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In eukaryotes, DNA is wrapped around proteins called histones and is condensed into chromatin. Post-translational
modification of histones can result in changes in gene expression. One of the most well-studied histone modifications
is the methylation of lysine 4 on histone H3 (H3K4). This residue can be mono-, di- or tri-methylated and these varying
methylation states have been associated with different levels of gene expression. Understanding exactly what the
purpose of these methylation states is, in terms of gene expression, has been a topic of much research in recent years.
Enzymes that can add (methyltransferases) and remove (demethylases) these modifications are of particular interest.
The first demethylase discovered, LSD1, is the most well-classified and has been implicated in contributing to human
cancers and to DNA damage response pathways. Currently, there are limited methods for accurately studying the activity
of demethylases in vitro or in vivo. In this work, we present MassSQUIRM (mass spectrometric quantitation using isotopic
reductive methylation), a quantitative method for studying the activity of demethylases capable of removing mono-and
di-methyl marks from lysine residues. We focus specifically on LSD1 due to its potential as a prime therapeutic target for
human disease. This quantitative approach will enable better characterization of the activity of LSD1 and other chromatin

modifying enzymes in vitro, in vivo or in response to inhibitors.

Introduction

As a result of the sequencing of the human genome, it has become
apparent that the complexity of an organism does not necessarily
correlate with the size of its genome. This has sparked an inter-
est in discovering exactly how genes are regulated on levels other
than primary genomic sequence. Epigenetics has arisen as a field
that addresses this concern by focusing on post-transcriptional
methods of gene expression control including DNA methylation,
histone post-translational modifications (PTMs) and non-coding
RNAs.! Modifications made to proteins post-translationally can
affect their function, location or longevity. One set of highly
modified proteins important to gene expression is histones. DNA
is wrapped around histones, which form nucleosomes before
being condensed into chromatin and ultimately chromosomes.
Histone PTMs have been shown to be very important to gene
expression. Some modifications serve to signal the recruitment of
chromatin modifying enzymes while some serve to alter the inter-
action between the histones and DNA allowing or prohibiting
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the access of transcription machinery.? Some more common his-
tone modifications include methylation, acetylation and phos-
phorylation. Of these common modifications, methylation is by
far the most complex. Both lysine and arginine residues can be
modified by mono- or di-methylation and lysine residues can be
tri-methylated as well. These varying states of methylation can
be associated with both active and inactive genes. The complex-
ity and importance of methylation, on histones in particular, has
stirred much interest in the enzymes capable of adding (methyl-
transferases) and removing (demethylases) these modifications.
The first demethylase was discovered in 2004 and was termed
Lysine Specific Demethylase 1 or LSD1.> LSDI1 is a flavin-
dependent amine oxidase that can remove mono- and di-methyl
marks from H3K4 primarily, H3K9 under certain conditions
and some non-histone substrates such as p53.%¢ It has been shown
to be part of many protein complexes including CoOREST, NuRD
and AR/ER. LSDL is also associated with gene repression and
has been suggested to be important in initiating myc-induced

transcription in cancers.>®"!
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Structural and biochemical studies have led to the develop-
ment of numerous LSDI inactivators that have the potential to
be keen therapeutic tools, much like the successful deacetylase
inhibitors currently in use.”? In addition, the mechanism of LSD1
indicates that it is an excellent candidate for suicide inactivators.
Many monoamine oxidase (MAO) inhibitors have been sug-
gested as potential LSD1 suicide inactivators." Several different
assays are used to study the activity of LSDI in the presence and
absence of these various inhibitors in order to determine their
efficiency.

Currently, histone demethylase activity can be accurately
measured using a handful of assays. One assay involves synthetic
methylation of histone substrates using a recombinant meth-
yltransferase and isotopically heavy S-adenosyl methionine."
The removal of tritiated methyl groups from histone substrates
is monitored by autoradiography. Also, due to the formation of
formaldehyde in certain demethylase reactions, formaldehyde
release can be followed to determine demethylase activity. While
these methods are useful in determining if an enzyme is acting as
a demethylase, they are not quantitative in nature. Another com-
mon method for following demethylase activity is western blot-
ting using antibodies specific to certain modifications.” While
western blotting can be used as a semi-quantitative technique, the
antibodies used for detection of histone modifications are often
non-specific making absolute quantification difficult.’® Using
antibody-based methods to quantify different methyl states of a
single residue is especially difficult due to the similarity in struc-
ture of mono-, di- and tri-methylated lysines.”

As an alternative, mass spectrometry is often used as a tool
for studying the activity of demethylases on synthetic peptides.'®
This technique provides a rapid method for highly sensitive
analysis of full products of demethylase reactions. One caveat
to using mass spectrometry for such an analysis is that it is, at
best, semi-quantitative because differentially modified peptides
cannot be equally compared. For example, a mono-methylated
peptide will not necessarily ionize the same as a tri-methylated
species of the exact same sequence. This leads to a difficulty in
using mass spectrometry-based assays to quantify the efficiency
of demethylases.

To address the issues of differential ionization and sample
variation, it is common to use isotopically heavy chemistry to
modify peptides. For example, H4 lysine acetylation has been
quantified by using isotopically heavy acetic anhydride to syn-
thetically acetylate all lysine residues, and recent applications of
this approach have incorporated MALDI mass spectrometers,
allowing for more straightforward data analysis."”** We present
an assay which employs reductive methylation, using deuterated
formaldehyde, followed by MADLI mass spectrometry, to dif-
ferentiate between various lysine methylation states. This method
accounts for methyl states within a sample, allowing sample-to-
sample relative comparison.

Reductive methylation is commonly used as a method to
improve the stability of proteins for analysis by x-ray crystallog-
raphy.?’ During this process, lysine residues are chemically di-
methylated using the following reactions to alkylate and then
reduce amines:
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(1) R-NH, + H,C=0 <> R-N=CH, + H,0 - R-NH-CH,
(2) R-NH-CH, + H,C=0 <> R-N-CH,CH,OH ~ R-N(CH,),

In this paper, we use a combination of reductive methyla-
tion, isotopic labeling and mass spectrometry to quantitatively
measure the activity of LSD1 alone and in the presence of an
MAO inactivator. We have termed our assay MassSSQUIRM
(Mass Spectrometric Quantitation Using Isotopic Reductive
Methylation). MassSQUIRM will prove invaluable to the fur-
ther study of the mechanism of not only LSD1 but also many
methyltransferase and demethylase enzymes and the efficiency
of their proposed inhibitors. Effective LSD1 inactivators have the
potential to become targeted therapies with high specificity that
could potentially treat LSD1-associated diseases, such as cancer,
with minimal side effects.

Results

Reductive methylation is an efficient method for modify-
ing lysine residues. We chose to use reductive methylation to
address the issue of differential ionization of methylated pep-
tides. Ordinarily, methylation is seen in mass spectrometric data
as an addition of 14 Da with mono-methylation (one open cir-
cle, Fig. 1A) and 28 Da with di-methylation (two open circles,
Fig. 1A). It might seem logical to compare the peak areas of the
three monoisotopic peaks seen in Figure 1A in order to quantify
their abundance. This would lead us to believe that the unmeth-
ylated peptide (corresponding to the green monoisotopic peak)
is in higher abundance than the mono-methylated (red) and di-
methylated (blue) peptides. This, however, is not necessarily a
correct assumption. It is possible that the green peptide is dif-
ferentially ionized and is thus recorded by the mass spectrometer
detector at a higher level. For this reason, we cannot compare
these three peaks in a quantitative manner.

Reductive methylation is a reaction involving formaldehyde
that results in di-methylated lysine residues (Equations 1 and 2).
Using this technique, we can convert all three peptides in
Figure 1 to the same chemical species and thus cause them to ion-
ize identically (Fig. 1B). In making all peptides the same chemi-
cal species, we can compare their peak heights to each other in
a quantitative manner. Unfortunately, making all peptides the
same chemical species causes them to be contained in a single
monoisotopic peak, from which we cannot decipher the original
methylation state of each individual peptide (Fig. 1B).

To solve this dilemma, we used deuterated formaldehyde
in our reactions. Reductive methylation performed with heavy
formaldehyde results in the addition of up to two deuterated
methyl groups to lysine residues (Fig. 1C). Pre-existing meth-
ylated lysines will be isotopically light (open circles), while
methyl groups added by reductive methylation will be isotopi-
cally heavy (closed circles) (Fig. 1C). Once peptides are con-
verted to the dimethylation state by reductive methylation, we
can compare their peak areas in a quantitative manner. Peaks
from differentially modified peptides will be separated by 2 or
4 Da based on their original modification state. A peptide that
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Figure 1. Reductive methylation of histone H3. (A) The N-terminus of H3 is shown as being un- (green), mono- (red) or di- (blue) methylated at lysine 4.
On a MALDI mass spectrometer, addition of a single methyl group is recorded as an addition of 14 Da while addition of two methyl groups is recorded
as an addition of 28 Da. Variation in the chemical composition of each peptide leads to differential ionization making quantification complex.

(B) Reductive methylation converts all lysine residues to the di-methyl state, which causes all peptides to be identical in mass and ionize similarly;
however, it also makes the original methylation states indistinguishable. (C) The use of heavy formaldehyde in the reductive methylation reaction
allows retention of the identity of the original, isotopically light, methylation (open circles). In addition, any lysines not already modified will undergo
reductive methylation forcing them to an isotopically heavy di-methyl state (closed circles). This conversion allows each peptide to ionize the same
while retaining the identity of the original peptide (light vs. heavy methylation).

exists in the di-methyl state in the original sample will have two
light methyl groups (14 Da methyl + 14 Da methyl = 28 Da) and
will be the lowest m/z peak. Peptides that contain one methyl
group in the initial sample will have an additional, deuterated
methyl group added upon reductive methylation (14 Da methyl
+ 16 Da heavy methyl = 30 Da). Any peptides unmodified in
the original samples will have an addition of two heavy methyl
groups from reductive methylation (16 Da heavy methyl + 16 Da
heavy methyl = 32 Da). Thus, the originally unmodified peptide
will actually occur at the highest m/z in the cluster while the
originally di-methylated species will be the lowest (Fig. 1C). The
isotopic overlap that results from these peaks being in such close
proximity is addressed in later sections.
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To determine the efficiency of the reductive methylation
reaction using both heavy and light formaldehyde, we sub-
jected a synthetic peptide, containing four unmodified lysine
residues, to both forms of the reaction. We found that the reac-
tion is ~100% efficient when using light or heavy formaldehyde
(Fig. 2A). Reductive methylation also occurs on the N-terminus
of the peptide as is shown in Figure 2A. We observed an addition
of ten methyl groups to the peptide (two for each lysine and two
on the N-terminal residue) totaling 140 Da with light formal-
dehyde and 160 Da with heavy formaldehyde. In an effort to
show the utility of MassSQUIRM on full length proteins, we
resolved recombinant full-length histone H3 by SDS-PAGE and
performed reductive methylation on the gel band. Once again,
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Figure 2. Efficiency and dynamic range of MassSQUIRM. (A) A synthetic peptide containing four unmodified lysine residues (lower part) was exposed
to reductive methylation using either light formaldehyde (middle part) or heavy formaldehyde (top part). The resulting spectra show a ~100% conver-
sion of all lysine residues, as well as the N-terminus, to the di-methyl state. Heavy formaldehyde showed a peak 20 Da larger than that of the light
formaldehyde as would be expected. (B) MassSQUIRM is efficient in-gel with full-length proteins. A recombinant version of full-length human H3.2
was subjected to in-gel tryptic digestion either with (top part) or without (bottom part) prior in-gel isotopically heavy reductive methylation. Result-
ing peptides were analyzed by MALDI-TOF mass spectrometry. A ~100% conversion to heavy di-methylated peptide was observed. (C) Un-, mono-
and di-methylated synthetic peptides were normalized to a 1:1:1 mixture and mono-methylated peptide concentration was varied at the theoretical
ratios indicated (untreated sample). The same peptide mixtures were separately treated with MassSQUIRM (treated sample). The linear dynamic range
was determined to be 1:8 for both treated (®) and untreated (M) samples. Open circles indicate light methylation while closed circles indicate heavy

we observed nearly 100% conversion of lysines to the di-methyl
state using heavy formaldehyde (Fig. 2B). In solution digestion
of the same sample resulted in similar results.

When using mass spectrometry to quantify biological sam-
ples, it is prudent to take into consideration the dynamic range
capabilities of both your experiment and the instrument that will
be used for analysis because a linear response is needed for accu-
rate quantification. To determine the dynamic range of our assay,
we used three different forms of a synthetic peptide: un-, mono-
and di-methylated. A mono-methylated peptide was mixed
with un- and di-methylated peptides at the following ratios:
1:1, 1:2, 1:4, 1:8, 1:16 and 1:32. Using this method, we deter-
mined a dynamic range of 1:8 (Fig. 2C and squares). To check
the dynamic range following reductive methylation chemistry,
we incubated the same peptides in the same ratios but exposed
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them to MassSQUIRM analysis. We determined the peak ratios
as mentioned above with added compensation for isotopic over-
lap as described in the next section. We determined the dynamic
range following reductive methylation to be 1:8 as well (Fig. 2C
and diamonds).

MassSQUIRM accurately corrects for differences in ion-
ization. In Figure 3A, we show a mass spectrum of equimolar
amounts of un-, mono- and di-methylated histone H3 peptide,
which demonstrates the variable efficiencies of ionization for these
methylated peptides. This unequal efficiency of ionization is prob-
lematic for performing quantitative mass spectrometry. As a proof
of principle, we compared conventional and MassSQUIRM-
based mass spectrometric analysis on a synthetic histone H3 pep-
tide dimethylated on Lys4 following an enzymatic demethylation
reaction with LSD1. Conventional mass spectrometric analysis of
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Figure 3. MassSQUIRM accurately corrects for differences in ionization. (A) Equimolar amounts of an H3K27 peptide with 0, 1 or 2 methyl groups were
mixed and analyzed by MALDI mass spectrometry. The un-, mono- and di-methylated peptides ionize at different efficiencies. (B) A synthetic peptide
representing H3K4me2 was incubated with the histone demethylase LSD1 and the resulting peptides were analyzed by conventional mass spectro-
metry. (C) The same reaction was performed as in (B) but peptides were analyzed using MassSQUIRM. (D) MassSQUIRM allows quantification of mono-
methyl peptide species that was omitted in conventional mass spectrometry analysis due to differential ionization seen in (A). Open circles indicate

the products of this reaction showed high levels of unmethylated
peptide and lower levels of the original di-methylated peptide
(Fig. 3B and D). However, MassSQUIRM analysis of this same
demethylase reaction revealed the presence of significant levels of
mono-methylated peptide as a reaction product (Fig. 3C and D).
Thus, MassSQUIRM provided for the detection of a reaction
intermediate that would not have been observed by conventional
mass spectrometric analysis. The detection of the mono-methyl
peptide using MassSQUIRM, but not conventional mass spec-
trometry, is in agreement with the observed reduced ionization
efficiency of monomethylated peptides shown in Figure 3A.
Development of a method for compensating for isotopic
overlap when using MassSQUIRM. When using mass spec-
trometry for relative quantification, it is most common to use
the lowest mass or monoisotopic, peak as a reference (Fig. 4A
and *C). In addition to the monoisotopic peak, a given pep-
tide will show a series of peaks representing naturally occurring
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isotopes, which are termed the isotopic envelope (Fig. 4A and
all other peaks). When two peptides are similar in mass and
are being relatively compared, the isotopic envelopes can over-
lap and complicate quantification. As can be seen in Figure 1C,
one caveat with the use of deuterated formaldehyde in reductive
methylation is that some isotopic overlap occurs between the dif-
ferent peptides. For example, the second monoisotopic peak in
Figure 1C (one open and one closed circle) contains some overlap
from the isotopic envelope of the first peptide (noted by both red
and blue). In order to compensate for this overlap, we first deter-
mined the peak area (A) ratio of C, and "*C, isotopes relative to
the monoisotopic peak for the peptide with light dimethylation
(Fig. 4A).

(3)A

13cz/A1zc =

4) A

13c4/A12c =1
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Figure 4. MassSQUIRM can be used to successfully quantify differentially modified peptides.
(A) A di-methylated synthetic peptide was analyzed using mass spectrometry and the result-
ing isotopic envelope was used to determine r, and r, from equations 3 and 4. This peptide
corresponds to that noted in blue in Figure 1A (inset). (B) The same synthetic peptide was
incubated with 125 ng GST-LSD1 in demethylase buffer for two hours at 37°C. Samples were
then subjected to MassSQUIRM analysis. A mixed population of overlapping peaks represents
three different methylation states as seen in Figure 1C (inset). Peptides initially mono-meth-
ylated occur at a mass 2 Da heavier than di-methylated peptides due to the addition of one
heavy methyl group during reductive methylation. Similarly, peptides initially unmodified
will occur 4 Da heavier than di-methylated peptides due to the addition of two heavy methyl
groups. Areas under the monoisotopic peaks were noted as A, A, and A,. These values were
used to determine equations 5-7, which take into account the isotopic overlap noted in (A).
Open circles indicate light methylation while closed circles indicate heavy methylation.

(7)H3K4 =A - r,(A) - [r,(A, - 1,(A))]

As an example, we have shown an LSD1
treated H3K4 peptide following heavy reduc-
tive methylation (0.25 wg LSD1 + 0.25 pg
H3K4me2 from Fig. 5A) that exists in mul-
tiple states of methylation (Fig. 4B). This
method was used to generate all quantitative
data presented in this paper.

LSD1 activity can be quantitatively mea-
sured using MassSQUIRM. Once we had
optimized the heavy reductive methylation
reaction, we decided to use it to determine
the activity of a demethylase. Even though
LSDI is has been extensively studied, a reliable
method for quantitatively studying its demeth-
ylase activity has proven elusive. For this rea-
son, we chose to use LSDI to test the ability of
MassSQUIRM as a method for determining
demethylase activity in vitro. Histone demeth-
ylase assays were performed using a synthetic
H3K4me2 peptide and varying concentra-
tions of LSD1. Samples were then subjected
to MassSQUIRM (Fig. 5A). The resulting
mass spectra showed an increase in LSD1
activity as LSD1 concentration was increased
from zero to 0.5 pg. A shift of peptide meth-
ylation state from completely di-methylated to
97% un-methylated was observed when using
0.5 wg LSDI (Fig. 5B). These results indicate
that MassSQUIRM is an appropriate method
for measuring the activity of LSD1 by quanti-
tatively following methylation levels in vitro.

To emphasize the importance of our assay,
we repeated the above experiment using pheny-
ethylhydrazine, an MAO inhibitor known
to inhibit LSDI1 activity. We chose to use
0.125 pg LSD1 for this assay because it yielded
a mixed population of modifications in our
initial experiments (Fig. 5). Triplicate sam-
ples of peptide alone, peptide with LSD1 and
peptide with LSD1 with phenylethylhydra-
zine were subjected to histone demethylation
assays. Following these assays, samples were

analyzed by MassSQUIRM. Upon addition

This gave us the ratio of peptide existing in these isotopic
states (r, and r,) specific to our experiment and mass spectrom-
eter. We then used this information to determine the following
formulas for quantifying the amount of peptide existing in each
modification state in a sample:

(5) H3K4me2 = A

(6) H3Kdme = A - 1,(A)

www.landesbioscience.com

of LSDI, we observed a shift of spectra to greater mass, indicat-
ing a mixed population of methylation states (Fig. 6A and middle
relative to bottom part). When samples were treated with LSD1
and its inhibitor, the shift disappeared (Fig. 6A and top part)
indicating inhibition of LSDI activity. Samples containing pep-
tide alone (Fig. 6A and bottom part) were used to determine the
experimental r, and r, values used to quantify the results. Under
these conditions, phenylethylhydrazine inhibits LSD1 activity by
96% (Fig. 6B).
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Since the initial discovery of LSD1, more than
twenty human demethylase enzymes have been
identified.” Several efforts to classify these enzymes
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in detail are currently underway. Many demeth-

ylases have already been implicated as potential

cancer diagnostic and prognostic indicators while
some have been implicated as potential therapeutic
agents.”® Since, most histone demethylase mecha-

Figure 5. LSD1 activity can be measured using MassSQUIRM. (A) 0.25 g of a synthetic
H3K4me2 peptide was subjected to varying concentrations of recombinant LSD1 in
demethylase buffer for 2 h at 37°C and analyzed with MassSQUIRM. (B) Quantification
of methylation levels was determined using r, and r, values from peptide alone samples
(bottom panel) and equations 5-7. Open circles indicate light methylation while closed

nisms involve redox chemistry, they are prime can-

didates for suicide inactivators.!* We have shown

circles indicate heavy methylation.

that phenyethylhydrazine, an MAO inhibitor, serves

to inhibit LSDI activity by 96% (Fig. 6B). Further studies of this
inactivator could lead to its use in inhibiting LSD1 in some can-
cers. Our assay can be used to further classify the effect of this drug
on different diseases involving LSDI1, possibly leading to rapid
turnaround for therapeutic use.

We chose to test our assay on LSDI1, specifically, due to the
existence of a wealth of literature suggesting that it is impor-
tant in many diseases and the availability of a number of LSD1
inhibitors.>'#% Overexpression of LSD1 in prostate cancer,
poorly differentiated neuroblastoma and estrogen receptor (ER)-
negative breast cancer has been associated with aggressive forms
of these diseases.”?*3*3! There have also been some promising
results indicating that LSD1 inhibitors, in combination with
other drugs, lead to slower growth of colon cancer in mouse
xenograft models.?? All signs point to LSD1 being an excellent
target for drug development.

LSDI exists as a component of several complexes, many of
which contain histone deacetylase enzymes.***¢ Deacetylase
inhibitors have been used successfully in clinical trials and could

496

Epigenetics

be used in combination with demethylase inhibitors to provide
potent treatment for some diseases.”’” Interestingly, when LSDI
interacts with androgen receptor, its specificity changes from
H3K4 to H3K9 although this interaction has not been verified
in vitro.’> Current assays exist that allow the study of interac-
tions between LSDI and its associating proteins, yet these assays
merely represent a qualitative measure of the effect of these inter-
actions on LSD1 activity. When studying protein complexes, it
is common to combine interacting proteins in vitro and perform
enzymatic assays to try and reconstruct the optimal complex.
These results are used to design inhibitors that may affect a com-
ponent of a complex that is not necessarily the ultimate target but
that would have the same biological effect.’® For this reason, our
assay will be useful in designing new drugs to target diseases that
involve LSDI and its various complexes.

Although LSD1 is the most commonly studied demethylase
enzyme to date, there are several other demethylases that have
not been as well characterized. Some have already been shown to
be important factors in human disease.”* Members of the JMJD1

Volume 6 Issue 4



A o R
| Peptide+LSD1 i :
+ phenylethylhydrazine |

Peptide+LSD1

Intensity

Peptide

oy A e

f

this approach for the quantitative measure-
ment of lysine tri-methylation. MassSQUIRM
is the first assay of its kind to offer a quantita-
tive method for studying LSDI activity, thus its
impact on the field has the potential to be quite
extensive.

Materials and Methods
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di-methylated using a reductive methylation
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reaction was quenched with 80 mM Tris-Cl,
pH 7.5. Peptides were incubated with POROS
R2 20 micron beads (Applied Biosystems), col-
lected with a C , ZipTip (Millipore) and spotted
for MALDI analysis in 2,5-dihydroxybenzoic
acid. Mass spectra of peptides were collected
with a MALDI-prOTOF mass spectrometer

(PerkinElmerSciex).*% Spectra were viewed

indicate light methylation while closed circles indicate heavy methylation.

Figure 6. LSD1 inhibitor efficiency can be measured quantitatively using MassSQUIRM.

(A) Demethylation reactions were carried out using 125 ng of LSD1 and 0.25 g H3K4me2
peptide in the presence (top part) or absence (middle part) of 16.7 mM of the LSD1 inhibitor
phenylethylhydrazine. (B) Quantification of methylation levels was determined using r,

and r, values from peptide alone samples (A, bottom part) and equations 5-7. Open circles

and peak areas extracted using MoverZ soft-
ware (Genomic Solutions). Reaction products
were verified by MS? with a Thermo LTQ XL
mass spectrometer coupled to a NanoLC-2D
liquid chromatography system (Eksigent). Un-,

mono- and di-methylated K27 versions of syn-

family of lysine demethylases remove mono- and di-methyl
marks from H3K9 resulting in loss of a repressive mark.? Thus,
these enzymes are most likely associated with activating genes
but limited analysis of them has been performed. More extensive
studies of these enzymes will be undertaken before more definite
conclusions can be made about their role in human disease.

We present MassSQUIRM as an inexpensive and quantita-
tive method for comprehensive study of the activity of demeth-
ylases involved in mono- and di-methylation. MassSQUIRM
offers quantitation not only of the product of the reactions of
these enzymes but also their intermediates. This assay will be
a powerful tool in studying the mechanism of LSD1 and pos-
sibly its interacting partners. It will also serve as a useful tool in
classifying many newly discovered lysine demethylase enzymes
such as PHF8 and could be used for certain methyltransferase
enzymes." We are currently developing the chemistry to extend

www.landesbioscience.com

Epigenetics

thetic histone H3 peptide (2SKA ARK SAP
STG G) were used for dynamic range experiments.

For the isotopically heavy reductive methylation analysis of
histone H3.2, the following adaptations were used. Recombinant
human histone H3.2 was purified essentially as described.® To
test the efficiency of the isotopically heavy reductive methylation
on this full-length histone, 1 pg of histone H3.2 was resolved
by SDS-PAGE in two lanes with a 4-20% Tris-glycine gel
(Invitrogen) and visualized by Coomassie staining. The two gel
bands containing histone H3.2 were excised, and Coomassie was
removed by serial washes with 50% methanol/50 mM ammo-
nium bicarbonate.?*# For isotopically heavy reductive methyla-
tion, a solution of 50 mM sodium phosphate (pH 7.4), 0.12 mg
borane dimethylamine and 3.2 mM isotopically heavy 4,-form-
aldehyde (Cambridge Isotope Laboratories) was added to one
gel band, while 50 mM sodium phosphate (pH 7.4) alone was

added to the control gel band. This reaction was incubated for
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2 h at 4°C. An equivalent aliquot of the borane dimethylamine/
d,-formaldehyde solution was added and the reaction was again
incubated at 4°C for 2 h. A final aliquot of the borane dimeth-
ylamine/d,-formaldehyde solution was added and the reaction
was incubated at 4°C for ~16 h. The reaction was quenched with
80 mM Tris-Cl, pH 7.5. The gel bands were washed three times
(5 min per wash) with 0.1 M ammonium bicarbonate. Trypsin
(75 ng) was added to the gel bands for 15 h at 37°C.2% Tryptic
peptides were collected with POROS R2 20 micron beads
(Applied Biosystems), isolated with C,, ZipTips (Millipore) and
analyzed by MALDI mass spectrometry as described above.
Demethylase assay. The demethylase reaction consisted of
0.25 pg H3K4me2-biotin peptide (ARTKme2QTA RKS TGG
KAP RKQ LYKbio) plus 15.6, 31.3, 62.5, 125, 250 or 500 ng
recombinant LSD1 (BPS Biosciences) in the following reaction
buffer: 50 mM Tris-Cl pH 8.5, 50 mM KCI, 5 mM MgCl,
5% glycerol. The reaction proceeded for 2 h at 37°C. Reaction
products were collected with POROS R2 20 micron beads for
15 min at room temperature, loaded into a C , ZipTip, eluted in

40 L 70% acetonitrile/0.1% TFA, lyophilized and subjected to
MassSQUIRM as described above.

LSD1 inhibition assay. Inhibition experiments were per-
formed in triplicate under demethylase assay conditions as
described above using 0.25 pg of H3K4me2-bio peptide alone,
peptide with 125 ng GST-LSDI (prepared in-house) and pep-
tide with LSD1 and 16.7 mM phenylethylhydrazine inhibitor
(Chem Services). As described above, peptides were isolated
with POROS R2 20 micron beads and ZipTips prior to Mass
SQUIRM analysis.
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