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Community Proteomics of a
Natural Microbial Biofilm
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Gene W. Tyson,” Brett J. Baker,” Robert C. Blake I1,”
Manesh Shah,” Robert L. Hettich,* Jillian F. Banfield2*

Using genomic and mass spectrometry—based proteomic methods, we eval-
uated gene expression, identified key activities, and examined partitioning of
metabolic functions in a natural acid mine drainage (AMD) microbial biofilm
community. We detected 2033 proteins from the five most abundant species in
the biofilm, including 48% of the predicted proteins from the dominant biofilm
organism, Leptospirillum group Il. Proteins involved in protein refolding and
response to oxidative stress appeared to be highly expressed, which suggests
that damage to biomolecules is a key challenge for survival. We validated and
estimated the relative abundance and cellular localization of 357 unique and
215 conserved novel proteins and determined that one abundant novel pro-
tein is a cytochrome central to iron oxidation and AMD formation.

Microbial communities play key roles in the
Earth’s biogeochemical cycles. Our knowledge
of the structure and activities in these communi-
ties is limited, because analyses of microbial
physiology and genetics have been largely con-
fined to studies of organisms from the few lin-
eages for which cultivation conditions have been
determined (/). An additional limitation of pure
culture-based studies is that potentially critical
community and environmental interactions are
not sampled. Recent acquisition of genomic
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data directly from natural samples has begun to
reveal the gene content of communities (2) and
environments (3). Here we combined “shotgun”
mass spectrometry (MS)-based proteomics
(4-6) with community genomic analysis to
evaluate in situ microbial activity of a low-
complexity natural microbial biofilm.

The biofilm samples used in this study and
prior work (2) were collected from under-
ground sites in the Richmond mine at Iron
Mountain, near Redding, California (USA).
These pink biofilms grew on the surface of
sulfuric acid-rich (pH ~0.8), ~42°C solu-
tions that contain near-molar concentrations
of Fe and millimolar concentrations of Zn,
Cu, and As (7) (Fig. 1). We used oligo-
nucleotide probes (8) to demonstrate that
Leptospirillum group II dominated the sample,
but it also contained Leptospirillum group 11,
Sulfobacillus, and Archaea related to Ferro-
plasma acidarmanus and “G-plasma” (Fig. 2).
This was similar in structure and composition
to the community previously used as a source
of genomic sequence (2).
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In general, proteins could be assigned to
organisms, because the genes that encode them
are on DNA fragments (scaffolds) that have
been assigned to different organism types (2).
From the genomic dataset (2), we created a
database of 12,148 proteins (Biofilm_dbl)
that was used to identify two-dimensional
(2D) nano-liquid chromatography (nano-LC)
(200 to 300 nl/min) tandem mass spectrome-
try (MS/MS) spectra (8—13) from different
biofilm fractions. One or more peptides were
assigned to ~5994 proteins (Table 1). This
corresponds to ~49% of all proteins encoded
by the genomes of the five most abundant or-
ganisms. We estimated the likelihood of false-
positive protein identification using a variety
of detection criteria and databases derived
from organisms not present in this environ-
ment (8). Because of these results, for all
subsequent analyses, we required matching of
two or more peptides per protein for confident
detection (8). After removal of duplicates, we
detected 2003 different proteins (table S1). An
additional 30 proteins were found that were
encoded by alternative or overlapping open
reading frames (§).

We detected 48% of the predicted proteins
(i.e., 1362 of 2862) from Leptospirillum group
II (table S2). This percentage exceeded those
of most prior proteomic studies of microbial
isolates (10, 12, 13). In part, this may reflect
the presence of cells in many different growth
stages, as well as microniches within the
biofilm (/4). We also detected 270 Leptospi-
rillum group 1ll, 84 Ferroplasma type 1, 99
Ferroplasma type 1I, and 122 “G-plasma”
proteins. In addition, we found 30 proteins on
unassigned archaeal scaffolds and 36 on un-
assigned bacterial scaffolds. The proportion of
proteins detected from each organism type
was similar to the proportion of cells from
each organism type in the biofilm (&). Most
proteins from low-abundance members were
probably in concentrations too low to be
detected by the presence of two peptides.
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Furthermore, we were unable to identify pro-
teins from organisms such as Sulfobacillus,
for which there is little genome sequence (2).

Using the MS data, we estimated the
relative abundance of individual proteins in
different biofilm fractions (15). Overall, the
biofilm was dominated by novel proteins that
are the products of genes previously annotated
as “hypothetical” (42% of genes in the orig-
inal genomic dataset). On the basis of the
BLASTP algorithm (/6), these proteins lack
significant homology (/7) to proteins with
functional assignments. Of the abundant
proteins, 15% were “unique” (not significantly
similar to any known protein), and 2% were
“conserved” (similar to other predicted pro-
teins, but not significantly similar to charac-
terized proteins). Other functional groups
prominent in the group of most abundant
biofilm proteins were ribosomal proteins
(13%), chaperones (11%), thioredoxins (9%),
and proteins involved in radical defense (8%).
Ten abundant disulfide isomerases were
detected, at least four of which were present
in the extracellular fraction. Together these
findings suggest that protein stability in pH < 1
solutions is achieved in part by refolding,
catalyzed by abundant enzymes that were
tolerant of low pH. Peroxiredoxin and some
other abundant proteins (e.g., rubrerythrin and
catalase) are involved in defense against
oxidative stress, which indicates an important
challenge in the AMD environment.

On the basis of MS sequence coverage, the
extracellular fraction was enriched (/8) in unique
proteins (52%) and contained ~14% conserved
novel proteins. These proteins presumably func-
tion in AMD solution and may be important for
adaptation to the acidic, metal-rich environment.
Among extracellular proteins, the three with the
highest sequence coverage in this fraction are
encoded by hypothetical genes. One showed
weak similarity to c-type cytochromes and Fe/Pb
permeases (table S2), and originated from
Leptospirillum group 11.

Although 67% of the predicted amino acid
sequence of the protein that resembles cyto-

Table 1. Number of proteins detected through
triplicate analysis of biofilm fractions using differ-
ent filtering levels. The LCQ and LTQ datasets were
derived from redundant protein counts from global
contrast files using two different MS techniques
(8). Liberal filters require at least one peptide per
gene; conservative filters require at least two
peptides per gene; ultraconservative filters require
at least three peptides per gene. Xcorrs of at least
1.8 (+1), 2.5 (+2), 3.5 (+3) were used in all cases.

S LCQ LTQ  Combined
Filtering level data set data set data sets
Liberal filters 3127 5534 5994
Conservative 1160 2077 2146

filters
Ultraconservative ~ 837 1419 1435
filters
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chrome ¢ could be reconstructed from multiple
overlapping peptides, there were three gaps
(Fig. 3). Further analysis revealed that one gap
contains a signal peptide (79); the two others
contain single amino acid differences in the
cytochrome variant found in the biofilm used
for proteomic analysis versus the biofilm
used to generate the genomic data (8). After
taking into account these factors, 100% of
the protein was recovered by MS. Therefore,
combining community genomics with pro-
teomics data allows detection of protein
variants and signal sequence cleavage in
natural samples.

This extracellular protein also contained a
heme-binding consensus sequence, indicating
that it may play a role in electron transport. We
verified by gel electrophoresis analysis and N-

A

terminal sequencing that this is a heme-
containing protein that is abundant in the
extracellular fraction (8) (fig. S3). Interesting-
ly, the peptide sequence differed from the
predicted sequence, because it contained leu-
cine in place of isoleucine at a position en-
coded by ATC, which suggests atypical codon
usage. The proteomic analysis is blind to this
substitution because isoleucine and leucine
share the same mass. Abundant iron-oxidizing
cytochromes with absorption peaks around
579 nm have been detected in Leptospirillum
ferrooxidans (a member of Leptospirillum
group 1) and Leptospirillum ferriphilum (a
member of Leptospirillum group II) isolates
(20, 21) (fig. S4). Amino acid sequences for
these cytochromes have not been reported.
Because the absorption at 579 nm is unique to

Fig. 1. (A) Photograph
of the biofilm during col-
lection in January 2004.
The biofilm occurs as a
continuous sheet over
the surface of the AMD
pool; wrinkles form be-
cause of movement of
the solution. [Photograph
taken from the AB end
location (fig. S1).] (B)
Close-up photograph dur-
ing sample collection
showing that the bio-
film is thin and appar-
ently homogeneous. (C)
A thicker biofilm in the
same location 5 months
later, which suggests
that the initial biofilm
was actively growing
when sampled. [Photo-
graphs by T. Johnson]
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the abundant Leptospirillum cytochrome type,
we henceforth refer to these proteins as cyts,.

The first 40 amino acids of cyt,,, puri-
fied from the periplasm of L. ferriphilum (8)
matched the predicted sequence of the extra-
cellular cytochrome in Leptospirillum group 11
derived from the biofilm after taking into
account loss of the 23 amino acid signal
peptide and the substitution of leucine for iso-
leucine. The cleavage of a leader sequence
from the N terminus indicates that the mature
protein is exported across the cytoplasmic
membrane. The rate constant for the ferrous
iron—dependent reduction of cyt.,, purified
from L. ferriphilum was greater than or equal
to the overall turnover number for the transfer
of electrons from ferrous iron to molecular
oxygen by whole cells (8). Furthermore, the
apparent standard reduction potential of cyts.,
was ~670 mV (8). This relatively high po-
tential would be expected for an electron
carrier in a transport chain where the electron
donor (ferrous ions complexed with sulfate in
acidic solution) has a reduction potential of
>660 mV. Thus, cyt,, has both kinetic and
thermodynamic properties consistent with a
central role in iron oxidation by Leptospiril-
lum group II. The high abundance, local-
ization to the extracellular fraction, and

Fig. 2. Fluorescence in
situ hybridization anal-
ysis (8) of the biofilm
collected from the same
site as Fig. 1 (AB end)
in January 2004. In
both images, Leptospi-
rillum group Il is yellow,
and other bacteria (Sul-
fobacillus spp.) are red.
Archaea are probed in
(A) and appear blue;
Leptospirillum group Il
are probed in (B) and
appear white.

predicted signal
cleavage site

Fig. 3. Recovery of peptides
spanning the entire sequence
of a natural variant of cyt,.
The predicted sequence for
¢yt On the basis of the com- =
munity genomic data (2), is

represented by a large black

bar. Below, the smaller black

bars represent tryptic peptides

identified through proteomic

analysis. Gray bars represent

regions of the mature protein

recovered by MS after consid-

eration of two amino acid dif-

ferences due to strain variation

and cleavage of an N-terminal

signal peptide.

enzymatic activity of cyt,,, imply that it is
the primary iron oxidant in the electron
transport chain (fig. S5). Eight c-type cyto-
chromes and three other novel proteins with
heme-binding motifs were also detected.

As the supply of ferric iron is the rate-
limiting step for pyrite oxidation in this
environment (22), the metabolic activity of
iron-oxidizing microorganisms largely deter-
mines the rate of AMD formation. Leptospi-
rillum group II dominates most biofilms from
the Richmond mine and is frequently detected
at other mining sites and bioleaching plants
(23). Thus, cyt,, is likely one of the key en-
zymes that connects the biology and geochem-
istry of metal-rich acidic environments.

Overall a probable function was assigned to
69% of the detected Leptospirillum group 11
proteins on the basis of sequence similarity
(table S2). We assigned all detected Lepfo-
spirillum group Il proteins to functional
categories on the basis of clusters of ortho-
logous genes (COGs) (24) to evaluate the de-
gree of expression of novel proteins and to
estimate how biochemical resources were
partitioned to different metabolic activities
by this organism. Most commonly detected
were unique and conserved novel proteins
(Fig. 4). Proteins involved in amino acid me-
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tabolism, translation, and energy production
and conversion were the next most commonly
detected, followed by cell envelope biogen-
esis, coenzyme metabolism, and protein fold-
ing and modification.

Many proteins involved in cobalamin and
heme biosynthesis were detected. The reason
for a high cobalamin demand by Lepfospi-
rillum group II is unclear. Additional analysis
is needed to determine whether other commu-
nity members manufacture this vitamin or
obtain it from Leptospirillum group II. Heme
is essential for biosynthesis of cytochromes
such as cyt,,,. A high demand for cyt,, is
consistent with the relatively low energy yield
associated with iron oxidation (25). Heme is
also likely incorporated into the abundant
catalase and peroxidase proteins, which are
important for peroxide and radical detoxifica-
tion. Similarly, the detection of many enzymes
involved in protein refolding may reflect the
challenge associated with maintaining protein
integrity in the hot, acid environment. The ap-
parently abundant thioredoxins may also con-
struct and maintain the conformation of the
abundant acid-exposed heme-based proteins
localized in the periplasm.

Proteins from COG families involved in
secondary metabolite biosynthesis, transport,
and catabolism; cell division and chromosome
partitioning; and inorganic ion transport and
metabolism made up the smallest numbers of
detected proteins. In part, this may reflect our
inability to assign these metabolic roles to novel
environment- and lineage-specific proteins.

Despite the predominance of novel pro-
teins, it is noteworthy that only 38% of the
proteins encoded by conserved hypothetical
genes and 35% of the proteins encoded by
unique hypothetical genes were detected. In
contrast, we detected 86% of proteins predicted
to be involved in amino acid metabolism and
86% of those involved in translation. This
suggests that many hypothetical genes are
nonfunctional, encode proteins required at
low abundance, or are expressed under con-
ditions different from those at the time of sam-
pling. We compared the fraction of genes in the
genome associated with each function with the
fraction of proteins in the proteome associated
with that function. Amino acid metabolism,
translation, nucleotide metabolism, protein
refolding and modification were all more
highly represented in the proteome than in the
genome. In all other categories (except trans-
posases), we observed that representation in the
proteome was similar to that in the genome
(Fig. 4).

Proteomic data can provide direct insights
into how essential functions are carried out
and partitioned among members of natural
communities. For example, although we de-
tected a RuBisCO (ribulose-1,5-bisphosphate
carboxylase-oxygenase)-like protein in Lepto-
spirillum group 11 (2) (47% MS sequence

www.sciencemag.org SCIENCE VOL 308 24 JUNE 2005
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coverage), further examination suggests that
this protein plays another role, possibly in
methylthioadenosine recycling (26). The high
MS detection of Por genes and carbon mon-
oxide dehydrogenase with acetyl coenzyme A
(acetyl-CoA) synthase in Leptospirillum
group Il may reflect carbon fixation via the
acetyl-CoA pathway. NifH, encoded by Lep-
tospirillum group III was detected, which is
consistent with the inference that this relative-
ly low abundance organism is central to ni-
trogen fixation in the AMD system (2). We
also detected proteins involved in nitrogen
regulation and ammonia uptake in Leptospi-
rillum group II, as would be expected if this
organism depends on nitrogen fixed by
Leptospirillum group III. However, failure to
detect other Leptospirillum Nif proteins (27)
suggests a relatively low level of nitrogen
fixation at the time of sampling. Both nitrogen
fixation and carbon fixation via the acetyl-
CoA pathway suggest that some metabolic
activities occur in microenvironments pro-
tected from molecular oxygen.

Each of the genomes from the biofilm
organisms encodes genes that are potentially
used to synthesize extracellular polymers.
Genes involved in production of cellulose, a
likely biofilm constituent (28), are expressed
by Leptospirillum group 1I; however, many of
the polymer production proteins of Leptospi-
rillum group II were not detected. Despite the
much lower degree of sampling of the
Leptospirillum group 1l and Ferroplasma
type II genomes, we detected proteins from
these organisms that may be involved in
creating biofilm architecture. Overall the
proportion of detected proteins involved in
carbohydrate metabolism is considerably
greater in Leptospirillum group III than in
Leptospirillum group II (Fig. 4), which
implies that Leptospirillum group 1II plays a
key role in this biofilm-essential function.

For 15 putative operons composed only of
hypothetical genes, we detected all the pre-
dicted proteins (table S2). For example, one
operon encodes five Leptospirillum-specific
proteins, and another encoded three Lepto-
spirillum group Il-specific proteins, all of
which were found in the membrane and
extracellular fractions (8). These operons of
lineage-specific proteins may provide func-
tions that are central to adaptation to the
AMD environment. Clues to the functions of
other novel proteins were inferred from
operon structure (Fig. 5). For Leptospirillum
group II, we detected 280 novel proteins
encoded within 212 operons, almost all of
which encoded one or more genes with a func-
tional annotation (table S2). For example, one
operon that encoded two novel membrane-
associated proteins also encoded three pro-
teasome subunits. Two unique proteins were
encoded in a four-gene operon with two
putative nitrogen regulatory proteins, which

24 JUNE 2005

suggests roles in nitrogen metabolism. Four
other novel proteins, possibly involved in
motility, were encoded in an operon of 15
genes that included at least eight flagellar
genes.

Both the Leptospirillum group 1l proteome
and the community proteome display a
bimodal distribution of isoelectric points
around ~6 to 6.9 and ~9 to 9.9 (figs. S2
and S6). In contrast, the distribution of
isoelectric points for proteins enriched in the
extracellular fraction is predominantly in the
range ~9 to 10.9 (fig. S6). Thus, separation
based on isoelectric points may be useful
during purification of acid-stable proteins for
functional characterization.

Often the hypothetical proteins not detected
were encoded in blocks. In Leptospirillum
group II, more than 15 genome fragments
including at least 273 genes (50% of them
novel) have been identified as of probable
plasmid origin on the basis of the presence of
typical plasmid genes and the absence or low
abundance of core metabolic genes and the
absence of tRNAs (table S2). On average,
products of only 14% of genes encoded on the
putative plasmid fragments were detected, in
contrast to 51% of genes on chromosome-like
fragments. This low incidence of protein
detection (table S2) indicates that many

% of Total

laterally acquired genes serve no function,
are rarely important, or are expressed only at
low levels.

The Leptospirillum group 11 genome en-
codes more than 100 transposases or trans-
posase fragments, and products of 8 of at least
17 distinct transposase groups were detected.
It is noteworthy that the products of trans-
posase genes that are highly duplicated in the
Leptospirillum group Il genome (e.g., genes
grouped as T5, table S2) were not detected.
However, we did find the products of trans-
posase genes that occur only once or twice in
the genome (e.g., T1 and T2 in table S2). One
detected transposase is a strain-specific type
found in some Ferroplasma type 1 variants.

More than 20 partial or complete integrases
or recombinases were encoded in the Lepto-
spirillum type Il genome, and three distinct
integrases or recombinases were found asso-
ciated with genomic regions inferred to be
acquired by lateral transfer. This finding indi-
cates substantial plasmid and/or phage activity
in the community at the time of sampling.
One detected integrase identical in Ferro-
plasma type 1 and Ferroplasma type 11 has an
unusually low GC content (29%, compared
with ~38% in Ferroplasma typically) and
may be derived from a prophage that recently
infected both species.

Fig. 4. Functional categories of
Leptospirillum group |l proteins
predicted from the genome data-

0 ? 1|0 1|5 ZIO 2|5 3|0 3|5 40 4.5 5|0 set and Leptospirillum groups ||
and Il detected in the proteome.
I | ®  Unique hypothetical The percentage of total proteins
Hie Conserved hypothetical gtrepigc?cre]g? in each category are
L4 DNA replication and recombination
- Cell envelope biogenesis
- General function prediction
om Energy production and conversion
o m Amino acid transport and metabolism
¢ m Translation
»u Coenzyme metabolism
ou ! Carbohydrate metabolism and transport
» Signal transduction
- Trancription and chromatin structure
LI 4 Transposases
s m Protein folding and modification | 4 Lepto. Il Genome
o Cell motility and chemotaxis u Lepto. Il Proteome
- Defense mechanisms [ Lepto. Il Proteome
on Nucleotide transport and metabolism
e Lipid metabolism
- Intracellular trafficking and secretion
» Inorganic ion transport and metabolism
» Cell division and chromosome partitioning
| ] Secondary metabolites
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Although it is well documented that micro-
organisms promote AMD formation (22, 23),
little was known about how these organisms
function in their natural environments or as
consortia. Our “proteogenomic” methods re-
vealed that, in addition to extreme acidity and
metal toxicity, reactive oxygen species are a
significant challenge in this environment. More-
over, biofilm polymer production and nitrogen
fixation appeared to be partitioned among com-

E WMIM2 S Total

% coverage -:

1-10
10-20
20-30
30-40
40-50
50-60
>60

HERRNNNNNE NN NENEN NN N NNNNNNNENENEENEEEEECEER

munity members, and many novel environment-
and/or lineage-specific proteins were expressed
that are presumably important. One of these
was an abundant acid-stable protein capable
of iron oxidation, a process central to AMD
generation. However, many novel genes asso-
ciated with phage- and plasmid-like insertions
were only weakly expressed or not expressed.

MS-based de novo sequencing approaches
(29) and MS? analysis (30) should reduce the

Op
60 efflux transporter
59 efflux transporter
58 conserved hypothetical
57 || alcohol dehydrogenase
56 unique hypothetical
55 __unique hypothetical
54 unique hypothetical
53 unique hypothetical
52 membrane protease
51 || bacterioferritin
50 __ unique hypothetical
49 proteasome-associated ATPase
48 conserved hypothetical
47 unique hypothetical
46 proteasome subunit beta
45 proteasome subunit alpha
44 conserved hypothetical
43 || conserved hypothetical
42 permease
41 Ca2+/Na2+ antiporter
40 || unique hypothetical
39 unique hypothetical
38 L_| unique hypothetical
37 L-proline 4-hydroxylase
36 ectoine synthase
35 4-aminobutyrate aminotransferase
34 |_| 2,4-diaminobutyric acid acetyltransferase
33 unique hypothetical
32 proline betaine transporter
31 unique hypothetical
30 unique hypothetical
29 unique hypothetical
28 I:I efflux transporter
27 efflux transporter
26 conserved hypothetical
25 conserved hypothetical
24 ribonucleotide-diphosphate reductase
23 rubrerythrin
22 D-alanine aminotransferase
21 anthranilate synthase
20 unique hypothetical
19 response regulator
18 unique hypothetical
17 conserved hypothetical
16 unique hypothetical
15 conserved hypothetical
14 I:I conserved hypothetical
13 restriction endonuclease
12 conserved hypothetical
11 unique hypothetical
10 unique hypothetical
9 unique hypothetical
8 leucyl-tRNA synthetase
7 unique hypothetical
6 integrase
5 unique hypothetical
4 conserved hypothetical
3 |:| conserved hypothetical
2 conserved hypothetical
1 transposase

Fig. 5. Characterization of a genome fragment using the proteome dataset. The diagram shows the
annotation, putative operon (Op) structure, and gene number on Leptospirillum group Il scaffold
21. If the protein encoded by a gene was confidently detected (i.e., matching of two or more
peptides), its annotation is in bold type. Colored boxes convey the percentage of each protein

detected via MS in extracellular (E), whole-cell (W

), membrane (M1 and M2), and cytoplasmic (S)

fractions, as well as in the combined biofilm fractions (T). Membrane fractions were prepared by

using two different protocols (8).

REPORTS

requirement for exact gene sequence data,
which would broaden the applicability of
genome sequence information for environ-
mental studies. As more environmental ge-
nomic sequences become available and MS
methods improve, proteogenomics may be
applied to other natural communities of envi-
ronmental, medical, or industrial importance.
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Synapses Form in Skeletal Muscles
Lacking Neuregulin Receptors

P. Escher,'® E. Lacazette,'* M. Courtet," A. Blindenbacher,’
L. Landmann,? G. Bezakova,’ K. C. Lloyd,* U. Mueller,® H. R. Brenner'

The formation of the neuromuscular junction (NM)) is directed by reciprocal
interactions between motor neurons and muscle fibers. Neuregulin (NRG) and
Agrin from motor nerve terminals are both implicated. Here, we demonstrate
that NMJs can form in the absence of the NRG receptors ErbB2 and ErbB4 in
mouse muscle. Postsynaptic differentiation is, however, induced by Agrin.
We therefore conclude that NRG signaling to muscle is not required for NMJ
formation. The effects of NRG signaling to muscle may be mediated indirectly

through Schwann cells.

Motor neurons, terminal Schwann cells, and
muscle fibers express two neuregulin genes,
nrg-1 and nrg-2 (1-3). NRGs activate receptor
tyrosine kinases of the ErbB family (4) that are
expressed in the same cells. Motor neuron—
derived NRG1, originally isolated from brain
as acetylcholine receptor (AChR)-inducing
activity (ARIA) in cultured myotubes (/), is
widely accepted to induce AChR gene tran-
scription in subsynaptic myonuclei by activat-
ing ErbB receptors; the receptors stimulate the
same regulatory elements in ACAR gene
promoters as the motor nerve (5-7). Agrin,
another nerve-derived signal for NMJ forma-
tion (8), activates its receptor MuSK in muscle
(9) and thus recruits AChRs, muscle-derived
NRGs, ErbBs, and other synaptic components
to the subsynaptic muscle membrane. Whereas
the importance of Agrin in NMJ formation has
been demonstrated by genetic means (/0), the
analysis of NRG/ErbB signaling has been less
obvious. Mice lacking nrgl, erbB2, or erbB4
die during development because of heart
malformation, which prevents analysis of their
function in synapse development. Transgene
rescue experiments or muscle-specific gene
ablation have been used to circumvent embry-
onic lethality. However, because Schwann
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cells depend on NRG signals from motor
neurons for their survival and differentiation
(11) and signals from Schwann cells regulate

4- T

relative mRNA level b

wild-type knock-out
NRG — + - +

0

Fig. 1. NRG signaling is blocked in
mutant myotubes; fetal neuromuscular
junctions in HSA-Cre;erbB2/~;erbB4V/ft
mice develop normally. (A) Wild-type,
but not ErbB-deficient myotubes express
AChRe mRNA in response to 5 nM
NRG1B (means + SEM, from three
mutant and four wild-type cultures). P
values in two-tailed t tests are <0.01 for
wild-type and >0.2 for mutant cultures.
(B) Wild-type and mutant diaphragm
muscles stained for AChR (red), neuro-
filament, and synaptophysin (green) at
E14.5. Arrowheads denote nerve-free
AChR clusters. Scale bar, 50 um.
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motor neuron function (12), the effect of NRG
on subsynaptic muscle differentiation could
not be resolved in the genetically rescued
mice. Moreover, whereas ErbB2 is required
for muscle spindle development (/3), neither
ErbB2 nor ErbB4 receptors alone are essen-
tial for NMJ formation (/4). However, they
may have redundant functions on synapse-
specific gene expression (3).

To abolish all NRG signaling to muscle, we
inactivated both the ErbB2 and ErbB4 receptors
selectively in muscle without affecting their
expression in Schwann cells. To this end, we
crossed mice double-homozygous for loxP-
flanked alleles of the erbB2 (13) and erbB4
(I5) genes with a mouse line that begins to
express Cre recombinase under the control of
the human skeletal actin promoter in muscle
precursors at embryonic day 9 (E9) (16), i.e.,
before neuromuscular synapse formation at E13.
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