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Heterochromatin protein 1 (HP1), a small non-histone chromosomal protein, was recently shown to form a complex in
vivo with Proliferating Cell Nuclear Antigen (PCNA), a key factor in DNA replication. The complex, which requires HP13
in a form of a dimer, is engaged in DNA repair and replication. We now provide evidence based on FRET-FLIM live cell
studies confirming the association and close proximity between HP18 and PCNA in the complex. We also demonstrate
using FRAP, that although HP1B-PCNA complexes are highly mobile in nonreplicating nuclei, when engaged in DNA
replication, they become bound and do not exchange with the mobile pool. These observations are in agreement with a
notion that a subpopulation of HP1 molecules interact with PCNA in vivo during DNA replication. Similarly, HP13 which
is associated with PCNA in regions of DNA repair, is bound and does not exchange with the mobile pool, suggesting that
HP1B in association with PCNA may be a component of a DNA repair complex.

Introduction

Heterochromatin protein 1 (HP1) was originally described as
an epigenetic regulator and a major component of heterochro-
matin in Drosophila melanogaster.! In human cells HP1 exists as
three isoforms, HP1la, HP1B and HP1lvy, which differ in sub-
nuclear localizations and functions. An HP1 molecule consists
of N-terminal chromodomain (CD) and C-terminal chromo-
shadow domain (CSD) linked by a flexible hinge region.? CD is
responsible for HP1 interactions with eu- and hetero-chromatin,
through double or triple methylated lysine 9 of histone H3.%4
CSD allows protein homo- and hetero-dimerization’ that leads to
the formation of a hydrophobic groove® through which HP1 can
interact with proteins containing a PxVxL peptide motif.

It is becoming apparent now that HP1 is a multifunctional
nuclear protein.” Its various posttranslationally modified forms
are involved in a number of nuclear processes including chroma-
tin remodeling, gene silencing, replication and repair of DNA.5!!
The list of proteins that interact with HP1 includes structural
(e.g., lamin B), chromosome-associated (e.g., SP100), DNA rep-
lication and repair (e.g., CAF-1p150, Ku70, ORC1-6) and many
others proteins.® We have shown recently, using the Bimolecular
Fluorescence Complementation assay (BiFC) that HP1B inter-
acts also with PCNA, a key protein in DNA replication and
repair,'>" and that both proteins are components of complexes
involved in DNA replication and repair.'

We now provide further evidence supporting a notion that
HP1p interacts with PCNA during DNA replication and repair.
FRET-FLIM studies demonstrate that when HP1 and PCNA
interact in complexes recruited to regions of DNA replication
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and repair, the proteins are located in close vicinity, within a few
nanometers of each other. FRAP studies confirm that in non-
replicating nuclei the mobility of the complex is as high as the
mobility of proteins that do not interact with any intranuclear
targets, like GFP or PCNA. In S-phase, however, the complex is
tightly bound at replication foci and shows no dynamic behavior,
as does the individually tagged PCNA.

Although, for the sake of brevity, we use the term “HP1-PCNA
complexes” in this report, we imply protein assemblies that likely
contain not only a closely spaced HP1 dimer and PCNA trimer,
but other proteins as well.

Results

FRET between the FP-tagged HP1(3 and PCNA at DNA repli-
cation foci and DNA repair sites. Although it has been demon-
strated that the HP1-PCNA complex is present at replication foci
and in the regions of damaged DNA,' one can still argue against
the existence of such a complex on the grounds that the BiFC assay
may lead to a false positive result. The propensity of the two parts
of YFP to attach to each other could be a driving force behind the
formation of the HP1-PCNA complex and the reassociated YFP
might stabilize the complex beyond its natural stability. Indeed,
it has been shown that some FP fragments exhibit high spontane-
ous association ratio."” Even though these particular proteins were
not used in our BiFC assay, such an argument of caution should
still be considered. One can also argue that, even if the complexes
do form in a living cell out of the untagged, endogenous proteins,
the BiFC assay says little about the distance between the HP1f
and PCNA molecules in the endogenous complexes. In order to
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Figure 1. Frster resonance energy transfer detected by FLIM. (A-D) Averaged (n_, = 8) lifetimes of GFP-
PCNA (donor) in the absence and presence of acceptor measured in the nucleoplasm of nonreplicating
nuclei (A and B), DNA replication foci (C) and DNA repair sites (D). Acceptor (A): mCherry, (B-D): mCherry-
HP1B. Images show representative cells used for measurements, with specific regions used in FRET calcu-
lations indicated by the arrowheads. (E): Representative fluorescence decay curves and residuals obtained
at replication foci. Scale bars 5 wm.
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address these issues and provide
an independent confirmation of
the existence of the HP1-PCNA
complex in subnuclear regions
of DNA replication and repair,
we studied interaction between
GFP-PCNA and mCherry-HP1B
fusion proteins by measuring
Forster resonance energy transfer
(FRET) between their fluorescent
tags. FRET was detected by means
of fluorescence lifetime imaging
microscopy (FLIM) (Fig. 1).
Interpretation of the measure-
ments of FRET between PCNA
and HP1B shown in Figure 1, took
into account different dynamic
properties of PCNA (donor) in the
subsequent stages of the cell cycle.
PCNA protein is highly mobile in
nonreplicating nuclei (Fig. 2A and
D). In S phase its large subpopula-
tion is immobilized at replication
foci (Fig. 2B and E). Similarly, a
subpopulation of PCNA is bound
at the sites of locally induced DNA
damage (Fig. 2C and E). In areas
of replicating DNA the mobility of
PCNA could be neglected (Fig. 2B)
and no nonspecific energy transfer
was expected to occur. The FRET
efficiency measured at discrete rep-
lication foci reached 9% (Fig. 1C
and E). This result proves a direct
interaction of a subpopulation of
HP1B with PCNA in the regions
of DNA replication. In the regions
undergoing DNA repair (Fig. 1D),
a subpopulation of PCNA binds
to DNA and remains immobile,
while another fraction behaves as
in nonreplicating cells, i.e., moves
freely. Under these conditions an
energy transfer between PCNA
and HP1P reached the value of 5%
(Fig. 1B), which was similar to the
energy transfer measured between
a tagged PCNA and a freely diffus-
ing mCherry (6%, Fig. 1A). In the
regions undergoing DNA repair,
fluorescence lifetime of the donor
(GFP-PCNA) was shortened by
18% in the presence of the accep-
tor (mCherry-HP1B). To obtain a
specific value of the efficiency of
energy transfer we subtracted the
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value of nonspecific energy transfer from the value measured
at the repair sites. This led to a conclusion that the efficiency
of energy transfer at DNA repair sites reached 12-13%. These
results are consistent with the previously reported engagement
of HP1B and PCNA in a complex involved in DNA repair."
The presence of FRET also corroborates the mutual proximity
between HP1B and PCNA, which was unveiled by the BiFC
studies previously.'

Dynamics of the HP13-PCNA complex in nonreplicating
cells. In order to gain further insight into the interactions between
HP1 and PCNA and the involvement of the complex in nuclear
processes, we used a FRAP approach to assess the mobility and
the bound fractions of HP1 and PCNA tagged individually
with FPs, and compared their dynamics with that of the HP1-
PCNA complex tagged with a reassociated YFP.!" The studies
were performed in nonreplicating and replicating cells, as well as
at DNA repair sites. The postulated interaction between HP1f
and PCNA should result in the same dynamic behavior of the
subpopulations of HP1p and PCNA which form the complex.

In nonreplicating Hela cells the half-time of GFP-PCNA
fluorescence recovery (t,,,) was similar to the t,, measured for
GFP alone (Fig. 2A and D). GFP served as an internal stan-
dard, since it does not bind to any targets and diffuses rapidly.'*'®
As anticipated, the recovery of GFP fluorescence was rapid
(Fig. 2A), almost too fast in comparison with the time resolu-
tion of the recording method used. The mobility of PCNA, a
trimeric protein tagged with GFP, which is at least 4 times larger
than GFP alone, was also very fast. This result indicates a lack
of detectable binding of PCNA to any cellular targets in nonrep-
licating nuclei.”” The difference between half-time recoveries of
PCNA and GFP was not resolved, since the fluorescence of both
tagged proteins recovered too fast for the t , values to be mea-
sured with required accuracy.

HP1B mobility in nonreplicating cells was significantly lower
than that of PCNA or GFP (Fig. 2A). A low mobility of HP1
was expected, considering that HP1 binds dynamically to histone
tails.#20

In nonreplicating nuclei the HP1-PCNA complex was as
dynamic as GFP-HP1p, and far less dynamic than GFP-PCNA
or GFP alone. This difference in mobility may be a consequence
of differences in protein sizes or their binding properties. It is
reasonable to expect that even in nonreplicating nuclei the com-
plex contains not only an HP1 dimer and a PCNA trimer, but
other proteins as well. Therefore, if the complex does not bind
to any targets, the diffusion rates of the complex should be lower
than the rates measured for GFP-PCNA fusion protein (see
Discussion). The differences in binding properties cannot be
ruled out, either. It is possible that even in nonreplicating nuclei
the HP1-PCNA complex does bind transiently to some intranu-
clear targets, while PCNA trimers, which presumably also exist
in cytoplasm and are not engaged in the complex, do not exhibit
any binding interactions. Such a putative binding of the com-
plex would be expected to result in a longer fluorescence recovery
times than PCNA alone, as we have observed.

In addition to measuring the dynamic properties of the
HP1-PCNA complex, we estimated the immobile fractions of
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the individual proteins and the complex. The FRAP curve of
GFP reached plateau at the level of only 87% of the initial flu-
orescence value. This low level of fluorescence recovery could
be interpreted as an evidence of the existence of an immobile
fraction or a result of a loss of a part of the overall pool of the
fluorescently tagged protein during the bleaching insult. Since
GFP is known to exhibit no specific binding interactions,'® this
difference between the initial level of fluorescence and the final
plateau of the FRAP curve cannot be explained by the existence
of an immobile fraction. Considering that in these experiments
a relatively large volume of the nucleus (3 wm x 3 pm area in
the confocal plane) was bleached out, and GFP is very mobile,
the final level of GFP fluorescence recovery must reflect the loss
of a part of the fluorophore population, which occurred during
the bleaching phase of the experiment. A loss of a measurable
part of the entire pool of the HP1-PCNA complex is expected as
well. The plateaus of FRAP curves representing PCNA, HP1B
and the HP1-PCNA complex reached only 78%, 81% and 74%
of the initial fluorescence level, respectively. By analogy to GFP,
we ascribe these incomplete fluorescence recoveries to bleach-
ing out parts of the entire pools of these proteins during the
bleach phase. In conclusion, the FRAP curves revealed no mea-
surable immobile fractions of HP1B, PCNA or the HP1-PCNA
complex in nonreplicating nuclei, and suggest that HP1-PCNA
complex may transiently bind to some target in nonreplicating
cells.

Mobility of the HP1-PCNA complex at replication foci. In
areas of DNA replication almost no recovery of fluorescence of
the HP1-PCNA complex was detected, indicating that the com-
plex was bound during replication, as was the individually tagged
PCNA (Fig. 2B). PCNA engaged in replication factory slides on
DNA;? it is not dynamic and cannot exchange with a mobile
pool, since its detachment requires ATP and RFC complex sup-
port.” The engaged PCNA is expected to detach from DNA and
exchange with a mobile pool only after the replication of a given
stretch of DNA has been completed.* It can be anticipated that
only approximately 30% of the PCNA pool is engaged in replica-
tion at any given time, while the rest remains mobile.” Thus, in
order to specifically measure the mobility of the PCNA engaged
in replication, it was necessary to minimize the influence of its
mobile pool on the observed fluorescence recovery. We achieved
this goal by bleaching out and measuring the fluorescence recov-
ery in the smallest possible volume embracing an individual
replication focus. This task was somewhat complicated by small
sizes of replication foci and by movements of chromatin—the
latter necessitated precise tracking of each replication focus. The
averaged FRAP curve that represents PCNA in Figure 2B shows
the expected lack of protein mobility at replicating regions (while
the mobility of the GFP standard was the same as in nonrep-
licating nuclei). The HP1-PCNA complex investigated at rep-
lication foci by FRAP showed a lack of mobility as well. This
observation confirms that the PCNA which is engaged in the
complex, behaves just as the individually tagged PCNA. Taken
together, these results are consistent with the notion that PCNA
molecules, which are components of the HP1-PCNA complex,
are involved in replication. In addition they strongly suggest that
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Figure 2. Dynamics of HP1B, PCNA and the HP1-PCNA complexes during DNA replication and repair. FRAP curves (A-C) and the averaged recovery
halftimes (D) recorded in experiments on nonreplicating nuclei (A), at replication foci (B) and in DNA repair regions (C). Insets in (A-C) present images
from representative experiments: arrowheads indicate FRAP ROIs (A-C) and sites of DNA damage induced by blue light (C). Mobile and immobile
protein fractions (E) were calculated based on (A-C); Scale bars 5 wm. GFP serves as an internal, highly mobile standard.’®
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HP1B, which is also a component of this complex, has some role
to play in DNA replication.

The mobility of individually tagged HP1f at replication foci
was lower than in nonreplicating cells, but still higher than the
mobility of the HP1-PCNA complex (Fig. 2D). This observation
may seem to contradict the notion that HP1p is a component of
the complex which is bound in the regions of replicating DNA.
However, we note that the recovery of GFP-HP1B fluorescence
is a convolution of two curves representing at least two HP1P
subpopulations, because the bleaching spot (volume), centered
onto the replication focus, unavoidably embraces not only repli-
cating but also nonreplicating DNA. Thus, HP13 FRAP curves
represent not only the putative immobile HP1f subpopulation,
which is bound within HP1-PCNA complex and engaged in rep-
lication, but also the abundant, dynamic HP1 interacting with
histone tails.?® The latter class of HP1B is not associated with
PCNA and likely to represent the majority of the total pool of
HP1B (see Discussion).

The relatively fast initial recovery of GFP-HP1f fluorescence
compared with no recovery of CAG-PCNA and the HP1-PCNA
complex (Fig. 2B) indicates, that most of HP1$ molecules inter-
act dynamically with some nuclear targets, while only a small
proportion of HP1 is engaged with PCNA in a process of rep-
lication. It is therefore reasonable to postulate that, at replication
foci, all PCNA molecules have an HP1 dimer as a partner in
the complex they form, but only a subpopulation of HP1f (most
likely posttranslationally modified) interacts with PCNA and is
involved in replication. These observations confirm our previ-
ous finding, which implicated only a subpopulation of HP1f in
interaction with the PCNA engaged in replication."

Mobility of an HP1-PCNA complex at DNA repair sites.
HP1 recruited to DNA damage sites'>* remains in a complex with
PCNA." It is known that in DNA damage response (DDR) pro-
cesses ubiquitinylated PCNA trimer is involved in RADG repair
pathway.”® However, the role of HP1 in DNA damage signaling
or repair is unknown. In order to establish if HP1 is a stable or an
exchanging, dynamic component of the putative repair complex
with PCNA, we compared the mobilities of HP13, PCNA and
the HP1-PCNA complex in the regions undergoing DNA repair.
It is important to emphasize that, in our approach, local DNA
damage was inflicted without the use of exogenous photosensi-
tizers, i.e., in a way which is different from many experiments
described in literature previously.!"*?* The absence of a photo-
sensitizer is a precondition for undisturbed continuation of repair
processes and noninvasive imaging after the induction of local
damage.” This also applies to the HP1-PCNA dynamic behavior
we describe here.

The plateaus of FRAP curves revealed that, in the regions
of DNA repair, PCNA and the HP1-PCNA complex were
represented by large immobile, bound fractions (64 + 8% and
50 + 15%, respectively, Figure 2C). These PCNA and HP1-
PCNA complex subpopulations represent the molecules recruited
and bound in the DNA repair region.

Despite the presence of large immobile fractions, the ini-
tial rates of fluorescence recovery were high for the individually

tagged PCNA and the HP1-PCNA complex. This suggests that, in
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addition to the recruited and bound subpopulations of PCNA and
the complex, their highly mobile fractions were present in ROl as
well. These mobile subpopulations most likely represent the mol-
ecules that were not associated with the damaged DNA. The pres-
ence of both fractions is a consequence of the fact that the volume,
which is interrogated in FRAP, embraces both the damaged and
the undamaged DNA. Moreover, the number and density of the
DNA lesions created by our approach is low." Under such condi-
tions the damaged region of the nucleus is expected to contain only
a relatively low number of HP1-PCNA complexes and PCNA pro-
teins bound in the region of the damaged DNA and a large number
of the mobile molecules not engaged in response to DNA damage.

The FRAP curve representing HP1B also shows a rapid
initial recovery, suggesting that the bulk of HP1B is mobile
(Fig. 2C). It exchanges and moves at a rate similar to the one
observed in nonreplicating nuclei. However, HP1 would be
expected to have a reduced mobility and some immobile frac-
tion in the region of DNA repair as well, since the HP1-PCNA
complex is bound there, as discussed above. The presence of such
an immobile fraction of HP1 is not clearly detectable in the pla-
teau level of the HP1B FRAP curve, considering that the plateau
of GFP, which has no bound fraction, reaches a similar value.
Note that the slight difference between GFP plateau levels in the
regions of DNA repair and in nonreplicating nuclei is merely a
consequence of different FRAP protocols used in these two types
of experiments. At replication foci the bleached volume was much
smaller than the one in nonreplicating nuclei, in which all of the
studied proteins move rapidly. Thus, the sizes of the parts of the
total fluorescent protein populations, which are bleached out in
the initial stage of these two types of FRAP experiments, are
not the same. We conclude that the immobile fraction of HP1,
which is engaged in a complex with PCNA bound to damaged
DNA, constitutes only a minor subpopulation of the entire pool
of HP1B in the nucleus. Hence, the bound subpopulation is
almost undetectable against the abundant mobile population of
HP1B which interacts with chromatin via histone tails.

The size of the immobile pool of PCNA in the DNA repairing
region (64 + 8%) is very similar to the one of the HP1-PCNA
complex (50 + 15%) (Fig. 2E). The fact that these two values are
not significantly different indicates that most likely all PCNA
which is bound in the region of the damaged chromatin has
an HP1 as a partner in the complex. The same situation was
observed at replication foci.

Discussion

HP1B and PCNA are closely spaced at the replication and DNA
damage sites. PCNA is known to be bound to DNA in replica-
tion sites.” If HP1 is also tightly bound to PCNA in replication
foci, a question arises as to the position and role of this protein
in the replication process. Since HP1f and PCNA are detected
as a complex even in nonreplicating nuclei, it is likely that they
are recruited to replication sites as one entity. Not knowing if
other proteins accompany HP1B and PCNA in this complex, it is
impossible to envisage the position of HP1f in relation to DNA
and PCNA sliding over the DNA strand. The fact that Forster
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resonant transfer of energy between the fluorescent tags attached
to HP1B and PCNA can be detected justifies a notion that the
distance between the two proteins engaged in the complex does
not exceed 10 nanometers. This observation is in agreement with
our previously published data that demonstrated, using the BiFC
assay, that HP1@ and PCNA are in close proximity in a replica-
tion complex.'

HP1B appears to be closely associated with PCNA also in
areas, where local DNA damage has been inflicted. In our experi-
ments the damage had to be sublethal to allow normal repair
processes, and sufficiently severe at the same time to evoke a
detectable recruitment of repair proteins. Thus, a window of
experimental conditions required to induce damage and allow
undisturbed recruitment of the HP1-PCNA complex was very
narrow. A 12—13% Forster resonant transfer detected under these
conditions constitutes convincing evidence in favor of the notion
that both proteins are in close proximity in the recruited HP1-
PCNA complex. The FRAP data reinforce a notion that the com-
plex is bound to DNA at the DNA repair sites.

The donor lifetimes in nonreplicating cells, in replication
foci and in DNA repair regions exhibit detectable differences
(Fig. 1A-D). Fluorescence lifetimes depend on the immedi-
ate molecular environment and the motion of the molecule.’
Considering that PCNA is highly mobile in nonreplicating cells
but immobile in replication and damaged DNA, the three cor-
responding fluorescence lifetimes can be expected to differ. A
strong binding of PCNA to DNA during replication would be
expected to result in a longer fluorescence lifetime. This agrees
with our observation (Fig. 1).

Dynamics of the HP1-PCNA complex in nonreplicating
nuclei. A comparison between the mobilities of the HP1-PCNA
complex and GFP, PCNA and HP1P detected in nonreplicating
cells demonstrates that the complex is less dynamic than PCNA
and GFP and resembles the dynamic behavior of HP1f3. Two
explanations of this result (which are not mutually exclusive) are
possible: (1) the complex is large; it contains not only HP1 and
PCNA but also other proteins, therefore its mobility is restricted;
(2) the complex binds transiently to some nuclear target.

In order to assess the possibility (1) the sizes of the known
components of the complex were estimated. If only one PCNA is
labeled, the whole protein trimer consists of approx. 1,100 amino
acids (aa) (if all three PCNA molecules are labeled, the trimer
consists of more than 1,500 amino acids, but this is a far less
likely case). Similarly, GFP-HP1P dimer amounts to approx.
720 amino acids (and 1,000 aa when both molecules of HP1
are tagged). The HP1-PCNA complex consists of at least 1,500
amino acids. We assume, however, that the complex is likely to
contain other proteins as well, hence it may embrace a lot more
than 1,500 amino acids. In a simplified approach, we can assume
that PCNA trimer, HP1B dimer and the HP1-PCNA complex
fold into a spherical shape with a known radius (r). In a first
approximation a diffusion constant (D) depends only on the size
of the protein complex (D = (1/f)kT, where f = 67 for spheres).
In this case, one should expect at least 1.5-2 times lower diffu-
sion constant of the HPI-PCNA complex in comparison with
the HP1B dimer and a 30% slower diffusion of the complex in
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comparison with the PCNA trimer labeled with one molecule
of GFP. The difference in diffusion constants between the com-
plex and HP1B should be even greater if the complex embraced
other proteins in addition to an HP1@ dimer and a PCNA trimer.
Since, despite the difference in size, the dynamics of the com-
plex is similar to the dynamics of HP1, we postulate that the
size is not the main factor which determines the dynamics of the
complex measured by FRAP. The mobility of the complex may
thus reflect dynamic binding to some intranuclear target. The
hypothesis (2), suggesting that the complex binds to chromatin
via HP1@ as an anchor, should be considered, even though its
independent verification requires further experiments.

Regardless of the existence of binding sites for the HP1-PCNA
complex in nonreplicating cells, an interesting question arises as
to why subpoplulations of these proteins remain in a form of a
complex at the time when no replication takes place. One of the
possible explanations assumes that the complex is pre-assembled
and always ready to assume its role in DNA damage response.
This is plausible, since DNA repair is active even in the absence
of external DNA damaging stimuli. For instance, it has been
demonstrated that endogenous oxidants generate approximately
5,000 DNA single-strand lesions (SSLs) in one cell, during a
single cell cycle of 24 h.% These lesions are efficiently repaired. If
the HP1-PCNA complex is always pre-assembled and involved in
repair of these endogenous DNA lesions, an even more intriguing
question concerns other putative partners of HP1 and PCNA in
such a pre-existing protein assembly.

Dynamics of the HP1-PCNA complex at replication foci.
Although we have shown that fluorescently tagged PCNA and
the HP1-PCNA complex are bound in replication foci and
exhibit no mobility, HP1P apparently shows a relatively high
rate of exchange with the mobile pool. These observations might
seem inconsistent with the notion that HP1 is a component of the
chromatin-bound complex. There is no discrepancy here since
the dynamics of HP1 recorded in replication foci is a convolu-
tion of the behaviors of the bound and the abundant, unbound
forms, as described in Results.

Dynamics of the HP1-PCNA complex at DNA repair sites.
The t,, values obtained for PCNA and the HP1-PCNA complex
at DNA repair sites resemble those calculated in nonreplicating
nuclei. This may seem incompatible with the postulated binding
of the HP1-PCNA complex in the regions of damaged DNA. We
note, however, that in both cases a small bleached out spot was
observed (Fig. 2C, inset, arrowhead) in the first seconds of the
FRAP experiment. This was not the case for GFP, which indicates
that both PCNA and the HP1-PCNA complex were immobilized
within the time scale of the experiment. Subsequent fluorescence
recovery, which we observed, should thus be assigned to a large
mobile fraction.

Because of the size of experimental errors and a complexity
of the system under study, it is not straightforward to estimate
the mobile vs. immobile fraction of HP1B, PCNA and the HP1-
PCNA complex in the regions of DNA repair. FRAP curves
recorded for PCNA and the complex at replication sites can be
considered fairly accurate. Based on these curves, 84% and 89%
of the PCNA and the complex pool, respectively, is bound to
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DNA and forms a pronounced immobile fraction with no signs
of fluorescence recovery. When discussing the proportions of
mobile vs. immobile fractions one can notice (Fig. 2E), that the
values obtained at DNA repair sites for PCNA and the HP1-
PCNA complex fall into the range between the mobile proteins
(GFP and HP1p at repair sites) and the completely immobilized
ones (PCNA and the HP1-PCNA complex at replication foci).
This once again suggests the existence of two differently behav-
ing populations of the complex and is consistent with a notion
that only a subpopulation of the complex detected in the volume
subjected to FRAP is bound and presumably involved in DNA
repair processes.

The role of HP1 in DNA replication and repair. Over two
decades of studies on HP1 protein led to characterization of the
protein main functions. It is now known that HP1 is not only
involved in heterochromatinization and gene silencing, but also
in regulation of gene transcription. The latter role is complex
and most likely involve various, largely unknown mechanisms.
Nevertheless, the recently published list of HP1 interacting part-
ners* suggests that HP1 contributes to all key nuclear processes.
In many cases, the role of HP1 results from posttranslational
modifications of the target molecule or the HP1.%

The results presented in this report support the concept of
multifunctional nature of HP1. We demonstrate new evidence
showing involvement of HP1 in DNA replication and repair. It is
known that HP1 can bind directly to p150 subunit of chromatin
assembly factor 1 (CAF-1) complex,*
pling chromatin assembly to replication and thus for cell prolifer-

which is essential for cou-

ation.”’” The same was reported regarding p150 direct binding to
PCNA.? Thus, it seems plausible that the HP1-PCNA complex
may serve as a loading and supporting platform recruiting vari-
ous factors involved in DNA replication.

Materials and Methods

Cell cultures and transfection. HelLa 21-4 cells were cultured
in Dulbecco’s modified Eagle medium (Sigma-Aldrich, D5523)
supplemented with 10% fetal bovine serum (Sigma-Aldrich,
F7524) and antibiotics. Cells were grown on 18 mm diameter,
0.17 mm thick coverslips (Menzel-Glasser) placed in 12-well
cell culture multiwell plates (TPP). Transient transfections were
performed 24 h after seeding, according to the protocol and
with the use of FuGene HD reagent (Promega Corp., E2311).
Experiments were performed 24-72 h after transfection. Plasmids
encoding GFP-HP1@, GFP-PCNA, mCherry-HP13, YN-PCNA
and YC-HPI1B fusion proteins were described previously." Free
mCherry protein was encoded by pmCherry-N1 (Clontech,
632523) and free GFP by pEGFP-N1 vector (Clontech, 6085-1),
monomerized as described previously.'

We use the term “reassociated YFP” when referring to YFP
composed of two nonfluorescent polypeptides, to which the func-
tional FP was cut as described in Hu et al.*” This manipulation,
known as a BiFC (Bimolecular Fluorescence Complementation)
technique, was used to visualize HP1-PCNA complex (Fig. 2)
using YN-PCNA and YC-HP1 plasmids.

80 Nucleus

Confocal microscopy and analysis. Images were acquired
using a Leica TCS SP5 II SMD confocal system (Leica
Microsystems GmbH) integrated with FCS/FLIM TCSPC
module (PicoQuant GmbH). In all the experiments, a 63x oil
immersion NA 1.4 objective lens was used. During imaging, cells
growing on a coverslip were maintained at 37°C in DMEM-F12
(Sigma-Aldrich, D2906) culture medium supplemented with
2% FBS, without Phenol Red. The confocal pinhole size was set
at 1 Airy unit for FRET-FLIM and at 2 Airy units for FRAP
experiments. Image analysis was performed using LAS AF (Leica
Microsystems GmbH) and SymPhoTime II (PicoQuant GmbH)
software.

Local DNA damage. Local DNA damage was induced as
described previously,' using 405nm pulse laser light; no exog-
enous photosensitizers were used (Fig. 1D and 2C).%!

FRAP protocols and analysis. In FRAP experiments (bleach-
ing and recording) a 100 mW Ar ion laser was used. For each
experiment 3—5 pre-bleach images were collected and pixel size
was set at 96 nm x 96 nm. The experimental conditions of FRAP
experiments are listed in Table 1.

Analysis of the fluorescence recovery curves was performed
as described previously.® Briefly: the background signals were
subtracted from each point in the recorded fluorescence recov-
ery curves. A correction was applied for photobleaching, which
occurred during recording of fluorescence recovery, as described
previously.” The background and photobleaching-corrected
FRAP curves were normalized to the average value of fluores-
cence of the 3-5 pre-bleach images. The levels of post-bleach
fluorescence were normalized to zero value. Fitting of the fluo-
rescence recovery curves was done using the OriginLab software.
The half-recovery times (t,,,
abscissa, at the level where the ordinate values reached a half of
the value of the last fitted point of the FRAP curve (i.e., in the
plateau region). The t,,, values were averaged, and the error value

) were calculated as the value on the

was calculated.

The choice of a particular FRAP protocol was determined
by several factors, including preliminarily estimates of protein
mobility, photobleaching rates and subcellular distribution of a
protein under the selected conditions. The common denomina-
tor of the three groups of FRAP experiments was the free GFP.
The differences in FRAP protocols did not influence the esti-
mates of GFP mobility; this enabled comparisons between t,,
values measured in different the groups.

FRET-FLIM protocols. FRET was detected by measuring
a decrease of fluorescence lifetime of the donor in cells tran-
siently expressing GFP-PCNA (donor-only) or GFP-PCNA
and mCherry-HP1B (donor-acceptor). Monomerized EGFP
(MEGFP) protein was used to overcome problems arising from
dimerization of EGFP. When cotransfected, only cells with simi-
lar levels of fluorescence intensities were selected for analysis. The
concentration of the HP1B fusion protein was estimated to be
approximately three times higher than the tagged PCNA, how-
ever this difference did not influence the value of the detected
resonant transfer of energy.”” In FLIM measurements a 470 nm
pulse laser (40 MHz) and a 500-550 band-pass filter were

used. Fluorescence lifetimes, collected from pixels indicated by
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Table 1. Conditions of FRAP protocols used in experiments in nonreplicating nuclei, replication foci and DNA repair sites

Nonreplicating nuclei

Replication foci

DNA repair sites Parameter

Pre and post bleach

2.36 Hz 4.83 Hz 4.88 Hz .
scanning frequency
GFP-labeled
proteins 244 uW of 488 nm Imaging laser power
(free GFP, Square 3 um X 3 um 1 wm diameter circle ROI
HP1B, PCNA)
For 1.2 sec For 10 ms For 10 ms Bleaching insult
4.6 mW of 488 nm + 1.6 mW of 476 nm 1.8 mW of 488 nm + 600 wW of 476 nm 120 wW of 488 nm 9
2,36 Hz 0.483 Hz 4.88 Hz (recovery) Pre an.d post bleach
0.49 Hz (plateau) scanning frequency
YFP-labeled 680 W of 514 nm Imaging laser power
HP1-PCNA . .
complex Square 3 um X 3 um 1 wm diameter circle ROI
For 1.2 sec For 10 ms For 10 ms

0.95 mW of 496 nm + 4.65 mW of 514 nm

arrowheads on Figure 1, were summed up. The total number
of pixels taken for further analysis was adjusted for each experi-
ment. The baseline level of the decay greater or equal to 10 photon
counts was considered a prerequisite allowing proper curve fitting.
Decays were tail-fitted with a two-exponential decay model using
SymPhoTime II software (PicoQuant GmbH). Energy transfer
was calculated on the basis of the mean fluorescence lifetimes
weighted by amplitudes,* according to the formula E = 1-7, /7.
As a reference, fluorescence decay of fluorescein solution in 70%
EtOH was measured. In all the experiments a monoexponential
tail-fit provided fluorescein lifetime of 3.94 + 0.05 ns.

1.8 mW of 514 nm

210 uW of 514 nm Bleaching insult
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