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Abstract

E3 protein ligases enhance transfer of ubiquitin-like (Ubl) proteins from E2 conjugating enzymes
to substrates by stabilizing the thioester-charged E2~Ubl in a closed configuration optimally
aligned for nucleophilic attack. Here, we report biochemical and structural data that define the N-
terminal domain of the Homo sapiens ZNF451 as the catalytic module for SUMO E3 ligase
activity. ZNF451 catalytic module contains tandem SUMO interaction motifs (SIMs) bridged by a
Proline-Leucine-Arginine-Proline (PLRP) motif. The first SIM and PLRP motif engage thioester
charged E2~SUMO while the next SIM binds a second molecule of SUMO bound to the backside
of E2. We show that ZNF451 is SUMO2 specific and that SUMO-maodification of ZNF451 may
contribute to activity by providing a second molecule of SUMO that interacts with E2. Our results
are consistent with ZNF451 functioning as a bona fide SUMO E3 ligase.

Introduction

Ubiquitin (Ub) or ubiquitin-like (Ubl) proteins regulate numerous cellular processes
(reviewed in ref. 1) and are typically conjugated to lysine residues of substrate proteins by
the sequential activities of an E1 activating enzyme, an E2 conjugating enzyme and E3
ligases that facilitate Ub or Ubl transfer from the charged E2 to target substrates (reviewed in
ref. 2). The SUMO pathway includes a single E1, a single E2 and several E3s. SUMO
conjugation can occur in the absence of an E3 via E2 recognition of a U-K-X-E substrate
consensus motif where K is the target lysine and ¥ is a hydrophobic residue3v4. Three genes
encode unique SUMO proteins in humans. SUMO2 and SUMO3 share 97% sequence
identity in their mature form and include a N-terminal ¥-K-X-E substrate consensus motif
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that is used to form SUMO chains5. SUMOL is present in cells at lower abundances, shares
50% sequence identity with SUMO2 and SUMO3 and does not efficiently form chains’.

E3 ligases can decrease the binding constant for substrate while increasing the rate of
transfer, thus resulting in an increase in the specificity constant (rate constant/binding
constant). Mechanistically, E3 ligases stimulate UbP or UbIP~E2 thioester discharge
(where P denotes the donor Ub or Ubl and “~” denotes a covalent bond) by positioning UbP
or UbIP in a closed and active conformation primed for conjugation (reviewed in ref. 2).
This was first demonstrated for the SUMO E3 ligase RANBP2". Subsequent analysis of the
Ub~UBCH5-BRCA1-BARD1 complex by nuclear magnetic resonance suggested a closed
conformation for Ub®, Several structures and biochemical characterization of ubiquitin and
NEDDS E3 ligases have also been reported wherein the UbP or UbIP~E2 is arranged in a
similar closed configuration, albeit stabilized by interactions that are unique to the ubiquitin
and NEDDS8 RING E3 ligase systems7v9‘15. This mechanism is also employed by Ub E2s
that induce a closed configuration in the absence of E316'17.

A few bona fide SUMO E3 ligases have been identified. Siz and PIAS proteins belong to the
SP-RING family of E3 ligases that utilize a RING domain to interact with the charged
2819 RANBP2 belongs to a second class of SUMO E3 ligase that coordinates the charged
E2 using the IR1-M-IR2 motif® wherein each IR constitutes a catalytic module that
includes a SUMO-Interacting Motif (SIM) that binds SUMOP in the context of thioester
charged SUMOP~E2 followed by additional structural elements that engage the interface
between SUMOP and E2 before wrapping around the backside of the E2’. SIMs are short
motifs typically composed of four hydrophobic residues succeeded or preceded by acidic
residues that bind SUMO through B-strand complementation with SUMO’s -sheet in
parallel or antiparallel orientation7v21‘23. Other SUMO E3 ligases have been proposed
however their mechanism of action remains elusive. Some of these, such as PC2 and SLX4,
possessleéI?tiple SIMs and appear to stimulate SUMO-conjugation in a SIM-dependent
manner :

In addition to interacting with SUMOp, the SUMO E2 UBC9 can interact with a second
molecule of SUMO through non-covalent interactions on the opposite surface or backside of
E2 to form a E2-SUMOB compleng‘32 where B denotes interaction with the backside of the
E2. E2-SUMOB interactions in the SUMO pathway are structurally analogous to that
observed for E2—UbB complexes in the ubiquitin pathway as exemplified by UBCH5-UbE,
RAD6-UbB and MMS2-UbB (refs. 33-35). The UBCH5-Ub® non-covalent interaction was
shown to be important for increasing the rate of chain formation33 and a similar role has
been proposed for the UBC9-SUMOB interaction3ov32'35. Although structurally similar, a
notable difference between E2-UbB and E2-SUMOB interactions is that E2-SUMOB
binding is estimated at ~100 nM affinityzgv32 while E2-UbB interaction occurs with affinities
measured at >100 uM10'33. Recent work also suggests that E2-UbB interaction may
stimulate UbP conjugation through an allosteric mechanismlo, however it remains unclear if
this is true for E2-SUMOB interaction.

Several lines of evidence suggest that ZNF451 may constitute another class of SUMO E3
ligase. ZNF451 includes two predicted N-terminal SIMs followed by twelve CoHs zinc
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finger domains and a ubiquitin-interacting motif (Fig. 1a). ZNF451 interacts with SUMO
and SUMO conjugating enzymes and it localizes to the PML nuclear bodies in a SUMO-
dependent manner>0. ZNF451 is targeted by SUMO-modification on multiple lysine
residues3’37‘40 and ZNF451 modification was shown to occur /7 vitro in a SIM-dependent
manner36. To understand if ZNF451 is a bona fide SUMO E3 Ligase, we performed
structural and biochemical analyses and, along with along with Eisenhardt et al.41, show that
a N-terminal ZNF451 domain encompassing tandem SIMs and an intervening PLRP motif
catalyzes SUMO E3 ligase activity with a preference for SUMO2. We establish that ZNF451
preferentially interacts with SUMOP~E2-SUMOB in comparison to SUMOP~E2 or E2—
SUMOB. The first SIM engages SUMOP, the second SIM engages SUMOB, and the
intervening PLRP motif wedges into the interface between SUMOP and SUMOB to
establish contacts to the E2. Similar to other E3 complexes, ZNF451 increases the rate of
catalysis by coordinating thioester charged SUMOP~E? in an activated ‘closed’
configuration and it increases the binding affinity for substrates. We further show that
SUMO modified ZNF451 can bypass the requirement for exogenous SUMOB, presumably
because SUMO modified ZNF451 provides the additional molecule of SUMO in c/s.

ZNF451 N-terminal domain catalyzes SUMO2 E3 ligase activity

To quantitatively assess if the N-terminal domain of ZNF451 displays SUMO E3 ligase
activity /n vitro, we monitored SUMO?2 (Fig. 1b and Supplementary Table 1) and SUMO1
(Fig. 1c and Supplementary Table 1) conjugation to the model substrate p53 in absence or
presence of a N-terminal domain of ZNF451 encompassing the two SIMs within residues 2—
56. These assays, performed in single-turnover conditions, reveal that ZNF451,_sg enhances
conjugation to p53 with SUMO2 and SUMOL1 by factors of 22 and 10, respectively, through
a decrease in Kg and an increase in ky. To explore if ZNF451 binds SUMOP~E2-SUMOB
better than SUMOP~E2 we repeated assays in the presence of exogenous SUMO.
SUMO215_g9 and SUMO11g_g4 include the SUMO Ubl domain but lack the C-terminal di-
glycine motif necessary for SUMO conjugation and, in the case of SUMO?2, the canonical
SUMO consensus acceptor necessary for chain formation”. In contrast to UBCH5-UbB,
where non-covalent interaction modestly increased E2 efficiency in an E3-independent
mannerlo, addition of exogenous SUMO11g_g4 0r SUMO2;5_gg in the absence of
ZNF451,_sg resulted in a decrease in SUMO conjugation to p53 by a factor of 2-3.
Importantly, while exogenous SUMO119_g4 increased ZNF451,_gg-dependent activity by a
factor of 6, exogenous SUMO215_gg increased ZNF451,_sg-dependent activity with
SUMO2P by a factor of 215, thus suggesting that ZNF451,_s possesses a stronger
preference for SUMO2P~E2-SUMO2B compared to SUMO1P~E2-SUMO1B. Furthermore,
the increase in the specificity constant observed for ZNF451,_gg with SUMO2 is
comparable to the increase of two orders of magnitude in the specificity constant observed
for RANBP2 with SUM017. Overall, these results suggest that ZNF451,_sg catalyzes
SUMO E3 ligase activity with a distinct preference for SUMO?2.
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ZNF451 preferentially binds SUMO2P~UBC9-SUMO2B

To better understand determinants for ZNF451 recognition of UBC9, SUMO28B and
SUMO2P, fluorescence polarization experiments were conducted using Alexa488-modified
ZNF451,_56. UBC9 interacts with ZNF451 an apparent Kq of 10-16 pM while SUMO?2
interacts with ZNF451 with a Ky of 120-150 uM (Fig. 2a,b). The latter values for interaction
with SUMO2 are modestly higher than those reported for other SUMO-SIM interactions
that are in the 1-100 pM range22'42’43.

To determine how well ZNF451 interacts with thioester charged SUMO2P~UBC9 we used
two strategies, one employed SUMO2P~RANGAP1-UBC9 as a mimic of charged E2 while
the other employed a similar strategy as Plechanovova et a/. through use of a C93K mutation
in UBCS to replace the thioester bond with slightly longer but stable SUMO2P~UBC9cg3k
isopeptide bond14. ZNF451 interacts with SUMO2P~UBC9cg3k With a Kg of 3 uM. Perhaps
consistent with RANGAP1 restricting the motion of SUMO2P within the context of
SUMO2P~RANGAP1-UBCS or with the longer isopeptide in SUMO2P~UBC9cg3k
interfering with binding, ZNF451 binds the SUMO2P~RANGAP1-UBC9 complex with a
Kgq of 0.2 uM. To diminish interactions between SUMO?2 and the UBC9 backside surface
that might occur in these mixtures, SUMO2P~UBC9¢g3k and SUMO2P~RANGAP1-
UBC9 were generated using a SUMO2 D63R substitution that disrupts this interfacesz.
SUMO2Ppg3r~UBC9¢g3k and SUMO2Ppg3r~RANGAP1-UBCY interacts with ZNF451
with apparent K4 values of 1.3 uM and 0.4 pM, respectively.

Consistent with the K4 of 0.08-0.25 pM observed for the UBC9-SUMO18B interactionzg'?’z,
we measured an apparent Kq of 0.14 uM for the UBC9-SUMO2B interaction
(Supplementary Figure 1). We next sought to determine how well ZNF451 binds to UBC9-
SUMO2B. In this case, ZNF451 binds UBC9-SUMO2B with an apparent Ky value of 2 uM,
a value similar to that observed for SUMO2P~UBC9cg3x (Fig. 2a, b). In a final test, we
added exogenous SUMO?2 to preparations of SUMO2P pg3r~UBC9cg3k and
SUMO2Ppgsr~RANGAP1-UBCY to generate complexes containing SUMOB, In these
cases, ZNF451 interacts with SUMO2Ppg3r~UBC9c93xk—SUMO2B and
SUMO2Ppg3r~RANGAP1-UBC9-SUMO2B with apparent Ky values of 0.4 uM and 0.05
UM, respectively, interactions that appear tighter when compared to those obtained in the
absence of SUMO2B (Fig. 2a, b). These interactions are specific as assessed by
displacement of the Alexa488-labeled ZNF451-bound complex by unlabeled ZNF451,_sg
for both SUMO2Ppg3r~UBC9¢g3xk-SUMO28B and SUMO2Ppg3r~RANGAP1-UBCY-
SUMO2B (Fig. 2c, d). Taken together, these experiments are fully consistent with a model in
which ZNF451 interacts with a thioester-charged SUMO2P~UBC9-SUMO28 in E3 ligase
catalysis.

Structure of a ZNF451-RANGAP1~SUMO2P-E2-SUMO2B complex

We proposed previously that a SUMO~RANGAP1-E2 complex mimics the active thioester
charged E2~SUMOP conformation in the presence of the E3 ligase RANBP2'. Subsequent
structures in ubiquitin and NEDD8 pathways with Ub or NEDDS attached to the E2 via
isopeptide or ester adducts validated this hypothesislo‘lsv“. As such, we used
RANGAP1~SUMO2P-UBC9 as a surrogate for SUMOP~UBC9 and obtained crystals of
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ZNF451-SUMO2~RANGAP1-UBC9 that diffracted to 2.4 A (Table 1 and Supplementary
Fig. 2a). The complex contains one ZNF451 molecule and two SUMO2~RANGAP1-UBC9
complexes in the asymmetric unit (Supplementary Fig. 2b).

Visual inspection of the structure and analysis of protein contacts in the crystal using PISA®
(Supplementary Fig. 2c) revealed that ZNF451 interacts with two molecules of SUMO?2,
SUMO2P and SUMO28, and one molecule of UBC9. The UBC9 that contacts ZNF451
interacts with SUMO2P and SUMO28B, and buries 570 A2 and 670 A2 of accessible surface,
respectively. The other molecule of UBC9 does not interact with ZNF451 and the interaction
with SUMO2B is limited to a region around its active site as it is linked to the second
SUMO2B~RANGAP1-UBC9 complex. The SUMO2 molecule in second complex is thus
donated to the other SUMO2P~RANGAP1-UBC9 complex to form SUMO2P~RANGAP1-
UBC9-SUMOB. The two UBC9 molecules make minor contacts to each other burying 238
A2 of accessible surface in an apparent lattice contact. The two RANGAP1-UBC9
interfaces are similar to each other and to that previously described7'13v46. On the basis of
interactions observed in the structure and the biochemical studies described earlier, we
propose that a biologically relevant complex (Fig. 3a) is composed of one ZNF451, one
UBCY, and two molecules of SUMO2 with SUMO2P linked to the substrate RANGAP1 and
SUMO2B coming from the second complex in the asymmetric unit.

As noted above, one molecule of SUMO?2 interacts with ZNF451 and adopts a donor
(SUMO2D) conformation similar to that observed with RANBP2’ (Fig. 3b) while the other
SUMO2 molecule interacts with the backside of UBC9 (SUMO2B) in a conformation
similar to that observed in the UBC9-SUMO1B non-covalent complex30 (Fig. 3c) and other
UBC9-SUMO complexes:ﬂvaz. Indeed, alignment of SUMO2P from ZNF451-
SUMO2P~RANGAP1-UBC9-SUMO2B to SUMO2P of the RANBP2-
SUMO2P~RANGAP1-UBC9 complex (pdb 3UIN13) results in a root mean square
deviation (rmsd) of 1.3 A for 76 matched Ca. The largest difference between SUMO2P
moieties is within the C-terminus and omission of the five last residues of SUMO2 from the
alignment decreases the rmsd from 1.3 to 0.6 A. When UBC9 is used to align the complexes
(Fig. 3b), the two SUMO2P molecules aligned with a rmsd of 3.7 A for the same 71
matched Ca positions thus suggesting that SUMO2P adopts a similar fold and a comparable
orientation in both E3 ligase complexes. Alignment of SUMO2B of the ZNF451—
SUMO2P~RANGAP1-UBC9-SUMO2B complex to the SUMO1B of the SUMO1B-UBC9
non-covalent complex (pdb 2PE630) results in a rmsd of 0.9 A for 74 aligned Ca. positions.
If E2s are aligned, SUMO2 and SUMO1 align with a rmsd of 1.8 A for the same 74 aligned
Ca positions suggesting that these SUMOB molecules adopt similar folds and orientations in
context of their interaction with UBC9.

SUMO-SIM interactions

The two ZNF451 SIMs interact with SUMO2P and SUMO2B through classical SUMO-SIM
interactions and PISA analysis suggests that both SIM-SUMO?2 interfaces are highly similar
to each other in terms of interface area, AiG, and number of hydrogen bonds (Supplementary
Fig. 2c). Despite these similarities, the N-terminal SIM of ZNF451 interacts with SUMO2P
by forming a p-strand that runs antiparallel to the p-sheet of SUMO2P (Supplementary Fig.
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3a) similar to RANBP2-SUMO2P (ref. 13; Supplementary Fig. 3b), while the C-terminal
SIM of ZNF451 interacts with SUMO2B by forming a f-strand that runs parallel to the -
sheet of SUMO2B (Supplementary Fig. 3c). In addition to interactions involving main chain
hydrogen bonds, several side chain contacts are observed between ZNF451 and SUMO?2.
Notably, ZNF451 SIM1 Glu36 and SIM2 Glu44 appear to form salt bridges with Arg50 of
SUMO2P and SUMO28, respectively. Furthermore, ZNF451 GIn32 is proximal to Lys33 of
SUMO2P and ZNF451 Ser35 is proximal to SUMO2P GIn31. A comparison with RANBP2
reveals overall similarities between SUMO-SIM interactions (Supplementary Fig. 3b).

The PLRP motif in ZNF451 directly contacts the E2

The two SIMs of ZNF451 are separated by an intervening PLRP motif that is situated in a
composite interface composed of SUMO2P, UBC9 and SUMO2B (Fig. 4a). The interaction
between ZNF451 and E2 appears centered on an arginine residue that takes part in an
intricate network of hydrogen bonds. Indeed, the ZNF451 Arg40 guanidinium is within
direct hydrogen bonding distance of the side chain carboxylate of UBC9 Asp19 and
backbone carbonyl oxygen of UBC9 His20. The guanidinium group of Arg40 is also within
hydrogen bonding distance of four water molecules that, in turn, interact with the side chain
carboxylate of UBC9 Aspl9, the backbone carbonyl and amide groups of UBC9 His20, the
side chain carboxylate of SUMO2B Asp85 and the backbone carbonyl atom of SUMO2B
Gly24.

The two proline residues, Pro38 and Pro41 stack on each other thereby conferring the PLRP
loop with its compact conformation. This loop conformation is not uncommon as some
PLRP sequences adopt similar structures to that observed in ZNF451 despite being present
in different chemical environments (Supplementary Fig. 3d). In the case of ZNF451, the
PLRP motif appears to confer directionality to binding. Consistent with this hypothesis, the
SUMO2B and SUMO2P are related by pseudo two-fold symmetry suggesting that SIM
interactions could flip to allow N-terminal SIM interactions with SUMO2B and C-terminal
SIM interactions with SUMO2P. Although a flip in orientation is sterically possible, it
would presumably disrupt the intricate network of interactions between ZNF451 Arg40 and
UBC?9.

To determine if the PLRP motif is important for SUMO E3 ligase activity, alanine
substitutions were introduced in this motif and the resulting proteins were assayed for
SUMO2 conjugation to p53 in an end-point assay in single-turnover conditions. Alanine
substitution mutants of ZNF451 Pro38 and Pro41 or Arg40 displayed reduced activity (Fig.
4b). In contrast, L39A substitution yielded activity similar to wild-type. Swapping L39 and
R40 (LR to RL) resulted in diminished conjugation activity. To quantify the contribution of
Pro38, Pro41 and Arg40 to ligase activity, two mutants were selected for further analysis,
ZNF451p1 ra and ZNF451p ap (Fig. 4c and Supplementary Table 1). Alanine substitution
of Pro38 and Pro41 disrupted the proline stack and displayed only 2.7% of the wild type
ZNF451,_sg activity while a mutant harboring a R40A substitution displayed 3.9% of the
wild type ZNF451,_zg activity. Although these substitutions did not diminish activity to
levels observed in the absence of E3 (although the activity was still higher than in the
absence of E3, by a factor of 3—4), these results highlight the importance of the PLRP motif
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to ZNF451 ligase activity suggesting that Pro38 and Pro41 residues of the PLRP motif are
important to maintain a loop conformation that allows Arg40 to interact with residues of
UBC9 and SUMO2B,

SUMO modification of ZNF451 increases activity

In our structure, the C-terminus of ZNF451 is located 8 A (Ca-Ca distance) from the N-
terminus of SUMO2B suggesting that we might be able to provide SUMO2B as a fusion to
ZNF451 to bypass the need for exogenous SUMO2. We generated a chimeric
ZNF451,_55SUMO215_gg and tested it for activity. Consistent with our structure and
prediction, the rate of SUMO2 conjugation in single-turnover conditions was faster in the
absence of exogenous SUMO2B at every time-point for ZNF451,_55SUMO215_gg as
compared to ZNF451,_sg alone (Supplementary Fig. 4). Notably, at 6.25 uM substrate, the
measured rate of 0.065 s~ using ZNF451,_s5SUMO2;5_gg Was ~25 times faster than that of
ZNF4515_sg.

Single-turnover assays using the ZNF451,_55-SUMO215_gg chimeric protein differed from
those of ZNF451,_sg and resulted in more complex kinetics reminiscent of substrate
inhibition (Supplementary Fig. 4). To achieve a better comparison between E3s, we utilized
a lysine discharge assay similar to those used for thioester charged E2~Ub™® A
ZNF451,_55-SUMO215_gg Was three orders of magnitude more active than ZNF4515_sg in
lysine discharge assays in the absence of exogenous SUMO2 (Fig. 5a,c and Supplementary
Table 2). Whereas addition of exogenous SUMO2 to ZNF451,_gg increased the apparent
rate by a factor of 50, addition of SUMO2 to ZNF451,_55-SUMO215_gg had little effect
(Fig. 5b,c and Supplementary Table 2). Interestingly, fusing ZNF451 to SUMO2pg3R
rendered it less active, both in the presence or absence of exogenous SUMO?2. These results
suggest that SUMO2pg3r, While impaired for E2 binding, may still bind and occlude the
second ZNF451 SIM in the context of the ZNF451,_55-SUMO215_gg pg3r fusion to render it
insensitive to addition of exogenous SUMO2.

Several studies identified ZNF451 as a substrate for SUMO2 conjugation3'37‘4o. As

ZNF451,_sg does not contain any lysine residues, this construct is not a target for SUMO?2
conjugation. We therefore generated a longer ZNF451,_11¢ construct that contains eight
lysine residues, four of which act as SUMO acceptors /n vivo®'. ZNF451,_11¢ is efficiently
SUMO2-madified /n vitro leading to the formation of mono- and poly-SUMO2 modified
species that could be separated (Supplementary Fig. 5). Unmodified ZNF451,_11¢ displays
activities comparable to ZNF451,_sg in presence or absence of exogenous SUMO215_gg.
Similar to the ZNF4515_55-SUMO215_gg fusion, mono-modified
SUMO215_g9~ZNF451,_119 was more than two order of magnitude more active than
ZNF451,_56 for SUMO2-conjugation in absence of exogenous SUMO2. Also analogous to
the ZNF451;_55-SUMO2;5_gg fusion, the SUMO2 D63R mutation strongly reduced the
activity of conjugated SUMO215_gg pear~ZNF4515_119. These results are consistent with
the idea that SUMO2 modification of ZNF451 might increase its apparent activity by
providing SUMOB in cis rather than relying on free SUMO for interaction with UBCO.
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Discussion

There has been some debate as to whether certain SIM-containing proteins that increase
SUMO conjugation are genuine E3 Iigases48. Similarly to RING-based SUMO E3 ligases
and RANBP2, ZNF451 contacts a charged E2 to maintain the donor SUMO in a closed
conformation ready for discharge. Furthermore, mutations in the PLRP motif strongly
decrease the catalytic efficiency of ZNF451. In other words, two SIMs are not sufficient to
convert ZNF451 into a catalyst and it requires contacts with the E2 for activity. This result is
in line with our structural data and it highlights the importance of the PLRP motif in
establishing a network of direct and water-mediated interactions with a composite E2—
SUMO interface. Taken together, these results suggest that the catalytic module within
ZNF451 constitutes a bona fide member and new class of SUMO E3 ligase.

Buetow et al. proposed that Ub binding on the backside of thioester charged UBCH5~Ub
increases the catalytic activity of the complex by restricting certain residues in helix al and
in the a.1B1 loop in a position more favorable for catalysislo. Analysis of equivalent
positions in our structure did not reveal noticeable conformational changes when compared
to the eighteen human structures of UBC9 that are devoid of SUMOB backside binding, in
agreement with our observation that SUMO2B binding to thioester charged
SUMO2P~UBC9 does not increase the activity of the complex. Rather, ZNF451 appears to
exploit the high affinity UBC9-SUMO2B non-covalent interaction by using its C-terminal
SIM as an anchor to interact with SUMOB within SUMOP~E2-SUMOB while its N-
terminal SIM positions SUMOP in conjunction with the PLRP loop that contacts the E2.
This mode of E2 interaction contrasts with PIAS proteins that use an SP-RING domain to
physically associate to the E2 although studies suggest that interaction with E2-SUMOB
may also contribute to the E3 ligase activities of PIAS proteins49. Interestingly, ZNF451
utilizes SUMOB to indirectly interact with the backside of UBC9 in thioester charged
SUMOP~E2-SUMOB while RANBP2 utilizes other structural elements beyond its SIM to
penetrate the SUMOP~E2 interface before wrapping additional elements and a-helices
around to the backside of the E2.

Our biochemical data suggest that ZNF451 has a preference for SUMO2 over SUMOL. As
modeling SUMO1 in place of SUMO?2 in our structure does not result in steric occlusion,
specificity might result from preferential SUMO2-SIM interactions with SUMOP and/or
SUMOB. Alternatively, the ZNF451 SIM-mediated interaction with SUMO1 may result in
suboptimal positioning of the PLRP motif, in turn resulting in formation of less-productive
complexes.

A recent comparative analysis of mass spectrometry data identified more than half of the
lysine residues of ZNF451 as SUMO acceptor sites (43 identified sites out of 84 total lysine
residue537). As we have shown that the N-terminal domain of ZNF451 has SUMO E3-ligase
activity, it is possible that this domain facilitates SUMO-modification of these residues. The
previous finding that the N-terminal domain of ZNF451 is SUMO-modified /n vitroin a
SIM-dependent manner is consistent with this idea. Also in line with this idea is the
existence of different ZNF451 isoforms that result from alternative splicing. These isoforms
only share the first 62 residues of ZNF451 and one of them is followed by a domain that
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shares sequence similarity with LAP2qa domain®’. The protein generated by this splicing

isoform is also heavily SUMO-modified at 17 identified sites out of 32 available lysine
Loo37

residues

As the catalytic module of ZNF451 is too small to engage substrates directly, it is likely that
other regions of ZNF451 may be responsible for contacting exogenous substrates. The
observation that three proteins possess the E3 ligase catalytic module of ZNF451 yet differ
in their C-terminal domains raises the possibility that these proteins may have different
substrate specificities. Furthermore, the N-terminal domain of KIAA1586 shows high
sequence identity with the ZNF451 catalytic domain with one notable exception, the leucine
residue in the PLRP motif is substituted by serine in KIAA1586. Our mutational data
suggests that this position is not important for activity, so it is possible that KIAA1586 may
also possess SUMO E3 ligase activity.

Finally, our biochemical data suggest that SUMO modification of ZNF451,_11q increases its
catalytic efficiency, although SUMO-maodification of other sites or SUMO-maodification of
the same site in the context of full-length ZNF451 may result in different effects. SUMO-
modification of multiple sites may however eventually decrease ZNF451 ligase activity by
masking both SIMs thus precluding interaction with activated SUMO~E2. Regulation of
ZNF451 may be even more complex as 29 of its 43 available SUMO-acceptor lysine
residues can also act as Ub acceptor sites””. Finally, two serine residues at the C-terminal of
the second SIM belong to CK2 consensus sites and phosphorylation of those sites could
generate:1 g4p3h5025phoSIM and potentiate SUMO-SIM interactions as observed in other
systems >

Online Methods

Cloning, protein expression and purification

Expression and purification of human E1IACT (SAE11_349-UBA21_550), SUMO11_g7,
SUMO11_97 sgc c52a, SUMO21_g3, p53320-393 (tetramerization domain) and
RANGAP1,419_5g7 Were performed as described previously7v46’53. Untagged human E2
(UBC9) was cloned in pET-11c, expressed in BL21 DE3 Codon Plus RIL (Stratagene) cells
and purified by cation exchange chromatography on SP Sepharose resin (GE Healthcare)
and size exclusion chromatography on a Superdex 75 column (GE Healthcare) equilibrated
with 20 mM Tris-HCI pH 8, 350 mM NaCl and 1 mM 2-mercaptoethanol. ZNF451,_5g Was
expressed in BL21 DE3 Codon Plus RIL cells as an MBP fusion protein using the pLou3-
ZNF451,_s6 plasmid kindly provided by Dr. A. Pichler. Cells were grown in baffled flasks
using Super broth media (Teknova) and induced by addition of isopropyl-B-D-
thiogalactopyranoside (IPTG) to a final concentration of 0.3 mM followed by incubation of
the cultures at 18°C for 15 h. The MBP-ZNF451,_sg protein was purified by affinity
chromatography using Ni-NTA resin (QIAGEN) and by size exclusion chromatography
using a Superdex 200 column (GE Healthcare) equilibrated with 20 mM Tris-HCI pH 8, 350
mM NaCl and 1 mM 2-mercaptoethanol. MBP was cleaved using a TEV protease and
removed by rebinding to Ni-NTA resin. ZNF451,_sg was further purified by anion exchange
chromatography using a MonoQ column (GE Healthcare).
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SUMO21_93 a2c caga, SUMO21_g3 pg3r, UBC9x14r, UBC9cg3k and ZNF451,_gg PLRP
mutants were obtained by PCR mutagenesis and were expressed and purified as their non-
mutated counterparts. The ZNF451,_ssSUMO215_gg fusion was obtained using plasmids
coding for ZNF451,5_sg and SUMO?2 as PCR templates. The chimeric DNA was inserted
after the TEV site of a pTrx28 plasmid. pTrx28 is a modified pET-28b-based plasmid that
allows the production of proteins as Hisg-thioredoxin fusions with a TEV cleavage site
immediately following the thioredoxin sequence. ZNF451,_119 was obtained by PCR using
a pLou3-ZNF451,_,47 plasmid as a template and inserted in pTrx28. A CysZNF451,_cg
construct was obtained by inserting a ZNF451,_5g construct with an engineered cysteine at
its N-terminus after the TEV cleavage site of a pTrx28 vector. These three proteins were
expressed in BL21 DE3 Codon Plus RIL cells as for ZNF451,_sg and were purified by
affinity chromatography using Ni-NTA resin and by size exclusion using Superdex 75
equilibrated with 20 mM Tris-HCI pH 8, 350 mM NaCl and 1 mM 2-mercaptoethanol.
Thioredoxin was cleaved using a TEV protease and removed by rebinding to Ni-NTA resin.

SUMO215_93~RANGAP1 and SUMO215_g3 pgar~RANGAP1 conjugation reactions were
performed as described ">, ATP and magnesium were removed by applying the conjugation
reaction on a HiPrep Desalting column (GE Healthcare) equilibrated with 20 mM Tris pH 8,
50 mM NaCl and 1 mM 2-mercaptoethanol. SUMO215_93~RANGAP1 and

SUMO215_93 psar~RANGAP1 were subsequently purified on a MonoQ column.
UBC9¢g3k conjugation reaction was performed for 15 h at 37°C using 20 mM Bis-Tris
Propane pH 9.5, 50 mM NaCl, 5 mM MgCl,, 3 mM DTT, 2 mM ATP, 400 nM E1ACT, 90
UM SUMO215_g3 or SUMO215_93 p63r and 90 UM UBC9cg3k. SUMO245_93~UBC9cg3k
was applied on a HiPrep Desalting column equilibrated with 20 mM Tris pH 8, 50 mM NacCl
and 1 mM 2-mercaptoethanol and purified on a MonoQ column.

SUMO215_93 psar~UBC9cg3k Was purified on a Superose 12 column (GE Healthcare).
SUMO215_93~ZNF4515_119 and SUMO215_93 psar~ZNF4515_11¢ conjugation reactions
were performed for 1 h at 37°C using 20 mM HEPES pH 7.5, 50 mM NaCl, 5 mM MgCl,,
0.1% Tween-20, 3 mM DTT, 5 mM ATP, 200 nM E1ACT, 500 nM UBC914g, 34 UM
SUM0215_93 and 28 UM ZNF4515_110. SUM0215_93~ZNF4512_110 and

SUMO215_93 ps3ar~ZNF4515_110 were then passed on a HiPrep Desalting column
equilibrated with 20 mM Tris pH 8, 50 mM NaCl and 1 mM 2-mercaptoethanol and
subsequently purified on a MonoQ column.

Single-turnover assay

SUMO11_97 soc c52A and SUMO21_g3 aA2c caga Were labeled with Alexa488-maleimide
(Life Technologies) according to the manufacturer instructions. SUMO~UBCS9 thioester
adducts were prepared at 37°C in 20 mM Tris pH 8.5, 250 mM NaCl, 0.1% Tween 20, 5 mM
MgCl,, 0.4 MM DTT and 1 mM ATP using 1 uM E1ACT, 10 uM untagged UBC9 and 10
UM Alexa488-labeled SUMO11_g7 soc c52a OF 10 pM Alexa 488-labeled

SUMO21_93 a2c caga. After 7 minutes, the reactions were passed on Bio-Spin P-6 columns
(Bio-Rad) equilibrated with 50 mM sodium citrate pH 5.5 and 50 mM NaCl. Glycerol was
added to a final concentration of 10% and aliquots of this solution were flash-cooled in
liquid nitrogen and kept at —80°C until needed.
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Single-turnover assays were conducted at 0°C in 20 mM HEPES pH 7.5, 50 mM NacCl,
0.1% Tween-20 and 5 mM EDTA and were initiated by adding thioester charged
SUMO1~UBC9 or SUMO2~UBC9 to serially-diluted p53320_393 (tetramerization domain)
in the absence or presence of 100 nM ZNF451,_5g and/or SUMO215_gg or SUMO119_g4. At
indicated time points, aliquots were removed and rapidly quenched in a buffer containing 50
mM HEPES pH 7.5, 2 % SDS, 4M urea, 10 % glycerol and 0.25 % bromophenol blue.
Samples were migrated at 180 V on a 12 % SDS-PAGE gel with MES running buffer (Life
Technologies). Gels were imaged on a Typhoon 9500 (GE Healthcare) with a 473 nm laser
and a LPB filter and bands were quantified using ImageJ (NIH). Eight different p53
concentrations were used with three time points per concentration. Experiments were
performed in triplicate. Time points where more than 80% of thioester charged
SUMO~UBC9 was consumed were excluded from the analysis. Data was fitted to the
equation v = Vpax [SI/(Kq + [S]) in Prism 6 (GraphPad), where Vyax = ko[Ely, Ko is the rate
constant, [E]; is the SUMO~E2 thioester concentration, K4 is the apparent dissociation
constant, and [S] is the substrate concentration.

Fluorescence polarization

A Cys-ZNF451,_sg protein containing only one cysteine residue at its N-terminus was
labeled with Alexa488-maleimide according to the manufacturer instructions. All proteins
used in fluorescence polarization experiments were passed on a Bio-Spin P-6 columns
equilibrated with 20 mM HEPES pH 7.5, 50 mM NaCl and 0.1% Tween-20. Fluorescence
polarization experiments were performed at 23°C using a SpectraMax M5 (Molecular
Devices) microplate reader with excitation, emission, and cutoff wavelengths of 485, 525
and 515 nm, respectively. Measurements were performed in 384-well microplates using 20
ul reactions containing 100 nM Alexa488 labeled Cys—ZNF451,_gg and serially diluted
target proteins. Experiments were performed in technical triplicates and analyzed in Prism 6
using a single site binding model accounting for ligand depletion as described54.
Displacement experiments were performed by incubating 1 uM

SUMO215_93 pg3r~RANGAP1-UBC9-SUMO215_gg or 3 M

SUMO215_93 ps3r~UBC9c93xk—SUMO215_gg With 200 nM Alexa488 labeled Cys-
ZNF451,_s56 and adding an equal volume of serially diluted unlabeled ZNF451,_gg before
measurement.

Crystallization and X-ray data collection

SUMO215_93~RANGAP1419_537 was mixed with UBC9y14r and ZNF4515 55 ina 1:1:1
molar ratio and purified by size-exclusion chromatography using a Superose 6 (GE
Healthcare) column in a buffer consisting of 20 mM Tris pH 8, 50 mM NaCl and 1 mM 2-
mercaptoethanol. The complex was concentrated to 20 mg/ml and crystallized at 291 K by
the hanging-drop vapour-diffusion method by mixing 2 ul of the complex with 2 pl of a
reservoir solution consisting of 6% (w/v) PEG 8,000, 0.2 M ammonium citrate and 0.1 M
HEPES pH 7.5. Crystals were cryoprotected by soaking into a solution containing 14%
(w/v) PEG 8,000, 16% (v/v) ethylene glycol, 0.2 M ammonium citrate and 0.1 M HEPES
pH 7.5 and snap-cooled in liquid nitrogen. Data collection was performed at 100 K at the
X29 beamline of the NSLS using a ADSC Q315 detector and a wavelength of 1.075 A.
Indexing and integration of the diffraction data were performed using XDS™. Due to
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diffraction anisotropy, the scaling was performed using XSCALE and the Diffraction
Anisotropy Server56 (UCLA). The resolution was cut to 2.4 A to maintain a high
completeness in the high resolution bins. Molecular replacement was performed using
PHENIX®’ and the crystal structure of RANGAP1~SUMO2 with UBC9 (pdb 3UI013) asa
search model. Refinement and model building were performed using PHENIX™ and
COOT58, respectively. Residues 30-50 of ZNF451 are visible in the electron density maps.
The geometry of the structure was analyzed using MolProbitySg. 97.4% of the residues are
in favored configuration with no Ramachandran outlier. The structure has a clash score is
1.62 (100th percentile) and a Molprobity score of 1.20 (100th percentile). Figures were
prepared with PyMOL (http://www.pymol.org/).

Lysine discharge assay

Lysine discharge assays were performed in triplicate at 0°C and initiated by mixing thioester
charged UBC9~Alexa488-labeled SUMO21_g3 a2c caga and the E3 with or without 3 pM
SUMO215_gg in presence or absence of 10 mM L-lysine. The final buffer contains 20 mM
HEPES pH 7.5, 50 mM NaCl, 0.1% Tween-20, 5 mM EDTA, 0 or 10 mM L-Lysine, 0 or
100 nM E3 and 0 or 3 uM SUMO2;5_gg. At indicated time-points, the reactions were rapidly
quenched in a buffer containing 50 mM HEPES pH 7.5, 2 % SDS, 4 M urea, 10% glycerol
and 0.25 % bromophenol blue and migrated at 180V on a 12 % SDS-PAGE gel with MES
running buffer. The gels were imaged on a Typhoon 9500 with a 473 nM laser and LPB
filter. Individual bands were then quantified using ImageJ and Alexa488-labeled SUMO2
standards. Rates were obtained by fitting the data using linear regression analysis in Prism 6.
Accumulation of lysine-bound SUMO was measured rather than the depletion of thioester
charged UBC9~SUMO?2 as the former displayed less variability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The N-terminal domain of ZNF451 encompassing two SIMs displays SUMO2 conjugation
activity. (a) Diagram showing the domain organization of ZNF451. Colored boxes represent
predicted domains or motifs. ZNF451 contains two SUMO-Interacting Motifs (SIMs),
twelve C,yH,-type zinc fingers and one Ubiquitin interacting motif (UIM). The sequence of
the fragment (residues 2-56) used in this study is displayed below the diagram. Residues
belonging to the two SIMs are underlined. (b) Single-turnover conjugation rates of SUMO2
to p53 tetramerization domain (residues 320-393) in presence or absence of 100 nM
ZNF4515_ 56 and 3 uM SUMO215_gg. Left, plot showing the initial rate of SUMO
conjugation versus p53 concentration. Data show mean = s.d. (n=3 technical replicates).
Representative gels are shown in Supplementary Data Set 1. Right, histograms presenting

Nat Struct Mol Biol. Author manuscript; available in PMC 2016 May 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cappadocia et al.

Page 17

ko, Kq and specificity (ko/Kq) constant for SUMO2 conjugation to p53. Histograms show
mean + s.e.m. The histogram for the specificity constant is in logarithmic scale. (c) Single-
turnover conjugation rates of SUMOL to the p53 tetramerization domain in presence or in
absence of 100 nM ZNF451,_5g and 3 pM SUMO1,9 g4 presented as in Figure 1b. Data
show mean + s.d. (n=3 technical replicates). Representative gels are shown in
Supplementary Data Set 1.
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ZNF451 preferentially binds a charged and backside-bound UBC?9. (a,b) Fluorescence

polarization assays performed using 100 nM Alexa488-labeled CysZNF451,_sg and serially
diluted RANGAP1-containing protein complexes (a) or the indicated protein complexes (b).
Data is mean £ s.d. (n=3 technical replicates). Data was fitted to a single site binding model
accounting for ligand depletion. No detectable binding was measured for RANGAP1 alone.
(c,d) Displacement assay of the Alexa488-labeled CysZNF4515_sg—
SUMO215_93 pssr~RANGAP1-UBC9-SUMO215_gg complex (c) or the CysZNF4515_ge—
SUMO215_93 ps3r~UBC9co3k—SUMO215_g9 complex (d) using serially diluted unlabeled
ZNF451,_gg. Data is mean £ s.d. (n=3 technical replicates).
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RANGAP1
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SumMO2°
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Isopeptide
linkage

ZNF451

Figure 3.
Crystal structure of a ZNF451-SUMO2~RANGAP1-UBC9 complex. (a) Global view of the

active ZNF451 complex. Top left, diagram of the complex. Bottom, active complex in
cartoon representation. Only part of the asymmetric unit is represented (see Supplementary
Figure 2b for the full asymmetric unit). A black arrow highlights the position of the
isopeptide linkage between SUMO2 and RANGAP1. SUMO2P and SUMO2B respectively
represent SUMO2 molecules in donor and backside configuration. (b) E2-based structural
alignment between the UBC9-SUMO2P moiety of the ZNF451-SUMO2~RANGAP1-
UBC9 complex (in colors) and the one of the RANBP2-SUMO2~RANGAP1-UBC9
complex (pdb 3UIN13; in gray) highlighting the similarity in the positioning of SUMO2P (c)
E2-based structural alignment between the UBC9-SUMO2B moiety of the ZNF451-
RANGAP1~SUMO2-E2 complex (in colors) and the UBC9-SUMO1 complex (pdb
2PE630; in gray) highlighting the similarity in the positioning of SUMOB.
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Figure 4.

The PLRP motif of ZNF451 contacts UBC9 and is important for SUMO-conjugation. (a)
Structure of the PLRP motif of ZNF451 illustrating its interaction with UBC9, SUMO2P
and SUMO2B residues. Gray dashes and bold numbers respectively represent hydrogen
bonds and their length. Red spheres represent water molecules. (b) Single-turnover end-
point assay for the conjugation of SUMO2 to the p53 tetramerization domain (residues 320
393) performed with 3 uM SUMO215_gg and 100 nM of ZNF451,_gg proteins mutated to
alanine at different positions in the PLRP motif. The assay was performed at 0°C for 120
seconds using 4 pM p53. Uncropped gel is shown in Supplementary Data Set 1. (c) Single-
turnover conjugation rates of SUMO?2 to p53 tetramerization domain in presence of 3 uM
SUMO245_g9 and 100 nM ZNF4515_56 aLRA OF ZNF4515_56 pap- Curves show mean + s.d.
(n=3 technical replicates). Representative gels are shown in Supplementary Data Set 1.
Histograms are derived from the curves and present k,, Ky and specificity (ko/Kgy) constant.
Histograms show mean * s.e.m. The histogram for the specificity constant is in logarithmic
scale. Data for no E3 and wild-type ZNF451,_gg are the same as in Figure 1b.
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Figure5.

SUMO2-conjugated ZNF451 or a ZNF451-SUMO2 fusion display increased SUMO?2
conjugation activity. (a, b) Discharge assays performed using 10 mM L-lysine as a SUMO
acceptor in the absence (@) or presence (b) of 3 M SUMO245_gg and 100 nM of the
indicated E3. Data show mean + s.d. (n=3 technical replicates). Representative gels are
shown in Supplementary Data Set 1. Lysine-dependent discharge was obtained by
subtracting the concentration of discharged SUMO2 measured in absence of lysine to the
concentration of discharged SUMO2 measured in presence of 10 mM L-lysine. (c)
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Histogram in logarithmic scale showing the rate of lysine-dependent discharge in absence or
presence of SUMO215_gg With or without 100 nM of different E3s. Data show mean + s.e.m
of experiments shown in Figures 5a and 5b.
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Data collection and refinement statistics

Native

Data collection
Space group P2,2,2,
Cell dimensions

ab,c(A) 78.24, 115.06, 130.98

By () 90, 90, 90
Resolution (A) 46.4-2.4 (2.49-2.40) *
Rinerge 12.0 (51.4)
1ol 10.9 (3.8)
Completeness (%)  99.6 (96.6)
Redundancy 7.3(7.3)
Refinement

Resolution (A)

No. reflections

Ruork | Riree

No. atoms
Protein
Ligand/ion
Wiater

B-factors
Protein
Ligand/ion
Water

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

46.4-2.4 (2.49-2.40)
45205
19.47 / 23.44

6424
20
702

29.1
41.1
29.8

0.003
0.743

One crystal was used for data collection and refinement.

*
Values in parentheses are for highest-resolution shell.
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