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ABSTRACT: This paper describes the synthesis of giant cyclic
molecules having diameters of 10—20 nm. The molecules are
prepared through the reactions of a fusion protein building block
with small molecule linkers that are terminated in irreversible
inhibitors of enzyme domains present in the fusion. This building
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block has N-terminal cutinase and C-terminal SnapTag domains that react irreversibly with p-nitrophenyl phosphonate (pNPP)
and benzylguanine (BG) groups, respectively. We use a bis-BG and a BG-pNPP linker to join these fusion proteins into linear
structures that can then react with a bis-pNPP linker that joins the ends into a cyclic product. The last step can occur
intramolecularly, to give the macrocycle, or intermolecularly with another equivalent of linker, to give a linear product. Because
these are coupled first- and second-order processes, an analysis of product yields from reactions performed at a range of linker
concentrations gives rate constants for cyclization. We determined these to be 9.7 X 1037523 %x103s7% and 8.1 X 107* s7*
for the dimer, tetramer, and hexamer, respectively. This work demonstrates an efficient route to cyclic macromolecules having
nanoscale dimensions and provides new scaffolds that can be generated using the megamolecule approach.

B INTRODUCTION

The synthesis of megamolecules, which we define as discrete
(monodisperse) molecular structures having masses exceeding
100000 Da, and with dimensions greater than 10 nm, is
challenging. Strategies based on oligonucleotide assembly—as
illustrated by the range of structures prepared as DNA
origami—represent an exciting approach to generating well-
defined megamolecules." The use of proteins as building blocks,
by extension, is significant because of their wide structural
diversity and because proteins display enormously more
functional properties than oligonucleotides. The assembly of
proteins, however, is constrained by their chemical complexity
and the lack of general reactions (unlike the hybridization and
ligation reactions used for DNA) that can efficiently join them
into larger structures. In the present paper, we build on earlier
work that demonstrated the use of an enzyme-mediated protein
assembly method and report the design and construction of
cyclic macromolecules having molecular weights between 100—
300 kDa and diameters of 10—20 nm. We also characterize the
rates for cyclization in these large structures and introduce the
SnapTag enzyme as a new orthogonal building block that
expands the range of megamolecule structures that can be
prepared.

Pioneering work by Schulz and Wagner demonstrated
supramolecular protein assemblies based on protein—ligand
interactions to give extended lattices®* and nanorings.”® These
structures are typically polydisperse and, because they are based
on noncovalent connections, are not stable to manipulation and
dilution.” Yeates, Baker, and others have used protein—protein
interactions to construct cages,® '’ polyhedra,'"'* modified
viral particles,"”'* and artificial enzymes.'> These approaches
harness multivalent contacts to drive the formation of discrete
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structural assemblies, yet they often require the evaluation of a
large number of designs to realize the desired products.

Methods based on the covalent assembly of protein building
blocks, in contrast, could be used to prepare structurally well-
defined and stable structures. To be useful, these approaches
require chemistries that are efficient, regioselective, and that use
functional groups that are present (or can easily be
incorporated in) proteins. Recent work using sortase
enzymes,'® “dock-and-lock” methods,'” engineered bacterial
adhesins,'® and split inteins'’ are important advances toward
this goal, while nonsense codon engineering to site-specifically
introduce non-natural amino acids has enabled the incorpo-
ration of functional groups for chemoselective ligations
including azides, alkynes, aldehydes and others.””~** In the
latter case, the preparation of modified proteins can be
challenging and the subsequent bimolecular conjugation
reactions can require many hours or days to prepare products
in acceptable yield.”® Often, rate constants for these ligation
reactions are modest and the high molecular weight and limited
solubility of proteins limits reaction concentrations to the
micromolar regime.24 This, in turn, translates to observed
reaction rates that are 3—4 orders of magnitude slower than
those of the corresponding small molecule reactions.

To overcome the poor rates for covalent joining of proteins,
we reported a method based on the reaction of enzymes with
mechanism-based irreversible inhibitors. With this strategy, the
inhibitors first bind to the active site of the protein, overcoming
the slow rates that would characterize the corresponding
bimolecular reaction. Further, because the reactions are
promoted by a specific active site geometry and occur at a
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single active site residue, they undergo little reaction at other
sites, giving defined products. We reported the stepwise
synthesis of a 240 kDa molecule prepared from the assembly
of five HaloTag-cutinase fusion proteins with four bifunctional
linkers.”> HaloTag is an engineered haloalkane dehalogenase
that is irreversibly inhibited by primary alkyl chlorides through
a nucleophilic displacement reaction with an aspartic acid
residue in its active site.”® Cutinase is a serine esterase that is
irreversibly inhibited by phosphonate ligands via phosphony-
lation of an active site serine residue.”

In the present paper we demonstrate the use of this
megamolecule approach to prepare large cyclic molecules. The
route begins with the preparation of a linear oligomer of fusion
proteins and then treats this intermediate with a bifunctional
linker designed to react with each of the terminal domains to
give a cyclized product. We demonstrate the preparation of
cyclic molecules having molecular weights between 90 and 280
kDa. Further, we characterize the first order rate constants for
the cyclization reactions. We find that they are in the range of
those observed for cyclization of small molecules and that there
is a modest decrease in rate as the cyclic molecules increase in
size. This work establishes a route toward cyclic molecules that
are difficult to prepare through other means and expands the
diversity of structural scaffolds that can be prepared with the
megamolecule approach.

B RESULTS AND DISCUSSION

Approach. We used two enzyme-inactivator pairs to
assemble the cyclic molecules (Figure 1). The first is cutinase,
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Figure 1. We used two enzyme—inhibitor reactions to assemble fusion
proteins into cyclic megamolecules. (A) Cutinase, a serine esterase,
reacts selectively and irreversibly with electrophilic phosphonate
derivatives at its nucleophilic Serl120 residue to yield serine
phosphonate esters. This results in a stable protein—substrate complex.
(B) SnapTag, an OS-alkylguanine alkyltransferase reacts irreversibly
with benzylguanine (BG) derivatives at its catalytic Cys14S.

which we described earlier, and is covalently inhibited by a p-
nitrophenyl phosphonate (pNPP) group.”® The second is
SnapTag, an engineered 19 kDa OC-alkylguanine alkyltransfer-
ase developed by Johnsson and co-workers, that reacts with
benzylguanine (BG) derivatives at its catalytic Cys14S residue
to yield a stable thiobenzyl adduct.”” These substrate-enzyme
reactions do not require cofactors and proceed rapidly with
observed rate constants up to 10* M~ s7', and therefore can be
rapidly carried out at low concentration of protein.
Furthermore, both enzymes are relatively small (<30 kDa),
are efficiently expressed in E. coli hosts, and both are quite
soluble and stable for reasonable periods of storage. We
constructed an expression plasmid based on pET21d that
encodes an N-terminal cutinase fused to a C-terminal SnapTag

6392

with an (EAAAK), linker and a C-terminal 6x His-tag, to yield
a construct we refer to as CS (for cutinase-SnapTag wherein
the bolded “C” denotes the N-terminal fusion partner). We
selected this helical linker because it has been shown to more
effectively separate fusion domains than do flexible polypeptide
linkers.”® We expressed this construct in Origami B(DE3)
E. coli with induction by IPTG. Yields were typically 4—6 mg/L
of culture after isolation by cobalt immobilized metal chelate
affinity chromatography (Co-IMAC) and size-exclusion
chromatography (SEC). We synthesized two homobifunctional
linkers that could either symmetrically join two SnapTag
domains or two cutinase domains, and we also synthesized a
heterobifunctional linker that can join one of each. The
syntheses of these linkers were based on straightforward
manipulation and are shown in Figure 2. We used water-soluble
polyethylene glycol (PEG) precursors to construct a bis-BG
linker 1 through standard amide coupling of 4-aminomethyl-
BG’' to 0,0’-bis(carboxyethyl)-dodecaethylene glycol and 4, a
bis(ethyl p-nitrophenyl phosphonate) linker in 3 steps from
dodecaethylene glycol. We prepared the heterobifunctional
linker 8 from two amino-terminal fragments bearing each
functional group. Each linker contains >12-ethylene glycol
repeats as we have shown previously that this length is sufficient
to span the active sites of the tethered proteins.

Our synthetic route began by linking the SnapTag domains
of the CS monomer with 1 to yield a symmetric dimer with
terminal cutinase domains. This step was followed by treatment
of the dimer with 4 to afford the cyclic product. We chose this
approach for two reasons. First, had we chosen to synthesize a
dimer of the form CS—CS using heterobifunctional linker 8, it
would have been necessary to “protect” the first cutinase
domain with a blocking ligand to prevent early cyclization of an
intermediate or undesired oligomerization. Second, for the
structures described later in the manuscript, we can purify
intermediates using SEC, which is straightforward, but requires
a significant mass difference between the product and reactants.
By adding two fusion proteins to both ends of the symmetrical
intermediates, our synthesis aids in their purification. Both of
these principles are important to the retrosynthetic analysis of
related megamolecule structures. We note that in early
approaches, we employed a synthesis that relied on coupling
of two HaloTag domains and found those reactions to proceed
with lower yields, for reasons that we still do not understand.

Cyclic Dimer. We first demonstrate the synthesis of a cyclic
dimer molecule prepared from two CS fusion proteins and two
bifunctional linkers (Figure 3). We started by treating the
recombinant CS monomer (50 uM) in Tris-buffered saline
(TBS; 25 mM Tris-HCL, 150 mM NaCl, pH 7.4) with 0.5
equiv, a stoichiometric amount, of bis-BG linker 1 to give the
symmetrical dimer CS—SC. The reaction was allowed to
proceed for 15 min and then purified by SEC to give the
desired product in 40% yield. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) of CS—SC
showed a band near 90 kDa, consistent with the calculated mass
of 92 kDa. We then treated this intermediate at 500 nM in TBS
with 1.5 equiv of bisphosphonate linker 4. We isolated the
major reaction peak using SEC and compared this product to
CS and CS—SC by SDS-PAGE (Figure 3B). Both CS and CS—
SC appear near the expected molecular weights of 45 and 92
kDa respectively while the apparent cyclic species, (CS—SC)
migrates with lower mobility than the linear precursor.
Comparison of the size exclusion chromatographs of CS—SC
and the product of the cyclization reaction showed, for the
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Figure 2. Synthetic scheme for the preparation of linkers used in the assembly of cyclic megamolecules. (A) The synthesis of a homobifunctional
linker 1 with terminal BG groups for joining SnapTag domains. Here the red ends of the stylized linker represent BG groups. (B) The synthesis of
symmetric linker 4 with terminal ethyl p-nitrophenyl phopshonate groups for joining cutinase domains. The yellow ends of the stylized linker
represent pNPP groups. (C) Synthetic scheme for heterobifunctional linker 8 used later in the work to prepare larger oligomers of CS.
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Figure 3. Synthetic scheme and characterization of linear and cyclic
forms of the CS dimer, CS—SC. (A) CS is first reacted with 0.5 equiv
of linker 1 to dimerize the SnapTag domains of two CS proteins. This
dimer is then treated with linker 4 to afford first a monofunctionalized
intermediate, (CS—SC)—L, which then undergoes intramolecular
reaction to afford the cyclic dimer (CS—SC). (B) SDS-PAGE
characterization of the CS monomer; and linear and cyclic dimer. The
monomer and linear dimer show bands near the calculated molecular
weights of 45 and 92 kDa, whereas the cyclic species shows a band at
higher apparent molecular weight than the calculated value of 93 kDa.
(C) Deconvoluted ESI-MS spectra of linear, cyclic and linear double
functionalized forms of the protein.
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latter, a peak having a longer retention time than that for the
linear precursor, indicating a species with a smaller hydro-
dynamic radius than the starting material (Figure S1).
Another possible product would derive from reaction of 2
equiv of 4 with CS—SC to give a symmetric molecule that is
then unable to cyclize. To verify that the lower mobility band
was indeed the cyclic species and not the bis-reacted protein,
we intentionally prepared the latter species, (CS—SC)—L,, by
treating CS—SC with a 50-fold excess of 4 and then purified
this species using a micro gel filtration column. We then
determined the masses of CS—SC, the apparent cyclic product,
and (CS—SC)—L, via electrospray ionization mass spectrom-
etry (ESI-MS). For CS—SC, we observed a deconvoluted mass
of 91 879 Da, in excellent agreement with the calculated mass
of 91 878 Da. The spectra of the putative cyclic product had a
deconvoluted mass of 92 574 Da, which corresponds exactly to
the expected mass shift of AMW = 696 Da from the linear
precursor resulting from the addition of 1 equiv of 4 less the
two p-nitrophenylates that are displaced in the cyclization
reaction. For the dimer that was reacted with 50 equiv of 4, we
obtained a deconvoluted mass of 93 543 Da, corresponding to
the addition of 2 equiv of 4 less the two liberated pNPP groups
at AMW = 1664 Da from the linear starting material. These
data are consistent with the proposed structures.
Partitioning between Cyclization and Oligomeriza-
tion. The cyclization reaction described above can also give
products that derive from intermolecular reaction of two CS—
SC proteins to give the longer tetrameric molecule, CS—SC—
CS—SC. This partitioning between intramolecular and
intermolecular reactivity is a common feature of cyclization
reactions and the dependence of the relative yield for the two
products on the concentration of the linker allows determi-
nation of the first order rate constant for the cyclization
reaction. For example, in our first attempts at preparing the
cyclic dimer, we performed reactions with CS—SC at a
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Figure 4. Kinetic partitioning in the reaction of CS—SC with 4 and the determination of the intramolecular rate constant for cyclization. (A) Upon
reaction with an equivalent of 4, CS—SC is converted to a monofunctionalized intermediate (CS—SC)—L that can partition into three reaction
channels: one with another equivalent of 4 to yield the double functionalized product (CS—SC)—L,, one with another equivalent of CS—SC to yield
a CS—SC dimer, and an intramolecular channel wherein the free cutinase domain reacts with the pendant phosphonate to generate the cyclic species

with first-order rate constant k.,

« (B) The dependence of yield of cyclic dimer on the concentration of 4 can be determined by treating S00 nM

aliquots of a dye-labeled dimer with varying linker concentrations, resolving the products of reaction by SDS-PAGE and quantifying the bands using
gel fluorimetry. (C) These yields are then plotted vs [4] and fit to a logarithmic function. This function is then used to determine the concentration
of 4 at which the linear and cyclic species are produced in equal amounts. This concentration is then used to determine k. from the relationship in

eq 3.

concentration of 5 M. At this higher concentration, we found
that the initially formed (CS—SC)—L led to an appreciable
amount of the CS—SC dimer due to the intermolecular
addition of an equivalent of CS—SC to (CS—SC)—L.

In Figure 4A, we outline the kinetic scheme of the cyclization
reaction. The linker 4 first reacts with CS—SC to give an
intermediate (CS—SC)—L that can then react by three distinct
pathways. First, a second equivalent of 4 can react with the
remaining cutinase domain to yield (CS—SC)—L,; this reaction
is described by a second-order rate constant 2ky, This rate
constant contains the statistical factor 2 due to the number of
reactive phosphonates per linker molecule. Second, reaction of
the monofunctionalized intermediate with another equivalent
of CS—SC will form CS—SC—CS—SC in an intermolecular
reaction with rate constant 2kg,. Finally, an intramolecular
reaction of the pendant phosphonate ligand with the internal
cutinase domain gives the desired cyclic product. This reaction
is described by a first-order rate constant k... As described
earlier, we found that reaction concentrations of CS—SC at or
below 500 nM were sufficient to effectively eliminate dimer
formation. Under these conditions, (CS—SC)—L largely
partitions into only two of the three reaction channels.
Accordingly, the following equations approximately describe
rate of formation of both (CS—SC)~-L, and (CS—SC),

Rate of formation of (CS—SC)-L,

= 2k, [(CS-SC)-L][L] (1)

Rate of formation of (CS—SC)_.. = kcyc[(CS—SC)—L]

)

cyc
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It follows that when the two products are formed in equal
amounts, the rates of the two reactions are equal and therefore

keye = 2ky[L] (3)

Using this relationship, we can then determine the rate
constant for cyclization k. by determining the second-order
rate constant 2k, and the concentration of 4 at which the two
products are formed in equal amounts.

We first determined 2ky,, the rate constant for the reaction
between (CS—SC) and 4. To eliminate the possibility of the
competing cyclization reaction interfering in the determination
of this rate constant, we used site directed mutagenesis to
introduce a mutation (S120A) into the cutinase-SnapTag
construct. This mutation renders the cutinase domain catalyti-
cally inactive and only allows reaction to proceed at the
SnapTag domain. We expressed and purified this mutant
(C*S), treated it with SO equiv of linker 1 to form a BG-
functionalized monomer, C*S—L, purified this intermediate via
SEC and then reacted the complex with an equivalent of CS to
form the monofunctional dimer (CXS—SC). We then treated
purified C*S—SC (500 nM), with 4 (50 uM) and followed the
release of p-nitrophenol at 401 nm using UV—vis absorption
spectroscopy. We used standard analyses to determine an
effective second order rate constant of 2k;, = 81 + 6 Mt
(Figure S2). We then determined the concentration at which
the cyclic and linear species are formed in equal amounts by
treating a dye-labeled CS—SC at a concentration of 500 nM
with 4 in concentrations ranging from 8 to 250 uM for 24 h to
ensure complete reaction and then resolved the products with
SDS-PAGE. The CS—SC used in these reactions was labeled
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Figure S. Preparation of longer oligomers of CS and determination of their rate constants for cyclization. (A) A tetramer of CS, CS—CS—SC—SC, is
prepared by treating the dimer with 2.5 equiv of 8 followed by 2.5 equiv of CS. A hexamer, CS—CS—CS—SC—SC—SC, is prepared in the same
fashion from the tetramer. These linear oligomers are then cyclized using 4. (B) SDS-PAGE analysis of the purified products of these reactions.
Lanes 1 and 2 show the linear and cyclic tetramer, and lanes 3 and 4, the linear and cyclic hexamer, respectively. The linear products show bands near
the calculated molecular weights of 185 and 278 kDa respectively, whereas the cyclic species migrate with lower mobility more pronounced than in
the dimer case. (C) Determination of dependence of tetramer cycle yield on [4] by fluorescent SDS-PAGE. (D) Yields of cyclic tetramer plotted vs
[4] and fit to a logarithmic function to determine the concentration of linker where products partition equally. (E,F) The same analysis as in D and E
but for the hexamer.

with an AlexaFluor 488 dye and purified by SEC. The each cutinase domain with a pendant BG functional group.

fluorescent label allowed us to quantitate the products of Excess linker was then removed via SEC and the product peak
reaction with gel electrophoresis followed by fluorimetry of the fractions pooled and concentrated. We removed excess 8 from
bands using a gel scanner (Figure 4B). Yields for the cyclic this intermediate by performing SEC. In general, we favor
products were determined using the following equation: purifying the intermediates to prevent reaction of CS in the

subsequent step with free linker as well as other side reactions
that can lower yields. The double functionalized intermediate
was then treated with 2.5 equiv of the CS protein (100 nmol,
100 gM) for 1.5 h. The resulting tetramer, CS—CS—SC—SC,
was purified by SEC and isolated in 60% yield. We used the
same process starting from the tetramer to prepare a hexameric
product, CS—CS—CS—SC—SC—SC, in 53% isolated yield. To
cyclize these expanded linear oligomers, we separately treated
CS—CS—-SC-SC and CS—CS—CS—SC—-SC-SC at 500 nM
with 1.5 equiv of 4, and purified the products by SEC to isolate
the cyclic tetramer, (CS—CS—SC—SC)CYC, and the cydlic
hexamer, (CS—CS—CS—SC—SC—-SC),,.. Analysis of the
two products (Figure 4C). Together with the value we obtained purified products by SDS-P AGE (Figure SB) showed bands
for 2ky, and eq 3, we determined the first order rate constant near t.he calculated molecular weights of 185, 'and 277 @a for
for cyclization, k., to be 9.7 X 10~ 357! (ty, ~ 1 min). the linear tetramer and hexamer, respectively, while the

Cyclization of Larger Rings. The approach we described corresponding cyclic products again showed lower mobility in
above for preparing the cyclic dimer is well-suited for preparing the gel with bands near 240 for (CS—CS—SC—SC),,, and
larger cyclic molecules simply by synthesizing longer linear ~400 kDa for (CS—CS—CS—SC—SC—SC),.. The hexamer

%Yield (CS—SC),. = (I,o/ (I + Lyc)) X 100 (4)

where I, and Iy are the total fluorescence intensities for the
(CS— SC) and (CS—SC)—L, bands, respectively. We then
plotted the yields for each product, (CS—SC),, and (CS—
SC)-L, against the concentration of 4. The relationship
between observed yields and the linker concentration is
complex as the rate laws governing product distribution involve
consecutive second-order reactions,*” therefore, we treated the
data empirically and found they were reasonably well fit by a
logarithmic function. Solving this function for y = 50% yields a
concentration of 4 of 120 yM that gives equal amounts of the

oligomers that can then be cyclized with an appropriate cycle has 6638 atoms in its cyclic chain. For comparison, the
bifunctional linker. We next describe the preparation of two cyclic polyethylene molecules prepared by Grubbs and co-
larger cyclic molecules and we again measure the rate constants workers using ring-opening metathesis polymerization
for cyclization. Assembly of the larger oligomers of CS was (ROMP) had an average molecular weight of 200 kDa,
accomplished using a hetero-bifunctional linker 8 (Figure 2C) corresponding to approximately 16 500 carbon atoms in the
that allows extension of the core CS—SC dimer via the process backbone.™
shown in Figure SA. We prepared this linker by condensation We determined the rate constant k. for CS—CS—SC—SC as
of an amino-hexa(ethylene glycol)-(ethyl-p-nitrophenyl)-phos- described earlier, by first labeling this tetramer with AlexaFluor
phonate) (7) with a succinate-terminated hexa(ethylene 488, removing the excess dye with micro gel-filtration column,
glycol)-benzylguanine amide (6). To assemble the tetramer, and then treating the protein at 500 nM with concentrations of
CS—CS—SC—SC, we first treated CS—SC (40 nmol, 50 M) bifunctional linker 4 ranging from 8—250 xM for 24 h. We then
with 2.5 equiv of asymmetric linker 8 for S h to functionalize separated the products of each reaction via SDS-PAGE (Figure
6395 DOI: 10.1021/jacs.8b02665
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SC) and quantified their intensities using a gel scanner to
obtain reaction yields using eq 3. The yields were plotted
against the concentration of 4, and fit to a logarithmic function
to identify the concentration at which equal amounts of
products deriving from intra- and intermolecular reaction are
observed (Figure SD). Using our previous measure of 2k, we
determined k. (tetramer) = 2.3 X 107 s™' (t;,, ~ 6 min).
This procedure was repeated with dye labeled CS—CS—CS—
SC—SC—SC in reactions of the protein with 4 ranging from 1
to 250 uM (Figure SE). Analysis of these reaction data afforded
keye (hexamer) = 8.1 X 107*s7" (,,, ~ 14 min). We assume, in
our use of the same 2kj, value for each analog that this rate
constant does not depend on the molecular weight or some
other property of the larger complexes. We have examined this
effect in previous work and found that the value of this constant
varies less than 10% even when the molecular weight of the
complex increases by 2 fold.

Our experimental cyclization rate constants depend on the
size of the linear precursor and generally compare favorably to
those found for the cyclization of small peptides,"’4’3’5 and the
intramolecular reaction of a,w-functionalized hydrocar-
bons,”>*” even for the 278 kDa hexamer. A log—log plot of
our cyclization rate constants vs monomer number (Figure 6A)

Keye = 0.05*N-23
1044 !
100 10?
Monomer Number (N)
10 1
B
3
£ 5]
h:I:
@® ry(linear) = 0.02*(MW)047
@ ry(cyclic) = 0.05*(MW)°-*9
0 v ]
0 150000 300000
MW (Da)

Figure 6. (A) A log—log plot of the dependence of cyclization rate
constant k. on monomer number, N. A linear fit to this data yields a
scaling relationship of N> (B) A plot of the dependence of
hydrodynamic radius on molecular weight for the linear and cyclic
species. These data are fit to a power law and yield scaling coefficients

of v = 0.47 and 0.39 for the linear and cyclic species, respectively.

yields a straight line with k. o N~23. This scaling relationship
between cyclization rate and monomer number is in agreement
with values obtained from theory (N7>?) and simulation
(N722%1) for freely jointed polymers with excluded volume
effects.”™”

Our ability to separate cyclic products from linear precursors
by SEC reflects a smaller hydrodynamic volume of the cyclic
species. Hence, we sought to quantitatively compare the
hydrodynamic radii of the products using dynamic light
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scattering (DLS) and to investigate how these radii depend
on molecular weight. We obtained DLS spectra for the
megamolecules at ~0.5 mg/mL at 25 °C in TBS pH 7.4 on
a DynaPro NanoStar instrument. These data are listed in Table
S1 along with the calculated and experimental masses of each
species. We plotted the hydrodynamic radii of the cyclic and
linear products vs molecular weight and fit each data set to a
power law to obtain scaling coefficients of v = 0.47 and 0.39 for
the linear and cyclic products, respectively (Figure SB). Power
law relationships between hydrodynamic radius and molecular
weight are characteristic of polymeric macromolecules and the
magnitude of the scaling coeficient gives information about the
shape of the polymer in solution.*” Theory predicts limiting
values of this coefficient to be 0.33 for spherical molecules and
1.0 for rigid rods, with intermediate values representing other
geometries. For example, coeflicients of v = 0.29 and 0.30 have
been determined for globular proteins and dendrimers, while
segments of double stranded DNA have yielded values of v =
0.60. Therefore, our scaling coeflicients illustrate that the
products of the cyclization reactions have a significantly more
globular architecture in solution than their linear precursors, in
accordance with the proposed cyclic geometry.

B CONCLUSION

This work introduces a modular strategy for preparing
structurally well-defined cyclic molecules having sizes greater
than 10 nm. The preparation of nanomaterials (structures
having dimensions of 10—100 nm) whose covalent structures
are perfectly defined is challenging, particularly for those that
require the assembly of multiple proteins. Our use of enzyme-
inactivator pairs overcomes many of these challenges by
providing rapid and regiospecific reactions that can be
sequenced to modularly prepare a range of large structures.
Furthermore, the use of orthogonally reactive building blocks
and stepwise synthesis permits the isolation of discrete
complexes in contrast with those afforded by polymerization
reactions. Here, we demonstrate the preparation of linear and
cyclic protein megamolecules of 90—280 kDa in high yield in
short times under dilute physiological conditions.

This method builds on our previous work and provides a
new route to the efficient preparation of cyclic molecular
scaffolds with systematic control over protein organization and
composition. The cyclic megamolecules—and analogous linear
and branched structures—offer new opportunities to address
several problems. For example, we believe these methods will
allow the preparation of antibody mimics for therapeutic
applications. Unlike the bivalent IgG molecules that are now
used, such mimics can be designed to present multiple Fab
domains, including the use of different Fabs, that can be and
mix-and-matched to alter mode of action or tune therapeutic
efficacy. We also expect that the spatial arrangement of affinity
domains can have an important influence on their biological
activity—for example, how conformational dynamics may allow
for “walking” behavior on a membrane.”' We also believe the
megamolecule scaffolds may be useful in arranging enzymes
that constitute a biosynthetic pathway; recent work has shown
that such systems can “channel” intermediates for more
efficient multistep syntheses in vitro and in vivo.*”~** Finally,
the megamolecules may represent a route toward synthetic
extracellular matrix components, because of their modularity
and large sizes.*
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B EXPERIMENTAL METHODS

Materials. Hi-mark prestained high molecular weight and Bench-
top Fluorescent protein markers, NuPage antioxidant buffer additive,
NuPage Novex 3—8% Tris-Acetate precast polyacrylamide gels,
NuPage Novex SDS Tris-Acetate running buffer, AlexaFlour488-TFP
ester labeling kit, Microbiospin 6 and 30 columns (Pierce) and 1 M
Tris buffer, pH 8.0 were purchased from Thermo Fisher Scientific.

Megamolecule Syntheses. All reactions were carried out in the
following buffer: 25 mM Tris-HCl, 150 mM NaCl, 0.05% NaNj;, pH
7.8 @ 25 °C (TBS-N,). Stock solutions of linker 1 were prepared in
1:1 DMSO:50 mM NaOAc buffer pH S, and of linkers 4 and 8, in
DMSO. Size-exclusion purification steps of products were carried out
using TBS-N; as the mobile phase at 4 °C on an Akta FPLC (GE
Healthcare). All abosorbance measurements were made using a
NanoDrop UV-—vis spectrophotometer (Thermo Fisher). The
concentration of all protein samples was determined by dividing the
measured absorbance at 280 nm by the calculated extinction
coeflicient based on the peptide sequence of CS using Protparam
(www.expasy.org). Yields listed below correspond to the amount of
oligomeric protein products isolated as >90% pure and not crude
yields for the reaction.

Cutinase-SnapTag Dimer (CS—SC). 120 nmol CS (1.2 mL, 100
uM) was treated with compound 1 (60 nmol, 60 L, 10 mM) for 10
min at r.t. After this period, the reaction was diluted to 2 mL and
applied to a Hi-Load Superdex 200 16/60 gel filtration column using a
flow rate of 1 mL/min. Fractions containing pure CS—SC, as
determined by SDS-PAGE were pooled and concentrated to ~1 mL
using a 5 mL Amicon ultrafiltration unit. £ = 71196 M~ cm™. (24
nmol, 40%) ESI-MS: 91879.27, caled for C,074Hes5N115001231520
91 878.83 g/mol.

Cutinase-SnapTag Dimer Cycle ((CS—SC),). CS-SC (7.5
nmol, 15 mL, 500 nM) was treated with compound 4 (11.3 nmol, 11.3
uL, 1 mM) for 24 h at rt. After this period, the reaction was
concentrated to 2 mL in a S mL Amicon ultrafiltration unit and then
applied to a Hi-Load Superdex 200 16/60 gel filtration column using a
flow rate of 1 mL/min. Fractions containing pure (CS—SC)CYO as
determined by SDS-PAGE were pooled and concentrated to ~0.5 mL
using a 5 mL Amicon ultrafiltration unit. &€ = 71196 M™' cm™. (4
nmol, 53%) ESI-MS: 92 5§73.50, calcd for Cu10,Hgs0sN115001246P2520
92 573.51 g/mol.

Double Functionalized Cutinase-SnapTag dimer ((CS—SC)—
L,). CS—SC (1 nmol, 100 uL, 10 uM) was treated with SO equiv of 4
(50 nmol, S uL, 100 mM) for 30 min at r.t.. Excess linker was removed
using a MicroBioSpin 6 column. ESI-MS: 93 542.97 Da calcd for
Ca12Hes70N115:01267P4S20 93 542.38 g/mol.

Monofunctional Cutinase-SnapTag Dimer (C*S—SC). C*S (20
nmol, 2 mL, 10 uM) was treated with compound 1 (1 pmol, 6 L, 10
mM) for § min at r.t. This reaction resulted in a BG functionalized
cutinase-deactivated monomer (C*S—BG). This was then purified on
a Hi-Load Superdex 200 16/60 gel filtration column to remove excess
linker and any homodimer formed in the reaction. Fractions
corresponding to the major peak were then concentrated to 1 mL
in a § mL 10 kDa Amicon ultrafiltration unit into which free CS (30
nmol, 300 uL, 100 M) was added and allowed to react for 30 min.
After this period, the reaction was diluted to 2 mL then reapplied to a
Hi-Load Superdex 200 16/60 gel filtration column using a flow rate of
1 mL/min. Fractions containing pure (CXS—SC), as determined by
SDS-PAGE were pooled and concentrated to ~1 mL using a 5 mL
Amicon ultrafiltration unit. € = 71 196 M™! cm™ (8.4 nmol, 42%).

Cutinase-SnapTag Tetramer (CS—CS—SC-SC). CS—SC (40
nmol, 800 uL, SO uM) was treated with compound 8 (100 nmol, 10
uL, 10 mM) S h at r.t.. After this period, the reaction was diluted to 2
mL and applied to a Hi-Load Superdex 200 16/60 gel filtration
column using a flow rate of 1 mL/min to remove excess ligand.
Fractions corresponding to the major peak were collected,
concentrated to 1 mL, and treated with CS (100 nmol, 1.0 mL, 100
uM) for 30 min. After this period, the reaction was applied to a Hi-
Load Superdex 200 16/60 column in series with a Hi-Prep Sephacryl
$300 26/60 gel filtration column using a flow rate of 0.3 mL/min.
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Fractions containing pure CS—CS—SC—SC, as determined by SDS-
PAGE were pooled and concentrated to 1 mL using a S mL Amicon
ultrafiltration unit. & = 142392 M~} em™. (24 nmol, 60%) MALDI-
MS: m/z 181 366, calcd for Cgjg4H 2064N230402470P2S40 184 640.48 g/
mol.

Cutinase-SnapTag Tetramer Cycle ((CS—CS—SC-SC), ). CS—
CS—SC-SC (6.8 nmol, 13.6 mL, 500 nM) was treated with
compound 4 (10.2 nmol, 1 xL, 10 mM) 24 h at 25 °C. After this
period, the reaction was concentrated to 2 mL in a S mL Amicon
ultrafiltration unit and then applied to a Hi-Load Superdex 200 16/60
column in series with a Hi-Prep Sephacryl S300 26/60 gel filtration
column using a flow rate of 0.3 mL/min. Fractions containing pure
(CS—CS—SC—SC)CYC, as determined by SDS-PAGE were pooled and
concentrated to ~0.5 mL using a S mL Amicon ultrafiltration unit. & =
142392 M~ em™. (3 nmol, 44%) MALDI-MS: m/z 182 121, calcd
for Cgy1,H13020N230402494P4S40 185 335.16 g/mol.

Cutinase-SnapTag Hexamer (CS—CS—CS—SC—-SC-SC). CS—
CS—SC—SC (15 nmol, 1.5 mL, 10 M) was treated with compound 8
(37.5 nmol, 3.8 L, 10 mM) for S h 25 °C. After this period, the
reaction was diluted to 2 mL with running buffer and applied to a Hi-
Load Superdex 200 16/60 gel filtration column using a flow rate of 1
mL/min to remove excess ligand. Fractions corresponding to the
major peak were collected, concentrated to 1 mL and treated with CS
(37.5 nmol, 375 uL, 100 uM) for 30 min. After this period, the
reaction was applied to a Hi-Load Superdex 200 16/60 column in
series with a Hi-Prep Sephacryl S300 26/60 gel filtration column using
a flow rate of 0.3 mL/min. Fractions containing pure CS—CS—CS—
SC—SC—SC, as determined by SDS-PAGE were pooled and
concentrated to 1.0 mL using a 5 mL Amicon ultrafiltration unit. &
=213 588 M~' cm™". (8 nmol, 53%) MALDI-MS: m/z 272 903, caled
for Ci204H19430N345803727P4Sg0 277 406.17 g/mol.

Cutinase-SnapTag Hexamer Cycle ((CS—CS—CS—SC-SC—
SC)¢yo)- 2.2 nmol CS—CS—CS—SC—SC—SC (2.2 nmol, 4.4 mL, S00
nM) was treated with compound 4 (3.3 nmol, 33 4L, 10 mM) 1.5 d at
25 °C. After this period, the reaction was concentrated to 2 mL and
then applied to a Hi-Load Superdex 200 16/60 column in series with a
Hi-Prep Sephacryl S300 26/60 gel filtration column using a flow rate
of 0.3 mL/min. Fractions containing pure (CS—CS—CS—SC—SC—
SC)c as determined by SDS-PAGE were pooled and concentrated to
0.5 mL using a 5 mL Amicon ultrafiltration unit. & = 213 588 M™!
cm™!. (1 nmol, 45%) MALDI-MS: m/z 272928, caled for
C2320H19536N34580374P6Ss0 278 100.85 g/mol.

AlexaFluor488 CS Oligomer Conjugates. CS—SC, CS—CS—
SC-SC, and CS—CS—CS—SC—SC—SC (2 nmol, 1 mg/mL) were
labeled with AlexaFluor 488 using an AlexaFluor488-TFP ester protein
labeling kit in 1X PBS buffer according to the manufacturers
instructions. Labeled conjugates were subsequently purified by SEC
at 4 °C via Akta FPLC on a Superdex 200 10/300 GL column using
TBS-Azide at a flow rate of 0.5 mL/min as the mobile phase. Fractions
were analyzed by scanning of SDS-PAGE gels using a Typhoon 4800
gel imager (GE Healthcare). Pure fractions were pooled and
concentrated to 5 uM using a Microcon 500 uL concentrator. The
following extents of labeling were determined according to the
manufacturer’s protocol. The extent of labeling for each species: CS—
SC: ~§ dyes/molecule; CS—CS—SC—SC: ~7 dyes/molecule; CS—
CS—CS—SC—SC—SC: ~8 dyes/molecule.

Gel Electrophoresis. All protein samples were first denatured and
reduced by treating each with Laemmli sample buffer (50 mM Tris-
HCl, 2% (w/v) sodium dodecyl sulfate, 100 mM dithiothreitol
(DTT), 50% (v/v) glycerol, 0.2 mg/mL bromophenol blue, pH 6.8).
All samples were run on a 3—8% precast Novex NuPAGE
polyacrylamide gels using NuPAGE Tris-Acetate SDS running buffer
containing NuPAGE antioxidant buffer additive in the upper buffer
chamber with Hi-Mark prestained high molecular weight standards as
molecular weight markers. Electrophoresis was carried out at 125V for
70 min at r.t. Staining was done using Coomassie blue and visualized
using a MultiDoc-It Digital Imaging System (UVP). For the
determination of cyclic and linear product yields using Alexa-
Fluor488-labeled proteins, gels were run using the same protocol
with Benchtop fluorescent protein standards as molecular weight
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markers. These gels were scanned using a Typhoon 4800 gel imager
and bands quantified using the ImageQuant TL (GE Healthcare)
software package.

Determination of Cyclization Rate Constants of CS-
Megamolecules. To determine the concentration at which equal
partitioning between linear and cyclic products occurred, labeled linear
CS—SC and CS—CS—SC—SC were treated in six separate reactions
(12.5 pmol/rxn) with 6.2, 3.1, 1.6, 0.8, 0.4, and 0.2 nmol compound 4
in TBS-Nj (25 uL final volume; S00 nM final protein concentration;
250, 125, 63, 31, 16, 8 uM final ligand concentration). These reactions
were allowed to proceed for 24 h. For CS—CS—CS—SC—-SC-SC, two
additional reactions with 4 (0.1 nmol and 0.5 nmol corresponding to 4
and 2 yM final linker concentration) were performed. Each set of
reactions was repeated in triplicate. The products of these reactions
were then resolved by SDS-PAGE, the double functionalized and
cyclic product bands visualized using a Pharos FX gel scanner, and
then quantified using the Quantity One software package. Yields for
cyclic products were determined using eq 4 in the text. These yields
were plotted vs [4] and logarithmic fits to the data performed using
Origin software (Origin). The resulting logarithmic equation was
solved for 50% cycle yield to determine the concentration of 4 at
which equipartitioning occurred. Using this value, the rate constant
determined for the reaction of C*S—SC + compound 4 (81 M~'s7'),
and eq 4, rate constants were determined for each of the cyclization
reactions.

Mass Spectrometry. ESI mass spectra were obtained on an
Agilent 1200 series HPLC connected to an Agilent 6210A time-of-
flight (TOF) mass spectrometer. Samples were prepared by dilution of
stock protein solution to 1 yM in water. A 10 uL injection of each
sample was captured on a C18 trap column (Waters) and eluted using
a gradient from 5% to 95% acetonitrile and 0.1% formic acid in water
with a flow rate of 0.25 mL/min. Data was analyzed with Agilent
MassHunter Qualitative Analysis B.04.00 and spectra were deconvo-
luted using a maximum entropy deconvolution calculation.

Dynamic Light Scattering. All dynamic light scattering (DLS)
measurements were made on a DynaPro Nanostar instrument (Wyatt
Technology) at the University of Chicago Biophysics Core Facility.
Time-dependent intensity fluctuations of the scattered light by the
sample are used to generate a second-order autocorrelation function. A
fit of the autocorrelation function is done in real time by the AstraV
software package to generate a diffusion coefficient (D) for the
interrogated species. The hydrodynamic radius (ry) of the species is
then determined from the diffusion coefficient using the Stokes—
Einstein equation. Buffer offsets were made for each sample condition,
and assigned to each set of measurements using those conditions.
Offset thresholds were typically <0.02% of the mean baseline intensity.
All measurements were made on samples at 0.5 mg/mL protein
concentration in TBS-N;. Each measurement was comprised of 20 X 5
s acquisitions to yield a total data collection time of 100 s. Cutoff times
of 1.00 and 100 ps were used for fitting each autocorrelation function.
Each set of 100 s acquisitions was repeated three times and these
values averaged over the three trials to yield the reported ry for each
species.
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