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ABSTRACT Single-particle tracking has been applied to study chromatin motion in live cells,
revealing a wealth of dynamical behavior of the genomic material once believed to be
relatively static throughout most of the cell cycle. Here we used the dual-color three-
dimensional (3D) double-helix point spread function microscope to study the correlations of
movement between two fluorescently labeled gene loci on either the same or different bud-
ding yeast chromosomes. We performed fast (10 Hz) 3D tracking of the two copies of the
GAL locus in diploid cells in both activating and repressive conditions. As controls, we tracked
pairs of loci along the same chromosome at various separations, as well as transcriptionally
orthogonal genes on different chromosomes. We found that under repressive conditions, the
GAL loci exhibited significantly higher velocity cross-correlations than they did under activat-
ing conditions. This relative increase has potentially important biological implications, as it
might suggest coupling via shared silencing factors or association with decoupled machinery
upon activation. We also found that on the time scale studied (~0.1-30 s), the loci moved with
significantly higher subdiffusive mean square displacement exponents than previously re-
ported, which has implications for the application of polymer theory to chromatin motion in
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eukaryotes.

INTRODUCTION

In recent decades, the application of fluorescence microscopy to
the imaging and tracking of chromatin loci has revealed a wealth
of dynamical information in both eukaryotic and prokaryotic cells.
Although the importance of chromatin positioning and movement
during cell division was documented long ago, the formerly static
picture of chromatin during interphase has undergone extensive
revision. Studies have consistently shown that chromosomal loci
undergo constant random motion during interphase within some
finite volume of confinement (Marshall et al., 1997; Heun et al.,
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2001; Vazquez et al., 2001; Albert et al., 2012). At the same time,
there is increasing evidence that the positioning of eukaryotic
genes and the chromosomes they comprise within the three-di-
mensional (3D) volume of the nucleus is in fact nonrandom. Chro-
mosomes in higher-order eukaryotes are segregated into distinct
subnuclear sections called chromosome territories (Cremer et al.,
2006). Analogous units seem to persist even in the relatively small
nucleus of the model organism budding yeast (Saccharomyces
cerevisiae; Berger et al., 2008). Chromosome conformation cap-
ture techniques have shown that gene loci that are distantly posi-
tioned in linear genetic space can often be clustered in real 3D
space (Lieberman-Aiden et al., 2009; Duan et al., 2010). Intergene
proximity may in some cases be tied to the fact that certain sets of
genes exhibit common transcriptional control. For instance, genes
that are silenced together may be positioned near shared silenc-
ing factors (Gasser et al., 2004). Conversely, genes that are acti-
vated together may cluster near common “transcription factories,”
that is, foci of active RNA polymerases (Sutherland and Bickmore,
2009). However, these aspects are not necessarily present in every
case, and assessment of the generality of these observations is
warranted.
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FIGURE 1: (A) Behavior of the DH-PSF as a function of axial defocus (z]

t=30s t=40s

B) Fluorescence images from the green (top)

and red (bottom) channels at 10-s intervals of one example track pair. Scale bar, 1 ym. (C) The 2D projection of
trajectories from B overlaid on white light image of whole cell. Scale bar, 1 pm.

In certain cases, the positioning and motion of certain loci have
been reported to change in response to transcriptional status. One
well-studied example is the cluster of GAL genes in budding yeast
(i.e., the GAL locus), which consists of three genes (GAL7, GAL10,
and GAL1). These GAL genes are located on chromosome Il and
code for enzymes necessary for the metabolism of galactose. When
the preferred carbon source dextrose is present, the GAL genes are
repressed, and the locus is more often found near the center of the
nucleus, away from the nuclear envelope (in ~60-80% of cells; Caso-
lari et al., 2004; Green et al., 2012). When dextrose is absent and
galactose is available, the genes become activated and are more
often found at the nuclear periphery associated with factors of the
nuclear pore complex (in ~60% of cells; Casolari et al., 2004; Green
et al., 2012). The character of the motion of the GAL locus changes
dramatically in conjunction with this repositioning as its 3D subdif-
fusive movements convert to constrained sliding along the inner
membrane of the nuclear envelope, effectively reducing the dimen-
sionality of the motion (Cabal et al., 2006). Although on the surface
these findings may suggest a gene-gating hypothesis (Blobel, 1985)
as the basis of this repositioning, recent studies suggest a more nu-
anced relationship. For example, the tethering of the GAL locus to
the periphery was shown to diminish initial induction of the genes
and is required for rapid repression after gene inactivation, effec-
tively establishing a negative feedback mechanism (Green et al.,
2012). Furthermore, the interaction of the GAL gene locus with the
SUMO protease Ulp1 at the nuclear pore is important for the proper
regulation of its transcriptional induction (Texari et al., 2013).

Because association with common transcriptional regulators
has been implicated in distant genomic correlations and in the co-
localization of genomic loci in discrete transcriptional factories
(Sutherland and Bickmore, 2009), we sought to examine whether
the two copies of the GAL locus in the nucleus of a diploid yeast
cell showed correlated movements or colocalization in either acti-
vating or repressive conditions. To simultaneously track two gene
loci in live yeast cells, we applied precise, two-color, wide-field 3D
fluorescence localization microscopy using the double-helix point
spread function (DH-PSF) microscope (Pavani et al, 2009;
Thompson et al., 2010). Details of how the DH-PSF works are given
in the references and in Materials and Methods. Briefly, the DH-PSF
microscope enables 3D position estimation from a single image by
converting the light emitted from a single point into two closely
spaced lobes in the image. The lobes assume different angles be-
tween the line connecting their center points and the vertical as a
function of z-position relative to the focal plane (Figure 1A). Thus,
as a tracked locus moves in z, the two lobes in its image revolve
around one another, effectively tracing out a double-helix shape,
without the need for any scanning or image stack recording. From
a single snapshot, it is possible to fit a double-Gaussian function
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(i.e., the sum of two two-dimensional [2D] Gaussians plus a con-
stant offset) to the two lobes using least squares. The midpoint
between the positions of the Gaussians gives the lateral (x, y) posi-
tion, and comparison of the angle of revolution to a calibration
curve gives the z-position, all to within subdiffraction precision.
Previous studies of 3D chromatin tracking in yeast often used
confocal scanning methods (Gartenberg et al., 2004; Bystricky
et al., 2005; Cabal et al., 2006; Neumann et al., 2012), which are
excellent for time-lapse tracking over longer periods of time but
limit the attainable temporal resolution, spatial resolution, and
throughput. As compared with confocal scanning methods, our
wide-field/nonscanning dual-color DH-PSF approach allows for im-
proved temporal resolution (10-Hz imaging rate) and throughput
(~100 cells) over a 2-pm z-range without scanning, enabling the
examination of aspects of the 3D organization and dynamics of
chromatin in living cells with subdiffraction precision.

RESULTS AND DISCUSSION

To conduct simultaneous tracking of the two GAL loci in diploid
yeast, we labeled one copy with the LacO/Lacl-GFP system and the
other with the TetO/TetR-mCherry system (see Figure 2 for the label-
ing schematics described later). We collectively refer to this as a
dual-label, dual-chromosome (DLDC) scheme. As one negative con-
trol, we also conducted experiments in which we simultaneously
tracked only one copy of the GAL locus along with one copy of the
gene PES4 located on chromosome VI, since both the nuclear posi-
tioning and transcriptional regulation of PES4 are unaffected by
growth in galactose (Taddei et al., 2006). Although PES4 and the
GAL locus can be considered transcriptionally independent, they
are both located near the centromere of their respective chromo-
somes (~50 and ~40 kbp, respectively). Different pericentromeric
genes have been shown to exhibit additional correlations during
metaphase, related to their common association with the spindle
pole body (Stephens et al., 2013). Although we attempted to ex-
clude mitotic cells and include only cells in G1 interphase in our
study, we still sought to exclude centromeric effects that could po-
tentially arise due to the default Rabl-like conformation of budding
yeast chromosomes. Therefore, as a second negative control, we
examined correlations in a strain in which one copy of the GAL locus
was labeled and one copy of the nonpericentromeric RPL?A gene
on chromosome VIl was labeled and studied this strain in both dex-
trose and galactose conditions.

As a positive control, we simultaneously labeled two loci at dif-
ferent locations along the same copy of chromosome I, with TetO
repeats integrated at the same region near GAL and LacO repeats
integrated at some distance away. We imaged two such dual-label,
single-chromosome (DLSC) strains with minimal label separations of
~30 and ~108 kbp, respectively, between the center of the TetO
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FIGURE 2: Labeling scheme for each condition imaged. Green star
corresponds to LacO/Lacl-GFP label, and red star corresponds to
TetO/TetR-mCherry label. TetO repeats were integrated at the same
position relative to the GAL locus (<3 kbp from GAL1T) wherever
present. LacO repeats were integrated in the same position (i.e., <3
kbp from GALT) for the DLDC and GFP cross-talk experiments. LacO
repeats are immediately adjacent to the 5" end of PES4 for the GAL/
PES4 experiment. The DLDC and GAL/RPL9A cases were imaged in
galactose and dextrose, whereas all other (control) cases were imaged
in dextrose. Distances between loci and labels in schematic are not
necessarily to scale.

repeats and LacO repeats. Finally, as an ultimate positive control on
the magnitude of estimated correlations we were capable of mea-
suring in the presence of limiting factors such as localization noise
and registration error, we imaged the single copy of the GAL locus
in haploid cells labeled with LacO/Lacl-green fluorescent protein
(GFP) in both the green and red color channels. This was made pos-
sible by the observation that in the absence of red fluorescent pro-
tein to swamp the signal and upon removal of a 600-nm long-pass
filter, the red tail of the GFP emission spectrum was significant
enough to track the GFP-labeled locus in the red channel, given
sufficiently increased pumping intensity. Under the other experi-
mental conditions, the presence of GFP cross-talk could potentially
lead to an artifactual increase in correlations if not treated properly.
Thus care was taken to filter out obvious artifacts and to carefully
bound the effects in more subtle cases (see Materials and Methods,
Supplemental Figure S2, and accompanying Supplemental Mate-
rial). All strains described here were grown and imaged in dextrose,
except the explicitly noted DLDC-galactose and GAL/RPL?A-galac-
tose cases.

Precision of the two-color DH-PSF microscope

Figure 1B depicts images from each fluorescence channel of a sin-
gle example cell at different times during the trajectories. In each
image, we see the two lobes of the DH-PSF on top of a slightly
larger circular background, likely due to unbound fluorescent pro-
teins dispersed throughout the nucleus. Once we fitted the two (x,
y, 2) trajectories of a pair, we registered the tracks in three dimen-
sions by transforming the red channel data into the coordinates of
the green channel using a recently published method (Gahlmann
et al., 2013). Transformation of the red coordinates into the green
coordinates is necessary to be able to enumerate accurately the
distances between loci appearing in each channel and to compen-
sate for the relative geometric transformations incurred between
the two optical paths so that the x, y, and z components of velocities
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properly correspond with one another. The 3D target registration
errors of the transformation were in the range of 10-20 nm, although
an additional bias possibly due to refractive index mismatch also
had to be treated (see Supplemental Figure S1 and accompanying
text in the Supplemental Material). Figure 1C shows a 2D projection
of the registered tracks from Figure 1B overlaid on the white light
image of the cell.

After fitting and filtering as described in Materials and Methods,
we obtained the following numbers of analyzed track pairs in each
condition: NpLpc-dextrose = 110, NDLDC—galactose =104, Ngavpesa= 40,
NGALRPLA-dextrose = 35, NGALRPLOA galactose = 50, NbLsc.30 kbp = 35,
Nbisc-108 kep = 47, @nd Negoss-talk = 122. DLDC-dextrose data were
collected in three separate sets (N1 =53, N, = 37, N3 = 20), and the
DLDC-galactose data were recorded in two sets (N7 =31, N, =73).
The mean track pair length across all conditions was 302 frames
(30.2 5), with SD = 145 frames (14.5 s). The track lengths were mostly
limited by the bleaching of mCherry, which generally gave lower
signal-to-background ratios than did the GFP labels. This fact is re-
flected in the estimated approximate values of localization precision
we obtained: [o,, 6, 0,] = [13, 12, 23 nm] for green and [24, 28,
44 nm] for red. These estimated averages were obtained by calcu-
lating the time-averaged mean square displacement (TAMSD) for
each trajectory and finding the TAMSD-intercept b and slope m
obtained by tracing the line connecting the first two points of the
TAMSD. The following expression gives the localization precision in
terms of b and m (Savin and Doyle, 2005):

_ [bx mte
Ox = 2+6 (1)

where tg is the exposure time of one frame (0.1 s in our case) and
analogous expressions exist for y and z. We stress that these values
are only approximate, since the treatment in Savin and Doyle (2005)
only holds for pure Brownian motion, which was not found to be the
case here (see later discussion). Still, our simulations indicate that
this method should only overestimate the localization precision by a
few nanometers at most (see Supplemental Material). These re-
ported values are the averages of the distributions of errors calcu-
lated from each individual TAMSD. Each condition studied had
slightly different photophysics, and so we also estimated localiza-
tion precision for each case separately (Supplemental Table S2).

Interlocus distances

Cis-acting regulatory elements were recently reported to induce
clustering of distinct gene loci in yeast (Brickner et al., 2012). It was
therefore of interest to investigate whether transcriptional activation
of the GAL loci may induce a similar change in the 3D distance be-
tween the two loci in diploid yeast. To test this hypothesis, we com-
puted the time average of the 3D interlocus distance over the first
10 frames (when signal is highest) of each track pair. These values
were then binned to produce the distributions shown in Figure 3.
Figure 3A shows the probability density functions (PDFs), and Figure
3B shows the associated cumulative distribution functions (CDFs)
under each condition. The narrowly peaked PDF of the cross-talk
experiment (black) gives the lower limit for our estimates of interlo-
cus distance set by localization and registration errors. The mean of
this distribution is <R oss-tal> = 48 £ 2 nm (mean + SEM determined
from 100 bootstrapped samples), which is on the order of what is
expected from the approximate localization errors given in the previ-
ous section. The two DLSC cases both peak to the right of this limit,
in the expected order (mean and SEM rounded to nearest 10 nm):
<RDLSC-30 kbp> =300 + 20 nm and <RDLSC-108 kbp> =430+£40 nm. A
previous study using fluorescence in situ hybridization (FISH) found
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FIGURE 3: Distributions of interlocus distances for each condition.
(A) PDFs with 100-nm binning. (B) CDFs with 100-nm binning. Dashed
lines give + SEM for each bin as determined from 100 bootstrapped
samples.

results similar to our DLSC-108 kbp case for yeast loci separated
by a similar genomic distance along chromosome VI (436 nm for
103-kbp separation; Bystricky et al., 2004). However, a pair of loci
separated by 30 kbp in Bystricky et al. (2004) was reported to have
an average Euclidean separation of ~160-190 nm, somewhat smaller
than the DLSC-30 kbp case we found here. Possible reasons for this
discrepancy are several. First, the FISH portion of their study re-
ported distances from a single 2D confocal section. This procedure
could cause deflation of the true Euclidean value, since the z-extent
of a confocal section (i.e., depth of focus, ~500-700 nm) is nonzero
due to diffraction. Second, the differences in labels may contribute,
since the TetO and LacO inserts themselves have a nonnegligible
length and could conceivably affect the compaction of the chroma-
tin differently than the FISH probes used in Bystricky et al. (2004).
Note that this finite label size and integration method also makes
our estimates of minimal genomic distance approximate, which
should discourage overinterpretation of this aspect of our results
beyond a validation of the two-color DH-PSF microscope in explor-
ing the flexibility of the chromatin fiber. We also note that residual
registration and localization error will falsely inflate the computed
distances and that this error will have a greater relative effect on
more closely separated loci. Finally, the difference may be explained
in part by heterogeneity of chromatin compaction. The relevant por-
tion of Bystricky et al. (2004) only dealt with chromosomes V, VI, and
XIV, whereas we looked at chromosome II. In any case, it is interest-
ing that the distribution of Rpisc.108 kbp is Noticeably broader than
that of RpLsc.30 kbp- As the distance between loci on the same chro-
matin fiber becomes significantly larger than the persistence length
of the polymer (170-220 nm according to Bystricky et al., 2004), the
floppier section can access more conformations covering larger
separations.

In contrast to the DLSC strains, the interlocus distributions of
the DLDC and GAL/PES4 cases are significantly broader over the
range ~200 nm to ~1.5 pm (Figure 3A), the upper bound of which
corresponds roughly to the average radius of the diploid nucleus
(Marshall et al., 1997). The large widths of these PDFs are re-
flected in the linearity of the CDFs (Figure 3B). There does not
appear to be a very clear difference among the three, and the
average values of each distribution are remarkably similar:
<RbLDC-dextrose™> = 750 £ 30 nm, <RDLDC—gaIactose> =750 £ 40 nm,
and <Rgaipess> = 750 £ 40 nm. These results suggest that on
average there is not a strong preference for the colocalization of
both copies of the GAL locus, regardless of transcriptional status.
However, the mean value of 750 nm is about half the mean sepa-
ration one would expect from two uncorrelated points distributed
uniformly throughout a sphere of radius 1.5 pm, indicating a
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propensity for the two copies of each of the GAL locus and PES4 to
be within the same nuclear subvolume. This observation is not sur-
prising, since chromatin is known not to be distributed uniformly
throughout the nucleus (Berger et al., 2008). In fact, as previously
mentioned, both the GAL locus and PES4 are fairly close to the cen-
tromeres of their chromosomes, and budding yeast centromeres are
anchored to the spindle pole body throughout interphase. By con-
trast, the distributions corresponding to the GAL/RPL?A-dextrose
and GAL/RPL9A-galactose cases give correspondingly larger interlo-
cus distances between the GAL locus and a nonpericentromeric
locus. Mean distances for these cases are <RGAi/RPLIA-dextross™ =
870 + 50 nm and <RGAL/RPL9A—ga|actose> =910+ 50 nm.

Velocity cross-correlations

Although transcriptional activation of the GAL loci in galactose does
not seem to augment the likelihood of colocalization on average,
we examined whether transcriptional activation leads to an increase
in correlated movements, perhaps through transient association
with shared transcriptional machinery (Fraser and Bickmore, 2007).
To address this, we first developed a robust methodology to analyze
the correlated movements of the distinctly labeled loci in our vari-
ous strains. When tracking with discrete time steps, one does not
have access to the true instantaneous velocities of the particles but
instead the average velocities over a given time interval. The small-
est such time interval possible, 8, is given by the inverse of the
frame rate (8,in = tg = 0.1 s in our case). However, it is useful to de-
fine average velocity more generally, since more interesting infor-
mation might emerge by looking at displacements over integer
multiples of 8. Thus we define velocity over time interval § para-
metrically as follows:

VO (i) = x(ti, +56)—X(tfn) @

where tj, is the time of the i;th frame of the nth track pair, and cor-
responding equations hold for the y and z dimensions. With this
definition of velocity, we can define the components of the average
velocity cross-correlation at time lag t between the green (g) and
red (r) channels as a time-dependent Pearson correlation coefficient
as follows:

8) (+. Vv (8)(t _{y®)(t. ) (+.
C(g")(é‘),r) _ <Vx,g(t!m )Vx, (ti, + T)> <V><,z6(trn )> <VX,r(tln )> 3

)
ve SD(v{h(ti,)) SD (v (ti,))

where corresponding equations hold for y and z. We equate the
total velocity cross-correlation, cl9 to the average value of those
of the three individual dimensions. Note that we have a choice in
calculating the averages denoted by the angle brackets and implicit
in the SDs of Eq. 2. If we simply average over i, separately for each
individual track pair n, then we obtain the full distribution of the
ensemble of time-averaged velocity cross-correlations (TAVCCs). If
we instead sum over all i, and all n before dividing by the total num-
ber of terms, we get a time-ensemble-averaged velocity cross-
correlation (T-EAVCC), which has superior statistics due to increased
averaging but does not allow access to the full distribution. We ad-
dress both the TAVCC and the T-EAVCC here. Note that given suf-
ficient averaging, the subtracted term in the numerator of Eq. 3
should evaluate to 0. However, we chose to leave it in our calcula-
tion since for short tracks, a large random step in one channel could
falsely inflate the correlation otherwise. Note also that the de-
nominator of Eq. 3 is proportional to the geometric mean of the
mean square displacements (MSDs) in the two channels. We include
this factor in order to scale away any differences in the calculated
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cross-correlation between different conditions that might arise sim-
ply because the loci are more mobile in one condition than in an-
other. For instance, since the MSD of the GAL locus in dextrose is
larger than that in galactose (Cabal et al., 2006), not including the
denominator in Eq. 3 would otherwise automatically inflate C{2"” in
dextrose relative to that in galactose. Whether or not to include this
effect in our calculation of C®" is somewhat subjective, and so we
explored a different metric for velocity correlation in the Supple-
mental Material (Supplemental Figures S3 and S4 and accompany-
ing text). Note that C9" as defined in Eqg. 3 liesin the interval [-1, 1].
However, the denominator of Eq. 3 contains extra terms due to fi-
nite localization error (see Mean-squared displacement and velocity
autocorrelation section), and so the maximum C9" calculated will
actually be <1.

We first consider the T-EAVCC version and its time dependence.
Figure 4, A and B, shows the time-ensemble-averaged version of
C\(,g'r) as a function of time lag 7 for fixed values of =1 and 5 s, re-
spectively, for all conditions studied. Analogous plots for all & pro-
duced by integral increments used between 1 and 10 s are shown in
Supplemental Figure S5. Note that each plot consists of a positive
peak at T =0 and decay to near zero on either side. Note that two
objects undergoing uncorrelated random motion would have zero
correlation at all 1. The positive peak at T =0 indicates that on aver-
age the velocity step occurring in the green channel at a given time
is positively correlated with the velocity step occurring in the red
channel at the same time. In other words, a kick of one locus is ac-
companied by a similar kick of the other locus around the same
time, suggesting coupling between the two objects. Such behavior
is not necessarily expected for two separate chromosomes; it is
therefore somewhat surprising that we see a weak but significant
correlation at T = 0 even for our negative controls GAL/PES4 and
GAL/RPL9A. The discernible negative-going peaks at T =3 in the
cross-talk data are most likely a consequence of the elasticity of
the medium (see Mean-squared displacement and velocity autocor-
relation section), which is a well-documented effect for bacterial
chromosomal loci (Weber et al., 2010a). The deviations from zero at
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large |1 for the other conditions in Figure 4B are due to diminished
averaging at these points. Note that the |1] at which the correlation
curves decay to 0 is dependent on § due to the inclusion of overlap-
ping time intervals in our average.

Thus the most interesting point to focus on is at 1= 0, and so we
extract and display these points for various & in Figure 4C. Note that
the correlations become larger for increasing 3, in part because the
magnitude of the correlated movements becomes sufficiently larger
than the localization error (Supplemental Figure S8 and accompany-
ing text). The first question to address is why each condition displays
a positive peak at T =0, even in the cases of GAL/PES4 and GAL/
RPL9A, despite the lack of evidence for high average colocalization.
One could imagine a coupling mechanism that might allow for even
noncolocalized loci to exhibit correlations due to entanglement of
the chromosome polymers at points of contact located some dis-
tance away. In addition, force from the cytoskeleton (Koszul et al.,
2008) acting on local chromatin regions could contribute to our ob-
servations. Consistent with these findings, positive correlations of
chromatin movement have been shown to persist in mammalian nu-
clei across 4-5 pm over the course of several seconds (Zidovska
et al., 2013) and between opposite telomeres of certain budding
yeast chromosomes (Bystricky et al., 2005).

Although positive correlations seem explicable by the foregoing
logic, we must also consider the possible effects of nuclear motion.
During the time scale we studied (up to ~30 s), a previous report
concluded that nuclear rotation was insignificant based on fluores-
cence recovery after photobleaching (FRAP) data (Bystricky et al.,
2005). However, many yeast chromatin- tracking studies account for
nuclear translations by staining the whole nucleus or nuclear enve-
lope and subtracting its movements (Marshall et al., 1997; Sage,
2005; Cabal et al., 2006). We did not do so here since our two color
channels were occupied by signal from the loci themselves. Al-
though we feel that nuclear translation should be less significant on
our relatively short time scale than on the time scales typically used
in time-lapse studies (>10 min), we cannot rule out its effects com-
pletely. Thus we emphasize that the main conclusions drawn from
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this study should rely on the differences between correlations across
the conditions. In other words, even if nuclear translation produced
some baseline level of positive correlations in all experiments, it is
unlikely to account for the fact that, for example, we see significantly
higher correlations in the DLDC-dextrose case than the GAL/PES4
case, despite their being in the same carbon source and having
similar pericentromeric positioning. Furthermore, we think it is un-
likely that nuclear motion can account for all of the positive correla-
tions observed in even the GAL/PES4 case, for example, since we
observe individual track pairs whose TAVCC curves peak away from
7 =0. This type of behavior seems to indicate a finite response time
of the correlated movement that is not explicable by the global
translation of the nucleus alone. We give an example of such behav-
ior and explain the implications in more depth in the next section.

Another striking feature of the plots in Figure 4, A and B, is the
large separation between the upper limit set by the cross-talk data
and the DLSC-30 kbp case. This difference underscores the flexibil-
ity of the chromatin polymer. Biological implications of this observa-
tion include the fact that genes positioned in adjacent linear space
may yet concurrently access distinct subnuclear domains, consistent
with gene looping (de Laat and Grosveld, 2003; Fraser and Bickmore,
2007) and HiC data (Lieberman-Aiden et al., 2009; Duan et al.,
2010). The same flexibility may also enhance or augment boundary
activity by permitting genes to elude the spreading of proximal tran-
scriptional activation or silencing (Ishii et al., 2002; Meneghini et al.,
2003). The ordering of C{9" values makes sense in that between the
DLSC cases, closer genomic and spatial separation means higher
correlations, and both the DLSC cases display higher correlations
than the cases in which the loci are on separate chromosomes.

Parsing the DLDC, GAL/PES4, and GAL/RPLYA data more closely
reveals interesting results. We see that the average DLDC-galactose
correlations are essentially indistinguishable from our negative con-
trols in dextrose, whereas the DLDC-dextrose correlations become
more like those of the DLSC-108 kbp case at larger §, thus demon-
strating a significant difference between the DLDC-dextrose and
DLDC-galactose cases. Pulling numbers from Figure 4, B and C, we
see that indeed at 8 5sandt=0, Cv BLDC.dextrose = 0-27 £0.02 is
comparable to C{%lsc jogep = 0-33 £ 0. 04 and Ci¥lnc.galactose =
0.16 £ 0.02 is in turn more similar to Cv eapesa = 0.16 £ 0.03 and
C% RpLondextrose = 0-15 * 0.02 (mean + SEM calculated from 10
bootstrapped samples of N track pairs). To get an indication of the
repeatability of these values, we can inspect the T-EAVCC values of
the three sets of DLDC-dextrose and two sets of DLDC galactose
separately. For 8 = 2 s and 1 = 0, we have [C$$?,C$",C9"] =
[0.19 £ 0.04, 0.17 £ 0.02, 0.18 + 0.02] for the DLDC-dextrose case
and [C9",C97] = 0.11 £ 0.02, 0.11 + 0.02] for DLDC-galactose,
indicating excellent repeatability despite only a modest disparity
between the conditions for this smaller 8. For 8=5s and t1=0, we
have [C'9”,C'9",Cl9"1=10.27 0. 03 o 28+ 0.03, 0.23 + 0.07] for
the DLDC dextrose case and [CV1 ,C ] [0.13 + 0.04, 0.17 +
0.02] for DLDC-galactose, indicating reasonable repeatability in
each. Note that for § = 5 s, the DLDC-dextrose set with the lowest
Cl9M is also the set with the lowest N value (20) overall and thus the
highest error in the mean. Figure 4C shows that the gap between
DLDC-dextrose and DLDC-galactose widens as § increases. How-
ever, the agreement among sets within each case becomes less
convincing at larger & due to insufficient averaging (Supplemental
Figures S6 and S7).

Consequently, although we originally hypothesized that tran-
scriptional activation would confer heightened correlative motion,
our data instead suggest, at least for the GAL locus, that repression
(in dextrose) moderately yet significantly increases such movements
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relative to activating conditions (in galactose). This increase in cor-
relative motion could be induced through shared factors responsi-
ble for transcriptional repression of the GAL loci, including Gal80
and Mig1 (Johnston et al., 1994). The fact that the increase in aver-
age correlations is not commensurate with an increase in average
interlocus distance, however, indicates that the mechanism is likely
more complex than simple association with the same concentrated
focus of these factors. If the correlative motion in dextrose repre-
sents the actual baseline of such motion between the two GAL loci,
this would indicate that activation in galactose impedes correlative
movement. This would be supported, for instance, if the individual
GAL loci associate with distinct nuclear pores upon transcriptional
activation (Casolari et al., 2004; Cabal et al., 2006; Green et al.,
2012). Association with a nuclear pore complex might be accompa-
nied by disentanglement of chromosome Il near the GAL locus from
neighboring chromosomes, which could enable more independent
motion.

The notion that the heightened correlations seen in DLDC-dex-
trose may be a result of a more generic combination of pericentro-
meric gene positioning (Stephens et al., 2013) and global motions
in this carbon source is challenged by the fact that GAL/PES4 shows
significantly lower correlations also in dextrose despite both of these
loci also being located near centromeres. One might suspect that
the residual positive correlation seen for GAL/PES4 may be in part
due to centromeric proximity, but the fact that GAL/RPLA-dextrose
displays the same correlations for § = 5 s suggests that this residue
has an alternate main cause. Instead, these residual correlations
could be due to nuclear motion, as already explained, and so we
here reiterate that the relative values of the correlations are the im-
portant metrics. We do note, however, that the correlations for GAL/
RPL9A-galactose are somewhat lower still (0.10 £ 0.02 for 8§ =5 s),
perhaps lowering the bound for the contribution of nuclear motion,
although the carbon source could have an effect on the motion of
the nucleus itself. Any such possible global effect of carbon source
still does not discount our conclusion that GAL/GAL correlations are
unique when taken with the results of our negative controls in dex-
trose. In any case, it is clear that more experiments are necessary to
elucidate the true drivers and impediments of correlative motion.

Next, we consider the time-averaged version of C{&" (TAVCQ),
which allows us to access the ensemble distributions of correlations
for each condition. The resulting CDFs for § =1 s and 5 s are given
in Figure 4, D and E, respectively. Again we see a gap between the
cross-talk data and the DLSC data and between the DLSC data and
the separate chromosome data. The difference between DLDC-
dextrose and DLDC-galactose is less readily apparent than in the
T-EAVCC. This is due to the fact that by only time averaging each
track pair and then binning the results, we are placing equal weight
on shorter, noisier tracks as we are on longer, less noisy tracks. Noisy
tracks will tend to have lower C{&"since the denominator in Eq. 3
is larger. Thus the center of these distributions is deflated, which
condenses the gap between the conditions. Shorter tracks will
broaden these distributions, which also diminishes the gap between
conditions.

Calculating the TAVCC for each track pair also allows us to exam-
ine the relationship between C{#" and interlocus distance, R. This is
illustrated in the scatter plots in Figure 4, Fand G, for§=1sand5s,
respectively. The relationship appears to be nontrivial, as interlocus
distance seems to decrease with increasing TAVCC. We can quantify
this apparent correlation by pooling the cases together (leaving out
the cross-talk data that are bunched at low R) and calculating the
Pearson correlation coefficient, p, between the variables ce" and
R. Note that one would not expect a correlation of —1 even in the
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FIGURE 5: Data from two example track pairs. (A-C) Velocity
trajectories of a highly correlated example from the DLDC-dextrose
case in each dimension, for 8 =5 s. Green lines correspond to the
track from the green fluorescence channel, and red lines to the track
from the red fluorescence channel. (D) The time-average velocity
cross-correlation of the same track pair as in A-C. (E-G) Same as in
A-C but for a different track pair from the DLDC-galactose case,
which exhibits low correlations. (H) Same as in D but for the track pair
addressed in E-G. (I) The 3D position trajectories of loci from E-H,
color coded in time.

absence of statistical noise since the correlations should decay to 0
at large R, not continue along a straight line into negative values.
Ford=1s, we get p=-0.58 £ 0.03 (mean + SEM determined from
100 bootstrapped samples); for §=5s, we get p=-0.44 £ 0.04. The
presence of a negative correlation makes sense since we would ex-
pect that chromosome segments containing loci that are closer to-
gether are more likely to become entangled with one another and
pull each other around. This further speaks to the fact that our main
results are likely not artifacts of nuclear translation since a translation
of the whole nucleus should translate all points within it by the same
amount, at least by the same assumptions that allow one to subtract
the motion of the nuclear center of mass as in other studies.

Interesting single-track-pair examples

During the course of our analysis, we observed individual instances
of fascinating behavior between distinct chromosomal loci. Of im-
portance, our single-particle tracking approach allows us to highlight
prominent track pairs that exhibit either high or low C®". Supple-
mental Movies S1-54 show four such example track pairs that exhibit
the range of correlations. Data from one such highly correlated
DLDC-dextrose example are shown in Figure 5, A-D. Figure 5, A-C,
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shows the x-, y-, and z-projections of the velocity trajectories in the
green and red channels as calculated for 8 =5 s. The x- and z-projec-
tions of both loci appear to exhibit notable pseudo-oscillatory be-
havior (Pliss et al., 2013). Of interest, however, there seems to be a
phase lag between the pseudo-oscillations of the loci, as in this par-
ticular case the red-tagged locus leads the green-tagged locus. This
fact is further demonstrated by calculating the TAVCC, which is plot-
ted in Figure 5D. Here we see a large peak (>0.5) centered near
T=2s, indicating ~2-s response time between the leading red locus
and the lagging green locus. Of course, there is no biological reason
why the red should always lead the green, and so the ensemble
contains track pairs that show the reverse relation just as often, giv-
ing rise to the symmetric T-EAVCC shown in Figure 4, A and B. An
example from the DLDC case that shows a significant positive peak
for T < O is given in Supplemental Figure S14.

Figure 5, E-l, depicts an example track pair from the DLDC-ga-
lactose condition with particularly low correlations. No obvious
qualitative relation between the velocity trajectories is apparent in
Figure 5, E-G, in contrast to the previous example. This is quantified
by the relatively flat TAVCC curve in Figure 5H. Figure 5| shows the
3D position trajectories traced by this locus pair color coded with
time. The plot is rotated to a particularly suggestive view, from which
the two loci appear as though they follow the curvature of the nu-
clear envelope, as reported previously when the GAL locus becomes
associated with factors of the NPC (Cabal et al., 2006). The full 3D
reconstruction is shown in Supplemental Figure S15, which can be
rotated interactively. Strikingly, the two loci appear to be associated
at distinct regions of the envelope. We also saw examples of locus
pairs that qualitatively seemed to associate at overlapping regions
of the envelope (Supplemental Figures S16 and S17), with TAVCC
values >0.2. However, the identification of peripheral association by
track curvature is admittedly subjective, and more careful quantita-
tion must be done by labeling the periphery in a third color, for ex-
ample, before any strong conclusions can be made on this
observation.

Mean-squared displacement and velocity autocorrelation
Numerous chromatin-tracking studies in yeast and other organisms
have examined the MSDs of tagged loci to identify characteristic
motion. The MSD is defined by

?) )

where 7 is the 3D position, and again we have a choice in how we
compute the average denoted by the angle brackets; we chose to
pool displacements from all tracks and compute a total time-ensem-
ble average akin to the T-EAVCC described earlier in order to obtain
sufficient averaging. Unsurprisingly, previous studies found these
MSDs to increase initially before plateauing at longer times due to
confinement of the loci within subregions of the nucleus (Marshall
et al., 1997; Heun et al., 2001; Drubin et al., 2006; Neumann et al.,
2012). At times before this confinement becomes apparent, loci ap-
pear to move subdiffusively, that is, their MSDs are proportional to
8% for some o € (0,1). Bacterial chromosomal loci tend to exhibit o, ~
0.4 rather ubiquitously (Weber et al., 2010a; Javer et al., 2013). Pre-
vious studies in yeast determined o values around 0.5 for various
loci (Hajjoul et al., 2013), and one early tracking study of the GAL
locus reported o within the range 0.4-0.5 (Cabal et al., 2006). Thus
we were surprised to find values of o= 0.75 for dextrose and o =
0.64 in galactose from analysis of the MSD (Figure 6, A and B) of the
GAL locus in our studly, indicating a higher degree of diffusivity than
previously believed, at least on this time scale. Data shown here are

MSD(@) = ([F (t;, +8)7(t;)
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FIGURE 6: MSD and velocity autocorrelations for DLDC data.

(A) Time-ensemble-averaged MSD for DLDC-dextrose (blue dots)
and DLDC-galactose (red dots) plotted on linear scale. Upper bounds
of contribution of nuclear translation to total MSD calculated as
described in the Supplemental Material for dextrose (dashed blue
line) and galactose (dashed red line). (B) Time-ensemble-averaged
MSD for DLDC-dextrose (blue dots) and DLDC-galactose (red dots)
plotted on log-log scale over the time scale used for subdiffusive
parameter estimation. Fitted lines are overlaid in black, giving
estimated parameters of D* = 0.0020 and o.= 0.75 for dextrose
and D* = 0.0018 and o. = 0.64 for galactose. (C) Scaled velocity
autocorrelation for DLDC-dextrose for § on the interval [1, 10 s] at
0.1-s intervals. Curve fitting to Eq. 6 gives solid black line. (D) Same
as in C but for DLDC-galactose.

taken only from the green channel since the signal-to-noise ratio
(SNR) was markedly better. The values do not change significantly if
we analyze the MSD averaged only with nonoverlapping frame in-
tervals as well (Supplemental Figure S10 and Table S4). This finding
also did not seem to be related to ploidy, as tracking in haploids
gave o.=0.77 in dextrose (Table S3). Furthermore, all loci in the vari-
ous strains tracked in this study showed o values between 0.6 and
0.75 (Supplemental Figure S9 and Supplemental Table S3), indicat-
ing that this behavior is more general than just applying to the
GAL locus or pericentromeric loci alone. In light of this surprising
result, we performed a control experiment in which we tracked
freely diffusing fluorescent beads in 90% glycerol/water solution
(Supplemental Figure S12) using the same experimental apparatus.
With the same analysis software, we estimated o = 0.98, consistent
with the expected result of a.= 1. The larger a: values also cannot be
explained by the translation of the nucleus, since our dual-locus
tracking scheme allowed us to bound the nuclear contribution to
the MSD. Namely, we can set a bound for the contribution of nu-
clear translation to the apparent MSD by calculating the “cross
MSD” (CMSD),

CMSD(3) = {(Fo(ti, +8)~Tg(ti,)) - (7 (ti, +8) 7 (t:,))) (5)

where the subscripts g and r denote green and red channels, respec-
tively. (CMSD is related to the mean-squared relative displacement
between loci; see Supplemental Figure S11 and accompanying text.)
In the Supplemental Material we give a complete derivation of the
fact that the CMSD is an upper bound for MSDy,, that is, the nuclear
contribution to the apparent MSD. We also show in the Supplemen-
tal Material that the apparent MSD is the sum of the true locus MSD
(i.e., corrected for nuclear translation) and MSDy. Therefore subtract-
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ing CMSD from our apparent MSDs gives a bound for the effect of
nuclear translation on our estimation of o. Figure 6A shows clearly
that the MSD of the GAL locus is well above the upper bound of the
nuclear MSD (dashed lines) in both dextrose and galactose. The
dashed lines in Figure 6A were found by calculating the CMSD for
each strain/experimental condition and then ascribing the lowest
curves occurring in dextrose (GAL/PES4) and galactose (GAL/RPLA-
galactose) as the limiting behavior. Subtracting this upper bound did
not change the fundamental observation of higher estimated o val-
ues than previously reported. For instance, we still found o.=0.71 in
dextrose after removing this bound. Although this treatment does
not explicitly rule out a contribution from nuclear rotation, we note
that previous studies that found lower o values also did not treat this,
so it is unlikely to explain the difference.

Several factors can possibly account for the apparent discrep-
ancy in o for the GAL locus in comparison to previous reports. First,
and perhaps most important, it has been reported that finite local-
ization error causes false deflation of a. if not properly accounted for
(Martin et al., 2002; Kepten et al., 2013). It is widely known that lo-
calization error produces a constant offset in the MSD for pure
Brownian motion (i.e., .= 1; Savin and Doyle, 2005). However, it can
easily be shown that this constant offset will also manifest itself for
subdiffusive motion (see Supplemental Material), despite the fact
that it is rarely addressed in biological applications. Thus fitting an
MSD curve to the form 6D*3* (where D* is a constant) without allow-
ing for a constant offset will cause an underestimation of o.. A previ-
ous study over a comparable time scale in Hela cells that did allow
for a constant offset found a similar oo = 0.71 (Zidovska et al., 2013).
Typically, fitting is done on the log-log scale, in which case, the slope
of the resulting line becomes the estimate for a.. In such a plot, the
effect of localization error is to bend the line toward lower slopes at
early times (Martin et al., 2002). Such a bend is obvious if the track-
ing study takes place over multiple orders of magnitude relative to
the frame interval and there is sufficient statistics available. How-
ever, if this is not the case, the manifestation of this problem may be
difficult to discern. In our study, we fitted the MSD on a time range
over which the curves were linear (1-10 s), after the bend due to fi-
nite localization error but before the nonlinearity that appears at
longer times due to insufficient averaging (Figure 6B and Supple-
mental Figure S9).

The second factor that might contribute to the discrepancy with
previous findings is the fact that we are tracking only the loci on
shorter time scales, before they have a chance to sense their sub-
nuclear confinement. Confinement will cause a kink in the log-log
MSD curve that is easily detectable, given sufficient temporal sam-
pling and statistics, but again can be harder to detect otherwise. To
confirm that the combination of localization error and confinement
could account for the lower values for o found in a previous, we
simulated trajectories as fractional Brownian motions (fBm; see dis-
cussion below and Supplemental Material) with subdiffusive param-
eters informed by our findings (0.=0.75, D* =0.0021) and the frame
interval, time scale, and localization error used in Cabal et al. (2006;
see Supplemental Material for simulation details). We applied a ra-
dius of confinement of 500 nm, consistent with the size of the GAL
locus gene territory found in Berger et al. (2008). Indeed, we found
that this produced an underestimation of oo = 0.45. It should be
made clear that this finding does not discount the main results of
Cabal et al. (2006) since the thrust there was to compare behavior
between activated and repressed loci, not to provide absolute esti-
mates of . However, it does suggest caution when interpreting
these o values and, for instance, attempting to infer the polymeric
characteristics of the chromosome from them.
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A third factor that could contribute to the apparent o inconsis-
tency is the possibility that some aspects of chromatin motion may
show differences in different strain backgrounds. Preliminary data
indicate that tracking of the GAL locus in a different S. cerevisiae
strain, W303, consistently gives oo = 0.6. This value is still higher than
that previously reported (Cabal et al., 2006; Hajjoul et al., 2013; and
still “super-Rousean”—see later discussion) but lower than most of
the loci tracked in the present study with background strain S288c.
This heritability effect is a topic of future investigation. We further
note that the labeling scheme could have an effect on the character
of motion, possibly by influencing the local state of chromatin com-
paction. However, the TetO and LacO schemes used here have also
been the primary labeling methods in most other locus-tracking
studies in yeast, including those that have reported lower o values
(Cabal et al., 2006; Hajjoul et al., 2013). Finally, although our analysis
only included cells identified as G1 in brightfield images, our study
would have been strengthened by a third marker that clearly delin-
eates the morphology of the nucleus for more robust cell cycle
classification.

The seemingly universal o.= 0.4 found for bacterial chromosomal
loci is very likely a true description of the motion since time sam-
pling and statistics have been excellent in these studies (Weber
etal., 2010a; Javer et al., 2013). This does not necessarily mean that
one should expect the yeast nucleus to exhibit the same scaling,
since its organization is fundamentally different. Although a number
of types of motion can produce subdiffusion, including the continu-
ous-time random walk (in which a particle exhibits jumps punctu-
ated by a broad distribution of waiting times due to, e.g., transient
binding events) and obstructed diffusion (due to random encoun-
ters with obstacles), these bacterial loci have been shown to exhibit
characteristics consistent with fractional Brownian motion (fBm). fBm
is the mean-zero Gaussian process that is both self-similar and sta-
tionary, and a one-dimensional fBm trajectory x(t) is characterized by
the covariance function defined as (Dieker, 2004)

(x(t1)x(t2)) = D*(l tl* 1t 1* —lt1—t2 |°‘) (6)

Setting o. = 1 in Eq. 6 recovers the familiar independent-incre-
ment pure Brownian motion, whereas setting o. < 1 produces subdif-
fusive motion with correlated increments. Such motion can be pro-
duced when an object diffuses through a viscoelastic medium. From
Eq. 6, one can derive the scaled velocity autocorrelation function,

CIs, 1 E<V(8)“)'V(8)(m)>:1[(%+1)u—2(§)a+‘1‘%u}
o)

C‘(/auto)(g),,[ =0) <|\7(5)(t)|2> 2

Thus, by computing the scaled velocity autocorrelation function
and fitting to Eq. 7 as described in Weber et al. (2012), we can as-
sess whether the GAL locus in yeast exhibits fBm as bacterial loci
do. The scaled velocity autocorrelation is plotted as a function of
/8 for the dextrose case (Figure 6C) and the galactose case (Figure
6D; as calculated from data acquired in the green channel due to
superior SNR) for all & on the interval [1, 10 s] at 0.1-s increments
(larger & introduces artifacts due to poor averaging). We see rea-
sonable fits to Eq. 7 with o as the only free parameter (Figure 6, C
and D), producing estimates of o.=0.70 in dextrose and o.= 0.62 in
galactose, in decent agreement with the values determined from
fitting the MSD (o = 0.75 and o = 0.64, respectively). Qualitatively,
the persistent negative peak at 1/8 = 1 is a signature of the “push-
back” of the elastic medium. A negative peak due to localization
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error would decay for increasing 8, whereas a negative peak due to
confinement would grow with increasing 8 to a constant -z (Weber
et al., 2012). Thus we conclude that the motion of the GAL locus is
well described as an fBm process, in congruence with findings in
bacteria. This has potentially interesting implications for the appli-
cation of polymer theory to chromatin dynamics. The fBm of bacte-
rial loci was found to be consistent with a simple Rouse polymer in
a viscoelastic medium, which can give rise to o < 0.5 (Weber et al.,
2010b). Such a model cannot explain o > 0.5 that we observed,
however, and so future work must be carried out to explain such a
“super-Rousean” result. A possible explanation for the observed
behavior could come from a contribution from active (i.e., ATP-de-
pendent) processes, which were observed in some previous chro-
matin dynamics studies (Marshall et al., 1997, Heun et al., 2001;
Neumann et al., 2012; Javer et al., 2014). However, previous work
in Escherichia coli and on the LEU2 locus in S. cerevisiae showed
that the dominant effect of ATP depletion on chromosomal motion
was to change D*, not a for these particular cases (Weber et al.,
2012).

Conclusion

By using the DH-PSF microscope, we were able to simultaneously
track pairs of fluorescently labeled chromosomal loci in diploid
budding yeast with high precision in three dimensions on a time
scale of ~0.1-30 s. Application of this technique revealed a higher
mobility for the GAL locus on this time scale than previously re-
ported. This technique also gave access to the correlations in ve-
locity arising from coupled motion of loci. The two copies of the
GAL locus exhibited higher velocity correlations in a repressive en-
vironment than in an activating one. Under repressive conditions,
the correlations between GAL loci resembled those of two loci
separated by ~108 kbp along the same chromosome, whereas un-
der activating conditions, GAL loci correlations were equivalent to
those evinced by distinct pericentromeric gene loci located on dif-
ferent chromosomes and by a pair of loci on separate chromo-
somes with vastly different genomic separations from centromeres.
Inspection of individual track pairs suggests a wealth of interesting
behavior, such as finite response times of correlative motion and
the interplay between association with the nuclear envelope and
the degree of correlations. However, more experiments are needed
to fully elucidate these observations. Our results highlight the util-
ity of single-pair tracking as a complementary tool to static imag-
ing, conformation capture techniques, and single-particle tracking
for the study of epigenetics. Pair tracking with concurrent colocal-
ization to nuclear landmarks should be conducted in future studies
since these might play a role in sequestering groups of genes and
exerting forces on them. Future studies should also examine cor-
relations between multitudes of pairs of loci spanning the full
range of genomic distances. Although our wide-field technique
did allow for a considerable improvement in throughput over con-
focal scanning methods (from tens to hundreds of cells), further
automation of the analysis will allow for truly high-throughput
studies.

MATERIALS AND METHODS

Strains and growth

All strains used in this study are based on the S288c (BY4743) back-
ground (Supplemental Table S1). Cells were grown at room tem-
perature (~22°C) to early to mid log phase in synthetic complete
(SC) medium containing 2% dextrose or 2% galactose as indicated.
Care was taken to maintain the cells in early to mid log phase for an
extended period before imaging.
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Microscopy

Cells were spun down and mixed with a diluted solution (~100x
from stock into either dextrose or galactose/cell medium solution)
of multicolor 0.1-um fluorescent fiducial beads (TetraSpeck; Invitro-
gen, Carlsbad, CA) before being mounted on a 1% agarose (Sigma-
Aldrich, St. Louis, MO) pad. The bead stock contained some amount
of azide, a known decoupler (Heun et al., 2001). However, the final
concentration of azide was <107%, roughly two orders of magni-
tude lower than typically administered lethal amounts. The cells ap-
peared to grow normally overnight when left in the presence of this
final dilution of bead solution. Once on the agarose pads, the cells
were sandwiched with another coverslip, and the edges were sealed
with wax. Slides were then mounted on a modified inverted micro-
scope stand (Diaphot 200; Nikon, Melville, NY) in which the inter-
nally mounted tube lens had been removed and replaced with a
lens just outside the body of the stand. Cells were illuminated with
a 488-nm laser (Crystalaser, Reno, NV) at ~45 W/cm? and a 561-nm
laser (Sapphire, Coherent, Santa Clara, CA) at ~25 W/cm?. Fluores-
cence was collected using one of two microscope objectives: a
numerical aperture (NA) 1.40 oil-immersion objective (UPlanSApo
100x/1.40 NA oil; Olympus, Tokyo, Japan) or a supercorrected
objective (PlanoApoN 60x/1.40 NA oil SC; Olympus). The supercor-
rected objective was used in some later data sets in an attempt to
improve registration accuracy, but this did not produce a noticeable
difference. To maintain the magnification of the original 100x sys-
tem, the tube lens was replaced with a designed train of lenses once
the supercorrected objective was installed. Collected fluorescence
traveled through a multi-bandpass dichroic mirror (zt405/488/56 1rpc;
Chroma Technology, Rockingham, VT) within the microscope stand.
After the tube lens/lenses, the light was passed through a dual-
channel 4f optical processing system that served to convolve the
standard PSF with the DH-PSF as described in detail elsewhere
(Gahlmann et al., 2013). In brief, the 4f system consists of two ad-
ditional lenses: the first lens is placed one focal length (f) from the
image plane formed by the standard microscope, and it produces
the Fourier transform of the input field (i.e., the field at this interme-
diate image plane) a distance f behind the lens. Access to this
Fourier plane allows for modulation of the field in such a way so as
to convolve the standard PSF of the microscope with the DH-PSF
shape. This modulation is achieved by placing specially engineered
quartz transmission phase masks that encode the DH-PSF (Double-
Helix, Boulder, CO) at this Fourier plane. The second lens of the 4f
optical system is then placed a distance f from the Fourier plane,
which transforms the now-modulated field back into an image that
is recorded on a camera placed a distance f behind this lens.

The fluorescence was filtered through a 561 notch filter (NFO3-
561E; Semrock, Rochester, NY) and a dual-bandpass filter (Brightline
Multiband 523/610; Semrock) before being split into two color
channels by a 560-nm dichroic beam splitter (FF560-FDi01, Sem-
rock). The red channel was further filtered through a 600-nm long-
pass filter (E600LP; Chroma Technology, Rockingham, VT) in order
to reduce GFP cross-talk. This long-pass filter was removed for the
haploid GFP cross-talk tracking experiments. The color channels
were imaged simultaneously onto separate regions of an electron-
multiplying charge-coupled device camera (Ixon DU-897E; Andor
Technology, Belfast, Northern Ireland) operating at a maximal gain
level of 300.

An appropriate field of view for dual-color tracking was found by
searching for a region of cells in which the GFP-labeled loci were
within the same depth of focus (~2 pm) as the fiducial beads located
at the coverslip. Then image stacks were recorded at 10 Hz accord-
ing to the following procedure: record a few seconds with only the
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488-nm laser on to assess the degree of GFP cross-talk before dual-
color tracking, perform dual-color tracking with both lasers on until
the red signal bleaches into the background, and then again record
a few seconds with only the 488-nm laser on to assess the degree of
GFP cross-talk after the bleaching of the red fluorophores. This pro-
cedure allowed us to throw out tracks for which GFP cross-talk might
cause obvious artifacts and carefully bound the effect in more subtle
cases (Supplemental Figure S2 and accompanying text). The lasers
were then both turned off, and a white light image stack of the field
was taken to make sure the cells were stationary on the relevant time
scale and to identify cell cycle phase of each analyzed cell. Only loci
from cells identified as being in G1 phase were included in the final
analysis, as determined by cellular morphology.

Analysis

Each image stack was analyzed by identifying loci and fiducial
beads by hand. Custom MATLAB (MathWorks, Natick, MA) track-
ing software was then used to estimate the position of each identi-
fied object in each frame by least-squares fitting to a sum of two
2D Gaussian functions plus a constant offset. The amplitudes and
widths of each Gaussian and the constant offset were the param-
eters of the fit. Fiducial trajectories were smoothed by convolving
with a 15-frame temporal boxcar function in order to suppress the
propagation of bead localization error in later drift compensation.
Locus trajectories were then filtered by having the user inspect
each resulting position and velocity trajectory individually and re-
set thresholds and/or reject frames in which clear fitting artifacts
were present. After this step, the user visually compared each fit-
ted double Gaussian to the raw images of the locus through the
first and last 50 frames in order to reject any persisting fitting arti-
facts (e.g., fitting of the background in cells with high nuclear back-
ground was avoided). We then transformed the locus trajectories
from the red channel into the coordinates of the green channel.
The transformation map was found by scanning a sample of 0.1-um
orange fluorescent beads (FluoSpheres; Invitrogen, Carlsbad, CA)
immobilized at an interface in 1% polyvinyl alcohol (Polysciences,
Warrington, PA) through a 3D volume and then using the algo-
rithm detailed in Gahlmann et al. (2013). To best approximate the
media of the cell imaging, the fluorescent bead sample for the
registration measurement was covered with either water or an aga-
rose pad. Still, since the beads could not be scanned away from
the interface, the mimicry of the final imaging was only approxi-
mate, resulting in a small residual z-dependent registration error
for which we compensated empirically (Supplemental Figure S1
and accompanying text). No additional compensation for index of
refraction mismatch was applied since the subdiffusion parameters
of the z-component of the MSDs did not differ from those of the
x- and y-components in any repeatable, significant way, likely be-
cause the z-distance traversed during the time scale studied was
not large enough on average to make any small apparent z-distor-
tion very significant. After transformation, the locus trajectories
were corrected for stage drift as inferred from fiducial tracks.
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