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Abstract 

In the field of glycoproteomics, characterization of glycopeptides containing glycosylation sites and site-specific 

glycosylation by mass spectrometry is essential to understanding the structural and functions of protein 

glycosyaltion. Once a glycopeptide is identified by mass spectrometry, it is even imperative to build a database 

that contains glycopeptides and their corresponding mass spectra as references of future analysis. To generate 

standard mass spectrum for each glycopeptide, two evaluation systems were developed to create mass spectra 

for the database. To add a novel standard mass spectrum to the database, the number of mass spectra needed for 

generating a new stable standard mass spectrum was determined. To update a spectrum in the database, the 

similarity evaluation system was developed to determine the similarity of the new mass spectrum to the standard 

mass spectrum in the database, and this similarity evaluation is crucial for updating the spectral database. And 

the peak credibility score can truly reflect how realiable a given peak in the mass spectrum. In conclusion, 

database for spectral library of N-linked glycosylation is developed for generating standard mass spectra and the 

database will help future studies in characterizing glycosylation sites and site-specific glycosylation. 
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1 Introduction 

 

Among all protein modifications, glycosylation is one of the most common and diverse protein modifications 

[1-3]. While the most studied glycosylation is the N-linked glycosylation. N-linked glycosylation has a 

consensus glycosylation motif (N-X-S or N-X-T, X not representing proline [4, 5]). Furthermore, there have 

been reports of different diseases associated to abberant protein glycosylation, including cancer [3, 6], liver 

diseases and inflammation [7]. Also, there is evidence proving that altering glycosylation will impact the 

functions of glycoproteins in biological systems. Hence, it is important to characterize N-linked glycosylation. 

 

Recently, the field of glycoproteomics has been emerged as method for glycoprotein characterization with the 

major focus on high-throughput glycopeptide enrichment using different glyco-capture method followed by mass 

spectrometry analysis (Fig. 1) [8, 9]. The first step is to enrich glycopeptides using methods like lectin affinity 

chromatography [10], hydrazide chemistry [11], or hydrophilic interaction liquid chromatography (HILIC) [12]. 

The analysis of glycopeptides involves downstream mass spectrometric analysis and database search to identify 

the glycopeptide sequences from mass spectra [13]. Recently, a reproducible and high-throughput method is 

developed by Chen et al. for comprehensive characterization of N-linked intact glycopeptides (IPGs), glycans 

and glycosylation sites (glycosites) [14].  
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Fig. 1. The workflow for N-linked glycoprotein characterization using glycopeptide enrichment, mass 

spectrometric analysis, and database search. 

 

This makes it imperative to build a database that contains the identified N-linked glycopeptides and their 

corresponding mass spectra for reference spectral library. GlycoProtDB is one of the existing databases that can 

provide N-glycoprotein information [15]. The glycoprotein information in this database is from mouse, 

Caenorhabditis elegans, and human. Users can use gene ID, gene name, protein name to search the glycoproteins. 

The search result contains experimentally detected N-glycosylation sites. Unipep is another database that can 

provide information on N-glycoproteins [16]. This database allows users to search the database by amino acid 

sequence, genes, and Swiss-Prot accession number. Unipep database gives out four kinds of information: the 

first is protein information, the second is the predicted N-linked glycopeptides that show the sequence of 

potential N-linked glycosites. The third output of the data is the identified N-linked glycopeptides. The last part 
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of the query result is the sequence of the glycopeptide in protein sequence. Recently, we introduce a N-linked 

glycosite database, N-GlycositeAtlas that contain N-linked glycosite-containing peptides from different tissues 

or body fluids [17].  

 

One of the limitations of the current glycoproteomic analysis is the assignment of mass spectra to glycocopeptide 

sequences [18-20]. However, the current glycopeptide database contain the spectral information of the identified 

glycopepstides. In this study, we integrated mass spectra for the same glycopeptide generated from multiple 

tandem mass spectrometry (MS/MS analyses to generate a reference mass spectrum by developing an algorithm 

to generate the standard mass spectrum for each glycopeptide. We showed that the generated standard spectra 

using this method created a high credibility mass spectral library and enabled a mass spectrum search to assign 

the glycopeptides. 

2 Methods 

2.1 Data Source 

The ovarian glycopeptide data was acquired by using the solid-phase extraction of N-linked glycopeptides 

(SPEG) method [20]. SPEG is a method to enrich N-glycosite-containing peptides, which uses hydrazide beads 

to immobilize glycan-containing peptides. This process forms chemical hydrazone bond between the hydrazide 

beads and glycans conjugated on glycosylated peptides, which in turn will separate nonglycosylated peptides 

and glycosylated peptides. Prior to MS analysis, glycosite-containing peptides are released from hydrazide beads 

using PNGaseF.  
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2.2 Workflow for Database Construction 

Fig. 2. Workflow for database construction. 

 

Fig. 2 is the workflow for the database construction. The first part is the database generation. We have a collection 

of mass spectra that belongs to the same glycopeptide. The mass spectra are through the standard mass spectrum 

generation algorithm. After the generation, the standard mass spectrum is collected in the database. The second 

part is the database update. In the update process, for any mass spectrum match, we will determine if it is in the 

database. If the mass spectrum is not in the database, the mass spectrum will be going through the generation 

algorithm for a new standard mass spectrum and will be deposite to the glycopeptide spectral libarary in the 

database. If there is a standard mass spectrum belong to the glycopeptide, the new data will be going through 

standard mass spectrum update algorithm. After an update the standard mass spectrum, it will be collected to the 

database.  
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2.3 Standard Mass Spectrum Generation Algorithm 

The standard mass spectrum is generated by an algorithm that can merge all the mass spectra assigned to the 

same glycopeptide from different MS/MS. The result of the merged spectrum is an interactive diagram. The user 

can zoom in or out check the peaks in the merged spectrum (Fig. 3). 

 

Fig. 3. Interactive diagram for merged spectrum. 

 

The algorithm used to generate the merged spectrum first normalizes all the different mass spectra assigned to 

the same glycopeptide, then adds all the mass spectra together. We define a peak credibility score to evaluate the 

realibility of the peak based on a big data approach. If we have a collection of mass spectra that belong to the 

same glycopeptide. The peak is determined with high credibility score based on the peak appearance and the 

variance for the peak intensity. 
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The data source files, the developed software tools, and the spectral library database can be accessed from the 

Center for Biomarker Discovery and Translation website using the link (https://www.biomarkercenter.org/). 

3 Results 

3.1 Workflow of the Standard Mass Spectrum Generation 

Generation of a standard mass spectrum from a glycoproteomic data set involves two processes. The first step is 

to compare the spectra assigned to the same glycopeptide. The second step is to determine the number of spectra 

needed to generate a stable standard mass spectrum. We created two evaluation systems. One system is to 

determine the similarity of two mass spectra. And the other evaluation system is to determine the credibility of 

the peak in the mass spectrum. 

3.2 Similarity Evaluation of Spectra 

Fo For the similarity evaluation, we introduced a method that was most often used in the image recognition field. 

Three methods are used for imaging reconition. The first method is the Histogram Intersection[21]. This method 

considers to be effective for color-image indexing. Histogram intersection ignores the spatial relationships of 

pixels in a picture. This method in image identification is that color is a crucial factor for most of the images. 

And the pattern for color distribution is important. But for mass spectra which is just a black and white image, 

this method is not an optimal method. The second method is perceptual hashing[22], After compressing and 

grading the original image and calculating the compression, then performing discrete cosine transform, the 

average value is calculated by the first 8 * 8 input of the image, and the 8 * 8 value is greater than the mean will 
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be labeled 1 and less than the mean value will be labeled with 0, and 64-bit fingerprint information is obtained. 

And this is the pHash value for the original image. This method is accurate but the processing speed is slow. The 

third method is the method we used in this similarity evaluation, which calculates the dot product of the two-

unit vectors and the result represents the similarity of the two vectors. This method measures the cosine of the 

angle between two vectors. So this value is just a measurement of the two vector’s orientation not the magnitude 

of the two vectors. So the cosine similarity is most often used in the positive space. And for unit vectors, if they 

are parallel we got the maximum similarity, if the two vectors are orthogonal we get the minimal similarity. 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = cos(𝜃𝜃) =  
𝐴𝐴 ∙ 𝐵𝐵

‖𝐴𝐴‖‖𝐵𝐵‖
 

For unit vectors, the length is 1, so the equation is: 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = cos(𝜃𝜃) =  𝐴𝐴 ∙ 𝐵𝐵 

This similarity applies for any number of dimensions, and this similarity is most often used in high dimensional 

space. This is useful for mass spectra, different mass spectra can vectorize into a vector. This measurement can 

give a useful score on how similar the two mass spectra are regarding the m/z pattern and relative intensity. 

 

To create the evaluation system, the first step is to use a modified one hot encoding method to vectorize the mass 

spectra. The advantage of using one-hot encoding is that we can binarize the categorical input to a vector in 

Euclidean space. And calculating the similarity of the mass spectra is actually calculating the distance or 

direction between two mass spectra vector. So using one-hot encoding to embed the feature into Euclidean space 

can make the calculation easier. In this case, we are not using the traditional one hot encoding method, because 

we would like to keep the intensity information as well as the m/z information. So, we create a modified one hot 

encoding method. That is to create a vector and each coordinate of the vector represents the m/z information and 
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the value of this position is the intensity information. The second step is to normalize the vector get from the last 

step. The reason for normalized the vector is because mathematically speaking the result of the dot product of 

the vectors represents the similarity only stands when we do the inner product of two unit vectors. The third step 

is to calculate the dot product of the two vectors and the result will fall in the region between 0 and 1. Zero 

represents totally different, one represents fully match. Using this approach we can distinguish the pattern of the 

m/z and take intensity variable into consideration. The following pictures are the demonstration of the scoring 

system. 

Fig.4. Spectral comparision with a low similirity score. 
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Fig.5. Spectral comparision with a high similirity score. 

From the result of the scoring system, we can see that the scoring system reflects the true similarity between the 

two mass spectra. If the two mass spectra have different patterns and different intensity the score given by the 

scoring system is low (Fig. 4), and vice versa (Fig. 5). We can see from the result, if the two spectra are the same 

glycopeptide, the similarity score will be high (Fig. 5). If the two mass spectra are different glycopeptides, the 

similarity will be very low (Fig. 4). 

So from the score, we can determine if the two mass spectra are similar or not. This scoring system is very useful 

when we use the standard mass spectra to identify the glycopeptide from the experiment data. By the score given 

by the system, we can know if a certain mass spectra contain a certain glycopeptide. 
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3.3 Peak Credibility Evaluation 

Fig.6. Peak credibility evaluation workflow. 

For the peak credibility evaluation, a scoring system was developed to evaluate the peak credibility based on big 

data analysis. This evaluation system is based on two major factors, one is the peak frequency for given m/z, the 

other factor is the variance for the intensity for given m/z. This evaluation system is created to generate standard 

mass spectra.  

By using this system, we can diminish the unreliable peaks and enhance credible peaks. To create the peak 

credibility evaluation system, the first step is to use modified one-hot encoding to convert the mass spectra to a 

vector. And then normalized the vector to a unit vector. The second step is to calculate the peak appearance 

frequency(Fig. 6) for a given m/z, this value contributes to the final score. Also, for a given m/z we calculate the 

variance(Fig. 6) across all the mass spectra for the same glycopeptide. Because we normalized the vector so the 

range for the variance is between 0 and 1. The final step is to give these two sub-scores a weight that will combine 

these two scores to a final score. This final score will tell a peak on the mass spectra of a given m/z is reliable or 
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not. If the peak only appears several times that means this peak is more likely to be a noise peak, not a peak 

related to this glycopeptide. If the peak has a large variance that means this peak is more likely to be a noise 

caused by the mass spectrometer. Combining these two factors will tell whether this peak is a credible or not. 

This is a new approach instead of analyzing of the peak by calculating the theoretical peak, we use the big data 

to determine the peak’s accuracy. 

[TMT10plex]RHEEGHMLNC[Carbamidomethyl]TC[Carbamidomethyl]FGQGR 

Fig.7. Merged mass spectrum for a glycopeptide.  

 

Fig. 7 is the result generated by the peak scoring system, we can see from the plot that the noise is diminished 

and the real peak got enhanced. Also with the ion calculator, I build I can label the ion fragments. So after 

merging the mass spectrum, we can get a standard mass spectrum. 

With these two scoring systems, we can solve the problem of how to generate a standard mass spectra and how 
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to use the standard mass spectra to identify glycopeptide from the real experimental data. 

3.4 Number of Mass Spectra Needed for Generation of Standard 

Spectrum 

The next question we investigated is how many mass spectra needed to generate a standard mass spectra that are 

credible by choosing different number of mass spectra to create the standard mass spectrum.  

 

Fig.8. Variance versus mumber of merge spectra. 

 

For the mass spectra used to generate the standard mass spectrum, a simiarity score is calculated for pair-wise 

comparison of every two mass spectra. Because the combination of a large number of mass spectral pools is 

astronomical, we use a sampling method to calculate the similarity score for given two mass spectra. Eighty 
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mass spectra are taken every time for 10 times. The variance between the similarity score is calculated to 

determine if after a certain number of spectra are merged, the variance becomes steady. From the result of the 

box plot shown in Fig. 8, we can see that after merging 13 mass spectra,  the variance becomes a steady number, 

this indicates that there is a pattern that occurs according to all the data. In addition, we observed a number of 

outliers in the plot (Fig. 8). This is because when we use a low number of mass spectra to merge, we always can 

find two mass spectra that are very similar and very different. When the number of merged mass spectra is large 

enough, the variance becomes steady. Therefore, for the outliers are increased with a increased number of spectra 

(>70, Fig. 8). This is due to a sampling method is used instead of calculating all possible combinations, the error 

in the sample cannot remove and the error keeps accumulating. 

4 Conclusion 

In this study, we have developed an algorithm that can generate a standard mass spectrum for a given 

glycopeptide. And update a new function to the N-GlycositeAtlas. As we discussed in the result part, our 

algorithm can stably generate a standard mass spectrum based on all the mass spectra given. And the more mass 

spectra obtained the more accurate the standard mass spectrum will be. This is useful for generating the database 

for glycosite and glycopeptide. With the update to N-GlycositeAtlas, the database can have a more direct mass 

spectrum information access. 
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