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Histone H4 undergoes extensive post-translational modifica-
tions (PTMs) at its N-terminal tail. Many of these PTMs pro-
foundly affect the on and off status of gene transcription. The
molecular mechanism by which histone PTMs modulate genetic
and epigenetic processes is not fully understood. In particular,
how a PTM mark affects the presence and level of other histone
modification marks needs to be addressed and is essential for
better understanding the molecular basis of histone code
hypothesis. To dissect the interplaying relationship between dif-
ferent histone modification marks, we investigated how individ-
ual lysine acetylations and their different combinations at the
H4 tail affect Arg-3 methylation in cis. Our data reveal that the
effect of lysine acetylation on arginine methylation depends
on the site of acetylation and the type of methylation.
Although certain acetylations present a repressive impact on
PRMT1-mediated methylation (type I methylation), lysine
acetylation generally is correlated with enhanced methyla-
tion by PRMTS5 (type II dimethylation). In particular, Lys-5
acetylation decreases the activity of PRMT1 but increases
that of PRMT5. Furthermore, circular dichroism study and
computer simulation demonstrate that hyperacetylation
increases the content of ordered secondary structures at the
H4 tail region. These findings provide new insights into the
regulatory mechanism of Arg-3 methylation by H4 acetyla-
tion and unravel the complex intercommunications that exist
between different the PTM marks in cis. The divergent activ-
ities of PRMT1 and PRMT5 with respect to different
acetyl-H4 substrates suggest that type I and type II protein-
arginine methyltransferases use distinct molecular determi-
nants for substrate recognition and catalysis.

The nucleosome is the fundamental structural unit of chro-
matin, in which 146 bp of DNA are wrapped around an octamer
of two molecules of each of the four core histones (H2A, H2B,
H3, and H4 proteins). Widespread post-translational modifica-
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tions (PTMs)® of the histone proteins have been identified,
including acetylation, phosphorylation, methylation, ubiquiti-
nation, and ribosylation (1, 2). The types and sites of modifica-
tions and the specific functions of these PTM marks in modu-
lating chromosomal remodeling and DNA function have been
intensively studied in recent years. In particular, significant
amounts of data have pointed out the functional correlation of
histone modification with transcriptional regulation (3, 4).
Although certain modifications are shown as representative
marks of active transcription (e.g H3K4 methylation, H3K36
methylation, H3 and H4 lysine acetylation, and H2B ubiquity-
lation), some others are correlated with transcriptional repres-
sion (e.g. H3K9 methylation, H3K27 methylation, H4K20 meth-
ylation, and H2A ubiquitylation) (5, 6). Of importance, many
histone PTM marks co-occurring in the same histones can be
synergistic or antagonistic with one another, forming compli-
cated combinatorial histone modification patterns that have
been proposed to function as a set of multivalent “histone
codes” that promote or repress various chromosomal transac-
tions that occur in the cell (1, 7, 8). Histone PTM patterns pro-
vide a biochemical index for individual cell types and disease
states and correlate with particular biological phenomena of
the cell (9-12). Given the abundance of histone modification
marks and the dynamic changes of histone modification pat-
terns in response to cell types and differentiation contexts, it
remains a challenging biological theme to illuminate the molec-
ular basis of how histone codes and code networks are bio-
chemically created and manifest their downstream impacts on
chromatin function (8).

The N-terminal tail of histone H4 is heavily modified at sev-
eral sites, including Ser-1 phosphorylation, Arg-3 methylation,
Lys-5, -8, -12, -16, and -20 acetylation (i.e. K5ac, K8ac, K12ac,
and K16ac), and Lys-20 methylation (13-20). These modifica-
tions have been shown to be very dynamic, and distinct histone
modification patterns have been observed in different cell
types, different developmental stages of life, or in different
phases of the cell cycle (9, 10, 21, 22). For example, Pesavento et
al. (22) characterized H4 modification by using top-down mass
spectrometric approaches coupled with two-dimensional liq-
uid chromatography and identified 42 forms of H4 in HeLa cells
each of which contain different modification patterns. Coon
and co-workers (21) used mass spectrometry methods to iden-

3 The abbreviations used are: PTM, post-translational modification; TFE, 2,2,2-
trifluoroethanol; DSS, 4,4-dimethyl-4-silapentane-1-sulfonic acid; AdoMet,
S-adenosylmethionine; PRMT, protein-arginine methyltransferase; Fmoc,
N-(9-fluorenyl)methoxycarbonyl.
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FIGURE 1. Methylation of H4R3 by PRMT1 and PRMT5.

tify 74 histone H4 isoforms in differentiating human embryonic
stem cells. There is a strong need to understand how these
combinatorial PTM patterns are established at the histone tail.

Acetylation represents one of the most frequent modifica-
tions at the H4 tail. The acetylation is introduced by several
histone acetyltransferases, including p300/CBP (16, 23), Tip60
(24, 25), and yeast protein Esal (26). For example, both p300/
CBP and Esal acetylate H4 at Lys-5, Lys-8, Lys-12, and Lys-16
invitro and in the context of a nucleosome; acetylation of Lys-5
and Lys-8 by p300 is preferred (16, 23). Lys-16 is a preferred
acetylation site by the MOF subunit of the MSL and NSL com-
plexes (27, 28). Histone acetylation is reported to affect the
assembly of higher order nucleosome structures (29) and is
generally proposed to co-activate gene expression. Because
there are four major acetylation sites at the H4 tail, i.e. Lys-5,
Lys-8, Lys-12, and Lys-16, histone acetyltransferases catalysis
can produce a total of 16 acetylated H4 isoforms. Effort is
needed to address which acetylation site and which acetylation
combination play predominant roles in determining the tran-
scriptional status of the gene loci. H4K16 acetylation has been
particularly shown to be a hallmark of open chromatin and
transcriptional activation (30). It is noteworthy to point out that
different acetylation patterns may be correlated with different
functions. For example, Lys-5 and Lys-12 acetylations are
known to be predeposition marks, highly enriched prior to
chromatin assembly during S-phase (31, 32). Possibly, the
acetylation event may affect gene expression by influencing or
even determining other modifications at the histone tail. This is
especially true given that histone acetylation has been demon-
strated in several studies to be an early event and to occur
upstream of other modifications (22, 33).

Here, we investigated how different H4 acetylations and their
combinations affect methylation of H4 at Arg-3 (i.e. H4R3me)
at the biochemical level. Protein arginine methylation is cata-
lyzed by protein-arginine methyltransferases (PRMTs), which
are S-adenosylmethionine (AdoMet)-dependent enzymes and
are generally classified into type I and type II families. PRMT1 is
the predominant member of type I PRMTs, and PRMTS5 is a
representative member of type II PRMTs in mammalian cells
(Fig. 1). Type I PRMTs are able to transfer up to two methyl
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groups from the cofactor AdoMet to one single terminal nitro-
gen of the guanidino group of specific arginine residues in a
protein substrate, resulting in »-N°-monomethylarginine and
-N® ,NS-asymmetric dimethylarginine products (34-37). In
contrast, type II PRMT enzymes place one methyl group on
each of the two terminal guanidino nitrogens to form w-N°-
monomethylarginine and w-N,N’S-symmetric dimethylargi-
nine products (37-39). Because of the lack of structural infor-
mation, it is still poorly understood how the regiospecificity in
methylated products is achieved. At the H4 tail, both PRMT1
and PRMTS5 are able to methylate H4R3 in vivo. Of significance,
the biological impact of H4R3 methylation by PRMT1 is oppo-
site that of PRMT5; PRMT1-mediated dimethylation of Arg-3
is correlated with gene activation (15), but the methylation of
H4R3 by PRMTS5 is in many cases associated with gene repres-
sion (40). Our biochemical data show that PRMT1 recognizes
and methylates H4 substrates that contain different acetyl
marks in a very distinct manner from that of PRMTS5, thus
providing molecular insight into the mechanism of how
PRMT1 and PRMTS5 target the chromatin template and how
acetylation contributes to the establishment of H4 modification
patterns or codes by a cis-acting mechanism. This finding also
unveils a clear distinction between type I PRMT and type II
PRMT with respect to the mode of substrate specificity
regulation.

EXPERIMENTAL PROCEDURES

Design and Synthesis of Acetylated H4 Peptides—The N-ter-
minal peptide of histone H4 containing the first 20 amino acid
residues and different acetylation patterns were synthesized
using Fmoc-based solid phase peptide synthesis (SPPS) proto-
cols on a PS3 peptide synthesizer (Protein Technology. Tucson,
AZ). Each amino acid was coupled to the solid phase by using 4
eq of amino acid/O-(1H-6-chlorobenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (Novabiochem).
Fmoc was deprotected with 20% (v/v) piperidine/dimethylfor-
mamide. The N-terminal amino acid was acetylated with acetic
anhydride. The peptide was cleaved from the Wang resin by
incubating the resin in a cleavage solution consisting of 95%
trifluoroacetic acid (TFA), 2.5% H,O, and 2.5% triisopropylsi-
lane for 3 h. Peptides were precipitated in cold ether and then
pelleted by a centrifuge at 3000 rpm for 10 min. After washing
with ether, crude peptides were collected and purified using a
Varian Prostar instrument equipped with a C-18 reversed
phase (RP)-HPLC column. 0.05% TFA-containing water and
0.05% TFA-containing acetonitrile were two mobile phases
used in gradient purification. The purity and identity of purified
peptides were confirmed by analytical HPLC and MALDI-MS.

Calibration of Peptide Concentrations with NMR—The accu-
rate concentration of each peptide was determined by meas-
uring its one-dimensional '"H NMR spectra with external stand-
ard on a Bruker Avance 400 MHz instrument. For each NMR
sample, a D,O solution was prepared containing 4.5 mm
(weight-based) individual H4 peptides and 1 mm 4,4-dimethyl-
4-silapentane-1-sulfonic acid (DSS), respectively. The 'H NMR
spectra were collected at room temperature. The integration
ratio between the proton peak of DSS at 0 ppm and the two
proton peaks of the imidazole group of the histidine residue, i.e.
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His-18 (6 = 7-9 ppm), was measured to calculate the real con-
centration of each H4 peptide sample.

Protein Expression and Purification—Recombinant His-
tagged rat PRMT1 was expressed in Escherichia coli and puri-
fied with nickel-charged His, tag binding resin. The PRMT1-
pET28b(+) plasmid was transformed into E. coli BL21(DE3)
(Stratagene) by heat shock. Bacteria were incubated in LB
media at 37 °C for growth and 16 °C for protein expression
(induced by isopropyl 1-thio-B-p-galactopyranoside 0.3 mm).
Cells were harvested by centrifuge and lysed by a French press.
The supernatant containing PRMT1 protein was loaded to the
nickel-charged His, tag binding resin (Novagen) equilibrated
with column buffer (25 mm Na-Hepes, pH 7.0, 300 mm NaCl, 1
mM PMSF, and 30 mM imidazole). Beads were washed thor-
oughly with column buffer and washing buffer (25 mm
Na-Hepes, pH 7.0, 300 mm NaCl, 1 mm PMSF, and 70 mm imid-
azole) and eluted with elution buffer (25 mm Na-Hepes, pH 7.0,
300 mm NaCl, 1 mm PMSF, 100 mm EDTA, and 200 mMm imid-
azole). Different eluents were checked by 12% SDS-PAGE.
After dialysis and concentration, protein concentration was
determined by the Bradford assay. Active FLAG-tagged human
recombinant PRMT5/MEP50 was purchased from BPS Biosci-
ence, Inc.

Radioactive Methylation Assays—The methylation assays of
different H4 peptide substrates were performed using '*C-iso-
tope labeled AdoMet at 30 °C. The typical reaction buffer con-
tained 50 mMm Hepes, pH 8.0, 10 mm NaCl, and 1 mm DTT.
Peptide substrate and ["*C]AdoMet were preincubated in the
reaction buffer for 5 min prior to the initiation of methyl trans-
fer reaction by the addition of PRMT. The reaction time was
controlled under initial conditions so that typical reaction
yields were within 15%. The reaction was quenched either by
spreading the reaction mixture onto P81 filter paper disc
(Whatman) or by mixing the reaction buffer with 5X protein-
loading dye. For the filter-binding assay, the paper discs were
washed with 50 mm NaHCO,, pH 9.0, and air-dried for 2 h, and
then liquid scintillation was conducted to measure the amount
of methylated products. For the gel-based assay, methylation
mixtures were resolved on 16% SDS-PAGE, and the gel was
dried and exposed to phosphor film for at least 36 h in the dark.
The phosphorimage was scanned on a Typhoon 9400 scanner,
and the amount of methylated products was quantitated with
ImageQuant program (GE Healthcare). Data of K, and k_,,
values were obtained with the filter binding assay by measuring
the initial velocity of reaction at varied concentrations of one
substrate and fixed saturating concentration of the other sub-
strate, and fitting the kinetic data with a Michaelis-Menten
equation.

The methylation assays were also conducted for histone H4
protein and reconstituted nucleosomes to confirm the effect of
H4 acetylation on its methylation by PRMT1 and PRMT5.
Recombinant human core histones were purchased from New
England Biolabs, and reconstituted nucleosomes were assem-
bled using the EpiMark assembly kit (E5350S, New England
Biolabs). The protein substrate was incubated with acetyl-CoA
(20 uMm) in the absence or presence of p300 or MOF (0.4 um) in
the reaction buffer (50 mm Hepes, pH 8.0, 50 mm NaCl, 1 mm
EDTA, and 0.5 mm DTT) at 30°C for 10 min. Then
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[**C]AdoMet (15 um) and PRMT1 (0.01 um) or PRMTS5 (0.1
M) was added to the reaction mixture to initialize H4 methyl-
ation. The methylated protein was separated on SDS-PAGE
(15% for H4 protein and 17% for nucleosome) and visualized by
storage phosphorimaging.

Circular Dichroism (CD) Measurement and Analysis—Sec-
ondary structures of unacetylated H4 peptide and tetraacety-
lated H4 peptide at different concentrations of TFE were stud-
ied with CD on a Jasco J-810 spectropolarimeter. A 1-mm CD
cell with 200 ul of peptide sample (in 20 mwm Tris buffer, pH 7.4)
with 0 ~ 80% TFE was loaded to the CD spectrophotometer.
Nitrogen pressure was kept constant around 100 kilopascals.
CD spectra of peptides were scanned from 260 to 190 nm with
standard sensitivity, 0.5 nm data pitch, 1 nm bandwidth, 100
nm/min scanning speed, and 10X accumulation. The concen-
trations of peptides were selected to keep the negative peak
value of ellipticity between —10 and —30 millidegrees. CD
spectra were saved as a text file (Jasco 1.30) and submitted to
Dichroweb, an on-line server for protein circular dichroism
spectra deconvolution (41). Dichroweb incorporates five open
source algorithms (Contin-LL, Selcon 3, CDSSTR, VARSSLC,
and K2d) to calculate protein secondary structure content. Of
these five algorithms, Provencher and Glockner Method (Con-
tin-LL) and Self-Consistent Method (Selcon 3) were chosen to
determine the percentage of secondary structural components
(helix, strand, turn, and random coil) of each peptide sample.

Structure Simulation for the Unacetylated and Tetraacety-
lated H4 Peptides—The modeling was conducted on the Jaguar
parallel machine at the Oak Ridge Leadership Computing Facil-
ity by using the AMBER suite of programs. The wild type and
tetraacetylated H4 peptide were parameterized using the Ante-
chamber (42) program with BCC charges. His-18 of the wild
type peptide was recognized to be in the e-protonation state
through an H-bond network analysis carried out using the
WHATTIEF server (43). The same protonation state was assigned
to the histidine of the tetraacetylated peptide because the pres-
ence of nonstandard acetylated lysine residues prevented the
use of WHATIF. Replica exchange (REMD) simulations have
been performed with the Amber10 suite (44) of programs using
the force field ff99SB (45) and the GB-neck solvent model (46)
with a 0.2 M concentration of monovalent ions and a dielectric
constant of 78.5 (corresponding to water). Both the wild type
and the acetylated peptides underwent 200 steps of steepest
descent minimization followed by 200 steps of conjugate gradi-
ent minimization. Twenty replicas of the minimized system
were then created and gradually heated to their target temper-
atures in a short 1-ns run at constant pressure using Langevin
dynamics with a collision frequency of 1.0 ps~'. The tempera-
tures of the replicas were chosen in geometric progression to
ensure uniform exchange probability for all pairs of tempera-
tures (the values for the temperature T (in K) was set to 300,
314, 330, 345, 362, 380, 398, 417, 437, 458, 480, 503, 528, 553,
580, 608, 637, 668, 700, and 734). A 105-ns REMD simulation
was then carried out; the first 5 ns of the simulation were dis-
carded, and analysis was performed on a set of 1976 structures
for the wild type and 1722 structures for the acetylated peptide,
respectively. The structures, sampled at intervals of 50 ps along
the T'= 300 K trajectory, were then clustered using a quality
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TABLE 1
Sequences of synthetic H4 peptides
The ac symbol indicates acetyl group.

Abbreviation Sequence M, calculated M, measured
A.WT H4 ac-SGRGKGGKGLGKGGAKRHRK 2034.2 2034.1
B. H4K5ac ac-SGRGK, GGKGLGKGGAKRHRK 2076.2 2076.1
C. H4K8ac ac-SGRGKGGK, GLGKGGAKRHRK 2076.2 2076.2
D. H4K12ac ac-SGRGKGGKGLGK, GGAKRHRK 2076.2 2076.2
E. H4K16ac ac-SGRGKGGKGLGKGGAK, RHRK 2076.2 2076.3
F. H4K5ac8ac ac-SGRGK, GGK, GLGKGGAKRHRK 2118.2 2118.1
G. H4K5acl2ac ac-SGRGK, GGKGLGK, . GGAKRHRK 2118.2 21184
H. H4K5acl6ac ac-SGRGK, GGKGLGKGGAK, RHRK 2118.2 2118.2
1. H4K8acl2ac ac-SGRGKGGK, GLGK, . GGAKRHRK 2118.2 2118.5
J. H4K8acl6ac ac-SGRGKGGK, GLGKGGA, KRHRK 2118.2 2118.1
K. H4K12acl6ac ac-SGRGKGGKGLGK, GGAK, RHRK 2118.2 2118.3
L. H4K5ac8ac12ac ac-SGRGK, GGK, GLGK, GGAKRHRK 2160.2 2160.6
M. H4K5ac8acl6ac ac-SGRGK, GGK, GLGKGGAK, RHRK 2160.2 2160.7
N. H4K5ac12acl6ac ac-SGRGK, GGKGLGK, .GGAK, RHRK 2160.2 2160.3
O. H4K8acl2acl6ac ac-SGRGKGGK, GLGK, . GGAK_  RHRK 2160.2 2160.6
P. H4K5ac8acl2acl6ac ac-SGRGK, GGK, GLGK, GGAK, RHRK 2202.2 2202.4

threshold clustering algorithm (47). Secondary structure anal-
ysis was performed using the DSSP algorithm (48).

RESULTS

Design, Synthesis, and Characterization of Modified H4 Pep-
tide Library—The N-terminal tail of H4 is subject to many
PTMs, including Arg-3 methylation and acetylation at Lys-5,
-8, -12, and -16 sites. To quantitatively evaluate the in cis effect
of acetylation marks on Arg-3 methylation, we designed a
library of H4 peptides containing the first 20 amino acids that
incorporate all 16 possible acetylation combinations, including
1 unacetylated, 4 monoacetylated, 6 diacetylated, 4 triacety-
lated, and 1 tetraacetylated forms (Table 1). All peptides are
N-terminally capped with acetic anhydride because virtually all
H4 proteins are N-terminally acetylated in vivo (10, 21, 22, 49).
These peptides are used as substrates of PRMT1 and PRMT5 to
evaluate how different acetylation combinations affect the
methylation of Arg-3 catalyzed by these two enzymes. It is
worthwhile to stress that our data and others have fully deter-
mined that the N-terminal H4 peptide sequence represents an
authentic substrate of PRMT1, and its catalytic properties are
very similar to that of the full-length H4 protein (50). All the
peptides were synthesized using the standard Fmoc SPPS pro-
tocols, purified on C-18 reversed phase HPLC column, and
confirmed with MALDI-MS as described previously (51).

Because synthetic peptides typically contain varying
amounts of TFA counter ions as a result of HPLC purification,
we sought to determine the accurate concentration of each H4
peptide prior to enzymatic analysis. The NMR spectra of H4
peptides show two very characteristic peaks at 7.4 and 8.7 ppm,
which come from the imidazole side chain of His-18 (Fig. 2).
We used the integration ratio between these two peaks and the
methyl peak of standard reagent DSS to calibrate concentration
of each H4 peptide. A typical one-dimensional "H NMR spec-
trum used for calibration of H4 peptide concentration is shown
in Fig. 2. The use of NMR calibration to obtain the accurate
concentration of H4 peptides is technically critical for accu-
rately quantifying and comparing the effect induced by individ-
ual acetylation marks. As a matter of fact, varying degrees of
difference were observed between weight-based concentra-
tions and NMR-calibrated concentrations (data not shown).
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Impact of H4 Acetylation on PRMTI-catalyzed R3
Methylation—Arginine 3 of H4 is methylated by PRMT1. How-
ever, the potential effect of acetylation at Lys-5, -8, -12, and -16
on Arg-3 methylation is not clear. The four acetylations at
Lys-5, -8, -12, and -16 generate multiple combinations. It
remains to be determined whether individual combination
marks affect Arg-3 methylation differentially or in a similar
manner and which acetyl mark predominantly modulates
Arg-3 methylation.

With the purified H4 library peptides, we tested PRMT1-
catalyzed methylation of individual H4 peptides each of which
contains a unique acetylation pattern. The methylation reac-
tion was composed of 0.1 um PRMT1, 20 um [**C]AdoMet, and
100 um of each substrate, and the reaction was allowed to pro-
ceed for 10 min. The reaction mixtures were resolved on 16%
SDS-PAGE, and the methylated products were visualized by
phosphorimaging and quantitated using ImageQuant software
(Fig. 3). At first glance of the experimental data, it is apparent
that some acetylation combinations decrease but some others
increase the level of Arg-3 methylation. In particular, Lys-5
acetylation is detrimental to Arg-3 methylation, which alone
decreases Arg-3 methylation by 30%. In combination with
other lysine acetylations, e.g. with K8ac or K8ac and K12ac, the
repressive effect of K5ac is even stronger; the degree of repres-
sion reaches 3- and 5-fold, respectively. On the other hand,
K16ac leads to a positive impact on Arg-3 methylation. Lys-16
acetylation alone increases the PRMT activity by 30%. The
majority of H4 peptides that contain the K16ac mark (except M
and P) are slightly better substrates of PRMT1. For instance, if
K16ac co-exists with K5ac, K8ac, or K12ac, the activation effect
is dominant. Compared with K5ac and K16ac, the effect of K8ac
and K12ac in regulating Arg-3 methylation seems quite mar-
ginal by itself and is influenced by the presence of the K5ac or
K16ac mark. For example, a repressive effect is observed when
K8ac co-presents with Kbac, but a positive effect is observed
when K8ac co-presents with K16ac. Overall, these data support
that K5ac and K16ac are two counteractive modification marks
that affect Arg-3 methylation in opposite ways; K5ac is the pre-
dominant factor that negatively impacts Arg-3 methylation and
K16ac positively modulates Arg-3 methylation by PRMT1.
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To understand the mechanism by which K5ac and Kl6ac
affect Arg-3 methylation by PRMT1, we measured the steady-
state kinetic parameters of unacetylated and several acetylated
H4 peptides. The data shown in Table 2 reveal that for the
methylation of H4K5ac peptide, the k_,, decreases by half, but
there is little change in K,,. These data suggest that acetylation
of Lys-5 does not cause explicit changes in the substrate binding
and recognition by PRMT1. Likely, the positively charged Lys-5
is required for a methyl transfer step in the catalytic pathway of
PRMT1, and acetylation of Lys-5 blocks this key step in the
methyl transfer reaction as reflected in its effect on k... How-

cat*
ever, acetylation of Lys-16 affects K, more than k_,, values, and
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TABLE 2

Steady-state kinetic parameters of PRMT1 catalysis

The methylation of each peptide by PRMT1 was tested with the radioactive filter
binding assay. Varied concentrations of peptide (0-20 um) and 15 uM of
[**C]AdoMet were incubated at 30 °C for 5 min in the reaction buffer (50 mm
HEPES, pH 8.0, 10 mm NaCl, and 1 mMm DTT). The reaction was initiated with
PRMT1I. The methylated products were purified on to P81 filter paper and quanti-
fied by liquid scintillation. Calculated methylation rate was plotted as a function of
peptide concentration, and the data were fitted with Michaelis-Menten equation.

Substrates K, Ko V/K

M min~t min~t p,/vf1
A. WT H4-20 0.34 = 0.05 0.64 = 0.13 1.78 = 0.69
B. H4(1-20)K5ac 0.37 = 0.06 0.32 £0.01 0.86 = 0.14
C. H4(1-20)K8ac 0.58 = 0.10 0.50 = 0.02 0.86 = 0.15
D. H4(1-20)K12ac 0.27 = 0.05 0.47 = 0.01 1.74 = 0.32
E. H4(1-20)K16ac 0.23 = 0.05 0.74 £ 0.06 322 £0.75
H. H4(1-20)K5acK16ac 3.29 £0.53 1.02 = 0.07 0.31 = 0.05
J. H4(1-20)K8acK16ac 1.11 = 0.17 1.33 £0.06 0.84 =0.19
K. H4(1-20)K12acK16ac 0.38 = 0.07 0.77 £0.03 2.06 = 0.38

V/K is increased from 1.78 to 3.22 min~ ‘um ™ *. Thus, K16ac
appears to increase the affinity of enzyme-substrate association
but has little effect on the catalytic step.

Impact of H4 Acetylation on PRMTS5-mediated Arg-3
Methylation—In addition to asymmetric dimethylation by
PRMT1, H4R3 can be symmetrically dimethylated by PRMT5
invivo. Of great interest is that these two types of dimethylation
in many cases are correlated with opposite functions in gene
transcriptional regulation; PRMT1 activates gene expression,
but PRMTS5 represses transcription (15, 40). To understand the
molecular basis of such functional oppositeness, we have exam-
ined how H4 acetylation affects symmetric dimethylation of
H4R3 by PRMT5. We subjected the 16-mer H4 library peptides
to PRMTS5 catalysis under similar conditions as the methylation
by PRMT1. Concentrations of PRMT5, ['*C]AdoMet, and H4
peptide were maintained at 0.1, 30, and 200 M, respectively,
and the reaction proceeded for 1 h. The methylated products
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were resolved on SDS-PAGE and analyzed by phosphorimag-
ing. As shown in Fig. 4, intriguingly, most acetylated H4 pep-
tides are better methylated by PRMT5 than the unacetylated
H4. This is in stark contrast with the methylation catalyzed by
PRMT1, in which the fully acetylated H4 is a poor substrate.
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FIGURE 4. Effects of acetylation on Arg-3 methylation catalyzed by
PRMTS5. Reaction buffer contained 50 mm Hepes, pH 8.0, 10 mm NaCl, and 1
mm DTT. The concentrations of PRMTS5, ['“C]AdoMet, and H4 peptide were
0.1, 30, and 200 uMm respectively. The reaction time was 1 h.

TABLE 3
Kinetic parameters of PRMT5 catalysis

The catalytic activity of PRMT5 on each peptide was tested with the radioactive
filter binding assay. Varied concentrations of peptide (0—-10 um) and 30 um of
[**CJAdoMet were incubated at 30 °C for 5 min in the reaction buffer (50 mm
HEPES (pH 8.0), 50 mm NaCl, 1 mm EDTA and 0.5 mm DTT) prior to the addition
of PRMT5. The methylated products were loaded onto P81 filter paper and quan-
tified by liquid scintillation. Calculated methylation rate was plotted as a function of
peptide concentration, and the data were fitted with Michaelis-Menten equation.

Substrates K, K .. V/K
M min~t min~ ! pm !
A. WT H4-20 0.63 £0.11 0.043 = 0.002 0.068 = 0.012
B. H4(1-20)K5ac 0.38 = 0.08 0.079 = 0.003 0.21 = 0.044
C. H4(1-20)K8ac 0.66 £ 0.14 0.042 *= 0.003 0.064 = 0.014
D. H4(1-20)K12ac 0.52 £0.13 0.049 = 0.003 0.094 = 0.024
E. H4(1-20)K16ac 1.20 = 0.16 0.048 = 0.002 0.040 = 0.006
c
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The preference of acetylated H4 by PRMT5 is further validated
by the data of k_,, and K, measurements (Table 3). In particu-
lar, K5ac up-regulates the value of k_,, suggesting that this
modification mark provides favorable contact with the active
site of PRMT5 to facilitate methyl transfer. Also, Kl6ac
increases K, suggesting that this distal modification mark
weakens the binding affinity of H4-PRMT5. Thus, the impacts
of K5ac and K16ac are opposite that of PRMT1 catalysis.

Impact of H4 Acetylation on PRMT1 and PRMTS Activity
Using H4 Protein and Nucleosome as Substrates—So far, we
used a 16-mer H4 peptide library consisting of different acety-
lation patterns to dissect the detailed effects of H4 acetylation
onthe activity of PRMT1 and PRMT5. To further confirm these
results, we investigated methylation of H4 at the protein level
by these two PRMT members. In the experiment, acetylation of
recombinant H4 protein was first introduced by incubation
with acetyl-CoA and histone acetyltransferase proteins p300 or
MOF. Next, the acetylated H4 protein was subjected to PRMT1
and PRMTS5 catalysis using ['*C]AdoMet as the methyl donor.
The reaction mixtures were then resolved on SDS-PAGE, and
the methylated H4 band was visualized by storage phosphorim-
aging. As seen in Fig. 5, it is clear that acetylation on H4 protein
inhibits its methylation by PRMT1 but promotes its methyla-
tion by PRMT5. These data coincide well with the peptide
methylation data showing that hyperacetylation of H4 inhibited
PRMT1 activity but potentiated PRMT5 activity. We also
attempted to test such effects by using nucleosomal substrates.
The reconstituted nucleosome was assembled from the recom-
binant core histone proteins and a 208-bp 5 S rDNA by using
the EpiMark protocol (supplemental Fig. S1). However, we
found that H4 protein in the context of nucleosome or even in
the presence of DNA was not appreciably methylated by either
PRMT1 or PRMT5 (supplemental Fig. S2). This important
observation implicates that DNA poses a physical barrier
between nucleosomal histone and PRMTs, preventing the
N-terminal tails of the core histones from being methylated by
PRMTs. Quite likely, arginine methylation of the chromatin
template by PRMTs would require additional cofactors or
accessory proteins.
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FIGURE 5. Acetylation on H4 protein inhibits its methylation by PRMT1, although it promotes its methylation by PRMT5. A, p300 acetylation inhibits H4
methylation by PRMT1. H4 protein was incubated with acetyl-CoA in the absence or presence of p300 before submission to PRMT1 methylation with
[*CIAdoMet. Methylated H4 bands were separated by 15% SDS-PAGE and visualized by storage phosphor scan, which is the same method as for B-D. B, p300
acetylation promotes H4 methylation by PRMT5. H4 protein was incubated with acetyl-CoA in the absence or presence of p300 before submission to PRMT5
methylation. C, MOF acetylation inhibits H4 methylation by PRMT1. H4 protein was incubated with acetyl-CoA in the absence or presence of MOF before
submission to PRMT1 methylation. D, MOF acetylation promotes H4 methylation by PRMT5. H4 protein was incubated with acetyl-CoA in the absence or

presence of MOF before submission to PRMT5 methylation.
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FIGURE 6. Secondary structure analysis of unacetylated H4 peptide (A) and tetraacetylated H4 peptide (P). CD spectra of unacetylated H4 (A) and
tetraacetylated H4 (B) were measured at different concentrations of TFE (0-80%) in 20 mm Tris-HCl buffer, pH 7.4. Black, 0% TFE; blue, 5% TFE; orange, 20% TFE;
green, 40% TFE; red, 80% TFE. The CD data were analyzed by Dichroweb to calculate secondary structure compositions. C, column graph showing the
distribution of secondary structures for the two peptides at 20% of TFE. D, changes in the composition of ordered structures (i.e. helix and strand) for each

peptide with TFE concentration.

Structural Changes of H4 Induced by Acetylation—It is of
great interest to understand the structural basis of the distinct
effect of lysine acetylation on Arg-3 methylation, especially
K16ac, which is remote from the methylation site. Thus far,
there is no information available on whether and how lysine
acetylation changes the structure of the histone tails in the
nucleosome. It could be possible that acetylation causes
changes in the secondary structure of the H4 tail that affect its
interaction with PRMTs. To examine whether there are any
structural changes in H4 following lysine acetylation, we meas-
ured CD spectra of wide type unacetylated H4 peptide and the
tetraacetylated H4 peptide. In particular, the CD spectra were
measured at different concentrations of TFE (0—80%) to deter-
mine whether hydrophobicity of the solvent environment
affects the secondary structures (Fig. 6, A and B). The collected
CD spectra were analyzed by Dichroweb, an on-line server
for protein CD spectra deconvolution (41) to calculate sec-
ondary structure contents (helix, strand, turn, and random
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coil) for each peptide sample. As shown in Fig. 6C, the con-
tents of random coils occupied a high percentage in both the
unacetylated and tetraacetylated H4 peptide. This is not sur-
prising given that the N-terminal sequence of H4 is invisible
in the crystal structures of nucleosome (52), suggesting it is
largely in disordered states. However, we clearly noticed that
for the H4 peptide with tetraacetyl marks (i.e. tetraacetylated
H4 peptide), the content of helix and strand became appre-
ciably higher than that of the unacetylated H4, namely 36
versus 13%. This suggests that lysine acetylation renders the
H4 peptide in more structured states. Furthermore, it was
observed that as TFE concentration increased, the amount of
ordered secondary structures appeared to go higher (Fig.
6D), implicating that hydrophobic environment favors for-
mation of ordered structures in H4 N-terminal region. Over-
all, these data demonstrate that lysine acetylation promotes
the tendency of H4 tail to form ordered secondary
structures.
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To further confirm the structural impact of lysine acetylation
on the H4 sequence, we conducted a simulation analysis of the
unacetylated H4 and tetraacetylated H4 peptides. The model-
ing was conducted on the Jaguar parallel machine by using the
AMBER suite of programs. The simulations show that a dra-
matic structural change occurs upon lysine acetylation. The
first evidence for the structuring effect of tetra-acetylation is
provided by the distribution of the radius of gyration plot (Fig.
7a). This distribution appears relatively flat and broad (average,
12.16 A; variance, 6.06 A?) in the case of the wild type peptide
but undergoes a shift toward lower values when the peptide is
acetylated. This observation is suggestive of a transition from a
population of extended, predominantly random coil peptides to
a population of compact and more globular structures. Fig. 7
shows that in the wild type peptide, the distribution of the pair-
wise backbone root mean square deviation had an average of
7.67 A and a variance of 4.20 A2, These values shift to 4.93 A and
2.36 A2, respectively, for the acetylated peptide suggesting that
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FIGURE 8. Clustering of the equilibrium population of the unacetylated
(left column) and tetraacetylated (right column) H4 peptides. Rows a-c
show the representative conformations of clusters 1-3, respectively. The
color code represents different secondary structural elements as identified
throuh a DSSP analysis (48). Purple, a-helix; blue, 3,,-helix; green, turn; orange,
random coil.

acetylation creates a more homogeneous population with a
smaller number of structural families. This prediction is con-
firmed by clustering analysis where a cutoff as large as 9.0 A was
necessary to group the wild type population into 14 clusters,
whereas a cutoff of 6.0 A was sufficient to generate 18 clusters in
the case of the acetylated peptide.

The clusters of the equilibrium population of the unacety-
lated peptide roughly belong to three main structural groups
whose representative conformations can be seen in Fig. 8. The
first group (50% of structures) is mainly populated by extended
conformations where lysine and arginine side chains stick out
from the axis of the molecule to minimize electrostatic repul-
sion. The second group (24% of structures) is populated by dis-
torted hairpin-like conformations where the standard B-hair-
pin is replaced by a swollen bubble-like loop arising from the
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repulsion between lysines and arginines. Finally, the third
group (26% of structures) includes extended conformations
featuring a small loop at one or both ends that can be regarded
as intermediates in the interconversion pathway between the
structures of the first two groups.

Three major classes can also be detected in the equilibrium
population of the tetraacetylated H4 peptide based on the
results of the clustering analysis (Fig. 8). The motif of the first
class, including 59% of structures, is represented by three 3,,
helices orthogonal to each other and is therefore somewhat
reminiscent of the hairpin-like conformations of group 2 of the
unacetylated peptide. It can therefore be suggested that acety-
lation induces the stabilization and structuring of a conforma-
tion that was already present in the population of the unacety-
lated species. As a final remark, we note that this motif brings
the N and C termini of the H4 tail peptide close to one another
thus suggesting a possible mechanism through which the acety-
lation of Lys-16 affects the methylation propensity of Arg-3
from a distal region of the molecule. The second class, amount-
ing to 24% of the structures, features extended conformations
composed by two or three 3, , helices linked by turns. The third
class (17% of structures) is characterized by an L-shaped motif
composed by two orthogonal 3, ; helices linked by a central turn
region, which, similarly to the case of the unacetylated peptide,
can be considered as intermediates between the conformations
of the former two classes. In fact, in conditions of dynamic
equilibrium, it can be suggested that the extended conforma-
tions of class 2 can bend in the L-shaped conformation of class
3, which finally completes the folding in the orthogonal
arrangement of helices of class 1.

DISCUSSION

It has become increasingly recognized that multiple PTM
marks at the N-terminal tails of the core histones intercommu-
nicate with one another to fundamentally regulate DNA func-
tions such as transcription, replication, recombination, and
damage repair (1, 53). At the molecular level, how individual
PTM patterns or codes are created and how they affect down-
stream molecular events are poorly defined. More studies are
needed to address the communicational relationship between
functionally related histone modification marks. Acetylation of
H4 at its N-terminal tail is commonly seen in many cell types.
With 16 possible acetylation combinations, cells may benefit by
utilizing such combinatorial modification tricks to fine tune
and/or maximize multivalent readouts for diversified function-
ality. In this study, we investigated in detail the impact of indi-
vidual acetylation marks at Lys-5, Lys-8, Lys-12, Lys-16, and
their different combinations on type I and type Il methylation at
site Arg-3. It was previously shown that H4 acetylation reduced
PRMT1-mediated Arg-R3 methylation (15). However, it is not
clear how individual acetylations combinatorially affect Arg-3
methylation and which acetylation site plays a predominant
role in affecting Arg-3 methylation. Furthermore, Arg-3 can be
either asymmetrically dimethylated or symmetrically dimethy-
lated. It remains unknown whether lysine acetylation affects
these two types of methylation in the same or a distinct manner.
To answer these mechanistic questions, we created a library of
H4 peptides containingall the possible acetylated isoforms. The
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concentration of each peptide was calibrated with NMR to
obtain the accurate concentration prior to the enzymatic meth-
ylation experiments. It is known that synthetic peptides usually
contain varying amounts of counter ions (especially trifluoro-
acetate), and thus weight-based concentration has different
degrees of uncertainty. This calibration is particularly critical
for accurate quantitation of the impact of individual acetylation
marks on Arg-3 methylation.

Our biochemical data reveal that the impact of H4 acetyla-
tion on PRMT1-mediated Arg-3 methylation depends on the
individual pattern of acetylation combination. The clear obser-
vation is that K5ac is the predominant modification mark that
negatively impacts on Arg-3 methylation by PRMT1 (Fig. 3).
The lower k_,, of H4K5ac methylation with regard to that of the
wild type H4 suggests that the acetyl group on Lys-5 produces a
steric or hydrophobic hindrance in the active site, reducing the
ability of PRMT1 in methylating H4R3. Acetylation at Lys-8
and Lys-12 seems to have minimal effects on Arg-3 methyla-
tion, but their presence can augment the impact of K5ac or
K16ac. Interestingly, K16ac enhances Arg-3 methylation, and
to some degree antagonizes the effect of Lys-5 acetylation. This
is slightly different from the result of a previous study showing
that all forms of H4 acetylation repress Arg-3 methylation (15).
The difference is likely caused by the methods used in peptide
concentration determination. In our experiments, the peptide
concentrations were accurately calibrated by NMR technique,
but in the previous study peptide concentrations were weight-
based. Despite this technical difference, the repressive impact
of H4 acetylation on type I methylation of Arg-3 was clearly
observed in several acetylated H4 forms, e.g. B, F, L, and P (all
containing the K5ac mark). It is important to mention that our
biochemical results coincide well with the in vivo data that
methylated Arg-3 was found to be present with K16ac mark in
many H4 isoforms (21, 22) and co-existence of Kl6ac with
R3me was observed in higher histone H4 population than any
other acetylated H4 isoforms (22).

The observed acetylation effect also suggests valuable clues
about PRMT1-H4 interaction. It seems reasonable that K16ac
affects K, but not k_,,, given the remoteness of this residue to
Arg-3 along the H4 backbone chain. The prominent impact of
Lys-16 acetylation on Arg-3 methylation is in good agreement
with a previous study showing that the amino acid residues on
the H4 tail distal from Arg-3 (i.e. amino acids 16 —20) interact
with PRMT1 and contribute to substrate recognition (54). The
crystal structure of PRMT1 highlights that an acidic area exists
on the surface of PRMT1 (55) and suggests that positive charges
of substrates are needed for binding to the enzyme. Here, our
data demonstrate that electrostatic interaction does not seem
to be the sole factor determining the PRMT1-substrate inter-
action because Lys-16 acetylation favors the methylation at
Arg-3. This is also supported by the fact that in H2A, a PRMT1
substrate with similarity to H4, threonine is placed at the equiv-
alent position of H4K16.

Our data about the divergent impacts of acetylation on Arg-3
methylation, e.g Lys-5 acetylation represses whereas Lys-16
acetylation enhances Arg-3 methylation, also provide insights
into the function of histone acetyltransferases. Many acetylated
H4 isoforms, especially the one containing K16ac, favor Arg-3
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FIGURE 9. Summary of the effects of lysine acetylation on Arg-3 methyl-
ation in H4. Acetylation of the N-terminal H4 tail reciprocally affects PRMT1-
mediated Arg-3 methylation and PRMT5-mediated Arg-3 methylation. A solid
line means that the effect of acetylation is appreciably strong, and a dotted line
means that the effect of acetylation is relatively weak.

methylation by PRMT1. Therefore, certain H4 acetylation
marks are compatible with type I methylation of Arg-3. Recent
MS analysis of H4 protein in differentiating human embryonic
stem cells revealed that Lys-16 was the most abundant acety-
lated residue, and K16ac and K5ac rarely occurred on the same
histone H4 molecule, indicating that, to some extent, these two
acetylations are mutually exclusive and likely have distinct
functions (21). This is consistent with previous notions that
Lys-16 acetylation has a distinct function from the acetylation
of other lysine residues at the H4 tail, including K5ac (56, 57).
Given that PRMT1-mediated Arg-3 methylation is associated
with gene activation, it may be that Lys-5 acetylation has
repressive function and Lys-16 acetylation has activating func-
tion in gene regulation. Although histone acetylations are gen-
erally considered as gene activation marks, they might also be
able to exhibit repressive function under certain contexts by
fine-tuning its site specificity at the histone tail by balanced
usage of counteractive PTM marks such as K5ac and Kl6ac.
Although a quantitative correlation of the exact linkage of indi-
vidual H4 acetylation marks to transcriptional on/off status
needs to be investigated in the future, a few studies indeed sug-
gest that histone acetylation may possess repressive function in
gene expression regulation in certain contexts (58 —61).

In addition to type I methylation by PRMT1, H4R3 is also a
cellular target of PRMTS5, a type II PRMT enzyme. This raises
an interesting question: does H4 acetylation affect PRMT5
activity in H4R3 methylation in a similar manner as that of
PRMT1? To answer this question, we tested the methylation of
the 16-mer H4 peptide library by PRMT5. The observed effects
of acetylation on type II methylation of Arg-3 are strikingly
different from PRMT1-mediated Arg-3 methylation (summa-
rized in Fig. 9). The acetylation, overall, has an activating
impact on PRMT5 activity. This is clearly seen in that the fully
tetraacetylated H4 only shows background methylation level in
the PRMTT1 catalysis, but the tetraacetylated H4 has a higher
methylation level than that of the wild type H4 in PRMT5 catal-
ysis (Fig. 4). The acetylation effect on PRMTS5 activity was also
confirmed with H4 protein as the substrate (Fig. 5). The most
effective acetylation seems to be on Lys-5 as all the peptides
contacting the K5ac mark are better methylated by PRMTS5.
The steady-state kinetic study shows that V/K of H4K5ac is
3-fold that of WT-H4, supporting that H4K5ac is a better sub-
strate of PRMT5. However, the acetylation of Lys-16 slightly
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represses Arg-3 methylation by PRMT5 by increasing its K|,
value.

The finding that H4 acetylation affects Arg-3 methylation by
PRMTS5 in a way opposite from that of PRMT1 catalysis has
important biological implications. It provides evidence that the
interplay between Arg-3 methylation and lysine acetylation
that acts in cis in the H4 tail is not simply a linear relationship.
Instead, the exact effect of acetylation on Arg-3 methylation is
dependent on the specific acetylation pattern and methylation
type. In particular, K5ac suppresses PRMT1 activity but
enhances PRMT5 activity. K16ac enhances PRMT1 activity but
slightly decreases PRMT5 activity. The effects of K8ac and
K12ac seem to be marginal and depend largely on whether K5ac
or K16ac is present. These data also offer biochemical insights
for understanding substrate recognition and methylation by
type L and type Il PRMTs. Thus far, no structural information is
available about how PRMT1 and PRMTS5 recognize and meth-
ylate H4R3. Based on the finding that H4 acetylation affects
PRMT1 activity in a distinct manner from PRMT5, the contacts
of PRMT1 with H4 substrate should be very different from that
of PRMT5. Possibly, PRMT5 has a larger active site space than
does PRMT1 to accommodate the acetyl group on H4K5. Thus,
although both PRMT proteins methylate the same substrate at
the same site, the substrate specificity regulation is very differ-
ent. In addition, the opposite effect of H4 acetylation on type I
and type II arginine methylation offers a molecular insight into
the function of PRMT1 and PRMTS5 in transcriptional regula-
tion. For gene activation events in which acetylation occurs
upstream of Arg-3 methylation during transcription, PRMT1
recruitment may occur in an early stage of gene expression,
likely through binding to specific activation marks, e.g. K16ac.
PRMT1-mediated R3 methylation then further opens chroma-
tin structures for active transcription. However, PRMT5-medi-
ated H4R3 methylation may occur at a final stage of transcrip-
tion. Hyperacetylation of H4 promotes the association of
PRMTS5 with the chromatin template. PRMT5 writes the inac-
tive type II methylation mark on Arg-3, which subsequently
recruits repressive proteins such as histone deacetylases to
erase acetylation marks on the H4 tail, thus closing the chro-
matin structure for gene silencing. These hypotheses need to be
addressed in the future.

To provide structural information on how lysine acetylation
affects Arg-3 methylation, we measured the CD spectra of
unacetylated and tetraacetylated H4 peptides to examine
whether there was any structural change induced by multiple
acetylations. Indeed, analysis of the CD data showed that the
contents of structured motifs were higher after acetylation (Fig.
6). These data are in good agreement with the in silico simula-
tion studies. The molecular dynamics simulations provide
atomic level insights into the structural effects of the tetraacety-
lation. The observed dramatic decrease both in the average
value and variance of the radius of gyration marks a shift from
extended to compact and more structured conformations. The
population also becomes more homogeneous upon acetylation,
with fewer but better defined folds, as evidenced by the
decrease in the average value and variance of the pairwise root
mean square deviation. These predictions were confirmed and
complemented by the results of clustering analysis of the
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molecular dynamics trajectories. For the unacetylated H4 pep-
tide, extended conformations appeared to dominate the equi-
librium population (~50%), with the loop motif representing a
minority group of structures (~25%). This situation was essen-
tially reversed in the case of the tetraacetylated peptide with
more compact conformations becoming dominant. Therefore,
acetylation appears to stabilize the distorted loop motif that is
not only more populated but also better structured compared
with the unacetylated H4 peptide. From a physicochemical
point of view, the conformational transition induced by acety-
lation has a straightforward interpretation. In the unacetylated
H4 tail, electrostatic repulsion of the positively charged lysine
residues forces the peptide into an extended conformation.
Acetylation, however, eliminates this electrostatic repulsion.
The structuring effect of acetylation is possibly even more pro-
nounced in vivo where the high positive charge of lysines
induces a strong interaction between the unacetylated H4 tail
and water or nucleosomal DNA. An important implication of
the loop structures that are populated in the tetraacetylated H4
is that they enable a close contact between the Arg-3 site and
distal regions in the H4 tail (e.g. residues 16-19), possibly
explaining the influence of K16ac on the methylation of Arg-3.
Another likely consequence of the conformational transition
induced by acetylation is a change in the shape complementa-
rity between the H4 tail and the active site of the methyltrans-
ferases PRMT1 and PRMT5. This hypothesis could be tested by
docking representatives of the most populated clusters of both
the unacetylated and tetraacetylated H4 peptides with PRMTs
by further simulation studies.
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