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Discriminating closely related molecules remains a major challenge
in the engineering of binding proteins and inhibitors. Here we
report the development of highly selective inhibitors of small ubi-
quitin-related modifier (SUMO) family proteins. SUMOylation is
involved in the regulation of diverse cellular processes. Functional
differences between two major SUMO isoforms in humans, SUMO1
and SUMO2/3, are thought to arise from distinct interactions
mediated by each isoform with other proteins containing SUMO-
interacting motifs (SIMs). However, the roles of such isoform-
specific interactions are largely uncharacterized due in part to the
difficulty in generating high-affinity, isoform-specific inhibitors of
SUMO/SIM interactions. We first determined the crystal structure
of a “monobody,” a designed binding protein based on the fibro-
nectin type lll scaffold, bound to the yeast homolog of SUMO. This
structure illustrated a mechanism by which monobodies bind to
the highly conserved SIM-binding site while discriminating indivi-
dual SUMO isoforms. Based on this structure, we designed a
SUMO-targeted library from which we obtained monobodies that
bound to the SIM-binding site of human SUMO1 with K4 values of
approximately 100 nM but bound to SUMO2 400 times more
weakly. The monobodies inhibited SUMO1/SIM interactions and,
unexpectedly, also inhibited SUMO1 conjugation. These high-affi-
nity and isoform-specific inhibitors will enhance mechanistic and
cellular investigations of SUMO biology.

protein engineering | molecular recognition | posttranslational
modification | antibody mimic | fibronectin type Ill domain

Proteomes contain many protein families whose members
share high levels of sequence and structural similarity. Indi-
vidual members of such protein families can have distinct func-
tions, but such functional differences are often difficult to define.
Affinity reagents and inhibitors capable of selectively targeting
individual family members have great potential as tools for selec-
tively manipulating and thus defining the unique functions of
these proteins. However, the development of such highly selec-
tive reagents is a formidable challenge because of high homology
among family members. In this work, we report the development
of selective inhibitors of members of the small ubiquitin-like
modifier (SUMO) family.

SUMOs are structurally similar to ubiquitin and are posttran-
slationally conjugated to other proteins resulting in a variety
of functional modulations. In humans, there are four SUMO
isoforms (SUMO1-4) (1). SUMO1 and SUMO2 share 41%
sequence identity (72% similarity) but are functionally distinct
(Fig. S1) (2, 3). SUMO2 and SUMO3, collectively referred to
as SUMO2/3, share 97% sequence identity and are assumed to
be functionally identical (1, 4). SUMO4’s relevance as a posttran-
slational modification is not clear (5, 6). Thus, most studies
in SUMO biology have focused on SUMO1 and SUMO2/3.
SUMOylation plays important roles in regulating diverse cellular
processes including DNA repair, transcription, nuclear transport,
and chromosome dynamics (1, 4). The dominant mechanism by

www.pnas.org/cgi/doi/10.1073/pnas.1102294108

which SUMOylation alters protein function appears to be
through SUMO-mediated interactions with other proteins con-
taining a short peptide motif known as a SUMO-interacting motif
(SIM) (4, 7, 8).

There are few inhibitors of SUMO/SIM interactions, a defi-
ciency that limits our ability to finely dissect SUMO biology. In
the only reported example of such an inhibitor, a SIM-containing
linear peptide was used to inhibit SUMO/SIM interactions, estab-
lishing their importance in coordinating DNA repair by nonho-
mologous end joining (9). This peptide sensitized cancer cells to
radiation and chemotherapeutic-induced DNA damage, illustrat-
ing a therapeutic potential of SUMO/SIM inhibitors. These find-
ings clearly establish the utility of SUMO/SIM inhibitors, but the
peptide inhibitor suffers from two significant shortcomings. First,
the peptide binds equally well to SUMO1 and SUMO2 /3, making
it impossible to differentiate the roles of each isoform. Second,
the peptide has low affinity for SUMO (K4 ~ 5 pM) (8). As a re-
sult, high concentrations of the peptide are required for inhibi-
tion. Most natural SIM peptides exhibit similarly low affinities
and discriminate individual SUMO isoforms by approximately
10-fold or less (7, 10-13). Higher affinity reagents capable of
selectively inhibiting the SIM interactions of individual SUMO
isoforms could be powerful tools for better defining the functions
of each isoform and potentially as more potent therapeutics.
However, the development of such highly selective inhibitors
presents a formidable challenge as the SIM-binding site is highly
conserved among SUMO isoforms (Fig. 14 and Fig. S1) (14).

Our group has established the fibronectin type III domain
(FN3) as an effective scaffold for generating binding proteins that
we call “monobodies” (15). FN3 has three loops at one end of the
molecule that are analogous to antibody complementarity deter-
mining regions (Fig. 1B). We design and construct combinatorial
libraries that diversify the lengths and amino acid sequences of
these loops and, from these libraries, we isolate monobodies cap-
able of binding to a target of interest. A monobody that binds to
the Src homology 2 (SH2) domain of Abelson tyrosine kinase
(Abl) has recently been developed that targets the phosphopep-
tide binding site (16). Although this site is highly conserved
among the 120 human SH2 domains, just as the SIM-binding site
is highly conserved in SUMO proteins, this monobody was highly
selective and proved a valuable tool for better defining the bio-
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Fig. 1. Sequences and properties of ySUMO-binding monobodies. (A) ySU-
MO structure colored by conservation score among ySUMO and hSUMO iso-
forms (34). (B) Schematic of the FN3 scaffold with p-strands A-G labeled and
surface loops diversified in monobody libraries colored red. (C) Amino acid
sequences of variable loops of ySUMO-binding monobodies with Ky values
from SPR. Residues are colored as follows: Tyr (yellow), Ser (red), Gly (green),
Arg and Lys (dark blue), His (blue), polar amino acids (C, N, T, Q,) (pale blue),
hydrophobic amino acids (A, L, V, F, I, W, M, P) (white), and Asp and Glu (pink),
residues originating from the vector template (not from mutagenesis) (gray).
(D) SPR traces for ySMB-1 and ySMB-2 binding to ySUMO with kinetic para-
meters calculated from a best fit (solid line) of the raw data (dashed line) to a
1:1 binding model. (E) Epitopes of ySMB-1 and ySMB-2 mapped from NMR
chemical shift perturbation shown on the ySUMO structure. Nitrogen atoms
of unambiguously assigned amides in the "H-">N heteronuclear single quan-
tum coherence spectrum (spheres) are colored according their perturbation
level: shift of >2 peak widths (red), 1-2 peak widths (orange), ~1 peak width
(yellow), <1 peak width (unaffected) (white).

logical role of Abl SH2. This example validated the concept of
using monobodies to selectively target even highly conserved
functional sites in individual members of a protein family.

We have attempted to isolate monobodies that specifically
target individual human SUMO isoforms as well as the yeast
homolog of SUMO (ySUMO), which has approximately 45%
sequence identity (approximately 67% similarity) with human
SUMOs (hSUMOs) (Fig. 14 and Fig. S1). Although we success-
fully isolated numerous monobodies to ySUMO with mid-nano-
molar K4 values (Fig. 1 C and D and Fig. S2), puzzlingly, we
generated only weakly binding monobodies to hSUMO1 and
hSUMO2/3 (K4 values in the micromolar range), suggesting
shortcomings in our library design for these targets.

In this work, we determined the crystal structure of a ySUMO-
binding monobody bound to ySUMO, which revealed the struc-
tural basis for our success in targeting ySSUMO and for our diffi-
culties in targeting hSUMOs. Guided by this knowledge, we
developed a “SUMO-targeted” monobody library that success-
fully produced isoform-specific monobodies to hSUMOL1. Func-
tional studies demonstrated that these monobodies are highly
selective inhibitors of hSUMO1/SIM interactions and also of
hSUMOI1 conjugation.

Results

Diverse Monobodies Recognize the SIM-Binding Site of ySUMO and
Discriminate ySUMO from hSUMOs. As a first step toward under-
standing how monobodies recognize yYSUMO, we mapped the
epitopes of two of the highest affinity ySSUMO-binding monobo-
dies, termed ySMB-1 and ySMB-2 (Fig. 1 C and D and Fig. S2),
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using NMR chemical shift perturbation. Despite distinct amino
acid sequences in their variable loops (Fig. 1C), both monobodies
bound to similar epitopes centered on the SIM-binding site
(Fig. 1E). Binding of 33 other ySUMO monobodies was inhibited
by ySMB-1, indicating that they too bound to the SIM-binding
site (Fig. S34). Like ySSMB-1, most ySSUMO-binding monobodies
have polyserine sequences in the BC and DE loops that originate
from incomplete mutagenesis of the template vector in library
construction, suggesting that these loops do not contribute to
binding (Fig. 1C and Fig. S2). Furthermore, many of these mono-
bodies have an 11-residue FG loop with a centrally located acidic
residue and flanking aromatic and hydrophobic residues (Fig. 1C
and Fig. S2). Together, these results suggest that essentially all
the ySSUMO-binding monobodies recognize the SIM-binding site
using a similar mode of interaction.

Most ySUMO-binding monobodies exhibited negligible levels
of binding to hSUMO1 or hSUMO?2 in a phage enzyme-linked
immunosorbent assay (ELISA) (Fig. 24). Such high selectivity
was unexpected, because the SIM-binding site is the most highly
conserved surface between ySUMO and hSUMO proteins
(Fig. 14). Surface plasmon resonance (SPR) measurements
showed that ySMB-1 (selective for ySUMO in ELISA) bound to
ySUMO with a 82-nM K and to hSUMO1 with an approximate
54-uM K4 and exhibited no detectable binding to hSUMO2
(Fig. 2B), discriminating ySUMO from hSUMOs by more than
600-fold in affinity. ySMB-9 (nonselective in ELISA) bound to
all three SUMO proteins. Although ySMB-9 surprisingly bound
to hSUMOIL with higher affinity (68-nM K,) than either ySUMO
or hASUMO?2 (Fig. 2B), it discriminated hNSUMO?2 by only approxi-
mately 70-fold, which is 10-fold less selective than ySMB-1. Nota-
bly, ySSMB-9 does not have polyserine BC and DE loops like most
other ySSUMO-binding monobodies, and it also has a significantly
shorter FG loop (Fig. 1B and Fig. S2). Although competition data
suggested that ySMB-9 binds to the SIM-binding site (Fig. S2), its
distinct sequence features suggest that it employs a different mode
of interaction than most ySUMO-binding monobodies, leading
to its lower specificity. Together, these findings demonstrate that
the binding mode of most ySSUMO-binding monobodies is parti-
cularly effective in discriminating ySUMO and hSUMOs despite
binding to the highly conserved SIM-binding site. Thus, we rea-
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Fig. 2. Specificity of ySUMO-binding monobodies. (A) Binding of eight ySU-
MO-binding monobodies to ySUMO, hSUMO1, and hSUMO?2 assayed using
phage ELISA. Clone numbers are of the format ySMB-X in Fig. 1C and
Fig. S2. (B) Equilibrium SPR measurements of ySMB-1 (Left) and ySMB-2 (Right)
binding to ySUMO, hSUMO1, and hSUMO2. Equilibrium responses at multiple
concentrations (Left) were fit with a simple 1:1 binding model (Right).
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soned that generating monobodies that bind to hRSUMOs in a
mode similar to the ySUMO-binding monobodies would yield
clones with higher isoform selectivity toward hSUMOs.

Crystal Structure of the ySMB-1/ySUMO Complex. To understand the
structural basis for the isoform-selective recognition of the SIM-
binding site, we determined the crystal structure of ySMB-1 in
complex with ySUMO at 2.4-A resolution (structural statistics
in Table S1). Consistent with the NMR epitope mapping data,
ySMB-1 bound to the SIM-binding site (Figs. 1E and 34). The
monobody formed the binding surface using a single variable loop
(FG loop) and residues from the invariant FN3 scaffold (Fig. 34).
As inferred from their polyserine sequences, the BC and DE loops
of ySMB-1 were not involved in direct contacts with ySSUMO.

Residues 78-85 of the ySSMB-1 FG loop form a f-hairpin that
provides 84% of the monobody binding surface with nonloop
scaffold residues contributing the remainder (Fig. 3B and
Fig. S44). The edge of this hairpin docks along the hydrophobic
center of the SIM-binding site forming an intermolecular p-sheet
with ySUMO and closely mimicking the interaction mode of
SIMs (Fig. 3 B and C) (7, 17, 18). SIMs generally contain a stretch
of hydrophobic residues flanked by a stretch of acidic residues,
e.g., DVLIVY in Ran-GTP binding protein 2 (RanBP2) and
TLDIVD in protein inhibitor of activated STAT x (8, 9, 19).
In ySMB-1, this motif is mimicked by the FG loop sequence
DLYYSY (residues 80-85) (Figs. 1C, and 3 B and C). D80 of the
monobody aligns with the “top” basic portion of the SIM-binding
site in a similar orientation as a conserved acidic stretch in SIMs
(7, 18) and Tyr residues line the hydrophobic tract where aliphatic
residues are usually found in SIMs.

ySUMO
A ? B

«O--FG Loop

ySHB-1

C ysme-1

hBUMOA -
RenBP2SIM . /! »
=5 .
5 s 4‘% 7 \' ™

Fig. 3. Crystal structure of the monobody ySMB-1/ySUMO complex. (A,
Upper) ySUMO (gray surface/cartoon) and ySMB-1 (cyan cartoon) are shown
with monobody paratope residues shown as sticks; FG loop residues (carbon
atoms blue) and scaffold residues (carbon atoms yellow) are indicated.
ySUMO is shown in the same orientation as in Fig. 1E. (Lower) An alternative
view with the monobody paratope depicted as a surface. (B) Close-up of the
ySMB-1/ySUMO interface. ySUMO (surface/sticks) is shown with residues com-
prising the hydrophobic center of the epitope colored pink and the charged/
polar rim colored green. Monobody paratope residues are shown as in A.
(C, Left and Center) Comparison of the binding modes of ySMB-1 (cyan)
to ySUMO (gray) and the SIM of RanBP2 (yellow) to hSUMO1 (gray). Both
form intermolecular B-sheets with their SUMO targets (expanded box).
(Right) Overlay of the RanBP2 SIM (yellow) and SIM mimicking monobody
residues (cyan) with the ySUMO surface (gray) shown.
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The crystal structure suggested a structural basis for isoform
selectivity of ySUMO-binding monobodies and for our difficulties
in generating monobodies to hSUMOs. Only 5 of the 16 residues
in the ySMB-1 epitope are poorly conserved between ySUMO
and hSUMOs (positions 25, 34, 36, 50, and 54) (Fig. S1). Three
of these residues (N25, E34, and F36) form a cluster at one side
of the interface that is highly buried, comprising 23% (147 A?) of
total ySSUMO surface buried by the monobody (Figs. 3B and 44).
hSUMOIL1 contains N25K and F36H. hSUMO2 contains E34V
and F36Q. Thus, any monobody that forms an interface similar to
ySMB-1 is not likely to tightly bind to hSUMO1 or hSUMO?2/3.
Notably, this cluster is contacted in large part by scaffold residues
in ySMB-1 (Y31, R33, and Y73) (Figs. 3C and 44). Because these
scaffold residues were not varied in our library and are anchored in a
conformationally rigid p-sheet, nonconservative substitutions in the
cluster in hRSUMOs could not have been accommodated, making
the generation of yYSMB-1-like monobodies for hRSUMOs impossible.
These structural restraints would eliminate a potentially very large
number of ySMB-1-like monobodies that have an FG loop otherwise
capable of binding to hSUMOs. Thus, these observations strongly
suggest that residues within the monobody scaffold serve as both
positive design elements favoring yYSUMO binding and negative de-
sign elements disfavoring binding to hSUMOs.

Structure-Guided Design of a SUMO-Targeted Monobody Library. We
hypothesized that the binding mode of ySMB-1 could be used as a
template for designing isoform-specific monobody inhibitors of
hSUMO/SIM interactions. Thus, we designed a library that was
aimed at “reprogramming” ySMB-1 for binding to hSUMO pro-
teins. We introduced amino acid diversity at each ySMB-1 para-
tope position that included the wild-type amino acid and other
amino acid types that might allow effective complementation
of any of the three SUMO proteins (Fig. 44) (SI Materials and
Methods). Notably, this library included diversity at previously in-
variant scaffold positions that participated in ySSUMO binding.
The number of independent clones in the constructed phage-
display library was 2.0 x 10°, giving reasonable coverage of the
theoretical size of the design (1.6 x 10'!).

Selection of Monobodies from the SUMO-Targeted Library. After
four rounds of library sorting against hASUMO1, hSUMO?2, and
ySUMO, 32 randomly chosen clones for each target were assayed
for binding activity using phage ELISA. All clones tested positive
for binding in the cases of yYSUMO and hSUMO1 but none bound
to hSUMO2. Five ySUMO-binding and 10 hSUMO1-binding
monobodies were expressed as soluble proteins and assessed
using SPR, all of which produced binding signals (Fig. 4B), con-
sistent with phage ELISA results. For yYSUMO, the monobodies
exhibited K, values similar to those of monobodies from the
previous naive library (39 nM to 3.3 pM) (Fig. 1C and Fig. S2
and S5). For hNSUMOI, K, estimates ranged from 118 nM to
3.6 pM (Fig. 4B). Thus, unlike our original library, the SUMO-
targeted library readily produced monobodies with good affinity
to both ySUMO and hSUMOL.

NMR chemical shift perturbation assays validated that a newly
generated hSUMO1-binding monobody, termed hSIMB-4, tar-
geted the SIM-binding site (Fig. 4C). Binding of 15 other hSU-
MO1-binding monobodies was inhibited by hSIMB-4 as tested
in ELISA, strongly suggesting that all these hSUMO1-binding
monobodies targeted the SIM-binding site as intended (Fig. S3B).

The amino acid sequences of 44 hSUMO1-binding clones and
40 ySUMO-binding clones revealed that monobodies to both
targets contained FG loop sequences highly similar to ySMB-1
(Fig. 4D), suggesting that a ySMB-1-like binding mode was main-
tained in these monobodies and that ySSMB-1-like FG loop se-
quences are effective for binding to both ySUMO and hSUMOL.
In contrast, scaffold residues were sharply different in monobo-
dies to the two targets (Fig. 4D). The wild-type ySMB-1 scaffold
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the ySUMO portion of the ySMB-1 complex with the hSUMO1 structure.

residues were highly conserved among ySUMO-binding monobo-
dies, but in hASUMO1-binding monobodies, the wild-type amino
acid was never recovered at position 33 and only infrequently re-
covered at position 31. These results strongly support our hypoth-
esis that isoform selectivity in ySUMO-binding monobodies
arises from contacts made by the nonloop regions of the mono-
body scaffold. Consistent with this mechanism, in a pair of mono-
bodies with nearly identical FG loop sequences, hSIMB-22 and
ySMB-ST6, we observed that yYSMB-ST6 containing the wild-type
scaffold residues bound only to ySSUMO, whereas hS1MB-22
containing altered scaffold residues bound to both ySSUMO and
hSUMOL (Fig. 4 B and E). Taken together, these results illustrate
the importance of altering nonloop residues in the FN3 scaffold
in order to facilitate binding to hSUMOL.

Modeling a ySMB-1 interface with hSUMO1 provides a clear
rationale for the observed mutations at scaffold positions in the
hSUMO1-binding monobodies. N25K and F36H substitutions in
hSUMOL1 with respect to ySUMO result in a likely electrostatic
and steric clash between R33 of the monobody scaffold and K25
of hSUMOIL as well as a loss of a close, edge-plane aromatic
interaction between Y73 of the monobody and F36 in ySUMO
(Fig. 4F). Notably, the most favored amino acid types at position
33 in hSUMO1-binding monobodies were Ala and Glu, either of
which should resolve a clash with K25, supporting this molecular
mechanism for binding specificity.

hSUMO1-Binding Monobodies Are Isoform Specific. hSUMO1-bind-
ing monobodies had varied ability to discriminate hSUMO1
and ySUMO as assessed by phage ELISA (Fig. 54 and Fig. S64).
There were several clones (e.g., hSIMB-7, 16, and 23) that
showed no detectable binding to ySUMO, representing at least
100-fold weaker binding to ySUMO than to hSUMOI1 (Fig. 54
and Fig. S64). The difference in the affinity of hSIMB-4 to
ySUMO and hSUMOYI, as measured by SPR, was approximately
20-fold, validating the phage ELISA experiment that gave an ap-
proximate 10-fold difference (Fig. 5B and Fig. S6B). No distinct

7754 | www.pnas.org/cgi/doi/10.1073/pnas.1102294108

features were evident between the sequences of clones that did
and did not discriminate ySUMO (Fig. S6B), suggesting that the
mechanism of ySUMO/hSUMOL1 discrimination is complex,
likely involving several positions, and varied across different
clones. As expected from the failure of our library to generate
monobodies to hSUMO2, the hSUMO1-binding monobodies
showed no measurable binding to hSUMO?2 in phage ELISA
(Fig. 54 and Fig. S64), and the affinity of hSIMB-4 to hSUMO2
determined by SPR was very weak (K4 =43 pM; Fig. 5B),
corresponding to 360-fold discrimination between hSUMO1 and
hSUMO2. Taken together, these data demonstrate that the
SUMO-targeted library enabled us to generate diverse monobo-
dies that have high affinity and high specificity to hNSUMOL.

New Monobodies Inhibit the SUMO1/SIM Interaction and SUMO1 Con-
jugation. To investigate the potential utility of hSUMO1-specific
monobodies as tools for studying SUMO biology, we examined
their effects on three major processes: SUMO/SIM interactions,
SUMOylation, and deSUMOylation. hSIMB-4 completely inhib-
ited the SIM-mediated interaction between SUMO1-RanGAP
(Ran GTPase activating protein) and RanBP2 (4, 20, 21) in a
dose-dependent manner (Fig. 64), further validating that these
monobodies bind to the SIM-binding site as intended and demon-
strating their efficacy as inhibitors of SUMO/SIM interactions.

We next examined effects of monobodies on SUMOylation by
monitoring the in vitro formation of covalent complexes between
SUMOs and the SUMO El-activating (SAE1/SAE2) and E2-
conjugating (Ubc9) enzymes of the SUMO conjugation cascade
(Fig. 6B). In this assay, both hSUMO1 and hSUMO3 were pre-
sent as substrates, enabling us to directly assess the isoform spe-
cificity of the monobodies. In the absence of a monobody or in
the presence of the ySSUMO-specific ySMB-1 monobody, E1 and
E2 were conjugated with both hNSUMO1 and hSUMO3 (Fig. 6B,
lanes 1 and 2). In contrast, in the presence of either hSIMB-4
or hSIMB-5, conjugation of hSUMO1 was inhibited at the
El-dependent step, whereas hSUMO?3 conjugation was enhanced
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Fig. 5. Specificity of hSUMO-1-binding monobodies. (A) Binding curves
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length. (B) Equilibrium SPR measurements of hS1MB-4 binding to ySUMO,
hSUMO1, and hSUMO2. Equilibrium responses at multiple concentrations

(Left) were fit to a simple 1:1 binding model (Right).

(Fig. 6B, lanes 3-8). Because hSUMOI1 and hSUMO3 compete
for the same El-activating enzyme, the enhancement of hSU-
MO3 conjugation is most likely because hASUMO1 was effectively
eliminated as a competitor and thus the E1 enzyme was more
available to hSUMOZ3. The potent inhibition of hRSUMO1 conju-
gation by the monobodies was remarkable, because a SIM-based
peptide inhibitor did not inhibit this process (9).

Superposition of the ySMB-1/ySUMO complex structure with
the crystal structure of the E1/hSUMO1 complex (22) suggests
that a monobody binding to hSUMOL1 in a manner similar to
ySMB-1 would not cause steric clashes with the structurally well-
defined regions of El. Rather, the monobody would be posi-
tioned in the trajectory of a long disordered loop in the SAE1
subunit (residues 175-205) (Fig. S74). As a result, we speculate
that steric clashes between the monobody and the SAE1 loop pre-
vent binding of a monobody/hSUMO1 complex to E1, thus inhi-
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biting SUMOylation at the El-dependent step. The previously
reported inhibitor based on a SIM peptide is much smaller and
would not likely cause such a steric hindrance, explaining why it
did not inhibit SUMOylation (9). Interestingly, hSIMB-4 was sig-
nificantly more effective than hS1MB-5 in inhibiting SUMOyla-
tion (Fig. 6B), although their K4 values for hSUMO1 only differ by
about twofold and their sizes are essentially identical (Fig. 4B).
This difference in inhibition efficacy could be explained by subtle
variations in the spatial arrangement of the two monobodies when
bound to hSUMOL, consistent with the proposed mechanism.
Neither hSIMB-4 nor hS1MB-5 affected deSUMOylation as
assayed in vitro by monitoring sentrin(SUMO)-specific protease
1 (SENP1) cleavage (23) at the hSUMO1 C-terminal diglycine
sequence (Fig. S7B). Superposition of the ySSMB-1/ySUMO struc-
ture with the structure of hNSUMO1 bound to SENP1 (24) suggests
no apparent clashes between the monobody and protease and that
a monobody binding similarly to yYSMB-1 would not inhibit the
SENP1/hSUMOL interaction, thus rationalizing our results.

Discussion

The structure-guided design of the SUMO-targeted library en-
abled us to generate diverse monobodies with good affinity to
hSUMOL1, without additional affinity maturation steps while
also specifying their mode of interaction. These features make
structure-guided library design a highly useful strategy. Although
random mutagenesis methods (e.g., error-prone PCR) could have
identified the important mutations at scaffold positions, such
methods would not have provided the valuable mechanistic
insights afforded by structural characterization. Clearly, the re-
quirement of a starting crystal structure can be a major bottleneck
in this approach. However, we have found that monobodies can
act as effective “crystallization chaperones” for producing diffrac-
tion quality crystals of monobody-target complexes (25), suggest-
ing that this requirement would not be prohibitively challenging
for many systems. We anticipate that structure-guided library
design would be effective in generating monobodies to diverse
members of other protein families.

Despite success with hSUMOI1, the SUMO-targeted library
failed to produce monobodies with good affinity to hSUMO?2.
The SUMO-targeted library should, by design, contain a large
number of SIM-mimicking FG loops, which in isolation should
not effectively discriminate hSUMO1 and hSUMO2/3. Thus, this
failure strongly suggests that there are negative design elements
against SUMO2 binding still present in the SUMO-targeted
library. More peripheral scaffold positions that were not diversi-
fied in the SUMO-targeted library could be important for binding
hSUMO?2. Iterative improvements could address these shortcom-
ings in our current design.

The monobodies generated here have the highest affinity
among SUMO/SIM inhibitors reported, although the binding
mechanism of these monobodies is very similar to that of lower
affinity SIM peptides (9, 18). The ySMB-1/ySUMO structure
showed that the monobody and SIM interfaces are similar in
buried surface area, shape complementarity values (26) and hy-
drophobicity (Table S2). Thus, none of these features alone can
account for the increased monobody affinity. Instead, we propose
that the conformational constraint of a SIM-like motif within the
monobody scaffold reduces entropy loss for monobody binding
resulting in increased affinity over SIM peptides. The approxi-
mate 10-50-fold higher affinity for monobodies (Ky as low as
118 nM) compared to SIM peptides (Kyq ~ 4-6 pM; ref. 18) is
similar in magnitude to affinity increases for cyclic and disulfide
constrained peptides over their linear equivalents (27-29), sup-
porting our view.

The monobodies generated in this work discriminate SUMO
isoforms by >350-fold. Because these monobodies are also ge-
netically encodable and function inside cells (16), they are likely
to be powerful tools for dissecting SUMO biology. Although

PNAS | May 10,2011 | vol. 108 | no.19 | 7755

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102294108/-/DCSupplemental/pnas.1102294108_SI.pdf?targetid=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102294108/-/DCSupplemental/pnas.1102294108_SI.pdf?targetid=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102294108/-/DCSupplemental/pnas.1102294108_SI.pdf?targetid=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102294108/-/DCSupplemental/pnas.1102294108_SI.pdf?targetid=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102294108/-/DCSupplemental/pnas.1102294108_SI.pdf?targetid=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102294108/-/DCSupplemental/pnas.1102294108_SI.pdf?targetid=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102294108/-/DCSupplemental/pnas.1102294108_SI.pdf?targetid=SF6

some natural SIMs have been reported to preferentially bind to
one SUMO isoform over another (10-13), these SIMs discrimi-
nate individual isoforms by only about 10-fold, significantly less
than the monobodies. We observed that contacts made by the
FN3 scaffold with nonconserved residues at the periphery of the
SIM-binding site were largely responsible for conferring isoform
selectivity (Fig. 4 D-F). These contacts cannot be formed by SIM
peptides, illustrating the challenge in achieving high isoform
specificity with linear peptides or small molecules. Analogous
to these observations, a monobody for an SH2 domain made si-
milar scaffold-mediated contacts with peripheral, nonconserved
residues, whereas the FG loop mimicked the binding mode of
a phosphopeptide to the highly conserved phosphopeptide bind-
ing site (16). This modular combination of a conformationally
constrained ligand mimic formed by the FG loop and a specificity
filter formed by scaffold residues could make the monobody
system a uniquely effective platform for generating selective in-
hibitors to many families of peptide binding domains where small
molecule- and peptide-based inhibitors have largely failed to
achieve high selectivity.

Although monobodies can be considered antibody mimics,
intermolecular B-sheet formation and strong involvement of
scaffold residues in the binding surfaces of SUMO-binding mono-
bodies exemplify structural features that are not commonly ob-
served in conventional antibodies. Interestingly, this prominent
role of the FN3 scaffold represents an emerging trend in how
monobodies recognize their targets. Of four target proteins for
which the structure of a monobody/target complex has been de-
termined, only one target, maltose binding protein, is recognized
by the three variable loops of the monobody in the anticipated
antibody-mimicking mode envisioned by conventional FN3 library
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designs (15, 30, 31). The other three targets are recognized using
the FG loop/scaffold binding mode [refs. 16 and 32; Protein Data
Bank (PDB) ID 20CF]. This work showed that the use of the FG
loop/scaffold binding surface was critical for binding to SUMOs,
and we anticipate that the same is true for many other targets.
Library design strategies based on the FG loop/scaffold surface
are likely to be useful complements to existing, loop-directed stra-
tegies and are being investigated against diverse targets.

Materials and Methods

NMR epitope mapping, phage-display selection, phage ELISA, SPR experi-
ments, and protein production were performed as previously described
(15, 16, 30, 33). The ySMB-1/ySUMO crystal structure was determined by
molecular replacement using previously determined structures (PDB ID codes
1FNA and 2EKE) as search models. Effects on SUMO1-RanGAP/RanBP2 inter-
action were assessed by ELISA in the presence of hS1MB-4. Effects on SUMOy-
lation and deSUMOylation were assessed in vitro by monitoring SUMO
conjugation to E1 and E2 SENP1 cleavage in the presence of monobodies.
Further information can be found in the S/ Text.
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