1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Chem Biol. Author manuscript; available in PMC 2018 December 21.

-, HHS Public Access
«

Published in final edited form as:
Cell Chem Biol. 2017 December 21; 24(12): 1513-1522.e4. doi:10.1016/j.chembiol.2017.09.005.

Synthetic Three-Component HIV-1 V3 Glycopeptide Immunogens
Induce Glycan-Dependent Antibody Responses

Hui Cai?, Jared Orwenyo?, John P. Giddens?, Qiang Yang?, Roushu Zhang?, Celia C.
LaBrancheP, David C. Montefiori?, and Lai-Xi Wang?"

aDepartment of Chemistry and Biochemistry, University of Maryland, College Park, Maryland
20742, USA

bDepartment of Surgery, Duke University, Durham, North Carolina 27705, USA

SUMMARY

Eliciting broadly neutralizing antibody (bNAb) responses against HIV-1 is a major goal for a
prophylactic HIV-1 vaccine. One approach is to design immunogens based on known broadly
neutralizing epitopes. Here we report the design and synthesis of an HIV-1 glycopeptide
immunogen derived from the V3 domain. We performed glycopeptide epitope mapping to
determine the minimal glycopeptide sequence as the epitope of VV3-glycan specific bNAbs
PGT128 and 10-1074. We further constructed a self-adjuvant three-component immunogen that
consists of a 33-mer V3 glycopeptide epitope, a universal T-helper epitope P30, and a lipopeptide
(Pam3CSKy) that serves as a ligand of Toll-like receptor 2. Rabbit immunization revealed that the
synthetic self-adjuvant glycopeptide could elicit substantial glycan dependent antibodies that
exhibited broader recognition of HIV-1 gp120s than the non-glycosylated V3 peptide. These
results suggest that the self-adjuvant synthetic glycopeptides can serve as an important component
to elicit glycan-specific antibodies in HIV vaccine design.

In Brief

“Corresponding and lead contact: wang518@umd.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

AUTHOR CONTRIBUTIONS

H.C. and L.-X.W. conceived and designed the project. H.C. planed and performed the experiments. J.O. helped with the peptide
synthesis. J.G. and Y.Q. expressed the enzyme. R.Z. helped with the ELISA. C.C.L. and D.C.M. performed and analyzed the
neutralizing experiments. H.C. and L.-X.W. wrote the manuscript. All the authors revised the manuscript.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Caietal. Page 2

K\’
b Rabbit

B WP O
immunization "
TH

Glycan-dependent
antibodies

Cai et al. designed and synthesized a three-component, self-adjuvanting vaccine carrying a
minimal HIV-1 V3 glycopeptide epitope. Rabbit immunization showed that the glycopeptide
immunogen could elicit substantial glycan-dependent antibodies that exhibited broad recognition
of HIV-1 gp120s across clades.
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INTRODUCTION

The HIV-1 envelope glycoprotein (Env) is responsible for virus entry into host cells by
mediating binding to receptors and is the sole target for HIV vaccine design (Wyatt and
Sodroski, 1998). A key feature of the Env is the heavily glycosylation, including about 90 N-
linked glycans that cover most of the Env trimer surface (Stewart-Jones et al., 2016, Zhang
etal., 2004). These N-linked glycans are created by the host cell and are recognized as
immunologically “self” by the human immune system. Therefore these N-glycans form a
dense “glycan shield” and help the Env successfully evade antibody neutralization (Wei et
al., 2003). To a large degree, this evasion is responsible for the difficulty in developing an
effective HIV vaccine. Nevertheless, broadly neutralizing activity against the HIV Env has
been found in 5-25% of donor sera after 2—3 years of infection, suggesting the possibility to
elicit neutralizing activities by vaccination (Scheid et al., 2011, Stamatatos et al., 2009).
Broadly neutralizing antibodies (bNAbs) have been isolated from infected individuals and
have been shown to target several different epitopes on Env (Huang et al., 2012, Walker et
al., 2011, Walker et al., 2009, Corti and Lanzavecchia, 2013, Kwong and Mascola, 2012).
Interestingly, most of the recently discovered bNAbs are found to be glycan-dependent
antibodies. The most potent neutralizers of these bNADs appear to be from the PGT121-130
group that target and penetrate the glycan shield to recognize both glycans and the protein
surface of the V3 region of gp120 (Walker et al., 2011, Kong et al., 2013, Mouquet et al.,
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2012). Structural studies have revealed that most of the PGT-series bNAbs recognize the
high-mannose patch centered on the N-glycan at the N332 site immediately adjacent to the
C-terminal base of the V3 loop, suggesting the N332 high-mannose N-glycan is highly
accessible and vulnerable to the human immune system (Kong et al., 2013, Mouquet et al.,
2012, Walker et al., 2011, Pejchal et al., 2011, Julien et al., 2013, Sok et al., 2014). However,
elicitation of glycan-dependent antibodies that are cross-reactive to HIV-1 Env through
active immunization turned out to be a challenging task (Saunders et al., 2017, Horiya et al.,
2014). Several previous immunization studies with synthetic glycoconjugates raised
carbohydrate-specific antibody responses in rabbits, but the antibodies showed poor
recognition of, or were not cross-reactive to, HIV-1 gp120s (Astronomo et al., 2010; Ni et
al., 2006, Joyce et al., 2008). Recently, an immunization study has shown that repetitive
vaccination in macaques over a 4-year period with a high-mannose glycoform of HIV-1 Env
is able to induce V3 glycan-dependent antibodies, but the antibodies neutralize only the
HIV-1 pseudoviruses carrying high-mannose N-glycans (Saunders et al., 2017). In addition,
it should be pointed out that many Env related immunogens also elicit antibody responses to
non-neutralizing epitopes that would likely dilute the immune responses to those desired
neutralizing epitopes (Williams et al., 2015).

To focus the immune response on the neutralizing epitope, an alternative strategy is to
design appropriate immunogens based on the minimal neutralizing epitope of the glycan-
dependent bNAbs (Pejchal et al., 2011, Alam et al., 2013, Fernandez-Tejada et al., 2015,
Amin et al., 2013, Horiya et al., 2014). For that purpose, a crucial first step is to characterize
those glycopeptide neutralizing epitopes. We have recently reported the chemoenzymatic
synthesis and antibody binding analysis of homogeneous V3 glycopeptides derived from
HIV-1 JR-FL strain, which identifies a 33-mer mini-V3 glycopeptide carrying a high-
mannose N-glycan at the N332 site as the epitope of bNAbs PGT128 and 10-1074, and the
mini-V3 glycopeptide carrying a sialylated complex type N-glycan at the N301 site as a
possible epitope for PGT121, which lay a foundation for a design of a glycopeptide-based
vaccine (Orwenyo et al., 2017). Independently, Haynes and coworkers have recently
reported that a 30-mer synthetic mini-V3 glycopeptide derived from the JR-FL strain, when
formulated in the Toll-like receptor 4 agonist GLA-SE adjuvant, is able to induce V3-glycan
targeted antibodies in rhesus macaques, suggesting the synthetic V3 glycopeptide could
mimic the V3 glycan specific epitopes of bNAbs (Alam et al., 2017). Nevertheless, the
monomeric V3 glycopeptide used in the immunization study lacks T-helper epitope and is
found to be weakly immunogenic and to require high-dose and long repeated immunization
to raise glycan-specific antibodies, as shown by the experimental data (Alam et al., 2017). In
this paper, we describe a rational design of HIV-1 immunogen based on the V3 glycan-
dependent neutralizing epitope. We performed glycopeptide epitope mapping through
synthesis and antibody binding analysis of truncated glycopeptides, which indicated that a
33-mer V3 glycopeptide appeared to be the suitable epitope mimic of the VV3-glycan specific
bNAbs PGT128 and 10-1074. We further designed and synthesized a self-adjuvant three-
component immunogen that consists of the 33-mer V3 glycopeptide epitope carrying a high-
mannose glycan at the N332 site, an universal T-helper epitope P30 (Cai et al., 2013a), and a
lipopeptide (Pam3CSK,) that is a ligand of Toll-like receptor 2 for stimulating immune
response (Ingale et al., 2007). We found that the synthetic three-component glycopeptide
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immunogen, when formulated into liposomes and administered to rabbits without any
additional adjuvants, was able to elicit glycan-dependent antibodies in a relatively short
period of time. Moreover, sera antibodies induced by the glycopeptide immunogen exhibited
broad recognition of several HIV-1 gp120s across clades.

RESULTS

Probing the minimal neutralizing epitopes through glycopeptide epitope mapping
Synthesis of complex glycopeptides carrying natural N-glycans is a challenging work
(Gamblin et al., 2009, Schmaltz et al., 2011, Unverzagt and Kajihara, 2013, Danby and
Withers, 2016). Here we chose to synthesize the V3 glycopeptides using a chemoenzymatic
method, which we have recently developed for homogeneous N-glycoprotein synthesis
(Wang and Amin, 2014, Amin et al., 2013, Orwenyo et al., 2017). Briefly, an N-
acetylglucosamine (GIcNAc) moiety is installed at the predetermined glycosylation site
during automated solid-phase peptide synthesis (SPPS) to provide a GICNAc-peptide as an
acceptor, and then a synthetic high-mannose glycan, in the form of activated glycan
oxazoline, is transferred to the GICNAc moiety by the endoglycosidase mutant, EndoA-
N171A, to provide a homogeneous glycopeptide with natural glycosidic linkages (Toonstra
et al., 2016, Huang et al., 2009). Recently we have used this strategy to synthesize V1V2
glycopeptides for characterizing the glycan specificity of bNAb PG9 and PG16 (Amin et al.,
2013).

HIV-1 V3 domain typically consists of 35-40 amino acids with a disulfide bond between
C296 and C331 to form a loop structure (Huang et al., 2005). We selected an extended V3
domain sequence (aa 293-339, HXB2 numbering) from the HIV-1 B-clade JR-FL strain, and
focused on the N332 site, which is highly conserved to carry a high-mannose glycan (Sok et
al., 2014). We first synthesized the 46-mer cyclic full-length V3 high-mannose glycopeptide
1 by transferring the high-mannose glycan with EndoA-N171A to the precursor GIcNAc-
peptide 2, which was obtained by SPPS (Figure 1A). A biotin tag was introduced at the N-
terminus to facilitate site-specific immobilization for binding analysis. To determine the
minimal peptide requirement to recapitulate the neutralizing epitope, we also synthesized the
truncated V3 sequence, including a 33-mer cyclic mini-V3 sequence corresponding to the
residues 293-304 and 321-339 with a replacement of the tip residues (304-320) by a Pro-
Gly (PG) dipeptide insert (Orwenyo et al., 2017), and a 20-mer linear mini-VV3 sequence
corresponding to the residues 320-339 with a replacement of the C331 by a Ser (Figure 1B).
The high-mannose glycopeptides (3 and 5) were synthesized in excellent yields by the
similar chemoenzymatic method used for the synthesis of 46-mer glycopeptide 1 (Figure S1
and S2). We also synthesized the corresponding aglycone peptide (4) and the GIcCNAc-
peptides (2 and 6). The purity and identify of these glycopeptides were characterized by
analytical HPLC and ESI-MS (see STAR Method).

Previous structural studies have revealed that the two bNAbs PGT128 and 10-1074 bind to
the base of the gp120 V3 loop with a contact of the GDIR motif and interact with the N332
high-mannose glycan (Kong et al., 2013, Gristick et al., 2016, Pejchal et al., 2011, Mouquet
etal., 2012, Sok et al., 2016). However, the requirement of minimal peptide domain to
recapitulate the neutralizing epitope remains to be further characterized. For this purpose, we

Cell Chem Biol. Author manuscript; available in PMC 2018 December 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 5

first evaluated the binding of the synthetic V3 glycopeptides to PGT128 and 10-1074 by
enzyme-linked immunosorbent assay (ELISA). As shown in Figure 2A, both PGT128 and
10-1074 showed strong binding to the 46-mer high-mannose glycopeptide 1 and 33-mer
high-mannose glycopeptide 3. The binding profiles for PGT128 or 10-1074 between the two
glycopeptides (1 and 3) appear to be similar, implying comparable binding affinity to the 46-
mer and 33-mer high-mannose V3 glycopeptides. Thus, the tip sequence of the V3 domain
does not enhance or reduce the affinity for the binding to bNAbs. Interestingly, PGT128 also
showed binding to the 20-mer high-mannose glycopeptide 5 in spite of a reduced affinity,
while 10-1074 did not show any binding to this linear shorter glycopeptide. Both PGT128
and 10-1074 did not bind to the 33-mer aglycone peptide 4 and 46-mer GIcNAc-peptide 2 in
ELISA assay. We also performed binding analysis using the surface plasmon resonance
(SPR) technology. PGT128 displayed comparable binding affinity to 46-mer high-mannose
glycopeptide 1 (Kp = 3.65 pM) and 33-mer high-mannose glycopeptide 3 (Kp = 3.75 pM),
but decreased binding affinity to 20-mer high-mannose glycopeptide 5 (Kp = 4.35 uM). For
10-1074, the binding affinity to the 33-mer high-mannose glycopeptide 3 (Kp = 0.40 uM)
was about the same as that of the 46-mer high-mannose glycopeptide 1 (Kp = 0.48 uM).
Similar to ELISA results, no binding of 10-1074 to the 20-mer high-mannose glycopeptide
5 was observed in the SPR analysis. Taken together, ELISA and SPR binding results suggest
that the cyclic 46-mer and 33-mer high-mannose V3 glycopeptides could equally
recapitulate the neutralizing epitopes of PGT128 and 10-1074, while the 20-mer high-
mannose glycopeptide showed significantly reduced affinity for antibody 10-1074. Previous
immunizations with HIV Env glycoproteins have been reported to elicit strain specific
neutralizing antibodies primarily against the V3 tip (Javaherian et al., 1990, Gao et al., 2005,
Moody et al., 2015). Therefore, the 33-mer high-mannose V3 glycopeptide, in which the
highly variable and immune-predominant tip sequence (aa 304—319) was deleted, would be
more suitable for HIV vaccine design by focusing the immune response to the conserved
neutralizing epitope.

Glycopeptide immunogen design and synthesis

Based on the binding results, we selected the cyclic 33-mer V3 glycopeptide carrying a
high-mannose glycan at the N332 site as a key component for vaccine design and
immunization studies. We decided to use the three-component vaccine strategy for
immunogen design, which has been used previously for anti-tumor vaccine development
(Ingale et al., 2007, Lakshminarayanan et al., 2012, Wilkinson et al., 2011, Cai et al., 2013b,
Pett et al., 2017). Briefly, the V3 glycopeptide carrying a high-mannose glycan at the N332
site, a T helper epitope peptide P30 derived from tetanus toxoid (Cai et al., 2013a) and the
toll-like receptor ligand lipopeptide Pam3CSKy4 (Ingale et al., 2007) were covalently
conjugated together. The T helper epitope peptide could activate T cells to enhance the
antibody response, while the TLR ligand lipopeptide could serve as a self-adjuvanting
immune stimulant by stimulating B lymphocytes and macrophages. Finally, the amphiphilic
lipopeptide-glycopeptide could form a stable liposome to efficiently present the V3
glycopeptide to antigen-presenting cells (Ingale et al., 2007, Wilkinson et al., 2011). Thus,
the designed three-component immunogen is expected to be superior for mounting a much
stronger immune response than the plain mini-V3 glycopeptide used recently in the rhesus
macaques immunization study (Alam et al., 2017).
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Several methods were reported to synthesize the MUC1 three-component anti-tumor
vaccines, including the liposome-mediated native chemical ligation (Ingale et al., 2007),
thioester ligation (Cai et al., 2013b) and linear synthesis strategy (Thompson et al., 2015).
Here we applied copper (I)-catalyzed alkyne-azide 3 + 2 cycloaddition (click chemistry) to
assembly the lipopeptide and HIV V3 glycopeptide (Figure 3). First, the T cell epitope
peptide P30 and the Pam3CSK4 lipopeptide were synthesized by stepwise SPPS using Fmoc
chemistry to give the lipopeptide 7 with excellent yield. The purity and identity of
lipopeptide 7 were confirmed by HPLC and ESI-MS analysis (See STAR Method). A
Lys(N3) residue was placed at the C-terminus of the P30 peptide to allow site-specific
ligation to V3 glycopeptide. On the other hand, the cyclic 33-mer high-mannose V3
glycopeptide 8 carrying an alkyne moiety at the N-terminus was synthesized using the
chemoenzymatic method (Figure S3). Then the V3 high-mannose glycopeptide 8 was
ligated to the lipopeptide 7 to afford the desired three-component glycopeptide immunogen
10 by click chemistry (Figure 3). To study the influence of N332 high-mannose glycan on
the immunogenicity of V3 domain, we also synthesized the aglycone V3 peptide 9 (Figure
S3) and ligated to the lipopeptide 7 to afford the aglycone peptide three-component
immunogen 11. The purity and identity of the synthetic three-component immunogens 10
and 11 were confirmed by HPLC and ESI-MS analysis (Figure 4).

Immunogenicity of synthetic HIV immunogens

Without additional adjuvants, the synthetic three-component immunogen 10 and 11 were
incorporated into liposome following a reported procedure (Ingale et al., 2007). We
immunized three New Zealand white rabbits with each immunogen in a dose of 50 g via
intramuscular and subcutaneous injections. The priming and two boosting injections were
performed at 21 day intervals and bleeds were taken 7 days later. We combined the antisera
from the three immunized rabbits and first evaluated the binding to gp120s from several
different strains. The antisera induced by both immunogens 10 and 11 showed substantial
binding to the self JR-FL gp120 (Figure 5A). The titer for the antisera induced by the
aglycone immunogen 11 was about two folds higher than that of the glycopeptide
immunogen 10 against the homologous gp120. However, antisera induced by peptide
immunogen 11 only weakly recognize the gp120s of CN54, A244 and CON-S strains, while
the antisera induced by the glycopeptide immunogen 10 showed substantial recognition to
all the heterologous HIV-1 gp120s tested with comparable titers as observed for the JR-FL
gp120 (Figure 5B-D). These results indicated that while peptide immunogen 11 induced
strain specific antibody response, the glycopeptide immunogen 10 could induce antibodies
with broad binding activities against gp120s across strains and clades. Many recently
isolated bNAbs with broad neutralizing activities were found to target N-glycans (Walker et
al., 2011, Kong et al., 2013, Mouquet et al., 2012). The broad recognition of the antisera to
gp120s across strains and clades implied that the glycopeptide immunogen 10 might elicit
antibodies target the common N332 high-mannose glycan.

We next performed ELISA binding of the antisera to the synthetic V3 peptides/
glycopeptides 1-6. The antisera induced by the peptide immunogen 11 showed strong
binding to the 33-mer cyclic VV3 aglycone peptide 4 (titer: 25 600), and a similar binding
profile was observed to the high-mannose glycopeptide 3 with identical titer (Figure 6A).
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The binding of the antisera to the 46-mer cyclic V3 GIcNAc-peptide 2 and high-mannose
glycopeptide 1 were comparable to the 33-mer V3 peptides, but the antisera showed
significantly decreased binding to the 20-mer V3 high-mannose glycopeptide 5 and
GIcNAc-peptide 6. These observations suggested that the antibodies induced by peptide
immunogen 11 mainly targeted the V3 region corresponding to residues 292-303.
Antibodies induced by the high-mannose glycopeptide immunogen 10 showed strong
binding to all of the V3 peptides 1-6 (Figure 6B). Interestingly, the antisera displayed
preference to the high-mannose glycopeptides over the corresponding GIcNAc-peptide and
the aglycone peptide. The titer was two folds higher for the 46-mer and 33-mer high-
mannose V3 glycopeptides (1 and 3) than the 46-mer GIcNAc-peptide 2 and 33-mer
aglycone peptide 4. However, the titer was about 4 folds higher to the 20-mer high-mannose
V3 glycopeptide 5 than the GIcNAc-peptide 6. More interestingly, the antisera induced by
the glycopeptide immunogen 10 showed enhanced binding to the V3 peptides 1-6 than the
antibodies induced by peptide immunogen 11. The binding enhancement was greater to the
high-mannose glycopeptides (1, 3 and 5) than to the corresponding GIcNAc-peptides or
aglycone peptide (2, 4 and 6), as reflected by the endpoint titers. The binding of the
antibodies induced by peptide immunogen 11 was very weak to the 20-mer high-mannose
glycopeptide 5 and GIcNAc-peptide 6 (Figure 6A). However, antibodies induced by
glycopeptide immunogen 10 showed enhanced binding to the 20-mer V3 glycopeptides
(Figure 6B). These results indicated that glycopeptide immunogen 10 was able to raise
N332-glycan dependent antibodies. We also performed ELISA binding to a synthetic high-
mannose glycan (Man9-Asn-Biotin), which was synthesized following our recently
described procedure (Orwenyo et al., 2017). Similar to most of the V3 glycan dependent
bNADbs, the antibodies induced by glycopeptide immunogen 10 did not bind to the high-
mannose glycan alone (Figure S4), suggesting that the antibody responses were raised to
target the unique glycopeptide moieties, instead of the polypeptide or the glycan components
alone.

To further confirm that glycan dependent antibodies were induced by glycopeptide
immunogen 10, we pretreated the antisera prior to ELISA analysis by incubating with
magnetic beads carrying aglycone V3 peptide 4, which could remove the peptide specific
antibodies in the sera. After this pretreatment, the binding of the antisera induced by peptide
immunogen 11 to all of the V3 peptides and glycopeptide (1-6) was almost eliminated
(Figure 6C). Strikingly, after pretreated with the polypeptide (4), the antisera induced by
glycopeptide immunogen 10 still exhibited strong binding to high-mannose glycopeptides
(1, 3 and 5), but the binding to the GIcNAc-peptide or aglycone peptide (2, 4 and 6) was
significantly reduced (Figure 6D). Interestingly, the pretreated antisera showed similar
ELISA binding profiles and identical titers (51200) to the 46-mer, 33-mer and 20-mer V3
high-mannose glycopeptides (2, 4 and 6). Compared to the untreated antisera, the titers of
the pretreated antisera to the 46-mer and 33-mer high-mannose glycopeptides (1 and 3) was
reduced to half, while the titer of the pretreated antisera to the 20-mer high-mannose
glycopeptide 5 was identical to that of the untreated antisera (Figure 6E, Entry 3 and 4).
These data suggest that substantial glycan dependent antibodies were raised by the synthetic
glycopeptide immunogen (10), which recognize the unique structures presented by the
glycopeptide moiety.
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The neutralizing activity of the antisera was assessed against tier 1 and tier 2 HIV-1 viruses
via a TZM-bl cell-based neutralization assay (Sarzotti-Kelsoe et al., 2014). Our preliminary
assay indicated that the antisera induced by both peptide immunogen 11 and glycopeptide
immunogen 10 did not show neutralizing activities (data not shown). This result is similar to
a recent immunization study with a synthetic mini-V3 glycopeptide in rhesus macaque,
showing that a V3 glycopeptide mixed with an adjuvant could raise glycan dependent
antibodies using a dose escalation protocol over a one-year period, but the antibodies failed
to neutralize HIV-1 viruses (Alam et al., 2017). As demonstrated in another recent
immunization study, repetitive vaccination with a high-mannose glycoform of HIV-1 Env
over a 4-year period resulted in induction of VV3-glycan specific antibodies (Saunders et al.,
2017). The antibodies showed neutralizing activities but they were neutralizing only against
pseudoviruses carrying high density of high-mannose N-glycans.

DISCUSSION

Development of broadly neutralizing antibodies by active immunization remains a
challenging task in HIV-1 vaccine research. Among others, both the immunogen design and
the immunization protocols should be optimized in order to develop affinity maturation
and/or to elicit sufficient levels of somatic hypermutation (SHM), which is a common
observation among bNAbs (Sok et al., 2013, Klein et al., 2013, Wu et al., 2011, Haynes and
Burton, 2017). The intrinsic high-mannose patch centered on the N332 high-mannose glycan
adjacent to the V3 domain is a distinguished neutralizing epitope targeted by many broad
and potent bNAbs (Kong et al., 2013, Walker et al., 2011). A recent study showed that a
Man9-V3 glycopeptide could be used to isolate a potent bNAb (DH270.6) from HIV-
infected individual CH765, and was also used to isolate glycan-dependent antibody after
vaccination with the Man9-V3 glycopeptide in rhesus macaques (Alam et al., 2017). V3
glycopeptide could also prime precursors of VV3-glycan B cell lineages to clonally expand
(Bonsignori et al., 2017). These findings indicate V3 glycopeptides could recapitulate the
neutralizing epitope of bNAbs. However, the V3 glycopeptide alone is not a potent
immunogen (Alam et al., 2017). The glycopeptide alone lacked a built-in T-helper and thus
required a very high-dose (50-500 pg of the glycopeptide) and repetitive immunization over
a one-year period to raise glycan-dependent antibodies, even with the co-injection of the
Toll-like receptor 4 agonist GLA-SE (glucopyranosyl lipid adjuvant-stable emulsion)
adjuvant. Rationally designed immunogens are required to enhance the immune responses.
In the present study, we designed and synthesized a novel three-component immunogen that
the identified the 33-mer cyclic V3 glycopeptide carrying a high-mannose N-glycan at the
N332 site, a T helper epitope peptide (P30), and a TLR2 receptor ligand (Pam3CSKjy). Our
immunization study in rabbits demonstrated that the three-component glycopeptide-based
immunogen was significantly immunogenic and was able to raise substantial glycan-
dependent antibody responses within a relatively short period of immunization with a much
lower dose. Interestingly, a clear difference in the immunogenicity between the
glycopeptide-based (10) and the non-glycosylated peptide-based immunogen (11) was
observed. While the glycopeptide-based immunogen (10) raised substantial glycan-
dependent antibodies that bind to an array of HIV-1 gp120 envelope glycoproteins across
clades, the non-glycosylated peptide-based immunogen elicited antibodies that could bind

Cell Chem Biol. Author manuscript; available in PMC 2018 December 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 9

tightly to the specific strain (JR-FL), but only had low affinity for those HIV-1 gp120s from
different strains. Thus, our experimental data suggest that the V3 glycopeptide-based
immunogen could have greater potential than the non-glycosylated polypeptide based
immunogen in eliciting broadly reactive antibody responses targeting the shared
glycopeptide motifs on the Env from different HIV-1 strains. Notably, previous
immunization studies have shown that synthetic oligomannose-containing glycoconjugate
immunogens, designed to mimic the 2G12 epitope, were able to raise carbohydrate-
dependent antibodies, but the antibodies induced were not cross-reactive with HIV-1
envelope glycoprotein gp120, even a number of high-mannose N-glycans are present on the
viral envelope (Astronomo et al., 2008, Astronomo et al., 2010).

It should be pointed out that the antisera induced by the three-component V3 glycopeptide
immunogen in the current preliminary immunization study failed to neutralize HIV-1
viruses, probably due to the lack of somatic mutation of the antibodies and/or the low titers
of antibody responses. Nevertheless, the ability to elicit V3 glycan-dependent antibodies
cross-reactive to heterologous HIV-1 gp120s by a well-defined glycopeptide immunogen
within a short period of immunization represents an important discovery, as few
immunogens have been able to raise glycan-dependent antibodies cross-reactive to various
HIV-1 gp120s (Haynes and Burton, 2017). The three-component V3 glycopeptide
immunogen described in the present study appears to be superior to the weakly
immunogenic synthetic V3 glycopeptides that lacks a T helper epitope (Alam et al., 2017),
and to the unusual high-mannose Env trimer glycoform that contains various non-
neutralizing epitopes (Saunders et al., 2017) in eliciting V3 glycan-dependent antibodies.
Future studies should be directed to further characterizing the glycan-dependent antibodies
raised by the glycopeptide immunogen and to the assessment of the immunogenicity of the
synthetic three-component glycopeptide immunogen in non-human primate models, either
alone or in combination with other vaccine candidates such as the Env trimer and related
constructs, to evaluate if the glycopeptide immunogen can focus the immune response to the
glycopeptide epitopes to raise broadly HIV-neutralizing antibodies.

SIGNIFICANCE

A class of recently discovered bNADbs, including the PGT 128 and 10-107, appear to target
the intrinsic high-mannose patch centered on the N332 high-mannose glycan and a
conserved peptide segment at the base of the V3 loop. However, elicitation of such glycan-
dependent neutralizing antibodies through active immunization has yet to be achieved. As
described in this paper, we first performed glycopeptide epitope mapping to identify the
minimal glycopeptide sequence recognized by PGT128 and 10-1074. Then we incorporated
the identified mini-V3 glycopeptide epitope in the design of a novel three-component self-
adjuvanting immunogen that consists of the V'3 glycopeptide epitope, a T-helper peptide
P30, and the TLR2 ligand lipopeptide Pam3CSK,4. We demonstrate that the three-component
glycopeptide immunogen could elicit substantial glycan-dependent antibodies in rabbits
within only two months with a relatively low dose immunization. The serum antibodies
induced by the glycopeptide immunogen showed broad recognition to several gp120s across
clades, while the serum antibodies induced by the non-glycosylated peptide immunogen
elicited mainly strain-specific antibody responses. Our results demonstrated that the N-332
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high-mannose N-glycan was immunogenic and vulnerable to the immune system. While the
antibodies raised in the short-term immunization regimen failed to neutralize HIV-1, raising
substantial glycan-dependent, gp120-reactive antibodies by a well-defined glycopeptide
immunogen represents an important step toward the goal of stimulating glycan-dependent
broadly neutralizing antibody responses in HIV vaccine research. Our experimental data
suggest that the three-component V3 glycopeptide immunogen could mimic the neutralizing
epitopes of those glycan-specific bNAbs and holds the promise to potentially raise glycan-
dependent, broadly neutralizing antibody responses in an appropriate immunization regimen.

STAR METHOD
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Lai-Xi Wang (wang518umd.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Rabbit immunizations were carried out by Spring Valley Laboratories, Inc., which is
licensed by the United States Department of Agriculture (APHIS registration number, 51-
R-051) and has been accredited fully and continuously by the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALACI). All procedures were performed
according to the NIH Guide for the Care and Use of Laboratory Animals. All New Zealand
White rabbits were female and 8 weeks old when the experiments started.

METHOD DETAILS

General Procedures—Analytical reverse-phase HPLC was carried out on a Waters 626
HPLC system equipped with a dual absorbance UV detector. All the V3 peptides and
glycopeptides were run on a C18 column (YMC-Triart C18, 4.6 x 250 mm, 5 um) at a flow
rate of 1 mL/min using a linear gradient of 15-45% MeCN containing 0.1% TFA over 30
min. The lipopeptides were run on a CN column (YMC-Pack CN, 4.6 x 250 mm, 5 pm)
using a linear gradient of 20-70% MeCN containing 0.1% TFA over 50 min. ESI-MS
spectra were measured on a Micromass ZQ-4000 single-quadrupole mass spectrometer. For
the V3 peptides and glycopeptides, preparative reverse-phase HPLC was carried out on a
Waters 600 HPLC system equipped with a dual absorbance UV detector using a C18 column
(Waters XBridge, Prep Shield RP 10 x 250 mm, 5um) at a flow rate of 4 mL/min. The
preparative HPLC purification of the lipopeptides was performed on a CN column (YMC-
Pack CN, 10 x 250 mm, 5 pm).

HIV V3 Peptide Synthesis—All Fmoc-protected amino acid building blocks and
coupling reagents were purchased from Bachem. Abbreviations: TBTU = N,N,N’,N’-
Tetramethyl-O-(benzotriazol-1-yl)uronium tetrafluoroborate; DIPEA =
Diisopropylethylamine; DMF = Dimethylformide; HOBt = Hydroxybenzotriazole; DCM =
Dichloromethane; TFA = Trifluoroacetic acid; DMSO = Dimethyl sulfoxide.

V3 peptide synthesis was performed under microwave synthesis conditions using a CEM
Liberty Blue microwave peptide synthesizer. Synthesis was based on Fmoc chemistry using
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PAL-PEG-PS resin (0.18 mmol/g) on a 0.1 mmol scale. Couplings were performed using 6
equiv. of Fmoc-protected amino acids, 6 equiv. of TBTU and 12 equiv. of DIPEA in DMF.
The couplings were carried out at 45 °C for 20 min with a repeat of the coupling cycle for
the longer full-length V3 peptides. The glycosyl amino acid Fmoc-(AczGIcNAc)-Asn-OH
was introduced at the N332 sites and Fmoc deprotection was carried out with 20%
piperidine in DMF containing 0.1 M HOBt. Fmoc-e-Acp-OH was extended at the N-
terminus as spacer and then Biotin or 4-pentynoic acid was coupled at the N-terminus to
install the corresponding biotin or alkyne group. The resin was washed with DMF (3x) and
DCM (3x) then cleavage was carried out using cocktail R (TFA/Thioanisole/Ethanedithiol/
Anisole = 90/5/3/2). The resin was then filtered and the obtained solution was added to cold
diethyl ether for peptide precipitation. The crude peptide was dissolved in glacial acetic acid
and then lyophilized. For the 46-mer and 33-mer V3 glycopeptides, cyclization was
performed in a 20% aqueous DMSO solution. De-O-acetylation of the GICNAc moiety was
then performed in a 5% aqueous hydrazine solution. The crude peptides were purified on
preparative RP-HPLC to afford the desired peptides.

GlcNAc-peptide (2) (cyclic_46-mer_N332_GIcNAc): ESI-MS: Calcd., M = 5764.46;
found (/m/2): 721.49 [M + 8 H]®*, 824.42 [M + 7 H]"*, 961.65 [M + 6 H]®*. RP-HPLC
retention time, tg = 23.8 min.

GlcNAc-peptide (3a) (cyclic 33-mer_N332_GIcNAc): ESI-MS: Calcd., M = 4333.86;
found (/m/2): 722.86 [M + 6 H]®*, 867.23 [M + 5 H]°*, 1083.78 [M + 4 H]**, 1444.70 [M
+ 3 H]3*. RP-HPLC retention time, tg = 21.1 min.

Peptide (4) (cyclic_33-mer): ESI-MS: Calcd., M = 4128.64; found (//2): 688.99 [M + 6
H]6*, 826.59 [M + 5 H]°*, 1032.98 [M + 4 H]**, 1377.61 [M + 3 H]3*. RP-HPLC retention
time, tgr = 20.9 min.

GIcNAc-peptide 6 (linear_20-mer_N332_GIcNAc): ESI-MS: Calcd., M = 2807.15; found
(m/2): 702.62 [M + 4 H]**, 936.49 [M + 3 H]3*, 1404.23 [M + 2 H]?*. RP-HPLC retention
time, tgr = 22.5 min.

GlcNAc-peptide (8a): ESI-MS: Calcd., M = 4185.62; found (/m/2): 698.52 [M + 6 H]6,
838.02 [M + 5 H]?*, 1047.27 [M + 4 H]**, 1396.03 [M + 3 H]3*. RP-HPLC retention time,
tr = 21.1 min.

Peptide (9): ESI-MS: Calcd., M = 3982.43; found (/1/2): 664.67 [M + 6 H]6*, 797.40 [M
+5 H]°*, 996.50 [M + 4 H]**. RP-HPLC retention time, tg = 21.4 min.

Chemoenzymatic Synthesis of Homogeneous V3-Glycopeptides

Glycopeptide 1 (cyclic_46-mer_N332_Man9): Glycopeptide 2 (1.5 mg, 0.26 umol) was
incubated at 30 °C together with Mang-oxazoline (2.16 mg, 1.3 umol) and Endo-AN171A (40
ug) in phosphate buffer (100 mM, p H 7, 100 pL). Upon completion of the enzymatic
reaction after 2 h, as indicated by monitoring with RP-HPLC analysis, the reaction was
quenched using 0.1% aq. TFA. The product was purified by RP-HPLC to give glycopeptide
1 as a white powder (1.56 mg, 81%). ESI MS: calcd. M = 7426.91; found (m/z): 929.31 [M
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+ 8 H]8*, 1061.92[M + 7 H]7*, 1238.75 [M + 6 H]®*. RP-HPLC retention time, tg = 23.5
min.

Glycopeptide 3 (cyclic_33-mer_N332_Man9): Glycopeptide 3a (2 mg, 0.46 umol), Mang-
oxazoline 2 (4.6 mg, 2.76 umol) and Endo-AN171A (80 ug) were incubated as described for
glycopeptide 1 to give glycopeptide 3 as a white powder (2.46 mg, 89%). ESI-MS: Calcd.,
M =5994.34; found(/7/2): 889.12 [M + 7 H]7*, 999.95 [M + 6 H]®*, 1199.95 [M + 5 H]>*.
RP-HPLC retention time, tg = 20.1 min.

Glycopeptide 5 (linear_20-mer_N332_Man9): Glycopeptide 6 (1.3 mg, 0.46 umol), Mang-
oxazoline (4.6 mg, 2.76 pmol) and Endo-AN171A (80 ig) were incubated as described for
glycopeptide 1 to give glycopeptide 5 as a white powder (1.9 mg, 90%). ESI-MS: Calcd., M
= 4469.60; found(m/2): 1118.25 [M + 4 H]**, 1490.67 [M + 5 H]°*. RP-HPLC retention
time, tg = 19.7 min.

Glycopeptide 8: Glycopeptide 8a (1.9 mg, 0.46 pmol), Mang-oxazoline (4.6 mg, 2.76 umol)
and Endo-AN171A (80 pg) in phosphate buffer (100 mM, pH 7, 200 pl) were incubated as
described for glycopeptide 1 to give glycopeptide 8 a white powder (2.33 mg, 87%). ESI-
MS: Calcd., M = 5848.08; found (m/z): 975.61 [M + 6 H]®*, 1170.53 [M + 5 H]°*, 1462.91
[M + 4 H]**. RP-HPLC retention time, tg = 21.0 min.

Synthesis of Lipopeptide 7—Lipopeptide 7 was synthesized using a similar procedure
for the V3 peptide synthesis on the automated peptide synthesizer with a 0.1 mmol scale.
Briefly, the Lys-N3 was first coupled to the resin, and then Fmoc-e-Acp-OH was attached.
The P30 sequence was coupled stepwise followed by Fmoc-e-Acp-OH coupling. Then the
SKKKK sequence was coupled and finally the Pam3Cys was coupled. The resin was washed
and cleaved using cocktail R. The crude peptide was purified by RP-HPLC on a CN column
to give the purified 7 (200 mg, yield 46%). ESI-MS: Calcd., M = 4347.70; found (m/2):
725.94 [M + 6 H]%*, 870.92 [M + 5 H]°*, 1088.40 [M + 4 H]**, 1450.86 [M + 3 H]**. RP-
HPLC retention time, tg = 38.7 min.

Synthesis of Three-component Immunogens 10 and 11—L.ipopeptide 7 (1.5 mg,
0.35 pumol), V3 alkyne glycopeptide 8 (2.5 mg, 0.43 umol) and CuOAc (4 ug, 0.03umol)
were dissolved in 100 uL DMF. Then the mixture was incubated at 40 °C for 18 hours. The
reaction mixture was diluted by 1 mL water and then lyophilized. The crude product was
purified by RP-HPLC on a CN column to give the desired immunogen 10 (2.8 mg, 78%).
ESI-MS: Calcd., M = 10200.61; found (/7/2): 785.48 [M + 13 H]13*, 850.79 [M + 12 H]12*,
928.04 [M + 11 H]!1*, 1020.77 [M + 10 H]10*, 1134.13 [M + 9 H]°*, 1275.70 [M + 8 H]®*,
1457.80 [M + 7 H]"*, 1700.70 [M + 6 H]®*, 2040.57 [M + 5 H]>*. RP-HPLC retention time,
tr = 35.4 min.

The three-component immunogen 11 was prepared from alkyne peptide 9 (1.7 mg, 0.43
umol) and lipopeptide 7 (1.5 mg, 0.35 pmol) using the same procedure as described for the
preparation of 10. After purification, the desired immunogen 11 (2.5 mg, 86%) was
obtained. ESI-MS: Calcd., M = 8329.69; found (/7/2): 641.98 [M + 13 H]13*, 695.31 [M

+ 12 H]12*, 758.43 [M + 11 H]'1*, 834.17 [M + 10 H]10*, 926.74 [M + 9 H]®*, 1042.47 [M
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+ 8 H]8*, 1191.35 [M + 7 H]"*, 1389.65 [M + 6 H]®*, 1667.49 [M + 5 H]>*. RP-HPLC
retention time, tg = 36.3 min.

ELISA Analysis—The 96-well ELISA microtiter plates were coated with 5 pg/mL
Neutravidin in PBS (100 pL/well) and incubated at 4 °C overnight. The plates were washed
with PBS/0.05% Tween-20 and blocked with 2% sodium caseinate (w/v) in PBS at room
temperature for 1 h. After washing three times, 2 pg/mL of the biotinylated glycopeptide
dissolved in 1% casein PBS (100 pL/well) was added and incubated at 37 °C for 1 h.
Controls were set up by adding PBS without V3 glycopeptide to the wells. Then plates were
washed three times and titrated against 1:2 serial dilutions of monoclonal antibodies (10—
1074 and PGT128) or rabbit antisera in 1% sodium caseinate. The plates were incubated at
37 °C for 1 h. After washing three times, a solution (100 pl/well) of 1:3000 diluted
horseradish peroxidase (HRP)-conjugated goat anti-human 1gG (H + L) antibody or
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (H + L) antibody in 1% PBS
was added to the plates. The plates were incubated for 1 h at 37 °C. After washing three
times, a solution of 3, 3’, 5, 5’-tetramethylbenidine (TMB) was added. Color was allowed to
develop for 5 min, and then quenched by adding a solution of 1 M H3PO4. The readout was
measured at a wavelength of 450 nm. A modified procedure was used for the ELISA binding
to the gp120s. The gp120 was diluted in PBS (2 pg/mL) and coated on the plate (100 uL/
well), then following the above mentioned procedures to complete the experiments.

SPR Measurement—The SPR binding was performed on a BIAcore T200 system (GE
Healthcare) at 25 °C. Biotinylated V3 glycopeptides were immobilized on neutravidin-
coated CM5 sensor chips in HBS-P buffer (10 mM HEPES, 150 mM NacCl, P20 surfactant
0.05% v/v, pH 7.4) until 200 response unit (RU) was achieved. 1gGs of PGT128 and 10-
1074 were injected individually over four cells at two-fold increasing concentration in HBS-
P buffer with a flow rate of 40 uL/min for 180 sec. Then HBS-P buffer was injected for 210s
to allow for dissociation. Regeneration was performed by injection of 3M MgCI2 with a
flow rate of 50 uL/min for 3 min followed by injection of HBS-P buffer with a flow rate of
50 pL/min for 5 min. Data processing was carried out using the BIAcore T200 evaluation
software to subtract appropriate blank references and to fit the sensorgrams globally using a
1:1 Langmuir binding model to obtain the apparent kinetic parameters.

Rabbits Immunization—The synthetic multi-component immunogen 10 and 11 were
incorporated into liposome following a reported procedure (Ingale et al., 2007). New
Zealand White rabbits in a group of 3 were immunized via intramuscular and subcutaneous
injections containing 50 ug of 10 or 11. After priming, three booster injections were given at
interval of 21 days, and bleeds were taken 7 days postimmunization. The combined sera
from each group were used for ELISA analysis.

Antisera Pretreatment to Subtract Peptide Specific Antibodies—To subtract the
peptide specific antibodies in the antisera, Streptavidin magnetic beads (1 mg, New England
BioLabs) were incubated with the synthetic 33er V3 peptide 4 (0.5 mg/ml, 500 pL) at 37 °C
for 30 min. The beads were washed three times with PBS buffer. Then 1 mL antisera
induced by immunogen 10 and 11 were added and incubated with the beads for 30 min at
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37 °C. The supernatant (Antisera #) was separated by applying magnet and used for ELISA
analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

SPR data processing was carried out using the BIAcore T200 evaluation software to subtract
appropriate blank references and to fit the sensorgrams globally with a 1:1 Langmuir
binding model. Rabbit antisera elicited by the same immunogen were mixed for
immunological evaluation. ELISA data were presented as means of triplicates. PGT128 and
10-1074 ELISA data were processed by fitting a sigmoid.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. A cyclic 33-mer V3 glycopeptide was identified as a mimic of neutralizing
epitopes
. A novel three-component glycopeptide immunogen was constructed via click
chemistry
. The glycopeptide immunogen induced substantial glycan-dependent antibody
response

. The glycan-dependent antibodies showed recognition of HIV-1 gp120 across
clades
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Figure 1. Synthesis of gp120 V3 glycopeptide carrying N-glycan by chemoenzymatic method
A) Synthesis of 46-mer V3 glycopeptide. B) Structure of truncated 33-mer and 20-mer V3

peptides.
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Figure 2. Binding of the synthetic V3 glycopeptides to the bNAb PGT128 and 10-1074
A) ELISA analysis of the binding of the synthetic V3 glycopeptides to PGT128 and 10—

1074. Streptavidin was coated on the microtiter plates and biotinylated V3 glycopeptide (2
pg/mL) were immobilized. PGT128 and 10-1074 1gGs were titrated with two-fold serial
dilutions starting from 20 pg/mL; B) SPR binding of the V3 high-mannose glycopeptides to
PGT128 and 10-1074. The biotinylated V3 glycopeptides were immobilized on CM5 chips
coated with neutravidin. PGT128 and 10-1074 IgGs were flowed through as analytes. The
sensorgrams were recorded with two-serial dilutions starting at the highest concentration of
500 nM. Data were fit with a 1:1 Langmuir binding model (fitting was shown in black line).
Kp was given in M.
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Figure 3. Synthesis of three-component immunogen 10 and 11
Alkyne V3 glycopeptide 8 was prepared by the chemoenzymatic method. The final click

reaction was performed in DMF using copper () acetate as the catalysis. The compounds
carrying the Pam3zCSK, were purified by RP-HPLC on a polar CN column.
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Figure 4. HPLC and ESI-MS analysis of the synthetic three-component glycopeptide/peptide

immunogens

A) The three-component glycopeptide immunogen (10); B) The three-component non-

glycosylated peptide immunogen (11).
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Figure 5. ELISA binding of the rabbit antisera to gp120s
A) with JR-FL gp120; B) with CN54 gp120; C) with A244 gp120; D) with CON-S gp120.

Gp120s were coated on the microtiter plates (2 ug/mL). The rabbit antisera induced by the
immunogen 10 and 11 were titrated with two-fold serial dilutions starting from 1:50
dilution. Titer (endpoint titer) was defined as the last highest dilution gives an optical density

of 0.1 or greater than the control.
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Figure 6. ELISA analysis of the binding of the antisera raised by three-component immunogens
(10 and 11) to the synthetic V3 glycopeptides 1-6 (coating antigens)

A\) the antisera induced by the three-component peptide immunogen 11; B) the antisera
induced by the three-component glycopeptide immunogen 10; C) the antisera induced by the
peptide immunogen (11) that were pretreated with magnetic beads carrying V3 peptide 4 to
depress the V3 peptide-specific antibodies; D) the antisera induced by the glycopeptide
immunogen (10) that were pretreated with magnetic beads carrying V3 peptide 4 to depress
the V3 peptide-specific antibodies; E) Endpoint titers of the ELISA binding between the
rabbit antisera and V3 glycopeptides, which were derived from A-D).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

PGT128 Prof. Pamela Bjorkman Lab N/A
10-1074 Prof. Pamela Bjorkman Lab N/A
Horseradish peroxidase-conjugated goat anti-human 1gG (H + L) antibody | SeraCare Life Sciences (Maryland) | 04-10-06
Horseradish peroxidase-conjugated goat anti-rabbit 1gG (H + L) antibody SeraCare Life Sciences (Maryland) | 04-15-06
Chemicals, Peptides, and Recombinant Proteins

Fmoc-PAL-PEG-PS resin Thermo Fisher Scientific GEN913383
Fmoc-Asn(Ac;GIcNAc)-OH Toonstra et al., 2016 N/A
MangGIcNAc Huang et al., 2009 N/A
EndoANt71A Huang et al., 2009 N/A
PamsCys-OH Sigma-Aldrich 670820
D(+)-Biotin Acros Organic 230090010
4-pentynoic acid Acros Organic 213730010
Fmoc-6-aminohexanoic acid ChemPep Inc 180102
Fmoc-Lys(N3)-OH ChemPep Inc 101227
N,N-Dimethylformamide Fisher Chemical BP1160-4
Dichloromethane Thermo Fisher Scientific GEN902017
Diethyl ether Thermo Fisher Scientific 615080010
DMSO Thermo Fisher Scientific 610420010
Trifluoroacetic acid Acros Organics 293811000
Piperidine Alfa Aesar Al12442
Acetonitrile Fisher Chemical A998-4
Copper (1) acetate Sigma-Aldrich 403342
TMB 1-Component Microwell Peroxodase Substrate SeraCare Life Sciences (Maryland) | 53-00-02
Sodium caseinate Sigma-Aldrich C8654
Magnesium chloride Sigma-Aldrich M8266
Tween 20 Bio-Rad 1706531
HBS-P buffer 10x GE healthcare BR100671
Neutravidin protein Thermo Fisher Scientific 31000
Critical Commercial Assays

Amine coupling kit | GE healthcare | BR100050
Experimental Models: Organisms/Strains

New Zealand White Rabbit | Spring Valley Laboratories | N/A
Software and Algorithms

Xcalibur v2.0.7 SP1 Thermo Fisher Scientific N/A
BlAcore T200 evaluation software GE healthcare N/A

MagTran deconvolution software

Gundry Research Group
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other
Sensor chip CM5 GE healthcare BR100012
96-well ELISA plate Santa Cruz Biotechnology SC-204463
Streptavidin magnetic beads New England BioLabs S1420S
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