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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 resonariéld relaxation and hydrogerdeuterium 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 prefeiatein 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 studprovides a new perspective for further studies of proteprotein recognition in
ubiquitination.

Extensive studies have been conducted on ubiquitinationshort-lived transcription factorst{-6). Ubiquitination has
(for reviews, see refd—3). Ubiquitin, a protein with 76 been shown to play key roles in cell cycle control and
amino acids, is highly conserved throughout many species.apoptosis 7). Some processes that do not appear to be
Its C-terminal Gly residue is involved in a covalent conjuga- involved in protein degradation also require ubiquitin.
tion to a Lys residue of other proteins. The C-terminal Gly Ubiquitin may serve as a chaperone that targets proteins for
residue of one ubiquitin molecule may also conjugate to the cell structure formation, such as biogenesis of peroxisomes
Lys* of another ubiquitin molecule in multi-ubiquitination.  (8) and ribosomes9), and for protein translocationl().
In the ubiquitination pathway, the ubiquitin activation Ubiquitination is highly specific in two aspects. The choice
enzyme E1 activates ubiquitin by hydrolyzing ATP to form of proteins to be ubiquitinated is highly selective, and the
a high-energy bond with ubiquitin. Ubiquitin is then trans- timing of when to ubiquitinate a selected protein, especially
ferred to a ubiquitin conjugation enzyme (UBC3Iso known in cell cycle control, is highly selective.
as E2. In this step, the C-terminal Gly is conjugated to the  Proteins with high sequence homology to ubiquitin, E1,
SH group of the active site Cys residue. Interactions betweenand E2 enzymes have been found. The ubiquitin homologous
E2 and substrate proteins result in transferring ubiquitin to proteins include the yeast protein SMT3, human protein
the substrate proteins. In some cases, this process requiregBL-1 (also known as SUMO-1, GMP1, PIC1, or sentrin)
the participation of ubiquitin-protein ligase (E3). (for a review, see retl), ISG15 (2), and NEDD-8 identified
Ubiquitination plays important roles in a variety of in mice and plantsi3, 14). A unique feature of ubiquitin
biological processes. Ubiquitination mainly participates in and ubiquitin-like protein is that they all contain a diglycine
protein degradation. Many crucial proteins are degraded by sequence at the C-terminus which is capable of conjugating
the ubiquitination pathway. These include some cyclins, to other proteins in the ubiquitin pathway. In addition to
cyclin-dependent kinase inhibitors, histones, oncogenes, andubiquitin homologues, an E1 homologue has also been found
(15). Many E2 proteins have been found with different
*To whom correspondence should be addressed. sub_strate sp_ecificities. UE_>C1_,_UB_C4, and UBC5 appear to
* This work is supported in part by NIH GM54190 (Y.C.). Y.C.is b€ involved in general ubiquitination pathways that lead to
a recipient of the American Cancer Society Junior Faculty Research the degradation of abnormal proteii§(17). UBC2 (RAD6)
Award (JFRA-646). is involved in DNA damage repair and sporulati®. UBC3

*Los Alamos National Laboratories. . . - .
§ Division of Immunology, Beckman Research Institute of the City (cdc34) participates in the stability control of cyclir8).(

of Hope. UBCG6 is required for protein translocation through the
"Department of Cell and Tumor Biology, Beckman Research membrane0). UBC10 is involved in peroxisome biogenesis
Institute of the City of Hope. (8). Among the conserved residues in the UBC family of
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as E2. residue is highly conserved.
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UBC9 is a member of the E2 protein family. Instead of (30). This paper describes the characterization of conforma-
ubiquitin, it conjugates with the ubiquitin homologue, UBL1, tional flexibility of human UBC9 using heteronuclear
in humans. The interaction between UBC9 and UBL1 is relaxation and amid&H/?H exchange studies. The residues
specific, since UBC9 does not interact well with ubiquitin that show higher conformational flexibility are not randomly
and UBL1 does not interact with UBC2&). UBC9 in yeast, distributed, but localized in two regions. Combined with
mouse, and human has been identifiéd1O, 18). It plays previous biochemical studies, these two regions may con-
critical roles in DNA repair, cell cycle regulation, and p53- stitute the binding sites for substrates and the-BBL1
dependent processed.(Many proteins which interact with  conjugates.

UBC9 have been identified. The human UBC9 has been
shown to interact with several important proteins, such as MATERIALS AND METHODS

RAD51, RAD52, P53, c-jun, glucocorticoid receptor, the , )
negative regulatory domain of the Wilms' tumor gene Sample PreparationHuman UBC9 was subcloned into

product, and human papillomavirus type 16 E1 replication vector PET28 (from Novagen, Inc.). The modified plasmid

protein Q0—22). Seufert and his colleagues have shown that S an open reading frame that encodes the sequence Met-
yeast UBC9 may interact with CLB2, an M-phase cyclin, Gly-(His)s, followed by the sequence of UBCBEscherichia

and CLBS, an S-phase cyclin. Hateboer et a8) (showed coli containing the expression plasmid were grown atG7
that murine UBC9, which has an amino acid sequence in M-9 minimal media supplemented with trace minerals and

identical to that of the human UBC, binds to the CR2 of Basal Medium Eagle vitamins (Gibcoj™H4),SQ; (1.5 g/L)
adenovirus E1A protein. was used as the nitrogen source. Bacterial cultures were

The three-dimensional structures of several UBC proteins fermgnted n shaking flaskg_ at ‘?D Expressm_n of the
including the planfrabidopsis thalianAJBC1, yeast UBC4, ~ Protein was induced by addition of isopropib-thiogalac-
yeast UBC7, and human/murine UBC9 have been determinedi®Pyranoside (IPTG) to a concentration of 1.0 mM when the
by X-ray crystallographyZ4—27). These UBC proteins have cultu_re reached Ofgs nm = 0.6-0.8. Then_shakmg was
highly conserved tertiary structures with an RMSD of ¢ continued for 3-4 h. The culture was centrifuged, and the
atoms less than 2 A, excluding two surface loops. The two Pacterial pellets were resuspended in Buffer A (5 mM

surface loops occur around amino acid residues 35 and 10dMidazole, 500 mM NaCl, 20 mM TrisHCI, pH 7.9, and 10
and vary significantly in primary sequences and three- mM DTT). The protein was extracted by sonication and

dimensional structures among the four different UBC centrifugation at 5009for 15 min. The UBC9 protein was

proteins. The largest variation in sequence and length among€covered in the supernatant.
different E2 proteins occurs at the loop around residue 100. The protein was purified on a NINTA column (Qiagen).
Despite the intensive studies in ubiquitination, the mech- The supernatant was applied to aWTA column equili-
anism of proteir-protein recognition in ubiquitination is still ~ brated with buffer A. The column was washed with 10
not well understood. Substrate binding sites on E2 are still volumes of buffer A, followed by 10 volumes of buffer B
controversial. The sequence and structural variations of the(20 mM imidazole, 500 mM NaCl, 20 mM TrisHCI, pH 7.9,
two surface loops around residues 35 and 100 have beerfnd 10 mM DTT), then 6 volumes of buffer C (600 mM
proposed to be responsible for substrate-specific recognitionsmidazole, 500 mM NaCl, 20 mM TrisHCI, pH 7.9, and 10
of different UBC proteins. However, biochemical studies MM DTT). Approximately 30 mg of protein was purified
show that the N-terminus, which is close to the two loops in from one liter of the M-9 culture. NMR experiments were
the three-dimensional structure of E2, is important in binding conducted using samples containing 0.3 mM and 0.7 mM
the ubiquitin-E1 conjugateZ8). In addition, although each ~ UBC9 in 100 mM sodium phosphate, at pH 6.0, and 20 mM
E2 protein has specificity for substrate proteins, the proteins DTT in 90%H0/10%D:0.
recognized by each E2 are highly diverse. An apparent 15N Relaxation ExperimentAll 5N relaxation experi-
paradox is how E2 proteins confer both substrate specificity ments were carried out at 3C on a Varian Unity-plus 500
and diversity.The substrate dersity may correlate with the ~ NMR spectrometer equipped with four channels, pulse-
conformational flexibility of E2 molecule$hus, a flexible shaping and pulse-field-gradient capabilities. Backbone
region on an E2 enzyme may possibly be the substrateresonances of UBC9 were assigned as described {3\1).
binding site. In addition, conformational flexibility may be relaxation measurements were carried out using the published
important to the catalytic activity of transferring ubiquitin  methods (32)!°N T; ! relaxation rates were measured with
to substrate proteins. To date, the internal mobility of E2 6 relaxation delays: 6, 355, 710, 1066, 1421, 1665 ms. These
proteins has not been characterized. relaxation delays should provide sufficient sampling points
NMR methods have played important roles in character- as has been shown previously (38N T, ! experiments
izing the internal mobilities of proteins. Such methods can were performed with 10 relaxation delays: 17, 33, 50, 67,
provide quantitative information on the dynamic processes 84, 100, 134, 150, 167, 184 ms. The delay between pulses
of proteins over a wide range of time scales. Heteronuclearin the CPMG sequence was 0.9 ms. A recycle delay of 1.5
relaxation measurements provide information related to swas used for measuremenflaf! andT, ! relaxation rates.
protein internal motions on the picosecond to nanosecondThe spectra measurirgl-!>N NOE were acquired with a 2
time scales (for a review, see r29). Chemical exchange s relaxation delay followed yoa 3 s period of proton
data gives insight into protein dynamics in the microsecond saturation. The spectra recorded in the absence of proton
to second time scales. Amidel-?H exchange experiments  saturation employed a relaxation delay of 5 s. Each 2D data
provide information on the stability of hydrogen-bonded set consists of 2048 complex points gand 320 points in
secondary structures, and allow characterization of dynamict; with a spectral width of 11250 Hn the 'H dimension
processes on the time scale of minutes to hundreds of hoursand 1241 Hin the indirectly detectedN dimension. For
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error estimation, duplicated spectra were recorded for NOE,where S? is the order parameter for motions on the
at 355 ms relaxation delay fdr, and at relaxation delays picosecond time scale arfa? is the order parameter for

of 50 and 100 ms foil, measurements. motions on the nanosecond time scafet = 7,71 + 774,
All spectra were processed using FELIX 97.0 software where 7, is the overall rotational correlation time of the
from Molecular Simulations Inc. on a SGI Indigo Il molecule and. is the effective internal correlation time of

workstation. A 90 phase-shifted sine-bell window function internal motions. Model-free parameters were determined
followed by a Lorentzian-to-Gaussian transformation was from theT;™%, T,~%, and NOE using the Modelfree program
applied to the FID before the Fourier transform. The values (version 3.1) kindly provided by Professor Arthur G. Palmer,
of T, 7%, T,7%, and NOE and the uncertainties were calculated Ill. For each N-H bond vector, five motional models were
using the relaxation module of FELIX 97.0. Briefly, intensi- considered in the analysis and one model was selected by
ties of resonance peaks in two-dimensional spectra weresystematically evaluating each model using F-statistical
measured as peak heights. Uncertainties in peak heighttesting as describe®T). The procedure is summarized as
measurements were determined from duplicated spélGtra. follows. An initial estimation of the overall tumbling
and T, data were fitted to three- and two-parameter expo- correlation time ¢.) was obtained from the averade/T,
nential equations using a nonlinear least-squares fitting ratio of NH bond vectors which does not appear to have
algorithm. The{'H}-*N heteronuclear NOE values were internal motions on the nanosecond time scales or confor-
calculated as ratios of peak heights in the spectra recordedmational exchangeR;,). Residues were selected on the basis
with and without'H saturation. The average values of NOEs of two criterias, NOE> 0.6 and satisfying the following
and standard errors were determined from the two data setsconditions 89):

Analysis of Relaxation Data and Reduced Spectral Density
Mapping.The N T;~* and T, relaxation rates and tHei- (0,0= T, /0,0 (0,0 T, )/, U= 1.50
15N NOE are dominated by the dipolar interaction of'a
nucleus with its attached proton and by chemical shift Where, MiJand 0,0 are the averages of, and T
anisotropy, and are related to spectral density functions as'®SPectively;Ti, and Tz, are theT, and T for residuen,

follows (34): respectivelyp is the standard deviation of T~ T, )/[T,00
— (00— Tyn)/T,0 A grid search was used to obtain an
R =d2[J(a) — wy) + 3(wy) + 6w, + )] + initial guess of the other model-free parameters wijttheld
1 H N N H N

5 constant. Then the model-free parameters were optimized
cJ(wy) by minimizing 42 given by

6d(w, + o] + LB BIwy) + HO)]+ R,  © 4 o o

R, = 0.5074J(0) + J(wy, — wy) + 3X(wy) + 63(wy,) + (Ry®— Ry’ . (Ry® — Ry’ )

NOE = 1 + (yuly ) 64wy + wy) — Hwy — )] (NOE® — NOE?)’

2

in which INOEi
> 2 219, 2 3 in which Ry¢, Ry, and NOE® are the corresponding
&® = 0.1y %y *n1(4n?) iy, °0 experimental values of the relaxation parameters; @nd
s S o2, andonogi are the corresponding experimental uncertain-
= (“ H_2Ac? ies i i c R,
¢"= (719 Yn'Ho ties in the relaxation parametefRi®, Rx¢, and NOF are

_ . the calculated values. The quality of the fit between the
whereyy andyy are the gyromagnetic ratios of thiel and experimental data and theoretical models was assessed by

N nuclei, respectivelywy and wy are theH and **N comparing the optimal values gt with theo. = 0.05 critical
Larmor frequencies;yy is the internucleatH-**N distance  value of the distribution of? determined from Monte Carlo
(1.02 A); H, is the magnetic field strength; ant is the simulations. During this step, five motional models were

difference of the parallel and the perpendicular components evaluated and one was selected. Following the determination
of the assumed axially symmetridaN chemical shift tensor of the appropriate model for each amide, the overall
and is set to-160 ppm. A spectral density functiod(w), correlation time was optimized for all of the residues
is the Fourier transform of the autocorrelation function of simultaneously. Once the global optimal, value was
an NH vector. TheRe is the sum of the effective rate  determined, the relaxation parameters were fitted again using
constants for other pseudo-first-order processes that contribthe selected model.
ute to transverse relaxation. Reduced spectral density func- Calculation of the Rotational Diffusion Tensdihe degree
tions J(0), J(wn), and J(w) were calculated as described  of anisotropy was determined using two methods, from direct
(29). fitting of T4/T, ratios and from the local diffusion constants
Model-Free CalculationThe spectral density functions as described previoush3§—40) using the programs kindly
were represented using the extended model-free formalismprovided by Professor Arthur G. Palmer, lIl. Residues with
(35, 36) no conformational exchange and nanosecond internal motions
were used for calculation of the diffusion tensor of UBC9.
J(w) =21 St J[1 + (0r,)] + (§* — DL + (07)]} Direct fitting of T./T, ratios assumed that the molecule has
an axially symmetrical top. Local diffusion constants were
in which & = S$2S? is the generalized order parameter, also used to calculate the rotational diffusion tensor. These
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Ficure 1: 1H-15N HSQC of UBC9. Residues that were used for dynamic studies are labeled in the spectrum.

data were fit to three diffusion models: isotropic, axially mM protein concentration, the averagfN T, ! and T,*
symmetric, and fully anisotropic. F-statistical testing was were 1.454+ 0.17 and 15.5+ 1.2 s'%, respectively.
used to select the model which best represented the rotational The Qserall Rotational Correlation TimeThe overall

diffusion of UBC9. Coordinates of the crystal structure of g relation timezm, was initially estimated from the average
UBC9 (24) were used for the analysis. value of /T, of 91 residues. The amide relaxation of these
residues was expected to be dominated by fast internal
RESULTS motions. The estimated, was 14.02+ 0.06 ns. The final

15\ Relaxation MeasurementdN T,~%, T,~L, andH-15N optimiz_ed ove5rall correlatio? tilr;we during the model-free
NOE relaxation rates were measured at 0.7 mM protein analysis of alf N T1, Tz, and{*H-"™N} NOE data was 14.07
concentration®N T; 1 and T, ! rates were also measured + 0.06 ns. Thiszy v_alue appears to be larger than that
at 0.3 mM protein concentration. These relaxation rates Wereexpecltsed frcj{n the siee and the crystal structure of UBCS.
obtained for 111 out of the 143 residues (excluding 15 1"US™N Ti" and T~ were measured again using a 0.3
prolines) which can be observed in tHel-3N HSQC mM.UBCQ sample in prder to determine whether UBCQ is
spectrum. These residues are labeled in the HSQC spectrunﬁ’a”'a”y assouated_ with each o';her at these concentrations.
in Figure 1. The residues that were not measured have severd "€ apparent rotational correlation time at 0.3 mM is 12.03
resonance overlaps, so that the intensities of tHeitN 4 0.13. These data suggest that UBC9 partially aggregates.

cross-peaks cannot be estimated accurately. “TKeT; ! If the protein undergoes dimemonomer equilibrium, the
T,~1, and!H-15N NOE of UBC9 backbone resonances are dissociation constant, estimated from the apparent rotational

shown in Figure 2. For samples with 0.7 mM protein correlation times at the two concentrations, is approximately

concentration, the average nitrogen longitudinal relaxation 1.2 mM.

rates and transverse relaxation rates were 2506 and Diffusion Anisotropy.UBC9 is an anisotropic molecule
17.7+ 0.6 s'%, respectively, and the averatjbl— *H steady- with the ratio of the principal axes of the inertia tensor
state NOEs were 0.74 0.03 s*. For the sample with 0.3  calculated from the crystal structure being 2.284:2.0158:1.
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FiIGURE 2: Plots as a function of residue number of &) T;7%, (b) T,7%, and (c)*H-15N NOE of UBC9. Only residues whos#i-15N
cross-peaks are resolved enough to permit accurate measurements of their intensities are included.

However, the anisotropy is relatively small from the analysis methods gave similar results, and the difference was within

of the Ty/T, ratio. TheT/T, ratio is related tor,° as follows:

Tl To = (Toil Ta)isdl1 + 2Y,°(6;)(Dy/Dp)/3]

where [T1/T2)iso IS the result usindis, = tracg D}/3. The
experimental and least-squares fitledT, ratios versus/,®

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 of

T, ratios and calculation from local diffusion constants
estimated fronTy/T, 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,

experimental error. The diffusion tensor of UBC9 has the
ratio Dy/Dg 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. &exis of the
diffusion tensor is nearly parallel te-helix 2 and is
approximately 8 + 5° away from the shortest axis of the
inertia tensor.

Model-Free ApproachThe model-free approacBB%, 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 ternt&,j and nanosec-

statistically, does not give better fitting to the experimental ond internal motions. Some errors 8 can also occur;
data. The calculation of the diffusion tensor by directly fitting however, the overall trend i# should not be affectedt().

T./T, ratios used the axially symmetrical model.

Both Both theoretical and experimental results have shown that
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Ficure 3: Plots ofT,/T; ratio versusy,° of each NH bond vector showing the angular distribution of NH bond vectors used for calculation
of the rotational diffusion tensor.

most of the model-free parameters can be obtained withthe NH bond vectors, which lie along theaxis of the
reasonable accuracy by assuming isotropic rotation when thediffusion tensor, have the smalldstT; ratio. This may result
anisotropy is small@,/Do < 2). The!™N relaxation rates of  in an artificially slow internal motion, if an isotropical model
107 residues could be well fit to the model-free or the is used for fitting the relaxation data. In twelve residues of
extended model-free formalism wigi values smaller than ~ UBC9, the angles between the NH bond vector and the
the 95% critical value, while the remaining four residues unique axis are between 8&nd 100. Only three residues,
(22, 50, 87, and 145) could not. The model-free parametersAsp®®, Sef?, and GIfi??, show slow internal motions with
are shown in Figure 4. s of 2 £ 0.2, 454+ 1.5, and 1.1+ 0.1 ns, respectively.
Model-free analysis also shows that UBC9 is, overall, a The NH vectors of the three residues have different orienta-
rigid molecule. Other than the N- and C-termini, 8values tions relative to one another. Other residues do not require
are higher than 0.7, including all loops. The terminal residues 7e OF Rex for data fitting. The averagé,/T ratio of the other
3, 4, and 158 hav&? values below 0.7. The |oop regions 9 residues is 14.0 which is similar to the avera-gﬁ-z ratio

have relatively higher flexibility. Residues Adp His?, for all residues (14.1 0.2). Therefore, the slow internal
Asp®, Gly34, Thids, Mef®s, Leus, Asps, Lelfl, Val®, Sef?, motions in these three residues are not likely to be an artifact

Lel?’, Leut®, Asp'?7, GInt30, Tyr!34 and Ald%6 haveS values from data fitting due to the assumption of isotropic overall
between 0.7 and 0.85. The residues v@fHess than 0.85  rotational diffusion. Most of these residues have sm&ter
are color-coded on the three-dimensional structure of UBC9 consistent with higher conformational flexibility in these
in Figure 5A. With the exception of residues 97 and 134, regions.
all of these residues are located in turns and loops between Twenty-three residues appear to have internal motions on
the secondary structures. Residue 134 is located in a shorthe time scales of microseconds to milliseconds indicated
o-helix and 97 is located in a shoriphelix. The residues by theRe terms. These residues are Egalal®, Arg's, and
in secondary structural regions have high#r values, Arg!in helix 1; Lel#, Glu*4, Gly®®, Ser?, Lelf?, Val®s, Val®?,
indicating that they are more rigid. With the exception of Asp!®, Ala'??, Glu*®?, and AsA“ in loops; I, Ile'!?
the first four residues of helix 1 at the N terminus, which Leu!!3 and Led®®in a-helix 2; 11et3¢in a-helix 3; Val*éin
have & less than 0.7, mos® values for the residues in  o-helix 4; Arg?tin a5-strand; and Lel in a 3o helix. GInt32
secondary structures are relatively uniform and higher than has the highesR, value of 14.7 s! and aS value of 0.72.
0.9. The averag& values ino-helix 1-4 are 0.88, 0.94,  Molecules with anisotropic overall rotational diffusion will
0.93, and 0.95, respectively. The fglistrands have average have the largesk/T, ratios for those NH bond vectors which
& values of 0.92, 0.92, 0.91, and 0.95, respectively. The are parallel to the unique axis. Three residues in UBC9,
uniformly large values indicate that this molecule is quite Leu®, Gly*'5 and AsiA*® have NH bond vectors oriented
rigid; the surface loops are also of limited flexibility. less than 10from the unique axis of the molecule. All three
Information on the time scales of internal motions that residues have larger values of the ratifl» (with an average
are faster than the overall correlation time are giverrby ~ Of 16.1) compared to the average of 14.1. The chemical
Most residues have. less than 200 ps, indicating that the €xchange terms of these three residues are likely to be
internal motions are fast. Fourteen residues show relatively artifacts due to using an isotropic model for data analysis.
slower internal motions. These residues are in helix 1{Gly The residues which have the larg&gi term (>4 s™) are
lle4, and Ala5), loops (AsH, His?, Thi®s, Asps, Sef?, Glu%e, Gly®, Val?s, Lelf’, Leut’®, Ala'?®, and GIr32 These residues,
GIn'?, Asp'?’. and GI#39), and a-helixes 3 and 4 (Ty#* except Gly® and GIU?®, are adjacent to the active site C¥s
and Sef®), and are indicated in the three-dimensional @s shown in Figure 5C.
structure of UBC9 in Figure 5B. The. values in these Reduced Spectra Density Mappin&educed spectra
residues are approximately-4 ns. In anisotropic molecules, density mapping (for a review, see 129) is an alternative
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FIGURE 4: Plots as a function of residue number of @) (b) e, and (c)Rex of UBC9. Only residues whost-5N cross-peaks are
resolved enough to permit accurate measurements of their intensities are included.

method which can be used to obtain information about 145. The ranget0.5 x 10°° s is larger than 10% of the
dynamics without assuming any model for internal motion. average value 08(0) and should include the variation in
From®*N T;71, T,7%, and'H-1>N NOE measurements, spectral J(0) caused by rotational diffusion anisotropy. Residues 18,
density functionsle«(0), J(wn), and J(wn) were calculated 22, and 145 cannot be fitted using the model-free or the
and are shown in Figure Gex(0) is sensitive to chemical extended model-free approach wijth values smaller than
exchange processes since it is dominated sy, whereas  the 95% critical value. Few residues, 38, 81, 86, 97, and
J(wn) is sensitive to fast internal motions on the nanosecond 119, haveS values smaller than 0.85, but are within the
to picosecond time scales. In addition to internal motions, range of 5.36< 10° 4 0.5 x 10°s*. All of these residues
rotational diffusion anisotropy can also cause variations in have a largeR.x term, as analyzed from the model-free
spectral density functions4). For UBC9, the diffusion approach. In UBCQJ(0) is quite sensitive to large amplitude
anisotropy was estimated to cause less than 10% variationinternal motions on the picosecond to nanosecond time scales
in spectral density functions. In the absence of internal if the residue does not have conformational exchange.
motions, the NH bond vectors which are parallel to the  Residues that hav&0) more than 0.5< 107° s~* larger
unigue axis have the largedf0), but smallest)(wy) and than 5.36x 107° s! all have anRey term from the model-
J(wn). For the NH bond vectors, which are perpendicular to free analysis, except residues 96, 131, and 138. Several
the unique axis)(0) is the smallest bul(wy) andJ(wy) are residues, 6, 13, 38, 54, 81, and 140, hRygierms by model-
the largest. free analysis, but are within the range of 5.36.0°° &+ 0.5
Residues with larger or smalle}(0) were analyzed. x 10°s 1 TheRe values of these residues range from 1.8
Residues that havé&0) more than 0.5« 10° s* smaller to 2.8 s'*. Larger values 0§(0) indicate chemical exchange
than the average value 0), 5.36x 10°° s %, all haveS processes, whereas small#0) values correlate to large
values less than 0.85, except the three residues 18, 22, andmplitude fast internal motions. For the residues whose NH
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Ficure 5: The structure of UBC9 is color-coded according to the
model-free parameters. (A) The structure is color-coded according
to & values. Purple indicates residues that h&e< 0.7; pink
indicates residues that have 073 < 0.85. Residues with 0.%

S < 0.85 are indicated with their amino acid sequence numbers.
(B) The structure is color-coded with. Residues withre > 700

ps are indicated with pink and with their residue numbers. (C) The
structure is color-coded witRey. Residues with 0< Rey < 4 s71

are indicated with pink, and residues wiky, > 4 s are indicated

Liu et al.

smaller values are 33, 38, 81, 86, 89, 97, 119, and 134
with & values ranging from 0.73 to 0.85. Some residues,
such as 5, 18, 29, 49, 100, 121, 129, and 145, which have
< values larger than 0.85, also shafwy) values larger
than 6.0x 10 '? s™1. Significantly smaller values of(wn)

do not correlate to either fast internal motions or chemical
exchange processes determined from the model-free ap-
proach. The fact thal{wy) is less sensitive to large amplitude
fast internal motions thad(0) may result from larger errors

in the estimation of)(wy).

Amide Proton Exchange StudieBxchange of amide
protons with solvent BD 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-118) is the most flexible helix
with most of the amide protons, particularly the first 9
residues, exchanging completely with solvenODin less
than 0.5 h. Thes-sheet is highly stable with most of the
amide protons involved in interstrand H-bonding remaining
unexchanged with BD for more than 15 h. The helix
encompassing residues 10821 @2) 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-112® and
residues 141155 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-8%, have stable amide
protons. These residues are buried or partially buried in the
structure of UBC9.

DISCUSSION

Dimerization and the Effect on2SSelf-association in
UBC9 has been suggested frdfiN T,~! 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 Mat
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 manned, 46). Self-interaction and interactions
among E2 enzymes may be one mechanism to regulate
substrate specificity. Dimerization in UBC9 was not observed

with red and their residue numbers. In all three panels, gray indicatespreviously, since most biochemical approaches cannot detect

residues for which resonances are too overlapped in‘Hh&N

weak interactions easily. Rotational diffusion anisotropy is

HSQC spectrum to permit accurate measurements of their intensi-gansitive to weak self-association®N T,! and T, !

ties. The side chain of active site C}ss shown in these figures.
Four a-helices are labeled withl1—4.

bond vectors are parallel to the unique axis of the diffusion
tensorJ(0) was not significantly larger, whereas the model-
free approach resulted in a significaRi, term.

J(wy) has also been compared with the model-free
parameters. Twelve out of 19 residues which h&ealues
less than 0.85 havé(wy) values more than k 102 st
larger than the average value, 506.0 1>s™%. The residues
that did not show significant largel{(wy) values but have

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

The generalized order parametg&t 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 ha® values greater than or
equal to 0.90. Twenty-five residues ha¥evalues between
0.8 and 0.9. Ten residues ha@ smaller than 0.8. The
overall higherS is likely to result from partial dimerization
of UBC9 during NMR studies. It has been shown, in a
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Ficure 6: Plots of reduced spectral density functions J@), (b) J(wn), and (c)J(wn) versus residue number.

theoretical simulation, that when a molecule undergoes
dimer-monomer equilibriunt? obtained by fitting relaxation
data may slightly exceed the act#| even when a system
contains 10% dimer and 90% monoméd). 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 averagé®). Thus the average overall
correlation time estimated from; %, which is dominated
by J(wn), is a population-weighted average of lthat is,
[1/zC1However, the average correlation time estimated from
T, 'is a population-weighted averagewtthat is,[z[] since

T, 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
(BUA/OM2. This overall correlation time is smaller thati]
but larger than I1/:[1 When this average correlation time
is used to fit model-free paramete8 needs to be increased
to compensate for the decreaserifor the spectral density

FIGURE 7: The structure of UBC9 is color-coded witti-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@&® h are shown in
yellow, and those with lifetimes too fast to be detected.6 h)

are shown in cyan. Gray indicates residues for which resonances
are too overlapped in tHél-5N HSQC spectrum to permit accurate
measurements. The side chain of active site®€igsshown in the
figure. Foura-helices are labeled with1—4.
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function J(0) and decrease of dfor other spectral density Two regions of higher flexibility on UBC9 have been
functions. Thus, thes obtained using a single rotational identified in this study. The region near the N-terminus is
correlation time for a protein udergoing monomer and dimer not likely to be the substrate binding site. The N-terminus
equilibrium will be slightly increased, but the trend # of ArabidopsisUBC1 has been shown to interact with-E1
should not be affected significantly. ubiquitin conjugate48). Due to high sequence and functional

Conformational Flexibility Both **N-relaxation and amide  similarities, the N-terminus of UBC9 may also be involved
proton exchange studies suggest that the flexible regions ofin interaction with the EXxUBL1 conjugate. The two loops
human UBC9 are localized at the N- and C-termini. The two at residues 35 and 100, which are highly variable in the
regions are located at opposite sides of the active sit€®Cys amino acid sequences and three-dimensional structures
The central portion which contains tifiesheet andx-helix between different E2 enzymes, are close to the N-terminal
2 is the most stable region, characterized by the slowesthelix. This spatial proximity suggests that they may be
exchanging amide protons and the absence of internalinvolved in recognition of EXubiquitin conjugate, but not
motions on the nanosecond to millisecond time scales. Thesubstrate proteins. The structural variation of these two loops
first and the last two helices are less stable with most of the may be important for UBC9's specificity to UBL1 (a
amide protons exchanged in® within 15 h. ubiquitin homologue) and/or E1 protein specific for UBL1

The residues undergoing large amplitude internal motions and UBC9. The E1 homologue which activates a ubiquitin-
on the picosecond to nanosecond time scales are localizedike molecule for conjugation to UBC9 has recently been
around two regions on the same face where the active siteidentified in yeast 15). Flexibility in this region may be
Cys” residue is located. The first region is around the responsible for equilibrium binding of the Elbiquitin
N-terminus. The N-terminal helix is the most flexible conjugate.
secondary structure in human UBCO. In particular, the first  The second more flexible region may play an important
8 residues are highly mobile with lo# values, nanosecond role in substrate binding. This region is close to the
7e values and fast exchanging amide protons. Three loops atC-terminus, which was shown to interact with substrate
residues 35, 66, and 100 are close to the N-terminal helix in proteins in wheat UBC44@). The C-terminal helix also has
the three-dimensional structure. In addition, residues 19 anda positive electrostatic potential. Sequence analysis of
20 which connect the first helix to thg-sheet also have  proteins which interact with UBC9 indicates that they mostly
higher flexibility (Figure 5A,B). have a region of strong overall negative chargd,(which

The second region of higher conformational flexibility is can be attracted to the electrostatic positive C-terminus of
located on the C-terminal side of Cy¢Figure 5A,B). This UBC9. The second more flexible region forms a surface
region consists of several surface loops, the C-terminal endwhich contains many hydrophobic residues. Hydrophobic
of helix 2, and helix 3 including residues L&uval®®, See?®, interactions may play important roles in interactions of UBC9
Lew?”, Leut’®, GInt?6, Aspt?'and Ald?®, GIn'¥0, and GIlds®2 with other proteins, as it was shown previously that the
A difference in this region from the N-terminal flexible interaction between UBC9 and thelenairus E1A protein
region is the substantial conformational exchange (Figure is affected by a single Leu to Ile substitution on E1A. Since
5C). In particular, one of the residues in this region,&u this region is also close to the active site &ysthe

has the largest chemical exchange term (13 & the conformational flexibility may also play critical roles in the

whole protein. catalytic activity of transferring the C-terminus of ubiquitin
Residues undergoing conformational exchange surround(UBL1 for this system) to a Lys residue on a substrate

the active site. Residues GlyVal®, Lel?’, Leut®, Ala'?, protein.

and GIU*? have the largest chemical exchange termg ( UBC9 is a relatively rigid molecule. None of the surface

s™1) and are in the vicinity of the active site CygFigure loops are flexible enough to allow large scale conformational

5C). Some residues in the vicinity, L%y Sef®, GIn'?6, changes. Substrate specificity and diversity are not likely to

Aspt?’, and GIri®% have higher than average flexibility on be conferred solely by UBC9 itself. UBL-1, which is
the picosecond to nanosecond time scales. The side chairfhomologous to ubiquitin and specific to UBC9, may par-
of residue Asp’ orients itself toward the ubiquitin accepting ticipate in recognizing the specific substrate proteins. Thus
sulfhydryl group. This residue may play a critical role in substrate specificity in E2 enzymes may not only depend
UBC9's catalytic activity. on structural variations in E2 enzyme, but also depend on
Substrate BindingAn E2 enzyme can recognize diverse different ubiquitin-like proteins which conjugate to different
substrate proteins, although each E2 enzyme has its ownE2 enzymes. UBL-1 may also have regions that are highly
specificity. Proteir-protein recognition requires large num- flexible in the three-dimensional structure which can be
bers of specific interactions including H-bonds, hydrophobic adjusted to fit different substrate proteins upon binding. Since
interactions, and salt bridges. This is achieved, in some casesBC9 belongs to class | E2 molecules which lack the
through structurally complimentary surfaces between the C-terminal extension in the amino acid sequence, an E3
interacting partners. In other cases, one molecule is moreprotein may also be involved in substrate binding, although
flexible and can be induced to fit the surface of the other the E3 protein related to UBC9 has not been found and it is
protein. Since an E2 enzyme can recognize a wide range ofnot clear whether an E3 is required in this system.
substrate proteins, adjustment of its conformation may be In conclusion, we have identified two regions in human
required to fit a range of different contact surfaces. Thus, UBC9 which show higher mobility over a wide range of
multiple conformations at the substrate binding site on E2 time scales than other regions of the protein. Combined with
should be accessible energetically, suggesting that theprevious biochemical studies, both regions are likely to be
substrate binding site is likely to have higher conformational important for proteir-protein recognition in the ubiquitin
flexibility. pathway. The region near the N-terminus may be important
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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

Biochemistry, Vol. 38, No. 5, 19991425

Deuel, T. G. (1996)). Biol. Chem. 27124811-24816.

22.Yasugi, T., and Howley, P. (199®&ucleic Acids Res. 24
2005-2010.

23. Hateboer, G., Hijmans, E. M., Nooij, J. B. D., Schlenker, S.,
Jentsch, S., and Bernards, R. (1996)Biol. Chem. 271
25906-25911.

24.Tong, H., Hateboer, G., Perrakis, A., Bernards, R., and Sixma,
T. K. (1997)J. Biol. Chem. 2722138%+-21387.

enzymes share high homology in primary sequences and 25. Cook, W. J., Jeffrey, L. C., Sullivan, M. L., and Vierstra, R.

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 proteifn-protein recognition in ubiquitination.
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