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Although ubiquitination plays a critical role in virtually all cellular
processes, mechanistic details of ubiquitin (Ub) transfer are still being
defined. To identify the molecular determinants within E3 ligases that
modulate activity, we scored each member of a library of nearly
100,000 protein variants of the murine ubiquitination factor E4B
(Ube4b) U-box domain for auto-ubiquitination activity in the presence
of the E2 UbcH5c. This assay identified mutations that enhance activ-
ity both in vitro and in cellular p53 degradation assays. The activity-
enhancing mutations fall into two distinct mechanistic classes: One
increases the U-box:E2-binding affinity, and the other allosterically
stimulates the formation of catalytically active conformations of the
E2~Ub conjugate. The same mutations enhance E3 activity in the
presence of another E2, Ube2w, implying a common allosteric mech-
anism, and therefore the general applicability of our observations to
other E3s. A comparison of the E3 activity with the two different E2s
identified an additional variant that exhibits E3:E2 specificity. Our
results highlight the general utility of high-throughput mutagenesis
in delineating the molecular basis of enzyme activity.
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Covalent modification of proteins by ubiquitin (Ub) has an
impact on nearly all eukaryotic cell biology. The attachment of
Ub is accomplished by three enzymes: an E1 Ub-activating en-
zyme, an E2 Ub-conjugating enzyme, and an E3 Ub ligase (1). In
the final stage of the pathway, the E3 ligase facilitates transfer
from a Ub-loaded E2 (termed an E2~Ub conjugate) onto a sub-
strate lysine. Minimally, functional E3s contain an E2-binding
domain and a substrate-recognition domain, enabling them to
bind an E2~Ub and a substrate simultaneously. The majority of
E3s harbor either a RING (really interesting new gene) domain
or a related U-box domain to bind cognate E2s. RING-type E3s
enhance transfer of Ub directly from an E2’s active site to a sub-
strate lysine without an intermediate transfer step of Ub to the
E3 itself, as occurs with homology to E6AP carboxyl-terminus
(HECT)-type ligases. In addition to providing proximity between
the Ub attached to the active site of an E2 and a substrate amino
group, RING-type E3s activate E2~Ub conjugates allosterically
(2-11). Allosteric activation relies on promotion of catalytically
active “closed” conformations of an E2~Ub conjugate that pre-
sumably arrange the E2 active site thioester for access and attack
by an incoming nucleophile. Thus, two processes contribute to the
rate enhancement of Ub transfer by RING-type E3s: (i) proximity
(and, in some cases, orientational) effects and (ii) promotion of
reactive states of the E2~Ub. Recent studies (8-10) have shown
that minimal RING-type domains that lack a substrate-binding
activity (and therefore cannot provide a proximity enhancement)
are able to enhance the intrinsic reactivity of E2~Ub species,
demonstrating that the two sources of rate enhancement are
separable and independent. Although substrate proximity effects
are likely to be idiosyncratic for each E3/substrate pair, the
mechanisms that underlie allosteric activation appear to be shared
among E3s. Furthermore, allosteric activation of an E2~Ub is
necessary and sufficient for RING-type E3 ligase activity. There-

www.pnas.org/cgi/doi/10.1073/pnas.1303309110

fore, a more thorough understanding of the allosteric mechanism
and its structural bases should prove insightful for a majority of
Ub E3 ligases.

Recent structural studies of RING and U-box domains with
E2~Ub moieties reveal common features: (i) a closed E2~Ub
conformation and (i) an intermolecular hydrogen bond between
a conserved E3 side chain and an E2 backbone carbonyl (2, 3, 11).
Mutational analyses demonstrate that both are critical for E3 al-
losteric enhancement of Ub transfer (3). Despite these conserved
features, E3 ligases display large differences in Ub transfer activity
even when working with the same E2, suggesting that other, pos-
sibly more subtle, effects are in play. Traditional approaches for
dissecting enzymatic processes involve detailed structural studies
and targeted mutational analyses, but these approaches are lim-
ited by the number of mutants that can be analyzed. Typically, the
mutations generated disrupt activity and are often restricted to
protein/protein interfaces, thereby ignoring much of the possible
sequence space. Such limitations prompted us to use a high-
throughput method, known as “deep mutational scanning” (12,
13), that can assess the effects of over 10° sequence variants of
a single protein simultaneously. We adapted this method to gen-
erate a sequence—function map of the U-box of the murine E3
ligase ubiquitination factor E4B (Ube4b). The U-box domain of
Ube4b is an ideal candidate for this approach because it functions
as a monomer; its structure has been solved both in isolation and in
complex with the E2 UbcHS5c¢; and with an extended N-terminal
region, it exhibits auto-ubiquitination activity in vitro (14, 15). In
vivo, the human homolog UBE4B polyubiquitinates the tumor
suppressor p53 to target it for degradation by the proteasome.
Increased expression of UBE4B and amplification of the genomic
locus of UBE4B have been found in patient-derived medullo-
blastoma tumors that also have lower levels of p53 (16), suggesting
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that increased UBE4B activity might be oncogenic by reducing
p53 abundance.

We used the E2 UbcHS5c in reactions to assess the Ub ligase
activity of nearly 100,000 unique protein variants of the Ube4b
U-box domain, over 900 of which contained single amino acid
substitutions. Although most single mutations decreased enzymatic
activity, a few mutations greatly increased activity both in in vitro
reactions and in promoting the degradation of p53 in a human cell
line. We used NMR to characterize four activity-enhancing muta-
tions and found two classes: One class enhances E2~Ub catalysis
by increasing E3:E2-binding affinity, and the other augments the
allosteric capacity of the U-box to promote catalytically active
E2~Ub conformational states. These two classes of mutations are
distinct, and mutations from both classes can be combined to
enhance activity even further. Selecting for functional U-box
variants in the presence of a different E2, Ube2w, resulted in a
similar set of Ube4b-activating mutations, consistent with the hy-
pothesis that mechanisms by which E3s allosterically activate in-
trinsic E2~UD reactivity are shared and that enhancing mutations
will be generalizable. Additionally, we identified a Ube4b variant
that has reduced activity with UbcHS5c but retains activity with
Ube2w, suggesting that it may be possible to use deep mutational
strategies to identify and manipulate sources of E3:E2 specificity.
Our deep mutational scans and structural analyses further define
the molecular basis for E3-induced E2~Ub allosteric activation
and provide tools for future structural and functional studies of
E3 ligases.

Results

Sequence-Function Map of the Ubedb U-Box Domain. Deep muta-
tional scanning uses a protein display format in which a large li-
brary of protein variants is placed under selection for the activity of
interest, with their identity and frequency in the population before
and after selection determined by high-throughput DNA se-

quencing. A critical requirement for such a selection is the linkage
between genotype (i.e., the encoded variant) and phenotype (i.e.,
the activity of interest). In the case of some E3 ligases, auto-
ubiquitination, in which the E3 catalyzes ubiquitination of its own
lysine residues distant from the E2-binding domain, can be used to
generate this genotype-phenotype linkage. Furthermore, use of
auto-ubiquitination, as opposed to substrate ubiquitination, avoids
the identification of substrate-specific mutations that simply en-
hance the recruitment of a specific substrate and, instead, focuses
the selection on E3 mutations that enhance Ub transfer per se. To
perform a deep mutational scan of an E3 ligase domain, we fused
the extended U-box domain (the carboxyl-terminal 102 amino
acids) of Ube4b, termed longE4BU, to the T7 bacteriophage coat
protein for display. This region of Ube4b was chosen because it is
sufficient in the presence of an El, E2, and Ub for auto-
ubiquitination activity; in addition, the U-box domain (the car-
boxyl-terminal 82 amino acids) of Ube4b (termed E4BU) folds in-
dependently and its structure has been solved (Fig. 14). In vitro
auto-ubiquitination assays confirmed that the phage-displayed
U-box domain is an active Ub ligase (Fig. 1B, lane 1 and Fig. S1 4
and B) and that mutation of a residue (L1107A) critical for E3
function (17) abrogates activity with UbcHS5c¢ (Fig. 1B, lane 2). As
proof of principle, we found that WT T7-longE4BU phages were
preferentially selected over their L1107A counterparts when im-
munoprecipitated with an antibody against tagged Ub and that this
selection was E2-dependent (Fig. S1C). This control experiment
demonstrates two essential requirements: (i) auto-ubiquitination in
the context of the phage display system requires a functional E3:E2
interaction for catalysis; and (if) auto-ubiquitination in this context
occurs in cis, establishing a direct link between the E3 variant ge-
notype and auto-ubiquitination phenotype.

We created and sequenced (18) a library of phages that en-
code longE4BU variants containing, on average, two nucleotide
mutations per variant (Fig. S1 D and E and Table S1). Because

A C ﬁ input selected
barcod)e [
I mn
& loop 1 % SeauencIng g
K helix 1 [
barcode
¥ loop 2 sequencing
U-Box
(E4BU) ; reamplification
% %in E. coli
B T7-longE4BU- ubiquitination reaction
Flag-Ub { with E1, E2, Flag-Ub® % ?
pe gelution wi_th
UbcH5c-Flag-Ub F 1 ﬁ Flag peptide
Flag-Ub _
sr- binding to & wash
T7'E4BU:_| =2 anti-Flag beads /ﬁ
o
~
>

Fig. 1.

Highly parallel method for examining Ub ligase activity. (A) Cartoon representation of the 82-aa E4BU solution structure (Protein Data Bank ID code

2kr4). Residues within loop 1, loop 2, and helix 1 form the E3:E2 interface. The longE4BU domain contains an extra 20 amino-terminal segment required for
auto-ubiquitination activity. (B) Western blot for Flag-Ub shows Ub ligase activity of longE4BU expressed on the phage surface. Longe4BU-WT (lane 1) or
longE4BU-L1107A (lane 2) was fused to the coat protein of T7 bacteriophage. Amplified phage lysate was incubated with recombinant E1, UbcH5¢c, ATP/Mg,
and Flag-Ub. The reaction was analyzed by Western blot with anti-Flag to follow Flag-Ub. (C) Library of longE4BU sequence variants was generated from
doped oligonucleotides, with a degenerate 18-base barcode inserted 3’ of the stop codon. The variable region and barcode were cloned into the phage
genome and displayed as a carboxyl-terminal fusion with the T7 coat protein. The library of T7-longE4BU sequence variants was subjected to multiple rounds
of selection for functional Ub ligase activity by incubation with recombinant 6x His-E1, UbcH5¢c, ATP/Mg, and Flag-Ub. The ubiquitinated phages were se-
lected on anti-Flag agarose, and unbound phages were washed away. Bound Flag-ubiquitinated T7-longE4BU variants were eluted by competition with
3x Flag peptide. Eluted phages were reamplified and subjected to additional rounds of selection. DNA was purified from the input and selected T7-longE4BU
populations, lllumina libraries were constructed, and the barcodes were sequenced by 36-base single end reads.
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longE4BU contains more amino acids than previously used in the
deep mutational scanning approach, we advanced the method
through the use of a barcode-directed subassembly approach
designed to sequence larger contiguous segments of DNA by
short-read Illumina technology (19) (SI Materials and Methods).
Using 163,829 unique protein variants identified from high-
throughput sequencing and subassembly, we performed successive
rounds of selection for Ub ligase activity. Each round of selection
consisted of in vitro phage auto-ubiquitination reactions with an
El, the E2 UbcH5c, and Flag-Ub, followed by enrichment of the
phage on anti-Flag agarose beads and reamplification of the phage
in Escherichia coli (Fig. 1C). We determined the frequency at
which each variant was present in the starting population and in
the population after three rounds of selection (Fig. S2.4 and B and
Table S2). The ratio of the selected frequency of each variant vs.
its starting frequency, called here the “enrichment ratio” or E,
provides a measure of the performance of each variant during the
selection for E3 function. All E scores in this study are normalized
to the performance of the WT U-box (E = 1.06).

We were able to calculate E scores for 98,289 unique protein
variants after three rounds of selection (Dataset S1). These in-
cluded 932 variants with one amino acid mutation, 54,507 with
two, and 42,850 with three or more. Because the performance of
the double- and triple-mutation variants is confounded by the
contributions from each mutation, we first focused on variants that
contain only one amino acid change. The log,-transformed E score
for each single variant is represented in a sequence—function map
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(Fig. 24). Mutations in loops 1 and 2 and in helix 1 were more
likely to be deleterious for Ub transfer than mutations in other
portions of the U-box domain, whereas residues near either the
amino- or carboxy-terminus were more tolerant to mutation
(Mann—Whltney U test, P = 2.2 x 107'%). Ube4b positions L1107
(buried in the E3:E2 interface) and R1143 (the hydrogen bond
donor necessary for activation of the E2) were highly sensitive to
mutation (Fig. 24, yellow boxes), demonstrating that the selection
was capable of identifying positions involved in the E3’s binding
and allosteric mechanisms.

Positions with high variance in E result from both enriching and
depleting mutations occurring at the same site (Fig. 2B). These are
the same positions at which mutations with the highest E scores
occurred. This correlation suggests that only specific amino acid
changes are capable of activating this E3 ligase. The highest var-
iance occurred at M1124, followed by S1097, L1107, T1122,
D1139, and N1142. The functional importance of some of these
residues was further illustrated by the ability of enriched mutations
at these positions (M1124L, M11241, M1124V, D1139N, and
N1142T plus F1141Y) to rescue detrimental mutations when
paired in the same double-mutation variant (Fig. S2C).

Highly Enriched Mutants Are More Active E3 Ub Ligases in Vitro and in
Cells. We expressed and purified highly enriched variant longE4-
BUs to examine their ability to catalyze auto-ubiquitination in
vitro. Equal concentrations of WT and mutant U-boxes (Fig. S34)
were incubated with E1, UbcHS5c, ATP/Mg, and Flag-tagged Ub
over a time course from 1 to 30 min. For WT longE4BU, high-
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Fig. 2. Effects of known inactivating mutations and >900 unique mutations on E3 function are uncovered by deep mutational scanning of longE4BU. (A)

Sequence—function map of log, E scores for 932 T7-longE4BU variants with a single amino acid change. Blue, white, and red boxes represent T7-longe4BU
variants that were depleted, neutral, or enriched, respectively, during the selection process; gray represents no data that passed quality filters; and boxed
rectangles represent the WT residue. A schematic of the E4BU secondary structure is shown above. The amino-terminal 20 amino acids that were not included
in either deposited structure are represented by a black line. Loop 1, loop 2, and helix 1 are indicated. The longE4BU sequence is represented on the x axis,
and the possible amino acid substitutions are represented on the y axis. Below are the position-averaged E scores for each position in T7-longE4BU. (B)
Variance of E scores for each position represented in a bar graph is shown.
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Fig. 3. Enriched longE4BU variants are more active Ub ligases than the WT protein. (A) Ubiquitination assays. Recombinant WT longE4BU and the indicated variants
were incubated with recombinant E1, UbcH5¢, ATP/Mg, and Flag-Ub at 37 °C for the indicated time. Ubiquitination products were monitored by Western blot to follow
Flag-Ub. E scores and the approximate t;, of unmodified Ub calculated from densitometry of Coomassie-stained reactions are indicated below (see also Fig. S3 Band C).
(B) Multiple sequence alignment of the U-box domains for the seven murine U-box-containing proteins. Positions corresponding to E4BU L1107 (purple), M1124 (green),
D1139 (red), and N1142 (orange) are indicated. (C) Sites of mutation in highly enriched T7-longE4BU variants mapped to the E4BU:UbcH5c crystal structure (Protein Data
Bank ID code 3L1Z). L1107 (purple), M1124 (green), D1139 (red), and N1142 (orange) are depicted on gray E4BU. UbcH5c is pale green. (D) H1299 cells were transfected
with pCMV-neo-p53, and cells in lanes 2-8 were transfected with pCMV-Myc-Hdm2. Flag-tagged, full-length mouse Ube4b or human UBE4B constructs were transfected
as indicated. Blots were probed for p53 and the Flag epitope. Endogenous heat shock protein 90 (HSP90) was used as a protein loading control (see also Fig. S4).

E1266 | www.pnas.org/cgi/doi/10.1073/pnas.1303309110 Starita et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1303309110/-/DCSupplemental/pnas.201303309SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1303309110/-/DCSupplemental/pnas.201303309SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1303309110

L T

/

1\

BN AS PN AN D

molecular-weight proteins bearing Flag-tagged Ub were visible
after 7 min (Fig. 34). The L1107A mutant, which was depleted in
the phage assay, had no observable auto-ubiquitination activity
(Fig. 34). In contrast, almost all the variants that were enriched
relative to WT in the phage assay also exhibited enhanced ubiq-
uitination activity in vitro. The longE4BU variants L.11071, M1124V,
D1139N, F1141Y, and N1142T produced high-molecular-weight
ubiquitinated species within 3 min (Fig. 34). The disappearance of
Ub during the course of the assay was detected by Coomassie
staining and quantified by densitometry to calculate approximate
half-lives for each of the ubiquitination reactions (Fig. S3 B and
C). The half-lives trended with E values determined from the
phage assay, with the exception of the L1077R and Q1144A var-
iants, which enriched in the phage assay but showed no increase in
ligase activity (Fig. 34). The L1077R and Q1144A mutations oc-
cur at positions with low variance compared with their activating
counterparts (Fig. 2B), and the L1077R mutation could not
rescue deleterious mutations (Fig. S2C). Thus, although the
high E scores for the single mutants were generally predictive of
high in vitro activity (correct for five of seven variants tested),
the combined information gleaned from E values, variance, and
rescue scores more accurately predicted activity. The strong
correlation between the most highly enriched T7-longE4BU
variants and the most active longE4BU ligases in vitro demon-
strates that the phage competition provided a good selection for
bona fide enhanced Ub transfer activity.

The activity-enhancing variants identified in the selection rep-
resent conservative amino acid changes. Analysis of Ubedb se-
quences across species shows that substitutions equivalent to
L11071, M1124V, D1139N, and N1142T exist in metazoans (20).
Furthermore, alignment of the seven murine U-box—containing
proteins revealed that the amino acids resulting in increased
Ube4b activity appear in other U-box contexts. Ubiquitination
factor E4A (Ube4a) contains the equivalent of the L1107 and
M1124V mutations; cyclophilin-like protein Cyp-60 (Cyc4)
contains the equivalent of the D1139N mutation; and carboxy
terminus of Hsp70-interacting protein (CHIP), Cyc4, ubiquitin-
conjugating enzyme 7-interacting protein 5 (Uip5), and WD re-
peat, SAM and U-box domain-containing protein 1 (Wdsubl)
contain the equivalent of the N1142T mutation (Fig. 3B). Thus,
the positions of mutations that enhance the activity of Ube4b may
represent sites at which E3 activity can be fine-tuned. The posi-
tions of the L11071, M1124V, D1139N, and N1142T mutations
are highlighted on the structure of E4BU bound to UbcHS5c¢ (Fig.
3C): L1107 is in loop 1 and directly contacts the E2; M1124 is
buried behind loops 1 and 2 and helix 1; and D1139 and N1142
are located in loop 2, slightly away from the E2 interface.

We expected that Ube4b variants with enhanced Ub transfer in
an auto-ubiquitination reaction would also exhibit enhanced Ub
transfer to substrates. We tested this hypothesis against a relevant
cellular target, p5S3. Mouse Ube4b and human UBE4B have both
been shown to possess E4 activity for the tumor suppressor p53
(16). Members of the E4 group of E3 ligases polymerize Ub chains
on existing mono-Ub groups; in this case, Ube4b extends Ub
chains on p53 initiated by mouse double minute 2 (Mdm?2) or
human HDM2. The chain extension on p53 results in degradation
of p53 by the proteasome, with implications for tumorigenesis.

We hypothesized that a hyperactive UBE4B would promote
increased ubiquitination and, therefore, proteasome-dependent
degradation of p53 in cell culture. Cotransfection of p53 and Myc-
Hdm?2 into the H1299 human cell line led to discrete laddering of
p53 bands, likely representing multiple modifications of p53 with
single or short Ub chains, because there was no loss of steady-state
protein levels (Fig. 3D, lanes 1 and 2). As previously reported (16),
transfection of the WT UBE4B expression plasmid led to a de-
crease in p53 protein levels (Fig. 3D, lane 5), in a U-box—, HDM2-,
and proteasome-dependent fashion (Fig. 3D, lane 10 and Fig. S4 A
and B). Transfection of a plasmid expressing UBE4B with any of
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the M1124V, L11071, D1139N, or N1142T mutations led to more
dramatic loss of steady-state p53 protein levels (Fig. 3D, lanes 4
and 6-8). As with the in vitro auto-ubiquitination assays, the rel-
ative levels of p53 degradation on transfection of each UBE4B
mutant trended with E values from the phage selection.

A single human polymorphism, P1140T, has been identified in
the U-box domain of UBE4B (dsSNP identifier rs15191). This
mutation is apparently deleterious for E4ABU function because it
disappeared from the round three population of the deep mu-
tational scan (Dataset S1). Transfection of a plasmid expressing
UBE4B harboring a P1140T mutation resulted in no detectable
change in p53 protein level, validating this variant as a loss-
of-function allele (Fig. 3D, lane 9). Together, the results from
these cell-based assays confirm that activity-enhancing and ac-
tivity-lowering mutations identified in the high-throughput assay
retain their phenotype in the context of the full-length protein on
a relevant substrate in human cells. Additionally, the sequence—
function map will provide data on the effect of other poly-
morphisms of UBE4B as future genome or tumor sequencing
efforts identify them.

Activating Mutations Enhance the General Reactivity of an E2~Ub
Conjugate. E3 auto-ubiquitination activity could potentially in-
volve a contribution from substrate proximity because the sub-
strate lysine is part of the E3 in this assay. To assess whether
activating mutations somehow alter the substrate recruitment role
of the E3, we tested the activating effects of the M1124V, L11071,
D1139N, and N1142T mutations in a substrate-independent assay.
Monitoring Ub transfer from the E2~Ub conjugate to the free
amino acid lysine removes E3 contributions due to substrate rec-
ognition and/or presentation, leaving only the raw catalytical rate
enhancement. In these assays, the shorter E4BU construct that
lacks auto-ubiquitination activity was incubated with preformed
UbcHSc~Ub and the free amino acid lysine. In the absence of an
E3, the UbcH5c~Ub conjugate reacted slowly with lysine, with
conjugate still observed after 15 min. Addition of WT E4BU sig-
nificantly enhanced reactivity, with most of the conjugate gone by
5 min (Fig. 4). The M1124V, L11071, D1139N, and N1142T E4BU
mutants all exhibited increased activation of the UbcHS5c~Ub
conjugate toward lysine compared with WT, with most of the
E2~Ub consumed by 3 min (Fig. 4). The apparent rate en-
hancement in reactivity toward lysine agrees with both in vitro
auto-ubiquitination and cellular p53 degradation assays, confirm-
ing our hypothesis that the activating mutants identified in the
phage selection enhance Ub transfer in a general, substrate-
independent capacity, presumably through altered E3:E2 inter-
actions (see below).

Some E3 Activating Mutations Combine to Act Synergistically. Based
on their large positive E scores, we further characterized the activity
of the double-mutation—containing variants M1124V/D1139N,
M1124V/N1142T, and D1139N/N1142T (E = 40, E = 106, and £ =
96, respectively). In vitro auto-ubiquitination assays revealed that
the M1124V mutation combined with either the D1139N or

E4BU:
UbcH5c~HA-Ub|,

None

Wild Type L11071 M1124V D1139N N1142T

HA-Ub|

|
|
l
minutes: 0 3 515 0 3 515 3 515 3 5153 5153 5 15

Fig. 4. Activating mutations enhance the general reactivity of an E2~Ub
conjugate lysine reactivity assay. Recombinant minimal U-box domains of
WT E4BU (1,092-1,173) and the indicated variants were incubated with
purified UbcH5c~HA-Ub and free lysine at 37 °C for the times indicated.
Breakdown of the UbcH5c~HA-Ub thioester linkage was monitored by
Western blot with anti-HA antibodies.
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N1142T mutation resulted in more rapid Ub transfer activity than
any of these single mutations on their own. The combination of the
D1139N and N1142T mutations also enhanced ligase activity, with
high-molecular-weight poly-Ub products visible after only 1 min
(Fig. 5). Quantification of the free Ub band in Coomassie-stained
gels as a function of reaction time showed that Ub was consumed
with a 1, of ~1 min by both the M1124V/N1142T and D1139N/
N1142T double mutants, which is considerably faster than the
nearly 22-min Ub #,, catalyzed by the WT (Fig. S3 B and C). The
rate enhancement observed for the M1124V/N1142T and D1139N/
N1142T mutants [1 e., kobg(E4BUmutam)/kobg(E4BUWl1d type)] cor-

responds to a AAG* of ~2 kcal/mol. For comparison, the rate en-
hancement for WT E4BU relative to an otherwise uncatalyzed
UbcH5c~Ub hydrolysis reaction (3) corresponds to a AAG* of ~1
kcal/mol. The rate enhancements observed for double mutants
incorporating M1124V, D1139N, or N1142T correspond to more
than the sum of the individual mutations’ rate enhancements
(AAG* values ranging from 0.5 to 1 kcal/mol), indicating that these
mutations work in synergy. However, not all combinations of
enhancing mutations further increase activity. The L1107I/
M1124V double mutant exhibited activity below the level observed
for the L11071 mutant alone (Figs. 34 and 5 and Fig. S3C).
Therefore, some but not all combinations of enhancing mutations
are synergistic.

Mechanistic Classification of Mutations That Enhance E3 Ligase
Activity. To contribute to the growing understanding of E3 ligase
function (2, 3, 11), we sought to determine the structural bases for
the enhancements in ligase activity due to activating mutations.
CD spectra of purified WT E4BU and the four mutants showed a
similar secondary structure (Fig. S54). Furthermore, the activat-
ing mutants showed no trend in stability toward thermal denatur-
ation, with various mutant proteins exhibiting decreased, similar,
or increased thermal stability relative to the WT (Fig. S5B). L1107,
D1139, and N1142 are positioned in and around the E2-binding
site, raising the likely possibility that mutations at these positions
would alter this interaction. An NMR-heteronuclear single quan-
tum coherence (HSQC) spectrum of E4BU harboring the most
buried mutation, M1124V, showed a number of changes centered
around the site of the mutation that maps to E4BU loops 1 and 2,
suggesting a potentially altered E2-binding interface (Fig. S5C).
The capac1ty of each E4BU variant to bind UbcH5c was assessed
using "H, >N HSQC transverse relaxation-optimized spectroscopy
(TROSY) experlments in which increasing quantities of E4BU
were titrated into 'N-UbcHSc. The spectra confirm that each
E4BU variant binds to the same E2 surface composed of residues

longE4BU: L11071/M1124V  M1124V/D1139N  M1124V/N1142T D1139N/N1142T

E1-Flag-Ub|
= - gt

e - - — - - -

- — e - - — o - —

—— -4 -3 ——=== e

Flag-Ub S GSESaBases | SRERES " + « | Shapes v |ahts & ==

minutes: 0 1 3 7 1530 0 1 3 7 1530 O 1 3 7 1530 0 1 3 7 1530
E: NA 40.1 106.5 96.3
t,, Ub: 9.1 3.6 1.0 0.7

(minutes)

Fig. 5. Effects of some activating mutations are synergistic and create hy-
peractive U-box domains. Ubiquitination assays. The indicated purified var-
iants of longE4BU were incubated with recombinant E1, UbcH5¢c, ATP/Mg,
and Flag-Ub at 37 °C for the indicated times. Ubiquitination products were
monitored by Western blot analysis to follow Flag-Ub. E scores and the ap-
proximate t;, of unmodified Ub calculated from densitometry of Coo-
massie-stained reactions are indicated below (see also Fig. S3).
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in helix 1, loop 4, and loop 7 of UbcH5c (Fig. 64). However, the
magnitude and character of the chemical shift perturbations
(CSPs) differed among E4BU mutants. Although the D1139N
and N1142T mutants exhibited fast exchange behavior similar to
WT E4BU, both the L1107I and M1124V mutants had shifted to-
ward the intermediate exchange regime, indicating a longer lifetime,
and hence higher affinity of the E4ABU:UbcHS5c complex (Fig. 6B).

To quantify the differences, we fit CSPs of a minimum of
10 resonances from each titration to quadratic binding equations
to calculate K, values (Fig. S64). WT E4BU and the D1139N and
N1142T mutants bound UbcHS5c with similar affinity (K4 of ~99,
~98, and ~70 pM, respectively), whereas the 11071 and M1124V
mutants bound with higher affinity (Ky of ~14 and ~17 pM, re-
spectively) (Fig. 6C). Therefore, we classify the L1107 and
M1124V variants as enhanced E2-binding mutants. Combining
the L1107I and M1124V mutations had no additional effect on
binding (K4 of ~21 uM) compared with the individual mutations.
Similarly, the double mutant D1139N/N1142T had an E2-binding
affinity (Kyq of ~100 pM) that was unchanged from either single
mutant (Fig. S64). Combining the E2-binding mutation M1124V
with a mutation that did not affect binding (D1139N) yielded
a double mutant that bound UbcHS5c with an intermediate affinity
(Kq of ~77 pM) relative to the two single mutants, suggesting that
mutation of the buried Met side chain may have a complicated
effect on loops 1 and 2 of the E2-binding interface, as might be
expected from the widespread changes observed in the HSQC
NMR spectrum of such a mutant (Fig. S5C).

Because enhanced binding affinity for the E2 per se does not
provide an explanation for the activity enhancement of some mu-
tants, we asked whether the variants have altered interactions with
the E2~Ub conjugate. NMR experiments with the UbcH5c~Ub
conjugate can provide a direct observation of interactions involved
in Ub transfer but are complicated by the reactivity of the
UbcH5c~Ub thioester bond. We used the active site cysteine-
to-serine mutation to create the more stable oxyester-linked
UbcHS5¢c-O~Ub conjugate (21). A subset of resonances in the
UbcH5¢-O~Ub spectrum serve as indicators for assembly of an
active E4BU:UbcHS5c~Ub ternary complex. These indicators
correspond to residues within the closed UbcHS5¢c-O~Ub interface
(Ub V70 and UbcH5c D112) and a residue within the E2 active
site (UbcHS5c N77), all of which undergo CSPs on addition of
WT E4BU (3) (Fig. 64). Addition of 0.25 mol equivalents of
each E4BU variant (L1107I, M1124V, D1139N, and N1 142T) to
I5N-UbcH5¢-O~Ub increased the magnitude of CSPs in these
resonances beyond those observed for addition of WT E4BU
(Fig. 6 D and E). In contrast, addition of the R1143A mutant, in
which the hydrogen bond required for allosteric activation of
UbcH5c¢~Ub is lost, failed to elicit CSPs in the indicators of an
active E3:E2~Ub conformation (Fig. 6 D and E).

Each of the four mutants promoted increased formation of
closed, active E2~Ub conformations, with the D1139N and
N1142T mutants exhibiting the strongest induction of these states
(Fig. 6F). Larger closed-state-specific CSPs observed on addition
of substoichiometric amounts of the D1139N and N1142T
mutants could arise for two reasons: (i) higher binding affinity for
the E2~Ub conjugate or (ii) more efficient induction of closed
states on binding. To distinguish between these two possibilities,
we performed NMR-binding assays with the most highly active
variant, the D1139N/N1142T double mutant (Fig. 5). To test if
the mutant U-box has an affinity for free Ub, the E4BU double
mutant was added in large excess over free ’N-Ub. No in-
teraction was detected (Fig. S6B, Left). In an NMR experiment in
which the ability of the mutant to compete with WT for binding to
UbcHS5¢c-O~Ub was assessed, the double mutant outperformed
the WT U-box (Fig. S6B, Right). The enhancement is modest,
with binding simulations estimating an approximately threefold
enhancement in binding affinity over WT. This difference cor-
responds to a AAG of less than 1 kcal/mol and does not account
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Fig. 6. NMR analysis reveals that E4BU activating mutations fall into two
classes. (A) One member from the E4BU:UbcH5c~Ub model (3) is shown for
reference with the E3:E2 and E2:Ub interfaces annotated. (B) Representative
portion of the UbcH5¢ HSQC spectrum shows CSPs on addition of 0.25, 0.5, 1,
2, and 3.4 mol eq of E4BU WT (Left, blue) or M1124V (Right, green) to 225
uM ">N-UbcH5c. The M1124V mutant exhibits binding phenomena that ap-
proach intermediate exchange, as illustrated by line-width broadening at
early titration points. (C) CSP values fit with quadratic binding equations
using NMRView. Ky values were determined for WT (blue, 99 + 12 pM),
L11071 (magenta, 14 + 2 uM), M1124V (green, 17 + 2 uM), D1139N (red, 98 +
10 pM), and N1142T (orange, 70 + 9 pM) E4BU titrated into '>N-UbcH5c. (D)
Resonances corresponding to D112 in UbcH5¢ helix 2, N77 near the UbcH5¢
active site, and V70 within the Ub hydrophobic surface act as indicators for
closed, active UbcH5c~Ub conformations promoted by E4BU binding. Com-
pared with the addition of 0.25 molar equivalences of WT E4BU (blue) to 225
pM °N-UbcH5c-O~"N-Ub, both the D1139N (red) and N1142T (orange)
mutants induce further population of closed UbcH5c~Ub conformations. We
could not collect NMR data at higher additions of E4BU due to the catalyzed
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for the ~25-fold increase in activity observed for this mutant
(which corresponds to a AAG for activation of ~2 kcal/mol). Thus,
it appears that the D1139N and N1142T mutations activate Ub
transfer by binding the E2~Ub conjugate more tightly and by
more effectively inducing the active, closed conformation of the
ternary complex on binding. Altogether, results from the NMR-
binding studies delineate two classes of activating mutation:
mutations that predominantly increase the binding affinity to the
E2 itself and mutations that primarily increase binding specifically
to the E2~UD conjugate and augment the ability of the U-box to
activate the UbcH5c~Ub conjugate allosterically.

Ubedb Mutations That Enhance Activity with UbcH5c Also Enhance
Activity with the E2 Ube2w. E2 enzymes play an important role in
dictating the length and specific linkages of Ub chains and the
processivity of the reaction (22). Our library of T7-longE4BU
variants provided the opportunity to ask whether E3 mutations
differentially affect activity depending on the paired E2. We tested
the auto-ubiquitination activity of the U-box domain (longE4BU)
with a panel of human E2s; we found polyubiquitination activity
with UbcH5a, UbcHSb, and UbcHSc and monoubiquitination
activity with Ube2w (Fig. S74). Because Ube2w is more divergent
from UbcHS5c, both in sequence and activity, than the other E2s
tested, we sought to identify mutations in the U-box that affect its
activity in the presence of Ube2w. We therefore performed phage-
based selection on longE4BU with Ube2w as the E2 and obtained
a sequence—function map (Fig. S7B). The range of E scores is not
as wide with Ube2w (log, E score of —5 to 2) as with UbcHS5c (log,
E score of —9.5 to 5.5). A likely reason for the limited range of
E scores is that the monoubiquitination activity of Ube2w limits the
sensitivity of the antibody-based selection of ubiquitinated phages.

Most longE4BU variants performed similarly with Ube2w and
with UbcHS5c (Spearman’s p = 0.54 across all mutations common
between the two datasets; Fig. 74). The four UbcH5c-activating
mutations L1107I, M1124V, D1139N, and N1142T (labeled in Fig.
7A) also enriched over WT in a selection using Ube2w, although
only modestly for M1124V. We performed in vitro ubiquitination
reactions to compare the activities of WT and mutant longE4BU
proteins directly when paired with either UbcHS5c or Ube2w (Fig.
7B). Persistence of the Coomassie-stained longE4BU bands in the
Ube2w assay shows that the M1124V variant is not as active as the
other mutants in enhancing auto-monoubiquitination, in accord
with the phage experiment. The level of activation afforded by the
M1124V mutation thus shows a modest dependence on the part-
nered E2. Because M1124V is a mutation that enhances E3:E2
binding, this finding may point to subtle differences in the E3:E2
interface containing UbcH5c compared with Ube2w.

From the UbcH5c vs. Ube2w enrichment plot shown in Fig. 74,
we identified the R1104E variant as showing a minor enrichment
in the Ube2w selection (E = 2.6) but a significant depletion in the
UbcHS5c selection (E = —44.6). In in vitro ubiquitination assays,
the R1104E variant showed little decrease in ligase activity with
Ube2w (Fig. 7C) but drastically decreased the amount of high-
molecular-weight Ub adducts produced with UbcH5c (Fig. 7D). In
sum, comparisons across the two high-throughput selections re-
vealed that most mutations activate both of the diverse E2 enzymes,
consistent with the notion of a common allosteric mechanism.
The observation of a mutation that has a differential effect

hydrolysis of the oxyester effected by the E3. Addition of the catalytically
inactive E4BU mutant R1143A (cyan) is shown for reference. Signal arising
from small quantities of free, hydrolyzed Ub is marked by asterisks. (E) CSPs
shown in D are quantified and shown in histogram format for the addition
of 0.25 mol eq of WT (blue), D1139N (red), N1142T (orange), L1107I (ma-
genta), M1124V (green), and R1143A (cyan) E4BU to 225 pM '>N-UbcH5c-
O~">N-Ub. Perturbations that reflect E3:E2 binding directly are largely un-
affected, as shown by UbcH5c residue R5.
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E4BU activating mutation behaves differently when paired with a different E2, Ube2w. (A) Log,-transformed E scores calculated from the deep

mutational scan of T7-longE4BU performed with Ube2w as the E2 (y axis) compared with log,-transformed E scores from the deep mutational scan of
T7-longE4BU performed with UbcH5c (x axis). Only E scores from variants with a single amino acid change are compared. The red lines signify a twofold
increase in variant E scores over WT for Ube2w and a fourfold increase for UbcH5c. A Spearman'’s rank correlation coefficient of 0.54 was calculated. (B and C)
Ubiquitination assays. The indicated purified variants of longE4BU were incubated with recombinant E1, UbcH5c or Ube2w ATP/Mg, and Ub at 37 °C for the
indicated time. Ubiquitination products were monitored by Coomassie staining. (D) Ubiquitination assays. The indicated purified variants of longE4BU were
incubated with recombinant E1, UbcH5c or Ube2w ATP/Mg, and Ub at 37 °C for the indicated time. Ubiquitination products were monitored by Western blot

analysis to follow Ub.

depending on the E2 present suggests that it may be possible to
evolve more highly specific E3:E2 pairs.

Discussion

Our deep mutational scan of Ube4b has provided the most in-
depth analysis to date of U-box sequence—function relationships.
The activating mutations identified from this approach represent
changes in RING/U-box E3s that broadly enhance ligase activity
in a substrate-independent fashion. The selection strategy was
predicated on the hypothesis that the ability of E3s to activate Ub
transfer by E2~Ubs can be separated into substrate-dependent
and substrate-independent contributions, and that mutations that
increase substrate-independent processes will also be enhanced
for substrate ubiquitination activity. The hypothesis was borne out
because mutations identified using Ube4b auto-ubiquitination as
the readout also exhibited enhanced activity in cellular degrada-
tion of the substrate p53 and in biochemical assays monitoring
transfer to the free amino acid lysine. Many of the most enriched
variants contain a conservative mutation, suggesting that the weak
interactions and catalytical functions of U-box ligases can be
specifically tuned to suit their biological roles. Despite the capacity
of a single point mutation to enhance ligase activity greatly, Ube4b
has evolved in mammals to function with more moderate ubig-
uitination activity. The importance of human UBE4B ligase ac-
tivity in the turnover of p53 (16) argues that precise levels of

E1270 | www.pnas.org/cgi/doi/10.1073/pnas.1303309110

ubiquitination activity are critical for cellular function. Overactive
ubiquitination by UBE4B would offer an opportunity for tumor
cells to suppress the p53-dependent cell cycle arrest and/or apo-
ptotic response. Because other U-boxes contain some of the amino
acids in their native sequences that activated Ube4b, their activi-
ties may also be subject to fine-tuning.

Gain-of-function mutations that aid in the elucidation of enzy-
matic mechanisms are commonly sought but rarely discovered
using conventional mutagenesis strategies. The rare nature of li-
gase-activating mutations emphasizes the power of the deep mu-
tational scanning method: Only 25 single mutants (2.7% of the
total) exhibited threefold or greater enrichment over WT after
three rounds of selection. Many of the activity-enhancing muta-
tions are chemically similar, evolutionarily conserved, and physi-
cally distant from known protein/protein interfaces, making it
unlikely that they would have been predicted even with available
high-resolution structural information. As mutations that signifi-
cantly activate RING-type E3s, this set provides a unique tool to
further the understanding of ligase function. Our NMR-based
analyses illustrate that the EABU-activating mutations fall into two
classes: those that predominantly affect the binding affinity of
E4BU for the E2 (L1107 and M1124V) and those that primarily
affect the ability of E4BU to activate E2~UDb conjugates (D1139N
and N1142T) allosterically.
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Because E4BU binds both the free and Ub-conjugated forms of
the E2 with relatively similar affinities (3), it was unclear whether
tighter binding would be beneficial or detrimental for Ub transfer.
On the one hand, an extremely tight-binding E2 would transfer
only the first Ub before acting as an inhibitor because it would be
unable to be recharged by the E1 Ub-activating enzyme. On the
other hand, a longer-lived E3:E2~Ub complex (as is observed with
the L11071 and M1124V variants) would allow more time for the
formation of active E2~UDb conformations and the approach of an
incoming substrate lysine. We postulate that along the continuum
of E3:E2-binding affinities, a point must exist at which Ub transfer
reactivity is maximized before additional binding energy inhibits
the reaction; at that point, the E3:E2 dissociation step becomes
rate-limiting. WT Ube4b must be low enough on this binding
energy vs. catalysis curve such that tighter binding can lead to
enhanced Ub transfer; the hyperactive L1107] and M1124V var-
iants showed as much as a sixfold enhancement in binding affinity.

Although the D1139N and N1142T variants showed no appre-
ciable effect on E2 binding compared with WT, they demonstrated
an enhanced ability to promote the active, closed conformations of
the E2~UDb conjugate allosterically. Neither the D1139N mutation
nor the N1142T mutation could rescue an R1143 mutation in the
phage assay (Dataset S1), consistent with the identification of
R1143 as the “linchpin” for the allosteric activation of Ub transfer
(3). D1139 and N1142 contribute significantly to the interactions
that stabilize E4BU loop 2. We propose that the D1139N and
N1142T mutations alter the structure and/or dynamics of loop 2,
thereby enhancing the probability and/or longevity of the E4BU:
UbcHS5c intermolecular hydrogen bond and augmenting the al-
losteric role of the E3. Additionally, D1139 and N1142 are anal-
ogous to conserved zinc-binding cysteines in loop 2 of RING
domains [e.g., C61 and C64 in breast cancer type 1 susceptibility
protein (BRCAL)], suggesting that U-boxes may have evolved as
aclass of E3 ligase distinct from the RING cross-brace structure to
enable additional modes of modulating their ligase activities.

The phage selection revealed thousands of sequence-function
relationships for Ube4b:UbcHS5c¢ activity. Although this is likely
the most relevant E3:E2 pair for the degradation of p53 (16), little
is known regarding other roles Ube4b may play in the cell that
potentially use different E2s. We showed that Ube4b is also active
with Ube2w, an E2 linked to Fanconi anemia due to its ubiquiti-
nation of Fanconi anemia complementation group D2 (FANCD2)
(23), and that hyperactivating mutations in Ube4b identified using
this E2 are similar to those obtained with UbcH5c. However, the
L1107I, D1139N, and N1142T mutations enhanced Ub transfer
activity with Ube2w more than the M1124V mutation did. Based
on the critical E3:E2 intermolecular hydrogen bond conserved in
all structures solved to date, we predict that allosteric mutations
will be more universal among E2s, whereas binding mutations may
be more E2-specific. By comparing the enrichment values from the
UbcHS5c¢ and Ube2w selections, we identified the R1104E muta-
tion as highly detrimental for UbcH5c-dependent activity but with
little effect on Ube2w-dependent activity. Therefore, future ap-
plication of the deep mutational scanning technique might be used
to design nonnative E3:E2 pairs or to examine biological roles of
E3:E2 combinations through the engineering of variants specific
for a given E2.

Beyond the practical applications for future studies of E3 ligases,
the identification and characterization of Ube4b ligase-activating
mutations have added molecular detail to the separable binding
and allosteric roles of E3 ligases in facilitating Ub transfer. The
insights into E3 ligase function provided by the deep mutational
scans of Ube4b suggest that the mutational analysis of enzymes
on a high-throughput basis has promise as a general means to
identify key features of enzymatic mechanisms.
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Materials and Methods

Full experimental and analytical details can be found in S/ Materials
and Methods.

Bacteriophage Library Preparation. Oligonucleotides for cloning the E4BU
library were synthesized with a 2% error rate by TriLink Biotechnologies, and
all other oligonucleotides were from IDT. Stop codons were inserted in all
three frames 3’ of the coding region, followed by a degenerate 18-base
barcode. Molecular cloning of the library is outlined in Fig. S1D, with a de-
tailed description and oligonucleotide sequences (Table S3) provided in S/
Materials and Methods.

Ubiquitination Reactions and Ub Immunoprecipitations. T7-longE4BU ubiquiti-
nation reactions contained 30 nM 6x His-E1, 100 nM UbcH5¢, 1 mM Flag-Ub
(Sigma), 2 mM ATP, 5 mM MgCl,, and 1/2 total volume bacteriophage lysate
(~5 x 10® plaque-forming units) in 50 pL of total reaction volume. Reactions
were incubated for 45 min at 37 °C and stopped by addition of 2 mM DTT.

Enrichment of Flag-Ubiquitinated Bacteriophage and Reamplification. M2-
agarose beads (Sigma) were equilibrated into Flag dilution buffer [20 mM Tris
(pH 7.5), 200 mM NaCl, 0.2 mM EDTA, 0.1% Nonidet P-40 (Sigma)] and added
to ubiquitination reactions. After a 1-h incubation at room temperature, the
beads were washed five times with Flag wash buffer [20 mM Tris (pH 7.5),
500 mM NacCl, 0.2 mM EDTA, 0.05% Nonidet P-40, 1 mM DTT] and eluted
twice at 37 °C by addition of 2.5 mg/mL 3x Flag peptide (Sigma) in Flag wash
buffer. Phages eluted from the M2-agarose beads were reamplified and
titered according to the manufacturer’s instructions to avoid bottlenecks of
the population. Individual clones were monitored by plaque PCR, followed
by Sanger sequencing for population convergence.

Protein Purification. E4BU and its variants were purified based on the method
of Nordquist et al. (15); a more detailed description is available in S/ Materials
and Methods. The human 6x His-E1, wheat E1, UbcH5¢, and Ube2w were pu-
rified as previously described (24, 25).

Ubiquitination Reactions with Purified LongE4BU. One micromolar E1, 8 uM
Flag-Ub, 4 pM E2, 2 mM ATP, 5 mM MgCl,, and 4 uM longE4BU were mixed
in 10 mM Hepes, 60 mM NaCl, 5% (vol/vol) glycerol, and 0.5 mM EDTA (pH
7.9) buffer. The reactions were incubated at 37 °C for indicated times.
Reactions were stopped with 2x LDS buffer (Invitrogen) containing 2.5%
p-mercaptoethanol. Samples were separated on a 4-12% NuPAGE gel
(Invitrogen) and either stained with Coomassie blue or transferred to a PVDF
membrane. Membranes were probed with M2 (Sigma) or Ub antibody and
anti-mouse-HRP (GE Healthcare).

Library Preparation for Tag-Directed Subassembly and Barcode Counting.
Phage DNA was purified by phenol chloroform extraction and ethanol
precipitation. lllumina sequencing libraries were constructed by PCR ampli-
fication to sequence the 5’ end of longE4BU and the barcode. To sequence
internal regions of longE4BU, nested libraries were prepared by PCR. A
detailed description of the library construction can be found in Fig. S1D and
SI Materials and Methods.

E Scores. The Enrich software package (26) was used to determine the locations
and identity of mutations in the assemblies, as well as the frequency at which
that each variant appeared in the population. A nonspecific carryover correc-
tion factor was applied to the tally of each variant in the selected population
(27). The corrected frequencies were used to calculate E scores and WT nor-
malized E scores for variants found in both the input and selected populations.

Structure Visualization. Structures were generated using PyMOL visualization
software.

Multiple Sequence Alignment. The U-box domains of the seven U-box domain-
containing proteins found in the mouse genome were aligned using T-Coffee
(28) and visualized with Jalview (29). The U-box consensus sequence was de-
termined by aligning sequences of the 17 U-box domain Pfam protein family
seed sequences (Pfam identifier PF04564) in Jalview using the default
parameters.

NMR Spectroscopy. NMR spectra were recorded on a 500-MHz Bruker Avance
Il at the University of Washington at 25 °C in 25 mM sodium phosphate (pH
7.0), 150 mM NacCl, and 10% D,0. The UbcH5c-O~Ub conjugate was pre-
pared as previously described and incorporated the C85S mutation to im-
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prove conjugate stability and the S22R mutation to prevent “self-assembly”
through noncovalent Ub:UbcH5c interactions (30). Spectra were recorded on
225 pM '°N-labeled samples using 'H, '>N-HSQC-TROSY experiments, pro-
cessed with NMRPipe/NMRDraw (31), and visualized with NMRView (32).
CSPs were calculated using the formula A8j = [(A8j'°N/5)? + (A8j'H)?]"2.
NMRView was used to fit the E4BU:UbcH5¢c-binding data with the quadratic
equation f= A + (C— A) * ((p + x + 108) — ((p + x + 108)%4 * p * x)>2)Q * p),
where p is the concentration of UbcH5c. A minimum of 10 representative
titrating peaks were used to determine a Ky, and the error is reported as the
average SD from the quadratic fits.

Cell Culture and Transfections. H1299 cells were purchased from American Type
Culture Collection and cultured according to the instructions. The cells were
transfected at ~90% confluency in 500 pL of antibiotic-free media with 100 ng
of phosphorylated CMV (pCMV)-neo-p53, 100 ng of pCMV-Myc3-Hdm2,
900 ng of Flag-GFP or pcDNA3_Flag-Ube4b, and 2.2 L of Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. The cells were split
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6 h after addition of transfection reagents. Twenty-four hours after trans-
fection, cells were washed with cold PBS and lysed with 200 pL of lysis buffer
[50 mM Tris (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, and pro-
tease inhibitors (Roche)] on ice. Lysates were clarified by centrifugation and
quantified using Bradford reagent. Twenty micrograms of protein was elec-
trophoresed on 4-12% NuPAGE gels and transferred to a PVDF membrane.
The blots were probed with anti-Flag antibody (M2; Sigma), anti-p53 (DO-1;
Santa Cruz Biotechnology) and anti-heat shock protein 90 (16F1, Abcam).
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Plasmids and Oligonucleotides. Oligonucleotide sequences are
provided in Table S3. Ubiquitination factor E4B (Ube4b) U-box
(E4BU, 1,092-1,173) and extended U-box domain (longE4BU,
1,072-1,173) in the pBG102 bacterial expression vector were gifts
from W. Chazin (Vanderbilt University, Nashville, TN). The
pBG102 construct adds an amino terminal His6-small ubiquitin-
related modifier (SUMO)-H3C protease cleavage site to aid in
protein solubility. Mutations were created using the Quickchange
II mutagenesis kit (Agilent) and primers LS571-574, LS757-758,
and LS793-806. The Flag-GFP expression vector was a gift
from R. James (Seattle Children’s Hospital, Seattle, WA).
pcDNA3_Flag-Ube4b and pcDNA3_Flag-Ube4bAU-box were
gifts from R. Leng (University of Alberta, Edmonton, AB, Can-
ada). A cDNA clone harboring human UBE4B variant 2
(NM_006048.4) was purchased from Open Biosystems, PCR-
amplified, and cloned into the pcDNA3 vector with an amino-
terminal Flag tag. Mutants were created using primers LS757-
758, LS768-769, and LS837-844. Mutation P1140T (dsSNP
identifier rs15191) was identified in the genome of J. Craig
Venter. The full-length ORFs were verified by sequencing.
Phosphorylated CMV (pCMV)-neo-p53 and pCMV-Myc3-hu-
man double minute 2 (Hdm2) were purchased from Addgene.

T7 Bacteriophage Constructs. The E4BU (1,092-1,173) and long-
E4BU (1,072-1,173) were PCR-amplified with primers LS569—
570 and LS788 and cloned into the genome of T7-Select 10-3b
bacteriophage (EMD Millipore), packaged into phage particles,
amplified in Escherichia coli strain BLT5403, and titered according
to the T7-Select Cloning Kit instructions (EMD Millipore). The
T7_H3C_HA longE4BU and E4BU phages were constructed
similarly using primer LS789-792.

T7 LongE4BU Variant Library Preparation. Oligonucleotides for
cloning the E4BU library were ordered from TriLink Bio-
technologies, and all other oligonucleotides were ordered from
IDT. The 306 nucleotides that encoded the variable region were
synthesized with a 2% error rate, corresponding to 99.325% of the
correct base and 0.225% of each incorrect base. Stop codons were
inserted in all three frames 3’ of the coding region, followed by the
degenerate 18-base barcode. These DNA features were spread
over two oligonucleotides, LS714 and LS715. The 3’ oligonucle-
otide was phosphorylated. One hundred picomoles of each oli-
gonucleotide was annealed and ligated together in the presence of
1 nmol of a guide oligonucleotide (LS699) that was terminated
with a dideoxynucleoside to prevent its extension. The oligonu-
cleotides in T4 DNA ligase buffer were heated to 90 °C in a ther-
mocycler set to reduce the temperature 0.1 °C/min until it reached
room temperature. T4 DNA ligase (New England Biolabs) and
1 mM DTT were added to the annealed oligonucleotides and in-
cubated overnight at 16 °C. The ligation reaction was purified
using the DNA Clean and Concentrator Kit (Zymo Research). To
make the full-length construct double-stranded, 200 pmol of short
oligonucleotide (LS713) was annealed to a common sequence 3’
of the barcode as above but in phi29 polymerase buffer (New
England Biolabs). After annealing and addition of dNTPs, the
short oligonucleotide was extended with phi29 polymerase (New
England Biolabs) for 3 h at 30 °C to make a dsDNA construct. The
double-stranded product was purified, cut with EcoRI and HindIII
(New England Biolabs), and ligated into the genome of T7-Select
10-3b bacteriophage. Phage genomic DNA was packaged into
phage particles, the number of ligation/packaging events was es-
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timated by titer, and the phages were then amplified in E. coli
strain BLT5403 according to the T7-Select Cloning Kit in-
structions.

According to plaque titering assays, 5 million phages were
packaged following the ligation and packaging reactions. We PCR-
amplified and Sanger-sequenced a small number of individual
plaques; of those, 10% were empty phages and nearly 50% had
deletions stemming from the use of long oligonucleotides to make
the construct. We estimate that there were 2 million ligation events
that encoded a uniquely barcoded, full-length longE4BU protein.

Plaque PCR and Sequencing. For bulk population analysis of mixtures
of two phage populations, as in Fig. S1C, 1 pL of phage lysate was
used in a PCR assay to amplify the longE4BU inserts from the
phage genome with primers LS826-827. The PCR product was
sequenced, and the ratio of the mixed bases coding for the mutant
position was quantified using the PeakPicker algorithm (1). To
assess the diversity of the population for the deep mutational
scanning, the longE4BU insert was PCR-amplified from individual
plaques. Agarose containing the plaque was picked with a pipette
tip and mixed with 25 pL of LB. One microliter of the mixture was
used to amplify the longE4BU insert with Taq polymerase. The
amplicons were purified and Sanger-sequenced with primer LS826.

Library Preparation for Tag-Directed Subassembly and Barcode Counting.
DNA was purified from 200 pL of amplified phage lysates before
and after selection by phenol chloroform extraction and ethanol
precipitation. To create the overlapping Illumina libraries for tag-
directed subassembly as described in Fig. S2B, 800 ng of total
DNA from the input sample was used as a template for PCR. Two
hundred-microliter PCR reactions were performed over 12 cycles
using Phusion polymerase (New England Biolabs) and oligonu-
cleotides LS725, L.S727-729, and LS749. The amplicons were
purified with Qiaquick PCR purification columns (Qiagen) and
again with the DNA Clean and Concentrate Kit (Zymo Research)
and quantified using Qbit (Invitrogen). Each PCR-generated II-
lumina library was subjected to paired-end 101-base reads in sep-
arate lanes on a HiSeq2000 (Illumina) using primers LS730-733 for
read 1 and primer LS724 for read 3. To create Illumina libraries for
sequencing of the 18-base barcodes, 800 ng of total phage DNA was
used as a template in 200 pL of Phusion polymerase (New England
Biolabs) PCR reactions over 12 cycles using oligonucleotides L.S749
and LS737-741. The amplicons were purified and quantified as
above. Samples were indexed by addition of an 8-base sequence on
the reverse primer LS737-741 and subject to single-end 36-base
reads with an 8-base index read using primers LS724 and LS748 on
an [llumina Genome AnalyzerIIx.

Tag-Directed Subassembly. The reads and barcodes from each
nested library were filtered for quality. Reads were discarded if they
contained random “N” bases, more than 9 Q2 bases, or homo-
polymeric runs of more than 7 bases in the read. Barcodes (the first
18 bases of the reverse read) were discarded if they contained N,
more than 4 Q2 bases, or homopolymeric runs of more than 7
bases in the read (Table S1). Filtered fastq files generated by se-
quencing from the ends of the overlapping amplicons described
above were combined. Forward reads were grouped by the se-
quence of the 18-base barcode (the first 18 bases of the reverse
read). A Smith-Waterman algorithm was used to align the grou-
ped reads to the WT longE4BU sequence, and a consensus se-
quence was determined for each barcode group as in the studies by
Hiatt et al. (2) and Patwardhan et al. (3). A minimum quality score
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of 20 was required for a base to contribute to an assembly. Full-
length subassembled longE4BU sequences were filtered for
quality by requiring that a given base in the assembly was observed
at least twice and was present at an intratag group allele frequency
of 1 for positions covered by two or three reads or at a frequency of
at least 0.75 for positions covered by four or more reads. If these
conditions were not met, the assembly was discarded. A database
of barcodes and their associated full-length longE4BU assembly
was created to facilitate linking barcodes sequenced from the ex-
perimental samples to the full-length subassemblies.

Barcode Sequencing and Conversion to LongE4BU DNA Sequences.
Barcodes from the input variant library and after round 3 of selec-
tion were PCR-amplified and sequenced by 36-base single-end reads.
The reads were trimmed to 18 bases and reverse-complemented
to match the polarity of the barcode reads from the subassembly.
Barcode reads were discarded if they contained Ns, more than 4 Q2
bases, or homopolymeric runs of more than 7 bases. For every
barcode sequence from each sample, we attempted to match it to
a barcode and subassembly from the database created above. The
barcode matching attempt led to three possible outcomes: (i) the
barcode did not match any of the barcodes associated with
a subassembly and was discarded, (ii) the barcode matched an
incomplete subassembly and was discarded, or (iii) the barcode
matched a full-length subassembly and was converted to the
longE4BU sequence (Table S2).

Expanded Protein Purification. E4BU or longE4BU in pBG102
expression plasmids was transformed into BL21 (DE3) chemically
competent cells (Agilent). pBG102 expression plasmids create
a translational fusion of 6x His-SUMO-E4BU. For longE4BU
purifications, 500 mL of midlog LB + kanamycin cultures were
induced with 0.2 mM isopropyl-f-D-thiogalactopyranoside and
grown overnight at 18 °C. Cultures were cooled on ice and spun at
4,000 x g for 20 min. Pellets were resuspended in 20 mL of 25 mM
Tris, 200 mM NaCl, and 5 mM imidazole (pH 7.6), and were then
lysed with 1.2 mL of 20 mg/mL lysozyme and small scoops of
powdered RNaseA and DNasel followed by incubation on ice for
30 min. Lysates were sonicated and cleared by spinning at 12,000 X g
for 20 min. The E4BU (1,092-1,173) mutants used for CD, NMR,
and lysine reactivity assays were grown in 1-L cultures induced

. Ge B, et al. (2005) Survey of allelic expression using EST mining. Genome Res 15(11):
1584-1591.

2. Hiatt JB, Patwardhan RP, Turner EH, Lee C, Shendure J (2010) Parallel, tag-directed

assembly of locally derived short sequence reads. Nat Methods 7(2):119-122.
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as above; however, they were lysed using a French press. His-tag
purifications were carried out by incubating cell lysate with 1 mL
Talon Agarose Beads (Clontech) for 1 h at 4 °C. Beads were
washed two times with 20 mL of binding buffer [25 mM Tris, 200
mM NaCl, 5 mM imidazole (pH 7.6)] and eluted with 25 mM Tris,
200 mM NaCl, and 500 mM imidazole (pH 7.6). Talon column
elutions were cleaved overnight with GST-tagged H3C protease
while being dialyzed into 25 mM Tris and 200 mM NaCl (pH 7.6).
The protein mix was subjected to a GST capture using 1 mL of GE
Glutathione Sepharose 4 Fast Flow beads at 4 °C for 45 min to
collect the GST-tagged H3C protease. The flow-through was
subjected to a His capture with 1 mL of Talon Agarose Beads at
4 °C for 1 h to bind 6x His-SUMO, and the flow-through con-
taining purified E4ABU was collected. Samples were concentrated
using Amicon Ultra-15 3,000 molecular weight cutoff spin tubes
(Millipore). E4BU proteins underwent a final size exclusion chro-
matography step over an SDX75 column into 25 mM NaPi and
150 mM NaCl at pH 7.0 (for NMR and lysine reactivity assays)
or 10 mM NaPi and 30 mM NaCl at pH 7.0 (for CD). Protein
purity was assessed as >95% by SDS/PAGE followed by Coo-
massie staining. Quantification of protein concentration was de-
termined using the extinction coefficient for both E4BU constructs
of 6.99 mM™"-cm™",

Lysine Reactivity Assay. UbcH5c~Ub(KO0) conjugate was preformed
by incubation of E1, E2, Ub, and ATP/Mg for 30 min. The “K0” Ub
construct was HA-tagged and contained arginine or methionine
mutations at all lysine positions to prevent Ub chain formation.
The conjugate was combined with E4BU (WT or mutant) and
free lysine. Reaction samples were quenched in nonreducing SDS
sample buffer at the specified time points. Ub transfer to lysine
was monitored by disappearance of the UbcHS5c~Ub species and
appearance of lysine-linked Ub, as observed in Western blots
probed for the HA epitope on Ub.

CD. Far-UV CD spectra were recorded on an Aviv model 420
spectrometer at 25 °C in a 1-mm path-length quartz cell. For each
E4BU variant, 50 uM samples were prepared in 10 mM sodium
phosphate (pH 7.0) and 30 mM NacCl. Signals were recorded with
5-s averaging times, and thermal melts were performed in incre-
ments of 2°.

3. Patwardhan RP, et al. (2012) Massively parallel functional dissection of mammalian
enhancers in vivo. Nat Biotechnol 30(3):265-270.
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Fig. S1. (A and B) Evidence for auto-ubiquitination by T7-E4BU. (A) Minimal U-box of E4BU does not support robust Ub polymerization. Either longE4BU
(1,072-1,173) or minimal E4BU (1,092-1,173) was fused to the coat protein of T7 bacteriophage. The minimal E4BU is lacking four lysine residues that are the
presumed to be auto-ubiquitination targets (1). Amplified phage lysate was incubated with purified E1, UbcH5¢c, ATP, and Flag-Ub. The reaction was resolved
by SDS/PAGE, transferred to a PVDF membrane, and probed with anti-Flag antibodies. (B) Protease cleavage between the U-box and T7 coat protein reduces
high-molecular-weight species. The longE4BU with an HA tag and an H3C protease cleavage site was fused to T7 coat protein as diagrammed. Amplified WT or
H3C-HA-E4BU phage lysates were incubated with purified E1, UbcH5¢, ATP, and Flag-Ub. Following the ubiquitination reaction, the mixture was incubated
with GST-H3C protease. The reaction was resolved by SDS/PAGE, transferred to a PVDF membrane, and probed with monoclonal anti-T7 antibodies. E4BU and
H3C cleavage is as indicated. (C) WT T7-E4BU is enriched after selection for ubiquitinated T7 bacteriophage. For round 1 of selection, amplified phage lysates
from WT and the L1107A variant of T7-longE4BU were mixed at a 1:5 ratio (Input) and incubated with purified E1, ATP, and Flag-Ub with or without UbcH5c as
indicated. Flag-ubiquitinated phages were purified with anti-Flag agarose and eluted with Flag peptide. Eluates were reamplified in E. coli. The longE4BU

Legend continued on following page
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inserts were amplified by PCR from the phage lysate and Sanger-sequenced. The ratio of the mixed bases coding for the mutant position was quantified using
the PeakPicker algorithm and is represented in the bar graphs (2). The eluate from the ubiquitination reaction with UbcH5c from round 1 of selection was used
as the input for round 2 of selection, as indicated by the arrows. NA, not added. (D) Diagram of T7-E4BU variant cloning. Because the longest oligonucleotide
we were able to purchase was 200 bases, we spread features of the library across two oligonucleotides whose lengths are indicated. The longE4BU is rep-
resented as gray boxes and was synthesized with two mutations per 306 nucleotides encoding the 102 amino acids of longE4BU. Oligo 2 was synthesized with
a 5’ phosphate. Oligo 2 also codes for a stop codon in all three frames 3’ of the E4BU ORF, an 18-base degenerate barcode (black box), and a common se-
quence. The oligos were annealed to a guide oligo synthesized with a 3’ dideoxynucleotide to prevent polymerase extension and ligated together with T4 DNA
ligase. This construct was made double-stranded by annealing a short oligo to a common sequence 3’ of the barcode and extending that oligo with the strand
displacing polymerase phi29. The double-stranded construct was cut with EcoRI and Hindlll and ligated into T7-Select 10-3b bacteriophage arms in the pur-
chased T7-Select Cloning Kit. (E) Nested amplicons for tag-directed subassembly. Oligonucleotides for amplification of nested amplicons are represented by
arrows. The 101-base sequences of the forward read of each amplicon were designed to overlap by 10 nucleotides. The first 18 bases of the reverse (R)-
sequencing read comprise the barcode. Each amplicon was separated on a 10% Tris/borate/EDTA gel and stained with SYBR gold. Sequencing and subassembly
statistics are provided in Table S1.

1. Nordquist KA, et al. (2010) Structural and functional characterization of the monomeric U-box domain from E4B. Biochemistry 49(2):347-355.
2. Ge B, et al. (2005) Survey of allelic expression using EST mining. Genome Res 15(11):1584-1591.
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Fig. S2. (A) Mutations within longE4BU are distributed throughout the protein. The frequency of occurrence of each amino acid substitution in the input
(Upper) and round 3 (Lower) populations is plotted as a heat map with the position of the longE4BU across the horizontal axis and each possible amino acid
change on the vertical axis. Scales are shown to the right. Note that the mutations in the input library are not completely random. (/) Mutations are depleted
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between amino acid positions 42 and 60. We believe that this occurred because the nucleotides that code for these positions must anneal to the guide oli-
gonucleotide used in the ligation step (as shown in A). Some mutations in this region may have caused inefficient annealing and ligation and would therefore
be depleted in the library. (ii) As expected from random mutagenesis, changes to amino acids that required more than one nucleotide change are less
common. For example, an amino acid change to W, which is encoded by only a single codon, occurred only once throughout the whole domain. (B) E scores for
technical replicates of the longE4BU deep mutational scan are highly concordant. Correlation of E scores of variants containing a single mutation from two
experimental replicates of selection are shown. A Pearson correlation coefficient of 0.93 was calculated for the two datasets. (C) Mutations found in highly
enriched variants can rescue most other mutations. To assess the functional importance of enriched mutations, we evaluated their ability to rescue detrimental
mutations when the two are paired. To this end, we calculated an average rescue score (R) for variants with E > 1 by the following steps. To calculate R for
a mutation X (where Ex > 1), we identified all double mutants that contain X and another mutation Y. We excluded single mutations found in fewer than 50
doubly mutated variants. Next, we subtracted Ey from Ex y and averaged all these remainders to determine R. For 120 of the 132 mutations for which we could
calculate an average rescue score, R was near zero, indicating that they did not rescue second site mutations because, on average, Exy and Ey were similar.
However, when, on average, Exy >> Ey, we suggest that Ex was able to rescue Ey when paired. The average Rs for variants with an E score >1 that were
observed in combination with >50 secondary mutations are shown. Select mutations are indicated.
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Fig. S3. (A) Equal concentrations of longE4BU variants were used in in vitro ubiquitination assays. Two hundred picomoles of each longE4BU variant was
electrophoresed on a 4-12% gel and visualized with Coomassie stain. Variants are as indicated. (B and C) Ub bands from Coomassie-stained SDS/PAGE gels
were used to quantify the rate of Ub disappearance. (B) Ubiquitination assays. The purified variants of longE4BU were incubated with recombinant E1, UbcH5c,
ATP/Mg, and Flag-Ub at 37 °C for the indicated time. Ubiquitination products were separated by SDS/PAGE and visualized by Coomassie staining. The full-size
gel for the WT longE4BU reaction is shown, along with only the Ub band for all the indicated variants. The intensities of these bands were quantified by Image)
(National Institutes of Health) to estimate the rate of disappearance of unmodified Ub. (C) Decay curves for the loss of the unmodified Ub band. Intensities
from the unmodified Ub bands were normalized to the 1.5-min time point due to the fuzzy nature of the T = 0 Ub bands. The normalized band intensities were
used to estimate the rate (k) at which the Ub was lost by fitting the data to a first-order rate law equation [A] = [Ao]ek'.
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Fig. S4. UBE4B-induced degradation of p53 is proteasome- and Hdm2-dependent. (A) H1299 cells were transfected with phosphorylated CMV (pCMV)-neo-
p53, and the cells in lanes 3-14 were also transfected with pCMV-Myc3-Hdmz2. Flag-tagged, full-length human UBE4B constructs were transfected as indicated.
Twenty-five micromolar MG132 or DMSO was added 5 h before cell lysis. Protein concentration was quantified by Bradford assay, and 10 pg of protein was
separated by SDS/PAGE and transferred to a PVDF membrane. Blots were probed for p53. (B) H1299 cells were transfected with pCMV-neo-p53 and UBE4B in
the absence of Hdm2. Twenty-five micromolar MG132 or DMSO was added 5 h before cell lysis. Protein concentration was quantified by Bradford assay, and

10 pg of protein was separated by SDS/PAGE and transferred to a PVDF membrane. Blots were probed for p53.
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Fig. S5. Variants with activity-enhancing mutations do not have changes in their secondary structure nor are they significantly more thermodynamically
stable. (A) CD wavelength scans from 195 to 260 nm are shown for 50 uM samples of EABU WT (blue), L1107I (magenta), M1124V (green), D1139N (red), and
N1142T (orange). mdeg, millidegrees. (B) Thermal melts following CD signal at 220 nm were used to determine melting temperature (Tm) values for E4BU WT
(61 °C), L11071 (59 °C), M1124V (57 °C), D1139N (50 °C), and N1142T (66 °C). The color scheme is the same as in A. All ellipticity data were normalized to 0% and
100% unfolded using the first and last data points, respectively. (C) "H, >N heteronuclear single quantum coherence (HSQC) transverse relaxation-optimized
spectroscopy (TROSY) overlay of WT (black) and M1124V E4BU (red). E4BU M1124V resonances that have shifted off the peak in the WT spectrum are listed and
mapped onto the E4BU structure in red. The M1124 position is shown in green spheres. Assignments of select resonances that show large perturbations are
labeled, and their positions in the structure are marked.

Starita et al. www.pnas.org/cgi/content/short/1303309110 8 of 12


www.pnas.org/cgi/content/short/1303309110

A E4BU wild type Kd = 99 +/- 12 uM E4BU N1142T Kd = 70 +/- 9 uM
0325
0300
0.275
= 0.250
E g
a 2 ours
8 S oo
O oazs
0.100
0.075 —3%
= ,
“ ' 0 ) 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 ::;Z
Concentration E4BU (M) 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
" Concentration E4BU (uM)
‘ E4BU L11071 Kd = 14 +/- 2 uM
0.200
-' E4BU L11071/M1124V Kd =21 +/- 7 uM
. oaso z 4.7 0200 -
= ————=
T oo — —= o0
@ £
8 oo S ous e
0.050 g 0100
0.025 © 0.075 S e e e
nannn 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 0.050
Concentration E4BU (uM) 0.025
0.000
S0 100 150 200 250 300 350 400 45 500 550 600 650 700 750 800
E4BU M1124V Kd = 17 +/_ 2 HM Concentration E4BU (uM)
0300
0275
- om E4BU D1139N/N1142T Kd = 100 +/- 14 uM
E o020 035
s : =
7 —
o =" £ u
0075 1 8 — b
0.050 S 0.15 -———3
0.025 0.10
BQDDU 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 0.05
Concentration E48U (uM) %9050 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
E4BU D1139N Kd = 98 +/- 10 uM Concentrtion E480 ()
0350
o E4BU M1124V/D1139N Kd =77 +/- 11 uM
o
5o g
o o g 020
g 5 o
0.100 O o010 Q
gg;z 0.05
0.025 0.00
B T A 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Concentration E4BU (uM) Concentration E4BU (uM)
B - -
110.0 ® o o,
’ - ® é.u
b bl - 119.0
L
-
115.0 - - - - - - -
-
- - - -
z - z
120.0 - - - - - L1133-
® e - - 119.5
- o - - - -
- [ R -
- LK Y ® o
- e T, ‘
125.0 & - b - - 1 il -D1109
-
- o Py
9.50 9.00 8s0 800 7.50 7.00 1209 ” a2
15
N-Ub 15N_E4BUwT
“ 4+ 5eq. E4BUDII39N-N1142T “ 40.5eq. UbcH5cSSS*~Ub
“ “ +0.25eq. E4BUWT
“ “ +0.5eq. E4BUWT
“ “ + 0.25€‘C|. E4ABUD1139N-N1142T

Fig. 6. Individual binding curves for titrations of E4BU variants into 225 uM ">N-labeled UbcH5c. (4) NMR View was used to fit the E4BU:UbcH5c-binding data
with the quadratic equation f = A + (C — A) * (((p + X + 108) — ((p + x + 108)%=4 * p * x)>5))/(2 * p), where p is the concentration of UbcH5¢c. A minimum of 10
representative titrating peaks were used to determine a Ky, and the error is reported as the average SD from the quadratic fits. Variants as indicated. (B) (Left)
Comparison of HSQC spectra collected on ">N-Ub in isolation (black) and in the presence of 5 mol eq of E4BUP!'39NN1142T (red) showed no observable in-
teraction. (Right) Because the UbcH5c~Ub conjugate undergoes appreciable hydrolysis in the presence of E4BU, competition experiments were used in place of
traditional NMR titrations to compare the binding of WT and D1139N/N1142T E4BU. Select resonances of '>N-E4BU"T (black) undergo large chemical shift
perturbations (CSPs) on addition of 0.5 mol eq of UbcH5¢®SR~Ub (red). Further addition of 0.25 (blue) or 0.5 (magenta) mol eq of unlabeled E4BUMT results in a
backward titration because the '>N-labeled and natural abundance E4BU competes for UbcH5c~Ub binding. Addition of 0.25 mol eq of unlabeled E4BUP139WN1142T
resulted in levels of competition similar to WT, indicating comparable binding affinities. Fresh samples were prepared for each of the HSQC spectra.
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Fig. S7. (A) LongE4BU has auto-ubiquitination activity when paired with the UbcH5 family and Ube2w. We tested a panel of E2s to determine if they
supported auto-ubiquitination by longE4BU. The longE4BU was incubated with ATP, purified E1, Ub, and the indicated E2 for 0 or 30 min at 37 °C. Reactions
were stopped by addition of sample buffer containing p-mercaptoethanol, separated by SDS/PAGE, and stained with Coomassie blue. (B) Effects of mutations
on longE4BU function when paired with Ube2w are uncovered by deep mutational scanning of longe4BU. A sequence—function map of log, E scores for
T7-longE4BU variants with a single amino acid change is shown. Blue, white, and red boxes represent T7-longE4BU variants that were depleted, neutral, or
enriched, respectively, during the selection process. Residues that make up loop 1, loop 2, and helix 1 are indicated. The longE4BU sequence is represented on
the x axis, and the possible amino acid substitutions are represented on the y axis.
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Table S1. Summary of lllumina sequencing reads for the subassembly of longE4BU DNA

sequences

Illumina High-quality reads No. of barcode No. of full-length No. of subassemblies
library and barcodes groups subassemblies passing quality filter
F1 20,719,043

F2 14,141,828

F3 17,463,371

F4 23,150,873

Total 75,475,115 2,281,364 811,480 573,797
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Table S2. Summary of barcode sequencing and conversion to subassembled and quality filtered

longE4BU sequences

Sample Input Replicate 1 Replicate 2
Round of selection NA 3 3

Total barcodes* 24.44 19.051 17.804
Total no assembly* 15.271 7.411 6.956
Unique no assembly* 2.327 1.524 1.32
Total Incomplete assembly* 0.167 0.046 0.038
Unique incomplete assembly* 0.01 0.007 0.005
Total assembly match* 9.001 11.594 10.811
Unique assembly match* 0.563 0.49 0.448
Assembly match, % 36.8 60.9 60.7

NA, not applicable.
*Millions.

Table S3. Oligonucleotide sequences

Primer name

Description

Sequence 5'-»3’

LS574
LS575
LS576
LS577
LS578
LS579
LS714

LS715

LS737

LS738

LS739

LS740

LS741

LS742

LS743

LS744

LS745
LS757
LS758
LS768
LS769
LS787
LS788
LS789
LS790
LS791
LS792
LS793
LS794
LS795
LS796
LS799

mmE4B(1,072-1,173) L11071 C
mmE4B(1,072-1,173) R
mmE4B(1,072-1,173) L1107A W
mmE4B(1,072-1,173) L1107A C
mmE4B(1,072-1,173) L11071 W
mmE4B(1,072-1,173) L11071 C
Variant library oligo 1

Variant library oligo 2

E4B-index01_CG-R
E4B-index02_CG-R
E4B-index03_CG-R
E4B-index04_CG-R
E4B-index05_CG-R
E4B-index06_CG-R
E4B-index07_CG-R
E4B-index08_CG-R

E4B-barcode-seq-F
Ube4b-M1124Vv-W
Ube4b-M1124V-C
HS-UBE4B-M1124V-W
HS-UBE4B-M1124V-C
E4BUF-BamHI
T7-E4BU_EcoRI_F
T7_H3C_HA_E4B_W
T7_H3C_HA_E4B_C
T7_H3C_HA_E4B_F
T7_H3C_HA_E4B_amplify_F
E4B_F1141Y_W
E4B_F1141_C
E4B_Q1144A_ W
E4B_Q1144A_C
E4B_D1139N_W

gtcatcagggtgtccatGaTagggtctctgaactcg

aagcttTCAGTGGTCACTGCTCTGTTTCT

gacgagttcagagaccctgcGatggacaccctgatgac

gtcatcagggtgtccatCgcagggtctctgaactegtc

cgagttcagagaccctAtCatggacaccctgatgac

gtcatcagggtgtccatGaTagggtctctgaactcg

CCGGCCGAATTCTatagagaagtttaaacttcttgcagagaaagtggaggaaatcgtggcaaagaatgcgc
gggcagaaatagactacagcgatgccccggacgagttcagagaccctctgatggacaccctgatgaccgatecc
gtgagactgccctctggcaccgtceat

ggaccgttctatcatcctgeggeatctgctcaactcccccaccgaccectt
caaccgccagatgctgactgagagcatgctggagcecagtgecagage
taaaggagcagattcaggcctggatgagagagaaacagagcagtgac
cacTGAATAGAATGANnnnnnnnnnnnnnnnnNnAAGCT
TACGCCGCACCGG

CAAGCAGAAGACGGCATACGAGATAAAACCCCCCC AAG GGG TTA ACT AGT TAC
TCG AGT GCG G

CAAGCAGAAGACGGCATACGAGATTTTTCCCCCCC AAG GGG TTA ACT AGT TAC TCG
AGT GCG G

CAAGCAGAAGACGGCATACGAGATCCCCAAAACCC AAG GGG TTA ACT AGT TAC TCG
AGT GCG G

CAAGCAGAAGACGGCATACGAGATGGGGAAAACCC AAG GGG TTA ACT AGT TAC TCG
AGT GCG G

CAAGCAGAAGACGGCATACGAGATCACCACCACCC AAG GGG TTA ACT AGT TAC TCG
AGT GCG G

CAAGCAGAAGACGGCATACGAGATGTGGTGGTCCC AAG GGG TTA ACT AGT TAC TCG
AGT GCG G

CAAGCAGAAGACGGCATACGAGATTCATCATCCCC AAG GGG TTA ACT AGT TAC TCG
AGT GCG G

CAAGCAGAAGACGGCATACGAGATACTGACTGCCC AAG GGG TTA ACT AGT TAC TCG
AGT GCG G

CTG GAT GAG AGA GAA ACA GAG CAG TGA CCA CTG AAT AGA ATG A

CCTCTGGCACCGTCGTGGACCGTTCTATC

GATAGAACGGTCCACGACGGTGCCAGAGG

CTGCCCTCTGGCACCATCGTGGACCGCTCCATCATCC

GGATGATGGAGCGGTCCACGATGGTGCCAGAGGGCAG

g9cccgGGATCCGCAGAAATCGACTACAGCGATG

cggcccggaatcctGCAGAAATAGACTACAGCGATG

ccggcecgaattct CTGGAAGTTCTGTTCCAGGGGCCCTACCCATACGATGTTCC

CTTTCTCTGCAAGAAGTTTAAACTTCTCTATAGCGTAATCTGGAACATCGTATGGGTA

TACCCATACGATGTTCCAGATTACGCTATAGAGAAGTTTAAACTTCTTGCAGAGAAAG

ccggccgaattctCTGGAAGTTC

CCCCACCGACCCCTACAACCGCCAGATG

CATCTGGCGGTTGTAGGGGTCGGTGGGG

CCCCTTCAACCGCGCGATGCTGACTGAGAG

CTCTCAGTCAGCATCGCGCGGTTGAAGGGG

GCTCAACTCCCCCACCAACCCCTTCAACCG
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Table S3. Cont.

Primer name

Description

Sequence 5'—3’

LS800
LS801
LS802
LS805
LS806
LS837
LS838
LS839
LS840
LS841
LS842
LS843
LS844
LS845
LS826
LS827
LS725
LS749
LS727
LS728
LS729
LS730
LS731
LS732
LS733
LS724
LS737

LS739

LS741

LS748

E4B_D1139N_C
E4B_N1142T_W
E4B_N1142T_C
E4B_L1078R_W
E4B_L1078R_C
hsUBE4B_L11071_W
hsUBE4B_L11071_C
hsUBE4B_D1139N_W
hsUBE4B_D1139N_C
hsUBE4B_N1142T_W
hsUBE4B_D1142N_C
hsUBE4B_P1140T_W
hsUBE4B_P1140T_C
hsUBE4B_BsrGI_F
T7_UP_v2
T7_DOWN_v2

E4B-R

New E4B-CG-F
E4B-90-F

E4B-180-F

E4B-267-F
E4B-FL-seq-F
E4B-90-seq-F
E4B-180-seq-F
E4B-267-seq-F
E4b-first-read
E4B-index01_CG-R

E4B-index03_CG-R

E4B-index05_CG-R

E4B-barcodes_index-seq

CGGTTGAAGGGGTTGGTGGGGGAGTTGAGC

CACCGACCCCTTCACCCGCCAGATGC

GCATCTGGCGGGTGAAGGGGTCGGTG

ATAGAGAAGTTTAAACTTCGTGCAGAGAAAGTGGAGGAAATC

GATTTCCTCCACTTTCTCTGCACGAAGTTTAAACTTCTCTAT

GATGAGTTCAGAGACCCTATCATGGACACCCTCATGAC

GTCATGAGGGTGTCCATGATAGGGTCTCTGAACTCATC

CAACTCCCCCACGAACCCCTTCAACCG

CGGTTGAAGGGGTTCGTGGGGGAGTTG

CACGGACCCCTTCACCCGGCAGACGC

GCGTCTGCCGGGTGAAGGGGTCCGTG

CTCCCCCACGGACACCTTCAACCGGC

GCCGGTTGAAGGTGTCCGTGGGGGAG

ATTTTTTATTGTACAATACTCTCCCCAGGCGCTTTATG

CTAACTTCCAAGCGGACCAG

TGAGCGCATATAGTTCCTCCT

CAAGCAGAAGACGGCATACGAGATTAACTAGTTACTCGAGTGCGGCCG

AATGATACGGCGACCACCGAGATCTACACYccGTGATGCTCGGGGATCCGAATTCT

AATGATACGGCGACCACCGAGATCTACACYCAGCGATGCCCCGGACG

AATGATACGGCGACCACCGAGATCTACACYcgcGGACCGTTCTATCATCCTGCG

AATGATACGGCGACCACCGAGATCTACACcccgAGTGCCAGAGCTAAAGGAGCAG

cgcgATGCTCGGGGATCCGAATTCT

gcAGCGATGCCCCGGACG

gcgcGGACCGTTCTATCATCCTGCG

cccgAGTGCCAGAGCTAAAGGAGCAG

TAACTAGTTACTCGAGTGCGGCCGCAAGCTT

CAAGCAGAAGACGGCATACGAGATAAAACCCCCCC AAG GGG TTA ACT AGT TAC
TCG AGT GCG G

CAAGCAGAAGACGGCATACGAGATCCCCAAAACCC AAG GGG TTA ACT AGT TAC
TCG AGT GCG G

CAAGCAGAAGACGGCATACGAGATCACCACCACCC AAG GGG TTA ACT AGT TAC
TCG AGT GCG G

AAG CTT GCG GCC GCA CTC GAG TAA CTA GTT AAC CCC TTG GG

Other Supporting Information Files

Dataset 51 (XLSX)
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