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Recent years have seen a variety of confocal-based 
imaging solutions enter the commercial marketspace 
that bridge the resolution gap between widefield 
and superresolution microscopy. With the range of 

resolutions that are now achievable, the process of matching an 
imaging system to an application is not always straightforward. 
Balancing resolution against speed, throughput, and even ease of 
sample preparation becomes critical when making these selections. 
For example, a twofold improvement in resolution may provide 
significant new insights into certain biological processes without 
sacrificing the ability to capture live events. Conversely, a 10-fold 
resolution gain realized with localization-based techniques may be 
a necessity when studying molecular interactions, and worth the 
sacrifice in acquisition speed. Furthermore, a √2 improvement in 
resolution may be enough to supply the additional clarity needed 
to understand a phenomenon while retaining all the advantages of 
a robust confocal system.

The “Spectrum of Resolution” application note in this booklet 
outlines the different superresolution and “enhanced resolution” 
technologies that Nikon offers, including the benefits and 
limitations of each system. It also presents figures showing the 
resolutions obtained by each technology using nanoruler resolution 
standards. We have also included a white paper entitled “The 
Latest Innovations in Nikon Confocal Technology.” Despite the 
introduction of superresolution imaging techniques, confocal 
systems continue to furnish a robust imaging platform for many 
research labs and are often the most widely used instruments 
in core facilities. Nikon continues to invest in improving the 
functionality and performance of our confocal systems, including 
a new high-resolution 1K resonant scanner, a flexible spectral 
detector, and an Enhanced Resolution module for achieving 
sharper confocal images. 

This collection of research articles highlights the benefits 
of the different imaging technologies (e.g., N-SIM, N-STORM, 
and A1 confocal) for their particular application. Also included 
is an original article introducing the concept of expansion 
microscopy, which enables users to achieve superresolution 
using non-superresolution imaging platforms, a novel concept 
and a field that has recently garnered much interest from the 
scientific community. We hope this booklet provides a timely 
review of innovations and applications in both the confocal and 
superresolution technology space, and aids the reader in selecting 
the best imaging technology for their research.

Lynne Chang, Ph.D.
Strategic Marketing Manager
Nikon Instruments Inc.
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Matching 
resolution 
to your 
application
Nikon continues 
to invest in 
improving the 
functionality and 
performance 
of our confocal 
systems.
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Moore’s law 
realized in 
microscopy
Advances 
in confocal 
technologies 
seem to emerge 
with increasing 
regularity.

Confocal microscopy has become the workhorse of 
cell biology. It is rare not to see these instruments in 
the average life science laboratory. And advances in 
confocal technologies seem to emerge with increasing 

regularity. In fact, it could be argued that Moore’s law—describing 
his observation that the number of transistors that fits onto a 
computer’s integrated circuits doubles approximately every two 
years, bringing advances in speed and declines in cost—could be 
applied to the microscopy field.

Whereas a conventional (i.e., widefield) fluorescent microscope 
can only “see” as far as the light can penetrate, and leaves a blurred, 
unfocused background, a confocal microscope eliminates the out-
of-focus signal for a more in-depth, 3D image. Algorithms can be 
developed to further sharpen the edges of a specimen under a 
confocal microscope, a process known as deconvolution.

The detail that can be seen in an object—the resolution—of a 
light microscope is limited by the diffraction of light through 
the instrument’s lens opening, or aperture. Superresolution 
techniques, as the name indicates, allow images to be seen with 
a higher resolution—past the diffraction limit of light. The 2014 
Nobel Prize in Chemistry was awarded to Eric Betzig, William E. 
Moerner, and Stefan Hell for “the development of super-resolved 
fluorescence microscopy,” which brings “optical microscopy into the 
nanodimension.”

Superresolution methods such as stochastic optical reconstruction 
microscopy (STORM) use photoactivatable or photoswitchable 
fluorescent dyes or proteins that randomly emit at different times, 
enabling precise, nanometer-scale localization of molecules. 
Structured illumination microscopy (SIM) takes advantage of 
interference patterns generated from finely structured light 
interacting with objects in the specimen to collect superresolution 
information. Expansion microscopy physically expands the 
specimen, using a polymer system, to resolve diffraction-limited 
objects using conventional microscopes. 

The selection of articles in this booklet reflects these latest 
microscopy techniques. Clearly there is no one-size-fits-all 
instrument in the imaging world. Researchers must determine 
what their trade-offs will be in terms of imaging depth, resolution, 
phototoxicity, and speed. However, most will find that confocal 
microscopy offers, as one article author explains, “more limited 
resolution improvement, but otherwise all-around robust 
performance well suited towards a variety of research needs.”

We hope you enjoy these articles. Perhaps they will propel you to 
use these techniques or inspire you to develop some of your own.

Jackie Oberst, Ph.D.
Sean Sanders, Ph.D.
Custom Publishing Office
Science/AAAS
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INTRODUCTION

I
ntegrins function as adhesion receptors 
that control cell-cell and cell-matrix 
interactions, thereby regulating the 
migration of cells into tissues. Lymphocyte 
function-associated antigen–1 (LFA-1; also 

known as CD11a/CD18 or αLβ2 integrin) is the 
major integrin used by T cells. In addition 
to mediating T cell adhesion and migration, 
LFA-1 transduces environmental cues that 
affect a wide range of cellular functions, 

Integrins are heterodimeric transmembrane proteins that play a fundamental role in 
the migration of leukocytes to sites of infection or injury. We found that protein tyrosine 
phosphatase nonreceptor type 22 (PTPN22) inhibits signaling by the integrin lympho-
cyte function-associated antigen–1 (LFA-1) in effector T cells. PTPN22 colocalized with 
its substrates at the leading edge of cells migrating on surfaces coated with the LFA-1 
ligand intercellular adhesion molecule–1 (ICAM-1). Knockout or knockdown of PTPN22 
or expression of the autoimmune disease–associated PTPN22-R620W variant resulted 
in the enhanced phosphorylation of signaling molecules downstream of integrins. 
Superresolution imaging revealed that PTPN22-R620 (wild-type PTPN22) was present as 
large clusters in unstimulated T cells and that these disaggregated upon stimulation of 
LFA-1, enabling increased association of PTPN22 with its binding partners at the leading 
edge. The failure of PTPN22-R620W molecules to be retained at the leading edge led to 
increased LFA-1 clustering and integrin-mediated cell adhesion. Our data define a previ-
ously uncharacterized mechanism for fine-tuning integrin signaling in T cells, as well as 
a paradigm of autoimmunity in humans in which disease susceptibility is underpinned by 
inherited phosphatase mutations that perturb integrin function.

Superresolution imaging of the 
cytoplasmic phosphatase PTPN22 
links integrin-mediated T cell 
adhesion with autoimmunity
Garth L. Burn,1 Georgina H. Cornish,1 Katarzyna Potrzebowska,2 Malin Samuelsson,2 
Juliette Griffié,3 Sophie Minoughan,3 Mark Yates,1 George Ashdown,3  
Nicolas Pernodet,2 Vicky L. Morrison,4 Cristina Sanchez-Blanco,1 Harriet Purvis,1  
Fiona Clarke,1 Rebecca J. Brownlie,5 Timothy J. Vyse,6 Rose Zamoyska,5 Dylan M. Owen,3*  
Lena M. Svensson,2*† Andrew P. Cope,1*†

1Academic Department of Rheumatology, Centre for Molecular 
and Cellular Biology of Inflammation, Faculty of Life Sciences 
and Medicine, King’s College London, London SE1 1UL, U.K.  
2Department of Experimental Medical Science, Lund University, 221 
84 Lund, Sweden.  3Department of Physics and Randall Division 
of Cell and Molecular Biophysics, Faculty of Life Sciences and 
Medicine, King’s College London, London SE1 1UL, U.K.  4Institute 
of Immunology, Infection and Inflammation, University of Glasgow, 
Glasgow G12 8TA, U.K.  5Institute of Immunology and Infection 
Research, Centre for Immunity, Infection and Evolution, University 
of Edinburgh, Edinburgh EH9 3FL, U.K.  6Department of Medical and 
Molecular Genetics, Faculty of Life Sciences and Medicine, King’s 
College London, London SE1 9RT, U.K.
*These senior authors contributed equally to this work. 
†Corresponding author. Email: andrew.cope@kcl.ac.uk (A.P.C.); 
lena_m.svensson@med.lu.se (L.M.S.)

including cell differentiation, proliferation, 
cytokine production, cytotoxicity, and cell 
survival (1–6). Optimal function requires 
changes in the conformation and clustering 
of LFA-1 in ways that promote cell adherence, 
which are achieved through two distinct, 
yet overlapping, signaling pathways (7). 
Inside-out signaling is initiated by antigen 
or chemokine receptors and results in 
conformational changes in LFA-1 that 
increase its affinity for its ligands, such as 
intercellular adhesion molecule–1 (ICAM-1), 
and the binding of cytoplasmic signaling 
modules to integrin tails (8, 9). Outside-in 
signaling is initiated after LFA-1 engages 
ICAM-1, and it leads to the Src- and Syk-
mediated phosphorylation of tyrosines, the 
plasma membrane translocation of Rap1 
(Ras-related protein 1), and the binding of 
talin and kindlin-3 to the cytoplasmic tail 
of the β2 subunit of LFA-1 (3, 10). Although 
counterregulation of LFA-1–dependent 
protein tyrosine phosphorylation is 
required for repeated cycles of adhesion, 
de-adhesion, protrusion, and contraction 
of T cells (11, 12), the protein tyrosine 

phosphatases that support this function are 
not well understood.

Protein tyrosine phosphatase nonrecep-
tor type 22 (PTPN22; also known as Lyp in 
humans and PEP in mice) is a protein ty-
rosine phosphatase that dephosphorylates 
Src and Syk family kinases (13). Interest in 
PTPN22 has grown considerably since ini-
tial reports of strong associations between 
a missense single-nucleotide polymorphism 
in the PTPN22 gene (1858C>T, encoding the 
R620W variant) and a growing number of 
autoimmune diseases, including type I dia-
betes, rheumatoid arthritis, and systemic 
lupus erythematosus (14). Functional stud-
ies have focused on how the phosphatase 
regulates antigen receptor signaling in 
lymphocytes, but precisely how the R620W 
variant confers susceptibility to autoim-
mune disease is unknown. The fact that the 
R620W mutation targets the P1 polyproline 
domain of PTPN22 has raised the possibil-
ity that impaired interactions between the 
mutant phosphatase and the Src homology 
3 (SH3) domain of C-terminal Src kinase 
(Csk), a negative regulator of Src family 
kinases, could disrupt mechanisms that 
have evolved to attenuate antigen recep-
tor signaling in lymphocytes (14). Despite 
these insights, some studies have sug-
gested that the R620W variant is a loss-of- 
function mutation, whereas others pointed 
to a gain of function (15, 16). Here, we inves-
tigated whether PTPN22 regulated LFA-1 
–mediated signaling because the kinases 
Lck and ZAP70, which are substrates of 
PTPN22, are also phosphorylated after en-
gagement of LFA-1 (17, 18). Our experiments 
were also motivated by the possibility that 
perturbations in integrin signaling might 
play a role in provoking immune-mediated 
inflammatory diseases in individuals car-
rying the PTPN22-R620W variant.

RESULTS

PTPN22 colocalizes with its 
substrates at the leading edge of 
migrating T cells

To examine whether PTPN22 regulated 
outside-in integrin signaling, we plated ac-
tivated primary human T cells onto ICAM-1–
coated glass and then fixed, stained, and 
imaged the cells by confocal microscopy. 
PTPN22 mainly polarized to the lamelli-
podium at the leading edge of migrating T 
cells (on ICAM-1), with some staining in the 
uropod, whereas PTPN22 was not polarized 
in nonmigrating T cells on glass coated with 
poly-L-lysine (PLL) (Fig. 1A). Specificity 
of staining was confirmed by gene knock-
down, by analysis of patterns of staining 
obtained with monoclonal and polyclonal 

antibodies specific for PTPN22, and by  
localization studies with T cells express-
ing green fluorescent protein (GFP)–tagged 
PTPN22 (PTPN22-GFP) (fig. S1, A to C). Con-
focal microscopy and fluorescence intensity 
plots revealed the phosphorylation of acti-
vating tyrosine residues on Lck (pY394), 
ZAP70 (pY493), and Vav (pY174), which were 
colocalized with PTPN22 at the leading edge 
of migrating cells (Fig. 1A and fig. S1D) but 
not nonmigrating cells (fig. S1E). Analysis 
and quantification of total internal reflec-
tion fluorescence (TIRF) microscopy images 
confirmed the plasma membrane–proximal 
associations between PTPN22 and its phos-
phorylated substrates at the leading edge of 
migrating T cells, when compared to non-
migrating T cells on PLL (fig. S2, A and B).

Integrin signaling stimulates an 
association between PTPN22 and its 
phosphorylated substrates

Biochemical analysis of whole-cell lysates 
confirmed the inducible phosphorylation of 
integrin signaling intermediates in migrat-
ing T cells in response to different integrin 
ligands (fig. S3, A and B), and the specificity 
of this response was confirmed in experi-
ments with soluble anti–ICAM-1 antibodies 
(fig. S3C). Lysates of nonmigrating and mi-
grating cells were subjected to immunopre-
cipitation with an anti-PTPN22 antibody 
and were then analyzed by Western blot-
ting with an anti-phosphotyrosine antibody. 
Whereas a single phosphoprotein band was 
detected in the nonmigrating T cells, many 
more phosphoprotein bands were detected 
in the migrating T cells, suggesting the in-
ducible association of PTPN22 with phos-
photyrosine substrates (fig. S3D). Three of 
these bands resolved to molecular masses 
corresponding to phosphorylated Lck (56 
kDa), ZAP70 (70 kDa), and Vav (118 kDa). 
The specificity of these interactions and 
the associations between these substrates 
and PTPN22 over time were confirmed by 
Western blotting analysis of anti-PTPN22 
immunoprecipitates with phosphospecific 
antibodies (Fig. 1B). Furthermore, PTPN22 
associated only with phosphorylated pro-
tein substrates, as suggested by Western 
blotting analysis of total Lck and ZAP70 
abundances (Fig. 1B), which indicates that 
the phosphorylation of its substrates in mi-
grating T cells was required for their inter-
action with PTPN22.

PTPN22 is an inhibitor of integrin 
signaling, and the R620W variant is  
a loss-of-function mutant

Targeting PTPN22 with small interfer-
ing RNA (siRNA) reduced the abundance 
of PTPN22 protein in migrating primary 

human T cells by ~50 to 60%, without af-
fecting the abundance of LFA-1 (fig. S3E), 
but increased the ICAM-1–dependent phos-
phorylation of Lck (pY394), ZAP70 (pY493), 
and Vav (pY174) when compared to that in 
migrating cells treated with control siRNA 
(Fig. 1C). Unlike for pY493-ZAP70, there 
was a less pronounced increase in the phos-
phorylation of the regulatory Tyr319 site of 
ZAP70, which is not a target of PTPN22 (13). 
PTPN22 knockdown was also associated with 
increased T cell motility (Fig. 1D), whereas 
overexpression of the GFP-tagged PTPN22-
R620 variant (wild type), but not a catalyti-
cally inactive C227A variant or GFP alone, in 
PTPN22-sufficient T cells reduced cell mo-
tility (Fig. 1E). The phosphatase activity of 
PTPN22 was therefore required for the regu-
lation of integrin-mediated cell motility. 
Integrin-dependent phosphorylation of the 
classical mitogen-activated protein kinases  
(MAPKs) extracellular signal–regulated 
kinase 1 (ERK1) and ERK2 (collectively re-
ferred to as ERK1/2) was also observed after 
engagement of LFA-1 (Fig. 1C), consistent 
with its localization in nascent adhesion 
complexes and its contribution to the “motor 
phase” of lamellipodium protrusion (19–21). 
ERK1/2 phosphorylation was blocked by the 
Lck inhibitor PP2 (fig. S3F), suggesting that 
the integrin-dependent activation of Lck was 
upstream of ERK phosphorylation, as previ-
ously reported (18). Consistent with these 
data, ERK1/2 phosphorylation was enhanced 
in migrating Ptpn22−/− murine T cells (Fig. 
1F) and in human T cells carrying either one 
or two copies of the PTPN22 genetic vari-
ant encoding PTPN22-W620 (Fig. 1G). These 
data suggest that PTPN22 is an inhibitor of 
LFA-1 signaling and that the R620W variant 
is a loss-of-function mutant.

PTPN22 and Csk localize in plasma 
membrane–proximal clusters that 
decluster during LFA-1–stimulated 
migration

Diffraction-limited microscopy showed 
substantial localization of PTPN22 at the 
leading edge of migrating T cells after en-
gagement of LFA-1 (Fig. 1A). To obtain quan-
titative imaging data of this phenomenon at 
the plasma membrane, we used TIRF–direct 
stochastic optical reconstruction micros-
copy (dSTORM) superresolution microscopy 
and quantitative cluster analysis. These 
techniques quantify protein (localization) 
and cluster number, as well as cluster size 
and the density of PTPN22 protein localized 
at the plasma membrane of stationary cells 
or at the leading edge of migrating T cells. 
The visualization of single molecules can be 
represented by point maps and cluster heat 
maps. Using this approach, we found that 

PTPN22 was highly clustered at the plasma 
membrane of nonmigrating T cells (plated 
on PLL), whereas migrating T cells con-
tained smaller, less dense clusters (Fig. 2A), 
which was confirmed by quantitative clus-
ter analysis (Fig. 2, B and C); localizations 
per cluster (Fig. 2C) reflect the number of 
PTPN22 molecules per cluster. Quantifi-
cation by Ripley’s K function, a measure 
of the extent of clustering, also revealed a 
substantial reduction in clustering [peak 
of L(r)-r curve] and the presence of smaller 
clusters (position of the peak on the x axis) 
at the leading edge (Fig. 2D), further con-
firming that PTPN22 was substantially less 
clustered in migrating T cells.

Csk also exhibited this declustering phe-
nomenon upon stimulation of LFA-1 (15% of 
localizations were in clusters of migrating 
cells versus 30% in nonmigrating cells), al-
though the heat maps revealed more hetero-
geneity in Csk clusters compared to those of 
PTPN22 (fig. S4, A to C). Concurrent with the 
LFA-1–dependent declustering of PTPN22 
and Csk, we detected increased association 
between the phosphatase and the kinase in 
cell lysates immunoprecipitated with anti-
bodies against either PTPN22 or Csk (fig. 
S4, D and E), whereas the adaptor protein 
associated with glycolipid-enriched micro-
domains (PAG, also known as Csk-binding 
protein) (22) had less Csk and PTPN22 as-
sociated with it in ICAM-1–stimulated cells 
(fig. S4, F and G). Consistent with these 
findings, tyrosine phosphorylation of PAG, 
which promotes the association between 
PAG and Csk and the retention of Csk in 
plasma membrane microdomains (23), was 
also reduced upon engagement of LFA-1 (fig. 
S4H). These data indicate that the decluster-
ing of both PTPN22 and Csk coincides with 
the dissociation of Csk from dephosphory-
lated PAG and the increased association of 
PTPN22 with Csk.

Nanoscale organization of 
PTPN22-R620 and PTPN22-W620 
clusters in migrating T cells

Closer examination of PTPN22-R620 lo-
calizations at the nanoscale level revealed 
that the transition from the nonmigrating 
to the migrating state was associated with 
three cluster characteristics. First, there 
was a modest reduction in the total number 
of clusters (Fig. 3A, closed symbols). Sec-
ond, PTPN22-R620–containing clusters be-
came smaller, which is based on a marked 
reduction in the percentage of PTPN22 mol-
ecules that occurred within clusters (Fig. 
3B, closed symbols), which is consistent 
with the cluster heat maps and the changes 
in the diameter and density of clusters 
upon stimulation with ICAM-1 (Fig. 2, A to 
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ANTIBIOTICS

Targeting DnaN for tuberculosis
therapy using novel griselimycins
Angela Kling,1,2* Peer Lukat,1,2,3* Deepak V. Almeida,4,5 Armin Bauer,6 Evelyne Fontaine,7

Sylvie Sordello,7 Nestor Zaburannyi,1,2 Jennifer Herrmann,1,2 Silke C. Wenzel,1,2

Claudia König,6 Nicole C. Ammerman,4,5 María Belén Barrio,7 Kai Borchers,6

Florence Bordon-Pallier,8 Mark Brönstrup,3,6 Gilles Courtemanche,7 Martin Gerlitz,6

Michel Geslin,7 Peter Hammann,9 Dirk W. Heinz,2,3 Holger Hoffmann,6 Sylvie Klieber,10

Markus Kohlmann,6 Michael Kurz,6 Christine Lair,7 Hans Matter,6 Eric Nuermberger,4

Sandeep Tyagi,4 Laurent Fraisse,7 Jacques H. Grosset,4,5 Sophie Lagrange,7 Rolf Müller1,2†

The discovery of Streptomyces-produced streptomycin founded the age of tuberculosis
therapy. Despite the subsequent development of a curative regimen for this disease,
tuberculosis remains a worldwide problem, and the emergence of multidrug-resistant
Mycobacterium tuberculosis has prioritized the need for new drugs. Here we show that new
optimized derivatives from Streptomyces-derived griselimycin are highly active against
M. tuberculosis, both in vitro and in vivo, by inhibiting the DNA polymerase sliding clamp
DnaN. We discovered that resistance to griselimycins, occurring at very low frequency, is
associated with amplification of a chromosomal segment containing dnaN, as well as the
ori site. Our results demonstrate that griselimycins have high translational potential for
tuberculosis treatment, validate DnaN as an antimicrobial target, and capture the process
of antibiotic pressure-induced gene amplification.

T
he discovery of streptomycin, a natural anti-
biotic produced by Streptomyces griseus,
marked the beginning of two formative
disciplines within the field of infectious
diseases—namely, the study of bacterial-

derived (rather than fungal- or plant-derived) me-
dicinal compounds and the drug treatment of
tuberculosis (TB) (1). This achievement initiated
decades of research in the discovery and use of
anti-TB drugs, ultimately leading to the develop-
ment of the 6-month, multidrug regimen currently
used for the cure of drug-susceptible TB (2). Un-
fortunately, failures in the implementation of this
curative regimen, which are partly due to the chal-
lenges of its complex and lengthy nature, have
led to the development and transmission of drug-

resistant strains ofMycobacterium tuberculosis.
Today, TB remains an enormous global health
burden, causing an estimated 1.3 million deaths
and 8.7 million new cases in 2012, and a growing
percentage of TB (more than 30% of new cases in
some countries) is multidrug-resistant (3). Thus,
new drugs addressing novel M. tuberculosis tar-
gets are needed to provide different therapy op-
tions for patients with drug-resistant TB and also
to both shorten and simplify treatment of drug-
sensitive TB. Ideally, these new drugs should
be combined in regimens tackling both drug-
sensitive and drug-resistant TB, representing a
paradigm shift toward more universally useful
TB treatment regimens.
Bacterial-derived natural products remain a

rich source for antibacterial lead compounds. In
fact, ~80% of the currently used antibiotics are
either directly derived from bacterial metabolic
pathways or represent structural derivatives of
metaboliteswith improved pharmaceutical prop-
erties (4). However, due to the reduced interest in
development of antibacterial drugs in the last
decades of the 20th century, quite a number of
promising natural product leads were not ad-
vanced to clinical development. Recently, natural
product and antibiotic research has been revi-
talized, not only because of the urgent need to
identify novel antibiotics but also owing to ad-
vanced technologies becoming available. Thus,
researchers are now enabled to overcome hurdles
in natural product research, such as target iden-
tification by deciphering the self-resistance mech-
anisms in producer strains throughwhole-genome
sequencing and compound optimization by ge-

netic engineering. Successful recent applications
of these capabilities include the derivation of
semisynthetic spectinamides found to be highly
active against both drug-resistant and -susceptible
M. tuberculosis strains (5) and the identifica-
tion of InhA as the mycobacterial target of the
Dactylosporangium fulvum–produced pyrido-
mycin (6).
In a search for neglected antibiotics with high

anti-TB potential, Sanofi reinvestigated griseli-
mycin (GM) (Fig. 1), a cyclic peptide that was iso-
lated from two strains of Streptomyces identified
in the 1960s (7). GM was found to have anti-
bacterial activity specifically against organisms
within the Corynebacterineae suborder, notably
includingMycobacterium species, which prompted
the company Rhône-Poulenc to pursue develop-
ment of GM as an anti-TB drug. The first hu-
man studies were promising but revealed poor
pharmacokinetics of GM, in particular short plas-
ma elimination half-life after oral administration
(8, 9). Following elucidation of the compound’s
structure (10, 11), a derivatization program was
initiated to find GM analogs with improved phar-
macokinetic properties (12, 13); however, this pro-
gram was terminated in the 1970s after rifampin
(RIF) became available for TB treatment. Because
of earlier reports of the effectiveness ofGMagainst
drug-resistantM. tuberculosis (14, 15), we recently
reinitiated studies on this natural product lead
with the ultimate goal of introducing a highly ac-
tive, stable, and safe derivative of this compound
class into the TB drug development pipeline.

Development of GM analogs

Our primary optimization goals for GM were to
increase its potency, metabolic stability, and ex-
posure. Metabolic stability profiling of natural,
less abundant analogs of GM identified Pro8 as a
main site ofmetabolic degradation, supported by
the finding that the methyl derivative [methyl-
griselimycin (MGM)] (Fig. 1) wasmarkedly more
stable than GM itself after incubation with hu-
man livermicrosomes (Table 1). Because only very
small amounts of MGM are produced naturally,
a total synthesis route was elaborated to provide
access to MGM and related analogs (see supple-
mentary text). Structure-activity relationships of
new synthetic GM analogs resulting from this
approach confirmed that incorporation of sub-
stituents at Pro8 led to metabolically highly stable
compounds and also indicated that increasing
lipophilicity considerably increased in vivo ex-
posure in plasma and lungs of mice, as well as
in vitro activity againstM. tuberculosis (see sup-
plementary text). From these efforts, cyclohexyl-
griselimycin (CGM) (Fig. 1) was identified. The
minimum inhibitory concentration (MIC) values
of CGM were 0.06 and 0.2 mg/ml for the drug-
susceptibleM. tuberculosis strainH37Rv in broth
culture and within macrophage-like (RAW264.7)
cells, respectively (Table 1). CGM exhibited time-
dependent bactericidal activity in vitro (Fig. 2A).
Although the unbound fraction of CGM in plasma
was low (0.3 and 0.4% in human and mouse
plasma, respectively), the MIC shift of CGM in
the presence of human or mouse sera was only
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C). Third, there was a marked increase in 
the number of PTPN22-R620 localizations 
at the leading edge (Fig. 3C, closed sym-
bols). Thus, in response to the stimulation 
of LFA-1 by ICAM-1, PTPN22 molecules were 
dispersed from clusters and accumulated at 
the plasma membrane in closer proximity to 
LFA-1 signaling intermediates.

The clustering characteristics of the  
disease-associated W620 mutant PTPN22 
were similar to those of the common R620 
variant in nonmigrating cells (Fig. 3D, top; 
compare open versus closed symbols for 
cells plated on PLL in Fig. 3, A to C). In 

contrast, migrating T cells expressing the 
PTPN22-W620 mutant had increased num-
bers and density of clusters (Fig. 3, A and 
B, open symbols), which were evident in the 
region point maps and heat maps (Fig. 3D, 
bottom). The amplitude of Ripley’s K func-
tion also suggested that PTPN22-W620 was 
more clustered than PTPN22-R620 (Fig. 
3E). Unexpectedly, the total number of mol-
ecules of PTPN22-W620 at the plasma mem-
brane was substantially reduced compared 
to that of PTPN22-R620 after stimulation of 
LFA-1 (Fig. 3C, open versus closed symbols 
for ICAM-1). This finding was consistent 

with the point maps, which showed re-
duced numbers of localizations outside 
of the clusters (Fig. 3D, bottom, and fig. 
S5A), which could not be explained by 
differences in protein abundances at the 
whole-cell level (fig. S5, B and C).

Using simulated data to model the con-
sequences of varying the density of the 
nonclustered background of molecules 
that surround clusters, we found that both 
the linearity and the gradient of Ripley’s K 
function depended on the number of non-
clustered localizations (fig. S5, D and E). 
These simulations, together with the ob-
served Ripley’s K function data (Fig. 3E), 
indicated that differences between the 
clustering of PTPN22-R620 and PTPN22-
W620 were not a result of changes in the 
clustering behavior of W620 but rather 
were a consequence of the lack of localiza-
tion of PTPN22-W620 outside clusters, a 
finding that was consistent with the poin-
tillist maps (fig. S5A). We surmised that 
declustered PTPN22-W620 molecules 
were not retained at the plasma mem-
brane in migrating T cells to the same 
extent as were declustered PTPN22-R620 
molecules. To explore the mechanism be-
hind this difference in plasma membrane 
localization, we tested whether the P1 
domain mutation in PTPN22-W620 com-
promised its binding to SH3 domain–
containing protein partners, such as 
Csk, in response to integrin stimulation. 
Homozygous donor-derived PTPN22-
R620– or PTPN22-W620–expressing  
T cells that migrated on ICAM-1 were lysed, 
subjected to immunoprecipitation with 
anti-Csk antibody, and analyzed by West-
ern blotting with an anti-PTPN22 antibody. 
The results de monstrated that the associa-
tion between Csk and PTPN22-W620 was 
reduced in migrating T cells compared to 
that between Csk and PTPN22-R620 (Fig. 
3F). This suggests that upon stimulation 
of LFA-1, the retention of PTPN22 at the 
plasma membrane depends on the forma-
tion of a complex with Csk or other SH3 
domain–containing proteins.

PTPN22 associates with the LFA-1 
signaling complex and inhibits  
LFA-1 clustering

The LFA-1–dependent adhesion and 
migration of T cells are regulated by con-
formational changes in the extracellular 
domain of the α and β chains of the in-
tegrin, as well as the physical clustering 
of heterodimers at the plasma membrane 
(24–26). Furthermore, Lck and ZAP70 
associate with the cytoplasmic tail of 
the β chain of ligand-bound LFA-1 (17, 
27). Initial evidence for an association  

No 
DNA

GFP R620 C227A
0
5

10
15
20
25
30

V
el

oc
ity

 (
µm

/m
in

)

PTPN22-GFP

****
**** ****

Scrambled 
siRNA

PTPN22 
siRNA

0

10

20

30

40

V
el

oc
ity

 (
µm

/m
in

)

****

A B 

C D 

F 

E pZAP70Tyr493 

pZAP70Tyr319  

100 
pVavTyr174 

Tubulin 
50 

pERK1/2 

PLL ICAM-1 

PTPN22 

pLckTyr416 

Lck 

ZAP70 

ERK1/2 
40 

40 

50 

70 

70 

50 

70 

100 

pERK1/2 

 RR  RW  WW  RR  RW  WW 

ERK1/2 

PLL ICAM-1 

pLckTyr394 

pVavTyr174  

pZap70Tyr493 

IP: IgG IP: PTPN22 

20   40   60   20   40   60   20   40   60   20   40   60      

PTPN22 

Time 
(min): 

100 

50 

70 
100 

Zap70 

Lck 
50 

70 

PLL ICAM-1 PLL ICAM-1 

PLL 

PTPN22 Merge 

Zap70Tyr493 

VavTyr174 

PTPN22 

PTPN22 

SrcTyr416 

Merge 

Merge 

G 
pERK1/2 

+/+    −/−   +/+   −/−  :Ptpn22 

ERK1/2 

PLL ICAM-1 

Ptpn22 +/+ Ptpn22 −/−
0

5

10

15

20

F
ol

d 
ch

an
ge

pE
R

K
1/

2 
to

 P
LL *

RR RW WW
0

20

40

60

80

F
ol

d 
ch

an
ge

pE
R

K
1/

2 
to

 P
LL

PTPN22 (620)
variant

*
**

*

Fig. 1. PTPN22 is an inhibitor of LFA-1 signaling, colocalizing with its phosphorylated substrates at the leading edge of migrating T cells. (A) Primary human T cell
blasts were layered onto glass slides coated with PLL or ICAM-1 for 20 min before being stained with mouse anti-PTPN22 antibody (green) and the indicated phosphospecific
antibodies (red), and then imaged by confocal microscopy. The direction of migration is indicated by large white arrows. Scale bar, 10 mm. Data represent the analysis of 30 to
40 cells from four independent experiments. (B) Human T cells layered onto PLL- or ICAM-1–coated plates for the indicated times were lysed, subjected to immuno-
precipitation (IP) with mouse anti-PTPN22 antibody or control immunoglobulin G (IgG), and then analyzed by Western blotting with antibodies against the indicated
proteins. Western blots are representative of five independent experiments. (C) T cells were transfected with scrambled (Scram) or PTPN22-specific (PTPN22) siRNAs
and were then cultured for a further 48 hours before being plated onto PLL- or ICAM-1–coated plates. After 20 min, the adherent cells were harvested, lysed, and
analyzed by Western blotting with antibodies against the indicated proteins. Western blots are representative of three experiments. (D) T cell blasts were transfected
with scrambled or PTPN22-specific siRNAs and cultured for 24 hours before being plated onto ICAM-1–coated plates. The migration of single cells was tracked by time-
lapse microscopy. Dot plots show pooled data from three experiments with the mean speeds ± SD of 100 to 150 T cells transfected with the indicated siRNAs. ****P <
0.0001. (E) T cells were mock-transfected (no DNA) or were transfected with the indicated GFP expression vectors. After 24 hours, the velocity of the cells on ICAM-1 was
quantified as described for (D). Data are means ± SD derived from three pooled experiments analyzing a total of 50 to 90 cells. ****P < 0.0001; ns, not significant. (F) T cells
isolated from the lymph nodes of Ptpn22+/+ or Ptpn22−/− littermate mice were allowed to migrate for 20 min on PLL- or ICAM-1–coated plates. (Top) Lysates of adherent cells were
analyzed by Western blotting with antibodies against the indicated proteins. Western blots are representative of three experiments. (Bottom) Fold changes in the
abundance of pERK1/2 in the indicated cells plated on ICAM-1 relative to the abundance of pERK1/2 in cells plated on PLL were determined. Data are means ± SD
of three experiments. *P = 0.042. (G) Human T cell blasts were generated from genotyped donors expressing PTPN22-R620 (RR), PTPN22-R620W (RW), or PTPN22-W620 (WW)
and allowed to migrate on PLL- or ICAM-1–coated plates for 20 min. (Left) Cells were lysed and analyzed by Western blotting with antibodies against the indicated proteins.
(Bottom) Fold changes in the abundance of pERK1/2 in the indicated migrating cells relative to the abundance of pERK1/2 in nonmigrating cells were determined. Data are
means ± SD of eight experiments. Pairwise comparisons (two-tailed t test): RR versus RW, *P = 0.0337; RW versus WW, *P = 0.0144; RR versus WW, **P = 0.0093.
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of Csk from dephosphorylated PAG and the increased association of
PTPN22 with Csk.

Nanoscale organization of PTPN22-R620 and PTPN22-W620
clusters in migrating T cells
Closer examination of PTPN22-R620 localizations at the nanoscale
level revealed that the transition from the nonmigrating to the mi-
grating state was associated with three cluster characteristics. First,
there was a modest reduction in the total number of clusters (Fig. 3A,
closed symbols). Second, PTPN22-R620–containing clusters became
smaller, which is based on a marked reduction in the percentage of

PTPN22 molecules that occurred within
clusters (Fig. 3B, closed symbols), which is
consistent with the cluster heat maps and
the changes in the diameter and density of
clusters upon stimulation with ICAM-1
(Fig. 2, A to C). Third, there was a marked
increase in the number of PTPN22-R620
localizations at the leading edge (Fig. 3C,
closed symbols). Thus, in response to the
stimulation of LFA-1 by ICAM-1, PTPN22
molecules were dispersed from clusters
and accumulated at the plasma mem-
brane in closer proximity to LFA-1 sig-
naling intermediates.

The clustering characteristics of the
disease-associated W620 mutant PTPN22
were similar to those of the common R620
variant in nonmigrating cells (Fig. 3D, top;
compare open versus closed symbols for
cells plated on PLL in Fig. 3, A to C). In
contrast, migrating T cells expressing the
PTPN22-W620 mutant had increased
numbers and density of clusters (Fig. 3,
A and B, open symbols), which were evi-
dent in the region point maps and heat
maps (Fig. 3D, bottom). The amplitude
of Ripley’s K function also suggested that
PTPN22-W620 was more clustered than
PTPN22-R620 (Fig. 3E). Unexpectedly, the
total number of molecules of PTPN22-
W620 at the plasma membrane was sub-
stantially reduced compared to that of
PTPN22-R620 after stimulation of LFA-1
(Fig. 3C, open versus closed symbols for
ICAM-1). This finding was consistent with
the point maps, which showed reduced
numbers of localizations outside of the
clusters (Fig. 3D, bottom, and fig. S5A),
which could not be explained by differ-
ences in protein abundances at the
whole-cell level (fig. S5, B and C).

Using simulated data to model the
consequences of varying the density of
the nonclustered background of molecules
that surround clusters, we found that both
the linearity and the gradient of Ripley’s K
function depended on the number of non-
clustered localizations (fig. S5, D and E).

These simulations, together with the observed Ripley’s K function
data (Fig. 3E), indicated that differences between the clustering of
PTPN22-R620 and PTPN22-W620 were not a result of changes in the
clustering behavior of W620 but rather were a consequence of the lack
of localization of PTPN22-W620 outside clusters, a finding that was
consistent with the pointillist maps (fig. S5A). We surmised that de-
clustered PTPN22-W620 molecules were not retained at the plasma
membrane in migrating T cells to the same extent as were declustered
PTPN22-R620 molecules. To explore the mechanism behind this dif-
ference in plasma membrane localization, we tested whether the P1
domain mutation in PTPN22-W620 compromised its binding to SH3
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Fig. 2. PTPN22 exists in large clusters that disperse upon engagement of LFA-1. (A) Primary T cell blasts were
generated from the peripheral blood of PTPN22-R620 homozygous donors and layered onto PLL- or ICAM-1–coated
plates for 20 min before they were fixed, permeabilized, and stained with mouse anti-PTPN22 antibodies. Images
were acquired with a Nikon N-STORM microscope, and molecule distributions were analyzed with cluster analysis
algorithms. For each condition, N-STORM images are representative of PTPN22 molecule distributions at the whole-
cell level and in 4-mm2 region maps (boxed), which were selected from the leading edge of the migrating T cell.
Pointillist (Gaussian-fitted) and pseudocolored heat maps are representative of cluster data acquired after the processing
of N-STORM image regions with the cluster analysis algorithm. Scale bars, 5 mm for the PLL condition; 10 mm for the
ICAM-1 condition. Data are representative of three experiments analyzing 40 to 50 cells per experiment. (B and C) Cluster
analysis of the images represented in (A) was used to define (B) the diameter of the PTPN22-R620–containing clusters
and (C) the number of localizations of PTPN22-R620 per cluster for >900 clusters in nonmigrating cells (PLL) and migrat-
ing cells (ICAM-1). Data are pooled from three independent experiments analyzing 50 cells per experiment. ****P <
0.0001. (D) Ripley’s K function curves (mean ± SEM) were generated to quantify the degree of clustering of PTPN22-
R620 in nonmigrating T cells (PLL, solid line) and migrating T cells (ICAM-1, dashed line). Data are representative of three
experiments, analyzing between 30 and 50 cells per experiment.
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between LFA-1 and its regulator, 
PTPN22, was derived from confo-
cal images showing that LFA-1 and 
PTPN22 were colocalized at the lead-
ing edge (Fig. 4A). By TIRF microscopy, 
the colocalization of LFA-1 and PTPN22 
was also observed at the interface with 
ICAM-1 at the leading edge (Fig. 4B), 
returning a Manders’ colocalization 
coefficient (MCC) of 0.43 ± 0.14. This 
association was also supported by co-
immunoprecipitation experiments, 
in which LFA-1–PTPN22 interactions 
were observed to increase as a function 
of LFA-1 engagement (Fig. 4C). To ad-
dress the mechanism for this associa-
tion, we examined immunoprecipitates 
from the human leukemic Jurkat cell 
line and its Lck-deficient derivative 
JCaM1.6 (which both have comparable 
amounts of ZAP70 and PTPN22), and 
we found that PTPN22 did not appear 
to form complexes with LFA-1 in the ab-
sence of Lck (Fig. 4D and fig. S6). These 
data suggest that PTPN22 associates 
with the LFA-1 signaling complex in an 
Lck-dependent manner, where it inter-
acts with substrates to regulate integ-
rin signaling.

To examine the relationship between 
the regulation of LFA-1 signaling by 
PTPN22 and the function of LFA-
1, we first investigated how the loss 
of PTPN22 function might affect 
LFA-1 clustering at the cell surface. 
Superresolution TIRF-dSTORM maps 
showed increased clustering of LFA-1 
at the leading edge of migrating T 
cells expressing the PTPN22-W620 
variant compared to that in cells 
expressing PTPN22-R620 (Fig. 5A), 
which was corroborated by Ripley’s K 
function (Fig. 5B). Although there were 
no differences in the total number of 
LFA-1 localizations or in the number of 
clusters between cells expressing the 
two different PTPN22 variants (Fig. 
5, C and D), the percentage of LFA-1 
molecules participating in clusters 
were increased in T cells expressing 
the PTPN22-W620 variant (Fig. 5E). 
Thus, the loss of PTPN22 function 
was associated with increased LFA-1 
clustering at the leading edge of 
migrating T cells.

Integrin-dependent adhesion is 
increased in T cells expressing 
the loss-of-function 
PTPN22-W620 variant

In light of these findings, we evaluated the 
functional consequences of enhanced LFA-1 
clustering by directly comparing the adhe-

sion of T cells expressing either PTPN22-
R620 or PTPN22-W620 under conditions 
of shear flow. T cells expressing the disease-
associated PTPN22-W620 variant were more 
adherent to ICAM-1 than cells expressing 
the R620 variant (Fig. 6A). Ptpn22−/− murine 
T cells phenocopied the disease-associated 
variant, being more adherent than wild-
type T cells under shear flow (Fig. 6B) and 

more adherent in de-attachment assays (Fig. 
6C). Thus, a loss-of-function PTPN22 mutant 
that enhanced LFA-1 signaling increased 
LFA-1 clustering and cell adhesion. Together, 
our results suggest that in migrating T 
cells, PTPN22 disperses from large, plasma  
membrane–proximal clusters into smaller 
clusters that are capable of interacting 
with the LFA-1 signaling complex, where 

inhibition of signaling leads 
to reduced integrin clustering 
and adhesion. If the localiza-
tion of PTPN22 at the plasma 
membrane is compromised, 
regulation of integrin signals is 
uncoupled, and both integrin 
clustering and cell adhesion are 
enhanced.

DISCUSSION

Protein tyrosine phospha-
tases are now established as key 
regulators of integrin signaling 
(11, 12). The protein tyrosine 
phosphatase–PEST (PTP-PEST) 
family of phosphatases, which 
consists of PTPN12 and PTPN22, 
can be added to a growing list of 
inhibitors of integrin function, 
which includes DOK1 (RhoH, 
docking protein 1), calpain, and 
the ubiquitin ligase SHARPIN 
(SHANK-associated regulator 
of G protein signaling homol-
ogy domain–interacting protein) 
(28–31). Single-molecule local-
ization microscopy enabled us to 
image PTPN22 at the nanoscale 
level and to docu ment that the 
plasma membrane–proximal de-
clustering of PTPN22 is linked 
both temporally and spatially to 
its inhibitory function. This is in 
contradistinction to the oppos-
ing clustering behavior reported 
previously for kinase-associated 
signaling modules (32, 33), 
which enables digital signal-
ing and increases signal trans-
duction fidelity (34). Whether 
clustering in the steady state is 
unique to PTPN22 or is a com-
mon mechanism for sequester-
ing phosphatases from their 
substrates will require further 
study.

The inhibitory functions of 
PTPN22 were confirmed by gene 
targeting in mouse and human T cells. We 
also found that a catalytically active PTPN22 
was required to inhibit integrin-dependent 
cell motility. Experiments with PTPN22-
W620–expressing T cells from homozygous 
donors indicated that the disease-associated 
variant was a loss-of-function mutant, at 
least in the context of LFA-1 signaling. The 
basis for this functional difference is un-
derpinned in part by the impaired binding 
of the mutated P1 polyproline domain of 
PTPN22-W620 with SH3 domain–containing 
proteins, notably Csk. The spatiotemporal 
dynamics of PTPN22-Csk interactions and 

the effect of disrupting these associations on 
PTPN22 function are complex and may be 
signal-specific. For example, Vang et al. (35) 
demonstrated that dissociation of PTPN22 
from Csk is a prerequisite for targeting the 
phosphatase to plasma membrane lipid raft 
domains, where it attenuates T cell recep-
tor (TCR) signaling. PTPN22-W620 parti-
tions into rafts more efficiently than does 
PTPN22-R620, whereas the forced dissocia-
tion of PTPN22 from Csk with a recombinant 
Csk-SH3 domain also reduces TCR signaling. 
These data support the gain-of-function hy-
pothesis with respect to the PTPN22-W620 

variant and TCR signaling, and 
suggest that the effect of the 
disease-associated mutant is  
context-dependent. Whereas un-
coupling of the association be-
tween Csk and PTPN22-W620 
seems a consistent feature rele-
vant to TCR- and integrin-depen-
dent signaling (36, 37), we cannot 
rule out the possibility that dis-
rupting the interactions between 
PTPN22 and other SH3 domain– 
containing proteins could con-
tribute to the signaling pheno-
types reported. A comparative 
biochemical analysis of the 
PTPN22-R620 and PTPN22-
W620 interactomes, using tech-
nologies that were reported for 
PAG (38), would provide a sys-
tematic and unbiased approach 
to address this issue.

We present a model de-
picting how PTPN22 inhibits 
LFA-1 signaling and how the 
PTPN22-W620 mutant enhances 
LFA-1 signaling and integrin- 
dependent adhesion (Fig. 7). Ac-
cording to this model, PTPN22 
exists in large clusters in the 
steady state, where it is seques-
tered from its substrates. Active 
signals stimulate declustering, 
which is an event that we are 
now studying in the context 
of TCR and LFA-1 stimulation 
and one that targets clustered 
pools of both PTPN22 and Csk. 
Precisely how the clusters dis-
aggregate is not known, but 
the process serves to deliver 
monomers of PTPN22 to the 
plasma membrane zone, en-
abling interactions with its bind-
ing partners. Lck is constitutively 
associated with the β subunit of 
LFA-1 (17) and is required for 
the recruitment of PTPN22 to 
the LFA-1 signaling complex. 

In PTPN22−/− cells, the LFA-1–stimulated 
phosphorylation of these intermediates goes 
unchecked, manifesting as the enhanced 
phosphorylation of signaling intermediates 
and augmented integrin-dependent signal-
ing, cell motility, and adhesion. The outcome 
of expressing the PTPN22-W620 is the same, 
except that in this case, the total cellular 
amounts of the phosphatase are equivalent 
to those in PTPN22-R620–expressing T cells, 
but the W620 variant fails to bind to Csk (or 
possibly other SH3 domain–containing pro-
teins). Instead, PTPN22-W620 is distributed 
throughout the rest of the cell rather than 

domain–containing protein partners, such as Csk, in response to integrin
stimulation. Homozygous donor-derived PTPN22-R620– or PTPN22-
W620–expressing T cells that migrated on ICAM-1 were lysed, subjected
to immunoprecipitation with anti-Csk antibody, and analyzed by West-
ern blotting with an anti-PTPN22 antibody. The results demonstrated
that the association between Csk and PTPN22-W620 was reduced in
migrating T cells compared to that between Csk and PTPN22-R620

(Fig. 3F). This suggests that upon stimu-
lation of LFA-1, the retention of PTPN22
at the plasma membrane depends on the
formation of a complex with Csk or other
SH3 domain–containing proteins.

PTPN22 associates with the
LFA-1 signaling complex and
inhibits LFA-1 clustering
The LFA-1–dependent adhesion and mi-
gration of T cells are regulated by confor-
mational changes in the extracellular
domain of the a and b chains of the in-
tegrin, as well as the physical clustering
of heterodimers at the plasma membrane
(24–26). Furthermore, Lck and ZAP70 as-
sociate with the cytoplasmic tail of the
b chain of ligand-bound LFA-1 (17, 27).
Initial evidence for an association be-
tween LFA-1 and its regulator, PTPN22,
was derived from confocal images show-
ing that LFA-1 and PTPN22 were co-
localized at the leading edge (Fig. 4A). By
TIRF microscopy, the colocalization of
LFA-1 and PTPN22 was also observed at
the interface with ICAM-1 at the leading
edge (Fig. 4B), returning a Manders’ co-
localization coefficient (MCC) of 0.43 ±
0.14. This association was also supported
by coimmunoprecipitation experiments,
in which LFA-1–PTPN22 interactions
were observed to increase as a function
of LFA-1 engagement (Fig. 4C). To ad-
dress the mechanism for this association,
we examined immunoprecipitates from
the human leukemic Jurkat cell line
and its Lck-deficient derivative JCaM1.6
(which both have comparable amounts
of ZAP70 and PTPN22), and we found
that PTPN22 did not appear to form com-
plexes with LFA-1 in the absence of Lck
(Fig. 4D and fig. S6). These data suggest
that PTPN22 associates with the LFA-1
signaling complex in an Lck-dependent
manner, where it interacts with substrates
to regulate integrin signaling.

To examine the relationship between
the regulation of LFA-1 signaling by
PTPN22 and the function of LFA-1, we
first investigated how the loss of PTPN22
function might affect LFA-1 clustering at
the cell surface. Superresolution TIRF-

dSTORM maps showed increased clustering of LFA-1 at the leading
edge of migrating T cells expressing the PTPN22-W620 variant com-
pared to that in cells expressing PTPN22-R620 (Fig. 5A), which was
corroborated by Ripley’s K function (Fig. 5B). Although there were no
differences in the total number of LFA-1 localizations or in the num-
ber of clusters between cells expressing the two different PTPN22 var-
iants (Fig. 5, C and D), the percentage of LFA-1 molecules participating
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Fig. 3. Retention of PTPN22-W620 at the plasma membrane is impaired. (A to E) Primary T cell blasts were gen-
erated from the peripheral blood of PTPN22-R620 and PTPN22-W620 homozygous donors and layered onto PLL- or
ICAM-1–coated plates for 20 min before they were fixed, permeabilized, and stained with mouse anti-PTPN22 antibodies.
N-STORM images were acquired as described for Fig. 2, and cluster analysis was used to define (A) the number of
PTPN22-R620 and PTPN22-W620 clusters per region (n = 126 regions), (B) the percentage of the indicated PTPN22
variant localizations in the clusters (n = 126 clusters), and (C) the number of the indicated PTPN22 variant localizations
per region (n = 126 regions). Bars represent means ± SD. *P < 0.02; ****P < 0.0001; ns, not significant. (D) Pointillist
(Gaussian-fitted) and pseudocolored heat maps are representative of cluster data acquired after the processing of N-
STORM image regions, as described for Fig. 2A. Scale bars, 5 mm for the PLL condition; 10 mm for the ICAM-1 condition.
Data show the analysis of 50 cells per experiment and are representative of three experiments. (E) Ripley’s K function
curves (mean ± SEM) were constructed to quantify the degree of clustering of PTPN22-R620 (dashed line) and PTPN22-
W620 (solid line) in T cells migrating on ICAM-1. Data are representative of three independent experiments. (F) T cells
expressing PTPN22-R620 (RR) or PTPN22-W620 (WW) derived from homozygous donors were plated on PLL- or ICAM-1–
coated surfaces for 20 min. (Left) The cells were then lysed, subjected to immunoprecipitation with anti-Csk antibody,
and analyzed by Western blotting with antibodies against the indicated proteins. Western blots are representative of
three experiments. (Right) Quantification of the ratio of the abundance of PTPN22 to that of Csk, relative to that for cells
plated on PLL. Data represent means of three independent experiments. Tukey’s ordinary one-way analysis of variance
(ANOVA) multiple comparisons test, ***P < 0.0005; **P < 0.005; ns, not significant.
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in clusters were increased in T cells expressing the PTPN22-W620 variant
(Fig. 5E). Thus, the loss of PTPN22 function was associated with in-
creased LFA-1 clustering at the leading edge of migrating T cells.

Integrin-dependent adhesion is increased in T cells
expressing the loss-of-function PTPN22-W620 variant
In light of these findings, we evaluated the functional consequences of
enhanced LFA-1 clustering by directly comparing the adhesion of T cells
expressing either PTPN22-R620 or PTPN22-W620 under conditions of
shear flow. T cells expressing the disease-associated PTPN22-W620 var-
iant were more adherent to ICAM-1 than cells expressing the R620
variant (Fig. 6A). Ptpn22−/− murine T cells phenocopied the disease-

associated variant, being more adherent than wild-type T cells under
shear flow (Fig. 6B) and more adherent in de-attachment assays
(Fig. 6C). Thus, a loss-of-function PTPN22 mutant that enhanced
LFA-1 signaling increased LFA-1 clustering and cell adhesion. To-
gether, our results suggest that in migrating T cells, PTPN22 disperses
from large, plasma membrane–proximal clusters into smaller clusters
that are capable of interacting with the LFA-1 signaling complex, where
inhibition of signaling leads to reduced integrin clustering and adhe-
sion. If the localization of PTPN22 at the plasma membrane is com-
promised, regulation of integrin signals is uncoupled, and both integrin
clustering and cell adhesion are enhanced.

DISCUSSION
Protein tyrosine phosphatases are now established as key regulators of
integrin signaling (11, 12). The protein tyrosine phosphatase–PEST (PTP-
PEST) family of phosphatases, which consists of PTPN12 and PTPN22,
can be added to a growing list of inhibitors of integrin function, which
includes DOK1 (RhoH, docking protein 1), calpain, and the ubiquitin
ligase SHARPIN (SHANK-associated regulator of G protein signaling
homology domain–interacting protein) (28–31). Single-molecule lo-
calization microscopy enabled us to image PTPN22 at the nanoscale
level and to document that the plasma membrane–proximal decluster-
ing of PTPN22 is linked both temporally and spatially to its inhibitory
function. This is in contradistinction to the opposing clustering behav-
ior reported previously for kinase-associated signaling modules (32, 33),
which enables digital signaling and increases signal transduction fidelity
(34). Whether clustering in the steady state is unique to PTPN22 or is
a common mechanism for sequestering phosphatases from their sub-
strates will require further study.

The inhibitory functions of PTPN22 were confirmed by gene tar-
geting in mouse and human T cells. We also found that a catalytically
active PTPN22 was required to inhibit integrin-dependent cell motility.
Experiments with PTPN22-W620–expressing T cells from homozy-
gous donors indicated that the disease-associated variant was a loss-of-
function mutant, at least in the context of LFA-1 signaling. The basis
for this functional difference is underpinned in part by the impaired
binding of the mutated P1 polyproline domain of PTPN22-W620 with
SH3 domain–containing proteins, notably Csk. The spatiotemporal dy-
namics of PTPN22-Csk interactions and the effect of disrupting these
associations on PTPN22 function are complex and may be signal-
specific. For example, Vang et al. (35) demonstrated that dissociation
of PTPN22 from Csk is a prerequisite for targeting the phosphatase
to plasma membrane lipid raft domains, where it attenuates T cell
receptor (TCR) signaling. PTPN22-W620 partitions into rafts more
efficiently than does PTPN22-R620, whereas the forced dissocia-
tion of PTPN22 from Csk with a recombinant Csk-SH3 domain also
reduces TCR signaling. These data support the gain-of-function hy-
pothesis with respect to the PTPN22-W620 variant and TCR signal-
ing, and suggest that the effect of the disease-associated mutant is
context-dependent. Whereas uncoupling of the association between
Csk and PTPN22-W620 seems a consistent feature relevant to TCR-
and integrin-dependent signaling (36, 37), we cannot rule out the pos-
sibility that disrupting the interactions between PTPN22 and other
SH3 domain–containing proteins could contribute to the signaling pheno-
types reported. A comparative biochemical analysis of the PTPN22-R620
and PTPN22-W620 interactomes, using technologies that were re-
ported for PAG (38), would provide a systematic and unbiased ap-
proach to address this issue.
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Fig. 4. PTPN22 colocalizes with LFA-1 at the leading edge of migrating T cells.
(A and B) T cells migrating on an ICAM-1–coated surface were stained with anti-
bodies specific for PTPN22 (green) and LFA-1 (red) and imaged by (A) confocal
microscopy or (B) TIRF microscopy. The direction of migration is shown by white
arrows. (B) (Left) The boxed region is shown under higher magnification, and the
colocalization of PTPN22 and LFA-1 is indicated by small white arrows. (Right)
Bright-field images with intensity scales for PTPN22 and LFA-1 in stained cells. Data
are representative of regions selected from the leading edges of 30 to 40 cells from
four independent experiments. (C) (Left) T cells that were plated on PLL- or ICAM-1–
coated surfaces were lysed, subjected to immunoprecipitation with anti–LFA-1 anti-
body or control IgG, and analyzed by Western blotting with antibodies against the
indicated proteins. Western blots are representative of three experiments. (Right)
Quantification of the ratio of the abundance of PTPN22 to that of LFA-1 from T cells
plated onto ICAM-1 relative to that for cells plated on PLL. Data are means derived
from three independent experiments. (D) Jurkat cells (JK) and their Lck-deficient de-
rivatives (JCaM1.6) were plated onto PLL-coated surfaces for 20 min before being
lysed. (Left) Cell lysates were analyzed by Western blotting with antibodies against
the indicated proteins. (Right) Cell lysates were subjected to immunoprecipitation
with mouse anti-PTPN22 antibody or control IgG and analyzed by Western blotting
with antibodies specific for the indicated proteins. Western blots are representative of
two experiments (for the reciprocal experiment, see fig. S6). ms, mouse antibody; gt,
goat antibody.
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being retained near the LFA-1 signaling com-
plex. Failure to attenuate LFA-1 signals is  
associated with much larger, denser clusters 
of LFA-1 at the cell surface, equipping the 
cell with domains of increased adhesiveness.

How might this increased cell adhesive-
ness translate to altered cell function in 
vivo? We suspect that the consequences of 
increased adhesion under shear flow condi-
tions could perturb multiple phases of the 
homing of cells to lymph nodes and tissues, 
including the adhesion of cells on vascular 
endothelium coupled to transmigration into 
tissues, trafficking across high endothelial 
venules within lymphoid organs, and inter-
actions between cells or with the surround-
ing extracellular matrix. Integrins have 
other functions in addition to mediating ad-
hesion and migration because they promote 
interactions between T cells and antigen-
presenting cells in ways that underpin the 
earliest steps in T cell activation and dif-
ferentiation (9, 39), as well as downstream 

effector responses, such as cytokine produc-
tion and cytotoxic functions (4–6). We pro-
pose that aberrations in integrin function be 
included in the repertoire of mechanisms 
underpinning a predisposition to autoim-
mune disease in individuals carrying loss-
of-function PTPN22 mutations (40). Loss of 
immune tolerance, however, will depend on 
the balance of function between effector and 
regulatory T (Treg) cells because our work 
has previously demonstrated that the in-
creased adhesiveness of Ptpn22−/− Treg cells 
is associated with their greater potency (41).

MATERIALS AND METHODS

Antibodies and integrin ligands
Mouse monoclonal antibody and affinity-

purified goat polyclonal antibody raised 
against human PTPN22 were purchased 
from R&D Systems. Antibodies specific for 
Vav1 (C-14), ZAP70 (1E7.2), Lck (3A5), and 
Csk (C20) were from Santa Cruz Biotechnol-
ogy. Rabbit polyclonal antibodies against 

pSrc (Tyr416), pZAP70 (Tyr319/Syk-Tyr352), 
pZAP70 (Tyr493/Syk-Tyr526), p44/42 MAPK 
(ERK1/2) (Thr202/Tyr204) (197G2), α- and 
β-tubulin, and β-actin were from Cell Sig-
naling Technology; antibodies specific for 
pVav1 (Tyr174) (EP5107), PAG (ab14989), 
and CD11a were from Abcam. The mono-
clonal anti–LFA-1 antibody mAb38 was 
a gift from N. Hogg (Francis Crick Insti-
tute, London, U.K.). Horseradish peroxi-
dase (HRP)–conjugated sheep anti-mouse 
IgG (Amersham), goat anti-rabbit Ig–HRP 
(Dako), mouse monoclonal light chain– 
specific anti-goat IgG (Jackson Laboratory), 
goat anti-mouse IgG, goat anti-rabbit IgG, 
donkey anti-mouse IgG, donkey anti-rabbit 
IgG, donkey anti-goat IgG, and the IgG Ze-
non antibody labeling kit were from Life 
Technologies. Recombinant human ICAM-1/
CD54 Fc chimera, recombinant murine 
ICAM-1/CD54 Fc chimera, recombinant 
VCAM-1, and  fibronectin were obtained from 
R&D Systems.

Fig. 5. Expression of the PTPN22-W620mutant
enhances LFA-1 clustering at the leading edge
of migrating T cells. (A) T cells from homozy-
gous donors expressing PTPN22-R620 or PTPN22-
W620 were layered onto PLL- or ICAM-1–coated
plates for 20 min before being fixed and stained
with anti–LFA-1 antibody. Images were acquired,
and the molecular distributions were analyzed as
described in Fig. 2. For each PTPN22 variant, rep-
resentative images are shown for their cell sur-
face LFA-1 molecule distributions. Single regions
were used to generate pointillist and pseudo-
colored cluster heat maps. Scale bar, 5 mm. Data
show representative images from an analysis of
70 to 80 cells per genotype and are representa-
tive of three experiments. (B) Ripley’s K function
curves (mean ± SEM) were constructed to quan-
tify the degree of clustering of surface LFA-1 in
migrating T cells that expressed PTPN22-R620
(dashed line) or PTPN22-W620 (solid line). Data
are representative of three independent experi-
ments. (C to E) Cluster analysis of N-STORM images
derived from PTPN22-R620– and PTPN22-W620–
expressing T cells migrating on ICAM-1 was used
to quantify (C) the number of LFA-1 localizations
per region (n = 83 regions), (D) the number of LFA-1
clusters (n = 83 regions), and (E) the percentage of
LFA-1 localizations in clusters (n = 83 clusters). Data
are means ± SD. ****P < 0.0001; ns, not significant.
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Fig. 6. T cells expressing loss-of-function PTPN22 mutants or those deficient in PTPN22 are more adherent under shear flow. (A) T cells expressing PTPN22-
R620 or PTPN22-W620 derived from homozygous donors were flowed over glass slides coated with ICAM-1 (5 mg/ml) at a shear flow rate of 0.5 dyne/cm2 and imaged
by time-lapse, wide-field microscopy. Cells adhering to ICAM-1–coated glass were counted every 1 min for a total of 8 min. Pooled data for cells of each genotype were
derived from 12 independent experiments. *P = 0.049. (B) T cells were generated from the lymph nodes of Ptpn22+/+ and Ptpn22−/− littermate mice, and their adher-
ence under shear flow was quantified as described in (A). A representative experiment (left) and pooled data (right) show the mean number of adherent cells ± SD after
10 min for cells of each genotype, based on six independent experiments. **P = 0.002. (C) T cells from the indicated mice were prepared as described in (B) and allowed to
adhere to glass slides coated with ICAM-1 (5 mg/ml) for 10 min. Shear force was applied at the indicated flow rates, and time-lapse, wide-field movies were acquired. The
numbers of adherent T cells were counted every 1 min for 10 min. Phase decay analysis was used to generate half-life values for cell attachment over time. Data represent 11
independent experiments. *P = 0.0472; **P = 0.005; ***P = 0.0008; ns, not significant.
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We present a model depicting how PTPN22 inhibits LFA-1 sig-
naling and how the PTPN22-W620 mutant enhances LFA-1 signal-
ing and integrin-dependent adhesion (Fig. 7). According to this model,
PTPN22 exists in large clusters in the steady state, where it is sequestered
from its substrates. Active signals stimulate declustering, which is an
event that we are now studying in the context of TCR and LFA-1 stim-
ulation and one that targets clustered pools of both PTPN22 and
Csk. Precisely how the clusters disaggregate is not known, but the pro-
cess serves to deliver monomers of PTPN22 to the plasma membrane
zone, enabling interactions with its binding partners. Lck is constitu-
tively associated with the b subunit of LFA-1 (17) and is required for the
recruitment of PTPN22 to the LFA-1 signaling complex. In PTPN22−/−

cells, the LFA-1–stimulated phosphorylation of these intermediates goes
unchecked, manifesting as the enhanced phosphorylation of signaling
intermediates and augmented integrin-dependent signaling, cell motil-
ity, and adhesion. The outcome of expressing the PTPN22-W620 is
the same, except that in this case, the total cellular amounts of the phos-
phatase are equivalent to those in PTPN22-R620–expressing T cells, but
the W620 variant fails to bind to Csk (or possibly other SH3 domain–

containing proteins). Instead, PTPN22-W620 is distributed throughout
the rest of the cell rather than being retained near the LFA-1 signaling
complex. Failure to attenuate LFA-1 signals is associated with much
larger, denser clusters of LFA-1 at the cell surface, equipping the cell
with domains of increased adhesiveness.

How might this increased cell adhesiveness translate to altered cell
function in vivo? We suspect that the consequences of increased ad-
hesion under shear flow conditions could perturb multiple phases of
the homing of cells to lymph nodes and tissues, including the adhesion
of cells on vascular endothelium coupled to transmigration into tis-
sues, trafficking across high endothelial venules within lymphoid organs,
and interactions between cells or with the surrounding extracellular
matrix. Integrins have other functions in addition to mediating adhe-
sion and migration because they promote interactions between T cells
and antigen-presenting cells in ways that underpin the earliest steps in
T cell activation and differentiation (9, 39), as well as downstream
effector responses, such as cytokine production and cytotoxic func-
tions (4–6). We propose that aberrations in integrin function be in-
cluded in the repertoire of mechanisms underpinning a predisposition
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Fig. 7. Mechanistic model for the regulation of integrin signaling by PTPN22. The transition of LFA-1 from a low- or intermediate-affinity state (middle) to a high-
affinity state (left) is characterized by the phosphorylation of Lck, ZAP70, and Vav, which are associated with the cytoplasmic tail of the b2 subunit of LFA-1. Subse-
quently, spatiotemporal regulation of LFA-1 signals is mediated by the dispersal of PTPN22 and Csk from clusters, the disassociation of PTPN22 and Csk from PAG at the
plasma membrane, and the increased association of PTPN22 with Csk through the P1 domain of PTPN22 and the SH3 domain of Csk. PTPN22-Csk complexes target
their phosphorylated substrates in the LFA-1 signaling complex, which leads to the attenuation of LFA-1 signaling. Although the declustering of the loss-of-function
PTPN22-W620 mutant is preserved, the binding of PTPN22-W620 to Csk is impaired (right). The mutant phosphatase is not retained at the plasma membrane, and in
the absence of membrane-proximal binding partners, such as Csk, PTPN22-W620 diffuses away from the plasma membrane. As a consequence, LFA-1 signal in-
tensity is augmented and sustained, further promoting LFA-1 clustering at the cell surface and increasing integrin-dependent adhesion (right). The spatiotemporal
organization of PTPN22-R620 (PTP), PTPN22-W620 (PTP-W), Csk, talin (Tal), Lck, Vav1 (Vav), ZAP70 (Zap), and kindlin is illustrated. P denotes phosphorylation on
tyrosine residues.
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Mice
Ptpn22−/− mice were generated and geno-

typed as described previously (41). The line 
was rederived into the Biological Services 
Unit at King’s College London and bred on 
a C57BL/6 background for 10 generations 
under specific pathogen–free conditions, in 
compliance with the Home Office regulations 
and local ethically approved guidelines. Sex- 
and age-matched Ptpn22+/+ and Ptpn22−/− lit-
termates were used in experiments.

Media, cell culture, and transfection
Human T cells were cultured in complete 

medium [Iscove’s modified Dulbecco’s 
medium (IMDM), 10% fetal bovine serum 
(FBS), penicillin, and streptomycin], whereas 
mouse T cells were cultured in Glutamax-
RPMI, 10% FBS, 50 μM β-mercaptoethanol (β-
ME), 100 μM sodium pyruvate, 20 mM Hepes, 
penicillin, and streptomycin. Glutamax-
RPMI, 50 μM β-ME, 100 μM sodium pyruvate, 
25 mM Hepes, penicillin, and streptomycin 
were used as cell migration medium. Human 
peripheral blood mononuclear cells (PBMCs) 
were isolated from whole blood with 
Lymphoprep (STEMCELL Technologies) and 
were stimulated with phytohemagglutinin (1 
μg/ml, Thermo Fisher Scientific) in IMDM 
medium supplemented with 10% fetal calf 
serum, penicillin, and streptomycin (PAA) 
for the first 48 hours and with interleukin-2 
(IL-2; 20 ng/ml, aldesleukin, Novartis) for 
up to 10 days. T cells were purified with a 
Pan T Cell Isolation kit (catalog no. 130-091-
156, Miltenyi Biotec) to a purity of >97%, 
as determined by flow cytometry analysis. 
Donors belonging to TwinsUK (www 
.twinsuk.ac.uk) and selected on the basis of 
their rs2476601 genotype (PTPN22 C1858T, 
corresponding to PTPN22-R620W protein) 
also provided PBMCs after informed consent. 
Transfection of primary human T cell blasts 
was performed with the Amaxa Nucleofector 
and Human T Cell Nucleofection Kit, 
program T-020 (Lonza). Plasmid DNA (2 μg) 
and siRNA pools (Invitrogen, Thermo Fisher 
Scientific) were used to transfect 1 × 107 T 
cells. Mouse T cells were generated from 
splenic and lymph node cell suspensions, 
adjusted to a density of 3 × 106 cells/ml, and 
cultured in complete medium. Cells were 
stimulated with concanavalin A (1 μg/ml, 
Sigma) for 48 hours, subjected to a Ficoll 
gradient, and resuspended in complete 
medium supplemented with IL-2 (20 ng/ml) 
at a density of 2 × 106 cells/ml. All adhesion 
and migration assays were performed with 
mouse T cells after they had been cultured 
for 4 to 5 days in IL-2. The human leukemic 
T cell line, Jurkat, and its Lck-deficient 
derivative JCaM1.6 were also used in 
experiments (42).

Generation of PTPN22-GFP constructs
A pEF5HA plasmid encoding PTPN22 (a 

gift from N. Bottini, La Jolla Institute for 
Allergy and Immunology, La Jolla, CA) was 
sequenced and used as a plasmid backbone 
for site-directed mutagenesis to generate 
a panel of PTPN22 mutants, and a 3′ GFP 
fragment was introduced by subcloning. 
All constructs were verified by sequencing. 
Targeted mutations were introduced with 
the following specific primer pairs: R620W 
CCACTTCCTGTATGGACACCTGAATCATTTA 
(forward) and TAAATGATTCAGGTGTC-
CATACAGGAAGTGG (reverse); C227A, 
TGTTCCCATATGCATTCACGCCAGTGCTG-
GCTGTGGAAGGACTGG (forward) and 
CCAGTCCTTCCACAGCCAGCACTGGCGT-
GAATGCATATGGGAACA (reverse).

T cell stimulation and signaling 
with integrin ligands

Glass coverslips (32 mm, VWR Interna-
tional) were coated in six-well sterile plates 
with the integrin ligands ICAM-1–Fc (3 μg/
ml, unless indicated otherwise), VCAM-1–Fc 
(3 μg/ml), or fibronectin (10 μg/ml) or with 
PLL (Sigma) overnight at 4°C, washed three 
times with phosphate-buffered saline (PBS), 
and blocked for 1 hour at room temperature 
with 2% bovine serum albumin (BSA) in PBS. 
T cell blasts were rested in migration medium 
for 30 min and then added to coverslips (at 
3 × 106 cells per coverslip) and incubated for 
20 min at 37°C. Unbound cells were then as-
pirated, and 1 ml of lysis buffer was added to 
the coverslips (1 × 6-well plate, 2 × 107 cells 
per well) before being lysed on ice for 20 min. 
Lysates were cleared by centrifugation and di-
luted in sample buffer for Western blotting or 
immunoprecipitation experiments.

Western blotting and 
immunoprecipitations

Cells were lysed directly in 2× SDS–
polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer or in lysis buffer 
containing 1% Triton X-100 (Sigma) with 
phosphatase and protease inhibitors (Roche). 
Proteins were separated by SDS-PAGE and 
transferred to Immobilon-P polyvinylidene 
difluoride membranes by standard Western 
blotting techniques. After incubation with 
primary and secondary antibodies, reactive 
bands on the blots were visualized by Super-
Signal chemiluminescent reaction (Pierce 
Biotechnology) in a ChemiDoc Station (Bio-
Rad). For immunoprecipitations, 1 to 2 μg of 
control or specific antibody were added to 
cell lysates overnight at 4°C, which was fol-
lowed by the addition of 20 μl of magnetic 
beads (Millipore) and incubation for 1 hour 
at 4°C. The beads were washed three times 
in lysis buffer before being eluted with 20 μl 

of boiling 2× SDS-PAGE sample buffer. Cell 
lysates and immunoprecipitates were used 
immediately or were stored at −80°C until 
needed for analysis.

Immunofluorescence staining 
and microscopy

Coverslips, glass-bottomed dishes (Mat-
Tek), or eight-well glass-bottomed micros-
copy chambers (ibidi) were coated overnight 
at 4°C with human recombinant ICAM-1–
Fc (3 μg/ml) or 0.01% PLL, washed three 
times in Hanks’ balanced salt solution, and 
blocked in 5% BSA for 1 hour. T cells were re-
suspended at 2.5 × 105 cells/ml in migration 
medium that had been equilibrated over-
night at 37°C in 5% CO2 and added to glass 
coated with ICAM-1–Fc. After 20 min of mi-
gration, the cells were pH shift–fixed [that 
is, they were treated for 5 min with 3% para-
formaldehyde (PFA)–80 mM Pipes dipotas-
sium salt (pH 6.8), supplemented with 2 mM 
Mg2+ and 5 mM EGTA, which was followed 
by treatment for 10 min with 3% PFA and 
100 mM Borax (pH 11)] and then permeabi-
lized with 0.1% Triton X-100 for 5 min at 4°C. 
Autofluorescence was quenched by treating 
the samples with NaBH4 (1 mg/ml) for 15 
min. The chambers were blocked with 10% 
goat serum for 1 hour and then incubated 
with primary antibody overnight and an ap-
propriate secondary antibody for 20 min at 
room temperature. Confocal microscopy was 
performed with a Zeiss LSM 700 Axio Im-
ager M2 system at ×63 magnification (Plan-
Apochromat 63×/1.40 Oil M27, Zeiss; zoom, 
4; 512 × 512 pixel scan). TIRF images were 
obtained with a Zeiss observer Z1 (inverted) 
microscope equipped with a TIRF slider 
[Plan-Apochromat 100×/1.40 Oil DIC (UV) 
VIS-IR, Zeiss]. Images were collected, pro-
cessed, and analyzed with SlideBook 5.5 (3i) 
or ImageJ software. Colocalization of signal-
ing proteins was determined according to 
the method of Dunn et al. (43). Briefly, TIRF 
images were processed with the automatic 
method of local background subtraction by 
median filtering and finally by small-value 
subtraction with SlideBook6 software. Four 
regions (1.6 μm × 1.6 μm) were chosen in the 
front lamella of the cell. Subsequently, MCC 
was calculated with the inbuilt SlideBook6 
function. Results from five regions were 
averaged per cell in four different experi-
ments and analyzed with Prism 6.0 software 
(GraphPad).

Direct stochastic optical 
reconstruction microscopy

dSTORM imaging was performed on a 
Nikon N-STORM microscope with a 100× 
1.49 numerical aperture oil immersion TIRF 
objective. Cells were imaged under TIRF  

illumination with a 647-nm laser with pho-
toactivation at 405 nm in oxygen-scavenging 
buffer [including glucose oxidase (50 μg/ml), 
HRP (25 μg/ml), and 75 mM cysteamine in 
base buffer (pH 8.0)]. Fluorescence was col-
lected on an Andor iXon EM-CCD camera. 
Acquisition time was between 5 and 15 min, 
with an integration time of 10 ms. Molecular 
coordinates were calculated with Nikon NIS 
N-STORM software using a photon threshold 
of 3000 per point spread function.

Cluster analysis
The output from the NIS N-STORM soft-

ware was in the form of pointillist x-y coordi-
nates of the localized fluorophores. Data were 
divided into nonoverlapping 2 μm × 2 μm 
square regions, avoiding cell boundaries. Ri-
pley’s K function can be used to quantify the 
level and size scale of molecular clustering, 
and the use of this function has previously 
been demonstrated in experiments with T 
cells (44–46). The K function was calculated 
for each region with the Excel plug-in SpPack 
(47) with the following equation:

with human recombinant ICAM-1–Fc (3 mg/ml) or 0.01% PLL,
washed three times in Hanks’ balanced salt solution, and blocked in
5% BSA for 1 hour. T cells were resuspended at 2.5 × 105 cells/ml in
migration medium that had been equilibrated overnight at 37°C in
5% CO2 and added to glass coated with ICAM-1–Fc. After 20 min of
migration, the cells were pH shift–fixed [that is, they were treated for
5 min with 3% paraformaldehyde (PFA)–80 mM Pipes dipotassium
salt (pH 6.8), supplemented with 2 mMMg2+ and 5 mM EGTA, which
was followed by treatment for 10 min with 3% PFA and 100 mM Borax
(pH 11)] and then permeabilized with 0.1% Triton X-100 for 5 min at
4°C. Autofluorescence was quenched by treating the samples with
NaBH4 (1 mg/ml) for 15 min. The chambers were blocked with 10%
goat serum for 1 hour and then incubated with primary antibody over-
night and an appropriate secondary antibody for 20 min at room tem-
perature. Confocal microscopy was performed with a Zeiss LSM 700 Axio
Imager M2 system at ×63 magnification (Plan-Apochromat 63×/1.40 Oil
M27, Zeiss; zoom, 4; 512 × 512 pixel scan). TIRF images were obtained
with a Zeiss observer Z1 (inverted) microscope equipped with a TIRF
slider [Plan-Apochromat 100×/1.40 Oil DIC (UV) VIS-IR, Zeiss]. Images
were collected, processed, and analyzed with SlideBook 5.5 (3i) or ImageJ
software. Colocalization of signaling proteins was determined according
to the method of Dunn et al. (43). Briefly, TIRF images were processed
with the automatic method of local background subtraction by median
filtering and finally by small-value subtraction with SlideBook6 soft-
ware. Four regions (1.6 mm × 1.6 mm) were chosen in the front lamella of
the cell. Subsequently, MCC was calculated with the inbuilt SlideBook6
function. Results from five regions were averaged per cell in four differ-
ent experiments and analyzed with Prism 6.0 software (GraphPad).

Direct stochastic optical reconstruction microscopy
dSTORM imaging was performed on a Nikon N-STORMmicroscope
with a 100× 1.49 numerical aperture oil immersion TIRF objective.
Cells were imaged under TIRF illumination with a 647-nm laser with
photoactivation at 405 nm in oxygen-scavenging buffer [including
glucose oxidase (50 mg/ml), HRP (25 mg/ml), and 75 mM cysteamine
in base buffer (pH 8.0)]. Fluorescence was collected on an Andor iXon
EM-CCD camera. Acquisition time was between 5 and 15 min, with
an integration time of 10 ms. Molecular coordinates were calculated
with Nikon NIS N-STORM software using a photon threshold of 3000
per point spread function.

Cluster analysis
The output from the NIS N-STORM software was in the form of
pointillist x-y coordinates of the localized fluorophores. Data were
divided into nonoverlapping 2 mm × 2 mm square regions, avoiding
cell boundaries. Ripley’s K function can be used to quantify the level
and size scale of molecular clustering, and the use of this function has
previously been demonstrated in experiments with T cells (44–46).
The K function was calculated for each region with the Excel plug-
in SpPack (47) with the following equation:

K rð Þ ¼ A
n2
∑
n

i¼1
∑
n

j¼1
dij

where dij = 1 if the distance between molecules i and j is less than r;
otherwise, dij = 0. Therefore, dij represents the drawing of concentric
circles of radius r around each point, i, and counting how many other
points, j, are encircled. As defined, the K(r) value scales linearly with

the circle area for increasing r and is therefore converted into the L
function with the following equation:

LðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KðrÞ=p

p

This function is represented by a plot of L(r)-r versus r. In the
case of a completely spatially random (CSR) distribution of molecules,
L(r)-r = 0 for all r. If L(r)-r is positive, this represents clustering on a
particular spatial scale, r. A negative L(r)-r value represents a more
regular distribution than that of CSR (negative clustering). Edge effects
were corrected by means of a toroidal wrap. Confidence intervals
(95%) were calculated by simulating 100 CSR distributions with the
same total molecular density as that of the experimental data. To test
the effect of reducing the density of monomers (that is, the CSR
background) on the Ripley’s K function curves, we analyzed simulated
data. A 3 mm × 3 mm region was simulated with a single Gaussian pro-
file cluster at its center (SD = 100 nm, 100 points), which was then over-
laid with a CSR background. We then varied the density of the CSR
overlay and analyzed the resulting Ripley’s K function curves. In the pres-
ence of zero background, the curve decays linearly to negative infinity at
increasing r; however, in the presence of increasing background, the
curve asymptotically approaches zero (as is the case for a pure CSR
distribution). To generate the pseudocolored cluster maps, the degree
of clustering of each molecule was calculated with Getis’ variant of
Ripley’s K function (48). This is simply the L(r) value omitting averaging
over all molecules in the region ( j). Therefore, for each molecule, i, this
value is given by the following equation:

LðrÞi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A
n
∑
n

j¼1
dij=p

s

Molecules at the edge of the region of interest had their L(r) value
corrected with a buffer region of width r. To generate the cluster maps,
the L(r) values were interpolated onto a 5-nm resolution grid with
MATLAB software, and the L(r) color surface was pseudocolored.
To extract cluster statistics, the map was thresholded at a value of
L(r) = 200, with areas above this value considered to be clusters. Clusters
were separated with an 8-connectivity rule that enabled us to extract the
number of clusters, cluster sizes, number of molecules per cluster, and
other parameters.

Flow cytometry
T cell blasts were stained in cold flow cytometry (fluorescence-activated
cell sorting) buffer (0.5% BSA and 0.01% sodium azide in PBS) with anti-
bodies and live/dead discrimination, washed, fixed with 2% PFA, and
analyzed with a FACSCalibur flow cytometer. Data analysis was per-
formed with FlowJo software (Tree Star Inc.).

Time-lapse microscopy
To monitor cell attachment under shear flow, glass-bottomed flow cham-
bers (m-Slide VI0.4, ibidi) were coated with ICAM-1–Fc (5 mg/ml), and
T cell blasts (1 × 106 cells/ml) were flowed over the glass at 0.5 dyne/cm2

for 8 to 10 min in migration medium. Wide-field, time-lapse movies
were acquired in 10 areas per slide. Cell numbers were counted over
time, and the data were presented as means ± SD. To monitor cell
detachment under shear flow, T cells isolated from Ptpn22+/+ and
Ptpn22−/− mice (5 × 106 cells/ml in migration medium) were allowed
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where δij = 1 if the distance between mole-
cules i and j is less than r; otherwise, δij = 0. 
Therefore, δij represents the drawing of con-
centric circles of radius r around each point, 
i, and counting how many other points, j, are 
encircled. As defined, the K(r) value scales 
linearly with the circle area for increasing r 
and is therefore converted into the L func-
tion with the following equation:
	

with human recombinant ICAM-1–Fc (3 mg/ml) or 0.01% PLL,
washed three times in Hanks’ balanced salt solution, and blocked in
5% BSA for 1 hour. T cells were resuspended at 2.5 × 105 cells/ml in
migration medium that had been equilibrated overnight at 37°C in
5% CO2 and added to glass coated with ICAM-1–Fc. After 20 min of
migration, the cells were pH shift–fixed [that is, they were treated for
5 min with 3% paraformaldehyde (PFA)–80 mM Pipes dipotassium
salt (pH 6.8), supplemented with 2 mMMg2+ and 5 mM EGTA, which
was followed by treatment for 10 min with 3% PFA and 100 mM Borax
(pH 11)] and then permeabilized with 0.1% Triton X-100 for 5 min at
4°C. Autofluorescence was quenched by treating the samples with
NaBH4 (1 mg/ml) for 15 min. The chambers were blocked with 10%
goat serum for 1 hour and then incubated with primary antibody over-
night and an appropriate secondary antibody for 20 min at room tem-
perature. Confocal microscopy was performed with a Zeiss LSM 700 Axio
Imager M2 system at ×63 magnification (Plan-Apochromat 63×/1.40 Oil
M27, Zeiss; zoom, 4; 512 × 512 pixel scan). TIRF images were obtained
with a Zeiss observer Z1 (inverted) microscope equipped with a TIRF
slider [Plan-Apochromat 100×/1.40 Oil DIC (UV) VIS-IR, Zeiss]. Images
were collected, processed, and analyzed with SlideBook 5.5 (3i) or ImageJ
software. Colocalization of signaling proteins was determined according
to the method of Dunn et al. (43). Briefly, TIRF images were processed
with the automatic method of local background subtraction by median
filtering and finally by small-value subtraction with SlideBook6 soft-
ware. Four regions (1.6 mm × 1.6 mm) were chosen in the front lamella of
the cell. Subsequently, MCC was calculated with the inbuilt SlideBook6
function. Results from five regions were averaged per cell in four differ-
ent experiments and analyzed with Prism 6.0 software (GraphPad).

Direct stochastic optical reconstruction microscopy
dSTORM imaging was performed on a Nikon N-STORMmicroscope
with a 100× 1.49 numerical aperture oil immersion TIRF objective.
Cells were imaged under TIRF illumination with a 647-nm laser with
photoactivation at 405 nm in oxygen-scavenging buffer [including
glucose oxidase (50 mg/ml), HRP (25 mg/ml), and 75 mM cysteamine
in base buffer (pH 8.0)]. Fluorescence was collected on an Andor iXon
EM-CCD camera. Acquisition time was between 5 and 15 min, with
an integration time of 10 ms. Molecular coordinates were calculated
with Nikon NIS N-STORM software using a photon threshold of 3000
per point spread function.

Cluster analysis
The output from the NIS N-STORM software was in the form of
pointillist x-y coordinates of the localized fluorophores. Data were
divided into nonoverlapping 2 mm × 2 mm square regions, avoiding
cell boundaries. Ripley’s K function can be used to quantify the level
and size scale of molecular clustering, and the use of this function has
previously been demonstrated in experiments with T cells (44–46).
The K function was calculated for each region with the Excel plug-
in SpPack (47) with the following equation:

K rð Þ ¼ A
n2
∑
n

i¼1
∑
n

j¼1
dij

where dij = 1 if the distance between molecules i and j is less than r;
otherwise, dij = 0. Therefore, dij represents the drawing of concentric
circles of radius r around each point, i, and counting how many other
points, j, are encircled. As defined, the K(r) value scales linearly with

the circle area for increasing r and is therefore converted into the L
function with the following equation:

LðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KðrÞ=p

p

This function is represented by a plot of L(r)-r versus r. In the
case of a completely spatially random (CSR) distribution of molecules,
L(r)-r = 0 for all r. If L(r)-r is positive, this represents clustering on a
particular spatial scale, r. A negative L(r)-r value represents a more
regular distribution than that of CSR (negative clustering). Edge effects
were corrected by means of a toroidal wrap. Confidence intervals
(95%) were calculated by simulating 100 CSR distributions with the
same total molecular density as that of the experimental data. To test
the effect of reducing the density of monomers (that is, the CSR
background) on the Ripley’s K function curves, we analyzed simulated
data. A 3 mm × 3 mm region was simulated with a single Gaussian pro-
file cluster at its center (SD = 100 nm, 100 points), which was then over-
laid with a CSR background. We then varied the density of the CSR
overlay and analyzed the resulting Ripley’s K function curves. In the pres-
ence of zero background, the curve decays linearly to negative infinity at
increasing r; however, in the presence of increasing background, the
curve asymptotically approaches zero (as is the case for a pure CSR
distribution). To generate the pseudocolored cluster maps, the degree
of clustering of each molecule was calculated with Getis’ variant of
Ripley’s K function (48). This is simply the L(r) value omitting averaging
over all molecules in the region ( j). Therefore, for each molecule, i, this
value is given by the following equation:

LðrÞi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A
n
∑
n

j¼1
dij=p

s

Molecules at the edge of the region of interest had their L(r) value
corrected with a buffer region of width r. To generate the cluster maps,
the L(r) values were interpolated onto a 5-nm resolution grid with
MATLAB software, and the L(r) color surface was pseudocolored.
To extract cluster statistics, the map was thresholded at a value of
L(r) = 200, with areas above this value considered to be clusters. Clusters
were separated with an 8-connectivity rule that enabled us to extract the
number of clusters, cluster sizes, number of molecules per cluster, and
other parameters.

Flow cytometry
T cell blasts were stained in cold flow cytometry (fluorescence-activated
cell sorting) buffer (0.5% BSA and 0.01% sodium azide in PBS) with anti-
bodies and live/dead discrimination, washed, fixed with 2% PFA, and
analyzed with a FACSCalibur flow cytometer. Data analysis was per-
formed with FlowJo software (Tree Star Inc.).

Time-lapse microscopy
To monitor cell attachment under shear flow, glass-bottomed flow cham-
bers (m-Slide VI0.4, ibidi) were coated with ICAM-1–Fc (5 mg/ml), and
T cell blasts (1 × 106 cells/ml) were flowed over the glass at 0.5 dyne/cm2

for 8 to 10 min in migration medium. Wide-field, time-lapse movies
were acquired in 10 areas per slide. Cell numbers were counted over
time, and the data were presented as means ± SD. To monitor cell
detachment under shear flow, T cells isolated from Ptpn22+/+ and
Ptpn22−/− mice (5 × 106 cells/ml in migration medium) were allowed
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This function is represented by a plot of 
L(r)-r versus r. In the case of a completely 
spatially random (CSR) distribution of mol-
ecules, L(r)-r = 0 for all r. If L(r)-r is positive, 
this represents clustering on a particular 
spatial scale, r. A negative L(r)-r value rep-
resents a more regular distribution than that 
of CSR (negative clustering). Edge effects 
were corrected by means of a toroidal wrap. 
Confidence intervals (95%) were calculated 
by simulating 100 CSR distributions with the 
same total molecular density as that of the 
experimental data. To test the effect of re-
ducing the density of monomers (that is, the 
CSR background) on the Ripley’s K function 
curves, we analyzed simulated data. A 3 μm 
× 3 μm region was simulated with a single 
Gaussian profile cluster at its center (SD = 
100 nm, 100 points), which was then overlaid 
with a CSR background. We then varied the 

density of the CSR overlay and analyzed the 
resulting Ripley’s K function curves. In the 
presence of zero background, the curve de-
cays linearly to negative infinity at increas-
ing r; however, in the presence of increasing 
background, the curve asymptotically ap-
proaches zero (as is the case for a pure CSR 
distribution). To generate the pseudocol-
ored cluster maps, the degree of clustering 
of each molecule was calculated with Getis’ 
variant of Ripley’s K function (48). This is 
simply the L(r) value omitting averaging 
over all molecules in the region (j). There-
fore, for each molecule, i, this value is given 
by the following equation:

with human recombinant ICAM-1–Fc (3 mg/ml) or 0.01% PLL,
washed three times in Hanks’ balanced salt solution, and blocked in
5% BSA for 1 hour. T cells were resuspended at 2.5 × 105 cells/ml in
migration medium that had been equilibrated overnight at 37°C in
5% CO2 and added to glass coated with ICAM-1–Fc. After 20 min of
migration, the cells were pH shift–fixed [that is, they were treated for
5 min with 3% paraformaldehyde (PFA)–80 mM Pipes dipotassium
salt (pH 6.8), supplemented with 2 mMMg2+ and 5 mM EGTA, which
was followed by treatment for 10 min with 3% PFA and 100 mM Borax
(pH 11)] and then permeabilized with 0.1% Triton X-100 for 5 min at
4°C. Autofluorescence was quenched by treating the samples with
NaBH4 (1 mg/ml) for 15 min. The chambers were blocked with 10%
goat serum for 1 hour and then incubated with primary antibody over-
night and an appropriate secondary antibody for 20 min at room tem-
perature. Confocal microscopy was performed with a Zeiss LSM 700 Axio
Imager M2 system at ×63 magnification (Plan-Apochromat 63×/1.40 Oil
M27, Zeiss; zoom, 4; 512 × 512 pixel scan). TIRF images were obtained
with a Zeiss observer Z1 (inverted) microscope equipped with a TIRF
slider [Plan-Apochromat 100×/1.40 Oil DIC (UV) VIS-IR, Zeiss]. Images
were collected, processed, and analyzed with SlideBook 5.5 (3i) or ImageJ
software. Colocalization of signaling proteins was determined according
to the method of Dunn et al. (43). Briefly, TIRF images were processed
with the automatic method of local background subtraction by median
filtering and finally by small-value subtraction with SlideBook6 soft-
ware. Four regions (1.6 mm × 1.6 mm) were chosen in the front lamella of
the cell. Subsequently, MCC was calculated with the inbuilt SlideBook6
function. Results from five regions were averaged per cell in four differ-
ent experiments and analyzed with Prism 6.0 software (GraphPad).

Direct stochastic optical reconstruction microscopy
dSTORM imaging was performed on a Nikon N-STORMmicroscope
with a 100× 1.49 numerical aperture oil immersion TIRF objective.
Cells were imaged under TIRF illumination with a 647-nm laser with
photoactivation at 405 nm in oxygen-scavenging buffer [including
glucose oxidase (50 mg/ml), HRP (25 mg/ml), and 75 mM cysteamine
in base buffer (pH 8.0)]. Fluorescence was collected on an Andor iXon
EM-CCD camera. Acquisition time was between 5 and 15 min, with
an integration time of 10 ms. Molecular coordinates were calculated
with Nikon NIS N-STORM software using a photon threshold of 3000
per point spread function.

Cluster analysis
The output from the NIS N-STORM software was in the form of
pointillist x-y coordinates of the localized fluorophores. Data were
divided into nonoverlapping 2 mm × 2 mm square regions, avoiding
cell boundaries. Ripley’s K function can be used to quantify the level
and size scale of molecular clustering, and the use of this function has
previously been demonstrated in experiments with T cells (44–46).
The K function was calculated for each region with the Excel plug-
in SpPack (47) with the following equation:

K rð Þ ¼ A
n2
∑
n

i¼1
∑
n

j¼1
dij

where dij = 1 if the distance between molecules i and j is less than r;
otherwise, dij = 0. Therefore, dij represents the drawing of concentric
circles of radius r around each point, i, and counting how many other
points, j, are encircled. As defined, the K(r) value scales linearly with

the circle area for increasing r and is therefore converted into the L
function with the following equation:

LðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KðrÞ=p

p

This function is represented by a plot of L(r)-r versus r. In the
case of a completely spatially random (CSR) distribution of molecules,
L(r)-r = 0 for all r. If L(r)-r is positive, this represents clustering on a
particular spatial scale, r. A negative L(r)-r value represents a more
regular distribution than that of CSR (negative clustering). Edge effects
were corrected by means of a toroidal wrap. Confidence intervals
(95%) were calculated by simulating 100 CSR distributions with the
same total molecular density as that of the experimental data. To test
the effect of reducing the density of monomers (that is, the CSR
background) on the Ripley’s K function curves, we analyzed simulated
data. A 3 mm × 3 mm region was simulated with a single Gaussian pro-
file cluster at its center (SD = 100 nm, 100 points), which was then over-
laid with a CSR background. We then varied the density of the CSR
overlay and analyzed the resulting Ripley’s K function curves. In the pres-
ence of zero background, the curve decays linearly to negative infinity at
increasing r; however, in the presence of increasing background, the
curve asymptotically approaches zero (as is the case for a pure CSR
distribution). To generate the pseudocolored cluster maps, the degree
of clustering of each molecule was calculated with Getis’ variant of
Ripley’s K function (48). This is simply the L(r) value omitting averaging
over all molecules in the region ( j). Therefore, for each molecule, i, this
value is given by the following equation:

LðrÞi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A
n
∑
n

j¼1
dij=p

s

Molecules at the edge of the region of interest had their L(r) value
corrected with a buffer region of width r. To generate the cluster maps,
the L(r) values were interpolated onto a 5-nm resolution grid with
MATLAB software, and the L(r) color surface was pseudocolored.
To extract cluster statistics, the map was thresholded at a value of
L(r) = 200, with areas above this value considered to be clusters. Clusters
were separated with an 8-connectivity rule that enabled us to extract the
number of clusters, cluster sizes, number of molecules per cluster, and
other parameters.

Flow cytometry
T cell blasts were stained in cold flow cytometry (fluorescence-activated
cell sorting) buffer (0.5% BSA and 0.01% sodium azide in PBS) with anti-
bodies and live/dead discrimination, washed, fixed with 2% PFA, and
analyzed with a FACSCalibur flow cytometer. Data analysis was per-
formed with FlowJo software (Tree Star Inc.).

Time-lapse microscopy
To monitor cell attachment under shear flow, glass-bottomed flow cham-
bers (m-Slide VI0.4, ibidi) were coated with ICAM-1–Fc (5 mg/ml), and
T cell blasts (1 × 106 cells/ml) were flowed over the glass at 0.5 dyne/cm2

for 8 to 10 min in migration medium. Wide-field, time-lapse movies
were acquired in 10 areas per slide. Cell numbers were counted over
time, and the data were presented as means ± SD. To monitor cell
detachment under shear flow, T cells isolated from Ptpn22+/+ and
Ptpn22−/− mice (5 × 106 cells/ml in migration medium) were allowed
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Molecules at the edge of the region of in-
terest had their L(r) value corrected with 
a buffer region of width r. To generate the 
cluster maps, the L(r) values were inter-
polated onto a 5-nm resolution grid with 
MATLAB software, and the L(r) color sur-
face was pseudocolored. To extract cluster 
statistics, the map was thresholded at a 
value of L(r) = 200, with areas above this 
value considered to be clusters. Clusters 
were separated with an 8-connectivity rule 
that enabled us to extract the number of 
clusters, cluster sizes, number of molecules 
per cluster, and other parameters.

Flow cytometry

T cell blasts were stained in cold flow cy-
tometry (fluorescence-activated cell sorting) 
buffer (0.5% BSA and 0.01% sodium azide in 
PBS) with antibodies and live/dead discrimi-
nation, washed, fixed with 2% PFA, and ana-
lyzed with a FACSCalibur flow cytometer. 
Data analysis was performed with FlowJo 
software (Tree Star Inc.).

Time-lapse microscopy
To monitor cell attachment under 

shear flow, glass-bottomed flow cham-
bers (μ-Slide VI0.4, ibidi) were coated with 
ICAM-1–Fc (5 μg/ml), and T cell blasts (1 × 
106 cells/ml) were flowed over the glass at 0.5 
dyne/cm2 for 8 to 10 min in migration me-
dium. Wide-field, time-lapse movies were 
acquired in 10 areas per slide. Cell numbers 
were counted over time, and the data were 
presented as means ± SD. To monitor cell 
detachment under shear flow, T cells iso-
lated from Ptpn22+/+ and Ptpn22−/− mice (5 
× 106 cells/ml in migration medium) were 
allowed to adhere to glass-bottomed flow 
chambers (μ-Slide VI0.1, ibidi) coated with 
ICAM-1–Fc (5 μg/ml) for 10 min, and then 
migration medium (incubator-equilibrated 

overnight) was applied at shear flow rates 
from 5 to 30 dynes/cm2. Wide-field, time-
lapse images were acquired for 10 min, and 
cell counts were accrued every 1 min. Data 
were plotted exponentially reflecting loss 
of cell numbers over time, and the phase 
decay half-life was calculated with Prism 
6.0 software (GraphPad). Values represent 
the rate at which the T cells detached from 
the glass over time; lower values indicate 
increased detachment.

Statistical analysis

All statistical analyses were performed 
with Prism 6.0 software (GraphPad). Dis-
tributions of data points and their variance 
were determined, and parametric or non-
parametric tests were applied, as appro-
priate. Comparisons between two groups 
were evaluated with a Mann-Whitney U 
test; unpaired Student’s t tests were used 
for normally distributed data. Comparison 
of three or more independent conditions 
was determined with the rank-based non-
parametric Kruskal-Wallis H test or with 
Tukey’s ordinary one-way ANOVA multiple 
comparisons test for normally distributed 
data. For comparison of cell motility, cell 
adhesion, and clustering data between 
groups, unpaired two-tailed t tests were 
used. Student’s t tests were also applied 
to compare densitometric measurements 
between independent Western blotting ex-
periments. Differences were considered to 
be statistically significantly different when 
P < 0.05.
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T
he tubulin homolog FtsZ (1) is the 
central component of the cell division 
machinery in nearly all walled bacterial 
species (2). During division, FtsZ 
polymerizes on the cytoplasmic face 

of the inner membrane to form a ring-like 
structure, the Z-ring (3), and recruits more 
than 30 proteins to the division site (4). 
Many of these proteins are involved in septal 
synthesis of the peptidoglycan (PG) cell wall 
(4). The guanosine triphosphatase (GTPase) 
activity of FtsZ is highly conserved (5, 6), and 
the binding and hydrolysis of GTP underlie 
the dynamic assembly and disassembly 
of FtsZ (7, 8). Although several proposed 
mechanisms revolve around GTPase activity–
dependent constriction force generation by 
the Z-ring (9), in E. coli the GTPase activity 
of FtsZ appears nonessential for cell division 
and does not dictate the cell constriction rate 
(10, 11). Thus, the biological function of FtsZ’s 
GTPase activity in bacterial cell division 
remains elusive.

To understand the role of GTPase activity 
in division, we characterized Z-ring dynam-
ics in live E. coli BW25113 cells by using to-
tal internal reflection fluorescence (TIRF) 
microscopy to monitor the fluorescence of 
an FtsZ-GFP fusion protein (fig. S1) (12). 

FtsZ-GFP was expressed in the presence of 
endogenous, unlabeled wild-type FtsZ at 46 
± 4.3% of total cellular FtsZ concentration 
(mean ± SD, n = 3; fig. S2). The integrated 
TIRF intensity of the Z-ring exhibited large, 
approximately periodic fluctuations (Fig. 1, A 
and B; fig. S3; and movies S1 and S2). We ob-
served similar behaviors with other fluores-
cent fusions (figs. S4 and S5 and movie S3) 
(13, 14) but not with fixed cells (fig. S4G) or 
fluorescent beads (fig. S4H), suggesting peri-
odic assembly and disassembly cycles of FtsZ 
polymers in the Z-ring.

The power spectral densities (PSDs) of 
individual cells revealed clear peaks in the 
intensity fluctuations (Fig. 1C). The mean 
PSD curve of all cells showed a lognormal-
like distribution (Fig. 1D, green curve) with 
a peak period of 115 ± 10 s (mean ± SEM; 
table S1) after subtracting the contribution 
of Z-ring dynamics due to stochastic sub-
unit exchange (Fig. 1D, red curve) (7, 8, 12). 
We calibrated the FtsZ-GFP intensity with 
cellular expression levels of FtsZ and FtsZ-
GFP (figs. S1 and S6) (12), to estimate that 
683 ± 439 FtsZ molecules (mean ± SD; Fig. 
1E) assembled in each TIRF intensity peak 
(Fig. 1B); these likely correspond to groups of 
smaller FtsZ clusters previously described in 
superresolution imaging studies (15–17). The 
assembly and disassembly rates of these FtsZ 
polymers (Fig. 1B) were essentially the same 
(Fig. 1F), indicating a dynamic steady state of 
polymer assembly and disassembly.

Treating cells with specific inhibitors (12) 
of proteins involved in cell wall synthesis did 
not affect the periodic FtsZ fluctuations (Fig. 

1G and table S2). Mutants lacking one of the 
proteins that regulates the Z-ring (SlmA, 
SulA, MinC, ClpX, and ClpP) or stabilizes 
it (ZapA, ZapB, ZapC, ZapD, and MatP) (12) 
also displayed wild-type Z-ring behavior 
(Fig. 1, H and I; fig. S7; and table S3). Thus, 
Z-ring dynamics are likely due to FtsZ’s in-
trinsic polymerization properties, which are 
related to its GTPase activity.

To examine whether GTPase activity influ-
ences the periodic assembly and disassembly 
dynamics, we constructed strains each with 
a single point mutation at the chromosomal 
ftsZ locus (12). The catalytic GTP turnover 
rate constants (kcat) of these mutant proteins 
in vitro (12, 18, 19) ranged from 14% to 71% 
of the wild-type kcat value (fig. S8A and table 
S1) (12). Because of the high cellular con-
centration of GTP (~5 mM) (20), the in vivo  
GTPase activity of these mutants should 
mainly represent their maximal GTP hydro-
lysis rate (reflected in kcat). Z-ring dynamics 
were significantly reduced in mutants with 
lower GTPase activity (Fig. 1, J and K, and 
table S1). In addition, the subunit exchange 
rate constants (kex) of these mutants, ex-
tracted from PSD curves or obtained from 
fluorescence recovery after photobleaching 
(FRAP) (fig. S8, C to E), decreased with kcat 
(12) in a manner consistent with coupling to 
GTP hydrolysis. We observed the same trend 
using GFP-ZapA (fig. S4F). The fluctuation 
frequency and kex of each mutant were 
highly correlated with kcat (Fig. 1, K and L) 
and with each other (Fig. 1M). Clearly, the 
periodic Z-ring dynamics are strongly cou-
pled to GTP hydrolysis.

In some kymographs of cells lacking well-
defined midcell Z-rings, zigzags were appar-
ent, indicating directional movement of FtsZ 
polymers (fig. S9, A and B, and movies S4 to 
S7). Imaging at higher temporal and spatial 
resolution (12) revealed that FtsZ polymers 
exhibited apparently transverse, processive 
movement across the short axis of the cell, 
particularly in shorter cells (Fig. 2, A to D; 
fig. S10; movie S3; and movies S8 to S13). 
This dynamic movement likely underlies a 
previous study reporting oscillatory waves 
of FtsZ (21).

Because individual FtsZ molecules remain 
stationary in polymers (fig. S11) (15, 22, 23), 
the processive movement of FtsZ polymers 
is most consistent with polymerization at 
one end and depolymerization at the other, 
an essential feature of treadmilling. Indeed, 
treadmilling of FtsZ in vitro has recently been 
observed (22). Three-dimensional structured 
illumination microscopy time-lapse 
imaging directly showed circumferential 
treadmilling of essentially all Z-rings 
(Fig. 2, E and F, and movie S14). Using 
kymographs, we determined the apparent 
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GTPase activity–coupled treadmilling
of the bacterial tubulin FtsZ
organizes septal cell wall synthesis
Xinxing Yang,1 Zhixin Lyu,1* Amanda Miguel,2* Ryan McQuillen,1

Kerwyn Casey Huang,2,3† Jie Xiao1†

Thebacterial tubulin FtsZ is the central component of the cell divisionmachinery, coordinatingan
ensemble of proteins involved in septal cell wall synthesis to ensure successful constriction. How
cells achieve this coordination is unknown.We found that in Escherichia coli cells, FtsZ exhibits
dynamic treadmilling predominantly determined by its guanosine triphosphatase activity.The
treadmilling dynamics direct the processivemovement of the septal cell wall synthesismachinery
but do not limit the rate of septal synthesis. In FtsZ mutants with severely reduced treadmilling,
the spatial distribution of septal synthesis and the molecular composition and ultrastructure
of the septal cell wall were substantially altered.Thus, FtsZ treadmilling provides amechanism for
achieving uniform septal cell wall synthesis to enable correct polar morphology.

T
he tubulin homolog FtsZ (1) is the central
component of the cell division machinery
in nearly all walled bacterial species (2).
During division, FtsZ polymerizes on the
cytoplasmic face of the inner membrane

to form a ring-like structure, the Z-ring (3), and
recruits more than 30 proteins to the division site
(4). Many of these proteins are involved in septal
synthesis of the peptidoglycan (PG) cell wall (4).
The guanosine triphosphatase (GTPase) activity
of FtsZ is highly conserved (5, 6), and the bind-
ing and hydrolysis of GTP underlie the dynamic
assembly and disassembly of FtsZ (7, 8). Although
several proposed mechanisms revolve around
GTPase activity–dependent constriction force gen-
eration by the Z-ring (9), in E. coli the GTPase
activity of FtsZ appears nonessential for cell divi-
sion and does not dictate the cell constriction rate
(10, 11). Thus, thebiological functionofFtsZ’sGTPase
activity in bacterial cell division remains elusive.
To understand the role of GTPase activity in

division, we characterized Z-ring dynamics in live
E. coli BW25113 cells by using total internal re-
flection fluorescence (TIRF) microscopy tomonitor
the fluorescence of an FtsZ-GFP fusion protein
(fig. S1) (12). FtsZ-GFP was expressed in the pres-
ence of endogenous, unlabeled wild-type FtsZ at
46 ± 4.3% of total cellular FtsZ concentration
(mean ± SD, n = 3; fig. S2). The integrated TIRF
intensity of the Z-ring exhibited large, approx-

imately periodic fluctuations (Fig. 1, A and B; fig.
S3; and movies S1 and S2). We observed similar
behaviors with other fluorescent fusions (figs. S4
and S5 and movie S3) (13, 14) but not with fixed
cells (fig. S4G) or fluorescent beads (fig. S4H),
suggesting periodic assembly and disassembly
cycles of FtsZ polymers in the Z-ring.
The power spectral densities (PSDs) of indi-

vidual cells revealed clear peaks in the intensity
fluctuations (Fig. 1C). The mean PSD curve of all
cells showed a lognormal-like distribution (Fig. 1D,
green curve) with a peak period of 115 ± 10 s
(mean ± SEM; table S1) after subtracting the con-
tribution of Z-ring dynamics due to stochastic
subunit exchange (Fig. 1D, red curve) (7, 8, 12). We
calibrated the FtsZ-GFP intensity with cellular
expression levels of FtsZ and FtsZ-GFP (figs. S1
and S6) (12), to estimate that 683 ± 439 FtsZ mol-
ecules (mean ± SD; Fig. 1E) assembled in each
TIRF intensity peak (Fig. 1B); these likely corre-
spond to groups of smaller FtsZ clusters previ-
ously described in superresolution imaging studies
(15–17). The assembly and disassembly rates of
these FtsZ polymers (Fig. 1B) were essentially the
same (Fig. 1F), indicating a dynamic steady state
of polymer assembly and disassembly.
Treating cells with specific inhibitors (12) of pro-

teins involved in cell wall synthesis did not affect
the periodic FtsZ fluctuations (Fig. 1G and table S2).
Mutants lacking one of the proteins that regulates
the Z-ring (SlmA, SulA, MinC, ClpX, and ClpP) or
stabilizes it (ZapA, ZapB, ZapC, ZapD, and MatP)
(12) also displayed wild-type Z-ring behavior (Fig. 1,
H and I; fig. S7; and table S3). Thus, Z-ring dynam-
ics are likely due to FtsZ’s intrinsic polymerization
properties, which are related to its GTPase activity.
To examine whether GTPase activity influences

the periodic assembly and disassembly dynamics,
we constructed strains each with a single point

mutation at the chromosomal ftsZ locus (12). The
catalytic GTP turnover rate constants (kcat) of these
mutant proteins in vitro (12, 18, 19) ranged from
14% to 71% of the wild-type kcat value (fig. S8A and
table S1) (12). Because of the high cellular concen-
tration of GTP (~5 mM) (20), the in vivo GTPase
activity of these mutants should mainly represent
their maximal GTP hydrolysis rate (reflected in
kcat). Z-ring dynamics were significantly reduced
in mutants with lower GTPase activity (Fig. 1, J and
K, and table S1). In addition, the subunit exchange
rate constants (kex) of these mutants, extracted
from PSD curves or obtained from fluorescence
recovery after photobleaching (FRAP) (fig. S8, C
to E), decreased with kcat (12) in a manner consist-
ent with coupling to GTP hydrolysis. We observed
the same trend using GFP-ZapA (fig. S4F). The
fluctuation frequency and kex of eachmutantwere
highly correlatedwith kcat (Fig. 1, K and L) and with
each other (Fig. 1M). Clearly, the periodic Z-ring
dynamics are strongly coupled to GTP hydrolysis.
In some kymographs of cells lacking well-defined

midcell Z-rings, zigzags were apparent, indicating
directional movement of FtsZ polymers (fig. S9,
A and B, and movies S4 to S7). Imaging at higher
temporal and spatial resolution (12) revealed that
FtsZ polymers exhibited apparently transverse,
processive movement across the short axis of the
cell, particularly in shorter cells (Fig. 2, A to D;
fig. S10; movie S3; and movies S8 to S13). This
dynamic movement likely underlies a previous
study reporting oscillatory waves of FtsZ (21).
Because individual FtsZ molecules remain sta-

tionary in polymers (fig. S11) (15, 22, 23), the proces-
sivemovement of FtsZpolymers ismost consistent
with polymerization at one end and depolymeri-
zation at the other, an essential feature of tread-
milling. Indeed, treadmilling of FtsZ in vitro has
recently been observed (22). Three-dimensional
structured illumination microscopy time-lapse
imaging directly showed circumferential tread-
milling of essentially all Z-rings (Fig. 2, E and F,
andmovie S14).Usingkymographs,wedetermined
the apparent polymerization and depolymeriza-
tion speeds of each trajectory (Fig. 2C) (12) and
their distributions, whichwere similar (Fig. 2Dand
table S1), consistent with the classic definition of
treadmilling. Hereafter, we refer to the average of
these two speeds as the treadmilling speed (table S1).
The treadmilling speed of eachmutant strongly

correlated with kcat (Fig. 2G) and with the fluctu-
ation frequency (Fig. 2H). Whole-genome sequenc-
ing did not reveal secondary point mutations that
could account for these behaviors (table S4). There-
fore, although other polymeric properties of FtsZ
and/or interactions may also contribute, our data
strongly indicate that FtsZ’s GTPase activity un-
derlies treadmilling.
Next, we investigated the role of FtsZ treadmill-

ing in cell division. Using scanning electronmicros-
copy, we confirmed that FtsZ mutants with severe
disruptions to GTPase activity frequently exhibited
slanted, twisted, and/or incomplete septum mor-
phologies (Fig. 3A and fig. S12) (24–26). Although
it has been suggested that the pattern of FtsZ
localization dictates the shape of the invaginat-
ing septum (24), this connection has not been
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Thebacterial tubulin FtsZ is the central component of the cell divisionmachinery, coordinatingan
ensemble of proteins involved in septal cell wall synthesis to ensure successful constriction. How
cells achieve this coordination is unknown.We found that in Escherichia coli cells, FtsZ exhibits
dynamic treadmilling predominantly determined by its guanosine triphosphatase activity.The
treadmilling dynamics direct the processivemovement of the septal cell wall synthesismachinery
but do not limit the rate of septal synthesis. In FtsZ mutants with severely reduced treadmilling,
the spatial distribution of septal synthesis and the molecular composition and ultrastructure
of the septal cell wall were substantially altered.Thus, FtsZ treadmilling provides amechanism for
achieving uniform septal cell wall synthesis to enable correct polar morphology.

T
he tubulin homolog FtsZ (1) is the central
component of the cell division machinery
in nearly all walled bacterial species (2).
During division, FtsZ polymerizes on the
cytoplasmic face of the inner membrane

to form a ring-like structure, the Z-ring (3), and
recruits more than 30 proteins to the division site
(4). Many of these proteins are involved in septal
synthesis of the peptidoglycan (PG) cell wall (4).
The guanosine triphosphatase (GTPase) activity
of FtsZ is highly conserved (5, 6), and the bind-
ing and hydrolysis of GTP underlie the dynamic
assembly and disassembly of FtsZ (7, 8). Although
several proposed mechanisms revolve around
GTPase activity–dependent constriction force gen-
eration by the Z-ring (9), in E. coli the GTPase
activity of FtsZ appears nonessential for cell divi-
sion and does not dictate the cell constriction rate
(10, 11). Thus, thebiological functionofFtsZ’sGTPase
activity in bacterial cell division remains elusive.
To understand the role of GTPase activity in

division, we characterized Z-ring dynamics in live
E. coli BW25113 cells by using total internal re-
flection fluorescence (TIRF) microscopy tomonitor
the fluorescence of an FtsZ-GFP fusion protein
(fig. S1) (12). FtsZ-GFP was expressed in the pres-
ence of endogenous, unlabeled wild-type FtsZ at
46 ± 4.3% of total cellular FtsZ concentration
(mean ± SD, n = 3; fig. S2). The integrated TIRF
intensity of the Z-ring exhibited large, approx-

imately periodic fluctuations (Fig. 1, A and B; fig.
S3; and movies S1 and S2). We observed similar
behaviors with other fluorescent fusions (figs. S4
and S5 and movie S3) (13, 14) but not with fixed
cells (fig. S4G) or fluorescent beads (fig. S4H),
suggesting periodic assembly and disassembly
cycles of FtsZ polymers in the Z-ring.
The power spectral densities (PSDs) of indi-

vidual cells revealed clear peaks in the intensity
fluctuations (Fig. 1C). The mean PSD curve of all
cells showed a lognormal-like distribution (Fig. 1D,
green curve) with a peak period of 115 ± 10 s
(mean ± SEM; table S1) after subtracting the con-
tribution of Z-ring dynamics due to stochastic
subunit exchange (Fig. 1D, red curve) (7, 8, 12). We
calibrated the FtsZ-GFP intensity with cellular
expression levels of FtsZ and FtsZ-GFP (figs. S1
and S6) (12), to estimate that 683 ± 439 FtsZ mol-
ecules (mean ± SD; Fig. 1E) assembled in each
TIRF intensity peak (Fig. 1B); these likely corre-
spond to groups of smaller FtsZ clusters previ-
ously described in superresolution imaging studies
(15–17). The assembly and disassembly rates of
these FtsZ polymers (Fig. 1B) were essentially the
same (Fig. 1F), indicating a dynamic steady state
of polymer assembly and disassembly.
Treating cells with specific inhibitors (12) of pro-

teins involved in cell wall synthesis did not affect
the periodic FtsZ fluctuations (Fig. 1G and table S2).
Mutants lacking one of the proteins that regulates
the Z-ring (SlmA, SulA, MinC, ClpX, and ClpP) or
stabilizes it (ZapA, ZapB, ZapC, ZapD, and MatP)
(12) also displayed wild-type Z-ring behavior (Fig. 1,
H and I; fig. S7; and table S3). Thus, Z-ring dynam-
ics are likely due to FtsZ’s intrinsic polymerization
properties, which are related to its GTPase activity.
To examine whether GTPase activity influences

the periodic assembly and disassembly dynamics,
we constructed strains each with a single point

mutation at the chromosomal ftsZ locus (12). The
catalytic GTP turnover rate constants (kcat) of these
mutant proteins in vitro (12, 18, 19) ranged from
14% to 71% of the wild-type kcat value (fig. S8A and
table S1) (12). Because of the high cellular concen-
tration of GTP (~5 mM) (20), the in vivo GTPase
activity of these mutants should mainly represent
their maximal GTP hydrolysis rate (reflected in
kcat). Z-ring dynamics were significantly reduced
in mutants with lower GTPase activity (Fig. 1, J and
K, and table S1). In addition, the subunit exchange
rate constants (kex) of these mutants, extracted
from PSD curves or obtained from fluorescence
recovery after photobleaching (FRAP) (fig. S8, C
to E), decreased with kcat (12) in a manner consist-
ent with coupling to GTP hydrolysis. We observed
the same trend using GFP-ZapA (fig. S4F). The
fluctuation frequency and kex of eachmutantwere
highly correlatedwith kcat (Fig. 1, K and L) and with
each other (Fig. 1M). Clearly, the periodic Z-ring
dynamics are strongly coupled to GTP hydrolysis.
In some kymographs of cells lacking well-defined

midcell Z-rings, zigzags were apparent, indicating
directional movement of FtsZ polymers (fig. S9,
A and B, and movies S4 to S7). Imaging at higher
temporal and spatial resolution (12) revealed that
FtsZ polymers exhibited apparently transverse,
processive movement across the short axis of the
cell, particularly in shorter cells (Fig. 2, A to D;
fig. S10; movie S3; and movies S8 to S13). This
dynamic movement likely underlies a previous
study reporting oscillatory waves of FtsZ (21).
Because individual FtsZ molecules remain sta-

tionary in polymers (fig. S11) (15, 22, 23), the proces-
sivemovement of FtsZpolymers ismost consistent
with polymerization at one end and depolymeri-
zation at the other, an essential feature of tread-
milling. Indeed, treadmilling of FtsZ in vitro has
recently been observed (22). Three-dimensional
structured illumination microscopy time-lapse
imaging directly showed circumferential tread-
milling of essentially all Z-rings (Fig. 2, E and F,
andmovie S14).Usingkymographs,wedetermined
the apparent polymerization and depolymeriza-
tion speeds of each trajectory (Fig. 2C) (12) and
their distributions, whichwere similar (Fig. 2Dand
table S1), consistent with the classic definition of
treadmilling. Hereafter, we refer to the average of
these two speeds as the treadmilling speed (table S1).
The treadmilling speed of eachmutant strongly

correlated with kcat (Fig. 2G) and with the fluctu-
ation frequency (Fig. 2H). Whole-genome sequenc-
ing did not reveal secondary point mutations that
could account for these behaviors (table S4). There-
fore, although other polymeric properties of FtsZ
and/or interactions may also contribute, our data
strongly indicate that FtsZ’s GTPase activity un-
derlies treadmilling.
Next, we investigated the role of FtsZ treadmill-

ing in cell division. Using scanning electronmicros-
copy, we confirmed that FtsZ mutants with severe
disruptions to GTPase activity frequently exhibited
slanted, twisted, and/or incomplete septum mor-
phologies (Fig. 3A and fig. S12) (24–26). Although
it has been suggested that the pattern of FtsZ
localization dictates the shape of the invaginat-
ing septum (24), this connection has not been
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Fig. S1. PTPN22 and its phosphorylated 
substrates localize to the leading edge of 
migrating T cells.
Fig. S2. TIRF microscopy confirms the 
colocalization of PTPN22 with its phosphorylated 
substrates.
Fig. S3. Engagement of integrin leads to the
phosphorylation of PTPN22 substrates in
migrating T cells.
Fig. S4. Csk declusters upon engagement of
LFA-1 and associates with PTPN22 in migrating
T cells.
Fig. S5. Analysis of cluster characteristics and
the abundances of PTPN22-R620 and PTPN22-
W620 in migrating T cells.
Fig. S6. PTPN22 associates with LFA-1 in an
Lck-dependent manner.
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supported by superresolution imaging in several
species (13, 15–17, 27–31), which showed that
the wild-type Z-ring is actually composed of
heterogeneously distributed, discontinuous FtsZ
clusters. Therefore, it is possible that dynamic
remodeling of the Z-ring, rather than its localiza-
tion pattern, is required for symmetrical invagi-
nation (32). We hypothesized that the treadmilling
dynamics would allow the Z-ring to sample the
surface of the growing septum evenly over time,

thereby ensuring a uniform spatial distribution of
PG synthesis along the septum. To test this hy-
pothesis, we pulse-labeled wild-type cells and three
mutants with the fluorescent D-alanine analog
HCC-amino-D-alanine (HADA) (33). Blocking the
activity of either PBP1b or FtsI, twoproteins specific
for septal cell wall synthesis, abolished septal
HADA incorporation (fig. S13), which suggests
that incorporation is specific to new septal PG
synthesis. We observed that for labeling pulses

shorter than the treadmilling period (<100 s), >60%
and >80% of wild-type and D212G (Asp212→ Gly)
cells, respectively, displayed punctate incorpora-
tion of HADA at septa (Fig. 3, B and C). With
longer pulses (>100 s), the percentage of cells with
incompletely labeled septa in wild-type cells
and in cells of the mild GTPase mutant E250A
(Glu250 → Ala) rapidly dropped (Fig. 3, B and C).
However, large fractions of cells of the more drastic
mutants D212G and D158A (Asp158→ Ala) still had
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Fig. 1. FtsZ exhibits periodic dynamics coupled to GTPase activity.
(A) Montages of live E. coli cells showing periodic FtsZ-GFP (arrowhead) intensity
fluctuations. (B) Integrated fluorescence time trace and kymograph of the cell
outlined in (A) (1 frame/s; movie S1). The black curve is the moving average
(every 20 points) of the raw intensity (gray dots).The assembly and disassembly
rates were determined as the maximal slopes along each rise (blue line) and
decay (yellow line), respectively. Assembly size was estimated from intensity
peaks (black arrowhead) (12). Scale bars, 0.5 mm. (C) Representative power
spectral density (PSD) curves for individual cells (dashed lines), with the one
from (B) highlighted in solid red. (D) The mean PSD over all cells (± SEM; n =
333 cells), fitted with a model (blue curve) that takes into account stochastic
subunit exchange between the Z-ring and the cytoplasmic pool (red curve) and
the periodic fluctuations (green curve) (12). (E) FtsZ assembly size distribution

with 683 ± 439 FtsZ and FtsZ-GFP molecules (n = 2039 fluorescence peaks).
(F) Distributions of assembly and disassembly rates. (G to J) Average PSD
curves in drug-treated cells (G), in cells lacking Z-ring stabilizers (H) or
regulators (I), and in cells expressing FtsZ GTPase mutants (J). In (G),
cells were treated with A22 (inhibitor of MreB), mecillinam (inhibitor of the
elongation-specific transpeptidase PBP2), cefsulodin (inhibitor of division-
specific glycosyltransferase and transpeptidase PBP1b), and cephalexin (in-
hibitor of the division-specific transpeptidase FtsI) at concentrations above
their minimum inhibitory concentration. Error bars denote SEM. (K) The GTPase
catalytic turnover rate kcat is correlated with Z-ring periodic frequency. E238A,
Glu238 → Ala; D269A, Asp269 → Ala; G105S, Gly105 → Ser. (L) kcat is correlated
with the stochastic exchange rate kex. (M) kex is correlated with Z-ring periodic
frequency. Error bars denote SD.
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incompletely labeled septa even after 1800 s (Fig. 3,
B and C). The total integrated septal HADA in-
tensity increased with longer labeling times, but
there was no statistically significant difference be-
tween the wild type and the three mutants (Fig. 3D
and fig. S14). The septum closure rate, which should
be proportional to the total septal PG synthesis
rate, was essentially the same as that of the wild
type for all mutants except D212A and D212G (Fig.
3E and table S5), as found previously (11); septum
closure rate measurements in D212A and D212G
were unreliable because of the frequent failure
of cell division (movie S15). These data are most
consistent with FtsZ GTPase activity affecting
the spatiotemporal distribution of synthesis, rather
than the septal PG synthesis rate.
Next, we reasoned that because FtsZ recruits

many proteins involved in septal synthesis, the dy-
namics of the essential septal transpeptidase
FtsI would likely follow that of FtsZ. Using single-
molecule tracking in wide-field epifluorescence
microscopy, we tracked the movement of a comple-
menting (fig. S15), N-terminal fluorescent protein
fusion of FtsI (TagRFP-t-FtsI) at visible constriction
sites in FtsZWT and three FtsZmut backgrounds. Ky-
mographs of TagRFP-t-FtsI fluorescence in FtsZWT

cells showed diagonal tracks similar to those of
FtsZ (Fig. 4A and fig. S16), indicating that indi-
vidual TagRFP-t-FtsI molecules moved directionally
along the septum, in contrast to stationary FtsZ
molecules in treadmilling FtsZ polymers (Fig. 2 and
fig. S11) (22). The TagRFP-t-FtsI movement was
not unidirectional and exhibited large variations in
time and in different cells (Fig. 4A and movies S16
to S18). In the FtsZmut strains, TagRFP-t-FtsI moved
more slowly (Fig. 4, B to D), with mean speed com-
parable to the corresponding FtsZ treadmilling
speed (Fig. 4E). Thus, FtsZ treadmilling guides the
directional movement of FtsI and thereby directs
the distribution of new septal PG.

Yang et al., Science 355, 744–747 (2017) 17 February 2017 3 of 5

Fig. 2. FtsZ polymers exhibit treadmilling dy-
namics in live E. coli cells. (A and B) Maximum
intensity projection (left panels) and montages from
time-lapse imaging (movies S8 and S9) of a cell in
which a midcell Z-ring was not assembled (A) and a
cell with a clearly visible midcell Z-ring (B). (C) Kymo-
graphs of the cells in (A) and (B) computed from the
intensity along the line between the two yellow arrows.
(D) Distributions of polymerization and depolymerization
speeds asmeasured from the leading and trailing edges
of individual cells’ kymographs [blue and red lines in
(C)]. (E) Structured illumination microscopymaximum-
intensity projection (left panel) and montage from
time-lapse imaging of counterclockwise Z-ring tread-
milling. (F) Kymograph of fluorescence along circum-
ference of cell in (E). (G and H) Treadmilling speeds
correlated with kcat (G) and Z-ring dynamics (H). Error
bars denote SD. Scale bars, 0.5 mm.

Fig. 3. FtsZ GTPase mutants change the spatial distribution pattern but not the rate of septal
PG synthesis. (A) Representative scanning electron microscopy images of FtsZ wild-type, E250A,
D158A, and D212G cells. Red arrows denote deformed, asymmetric septa. (B) Representative images of
HADA-labeled septa for short (<10 s), intermediate (90 s), and long (810 s) labeling pulses. Red arrows
and yellow arrowheads denote incomplete and complete septa, respectively. (C) Severe GTPase mutants
had large percentages of cells with incompletely labeled septa even for long pulses. (D) Integrated septal
HADA fluorescence increased similarly with labeling pulse duration in all strains. (E) The ratio of septum
closure rate (vc) to elongation rate during constriction (vec) was similar among tested GTPase mutants.
Error bars denote SEM. Scale bars, 1 mm.
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incompletely labeled septa even after 1800 s (Fig. 3,
B and C). The total integrated septal HADA in-
tensity increased with longer labeling times, but
there was no statistically significant difference be-
tween the wild type and the three mutants (Fig. 3D
and fig. S14). The septum closure rate, which should
be proportional to the total septal PG synthesis
rate, was essentially the same as that of the wild
type for all mutants except D212A and D212G (Fig.
3E and table S5), as found previously (11); septum
closure rate measurements in D212A and D212G
were unreliable because of the frequent failure
of cell division (movie S15). These data are most
consistent with FtsZ GTPase activity affecting
the spatiotemporal distribution of synthesis, rather
than the septal PG synthesis rate.
Next, we reasoned that because FtsZ recruits

many proteins involved in septal synthesis, the dy-
namics of the essential septal transpeptidase
FtsI would likely follow that of FtsZ. Using single-
molecule tracking in wide-field epifluorescence
microscopy, we tracked the movement of a comple-
menting (fig. S15), N-terminal fluorescent protein
fusion of FtsI (TagRFP-t-FtsI) at visible constriction
sites in FtsZWT and three FtsZmut backgrounds. Ky-
mographs of TagRFP-t-FtsI fluorescence in FtsZWT

cells showed diagonal tracks similar to those of
FtsZ (Fig. 4A and fig. S16), indicating that indi-
vidual TagRFP-t-FtsI molecules moved directionally
along the septum, in contrast to stationary FtsZ
molecules in treadmilling FtsZ polymers (Fig. 2 and
fig. S11) (22). The TagRFP-t-FtsI movement was
not unidirectional and exhibited large variations in
time and in different cells (Fig. 4A and movies S16
to S18). In the FtsZmut strains, TagRFP-t-FtsI moved
more slowly (Fig. 4, B to D), with mean speed com-
parable to the corresponding FtsZ treadmilling
speed (Fig. 4E). Thus, FtsZ treadmilling guides the
directional movement of FtsI and thereby directs
the distribution of new septal PG.
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Fig. 2. FtsZ polymers exhibit treadmilling dy-
namics in live E. coli cells. (A and B) Maximum
intensity projection (left panels) and montages from
time-lapse imaging (movies S8 and S9) of a cell in
which a midcell Z-ring was not assembled (A) and a
cell with a clearly visible midcell Z-ring (B). (C) Kymo-
graphs of the cells in (A) and (B) computed from the
intensity along the line between the two yellow arrows.
(D) Distributions of polymerization and depolymerization
speeds asmeasured from the leading and trailing edges
of individual cells’ kymographs [blue and red lines in
(C)]. (E) Structured illumination microscopymaximum-
intensity projection (left panel) and montage from
time-lapse imaging of counterclockwise Z-ring tread-
milling. (F) Kymograph of fluorescence along circum-
ference of cell in (E). (G and H) Treadmilling speeds
correlated with kcat (G) and Z-ring dynamics (H). Error
bars denote SD. Scale bars, 0.5 mm.

Fig. 3. FtsZ GTPase mutants change the spatial distribution pattern but not the rate of septal
PG synthesis. (A) Representative scanning electron microscopy images of FtsZ wild-type, E250A,
D158A, and D212G cells. Red arrows denote deformed, asymmetric septa. (B) Representative images of
HADA-labeled septa for short (<10 s), intermediate (90 s), and long (810 s) labeling pulses. Red arrows
and yellow arrowheads denote incomplete and complete septa, respectively. (C) Severe GTPase mutants
had large percentages of cells with incompletely labeled septa even for long pulses. (D) Integrated septal
HADA fluorescence increased similarly with labeling pulse duration in all strains. (E) The ratio of septum
closure rate (vc) to elongation rate during constriction (vec) was similar among tested GTPase mutants.
Error bars denote SEM. Scale bars, 1 mm.
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polymerization and depolymerization 
speeds of each trajectory (Fig. 2C) (12) and 
their distributions, which were similar (Fig. 
2D and table S1), consistent with the classic 
definition of treadmilling. Hereafter, we 
refer to the average of these two speeds as 
the treadmilling speed (table S1).

The treadmilling speed of each mutant 
strongly correlated with kcat (Fig. 2G) and 

Next, we investigated the role of FtsZ 
treadmilling in cell division. Using scanning 
electron microscopy, we confirmed that FtsZ 
mutants with severe disruptions to GTPase 
activity frequently exhibited slanted, twisted, 
and/or incomplete septum morphologies 
(Fig. 3A and fig. S12) (24–26). Although it 
has been suggested that the pattern of FtsZ 
localization dictates the shape of the invagi-

with the fluctuation frequency (Fig. 2H). 
Whole-genome sequencing did not reveal 
secondary point mutations that could 
account for these behaviors (table S4). 
Therefore, although other polymeric prop-
erties of FtsZ and/or interactions may 
also contribute, our data strongly indi-
cate that FtsZ’s GTPase activity underlies 
treadmilling.

http://sciencemag.org
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Finally, we used ultraperformance liquid chro-
matography (UPLC) to investigate whether the
biochemical composition of the PG itself was al-
tered in D212G cells (12). In both LB and minimal
media, D212G cells had shorter glycan strands and
greater cross-linking than did wild-type cells (Fig.
4F and fig. S17A), indicating imbalances in the
relative levels of septal glycan strand polymer-
ization and cross-linking in FtsZD212G cells. We
also observed a large increase in alternative
meso-diaminopimelic acid (Dap-Dap) cross-links
(Fig. 4F), indicating that the nature of cross-linking
reactionswas also perturbed.We observed that the
differences in PG composition between minicells
(round DNA-less cells produced by polar divisions)
isolated from FtsZD212G and BW25113 DminC cells

were similar to the differences seen with intact
cells, indicating that the shorter glycans and greater
cross-linking are not attributable to aberrant place-
ment of the division site (fig. S17B). A Caulobacter
crescentus FtsZ mutant showed opposite changes
(less cross-linking and longer glycan strands),
along with bulging of the septal wall (34). Thus,
the balance between glycan strand polymerization
and cross-linking activities is likely an important
factor in defining the shape of the septum, with
FtsZ coordinating the two enzymatic activities.
Our results show that FtsZ engages in tread-

milling powered by GTP hydrolysis to spatially or-
ganize the septal PG synthesis machinery (Fig. 4G)
without limiting the rate of septum closure. In
Bacillus subtilis, FtsZ treadmilling appears to dis-

tribute septal PG synthesis and also to dictate the
synthesis rate (35). The differences between the two
organisms may reflect differential requirements for
PG synthesis between Gram-negative and Gram-
positive bacteria. Furthermore, whereas the actin
homolog MreB relies on wall synthesis for its
movement, FtsZ exploits its innate treadmilling
capacity to control the movement of septal syn-
thesis enzymes. The broad conceptual similarities
among FtsZ, MreB, and the movement of cellulose
synthase complexes along cortical microtubules in
plants (36) suggest that coupling cytoskeletal mo-
tion to wall synthesis may be a general strategy
across the kingdoms of life to ensure evenly dis-
tributed, robust septal wall synthesis and morpho-
genesis through time-averaging.
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Fig. 4. Altered directionalmovement of FtsI and septal PG composition in FtsZmut cells. (A) Directional
movement ofmultiple (left) or single (right) TagRFP-t-FtsImolecules along theseptum inFtsZcells. Imageswith
yellow arrowheads are maximum intensity projections; kymograph images are from positions denoted by the
arrowheads. (B toD) Examplesof TagRFP-t-FtsI directionalmovement in E250A (B), D158A (C), andD212G (D)
cells. (E) Mean TagRFP-t-FtsI movement speed is highly correlated with FtsZ treadmilling speed; error bars
denote SD (see table S1). (F) UPLC analysis reveals altered PG composition in FtsZD212G cells. The relative
percentage of each component of D212Gwas normalized to that of wild-type cells. Error bars denote SD, n= 3;
*P < 0.05, **P < 0.01 (unpaired t test). (G) A schematic model depicting FtsZ treadmilling (gray circles) that
drives directionalmovement (wavyarrows) of the septal PGsynthesismachinery (brown rectangles), leading to
processive synthesis of new septal PG (yellow). IM and OM, inner and outer membranes; scale bars, 0.5 mm.
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nating septum (24), this connection has not 
been supported by superresolution imaging 
in several species (13, 15–17, 27–31), which 
showed that the wild-type Z-ring is actually 
composed of heterogeneously distributed, 
discontinuous FtsZ clusters. Therefore, it 
is possible that dynamic remodeling of the 
Z-ring, rather than its localization pattern, 
is required for symmetrical invagination 
(32). We hypothesized that the treadmilling 
dynamics would allow the Z-ring to sample 
the surface of the growing septum evenly 
over time, thereby ensuring a uniform spa-
tial distribution of PG synthesis along the 
septum. To test this hypothesis, we pulse-
labeled wild-type cells and three mutants 

with the fluorescent D-alanine analog HCC-
amino-D-alanine (HADA) (33). Blocking the 
activity of either PBP1b or FtsI, two proteins 
specific for septal cell wall synthesis, abol-
ished septal HADA incorporation (fig. S13), 
which suggests that incorporation is specific 
to new septal PG synthesis. We observed that 
for labeling pulses shorter than the tread-
milling period (<100 s), >60% and >80% of 
wild-type and D212G (Asp212 → Gly) cells, re-
spectively, displayed punctate incorporation 
of HADA at septa (Fig. 3, B and C). With lon-
ger pulses (>100 s), the percentage of cells 
with incompletely labeled septa in wild-type 
cells and in cells of the mild GTPase mu-
tant E250A (Glu250 → Ala) rapidly dropped 

(Fig. 3, B and C). However, large fractions of 
cells of the more drastic mutants D212G and 
D158A (Asp158 → Ala) still had incompletely 
labeled septa even after 1800 s (Fig. 3, B and 
C). The total integrated septal HADA inten-
sity increased with longer labeling times, 
but there was no statistically significant dif-
ference between the wild type and the three 
mutants (Fig. 3D and fig. S14). The septum 
closure rate, which should be proportional 
to the total septal PG synthesis rate, was es-
sentially the same as that of the wild type for 
all mutants except D212A and D212G (Fig. 
3E and table S5), as found previously (11); 
septum closure rate measurements in D212A 
and D212G were unreliable because of the 
frequent failure of cell division (movie S15). 
These data are most consistent with FtsZ 
GTPase activity affecting the spatiotemporal 
distribution of synthesis, rather than the sep-
tal PG synthesis rate.

Next, we reasoned that because FtsZ re-
cruits many proteins involved in septal syn-
thesis, the dynamics of the essential septal 
transpeptidase FtsI would likely follow that 
of FtsZ. Using single-molecule tracking in 
wide-field epifluorescence microscopy, we 
tracked the movement of a complementing 
(fig. S15), N-terminal fluorescent protein fu-
sion of FtsI (TagRFP-t-FtsI) at visible con-
striction sites in FtsZWT and three FtsZmut 
backgrounds. Kymographs of TagRFP-t-FtsI 
fluorescence in FtsZWT cells showed diagonal 
tracks similar to those of FtsZ (Fig. 4A and 
fig. S16), indicating that individual TagRFP-t-
FtsI molecules moved directionally along the 
septum, in contrast to stationary FtsZ mol-
ecules in treadmilling FtsZ polymers (Fig. 2 
and fig. S11) (22). The TagRFP-t-FtsI move-
ment was not unidirectional and exhibited 
large variations in time and in different 
cells (Fig. 4A and movies S16 to S18). In the 
FtsZmut strains, TagRFP-t-FtsI moved more 
slowly (Fig. 4, B to D), with mean speed com-
parable to the corresponding FtsZ treadmill-
ing speed (Fig. 4E). Thus, FtsZ treadmilling 
guides the directional movement of FtsI and 
thereby directs the distribution of new sep-
tal PG.

Finally, we used ultraperformance liq-
uid chromatography (UPLC) to investigate 
whether the biochemical composition of the 
PG itself was altered in D212G cells (12). In 
both LB and minimal media, D212G cells 
had shorter glycan strands and greater 
cross-linking than did wild-type cells (Fig. 
4F and fig. S17A), indicating imbalances in 
the relative levels of septal glycan strand po-
lymerization and cross-linking in FtsZD212G 
cells. We also observed a large increase in 
alternative meso-diaminopimelic acid (Dap-
Dap) cross-links (Fig. 4F), indicating that the 
nature of cross-linking reactions was also 

perturbed. We observed that the differences 
in PG composition between minicells (round 
DNA-less cells produced by polar divisions) 
isolated from FtsZD212G and BW25113 ∆minC 
cells were similar to the differences seen 
with intact cells, indicating that the shorter 
glycans and greater cross-linking are not at-
tributable to aberrant placement of the divi-
sion site (fig. S17B). A Caulobacter crescentus 
FtsZ mutant showed opposite changes (less 
cross-linking and longer glycan strands), 
along with bulging of the septal wall (34). 
Thus, the balance between glycan strand 
polymerization and cross-linking activities 
is likely an important factor in defining the 
shape of the septum, with FtsZ coordinating 
the two enzymatic activities.

Our results show that FtsZ engages in 
treadmilling powered by GTP hydrolysis to 
spatially organize the septal PG synthesis 
machinery (Fig. 4G) without limiting the rate 
of septum closure. In Bacillus subtilis, FtsZ 
treadmilling appears to distribute septal PG 
synthesis and also to dictate the synthesis 
rate (35). The differences between the two or-
ganisms may reflect differential requirements 
for PG synthesis between Gram-negative 
and Gram-positive bacteria. Furthermore, 
whereas the actin homolog MreB relies on 
wall synthesis for its movement, FtsZ exploits 
its innate treadmilling capacity to control 
the movement of septal synthesis enzymes. 
The broad conceptual similarities among 
FtsZ, MreB, and the movement of cellulose 
synthase complexes along cortical microtu-
bules in plants (36) suggest that coupling cy-
toskeletal motion to wall synthesis may be a 
general strategy across the kingdoms of life 
to ensure evenly distributed, robust septal 
wall synthesis and morphogenesis through 
time-averaging.
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SHARPER IMAGES: EXPLORING CONF OC AL AND SUPERRESOLUTION MICROSCOP Y

D
uring neocortical development, distinct 
classes of neurons assemble to form lo-
cal and long-range circuits. Although 
class-specific genes and features iden-
tify cortical neuron types relatively late 

in differentiation (1–5), early postmitotic fate 
specification programs have been inacces-
sible. Here, we describe the dynamic tran-
scriptional activity controlling layer 4 (L4) 
excitatory neuron birth and differentiation 
in the mouse neocortex.

Mammalian cortical progenitor cells in 
the ventricular zone (VZ) undergo DNA 
synthesis [S-phase, susceptible to bromo-
deoxyuridine (BrdU) labeling] at the basal 
border of the VZ and mitosis (M-phase, last-
ing about an hour at midcorticogenesis in 
mice) when their soma is apically located, 
adjacent to the ventricular space (6, 7). At 
this location, mitotic cells are susceptible 
to labeling by intraventricular injection 
of carboxyfluorescein esters [“FlashTag” 
(FT)], which bind to and fluorescently label 

intracellular proteins (8). The short extra-
cellular half-life of FT in the mouse ventric-
ular space ensures effective pulse-labeling 
of juxtaventricular dividing cells (Fig. 1A 
and fig. S1). Intracellularly, FT is linearly 
diluted at each mitosis, such that fluores-
cence reflects the number of cell divisions 
that have occurred since the time of label-
ing (fig. S1, D and E, and movie S1) (8). FT+ 
newborn cells synchronously moved away 
from the ventricular wall within 3 hours 
of labeling (Fig. 1A, bottom), reached the 
subventricular zone (SVZ) within 12 hours, 
and entered the cortical plate (CP) 24 to 48 
hours after mitosis (Fig. 1B). Isochronic co-
horts of VZ cells born at the time of injec-
tion can thus be specifically identified and 
tracked during their initial differentiation.

The laminar fate of FT+ neurons was 
linked to the day of FT injection at all ages 
examined [embryonic day (E) 11.5 to 17.5] 
(fig. S2 and Fig. 1C). At postnatal day (P) 
7, when neuronal migration is complete, 
E14.5-labeled FT+ neurons were restricted 
to a sublamina of L4 (Fig. 1C). These neu-
rons were born at the time of the FT pulse, 
not later, because they mostly remained 
unlabeled after continuous BrdU admin-
istration beginning at the time of the FT 
pulse (fig. S1, B to D). Injection of FT at E14 
and E14.5 using two dye colors in the same 
embryo showed two distinct populations of 
labeled neurons within L4 at P7, revealing 
a tight relationship between time of birth 

and final radial location, even within a sin-
gle layer (Fig. 1D). Thus, we used E14.5 FT 
injections to label L4 neurons in vivo from 
the time of mitosis in the VZ and track 
their early molecular differentiation.

We observed that newborn cells sequen-
tially expressed PAX6, a VZ marker, TBR2 
a SVZ marker, and the early neuronal pro-
tein TBR1 (9, 10) within the first 48 hours 
after mitosis (fig. S3). This reveals a highly 
dynamic cellular process characterized by 
overlapping signature shifts in protein ex-
pression. For an unbiased account of the 
transcriptional programs active just after 
cell birth in single cells, we isolated E14.5-
born FT+ cells 6, 12, 24, and 48 hours after 
mitosis by using cortical microdissection 
followed by fluorescence-activated cell 
sorting (FACS). We characterized tran-
scriptional activity using single-cell RNA 
sequencing in microfluidically isolated 
single cells (fig. S4, A and B) (1, 11, 12).

To determine the sequence and pace of 
early differentiation processes, we first 
examined the expression dynamics of a 
core set of genes involved in proliferation, 
neurogenesis (i.e., which promote differ-
entiative divisions), and neuronal differ-
entiation. We found that proliferative (P), 
neurogenic (Ng), and neuronal (N) tran-
scripts were sequentially expressed: All P 
transcripts were repressed first, Ng tran-
scripts showed delayed repression, and N 
transcripts were induced after cell divi-
sion (see fig. S4C and table S1). The closely 
timed repression of P and Ng transcripts 
reveals that exit from the cell cycle and ini-
tial postmitotic specification are partially 
overlapping rather than strictly sequen-
tial processes. We used these program- 
specific dynamics to identify a broader set 
of proliferative-type (Ptype), neurogenic-
type (Ngtype), and neuronal-type (Ntype) 
transcripts (fig. S4D and data table S1). The 
functional relevance of these three pro-
grams was supported by the enrichment 
of Ptype, Ngtype, and Ntype transcripts in the 
VZ, SVZ, and CP, respectively; differential 
enrichment in specific gene ontology terms; 
and sequential expression in single cells 
(fig. S4, D and E, and fig. S5). These find-
ings reveal the highly dynamic unfolding 
of proliferative, neurogenic, and neuronal 
programs after mitosis in vivo.

Two main classes of juxtaventricular 
cells are initially labeled by FT in the VZ: (i) 
progenitor cells and (ii) newborn neurons 
(Fig. 1A and fig. S1D). We sought to identify 
neuron-specific transcriptional programs 
by distinguishing neurons from progeni-
tors. For this purpose, we used a machine-
learning approach to cluster cells based on 
transcriptional expression signatures (13).
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Targeting DnaN for tuberculosis
therapy using novel griselimycins
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The discovery of Streptomyces-produced streptomycin founded the age of tuberculosis
therapy. Despite the subsequent development of a curative regimen for this disease,
tuberculosis remains a worldwide problem, and the emergence of multidrug-resistant
Mycobacterium tuberculosis has prioritized the need for new drugs. Here we show that new
optimized derivatives from Streptomyces-derived griselimycin are highly active against
M. tuberculosis, both in vitro and in vivo, by inhibiting the DNA polymerase sliding clamp
DnaN. We discovered that resistance to griselimycins, occurring at very low frequency, is
associated with amplification of a chromosomal segment containing dnaN, as well as the
ori site. Our results demonstrate that griselimycins have high translational potential for
tuberculosis treatment, validate DnaN as an antimicrobial target, and capture the process
of antibiotic pressure-induced gene amplification.

T
he discovery of streptomycin, a natural anti-
biotic produced by Streptomyces griseus,
marked the beginning of two formative
disciplines within the field of infectious
diseases—namely, the study of bacterial-

derived (rather than fungal- or plant-derived) me-
dicinal compounds and the drug treatment of
tuberculosis (TB) (1). This achievement initiated
decades of research in the discovery and use of
anti-TB drugs, ultimately leading to the develop-
ment of the 6-month, multidrug regimen currently
used for the cure of drug-susceptible TB (2). Un-
fortunately, failures in the implementation of this
curative regimen, which are partly due to the chal-
lenges of its complex and lengthy nature, have
led to the development and transmission of drug-

resistant strains ofMycobacterium tuberculosis.
Today, TB remains an enormous global health
burden, causing an estimated 1.3 million deaths
and 8.7 million new cases in 2012, and a growing
percentage of TB (more than 30% of new cases in
some countries) is multidrug-resistant (3). Thus,
new drugs addressing novel M. tuberculosis tar-
gets are needed to provide different therapy op-
tions for patients with drug-resistant TB and also
to both shorten and simplify treatment of drug-
sensitive TB. Ideally, these new drugs should
be combined in regimens tackling both drug-
sensitive and drug-resistant TB, representing a
paradigm shift toward more universally useful
TB treatment regimens.
Bacterial-derived natural products remain a

rich source for antibacterial lead compounds. In
fact, ~80% of the currently used antibiotics are
either directly derived from bacterial metabolic
pathways or represent structural derivatives of
metaboliteswith improved pharmaceutical prop-
erties (4). However, due to the reduced interest in
development of antibacterial drugs in the last
decades of the 20th century, quite a number of
promising natural product leads were not ad-
vanced to clinical development. Recently, natural
product and antibiotic research has been revi-
talized, not only because of the urgent need to
identify novel antibiotics but also owing to ad-
vanced technologies becoming available. Thus,
researchers are now enabled to overcome hurdles
in natural product research, such as target iden-
tification by deciphering the self-resistance mech-
anisms in producer strains throughwhole-genome
sequencing and compound optimization by ge-

netic engineering. Successful recent applications
of these capabilities include the derivation of
semisynthetic spectinamides found to be highly
active against both drug-resistant and -susceptible
M. tuberculosis strains (5) and the identifica-
tion of InhA as the mycobacterial target of the
Dactylosporangium fulvum–produced pyrido-
mycin (6).
In a search for neglected antibiotics with high

anti-TB potential, Sanofi reinvestigated griseli-
mycin (GM) (Fig. 1), a cyclic peptide that was iso-
lated from two strains of Streptomyces identified
in the 1960s (7). GM was found to have anti-
bacterial activity specifically against organisms
within the Corynebacterineae suborder, notably
includingMycobacterium species, which prompted
the company Rhône-Poulenc to pursue develop-
ment of GM as an anti-TB drug. The first hu-
man studies were promising but revealed poor
pharmacokinetics of GM, in particular short plas-
ma elimination half-life after oral administration
(8, 9). Following elucidation of the compound’s
structure (10, 11), a derivatization program was
initiated to find GM analogs with improved phar-
macokinetic properties (12, 13); however, this pro-
gram was terminated in the 1970s after rifampin
(RIF) became available for TB treatment. Because
of earlier reports of the effectiveness ofGMagainst
drug-resistantM. tuberculosis (14, 15), we recently
reinitiated studies on this natural product lead
with the ultimate goal of introducing a highly ac-
tive, stable, and safe derivative of this compound
class into the TB drug development pipeline.

Development of GM analogs

Our primary optimization goals for GM were to
increase its potency, metabolic stability, and ex-
posure. Metabolic stability profiling of natural,
less abundant analogs of GM identified Pro8 as a
main site ofmetabolic degradation, supported by
the finding that the methyl derivative [methyl-
griselimycin (MGM)] (Fig. 1) wasmarkedly more
stable than GM itself after incubation with hu-
man livermicrosomes (Table 1). Because only very
small amounts of MGM are produced naturally,
a total synthesis route was elaborated to provide
access to MGM and related analogs (see supple-
mentary text). Structure-activity relationships of
new synthetic GM analogs resulting from this
approach confirmed that incorporation of sub-
stituents at Pro8 led to metabolically highly stable
compounds and also indicated that increasing
lipophilicity considerably increased in vivo ex-
posure in plasma and lungs of mice, as well as
in vitro activity againstM. tuberculosis (see sup-
plementary text). From these efforts, cyclohexyl-
griselimycin (CGM) (Fig. 1) was identified. The
minimum inhibitory concentration (MIC) values
of CGM were 0.06 and 0.2 mg/ml for the drug-
susceptibleM. tuberculosis strainH37Rv in broth
culture and within macrophage-like (RAW264.7)
cells, respectively (Table 1). CGM exhibited time-
dependent bactericidal activity in vitro (Fig. 2A).
Although the unbound fraction of CGM in plasma
was low (0.3 and 0.4% in human and mouse
plasma, respectively), the MIC shift of CGM in
the presence of human or mouse sera was only
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(FACS). We characterized transcriptional activ-
ity using single-cell RNA sequencing in micro-
fluidically isolated single cells (fig. S4, A and B)
(1, 11, 12).
To determine the sequence and pace of early

differentiation processes, we first examined the
expression dynamics of a core set of genes in-
volved in proliferation, neurogenesis (i.e., which
promote differentiative divisions), and neuronal
differentiation. We found that proliferative (P),
neurogenic (Ng), and neuronal (N) transcripts
were sequentially expressed: All P transcripts
were repressed first, Ng transcripts showed de-
layed repression, and N transcripts were induced
after cell division (see fig. S4C and table S1). The
closely timed repression of P and Ng transcripts
reveals that exit from the cell cycle and initial

postmitotic specification are partially overlapping
rather than strictly sequential processes. We used
these program-specific dynamics to identify a
broader set of proliferative-type (Ptype), neurogenic-
type (Ngtype), and neuronal-type (Ntype) transcripts
(fig. S4D and data table S1). The functional rel-
evance of these three programs was supported
by the enrichment of Ptype, Ngtype, and Ntype tran-
scripts in the VZ, SVZ, and CP, respectively; dif-
ferential enrichment in specific gene ontology
terms; and sequential expression in single cells
(fig. S4, D and E, and fig. S5). These findings
reveal the highly dynamic unfolding of prolifer-
ative, neurogenic, and neuronal programs after
mitosis in vivo.
Two main classes of juxtaventricular cells

are initially labeled by FT in the VZ: (i) pro-

genitor cells and (ii) newborn neurons (Fig. 1A
and fig. S1D). We sought to identify neuron-
specific transcriptional programs by distinguish-
ing neurons from progenitors. For this purpose,
we used a machine-learning approach to clus-
ter cells based on transcriptional expression
signatures (13).
This approach delineated distinct groups

of cells, which were identified as progenitors
[genuine apical progenitors and daughter basal
progenitors (14)] and neurons (early and late
populations) (Fig. 2A). Apical progenitors and
daughter basal progenitors were distinguished
based on differential expression of markers such
as Eomes and Btg2 [which are enriched in ba-
sal progenitors (see references in table S1)] (Fig.
2B) and differential enrichment in Ptype genes
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Fig. 2. Identification of newborn cortical neurons. (A to C) Unbiased clustering
delineates neurons from progenitors. (A) Apical progenitors, daughter basal pro-
genitors, and newborn neurons can be distinguished by unbiased clustering (left),
temporal distribution (top right), hierarchical clustering (bottom right), and [(B) and
(C)] expression of specific markers and Ptype, Ngtype, and Ntype transcripts. (B, bottom
right) Schematic in (B) provides examples of type-specific genes presented in
figs. S6 to S9. Although basal progenitors eventually give rise to neurons (dotted
arrow), this progeny is not included in the current data set because FT+ cells are

essentially VZ-born (see fig. S1). (D) Spatial segregation of progenitor and neuron-specific transcripts with in situ hybridization (24). Values represent median
expressions for several transcripts. (E) Rapid segregation of cell-type-specific transcripts after cytokinesis. P < 0.0001 for all values compared to 6-hour apical
progenitor (AP) values.

Fig. 1. FT labels time-locked cohorts of newborn VZ cells during corticogenesis. (A) (Top) Schematic representation of the FT labeling principle. (Bottom)
Pulse-labeling of isochronic mitotic cells using FT at E14.5. PH3, phospho-histone 3, an M-phase marker. (B) Isochronic cohorts of FT+ cells radially migrate
from the VZ to the CP. PAX6 and TBR2 delineate the VZ and SVZ. (C) E14.5 FT labeling identifies a subset of L4 neurons at P7. (D) E14 (FTV

+) and E14.5 (FTG
+)

VZ-born neurons occupy distinct sublaminae within L4. Cx, cortex; IZ, intermediate zone. See also figs. S1 and S2.
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neurons (22). Firing properties of neurons pre-
dicted their rigid (18, 19) and plastic (10) features.
Slow-firing neurons gained high place specificity
during maze exploration (23, 24) and showed in-
creased ripple-related recruitment during POST-
experience sleep. In contrast, fast-firing neurons
had low selectivity (16, 25), have been shown pre-
viously to project to multiple targets (26) and to
form an interactive subnetwork responsible for
global stability, thus allowing plasticity to take
place in the remainingmajority of slow-firing cells
(16, 17). Fast-firing neurons may generalize across
situations,whereas slow-firingneuronsmaydiffer-
entiate among them (27). Because replay sequence-
forming neurons are drawn from thewide span of
a continuous log-rate distribution (16) with vary-
ing coding, biophysical, circuit, andplasticity prop-
erties, these events can forward a synthesis of
preexisting and new information to downstream
observer neurons.
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NEURODEVELOPMENT

Sequential transcriptional waves
direct the differentiation of newborn
neurons in the mouse neocortex
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During corticogenesis, excitatory neurons are born from progenitors located in the
ventricular zone (VZ), from where they migrate to assemble into circuits. How neuronal
identity is dynamically specified upon progenitor division is unknown. Here, we study
this process using a high-temporal-resolution technology allowing fluorescent tagging
of isochronic cohorts of newborn VZ cells. By combining this in vivo approach with
single-cell transcriptomics in mice, we identify and functionally characterize neuron-
specific primordial transcriptional programs as they dynamically unfold. Our results
reveal early transcriptional waves that instruct the sequence and pace of neuronal
differentiation events, guiding newborn neurons toward their final fate, and contribute
to a road map for the reverse engineering of specific classes of cortical neurons from
undifferentiated cells.

D
uring neocortical development, distinct clas-
ses of neurons assemble to form local and
long-range circuits. Although class-specific
genes and features identify cortical neuron
types relatively late in differentiation (1–5),

early postmitotic fate specification programs
have been inaccessible. Here, we describe the
dynamic transcriptional activity controlling layer
4 (L4) excitatory neuron birth and differentia-
tion in the mouse neocortex.
Mammalian cortical progenitor cells in the

ventricular zone (VZ) undergo DNA synthesis [S-
phase, susceptible to bromodeoxyuridine (BrdU)
labeling] at the basal border of the VZ and mito-
sis (M-phase, lasting about an hour at midcorti-
cogenesis in mice) when their soma is apically
located, adjacent to the ventricular space (6, 7).
At this location, mitotic cells are susceptible to
labeling by intraventricular injection of carboxy-
fluorescein esters [“FlashTag” (FT)], which bind
to and fluorescently label intracellular proteins
(8). The short extracellular half-life of FT in
the mouse ventricular space ensures effective
pulse-labeling of juxtaventricular dividing cells
(Fig. 1A and fig. S1). Intracellularly, FT is lin-
early diluted at each mitosis, such that fluores-
cence reflects the number of cell divisions that
have occurred since the time of labeling (fig. S1,

D and E, and movie S1) (8). FT+ newborn cells
synchronously moved away from the ventricular
wall within 3 hours of labeling (Fig. 1A, bottom),
reached the subventricular zone (SVZ) within
12 hours, and entered the cortical plate (CP) 24
to 48 hours after mitosis (Fig. 1B). Isochronic
cohorts of VZ cells born at the time of injection
can thus be specifically identified and tracked
during their initial differentiation.
The laminar fate of FT+ neurons was linked to

the day of FT injection at all ages examined [em-
bryonic day (E) 11.5 to 17.5] (fig. S2 and Fig. 1C).
At postnatal day (P) 7, when neuronal migration
is complete, E14.5-labeled FT+ neurons were re-
stricted to a sublamina of L4 (Fig. 1C). These
neurons were born at the time of the FT pulse,
not later, because they mostly remained un-
labeled after continuous BrdU administration be-
ginning at the time of the FT pulse (fig. S1, B to
D). Injection of FT at E14 and E14.5 using two
dye colors in the same embryo showed two dis-
tinct populations of labeled neurons within L4
at P7, revealing a tight relationship between time
of birth and final radial location, even within a
single layer (Fig. 1D). Thus, we used E14.5 FT in-
jections to label L4 neurons in vivo from the
time of mitosis in the VZ and track their early
molecular differentiation.
We observed that newborn cells sequential-

ly expressed PAX6, a VZ marker, TBR2 a SVZ
marker, and the early neuronal protein TBR1
(9, 10) within the first 48 hours after mitosis
(fig. S3). This reveals a highly dynamic cellular
process characterized by overlapping signa-
ture shifts in protein expression. For an unbiased
account of the transcriptional programs active
just after cell birth in single cells, we isolated
E14.5-born FT+ cells 6, 12, 24, and 48 hours
after mitosis by using cortical microdissection
followed by fluorescence-activated cell sorting
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neurons (22). Firing properties of neurons pre-
dicted their rigid (18, 19) and plastic (10) features.
Slow-firing neurons gained high place specificity
during maze exploration (23, 24) and showed in-
creased ripple-related recruitment during POST-
experience sleep. In contrast, fast-firing neurons
had low selectivity (16, 25), have been shown pre-
viously to project to multiple targets (26) and to
form an interactive subnetwork responsible for
global stability, thus allowing plasticity to take
place in the remainingmajority of slow-firing cells
(16, 17). Fast-firing neurons may generalize across
situations,whereas slow-firingneuronsmaydiffer-
entiate among them (27). Because replay sequence-
forming neurons are drawn from thewide span of
a continuous log-rate distribution (16) with vary-
ing coding, biophysical, circuit, andplasticity prop-
erties, these events can forward a synthesis of
preexisting and new information to downstream
observer neurons.
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Sequential transcriptional waves
direct the differentiation of newborn
neurons in the mouse neocortex
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During corticogenesis, excitatory neurons are born from progenitors located in the
ventricular zone (VZ), from where they migrate to assemble into circuits. How neuronal
identity is dynamically specified upon progenitor division is unknown. Here, we study
this process using a high-temporal-resolution technology allowing fluorescent tagging
of isochronic cohorts of newborn VZ cells. By combining this in vivo approach with
single-cell transcriptomics in mice, we identify and functionally characterize neuron-
specific primordial transcriptional programs as they dynamically unfold. Our results
reveal early transcriptional waves that instruct the sequence and pace of neuronal
differentiation events, guiding newborn neurons toward their final fate, and contribute
to a road map for the reverse engineering of specific classes of cortical neurons from
undifferentiated cells.

D
uring neocortical development, distinct clas-
ses of neurons assemble to form local and
long-range circuits. Although class-specific
genes and features identify cortical neuron
types relatively late in differentiation (1–5),

early postmitotic fate specification programs
have been inaccessible. Here, we describe the
dynamic transcriptional activity controlling layer
4 (L4) excitatory neuron birth and differentia-
tion in the mouse neocortex.
Mammalian cortical progenitor cells in the

ventricular zone (VZ) undergo DNA synthesis [S-
phase, susceptible to bromodeoxyuridine (BrdU)
labeling] at the basal border of the VZ and mito-
sis (M-phase, lasting about an hour at midcorti-
cogenesis in mice) when their soma is apically
located, adjacent to the ventricular space (6, 7).
At this location, mitotic cells are susceptible to
labeling by intraventricular injection of carboxy-
fluorescein esters [“FlashTag” (FT)], which bind
to and fluorescently label intracellular proteins
(8). The short extracellular half-life of FT in
the mouse ventricular space ensures effective
pulse-labeling of juxtaventricular dividing cells
(Fig. 1A and fig. S1). Intracellularly, FT is lin-
early diluted at each mitosis, such that fluores-
cence reflects the number of cell divisions that
have occurred since the time of labeling (fig. S1,

D and E, and movie S1) (8). FT+ newborn cells
synchronously moved away from the ventricular
wall within 3 hours of labeling (Fig. 1A, bottom),
reached the subventricular zone (SVZ) within
12 hours, and entered the cortical plate (CP) 24
to 48 hours after mitosis (Fig. 1B). Isochronic
cohorts of VZ cells born at the time of injection
can thus be specifically identified and tracked
during their initial differentiation.
The laminar fate of FT+ neurons was linked to

the day of FT injection at all ages examined [em-
bryonic day (E) 11.5 to 17.5] (fig. S2 and Fig. 1C).
At postnatal day (P) 7, when neuronal migration
is complete, E14.5-labeled FT+ neurons were re-
stricted to a sublamina of L4 (Fig. 1C). These
neurons were born at the time of the FT pulse,
not later, because they mostly remained un-
labeled after continuous BrdU administration be-
ginning at the time of the FT pulse (fig. S1, B to
D). Injection of FT at E14 and E14.5 using two
dye colors in the same embryo showed two dis-
tinct populations of labeled neurons within L4
at P7, revealing a tight relationship between time
of birth and final radial location, even within a
single layer (Fig. 1D). Thus, we used E14.5 FT in-
jections to label L4 neurons in vivo from the
time of mitosis in the VZ and track their early
molecular differentiation.
We observed that newborn cells sequential-

ly expressed PAX6, a VZ marker, TBR2 a SVZ
marker, and the early neuronal protein TBR1
(9, 10) within the first 48 hours after mitosis
(fig. S3). This reveals a highly dynamic cellular
process characterized by overlapping signa-
ture shifts in protein expression. For an unbiased
account of the transcriptional programs active
just after cell birth in single cells, we isolated
E14.5-born FT+ cells 6, 12, 24, and 48 hours
after mitosis by using cortical microdissection
followed by fluorescence-activated cell sorting
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(FACS). We characterized transcriptional activ-
ity using single-cell RNA sequencing in micro-
fluidically isolated single cells (fig. S4, A and B)
(1, 11, 12).
To determine the sequence and pace of early

differentiation processes, we first examined the
expression dynamics of a core set of genes in-
volved in proliferation, neurogenesis (i.e., which
promote differentiative divisions), and neuronal
differentiation. We found that proliferative (P),
neurogenic (Ng), and neuronal (N) transcripts
were sequentially expressed: All P transcripts
were repressed first, Ng transcripts showed de-
layed repression, and N transcripts were induced
after cell division (see fig. S4C and table S1). The
closely timed repression of P and Ng transcripts
reveals that exit from the cell cycle and initial

postmitotic specification are partially overlapping
rather than strictly sequential processes. We used
these program-specific dynamics to identify a
broader set of proliferative-type (Ptype), neurogenic-
type (Ngtype), and neuronal-type (Ntype) transcripts
(fig. S4D and data table S1). The functional rel-
evance of these three programs was supported
by the enrichment of Ptype, Ngtype, and Ntype tran-
scripts in the VZ, SVZ, and CP, respectively; dif-
ferential enrichment in specific gene ontology
terms; and sequential expression in single cells
(fig. S4, D and E, and fig. S5). These findings
reveal the highly dynamic unfolding of prolifer-
ative, neurogenic, and neuronal programs after
mitosis in vivo.
Two main classes of juxtaventricular cells

are initially labeled by FT in the VZ: (i) pro-

genitor cells and (ii) newborn neurons (Fig. 1A
and fig. S1D). We sought to identify neuron-
specific transcriptional programs by distinguish-
ing neurons from progenitors. For this purpose,
we used a machine-learning approach to clus-
ter cells based on transcriptional expression
signatures (13).
This approach delineated distinct groups

of cells, which were identified as progenitors
[genuine apical progenitors and daughter basal
progenitors (14)] and neurons (early and late
populations) (Fig. 2A). Apical progenitors and
daughter basal progenitors were distinguished
based on differential expression of markers such
as Eomes and Btg2 [which are enriched in ba-
sal progenitors (see references in table S1)] (Fig.
2B) and differential enrichment in Ptype genes

1444 25 MARCH 2016 • VOL 351 ISSUE 6280 sciencemag.org SCIENCE

Fig. 2. Identification of newborn cortical neurons. (A to C) Unbiased clustering
delineates neurons from progenitors. (A) Apical progenitors, daughter basal pro-
genitors, and newborn neurons can be distinguished by unbiased clustering (left),
temporal distribution (top right), hierarchical clustering (bottom right), and [(B) and
(C)] expression of specific markers and Ptype, Ngtype, and Ntype transcripts. (B, bottom
right) Schematic in (B) provides examples of type-specific genes presented in
figs. S6 to S9. Although basal progenitors eventually give rise to neurons (dotted
arrow), this progeny is not included in the current data set because FT+ cells are

essentially VZ-born (see fig. S1). (D) Spatial segregation of progenitor and neuron-specific transcripts with in situ hybridization (24). Values represent median
expressions for several transcripts. (E) Rapid segregation of cell-type-specific transcripts after cytokinesis. P < 0.0001 for all values compared to 6-hour apical
progenitor (AP) values.

Fig. 1. FT labels time-locked cohorts of newborn VZ cells during corticogenesis. (A) (Top) Schematic representation of the FT labeling principle. (Bottom)
Pulse-labeling of isochronic mitotic cells using FT at E14.5. PH3, phospho-histone 3, an M-phase marker. (B) Isochronic cohorts of FT+ cells radially migrate
from the VZ to the CP. PAX6 and TBR2 delineate the VZ and SVZ. (C) E14.5 FT labeling identifies a subset of L4 neurons at P7. (D) E14 (FTV

+) and E14.5 (FTG
+)

VZ-born neurons occupy distinct sublaminae within L4. Cx, cortex; IZ, intermediate zone. See also figs. S1 and S2.

RESEARCH | REPORTS

 o
n 

M
ay

 1
6,

 2
01

7
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fr
om

 

(FACS). We characterized transcriptional activ-
ity using single-cell RNA sequencing in micro-
fluidically isolated single cells (fig. S4, A and B)
(1, 11, 12).
To determine the sequence and pace of early

differentiation processes, we first examined the
expression dynamics of a core set of genes in-
volved in proliferation, neurogenesis (i.e., which
promote differentiative divisions), and neuronal
differentiation. We found that proliferative (P),
neurogenic (Ng), and neuronal (N) transcripts
were sequentially expressed: All P transcripts
were repressed first, Ng transcripts showed de-
layed repression, and N transcripts were induced
after cell division (see fig. S4C and table S1). The
closely timed repression of P and Ng transcripts
reveals that exit from the cell cycle and initial

postmitotic specification are partially overlapping
rather than strictly sequential processes. We used
these program-specific dynamics to identify a
broader set of proliferative-type (Ptype), neurogenic-
type (Ngtype), and neuronal-type (Ntype) transcripts
(fig. S4D and data table S1). The functional rel-
evance of these three programs was supported
by the enrichment of Ptype, Ngtype, and Ntype tran-
scripts in the VZ, SVZ, and CP, respectively; dif-
ferential enrichment in specific gene ontology
terms; and sequential expression in single cells
(fig. S4, D and E, and fig. S5). These findings
reveal the highly dynamic unfolding of prolifer-
ative, neurogenic, and neuronal programs after
mitosis in vivo.
Two main classes of juxtaventricular cells

are initially labeled by FT in the VZ: (i) pro-

genitor cells and (ii) newborn neurons (Fig. 1A
and fig. S1D). We sought to identify neuron-
specific transcriptional programs by distinguish-
ing neurons from progenitors. For this purpose,
we used a machine-learning approach to clus-
ter cells based on transcriptional expression
signatures (13).
This approach delineated distinct groups

of cells, which were identified as progenitors
[genuine apical progenitors and daughter basal
progenitors (14)] and neurons (early and late
populations) (Fig. 2A). Apical progenitors and
daughter basal progenitors were distinguished
based on differential expression of markers such
as Eomes and Btg2 [which are enriched in ba-
sal progenitors (see references in table S1)] (Fig.
2B) and differential enrichment in Ptype genes
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Fig. 2. Identification of newborn cortical neurons. (A to C) Unbiased clustering
delineates neurons from progenitors. (A) Apical progenitors, daughter basal pro-
genitors, and newborn neurons can be distinguished by unbiased clustering (left),
temporal distribution (top right), hierarchical clustering (bottom right), and [(B) and
(C)] expression of specific markers and Ptype, Ngtype, and Ntype transcripts. (B, bottom
right) Schematic in (B) provides examples of type-specific genes presented in
figs. S6 to S9. Although basal progenitors eventually give rise to neurons (dotted
arrow), this progeny is not included in the current data set because FT+ cells are

essentially VZ-born (see fig. S1). (D) Spatial segregation of progenitor and neuron-specific transcripts with in situ hybridization (24). Values represent median
expressions for several transcripts. (E) Rapid segregation of cell-type-specific transcripts after cytokinesis. P < 0.0001 for all values compared to 6-hour apical
progenitor (AP) values.

Fig. 1. FT labels time-locked cohorts of newborn VZ cells during corticogenesis. (A) (Top) Schematic representation of the FT labeling principle. (Bottom)
Pulse-labeling of isochronic mitotic cells using FT at E14.5. PH3, phospho-histone 3, an M-phase marker. (B) Isochronic cohorts of FT+ cells radially migrate
from the VZ to the CP. PAX6 and TBR2 delineate the VZ and SVZ. (C) E14.5 FT labeling identifies a subset of L4 neurons at P7. (D) E14 (FTV

+) and E14.5 (FTG
+)

VZ-born neurons occupy distinct sublaminae within L4. Cx, cortex; IZ, intermediate zone. See also figs. S1 and S2.

RESEARCH | REPORTS

 o
n 

M
ay

 1
6,

 2
01

7
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fr
om

 

(FACS). We characterized transcriptional activ-
ity using single-cell RNA sequencing in micro-
fluidically isolated single cells (fig. S4, A and B)
(1, 11, 12).
To determine the sequence and pace of early

differentiation processes, we first examined the
expression dynamics of a core set of genes in-
volved in proliferation, neurogenesis (i.e., which
promote differentiative divisions), and neuronal
differentiation. We found that proliferative (P),
neurogenic (Ng), and neuronal (N) transcripts
were sequentially expressed: All P transcripts
were repressed first, Ng transcripts showed de-
layed repression, and N transcripts were induced
after cell division (see fig. S4C and table S1). The
closely timed repression of P and Ng transcripts
reveals that exit from the cell cycle and initial

postmitotic specification are partially overlapping
rather than strictly sequential processes. We used
these program-specific dynamics to identify a
broader set of proliferative-type (Ptype), neurogenic-
type (Ngtype), and neuronal-type (Ntype) transcripts
(fig. S4D and data table S1). The functional rel-
evance of these three programs was supported
by the enrichment of Ptype, Ngtype, and Ntype tran-
scripts in the VZ, SVZ, and CP, respectively; dif-
ferential enrichment in specific gene ontology
terms; and sequential expression in single cells
(fig. S4, D and E, and fig. S5). These findings
reveal the highly dynamic unfolding of prolifer-
ative, neurogenic, and neuronal programs after
mitosis in vivo.
Two main classes of juxtaventricular cells

are initially labeled by FT in the VZ: (i) pro-

genitor cells and (ii) newborn neurons (Fig. 1A
and fig. S1D). We sought to identify neuron-
specific transcriptional programs by distinguish-
ing neurons from progenitors. For this purpose,
we used a machine-learning approach to clus-
ter cells based on transcriptional expression
signatures (13).
This approach delineated distinct groups

of cells, which were identified as progenitors
[genuine apical progenitors and daughter basal
progenitors (14)] and neurons (early and late
populations) (Fig. 2A). Apical progenitors and
daughter basal progenitors were distinguished
based on differential expression of markers such
as Eomes and Btg2 [which are enriched in ba-
sal progenitors (see references in table S1)] (Fig.
2B) and differential enrichment in Ptype genes
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delineates neurons from progenitors. (A) Apical progenitors, daughter basal pro-
genitors, and newborn neurons can be distinguished by unbiased clustering (left),
temporal distribution (top right), hierarchical clustering (bottom right), and [(B) and
(C)] expression of specific markers and Ptype, Ngtype, and Ntype transcripts. (B, bottom
right) Schematic in (B) provides examples of type-specific genes presented in
figs. S6 to S9. Although basal progenitors eventually give rise to neurons (dotted
arrow), this progeny is not included in the current data set because FT+ cells are

essentially VZ-born (see fig. S1). (D) Spatial segregation of progenitor and neuron-specific transcripts with in situ hybridization (24). Values represent median
expressions for several transcripts. (E) Rapid segregation of cell-type-specific transcripts after cytokinesis. P < 0.0001 for all values compared to 6-hour apical
progenitor (AP) values.
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Pulse-labeling of isochronic mitotic cells using FT at E14.5. PH3, phospho-histone 3, an M-phase marker. (B) Isochronic cohorts of FT+ cells radially migrate
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(apical > basal progenitors), includ-
ing Nes and Sox2 (Fig. 2C). Accord-
ingly, cells in the apical progenitor
cluster were mostly 6 hours old,
whereas newborn basal progen-
itor identity was more distinct after
12 hours (Fig. 2A, top right). Neu-
rons expressed core neuronal genes
such as Tbr1 and Mapt, and were
enriched in Ntype genes (Fig. 2, B
and C). With apical progenitors and
their daughter neurons now dis-
tinguishable, we identified cell-type
specific, stage-specific transcripts
by comparing gene expression at each
developmental age (data table S2
and fig. S8). Consistent with this
classification, apical progenitor genes
were predominantly expressed in
the VZ, basal progenitor genes ex-
tended into the SVZ, and neuronal
transcripts showed stage-specific se-
quential expression in the VZ, SVZ,
and CP (Fig. 2D and fig. S9). Hie-
rarchical relationship analysis re-
vealed that apical progenitors are
clearly distinct from daughter basal
progenitors and neurons (Fig. 2A,
bottom right), further supporting
the lineage relationships identified
above. Segregation of type-specific
transcripts between newborn neurons
and their progenitors was detected
as early as 6 hours after mitosis (Fig.
2E). This suggests that type-specific
transcripts can be premitotically
segregated or differentially stabilized
in nascent postmitotic neurons ver-
sus progenitors. Together, these data
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Fig. 3. Real-time functional transcriptomics of early postmitotic neurons in vivo. (A) Neurons are staggered
by age along the pseudotime axis. (B) Gene expression dynamics for classical proliferative (Sox2), neurogenic
(Neurog2), and neuronal (Tbr1) genes. Neurod2 is expressed more strongly and earlier than Tbr1. QR code, http://
genebrowser.unige.ch/science2016, for access to dynamics of all transcripts. (C) Unbiased clustering of genes based on
expression dynamics reveals distinct transcriptional waves with sequential expression peaks (black arrowheads).
Illustrative transcription factors are provided for each wave (see also fig. S10 and data table S3). (Right) Chromatin
immunoprecipitation sequencing–identified targets of NEUROD2 (18) are enriched in its own wave but also are present
across waves (see also fig. S11). (D) Summary of wave dynamics related to developmental time. (E) Gene ontology term–

based analysis. Colors correspond to wave numbers. (F) Double-strand DNA breaks are transiently increased in
12-hour-old cells, as indicated by the presence of phosphorylated histone 2AX (gH2AX) (25). **P < 0.001.

Fig. 4. Early expression of the late-wave gene Nrn1 induces premature neuro-
nal differentiation. (A to D) Premature expression of Nrn1 (A) leads to a forward
shift in neuronal differentiation by inducing cell-cycle exit (decreased number of
Ki67+ progenitors) (B) and premature neuronal differentiation (increased number
of ND2+ neurons) (C). This effect occurs within 12 hours of birth, as assessed
within an isochronic 12-hour-old cohort of FT+ cells (D). (A, left) In situ hybrid-
ization (24). (E) NRN1-overexpressing neurons undergo premature migrational
arrest before reaching L4. *P < 0.05; **P < 0.001; ***P < 0.0001. ND2,
NEUROD2.
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being progressively staggered along this 
time line (Fig. 3A). This allowed us to re-
construct the expression dynamics of all 
transcripts across this pseudotime axis and 
generate a high-resolution transcriptomic 
atlas of the first 48 hours of L4 cortical 
neuron development (Fig. 3B) (see http:// 
genebrowser.unige.ch/science2016 for the 
data set of all transcripts). The expression 
dynamics of classical P (Sox2), Ng (Neu-
rog2), and N (Tbr1) transcripts were 
consistent with their function (Fig. 3B). 

Neurod2 was identified as an early-onset 
neuronal transcript; accordingly, NEU-
ROD2 protein was detected in newborn 
apical VZ neurons, whereas this was not 
the case for TBR1 (Fig. 3B, inset).

Clustering of expressed transcripts based 
on their expression dynamics showed how 
transcriptional networks are organized in 
newborn neurons. Directly after mitosis, 
waves of transcriptional programs sequen-
tially unfold, each including temporally 
distinct complements of transcription fac-

tors and networks (Fig. 3, C and D, fig. S10, 
data table S3, and movie S2). To understand 
the temporal organization of the molecular 
pathways across differentiation, we focused 
on the genetic network of Neurod2, a wave 
5 transcription factor required for L4 neu-
ron maturation and whose target genes 
have been identified in the E14.5 neocortex 
(17, 18). The temporal distribution of NEU-
ROD2 target genes across the distinct waves 
was not random (Fig. 3C, right, and data 
table S4). Instead, NEUROD2 targets were 
strongly enriched in its own wave (e.g., Nrn1 
and EphB2), in line with its role in neuri-
togenesis, but also present across waves, 
including in wave 1, where targets include 
cyclins and cyclin-dependent kinases such 
as Ccnd2, Ccnd3, and Cdk13, which con-
trol cell cycle progression. NEUROD2 may 
therefore act not only on isochronically 
expressed genes but also across differen-
tiation. Consistent with a repressive action 
on wave 1 targets, overexpression of NEU-
ROD2 through in utero electroporation into 
VZ progenitors induced exit from the cell 
cycle, as indicated by decreased numbers of 
Ki67+ VZ cells (fig. S11). Single transcription 
factors can therefore control distinct dif-
ferentiation events through combinatorial 
actions on a variety of temporally gated ge-
netic targets and networks.

Ontology term analysis of the transcrip-
tional waves identified successive func-
tional differentiation events in newborn 
neurons (Fig. 3E). We observed an initial 
rapid (6 to 12 hours after mitosis) repres-
sion of proliferation-associated transcripts 
(e.g., Arx, Notch1, and Sox9) and a surge in 
transcripts associated with ribosome bio-
genesis and translation (e.g., Etf1, Rpl13a, 
and Rpl12), which might reflect nucleolar 
reassembly and increased protein synthe-
sis. Transcripts associated with DNA repair 
(e.g., DNA2, Ddb1, and Exo1) were transiently 
increased after mitosis, suggesting postmi-
totic genetic instability. Consistent with 
this possibility, DNA double-strand breaks 
were significantly increased in 12-hour-old 
neurons (Fig. 3F). This reveals a critical pe-
riod after mitosis during which neocortical 
neurons are susceptible to somatic muta-
tions and where clonal mosaicism could be 
generated (19, 20). Twelve-hour-old neurons 
already initiated differentiation programs 
related to late-occurring processes such 
as synaptogenesis, revealing an early tran-
scriptional poise in anticipation of terminal 
differentiation events. Finally, chemotaxis-
associated transcripts (e.g., Ephb1, L1CAM, 
and Nrp1) peaked around 42 hours after 
birth, while neurons are reaching the CP, 
providing a molecular framework for input-
dependent differentiation processes (21).

(apical > basal progenitors), includ-
ing Nes and Sox2 (Fig. 2C). Accord-
ingly, cells in the apical progenitor
cluster were mostly 6 hours old,
whereas newborn basal progen-
itor identity was more distinct after
12 hours (Fig. 2A, top right). Neu-
rons expressed core neuronal genes
such as Tbr1 and Mapt, and were
enriched in Ntype genes (Fig. 2, B
and C). With apical progenitors and
their daughter neurons now dis-
tinguishable, we identified cell-type
specific, stage-specific transcripts
by comparing gene expression at each
developmental age (data table S2
and fig. S8). Consistent with this
classification, apical progenitor genes
were predominantly expressed in
the VZ, basal progenitor genes ex-
tended into the SVZ, and neuronal
transcripts showed stage-specific se-
quential expression in the VZ, SVZ,
and CP (Fig. 2D and fig. S9). Hie-
rarchical relationship analysis re-
vealed that apical progenitors are
clearly distinct from daughter basal
progenitors and neurons (Fig. 2A,
bottom right), further supporting
the lineage relationships identified
above. Segregation of type-specific
transcripts between newborn neurons
and their progenitors was detected
as early as 6 hours after mitosis (Fig.
2E). This suggests that type-specific
transcripts can be premitotically
segregated or differentially stabilized
in nascent postmitotic neurons ver-
sus progenitors. Together, these data
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Fig. 3. Real-time functional transcriptomics of early postmitotic neurons in vivo. (A) Neurons are staggered
by age along the pseudotime axis. (B) Gene expression dynamics for classical proliferative (Sox2), neurogenic
(Neurog2), and neuronal (Tbr1) genes. Neurod2 is expressed more strongly and earlier than Tbr1. QR code, http://
genebrowser.unige.ch/science2016, for access to dynamics of all transcripts. (C) Unbiased clustering of genes based on
expression dynamics reveals distinct transcriptional waves with sequential expression peaks (black arrowheads).
Illustrative transcription factors are provided for each wave (see also fig. S10 and data table S3). (Right) Chromatin
immunoprecipitation sequencing–identified targets of NEUROD2 (18) are enriched in its own wave but also are present
across waves (see also fig. S11). (D) Summary of wave dynamics related to developmental time. (E) Gene ontology term–

based analysis. Colors correspond to wave numbers. (F) Double-strand DNA breaks are transiently increased in
12-hour-old cells, as indicated by the presence of phosphorylated histone 2AX (gH2AX) (25). **P < 0.001.

Fig. 4. Early expression of the late-wave gene Nrn1 induces premature neuro-
nal differentiation. (A to D) Premature expression of Nrn1 (A) leads to a forward
shift in neuronal differentiation by inducing cell-cycle exit (decreased number of
Ki67+ progenitors) (B) and premature neuronal differentiation (increased number
of ND2+ neurons) (C). This effect occurs within 12 hours of birth, as assessed
within an isochronic 12-hour-old cohort of FT+ cells (D). (A, left) In situ hybrid-
ization (24). (E) NRN1-overexpressing neurons undergo premature migrational
arrest before reaching L4. *P < 0.05; **P < 0.001; ***P < 0.0001. ND2,
NEUROD2.
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This approach delineated distinct groups 
of cells, which were identified as pro-
genitors [genuine apical progenitors and 
daughter basal progenitors (14)] and neu-
rons (early and late populations) (Fig. 2A). 
Apical progenitors and daughter basal 
progenitors were distinguished based on 
differential expression of markers such 
as Eomes and Btg2 [which are enriched in 
basal progenitors (see references in table 
S1)] (Fig. 2B) and differential enrichment 
in Ptype genes (apical > basal progenitors), 
including Nes and Sox2 (Fig. 2C). Accord-
ingly, cells in the apical progenitor cluster 
were mostly 6 hours old, whereas newborn 
basal progenitor identity was more distinct 
after 12 hours (Fig. 2A, top right). Neurons 
expressed core neuronal genes such as Tbr1 
and Mapt, and were enriched in Ntype genes 

(Fig. 2, B and C). With apical progenitors 
and their daughter neurons now distin-
guishable, we identified cell-type specific, 
stage-specific transcripts by comparing 
gene expression at each developmental 
age (data table S2 and fig. S8). Consistent 
with this classification, apical progenitor 
genes were predominantly expressed in the 
VZ, basal progenitor genes extended into 
the SVZ, and neuronal transcripts showed 
stage-specific sequential expression in the 
VZ, SVZ, and CP (Fig. 2D and fig. S9). Hier-
archical relationship analysis revealed that 
apical progenitors are clearly distinct from 
daughter basal progenitors and neurons 
(Fig. 2A, bottom right), further supporting 
the lineage relationships identified above. 
Segregation of type-specific transcripts 
between newborn neurons and their pro-

genitors was detected as early as 6 hours 
after mitosis (Fig. 2E). This suggests that 
type-specific transcripts can be premitoti-
cally segregated or differentially stabilized 
in nascent postmitotic neurons versus 
progenitors. Together, these data identify 
progenitor and neuron-specific transcripts 
activated after cell division and reveal rapid 
cell-type specific segregation and regulation 
of transcripts after mitosis.

To establish a real-time quantitative ac-
count of differentiation programs in new-
born neurons, we used an unsupervised 
approach in which single-cell expression 
profiles are temporally ordered based on 
distinct intermediate differentiation states 
(Fig. 3A) (15, 16). This method appropriately 
ordered neurons along a pseudotime axis, 
with 6-, 12-, 24-, and 48-hour-old neurons 

(apical > basal progenitors), includ-
ing Nes and Sox2 (Fig. 2C). Accord-
ingly, cells in the apical progenitor
cluster were mostly 6 hours old,
whereas newborn basal progen-
itor identity was more distinct after
12 hours (Fig. 2A, top right). Neu-
rons expressed core neuronal genes
such as Tbr1 and Mapt, and were
enriched in Ntype genes (Fig. 2, B
and C). With apical progenitors and
their daughter neurons now dis-
tinguishable, we identified cell-type
specific, stage-specific transcripts
by comparing gene expression at each
developmental age (data table S2
and fig. S8). Consistent with this
classification, apical progenitor genes
were predominantly expressed in
the VZ, basal progenitor genes ex-
tended into the SVZ, and neuronal
transcripts showed stage-specific se-
quential expression in the VZ, SVZ,
and CP (Fig. 2D and fig. S9). Hie-
rarchical relationship analysis re-
vealed that apical progenitors are
clearly distinct from daughter basal
progenitors and neurons (Fig. 2A,
bottom right), further supporting
the lineage relationships identified
above. Segregation of type-specific
transcripts between newborn neurons
and their progenitors was detected
as early as 6 hours after mitosis (Fig.
2E). This suggests that type-specific
transcripts can be premitotically
segregated or differentially stabilized
in nascent postmitotic neurons ver-
sus progenitors. Together, these data
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Fig. 3. Real-time functional transcriptomics of early postmitotic neurons in vivo. (A) Neurons are staggered
by age along the pseudotime axis. (B) Gene expression dynamics for classical proliferative (Sox2), neurogenic
(Neurog2), and neuronal (Tbr1) genes. Neurod2 is expressed more strongly and earlier than Tbr1. QR code, http://
genebrowser.unige.ch/science2016, for access to dynamics of all transcripts. (C) Unbiased clustering of genes based on
expression dynamics reveals distinct transcriptional waves with sequential expression peaks (black arrowheads).
Illustrative transcription factors are provided for each wave (see also fig. S10 and data table S3). (Right) Chromatin
immunoprecipitation sequencing–identified targets of NEUROD2 (18) are enriched in its own wave but also are present
across waves (see also fig. S11). (D) Summary of wave dynamics related to developmental time. (E) Gene ontology term–

based analysis. Colors correspond to wave numbers. (F) Double-strand DNA breaks are transiently increased in
12-hour-old cells, as indicated by the presence of phosphorylated histone 2AX (gH2AX) (25). **P < 0.001.

Fig. 4. Early expression of the late-wave gene Nrn1 induces premature neuro-
nal differentiation. (A to D) Premature expression of Nrn1 (A) leads to a forward
shift in neuronal differentiation by inducing cell-cycle exit (decreased number of
Ki67+ progenitors) (B) and premature neuronal differentiation (increased number
of ND2+ neurons) (C). This effect occurs within 12 hours of birth, as assessed
within an isochronic 12-hour-old cohort of FT+ cells (D). (A, left) In situ hybrid-
ization (24). (E) NRN1-overexpressing neurons undergo premature migrational
arrest before reaching L4. *P < 0.05; **P < 0.001; ***P < 0.0001. ND2,
NEUROD2.
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(apical > basal progenitors), includ-
ing Nes and Sox2 (Fig. 2C). Accord-
ingly, cells in the apical progenitor
cluster were mostly 6 hours old,
whereas newborn basal progen-
itor identity was more distinct after
12 hours (Fig. 2A, top right). Neu-
rons expressed core neuronal genes
such as Tbr1 and Mapt, and were
enriched in Ntype genes (Fig. 2, B
and C). With apical progenitors and
their daughter neurons now dis-
tinguishable, we identified cell-type
specific, stage-specific transcripts
by comparing gene expression at each
developmental age (data table S2
and fig. S8). Consistent with this
classification, apical progenitor genes
were predominantly expressed in
the VZ, basal progenitor genes ex-
tended into the SVZ, and neuronal
transcripts showed stage-specific se-
quential expression in the VZ, SVZ,
and CP (Fig. 2D and fig. S9). Hie-
rarchical relationship analysis re-
vealed that apical progenitors are
clearly distinct from daughter basal
progenitors and neurons (Fig. 2A,
bottom right), further supporting
the lineage relationships identified
above. Segregation of type-specific
transcripts between newborn neurons
and their progenitors was detected
as early as 6 hours after mitosis (Fig.
2E). This suggests that type-specific
transcripts can be premitotically
segregated or differentially stabilized
in nascent postmitotic neurons ver-
sus progenitors. Together, these data
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Fig. 3. Real-time functional transcriptomics of early postmitotic neurons in vivo. (A) Neurons are staggered
by age along the pseudotime axis. (B) Gene expression dynamics for classical proliferative (Sox2), neurogenic
(Neurog2), and neuronal (Tbr1) genes. Neurod2 is expressed more strongly and earlier than Tbr1. QR code, http://
genebrowser.unige.ch/science2016, for access to dynamics of all transcripts. (C) Unbiased clustering of genes based on
expression dynamics reveals distinct transcriptional waves with sequential expression peaks (black arrowheads).
Illustrative transcription factors are provided for each wave (see also fig. S10 and data table S3). (Right) Chromatin
immunoprecipitation sequencing–identified targets of NEUROD2 (18) are enriched in its own wave but also are present
across waves (see also fig. S11). (D) Summary of wave dynamics related to developmental time. (E) Gene ontology term–

based analysis. Colors correspond to wave numbers. (F) Double-strand DNA breaks are transiently increased in
12-hour-old cells, as indicated by the presence of phosphorylated histone 2AX (gH2AX) (25). **P < 0.001.

Fig. 4. Early expression of the late-wave gene Nrn1 induces premature neuro-
nal differentiation. (A to D) Premature expression of Nrn1 (A) leads to a forward
shift in neuronal differentiation by inducing cell-cycle exit (decreased number of
Ki67+ progenitors) (B) and premature neuronal differentiation (increased number
of ND2+ neurons) (C). This effect occurs within 12 hours of birth, as assessed
within an isochronic 12-hour-old cohort of FT+ cells (D). (A, left) In situ hybrid-
ization (24). (E) NRN1-overexpressing neurons undergo premature migrational
arrest before reaching L4. *P < 0.05; **P < 0.001; ***P < 0.0001. ND2,
NEUROD2.
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(apical > basal progenitors), includ-
ing Nes and Sox2 (Fig. 2C). Accord-
ingly, cells in the apical progenitor
cluster were mostly 6 hours old,
whereas newborn basal progen-
itor identity was more distinct after
12 hours (Fig. 2A, top right). Neu-
rons expressed core neuronal genes
such as Tbr1 and Mapt, and were
enriched in Ntype genes (Fig. 2, B
and C). With apical progenitors and
their daughter neurons now dis-
tinguishable, we identified cell-type
specific, stage-specific transcripts
by comparing gene expression at each
developmental age (data table S2
and fig. S8). Consistent with this
classification, apical progenitor genes
were predominantly expressed in
the VZ, basal progenitor genes ex-
tended into the SVZ, and neuronal
transcripts showed stage-specific se-
quential expression in the VZ, SVZ,
and CP (Fig. 2D and fig. S9). Hie-
rarchical relationship analysis re-
vealed that apical progenitors are
clearly distinct from daughter basal
progenitors and neurons (Fig. 2A,
bottom right), further supporting
the lineage relationships identified
above. Segregation of type-specific
transcripts between newborn neurons
and their progenitors was detected
as early as 6 hours after mitosis (Fig.
2E). This suggests that type-specific
transcripts can be premitotically
segregated or differentially stabilized
in nascent postmitotic neurons ver-
sus progenitors. Together, these data
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Fig. 3. Real-time functional transcriptomics of early postmitotic neurons in vivo. (A) Neurons are staggered
by age along the pseudotime axis. (B) Gene expression dynamics for classical proliferative (Sox2), neurogenic
(Neurog2), and neuronal (Tbr1) genes. Neurod2 is expressed more strongly and earlier than Tbr1. QR code, http://
genebrowser.unige.ch/science2016, for access to dynamics of all transcripts. (C) Unbiased clustering of genes based on
expression dynamics reveals distinct transcriptional waves with sequential expression peaks (black arrowheads).
Illustrative transcription factors are provided for each wave (see also fig. S10 and data table S3). (Right) Chromatin
immunoprecipitation sequencing–identified targets of NEUROD2 (18) are enriched in its own wave but also are present
across waves (see also fig. S11). (D) Summary of wave dynamics related to developmental time. (E) Gene ontology term–

based analysis. Colors correspond to wave numbers. (F) Double-strand DNA breaks are transiently increased in
12-hour-old cells, as indicated by the presence of phosphorylated histone 2AX (gH2AX) (25). **P < 0.001.

Fig. 4. Early expression of the late-wave gene Nrn1 induces premature neuro-
nal differentiation. (A to D) Premature expression of Nrn1 (A) leads to a forward
shift in neuronal differentiation by inducing cell-cycle exit (decreased number of
Ki67+ progenitors) (B) and premature neuronal differentiation (increased number
of ND2+ neurons) (C). This effect occurs within 12 hours of birth, as assessed
within an isochronic 12-hour-old cohort of FT+ cells (D). (A, left) In situ hybrid-
ization (24). (E) NRN1-overexpressing neurons undergo premature migrational
arrest before reaching L4. *P < 0.05; **P < 0.001; ***P < 0.0001. ND2,
NEUROD2.
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SHARPER IMAGES: EXPLORING CONF OC AL AND SUPERRESOLUTION MICROSCOP Y

Finally, we examined whether the dis-
tribution of transcript expression across 
waves instructs the sequence and pace of 
neuronal differentiation events. For this 
purpose, we prematurely expressed a late-
wave transcript, Nrn1, which normally 
peaks ∼30 hours after mitosis (wave 5, Fig. 
4A) and controls L4 neuron maturation 
through promotion of neuritogenesis (22, 
23). We hypothesized that heterochronic 
expression of this normally late-occurring 
gene could bypass early processes and ac-
celerate neuronal differentiation. Indeed, 
in utero electroporation of Nrn1 led to pre-
mature transition to neuronal identity and 
precocious expression of NEUROD2 (Fig. 
4, B and C). Premature acquisition of this 
neuronal trait was detectable as early as 12 
hours after cell birth, as revealed by assess-
ing NEUROD2 expression within an iso-
chronic 12-hour-old cohort of FT+ cells with 
mosaic overexpression of NRN1 (Fig. 4D). 
Finally, precocious molecular maturation 
was associated with an early loss of migra-
tional capacity, leading to neuronal mispo-
sitioning at birth (Fig. 4E). Therefore, the 
precise timing of early differentiation pro-
grams is critical not only for the execution of 
single-cell differentiation events but also for 
the successful organization of the cortical 
networks to which it belongs. Precise and 
dynamic temporal control over the expres-
sion of even single genes thus controls the 
sequence and pace of neuronal differentia-
tion, which is essential for circuit assembly.

 Our data provide a comprehensive tran-
scriptional blueprint outlining the dynamic 
acquisition of neuronal identity in vivo. We 
show that early neuronal differentiation 
is directed by a series of transcriptional 
waves whose proper sequence is critical for 
normal progression through development. 
These waves provide discrete time win-
dows during which specific transcriptional 
complexes are present simultaneously and 
can interact. These transient combinato-
rial transcriptional niches could act as 

sequential checkpoints during the course 
of differentiation, combinatorially coding 
for specific cell fates. These results build a 
road map for reverse engineering of corti-
cal neuron subtypes from undifferentiated 
cells and provide a set of genetic targets for 
identification and directed differentiation 
of progenitors and nascent neurons.
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M
icroscopy has facilitated the discovery 
of many biological insights by opti-
cally magnifying images of structures 
in fixed cells and tissues. We here 
report that physical magnification of 

the specimen itself is also possible.
We first set out to see whether a well-

known property of polyelectrolyte gels—
namely, that dialyzing them in water causes 

expansion of the polymer network into ex-
tended conformations (Fig. 1A) (1)—could 
be performed in a biological sample. We 
infused into chemically fixed and permeabi-
lized brain tissue (Fig. 1B) sodium acrylate, 
a monomer used to produce superabsorbent 
materials (2, 3), along with the comono-
mer acrylamide and the cross-linker N-N′-
methylenebisacrylamide. After triggering 

free radical polymerization with ammonium 
persulfate (APS) initiator and tetramethyl-
ethylenediamine (TEMED) accelerator, we 
treated the tissue-polymer composite with 
protease to homogenize its mechanical char-
acteristics. After proteolysis, dialysis in water 
resulted in a 4.5-fold linear expansion, with-
out distortion at the level of gross anatomy 
(Fig. 1C). Digestion was uniform throughout 
the slice (fig. S1). Expanded specimens were 
transparent (fig. S2) because they consist 
largely of water. Thus, polyelectrolyte gel 
expansion is possible when the polymer is 
embedded throughout a biological sample.

We developed a fluorescent labeling 
strategy compatible with the proteolytic 
treatment and subsequent tissue expansion 
described above, to see whether fluorescence 
nanoscopy would be possible. We designed a 
custom fluorescent label (Fig. 1D) that can 
be incorporated directly into the polymer 
network and thus survives the proteolytic 

to see whether fluorescence nanoscopy would
be possible. We designed a custom fluorescent
label (Fig. 1D) that can be incorporated directly
into the polymer network and thus survives
the proteolytic digestion of endogenous bio-
molecules. This label is trifunctional, comprising
a methacryloyl group capable of participating
in free radical polymerization, a chemical fluo-
rophore for visualization, and an oligonucleotide
that can hybridize to a complementary sequence
attached to an affinity tag (such as a secondary
antibody) (Fig. 1, E and F). Thus, the fluorescent
tag is targeted to a biomolecule of interest yet
remains anchored covalently with high yield
(table S1) to the polymer network. The entire
process of labeling, gelation, digestion, expan-
sion, and imaging we call expansion microscopy
(ExM).
We performed fluorescence imaging using

ExM, examining microtubules in fixed human
embryonic kidney (HEK) 293 cells labeled with
the trifunctional label and imaged with confocal
laser scanning microscopy pre- versus post-ExM
processing. The post-ExM image (Fig. 2B) was
registered to the pre-ExM image (Fig. 2A) via a
similarity transformation, resulting in visually
indistinguishable images. To quantify the iso-
tropy of ExM, we calculated the deformation
vector field between the images via a nonrigid
registration process (fig. S3). From this vector
field, we quantified the root-mean-square (RMS)
error of feature measurements post-ExM. The

errors in length were small (<1% of distance,
for errors larger than the imaging system point
spread function size; n = 4 samples) (Fig. 2C).
Throughout the paper, all distances measured
in the post-expansion specimen are reported di-
vided by the expansion factor (supplementary
materials, materials and methods).
We next compared pre-ExM conventional

superresolution images to post-ExM confocal
images. We labeled features traditionally used to
characterize the performance of superresolution
microscopes, including microtubules (4, 5) and
clathrin coated pits (6), and imaged them with a
superresolution structured illumination micro-
scope (SR-SIM) pre-ExM, and a spinning disk
confocal post-ExM. Qualitatively (Fig. 2, D and E),
the images were similar, and quantitatively
(Fig. 2I), measurement errors were again on
the order of 1% and well within the point spread
function size of the SR-SIM microscope (n = 4
samples).Microtubule networks weremore sharp-
ly resolved in ExM (Fig. 2G) than with SR-SIM
(Fig. 2F). ExM resolved individual microtubules
that could not be distinguished with SR-SIM
(Fig. 2H). Microtubules imaged with ExM pres-
ented a full-width at half-maximum (FWHM)
(Fig. 2J) of 83.8 T 5.68 nm (mean T SD, n = 24
microtubules from 3 samples). This FWHM re-
flects the effective resolution of ExM convolved
by the width of the labeled microtubule. To
estimate the effective resolution of ExM, we
deconvolved [as in (7)] our observedmicrotubule

FWHM by the known immunostained micro-
tubule width [55 nm (6)], conservatively ignoring
the width of the trifunctional label, and ob-
tained an effective resolution for ExM of ~60 nm.
This conservative estimate is comparablewith the
diffraction-limited confocal resolution [~250-nm
lateral resolution (8)] divided by the expansion
factor (~4.5).
Clathrin-coated pits were also well resolved

(Fig. 2, K and L). ExM resolved the central nulls
of the pits better than SR-SIM (Fig. 2, M and N).
Clathrin-coated pit radii measured via ExM and
SR-SIM were highly correlated, with a slope of
1.001 (total least squares regression, confidence
interval 0.013 with P <0.05, n = 50 pits from
three samples) (Fig. 2O). Forty-nine of the 50
points lay within a half-pixel distance of the
unity slope line, suggesting that variation in the
ExM versus SR-SIM comparison was within the
digitization error of the measurement.
We next applied ExM to fixed brain tissue.

Slices of brain from Thy1-YFP-Hmice expressing
cytosolic yellow fluorescent protein (YFP) under
the Thy1 promoter in a subset of neurons (9)
were stained with a trifunctional label bearing
Alexa 488, using primary antibodies to green
fluorescent protein (GFP) (which also bind YFP).
Slices expanded fourfold, similar to the expansion
factor in cultured cells. We compared pre- versus
post-ExM images taken on an epifluorescence
microscope. As with cultured cells, the post-ExM
image (Fig. 3B) was registered to the pre-ExM
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Fig. 1. Expansion microscopy (ExM) concept.
(A) Schematic of (i) collapsed polyelectrolyte net-
work, showing crosslinker (dot) and polymer chain
(line), and (ii) expanded network after H2Odialysis.
(B) Photograph of fixedmouse brain slice. (C) Pho-
tograph, post-ExM, of the sample (B) under side
illumination. (D) Schematic of label that can be
anchored to the gel at site of a biomolecule. (E)
Schematic of microtubules (green) and polymer
network (orange). (F) The label of (D), hybridized
to the oligo-bearing secondary antibody top (top
gray shape) bound via the primary (bottom gray
shape) to microtubules (purple), is incorporated
into the gel (orange lines) via the methacryloyl
group (orange dot) and remains after proteolysis
(dotted lines). Scale bars, (B) and (C)
5 mm. Schematics are not to scale.
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•
out TdðT−1

out − T−1
in Þ, where R

•
out is the outgoing

long-wave radiation and Tin, Tout , and Td are the
mean temperature of atmospheric heat input,
output, and dissipation, respectively. Observations
of recent tropospheric warming [figures 2.26 and
2.27 in (32)] show that temperature trends are
somewhat uniform in the vertical, which sug-
gests that the difference T−1

out − T−1
in might increase

more slowly than either Tin or Tout. This slower
increasemay explain why dQ

•

total does not follow a
surface Clausius-Clapeyron scaling and why one
would expect moist processes to limit the work
output in simulationswith anthropogenic forcing.
Simulations over a wider range of climates would
help verify this hypothesis.
Our comparison of thermodynamic cycles in

CESM andMERRA showmany similarities; how-
ever, we find that CESM requires less power to
maintain its hydrological cycle than the reana-
lysis, due to the smaller amplitude of its moist-
ening inefficiencies.We suggest that this difference
might be a consequence of the idealized nature
of parameterized convection schemes, and it is
likely that it might also influence the response of
CESM to anthropogenic forcing. Typically, con-
vection schemes artificially transport moisture
along amoist adiabat without accounting for the
work needed to lift this moisture, but in the real
world, this work is necessary to sustain precip-
itation. Any increase in global precipitation there-
fore requires an increase inwork output; otherwise,
precipitation would have to become more effi-
cient, for example, by reducing the frictional dis-
sipation of falling hydrometeors (11, 12). This is
one reason we should interpret the constraint in
work output in CESMas a constraint on the large-
scalemotions and not on the unresolved subgrid-
scale convective events.
Our work illustrates a major constraint on the

large-scale global atmospheric engine: As the cli-
mate warms, the system may be unable to in-
crease its total entropy production enough to
offset the moistening inefficiencies associated
with phase transitions. This suggests that in a
future climate, the global atmospheric circulation
might comprise highly energetic storms due to
explosive latent heat release, but in such a case,
the constraint on work output identified here
will result in fewer numbers of such events.
Earth’s atmospheric circulation thus suffers from
the “water in gas problem” observed in simu-
lations of tropical convection (6), where its ability
to produce work is constrained by the need to
convert liquid water into water vapor and back
again to tap its fuel.
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OPTICAL IMAGING

Expansion microscopy
Fei Chen,1* Paul W. Tillberg,2* Edward S. Boyden1,3,4,5,6†

In optical microscopy, fine structural details are resolved by using refraction to magnify
images of a specimen. We discovered that by synthesizing a swellable polymer network
within a specimen, it can be physically expanded, resulting in physical magnification.
By covalently anchoring specific labels located within the specimen directly to the polymer
network, labels spaced closer than the optical diffraction limit can be isotropically
separated and optically resolved, a process we call expansion microscopy (ExM). Thus,
this process can be used to perform scalable superresolution microscopy with
diffraction-limited microscopes. We demonstrate ExM with apparent ~70-nanometer
lateral resolution in both cultured cells and brain tissue, performing three-color
superresolution imaging of ~107 cubic micrometers of the mouse hippocampus with a
conventional confocal microscope.

M
icroscopy has facilitated the discovery
of many biological insights by optically
magnifying images of structures in fixed
cells and tissues. We here report that
physical magnification of the specimen

itself is also possible.
We first set out to see whether a well-known

property of polyelectrolyte gels—namely, that
dialyzing them in water causes expansion of
the polymer network into extended conforma-
tions (Fig. 1A) (1)—could be performed in a bi-
ological sample. We infused into chemically

fixed and permeabilized brain tissue (Fig. 1B)
sodium acrylate, a monomer used to produce
superabsorbent materials (2, 3), along with the
comonomer acrylamide and the cross-linker
N-N′-methylenebisacrylamide. After triggering
free radical polymerization with ammonium
persulfate (APS) initiator and tetramethylethy-
lenediamine (TEMED) accelerator, we treated
the tissue-polymer composite with protease to
homogenize its mechanical characteristics. After
proteolysis, dialysis inwater resulted in a 4.5-fold
linear expansion, without distortion at the level
of gross anatomy (Fig. 1C). Digestion was uniform
throughout the slice (fig. S1). Expanded speci-
mens were transparent (fig. S2) because they
consist largely of water. Thus, polyelectrolyte gel
expansion is possible when the polymer is em-
bedded throughout a biological sample.
We developed a fluorescent labeling strategy

compatible with the proteolytic treatment and
subsequent tissue expansion described above,

SCIENCE sciencemag.org 30 JANUARY 2015 • VOL 347 ISSUE 6221 543

1Department of Biological Engineering, Massachussetts
Institute of Technology (MIT), Cambridge, MA, USA.
2Department of Electrical Engineering and Computer
Science, MIT, Cambridge, MA, USA. 3Media Lab, MIT,
Cambridge, MA, USA. 4McGovern Institute, MIT, Cambridge,
MA, USA. 5Department of Brain and Cognitive Sciences,
MIT, Cambridge, MA, USA. 6Center for Neurobiological
Engineering, MIT, Cambridge, MA, USA.
*These authors contributed equally to this work. †Corresponding
author. E-mail: esb@media.mit.edu

RESEARCH | REPORTS

 o
n 

A
pr

il 
28

, 2
01

7
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fr
om

 

R
•
out TdðT−1

out − T−1
in Þ, where R

•
out is the outgoing

long-wave radiation and Tin, Tout , and Td are the
mean temperature of atmospheric heat input,
output, and dissipation, respectively. Observations
of recent tropospheric warming [figures 2.26 and
2.27 in (32)] show that temperature trends are
somewhat uniform in the vertical, which sug-
gests that the difference T−1

out − T−1
in might increase

more slowly than either Tin or Tout. This slower
increasemay explain why dQ

•

total does not follow a
surface Clausius-Clapeyron scaling and why one
would expect moist processes to limit the work
output in simulationswith anthropogenic forcing.
Simulations over a wider range of climates would
help verify this hypothesis.
Our comparison of thermodynamic cycles in

CESM andMERRA showmany similarities; how-
ever, we find that CESM requires less power to
maintain its hydrological cycle than the reana-
lysis, due to the smaller amplitude of its moist-
ening inefficiencies.We suggest that this difference
might be a consequence of the idealized nature
of parameterized convection schemes, and it is
likely that it might also influence the response of
CESM to anthropogenic forcing. Typically, con-
vection schemes artificially transport moisture
along amoist adiabat without accounting for the
work needed to lift this moisture, but in the real
world, this work is necessary to sustain precip-
itation. Any increase in global precipitation there-
fore requires an increase inwork output; otherwise,
precipitation would have to become more effi-
cient, for example, by reducing the frictional dis-
sipation of falling hydrometeors (11, 12). This is
one reason we should interpret the constraint in
work output in CESMas a constraint on the large-
scalemotions and not on the unresolved subgrid-
scale convective events.
Our work illustrates a major constraint on the

large-scale global atmospheric engine: As the cli-
mate warms, the system may be unable to in-
crease its total entropy production enough to
offset the moistening inefficiencies associated
with phase transitions. This suggests that in a
future climate, the global atmospheric circulation
might comprise highly energetic storms due to
explosive latent heat release, but in such a case,
the constraint on work output identified here
will result in fewer numbers of such events.
Earth’s atmospheric circulation thus suffers from
the “water in gas problem” observed in simu-
lations of tropical convection (6), where its ability
to produce work is constrained by the need to
convert liquid water into water vapor and back
again to tap its fuel.
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OPTICAL IMAGING

Expansion microscopy
Fei Chen,1* Paul W. Tillberg,2* Edward S. Boyden1,3,4,5,6†

In optical microscopy, fine structural details are resolved by using refraction to magnify
images of a specimen. We discovered that by synthesizing a swellable polymer network
within a specimen, it can be physically expanded, resulting in physical magnification.
By covalently anchoring specific labels located within the specimen directly to the polymer
network, labels spaced closer than the optical diffraction limit can be isotropically
separated and optically resolved, a process we call expansion microscopy (ExM). Thus,
this process can be used to perform scalable superresolution microscopy with
diffraction-limited microscopes. We demonstrate ExM with apparent ~70-nanometer
lateral resolution in both cultured cells and brain tissue, performing three-color
superresolution imaging of ~107 cubic micrometers of the mouse hippocampus with a
conventional confocal microscope.

M
icroscopy has facilitated the discovery
of many biological insights by optically
magnifying images of structures in fixed
cells and tissues. We here report that
physical magnification of the specimen

itself is also possible.
We first set out to see whether a well-known

property of polyelectrolyte gels—namely, that
dialyzing them in water causes expansion of
the polymer network into extended conforma-
tions (Fig. 1A) (1)—could be performed in a bi-
ological sample. We infused into chemically

fixed and permeabilized brain tissue (Fig. 1B)
sodium acrylate, a monomer used to produce
superabsorbent materials (2, 3), along with the
comonomer acrylamide and the cross-linker
N-N′-methylenebisacrylamide. After triggering
free radical polymerization with ammonium
persulfate (APS) initiator and tetramethylethy-
lenediamine (TEMED) accelerator, we treated
the tissue-polymer composite with protease to
homogenize its mechanical characteristics. After
proteolysis, dialysis inwater resulted in a 4.5-fold
linear expansion, without distortion at the level
of gross anatomy (Fig. 1C). Digestion was uniform
throughout the slice (fig. S1). Expanded speci-
mens were transparent (fig. S2) because they
consist largely of water. Thus, polyelectrolyte gel
expansion is possible when the polymer is em-
bedded throughout a biological sample.
We developed a fluorescent labeling strategy

compatible with the proteolytic treatment and
subsequent tissue expansion described above,
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ANTIBIOTICS

Targeting DnaN for tuberculosis
therapy using novel griselimycins
Angela Kling,1,2* Peer Lukat,1,2,3* Deepak V. Almeida,4,5 Armin Bauer,6 Evelyne Fontaine,7

Sylvie Sordello,7 Nestor Zaburannyi,1,2 Jennifer Herrmann,1,2 Silke C. Wenzel,1,2

Claudia König,6 Nicole C. Ammerman,4,5 María Belén Barrio,7 Kai Borchers,6

Florence Bordon-Pallier,8 Mark Brönstrup,3,6 Gilles Courtemanche,7 Martin Gerlitz,6

Michel Geslin,7 Peter Hammann,9 Dirk W. Heinz,2,3 Holger Hoffmann,6 Sylvie Klieber,10

Markus Kohlmann,6 Michael Kurz,6 Christine Lair,7 Hans Matter,6 Eric Nuermberger,4

Sandeep Tyagi,4 Laurent Fraisse,7 Jacques H. Grosset,4,5 Sophie Lagrange,7 Rolf Müller1,2†

The discovery of Streptomyces-produced streptomycin founded the age of tuberculosis
therapy. Despite the subsequent development of a curative regimen for this disease,
tuberculosis remains a worldwide problem, and the emergence of multidrug-resistant
Mycobacterium tuberculosis has prioritized the need for new drugs. Here we show that new
optimized derivatives from Streptomyces-derived griselimycin are highly active against
M. tuberculosis, both in vitro and in vivo, by inhibiting the DNA polymerase sliding clamp
DnaN. We discovered that resistance to griselimycins, occurring at very low frequency, is
associated with amplification of a chromosomal segment containing dnaN, as well as the
ori site. Our results demonstrate that griselimycins have high translational potential for
tuberculosis treatment, validate DnaN as an antimicrobial target, and capture the process
of antibiotic pressure-induced gene amplification.

T
he discovery of streptomycin, a natural anti-
biotic produced by Streptomyces griseus,
marked the beginning of two formative
disciplines within the field of infectious
diseases—namely, the study of bacterial-

derived (rather than fungal- or plant-derived) me-
dicinal compounds and the drug treatment of
tuberculosis (TB) (1). This achievement initiated
decades of research in the discovery and use of
anti-TB drugs, ultimately leading to the develop-
ment of the 6-month, multidrug regimen currently
used for the cure of drug-susceptible TB (2). Un-
fortunately, failures in the implementation of this
curative regimen, which are partly due to the chal-
lenges of its complex and lengthy nature, have
led to the development and transmission of drug-

resistant strains ofMycobacterium tuberculosis.
Today, TB remains an enormous global health
burden, causing an estimated 1.3 million deaths
and 8.7 million new cases in 2012, and a growing
percentage of TB (more than 30% of new cases in
some countries) is multidrug-resistant (3). Thus,
new drugs addressing novel M. tuberculosis tar-
gets are needed to provide different therapy op-
tions for patients with drug-resistant TB and also
to both shorten and simplify treatment of drug-
sensitive TB. Ideally, these new drugs should
be combined in regimens tackling both drug-
sensitive and drug-resistant TB, representing a
paradigm shift toward more universally useful
TB treatment regimens.
Bacterial-derived natural products remain a

rich source for antibacterial lead compounds. In
fact, ~80% of the currently used antibiotics are
either directly derived from bacterial metabolic
pathways or represent structural derivatives of
metaboliteswith improved pharmaceutical prop-
erties (4). However, due to the reduced interest in
development of antibacterial drugs in the last
decades of the 20th century, quite a number of
promising natural product leads were not ad-
vanced to clinical development. Recently, natural
product and antibiotic research has been revi-
talized, not only because of the urgent need to
identify novel antibiotics but also owing to ad-
vanced technologies becoming available. Thus,
researchers are now enabled to overcome hurdles
in natural product research, such as target iden-
tification by deciphering the self-resistance mech-
anisms in producer strains throughwhole-genome
sequencing and compound optimization by ge-

netic engineering. Successful recent applications
of these capabilities include the derivation of
semisynthetic spectinamides found to be highly
active against both drug-resistant and -susceptible
M. tuberculosis strains (5) and the identifica-
tion of InhA as the mycobacterial target of the
Dactylosporangium fulvum–produced pyrido-
mycin (6).
In a search for neglected antibiotics with high

anti-TB potential, Sanofi reinvestigated griseli-
mycin (GM) (Fig. 1), a cyclic peptide that was iso-
lated from two strains of Streptomyces identified
in the 1960s (7). GM was found to have anti-
bacterial activity specifically against organisms
within the Corynebacterineae suborder, notably
includingMycobacterium species, which prompted
the company Rhône-Poulenc to pursue develop-
ment of GM as an anti-TB drug. The first hu-
man studies were promising but revealed poor
pharmacokinetics of GM, in particular short plas-
ma elimination half-life after oral administration
(8, 9). Following elucidation of the compound’s
structure (10, 11), a derivatization program was
initiated to find GM analogs with improved phar-
macokinetic properties (12, 13); however, this pro-
gram was terminated in the 1970s after rifampin
(RIF) became available for TB treatment. Because
of earlier reports of the effectiveness ofGMagainst
drug-resistantM. tuberculosis (14, 15), we recently
reinitiated studies on this natural product lead
with the ultimate goal of introducing a highly ac-
tive, stable, and safe derivative of this compound
class into the TB drug development pipeline.

Development of GM analogs

Our primary optimization goals for GM were to
increase its potency, metabolic stability, and ex-
posure. Metabolic stability profiling of natural,
less abundant analogs of GM identified Pro8 as a
main site ofmetabolic degradation, supported by
the finding that the methyl derivative [methyl-
griselimycin (MGM)] (Fig. 1) wasmarkedly more
stable than GM itself after incubation with hu-
man livermicrosomes (Table 1). Because only very
small amounts of MGM are produced naturally,
a total synthesis route was elaborated to provide
access to MGM and related analogs (see supple-
mentary text). Structure-activity relationships of
new synthetic GM analogs resulting from this
approach confirmed that incorporation of sub-
stituents at Pro8 led to metabolically highly stable
compounds and also indicated that increasing
lipophilicity considerably increased in vivo ex-
posure in plasma and lungs of mice, as well as
in vitro activity againstM. tuberculosis (see sup-
plementary text). From these efforts, cyclohexyl-
griselimycin (CGM) (Fig. 1) was identified. The
minimum inhibitory concentration (MIC) values
of CGM were 0.06 and 0.2 mg/ml for the drug-
susceptibleM. tuberculosis strainH37Rv in broth
culture and within macrophage-like (RAW264.7)
cells, respectively (Table 1). CGM exhibited time-
dependent bactericidal activity in vitro (Fig. 2A).
Although the unbound fraction of CGM in plasma
was low (0.3 and 0.4% in human and mouse
plasma, respectively), the MIC shift of CGM in
the presence of human or mouse sera was only
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digestion of endogenous biomolecules. This 
label is trifunctional, comprising a meth-
acryloyl group capable of participating in 
free radical polymerization, a chemical 
fluorophore for visualization, and an oligo-
nucleotide that can hybridize to a comple-
mentary sequence attached to an affinity 
tag (such as a secondary antibody) (Fig. 1, 
E and F). Thus, the fluorescent tag is tar-
geted to a biomolecule of interest yet re-

mains anchored covalently with high yield 
(table S1) to the polymer network. The en-
tire process of labeling, gelation, digestion, 
expansion, and imaging we call expansion 
microscopy (ExM).

We performed fluorescence imaging us-
ing ExM, examining microtubules in fixed 
human embryonic kidney (HEK) 293 cells 
labeled with the trifunctional label and im-
aged with confocal laser scanning micros-

copy pre- versus post-ExM processing. The 
post-ExM image (Fig. 2B) was registered 
to the pre-ExM image (Fig. 2A) via a simi-
larity transformation, resulting in visually 
indistinguishable images. To quantify the 
isotropy of ExM, we calculated the defor-
mation vector field between the images via 
a nonrigid registration process (fig. S3). 
From this vector field, we quantified the 
root-mean-square (RMS) error of feature 

separation (10). We also imaged other antibody
targets of interest in biology (fig. S4).
To explore whether expanded samples, scanned

on fast diffraction-limited microscopes, could
support scalable superresolution imaging, we
imaged a volume of the adult Thy1-YFP-Hmouse
brain spanning 500 by 180 by 100 mm (tissue
slice thickness), with three labels (antibody to

GFP, green; antibody to Homer1, red; antibody to
Bassoon, blue) (Fig. 4A). The diffraction limit of
our confocal spinning disk microscope (with 40×,
1.15 NA, water immersion objective), divided by
the expansion factor, yields an estimated effective
resolution of ~70 nm laterally and ~200 nm ax-
ially. Shown in Fig. 4A is a three-dimensional
(3D) rendered image of the data set (an ani-

mated rendering is provided inmovie S1). Zoom-
ing into the raw data set, nanoscale features
emerge (Fig. 4, B to D). We performed a volume
rendering of the YFP-expressing neurons in a
subset of CA1 stratum lacunosum moleculare
(slm), revealing spine morphology (Fig. 4B and
movie S2). Focusing on a dendrite in CA1 slm,
we observed the postsynaptic protein Homer1

546 30 JANUARY 2015 • VOL 347 ISSUE 6221 sciencemag.org SCIENCE

Fig. 3. ExM imaging of mammalian brain tissue. (A) Widefield fluorescence
(white) image of Thy1-YFP mouse brain slice. (B) Post-expansion widefield
image of sample (A). (C) RMS length measurement error for pre- versus
post-ExM images of brain slices (blue line, mean; shaded area, SD; n = 4
samples). (D and E) Confocal fluorescence images of boxed regions in (A)
and (B), respectively, stained with presynaptic (anti-Bassoon, blue) and
postsynaptic (anti-Homer1, red) markers, in addition to antibody to GFP
(green), pre- (D) versus post- (E) expansion. (F and G) Details of boxed

regions in (D) and (E), respectively. (H) Single representative synapse
highlighted in (G). (I) Staining intensity for Bassoon (blue) and Homer1
(red) of the sample of (H) along white box long axis. Dotted black lines,
Gaussian fits. a.u., arbitrary units. (J) Bassoon-Homer1 separation (n = 277
synapses from four cortical slices). Scale bars for pre- versus post-ExM
images, (A) 500 mm; (B) 500 mm (physical size post-expansion 2.01 mm);
(D) 5 mm; (E) 5 mm(20.1 mm); (F) 2.5 mm; (G) 2.5 mm(10.0 mm); and (H) 250 nm
(1.00 mm).
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image (Fig. 3A) via a similarity transformation.

The registered images closely matched, although

some features moved in or out of the depth of

field because of the axial expansion post-ExM.

Quantitatively, post-ExM measurement errors

(Fig. 3C, n = 4 cortical slices) were 2 to 4%.

We synthesized trifunctional labels with dif-

ferent colors and oligonucleotides (supplemen-

tary materials, materials and methods) to enable

multicolor ExM. We obtained pre- (Fig. 3D) ver-

sus post-ExM (Fig. 3E) images of Thy1-YFP-H

mouse cortex with ExM labels directed against

YFP (Fig. 3E, green) and the pre- and postsynaptic

scaffolding proteins Bassoon (Fig. 3E, blue) and

Homer1 (Fig. 3E, red). In the pre-ExM image,

Bassoon and Homer1 staining form overlapping

spots at each synapse (Fig. 3F), whereas the

post-ExM image (Fig. 3G) shows clearly distin-

guishable pre- and postsynaptic labeling.We quan-

tified the distance between the Bassoon and

Homer1 scaffolds, as measured with ExM. We fit

the distributions of Bassoon and Homer1 stain-

ing intensity, taken along the line perpendicular

to the synaptic cleft (Fig. 3H, boxed region), to

Gaussians (Fig. 3I). The Bassoon-Homer1 sep-

aration was 169 T 32.6 nm (Fig. 3J, n = 277 syn-

apses from four cortical slices), similar to a

previous study using stochastic optical recon-

structionmicroscopy (STORM) in the ventral cor-

tex and olfactory bulb, which obtained ~150 nm

SCIENCE sciencemag.org 30 JANUARY 2015 • VOL 347 ISSUE 6221 545

Fig. 2. Expansion microscopy physically magnifies, with nanoscale iso-

tropy. We compared images acquired via conventional microscopy (blue

scale bars) versus images acquired post-expansion (orange scale bars). (A)

Confocal image ofmicrotubules inHEK293 cells. (B) Post-expansion confocal

image of sample (A). (C) RMS lengthmeasurement error of pre- versus post-

ExM confocal images of cultured cells (blue line, mean; shaded area, standard

deviation; n = 4 samples). (D) SR-SIM image of microtubules. (E) Post-

expansion confocal image of the sample of (D). (F and G) Magnified views of

boxed regions of (D) and (E), respectively. (H) Profiles of microtubule

intensity taken along the blue and orange dotted lines in (F) and (G). (I)

RMS length measurement error of ExM versus SR-SIM images (blue line,

mean; shaded area, standard deviation; n = 4 samples). (J) Transverse profile

of a representative microtubule (blue line), with Gaussian fit (black dotted

line). (K) SR-SIM image of clathrin-coated pits (CCPs) in HEK293 cells. (L)

Post-expansion confocal image of the sample of (K). (M and N) Magnified

views of a single CCP in the boxed regions of (K) and (L), respectively. (O)

Scatterplot of radii of CCPs measured via ExM versus SR-SIM (n = 50 CCPs

from 3 samples). Green line, y = x line; shaded green region, half-pixel width of

digitization error about the y = x line. Scale bars for pre- versus post-ExM

images, (A) 20 mm; (B) 20 mm (physical size post-expansion, 81.6 mm); (D)

2 mm; (E) 2 mm(9.1 mm); (F) 500 nm; (G) 500 nm (2.27 mm); (K) 2 mm; (L) 2 mm

(8.82 mm); (M) 100 nm; (N) 100 nm (441 nm).
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separation (10). We also imaged other antibody

targets of interest in biology (fig. S4).

To explore whether expanded samples, scanned

on fast diffraction-limited microscopes, could

support scalable superresolution imaging, we

imaged a volume of the adult Thy1-YFP-Hmouse

brain spanning 500 by 180 by 100 mm (tissue

slice thickness), with three labels (antibody to

GFP, green; antibody to Homer1, red; antibody to

Bassoon, blue) (Fig. 4A). The diffraction limit of

our confocal spinning disk microscope (with 40×,

1.15 NA, water immersion objective), divided by

the expansion factor, yields an estimated effective

resolution of ~70 nm laterally and ~200 nm ax-

ially. Shown in Fig. 4A is a three-dimensional

(3D) rendered image of the data set (an ani-

mated rendering is provided inmovie S1). Zoom-

ing into the raw data set, nanoscale features

emerge (Fig. 4, B to D). We performed a volume

rendering of the YFP-expressing neurons in a

subset of CA1 stratum lacunosum moleculare

(slm), revealing spine morphology (Fig. 4B and

movie S2). Focusing on a dendrite in CA1 slm,

we observed the postsynaptic protein Homer1
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Fig. 3. ExM imaging of mammalian brain tissue. (A) Widefield fluorescence

(white) image of Thy1-YFP mouse brain slice. (B) Post-expansion widefield

image of sample (A). (C) RMS length measurement error for pre- versus

post-ExM images of brain slices (blue line, mean; shaded area, SD; n = 4

samples). (D and E) Confocal fluorescence images of boxed regions in (A)

and (B), respectively, stained with presynaptic (anti-Bassoon, blue) and

postsynaptic (anti-Homer1, red) markers, in addition to antibody to GFP

(green), pre- (D) versus post- (E) expansion. (F and G) Details of boxed

regions in (D) and (E), respectively. (H) Single representative synapse

highlighted in (G). (I) Staining intensity for Bassoon (blue) and Homer1

(red) of the sample of (H) along white box long axis. Dotted black lines,

Gaussian fits. a.u., arbitrary units. (J) Bassoon-Homer1 separation (n = 277

synapses from four cortical slices). Scale bars for pre- versus post-ExM

images, (A) 500 mm; (B) 500 mm (physical size post-expansion 2.01 mm);

(D) 5 mm; (E) 5 mm(20.1 mm); (F) 2.5 mm; (G) 2.5 mm(10.0 mm); and (H) 250 nm

(1.00 mm).
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measurements post-ExM. The errors in 
length were small (<1% of distance, for er-
rors larger than the imaging system point 
spread function size; n = 4 samples) (Fig. 
2C). Throughout the paper, all distances 
measured in the post-expansion specimen 
are reported divided by the expansion fac-
tor (supplementary materials, materials 
and methods).

We next compared pre-ExM conven-
tional superresolution images to post-ExM 
confocal images. We labeled features tra-
ditionally used to characterize the per-
formance of superresolution microscopes, 
including microtubules (4, 5) and clathrin 
coated pits (6), and imaged them with a 
superresolution structured illumination 
microscope (SR-SIM) pre-ExM, and a spin-
ning disk confocal post-ExM. Qualitatively 
(Fig. 2, D and E), the images were similar, 
and quantitatively (Fig. 2I), measurement 
errors were again on the order of 1% and 
well within the point spread function size 
of the SR-SIM microscope (n = 4 samples). 
Microtubule networks were more sharply 
resolved in ExM (Fig. 2G) than with SR-
SIM (Fig. 2F). ExM resolved individual mi-
crotubules that could not be distinguished 
with SR-SIM (Fig. 2H). Microtubules im-
aged with ExM presented a full-width at 
half-maximum (FWHM) (Fig. 2J) of 83.8 ± 
5.68 nm (mean ± SD, n = 24 microtubules 
from 3 samples). This FWHM reflects the 
effective resolution of ExM convolved by 
the width of the labeled microtubule. To 
estimate the effective resolution of ExM, 
we deconvolved [as in (7)] our observed 
microtubule FWHM by the known immu-
nostained microtubule width [55 nm (6)], 
conservatively ignoring the width of the 
trifunctional label, and obtained an effec-
tive resolution for ExM of ~60 nm. This 
conservative estimate is comparable with 
the diffraction-limited confocal resolution 
[~250-nm lateral resolution (8)] divided by 
the expansion factor (~4.5).

Clathrin-coated pits were also well re-
solved (Fig. 2, K and L). ExM resolved the 
central nulls of the pits better than SR-SIM 
(Fig. 2, M and N). Clathrin-coated pit ra-
dii measured via ExM and SR-SIM were 
highly correlated, with a slope of 1.001 (to-
tal least squares regression, confidence in-
terval 0.013 with P <0.05, n = 50 pits from 
three samples) (Fig. 2O). Forty-nine of the 
50 points lay within a half-pixel distance of 
the unity slope line, suggesting that varia-
tion in the ExM versus SR-SIM comparison 
was within the digitization error of the 
measurement.

We next applied ExM to fixed brain tis-
sue. Slices of brain from Thy1-YFP-H mice 
expressing cytosolic yellow fluorescent 

protein (YFP) under the Thy1 promoter in 
a subset of neurons (9) were stained with a 
trifunctional label bearing Alexa 488, using 
primary antibodies to green fluorescent 
protein (GFP) (which also bind YFP). Slices 
expanded fourfold, similar to the expansion 
factor in cultured cells. We compared pre- 
versus post-ExM images taken on an epi-
fluorescence microscope. As with cultured 
cells, the post-ExM image (Fig. 3B) was reg-
istered to the pre-ExM image (Fig. 3A) via 
a similarity transformation. The registered 
images closely matched, although some fea-
tures moved in or out of the depth of field 
because of the axial expansion post-ExM. 
Quantitatively, post-ExM measurement er-
rors (Fig. 3C, n = 4 cortical slices) were 2 
to 4%.
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cortex and olfactory bulb, which obtained 
~150 nm separation (10). We also imaged 
other antibody targets of interest in biol-
ogy (fig. S4).

To explore whether expanded samples, 
scanned on fast diffraction-limited micro-
scopes, could support scalable superresolu-
tion imaging, we imaged a volume of the 
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ExM enables multiscale imaging and visual-
ization of nanoscale features, across length 
scales relevant to understanding neural 
circuits.

We report the discovery of a new mo-
dality of magnification, namely that fixed 
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processed, can be physically magnified, 
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tive ~60-nm lateral resolution). Although 
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copy (12, 13), ExM represents the first use 
of an embedded polyelectrolyte gel, used 
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tion imaging methods are slower than their 
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they must resolve more voxels per unit vol-
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voxels physically. ExM achieves the same 
voxel throughputs as a diffraction-limited 
microscope, but at the voxel sizes of a super-
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noise, scattering, and refractive index mis-
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of brain tissue over an axial extent of 100 
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scope. Because the ExM-processed sample is 
almost entirely water, eliminating scatter-
ing, ExM may empower fast methods such 
as light-sheet microscopy (15) to become 
superresolution methods. ExM potentially 
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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
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Fig. 4. Scalable 3D superresolutionmicroscopy ofmouse 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 Homer1 (red)]. (B) Volume rendering of dendrites in CA1 slm. (C) Volume
rendering of dendritic branch in CA1 slm. (D) Mossy fiber bouton in hilus of the dentate gyrus. (i) to (iii), selected z-slices. Scale bars, (A) 100 mm in each
dimension; (B) 52.7 mm (x); 42.5 mm (y); and 35.2 mm (z); (C) 13.5 mm (x); 7.3 mm (y); and 2.8 mm (z); (D), (i) to (iii) 1 mm.
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enables labels to be situated within a well-
defined, in vitro–like environment, facilitat-
ing in situ analysis (16). Because the sample 
is physically larger, any mechanical errors in 
post-expansion sectioning, or stage drift, are 
divided by the expansion factor.

The performance of ExM suggests that 
despite statistical fluctuations in polymer 
chain length at the molecular scale, at the 
nanoscale distances here examined these 
fluctuations average out, yielding isotropy. 
Estimates of mesh size for comparable gels 
suggest that the distance 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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WHITE PAPER

Latest Innovations in Nikon Confocal Technology

The laser scanning confocal microscope (LSCM) is an important 
tool for research across many different fields. Originally invented 
by Marvin Minsky in 1955, the basic idea behind this technology 
is to introduce a pinhole into the conjugate focal plane of a 
microscope system in order to decrease out-of-focus blur and 
increase contrast in thick specimens. Initially, this concept was 
not well adopted in the biological sciences, however, recent years 
have seen an explosion in the availability of laser scanning confocal 
instrumentation. Due to its popularity, innovation surrounding this 
technique has continued to this day, with new, confocal-based 
technologies being developed regularly. Some of these more recent 
advancements include resonant scanning for high-speed imaging, 
multispectral techniques for flexible analyses of fluorescent 
probes and other inherent fluorescent signals, and confocal-
based resolution enhancement for interrogating previously unseen 
details. This white paper will introduce each of these concepts and 
will highlight recent additions to Nikon’s A1R system that can be 
applied to utilize each of these techniques.

High-Speed, High-Resolution Scanning
In order to form an image using an LSCM, information from the 
sample must be collected in a point-by-point fashion over some 
defined field of view. This is achieved by scanning a laser beam 
across the sample in a precisely timed manner while recording 
intensities at each point. The resulting map of intensities at each 
point across the predefined field of view is what produces the 
images traditionally associated with confocal microscopy. However, 
when one considers making an image in this way, it immediately 
becomes clear that collecting data point-by-point may suffer from 
a disadvantage when it comes to speed. So what sets the speed 
limit for an LSCM? The most important component in determining 
the speed of these systems is the galvanometers chosen to raster 
the laser beam across the sample. A pair of traditional linear galvos 
is most commonly used for this purpose, with one mirror rapidly 
scanning across the fast-axis to generate each point, and the other 
scanning more slowly to determine the beginning of each line. It is 
the speed of this fast axis galvo that sets the limits for these systems 
and, for traditional linear galvos at 512x512 pixels, mechanical 
specifications limit the speed to ~2 frames per second (FPS). Above 
these speeds, the scanning mirrors generate damaging levels of 
heat, which can lead to premature failure. Cooling can help to push 
the limits of linear galvos, but these systems are still not capable of 
reaching video rates with a full 512x512 frame. 

In living things, many events occur at rates much higher than those 
that can be captured by raster scanning linear galvos. Since the LSCM 
is such an important tool for biologists, there is an inherent desire to 
overcome this problem. One method for doing so is the use of a 
resonant scan mirror in the place of a fast-axis linear galvo. Resonant 
scanners are constructed using torsion springs that allow the mirrors 
to be driven at a very high frequency (often 4-8kHz) in a sinusoidal 
fashion. This avoids the rapid acceleration and deceleration 
necessitated by the sawtooth-driven linear galvo, thus providing high 
scan speeds with significantly less stress on the motor mechanisms. 
This means that full-frame 512x512 images can be captured at ~30 
FPS, a temporal sampling rate that is much more compatible with live 
biology. In the early 1990s Nikon introduced the first commercial 
confocal system containing a resonant scanner, the RCM-8000. 
Building on the technical expertise gained in the development of this 
system, the current Nikon A1R has also adopted the resonant scanner 
in its unique hybrid scan system (Figure 1). The hybrid system contains 
both a traditional linear galvo pair for flexible, high-resolution imaging 
and a resonant scanning system for live imaging. The design of the 
A1R allows these light paths to be combined in a single experiment, 
with the linear galvos being used for photostimulation while the 
resonant scanner simultaneously captures dynamic cellular responses. 

A challenge presented by the use of the resonant scanner is the timing 
of individual pixels when driving the mirror in a sinusoidal pattern. This 
can be achieved by either software- or hardware-based methods, but 
usually limits the pixel number in the resonant axis (512 pixels in the 
case of the A1R). Importantly, pixel number and size define the 
resolution and field of view that can be achieved in a given image. 
Often, a pixel size that is smaller than the default for a given objective 
and scan area might be useful for answering a particular question. In 

Imaging 
laser

Stimulation
laser

Resonant 
scanner

Galvano
 scanner

Figure 1. The Nikon A1R hybrid scan system enables users to simultane-
ously photoactivate and image the specimen.
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resolution that can be achieved using light microscopy. These advances 
have included the development of “superresolution” techniques, which 
take advantage of particular properties of light, fluorescent probes, 
optics, and computation to “break the diffraction barrier.” However, for 
some time it has also been known that, utilizing the pinhole, one can 
achieve resolutions beyond traditional widefield resolution using a basic 
confocal microscope (reviewed in Wilson, 2011). The level of resolution 
improvement achieved in this case is completely dependent upon 
the pinhole diameter, with an infinitesimally small pinhole generating 
the highest improvement. Of course, an infinitely small pinhole is not 
practical, so investigators using this technique must carefully balance 
resolution improvement with signal/noise ratio. 

All light that travels through a microscope system is spread, blurred 
and subjected to noise before it can form an image. This blurring effect 
has the consequence of limiting the resolution of certain details from 
a given sample and is known as convolution. Thankfully, by gathering 
specific information about the sources of convolution in a given system 
and defining them mathematically, algorithms can be developed to 
minimize the effects of this process. Application of these algorithms 
to an image dataset is known as deconvolution. Since deconvolution 
uses information about the effects of a specific system on the data 
it produces, it is possible to use these algorithms to reverse some of 
the effects of convolution and increase the overall resolution in the 
final data. Over the past several years, Nikon has worked to develop 
proprietary deconvolution algorithms that are powerful, GPU-based, 
and that can use convolution information gathered specifically through 
Nikon optics. This careful development has led to a series of fast, 
accurate algorithms that are suitable for a large variety of datasets 
captured under many different circumstances. Included in this are 
definitions specific to confocal microscopes that can be applied to 
improve contrast and resolution in any confocal dataset. 

So what can be done with these two strategies for improving the 
resolution of confocal microscopes? The most obvious choice is to 
combine them for maximal resolution gain with minimal sacrifice in 

signal/noise. Indeed, this is A1-ER, Nikon’s solution to extending the 
resolution capabilities of the A1 Confocal. With this technique, users 
can take advantage of the extremely efficient A1 system to capture 
data with a reduced pinhole, when needed. Then, GPU-based 
deconvolution algorithms (that can take into account changes in the 
pinhole diameter) can be quickly applied, resulting in improved data 
with higher contrast and resolution (Figure 4). 

Conclusion 
Nikon’s A1 confocal system is a stable confocal platform that continues 
to advance with the addition of new technologies. The A1’s HD 
resonant scanner will now provide the ability to capture resonant 
images at higher resolution without having to sacrifice field of view. 
The DUV-B supplements Nikon’s detector lineup with a tunable 
GaAsP detector that can be used for both spectral and “virtual-filter” 
based experiments. Finally, A1-ER synthesizes two long-understood 
concepts in confocal microscopy into an easy-to-use method for 
enhancing the resolution of A1 confocal images. The result of this 
combination of developments is the next major step in the continuing 
evolution of the A1 confocal microscope.

Reference
T. Wilson, Resolution and optical sectioning in the confocal microscope. J. Microscopy 
244, 113-121 (2011)

Figure 4. Comparison images between standard confocal and Enhanced 
Resolution. Upper panel: actin filaments; Lower panel: mouse chromo-
some spread.
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Figure 3. By combining a variable shortpass and longpass filter, users can 
freely define the spectral bandpasses in Nikon’s DUV-B detector. A two-
detector option enables a second channel to be simultaneously acquired 
(not shown).
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these cases, the 512x512 maximum image size would necessitate 
that the scanner sample over a smaller area, a process known as scan 
zooming. Recognizing a desire to increase resonant image resolution 
without sacrificing field of view, Nikon has developed a high 
resolution 1K resonant scanner (Figure 2). This new scan regime has 
added a more flexible timing system to the A1R in order to achieve 
image sizes up to 1024x1024 while still achieving a full 30FPS at 
512x512. Put simply, the new 1K resonant scanner sacrifices nothing, 
while providing 4x the field of view at the same resolution usually 
generated by a normal 512x512 scanner.

Flexible Spectral Detection 
Fluorescence-based microscopy has been an important driver for 
biological discovery since the early 1900s. However, it was the invention 
of immunofluorescence by Albert Coons and Melvin Kaplan in 1950 
that led to the increase in specificity of fluorescent markers and thus, 
the development of the variety available today. In addition to these 
probes, advances in molecular biology and the Nobel Prize–winning 
discovery and application of green fluorescent protein (GFP) by Martin 
Chalfie, Osamu Shimomura and Roger Tsien have led to an explosion 
in the availability of various genetically engineered fluorescent probes. 
Of course, when studying biology, it is often desirable to combine 
several of these markers in a single experiment. This type of experiment 
can be complicated by the fact that fluorescent molecules emit over 
a range of wavelengths within the available bandwidth of the visible 
spectrum which, for most instruments, is only ~400 nm–750 nm. 
This results in the unique and familiar challenge of spectral overlap that 
often confuses the interpretation of these data. For example, most 
multichannel confocal detectors manage 3–4 separate bands at a given 
time. If a particular experiment necessitates 6 fluorescent probes, this 
detector will likely not have the spectral resolution necessary to separate 
the signal from each probe. However, it is critical to note that spectral 
information, just like temporal or spatial information, can be broken 
down into small segments in order to more completely understand 
and interpret data generated by a particular experiment. It is the idea 
of sampling the emission spectrum of a given specimen with a large 
number of smaller bands/channels that is the basis of spectral imaging. 

Commercially available methods for spectral imaging can be separated 
into two main categories: simultaneous multispectral imaging and 
tunable spectral imaging. For simultaneous multispectral imaging, an 
image is captured in one shot that is made up of many (often up to ~32) 
small, individual spectral bandpasses. In short, this is usually achieved 
by placing a prism or something similar in the detection lightpath in 
order to spread light over a multichannel array detector. The width of 
the detection bandpasses is definable in high-end versions of these 
detectors and will ultimately determine the overall wavelength range 
and spectral resolution of a captured image. For example, a 32-channel 
image captured with a 2.5-nm bandpass will cover an 80-nm range 
(though multiples of these images can be combined to extend this 
range). This type of resolution is advantageous for looking at multiple 
probes of the same color family or for the removal of background 
autofluorescence in certain samples. For other applications, such as 
correction of cross-excitation or bleed-through from more common 
combinations of probes, one might define a 10-nm bandpass, which 
would give sufficient spectral resolution and cover a broader range in 
a single image. Besides high spectral resolution, a key benefit of using 
an array detector for spectral applications is that simultaneous capture 
of all channels allows experiments of this type to be carried out in 
dynamic living things, where motion blur and other artifacts might 
preclude longer sequential acquisitions. 

Tunable spectral detectors are similar to the multispectral systems 
discussed above, in that they utilize prisms or other optical elements 
to break emission spectra into smaller wavelength components for 
interrogation. They differ in that they use physical mechanisms to stop 
down each bandpass, and they contain significantly fewer detector 
channels. What this means is that spectral profiling with these detectors 
is done sequentially, across several rounds of capturing and then tuning 
the detector elements to the next wavelength range. Though this 
method is slower than an array detector and is not quite capable of the 
same spectral resolution, these detectors generally have the benefit 
of lower cost and higher flexibility. In fact, one of the greatest benefits 
of tunable detection is the ability to use it to define wide bandpasses 
on the fly. This means using the detector in a fashion that is similar 
to traditional filter based detectors but with the advantage that the 
emission spectra of any visible probe can be matched at any time. The 
implication of this is that users no longer have to worry about whether 
a system contains the proper filters for a particular experiment; it’s all 
freely definable. The recent introduction of a tunable gallium arsenide 
phoshpate (GaAsP) detector module called the DUV-B (Figure 3) brings 
this capability to the entire Nikon family of confocal systems. It can be 
configured as the only detector on either an A1 or a C2 confocal system 
or can be combined with traditional, fast filter-based detectors for 
even more flexible experimental design. This low-cost, high-sensitivity 
detector has a simple interface for carrying out both traditional spectral 
analyses and “virtual filter”–type applications. These attributes make the 
DUV-B a flexible, sensitive and high-value detection solution for Nikon 
confocal systems. 

Enhancing Confocal Resolution 
Recent advances in technology have pushed the limits of the spatial 

Figure 2. 1024x1024 resonant scanned image using Nikon’s high-resolution 
1K resonant scanner (1x zoom is shown on the left and 6x zoom on the 
right). H-line mouse brain slice (2 mm) cleared with RapiClear® 1.52 (SunJin 
Lab). Provided by Drs. Ryosuke Kawakami, Kohei Otomo, and Tomoni 
Nemoto, Research Institute for Electronic Science, Hokkaido University.
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APPLICATION NOTE

The Spectrum of Resolution: Confocal, SIM, and STORM

The field of biological light microscopy is in a state of flux. 
The past decade has witnessed the precipitous rise and quick 
diversification of “superresolution” microscopy, culminating 
in the 2014 Nobel Prize in Chemistry. These varied techniques 
are designed to circumvent the conventional diffraction limit 
on optical resolution, and include such methods as single-
molecule localization (e.g., STORM (1), PALM (2), SIM (3), 
STED (4)), and more. 

However, there is not a clearly defined threshold that must be 
met for a technique to be considered “superresolution”. With 
the recent influx of confocal-based resolution enhancing 
techniques, this definition has become further blurred. In 
general, these techniques provide up to a √2 improvement 
in resolution (5, 6). Nikon’s A1-ER combines high-resolution 
confocal microscopy with deconvolution to provide “Enhanced 
Resolution” (ER). Here we will show proof of resolution 
performance for Nikon’s superresolution and ER imaging 
solutions using GATTAquant® (Braunschweig, Germany) 
nanoruler resolution standards. We will also briefly discuss 
the benefits and drawbacks of each technique with respect to 
other performance metrics in order to help the reader decide 
which approach is best suited towards their research. 

Enhanced Resolution with Confocal Microscopy

Deconvolution of confocal data is an old approach that 
has found new life due to the availability of powerful 
consumer-grade graphics processing units (GPUs). Analyses 
once requiring many hours may now be performed almost 
instantly (7). Realizing the full resolution of the confocal 
microscope requires using a sufficiently small pinhole 
aperture (~0.3–0.6 Airy Units), a high sampling rate, and true 
3D iterative deconvolution (5). Deconvolution increases the 
signal-to-noise ratio (SNR) of the data, making it possible to 
resolve details previously obscured by noise. The theoretical 
resolution limit of the confocal microscope under these 
conditions is approximately 140 nm, which we demonstrate 
using the Nikon A1-ER confocal microscope in Figure 1. 

While confocal systems such as A1-ER provide greater 
performance than traditional widefield microscopes, they are 
not in the same domain as true superresolution techniques, 
such as SIM and STORM. However, the user retains the 
unparalleled flexibility of the confocal microscope, which is 
generally compatible with most specimens given its spectral 
resolving power, deep imaging capabilities, and relatively 
simple sample preparation. Confocal with deconvolution 
is thus an excellent decision for researchers requiring just 
a bit more resolution performance, but with less room 
for compromise with regard to other aspects of system 
performance. A1-ER may easily be realized on existing 
systems, and is particularly well suited for this application 
as it utilizes a hexagonal pinhole aperture, which is a better 
approximation of a circle compared to the standard square 
pinhole utilized by other manufacturers. The hexagonal 
pinhole will reject out-of-focus light more efficiently and 
provide better axial resolution at the same light throughput. 

Structured Illumination Microscopy (SIM)

Superresolution Structured Illumination Microscopy (SIM) is 
a widefield interference–based technique that provides a ~2x 
increase in resolution compared to the diffraction-limited 

John R. Allen
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Figure 1. GATTA-SIM 140B nanoruler imaged using the Nikon A1-ER 
confocal microscope with Enhanced Resolution (ER) software. The ER 
software for NIS-Elements is a module for denoising and deconvolution 
of confocal data. The raw data was first processed using a Bayesian 
denoising algorithm. Deconvolution was then performed using a 
3D iterative constrained version of the Landweber algorithm and a 
theoretical PSF model specific for Nikon’s 100x SR Apo TIRF objective 
(NA = 1.49). a) Field of 140-nm nanorulers, many of which are clearly well 
resolved. The left image is the data prior to denoising and the right is 
following deconvolution. b) Zoomed-in view of region from white box in 
(a), showing three nanorulers. Performance is proven up to the theoretical 
limit of the traditional point-scanning confocal microscope.
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case (3). A superresolution SIM image generally requires 9–15 
individual widefield images at different phases and orientations 
of the interference pattern. While this places a fundamental 
limit on acquisition rate, it remains fast enough to image many 
dynamic processes in living systems. 120-nm lateral resolution 
is validated on the Nikon N-SIM system in Figure 2 below.

Nikon’s N-SIM system can be operated in one of three modes: 
2D-SIM (9 images, lateral resolution improvement only), 2D 
TIRF-SIM (9 images, exceptional lateral resolution improvement 
to ~85 nm), and 3D-SIM (15 images, 3D resolution improvement). 
Up to 5 channels are available for imaging on the N-SIM. 

While providing greater resolution improvement than confocal 
with deconvolution, SIM is more limited when applied to imaging 
thick specimens, generally working well up to 20 μm deep. The 
integrity of the interference pattern degrades quickly deeper into 
the specimen. More recently, systems applying the principles 
of structured illumination, but configured similar to traditional 
spinning disk confocal microscopes, have been introduced (9, 10). 
While able to operate at a higher frame rate, these techniques 
are generally limited to similar resolution improvement as point-
scanning confocal microscopes with deconvolution.

Stochastic Optical Reconstruction Microscopy (STORM)

Localization microscopies such as STORM provide the greatest 
resolving power of any commercially available light microscopy. 
20-nm optical resolution is unambiguously demonstrated 
in Figure 3 using Nikon’s N-STORM 4.0 system, an order of 
magnitude improvement over the diffraction limit. More 
impressively, resolution is demonstrated using autocorrelation 
based drift correction, precluding the requirement of adding 
fiducial markers to the sample. 

Techniques such as STORM are best applied to fixed samples, 
given that a good reconstruction requires thousands of individual 
frames of data and high-power laser illumination. Although live-
cell STORM imaging has been realized in multiple examples 
(11, 12), this approach is typically difficult and can suffer from 
motion-induced blur when attempting to capture the most 
dynamic processes. 

Up to 3 channels may be imaged using the N-STORM system, 
with 6-color STORM having been demonstrated in the literature 

The Spectrum of Resolution: Confocal, SIM, and STORM

Figure 2. GATTA-SIM 120B nanoruler imaged using the Nikon N-SIM 
superresolution system. a) Whole field of view of 2D TIRF-SIM 
reconstruction of nanorulers. b) Zoomed-in image corresponding to the 
white box in (a). c) Zoomed-in view of a single nanoruler from white box in 
(b). d) 1D intensity profile corresponding to the line through the nanoruler 
in (c), with 120-nm peak-to-peak distance measurement.

Figure 3. GATTA-PAINT HiRes 20R nanoruler imaged using the 
Nikon N-STORM 4.0 superresolution system. 200,000 images 
were collected at a rate of 100 Hz onto an iXon Ultra 897 EMCCD 
camera (Andor). Localization and autocorrection-based drift 
correction were performed using NIS-Elements software (Nikon). a) 
Split image of the STORM reconstruction (right) and the maximum 
intensity projection (time) of the individual widefield images (left). 
b) Zoomed-in region of the STORM reconstruction denoted by the 
white box in (a), with several nanorulers visible. c) Zoomed-in image 
of a single nanoruler from the white box in (b). d) Line profile of 
intensity correlating with line through nanoruler in (c), showing 18-
nm and 20-nm peak-to-peak intensities between the 3 sites.
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(13). Applying either the classic STORM approach with tandem-
labeled activator-reporter dye pairs (1, 13) or direct excitation 
of spectrally resolved probes (14) is possible. The N-STORM 
system has also been validated for DNA-PAINT imaging (15, 
16), easing sample preparation requirements. 

While a variety of localization microscopes have been demon-
strated, in practice most configurations are limited to a thin 
monolayer of cells. This is realized with Nikon’s N-STORM by 
combining Perfect Focus-based z-stack functionality with 
astigmatism-based 3D localization. Nikon’s new silicon objec-
tive lens provides improved working distance for STORM and 
better SNR at dorsal surfaces of cells. Still, the imaging depth 
limit of STORM is less than SIM (~20 μm) and confocal (~100s 

of μm). For imaging thick tissues with STORM, samples are 
generally sectioned prior to imaging in order to bypass these 
limitations (17, 18).

The Takeaway

Superresolution microscopies have a lot to offer, but can 
also impose greater limitations in other aspects of imaging–
there is no perfect imaging technique. For example, confocal 
microscopy may offer more limited resolution improvement, 
but otherwise all-around robust performance well suited 
towards a variety of research needs. Researchers must 
determine the level of resolution required by an experiment 
and identify potential areas of compromise. In this respect, 
very little has changed about optical microscopy.

The Spectrum of Resolution: Confocal, SIM, and STORM
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New upgrades to A1 confocal systems  
from Nikon extend the power of confocal  
microscopy and open up a world of new  

imaging strategies and possibilities.

The latest A1 advances include:
n  New High Resolution 1K Resonant Scanner 

n  A1-ER (Enhanced Resolution) Module 

n  DUVB GaAsP Spectral Detection Unit 

 

For more information, go to  
www.nikoninstruments.com/confocal 
or call 1-800-52-NIKON.
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Combines an ultra-stable Ti2-E imaging platform 
with the power of NIS-Elements to provide 
unprecedented flexibility in acquisition workflow. 
Achieve 10-fold improvement in resolution, in three 
dimensions, with ease.

Introducing N-STORM 5.0, the latest super-
resolution imaging solution from Nikon. 

Explore the Nanoscale 

For more information, go to  
www.nikoninstruments.com/n-storm  
or call 1-800-52-NIKON
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