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ABSTRACT. Protein ubiquitination involves a cascade of enzymatic steps where ubiquitin (Ub) is sequentially
transferred as a thiolester intermediate from an E1 enzyme to an E2 enzyme and finally to the protein
target with the help of a Ubprotein ligase. Protein ubiquitination brought about by the Ubdigns2
(E2—E2) complex has a unique role in the cell, unrelated to protein degradation. The-Mibhs23
heterodimer links Ub molecules to one another through an isopeptide bond between its own C-terminus
and Lys-63 on another Ub. The role of Mms2 is to orient a target-bound Ub molecule such that its Lys-
63 is proximal to the C-terminus of the Ub molecule that is covalently linked to the active site of Ubc13.
To gain insight into the influence of protein dynamics on the affinity of Ub for Mms2, we have determined
pico- to nanosecond time scale fluctuations of the main chain and methyl side chains of human Mms2 in
the free and Ub-bound states using solution stélieand ?H nuclear magnetic resonance relaxation
measurements. Analysis of the relaxation data allows for a semiquantitative estimation of the conformational
entropy changeTASumr) for the main chain and side chain methyl groups of Mms2 upon binding Ub.
The value ofTASymr for the main chain and side chain methyl groups of Mms2 &4+ 2 and—2 + 2

kcal mol2, respectively. The experiment&Gyinging for the Mms2Ub complex is—6 kcal mol™t. Estimation

of AGyinding USiNg an empirical structure-based approach that does not account for changes in main chain
entropy yields a value of-17 4= 2 kcal molt. However, inclusion ofTASywr for the main chain of

Mms2 increases the estimatA®yinging to —9 + 3 kcal molt. Assuming that changes in Ub main chain
dynamics contribute tdASymr to the same extent as Mms2, the estimat&iindging iS further reduced to

—1 + 4 kcal mof?, a value close to the experiment®Gyinding

Posttranslational covalent attachment of ubiquitin (Ub) surface of Ub are utilized as isopeptide linkage sites for
to target proteins is a fundamental regulatory process in polyubiquitin chains. However, if lysine residues other than
eukaryotes (for reviews, see rdfs 3). Protein ubiquitination  Lys-48 form isopeptide linkages, the molecular topology and
is mediated by a multicomponent pathway that involves the biological role of the ensuing polyubiquitin chains may be
sequential transfer of Ub between proteins. Ultimately, distinct. For example, polyubiquitin chains linked through
polyubiquitin chain formation on a target substrate destines Lys-63 are involved in DNA repair and the KB signaling
a protein for proteolytic degradation by the 26S proteasome, pathway 4—7).

at least in the most common role for the protein ubiquiti-  Covalent linkage of polyubiquitin chains through Lys-63
nation pathway. is achieved through a protein heterodimer that consists of a
In the “classical” protein ubiquitination pathway, Ub catalytically active E2 (Ubc13) protein and an inactive E2-
molecules are covalently attached to each other through thelike protein or Uev 8—10). These proteins are similar in
C-terminus of one Ub and Lys-48 of a sequential Ub. structure and sequence to E2 proteins, with the exception
Polyubiquitin chains containing a minimum of four Ub that the active site cysteine is absent, rendering Uev proteins
molecules are specifically recognized by the 26S proteasomecatalytically inactive. Through X-ray crystallography/ij,
and proteolytically degraded. Several lysine residues on thesolution NMR (12—14), and ITC studiesid), a model has

been developed for the Lys-63 linked polyubiqutination
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1 Abbreviations: Ub, ubiquitin; E1, Ub activating enzyme; E2 or basis of the specificity Of. UlbJev mteractmns. Hc_)V\_/ever, a
Ubc, Ub conjugating enzyme; E3, proteilb ligase; Uev, Ub  fundamental understanding of the underlying driving forces
conjugating enzyme variant; NMR, nuclear magnetic resonafce;  for these and other biomolecular interactions is lacking and
main chain order parametef;,, methyl symmetry axis order pa-  generally known as the “protein docking problem5¢-17).

rameter; GST, glutathiongtransferase; DSS, 2,2-dimethyl-2-silapen-  £qr known structures, the free energy of association for a
tane-5-sulfonic acid; HSQC, heteronuclear single-quantum coherence; ’

NOE, nuclear Overhauser effect; AIC, Akaike’s information criteria; Prot€in—protein interaction can be predicted using molecular
ASA, accessible surface area. mechanics methods that employ empirical force fieltis (
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18). These types of calculations are often limited to a single vacuum filtration unit. The filtered lysate was loaded onto a
conformation of the proteiaprotein complex to minimize  GSTprep FF 16/10 column equilibrated in pH 7.4 buffer
computational burden. An alternative, widespread approachcontaining 140 mM NacCl, 2.7 mM KCI, 10 mM NEHPQ,,
is to use structure-based methods that correlate the freeand 1.8 mM KHPO,. GST fusion protein was eluted from
energy of association for a protetprotein complex with the column with pH 8.0 buffer containing 50 mM Tris and
changes in ASA upon bindind ). As pointed out by Elcock 10 mM reduced glutathione. Fractions eluting with glu-
et al., structure-based methods can be valuable if care is takeniathione buffer were collected and buffer-exchanged by
to account for various contributions to the model describing passage through a series of three HiPrep 26/10 desalting
the energetics 1(7). For example, failure to account for columns equilibrated with pH 7.0 buffer containing 50 mM
changes in protein main chain entropy for binding of a Tris, 200 mM NaCl, 1 mM EDTA, and 1 mM DTT. The
cognate peptide to the C-domain from the protein troponin-C flow-through was collected and concentrated-® mL with
results in a structure-bas&g that is too low 20). Inclusion Amicon Ultral5 10000 MW cutoff centrifugal membrane
of changes in main chain entropy, estimated fFSRiNMR filtration devices (Millipore catalog no. UFC9010). Ten
relaxation measurements, leads to better agreement betweemicroliters (20 units) of PreScission protease (Amersham
measured and structure-bad€si values. BioSciences catalog no. 27084301) was added to the
In this study, we have used main chain ami@i§é and concentrated protein, and the reaction was allowed to proceed

side chain methyiH relaxation measurements to determine for 48 h at 4°C and purified with a GSTprep FF 16/10
changes in pico- to nanosecond time scale dynamics for thecolumn, in a fashion similar to that for the intact fusion
Uev protein Mms2 upon formation of the Uéib complex. ~ Protein (vide supra). The flow-through from the GSTprep
< values for the main chain and met§}, values can be ~ FF 16/10 column was concentrated to 6 mL and loaded onto
determined fron#5N and2H NMR relaxation measurements & HiLoad 26/60 Superdex 75 column equilibrated with 50
by assuming basic motional modeB®l1{-24). The & and mM sodium phospate, 50 mM NaCl, and 1 mM DTT at pH

. : . 7.0. The peak fractions eluting at 18210 mL were
.. values represent the amplitude of spatial restriction for . .
?‘?'ﬁam chairﬂEN—lHN bond vF()actor and SF,)ide chain methyl collected and concentrated tdl mL with Amicon Ultral5

: ; PR 10K and Millipore Ultrafree 0.5 BioMax 10K (Millipore
symmetry axis, respectively, and were used in this study to . o
obtain semiquantitative estimates of entropic changes uponCatalog no. UFV5BGC25) centrifugal membrane filtration

formation of the MmszUb protein complex 25, 26). The devicez._The E_LP-5N,_U-13C(10%)]-Mm52 protein was ex-
semiquantitative entropy estimates determined from NMR pressed ifE. colistrain BL21(DE3)-RIPL using the protocol

relaxation were used in conjunction with thermodynamic of Ne? etal. d'T order to OEU’I"” stergospegmc z_af;s:jgnments
calculations based on changes in accessible surface area upd(rc?r valine and leucine methy! group § and purified in a

o : similar fashion as [U®N,U-13C,U-<H(~50%)]-Mms2.
complex formation in order to develop a molecular inter- ' ’

pretation for the experimentally determinA@ yinging Of —6 Ubiquitin K48R_ was expressed iB. coli strain I_3L21—
kcal mol-L. (DE3)-RIL. Two liter cultures were grown at 3T in LB

media containing~50 ug/mL ampicillin to Asee ~ 1.3,
MATERIALS AND METHODS induced with 0.4 mM IPTG, and allowed to grow overnight

(~12 h). Cells were harvested by centrifugation at 5000 rpm

Sample PreparatiorHuman Mms2 was cloned as a GST in a Beckman JLA 10.5 rotor for 15 min and resuspended

fusion protein as previously describei®). [U-°N,U-13C,U- in ~50 mL of buffer containing 140 mM NacCl, 2.7 mM
2H(~50%)]-Mms2 protein was expressedischerichia coli KCI, 10 mM NgHPQ,, and 1.8 mM KHPO,. The cell lysate
strain BL21(DE3)-RIPL according to the protocol of Marley was clarified by centrifugation at 25000 rpm in a Beckman
et al. 7). Two 500 mL cultures were inoculated with a JA-25.5 rotor for 20 min and passage through a Millipore
single colony and grown at 37C with shaking at 240 rpm  steriflip 0.45um vacuum filtration unit. The filtered lysate
in LB media containing~50 ug/mL ampicillin and~25 ug/ was loaded onto a Q-Sepharose HiLoad 26/10 ion-exchange
mL chloramphenicol té\soo ~ 0.8. Cells were harvested by column equilibrated in pH 7.0 buffer containing 50 mM Tris,
centrifugation at 5000 rpm in a Beckman JLA 10.5 rotor 1 mM DTT, and 1 mM EDTA. The flow-through was
for 30 min and resuspended 1 L of M9 media prewarmed  collected and passed a second time down the Q-Sepharose
to 37°C, lacking carbon and nitrogen sources. The cells were column. The flow-through was lyophilized, and the dry
centrifuged at 5000 rpm in a Beckman JLA 10.5 rotor for protein was resuspended in 50 mL of distilledQHd This
30 min and resuspended in 500 mL of M9 salts containing solution was then loaded (five runs 10 mL) onto a
~50 ug/mL ampicillin and~25 ug/mL chloramphenicol, 6  Superdex 30 HiLoad 26/60 size-exclusion column equili-
g/L [**C]Cs-glucose, and 1 g/L*{NJammonium sulfate. Cells ~ brated with pH 7.0 buffer containing 50 mM sodium
were grown fo 2 h at 37°C with shaking at 240 rpm, phosphate, 50 mM NaCl, and 1 mM DTT. Fractions eluting
induced with 0.4 mM IPTG, and incubated fef12 h. Cells at~150 mL were collected and buffer-exchanged by passage
were harvested by centrifugation at 6000 rpm in a Beckman through a series of three HiPrep 26/10 desalting columns
JLA 10.5 rotor for 20 min and resuspended~470 mL of equilibrated with pH 8.0 buffer containing 25 mM am-
lysis buffer containing 140 mM NacCl, 2.7 mM KCI, 10 mM  monium bicarbonate. The flow-through was collected and
NaHPQ;, 1.8 mM KH,PQy, 100 ug/mL DNase |, 1 mM lyophilized to yield~130 mg of Ub K48R.
DTT, 10 mM MgSQ, and 0.5% protease inhibitor cocktail The NMR sample for main chain amid®N NMR
Il (Calbiochem catalog no. 538132). Cells were lysed by two relaxation studies and side chain methyl £iH-isotopomer
passes on a French press, and the lysate was clarified byH NMR relaxation studies for free Mms2 contained 300
centrifugation at 25000 rpm in a Beckman JA-25.5 rotor for uL of 9:1 H,O/D,O (pH 7.5), 50 mM phosphate, 150 mM
20 min and filtered through a Millipore steriflip 0.4&m NaCl, 1 mM DTT, 1 mM DSS, 3L of 100 x stock protease
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inhibitor cocktail | (Calbiochem catalog no. 539131), and Measurement of methyl side chain dynamics for Mms2
~0.7 mM protein in a Shigemi microcell NMR tube. The bound to Ub was conducted in a similar fashion as for free
NMR sample for Mms2 bound to Ub was prepared as above, Mms2 with the following exceptions?H-T.,(1,.C.D,) data
with the exception that the sample contained an ap- sets were acquired using relaxation delays of 0.2, 1, 2, 3, 4,
proximately 4-fold molar excess of unlabeled Ub compared 6, 8, and 10 ms, anéfC-Ty(I,C,) data sets were acquired
to Mms2. The NMR sample containing [tN,U-3C(10%)]- using relaxation delays of 0.05, 5, 10, 15, 20, 30, 40, 60,
Mms2 contained 60@QL of 9:1 H,O/D,O (pH 7.5), 50 mM and 80 ms and a delay between transients of 2.0 s.

phosphate, 150 mM NaCl, 1 mM DTT, 1 mM DSSyb of Data Processing and Analysi8ll spectral processing was
100 x stock protease inhibitor cocktail I, and0.7 mM accomplished with the program NMRPi&7}. For 2DH—
protein in a standard 5 mm i.d. NMR tube. 15N HSQC spectra, sorting and processing of the superposed

NMR Spectroscopyror free and Ub-bound Mms2, methyl  orthogonal components for sensitivity enhancement were
side chain®C and 'H chemical shift assignments were performed with the ranceY.M macro within the NMRPipe
obtained from 3D HC(CO)NH-TOCSY experimeni®9(- software. Postacquisition processing of thimterferograms
31), the 3D HCCH-TOCSY experimen82, 33), and a 3D for removal of residual water was employed for both 2D
MQ-(H)CCHnTOCSY experiment34) modified for water IH—-1N and'H—*C HSQC NMR spectra. For 2EH—1°N
suppression according to the scheme proposed by Kay et aland ¢H—'3C) NMR spectra acquired for Mms2, 7%nd
(33). Pulse sequences were obtained from the Kay laboratory(60°)-shifted sine and 75shifted sine-squared window
(abragam.med.utoronto.ca), Varian Protein Pack library (ww- functions were applied ity andt;, respectively. For 2BH—
w.varianinc.com), or written in-house [MQ-(H)G8n- N and (H—'*C) NMR spectra acquired for Mms2, A total
TOCSY]. Methionine methyt*C.—*H, chemical shifts were  of 96 (96) and 512 (447) complex points were collected in
assigned using the 3D3C-NOESY-HSQC experiment. thet; andt, domains, respectively. Linear prediction was
Stereospecific valine and leucine metA§C—'H chemical used to extend thd; domain by half the number of
shift assignments were obtained using the method of Neri experimental points. The andt; domains were extended
et al. 28). For 1°N relaxation studies, NMR spectra were to twice the number of points with zero filling. An automatic
acquired using a Varian Unity INOVA 600 MHz spectrom- polynomial subtraction in thé&, dimension was used for
eter equipped wht a 5 mmtriple resonance probe and triple- baseline correction, the region upfield of 6.5 ppm was
axis pulsed field gradients. FéiH relaxation studies, NMR  discarded for 2D'H—'N NMR spectra, and the region
spectra were acquired with a Varian Unity INOVA 500 MHz downfield of 2.5 ppm was discarded for 2B—3C spectra.
spectrometer equipped with a cryogenic 5 mm triple reso- For main chain dynamics, the 2BH—1N HSQC NMR
nance probe and-axis pulsed field gradients. Two- spectrum containing the most intense resonances in a given
dimensional 'H—"°N sensitivity-enhanced HSQC NMR T, or T, decay series or thigH} >N NOE spectra were peak-
spectra for measurement&N-T;, ¥N-T,, and{*H} >N NOE picked manually with the program Spark38j. All remain-
data were acquired at 30C and 600 MHz 85). Two- ing peak intensities were picked automatically within Sparky.
dimensionaltH—*N HSQC NMR spectra for measurement For both main chain and side chain dynamits,and T
of N-T; data were acquired using relaxation delays of 11.1, values were obtained by nonlinear least-squares fits of the
55.5, 122.1, 199.8, 277.5, 388.5, 499.5, 666.0, 888.0, and®*N—'Hy and *C—!H cross-peak intensities to a two-
1054.5 ms!®N-T, data were determined from 2B{—15N parameter exponential decay of the forhlt) = I
HSQC NMR spectra using delays of 16.6, 33.2, 49.8, 66.4, exp(—tT;), whereT, (i = 1, 2) is the salient relaxation time,
83.0, 99.7, 116.3, and 132.9 ms. For thepulse sequence, using the program Mathematic89). Uncertainties in the
the delay between transients was 1.5 s. For Theulse measured; data were obtained from the covariance matrix
sequence, the delay between transients was 3.5 s. Longf the nonlinear least-squares fits. Uncertainties in the
recycle delays for th&, pulse sequence36), as well as {H} 5N NOE values were estimated from the base-plane
maintaining the same total number BN 18C pulses for noise in the 20(H—1N HSQC NMR spectra recorded with
each relaxation delay, reduce effects of sample heating dueand without proton saturation. For methyl side chain dynam-
to the Carr-Purcel-Meiboom-Gill pulse train.{*H} N ics, the 2D'H—3C HSQC spectrum with the most intense
NOEs were measured by recording spectra in the presenceesonances in thi-Ty(1,C,D,) experiment was peak-picked
and absence of proton saturation. The spectrum recordedand assigned manually with the program Sparky, and all
without proton saturation was acquired with a delay between remaining peak intensities for th#-Ty,(I.C,Dy), 2H-Ts-
transients of 5 s. The spectrum recorded in the presence of1,.C.D,), and**C-Ty(1,C,) experiments were peak-picked and
proton saturation incorporated a relaxation delay of 2 s, assigned automatically.
followed by 3 s ofproton saturation for a total delay between  *5N-T; and -T, and {*H}**N NOE: Rotational Diffusion
transients of 5 s. For measurement of methyl side chain Anisotropy and Model-Independent Analydike rotational
dynamics for free Mms2H-To,(1,.C.Dy), T1(1.C.D,), and*3C- diffusion anisotropy of free and Ub-bound human Mms2 was
T1(1.C,) were acquired at 30C (21). Eight 2D H—-3C assessed using the program Mathematigg), (and the
constant time HSQC NMR spectra for measurement of eachprotocol described by Tjandra et adQj. The analysis was
2H-T1,(1,C.Dy), 2H-T1(1,C,D,), and*3C-Ty(1,C,) data sets were  carried out for isotropic, axially symmetric prolate, and
acquired using relaxation delays of 0.2, 1, 2, 4, 6, 8, 10, and axially symmetric oblate diffusion models, and AIC was used
12 ms, delays of 0.05, 5, 10, 15, 20, 30, 40, and 55 ms, andto discriminate between the modefkl). Constraints for the
delays of 0.05, 5, 10, 15, 20, 30, 40, and 60 ms, respectively.parameter®y,, Dy, andD,, were estimated from Stokes’
For the?H-Ty(1,C,D,) and ?H-T4,(1,C,Dy) pulse sequences, law and Perrin’s equationg?). Main chain amide"N-T;
the delay between transients was 2.0 s. For*#eT,(1.C,) and T, values for a given residue were used only if §fte
pulse sequence, the delay between transients was 1.7 svalues for a fit to a two-parameter exponential decay were
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Ficure 1: Main chain amidé>N T, (A), T» (B), and{*H}'5N NOE (C) relaxation data for free Mms2 (black) and Ub-bound Mms2 (gray).
Residues whose values are beyond the scale of the plots are indicated. Regions of canonical secondary structure are indicated above the
plots: al(16-29), 51(36—40), 2(50-56), 53(67—73), f4(84—87), 3o(106—112), anda2(120-137).

less than the criticaf? value at a 95% confidence levdl3). parameter has been modified to account for fast methyl
Additionally, residues with significant internal motion and/ rotation,Syis = J(3 cos 6 — 1)/2], with § = 109.5, using
or potential chemical exchange contributions were removedthe program Mathematica&89). Following the protocol of
from the analysis, as previously describdd)( Palmer et al. 43) Monte Carlo simulations were used to
A Lipari—Szabo model-independent analysig,(@5) was estimate the uncertainties in th&, values, with the
conducted for human Mms2 with the program Mathematica exception that 100 instead of 500 simulations were con-
(39) and an approach similar to that developed by Palmer ducted.
and co-workers 43, 46). However, model selection was
carried out using AIC and 100 Monte Carlo simulatiof$)( RESULTS
Relaxation data for each residue were fit to a motional model  Main Chain Dynamics®N-T; and -T, and NOE Data
with one parameter describing overall molecular tumbling Main chain amideé'>N andHy chemical shift assignments
of the protein and one or two parameters for internal motions for human Mms2 have been reported previously. For free
with different time scales. This essential motional model is and (Ub-bound) Mms2!5N NMR relaxation data for 106
divided into five models for flttlng relaxation datéi{, 46) (108) of a total of 150 residues were obtained. The
These include model 1 witB* describing the amplitude of  yncharacterized residues that were not observed were either
spatial restriction for a main chain amid®N—'Hy vector  prolines, N-terminal residues that exchange rapidly with
which varies from no motional restrictionS{ ~ 0) to water, or those that are partially/completely overlapped in
complete motional restrictiors{ ~ 1) and a correlation time  the 2DH—15N HSQC NMR spectra. The averagefor all
for overall molecular reorientatiomﬁ). Model 2 consists residues is 772 57 (]_]_28:|: 185) ms and the average error
of the parametersS, tm, and a correlation time for s 22 ms (Figure 1A). The averade for all residues is 88
picosecond time scale internal motions).(For model 1, + 22 (71+ 110) ms (Figure 1B). The average error of the
internal motions within the protein are assumed to be T, value is 2 (4) ms. The average NOE for all residues is
extremely fast and not contribute to relaxatian ¢ 0), 0.79+ 0.13 (0.69+ 0.47). The average error of the NOE
whereas for model 2 internal motions are assumed to beyalue is 0.04 (0.06) (Figure 1C). The average valueShof
within the 101°-10"*?s time scale (0< 7 < 7m). Model 3 T, T, and NOE measured for free and Ub-bound Mms2
is a modification of model 1 that includes a parameter closely match the theoretical values for free Mms2 of 790
describing the rate of microsecond to millisecond time scale and 89 msT; andT», respectively) and 0.75 (NOE) and the
internal motions Rey, in ™). Model 4 is a modification of  theoretical values for bound Mms2 of 1244 and 55 s (
model 2 to include the paramet@gx. Fina”y, model 5 is and To, respective|y) and 0.72 (NOE), using1 values of
employed to account for internal motions that occur on two 9.1 and 15.2 ns for free and bound Mms2, respectively, with
time scales#; < 7s < 7m) (47). & = 0.85 andr; = 25 ps. These, values were determined
Analysis of MethytH-R;(D,) and?H-Ry,(Dy). 2H relaxation from the®™N T,/T, ratios (vide infra) and correspond closely
rates’H-R,(D,) and?H-Ry,(D,) were obtained by subtraction  to the expected values calculated from molecular mass (
of the 13C-Ry(1,C,) rate [1Ty(1,.C;)] from the ?H-Ry(1,C.D,) ~ kDa/2) of 8.5 and 13.0 ns.
and?H-Ry,(1,C,Dy) rates, respectively2(). Residue-specific Methyl Side Chain Dynamic&1-T.,(1.CD,), 2H-T1(1.C.D,),
relaxation data for each methyl group were fit to motional and**C-Ty(1,C,) Data. For free (Ub-bound) Mms2, relaxation
model 2 (vide supra) for which the generalized order data for 61 (55) of a total of 86 methyl groups were obtained.
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The remaining methyl group resonances were completely oris determined by the shape of a protein, must be determined

partially overlapped in the 2EH—3C HSQC NMR spectra.
For free and (Ub-bound) Mms2, the averageT,(1,.C.D,)
for all methyl groups is 52 44 (58+ 40) ms. The average
error of the?H-T,(1,C,D;) value is 4 (7) ms. The average
2H-T4,(1,CDy) for all methyl groups is 14t 17 (13+ 20)
ms [excluding theH-T,,(1,C.Dy) value for residue Val-122
C,2, H,12 in the bound state, for which the error in tfi¢-

(48). The rotational diffusion of human Mms2 in the free
and Ub-bound states was analyzed with respect to three
rotational diffusion models (isotropic, axially symmetric
prolate, and axially symmetric oblate) as previously described
(48), using the atomic coordinates of free Mm42)( Human
Mms2 in the free state undergoes axially symmetric, prolate
rotational diffusion. The AIC values, given iy + 2k, where

T1,(1.C.Dy) value was much greater than one standard kis the number of adjustable parameters in the model (1 for
deviation of the mean error for all residues]. The average the isotropic model and 4 for the axially symmetric prolate

error of the?H-Ty,(I,.CDy) values is 2 (3) ms (excluding
residue Val-122 G, H,1,, as explained above). The average
13C-T4(1,C,) for all methyl groups is 294- 203 (246+ 228)
ms. The average error of tHéC-Ty(1,C,) value is 31 (19)
ms. The averag@H-R,(D,) and ?H-Ry,(D,) rates for all
methyl groups are 22 13 (17 &+ 10) s! and 101+ 47

and oblate models), are 638.4, 227.8, and 419.5 for the
isotropic, prolate, and oblate diffusion models. The optimized
parameters for prolate diffusion a®. = Dy, = 16.2 us,
D,, = 23.2us, and D,/(Dy + Dy) = {D}/{D} = 1.43.
These values correspond closely to the theoretical values
determined from the coordinates of free Mms2gf = 20.2

(133+ 71) s'%, respectively (Figures 2 and 3). The average us, Dyy = 19.4us, D,, = 28.0us, and D,J/(Dy + Dy,) =

errors for the?H-R,(D,) and?H-Ry,(Dy) rates for all methyl
groups are 2 (2) 8 and 8 (18) 5%, respectively (Figures 2
and 3).

Hydrodynamic Properties of Free and Ub-Bound Mms2

{D}{Dg} = 1.42 (prolate diffusion) calculated with the
program HYDRONMR (Figure 4A)49). The slightly larger
values for the diffusion constants are due to the slightly
shorterry, of 7.4 ns compared to the experimental value of

Prior to conducting a model-independent analysis of main 9.1 ns. The value dfDy}/{ D¢} also compares favorably with
chain dynamics, the nature of the overall diffusion, which the value of 1.59 calculated from the normalized values of
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FicURE 5: Plots of (A) & for free Mms2, (B)S for Ub-bound

Mms2, and (C)AS (bound— free) values for Mms2 determined

the principal components of the inertia tensigg € 1.0, Iyy from 15N main chain amide relaation data

= 0.97,1,; = 0.51) using the equatiofiDy}/{Dg} ~ (Io/
1)¥V2 (Figure 4A) 60). The angles betweeB, and the

al Bl p2 p3 B 3, 2
theoreticalD,, and |, for free Mms2 are nearly collinear, XA AR AT - -

with values of 8 and 8, respectively (Figure 4A). The wia " - : g
principal values of the inertia tensor were calculated from = t}

the atomic coordinates of free Mms2 using the program ~; & }

Mathematica §9) and equations outlined in réfl. Human % gl : o7 .

Mms2 bound to Ub, in contrast, undergoes axially symmetric -

oblate diffusion, with AIC values of 200.05, 161.54, and 25t B ]

155.48 for the isotropic, prolate, and oblate diffusion models. 2, [

The normalized values of the principal components of the « i‘ ” i ” 1 Lli,
inertia tensor were determined to bg = 1.0, 1, = 0.77, 2T ) , ) ) ) ) . t
andl,, = 0.58 using the average structure for an ensemble 0 20 40 60 80 10 120 140 160
of 10 structures for the MmsRb complex generated with Residue

FIGURE 6: Rex parameters (A) from the model-independent analysis
for free (black) and Ub-bound Mms2 (gray) angobarameters (B)
for free (black) and Ub-bound (gray) Mms2.

the docking program HaddockZ?) and the X-ray structures

of Mms2 (11) and Ub £3) with 51 unambiguous proten
proton intermolecular distance restraints (unpublished data).
The optimized parameters for oblate diffusion Bxg= D,y required to fit the relaxation data for 10 residues with an
=11.7us,D,;= 9.7us, and{ Dy} /{ D} = 0.83 (Figure 4B). average? of 0.83,7 values ranging from 14- 4 to 67 &

The experimental values match the theoretical values deter-84 ps andR.x parameters extending from 0470.2 to 7.5+
mined from the coordinates of the MmEb structural model 0.7 s1. The requirement for inclusion of aR.x parameter

of Dy = 17.8us, Dyy = 16.0us, D,; = 13.7us, and D,/ to properly fit relaxation data indicates the possibility of slow
(Dxx + Dyy) = {Dy}{ D} = 0.81 (oblate diffusion) calculated  (microsecond to millisecond time scale) conformational
with the program HYDRONMR (Figure 4BXQ). Similarly exchange phenomena at particular main chain amide sites,
to free Mms2, the slightly larger values for the theoretical and these motions can be formally quantified with more
diffusion constants are due to the slightly shortgof 10.5 elaborate experiment54, 55). Thus, smalRey (0.5-1.0 s%)

ns compared to the experimental value of 15.2 ns. The anglesvalues should be interpreted cautiously. In this study, only
betweenD, and the theoreticaD,, and |,, for Ub-bound Rex values that exceed the meRg, (1.5 s'%) by their own
Mms2 are near to collinear, with values of°2&nd 160, error were considered, and these were confined to two

respectively (Figure 4B).
Model-Independent Analysis of Main Chain Dynamf&s

main chain amidé®N relaxation parameterd{, T,, NOE)

(43, 46), and selecting models according to AI€L) (Figure

residues iral, a number of residues in L2, and one residue
in L5 (Figure 6A). Ten residues were fit with model 5 with
values were calculated on a per residue basis by fitting thean averages’ of 0.64 andrs values ranging from 0.8
0.01 to 5+ 3 ns. However, not all of thes values are

to five spectral density models (see Materials and Methods) meaningful; three residues hawg values that are not
statistically greater than zero, and one residue ha®eor

5). The results of the model-independent analysis for free that is large,~3 ns. Exclusion of these residues indicates
Mms2 are as follows: 32 residues were fit with model 1, that the regions of the protein that exhibit nanosecond time
and the averag& value for residues fit with this model is  scale motions are the N- and C-termini and loops L1 and
0.85. Ten residues were fit with model 2 with an aver&ge L5 (Figure 6B). For semiquantitative calculation of entropy
value of 0.82 and with; values ranging from 28- 11 to 76 from AS values, only those residues for whighS?| was

+ 23 ps. The relaxation data for 43 residues were fit with greater than twice the mean error, and whose error was less
model 3, with an averadg® value of 0.82, andR.x parameters ~ than one standard deviation of the mean error, were
extending from 0.25+ 0.17 to 7+ 1 s Model 4 was considered (Figure 5C).
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FiGure 7: Plots of (A) methyISfaxis for free Mms2, (B) methy%(iS for bound Mms2, and (C)&Sfms (bound — free) values for Mms2

determined from methylH side chain relaxation data.

For Ub-bound Mms2, 43 residues were fit with model 1
with an average® value of 0.89. Twelve residues were fit
with model 2 with an averag® of 0.87 andr; values from
15+ 7 ps to 1+ 6 ns. Eleven residues were fit with model
3, and the averag® value for this model is 0.85, witRey
values ranging from 1.3- 0.6 to 5.0&+ 1.6 s*. Model 4
was required to fit the relaxation data for five residues with
an averagé? of 0.87,7; from 12+ 3600 to 474+ 1900 ps,
andRex from 0.0+ 0.3 to 10+ 2 s'1. Ry, values that exceed
the mearRe (2.6 s') by their own error were confined to
one residue at the C-terminal endaf and one residue in
L2 (Figure 6A). Finally, relaxation data for 32 residues were
fit with model 5 with an averag®& of 0.69 and withrs from
0.5+ 0.2 to 15+ 5 ns. As in the case of free Mms2, not all
of thesers values are meaningful; 10 residues hayealues
that are not statistically different from zero, three residues
have s values close to then, (15 ns), and three residues
havers errors that are largey6 ns. Excluding these residues,

1). Using the same protein samples that were employed for
side chain dynamics studies, the overall isotropic rotational
correlation times for free and Ub-bound Mms2 were
determined to be 9.1 and 15.2 ns, respectively, frontike
T,/T, ratios [after removing residues with NOE value8.65

and shortT, values (see re#8 and ref10 in ref 56)] and
fixed at these values for fitting of methyl side chaid
relaxation data. The averag®,. value for all types of
methyl groups in free and (Ub-bound) Mms2 is @:60.3
(0.5+£ 0.3). These values compare favorably with the average
S value of 0.6+ 0.2 for all methyl types determined
from a database of eight proteirs7( 58). The average error
for S, for free and (Ub-bound) Mms2 is 0.06 (0.07). The
relaxation data set with the poorest overall signal to noise
ratio is the?H-Ty,(1,CDy) series of 2D'H—3C HSQC spectra
for Ub-bound Mms2. For the shortest relaxation delay in
this data set, the error inS,, was observed to increase

the regions of the protein that show nanosecond time scale€Xponentially with decreasing values of the parameser

motions include the N- and C-termini, loops L1 and L3, the
N-terminal end of helixal, the short & helix, and L5
(Figure 6B).

Model-Independent Analysis of Methyl Side Chain Dy-
namics Methyl groupS?axis values were calculated on a per
residue basis by fitting the side chain methiyll relaxation
parameters$H-R,(D,) and?H-Rx(Dy) (Figures 2 and 3), to a
simple Lipari-Szabo spectral density function that contains
three adjustable parameterss, i, and§ms(Figure 7). The
value of S reflects the degree of motional restriction
associated with the methyl symmetry axis, varying from
complete motional freedong],,, = 0) to restriction &

Xis ~

(approximately equal to the signal to noise ratio; see
Materials and Methods: Data Processing and Analysis). The
value at whichly reached a plateau wasl13; therefore, a
cutoff value of 0.08 for the error inS,; was chosen ap

= 30; theseAS,, values are shown in Figure 7C. For Ala-
112, the AS, should report on main chain dynamics.
However, the measuredlS, . is anomalously low, as main
chainAS for residues 110, 111, and 114 in the surrounding
region are~0. The problem appears to lie in the measured
2H-T1,(1,C.Dy) for this residue, which is too large for a residue
expected to be rigid. Furthermore, thevalue for the’H-
T,(1.CDy) fit exceeds the criticay? at a 95% confidence
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Ficure 8: Structure of free Mms2 (A) with residues showing intermolecular NOEs to Ub colored in red, (B) with residuesAfiose

(bound — free) values are significantly greater (red) or less (yellow) than zero with amide protons shown as spheres and a selection of

residues labeled, and (C) with residues WhlLﬁXiS (bound— free) are significantly different (all positive) from zero (red), with methyl

group carbon atoms shown as spheres. In (B) and (C), residue labels that show intermolecular NOEs to Ub are colored in red. The main

chain atoms of Mms2 are shown as a blue ribbon.
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FIGURE 9: Main chain amideAS? values for Ub upon binding Mms2 (A) and for Mms2 upon binding Ub (B), calculated with the contact

model §9).

level. Finally, as noted in previous studies, the correlation
betweenS,,
is weak 67).

DISCUSSION

Main Chain Dynamics of MmsZ’he model-free analysis
for free and Ub-bound Mms2 indicates that the majority of
the protein main chain is rigid on the pico- to nanosecond
time scale  ~ 0.7-1.0) with flexible regions being
confined in large part to loop L1 and the N- and C-termini
of the protein & < 0.7; Figure 1A,B). Changes in main
chain amideAS values between free and Ub-bound Mms2
are small, ranging from-0.15 to+0.15 (Figure 5C). The
majority of the positive changes (decreased flexibility upon
Ub binding) are limited to the N-terminal half of Mms2,
which is directly involved in Ub binding (Figure 8A,B). It

35) (Figure 9). Interestingly, a 1:1 correlation between total

and side chain solvent-accessible surface areaAASA and AS values that are predicted with the contact

model is not observed. Experimentally, large, posith&
values are observed for Val-31 and Thr-35 (Figure 5C). The
contact model predicts only modest, positive changes for
residues in the N-terminal half of L2 (residues-444), 52
(residues 5355), and the N-terminus i3 (residues 66

68) (Figure 9B). However, the experimentally determined
A% values for these regions are much larg&x& ~ 0.1

for Asp-42, Asp-43, Asp-45, and Met-483 ~ 0.1 for lle-

51; AS ~ 0.14 for Tyr-68. While the results for the contact
model for main chain amid®N & agree qualitatively with
the experimentally determinel$’ values, they should be
interpreted cautiously, given that a structural model was used
for the calculations and not a de novo X-ray or NMR
structure. However, the structural model is based on the

has recently been shown that there is an empirical correlationcombination of X-ray structures for Mms2 and Ub, and 51

between heavy atom close contacts to theadd CO main
chain atoms ané®N relaxation derived main chai® (the
contact model){9). Interestingly, using the structure closest
to the average for the ensemble of-Wms2 structures, the
contact model for main chain amideN < predicts positive
A for Mms2 upon Ub binding, with the largest changes
(~0.03-0.06) being confined to the N-terminal half of
Mms2, predominantly loop L1 (Asp-33, Gly-34, and Thr-

unambiguous intermolecular NOEs between these proteins
partners, and is likely a reasonable model.

Main chain motions on the micro- to millisecond time scale
for free Mms2 are evident for two residuesar, several
residues in loop L1, and one residue in L5 for free Mms2
and for one residue in each ofl and L1 for Ub-bound
Mms2 (Figure 6A). The requirement fé%x parameters to
fit the relaxation data for these residues indicates the
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possibility of slow internal motions at these residues; the entropy 63), thus the sum provides an upper limit; effects
biological implications can be better assessed through properof correlated protein motions are not easily assessed theoreti-
guantification using more sophisticated methodologhet ( cally or experimentally&4, 65); & values determined from
55). Internal main chain motions on the nanosecond time main chain amidé°N relaxation data depend on the validity
scale are present for the N- and C-termini of the protein and of the assumption of complete decoupling between overall
loops L1 and L5. For Ub-bound Mms2, the N- and C-termini and internal motion@6, 67); it is important to have detailed

of the protein, loops L1, L3, and L5, and the shoyg [3elix knowledge of the tensor quantities, bond lengths, and
show nanosecond time scale motions (Figure 6B). coupling constants that govern NMR relaxation mechanisms,

Side Chain Methyl Dynamics of Mms%, values for ~ as well as their temperature dependence; the motions of the
Mmsz2 in the free and Ub-bound states show the expectedPeptide plane are not isotropic, ativalues determined by
diversity (Figure 7A,B) 60). In general, S, values are 5N relaxation can be supplemented V\_/jﬂlvalues for the
expected to decrease with increasing distance of the methyl *Co—*°*CO bond vector €8, 69). In addition, free energy,
group from the protein main chair5{). The correlation entropy, and heat capacity are macroscopic quantities _that
between§dxis and side chain accessible surface area is also&'® dependent on the state of the system, and NMR-derived

expected to be wealb7), and this was observed in this study thertmgdgnar?lcthvaluest rtepfresetnt onI% Ft’aét Oft the tOtf‘I
as well. Figure 7C shows that mamy&., . values for Mms2 gagr:;nuo?enco(r)]d t‘iarrslg an:ilee ruenocrig)r:gtion?il n:ftio?l pllzciﬁ;illo
(bound = free) are not statistically different from zero, reorientational motions are observed only for a s.ubset gf
indicating no difference in methyl side chain dynamics at . ) only T

. - . internuclear vectors: those for the main chain anifthe-
these residues upon Ub binding. Residues Wha&g,

) ) IHy and the side chain methyl symmetry axis and, of these,
values exceed their errors by a factor of 2 include V31, L48, only those for which data are available.

M54, 167, and T147; these re5|dges EXPerience Increases in Despite these stipulations, molecular dynamics simulations
§dxis values o0f~0.2, a value consistent with !nc.rease.smn have indicated that when entropic differences are calculated,
Sixis observ_ed for methyl groups at the binding sites of the effect of motional correlation on entropy may not be
other proteins €0). Of these residues, M54 and 167 are geyere 70). For interacting groups of amino acid residues,
directly involved in the Mms2 Ub interface (Figure 8A,C).  entropy calculations have been found to be similar to those
Thermodynamic Interpretation of NMR-Degd Dynamics  for independent side chaing1).
for Mms2 The dissociation constarig) for the Mms2Ub Bearing the aforementioned restrictions in mind, and the
complex was previously determined to be-885uM using fact that changes in Ub dynamics were not determined, we
2D 'H—"N HSQC NMR spectroscopylf)). This dissocia-  have calculated decreases in entropy due to changes in Mms2
tion constant corresponds to a favorali8°pinging Of —6 kcal main chain dynamics of8 + 2 kcal mol (TASuwr main chais
mol™. It is of fundamental interest to rationalize the whereSyug main chaniS the entropy fromH—15N bond vector
molecular contributions to the free energy of blndlng in terms reorientation sensed by NMR) and methy| side chain
of molecular structure, or enthalpy, and dynamics, or entropy. dynamics of—2 + 2 kcal mol? (TASuwr.side chain Where
In this StUdy, we estimatedG°bindingWith the program STC S\IMR,side chain is the entropy from methy| Symmetry axis
(61), which performs structure-based thermodynamic calcu- reorientation sensed by NMR) upon Ub bindifighS.on¢ for
lations using changes in accessible surface area of proteinprotein side chains upon an unfolded to folded transition has
binding partners upon complex formation. Using an ensemble peen estimated to be—1 kcal mot? residue? (72, 73). In
of 10 structures for the MmsBb complex (vide supra), the STC approach, this value is attenuated by a factor
Mms2 buries 296+ 42 and 412+ 33 A2 of polar and  (ranging from 1 to 0) dependent upon th&SA associated
nonpolar accessible surface area, respectively, upon bindingyith binding for a given side chain. The STC-based
Ub. The polar and nonpolaAASA values for Ub upon  calculation for side chainTASn is —5 kcal mol™.
Mms2 binding are 28& 33 and 407 43 A2 respectively.  TASuyr sice chairfOr the methyl side chains of Mmsz2 is smaller
Using the ensemble of 10 structures for the MmM#2  than the STC-based value. While we have not measured
complex, the STC program gives an estimate forKpeof changes in Ub methyl dynamics upon Mms2 binding, we
(1 £2) x 1072 nM (AG°binding,sTc= —17 & 2 kcal mof), estimate an upper limit of 3 kcal mol 2 for TASuwr side chain
a value that far exceeds the experimentally determinedfor Ub based on the burial and putative motional restriction
affinity. of three Ub methyl groups (Leu-8, lle-44, Val-70) at the
The discrepancy between the experimental and STC-basedprotein—protein interface, giving an estimated total
AG®pindingmay be due to the fact that STC does not properly TASyur side chainOf —5 kcal mol* (Mms2 plus Ub). Thus,
account for changes in main chain protein dynamics uponthe STC-basedTASo, matches the estimated total
complex formation, specifically, potential losses in entropy TASyumr side chainClOSEly.
(flexibility) at protein binding interfaces. We have calculated ~ The STC program does not estimate contributions to
entropic changes for the main chain and methyl dynamics TAS,; for the protein main chain. However, using the
of Mms2 upon Ub binding from main amidéN & and side  contact model for main chain amié@, an estimate of-2.5
chain methyPH ixisvalues 26). However, the calculations 4 0.5 kcal mot? is obtained fofTASymr main chainfor MMs2,
are semiquantitative due to the following restrictions: the a value smaller than the experimentally determined value of
equations are dependent on specification of a motional model—8 4 2 kcal moi. Although not measured here, changes
which may not be valid for the type of protein motion being in Ub main chain dynamics are also expected to contribute
considered, and furthermore, the nature of protein motions to TASuymr main chain(Figure 9). From the contact model, we
are not known a priorid5, 26, 62); it is not legitimate to calculateTASymR,main chain= —2.3 & 0.5 kcal mof? for Ub,
sum per residue contributions to Gibbs free energy and a value similar to that for Mms2. Thus, we estimate an upper
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limit to the total TASumR,main chain(MMs2 plus Ub) of—16

kcal mol . Adding this upper limit to the structure-based

estimate forAG®pinging Of —17 £ 2 kcal mol? increases the
estimate tOAGobindmg,STc— TASUMR main chaig = —1 + 4 kcal
mol~?, a value close the experiment&G°pinging Thus, it is

feasible that changes in main chain dynamics of Mms2
determined from NMR relaxation can contribute significantly

to the affinity of the Mms2Ub interaction.

These conclusions are supported by previous studies
involving binding of a cognate peptide to the structural

domain of skeletal troponin C, for which STC-baSetiS;ons
supplemented with main chaifASywr leads to better
agreement between measured and estimaA®@linging (20).

The results for troponin C and Mms2 are to be contrasted
with those for binding of a cognate peptide to calmodulin
(74). In that study, changes in main chain dynamics were
found not to contribute tdAS.n, Whereas changes in methyl

side chain dynamics contributee35 kcal mot?. It should
be noted that the calmodutitpeptide interface is twice the

area of the Mms2Jb interface, and it is not unreasonable

to expect a larger contribution tBAS,ns from changes in
methyl dynamics.

CONCLUSIONS

The affinity of Ub for Mms2 plays a fundamental role in
the mechanism underlying catalysis of isopeptide bonds
between Ub molecules to form poly-Ub chains. In this study,
changes in the dynamics of the protein main chain and side

chains for Mms2, as sensed ${{ and?H relaxation studies,

respectively, were found to influence the strength of the
Mms2Ub interaction. The combination of empirical structure-

based thermodynamic calculations and semiquantitative
estimates of entropy from NMR relaxation used in this study

have allowed us to calculate®G yinging that is similar within
error to the experimentalG°pinging
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