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to be well localized to dendritic spine heads, with
the presynaptic molecule Bassoon in apposi-
tion (Fig. 4C and movie S3). Examination of a
mossy fiber bouton in the hilus of the dentate
gyrus reveals invaginations into the bouton by
spiny excrescences of the opposing dendrite, as
observed previously via electron microscopy (Fig.
4D) (I1). Thus, ExXM enables multiscale imaging
and visualization of nanoscale features, across
length scales relevant to understanding neural
circuits.

We report the discovery of a new modality of
magnification, namely that fixed cells and tis-
sues, appropriately labeled and processed, can
be physically magnified, with isotropic nanoscale
resolution (effective ~60-nm lateral resolution).
Although acrylate esters have been used for
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antigen-preserving embedding for electron mi-
croscopy (12, 13), ExXM represents the first use
of an embedded polyelectrolyte gel, used here
to expand the specimen. Superresolution im-
aging methods are slower than their diffraction-
limited counterparts because they must resolve
more voxels per unit volume. ExM achieves this
by expanding the voxels physically. ExM achieves
the same voxel throughputs as a diffraction-
limited microscope, but at the voxel sizes of a
superresolution microscope. Ongoing technol-
ogy trends for faster diffraction-limited micros-
copy (14) will continue to boost ExM speed.

The physical magnification of ExXM enables
superresolution imaging with several funda-
mental new properties. The axial effective res-
olution is improved by the same factor as the
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lateral effective resolution. ExXM can achieve
superresolution with standard fluorophores,
and on a diffraction-limited microscope. Super-
resolution imaging is often performed within
~10 mm of the sample surface because of low
signal-to-noise, scattering, and refractive index
mismatch. We were able to perform three-color
superresolution imaging of a large volume of
brain tissue over an axial extent of 100 mm with
a spinning disk confocal microscope. Because
the ExM-processed sample is almost entirely
water, eliminating scattering, ExM may em-
power fast methods such as light-sheet micros-
copy (15) to become superresolution methods.
ExM potentially enables labels to be situated
within a well-defined, in vitro-like environment,
facilitating in situ analysis (16). Because the

CA1 (sIm layer)

Fig. 4. Scalable 3D superresolution microscopy of mouse brain tissue. (A) Volume rendering of a portion of hippocampus showing neurons (expressing YFP,
shown in green) and synapses [marked with anti-Bassoon (blue) and antibody to Homerl (red)]. (B) Volume rendering of dendrites in CAl sim. (C) Volume
rendering of dendritic branch in CAl sim. (D) Mossy fiber bouton in hilus of the dentate gyrus. (i) to (iii), selected z-slices. Scale bars, (A) 100 nm in each
dimension; (B) 52.7 nm (x); 42.5 nm (y); and 35.2 nm (z); (C) 13.5 nm (x); 7.3 nm (y); and 2.8 nm (z); (D), (i) to (iii) 1 nm.
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sample is physically larger, any mechanical errors
in post-expansion sectioning, or stage drift, are
divided by the expansion factor.

The performance of ExXM suggests that de-
spite statistical fluctuations in polymer chain
length at the molecular scale, at the nanoscale
distances here examined these fluctuations av-
erage out, yielding isotropy. Estimates of mesh
size for comparable gels suggest that the dis-
tance between nearest-neighbor polymer chains
are in the ~1 to 2 nm range (17, 18). By tuning
the material properties of the EXM polymer, such
as the density of cross-links, yet higher effective
resolutions may be possible.
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Replication-transcription switch in
human mitochondria

Karen Agaronyan, Yaroslav I. Morozov, Michael Anikin, Dmitry Temiakov*

Coordinated replication and expression of the mitochondrial genome is critical for metabolically
active cells during various stages of development. However, it is not known whether replication
and transcription can occur simultaneously without interfering with each other and whether
mitochondrial DNA copy nhumber can be regulated by the transcription machinery. We found that
interaction of human transcription elongation factor TEFM with mitochondrial RNA polymerase
and nascent transcript prevents the generation of replication primers and increases
transcription processivity and thereby serves as a molecular switch between replication and
transcription, which appear to be mutually exclusive processes in mitochondria. TEFM may
allow mitochondria to increase transcription rates and, as a consequence, respiration and
adenosine triphosphate production without the need to replicate mitochondrial DNA, as has
been observed during spermatogenesis and the early stages of embryogenesis.

he maternally inherited circular mitochon-

drial DNA (mtDNA) encodes subunits of

complexes of the oxidative phosphoryla-

tion chain, as well as transfer RNAs (tRNAs)

and ribosomal RNAs (7, 2). Transcription of
human mtDNA is directed by two promoters, the
LSP (light-strand promoter) and the HSP (heavy-
strand promoter) located in opposing mtDNA
strands, which results in two almost-genome-
sized polycistronic transcripts that undergo ex-
tensive processing before polyadenylation and
translation (3, 4). Note that transcription ter-
minates prematurely about 120 base pairs (bp)
downstream of LSP at a vertebrate-conserved
G-rich region, called conserved sequence block
II (CSBII), as a result of formation of a hybrid
G-quadruplex between nascent RNA and the
nontemplate strand of DNA (5-7). This termi-
nation event occurs near the origin of replication
of the heavy strand (oriH) (8) and generates a
replication primer. According to the asymmetric
model (9), replication then proceeds through about
two-thirds of the mtDNA, until the oriL. sequence
in the opposing strand becomes single stranded
and forms a hairpin structure. The oriL hairpin is
then recognized by mitochondrial RNA polymerase
(mtRNAP), which primes replication of the light
strand (10). Because replication of mtDNA coin-
cides with transcription in time and space, collisions
between transcription and replication machine-
ries are inevitable and, similarly to bacterial and
eukaryotic systems, likely have detrimental effects
on mtDNA gene expression (71).

We analyzed the effects of a mitochondrial
transcription elongation factor, TEFM, recently
described by Minczuk and colleagues (12), on
transcription of mtDNA. This protein was pulled
down from mitochondrial lysates via mtRNAP
and was found to stimulate nonspecific transcrip-
tion on promoterless DNA; however, its effect
on promoter-driven transcription had not been
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determined (72). We found that in the presence
of TEFM, mtRNAP efficiently transcribes through
CSBII (Fig. 1, A and B). Thus, TEFM acts as a fac-
tor that prevents termination at CSBII and syn-
thesis of a primer for mtDNA polymerase. We
identified the exact location of the termination
point in CSBII (fig. S1). MtRNAP terminates at
the end of a U6 sequence (positions 287 to 283
in mtDNA), 16 to 18 nucleotides (nt) downstream
of the G-quadruplex (Fig. 1A). At this point, the
9-bp RNA-DNA hybrid in the elongation com-
plex (EC) is extremely weak, as it is composed of
only A-U and T-A pairs. This is reminiscent of
intrinsic termination signals in prokaryotes—
where the formation of an RNA hairpin is thought
to disrupt the upstream region of the RNA-DNA
hybrid—and is followed by the run of six to eight
uridine 5-monophosphate residues that further
destabilizes the complex (5, 13).

Human mtDNA is highly polymorphic in the
CSBII region; coincidently, the reference mito-
chondrial genome (Cambridge) contains a rare
polymorphism in the G-quadruplex—namely,
G5AGT7—whereas the majority of mtDNAs from
various haplogroups have two additional G resi-
dues (G6AGS8) (14). We found that the termination
efficiency of mtRNAP was substantially lower at
G5AG7-CSBII (Fig. 1C), which suggested an effect
of G run length on quadruplex formation and
underscored the importance of further studies of
various polymorphisms in this region.

In considering a putative mechanism of TEFM
antitermination activity, we investigated wheth-
er it can interact with the nascent transcript and,
thus, interfere with the formation of the quad-
ruplex structure. We assembled ECs on a nucleic
acid scaffold containing a photoreactive analog
of uridine, 4-thio-uridine, 13 nt downstream from
the 3’ end of RNA, and walked mtRNAP along the
template by incorporation of appropriate substrate
nucleoside triphosphates (NTPs) (Fig. 2A). We ob-
served efficient cross-linking between TEFM and
RNA when the photoreactive base was 15 to 16 bp
away from the 3’ end of RNA. Additionally, using
atemplate DNA containing the LSP promoter and
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Expansion microscopy
Fei Chen, Paul W. Tillberg and Edward S. Boyden

Science 347 (6221), 543-548.
DOI: 10.1126/science.1260088originally published online January 15, 2015

Overcoming the limits of the microscope

The resolution of a light microscope is limited. Physicists have long since worked out what these limits are and
which parameters determine the spatial resolution. Many groups have nevertheless made numerous attempts to
overcome these resolution limits. Rather than improving the power and quality of the microscope, Chen et al. instead
expanded the biological specimens under study (see the Perspective by Dodt). They introduced a polymer gel into fixed
cells and tissues and chemically induced swelling of the polymer by almost two orders of magnitude. They could then
produce much higher-resolution images of their samples, which included the mouse hippocampus.

Science, this issue p. 543; see also p. 474
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