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The nucleus contains a plethora of different dynamic structures

involved in the regulation and catalysis of nucleic acid

metabolism and function. Over the past decades countless

factors, molecular structures, interactions and

posttranslational modifications have been described in this

context. On the one side of the size scale X-ray crystallography

delivers static snapshots of biomolecules at atomic resolution

and on the other side light microscopy allows insights into

complex structures of living cells and tissues in real time but

poor resolution. Recent advances in light and electron

microscopy are starting to close the temporal and spatial

resolution gap from the atomic up to the cellular level. Old

challenges and new insights are illustrated with examples of

DNA replication and nuclear protein dynamics.
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Nuclear structures and protein dynamics
The by far largest molecules in the nucleus are the chromo-

somes that occupy discrete territories and are anchored at

the nuclear envelope [1��,2]. The fact that most nuclear

processes occur or at least start at chromosomes makes them

the chief organizing factor in the nucleus. Proteins involved

in DNA replication, transcription and RNA processing

were found enriched in focal structures [3]. The variety

of nuclear structures illustrated in Figure 1 raises the

question of how these distinct structures are assembled

and maintained in the absence of subdividing membranes.

Fluorescence photobleaching experiments demonstrated a

surprisingly high mobility of proteins in the nucleus [4��]
www.sciencedirect.com 
suggesting that the occurrence of discrete nuclear struc-

tures is the net result of association, dissociation and

diffusion events. These experiments also indicated that

distinct structures could be generated by stable binding as

well as rapid exchange of its components [5]. The combi-

nation of fluorescence photobleaching experiments with

kinetic modeling can in principle provide quantitative data

on intracellular binding properties [6]. The occurrence of

multiple and variable interactions with unknown numbers

of binding sites, however, make it difficult to mathemat-

ically dissect out individual mobility classes. Thus, despite

the present sophistication of the kinetic modeling [7] the

inherent limitations of these ensemble measurements call

for complementation by single molecule tracings as dis-

cussed below.

Temporal and spatial dimensions of nuclear
functions
One of the fundamental nuclear functions and the most

prominent and critical event during the cell cycle is the

precise duplication of the entire (epi)genetic information.

The challenges of DNA replication are easily summar-

ized. Roughly speaking, human cells need to replicate

about 6 billion (6 � 109) base pairs in half a day, starting at

thousands of sites on 46 chromosomes, precisely copying

each and every base pair once and only once. The dis-

covery and biochemical characterization of the DNA

double helix and DNA polymerases outlined the basic

mechanism but could not explain the efficiency, precision

and coordination of cellular DNA replication [8]. Since

then an amazing complexity unfolded as countless new

factors were identified that contribute to the efficiency

and precision of DNA replication.

It is clear that DNA replication in vivo is more than just

the sum of all participating factors and especially the

overall coordination and precision is far from being repro-

ducible in vitro. Already early fractionation experiments

indicated that newly synthesized DNA and most of the

replication activity was associated with higher order struc-

tures [9,10]. At the cellular level DNA replication can be

visualized by incorporation of modified nucleotides [11],

immunofluorescence staining of replication factors [12],

expression of fluorescent fusion proteins in living cells

[13] and appears highly organized in focal structures

(Figure 2). The subnuclear distribution of these foci

changes throughout the S-phase [13] in a pattern that

roughly corresponds to the underlying chromatin states

[14–18] and changes during differentiation [19,20].

Recent studies have addressed how DNA replication is
Current Opinion in Cell Biology 2012, 24:79–85
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Figure 1
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The variety of nuclear structures and subcompartments. This colorful assembly shows a random collection of nuclear structures observed and studied

in our lab over the past years. All these distinct structures have in common that they are formed by dynamic assembly and disassembly processes in

the absence of organizing membranes.
activated within these foci and how the cell can cope with

replicative stress [21,22]. The sizes and numbers of these

foci, as obtained from light microscopy analysis, could not

be directly linked with numbers of replication units

measured in vitro in stretched DNA fibers. This and

other lines of evidence lead to the hypothesis that the
Current Opinion in Cell Biology 2012, 24:79–85 
replication foci detected by light microscopy correspond

to spatially clustered DNA replication units [23�,24].

Recent studies employing super resolution light micro-

scopy methods, namely STED [25], 3D-SIM and SMI

microscopy [26], as well as electron microscopy [27]

provided first evidence to the existence of 4000–5000
www.sciencedirect.com
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Figure 2
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DNA replication from atomic to cellular scale. This scheme illustrates the orders of magnitude from the level of the well-known crystal structures of key

components of DNA replication to the cellular level. The DNA double helix (gray) has a diameter of about two nanometers and the entire diploid

genome a combined length of about 2 m, all condensed into a nucleus with a diameter of 5–20 mm. The homotrimeric PCNA ring (green, PDB ID:

1AXC), the central loading platform for DNA replication factors, has a diameter of about 8 nm while the microscopically discernable, cellular replication

foci and clusters are in the range from 100 to 2000 nm.
replication units of 125 nm average size at any given time

throughout S-phase (Figure 2). These types of studies

provide the basis for building and testing qualitative and

quantitative models of genome replication.

By way of explanation it is easy to implicate the higher

order structures present in living cells but it is hard if not

impossible to prove a functional role with the usual

methods. In this sense, mutational analysis of nuclear

proteins allowed mapping functional domains mediating

interactions with other factors involved in particular

nuclear functions. In the case of DNA replication, local

enrichment of factors involved not only in the DNA

synthesis process per se but also in cell cycle regulation

[28], DNA methylation [29], chromatin assembly [30] and

repair of DNA damage [31] was found. Several of these

factors were shown to accumulate at replication sites

during S-phase via a short peptide sequence mediating

binding to the DNA polymerase clamp PCNA [32] and

independent from the catalytic domain of the respective

enzymes. As PCNA forms homotrimers wrapping around

the DNA (Figure 2) with maximally three binding sites

for interacting factors sharing the same binding interface,

the question arises as to how all these interactions can

take place. Furthermore, it was unclear whether such

targeting sequences leading to local enrichment of

enzymes are required in vivo for the function of the

enzymes in the particular nuclear process.
www.sciencedirect.com 
These questions were addressed by fluorescence photo-

bleaching/activation experiments in living cells. Several

enzymes including DNA ligase I, the flap endonuclease

Fen1 and Dnmt1 as well as mutants thereof were photo-

bleached simultaneously with PCNA and their relative

kinetics of recovery measured. Whereas PCNA did not

exchange over periods of several minutes, the enzymes

interacting with it were only transiently associated with

replication sites and their entire pools exchanged over

periods of a few seconds [33,34,35�]. This analysis

suggests that the processivity of DNA replication and

the coordination of the different enzymatic activities rely

on a stable core component loaded on DNA and transi-

ently interacting factors ensuring the temporal availability

of the shared binding site in the stable PCNA ring. This

type of kinetics involving the interplay of transient and

stable components was also observed in other nuclear

processes such as DNA repair [36]. Interestingly, mutat-

ing the PCNA interacting domain at least in the DNA

methyltransferase Dnmt1 did not prevent DNA methyl-

ation but lowered its efficiency [33]. Thus, local enrich-

ment of factors via protein–protein interactions increases

the efficiency of enzymatic reactions in vivo but does not

seem to be an absolute requirement for nuclear function.

Last but not least, also the time scale poses some chal-

lenges as the diffusion rate of the participating proteins,

the kinetics of their interactions and the incorporation of
Current Opinion in Cell Biology 2012, 24:79–85
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Figure 3
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Distribution and dynamics of nuclear proteins. Confocal fluorescence

microscopy analysis (top panel) suggests that the probe protein

streptavidin (NLS-SAv-Cy5) is, like many other nuclear proteins,

excluded from nucleoli which, due to their higher density, appear as dark

structures in the phase contrast (PC) image. Single molecule tracing

(bottom panel) provide an alternative explanation for this bulk steady-

state distribution. Snapshots of a high speed (191 Hz) time lapse

microscopy (full sequence in supplementary Movie) of single NLS-SAv-

Cy5 protein (red) molecules in and out of nucle(ol)ar (green)

subcompartments are shown. The corresponding movie shows

streptavidin molecules (NLS-SAv-Cy5) after microinjection into the

cytoplasm of C2C12 mouse myoblasts. Raw single molecule data are

displayed at the bottom and the same data processed using a 2–20 pixel

band pass filter. One pixel corresponds to 96 nm and the whole object

field shown is 12.2 mm � 12.2 mm. Further details are described in [44].
single nucleotides are much faster than the imaging rate

of regular light microscopy. As discussed below, single

molecule tracing offers exciting new insights into the

millisecond range but still misses out on contextual

information.

Dynamics and interactions of single
molecules in the nucleus
The visualization of cellular components by immuno-

fluorescence staining with antibodies, by in situ hybrid-

ization for detection of specific nuclei acids and with

fluorescently tagged proteins have uncovered a variety

of subnuclear compartments [3] as discussed above

(Figure 1).

Throughout the last decade systematic analysis of protein

dynamics mostly from fluorescence photobleaching/acti-

vation experiments [37] has changed our view of static

nuclear compartments and revealed new principles of

macromolecular complexes [38]. These types of analysis

though do not reveal the behavior of individual molecules

but rather describe the average behavior of molecular

ensembles. In biology important and meaningful infor-

mation is often lost in the averaging over large numbers of

molecules. As an example, the apparent exclusion of

multiple nuclear proteins from the nucleolus observed

in numerous fixed and living cell studies could be inter-

preted as lack of accessibility of this major nuclear com-

partment [39] for these proteins. In vitro measurements

with nucleoli isolated from Xenopus oocyte nuclei though

revealed a low-density structure permeable to molecules

such as dextrans [40�]. This apparent contradiction

prompted studies of the dynamic behavior of single

molecules in living cells.

The tracing of single molecules in cells [41] has been

limited by the low signal-to-noise ratio and the small

number of photons emitted by the available fluorophores.

On the one hand, total internal reflection (TIRF) micro-

scopy [42] gives the best signal-to-noise ratio but is only

applicable to structures such as the plasma membrane

within about 100 nm distance from the surface. On the

other hand, methods based on fluorescence fluctuation

such as fluorescence correlation microscopy [43] measure

the mobility of single molecules with very high temporal

resolution (in the microsecond range) but are restricted to

mobile species and to a femtoliter volume within the cell.

Direct tracing of single molecules inside cells albeit diffi-

cult has been made possible by the development of

improved, highly sensitive cameras. This allowed probing

to what extent nuclear structures limit the mobility and

access of individual proteins by tracing the mobility of

fluorescently labeled inert proteins (streptavidin and oval-

bumin; [44�,45]). Whereas steady state average distribution

(Figure 3, top panel) suggests exclusion of streptavidin

protein from the nucleolus, high-speed single molecule

tracing microscopy (Figure 3, bottom panel and Movie)
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clearly indicate that single average size proteins have

unrestricted access to the nucleolus and all nuclear sub-

compartments. Nonetheless, in-depth analysis of the

nuclear mobility of proteins uncovered transient trapping

on the order of tens of milliseconds. This trapping was

mostly pronounced at heterochromatin and least pro-

nounced within the nucleolus. General trapping of factors

in specific compartments modulates their local concen-

tration and may thus directly impact on enzymatic reaction

velocity and enhance their specificity [46].

Several recent studies use single particle tracking to study

the intranuclear dynamics as well as nuclear-cytoplasm
www.sciencedirect.com
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transport of, for example, RNP particles [47–49]. The

larger size and slower mobility of these particles com-

bined with multiple labels per particle facilitate imaging

with good signal-to-noise ratio. Recent improvements in

sample illumination strategies [50], increase the signal-to-

noise ratio and facilitate direct tracing of single molecules,

their interactions and enzymatic reactions in living cells

with high spatial and temporal resolution in the range of

tens of nanometers and milliseconds.

Outlook
Currently cells are being studied at different size and

time scales. The recent development of super resolution

light microscopy methods [51] enables the study of cel-

lular structures at ever-increasing resolution far below the

classic Abbe diffraction limit approaching the range of

electron microscopy and X-ray crystallography (Figure 2).

The integration of structural information obtained with

different methods at different size scales has been

impressively demonstrated by fitting crystal structures

into cryo-electron microscopy density maps to assemble

a functional architecture of the complete multi-subunit

RNA polymerase I [52]. The rapidly increasing capabili-

ties of cryo-electron microscopy to resolve bigger com-

plexes at higher resolution facilitate the combination with

advanced light microscopy. Likewise, dramatic advances

in electron microscopic tomography recently enabled the

direct study of polyribosomes in human cells [53].

Correlative light and electron microscopy in combination

with electron microscopic tomography and super resolution

light microscopy have recently been used to elucidate

intermediate steps of abscission in dividing human cells

[54]. In addition to increased spatial resolution, the single

molecule light microscopy techniques discussed above

expand the time resolution down to the microsecond scale.

Besides the rapid development of advanced electron and

light microscopy technologies new reagents like chromo-

bodies that are ten times smaller than conventional anti-

bodies and detectable in living cells [54,55] as well as new

genetically encoded tags and contrasting approaches

[56��] will further facilitate correlative microscopy and

thus the acquisition and integration of structural data over

several orders of magnitude.

Last but not least, as imaging data are produced at an

ever-increasing rate and volume around the world, at

different size and time scales, with different methods

and instruments, standardization becomes an essential

and urgent prerequisite to compare, integrate, model and

thus utilize this accumulating wealth of data [57].
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