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simultaneously outcompete two existing species,
thereby reducing the total number of species in the
community, although species richness often
subsequently rebounds. Thus, the species richness
in these digital communities reflects a dynamic
steady state rather than some optimal end point.

Moving from a phylogenetic perspective
to one based on ecological performance, Fig.
4 displays the resource utilization patterns of
the same community of species illustrated by
the phylogenetic depth profile in Fig. 3. Re-
source usage levels are averaged over all
organisms that belong to a given species
based on the clustering algorithm, which uses
only phylogenetic data (not ecological phe-
notypes). The six species are all clearly phe-
notypically distinct. Moreover, each species
consumes a larger share of at least one re-
source than does any other species. Species 3
is specialized on the use of resource 1, where-
as the other species use two or more resourc-
es. Species 1 has the most generalized phe-
notype, using five resources including two
that it dominates (resources 5 and 9). The
precise partitioning of resources varies from
one replicate experiment to another and does
not follow any obvious rule. We have also
demonstrated that our speciation results are
not dependent on the particular ancestral or-
ganism we have used and that the pattern of
species richness is not substantially altered
when species that evolved at other resource
levels are introduced into a community [Sup-
porting Online Material (SOM) Text].

In summary, our experiments demonstrate an
evolutionary effect of productivity on species
richness, with adaptive radiation leading to max-
imum diversity at intermediate resource inflows
in communities with fixed total population size.
The decline in species richness at high produc-
tivity occurs because selection shifts from favor-
ing exploitation of unused resources to favor-
ing maximum replication rate when resources
are superabundant. Importantly, this pattern does
not require spatial heterogeneity or predation,
although these and other ecological factors may
augment or oppose the adaptive radiation.
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Self-Assembling
Protein Microarrays

Niroshan Ramachandran, Eugenie Hainsworth,’-?
Bhupinder Bhullar,’ Samuel Eisenstein,” Benjamin Rosen,’
Albert Y. Lau,” Johannes C. Walter,® Joshua LaBaer™

Protein microarrays provide a powerful tool for the study of protein function.
However, they are not widely used, in part because of the challenges in producing
proteins to spot on the arrays. We generated protein microarrays by printing
complementary DNAs onto glass slides and then translating target proteins with
mammalian reticulocyte lysate. Epitope tags fused to the proteins allowed them
to be immobilized in situ. This obviated the need to purify proteins, avoided protein
stability problems during storage, and captured sufficient protein for functional
studies. We used the technology to map pairwise interactions among 29 human
DNA replication initiation proteins, recapitulate the regulation of Cdt1 binding to
select replication proteins, and map its geminin-binding domain.

To exploit the growing number of expression-
ready cDNA clone collections, high-throughput
(HT) methods to study protein function are need-
ed (/-5). The development of protein microar-
rays offers one compelling approach (6-8). Pro-
tein microarrays are currently available in two
general formats. Antibody arrays contain an ar-
ray of antibodies that measure the abundance of

specific proteins (or other molecules) in samples
(9). Our work focuses on target protein arrays,
which present arrayed proteins of interest. They
can be used to examine target protein interac-
tions with other molecules, such as drugs, anti-
bodies, nucleic acids, lipids, or other proteins. In
addition, the arrays can be interrogated to find
substrates for enzymes (10, 11).
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The current approach to generate target
protein microarrays is to produce proteins
separately and then spot them on the arrays
with the use of a variety of linkage chemis-
tries (68, 12). Despite these demonstrations
of feasibility, target protein microarrays have
not been widely adopted. In part, this may be
due to the labor and technical issues associ-
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ated with HT protein production. Challenges
remain to find HT expression systems for
mammalian proteins with good yield and
purity, and under conditions conducive to
functional protein studies. Moreover, once
isolated, there are concerns regarding protein
stability during storage, either before or after
spotting on the array.

Building upon the successful use of in
vitro translated protein in standard scale ap-
plications (/3-15), our approach substitutes
the use of purified proteins with the use of
cDNAs encoding the target proteins at each
feature of the microarray. The proteins are
transcribed and translated by a cell-free sys-
tem and immobilized in situ by means of
epitope tags fused to the proteins. This ap-

C Monoclonal anti-
Target GST detection

protein antibody
/
; i

Fig. 1. NAPPA approach. Biotinylation of DNA: Plasmid DNA is cross-linked to a psoralen-biotin
conjugate with the use of ultraviolet light (77). (A) Printing the array. Avidin (1.5 mg/ml,
Cortex), polyclonal GST antibody (50 wg/ml, Amersham), and Bis (sulfosuccinimidyl) suberate
(2 mM, Pierce) are added to the biotinylated plasmid DNA. Samples are arrayed onto glass
slides treated with 2% 3-aminopropyltriethoxysilane (Pierce) and 2 mM dimethyl
suberimidate.2HCL (Pierce). (B) In situ expression and immobilization. Microarrays were
incubated with 100 .l per slide rabbit reticulocyte lysate with T7 polymerase (Promega) at
30°C for 1.5 hours then 15°C for 2 hours in a programmable chilling incubator (Torrey Pines).
(C) Detection. Target proteins are expressed with a C-terminal GST tag and immobilized by
the polyclonal GST antibody. All target proteins are detected using a monoclonal antibody to
GST (Cell Signaling Technology) against the C-terminal tag confirming expression of full-

length protein.

Fig. 2. Expression of A
target proteins and
detection of protein
interactions on a
NAPPA microarray
format. (A) Eight tar-
get plasmid DNAs en-
coding C-terminal
GST fusion proteins in
PANT7_cGST (fig. 52)
were immobilized
onto the glass slide at
a density of 512 spots
per slide (900-wm
spacing). The target
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(PerkinElmer). To verify

that the detected proteins were the expected target proteins, and to
confirm that there was no cross-talk across the slide, we used target
protein—specific antibodies, which detected only their relevant spots
(fig. S3). (B and C) The eight genes were queried for potential interactors
with (B) Jun and (C) p16. Query DNA encoding an N-terminal HA tag was
added to the reticulocyte lysate before expressing the target proteins (fig.
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proach eliminates the need to express and
purify proteins separately and produces pro-
teins at the time of the assay, abrogating
concerns about protein stability during stor-
age. Mammalian proteins can be expressed in
a mammalian milieu, providing access to vast
collections of cloned cDNAs.

With a nucleic acid programmable protein
array (NAPPA), we aimed to exploit this
biochemical strategy and enable proteome-
scale experiments. This required a high-
density format that minimized the use of
cell-free extract, and for convenience and
accessibility, a readily available matrix (such
as standard glass microscope slides) that did
not require specially micromachined wells
(10) and that used existing technology for
printing and reading DNA microarrays.

Through testing a variety of cDNA print-
ing schemes, we found that an optimum
balance was required between binding DNA
efficiently and maintaining a DNA conforma-
tion that supported efficient transcription and
translation (fig. S1). The most efficient strat-
egy coupled a psoralen-biotin conjugate to
the expression plasmid DNA with the use of
ultraviolet light, which was then captured on
the surface by avidin (Fig. 1).

The addition of a C-terminal glutathione
S-transferase (GST) tag to each protein enabled
its capture to the array through an antibody to
GST printed simultaneously with the expres-
sion plasmid (fig. S2). Other protein fusion tags
and capture molecules can be easily substituted
for the GST fusion and antibodies to GST used
here (/6). The resulting array was dried and
stored at room temperature.
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S2). Target and query proteins were coexpressed and the interaction was
detected with an antibody to HA (12CA5). The bar graphs show average
intensity (+SD) from 64 samples for each interaction. Images were quan-
tified using ScanAlyze software (Michael Eisen, Lawrence Berkeley
National Laboratory, CA). The signals were corrected for local
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To activate and use the array, a cell-free
coupled transcription and translation system
(such as reticulocyte lysate containing T7
polymerase) was added as a single continu-
ous layer (not discrete spots) covering the
arrayed cDNAs on the microscope slide. To
test the system, expression plasmids encod-
ing eight genes were immobilized onto an
array at a density of 512 spots per slide
(900-pm spacing). Expression of target pro-
tein was confirmed with an antibody to GST
(different from the capture GST antibody),
and the signals were measured with a stan-
dard glass slide DNA-microarray scanner
(Fig. 2A and fig. S3). We observed an easily
detectable signal for all proteins [average sig-
nal-to-noise ratio (=SD) = 53 *= 14], dem-
onstrating that 100 pl of reticulocyte lysate is
sufficient to support protein expression in all
512 spots of the array simultaneously (/7).
Not surprisingly, there was modest variation
in protein expression from gene to gene (co-

Fig. 3. Expression of
human DNA replica-
tion proteins and
interaction mapping.
(A) Target DNAs rep-
resenting 29 human
DNA replication pro-
teins and two positive
controls were immo-
bilized and expressed
on the array in dupli-
cate. The legend
(right panel) lists all
genes expressed on
the array. Expression
of all target proteins
was confirmed by an
antibody to GST (left
panel). Two protein
registration markers,
purified recombinant
GST (22 pg/ml, Sig-
ma) and whole-
mouse immunoglob-
ulin G (IgG) (550 g/
ml, Pierce), were also
printed as registration
spots and were able
to monitor protein
expression and slide
variation (inset, bot-
tom). (B) Replicate
slides from (A) were
probed with each
member of the DNA
replication proteins
expressed as HA-
tagged query pro-
teins, repeating each

Protein Exprassion

—=1mm

® Query: HA-ORC3
® Query: HA-MCM2
Both queries positive

query protein on two slides. (B) is a superposition of images of slides
probed with HA-ORC3 (red) and HA-MCM2 (green); target spots that
interacted with both queries appear as yellow. Interactions were detected
with an antibody to HA and quantified with ScanAlyze. (C) The signals for
all interactions, including (B), were calculated by subtracting local
background and then standardized with the intensity of whole-mouse IgG
registration marker. Interactions were considered positive when the signal
was greater than three times the standard deviation of the background
for all instances of the interaction. The bar graph shows signal intensity

Whola mouse g5
Recombinant GST

efficient of variation = ~24%). We have
subsequently found that these differences can
often be corrected by adjusting the amount of
printed plasmid template. By comparing sig-
nal intensities to control spots containing pu-
rified GST, we estimate that about 10 fmol
(~675 pg) of protein were produced and
captured at each spot, which compares favor-
ably to existing methods (8).

NAPPA is well suited to the detection of
protein-protein interactions because both the
target proteins (bound to the array) and the
query protein (used to probe the array) can be
transcribed and translated in the same extract.
As validation, the query protein Jun was
tagged with a hemagglutinin (HA) epitope
and coexpressed with the target proteins (Fig.
2B). The interaction was visualized with an
antibody to HA, which revealed that Jun que-
ry protein bound to the Fos target [dissocia-
tion constant K; ~ 50 nM (/2)]. To deter-
mine if binding selectivity is preserved, we

o

[i*]

Arbitrary units
[= T = B = I |
[T = = ]

nlmrv_vmmam_;rmw
OOOOVO==Z=Z=3=
CICCICIQOOUQ
O00000=====
D O503 Stas
OC}ICD'I
=
e e
32 0 OMA
e
0921
OEchE oc},m]
Otz CycB2

ldl

MCM7

tested the Cdk inhibitor p16, which binds
selectively to Cdk4 and Cdk6 but not the
closely related Cdk2. As shown in Fig. 2C,
this specificity was recapitulated with
NAPPA.

To apply NAPPA to a biological question,
we studied the human DNA replication com-
plex. Experiments in yeast, Xenopus, and hu-
man cells have led to a detailed model for the
initiation of eukaryotic DNA replication. Or-
igins of replication are “licensed” in the G,
phase of the cell cycle when the origin repli-
cation complex (ORC) recruits the initiation
factors, Cdtl and Cdc6, and the minichromo-
some maintenance complex (MCM2-7) to
form the prereplication complex (pre-RC). In
S phase, the pre-RC is converted into an
active replication fork by the protein kinases
Cdc7 and Cdk2, a process that involves ori-
gin binding of at least two additional initia-
tion factors, MCM10 and Cdc45, leading to
DNA synthesis (/8).

® Query: HA-ORC3
® Query: HA-MCM2

Lid 1 i
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CdcE

for interactions with ORC3 (red) and MCM2 (green) shown in (B). (D)
Interaction map shows interactions among the ORC and MCM complex
in blue (lines and shaded oval) and green (lines and shaded oval),
respectively. Intercomplex interactions are shown in dark blue. Interac-
tions with proteins involved in the formation of pre-RC and preinitiation
complex are shown in red and additional regulatory proteins are shown
in brown. All other interactions are shown in orange. The arrows of the
connector show the direction (from target to query) of the interaction
and the weight given to the connector depicts the strength of the signal.
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Sequence-verified human genes for 29
proteins involved in DNA replication initia-
tion (in addition to Fos and Jun as positive
controls) were immobilized and expressed on
NAPPA (Fig. 3A). Signals were readily de-
tected for all of the target proteins, showed
high reproducibility between duplicates, and
ranged from 270 pg (4 fmols) to 2600 pg (29
fmols), a sevenfold range that falls well with-
in the range observed in protein-spotting pro-
tein microarrays [10 to 950 pg (8)]. Each of
the 29 DNA replication proteins was used as
a query to probe a pair of duplicate arrays to
generate a 29 X 29 protein interaction matrix.
Examples of the interaction data are shown in
Fig. 3, B and C.

We found 110 interactions among the
proteins in the replication complex, averag-
ing 7.7 interactions per protein (range of 3
to 16; Fig. 3D and table S1). Detected
interactions included 47 previously identi-
fied by any method including genetic, two-
hybrid, and biochemical interactions (based
on our literature survey), and 63 previously
undetected interactions. Of the gold-stan-
dard interactions that had been demonstrat-
ed biochemically with purified proteins, we
detected 17 of 20 (85%) (18—20). We also
detected 19 of the 36 reported interactions
(53%) on the basis of coimmunoprecipita-
tion (IP) (18, 21-23). A difference here is
expected because NAPPA only detects bi-
nary interactions, whereas IP also reports
interactions mediated by bridging proteins.
In fact, a NAPPA network in which two
proteins shared a common binding partner
could be identified for each of the 17 IP
interactions not detected by NAPPA. Over-

A

Protein
Expression

Control

+ His-Cdc6

Cdt1

lap was lowest (42%) with interactions re-
ported by yeast two-hybrid (78, 20, 22, 24).

A variety of biochemical experiments
have identified two stable complexes, ORC
and MCM2-7, in the pre-RC of many species
(18). Consistent with this, the microarray ex-
periments detected many interactions (28%
of all detected interactions) within and be-
tween these two complexes (Fig. 3D) includ-
ing 10 unique interactions among the six
ORC subunits (Fig. 3D, blue) in agreement
with the current ORC model (25). Similarly,
we observed most known interactions within
the MCM complex except those involving
MCMB6, which was among the proteins that
showed low expression as both the target and
query (Fig. 3D, green). Interactions among
Cdc6, Cdtl, and the ORC proteins required
for pre-RC formation were not previously
understood. Here, we find that Cdc6 interacts
directly with all of the ORC proteins except
ORC4 and Cdtl interacts specifically with
ORCI1 and ORC2 (Fig. 3D, red).

In the S phase, the loading of Cdc45 to the
chromatin is postulated to activate the heli-
case activity of the bound MCM2-7 complex
(26, 27). Interestingly, we did not observe
any direct interactions between Cdc45 and
the MCM2-7 proteins. Cdc45 interacted with
MCM10, which in turn interacted with sev-
eral MCM2-7 proteins (Fig. 3D, red), sug-
gesting that MCM10 could act to recruit
Cdc45 to the MCM2-7 complex. This is con-
sistent with recent experiments showing that
MCMI10 is indeed required for Cdc45 bind-
ing to chromatin (2§).

Cdc6 and Cdtl are both necessary to
recruit the MCM2-7 complex onto chroma-
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Fig. 4. Characterization of Cdt1. (A) Cdt1 regulation. NAPPA was used to test whether Cdc6 could
act as a bridging protein between Cdt1 and MCM2. Target proteins Cdt1, Cdc45 (negative control),
and MCMS5 (positive control) were expressed in duplicate (top panel) and confirmed by an antibody
to GST. The target proteins were probed with either HA-MCM2 alone (left panel) or in the presence
of coexpressed His-Cdc6 (right panel). The binding of MCM2 was detected with an antibody to HA.
(B) Cdt1 deletion mapping. NAPPA was used to map the binding domain of geminin on Cdt1.
Fragments from various regions of Cdt1 (as indicated) were generated by PCR and cloned into
target expression vectors. The partial or full-length polypeptides were expressed and detected on
the array with an antibody to GST (left panel). To identify the binding region of geminin, the array
was queried with HA-geminin (right panel) and developed with an antibody to HA. Vertical lines
(dashed) delimit the small (15-aa) region common to all the fragments that bound geminin. A small
78-aa domain (135 to 212 aa) containing the noted 15 aa (198 to 212 aa) was expressed along with
full-length Cdt1 (bottom left), which was again queried with geminin (bottom right).
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tin (/8). We detected many interactions
among these proteins but none between
Cdtl and the MCM2-7 proteins, although
they coimmunoprecipitate (29, 30). Cdtl
and MCM2 share Cdc6 as a binding partner
(fig. S4), suggesting that Cdc6 could bridge
Cdtl to the MCM2-7 complex. The open
format of NAPPA supports the expression
of proteins in addition to the target and
query, allowing the examination of multi-
protein complexes and their regulation. By
exploiting this feature, we demonstrated
that MCM2 bound to Cdtl only in the
presence of coexpressed Cdc6 (Fig. 4A).
Thus, it is likely that Cdc6 acts as a bridg-
ing protein, although enzymatic or alloste-
ric effects cannot be ruled out, showing that
simple regulatory mechanisms can be reca-
pitulated in the protein microarray format.

To further examine Cdtl protein function,
we focused on its interaction with geminin.
Previous work has mapped the binding to a
relatively large domain of Cdtl [177 to 380
amino acids (aa) (20)]. We used NAPPA to
map more precisely the binding domain of
geminin on human Cdtl by generating a se-
ries of end deletion fragments of Cdtl, ex-
pressing the partial length proteins on the
array, and probing the array with HA-
geminin as query protein (Fig. 4B). Using
this approach, we localized a ~15-aa se-
quence (198 to 212 aa) that was necessary for
binding. We then tested a 78—aa fragment
(135 to 212 aa) containing this sequence and
demonstrated that it was sufficient for gemi-
nin binding, albeit somewhat more weakly.

There still remain technical challenges for
NAPPA. First, as in virtually all other HT
protein interaction techniques, there is the
possibility that bridging proteins or inhibitors
(e.g., from the cell-free expression system)
may affect some interactions. Second, the use
of peptide tags, also common to most inter-
action methods, may lead to steric effects that
block important binding domains, although
with NAPPA tags can be configured on either
end of the proteins. Third, some posttransla-
tional modifications may be absent in
NAPPA. However, the open format of
NAPPA allows for the addition of enzymes
or extracts if needed. Finally, because
NAPPA lacks the spatial and temporal
compartmentalization of the cell and be-
cause the folding and activity of proteins in
vitro may not always reflect protein activity
in vivo, it will be important to confirm that
previously unidentified interactions make
biological sense.
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Lack of a Fusion Requirement
for Development of Bone
Marrow-Derived Epithelia
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Analysis of developmental plasticity of bone marrow-derived cells (BMDCs) is
complicated by the possibility of cell-cell fusion. Here we demonstrate that
epithelial cells can develop from BMDCs without cell-cell fusion. We use the
Cre/lox system together with 3-galactosidase and enhanced green fluorescent
protein expression in transgenic mice to identify epithelial cells in the lung, liver,
and skin that develop from BMDCs without cell fusion.

Cells marked as bone marrow—derived
(BMDCs) can be found as mature cells of
many nonhematopoietic tissues, including
lung, liver, kidney, skin, and muscle. The
BMDCs are often identified by the presence
of the Y chromosome in sex-mismatched
bone marrow transplants (male into female)
or by detection of gene products such as
enhanced green fluorescent protein (EGFP)
that are present in the donor but not the
recipient. Interpretation of these results has
been complicated by observations that in
vitro coculture of embryonic stem cells and
somatic cells can result in spontaneous cell
fusion (1, 2), giving rise to cells of mixed
phenotype and genotype. The in vivo ap-
pearance of marrow-derived hepatocytes,
cardiomyocytes, and Purkinje cells is due,
at least in part, to fusion of BMDCs with
these cell types (/-7). However, because
some of these cell types are known to form
heterokaryons in settings of profound tissue
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injury (8—10), the incidence of this process
must be examined in nonfusogenic organs
under physiologic conditions.

This study was designed to evaluate for
fusion events, including those that may have
been masked by reductive division. We did
this using the Cre/lox recombinase system
to examine whether fusion occurs between
BMDCs and host cells after bone marrow
(BM) transplantation. We used mice of the
Z/EG Cre-reporter strain (11, 12) (fig. S1) as
marrow donors for transplantation into mice
that ubiquitously express Cre. In this model,
any cell resulting from fusion of a BMDC
with a host cell should express EGFP.

We transplanted lethally irradiated female
mice that ubiquitously expressed Cre recombi-
nase with BM from male Z/EG donor mice,
B-actin—Cre (Cre) donor mice (/3), or Z/EG
and B-actin—Cre F1 (Z X C F1) donor mice.
The transplants from Z X C F1 mice into Cre
mice served as positive controls for EGFP ex-
pression in donor-derived cells, and the Cre-
into-Cre transplants served as negative controls.
Tissues from the recipients were analyzed 8 to
12 weeks after transplantation for the presence
of BM-derived (Y chromosome—positive) epi-
thelial cells and EGFP expression.
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For analysis of the lungs, single-cell sus-
pensions were analyzed by flow cy-
tometry and fluorescence microscopy. For
fluorescence-activated cell sorting (FACS),
the M1 gate was determined by the fluores-
cence intensity greater than 99% of the cells
in an EGFP-negative population (Fig. 1A,
horizontal black line). Given this gate, 66%
of all cells from the lungs of Z/EG X Cre F1
mice were EGFP-positive (Fig. 1A, green).
The EGFP-negative population mostly com-
prised blood and endothelial cells (/4). In the
EGFP-positive control transplants (Fig. 1A,
blue), 10% of the cells were EGFP-positive.
Subsequent immunocytochemistry on FACS-
sorted EGFP-positive cells showed that 6%
of these were both EGFP- and cytokeratin-
positive (Fig. 1, B and C). The high percent-
age of EGFP-positive, cytokeratin-negative
cells was due to contaminating blood cells in
the lung digests. From these data, we con-
clude that at least 0.6% of total lung cells
were EGFP-positive epithelial cells. In exper-
imental transplants from Z/EG mice into Cre
mice (Fig. 1A, orange and red), ~0.8% of the
experimental cells had a fluorescence inten-
sity greater than the EGFP-negative baseline
population, which is equal to the percentage
in negative-control (-actin—Cre (Fig. 1A,
black) animals. Immunofluorescence analysis
indicated that these cells were uniformly neg-
ative for EGFP (14).

We also looked for coexpression of cy-
tokeratin with EGFP by immunofluores-
cence (Fig. 1, D to G) and for coexpression
of cytokeratin with the X and Y chromo-
somes by fluorescence in situ hybridization
(FISH) (Fig. 1H) in cytospins of unsorted
cells from the lung digests. EGFP was ex-
pressed in the Z/EG X Cre (Fig. 1D) and
Z X C Fl-into-Cre control mice (Fig. 1G),
but not in Z/EG-into-Cre experimental (n =
12 mice) or Cre-into-Cre negative-control
recipients (Fig. 1, E and F). In all cases,
cytokeratin-positive lung cells contained
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