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Human UBC9 is a member of the E2 family of proteins. How-
ever, instead of conjugating to ubiquitin, it conjugates to a u-
biquitin homologue SUMO-1 (also known as UBL1, GMP1,
SMTP3, PICT-1 and sentrin) . The SUMO-1 conjugation path-
way is very similar to that of ubiquitin with regard to the pri-
mary sequences of the ubiquitin activating enzymes (E1), the
three-dimensional structures of the ubiquitin conjugating en-
zymes (E2), and the chemistry of the overall conjugation path-
way. The interaction of p5S3 and UBC9, the E2 of the SUMO-1
pathway, has been studied by nuclear magnetic resonance spec-
troscopy. A peptide corresponding to the nuclear localization
domain of p53 specifically interacts with UBCY and this interac-
tion is likely to be important for conjugation of p5S3 with
SUMO-1. The largest chemical shift changes on UBC9 occur at
residues 94 and 129—135. This region is adjacent to the active
site and has significant dynamic behavior on the pus—ms and
ps—ns timescales. Correlation of chemical shift changes and
mobility of these residues further suggest the importance of
these residues in substrate recognition.
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Introduction

SUMO-1 (also known as UBL1, GMP1, SMTP3,
PICT-1 and sentrin) is a ubiquitin homologue, and has
been shown to play important roles in cellular functions
such as DNA-repair and p53 dependent processes.' The
SUMO-1 conjugation pathway is very similar to that of u-
biquitin with regard to the primary sequences of the ubig-

uitin activating enzymes (E1), the three-dimensional
structures of the ubiquitin conjugating enzymes (E2),
and the chemistry of the overall conjugation pathway.
Similar to the ubiquitin pathway, the C-terminal Gly
residue of SUMO-1 is involved in covalent conjugation to
a Lys residue of other proteins. In the ubiquitin pathway,
ubiquitin is first activated by an enzyme EI through hy-
drolysis of ATP to form a high energy bond between the C-
terminal Gly residue of ubiquitin and a Cys residue in
El. Then, ubiquitin is transferred to a ubiquitin conjuga-
tion enzyme (UBC) known as E2. In this step, the C-
terminal Gly of ubiquitin is conjugated to the SH group of
the active site Cys residue of E2. The E2 interacts with
substrate proteins to transfer ubiquitin to the substrate
proteins. ,

E2 enzymes in the ubiquitination and homologous
pathways catalyze the conjugation of ubiquitin or its homo-
logues with target proteins, and therefore are likely to
play important roles in target protein recognition. Al-
though it has been proposed that E2 can interact with tar-
get proteins, the binding site of target proteins on E2 is
still not clear. The three-dimensional structures of human
UBC9 and several other E2 proteins have been deter-
mined.>” In addition, conformational flexibility of UBC9
has been characterized by NMR methods.® E2 enzymes
have a highly conserved three-dimensional structure.
UBC9 has an overall rigid conformation, but several re-
gions have higher flexibility than that of average. In par-
ticular, a few residues near the active site have high mo-
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bility on the ps—ms and ps—ns timesscales. These
residues were proposed to play a role in target protein
recognition or catalytic activity.

The modification of the tumor suppressor protein p53
by the SUMO-1 pathway has been well characterized.® '
Conjugation of p53 with SUMO-1 significantly increases
the activity of p53 in the cells. It has been recently re-
ported that conjugation of SUMO-1 to pS3 occurs at Lys*®
of p53. Lys®®is located in the nuclear localization do-
main. Deletion of the C-terminal 30 amino acid residues
of p53 abolished the conjugation activity. We have exam-
ined the interactions of the nuclear localization domain of
p53 and the SUMO-1 conjugation enzyme UBC9. The re-
gions on UBC9 that is likely to form specific interactions
with p53 have been mapped by chemical shift perturba-

tion.
Materials and methods
Protein expression and purification

Human UBC9 was subcloned into vector PET28 as
described previously.® The modified plasmids have an
open reading frame that includes 6 His residues as an
affinity tag at the N terminus followed by the sequence of
UBCY. Escherichia coli cells containing the expression
plasmid were grown at 37 C in M-9 minimal media con-
taining kanamycin (30 g+L~!) supplemented with trace
minerals and basal medium Eagle vitamins. "NH,CI (1 g
*L™1) and/or ®C-glucose (2 g-L~!) were used as the
only nitrogen and carbon sources for N and/or *C-la-
beling.

Expression of the protein was induced by addition of
IPTG (isopropyl 8- D-thiogalactopyranoside) to a concen-
tration of 1.0 mmol*L~! when the cells had grown to an
OD (at 595 nm) of 0.6—0.8. Cells were harvested three
to four hours after induction and stored at — 70 C. Then
the cell pellets were suspended in buffer A (5 mmol+L"!
imidazole, 500 mmol + L™! NaCl, 20 mmol * L' Tris-
HCl, pH 7.9). The protein was extracted by sonication
and centrifugation at 16500 r/min for 50 min.

The protein was purified on a column packed with
Ni-NTA resin (Qiagen). The eluted proteins were con-
centrated and exchanged to a NMR buffer (100 mmol *
L~! sodium phosphate, pH 6.0, 0.02% NaN;, 5 mmol+
L' DDT, in 9% H,0/10% D,0). The purity of the

protein was confirmed by SDS-polyacrylamide gel elec-
trophoresis. Concentration of the protein was estimated
with the Bio-Rad protein assay and 1 D proton NMR spec-
tra.

The p53 peptide was synthesized by solid phase syn-
thesis in the Peptide and Nucleic Acid Synthesis Facility
of the City of Hope National Medical Center, USA. The
peptide corresponds to the nuclear localization domain of
P53, containing the last 30 amino acid residues of p53:
AHSSHLKSKKGQSTSRHKKLMFKTEGPDSD. The pep-
tide was dissolved in the same NMR buffer at concentra-
tions of 10 mmol*L~" and 33 mmol-L~! at pH 6.0.

NMR measurements

All NMR spectra were acquired on a Varian UNITY-
plus 500 MHz NMR. spectrometer equipped with four
channels, pulse shaping, z-axis pulsed field gradient ca-
pabilities. Titration of the p53 peptide to UBC9 was per-
formed as follows. A sample of 0.7 mmol+L~! !N-
labeled UBC9 was titrated with 10 mmol* L.=! p53 peptide
to molar ratios of 1:0.5, 1:1, 1:1.5, 1:2.0, 1:2.4,
1:2.9, 1:3.5 and 1:3.9. Additional titration experi-
ments were performed with a 33 mmol*L~! p53 stock so-
lution to molar ratios of 1:8.7, 1:13.6 and 1:18.4. The
backbone resonance assignments for human UBC9 have
been described previously.'! At each titration point, 2 D
N-'H HSQC spectra'? were recorded for bound 5N-la-
beled UBC9. The spectral widths in the HSQC experi-
ments were 1300 Hz in F; and 6000 Hz in F, dimensions
with 128 and 512 complex points in the F; and F, dimen-
sions, respectively. Linear prediction in the indirect di-
mension and zero-filling in both dimensions were used be-
fore Fourier transformation .

Determination of the dissociation constant K4

For protein-peptide interaction, when exchange be-
tween the free state and the bound state is very fast with
respect to the differences in chemical shifis between two
states, a single resonance is observed (&) for a specif-
ic amide, which is the population-weighted average of the
amide chemical shifts of the free state (8;) and bound
state (J.). Under this condition, the following Eq. (1)
can be deduced in a similar way used by Lian et al.®
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in which, [E]y and V, are the concentration and volume
of the initial protein solution, respectively; [S], and V;
are the concentration and volume of the peptide stock so-
lution added during the titration, respectively. The disso-
ciation constant K was determined by fitting Eq. (1) to
experimental data.

Calculations of electrostatic potentials

The surface electrostatic potentials for UBCY was
calculated using the Delphi module of INSIGHT II (MSL,
Inc.) and the crystal structure.® The solvent dielectric
constant was set to 80. The radius of the probe water
molecule was 1.4. The grids in the calculation of the
electrostatic potentials were with a spacing of 1.5.

Results and discussion

The nuclear localization domain of p53 interacts with
UBC9. It has been shown that p53 is modified by SUMO-
1 at Lys® in the nuclear localization domain and this
modification is independent of the overall structural in-
tegrity of p53.%1 Therefore, chemical shift perturbation
was used to detect whether a peptide corresponding to the
nuclear localization domain of pS53 specifically interacts
with UBC9. Chemical shift perturbation is extremely sen-
sitive to molecular interactions and has been widely used
to map binding surfaces. In drug screening, it is em-
ployed to identify molecules that bind to a protein target,
which is known as “SAR (Structure Activity Relation-
ship) by NMR” .14

15N-labeled UBC9 and unlabeled p53 peptide were
used for this study. *N-'H HSQC selectively observes

signals from UBC9 in the complex with p53. Specific:

chemical shift perturbation and changes in the linewidths
were observed in 1" N-'H HSQC spectra of UBC9 upon
These changes
were consistent from the beginning of the titration, when

forming complex with the p53 peptide.

the concentration of UBC9 was approximately 0.7 mmol
L~! and that of the p53 peptide was 0.3 mmol*L~!, un-
til the final concentrations of the p53 peptide and UBC9

number is shown in Fig. 1B. Most peaks of UBC9 were
not affected, indicating that the complex formation does
not cause large conformational changes in UBC9.

The largest chemical shift change occurs at residue
Ala'®. This residue and the two sequentially connected
residues ( Pro'® and GIn'*) are conserved between the
human and yeast UBC9. The sidechain of Ala'® ap-
proaches the sidechain of the conjugation active site Cys”
and the two sidechains are less than 0.5 nm apart. All
observable residues between residues 129 and 135 show
chemical shift changes larger than twice the digital resolu-
tion (0.01 ppm in the proton dimension or 0.05 ppm in
the nitmgen dimension ). In addition, residues ValZ,

*, GIn'% (next to the conjugation active site Cys”)
and Val148 (next to the segment composed of residues
129—135 in the structure) is also affected significantly
by binding of the p53 peptide. These residues are colored
in red in the ribbon diagram of the UBC9 structure (Fig.
2A). Because these residues are close to each other in
the three-dimensional structure and are adjacent to the
conjugation active site, they are likely to form specific in-
teractions with the p53 peptide. This segment contains
mostly hydrophobic and polar residues, and has an overall
neutral to slightly positive surface electrostatic potential
(Fig. 2B). This region may be involved in hydrophobic
interactions and hydrogen bonding with the p53 peptide
and contribute to the specificity of the interaction. Addi-
tionally, local conformational changes due to p53 binding
may also contribute to specific chemical shift changes of
some of these residues.

In addition to the localized area of chemical shift
changes, several other residues also show significant
chemical shift changes and are indicated in gold in Fig.
2A. These residues are located between the active site
Cys”™ and the N-terminus in the three-dimensional struc-
ture. The chemical shift changes of all the residues indi-
cated in gold in Fig. 2A are consistent with addition of
the p53 peptide. These residues are not close to each oth-
er in the three-dimensional structure and the chemical
shift changes are generally small. This surface has a
strong negative electrostatic potential, as shown in Fig.
2B. Like many nuclear localization domains, the nuclear
localization domain of p53 has an overall positive electro-
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Fig. 1 (A) Superposition of a region of the *N -'H HSQC spectra of *N-labeled UBC9, free (red) and in the complex with unlabeled
p53 peptide (green) . The molar ratio of p53 to UBCY is 3.8:1. Only peaks affected significantly upon complex formation are in-
dicated with their assignments. (B) Average chemical shift changes versus residue number of the >N-labeled UBC9 upon complex
formation with the p53 peptide. The average chemical shift chanées of peaks are calculated as [ (5A8yy)? + (Ady)?]V? where
Adyy represents the chemical shift change of the amide proton and Ady represents the chemical shift change of the amide nitrogen

of an amino acid residue.
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Fig. 2 (A) Ribbon diagram of the three-dimensional structure of human UBC9. Chemical shift perturbations upon binding of the p53 pep-
tide are indicated by the coloring scheme described in the text. The active site Cys” is shown with its sidechain. (B) Surface
electrostatic potentials of human UBC9. The orientation of the molecule is the same as that in (A) . The charge topology was cal-
culated and displayed using INSIGHT II (MSI, Inc.). The color spectrum from red to blue corresponds to changes from negative
to positive potentials over a range of -5 to +35 KB/e.

static potential. The opposite electrostatic potentials be- 0.40
tween the pS3 peptide and this surface on UBC9 suggest 0.35 3
that electrostatic interactions may occur. Electrostatic in- 0.30 3
teractions are generally long range and not highly specif- 0,25
ic, and may generate the pattem of chemical shift 020
changes observed in these residues. 0.153

The dissociation constant Ky was estimated using the 0.10 3
resonance of Ala'”, where the largest chemical shift 0.05—5
change was observed. Fig. 3 shows the plot of 5N chem- 0.003

0 005 010 015 020 025 030

ical shift changes with increasing amounts of the p53 pep- VIV, (8 1)
Vo (a. u.

tide. Using Eq. (1), the dissociation constant was esti-
mated to be (4.7 +1.0) mmol-L~!. Based on this dis-

Fig. 3 Plot of ®N chemical shift changes of Ala' of UBC9
sociation constant, when the molar ratio of the p53 pep-

with increasing amounts of the pS3 peptide. V; is the

tide to UBC9 is approximately 3.9:1.0, only approxi- volume of the pS3 stock solution added to the UBCO
mately 34% of UBC9 is in the complex with p53, and solution, and V, is the initial volume of the UBCO
the rest of the UBC9 molecules still are in free form. This sample. The dissociation constant K, was estimated by
is partly responsible for the small chemical shift changes fitting these titration points to Eq. (1) in the materials
observed. In order to induce maximum shifts in UBC9, and methods section. The theoretical curve is shown

three additional HSQC spectra were acquired by titration as a solid line.
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with a more concentrated p53 stock solution reaching rel-
ative molar ratios of the p53 peptide to UBC9 of 8.7:1,
13.6:1 and 18.4:1. It is estimated that approximately
68% of UBC9 were in the complex at the end of this
titration. The residue that presented the most significant
chemical shift changes was also Ala'®, and the relative
chemical shift perturbations increased as expected. How-
ever, at these high concentrations of the p53 peptide,
some residues that are not around the active site show in-
consistent and random changes in chemical shifts. This
suggests that some interactions are non-specific or not
first-order at such high concentrations in these regions.
In addition, significant protein precipitation occurred.
Therefore the last three titrations were not used for de-
tailed analysis.

The affinity between the p53 peptide and UBC9 is
not likely to represent the affinity of p53 to the UBCY-
SUMO-1 conjugate. In the SUMO-1 pathway, SUMO-1
first conjugates to UBC9, and then the UBC9-SUMO-1
conjugate interacts with target proteins to transfer SUMO-
1 to the target proteins. SUMO-1 also specifically inter-
acts with p53 (data not shown). Thus the affinity con-
stant between the UBC9-SUMO-1 conjugate and the p53
peptide can be a few orders of magnitude higher due to
the conjugation between UBC9 and SUMO-1.

Dynamics and substrate recognition

The residues that show significant chemical shift
perturbation around the active site are located in the area
of the highest conformational flexibility on the ps—ms
timescale and significant dynamic behavior on the ps—ns
timescale in UBC9.8 The following residues near the ac-
tive site Cys™ have higher conformational flexibility than
average residues in the ps—ns and pgs—ms timescale:
Leu®, Val®, Sei®, Val?, Lev”, Leu'™, GIn'®,
Asp'?, Ala'®, GIn' and Glu'®. Among these residues
Val®, Val”, Leu”, Leu'", Ala'®, and Glu'® have the
highest flexibility on the ps—ms timescale (R., > 4 s)
in UBCY. In particular, Glu'™ has the largest R, term of
the entire molecule (14.7 s~!). Thus the region on
UBC9 that has the most significant and localized chemical
shift changes (residues 92, 94, 126, 129—135 and
148) upon complex formation with pS3 has significant
flexibility on the ps—ns and ps—ms timescales.

Although three-dimensional structures of proteins

and their complexes provide significant insights into the
determinants of binding affinity and specificity, dynamics
clearly plays important roles in molecular recognition and
enzyme activities . **!6 The flexible regions at the interface
usually become more rigid upon complex formation. This
induced structural formation is likely to be important for
binding specificity, because non-specific interactions are
unable to generate such “induced fits”. In addition,
changes in flexibility should modulate the affinity of the
interaction through changes in entropy and its contribution
to free energy changes. The correlation between chemical
shift changes and dynamics of residues near the active
site further suggests the importance of these residues in
substrate recognition.

The substrate binding site on UBC9 identified in this
study is consistent with previous studies. It has been sug-
gested that the substrate binding site on a E2 enzyme is
likely to be close to the C-terminus, because the E2 en-
zymes that have C-terminal extensions in the ubiquitina-
tion pathway do not require E3 for target protein recogni-
tion, while E2 enzymes that do not contain C-terminal
extensions generally require E3.2 The p53 binding site on
UBC9 that has been identified in this study is close to the
C-terminus of the molecule. In addition, some E2 en-
zymes contain insertions of variable lengths in a loop lo-
cated at approximately residue Glu® of UBC9. Because of
the diversity in the sequences and lengths of the inser-
tions among different E2 enzymes, this loop has been
proposed to play a role in substrate specificity.® Chemical
shift changes of some residues in this loop of UBC9
(Leu™ and Glu®) have been observed. This loop is adja-
cent to the substrate binding site on UBC9 identified by
chemical shift changes. Since the E2 proteins share a
highly conserved three-dimensional structure, the binding
site identified by chemical shift changes in this study may
be involved in target protein recognition in the SUMO-1
pathway and perhaps ubiquitination pathways in general.
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