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Clonogenic Neoblasts Are Pluripotent
Adult Stem Cells That Underlie
Planarian Regeneration

Daniel E. Wagner,* Irving E. Wang,** Peter W. Reddien’t

Pluripotent cells in the embryo can generate all cell types, but lineage-restricted cells are
generally thought to replenish adult tissues. Planarians are flatworms and regenerate from tiny
body fragments, a process requiring a population of proliferating cells (neoblasts). Whether
regeneration is accomplished by pluripotent cells or by the collective activity of multiple
lineage-restricted cell types is unknown. We used ionizing radiation and single-cell transplantation
to identify neoblasts that can form large descendant-cell colonies in vivo. These clonogenic
neoblasts (cNeoblasts) produce cells that differentiate into neuronal, intestinal, and other known
postmitotic cell types and are distributed throughout the body. Single transplanted cNeoblasts
restored regeneration in lethally irradiated hosts. We conclude that broadly distributed, adult
pluripotent stem cells underlie the remarkable regenerative abilities of planarians.

meres, differentiate into mature cell types

spanning three germ layers (/-3). Although
essential for development, pluripotent cells are
generally not known to be present in adult animals
(4, 5). Adult tissues, in contrast, are typically main-
tained by specialized, tissue-specific adult stem
cells (5—11). Planarians are flatworms well known
for the ability to regenerate whole animals from
small pieces of tissue (/2). Planarian regeneration
requires a population of proliferative cells, his-
torically known as neoblasts, that exist through-
out the body and collectively produce all known
differentiated cell types (13, /4). Neoblasts have
great potential for molecular genetic studies in
Schmidtea mediterranea, in which a sequenced
genome and molecular tools (including RNA in-
terference technology) enable the identification and
study of genes controlling regeneration (/4, 15). To
date, however, neoblast properties have only been
studied at the level of a population (/4, 16-21).
The cell population known as neoblasts, therefore,
could either contain only lineage-restricted cells
that together allow regeneration or could contain,
within the population, stem cells that are pluri-
potent at the single-cell level. A fundamental issue
to address for understanding planarian regener-
ation, therefore, is the in vivo potential of indi-
vidual proliferating planarian cells.

Colonies are generated from single smedwi-1*
cells after irradiation. With the use of ionizing
radiation, we developed an in vivo method that
permits the study of rare, individual proliferating
cells and their descendants (22). Irradiation elim-

Plun'potent cells, such as embryonic blasto-
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inates dividing cells and is a classic strategy for
studying stem cells (23, 24). All dividing cells
in adult planarians express the smedwi-1 gene
(Fig. 1A) (25); these cells are specifically, rapid-
ly, and completely depleted after exposure to
high irradiation doses (for example, 6000 rad)
(17,25, 26). Low irradiation doses (such as 500
rad) eliminate some proliferating cells, leaving
a large number spread ventrally throughout the
animal (/9). We identified an irradiation dose
(1750 rad) that eliminated all smedwi-1" cells
from most (78%) animals (Fig. 1B). However,
7 days after 1750-rad exposure, rare smedwi-1"
cells were present in the minority of animals
(22%) as sparse “clusters” (Fig. 1, B and C). Clus-
ters consistently displayed compact, isolated,
colonylike morphology and originated ventrally
throughout the body (Fig. 1D and fig. S1, A to C)
but were not associated with specific known tis-
sues (fig. S1, D and E). If resulting from clonal
growth of single smedwi-1" cells, these clusters
provide the opportunity to study the develop-
mental potential of individual planarian cells.
Numerous smedwi-1" cluster attributes indi-
cate they result from clonal growth. smedwi-1"
clusters were preceded by isolated smedwi-1"
cells present 3 to 4 days after irradiation and
typically displayed 3 to 10 cells after one week
(Fig. 1, E and F). Based on the low proportion of
animals with smedwi-1" cells in close proximity
3 days post-irradiation with 1750 rad (fig. S2), it
is improbable that clusters arose from multiple
adjacent smedwi-1" cells (P = 0.0138, two-tailed
Fisher’s exact test). Cluster size increased dra-
matically over time, suggesting exponential growth
and ultimately yielding hundreds of smedwi-1"
cells 14 to 18 days post-irradiation (Fig. 1, E and
F). Consistent with clusters originating from pre-
existing smedwi-1" cells that survived irradiation,
a cluster-location scatter plot resembled the nor-
mal smedwi-1" expression pattern (Fig. 1D),

and cluster frequency decreased with increasing
irradiation doses (see below). Bromodeoxyuridine
(BrdU) delivery labels smedwi-1—expressing cells
(fig. S3A) (25), followed by a rapid decline in
incorporation within 24 to 48 hours (fig. S3, B
to D) (/7), demonstrating that unincorporated
BrdU does not persist over the long term. A
BrdU pulse followed by irradiation resulted in
clusters consisting entirely of BrdU"; smedwi-1"
cells (fig. S3E), indicating that smedwi-1" clus-
ter expansion results from division of existing
smedwi-1" cells (i.e., by clonal growth). If some
other process, such as dedifferentiation, had pro-
duced smedwi-1" cluster cells, these cells should
have been BrdU™.

After irradiation, every proliferative cell detected
by an 8-hour BrdU pulse (Fig. 1G)—or by using
probes for the conserved proliferation marker genes
histone h2b (Smed-h2b) (27), pcna (Smed-pcna)
(28), or ribonucleotide reductase (Smed-RRM?2-1)
(fig. S3, F to H) (17, 29)—existed in clusters
and expressed smedwi-1 (n = 815/815 cells).
Therefore, no other source (non-smedwi-1") for
proliferating cells exists outside of smedwi-1"
clusters in irradiated animals. Furthermore, if
additional sources for smedwi-1" cells (other
than clonal growth) existed, the cluster number
would be expected to increase with time and
small, newly formed clusters might be present
at late time points after irradiation. Neither of
these possibilities was observed (Fig. 1F). New
cluster production was also not observed after
amputation or feeding (fig. S4), which elicit
proliferative responses (30, 37). These data
indicate that clonal expansion (producing colo-
nies) represents the source of new smedwi-1"
dividing cells during cluster formation and
growth.

Not all proliferating cells (neoblasts) neces-
sarily have the capacity to form colonies. We term
cells displaying this capacity “‘clonogenic neoblasts”
(cNeoblasts); these cells express smedwi-1, have
a body-wide (head-to-tail) distribution (Fig. 1D),
and generate large, expanding colonies of smedwi-1"
cells. The ability of small numbers of colonies to
ultimately restore both smedwi-1" cells and mitotic
activity to normal levels (fig. S5) suggests a stem
cell-like capacity for self-renewal.

To investigate the potential of individual
cNeoblasts, we used three well-established dif-
ferentiation assays involving a SMEDWI-1 anti-
body (25, 30, 32), BrdU pulse-chase (17, 18, 32),
and postmitotic cell type markers (17, 30, 32, 33)
to analyze smedwi-1" colonies. SMEDWI-1 pro-
tein is present in smedwi-1 mRNA" dividing cells
and temporarily remains detectable in postmitotic
descendant cells (25). Therefore, differentiating
cells transit through a SMEDWI-1(protein)";
smedwi-1I(mRNA) state (30, 32). All colonies exam-
ined (n = 12/12 colonies) contained SMEDWI-1";
smedwi-1" cells (Fig. 1H). Independently, BrdU
can label cells that divide and exit the smedwi-1"
state. All colonies analyzed by 4-day BrdU pulse-
chase (n = 31/31 colonies) contained BrdU";

13 MAY 2011

811

Downloaded from www.sciencemag.org on May 18, 2011


http://www.sciencemag.org/

I RESEARCH ARTICLES

812

smedwi-1" cells (Fig. 2), and no BrdU" cells
existed in worms lacking smedwi-1" colonies (1 =
25/25 animals), indicating that colonies produce
and are the only source for cells exiting the
smedwi-1" undifferentiated state. SMEDWI-1" or
BrdU" colony cells can thus be assessed for lineage-
specific marker expression to determine the devel-
opmental potential of individual cNeoblasts.

cNeoblasts display broad differentiation
capacity. Described adult stem cells typically
produce only differentiated cells corresponding to
their germ layer and tissue of origin (5). To address
whether cNeoblasts, in contrast, could produce
cell types derived from multiple germ layers, we
identified and characterized markers for neuro-
nal (ectoderm-derived) and intestinal (endoderm-
derived) lineages. In untreated animals, some
SMEDWI-1" descendant cells expressed a cho-
line acetyl-transferase ortholog, Smed-chat (fig.
S6); chat expression is widely conserved in cho-
linergic neurons (34). SMEDWI-1"; chat' cells
were enriched in brain regions and had neuronal
morphology, and chat’ cells coexpressed addi-
tional neuronal markers (fig. S6), indicating that
SMEDWI-1*; chat* cells are differentiating neu-
rons. Smed-gata4/5/6 and Smed-hnf4, orthologs
of endoderm-promoting GATA4/5/6 and HNF4
transcription factors, respectively (35), were ex-
pressed in intestinal cells and also in interspersed
cells surrounding the intestine (figs. S7 to S10).
Many of these interspersed cells were irradiation-
sensitive and SMEDWI-1", indicating that they
represent differentiating endodermal cells (figs.
S8 and S10). A third endoderm marker gene,
Smed-mat, was expressed in intestinal branches
(figs. S8 and S10). Finally, additional differenti-
ation marker genes (Smed-AGAT-1, NB.21.11E,
Smed-MCP-1, Smed-ODC-1, Smed-CYPIAI-I,
and NB.52.12F) are expressed in partially over-
lapping mesenchymal populations of postmitotic
cells (fig. S11, A to F) (/7). These populations
have unknown lineage relationships but turn
over rapidly and are consequently depleted after
irradiation (fig. S11, Gto L) (17).

Using the SMEDWI-1 antibody to label col-
ony cell descendants, we examined individual
colonies for the presence of both gata4/5/6"
and chat*, both gata4/5/6" and AGATI", or both
AGATI" and chat" differentiating cells. In nearly
all cases (1 =20/22 colonies), individual colonies
contained newly produced cells of both lineages
that we tested (Fig. 2, A to C and fig. S12). The
1750-rad dose yields rare, well-separated colo-
nies (Fig. 1C); animals fixed 7 days after irradia-
tion contained single colonies (7 = 12/28 animals),
no colonies (7 = 12/28 animals), and, only rarely,
more than one colony (n = 4/28 animals). Given
the high frequency of colonies producing multi-
ple lineages (n = 20/22 colonies), it is improbable
that all such cases were the result of multiple
colonies merging (P < 0.0001, Fisher’s exact test).
In addition, we used a 4-day BrdU pulse chase as
an independent method to identify several colo-
nies containing both BrdU"; chat" (neuronal) and
BrdU"; mat" (intestinal) cells (Fig. 2D). Nearly all
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colonies examined, using the SMEDWI-1 anti-
body or BrdU, produced differentiated cells for
any single lineage analyzed (n = 61/64 colonies)
(fig. S13). These colonies were distributed through-
out the body and not restricted to specific ana-
tomical regions (Fig. 2E). Finally, nearly every
smedwi-1" colony examined had associated cells
expressing every additional differentiation mark-
er that we tested NB21.11E, MCP-1, ODC-1,
CYPIA1-1,NB.52.12F, AGAT-1) (n = 110/115 col-
onies) (fig. S14, A to F). Furthermore, descend-
ant cell clusters were never observed in regions
lacking smedwi-1" colonies (fig. S11, G to L). In
addition, even early colonies (7 days post-irradiation)
had associated differentiated cells (fig. S14G).

Together, these data indicate that broad multi-
potency and a body-wide distribution are fun-
damental attributes of individual cNeoblasts.
Small numbers of cNeoblasts restore regen-
erative ability. Irradiated planarians cannot re-
generate (36) and suffer massive tissue loss
because of failed replacement of aged differen-
tiated cells (36, 37). However, transplantation of
large numbers of cells (/6) or tissue fragments
can restore regenerative ability to irradiated hosts
and change sexual behavior to that of the donor
(16, 20, 21, 38). We sought to determine whether
small numbers of cNeoblasts would restore re-
generative ability to irradiated animals. After ir-
radiation, some animals were fixed and colony
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Fig. 1. Expanding colonies are generated from isolated smedwi-1* cells after irradiation. (A and B)
Proliferating cells were detected by smedwi-1 expression using whole-mount in situ hybridization (ISH).
Anterior, up; ventral surface shown. (B) Representative images 7 days after 1750-rad treatment show
clusters (arrowheads) of smedwi-1* cells (individual purple dots). (C) Histogram of cluster frequencies
after 1750-rad treatment. The dashed red box indicates that the majority of animals contained either
zero or one cluster. (D) Clusters observed by smedwi-1 ISH 7 days post—1750-rad treatment displayed
in a scatter plot. phx, pharynx. (E and F) Animals fixed in a time course after 1750-rad treatment
analyzed by smedwi-1 fluorescence in situ hybridization (FISH). d, days. (F) Mean cluster frequency
(number of clusters per worm) and size (number of smedwi-1* cells per cluster) are plotted. Error bars
indicate SD (n = 17 to 22 animals per time point). (G) Immunofluorescence (IF) (BrdU) and FISH
(smedwi-1). 234/234 BrdU™ cells (8-hour BrdU pulse in 7-day—irradiated worms) were smedwi-1 pos-
itive. (H) IF (SMEDWI-1) and FISH (smedwi-1); 12/12 colonies contained SMEDWI-1*; smedwi-1~ cells
(arrowheads) 7 days post—1750-rad treatment. (I) IF (BrdU) and FISH (smedwi-1). 31/31 colonies (with
BrdU pulse days 7 to 11 post-1750 rad) contained BrdU™; smedwi-1~ cells. Scale bars, 200 um [(A) and
(B)]; 20 um [(E) and (G) to ()].
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numbers determined; the remaining animals were
followed to assess survival and regeneration fre-
quencies. Increasing irradiation doses resulted in
decreasing colony numbers (Fig. 3, A and B) and
survival rates (fig. SISA). Regeneration, which
involves the production of diverse cell types
(fig. S16), was initially impeded in animals cut
4 days post-irradiation (fig. S15, B and C); how-
ever, many animals both survived and ultimately
regenerated at doses that produced sparse, mea-
surable colony numbers (Fig. 3, A to D and
table S1). These animals regenerated heads con-
taining neurons (ectoderm), muscle (mesoderm),
and intestine (endoderm) (Fig. 3, D and E). The
minimum number of cNeoblasts initially present
in irradiation survivors can be estimated by com-
paring the number of colonies present (in fixed
animals) to observed regeneration frequencies
(see table S1). Our data indicate as few as three

gata4/5/6

of
©
¥
3
Q
S

|

(P=10.0478), four (P=0.0017), or five colonies
(P <0.0001, Fisher’s exact test) can be sufficient
to restore regenerative ability to entire animals.

Transplantation of individual cNeoblasts. To
determine whether a single cNeoblast can gen-
erate all essential adult cells, we developed a
method for isolating and transplanting individual
cNeoblasts into lethally irradiated hosts. Previous
flow cytometry studies identified an irradiation-
sensitive cell population (the X1 fraction) with a
high percentage of smedwi-1" cells (26, 39). How-
ever, the Hoechst 33342 DNA dye used in this
method is cytotoxic. Therefore, size and com-
plexity properties of cells within the X1 fraction
were used to define a gate for sorting unlabeled
cells, which we refer to as the X1(FS) fraction
(Fig. 4, A and B).

X1(FS) cells are heterogeneous; however,
cells with a similar morphology to X1 cells can

| Hoechst smebwi1i _ [odsmedwi-1 R

Locations

gatad/5/6 *| hnf4*

AGAT-1 +

Fig. 2. Clonogenic neoblasts display broad differentiation capacity. (A to C) Triple-labeling of individual
colonies 22 days after irradiation. Projections through optical sections from irradiated animals are shown
here. (Left) Tiled images (images from overlapping regions assembled) of representative animals with
individual colonies (anterior, up). Dotted circles indicate the approximate location of regions imaged at
high magnification (middle panels); the middle images are optical sections with anterior to the right.
Example differentiating cells from individual colonies labeled by IF (SMNEDWI-1) and double FISH for
gata4/5/6 and chat (A), gata4/5/6 and AGAT-1 (B), or AGAT-1 and chat (C) are shown. Proportions of
colonies displaying multiple differentiating cell types are indicated. Roman numerals indicate double-
positive cells, with individual channels shown in columns to the right. Additional double-positive cells are
indicated by arrowheads (see also fig. $12). (D) IF (BrdU) and double FISH (Smed-chat; Smed-mat) worms
with BrdU-pulse days 14 to 18 after irradiation. Single colonies (n = 7/7 colonies) contained both BrdU*;
chat* (neuronal) and BrdU™; mat" (intestinal) descendants. Boxes indicate zoomed-in regions. (E) Scatter
plots showing locations of individual colonies producing differentiated cell types (see also fig. S13).
Colony cell differentiation was assessed by labeling with SMEDWI-1 (circles) or BrdU (diamonds). Scale
bars, (A to Q) left, 100 um; middle 20 um; right 5 um; (D) top image, 20 um; others, 5 um.
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be identified microscopically (Fig. 4C). Single
selected cells were loaded into needles and trans-
planted postpharyngeally into lethally irradiated
hosts (Fig. 4D). To confirm that only single cells
were transplanted, needles were loaded and the
contents expelled into media. In all cases, only
a single cell was observed exiting the needle
(n = 136/136 test ejections). Furthermore, some
animals were fixed immediately after transplant
and labeled with a smedwi-I RNA probe. All
injected animals had either one (z = 20/60 animals)
or zero (n =40/60 animals) smedawi-1" cells (Fig. 4,
E and F).

If a transplanted cell was a cNeoblast capable
of engraftment, then clonal growth of progeny
cells would be expected. Indeed, animals exam-
ined 6 days after single-cell transplantation dis-
played clusters with 1 to 13 smedwi-1" cells (n =
23/100 animals) (Fig. 4G). Furthermore, select-
ing for X1(FS) cells that were approximately 10
um in diameter and had blebs and/or cytoplasmic
processes increased engraftment rates, which
ranged from 12% (n = 2/17 animals) to 75% (n =
15/20 animals) (fig. S17). Cells with properties of
cNeoblasts, therefore, are present in the X1(FS)
fraction and can be successfully transplanted.

If cNeoblasts are pluripotent stem cells capable
of self-renewal, then a single cNeoblast should, in
principle, be capable of restoring tissue turnover
and regenerative capacity to lethally irradiated hosts.
However, for this to occur the irradiated host must
survive long enough for the cNeoblast to repopu-
late the smedwi-1" population and replenish dying
tissue. Therefore, we used a sexual S. mediterranea
strain (S2F1L3F2) that can survive longer than the
asexual strain (CIW4) after a 6000-rad irradiation
dose (fig. S18). Sexual hosts transplanted with
single asexual cells had colonies consisting of
large numbers of SMEDWI-1" cells 30 days after
transplantation (n = 4/17 animals) (Fig. 4H).
Every colony examined contained SMEDWI-1;
Smed-gata4/5/6" double-positive cells (n = 4/4 col-
onies), and most of these colonies also contained
SMEDWI-1"; Smed-chat* double-positive cells
(n = 3/4 colonies) (Fig. 4H). Transplant data thus
independently confirm attributes of colonies de-
scribed post—1750 rad, further indicating that clonal
growth and multipotency are important features
of individual cNeoblasts.

Entire animals and strains regenerated from a
single transplanted cNeoblast. Two weeks after
irradiation, lesions appeared at sexual animal head
tips, followed by progressive anterior-to-posterior
tissue regression with 100% penetrant animal
death after approximately 6 weeks (n = 78/78
animals) (Fig. 5A). Remarkably, several trans-
plant recipients lived past 7 weeks and even-
tually developed blastemas at the site of tissue
regression (7 =7/130 animals) (Fig. SA). Animals
that developed blastemas regenerated anterior
and mid-body structures, such as photoreceptors
and pharynges (Fig. 5A), and regained feeding
behavior by 8 weeks after irradiation. Of the
seven rescued animals, three were expanded into
strains (R1, R2, and R3) by serial amputation
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cNeoblasts were sufficient to restore regeneration (see also table S1). (D) Normal
head regeneration in 97/99 worms amputated 39 or 40 days after 1250-rad
treatment. Arrowheads denote photoreceptors. (E) Heads regenerated after ir-
radiation contained differentiated neuronal (chat*), intestinal (mat-1%), and
muscle (mhc-1*) cells (41/41 worms, 1250 rad; 15/15 worms, 1500 rad).
SMEDWI-1" cells were also restored (n = 9/9 worms, 1250 rad). Dotted lines denote
the approximate amputation plane. Scale bars, 200 um (A); 20 um [(D) to (E)].

Fig. 4. Single transplanted cNeoblasts q
display properties of clonal growth and
multipotency. Irradiation-sensitive cells
(polygonal gate) were identified by
Hoechst 33342 labeling (A) and back-
gated to set the X1(FS) gate (oval) based
on size (FS) and complexity (SS) parameters
(B). The X1(FS) fraction is heterogeneous
and contains some cells approximately
10 um in diameter with processes (arrow-
head) (C). (D) Individual cells were loaded
into needles (one needle used per in-
jection) and transplanted into the medial,
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hosts. (E and F) FISH (smedwi-1) of a
host immediately after transplantation.
Anterior, up. The ventral surface is shown.
Zero (n = 40/60 animals) or one (n =
20/60 animals) smedwi-1" cells were
observed in all cases, with expected
size and morphology. (F) is a zoomed-
in image of (E). (G) Colony formation
9 days after irradiation, 6 days after
transplant. Anterior, up. The ventral
surface is shown. Colonies of smedwi-1*
cells (arrowhead) appeared in trans-
plant recipients (7 = 23/100 animals)
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and double FISH (Smed-gata4/5/6; Smed-chat) 33 days after irradiation, 30 days after transplant. Single colonies were observed (n = 4/17 animals); example
differentiating cells from displayed colony are shown. Scale bars, 10 um (C); 50 um (E); 5 um (F) and zoomed images in (H); 20 um (H); 200 um (G).

and regeneration (fig. S19). These animals ex-
hibited normal blastema formation and the ca-
pacity to regenerate photoreceptors and intestine
after amputation (Fig. 5B). The ability to produce
multiple regenerating animals from a single trans-
planted cell indicates a self-renewing capability of
cNeoblasts. Rescued strains did not display sex-
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ual features, such as large size and a gonopore; in
contrast, animals in all three strains reproduced by
binary fission, an asexual behavior seen very rarely
in sexual animals (fig. S19).

To confirm that all new tissue in rescued
strains resulted from clonal division from the donor
cNeoblast, we genotyped the animals using single-

2011

nucleotide polymorphisms (SNPs) identified be-
tween the asexual strain and the sexual strain (22).
Genomic DNA was isolated from strain R1, R2,
and R3 animals after two rounds of regeneration;
growth and regeneration should replace host tis-
sues with donor-derived cells (Fig. 6A). If; on the
other hand, host cells continue to replenish tissues
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Fig. 5. Restoration of regeneration in lethally irradiated hosts by single
transplanted cNeoblasts. (A) Representative images of transplant hosts.
Tissue regression (asterisks) began anterior to photoreceptors (arrowheads)
and progressed from anterior to posterior (px, pharynges). Rescued animals
developed blastemas (arrow) at the regression site (red dotted line) after
7 weeks and fully regenerated after 8 weeks. Anterior, up. The dorsal

Fig. 6. Genotype conver-
sion by single transplanted
cNeoblasts. (A) Schematic
showing replacement of
host tissue by transplanted
donor cells (blue); animals
for genotyping were am-
putated (dotted lines) and
allowed to regenerate twice.
(B) PCR-RFLP analysis of res-
cued strains. Locus 00310
was cut by Hpal in asexual
animals (A) and the rescued
strains (1, 2, 3), but notin G
sexual animals (S). Locus
00463 was cut by Scal in
sexual animals, but not in
asexual animals or the res-
cued strains. (C) Haplotype
sequencing (22). Stacked
histogram representing the
number of sequencing reads
from each locus for each
strain. Bars extend left for
number of reads corre-
sponding to the asexual

Strain

Asexual (Donor) 92
Sexual (Host)

Rescue Strain 1 _ 94

Rescue Strain 2 92

Rescue Strain 3 93

Posterior

(A); 500 pm (B).

haplotype and right for number of reads corresponding to the sexual haplotype. Bar absence indicates

no reads.

after irradiation, host SNPs in the collected ge-
nomic DNA would be expected. Polymerase chain
reaction-restriction fragment length polymorphism
(PCR-RFLP) analysis of two loci (RFLP 00310
and RFLP 00463) revealed that the rescued strains
have the asexual strain RFLPs, indicating that the
majority of cells in these animals were donor-
derived (Fig. 6B). Sequencing of three indepen-
dent homozygous haplotypes (00163, 00463,
and 02716), each containing six SNPs that dis-
tinguish asexual CIW4 and sexual S2F1L3F2
strains, confirmed that the rescue strains pos-
sessed the donor rather than host genotype (Fig.

3.

4.

RESEARCH ARTICLES

surface is shown. (B) Representative images of rescue strains undergoing
regeneration after amputation. Blastemas formed at approximate amputa-
tion plane (red dotted line). Intestine (labeled with red food coloring) and
photoreceptors (arrowheads) were observed in blastemas after 12 days of
regeneration. Anterior, up. The dorsal surface is shown. Scale bars, 1 mm
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Computational Design of Proteins
Targeting the Conserved Stem Region
of Influenza Hemagglutinin

Sarel ]. Fleishman,** Timothy A. Whitehead,** Damian C. Ekiert,?* Cyrille Dreyfus,?
Jacob E. Corn,*t Eva-Maria Strauch,” lan A. Wilson,? David Baker®3

We describe a general computational method for designing proteins that bind a surface patch of
interest on a target macromolecule. Favorable interactions between disembodied amino acid
residues and the target surface are identified and used to anchor de novo designed interfaces. The
method was used to design proteins that bind a conserved surface patch on the stem of the
influenza hemagglutinin (HA) from the 1918 H1N1 pandemic virus. After affinity maturation, two
of the designed proteins, HB36 and HB80, bind H1 and H5 HAs with low nanomolar affinity.
Further, HB80 inhibits the HA fusogenic conformational changes induced at low pH. The crystal
structure of HB36 in complex with 1918/H1 HA revealed that the actual binding interface is nearly
identical to that in the computational design model. Such designed binding proteins may be useful

for both diagnostics and therapeutics.

olecular recognition is central to biol-
M ogy, and high-affinity binding proteins,

such as antibodies, are invaluable for
both diagnostics and therapeutics (/). Current meth-
ods for producing antibodies and other proteins
that bind a protein of interest involve screening
large numbers of variants generated by the im-
mune system or by library construction (2). The
computer-based design of high-affinity binding
proteins is a fundamental test of current under-
standing of the physical-chemical basis of mo-
lecular recognition and, if successful, would be
a powerful complement to current library-based
screening methods, because it would allow target-
ing of specific patches on a protein surface. Recent
advances in computational design of protein in-
teractions have yielded switches in interaction
specificity (3), methods to generate modest-affinity
complexes (4, 5), two-sided design of a novel
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protein interface (6), and design of a high-affinity
interaction by grafting known key residues onto
an unrelated protein scaffold (7). However, the
capability to target an arbitrarily selected protein
surface has remained elusive.

Influenza presents a serious public health
challenge, and new therapies are needed to
combat viruses that are resistant to existing
antiviral medicines (8) or that escape neutraliza-
tion by the immune system. Hemagglutinin (HA)
is a prime candidate for drug development as it is
the major player in viral invasion of cells lining
the respiratory tract. Although most antibodies
bind to the rapidly varying head region of HA,
recently two antibodies, CR6261 and F10, were
structurally characterized (9, 10) and found to
bind to a region on the HA stem, which is con-
served among all group 1 influenza strains (fig. S1)
(11). Here, we describe a computational method
for designing protein-protein interactions de novo
and use the method to design high-affinity binders
to the conserved stem region on influenza HA.

Computational Design Method

In devising the computational design strategy,
we considered features common to dissociable
protein complexes. During protein complex for-
mation, proteins bury on average ~1600 A” of
solvent-exposed surface area (12). Interfaces typ-
ically contain several residues that make highly

optimized van der Waals, hydrogen bonding,
and electrostatic interactions with the partner
protein; these interaction hot spots contribute
a large fraction of the binding energy (/3).

Our strategy thus centers on the design of inter-
faces that have both high shape complementar-
ity and a core region of highly optimized, hot
spot-like residue interactions (/4). We engineered
high-affinity interactions and high shape comple-
mentarity into scaffold proteins in two steps (see
Fig. 1): (1) disembodied amino acid residues were
computationally docked or positioned against the
target surface to identify energetically favorable
configurations with the target surface; and (ii)
shape-complementary configurations of scaffold
proteins were computed that anchor these ener-
getically favorable interactions.

Design of HA-Binding Proteins

The surface on the stem of HA recognized by
neutralizing antibodies consists of a hydropho-
bic groove that is flanked by two loops that
place severe steric constraints on binding to the
epitope (Fig. 2, A and B) (15). In the first step
of our design protocol (Fig. 1), the disembodied
hot spot residues found through computational
docking cluster into three regions contacting HA
(HS1, HS2, and HS3) (Fig. 1). In HSI, a Phe
side chain forms an energetically favorable aro-
matic stacking interaction with Trp>' on chain 2
of the HA (HA2) (HA residue numbering cor-
responds to the H3 subtype sequence-numbering
convention) (/6). In HS2, the nonpolar residues
Ile, Leu, Met, Phe, and Val, make favorable van
der Waals interactions with both the hydropho-
bic groove and HS1 (Fig. 1 and fig. S2). In HS3,
a Tyr side chain forms a hydrogen bond to Asp'®
on HA2 and van der Waals interactions with
the A helix on HA2. The Tyr in HS3 resembles
the conformation of a Tyr residue observed on the
antibody in the structure of the HA and CR6261
Fab complex (figs. S1 and S2); the HS1 and
HS?2 interactions are not found in the antibody
structures (9, 10, 17) (fig. S1).

In the second step, we searched a set of 865
protein structures selected for ease of experimen-
tal manipulation (/8) (table S1) for scaffolds ca-
pable of supporting the disembodied hot spot
residues and that are shape complementary to the
stem region. Each scaffold protein was docked
against the stem region using the feature-matching
algorithm PatchDock (/9), which identified hun-
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