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Aromatic amino acids buried at a protein’s core are often
involved in mutual paired interactions. Ab initio energy calcu-
lations have highlighted that the conformational orientations
and the effects of substitutions are important for stable aromatic
interactions among aromatic rings, but studies in the context of
a protein’s fold and function are elusive. Small ubiquitin-like
modifier (SUMO) is a common post-translational modifier that
affects diverse cellular processes. Here, we report that a highly
conserved aromatic triad of three amino acids, Phe3°-Tyr>!-
Phe®*, is a unique SUMO signature that is absent in other ubiq-
uitin-like homologous folds. We found that a specific edge-to-
face conformation between the Tyr®'-Phe®* pair of interacting
aromatics is vital to the fold and stability of SUMO. Moreover,
the noncovalent binding of SUMO-interacting motif (SIM) at
the SUMO surface was critically dependent on the paired aro-
matic interactions buried at the core. NMR structural studies
revealed that perturbation of the Tyr®'-Phe®* conformation
disrupts several long-range tertiary contacts in SUMO, lead-
ing to a heterogeneous and dynamic protein with attenuated
SUMOylation both in vitro and in cells. A subtle perturbation
of the edge-to-face conformation by a Tyr to Phe substitution
significantly decreased stability, SUMO/SIM affinity, and the
rate of SUMOylation. Our results highlight that absolute co-
conservation of specific aromatic pairs inside the SUMO pro-
tein core has a role in its stability and function.

Cluster of aromatic residues can play a crucial role to stabi-
lize protein structure or interact with ligands/cofactors (1-5).
Aromatic amino acids are hydrophobic and often present at the
core of a protein, where the side chains are involved in paired
interactions (6). In such cases, the interaction geometry
between the aromatic moieties can become critical to the pack-
ing and topology of a protein (7-10). Structural analysis and ab
initio calculations with benzene dimers have indicated that ring
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orientations in aromatic pairs prefer either edge-to-face
(T-shaped) or parallel displaced stacking conformations, where
the former is slightly more stable (11-15). The interaction
energies of ring conformations can be further modulated by
specific electron-donating/accepting substitutions on the aro-
matic ring. A maximum energy difference of ~0.7 kcal/mol is
predicted using ab initio calculations between substituted ver-
sus unsubstituted benzenes (16 —23). However, all these studies
are based on designed organic molecules or “molecular torsion
balances” (16, 17). The relevance of specific orientations
between aromatics and the effect of substitution in the context
of a protein’s fold and function is unexplored, which may have
significant implications for rational protein design and engi-
neering (24).

Small ubiquitin-like modifier (SUMO)? is a small globular
protein (12 kDa) and a member of the ubiquitin-like (UBL)
superfamily. The proteins in this family adopt a B-grasp-fold,
composed of a single « helix packed against a five-strand
B-sheet (25). Post-translational modification by SUMO triggers
multiple signaling pathways essential for cellular homeostasis
(26). The SUMO modification process, also known as SUMOy-
lation, involves a multistep enzymatic reaction (27). Recogni-
tion of SUMOylated substrates by receptors via noncovalent
binding of SUMO interacting motifs (SIMs) activates several
downstream pathways. A relevant example of SUMO/SIM
interaction is the constitution of large multiprotein promyelo-
cytic leukemia protein-nuclear bodies (PML-NBs). The organi-
zation of PML-NBs depends on the interaction between the
SUMO conjugated to the protein PML and the SIM present in
the adjacent PML, which allows the formation of in trans
homo-oligomeric complexes (28). SUMOylation also modu-
lates the stability of aggregation-prone proteins in neurological
disorders (29, 30). Moreover, SUMO can destabilize in certain
conditions (31) and influence the aggregation properties of the
conjugated substrates. The atomistic details behind the stability
of SUMO are essential to understand the SUMO pathway and
SUMOylation-induced regulation of substrate stability.

Here, we report a conserved aromatic triad of three amino
acids, phenylalanine 36, tyrosine 51, and phenylalanine 64
(Phe®*-Tyr>*-Phe®"), present at the core of SUMOL1. The triad

2 The abbreviations used are: SUMO, small ubiquitin-like modifier; UBL, ubig-
uitin-like; SIM, SUMO-interacting motif; PML-NB, promyelocytic leukemia
protein-nuclear bodies; ANS, 8-anilinonaphthalene-1-sulfonic acid; HSQC,
heteronuclear single quantum coherence; CSP, chemical shift perturba-
tion; PDB, Protein Data Bank; HA, hemagglutinin.
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A conserved aromatic triad in SUMO enables SUMOylation

forms a unique set of interactions that are absent in other ho-
mologous UBL folds. The Tyr>'-Phe®* pair of interacting aro-
matics form a specific edge-to-face conformation, which is crit-
ical for the fold and stability of SUMOI1. Moreover, the
conformation of the Tyr®'-Phe®* pair at the buried core of
SUMOL has long-range effects at the remote SIM-binding
interface and modulates the SUMO/SIM interaction. Protein
structure determination and protein dynamics studies indi-
cated that SUMOL1 adopts a flexible structure when the edge-
to-face interaction is perturbed. The flexible structure reduces
the efficiency of SUMOylation, both in vitro and in cellular
conditions. Finally, a subtle perturbation of the Phe-Tyr edge-
to-face orientation by substitution of the facially located tyro-
sine to phenylalanine (Y51F) significantly reduces the stability
and function of SUMOL. Our results suggest that conservation
of the interaction geometry between aromatic groups at a
protein’s hydrophobic core is important for its function. The
contribution of specific ring orientation to overall stabilization
energy can be more significant than indicated by ab initio
calculations.

Results

A conserved aromatic triad is present in the hydrophobic core
of SUMO

Multiple sequence alignment of SUMO isoforms (SUMO1-4)
from human, mouse (SUMO1-3), and Arabidopsis (32, 33) reveal
that four conserved aromatic amino acids are present at the
solvent-inaccessible hydrophobic core (Fig. 1a). Among them,
side chains of three amino acids phenylalanine 36 (Phe®®), tyro-
sine 51 (Tyr®"), and phenylalanine 64 (Phe®*) form an aromatic
triad (Fig. 1b). The fourth aromatic residue phenylalanine 66
(Phe®®) does not have any contact with the rest of the aromatic
triad and is not exclusive to SUMO. Reported high resolution
(1.46 A) crystal structures of human SUMO1 (PDB 4W]JO) (34)
shows that the Tyr®! and Phe®* form an edge-to-face geometric
orientation, where the edge of the Phe®* aromatic ring is per-
pendicular to the plane of the Tyr®! aromatic ring (Fig. 1, d and
e). In contrast, the Phe® aromatic ring has a tilted orientation
with the Tyr®" aromatic ring. A similar orientation of the aro-
matics was observed in other high-resolution structures of
SUMOL1 (PDB codes 4WJQ, 4W]JP, etc.). Sequence alignment
with members of different UbLs (67 families) revealed that the
conserved aromatic triad is unique to the SUMO-fold, whereas
conserved aliphatic residues are prevalent across ubiquitin-like
proteins. An example is ubiquitin (35), where instead of aro-
matic residues the hydrophobic core is formed by leucine 15,
isoleucine 30, and leucine 43 (Fig. 1c¢).

The Tyr-Phe pair in the triad is critical for the stability of
SUMO1

The core aromatic amino acids were mutated to their corre-
sponding hydrophobic aliphatic amino acids in ubiquitin
(F36L, Y511, and F64L), to assess the contribution of the indi-
vidual aromatic amino acids for the stability of SUMOL1. These
mutants would maintain similar hydrophobicity at the core but
selectively perturb the aromatic triad interaction. In contrast to
alanine substitutions, the number of contacts formed by the
isoleucine/leucine substitution to the rest of the protein is sim-
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ilar to the WT, and the number of contacts between the triad is
also conserved upon substitution (Fig. S1). The wt-SUMO1 and
the mutants were expressed in Escherichia coli and purified.
The mutants preserved the secondary structure of SUMOL as
shown by circular dichroism (CD) spectroscopy (Fig. 24). The
stability of the proteins was probed by CD spectroscopy as a
function of temperature (Fig. 2b). The WT SUMOL has a melt-
ing point T, of 69 °C, similar to that observed in previous stud-
ies of SUMO1. Mutating the Phe?® to leucine (F36L-SUMO1)
did not affect the SUMOL1 stability (7, = 67 °C, Fig. 2b, Table
1). Alternately, mutating Tyr>" to isoleucine (Y51I) and Phe®* to
leucine (F64L) showed a significant reduction in stability. The
T,, of mutants Y51I-SUMO1 and F64L-SUMO1 were mea-
sured to be 59 °C and 48 °C, respectively (Fig. 2b, Table 1). The
differential contribution of the aromatic triad to the stability of
SUMOL1 was further supported by urea-induced denaturation
melt profiles (Fig. 2¢). A gradual decrease in urea concentration
(Cm) at 50% unfolded state was observed starting from wt-
SUMOYL, followed by F36L-SUMO1, Y51I-SUMO1, and F64L-
SUMOI, respectively (Table 1). Phe®® has a higher accessible
surface area (36.4 A?), compared with Tyr*" (8.0 A?) or Phe®*
(3.7 A?). The aromatics Tyr®! and Phe®* are buried at the core of
SUMOV, and their substitution has an extensive effect on the
stability of SUMOL1.

Altered packing upon amino acid substitution can be probed
by ANS fluorescence (36, 37). Steady-state ANS fluorescence
was monitored for the wt-SUMO1 and mutant SUMOL1 pro-
teins (Fig. 2d). ANS shows a blue-shifted emission maximum
and increased fluorescence intensity upon binding to exposed
hydrophobic patches in proteins. The ANS fluorescence emis-
sion maxima were unaffected in the presence of wt-SUMO]1,
suggesting that few solvent-accessible hydrophobic residues
are present to interact with ANS. When incubated with F36L-
SUMOV1, ANS fluorescence was similar to wt-SUMOL. Inter-
estingly, the incubation with Y51I-SUMOLI increased the ANS
fluorescence intensity along with a 10-nm blue shift in the emis-
sion maxima, indicating increased solvent exposure of hydro-
phobic residues in Tyr°*-SUMO1. The ANS fluorescence
intensity was highest with an accompanied blue shift by 16 nm
in the presence of F64L-SUMOL1 (Fig. 2d), indicating a signifi-
cant alteration in the core packing compared with wt-SUMO1
with further increase in solvent-exposed hydrophobic regions
in F64L-SUMOL1.

The amide chemical shifts are sensitive to changes in the
chemical environment of proteins. The wt-SUMO1 and the
three mutants were expressed in '*C,'*N-labeled medium and
purified. The '°N-'H-edited heteronuclear single quantum
coherence (HSQC) experiments of all the four proteins are
given in Fig. S2. The HSQC spectra for all the three mutants
were well-dispersed. The backbone 'Hy, *°N, **C,, *C,, and
13CO resonances of the wt-SUMO1 and the three mutants were
assigned by standard triple resonance NMR experiments
(details are under “Materials and methods”). Perturbations due
to the altered chemical environment upon mutation-induced
changes in the chemical shift of the backbone amide reso-
nances, which were then calculated as chemical shift perturba-
tions (CSPs) between the wt-SUMO1 and the three mutants
(Fig. 3). The CSP between wt-SUMO1 and F36L-SUMO1 were
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Figure 2. g, far UV circular dichroism spectra showing conserved secondary structure for wt and SUMO1 mutants. b, temperature melts for SUMO1 aromatic
mutants. Change in mean ellipticity is normalized and plotted against temperature. ¢, urea-induced denaturation melt for each mutant. Normalized mean
ellipticity shift is plotted against urea concentration. d, the plot of steady-state ANS fluorescence intensity upon binding with wt and mutant proteins.

Table 1

Temperature melts, urea melts, and binding constants of SUMO1
variants

K, with
Protein T, C,, PML-SIM
°C M M
wt-SUMO1 69.0 = 0.5 4.37 = 0.09 85 *+ 15
F36L-SUMO1 67.0 = 0.5 3.94 +0.12 670 * 119
Y511-SUMO1 59.0 £ 0.3 3.90 £0.15 474 + 80
F64L-SUMO1 48.0 0.3 240 £0.25 434 =70
Y51F-SUMO1 62.6 = 0.3 ND“* 350 + 31

“ND, not determined.

negligible (Fig. 3a). However, large CSPs were observed in
Y51I-SUMOL across several residues in the protein (Fig. 3b).
The maximum perturbation was observed for F64L-SUMO1
(Fig. 3¢, Figs. S3 and S4). Several major CSPs were observed in
al. As Phe®* aromatic side chain is tightly packed against the
helix a1, the CSPs in a1 were expected. Surprisingly, several
major CSPs were also noted in the 3-strand 32, which is not in
direct contact with Phe®*. The altered chemical environment at
F64L is probably relayed through the aromatic network to
Phe?® (and 82).

The buried aromatics can modulate SUMO1/SIM affinity

Receptors of the SUMOylated substrates can identify the
substrates via the SUMO/SIM interaction. Reported X-ray and
NMR structures of SUMO/SIM complexes have shown that
SIMs bind to the B2a1 hydrophobic groove of SUMO (34, 38),

forming either a parallel or an anti-parallel 3 strand with 32
depending on the sequence of the SIM. Because mutations at
the core altered the chemical environment in distant regions
like B2, they could also affect the SUMO/SIM interaction. A
well-studied SIM containing protein is the PML protein. The
structure of SUMO1 bound to PML-SIM showed that PML-
SIM binds to the grove between 32 and a1 in a parallel orien-
tation to 82 (34). A synthetic peptide of 20 residues containing
the PML-SIM sequence was used for an NMR titration experi-
ment. In this experiment, PML-SIM was titrated on '°N-la-
beled SUMO1 or SUMO1 mutants, and **N-'H-edited HSQCs
were recorded at each titration point. Perturbations due to the
altered chemical environment upon ligand binding induce
changes in the chemical shift of the backbone amide reso-
nances, which can be reported by measuring the CSPs. When
the PML-SIM was titrated against wt-SUMO1, major CSPs
were observed in the region between B2 and a1 (Fig. 44, Fig.
S5a), supporting previous studies of PML-SUMO/SIM binding
(34, 39). The dissociation constant of the wt-SUMO1/PML-
SIM complex was measured to be 85 uMm, similar to earlier
reports (Table 1, Fig. S5b) (39).

In comparison, the F36L-SUMOL1 interacted to PML-SIM
weakly (Fig. 4b) and did not have major CSPs at the same pro-
tein:ligand ratio (1:5) as the wt-SUMOL1 (Fig. S6). The dissoci-
ation constant of the Phe®**-SUMO1/PML-SIM complex was
measured to be 670 umM, indicating an 8-fold drop in affinity.

Figure 1. g, multiple sequence alignment of SUMO homologs from human, mouse, and Arabidopsis. Conserved residues are highlighted in black, and the
conserved aromatic triad is marked by red arrows. Solvent accessibility is shown at the bottom of alignment in a color scale from black to white, where black
indicates solvent exposed and white represents buried residues. b, structure of SUMO1 (4WJO) (19) in blue and (c) structure of ubiquitin (1UBQ) (35) in green and
are shown indicating the aromatic triad (FYF) in SUMO and the aliphatic side chains (red) (LIL) in the ubiquitin core at corresponding positions, respectively. d,
a schematic representation of two predominant aromatic ring conformations, parallel offset stacking, and edge-to-face arrangement. e, zoomed in view at the
SUMO hydrophobic core shows an edge-to-face interaction between Phe®* and Tyr>' aromatic moieties.
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Figure 3. CSP upon mutation plotted against individual residues of dif-
ferent SUMO mutants (a) F36L, (b) Y51I, (c) F64L. The chemical shift per-
turbations between the wt and mutants are calculated as CSP = [(8y, —
S tand)? + (Bl — SMutand/5)%1"2, where 8" and 8" are the chemical shift of
the amide hydrogen and nitrogen, respectively.

Phe®® is present at the interface of SUMO/SIM interaction,
where it forms five contacts with Val®*” of PML-SIM (Fig. S7a).
In contrast, modeled mutant Leu®® forms a single contact with
PML-SIM (Fig. S7b), which explains the reduction in SUMO1/
SIM affinity upon F36L mutation. The Tyr>" and Phe®* are bur-
ied and located far from the SIM interface (Fig. S8, a and b).
Intriguingly, both aromatic mutants showed lower CSPs upon
titration with PML-SIM (Fig. 4, ¢ and 4, and Fig. S6) and a 5-fold
drop in affinity (Table 1), indicating that triad interaction at the
core can modulate binding at the interface.

The F64L-SUMOT1 structure has heterogeneous conformations

The structure of F64L-SUMO1 was determined by NMR to
obtain higher resolution information of the altered environ-
ment in SUMO1 upon disrupting the Tyr®'-Phe®* edge-to-face
conformation. The F64L-SUMO1 backbone and side chain *3C,
'H, and "°N resonances were assigned by standard triple reso-
nance experiments on uniformly '>C,'”N-labeled protein (Fig.
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S3). In addition, '*C-edited and '°N-edited NOESY-HSQC
experiments were carried out to obtain distance restraints from
NOE cross-peaks. A separate '*C-edited aromatic NOESY-
HSQC was collected to measure the NOEs due to aromatic side
chains exclusively.

Analysis of the triple resonance data showed that side chain
resonances for some residues in the ordered region of SUMO1
(aa 20-22, 37-39, 48 -50, and 56-59) have broadened out,
indicating major conformational exchange in the F64L-
SUMOL1. Such broadening was not observed in wt-SUMO1
under similar conditions. The number of unassigned atoms was
compared with the assignments of wt-SUMOJ1, and the differ-
ence is plotted against the residue number in Fig. S9a. The
NOESY spectra yielded a total of 1058 NOE distance restraints.
The number of inter-residue NOEs (sequential, medium, and
long) per residue is plotted in Fig. S9b. In several regions, a
higher number of unassigned atoms correlated well with a
lower number of NOEs per residue.

A total of 108 dihedral angle restraints (¢ and i) were deter-
mined using the 'H,,, '°N, '*C, "*C, and '*CO chemical shifts
and the program TALOS+ (40). Using NOE-based distance
restraints and dihedrals, 100 structures of F64L-SUMO1 were
calculated in Xplor-NIH (41). Fig. S10a shows the 20 lowest
energy structures of F64L-SUMOL1 and Table 2 provides the
NMR refinement statistics.

In the ordered region (aa 20-93) of F64L-SUMOL1 (Fig. 5a),
certain areas have more multiple conformations in the struc-
ture than the rest. A comparison of the lowest energy structure
between wt-SUMOL1 and F64L-SUMOL1 indicated a significant
deviation in B-strands 31, 82, and 35 and the loops between the
secondary structures (Fig. 5b). The contacts observed in the 20
lowest energy structures of wt-SUMO1 (PDB 2N1V) and F64L-
SUMOL1 are shown as a contact map in Fig. 5c. The number of
structures of a particular contact present in the ensemble is
shown as a fraction on the color scale. The WT contacts are
shown in the diagonal-up region, and the mutant contacts are
shown in the diagonal-down region. Although many regions
have a similar number of contacts in the two proteins, the con-
tacts observed between 1, 82, and helix a1 were reduced in the
mutant (circle 1 in Fig. 5¢), which led to diverse conformations
of B2 and Phe®®, as shown in Fig. 54 and Fig. S10b, respectively.
Although Thr** in the B2—al loop has similar conformation,
Phe®® in B2 has multiple conformations. B1 also becomes flex-
ible, which in turn disrupts several 81—85 contacts to increase
flexibility in the adjacent B-strand B85 (circle 2 in the contact
map and Fig. 5e). The F64L mutation also destabilizes the con-
formation of Tyr>" (Fig. S10c), which disrupts several contacts
between the a1-3 loop and the al or B3 (circle 3 in Fig. 5c¢).
The increased flexibility in the a1—833 loop disrupts its contacts
with the C-terminal tail of 85, leading to enhanced flexibility in
C-terminal B5. Indeed, interrupting the geometry Tyr>'-Phe®*
interaction leads to multiple long-range effects throughout the
protein.

The structural differences could be due to the broadened side
chain resonances in the heteronuclear side chain and NOESY
experiments (Fig. S9), as well as due to an increase in dynamics
upon mutation. The backbone dynamics of wt-SUMO1 and
F64L-SUMO1 were compared. T; and T, relaxation, and het-
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Figure 4. CSP plotted against individual residues of different SUMO mutants. a, wt SUMO1; b, F36L; ¢, Y51I; d, F64L. The chemical shift perturbations
between the free and PML-SIM bound forms are calculated as CSP = [(8 fec — SHyund)® T (Bhee — Shouna)/5)%1""2, where 8" and & are the chemical shift of the
amide hydrogen and nitrogen, respectively. The dashed line indicates mean = S.D. of CSP values for wt, residues exhibiting CSPs above the dashed line are
significantly perturbed and indicate the binding interface. The secondary structure alignment of SUMO1 against its sequence is provided on top.

Table 2
NMR and refinement statistics of the F46L-SUMO1

NMR and refinement statistics

Distance restraints (NOE)

Intra (Ji-j| = 0) 249

Sequential (Ji-j| = 1) 333

Medium (|i-j| <5) 187

Long (|i-j| = > 5) 289

Total 1058
Other restraints

Dihedral angles (¥,d) 108
Restraint violations )

Average distance restraints per structure (>0.5A) 0.05

Largest distance violation (A) 0.60

Average dihedral restraints per structure (>5°) 0.95

Largest dihedral violation (°) 6.88
Average pairwise r.m.s. deviation” (A)

All backbone atoms 0.8

All heavy atoms 1.4
Deviations from idealized geometry

Bond angles (°) 0.5

Bond lengths (A) 0.005
Molprobity

Clashscore 7.39

Z-score 0.26
Ramachandran statistics”

Most favored regions (%) 96.5

Allowed regions (%) 3.4

Disallowed regions (%) 0.0

“ Calculated for ordered residues in an ensemble of 20 lowest energy structures.

eronuclear NOE experiments were performed on F64L-
SUMOI1 and wt-SUMOI1. The N-terminal 20 residues are dis-
ordered in SUMOI, and hence, the relaxation data were
identical for the wt-SUMO1 and mutant in this region (Fig. 6,
a—c). In the ordered region, the T, time constants were consid-
erably lower for F64L-SUMO]1 than wt-SUMOIL (Fig. 6a). The
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T, values were relatively similar between the two proteins (Fig.
6b), although F64L-SUMOL1 had a slightly lower T, (higher R2).
The heteronuclear NOE values for the ordered region were
lower by 20% in the mutant (Fig. 6¢). The calculated order
parameter S* for the two proteins indicate increased dynamics
in several regions including 2, al, B3—34, and 5 in F64L-
SUMOL. Overall, the data indicates that disruption of the Tyr-
Phe aromatic interaction increases backbone dynamics at mul-
tiple sites in the protein.

F64L substitution reduces the rate of SUMOylation

SUMOylation assays were carried out using F64L-SUMOL1 to
assess if the aromatic interactions have a functional role. The
transactivator protein IE2 encoded by the human cytomegalo-
virus was chosen as a typical substrate. The N-terminal region
of IE2 has two consensus SUMOylation sites at Lys'”> and
Lys'®°, which are SUMOylated during infection (42—44). The
region also includes a SIM between amino acids 199 and 202. A
fluorophore-tagged peptide from IE2 containing the consensus
SUMOylation motif and the SUMO-interaction motif was used
as a substrate (Fig. 7a). A SUMOylation reaction including
SAE1/SAE2, Ubc9, wt-SUMOI, and the IE2-peptide was incu-
bated for 15 or 30 min, quenched, and run on an SDS-PAGE gel.
The gel was imaged to quantify the SUMOylated fraction of IE2.
The same reaction was repeated with F64L-SUMOL1 instead of
wt-SUMOL1. As given in Fig. 7b, the F64L-SUMO1 was deficient
in SUMOylating IE2 compared with wt-SUMO1. SUMOyla-
tion can also be monitored by detecting the fluorescence ani-
sotropy of the substrate peptide in real-time during the
SUMOylation reaction. Assembly of SUMO chains on the pep-
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Figure 5. Solution structure of F64L-SUMO1. g, the backbone Ca chain of the 20 lowest energy structures of F64L-SUMO1 is shown, colored in blue.
Phe*¢-Tyr*'-Phe®* backbone Ca atoms and bonds are colored green. b, the lowest energy structure of wt-SUMO1 (PDB 2N1V) and the mutant is compared.
Ribbons are colored in orange and blue, for the wt-SUMO1 and F64L-SUMO1, respectively. The Phe®® and Phe®” side chains are shown in gray and purple for WT
and mutant, respectively. ¢, the contact map of WT and F64L SUMO1 is shown in the same 2D plot, where WT is represented in the upper right, and the F64L is
represented in the lower left region of the plot. The major differences between the contacts are circled and labeled. The areas 1, 2, and 4 in c are shown in d-f,

respectively.

tide increases its molecular weight, which in turn increases
tumbling time of the fluorophore, and the fluorescence anisot-
ropy of the substrate. The SUMOylation reaction was initiated
with SAE1/SAE2, Ubc9, IE2-peptide, and either wt-SUMO1 or
F64L-SUMOL1. Fluorescence anisotropy of the IE2 was mea-
sured and plotted against time. Comparison of wt-SUMO1 and
F64L-SUMOL (Fig. 7c) demonstrates that the F64L substitution
reduces the rate of SUMOylation of IE2.

Because the presence of SIMs in the substrate is also known
to enhance SUMOylation (45), the F64L mutant could exhibit
reduced SUMOylation because of reduced binding to the IE2-
SIM. Hence, the effect of the F64L mutant was re-examined
with a SIM-mutated IE2, where the consensus SIM sequence
CIVI was mutated to AAAA. As expected, there was a reduced
rate of SUMOylation in the absence of the SIM when treated
with wt-SUMOL1 (Fig. 7, b versus e). However, SUMOylation
was further reduced upon treating with F64L-SUMO1 com-
pared with wt-SUMOI, indicating that SIM-independent
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SUMOylation is also affected by F64L substitution (Fig. 7, d
and e).

We wanted to validate if the diminished SUMOylation per-
sisted in the cellular environment. HA-IE2 was co-transfected
with either FLAG(6X)-wt-SUMOL1 or FLAG(6X)-F64L-SUMO1
in HEK293T cells. Cell lysates were blotted with HA antibody. In
the blot, two distinct HA positive bands could be noted for IE2,
where the lower molecular weight band corresponds to unmodi-
fied IE2, and the higher molecular weight band corresponds to
SUMO-modified IE2 (Fig. 7f). Similarly, the IE2~SUMO band had
two finely spaced bands corresponding to IE2 modified with
endogenous SUMO (SUMO1/2/3) and exogenously transfected
FLAG(6x)-SUMOL1 (Fig. 7f). Due to the 6xFLAG tag, exogenous
IE2~FLAG-SUMO runs slower than endogenous IE2~SUMO.
The IE2 modified with exogenous SUMO (F64L versus WT)
showed a significant reduction in IE2~SUMO upon F64L substi-
tution, indicating the importance of core residue Phe®* for
SUMOylation (Fig. 7g). Intriguingly, the endogenous IE2~SUMO
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shows an opposite trend, where IE2~SUMO is increased upon
transfection with mutant SUMO (Fig. 7). Exogenous SUMO1
competes with endogenous SUMO for the same SUMOylation
site on IE2. When the exogenous SUMOL is inefficient for
SUMOylation (upon F64L substitution), the IE2 is primarily
SUMOylated by the endogenous SUMO.

The substituted edge-to-face conformation is critical for the
stability and function in SUMO1

Because substitution of aromatic rings with electron-donat-
ing/accepting groups can modulate the interaction energy of an
interacting aromatic pair, the effect of ring substitution was
further studied for the Tyr-Phe pair in SUMOL1. The only dif-
ference between a tyrosine and phenylalanine side chain is the
presence of an -OH group at the para position of the aromatic
ring. When the facially located tyrosine inside the SUMOL core
was substituted with phenylalanine, stability of Y51F-SUMO1
(T,, = 62.6 °C) was found to be significantly lower (~1 Kcal/
mol, “Materials and methods”) than the WT (T, = 69 °C, Fig.
8a, Table 1), suggesting that the electron donating nature of OH
results in a more stable edge-to-face interaction for Tyr-Phe
pair in SUMOL1. The destabilization was further validated by
measuring the aromatic ring-current effects on the secondary
chemical shifts of aromatic protons. Due to magnetic anisot-
ropy around an aromatic ring, the resonance frequencies of
protons placed above the ring are shifted upfield. The aromatic
proton resonances of Phe®* and Phe®® in the Y51F-SUMO1
were shifted downfield compared with the wt-SUMO1 (Fig.
8b), indicating a lower ring-current effect than the wt, and sub-
tle destabilization of the edge-to-face orientation when Tyr-
Phe aromatic pair is substituted with Phe-Phe aromatic pair.

SASBMB

To check the functional implications of Y51F substitution,
SIM binding affinity and SUMOylation were measured for
Y51F-SUMOL1. The K, of the Y51F-SUMO1/PML-SIM com-
plexis 350 (+31) uM (Fig. 8¢, Fig. S11), reflecting a 4-fold reduc-
tion in affinity than wt-SUMO1. SUMOylation of IE2 also
decreases by 20% in the case of the Y51F mutant for both wt
(Fig. 8d) and SIM-less IE2 (Fig. 8e). A reduction in the rate of
SUMOylation is also observed for both wt (Fig. 8f) and SIM-less
IE2 (Fig. S12) from the fluorescence anisotropy measurement
of FITC-IE2 for Y51F-SUMOYI, highlighting the necessity of a
substituted edge-to-face Tyr-Phe pair for SUMO stability and
function.

Discussion

Clustered aromatic residues are often crucial for function or
thermodynamic stability in proteins. For example, a conserved
aromatic triad is essential for the stability of the villin headpiece
subdomain (3) and the ion-transport of LeuT symporters (4).
Here, we have carried out a detailed study to elucidate the
importance of specific ring orientations of the buried aromatic
triad in SUMOL1 for the stability, structure, and function of the
protein. We report that a conserved aromatic triad Phe®*-
Tyr>'-Phe®* present at the core of SUMO1 is a unique signature
of the SUMO-fold. In the triad, the aromatic moieties of Tyr>'
and Phe®* are involved in a stable edge-to-face orientation.
Thermal and denaturant-induced unfolding studies indicated
that aliphatic substitutions do not compensate for the stability
provided by the Tyr®'-Phe®* interactions despite forming a
similar number of contacts as the aromatics. The substitution
of Phe>® by leucine, which had a tilted orientation with Tyr®
did not have a significant effect on stability. In contrast, disrup-

J. Biol. Chem. (2019) 294(17) 6772-6784 6779


http://www.jbc.org/cgi/content/full/RA118.006642/DC1
http://www.jbc.org/cgi/content/full/RA118.006642/DC1

A conserved aromatic triad in SUMO enables SUMOylation

“lez

175 180 199-202
(b) (c)
0.6 Wt SUMO1 0.0704 . wtsumo1
FedL - Fedl
3 0s] ™ 0.065-
B
3 044 2 0.060
s <]
2 0.34 ° 0.055-
@ ]
c amm
S 02] 0.050- 2
: : |
£ 04 0.045-
0_!\ T 0.040 T T T T
0 15 30 5 10 15 20 25 30
(d) Time (min) (e) Time (min)
04
Wt SUMO1
-ve Wt-SUMO1 -ve F64L-SUMO1 =F64L

et - Fiezswor B o)

15kDa - é\

10kDa |

N o o A R W A S E2 £ o2
() )
c
Wt Fe4L Wt Fe4L Wt FedL m .g
3

100kDa—| — Eggo } § £

TSKDA— W S v S s g — IE2 Q
(g) (h)

. B [E2~FLAG Wt SUMO1 0.16] M Wt transfection
B I IE2~FLAG FéAL S ™ B FedL transfection
"a 0.14 a‘-“- 0.144
§* 0.12- §~ 0.12-

0.10- 0.10-

2 =2

@ 008 o 0.084

c c

S 0.06 O 0.06-

2 0.044 T o0

o S

L 0024 L 0.02-
0.00- 0.004

IE2~FLAG SUMO

|E2~Endogenous SUMO
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tion of the stable edge-to-face - interaction between Tyr®!
and Phe®* severely reduced the stability of the SUMO1-fold and
altered its packing. The structure of F64L-SUMOL also con-
firms that the fold destabilized upon disruption of the -
interaction. Interestingly, a recent study has highlighted the
importance of a conserved leucine (Leu*?) at the same struc-
tural position in ubiquitin for its stability and function (46).
Although SUMO is structurally similar to ubiquitin, the sub-
stantial perturbation upon aliphatic substitution brings out the
necessity of co-conservation of aromatic residues for the struc-
ture and function of SUMO. The aromatic interactions may
also be necessary for the folding pathway of SUMO, which can
be investigated further through kinetic studies and molecular
dynamics simulations.
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Unlike the aromatic clusters in the LeuT family of symport-
ers or in the cold shock protein CspA (47), where the aromatics
directly interact with ligands, the aromatics Tyr>" and Phe®* of
the triad in SUMOL are buried at the core and do not interact
directly with SIMs or any enzymes in the SUMOylation reac-
tion. Nevertheless, our studies demonstrate that the Tyr’'-
Phe®* interaction affects SUMO/SIM interaction and SUMOy-
lation. The presence of the bulky aromatic triad creates a
shallow groove between 82 and a1, which functions as the SIM
interface. Akin to the triad, the groove and the SIM interface is
exclusive to SUMO, and not present in the other UBLs. The
structure of F64L-SUMO1 showed multiple conformations in
the B2 strand, which constitutes the SIM interface (Fig. 5).
Effect of the Phe®* substitution is transmitted through the triad
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network to the distal end of the aromatic triad, where Phe3®
assumes multiple orientations in the mutant instead of a fixed
orientation as the WT SUMOL1 (Fig. S10b). These structural
changes distort the shape of the shallow groove and conse-
quently, disrupt the SUMO/SIM interaction.

SUMOylation assays show that the conformational hetero-
geneity in SUMO1 upon F64L substitution is detrimental to the
SUMOylation of the substrate lysine in both in vitro and in
cellular conditions (Fig. 7). During the SUMOylation reaction,
SUMO is conjugated to E1, followed by transthiolation to E2,
before it is transferred to the substrate. SUMO has multiple
contacts with E1 that stabilizes the E1~SUMO conjugates
(PDB code 1Y8R), involving the a1-83 loop, B1-2 loop, 33,
and B5 regions (48). Similarly, SUMO has multiple contacts
with E2 (Ubc9), comprising the f1-82 loop, 83, and 85 regions
in the E2~SUMO/E3/substrate complex (PDB code 1Z5S) (49).
These interfaces on SUMOL are disordered upon F64L substi-
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tution. Hence, the E1I~SUMO and E2~SUMO conjugates will
be unstable, leading to reduced SUMOylation of the substrate.

Interestingly, in yeast Saccharomyces cerevisize SUMO
(Smt3), the aromatic triad is Phe-Phe-Phe, where the central
tyrosine is replaced by phenylalanine. Yeast is at the root of
eukaryotic lineage and probably indicates the early signature of
SUMO sequence. In higher eukaryotes beyond yeast, the Phe is
replaced by Tyr, which is counterintuitive given the residue is
buried and phenylalanine is more hydrophobic than tyrosine. A
plausible reason could be that the presence of an -OH group for
Tyr-Phe edge-to-face pair stabilizes the aromatic interaction
greater than unsubstituted Phe-Phe interaction, as confirmed
by the NMR chemical shifts of the aromatic side chains. The
energy difference observed by -OH substitution in isolated ben-
zene pairs in the gas phase is 0.03 Kcal/mol (20). The similar
-OH substitution changes the free energy of SUMO1 by 1 Kcal/
mol, which is 2 orders of magnitude greater than ab initio cal-
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culations. Such a sizeable change in energy cannot be
accounted for by the single contact that the -OH group of Tyr""
forms with Gly*® in 2. The instability in the geometry of the
Tyr-Phe pair due to Y51F substitution can create major distor-
tions in the network of interactions between the pair and other
residues at the buried environment of SUMOI1, which can
account for such significant reduction in the free energy. Future
theoretical calculations of the energy contribution of such aro-
matic pair interactions in proteins need to include the contact
network of the pair in consideration. Moreover, the Y51F sub-
stitution reduced SUMO/SIM affinity and SUMOylation, indi-
cating that the stable Tyr-Phe interaction is important for
function.

SUMOylation of a substrate and its subsequent recognition
by SIM containing receptors are the two fundamental compo-
nents of the SUMO pathway. Although the buried aromatics in
SUMO do not interact with the SUMOylation components or
SIMs directly, the orientation of their -7 interaction has long-
range structural effects that are quintessential for a functional
SUMO. Our results highlight that the conservation of the sub-
stituted edge-to-face orientation between buried and interact-
ing aromatics can have functional implications for a signaling
pathway.

Materials and methods
Mutagenesis and protein purification

The DNA fragment encoding the His,-tagged human wt-
SUMOL1 in ampicillin-resistant pQE-80L vector was a gift from
Dr. Sri Rama Koti, TIFR, Mumbai. Substitutions at positions 36,
51, and 64 in wt-SUMOL1 to aliphatic amino acids were done
using the QuikChange site-directed mutagenesis kit (Agilent
Technologies), and the corresponding clones were verified by
sequencing. For overexpression and purification, clones were
transformed in BL21 (DE3) bacterial cells and grown in Luria
Bertani (LB) broth using the standard procedure. For NMR
experiments, uniformly '3C,'°N-labeled samples were pre-
pared by growing the bacteria in an M9 medium containing
'SNH,CI and ['*Cg]glucose. For the preparation of uniformly
'>N-labeled samples, ['>C,]glucose was replaced by unlabeled
D-glucose. Cells were grown at 37 °C, and protein expression
was induced at A, of 0.8 by the addition of isopropyl thio-g-
D-thiogalactoside at a final concentration of 1 mm. After 5 h of
further growth, the cells were harvested by centrifugation, re-
suspended in the lysis buffer (50 mm Na,HPO,, 25 mm imidaz-
ole (pH 8.0), 300 mm NaCl), and lysed by sonication. The
centrifuged supernatant from the lysate was mixed with pre-
equilibrated nickel-nitrilotriacetic acid-agarose beads (Pro-
tino) for 2 h. The slurry mixture (lysate with beads) was loaded
to an open column, washed, and eluted with different concen-
trations of imidazole present in lysis buffer (pH 8.0). Further
purification was done by a gel filtration (Superdex 75 16/600)
column. Final protein was obtained in PBS containing 1 mm
DTT (pH 7.4). For NMR experiments, the protein sample was
supplemented by 10% D,O.

CD measurements

CD measurements were carried out on a Jasco J-815 spec-
trometer. Far UV protein scans and thermal melt experiments
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were recorded for the 10 uM concentration of protein in PBS
(pH 7.4) in a 1-mm path length cuvette. An average of 10 scans
at 20 °C with 50 nm/min scan speed and 1 s of digital integration
time were plotted for the graph. For thermal melts, mean resi-
due ellipticity at 222 nm wavelength was monitored from 20 to
90 °C with arate of 1 degree per minute increase of temperature
and 32 s of data integration time and fitted with a two-state
folding curve to obtain the T,, of individual mutants and wt-
SUMOL. Unfolding free energy of wt-SUMO1 (4.32 kcal/mol)
and Y51F-SUMOI1 (3.32 kcal/mol) was calculated from a van’t
Hoff equation using thermal melt data. For urea denaturation
melt, 15 uM protein sample was equilibrated with different con-
centrations of urea. Blank buffer scans were subtracted before
fitting. The actual concentration of urea was determined using
refractive index measurement.

ANS fluorescence measurements

20 uMm protein and 200 um ANS in PBS were used for ANS
fluorescence measurement for each protein sample and data
were recorded on Fluoromax-4 (Horiba Jobin Yvon) spectro-
fluorometer. Samples were excited at 380 nm (Slit width 5 nm),
and emission spectra were recorded from 385 to 650 nm (slit
width 10 nm) at 25 °C. Averages of three independent scans are
reported in Fig. 2d.

Synthetic peptides
All the synthetic peptides were purchased from Lifetein LLC

as lyophilized powders. The peptides were subsequently dis-
solved in PBS and used for titration by NMR.

NMR experiments

NMR spectra were recorded at 25 °C on 800 MHz Bruker
Avance III HD spectrometer with a cryo-probehead, processed
with NMRpipe (33), and analyzed with NMRFAM-SPARKY
(34). Standard triple resonance CBCA(CO)NH, HNCACB,
HNCO, and HN(CA)CO experiments were used for back-
bone assignments. The side chain resonances were assigned by
triple resonance '*C-edited HSQC, (H)CC(CO)NH, and
H(CCCO)NH experiments. The NMR chemical shift of F64L-
SUMO1 was deposited in the BloMagResBank under accession
number 27573. 3C-Edited and '°N-edited NOESY-HSQC
experiments were carried out on uniformly '>C,'*N-labeled
F64L-SUMOI1. All NMR data were processed using NMRPipe
(50) and analyzed using Sparky software (51). Following peak
picking of the backbone experimental data in Sparky, the data
were assigned by the PINE NMR-server (52) and then verified,
corrected, and completed manually. TALOS+ software (40)
was used to predict the ¢,i torsion angles from the assigned
'H,, "N, 1*C,, ’Cg, and ">CO chemical shifts. Using the 1059
NOE-based distance restraints and the 108 dihedral restraints,
100 structures were calculated in Xplor-NIH (41). The ensem-
ble of 20 lowest energy structure is deposited in the PDB server
(PDB code 6J41).

The '"N-T,, "’N-T, and steady-state '°N-heteronuclear
NOE experiments were carried out using standard pulse
sequences. Complete relaxation datasets were collected at 298
K on a Bruker Avance 800 MHz spectrometer equipped with
cryogenic probes. Sample concentrations were ~0.3 mm. For
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T, measurements, the relaxation delays were set to 0.002, 0.005,
0.01, 0.03, 0.05, 0.1, 0.2, and 0.4 s. For T, measurements, the
relaxation delays were set to 0.002, 0.004, 0.008, 0.016, 0.024,
0.032, and 0.064: s. After spectral processing using NMRPipe,
the program SPARKY was used to assign peaks and extract T,
and T, relaxation times by nonlinear least squares fitting. Peak-
heights at the assigned peak positions in each spectrum were
used to fit the decay curves. Errors were estimated as the stan-
dard deviation of five best fits. '°N-Heteronuclear NOE values
were taken as the ratio of peak intensities observed for experi-
ments with 5.0 s of 'H-presaturation during the recycle delay.
The recycle delay for a reference experiment without the pre-
saturation was set to 10 s. For calculation of order parameter
(S?), T,, T,, and heteronuclear NOE experiments were used for
fitting to the spectral density function (53, 54) in Bruker
Dynamics Center software, assuming model-free isotropic dif-
fusion model. The ®N-'H bond length was set to 1.02 A, and
15N CSA was set to an average value of —160 ppm for all itera-
tions. The error of the fits was generated using Monte Carlo
simulation.

SUMOylation assay

For SUMOylation of FITCIE2, 5 uM substrate FITC IE2—N-
terminal domain and 5 uM wt or F64L SUMO1 were incubated
with 1 um E1 and 2.5 um E2. The reaction was started by adding
1 mm ATP. The reaction was carried out at room temperature
in buffer containing 25 mm Tris (pH 8.5), 150 mm NaCl, 5 mm
MgCl,, 0.1% Tween 20. The reaction was analyzed either on
12% SDS-PAGE or by a change in anisotropy. Gels were imaged
for FITC fluorophore (A,,, 495 nm; A.,,,, 519 nm). Images were
quantified on Image]. Anisotropy was measured using MOS450
fluorimeter (A_, 470 nm; A__,, 520 —560 nm).

ex’ em’

Cell culture and transfection

HEK293T cells were maintained in Dulbecco’s modified
Eagle’s medium with 10% serum. For each experiment, cells
were seeded into 12-well tissue culture plates. Cells were trans-
fected at 60—80% confluence with 500 ng of FLAG-wt/F64L
SUMOL1 and 500 ng of HA-IE2 (wt or mutant as mentioned)
using Lipofectamine 3000 reagent. Cells were harvested 36-h
post-transfection and lysed with 2X SDS loading dye. Lysates
were run on 12% SDS gel and were probed with HA antibody
(CST number 3724) after blotting.
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