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Abstract Residual dipolar couplings (RDCs) provide orientation of the inter-nuclear vectors in the protein
information about the dynamic average orientation of interstructure in a self-consistent manner. For ubiquitin, the
nuclear vectors and amplitudes of motion up to millisec-SCRM analysis yields an average RDC-derived order
onds. They complement relaxation methods, especially oparameter of the NH vectorsS,, % 0:72 0:02 com-

a time-scale window that we have called supgals. \ pared to &5 =0.778+ 0.003 for the Lipari-Szabo order
supras; \ 50 | s). Here we present a robust approachparameters, indicating that the inclusion of the sugra-
called Self-Consistent RDC-based Model-free analysisvindow increases the averaged amplitude of mobility
(SCRM) that delivers RDC-based order parameters—ebserved in the sub- window by about 34%. For the
independent of the details of the structure used for alignb-strand spanned by residues Lys48 to Leu50, an alter-
ment tensor calculation—as well as the dynamic averageating pattern of backbone NH RDC order parameter
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&, NHP= (0.59, 0.72, 0.59) was extracted. The backbone
of Lys48, whose side chain is known to be involved in the
poly-ubiquitylation process that leads to protein degrada-
tion, is very mobile on the supra-time scale &, NHp=
0.59+ 0.03), while it is inconspicuous{<8NHP= 0.82) on

the subs. as well as ol s—ms relaxation dispersion time
scales. The results of this work differ from previous RDC
dynamics studies of ubiquitin in the sense that the results
are essentially independent of structural noise providing a
much more robust assessment of dynamic effects that
underlie the RDC data.

Keywords Dynamics Proteins RDCs
Structural noise Ubiquitin

Introduction

Insight in protein dynamics is crucial for understanding
protein function (PalmeR004. NMR relaxation methods
provide ideal tools for studying motions faster than the
overall tumbling correlation time of a protein, i.e. sab-
motion (s is ca. 4 ns for ubiquitin at room temperature).
Such motion has been proposed to contribute mostly to the
entropy of proteins (Schneider et 4992 Li et al. 1996
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Prompers and Bachweiler200Q Lee and Wand2001).  motional disorder about this average structure ab initio
Slow time scale motion (ca. 90s up to several ms) can be from measured RDCs for protein G, using their dynamic-
probed by relaxation dispersion measurements (Akke antheccano approach and assuming xed peptide plane
Palmer1996 Kay 1998 Kay et al. 1989 Palmer2004. geometry (Bouvignies et ak00g 2007).
These experiments isolate the contribution of conforma- Recently, high mobility inthe sub-microsecondtime scale
tion-dependent modulation of isotropic chemical shifts towas detected using heteronuclear dipolar couplings for the
NMR line widths from alternative spin-spin or spin-lattice ubiquitin backbone inthe microcrystalline state (Lorieau and
relaxation effects. Such relaxation dispersion experimentdcDermott2006. Furthermore, several promising approa-
are sensitive to conformational changes of proteins irches have been undertaken to combine or compare RDC
catalytic cycles (Eisenmesser et 2005 Henzler-Wild-  information with motional models derived from molecular
man et al.2007 Kern et al.2005 Kern and Zuiderweg dynamics simulations (Bouvignies et &007 Markwick
2003 Mulder et al.2002 Stevens et al2001; Tollinger et al. 2007 Nederveen and Bonvi2005 Showalter and
et al. 200]). Slow time scale motions have also beenBruschweiler 2007a b; Showalter et al.2007). Loop
detected in several cross-correlated relaxation experimentynamics comparable to or longer thay have been
(Dittmer and Bodenhausef004 Ferrage et al.2006  observed for the backbone of ubiquitin in an L 2explicit
Pelupessy et akR003. solvent MD simulation very recently (Maragakis et2008.
Relaxation methods are not suitable for the study of For the model-free approach (Meiler et &001; Peti
dynamics between the sif-and the relaxation dispersion et al. 2002 Lakomek et al.2005 2006), it was suggested
time scale. This time scale window can thus far only bethat structural noise introduced by the usage of a single
addressed by measurements of residual dipolar couplingsgh-resolution structure may contribute a systematic error
(RDCs) as they are time-averaged from femtoseconds up {@ouvignies et al2005a Clore 2004 Clore and Schwieters
milliseconds (Blackledg2005 Tolman and Rua006. It 2006 Zweckstetter and Ba2002. Therefore, the major
has been proposed that this time window could be relevarfbcus of the present work is to introduce a Self-Consistent
for protein—protein recognition (Bertoncini et a2005 RDC-based Model-free (SCRM) analysis to alleviate this
Bouvignies et al2005h. After the renaissance of RDCs in model bias. This analysis is here applied to the protein
liquid-state protein NMR spectroscopy (Tjandra and Baxubiquitin.
1997 Tolman et al.1995, the potential of RDCs to study
protein dynamics has been recognized (Tolman €129 Materials and methods
and several methods have been developed to extract
dynamic information from RDCs: The RDC-based modeI-EXperimental part
free approach relies on the measurement of NH RDCs for
ve linearly independent alignment tensor orientations in at
least ve different media (Meiler et al2007; Peti et al.

2002 Lakomek et al2005 2006. Using a high-resolution All together, 36 NH RDC data sets from the backbone of

structure to determine the alignment tensors, structural at%e wild-type human ubiquitin were available for the new

well as dynamic information can be deduced. The DirectSCRNI analysis. Previous measurements (Peti €2G02

Interpretation .Of Dipolar Cou_pll.ngs (DIBC) approa_ch data sets D1-D5 in (Lakomek et al. 2006) were replaced by
(Tolman2002 is conceptually similar but does not require IR . o
easurements with increased concentration of ubiquitin.

a structural model of the protein. Both the structural ancm 15\, 13C.Jabeled human ubiquitin (wt) was expressed

dynamical models as well as the underlying alignment . . .
tensors are obtained simultaneously. The DIDC approacﬁccordlng to (Johnson et dl999. Thirteen new alignment

minimizes the variation of RDC-based order parameter%onditions’ AL-A13, were prepared as described in the fol-
(see, e.g., Tolma002 Eq. 15) This is also true for a owing. In every case, 2.5 mg of ubiquitin were dissolved ina

: . 50 mM Na phosphate buffer at pH 6.5. The nal ubiquitin
recent extension of this approach (Yao et2008. In an concentration varied between 0.75 and 0.9 mM, and 10-20%

alternative model-based approach several RDCs for protel&/v) D,O were added for eld locking. The following brie y
G (Ulmer et al.2003 were tted using a three-dimensional 2 . . ' .
describes the individual new alignment conditions.

Gaussian Axial Fluctuation (3D GAF) model (Bouvignies
et al. 2005h. These studies strongly suggest that RDC- Al: A 7% positively charged gel sample was prepared
derived order parameters are on average smaller than theaccording to (Cierpicki and Bushweller2004).
relaxation-derived order parameters, indicating the pres- The positive charge was introduced by addition of
ence of supra, motion. In a follow-up study, Blackledge  (3-acrylamidopropyl)-trimethylammonium chloride (APT-
and co-workers were able to determine the average protein MAC, Sigma-Aldrich, Inc.) in a ratio of APTMAC:
backbone conformation and the nature and extent of acrylamide = 1:3.

Alignment media preparation
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A2: A 7% positively charged gel was prepared as for AL  A19-A36: NH RDC data sets published by Bax and
but with a ratio APTMAC:acrylamide = 1:1. coworkers (Ottiger et atl998 and Tolman and coworkers
A3: A 5% negatively charged gel was prepared accordingRuan and Tolmar2005 Briggman and Tolmar2003.

to (Cierpicki and Bushwelle2004). The negative charge The collection of 36 NH RDC data sets will be referred
was introduced by addition of acrylic acid (Sigma- to as D36M. A table containing all NH RDC data sets used
Aldrich, Inc.) in a ratio of acrylic acid: acryl amide = 1:1. for the analysis is provided in the Supporting Information
A4: The ubiquitin solution was added to dodecyl- (Table S5). All relevant alignment conditions used for the
penta(ethylene glycol) (C12E5) stock solution (15%different data sets are listed in a second table in the Sup-
w/v) in a ratio of 2:1 and vortexed. The solution becameporting Information (Table S6).

opalescent after addition of 1.5% (v/v) hexanol (Ruckert

and Otting2000). NMR Spectroscopy

A5: Ubiquitin was dissolved in a suspension of 25 mg/ml

Pf-1 phage (ASLA Ltd., Riga, Lativa) in 50 mM Na NH RDC data for all new aligned media A1-A13 as well as

phosphate buffer with 100 mM NaCl (Zweckstetter andthe isotropic reference experiment were measured using

Bax 2001). 2D-IPAP*°N,'H-HSQC experiments (Ottiger and Bax
A6: Same as A5 but with a Pf-1 phage concentration of:999. All data were recorded at a sample temperature of
20 mg/ml. 308 K. Measurements were performed on either a Bruker-

AT: A 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine Avance 700 MHz (Bruker AG, Karlsruhe, Germany), a
(DMPC)/1,2-dihexanoyl-sn-glycero-3-phosphatidylcho- Bruker-DRX 600 MHz or a Bruker-Avance 600 MHz
line (DHPC) = 3:1 mixture (Avanti Polar Lipids, SPectrometer equipped with a TXI cryogenic probe head or
Alabama) of 15% w/v was dissolved in buffer containing@ Bruker 800 MHz spectrometer equipped with a TCI
50 mM NaCl and 50 mM Na phosphate buffer (pH = 6_5)Cryogenic probe head. The time domain was either
with 0.02% sodium azide, and 10%.,D. The nal TD19 TD2=1k9 2korTD19 TD2=2k9 2k with
ubiquitin concentration was 0.9 mM (Triba et 2005. @ spectral width oK1 X2 =25 ppm9 15 ppm (besides
A8: DMPC, DHPC and SDS (sodium dodecyl sulfate, X1 X2 =30 ppm9 15 ppm for data set A5 and A6). The
Serva, Heidelberg, Germany) were mixed in a ratio oftumber of scans was 32 and higher.

30:10:2 and dissolved in a 50 mM Na phosphate buffer FOr processing, data were zero- lled to TI1L TD2 =

with pH = 6.5, containing 15-20% 4D until a total lipid 32 k9 4 k and processed with the NMRPipe software
concentration of 5%(w/v) was reached. The compositiorPackage (Delaglio et all993. (J + D)- and J-coupling
was vortexed at @C until the solution became clear. <1:onstants were extracted using NMRPipe. One-bb'?hd_
Ubiquitin was dispersed in this solution with a nal “H RDCs were derived from the difference in coupling
concentration of 0.75 mM. between aligned samples and the isotropic sample. The
A9-A13: Bicelle media were prepared similarly to A7 and experimental error was conservatively estimated to be less
A8. Ingredients and total lipid concentration can be foundthan 0.3 Hz. Alignment tensors were calculated using the
in Table 1. The ubiquitin concentration was 0.75 mM.  Software PALES (Zweckstetter and Ba00).

To complement the data sets obtained from thes6SECONDA analysis
alignment conditions (in order to better span the
5-dimensional RDC space) the following data sets havén order to quantify the similarity of structure and
been used: A14-A18: NH data set E1 to E5 measured in dynamics in the different alignment media (homogeneity of
previous analysis (Lakomek et &006. RDC data), a SECONDA analysis was applied (Hus and

Table 1 Bicelle media preparation (See chapter Materials and methods, alignment media preparation)

Alignment condition Liquid crystalline media Mixing ratio Total lipid concentration/(w/v), (%)
A9 DLPC:DHPC:SDS 30:10:2 10
Al10 DMPC:DHPC:C14PC 30:10:1 5
All DMPC:DHPC:C14PC 30:10:2 10
Al2 DMPC:CHAPSO:CTAB 50:10:1 10
Al3 DMPC:DHPC:CTAB 30:10:1 8

The following abbreviation are used, additionally to those already explained before: C14PC = tetradecylphosphatidylcholine, CHAPSO =
3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxyl-1-propanesulfonate (Sigma-Aldrich, Inc.), CTAB = N-cetyl-N,N,N-trimethylammonium
bromide (Roth, Karlsruhe, Germany)
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Brischweiler 2002 Hus et al. 2003. The SECONDA pew X _

method analyzes the covariance matrix constructed of att’— ¥4 Fim Yaudi™;/ bi a:2p
RDC data obtained under different alignment conditions. It "> M¥ 2

performs a principal component analysis (PCA) of theyith

RDC covariance matrix, which is equivalent to a singular r r
value decomposition (SVD) of the RDC matrix. The sin-g, 1, ap D2, b';cb p §R D2, b';cb
gular values are sorted according to decreasing size. 5 8

Structural and dynamic information is contained in the rst

ve singular values, since dipolar couplings are a second

rank symmetric tensor interaction and hence reside in a
linear 5-dimensional space. Accordingly, only noise, sys- 74
tematic errors, and structural and dynamic heterogeneity
may cause the 6th and higher singular values to differ from be iMaid'%A & AP - 81:3p
zero. The ratio of the 5th and 6th singular values (called

SECONDA gap in the following) is a measure of the From the dynamically averaged spherical harmonics,
homogeneity of RDC data and the magnitude of noiseRDC-based order parametess, are determined which are
The larger the SECONDA gap, the more self-consistent argensitive to all motions faster than the millisecond time
the RDC data in the different alignment media. scale. This is in contrast to Lipari-Szabo order parameters
For D36M, the SECONDA gap was 5.66 after normali-_ (Lipari and Szabo1982 obtained from relaxation
zation. Starting from these 36 NH RDC data sets, a subset easurements which are On|y sensitive up to the overall

23 NH RDC data sets (D23M) was selected that increasegimpling correlation times (ca. 4 ns for ubiqutin at room
homogeneity of the RDC data with still adequate sampling otemperature):

b D ,&;b';cp
r r 3
4_5p e iMaid'%AOa)ipb éR& iMaidE/lza)ite 2ic

alignment tensor orientations in the 5-dimensional tensor- % D E
space (as Qescribed in the Supporting Imformation_). The dai . 1/4@ Yo/ b mss Y,/ b ms
sets contained in the subset D23M are displayed in Table S S wve 2 P ' ps
inthe Supporting Information. The SECONDA gap of subset 4p X2 D Es
D23M was 6.81 after normalization. S Vig Yomdh;/ b ;; Youdi/ b N al:ap
MY, 2
Self-Consistent RDC-based Model-free (SCRM) In addition to RDC-based order parameted,, the
approach dynamic average orientations of inter-nuclear vectors can

also be determined. After performing a coordinate
The Self-Consistent RDC-based Model-free (SCRM)transformation that maximizes Yzoth'/ °p, the NH
method was developed from the theory of the originalvector points along the %zaxis of the new primed
RDC-based model-free approach. RDCs are measured in igference frame:
least ve linear independent alignment conditions for each xR
single inter-nuclear vector (e.g. the NH). The RDC-basedmax Y2oh®/ °p ¥4 Dwm;od 4y hav; 0PY2mdh;/ P

model-free approach extracts dynamically averaged second M 2
herical h i weh:/ bif h RD 4p X2
order sp rerlca armonicsY,.uch;/ Pifrom these RDCs, v, Ep Yyt | ayPYaudil B:
D®P 1, @D Yooth;ub W2
r5 2z 2,041, al:5p
b §R Yooch;ub b Yo ohyub 0 alilb The rst and second Euler angle of the respective

8 Wigner rotation Dy / ., h,,;0 corresponds to the

For each NH vectoi, the ve averaged second order dynamic average orientation of the inter-nuclear NH
spherical harmonics You&";/ ™'pi are derived by vector & ,;ha P Furthermore, the amplitudey and
solving the F-matrix equation (1.2). This equationdirection of anisotropy/ .. (Lakomek et al.2006 Peti
describes for each alignment condition the residuakt al. 2002 are determined.
dipolar coupling equation (1.1) in the molecular frame. The goal of the Self-Consistent RDC-based Model-free
The F-Matrix relates the spherical harmonics in the(SCRM) approach was to remove a possible bias due to the
molecular frame to the measured RDCs by a Wignemprotein structure used for the initial determination of the
rotation from the molecular frame to the alignment framealignment tensors. To this aim, we proceeded as follows.
(Lakomek et al.2006 Meiler et al.2007): The rst step of the SCRM method was the application of
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Q-factorsQstatic ¥4 P 2Ryip as de ned in (Bax and Grishaev
20095 and the Pearson correlation coef cients were
extracted from PALES after each cycle. Additional criteria
and error measures were implemented for the SCRM
analysis as explained below.

old structure new structure Back-calculated RDCs and dynamic Q-values assess
the btting quality of SCRM

model-free alignment tensor

Iculati .
approach cajeuiation RDCs were back-calculated from the time-averaged second

order spherical harmonicsY,udh;/ bi (Eq. 1.1). Consis-
tency of the model-free approach on a per-residue-basis
(running index j) was assessed by computing the root mean

Fig. 1 Sketch of the SCRM cycles: RDC-based model-free resultsSduare deviation (rmsd) between back-calculated RDCs
are calculated using NH RDC data as well as inter-nuclear NH vector®ye and experimental RDCBgy,, (RDC-rmsd):

for tensor calculation. Starting from a rst structural model (e.g. the S p

X-ray structure 1ubi with protons added with standard geometry), the

inter-nuclear NH vector orientations are adjusted in each SCRM cyclemsd¥dc; jp Va
towards the true dynamic average orientation. Consequently, the t of
the alignment tensor to the RDC data is improved in each step and as
result the t of the model-free results to the RDCs as well

D..R,o.B,y

:5/41 aji;j;MF Di;];expt;
K

aL.6p

Where K is the number of alignment media. We also
introduceddynamicQ-valuesQuyn utilizing the Dyye RDCs:

v
the standard RDC-based model-free analysis as described uPy - D . B

) ) ) o pa®Dive Diexp

in (Lakomek et al.2009: First, alignment tensors were Qqyni ¥4 P aL:7p
calculated from the measured RDCs using the PALES jvia Difexp

(Zweckstetter and Bax2000 or DipoCoup software
(Meiler et al. 2000 and from the X-ray structure lubi
(Ramage et al1999 to which protons were added with
MOLMOL (Koradi et al.1996. Naturally, the dynamically
averaged orientationd ,; hyy Pcalculated from the RDC-
based model-free approach will exhibit deviations from the
orientations in the X-ray structure. In an iterative fashion,
the NH vector orientations used for the tensor calculation

were replaced by the resultird ,; hay Pafter each model- Error calculation for the SCRM analysis

free analysis cycle (Fidl).

An N-H bond length of 1.04 AOttigerand Baxi998 has  To estimate the error of the RDC-based order parameters
been used to calculate the new proton coordinates. (Note thﬁdcéj pfor each residug the experimental error was modelled
the SCRM results are independent of the used bond-lengthbly adding Gaussian noise to the measured RDCs. The input

Each cyclei of model-free analysis an alignment tensor RDCs with added noisB;;j:nsise Were generated by drawing
recalculation was conducted until convergence of theN =1000 random sampleé;;oise ¥4 randoniadD;; P from a
Gaussian distributiopdDPwith standard deviation;.

_ _ ) Two different standard deviationg were considered to
Stci 10NHPj 0:01 was achieved. Note that in every study the propagation of different sources of errors to the
step of the SCRM approach the ve time-averaged secon&CRM derived order parameters: rst, in order to assess the
order spherical harmonics are calculated in the same waynpact of the experimental error from the RDC data alone
as in the original rdc-based model-free approach for each]exp = 0.3 Hz was used. Second, the residue-specic
residue. From those the ve rdc-based model- freer rde%rmS(ﬁde Jpwas used in order to assess the com-
parametersSy;/ o hav;0;/ by are derived. In the fol- pined effect of experimental error and additional
lowing discussion we will focus on the rst three systematic errors introduced by the model-free analysis.
parameterssy,. and & ,; hay P Examples for the latter are a possible correlation between

The SCRM procedure was implemented in a semi-alignment tensor uctuations and internal dynamics, or the
automated manner using a Mathematica 5.2 protocokingle tensor approximation. This analysis was repeated
PALES, and several Python scripts. To assess the t of th&l = 1000 times. The error is evaluated as the standard
alignment tensor to the experimental RDC data, staticleviation of the resulting N = 100, .§P

whereN is the number of RDCs available in mediunThe
dynamic Q-value Qgyn measures the quality of t of the
model-free solution for the different alignment media. It is
a straightforward extension of the well-known Q-value that
measures the quality of t of experimental RDCs over a
smgle static structure.

2 1,1 N I
order parametersSy.; Syci 1 Yi v ShiciNH; P
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u X , tted to arigid protein structure, the derived alignment tensor
D, 3P 1/4%' = SN S A | suep  Willbe _dyljamically avera_ged and therefore red_u_ced in size.
N o1 ' Isotropic internal dynamics leaves the rhombicity and the
orientation of the tensor with respect to the molecular frame
Selection of the set of RDCs for alignment tensor unaffected but leads to a reduction of the overall magnitude
calculation (Lakomek et al2006 Meiler et al.2001). Therefore, the true

value of the principal tensdp;.,, is hot known and can only
The RDC-based model-free analysis assumes that interngk estimated from the experimentally accessible dynami-
protein dynamics of the backbone NH vectors are not corcally averaged; ... As has been shown previously (Meiler
related with the alignment tensor modulations. Thisetal.2001), D;,is determined such that the average over the
assumption allows working with a single average allgnmemsrdc unscaleq€dUals 1 (when taking all residues for alignment
tensor for each medium. Simulations indicated that thigensor calculation), because the average dynamics is absor-
assumption is correct for secondary structure elements, &ed in the alignment tensor.
least for steric alignment (Louhivuori et &006 Salvatella Therefore, thérzdc unsealeg PFOVide only relative values for
et al.2008. Correlations between alignment tensor uctu- the dynamic amplitudes, but have to be scaled against the
ations and backbone NH vector dynamics have beepipari-Szabo order paramete® which contain absolute
observed only for more mobile loop regions in ubiquitin mobility information given a xed distance between the amide
(Salvatella et al2008. Consequently, we excluded the most proton and nitrogen and assuming a constant chemical shift
mobile residues from the alignment tensor calculationanjsotropy. The downscaling Gridcunscaedto <. is accom-
However, redUCIng the number of residues from which thq)amed by an up- Sca“ng ml 22t0 DI 77 AS exp|a|ned in detalil
alignment tensor is determined may lead to an inhomogen (Lakomek et al2006), the scaling factoByerar therefore

neous sampling of the three principal axes and may amplifyy| |Is: Di.zz ¥4 Soveratl Di-zz andSrde ¥ Soveral Sirdcunscaled
structural noise. Thus, a consensus set of RDCs had to hgsing this de nition, Eq. (1.2) can be rewritten:

found, which provides a nearly complete sampling of ori- ., @
entations while still avoiding correlations between tensor_i__ Soverall Y Fim Yoo/ Mol &:10p
modulations and internal protein dynamics. Dizz MY 2 o )

To this end, we followed an approach similar to the one
introduced by (Bouvignies et ak005h: In a rst step,
alignment tensors are calculated using the experimentaéb

data for all residues 2—72. (The highly exible C-terminus
( gnty noted that §yeran is @ mathematical parameter without a

of ubiquitin (residues 73-76) was always excluded.) Foud t oh | Th | | that h h |
iterations of the SCRM protocol were performed. Then, the irect physical meaning. The only values that have physica

20% most mobile residues Sr?ﬁcunscaled 0:95) were meaning are the scaled order parame&s Determining

excluded from the alignment tensor calculation and the the scaling factoSyeran is non-rivial. Since RDC-based
?rder parameters are sensitive up to the millisecond time
SCRM analysis was re-started using the remaining set
. . ; scale while the Lipari-Szabo ones only up to the overall
residues for alignment tensor calculation. To ensure a?umblln correlation tim the condition <2 or
adequate sampling of the three principal axes of the 9 ESc, . s

alignment tensor, an eigenvalue analysis of the matrix %’efa" Stcunscaied Fs Must hold within_experimental
’ error. This relationship is used to estimate the overall scaling

C¥B'B AL:9P  factor Sopveran by requirNng e Fs=Ficunscaled Within
the experimental error &, andS’s. It is further assumed
hat several residues do not show sugyaiotion resulting in

Subsequently, for clarity we will omit the indicésindj.
Solving the F-matrix equation yield¥omd; / Py 474
veral  Yomdi/ Py oo and nally . It should be

whereB Y4 &gy; €; . . .enPis the @ N matrix containing the

normalized NH vectors of the average structure, was pe|I
formed and the diagonalized matr® = (d(1),d(2),d(3)) identical S, andSLsforthose residues. Lipari—Szabo order

was obtained that contains the three eigenvaluedC of parameters§s measured at 308_ K by Tjamjra and
sorted according to magnitude (see Prompers anfi®- -workers were used (Chang and Tjan2i89. Details can
Bruschweiler2002. It was ensured that the selected basé’e found in the Supporting Information.

of residues adequately samples the three tensor axes as

described in the Supporting Information. Application to experimental data

Determination of Seran The SCRM method has been applied to both experimental
NH RDC data sets D36M and D23M using the X-ray

Since experimental RDCs are scaled by internal motion andtructure 1 ubi (Ramage et da994 as starting structure

the alignment tensor is determined from experimental RDCgwith protons added in standard positions with MOLMOL

@ Springer
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(Koradi et al.1996 using a bond length of 1.04)AThe  structure lubi as starting input structure for the rst cycle
in uence of structural noise on the SCRM analysis wasof the SCRM method.

tested as described in the following paragraph. The static X-ray structure lubi (with hydrogen atoms
added according to standard geometry) yields static
Structural noise analysis Q-values 0Qstatici = 0.178 for D23M andQstatici = 0.193

for D36M averaged over all alignment conditions. The

The in uence of structural noise on the SCRM approachPearson correlation coef cients between experimental
was tested for two different scenarios, A and B: RDCs and those back-calculated from the static X-ray

In scenario A, synthetic Gaussian noise was added ostructure arégi = 0.977 for D23M andyi = 0.972 for
the NH vector orientation of the X-ray 1ubi structure (with D36M respectively, on average over all conditions.
hydrogen atoms added according to standard geometry). As described in theéMaterial and methodsection, the
Using PALES (Zweckstetter and B&000, the NH vector SCRM method was designed to iteratively improve the
is tilted Gaussian distributed with opening angleand an  accuracy of the alignment tensor determination and to
equally distributed polar angle as described in (Zweck- adjust the average inter-nuclear vector orientations, and as
stetter and BaxX2002. For the standard deviation of the a result, to further reduce the static Q-valu€¥aici and
Gaussian distribution values of (r)= 10, (b)r =20 or increase the Pearson correlation coef cignindeed, after
(c) r = 30 were chosen, subsequently referred to asalready 4 SCRM-cycles, the static Q-values decreased to
structural noiseof 10, 20 or 30 respectively. For each less than half of the original value witlQsatici = 0.062 for
case (a)—(c) three different random noise structures wereoth D23M and D36M (Fig2a, b). Simultaneously, the
generated. These random noise structures were used esrrelation coef cientsqg increased tohgi = 0.997 on
starting structures for the alignment tensor calculation iraverage (Fig2c, d). Convergence was attained in already 4
the SCRM analysis. cycles of SCRM after which the inter-nuclear vector ori-

For scenario B we used nine crystal structures of ubiquitirentationsd ,,; h,y Pwere found to deviated by less than 0.5
bound to its recognition proteins as input. These structurebetween consecutive SCRM cycles (Figure S2a and S2b in
deviate from the free ubiquitin crystal structure lubi bythe Supporting Information). Thus the iterative procedure
backbone RMSD values between 0.3 and 0.6 TAese rapidly improves the t of the static structure to the RDCs
structures are 1cmx (Johnston etE999, 1uzx (Teo etal. as compared to the input X-ray structure.

2009, 1xd3 (Misaghi et al2005, 1yiw (Bang et al2009), In Fig. 2(e, f) the inter-nuclear angleg; enclosed
2c7n (Penengo et a2006, 2d3g (two structures, (Hirano between the dynamic average NH vector orientations and
et al.2000), 2 f (two structures, (Lee et aR006). the NH vectors of the starting X-ray structure lubi are

For both scenarios, the RDC-based order param%ﬁtrs shown. For better comparison, the dynamic average NH
are compared to those derived from the “noise-free” lubivector orientations have been rotated to a best-t super-
X-ray structure to analyze the in uence of structural noise.position with the NH vectors of the lubi structure (with

protons added according to standard geometry).
Statistical analysis of %. and $ distributions Most of the dynamic average inter-nuclear vector orien-
tations obtained after 4 SCRM cycles differ from those of the
We describe the spread of t8#.and S distributions over  1ubi X-ray structure by less than 1for j ; (Fig. 2e, ). The
all residues of ubiquitin in terms of P-percentiles. The 25thaverage angular deviation is 6.9fbr D23M and 6.87 for
percentile P25 is the value compared to which 25% of thd>36M. Deviations larger than 10are observed for Lys6,
distribution is lower. For the 75th percentile P75, 75% ofLys11, lle13, Ser20, Lys33, Glu34, Arg42, Lys48, Leu50,
the distribution have lower values. The interquantile rangeAsp52, Arg54, Leu67, Val70 and Leu71 for D23M. The
(IQR) is de ned as the difference between P75 and P25largest deviation is 20.3for Arg54 (compare Fig2e, f).
The IQR covers 50% of the distribution and is a directMost of these residues are highly mobile wi &NHP\
measure for the spread of a distribution. 0.7. Exceptions are Lys6 in the rdi-strand, Lys33 and
Glu34 in thea-helix, Leu43 in the third-strand and Leu67
and Val70inthe fthb-strand. Despite the fact th&}, aANHP

Results and discussion [ 0.7 for Lys33 and Glu34, they appear relatively mobile
compared to the surrounding residues indheelix. Values

SCRM on experimental NH RDC data (D23M for all residues have been listed in the Supporting Informa-

and D36M) tion in Table S3 for D23M and S4 for D36M. The derived

dynamic average NH orientations have been compared to the
The SCRM method was applied to both NH RDC experi-NMR 1d3z structure (Cornilescu et 8998 ( rst structure
mental data sets D23M and D36M using the X-rayofthe ensemble) as well (Fi@g, h). The average deviation
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Fig. 2 (a) and ) show
Q-values for back-calculated
RDCs using the X-ray
structure lubi for alignment
tensor determination (dashed
line) and after 4 SCRM cycles
using the tted dynamic average
NH vector orientations (black
line) both for @ D23M and b)
D36M. The t of inter-nuclear
vector orientations and
determined alignment tensor to
the experimental data is
improved signi cantly: starting
from hQi = 0.178 for D23M and
hQi = 0.193 for D36M on
average, the Q-values decrease
to Qi = 0.062 for both D23M
and D36M after 4 SCRM-
cycles. €) and @) same asd)
and ) but for hgi instead of Q-
values. Starting froningi =
0.977 for D23M andx i = 0.972
for D36M on averagebq i
improves tohgi = 0.997 after 4
SCRM cycles. €) and ): The
inter-nuclear angleg; enclosed
between the dynamic average
NH vector orientations and the
NH vectors of the starting X-ray
structure lubi are shown. The
average angular deviation is
6.97 for D23M and 6.87 for
D36M. (g) and f): Same as for
e andf, but compared to the
1d3z NMR structures. The
average deviation to the NMR
structure is 4.84for D23M and
4.52 for D36M. Thus, the
agreement between the derived
dynamic average NH vector
orientations and the NMR
structure is signi cantly better
than for the 1ubi structure
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tothe NMR structure is 4.84or D23M and 4.52for D36M.
Thus, the agreement between the derived dynamic average= 22.4, also for Lys48 and Lys6 the deviations are high

NH vector orientations and the NMR structure is signi -

deviation between 1ubiand 1d3z is observed for Arg54 with
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with j =9.3 and 12.3. A tendency was observed that NH

cantly better than for the 1ubi structure. Interestingly, mostectors involved in hydrogen bonds became more collinear
of those dynamic average NH vectors that showed the largest the electron donating carbonyl groups upon application of
deviations to the 1ubi X-ray structure, for example K6, L67 SCRM. Considering only changes greater than three of the
and V70, did not show large deviations compared to theNH vector orientation, 15 out 23 backbone amide groups

NMR structure. Only Lys11l and Asp52 show large dis-became more parallel to the carbonyl group.

crepancies both for the X-ray and NMR structure. Both are For comparison, the SCRM analysis was repeated using
highly dynamic. In the 1ubi structure Lys6, Lys48 and Arg54the 1d3z NMR structure as starting structure. As expected,
appear to be affected by crystal packing. Indeed, the largesihe results are almost identical and corroborate the
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robustness of the SCRM approach. The resulgfjg;h\HP  found for D23M (see Supporting Information for details).
andj j are listed in the supporting information as well, in That analysis yields an estimated inhomogeneity for the
Table S3 for D23M and S4 for D36M, compare also FigureD23M dataset of 0.22 Hz.
S2c and S2d. Since it is not expected that removal of only 13 data sets
In parallel with the improvement of the static Q-valuesreduces the RDC-rmsd by almost a factor of 2, this result
MQstatici and correlation coef cientsq, the RDC-based indicates that the resulting set D23M is more homoge-
order parametersy,. also converged after 4 cycles of neous, consistent with the SECONDA analysis. As
SCRM (Fig.3a, b). mentioned above, SECONDA homogeneity is neither
A more speci ¢ measure of the t of the SCRM results compatible with signi cant structural changes induced by
to the experimental RDCs are residue-speci ¢ RDC-rmsdhe alignment media nor with signi cant correlation of the
values which can be back-calculated from the model-freeector uctuations and the alignment tensor. Thus, for
derived dynamic averaged second order spherical haB23M the error introduced by ignoring a possible corre-
monics (compare Fig3c, d). For D23M, the average RDC- lation between internal protein dynamics and alignment
rmsd was strongly reduced homsdydc; jbi = 0.28 Hz after tensor uctuation is small. Further, also the use of a single
four SCRM-cycles compared tomsdidc;jbi = 0.52 Hz  dynamically average alignment tensor does not seem to
for D36M. introduce a considerable error. Signi cant deviations of
To estimate the remaining inhomogeneity in the dataymsdidc;jp values from the average can mainly be
we added Gaussian noise to the noise-free back-calculatetserved for loop regions indicating a possible correlation
RDCs until the SECONDA gap reached 6.8, the valuebetween internal dynamics and alignment tensor

Fig. 3 (a) and p): The average
differenceD of RDC-based

S, NHporder parameter
between subsequent SCRM
cycles for @) D23M and p)
D36M is shown:
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uctuations for these regions, in agreement with (Salvatellato the RDCs back-calculated from the model-free derived
et al. 2009. Possible complications as addressed in (Loudynamically averaged second order spherical harmonics
hivuori et al. 2007 are thus unlikely for the alignment YZ;Maqjm';/ jm"'bi in the different alignment conditions
conditions in the D23M subset. (Fig. 3e, f). For D23M the average dynamic Q-value is

For both D23M and D36M the resultir@dc RDC-based  Qgyn = 0.027 and for D36M Qgyn = 0.037 which
order parameters are identical within the error, with very fewindicates that the SCRM results agree very well with the
exceptions for Gly35, Lys63 and Leu71 (Figg). The cor- experimental RDC results. Conceptually, the RDC-based
relation coef cient between th&,. derived from both data model-free method resembles a residue-wise least-square
sets D23M and D36M ig = 0.945. The inter-nuclear angle  t to the experimental RDCs. Thus the dynamic Q-values
enclosed between the dynamic average vectors derived fromdicate the best- t solution to a restraint-free minimization
D23M and derived from D36M agree very well with an of the second order spherical harmonios;dejmo';/ j’“"'bi
averagej value of 1.4 (compare Supporting Information to the experimental RDCs. In terms of a possible RDC-
Figure S2e). A higher deviation is observed for Gly35 andbased molecular dynamics ensemble re nement, a mini-
Asp52 which also shows a higher discrepancy of$he mization of the NH vector orientation without additional

A second measure of the t of the SCRM results to theforce- eld restraints yields a distribution of NH vector
experimental data are the dynamic Q-valu@gn. Those orientations that resembles the SCRM-derived results and
were obtained from the correlation of the experimental datarder parameters.
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Fig. 4 RDC-basedsy . NHpPorder parameters (red and blue) scaled identical within the error, with a very few exceptions for Gly35,
according to the method described in the supplement are compared tys63 and Leu71. The correlation coef cientgs= 0.945. ¢l) and €):

the Lipari-Szab&SNHP(black) for @) D23M and p) D36M. Both ~ comparison of ¢) S 8NHP and € SFONHP order parameter
error bars forr ™ = 0.3 Hz andr ™14 rmsddc; jpare indicated as  distributions, The 25th percentile of tHg,. distribution is P25 =
horizontal lines. While for some residu&®,, and §¢ have almost  0.68, the 75th percentile is P75 = 0.80 for D23M, giving and
equal values, for others, mainly in loop regions but also in secondarynterquantile range (P25 to P75) of IQR = 0.12. (Identical values are
structure elements$,, values are signi cantly lower. The average obtained for D36M.) In contrast, the distribution of Lipari-Szabo
RDC-based order parameter is§y, = 0.72 0.02 for D23M  order parameter§g is 2.4 times narrower with P25 = 0.78, P75 =
and §,, =0.72 0.02 for D36M compared tos =0.778+ 0.003  0.83 and an interquantile range of IQR = 0.05. For the RDC-based
for the Lipari-Szabo order parametec) RDC-based order param- order paramete,. the IQR is more than double than that for the
eters §,.NHP derived from D23M (red) and D36M (blue) are Lipari-Szabo g showing that the RDC-based order parameters
compared. Both data sets D36M and D23M gifg.8NHPthat are  detect a much wider range of mobility
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Determination ofSyeral relaxation,§¢. With an interquantile range of IQR = 0.12
for D23M (and 0.12 for D36M) compared to IQR = 0.05
A rigorous statistical analysis yields th&yeru is smaller  for the Lipari-Szabd&g order parameters, the distribution
than 0.89 with a con dence level (see Supporting Informa-of S, order parameters is 2.4 times wider than &
tion) of 95% using only the experimental errcﬁ*pofos Hz.  (Fig. 4d, e). In conclusion the RDC-based order parameters
The con dence level drops to 67% using the total err?ﬂ‘Sd. sample additional motion beyorsd. The fact that allS,.
This result is consistent with an independent statisticamust be smaller than tH&, together with the much wider
analysis based on a hypothesis test (see Supporting Infogpread of theS,. distribution, leads on average to lower
mation). TheSyeran found in this work deviates from our RDC-based order paramet@%c.
previous analysis Sveran = 0.83) (Lakomek et al2006 Supras; motion is observed mainly in loop regions like
since now the most mobile NH amide groups have beeii7-11, 20, 36—40, 46—-47, 50-56, 60-65, 72-76), but also
excluded from the alignment tensor calculation resulting in &or several residues in secondary structure elements (2-6,
smaller downscaling oD;.,, caused by isotropic internal 12-17, 22-35, 41-45, 48-49,(b7-59, g6-71). The average
dynamics. Consequentl@yera is expected to be larger than RDC-based ordpr parameter i§?dc;,oop = 0.66+ 0.04
the value of 0.83 obtained in the previous analysis (Lakomekrom D23M and Srzdc;,oop = 0.65% 0.04 from D36M for
et al.2006. Note that the averages,. =0.72 are equal in loop regions. These yalues are about 10% smaller than the
this and the previous analyses (vide infra). Lipari-Szabo value of Sz_Sloop =0.72+ 0.04 for the loop
regions. For secondary strugiure efements the average
RDC-based order-parameter iy .. = 0.77+ 0.01
(botpfor D2BM and D36M) and still about 5% smaller than
the Fgeec = 0.81+ 0.01. The presence of supsa-
énotion in secondary structure elements is emphasized by
comparing the 25th and 75th percentile P25 =0.72 and P75
= 0.82 of the RD§-based order parameter in secondary
structure elements ;... derived from D23M (P25 =
0.75 and P75 = 0.83 in the case of D36M) tpP25 £0.79
yand P75 = 0.85 for the Lipari-Szabo onesfq,. -
Table?2 lists all parameters describing th&,. distribu-
tion and the g distribution.

Analysis of &, order parameter distribution shows
supras, motion

In Fig. 4(a, b) the derived NH RDC-based order parameter
S, .NHPfor D23M and D36M are compared to the Lipari—
Szabo §FONHP order parameters. The derivegf, ANHP
order parameters are listed in the supporting information
While for some residue§%,, and §g are very similar, for
others, mainly in loop regions but also in secondar
structure elements, signi cantly lowef,, values are

observed. The average RDC-based order parameter X )
&, =0.72% 0.02 for D23M and for D36M compared to Interestingly, an alternating pattern &, . NHP order _
2~ 0.778+ 0.003 for the Lipari—Szabo order param- Parameters was extracted for residues Lys48 to LeuS0 in
S P P the 4thb-strand. The backbone of Lys48, whose side chain

is known to be involved in the poly-ubiquitination process

that leads to protein traf cking and degradation, appears

very mobile with an order parameter &, &NHp= 0.59+

D £ 0.03 for D23M &, MNHP = 0.58 + 0.07 for D36M)

1 g v, 1 Shic : compared td¥s@NHP= 0.82 for the Lipari—-Szabo value.
Hpra S Es Other alternating patterns &, . NHPin b-sheets like

GIn41 to Phe45 that have been described before (Lak-

omek et al.2005 are reproduced in this analysis for

D23M, however with reduced amplitude. The same

eter. The order parameterSg is a measure for the
remaining rigidity in the suls. window. For the mobility
in that window, 1 S is the appropriate measure.
Similarly, the supras; mobility is measured by

Accordingly, inclusion of the supras window increases
the averaged amplitude of mobility observed in the sub-

window by: alternating pattern is observed weakly also for Lipari—
- 1 DS@ E 1 @ Szabo order parameter§NHP (Chang and Tjandra

supra s; _mobility, = Swwpras. , 7 P 2005. These ndings are consistent with our earlier
sub sc  mobility 1 g . 1 analyses (Lakomek et af009, independent ndings for

v, 34%: protein G using the 3D-GAF analysis (Bouvignies et al.

2005 and even earlier results by Palmer and
For D23M, N = 5%, order parameters were derived co-workers for Ribonuclease H (Mandel et @995
and N = 62 for D36M. For theg N = 49 §¢ were Mandel et al.1996 and Fibronectin type Il (Carr et al.
available. The correlation coef cient betwe&f,, andSs 1997 using relaxation methods. A correlation between
is g = 0.45 for D23M (andy = 0.41 for D36M). backbone mobility and side-chain orientation has recently
For both data sets$,, order parameters show a sig- also been extracted from ultra high-resolution X-ray
ni cantly broader spread than those derived fromstructures (Davis et aR006.
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Table 2 Statistics on the RDC-based order parame&gNHP (a) derived from D23M; (b) derived from D36M

All S, NHP All SANHP Sec. StructS,.NHP Sec. StructFsNHP Loops S, NHP Loops FaNHP
(a) Derived from D23M
hi 0.72+ 0.02 0.778+ 0.003 0.77+ 0.01 0.81+ 0.01 0.66+ 0.04 0.72+ 0.04
P25 0.68 0.78 0.72 0.79 0.59 0.69
P75 0.80 0.83 0.82 0.85 0.77 0.82
IQR 0.12 0.05 0.10 0.05 0.18 0.13
N 57 49 34 31 23 18
(b) Derived from D36M
hi 0.72+ 0.02 0.778+ 0.003 0.77+ 0.01 0.81+ 0.01 0.65+ 0.04 0.72+ 0.04
P25 0.68 0.78 0.75 0.79 0.61 0.69
P75 0.80 0.83 0.83 0.85 0.78 0.82
IQR 0.12 0.05 0.08 0.05 0.17 0.13
N 62 49 37 31 25 18

The average values, the 25th and 75th percentile as well as the interquantile range IQR and the number of analysed residues N are shown and
compared to the data from relaxati6fs@\NHP The 1st and 2nd column show the values for the complete distribution, in the 3rd and 4th columns
and the 5th and 6th columns we distinguish between secondary structure elements and loop regions

The percentile values reveal a much wider distributior§@f&NHPorder parameter than for trg<8NHP This effect is most visible for loop
regions but also for secondary structure elements

(b): The same statistics as in (a) but &.8NHPderived from D36M
Focus on supra; motion appear more mobile, while residues with side chains
pointing to the hydrophobic core of the protein appear
To distinguish supra motion from subs; motion, the more rigid in the protein backbone, in agreement with
distribution of §,.=§<8NHPwas analyzed along the amino (Lakomek et al2005. The analysis has been applied in the
acid sequence of ubiquitin (TabR). For residues with same way as presented in (Lakomek et24l05. A very

solvent-exposed side chains, the backbone amide groupsmple two-state model has been applied. All residues with

Table 3 Statistics on the RDC-based order parame®ysFNHP (a) derived from D23M; (b) derived from D36M which describe the supra-
Sc contribution to mobility

Fe=FNHP Core(i) Solvent(i) 0 hb 1 hb 2 hb

(a) Derived from D23M

R =FNHP 0.93+ 0.03 0.90+ 0.02 0.81+ 0.05 0.92+ 0.02 0.92+ 0.02
P25 0.87 0.81 0.78 0.87 0.85
P75 1.00 0.97 0.85 1.00 0.98
IQR 0.13 0.16 0.07 0.13 0.13

N 10 28 5 22 11

(b) Derived from D36M

R =FNHP 0.93+ 0.02 0.90+ 0.02 0.82+ 0.04 0.92+ 0.02 0.93+ 0.02
P25 0.92 0.81 0.78 0.92 0.91
P75 1.00 1.00 0.87 1.00 1.00
IQR 0.08 0.19 0.09 0.08 0.09

N 11 31 6 23 13

The average values, the 25th and 75th percentile as well as the interquantile range IQR and the number of analyzed residues N are shown. The 1st
and 2nd column distinguish between residues with solvent-exposed side chains and those pointing towards the hydrophobic core

The averages,.=FINHPreveals a slight tendency for core residues to be more rigid. 25% &frest INHPdistribution are lower than the

25th percentile which is P25 = 0.81 for the class of solvent-exposed residues and P25 = 0.87 for the core residues in the case of D23M. This
reveals a tendency for residues with solvent exposed side-chains to be more mobile in the protein backbone (Lakon28®t &he
dependence df,.=FNHbPvalues on the number of hydrogen bonds the residue is involved in is analyzed columns 3 to 5. Peptide planes that
are not involved in a hydrogen bond (hb0) appear more mobile than those that are hydrogen-bonded

(b): The same statistics as in (a) but &= <NHPderived from D36M
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a solvent accessibility less than 11.5% were considered &CRM cycles are in excellent agreement with those
core residues, all others as solvent-exposed. Solvemibtained using the noise-free structure lubi), both for 10
accessibility has been calculated using MOLMOL (Koradiand 20 Gaussian noise, as seen in Figa, b). Even for
et al. 1999. The averag@?dczsfsa\le value is 0.90+ 30 structural noise the agreement is reasonably good (see
0.02 for solvent-exposed residues and (98.03 for core  Fig. 5¢).
residues in the case of D23M (and 0-80.02 and 0.93% The SCRM approach has been tested on nine different
0.02 for D36M) which reveals a tendency of core residuesnput structures that deviate considerably from the free
to be more rigid. The 25th percentile is P25 = 0.81 for theubiquitin crystal (see Materials and methods case. B)
class of solvent-exposed residues and P25 = 0.87 for thé/hile the original model-free approach (Lakomek et al.
core residues for D23M (and P25 = 0.81 and P25 = 0.92 foR00§ is affected by structural differences of the input
D36M). This indicates a tendency for residues with solvenstructures used for tensor calculation (Fid, €), the new
exposed side-chains to be more mobile in the proteirBCRM method alleviates the effect of structural noise
backbone than those with side chains pointing towards th@-ig. 5f, g). After only 4 SCRM cycles théfdcd\leorder
hydrophobic core (Lakomek et &005. parameters of the nine different test cases have converged
The dependence &, .= NHPvalues on the number and agree very well with those for the free form 1ubi
of hydrogen bonds on the corresponding peptide planéFig. 5¢c, d). The standard deviation o, . 8NHP order
(including the amino group NH(i) and the preceding car-parameters is = 0.033 for the original RDC-based model-
bonyl group CO(i-1)) is analyzed in the same way as infree approach applied on D23M € 0.039 for D36M) and
(Lakomek et al2005. Peptide planes that are not involved r = 0.010 after 4 SCRM cycles applied on D23M €
in a hydrogen bond appear more mobile than those that a@006 for D36M). This illustrates nicely that the SCRM
hydrogen-bonded: The average RDC-based order paramemiethod is able to accurately determine alignment tensors
ter is §,.=F<NHP= 0.81+ 0.05 for D23M (0.82t 0.05 and inter-nuclear vector orientations almost independently
for D36M) when the peptide plane is not involved in from the quality of the starting structure (within a certain
hydrogen bonds, compared to 0.92 0.02 (D23M and range). This is an important prerequisite for reliable
D36M) when the peptide plane is involved in at least onequanti cation of macromolecular dynamics. We are cur-

hydrogen bond. For details, see TaBle rently exploring how strongly the initial structure can
deviate from the nal structure to still obtain a converged,
Comparison to previous analyses correct structure. Already now, it would be possible to

derive an initial structure using the DIDC approach (Tol-
The correlation coef cient between tt&, &NHPderived i man 2002 or a recent extension of this approach (Yao
this analysis and the previous one (Lakomek eR@D6 is et al. 2008. In a second step the SCRM approach could
g = 0.80 for D23M andj = 0.82 for D36M. Both analyses then be applied.
yield an average &,. of 0.72, which underlines the
presence of motion beyond the overall tumbling correlation
time s.. These results also highlight that it is important to Conclusions
remove the possible bias introduced by the structure used
for the tensor calculation. In the previous analysis (Lak-A Self-Consistent RDC-based Model-free (SCRM)
omek et al.2006 some outliers were present, for which approach has been developed based on the RDC-based
S, .NHP order parameters were larger than the corremodel-free approach as implemented in (Lakomek et al.
sponding Lipari—-Szabo on@fsd\al These were Leu8, 2005 2006. It differs from the previous approach in that it
Asp32, GIn49 and Ser57. In the SCRM analysis theseeduces the in uence of the details of the structure used for
residues showS, 8NHP values lower than the corre- the tensor calculation from the RDCs. Therefore, it makes
sponding SONHP and are less conspicuous. Thesethe model-free analysis robust against the inuence of
previous outliers are attributed to the in uence of structuralstructural noise.
noise. As described in the next paragraph, the new SCRM SCRM was applied on two NH RDC data set collections,

method can ef ciently avoid such outliers. D36M and D23M. For both NH RDC data collections, the
new SCRM approach gives almost identi€a|.&NHPorder

SCRM analysis is robust against the in uence parameters (correlation factor of 0.945). According to

of structural noise SECONDA analysis D23M increases homogeneity of the

RDC data with still adequate sampling of alignment tensor
For synthetic structural noise added to the starting structurerientations in the 5-dimensional tensor-space.
for the SCRM analysis (see M&M scenario A), the For D23M we conclude that there are neither signi cant
resulting S, .NHPorder parameters (using D36M) after 4 structural changes induced by the alignment media nor
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Fig. 5 SCRM-deriveds, . 8\NHPafter addition of &) 10 (b) 20 and structures have a backbone rmsd between 0.3 and G® the free

(c) 30 synthetic structural noise on the 1ubi X-ray structure used asXray structure 1ubi (Ramage et d1999 (black line) and serve as a
starting structure for alignment tensor calculation. The agreementest case for severe structural noisé). énd @): S, 8NHb order
between the calculateff, 8NHPand those derived using the noise- parameter are derived fof)(D23M and () D36M using the new
free structure (black) shows that SCRM is robust against the in uenc&SsCRM method and the same nine different structures of ubiquitin
of structural noise.d) and €): §,.8NHPorder parameter are derived (free X-ray structure lubi black line). While the original model-free
for d) D23M and e) D36M using the original RDC-based model-freeapproach (Lakomek et a2005 is affected by structural difference of
analysis and nine different structures of ubiquitin bound in severathe input structure used for tensor calculation, the new SCRM method
complexes as starting structure for the analysis. The differentlleviates the effect of structural noise

signi cant correlations of the vector uctuations and the used as input for the SCRM analysis. The resulting order
alignment tensors. A possible correlation between alignparameters were found to agree within 0.01 irrespective of
ment tensor uctuations and internal dynamics, which haghe starting structure.
been proposed as a possible source of error by (Louhivuori Consistent with the previous analysis, the inclusion of
et al. 2006 2007, is therefore likely to be small. This the supras. window increases the averaged amplitude of
nding is also in agreement with theoretical predictions mobility observed in the subs window by about 34%.
(Salvatella et al2008. These additional motions on a time scale slower than the
We have shown in this work, that the inuence of correlation times; occur mainly within loop regions but
structural noise on the alignment tensor determination andlso within secondary structure elements.
nally the resulting S, 8NHP order parameter can be  Alternating mobility patterns on thes?, &NHP order
alleviated by the SCRM method. We have added synthetiparameters irb-sheets were extracted, in agreement with
structural noise to the lubi X-ray structure and have usethe previous analysis. For the 4hstrand from Lys48 to
different structures of ubiquitin from several complexesLeu50 an alternating pattern &, 8NHP was extracted
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with an average amplitude of tlﬁdca\]Hporder parameter Open Access This article is distributed under the terms of the
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A pronounced diference between the sub- and sapra- 11" Y ICSIe e Seton S enrodtcin 1 ens
amplitude for Lys48 was observed wi@sa\lez 0.82
and<, . NHP= 0.59. Thus, there is more supsathan sub-
Sc motiong"“g\\l':s\ SFNHP Lys48 is involved in the poly-
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