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Post-translational modification of many cellular proteins by covalent attachment of a 76
amino acid protein ubiquitin (Ub) or other Ub-like (UBL) modifiers controls a wide range of
vital functions in eukaryotes, including cellular trafficking, DNA repair, ribosomal
biogenesis, cell cycle progression, and antigen processing.[*! This modification involves a
cascade of enzymatic reactions catalyzed by E1, E2, and E3 enzymes, and results in the
formation of an isopeptide bond between the carboxylate group of the C-terminal glycine
(G76 in Ub and Rub1) and the e-amine of a lysine of the target protein.[2] Ubiquitination can
result in the attachment of a single Ub or a polymeric chain of Ubs (polyUb) in which the
same chemistry is involved in the formation of Ub-Ub linkages through any of the seven Ub
lysine residues or via the a-amine of the N-terminal M1.3] Rub1 (Nedd8 in mammalian
cells) is the closest kin of Ub in the family of UBLs, with ~53% sequence identity and ~76%
sequence similarity to Ub.[4] The key surface residues and the 3D structures of the two
proteins are incredibly similar as well.l4] Despite these striking similarities, Ub, but not
Rub1, is well established as a chain-forming protein.[5] The modification (rubylation) of
cullin proteins with Rub1 and the subsequent activation of a multi-subunit SCF ligase is the
most prevalent and clearly the best studied biological function of Rub1 reported so far.[®]
Understanding of the outcomes of rubylation and the signaling properties of Rub1 requires
the ability to attach it to other proteins at will.

We and others have recently shown that Rub1 and Ub can form heterologous (Rub1-Ub and
Ub-Rub1) conjugates in vivo.[4 7] Interestingly, mass spectrometry analyses of cellular
proteins revealed that, similar to Ub, all lysines of Rubl can be used to form isopeptide
bonds (either with another Rub1 or with Ub).[8] Specifically, three types of heterologous
conjugates are biologically evident under diverse stress conditions[#: 71: Ub—48Rub1 (where
G76 of Ub is linked to K48 of Rub1), Rub1-48Ub, and Rub1-2°Ub, where G76 of Rub1 is
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linked to K48 or K29, respectively, of Ub (see ref [°] for chain/linkage nomenclature). These
findings indicate that both rubylated Ub and ubiquitinated Rubl (and possibly rubylated
Rub1l) are biologically relevant building blocks of heterologous polymeric chains. Despite
their presence within cells, the physiological importance of these conjugates remains poorly
understood. Recently, we showed that an enzymatically assembled Rub1-48Ub heterodimer
can signal proteasomal targeting (i.e. is recognized by the proteasomal shuttles and Ub-
receptors) and is disassembled by the proteasome essentially like the “canonical”
Ub-48Ub.[4] All these results point to a possible role for Rub1 as part of the polyUb
signaling system. However, investigation of the structural and functional properties of the
conjugates of Rubl1 and Ub of various linkages has been hindered by the unavailability of
the corresponding linkage-specific conjugating E2 enzymes. Remarkably, the Ub-
conjugation machinery allowed us to rubylate Ub but not to ubiquitinate Rub1.l4l Moreover,
neither Rubl E2 enzymes forming chains nor K29-selective Ub E2 enzymes are currently
known. All this necessitates development of chemical methods for rubylation and
ubiquitination that circumvent the need for E2 and E3 enzymes.

Toward this goal, we and others have recently developed various chemical methods for
making Ub-Ub conjugates!19-14] (reviewed in [1]). Some of the methods use total chemical
synthesis combined with native/isopeptide chemical ligation to generate dimers[10l and
longer chains of Ub.[16] Although a remarkable achievement, the need to use total chemical
synthesis has limited their utility in a biochemical laboratory setting. To circumvent this
problem, we recently developed a nonenzymatic method for controlled assembly of
unbranched or branched Ub chains from bacterially-expressed Ub monomers[12: 13 that (i)
yields entirely natural polyUb chains of any desired length and linkage composition, (ii) can
be used readily in any biochemical laboratory, and (iii) allows independent isotopic labeling
of any monomer in the chain, making it amenable to atomic-resolution studies by NMR.
While inspired by the GOPAL approach,[*11 our method employs mutually orthogonal
protecting groups, which provide the advantage of allowing assembly of chains longer than
dimers with full control of chain length and linkage. However, the methodology has yet to
be developed for conjugation of UBLSs as well as for ubiquitination of proteins other than Ub
(i.e. to bypass the E3 enzymes).

Here we describe a nonenzymatic method that allowed us to achieve, for the first time,
rubylation of both Ub and Rubl and ubiquitination of Rub1 at desired lysine positions. We
made all the above-mentioned naturally occurring heterodimers of Rubl1 and Ub. This
allowed us to obtain previously unavailable structural insights into interdomain interactions
and receptor recognition of these chains. Moreover, since we recently attributed a
derubylase function to the 26S proteasome, 4] here we use the heterologous conjugates of
Rubl and Ub to examine the derubylase/deubiquitinase activity of several deubiquitinating
enzymes (DUBSs). Surprisingly, we found that some of the DUBs (USP5, OTUB1) can act as
derubylases.

Our method for isopeptide bond formation uses chemical condensation reaction between the
thioesterified C-terminus of one monomer (distal-to-be unit, e.g., Rub1 in Rub1-2°Ub) and
the e-amine of a specific lysine residue of the other monomer (proximal-to-be unit, e.g., Ub
in Rub1-2°Ub) (see Scheme 1 for details). Critically, in order to direct the chemical reaction
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to a specific lysine on the proximal unit, we use a combination of two mutually orthogonal
removable protecting groups, Boc and Alloc. The former is introduced as a Lys(Boc) at the
desired conjugation site in the proximal-to-be unit using genetic incorporation of unnatural
amino acids and is removed prior to the conjugation reaction, while the latter group is
introduced as a chemical modification of each unit (reactant) post-purification, to protect all
remaining amines. The mutual orthogonality of the two protecting groups and of the
thioester allows their attachment and removal at desired steps without affecting the other
groups. [12. 13]

Using this method, we successfully assembled uniformly 1°N-enriched Rub1-2°Ub,
Rub1-48Ub, and Ub-*8Rub1 heterodimers (Figure 1A). Note that as each monomer is
bacterially expressed separately, our method allows unit-specific isotopic labeling, which is
critical for NMR studies of polyUb chains.[12: 171 However, because most of the NMR
signals of Ub and Rubl do not overlap, it was possible to perform NMR characterization of
the heterodimers containing both units isotopically enriched at the same time. All the steps
in the assembly of the heterodimers were closely monitored by ESI-MS. Consistent with the
expected mass, the ESI-MS results confirmed the complete attachment of SR and Boc
groups to their respective monomers (see Figure 1B-D) prior to the condensation reaction.
The observed mass (17,322 Da) of the assembled Ub—*8Rub1, Rub1-48Ub, and
Rub1-29Ub heterodimers clearly indicates that the resulting products are fully natural
(Figure 1B-D). It should be emphasized that by successfully rubylating Ub and Rub1 (see
below) we demonstrated here, for the first time, that a protein other than Ub can be
conjugated to other proteins without E2/E3 enzymes. Also, by achieving the successful
ubiquitination of Rubl, we showed that Ub can be attached to a protein other than Ub
without E2/E3 enzymes using our method.

Our success with the assembly of the abovementioned heterodimers (and previously with
various Ub-Ub homodimers and longer chains[12l) has motivated us to extend our method to
the assembly of a fully natural Rub1-*8Rub1 homodimer. A polymeric chain of Rub1 has
been reported to modify some of the cullin proteins,[28] thus suggesting that a Rub1-*8Rub1
conjugate may be a biologically relevant signal. However, such a conjugate has not been
made so far. Importantly, we succeeded in the assembly of Rub—*8Rub1 homodimer (Figure
S1) by following the above-described procedure (Scheme 1) up to step 6, and confirmed the
product by SDS-PAGE. However, when we attempted to renature the product (step 7), the
dimer precipitated. Currently we are testing various renaturing approaches to solubilize and
study Rub1-48Rub1.

We recently showed that the enzymatically assembled Rub1-48Ub adopts a conformation
where Rubl and Ub form an interface mediated by the hydrophobic surface patches
(comprising L8, 144, and \V70) of both monomers.[4] To determine whether the chemically
assembled Rub1-#8Ub adopts a similar conformation, we recorded its 1H-15N NMR
spectrum (at pH 6.8) and quantified the chemical shift perturbations (CSP) for each residue
in Rub1-48Ub versus the corresponding monomer (Figure S2A-B). The strong similarity
between the CSPs observed in the chemically (Figure S2B) and in the enzymatically[4]
assembled Rub1-#8Ub indicates that the heterodimers made by the two different methods
are structurally identical. Moreover, mapping the significant CSPs and signal attenuations on
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the 3D structures of Rubl and Ub (Figure S2C-D) revealed that the surfaces involved in the
interdomain interface are essentially same as in the enzymatically assembled heterodimer.[4]

Next, to examine whether Rub1 and Ub in the other two heterodimers, Ub—*8Rub1 and
Rub1-29Ub, form an interface, we recorded 1H-15N NMR spectra of 1°N-enriched dimers
(Figure 2A-B) and quantified the CSPs (versus the corresponding monomers) for each
residue (Figure 2C,F). The NMR signals are well dispersed, and the close similarity with the
spectra of monomeric Rubl1 and Ub indicates fully folded heterodimers (Figure 2A-B).
Significant CSPs clustered around residues L8, 144, and V70 of Ub clearly indicate the
formation of an interdomain interface in Ub—48Rub1 (Figure 2C). Mapping the CSPs and
signal attenuations on the surface of both Ub and Rub1 revealed that the largest
perturbations are located on one side of each unit (Figure 2D-E), thus suggesting a specific
interdomain contact in Ub—48Rub1, mediated by the hydrophobic surface patches of both Ub
and Rubl. By contrast, no significant CSPs (except for the C-terminus, conjugated to Ub)
were detected for Rub1 in Rub1-2°Ub (Figure 2F-G), indicating absence of a specific
noncovalent contact between Rubl and Ub in this heterodimer. Consistent with this
observation, residues perturbed in Ub are located primarily on the opposite side of its
surface from the hydrophobic patch and clustered around residue K29 (Figure 2H),
suggesting that the observed CSPs are mainly due to the isopeptide bond formation. These
results indicate that there is no defined interdomain interface in Rub1-2°Ub.

To verify that chemically assembled Rub1-48Ub is not only structurally but also
functionally similar to the enzymatically conjugated heterodimer, we examined its
interactions with the UBA2 domain of the proteasomal shuttle protein hHHR23a using NMR
titration assays. Interestingly, the CSP patterns (Figure 3A) and the mapped UBA2-
interacting surfaces (Figure 3B-C) are essentially same as observed for the enzymatically
conjugated Rub1-48Ub,[4] thus confirming that our chemically assembled rubylated Ub is
both structurally and functionally indistinguishable from the heterodimer synthesized by the
enzymatic machinery. Next, to examine whether Ub—*8Rub1 heterodimer is recognized by
the UBA2 domain of hHR23a, unlabeled UBA2 was titrated into 1N-labeled Ub—*8Rub1.
The observed strong CSPs and signal attenuations (Figure 3D) clearly indicate that
ubiquitinated Rub1 binds to UBA2. As in Rub1-%8Ub (and Ub—48Ub[19), this interaction is
residue specific and mediated by the hydrophobic-patch surfaces of both Ub and Rubl
(Figure 3E-F), suggesting that Ub—*8Rub1 can be a signal for proteasomal targeting.

Disassembly of Ub conjugates and subsequent recycling of Ub is critical for maintaining the
Ub homeostasis in the cell.[20] A variety of DUBs play a central role in disassembly of
different types of Ub conjugates. Among them, OTUB1,[211 UBP6[22] (USP14 in humans),
and USP2[23] are mainly K48-linkage specific DUBs found in the cells, while Cezanne and
AMSH have the specificity for K11 and K63 linkages, respectively. USP5 (Isopeptidase T)
has been shown to recycle Ub by hydrolyzing the isopeptide bond in a variety of unanchored
polyUb linkages.[?4] The remarkable similarity between Rub1 and Ub[“! raises the question
whether DUBS can recognize and treat Rubl as Ub. To study the recognition pattern of these
DUBs as well as their enzymatic activity towards the heterodimers of Ub and Rub1, we
performed an in-vitro deubiquitination assay (Figure 4; see controls in Figure S3).
Interestingly, UBP6 and USP2 completely disassembled ubiquitinated Rub1 but did not
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cleave rubylated Ub (K48- or K29-linked). This indicates that Ub at the position distal to the
isopeptide bond is required for the deubiquitinase function of UBP6 and USP2, thus a distal
Rub1 blocks this activity. By contrast, OTUB1 partially cleaved Rub1-*8Ub, but not
Ub—*8Rub1 or Rub1-2°Ub, indicating that the enzyme is particularly selective for the
proximal Ub and for K48-linkage. The results also suggest that Ubs on both sides of the
K48-isopeptide bond are needed for optimal activity of OTUB1-mediated cleavage. This
agrees with the role of UBP6 and USP2 in removal of a (poly)Ub tag from a substrate
destined for degradation[?2] and with OTUBL1 recognizing both the distal and proximal Ubs
simultaneously.[?21] Interestingly, USP5 cleaved all three heterodimers tested here,
confirming its ability to cleave different types of linkages. These results clearly show that
USP5 and OTUBL1 have both deubiquitinase and derubylase activity. Neither Cezanne nor
AMSH disassembled any of the dimers, which is consistent with their specificity towards
K11 and K63 linkages, respectively.

In vitro synthesis and subsequent functional studies of various types of chains composed of
Ub and/or UBL proteins remained challenging for many years mainly due to the lack of
proper enzymes to form such conjugates. Here we presented a chemical ligation method by
which heterologous (Ub—Rub1 and Rub1-Ub) and homologous (Rub1-Rub1l) conjugates
can be made of recombinant monomers in a controlled manner, with fully natural
connectivity, and in sufficient amounts for structural and biophysical studies. Moreover, our
method can be readily used in any biochemical laboratory and yields fully natural products
devoid of any chain-terminating mutations. By taking advantage of bacterial expression of
recombinant monomers, our method allows cost-effective unit-specific isotopic labeling of
the chains, which is required for high-resolution NMR studies. The NMR characterization of
the two novel heterodimers assembled with our method revealed that in Ub-48Rub1, but not
in Rub1-2°Ub, Ub and Rub1 form an interface which is very similar to the interface in
Rub1-48Ub and the corresponding Ub—48Ub homodimer,[17] and provided site-specific
information on the binding interactions with the UBA2 domain of a proteasomal shuttle
protein hHR23a. Furthermore, the availability of heterodimers allowed us to examine, for
the first time, requirements for Ub-units recognition and cleavage by several DUBs.
Moreover, we discovered an unexpected derubylase activity of some of the deubiquitinases.
All these results demonstrate that the method presented here expands the repertoire of
chemical-biology tools by opening previously unavailable opportunities to make polymeric
chains containing various UBL modifiers and to study their structural and functional
properties. We foresee a straightforward extension of our methodology to other UBLs, for
example, SUMO, which forms both homologous (SUMO 2/3)[23] chains and heterologous
(with Ub) chains.[?6] It would be interesting to examine whether the structural properties of
such chains correlate with their specific functional roles. Our ultimate goal is to be able to
attach Ub or UBL, as a monomer or as a chain of any desired length and linkage
composition, to a substrate protein at will, with no need for E2 or E3 enzymes. This would
open endless possibilities to study the structural and functional roles of the attachment of
Ub/UBL monomers or chains to their physiological substrate proteins. By developing our
method for rubylation of Ub and Rubl and ubiquitination of Rub1, we definitely moved a
few steps, if not many, closer to achieving this goal.
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Scheme 1.
Nonenzymatic rubylation of Ub. Similar schemes are used for ubiquitination or rubylation of

Rubl. The basic steps involved in this method are as follows: (1) the C-terminus of either
Rubl or Ub (distal-to-be unit) is thioesterified (SR) by incubating the protein with its
respective cognate E1 activating enzyme; (2) to direct the reaction to a specific lysine (e.g.,
K29) on the proximal-to-be unit (Ub or Rub1l), the e-amine of that lysine is protected with a
Boc group (incorporated in the form of Lys(Boc) into the proximal-to-be unit as a
genetically encoded unnatural amino acid (UAA); (3) all remaining free amines of both
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distal-to-be and proximal-to-be monomers are blocked with Alloc. Note that there are 12
such groups in distal-to-be Rubl (8 lysines, 3 histidines, and the N-terminus) and 8 groups
in proximal-to-be Ub (6 lysines, 1 histidine, and the N-terminus) which need to be protected
with Alloc; (4) the Boc-group is removed to make the e-amine of the lysine of interest the
sole site for the ligation reaction; (5) ligation of the two monomers by Ag-mediated
condensation reaction; (6) removal of all the Alloc groups from the product; followed by (7)
renaturaton and separation of the dimer from the unreacted monomers, to yield a fully
natural product, in this case Rub1-2°Ub. Boc=tert-butoxycarbonyl, Alloc=allyloxycarbonyl,
MESNA=sodium 2-mercaptoethanesulfonate.
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Figure 1.

Chemical assembly of Ub-%8Rub1, Rub1-#8Ub, and Rub1- 2°Ub dimers. (A) 2 mg of each
reacting monomers, as indicated, were incubated in a condensation reaction for 36 hr. A
15% SDS-PAGE was performed with 2 pL of each reacting monomers, ligated product mix
(non-purified), and the SEC-purified dimers/monomers. The running positions of monomers
and dimers are indicated by the arrowhead and the arrow, respectively. (B-D) ESI-MS
spectra of various intermediate and final steps during the assembly of Ub—*8Rub1 (B),
Rub1-%8Ub (C), and Rub1-2%Ub (D) heterodimers. The molecular masses of the 1°N-
enriched Ub and Rubl are 8,665 Da and 8,675 Da, respectively. The protection with the Boc
group increases the mass by 100 Da, while the attachment of the SR group increases the
mass by 125 Da.
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Analysis of the interdomain interface in the heterodimers of Ub and Rub1. (A-B), 1H-15N
SOFAST-HMQC spectra (black) of Ub—#8Rub1 (A) and Rub1-2°Ub (B) overlaid with the
spectra of Rub1 (red) and Ub (blue) monomers. Selected residues showing significant signal
shifts are marked with numbers and indicated by arrows. Note that residue K48 in the
proximal units was not 1°N-labeled. (C, F), Chemical shift perturbations (CSP, black bars)
and significant signal attenuations (>75%; grey bars) of backbone amides in Ub-*8Rub1 (C)
and Rub1-2%Ub (F) plotted as a function of the residue number. Isopeptide- forming
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residues are connected by red arrows. (D-E, G-H), The perturbed residues (painted red) in
Ub-%8Rub1 (D-E) and Rub1-2%Ub (G-H) are mapped on the 3D structures of Ub (blue) and
Rub1 (grey), oriented such that the hydrophobic-patch surfaces face the reader except for
(H) where the opposite side of Ub surface is shown.
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mm CSP > 0.1 ppm

K48-linked heterodimers of Rub1 and Ub form residue-specific interactions with the UBA2
domain of hHR23a. CSPs (black bars) and significant signal attenuations (>75%; grey bars)
of backbone amides in Rub1-%8Ub (A) and Ub-*8Rub1 (D) at saturation with UBA2 are
plotted as a function of the residue number. Residues with significant CSPs (>0.1 ppm) and
signal attenuations are mapped (red) on the surface of the distal and proximal units of
Rub1-48Ub (B-C) and Ub—*8Rub1 (E-F). Ub and Rub1 are shown in blue and grey,

respectively.
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Figure4.
Cleavage of the synthesized heterodimers of Rub1 and Ub by deubiquitinases. The

heterodimers were incubated for 16 hr in a cleavage reaction with indicated deubiquitinases
in a 10:1 molar ratio. The reactions were stopped by adding SDS loading buffer and loaded
onto a 15% SDS PAGE. The running positions of monomers and dimers are shown by the
arrowhead and the arrow, respectively.
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