EER) as the
template structure, a search of PDB yielded 1,756 potential scaffold
proteins. After filtering for an acceptable rms difference (�1.0 Å),
813 solutions that correspond to 534 scaffold proteins were ob-
tained. These solutions were further screened for good shape
complementarity, appropriate atomic packing density, and large
enough buried accessible surface area (ASA) (�1,200 Å2). The top
15 solutions that meet all of the above criteria and high shape
complementarity scores, and only one suggested additional muta-
tion beyond the three key residues discussed above, are listed in
supporting information (SI) Table 2.

We applied the following rules to select appropriate proteins for
experimental studies. The proteins should be stable for mutational
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studies and suitable for expression in Escherichia coli, should not
contain metal ions to avoid probable cell toxicity, should have no
more than four cysteine residues or two pairs of disulfide bonds, and
should be of human origin or highly homologous to ensure the
safety of probable clinic applications. After eliminating the proteins
that failed to meet these criteria, PLC�1-PH (PDB ID code 1MAI)
was selected for further experimental studies.

Analysis of the ERPH1–EPOR Interface. ERPH1 is one of the designed
mutants of PLC�1-PH with the three key residue mutations E63F,
D47N, and K49R. The ERPH1–EPOR complex has a buried
surface area of 1,825.5 Å2 and a buried hydrophobic surface area
of 976.7 Å2 at the interface. These values are comparable with that
of the EPO–EPOR binding site (with a total buried surface area of
1,946.8 Å2 and a buried hydrophobic surface area of 1,052.2 Å2).
Fig. 1 A and B compares the overall complex structure of EPO–
EPOR and the model of ERPH–EPOR. ERPH1 interacts mainly
with the strong binding site in EPOR dimer. It is interesting that
EPO and PLC�1-PH have very different protein structures: EPO
molecule forms a four-helix bundle, whereas PLC�1-PH adopts a
mixed helix and sheet structure. The designed interface contains
strong H-bond interactions and good hydrophobic packing similar
to those in the primary binding site of EPO–EPOR complex (Fig.
2). Just like the interactions at the EPO–EPOR interface, the newly
mutated Phe-63 in ERPH1 forms a hydrophobic cluster with
Phe-93 and Phe-205 in EPOR, the side chain amide of Asn-47 in
ERPH1 forms H-bonds with the side chain of His-114 in EPOR,
and the side chain of Arg-49 in ERPH1 forms H-bonds with the side
chain of Glu-117 and the backbone carbonyl oxygen of Pro-203 in
EPOR.

To calculate the electrostatic potentials of ERPH1 and EPOR,
the online PDB2PQR server (http://agave.wustl.edu/pdb2pqr/
server.html) was used to prepare the input file for APBS (23). A
strong negative electrostatic potential was observed at the EPOR
binding site, whereas the ERPH1 binding site showed a positive
electrostatic potential similar to that of EPOR (SI Fig. 6).

To assess the potential binding abilities of the single, double, and
triple mutants of PLC�1-PH with EPOR, we calculated the binding
free energies for the mutants using a statistical potential (PMF-

Score) (24). The ranking of the calculated binding free energies was
qualitatively consistent with that of the experimentally determined
binding constants (Table 1).

In addition to the three key mutations in ERPH1, our calculation
also suggested that Glu-46 be mutated to a smaller residue. The side
chain of Glu-46 appeared to clash with Glu-60 of EPOR. A fourth
mutation of E46A on ERPH1 was introduced to give ERPH2.

Secondary Structures of the PLC�1-PH Mutants. PLC�1-PH is a stable
protein with well defined secondary and tertiary structures (25).
Far-UV circular dichroic spectra indicated that the eight mutants
of PLC�1-PH (ERPH1–8) maintained the original secondary struc-
ture of the WT protein (SI Fig. 7). This result indicates that
mutagenesis did not change the rigid structural fold of PLC�1-PH.
The mutant proteins were expressed as N-terminal histidine fusion
proteins in E. coli. Previous experiments have indicated that the His

Fig. 1. Comparison of the designed ERPH1–EPOR complex model with the
EPO–EPOR complex structure. (A) The structure of EPO–EPOR complex struc-
ture (PDB ID code 1EER). Red, EPO; green and cyan, EPOR dimer. (B) The
designed ERPH1–EPOR complex model. Red, EPO; green and cyan, EPOR
dimer. Images were created by using PyMOL (48).

Fig. 2. Key interactions at the designed ERPH1–EPOR interface compared
with those at the EPO–EPOR interface. (A) Hydrogen-bond interactions at the
ERPH1–EPOR interface. (B) Hydrogen-bond interactions at the EPO–EPOR
interface. (C) The hydrophobic cluster at the designed ERPH1–EPOR interface.
(D) The hydrophobic cluster at the EPO–EPOR interface. ERPH1 is shown in gray
ribbons, and EPOR is shown in pale green ribbons. The residues at the
interfaces are shown in colored sticks.

Table 1. Equilibrium constants (KD) of hEPO and ERPHs binding
to hEPOsR as determined by SPR

Name Mutation(s) KD, nM �G,* kcal/mol

hEPO — 0.13 � 0.05 �21.08
PLC�1-PH — ND �11.63
ERPH1a E63F, D47N, K49R 24 � 3 �13.42
ERPH2 E63F, D47N, K49R, E46A 26 � 3 �13.26
ERPH3 E63F 240 � 60 �12.96
ERPH4 E63F, D47N 29 � 2 �13.54
ERPH5 E63F, K49R 69 � 1 �12.91
ERPH6 D47N, K49R 500 � 270 �12.10
ERPH7 D47N ND �12.21
ERPH8 K49R ND �11.59

ND, could not be determined under the experimental conditions because of
very weak or undetectable binding.
*The binding free energies calculated by using PMFScore (24).
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tag did not affect the structure or function of WT PLC�1-PH (26); thus,
the tag was not removed in the following studies.

In Vitro Binding Affinity Measurement of ERPHs with the Extracellular
Domain of Human EPOR (hEPOsR). The ERPH mutants were found
to bind with hEPOsR at steady-state processes; therefore, the KD
values of ERPH binding to hEPOsR were calculated from the
binding curves by using the steady-state model. The original sen-
sogram of ERPH1 binding to hEPOsR (Fig. 3A) and the fitted
curve generated by the BIAevaluation 4.1 software (Fig. 3B)
yielded a fitted Rmax of 140 RU, which agrees well with the
theoretical value. The KD values of hEPO and all mutants
(ERPH1–8) binding to hEPOsR are listed in Table 1 (sensograms
shown in SI Fig. 8). The KD values of hEPO binding with hEPOsR
measured in our surface plasmon resonance (SPR) experiment was
0.13 nM, which is consistent with published data (KD � 0.25 nM)
(27). The strongest binding mutant, ERPH1, has a binding affinity
KD of 24 nM. This value is �180 times less potent than native EPO.
For the three single mutations, the binding of the E63F mutant (240
nM) was the strongest, and the binding of the other two mutants was
not detectable under our experimental conditions. Comparison of
the binding strengths of the double mutants showed that the
mutants containing the E63F mutation (E63F-D47N, 29 nM;
E63F-K49R, 69 nM) were stronger than the mutant without this
change (D47N-K49R, 500 nM). Additional mutation of E46 to
alanine did not contribute to binding.

In Vivo ERPH1 Activity. According to the in vitro binding studies, the
strongest binding mutant ERPH1 was further tested for its biolog-

ical activity in the EPO–EOPR signal cascade. We used the
JAK2/STAT5 reporter system because EPO, by binding to EPOR
on the surface of specific cells, activates STAT5 transcription
activity (28). After transfection of pcDNA3.1�SP/ERPH1 (0 ng, 300
ng, and 600 ng) into 293T cells along with the luciferase reporter
system, the ERPH1 protein with a secretory signal peptide was
expressed in the presence of extrinsic hEPO protein for competi-
tion. Transcription activities as measured by luciferase activity and
expression levels of ERPH1 were determined. As shown in Fig. 4,
the luciferase activity decreased with the increased expression of
ERPH1. This decrease may come from the competitive binding of
ERPH1 to EPOR on the cell surface.

The inhibitory effect of ERPH1 on EPO activity was further
studied by using purified ERPH1 protein (0–48.3 �M) (Fig. 5).
Luciferase activity decreased sharply as the concentration of ERPH1
was increased from 0.05 to 48.3 �M, whereas the luciferase activity
did not change obviously when adding 48.3 �M WT PLC�1-PH
(Fig. 5A). Thus, the triple mutant ERPH1 can bind to EPOR and
significantly inhibit EPO activity. From the dose-dependent com-

Fig. 4. Effects of ERPH1 on the EPO–EPOR signal pathway. (A) Dose-
dependent inhibitory effects of ERPH1 on EPO–EPOR signal pathway. Differ-
ent amounts of ERPH1 cDNA with a secretory signal peptide sequence were
transfected into 293T cells. A total of 1.5 units (1.5 nM) of hEPO (Roche) was
added as the competitor. Data were normalized by transfection with a blank
pcDNA3.1�SP/myc-His A vector and are expressed as the mean � SD (n � 3). (B)
The expression levels of ERPH1 protein detected by Western blotting.

Fig. 3. KD determination of ERPH1 binding to hEP-
OsR from in vitro SPR study. (A) Sensograms of the
binding of increasing concentrations of ERPH1 to hE-
POsR. The concentrations of ERPH1 used were 0, 3, 9,
27, 81, 150, and 400 nM from the bottom up. (B) KD

determination of the binding of ERPH1 to hEPOsR.
Data points represent the equilibrium average re-
sponse shown in A. The solid line represents the the-
oretical curve that was globally calculated from the
steady-state fit model provided by BIAevaluation 4.1
software (Biacore).

Fig. 5. Dose-dependent inhibitory effects of purified recombinant ERPH1 on
EPO activity. (A) The relative luciferase activity when different concentrations
of ERPH1 were added. (B) IC50 plot of ERPH1. The IC50 was determined to be
5.7 � 1.2 �M (R2 � 0.9695).
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petitive assay with purified ERPH1, the IC50 of ERPH1 on EPO
activity was calculated to be 5.7 � 1.2 �M (Fig. 5B).

Discussion
In the past few years, rapid progress has been made in protein
engineering from functional reconstruction to de novo design of
monomeric proteins (29, 30); however, the rational design of
protein–protein interacting pairs is still in its infancy. Recently,
several groups suggested that it is feasible to computationally
redesign protein–protein interfaces by using native or homolo-
gous protein pairs (7–10). For example, Reina et al. (7) compu-
tationally reengineered a PDZ domain to bind novel peptide
target sequences, and the designed protein showed affinity of
two orders of magnitude higher than that of the WT interacting
partners (7). Shifman and Mayo (8, 31) reported specificity
design based on a calmodulin–ligand complex. Havranek and
Harbury (9) explicitly took negative design into account in
protein–protein interface design. Kortemme et al. (10) rede-
signed a DNase–immunity protein interface to specifically bind
a new pair of interacting partners stronger than their WT
counterparts.

Because the topologies of natural proteins are limited (32) and
similar functions can be performed by different proteins (11), the
task of designing a nonnatural protein–protein interaction pair by
using known protein structures is reasonable but extremely chal-
lenging. We have grafted noncontinuous epitopes of EPO to a small
nonhomologous protein and made it bind with the EPOR. ERPH1
was successfully designed from the rigidly folded protein PLC�1-PH
to bind to its nonnatural partner EPOR with a high affinity in vitro
as well as in vivo.

The PH domain is one of the most abundant domains found in
the human genome (33). The PH domain was originally identified
in 1993 as a stretch of 100–120 aa that appears twice in the platelet
protein pleckstrin (34). Despite their low amino acid sequence
identity, all PH domains with known structures have a core
seven-stranded �-sandwich structure with one corner capped off by
a C-terminal �-helix and another by three inter-strand loops (25).
This ‘‘PH-domain superfold’’ is thought to be a particularly stable
structure scaffold adapted to diverse functions (35). Of these PH
domains, PLC�1-PH is best characterized. The main function of
PLC�1-PH is to target PLC�1 to membranes via binding to mem-
brane phosphoinositide (36).

The conserved fold of PLC�1-PH was ideal for the rigid docking
algorithm used to graft the three key residues from EPO, which
tolerated the mutations and maintained its overall structure. Using
the SPR assay, we demonstrated that WT PLC�1-PH did not bind
to hEPOsR at detectable levels; however, the designed mutants
bound to hEPOsR. The binding affinities of the single and double
mutants indicated that the three mutated residues contribute
differently to the binding (E63F3 D47N3 K49R). This result is
consistent with our analysis of the ERPH1–EPOR interface. The
introduced aromatic ring of Phe at position 63 on ERPH1 forms a
tight packing hydrophobic cluster with two critical residues, Phe-93
and Phe-205 of EPOR (37). Furthermore, the side chain amide of
Asn-47 forms H-bonds with His-114 and Phe-93 in EPOR, whereas
the two guanidine nitrogen atoms in the side chain of Arg-49 form
H-bonds with Glu-117 and Pro-203 in EPOR. Mutation of Glu-63
to Phe significantly altered residue hydrophobicity, whereas muta-
tion of Asp-47 to Asn and Lys-49 to Arg did not remarkably change
residue property. Therefore, the interpretation of the contribution
of these residues to the binding of EPOR is fairly straightforward.
The triple mutation E63F, D47N, and K49R generated the highest
affinitive mutant. An additional mutation, E46A, did not increase
the binding affinity of the triple mutant. The Glu-46 may be
accommodated well by the plasticity of the two proteins. The
calculated binding-free energies were qualitatively consistent with
the dissociation constants from the SPR experiments.

Recently, a series of synthetic peptides [EPO-mimetic peptides
(EMPs)] were discovered to mimic EPO activity (38–40). A small
peptide screened from random phage display peptide library in-
hibits the binding of 125I-labeled EPO to the extracellular binding
domain of EPOR (hEPOsR, 1–225 residues of EPOR) with an IC50
of 10 �M. EMPs with higher binding affinities to hEPOsR were
then designed based on the sequence of this peptide. The best
candidate EMP (EMP1) had rather low IC50 values of 0.07 �M and
5 �M, on TF-1 cells and hEPOsR beads, respectively. Our designed
protein ERPH1 binds to hEPOsR with a dissociation constant of 24
nM, which is comparable to those selected from a large library,
although the binding affinities of ERPH1 cannot be compared
directly with EMP peptides as these values were obtained via
different assays. As ERPH1 was designed from WT PLC�1-PH with
three residue mutations, its strong binding validates the design
procedure. This high-affinity binding, however, does not necessarily
indicate high EPO-mimetic activity because both proximity and
orientation of the receptor molecules are important for bioactivity.
For instance, one of the EMPs, EMP33, was an antagonist of EPO
despite the fact that this protein bound EBP with reasonably high
affinity (IC50 values of 15 �M and 50 �M on TF-1 cells and EBP
beads, respectively) (41). In our cell-based assay, ERPH1 inhibited
the activity of EPO, indicating that ERPH1 can bind EPOR in a
cellular context. Because no EPO mimic activity was found, our
designed ERPH1 behaves as an antagonist similar to EMP33, which
binds to EPOR with high affinity but fails to produce active EPOR.

In the current study, we have successfully designed a nonnatural
ERPH1–EPOR interaction pair by scanning the PDB for appro-
priate scaffold proteins and proper mutations. Why only a few
mutations on PLC�1-PH made it bind to its nonnatural partner
EPOR is an interesting question. From our design procedure, we
felt that key interaction residues contribute significantly. This is in
accordance with hot-spots at protein–protein interface contributing
significantly to the stability of the protein–protein complex (42).
However, only the three key residues mutations on possible scaffold
proteins will not guarantee strong protein–protein interactions. As
a negative control, we grafted the three key residues of EPO onto
the SH2 (Src homology) domain of the Nck2 adapter protein (PDB
ID code 1Z3K), without other interface optimization except the key
residues alignment. The SH2 domain has three appropriate posi-
tions for key residues grafting, but with a low complementarity
score (�3,906) and bad steric collisions (SI Table 2). This implies
that the interface of this SH2 domain is not appropriate for simple
mutations to make it bind with EPOR. As confirmed by the SPR
experiments, this SH2 domain mutant cannot bind to EPOR after
three key residue grafting (SI Fig. 9).

In addition to the appropriate sites for grafting the three key
residues, we have used other criteria to select out good scaffold
proteins from the PDB, which include shape complementarity,
buried ASA, and atomic packing density at the designed interface.
We believe that all these criteria contribute to the success of
protein–protein interaction-pair design. These factors were shown
to be important for distinguishing biological and nonbiological
protein–protein interfaces (43). As shown by the electrostatic
potentials of ERPH1 and EPOR, electrostatic interactions may be
another factor that enhances the binding between PLC�1-PH
mutants and EPOR, which were believed to be crucial for protein–
protein recognition (44). As to why a single mutation E63F of
PLC�1-PH made it bind to EPOR with a KD of 240 nM, we believe
that the WT protein already possesses good features for binding
with EPOR, although its binding to EPOR was too weak to be
detectable under our assay conditions. When mutating Glu-63 to
Phe, the newly introduced Phe forms a strong hydrophobic cluster
with other two Phes in EPOR, thus greatly increasing its binding
ability with EPOR. This shows an advantage of our design proce-
dure of using existing protein structures as a pool of possible
scaffold proteins. When the number of known protein structures is
bigger enough, we can expect to find a possible protein interaction
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partner for any protein of interest. Thus, a similar algorithm might
be useful in protein function prediction to search for possible
protein binding partners based on 3D structures. The method
reported here should be widely applicable to protein engineering
targeting protein–protein interfaces.

Materials and Methods
Computational Grafting of the EPO Functional Epitopes. The residues
Phe-48, Asn-147, and Arg-150 of EPO (20–22) were selected as the
key residues for grafting. The EPO–EPOR complex structure
(PDB ID code 1EER) was used as the template structure. The
detailed algorithm of the grafting strategy has been described
elsewhere (17–19). The following is a brief description.

We began by choosing the proteins with 100–200 residues in the
PDB (version 2001-10-1) as candidates for EPO functional epitope
grafting. These candidate proteins were used as scaffold proteins.
Subsequently, if the combination of any three residues on a scaffold
protein satisfies the geometric relationships of the C�–C� vectors of
the three key residues in EPO, these three residues were defined as
the key residues of the scaffold protein and were superimposed onto
the three key residues of EPO by a set reduction algorithm. An
interface was defined as a set of atoms on a protomer that loses at
least 0.1 Å2 of ASA per atom upon binding to a partner and has an
ASA of �15 Å2. The solvent ASA of an atom or a residue was
calculated by the program NACCESS (45) with a probe radius of
1.4 Å. The interface area was measured by comparing the solvent
ASA of the complex to that of its components defined by Eq. 1:

B � AA � AB � AAB, [1]

where AAB is the solvent ASA of the complex and AA and AB are
the solvent ASA of the dissociated components. B represents the
buried surface area of the two proteins in contact. If the buried
interface area of the computed protein–protein complex were
�1,200 Å2, the scaffold would be rejected.

Next, we mutated the three key residues of the scaffold protein
identified in the first step to the corresponding residues of EPO.
The shape complementarity score of the designed protein–protein
interface of the scaffold protein with EPOR was evaluated by using
grid-based molecular representations (18). The receptor protein
was digitized onto a 3D grid with the grid step of 1 Å. Grid nodes
inside of the receptor protein were assigned a value of 1. Those grid
nodes outside of the receptor protein were set to zero. The scaffold
protein was projected onto a similar grid. The grid nodes occupied
by the scaffold protein backbone atoms were assigned a value of
�10, and those occupied by side-chain atoms of scaffold protein
were assigned a value of �2. Two layers of grid nodes on the
scaffold protein surface were assigned a value of 1, and others are
set to zero. The geometric complementary score was calculated by
accumulating the products of the numbers assigned to the two grids
at each overlapping grid point.

The positions of the two proteins were then readjusted to ensure
proper packing density, which was defined as the mean of atom
packing densities at the interface. Most natural protein–protein
complexes have a mean interface packing density in the range of
0.70–0.78 (19). Therefore, if the packing density of the designed
interface was �0.78, the scaffold protein was moved from the
geometric center of the receptor to that of the scaffold protein in
steps of 0.1 Å until an acceptable value was reached.

The last step for the design process was to calculate the rms
differences between the key residues of the scaffold protein and
those of EPO. The scaffold protein was rejected if the rms value was
�2 Å. Additionally, the scaffold protein was also rejected if any
angle deviation between the C�–C� vectors of the scaffold protein
and EPO was �60°.

The above selection criteria include buried ASA at the interface,
shape complementarity score, packing density, and rms differences
between the key residues. After this step, the designed interfaces

will have reasonable interactions in addition to the key residue
interactions. If other residues at the interface were found to clash
with residues of the target protein, then further mutations would be
done by using a side chain repacking calculation.

For the PLC�1-PH–EPOR system, complex models of
PLC�1-PH single, double, triple, and quadruple mutants were built.
After mutation of the key residues, conformations of other side
chains at the interface were calculated by using the SCAP program
(46). The complex models were then subject to energy minimization
by using CHARMM (47).

Plasmids and Proteins. pGST4/PLC-�1 was a generous gift from
Hitoshi Yagisawa (University of Hyogo, Japan). pETPHD was
constructed by subcloning the DNA fragment encoding WT
PLC�1-PH (residues 1–140) from pGST4/PLC-�1 into the NdeI and
EcoRI sites of the pET28a (Novagen, Madison, WI) vector. The
mutants of WT PLC�1-PH in pET28a were generated by cassette
mutagenesis or Stratagene QuikChange (Stratagene, La Jolla, CA)
site-directed mutagenesis and were named as shown in Table 1.

pcDNA3.1�SP/myc-His A was constructed from pcDNA3.1/myc-
His A (Invitrogen, Carlsbad, CA) by adding a secretory signal
peptide sequence (MSALLILALVGAAVA), which was derived
from preprotrypsin, between the HindIII and KpnI sites. The stop
codon between the restriction sites of BamHI and EcoRI was also
removed. The pEF-FLAG-Stat5 vector containing mouse STAT5a
(signal transducers and activators of transcription 5a) cDNA and
the pMX-EPOR vector containing murine EPOR cDNA were
kindly provided by Xin-yuan Fu (Indiana University School of
Medicine, Indianapolis, IN). The pUC18-LHRE/TK vector con-
taining lactogenic hormone responsive element (LHRE), which
contains a STAT5 DNA-binding site, and a vector containing the
thymidine kinase (TK) minimal promoter linked to a luciferase
gene was generously provided by K. C. Leung (Garvan Institute of
Medical Research, Sydney, Australia). pTK-RL (Promega, Madi-
son, WI) was used to normalize transfection efficiency.

pcDNA3.1�SP/PHD was constructed by inserting the coding
sequence of the PCR-amplified WT PLC�1-PH into the BamHI
and XbaI sites of pcDNA3.1�SP/myc-His A vector so that the
C-terminal His tag and c-Myc epitope was fused in frame with WT
PLC�1-PH. The eight mutants in pcDNA3.1�SP/myc-His A were
constructed from the mutants in pET28a.

Glycosylated hEPO that was used for the Biacore SPR assays was
purchased from Bio-EPO Biotechnology (Beijing, China). The
hEPO that was used for the cellular experiments was purchased
from Roche. hEPOsR (carrier-free) was purchased from R & D
Systems.

Protein Expression in E. coli and Purification. The detailed protein
expression and purification procedure can be found in SI
Methods.

CD. CD spectra were obtained by using a Jobin-Yvon CD6 spec-
tropolarimeter (Longjumeau, France). Far-UV CD spectra from
190 nm to 260 nm (step size 0.5 nm; averaging time 3 sec) were the
average of three scans determined at a protein concentration of 10.8
�M in 20 mM phosphate buffer (pH 7.0) and 1 mM DTT at 25°C
in a 1-mm path-length cuvette. The spectra were corrected by
subtracting a buffer blank.

SPR. The SPR experiments were performed with a Biacore 3000
instrument (Biacore, Uppsala, Sweden). Because immobilization
deactivates part of the protein, 2,000 RU of hEPOsR in 100 mM
sodium acetate (pH 4.0) was immobilized on a CM5 sensor chip via
the primary amine groups according to the manufacturer’s instruc-
tions. To subtract the RU resulting from nonspecific interactions
and the bulk refractive index, a control flow cell was activated and
blocked in the absence of protein. All binding experiments were
performed in HBS-EP buffer (0.01 M Hepes/0.15 M NaCl, pH
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7.4/3.7 mM EDTA/0.005% vol/vol Surfactant P20) at 25°C with a
flow rate of 10 �l/min. The chip surface was regenerated with 30 sec
of 10 mM glycine�HCl (pH 2.2) followed by 30 sec of 10 mM
glyine�NaOH (pH 10). Each analysis cycle consisted of (i) a 1-min
stabilization time, (ii) injection of 40 �l of protein over flow cells 1
and 2, (iii) 120-sec dissociation (buffer flow), (iv) regeneration, and
(v) integrated fluidics cartridge wash. The signal was monitored by
subtracting flow cell 1 from flow cell 2. Samples and a buffer blank
were injected in a random order. The Rmax of WT PLC�1-PH or
ERPHs binding to the immobilized hEPOsR was computed by
using Eq. 2 according to the Biacore 3000 manual:

Rmax � �MrA/MrL	 � RI � N , [2]

where Rmax is the maximum response during injection (under
saturating binding conditions). MrA and MrL are the molecular
weights of the injected protein (analyte) and the immobilized
material (ligand, which in this case is hEPOsR), respectively. RI
is the response unit from the active immobilized material, and N
is the stoichiometry of the binding, which represents the number
of molecules of analyte bound to each molecule of ligand. The
amount of active hEPOsR gave a Rmax of 240 RU for glycosylated
hEPO (SI Fig. 8). Assuming that WT PLC�1-PH and ERPHs
bound to the immobilized hEPOsR in a 1:1 ratio by using Eq. 2,
the Rmax would be �130 RU.

The observed dissociation binding constant, KD, was calculated
by using the average RU under steady-state conditions. Data were
fitted globally by using the steady-state model provided by Biacore
BIAevaluation 4.1 software.

Cell Culture, Transfection, and Luciferase Reporter Assays. 293T cells
were grown in DMEM containing 10% FBS, glutamine, penicillin,
and streptomycin (GIBCO). Cells were transfected with 25 ng of
pEF-FLAG-Stat5a, 100 ng of pUC18-LHRE/TK, 250 ng of pMX-
EPOR, 1.25 ng of pTK-RL, and 600 ng of pcDNA3.1�SP/myc-His
A by using Tfx-20 (Promega) according to the manufacturer’s
recommendations. Twenty-four hours after transfection, cells were
serum-starved for 12 h and then either stimulated with protein or
serum-starved for an additional 6–8 h.

When purified ERPH1 was used, the protein was dissolved in
PBS buffer (10 mM NaH2PO4/Na2HPO4/136 mM NaCl/2.5 mM
KCl/1.5 mM KH2PO4, pH 7.4) with 2 mM DTT. After serum
starvation of 293T cells, different amounts of ERPH1 (0–48.3 �M)
and 1 unit (�1 nM) of hEPO (Roche, Indianapolis, IN) were added
to the medium. WT PLC�1-PH was added to the same molar
concentration as the highest concentration of ERPH1. Equal
volumes of PBS with 2 mM DTT were added as a negative control.

Luciferase assays were performed by using the Luciferase Assay
System (Promega) and the TopCount NXT system (Packard,
Meriden, CT). The results were expressed as mean � SD from
three independent experiments.

Western Blotting. The expressed proteins that were secreted into the
media were resolved by SDS/15% PAGE. Then the proteins were
transferred onto a nitrocellulose membrane, and the membrane
was blocked with 10% nonfat milk in TBS-T buffer (137 mM
NaCl/20 mM Tris�HCl, pH 7.6/0.1% Tween 20) for 1 h at 37°C.
Then, the membrane was incubated with the primary antibody,
anti-myc 9E10 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA), and then incubated with a fluorescein-linked anti-mouse
whole IgG from sheep (Amersham Pharmacia Biotech) as the
secondary antibody. After incubation with an anti-fluorescein
alkaline phosphatase conjugate (Amersham Pharmacia Biotech) as
the tertiary antibody, the ECF substrate was added. The fluores-
cence was detected according to the ECF Western blotting kit
instructions (Amersham Pharmacia Biotech) with a Storm 860 Gel
and Blot Imaging System (Amersham Pharmacia Biotech).
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