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Background: Linker histones are functionally heterogeneous.

Results: Using a novel FRAP approach, the N-terminal domain modulates binding affinities of H1° and H1c; the C-terminal
domain influences the nucleosomal orientation of the globular domain.

Conclusion: The variable terminal domains have distinct roles in the chromatin binding characteristics of linker histones.
Significance: Evidence for a structural basis for the functional heterogeneity of linker histones is presented.

Eukaryotic linker or H1 histones modulate DNA compaction
and gene expression iz vivo. In mammals, these proteins exist as
multiple isotypes with distinct properties, suggesting a func-
tional significance to the heterogeneity. Linker histones typi-
cally have a tripartite structure composed of a conserved central
globular domain flanked by a highly variable short N-terminal
domain and a longer highly basic C-terminal domain. We
hypothesized that the variable terminal domains of individual
subtypes contribute to their functional heterogeneity by influ-
encing chromatin binding interactions. We developed a novel
dual color fluorescence recovery after photobleaching assay sys-
tem in which two H1 proteins fused to spectrally separable fluo-
rescent proteins can be co-expressed and their independent
binding kinetics simultaneously monitored in a single cell. This
approach was combined with domain swap and point mutagen-
esis to determine the roles of the terminal domains in the differ-
ential binding characteristics of the linker histone isotypes,
mouse H1° and Hlc. Exchanging the N-terminal domains
between H1° and H1c changed their overall binding affinity to
that of the other variant. In contrast, switching the C-terminal
domains altered the chromatin interaction surface of the glob-
ular domain. These results indicate that linker histone subtypes
bind to chromatin in an intrinsically specific manner and that
the highly variable terminal domains contribute to differences
between subtypes. The methods developed in this study will
have broad applications in studying dynamic properties of addi-
tional histone subtypes and other mobile proteins.

Eukaryotic DNA is compacted into a nucleoprotein complex
called chromatin (1). The dynamic nature of chromatin facili-
tates structural and functional plasticity required for DNA-de-
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pendent cellular processes (2). The nucleosome is the basic
repeating unit of chromatin composed of ~147 bp of DNA
wrapped around an octamer of core histones plus linker DNA
and associated proteins (3, 4). At the nucleosomal level, post-
translational modifications of core histones and nucleosome
remodeling modulate chromatin structure (5). Linker histones
are a family of lysine-rich proteins that bind at or near the point
at which DNA enters and exits the nucleosomal core and orga-
nize an additional ~20 bp of linker DNA, to form the chroma-
tosome (6 —8). Although binding of linker histones further sta-
bilizes chromatin into higher order structures (9-12), these
proteins interact with chromatin in a dynamic manner as com-
ponents of a highly intricate and active network of chromatin-
binding proteins (13-16).

Eleven nonallelic primary sequence isotypes or variants of
histone H1 have been identified in mammals (17-19). Several
studies have reported functional heterogeneity between H1 iso-
types, which includes their ability to activate or repress expres-
sion of specific genes (20-23). Thus, differences in the primary
structures of linker histones, post-translational modification
patterns, and competition with other dynamic DNA-binding
proteins could determine their distinct chromatin binding
properties (24, 25).

Linker histones have a tripartite domain structure that
includes short N-terminal and longer C-terminal domains,
which are basic and relatively unstructured in solution (26).
These domains flank a central globular domain, which is a
three-helix bundle forming a winged helix motif similar to that
found in DNA-binding transcription factors (27, 28). Previous
studies from our laboratory identified the interaction surface
and positioning of the globular domain of linker histone H1°
onto the chromatosome (7). In an analogous study, we showed
that the globular domain of variant Hlc interacts with the
nucleosome with a binding orientation that is distinct than that
of H1° (29). It is plausible that differential orientation of the
globular domain could impart functional specificity to the
linker histone isotypes. Thus, it is important to comprehen-
sively elucidate the structural properties of H1 isotypes that
dictate their binding characteristics.
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The globular domain sequence shows a high degree of con-
servation across individual linker histones, whereas those of the
terminal domains are quite divergent within the same species
(17-19), suggesting that the functional heterogeneity among
the isotypes may arise because of the differences in their termi-
nal domains. Although both the globular and C-terminal
domains of H1 are required for nucleosomal binding, only the
C-terminal domain stabilizes chromatin higher order folding
(16, 30). The role of the N-terminal domain is unknown and is
proposed to be involved in proper positioning and anchoring of
the globular domain onto chromatin.

FRAP? is a powerful system for measuring protein dynamics
in living cells (31, 32). However, it does not account for biolog-
ical and experimental variations leading to discrepancies in
quantitative interexperimental conclusions and is prone to sev-
eral drawbacks that can lead to faulty inferences (33). In this
manuscript, we report a novel dual color FRAP assay approach,
which permits simultaneous determination of the in vivo bind-
ing kinetics of two distinct forms of linker histone proteins
within a subnuclear region of a single cell. In this system,
sequences encoding two linker histones are separately fused
with sequences encoding spectrally separable fluorescent pro-
teins and are co-expressed from a bicistronic vector. Thus, an
extremely stringent and precise measurement and comparison
of the binding behavior of the two proteins is possible. Using
this system, combined with a domain swap and a mutagenesis-
based experimental approach, we determined that the N- and
C-terminal domains have distinct roles in the chromatin bind-
ing characteristics of linker histone isotypes H1° and Hlc. We
conclude that the N-terminal domain contributes to overall
chromatin binding affinity, whereas the C-terminal domain
directs differential nucleosomal orientation of the H1°and Hlc
globular domains.

EXPERIMENTAL PROCEDURES

Expression Vectors and Cell Lines—Plasmids containing H1
isotypes tagged at the C terminus with enhanced GFP have been
described previously (16). Plasmids containing mouse H1 iso-
types tagged with mCherry (ChFP) were constructed by insert-
ing the coding sequence of monomeric mCherry (a kind gift
from R. Tsein) after the last lysine residue of the H1 isotypes.
Plasmids containing H1 isotypes tagged at the N terminus, sep-
arated by a 20-amino acid linker, were also constructed.
Domain shift hybrids were generated in multiple steps using
PCR-based and silent mutagenesis. Point mutations were intro-
duced using the QuikChange mutagenesis kit (Stratagene) or by
introduction of annealed oligonucleotides between restriction
sites. Details of the constructs used are presented in Fig. 1 and
supplemental Fig. S1. Bicistronic constructs were transfected
using Lipofectamine 2000 reagent (Invitrogen) as per the man-
ufacturer’s instruction into mouse BALB/c 3T3 fibroblast cells
cultured in DMEM (Invitrogen) supplemented with 10% fetal
calf serum. Multiple stable clonal cell lines were selected for
each construct using 500 ng/ml G418 sulfate (Clontech).

2 The abbreviations used are: FRAP, fluorescence recovery after photobleach-
ing; ChFP, mCherry fluorescent protein.
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Dual Color FRAP Microscopy—The cells were plated at 50%
confluency and imaged on Lab-Tek II chambered coverglass
(Nalgene Nunc) in growth DMEM in the absence of inducer.
The Zeiss 510 LSM META confocal microscope with a Plan
Apochromat X63/1.4 oil-immersion objective lens was used
for imaging studies. The cells were imaged at 37 °C using a
heat-regulated stage (Heating insert P) and an objective
heater (Carl Zeiss Microimaging, Inc.). For excitation of
GFP, the 488-nm line of an argon laser (nominal output, 30
milliwatt) operating at 75% output laser power was used. For
excitation of ChFP, the 543-nm line of 10 milliwatt helium-
neon lasers was used. Fluorescence emission of GFP and
ChFP was detected by using the BP 505-530- and LP 585-nm
filters, respectively. The detection was achieved using the
multitracking mode at 4-5% laser intensity in the linear
range of detection with maximal gain of 650. Scanning was
bidirectional at the highest possible rate using a 4X zoom
and image format 512 X 512 pixels with the pinhole of 3 Airy
units. Control experiments with cells expressing only
H1-mCherry or HI-GFP confirmed absence of bleed
through of fluorescence signals between channels (supple-
mental Fig. S2). For all FRAP experiments, three prebleach
scans of the cells were acquired. Bleaching of a random het-
erochromatic spot in the nucleus was performed simultane-
ously for GFP and mCherry with a single pass with all laser
lines between 488 and 543 nm set to maximal power. The
bleach area was set to be a spot of 2 um, and bleaching was
achieved using 10 consecutive bleach scans of 49-ms dura-
tion. Fluorescence recovery was monitored for 150 s after
bleaching by scanning the cell at 2-s intervals. Identical set-
tings were used for the pre- and postbleach images.

Analysis of Dual Color FRAP Measurements—Image analysis
was carried out using MBF Image] software. Each cell image
was split into two separate channel windows for ChFP and GFP,
and image alignment was performed for each with the Tur-
boReg Plugin (34). Double normalization was carried out to
normalize the raw fluorescence recovery data to the average
prebleach signal while correcting for acquisition bleaching and
background subtraction to obtain the relative fluorescence
intensity as described (35). The normalized recovery curves
were processed in separate channels for mCherry and GFP for
each cell. The normalization measurements were carried out in
the same regions for mCherry and GFP in a single cell, by apply-
ing the defined region of interest for the bleached region, total
cell nucleus, and a random region outside the cell for back-
ground subtraction, saved using Image] ROI manager to both
channels.

Curve Fitting—The fluorescence recovery data for GFP- and
ChFP-tagged H1 proteins were obtained by plotting the nor-
malized relative fluorescence intensity versus time. The £, val-
ues for both were obtained by fitting their normalized recovery
curves to a single exponential equation (Origin 6.1; OriginLab)
as described previously (35), and the relative ratios of the t,
values were calculated. The data sets from at least eight random
cells from a pool of three independent cell lines were averaged
to obtain the final quantitative values.
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FIGURE 1. Simultaneous expression of two linker histones in the nucleus of a single cell. g, bicistronic expression vectors contain the mouse metalloth-
ionein | promoter (MT) driving expression of a mRNA containing an ORF encoding H1-ChFP, an internal ribosome entry site (IRES) sequence, and a second ORF
encoding H1-GFP. b, images acquired by live cell confocal microscopy of a cell expressing H1°-ChFP and H1°-GFP. ¢, sequence alignment of H1c and H1°. Top
two lines, N-terminal domains. Second two lines, central globular domains. Last four lines, C-terminal domains. Residues in bold type were mutagenized to alanine
for constructs used in Fig. 5. d, schematic of domain switch mutants. Construct CCO consists of amino acids 1-109 of H1c and amino acids 98-193 of H1°,
Construct 00C consists of amino acids 1-97 of H1° and amino acids 110-211 of H1c. Construct C00 consists of amino acids 1-32 of H1c and amino acids 21-193
of H1°. Construct 0CC consists of amino acids 1-20 of H1° and amino acids 32-211 of H1c.

RESULTS

Quantification of Histone H1 Binding Dynamics Using Dual
Color FRAP Analysis—A bicistronic expression vector contain-
ing an internal ribosome entry site was constructed to co-ex-
press two linker histone-fluorescent protein hybrids (Fig. 1a).
The spectrally distinct fluorescent markers ChFP and GFP can
be monitored independently and simultaneously in a single cell
(Fig. 1b). Stable cell lines expressing linker histone proteins
encoded by the bicistronic vector were established in murine
BALB/c 3T3 fibroblast cells. These proteins are expressed at
similar levels and comprise less than 5% of the total H1 popu-
lation (supplemental Fig. S3). Dual color FRAP analysis was
performed, and the binding affinity of individual proteins was
estimated from the ¢, value obtained by fitting their normal-
ized recovery curves to a single exponential equation (35). We
limited the analysis to the first 150 s of recovery to focus on the
highly mobile fraction of H1 that constitutes more than 75% of
the total linker histone pool (16, 36).

To validate the dual color FRAP approach, proof-of-princi-
ple constructs were made in which we systematically switched
the position of expression of WT and mutant linker histone
proteins and their fluorescent tags in the vector (Fig. 2). The
mutant proteins contained a K73A mutation within the globu-
lar domain of histone H1°. This residue is critical for binding,
and the mutation to alanine results in faster recovery kinetics of
H1° (7). Dual color FRAP experiments with WT H1°-ChFP
co-expressed with WT H1°-GFP displayed overlapping re-
covery kinetics with similar ¢, values of ~ 28 s (Fig. 2a and
Table 1). Similarly, mutant proteins H1°(K73A)-ChFP and
H1°(K73A)-GFP had nearly identical ¢, values of ~16 s (Fig. 2b
and Table 1). Thus, identical forms of H1 proteins fused with
GFP or ChFP showed similar ¢, values, indicating that the
binding kinetics of these proteins is not appreciably affected by
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the type of fluorescent tag. Simultaneous FRAP analysis of
H1°(K73A)-GFP and WT H1°-ChFP (Fig. 2c and Table 1) or of
H1°(K73A)-ChFP and WT H1°-GFP (Fig. 2d and Table 1) dis-
played recovery kinetics for the mutant and WT proteins sim-
ilar to that obtained with vectors expressing only mutant or
only WT proteins. Collectively, these results indicate that nei-
ther the position of the protein within the vector nor the fluo-
rescent tag significantly affects the binding behavior. The
results also indicate that expression of a mutant protein at
the low levels used in these assays does not affect the binding of
the WT protein (37). Analysis of the data reveals some distinct
advantages of the dual color FRAP approach. The t;, values
obtained for any given protein vary considerably as noted by the
standard deviations. However, the ratios of the values obtained
for two proteins in a single cell display much less variability
(supplemental Fig. S4) as is shown by the coefficients of varia-
bility, which are much lower for the ratios. Thus, the experi-
mental system provides stringent internal controls for biologi-
cal and instrumentation variability inherent in quantitative
FRAP experiments. Additionally, the design allows the applica-
tion of paired Student’s ¢ tests for statistical analysis that can
reduce the number of replicates needed for accurate determi-
nation of significant differences.

N-terminal Domain Determines Specific and Differential
Chromatin Binding Affinities of Linker Histones H1° and Hlc—
We utilized the dual color FRAP approach to determine the
relative quantitative differences in the chromatin binding affinity
of two distinct isotypes: H1° and Hlc. Cells co-expressing WT
H1°-ChFP and WT H1c-GFP displayed significant differences in
their recovery curves (Fig. 3 and Table 2). WT H1°-ChFP recov-
ered with a t5, of ~30's, whereas WT H1c-GFP had a £, of ~23s.
The reciprocal construct generated essentially identical results
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FIGURE 2. Validation of the dual color FRAP approach. a-d, quantitative dual color FRAP analysis of stable transfectants co-expressing WT H1°-ChFP and WT
H1°-GFP (a), H1°(K73A)-ChFP and H1°(K73A)-GFP (b), WT H1°-ChFP and H1°(K73A)-GFP (c), and H1°(K73A)-ChFP and WT H1°-GFP (d). The values for the
half-time of recovery (ts,) were determined as previously described (35) and represent the means = S.D. of at least eight independent measurements from a

pool of three stable cell lines. The error bars are omitted from the plots for clarity. Table 1 provides the corresponding statistical analyses.

TABLE 1
Quantitative analyses validating the dual color FRAP approach
t50a
Construct ChFP GFP t, ratio of GFP/ChFP p value®
S
0(WT)ChFP/O(WT)GEP 28.1 = 7.2 (0.26) 28.4 * 6.5 (0.23) 0.99 * 0.08 (0.08) 0.4115
0(K73A)ChFP/0(K73A)GEP 15.7 = 2.3 (0.15) 16.2 = 2.5 (0.15) 0.97 = 0.06 (0.06) 0.2758
0(WT)ChEP/0(K73A)GEP 28.7 + 4.6 (0.16) 15.6 = 2.8 (0.15) 0.54 + 0.02 (0.04) 0.0001
0(K73A)ChFP/0(WT)GEP 15.8 + 3.8 (0.26) 30.7 * 6.3 (0.2) 0.52 = 0.02 (0.04) 0.0001

“ The values for 5, were determined as previously described (35). The values are the means = S.D. from at least eight independent measurements. The values in parentheses

denote the calculated coefficients of variation.
? Paired Student’s ¢ test for H1-GFP versus H1-ChFP.
¢ The ratio of GFP/ChFP was inverted to ChFP/GFP for comparison.

(Fig. 3b and Table 2). These results are consistent with our previ-
ous observations in independent cell lines (29).

To characterize the contribution of the terminal domains of
linker histones H1° and Hlc to their differential chromatin
binding affinities, we generated domain switch constructs in
which either of the terminal domains was replaced by that from
the other variant. These individual mutants, tagged with GFP,
were cloned into the bicistronic vector and co-expressed with
WT H1°-ChFP (Fig. 1, c and d).

We first switched the C-terminal domains of H1° and Hlc to
determine whether they contribute to their differential in vivo
binding affinities. The mutant protein 00C-GFP, consisting of
the N-terminal and globular domains of H1° and the C-termi-
nal domain of Hlc, showed recovery kinetics (t5, = ~29 s)
similar to that observed for the co-expressed WT H1°-ChFP
(Fig. 3c and Table 2). Thus, exchanging the C terminus of H1°
with that of Hlc does not change its binding affinity. The recip-
rocal domain swap mutant CCO-GFP, generated by replacing
the C-terminal domain of Hlc with that of H1°, showed faster
recovery (ts, = 23.3 s) compared with that of WT H1°-ChFP
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(tso = 30.1 s) (Fig. 3d and Table 2). Thus, the CCO mutant
displays recovery kinetics similar to that of Hlc. This result was
confirmed by co-expressing the CCO-GFP mutant protein with
WT Hlc-ChFP (supplemental Fig. S5). These proteins showed
overlapping recovery curves with identical ., values of ~23s.
These results indicate that the C-terminal domain does not
contribute to the differential chromatin binding affinities of
linker histones H1° and Hlc.

To determine whether the N-terminal domain contributes to
the differential in vivo binding affinities of H1° and Hlc, we
swapped the N-terminal domain of H1° with that of Hlc and
vice versa. The binding affinities of these domain swap mutants
were compared with the simultaneously expressed WT H1°.
The domain swap protein 0CC-GEFP, consisting of the globular
and C-terminal domains of Hlc and the N-terminal domain of
H1°, showed recovery kinetics nearly identical to that of WT H1°-
ChFP with £, values of ~29 s (Fig. 3eand Table 2). Thus, swapping
the N-terminal domain of H1c with that of H1° changes its chro-
matin residence time to that of WT H1°. The reciprocal mutant
C00-GFP, consisting of the globular and C-terminal domains of
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FIGURE 3. Quantitative analysis of the relative binding kinetics of isotypes H1° and H1c and effects of swapping their terminal domains. a and b, FRAP
analysis with cells co-expressing WT H1°-ChFP and WT H1c-GFP (a) or WT H1°-GFP and WT H1c-ChFP (b) shows faster recovery kinetics for H1c than H1°, c-f,
simultaneous recovery curves of the C-terminal switch mutants 00C-GFP relative to WT H1°-ChFP (c) and CCO-GFP relative to WT H1°-ChFP (d) and of the
N-terminal switch mutants 0CC-GFP relative to WT H1°-ChFP (e) and CO0-GFP relative to WT H1°-ChFP (f). The values for the half-time of recovery (t5,) were
determined as previously described (35) and represent the means = S.D. of at least eight independent measurements from a pool of three stable cell lines. The
error bars are omitted from the plots for clarity. Table 2 provides the corresponding statistical analyses.

TABLE 2
Quantitative analysis of H1° versus H1c and domain swap mutants
tS()a
Construct ChFP GFP t;, ratio of GFP/ChFP p value”
s

0-ChFP/C-GFP 30.3 = 1.9 (0.06) 22.7 + 1.6 (0.07) 0.75 = 0.03 (0.03) 0.0001
C-ChFP/0-GFP 23.1 = 4.6 (0.2) 30.5 + 7.0 (0.23) 0.77 = 0.05 (0.07) 0.0002
0-ChFP/00C-GFP 28.7 + 3.8 (0.13) 29.2 * 4.2 (0.14) 1.02 =+ 0.06 (0.06) 0.4066
0-ChFP/CCO-GFP 30.1 + 3.9 (0.13) 23.3 + 3.8 (0.16) 0.77 = 0.04 (0.06) 0.0001
0-ChFP/0CC-GFP 29.5 + 5.0 (0.17) 29.2 = 4.7 (0.16) 0.99 *+ 0.05 (0.05) 0.3383
0-ChFP/C00-GFP 29.3 + 3.7 (0.13) 21.3 + 3.0 (0.14) 0.72 = 0.04 (0.05) 0.0004
0-ChFP/0(K52A)-GFP 26.7 + 4.8 (0.18) 27.0 +5.3(0.2) 1.01 = 0.07 (0.07) 0.6349
0-ChFP/0(K85A)-GFP 27.7 +2.8(0.1) 19.2 +2.9(0.15) 0.69 =+ 0.06 (0.08) 0.0001
C-ChFP/C(K63A)-GFP 24.4 + 3.1 (0.13) 14.6 + 2.1 (0.07) 0.60 = 0.07 (0.08) 0.0001
C-ChFP/C(K96A)-GEP 24.1 = 6.5 (0.27) 23.3 * 6.7 (0.29) 0.96 = 0.06 (0.06) 0.1316
00C-ChFP/00C-GFP 27.0 += 3.6 (0.13) 27.1 + 3.8 (0.12) 1.01 =+ 0.06 (0.06) 0.7508
00C-ChEFP/00(K52A)C-GFP 28.4 * 6.2 (0.22) 14.9 + 3.3 (0.22) 0.53 = 0.06 (0.11) 0.0001
00C-ChFP/00(K85A)C-GFP 30.2 + 4.7 (0.15) 29.5 + 6.6 (0.22) 0.96 = 0.10 (0.10) 0.3926
CCO0-ChFP/CCO-GFP 22.3 *+ 4.4(0.19) 22.1 = 4.1 (0.19) 1.00 =+ 0.06 (0.06) 0.7552
CCO0-ChFP/CC(K63A)0-GFP 21.6 = 2.9 (0.14) 22.8 = 2.5(0.11) 1.06 + 0.05 (0.05) 0.206

CC0-ChFP/CC(K96A)0-GEP 21.6 + 3.7 (0.17) 14.3 = 1.7 (0.17) 0.67 = 0.06 (0.09) 0.0001
0CC-ChFP/0CC-GFP 25.2 + 4.3 (0.17) 26.1 + 3.9 (0.15) 1.04 * 0.05 (0.05) 0.6677
0CC-ChFP/0C(K63A)C-GFP 25.0 = 2.6 (0.14) 13.7 + 1.2 (0.09) 0.55 = 0.03 (0.06) 0.0001
0CC-ChFP/0C(K96A)C-GEP 25.7 + 4.2 (0.16) 26.8 + 6.5 (0.24) 1.04 = 0.10 (0.10) 0.2123
C00-ChFP/C00-GFP 22.9 + 3.1 (0.14) 23.6 + 3.6 (0.15) 1.03 * 0.07 (0.07) 0.6832
C00-ChEP/CO(K85A)0-GFP 23.0 = 2.9 (0.13) 15.6 + 2.2 (0.14) 0.69 = 0.06 (0.10) 0.0001
C00-ChFP/CO(K52A)0-GFP 24.3 + 1.7 (0.07) 16.0 = 2.0 (0.13) 0.66 = 0.06 (0.09) 0.0001

“ The values for t5, were determined as previously described (35). The values are the means * S.D. from at least eight independent measurements. The values in parentheses
denote the calculated coefficient of variation.
® Paired Student’s ¢ test for H1-GFP versus H1-ChFP.

H1° and the N-terminal domain of H1c, displayed a significantly
faster recovery (¢5, = 21.3 s) than that of WT H1°-ChFP (¢, =
29.3s) (Fig. 3fand Table 2). These results indicate that exchanging
the N-terminal domain of H1° with that of Hlc changes its chro-
matin binding affinity to that of WT Hlc. We thus conclude that
swapping of the N-terminal domains between H1° and Hic

changes their overall binding affinity to that of the variant from
which the N-terminal domain was derived.

It is possible that the location of the fluorescent tag at the C
terminus might compromise or obscure influences of this domain
on the binding affinity. We therefore repeated this analysis with
constructs in which the tag was fused to the N terminus and
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FIGURE 4. Identification of conserved residues in the globular domains of H1° and H1c showing differential binding behavior. a and b, plots showing
recovery kinetics of H1° mutants H1°(K52A)-GFP (a) and H1°(K85A)-GFP (b), relative to co-expressed H1°-ChFP. c and d, plots showing recovery kinetics of H1c
mutants H1c(K63A)-GFP (c) and H1c(K96A)-GFP (d), relative to co-expressed H1c-ChFP. The values for the half-time of recovery (t5,) were determined as
previously described (35) and represent the means = S.D. of at least eight independent measurements from a pool of three stable cell lines. The error bars are
omitted from the plots for clarity. Table 2 provides the corresponding statistical analyses.

obtained nearly identical results (supplemental Fig. S6 and Table
S1).

C-terminal Domain Influences Nucleosomal Geometry of
Globular Domain—We previously showed that the nucleo-
somal interaction surfaces of the globular domains of linker
histone isotypes H1° and Hlc are distinct and proposed that
they may bind to chromatin with different orientations (7, 29).
However, the role of H1° and Hlc terminal domains in deter-
mining the distinct nucleosomal interaction surface and the
orientation of their respective globular domains onto chroma-
tin are unknown. We previously identified key conserved resi-
dues that occupy similar positions in the globular domains of
H1° and Hlc (Fig. 1c) and yet display differential contributions
toward their iz vivo binding (7, 29). Residues Lys-52 and Lys-85
within the H1° globular domain and their respective homolo-
gous residues Lys-63 and Lys-96 within the Hlc globular
domain are conserved in all the major somatic H1 isotypes. We
confirmed the contribution of these residues to H1 binding
using the dual color FRAP system. A K52A point mutation did
not significantly affect binding of H1° (Fig. 4a), but a K63A
mutation significantly impaired binding of H1c (Fig. 4c). Con-
versely, a K85A mutation significantly impaired binding of H1°
(Fig. 4b), but a K96A mutation did not affect Hlc binding (Fig.
4d). We then asked whether the terminal domains influence the
differential contribution of these homologous residues in H1°
and Hlc toward the nucleosomal binding of their respective
globular domains.

Although molecular models have been proposed but not
confirmed (7, 29), we nevertheless consider that the affect of
mutations at the Lys-52/63 and Lys-85/96 sites to be a reason-
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able indicator of differential binding geometry of these two iso-
types. Point mutations K52A or K85A in the H1° globular
domain and K63A or K96A in Hlc globular domain were intro-
duced in the previously studied N- and C-terminal domain
swap constructs. The bicistronic vector thus had the domain
swap constructs harboring mutated globular domains tagged
with GFP in one ORF, whereas the domain swap construct with
nonmutated globular domain served as the endogenous con-
trol. Thus, we could determine the role of these individual res-
idues in the binding of globular domains of H1° and Hlc in
mutant proteins where their terminal domains are derived from
the other variant. The domain swap constructs without any
mutations in their globular domains showed identical recovery
kinetics (Fig. 5, 2 and d, and Table 2).

Dual color FRAP analysis was conducted on cells co-express-
ing the 00(K52A)C-GFP and 00C-ChFP domain swap proteins.
Surprisingly, the 00(K52A)C-GFP protein showed faster recov-
ery kinetics (t5, = 14.9 s) relative to that of the co-expressed
00C-ChFP (¢, = 28.4's) (Fig. 5b and Table 2), indicating that in
the presence of the C-terminal domain of Hlc, the globular
domain of H1° in the 00C mutant requires the Lys-52 residue
for in vivo chromatin binding in contrast to its role as a non-
binder in WT H1° (Fig. 4a). We then compared the binding
kinetics of the 00(K85A)C-GFP domain swap mutant with that
of the co-expressed 00C-ChFP. The 00(K85A)C-GFP mutant
showed a £, of 29.5 s similar to that of the 00C-ChEFP (¢, =
30.2 s) (Fig. 5¢ and Table 2). Thus, the Lys-85 residue, critical
for binding of the globular domain of WT H1° to chromatin
(Fig. 4b), is dispensable in the 00C mutant. These results sug-
gest that under the influence of the C-terminal domain of linker
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for clarity. Table 2 provides the corresponding statistical analyses.

histone Hlc, the globular domain of H1° switches its nucleo-
somal interaction surface to that of Hlc. To further confirm
that the chromatin interaction surface of globular domain is
influenced by the C-terminal domain, the contribution of resi-
dues Lys-63 and Lys-96 in the H1c globular domain was exam-
ined in domain swap mutant CCO; which is composed of the
N-terminal and globular domains of Hlc but the C-terminal
domain of H1°. The CC(K63A)0-GFP protein recovered with
kinetics similar to the simultaneously analyzed CCO-ChFP with
observed t, values of 22.8 and 21.6 s, respectively (Fig. 5e and
Table 2). Thus, in the presence of C-terminal domain of H1°,
residue Lys-63 in the globular domain of Hlc is not critical for
binding. Conversely, the K96A domain swap mutant,
CC(K96A)0-GFP, showed faster recovery kinetics (¢5, = 14.3 s)
relative to CCO-ChFP (¢, = 21.6 s) (Fig. 5fand Table 2). Thus,
in the domain swap mutant CCO, the Lys-96 residue contrib-
utes to binding of the H1c globular domain. The results indicate
a switch in the binding contribution of residues Lys-63 and
Lys-96 from that observed in WT Hlc (Fig. 4, ¢ and d). From
these results, we conclude that the C-terminal domain may
influence the binding geometry of the globular domain.

The N-terminal domain swap mutants, with one exception,
showed no change in the contribution of these resides to the
binding of their respective globular domains (Fig. 6 and Table
2). The exception is that the K52A mutation in the C00 hybrid
compromises binding to some extent. This may be due to its
proximity to the junction point. Collectively, the data indicate
that the N-terminal domain does not contribute to the differ-
ential in vivo interaction surface of the globular domains of
histones H1° and Hlc or conversely, consistent with the above
results, the binding properties of these residues were dictated
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by its native C terminus that remained unchanged in these
mutants.

DISCUSSION

The variation in expression and intracellular localization pat-
terns among members of the heterogenous family of H1 pro-
teins is reflected in divergence at the sequence and structural
level (18, 19). This divergence is most striking within the N- and
C-terminal domains. Furthermore, individual isotypes show a
higher degree of sequence conservation with orthologs from
related species than with paralogs within the same species, sug-
gesting a functionally relevant role for this variability. Several
recent studies have provided evidence that individual histone
isotypes have unique functions not only in regulating specific
genes but also in other DNA-dependent processes (18). Thus,
differences in their in vivo chromatin binding properties may
form a mechanistic basis for this functional heterogeneity, and
the structural differences among individual histone isotypes
need to be considered as important determinants of their
dynamic interactions with chromatin.

Several studies have reported contradictory evidence in
defining the relative differences among individual isotypes in
their chromatin binding affinities and in their ability to pro-
mote chromatin condensation (17-19). H1 isotypes isolated
from rat brains were classified as possessing high (Hle, H1°,
and H1d), intermediate (H1c and H1b), and low binding affin-
ities (H1a) (38). No appreciable differences in the binding affin-
ities between human H1 isotypes H1-0 and H1.2 (the paralog
of mouse H1c) were found in in vitro assays (39), although these
isotypes were reported to have different binding characteristics
by in vivo experiments (40).
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for clarity. Table 2 provides the corresponding statistical analyses.

In the present study, we utilized a dual color FRAP-based
approach and show that Hlc binds chromatin with a relatively
lower affinity than that observed for H1°. We have previously
shown that overexpression of H1° in mouse fibroblasts leads to
a global reduction in gene expression and causes a delay in cell
cycle progression, whereas that of Hlc results in induction of
specific genes (22). Microarray analyses on fibroblasts overex-
pressing these isotypes also showed variant-specific differences
in gene expression (41). Additionally, sSARNA knockdown of
H1.2 in human breast cancer cells results in G, phase arrest and
repressed expression of certain cell cycle genes, whereas deple-
tion of H1° resulted in normal cell growth (21). Furthermore,
knock-out studies showed that H1° is essential for terminal
differentiation of dendritic cells (42), whereas H1.2 is involved
with double-strand break-induced apoptosis (43). We recently
reported that the nucleosome interaction surface of the globu-
lar domain of Hlc differs from that of H1° and presented evi-
dence that these isotypes will bind to the nucleosome with dis-
tinct orientations (29). Collectively, these observations suggest
that there are significant functional differences between linker
histone isotypes H1° and H1c. In the present study, we investi-
gated the structural basis for differences in the in vivo chroma-
tin binding properties of the mouse H1° and H1c isotypes.

Both the globular and the C-terminal domains have been
demonstrated to be critical for H1 binding to the nucleosome
(16, 40). The detailed molecular mechanism governing the dif-
ferential chromatin binding properties of H1 isotypes is not
very clear. Replacing the C-terminal domains of the lowest
affinity human variant, H1.1, with that of higher affinity iso-
types H1.4 and H1.5 resulted in an intermediate binding phe-
notype for the chimeric proteins. The authors suggested that
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the relative differences in lengths of the C-terminal domains of
H1 isotypes determine their differential chromatin binding
affinities (40). However, the chimeric protein did not show
recovery kinetics identical to the variant that contributed the
C-terminal domain, suggesting that the C-terminal domain
may not be the sole determinant of differences in their binding
affinities. Also, the mouse H1° and human H1-0 isotypes dis-
play the highest binding affinities among the isotypes yet have
the shortest C-terminal domains. The role of the N-terminal
domain in H1 binding is yet unknown.

In our study, we did not observe any change in the binding
affinity of H1° and Hlc upon swapping their C-terminal
domains. Our results showed that exchanging the N-terminal
domains between H1° and Hlc resulted in the domain swap
mutant protein exhibiting binding kinetics similar to the vari-
ant that donated the N-terminal domain. Hence, we report that
the N-terminal domain plays a critical role in determining the
specific and differential chromatin binding affinity of linker his-
tone isotypes H1° and Hlc.

The N-terminal domain of H1 comprises of two distinct sub-
regions; the region proximal to the globular domain is highly
basic, whereas the distal halfis devoid of any basic residues (44).
Subtle differences in the inherent secondary structure, post-
translational modifications, and/or selective protein-binding
partners within the N-terminal domain could form the molec-
ular basis for their contribution to differential chromatin bind-
ing affinities of individual isotypes. Consistent with this
hypothesis, using circular dichroism, high resolution NMR, and
IR spectroscopy, the N-terminal domain of H1° was shown to
contain a single nonamphipathic a-helical element, whereas
that of Hle contains two amphipathic a-helices separated by a
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Gly-Gly motif (45, 46). This structural flexibility could allow
interaction with distinct protein binding partners as suggested
in the case of Msx1 and HP1 (47, 48). Recent studies have also
mapped distinct post-translational modifications within the
N-terminal domains of H1 (49, 50). The N terminus of H1°
differs from that of Hlc in length (20 versus 32 residues) with
shorter basic and distal subregions. Notably, the H1° N termi-
nus contains five Ser/Thr residues, whereas the Hlc N termi-
nus has a single N-terminal Ser residue. The Ser/Thr residues in
H1° may be targets for phosphorylation, although this has not
been demonstrated. Although our study was limited to H1° and
Hlc, future studies with other H1 isotypes will provide addi-
tional insight to the contribution of the N-terminal domain to
histone H1 binding.

In a recent study we mapped the nucleosome interaction
surface of the globular domain of Hlc (29) and compared it
with that previously determined for H1° (7). This was done by
mutagenizing individual basic residues to alanine and deter-
mining the effect of these mutations on the in vivo binding of
the mutants to chromatin by FRAP analysis. We identified two
highly conserved lysine residues on each variant that displayed
very different contributions to binding. Mutation of Lys-63 in
Hlc severely diminished nucleosome binding, whereas muta-
tion of H1° at the corresponding Lys-52 residue did not affect
binding. Conversely, mutation of Lys-96 in Hlc had no effect on
binding, whereas mutation at Lys-85 in H1° significantly com-
promised binding. Molecular modeling to accommodate these
differences suggested that these isotypes bind to the nucleo-
some with distinct orientations. Although we do not know the
details of the different orientations, our approach considered
the analysis of effects of mutagenesis at the Lys-52/63 and Lys-
85/96 residues to be a reasonable indicator of the different ori-
entations. Surprisingly, we find that exchanging the C terminus
of one variant with that of the other completely changes the
contribution of these key residues toward H1 binding. For
example, in the CCO hybrid, containing the N-terminal and
globular domains of H1c and the C-terminal domain of H1°, the
K96A mutation reduces binding affinity, whereas the K63A
mutation has no effect. From these results we propose that the
C-terminal domain in some way influences the orientation of
the globular domain and the interface between the globular
domain and the nucleosome. Our results are consistent with a
recent study that showed cooperativity between the DNA-
binding regions of the H1° globular and its C-terminal domain,
which initiates H1 binding (51).

We hypothesize that the C-terminal domain initializes H1
binding and leads to a conformational change in the DNA,
thereby re-orienting it. This change in turn facilitates organiza-
tion of the DNA-binding targets of the globular domain, allow-
ing its proper positioning. Our hypothesis is supported by
molecular modeling experiments that have previously shown
that the C-terminal domain is responsible for bending and
altering the path of DNA and may adopt a high mobility group
box-like fold upon binding to the nucleosome, leading to chro-
matin compaction (52). This change in DNA conformation
may be aided by acquiring of an a-helical secondary structure
by the C-terminal domain upon interacting with DNA (53).
Deletion or phosphorylation of (S/T)PXK motifs within the
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C-terminal domain changed its secondary structure and DNA
condensing properties (54, 55). The numbers and distribution
of these motifs differ among isotypes and can result in differ-
ences in the secondary structures of their C termini. Differences
in the secondary structure of C-terminal domains of individual
isotypes could thus allow subtle differences in DNA conforma-
tion, contributing to differential positioning of the globular
domains onto the nucleosome.

Thus our results show that the N-terminal domain contrib-
utes toward the differential chromatin binding affinity, whereas
the C-terminal domain contributes toward distinct nucleo-
somal interface of isotypes H1° and H1c. These specific contri-
butions of the variable terminal domains perhaps led to distinct
modes of chromatin interactions for individual isotypes,
thereby enabling them to fine-tune their differential roles in
DNA dependent processes while maintaining their global role
as stabilizers of the higher order of chromatin organization.
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