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ABSTRACTS / RÉSUMÉS

Histone H1 function and distribution in chromatin:
what does molecular evolution tell us about it?

J.M. Eirı́n-López and J. Ausió
Department of Biochemistry and Microbiology, University of Victoria, Victoria BC V8W
3P6, Canada; Departamento de Biologı́a Celular y Molecular, Universidade da Coruña, A
Coruña E15071, Spain

The linker histone H1 family shows the greatest number of
isoforms among the 5 main histone families (H1, H2A, H2B,
H3 and H4). This variation encompasses the somatic, sperma-
togenesis-specific, oocyte-specific, and replacement sub-
types, with each one capable of undergoing a number of
post-translational modifications. Since the first fractionation
of calf thymus H1 histones almost 40 years ago, the main
characteristic defining this family of histones has been the
broad range of microheterogeneity presented by its members.
Besides establishing a uniform nomenclature for H1, one of
the most controversial points arising from this diversity has
been the search for the functional meaning of the diversifica-
tion process. In contrast with the notion that the observed mi-
croheterogeneity is the result of genetic drift and that the
different H1 subtypes are functionally redundant, it now
seems clear that each member of this family has a unique

structural and functional identity. Although different reports
have already addressed this functional evolution, the evolu-
tionary process involved is still far from being completely
understood. Histone H1 genes are often clustered and are sup-
posed to have undergone concerted evolution, a process that
would involve homogenization (not diversification) of its
family members. After an extensive analysis of the long-term
evolutionary pattern of histone H1 in eukaryotes, we did not
find any evidence in support of a concerted process acting
among members of this histone family. Quite on the contrary,
our analysis provides evidence for a mechanism based on the
birth-and-death model of evolution under a strong purifying
selection. In addition to allowing for a greater degree of H1
functional diversity, this mechanism also explains the origin
of the replication-independent H1 variants that occurred be-
fore the differentiation of protostomes and deuterostomes.

Histone modifications during H2A/H2B exchange
in vivo

Laura Benson, Kevin Tong, Courtney Barrows, and Anthony T. Annunziato
Biology Department, Boston College, Chestnut Hill, MA 02467, USA

We have investigated histone modifications associated
with the deposition and exchange of newly synthesized
H2A and H2B in HeLa cells. New histones were radiola-
beled with 3H-labeled lysine, and nucleosomes were pre-
pared by micrococcal nuclease digestion and
immunoprecipitated using antibodies that recognize acety-
lated H4 in a site-specific manner. Histones were recovered
from immunoprecipitated chromatin and analyzed by polya-
crylamide gel electrophoresis and fluorography. It was found
that the deposition of nascent core histones, including new
H3.3, was targeted to chromatin regions containing H4 ace-
tylated at lysines 5 and 12, in accord with the selective ace-
tylation of new H4 in this pattern. However, a subset of new
H2A/H2B was also exchanged into chromatin containing H4
that was acetylated at lysines 8 and 16, independently of

new H3/H4 deposition. The assembly of new H2A/H2B
into K8/K16-acetylated chromatin continued in the absence
of DNA replication, but markedly decreased when Pol II
transcription was inhibited. In further experiments, it was
found that H2A in the free cellular histone pool can be ace-
tylated at lysine 5. These experiments establish that replica-
tion-independent H2A/H2B exchange can be differentiated
from replication-coupled nucleosome assembly by the acety-
lation pattern of H4, and suggest that exchanging H2A can
be acetylated at lysine 5. In light of our previous observation
that cytosolic H2A/H2B is associated with the nucleosome
assembly factor NAP1 (Chang et al. 1997. Biochemistry 36:
469), our results support a model in which NAP1 facilitates
transcription-coupled exchange of H2A/H2B into acetylated
chromatin.
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Characterization of native H2A.Z-containing
chromatin structures

Anita A. Thambirajah and Juan Ausió
Department of Biochemistry and Microbiology, University of Victoria. Petch Building,
Room 222, Victoria, BC, V8W 3P6, Canada

H2A.Z is one of a few histone variants that have garnered
considerable research interest in recent years. A heteromor-
phous variant of canonical H2A forms, some of the interest
in H2A.Z may stem from the abundance of seemingly dispa-
rate structural and functional roles ascribed to H2A.Z. Ear-
lier structural studies using recombinant forms of H2A.Z
yielded contradictory results regarding whether H2A.Z stabi-
lized or destabilized chromatin structures. The objective of
the following studies was to resolve this dichotomy by char-
acterizing chromatin structures containing native H2A.Z.
Hydroxyapatite dissociation chromatography compared the
differential elution of H2A.Z with that of the other major
histones. H2A.Z eluted late with H3/H4, indicating a stron-
ger interaction with the tetramer and (or) DNA. H2A.Z elu-

tion occurred independently of linker histones and tissue and
chromatin type. In mononucleosomes fractionated by su-
crose gradients under increasing [NaCl], at 0.9 mol/L NaCl,
H2A.Z had a subtle preference for stabilized populations. In
pH-dependent gel filtration chromatography of octamers,
H2A.Z was present in stable octamers at pH 7.5 and only in
destabilized fractions under decreased pH. Induced circular
dichroism analysis showed that H2A.Z/H2B folding was
highly unstructured compared with H2A/H2B at 100 mmol/
L NaCl. While studies of higher chromatin structures sug-
gest a (subtle) stabilizing role for H2A.Z, the unfolded
H2A.Z/H2B dimer perpetuates the structural dichotomy of
H2A.Z.

Protein scaffold supporting tertiary chromatin
structure: implications from biochemical and
structural studies of MENT

Sergei A. Grigoryev, Yaroslava A. Bulynko, Evgenya Y. Popova, Sheena McGowan,
Ashley M. Buckle, James A. Irving, Poh Chee Ong, Robert N. Pike, and
James C. Whisstock
Penn State University College of Medicine, Dept Biochemistry & Molecular Biology, H171,
Milton S. Hershey Medical Center, P.O. Box 850, 500 University Drive, Hershey, PA
17033, USA; The Department of Biochemistry and Molecular Biology, Monash University,
Clayton, Victoria 3800, Australia

During terminal cell differentiation, chromatin is con-
densed into compact higher-order structures. To assemble
such structures, the DNA linkers in zig-zag nucleosome ar-
rays are constrained by architectural chromatin proteins that
mediate two discrete activities: longitudinal intrafiber fold-
ing (secondary structure) and lateral interfiber bridging (ter-
tiary structure). In myeloid blood cells, chromatin
compaction is mediated by chromatin-associated serpins.
The first known chromatin architectural serpin MENT con-
tains at least two discrete DNA binding sites. DNase I map-
ping of MENT location on oligonucleosomes arrays,

nucleosome binding experiments, and mutagenesis suggest
that this protein interacts with chromatin by simultaneous
binding to two DNA linkers at the nucleosome entry/exit
site. Upon binding nucleosome arrays, MENT forms oligom-
ers. Biochemical and structural studies of oligomeric MENT
reveal loop-sheet linkages that, together with electron micro-
scopy analysis of MENT-condensed chromatin, suggest that
a polymeric protein scaffold associated with nucleosome
linkers may connect partially intercalated nucleosome arrays
to support tertiary chromatin structure.
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Changes in H1-chromatin interactions during the
differentiation of murine erythroleukemia cells

D. Yellajoshyula and D.T. Brown
Dept. Biochemistry, Univ. of MS Medical Ctr, Jackson, MS 39216, USA

In higher eukaryotes, the linker or H1 histones stabilize
the folding of chromatin into higher-order structures. Recent
studies of the in vivo binding kinetics of H1 using photo-
bleaching recovery techniques demonstrated its ability to ex-
hibit transient interactions with chromatin. We hypothesize
that differentiation involves global changes in dynamic H1–
chromatin interactions as a means to regulate chromatin
structure. To investigate this possibility, we used fluores-
cence recovery after photobleaching (FRAP) to measure the
in vivo kinetics of H1 green fluorescent protein (GFP) var-
iants expressed in differentiating murine erythroleukemia
(MEL) cells. Terminally differentiated MEL cells displayed
a global increase in residency time of H1 on chromatin, sug-
gesting an overall decrease in chromatin plasticity. Further-
more, this behavior occurred only in cells that were

committed to terminal differentiation. Analysis of mutant
H1-GFP constructs suggested that dephosphorylation of H1
at concensus cyclin-dependent kinase sites is necessary for
differentiation-specific changes in chromatin binding ki-
netics. Overexpression of a mutant that mimics a hyperphos-
phorylated form of H1 in MEL cells significantly
compromised its ability to commit to differentiation. The re-
sults described here suggest that stronger H1–chromatin in-
teractions, caused in part by H1 dephosphorylation, play a
crucial role in decreasing chromatin plasticity and the ability
of induced MEL cells to become committed to erythroid dif-
ferentiation. This work was supported by grant No.
MCB0235800 from the National Science Foundation (to
D.T.B.)

Mapping the interaction surface of the linker
histone H18 with the nucleosome of native
chromatin in vivo

D.T. Brown, Tina Izard, and Tom Misteli
Dept. Biochemistry, Univ. of MS Medical Ctr, Jackson, MS 39216, USA; Dept.
Hematology-Oncology, St. Jude Children’s Research Hospital, Memphis, TN 38105, USA;
National Cancer Institute, NIH, Bethesda, MD 20892, USA

The H1 linker histones are major architectural compo-
nents of metazoan chromatin. H1 binding stabilizes the nu-
cleosome, limits nucleosome mobility, and facilitates the
condensation of chromatin. To resolve the structural basis
for how H1 mediates these processes, it is essential to deter-
mine how H1 interacts with chromatin in vivo and how it is
positioned onto the nucleosome. We have developed an ap-
proach combining systematic mutagenesis and photobleach-
ing microscopy to measure in vivo binding and structural
modeling to determine the binding geometry of the globular
domain of the H18 linker histone variant within the nucleo-
some in unperturbed, native chromatin in living cells. We
demonstrate the existence of two distinct DNA-binding sites

within the globular domain that are formed by spatial clus-
tering of multiple residues. Molecular modeling of the inter-
action surface with the nucleosome structure demonstrates
that the globular domain is positioned via interaction of one
binding site with the major groove near the nucleosome
dyad. The second site interacts with linker DNA adjacent to
the nucleosome core. The data indicate that multiple resi-
dues bind in a cooperative manner to form a highly specific
chromatosome structure that provides a mechanism by
which individual domains of linker histones interact to facil-
itate chromatin condensation. This work was supported in
part by grant No. MCB0235800 from the National Science
Foundation (to D.T.B.)
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Multiple roles for histone H2A in different DNA
damage response pathways

John D. Moore, Yeganeh Ataian, and Jocelyn E. Krebs
Department of Biological Sciences, University of AK Anchorage, Anchorage AK 99508,
USA

There are many types of DNA damage that are repaired
by a multiplicity of different repair pathways. All damage
and repair occur in the context of chromatin, and histone
modifications are clearly involved in many repair processes,
though the specific roles of these modifications have not
been elucidated in most cases. While many individual histo-
nes have been implicated in different repair pathways, most
attention has focused on histone H2A (H2AX in mammals),
specifically on the role of phosphorylation of the C-terminal
tail of H2A in response to double strand breaks. We have
extended the analysis of potential modifications of H2A in
repair by systematically mutagenizing modifiable residues
in both the N-terminal and C-terminal tails of yeast H2A,
and testing strains containing these H2A mutations in a
number of DNA repair assays. We show that a number of

residues in both tails are important for both the homologous
recombination and nonhomologous end-joining pathways of
double-strand break repair, as well as for survival of UV ir-
radiation and oxidative damage. We show that mutation of
H2A serine 122 to alanine (S122A) results in a deficient
phenotype in each of these assays, and that S122 is phos-
phorylated in response to double-strand breaks, indicating a
role for S122 phosphorylation as a general signal for multi-
ple classes of damage. In addition, we also find that overlap-
ping but nonidentical groups of H2A residues in both tails
are involved in different pathways of repair. These data sug-
gest the presence of a set of H2A damage codes, in which
distinct patterns of modifications on both tails of H2A may
be used to identify specific types of damage or to promote
specific repair pathways.

Autoregulation of the CUP1 gene in
Saccharomyces cerevisiae

Oya Yazgan and Jocelyn E. Krebs
Department of Biological Sciences, University of AK Anchorage, Anchorage, AK 99508,
USA

The CUP1 gene encodes a copper metallothionein
(Cup1p), a protein involved in copper homeostasis. The
transcription of CUP1 is activated rapidly upon exposure of
cells to copper. Cup1p binds copper ions with a high affin-
ity, and therefore removes excess free copper from the cellu-
lar environment, minimizing the deleterious effects of this
toxic metal ion. However, if the expression of Cup1p is not
turned off rapidly after the excess copper is sequestered, it
continues to bind all the copper ions in the cell. Complete
removal of copper by the excess metallothionein leads to
copper starvation and cessation of growth, since a trace
amount of copper is essential for normal functions of numer-
ous proteins. A significant amount of work has been done
on mechanisms leading to activation of the CUP1 gene, and
many of the components involved in this process have been

identified. However, the mechanism of the shutdown process
is still not understood. We are working on elucidating the
molecular mechanisms involved in transcriptional shutdown
of the CUP1 gene in Saccharomyces cerevisiae. We are in-
vestigating Ruf5, a noncoding antisense RNA generated by
the CUP1 locus, as a candidate RNA involved in down reg-
ulation of the CUP1 gene. Real time RT-PCR assays sug-
gest that Ruf5 transcript levels increase as the CUP1 gene
is being turned off following induction with copper, consis-
tent with the idea that transcription from the RUF5 gene
might lead to shut down of CUP1 expression through the
transcriptional interference mechanism. We are currently
trying to identify the key components that are involved in
this process, and to determine the role of chromatin remod-
eling and modification in the regulation of RUF5.
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Rad54 protein mediates DNA strand exchange
within chromatin

A. Alexeev and S. C. Kowalczykowski
Section of Microbiology, Center for Genetics and Development, College of Biological
Sciences, University of CA, Davis, CA, USA

In Saccharomyces cerevisiae, the Rad54 protein partici-
pates in the recombinational repair of double-strand DNA
breaks together with the Rad51, Rad52, Rad55, and Rad57
proteins. Rad54 interacts with the Rad51 nucleoprotein fila-
ment and stimulates DNA strand exchange promoted by the
Rad51 protein. Rad54 is a SWI2/SNF2-related protein that
possesses dsDNA-dependent ATPase activity and catalyzes
bidirectional nucleosome redistribution by sliding nucleo-
somes along DNA. This chromatin remodeling activity is
greatly stimulated by interaction with a Rad51 nucleoprotein
filament. Here we demonstrate that Rad54 protein efficiently

mediates Rad51-promoted DNA strand exchange within
mononucleosomes, while displacing histone octamers from
the dsDNA. The presence of nucleosome-free dsDNA signif-
icantly enhances DNA strand exchange by accepting histone
octamers transferred from mononucleosomes during the for-
mation of heteroduplex DNA. The DNA strand exchange
promoted by the Rad51 protein in turn stimulates the chro-
matin remodeling activity of Rad54. These findings indicate
that the Rad54 protein facilitates chromatin remodeling at
the DNA pairing and DNA strand exchange steps of genetic
recombination.

Direct observation of nucleosomes formed on
individually trapped dsDNA molecules

Joseph S. Siino, Ichiro Amitani, Ronald Baskin, and Stephen C. Kowalczykowski
Sections of Microbiology and of Molecular and Cellular Biology, Center for Genetics and
Development, University of CA, Davis, CA 95616, USA

DNA double-strand breaks can lead to genetic instability
and malignancy in eukaryotic cells. Such breaks are repaired
by homologous recombination with high fidelity. Studies of
homologous recombination in vitro are commonly conducted
using bare DNA; however, inside a eukaryotic cell, DNA
damage recognition and repair occur in the context of DNA
packaged as chromatin. We have developed a single-mole-
cule, mini-chromosome system for studying the behavior of
DNA repair proteins operating on a chromatin substrate. The
system utilizes phage � DNA modified to contain a tandem
repeat of nucleosome positioning sequences. Reconstitution
with fluorescently labeled histones and attachment of a pol-
ystyrene bead allows capture by a laser trap under buffer
flow conditions and simultaneous visualization of single

molecules by fluorescence microscopy. In the presence of
the DNA stain YOYO-1, both the DNA and chromatin can
be observed at separate emission wavelengths. Using this
system, rates of DNA translocation can be measured in real
time for individual motor proteins on bare DNA and through
chromatin. To test the validity of the system, the canonical
DNA repair helicase of the Escherichia coli RecBCD en-
zyme was examined. Our results support previous findings
that RecBCD enzyme can disrupt nucleosome arrays. The
rate of RecBCD translocation through chromatin is greatly
reduced (>10-fold) compared with bare DNA, and enzymes
often fail to progress through even limited nucleosome ar-
rays.
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Temperature sensitivity and thermotolerance in
H2A tail mutants

Shannon R. Uffenbeck and Jocelyn E. Krebs
Department of Biological Sciences, University of AK Anchorage, Anchorage, AK 99508,
USA

Our laboratory has previously demonstrated that histone
H2A tail modification is required for the induction of stress
response pathways due to heavy metal contamination, as
well as DNA damage. This project focuses on the highly
conserved heat shock proteins (HSPs) and the stress re-
sponse pathways associated with heat shock. Saccharomyces
cerevisiae has a normal growth temperature range of 25–
30 8C, and growth at elevated temperatures (37–42 8C) is
reduced. An increase to 50 8C is fatal for cells unless they
have been previously pretreated with a mild heat shock; this
acquired viability is termed thermotolerance. We found that
H2A tail residues S2, S122, T126, and S129 play a signifi-
cant role in survival at moderately increased temperatures,
while K121 and K127 are important for the acquisition of

thermotolerance. A strain bearing a deletion of the entire
H2A C-terminus results in severe heat sensitive and thermo-
intolerant phenotypes. Heat shock induced expression of
HSP26, encoding a small heat shock protein that is rapidly
expressed in response to heat shock, and HSP104, previ-
ously shown to be required for the acquisition of thermotol-
erance, was analyzed using Northern blot analysis. HSP26
and HSP104 mRNA levels are diminished in the C-truncated
strain, individual residue mutations are not critical for HSP
expression, with the exception of S2, which shows decreased
production of HSP26 mRNA. These results suggest that,
while H2A tail residues are crucial for heat stress response
and thermotolerance, this is not due to transcriptional de-
fects for the HSP genes tested.

There is more to H2AX phosphorylation than
meets the eye

Andra Li and Juan Ausió
Department of Biochemistry and Microbiology, University of Victoria, Victoria, BC V8W
3P6, Canada

Although the phosphorylation of histone H2AX, a hetero-
morphous histone H2A variant, is one of the best-character-
ized chromatin modification events in DNA double-strand
break (DSB) responses, the precise molecular mechanism
underlying its role in DSB repair remains to be elucidated.
This study was conducted to determine the role of human
H2AX in response to DNA DSB damage both structurally
and enzymatically. A recombinant human histone H2AX
and two of its phosphorylation mimics (E1 and E2, in which
relevant serines were replaced by glutamate) were expressed
and purified. We show that reconstituted nucleosome core
particles consisting of H2AX/E1/E2 and a stoichiometric
complement of HeLa S3 histones H2B, H3, and H4 exhibit
similar binding affinity to histone H1. DNA dependent pro-
tein kinase (DNA-PK), reported to participate in DNA DSB

repair, phosphorylates H2AX, as well as E2, within the re-
constituted nucleosome core particles. Furthermore, this kin-
ase phosphorylates H2AX in the reconstituted nucleosome
core particles even in the presence of H1. Our results sug-
gest the reconstituted nucleosome core particles containing
E1 or E2 have the same H1 binding affinity as the nonphos-
phorylated H2AX nucleosome core particles. Therefore, the
phosphorylation of H2AX is not likely to interfere with H1
binding for the accessibility of other DNA repair machi-
neries to chromatin. Preliminary results indicate that, in ad-
dition to the conventional phosphorylation at the SQE motif,
H2AX is phosphorylated at one or more other positions dur-
ing DNA DSB repair. Finally, the presence of H1 in nucleo-
some core particles does not interfere with the
phosphorylation of H2AX by DNA-PK.
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DNA-mediated Sir3 spreading of silencing

Cotteka N. Johnson, Nicholas L. Adkins, Steve McBryant, Jeffrey C. Hansen, and
Philippe T. Georgel
Marshall University, Huntington, WV, USA; CO State University, Fort Collins, CO, USA

The current model describing Sir3 silencing mentions its
recruitment and repression spreading strictly as a histone
tail mediated phenomenon. However, we have recently
shown that Sir3 is capable of binding to DNA in a coopera-
tive manner, although with a lower affinity than that ob-
served with chromatin templates. Our initial findings also
indicated that Sir3 binding to chromatin templates left the
linker DNA in nucleosomal arrays fairly accessible. This
would indicate that Sir3 preferentially interacts with DNA
that is directly in contact with, or in close proximity to, the
core histones. We investigated Sir3 DNA-binding properties
in more detail using the well characterized 208–12 DNA
fragment and found binding to be cooperative. Several
DNA sequences displaying various degrees of inherent
bendability were tested by electrophoretic mobility shift as-
say. Sir3–DNA complexes generated a smear at molar ratios
rSIR3 (Sir3/208 bp of DNA) between 2 and 5, indicating a
serious level of heterogeneity. By monitoring half depletion,

we found that our DNA fragment with the lowest curvature
was the preferred target for Sir3 deposition. As one would
expect internucleosome DNA to adopt a more linear confor-
mation, this result somewhat contradicts our initial assess-
ment of a Sir3 preference for linker DNA. To more
precisely test Sir3’s location within a chromatin template,
we used a four-way junction to mimic nucleosomal entry–
exit DNA. The results indicated that the template is a poor
substrate, suggesting that Sir3 recruitment occurs either at
the linker or nucleosomal DNA, away from the entry–exit
point. Finally, we tested DNA binding as a function of Sir3
molarity at various Sir3/DNA molar ratios. A well defined
complex was formed at higher molarity (rSIR3~8). The re-
sults indicate that Sir3’s DNA binding affinity is affected by
changes in local concentration. We believe that these results,
taken together with similar behavior on a 208–7 DNA tem-
plate, are indicative of a DNA-dependent mechanism for
Sir3 spreading and silencing.

Tail-dependent compaction of nucleosomal arrays
by MeCP2

Nicholas L. Adkins, Steve McBryant, Christopher L. Woodcock, Jeffrey C. Hansen,
and Philippe T. Georgel
Marshall University, Huntington WV, USA; CO State University, Fort Collins, CO, USA;
University of MA, Amherst, MA, USA

It has been recently demonstrated that MeCP2, the methyl
CpG DNA-binding transcriptional repressor binds and
tightly compacts in vitro assembled chromatin. To further
characterize the nucleosomal determinants for both the bind-
ing and compacting activities of MeCP2, we performed an
electrophoretic mobility shift assay and electron microscopic
imaging on various modified nucleosomal arrays (NAs).
Since it has been demonstrated that MeCP2 can form a com-
plex with Sin3 and HDAC1, we first investigated the effect
of histone tail acetylation. When complexed with MeCP2,
hyperacetylated NAs were unable to achieve the full com-
paction state observed with underacetylated nucleosomal ar-
rays. Similarly, we demonstrated that MeCP2 binding to

tailless NAs was mildly affected, but the ability to form
highly compacted complexes was severely diminished. To
further characterize the histone tail effect, we reconstituted
NAs using various combinations of three full-length over-
expressed histones combined with the remaining core tail-
less histone. The initial results indicate that the strongest
component in MeCP2 binding to chromatin is the histone
H3 N-terminus. Histones H2A, H2B, and H4 have only a
marginal effect on MeCP2 recruitment. The actual MeCP2-
mediated compaction effect is still under investigation. In
conclusion, it appears that MeCP2 binding and compaction
are dependent on the integrity and level of post-translational
modification of the core histones.
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The evolution of histone H1 antibodies into cancer
therapeutics, part IV: vasopermeation
enhancement agents as a case study for histone
antibody-based therapies

Missag H. Parseghian
Research and Development, Peregrine Pharmaceuticals, Tustin, CA 92780, USA

One of the barriers faced by new therapies targeting solid
tumors is the small amount of drug that actually penetrates
the cancer. To resolve this problem, we are trying to de-
velop a molecule that causes targeted vascular leakage at
the tumor site to improve drug uptake. As part of Pere-
grine’s program to expand the use of antihistone antibodies
as drug delivery agents, we have employed our human anti-
histone H1, known as NHS76, and we have chosen for our
first nonradioactive effector molecule a fragment of interleu-
kin-2 (IL-2), which is known to have vascular leakage prop-
erties. We have termed these fusion antibody constructs
vasopermeation enhancement agents (VEAs). Indeed, any
chemotherapeutic or immunotherapeutic drug paired with
our VEA compound should, theoretically, have an improved
therapeutic index because of the drug’s increased uptake at
the tumor site. However, an early challenge to the develop-
ment of these antibodies has been the need for an appropri-
ate screening assay for evaluating potency despite a lack of
understanding about the diverse mechanisms responsible for
vascular leakage. To surmount this obstacle, we have, in
collaboration with Dr. John Lewis at the Scripps Research
Institute, begun using the avian embryo chorioallantoic
membrane (CAM), a highly vascularized extra-embryonic
membrane connected to the embryo through a continuous

circulatory system. The CAM system is an in vivo model
that combines the versatility of in vitro assays with the
higher-order tissue complexity found in vivo. CAMs are
easily accessible for experimental manipulation given the
external location of the membrane, allowing topical applica-
tion or intravenous injection of drug candidates and the opti-
cal visualization of local responses using fluorescent
reagents. Application of VEAs to capillaries in the CAMs
has already begun to reveal striking images of vascular leak-
age. Our next goal is to grow tumors on the surface of these
membranes prior to intravenous injection of VEAs. Thus,
this system provides for convincing visual data of the VEA
fusion antibody’s activity, but when combined with localiza-
tion to a xenografted tumor, it will also demonstrate anti-
body binding to the accessible regions of chromatin in the
tumor core. To provide quantitative measurements of vaso-
activity that complement the visual data, we have also de-
veloped a method of measuring the extravasation of blue
dye or fluorescent reagent into the surrounding tissue upon
application of the VEA compound to the CAM. Hence,
CAMs provide an attractive alternative to murine models
for colocalization studies that evaluate the amount of vaso-
activity that can be correlated to VEAs localized on exposed
chromatin in the tumor core.

The evolution of histone antibodies into cancer
therapeutics, part III: establishing histone
antibodies as a carrier platform for therapeutics
and diagnostics

Keith Luhrs
Peregrine Pharmaceuticals, Inc, Tustin, CA, USA

While normally segregated to the nucleus of the cell, his-
tone H1 antigens are exposed to the extracellular environ-
ment under a variety of disease conditions. In cancer, these
antigens are found in the necrotic lesion present at the core
of all solid tumors, exposed by the rupture of dead cells.

Thus anti-H1 antibodies target an antigen structure that is
universally conserved among solid tumors arising from any
tissue, providing a unique opportunity for therapeutic anti-
body targeting. As a critical cellular component, these anti-
gens are not subject to the usual obstacles of downregulation
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# 2006 NRC Canada



or mutation by transformed cells under therapeutic selection
pressure. Just as importantly, by localizing to the necrotic
core, agents fused with these antibodies have the unique
ability to concentrate in the hypoxic zone of the tumor. It is
widely accepted that the living tumor cells in this region are
particularly resistant to current therapies. Over the last sev-
eral years these targeting antibodies have evolved into ther-
apeutics to effectively target radiochemical effectors or
image enhancement agents to treat or diagnose solid tumors.
The first such compound to enter clinical trials, Cotara, a
chimeric human/murine antibody carrying 131I, is currently
under evaluation for brain tumors. We have further investi-
gated the specificity of a fully human anti-H1 antibody,

NHS76. Both antibodies react strongly with the H1 proteins
from a diverse range of species, and to a lesser extent, with
human core histones. Further epitope mapping revealed that
these antibodies recognize the C-terminal tail of H1 pro-
teins, a site providing favorable accessibility for antibody
targeting. Indeed, in comparisons with other histone antibod-
ies, we found the chimeric and fully human forms of our
antibodies to have greater accessibility to nuclear antigens
of neoplastic cells. We have now begun to exploit this char-
acteristic by using these antibodies as the chief delivery
platform of effector molecules into the core of a solid tu-
mor.

Analysis of histone modification sites in proteins
eluted from fixed and stained high-resolution two-
dimensional polyacrylamide gels

Ray Green, Thanyanan Chaowanachan, Kristina Smith, Eric Selker, and
Dave Anderson
Department of Pharmaceutical Sciences, Mercer University, Atlanta, GA, USA; Institute of
Molecular Biology, University of OR, Eugene, OR, USA

High-resolution two-dimensional polyacrylamide gel elec-
trophoresis in buffers containing acetic acid, urea, and Tri-
ton X-100 permits separation of histone subtypes and
postsynthetically modified derivatives of these subtypes cre-
ated by processes such as acetylation and phosphorylation.
Recent developments in mass spectrometry permit analysis
of the modification sites in the small amounts of protein typ-
ically found in individual protein spots in two-dimensional
polyacrylamide gels. Efficient methods for protein recovery
from fixed and stained polyacrylamide gels are required to

combine these powerful technologies so that specific infor-
mation about the modification sites in the differentially
modified histones may be obtained. Here we describe modi-
fications to our two-dimensional polyacrylamide gel system
designed to increase resolution and yield of histone subtypes
and their modified derivatives. An electroelution system fa-
cilitates efficient recovery of individual protein spots from
the fixed and stained gels, yielding an acetone precipitate
that is suitable for analysis by mass spectrophotometry. Ex-
amples and results from these procedures will be presented.

Tissue-specificity of dE2F1 expression in
Drosophila

Rongrong Feng, Huagung Li, Alexandra Weyrich, Yi Lu, and Wolfgang Hennig
DAAD Laboratory and Max Planck Guest Laboratory, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences, 320 Yue Yang Road, Shanghai 200031, China

From the Drosophila dE2F1 gene, 2 (PB and PC) of 3
transcripts are expressed in a tissue-specific way. Deletion
of the transcript dE2F1-PB results in early embryonic lethal-
ity due to a maternal effect, which indicates that this gene
product is synthesized in the ovary but used in the embryo.
Detailed studies of the early embryonic development in the
mutant show that it is delayed and that the synchrony of nu-
clear divisions in the early blastoderm is interrupted. Aneu-

ploid nuclei were found, indicating defects in the
segregation of chromosomes during the early cleavages.
The transcript dE2F1-PC can be functionally suppressed in
by RNAi techniques: GAL4/UAS strains, which express an
RNAi specifically directed against the dE2F1-PC transcript,
reveal eye and wing defects if the GAL4 expression is in
eye or wing disks. Our data reveal different functions asso-
ciated with the dE2F1 gene. This relates to the multiple
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functions assigned to different E2F genes in mammals. The
originally single gene appears to have duplicated and di-

verged to allow different functions to be assigned to separate
genes.

The involvement of the high mobility group N1
protein in differentiation, chromatin structure,
and SWI/SNF remodeling

David A. Hill and Anthony N. Imbalzano
Department of Cell Biology, University of MA Medical School, 55 Lake Avenue North,
Worcester, MA 01655, USA

The dynamic modulation of chromatin structure is deter-
mined by many factors, including enzymes that modify the
core histone proteins, enzymes that remodel the structure of
chromatin, and factors that bind to genomic DNA to affect
its structure. The nucleosome binding family of high mobi-
lity group proteins (HMGN1, formally known as HMG-14)
is a chromatin architectural protein that specifically interacts
with nucleosomes and has been shown to facilitate the rever-
sal of repressive chromatin structure, thereby making it
more conducive for transcription. Expression of key regula-
tory and tissue-specific proteins necessary for myogenesis
and adipogenesis are dependent on functional SWI/SNF en-
zymes that hydrolyze ATP to remodel chromatin and allow
factors access to chromatinized DNA. To determine if
HMGN1 functions together with SWI/SNF enzymes in myo-
genesis or adipogenesis, 2 SWI/SNF-dependent processes,
we used RNA interference to create stable cell lines with re-
duced HMGN1 protein levels and differentiated them along
the myogenic and adipogenic pathways. We show that nei-
ther differentiation path was affected by reduced HMGN1

protein levels. We further demonstrate that HMGN1 levels
naturally decrease as a function of contact-mediated cell
cycle arrest, a necessary step to promote differentiation,
thereby explaining the lack of requirement for HMGN1 in
these cellular differentiation processes. HMGN1 shares sev-
eral nucleosome structure preserving characteristics with
linker histones. We have previously shown that linker histo-
nes inhibit SWI/SNF-mediated remodeling on both mononu-
cleosome and nucleosomal arrays. To ascertain how
HMGN1 affects SWI/SNF remodeling we reconstituted both
nucleosomes and model 208–11 nucleosomal arrays with
and without HMGN1and subjected them to SWI/SNF re-
modeling assays. We demonstrate that HMGN1 does not af-
fect SWI/SNF-dependent chromatin remodeling on either
mononucleosomes or nucleosomal arrays, indicating that
SWI/SNF functions independently of HMGN1. Structural
characterization of the nucleosomal arrays demonstrate that
HMGN1 decreases the sedimentation velocity of elongated
arrays formed in low ionic strength buffers but has little ef-
fect on the structure of more highly folded arrays.
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