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ABSTRACT: A large body of research points to the biological
importance of combinatorial post-translational modifications in
proteins, such as the active role played by histone modification
patterns in the development of cancers, neurodevelopmental
disorders, neurodegenerative and other diseases. Nonetheless,
our understanding of the precise biological function of different
modification patterns is limited by the difficulty of identifying and
quantifying different combinatorial isomers in their mixtures as
they naturally occur. Tandem mass spectrometry, which infers
primary structure from the mass-to-charge ratios of biomolecular
fragments, is the preferred method of analysis for proteins and
their post-translational modifications. However, the information
contained in the mass-to-charge ratios of the individual fragments
is frequently insufficient to identify the correct set of modification
patterns present in a mixture of combinatorial isomers. This is
because no possible single fragment of a combinatorially modified
sequence is unique to that sequence in its mass-to-charge ratio.
Here we show that the combinatorial post-translational
modification problem can be solved by the recently introduced
techniqgue of two-dimensional partial covariance mass
spectrometry, which provides information about fragment
connectivity in a biomolecule by quantifying correlations between
the random intensity fluctuations of its fragments, across
repeated measurements. Unique fragment-fragment correlations
provide the missing link between the non-unique individual
fragments to produce unambiguous fingerprints of co-occurring
combinatorial isomers, enabling the discovery of biomolecular
combinatorial modification patterns by mass spectrometry.

Combinatorial isomers are biomolecules with the same
chemical sequence, which are multiply modified by the same
number of identical covalent modifications distributed differently
across a series of possible modification sites. It is now understood
that different combinatorial isomers encode different biological
functions. One example is patterns of DNA methylation, which are
believed to serve as important epigenetic actors governing the
gene expression [1,2]. The best studied systems of combinatorial
isomers are the histone proteins, which can be heavily modified
on their N-terminal tail [3]. Histones act as spools around which
the DNA winds itself, and so function to compact and package the
DNA into strands of a higher-order structure named chromatin.
Over two decades ago it was demonstrated that enzymes which
modify histones play a direct role in the regulation of gene
expression [4,5], indicating the biological importance of histone

modification [6]. The initial proposition that modifications on
histone tails can act sequentially or in concert to code for different
biological functions [7,8] was based on a number of observations
suggesting different downstream functions for different
combinations of histone modifications [9,10,11,12]. This
hypothesis is generally known as the ‘histone code’.

The histone code hypothesis has driven a large-scale research
effort towards the characterization and understanding of
combinatorial modification patterns in order to map biological
function to the underlying chemical structure. A critical mass of
experimental evidence has been found to support the histone
code hypothesis. For example, it was found that certain
interaction sites of large proteins called bromodomains, which can
act to remodel chromatin and control transcription, specifically
interact with particular motifs of histone tail modifications [13].
Multiple further examples of chromatin-modifying proteins
talking with particular patterns of histone tail modifications have
been reported [14, 15, 16, 17, 18, 19].

Tandem mass spectrometry (MS/MS) is the method of choice
for analysis of the primary structure of proteins and in particular
their post-translational modifications [20]. This is because a
modification typically changes the mass of a residue in a manner
which is specific to the modifying group [21]. In a standard tandem
mass spectrometry experiment, components of a biological
sample separated by high performance liquid chromatography
(LC) [22], are first put into the gas phase using a soft ionization
method, e.g. electrospray ionization (ESI) [23]. Individual ionized
molecules of the co-eluted components are further separated in a
mass spectrometer on the basis of their mass-to-charge (m/z)
ratio and subsequently fragmented by one of a number of
available activation methods, e.g. collision induced dissociation
(CID) [24] or electron transfer dissociation (ETD) [25]. Finally, the
m/z ratios of the generated fragments are measured by a mass
analyzer [20]. The result is a 1D spectrum of relative abundance
vs. fragment mass-to-charge ratios. The intact mass and fragment
ion spectral data of a biomolecule provide the information used to
infer its original primary structure.

Mixtures of combinatorial isomers present a particular
challenge to the LC-MS/MS approach. Firstly, the efficiency of
chromatographic separation techniques depends on the
differences in the physical properties of the eluted compounds,
which are negligible for combinatorial isomers, frequently leading
to their co-elution [26]. Next, all unresolved combinatorial isomers
in a mixture are doomed to be isolated together within the mass
spectrometer, because they all have an identical mass. Finally, the



m/z degeneracy of the fragment ions produced by a series of
combinatorial isomers may not allow for a full set of unique
“marker ions”, i.e. fragment ions specific to each single isomer
within the combinatorial isomer mixture. Instead, each possible
fragment ion may be produced by more than one single
combinatorial isomer, precluding the exact identification of all the
isomers present in the mixture of a combinatorially modified
sequence.

There have been a large number of research efforts focused on
‘breaking’ the histone code by mass spectrometry [3, 26-37].
However, the most significant remaining problem in the mass
spectrometric analysis of combinatorial modifications is the
resolution and quantification of individual combinatorial isomers
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between fragments born in the same or consecutive
decomposition processes of an ionized biomolecule. Because of
inherent randomness of the dissociation process and
experimental parameter instabilities, the abundances of different
fragments in an MS/MS measurement fluctuate from scan to scan.
By mapping how the fluctuations in the yield of each fragment are
synchronized across repeated scans, we identify which pairs of
fragments are produced in the same/consecutive decompositions
and therefore belong to the same parent ion. Whilst an individual
fragment ion could have been produced by a number of different
combinatorial isomers, there are such pairs of co-produced
fragments which could only have originated from one of them. As
we show here, these fragment-fragment correlation signals
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Figure 1. (a) 2D-pC-MS map of the CID measurement of the mixture of four diacetylated isomers, P1-P4. Peaks at the intersection of (m1/z1, m2/z2) indicate that
the two fragment ions are born in the same or consecutive decompositions or of the same parent ion. Autocorrelation peaks m1/z1=m2/z2 are removed for clarity.
The corresponding 1D CID spectrum is plotted against the back walls of the map. (b) The (m/z 500-524) x (m/z 518-542) region of the map in (a), exhibiting the
marker ion correlation of P4 (large central feature). (c) correlation scores \cite{2D-pC-MS} of the main peaks in the region shown in (b).

[26, 29, 30]. Abshiru et al. [29] compared the overlapping MS/MS
spectra of different, co-fragmented isomers to the individually
obtained spectra of every possible synthetic isomer in its pure
form, and attempted to deconvolve the mixed spectra by
modelling the deconvolution as a network flow problem. Although
this was successful for some mixtures, the deconvolution and
quantification failed in more complex cases, such as the mixtures
of diacetylated isomers of the H4 histone tail that we consider in
this work. Additionally, the requirement for synthesis of the pure
form of each and every individual isomer is highly restrictive. Using
MS/MS, Phanstiel et al. [30] solved systems of coupled linear
equations to deconvolve the mixed spectra of co-eluting histone
structural isomers, but this method also failed in more complex
cases such as mixtures of diacetylated H4 histone tails, the
deconvolution and quantification of which was conceded to be
“mathematically impossible” [30].

Here, we present a new way to resolve mixtures of
combinatorial isomers that can not only tackle the more complex
cases but does so without requiring synthesis of any model
sequences. The new approach is based on the recently developed
two-dimensional partial covariance mass spectrometry (2D-pC-
MS). The physical principle of 2D-pC-MS is described in detail in
Ref. [38]. Briefly, the technique builds a 2D map of correlations

(“marker correlations”) can be used to straightforwardly resolve
complex mixtures of different combinatorial isomers.

The 2D-pC-MS measurement of a mixture of four positional
isomers of diacetylated histone H4 fragment 4-17,
4GKsGGKsGLGK12GGAK16RY is given in Fig. 1a. The two horizontal
axes are the same quantity, which is the m/z ratio of the fragment
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Figure 2. (a) Signals in the 1D mass spectrum could have been produced
by more than one combinatorial isomer, making it challenging and often
in principle impossible to identify components of a mixture from the 1D
mass spectrum. (b) The 2D signal which correlates two m/z fragments can
only have been produced by one isomer, providing a marker correlation
for that isomer.



ion spectrum. The value of the surface is the partial covariance
between the two m/z values on the corresponding x- and y-axes
[38]. The peaks on the map (Fig. 1a) correspond to pairs of
fragments produced in the same or consecutive decomposition
processes. The volume of the partial covariance peak is directly
proportional to the probability of the decomposition process
which produced the two correlated fragments [38]. Obtaining the
2D-pC-MS map requires no hardware modifications and so is
immediately realizable on a standard benchtop linear ion trap
mass spectrometer.

Here we demonstrate the power of 2D-pC-MS to resolve
mixtures of combinatorial isomers by solving the long-standing
problem of diacetylated positional isomers of histone H4 [39]. The
lysines at positions 5, 8, 12 and 16 are known to be acetylated [40].
Whilst 5 & 8 and 12 & 16 isomers of the diacetylated H4 peptide
are straightforwardly identifiable using standard MS/MS [39],
resolution of the other 4 positional isomers, shown in Fig. 1a, has
been branded as ‘mathematically impossible’ [30]. As illustrated
in Fig. 2a, in the analysis of a fragment ion spectrum of a mixture
of the four isomers, detection of the blue C-terminal fragment
GGAKacR provides evidence for the presence of either the
Ks,acKieac OF KgacKisac isomer but fails to differentiate between
them. Equally, detection of the internal fragment GGKa.GLG
indicates the presence of either isomer KgacKigac Or isomer
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Figure 3. Marker correlations measured for the four diacetylated
combinatorial isomers, P1-P4 (see Fig. 1) considered in this work.
Correlating fragments are designated and their correlations are shown by
magenta arcs.
Ks,acKi2,ac, but is unable to determine which of the two are present.
In contrast, if 2D-pC-MS detects the correlation between these
two fragments (see Fig. 2b), this means that both fragments are
originated from the same parent molecule. Since these two
fragments can only be produced together by the single isomer
KsacKigac, this correlation unambiguously confirms the presence
of that combinatorial isomer in the mixture. Thus, within 2D-pC-
MS, two non-unique individual fragments are connected together
to produce a unique fragment-fragment correlation, or a “marker
correlation”, of a particular combinatorial isomer.

Figure 3 shows the unique marker correlations of the four
combinatorial isomers revealed by 2D-pC-MS in a standard linear
ion trap CID experiment. Each of the presented correlations
between the two fragment ions can only have been produced by
one of the isomers. In Fig. 4, mixtures of a) two, b) three and c)
four of the isomers have been analyzed by 2D-pC-MS. It is
sufficient to interrogate one of the marker correlations (Fig. 3) per
isomer to identify components of each of the analyzed mixtures.
Probing these marker correlations directly reveals the presence or
absence of each of the combinatorial isomers across the different
mixtures, as shown in Fig. 4.

In addition to providing a method to qualitatively discriminate
between different combinatorial isomers, the partial covariance
between two fragment ion signals provides a quantitative
measurement of the abundance of the peptide under analysis.
This follows from the theory of partial covariance mapping using
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Figure 4. Resolution of different mixtures of combinatorial isomers. For

each isomer, one of the marker correlations given in Fig. 3 is shown. These

directly reveal the presence or absence of the isomer in a mixture.
the total ion count as a single correction parameter, as presented
in [38]. According to the theory, the measured value of any marker
correlation provides a quantitative measure of the concentration
of the corresponding parent ion. In principle, this requires
monitoring of only one marker correlation for the quantification
of its specific isomer. Figure 5 shows the experimental verification
of this theoretical prediction. It displays the measured value of
partial covariance between fragments ysac* & bizg)*, which is a
marker correlation of the isomer KsacKigac. The relative
concentration of this isomer (‘Quantity added’) has been
increased in a mixture of four combinatorial isomers and the
measured value (‘Quantity measured’) of partial covariance rises
linearly with the increased concentration. The relative
concentration of a particular isomer is obtained by dividing the
volume of its marker correlation peak by the volume of any
reference partial covariance peak, stemming from another
isomer, which cannot have been produced by the parent ion in
question. The error bars show the dependence of measured value
on the reference peak chosen. This demonstration paves the way

Quantity measured (arb.)

o

0 5 10 15 20
Quantity added (arb.)

Figure 5. Linear mapping of the measured value of partial covariance
between fragments ysac* & bii-9)* with concentration of isomer Ks acKis,ac,
in a mixture of all four combinatorial isomers.



for the quantification of the combinatorial isomers in their
mixtures by 2D-pC-MS.

In conclusion, we have presented a new approach for resolving
complex mixtures of combinatorial isomers using tandem mass
spectrometry. The technique presented here relies on measuring
fragment-fragment correlations that are unique to each possible
isomer in a mixture. While demonstrated for diacetylated
positional isomers of histone H4 fragment 4-17, previously
deemed to pose an intractable problem, the approach is general
it can be straightforwardly extended to the analysis of any
positional isomers. For example, as 2D-pC-MS has been
demonstrated for oligonucleotides [38], the presented approach
can be used to study combinatorial patterns of DNA methylation
[1,2]. The method presented here should therefore provide key
insights into the important biological function of different patterns
of protein and nucleotide modification.
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