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Vera Tröster,1,4,6 Ronald P. Wong,1,6 Arne Börgel,2 Baris Cakilkaya,2 Christian Renz,1 Martin M. Möckel,1
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SUMMARY
The small ubiquitin-related modifier SUMO regulates cellular processes in eukaryotes either by modulating
individual protein-protein interactions or with relaxed substrate selectivity by group modification. Here, we
report the isolation and characterization of designed ankyrin repeat protein (DARPin)-based affinity probes
directed against budding yeast SUMO (Smt3). We validate selected DARPins as compartment-specific inhib-
itors or neutral detection agents. Structural characterization reveals a recognition mode distinct from that
of natural SUMO interactors. In vivo application pinpoints Smt3’s essential function to the nucleus and dem-
onstrates DARPin-mediated sensitization toward various stress conditions. A subset of selected clones is
validated as SUMOylation reporters in cells. In this manner, we identify a DNA-damage-induced nuclear
SUMOylation response that—in contrast to previously reported chromatin group SUMOylation—is indepen-
dent of single-stranded DNA and the SUMO-E3 Siz2 but depends on Mms21 and likely reflects late interme-
diates of homologous recombination. Thus, Smt3-specific DARPins can provide insight into the dynamics of
SUMOylation in defined subcellular structures.
INTRODUCTION

The essential small ubiquitin-likemodifier, SUMO, contributes to a

variety of cellular pathways in eukaryotes, ranging from transcrip-

tion regulation, cell division, and nuclear import and export toDNA

repair, protein turnover, and the cellular stress response.1,2 While

fungi, nematodes, and fruit flies express a single gene encoding

SUMO (called SMT3 in these organisms), human cells harbor

multiple paralogs, of which SUMO2 and SUMO3 share 97% iden-

tity. SUMO is covalently attached to its targets by an enzymatic

cascade comprising a heterodimeric activating enzyme (E1), a

single conjugating enzyme (E2), Ubc9, and a limited set of

SUMO-specific protein ligases (E3s).

The functions of SUMO are generally mediated via protein-

protein interactions. Beyond defined, stoichiometric interac-

tions, SUMO engages in a phenomenon known as group modi-

fication, wherein the protein acts in a glue-likemanner, modifying

multiple subunits of complexes or larger surfaces and thereby

establishing multivalent interaction networks.3 Here, the identity
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of the substrates is less critical than their contributions to spe-

cific macromolecular assemblies, condensates, or pathways.

In most cases, SUMO binding partners associate via so-called

SUMO interaction motifs (SIMs).4,5 Although SIMs follow a rela-

tively relaxed consensus motif and usually exhibit weak binding

affinities, with dissociation constants (KD) above 1 mM, their

mode of interaction with SUMO is surprisingly well conserved.

SIMs are short linear peptides with a hydrophobic core flanked

on one side by one or more acidic residues. The peptide con-

tacts a groove between the a helix and the b sheet of SUMO’s

b-grasp fold. By doing so, the SIM alignswith the b sheet in a par-

allel or antiparallel manner. Its affinity is governed predominantly

by hydrophobic and some electrostatic side-chain interactions.

Interaction studies and proteomic screens6–9 demonstrate that

some SIM-containing SUMO interactors exhibit a preference

for either SUMO1 or SUMO2/3, likely mediated by residues adja-

cent to the canonical SUMO-SIM interaction patch.

Insight into the actions of SUMO in cells is facilitated by inhib-

itors and specific analytical tools. Inhibitors directed against
rch 25, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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SUMO-E1, SUMO-E2, and several isopeptidases are avail-

able,10,11 and antibodies against SUMO have been instrumental

in identifying SUMO conjugates from various organisms.12,13 In

budding yeast, the use of inhibitors is often problematic because

of the cells’ capacity to reject foreign substances. Instead, a

temperature-sensitive mutant of Ubc9 has served as a genetic

tool to inhibit SUMOylation.14 For the purpose of tracking or in-

hibiting proteins in vivo, small synthetic binding proteins have

often proven superior to antibodies.15 Two different sets of

binders directed against human SUMO paralogs, based on the

monobody and the affimer framework,16,17 were generated by

selection from phage display libraries. They were found to recog-

nize their targets predominantly in a SIM-like manner and to

interfere with SUMO-dependent processes when expressed at

high level.

Well-characterized probes for budding yeast SUMO are un-

available. We therefore set out to develop such tools. To

enhance our chances of isolating SIM-independent binders

that would not interfere with cellular functions, we chose a scaf-

fold based on designed ankyrin repeat proteins (DARPins).18

These consist of multiple tightly packed ankyrin repeats (ARs)

of 33 amino acids each, with randomized residues in the sur-

faces of a helices and the b turns that connect the AR modules.

Jointly, the ARs form a concave, groove-like interaction surface,

making them particularly suited to the recognition of native pro-

tein surfaces and providing the opportunity for an alternative

mode of Smt3 recognition.

Here, we report the isolation and characterization of Smt3-

specific DARPins. Among the selected clones, we identified

binders with a wide range of affinities and an inhibitory effect

on SUMOylation. Structural studies identify the SIM-binding

site as a preferred surface for SUMO recognition, albeit via a

binding mode distinct from the SUMO-SIM interaction. In addi-

tion to these inhibitory DARPins, we identified clones that

recognize an alternative surface of Smt3 and show little inter-

ference with SUMOylation-dependent processes in cells. In

contrast to fluorescently tagged Smt3, the DARPins are

applicable in a compartment-specific manner. By employing

them in cells, we found that the essential function of Smt3 in

budding yeast localizes to the nucleus. In addition, we charac-

terized the nuclear SUMOylation pattern in response to DNA

damage. Previously, high levels of DNA damage had been

reported to induce SUMOylation of chromatin, mediated by

the SUMO-E3 Siz2 and targeted toward homologous recombi-

nation (HR) factors at resected stretches of single-stranded (ss)

DNA.19–21 We now report an ssDNA-independent reaction that

is induced by sublethal amounts of damage not involving DNA

double-strand breaks (DSBs). These results validate the Smt3-

specific DARPins as tools for the real-time monitoring of Smt3

activities in live yeast and indicate an unexpected level of

complexity of chromatin SUMOylation in the DNA damage

response.

RESULTS

DARPins recognize free and conjugated Smt3
DARPins18 against budding yeast Smt3 were selected from a

ribosome display library of >1012 clones, using Smt3 with an
2 Cell Reports 44, 115353, March 25, 2025
N-terminal MAH6 and Twin-Strep tag as bait and four rounds

of ribosome display.22–24 Nineteen positive clones were chosen

for further characterization.

Sequence analysis revealed considerable diversity among the

selected DARPins, featuring clones with two and three AR mod-

ules and only two identical clones, A10 and H10 (Figure 1A). This

maintenance of high diversity is typical for ribosome display.25

Interestingly, a one-amino-acid insertion was enriched in several

clones. Some clonesmay have further diversified during the ribo-

some display rounds, suggested by a shared C-terminal AR

module and/or loss of one repeat (Figure S1A). Notably, none

of the selected DARPins contained an identifiable SIM in the ran-

domized regions. All DARPins were purified from E. coli in good

yield and solubility.

To verify their interaction with Smt3, we performed pull-down

assays using either free Smt3 or a C-terminal GFP fusion as bait.

An unselected DARPin, E3_5, served as negative control.26 All

selected DARPins except for clone E10 were retained by both

Smt3 constructs with comparable efficiency, indicating that

none of them was likely to differentiate between free and conju-

gated Smt3 (Figure 1B). We then tested their ability to interfere

with an in vitro SUMOylation reaction. As a substrate, we chose

budding yeast PCNA, which is modified at two lysine residues,

K127 and K164.27–29 Here, the selected DARPins varied strongly

in their properties, ranging from near-complete inhibition to no

effect (Figure 1C). Based on these initial results, we chose a

panel of six largely monodisperse DARPins (Figure S1B) for in-

depth characterization, representing clones with two or three

AR modules, diverse sequences, and varying abilities to inhibit

PCNA SUMOylation. All clones efficiently depleted Smt3 from

a total cell lysate, indicating overall high affinities for their target

(Figure 1D). In gel filtration, three selected DARPins (A10, F10,

and E11) eluted as a stable complex with Smt3, while the others

(C10, G11, and B12) engaged with Smt3 less stably (Figure 1E).

Clone E10, which was not retained in the initial pull-down exper-

iment and did not inhibit PCNA SUMOylation, failed to co-elute

with Smt3 in this assay, confirming that it did not detectably

interact with Smt3. Surface plasmon resonance assays were

used to characterize the binding of the six selected DARPins to

Smt3. Equilibrium KD varied between 0.27 nM (A10) and

1.2 mM (C10) (Table 1; Figure S1C). Five of the DARPins discrim-

inated between Smt3 and the human homologs SUMO1 and

SUMO2, although C10 exhibited measurable affinity for

SUMO1, and E11 weakly bound to SUMO2; G11 bound to

Smt3 and SUMO1 with similar affinity, but not to SUMO2

(Table 1; Figure S1D).

Smt3-specific DARPins affect SUMOylation,
deSUMOylation, and SIM interaction
Our initial PCNA SUMOylation assays (Figure 1C) suggested var-

iable effects of the DARPins on Smt3 conjugation. To assess how

general these were, we examined Ubc9-catalyzed synthesis of

unanchored Smt3 chains in the presence of the DARPins. To

avoid interference fromUbc9 automodification,30 a K153Rmutant

of the E2 was used in all following assays. Analysis of a reaction

time course revealed inhibitory effects of all DARPins, correlating

to some extent with their affinities, with A10 having the strongest

impact, while C10, G11, and B12 afforded only mild inhibition
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Figure 1. Selected DARPins recognize free and conjugated Smt3

(A) Sequence relations between Smt3-specific DARPins. A neighbor-joining tree, generated from the protein sequences of 19 selected DARPins by multiple

alignment, indicating sequence distances. An alignment of amino acid sequences is shown in Figure S1A.

(B) Smt3-specific DARPins do not differentiate between Smt3 bearing a free (His6-Cys2Smt3) or a blocked C terminus (His6-Cys2Smt3GFP). Coomassie-stained gels

show retention of DARPins on Smt3-derivatized SulfoLink agarose. DARPin E3_5 serves as a non-selective control (beads, underivatized matrix; PD, pull-down).

(C) Smt3-specific DARPins vary in their ability to inhibit SUMOylation. Western blots showing products of in vitro SUMOylation reactions using DNA-loaded

recombinant PCNA as substrate in the presence of a 3-fold excess of DARPins over Smt3. Reactions without E1 and without DARPin (complete) served as

controls. Note that SUMOylation of PCNA at K127 versus K164 yields products with distinct mobilities.

(D) Selected DARPins deplete Smt3 from yeast extract. Recombinant His8DARPinFLAG proteins were immobilized on FLAG beads for pull-down assays from total

cell lysates, followed by western blot analysis of bound (PD) and unbound (FT) material using antibodies against Smt3.

(E) Smt3-specific DARPins differ in their abilities to form a stable complex with Smt3. Analytical gel filtration profiles (at 280 nm) are shown for equimolar mixtures

of selected DARPins with recombinant Smt3 (5 mM each).
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Table 1. Affinities and association and dissociation rate constants of Smt3-specific DARPins

A10 C10 F10 E11 G11 B12

Smt3

ka ± SD (105 M�1 s�1) 8.8 ± 1.1 NDa 34.7 ± 18.7 NDa NDa NDa

kd ± SD (10�3 s�1) 0.24 ± 0.02 NDa 12.6 ± 6.1 NDa NDa NDa

KD ± SD (nM) 0.27 ± 0.03 1,204 ± 403 3.1 ± 0.7 42.8 ± 6.0 656 ± 15 355 ± 21

hSUMO1

KD (nM) noneb 2,250c noneb noneb 445 ± 13 noneb

hSUMO2

KD (nM) noneb noneb noneb >10,000c noneb marginald

Standard deviations (SD) were determined from a minimum of three independent measurements unless otherwise noted.
aNot determined, as kd and/or ka exceeded the dynamic range of the instrument.
bNo binding detected at up to 6.6 mM DARPin.
cBased on a single equilibrium measurement.
dNot quantified, no saturation at 20 mM DARPin.
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(Figure 2A). The use of anSmt3-specificE3, Siz1,31 did not change

this pattern (Figure S2A). Concentration-dependent inhibition

was observed in a fluorescence resonance energy transfer

(FRET)-based substrate SUMOylation assay32,33 using an eCFP-

tagged fragment ofRanGAP1 (amino acids 400–589) and YFPSmt3

(Figures 2B and S2B). Again, clone A10 afforded the strongest

inhibition at an equimolar ratio. At a 10-fold molar excess, all

DARPins strongly impeded RanGAP SUMOylation.

To dissect which step(s) of the SUMOylation cascade the

DARPins impeded, we separately monitored thioester formation

of Smt3 with the E1 subunit Uba2 and with the E2 Ubc9. Inhibi-

tory effects on E1 thioester formation correlated well with the af-

finity of the DARPins for Smt3, as A10 was strongly inhibitory,

while F10 and E11 exhibited partial effects, and C10, G11, and

B12 had virtually no effect (Figures 2C and S2C). Thus, the

effects of A10, F10, and E11 on SUMOylation can largely be

attributed to their inhibition of Smt3 activation by E1. DARPins

that did not inhibit E1 thioester formation had no measurable

effect on thioester formation with Ubc9 either (Figure S2D).

Strong interactions with Smt3 should impede not only Smt3

conjugation but also deconjugation. We therefore followed

Ulp1-mediated cleavage34,35 of a linear Smt3-GFP fusion protein

as a mimic of an Smt3 conjugate. In these reactions, only clone

A10 produced a measurable delay (Figures 2D and S2E).

Finally, we asked whether the DARPins would interfere

with the interaction between Smt3 and a conserved SIM. To

this end, we performed pull-down assays with biotinylated

Smt3 immobilized on streptavidin beads and purified RNF4, a

SUMO-dependent ubiquitin E3 that harbors four tandem SIMs

and thus exhibits a high avidity for Smt3.36,37 A 10-fold molar

excess of DARPin A10, F10, or B12 over RNF4 largely abolished

retention of RNF4, while C10 had an intermediate effect, and E11

andG11 onlymildly interfered with RNF4 binding (Figures 2E and

S2F). Unlike the inhibitory effects on Smt3 conjugation, interfer-

ence with the Smt3-SIM interaction did not correlate with the

relative affinities of the DARPins. This suggests distinct binding

modes and varying degrees of overlap with the SIM-binding

site on Smt3.

In summary, our quantitative analysis demonstrates a wide

range of affinities of the DARPins for yeast Smt3, spanning
4 Cell Reports 44, 115353, March 25, 2025
more than three orders of magnitude and resulting in variable

degrees of interference with SUMOylation in vitro, mostly at

the level of E1. As a consequence, the high-affinity DARPins

inhibit both substrate modification and polymerization of Smt3.

In contrast, most of the DARPins do not measurably interfere

with deSUMOylation. Notably, the observed differences in the

ability to inhibit the Smt3-SIM interaction may reflect the use of

distinct interaction surfaces of Smt3 by the DARPins. The indi-

vidual clones are therefore expected to differ in their ability to

interfere with downstream effects of SUMOylation in vivo.

Crystal structures of DARPin$Smt3 complexes reveal
alternative modes of SUMO recognition
To gain insight into the recognition of Smt3 by the DARPins, we

solved the structures of clones A10 and C10, representing a

strong and a weak binder, in complex with Smt3 by X-ray

crystallography (Table S1). The flexible N terminus (amino acids

1–19) was deleted from Smt3 for this purpose. Structures were

solved by molecular replacement with known structures of

Smt338 (PDB: 1EUV) and DARPin E3_526 (PDB: 1MJ0).

The A10 complex crystallized with two nearly identical

A10$Smt3 pairs in the asymmetric unit (Figure S3A). The average

buried interface of 956 Å2 amounts to �21% of the solvent-

accessible surface of Smt3. The cartoon image of the complex

(Figure 3A) illustrates that A10 engages with Smt3 via all four of

its b turns and covers the surface around the SIM-binding site

of Smt3. A close-up view into Smt3’s hydrophobic groove (Fig-

ure 3B) shows contacts of A10 with Smt3 residues usually

involved in SIM binding, such as I35, F37, and L48. On the side

of A10, a series of aromatic amino acids within the b turns pro-

vides a hydrophobic interaction surface contacting the SIM-

binding site, e.g., at I35, but also reaching beyond it and

engaging in possible cation-p interactions, such as W83 with

R55 in the SIM-binding site of Smt3 and W147 with the adjacent

K54 of Smt3 (Figure 3C). The interface also involves polar and

charged residues with predicted hydrogen bonds and salt

bridges between A10 and Smt3 both within the SIM-interaction

site, such as N160-R47, and surrounding it, e.g., D157-R46,

Y81-Q56, and W147-E59 (Figures S3B and S3C). In contrast to

A10, clone C10 uses only its second and third b turns for binding
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Figure 2. Smt3-specific DARPins affect SUMOylation, deSUMOylation, and SIM interaction

(A) Smt3-specific DARPins inhibit formation of unanchored Smt3 chains to varying degrees. SUMOylation reactions were set up with 1 mM Smt3 and a 5-fold

molar excess of DARPins. A time course was analyzed by western blotting against Smt3. Analogous reactions in the presence of Siz1 are shown in Figure S2A.

(B) Smt3-specific DARPins affect in vitro substrate SUMOylation. Reactions containing 100 nMeCFP-tagged RanGAP1 (amino acids 400–589) and YFPSmt3were

set up with an equimolar amount or a 10-fold excess of DARPins in three to five replicates. Conjugation was monitored by FRET. The graphs shows mean values

(lines) and individual data points. Western blots of the final products are shown in Figure S2B.

(C) Smt3-specific DARPins inhibit E1 thioester formation to varying degrees. Uba2 thioester formation in the presence of 500 nM Aos1$Uba2, 5 mM Smt3, and a

5-fold molar excess of the indicated DARPins was detected on non-reducing gels and quantified relative to total Uba2 signals (under reducing conditions). Values

represent averages and standard deviations of three to six independent assays. Representative gel images are shown in Figure S2C.

(D) Smt3-specific DARPins inhibit Ulp1-mediated deSUMOylation to varying degrees. Cleavage of a linear Smt3-eGFP fusion protein (4 mM) in the presence of a

5-fold molar excess of DARPins was monitored in a gel-based assay. Full-length Smt3-eGFP was quantified relative to the level before addition of Ulp1. Values

represent averages and standard deviations of three independent assays. Representative gel images are shown in Figure S2E.

(E) Smt3-specific DARPins interfere with SUMO-SIM interaction to varying degrees. Retention of RNF4 by biotinylated Smt3 immobilized on streptavidin beads

was monitored in the presence of a 10-fold molar excess of the indicated DARPins over RNF4 and quantified by western blotting. Values represent averages and

standard deviations from three independent experiments. A representative western blot is shown in Figure S2F.
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to Smt3 (Figure 3D) and covers only 11% of the modifier’s sol-

vent-accessible surface (543 Å2). In addition tomainly hydropho-

bic interactions with the SIM-binding groove, e.g., with residues

F37, I39, L48, and A51 (Figure 3E), C10 also contacts the adja-

cent b sheet of Smt3, e.g., at N25 (Figure 3F).

A comparison of the footprints of the DARPins on Smt3 with

those of a SIM peptide39 and a monobody that was previously

shown to also interact with the SIM-binding site16 reveals strong

similarities in the surfaces of Smt3 that are recognized by the

various molecules (Figure 3G). The larger footprint involved in

the interaction with A10 is consistent with the highest affinity of

this clone. Interestingly, however, while the monobody occupies

the SIM-binding groove in exactly the same manner as the SIM

peptide, employing aromatic residues in place of the hydrophobic

aliphatic amino acids characteristic of the SIM consensus, neither

A10 nor C10 forms an intermolecular b sheet with Smt3, and C10

clearly touches residues outside the SIM interaction site.
To further explore the interaction mode of A10 with Smt3, we

determined its affinities for a series of Smt3mutants (Table 2; Fig-

ureS3D).Considering theplacement ofR47 inapolar environment

at the interface (Figure S3C), we mutated this residue to alanine.

Surprisingly, this enhanced the affinity for A10 nearly 5-fold to

�60 pM, suggesting that the removal of steric bulk at this site im-

proves binding. To assess the contributions of hydrophobic inter-

actions toA10 binding,wemutated three bulky residueswithin the

SIM-binding site (I35, F36, and F37) to aspartic acid (Smt33D).

These mutations afforded only a moderate reduction in affinity

of about 7-fold, indicating that the hydrophobic nature of the

SIM-binding groove is not essential for recognition by A10. A

more severe loss of affinity (�17-fold) was observed when a set

ofacidic residues (E34,E50, andE59) surrounding theSIM-binding

site (Figure S3E) wasmutated to alanine (Smt33A), suggesting that

charged or polar interactions outside the hydrophobic groove are

more important for A10 binding than the hydrophobic contacts
Cell Reports 44, 115353, March 25, 2025 5
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Table 2. Affinities and association and dissociation rate constants of DARPins A10 and C10 for selected Smt3 mutants

A10 C10

Smt3 WT R47A 3D 3A 3X 5X 11X SIMX WT 11X SIMX

ka ± SD

(105 M�1 s�1)

8.8 ± 1.2 12.4 ± 5.7 9.4 ± 7.1 2.1 ± 0.6 2.5 ± 0.9 3.7 ± 1.3 nonea noneb NDd NDd NDd

kd ± SD

(10�3 s�1)

0.24 ± 0.02 0.08 ± 0.04 1.1 ± 0.9 0.9 ± 0.4 7.6 ± 0.7 43.9 ± 34.8 nonea noneb NDd NDd NDd

KD ± SD (nM) 0.27 ± 0.03 0.06 ± 0.01 1.9 ± 1.5 4.5 ± 1.6 25.2 ± 2.8 110 ± 52 nonea noneb 1,204 ± 403 63.2 ± 31.9 nonec

Fold change

in KD

13 0.23 73 173 933 4073 – – 13 0.053 –

Standard deviations (SD) were determined from aminimum of three independent measurements. Note that some fits (Figure S3D) may suffer from bulk

effects. Smt3 mutants are abbreviated as 3D (I35D, F36D, F37D), 3A (E34A, E50A, E59A), 3X (F36H, R47K, E59P), 5X (K41M, R46K, K54Q, K58V,

E59P), 11X (H23Y, N25K, F36H, I39V, K41M, R46K, R47K, A51S, K54Q, K58V, E59P), and SIMX (T22A, I35S, F37S, K38E, K40E, T43A, L48S,

R55E, N86A). WT, wild type.
aNo binding detected at up to 2.2 mM DARPin.
bNo binding detected at up to 6.6 mM DARPin.
cNo binding detected at up to 20 mM DARPin.
dNot determined, as kd and/or ka exceeded the dynamic range of the instrument.

Resource
ll

OPEN ACCESS
with the groove. We then successively exchanged interface resi-

dues in Smt3 with their equivalents in human SUMO1, based on

the argument that SUMO1 shares more similarity with Smt3 than

SUMO2 but does not measurably interact with A10. As expected,

these mutations (Smt33X, F36H, R47K, and E59P; Smt35X, K41M,

R46K, K54Q, K58V, and E59P; and Smt311X, H23Y, N25K, F36H,

I39V, K41M, R46K, R47K, A51S, K54Q, K58V, and E59P) caused

dramatic reductions in affinity. Binding was also abolished by a

non-overlapping set of mutations affecting the SIM-binding patch

(Smt3SIMX, T22A, I35S, F37S, K38E, K40E, T43A, L48S, R55E,

and N86A).

Smt311X and Smt3SIMX, featuring exchange of interface resi-

dues specific for human SUMO1 and for SIM binding, respec-

tively, were also assayed for their interactions with clone C10

(Table 2; Figure S3F). Smt311X exhibited a 20-fold enhanced af-

finity for C10, consistent with the cross-reactivity of C10 toward

SUMO1. In contrast, no interaction was detected between C10

and Smt3SIMX, confirming the importance of the hydrophobic

SIM-interaction patch for Smt3 recognition by C10.

Taken together, these results support our structural data

suggesting that A10 and C10 recognize a surface of Smt3 that

is centered on the hydrophobic groove of the SIM-binding site
Figure 3. Crystal structures of DARPin$Smt3 complexes reveal alterna

(A) DARPin A10 binds to the SIM-binding surface of Smt3. N and C termini of A10

A10$Smt3 complex.

(B) A detailed view of the A10$Smt3 interface illustrates interactions at the hydro

binding are colored in pink.

(C) A series of aromatic residues within the four b turns of DARPin A10 contacts

(D) DARPin C10 binds to the SIM-binding surface of Smt3. N and C termini of C1

C10$Smt3 complex.

(E) A detailed view of the C10$Smt3 interface illustrates interactions at the hydro

binding are colored in pink.

(F) C10 uses its second and third b turn to engage with additional residues of the

(G) Footprints of Smt3-binding proteins reveal a preference for Smt3’s SIM-bindin

was colored according to the percentage of accessible surface area buried in the

(PDB: 3V62), the Smt3-specific monobody ySMB-1 (PDB: 3QHT), A10, and C10

(H) Alignment of DARPin$Smt3 complexes (Smt3, gray; A10, green; C10, cyan

illustrates relevant interaction surfaces: Uba2$Aos1 (PDB: 1Y8R), Ubc9 (PDB: 2E

terminus points to the right.
but do not align with the b sheet of SUMO. Binding by A10

is additionally supported by polar or charged interactions

surrounding the hydrophobic groove.

The X-ray structures also explain the properties of the DARPins

with respect to our in vitro SUMOylation and deSUMOylation

assays (Figure 3H). Superpositions of the DARPin$Smt3 struc-

tures and Smt3 in complex with components of the yeast

SUMO system34,39–42 reveal clashes of the DARPins not only

with the SIM peptide but also with the E3 Siz1. A10 also clashes

with E1, whereas E2 and the isopeptidase (Ulp1) occupy non-

overlapping surfaces of Smt3. These geometries confirm our

finding that the effect of A10 is mostly due to an interference

withE1 thioester formation,whileC10does not affect the activities

of the core SUMOylation factors E1 and E2.

DARPins locate the essential function of Smt3 in the
nucleus
Strong interactions of the DARPins with Smt3 should interfere

with the essential function of the modifier in cells. To test this

prediction, we expressed selected DARPins in yeast as C-ter-

minal GFP fusions under control of a doxycycline-inducible

Tet promoter.43 In contrast to the non-selective clone, E3_5,
tive modes of Smt3 recognition

(green) and Smt3 (gray) are indicated in the cartoon and surface model of the

phobic cleft between the Smt3 a helix and b sheet. Residues involved in SIM

the Smt3 surface. The image is rotated by 180� relative to the one in (B).

0 (cyan) and Smt3 (gray) are indicated in the cartoon and surface model of the

phobic cleft between the Smt3 a helix and b sheet. Residues involved in SIM

Smt3 b sheet. The image is rotated by 180� relative to the one in (E).

g region. A surface model of Smt3 (PDB: 1L2N, C terminus pointing downward)

interface with the indicated proteins: a SIM peptide from budding yeast Srs2

.

) with structures of Smt3 in complex with components of the SUMO system

KE), Siz1 (PDB: 5JNE), Ulp1 (PDB: 1EUV), and SIMSrs2 (PDB: 3V62). Smt3’s C
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Figure 4. DARPins locate the essential function of Smt3 in the nucleus
(A) Smt3-specific DARPins interfere with growth on solid medium. Yeast strains expressing the indicated GFP-tagged DARPins under control of the Tet-promoter

were spotted in serial dilutions onto SC-complete plates containing the indicated concentrations of doxycycline (Dox). Growth was recorded after 3 days.

(B) Smt3-specific DARPins interfere with growth in liquid culture. Optical densities (OD600) of exponential cultures were recorded after induction of DARPinGFP

expression with 2 mg/mL doxycycline. Values represent mean and standard deviations from three replicates per data point.

(C)Smt3-specificDARPinscauseacell-cyclearrest. Flowcytometryprofileswere recordedafter inductionofDARPinGFPexpressionwith2mg/mLdoxycycline for 20h.

(D) Smt3-specific DARPins interfere with SUMOylation in vivo. Free and conjugated Smt3 as well as DARPinGFP proteins were monitored by western blotting of

total lysates of cells after DARPinGFP expression with 2 mg/mL doxycycline for 20 h. Ponceau S staining served as loading control. Bands marked with asterisks

correspond to reactivity of the anti-Smt3 antibody with Smt3 trapped by the DARPins on themembrane (see Figure S4E). They were excluded from quantification.

(E) Expression of Smt3-specific DARPins causes accumulation of free Smt3 and depletion of Smt3 conjugates. Western blot signals were quantified from ex-

periments performed as in (D). Cross-reacting signals of the DARPins on anti-Smt3 blots (see Figure S4E) were subtracted from the signals of Smt3 conjugates.

Values represent mean and standard deviations from three independent experiments.

(F) Smt3-specific DARPins exert their inhibitory effect in the nucleus. Growth on indicated concentrations of doxycycline was recorded for strains harboring

DARPins F10GFP or E11GFP fused to a nuclear localization signal (NLS) or nuclear export signal (NES). A control blot is shown in Figure S4G.

(G) Expression of DARPin A10GFP (2 mg/mL doxycycline for 4 h) causes a G2/M cell-cycle arrest comparable to ubc9ts at the restrictive temperature. Strains were

grown at 37�C. Tubulin was detected by immunofluorescence in fixed cells; DARPinGFP proteins were detected via GFP fluorescence; nuclei were stained by

DAPI (DIC, differential interference contrast).
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Smt3-specific DARPins were enriched in the nucleus (Figures

S4A and S4B). Co-localization with mCherrySmt3 confirmed that

this reflects the distribution of Smt3 itself, indicating that the

DARPins recognize their target in cells (Figures S4C and S4D).

At high expression levels, all DARPins inhibited growth to

some extent (Figures 4A and 4B) and caused an accumulation

of cells in the G2/M phase of the cell cycle (Figure 4C). These ef-

fects correlated more with the expression levels of the DARPins
8 Cell Reports 44, 115353, March 25, 2025
than with their affinity or their interference with the Smt3-SIM

interaction (Figure 4A). Consistent with the in vitro results,

expression of the DARPins reduced the amount of Smt3 conju-

gates in cells and increased the level of free Smt3 (Figures 4D,

4E, and S4E), confirming the inhibitory action on SUMOylation.

DARPins F10 and E11, which exhibited the mildest effects on

growth and Smt3 conjugation, were also expressed to a some-

what lower level than the other DARPins in these assays
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Figure 5. Smt3-specific DARPins can report on compartment-specific SUMOylation events

(A) NES-tagged DARPins track the SUMOylation of mitotic septins. Fluorescence images show G2/M cells harboring Shs1mCherry and the indicated GFP-tagged

DARPins after induction of DARPin expression with 0.5 mg/mL doxycycline for 20 h.

(B) Expression of Smt3-selective DARPins sensitizes yeast toward osmotic, oxidative, and genotoxic stress, but not toward heat or cold stress. Cells harboring

DARPin expression constructs were spotted onto plates with or without 0.5 g/mL doxycycline. Where indicated, plates contained NaCl, H2O2, or MMS. Alter-

natively, theywere exposed to 20 J/m2 UV irradiation before incubation or incubated at the indicated temperature during the growth period. Colony formationwas

recorded after 3 days.

(C) MMS causes accumulation of Smt3 in nuclear foci independent of Siz1 or Siz2. Fluorescence images are shown after induction of wild-type (WT) or the

indicated mutant DARPins with 0.5 mg/mL doxycycline for 20 h. Where indicated, cells were treated with 0.02% MMS for 90 min.

(D) Accumulation of MMS-induced Smt3 foci depends on Mms21. Top: fluorescence images were obtained as in (C), using a strain expressing E11GFP and

harboring a degron-tagged MMS21 allele. Degradation of Mms21AID*myc was induced with 1 mM auxin prior to treatment with 0.02% MMS for 90 min. Bottom:

western blot showing protein levels of Mms21AID*myc. Ponceau S staining served as loading control.

(E–K) MMS-induced Smt3 foci exhibit little or no co-localization with various subnuclear features. Induction of E11GFP expression, MMS treatment, and fluo-

rescence microscopy were performed as in (C) in strains harboring an mCherry- or mRuby2-tagged marker protein to indicate (E) spindle pole body

(Spc42mCherry), (F) kinetochore (Kre28mCherry), (G) nuclear pore complex (Nic96mCherry), (H) ssDNA (Rfa1mRuby2), (I) PCNA (mRuby2Pol30), (J) replicative helicase

(legend continued on next page)
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(Figure 4E). In fact, inhibition of SUMOylation correlated with

doxycycline concentration for both the strongly inhibitory A10

and the mildly inhibitory E11 (Figure S4F).

The G2/M arrest of yeast expressing the Smt3-specific

DARPins was reminiscent of temperature-sensitive ubc9ts mu-

tants.14 This suggested that the DARPins could be used to

explore the nature of the essential function of Smt3.We therefore

asked in which cellular compartment the DARPins exerted their

toxic effect. To this end, we expressed two mildly inhibiting

DARPins, F10 and E11, with either a nuclear localization signal

(NLS) or a nuclear export signal (NES). We found that both

DARPins inhibited growth only when fused to an NLS or without

any localization signal, but not when largely forced into the cyto-

plasm by means of an NES (Figures 4F and S4G). Immunofluo-

rescence of cells expressing the strongly inhibitory clone A10

confirmed that the DARPin caused a cell-cycle arrest before

anaphase, i.e., with short spindles, comparable to ubc9ts cells

at non-permissive temperature (Figure 4G).

Thus, the DARPins can be used as effective inhibitors of Smt3

conjugation in cells at high expression levels, and they interfere

with the essential function of the modifier in the nuclear

compartment.

DARPins act as compartment-specific SUMOylation
reporters
Low-level expression of the DARPins, in particular clones F10 and

E11, did not compromise growth. These DARPins might therefore

serve as in vivo SUMOylation reporters. As a proof-of-principle

experiment, we expressed GFP- and NES-tagged F10 and E11

in a strain harboring an mCherry-tagged septin, Shs1, using a

low doxycycline concentration. Consistent with septin SUMOyla-

tion in mitosis,44 we observed a co-localization of the DARPins

with themCherry signal at the bud neck in large-budded cells (Fig-

ure 5A). This indicates that fluorescent NES-tagged DARPins can

be used to follow cytoplasmic SUMOylation events without inter-

ference from the large nuclear pool of Smt3 in live yeast.

Expression of DARPins at subtoxic levels might also be used

to sensitize cells specifically to stress conditions under which

SUMOylation is important. To explore this, we expressed the

DARPins at low doxycycline concentration (0.5 mg/mL), where

none of them interfered with growth (Figure 4A), and exposed

cells to heat stress, cold stress, osmotic stress, oxidative stress,

or DNA damage (Figure 5B). While the DARPins did not affect the

cells’ reaction to heat or cold stress, DARPins A10, C10, andG11

strongly sensitized cells to osmotic, salt, and genotoxic stress.

Thus, Smt3-specific DARPins can serve to investigate the func-

tions of SUMOylation in specific cellular pathways by selectively

sensitizing cells toward relevant stress conditions.

DARPins reveal DNA-damage-induced chromatin
SUMOylation
To explore the contributions of SUMOylation to genome mainte-

nance, we chose DARPin E11 as a reporter because this clone
(Mcm4mCherry), and (K) INQ (Cmr1mCherry). Images show individual nuclei from area

images show S- and G2-phase cells, respectively, selected by MCM localization

(L) MMS-induced Smt3 foci arise independent of BER, but are dependent on HR. I

were performed as in (C).
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neither competed with the SUMO-SIM interaction nor interfered

with growth or sensitized cells toward DNA damage at moderate

expression levels. In addition, its interaction was unaffected by

removal of SUMO’s N terminus (Figure S5A); thus, SUMO chain

formation was deemed unlikely to affect detection by this

DARPin.

Upon treatment with the alkylating agent methyl methanesul-

fonate (MMS), we detected accumulation of E11GFP in nuclear

foci (Figure 5C). Co-localization with mCherrySmt3 confirmed

that they represented SUMO (Figure S5B). Foci were also de-

tected after treatment with agents causing bulky adducts, such

as 4-nitroquinolin oxide (4-NQO) and ultraviolet (UV) irradiation,

but not after ribonucleotide depletion by hydroxyurea (HU) treat-

ment (Figure S5C), after induction of DSBs via expression of an

endonuclease, AscI (Figure S5D), or in response to proteotoxic

stress induced by a proteasome inhibitor, MG132 (Figure S5E).

Chromatin spreads confirmed association of the foci with chro-

matin (Figure S5F), suggesting that they represented sites of

DNA damage. To identify possible underlying Smt3 substrates,

we tested abundant Smt3 targets involved in DNA replication

and/or repair such as PCNA,27 the ssDNA-binding replication

protein A (RPA) complex,45 and the topoisomerases Top146

and Top2.47 However, mutating major SUMOylation sites on

PCNA or the RPA subunit Rfa1, deletion of Top1, or auxin-medi-

ated depletion of the essential Top2 protein did not diminish

MMS-induced E11GFP foci (Figures S5G–S5J).

It therefore appeared possible that the MMS-induced foci

were not caused by a single dominant substrate but instead re-

flected damage-associated group modification of chromatin.

Previously, this phenomenon had been observed in response

to high doses of MMS (0.2%–0.3%) or UV radiation (80–150

J/m2) and was attributed to modification of a diverse set of

DNA replication and repair proteins associated with various

pathways, including HR and nucleotide (NER) and base excision

repair (BER).20,21,48 According to these reports, SUMOylation is

mediated by the SUMO-E3 Siz221 or a combination of Siz2 and

the related E3, Siz1.48 However, deletion of SIZ1 and/or SIZ2

did not abolish the formation of damage-induced SUMO foci

(Figures 5C and S5C). Instead, we found the essential SUMO-

E3, Mms21, and its catalytic activity to be required (Figures 5D

and S5K). Accordingly, mCherry-tagged Mms21 partially over-

lapped with DARPin E11GFP (Figure S5L).

As SUMOylation had been implicated in the relocalization of

persistent DSBs to nuclear pores,49–51 we systematically tested

whether MMS-induced foci were associated with particular sub-

nuclear features. Based on the characteristic crescent shape of

the yeast nucleolus, we excluded this subcompartment as a

preferred site of Smt3 foci. As expected from their damage

dependence, neither spindle pole bodies (Spc42mCherry) nor ki-

netochores (Kre28mCherry) overlapped with E11GFP (Figures 5E

and 5F), even though Kre28 is a known target of Smt3.52 Notably,

we did not detect any co-localization with a nuclear pore compo-

nent, Nic96mCherry, either (Figure 5G).
s highlighted in the corresponding DIC images. In (J), the left and right groups of

and bud size.

nduction of E11GFP expression, MMS treatment, and fluorescence microscopy
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Siz2-mediated group SUMOylation is triggered by exposed

ssDNA arising from the resection of DSBs.19,21 In the absence

of DSBs, ssDNA that could trigger SUMOylation, but not neces-

sarily relocalization to the nuclear pore, also emerges at stalled

replication forks,53 in postreplicative daughter-strand gaps,54

or at NER intermediates.55 However, we observed little correla-

tion of the E11GFP signal with Rfa1mRuby2 (Figure 5H), again

suggesting that the SUMOylation pattern upon exposure to a

non-lethal dose of MMS (0.02%) differs from the previously re-

ported Siz2-dependent response in that it does not overlap

with extended stretches of ssDNA. Association with stalled or

active replication forks was excluded by a lack of strong co-loc-

alization with mRuby2PCNA or a subunit of the replicative helicase,

Mcm4mRuby2 (Figures 5I and 5J). The latter experiment demon-

strated that MMS-induced foci were not limited to S phase, but

also appeared in G2, where the MCM complex localizes to the

cytoplasm. No preferential co-localization of E11GFP was found

with the intranuclear quality control compartment (INQ; marked

by Cmr1mCherry), a reservoir of various repair factors, including

the SUMO-targeted ubiquitin ligase Slx5-Slx856 (Figure 5K).

Finally, we examined whether the foci were associated with spe-

cific DNA repair pathways, such as BER or HR (Figure 5L). In an

apn1D apn2D mutant, MMS-induced foci still accumulated,

arguing against their involvement in BER. In contrast, foci were

absent in rad51D, suggesting that they emerge as a result of HR.

Taken together, application of a GFP-tagged DARPin as an

Smt3-specific biosensor demonstrates Mms21- and Rad51-

dependent, chromatin-associated SUMOylation in response to

sublethal doses of DNA damage. The underlying process clearly

differs from the group SUMOylation involving HR factors that is

observable upon massive induction of DSBs.

DISCUSSION

Insight into the molecular recognition of SUMO
The DARPin framework has allowed us to isolate Smt3 binders

with interaction modes that differ remarkably from other

SUMO-specific probes and receptors. Gilbreth et al. used the

fibronectin type III domain as a scaffold for so-called monobod-

ies, where three randomized loops mimic the complementarity-

determining regions of immunoglobulins.16 Following initial

selections against yeast Smt3 and library redesign, probes

with good paralog specificity and KD values below 100 nM

were obtained and validated for human SUMO1 and SUMO2/

3. Structural studies of one yeast-specific clone implied that

these monobodies recognize the SIM-binding site of SUMO via

a peptide loop aligning with Smt3’s SIM-binding groove in a

SIM-like fashion. A different scaffold with two variable loops

was used by Hughes et al. and yielded paralog-specific as

well as non-selective affimers with KD values between 35 and

�400 nM.17 Again, a subset of these contained SIM-like se-

quences in one of their recognition loops, and structural studies

confirmed a SUMO-SIM-like interaction mode.17

In contrast, DARPins recognize their targets via a concave

binding surface composed of multiple short loops and surface

residues along the DARPin helices. Intriguingly, the majority of

characterized Smt3-specific clones, including A10 and C10,

also interfered with SIM binding, suggesting that this face of
Smt3 is prone to engaging in protein-protein interactions.

However, the binding surface of the DARPin scaffold employed

alternative contacts not involving b sheet formation with Smt3.

In addition, competition assays indicate that at least two of the

DARPins, E11 and G11, recognize a different surface of Smt3

with KD values below 100 nM. Our strategy to generate probes

that would not inhibit in vivo functions of SUMOylation by avoid-

ing the selection of SIM-like loops has therefore been successful.

Tools for investigating the budding yeast SUMO system
Thewide spectrum of affinities and inhibitory qualities among the

selected DARPins offers a range of properties matching relevant

applications. All DARPins recognize free as well as conjugated

Smt3 and are capable of depleting the modifier from total cell

extracts, indicating that the recombinant proteins can act as

substitutes for antibodies to identify Smt3 targets by affinity-

based isolation and mass spectrometry. When expressed in

cells, a subnanomolar binder such as A10 can serve as an induc-

ible inhibitor of cellular SUMOylation that—unlike the ubc9ts

mutant—does not require a temperature shift and can be tuned

in its potency via its expression levels. Addition of a nuclear

import or export signal even allows for compartment-specific

activity. In this manner, we showed that DARPins inhibit prolifer-

ation only when present in the nucleus and not in the cytoplasm.

This is consistent with the hypothesis that Smt3’s essential

function is linked to the activity of the anaphase-promoting

complex (APC/C), a large ubiquitin-E3 responsible for inducing

the degradation of cell-cycle-relevant nuclear substrates such

as the anaphase inhibitor Pds1 and the mitotic cyclins.57

At moderate expression levels, none of the DARPins inter-

fered with proliferation. However, a group of clones (A10,

C10, and G11) sensitized the host strain to a range of stress

conditions, including osmotic, oxidative, and genotoxic stress.

We therefore expect that these DARPins can serve as tools to

elucidate the contribution of SUMOylation to the relevant

cellular pathways.

Finally, another subgroup of selected DARPins, comprising

clones E11 and G11, did not compete for SIM binding of

Smt3. They are thus unlikely to impede the downstream

effects of SUMOylation. Therefore, we validated E11 as an in vivo

biosensor. When equipped with an NES, it localized to the bud

necks of mitotic cells, thus tracing SUMOylation of the mitotic

septins44 without interference from the dominant nuclear Smt3

signal. When not excluded from the nucleus, the most prominent

SUMOylation signal detected by E11 was the formation of

DNA-damage-induced nuclear foci. Analysis of their origins

and properties has now revealed insight into a defined mode of

chromatin-associated SUMOylation.

An ssDNA-independent, HR-associated chromatin
SUMOylation pathway
Group SUMOylation, i.e., the multisite modification of several

proteins acting in the same complex or pathway, has been re-

ported in various cellular processes, including budding yeast

septin disassembly,31,44 ribosome biogenesis,58 and genome

maintenance.3,59 In response to lethal doses of MMS, yeast

cells SUMOylate factors involved in various repair pathways,

including HR and non-homologous end joining (NHEJ), BER,
Cell Reports 44, 115353, March 25, 2025 11
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NER, and mismatch repair, and in DNA replication.20,21,48 How-

ever, high concentrations of MMS likely induce a variety of (sec-

ondary) lesions in addition to base alkylation, such as single- and

double-strand breaks and stalled or collapsed replication forks.

These harsh conditions might therefore activate multiple

different pathways simultaneously. Indeed, lower MMS doses

do not induce the SUMOylation of DSB repair factors.20

SUMOylation of core HR factors requires Exo1 and is mediated

by Siz2,21 which acts at junctions between single- and double-

stranded DNA.19 These conditions are consistent with activation

during DSB resection, but also at postreplicative daughter-

strand gaps. In contrast, UV irradiation mainly induces modifica-

tion of NER proteins in a Siz1- and Siz2-dependent manner.21,48

We now observed Rad51-dependent, chromatin-associated

SUMOylation induced by tolerable doses of MMS, dependent

on Mms21 and unrelated to sites of ssDNA, despite the notion

that the treatment induces daughter-strand gaps in replicating

cells.54 Moreover, foci were not associated with replication inter-

mediates or any specific subnuclear features. We therefore pro-

pose that the relevant SUMOylation targets may represent late

recombination intermediates resulting from replicative process-

ing of DNA lesions via sister chromatid exchange. Such a sce-

nario is consistent with Mms21 acting as part of the Smc5/6

complex in preventing gross chromosomal rearrangements

and spontaneous DSBs.60,61 Specifically, Mms21 promotes

the dissolution of joint molecules by SUMOylation of the Sgs1-

Top3-Rmi1 complex under very similar damage conditions.62

This model also explains the absence of abundant ssDNA at

sites of SUMOylation and the failure of clean DSBs to induce

the response.

Limitations of the study
At present, we cannot exclude a single or a small, defined set of

unidentified substrates as the origin of damage-induced

SUMOylation. Nonetheless, having ruled out major cellular

Smt3 targets and identified the responsible E3, we consider it

likely that the foci arise by group SUMOylation involving the

Sgs1-Top3-Rmi1 complex. Investigating group SUMOylation is

often complicated by the redundancy of individual modification

events, which cannot easily be abolished by mutating relevant

attachment sites. In this situation, Smt3-specific DARPins may

prove to be valuable analytical tools to visualize or isolate

SUMOylation at defined cellular structures in a substrate-unbi-

ased way. A caveat to this approach is the possibility that the

DARPins could prevent efficient SUMOylation or promote un-

physiological accumulation of SUMOylated targets by interfering

with downstream events, for example, by blocking the binding

of an effector protein. Although this is unlikely in the case of

E11, given its in vitro properties, future studies will need to

determine whether the kinetics of dissolution of joint molecules

or the rate of damage-induced sister chromatid exchange

is affected by the DARPin. Likewise, it will be interesting to

explore whether E11GFP can serve for monitoring SUMOylation

in other biological contexts. Finally, structural insight into those

DARPins that do not interfere with SIM binding will be important

to understand their basis of SUMO recognition and to exclude

potential bias toward or against SUMO conjugates of more com-

plex topology.
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Edmands, J., Borges, R.J., Brown, D.G., Burgos-Mármol, J.J., Berrisford,

J.M., et al. (2023). The CCP4 suite: integrative software for macromolec-

ular crystallography. Acta Crystallogr. D Struct. Biol. 79, 449–461.

70. Evans, P.R., andMurshudov, G.N. (2013). Howgood aremy data andwhat

is the resolution? Acta Crystallogr. D Biol. Crystallogr. 69, 1204–1214.

71. McCoy, A.J., Grosse-Kunstleve, R.W., Adams, P.D., Winn, M.D., Storoni,

L.C., and Read, R.J. (2007). Phaser crystallographic software. J. Appl.

Crystallogr. 40, 658–674.

72. Liebschner, D., Afonine, P.V., Baker, M.L., Bunkóczi, G., Chen, V.B., Croll,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mCherry, mouse mAb/IgG2a

(clone 1C51)

Abcam Cat# ab125096; RRID: AB_11133266

Anti-GFP, mouse mAb/IgG1k

(clone 7.1/13.1)

Roche Cat# 118114460001; RRID: AB_390913

Anti-PCNA (S. cerevisiae), rabbit polyclonal Stelter & Ulrich63 N/A

Anti-RNF4, goat polyclonal IgG,

affinity-purified

Bio-Techne Cat# AF7964

Anti-Smt3 (S. cerevisiae), rabbit polyclonal Papouli et al.64 N/A

Anti-tubulin a-chain, rabbit mAb/IgG

(clone EPR13799)

Abcam Cat# ab184970; RRID: AB_2928998

Anti-GFP nanobody, Atto 488 Pleiner et al.65 N/A

Anti-goat IgG, donkey, IRDye 800CW LI-COR Cat# 926-32214

Anti-mouse IgG, donkey, IRDye 680LT LI-COR Cat# 926-68022

Anti-mouse IgG, donkey, IRDye 800CW LI-COR Cat# 926-32212

Anti-mouse IgG, goat, HRP Pierce Cat# 1858413

Anti-rabbit IgG, donkey, IRDye 680LT LI-COR Cat# 926-68023

Anti-rabbit IgG, goat, IRDye 800CW LI-COR Cat# 926-32211

Anti-rabbit IgG, goat, HRP Agilent Technologies Cat# P0448; RRID: AB_2617138

Anti-rabbit IgG (H+L), goat, Alexa Fluor 594 Thermo Fisher Scientific Cat# A11012

Bacterial strains

Escherichia coli TOP10 Thermo Fisher Scientific Cat# C404010

Escherichia coli XL1-Blue Agilent Technologies Cat# 200249

Escherichia coli BL21 (DE3) Merck KGaA Cat# 69450-3

Escherichia coli RosettaTM 2(DE3) pLysS Merck KGaA Cat# 71403-3

Escherichia coli BL21 CodonPlus (DE3)-RIL Agilent Technologies Cat# 230245

Chemicals, peptides, and recombinant proteins

Bovine serum albumin (BSA) Merck KGaA Cat# A7906

Ni-NTA agarose Qiagen Cat# 30250

Streptavidin agarose Thermo Fisher Scientific Cat# 20353

Sulfolink resin Thermo Fisher Scientific Cat# 20401

SIGMAFAST Protease Inhibitor Cocktail Merck KGaA Cat# S8830

Imidazole Merck KGaA Cat# I2399

Isopropyl b-D-1-thiogalactopyranoside

(IPTG)

Generon Cat# GEN-S-02122

Dithiothreitol (DTT) Merck KGaA Cat# D0632

N-ethylmaleimide (NEM) Merck KGaA Cat# E3876

IGEPAL CA-630 Sigma-Aldrich Cat# I8896

Triton X-100 Merck KGaA Cat# T9284

MagStrep Strep-Tactin XT beads IBA-Lifesciences GmbH Cat# 2-5090-002

TEV protease In-house N/A

Zymolyase T100 Carl Roth Cat# 9329.2

4’,6-diamidin-2-phenylindol (DAPI) Sigma-Aldrich Cat# 10236276001

ProLong Diamond mounting medium Thermo Fisher Sicentific Cat# P36961

Concanavalin A Sigma-Aldrich Cat# L7647

(Continued on next page)
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Lipsol DynalonLabware Cat# 504004-0000

Photo-Flo 200 Thermo Fisher Scientific Cat# 50-268-05

Critical commercial assays

Superdex 75 10/300 GL column Cytiva Cat# 17-5174-01

HiTrap Q HP, 5 mL Cytiva Cat# 17-1154-01

HiTrap SP FF, 5 mL Cytiva Cat# 17-5054-01

Mono Q 10/100 GL Cytiva Cat# 17-5166-01

PD-10 desalting columns Cytiva Cat# 17-0851-01

HBS-EP buffer Cytiva Cat# BR100669

Biotin capture kit Cytiva Cat# 28920233

Deposited data

Atomic coordinates of A10$Smt3 complex This study PDB: 9G8I

Atomic coordinates of A10$Smt3 complex This study PDB: 9GAU

Experimental models: Organisms/strains

Saccharomyces cerevisiae: strain

background DF5

Finley et al.66 N/A

Other yeast strains: see supplemental

information

This study Table S2

Oligonucleotides

See supplemental information This study Table S3

Recombinant DNA

See supplemental information This study Table S4

Software and algorithms

Biacore Evaluation Software 2.0.2 Cytiva N/A

Image Studio 3.1 LI-COR N/A

Prism 8 GraphPad N/A

BD FACSDIVA software BD Biosciencies N/A

FlowJoTM v10.10 BD Life Sciences N/A

SoftWoRx GE Healthcare N/A

XDS Kabsch67 N/A

POINTLESS Evans68; Agirre et al.69 N/A

AIMLESS Agirre et al.69; Evans & Murshudov70 N/A

Phaser McCoy et al.71 N/A

PHENIX Liebschner et al.72 N/A

CCP4 Agirre et al.69 N/A

Buccaneer Cowtan73 N/A

Coot Emsley & Cowtan74 N/A

Refmac Agirre et al.69; Murshudov et al.75 N/A

PHENIX Liebschner et al.72; Afonine et al.76 N/A

PDBe PISA v1.52 Krissinel & Henrick77 N/A

PyMOL version 2.5.8 Molecular Graphics System,

Schrödinger, LLC

N/A

MUSCLE 3.8 Edgar78 N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS

S. cerevisiae strains used in this study are listed in Table S2. All strains were grown at 30�C with agitation at 200 rpm, except for the

temperature-sensitive ubc9ts mutant, which was grown at 25�C (permissive temperature) or 37�C (restrictive temperature). Strains

harboring integrated expression constructs were grown in SC-complete or YPDmedium using 2% (w/v) glucose as a carbon source.
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Strain construction was accomplished by transformation of plasmids, tagging or deletion cassettes or by mating and tetrad

dissection.

METHOD DETAILS

Construction of plasmids
Genes of interest were inserted into expression vectors using restriction cloning or Gibson assembly. All constructs were propagated

in Escherichia coli TOP10 and verified by Sanger sequencing.

DARPin selection and initial screening
The target Smt3 (UniProt: Q12306), fused to an N-terminal MAH6 and Twin-Strep tag in the vector pQIq (a derivative of pQE30, Qia-

gen), was expressed in E. coli XL1-Blue and purified by Ni-NTA chromatography. To generate DARPin binders for Smt3, Smt3 was

immobilized on MagStrep Strep-Tactin XT beads and not by biotinylation as normally performed. Ribosome display selection was

otherwise performed as previously described,22 but using a semiautomatic KingFisher Flex MTP 96 well platform.

The fully synthetic library includedN3C-DARPins with three randomized internal repeats with the original randomization strategy as

reported,23 but including a stabilized C-cap.18,79,80 Additionally, the library is a 1:1 mixture of DARPins with randomized and non-

randomized N- and C-caps, respectively,18,81 and successively enriched pools were ligated in a ribosome display-specific vector.22

Selection was performed over four rounds with decreasing concentrations of Smt3 (250 pmol, 125 pmol, 5 pmol, and finally 50

pmol of target as a recovery round) and increasing washing steps for the first three cycles.22,82 For rounds 2 to 4, pre-panning

with MagStrep Strep-Tactin XT beads was performed for the Smt3 selection to avoid Strep-Tactin binders.

To screen individual DARPins for their binding properties, the selected pool of DARPins from ribosome display was subcloned by

restriction digest with BamHI and HindIII into the vector pQIq. This creates DARPins with an N- terminal MRGS(H)6-tag and a C-ter-

minal FLAG-tag. 380 single clones were screened for binding to a biotinylated version of Smt3 using homogeneous time-resolved

fluorescence HTRF, performed according to a previously established protocol.83 After sequencing 33 single clones, a total of 19

unique DARPins were obtained binding to Smt3.

Preparation of recombinant proteins
Unless otherwise noted, His-tagged proteins were purified by a standard protocol involving Ni-NTA affinity chromatography in a

batch procedure using HEPES- or Tris-based buffer, followed by gel filtration on a Superdex 75 10/300GL column in a buffer suitable

for the relevant downstream application. Purified proteins were stored at -70�C. Ubc9His and Ubc9(K153R)His were purified as

described.84 HisSiz1(1-508) was purified as previously described.85 HisUlp1(403-621) was purified as previously described.86 HisPCNA

and His-tagged RFC complex were purified essentially as described.29

DARPins
HisDARPinFLAG proteins were produced in Escherichia coliBL21 DE3 via addition of 0.75mM IPTG for 4 h at 37�C. Cells were lysed by

sonication on ice in HEPES lysis buffer (40 mM HEPES pH 7.5, 150 mM NaCl, 20 mM imidazole, 1 mM DTT, SIGMAFAST Protease

Inhibitor Cocktail). After purification according to the standard protocol, DARPins were stored in the relevant buffer for downstream

applications.
His-AVISmt3, biotinylated Smt3, hSUMO1, and hSUMO2

Biotinylated Smt3 was produced in E. coliRosetta pLysS by co-transformation of the His-AVISmt3 expression plasmid with an expres-

sion plasmid encoding BirA. Briefly, a small overnight culture was grown in LB medium with the appropriate antibiotics at 37�C. This
culture was diluted to an OD600 of 0.1 in LB media with antibiotics and grown to an OD600 of 0.7-0.8. Biotin was then added to 50 mM

from a solution prepared by mixing 12 mg of D-biotin with 10 mL of warm 10 mM Bicine buffer (pH 8.3) and filter-sterilization. At the

same time, expression was induced by addition of 50 mM IPTG for 6 h at 30�C. After lysis by sonication, SIGMAFAST Protease In-

hibitor Cocktail was added, and biotinylated His-AVISmt3 was purified via Ni-NTA affinity chromatography and gel filtration in HBS-EP

buffer.

The degree of biotinylation was analyzed by a gel-based streptavidin shift assay.87 Biotinylated protein (0.2 to 5 mg) was incubated

in 1x SDS loading buffer for 10 min at 95�C. Samples were cooled to room temperature and 1 mL of streptavidin solution (1 mg/mL in

PBS) was added. Samples were incubated for 30 min at room temperature and analyzed by SDS-PAGE. Biotinylation was quantified

by comparing the streptavidin-containing samples with control samples without streptavidin, using Image-J software.

Where immobilization via Streptavidin was not needed, His-AVISmt3 was purified in the same manner, but without BirA-mediated

in vivo biotinylation.

Untagged Smt3(20-98) and Smt3(K11/15/19R)

For crystallization purposes, Smt3(20-98) was produced in E. coli BL21 Codon Plus via addition of 0.2 mM IPTG for 4 h at 37�C. Cells
were lysed by sonification in Tris lysis buffer (25 mM Tris-HCl pH 7.5, 50 mM NaCl, 0.5 mM EDTA, 1 mM DTT, SIGMAFAST Protease

Inhibitor Cocktail). The cleared lysate was passed through a 0.45 mM filter and loaded onto an anion exchange column (HiTrap Q,

5 mL) equilibrated in buffer A (25 mM Tris-HCl pH 7.5, 0.5 mM DTT, 1 mM EDTA) + 40 mM NaCl. Bound proteins were eluted with

a gradient of NaCl (100-700 mM). Relevant fractions were pooled and buffer-exchanged to buffer A + 40 mM NaCl. After passage

through a cation exchange column (HiTrap SP, 5 mL) equilibrated in buffer A + 40mMNaCl, the protein was subjected to gel filtration
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in crystallization buffer (40 mM HEPES pH 7.4, 50 mM NaCl, 1 mM DTT). Untagged Smt3(K11/15/19R) was purified in the same

manner.
His-YFPSmt3 and His-CFPGAPtail

FRET partner proteins were produced essentially as described,33 with the following modifications: expression was induced in E. coli

BL21 Codon Plus via addition of 0.4 mM IPTG for 5 h at 20�C. After lysis by sonication in a buffer containing 50 mM Tris-HCl, 50 mM

NaCl, 1 mM EDTA, pH 8.0, 1 mM DTT, SIGMAFAST Protease Inhibitor Cocktail, proteins were first subjected to Ni-NTA affinity pu-

rification, followed by gel filtration in 20 mM HEPES, 110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, pH 7.3,

1 mM DTT, SIGMAFAST Protease Inhibitor Cocktail. Peak fractions were concentrated to 1 mg/mL and flash-frozen.

E1

The HisAos1$Uba2 complex was produced essentially as described,88 with the following modifications: induction was for 5 h at 25�C
with 0.1 mM IPTG. Lysis was performed by two passages over a high-pressure cell disruption system (1.8 mPa, 4�C). The cleared

supernatant was applied to 2 mL Ni-NTA agarose. Bound proteins were eluted with five aliquots of 2 mL elution buffer. After a gel

filtration step, relevant fractions were loaded onto an anion exchange column (Mono Q 10/100 GL) equilibrated in 50 mM Tris-HCl

pH 7.5, 50 mM NaCl, 1 mM DTT, and eluted using a linear gradient (20 column volumes) of 50 to 500 mM NaCl. E1-containing

fractions were buffer-exchanged via a PD10 column into storage buffer (20 mM HEPES pH 7.3, 110 mM potassium acetate,

2 mM magnesium acetate, 1 mM EGTA, 1 mM DTT, SIGMAFAST Protease Inhibitor Cocktail), and flash-frozen in aliquots.

RNF4
His-MBPRNF4 was produced as described,89 except that a batch method was used for the Ni-NTA purification (500 mL Ni-NTA beads

per 500 mL culture, 2 h incubation at 4�C, followed by three washes and five elution steps). The MBP tag was removed by cleavage

with TEV protease at 4�C overnight. After a step of reverse Ni-NTA purification to remove His-MBP and His-TEV, the cleaved RNF4

protein was subjected to a final step of gel filtration.

Sequence analysis
DARPin sequences were subjected to multiple alignment using MUSCLE 3.8.78

In vitro interaction assays
Pull-down assays with recombinant proteins

Purified His-CysSmt3 and its variants were coupled to Sulfolink resin according to the manufacturer’s protocol, using 0.6 nmol protein

per 5 mL of slurry. Pull-down assays were performed with purified DARPins, using 0.3 nmol bait on beads and 0.1 nmol DARPin per

reaction in phosphate-buffered saline (PBS) containing 0.1% Triton X-100. After a 1 h incubation at 4�C followed by washes with the

same buffer, bound material was analyzed by SDS-PAGE and Coomassie staining.

Pull-down assay with yeast lysate

Total lysate was prepared by means of a high-pressure cell disruption system (35,000 psi, 3 rounds at 4�C) in a buffer containing

50 mM Tris pH 7.5, 150 mM NaCl, 10% (v/v) glycerol, 1 mMDTT, 5 mM EDTA, 10 mMN-ethylmaleimide, and SIGMAFAST Protease

Inhibitor Cocktail. Following centrifugation at 300 x g for 5min at 4�C, 0.5% (v/v) IGEPAL and 0.25% (v/v) Triton X-100 were added to

the cleared lysate. The extract was incubated for 1 h at 4�C with agitation on a roller, centrifuged at 20,000 x g for 30 min at 4�C, and
the protein concentration of the supernatant was determined. The lysate was stored at -70�C. Ni-NTA agarose beads (15 mL per

sample) were pre-incubated with DARPins for 60-90 min at 4�C on a rotation wheel. After washing with 50 mM HEPES pH

7.4, 50mMNaCl, 1% (v/v) glycerol, 1% (v/v) Triton X-100, blocking for 30min at 4�Cwith 1mg/mL BSA and renewedwashing, beads

were incubated with 10 mg yeast lysate for 90 min at 4�C. Samples were washed again with the same buffer, and bound protein

was eluted by addition of 15 mL 1xLDS and heating at 95�C for 5 min. Eluted protein, input and unbound material were analyzed

by SDS-PAGE and western blotting using a polyclonal anti-Smt3 antibody.

Analytical gel filtration

Analytical gel filtration was performed on a Superdex 75 10/300 column in 40mMNa-HEPES pH 7.4, 50 mMNaCl, 8 mMmagnesium

acetate. DARPins and Smt3 were applied at 5 mM each after incubation separately or together at 4�C overnight.

Determination of binding parameters

Interactions of DARPins with Smt3 were quantified by surface plasmon resonance measurements using a Biacore X-100 instrument

(Cytiva). Steady-state affinity measurements were performed by immobilizing 200-500 RU of biotinylated His-AVISmt3 or mutants on a

Streptavidin-coated chip using a Biotin capture kit. For kinetic analysis of association and dissociation constants, 50-100 RU were

immobilized. Unless otherwise noted, capture was performed for 180 s, and binding, dissociation, and regeneration steps were 120 s

each. The concentrations of the analytes varied according to interaction strength and measurement mode.

In vitro SIM interaction assay

The influence of the DARPins on the interaction between Smt3 and RNF4 was analyzed by pull-down assays. Streptavidin agarose

beads (15 mL slurry per sample) were equilibrated with 50 mM HEPES pH 7.4, 50 mM NaCl, 1% (v/v) glycerol, 1% (v/v) Triton X-100,

and loaded with 0.25 nmol of purified biotinylated His-AVISmt3 for 60-90 min at 4�C on a rotating wheel. After washing, blocking with

1 mg/mL BSA for 30 min at 4�C, and renewed washing, beads were incubated with 10 nmol of DARPin in 100 mL buffer for 30 min at

4�Con a rotation wheel. Subsequently, 1 nmol of purified RNF4was added, and samples were incubated for another 60min at 4�Con

a rotation wheel. After renewed washing, bound proteins were eluted by addition of 15 mL 1x NuPage loading dye and heating the
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samples at 95�C for 5 min. Eluted material was analyzed by SDS-PAGE and western blotting with anti-RNF4 antibodies and

quantified using Image StudioTM. Degradation products of RNF4 were included, and a background signal was subtracted from

the total signal. Signals of RNF4 in the presence of Smt3-specific DARPins were plotted relative to the amount retained in the

presence of control DARPin E3_5.

In vitro SUMOylation and deSUMOylation assays
All SUMOylation and deSUMOylation assays were performed in a buffer containing 40 mM HEPES pH 7.4, 50 mM NaCl, and 8 mM

magnesium acetate. SUMOylation reactions were incubated at 30�C unless otherwise noted, deSUMOylation reactions at 20�C.
Reactions were stopped by addition of SDS loading buffer and heating at 95�C for 5min and analyzed by SDS-PAGE andCoomassie

staining or western blotting.

PCNA SUMOylation

In vitro SUMOylation assays were performed with DNA-loaded PCNA essentially as described with minor modifications.29 Briefly,

reactions contained 50 nM HisPCNA, 100 nM E1, 50 nM Ubc9His, 1 mM His-AVISmt3, 25 nM Siz1(1-508), 2.5 nM of nicked plasmid

DNA, 30 nM RFC complex, and 3 mM of DARPin, and were incubated for 1 h. Reactions were started by the addition of 1 mM

ATP, and products were analyzed by western blotting with an anti-PCNA antibody.

Assembly of unanchored Smt3 chains

In vitro assembly of Smt3 chains was monitored using 100 nM E1, 50 nM Ubc9(K153R)His, 1 mM His-AVISmt3, and 5 mM of DARPins.

Where indicated, HisSiz1(1-508) was present at 50 nM. Reactions were set up and briefly pre-incubated without E1, started by

addition of E1 and transfer to 30�C. They were terminated by addition of SDS loading buffer and heating at 95�C for 5 min. Products

were analyzed by SDS-PAGE and western blotting with an anti-Smt3 antibody.

SUMOylation of a RanGAP1 fragment

A FRET-based SUMOylation assay was performed at 20�C essentially as described.33 Final concentrations in the reactions were

10 nM E1, 10 nMUbc9(K153R)His, 100 nM His-CFPGAPtail, 100 nM His-YFPSmt3(K11/15/19R), and 0.2 mg/mL BSA. The reaction buffer

contained 40mMHEPESpH 7.4, 8mMmagnesium acetate, 50mMNaCl and 0.1%Tween 20. Amastermixwithout E1was prepared

and distributed to a 384-well plate. Samples were pre-incubated for 10 min with an equimolar amount or a 10-fold molar excess of

DARPin over Smt3. SUMOylation reactions were started by addition of 1 mMATP to all except the control sample. Fluorescence was

recorded every 30 s for 20 min in a Tecan Spark plate reader, using a 430 nm filter for excitation of CFP and 485 nm and 535 nm for

recording emission of CFP and YFP, respectively. Data were analyzed using the Graphpad Prism software by dividing the YFP by the

CFP fluorescence signal, normalizing them to the values at t=0 min and subtracting the value of a control reaction without ATP.

Reaction products were analyzed by western blotting with a rabbit anti-Smt3, and a mouse anti-GFP antibody. Blots were

imaged with an Odyssey CLx system (LI-COR) using secondary antibodies tagged with near-infrared fluorophores (LI-COR

Biosciences IRDye 680RD and 800CW, respectively).

DeSUMOylation

Ulp1 activity was followed using His-CysSmt3GFP as a substrate. Substrate at 4 mMwas pre-incubated for 10 min at 4�C with a 5-fold

molar excess of the respective DARPin. After addition of 50 nM Ulp1, the reaction was incubated at 20�C and samples were taken at

1, 2, and 5 min. Products were analyzed by SDS-PAGE and Coomassie staining.

In vitro thioester assays
Thioester formation of Smt3 with E1 and E2 was analyzed at 30�C in reactions containing 5 mM Smt3 and a five-fold molar excess of

DARPins in the same buffer as used for the SUMOylation assays. Reactions were terminated by adding a 3-fold concentrated dena-

turing loading buffer (8 M urea, 5% (w/v) SDS, 200 mM Tris-HCl pH 6.8, 1 mM EDTA, 0.1% (w/v) bromophenol blue) without heating,

followed by SDS-PAGE and Coomassie staining. Control samples were incubated with loading buffer containing 50 mM DTT to

reduce all thioesters.

E1 thioester
His-AVISmt3 and DARPins were pre-incubated on ice for 10 min before addition of 500 nM E1 and 1 mM ATP in reaction buffer. Sam-

ples were taken after 0, 5, and 15 min. Gel images were quantified using Image Studio software. Relative E1 thioester signals were

determined from the ratio of thioester to total E1 signal, normalized against the signal of a sample treated with reducing agent.

E2 thioester
His-AVISmt3(K11/15/19R) was pre-incubated with 500 nM E1 and 1 mM ATP for 15 min in reaction buffer. DARPins were then added,

and samples were incubated for 10 min. Finally, 750 nM Ubc9(K153R)His was added, and samples were taken after 0, 5, and 10 min.

Crystallization of DARPin$SMT3 complexes
Prior to crystallization, DARPin$Smt3(20-98) complexes were purified by incubating the two proteins in a 1:1 molar ratio for 30min on

ice and subjecting them to gel filtration in a buffer containing 40mMHEPES pH 7.4, 50mMNaCl, and 1mMDTT. Peak fractions were

pooled and concentrated to 20 mg/mL. Initial screening was done in a 96-well plate using the mosquito crystal robot (SPT Labtech).

Crystal optimization took place in a 24-well plate using the hanging drop method.

Crystals of the A10$Smt3 complex formed at 20�Cusing a hanging drop setupwith a reservoir solution containing 0.1MBis-Tris pH

6.5 and 23% (v/v) PEG 3350. The protein solution at 5 mg/mL was mixed in volume ratios of 2:1, 1:1, or 0.5:1 with the reservoir
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solution. Crystals were cryo-protected with 0.1 mM Bis-Tris pH 6.5, 23% (v/v) PEG 3350, and 10% (v/v) PEG 200. The A10$Smt3

crystals belong to space group P212121 with two A10$Smt3 complexes per asymmetric unit and unit cell constants a=42.97 Å,

b=94.75 Å, c=120.96 Å.

The C10$Smt3 complex crystallized at 20�C in a reservoir solution containing 0.1 M Bis-Tris pH 6.5 and 16% (v/v) PEG 3350. The

protein solution at 20mg/mLwasmixed in volume ratios of 2:1, 1.5:1, or 1:1 with reservoir solution. Crystals were cryo-protected with

0.1 mM Bis-Tris pH 6.5, 16% (v/v) PEG 3350 and 10% (v/v) PEG 200. The C10$Smt3 crystals belong to space group C21 with one

C10$Smt3 complex per asymmetric unit and unit cell constants a=90.46 Å, b=44.69 Å, c=47.60 Å, b = 98.76 �.

Data collection, structure determination, and refinement
A 2.51 Å data set was collected from a A10$Smt3 crystal at SLS X06DA (PSI, Switzerland) and a 2.64 Å data set was collected from a

C10$Smt3 crystal at SLS X06SA. All data sets were processed using XDS67 and evaluated using the half-set correlation in the highest

resolution shell. Both data sets were subjected to POINTLESS,68,69 then AIMLESS69,70 for data scaling. Structures were solved by

molecular replacement using Phaser71 within the PHENIX72 or CCP469 package. For the A10$Smt3 structure, Smt3 (PDB: 1EUV) was

used as searchmodel, and Buccaneer73 was used to build initial model of the DARPin A10. For theC10$Smt3 structure, DARPin E3_5

(PDB: 1MJ0) was used as search model, and Buccanneer was used to build an initial Smt3 model. Additional manual model building

was done by Coot,74 refinement was carried out by Refmac69,75 and PHENIX.72,76

TheA10$Smt3complex structure hasRwork/Rfree valuesof 0.240/0.299 and theC10$Smt3hasRwork/Rfree valuesof 0.232/0.288. The

A10$Smt3 structure consists of 456 amino acids (Smt3 E21-Q95, DARPin A10D15-L167) and 56watermolecules. Due to lack of elec-

tron density on their side chains, 32 amino acids were refined as alanine residues, but none of them are in the interaction region. The

structurehas95.98%Ramachandran favoredmainchain torsionangles andno residuesareoutliers. TheC10$Smt3complex structure

consists of 199 amino acids (Smt3 E21-I96, DARPin C10 S14-Q136) and 31 water molecules. Due to lack of electron density on their

side chains, 13 amino acids were refined as alanine residues, but none of them are in the interaction region. The Ramachandran Plot

depicts 96.41% of the main chain torsion angles in the most favored regions, 0.51% are marked as outliers. Interfaces were analyzed

using PDBe PISA v1.52.77 Images were generated in the PyMOL Molecular Graphics System, Version 2.5.8, Schrödinger, LLC.

Manipulation of budding yeast
Preparation of cell extracts

Denatured extracts for analysis by western blotting were prepared by trichloroacetic acid precipitation as described.90

Determination of growth curves

Exponentially growing cultures were diluted into a 96-well plate to an OD600 of 0.0125 in 200 mL of SC-complete medium containing

2 mg/mL doxycycline. Proliferation was monitored using a TECAN Spark 20M multimode microplate reader at 30�C for 20 h at a

wavelength of 600 nm and a bandwidth of 3.5 nm. A well of medium not inoculated with a yeast culture (blank) served as control.

Cell cycle analysis

Ca. 1.5$107 cells were harvested and fixed for 10 min at room temperature in 2.5% (v/v) formaldehyde in 0.1 M potassium phosphate

pH 6.4. After washing twice in potassium phosphate pH 6.6, and once in potassium phosphate pH 7.4, cells were permeabilized in

1 mL 70% (v/v) ethanol for 10 min at room temperature. Cells were pelleted, washed twice with 50 mM sodium citrate pH 7.0, and

treated with 800 mg of RNase A in 1 mL citrate buffer for 1 h at 50�C. Samples were then washed once with citrate buffer, and propi-

dium iodide was added to 32 mg/mL in citrate buffer. Samples were briefly sonicated and analyzed on an LSRFortessa SORP (BD

Biosciences) flow cytometer equipped with BD FACSDIVA software. Data were analyzed using the FlowJo v10 software (FlowJo,

LLC). Gates were applied for GFP-positive single cells to determine their DNA content.

Fluorescence microscopy

For live cell microscopy, 200 mL of an exponential culture were plated onto a concanavalin A-coated chambered glass-bottom

coverslip (Ibidi), washed three times with medium, and released into fresh prewarmed SC-medium (30�C) supplemented with doxy-

cycline and/or other drugs as required. Imagingwas performed in an environmental control chamber at 30�C, using a DeltaVision Elite

widefield microscope (GE Healthcare) equipped with a 60x oil immersion objective (NA=1.42), InsightSSITM solid-state illumination,

Scientific CMOS camera, SoftWoRxTM software, and a built-in deconvolution algorithm. Z stacks with 21 steps (step size = 0.2 mm)

were acquired for each image. Fluorescent proteins or dyes were imagedwith their optimized filters. Differential interference contrast

(DIC) was used for whole-cell images. The built-in deconvolution algorithm was used to reconstruct images.

For immunofluorescence, cells from an exponential culture were fixed with 0.1 volumes of a 37% (v/v) formaldehyde solution for

15-20 min at room temperature. 10 mL were harvested and resuspended in a potassium phosphate buffer (pH 6.4) containing 3.7%

formaldehyde and incubated for 15 min at room temperature, followed by several washes with 0.1 M potassium phosphate and sub-

sequently with spheroplasting buffer (0.1M potassium phosphate pH 7.4, 1.2M sorbitol, 0.5mMMgCl2). Zymolyase T100was added

for spheroplasting. Spheroplasts were immobilized on a poly-Lysine-coated slide for 15min, followed by fixation in ice-coldmethanol

for 3 min and in ice-cold acetone for 10 s. After drying, all incubations were done in a wet chamber. Slides were blocked for 30 min

with 1% (w/v) BSA in PBS, incubated with the primary antibody in PBS-BSA for 1 h, washed four timeswith PBS-BSA, incubated with

the secondary antibody for 1 h, washed again, and subjected to DAPI staining (1:10,000 of a 0.1 mg/mL solution) for 15 min. After

addition of ProLong Diamond mounting medium, samples were sealed with coverslips and kept at 4�C in the dark until imaging

as described above.
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For chromatin spreads, cells corresponding to 10 OD600 were collected and inactivated with 0.1% sodium azide, followed by

spheroplasting in sorbitol mix (1.2 M sorbitol, 100 mM potassium phosphate pH 6.5) with 0.4 mg/mL zymolyase 20T, washing

once in MES stop solution (100 mM MES pH 6.4, 1 mM EDTA, 0.5 mM MgCl2, 1 M sorbitol) and resuspension in 0.5 mL MES

stop solution. To prepare spreads, 20 mL spheroplasts, 40 mL of fixing solution (4% paraformaldehyde, 3.4% sucrose), 80 mL of

1% Lipsol, and 80 mL of fixing solution were added sequentially to a clean coverslip with brief mixing by swirling between additions.

Samples were spread on coverslips with a glass rod and left to dry overnight. Slides were washed with 0.4% Photo-Flo 200 in water

and with PBS and then mounted in mounting medium with DAPI before imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical treatment of surface plasmon resonance data was performed using the Biacore Evaluation Software, assuming a 1:1 inter-

action model. FRET signals, optical densities for growth curves and western blot signals were quantified from a minimum of three

replicates, andmean values and standard deviations were calculated using Excel or GraphPad. Numbers of replicates and statistical

treatments are provided in the figure and table legends.
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