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Histones are the main protein components of chromatin. They undergo numerous
posttranslational modifications, including phosphorylation, acetylation, and methylation,
which often affect each otherl!: 2. Such cross-regulation of histone modification is known to
play a central role in many physiological processes. Phosphorylation of histone H3 at serine
10 (H3S10) and acetylation of N-terminal lysine residues in histone H3 are representative
markers of transcriptional activation in eukaryotic cells. Many in vivo studies have
suggested a possible link between these modifications[3-5], but this association is not yet
established. Early in vitro studies using small synthetic H3 peptides provided mixed and
conflicting results regarding the association between phosphorylation and acetylation[3: 4 61,
and recent peptide experiments have failed to find any correlation[”]. However, since
synthetic peptides differ from the physiological substrates that undergo modifications, they
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can hardly represent the real physiological interactions between chromatin and modifying
enzymes. Such peptides often show more than a thousand-fold lower binding abilities for
modifying proteins compared to nucleosomal substrates(®!. Inconsistent results and a lack of
direct evidence have led to the development of two opposing models (synergistic and
independent) for these modifications!®: 8. Thus, despite extensive studies, the correlation
between phosphorylation and acetylation in histone H3 remains unclear.

Recombinant proteins with specific modifications can be generated by chemical ligationl®],
but this method is restricted only to N- or C-terminal modification of a narrow range of
proteins that lack cysteine residues and tolerate chemical treatment. In contrast, the co-
translational approach is free of such restrictions, and applicable to a wide range of
proteins10-12] We recently reported the genetic expansion of Escherichia coli with
phosphoserine (Sep)[13]. Since serine phosphorylation is one of the most abundant post-
translational modifications and affects many key cellular processes, including signaling and
metabolism, an efficient method enabling site-specific Sep incorporation will be highly
useful in answering many fundamental biological questions. The existing system, however,
is inefficient; it generates only minute amounts of Sep proteins (e.g., 1 ug of fully active
MEK1 per L culture)[3], which limits the general use of this method. Recently, a strain with
enhanced Sep incorporation was made; however, cell viability was critically impaired4].

Here, we present a much improved system of site-specific Sep incorporation by molecular
evolution of phosphoseryl-tRNA synthetase (SepRS) and redesign of elongation factor (EF-
Tu) (Scheme 1). By co-expressing these evolved orthogonal enzymes/proteins in the well
known E. colistrain BL21(DE3), we produced mg quantities of recombinant Sep-containing
histones. This then allowed us to investigate whether H3S10 phosphorylation affects the
acetylation of H3 N-terminal lysine residues in order to explore the crosstalk mechanism
underlying phosphorylation and acetylation.

For efficient co-translational Sep incorporation we first attempted to improve tRNASEP
binding of Methanococcus maripaludis (Mmp) SepRS (Scheme 1), since mutations (G34C
and C35U) introduced in the anticodon region of tRNASEP caused a dramatic drop in the
aminoacylation activity of Mmp SepRS (<5% in terms of initial velocity)[13: 131, Based on
the Archeaglobus fulgidus SepRS:tRNACYS complex structurel16] (Figure 1a), we selected
four equivalent residues (E412, E414, P495, and 1496) in the anticodon-binding region of
Mmp SepRS for complete randomization. Since the E. colistrain carrying Mmp SepRS,
tRNASEP and EF-Sep had a moderate background level of chloramphenicol (Cm)
resistancel3], we generated a derivative of EF-Sep to facilitate the efficient selection of
Mmp SepRS variants. We found that EF-Sep67S carrying Ser at 67 showed decreased Cm
resistance (Figure 1a). Next, a library of MmpSepRS variants (1.6 x 10%) was introduced
into £ coli TOP10A4SerB carrying tRNASEP and EF-Sep67S, and subjected to CAT-based
selection, as previously described(!3: 171, Around 4,000 clones were collected from the
selection agar plates. Molecular evolution (by error-prone PCR and DNA shuffling)[18] of
these primary clones yielded 300 positive clones. The best clone (designated SepRS6)
showed an ICsq of 25 ug/mL (Figure 1a). Additional DNA shuffling was conducted using
these clones, and around 100 positive clones were selected and checked for Cm resistance.
The best clone from the second shuffling (SepRS9) was found to exhibit an 1Cgq of 40 ug/
mL (Figure 1a). SepRS9 has four mutations in the anticodon-binding region (E412S, E4141,
P495R, and 1496R) and three additional mutations (K356E, N361D, and L5901). The amino
acid sequences of representative clones from each evolutionary step are listed in the
Supplementary Information (Figure S1).

As a second aim, we wanted to enhance the Sep-binding ability of EF-Sep (Scheme 1). First
we tested the role of mutations that make up EF-Sep (H67R, E216N, D217G, F219Y,
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T229S, and N274W) by changing them to Ala (Figure 1b). Whereas the S229A (EF-Sep4)
and W274A (EF-Sep5) mutations had modest effects, the Y219A mutation (EF-Sep3)
dramatically reduced the activity of EF-Sep (Figure 1b). The H67 residue of EF-Tu is highly
conserved across prokaryotic species, highlighting its role as a general binder for 20 natural
amino acids. However, EF-Sep has Arg at this position, and the R67A mutation (EF-Sepl)
seriously impaired Sep binding (Figure 1b). When R67 of EF-Sep was mutated back to His,
Sep incorporation decreased substantially, indicating that R67 plays an essential role as a
specific binder of Sep. Interestingly, when N216 was mutated to Ala, the resulting EF-Sep2
mutant cells displayed a large increase in Cm resistance, with the 1Csq increasing from 30 to
80 pg/mL (Figure 1b). We thus performed random mutation at this position in an attempt to
generate further improved variants. EF-Sep21, which carried mutation N216V, exhibited the
highest in vivo activity (1Csq of 120 pg/mL) (Figure S2) and was selected for further study.
Finally, we were able to obtain significantly enhanced in vivo Sep incorporation activity
(ICsq value of 180 pg/mL) by combining the evolved SepRS9 with the mutant EF-Sep21
(Figure 1c). When EF-Sep21 was removed, the Cm resistance decreased to the basal level
(ICsq of 3 pg/mL), illustrating the Sep selectivity of the engineered SepRS9 and EF-Sep21.

We then tested whether our advanced Sep incorporation system could site-specifically place
Sep in a histone. An amber codon was introduced into Ser10 of the Xengpus /laevis histone
H3. Using £. coli BL21(DE3) carrying our system (engineered SepRS9/tRNASEP and EF-
Sep21), we were able to obtain significant amounts (3 mg per L culture) of recombinant full-
length histone H3 carrying N-terminal Hisg tag (Figure 2a). Unlike the previous report[4],
we did not observe any noticeable cell growth damage since we used general £. coli strain
BL21(DE3). In experiments run without EF-Sep21, only trivial amounts of full-length H3
were obtained. The production of H3 was also insignificant in experiments run using wild-
type SepRS and the original EF-Sep, illustrating the importance of the engineered SepRS9
and EF-Sep21 proteins (Figure 2a). Western blot analysis using anti-H3S10 phosphorylation
(H3S10ph) antibodies confirmed that the produced protein had Sep at position 10 (Figure 2b
and 2c¢). Homogenous serine phosphorylation of the modified histone H3S10ph was verified
by matrix-assisted deionization/ionization time-of-flight (MALDI-TOF) mass spectrometry
(Figure S3). These results collectively demonstrate that our system using the engineered pair
SepRS9I/tRNASEP and EF-Sep21 enables high-yield production of recombinant proteins with
selective and homogenous serine phosphorylation. When Hisg tag-removed H3S10ph
(Figure S4) was assembled with H2A, H2B, and H4 to form histone octamers, the modified
H3 displayed an efficiency comparable to that of unmodified H3 (Figure 2b). When
nucleosomal arrays were reconstituted with the assembled histone octamers onto DNA
template using the salt-dilution or glycerol-gradient method, there was no notable difference
in yield or efficiency (Figure 2c).

Next, we investigated the effect of H3S10 phosphorylation on the histone acetyltransferase
(HAT) activity of recombinant Gen5p or the SAGA complex, using serine-phosphorylated
histone H3, histone octamers, and nucleosomal arrays (Figure 3a). Both Genbp and the
SAGA complex exhibited reduced activity on phosphorylated histone H3 compared to
unmodified H3 (Figure 3b). When histone octamers containing Sep were tested, however,
the SAGA complex displayed comparable activities for the phosphorylated and unmodified
substrates (Figure 3b). Since epigenetic regulation takes place at the chromatin level, we
next examined the acetylation activity of SAGA for the more physiologically relevant
chromatin substrate: nucleosomal arrays. Intriguingly, SAGA showed a noticeably higher
activity on nucleosomal arrays with H3S10 phosphorylation compared to unmodified
nucleosomal arrays (Figure 3b). Previous experiments with chemically ligated histone failed
to find a link between phosphorylation and acetylation in H3[19]. Here, the use of modified
nucleosomal arrays with genetically incorporated Sep clearly demonstrated that H3S10
phosphorylation stimulates SAGA-mediated acetylation.
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This differential effect of phosphorylation on acetylation at different levels of chromatin
substrates became more obvious when we performed Western blotting with position-specific
antibodies to observe the acetylation of individual modification sites (K9, K14, K18, and
K23 in H3). Western blotting for acetylation in K9 or K14 was carried out after alkaline
phosphatase treatment, to prevent occlusion by neighboring S10 phosphorylation[2%] (Figure
S5). Previous experiments with small peptides of H3 showed that Gen5p mainly acetylates
the K14 position, whereas SAGA enables extended lysine acetylation[?1]. Our experiments
with unmodified histone H3 showed that both Gen5p and SAGA acetylated all of the tested
lysine residues (Figure 3c). Consistent with our HAT results (Figure 3b), the lysine
acetylation of histone H3 by Genb5p or SAGA was greatly hindered by the phosphorylation
of H3S10 (Figure 3c). However, when the modified histone H3S10ph was assembled with
other histones to form octamers, the phosphorylation-induced repression of acetylation was
almost released, with only K9 acetylation remaining slightly reduced (Figure 3c).
Furthermore, when the phosphorylated histone lay within the context of a nucleosomal
array, H3S10 phosphorylation significantly (up to three-fold) enhanced SAGA-mediated
acetylation of the lysine residues, K14, K18, and K23 (Figure 3c). Thus, our results establish
that H3S10 phosphorylation directly stimulates acetylation in H3 under physiologically
relevant conditions, and that cooperative interactions between the SAGA complex and
nucleosomal arrays are crucial for the synergistic communication between phosphorylation
and acetylation in H3, which is not possible with small peptides or free histone (Figure 3a).

Here, we developed a facile general method for site-specific Sep insertion into recombinant
histones through inspired redesign of the orthogonal translation system involving SepRS and
EF-Tu. Using this approach, we demonstrate that H3S10 phosphorylation directly stimulates
H3 acetylation by SAGA in the context of nucleosomal arrays. We anticipate that our
strategy will open new avenues for studying the specific roles of histone phosphorylation
and the mechanisms of crosstalk with other modifications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Engineering of SepRS and EF-Sep for Sep incorporation. (a) (Left) Model of the anticodon-
binding region of Archeaglobus fulgidus SepRS bound to tRNACYS based on PDB file
2DUG6. The mutations in the final mutant, SepRS9, are indicated with arrows. The
numbering of amino acid sequence is based on A. fulgidus SepRS. (Right) In vivo
aminoacylation activities of wild-type SepRS and the best mutants obtained from the first
and second evolutionary steps. In vivo synthesis of chloramphenicol acetyltransferase
(CAT) carrying an amber mutation by EF-Sep67S, tRNASEP, and various types of SepRS
was measured by their 1Csq values. (b) (Left) The amino acid-binding pocket of £. coli EF-
Tu complexed with Phe-tRNAP"® (adopted from the PDB file 10B2). The mutations in EF-
Sep are shown and an additional mutation generated in the final EF-Sep21 is indicated with
an arrow. (Right) In vivo aminoacylation activity of various EF-Tu variants. (c) In vivo
synthesis of CAT results from combining the best SepRS9 mutant and the engineered EF-
Sep21.
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Figure 2.

Production of serine-phosphorylated histone H3S10ph and assembly of histone octamers
and nucleosomes. (a) SDS-PAGE analysis of full-length recombinant H3 produced by the
EF-Sep and SepRS variants. (b) Assembly of histone octamers using wild-type histone H3
and modified H3S10ph. The presence of Sep in the modified histone is verified by Western
blot analysis with anti-H3S10ph antibodies. (c) Reconstitution of nucleosomal arrays having
unmodified H3 or H3S10ph-containing octamers into DNA template. Free and bound DNA
were analyzed by 0.8% agarose gel electrophoresis.
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Figure 3.

The effect of H3S10 phosphorylation on the acetylation of N-terminal lysine residues in H3.
(a) Schematic showing the interactions between different levels of chromatin substrates and
Gcen5p or SAGA. (b) The histone acetyltransferase (HAT) activity of Gen5p and SAGA for
histone, octamers, and nucleosomal arrays. The HAT activity of SAGA for nucleosomal
arrays is stimulated by H3S10 phosphorylation. (c) The acetylation of individual lysine
residues (H3K9, K14, K18, and K23) was detected by position-specific anti-acetyl lysine
antibodies.
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Scheme 1.

A facile strategy for producing recombinant histones with selective serine phosphorylation.
The SepRS and EF-Tu mutants that were redesigned in this work are indicated with
asterisks.
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