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ABSTRACT: We report the first bioconjugation of Auzs nanocluster to a monoclonal antibody without protein engineering, in
a step toward the development of high-resolution probes for cryogenic electron microscopy (cryo-EM) and tomography
(cryo-ET). To achieve this, we improved the tryptophan (Trp)-selective bioconjugation step by using easy-to-analyze hydrox-
ylamine (ABNOH) reagents in a pH-neutral buffer, instead of using N-oxyl radicals (ABNO) under acidic conditions as previ-
ously developed. This new protocol allowed for the application of Trp-selective bioconjugation to acid-sensitive proteins such
as antibodies. We found that a two-step procedure, utilizing first Trp-selective bioconjugation for homogeneous introduction
of azide groups to the protein and then strain-promoted azide-alkyne cycloaddition (SPAAC) to attach bicyclononyne (BCN)-
presenting, redox-sensitive Auzs nanocluster, was key to successful immunogold synthesis. This procedure is scalable. The
covalent labeling of the antibody with gold nanoclusters was confirmed by various analytical methods, including cryo-EM
analysis of the Auzs nanocluster conjugates. In comparison with a non-homogenous variant prepared by lysine-selective bio-
conjugation, Trp-selective conjugates exhibited both satisfactory gold cluster modification and minimal loss of antigen-binding abil-

ity.

INTRODUCTION

Cryogenic electron microscopy (cryo-EM) and tomography
(cryo-ET) are indispensable modern tools for structural bi-
ology. A low signal-to-noise ratio nevertheless hinders the
technology despite significant advances in sample vitrifica-
tion, direct electron detectors, and software designed for
single particle analysis, etc.!-3 One solution would be to la-
bel protein specimens with heavy metal particles, which aid
diffraction of the electron beam. Labeling with gold nano-
particles has been studied due to the attractive properties
of gold. Despite being a heavy metal, gold is not toxic to cells

structurally undefined colloidal gold. The weak electrostatic
interaction between proteins and gold nanoparticles that
results from physisorption can be easily abolished and is
one of its intrinsic drawbacks.¢ Liberated gold nanoparticles
may non-specifically label other proteins, often causing
false-positive and non-precise imaging results. Although
physisorption-based antibody-gold conjugates remain in
use, the only successful application is for visualizing the
macroscopic distribution of antigens on the cell surface.

Site-selective covalent bioconjugation and gold particle size
are two crucial factors for high-resolution immunogold la-

or living organisms and can easily form particles of various
sizes.* In 1971, Faulk and Taylor published the first elec-
tron-probing of biomolecules using antibody-gold nanopar-
ticle conjugates (immunogold labeling; Figure 1a).5 This pi-
oneering work successfully visualized immuno-aggregates
of bacteria by conventional electron microscopy. Prepara-
tion of the electron probe, however, relied on non-specific
physisorption of antibodies onto non-homogenous,

beling.*#¢ Because the covalent bond-formation between
gold and thiols is the basis for gold nanoparticle formation,’
targeting cysteine (Cys) residues to achieve bioconjugation
is alogical strategy. However, on-demand installation of un-
paired Cys frequently requires genetic manipulation, which
makes expression of large proteins such as antibodies chal-
lenging.®8° Another commonly used bioconjugation target-
ing lysine (Lys) residues produces non-homogenous



conjugates and sometimes affects inherent protein func-

tions, though modern site-selective techniques are inten-

sively studied.’®!! Francis and co-workers developed a

novel bioconjugation method that involves the enzymatic

oxidation of phenols on the surface of gold nanoparticles.!?

The reported protocol was applicable to proteins
(a) Faulk and Taylor
(1971)

s

Mty o)

)‘Au
’('("

(b) Hainfeld (1987)

containing unpaired Cys residues or N-terminal prolines, as
well as thiol-modified DNA strands. However, only large
gold nanoparticles with a diameter of approximately 5 nm
were employed in this study.
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Figure 1. Comparison of immunogold labeling strategies.

As for the size of the particle, smaller gold particles have a
potential advantage in high-resolution cryo-EM. Artefacts
introduced by the probe are less likely in cryo-EM/ET ob-
servations due to its small size. However, small gold nano-
particles (< 2 nm) easily aggregate, and tissue penetration
of the resulting colloidal gold conjugates is often problem-
atic.*13 Gold nanoclusters have been investigated as a novel
class of particles since the 1980s. They are composed of
core gold atoms with atomically defined alignments and dis-
crete numbers. The number of gold atoms in the core and
surrounding ligand structures is closely correlated with
their molecule-like character. They are excellent candidates
for precise gold labeling due to high stability against aggre-
gation, small core size (~ 1 nm), and possible implantation
of biocompatible thiol ligands. One of the first cluster-based
reagents for electron microscopy was undecagold, contain-
ing 11 Au atoms ligated by an amine-functionalized phos-
phine, reported by Bartlettin 1978.14In 1987, Hainfeld used
undecagold ligated by a maleimide-functionalized phos-
phine to label the Fab fragment of an antibody to horse fer-
ritin through Cys conjugation (Figure 1b). The binding affin-
ity of the probe towards ferritin was retained, and the reso-
lution of scanning transmission electron microscopy
(STEM) images was successfully improved.’> High-resolu-
tion structural studies of several other proteins were also
reported.'®-1° However, due to the ultra-small size of the

core, a silver enhancement to visualize the objects in stand-
ard transmission electron microscopy (TEM) is sometimes
required.

Site-selective conjugation of larger gold nanoclusters such
as Auz (Figure 1c),2% Aui4s4,! or Au10222-2* to proteins was
reported, but it required protein engineering to introduce
additional Cys residues. Moreover, high concentrations of
clusters and proteins at an elevated temperature were re-
quired to facilitate conjugation through the thiol exchange
reaction.?? Such conditions may not be suitable for whole
antibodies, which aggregate easily.

Augzs nanocluster, with a small, atomically defined gold core
(~ 0.9 nm), exhibits high chemical stability.?> Applying suit-
able thiol ligands, AuzsSR1s can be synthesized as a biocom-
patible and water-soluble nanoparticle. Various biorelevant
ligands, including tiopronin,?¢ cysteine,?” glutathione,?® and
even proteins such as bovine serum albumin (BSA),%° have
been successfully used. Importantly, the nanocluster can be
visualized by ACTEM (aberration-corrected TEM) without
silver enhancement.?® Rovira and coworkers3! conducted
theoretical studies on the mechanism for labeling an anti-
body fragment (scFv) with Auzs(glutathione)is via a ligand
exchange reaction. However, any practical approach for the



site-selective conjugation of Auzs nanoclusters to proteins
has not yet been reported.

In this report, we present the conjugation of Auzs nanoclus-
ters to a monoclonal antibody by tryptophan (Trp)-selec-
tive bioconjugation, producing highly homogeneous gold-
antibody conjugates (Figure 1d). Conjugates prepared by
this method are compared with conjugates prepared by
conventional, non-homogenous Lys-selective bioconjuga-
tion using cryo-EM.

RESULTS

Improvement of Trp-selective bioconjugation for pH-
and redox-sensitive proteins/payloads. Trp-selective bi-
oconjugation has intrinsic advantages over other methods
targeting nucleophilic residues such as Lys or Cys. The
abundance and exposure of Trp within proteins are among
the smallest of all the proteogenic amino acids, yet most
proteins contain at least one Trp residue.3233 Targeting
rarely exposed Trp, therefore, improves site-selectivity and
narrows labeling distribution, producing homogenous con-
jugates. This is especially crucial when modifying antibod-
ies.10In 2016, we reported a Trp-selective bioconjugation of
peptides and proteins using a 9-azabicyclo[3.3.1]nonan-3-
one-derived radical, keto-ABNO (1: Figure 2a).3* We further
demonstrated that this method was useful in generating a
folate-conjugated humanized monoclonal antibody without
significant loss of its biochemical functions in vitro.353¢

We still needed an improved protocol, however, for applica-
tion of this method to complex proteins (such as antibodies)
and pH- and redox-sensitive payloads (Auzs clusters). In the
original protocol, we employed a NOx oxidant to generate
the conjugation-active oxoammonium species, keto-ABNO*
2, from 1 through single-electron oxidation (Figure 2a).3
For the generation of NOx species from NaNO2, however, the
protocol required weakly acidic media (pH ~3) that might
affect pH-sensitive proteins/payloads. Moreover, NOx spe-
cies generated in situ might produce nitrosylated byprod-
ucts. We developed a NOx-free protocol using electrochemi-
cal oxidation of 1 in neutral aqueous media; however, over-
oxidation was a problematic side reaction (Figure 2b).37

To improve the protocol, we used a hydroxylamine reagent,
keto-ABNOH 3, rather than radical 1. Compound 3 is more
stable, and thus more storable, than 1. Furthermore, it is
possible to precisely assess the purity of 3 and its deriva-
tives by NMR. As was partly expected, however, a more re-
active and selective oxidant was necessary to activate 3 to
2. During mechanistic studies in the electrochemical
method (Figure 2b), we found that TEMPO*, generated
through anodic oxidation of a TEMPO additive, accelerated
the reaction as an electrochemical mediator.3” Thus, we
screened various oxidants and identified an isolable oxoam-
monium salt, TEMPO**BF4- 4,3839 as a novel activator for 3.
This protocol was applicable in aqueous, buffered media un-
der neutral pH conditions (Figure 2c). Potentially oxidation-
sensitive amino acids, such as Ser, Lys, Tyr, and His were not

affected (Figures S1-S8), indicating that 4 acted as a selec-
tive oxidant to 3.
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Figure 2. Improvement of Trp-selective bioconjugation
protocol.

Trp-selective bioconjugation of Auzs nanoclusters with
trastuzumab. The most straightforward approach for the
synthesis of Auzs-protein conjugates is direct Trp-conjuga-
tion using keto-ABNOH-grafted Auzs nanocluster 6 (Figure
3a). Thus, we synthesized 6 through a thiol exchange reac-
tion between water-soluble Auzs(SCH2CH2NHz)1s and 1.3
equiv HS-PEG4+-ABNOH 5 (Murray place exchange reac-
tion).*0#1 Electrospray ionization mass spectrometric (ESI-
MS) measurements of 6 indicated that 2-3 ligands were ex-
changed to 5 on the surface of Auzs nanocluster. 6 was freely
soluble in H20. Then, we conducted bioconjugation of
trastuzumab with 6 (20 equiv) in the presence of 4 (30
equiv) in a buffer (Figure 3a). Monitoring the reaction pro-
gress by liquid chromatography-electron spray ionization
(ESI) mass spectroscopy (LC-MS) indicated, however, that
the reaction proceeded only minimally. Even when detected,
the Auzs conjugate was only observed in traces of its



oxidized form. Further optimization to increase the yield
was not successful.
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Figure 3. Unsuccessful approaches for the synthesis of Auzs
nanocluster-trastuzumab bioconjugates at Trp.
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Thus, we separated the Auzs labeling step from the oxida-
tively promoted Trp-selective bioconjugation step (Figure
3b). In this approach, the protein was first conjugated with
a keto-ABNOH derivative bearing a photoremovable pro-
tecting group (PPG)-masked thiol*? (PPG-S-linker-ABNOH).
After photoirradiation to reveal the free thiol, the gold clus-
ter was added to the label through the thiol exchange reac-
tion. We explored several PPG for thiols,*3 including o-nitro-
veratryl (oNv), 7-diethylaminocoumarin oxycarbonyl
(7DEAC), and p-hydroxyphenacyl (pHP) groups.#* Because
detection of the Auzs-conjugated protein was difficult, we
optimized the reaction using a larger cluster, Auioz(pMBA)a4
(pMBA = p-methoxybenzoic acid),?? which was easily visible
in SDS-PAGE. 7DEAC-containing 7 afforded the best results;
however, the conjugate was produced in only trace yield at
best (Figure S16).

Therefore, we attempted the third approach involving Trp-
selective bioconjugation with azide-containing keto-AB-
NOH 8,35 followed by strain-promoted azide-alkyne cy-
cloaddition (SPAAC)*54¢ for the attachment of Augzs
nanocluster (Figure 4). SPAAC is more appropriate for the

second step than the copper-promoted click reaction be-
cause copper ions may affect the properties of Auzs
nanoclusters.#” We synthesized Auzs-BCN 9 from Auzs(cap-
topril)1s 1048 through amide formation with amine-contain-
ing BCN 11 (Figure 4a). ESI-MS studies indicated that 9 con-
tained primarily one BCN moiety on the surface. Meanwhile,
Trp-bioconjugation of 8 with trastuzumab proceeded under
buffered conditions (pH 6.8) for 1 h. The slightly acidic con-
ditions were beneficial in this initial step to minimize aggre-
gation of pH-sensitive trastuzumab. After quenching oxi-
dants with sodium ascorbate (NaAsc) and performing ultra-
filtration to eliminate small molecules, conjugate 12 was
obtained in high yield (Figure 4b), as was indicated by SEC-
HPLC (Figure S27 vs S24). Then, SPAAC reaction with 9 (ca.
20 equiv) under mildly basic conditions (pH 7.4) afforded
Augs cluster-conjugated trastuzumab 13 (Figure 4b). In the
second step, basic pH was essential to keep 9 and 13 dis-
solved by ionizing the carboxylate ligands on the Auzs clus-
ter. In SEC-HPLC,*° the peak absorbing at 380 nm was as-
signed as Auzs-labeled antibody 13, which had shorter re-
tention time (tr = 7.40 min) than the parent antibody (mAb,
tr = 7.73 min) (Figures 4d, S21, and S24). A faint band of
conjugate could also be observed in SDS-PAGE just above
trastuzumab (Figure S21). Protein aggregation was minimal
for the optimized 2-step procedure (Figure 4d, lane 3). No
evidence of background labeling was found (Figure S29).

We also synthesized Lys-conjugate 14 through condensa-
tion of trastuzumab with O-succinimide (N3-PEGs-OSu) to
produce intermediate 15,11 followed by Auzs labeling (Fig-
ure 4c). The target peak at shorter retention time (tr = 7.32
min) with strong absorption at 380 nm was observed in
SEC-HPLC analysis (Figure 4e and S23), suggesting that the
gold content in 14 was higher than in 13.

Upscaled synthesis, purification, and antigen-binding of
Auzs-trastuzumab conjugates. Having confirmed biocon-
jugation of Auzs nanocluster to trastuzumab on a small scale
at Trp and Lys, we upscaled our experiments to produce
modified proteins for further analyses. For purification on a
small scale (0.5 mg trastuzumab; 34 pumol), we used col-
umns (10-cm length, 1 g gel) manually filled with Se-
phadex™-G50. However, we could not separate non-conju-
gated Auzs clusters completely from the conjugates. Longer
columns (20-cm length, 2 g gel) performed better, though
the separation was still unsatisfactory. Optimal purification
results were achieved using an AKTA purification system
equipped with a Superdex™ 200 Increase 10/300 GL col-
umn. We upscaled the Trp- and Lys-selective bioconjuga-
tion reactions and the subsequent SPAAC Auzs nanocluster
labeling reactions using 1 mg proteins (68 pmol), respec-
tively. Conjugates 13 and 14 were successfully separated
from the non-modified proteins and excess non-conjugated
Auzs clusters by AKTA purification. The cluster-antibody ra-
tio (CAR) was calculated by UV measurement as 0.66 for 13
and 2.75 for 14 (Figure S66).

We conducted ELISA using purified conjugates 13 and 14
(Figures S62-S64). Binding affinities with HER2 antigen
were about 4-times smaller for Trp-conjugate 13 (EDso =
1.65 nM) and about 18 times smaller for Lys-conjugates 14
(ECso = 6.65 nM), than for non-modified trastuzumab (ECso



= 0.37 nM). This is likely due to the fact that the Trp-selec-
tive bioconjugation proceeded mainly at the Fc region of the
antibody (Figures S31-S48), whereas the Lys-selective bio-
conjugation occurred randomly over the whole antibody,
including the Fab region responsible for antigen recognition.
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The too-high CAR in 14 could also cause binding suppres-
sion. Therefore, advantages of the Trp-selective bioconjuga-
tion over the Lys-selective bioconjugation are producing ho-
mogeneous conjugates and minimal loss of antigen-binding af-
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Figure 4. Successful SPAAC strategy for Auzs bioconjugation at Trp and Lys. (a) Synthesis of Auzs-BCN 9. (b) SPAAC strategy for Auzs
bioconjugation at Trp. (c) SPAAC strategy for Auzs bioconjugation at Lys. (d) Analysis of Auzs-trastuzumab conjugate at Trp 13. Left:
SDS-PAGE. lane 1: trastuzumab only, lane 2: N3-labeled trastuzumab at Trp (the reaction mixture for generating 12), lane 3: Ns-
labeled trastuzumab at Trp incubated with Auzs-BCN 9 (the reaction mixture for generating 13), lane 4: trastuzumab incubated with
Auzs-BCN 9, lane 5: Auzs-BCN 9 only. Right: SEC-HPLC of the sample analyzed in SDS-PAGE lane 3. Blue: detection at 280 nm (for
proteins). Yellow: detection at 380 nm (for Au clusters). (e) Analysis of Auzs-trastuzumab conjugate at Lys 14. Left: SDS-PAGE. lane
1: trastuzumab only, lane 2: N3-labeled trastuzumab at Lys (the reaction mixture for generating 15), lane 3: N3-labeled trastuzumab
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detection at 380 nm (for Au clusters).



Figure 5. Cryo-EM images of Auzs nanocluster-conjugated
trastuzumab at Trp (13) or Lys (14) and unmodified
trastuzumab. A, 13. B, 14. C, unmodified trastuzumab. Red
arrows in A and B indicate Auzs nanoclusters. D. A magnified
picture of a single particle of 13 (dashed red line). E. A mag-
nified picture of a single particle of 14 (dashed red line). F.
A magnified picture of trastuzumab. A single particle was
not clearly visible due to the absence of Au clusters. Full im-
ages are available in Supporting Information (Figures S71-
S73).

Cryo-EM imaging of Auzs-trastuzumab conjugates. Sam-
ples in adjusted concentrations were first subjected to elec-
tron microscopy analysis with negative staining treated by
uranyl acetate. Due to the small size of the Auzs core and the
small difference in electron density between gold and ura-
nium, however, the presence of clusters was not confirmed
despite protein being observed. We then proceeded to cryo-
EM analysis of freshly synthesized samples and successfully
confirmed the presence of gold clusters by applying manual
thresholding using Image] software (Figures S74-S76). The
same threshold value could not be set for micrographs of
non-modified trastuzumab due to the lack of intensive dif-
fraction by gold nanoclusters. Standard protein concentra-
tions for cryo-EM analysis should be 1 mg/mL or higher, but

we needed to dilute the samples to <0.5 mg/mL to achieve
appropriate protein dispersion. The labeled proteins con-
tained small black inclusions corresponding to Auzs clusters
(see red arrows in Figures 5A and B). More of these inclu-
sions were observed in images for Lys-conjugate 14 than
Trp-conjugate 13. This observation is consistent with the
SEC-HPLC results and CAR calculations (Figure S66). Single
particle analysis based on acquired micrographs has not
been successful so far, likely due to the relatively small size
and high flexibility of the antibody.

DISCUSSION

Structurally well-defined Auzs nanocluster is a promising
electron probe for cryo-EM and -ET due to its small size, sta-
bility against aggregation, and simplicity in ligand modifica-
tions, synthesis, and purification. Here we have demon-
strated for the first time that Auzs nanocluster can be conju-
gated with an antibody through Trp-selective bioconjuga-
tion. Due to the broad scope of click chemistry, intermediate
12 will be a versatile hub compound for homogenous pro-
tein modifications, not limited to immunogold synthesis.
The coupling partner 9, an Auzs nanocluster presenting an
alkyne handle, is also noteworthy for several reasons. First,
the degree of amide formation (x in Figure 4a) on the Auzs
nanocluster was controlled to approximately 1 by tuning
the stoichiometry between 10 and 11. This is critical in
avoiding protein aggregation by SPAAC bridging plural pro-
teins through multivalent covalent bond-formation with 9.
Second, 9 was compatible with aqueous, mildly basic buffer
despite possessing a hydrophobic BCN moiety. Neverthe-
less, yield of SPAAC between 9 and 12 was low to moderate,
though the same reaction between 9 and 15 proceeded in
high yield. The reason for this contrasting reactivity be-
tween 12 and 15 might be due to the higher number of Lys
residues available for SPAAC in comparison to Trp residues,
which are relatively rare and buried within protein. System-
atic studies upon linker structures between the keto-ABNO
and azide moieties will be necessary to improve the conju-
gation efficiency. It was reported that short and less-flexible
linkers between the gold nanocluster and protein are bene-
ficial for high-resolution cryo-EM probes#2023, Therefore,
future optimization studies should focus on improvements
applicable to shorter linkers.

Evaluation of the Trp-conjugated Auzs immunogold func-
tion and utility as an electron probe for cryo-EM and -ET in
structural biology studies is the next important step. The
utility of homogenous Auzs nanocluster-conjugated anti-
bodies will not be limited to electron probes, however. Since
Au nanoclusters exhibit interesting optical properties such
as absorption/emission of near-infrared light and photo-in-
duced generation of active oxygen species,* their protein
conjugates can also be applied as photo or radiosensitizers
for creating potential new anti-cancer therapies.51,52

CONCLUSION

We achieved the first bioconjugation of sub-nanometer-size
Auzs clusters to an antibody at Trp without protein engi-
neering. To minimize potential damage to the sensitive



protein and payload, we developed a new protocol for Trp-
selective bioconjugation using keto-ABNOH (3, 7, and 8)
and isolated TEMPO* 4 in a neutral pH buffer. This im-
proved two-step procedure for Trp-selective bioconjuga-
tion, along with SPAAC, produced the antibody-Auzs
nanocluster conjugate effectively. The conjugate was func-
tional, retaining a reasonable antigen binding affinity. Fur-
thermore, its function as an electron probe was confirmed
by cryo-EM studies. The results presented here will aid in
developing a novel electron probe for immunogold labeling
with an improved signal-to-noise ratio and facilitating cryo-
EM and -ET analysis for complicated biological events.
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ABBREVIATIONS

ABNO, 9-Azabicyclo[3.3.1]nonane N-oxyl; ABNOH, 9-Azabicy-
clo[3.3.1]nonan-9-0l; BCN, Bicyclo[6.1.0]nonyne; CBB, Coo-
massie brilliant blue; DMT-MM, 4-(4,6-Dimethoxy-1,3,5-triazin-
2-yl)-4-methylmorpholinium chloride; ECso; half maximal ef-
fective concentration; ELISA, enzyme linked immunosorbent
assay; Fab, fragment antigen-binding; FITC; fluorescein isothi-
ocyanate; HER2, human epidermal growth factor 2; His, histi-
dine; HPLC, high-performance liquid chromatography; mAB,
monoclonal antibody; mM, millimolar; uM, micromolar; nM,
nanomolar; nm, nanometer; NMR, nuclear magnetic resonance;
PBS, phosphate buffered saline; pH, potential of hydrogen; Phe,
phenylalanine; rt, room temperature; scFv, single chain frag-
ment variable; Ser, serine; SDS-PAGE, sodium dodecyl sulphate
polyacrylamide gel electrophoresis; SEC, size exclusion chro-
matography; TEMPO, 2,2,6,6-tetramethylpiperidine 1-oxyl
radical; TEMPO*, 2,2,6,6-tetramethyl-1-oxopiperidinium tetra-
fluoroborate; Tris HC], tris(hydroxymethyl)aminomethane hy-
drochloride; Tyr, tyrosine;
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