
from an IgG1-637–treated monkey induced strong
AChR degradation, in contrast to serum from a
monkey injected with the IgG4 antibody (Fig. 3B).
The latter serum, moreover, prevented AChR
degradation by IgG1-637 in an in vitro mixing
experiment (Fig. 3C). Finally, serum from an
animal treated with both antibodies induced only
moderate degradation. The IgG4-637 antibody,
which induced AChR degradation before injec-
tion (Fig. 3A), apparently acquired non–cross-
linking and protective activity in vivo.

Antibody function is regulated by posttrans-
lational modifications. Fucosylation in the Fc do-
main, for example, affects immune cell activation
by modulating affinity for Fc receptors (21).
Sialylation has been shown to endow IgG with
anti-inflammatory activity (22), but that cannot
explain our findings, as none of the antibodies
used contained sialic acid. Dynamic Fab arm
exchange therefore represents a novel type of
posttranslational modification, which serves as
an additional mechanism for generating anti-
inflammatory activity. The mechanism by which
IgG4 Fab arm exchange occurs in vivo likely
requires the reducing environment in blood or at
cell surfaces to facilitate the breaking of inter–
heavy chain disulfide bonds located in the hinge
region. Indeed, the addition of reducing com-
pounds, such as GSH, to purified IgG4 alone
was sufficient to induce in vitro Fab arm ex-
change. GSH, present in all cell types, may well
perform this role in vivo, and so additional co-
factors, chaperones, or receptors, as hypothe-
sized for PDI and FcRn previously (10), may
therefore not be essential. An important second
antibody heavy chain interface is located be-
tween the CH3 domains, which we show to be
critically involved in Fab arm exchange. Elucidat-
ing the contribution of specific CH3-domain ami-
no acid contacts to the mechanism of this reaction
requires further investigation.

We show that IgG4 molecules acquire two
distinct Fab arms by Fab arm exchange, which,
when derived from polyclonal plasma IgG4,
are (usually) directed against unrelated antigens.
Fab arm exchange, furthermore, is dynamic, and
combinations of certain specific Fab arms are
therefore only expected to exist transiently. IgG4
molecules thereby lose their ability to cross-link
antigen and to form immune complexes under
most conditions. IgG4, often induced by chronic
antigen stimulation, then may interfere with
immune complex formation by other antibody
isotypes and may dampen inflammatory reac-
tions. In specific immunotherapy with allergen in
allergic rhinitis, for example, increases in aller-
gen-specific IgG4 levels indeed correlate with
clinical responses (7, 23). A first proof of concept
using monoclonal antibodies indicates that the
formation of non–cross-linking IgG4 antibodies
in vivo provided protection against a pathogenic
antibody in experimental autoimmune MG.

Our results have an impact on immuno-
therapy with IgG4 monoclonal antibodies. The
in vivo instability and dynamics of IgG4

introduce unpredictability, which is undesirable
for human immunotherapy. Future studies
should address the contribution of IgG4 Fab
arm exchange to in vivo activity of therapeutic
IgG4 monoclonal antibodies.

In summary, antibodies of the IgG4 isotype
are shown to be dynamic molecules, undergoing
Fab arm exchange in vivo and in vitro. The
ability to engage in Fab arm exchange appears
to be an inherent feature of IgG4 that involves
the third constant domain in addition to the hinge
region and that only requires a reducing envi-
ronment to be activated. This novel protein mod-
ification challenges the commonly accepted one
antibody–one antigen paradigm and redefines our
thinking about the role of IgG4 in antibody-
mediated immunity and the application of IgG4
monoclonal antibodies to immunotherapy.
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Functional Architecture and Evolution
of Transcriptional Elements That
Drive Gene Coexpression
Christopher D. Brown,1 David S. Johnson,1 Arend Sidow1,2*

Transcriptional coexpression of interacting gene products is required for complex molecular
processes; however, the function and evolution of cis-regulatory elements that orchestrate
coexpression remain largely unexplored. We mutagenized 19 regulatory elements that drive
coexpression of Ciona muscle genes and obtained quantitative estimates of the cis-regulatory
activity of the 77 motifs that comprise these elements. We found that individual motif activity
ranges broadly within and among elements, and among different instantiations of the same motif
type. The activity of orthologous motifs is strongly constrained, although motif arrangement, type,
and activity vary greatly among the elements of different co-regulated genes. Thus,
the syntactical rules governing this regulatory function are flexible but become highly
constrained evolutionarily once they are established in a particular element.

Gene products that are involved in the
same molecular process must be coordi-
nately expressed. Transcriptional coex-

pression is achieved by regulatory proteins and

their target cis-regulatory elements that promote
gene transcription in overlapping spatiotemporal
distributions (1–7). The function of a cis-element
is encoded in its molecular architecture: a nucle-
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otide sequence with instantiations (motifs) of the
binding sites (motif types) for one or more
transcription factors arranged with functionally
significant motif combinations, orientations, or
spacing. We address the molecular architecture
of cis-elements driving gene coexpression and
how the sequence and function of such elements
evolves.

Because motifs are the functional units within
a cis-element, analysis of a cis-element’s molec-
ular architecture and evolution requires an
experimental system that allows quantification
of each motif’s activity, in a sufficiently large
number of coexpressed genes whose functions
have been maintained throughout evolution. The
urochordate Ciona harbors such a system in the
form of 19 genes that are coexpressed in the 36
muscle cells of the developing embryo (6). Of
these 19 genes, 17 function in the same macro-
molecular complex, underscoring the require-
ment for tight coexpression. The genes include
six single-copy loci fromC. savignyi and their six
orthologs in the sister species, C. intestinalis: a-
tropomyosin 1 (AT1), a-tropomyosin 2 (AT2),
myosin binding protein (MBP), troponin I (TI),
troponin T (TT), and creatine kinase (CK). The
remaining seven genes comprise two or three
paralogs each of the multicopy gene families
muscle actin (MA), myosin light chain (MLC),
and myosin regulatory light chain (MRLC) from
C. savignyi (fig. S1). The three motifs that
mediate muscle-specific transcription in Ciona
in general, and of these loci in particular, are the
cyclic adenosine 5´-monophosphate response
element (CRE) (6, 8), the MyoD motif (9–11),
and the Tbx6 motif (12) (fig. S2).

We investigated the functional architecture of
the 19 cis-elements by a comprehensive muta-
genesis effort coupled with a whole-embryo ex-
pression assay (13–15). Each reporter construct
harboring specifically mutagenized sequences
was transfected into hundreds of developing em-
bryos. Activity of a mutagenized element was
measured as the percentage of muscle cells ex-
pressing the reporter, which we show to correlate
with average transcript levels [fig. S4 and sup-
porting online material (SOM) text, section 3].
A first few hundred constructs, assayed in over
2000 transfections, defined the cis-elements re-
sponsible for the majority of function of each
locus (Fig. 1 and table S1). We then dissected
each cis-element using 220 constructs with
small deletions [5 to 10 base pairs (bp)] or site-
directed mutants that removed putative motifs in
isolation or different combinations. Our quanti-
tative results are based on 1237 transfections
(five biological replicates per construct), which
yielded a total of 85,506 transgenic embryos
(table S2).

A quantitative and biologically meaningful
representation of the functional architecture of
each cis-element required an analysis framework
to estimate the activity of eachmotif. To choose a
framework, we needed to assess the relative im-
portance of genetic interactions between motifs.
Using the subset of the data that was appropriate
for interaction analyses, we determined that most
of the cis-elements examined functioned with
little epistasis (SOM text, section 4, and fig. S5).
Further evidence for motif independence was
obtained by motif substitution experiments (SOM
text, section 5, and fig. S6). This indicated that
we could use multivariate regression (16) as the
analytical framework to quantify motif activity.

Model predictions approximate the observed
data well and are robust to several analytical
scenarios (SOM text, section 6, fig. S7, and tables
S1 and S3). After considering the advantages and
drawbacks of these scenarios, we chose to con-
tinue our analyses with additive regression mod-
els (SOM text, section 6). These models explain
30 to 89% (mean 67%) of the variance of ex-
pression at each element (table S1), again under-
scoring that genetic independence explains most
of the data well. Consistent with additivity, we
express motif function in “expression frequency

units” (efu), meaning that a motif with an inferred
activity of x efu increases by x the percentage of
muscle cells in which expression is detected
(SOM text, section 3). The mean per-element
fraction of activity attributed to themotifs is 83%.
The 77 motifs affect element activity by –0.14 to
0.45 efu (Fig. 2A), with 39 motifs having
significantly nonzero activating function (partial
regression coefficient t statistic, P < 0.05).

Having obtained quantitative estimates of
motif activity, we examined each element’s func-
tional architecture. Apart from the obvious clus-
tering of functional motifs, we were unable to
discern any features (such as spacing, order, and
relative orientation of motifs) that might explain
the functions of individual motifs or of the ele-
ments as a whole, which would have shed light
on organizational principles of regulatory
elements. Indeed, there is notable heterogeneity
among the loci: Elements are built frommotifs of
widely varying activity, from different combina-
tions of motif types, and in diverse arrangements
(Fig. 2B). For example, the cis-element at CK
spans 31 bp and consists of one intermediate and
one strong Tbx6 motif, whereas the AT1 cis-
element consists of two weak CRE motifs,
followed by two intermediate Tbx6 motifs and
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a strong MyoD motif, across 35 bp. Although
motif independence is prevalent, elements do
somewhat differ in how much genetic interaction
exists. At MBP and AT2, for example, the
additive model explains the data very well with
high correlations between the predictions and the
actual data (r2Cs-MBP = 0.83, r2Cs-AT2 = 0.77;
tables S1 and S3) and with little function
unexplained by the model. Function at MA1,
by contrast, is not described as well by models
without interactions (table S3).

Conceivably, the heterogeneous regulatory
architectures specify subtle differences in ex-
pression pattern or timing during developmental
stages or physiological conditions not assayed
here. It is clear, however, that the genes’ tight
coexpression in the embryonic tail muscle is
achieved by a common and restricted set of three
transcription factors acting upon vastly different
cis-element architectures, the diversity of which
defies the expectation that commonalities in
design underlie co-regulation.

In stark contrast to the apparent flexibility of
regulatory architecture, we observed little change
in motif activity, order, or composition between
orthologous elements of C. intestinalis and C.
savignyi. (Neutral sequence divergence between
the two Ciona species is approximately equiv-
alent to that between mammals and birds, ruling
out the possibility that these sequences have
not been afforded enough time to accumulate
change.) At single-copy genes, 26 of the 27
motifs with statistically significant activity have
a clearly orthologous counterpart. Orthologous
motifs drive very similar, in many cases indis-
tinguishable, amounts of activity (Fig. 3A). For
example, bothMBP orthologs are regulated by a
strong MyoD, a weak Tbx6, and a weak CRE
motif, with less than 0.039 efu average deviation
in individual motif activity. In total, the activity
of orthologous regulatory motif pairs is highly
correlated between the two species (Spearman’s
r = 0.61,P < 0.005; Fig. 3B). Thus, co-regulated
gene expression at these loci has been main-

tained by conserving the locus-specific ancestral
cis-regulatory architectures, with purifying se-
lection tolerating little functional flexibility.

Strong constraint is evident at the sequence
level as well. Functional regulatory motifs ex-
hibit far fewer substitutions than the genome-
wide average (P < 3.8 × 10−10) (SOM text,
section 7, and fig. S8A). The pairwise identity
between orthologous functional motifs is 79%,
whereas the genome-wide background identity
is <20% (including insertions and deletions).
Sequence identity markedly drops off outside
the boundaries of the functional motifs (Spear-
man’s r = –0.57, P < 0.05), reaching genome-
wide background levels within 12 bp (fig. S8B).
Finally, there is less population genetic variation
in the motifs than on average in the genome (17)
(SOM text, section 7, and fig. S10). This dem-
onstrates that the motif sequences are subject to
far greater evolutionary constraint than flanking
sequence and that the functional motifs them-
selves are the units maintained by purifying
selection.

The sequence changes that have occurred are
not distributed evenly among the orthologous
motifs, with functionally strong motifs having
accumulated fewer substitutions than weak
motifs. Notably, motif activity is significantly
correlated with percent identity (Spearman’s r =
0.35, P < 0.05). This is likely due to strong
regulatory motifs being responsible for a larger
fraction of the total function of a regulatory
element; substitutions in them will therefore re-
sult in greater phenotypic consequences and be
subject to stronger levels of purifying selection,
decreasing the evolutionary rate of the element.

Further emphasizing that the activity of an
element is controlled tightly by evolutionary pres-
sures is a case of compensatory evolution in AT2.
Two Tbx6 motifs (Fig. 3, A and C) are
functionally strong in one species and weak in
the other, in a complementary pattern. These
activity differences correlate with substitutions
away from or toward the motif consensus (Fig.
3C). The functional differentiation of these cis-
regulatorymotifs did not result frommotif gain or
loss but from base substitutions that modified
motif activity.

Comparison of the cis-regulatory architec-
tures of the three groups of paralogs from C.
savignyi presents a strong contrast to the highly
constrained orthologous cis-elements. The paral-
ogous architectures show a high degree of
differentiation in the form of element and motif-
level sequence turnover as well as functional
divergence of well-aligned motifs (Figs. 2B and
3D). Thus, whereas purifying selection acting on
orthologous motifs in single-copy genes is strong
enough to maintain conservation of regulatory
motif sequence and function over long evolu-
tionary distances, the paralogous motifs of clus-
ters of genes that encode the same protein exhibit
far greater rates of turnover. We speculate that
this greater flexibility in elements of clustered
multicopy genes is tolerated because changes in
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the activity of one element have a small effect on
the total function of the cluster.

The two most prominent developmental
mechanisms that build a multicellular organism
are pattern formation and cellular differentiation.
Previous studies of regulatory architecture and
evolution were conducted in pattern formation
systems, either by leveraging sequence compar-
isons and broad functional genomic data (18–20)
or by studying a single regulatory element in
detail (21–24). By contrast, we dissected the
regulation of coexpression during cellular differ-
entiation and introduced a quantitative frame-
work for targeted experimental analysis of motif
function. Using the Ciona muscle system, we

demonstrated that coexpression is driven by
regulatory motifs of broadly varying activity
assembled into a diverse array of cis-elements.
Despite this flexibility in cis-regulatory archi-
tecture, motif-level sequence and function are
exquisitely maintained in distantly related ortho-
logs. Thus, whereas a diversity of cis-regulatory
architectures can generate nearly identical phe-
notypic outputs, the fitness landscapes separating
them appear to be sufficiently rugged to constrain
their evolution (25).

Our findings have implications for under-
standing genetic variation in such co-regulatory
systems. Polymorphisms in cis-elements will
range in phenotype, depending on the amount

of activity that the affected motif contributes to
the function of its element; the most direct evi-
dence for this view is the wide range of effects on
cis-element function by the individual motif
mutants we tested. Similarly, a polymorphism in
a trans-acting factor will not affect expression of
all targets equally but will instead have a target-
specific effect whose magnitude is determined by
the architecture of the target’s cis-element. These
conclusions highlight the challenges that lie
ahead for interpretation of genetic variation in
gene regulatory systems, including those of ver-
tebrates, Ciona’s most advanced close relatives.
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gene pairs. Distance from transcription start site and motif activity are plotted along the x and y axes,
respectively. Open and solid circles represent individually resolved C. savignyi and C. intestinalis motifs,
respectively. Colors are same as in Fig. 2. (B) Conservation of orthologous motif activity. C. intestinalis and
C. savignyi motif activity plotted against each other. (C) Compensatory evolution of AT2 regulatory
elements for C. savignyi (top) and C. intestinalis (bottom). Arrow direction and thickness represent Tbx6
motif orientation and strength of match to its position-specific scoring matrix. Bar plots depict activity of
each Tbx6 motif, as estimated from additive regression models. (D) Functional turnover in paralogous
motifs. Plotted as in (B). Error bars in all panels depict standard error.
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