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We have recently discovered that the ZZ zinc finger domain
represents a novel small ubiquitin-like modifier (SUMO) bind-
ing motif. In this study we identify the binding epitopes in the
ZZ domain of CBP (CREB-binding protein) and SUMO1 using
NMR spectroscopy. The binding site on SUMO1 represents a
unique epitope for SUMO interaction spatially opposite to that
observed for canonical SUMO interaction motifs (SIMs). HAD-
DOCK docking simulations using chemical shift perturbations
and residual dipolar couplings was employed to obtain a struc-
tural model for the ZZ domain-SUMO1 complex. Isothermal
titration calorimetry experiments support this model by show-
ing that the mutation of key residues in the binding site abol-
ishes binding and that SUMO1 can simultaneously and non-
cooperatively bind both the ZZ domain and a canonical SIM
motif. The binding dynamics of SUMO1 was further charac-
terized using 15N Carr-Purcell-Meiboom-Gill (CPMG) relax-
ation dispersions, which define the off rates for the ZZ
domain and SIM motif and show that the dynamic binding
process has different characteristics for the two cases. Fur-
thermore, in the absence of bound ligands SUMO1 tran-
siently samples a high energy conformation, which might be
involved in ligand binding.

SUMO2 (small ubiquitin-like modifier) is a protein structur-
ally homologous to ubiquitin that functions as a post-transla-

tional modifier involved in diverse cellular processes such as
chromatin remodeling, ubiquitin E3 ligation, autophagy, cyto-
skeletal scaffolding, and DNA repair. Higher eukaryotes encode
at least three different functional SUMO isoforms, in the
human genome designated as SUMO1–3, which can conjugate
to a number of target proteins (1–3). SUMO modified target
proteins are recognized by SUMO interacting motifs (SIMs),
the minimal consensus sequence, which is �KXE, where � con-
sists of a large hydrophobic amino acid and where X can be any
amino acid (4, 5). In addition to this canonical type of SIM,
closely related variants such as inverted SIMs and phosphory-
lation-dependent SIMs have also been recently described
(6 – 8). The binding site for the canonical SIM is located in a
groove between the �-helix and �-sheet in SUMO, where the
SIM motif can bind either in a parallel or anti-parallel fashion
(6).

We recently showed that the ubiquitin ligase HERC2 can
bind SUMO1 through its zinc finger ZZ domain (9), which
therefore represents a new class of SUMO binding motifs. Iso-
thermal titration calorimetry (ITC) showed that the ZZ domain
binds to SUMO1 with �M affinity in the same range as the
canonical SIMs (10). The ZZ domain consists of two anti-par-
allel �-sheets and a short �-helix coordinating two zinc ions as
revealed by the first published ZZ domain structure originating
from CBP (CREB-binding protein/p300) (11). There are �20
ZZ domains (11, 12) identified in the human genome, but a
general biological function has not been assigned.

Here we present the complex between SUMO1 and the ZZ
domain from CBP, where we map the interaction interface
using NMR spectroscopy. The structure of this particular ZZ
domain has previously been determined in solution by NMR
and thus has favorable properties for structural studies (11).
Using 15N HSQC spectra, we could identify the interaction
surfaces on the ZZ domain and SUMO1, where the residues
affected by the binding were broadened beyond detection. On
SUMO1 this constituted a unique binding epitope that subse-
quently could be used to model the protein-protein complex
using HADDOCK docking simulations (13).

Furthermore, to address the protein dynamics between dif-
ferent states of SUMO1, we performed CPMG relaxation dis-
persion experiments to map the micro- to millisecond dynam-
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ics of SUMO1, where we discovered that apoSUMO1 ex-
periences intrinsic conformational exchange. The conforma-
tional exchange was quenched in SIM-bound SUMO1, whereas
the intrinsic conformational exchange in ZZ domain-bound
SUMO1 was largely unperturbed.

Experimental Procedures

Molecular Biology—DNA sequences for the ZZ domain from
CBP (UniProtKB � Q92793) and SUMO1 (UniProtKB �
P63165) were synthesized by Geneart and subcloned into a
pNIC28-BsaI vector using ligation independent cloning (14).
The resulting expression constructs contained a His-tag cap-
ture sequence and a tobacco etch virus protease cleavage site at
the N terminus preceding the expressed protein of interest. To
obtain SUMO1 protein that behaves as monomers in solution
without the need of the addition of an reducing agent, the single
cysteine residue in SUMO1, Cys-52, was mutated to serine
using QuikChange site-directed mutagenesis (15) and trans-
formed into MACH-1 cells. The SUMO1 mutant was shown to
have the same structural and binding properties as the wild type
protein (data not shown). The C52S mutant was used in all
subsequent experiments and is hereafter referred to as SUMO1.
The sequences for the expression constructs were verified by
sequencing. Finally, to test the importance of residues in the
identified binding epitopes, one mutant was created for the ZZ
domain, denoted ZZmut, corresponding to residues N36A,
K38A, and S39A, whereas two mutants were designed for
SUMO1 corresponding to residues H75A, K78A, and E83A
denoted SUMO1mut1 and K16A, H43A, H75A, K78A, and
E83A denoted SUMO1mut2, respectively.

Protein Expression and Purification—Plasmids were trans-
formed into Escherichia coli BL21 (DE3) Rosetta cells before
protein expression. Protein expression was started from over-
night cultures grown in Terrific Broth (TB) medium supple-
mented with 50 �g/ml kanamycin and 30 �g/ml chloramphen-
icol. SUMO1 and the SUMO1 mutants were expressed in TB
media with 50 �g/ml kanamycin and 30 �g/ml chlorampheni-
col, grown to A600 � 0.6 – 0.7 at 37 °C, induced with 0.5 mM

isopropyl-�-thiogalactopyranoside (IPTG), and grown over-
night at 18 °C. The ZZ domain and the ZZ mutant were
expressed in TB media as above with the addition of 150 �M

ZnCl2 according to a previously published protocol (11). For
the NMR experiments, SUMO1 and the ZZ domain were
labeled with 15N and 13C using minimal medium (16). SUMO1
was grown in minimal medium to A600 � 0.6 – 0.7, induced with
0.5 mM IPTG, and grown overnight at 18 °C. The ZZ domain
was grown in minimal media with 150 �M ZnCl2 until reaching
an A600 � 1.2–1.5, induced with 1.0 mM IPTG, and grown over-
night at 18 °C. Cells were harvested by centrifugation at 6000
rpm for 10 min, resuspended in 100 mM Tris-HCl, pH 8.0, 300
mM NaCl, and 10 mM imidazole with benzonase and Complete-
EDTA free tablets (Roche Life Sciences), homogenized using a
French press cell disruptor, and centrifuged at 11,000 � g for 30
min. Purification of the proteins was performed using immobi-
lized metal ion affinity chromatography (IMAC) on an ÄKTA
express system (GE Healthcare) at 4 °C with the HiTrap chelat-
ing columns (17) equilibrated with 50 mM Tris-HCl, pH 8.0, 300
mM NaCl, 10 mM imidazole and eluted using a linear gradient of

10 –500 mM imidazole. Protein identity was verified using mass
spectrometry (MS). The eluted fractions with protein were col-
lected, dialyzed (molecular mass cutoff 3500 Da) against 50 mM

Tris-HCl, pH 7.5, and processed with tobacco etch virus prote-
ase to remove the His tag. The tobacco etch virus protease
treatment retained the amino acid pair Ser-Met at the N termi-
nus of the expressed proteins. We, therefore, designated the
first two residues as Ser-0 and Met-1 for both the ZZ domain
and SUMO1. The final amino acid sequences for the two pro-
teins are, therefore: ZZ domain, SM1QDRFVYTCNECKHHV-
ETRWHCTVCEDYDLCINCYNTKSHAHKMVKWGLGL-
DD53 (the underline indicates Met at position 2); SUMO1,
SM1SDQEAKPSTEDLGDKKEGEYIKLKVIGQDSSEIHFKVK-
MTTHLKKLKESYSQRQGVPMNSLRFLFEGQRIADNHTPK-
ELGMEEEDVIEVYQEQTGGHSTV101.

In the final purification step the proteins were loaded onto an
ion exchange Mono Q column (ÄKTA, GE Healthcare) equili-
brated with 50 mM Tris, pH 7.5, and eluted with a linear gradi-
ent of 0 – 0.4 mM NaCl. The purity was verified by SDS-PAGE
and electrospray ionization mass spectrometry (ESI-MS).

Peptide Synthesis—The SIM-peptide from PIASX (6), here-
inafter denoted SIMPX, corresponding to the sequence KVD-
VIDLTIESSSDEEEDPPAKRQM, was synthesized by Biosyntan
Gmbh (Berlin, Germany). Purity and molecular mass was con-
firmed by MALDI-TOF MS.

Protein Characterization—The secondary structure of the
ZZ domains (ZZ wild type and ZZmut) and the SUMO1 vari-
ants (SUMO1, SUMO1mut1, and SUMO1mut2) was verified
by circular dichroism (CD) spectroscopy using 0.5–1.0 mg/ml
protein in 20 mM MOPS buffer at pH 6.8.

ITC Experiments—ITC experiments were performed using
a VP-ITC200 instrument (GE Healthcare). The samples were
extensively dialyzed against 20 mM MOPS, pH 6.8. For the
experiments addressing the binding properties of the ZZ
domains (ZZ wild type and ZZmut) and the SUMO variants
(SUMO1, SUMO1mut1, and SUMO1mut2), 0.5 mM SUMO1
or SUMO1 mutant (SUMO1mut1 or SUMO1mut2) was
titrated into 0.04 mM ZZ wild type or ZZ mutant. The concen-
trations were determined from the respective absorbance at
280 nm. In the experiments investigating the SUMO binding of
the ZZ domain and the SIM peptide SIMPX, 0.5 mM SIMPX
was titrated into the ITC sample cell containing 0.05 mM

SUMO1. Finally, 0.5 mM SIMPX was titrated into a sample con-
taining the pre-formed ZZ domain-SUMO1 complex. All
experiments were performed at 10 °C and run until saturation
was achieved. The data were fitted using a model describing one
binding site using the software provided by the manufacturer
(18).

NMR Experiments and Resonance Assignments—Protein
samples were dialyzed against 20 mM MOPS, pH 6.8, and con-
centrated to 0.3– 0.5 mM using Vivaspin concentrators with a
molecular mass cut-off of 3500 Da. D2O was added to a concen-
tration of 7% (v/v) for the spectrometer lock, and NaN3 was
added to a concentration of 0.02% (w/v) to prevent bacterial
growth in the samples. The backbone resonance assignments
for SUMO1 and the ZZ domain were based on published
assignments (11, 19) in combination with standard three-di-
mensional triple-resonance experiments for the backbone
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assignments (HNCA (20), HNCOCA (21), HNCACB (22), and
CBCACONH (23)). Spectra were processed with NMRpipe
(24), applying zero-filling and linear prediction in the indirect
dimensions and solvent filter and polynomial baseline correc-
tion in the direct dimension. CCPNMR (25) was used for visu-
alization of spectra and resonance connectivity analysis. Reso-
nance assignment was achieved for 98% of the backbone amides
in the ZZ domain and 86% in SUMO1. The SIMPX-bound
SUMO1 was assigned by performing a titration of SIMPX into a
SUMO1 sample and by following the chemical shift changes
upon complex formation. The samples for measuring residual
dipolar couplings (RDCs) were prepared by adding the PF1
phage (ASLA Biotech) to a final concentration of 10 mg/ml in
the NMR samples.

RDC Measurements and Molecular Modeling—RDCs were
measured using interleaved in-phase-anti-phase experiments
(26) at 25 °C with spectral widths of 8000 Hz (1H) and 1835 Hz
(15N) sampled over 1024 and 256 points, respectively. RDCs
were measured for each component of the ZZ domain-SUMO1
complex using two separate samples, in which one protein was
labeled with 13C,15N and the other unlabeled. In total, 91 RDCs
were collected, 44 for SUMO1 and 47 for the ZZ domain.

Formation of the ZZ-SUMO1 and SIMPX-SUMO1
Complexes—To confirm binding and establish complexes with
1:1 stoichiometry, the NMR samples were prepared by ITC
titrations of unlabeled ZZ domain into 13C,15N-labeled
SUMO1 and vice versa. The final NMR samples of the ZZ
domain-SUMO1 complex contains 4% unbound SUMO1, as
calculated from the Kd and protein concentrations. The com-
plex between 13C,15N-labeled SUMO1 and SIMPX was formed
in a similar way using ITC titrations resulting in NMR samples
of the SIMPX-SUMO1 complex that contains 2% unbound
SUMO1. 15N HSQC experiments were subsequently run on the
complexes, and the resulting spectra were compared with those
for unbound proteins.

Structure Calculations—Structural refinements of SUMO1
and the ZZ domain was done using Xplor-NIH (27). For the ZZ
domain, NOE restraints and dihedral and hydrogen bond
restraints were adopted from the published structure (Protein
Data Bank code 1TOT) (11) and imported from the Biological
Magnetic Resonance Bank (BMRB) and converted from Amber
(28) to Xplor-NIH format using in-house scripts. Zinc ions
were included into the structure calculations by adding dis-
tance and angle restraints in a similar way as for the published
structure of the ZZ domain of CBP (11). Structure calculations
were initiated from an elongated protein structure using a sim-
ulated annealing protocol in which NOE, dihedral, hydrogen
bond, and RDC restraints were applied as well as restraints for
the zinc coordination. Structure calculations were performed
in an iterative fashion, where NOE, dihedral angle, and RDC
restraints were iteratively pruned from the calculations to
obtain a converged molecular structure ensemble. Structure
analysis was done using the protein structure validation soft-
ware suite (PSVS) (29) and PALES (30). Residues in the N and C
termini (1–5, 44, 50 –53) were considered flexible based on
observed peak intensities in the 15N HSQC and were excluded
from the structure calculations. In the case of the NMR struc-
ture of SUMO1 (Protein Data Bank code 1A5R), the restraints

are not available. Synthetic NOE distance restraints were,
therefore, created by collecting all 1H-1H distances in the first
model of the structural ensemble of SUMO1 excluding all
restraints corresponding to distances longer than 6.5Å or
shorter than 2.8Å. The structure calculation protocol was oth-
erwise the same as for the ZZ domain, where NOE distance
restraints and RDCs were iteratively pruned. The weight of
RDC restraints in the structure calculations was increased as
compared with the calculations of the structure of the ZZ
domain due to the use of synthetic NOE restraints. Residues in
the N and C termini were considered flexible (1–20, 95–103)
based on R20 values from the CPMG relaxation dispersion
experiments and were excluded from the structure calcula-
tions. The structure analysis were performed using the PSVS
suite (29) and PALES (30).

Docking Simulations—Docking simulations were performed
using HADDOCK (13) and CNS (31) following published pro-
tocols (32). Chemical shift changes upon binding were used as
ambiguous interaction restraints in combination with RDCs
measured for the ZZ domain-SUMO1 complex. The docking
simulations involved active restraints for those residues expe-
riencing chemical exchange, whereas neighboring residues
were treated as passive. Residues with a solvent-accessible sur-
face area (SASA) �20% were filtered out. The active residues in
the ZZ domain were Asn-36, Lys-38, and Ala-41, whereas the
passive residues were Glu-11, Cys-12, Trp-20, Val-24, Cys-31,
Ile-32, Asn-33, Tyr-35, Thr-37, Ser-39, and His-42. The active
residues in SUMO1 were His-43, Lys-46, Met-82, Glu-83, and
Glu-85, whereas the passive residues were Lys-23, Lys-25, Thr-
42, Lys-45, Gly-81, Glu-84, and Val-87. RDCs belonging to res-
idues in the flexible N and C termini were not included as
restraints in the docking simulations. The protonation state
of the two histidine residues (His-40 and His-42), coordinating
the zinc ion in the metal site of the ZZ domain, was set to match
the metal coordination pattern (11). Docking simulations
were run using the standard HADDOCK protocol with 1000
initial docking simulations followed by 200 refinement sim-
ulations and subsequently 200 final refinement simulations
including explicit water molecules. RDCs were used as
intervector projection angle restraints (33) in the first two sim-
ulation steps and as direct restraints in the final water refine-
ment procedure.

NMR Relaxation Dispersion Experiments—NMR 15N CPMG
relaxation dispersion was measured using continuous time
CPMG relaxation dispersion experiments (34, 35) at static
magnetic field strengths of 14.1 and 18.9 tesla at 10 °C. The
temperature was calibrated using a methanol sample before
each series of experiments. The constant relaxation time was 40
ms. The experiments utilized the phase cycle proposed by Yip
and Zuiderweg (36) to suppress artifacts due to off-resonance
effects. The effective relaxation rate (R2eff) at a given CPMG
refocusing frequency was determined from two data points as
described (35). Relaxation dispersions were sampled using
18 –24 R2eff values. The spectral widths were 8,000 Hz (1H) and
1,835 Hz (15N) at 14.1 tesla and 10,666 Hz (1H) and 2447 Hz
(15N) at 18.9 tesla, with 512 and 64 points collected in direct and
indirect dimensions, respectively. Spectra were processed using
NMRpipe (24). The processing protocol involved a solvent fil-
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ter, cosine-squared apodization functions, zero filling to twice
the number of increments in all dimensions, and a polynomial
baseline correction in the 1H dimension. Peak intensities were
measured as the integral over 5 � 3 points (1H/15N) centered on
the peak maximum. The signal-to-noise ratio was estimated by
calculating the standard deviation of 200 samples of integrated
5 � 3-point windows in empty regions of each spectrum. Errors
in the extracted R2eff were estimated from the signal-to-noise
ratio using error propagation. The relaxation dispersion data
were analyzed using CPMGfit v2.3 (38). Relaxation dispersion
curves were fitted to the Carver-Richards (39) two-state
exchange model (40),

R2eff � R20 � Rex�1/�cp� (Eq. 1)

in which

Rex�1/�cp� �
1
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and � � kex
2 � ��2, � � �2��kex(1 � 2pm), and kex � k1 	

k�1 is the sum of the forward and reverse rate constants, �� is
the chemical shift difference between the exchanging confor-
mations, R20 is the average limiting value of the relaxation rate
constant for processes other than chemical exchange, pm is the
relative population of the minor (less populated) conforma-
tional state, which is related to the major conformational state
pM as pm � 1 � pM, and �cp � 1/ncp is the spacing between
refocusing pulses in the CPMG train.

The statistical significance of each fit was assessed by also
fitting the data to a constant R20 value (i.e. modeling a flat dis-
persion profile, indicating the absence of exchange), and the F
test was used to discriminate between models by rejecting the
null hypothesis that the model with more parameters does not
provide a significantly better fit than the simpler model at the
level p � 0.001. Errors in the fitted parameters were estimated
from 1000 synthetic data sets created using Monte-Carlo sim-
ulations (41, 42).

Results

To define the molecular details in the interaction between
the ZZ domain and SUMO1, we employed a combination of
chemical shift mapping, RDCs, docking simulations, and pro-
tein engineering. In addition, experiments addressing the
dynamic properties of the interactions between SUMO1 and
SIMs were performed to advance our understanding of SUMO
recognition.

Chemical Shift Mapping of the Binding Interface between
SUMO1 and the ZZ Domain—The binding interface on the ZZ
domain and SUMO1 was mapped using binding-induced
chemical shift differences measured in 15N HSQC spectra,
where the binding was verified by ITC. A comparison of these

15N HSQC spectra shows that six residues in the labeled
SUMO1 are broadened beyond detection upon the addition of
the ZZ domain due to intermediate chemical exchange
between the free and bound states (Fig. 1A). In a similar fashion,
five residues in the ZZ domain are broadened beyond detection
upon adding SUMO1 (Fig. 1B). The affected residues in
SUMO1 are located in a contiguous region of the structure:
Leu-24 is situated in a �-strand, and Met-82, Glu-83, and
Glu-85 are found in an adjacent loop, whereas His-43 and Lys-
46 are located in the N-terminal part of the �-helix and preced-
ing loop (Fig. 1C). This binding site is spatially distinct from
that observed for classical SIMs, which is located on the oppo-
site side of the protein (4 – 6). The perturbed residues in the ZZ
domain are located in the �-helix and the following loop (Fig.
1D). The side chains of Cys-34 and His-40 are part of the metal
coordination for both of the Zn2	 ions present in the ZZ
domain, indicating that the presence of bound Zn2	 ions might
be important for binding SUMO1. The observed chemical shift
changes define a binding site for the interaction between the
ZZ domain and SUMO1 not previously described. To further
define the binding interface, attempts were made to record
intermolecular NOEs using three-dimensional 13C,15N-filtered
NOESY experiments and two-dimensional 13C,15N-filtered
NOESY experiments, where the three-dimensional experiment
did not provide reliable intermolecular NOEs due to low signal-
to-noise, whereas the two-dimensional experiments produced
highly ambiguous intermolecular NOEs due to extensive spec-
tral overlap. No intermolecular NOEs were, therefore, included
in the generation of the structure of the ZZ domain-SUMO1
complex.

RDC Measurements and Molecular Refinements—Backbone
H-N bond vector orientations were determined from 44 RDCs
for SUMO1 and 47 RDCs for the ZZ domain. The alignment
tensors were calculated for each protein using published NMR
structures (SUMO1, Protein Data Bank code 1A5R (Ref. 19)
and the ZZ domain, Protein Data Bank code 1TOT (Ref. 11))
with the structure software PALES (30) with Q values of 0.93
and 0.90, respectively (43). The initial agreement between the
RDCs back-calculated from the published structures and the
experimental RDCs is low (Fig. 2, A and B), most likely because
the structures have not been refined using RDC restraints. To
improve the correlation between experimental and theoretical
RDCs, the published protein structures were, therefore, first
refined versus the experimental RDCs. Given that the changes
in chemical shifts are minor upon forming the protein-protein
complex, we do not expect any major conformational changes
upon formation of the ZZ domain-SUMO1 complex. Hence, as
an initial approximation, we assumed that the structure of the
complex could be modeled using the published structures and
the RDCs measured for the complex. Structural restraints have
been published for the ZZ domain (Protein Data Bank code
1TOT), and these were converted to Xplor-NIH format using a
structure refinement protocol from the program suite (27).
RDCs measured for the protein-protein complex as well as
NOE distance restraints, dihedral angle restraints, and hydro-
gen bond restraints were used for the refinement. Before refine-
ment, the protein was modeled to correspond to the human ZZ
domain by adding a C-terminal Asp and mutating Thr-41 to
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Ala-41 followed by energy minimization using Xplor-NIH.
Structural refinement was done using the first model of the
published structure ensemble as the input structure. Residues
in the N and C termini (1–5, 49 –53) were considered flexible

based on the observed peak intensities in the 15N HSQC.
Refinement was performed in an iterative manner until the
resulting structure showed no NOE violations �0.5 Å. Because
there are no published distance restraints available for SUMO1,

FIGURE 1. Chemical shift differences observed when titrating the unlabeled ZZ domain or SUMO1 into 13C,15N-labeled SUMO1 or ZZ domain, respec-
tively. A, cutout of 15N HSQC showing backbone amides in SUMO1 affected by the binding of the ZZ domain. B, cutout of 15N HSQC showing backbone amides
in the ZZ domain affected by the binding of SUMO1. Contours colored in black correspond to the apo form, whereas contours colored in red correspond to ZZ
domain-bound SUMO1. C, residues in SUMO1 affected by the binding of ZZ are highlighted in red: Leu-24, His-43, Lys-46, Met-82, Glu-83, and Glu-85 (Protein
Data Bank code 1A5R). D, residues in the ZZ domain affected by the binding of SUMO1 are highlighted in red: Cys-34, Asn-36, Lys-38, His-40, and Ala-41. Zinc
ions are depicted as blue spheres (Protein Data Bank code 1TOT). Protein images were made using Molmol (37).

FIGURE 2. Residual dipolar couplings for SUMO1 (A and C) and the ZZ domain (B and D) displayed before and after structure refinement using residual
dipolar couplings as additional restraints. Experimental RDCs are plotted versus back-calculated RDCs as calculated from the initial (A and B) and the final
structures after refinement (C and D).
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we employed a different approach for the RDC refinement of
this structure. Synthetic NOE distance restraints were created
by calculating all 1H-1H distances in the first model of the pub-
lished protein structure (Protein Data Bank code 1A5R), filter-
ing out distances larger than 6.5 Å and shorter than 2.8 Å. In
addition, the protein structure was prepared for refinement by
changing Cys-52 to Ser-52. Refinement was done iteratively
using the same protocol as for the ZZ domain. Residues in the N
and C termini were considered flexible (1–20, 95–103) based
on CPMG relaxation dispersion experiments and excluded
from the calculations. The refinement was performed itera-
tively until the resulting structure had no NOE violations �0.5
Å. For each iteration, NOE violations �0.5 Å and distances
�6.5 Å were filtered out. Q values after refinement were 0.30
and 0.26 for the ZZ domain and SUMO1, respectively (Fig. 2,
C and D) (43). The refined protein structures for the ZZ domain
and SUMO1 are highly similar to the original structures after
RDC refinement with r.m.s.d. values for C� of 0.29 Å and 0.68 Å
for the ZZ domain (residues 6 – 48) and SUMO1 (residues
21–94), respectively. The main structural differences in terms
of C� r.m.s.d. for the ZZ domain are observed for residues
10 –18 in �-strand 1 and in the SUMO1 binding loop 36 – 46.
The main differences in C� r.m.s.d. for SUMO1 are seen for
residues 33– 43 in �-strand 2 and for residues 70 – 87 in the ZZ
domain binding loop.

Structural Model for the ZZ Domain-SUMO1 Complex—
After final refinement in water, the docked structures were
clustered using the standard HADDOCK algorithm, where 115
structures were clustered into one ensemble (Fig. 3, A and B).
Nine additional clusters of structure ensembles were found,
each containing 10 structures or fewer. The r.m.s.d. of all resi-
dues in the interacting protein interface is 1.6 
 0.6 Å, whereas
the r.m.s.d. between all backbone atoms in the docked structure
was 1.6 
 0.6 Å. The r.m.s.d. between the protein interface and
backbone atoms were 1.3 
 0.4 Å and 2.2 
 0.6 Å for SUMO1
and the ZZ domain, respectively (Fig. 3, C and D). The HAD-
DOCK score for the final structure ensemble was �43 
 18,
and the Q value calculated for the complex was 0.36, showing
that the experimental RDCs demonstrate a good agreement
with the calculated RDCs for the modeled protein complex (Fig.
3E) (43). The magnitude and orientation of the RDC alignment
tensor for the ZZ domain and SUMO1 and the ZZ domain-
SUMO1 complex was calculated using Module (45), where the
magnitudes and rhombocities are shown in Table 1. Using
Module, the RDC alignment tensor was fitted separately for the
ZZ domain and SUMO1 in the protein complex indicating
highly similar tensor orientations and magnitudes (Fig. 3F).
The observed structures for the ZZ domain and SUMO1 in the
protein complex are nearly identical to the individually refined
structures of the uncomplexed proteins with C� r.m.s.d. of
0.001 Å for both the ZZ domain and SUMO1. By extending the
comparisons between complexed and uncomplexed proteins to
include all atoms in the assessments, also incorporating all sur-
face accessible side chains, the r.m.s.d. were 2.32 Å and 2.29 Å
for the ZZ domain and SUMO1 respectively.

As expected, the binding interface for the docked protein-
complex corresponds to the surface residues experiencing
chemical shift perturbations upon binding. The binding surface

on the ZZ domain consists of the residues spanning the C-ter-
minal end of the �-helix to the loop connecting the �-helix to
�-strand 1. The binding surface on SUMO1 consists of residues
belonging to �-strand 1, the N-terminal part of the �-helix, and
the preceding loop as well as the long loop connecting �-
strands 3 and 4. The binding surface on SUMO1 consists of a
convex groove on the protein surface. This interaction surface
represents a completely new binding epitope for SUMO1, pre-
viously not observed in the Protein Data Bank, which is clearly
separated in space from known interaction motifs. The previ-
ously known interaction motifs for SUMO1 are the SUMO-
SIM motif (4 – 6), the Ubc9 motif, and the SENP/RanGAP motif
(46, 47). None of these interaction motifs overlapped with the
ZZ domain-SUMO1 binding site, suggesting that the ZZ
domain can bind to SUMO1 in the presence of other interac-
tion motifs.

To verify the binding mode observed in the ZZ domain-
SUMO1 complex, we created one mutant of the ZZ domain and
two mutants of SUMO1 where we mutated residues in the
binding interface to alanines. The residues selected for alanine
substitution where either residues with charged side chains or
with side chains with the potential to form hydrogen bonds,
thus removing important electrostatic interactions in the bind-
ing interface. We find that the ZZ domain mutant still had the
ability to bind SUMO1, albeit with significantly lower enthalpy
of binding as compared with the wild type (Fig. 4, A and B, and
Table 2). The two mutants of SUMO1 did, however, completely
abolish binding to the ZZ domains (Fig. 5, A–D), clearly indi-
cating that these residues are important for the complex forma-
tion and further supporting the molecular model derived from
the NMR data.

To compare the SUMO binding characteristics of the ZZ
domain with a canonical SIM motif, we performed ITC exper-
iments between SUMO1 and a SIM peptide denoted SIMPX
from PIASx (6). As expected, we could show that SIMPX binds
to SUMO1 with a similar affinity as the ZZ domain (Fig. 4C and
Table 2). To investigate whether SIMPX and the ZZ domain
can bind to SUMO simultaneously, ITC experiments between
SIMPX and a preformed complex between the ZZ domain and
SUMO1 were carried out. These experiments revealed that
SIMPX binds with a similar affinity and enthalpy of binding
to SUMO1 as it does in the absence of the ZZ domain, indicat-
ing that SIMPX can bind SUMO1 independent of the ZZ
domain in a non-cooperative manner (Fig. 4, C and D, and
Table 2).

CPMG Relaxations Dispersion Experiments—15N CPMG
relaxation dispersions were measured for apo-, SIMPX-bound,
and ZZ domain-bound SUMO1 at static magnetic field
strengths of 14.1 and 18.9 tesla (supplemental Table 1). Apo-
SUMO1 showed 52 backbone amides experiencing significant
conformational exchange (p � 0.01), as exemplified in Fig. 6A.
The exchanged residues are highlighted in Fig. 6D, showing
that large parts of the core domain (residues 20 –95) underwent
exchange. Each residue was initially fitted to residue-specific
exchange parameters, kex and pm. Residues in the core domain
with a kex � 2000 s�1 were fitted to a global exchange process,
resulting in kex � 1185 
 91 s�1 and pM � 0.987 
 0.002.
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15N CPMG relaxation dispersions for the SIMPX-bound
SUMO1 revealed 30 residues experiencing exchange (Fig. 6, B
and E). Residues were selected for a global fit based on the same
criteria as for apoSUMO1 and were fitted to a global exchange
rate kex � 479 
 30 s�1 and major population pM � 0.942 

0.01 (Table 3).

15N CPMG relaxation dispersion experiments on ZZ
domain-bound SUMO1 showed 48 residues with significant
exchange (Fig. 6, C and F). Again, residues in the core domain of
SUMO1 were selected for the global fit, giving a global
exchange rate kex � 1418 
 203 s�1 and major population pM �
0.978 
 0.019 (Table 3). In comparison to apoSUMO1, the ZZ
domain bound SUMO1 had a larger number of residues in the
flexible N-terminal exhibiting significant dispersions. Residues
belonging to the N-terminal part (2–5, 7– 8, 10, 13–16, and
18 –19) were fitted to a global exchange rate kex � 1924 
 145
s�1 and a major population pM � 0.990 
 0.002.

Comparison of Exchanging States in SUMO1—Upon the
addition of SIMPX, most of the backbone residues in SUMO1
experienced a significant change in chemical environment as
seen from a comparison of the cross-peak positions in the 15N
HSQC for SIMPX-bound and apoSUMO1 (Fig. 7A). Residues
not affected by the binding of SIMPX are located in the N- and
C-terminal parts of SUMO1, whereas most backbone residues
in the core region of SUMO1 experience a shift in chemical
environment upon the addition of SIMPX (Fig. 7, B and C).
However, only a subset of the residues affected by the binding of
the SIM peptide is within 5 Å of SIMPX, as gauged from the
SIM-SUMO1 structure (Protein Data Bank code 2ASQ). This
result indicates that the binding of SIMPX induces a conforma-
tional change in SUMO1. A closer look at the residues exhibit-
ing conformational exchange in apoSUMO1 reveals that these
are primarily located in or close to the SIM binding site. In
summary, all residues within 5 Å of SIMPX, with the exception

FIGURE 3. A, model of the ZZ domain-SUMO1 complex shown in a surface representation made using PyMOL (44). SUMO1 is colored green, the ZZ domain is
colored red, and the peptide corresponding to a SIM motif is colored in blue (Protein Data Bank code 2ASQ; Ref. 6). B, model of the ZZ domain-SUMO1 complex
shown in a ribbon representation using the same color scheme as in A with the two zinc ions depicted as blue spheres. The residues in SUMO1 and the ZZ
domain affected by the interaction in the NMR epitope mapping experiments are indicated in the model, corresponding to the same residues shown for the
individual protein models in Fig. 1, C and D. C, per residue r.m.s.d. between interface residues and backbone C� atoms in the modeled complex for SUMO1
residues 1–103. The location for the secondary structure elements of SUMO1 are indicated by arrows (red) for �-strands and a cylinder for the single �-helix
(yellow). D, per residue r.m.s.d. between interface residues and backbone C� atoms in the modeled complex for the ZZ domain residues 1–53. The location for
the secondary structure elements of the ZZ domain is indicated by arrows (red) for �-strands and a cylinder for the helical segment (yellow). E, experimental
RDCs plotted versus calculated RDCs for the modeled protein complex. F, orientations of the RDC alignment tensor for the ZZ domain and SUMO1 in the ZZ
domain-SUMO1 complex in which tensor orientations were fitted using Module (45). The ZZ domain (yellow) and SUMO1 (blue) are shown in ribbon
representations.

TABLE 1
Summary of structural statistics for the structural refinement using RDCs of the ZZ domain and SUMO1 as well as structural statistics of the
docked ZZ domain-SUMO1 complex
Structural analysis was performed using PSVS (29) and PALES (30). The magnitude and orientation of the RDC alignment tensor for the ZZ domain and SUMO1 and the
ZZ domain-SUMO1 complex were calculated using Module (45).

NMR and refinement statistics
Protein ZZ domain-SUMO1

complexZZ domain SUMO1

NMR distance and dihedral constraints
Distance constraints

Total NOE 547 3304
Intra-residue 135 476
Inter-residue

Sequential (�i � j� � 1) 172 1073
Medium range (�i � j� �4) 78 644
Long range (�i � j� �5) 162 1111

Intermolecular, hydrogen bonds 5 0
Total dihedral angle restraints 80 0
Residual dipolar coupling restraints 42 37 79

AIR restraintsa 7
Magnitude (Da) 6.03 5.95 5.89
Rhombicity 0.56 0.536 0.56
Q-factor 0.30 0.26 0.36

Structure statistics violations (RMS)
Distance constraints (Å) 0.08 Å 0.05 Å
Dihedral angle constraints (°) 1.73°
Max. dihedral angle violation (°) 8.60°
Max. distance constraint violation (Å) 0.55 Å 0.77 Å

Structure quality factors; overall statistics
Procheck G-factor (
/� only) �1.18 �0.65 �0.83
Procheck G-factor (all dihedral angles) �1.04 �0.39 �0.56
Verify three-dimensional 0.27 0.30 0.29
ProsaII (�ve) �0.08 0.41 �0.29
MolProbity clash score 64.01 43.88 54.67

Ramachandran plot summary from Procheck
Most favored regions (%) 63.3 70.0 77.6
Additionally allowed regions (%) 30.6 22.2 15.1
Generously allowed regions (%) 2.0 4.4 7.2
Disallowed regions (%) 4.1 3.3 0.1

a AIR restraints indicate the ambiguous restraints used in the HADDOCK docking procedure.
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FIGURE 4. ITC experiments show the binding between the ZZ domain and SUMO1, the SIM peptide and SUMO1, and the binding of the SIM peptide to
the complex between the ZZ domain and SUMO1. The experiments show the titrations of the binding of the wild type ZZ domain (ZZwt) to the wild type
SUMO1 (SUMO1wt) (A), the binding of the ZZ domain mutant (ZZmut) to the wild type SUMO1 (SUMO1wt) (B), the binding of the SIM peptide to SUMO1 (C),
and the binding of the SIM peptide to the preformed complex between the ZZ domain and SUMO1 (D). The raw data of the experiments are presented on the
top panel. The area underneath each injection peak is equal to the total heat released for that injection.

TABLE 2
Summary of thermodynamic parameters from ITC experiments of the binding of the ZZ domain wild type (ZZwt), the ZZ domain mutant
(ZZmut), and the SIM peptide SIMPX (6) to SUMO1, respectively
The fourth row shows the data for the binding of SIMPX to the preformed complex between the ZZ domain (ZZwt) and SUMO1.

Protein complex N (sites) KD �H �S

�M kcal/mol cal/mol/deg
ZZwt/SUMO1 1.04 
 0.06 5.4 
 0.2 �1.7 
 0.1 18.1
ZZmut/SUMO1 0.86 
 0.07 6.5 
 0.3 �0.72 
 0.08 21.2
SIMPX/SUMO1 0.87 
 0.01 6.2 
 0.6 �2.49 
 0.05 15.5
SIMPX/(ZZwt-SUMO1) 0.88 
 0.02 6.1 
 0.7 �2.27 
 0.06 16.2
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of residues 39, 43, 48, and 53, exhibit conformational exchange
in apoSUMO1.

Upon the addition of SIMPX to SUMO1, the exchange is
quenched for many residues, but 20 residues show exchange in
both apo- and SIMPX-bound SUMO1. Of these, 6 residues are
within 5 Å of SIMPX. A small number of residues in the
SIMPX-SUMO1 complex experience chemical exchange not
detected for apoSUMO1, and of these only 1 residue is within 5
Å of the SIM binding site. The remainders of these residues are
located in the flexible N-terminal or in the hydrophobic core of

SUMO1, suggesting a change in the hydrophobic packing upon
binding.

A comparison of residues that show exchange in the apo- and
ZZ domain-bound states of SUMO1 reveals that these groups
of residues are similar. In addition, a set of residues shows
exchange in the ZZ domain-SUMO1 complex that is not
observed in apo-SUMO. Most of these residues are located in
the flexible N-terminal region, which is involved in binding the
ZZ domain and, therefore, flexible in the apo state. Residues
that show exchange for apoSUMO1 but not for the ZZ domain-

FIGURE 5. ITC experiments between ZZ domain variants and SUMO1 variants. The experiments show the titrations of wild type ZZ domain (ZZwt)
to the SUMO1 mutant 1 (SUMO1mut1) (A), ZZwt to SUMO1 mutant 2 (SUMOmut2) (B), ZZ domain mutant (ZZmut) to SUMO1mut1 (C), and ZZmut to
SUMO1mut2 (D). The raw data of the experiments are presented on the top panel. The area underneath each injection peak is equal to the total heat
released for that injection.
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SUMO1 complex are mainly located in the region indicated to
bind the ZZ domain based on the chemical shift perturbations
observed for SUMO1.

The 15N chemical shift changes between the major and
minor state was determined from global fits of the CPMG relax-
ation dispersions for the various states of SUMO1. The chem-

ical shift changes extracted from the global fit of the apo-
SUMO1 CPMG relaxation dispersion experiments does not
show a direct one-to-one correspondence with the 15N chemi-
cal shift changes observed between the SIMPX-bound and apo-
SUMO1 (Fig. 8A) with an r.m.s.d. of 0.96 ppm. The data suggest
that apoSUMO1 is exchanged between a major ground state
and a high energy state that involves other conformations than
those of the SIMPX-bound state. In contrast, the chemical shift
change between the minor and major state in the SIMPX-
SUMO1 complex correlated well with the 15N chemical shift
change measured from the 15N HSQCs of the apo- and SIMPX-
bound SUMO1 with an r.m.s.d. of 0.08 ppm (Fig. 8B). These
data imply that SUMO1 exchanged between free and bound
states in the SIMPX-SUMO1 sample. Furthermore, the com-
parison of the globally fitted chemical shift changes from the

FIGURE 6. Example of 15N CPMG relaxation dispersion curves for apo-, SIMPX-bound, and ZZ domain-bound states of SUMO1 showing transverse
relaxation rates R2 plotted versus the effective field �cp. The solid line corresponds to a CPMG relaxation dispersion curve fitted to a two-state chemical
exchange process, whereas the dotted line corresponds to a model with no chemical exchange. A, CPMG relaxation dispersion curve for Val-38 in apoSUMO1.
B, CPMG relaxation dispersion curve for Glu-20 in SIMPX-bound SUMO1. C, CPMG relaxation dispersion curve for Val-38 in the ZZ domain-bound SUMO1.
Residues exhibiting significant (p � 0.01) CPMG relaxation dispersion curves are colored red on the structure of SUMO1. Structures are depicted in schematic
representation. D, residues with significant CPMG relaxation dispersions in apoSUMO1: 7, 13, 15–16, 18 –26, 28 –38, 40, 42, 45– 47, 49 –50, 54 –56, 61, 65, 67,
69 –70, 74 –76, 78, 81– 83, 87, 90, 92, 94, 100 –101 (Protein Data Bank code 1A5R). E, residues with significant CPMG relaxation dispersions in SIMPX-bound
SUMO1: 7, 10, 15, 17–18, 20 –21, 23, 26 –28, 32, 38, 42– 43, 48, 55, 57, 61– 62, 64 – 65, 70, 74, 80 – 81, 83, 87, 100 –101 (Protein Data Bank code 2ASQ). SIMPX is
colored blue. F, residues with significant CPMG relaxation dispersions in ZZ domain-bound SUMO1: 2–5, 7– 8, 10, 13–16, 18 –22, 24 –38, 40, 42, 45, 47, 49 –50,
60 – 61, 67, 70, 74, 81– 82, 90, 92, 94, 100. The ZZ domain is colored blue, and the zinc ions are depicted as green spheres. In panels D, E, and F a selected set of
residues from different regions of SUMO1 with significant CPMG relaxation dispersions are indicated with their respective residue number.

TABLE 3
Chemical exchange rates (kex), off-rates (koff) and major populations
(pM) for the three different states of SUMO1 extracted from the global
fits of significant CPMG relaxation dispersion curves

State kex koff pM

s�1 s�1

ApoSUMO1 1185 
 91 28 
 2 0.987 
 0.002
SIMPX-SUMO1 479 
 30 15 
 1 0.942 
 0.01
ZZ domain-SUMO1 1418 
 203 31 
 5 0.978 
 0.019
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CPMG relaxation dispersions between the minor and major
state for apo- and ZZ domain-bound SUMO1 yielded a good
correlation with an r.m.s.d. of 0.14 ppm (Fig. 8C). Notably, the
chemical exchange rates and the populations of ZZ domain-
bound SUMO1 and apoSUMO1 are the same within errors and
with a similar set of residues showing exchange broadening in

FIGURE 7. Chemical shift differences observed when titrating SIMPX into
13C,15N SUMO1. A, cutout of 15N HSQC of SUMO1 showing backbone amides
in SUMO1 affected by the binding of SIMPX. Black corresponds to apo, and red
corresponds to the SIMPX-bound SUMO1. The affected residues are indicated
by their respective residue number. B, weighted 1H,15N chemical shift differ-
ences between the SIMPX and the apo state of SUMO1 plotted per backbone
residue. The location for the secondary structure elements of SUMO1 are
indicated by arrows (red) for �-strands and a cylinder for the single �-helix
(yellow). C, SUMO1 is colored in green, residues with a significant weighted
chemical shift differences (�0.05 PPM) are colored in red, where a subset is
indicated by their respective residue number, whereas SIMPX is shown in blue
(Protein Data Bank code 2ASQ).

FIGURE 8. A, 15N chemical shift difference for backbone amides between
major and minor state of apoSUMO1 from global fits of CPMG relaxation
dispersion curves plotted versus 15N chemical shift difference between apo-
and SIMPX-bound states. B, 15N chemical shift difference for backbone
amides between the major and minor state of SIMPX-bound SUMO1 from
global fits of CPMG relaxation dispersion curves plotted versus 15N chemical
shift difference between apo- and SIMPX-bound states. C, 15N chemical shift
differences for backbone amides between major and minor state from global
fits of CPMG relaxation dispersion curves for apo- and ZZ domain-bound
SUMO1 plotted in a covariance graph.

Structural Studies of a ZZ Domain-SUMO1 Complex

JUNE 10, 2016 • VOLUME 291 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 12669



both states. These observations might suggest that the binding
of the ZZ domain to SUMO1 has no major effect on the intrin-
sic conformational exchange of SUMO1. A direct comparison
of the chemical shift change between the ZZ domain-bound
SUMO1 and apoSUMO1 is not feasible due to the lack of 15N
cross-peaks caused by exchange broadening upon formation of
the ZZ domain-SUMO1 complex. An alternative interpreta-
tion of the data is that the CPMG dispersions observed for the
ZZ domain-bound SUMO1 sample involves exchange between
free and bound states; in this scenario, the good match between
the chemical shifts of the minor state of apoSUMO1 and the ZZ
domain-bound SUMO1 indicates that SUMO1 binds the ZZ
domain by conformational selection. The latter interpretation
is further supported by the expectation, based on the binding
affinities from ITC and the NMR sample conditions, that both
the SIMPX and ZZ domain SUMO1 samples contain a minor
population of the peptide-free state, which is in good agree-
ment with the minor state population determined from the
CPMG dispersions.

The on and off rates of the various states was calculated
based on a global fit of the populations and exchange rates.
For the SIMPX-SUMO1 complex, the koff is 28 
 2 s�1, and
kon is 1.6 
 0.1 � 106 M�1s�1. The calculated value of kon
indicates that the binding of SIMPX to SUMO1 is essentially
diffusion controlled. In comparison, the off-rate for the ZZ
domain-SUMO1 complex is 31 
 5 s�1, as calculated for the
core residues, whereas the results for the N-terminal resi-
dues directly involved in binding of the ZZ domain peptide
yielded a koff � 19 
 2 s�1. We speculate that the release of
the ZZ domain peptide might involve a two-step process,
with slightly different life times of the interactions with the
N-terminal segment and the core residues. The overall
slower off-rate for the ZZ domain is in keeping with the
slightly higher affinity of the ZZ domain-SUMO1 complex
than SIMPX-SUMO1. The off-rates observed for the differ-
ent bound states of SUMO1 are in the same regime as the
intrinsic conformational exchange of apoSUMO1, suggest-
ing that these processes might be linked.

Discussion

Protein modifications, such as SUMOylation, play important
roles in intricate protein-protein interaction networks involv-
ing numerous intracellular processes such as the response to
DNA double-strand breaks and chromatin remodeling. In
response to DNA damage, the SUMOylated target proteins are
recognized by SIMs present in various DNA damage signal and
repair proteins. Until recently, one type of SIM was described
that is characterized by a signature sequence involving a stretch
of charged anionic amino acid residues (10). The newly discov-
ered SUMO binding ZZ domain represents a new SUMO rec-
ognition motif distinct from the classical SIMs (9). We now
show that the ZZ domain interacts with a unique epitope in
SUMO1 and that the complex between the ZZ domain and
SUMO1 displays a different binding mode from those previ-
ously described for SUMO-mediated interactions. Mutation of
residues in the interaction surface for the ZZ domain did not
significantly decrease the affinity for SUMO1 even though the
enthalpy of binding was reduced. From previous studies we

established that the zinc coordination is crucial for the interac-
tion between the HERC2 ZZ domain and SUMO1 (9). By
mutating the zinc-coordinating residues in the ZZ domain, the
SUMO binding capacity was lost. We, therefore, conclude that
the presence of the coordinated zinc in the ZZ domain close to
the interaction interface with SUMO1 plays an important role
in the ZZ domain-SUMO1 complex formation. Importantly,
mutation of two epitopes in SUMO1, representing residues in
the ZZ domain-SUMO1 interface, completely eliminated bind-
ing to the ZZ domain, clearly indicating the importance of these
epitopes in ZZ domain recognition.

The CPMG relaxation dispersion data demonstrate that apo-
SUMO1 exchanges between the (major) ground state and a
(minor) high energy state, which might be linked to ligand bind-
ing. However, it is clear that the minor conformation of
apoSÚMO1 did not directly match that of the bound state in
the case of SIMPX binding, indicating that this peptide did not
bind by strict conformational selection but induced additional
conformational changes upon binding or that it selected one
conformer out of a manifold present in the high energy state.
Also in the case of the ZZ domain, the available data can be
interpreted in two ways; either the peptide did not affect the
intrinsic dynamics of apoSUMO1 or it bound by conforma-
tional selection. Thus, the available data clearly showed that the
dynamic process of peptide binding to SUMO1 has markedly
different signatures for the two cases of SIMPX and the ZZ
domain.

Taken together we have shown that the new SUMO-binding
ZZ domain binds to SUMO1 through interactions with a
unique and spatially distinct site in SUMO1 as compared with
the SIMs and that these two kinds of recognition motifs can
bind SUMO1 simultaneously in a non-cooperative fashion. Our
data, therefore, provide new insights into the interactions
between SUMO binding motifs and SUMO and extend the rep-
ertoire of proteins recognizing SUMO to also include regula-
tory proteins harboring ZZ domains.
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