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ABSTRACT: Biopolymers with repeating modules composed of either
folded peptides or tertiary protein domains are considered some of the basic
biomaterials that nature has evolved to optimize for energy efficient synthesis
and unique functions. Such biomaterials continue to inspire scientists to
mimic their exceptional properties and the ways that nature adopts to
prepare them. Ubiquitin chains represent another example of nature’s
approach to use a protein-repeating module to prepare functionally
important biopolymers. In the current work, we utilize a novel synthetic
strategy to prepare bifunctional ubiquitin monomers having a C-terminal
thioester and a nucleophilic 1,2-aminothiol at a desired position to examine
their polymerization products under different conditions. Our study reveals that such analogues, when subjected to
polymerization conditions under different folding states, afford distinct patterns of polymerization products where both the
dynamic and the tertiary structures of the chains play important roles in such processes. Moreover, we also show that the
presence of a specific ubiquitin-binding domain, which binds specifically to some of these chains, could interfere selectively with
the polymerization outcome. Our study represents the first example of examining the polymerization of designed and synthetic
repeating modules based on tertiary protein domains and affords early lessons in the design and synthesis of biomaterial. In
regards to the ubiquitin system, our study may have implications on the ease of synthesis of ubiquitin chains with varying lengths
and types for structural and functional analyses. Importantly, such an approach could also assist in understanding the enzymatic
machinery and the factors controlling the assembly of these chains with a desired length.

1. INTRODUCTION

Biopolymers with repeating modules, composed of either
folded peptides (e.g., elastin, collagen) or tertiary protein
domains (e.g., titin), are considered some of the basic
biomaterials that nature has evolved to optimize for energy
efficient synthesis and unique functions. Such biomaterials
continue to inspire scientists to mimic their exceptional
properties and the ways that nature adopts to prepare them.
These endeavors are being approached by combining lessons
learned from cellular processes, organic chemistry, our
understanding of the molecular forces that govern conforma-
tion changes (e.g., self-assembly, protein folding), and nature’s
machineries (e.g., enzymes) that are involved in such processes.
In this regard, the employment of strategies to prepare
biopolymers composed of repeating modules that are based
on folded peptides has been the only successful approach so
far.1 This is because repeating modules based on folded
peptides can be straightforwardly prepared by solid-phase
peptide synthesis (SPPS), while the preparation of a bifunc-
tional protein as the repeating unit is not often trivial and
requires a set of advanced chemical tools that are often neither
available nor simple to exercise for such a task.2

Ubiquitin (Ub) chains represent another example of nature’s
approach to use a protein-repeating module to prepare
functionally important biopolymers. These chains serve as

signals in various biological pathways, contrary to several other
known biopolymers composed of protein-repeating module
that serve in mechanochemical functions (e.g., muscle
contraction).3,4 Ub chains are known to form biopolymers of
various lengths and linkage types in which eight different
homogeneous linkages could be formed. Here, any of the seven
Lys residues (K63, K48, K33, K29, K27, K11, K6) of one Ub
could be used to link the C-terminus of the consecutive Ub via
an isopeptide bond. In addition, the N-terminus of Met1 of Ub
could also serve as a nucleophile to form a head to tail chain,
known as the linear chain. Remarkably, the diversity of the Ub
chains leads to their involvement in numerous signaling
pathways.4 At the molecular level, structural analyses revealed
that different chains could adopt distinct structures and
dynamics. For example, K48-linked di-Ub chain predominantly
adopts a closed conformation in neutral pH where the
hydrophobic patches (L8, I44, V70) interact with each
other.5 On the other hand, the K63-linked and linear chains
adopt open conformations in which the functionally important
residues of the two monomers lack any contacts.6

The covalent assembly of the Ub chains is achieved via an
enzymatic process that is controlled by a set of enzymes known
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as the E1, E2, and E3.7 The E2 enzyme, which undergoes
transthioesterification with the Ub-E1 to carry the Ub in the
thioester form, is believed to be responsible for dictating the
chain linkage types.8 In such a process, the enzymatic assembly
could lead to Ub chains of various lengths, where as many as
eight Ub units were observed.9 Moreover, it was reported that
in the case of the enzymatic preparation of K48-linked chain via
E2-25K, cyclization of polyUb (>tri-Ub) was observed.10 Such a
step was confirmed to occur via the reaction of Lys48 from the
distal Ub with Gly76 of the proximal Ub, which is linked via a
thioester bond with the E2. These observations along with the
available knowledge of the current structures of the different
chains hint that chemical polymerization of bifunctional Ub
could lead to different products upon changing the position of
the nucleophilic 1,2-aminothiol relative to the C-terminal
thioester functionality. These functionalities are known to react
with high chemoselectivity in aqueous media to form an amide
bond.11 Hence, we reasoned that the Ub system could serve as
an excellent model to study some of the factors that could aid
the design of biomaterials based on a protein-repeating
module.1 In addition, this may have implications on the ease
of synthesis of Ub chains with varying lengths and types for

structural and functional studies. Such an endeavor could also
assist in understanding the functions of the E2 ligases and the
factors controlling the assembly of these chains with a desired
length. Here, we report on the initial efforts and findings of
chemically polymerizing three different Ub monomers, each
bearing C-terminus thioester functionality and thiolysine at
position 48 or 63 or N-terminal Cys.

2. EXPERIMENTAL METHODS
General. SPPS was carried out manually in syringes, equipped with

Teflon filters, purchased from Torviq or by using an automated
peptide synthesizer (CS336X, CSBIO). If it is not differently
described, all reactions were carried out at room temperature.

Analytical HPLC was performed on a Thermo instrument (Spectra
System P4000) using an analytical column (Jupiter 5 μm, C18/C4 300
Å 150 × 4.6 mm) at a flow rate of 1.2 mL/min.

Preparative HPLC was performed on a Waters instrument using a
semipreparative column (Jupiter 10 μm, C4 300 Å, 250 × 10 mm and
a flow rate of 5 mL/min or a preparative column (Jupiter 5 μm, C18/
C4 300 Å, 250 × 22.4 mm) at a flow rate of 25 mL/min. Buffer A,
0.1% TFA in water; buffer B, 0.1% TFA in acetonitrile.

Mass spectrometry analysis was carried out using LCQ Fleet Ion
Trap (Thermo Scientific).

Scheme 1. Synthetic Scheme of Ub63, Ub48, and Ub1 and Their Possible Polymerization Products under Folding and
Denaturating Conditionsa

aThe native Ub sequence is also shown (top). R = 2-nitrobenzyl, R1 = −CH2−CH2−COOH, R2 = −COOH or MPA.
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Gel filtration was performed on the AKTA purifier FPLC system
using a Superdex 75 10/300 GL column and Tris buffer (150 mM
NaCl, 50 mM Tris, pH 7.54).
SDS-PAGE analysis was carried out on 4−20% gradient NuSep gels,

using standard sample buffer and TGS buffer. The polymerization
products were quantified using ImageJ imaging software.
Commercial reagents were used without further purification. Resins,

protected amino acids, and HBTU, HCTU, and HATU were
purchased from Novabiochem, Aapptec, and Chem-Impex. DMF
was purchased in biotech grade.
Synthesis of Ub48, Ub63, and Ub1 Monomers. The synthesis of

each Ub monomer was carried out on Rink amide resin (0.44 mmol/g,
0.1 mmol scale). Unless specified otherwise, for each coupling cycle,
amino acid and the coupling agent (HCTU or HATU) were used in 4-
fold excess, while DIEA was used in 8-fold excess to the initial loading
of the resin.
For the synthesis of Ub48 and Ub63 monomers (Scheme 1), the

preswollen resin was treated with 20% piperidine in DMF (5−10−5
min) to remove the Fmoc-protecting group. Fmoc-Cys(o-nitro-
benzyl)-OH activated with HCTU was coupled to the resin for 1 h.
Subsequently, the resin was washed with DMF (3 × 5 mL), and the
Fmoc-protecting group was removed using 20% piperidine (4−7−3
min). In the next step, a solution of collidine (264 μL, 20 equiv) in
CH2Cl2 (1.5 mL) was added to the resin, followed by o-nitro-
benzenesulfonyl chloride (o-NBS-Cl, 442 mg, 20 equiv) in 1.5 mL of
CH2Cl2. The resin was shaken for 2 h at room temperature and
washed using CH2Cl2 (3 × 5 mL) and DMF (3 × 5 mL). To carry out
the N-methylation of the resin-bound Cys, DBU (74 μL, 5 equiv) in
1.5 mL of DMF was added followed by methyl-4-nitrobenzenesulfo-
nate (108 mg, 5 equiv) in 1.5 mL of DMF. The resin was then shaken
for 1 h at room temperature and was washed with DMF (3 × 5 mL).
Finally, o-NBS group was removed by treating the resin with DBU (74
μL, 5 equiv) and β-mercaptoethanol (70 μL, 10 equiv) in DMF for 30
min at room temperature followed by a DMF wash (3 × 5 mL). The
Gly76 was manually coupled using HATU/DIEA for 45 min (2×).
The remaining amino acids were coupled on automated peptide
synthesizer using 4 equiv of AA/8 equiv of DIEA/4 equiv of HCTU
(45 min) corresponding to the initial loading of the resin. Fmoc-
removal was achieved using 20% piperidine with 5−10−5 min cycles.
Pseudoproline dipeptides Leu-Ser and Asp-Gly(Dmb) were manually
coupled at positions Leu56-Ser57 and Asp52-Gly53 junctions using
2.5 equiv of Fmoc-Leu-Ser(ψMe,MePro)-OH and Fmoc-Asp(OtBu)-
(Dmb)Gly-OH, respectively. The thiazolidine (Thz)-protected
mercaptolysine was also manually coupled for 2 h at the position
K48 or K63 using 2.5 equiv of this residue and HATU, while DIEA
was used in 5-fold excess to the resin initial loading. Analytical cleavage
and HPLC analysis were performed after these couplings to ensure
complete reaction. Met1 in ubiquitin was replaced with norleucine to
avoid oxidation during synthesis and handling.
The synthesis of Ub1 having all native Lys residues was carried out

similarly to that of the previous two monomers, however, starting from
resin loaded with Fmoc-Cys-(Trt)-OH, while Met1 was replaced with
Boc-Cys(Trt)-OH (Scheme 1).
Cleavage from the Resin. The resin-bound peptide was washed

with DMF, methanol, and DCM and dried. The cleavage cocktail
(TFA, water, thioanisole, ethanedithiol, and phenol, 85:5:5:2.5:2.5)
was added, and the reaction mixture was shaken for 2.5 h at room
temperature. The combined filtrate was added dropwise to a 10-fold
volume of cold ether and centrifuged. The precipitated crude peptide
was dissolved in acetonitrile−water (1:1) and was further diluted to
∼30% with water and lyophilized. The HPLC analysis was carried out
on a C4 analytical column using a gradient of 5−60% B over 30 min.
Thz Deprotection. The crude peptide was dissolved in 200 mM

phosphate buffer (pH ∼7) containing 6 M guanidine·HCl (Gn·HCl)
to a final concentration of ∼3 mM. This mixture was treated with
methoxylamine (0.2 M) at pH 4 and tris-(2-carboxyethyl)-phosphine
(TCEP) (30 equiv) for 12 h at 37 °C to unmask the δ-mercaptolysine.
The reaction was monitored using an analytical column. Preparative
HPLC using a linear gradient of 5−45% B over 40 min afforded the
corresponding peptide in ∼11% yield (∼63 mg).

Photolysis and Thioesterification. The purified peptide (10 mg)
from the previous step was dissolved in 566 μL (2 mM) of photolysis
buffer (6 M Gn·HCl, 10 mM vitamin C, 10 mM 3-mercaptopropionic
acid (MPA), 200 mM phosphate buffer pH ∼7). The reaction mixture
was irradiated at 350 nm for 1 h and subsequently incubated with 20%
MPA (v/v) at 40 °C for 20 h at pH 1. The reaction was monitored
using a C4 analytical column and a gradient of 5−55% B over 30 min.
Preparative HPLC using a linear gradient of 5−55% B over 30 min
afforded the Ub monomer in 30% yield (3 mg).

Polymerization under Denaturation Conditions. The poly-
merization reaction was carried out with each monomer (400 μM) in 6
M Gn·HCl, 200 mM phosphate buffer (pH 7), containing 100 mM
MPAA (4-mercaptophenylacetic acid) and 20 mM TCEP. The
reaction was incubated at 37 °C for 1 h and was analyzed using C4
analytical HPLC and a linear gradient of 15−60% B over 30 min.
Polymerization of Ub1 in denaturation conditions was also analyzed
using SDS-PAGE.

Polymerization under Folding Conditions. The polymerization
reaction was carried out in 100 mM phosphate buffer (pH 7) where
each monomer was initially dissolved in 6 M Gn·HCl and then diluted
with phosphate buffer followed by centrifuging and precipitation of the
unfolded monomers. The protein concentration was determined using
the BCA method and adjusted to 200 μM. To this solution were added
50 mM MPAA and 20 mM TCEP. The reaction was incubated at 37
°C for 2.5 h followed by dialysis against 100 mM phosphate buffer
(pH 7) to discard MPAA. The reaction was analyzed using SDS-
PAGE, FPLC, and LCMS as described in the general methods.

Polymerization in the Presence of UBA2 and under Folding
Conditions. To a solution of 150 μM UBA2 and 100 μM Ub48 in Tris
buffer (50 mM Tris, 150 mM NaCl, pH 7) were added 30 equiv of
MPAA and 20 equiv of TCEP. The reaction was incubated at 37 °C
and was analyzed at different intervals (1, 2, 4 h) using LCMS against
the control (in the absence of UBA2). The reaction was also analyzed
as described above using SDS-PAGE. The same procedure was
repeated for the other monomers.

3. RESULTS AND DISCUSSION

3.1. Design and Synthesis of Ub Monomers. Recent
advances in the chemical and semisynthesis of Ub bioconju-
gates have opened numerous opportunities for studying various
aspects of the amazing Ub signal.12 Particularly interesting to
this study is our ability to chemically prepare Ub with C-
terminal thioester moiety, enabling the introduction of
additional functionalities within the same Ub unit.13 Using
this strategy, we were able to prepare Ub-thioester possessing
protected δ-mercaptolysine13b,c as a replacement of any of the
seven naturally occurring Lys residues to promote isopeptide
chemical Ligation (ICL). These advances were a key to our
previous successes in preparing the longer Ub chains.14

Equipped with these tools, we designed three analogues of
bifunctional Ub having a C-terminus thioester functionality and
a thiolysine residue at positions 48 (Ub48), 63 (Ub63), and N-
terminal Cys (Ub1) to examine the polymerization of these
monomers under various conditions. The design of these
analogues was based on the following: (1) The first was placing
the 1,2-aminothiol nucleophile in an increasing distance relative
to the C-terminal thioester of Ub (Figure 1). (2) The second
was the known tertiary structures of the K48- and K63-linked
di-Ub chains as well as the linear chains.5,6 Because of the
structural differences of the di-Ub chains, which are formed as
the initial polymerization products in each case, the nucleophile
in the distal Ub is expected to be at a different position relative
to the thioester of the proximal Ub (Figure 1). Hence, we
expect that these bifunctional di-Ub chains will afford different
polymerization products (Scheme 1). (3) The third was the
different interactions of these chains with various Ub binding
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domains, wherein the presence of such a domain in the reaction
mixture could interfere with the polymerization.
The synthesis of the three monomers was accomplished by

slightly modifying our previously reported synthesis of Ub-
thioester bearing protected δ-mercaptolysine13a,14 (3a−c,
Scheme 1). In the current synthesis, the crude peptide,
corresponding to the entire Ub sequence, was treated with
methoxylamine to unmask the 1,2-aminothiol functionality
followed by photolysis and thioester formation to furnish the
bifunctional Ub monomers Ub48 and Ub63. The Ub1 monomer
was synthesized by coupling Boc-Cys(Trt)-OH to the N-
terminus of Ub(2−76) followed by cleavage from the resin and
thioester formation (Scheme 1). As a control experiment, Ub
having only the C-terminus thioester functionality was also
prepared. With these monomers in hand, we then studied the
polymerization reactions under folding and denaturing
conditions.
3.2. Polymerization Studies under Denaturation

Conditions. To examine the polymerization of the three
monomers under denaturing conditions, each analogue (400
μM) was incubated in 6 M Gn·HCl, 200 mM phosphate buffer
(pH 7), in the presence of MPAA as a thioester activator16 and
TCEP at 37 °C for 1 h. Under these conditions, Ub48 and Ub63

afforded the intramolecular cyclization products, cy-Ub48 and
cy-Ub63, without any measurable polymerization products
(Supporting Information). These results are reflecting the
relatively close position of the mercaptolysine to the C-
terminus thioester even under denaturing conditions (Scheme
1).
In the case of Ub1, we have also observed intramolecular

cyclization products, cy-Ub1, however, along with higher
molecular weight products (Figure 2). Further analysis of the

reaction mixture with SDS-PAGE indicated that, in this case,
the longer Ub chains made of up to 10 Ub units were also
formed (Figure 2). Under denaturing conditions, the two
functional groups at C- and N-termini occupy the largest
distance; hence, the intermolecular reaction to form the longer
chains competes much more with the intramolecular reaction as
compared to the cases of Ub48 and Ub63. Yet, the formation of
the cy-Ub1 product in such a high percentage (42%) is
interesting and indicates the close proximity of these regions
even under unfolding conditions, which promotes the intra-
molecular reaction. Changing the temperature (25−37 °C) and
the thiol additives to the less reactive thiols (benzyl mercaptan
or thiophenol) did not induce detectable differences in these
results. Finally, and as expected, incubation of the Ub-thioester
lacking the 1,2-aminothiol functionality did not lead to any
detectable polymerization or cyclization products.

3.3. Polymerization Studies under Folding Condi-
tions. Next, we examined the behavior of the polymerization
reaction of the three monomers (200 μM) under folding
conditions (100 mM phosphate buffer, pH 7) and in the
presence of 20 equiv of TCEP. After folding, MPAA was added
to activate the alkylthiol and facilitate the polymerization. We
first started with Ub48, which upon ICL affords the K48-linked
chains. Hence, Ub48 was incubated for 2.5 h at 37 °C and
analyzed by LC−MS (electrospray ionization), size exclusion
chromatography (SEC), and SDS-PAGE. These analyses
revealed that, contrary to the denaturation conditions, Ub48

underwent polymerization under folding conditions to afford
the longer chains. As indicated by the SDS-PAGE and the SEC
analyses (Figure 3A), we were able to detect polymerization up
to the tetra-Ub with the di-Ub chain being the major product

Figure 1. Structures of di-Ub linked via K48- or K63- and the linear
chain (PDB codes: 2BGF,5b 2JF5,6b 2W9N,6b respectively) and Ub
(PDB code: 1UBQ).15 The structures also show the position of the
nucleophile relative to the thioester.

Figure 2. Analytical HPLC/ESI-MS of Ub1 polymerization under
denaturation conditions. (A) Analytical HPLC analysis of the
polymerization reaction at t = 0. Peak a corresponds to Ub1 with
the observed mass 8625 Da (calcd 8625.8 Da). (B) Analytical HPLC
analysis of the polymerization reaction after 1 h. Peak b corresponds to
the cyclization product of the monomer with the observed mass 8519
Da (calcd 8519.8 Da). SDS-PAGE analysis was done after 1 h of
polymerization reaction; peak “*” corresponds to thiol additives.
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(48%), while the tri- and tetra-Ub were obtained in 19% and
6%, respectively. SEC separation of these peaks and further
analyses by LC−MS revealed that under these conditions the
starting material Ub48 (27% of the total mixture) underwent
self-cyclization. The mono-Ub structure (Figure 1A) shows
that, in principle, the C-terminal flexible region bearing the
thioester could reach the mercaptolysine at position 48 and
react with it. It is possible also that partially folded structures,
formed during the folding process of synthetic Ub polypeptide,
could bring these reactive units even to a closer proximity than

the folded state and contribute to the cyclization process.
However, the overall rigidity imposed by the folded structure
favors the intermolecular over the intramolecular reaction of
the monomer unit.
Interestingly, the di-Ub chain was observed only in the

cyclized form, which occurs via intramolecular attack of the
mercaptolysine of the distal Ub on the proximal Ub thioester.
These results could be clearly explained by examining the K48-
linked di-Ub structure where both functionalities are found in a
very close proximity; hence, the high effective molarities of
these groups favor the intramolecular reaction (Figure 1B).17

These results are also consistent with the previous work of
Fushman and co-workers,18 wherein the cyclized di-Ub was
prepared under folding conditions by cross-linking two Ub
units bearing Cys residues at position 48 in the distal Ub and 76
in the proximal Ub with 1,6-hexane-bis-vinylsulfone. Such a
synthesis enabled the group to study the effect of cyclization on
conformational dynamics and binding properties of K48-linked
di-Ub. Our approach, on the other hand, should enable after a
desulfurization step straightforward access of cyclic di-Ub with
natural linkages.
Interestingly also, analysis of the tri-Ub from the polymer-

ization of Ub48 revealed that part of this chain was obtained in
the cyclized form and migrated in the SDS-PAGE slightly lower
as compared to the band corresponding to the uncyclized tri-
Ub (Figure 3A). Such a behavior in the SDS-PAGE was also
previously reported in the enzymatic studies where partial
cyclization of the Ub chains was observed.10 We have also
observed such phenomena in the case of polymerization of Ub1

under denaturating conditions (Figure 2). In the latter case,
despite di-Ub and tri-Ub are present under unfolding
conditions, the proximity of their N- and C-termini is
presumably still high enough to promote cyclization and
competes with the intermolecular reaction.
Finally, the formation of chains of only up to tetra-Ub in the

polymerization of Ub48 under folding conditions is interesting.
This could be due to the cyclization of mono- and di-Ub, which
reduces the concentration of the reactive species for further
polymerization. Moreover, the closed conformation that this
chain adopts could create steric hindrance that affects the
intermolecular reaction. Notably, enzymatic assembly of K48-
linked chains leads to the formation of polymers of higher order
(>tetra-Ub),10 which indicates that the involved enzymes are
affecting the dynamics of these chains to allow further
elongation.
Next, we examined the polymerization of Ub1 under folding

conditions, which was designed to polymerize via native
chemical ligation (NCL)11,19 to give the linear chains. Under
these conditions, this monomer polymerized to give the longer
chains (up to 10 units) as was analyzed by SDS-PAGE (Figure
3B). Notably, the different chains that we were able to analyze
by mass spectrometry were found to have only the hydrolyzed
thioester of the proximal Ub without any detectable intra-
molecular cyclization products. Here, the rigidity of the open
structures of these chains places the Cys far away from the
thioester, leaving the latter moiety prone only to hydrolysis.
Interestingly, when the polymerization reaction was analyzed
using SEC we detected, in addition to the longer chains, a
major peak that elutes at the void volume. Such a behavior was
not affected by adding excess of TCEP to reduce any possibly
formed intermolecular disulfide bonds. This peak was collected
and further analyzed using SDS-PAGE (denaturating con-
ditions), which gave a picture similar to that of the crude

Figure 3. Analysis by SEC and SDS-PAGE of the polymerization of
Ub48, Ub1, and Ub63 under folding conditions. “*” corresponds to
TCEP, and “**” corresponds to unidentified products.
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reaction. These results indicate the formation of soluble self-
assembled oligomers, possibly through intermolecular Ub−Ub
interactions that could occur through their exposed hydro-
phobic cores.
When examining the polymerization behavior of Ub63 under

folding conditions, we also observed polyUb chains with
varying lengths as evident by the SDS-PAGE and the SEC
analyses (Figure 3C). However, differences in the polymer-
ization pattern were also observed when compared to Ub1. The
first is related to the state of the polymerization products, that
is, cyclized versus hydrolyzed chain (Cy-Ub63n or Ub63n-
COOH, Scheme 1). While in the linear chain no cyclization
products were observed in any of polyUb, in the case of Ub63

we also observed, as analyzed by mass spectrometry, cyclized
di- and tri-Ub chains (Cy-Ub632 or Cy-Ub633, Scheme 1), in
addition to the uncyclized form Ub632-COOH, Ub633-COOH,
Scheme 1). These results indicate that, although both chains
adopt extended conformation, their dynamics are still distinct
and apparently the K63-linked chains have more flexibility,
which could explain the cyclization outcome observed here.
Indeed, recent studies by Wolberger and co-workers to probe
the conformation of K63-linked tetra-Ub chain in solution
using small-angle X-ray scattering experiments and molecular
dynamics simulations revealed that this chain adopts an
ensemble of conformations that are more compact than the
extended form in the crystal.20

A further difference we observed in the case of Ub1 is related
to the self-assembly of the polymerization products. Such a
behavior was not observed in the case of Ub63 despite the fact
that both chains adopt open conformations in which the
hydrophobic patches are solvent exposed. However, it has been
suggested that the relative orientations of the consecutive
molecules in these chains could vary wherein the hydrophobic
patches in each monomer could point to the same side or to
different directions.6b,c Such difference in the orientation could
affect the self-assembly of these chains and could contribute to
the observed outcome, where in the less symmetric structure
the self-assembly could be less favored. Moreover, the formed
cyclized chains in the case of the Ub63 could possibly interfere
with the self-assembly and makes it a less favored process,
contrary to the case of Ub1 where such cyclized products were
not observed.
3.4. Polymerization Studies in the Presence of UBA2.

One of the consequences of the different structures adopted by
the various Ub chains and the distinct sequences flanking the
isopeptide bond is their ability to interact differently and
selectively with the known Ub binding domains.21 For example,
it has been shown that the terminal Ub-associated domain
(UBA2) of the hHR23a (the human homologue of protein
Rad23), an extra-proteasomal shuttle that mediates the
interactions of polyUb substrates with the 26S proteasome
proteins, shows strong binding preference for K48-linked
chains over the K63-linked and linear ones (Figure 4A).6a,22

Hence, we reasoned that the presence of a specific domain in
the polymerization reactions could interfere with the polymer-
ization as a result of interactions with di-Ub and the longer
chains.
To test whether we could interfere with the polymerization

reaction in the presence of Ub binding domain, we chose the
UBA2 as an example for such a study. The polymerization
reactions were carried out with the three monomers (100 μM)
and UBA2 (150 μM). These concentrations were chosen on
the basis of the limited solubility of the UBA2. In addition,

under these conditions and assuming the formation of a 1:1
complex (UBA2: di-Ub) for the case of K48-linked di-Ub, the
concentrations of the formed di-Ub and the UBA2 are above
the reported Kd (18 μM), which favor their binding.21a On the
other hand, the reported Kd value for the K63-linked chains is
180 μM for the 2:1 complex of UBA2 and di-Ub, respectively.22

Interestingly, the polymerization products of Ub48 were
significantly different from the polymerization pattern for the
same monomer under similar conditions yet in the absence of
UBA2. These differences could be summarized as follows: (1)
Analyzing the reaction mixture, after 2 h, by SDS-PAGE and
mass spectrometry analyses revealed that the polymerization
reaction led to the formation of significantly less tri-Ub and
almost no tetra-Ub chains (Figure 4B). (2) While in the
absence of the UBA2, we observed a cyclic tri-Ub product, in
the presence of the domain, no such product was detected even
after 4 h (Figure 4B). (3) Analyzing the formed di-Ub by mass
spectrometry revealed that the cyclization step was slower,
because after 2 h we observed that ∼25% of di-Ub did not
undergo cyclization and the thioester of the proximal Ub was
intact (Figure 4C). Such an intermediate (Ub482-MPA, Scheme
1) was never observed before without the UBA2, which

Figure 4. The polymerization of Ub monomers in the presence and
absence of UBA2. (A) The structure of UBA2 bound to K48-linked di-
Ub (green, the isopeptide bond is highlighted in red, PDB code
1ZO6). (B) SDS-PAGE analysis of the polymerization of Ub48 in the
presence (+) and absence (−) of UBA2. (C) The mass spectrometry
analysis of di-Ub product from the polymerization reaction of Ub48 in
the presence of UBA2. The masses of 17 119.7, 17 119.9, and 17 120.9
Da correspond to cyclic di-Ub (calcd 17 122.6 Da), while the masses
of 17 238.8, 17 239.4, and 17 239.8 Da, observed at different time
points, correspond to di-Ub-MPA (calcd 17 238.6 Da). (D,E) SDS-
PAGE analyses of the polymerization of Ub63 and Ub1 in the presence
and absence of UBA2. The lowest band in the SDS-PAGE analyses
corresponds to UBA2.
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indicates the interferences of UBA2 due to its binding in the
center of two Ub molecules of the K48-linked chain (Figure
4A), hence inducing steric hindrance for the cyclization step.
However, after 4 h, such an intermediate disappeared by further
reaction (cyclization or polymerization) due to the dynamic
nature of the interaction with the UBA2. (4) We also observed
by LC−MS analysis that the mono-Ub retained its thioester
functionality partially, even after 2 h, indicating that the
presence of UBA2 interferes with the intramolecular cyclization
of Ub48 and also slows the polymerization reaction. Notably,
the polymerization of Ub63 and Ub1 in the presence and the
absence of the UBA2 did not show detectable differences
(Figure 4D and E), highlighting the specific interaction of the
UBA2 with the K48-linked chains and the possibility of
interfering with these polymerization reactions in a selective
manner.

4. SUMMARY
We have demonstrated the use of bifunctional Ub monomers to
examine the polymerization behavior as a function of the
nucleophile site and folding conditions. In general, the current
available X-ray and NMR structures of the Ub chains explain to
a certain extent the polymerization behavior of each Ub
monomer. Hence, K48-linked chains, which adopt a closed
conformation, afforded mostly cyclized di-Ub structures due to
the close proximity of the reactive moieties. On the other hand,
the K63-linked and the linear chains polymerized to afford the
longer chains. Surprisingly, in the K63-linked chains, we have
also observed cyclized polyUb products but not in the linear
chains, indicating that the dynamic of the K63-linked chains are
different from the linear chains. Using this approach, one could
explore the behavior of the remaining Ub chains to shed more
light on the dynamic of these chains in solution based on the
behavior of the polymerization reaction. Finally, in the presence
of a specific ubiquitin-binding domain, one could also influence
the lengths and states of these chains that are obtained in the
polymerization reaction. While in the cases of Ub1 and Ub63,
UBA2 had no influence on the polymerization products, with
Ub48 we observed changes in the polymerization pattern. In
principle, using other binding domains that have high binding
affinities,23 one could have a stronger influence on the
polymerization products. It is also tempting to propose that
in the assembly of Ub chains in cell, other factors could play a
role in controlling the chain lengths because in vitro enzymatic
assembly appears not to be fully controlled. In the general
aspect of this work, which to the best of our knowledge
represents the first example of examining the polymerization of
repeating modules based on tertiary protein domains, it affords
some early lessons on the design and synthesis of biomaterial
for various goals.
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