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Ubiquitin (Ub)-protein ligases (E3s) frequently modify
their substrates with multiple Ub molecules in the form
of a polyubiquitin (poly-Ub) chain. Although structurally
distinct poly-Ub chains (linked through different Ub lysine
(Lys) residues) can confer different fates on target pro-
teins, little is known about how E3s select the Lys residue
to be used in chain synthesis. Here, we used a combination
of mutagenesis, biochemistry, and mass spectrometry to
map determinants of linkage choice in chain assembly
catalyzed by KIAA10, an HECT (Homologous to EGAP
C-Terminus) domain E3 that synthesizes K29- and K48-
linked chains. Focusing on the Ub molecule that contri-
butes the Lys residue for chain formation, we found that
specific surface residues adjacent to K48 and K29 are
critical for the usage of the respective Lys residues in
chain synthesis. This direct mechanism of linkage choice
bears similarities to the mechanism of substrate site selec-
tion in sumoylation catalyzed by Ubc9, but is distinct from
the mechanism of chain linkage selection used by the
Mms2/Ubc13 (Ub E2 variant (UEV)/E2) complex.
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Introduction

The conserved protein ubiquitin (Ub) regulates numerous
biological processes through a mechanism involving covalent
conjugation. Ub is attached to cellular proteins through the
formation of an isopeptide bond between the C-terminus of
Ub (G76) and a lysine (Lys) side chain of the target protein
(Pickart and Eddins, 2004). Ub signals take two basic struc-
tural forms, comprising a single Ub moiety or polymeric
chains linked through Lys residues of Ub itself. The corre-
sponding conjugation processes are termed mono- and poly-
ubiquitylation, respectively (Pickart and Fushman, 2004;
Volk et al, 2005). The structures of polyubiquitin (poly-Ub)
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chains are further diversified through the use of different Ub
Lys residues in chain assembly. In budding yeast, Ub is
conjugated to other Ub molecules through each of its seven
Lys residues (Peng et al, 2003; Xu et al, 2006).

Structurally distinct poly-Ub chains can be functionally
distinct signals (Pickart and Fushman, 2004). For example,
K48-linked chains constitute a well-established proteasome-
targeting signal (Chau et al, 1989; Finley et al, 1994), whereas
K63-linked chains are involved in nonproteolytic pathways
including DNA damage tolerance, kinase activation, and
protein trafficking and synthesis (Galan and Haguenauer-
Tsapis, 1997; Spence et al, 2000; Sun and Chen, 2004;
Ulrich, 2004). Ké6-linked chains have been implicated in
DNA repair, while K29-linked chains seem to function in
proteasome proteolysis (Pickart and Fushman, 2004).

Ubiquitylation is accomplished through the sequential
actions of enzymes called E1, E2, and E3 (Pickart and
Eddins, 2004; Petroski and Deshaies, 2005). E1 activates Ub
by forming a thiol ester with the carboxyl group of Ub-G76.
Ub is then transferred to a Cys residue of the E2; finally, Ub is
transferred to a Lys residue of the substrate (or another Ub).
This final reaction is usually E3 dependent. Most known E3s
belong to either the HECT (Homologous to E6AP C-Terminus)
or RING (Really Interesting New Gene) protein families.
HECT E3s share a conserved ~350-residue HECT domain
that harbors an essential Cys residue; they form a thiol ester
with Ub prior to attack of the substrate Lys residue
(Huibregtse et al, 1995; Scheffner et al, 1995). RING E3s, in
contrast, function as scaffolds that recruit the charged E2 and
the substrate while facilitating direct attack of the substrate
Lys residue on the E2-linked Ub (Zheng et al, 2000; Petroski
and Deshaies, 2005).

E3 enzymes are the key determining factors in substrate
protein selection. They also play a major role in specifying
the linkage of poly-Ub chains. For example, yeast Rsp5, an
HECT domain E3, collaborates with Ubc5 to modify specific
substrates with mono-Ub, K48-linked, or K63-linked chains
(Kee et al, 2005). Certain E3s show a dual specificity in chain
assembly. The HECT E3 KIAA10 and its yeast ortholog Hul5
synthesize chains through K29 and K48 (Mastrandrea et al,
1999; You and Pickart, 2001), while the RING E3 parkin
catalyzes K48- and Ko63-linked polyubiquitylation (Lim
et al, 2005).

Little is known about how E3 enzymes determine target
Lys specificity during chain assembly. The only available
model for poly-Ub chain linkage selection derives from
structural studies of the Ub E2 variant (UEV)/E2 complex
Mms2/Ubcl3, which synthesizes K63-linked chains
(Hofmann and Pickart, 1999; Ulrich, 2004). The surface of
the Mms2/Ubc13 heterodimer possesses two Ub interaction
sites, one on Ubc13 that positions the donor Ub (contributing
G76), and the other on Mms2 that binds the acceptor Ub
(contributing K63) (VanDemark et al, 2001; McKenna et al,
2003; Tsui et al, 2005). The latter site docks Ub such that only
K63 can access the Ubcl3 active site. In this ‘indirect’
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mechanism of linkage selection, interactions between Mms2
and regions of the acceptor Ub that are distant from the
targeted Lys are critical for site selectivity (Tsui et al, 2005).

In the present study, we exploited the dual linkage speci-
ficity of KIAAIO to address the molecular basis of linkage
selectivity in HECT E3-catalyzed chain synthesis. In contrast
to the case of Mms2/Ubc13, results with KIAA10 indicate that
interactions with regions of the acceptor Ub surface that are
proximal to the targeted Lys residues play a major role in
linkage determination.

Results

Identification of acceptor Ub residues involved in
linkage selectivity: experimental design and proof

of concept

KIAA10 employs a simple mechanism of chain synthesis in
which Ub monomers are added sequentially to the distal end
of an unanchored poly-Ub chain (You and Pickart, 2001;
Wang and Pickart, 2005). The Ub molecule that contributes
the Lys residue in isopeptide bond synthesis, termed the
acceptor Ub, binds noncovalently to KIAA10. We first sought
to identify molecular determinants of linkage selectivity that
reside in this Ub by searching for acceptor Ub mutations that
affect target Lys selection.

To identify such mutations, we needed a biochemical assay
that rigorously reported the loss of one Lys linkage. To this
end, we developed the specialized Ubs synthesis assay out-
lined in Figure 1A. The method relies on the individual
inability of Lys-less Ub (K0-Ub) or C-terminally truncated
Ub (Ub,,) to be substrates for chain synthesis. However,
these two variants can be linked to each other to produce
Ub,, with Ub,4 acting as the acceptor (provides Lys) and KO-
Ub acting as the donor (provides G76) (Mastrandrea et al,
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Figure 1 Design and proof of concept of acceptor Ub mutant
screen. (A) Screen design. If KIAA1O is capable of generating forked
Ub; (top panel), then the loss of one Lys linkage can be monitored
as loss of this forked Ub; product (bottom panel). (B) Proof of
concept (Coomassie-stained gel). Ub; synthesis assays with
KIAA10-CD were conducted as described in Materials and methods,
using wt Ubz4, Ub4-K48R, or Ub,4-K29R as acceptors for K0O-Ub.
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1999; You and Pickart, 2001). Based on the known ability of
KIAA1O to target K29 in a K48-linked chain (Mastrandrea
et al, 1999), we speculated that KIAA10 might conjugate KO-
Ub molecules to K29 and K48 of one Ub,4 molecule, produ-
cing a ‘forked’ Ub; chain (Figure 1A, top). However, if Ub,
carries a mutation that blocks utilization of K29 or K48, the
formation of Ubj, but not Ub,, would be selectively impaired
(Figure 1A, bottom). This assay has the advantage of simpli-
city: although conjugation is a multistep process, the mutant
Ub is used solely in the final step of isopeptide bond
formation.

As proof of concept, we carried out this assay using Ub,,
that contained both K29 and K48, or only one of these
residues. The reaction cocktail also contained ATP, El,
UbcHSA (a cognate E2), KIAA10-CD, and KO0-Ub. (KIAA10-
CD, comprising the last 420 residues of KIAA10, is fully active
in the synthesis of K29- and K48-linked chains (You and
Pickart, 2001).) As seen in Figure 1B, wild-type (wt) Uby,
yielded Ub, and Ub; during chain assembly, while Ub;4-K48R
(no K48) and Ub,4-K29R (no K29) produced Ub, as virtually
the sole product. (Trace amounts of Ub; seen in the latter
reactions probably reflect trace amounts of full-length Ub in
the Ub;, due to incomplete trypsin cleavage during produc-
tion of Uby,4.) To verify further the structure of Ub; produced
from wt Ub,4 and K0-Ub, the corresponding SDS-PAGE gel
band was excised and analyzed by mass spectrometry for
isopeptide linkages (Materials and methods). The results
showed that (1) the K29 and K48 linkages were both detected
and (2) no other linkage was detected (data not shown),
although all seven possible linkages are observable by this
method (Peng et al, 2003; Xu et al, 2006). Therefore, loss of
the forked Ub; product faithfully reports loss of one Lys
linkage.

Ala scanning mutagenesis to identify acceptor Ub
residues involved in linkage selectivity

Ala scanning mutagenesis has been widely used to map
protein functional epitopes (e.g., Blaber et al, 1995;
Morrison and Weiss, 2001; Sloper-Mould et al, 2001). All
side-chain functional groups past the B-carbon are removed
by Ala substitution, without the introduction of unusual
dihedral angle preferences. The properties of Ala mutants
therefore permit inferences to be drawn about the roles of
specific side chains without complications due to unnatural
backbone flexibility (Morrison and Weiss, 2001). Moreover,
the small, neutral Ala side chain is unlikely to cause steric or
electrostatic destabilization.

Hicke and co-workers previously performed a comprehen-
sive Ala scan to identify surface residues required for Ub’s
essential functions in budding yeast (Sloper-Mould et al,
2001). Their collection of 54 yeast plasmids covers Ub’s 63
surface residues; each mutant gene carries one to three
mutations. Most mutations are to Ala; Ala residues and one
Ser are mutated to Gly (Figure 2B below). We subcloned the
54 mutant genes to a bacterial vector and expressed the
mutant proteins in Escherichia coli, then purified them and
treated with trypsin under native conditions to release Ub’s
C-terminal GlyGly moiety (Cox et al, 1986). (To avoid antici-
pated inhibition of trypsin cleavage in Ub-R74A, we con-
structed a synthetic Ub,, gene for this mutant.) With this
collection of mutant Ub,, molecules, pilot studies showed
that high yields of Ub, and Ub; were obtained in assays of
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Figure 2 Data from acceptor Ub mutant screen. (A) Representative primary screening data (Coomassie-stained gel). The indicated Ub,4 Ala
mutants were tested in the Ubs synthesis assay (incubation times as indicated). The mutants were classified as wt-like (class 1) or impaired in
Ub; synthesis in a severe (S), medium (ME), or mild (MI) manner (all class 3). (B) Summary of primary screening data. (C) Ub; synthesis
assays were conducted with the indicated Ub;, Ala mutants (Coomassie-stained gel). The bottom panel, also Coomassie stained, is from a
separate gel where each Ub,, mutant was run alone to confirm equal loading.

short duration with K0-Ub in excess over Ub,, (e.g., Figures
1B and 2A). Accordingly, in screening assays, we used 58 uM
Uby4, 117 uM KO0-Ub, and incubated for <10 min. This con-
centration of Ub,, approximates the K, value for the acceptor
Ub in Ub, synthesis catalyzed by KIAA10 (You and Pickart,
2001).

We expected to identify at least three classes of Ub
mutants. Class 1 mutants would produce Ub, and Ub; at
similar levels to those seen with wt Ub,,. Class 2 mutants
would yield neither Ub, nor Ubs, and thus would be alto-
gether inactive as acceptors. Class 3 mutants would yield
approximately normal amounts of Ub,, but reduced levels of
Ubs. Such class 3 mutants are the targets of this study.

Representative primary screening data are shown in
Figure 2A and Supplementary Figure 1A. Among the six
Ub,, mutants assayed in this experiment, E64A and S19A
produced a robust amount of Ubs; Q62A produced a slightly
decreased amount of Ubs; G53A vyielded still less Ub;; and
K29A and D21A produced almost no Ubs. All six mutants
retained normal Ub, synthesis. These mutants were classi-
fied, respectively, into wt-like (class 1; Supplementary Figure
1), and three subtypes of class 3 mutants: mild (MI), medium
(ME), and severe (S) (Figure 2A, top). No totally inactive
(class 2) mutants were found.
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All of the Ub,; mutants were assayed blind during the
screening, so recovery of the K29A and K48A mutants (e.g.,
Figure 2A) represents a meaningful control. Wt-like (class 1)
mutants were assayed once or twice; all other mutants were
assayed at least three times to confirm their behaviors.
Because the screening assay is qualitative, the absolute yields
of Ub; obtained from a given mutant varied between experi-
ments; however, the relative yields of Ub; from different class
3 mutants, which is the key parameter for our screen, was
quite reproducible (e.g., Figure 2A and C).

Screening results for all of the mutants are summarized
in Figure 2B. Besides K29A and K48A, a total of 14 mutants
produced a decreased amount of Ubs, including four severe
(E16AE18A, D21A, Y59A, F45A), four medium (K63A, S20A,
144A, G53A), and six mild mutants. All severe and medium,
plus one mild, mutants were simultaneously assayed in
Figure 2C (top panel), with the result for each mutant
conforming to expectation from its behavior in the primary
screen. Since the concentration of Ub,, affects the rate of Ubs
production (above), each Ub,, mutant was separately loaded
to confirm that equal concentrations were used in the assays
(Figure 2C, bottom panel). Aberrant electrophoretic migra-
tion of certain Ub Ala mutants, evident here for Ub-
E16AE18A and F45A, has been observed previously (Tsui
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et al, 2005). Although Figure 2C shows some variation in the
yield of Ub,, which could be indicative of effects on both
linkages, it will be shown below that the medium and severe
class 3 mutations affected just one linkage.

Identification of affected Lys linkages

We next conducted secondary mutagenesis to determine
which linkage was affected by selected Ala mutations. Only
the medium and severe mutants were subjected to this
analysis. First, the K29R mutation was introduced into the
E16AE18A, D21A, Y59A, K63A, S20A, 144A, F45A and G53A,
mutants. Because the resulting Ub;, double/triple mutants
have only K48 available for Ub, synthesis, their relative yields
of Ub,, compared to a Ub;4-K29R control, reports the effects
of these Ala mutations on the K48 linkage. As shown in
Figure 3A, mutants K29RY59A, K29RI44A, and K29RF45A
displayed decreased Ub, formation, indicating that Ub-Y59,
144, and F45 are important for K48 usage. The E16AE18A,
D21A, K63A, and S20A mutations (Figure 3A), as well as
the G53A mutation (data not shown), did not affect K48
usage.

To determine the effects of specific Ala mutations on the
usage of K29, the K48R mutation was introduced into the
E16AE18A, D21A, Y59A, K63A, S20A, and G53A mutants.
The results showed that Ub-E16AE18AK48R, D21AK48R, and
K63AK48R displayed decreased Ub, formation, while Ub-
S20AK48R reproducibly displayed increased Ub, formation
(Figure 3B). Thus, E16 and/or E18, D21 and K63 are needed
for optimal K29 usage, while the S20A mutation selectively
favors use of K29. The Y59A and G53A mutations had no
effect on K29 usage (Figure 3B and data not shown).
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Figure 3 Secondary mutagenesis data for acceptor Ub Ala mutants
(Coomassie-stained gels). (A) Effects of Ala mutations on use of
K48. The K29R mutation was introduced into the indicated Ub,4 Ala
mutants and Ub, synthesis assays were conducted. (B) Effects of
Ala mutations on use of K29. Reactions were carried out as in panel
A, except that the K48R mutation was introduced into the indicated
Ub,, Ala mutants. The underlined mutations affected use of the
indicated Lys sites.

©2006 European Molecular Biology Organization

E3 chain linkage selection
M Wang et al

To examine whether E16, or E18, or both affect K29
usage, Ub;, mutants E16A, E16AK29R, E16AK48R, E18A,
E18AK29R, and E18AK48R were generated and analyzed as
described above. The results indicated that the E16A and
E18A mutations each inhibit K29 usage, while neither muta-
tion affects K48 usage (data not shown).

Consistent with the primary screening data, all but one of
the Ala mutations examined in the secondary screen affected
only one Lys linkage. The outlier was G53A, which had no
effect on either Lys linkage in the secondary screen despite its
effect on Ub; synthesis in the primary screen. The basis of
this discrepancy with Ub-G53A remains to be determined;
one possibility is that the G53A mutation inhibits chain
elongation (above n=2) regardless of chain structure.

Mass spectrometry to identify residues involved in K29
versus K48 linkage choice

To analyze the linkage properties of selected mutants by an
independent method, we applied semiquantitative mass spec-
trometric (MS) analysis to selected class 3 Ala mutants as
outlined in Figure 4A and B. The Ub, produced by wt, S20A,
D21A, 144A, Y59A, and K63A Ub,, in the Ubs synthesis assay
was excised from a gel (two time points for each mutant),
trypsinized, and the peptides were eluted. Eluted peptides
were ionized and signature peptides for each linkage were
detected in an MS survey scan followed by one data-depen-
dent MS/MS scan. The acquired MS/MS spectra were
matched and manually verified. As expected, only K29 and
K48 were detected as linkage sites in all of the Ub, samples.
Chain linkages were quantified as described in Materials and
methods.

The molar ratios of K48/K29 linkages measured in selected
mutant Ub, molecules are shown in Figure 4C. Notably, Ub,
synthesized from wt Ub,4 has a K48/K29 linkage ratio of ~ 8,
indicating that KIAA10 prefers K48 over K29 when both sites
are available. Ub, produced from mutants S20A, [44A, and
Y59A had a decreased K48/K29 ratio (Figure 4C). This is
consistent with the secondary mutagenesis results, which
showed that the S20A mutation increased K29 usage, while
the I44A and Y59A mutations decreased K48 usage
(Figure 3); in all cases, the effect is to decrease the K48/
K29 ratio. Mutants D21A and K63A had an increased K48/
K29 ratio (Figure 4C), consistent with the decreased K29
usage revealed by secondary mutagenesis (Figure 3).
Among the five mutants examined by MS, the K48/K29
ratio changed more markedly for severe mutants (D21A and
Y59A) than for medium mutants (S20A, 144A, and K63A)
(Figure 4C and D), also in agreement with the primary
screening results. Importantly, the MS data directly show
that the mutations altered linkage selectivity—even though
the yield of Ub, product was essentially unchanged by severe
mutations (see Figure 2A), the distribution between the two
linkages was significantly altered (Figure 4C and D).

Ub mutations affecting K48 usage are specific to KIAA10
To test if the effects of selected mutations are specific to
KIAA10, E2-25K and the E6AP-HECT domains were utilized
in chain assembly assays with several of the Ub Ala mutants
that impede chain synthesis catalyzed by KIAA10. E2-25K
and E6AP specifically synthesize unanchored K48-linked
chains (Chen and Pickart, 1990; Wang and Pickart, 2005).
With KIAA10, the EI6GAE18A and D21A mutations inhibit K29
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Figure 4 MS analysis of chain synthesis involving acceptor Ub Ala mutants. (A) Design of MS assay (see Materials and methods).
(B) Representative MS data from one of the Ub, molecules analyzed in panel C. (C) K48/K29 linkage ratios observed in Ub, synthesized
from the indicated acceptor Ub Ala mutants. Products were analyzed at two different time points in the respective reactions. (D) Data for
replicate determinations (4s.d.) are shown for reactions with wt Ub, Ub-Y59A, and Ub-D21A as acceptors.

usage, while [44A, F45A, and Y59A reduce K48 usage; Ub-
R74A is a mild mutant (Figure 2B). As shown in Figure 5A,
only a subset of these mutations affected E6AP-HECT-cata-
lyzed Ub, synthesis: Ub-FA5A and R74A showed slightly
decreased activity and Ub-I44A showed modest inhibition.
The same conclusion can be drawn based on the yields of
autoubiquitylated E6AP-HECT; this reaction also produces
K48-linked chains (Glockzin et al, 2003). Importantly, the
Y59A mutation, which significantly reduces Ub-K48 usage
by KIAA1O0 (Figure 3A), has no effect on K48 usage by
EGAP-HECT (Figure 5A). With E2-25K, all of the mutants
except Y59A and R74A supported robust chain synthesis
(Figure 5B). The importance of Ub-Y59 for chain synthesis
by E2-25K was known previously (Pickart et al, 1992).
Although E6AP is an HECT E3, it uses a different mechan-
ism of chain synthesis from KIAA10—the acceptor Ub is
covalently bound to the E6AP-HECT Cys residue and the

1714 The EMBO Journal VOL 25| NO 8 | 2006

chain is built up at this site prior to release by hydrolysis
(Wang and Pickart, 2005). The fact that certain Ala mutations
differentially affect KIAA10- and E6AP-catalyzed synthesis is
therefore not surprising. However, because of this mechan-
istic distinction, it is possible that Ub mutants found to be
defective in the E6AP reaction are actually impaired at an
upstream step. We can exclude this possibility in most cases.
Each mutant Ub is functional in the E1 step (under the
conditions of our assay) because each of them shows mod-
erate or greater activity in at least one conjugation system
(Figure 5A and B). Moreover, the majority of these Ala
mutants support yeast viability (Sloper-Mould et al, 2001),
indicating that they are active in essential conjugation sys-
tems in vivo. However, the Ub-R74A mutation appears to
reduce the activity of the UbcHS5A~Ub thiol ester (see
below). This effect could explain the slight reduction in
E6AP-HECT-catalyzed chain synthesis seen in Figure 5A.

©2006 European Molecular Biology Organization
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Figure 5 Specificity of Ala mutant effects. (A, B) The indicated
full-length Ubs (wt or mutant) were assayed in steady-state chain
synthesis (Coomassie-stained gels). (A) E6AP-HECT-catalyzed
synthesis of unanchored K48-linked chains with UbcHS5A as cognate
E2. (B) E2-25K-catalyzed synthesis of unanchored K48-linked
chains. Ub, doublets in some lanes reflect the presence of linear
and cyclized chains (Yao and Cohen, 2000). (C) Summary of mutant
effects on three (K48) conjugation systems; + + + indicates
activity indistinguishable from wt Ub. (D) Thialysine at position
29 stimulates Ub’s acceptor activity with KIAA10-CD (autoradio-
graph). Ub-K29CK48R was treated with ethyleneimine to introduce
thialysine at position 29. After conversion to Ub,, with trypsin, this
acceptor was used in Ub, synthesis assays with '*°I-Ub as the donor
(Wang and Pickart, 2005). Control reactions used Ub,4-K48R (which
retains K29) as the acceptor. All lanes are from the same gel, but
several intervening lanes were excised. Ub, produced in the absence
of Ub,, derives from the conjugation of '*°I-Ub to itself. Bottom,
quantification of Ub, by y-counting (corrected for signal in absence
of Ubyy).

The key point for the present study is that the spectrum of
mutational effects seen with KIAA10-CD is unique to this
enzyme (Figure 5C), indicating that these effects cannot be
explained by changes in local structure around Ub-K48.
Rather, they are most simply explained if the mutations
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disrupt specific, functionally important interactions between
KIAA10 and the acceptor Ub.

Because no known enzyme besides KIAA10 (and its yeast
ortholog Hul5) synthesizes homopolymeric K29-linked
chains, we could not conduct a similar functional analysis
of mutants that affected K29 usage by KIAA10. The major
concern is that mutations in E16, E18, or D21, which are
spatially close to K29 (see Figure 7 below), could affect the
physical or electronic properties of the K29 side chain.
However, previous NMR studies suggest that while there is
strong electrostatic interaction between D21 and K29, such
interactions are absent for E16 and E18 (Sundd et al, 2002).
Therefore, the similar effects of the three acidic side-chain
mutations cannot be attributed to a general disruption of
electrostatic interactions between these side chains and K29.

Because D21 and K29 interact, the D21A mutation is
expected to lower the side-chain pK, of K29 due to loss of
the stabilizing influence of the negatively changed carboxy-
late. To test if such an effect would be intrinsically detrimen-
tal for K29 usage by KIAA10, we substituted K29 with
thialysine (S-aminoethylcysteine), whose pK, is 1.3U less
than that of Lys (Gloss and Kirsch, 1995). This was accom-
plished by alkylating Ub-K29CK48R with ethyleneimine.
Compared to Lys at this position, the presence of thialyine
at position 29 stimulated Ub, synthesis (~4- to 15-fold;
Figure 5D). This result can be explained if deprotonation of
K29 normally limits KIAA10-catalyzed chain synthesis; con-
sistent with this idea, KIAA10-CD-catalyzed synthesis of K29-
and K48-linked chains is strongly stimulated at elevated pH
(pH 8.0 versus 7.6; CM Pickart, unpublished data). Thus, a
lowering of the side chain pK, of K29 cannot explain the
inhibition of K29 usage by the Ub-D21A mutation. Although
we cannot exclude that alterations in the orientation of K29
contribute to the effects of the D21A mutation, this explana-
tion is unlikely to apply with the E16A and E18A mutations
(above). Overall, it is most likely that these mutations impair
functionally important interactions between the acceptor Ub
and KIAAI1O.

Screen for donor Ub determinants of linkage selectivity
in KIAA10-catalyzed chain synthesis

In the above-described screen (Figure 2), the mutations were
present in the acceptor (Ub;4) molecule. To address whether
the donor Ub also plays a role in determining linkage
specificity, we conducted a donor Ub screen. Here, all of
the Lys residues on each (full-length) Ub Ala mutant were
blocked by reductive N-methylation to produce KO0-Ala-Ub
mutants, whose properties were then analyzed in Ubs synth-
esis with wt Uby4 as the acceptor. The results of these assays
are summarized in Figure 6A: K0-Q40A-Ub, KO-R73A-Ub, and
K0-R74A-Ub were defective in both Ub, and Ubj; synthesis,
with Q40A showing a slightly weaker defect. Seven other Ala
mutants were selectively defective in Ub; formation (Figure
6A and B).

Each defective mutant was assayed with wt Ub,4, Uby,-
K48R, or Ub,4-K29R to examine whether the donor Ub Ala
mutations affected K29 or K48 wusage (Figure 6B).
Surprisingly, all of the mild and severe mutants identified
in the primary donor screen were impaired in the use of both
conjugation sites. These results argue against any role for
donor Ub determinants in linkage determination. Note that
the design of the donor Ub screen requires the mutant Ubs to

The EMBO Journal VOL 25| NO 8| 2006 1715



E3 chain linkage selection

M Wang et al
A
Little Ub, and Ub,| Little Ub3
Severe:
R42A,144A,
Q40A K48A,EG4A
L73A
R74A Mild:
K11A, K27A,
Q41A
B

¥ o> GRS
F a¥ > ¥ o¥ o)
kDa mw & oF @ (T (T ™ Ko-Ub

30 | e +wt Ub74
- S —l.lb3
174
--—.-- —sz
+K48R-Ub74
17 --_-————_'—- -sz
S - K0 -Ub +Ub74
i +K29R-Ub74
17 --——-—— _sz
et | K0 -Ub +Ub74

Figure 6 Donor Ub Ala mutant screen. The screen was carried out
as described in the text using reductively N-methylated Ub (wt or
mutant) as the donor in Ub; synthesis. (A) Summary of primary
screening data. (B) Search for linkage-specific effects of donor Ub
mutations (Coomassie-stained gels). Inactive and severe mutants
from panel A were retested with wt Ub,, (upper panel), Ub;4-K48R
(middle panel), and Ub,4-K29R (lower panel) as the acceptor.

function in several steps prior to the reaction of interest. In
fact, while all of the mutants are functional with E1 under our
assay conditions (above), the results of additional assays,
summarized below, suggest that most of the donor Ub muta-
tions impede the E2-catalyzed step rather than E3-dependent
isopeptide bond synthesis.

Assays of UbcHSA ~Ub thiol ester formation showed that
K0-K48A-Ub and K0-E64A-Ub produce the E2-Ub thiol ester
intermediate with a significantly reduced efficiency relative to
wt Ub (data not shown). This effect can explain the severe
defects of these two mutants in the donor Ala mutant screen
(Figure 6A and B)—although these assays were programmed
to have excess E2 activity with unmutated K0-Ub, we did not
check if this condition was met with each individual Ala
mutant.

In pulse-chase assays, the Q40A, 144A, L73A, and R74A
KO0-Ub mutants retained some or all of the E2-Ub intermedi-
ate even after chasing with KIAA10-CD, indicating that these
mutants are inefficiently transferred from UbcH5A to KIAA10-
CD (data not shown). The requirement of these Ub side
chains for E2-to-E3 transfer explains the low activity seen
in the donor Ub screen (Figure 6). Interestingly, all of these
residues reside at the E2/Ub interface in an NMR-derived
model of the Ubcl-Ub thiol ester intermediate (Hamilton
et al, 2001). The current results are among the first to suggest
that these contacts, which are likely to be present in many
E2-Ub adducts, could be functionally significant. Given the
upstream defects of these Ub mutants (Figure 6A), we cannot
exclude that they are also defective in isopeptide bond
synthesis. However, the low number of mutants recovered
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in the donor screen suggests that, in general, acceptor Ub
determinants play more important roles than donor Ub
determinants in Lys site selection by KIAA10.

Discussion

Mechanism of target Lys selection by KIAA10

We used a combination of biochemistry, mutagenesis, and
mass spectrometry to identify surface residues of the acceptor
Ub that are important for linkage selectivity in chain synth-
esis catalyzed by the HECT domain E3 KIAA10. To our
knowledge, this is the first such analysis to be conducted
for E3-catalyzed chain synthesis. Positions of these function-
ally important residues on the Ub surface are shown in
Figures 7A and B. Mutations colored in blue elicit mild
effects; the effects of these mutations on linkage selection
were not determined. Mutations colored in dark/light green
affect the use of K29 in the acceptor Ub (Figure 7A); muta-
tions colored in red/orange inhibit the use of K48 (Figure 7B).
We note that while mutating A46 (to Gly) and G47 (to Ala)
did not affect the use of K48, more drastic mutations at these
positions might well have elicited inhibitory effects.
Strikingly, most of the residues affecting a given linkage are
close both to one another, and to the affected linkage site.
They form two patches surrounding K29 and K48, with the
K29-proximal residues important for K29 linkage selectivity
and the K48-proximal residues important for K48 linkage
selectivity. These two functionally important patches are on
opposite faces of the Ub molecule (Figure 7).

How E3s select Ub conjugation sites is poorly understood.
In fact, it is unclear if target proteins are usually modified
at one specific Lys residue (see Pickart and Eddins, 2004).
Target Lys specificity during poly-Ub chain assembly seems
to be more marked, although the number of E3s character-
ized is small. Two general models of Lys site selection have
been developed based on conjugation catalyzed by UEV/E2
complexes and E2 enzymes. In the first case, the surface of
the acceptor Ub surrounding 144 contacts a specific surface of
Mms2 in the Mms2/Ubc13 (UEV/E2) complex (VanDemark
et al, 2001; McKenna et al, 2003; Tsui et al, 2005). The contact
surface on Ub is distant from the target Lys (Ub-K63), but
when this contact is made, other Ub Lys residues are
excluded from the Ubcl3 active site. In contrast, Ub residues
that are important for the use of K48 or K29 by KIAA10 are
clustered in the immediate vicinity of these Lys residues. It is
therefore unlikely that an indirect, Mms2-like mechanism is
relevant in the case of KIAA10.

A different, direct mechanism of Lys site selection is seen
in many conjugation events involving the Ub-like protein
SUMO (Small Ub-like MOdifier). Ubc9, the SUMO E2, can
recognize and modify its substrate RanGAP1 in the absence of
an E3. The consensus sequence for sumoylation comprises
a four-residue motif ¢-K-X-D/E; the structure of the Ubc9/
RanGAP1 complex reveals multiple interactions between
this consensus peptide and an active site proximal surface
of Ubc9 (Bernier-Villamor et al, 2002). Here, residues im-
mediately adjacent to the targeted Lys residue interact with
the E2 to specify the substrate conjugation site. Recent results
show that these Ubc9/RanGAP1 contacts are unaltered in the
presence of a SUMO E3 (Reverter and Lima, 2005).

Nearly all of the acceptor Ub residues important for
Lys selection in chain synthesis catalyzed by KIAAI1O are
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Figure 7 Locations of acceptor Ub mutations that affect linkage
selection by KIAA10. Blue denotes mild mutations (effects on
linkage selection were not determined); dark green denotes severe
mutations that reduce use of K29; and light green (K63A, S20A)
denotes medium mutations that affect use of K29. Red denotes
severe mutations that reduce use of K48; orange (I144A), medium
mutation that reduces use of K48. K29 and K48 are shown in pink.
Panel B was obtained by rotating panel A 180°.

proximal to the Lys residues themselves, suggesting a direct
mechanism analogous to that used by Ubc9 in targeting
consensus SUMO sites. In the case of KIAA10, however, the
functionally important residues of the ‘substrate’ (Ub) con-
tact the E3 rather than the E2. We propose that the Lys and its
surrounding residues interact with specific residues near the
KIAA1O active site, thus facilitating isopeptide bond forma-
tion at the selective Lys residue. Given the identities of the
relevant side chains, it is likely that these contacts, as with
Ubc9, are used for binding rather than chemical catalysis.
Independent of whether the KIAA10 active site harbors
chemical catalytic groups (e.g., a general base), such non-
covalent binding interactions can facilitate the chemical step
by immobilizing and orienting the targeted Lys residue in a
favorable manner for reaction. Similar interactions could
facilitate the ubiquitylation of non-Ub target proteins by
KIAA10 or other E3s, provided that these reactions target
substrate Lys residues that occur in specific surface environ-
ments. As noted above, the generality of site-specific sub-
strate ubiquitylation remains unclear.

Importantly, we could exclude several trivial explanations
for the inhibitory effects of the Lys-proximal acceptor Ub
mutations. Results obtained with other K48-specific chain-
synthesizing enzymes indicate that Ala mutations at Ub
residues 44, 45, and 59 do not impair the local structure
around the K48 side chain. Although we could not conduct
a similar test for K29-specific mutations, this explanation is
very unlikely for the E16A and E18A mutations (Sundd et al,
2002). We could also exclude a reduced pK, of the K29
g-amino group as the basis for inhibition by the D21A
mutation (Figure 5C).

Implications for acceptor Ub interaction(s) with KIAA10
How are the presumptive Ub contact surfaces mapped in this
study (Figure 7) brought into play? The precise orientation in
which the acceptor Ub binds to KIAA10 remains unknown.
One explanation for our data is that KIAA10 possesses two
independent acceptor Ub binding sites, with the K48-selective
site having a higher affinity or reactivity (leading to prefer-
ential use of K48, discussed below). Alternatively, the
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acceptor Ub could bind in a single orientation, perhaps in
a conformationally flexible region of KIAA10, which allows
subsequent reaction of the E3-bound donor Ub with opposite
faces of the bound acceptor Ub. In the latter case, we might
have expected to find many acceptor Ub mutants that failed
to bind at all, leading to defects in usage of the K29 and K48
sites. Instead, all but one of the medium and severe class 3
mutants proved to be defective in the use of just one Lys site
(the G53A mutant was not obviously defective for either
linkage). However, if a single binding interface on Ub en-
compasses multiple side chains, each of which makes a
modest contribution to affinity, the relevant mutants might
not have shown strong defects in our primary screen. (For
example, we cannot exclude that the mild mutations inhibit
the use of both target Lys residues.)

Although a more thorough knowledge of binding proper-
ties would be informative, so far we have been unable to
quantify the affinities of the acceptor Ub mutants for KIAA10.
The chain synthesis activities of the severe/medium mutants
were too low for reliable determination of K,, values. These
experiments, and attempts to use these mutants as competi-
tive inhibitors (generating K; values), were further compli-
cated by the use of new target Lys residues at high
concentrations of the mutants. (At high acceptor Ub concen-
trations, KIAA10-CD ubiquitylates Ub-K6 and K33 with a low
efficiency (Volk et al, 2005).) We also undertook mutagenesis
of KIAA10-CD in an effort to identify cognate E3 regions
involved in the determination of linkage selectivity. However,
although we focused on predicted surface loops and used a
chimera-based approach that was expected to be protective of
proper folding, all the mutants were devoid of any activity.

Intrinsic preference of KIAA10 for K48

Although several E3s are known to synthesize poly-Ub chains
through more than one Lys residue (see Introduction), the
relative susceptibilities of different Lys residues to targeting
by a single E3 have not previously been established. We
report here that with wt Ub, KIAA1O strongly prefers to
ubiquitylate K48 over K29 (eightfold difference; Figure 4C).
This outcome was initially surprising since previous studies
yielded similar kinetic parameters for the KIAA10-catalyzed
ubiquitylation of K48 and K29 (Mastrandrea et al, 1999). In
retrospect, these earlier results probably reflected Lys mis-
incorporation at AGA (Arg) codons of Ub (You et al, 1999) or
the use of additional target Lys residues at high acceptor Ub
concentrations, because recent kinetic data suggest that K48
is preferred over K29 by >3-fold (CM Pickart, unpublished
data). The K48 preference uncovered in the present work can
be explained by a more efficient E3 interaction of the K48-
proximal (hydrophobic) residues compared to the K29-prox-
imal (acidic) residues, but direct measurements of Ub binding
are needed to confirm this model.

We do not know if KIAAIO continues to use the same
linkage throughout a chain when both Lys residues are
available. We speculate that if the chain product has a defined
conformation, Ub/Ub interactions could selectively impede
access of the E3 to one Ub binding surface, leading to altered
linkage selectivity in downstream isopeptide synthesis steps.
Interestingly, some of the residues important for K48 usage by
KIAA10, for example, 144, occur at or near a Ub/Ub interface
in K48-linked chains (Varadan et al, 2002), suggesting that
K29 usage could be favored in longer chain acceptors. This
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possibility remains to be addressed experimentally. Our
results also suggest how the susceptibilities of individual
Lys residues might be regulated through the participation of
trans-acting factors such as E4 enzymes (Hoppe, 2005). Some
E4s, such as Ufd2, bind directly to Ub and/or poly-Ub chains
(Koegl et al, 1999). Our findings suggest that such E4s could
block access to one Ub binding surface or create a new
binding interface, thus disfavoring or favoring, respectively,
the use of a specific Ub Lys residue.

In this study, we made use of a forked (heteropolymeric)
chain for diagnostic purposes. Although at least one forked
chain has been detected in vivo (Peng et al, 2003), the
signaling properties of such chains have not been yet been
examined. Our ability to generate forked chains in high yield
using KIAA10 (and perhaps, other linkage-specific conjugat-
ing systems) opens the door to functional studies of such
chains in the in vitro setting.

Materials and methods

Plasmids and cloning

Plasmids specifying the Ub Ala mutants (in a yeast vector) were
generously provided by L Hicke, Northwestern University (Sloper-
Mould et al, 2001). These plasmids were used as templates for
amplifying the mutant Ub genes with flanking sites for ligation into
the BamHI and Ndel sites of the pET3a E. coli vector. All Ub double
or triple mutants (and the E16A and E18A single mutants) were
cloned by overlap extension PCR. All inserts were verified by DNA
sequencing.

Protein expression and purification

All Ub mutant proteins were expressed in E. coli strain BL21 (DE3)p-
JY2 (supplemented with the AGA-decoding tRNA) and purified as
described (Haldeman et al, 1997; You et al, 1999). K0O-Ub, in which
all Lys residues are mutated to arginines, was purified avoiding
strong acid precipitation (You et al, 1999; Volk et al, 2005). To make
Ub,,, wt or mutant Ubs (~5mg/ml) were treated with 0.1 mg/ml
trypsin (Sigma) in the presence of 20mM NH4HCO; at 37°C for
90 min, followed by the addition of 0.2mg/ml soybean trypsin
inhibitor (Sigma). Ub,4-R74A was expressed from a synthetic gene.
To prepare KO-Ala-Ub mutants, the Lys residues of each Ub Ala
mutant (~0.3mg in 0.3 ml) were blocked by reductive N-methyla-
tion in 6 M urea (Volk et al, 2005). Ub-K29CK48R was alkylated
with ethyleneimine (Chemservice) as described (Piotrowski et al,
1997).

He-tagged murine E1 (Raasi and Pickart, 2003), untagged E2-25K
(carrying the benign C170S mutation) (Haldeman et al, 1997), GST-
UbcHS5A, and GST-E6AP-HECT (Wang and Pickart, 2005) were
expressed and purified as described; UbcH5A and E6AP-HECT were
released from the respective fusion proteins by thrombin cleavage
(Wang and Pickart, 2005). KIAA10-CD was produced from refolded
GST-KIAA10-CD (You and Pickart, 2001).

Chain synthesis assays

(1) Ub; synthesis assays (37°C) employed 0.1uM E1, 0.5uM
UbcHSA, 1uM KIAA10-CD, 58uM Ub,, (Wt or mutants),
and 117puM KO-Ub (wt or mutants). Assays were initiated
by adding a reaction cocktail contributing (final concentra-
tions): SO0mM Tris-HCl (pH 7.6), 5mM MgCl,, 2mM ATP
(plus regenerating system), 0.3 U/ml inorganic pyrophospha-
tase, and 0.5mM DTT. Reactions were incubated for 10 min
(or as indicated), quenched with sample buffer (SB), and
resolved by SDS-PAGE. Products were detected by Coomassie
staining.

(2) Ub, synthesis assays (37°C) were carried out similarly, except
that 117 uM Ub,, (wt or mutants) was used.

(3) Steady-state chain synthesis assays (37°C) employed 0.1 uM E1,
5uM E2-25K (or 2 uM UbcHSA plus ~4 uM E6AP-HECT), and
117puM wt or mutant Ub. Assays were initiated by adding
reaction cocktail (above). Reactions were incubated for 3h,
quenched with SB, and resolved by SDS-PAGE. Products were
detected by Coomassie staining.
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Mass spectrometry

Excised gel slices containing ~2pg Ub, or Ub; were trypsinized
by an in-gel digestion protocol (Shevchenko et al, 1996). Released
peptides were dissolved in buffer A (0.4% acetic acid, 0.005%
heptafluorobutyric acid, 5% acetonitrile). Approximately 2% of
each sample was loaded onto a 100 pum i.d. x 12cm self-packed,
fused-silica C18 capillary column (Peng and Gygi, 2001), and then
eluted with a 30-min gradient from 0 to 30% buffer B (0.4% acetic
acid, 0.005% heptafluorobutyric acid, 95% acetonitrile; flow rate:
~300nl/min). Eluted peptides were ionized under high voltage
(1.8kV), and detected in an MS survey scan (m/z 400-1700 and
3 uscans) followed by one data-dependent MS/MS scan (3 pscans
each, isolation width of 3m/z, 35% normalized collision energy and
dynamic range of 1 min) in a completely automated manner on an
LCQ-DECA XP-Plus ion trap mass spectrometer (Thermo Finnigan,
San Jose, CA).

Quantification of Ub linkages was based on data from the MS
survey scans of the ubiquitylated peptide (LIFAGK48QLEDGR
containing GlyGly-K48, called the K48-GG peptide) and a second
reference peptide (LIFAGK48) (Figure 4A and B). The extracted ion
currents of these two peptides were used to derive the molar ratios
of K48/K29 linkages after normalizing for the efficiencies of peptide
extraction, ionization, and detection (see below). The LIFAGK48
peptide derives from Ub,4 and is present in an identical molar
amount to the K29-GG peptide because (1) the K48 residue is not
recognized by trypsin after linkage to KO-Ub, and thus LIFAGK48
can only arise from the proximal Ub molecule in non-K48 linked
Ub, (Figure 4B); (2) the distal KO-Ub produces the equivalent
LIFAGR peptide, but this peptide differs in mass from LIFAGK; and
(3) all non-K48-linked Ub, is conjugated through K29 since only
K29 and K48 were detected as modified in all Ub, samples (above).
We did not use the K29-GG peptide for quantification because its
early elution during chromatography caused its ion current signal
to vary dramatically between experiments. The conditions used in
trypsin cleavage afforded quantitative cleavage at R42, R54, K48,
and R74 (Xu et al, 2006). No miscleavage products were detected in
any of the analyses.

The acquired MS/MS spectra were matched against a database
containing Ub mutants, trypsin and keratin, using the SEQUEST
algorithm (Eng et al, 1994). The parameters were set to allow parent
ion mass tolerance to be 3 and to consider only b and y ion series.
Modifications were permitted to allow the detection of the following
(mass shift shown in Daltons): oxidized methionine (+16) and
ubiquitylated Lys (+ 114) (Peng et al, 2003). The spectra for all
matched ubiquitylated peptides were manually verified.

The ion current ratio of the two quantified peptides (see Results)
will not reflect their real molar ratio if the two peptides display
different efficiencies in peptide extraction, electrospray ionization,
and ion detection. To eliminate these variables, we determined a
normalization factor through the following steps: (1) defining the
ion current ratio of K48-GG peptide versus another Ub peptide
(TLSDYNIQK63) to be 0.70 when they were present at the same
molar amount in a digested forked Ubs sample (in which wt Ub,,
was conjugated to two molecules of KO0-Ub at K29 and K48
simultaneously); (2) measuring the ion current ratio of the
LIFAGK48 peptide versus the TLSDYNIQK63 peptide to be 0.75
when they were equimolar in a sample of digested wt Ub monomer;
and (3) therefore deriving the ion current ratio of the K48-GG
peptide and the equimolar LIFAGK48 peptide to be 0.93. Finally, we
used this factor to normalize the measured ratio of the K48 and K29
linkages. The two quantified peptides were present in all Ub species
except the Ub-I[44A mutant. In this case, we measured the ion
currents of the mutant K48-GG peptide and the LAFAGKA48 peptide
without normalization, but a significant variation was not
anticipated.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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