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Peptide pools are essential tools for measuring antigen-specific T-cell responses in immune monitoring and other
applications. Most peptide pools contain hydrophobic peptides that arise, for example, when overlapping
peptides cover the entire sequence of hydrophobic antigens. However, some manufacturers sometimes omit
difficult hydrophobic peptides, potentially reducing the T-cell stimulation efficacy of the resulting peptide pool.
Here, we analyzed the hydrophobicity of the entire human and several viral peptidomes, revealing that human
MHC-binding peptides are on average more hydrophobic than the average human peptide. This emphasizes the
importance of hydrophobic peptides in antigen recognition by the human immune system. Since 2004 JPT has
pioneered the manufacturing of such peptides and was the first company to offer and further develop the
PepMix™ format, which ensures the presence of every peptide in overlapping peptide pools. Based on 20 years
of experience in this area, JPT ensures the inclusion of even the most difficult-to-synthesize, hydrophobic peptide
sequences in all peptide pools, despite the challenges in synthesizing and purifying such peptides.?> This
commitment guarantees 100% coverage of all target protein sequences in protein-spanning peptide pools,

promotes effective T-cell stimulation, and maximizes research outcomes.

Introduction

The recognition of peptides that are presented by class-1 and class-
Il MHC molecules is a key step in T-cell activation. MHC molecules
have a peptide binding groove in which peptides are embedded,
and only peptides whose side-chains fit the binding groove can be
accommodated. Concomitant interaction of the T-cell receptor
with parts of the MHC-molecule as well as with certain amino acids
of the embedded peptide triggers T-cell activation (Figure 1).
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Figure 1: A: MHC class | and Il molecules with bound peptides
interacting with a complementary T-cell receptor (TCR). This highly
simplified diagram shows an antigen presenting cell (APC),
cytotoxic T-cell (Tc, CD8 positive), helper T-cell (TH, CD4 positive),
and major histocompatibility complex class-1 and Il molecules
(MHC). B: Typical structure of the peptide-binding groove of human
MHC .

While it is obvious that the sequence of a peptide is the most
decisive determinant for its ability to activate T-cells, is is less clear
how specific physicochemical properties like its polarity, for
example, affect this ability. The polarity of a peptide is mainly
determined by its amino acid composition. While a higher
proportion of polar amino acids (like Lysine or Arginine) makes
peptides more polar (hydrophilic), a higher proportion of
hydrophobic amino acids (like Phenylalanine, Leucine, Isoleucine or
Valine) makes peptides more unpolar (hydrophobic). Several
models have been developed to quantitatively describe the polarity
of peptides (see Table 2 in the appendix for examples).

It is known that especially very hydrophobic peptides are difficult
to synthesize and purify. One main reason is that so-called “difficult
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sequences” (which often contain a high number of hydrophobic
amino acids), tend to form secondary structures within the peptide
and therefore have a high aggregation potential. This compromises
effective amino acid coupling and deprotection during solid-phase
peptide synthesis. In addition, hydrophobic aggregating peptides
suffer from low solubility in aqueous and often even organic
solvents, making such peptides difficult to purify and handle?. JPT
has decade-long experience in the synthesis of hydrophobic
peptides and addresses this challenge with optimized protocols,
including but not limited to the use of optimized coupling
protocols, pseudoproline building blocks and solubility tags. On the
contrary, some peptide manufacturers simply omit hydrophobic
peptides from antigen-spanning peptide pools when experiencing
difficulties in preparing them.

It was previously reported that there is a bias towards hydrophobic
amino acids at T-cell receptor contact residues in published T-cell
epitopes.? Also, published studies have shown that the peptide
binding grooves of a number of human MHC molecules, for
example, HLA-A*02:01, HLA-B*07:02, HLA-C*07:01, and HLA-
DRB1*01:01, exhibit a preference for peptides with hydrophobic
residues. These hydrophobic pockets have a critical role in peptide
binding and presentation to T-cells.*”

This application note further examines if increased peptide
hydrophobicity makes a peptide more likely to be recognized by T-
cells, and if, as a result of this, particular attention must be paid to
the presence of hydrophobic peptides in protein-spanning peptide
pools.

Results

We analysed a range of known and predicted T-cell-stimulating
peptides in regards to their hydrophobicity. First, we dissected the
human proteome into overlapping 9-amino-acid-peptides (9/8
scan) in silico. This resulted in approximately 30 million peptides.
To predict the hydrophobicity of these peptides we calculated their
GRAVY (grand average of hydropathy) score.® The GRAVY score is
widely used to estimate the hydrophobicity of peptides and is the
sum of hydropathy values assigned to each amino acid, divided by
the length of the sequence. It ranges from -4.5 to +4.5 with higher
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values representing higher hydrophobicity. The mean GRAVY score
of all in silico-generated human proteome-derived peptides was
-0.41. In contrast to this, all 8-10 amino acid-long T-cell epitopes
listed in the Immune Epitope Database (IEDB, ~216,000 peptides)®
had a mean GRAVY score of 0.04. Thus human MHC-binding
peptides were on average slightly more hydrophobic than the
human proteome as a whole (difference in GRAVY score: 0.45 on a
scale of -4.5 to +4.5). This was also true for several extensively
researched viral proteomes analysed in the same way: the
proteomes of Hepatitis A, SARS-CoV-2, EBV, and HCMV all had
higher average GRAVY scores than the human proteome (Figure 2).
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Figure 2: The Gravy scores of the proteomes of common human
viruses compared to the human proteome (negative: hydrophilic;
positive: hydrophobic). For this analysis, proteomes were divided
into peptides with 9 amino acids in length and 8 amino acids
overlap. The lines represent the mean Gravy score values with the
actual values indicated. Dotted line: mean Gravy score of the

human proteome.

These interesting observations might suggest that non-human viral
peptides, on average, have a higher chance to be presented in the
human MHC. However, it will be important to consider individual
T-cell-stimulating peptides to investigate this further. We,
therefore, in the following had a more detailed look at individual T-
cell-stimulating peptides listed in the IEDB database.®

The peptides shown in Table 1 represent examples for frequently
published viral epitopes in the context of HLA-A*02:01 (IEDB
database). The fact that they are highly hydrophobic (GRAVY scores
above 1.5) is a clear indication for the importance of hydrophobic
peptides in antigen-specific T cell responses.

Table 1: Overview of the 10 most frequently published HLA-
A*02:01-presented viral epitopes in IEDB that have a GRAVY score
of > 1.5; PMID: unique PubMed ID.

Peptide Organism Gravy PM!D
ISequence Score |Entries
NLVPMVATV Human cytomegalovirus (HCMV) 1.58 365
GILGFVFTL Influenza A virus (HIN1) 2.27 278
GLCTLVAML Epstein—Barr virus (EBV, HHV4) 2.30 169
KLVALGINAV Hepatitis C virus (HCV) 1.63 110
CLGGLLTMV Epstein—Barr virus (EBV, HHV4) 2.05 105
ELAGIGILTV Vaccinia virus (VACV) 1.76 104
LLFGYPVYV Primate T-lymphotropic virus (PTLV-1) | 1.57 91
NLSLLVPFV Hepatitis B virus (HBV) 2.14 54
LLFNILGGWV Hepacivirus hominis 1.77 49
YVLDHLIVV Epstein—Barr virus (EBV, HHV4) 1.86 43
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JPT has extensive experience in the synthesis of viral epitopes. We
achieved high purities even with difficult-to synthesize and
hydrophobic peptides. As an example, Figure 3 shows the top 4
listed IEDB epitopes in Table 1 (NLVPMVATV, GILGFVFTL,
GLCTLVAML, KLVALGINAV). The corresponding LCMS profiles of the
purified peptides demonstrates the high quality of the preparation.
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Figure 3: LCMS profiles demonstrating high purity for the peptides
NLVPMVATV (top left), GILGFVFTL (top right), GLCTLVAML (bottom
left), and KLVALGINAV (bottom right).

To further explore the importance of peptide hydrophobicity for
MHC presentation we investigated the Latent Membrane Protein 1
(LMP1) of the Epstein-Barr virus (EBV, HHV4). This very hydrophobic
protein is one of only a few viral proteins that are expressed in
malignancies caused by this highly endemic oncogenic human virus.
As such, it is of great interest as a T-cell antigen. A detailed
examination of published LMP1 epitopes (IEDB) revealed that these
are predominantly contained in hydrophobic sequence regions
(n=55 published epitopes) (Figure 4, left). A smaller number of
epitopes (n=29 published epitopes) is found in the more hydrophilic
sequence stretches (Figure 3, right).
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Figure 4: Alignment of the LMP1-based epitope sequences obtained
from IEDB to the LMP1 protein sequence. The complete LMP1
sequence (amino acid 1-386) is located at the bottom. The 84
epitopes published in IEDB are shown above, arranged according to
their position in the protein. The Jalview colour scheme
hydrophobic!! was used, where red represents hydrophobic amino
acids and blue represents non-hydrophobic amino acids.

Finally, we performed binding predictions on peptides derived from
a scan through the LMP1 protein (using the NetMHCpan 4.1
prediction algorithm at https://services.healthtech.dtu.dk).
Because HLA-A*02:01 is the most abundant HLA-allele in people of
european (50%) and east asian (30-40%) descent and actually
worldwide,'® we initially focused our analysis on this allele. This
showed that hydrophobic peptides had a much higher predicted
binding affinity to HLA-A*02:01 compared with hydrophilic
peptides. More specifically, the peptide GRAVY score?® for the
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pepides showed a strong positive correlation with the predicted
peptide/MHC binding affinity (r>=0.61, Figure 5, top left). Note that
we consider correlations strong if r>0.6 (r>>0.36), and moderate if
r>0.4 (r220.16). And please note that the predicted affinity is given
in nM IC50, and thus lower numbers represent higher affinity.

The preference of HLA-A*02:01 for hydrophobic peptides might at
least in part be explained by the fact that its anchor amino acids are
hydrophobic.'> However, also for peptides binding to HLA-A*03:01
we observed a clear preference for hydrophobic peptides.
(correlation r?=0.58) This means that the observed effect cannot be
explained by anchor amino acid hydrophobicity alone, since the
main anchor amino acid of HLA-A*03:01 is the very polar Lysine.*?
A clear preference for hydrophobic peptides was also shown for
HLA-A*24:02 (r>=0.41) and HLA-A*01:01 (r’=0.24), where the
observed correlations between predicted peptide binding and
GRAVY score were strong and moderate, respectively.
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Figure 5: HLA-A*02:01, HLA-A*01:01, HLA-A*03:01 and HLA-
A*24:02 binding prediction of LMP1-derived peptides. The
predicted affinity (nM, NetMHC-4.1) is plotted against the GRAVY
score of all peptides from a 15/11 scan through LMP1. The Pearson's
correlation coefficient (depicted as r?) is shown at the top of each

plot.

Summary

Here, we present the results of an analysis of known and predicted
T-cell-stimulating peptides in regards to their hydrophobicity. The
analysis shows that the 8-10 amino-acid-long T-cell stimulating
peptides listed in IEDB are on average more hydrophobic than the
average peptide from the human proteome. The average peptide
from several common virus proteomes was also more hydrophobic
than the average human peptide. In agreement with this, the most
frequently published viral epitopes in the IEDB database are
characterized by strong hydrophobicity. The most common HLA-
allele worldwide, HLA-A*02:01, showed a clear preference for
binding hydrophobic amino acids, as indicated by the fact that
overall peptide hydrophobicity was strongly positively correlated
with the predicted HLA-A*02:01 binding affinity. For three other
HLA alleles analysed in addition the correlation was moderate to
strong. Based on our findings, it can be concluded that special
attention must be paid to the successful chemical synthesis of
hydrophobic peptides, because their inclusion in protein-spanning
peptide pools is essential for complete epitope coverage.
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Materials & Methods

Bioinformatics Analyses

Published LMP1 epitopes were obtained from the IEDB database
(https://www.iedb.org/, downloaded on 06/2024), aligned using
Clustal Omega (https://www.ebi.ac.uk/jdispatcher/msa/clustalo)
and colored using Jalview (Version: 2.11.4.1) The binding
predictions  were carried out using NetMHC 4.1
(https://services.healthtech.dtu.dk/services/NetMHC-4.1/),  only
considering the alleles HLA-A*02:01, HLA-A*01:01, HLA-A*03:01
and HLA-A*24:02. GRAVY score calculation, correlation analysis and
graphical representation were carried out using Python
programming language.
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The Company

JPT Peptide Technologies utilizes a quality management system
that is compliant to ISO 9001:2015 standards and and provides its
customers with innovative peptide solutions for cellular and
humoral immune monitoring, seromarker discovery & validation,
vaccine target discovery, peptide lead identification & optimization,
targeted proteomics, and enzyme profiling. Have a look at the
World of Peptide Pools.
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Phone: +49-30-322980-7878

Please visit us online at https://www.jpt.com

and take a look at our PepMix™ Peptide Pools !
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Appendix

Table 2: All natural amino acids with their hydrophobicity scales.
The amino acids are classified here as follows: red: hydrophobic,
blue: non-hydrophobic. In addition to the frequently used Kyte-
Doolittle (KD) scale,® on which GRAVY score calculations are based,
other scales like the Wimley and White (WW)3 or the
transmembrane tendency (TT)¥* hydrophobicity scales were
developed.

Aminoacid GRAVY score ww T
Hydrophobi- | Hydrophobi- | Hydrophobi-
city4 city9 city10
Isoleucine 4.5 0.31 1.97
Valine 4.2 -0.07 1.46
Leucine 3.8 0.56 1.82
Phenylalanine 2.8 1.13 1.98
Cysteine 2.5 0.24 -0.30
Methionine 1.9 0.23 1.40
Alanine 1.8 -0.17 0.38
Glycine -0.4 -0.01 -0.19
Threonine -0.7 -0.14 -0.32
Serine -0.8 -0.13 -0.53
Tryptophan -0.9 1.85 1.53
Tyrosine -1.3 0.94 0.49
Proline -1.6 -0.45 -1.44
Histidine -3.2 -0.96 -1.44
Glutamic acid -3.5 -2.02 -2.90
Glutamine -3.5 -0.58 -1.84
Aspartic acid -3.5 -1.23 -3.27
Asparagine -3.5 -0.42 -1.62
Lysine -3.9 -0.99 -3.46
Arginine -4.5 -0.81 -2.57
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