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Modifications are a very important topic in database searching. 

In some cases, the main focus of a study is to characterise post translational 

modifications, which may have biological significance. Phosphorylation would be a 

good example.

In other cases, the modification may not be of interest in itself, but you need to allow 

for it in order to get a match. Oxidation during sample preparation would be an 

example.

And, of course, many methods of quantitation involve modifications containing 

isotopic labels 

Some sequence variants, such as the substitution of one residue by another, are 

equivalent to modifications, and can be handled in a similar way
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Comprehensive and accurate information about post translational and chemical 

modifications is an essential factor in the success of protein identification. In Mascot, 

we take our list of modifications from Unimod, which is an on-line modifications 

database.
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There are other lists of modifications on the web, like DeltaMass on the ABRF web 

site and RESID from the EBI, but none is as comprehensive as Unimod

Mass values are calculated from empirical chemical formulae, eliminating the most 

common source of error. Specificities can be defined in ways that are useful in 

database searching, and there is the option to enter mass-spec specific data, such as 

neutral loss information. This screen shot shows one of the better annotated entries, I 

can’t pretend that all of them are this detailed. Nevertheless, it is a very useful, public 

domain resource that beats having to create your own list in an Excel spreadsheet or 

on the back of an envelope.
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If you go to Mascot Server Modification editor, there is a link to check to see if there 

is an updated unimod file. 



If there is a newer version available, click on the “Download Now” button and “OK” 

once the download is complete. This is the easiest way to keep the modifications list 

on an in-house Mascot server up-to-date. Note that updating the Unimod

modifications does not affect or change your local modifications.
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Here is a tip. The default list of modifications displayed in the Mascot search 

form is a short list, containing only the most common mods. If you want to see 

the complete list of mods, check the Display all modifications box.



Now lets define what it is the software is having to do when looking for modified 

sites.

Lets consider this slightly unusual peptide comprised of 8 Lysine, 4 serine and 2 

threonine residues as an example.  If we carried out a search with Lysine acetylation 

and Phospho Serine & Threonine:

If the precursor mass and tolerance allowed for a single Lysine acetylation, there are 

just 8 possible arrangements of this.

Likewise, if a single phosphorylation was possible, there are just 6 possible 

arrangements.  However, the number of possible arrangements increases rapidly as we 

consider more modifications and modifiable sites.

If we need two lysine residues to be acetylated to match the precursor, we now have 

28 possible arrangements.

Add in a single phosphorylation and we now have the possible 28 acetylation sites 

combined with 6 possible phosphorylation sites for a grand total of 168 possible 

arrangements.
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This is the so call combinatorial explosion, and it’s one reason why some searches 

with a large number of frequent modifications can take a long time
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Here’s how variable modification permutation works in Mascot 2.6 or earlier.

There is no upper limit on the number of modified sites per peptide.  However, 

permutation of the modifications options does have built in limits.

If the maximum number of arrangements for a peptide is less than 16, then all possible 

permutations are tested for matching by Mascot.

However, if there are more than 16 arrangements, then a second approach is 

automatically used, where a sliding window is applied to the peptide.  This is to 

prevent the search from getting too slow and taking too long.
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In general, the approach works well.  However, it isn’t without it’s limitations.

If a peptide has less than 16 possible variable modification permutations, then there 

are no issues as all possibilities are tested.  It’s in the cases where the peptide has more 

than 16 possible permutations that issues can arise.

The sliding window method tends to cluster modifications on adjacent modifiable 

sites, and it will often stop before 16 different permutations have been tested.
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In Mascot 2.7 we’ve taken a different approach. We use a single, consistent 

permutation method – there’s no switching between different methods.  The new 

permutation iterator samples arrangements using a uniformly random scheme.  The 

operation of this is controlled by 3 user definable settings.

MaxPepNumVarMods – this specifies the maximum number of different variable 

modifications which can be applied to a peptide

MaxPepNumModifiedSites – this specifies the maximum number of residues which 

can be modified on a peptide

MaxPepModArrangements – "this specifies the maximum number 

of arrangements of an individual variable modification 

composition to test"
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Mascot 2.7 ships with the following default values for these parameters:

MaxPepNumVarMods 3, MaxPepNumModifiedSites 5 and 

MaxPepModArrangements 64 – these have been chosen to give a similar speed and 

depth of search to Mascot 2.6 or earlier.  So for most searches with variable 

modifications, you won’t see major differences in the results if you repeat an old 

search on Mascot 2.7.  Assuming you’re using the same database release of course.

There are two main cases where you might want to change these defaults.  Decreasing 

any of these values will reduce the search space, as fewer arrangements will be tested.  

This will decrease the search time – so if you’re looking at a sample which is not 

highly modified and where definitive site analysis is not the aim of the study, you may 

wish to decrease some of these values.

However, if site analysis is important, or if you’re looking at a highly modified protein 

such as Histone, then you may need to increase these limits in order to gain accurate 

modification localisation results.
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It is extremely important that you do not choose more than the absolute minimum 

number of variable modification in a search. We talked about this in an earlier, but it is 

worth repeating. 

Variable or differential or non-quantitative modifications are expensive, in the sense 

that they increase the time taken for a search and reduce its specificity. 

Some variable modifications are worse than others. Modifications that only apply to a 

terminus, especially if they only apply when particular residue is at the terminus, like 

pyro-glu, make little difference to the number of peptides to be tested. The problem 

modifications are the ones that apply to residues in any position, especially if they 

apply to multiple residues, like phosphorylation.

Unless you have enriched the sample in a particular PT-mod, e.g IMAC for 

phosphopeptides, it is usually not a good idea to try and catch PT-mods in a first pass 

search. Better to use a second pass search, which we call an error tolerant search, to 

catch the low abundance mods. We will come back to this later.
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To illustrate this point. This search of the error tolerant example data from Mascot 

help, using one variable mod, results in 84 statically significant matches.

If the search is repeated with 7 variable mods, the individual matches have identical 

scores, but the significance threshold is higher and there are fewer matches overall.

All of these mods have effectively increased the size of the database by a factor of 30

What’s worse, the search takes over 50 times as long!

So, use variable mods sparingly. You'll get better results and faster.
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Of all post-translational modifications, phosphorylation is one of the most 

interesting and also one of the most difficult. Why is it such a challenge?
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Let’s look at an example or two.

One of the most common phosphopeptides comes from the milk protein, beta 

casein. There are two potential phosphorylation sites, S and T, but only one is 

modified. Because the two sites are widely separated, the two arrangements 

get very different scores.
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Beautiful spectrum; long run of y ions



Move site to T9 and many matches would disappear
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Mascot 2.4 reports site localisation probabilities using the delta score method 

published in MCP by Bernard Kuster’s group. They analysed a collection of synthetic 

analogs of real phosphopeptides and determined what score difference was required to 

determine the correct site with an error rate of (say) 5%. Because we don’t expect 

everyone to calibrate their data in this way, we have made the calculation slightly 

more conservative. A score difference of 10 would give approximately 90% 

probability that the higher scoring arrangement was correct. 
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A very large score difference such as the one we were just looking at gives 

100% likelihood that the phosphate is on S3. 



21

However, casein peptides are unusually easy to analyse. Here is a more typical 

example of what you can expect to find - a strong match to a phosphopeptide 

from a protein kinase.

There is little to choose in terms of score between having the phosphate on T1 

or T3.



We can see why there is little difference in score between placing the phosphate on T1 

or T3. 
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There is just one extra matched peak, and in probability terms, there isn’t a huge 

difference between 20 matches using 55 experimental peaks and 21. However, if you 

had to choose one or the other, you’d probably go for T1
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The delta score site analysis suggests 70% probability on T1 and 30% on T3 

… much less clear cut. We can’t be confident which site is modified, or 

whether there is a mixture of both isoforms. But, we can be confident it is not 

on T7 or Y10 because the score drops dramatically, and these are assigned 0% 

probability.

Sometimes, it is worth looking at the sequence annotations to see whether 

these are known phosphorylation  sites. If the database sequence doesn’t have 

detailed annotations, you can follow the BLAST link to try and match the 

peptide to an entry from a better annotated database. In this case, we’re 

searching SwissProt, so we can go straight to the protein view report
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According to Swissprot, both T1 and T3 are possible phosphorylation sites. If 

you really needed to know which was the case here, or whether it was a 

mixture, you’d have to acquire more data. Maybe try a different enzyme or 

target the incomplete cleavage peptide that includes the preceding KG so as to 

move the sites towards the centre of the peptide, where you might get stronger 

b and y fragments 
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If you are using Mascot 2.3 or earlier, the delta score calculation is not 

performed in Peptide View. These are our suggested guidelines when using 

Mascot for site analysis:

If alternative sites differ by 20 in score, safe-ish to disregard lower one(s)

If alternative sites have similar scores, you may be able to choose one by 

inspection. But, be careful … one peak is just one peak 

Often, you just can’t differentiate between adjacent sites, even with great data.
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Now, back to the challenge of finding PT modifications. There are many hundreds of 

modifications in Unimod, yet I’ve emphasised the importance of using the minimum 

number of variable modifications in a search. So, how are we supposed to find 

unusual modifications?

If you are searching uninterpreted MS/MS data, the efficient way to find unusual 

modifications, as well as variations in the primary sequence, is a two pass search. The 

first pass search is a simple search of the entire database with minimal modifications. 

The protein hits found in the first pass search are then selected for an exhaustive 

second pass search. During this second pass search, we can look for all possible 

modifications, sequence variants, and non-specific cleavage products.

Because only a handful of entries are being searched, search time is not an issue. It 

would be extremely difficult to calculate meaningful statistics for the additional 

matches in an error tolerant search, and we don’t report expect values. The evidence 

for the presence of any particular protein are the matches from the first pass search. 

The additional matches from the second pass search serve to increase coverage and 

may discover interesting modifications or SNPs.
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For modifications, an error tolerant search looks for one unsuspected modification per 

peptide in addition to those mods specified as fixed or variable. This is sufficient 

because it will be rare to get two unsuspected mods on a single peptide
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The error tolerant search also looks for sequence variants, such as single nucleotide 

polymorphisms (SNPs) or sequencing errors.

For a protein database, we can’t look for the consequences of inserted or deleted 

bases, because these give rise to frame shifts, and the entire sequence changes from 

that point on. 
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There are some constraints on the standard, first pass search
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Otherwise, submitting the search is just like submitting a standard search except that 

you check the Error Tolerant Checkbox



At the top of the protein family report there is an expandable section that summarises

the modifications. You can see counts of the number of queries matching fixed and 

variable modifications used in the first pass of the search and then for the results of 

the Error Tolerant search. 
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And here is the first hit of the results report. The additional matches, found in 

the error tolerant search, are the ones without expect values. One of these, 

query 133, is a simple, non-specific peptide with a very good score. There’s 

another example for queries 175 and 176. The error tolerant search is a much 

better way of picking up non-specific peptides than searching the entire 

database with semi-trypsin or no enzyme. We only fail to get such matches in 

an error tolerant search if there are no matches to the protein in the first pass 

search. However, you have to ask yourself whether you would believe a 

protein hit in which the only peptide match was non-specific. I think the 

answer is no. 
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The matches from an error tolerant search are aggressively filtered to remove junk 

matches
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Take a look at the match to query 136. The mass tolerance for this search was fairly 

wide, so the observed mass difference could correspond to either 

carbamidomethylation or carboxymethylation at the N-terminus. Since this sample 

was alkylated with iodoacetamide, we would choose carbamidomethylation as the 

more likely suspect, especially as this brings the error on the precursor mass into line 

with the general trend, whereas carboxymethylation would give an error of +0.6 Da. 

The assignment to carbamidomethylation is also very believable, because this is a 

known artefact of over-alkylation. The same modification can be seen in this screen 

shot for three other queries
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Another easily believable assignment is pyro-Glu for the match to query 252. 
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Query 145 is an interesting case. There are 2 other matches to the same peptide, 

oxidised at M7 and carbamidomethylation at M7. The minus 48 modification occurs 

when the methionine is oxidised and then loses the side chain as methanesulfenic acid. 
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You should also look at the other matches to the same query when trying to decide 

whether to accept a match or not. For this query the top two matches are essentially to 

the same sequence. The error tolerant match is to a peptide that has undergone 

deamidation of aspartic acid to asparagine. However, the original match from the first 

pass search, which is a match to the unmodified peptide with a slightly lower score 

and two less ions, has a precursor measurement error of -0.5Da compared to +0.5Da 

for the modified match, that is in line with the majority of matches to more abundant 

proteins. It is likely that both forms of the peptide are present in the sample and this is 

in fact a chimeric spectra.



I do not have a good solution for this match. The modifications are either from DiLeu

labelled quantitation experiments or a side product in crosslinking while the sample 

will have been exposed to neither of these two scenarios. Most likely the +145 at the 

C terminal is a combination of modifications in the C-terminal region but I don’t 

know exactly what.

It is important to understand that the error tolerant search finds new matches by 

introducing mass shifts at different positions in the database sequences. The match 

may be very strong, but figuring out a credible assignment can require a bit of 

detective work. 
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In summary, an error tolerant search

•Can successfully locate mass differences corresponding to a single unsuspected 

modification or a single SNP per peptide

•User must decide on best explanation for the observed differences

•Limited to proteins which have at least one good peptide match … not very useful for 

(say) MHC peptides
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