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ABSTRACT: Highly efficient and selective chemical reactions
are desired. For small molecule chemistry, the reaction rate can
be varied by changing the concentration, temperature, and
solvent used. In contrast for large biomolecules, the reaction
rate is difficult to modify by adjusting these variables because
stringent biocompatible reaction conditions are required. Here
we show that adding salts can change the rate constant over 4
orders of magnitude for an arylation bioconjugation reaction
between a cysteine residue within a four-residue sequence (π-
clamp) and a perfluoroaryl electrophile. Biocompatible
ammonium sulfate significantly enhances the reaction rate without influencing the site-specificity of π-clamp mediated arylation,
enabling the fast synthesis of two site-specific antibody−drug conjugates that selectively kill HER2-positive breast cancer cells.
Computational and structure−reactivity studies indicate that salts may tune the reaction rate through modulating the interactions
between the π-clamp hydrophobic side chains and the electrophile. On the basis of this understanding, the salt effect is extended
to other bioconjugation chemistry, and a new regioselective alkylation reaction at π-clamp cysteine is developed.

■ INTRODUCTION
Salts in aqueous solution influence a wide range of processes by
tuning molecular interactions in an ion-specific manner;1,2

examples include enzyme activity,3−5 protein−protein inter-
actions,6,7 gel formation,8 protein crystallization,9 and optical
rotation of sugar and amino acids.10 The salt effects on various
processes exhibit a recurring empirical trend called the
Hofmeister series.11 For instance, ions could be ranked in
their ability to decrease or increase protein solubility in water
according to the Hofmeister series. Early members in the series
decrease protein solubility, while later members increase the
solubility. This observation is widely exploited in protein
purification to salt out proteins with ammonium sulfate.12

The salt effect on hydrophobic interactions follows the
Hofmeister series.1,13,14 Hydrophobic interactions describe the
tendency of nonpolar molecules (hydrophobes) to exclude
water and associate in aqueous solution. Such interactions are
essential for chemical and biological processes including protein
folding,15,16 DNA double helix stabilization,17 formation of
protein−protein complexes,18−20 and self-assembly of synthetic
molecules.21 Early members in Hofmeister series are believed to
strengthen the hydrophobic interactions, while later members
weaken them. The salt effect was even exploited to tune the
reaction rate for the Diels−Alder22−24 and benzoin con-
densation25 processes in aqueous solution presumably by
changing the interaction between the hydrophobic substrates.
Exploring the salt effect on bioconjugation is tempting

because it may tune reaction rate while maintaining stringent
biocompatible conditions, and there are many known
biocompatible salts. However, such efforts are impeded because
of the ubiquitous presence of hydrophobic structures and

interactions in biomolecules. A unique hydrophobic environ-
ment is needed to selectively tune the bioconjugation reaction
in the presence of other hydrophobic regions on the
biomolecule of interest, but none of the commonly used
bioconjugation reactions appear to be modulated by hydro-
phobicity. Recently we reported the π-clamp mediated
conjugation in which the cysteine in the four-residue motif
Phe-Cys-Pro-Phe (π-clamp) can be selectively arylated with
perfluoroaryl probes.26 Notably, this reaction is regioselective
for the cysteine residue within the π-clamp and leaves other
cysteine thiols unchanged (Figure 1a). The interactions
between the hydrophobic phenylalanine side chains and the
hydrophobic perfluoroaryl probes are thought to be one of the
main driving forces for the observed reactivity and selectivity of
the π-clamp. This hypothesis inspired us to investigate whether
salts would affect the reaction rate of the π-clamp mediated
arylation. Here we report a 37 000-fold variation in reaction
rate of the π-clamp-mediated conjugation in the presence of
different salts.

■ RESULTS

Salts Affect the Rate of π-Clamp Mediated Cysteine
Arylation in Model Peptides. We observed a concentration-
dependent and ion-specific effect on the π-clamp reaction rate
that followed the Hofmeister series trend (Figure 1b). The rate
constants were tunable by 4 orders of magnitude according to
the salt added. We measured the rate constants of the reactions
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between the π-clamp peptide 1A and perfluoroaryl probe 2 in
the presence of different salts (Figure 1c, Figures S1−S15 and
Table S2). Salts composed of early member ions in the
Hofmeister series accelerated the reaction, while late members

decreased the rate. Compared to the reaction rate without
additional salts (secondary rate constant k = 0.63 ± 0.02 M−1

s−1), it was significantly enhanced by the addition of
ammonium sulfate (3 M, k = 62 ± 3 M−1 s−1) or ammonium

Figure 1. Salts significantly tuned the reaction rate of the π-clamp mediated arylation on peptides. (a) π-Clamp-mediated site-specific conjugation on
proteins. (b) Salts used in this study and their positions in the Hofmeister series. (c) Rate constants of the reactions between π-clamp peptide 1A
and perfluoroaryl probe 2 with salts at different concentrations. The black dashed line indicates the rate constant with no additional salt. General
reaction conditions for measuring rate constant: 200 mM phosphate, 20 mM TCEP, pH 8.0, 37 °C. (See Figures S1−S15 for detailed conditions of
each reaction.) Error was obtained from linear fitting of the kinetics curves for measuring the reaction rate.

Figure 2. Ammonium sulfate accelerated π-clamp mediated protein labeling. Shown are the structures (left), the yield-time curves for the protein
labeling reaction (middle), and the deconvoluted mass spectra from LC−MS analysis of the crude reaction mixture (right) for pGB1 variants 3a (a)
and 3b (b) reacting with perfluoroaryl probe 2 with and without 2 M ammonium sulfate. Reaction conditions: 0.1 mM protein 3a or 3b, 1 mM
probe 2, 200 mM phosphate, 20 mM TCEP, with or without 2 M ammonium sulfate, 37 °C.
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citrate (2 M, k = 74 ± 3 M−1 s−1) and decreased by the addition
of guanidinium chloride (3 M, k = 0.010 ± 0.001 M−1 s−1) or
guanidinium thiocyanate (3 M, k = 0.0020 ± 0.0002 M−1 s−1).
Sodium chloride, a middle member in the Hofmeister series,
had little effect on the reaction rate.
Ammonium Sulfate Enhanced the Efficiency of the π-

Clamp Mediated Protein Labeling. Ammonium sulfate is
commonly used in protein purification and has little to no effect
on protein function, such as enzymatic activity.27 Therefore, we
used ammonium sulfate as a protein-compatible salt to further
explore its effect on protein labeling. Two protein G B1 domain
(pGB1) variants in which the π-clamp was incorporated at the
N- or C-terminus were used as model proteins to evaluate the
effect of ammonium sulfate on the reaction rate. The N-
terminal π-clamp pGB1 (protein 3a) and the C-terminal π-
clamp pGB1 (protein 3b) were reacted with perfluoroaryl
probe 2 with and without 2 M ammonium sulfate, and the
yields at different time points were characterized by liquid
chromatography−mass spectrometry (LC−MS) analysis of the
crude reaction mixtures (Figure 2 and Figures S16−S17). The
rates of the labeling reactions were significantly enhanced in the
presence of ammonium sulfate, as evidenced by a 90% product
formation for the labeling of protein 3a over 120 min, while
only 18% yield was achieved without salt (Figure 2a). The
yields for the labeling of protein 3b with and without 2 M
ammonium sulfate were 83% and 10% respectively after 240
min (Figure 2b). The rate constants of reactions with
ammonium sulfate were 13-fold and 19-fold greater when
compared to those of reactions without ammonium sulfate for
the labeling of 3a and 3b, indicating that adding ammonium
sulfate may be a general approach to enhance protein labeling
efficiency via π-clamp mediated conjugation. Circular dichroism
analysis of protein 3a and 3b showed that ammonium sulfate
had little effect on the secondary structure of the two proteins

(Figure S18), suggesting that the rate enhancement was not
due to significant changes in protein structure.

Regioselectivity of Cysteine Arylation in the Presence
of Ammonium Sulfate Is Maintained. A key feature of the
π-clamp is that the chemistry is regioselective at cysteine: only
the cysteine residue in the π-clamp motif is arylated, while other
cysteines within the polypeptide chain or external thiols in
solution are unchanged. We investigated if the regioselective
properties of this reaction in the presence of ammonium sulfate
was maintained. We found the reactivity between a double
glycine mutant (Gly-Cys-Pro-Gly, peptide 1N) and probe 2 did
not change significantly with 2 M ammonium sulfate (Figure
S19). This finding indicates the observed rate enhancement
with ammonium sulfate is not a general effect for all cysteine
arylation reactions. Furthermore, reacting both the π-clamp
peptide 1A and the double glycine mutant 1N (10 equiv
relative to 1A) with probe 2 in the same solution with 2 M
ammonium sulfate produced the π-clamp product quantita-
tively, while the double glycine mutant remained unchanged
(Figure 3a and Figure S20).
The regioselectivity of the reaction with ammonium sulfate

was also confirmed in the selective labeling of a protein
containing both a π-clamp and a competing N-terminal
cysteine. We prepared an engineered anthrax toxin lethal factor
protein 1−263 (LFN) with a π-clamp moiety at the C-terminus
and a cysteine at the N-terminus (4a, see Figure S21 for the
protein preparation). A TEV protease cleavage site was
positioned between the C-terminal π-clamp and the rest of
the protein for unambiguous verification of the regioselectivity.
Protein 4a was almost quantitatively converted to the
monolabeled protein 4b after reacting with probe 2 in the
presence of 2 M ammonium sulfate (Figure 3b). Upon cleavage
by TEV protease and analysis by LC−MS, protein 4c with a
free N-terminal cysteine was generated along with the arylated

Figure 3. Ammonium sulfate did not perturb regioselectivity of the π-clamp mediated cysteine arylation. (a) Selective labeling of the π-clamp peptide
1A in the presence of 10 equiv of double glycine mutant 1N with ammonium sulfate. Reaction conditions: 0.05 mM 1A, 0.5 mM 1N, 0.1 mM probe
2, 200 mM phosphate, 20 mM TCEP, 2 M ammonium sulfate, 37 °C. (b) Regioselective labeling of the π-clamp cysteine in the presence of a
competing N-terminal cysteine in the same protein molecule with ammonium sulfate. Reaction conditions: (1) 32 μM 4a, 1 mM probe 2, 200 mM
phosphate, 20 mM TCEP, 2 M ammonium sulfate, 37 °C, 210 min. (2) 0.1 mg/mL TEV protease, 50 mM Tris, 0.1 mM EDTA, 10 mM TCEP, pH
8, room temperature, 16 h. The deconvoluted mass spectra for the whole protein peak of 4a−4c and mass spectrum of 4d obtained from LC−MS
analysis of the crude reactions were shown.
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C-terminal π-clamp, confirming selective chemistry occurred in
the presence of ammonium sulfate.
Ammonium Sulfate Accelerated Site-Specific Anti-

body Modification. Antibody-drug conjugates (ADCs)28,29

are targeted therapies that combine the selective delivery
capacity of antibodies with the high cytotoxicity of drug
payloads. Most procedures to make ADCs yield heterogeneous

products containing a mixture of species with different
positions of drug conjugation and varied drug-to-antibody
ratios.28 Each species could show distinct pharmacokinetics and
pharmacodynamics and different efficacies and safety profiles,30

making it difficult to systematically study ADCs and achieve
consistent batch-to-batch synthesis. Several strategies have been
developed to create site-specific antibody-drug conjugates,31−33

Figure 4. Ammonium sulfate accelerated site-specific modification of antibody. (a) Scheme for the site-specific biotin/drug conjugation to π-clamp
trastuzumab 5. Val-Cit-PABC is the valine-citrulline p-aminobenzyl carbamate linker. (b) The deconvoluted mass spectra for antibody before
conjugation (left), after conjugation in the presence of ammonium sulfate (middle), and after conjugation without ammonium sulfate (right).
Reaction conditions: 40 μM π-clamp trastuzumab 5, 500 μM probe 6, 100 mM phosphate, 10 mM TCEP, ± 1.25 M (NH4)2SO4, 37 °C, 3 h. (c)
Biotinylated trastuzumab (5-biotin) binds to recombinant HER2 in Octet BioLayer Interferometry assay (KD = 122 ± 1.5 pM). 5-biotin was
immobilized on the streptavidin biosensors and sampled with serially diluted concentrations of recombinant HER2; see Figure S24 for fitting and
data analysis. (d) The deconvoluted mass spectra for 5-MMAF and 5-MMAE synthesis. Reaction conditions for 5-MMAF: 40 μM π-clamp
trastuzumab 5, 500 μM probe 6B, 100 mM phosphate, 10 mM TCEP, ± 1.25 M (NH4)2SO4, 37 °C, 210 min. Reaction condition for 5-MMAE: 40
μM π-clamp trastuzumab 5, 500 μM probe 6C, 100 mM phosphate, 10 mM TCEP, ± 1.25 M (NH4)2SO4, 37 °C, 16 h. (e) 5-MMAF and 5-MMAE
prepared with ammonium sulfate were functional, selectively killing HER2 positive BT474 cells, while they were significantly less toxic for HER2
negative HEK 293T cells. Experiments were performed in triplicate. Error bars indicate the standard deviation from the average of three experiments.
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such as enzymatic conjugation,34 unnatural amino acid
incorporation,35 drug conjugation through glycoengineering36

and engineered thio-antibody (THIOMAB).37 We previously
applied the π-clamp-mediated conjugation to produce site-
specific ADCs by selectively conjugating drug molecules to only
the π-clamp cysteine residue.26 We envisioned that adding
ammonium sulfate would increase the rate of antibody
conjugation while not perturbing antibody function (Figure
4a).

We first determined the optimal concentration of ammonium
sulfate since antibody tended to salt out under high ammonium
sulfate concentration. We investigated reactions between the π-
clamp trastuzumab (protein 5) and a biotin-perfluoroaryl probe
6A under different concentrations of ammonium sulfate, and
the optimum reaction rate was achieved with 1.25 M
ammonium sulfate (Figure S22). The π-clamp trastuzumab
(protein 5, 40 μM) was completely converted to the heavy
chain monolabeled product (5-biotin) within 3 h in the

Figure 5. Mutation and computational studies on salt effect and π-clamp mediated arylation. (a) Rate constants for reactions between π-clamp
mutants and perfluoroaryl probe 2. Reaction conditions: 200 mM phosphate, 20 mM TCEP, pH 8.0, 37 °C. (See Figures S28−S40 for detailed
conditions of each reaction.) (b) Schematic of the binding model used for calculating the binding energy without an ion. (c) Linear free energy
relationship (LFER) between the experimental reaction rate constant (k) and computational binding energy relative to baseline (ΔΔG, defined as
ΔG − ΔG0). log10(k/k0) was found linearly correlated with ΔΔG. To serve as baseline, the term k0 refers to the rate constant of arylation reaction
between peptide 1A and probe 2 without additional salt, and ΔG0 refers to the calculated binding energy in the binding model for 1A without an ion.
(d) Schematic of the binding model used for calculating the binding energy with an ion. (e) Linear free energy relationship (LFER) between the
experimental reaction rate constant (k) and computational binding energy with an ion incorporated relative to baseline (ΔΔG, defined as ΔG −
ΔG0). log10(k/k0) was found linearly correlated with ΔΔG. The term k0 refers to the rate constant of the arylation reaction between 1A and 2 with
NaCl, and ΔG0 refers to the calculated binding energy with Na+ incorporated in the binding model for 1A.
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presence of 1.25 M ammonium sulfate, while only 33% of
product was formed without ammonium sulfate (Figure 4b and
Figure S23). Although we observed some precipitation of the
antibody with 1.25 M ammonium sulfate, the modified product
(5-biotin) was redissolved in buffer solution and showed full
binding affinity to recombinant HER2 protein in an Octet
BioLayer Interferometry assay (KD = 122 ± 2 pM, consistent
with the binding affinity of native trastuzumab,26 Figure 4c and
Figure S24).
Ammonium sulfate significantly enhanced the labeling yields

for the conjugation reaction between π-clamp trastuzumab
(protein 5) and perfluoroaryl linked monomethyl auristatin F
(6B) or perfluoroaryl linked monomethyl auristatin E (6C, see
Figure S25 for the probe synthesis). Almost complete
conversion was achieved for both ADCs (5-MMAF and 5-
MMAE) with the addition of 1.25 M ammonium sulfate, while
the yields were significantly lower for reactions without
ammonium sulfate (Figure 4d, Figure S23 and Figure S26, <
20% and <1% for 5-MMAF and 5-MMAE respectively). Native
trastuzumab (without π-clamp) led to no biotin or drug
conjugation under the same conditions (Figure S27), showing
the specificity of the conjugation. The two ADCs prepared with
ammonium sulfate killed HER2-positive BT474 cells (EC50 =
0.16 nM and 0.47 nM for 5-MMAF and 5-MMAE respectively)
and showed little effect on HER2-negative HEK 293T cells
(Figure 4e). These experiments further confirmed the
regioselectivity and protein-compatibility of our ammonium
sulfate-promoted antibody labeling method.
Mechanism of the Salt Effect. Computational and

structure−reactivity studies were carried out to understand
the salt effect on π-clamp-mediated conjugation. We first tried
to understand the key factors that affected the reaction rate in a
quantitative manner and then investigated how salts may
change those factors. On the basis of our hypothesis that
interactions between the side chains and the perfluoroaryl
probe are critical for the unique reactivity of the π-clamp, we
designed a series of peptide mutants and measured the rates of
their reactions with perfluoroaryl probe 2 (Figure 5a, Figures
S28−40 and Table S3). In these peptides, the two phenyl-
alanines in the π-clamp sequence (Phe-Cys-Pro-Phe) were
mutated to unnatural amino acids containing extended aromatic
side chains (peptides 1B-1E), polar substituted aromatic side
chains (peptides 1F-1I), and aliphatic side chains (peptides 1J-
1M). In order to quantify the interactions between the amino
acid side chains and the perfluoroaryl probe, we proposed a
simplified computational binding model (Figure 5b) consisting
of only the perfluoroaryl group and the amino acid side chain.
The binding geometry for each side chain-perfluoroaryl pair
was optimized to obtain the lowest energy structure (Figure
S41), and then high level density function theory (DFT)
calculations were performed in an implicit solvent model to
obtain the free binding energy between side chains of peptides
1A to 1M and perfluoroaryl moiety (see Computational Studies
section in Methods for details). We found a linear relationship
between the experimental rate constant (logarithmic scale) and
the free energy of binding (Figure 5c and Table S4). This linear
free energy relationship (LFER)38 supported the importance of
the side chain-perfluoroaryl interaction.
Because of the observed linear free energy relationship, we

hypothesized that the salt effect may be a result of ions directly
participating and affecting the binding events. The ions were
added to the binding model for peptide 1A (Figure 5d), and
the binding energies were calculated upon lowest energy

structures (Figure S42 and Table S5). We assumed that, out of
the cation and anion in a particular salt, the rate-changing effect
would be determined mostly by the ion with stronger effect on
binding energy. So citrate, sulfate, sodium cation and
guanidinium were used to represent the salts used in this
study since they showed a stronger effect on the binding energy
than their counterions. We found a linear free energy
relationship between the experimental rate constant and the
free energy of binding in the presence of salt for all three salt
concentrations studied (Figure 5e). These data provided
evidence that ions could directly affect binding between
amino acid side chains and the perfluoroaryl probe to tune
the rate of the conjugation reaction. We are working on
exploring the mechanism of how ions affect the binding
interaction.

Salt Promoted Regioselective Cysteine Alkylation.
Salts can promote other chemical reactions besides perfluor-
oarylation. The presence of unique hydrophobic environment
in the π-clamp allowed us to expand the salt-promoted
arylation (SNAr) chemistry to salt-promoted alkylation (SN2)
reactions. We hypothesized that a hydrophobic alkylating probe
might interact with the phenyl rings in the π-clamp to enhance
the selectivity of cysteine alkylation reaction, and this reaction
may be promoted with salt. To evaluate the hypothesis, the
alkylation reagent 7 was synthesized with a structure
reminiscent of probe 2 (Figure S43). Under the same
conditions, π-clamp peptide 1A and the double glycine mutant
1N were reacted with probe 7. Dithiothreitol (DTT) was used
as reducing reagent instead of TCEP because TCEP reacted
with probe 7. We found 48% yield for π-clamp peptide 1A
toward the production of alkylated product, while only 10%
yield was observed for the double glycine mutant 1N after 15
min (Figure 6 and Figure S44), preliminarily showing the
selective alkylation of π-clamp cysteine over the control
cysteine.
We next evaluated whether or not the salt effect can be

applied to the selective cysteine alkylation reaction. 2 M
ammonium sulfate was added to the alkylation reactions with

Figure 6. Salt effect enabled site-selective cysteine alkylation. The
competing alkylation reaction between the π-clamp peptide 1A and
the double glycine mutant 1N using a hydrophobic alkylating probe 7.
Reaction conditions: 0.1 mM 1A, 0.1 mM 1N, 1 mM DTT, 0.5 mM
probe 7, 100 mM phosphate, 0.25% DMSO, pH 8.0, with or without 2
M ammonium sulfate, room temperature, 15 min.
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probe 7. We found ammonium sulfate promoted the reaction
between probe 7 and the π-clamp peptide 1A to give a 73%
yield in 15 min. Surprisingly ammonium sulfate reduced the
yield for the double glycine mutant 1N to almost zero (Figure 6
and Figure S44). The addition of ammonium sulfate
significantly improved the regioselectivity of alkylation reaction
on π-clamp using probe 7. In contrast to the hydrophobic
probe 7, the widely used alkylation reagent bromoacetamide is
not regioselective. Reacting the nonhydrophobic bromoaceta-
mide with peptide 1A and 1N gave similar yields for the two
peptides, and ammonium sulfate did not significantly change
the yield (Figure S45). Collectively, regioselective alkylation of
π-clamp cysteine over the control cysteine was achieved with
the assistance of ammonium sulfate.

■ DISCUSSION
The use of salt solutions to accelerate a reaction in small
molecule chemistry for a Diels−Alder reaction22−24 was
discovered several decades ago. Yet, the applications in
bioconjugation involving large biomolecules have not been
explored. Here we described the discovery of salts to
remarkably change the reaction rate of the π-clamp mediated
site-selective conjugation in aqueous solution. As the first case
of applying Hofmeister series to bioconjugation, we varied the
reaction rate constant of site-specific π-clamp arylation by 4
orders of magnitude without changing the peptide tag, the
probe, or the temperature, or adding a catalyst. The salt’s
influence depends on its identity and concentration. Compared
to accelerating reaction rates by increasing the temperature or
concentration, the advantage of the salt effect is significant as
well as practical for the modification of biomolecules,
considering heating and concentrating are generally not
compatible with delicate or easy-to-aggregate proteins.
To demonstrate the utility of salt effect, we promoted the

labeling of model proteins and trastuzumab without affecting
antibody function using the protein-compatible salt ammonium
sulfate. The selectivity of the π-clamp mediated arylation was
not impaired by ammonium sulfate, enabling accelerated and
site-specific modification of proteins that contain multiple
cysteine residues. A trade-off between the enhanced hydro-
phobic interaction and the reduced solubility may need to be
considered when using ammonium sulfate to accelerate protein
labeling, especially for large proteins such as antibodies. The
best salt concentration for protein labeling is related to the
protein of interest. For example, the optimal ammonium sulfate
concentration for π-clamp C225 antibody labeling is 1 M
(Figure S46), which is different from 1.25 M for π-clamp
trastuzumab. The concentration of salt should be varied
according to the properties of the substrate protein. However,
complete conversion could be achieved even when the protein
partially salted out, as exemplified by 5-biotin, 5-MMAF, and
5-MMAE synthesis.
The salt effect is specific to reactions between a π-clamp and

hydrophobic electrophile. The arylation reaction rate between
the cyclohexylalanine mutant of π-clamp (peptide 1J) and
probe 2 was also tunable with salts. Similar to the case in π-
clamp peptide 1A, different salts influenced the reaction rates,
and the trend followed the Hofmeister series (Figures S47−
S52). However, it will abolish the salt effect by changing either
one of the reaction partners to a nonhydrophobic molecule,
which is supported by the observation that the reaction yields
were not significantly changed when ammonium sulfate was
added to the reactions involving the double glycine mutant

(nonhydrophobic peptide sequence) or bromoacetamide
(nonhydrophobic probe). The reactions between maleimide
and cysteine were not promoted by ammonium sulfate (Table
S6 and Figures S53−S55). To demonstrate salt effect is not
limited to arylation, we applied the salt effect to promote two
fundamentally different chemical reactions: π-clamp mediated
cysteine arylation (SNAr reaction) and alkylation (SN2
reaction). Cysteine alkylation is widely used in bioconjugation,
but selective alkylation is rarely reported.39 As a proof of
concept, we developed a π-clamp mediated selective alkylation
reaction that was promoted by ammonium sulfate. On the basis
of the versatility and biocompatibility of salts, we envision that
the salt effects could offer a tunable chemical feature for the
rapidly expanding bioconjugation toolbox.

■ METHODS
Synthesis of the Arylation and Alkylation Probes.

Probe 2, 6A, and 6B were prepared as previously described.26,40

The synthesis of probe 6c was summarized in Figure S25.
Probe 7 was synthesized as described below. To 7-Cys (19
μmol, 16.7 mg) dissolved in 1 mL of DMF in a plastic
Eppendorf tube was added 4,4′-bis(chloromethyl)-1,1′-biphen-
yl (380 μmol, 95.4 mg) and diisopropylethylamine (190 μmol,
32 μL). The tube was vortexed and sonicated to ensure
complete reagent mixing. The reaction mixture was left at room
temperature for 60 min. 1 μL of reaction mixture was quenched
by addition of 20 μL of 50% water/50% acetonitrile/0.5% TFA
and was then analyzed by LC−MS. Resulting reaction mixtures
were quenched by addition of 20 mL of 95% water/5%
acetonitrile/0.1% TFA, and excess 4,4′-bis(chloromethyl)-1,1′-
biphenyl was precipitated as a white solid. The resulting sample
was centrifuged at 4000 rpm for 5 min. The supernatant was
filtered through 0.22 μm nylon syringe filter and purified by
RP-HPLC. Scheme for the reaction and LC−MS analysis for
the product is shown in Figure S43.

Reaction Yield Determination. Yields for peptide
substrates were determined by integrating total ion current
(TIC) spectra. First, using the Agilent MassHunter software
package, the peak area for all relevant peptidic species on the
chromatogram were integrated. In cases where no side product
was generated in the experiments, the conversion of the
limiting reagent equals the yield of the product. Conversion was
calculated by integrating the total ion current (TIC) of the
same limiting peptide species within the dynamic linear range
of the LC−MS instrument. Then the yield was calculated as
following: % yield = % conversion = 1 − St/S0 where St is the
peak area of the limiting reagent at time t, and S0 is the peak
area of the limiting reagent at time 0. For protein substrate, the
yield was calculated from the relative peak intensity of starting
material and products in the deconvoluted mass spectrum as
follows: % yield = Idesired product/Iall relevant species where Idesired product
is the peak intensity of desired protein product, and
Iall relevant species is the sum of the peak intensities of all relevant
species (starting material and products) in the deconvoluted
mass spectra.

Kinetics Study. The pH of salt stock solution was adjusted
to 8.0 before use. To measure the second order rate constants,
reaction mixture was prepared on ice and divided into several
10-μL aliquots. All aliquots were immediately put into a 37 °C
water bath unless otherwise noted. For reactions that take more
than 1 h to monitor, all aliquots were heated in a PCR machine
set at 37 °C to prevent solvent evaporation. Reactions were
quenched by addition of 100 μL of 50% water/50%
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acetonitrile/0.5% TFA at different time points and then
subjected to LC−MS analysis. The initial concentration of
probe and substrate were known. The second-order rate
constants were determined by fitting the following kinetics eq
1:

=
−

=y k t
ln

[probe] [peptide]

[peptide] [probe]
[peptide] [probe]

0 0
2

t

t

0

0

(1)

Error of reaction rate constant was obtained from the linear
fitting of the kinetics curves for measuring the reaction rate.
Antibody Expression and Labeling. The π-clamp

trastuzumab 5 and π-clamp C225 were expressed as previously
described.26 The antibody was labeled in 100 mM phosphate,
10 mM TCEP at pH 8.0 to keep the interchain disulfide
reduced during the reaction. All the reactions were heated at in
a PCR machine to maintain the temperature and prevent
solvent evaporation. The reaction mixture was diluted and then
buffer exchanged with 0.1 M Tris buffer, pH 8.0 using 10K
Amicon Ultra centrifugal filters to remove the probe and
ammonium sulfate. The concentrated antibody can be directly
used for cell assays or binding assays. For LC−MS analysis of
trastuzumab and its conjugates, the antibody was first treated
with PNgase F (5000 u/mL) in 0.1 M Tris buffer (pH 8.0) at
45 °C for 1 h to remove N-glycans and then incubated with 20
mM TCEP to reduce the interchain disulfide.
Octet BioLayer Interferometry Binding Assay. In vitro

binding assays were performed using the Fortebio Octet
RED96 Bio-Layer Interferometry system at 30 °C. Streptavidin
biosensors were dipped into 200 μL of 20 nM 5-biotin in PBS
with 0.02% Tween and 0.1% BSA for the loading. The
biosensors loaded with antibody were sampled with recombi-
nant HER2 (R&D Systems) at various HER2 concentrations in
PBS with 0.02% Tween and 0.1% BSA to obtain the association
curve. Buffer only served as the reference. After association, the
biosensors were dipped into buffer to obtain the dissociation
curve. The association and dissociation curves were fitted with
Fortebio Biosystems (global fitting algorithm) to obtain the KD.
Cell Viability Assay. Cells were seeded in a 96-well white

opaque plate at a density of 4 × 103/well (HEK 293T) or 10 ×
103/well (BT474). Cells were allowed to attach for 24 h at 37
°C and 5% CO2 in humidified atmosphere. Cells were then
treated with serial dilutions of drug or ADCs for 96 h (BT474)
or 72 h (HEK 293T). The viability of cells was measured using
CellTiter Glo reagents following the manufacturer’s protocol
and was normalized to the viability of cells without any
treatment. The data were plotted using OriginLab software, and
the half-maximal effective concentration (EC50) values were
obtained by fitting the viability curves with a sigmoidal
Boltzmann fit.
Computational Studies. Calculations without an ion

(mutations studies, Figure 5c) were initialized from the six
possible stacked geometries: perfluoroaryl moiety face-on with
the side chain face, perfluoroaryl moiety face-on with the side
chain edge, side chain face-on with perfluoroaryl moiety edge,
perfluoroaryl moiety edge-on with side chain edge, side chain
face-on with reactive fluorine in perfluoroaryl moiety, and side
chain edge-on with reactive fluorine in perfluoroaryl moiety.
Calculations with an ion (salt effect studies, Figure 5e) started
with one initial structure: a sandwich of the ion between the
phenylalanine side chain and perfluoroaryl moiety. The lowest
energy structure was chosen after optimization. Geometries
were not constrained through the calculation, and final binding

structures were checked to ensure they conformed to two
conditions. First, side chains should not fill volume that is
occupied by the peptide part of the probe 2 that linked to the
perfluoroaryl, which was not present in the simulation. Second,
the methyl group on the side chain representing the attachment
point to the peptide backbone should not significantly interact
with the ligand due to steric restriction. For calculations
involving an ion, the thiol in the perfluoroaryl moiety was
replaced with a fluorine atom to prevent spurious interactions
that would not be present in the full system. Because this
change is far from, and electronically unconjugated to, the
reaction center, we expect this modification to have little impact
on the binding energy.
Density functional calculations were performed using the

QCHEM 4.3 software package.41 For calculation without an
ion, an initial coarse geometry optimization was performed with
the B3LYP functional42 using Grimme’s D1 corrections43 in a
6-311+g* basis set.44,45 Then, a final optimization was
performed using the VV1046 (rpw86/PBE) functional47 in a
6-311+g* basis with a B term of 5.9, a C term of 0.0093, and an
SG1 nonlocal grid.48 The XC grid used was according to a
Lebedev (75, 302) scheme.49 For calculation with an ion, the
geometry optimization on initial structure was first performed
in an STO-3g basis set using the B3LYP functional with
Grimme’s dispersion corrections and then optimized in a 6-
311+g* basis set again using the B3LYP functional with
Grimme’s dispersion corrections. An implicit solvent model was
used, namely a conducting polarizable continuum model with a
dielectric of 78.4.50 Vibrational analysis was performed to
account for zero-point energy and vibrational free energy within
the harmonic approximation.
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