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Abstract

Super-resolution fluorescence microscopy has emerged as a powerful tool for studying molecular
organization, but mostly in fixed cells. New work using high-speed fluorescence photoactivation
localization microscopy now reveals the organization of cytokinesis nodes and contractile rings in
live fission yeast cells.

In recent years, super-resolution fluorescence microscopy has emerged as a state-of-the-art
imaging method that exceeds the diffraction limit of light [1,2]. Commaon super-resolution
techniques include structured illumination microscopy (SIM), stimulated emission depletion
microscopy (STED), fluorescence photoactivation localization microscopy (FPALM or
PALM), and stochastic optical reconstruction microscopy (STORM) [2]. These invaluable
techniques can provide the information necessary for deciphering the 3D structure of multi-
protein complexes, and also expand the toolbox for investigating biological molecules at the
nanoscale level. However, super-resolution fluorescence microscopy with high spatial
resolution has been used mostly in fixed cells due to its low temporal resolution, which has
precluded imaging of live cells. In a new study published recently in PNAS, Laplante et al.
[3] used high-speed quantitative FPALM to establish the molecular organization of the
contractile ring and its precursor, the cytokinesis nodes, in live fission yeast cells.

Cytokinesis is essential for cell proliferation and differentiation. The process relies on the
constriction of a contractile ring composed of multi-protein complexes in amoebas, fungi,
and animal cells [4,5]. Besides actin filaments and myosin-11 [6-8], the contractile ring also
contains many other structural and regulatory proteins, including anillin, IQGAP, formins,
and F-BAR proteins [4,9]. Currently, we are most knowledgeable about the cytokinetic
machinery and mechanisms in the fission yeast Schizosaccharomyces pombe. In S. pombe,
some of the major proteins present in the contractile ring assemble into discrete precursor
structures called cytokinesis nodes around the division site before ring assembly [10,11].
The positioning marker and scaffolding protein anillin Mid1 first concentrates in the cortical
nodes around the division site. Mid1 then recruits the myosin-11 essential light chain (Cdc4)
and the IQGAP Rng2. Rng2 subsequently recruits the myosin-I1 heavy chain (Myo2) and
regulatory light chain (RIc1) [10,12]. In addition, Mid1 also independently recruits the F-
BAR protein Cdc15 [10]. Lastly, the forming Cdc12 is recruited for actin nucleation and
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assembly. Stochastic interactions between actin filaments and myosins condense these nodes
into a compact contractile ring that is ready to carry out its function during cytokinesis [13].

Although protein composition in the contractile ring has been extensively studied, little is
known about the 3D organization of these proteins. Understanding this fundamental question
will shed light on how the contractile ring generates force and tension during cytokinesis and
also provide information required for computational model simulations. Quantitative
fluorescence microscopy using the spinning disk confocal system has estimated that each S.
pombe cell has around 65 cytokinesis nodes [13]. One shortcoming of this method is the
inability to fully resolve diffraction-limited cytokinesis nodes that are located in close
proximity to each other. The single-molecule high-resolution colocalization (SHREC)
method has been informative in understanding the architecture of cytokinesis nodes by
measuring the mean distances between pairs of fluorescent-tagged proteins [10]. However,
this method cannot offer information on the 3D structure of node proteins (Figure 1A).

Laplante et al. [3] offered a new solution to those problems faced by the super-resolution
microscopy and SHREC by using a custom-built super-resolution fluorescent microscope for
FPALM. The success of their study was credited to two major improvements along with the
powerful tools available in fission yeast. First, the use of an SCMOS camera for the FPALM
system enabled high-speed data collection within physiologically relevant time frames [14].
Second, the application of a sophisticated localization algorithm that incorporates pixel-
specific noise correction (which is necessary when using SCMOS cameras for the
localization of single-molecule emitters) helped eliminate out-of-focus emission, thus
providing an effective depth for imaging sections and excellent pixel resolution [14]. This
new method by Laplante ef a/. [3] also utilizes the photoactivatable monomeric fluorescent
protein mEo0s3.2, which is more functional when fused to proteins of interest than the widely
used mEos2 [15]. The sSCMOS camera can take hundreds of frames per second to capture
the signals from matured and photoconverted mEos3.2-tagged molecules. Compared with a
typical resolution of ~200 nm in confocal fluorescence microscopy [16], FPALM has a
resolution of ~35 nm. This significantly improves the spatiotemporal resolution of protein
localization compared with standard confocal microscopy. With this powerful tool, the
authors provided answers to many of the open questions regarding the cytokinesis nodes and
the contractile ring.

The first question to be addressed in the new study was the number of nodes per cell. Using
FPALM, the authors calculated ~130-140 nodes per cdc25-22 cell (arrested at the G2/M
transition and then released) for five different node proteins (Mid1, Rlc1, Cdc15, Myo2, and
Rng2). This number is approximately twice that resolved by spinning disk fluorescence
microscopy [13], indicating that higher resolution imaging can improve the distinct
localization of individual nodes and result in more accurate quantification. By observing one
protein at a time, the authors tested whether the cytokinesis nodes were heterogeneous
aggregates or whether the nodes had the same protein composition. They used ellipticity
measurements to reveal the distribution of activated molecules in each node. This approach
combines the information from single molecules to generate the spatial distribution of the
protein, which is more accurate than using the arbitrary direction across nodes in line
profiles of fluorescence intensity. The authors then used Kolmogorov-Smirnov (KS) tests to
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compare the distribution of each protein against other proteins in the nodes. Results showed
that each node is a discrete structure containing all six node proteins (Mid1, Rlc1, Cdc15,
Cdc12, Myo2, and Rng2). The authors were also able to calculate the stoichiometric ratios
of node proteins by comparing the number of localized emissions among different proteins.
For one Mid1 subunit, a node contains 0.5 Cdc12 dimers, 1 myosin-11 dimer, 1 Cdc15 dimer,
and 1 Rng2 dimer. These ratios are consistent with data from quantitative confocal
microscopy measurements [10,17].

It is also unknown whether nodes persist after they condense into the contractile ring. The
authors discovered that node proteins remain clustered in either fully formed or constricting
rings. In addition, they found that nodes move bidirectionally within the contractile ring.
Since actin filaments are formed among nodes and are required for node condensation, the
authors confirmed that actin filaments grow from individual nodes to connect adjacent
nodes.

Laplante et al. [3] used their exciting high-resolution FPALM data to propose a 3D model
for protein arrangement in cytokinesis nodes (Figure 1B,C): Mid1 localizes close to the
plasma membrane and forms the core of the node. The IQGAP Rng2 helps to connect Mid1
to the carboxy-terminal tail of Myo2. Cdc15 interacts with both Mid1 and Cdc12, with its
amino-terminal F-BAR domain closer to the core and the carboxy-terminal SH3 domain
being more flexible. The amino-terminal head of Myo2 extends out into cytoplasm so that it
can capture actin filaments, in a similar manner to myosin-I1 bipolar filaments, for
contractile-ring constriction.

Currently, the revolutionary technique for solving structures of macromolecular complexes
is single-particle cryo-electron microscopy (cryo-EM) [18,19]. This method provides 3D
structures of biological molecules without the need for crystallization. The field has
significantly advanced in the last few years due to improvements in the detector technology
and software algorithms to average tens of thousands of images of the structure. The
remarkable progress in the development of direct electron detector device (DDD) cameras
and sophisticated image-processing algorithms allows cryo-EM to achieve near-atomic
resolution. Very much like the impressive progress of cryo-EM, high-speed FPALM is a
breakthrough in live-cell microscopy, using improved cameras for data collection and
sophisticated algorithms for image analyses [3].

Laplante et a/. [3] established the feasibility of using FPALM to investigate multi-protein
complexes in live fission yeast cells. Their application of FPALM to determine the
organization of the proteins within cytokinesis nodes opens the door for future studies of
structures and dynamics of protein complexes at the nanoscale in other live biological
systems. At the same time, other photoactivatable fluorescent proteins such as mMaple3 also
show great potential by having high signaling efficiency, low dimerization tendency, fast
maturation time, and low on-off ratio [20]. With both cryo-EM and FPALM at hand, now
we can investigate macromolecular complexes and biological processes with unprecedented
resolution
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Figure 1. Molecular models for the cytokinesis-node assembly and ar chitecture
(A)Model for cytokinesis-node assembly based on spinning disk confocal microscopy.

Proteins are assembled hierarchically into nodes (left), which eventually capture and pull
actin filaments to condense (right). Time 0 is defined as the initiation of mitosis when
spindle pole bodies separate. Republished with permission of Rockefeller University Press,
from [10], permission conveyed through Copyright Clearance Center, Inc. (B,C) Structure of
cytokinesis nodes in a side view (B) and a face view from the top of the cell (C) with (right)
and without (left) actin filaments. Reproduced from [3] © 2016 National Academy of
Sciences, USA.
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