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their studies of histone posttranslational modtfaas. Don't
forget to see who has graduated and then takdasthe
crossword puzzle. Visit the IBS website to seefitdngres and
pictures in color.
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mail Amir Mirarefi, IBS president, at amiraref@adgsic.edu. For
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Introduction

Having recently presented a poster at th& @8nual meeting
of the Biophysics Society, we can say that Fouri@nsform mass
spectrometry (FTMS) has yet to be completely acmpas a
bonafide biophysical technique. Of the approxirtyat6,000
posters presented, only seven used mass spectyoi&) as their
experimental driver. Despite the odds, an overmigly large
number of people had questions about the vergatft
FTMS as an analytical tool in studying biophysical
phenomena. A majority of the graduate studentaghb
MS was limited to studying the mass of small molesu
In this article, we will discuss the applicabiliof FTMS
for studying large biomolecules, particularly
characterization of histones (11 to 22 kDa), a Farof
DNA-associated proteins, and their cell cycle
modification dynamics.

Fourier transform mass spectrometryJsing a
custom-built 8.5 Tesla quadrupole Fourier transfanass
spectrometer with electrospray ionization (ESI QvS),
we are able to analyze intact proteins up to ~1D@ k
(Fig. 1). Electrospray ionization is a convenigraty to
form gaseous protein ions. Acidified samples spnatyof
a syringe-pump system through a needle at ~2000 V.

the

Protein:solvent droplets (<trm diameter) form that have high

surface charge, which then enter the mass spededmeource

region. After passing through a heated metal apil the
desolvated, highly charged protein ions are didbdte the mass
spectrometer’s cell by a series of transfer octepand a mass
resolving quadrupole. The ions are trapped ingiue cell by
applying a potential to two trapping plate elecesd The ions then
undergo cyclotron and magnetron motion, which afisen both
the uniform magnetic field and an applied elecfiald. If the
applied radio frequency field is resonant with thgclotron
frequency, the ions with a specific mass-to-chaegi® are excited
to a larger cyclotron radius (as an ion packet)l tim electric field
is turned off. Now that the excited ion packet hadarger
cyclotron radius, it will attract electrons on cmetection electrode
and then the other inducing an alternating curcafied an image
current. This current is related to the ion’s oyen frequency,
which is then converted to a mass-to-charge ratipéasforming a
Fourier transform (excellent reviews: [1, 2]). should be noted
that an ion’s cyclotron frequency is not dependeamtits kinetic
energy, but only on the magnetic field, unit charged mass {f=
gB/2pm). This independence from kinetic energy lends TS’
high degree of resolution. In addition, unlike ehof-flight mass
spectrometry where the ions are destroyed uponctitate the
detection of the image current is non-destructind allows for
tandem mass spectrometry (MS/MS).

Detection of histone posttranslational modificagornside
the nucleus, DNA exists in an intimate state wigtdnes, a family
of small basic proteins. DNA wraps around a cylical histone
octamer roughly two times. This octamer consi$t® molecules
of each histone; H2A, H2B, H3, and H4. Early biggbal
experiments found that this DNA:histone complex/lech a
nucleosome, is the basic repeating unit of chramaftid at the
most decondensed level can be thought of as “beadsstring.”

continued on p. 2

Figure 1. An 8.5 Tesla superconducting magnet.
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continued from p. 1
Processes that condense these “beads on a stitm”higher

down approach involves less sample handling conpae
conventional methods [11] and is uniquely suitecthacidate the

ordered chromatine(g.,a mitotic chromosome) are involved withnature of the histone code.

epigenetic regulation of DNA packaging, DNA repand gene
regulation. One key regulatory factor in thesecpsses is the
posttranslational modification state of the hisginél-terminal
regions. Biochemical analyses of histones H2A, HAB, and H4
during the last 30 years have demonstrated thaetpeoteins can
be modified at single or multiple sites by a varieif post-
translational modifications (PTM) including acetyden,
methylation,  ubiquitylation,  poly(ADP-ribosylation) and
phosphorylation [3-5]. A growing consensus amoigomatin
researchers recognizes that a full understandingemfenetic
regulation requires elucidating combinations of BTt reside on
individual histone molecules. These combinatiofisPdM are
referred to as the histone code, which mediatesdbriitment of
other DNA associated proteins to elicit approphatoordinated
and variegated responses [6, 7]. Regrettably, itladility of
current techniques to resolve, characterize, andesas the
abundance of all of the variously modified formshidtones that
occur in cells is a major obstacle to attainingstigioal. For
example, a popular method relies on site- and rnwadibn-specific

antibodies to identify
histone PTM. Use of
antibodies inherently

restricts analysis to only
one site or one type of
modification at a time.
Furthermore, it is difficult
to quantify the relative
amount of protein
harboring the modification
of interest verses protein
that does not.  Another
method, “bottom up” MS,
uses enzymatic digestion
prior to MS to generate 1—
3 kDa peptides that are
amenable to peptide mass
mapping or site
identification by MS/MS
[8, 9]. These techniques
provide information on the
presence or absence of

We selected human histone H4 as the model prateievelop
this method. In contrast to the other histonekasotic cells
express only one amino acid sequence for H4, an®TiM sites
have been characterized extensively. Althoughntestidies have
demonstrated decreased levels of H4 acetylatioimglunitosis and
meiosis by immunofluoresence with acetylation sjecific
antisera [12-14], quantitative analyses of H4 PTnaiics
throughout the cell cycle have not been reportedipusly. Here,
we report the use of top down MS to assess hovabledance of
each of the modified histone forms changes in ssoribed cells
progressing through the cell cycle in order to tdfgnPTM and
combinations of PTM that are associated with cedle specific
events such as replication and mitosis.

Results and Discussion

Cell synchrony and histone isolation/purificatiodeLa cells
grown to mid-log phase are synchronized at the @hése border
using a double thymidine block procedure [16]. eTdegree of

synchrony is monitored

throughout the

experiment using
fluorescent-activated

cell sorting (FACS),

which measures cellular
DNA content in samples

taken  hourly after
release from the second
block, providing an

indirect measure of cell

cycle progression.
Histones are then
prepared from the
isolated  nuclei by

sulfuric acid extraction.
Individual histones are
purified by reverse-
phase HPLC using a
polymeric support and
an acetonitrile gradient.
Histone H4, which
elutes as a single peak

individual PTM on 1S
specific histones, but the _ containing all of the
initial  proteolysis step Figure 2. ESI Q-FTMS spectrum of the reverse-phasi4 fraction. unmodified and
losses any information various  modified
about the relative abundance of modifications afl a® which ) fOV_mS. is recovered
modifications occur in combinations with one anotheless the from the HPLC eluent by vacuum drying, dissolvead analyzed

modifications occur on the same peptide An altévaatype of
MS, referred to as “top down” MS, first measures ititact mass of
all protein forms in a sample. This allows a seuméntitative

by ESI Q-FTMS .
FTMS of intact human H4.Several masses of HelLa H4,
corresponding to differentially modified forms, weobserved in

estimate ofeverydifferentially modified form present in the massthe ESI Q-FTMS spectrum of the reverse-phase Hetiéna (Fig.

spectrum. Tandem mass spectrometry, which alleation of
one modified form, in conjunction with electron ta@
dissociation (ECD), a fragmentation-rich dissociati method,
enables PTM to be localized to single amino acgldiees with
100% sequence coverage of each molecular spedgs The top

2). Due to extremely high resolution f1®f ESI Q-FTMS, the
individual isotopes of the protein forms are resdlvThis isotopic
distribution results from the natural abundanceatoimic isotopes,

continued on p. 5
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News

On June 1st, 2004, Professor Ziwei Huang left
UIUC for La Jolla, CA, where he has been appointed
Director of Medicinal Chemistry & Drug Discovery
Alliance, at The Burnham Institute. He also has a
appointment at UCSD.

Colin Wraight, former Director of the Center for
Biophysics and Computational Biology, has been
appointed the new Acting Director of the Department
of Biochemistry.

The Biophysics Executive Committee election votes
have just been tallied and the newly elected mesmber
are: Bob Clegg and Lee Cox. Congratulations! Bob
and Lee will be joining continuing members Bob
Gennis, Gary Olsen, Zan Schulten and Paul Selvin.
The Center wishes to extend its appreciation to
former members Deborah Leckband and Steve Sligar
and to thank them for their service for the past¢h
years.

On September 11, 2004, Cindy Dodds will have
been with the Center for Biophysics and
Computational Biology for 10 years.
Congratulations Cindy!

A new rotation selection procedure will be
implemented Fall 2004. Students and faculty woll n
longer be allowed to pre-arrange lab rotations.
Students will now submit their top 3 choices to the
office of the Center for Biophysics and
Computational Biology; Cindy Dodds, along with the
MCB Graduate Committee, will determine the
rotation schedule. In most cases, students should
receive their top choice.

Fall 2004 is the first time students will be usthg
new Banner system for registration. If studentsdne
to register for more than one rotation (or tutgriala
semester, please see Cindy Dodds, as the systém wil

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

not allow the student to register for more thaa on
course with the same instruction type (e.g. legture
conf, etc). Please note some other key changés: on
the student and the Office of Admissions and Rexord
can make any changes to a student's schedule, very
late registration (via the old paper forms) may no
longer be allowed, and drop/add date schedules may
also be affected.

(PhD)
Jozien Goense
Tom Makris
Seth Olsen
Lihua Zou
(MS)
Haili Ping

(MS)
Wei Wang

Qian Bian
Peter Freddolino
Claudia Lee
Myat Lin
Feng Liu
Michael McLachlan
Ulai Noomnarm
Jeehae Park
Elijah Roberts
Ruobing Zhang

oooooooooooooooooooooooooooooooooooooooooooooooooooooooo

: Need help with the TSE? Want to practice your Engsh-speaking skills?

: Project READ can help!

Drop in on one of our informal conversation claseetd every Wednesday night from 7 to 9 Pl\/i
: at the United Methodist Church next to Lincoln Sguislall. Classes will begin Septembét: 8
For more details, contact Amanda Kolling at amatialg@hotmail.com.

.
oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

ooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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The key to the crossword puzzle wi
be posted on the IBS homepage:
www.life.uiuc.edu/biophysics/ibs
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isotopes represents a
unigue mass of H4
resulting from possible
combinations  of two
modifications:

methylation (14.0156 Da)
and acetylation (42.0106
Da). The majority of H4
appears to have only a few
modifications: the most
predominant form being
acetylated at the N-
terminus and
dimethylated at K20
(11299.3 Da). As H4
becomes more heavily
modified, the relative
abundances of these forms
decrease. This is in
agreement with previous
literature that used
chromatography and
Edman degradation to
show that highly
acetylated forms are rare
on H4 [17].

Identification of H4
PTM and creation of a
specialized database.To
correctly identify and
localize PTM, a single
molecular weight species
was isolated in the mass
spectrometer and
subsequently fragmented
by electron capture
dissociation. The
fragmentation profile of

an H4 form +112 Da Figure 3. H4 modification dynamics during the celkcycle.

above the unmodified
mass is shown in the

continued from p. 3
primarily carbon (98.9%°C, 1.1%*C) and nitrogen (99.4%'N,
0.6%"°N), in the protein. For a protein the size of H41.3 kDa),
a theoretical distribution consisting of 18 isotepean be
calculated. Each distribution of ~18 isotopes espnts a single
molecular species of a modified H4 protein. Forreple, the top
mass spectrum in Figure 2 shows a blown-up isotdjsitcibution
representing an N-terminal acetylated H4 proteiat thas a
monoisotopic mass of 11271.3 Da.
isotopes are listed &3C;, °C;, 1°*Cs, and*C,. Each cluster of ~18

The four mostndant

To be brief, a database consisting of 46,875 difféally modified
forms of H4 was generated from the possible contimna of
previously reported H4 modifications (methly, ad¢etgtc.) and
modifiable sites (R3, K5, K8, etc.). The ECD fragmhions from
each observed mass were then used to query thedbaks. In
addition to correctly identifying and localizingetbe modifications,
we showed that the database could correctly disaeracetylated
verses trimethylated HDM = 0.035 Da) at 5 ppm error [18].

H4 modification dynamics during the cell cyclés the
cell cycles, abundances of several modified forinkl4 fluctuate

dramatically as seen in
Figure 3. Written above
each H4 mass is the
identity and localization of
the corresponding PTM.
Each PTM on histone H4
during the cell cycle was
determined by both manual
and computational analysis
of the corresponding ECD
spectra.  After releasing
cells from an arrest at the
G1/s transition, the
modification profile of H4
resembles an asynchronous
cell population (Fig. 2, top
MS) with the +70 and +112
Da forms being most
abundant. During the S
phase, DNA is replicated
and the bulk of new histone
is synthesized. In figure 3,
the top two mass spectra
represent a snapshot of
variously modified histone
H4 species during G2 and
M/G1 cell cycle stages. At
G2, two modified forms
increase dramatically: a
form with only N-terminal
acetylation (+42 Da) and a
form  with  N-terminal
acetylation plus K12/K16
acetylation (+84 Da). At
M/G1 these forms become
monomethylated (and
perhaps dimethylated) at

K20 resulting in a mass
increase of +14 Da for each
methyl group. Because
newly synthesized and

bottom MS of Figure 2. The 91 observed fragmemsiovere parental histones have the same mass, it is uneleather these

compared to the theoretical unmodified H4 fragmiens. After

modifications occur on new and/or old histonesevidus research

manual and computationalife infrg alignment of the observed has shown that newly synthesized H4 is specificaltetylated,
ions to the theoretical, the correct PTMs identifiwere an N- which is required for the deposition into the nosleme [19]. To
terminal acetylation, K16 acetylation, and K20 diihygation. Due effectively separate newly synthesized histonesnfiareexisting
to the large number of histone forms and the négesfsrapid data histones, we released synchronized cells into miadicontained

analysis, a database was created to facilitatadimetification of
other modified forms from fragmentation-rich ECDespra [18].

3¢, >N doubly labeled valine and arginine in additiorttte other

continued on p. 6
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continued from p. 5 6.
18 amino acids. Since a majority of the histones synthesized
during S phase, new histones would preferentiatpiporate the 7.
labeled amino acids. Histones were prepared asiopsy
described. After FTMS, two sets of H4 proteindatihg by 194 g,
Da in the mass spectrum were observed (Fig. 3,rély)g The
bottom two MS show that newly synthesized H4 isadie
separated from old histone and is the recipient alif the o,
modifications as the cell cycles. Both the regimd temporal-
specific appearance of several modifications oncbldfirmed and

expounded upon the results from the unlabeled cgitle 10.

experiment. The use of labeled amino acids alloumimbiguous
characterization of K20 methylation rates on un-dan

monoacetylated H4 since there is no overlappingest and old 11.

H4. Fanget al report that K20 methylation peaks during mid-S
phase [20] while Nishiokat al report that this methylation is an M

phase specific phenomenon [21, 22].
antagonism between K20 methylation and K16 acetylatwhich

they claim might be a signal for epigenetic interide: methylation 13.

at K20 marking a gene silent and acetylation at Ki&king a
gene active. Our results show that K20 methylastarts at G2

and proceeds through M/early G1 regardless of veneki6 is 14

acetylated or not (Fig. 3, in gray). The progi@s®f histone H4
K20 methylation and its predominance after the lcadl left mitosis

indicates that it might be involved with the matioa of chromatin 15

rather than a mark for epigentic inheritance.

16.

Conclusions

Histone posttranslational modifications are key poments of 17.

the mechanisms that orchestrate DNA-level phenonsmwh as
gene regulation, epigenetic inheritance, and
condensation. Until now, complete detection andntjtaion of
these modifications were limited by the biochemitathniques

employed. Using top down FTMS, we have shown semi9.

quantitative dynamics of histone PTM on a globalvele
Furthermore, the creation of a customized databeesatly assisted

histone PTM characterization and localization. sPécific interest, 20.

the development of methylation on H4 K20 occurs reawly
synthesized histone during the latter portion &f ¢ell cycle. We

find that methylation occurs regardless of an aquamying K12/16 21

acetylation, in contrast to earligr vitro work claiming antagonism
between the two modifications. We are currentlingisESI Q-

FTMS to elucidate the nature of the roles that K@éthylation 22

plays in transcriptional regulation and chromos@®gregation.
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