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Abstract: This paper presents an enzyme building block for
the assembly of megamolecules. The system is based on the
inhibition of the human-derived cellular retinoic acid binding
protein II (CRABP2) domain. We synthesized a synthetic
retinoid bearing an arylfluorosulfate group, which uses sulfur
fluoride exchange click chemistry to covalently inhibit
CRABP2. We conjugated both the inhibitor and a fluorescein
tag to an oligo(ethylene glycol) backbone and measured a
second-order rate constant for the protein inhibition reaction

of approximately 3,600 M� 1s� 1. We used this new enzyme-
inhibitor pair to assemble multi-protein structures in one-pot
reactions using three orthogonal assembly chemistries to
demonstrate exact control over the placement of protein
domains within a single, homogeneous molecule. This work
enables a new dimension of control over specificity, orienta-
tion, and stoichiometry of protein domains within atomically
precise nanostructures.

Introduction

Megamolecules are very large protein structures that have
molecular weights approaching 1 MDa and dimensions of
100 nm and are perfectly defined in the placement of each
atom and bond.[1,2] These structures are assembled through
reactions of linkers that are terminally substituted with covalent
inhibitors and fusion proteins containing enzyme targets for the
inhibitors.[3] A benefit of this approach is that initial binding of
the inhibitor to the enzyme brings the partners together in a
rapid reaction and activates the inhibitor only when it is at the
site of desired reaction.[4] Our previous work used the reaction
of a cutinase protein with a p-nitrophenyl phosphonate (pNPP)
and a SnapTag domain with a chloro-pyrimidine (CP) inhibitor
to synthesize dendritic molecules,[5] therapeutic antibody
mimics,[6] and to study structure-function relationships in anti-
body-enzyme conjugates (Figure 1A–B).[7] The development of
additional enzyme-inhibitor pairs will be important for enabling
the efficient synthesis of complex protein architectures and
possibly for preparing structures that are immunotolerant. In
this work, we describe the development of an irreversible
inhibitor for cellular retinoic acid binding protein II (CRABP2)
and demonstrate its use in megamolecule assembly.

Results and Discussion

Our design of the covalent inhibitor was based on a report by
Kelly, Sharpless, and coworkers of covalent inhibition of
CRABP2, at an active site tyrosine residue, by an arylfluorosul-
fate electrophile.[8] This sulfur fluoride exchange (SuFEx) click
reaction was activated by two proximal arginine residues
(Arg112 and Arg133) that electrostatically stabilized the reactive
sulfur fluoride bond through the formation of a sulfate ester,
lowering the pKa of the nucleophile and accelerating the
inhibition reaction.[8–11]
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Figure 1. Reactions for assembly of megamolecules. Covalent inhibition of
(A) cutinase with a p-nitrophenyl phosphonate (pNPP) inhibitor and of (B)
SnapTag with a chloro-pyrimidine (CP) inhibitor. (C) In this work, covalent
reaction of the CRABP2 (CrabTag) domain with a synthetic retinoid inhibitor.

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202103059

17843Chem. Eur. J. 2021, 27, 17843–17848 © 2021 Wiley-VCH GmbH

Wiley VCH Dienstag, 14.12.2021

2171 / 226455 [S. 17843/17848] 1

http://orcid.org/0000-0002-9582-9887
http://orcid.org/0000-0002-4964-796X
https://doi.org/10.1002/chem.202103059
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202103059&domain=pdf&date_stamp=2021-11-17


The rate of reaction with this inhibitor, however, was not
well-suited for megamolecule assembly. Hence, we incorpo-
rated a synthetic retinoid described by Whiting, Pohl, and
coworkers.[12,13] The high affinity of this class of synthetic
retinoids for CRABP2 owes to a highly-conjugated, linear
backbone for binding into the hydrophobic ligand binding
pocket of the protein.[14] We prepared a synthetic retinoid with
a modification at the hydrophobic region for ligation onto our
linkers. The polar region of the retinoid displays the necessary
arylfluorosulfate group for covalent modification by SuFEx with
the monomeric CRABP2 active site tyrosine nucleophile (Fig-
ure 1C).

We prepared covalent inhibitor 10 in a 10-step convergent
synthesis through the conjugation of π-donor 4 and π-acceptor
7 (Scheme 1). The former was synthesized from 4-iodoaniline by
acylation (1) and Friedel-Crafts cyclization (2) followed by
reduction with borane·dimethyl sulfide complex to yield
tetrahydroquinoline 3.[15] Acylation with 4-chloro-4-oxobutyrate
gave para-iodoaniline derivative 4. The π-acceptor partner 7
was synthesized following an approach reported by Freccero.[16]

4-Iodophenol was protected by O-acetylation (5), coupled to
trimethylsilylacetylene by Sonogashira cross-coupling (6), and
desilylated with potassium fluoride. The protected synthetic
retinoid 8 was then conjugated through Sonogashira coupling
of π-acceptor (7) and π-donor (4), followed by saponification to
reveal non-covalent retinoid inhibitor 9 with a succinic acid
handle for chemical ligation. We completed the synthesis by
sulfonylation of the terminal phenol with [4-(acetylamino)
phenyl]imidodisulfuryl difluoride (AISF) to give synthetic reti-
noid 10.[17]

We constructed a T7 expression plasmid incorporating the
sequence for CRABP2 (referred to hereon as CrabTag) modified

with a C-terminal His-tag. We transformed the plasmid into
chemically competent E. coli and purified the protein with
immobilized metal affinity chromatography (IMAC).[18] We
reacted the protein (10 μM) in phosphate buffered saline (PBS;
2.7 mM KCl, 138 mM NaCl, pH 7.4) with covalent inhibitor 10
(1.1 equivalents) and purified the adduct using size exclusion
chromatography (SEC). Electrospray ionization mass spectrome-
try (ESI-MS) confirmed presence of the adduct (Figure S1–S2).

We grew crystals of the inhibited enzyme and obtained an
X-ray structure that diffracted to 2.0 Å (Rwork=0.169, Rfree=

0.228) (PDBID: 7RY5) (Figure 2). The electron density map shows
that the synthetic retinoid inhibitor forms a covalent sulfate
ester adduct at the polar region of the inhibitor with the
nucleophilic residue, Tyr135 (Figures S3–S6). A structural align-
ment comparison of the CRABP2 protein backbone in our
CrabTag-10 adduct with the non-covalent CRABP2-synthetic
retinoid complex from Whiting and Pohl[13] (PDBID: 6HKR) shows
high similarity (RSMD=1.18 Å over all atoms without refine-
ment) (Table S1). Consistent with the covalent CRABP2-diary-
lsulfate crystal structure from Sharpless and Kelly,[8] synthetic
retinoid inhibitor 10 selectively modifies Tyr135 polar stabiliza-
tion interactions between the arylfluorosulfate electrophile.
Further, the proximal hydrogen bonding donor (Arg112 and
Arg133) side chains help to facilitate the covalent SuFEx
modification of the Tyr135 residue.

We synthesized linker 11, which included a fluorophore to
characterize the kinetics for reaction of the covalent inhibitor
and CrabTag (Figure 3A). We ran parallel reactions that varied
the concentration of the linker (2, 5, 10, 20, 40, 65, and 100 μM)
at a constant concentration of CrabTag (1 μM) and stopped the
reactions using Laemmli reducing buffer at times ranging from
0 to 120 seconds (Figure 3B). Intact mass spectrometry analysis

Scheme 1. Synthesis of the CRABP2 synthetic retinoid covalent inhibitor. The synthesis is based on joining π-donor (4, A) with π-acceptor (7, B) followed by
elaboration to give the covalent inhibitor (10, C). See text for details.
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of the protein-inhibitor complexes for the reactions of CrabTag
with either inhibitor 10 or 11 reveal monomeric adducts with
only one modification that corresponds to the mass of either
inhibitor (Figure 3C, Figure S2). We separated the reaction
products with SDS-PAGE and quantitated the mean
fluorescence intensity of protein bands that corresponded to
the adduct with ImageJ. We fit the kinetic data to a single-
phase exponential decay to obtain observed rate constants, kobs
(Figure 3D). We then plotted the kobs values against the linker
concentration to give a Michaelis-Menten curve, yielding the
inactivation rate constant ki and the equilibrium binding affinity
of the enzyme-inhibitor complex KI (Figure 3E). The ratio of
these parameters gives the second order rate constant for the
covalent modification reaction, keff, as (3.6 � 0.5)×103 M� 1s� 1.
We also monitored the stability of the adduct by incubating the
product (1 μM in PBS, 25 °C) and found that over 95% of the
protein domains in solution retained covalent occupancy of the
linker after two weeks (Figure S7).

We next demonstrate that we can assemble megamolecules
using three reactions – CrabTag with 10, cutinase with a pNPP
inhibitor, and SnapTag with a CP inhibitor.[2] Importantly, we
first confirmed that each enzyme only reacts with its paired
covalent inhibitor (see Supporting Information) and therefore

expected that branched megamolecule 16 could be assembled
in a single, one-pot reaction from four reactants: cutinase, a
SnapTag-CrabTag (SR) fusion protein, fluorescent linker 11, and
a heterotrifunctional linker bearing two inhibitors for SnapTag
and one inhibitor for cutinase.[5]

There are 120 discreet pathways that could give product 16.
Consideration of the relative rates for the reactions of the three
enzymes narrows the possible pathways to the two shown in
Figure 4A. Because the reaction of CrabTag with its inhibitor is
the fastest, we expected that the SR fusion protein would first
react with fluorescent linker 11 to give intermediate 12. Based
on the relative rates for SnapTag and cutinase reactions with
their inhibitors, we expected that intermediate 13 would form
next. In the next step, we predicted that two reaction pathways
– forming either intermediates 14 or 15 – would compete to
give final product 16. After performing the experiment, we
obtained time-resolved quantification of reaction intermediates
and formation of final product 16 using both fluorescent and
Coomassie stained SDS-PAGE (Figure 4B).

By monitoring the concentration of each intermediate, we
can assess the kinetics and determine the abundance of each
reaction intermediate over time (Figure 4C). We used the
SimBiology application within MATLAB to develop a simple
block diagram to model the batch reaction for the megamole-
cule assembly (Figure S12).[19,20] Due to the fast reaction kinetics
of CrabTag inhibition, a key assumption to our model was a
pseudo-steady state hypothesis on the concentration of fluo-
rescent linker 11.[21] Using a non-linear regression as our
statistical model, we simultaneously solved the system of
differential rate law equations and estimated the second-order
kinetic rate constant parameters from the model (Figures S12–
14, Tables S3–S6). This experiment revealed that a mechanistic
approach could be used to describe and monitor the stepwise
assembly of an atomically precise multi-protein scaffold over
time.

We next synthesized heterotrifunctional linker 17 that bears
a covalent inhibitor for each of the three enzyme-inhibitor pairs
described in this work – SnapTag, cutinase, and CrabTag (see
Supporting Information). Adding linker 17 (20 μM in PBS, 25 °C)
into an equimolar solution of three monomeric enzymes (each
at 22 μM) resulted in a one-pot reaction where only one copy of
each enzyme was simultaneously and, importantly, site-selec-
tively localized to the linker core to form branched megamole-
cule product 18 (Figure 5A). We purified the major reaction
peak using SEC and compared homogeneous product 18 to the
starting enzymes using SDS-PAGE and ESI-MS (Figure 5B� C).
The exact molecular weight of branched megamolecule prod-
uct 18 was 62,232 Da, which is in excellent agreement to the
expected molecular weight of 62,231 Da (~MW=1 Da). Further,
TEM was used to image the structure for single-branched
megamolecule structure 18 (FIGURE S15). The average structure
length was measured for this product at 8 nm�2 nm.

Finally, we describe the preparation of double-branched
megamolecule 19 using heterotrifunctional linker 17 in a one-
pot assembly involving six reactions of four molecules (Fig-
ure 5D). Assembly of megamolecule 19 was accomplished by
reacting linker 17 (22 μM in PBS, 25 °C) with a mixture of both

Figure 2. Crystal structure at 2.0 Å of the CrabTag-10 complex. Tyr135 forms
a covalent bond with the arylfluorosulfate electrophile within synthetic
retinoid inhibitor 10, where the resulting Tyr~Arg~Arg motif is specified.
PDBID: 7RY5.
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monomeric CrabTag and cutinase domains (both at 22 μM) and
a di-SnapTag fusion protein (SS, 10 μM) core (Figure S11).
Purification of product 19 by SDS-PAGE shows a product band
near 120 kDa, which is consistent with the predicted molecular
weight of approximately 124.5 kDa (Figure 5E). SEC was used to
characterize each of the enzyme starting materials, single-
branched product 18, and double-branched product 19. The
calculated partition coefficients (Kav) for all proteins and
megamolecules matched their expected molecular weights by
alignment to the standard globular protein calibration curve
(dotted line), indicating that each species had a single, globular
structure (Figure 5F). TEM was finally used to image double-
branched megamolecule 19, which had measured dimensions
of 8 nm�2 nm for the diameter and of 11 nm�3 nm for the
length (Figure S16). These results demonstrate the orthogon-
ality of the enzyme-inhibitor reactions and their application to
the one-pot assembly of complex products without the use of
protecting groups.

Conclusions

This work establishes a new reaction pair for assembly of
megamolecules. The CrabTag domain efficiently reacts with 10
due to the high affinity of the synthetic retinoid and the rapid
covalent reaction of the arylfluorosulfate electrophile with the
tyrosine nucleophile.[8,12] The CrabTag protein domain is mono-
meric, easily expressed in E. coli due to its small size (17 kDa),
and is also significant because it is a human-derived enzyme.[8,22]

Further, this inhibition reaction has an effective rate constant of
approximately 3,600 M� 1s� 1 and the enzyme-inhibitor complex
is stable (>95% bound) at room temperature for over two
weeks. Finally, the orthogonality of this reaction relative to the
other two enzyme-inhibitor reactions used here allowed us to
perform single pot assemblies of complex products, demon-
strating its utility for convergent megamolecule assembly. It is
important to note that while the reactions between the
inhibitors and the enzymes are rapid, the scale of megamole-

Figure 3. Kinetic characterization for the reaction of (A) synthetic retinoid inhibitor 11, which is terminated in a fluorescein tag (green). (B) Reaction of CrabTag
with linker 11 was stopped at different time points using Laemmli buffer. Reaction products were separated using SDS-PAGE and the fluorescent product
band was quantitated using ImageJ. (C) Deconvoluted protein mass spectrometry data quantifying the molecular weight of CrabTag (R, black) before and
after complexation with either inhibitor 10 (red) or inhibitor 11 (green). (D) Fraction of covalently occupied CrabTag protein plotted for each linker
concentration at discrete time points to give kobs. (E) The kobs data were plotted relative to the linker concentrations in a Michaelis-Menten analysis and gave
constants ki, KI, keff. All plots and values have error represented as SEM. Figure was created using Biorender.com.
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cule assembly is currently limited to several nanomoles of
protein and linkers in one-pot.

We believe that this new reaction will play a significant role
in the assembly of therapeutic antibody mimics,[23] including
antibody-drug conjugates,[24,25] multi-specific antibodies,[26,27]

and hypervalent protein dendrimers.[28,29] In each of these
applications, it is critical that the assembly of several fragments
results in a homogeneous target structure without the necessity
for intermediate protecting and deprotecting reactions. Further,
it will be important that the enzymes are human-derived to
minimize unwanted immunogenicity.[30–32] We expect that
having a modular toolbox with the several, orthogonal enzyme-
inhibitor reactions described in this work will enable efficient,
one-pot assembly of a broad range of megamolecule architec-
tures.
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Figure 5. One-pot megamolecule reactions using heterotrifunctional linker
17. (A) Reaction Scheme depicting the one-pot synthesis of a megamolecule
product 18. The core of the protein scaffold is trifunctional linker 17, which
bears each of the three covalent inhibitors. (B) SDS-PAGE and (C) ESI-MS
characterization of the enzyme reactants and purified one-pot megamole-
cule product 18. (D) One-pot reaction synthesis of double-branched
megamolecule 19 using a di-SnapTag fusion protein as the scaffold core. (E)
SDS-PAGE characterization of the starting proteins and product 19. (F)
Analysis of partition coefficients (Kav) based on size-exclusion chromatograms
from protein and megamolecule purification.
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