
CS is the cosine of the angle between two vectors and compares probability 
distributions by modeling the distributions as n-dimensional vectors. CS values range 
from negative one to positive one. Zero means the vectors are orthogonal and have 
no entries in common. One means the vectors are identical.

nKLD quantifies divergence of an experimental probability distribution from an 
expected probability distribution in a range from zero to one. Zero means the 
probability distributions behave in the same manner. One means we cannot relate 
the experimental distribution’s behavior to the expected distribution’s behavior.
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Background and Motivation
Despite 60 years of influenza vaccine development, a long-lasting, broadly 
neutralizing vaccine does not exist; instead, vaccines are developed yearly. 
Researchers ensure a vaccine does not interact with previous years’ vaccines using 
the concept of antigenic distance. Hemagglutinin (HA), the influenza A virus (IAV) 
protein involved in testing these interactions, is heavily glycosylated (Figure 1). 
Researchers postulate that HA glycosylation is an evolutionary mechanism affecting 
antibodies’ ability to bind to IAV, called antigenicity. Therefore, understanding how HA 
glycosylation influences antigenicity differences between IAV strains may better inform 
vaccine development and eventually help improve vaccine effectiveness and 
longevity.

Methods

Results
The CS and nKLD values calculated for matched sequons are shown in Table 1.

• Cosine similarity values occupy range 0.949-0.997, which we read as high 
similarity.

• nKLD values occupy range 0.048-0.754, which we read as highly similar to 
highly divergent.
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Abstract
In the 2015-2016 flu season, the CDC estimates five million influenza A virus (IAV) 
infections in the United States were prevented by vaccination. The IAV protein 
involved in yearly vaccine production, hemagglutinin (HA), is heavily glycosylated, 
meaning it has carbohydrate chains of varying composition and topology called 
glycans attached at several sites. With the recent development of mass 
spectrometric methods for assignment of site-specific glycosylation of IAV 
glycoproteins, there is need for metrics for comparison of strain-specific differences. 
By treating site-specific glycan populations as discrete probability distributions, we 
hypothesized that glycosylation differences between IAV strains can be quantified 
using distance metrics. To test this, we compared the performance of cosine 
similarity (CS) and normalized Kullback-Leibler divergence (nKLD) in quantifying the 
differences in glycosylation between the Philippines-1982 and Philippines-1982-BS 
IAV strains. Overall, we found nKLD to be the more sensitive metric.

Figure 3. Cosine similarity values do not always agree with nKLD values because nKLD is 
more sensitive to differences in probability distribution. A. NGSI glycan distribution comparison. The 
cosine similarity value is 0.997, and the nKLD value is 0.328. B. NGTY glycan distribution 
comparison. The cosine similarity value is 0.951, and the nKLD value is 0.717.
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Defining HA shape is crucial to IAV antigenicity research, as it determines which 
antibodies can bind to IAV in an immune response. Understanding the glycan 
population at each HA glycosylation site will improve the definition of IAV strain shape 
and thus antigenicity. An accurate, standardized method for comparing glycosylation 
site populations between strains is essential for this understanding.  Because nKLD 
is more sensitive than CS at detecting population differences, we believe nKLD to be 
the more useful metric for future glycan-focused antigenicity research. 

Conclusions

A B

Strain Name UniProt Accession ID

Philippines-1982 AFG99160

Philippines-1982-BS AAC79579

Sequon AFG99160 (1982) AAC79579 (1982-BS) Cosine nKLD

NATE 53 37 0.977 0.084

NCTL 78 62 0.949 0.155

NNSF 159 143 0.942 0.754

NGSI 300 284 0.997 0.048

NGTY 498 482 0.951 0.161
Table 1. Cosine similarity and nKLD values for all AFG99160 and AAC79579 glycosylation 
site pairs with coverage.

Figure 2. A structural image of the AFG99160 HA protein is shown with ten glycosylation sites 
marked in green. Bar graphs show probability distributions of site glycan populations. Bars are 
colored by complexity, which classifies glycans by monosaccharide compositions. Three sites had 
no data.  As can be seen, the number and proportion of different glycans can be highly variable.
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Discussion
Why do we observe a discrepancy between CS and nKLD?

• CS is high if vectors are dominated by high-scoring entries, even if there are 
differences in paired values.

• nKLD is sensitive to differences in vector entry pairs, no matter the entry size.
When probabilities of all glycans are close, nKLD shows high similarity (Figure 2A), 
but as probabilities diverge, nKLD grows faster than CS (Figure 2B). Since nKLD 
reflects differences in glycan population distributions without being affected by the 
probability of individual glycans, it is less forgiving to differences in individual glycan 
probability than CS. Therefore, we believe nKLD to more accurately represent site-
specific glycosylation differences.

Figure 1. Representations of a glycan in 
a chair diagram (A), symbolic diagram (B), 
and monosaccharide abbreviation (C).
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