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Abstract: Characterization of the unfolded state is a fundamental prerequisite for understanding protein
stability and folding. We have investigated local conformational sampling in urea-denatured ubiquitin at pH
2.5 by measuring an extensive set of residual dipolar couplings (RDCs) under conditions of partial molecular
alignment. Seven experimental RDCs per peptide unit, including complementary fixed-geometry and
interproton (*HN—1HN and *HN—'H%) couplings, were used to investigate the structural properties of the
peptide chain. Amino-acid-specific potentials that simultaneously reproduce all RDCs in the molecule are
found to sample more extended conformations than the standard statistical coil description. Analysis of
3Junne Scalar couplings measured under the same conditions suggests that neither polyproline Il nor extended
p-regions dominate this additional sampling of extended conformations. Using this approach we propose
a model of the conformational landscape throughout the peptide chain of urea-denatured ubiquitin, providing
an essential description for understanding the unfolded state.

Introduction fundamental rules for understanding the molecular basis of

Characterization of the conformational properties of unfolded protein stability and folding.

proteins provides the basis for understanding both the mecha- NMR i.s parti(_:ularly vygll-suited to t.h.e study of _unfplded
nisms of protein folding and the molecular function of natively proteins in solutior,providing site-specific characterization of

unfolded proteind? While the vast amount of structural Structural properties along the entire peptide ctaif.Local
information defining stable protein structures to high atomic conformational properties in different partially folded and
resolution has provided a solid basis for relating structure to denatured forms of ubiquitin have been investigated using NMR
function in soluble proteins, the unfolded state occupies a secondary chemical shifts an.d scalar coupfitgsand spin.
conformational landscape that remains relatively poorly under- relgxa'ltllon%5~16 Strong correlgtlons were shown to exist in
stood. This basic information is however central for accurate Ubiauitin between botti-couplings and cross-correlated relax-
interpretation of experimental data on protein stability and ation rates, sensitive to local backbone dihedral angles, and

folding? on protein misfolding and development of associated values calculated by averaging over a statistical coil model
diseasé, and on the induced folding upon binding that is derived from a structural databaSeRecently residual dipolar

fundamental to the molecular function of natively unfolded couplings (RDCs), measured under conditions of partial mo-

proteins®® In this study we are interested in describing the €cular z;llgnrr;en%, and Ireportng on ens;zmblglr and gm_e
conformational behavior of urea-denatured ubiquitin. Despite averaged conformational sampling up to the millisecond time
the large volumg of experimental glata measureql in chemically 7) Dyson. H. J.. Wright, P. EChem. Re. 2004 104, 3607-3622.
denatured proteins, the effect of high concentrations of urea on (8) Neri, D.; Billeter, M.; Wider, G.; Wuthrich, KSciencel992 257, 1559-
i i i i 1563.

the Ioca] struc'tural and dynamlg properties pf the pe.ptlde cha!n, (9) Alexandrescu, A. T.: Evans, P. A Pitkeathly, M.. Baum, J.: Dobson, C.
and their relation to the mechanism of protein unfolding, remain M. Biochemistryl993 32, 1707-1718.

: ; (10) Vendruscolo, M.; Paci, E.; Karplus, M.; Dobson, C. Rfoc. Natl. Acad.
largely unknown. An accurate representation of conformational Sci. U.S.A2003 100, 14817-14821.

sampling in urea-denatured proteins will help to establish (11) Smith, L. J.; Bolin, K. A.; Schwalbe, H.; MacArthur, M. W.; Thornton, J.
M.; Dobson, C. M.J. Mol. Biol. 1996 255, 494-506.

(12) Choy, W.-Y.; Mulder, F. A. A.; Crowhurst, K. A.; Muhandiram, D. R.;

T University of Basel. . Millett, I. S.; Doniach, S.; Forman-Kay, J. D.; Kay, L. B. Mol. Biol.
*Institut de Biologie Structurale Jean-Pierre Ebel, CEA CNRS UJF. 2002 316, 101—112.
§ University of Copenhagen. (13) Peti, W.; Henning, M.; Smith, L. J.; Schwalbe, HAm. Chem. So200Q
(1) Dill, K. A.; Shortle, D. Annu. Re. Biochem 1991, 60, 795-825. 122 1201712018.
(2) Dyson, H. J.; Wright, P. ENat. Re.. 2005 9, 197—-208. (14) Wirmer, J.; Schwalbe, Hl. Biomol. NMR2002 23, 47-55.
(3) Daggett, V.; Fersht, A. RNat. Re.. 2003 4, 497-502. (15) Brutscher, B.; Bischweiler, R.; Ernst, R. BBiochemistry1997, 36, 13043~
(4) Dobson, C. MNature 2003 426, 884-890. 13053.
(5) Fink, A. L. Curr. Opin. Struct. Biol2005 15, 35-41. (16) Wirmer, J.; Peti, W.; Schwalbe, H. Biomol. NMR200§ 35, 175-186.
(6) Tompa, PTrends Biochem. Sc2002 27, 527-533. (17) Tjandra, N.; Bax, ASciencel997, 278 1111-1114.
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rangé®1%have been shown to be sensitive to levels of structure
that are difficult to detect using other techniques, thereby
offering an increasingly promising tool to quantitatively assess
the degree of order present in unfolded protéhsg In this

study we use an extensive set of RDCs measured in ubiquitin,

denaturedn 8 M urea, and aligned in polyacrylamide gel to
develop a description of the conformational landscape of the
peptide chain under these conditions.

Conformational Sampling in Unfolded Proteins

The physical interpretation of RDCs in terms of levels of
order in unstructured proteins remains the subject of some

discussion. RDCs have a simple dependence on the internuclear

dipolar vector:

Vivipoh| Bo(coso(t))
D; = o H’z rij3 D 1)

[ 87[3

where 6 is the instantaneous angle of the internuclear vector

properties for the disordered chain in solution. In particular,
RDCs were calculated using a shape-based alignment predic-
tion?° applied to each copy of the ensemble using the expression

_ Vi?/jﬂoh
16ar°

[

u A3 03[0 — 1) + A sir @ cos 20 (2)

whereA, and A, are the axial and rhombic components of the
alignment tensor of the conformer ar®,®} the polar
coordinates of the internuclear vector in the tensor frebyes

then averaged over all copies. This approach was initially
applied to a two-domain protein, one of which was entirely
unstructured, providing a quantitative analysis of the degree of
order present in the unstructured domain, and closely reproduc-
ing both 1Dy and 2Deony couplings throughout the protein.
Agreement was also found between experimental and simulated
DNy couplings measured in a number of natively and urea-
unfolded proteingd?-39The reproduction of experimental RDCs
from both natively and chemically unfolded proteins establishes

with respect to the magnetic field, and the average is taken OVErEM and related approaches as basic tools for studying unfolded

all sampled orientations up to the millisecond range in all

members of the ensemble. The frequently observed pattern off

negative!Dyy RDCs measured along the unfolded chain in
longitudinally stretched gels, with larger couplings at the
midpoint of the chain tapering off to negligible values at the

proteins in solution, providing baseline values that result directly
rom the conformational properties of the primary sequence that
can be considered as “random coil”. Departure from these values
can be interpreted in terms of specific local or long-range
conformational behavior.

chain termini, can be understood in terms of average bond Despite these advances, very few studies have extended the

orientations that are expected to be more often perpendicular

than parallel to the static field. Gaussian chain models have
been used to present related observations in more formal #&rms.
Fine structure that departs from this general distribution has
been interpreted in terms of local turn conformations resulting
in positive 1Dy, due to inversion of the sign of the angular

averagé 24 (the bond vector has a higher probability to align

with the field). Such interpretations have the advantage of being

investigation of RDCs in unfolded proteins beyond the analysis
of IDny couplings. In this study, we seek to extend our
understanding of the structural behavior of unfolded proteins
by measuring a more extensive set of RDCs (up to seven
couplings per peptide unit) in urea-denatured ubiquitin. These
data are combined with FM analysis to provide a detailed
description of the conformational phase space sampled by the
chain under these conditions.

intuitively accessible, describing the general features of expected As discussed above, RDCs depend on the angular probability

distributions of!'Dyy in unfolded proteins. In order to further

understand the significant site-by-site dispersion observed for

RDCs in unfolded proteins, it is useful to consider two recently

presented approaches that explicitly account for the heteropoly-

meric nature of the peptide chah?8Both methods use random
sampling of distinct amino-acid-specifig/yy propensities,

derived from a structural database of nonsecondary structural

elements in folded proteins, to construct a large number of
conformers of the protein of interest. One of these approaches
termed flexible-meccano (FM), explicitly calculates an ensemble
of conformers that can then be used to predict experimental

(18) Prestegard, J. H.; al-Hashimi, H. M.; Tolman, JQRRe. Biophys 2000
33, 371-424.

(19) Blackledge, MProgr. Nucl. Magn. Reson. Spectrogf05 46, 23—61.

(20) Shortle, D.; Ackerman, M. SScience2001, 293 487—489.

(21) Louhivuori, M.; Pakkodnen, K.; Fredriksson, K.; Permi, P.; Lounila, J.;
Annila, A. J. Am. Chem. So2003 125 15647-15650.

(22) Fieber, W.; Kristjansdottir, S.; Poulsen, F. Nl. Mol. Biol. 2004 339,
1191-1199.

(23) Mohana-Borges, R.; Goto, N. K.; Kroon, G. J. A.; Dyson, H. J.; Wright,
P. E.J. Mol. Biol. 2004 34, 1131-1142.

(24) Meier, S.; Gthe, S.; Kiefhaber, T.; Grzesiek, $. Mol. Biol. 2004 344,
1051.

(25) Dames, S.; Aregger, R.; Vajpai, N.; Bernado, P.; Blackledge, M.; Grzesiek,
S.J. Am. Chem. SoQ006 128 13508-13514.

(26) Mukrasch, M. D.; Markwick, P. R. L.; Biernat, J.; von Bergen, M.; Bernado,
P.; Griesinger, C.; Mandelkow, E.; Zweckstetter, M.; Blackledge,JM.
Am. Chem. SoQ007, 129, 5235-5243.

(27) Bernado, P.; Blanchard, L.; Timmins, P.; Marion, D.; Ruigrok, R. W. H.;
Blackledge, M.Proc. Natl. Acad. Sci. U.S.£2005 102 17002-17007.

(28) Jha, A. K.; Colubri, A.; Freed, K.; Sosnick, Froc. Natl. Acad. Sci. U.S.A.
2005 102 13099-13105.,
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function of the dipolar orientation (eq 1), that can be numerically

simulated by averaging eq 2 for each conformer. This provides
access to the effective angular average with respect to the
magnetic field that we will denot&(©,®)such that:

Vivitoh
ij

ViYiioh

T

D [0(0,P) = — [P,(cos)0 (3)

av

As we demonstrate below, despite the apparent complexity
of this function, examination of the behavior @(©,®)can
provide useful insight.

Results and Discussion

One-Bond (Fixed Distance) RDCsThree sets of one-bond
RDCs {(Dnn, Dcore, and 'Deec) were measured in urea-
denatured ubiquitin aligned in stretched polyacrylamide gel. The
data are shown in Figure 1 in comparison to predicted couplings
determined using the statistical coil-based approach, flexible-
meccano (FM%’ The ability of the coil model to reproduce
experimental data is also summarized in Table S1 in the
Supporting Information. In the absence of a quantitative estimate
of the absolute degree of alignment in the sample, RDC

(29) Zweckstetter, M.; Bax, AJ. Am. Chem. So200Q 122 3791-3792.
(30) Bernado, P.; Bertoncini, C.; Griesinger, C.; Zweckstetter, M.; Blackledge,
M. J. Am. Chem. So@005 127, 17968-17969.
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0 AN AP AT AP Figure 2. Dependence of the angular contributi@(®,®)on confor-
mational sampling[g(©,®)0was calculated using the shape-based ap-
proximation to the alignment ten$érfor a poly-Ala polymer, averaged
-10 over 50 000 conformations using standard FM database sampling of Ala
DnH (bottom left-hand panel). The three other panels show the effects of
20 introducing 4-12% additional conformational sampling of more extended
0 10 20 30 40 50 60 70 regions of Ramachandran spaggy = (—105 + 40°, 135 + 15°),

encompassing both-sheet and PPII populations).
Sequence

Figure 1. Fixed geometry RDCs measuretd8 M urea unfolded ubiquitin of the.pepti(.je chain (defined in terms@‘hp diStribUti_onS) a.nd
at pH 2.5 aligned in stretched polyacrylamide gel. (a) Experimétta, the orientation of the bond vector within each peptide unit. The

Deata, and Deac RDCs (red) compared to simulation using the FM  angular contributiong(©,®)to the effective average coupling

approach (blue) with standard database sampling. The three datasets wergimulated using FM is shown in Figure 2 for a number of
scaled independently to best match the experimental data (scaling values’,. . . .
in Table S1, Supporting Information). (b) RDCs shown in (a) using the different couplings in a poly-Ala molecule at different degrees

same scaling factor for all couplings. The best matching scaling factor was of extendednesgg(©,®)Uis averaged over the FM ensemble
optimal for *Dy. using the standard database conformational sampling for Ala

distributions are normally scaled to facilitate comparison to '€Sidues. The results demonstrate that, while the vectors

experimental values. In this case we find that, while individual IMPlicated in the tetrahedral junction {€H®, C*—N, C*~C')
RDC types are well reproduced in terms of the distribution of Nave similar absolute values, with either negative or positive
RDCs along the sequence, they are not optimally scaled by theS'9NS thNe remaining couplings present in the peptide plare (N
same factor in each case. When a common scaling factor isH’C_H ,C-N) have !owgr angular averages. It is useful to
used such that th¥y couplings are best reproducéBcuc recall that @(O,@)D is identical to the angular averfage
are overestimated by more than 40% (Figure 1b). Similarly 2[P2(C0s #)Uin eq 3 and therefore reports on the predicted
1Dy couplings are overestimated by approximately 35%. One average vector orientation with respect to_ the magnetic field.
possible explanation for this could be differential dynamic ' Some cases, for example thBcy coupling, the average

fluctuations of the different bond vectors, possibly due to urea orientation is sufficiently close to the “magic gngle" that
binding to the amide groups and restricting their motion. predicted values are close to zero. When the chain is forced to

However, if this discrepancy were due to mobility alone, sample more extended conformations (Figure 2) such that the

effective angular order parameters fot-6He bonds would be peptide chain _is Ii_kely to align more strongly in the direction
40% higher than for NHN bonds, requiring very specific of the magnetic field, the relative averages change such that

1
dynamic modes throughout the protein. The interspin distancesthe1DNH angul.ar average approaches .. average, andl
chosen to predict each coupling can of course also contributeh®*Den coupling actually goes through zero and changes sign.

to the differential scaling effect. The distances used here for It is therefore evident that the differential scaling of different
C*—He and N-HN bonds are taken from the dynamically coupling types required to reproduce experimental data could
averaged values determined by Bax and co-workers (1.117 AP€ refated to the degree of extendedness of the chain.

and 1.041 A, respectively}. The effect of assuming even a W€ note that the Ialrgest positivg(®,®)0values for one-
rather short distance of 1.01 A results in an effective differential 20N couplings’Ocan, 'Deac) are of similar absolute value as
shift in Dy and Deana Scaling of 9%, indicating that an the smallest negativey(©,®)values {Dcyna). SincePy(cos

inaccurate estimate of interbond distances cannot realistically ?) Nas @ lower bound 0£0.5, the average orientations relative
account for the observed effects. to the field must lie in a cone whef@,(cos6)| < 0.5 (48 <

An alternative explanation is identified from simulation: As 0 = 90°). T_hus, the rarjge dPo(cos0) betwe?n 0.5 alnd 170
the peptide plane associating two sequential amino acid o < ‘1180) IS nozt effecn.vely §amp|ed waHv DC‘*H‘*' Deac,
backbone elements is essentially flat and tHe janctions Dean, *Den, or “Denw, implying also that interactions that are

tetrahedral[@(,®)Cls influenced by two factors: the sampling m_ore coaxial with the magnetic field would sample_ angu_lz_ar order
with greater sensitivity (up to a factor of 2). This is verified, at

(31) Ottiger, M.; Bax, A.J. Am. Chem. Sod.99§ 120, 12334-12341. least by simulation, by calculating the expected angular average

J. AM. CHEM. SOC. = VOL. 129, NO. 31, 2007 9801
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) o Figure 4. Interproton RDCs measured 8 M urea-unfolded ubiquitin at
Figure 3. Strands of extended anfitsheet conformations showing the 115 5 gjigned in stretched polyacrylamide gel. Experimeté—tHe, ;,
measured couplings used in this study to define the conformational SPaCeIyN 1N, 1 andiHN,—IHN, , RDCs (red) compared to simulation using

native to urea-denatured ubiquitin. the FM approach (blue) with standard database sampling. The best matching
scaling factor K = 1.7) was optimal fofHN—1H%_;.
for couplings betweetHN,—1HN,,, a vector known to follow
the principal direction off-sheet and extended chain structures information is illustrated in Figure 5, where the reproduction
(Figure 3).[0(©,®)values for this vector are more than twice of the couplings is shown with respect to increasing additional
those predicted for bonds attached to tie(Eigure 2). More population of PPII (additional population of the extended
generally, these simulations also suggest that measurement ofegion results in similar effects, shown in figure S1, Supporting
additional probes, in particular interproton RDCs, may provide Information). In these figures the fixed-geometry couplings are
new and complementary information to one-bond RDCs. scaled to best matcibyy couplings, while interproton couplings
Long-Range Interproton RDCs. IHN—1HN and HN—1H* are scaled to best matéhlN;—'H%_; RDCs. The ability to fit
RDCs were therefore measured in urea-denatured ubiquitin andall data simultaneously consistently improves with the level of
compared to values predicted from the FM ensemble (Figure extension, until between 12 and 20% of PPIl @isheet
4). In addition to sequential and inter-residual RD@&3sV,— conformations are sampled in addition to database levels. The
1HN,;, couplings were measured throughout the chain. Again, total 2 is significantly lower under these conditions compared
different types ofH—1H RDCs require different overall scaling to standard coil database, as shown in figure S2 in the
factors to reproduce experimental ranges, suggesting that theSupporting Information.
simple coil database does not represent the conformational Comparison with Scalar Couplings Indicates That Neither
sampling correctly. This is illustrated in Figure 4 (and Table B-Sheet nor PPII Dominates Extended Samplingln terms
S1) where couplings are scaled to best reproduce sequentiapf local structure a large volume of experimental data, essentially
IHN—1H%_, RDCs. We find that standard coil database from optical spectroscopy but also from NMR, has pointed to
sampling predicts much largéHN,—HN,;; RDCs than are the importance of the PPII region of the Ramachandran plot in
actually measured. Sampling of more extended regions of theunstructured peptides as well as unfolded protéitisee ref
Ramachandran plot would increase the average distance betweeR4 for a recent review). Extensive measurements of scalar
sequential amide protons, resulting in smaller couplings, and couplings are available in the literature for urea-unfolded
again may be at the origin of the observed differential scaling. ubiquitin® We have therefore calculated the expected values
A Self-Consistent Description of Conformational Sampling of measuredJunno couplings for different ensembles that are
in Urea-Unfolded Ubiquitin. It appears, therefore, that dis- in similar agreement with measured RDCs. Figure 6 summarizes
crepancies between the ranges of experimental and predictedhe results, showing that, while ensembles additionally sampling
values for different RDC types indicate thaty sampling in PPII or g-sheet do not reproduce the data, predicting either
the standard coil database does not represent the true conforsystematically low or high values, a more general increased
mational sampling appropriate for urea-denatured proteins. In sampling of ¢ < 0°, 50° < y < 180) reproduces both the
order to test this hypothesis, and to identify a more accurate general trend, and local detail. On this basis we would propose
description of dihedral angle sampling in urea-unfolded ubig- the latter model as more appropriate, suggesting that the PPII
uitin, we have repeated the ensemble calculations under condi-‘€gion does not dominate conformational sampling in ubiquitin
tions where the chain samples more extended conformations.n the urea-unfolded staté.
Explicitly increasing the sampling of polyproline 1l (PPII) A Model for Conformational Sampling in the Urea-
or B-sheet regions of Ramachandran space for all amino acidsUnfolded State. A-model of chain extension is therefore
shows that the scaling factor&)( required to best match ~ Proposed that increases the sampling of the extended regions
simulated a.nd experimental RDCs converge _toward similar (32) Tiffany, M. L.; Krimm. S. Biopolymers1968 6. 17671770,
values for hlgher levels of extended conformation (Table Sl)- (33) Schellman, J. A.; Schellman, C. G. The Proteins Neurath, H., Ed.;

e i i i i Academic Press: New York, 1964; V&, pp 1-37.
This is true for both fixed geometry and |n.terproton couplmgs, (34) 'Shi. 7S+ Chen, K. Liu, z.: Kallenbach, N. hem. Re. 2006 106
althoughK values cluster around slightly different values (vide 1877-1897.

H HR - ; H (35) Makowska, J.; Rodziewicz-Motowidto, S.; Baginska, K.; Vila, J. A.; Liwo,
infra). The ability to fit data sets independently also improves A.- Chmurzyniski, L. Scheraga, H. Rroc. Natl. Acad. Sci. U'S.2006

for all individual coupling types (rms values in Table S1). This 103 1744-1749.

9802 J. AM. CHEM. SOC. = VOL. 129, NO. 31, 2007
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Figure 5. Effect of sampling additional extended conformations on fixed geoméfy(and 'Dcane) and interproton HY,—1H%_; and THN—1HN; )

RDCs. Scaling factorsK) are shown. Percentages shown on the right refer to the additional conformations that are specifically assigned to the PPII basin.
(Left) Comparison of experimental interproton RDCs with simulated values. Increasing populations of polyproline Il conforgnatiens-75 + 10°, 150

+ 10°) were used in addition to database propensities. All RDCs were scaled usiKgvilee that best matched tREIN,—1H%_; in each case. (Right)
Comparison of experiment&Dyy and!Dcyro RDCs with simulated values. Additional populations were used as in (a). All RDCs were scaled to best match
the 1DNH-

of Ramachandran spacg « 0°, 50° < y < 18C) for each compared to 64.6) and interproton RDCs (24.6 compared to
residue-specific population present in the database, while 151.4).

retaining aspects of the native conformational energy basins for  The quality of the individual data reproduction again improves
each residue type. The results are again summarized in Tableover the entire data set compared to that of the data base
S1 for increasing propensity to sample this region. The results sampling shown in Figures 1 and 4. This is true for all couplings,
for all measured couplings, under apparently optimal sampling but the improvements in the definition of the fine structure of
conditions, (around 78% of conformers sampl{rg< 0°, 50° Dcana and in the overall distribution of intraresidutiN—

< 1 < 180} compared to 59% using the standard database 'H* RDCs are particularly clear from these figures. Correlation
distributions) are shown in Figure 7. The ability to reproduce plots of all measured couplings are shown in Figure 8 for
the data simultaneously is shown to be essentially equivalentoptimal extended sampling compared to the coil database.

to similar levels of PPII ang-sheet for interproton couplings, On the basis of these results we can propose modified
whereas in the case of fixed geometry RDCs PPII sampling conformational basins for the different amino acids in the
reproduces the data slightly better than the broader samplingprimary sequence. Examples are shown for four sequential
(Figure S2). Table S2 in the Supporting Information summarizes residues in Figure 9, comparing coil database and optimal
the totaly? that is significantly lower for this extended sampling extended sampling. These examples demonstrate that, while
than standard coil sampling, for both fixed geometry (25.7 sampled conformations are more extended, the amino-acid

J. AM. CHEM. SOC. = VOL. 129, NO. 31, 2007 9803
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Figure 6. Comparison of expected values of measutgn. couplings for different ensembles with experimental valiegalues were averaged over
10 000 conformations. (a) 12%sheet population in addition to database sampling. (b) 12% PPII population in addition to database sampling. (c) Optimal

propensity to sampleg( < 0°, 50° < y < 180C) regions of the database for each amino acid (as used for analysis presented in Figure 7). The standard
database shows essentially the same valueg,issampled in a very similar way. (d) Sequence dependence of calculated (black) and experimental (red)
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Figure 7. All experimental couplings compared to simulated values
calculated using conformational distributions with enhanced propensity to
sample § < 0°, 5¢° < y < 180C) regions for each amino-acid-specific
population. (a) All fixed geometry RDCs. All values were scaled by the
same factor (1.0). (b) All interproton RDCs. All values were scaled by the
same factor (0.75).

specificity is retained, and-helical conformations are still
sampled in each case.

This description is consistent with the presence of some

population of native conformations for residues1®, impli-
cated in thep-hairpin region of folded ubiquitin, that were
previously identified on the basis of scalar couplings, chemical

shifts, trans-hydrogen bond scalar couplings, and long-range

IHN—IHN RDCs3¢ To investigate the effect of such natigéy
9804 J. AM. CHEM. SOC. = VOL. 129, NO. 31, 2007

conformations for these sites, they were explicitly incorporated
into 20% of the members of the ensemble, the approximate level
estimated from chemical shift data. The results (Supporting
Information Figure S3) demonstrate that this leveBdfairpin
does not severely influence the quality of RDC prediction in
this region.

Differential Dynamics Effects for Fixed Geometry and
Proton—Proton RDCs. Although the results are convergent
with increased extension, slightly different prefactors are still
required for fixed geometry and proteproton couplings
(Figure 7). This effect may be due to specific modes of local
backbone dynamics. Indeed peptide plane fluctuations, in
particular crankshaft-type motiodéwould have the potential
to quench experimentally measured couplings between protons
in sequential peptides. The level to which this occurs depends
on the correlation of the motions between adjacent planes, and
it is probably not useful to speculate further than to suggest
that the effective “differential order parameter” of around 0.75,
the ratio between optimal scaling constants for fixed geometry
and interproton couplings, is not inconsistent with reasonable
levels of backbone dynamics in the unfolded state. This is also
consistent with the observation that tH®c.c coupling,
corresponding to the vector expected to undergo the lowest
differential angular fluctuations under this type of motion, shows
the highest scaling factor (Table S1).

Is This Local Extendedness Compatible with Available
Biophysical Measurements?A large volume of experimental
data have also been measured to characterize the effects of
chemical denaturants on polypeptides. The overall dimensions
of guanidinium chloride-unfolded proteins have been extensively
studied using small-angle X-ray scatterifigllowing a descrip-

(36) Meier, S.; Strohmeier, M.; Blackledge, M.; GrzesiekJSAm. Chem. Soc.
2007, 129, 745-746.

(37) Fadel, A. R.; Jin, D. Q.; Montelione, G. T.; Levy, R. M.Biomol. NMR
1995 6, 221-226.

(38) Kohn, J. E.; Millett, 1. S.; Jacob, J.; Zagrovic, B.; Dillon, T. M.; Cingel,
N.; Dothager, R. S.; Seifert, S.; Thiyagarajan, P.; Sosnick, T. R.; Hasan,
M. Z.; Pande, V. S.; Ruczinski, |.; Doniach, S.; Plaxco, K. ®oc. Natl.
Acad. Sci. U.S.A2004 101, 12491-12496.
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Figure 9. Comparison ofp/yp population distribution for four sequential amino acids in the case of database sampling (bottom) and optimal extended

sampling used to produce Figure 7 (top). Dark-blue represents lower populations, light-blue/yellow represents intermediate, and redigbrgseptsations.

tion of the extendedness of unfolded chains on the basis of apolypeptides and denatured proteins also indicate that de-
simple power law relating the average radius of gyration to the naturants act to extend end-to-end dimensions of peptide

number of amino acids in the chafhFRET measurements on  chains*041

(39) Flory, P. JStatistical Mechanics of Chain Molecujé&/iley: New York,
1969.

(40) Merchant, K. A.; Best, R. B.; Louis, J. M.; Gopich, I. V.; Eaton, W. A.
Proc. Natl. Acad. Sci. U.S.2007, 104, 1528-1533.
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We have compared the effective radius of gyratie,e) Conclusions
from the current simulations with experimental small-angle
X-ray scattering data fra 6 M guanidinium chloride-unfolded
ubiquitin#?2 The effective radius calculated from the FM
ensemble that reproduces the experimental NMR data is slightly
larger than that measured experimentally (28 A compared to
26 A), while the standard database gives slightly smaller
effective values (25 A). We note, however, that simulations that
retain the same local sampling but impose a small number of
long-range contacts reproduce b8y derived from scattering
data and agree equally well with experimental RDCs (data not
shown). Similarly, the recently demonstrated presence of a

p-hairpin in urea-unfolded ubiquitin will reduce the effective establish a basis for describing the conformational behavior of

radius of gyration. _ ) unfolded proteins and improve our understanding of the
Extended Local Sampling and the Mechanism of Urea  molecular basis of protein stability and folding.

Denaturation of Proteins. Despite the large volume of

experimental data measured on proteins in the presence of uredylethods

the actual mechanism of protein den.atura.ti.on remain; th.e subject Sample Preparation and NMR SpectroscopyScalar couplings

of debate. Two models have been identified. The first invokes i, chemically denatured ubiquitin were obtained from 1 mM samples
the different hydrogen-bonding properties of urea compared to of 1H,15N-,13C-, and?H,N-labeled ubiquitin in 10 mM glycine buffer,
those of water in the vicinity of hydrophobic groups, such that 8 M urea at pH 2.5 and 25C. RDCs were measured on samples of
urea acts as a better solvent for groups that are normally buried1.5 mM *H,1N-,23C- and 2 mM?2H,1*N-labeled ubiquitin aligned in

in water-solvated proteirf§.An alternative model proposes that ~ 10% (w/v) polyacrylamide get$*”in 10 mM glycine buffey8 M urea,
urea binds directly to the protein backbone, presumably via PH 2.5 at 25°C. "Dy RDCs were measured with' @ IPAP sequencé
hydrogen-bonding interaction with the amide groups, thereby as @ 768H) x 300*(*N) data set (where* denotesn complex data

g . . . i ith acquisition times of 85.2'H) and 150.0 ¥N) ms,
destabilizing hydrogen-bonding networks present in the native points) wit . )
fold relativegto %hosge in the unf?)Ided St plthough it is not respectivelyDyqcq RDCs were obtained from HN(CO)CA experiments

. s . (512*(*H) x 145*(*°C) x 26*(*N) with acquisition times of 55.8, 27.0,
possible to differentiate between proposed models of urea- 5ng 156 ms, respectively), without proton decoupling during a constant
denaturation of proteins from our results, we note that a time evolution period of 27 ms used to refodds,cs couplings :Deac
systematically more extended conformational sampling behavior RDCs were obtained from HNCO experiments (512%) x 250*(3C)
could be consistent with a model of urea binding to the peptide x 14*(*3N) points with acquisition times of 55.8, 175, and 8.4 ms,
backbone, excluding more compact turnlike structures, and respectively) without decoupling of aliphatiéC spins during**C’

Occupy|ng |mp0rtant poten“al hydrogen_bond"f]g sites that chemical shift evolution.!HN—'H* RDCs were measured with a
stabilize turng's quantitativeJ-correlation HNHA experimeft (512*(*HN) x 50*(*H®)

. x 65%(**N) points with acquisition times of 42.6, 17.0, and 39.2 ms,
We can also compare these results with those found for respectively), which yields not only the size but also the chemical shift

natively unfolded proteins. We have applied the extended ang consequently the identity of the doupling partner. ThéHN—
conformational sampling appropriate for urea-unfolded ubiquitin 1H« transfer time was 26.7 ms. Long-rangdN—'HN RDCs were
to the prediction ofiDyy and?Dconn RDCs from protein X, a obtained orfH,'>N ubiquitin with a quantitative COSY measurement
viral protein with a long, natively unfolded chain whose behavior similar to the HNHA experimerft) using a coherence transfer time of
was previously studied in the absence of urea. The results clearly47 ms and recording 10244") x 95*(*H") x 80*(**N) points with

indicate that couplings simulated under these conditions exten-acquisition times of 110.5, 104.5, and 39.2 ms, respectively. All spectra
sively violate experimental RDCs (Supporting Information were recorded on Bruker DRX 600 and 800 MHz instruments equipped

Figure S4), whereas standard database propensities reproducvélIth a TXI or TCI probe, respectively. Spectra were processed with

: extensive zero filling in the J-dimension” using nmrPipé and were
the experimental data very closéf/We also note thatDyy g g pé

1 . o evaluated with PIPF
andDeara Measured in temperature-denatured ubiquitin (data  gjeyipje-Meccano Calculations. Flexible-meccano (FM) uses a

not shown) require sc-aling factork & 1.3 and 1.5) that are  Monte Carlo sampling technique based on amino-acid propensity and
closer than those required in the case of urea-unfolded ubiquitin side-chain volume. The details of the algorithm have been presented

(K = 1.8 and 2.6) when using standard database propensitieselsewheré? Alignment tensors for each conformer were calculated
In combination these observations strongly support the using PALES, an atomic resolution approach to alignment tensor

hypothesis that the structural sampling of proteins in the prediction?® RDCs were calculated from throughout the molecule using

presence of high concentrations of denaturant is shifted to morel® Same program.

extended regions of the conformational potential wells charac-

teristic of each amino acid.

In this study we have demonstrated that the measurement of
multiple RDCs per peptide unit allows detailed mapping of the
conformational behavior of unfolded polypeptide chains. The
popular statistical coil model, derived from structural databases,
is refined to allow a more accurate representation of the
conformational sampling of ubiquitin under strong denaturing
conditions. A self-consistent model of the conformational
landscape of proteins under these conditions is proposed that
identifies enhanced access fieextended and polyproline I
regions of Ramachandran space within the amino-acid-specific
conformational wells. We believe that this representation will

(46) Tycko, R.; Blanco, F. J.; Ishii, YJ. Am. Chem. SoQ00Q 122 9340-
9341

(47) Sass', H. J.; Musco, G.; Stahl, S. J.; Windfield, P. T.; Grzesiek,Eomol.
NMR 200Q 18, 303—-309.

(41) Miglich, A.; Joder, K.; Kiefhaber, TProc. Natl. Acad. Sci. U.S.2006 (48) Ottiger, M.; Delaglio, F.; Bax, AJ. Magn. Reson1998 131, 373-378.
103 12394-12399. (49) Vuister, G. W.; Bax, AJ. Am. Chem. Sod.993 115 7772-7777.

(42) Jacob, J.; Krantz, B.; Dothager, R. S.; Thiyagarajan, P.; Sosnick, .. R.  (50) Meier, S.; Hassinger, D.; Jensen, P.; Rogowski, M.; Grzesiek]. Am.
Mol. Biol. 2004 338 369-382. Chem. Soc2003 125 44-45.

(43) Whitney, P. L.; Tanford, CJ. Biol. Chem1962 237, PC1735-PC1737. (51) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax) A.

(44) Schellman, J. ABiopolymers1978 17, 1305-1322. Biomol. NMR1995 6, 277—293.

(45) Rose, G. D.; Fleming, P. J.; Banavar, J. R.; MaritanP/c. Natl. Acad. (52) Garrett, D. S.; Powers, R.; Gronenborn, A. M.; Clore, G. MMagn.
Sci. U.S.A2006 103 16623-16633. Reson.1991 95, 214-220.
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FM calculations were also performed using specifiég distribu- stimulating discussions. This work was supported by the
tions in addition to the standard residue-dependent distributions. Commisariat d Energie Atomique, the CNRS, France and the
Gaussian distributions with a standard deviation of &éntered on Universite Joseph Fourier, Grenoble, by the French Research

[-sheet and PPII conformations f¢randy were randomly introduced Ministry through ANR NT05-4_42781 (M.B.) and by the Swiss
in a noncooperative manner at the prescribed level. For each combina—National Science Foundation_Grant 31-109712 (S.G.)
tion an entire FM simulation was carried out. The rate of sampling of e

extended regions (80< y < 18(P) was also increased for each amino- Supporting Information Available: Table S1 showing data
acid-specific population in the database, by creating databases withreproduction for individual RDC data sets using different
2.0, 2.5, and 3.0 times higher populations for this range. Explicitly the conformational sampling conditions; Table S2 showing full
same conformations were repeated in the database to increase thetatistical analysis of data fitting using extended and standard
probability of being selected. Thé-hairpin conformation was intro-  ¢oil conditions; Figure S1 showing comparison of experimental
duced by sampling narrove(= 5°) Gaussian distributions of andy interproton RDCs with simulated values under conditions of
centered on the native co_nformatlon for a given pc'ercentag_e of increasing populations gf-sheet conformations; Figure S2
conformers. Structures were introduced such that the entire hairpin Wasshowing totaly? function calculated using common scaling of
either present or absent. . . . .

fixed geometry coupling and HH couplings as a function of

3J scalar couplings were calculated using known Karplus-type . R
relationship® for each calculated conformer and averaged over the 1€ €xtendedness of the conformational sampling; Figure S3

ensemble of values. Effective radii of gyration were calculated as show?ng the effects O_f including 20%-hairpin; Eigure S4 )
described previousl¥. showing the effects of increased extended sampling on predic-
tion of RDCs from protein X; tables showing simulated and
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