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ABSTRACT: The ubiquitin-proteasome system (UPS) is highly complex and entails
the concerted actions of many enzymes that function to ubiquitinate proteins targeted
to the proteasome as well as enzymes that remove and recycle ubiquitin for additional
rounds of proteolysis. Ubiquitin C-terminal hydrolase-L3 (UCH-L3) is a human
cytosolic deubiquitinase whose precise biological function is not known. It is believed
to hydrolyze small peptides or chemical adducts from the C-terminus of ubiquitin that
may be remnant from proteasomal processing. In addition, UCH-L3 is a highly
effective biotechnological tool that is used to produce small or unstable peptides/
proteins recalcitrant to production in Escherichia coli expression systems. Previous
research, which explored the substrate selectivity of UCH-L3, demonstrated a
substrate size limitation for proteins/peptides expressed as α-linked C-terminal fusions
to ubiquitin and also suggested that an additional substrate property may affect UCH-
L3 hydrolysis [Larsen, C. N. et al. (1998) Biochemistry 37, 3358−3368]. Using a series
of engineered protein substrates, which are similar in size yet differ in secondary structure, we demonstrate that thermal stability
is a key factor that significantly affects UCH-L3 hydrolysis. In addition, we show that the thermal stabilities of the engineered
substrates are not altered by fusion to ubiquitin and offer a possible mechanism as to how ubiquitin affects the structural and
unfolding properties of natural in vivo targets.

Ubiquitin’s name continues to prove appropriate as the
number of cellular processes that utilize ubiquitination

continue to be discovered and entail essential regulatory events
such as endocytosis, transcriptional regulation, enzyme
regulation, and protein degradation by way of the ubiquitin
proteasome system (UPS).1−6 Its key role in these processes
necessitates a variety of both covalent and noncovalent
interactions with a host of other proteins. Early on it was
discovered that the sequential action of activating (E1),
conjugating (E2), and ligase (E3) enzymes results in the
covalent attachment of ubiquitin through its C-terminus to the
ε-NH2 group of a lysine residue on target proteins.7 Depending
on the targeted function, or cellular destination, this is often
followed by the condensation of more ubiquitin monomers to
the initial ubiquitin moiety to form one or more poly-ubiquitin
chains. This simplified description belies the more complex
nature of ubiquitination and the many facets of associated
biological roles. The functional diversity of ubiquitination is
evidenced by the degree of ubiquitination (either mono, poly,
or multiple-mono ubiquitination), the particular lysine residue
of ubiquitin that is used as the starting point for extension
(there are seven lysine residues in ubiquitin), the position and
type of residue on the target protein to which ubiquitin is
attached (ε-NH2 group of an internal lysine or α-NH2 group of
the N-terminal residue), and the type of amino acid to which

ubiquitin is initially conjugated (e.g., lysine, threonine, cysteine,
or serine).3 Ubiquitin linked through Lys48- and Lys63- have
been the most studied to date, but more recently alternative
linkages, such as N-terminal Met1-peptide linkages to target
proteins, are gaining more attention and provide yet additional
complexity to this already multifaceted system.8−10

Ubiquitin has been the subject of numerous biophysical and
protein engineering studies; however, parallel analysis of
ubiquitinated proteins, or ubiquitin polymers, has been limited
due to greater complexity associated with systems that
specifically produce such complexes.11,12 In an attempt to
gain insight into how ubiquitination affects the biophysical
properties of target proteins, one group utilized an in silico
approach to study differently ubiquitinated variants of three
target proteins.13 Analysis of mono-ubiquitinated as well as
Lys48- and Lys63-linked tetra-ubiquitinated proteins suggests
that ubiquitin serves not only as a recognition tag but also may
induce or assist protein unfolding and thus possibly enhance
degradation through the UPS.13

As protocols to obtain different ubiquitin polymers became
available, structural information has revealed that linear Lys48-
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and Lys63-linked ubiquitin possess distinct topological proper-
ties.14−16 Lys48-linked ubiquitin adopts a compact structure,
and the ubiquitin moieties interact with each other, whereas
linear and Lys63-linked ubiquitin has a more relaxed
conformation, and no appreciable interaction is observed
between the ubiquitin units.14,17,18 These findings begin to
shed light on the biophysical effects that different types of
ubiquitin ligations have on the target proteins as several
ubiquitin-binding domains (UBDs) were computationally
shown to interact with different poly-ubiquitin variants in a
variety of ways. More recently analysis of 482 in vivo
ubiquitinated substrates revealed that overall ubiquitination
sites tend to be located in structured regions, unlike
phosphorylation sites, which tend to be in disordered regions.19

For a subset of substrates targeted for proteasomal degradation,
there appears to be a bias for the ubiquitination site to be
located in disordered regions. However, there are still many
examples in which disordered regions are located either far
from the attachment site or completely absent. These findings
argue, at least in these specific cases, that the attachment of
ubiquitin may function in part to physically destabilize the
substrate in order to prepare it for subsequent hydrolysis by the
proteasome.
For proteins destined for degradation, covalently attached

poly-ubiquitin chains function as physical tags that are
recognized by receptors located on the proteasome.20

Deubiquitinase enzymes (DUBs) associated with the protea-
some recognize, cleave, and ultimately function to recycle
ubiquitin for reuse in any of the cellular processes described
above. Ongoing cycles of ubiquitination/deubiquitination are
inherently dynamic and entail a large number of enzymes, many
of which are still being discovered. Ubiquitin C-terminal
hydrolase L3 (UCH-L3) is a cytosolic deubiquitinase that is not
physically associated with the proteasome.21−23 Although the
precise biological function of UCH-L3 is not known, it is
potentially involved in certain physiological processes24−29 and
has also been implicated in a number of cancer studies.30−33 A
consistent picture is emerging that at least one of the roles for
UCH-L3 is the hydrolysis of small peptide extensions or
chemical adducts from the C-terminus of ubiquitin that may

remain following proteasomal processing.21 Thus, a possible
function of UCH-L3 is to cleanup, prepare, and recycle intact
ubiquitin for subsequent rounds of ubiquitination.
Analysis of UCH-L3 substrate specificity demonstrated that

it does not show activity toward linear Lys48- or Lys63-linked
ubiquitin chains but instead hydrolyzes peptides or proteins
linearly α-linked through the C-terminus of ubiquitin.21 A
substrate size preference was also demonstrated as UCH-L3
failed to hydrolyze larger proteins from ubiquitin such as β-
galactosidase, cytochrome-C, and lysozyme.21,22 A possible
physical means by which size discrimination is achieved was
revealed when the crystal structure of UCH-L3 was solved.34,35

In addition to similarities with the papain family of cysteine
proteases, including an active site catalytic triad, a striking
feature of its structure is a unique ∼20 residue loop that spans
the enzyme’s active site. It is believed that this active site loop
functions to restrict or filter the size of the substrate attached to
the C-terminus of ubiquitin. The physiological relevance of this
has not been determined, but one can readily envision that
evolution would select for UCH-L3 to clear small peptides
from ubiquitin yet not be able to cleave ubiquitin itself off
physiologically important ubiquitin chains, such as linear tri-
and diubiqutin. The diubiqutin version of ubiquitin is
biologically relevant as it has been shown to interact with
critical regulatory proteins (e.g., NEMO) of an important
transcription factor complex (i.e., the NFκB complex). This
protein complex functions to mediate gene expression in
response to various physiological processes such as immune
stimulation, inflammation, cell adhesion, and cell survival.36 In
one particular study, a yeast two-hybrid screen was used to
isolate tandem diubiquitin (Ub-Ub) and triubiquitin molecules
as interacting proteins with the NFκB regulator NEMO.37 In a
separate study, a cocrystal structure revealed that an interaction
motif of NEMO forms a heterotetrameric complex with two
linear di-ubiquitin molecules38 Linear di-ubiquitin (Ub-Ub) was
included in our studies to gain further insight into the substrate
filtering selectivity of the UCH-L3 active site crossover loop.
Although it appears clear that the crossover loop restricts

substrates based on size, it is not known what the actual size
limitation is, and for that matter, if size is the only physical

Figure 1. Amino acid sequences for ubiquitin (a), Gβ1-WT and variants (b), and SpAB-WT and variants (c). The secondary structure for each group
of proteins is illustrated with a ribbon diagram below each set of sequences. Relevant mutations of interest are shown in bold face (PDB accession
codes: 1UBQ, 2GB1 and 1BDC respectively).
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property restricted by the crossover loop. In addition, a minor
paradox reported in the work by Larsen et al. is that UCH-L3 is
able to cleave two naturally α-linked ribosomal proteins from
the C-terminus of ubiquitin, which consist of 52 and 80 amino
acids, yet it cannot cleave ubiquitin (76 amino acids) to any
degree from α-linked di-ubiquitin. They also demonstrated that
the addition of DNA to the ribosomal protein hydrolysis
reaction reduced the hydrolysis of the Ub-CEP52 substrate (the
52 amino acid substrate) by UCH-L3. They speculated that, as
with other nucleic acid binding proteins that become more
ordered upon complex formation with nucleic acids,39,40 the
ubiquitin-linked ribosomal protein likely gains structural order
upon binding DNA, and, in addition to associated size increase,
greater order may contribute to the observed reduction in
UCH-L3 hydrolysis. This was the first indication that a factor
other than size may come into play regarding UCH-L3
substrate selectivity. Here we demonstrate, in the context of a
series of engineered substrates, that substrate selectivity of
UCH-L3 is not only based on size but also the thermal stability
of α-linked test variants, and we speculate that this may be one
reason why ubiquitin itself has such a high thermal stability (Tm
≈ 88 °C).

■ MATERIALS AND METHODS

Protein Expression and Purification. The genes for the
β1 domain of streptococcal protein G (Gβ1-WT), the B
domain of staphylococcal protein A (SpAB-WT), in addition to
mutant variants and ubiquitin fusions, were generated using
standard PCR methods and cloned in the expression vector
pET19b (Novagen). Escherichia coli strain BL21 (DE3) was
chemically transformed with the correspondent plasmids and
grown on LB media to an optical density of 0.6−0.8 at 600 nm,

and protein production was induced for 3 h by adding IPTG to
a final concentration of 1 mM. Purification of Gβ1-WT and
variants has been described.41 N-Terminally polyhistidine-
tagged ubiquitin-Gβ1 fusions were purified as follows: cell
pellets obtained postinduction were resuspended in lysis buffer
(50 mM NaH2PO4, 300 mM NaCl, 25 mM imidazole, pH 8.0)
and lysed by sonication. The lysate was centrifuged at 10 000
rpm for 15 min to remove cell debris and then heated for 5−10
min at 85 °C to precipitate unwanted proteins. Precipitated
material was removed via centrifugation for 15 min at 13 000
rpm at 4 °C. Cleared supernatant was applied to a metal affinity
resin column, washed with resuspension buffer, and eluted with
250 mM imidazole. Fusions were concentrated and buffer
exchanged into 25 mM sodium phosphate, 10 mM DTT, pH
6.8. Purification of ubiquitin-SpAB fusions followed a similar
approach: the cell pellet was resuspended in 1× PBS (137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH
7.4) and applied to affinity column as described above. Proteins
were eluted with 50 mM NaH2PO4, 300 mM NaCl, 250 mM
imidazole, pH 8.0. Fusions were concentrated and buffer
exchanged into 25 mM sodium phosphate, 10 mM DTT, pH
6.8. N-Terminally polyhistidine-tagged UCH-L3 was purified in
a similar fashion as ubiquitin fusions, but the heating step was
omitted and lysis buffer consisted of 20 mM sodium phosphate,
500 mM sodium chloride, 20 mM imidazole, pH 7.4. UCH-L3
was eluted with resuspension buffer plus 500 mM imidazole
and buffer exchanged into in 20 mM sodium phosphate, 0.5 M
sodium chloride, and 10 mM DTT, pH 7.4. The free
(nonfused) SpAB-WT and SpABI17W variants were purchased
from a commercial vendor (Peptide 2.0 Inc.) and purified by
HPLC. The other SpAB variants were expressed as ubiquitin
fusions in E. coli. The attached ubiquitin was N-terminally

Figure 2. CD monitored thermal denaturation of free and ubiquitin-fused Gβ1 and SpAB Variants. Panels (a and b) correspond to Gβ1 variants and
panels (c and d) to SpAB variants (A-WT is the nontruncated version of SpAB-WT). Panels (a and c) are the thermal melts of the free domains, and
panels (b and d) are those of the ubiquitin-fused domains. The colors in panels (a and b) correspond to the same Gβ1 variants, and the colors in
panels (c and d) are the same for the SpAB variants. MonAm corresponds to Monomer A (Y45A) and MonBm to Mononer B (A45F). The thermal
melt for free ubiquitin is shown in orange in panel (a) and that for Ub-Ub is shown in orange in panel (b).
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polyhistidine-tagged and fusion were purified using metal
affinity as described above. To obtain the free SpAB variants,
the purified fusions were incubated with UCH-L3 for 12 h at 37
°C and passed through a metal affinity resin column to retain
the polyhistidine-tagged ubiquitin and UCH-L3. Protein
concentrations were measured by suspending each protein in
6 M guanidine hydrochloride, using standard A280 extinction
coefficients for the tryptophan and tyrosine residues.
Circular Dichroism. CD data were collected on a Jasco-810

spectropolarimeter equipped with a thermoelectric unit using a
0.1 mm path-length cell. Protein concentrations were 50 μM
and the buffer consisted of 50 mM sodium phosphate at pH
6.5. Far-UV spectra were acquired in continuous mode at 25 °C
with 1 nm bandwidth and a 4 s response time. Thermal melts
were monitored at 218 nm for the Ub-Gβ1-WT fusions, the
Ub-SpAB fusions, and for the Gβ1-WT variants and 208 nm for
the SpAB-WT and variants. For thermal denaturation curves the
data were normalized by linearly shifting all points such that
[θ]218 value at 5 °C equaled zero. A scaling factor was obtained
for each set by dividing the maximum [θ]218 value for all sets at
95 °C by the [θ]218 value at 95 °C for each set. Data points for
each set were scaled by the unique scaling factor calculated for
each set and scaled to a value of one for the fully unfolded
signal. For the CD thermal melt data presented in Figure 2, a
simple exponential smoothing function was applied for the
curves that correspond to the Ub-Gβ1-WT and Ub-SpAB
fusions.
UCH-L3 Hydrolysis of Ubiquitin Fusions. To assess the

catalytic properties of UCH-L3 against the engineered ubiquitin
fusions, we first performed cotranslational assays in which the
expression of both the enzyme and the substrates takes place
simultaneously in E. coli. This was accomplished by engineering
a two-plasmid system with compatible origins of replication
into which the genes for the enzyme and the substrates were
cloned. After cotransformation of BL21 (DE3) E. coli with both
plasmids, protein production was induced by addition of IPTG
to a final concentration of 1 mM. Hydrolysis of the substrates
was analyzed at different time points using SDS-PAGE. The
extent of substrate hydrolysis by UCH-L3 for the in vitro assays
was measured by incubating different concentrations of pure
enzyme with 70 pmol of pure substrate in 25 mM phosphate
buffer, 10 mM DTT, pH 6.8 with 0.5 μg of BSA added as an
internal loading control. Reactions were incubated at 37 °C for
30 min. To determine the 50% hydrolysis time point (t1/2), 4.2
pmol of enzyme was incubated with 70 pmol of substrate, and
samples were collected at several time points. For both in vivo
and in vitro assays, reactions were stopped by the addition of
protein sample loading buffer and heated for 10 min at 95 °C.
Samples were resolved by 15% SDS-PAGE, and relative
intensity of the nonhydrolyzed substrate band was determined
using ImageJ software. The t1/2 values were calculated from a
graph of log (band intensity) versus reaction time.

■ RESULTS
Nomenclature and Design of Gβ1 Variants, SpAB

Variants, and Ubiquitin Fusions. The hydrolysis rates of
UCH-L3 were measured against 11 engineered protein
substrates (α-linked through the C-terminus of ubiquitin)
that are of similar molecular weight yet differ in thermal
stabilities and secondary structure composition. The genes of
the 11 designed protein substrates were cloned downstream of
the gene for human ubiquitin and expressed as α-linked linear
ubiquitin fusions. The test protein variants primarily fall into

two groups: (1) variants of the β1 domain of streptococcal
protein-G (56 amino acids and referred to as Gβ1-WT) and (2)
variants of the B domain of staphylococcal protein-A (59 amino
acids and referred to as SpAB-WT). The Gβ1 variants consist of
a β-sheet made up of four strands and an overlying α-helix
(Supporting Information Figure 1a, blue), whereas the SpAB
variants consist of three-helix bundles (Supporting Information
Figure 1b, green). A central α-helix is located in the same
relative position in both Gβ1-WT and SpAB-WT where amino
acid identities occur at five of 15 positions; however there is no
discernible sequence or structure homology between these two
proteins.42 The hydrolysis rates of UCH-L3 were tested against
five ubiquitin fusions with Gβ1 variants, and six with SpAB
variants.
In addition to the 11 substrates described above, a variant in

which ubiquitin is linearly expressed C-terminally to itself (i.e.,
Ub-Ub), and a variant that consists of Ub-Ub with a 22 amino
acid extension, were also tested in the context of UCH-L3
hydrolysis. The Ub-Ub-22 variant was inadvertently created
when a spontaneous mutation of the stop codon in the gene for
the Ub-Ub linear dimer caused a read-through that terminated
with a second stop codon further downstream within the
expression vector. The 22 amino acid extension is made up of a
random sequence of amino acids (i.e., RIRLLTKPERKL-
SWLLPPLSNN) and is not expected to consist of stable
structural elements. The Gβ1 and SpAB variants were
engineered to have variable melting temperatures while
maintaining their overall three-dimensional structures. The
rationale for, and the means by which these were engineered,
are described in the Supporting Information.

Thermal Stabilities of the Engineered Substrates. The
thermal stabilities of free ubiquitin, linear di-ubiquitin (Ub-Ub),
all free Gβ1 and SpAB test variants, and all test variants fused to
the C-terminus of ubiquitin were measured using far ultraviolet
(UV) circular dichroism (CD) spectroscopy.

Ubiquitin. The folding and unfolding properties of ubiquitin
have previously been studied in detail, and our results confirm
the relative thermostable nature of this molecule which has a
measured Tm of ∼88 °C.43,44 In the case of the CD thermal
melt data for both free ubiquitin (Figure 2a, orange curve) and
the tandem Ub-Ub fusion (Figure 2b), there are significant and
interesting differences when comparing the respective melting
curves. The CD melting data for free ubiquitin confirms that it
is a protein that undergoes cold denaturation43 as a gradual
increase in secondary structure signal (decrease in CD signal) is
observed when the temperature is increased from 20 °C to ∼76
°C. Slight precipitation was observed for the free ubiquitin
sample after completion of temperature unfolding data
collection.44 Comparison of CD scans before and after
obtaining the melting curve indicates that unfolding is likely
reversible. In the case of the thermal melt data for the tandem
Ub-Ub fusion, there are large differences in the preunfolding
baseline in comparison to that of monomeric ubiquitin. Prior to
denaturing (which occurs at approximately the same temper-
ature as free ubiquitin), the CD signal for the Ub-Ub fusion
gradually increases until just past 85 °C where the signal
sharply increases in response to loss of secondary structure.
The increase in the baseline signal prior to unfolding may be
indicative of higher order structure especially as linear di-
ubiquitin (Ub-Ub) molecules have be shown to form a
heterotetrameric complex with a regulator of transcription in
vivo.36,38
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Free Gβ1 and SpAB Test Variants. CD spectra (collected
from 190 to 280 nm) for the Gβ1 mutant variants indicate that
the general α/β fold for the five variants is maintained and thus
suggest that the introduced mutations do not significantly alter
the overall Gβ1 fold. Thermal unfolding curves for the Gβ1
variants monitored at 218 nm confirmed previous findings in
relationship to the importance of position 45 for the overall
stability of Gβ1-WT (Figure 2a and Table 1).41 CD spectra

collected on free SpAB-WT and five variants also indicate that
the overall helical composition is maintained and that there are
no obvious structural perturbations for the SpAB test variants.
Except for the significantly destabilized double mutant (i.e.,
tSpABL20A/L23A), the CD spectra are highly similar
(Supporting Information). Thermal melts were performed on
all the SpAB variants (Figure 2c), and the resulting melting
temperatures are listed in Table 2.

Thermal Denaturation of Ubiquitin Fusions. In addition to
determining the melting temperatures of all single “free” SpAB
and Gβ1 test variants, the melting temperatures of all fused
proteins, in which each variant was expressed as a C-terminal
fusion to ubiquitin, were also measured. Interestingly, in almost
all cases the measured melting temperatures of the fusion
proteins are very close to the melting temperature of the
attached SpAB and Gβ1 variants and not to that of ubiquitin
(Tables 1 and 2). A potential model for this finding is provided
in the Discussion. In almost all cases, the CD thermal
denaturation data collected on the Gβ1 and SpAB ubiquitin
fusions was generally not as smooth as the data collected on the
free variants. In addition, for two Gβ1variants (i.e., Ub-MonB,
Ub-MonA (Y45A)) and one SpAB variant (i.e., Ub-SpAB
I17W), the CD signal degraded after approximately 65−75
°C, and precipitate was observed for these variants after
completion of the thermal melts. Although this was the case, it
did not preclude our ability to estimate the approximate
melting temperatures for these variants. It is assumed that the

dynamic structure of ubiquitin combined with the low to
moderate melting temperatures of these variants may be the
origin of the greater fluctuations in the signal and the observed
aggregation. This is not surprising especially in light of the fact
that two of the Gβ1 variants (i.e., monomer A and monomer B)
were engineered to form a heterodimeric structure45 and that
less stable variants of Gβ1 have been demonstrated to form
amyloid fibers.46 The inherent tendency to self-associate,
combined with being tethered to the dynamic and fluid
structure of ubiquitin, may be the reason for the increased data
fluctuation as well as the degradation of the CD signal for three
variants in the mid to high temperature range.
In the case of the SpAB variants, the melting temperatures of

the ubiquitin-SpAB fusions very closely match those of the free
test proteins (Table 2). The average difference between the free
test proteins and the associated ubiquitin-SpAB fusions is 1.8 °C
(±1.5 °C). For the Gβ1 variants, the melting temperatures of
the fusions were typically somewhat lower than that of the
single test proteins (Table 1). In this case, the average
difference between the free test proteins and the associated
ubiquitin fusions is 7.2 °C (±3.7 °C). In all cases, the thermal
unfolding curves for all fusions appear biphasic and thus
indicate no significant unfolding intermediates. These findings
are in agreement with the two-state unfolding model observed
when the individual components of the fusions (i.e., ubiquitin
and Gβ1) were subjected to thermal denaturation analysis.44,47

This suggests that the ubiquitin fusion proteins unfold
cooperatively, as opposed to the domain of lower stability
unfolding first followed by the unfolding of the more stable
domain. This is the case even when the C-terminal test protein
is significantly destabilized.

UCH-L3 Hydrolysis. Hydrolysis of Ubiquitin Fusions
Assessed by Co-Translational Assays. A cotranslational assay
where UCH-L3 and the ubiquitin fusion substrate are
coexpressed in E. coli was initially used to screen UCH-L3
hydrolysis activity in vivo. Thirty minutes after induction
increasing amounts of intact Ub-Gβ1-WT (Tm ≈ 80 °C), Ub-
MonA (Tm ≈ 91 °C) and Ub-MonA(Y45A) (Tm ≈ 57 °C)
accumulated, and no products of hydrolysis were observed for
these variants even after 180 min (Figure 2, Supporting
Information). In the case of the Ub-MonB variant (Tm ≈ 31
°C), only limited amounts of this fusion are visible 60 min after
induction, while extensive products of hydrolysis are shown to
accumulate. On the other hand, a more stable variant of this
substrate, Ub-MonB(A45F) (Tm 60 °C), is only partially
hydrolyzed and accumulates in a pattern similar to that of Ub-
Gβ1-WT, Ub-MonA, and Ub-Mon(Y45A). According to
Larsen et al., UCH-L3 hydrolyzes peptides attached to the C-
terminus of ubiquitin more efficiently if the enzyme is present
during the synthesis of the substrate, before the C-terminal
extension has a chance to fold into a stable domain.48 This is a
reasonable assumption; however, we did not observe this
except possibly in the case of the Ub-MonB variant (Tm ≈ 31
°C) and to lesser extent for the Ub-MonB(A45F) variant (Tm
∼60 °C) as the other three fusions were not observed to be
hydrolyzed in the context of this in vivo screen. Although the
convenience of this format in analyzing hydrolysis is clear, a
major drawback is that expression levels for the enzyme and
substrates cannot be precisely controlled. The results described
above could be due to unequal enzyme or substrate expression
within the bacterial cultures. As we desired to more accurately
characterize UCH-L3 hydrolysis rates, the potential unequal
expression of enzyme and substrates is relevant. This is

Table 1. Tm of Ubiquitin, Gβ1 Variants, and N-Terminal
Ubiquitin Fusionsa

free protein Tm (°C) Ub-fused protein Tm (°C)

ubiquitin 88.5 Ub-Ub 85
protein Gβ1-WTb 85 Ub-Gβ1-WT 80.2
monomer Ab >100 Ub-MonA 90.7
monomer A(Y45A) 68.7 Ub-MonA(Y45A) 56.6
monomer Bb 38 Ub-MonB 31.2
monomer B(A45F) 62.5 Ub-MonB(A45F) 59.8

aAverage difference between free variant and variant fused to Ub = 7.2
°C ± 3.7. bData from Barakat et al.41

Table 2. Tm of SpAB Variants and N-Terminal Ubiquitin
Fusionsa

free protein Tm (°C) Ub-fused protein Tm (°C)

tSpABI17W 42 Ub-tSpABI17W 38
tSpAB-WT 67 Ub-tSpAB −WT 67
SpABI17W 45 Ub-SpABI17W 43
SpAB-WT 70 Ub-SpAB-WT 72
tSpABL20A/L23A <20 Ub-tSpABL20A/L23A <20
tSpABN24T 75 Ub-tSpABN24T 76

aAverage difference between free variant and variant fused to Ub = 1.8
°C ± 1.5.
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especially true when the differences in thermal stabilities
between protein substrates are small, as in the cases of Ub-
MonA(Y45A) and Ub-MonB(A45F) which differ by only ∼7
°C (Table 1).
In Vitro Analysis of the UCH-L3 Hydrolysis. To more

accurately assess differences in UCH-L3 hydrolysis rates as a
function of substrate thermal stability, the enzyme and all
ubiquitin fusion variants were expressed separately, purified to
homogeneity, and tested in vitro. Individual fused proteins from
the two sets of purified substrates were separately incubated
with UCH-L3, and the hydrolysis rates were estimated based
on SDS-PAGE analysis. Overall the observed hydrolysis rates
strongly correlate to the thermal stability of the C-terminally
attached Gβ1 and SpAB test variants (Figures 3 and 4). In lieu

of a real-time assay that would enable the measurement of
specific catalytic parameters, the extent of hydrolysis was
assessed using densitometric analysis of SDS-PAGE gels of
remaining unreacted substrate compared to a control in which
no enzyme was added. This allowed us to estimate the
percentage of substrate that was not hydrolyzed by UCH-L3
(Supporting Information Figure 5). This assay revealed that, for
both sets of substrates, the extent of hydrolysis differed between

variants and was strongly correlated to the thermal stabilities of
the C-terminally attached test variant.

UCH-L3 Hydrolysis of Ub-Gβ1 Variants. The reaction of
10.0 pmol of UCH-L3 with 70.0 pmol of Ub-Gβ1-WT (Tm ≈
80 °C) or Ub-MonA (Tm ≈ 91 °C) resulted in no observable
hydrolysis even when the incubation periods were extended
past 24 h (data not shown). In contrast, hydrolysis of Ub-
MonA(Y45A) (Tm ≈ 57 °C) and Ub-MonB(A45F) (Tm ≈ 60
°C) occurs within minutes and Ub-MonB (Tm ≈ 31 °C) is
hydrolyzed within seconds. In addition to visual inspection of
the gels, a semiquantitative comparison was performed based
on densitometric analysis of unreacted substrates which enabled
the estimation of the time point associated with 50% hydrolysis
of substrates (t1/2 value). This analysis demonstrated that the
hyperthermostable variants such as Ub-Gβ1-WT and Ub-
MonA require greater than 1440 min (24 h) to reach t1/2 under
these conditions, whereas the mesothermostable variants such
as Ub-MonA(Y45A) and Ub-MonB(A45F) have t1/2 values of
50.1 and 22.7 min, respectively. The variant of lowest thermal
stability Ub-MonB is hydrolyzed rapidly with a t1/2 value of 0.52
min.
Because of this wide disparity in hydrolysis rates, it was

difficult to determine conditions in which the rates could be
effectively compared for the different ubiquitin-linked sub-
strates. In an attempt to address this issue, a second series of
assays were performed in which a fixed amount of substrate
(i.e., 70 pmol) was incubated with increasing amounts of the
UCH-L3 enzyme (Figure 3). The reactions were incubated at
37 °C and quenched after 30 min. For the subset of substrates
derived from Ub-Gβ1, 3.5 pmol of enzyme was enough to
hydrolyze the least stable Ub-MonB variant, while variants of
medium stability (i.e., Ub-MonB(A45F)) exhibited only a slight
degree of hydrolysis, and for the more stable variants, Ub-Gβ1-
WT and Ub-MonA, no hydrolysis was observed.
As illustrated in Figure 3, when the amount of enzyme is

increased the amount of observable hydrolysis also increases for
the variants of low to mid thermal stability. For example, at 7.0
pmol of enzyme the Ub-MonB variant was fully hydrolyzed,
whereas only ∼24% of the Ub-MonB(A45F) was hydrolyzed.
At this enzyme concentration, only ∼5% of the more stable Ub-
MonA(Y45A) variant was hydrolyzed, whereas the variants of
highest stability, Ub-Gβ1-WT, Ub-MonA, and Ub-Ub remained
essentially unreacted. Using 70.0 pmol of enzyme, the variants
of medium thermal stability, Ub-MonA(Y45A) and Ub-
MonB(A45F), were significantly hydrolyzed, while the stable

Figure 3. In vitro UCH-L3 hydrolysis of ubiquitin N-terminal fusions.
Increasing amounts of UCH-L3 and fixed amounts of substrates were
reacted for 30′ at 37 °C. The melting temperatures (Tm) and the t1/2
values for all fusions are listed below each variant name. Five of the six
panels on the left correspond to Ub-Gβ1 substrates (top left - Ub-Ub)
and those on the right to Ub-SPAB substrates. Description of the
various gel bands are included in the upper right-hand panel: (a) BSA
loading standard; (b) increasing amounts of UCH-L3 (lane 2−0 pM,
lane 3−3.5 pM, lane 4−7.0 pM, lane 5−70.0 pM, lane 6−140.0 pM,
lane 7−278.0 pM); (c) nonhydrolyzed, ubiquitin-fused substrates; (d)
hydrolysis products (ubiquitin and free test variants). Lane 1 contains
molecular weight standards (10, 15, 25, 35, 45, 55, 70, 100, and 130
kDa).

Figure 4. Plot of the logarithm of the melting temperature versus the
logarithm of the time to reach approximately 50% hydrolysis by UCH-
L3 for all variants that were hydrolyzed in less than 24 h (<1440 min).
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Ub-Gβ1-WT variant began to show evidence of hydrolysis with
∼68% remaining. For the hyperthemostable variant Ub-MonA,
again no appreciable hydrolysis was observed. At 140.0 pmol of
enzyme, Ub-MonB(A45F) was essentially fully hydrolyzed, Ub-
MonA(Y45A) was almost fully hydrolyzed with about 14%
remaining, and the Ub-Gβ1-WT variant was appreciably
hydrolyzed with ∼34% remaining. At 140.0 pmol of enzyme
Ub-MonA finally showed evidence of hydrolysis with 88%
remaining after 30 min. At the highest amount of UCH-L3
assayed (i.e., 278.0 pmol), 28% of Ub-Gβ1-WT remained after
30 min and Ub-MonA was reduced to ∼84%. As seen in Figure
3 (top left panel), there is no observable hydrolysis of the linear
Ub-Ub variant at any of the enzyme concentrations tested.
UCH-L3 Hydrolysis of Ub-SpAB Variants. A parallel analysis

was performed for the engineered variants derived from the
Ub-SpAB fusions (Figure 3, right panels) and revealed an
outcome that is similar to the results obtained for the Ub-Gβ1
variants. At the lowest concentration of enzyme tested, 3.5
pmol, the relatively unstable variants, Ub-tSpABL20A/L23A
(Tm < 20 °C), Ub-tSpABI17W (Tm ≈ 42 °C), and Ub-
SpABI17W (Tm ≈ 45 °C), exhibited extensive hydrolysis
(∼94.7, ∼93.1%, ∼88% respectively), whereas the more stable
variants Ub-SpAB-WT (Tm 70 °C), Ub-tSpAB (Tm 67 °C), and
Ub-tSpABN24T (Tm 75 °C) showed no evidence of hydrolysis.
Minor but consistent differences were observed for the
truncated versus nontruncated SpAB variants. At 7.0 pmol of
enzyme the nontruncated Ub-SpAB-WT variant showed no
evidence of hydrolysis, while its truncated version, Ub-tSpAB,
showed slight evidence of hydrolysis. The additional amino
acids at the termini of the nontruncated SpAB variants appear to
confer a slight increase in thermal stability and a corresponding
slight decrease in UCH-L3 hydrolysis. At 7.0 pmol of enzyme
the remainder of the unstable variants appear to be fully
hydrolyzed, while the most stable variant, tSpABN24T, again
showed no evidence of hydrolysis. Unlike the more stable Ub-
Gβ1 variants, there is evidence for fairly significant hydrolysis
when 70.0 pmol of enzyme was incubated with all of the SpAB
variants. This is apparently due to the differences in the melting
temperatures, but differences in secondary structure content
may also play a role when comparing the fully α-helical SpAB
variants to the Gβ1 variants (which contains a four stranded β-
sheet). At 70.0 pmol of enzyme most of the Ub-SpAB variants
except for the three most stable (with Tm’s of 67 °C, 70 °C, and
75 °C) are fully hydrolyzed. Under these conditions the most
stable variants, Ub-SpAB-WT, Ub-tSpAB, and tSpABN24T, were
significantly hydrolyzed with approximately 12.5%, 17%, and
22% remaining, respectively. Finally all of the Ub-SpAB variants
are essentially fully hydrolyzed when 140.0 and 278.0 pmol of
the UCH-L3 enzyme was incubated with the substrates.
UCH-L3 Hydrolysis of the Linear Ub-Ub Fusion and Ub-

Ub-22. The rate of hydrolysis of ubiquitin fusions by UCH-L3
is relatively slow when the attached Gβ1 and SpAB substrates
possess relatively high thermal stabilities. Considering this we
theorized that the lack of hydrolysis for the Ub-Ub fusion by
UCH-L3 could possibly be due to the high thermal stability of
ubiquitin.49,50 The Ub-Ub fusion is especially interesting
because this protein occurs naturally,50 and the two ubiquitin
units are fused in the same manner as all the other fusions
studied thus far (C- to N-terminus). The Ub-Ub fusion is a
relatively stable variant (Tm ≈ 85 °C), and thus it was tested to
determine if it could be hydrolyzed by UCH-L3 under the same
experimental conditions used to characterize the other fusions.
In the assay in which a fixed amount of enzyme and substrate

were incubated for various time periods, the Ub-Ub fusion was
not hydrolyzed even after an incubation period of 24 h.
Similarly in the experiment where enzyme-concentration is
varied, the Ub-Ub fusion is not hydrolyzed when incubated
with up to 278.0 pmol of UCH-L3 (Figure 3, top left panel).
Under these conditions the two most stable ubiquitin fusions
derived from Gβ1, Ub-MonA and Ub-Gβ1-WT showed
evidence of hydrolysis and therefore the Ub-Ub variant proved
to be the most hydrolytically stable substrate.
In addition to the Ub-Ub fusion an additional variant with a

22 amino acid C-terminal extension (Ub-Ub-22) was tested in
UCH-L3 hydrolysis assays. Short, unstructured extensions
attached to the C-terminus of ubiquitin have proved to be
good substrates for UCH-L3,48 and thus it is of interest to
determine if this property remained when such a leaving group
was preceded by not one but two ubiquitin moieties. In the
context of the time-dependent assay and the concentration-
dependent assay, it was found that the 22 amino acid extension
was readily cleaved from Ub-Ub-22 with a t1/2 value of 1.3 min
(Figure 3, Supporting Information). The t1/2 value of Ub-Ub-22
is comparable to that of Ub-MonB (0.52 min), the least
thermally stable Gβ1 construct. Although we did not determine
the thermal stability of Ub-Ub-22, two possible arguments that
may explain such similar t1/2 values are the small size and
unstructured sequence of the 22-mer random amino acid
sequence that derives from the multiple cloning site of the
vector used to clone Ub-Ub. Therefore, we would not expect
that the 22-mer would have extensive secondary structure or
that it is folded to any appreciable extent. The high activity of
UCH-L3 in cleaving the 22-mer off the distal ubiquitin in the
context of the ubiquitin linear dimer suggests that this enzyme
may possibly have evolved to cleave C-terminal peptides from
both mono-ubiquitin and poly-ubiquitin chains.

■ DISCUSSION
The ongoing characterization of the substrate specificity and
catalytic properties of the deubiquitinating enzyme UCH-L3 is
significant for a number of reasons. The ever expanding roles
that elements of the ubiquitin/proteasome system play in
cytosolic protein stasis illustrate the overall importance of the
enzymes involved in this essential regulatory process. A
potential role for the human enzyme UCH-L3 is the cleavage
of small protein/peptide extensions off the C-terminus of
ubiquitin that may remain following proteasomal processing.21

In addition to in vivo roles, UCH-L3, in combination with
ubiquitin (or the closely related SUMO-fusion expression
system), functions as a highly effective biotechnological tool
that enables the production of proteins and peptides that are
difficult to produce in bacterial expression systems.51−57 To
potentially enhance its ability to function in this role, possibly
through the use of protein design methods, we believe it is
important to further characterize its substrate specificity and
catalytic properties against a series of engineered substrates that
are similar in size yet differ in another physical parameter such
as thermal stability. To complement the evaluation of UCH-L3
substrate specificity, we examined the effects of fusion to
ubiquitin on the biophysical properties of the engineered test
proteins.

Thermal Denaturation of Ubiquitin Fusions. The
melting temperatures were measured for all single “free” Gβ1
and SpAB test variants as well as the chimeric versions in which
each test variant was expressed as α-linked C-terminal fusions
to ubiquitin. Prior to the measurement of the melting

Biochemistry Article

dx.doi.org/10.1021/bi5006317 | Biochemistry 2014, 53, 8031−80428037



temperatures, it was not known what effect the fusing of small
proteins to ubiquitin would have on the overall thermal stability
of the resulting chimeras. For example, would the thermal
stability of the fusion proteins average that of the nonfused test
variant and ubiquitin or would the melting curve exhibit
multiple phases that correspond to independent unfolding of
each protein? An interesting result was observed upon
determining the melting temperatures of the chimeric fusions.
In almost all cases, the melting temperatures of the fusion
proteins are very similar to the melting temperature of the
attached SpAB and Gβ1 variants and not to that of ubiquitin,
suggesting little to no transference of stability from ubiquitin to
the attached test variants (Tables 1 and 2). These results imply
that, below their melting temperatures, there is likely no
substantial physical interaction between ubiquitin and the
attached engineered proteins. In a separate study, in which
ubiquitin was fused to various ubiquitin interacting motifs
(UIM), it was found that the fusions had melting temperatures
that were increased by at least 10 °C relative to ubiquitin
alone.58 This finding is not surprising as the attached peptides
(∼25 residues) are helical UIM segments that have been
demonstrated to physically interact with ubiquitin. The physical
interactions between ubiquitin and the attached helix is likely
the reason for the observed increase in the thermal stability of
engineered ubiquitin/UIM fusions. In addition to the work on
ubiquitin/UIM fusions, previous in silico approaches revealed
that ubiquitin may function to induce protein instability when
bound to natural in vivo targets and thus possibly assist the
degradation process by the ubiquitin-proteasome system.13 It
was also observed that when proteins are tagged with ubiquitin
for degradation by the UPS there is a bias for ubiquitination to
occur in disordered regions, which indicates that the covalent
attachment of ubiquitin likely does not function to increase the
stability of targeted proteins.19

For our results, the average difference between the melting
temperatures of the free SpAB test proteins and the associated
ubiquitin-SpAB fusions is 1.8 °C (±1.5 °C), and for the Gβ1
variants the corresponding average difference is 7.2 °C (±3.7
°C). Although the biological relevance for this finding is not
obvious, it may shed light on some of the unique biophysical
properties of ubiquitin, properties that enable it to function in
the myriad biological roles thus far described for this important
protein. The melting temperature of free ubiquitin is relatively
high (i.e., ∼88 °C), and thus it is considered a hyper-
thermostable protein although it is found in many mesophilic
organisms. In addition, it has been demonstrated in our
laboratory, as well as in previous reports,43 that ubiquitin is a
protein that undergoes cold denaturation, i.e., during the
thermal melt of free ubiquitin the CD signal is unique relative
to most proteins in that it actually decreases when the
temperature is raised from below 20 °C to ∼76 °C, indicative
of an increase in secondary structure content (Figure 2a,
orange). The fact that there is an initial increase in secondary
structure content as the temperature increases indicates that at
lower temperatures there are atoms at residue positions that do
not have fully formed secondary structure yet gain order with
increasing temperature. This also implies that, for the atoms in
those regions, there may be a subtle balance between enthalpic
and entropic factors that ultimately give rise to the dynamic and
fluid nature of ubiquitin.
Considerable research efforts have been reported on many

aspects of ubiquitin function such as the ubiquitin code,3

surface regions of other proteins that interact with ubiquitin

(ubiquitin binding domains − UBD),59−61 as well as its
biophysical properties.62 Although there is an extensive body of
literature covering these important topics, there has been little
discussion of potential roles for the regions of ubiquitin that
contain relatively atypical secondary structure elements such as
the small 310 helix and a small stretch of β-strand found in
proximity between residues 45 to 64 (Figure 5, black arrows). A

310 helix has been described as a “parahelix” as it appears
primed to be converted into a more common α-helix,63 and
thus it is considered an intermediate between a nascent and
fully formed helix. There are no obvious roles for these
elements, and thus they may exist solely as a consequence of
the need for the structure of ubiquitin to maintain its overall
fold plus a fairly extensive yet fluid hydrophobic core. These
unusual structural features of ubiquitin may be related to our
finding that the melting temperatures of our ubiquitin-test
proteins usually match those of the less stable test variant and
not ubiquitin.
The primary sequence of ubiquitin is extremely conserved as

evidenced by the fact that there is 100% amino acid identity
between humans and fruit flies (and many other organisms).
Why did the process of evolution ultimately select a sequence
for ubiquitin that confers relatively high thermal stability (Tm ≈
88 °C) yet maintains a somewhat mobile, fluid-like nature? A
well-established fact is that ubiquitin interacts with many
different protein binding partners. Covalent and noncovalent
interactions occur with members of the E1, E2, and E3 enzymes
that are ultimately responsible for catalyzing the iso-peptide
bond formed between ubiquitin and proteins targeted for
degradation. The degradation process is completed after
ubiquitin-bound proteins are recognized by receptors on the
surface of the proteosome where deubuitinases recognize,
cleave, and recycle ubiquitin. This raises the interesting
biophysical question as to how this relatively small protein
(76 amino acids) is able to form so many specific covalent and
noncovalent interactions with different protein interaction
partners. Insight as to how this is achieved is derived from a
series of highly developed NMR experiments that definitively
demonstrate that ubiquitin exists in solution as a conforma-
tional ensemble of moderately different structures.64,65

Ubiquitin is able to fulfill its multiple roles by physically
interacting with different binding partners in a process referred
to as “conformational selection”. As a particular conformer of

Figure 5. Structure of the linearly α-linked Ub-Ub dimer. The
proximal ubiquitin is shown in blue and the distal ubiquitin is in
yellow. In orange is the intervening stretch of residues that connects
both ubiquitin units and extends ∼7 amino acids, from Leu71 in the
proximal moiety to Met1 in the distal. The linkage is partly disordered
with high temperature factors, consistent with intrinsic flexibility.18

The small 310 helix and small stretch of β-strand are indicated with
black arrows.
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ubiquitin is recognized and bound by a binding partner the
equilibrium distribution of different ubiquitin structures is
altered in response to binding. The remaining free ubiquitin
molecules repopulate the particular structure that binds the
target protein thus giving rise to additional binding events.
How is ubiquitin able to exist as a conformational ensemble

of different structures? This behavior necessitates an inherent
plasticity for ubiquitin and thus there is likely a fine balance
between the energies associated with the hydrophobic
interactions within ubiquitin’s core and the surrounding
secondary structure elements. These properties provide a
possible model as to why the ubiquitin fusions take on the
melting temperature of the less stable attached test protein. As
the temperature increases the attached variant begins to unfold
and expose previously buried hydrophobic residues. This
process is entropically unfavorable, as water molecules become
ordered in proximity to exposed hydrophobic residues, and
therefore it is possible that these newly exposed residues may
be driven to interact or pack within hydrophobic regions of
ubiquitin. This model may be unique to ubiquitin as its
inherent conformational heterogeneity and fluidity may provide
multiple areas of exposed hydrophobic surface patches. As there
is likely a delicate balance between the energies associated with
ubiquitin’s hydrophobic core and the surrounding secondary
structure elements (as evidenced by the atypical secondary
structure elements described above), any interaction between
exposed hydrophobic residues and hydrophobic regions on the
surface of ubiquitin might destabilize its structure and induce
the fusions to unfold at the observed lower temperatures. It is
also tempting to speculate that the atypical secondary structure
elements described above may be primed to form transient
interactions with attached targeted proteins and thus may assist
in the overall unfolding process.
Although the ubiquitin fusions described within are purely

engineered constructs, and thus were not subjected to
evolutionary selection over vast expanses of time, further
insights into potential “cross-talk” between the fused domains
may be inferred from studies performed on natural multi-
domain proteins. In one such study a combination minimalist
(i.e., course-grained) and atomistic molecular dynamics
approach was implemented to explore biophysical character-
istics of multidomain folding of tethered immunoglobulin-like
β-sandwich domains from fibronectin (i.e., FNfn9-FNfn10) and
human titin (i.e., I27−I27).66 Of particular relevance to our
work are the studies in which the rigidity of the intervening
linker was altered and analyzed to determine effects on domain
stability. The results indicate a strong correlation between
linker rigidity and domain stability, i.e., a more rigid linker
correlates to lower overall stability of the attached domains.
They suggest that a rigid linker functions to more closely
couple the folding properties of the attached domains. For the
engineered ubiquitin fusions studied in our laboratory, as for
example the natural Ub-Ub variant, there is a ∼6−7 amino acid
sequence separating ubiquitin and the attached test variants.
The crystal structure of di-ubiquitin reveals that this sequence is
extended and likely not very rigid and thus additional factors
must come into play when considering the folding/unfolding
properties of the ubiquitin fusions. In fact their findings
demonstrated that the significance of stabilizing and destabiliz-
ing factors depends on case-dependent properties such as the
size of the interface, the stability of each domain, as well as the
length and rigidity of the linker. It is our belief that, in
functioning as a molecular tag for many different cellular

proteins, the particular sequence/structure of ubiquitin may
impart unique properties on the resulting transient interface,
and these properties likely differ from those of the more
permanent interfaces found in multidomain proteins.
In a separate study, designed to emulate the “crowded”

molecular conditions within cells, a protein (i.e., staphylococcal
nuclease) was covalently cross-linked to itself with a series of
chemical linkers that resulted in linker lengths that ranged from
10.5 to 21.3 Å.67 Engineered dimers with relatively short linkers
exhibited three-state denaturation behavior yet reverted back to
two-state behavior with increasing linker length, thus implying a
higher level of physical “cross-talk” between domains with short
linkers. The authors note that, in contradiction to theoretical
predictions (and in agreement with our findings), none of the
engineered dimers were stabilized relative to monomeric
versions of the mutant proteins. The amino-acid segment
separating ubiquitin and our attached test variants consists of
∼6−7 residues. Using the standard peptide contour length of
∼3.8 Å per residue, the length associated with this “linker”
(when fully extended) would be greater than 20 Å and thus
likely limit “cross-talk” between domains during unfolding. For
the engineered ubiquitin fusions this is clearly not the case as,
even with its medium to long length linker, the melting
temperatures of almost all test variants were altered upon fusion
to ubiquitin. Thus, it is of high interest to experimentally
ascertain if the versatile ubiquitin protein imparts unique
properties on the interface created upon attachment to targeted
proteins. The highly conserved ubiquitin sequence may have
evolved to assist in the unfolding of the attached protein
through enhanced cross-talk, which may be unique to ubiquitin
and possibly correlated to its inherent fluidity and the
aforementioned odd secondary structure elements. These
elements are possibly primed to supply alterative backbone
hydrogen-bond donor and acceptor groups and, in doing so,
“soften” up the structure of the attached protein prior to the
unfolding/threading that necessarily occurs at the proteasome.

UCH-L3 Hydrolysis Rates. A major finding of our work is
that UCH-L3 hydrolysis rates for the different engineered
substrates are very closely correlated to the thermal stabilities of
each attached test protein substrate (Figures 3 and 4). This
finding is in agreement with previous research conducted on
the UCH-L3 hydrolysis for linearly (as well as nonlinearly)
attached substrates derived from natural and engineered
sources.48 In this previous study UCH-L3 hydrolysis rates
were measured against single amino acid substrates fused to the
C-terminus of ubiquitin as well as peptide sequences derived
from natural fusions between ubiquitin and two ribosomal
proteins. Unlike most ribosomal proteins, which are expressed
as individual gene products, two small ribosomal proteins, s27a
and L40, are expressed as linear α-linked ubiquitin fusions.68

The L40 and s27a gene products, excluding the 76 amino acid
sequence for ubiquitin, consist of 52 (6.2 kDa) and 80 (9.4
kDa) amino acids, respectively. Both proteins contain an excess
of basic residues, have calculated isoelectric points in excess of
10, and contain large stretches of hydrophilic regions made up
primarily of charged residues. It is thought that these proteins,
outside of the context of the stable ribosome structure, contain
intrinsically disordered regions. The genetic fusing of ubiquitin
to these small ribosomal proteins may function to confer
greater in vivo stability via a mechanism similar to that in which
recombinant ubiquitin fusion allows the generation of proteins
that are difficult to express in E. coli. Ubiquitin’s inherent
stability may enable these small proteins to survive in the
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cytosol until they are processed and achieve a stable
conformation upon assembly within the intact ribosome.
The work reported by Larsen et al. demonstrated that the

smaller ribosomal fusion (i.e., L40, referred to as Ub-CEP52) is
readily cleaved from the C-terminus of ubiquitin yet the
addition of DNA to the reaction restricted hydrolysis.21 They
rationalized that, since it is a nucleic acid binding protein Ub-
CEP52 likely formed a complex with DNA and that binding
resulted in increased stability, which subsequently blocked
processing by UCH-L3. They also speculated that a factor other
than size may also play an important role in UCH-L3 substrate
selectivity. Our results demonstrate that the other key factor is
the thermal stability of the substrates which may be one of the
reasons evolution selected for a unique sequence for ubiquitin
that confers relatively high thermal stability. However, thermal
stability cannot be the only factor as linear diubiquitin (Ub-Ub)
showed no evidence of hydrolysis even though its melting
temperature (i.e., ∼85 °C) is ∼5 °C lower than the Ub-MonA
variant and only ∼5 °C higher than the Ub-Gβ1-WT variant
(both of which hydrolyze in the presence of an excess of UCH-
L3 over longer periods of time). Larsen et al. demonstrated that
UCH-L3 can process the smaller Ub-CEP52, but not the larger
Ub-CEP80 in vitro yet hydrolysis was readily observed for Ub-
CEP80 in cotranslational in vivo assays.21 They rationalized
that the Ub-CEP80 variant may have been cleaved as it was
being synthesized and before it was fully folded. An alternative,
and not necessarily exclusive interpretation, is that the size of
the Ub-CEP80 variant may be near the limit imposed by the
active site crossover loop and conditions within the in vivo
assays were conducive to hydrolysis by UCH-L3. Thus, the
relative size of ubiquitin (76 amino acids) may be close to the
size limitation imposed by the crossover loop and therefore its
high thermal stability may be essential to prevent uncontrolled
cleavage of ubiquitin from in vivo targets or important ubiquitin
signaling variants, such as linear Ub-Ub. Uncontrolled cleavage
of ubiquitin by UCH-L3 from linear substrates would
potentially derail functions associated with these forms of
ubiquitination. During the process of evolution an amino acid
sequence for UCH-L3 would have been selected for that would
(1) recognize and bind ubiquitin and (2) facilitate the cleavage
of small peptides and/or adducts from its C-terminus while not
cleaving larger or more stable substrates such as di-ubiquitin.
The unique sequence of ubiquitin may have evolved, in part, to
have both the required size as well as high thermal stability in
order to inhibit cleavage of linear di- or poly-ubiquitin
substrates by UCH-L3 (and other deubiquitinases).
A strength of using the ubiquitin/UCH-L3 system for

producing proteins/peptides in E. coli expression systems is that
no “scar” amino acids remain at the N-terminus of the product
after cleavage with UCH-L3 (i.e., UCH-L3 cleaves cleanly after
the C-terminal glycine of ubiquitin). This is the primary reason
we did not include a linker between the C-terminus of ubiquitin
and the N-terminus of the Gβ1 and SpAB test variants. We
assume that an unstructured, extended linker would potentially
lessen the temperature dependence of UCH-L3 cleavage. It is
interesting to note that for the X-ray crystal structure of α-
linked, linear di-ubiquitin there exists an extended and relatively
unstructured stretch of amino acids between the two ubiquitin
moieties (Figure 5). Although unstructured, this ∼6−7 amino
acid segment still does not enable UCH-L3 to hydrolyze the
linear di-ubiquitin which provides further evidence that the
specific spatial requirements for proper orientation of substrates
in its active site, mediated in part by the crossover loop, is

precise yet disrupted by certain factors. Previous reports
demonstrated that substrate size is a key factor, whereas our
results strongly indicate that thermal stability also plays an
important role in the substrate selectivity of UCH-L3.
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