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ABSTRACT: Herein, we report a method for in vitro
selection of multivalent glycopeptides, combining mRNA
display with incorporation of unnatural amino acids and
“click” chemistry. We have demonstrated the use of this
method to design potential glycopeptide vaccines against HIV.
From libraries of ∼1013 glycopeptides containing multiple
Man9 glycan(s), we selected variants that bind to HIV broadly
neutralizing antibody 2G12 with picomolar to low nanomolar
affinity. This is comparable to the strength of the natural
2G12−gp120 interaction, and is the strongest affinity achieved
to date with constructs containing 3−5 glycans. These glycopeptides are therefore of great interest in HIV vaccine design.

Antibody 2G12, isolated from an HIV positive individual,
binds and neutralizes a broad range of HIV strains,1 and

provides sterilizing immunity against SHIV challenge in
macaque models of infection.2 2G12 recognizes an epitope
comprised of 2−4 high mannose (Man9GlcNAc2) glycans on
the surface of HIV envelope protein gp120,3 and glycopeptides
that precisely mimic this glycan clustering and presentation may
be useful as vaccines to “re-elicit” 2G12-like antibodies in vivo.4

Glycans clustered on carbohydrate,5 peptide,6 and protein
scaffolds,7 as well as phage particles8 and yeast9 have been
tested for this purpose, but with little success. In part, this may
be due to the difficulty of designing structures in which the
clustering of glycans faithfully mimics that of the 2G12 epitope
on gp120. Indeed, most of these structures were recognized by
2G12 with orders of magnitude weaker affinity than was gp120,
suggesting that they were not optimal mimics of the 2G12
epitope.
We have recently approached the problem of designing 2G12

epitope mimics by developing a directed evolution-based
strategy, SELMA, in which a DNA backbone evolves to
optimally cluster the epitope glycans.10 However, we have also
been interested in the directed evolution of glycopeptides,
given their relevance in both HIV and cancer vaccine design.
Although many powerful methods are available for in vitro
selection of peptides, comparatively little has yet been
published on in vitro selection of glycopeptides. Recently,
phage display with chemically modified phages enabled
selection of peptide 5-mer sequences containing a single
central mannose monosaccharide from ∼106 sequences.11 In an
alternative approach, a single mannose was chemically attached
to the N-terminal position of a 7-mer phage-displayed library of

∼108 sequences, although selections with this library have not
yet been reported.12 Because carbohydrate HIV epitopes
contain multiple glycans,3 it was essential that our selection
method allow access to multivalent glycopeptides containing
several glycans at variable positions, supported by a significant
peptide framework. Herein, we report the development of such
a method, based on “click”13 glycosylation of mRNA-displayed
peptide libraries of ∼1013 sequences.14 We demonstrate the
usefulness of this method in HIV antigen design, using it to
obtain 33-mer glycopeptides containing 3−5 high-mannose
nonasaccharides, which are tightly recognized by broadly
neutralizing HIV antibody 2G12, with KD’s as low as 500 pM.
Figure 1 illustrates how glycopeptide selection can be

achieved by the combination of chemical synthesis, “click”
chemistry (CuAAAC, or copper-assisted azide alkyne cyclo-
addition),13 mRNA display selection,14 and codon reassign-
ment15 using PURE system cell-free translation.16 In mRNA
display (Figure 1A), mRNA encoding the desired peptide
library is cross-linked to a 3′ puromycin oligonucleotide. The
peptide library is then generated by ribosomal translation of the
mRNAs, but when the ribosome stalls near the puromycin
oligonucleotide, puromycin enters the ribosome active site and
forms a covalent bond to the C-terminus of the nascent
peptide. In this way, the peptide is covalently attached to its
encoding mRNA, and peptides that survive selection can be
“amplified” by (1) PCR amplification of their cDNA, followed
by (2) transcription/translation of the PCR products. When
translation is done with PURE system (Figure 1B), then
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noncanonical amino acids can be incorporated into the
peptides by substituting them for canonical amino acids in
the translation mixture.16b For our purposes, methionine is
omitted and replaced by homopropargylglycine (HPG, Figure
1B), which is accepted by translational machinery and
incorporated in every position encoded by the Met (AUG)
codon of the mRNA. Alkynes in the peptides can then be
“click”-glycosylated with Man9 azide10b,c through CuAAAC.
This glycosylation through a triazole linkage is non-natural;
however, it is still useful for creating oligosaccharide−peptide
conjugates that mimic biological functions in vitro and in
vivo,17 and this linkage will be resistant to potential digestion by
glycoamidases in vivo.17c Additionally, the low natural incidence
of Met codons and the possibility of substitution of Met with
HPG in Met-depleted cells may enable broad applications.17b,d

The overall selection process is illustrated in Figure 1C,D.
DNA encoding the random library is transcribed and translated
to generate mRNA-displayed alkynyl peptides (mRNA-peptide
fusions), in which alkynes are located in very diverse
arrangements. After reverse transcription to protect the
mRNA as its cDNA duplex (Supporting Information Figure
S1), “click” chemistry is then used to attach Man9 azides to the
library alkynes,10b generating the glycopeptide library. The
fraction of glycopeptides that contains the most favorable
arrangements of glycans to bind to 2G12 is then selected from
the library, and cDNAs of round 1 selection winners are
amplified by PCR to afford the second-generation library in
DNA form. The process is then repeated until multivalent

glycopeptides are obtained, which have high-affinity for the
target lectin.

■ RESULTS AND DISCUSSION

Figure 1C shows the design of the libraries used in this study.
We employed two libraries of ∼33-mer peptides with
glycosylation sites located either in “fixed” or in “variable”
locations. In the starting “fixed” library, every sequence
contained glycosylation sites at positions 1, 12, and 23, with
a 1.6% frequency of additional glycosylation at all random
positions (corresponding to the unbiased statistical frequency
of the AUG codon). In the “variable” library, only the first
position was fixed as a glycosylation site (due to the necessity of
the AUG codon for the translation start), and all other
positions were random, but with codons doped (Supporting
Information, note 1) to yield an increased (5%) frequency of
glycosylations.
These libraries of ∼1013 sequences were then subjected in

parallel to 10 rounds of selection for binding to 2G12. mRNA-
displayed-glycopeptides were incubated with successively lower
concentrations of 2G12, and bound complexes were retrieved
from solution alternately with Protein A or Protein G magnetic
beads. Bound fusions were eluted by heating, in which the
gp120-binding activity of 2G12 was selectively inactivated
without harming the nucleic acid tags (Supporting Information
Figure S2).
Figure 2A shows the percent recovery of the library after

each round of selection, as monitored by scintillation counting

Figure 1. In vitro selection of glycopeptides. (A) Covalent linkage of nascent peptide to its mRNA, mediated by attachment to mRNA-linked
puromycin inside the ribosome. (B) Use of PURE system to incorporate alkynes via the AUG codon and CuAAAC “click” chemistry glycosylation
with with the synthetic Man9-azide. (C) Peptide libraries used in this study. The “fixed” library contains three constant glycosylation sites, whereas
the “variable” library contains only one constant glycosylation site, at position 1. The random regions of both libraries are followed by a flexible linker
and a His6 tag. Puromycin attached to mRNA is covalently linked to C-terminal arginine residues in translation.16b (D) Scheme for selection of
2G12-binding glycopeptides. The library DNA is comprised of T7 promotor (PT7), ε-enhancer followed by Shine−Dalgarno sequence (SD), the
open reading frame (ORF) of the peptide, and the constant region including the sequence for annealing and photocross-linking the mRNA to a
puromycin-containing oligonucleotide.
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of radioactive 35S-cysteine or 3H-histidine. Because the recovery
after round 2 was quite high (∼10%), we increased stringency
by adding 100 mM mannose as a competitor in all subsequent

rounds. Glycan-independent binders were removed from the
library in rounds 4 and 6 by counterselection of the library prior
to the CuAAAC reaction. Counterselections without 2G12
(Protein A or Protein G beads only) were used starting at
round 7 to remove possible bead binders. Selection rounds 1−7
were performed at room temperature, and rounds 8−10 were
performed at 37 °C, to remarkable effect (vide infra).
By the end of round 7, library binding to 100 nM 2G12 had

grown to a high level (Supporting Information Figure S4a).
However, an undesired trend toward very high multivalency
was also observed throughout these room-temperature
selection rounds. This can be seen by SDS-PAGE of the
nuclease P1-digested library just prior to each selection round
(Figure 2B, red arrows), where separate bands are visible for
library species containing different numbers of glycans. This
interpretation was confirmed by sequencing of round 7 clones
(Supporting Information Table S1), which showed that nearly
all peptides contained 6−12 glycosylation sites. One of these,
peptide 7V8 (Table 1, entry 3), exhibited a KD of 17 nM for
binding to 2G12. Although this 2G12 recognition is tighter
than that of most reported oligomannose clusters,5−9,18 6−12
glycans is far more than the number of gp120 glycans thought
to be involved in 2G12 binding (3−4).3 Moreover, none of the
sequences obtained were replicates, indicating that the library
had not yet converged to the best possible sequences; therefore,
we continued the selection.
To address the high multivalency concerns, we decided to

carry out subsequent selection rounds at 37 °C because of a
striking temperature effect we had recently observed in related
studies with our SELMA selection of glycosylated DNA
libraries.10c In that work, we had found that increasing the
temperature of the 2G12 selection step to 37 °C dramatically
favored sequences with lower multivalency and much stronger
binding. After applying this modification to the next three
rounds of glycopeptide selection, we were delighted to see a

Figure 2. (A) Selection conditions and percentage of radioactivity
(counts per min) in eluted fractions. Concentrations of the 2G12
listed for the selection are prior to addition of protein G or protein A
magnetic beads. (B) Profiling of the distribution of the putative
number of glycans in library peptides before selection (“n” on the right
on the gel). Red boxes indicate enrichment of low-valent glycopeptides
in 37 °C selection rounds.

Table 1. Binding Constants of Selected and Nonselected Glycopeptides

aOnly the sequence of the random region (positions 1−33) is shown. All peptide sequences used in the 2G12-binding assay were followed by a
linker, a His6-tag, and a FLAG-tag (GSGSLGHHHHHHRDYKDDDDK) for purification and radiolabeling purposes. Blue “m” denotes potential
Man9-glycosylation sites encoded by the AUG codon. The observed consensus motif is highlighted in yellow. b,cIn the assay, the peptides were
radiolabeled with 35S-cysteine (for peptides containing cysteine) or 3H-histidine (for peptides not containing cysteine), and incubated with various
concentrations of 2G12, and 2G12−peptide complexes were isolated with magnetic protein G beads. Percentages of the fractions bound were
calculated from radioactivity measured by liquid scintillation counting (see Experimental Section for details). KD and Fmax (maximum fraction
bound) were calculated by fitting Fbound = (Fmax [2G12])/(KD + [2G12]) to average data points. Errors reported are the standard error of the curve
fit. dNot determined.
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parallel trend in the results: low-valent binders, barely visible in
the whole-library gel at the beginning of round 8, completely
took over both libraries (Figure 2B, red boxes).
Sequencing of 24 clones from each library (Table 1 and

Supporting Information Table S2) confirmed the low number
of glycosylations (3−4 in most sequences) and revealed a high
degree of sequence convergence. Many repeat sequences were
observed, as was a peptide consensus motif, mxSIP(−/
x)YTY(L/xW)(−/x)P, where m denotes Man9-HPG and x
denotes a variable amino acid (yellow highlights). This motif
was present in some clones from both libraries, and apparently
arose from convergent evolution in multiple sequence families,
as it is located sometimes early, sometimes late in the
sequences. Ten glycopeptides were prepared without mRNA
tags by in vitro translation without the puromycin linker
(Supporting Information Figures S3 and S5), and KD’s were
determined by incubation of the glycopeptide with various
concentrations of 2G12, followed by capture on Protein G
beads and quantification of radioactivity. All 10 of the tested
glycopeptides were recognized tightly by 2G12, with KD’s in the
range of 0.5−5 nM, similar to the strength of 2G12−gp120
interaction (Table 1 and Supporting Information Figure S6).19

Some of these peptides lacked the peptide consensus motif, and
all were dependent on glycosylation for 2G12 binding (Figure
3A), indicating that the glycans are the major element
recognized by the antibody. This was further confirmed by
studies showing a significant reduction in binding in the
presence of 0.5 M mannose. Moreover, a reduction in binding
observed with 200−800 nM recombinant gp120 (Figure 3A/B)
added to the assay shows that our glycopeptides compete with

gp120 for binding its site on 2G12. In contrast to round 10
selected peptides, clones picked from the libraries prior to
selection showed very little binding to 2G12 at concentrations
up to 128 nM (Table 1 and Supporting Information Figure S7),
indicating that not all peptide backbones are suitable for highly
antigenic presentation of the carbohydrates.
To confirm that the results presented in Table 1 were not

artifacts of ribosomal translation, we chemically synthesized and
characterized glycopeptide 10F2 and confirmed its 2G12
binding affinity in an alternate assay, BioLayer Interferometry,
(BLI).20 For preparation of this long peptide, we employed
Pentelute’s new rapid flow solid-phase peptide synthesis

Figure 3. Importance of glycans in binding of selected glycopeptides
to 2G12 and competition with gp120. (A) Competition of
glycopeptide binding to 2G12 with gp120 and mannose and
glycosylation-dependent binding. (B) Competition of glycopeptide
binding to 2G12 with varied concentrations of gp120.

Figure 4. (A) Preparation of synthetic 10F2 glycopeptide and
attachment of biotin for immobilization to streptavidin surface. (B)
BioLayer Interferometry (BLI) measurement of 2G12 interacting with
surface-immobilized synthetic 10F2 glycopeptide. kon and koff errors
are standard errors of the curve fit, and the KD error is propagated
from those values.
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method,21 in which activated amino acids are flowed through a
thermally heated reactor containing peptide synthesis resin. In
this manner, we readily obtained alkyne-containing peptide 1,
in which the C-terminal His6 tag of the ribosomal peptide was
replaced by an -StBu-protected cysteine (Figure 4A). CuAAAC
glycosylation proceeded to near completion, and HPLC
purification afforded the desired glycopeptide 2, whose identity
was confirmed by mass spectrometry (Supporting Information
Figures S8,S9). Reductive deprotection of the cysteine and
immediate trapping with a maleimide-biotin reagent appended
the biotin necessary for immobilization to the streptavidin
biosensor surface used in the BLI assay. After immobilization of
the biotinylated glycopeptide 3 on the sensor, 2G12 was
associated to the surface at several concentrations, followed by
dissociation in blank buffer (Figure 4B and Supporting
Information Figure S4). The resulting response curves were
fit globally to a 1:1 binding model and afforded rate constants
of kon = (11.1 ± 0.4) × 104 M−1 s−1 and koff = (1.51 ± 0.02) ×
10−4 s−1, corresponding to a KD of 1.37 ± 0.02 nM. This affinity
measurement is in reasonable agreement with the measurement
of ribosomally translated 10F2 in our bead-based assay.
Moreover, this interaction is both kinetically and thermody-
namically comparable to that measured for the 2G12−gp120
interaction (kon = 6.6 × 104 M−1s−1, koff = 3.8 × 10−4 s−1, KD =
5.8 nM).19

The 2G12 recognition observed for our Man9 glycopeptides
represents an enhancement of up to ∼360 000-fold as
compared to monovalent Man9 glycan (KD = 180 μM).18f

Although Wong has prepared Man9 dendrimers that bind 2G12
with KD’s down to 3.1 nM, that level of binding was achieved
only with 9- and 27-mers, whereas 610 nM binding was
observed with trivalent Man9 dendrimers. Taken together, these
data suggest that the clustering and/or support of Man9 by
neighboring elements in our glycopeptides results in better
mimicry of the 2G12 epitope than previous Man9 presentations.
However, it is important to note that this high antigenicity (the
ability to bind 2G12) does not necessarily ensure the desired
immunogenicity (the ability to stimulate production of
antibodies with 2G12-like specificity). Nevertheless, these
evolved glycoclusters are extremely interesting candidates for
in vivo immunogenicity studies.

■ CONCLUSION
We have successfully demonstrated the in vitro selection of
multivalent glycopeptides from diverse libraries (∼1013
sequences). We have shown that the use of higher temperature
in the target binding step of selection favors glycopeptides with
lower multivalency, an effect that parallels what we observed in
our SELMA selection of glycosylated DNAs.10 We expect that
this approach can be used to design multivalent carbohydrate
vaccines targeting additional HIV or cancer epitopes, as well as
multivalent carbohydrate ligands for other lectins. The
glycopeptides and other conjugates thus obtained will be useful
tools in biological studies and potential therapeutic applica-
tions.

■ EXPERIMENTAL SECTION
Proteins and Ribosomes for PURE System Translation. Hexa-

histidine tagged IF1, IF2, IF3, EF-Tu, EF-G, EF-Ts, RF1, RF3, RRF,
MTF, MetRS, GluRS, PheRS, AspRS, SerRS, ThrRS, ArgRS, GlnRS,
IleRS, LeuRS, TrpRS, AsnRS, HisRS, TyrRS, ValRS, ProRS, AlaRS,
CysRS, LysRS, and GlyRS were expressed in Escherichia coli BL21 Star
(DE3) (Invitrogen) and purified as previously described.16a,b,22

Ribosomes were prepared combining the previously described
protocols22a,23,24 with some modifications. E. coli A19 was grown
and harvested as previously described.23 The pelleted cells were
washed with ∼300 mL of suspension buffer (10 mM HEPES-KOH,
pH 7.6, 10 mM magnesium acetate, 50 mM KCl, 7 mM β-
mercaptoethanol) and spun at 5000g for 15 min. The pelleted cells
were lysed in suspension buffer using a bead-beater, and the cleared
lysate was obtained by centrifugation as previously described.23 The
supernatant (∼20 mL) was mixed with the same volume of suspension
buffer containing 3 M (NH4)2SO4 and centrifuged at 36 000g for 30
min. The resulted supernatant was filtered through a 0.45 μm
membrane and subjected to FPLC purification to yield ribosomes as
previously described.22a,24

PURE System Translation. The PURE translation system with
homopropargylglycine instead of methionine was prepared as
previously described16a,b,e,22 with slight modifications. The reaction
contained 50 mM HEPES-KOH (pH 7.6), 12 mM magnesium acetate,
2 mM spermidine, 100 mM potassium glutamate, 1 mM dithiothreitol
(DTT), 1X cOmplete ULTRA, EDTA-free (Roche), 1 mM ATP, 1
mM GTP, 20 mM creatine phosphate (Calbiochem), 0.01 mg/L 10-
formyl-5,6,7,8-tetrahydrofolic acid, 0.04 ABS280 creatine kinase
(Roche), 0.85 units/mL nucleoside 5′-diphosphate kinase from bovine
liver (Sigma), 6.8 units/mL myokinase from rabbit muscle (Sigma),
100 units/mL inorganic pyrophosphatase, 48 ABS260 tRNA from E.
coli MRE 600 (Roche), 20 μg/mL MTF, 10 μg/mL IF1, 40 μg/mL
IF2, 10 μg/mL IF3, 10 μg/mL EF-Tu, 50 μg/mL EF-Ts, 50 μg/mL
EF-G, 10 μg/mL RF1, 10 μg/mL RF3, 10 μg/mL RRF, 0.66 μM
MetRS, 0.23 μM GluRS, 0.027 μM PheRS, 0.21 μM AspRS, 0.45 μM
SerRS, 0.011 μM ThrRS, 0.021 μM ArgRS, 0.27 μM GlnRS, 0.11 μM
IleRS, 0.093 μM LeuRS, 0.23 μM TrpRS, 0.094 μM AsnRS, 0.21 μM
HisRS, 0.18 μM TyrRS, 0.089 μM ValRS, 0.031 μM ProRS, 0.070 μM
AlaRS, 0.41 μM CysRS, 0.18 μM LysRS, 0.024 μM GlyRS, 1.2 μM
ribosomes, a mixture of 17 natural amino acids (3 mM each), with
methionine, cysteine, and histidine omitted and preadjusted pH to 7.6
with KOH, and 3 mM L-homopropargylglycine (Chiralix). To label the
peptide radioisotopically, the reactions also contained L-[35S]-cysteine
(Perkin-Elmer) or [2,5-3H]-L-histidine (Moravek Biochemicals) in
concentrations totaling 0.002−3 mM together with nonradioactive
cysteine/histidine. These reactions were assembled on ice and initiated
by the addition of mRNA (0.5−1.0 μM), followed by incubation at 37
°C for 1 h for mRNA display or 2 h for individual free peptide
translation.

Click Reaction (Optimized Procedure Used in Rounds 2−10
of Selection, and in Preparation of Individual Peptides for
Binding Studies). Man9-azide was synthesized as previously
described.10b The click reaction was performed combining the
previously described protocols10b,25 with some modifications. The
dry pellets of peptides or fusions in 0.5 mL microcentrifuge tubes were
redissolved in 2.5 μL of 200 mM HEPES-KOH (pH 7.6) and 10 mM
aminoguanidine hemisulfate (mixture A). In the case of fusions,
∼0.05% (v/v) Triton X-100 was also added to the solution. 2.5 μL of a
freshly prepared solution of 2 mM CuSO4, 2 mM Tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA) ligand, and 6 mM
Man9-azide was transferred to a capless 0.5 mL microcentrifuge tube
(mixture B). Three microliters of a freshly prepared solution of 2.5
mM Man9-azide and 0.83 mM THPTA was added to a capless 0.5 mL
microcentrifuge tube (mixture C). Sodium-L-ascorbate (less than 10
mg) was transferred to a capless 0.5 mL microcentrifuge tube. Next,
the microcentrifuge tubes containing mixtures A, B, and C, and
sodium-L-ascorbate were purged under argon flow in the following
manner. The microcentrifuge tubes were carefully positioned at the
bottom of a 25 mL two-neck pear (pointy-bottom) flask. Positive
argon pressure was applied through one neck, while a rubber septum
with a purge needle was used to vent the system from the other neck.
After 1 h of efflux, the septum was removed, and, under Ar efflux, a
pipet was inserted into the flask to add mixture B to mixture A. The
sodium ascorbate was dissolved in degassed H2O to a final
concentration of 100 mM, and 0.5 μL was added to the tube
containing mixtures A and B. After recapping followed by 15 min of Ar
purge, the vent needle was removed to keep the system under positive
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pressure. After an additional 1 h and 15 min, mixture C and an
additional 0.25 μL of 100 mM sodium ascorbate were added to the
reaction. After recapping and another 15 min of Ar purge, the vent
needle was removed. After an additional 1 h and 15 min, the click
reaction mixture was taken out from the flask and quenched with 1.25
μL of 10 mM EDTA (pH 8.0). At this point, the total reaction volume
was reduced to ∼2−3 μL due to evaporation.
mRNA Display Selection. General Information. The libraries of

glycopeptide-mRNA-DNA fusions were prepared by modifying the
previously described protocol to prepare the unnatural peptide-
mRNA-DNA fusions with PURE system.16e The fusions were
radiolabeled with 35S-cysteine (rounds 1 and 2) or 3H-histidine
(rounds 3−10), and the yields in various purification steps were
monitored by liquid scintillation counting. During the procedure, the
integrity of the fusion formation was checked by SDS-PAGE with
visualization by autoradiography (in rounds 1 and 2) or fluorography
(in rounds 3−10). Here, we describe the procedure in selection round
1 at first, and then the modifications in rounds 2−10, divided into
subsections.
Preparation of Puromycin-Linked mRNA in Round 1. The

puromycin-linked mRNA for selection round 1 was prepared as
follows. The antisense strands of synthetic library DNA (the fixed
library, 5′-CTAGCTACCTATAGCCGGTGGTGATGGTGG-
TGATGACCCAGAGAACCGGAGCCN30CATN30CATN30CATTT-
AGCTGTCCTCCTTACTAAAGTTAACCCTATAGTGAGTCG-
TATTA-3′, and the variable library, 5′- CTAGCTACCTATAG-
CCGGTGGTGATGGTGATGGTGGCCTAAGCTACCGGAGCC-
(SNn)32CATTTAGCTGTCCTCCTTACTAAAGTTAACCCTA-
TAGTGAGTCGTATTA, where uppercase N is an equimolecular
mixture of G, A, T, and C; S is an equimolecular mixture of G or C;
lowercase n is a mixture of 40% T, 20% A, 20% G, and 20% C) were
purchased from W.M. Keck Biotechnology Resource Laboratory, Yale
University. The regions involved in the open reading frame in the
constant regions of the two libraries were designed to have identical
amino acid sequence but were not identical in nucleotide usage, so that
the libraries would be PCR-amplified with different primer sets. The
fixed and variable library DNAs purified by denaturing polyacrylamide
gel electrophoresis (PAGE), 780 and 300 pmol, respectively, were
transcribed in the presence of 1.2 equiv of the DNA containing T7
promotor sequence (5′-TAATACGACTCACTATAGGGTTAACTT-
TAG-3′) using MEGAshortscript kit (Ambion). The transcripts were
purified by denaturing 5% PAGE and photocross-linked with
puromycin-containing oligonucleotide XL-PSO, Xuagccggu-
gA15ZZACCP, where X is C6 psoralen, lowercase nucleotides have
2′OMe, uppercase A and C are DNA, Z is Spacer 9, and P is
puromycin (W.M. Keck Biotechnology Resource Laboratory, Yale
University), by 365 nm UV irradiation as previously described.26

Translation To Form Alkynyl Peptide−mRNA Fusions in Round 1.
The radiolabeled alkynyl peptide−mRNA fusions for round 1 selection
were produced as follows. The peptide−mRNA fusions were
translated from 1 μM RNA, of which ∼50% was cross-linked with
the puromycin-containing oligonucleotide XL-PSO, in 5.2 mL of
PURE system translation reactions containing [35S]-cysteine for 1 h at
37 °C. Following translation, KCl and magnesium acetate were added
to facilitate fusion formation,27 incubated for a 15 min at room
temperature, and frozen as previously described.16b,e

Purification and cDNA Synthesis of Fusions in Round 1. The
mRNA−peptide fusions were captured on oligo(dT) cellulose
(Ambion), washed as previously described,26b and eluted with 0.1%
(v/v) Tween-20 followed by 0.22 μm-filtration and ethanol
precipitation. The recovered library fusions were purified with Ni-
NTA agarose (Qiagen) under a denaturing condition to remove
mRNA not fused with peptide using a procedure similar to one
previously described,16e and desalted by gel filtration using NAP-5
columns (GE Healthcare) with the gel filtration buffer (10 mM Tris-
HCl, pH 7.5, 1 mM EDTA, pH 8.0, 5 mM β-mercaptoethanol, 0.2%
(v/v) Triton X-100) according to the manufacturers’s protocol. The
fusions were pelleted by ethanol precipitation, and cDNA was
synthesized using Superscript III Reverse Transcriptase (Invitrogen)
with RT primers (5′-T15GTGATGGTGGTGATGACCCAGAG-3′ for

the fixed library, 5′-T15GTGATGGTGATGGTGGCCTAAGC-3′ for
the variable library) in the presence of Superase-In (Ambion) and
0.1% (v/v) Triton X-100 according to the manufacturer’s protocol.
The reverse transcribed fusions were pelleted by ethanol precipitation.

Click Glycosylation of Fusions in Round 1. In round 1, the click
reaction of fusions was not yet optimized and had to be done twice to
give the desired glycosylation efficiency. The first click reaction was
done under Ar with a setting as described in the section of “click
reaction” but with slightly different conditions: The starting volume
was ∼6 times larger, THPTA concentration was twice, and the
addition of THPTA, Man9-azide, and sodium ascorbate in the middle
of the reaction was not carried out. Because some insoluble pellets
were observed at this point, the pellets were collected after click
reaction by centrifugation and purified with Ni-NTA agarose under
denaturing condition as described above. The eluted fusions were
combined with the saved soluble fractions and desalted by gel filtration
and ethanol precipitation. The recovered fusions were resubjected to
glycosylation using a condition similar to the optimized protocol as
described in the section entitled “click reaction” and then ethanol-
precipitated.

Selection in Round 1. The pellets of glycosylated peptide-mRNA-
cDNA fusions were redissolved in 500 μL of selection buffer (20 mM
Tris-HCl, pH 7.5, 100 mM NaCl, 0.1% v/v Triton X-100). The fixed
and variable library fusions (yields of 23.0 and 14.4 pmol, equivalent to
1.4 × 1013 and 0.86 × 1013 sequences, respectively) were individually
incubated with 100 nM 2G12 (Polymun Scientific) in 500 μL of
selection buffer at room temperature. 100 μL of 30 mg/mL Dynabeads
Protein G magnetic beads (Invitrogen) in selection buffer was added
to the mixture and kept suspended by tumbling for 20 min at room
temperature to capture complexes. The beads were magnetically
isolated and washed with 3 × 500 μL of selection buffer. To elute the
2G12-binding fusions, the beads were resuspended in 100 μL of
selection buffer, heated at 70 °C for 30 min, chilled on ice for 5 min,
and incubated at room temperature for 10 min with tumbling. The
supernatant was recovered, and the beads were rinsed with 2 × 100 μL
of selection buffer. These solutions were combined as an eluted
fraction.

PCR Amplification of cDNA of Selected Fusions in Round 1. The
cDNAs of eluted fractions were amplified by PCR using Taq DNA
polymerase (Roche) with the forward primer (library FP1 5′-
TAATACGACTCACTATAGGGTTAACTTTAGTAAGGAGG-3′)
and the reverse primer (5′-CTAGCTACCTATAGCCGGTGGTG-
ATGGTGGTGATGACCCAGAG-3′ for the fixed library; 5′-CTAG-
CTACCTATAGCCGGTGGTGATGGTGATGGTGGCCTAAGC-
3′ for the variable library). The amplified DNAs were purified by
phenol extraction and ethanol precipitation, and used for the
transcription of the next selection round.

Modification of the Procedures in Rounds 2−10 and Sequencing.
The fusion preparation and purification procedures were repeated for
10 rounds except for the following changes. In rounds 3−10, the
transcripts were purified using MEGAclear kit (Ambion) and cross-
linked with XL-PSO. The puromycin-modified RNA was then purified
with denaturing PAGE with the visualization of Gel Indicator RNA
Staining Solution (Biodynamics Laboratory), and 0.5 μM was used in
translation reaction in the presence of 3H-histidine. In rounds 2−10,
the translation volume was reduced to 0.22−0.52 mL, and purifications
and following procedures were scaled accordingly. Ni-NTA agarose
affinity purification was done only once after oligo(dT) cellulose
purification, except in round 2, in which fusions after reverse
transcription were repurified with Ni-NTA agarose and desalted as
described above. In round 2 and all subsequent rounds, the click
reactions were done only once in the same or similar conditions as
described in the “click reaction” section. In the selection parts, the
essential differences of the conditions between selection rounds were
as summarized in Figure 2A. In the rounds with Dynabeads Protein A
(Invitrogen), bead amounts were twice as much as protein G beads,
because the 2G12-capturing capacity of Dynabeads protein A was
lower than that of Protein G. In the rounds with 100 mM mannose,
binding reactions and the first two wash steps were with mannose, but
not in the third wash and elution steps. In rounds 4 and 6, the
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unglycosylated library was negatively selected for binding to 100 nM
2G12 with protein G magnetic beads in the absence of mannose, to
remove glycan-independent binders. In rounds 7−10, the negative
selections were done in the presence of 100 mM mannose prior to the
positive selections, to remove glycopeptides that bind to Protein A or
G magnetic bead binders. For sequencing after the selection in rounds
7 and 10, the PCR-amplified DNA was cloned into pCR2.1-TOPO
vector (Life Technologies) without colony color selection to avoid
unintentional biases.
Nuclease-Digestion of Library Fusions. To monitor the

number of glycans on the peptides in the fusions in every selection
round, a part of the cDNA-RNA-glycopeptide fusions (0.05−1 pmol)
was removed after the click reaction and desalted by ethanol
precipitation in the presence of linear acrylamide carrier (Ambion).
The recovered fusions were diluted in 6−7 μL of 200 mM ammonium
acetate (pH 5.3) with 1 unit of nuclease P1 (Sigma), and incubated at
37 °C for 1 h to digest nucleic acids. The solutions then were
neutralized with Tris buffer and analyzed by SDS-PAGE.
Preparation of Individual Peptides and Glycopeptides. To

generate peptides from individual clones, the plasmids were used as
templates for PCR with primer sets (library FP1 and 5′-
C T A G C T A C C T A T T T G T C A T C G T C G T C T T T A -
TAATCCCGGTGGTGATGGTGGTGATGACCCAG-3′ for the
fi x ed l i b r a r y membe r s o r CTAGCTACCTATTTGT-
CATCGTCGTCTTTATAATCCCGGTGGTGATGGT -
GATGGTGGCCTAA-3′ for the variable library members), and the
PCR products were used for T7 transcription. The resulting mRNAs
were purified by denaturing PAGE or MEGAclear kit (Ambion), and 1
μM RNA was used in PURE system translation (reaction volume of
translation varied). Typically, 25 μL of translated reaction was diluted
with 100 μL of binding buffer (50 mM Tris-HCl, pH 7.8, 300 mM
NaCl, 5 mM β-mercaptoethanol) and 25 μL of Ni-NTA agarose
suspension (Qiagen), and tumbled at room temperature for 1 h. The
resins were transferred to 0.22 μm spin-filter rinsing with 100 μL of
bind buffer, and washed with 3 × 200 μL of bind buffer and 2 × 200
μL of wash buffer (50 mM Tris-HCl, pH 7.8, 5 mM β-
mercaptoethanol). The bound peptides were eluted with 2 × 25 μL
of 0.1% TFA. The eluted peptides were analyzed by MALDI-TOF MS,
using α-cyano-4-hydroxycinnamic acid matrix (Sigma), with or without
desalting with ZipTip C18 resin (Millipore). For calibration of MALDI-
TOF-MS, at least two of the following standards, bovine insulin, E. coli
thioredoxin, and/or horse apomyoglobin, were used. To quantitate
peptide yields, the radioactivities were measured by liquid scintillation
counting. For the click reaction, the translated and purified peptides
were mixed with 0.1% (v/v) Triton X-100, and then dialyzed against
H2O containing 0.1% (v/v) Triton X-100 using Slide-A-Lyzer MINI
Dialysis Devices, 3.5K MWCO (Thermo Scientific) overnight to
desalt. After dialysis, the peptides were divided into two portions: one
was glycosylated via the click reaction, while the other was saved as a
nonglycosylated peptide control. The peptides to be glycosylated
(typically less than 5 pmol) were evaporated by speedvac in a 0.5 mL
microcentrifuge tube for use in click glycosylation. Because the
efficiency of the click reaction was not always high with round 10
winners, crude glycosylated peptides were subjected to 2G12 affinity
purification to obtain the highest-clicked fraction, as follows. The
glycosylated peptide (<4 pmol) was incubated with 100 nM 2G12 in
selection buffer (40 μL) at room temperature. The solution was then
tumbled 30 min with 0.12 mg of equilibrated Dynabeads Protein G to
capture 2G12−glycopeptide complex. Beads were then washed with 3
× 40 μL of selection buffer and resuspended in 10 μL of selection
buffer. The resuspended beads were heated at 70 °C for 30 min to
denature 2G12 and elute glycopeptides, chilled on ice for 5 min, and
tumbled at room temperature for 10 min. The magnetically isolated
supernatant then was recovered, and the beads were rinsed with 10 μL
of selection buffer. The supernatant and the rinsed solution were
combined as the purified glycopeptide fraction, and the yields were
measured by liquid scintillation counting (the recovery of radioactivity
was typically in a range of 25−55% of input radioactivity).
SDS-PAGE of Nuclease-Digested Fusions and Glycopep-

tides. Unless otherwise noted, SDS-PAGE of nuclease-digested

fusions and glycopeptides was done as follows. A 4−20% gradient
precast gel (Bio-Rad) was run using a rapid protocol (300 V for 16−20
min). Precision Plus Protein Dual Xtra Standards (Bio-Rad) were used
as a molecular weight marker. To visualize the 35S-labeled peptides by
autoradiography, gels were soaked in fixing solution (22.5% acetic acid
and 5% ethanol) with shaking for 15 min, dried on filter paper, and
exposed to a phosphorimager screen to analyze using Storm
Phosphorimager (Amersham). To visualize the 35H-labeled peptides
by fluorography, gels were treated with NAMP100 Amplify Fluoro-
graphic Reagent (GE Healthcare) according to the manufacture’s
protocol, then dried and exposed to X-ray films at −80 °C.

Binding Curve and KD Determination of 2G12−Glycopep-
tide Interaction. For round 10 winners, 0.12−0.2 nM radioactive
glycopeptides were incubated with 0, 0.25, 0.5, 1, 2, 4, 8, 16, 32, or 64
nM 2G12 in 40 μL of selection buffer at room temperature for 1 h.
The solution then was added to 0.12 mg of pre-equilibrated
Dynabeads Protein G and tumbled at room temperature for 30 min.
The supernatant was removed, and the beads were washed with 3 × 40
μL of selection buffer. The radioactivities of the supernatant and wash
solutions were measured by liquid scintillation counting as unbound
fractions. Because the direct usage of the captured glycopeptides on
the beads in liquid scintillation counting partially suppressed the
radioactivity detection in the case of 3H-label, the bound glycopeptides
were eluted and separated from the beads in a following manner. The
beads were resuspended in 40 μL of selection buffer, heated at 70 °C
for 30 min to elute the bound glycopeptides, chilled on ice for 5 min,
and tumbled at room temperature for 10 min. The supernatant was
removed, and the beads were washed with 40 μL of selection buffer
and resuspended in 40 μL of selection buffer. The radioactivities of
these solutions and suspensions were measured by liquid scintillation
counting separately, and the values were combined as apparent bound
fractions. The measured radioactivity of the fraction that bound to the
beads without 2G12 (ranging from 0 to 6% of the total radioactivity in
the assay) was subtracted as background from the radioactivity bound
to the beads with 2G12, and the difference was divided by the total
radioactivity to determine the percentages bound to 2G12. For
glycosylated and nonglycosylated 7V8, the same procedure was done
except for the following changes: the volume of each solution was
reduced to 30 μL, 2 nM radioactive glycopeptide was incubated with 0,
3.125, 6.25, 12.5, 25, 50, or 100 nM 2G12, and 0.18 mg of Dynabeads
Protein G was used to capture 2G12. All experiments were done at
least in triplicate. KD’s were calculated as described in the footnote of
Table 1.

Analysis of Competition of Glycopeptides and gp120 or
Mannose for 2G12-Binding and Nonglycosylated Peptide
Binding to 2G12 of Round 10 Winners. The procedure was
essentially the same as described in the previous section with slight
modification as follows. The volume of binding reaction was 20−30
μL, and other volumes were also adjusted accordingly. 200 nM 2G12
in selection buffer was premixed with or without 400 nM 6xHis-tagged
gp120(JRFL)(HIV-1) (Immune Technology) or 1 M mannose, and
further mixed with the same volume of 0.4 nM radioactive
glycopeptides or nonglycosylated peptides for binding reaction. The
solutions were incubated at 37 °C for 30 min to equilibrate binding
competition and then incubated at room temperature for 30 min to
stabilize the complexes. Pre-equilibrated protein G magnetic beads
were added to give a final concentration of 6 mg/mL. The separation
of unbound fractions and bound fractions was done as described
above, except that 0.5 M mannose was added to the washing solution
in the case of mannose competition. All experiments were done at least
in triplicate.

Preparation of Synthetic Peptide 10F2 (1). The unglycosylated
peptide 10F2, fXHPYNTSRTSAXXAALKXQVTDXYALALFHRIL-
GSGSGC(StBu)A (f = formyl, X = homopropargylglycine) was
prepared by Fmoc solid-phase peptide synthesis using Pentelute’s
recent rapid flow-based method.21 76 mg (25 μmol scale) of trityl
ChemMatrix resin, loaded with 0.33 mequiv/g alanine by standard
procedures,28 was subjected to 39 cycles of peptide coupling and Fmoc
deprotection, with thermal heating to 60 °C (see Supporting
Information Table S3 for detailed conditions). Cysteine and histidine
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couplings were performed with a lower base concentration to avoid
racemization, and homopropargylglycine couplings were performed as
batch reactions to conserve amino acid. After N-terminal formylation
of p-nitrophenyl formate, the peptide was cleaved and deprotected
using cleavage cocktail B (87.5/5/5/2.5 TFA/water/Phenol/iPr3SiH),
and the peptide was triturated four times with cold ether to afford 38
mg of crude solid. Five milligrams of this was redissolved in 200 μL of
DMSO, diluted with 200 μL of water, and purified by RP HPLC
(Waters Symmetry 300 C4, 5 μm, 10 × 250 mm, 4 mL/min, 2−42%
MeCN in H2O w/0.1% Formic Acid, over 60 min, retention time 52
min) to afford 1.5 mg of product, corresponding to an overall SPPS
yield of 11% if the whole batch had been purified. LR ESI−MS: obsd
average base peaks 868.79 [M + 5H]5+, 1085.75 [M + 4H]4+, 1447.23
[M + 3H]3+, corresponding to 4338.9 obsd average mass, calcd average
mass 4339.9.
Glycosylation of Synthetic Peptide 10F2. 10F2 peptide (0.6

mg, 0.14 μmol, 1 equiv) and Man9-azide (1.5 mg, 0.97 μmol, 7.0
equiv) were combined in a 0.5 mL Eppendorf tube by evaporation of
stock solutions (tube A). A second tube was prepared, containing 9.8
μL (0.98 μmol, 3.0 equiv) of a 100 mM solution of THPTA ligand and
9.0 μL (0.90 μmol, 2.8 equiv) of a 100 mM solution of CuSO4 (tube
B), and the tube was evaporated to dryness. Sodium ascorbate (3.0
mg, 15.2 μmol, 47 equiv) was placed in a third tube (tube C). The
three tubes were placed in a two-neck pear (pointy-bottom) flask, and
nitrogen atmosphere was established by cycles of vacuum and nitrogen
refill. Under nitrogen efflux, 150 μL of DMSO (degassed by freeze−
pump−thaw) was added to dissolve the peptide and sugar in tube A,
and 75 μL of H2O (degassed by freeze−pump−thaw) was added to
dissolve the contents of each of tubes B and C. The contents of tube B,
and then tube C, were transferred by syringe to tube A. The resulting
homogeneous mixture was allowed to react under nitrogen
atmosphere for 20 h, at which time UPLC/MS analysis showed
nearly complete conversion. The reaction was quenched by addition of
TMEDA (1.5 μL, 3.22 μmol, 10 equiv.) and concentrated in vacuo.
The residue was purified by RP-HPLC (same column and gradient
method as for the unglycosylated 10F2 peptide, retention time 45
min) to afford pure glycopeptide 2. ESI−HRMS: obsd base peaks,
2058.0088 [M + 6H]6+, 2469.4028 [M + 5H]5+, 3086.7759 [M +
4H]4+, deconvoluted mass 12 334.962, calcd 12 334.980 ± 0.128.
Biotinylation of 10F2 Glycopeptide and Determination of

2G12 Binding by BLI (BioLayer Interferometry). 200 μg of 10F2
glycopeptide in 5.5 μL of water was treated with 6.5 mL of 50 mM
TCEP·HCl/1 M Tris-HCl buffer, pH 7.8, under nitrogen, using the
same inert gas setup employed in the click procedure. After 4.5 h, the
reaction mixture was injected into HPLC (Waters Symmetry, 300 C4,
5 μm, 4.6 × 250 mm, 1 mL/min, 2−42% over 60 min, retention time
46.8 min).
The 2G12 binding of the resulting biotinylated glycopeptide 3 was

determined using a BLItz instrument (Fortebio). Biotin-10F2 was
loaded (120 s) onto a streptavidin biosensor as a 250 nM solution in
buffer 1 (20 mM Tris pH 7.5, 150 mM NaCl, 2 mM MgSO4, 0.20 mg/
mL BSA, 0.02% Tween-20). The sensor was washed with buffer 1 for
60 s, after which time the net response due to loading was observed as
0.2 nm. The sensor was then equilibrated with buffer 2 (20 mM Tris
pH 7.5, 150 mM NaCl, 2 mM MgSO4, 2.0 mg/mL BSA, 0.1% v/v
Tween-20) for 90 s. 2G12 (prepared in buffer 2) was associated at
several concentrations (0.5, 1, 2, 4, 8, 16, 32 nM, in random order) for
600 s, followed by dissociation into blank buffer 2 for 600 s. After each
2G12 dissociation, the sensor was regenerated to remove remaining
2G12 by treatment with buffer 3 (10 mM glycine-HCl, pH 2.5) for
120 s, followed by 60 s of wash with buffer 1 and further washes to re-
equilibrate the tip with buffer 2. Throughout the experiment, the shake
rate was set at 1800 rpm. The use of buffer 2 (with high BSA) was
important during association/dissociation to prevent nonspecific
2G12/streptavidin interactions, while buffer 1 (low BSA) was required
during loading of the glycopeptide to the sensor surface. To further
correct for residual nonspecific interactions, the data were referenced
to a blank run using 0.5 nM 2G12 on a sensor containing no loaded
peptide. The data were fit to a 1:1 binding model, yielding rate

constants of kon = (11.1 ± 0.4) × 104 M−1 s−1 and koff = (1.51 ± 0.02)
× 10−4 s−1, corresponding to a KD of 1.37 ± 0.02 nM.
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