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ABSTRACT: Ubiquitination plays important roles in a variety of biological processes, such as DNA repair,
cell cycle regulation, and p53-dependent processes. Despite intensive studies in ubiquitination, the
mechanism of substrate recognition is still not well understood. Each E2 has its own substrate specificity,
yet substrate proteins recognized by each E2 are highly diverse. To better understand how E2 proteins
confer both substrate specificity and diversity, we have studied conformational flexibility of an E2, UBC9,
using nuclear magnetic resonance15N relaxation and hydrogen-deuterium exchange measurements. Two
regions in human UBC9 show higher mobility over a wide range of time scales. Combined with previous
biochemical studies, both regions are likely to be important for protein-protein recognition in the ubiquitin
pathway. The region near the N-terminus may be important for interactions with the E1-UBL1 conjugate.
The region near the C-terminus, which undergoes conformational exchange may be important for substrate
binding and catalytic activity. Since E2 enzymes share high homology in primary sequences and three-
dimensional structures, the conformational flexibility of UBC9 may represent a general feature of E2
enzymes. This studyproVides a new perspective for further studies of protein-protein recognition in
ubiquitination.

Extensive studies have been conducted on ubiquitination
(for reviews, see refs1-3). Ubiquitin, a protein with 76
amino acids, is highly conserved throughout many species.
Its C-terminal Gly residue is involved in a covalent conjuga-
tion to a Lys residue of other proteins. The C-terminal Gly
residue of one ubiquitin molecule may also conjugate to the
Lys48 of another ubiquitin molecule in multi-ubiquitination.
In the ubiquitination pathway, the ubiquitin activation
enzyme E1 activates ubiquitin by hydrolyzing ATP to form
a high-energy bond with ubiquitin. Ubiquitin is then trans-
ferred to a ubiquitin conjugation enzyme (UBC)1, also known
as E2. In this step, the C-terminal Gly is conjugated to the
SH group of the active site Cys residue. Interactions between
E2 and substrate proteins result in transferring ubiquitin to
the substrate proteins. In some cases, this process requires
the participation of ubiquitin-protein ligase (E3).

Ubiquitination plays important roles in a variety of
biological processes. Ubiquitination mainly participates in
protein degradation. Many crucial proteins are degraded by
the ubiquitination pathway. These include some cyclins,
cyclin-dependent kinase inhibitors, histones, oncogenes, and

short-lived transcription factors (4-6). Ubiquitination has
been shown to play key roles in cell cycle control and
apoptosis (7). Some processes that do not appear to be
involved in protein degradation also require ubiquitin.
Ubiquitin may serve as a chaperone that targets proteins for
cell structure formation, such as biogenesis of peroxisomes
(8) and ribosomes (9), and for protein translocation (10).
Ubiquitination is highly specific in two aspects. The choice
of proteins to be ubiquitinated is highly selective, and the
timing of when to ubiquitinate a selected protein, especially
in cell cycle control, is highly selective.

Proteins with high sequence homology to ubiquitin, E1,
and E2 enzymes have been found. The ubiquitin homologous
proteins include the yeast protein SMT3, human protein
UBL-1 (also known as SUMO-1, GMP1, PIC1, or sentrin)
(for a review, see ref11), ISG15 (12), and NEDD-8 identified
in mice and plants (13, 14). A unique feature of ubiquitin
and ubiquitin-like protein is that they all contain a diglycine
sequence at the C-terminus which is capable of conjugating
to other proteins in the ubiquitin pathway. In addition to
ubiquitin homologues, an E1 homologue has also been found
(15). Many E2 proteins have been found with different
substrate specificities. UBC1, UBC4, and UBC5 appear to
be involved in general ubiquitination pathways that lead to
the degradation of abnormal proteins (16, 17). UBC2 (RAD6)
is involved in DNA damage repair and sporulation (9). UBC3
(cdc34) participates in the stability control of cyclins (9).
UBC6 is required for protein translocation through the
membrane (10). UBC10 is involved in peroxisome biogenesis
(8). Among the conserved residues in the UBC family of
proteins, the fragment containing the ubiquitin accepting Cys
residue is highly conserved.
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UBC9 is a member of the E2 protein family. Instead of
ubiquitin, it conjugates with the ubiquitin homologue, UBL1,
in humans. The interaction between UBC9 and UBL1 is
specific, since UBC9 does not interact well with ubiquitin
and UBL1 does not interact with UBC2 (18). UBC9 in yeast,
mouse, and human has been identified (4, 19, 18). It plays
critical roles in DNA repair, cell cycle regulation, and p53-
dependent processes (4). Many proteins which interact with
UBC9 have been identified. The human UBC9 has been
shown to interact with several important proteins, such as
RAD51, RAD52, P53, c-jun, glucocorticoid receptor, the
negative regulatory domain of the Wilms’ tumor gene
product, and human papillomavirus type 16 E1 replication
protein (20-22). Seufert and his colleagues have shown that
yeast UBC9 may interact with CLB2, an M-phase cyclin,
and CLB5, an S-phase cyclin. Hateboer et al. (23) showed
that murine UBC9, which has an amino acid sequence
identical to that of the human UBC9, binds to the CR2 of
adenovirus E1A protein.

The three-dimensional structures of several UBC proteins
including the plantArabidopsis thalianaUBC1, yeast UBC4,
yeast UBC7, and human/murine UBC9 have been determined
by X-ray crystallography (24-27). These UBC proteins have
highly conserved tertiary structures with an RMSD of CR

atoms less than 2 Å, excluding two surface loops. The two
surface loops occur around amino acid residues 35 and 100
and vary significantly in primary sequences and three-
dimensional structures among the four different UBC
proteins. The largest variation in sequence and length among
different E2 proteins occurs at the loop around residue 100.

Despite the intensive studies in ubiquitination, the mech-
anism of protein-protein recognition in ubiquitination is still
not well understood. Substrate binding sites on E2 are still
controversial. The sequence and structural variations of the
two surface loops around residues 35 and 100 have been
proposed to be responsible for substrate-specific recognitions
of different UBC proteins. However, biochemical studies
show that the N-terminus, which is close to the two loops in
the three-dimensional structure of E2, is important in binding
the ubiquitin-E1 conjugate (28). In addition, although each
E2 protein has specificity for substrate proteins, the proteins
recognized by each E2 are highly diverse. An apparent
paradox is how E2 proteins confer both substrate specificity
and diversity.The substrate diVersity may correlate with the
conformational flexibility of E2 molecules.Thus, a flexible
region on an E2 enzyme may possibly be the substrate
binding site. In addition, conformational flexibility may be
important to the catalytic activity of transferring ubiquitin
to substrate proteins. To date, the internal mobility of E2
proteins has not been characterized.

NMR methods have played important roles in character-
izing the internal mobilities of proteins. Such methods can
provide quantitative information on the dynamic processes
of proteins over a wide range of time scales. Heteronuclear
relaxation measurements provide information related to
protein internal motions on the picosecond to nanosecond
time scales (for a review, see ref29). Chemical exchange
data gives insight into protein dynamics in the microsecond
to second time scales. Amide1H-2H exchange experiments
provide information on the stability of hydrogen-bonded
secondary structures, and allow characterization of dynamic
processes on the time scale of minutes to hundreds of hours

(30). This paper describes the characterization of conforma-
tional flexibility of human UBC9 using heteronuclear
relaxation and amide1H/2H exchange studies. The residues
that show higher conformational flexibility are not randomly
distributed, but localized in two regions. Combined with
previous biochemical studies, these two regions may con-
stitute the binding sites for substrates and the E1-UBL1
conjugates.

MATERIALS AND METHODS

Sample Preparation.Human UBC9 was subcloned into
vector PET28 (from Novagen, Inc.). The modified plasmid
has an open reading frame that encodes the sequence Met-
Gly-(His)6, followed by the sequence of UBC9.Escherichia
coli containing the expression plasmid were grown at 37°C
in M-9 minimal media supplemented with trace minerals and
Basal Medium Eagle vitamins (Gibco). (15NH4)2SO4 (1.5 g/L)
was used as the nitrogen source. Bacterial cultures were
fermented in shaking flasks at 37°C. Expression of the
protein was induced by addition of isopropylâ-D-thiogalac-
topyranoside (IPTG) to a concentration of 1.0 mM when the
culture reached OD595 nm ) 0.6-0.8. Then shaking was
continued for 3-4 h. The culture was centrifuged, and the
bacterial pellets were resuspended in Buffer A (5 mM
imidazole, 500 mM NaCl, 20 mM TrisHCl, pH 7.9, and 10
mM DTT). The protein was extracted by sonication and
centrifugation at 5000g for 15 min. The UBC9 protein was
recovered in the supernatant.

The protein was purified on a Ni-NTA column (Qiagen).
The supernatant was applied to a Ni-NTA column equili-
brated with buffer A. The column was washed with 10
volumes of buffer A, followed by 10 volumes of buffer B
(20 mM imidazole, 500 mM NaCl, 20 mM TrisHCl, pH 7.9,
and 10 mM DTT), then 6 volumes of buffer C (600 mM
imidazole, 500 mM NaCl, 20 mM TrisHCl, pH 7.9, and 10
mM DTT). Approximately 30 mg of protein was purified
from one liter of the M-9 culture. NMR experiments were
conducted using samples containing 0.3 mM and 0.7 mM
UBC9 in 100 mM sodium phosphate, at pH 6.0, and 20 mM
DTT in 90%H2O/10%D2O.

15N Relaxation Experiments. All 15N relaxation experi-
ments were carried out at 30°C on a Varian Unity-plus 500
NMR spectrometer equipped with four channels, pulse-
shaping and pulse-field-gradient capabilities. Backbone
resonances of UBC9 were assigned as described (31).15N
relaxation measurements were carried out using the published
methods (32).15N T1

-1 relaxation rates were measured with
6 relaxation delays: 6, 355, 710, 1066, 1421, 1665 ms. These
relaxation delays should provide sufficient sampling points
as has been shown previously (33).15N T2

-1 experiments
were performed with 10 relaxation delays: 17, 33, 50, 67,
84, 100, 134, 150, 167, 184 ms. The delay between pulses
in the CPMG sequence was 0.9 ms. A recycle delay of 1.5
s was used for measurement ofT1

-1 andT2
-1 relaxation rates.

The spectra measuring1H-15N NOE were acquired with a 2
s relaxation delay followed by a 3 s period of proton
saturation. The spectra recorded in the absence of proton
saturation employed a relaxation delay of 5 s. Each 2D data
set consists of 2048 complex points in t2 and 320 points in
t1 with a spectral width of 11250 Hz in the 1H dimension
and 1241 Hz in the indirectly detected15N dimension. For
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error estimation, duplicated spectra were recorded for NOE,
at 355 ms relaxation delay forT1, and at relaxation delays
of 50 and 100 ms forT2 measurements.

All spectra were processed using FELIX 97.0 software
from Molecular Simulations Inc. on a SGI Indigo II
workstation. A 90° phase-shifted sine-bell window function
followed by a Lorentzian-to-Gaussian transformation was
applied to the FID before the Fourier transform. The values
of T1

-1, T2
-1, and NOE and the uncertainties were calculated

using the relaxation module of FELIX 97.0. Briefly, intensi-
ties of resonance peaks in two-dimensional spectra were
measured as peak heights. Uncertainties in peak height
measurements were determined from duplicated spectra.T1

and T2 data were fitted to three- and two-parameter expo-
nential equations using a nonlinear least-squares fitting
algorithm. The{1H}-15N heteronuclear NOE values were
calculated as ratios of peak heights in the spectra recorded
with and without1H saturation. The average values of NOEs
and standard errors were determined from the two data sets.

Analysis of Relaxation Data and Reduced Spectral Density
Mapping.The15N T1

-1 andT2
-1 relaxation rates and the1H-

15N NOE are dominated by the dipolar interaction of an15N
nucleus with its attached proton and by chemical shift
anisotropy, and are related to spectral density functions as
follows (34):

in which

whereγN andγH are the gyromagnetic ratios of the1H and
15N nuclei, respectively;ωH and ωN are the1H and 15N
Larmor frequencies;rNH is the internuclear1H-15N distance
(1.02 Å); Ho is the magnetic field strength; and∆σ is the
difference of the parallel and the perpendicular components
of the assumed axially symmetrical15N chemical shift tensor
and is set to-160 ppm. A spectral density function,J(ω),
is the Fourier transform of the autocorrelation function of
an NH vector. TheRex is the sum of the effective rate
constants for other pseudo-first-order processes that contrib-
ute to transverse relaxation. Reduced spectral density func-
tions J(0), J(ωN), and J(ωH) were calculated as described
(29).

Model-Free Calculation.The spectral density functions
were represented using the extended model-free formalism
(35, 36)

in which S2 ) Sf
2Ss

2 is the generalized order parameter,

where Sf
2 is the order parameter for motions on the

picosecond time scale andSs
2 is the order parameter for

motions on the nanosecond time scale;τ-1 ) τm
-1 + τe

-1,
where τm is the overall rotational correlation time of the
molecule andτe is the effective internal correlation time of
internal motions. Model-free parameters were determined
from theT1

-1, T2
-1, and NOE using the Modelfree program

(version 3.1) kindly provided by Professor Arthur G. Palmer,
III. For each N-H bond vector, five motional models were
considered in the analysis and one model was selected by
systematically evaluating each model using F-statistical
testing as described (37). The procedure is summarized as
follows. An initial estimation of the overall tumbling
correlation time (τm) was obtained from the averageT1/T2

ratio of NH bond vectors which does not appear to have
internal motions on the nanosecond time scales or confor-
mational exchange (Rex). Residues were selected on the basis
of two criterias, NOE> 0.6 and satisfying the following
conditions (39):

where, 〈T1〉 and 〈T2〉 are the averages ofT1 and T2,
respectively;T1,n and T2,n are theT1 and T2 for residuen,
respectively;σ is the standard deviation of (〈T2〉 - T2,n)/〈T2〉
- (〈T1〉 - T1,n)/〈T1〉. A grid search was used to obtain an
initial guess of the other model-free parameters withτm held
constant. Then the model-free parameters were optimized
by minimizing ø2 given by

in which R1i
e, R2i

e, and NOEi
e are the corresponding

experimental values of the relaxation parameters; andσ1i,
σ2i, andσNOEi are the corresponding experimental uncertain-
ties in the relaxation parameters.R1i

c, R2i
c, and NOEi

c are
the calculated values. The quality of the fit between the
experimental data and theoretical models was assessed by
comparing the optimal values ofø2 with theR ) 0.05 critical
value of the distribution ofø2 determined from Monte Carlo
simulations. During this step, five motional models were
evaluated and one was selected. Following the determination
of the appropriate model for each amide, the overall
correlation time was optimized for all of the residues
simultaneously. Once the global optimalτm value was
determined, the relaxation parameters were fitted again using
the selected model.

Calculation of the Rotational Diffusion Tensor.The degree
of anisotropy was determined using two methods, from direct
fitting of T1/T2 ratios and from the local diffusion constants
as described previously (38-40) using the programs kindly
provided by Professor Arthur G. Palmer, III. Residues with
no conformational exchange and nanosecond internal motions
were used for calculation of the diffusion tensor of UBC9.
Direct fitting of T1/T2 ratios assumed that the molecule has
an axially symmetrical top. Local diffusion constants were
also used to calculate the rotational diffusion tensor. These

(〈T2〉 - T2,n)/〈T2〉 - (〈T1〉 - T1,n)/〈T1〉 e 1.5σ

ø2 ) ∑
i

(R1i
e - R1i

c)2

σ1i
2

+
(R2i

e - R2i
c)2

σ2i
2

+

(NOEi
e - NOEi

c)2

σNOEi
2

R1 ) d2[J(ωH - ωN) + 3J(ωN) + 6J(ωH + ωN)] +

c2J(ωN)

R2 ) 0.5d2[4J(0) + J(ωH - ωN) + 3J(ωN) + 6J(ωH) +

6J(ωH + ωN)] + (1/6)c2[3J(ωN) + 4J(0)] + Rex

NOE ) 1 + (γH/γN)d2[6J(ωH + ωN) - J(ωH - ωN)]

d2 ) 0.1γH
2γN

2h2/(4π2)〈1/rNH
3〉2

c2 ) (2/15) γN
2Ho

2∆σ2

J(ω) ) 2/5{S2τm/[1 + (ωτm)2] + (Sf
2 - S2)τ/[1 + (ωτ)2]}
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data were fit to three diffusion models: isotropic, axially
symmetric, and fully anisotropic. F-statistical testing was
used to select the model which best represented the rotational
diffusion of UBC9. Coordinates of the crystal structure of
UBC9 (24) were used for the analysis.

RESULTS

15N Relaxation Measurements.15N T1
-1, T2

-1, and1H-15N
NOE relaxation rates were measured at 0.7 mM protein
concentration.15N T1

-1 andT2
-1 rates were also measured

at 0.3 mM protein concentration. These relaxation rates were
obtained for 111 out of the 143 residues (excluding 15
prolines) which can be observed in the1H-15N HSQC
spectrum. These residues are labeled in the HSQC spectrum
in Figure 1. The residues that were not measured have severe
resonance overlaps, so that the intensities of their1H-15N
cross-peaks cannot be estimated accurately. The15N T1

-1,
T2

-1, and 1H-15N NOE of UBC9 backbone resonances are
shown in Figure 2. For samples with 0.7 mM protein
concentration, the average nitrogen longitudinal relaxation
rates and transverse relaxation rates were 1.26( 0.06 and
17.7( 0.6 s-1, respectively, and the average15N- 1H steady-
state NOEs were 0.74( 0.03 s-1. For the sample with 0.3

mM protein concentration, the average15N T1
-1 and T2

-1

were 1.45( 0.17 and 15.5( 1.2 s-1, respectively.

The OVerall Rotational Correlation Time.The overall
correlation time,τm, was initially estimated from the average
value ofT1/T2 of 91 residues. The amide relaxation of these
residues was expected to be dominated by fast internal
motions. The estimatedτm was 14.02( 0.06 ns. The final
optimized overall correlation time during the model-free
analysis of all15N T1, T2, and{1H-15N} NOE data was 14.07
( 0.06 ns. Thisτm value appears to be larger than that
expected from the size and the crystal structure of UBC9.
Thus 15N T1

-1 and T2
-1 were measured again using a 0.3

mM UBC9 sample in order to determine whether UBC9 is
partially associated with each other at these concentrations.
The apparent rotational correlation time at 0.3 mM is 12.03
( 0.13. These data suggest that UBC9 partially aggregates.
If the protein undergoes dimer-monomer equilibrium, the
dissociation constant, estimated from the apparent rotational
correlation times at the two concentrations, is approximately
1.2 mM.

Diffusion Anisotropy.UBC9 is an anisotropic molecule
with the ratio of the principal axes of the inertia tensor
calculated from the crystal structure being 2.284:2.0158:1.

FIGURE 1: 1H-15N HSQC of UBC9. Residues that were used for dynamic studies are labeled in the spectrum.
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However, the anisotropy is relatively small from the analysis
of theT1/T2 ratio. TheT1/T2 ratio is related toY2° as follows:

where (T1i/T2i)iso is the result usingDiso ) trace{D}/3. The
experimental and least-squares fittedT1/T2 ratios versusY2°
are shown in Figure 3. This figure shows that the NH bond
vectors are reasonably well distributed to allow a good
estimation of the diffusion tensor. The diffusion tensor of
the protein has been estimated with both direct fitting ofT1/
T2 ratios and calculation from local diffusion constants
estimated fromT1/T2 ratios (38-40). The calculation using
local diffusion constants was performed for three models:
isotropical rotational diffusion, axially symmetrical rotational
diffusion, and axially asymmetric rotational diffusion. Based
on F-statistical testing, the axially symmetrical model can
represent the diffusion well. An axially asymmetric model,
statistically, does not give better fitting to the experimental
data. The calculation of the diffusion tensor by directly fitting
T1/T2 ratios used the axially symmetrical model. Both

methods gave similar results, and the difference was within
experimental error. The diffusion tensor of UBC9 has the
ratio D|/D⊥ of 1.18 ( 0.03. The His-tag at the N-terminus
contains 8 amino acids with random conformation which may
reduce the diffusion anisotropy slightly. Partial dimerization
can also change the diffusion anisotropy. Thez-axis of the
diffusion tensor is nearly parallel toR-helix 2 and is
approximately 8° ( 5° away from the shortest axis of the
inertia tensor.

Model-Free Approach.The model-free approach (35, 36)
was used to obtain quantitative information about internal
motions of proteins from NMR relaxation measurements.
UBC9 was assumed to undergo isotropic rotational diffusion
for obtaining model-free parameters. Assuming isotropic
rotational diffusion for anisotropic molecules can result in
artifacts in model-free parameters. Significant artifacts are
found in conformational exchange terms (Rex) and nanosec-
ond internal motions. Some errors inS2 can also occur;
however, the overall trend inS2 should not be affected (41).
Both theoretical and experimental results have shown that

FIGURE 2: Plots as a function of residue number of (a)15N T1
-1, (b) T2

-1, and (c)1H-15N NOE of UBC9. Only residues whose1H-15N
cross-peaks are resolved enough to permit accurate measurements of their intensities are included.

T1i/T2i ) (T1i/T2i)iso[1 + 2Y2°(θi)(D|/D⊥)/3]
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most of the model-free parameters can be obtained with
reasonable accuracy by assuming isotropic rotation when the
anisotropy is small (D|/D⊥ < 2). The15N relaxation rates of
107 residues could be well fit to the model-free or the
extended model-free formalism withø2 values smaller than
the 95% critical value, while the remaining four residues
(22, 50, 87, and 145) could not. The model-free parameters
are shown in Figure 4.

Model-free analysis also shows that UBC9 is, overall, a
rigid molecule. Other than the N- and C-termini, allS2 values
are higher than 0.7, including all loops. The terminal residues
3, 4, and 158 haveS2 values below 0.7. The loop regions
have relatively higher flexibility. Residues Asp19, His20,
Asp33, Gly34, Thr35, Met36, Leu38, Asp66, Leu81, Val86, Ser89,
Leu97, Leu119, Asp127, Gln130, Tyr134, and Ala156haveS2 values
between 0.7 and 0.85. The residues withS2 less than 0.85
are color-coded on the three-dimensional structure of UBC9
in Figure 5A. With the exception of residues 97 and 134,
all of these residues are located in turns and loops between
the secondary structures. Residue 134 is located in a short
R-helix and 97 is located in a short 310 helix. The residues
in secondary structural regions have higherS2 values,
indicating that they are more rigid. With the exception of
the first four residues of helix 1 at the N terminus, which
have S2 less than 0.7, mostS2 values for the residues in
secondary structures are relatively uniform and higher than
0.9. The averageS2 values inR-helix 1-4 are 0.88, 0.94,
0.93, and 0.95, respectively. The fourâ strands have average
S2 values of 0.92, 0.92, 0.91, and 0.95, respectively. The
uniformly large values indicate that this molecule is quite
rigid; the surface loops are also of limited flexibility.

Information on the time scales of internal motions that
are faster than the overall correlation time are given byτe.
Most residues haveτe less than 200 ps, indicating that the
internal motions are fast. Fourteen residues show relatively
slower internal motions. These residues are in helix 1 (Gly3,
Ile4, and Ala5), loops (Asp19, His20, Thr35, Asp66, Ser89, Glu98,
Gln126, Asp127, and Gln130), and R-helixes 3 and 4 (Tyr134

and Ser158), and are indicated in the three-dimensional
structure of UBC9 in Figure 5B. Theτe values in these
residues are approximately 1-4 ns. In anisotropic molecules,

the NH bond vectors, which lie along thex-axis of the
diffusion tensor, have the smallestT1/T2 ratio. This may result
in an artificially slow internal motion, if an isotropical model
is used for fitting the relaxation data. In twelve residues of
UBC9, the angles between the NH bond vector and the
unique axis are between 80° and 100°. Only three residues,
Asp66, Ser89, and Gln127, show slow internal motions with
τe’s of 2 ( 0.2, 4.5( 1.5, and 1.1( 0.1 ns, respectively.
The NH vectors of the three residues have different orienta-
tions relative to one another. Other residues do not require
τe or Rex for data fitting. The averageT1/T2 ratio of the other
9 residues is 14.0 which is similar to the averageT1/T2 ratio
for all residues (14.1( 0.2). Therefore, the slow internal
motions in these three residues are not likely to be an artifact
from data fitting due to the assumption of isotropic overall
rotational diffusion. Most of these residues have smallerS2,
consistent with higher conformational flexibility in these
regions.

Twenty-three residues appear to have internal motions on
the time scales of microseconds to milliseconds indicated
by theRex terms. These residues are Leu6, Ala10, Arg13, and
Arg17 in helix 1; Leu38, Glu54, Gly55, Ser71, Leu81, Val86, Val92,
Asp100, Ala129, Glu132, and Asn140 in loops; Ile109, Ile112,
Leu113, and Leu119 in R-helix 2; Ile136 in R-helix 3; Val148 in
R-helix 4; Arg61 in aâ-strand; and Leu97 in a 310 helix. Gln132

has the highestRex value of 14.7 s-1 and aS2 value of 0.72.
Molecules with anisotropic overall rotational diffusion will
have the largestT1/T2 ratios for those NH bond vectors which
are parallel to the unique axis. Three residues in UBC9,
Leu38, Gly115, and Asn140 have NH bond vectors oriented
less than 10° from the unique axis of the molecule. All three
residues have larger values of the ratioT1/T2 (with an average
of 16.1) compared to the average of 14.1. The chemical
exchange terms of these three residues are likely to be
artifacts due to using an isotropic model for data analysis.
The residues which have the largestRex term (>4 s-1) are
Gly55, Val86, Leu97, Leu119, Ala129, and Gln132. These residues,
except Gly55 and Glu132, are adjacent to the active site Cys93

as shown in Figure 5C.
Reduced Spectra Density Mapping.Reduced spectra

density mapping (for a review, see ref29) is an alternative

FIGURE 3: Plots ofT1/T2 ratio versusY2° of each NH bond vector showing the angular distribution of NH bond vectors used for calculation
of the rotational diffusion tensor.
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method which can be used to obtain information about
dynamics without assuming any model for internal motion.
From15N T1

-1, T2
-1, and1H-15N NOE measurements, spectral

density functionsJeff(0), J(ωN), andJ(ωH) were calculated
and are shown in Figure 6.Jeff(0) is sensitive to chemical
exchange processes since it is dominated byT2

-1, whereas
J(ωH) is sensitive to fast internal motions on the nanosecond
to picosecond time scales. In addition to internal motions,
rotational diffusion anisotropy can also cause variations in
spectral density functions (42). For UBC9, the diffusion
anisotropy was estimated to cause less than 10% variation
in spectral density functions. In the absence of internal
motions, the NH bond vectors which are parallel to the
unique axis have the largestJ(0), but smallestJ(ωN) and
J(ωH). For the NH bond vectors, which are perpendicular to
the unique axis,J(0) is the smallest butJ(ωN) andJ(ωH) are
the largest.

Residues with larger or smallerJ(0) were analyzed.
Residues that haveJ(0) more than 0.5× 10-9 s-1 smaller
than the average value ofJ(0), 5.36× 10-9 s-1, all haveS2

values less than 0.85, except the three residues 18, 22, and

145. The range(0.5 × 10-9 s-1 is larger than 10% of the
average value ofJ(0) and should include the variation in
J(0) caused by rotational diffusion anisotropy. Residues 18,
22, and 145 cannot be fitted using the model-free or the
extended model-free approach withø2 values smaller than
the 95% critical value. Few residues, 38, 81, 86, 97, and
119, haveS2 values smaller than 0.85, but are within the
range of 5.36× 10-9 ( 0.5× 10-9 s-1. All of these residues
have a largeRex term, as analyzed from the model-free
approach. In UBC9,J(0) is quite sensitive to large amplitude
internal motions on the picosecond to nanosecond time scales
if the residue does not have conformational exchange.

Residues that haveJ(0) more than 0.5× 10-9 s-1 larger
than 5.36× 10-9 s-1 all have anRex term from the model-
free analysis, except residues 96, 131, and 138. Several
residues, 6, 13, 38, 54, 81, and 140, haveRex terms by model-
free analysis, but are within the range of 5.36× 10-9 ( 0.5
× 10-9 s-1. TheRex values of these residues range from 1.8
to 2.8 s-1. Larger values ofJ(0) indicate chemical exchange
processes, whereas smallerJ(0) values correlate to large
amplitude fast internal motions. For the residues whose NH

FIGURE 4: Plots as a function of residue number of (a)S2, (b) τe, and (c)Rex of UBC9. Only residues whose1H-15N cross-peaks are
resolved enough to permit accurate measurements of their intensities are included.
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bond vectors are parallel to the unique axis of the diffusion
tensor,J(0) was not significantly larger, whereas the model-
free approach resulted in a significantRex term.

J(ωH) has also been compared with the model-free
parameters. Twelve out of 19 residues which haveS2 values
less than 0.85 haveJ(ωH) values more than 1× 10-12 s-1

larger than the average value, 5.06× 10-12 s-1. The residues
that did not show significant largerJ(ωH) values but have

smallerS2 values are 33, 38, 81, 86, 89, 97, 119, and 134
with S2 values ranging from 0.73 to 0.85. Some residues,
such as 5, 18, 29, 49, 100, 121, 129, and 145, which have
S2 values larger than 0.85, also showJ(ωH) values larger
than 6.0× 10-12 s-1. Significantly smaller values ofJ(ωH)
do not correlate to either fast internal motions or chemical
exchange processes determined from the model-free ap-
proach. The fact thatJ(ωH) is less sensitive to large amplitude
fast internal motions thanJ(0) may result from larger errors
in the estimation ofJ(ωH).

Amide Proton Exchange Studies.Exchange of amide
protons with solvent D2O in UBC9 provided information on
the stability of hydrogen-bonded secondary structures.
Exchange rates are color-coded in the structure of UBC9 in
Figure 7. Helix 1 (residues 1-18) is the most flexible helix
with most of the amide protons, particularly the first 9
residues, exchanging completely with solvent D2O in less
than 0.5 h. Theâ-sheet is highly stable with most of the
amide protons involved in interstrand H-bonding remaining
unexchanged with D2O for more than 15 h. The helix
encompassing residues 109-121 (R2) is also very stable,
characterized by the fact that most amide protons were not
being exchanged with solvent for more than 15 h. The
remaining two helices encompassing residues 133-139 and
residues 141-155 are less stable, with many amide protons
exchanged between 4 and 15 h. Most residues in the loop
and turn regions exchange fast with solvent. Several residues
in loop regions, such as residues 85-87, have stable amide
protons. These residues are buried or partially buried in the
structure of UBC9.

DISCUSSION

Dimerization and the Effect on S2. Self-association in
UBC9 has been suggested from15N T2

-1 measurements at
two different concentrations. This may be due to nonspecific
aggregation at the concentration required for NMR studies,
or due to specific self-interactions. Self-interactions of E2
and interactions among E2 enzymes have been demonstrated
and have been indicated to play important roles in their
functions. For example, it has been suggested that the
functions of UBC3 (CDC34) depend on interactions with
another UBC3 or the DNA repair enzyme UBC2 (RAD6)
(43). It was found that the turnover of yeast MatR2
transcription factor is strongly correlated with the interaction
of UBC6 and UBC7 (44). In addition, UBC7, UBC4, and
UBC3 have been demonstrated to interact with themselves
in a specific manner (45, 46). Self-interaction and interactions
among E2 enzymes may be one mechanism to regulate
substrate specificity. Dimerization in UBC9 was not observed
previously, since most biochemical approaches cannot detect
weak interactions easily. Rotational diffusion anisotropy is
sensitive to weak self-associations.15N T1

-1 and T2
-1

measurements have shown that UBC9 interacts weakly with
itself under the conditions of our NMR study.

The generalized order parameterS2 of UBC9 is, on
average, slightly higher than most proteins, particularly for
residues that are in secondary structural regions. Seventy-
two out of the 107 residues haveS2 values greater than or
equal to 0.90. Twenty-five residues haveS2 values between
0.8 and 0.9. Ten residues haveS2 smaller than 0.8. The
overall higherS2 is likely to result from partial dimerization
of UBC9 during NMR studies. It has been shown, in a

FIGURE 5: The structure of UBC9 is color-coded according to the
model-free parameters. (A) The structure is color-coded according
to S2 values. Purple indicates residues that haveS2 < 0.7; pink
indicates residues that have 0.7< S2 < 0.85. Residues with 0.7<
S2 < 0.85 are indicated with their amino acid sequence numbers.
(B) The structure is color-coded withτe. Residues withτe > 700
ps are indicated with pink and with their residue numbers. (C) The
structure is color-coded withRex. Residues with 0< Rex < 4 s-1

are indicated with pink, and residues withRex > 4 s-1 are indicated
with red and their residue numbers. In all three panels, gray indicates
residues for which resonances are too overlapped in the1H-15N
HSQC spectrum to permit accurate measurements of their intensi-
ties. The side chain of active site Cys93 is shown in these figures.
Four R-helices are labeled withR1-4.
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theoretical simulation, that when a molecule undergoes
dimer-monomer equilibrium,S2 obtained by fitting relaxation
data may slightly exceed the actualS2, even when a system
contains 10% dimer and 90% monomer (41). However, the
source of this error was not explained. We examined the
effect of using a single correlation time to represent the
mixture of monomer and dimer. If the exchange rate of the
monomer-dimer equilibrium is faster than the relaxation
rates but slower than that of the overall tumbling, the spectral
density of the mixture of monomer and dimer is the
population-weighted average (47). Thus the average overall
correlation time estimated fromT1

-1, which is dominated
by J(ωN), is a population-weighted average of 1/τ, that is,
〈1/τ〉. However, the average correlation time estimated from
T2

-1 is a population-weighted average ofτ, that is,〈τ〉, since
T2 is dominated byJ(0). Using a single correlation time to
fit the model-free parameters for a system with monomer-
dimer equilibrium provides an overall correlation time from
(〈τ〉/〈1/τ〉)1/2. This overall correlation time is smaller than〈τ〉
but larger than 1/〈1/τ〉. When this average correlation time
is used to fit model-free parameters,S2 needs to be increased
to compensate for the decrease inτ for the spectral density

FIGURE 6: Plots of reduced spectral density functions (a)J(0), (b) J(ωH), and (c)J(ωN) versus residue number.

FIGURE 7: The structure of UBC9 is color-coded with1H-2H
exchange rates. Residues that have lifetimes longer than 15 h are
indicated in red, those have lifetimes between 4 and 15 h are shown
in pink, those with lifetimes between 0.5 and 4 h are shown in
yellow, and those with lifetimes too fast to be detected (<0.5 h)
are shown in cyan. Gray indicates residues for which resonances
are too overlapped in the1H-15N HSQC spectrum to permit accurate
measurements. The side chain of active site Cys93 is shown in the
figure. FourR-helices are labeled withR1-4.
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function J(0) and decrease of 1/τ for other spectral density
functions. Thus, theS2 obtained using a single rotational
correlation time for a protein udergoing monomer and dimer
equilibrium will be slightly increased, but the trend inS2

should not be affected significantly.
Conformational Flexibility.Both 15N-relaxation and amide

proton exchange studies suggest that the flexible regions of
human UBC9 are localized at the N- and C-termini. The two
regions are located at opposite sides of the active site Cys93.
The central portion which contains theâ-sheet andR-helix
2 is the most stable region, characterized by the slowest
exchanging amide protons and the absence of internal
motions on the nanosecond to millisecond time scales. The
first and the last two helices are less stable with most of the
amide protons exchanged in D2O within 15 h.

The residues undergoing large amplitude internal motions
on the picosecond to nanosecond time scales are localized
around two regions on the same face where the active site
Cys93 residue is located. The first region is around the
N-terminus. The N-terminal helix is the most flexible
secondary structure in human UBC9. In particular, the first
8 residues are highly mobile with lowS2 values, nanosecond
τe values and fast exchanging amide protons. Three loops at
residues 35, 66, and 100 are close to the N-terminal helix in
the three-dimensional structure. In addition, residues 19 and
20 which connect the first helix to theâ-sheet also have
higher flexibility (Figure 5A,B).

The second region of higher conformational flexibility is
located on the C-terminal side of Cys93 (Figure 5A,B). This
region consists of several surface loops, the C-terminal end
of helix 2, and helix 3 including residues Leu81, Val86, Ser89,
Leu97, Leu119, Gln126, Asp127and Ala129, Gln130, and Glu132.
A difference in this region from the N-terminal flexible
region is the substantial conformational exchange (Figure
5C). In particular, one of the residues in this region, Glu132,
has the largest chemical exchange term (13.8 s-1) in the
whole protein.

Residues undergoing conformational exchange surround
the active site. Residues Gly55, Val86, Leu97, Leu119, Ala129,
and Glu132 have the largest chemical exchange terms (>4
s-1) and are in the vicinity of the active site Cys93 (Figure
5C). Some residues in the vicinity, Leu81, Ser89, Gln126,
Asp127, and Gln130, have higher than average flexibility on
the picosecond to nanosecond time scales. The side chain
of residue Asp127 orients itself toward the ubiquitin accepting
sulfhydryl group. This residue may play a critical role in
UBC9’s catalytic activity.

Substrate Binding.An E2 enzyme can recognize diverse
substrate proteins, although each E2 enzyme has its own
specificity. Protein-protein recognition requires large num-
bers of specific interactions including H-bonds, hydrophobic
interactions, and salt bridges. This is achieved, in some cases,
through structurally complimentary surfaces between the
interacting partners. In other cases, one molecule is more
flexible and can be induced to fit the surface of the other
protein. Since an E2 enzyme can recognize a wide range of
substrate proteins, adjustment of its conformation may be
required to fit a range of different contact surfaces. Thus,
multiple conformations at the substrate binding site on E2
should be accessible energetically, suggesting that the
substrate binding site is likely to have higher conformational
flexibility.

Two regions of higher flexibility on UBC9 have been
identified in this study. The region near the N-terminus is
not likely to be the substrate binding site. The N-terminus
of ArabidopsisUBC1 has been shown to interact with E1-
ubiquitin conjugate (28). Due to high sequence and functional
similarities, the N-terminus of UBC9 may also be involved
in interaction with the E1-UBL1 conjugate. The two loops
at residues 35 and 100, which are highly variable in the
amino acid sequences and three-dimensional structures
between different E2 enzymes, are close to the N-terminal
helix. This spatial proximity suggests that they may be
involved in recognition of E1-ubiquitin conjugate, but not
substrate proteins. The structural variation of these two loops
may be important for UBC9’s specificity to UBL1 (a
ubiquitin homologue) and/or E1 protein specific for UBL1
and UBC9. The E1 homologue which activates a ubiquitin-
like molecule for conjugation to UBC9 has recently been
identified in yeast (15). Flexibility in this region may be
responsible for equilibrium binding of the E1-ubiquitin
conjugate.

The second more flexible region may play an important
role in substrate binding. This region is close to the
C-terminus, which was shown to interact with substrate
proteins in wheat UBC4 (48). The C-terminal helix also has
a positive electrostatic potential. Sequence analysis of
proteins which interact with UBC9 indicates that they mostly
have a region of strong overall negative charge (24), which
can be attracted to the electrostatic positive C-terminus of
UBC9. The second more flexible region forms a surface
which contains many hydrophobic residues. Hydrophobic
interactions may play important roles in interactions of UBC9
with other proteins, as it was shown previously that the
interaction between UBC9 and theAdenoVirus E1A protein
is affected by a single Leu to Ile substitution on E1A. Since
this region is also close to the active site Cys93, the
conformational flexibility may also play critical roles in the
catalytic activity of transferring the C-terminus of ubiquitin
(UBL1 for this system) to a Lys residue on a substrate
protein.

UBC9 is a relatively rigid molecule. None of the surface
loops are flexible enough to allow large scale conformational
changes. Substrate specificity and diversity are not likely to
be conferred solely by UBC9 itself. UBL-1, which is
homologous to ubiquitin and specific to UBC9, may par-
ticipate in recognizing the specific substrate proteins. Thus
substrate specificity in E2 enzymes may not only depend
on structural variations in E2 enzyme, but also depend on
different ubiquitin-like proteins which conjugate to different
E2 enzymes. UBL-1 may also have regions that are highly
flexible in the three-dimensional structure which can be
adjusted to fit different substrate proteins upon binding. Since
UBC9 belongs to class I E2 molecules which lack the
C-terminal extension in the amino acid sequence, an E3
protein may also be involved in substrate binding, although
the E3 protein related to UBC9 has not been found and it is
not clear whether an E3 is required in this system.

In conclusion, we have identified two regions in human
UBC9 which show higher mobility over a wide range of
time scales than other regions of the protein. Combined with
previous biochemical studies, both regions are likely to be
important for protein-protein recognition in the ubiquitin
pathway. The region near the N-terminus may be important

1424 Biochemistry, Vol. 38, No. 5, 1999 Liu et al.



for interactions with E1-ubiquitin conjugate. The region near
the C-terminus, which is the most flexible on microsecond
to millisecond time scales, may be important for substrate
binding and catalytic activity. It is likely that the substrate
binding site on E2 is close to the catalytic active site, since
the C-terminus of a ubiquitin or ubiquitin-like protein needs
to be transferred from E2 to substrate proteins. Since E2
enzymes share high homology in primary sequences and
three-dimensional structures, the conformational flexibility
of UBC9 may represent a general feature of E2 enzymes.
This study should provide a new perspective for further
studies of protein-protein recognition in ubiquitination.
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