Computing Post-translation Modification using FTMS
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ABSTRACT: Post translational modifications (PTMs)
discovery is an important problem in proteomic. In the past,
people discover PTMs by Tandem Mass Spectrometer based
on “bottom-up” strategy. However, such strategy suffers
from the problem of failing to discover all PTMs. Recently,
due to the improvement in proteomic technology, Taylor et
al. proposed a database software to discover PTMs with
“topdown” strategy by FTMS, which avoids the
disadvantages of “bottom-up” approach. However, their
proposed algorithm runs in exponential time, requires a
database of proteins, and needs prior knowledge about PTM
sites. In this paper, a new algorithm is proposed which can
work without a protein database and can identify
modifications in polynomial time. Besides, no prior
knowledge about PTM sites is needed.

1 INTRODUCTION

Protein is a sequence of amino acids. Recent advance in
mass spectrometry technology allows us to recover the
sequence of a protein [11]. Moreover, some proteins will
undergo a process called post-translational modification
(PTM). This process modifies some amino acids in a protein
and changes its function. One well-known example is the
methylation of histones. This process changes the function
of histones and affects the formation of chromatin [3,7,16].
It in turn affects the gene regulation activity. Hence, it is
important to have some methods to identify the
post-translational modification of a protein. Generally, there
are two classes of methods for locating post-translational
modification. The first approach is based on the bottom-up
spectrum [4,21]. In this case, protein is first digested into a
collection of peptides with about 10 amino acid residues.
Then their peptide masses got from the experiment are
matched against the list of peptide masses expected from
the protein sequence. The non-matching masses could imply
the post-translational modifications. Those peptides are
further fragmented to generate the “tandem mass spectrum”
which is then used to identify the peptide and to localize its
modification. Normally, peptides are identified by matching
the experimental spectrum against the theoretical spectra
corresponding to the peptides in a database. There are
several different algorithms, such as Peptide Sequence Tag
[9], SEQUEST [2], and Mascot [12]. Sequence Tag searches
peptides in the database by allowing partial peptide mass
unmatched. The latter two, which were originally used to
identify unmodified peptides, can be used to identify
modification by taking more than one possible amino acid
molecular weight into account, depending on the
modification considered [1,8]. However, such approaches
generate more answers and the modified peptides identified
are less certain. Another algorithm is based on de novo

peptide sequencing [14]. It uses a new notion of spectral
similarity that allows one to identify related spectra
considering the multiple modifications. But the results show
that this method is not successful due to the limitation of de
novo sequencing.

Although the bottom-up approach is widely used, it may
miss some modifications since the coverage of peptide
fragments got from the digestion is not 100%. Even worst,
the bottom-up approach becomes more unreliable when we
study large protein. When the protein size is big, the number
of fragments increases. The common spurious peptide mass
can be mistaken to be a modified peptide mass. In contrast,
these problems can be solved by using top-down tandem
spectrum [5,15,18,19].

In top-down protein sequencing, instead of digesting the
modified protein into peptides, the modified protein is
analyzed directly by ECD-FTMS[10,17,20,22]. Many
copies of the modified protein are fragmented by ECD and
each copy is charged and broken randomly into two pieces
at some peptide bond. The resulting set of fragment ions are
passed into a FTMS machine and their masses per charge
ratios are measured and generated a spectrum (see Figure
1.1 for an example). The spectrum consists of a lot of peaks,
each of which is probably produced by many copies of the
same fragment ion. The position of the peak in the spectrum
represents the mass to charge ratio of the corresponding
fragment ion. The height of the peak indicates its intensity.
Given the spectrum, the computational problem is to
identify all the modifications.
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Figure 1.1: FTMS Spectrum

The only previous work is by Taylor et al [13,19] and
they  suggested identifying modifications  using
database-searching approach. They first construct a database
that contains the intact proteins with different combinations
of modifications. However, there are exponential possible
combinations of modifications. To reduce the database size,
the included modifications need to satisfy some prior
biology knowledge. Then, the database is searched to
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identify a modified protein that best matches the spectrum.
The limitation of the database-searching algorithm is that it
is based on the prior biology knowledge. If modifications
occur at some unknown sites, their method may not work.
This paper presents a dynamic programming algorithm to
identify modifications without any prior knowledge. Thus,
by using our method, novel modification sites can be
discovered. More importantly, our algorithm runs in
polynomial time instead of exponential time.

The rest of the paper is organized as follows: Section 2
details the PTM problem. Section 3 gives a dynamic
programming algorithm to solve the problem. Lastly,
Section 4 shows the experimental results.

2 PRELIMINARY

Consider a FTMS spectrum M of a particular
post-translational modification of a certain protein H. This
section describes the problem of determining the most likely

posttranslational modified protein form H™ of H that
best fits the spectrum M.

2.1 The Ion Mass Calculation

Amino acids consist of 20 different types. We use A to
denote the alphabet of the 20 amino acids. For any amino
acid, wt(a) is denoted to be its monoisotopic mass. The
maximum and the minimum masses among all amino acid
types are 186.08 Dalton and 57.02 Dalton respectively.
Suppose there are 7 possible types of modifications for a
certain protein. Including the non-modification case, there
are t+1 types of modifications in total. We use I" to denote
the alphabet of the #+1 types of modifications. For
any mel , wi(m) is denoted as the mass of this
modification. The maximum and the minimum masses

among all types of modifications are m_, Dalton and 0

Dalton respectively.
In total, the maximum and the minimum masses of a
modified amino acid are 186.08 +m_, Dalton and 57.02

Dalton, respectively.

2.2 FTMS Spectrum

In the experiment, every fragment cleaved from H ™ can
have different charged states and generate a few different
peaks in the spectrum. Fortunately, each isotopic cluster in
the FTMS can be assigned a charge (z) based on the one
Dalton inter-peak spacing (1/z) [6]. We can preprocess the
FTMS spectrum and convert all peaks of different charged
states into single charged equivalents. Furthermore, every
isotopic cluster is represented by a peak at the monoisotopic
mass. Its intensity is the sum of the intensities of all peaks
in the corresponding isotopic clusters. Therefore, from now
on, every fragment ion is assumed to be single
charged and its peak is at its monoisotopic mass. In other
word, a spectrum can ‘be represented by
M={(x,y,)|1<i<num} Where num is the total number of

peaks in M. Below, we describe the computation of the mass
for every fragment ion of a protein. Consider a peptide

sequence H = aa,a;Ka, . We denote

Wt(H)=ZxSis,,W’(ar)’ Because of the extra H,0, the

actual mass of / is wr(H)+18.01.

As shown in Figure 2.1, FTMS fragments the peptide H
into five different types of ions. The ions can be classified
into two groups: the N-terminal group and the C-terminal
group. The N-terminal group contains a-ion, b-ion and c-ion
while the C-terminal group contains y-ion and z-ion

a b c

l
---CHR--C---+} NH-—+- CHR----

b=c-17.03
a=5b-26.99
y=2z+16.02 — —

N

y

Figure 2.1: Fragment Ions of ECD

Consider the jth prefix of H, which is aa,K a,- Let X
be wi(aa,K a,)- Then, the corresponding masses of the
a-ion, b-ion and c-ion in the N-terminal group are
X-26.99, x,and X +17.03 respectively . We denote N(x)
as {x- 2699, x, X + 17.03}. Similarly, for the ijth
suffix a,0,,K a, of H, let x=wt(a,a,,4,,K a,)be
its mass. The corresponding masses of the y-ion and z-ion in
the C-terminal group are x +18.01 and x + 1.99
respectively. We denote C(x) as { x +18.01, x +1.99}.
Based on the above equations, ideally, the spectrum of the

protein H should have a list of peaks whose masses are
belonging to

i+2

LH)=Y,, (NwHaa,A a))UCwi(a,a,,A a,))} (D

Now, H is modified and let H" =4, 4',K o', be the
resultant modified peptide where each o', is the residue
Note
Then, .~y can be

formed after g, s
that wi(a,') = wi(a,) +wt(m,) -
defined similarly and the actual mass of H™ equals
wt(H™)+18.01. In addition, in the ideal case, the spectrum

of the peptide // " should have a list of peaks whose masses
are belonging to L(H "').

Given a  modified  peptide H" , et
M ={(x,,y,)|1<i < num} be the experimental FTMS

modified by m,

spectrum of H” with num peaks where, for the ith peak
(x,,,)> X, is its mass (position) and y, is its intensity

(height) in the spectrum.
Ideally, we expect M contains a list of peaks whose
masses belong to L(H’”). Since the experimental data is

not accurate, the positions of the peaks may be shifted by a
little bit. Let & >0 be the error of the spectrometer. Due to
the high accuracy of FTMS, we assume & <0.5 in this
paper. For any peak (x,y) of M andwe L(H "') , if
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iw—x| < &, we say that the peak (x,») is explained by w.
Denote L, (H™)to be the set of all possible peaks in M
that can be explained by some w in L(H"' ), that is
L,(H™)= {(x,.,y,.) eM|3 weL(H"’)such that|w— x| < 5}

)]

2.3 Modification Identification Problem

It is obviously that the more and the higher peaks in M are
explained by L,,(H™), the higher the chance that M is the

spectrum generated by H ™ . Here, we use a simple function
Yy = . 3
G(M’ i ) Z(xi SYi)ely (Hm)y' ( )

Note that the bigger the value G(M,H™), the more

likely that H™ is the correct modified protein for H.

The problem is summarized as follows: Consider a
protein sequence H = g,a,aK a,. The mass of H is W =
wi(H) + 18.01. Let w~ be the mass after H is modified
andgd is the error bound of the mass spectrometer. We
would like to compute the modified peptide

H" =a'|a',K a', such that (1) every @', is the residue
formed after @, is modified by some m el , (2)

|wi(H™)+18.01-w" <8 and (3) G(M,H™) is
maximized.

3 ALGORITHM

3.1 Dynamic Algorithm

Consider a protein sequence H = a,a, A a, of weight W=

wi(H)+18.01. Suppose H is modified. Through mass
spectrometry, we obtain an experimental spectrum M for the
modified protein and also deduce that the mass of the
modified protein is 17" . Now, among exponential possible
modification combinations of the protein H, this section
describes a dynamic programming solution to find an
optimal modification combination H#” which maximizes
G(M,H™).

Let F(M, H) = max{ G\M,H") | H™ is some

modification of H such that | w¢(H")+18.01-W" |<§ }.

Let the first i and the last j modifications of H be
F=a'a,Aqg' and S, =a, 'a, .,'Aa,. Forany
k <1, the set of peaks corresponding to a@,'a,'A a,' is
Nwit(a,'a,'A a," )V CW"™ ~18.01-wi(a,'a,'A a,")) -
Similarly, for any k> - J+1, we can show that the set of

H ' t ' i
peaks corresponding to ata,,'A a, Is

NW™ -18.01-wi(a,'a,,,'A a,")) UC(wi(a,'a,,,'A a,")) -

Let 1,,v",p,s,) be the union of all these peaks. Then,
we define

G(M’Wm’Pi’S/)=Z(x,y)eLM(W"’,P,,SI)y. (4)
Let D=w"-w . For 0<i+j+1<n and
0<q,+q, <D, let T[i’ql:j,qz]= max{ G(M,W'",P,.,Sj)l

P; and S§; are the modifications of a,A a; and
a,_ ;. A a,respectively such that we(P)=wt(aA a)+q,

and yw(S,) = wt(a,_, A a,)+q,}

Lemma 1. The score of the optimal modification of H
with respect to M, that is, F(M,H) is
MAX . pyes MAX iy ocq5pmes 1 1450 —i—1,D'—q —m].

&)

T[i, a0 s Qz] satisfies the following
equations. (|p,. +q,-5, —qzl <186.08+m_, )
—  Basis: T[0,0,0,0]=0
—  Recurrence: For
i>0’ OSan-—i—l, qIZO’ OSqZSD—ql
we have the following recursive function.

Lemma 2.

T[i -lq, - wt(m),j,q2]+ scare(p,, +q,,8;+ qz)\

if py+q —wim)<s, +q,

1:4:,J,4:]= max m < T max Tli,q,,j-1,4, - wt(m)]+score'sj +q,,p; +q,
if p,+q zs,,+q, —wi(m)
©
where y=W" - v; @)
p: =wt(aa,..a;); ®
s; =wt(a,_;,a,_;,,.-a,)+18.01 )]
score(x,y) = G(L,,(N(x)LCH™ -18.01-x)) (10)
~ L (NGV™ = y) U C(y-18.01))
By Lemma 1,
FM,H)= MAX 1y _pycs MAX iy 05g<D an

Tli,g,n—i-1,D'-q—m]
Hence, the target H"™ can be computed as follows: first,
evaluate all the entries T[i,q,,j,q,] » Where

|1D,<+q1—sj—q2|5186.08+mmax and g, +q, <D'+5,

based on the above recursive formula; then, among all
|D*-D|<6, 0<i<n, 0=¢<D’, and mel, find the entry
Ii.qn-i-1,D’-g-m] with maximum value; finally, by
backtracking, we can recover the target H™. Figure 3.1
shows the pseudo code of the algorithm

Lemma 3: The algorithm can compute the optimal

solution of the protein modification problem in
2 .
ol lenxmi (Ien’(186.08+mm“)><2) (Q] (3| time.
57.02 ) A

In practice, there are still something can be done to
improve the above algorithm. The following sections will
introduce the several tips to accelerate the algorithm.

3.2 Change of Backtracking Algorithm
As mentioned before, ECD normally breaks about 50% of
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the amino acid bonds of a protein, which means that there
are still a lot of bonds not fragmented. However, cleaving
the protein backbone between each modification site is
-critical to achieve complete modification identification and
allocation[18]. If a lot of PTM sites are not broken from
ECD, we cannot uniquely identify the locations of the PTM
sites and many possible solutions can be generated. For
example, consider a protein

Input: Total tested modificationD =W " -W ,

A peak list of the spectrum, modification listI",
sequence of tested protein H(length is len), calibration
of the spectrum A, and error bound & of the spectrum.
Output: the maximum scored H™ of modification
masses D’ such that| D'— D| <$.

1. Initialize all TT[i,j,k,/]=—;Let
7[0,0,0,0]=0
for i from 0 to len-1 step 1 do

forjfromOtoD step A do

for k from 0 to len-i-1 step 1 do
for / from O to D —j
if
p,+Jj—5,—1|<186.08+m,step A do
6. if p+j<s,+1
for m e T such that
wt(m)+ j+I1<D

N w

Tli+ 1 we(m) + j, k1]
_ max{ Tli + Lwt(m)+ j,k,1]
T[i,j, k, I] + score(pm +wi(m) + j, s, + I)
8. else for m e I'such that
wt(m)+ j+I1<D

Tli, jk + 1,1 + we(m)]

) Tl ok + L1+ wiGm)]
= max T[i,j,k,l]+ score(sk+l + 1 +wt(m), p; + j)

10. Compute the best T[i,j,k,l] foralli j, k!
andthe m eI satisfying i =len—k—1
and |j+/+wi(m)-D|<S

11. Use back tracking to construct the H "

Figure 3.1

H=aa,AaAaAaAa and assume a; is modified.
Suppose ECD does not cleave at any site between &,
andg, . Since we have no knowledge on the amino acids

between @, anda,, a normal backtracking routine will
report (k-i+1) possible solutions where the modification
occurs at amino acid d, for i<x<k. When there are more

amino acids and more modifications occurring between &,

and a, , the possible cases will grow exponentially and it is

inefficient to backtrack all possible solutions.

To solve this problem, we change the backtracking
algorithm. Instead of tracing all the solutions, we just report
that the modification occurs in a certain range. Using the
above example, the modified backtracking algorithm will
just output one solution and report there is one modification

between 4; anda, . This is realized as follows:
Consider H =a,a,A a, and a spectrum M of the
modified A. Let
p;, =wit(a,a,...qa;) ®
jezed, ) +18.01 )
Ly (,9) = L, (N(p, + @) C(W " ~18.01-p, -q)) (12)
Ly (@) = Ly (NOW™ =5, =) U C(s, +4-18.01)) (13)
To help the modified backtracking, when we fill in the
table 7, we need to maintain the parent pointers using the
following two steps.
L If p,+q, < s;+q,, we set
{T[i,‘h,]"qz]
When  Liy(i,q,) # ¢
Tli,q,,j,q,]'s parent
When L, (i,q) = ¢

sj = wz(an—jﬂan

T[i+ Lq, + wt(m),j,qz}s parent =

L

2. If p;+q,2 5, +q,,weset

71,1, J.9.]
When Ly (j,q,)# ¢
Tli,q,,k,q9,]'s parent
| When Ly (j,q,)=¢
The above parent pointers ensure that we only trace back
to T[i,ql,j, q2] entry where themass p, +¢, ors; +q,
can be explained by some peaks in the spectrum. Our
modified backtracking algorithm will trace back based on

these parent pointers. Thus, we can avoid generating many
solutions through backtracking and improve the efficiency.

T[i,ql,j+l,q2 + wt(m)}s parent =

3.3 Changed the Modification Mass Storing
Method in the Table Element

In the above algorithm, we only constraint that
0<q,+q,<D in T[i,ql,j,qZ] . However, in most
cases, only several modification mass values in the range
from 0 to D are feasible. So, it is waste of space and time to
construct and fill a table T[i,ql,j,qz] for all q,,q,
suchthat 0<gq,+q,<D.

Thus we change the way to store modification mass
values such that g, and g, only represent the meaningful

value. We do this through the following steps:

1. Construct a mass array E such that, for any mass m,
E[m] = 1 if m is equal to the sum of some
modification masses; otherwise E{m] = 0. The E
array can be constructed in O(-D— ) time.

A
2. Among all possible masses0<m< D, let m,
m, .., m, be masses such that E[m]=1 and

E[D-m;)=1. Let F be an array such that F{1]=m,,
F2]=m,, ..., Fln]=m,.
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3. Now we can construct table T[i,‘Il’f"Iz] with
0<gq,,q, <n—1 and the modification masses

can be got from F[q,] and Flg,].

For example, in histone, the possible modifications are
methylation, phophorylation, ADP ribosylation,
biotinylation and ubiquitination. So, the set of possible
modification masses is {14.02, 42.01, 79.96, 541.06, 226.08,
8560.62}. If the total modification mass is 93.98 Dalton, we
conclude that the only possible modification combination is
methylation+phophorylation, which means that the possible

values for ¢, and ¢, are either 93.98, 79.96, 14.02 or
0. If we use the original storing method, the table will have
all the elements with g, andg, from 0 to 93.98. By
using the new way to store modification masses, we have

F={0,14.02,79.96,93.98} andn=4. Thus we can
construct table T[i,q,,j,qz] with0 <q,,q, <3.

4 EXPERIMENT RESULT

We use histones to test our algorithm. There are six types
of modifications which can affect the amino acids in the
histone sequences. They are methylation(14.02 Dalton),
acetylation(42.01 Dalton), phophorylation(79.96 Dalton),
ADP ribosylation(541.06 Dalton), biotinylation(226.08
Dalton) and ubiquitination{8560.62 Dalton). Among them,
methylation has three status, mino-, di-, or trimethylation.
Thus, including “no modification”, there are 9 elements
inI".

To compare with the database searching method [13], we
first construct an artificial data set which is similar to the
experimental data stated in [13] to test our program. The
tested histone is H4 with 112 Dalton above its unmodified
mass and the known modification locations are positions 1,
16, and 20. Below figure graphically shows the
modifications.

N-SGRGKGGKGLGKGGAKRHRKVLR..

&tylatioxj Eﬁcetylatioﬁl Dimethylation I

Figure 4.2: Result Got by Our Algorithm

To test the robustness of the algorithm, we gradually
delete some matched peaks from the original spectrum.
Table 4.1 shows the results.

Deleted Modification # (?f # of 591}1t10ns
. . solutions (original
site i allocation backiracking)
N-terminal(Ac), 1
19 16(Ac), 6
19-21(2Me)
N-terminal(Ac), 1
19t0 18 16(Ac), 10
18-21(2Me)
N-terminal(Ac), 1
190 17 16(Ac), 15
17-21(2Me)
N-terminal(Ac), 1
190016 | 0 1(2Me+1Ac) %0
N-terminal(Ac), 1
BolS | 15)102Met1Ac) 147

~-SGRGKGGKGLGKGGAK

Dimethylation

Acetylation j EAcetylation

Figure 4.1 A Modified Histone H4. The numbers above
the sequence show the positions of the modified amino
acids in the histone and the modification type is remarked
below the sequence.

In [13], the authors did an ECD/FTMS experiment on H4
and they reported all matched peaks in their webpage. We
generate an artificial ECD/FTMS spectrum by randomly
introducing 100% noise peaks into the spectrum. By the
algorithm, we discover there is an acetylation at
N-terminal, an acetylation at position 16 and two
methylations (or one di-methylation) at positions 20-21. The
uncertainty at positions 20-21 is because of the loss of
important peaks resulted from the modification site. Below
figure visualizes the modifications.

Table 4.1. This table shows the modification allocation
when we delete the peaks generated by the cleavage after ith
amino acid from the spectrum. The 2™ last column shows
the number of solutions reported by our algorithm. The final
column shows the number of solutions reported if we use
the original backtracking method.

Table 4.1 shows that the algorithm can discover the
modifications even when more important peaks are deleted.
More importantly, our algorithm only report one solution. If
we use the original backtracking method, many solutions
are reported. Note that the number of solutions increases
exponentially when more and more correct peaks are
deleted.

We should note that our algorithm does not require any
prior knowledge of the modification site. If such knowledge
is available, a better solution can be obtained. For example,

in Figure 4.2, if we have the prior knowledge that V'
could not be modified by methylation, we can conclude that
the position 21 is not modified while position 20 is modified
by a dimethylation.

Besides, we got a real spectrum for histone H2A to test
our algorithm. Based on the literature, the only known
modification for H2A is acetylation and it occurs at the
N-terminal. By running our program on the real spectrum,
we report that there is an acetylation before the 6" amino
acid. The following figure visualizes the result.

We have investigated why the algorithm fails to find the
exact location of the modification. After checking the
spectrum, we found that the spectrum has no peak generated
by the cleavage of the first five amino acids of H2A.
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N-terminal, 1-5

/Q-—SGRGK OGGKARAKAKTRSSRAGL..

Figure 4.3 The modification allocation of H2A

S CONCLUSION

This paper proposed a dynamic programming algorithm
via a “top-down” mass spectrometry to solve the post
translational modifications (PTMs) problem. There are
many advantages of this new method. First, our method can
work without a protein database. Second, no prior
knowledge of the modification sites in the protein is
required. Last but not least, it can identify the modifications
in polynomial time, which is very efficient compared to the
widely used database searching method.

There are several possible future works. First, current
work needs to know the set of modification types. We
would like to explore if it is possible to detect PTM sites
without knowing the modification types in advance. Second,
the current work did not explore the intensity pattern of the
FTMS such as the intensity relationship between different
ions. We would like to utilize those intensity patterns to give
a better scoring function to improve the performance of the
algorithm. Finally, we hope to do further experiments to test
the performance of our algorithm.
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