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Backbone Dynamics and Structural Characterization of the Partially Folded A State
of Ubiquitin by *H, 13C, and'>N Nuclear Magnetic Resonance Spectros¢opy
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ABSTRACT. Structure and dynamics of the partially folded A state of ubiquitin in a 60%/40% methanol/
water mixture at pH 2 was studied by two- and three-dimensional nuclear magnetic resonance spectroscopy
(NMR) using fully 13C '>N-labeled ubiquitin. Complete backboM€O, 13C*, 15N, andHN assignment

was achieved.*CO and?'3C* chemical shifts andH—!H nuclear Overhauser enhancement (NOE)
connectivities indicate different behavior for the N-terminal and the C-terminal halves of the protein. In
the N-terminal half of the A state, comprising the antiparailedheet and the centrathelix, the native
secondary structural elements are largely conserved. The C-terminal half, which is in the native form
rich in g-strand character, undergoes a methanol-induced transition to a dynamic state with a uniformly
high propensity for helical structure. This behavior is also reflected in backBbheclaxation data,
indicating the presence of three loosely coupled secondary structural segments with enhanced internal
mobility as compared to the native state.

Partially folded states exist for a number of proteins under to further elucidate the relationship between residual structure
nonnative conditions, such as low pH and high concentrationsand molecular flexibility.
of alcohol, urea, or guanidine hydrochloride. Under these  piquitin is a small globular protein of 76 amino acids
conditions, tertiary protein interactions are often weakened (molecular mass of 8.6 kDa), which contains neither

and th(_a conformatior)al_ propensities are domi_nated bY Short'prosthetic groups nor disulfide bridges. Ubiquitin is found
range interactions within the polypeptide chain. The inves- in all eukaryotes and it is involved in a variety of biochemical

tigation of the resujua! structure in pargally or_fuIIy denaturgd functions, including protein degradation and differential gene
proteins may provide insights into the interactions responsible regulation [for a review, see Rechsteimerl. (1988)]. The
for their formation as well as their possible role in the early nagtive form of ubiquitin’ has been charactérized st.ructurally
stages of protein folding. Studies by liquid-state nuclear by X-ray crystallography (Vijay-Kumaet al.,, 1987) and

magnetic resonance (NMRhave been performed on par- . )
tially denatured proteins (Buckt al., 1995; Franket al., NMR (Di Stefano & Wand, 1987, Webet al, 1987) and

1995: Redfielcet al, 1994; Fenget al, 1994; Alexandrescu  dynamically by NMR relaxation (Schneidet al, 1992;
et al, 1994 a,b; Logaet al, 1994; van Mierloet al, 1993: Tjandraet al, 1995). The native structure shows a high
Neri et al, 1992) to determine regions of well-defined content of secondary structural elements (five-stranded

residual structure. p-sheeto-helix, 3i0-helix, and 7 reverse turns). While little

Equally important is the detailed characterization of the iS known about the structural and dynamical details of the
dynamics of these states as there is evidence that they arélbiquitin function, there is evidence that it requires confor-
highly mobile. NMR relaxation measurementst@f or 13C mational flexibility: Incorporation of a disulfide bridge
nuclei allow one to study local molecular motions on pico- between residues 4 and 66 leads to a80% decrease of
to microseconds time scales. While this methodology [for activity in signaling proteolysis, which suggests that biologi-
a review see Tycko (1994)] is now widely applied to native cal functions of ubiquitin involve large-scale intramolecular
states of globular proteins, so far only a few studies have motions (Eckeret al, 1989).

been reported on partially denatured proteins (Faeoal, Since under ambient conditions ubiquitin is remarkably

1995, 1997; Alexandrescu &_Shortle, 199_4; Buek al.,_ stable with an unusually rigid backbone structure as shown
1996; Franlket al., 1995). The hlgh. deg(ee of mtgrnal molt|on by NMR relaxation (Schneideet al, 1992; Tjandret al,
found for the nonnative states justifies detailed motional 1995), it is interesting to study ubiquitin under conditions

studies and the development of advanced motional rnOdelsthat destabilize the native structure to learn more about the

behavior of the secondary structural elements with respect
T This project has been supported by the Swiss National Science to changes in the solvent environment. Such work was
Foundation. B.B. is recipient of an EMBO fellowship. - . ) . .
*To whom correspon%lence should be addressecFi). 'nlt_lat(_?(_j by W|_|k|n50n ?nd Mayer (1936), Who investigated
® Abstract published irAdvance ACS Abstract€)ctober 1, 1997. ubiquitin by circular dichroism (CD) in different solvents
_* Abbreviations: NMR, nuclear magnetic resonance; CD, circular a5 4 function of the dielectric constant, and they found that
dichroism; MD, molecular dynamics; WATERGATE, water suppression in water/alcohol mixtures at room temperature and low pH
by gradient-tailored excitation; TPPI, time-proportional phase incre- ! e p_ = i p
mentation; NOESY, nuclear Overhauser enhancement spectroscopy{=2), a partially folded state of ubiqguitin is stabilized, which

HMQC, heteronuclear multiple-quantum spectroscopy; NOE, nuclear jg cajled theA state of ubiquitin. In subsequent studies this
Overhauser effect; HSQC, heteronuclear single-quantum spectroscopy;

CSA, chemical shielding anisotropy; DD, dipolar interaction; CsI,  State was further characterized by. quenched hydrogen
chemical shift index; TFE, trifluoroethanol. exchange measurements (Pan & Briggs, 1993)NMR
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(Hardinget al., 1991; Woolfsoret al, 1991 and 1993).>N- Bruker DMX-400 and DMX-800 spectrometers, both with
edited'H NMR (Stockmanet al., 1993), CD (Coxet al. triple-resonancefd,**C,'*N) equipment and triple-axis gra-
1993), and molecular dynamics (MD) computer simulations dients. The sample temperature was set to 300 K. For all
(Alonso & Daggett, 1995). NMR experiments, WATERGATE (Sklenat al,, 1993) and

These studies led in part to contradictory conclusions. water flip-back pulses (Grzesiek al, 1993) were inserted
Most authors agree that the N-terminal half remains native- in the pulse sequences to obtain a relaxed spin state for the
like, whereas diverging conclusions were reached about thewater magnetization before acquisition. Pulsed-figid
average structure of the C-terminal half. While in the gradients were applied for coherence-transfer-pathway selec-
original CD work (Wilkinson & Mayer, 1986) a strong tion (Bax & Pochapsky, 1992). Quadrature detection in the
increase of helicity of the A state was observed, early NMR indirect dimensions of the multidimensional experiments was
work concluded that the C-terminal half remained to a good obtained by the TPPI-States method (Margral, 1989).
extent nativelike (Hardingt al., 1991; Woolfsoret al, 1991; The spectral widths and the carrier frequencies (in paren-
Pan & Briggs, 1992). However,’@N-edited'H NMR study ~ theses) were set féH to 10 ppm (4.76 ppm), fot*N to 19
(Stockmaret al., 1993) and a CD reinvestigation of the A ppm (118.76 ppm), fot*C* to 15 ppm (57.2 ppm), fof*-
state (Coxet al, 1993) lend support to the original CD CO to 10 ppm (173.9 ppm), and for aliphatf€ to 60 ppm
observations of Wilkinson and Mayer that the C-terminal (42.6 ppm). The frequency was switched onf@channel
half adopts a state with a high helical propensity. The MD by time-proportional phase incrementation during radiofre-
simulations, on the other hand, showed nonnative behaviorguency (rf) pulses. Data processing and peak picking were
for the C-terminal half without an increase in helicity (Alonso performed using the FELIX program version 95.0 (Biosym
& Daggett, 1995). Technologies).

Here we report an investigation of the structure and main-  Three-dimensional MQ-HNCOCA and 3D HNGBrut-
chain dynamics of the A state of ubiquitin using isotopic scher et al., 1995; Grzesiek et al., 1992) correlation experi-
13C15N-labeling and multidimensional NMR at three mag- mentswere carried out at 600 MHZH frequency for
netic field strengths (400, 600, and 800 MHtfrequency). chemical shift assignment of the backbone nucléid, CO,

The model emerging fror¥C chemical shiftstH—'H NOEs, and C. A 3D MQ-HNCOCA data set was acquired with
and®®N relaxation data consists of three distinct secondary 512 ¢H) x 160 (3C) x 40 (*N) complex points and 4 scans
structural elements: an antiparalfeheet and two helices,  per ¢, t) increment resulting in an experimental time of 40
forming rather independent motional units. The N-terminal h. The & and CO frequency evolution is encoded in the
pB-sheet and the centrathelix (helix B) remain nativelike, same indirect dimension of the 3D spectrum. A pair of cross
whereas the C-terminal part (residues—32) undergoes  peaks is detected for eachHN;, CO-;, C%_; correlation
under the influence of methanol a transition fror-aheet with the CO chemical shift given by the center frequency
to a structure with predominant helical character (h&ljx and the C chemical shift defined by their separation. The
The backbone dynamics can be rationalized in terms of scaling factor between CO and €hemical shift evolution
residue-specific effective tumbling correlation times, order was set tol = 2.0. The spectral width in théC dimension
parameters, and internal correlation times using an approachwas set to 33 ppm and the effective demodulation frequency
similar to the extended model-free approach (Cleral, of the C* was shifted to 67 ppm (Brutschet al., 1995). A
1990). The emerging picture is qualitatively consistent with 3D HNCA data set was acquired with 51*Hj x 40 (°C)

the CD results (Wilkinson & Mayer, 1986; Cet al., 1993) x 40 (*N) complex data points and 16 scans pef t;)

and substantially refines the model by Stockragal. (1993). increment, resulting in a total measurement time of 40 h.
The data were zero-filled and Fourier-transformed to final
MATERIALS AND METHODS 3D spectra with 512 256 x 256 data points.

Sample Preparation3C,5N-labeled ubiquitin was kindly Three-dimensiondfC/*N and*N/*N doubly editedH—
provided by A. J. Wand (Buffalo, NY) and purchased from ‘H NOESY experimentsere performed at 600 MHZH
VLI (Southeastern, PA). A protocol for gene construction frequency for the structural characterization of the protein.
and protein expression in minimal medium was described The pulse sequences were derived from a stantaretH
by Wand et al. (1996). NMR samples of the A state of NOESY experiment (Jeenet al, 1979) by addingH—*3C
ubiquitin were prepared by dissolving-8 mg of 13C,15N- HMQC (Baxet al., 1983) andH—'*N HSQC (Bodenhausen
labeled ubiquitin in 20QL of H,O and 30QuL of CDsOH & Ruben, 1980) pulse-sequence blocks before and after the
(purchased from Cambridge Isotope Laboratories), resulting NOESY mixing period. (C, N, M) and (N, N,H) data sets
in concentrations of 0:20.7 mM. The pH was then adjusted Wwere acquired with 94x 60 x 512 and 78x 78 x 512
to 2.0 by adding HCI and the samples were kept in sealed complex points, respectively. Eight scans pertf) incre-
standard 5 mm NMR tubes. Samples with higher protein ment resulted in an experimental time of 4 days per
concentrations showed gelation several weeks after sampleexperiment. The data were zero-filled and transformed to
preparation and were not used for analysis. In the chosenfinal 3D spectra of 256« 256 x 512 data points.
concentration range (0-0.7 mM) the A-state samples Two-dimensional2C/AN and 13C/A5N-filtered H—1H
remained liquid and transparent for at least 6 months. To NOESY experimentsere done at 600 MH2H frequency
optimize reliability, all relaxation measurements were per- on a sample containing a mixture of 50% unlabeled and 50%
formed on freshly prepared samples (not older than 1 week).13C 15N-labeled ubiquitin under the aforementioned A-state
NMR ExperimentsNMR experiments were performed on sample conditions. The pulse sequence includes double-
a Bruker AMX-600 spectrometer equipped with a triple- tuned3C/°N isotope filters before and after the NOESY
resonance'fd, N, 13C) probe including shielded z gradients. mixing period (Burgeringet al, 1993) and is provided as
Additional °N relaxation experiments were recorded on supporting information. The total acquisition time for 256
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Ficure 1: Two-dimensionatHN—15N (A) andHN—13CO (B) correlation spectra of the ubiquitin A state recorded at 600 MHrequency.
Residue numbers (of the amide protons) are given for all 72 cross peak$*N frequencies of residues 9 and 47 (A) are outside the
chosen spectral width, and the corresponding cross peaks are folded back into the displayed spectrum.

x 1024 complex data points was 70 h. Data sets recordedin an interleaved manner. Differeftl saturation schemes
with different pulse phases were combined to yield separatewere used during the recycle delay of 3.5 s: either a
intra- and intermolecular NOESY spectra. windowless WALTZ-16 sequence or a train of 23llses
Two-dimensional®N relaxation experiments (TT,, NOE) applied every 10 ms. The total experimental time per
were performed on doubly®C®N-labeled samples of experiment was 72 h (at 600 MHz) and 36 h (at 800 MHz).
ubiquitin A state at 400, 600, and 800 MHH frequency. Analysis of 5N Relaxation Data All data sets of a
The pulse sequences used are similar to those proposed bye|axation series were processed identically. The time-
others [see for example Peng and Wagner (1992); Farrowgomain data were multiplied with a 3@hifted squared
et al, 1994] and are provided as supporting information. ¢osine function for resolution enhancement (Figure 1). Peak
Since doubly*C,"*N-labeled samples of ubiquitin were used, intensities were extracted from 2D spectra with high digital
the C* and CO nuclei had to be broadband-decoupled during resojution tH, 2.3 Hz;15N, 1.5 Hz) using a local grid search
ti, and selective €and CO 180 pulses were applied during  roytine for each cross peakT:; and T, values were

the T, and T, relaxation delays to suppress effects caused getermined by fitting the measured peak heights to a two-
by cross-correlation betweéfN chemical shielding aniso- parameter function of the form

tropy (CSA) and>N—'3C dipolar (DD) interactions. During
the T, relaxation period, chemical shift antis-coupling I(T) = 1, expTIT, ) (1)
evolution was suppressed by applying a spin-lock field of L
|lynBil/2r = 2.5 kHz. In these experiments the magnetiza-
tion is locked along an effective field vector with an
orientation depending on the frequency offAetof the >N

wherel(T) is the intensity after a delay tinieandl, is the
intensity atT = 0. The steady-state NOE values were

nucleus. The measured relaxation rafe2 were cor- determined from the ratios of the measured cross-peak
: . i intensities in the presencés{) and absencel ) of H
rected for these offset effects using the relatibft” = saturation:

T sir? 0)/(T1 — T,%*°cog 6) with tan 0 = |ynBy|/

2tAv. The temperature dependence of differential cross- NOE™=|_| )
peak shifts in théH—5N correlation spectrum was used as sal ‘unsat

an internal probe for calibration of the actual sample . o ] )
temperature. In this way, it was assured that the sampIeNO systematic deviation was found for the dlffe_rent saturation
temperature variation between the different relaxation experi- Schemes used. To estimate the systematic errors in the
ments is less than 0.4 K. ThE relaxation decay was MmeasuredNOE™*due to the finite recycle delay ak =
sampled at eight time points: 20, 120, 240, 380, 460, 560, 3.5 s, the M T; relaxation times were measured for the A
760, and 1000 ms at 400 and 600 MHz and 20, 120, 240, state of ubiquitin at 600 MHzT, values are found between
380, 540, 720, 1000, and 1500 ms at 800 MHz. The 450 and 730 ms with a mean value and standard deviation
relaxation decay was sampled at nine different time points: of 605 £ 60 ms. Assuming steady-state conditions, the
8,24, 48, 72, 96, 120, 160, 200, and 280 ms at 400 and goocorrection of the measured NOE values for the finite
MHz. The total data collection time for each seriesTof saturation time (Skeltoet al, 1993) was less than 0.02.
andT, was 12 h (at 800 MHz), 19 h (at 600 MHz), and 46  The relaxation measurements at 600 MHz field strength
h (at 400 MHz). For th¢'H}N-NOE measurements, two  were repeated several times (folir sets, fourT; sets, and
spectra with'H saturation and one without were recorded three complete NOE sets) using freshly prepared ubiquitin
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Ficure 2: Backbone resonance assignment,(N, CO, ) of
the ubiquitin A state. Panel A shows the most crowded region o
the lH—15N correlation spectrum in Figure 1A. Overlapping cross
peaks are resolved by the correspondii@0 and3C* frequencies.
Panel B shows a plane of the 3D MQ-HNCOCA triple resonance
spectrum taken at théN frequency indicated by a bar in panel A.
The3CO chemical shifts are obtained from the center positions of
peak pairs, whereas the separation of the two pesdsdetermines
the 13C> chemical shiftoc« according to the relatiodce(ppm) =

67 ppm— Ad(ppm).
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¢ FIGURE 3 Short- and medium-randel—'H NOEs of the ubiquitin
A state as identified from#®N/2°N- and 13C/A5N-filtered NOESY

experiments. The intensities are classified as strong, weak, or absent,

taking into account different line widths for the different segments

of the protein. Thé3C chemical shift information is plotted in terms

of the chemical shift index (CSI) of Wishart and Sykes (1994).
Positive CSI values within a segment of the polypeptide sequence
indicate the preference of helical conformation; negative values are

typical for g-sheet structures.

samples to estimate systematic and statistical errors in thevere used to discriminate between different amino acid types.

experimental data.

RESULTS AND DISCUSSION

Backbone AssignmentA general feature of partially
denatured proteins is the reduction of fivechemical shift
range as compared to their native form. In the A state of
ubiquitin, 88% of the amide protons resonate within a
frequency range of 0.8 ppm (#8.6 ppm) as shown in
Figure 1A, while in the native state of ubiquitin the

In this way, a complete assignment of all backbone nuclei

was obtained for the A state of ubiquitin, which has not been

possible before using onkPN-edited'H—'H TOCSY and
NOESY experiments (Stockmaat al,, 1993).

Structural Features.In NMR studies of proteins, regular
secondary structural elements are generally characterized by
the presence of typical short- and medium-range NOE
connectivities (Wthrich, 1986). Strong H—HN; and
small HY—HN;; cross peaks are typical fgf strands,

resonances are almost uniformly dispersed over a range ofvhereas in the case of anhelix theN"Ni_HNHl correlations
2.5 ppm. Therefore, the standard approach for resonancere much stronger than the“HH".,. Furthermore, the

assignment byH NMR fails for the A state. Fortunately,
the frequency dispersion of tHéC and!°N resonances is
only little influenced by the tertiary structure of the protein.
Panels A and B of Figure 1 show the dispersion of fin
and3CO backbone resonances of ubiquitin in the A state.
The use of triple-resonance multidimensional NMR tech-
nigues (Ikuraet al., 1990; Kayet al,, 1990; Montelione &
Wagner, 1990) offers a straightforward way for resonance
assignment of partially or totally denatured protein states.
In our case, the 3D MQ-HNCOCA experiment was used to
resolve overlappingH—'N HSQC correlations by their
different CO and € chemical shifts. Figure 2B shows a
plane of the 3D MQ-HNCOCA spectrum taken atl
frequency of 123.3 ppm (indicated by a gray bar in Figure
2A). The overlappingH—'°N cross peaks are now easily
identified by the separate two-peak patterns in tfe
dimension (for example, in the case of the overlapping
residues 36 and 69) and the CO an#l f@&2quencies are

presence of H—HN;;3 NOEs is anticipated as the distance
between the two protons is3.5 A in a-helical structures.

In the recorded 3D NOESY spectra the different (¥, HY,)

and (G4, N;, HY)) cross peaks are well separated and could
almost completely be assigned. A summary of the identified
NOE connectivity patterns is given in Figure 3. The
intensities are classified as weak or strong, taking into
account the different line widths in different parts of the
protein (see dynamics section). Th&HHN, medium-range
NOEs, given in Figure 3, show that the N-terminal part forms
a nativelike two-strande@-sheet (residues-17 and 1t

17). Strong Hi—HNi;; NOEs and very weak #—HN,;
cross peaks indicate that the rest of the protein has a
predominant helical character. However, no medium-range
H%—HN. 13 NOEs could be detected, probably due to the
limited sensitivity of the heteronuclear filtered NOESY
experiments at low sample concentratieg0(7 mM) and
large line widths ¢gide infra) as well as due to the effect of

obtained from the center and the separation of the two peaksconformational averaging in this partially folded state of

as described previously (Brutsclegral,, 1995). All expected
72 HN—N;—CO-;—C%_; correlations (corresponding to the

ubiquitin.
C>and CO chemical shifts are useful additional indicators

76 residues minus three prolines and minus the N terminus)of secondary structural elements in proteins (Wiskasl,,

were unambiguously identified in the 3D MQ-HNCOCA

1991). They are only little influenced by the tertiary structure

spectrum. These “residues” were then sequentially assignedf the protein and mainly reflect locel 1 backbone torsion
to positions in the primary peptide sequence by combined angles. It has been shown recently that they can be used to

use of intraresidue Y—N;—C% correlations as identified
from the 3D HNCA experiment and sequentidHHN,;
NOEs detected in the 3BN/**N-edited NOESY experiment.
In addition,**C* chemical shift ranges (Wishaet al., 1991)

refine protein structures if the individual character of the
different amino acids is taken into account (&ieal., 1995;
Pearsoret al,, 1995). For a qualitative interpretation of the
13C shifts to identify regular secondary structural elements,
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Ficure 4: C* and CO secondary chemical shifts of the native and
the A state of ubiquitin are plotted as functions of the polypeptide
sequence. The identified secondary structural elem@rtsrénds

and a-helices) are shown on top of each graph. The assignments
for the native state are taken from Waeidal. (1996). Amino acid
type-specific random caoil shifté(coil) in H,O are taken from
Richarz and Wthrich (1978). They are not corrected for the
methanol/water solvent.
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it is sufficient to calculate the deviation from an amino-acid-
specific random coil value (secondary chemical shift). The
random coil values are obtained either by NMR measure-
ments on model peptides (Richarz & Wdrich, 1978) or
from a statistical analysis of reported protein chemical shifts
(Wishartet al, 1991). In Figure 4 the €and CO secondary
chemical shifts [calculated as deviations from the random
coil values given by Richarz and Whrich (1978)] are plotted

as a function of the peptide sequence for both the native
state (Wanckt al,, 1996; Wanget al, 1995) and the A state
of ubiquitin. For both sets of nuclei, the secondary shifts o
the N-terminal part of the protein are very similar for the
two conformations, indicating a nativelike structure in the
A state. Only the absolute value of the secondary shifts is
slightly reduced in the A state, which can be interpreted as
conformational averaging due to a higher degree of internal
dynamics. The situation is different for the C-terminal part
of the protein (residues 3772), where the chemical shift
data suggest a methanol-induced transition from a mainly
f-sheet structure in native ubiquitin to a state with high
helicity (helix A) in the A state.

The 13C differential chemical shift data can also be
represented in terms of the chemical shift index (CSI)
proposed by Wishart and Sykes (1994). CSI values have
been calculated and included in Figure 3. Consecutive
negative CSI values indicate @-sheet structure while
positive values refleati-helical structural elements. Com-
bining all information contained in Figure 3 leads to a
gualitative model of the A state of ubiquitin, which is
depicted in Figure 5. Three structural segments, one
antiparallel3-sheet and twax-helices, are linked together
without specific tertiary interactions between them. From
the NMR data compiled in Figure 3, there is no evidence
that the nativelike central helix B is more stable than the
A-state-specific C-terminal helix A under these conditions.
The two helices are connected by a linker from residues 35
to 39 with the sequence G35-136-P37-P38-D39. The two
helix-breaking prolines P37 and P38 separate these two
helices. The model is in agreement with the previously
reported'H—°N NMR data of Stockmaret al. (1993) and

f
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Ficure 5: Sketch of structural model for the methanol-induced A
state of ubiquitin. The presence of three loosely coupled secondary
structural elements (an antiparalfesheet and helices A and B) is
supported by the NMR data reported in this stulty-('H NOEs,

13C secondary chemical shifts, aktN relaxation data). All three
structural elements show enhanced internal mobility, as compared
to native ubiquitin and most secondary structures of folded proteins.
The 3-sheet conformation is taken from the PDB file of the native
state of ubiquitin and is consistent with the interstrarf§-HHN,
NOEs reported in Figure 3. The model has been drawn using the
program MOLSCRIPT (Kraulis, 1991).

CD studies by Wilkinson and Mayer (1986) and Getxal.
(1993), indicating that the A state contains more helical
structure than the native state. Conclusions drawn by other
groups using 2D NMR techniques and hydrogen-exchange
labeling, however, are not supported by the present study.
They reported evidence of a third C-termingistrand
(Hardinget al, 1991) or concluded that the general shape
of the native structure is conserved but destabilized in the A
state (Pan & Briggs, 1992). The latter conclusion is based
on the observation of a uniform distribution of amide
hydrogen protection factors along the polypeptide sequence.
Protection factors are, however, less suited to discriminate
between different structural models. In fact, they do not
contradict our observation of helix formation in the C-
terminal half. The previously reported MD simulation of
ubiquitin in 60% methanol (Alonso & Daggett, 1995) did
not show a transition from thg-strand to the helical state
that occurs in the C-terminal half, presumably, as these
authors suggest, because the lengths of the trajectories were
too short (500 ps) to show the complete transition.

We would like to emphasize that the static picture given
in Figure 5 is oversimplified, as the A state is highly mobile
in solution. To assess the mobility, a detailed analysis of
the backboné>N-relaxation behavior was carried out as is
described in the following.

15N Relaxation and Backbone Dynamic3®N Ty, T,
relaxation times angl*H}>N-NOEs were measured for the

A state of ubiquitin at three different NMR spectrometer
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50 60 70

frequencies. Due to spectral overlap in the-N correla-
tion spectrum (Figure 1A), relaxation data could not be
obtained for all 72 possible backbone-N pairs (76 residues

minus three prolines and the N terminal residue): relaxation

parameters were extracted for 57 residues at 600 Mh{z (
T,, NOE) and 800 MHz T, NOE) and for 53 residues at
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2
Tll: S_O{J(‘UH — wy) T 3Nwy) +
2
60y + op)} + (o) (3)
1 K?
?2 E{4J(O) + Jwy — o) + 3wy) + 6)(wy) +

2
63wy + o)} + o 4(0) + 3wy} + Rey (4)

with the constantK = (uo/47)ynyn(h27)EyOand C =
on(oy — o). uo is the permeability of free spacegy and
yn are the gyromagnetic ratios of th&\ andH nuclei,his
Planck’s constant, angly is the internuclear distance set to
1.02 A. The CSA tensor is approximately axially symmetric
with the symmetry axis parallel to the-NH bond vector.
Recent liquid-state NMR studies by Bax and co-workers
(Tjandraet al., 1996a,b) indicate that tH&N CSA tensor in
proteins is nearly invariant to structural changes-< op)
= —170 ppm. The additional terRe, takes into account
conformational exchange contributionsTigresulting from
processes in the micro- to millsecond time-scale range.
The power spectral density functidfw) is defined as the
Fourier transform of the autocorrelation functiGit):
Jw) = [ C(t) exp(-iwt) dt (6)
We assume for the autocorrelation functidyt) of the N—H
bond vector of residuk:

M
C (t) — e_lt‘/rc'k{i + . e_|t|/fj,k}
K I;Alk

M
with §+ Z@,k: 1 and S, A7, 20 (7)
£

7.k represents an effective overall tumbling correlation time
that is largely uncorrelated with the local internal motions

400 MHz (T1, T2). The relaxation data at all three magnetic and is determined by the motion of the secondary structural
field strengths are shown in Figure 6 and they are listed in €léments and the molecular tumbling. In the case of
the supporting information. The qualitative patterns seen relatively small anisotropic reorientational motion, the overall

for the individual relaxation rate constants at the different Correlation functions are in good approximation monoexpo-

field strengths are similar. Generally, theandT, relaxation
times and the NOEs show the expecByefield dependence
for a molecule tumbling in solution with restricted internal
mobility: T; and NOE increase, where@s decreases with
increasing magnetiBo-field strength. Errors in the experi-

nential with correlation timeg.x depending on the orientation
of the N—H bond vector with respect to the principal axes
of the diffusion tensor (Woessner, 1962; Bcaweileret al.,,
1995). Inthe case of a large anisotropy of the reorientational
diffusion tensor, the overall tumbling contribution @(t)

mental data were estimated from the standard deviations ofc@n be represented by an effective timgonly for special
multiple measurements at 600 MHz and are in the range (4N—H bond orientations with respect to the diffusion tensor

+ 2)% (T1), (9 £ 4)% (T2), and (7+ 4)% (NOE). Duplicate
recordings of NOE spectra at 800 MHz yield a relative error
of (2 £ 1)%.

Spin relaxation of the backborieN nuclei is determined
by the power spectral density functid(w) that is dominated
by the dipolar interaction with the directly attached proton
and by the">N chemical shielding anisotropy (CSA) interac-
tion according to

2
NOE=1+ ?%{m(wH + wy) — oy — oy} T, (5)
N

principal axes. For general-\H bond orientations, how-
ever, the overall tumbling part itself becomes multiexpo-
nential. It should be noted that, on the basis of heteronuclear
NMR relaxation measurements of the type described here,
it is a priori impossible to distinguish between local and
overall motion. An interpretation of the measured correlation
times is invariably bound to be subjective.

The intramolecular part of the correlation function is
represented by a multiexponential function with expo-
nentials Ajx exp(—|tl/zjx), where 7jx is a characteristic
correlation time andy is a spatial motional coefficient. The
plateau vaIueSK2 is the generalized order parameter (Lipari
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& Szabo, 1982 a,b) describing the motional restriction of (
. Native state

the intramolecular motion. The motional parameteys
{7ix}. {A} were determined for each residue by least-
squares fitting to the relaxation data. For simplicity, the
index k will be omitted in the following discussion.

For isotropic molecular tumbling, it is known that thg

T ratio is determined exclusively by the overall rotational E\‘ 0.2 e Astate |
correlation timez. under the assumption that exchange ", o
processes do not contribute to transverse relaxatansf 0.1 R i

0) and that internal motions are fast compared to the inverse B sheet helix B helix A

of the involved Larmor frequenciesifr; < 1) (Kay et al, oo D EE) emmms & Cm—————
1989). Figure 7 shows tHB/T; ratios measured at 600 MHz 0 o 20 3 40 50 € 70

for the native and the A state of ubiquitin. In the case of FIGURE 7: T,/T; ratios calculated from the 600 MH2N relaxation
the native state, most of the residues show ratios around 0.37Olata for the native state and the A state of ubiquifh. relaxation
. ! g A . rates of the native state were measured on a sample of 2 mM

which correspond to a rotational correlation time of 4.1 ns. 13¢ 15\-|abeled ubiquitin, pH= 4.7, T = 300 K (S. Lienin and B.
In the case of the A state, on the other hand, Tii&; ratios Brutscher, unpublished results). Not drawn areTh@; ratios for
vary between 0.15 and 0.45, implying a high degree of residues T9 and T12 of the A state, which show significant
differential mobility along the polypeptide chain. From %onformatlonal exchange contributions tdz/and the unstructured

. . ; : -terminal residues of the native state. Secondary structural
Figure 7, one can identify three polypeptide segments of gjements as identified for the A state of ubiquitin are plotted at the
different mobility, which coincide well with the secondary bottom.
structural segments of the A state that emerged from the CO,
C> secondary chemical shifts and sequenti®tH NOEs as in the intact A state and that the N-termifadheet and
(see Figures 3 and 4). Thus, the motional picture provided the central helix do not strongly interact with each other.
by the!®N relaxation data is in agreement with the model in The presentedN relaxation results suggest that the latter
Figure 5. The three segments exhibit different average conclusion applies for all three segments of the A state. The
correlation timeg. with the N-terminal3-sheet having the  rather highr. values, on the other hand, appear to be related
shortestr. and the C-terminal helix having the longest one. to the covalent connection of the three segments.
In this respect, the interpretation of the A-state dynamics The presence of an equilibrium between the monomeric
somewhat resembles the description of a multidomain zinc- protein and aggregated states could also affect the
finger protein (Bischweileret al, 1995), where the different  relaxation data (Fushmaat al, 1997). To minimize such
domains were characterized by individual anisotropic rota- effects, samples with a low protein concentration (0.7 mM)
tional diffusion tensors. were used for the measurements. In addition, the relevance

Both helices of the A state show fraying effects in the of aggregation for the interpretation of NMR relaxation data
sense that the effectivg values, reflected in the individual ~was tested in two ways: (1PN T; relaxation data were
T,/T, ratios, decrease and the internal mobility increases recorded for a sample with reduced concentration (0.3 mM),
toward the ends of the helices. Such effects are neitherwhich does not show significant differences from the
observed for the central helix in native ubiquitin (Figure 7) standard samples (0.7 mM). (2) Amtermolecular*tH—H
nor are they characteristic for helices in other native proteins. NOESY spectrum was recorded on an A-state sample
As noted previously (Brschweiler, 1995), such fraying containing 50% natural abundance ubiquitin and 50% fully
effects do not necessarily reflect larger backbone dihedral 3C*N-labeled ubiquitin. While ndntermolecularcross
angle fluctuations toward the ends of the helix but can also peaks could be detected between unlabeled and labeled
be the result of cumulative local motion along the whole ubiquitin, a large number ofntramolecular NOEs are
chain (long-range motion). observed. Two-dimensional inter- and intramolecular NOE-

The variation between the effective tumbling correlation SY spectra are shown in the supporting information. These
times of the three segments and the fraying behavior indicatesresults indicate that thHéN relaxation data reflect monomeric
that the helices are stabilized by intrasegmental interactionsstates. The same conclusion was reached by €toal.
rather than by specific tertiary interactions between the (1993), who studied the A state by CD, finding no evidence
different segments, since the latter would lead to more for aggregation over a concentration range of 8:8Img/
nativelike dynamics. The large effective tumbling correlation mL, which includes the sample concentration of the present
times 7. found for the N-H vectors in helix A could be  study.
caused by anisotropic rotational motion. For an isolated Each of the three protein segments shows a characteristic
elongated helix with backbone NH vectors that are on T, behavior with fraying effects toward the ends. Confor-
average parallel to the helix axis, the fast rotational diffusion mational exchange contributio&, are clearly manifested
about the helix axis will not modulate the-NH dipolar only for residues T9 and T12 located in the loop region of
interaction and is thus not relaxation-active. The-Hl the 5-sheet and at the beginning of the second strand of the
vectors will then exhibit a correlation function with a j-sheet, respectively. For these residuesThealues are
monoexponential tumbling part with & value that is more than 2 standard deviations smaller than that for the
determined by the slower motions about axes perpendicularneighboring residues. This picture is independently con-
to the helix axis. Coxet al. (1993) studied two peptides firmed by CSA-dipole cross-correlation rate constants using
U-21 and U-35, consisting of the first 21 and the first 35 the experimental scheme proposed by Tjaradral., 1996b.
amino acids of ubiquitin, respectively, under the A-state These parameters depend on the backbored Noower
condition by*H NMR and CD. They concluded that the spectral density function in a similar way as standasd
structure of U-35 in 60% methanol is essentially the same parameters, except that conformational exchange does not
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Table 1: Extended Model-Free Analysis '8N Relaxation Data Based on Equatioh 7

modeb 52 ¢ (ns) A 71 (PS) A 72 (PS) %2
B-Sheet

1 0.55+ 0.08 6.0+ 2.5 0.45+ 0.08 7204+ 540 20.6+ 10.6

2 0.49+ 0.06 4.7+ 0.8 0.34+ 0.09 920+ 30 0.17+0.04 2.0 4.8+ 2.3

3 0.35+ 0.05 6.4+ 0.9 0.44+ 0.05 1660+ 270 0.21+ 0.04 414+ 19 24+ 1.2
Helix B

1 0.64+ 0.03 9.1+ 0.5 0.36+ 0.03 920+ 150 19.6+ 13.2

2 0.55+ 0.04 8.2+ 1.0 0.34+ 0.03 960+ 190 0.11+ 0.04 2.0 51425

3 0.47+ 0.07 9.43+ 0.6 0.36+ 0.03 1400+ 150 0.17+ 0.06 42+ 16 1.7+ 0.7
Helix A

1 0.72+0.03 12.2+ 1.0 0.28+ 0.03 11604+ 210 7.6£5.5

2 0.65+ 0.05 124+ 1.3 0.30+ 0.03 12604+ 240 0.05+ 0.03 2.0 50:4.1

3 0.58+ 0.08 13.7+ 1.6 0.31+ 0.03 1830+ 460 0.114+ 0.06 40+ 18 22+ 1.2

aValues + standard deviations of the model-free parameters averaged over the residues of the indicated segment of the ubiquitin A state,
calculated for models 1, 2, and '3Fit parameters of model 1z., Ay, 71. Fit parameters of model 2z;, Ay, 71, Ax. Fit parameters of model 3z,
Ay, T1, A, T2

contribute in this case. Experimental cross-correlation rate 5-sheet (residues-217), the helix B (residues 2235) and
constants of the A state as a function of the residue numberthe helix A (residues 3972). Some features are common
are given in the supporting information. Such a comparison to all three models 1, 2, and 3:

represents a generally applicable method for thg idgntifiqation (a) The generalized order parameters are unusually low
of exchange processes that overcomes ambiguities in theas compared té°N relaxation studies of globular proteins
interpretation ofT, data. A more quantitative analysis of where the !N order parameters for regular secondary
the involved time constants of such exchange processes couldtructural elements typically lie in the range 0.80F <

be obtained by, measurements with variable spin-lock field 0.85. In the A state of ubiquitin, on the other hand, most of
strengths (Deverekt al,, 1970; Akke & Palmer, 1996). the & values lie between 0.4 and 0.6.

_In the following section, the question of the of multiple-  (h) The distinction between three separate secondary
time-scale internal motions will be addressed by a simulta- stryctural units, identified fromH—H NOE and 13C
neous fitting of all*N relaxation parameters for each residue chemical shift data, is reflected in the effective overall

(except for T9 and T12) assuming a correlation function of correlation timesr, which are remarkably different for the

the form given in eq 7. _ three protein segments. The lowest/alues are found for
Extended Model-Free Analysi§.he seven backboriéN- the N-terminal3-sheet (4.5-6.5 ns) and the highest values

relaxation parameter®;’*, measured for each residueTd/  for the C-terminal helix A (1214 ns). The correlation times

at 400, 600, and 800 MHz, T/ at 400 and 600 MHz, and  for the short central helix B vary between 8 and 9.4 ns. This

NOE at 600 and 800 MHz), were fitted by minimization of indicates that the three segments are linked flexibly and that

the residue-specific target function the segmental motion is mainly determined by the concerted
overall tumbling motion of the nuclei within one structural
(PP — pgaly? segment.
xz = z —FF (n=1,..,7) (8) (c) Internal motions on a hanosecond time scale take place
n APﬁ in all three structural segments of the A state of ubiquitin,

in agreement with observations made on other partially

where P2 is the relaxation parametd?, defined by the denatured proteins by NMR relaxation measurements.
eqgs 3-7. An effective overall rotational correlation time They? values are reduced by a factor 6f2 when passing
7., which describes the average tumbling motion of the from model 1 to model 2, indicating that the simple model
corresponding N-H vector, was fitted individually for each ~ assuming only one effective internal correlation time is
residue. insufficient to describe the dynamics of this mobile protein

The data were analyzed with three different models that State. We should emphasize that only Bgfield depen-
are all based on eq 7. In the simplest model it is assumeddence of the'®N relaxation data allows one to address
that the internal motion is described by a generalized order multiple-time scale motions, as tHéN Ty, T,, and NOE
paramete and a single internal correlation time (model values obtained at 600 MHZq-field strength can be fitted
1). The extended models 2 and 3 account for the presenceperfectly using the simple model 1. A further slight decrease
of two time scales of internal motion by adding a second of x? is obtained by adjusting also the internal correlation
exponential with parametefs andz, to the internal part of ~ time 7> (model 3). Figure 8 shows the residue-specific
the correlation function of eq 7. In model 2 the second overall and internal correlation times and order parameters
internal correlation time-, is assumed to be very short and obtained with model 3.
set to a constant value of 2.0 ps. In model 3 no restriction  The three structural segments of the protein show similar
is applied tor,. internal mobility. The two time scales of internal motion

Table 1 summarizes the results of nonlinear least-squaresare more than 1 order of magnitude apart, one of them
fits of the experimental relaxation data using models 1, 2, representing the fast local fluctuations (thermal vibrations
and 3. The fitted correlation times and order parameters andand librational modes) in the, = 1-60 ps range and
the goodness of fit valueg® are averaged within each of coefficientsA, ranging between 0.1 and 0.2. This behavior
the three secondary structure elements: the antiparallelis similar to the one found in globular proteins. The longer
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20 This study reveals similarities to as well as differences
16 from previous NMR investigations of partially folded protein

. states. The N-terminal part of the immunoglobulin binding

@ domain of streptococcal protein G (GB1) forms in the native
= 8 state an antiparallgl-sheet (residues-120) and ar-helix
. (residues 2237) similar to native ubiquitin. The urea-
0 denatured state of GB1 at pH 2 (Fraekal.,, 1995) does
0 10 20 30 40 50 60 70 not show any residual secondary structure, which is com-

parable to NMR results on the guanidine-hydrochloride-
denatured state of ubiquitin (Briggs & Roder, 1992). With
the exception of the N- and C-termini, the backbé&ieorder
parameters are uniformly distributed between 0.4 and 0.5
with internal correlation times below 200 ps and some
residues showing conformational exchange contributions. The
effective tumbling correlation time is about 3 ns, which is
much shorter than the one found for the ubiquitin A state,
indicating a lack of segmental motion in this state of GB1.
It would be interesting to investigate GB1 in an alcohol/
water mixture to gain more insight in the stability of the
different structural segments under “softer” denaturing
conditions.

e LT In the case of partially folded states of proteins containing
cysteine residues, as reported for BPTI (van Miartaal,
ol * * * ok 1993) and interleukin 4 (Redfieldt al, 1994), a molten
0 10 20 30 40 50 60 70 globule state is stabilized by one (BPTI) or three (interleukin
Residue 4) disulfide bonds, respectively. The highly ordered hydro-
FicURe 8: Residue-specific correlation times and order parameters phobic core of these partially folded proteins is characterized
obtained from a nonlinear least-squares fit to the seven experimentalby order parameters similar to the ones found in regular

relaxation parameters of Figure 6 using eq 7 with two different ; ;
correlation times of internal motion. The fit parameters for each secondary structural elements of native proteins (0.%

residue in the model are the overall correlation tima generalized ~ = 0.85). Conversely, the low order parameters of the
order paramete®, and two effective correlation timas andz,, ubiquitin A state suggest the absence of formation of a
describing internal motions with contributiods and A, respec- hydrophobic core involving the three structural segments.
lt:)v;élgr/i.ﬂ;I'Qﬁ: gléglrgal correlation times, and 7, are plotted on a For hen egg white lysozyme (Buckt al, 1995) and
' o-lactalbumin (Alexandrescet al, 1994a), partially un-
internal correlation time; describes internal motions in the f‘?'d.ed in 70% aqd 50% trifluoroethanol (TFE), respectively,
range between 1 and 3 ns with relatively high coefficients Similar observations are made as for the A state of ubig-
As ranging between 0.3 and 0.5 that are rarely observed inuitin: some of the native structure is retained and additional
native proteins. The inclusion of a second internal correla- nonnative hellqal structure Is induced with strongly reduc_ed
tion time is accompanied by an increase in the overall tertiary interactions. While in the TFE state of hen egg white
correlation timeg. and a decrease in the generalized order lysozyme the o_r_der parameters are strongly a_lffec.ted by. their
parameterss. Thus, the neglect of multiple internal time sequence posmon relative to the n(_aarest _dlsglflde bridge,
scales (model 1) may underestimate the rotational correlationMany of tze mterngl é:tor:elilggg tl_mgls It'e tr'}” ,t;]et ISW
time and overestimate the generalized order parameter. Th@?ng_sec_?n range (Buek al, ) similar to the A state
flexible character of the three segments inferred by'thie of ubiquitin. ] ]
relaxation data is in agreement with the results obtained from _Alcohols appear to denature_ native states of proteins by
the secondary chemical shifts atd—H NOESs. disrupting the (noncovalent) tertiary interactions, presumably
. . S by weakening the hydrophobic effect relative to hydrogen-
While the faster of the two time scales lying in the S .
. ; : bonding interactions (Nelson & Kallenbach, 1986). Future
icosecond range undoubtedly reflects internal motion, some ; : o .
gmbiguity remagi;ns concerniné the interpretation of motion NMR studies on denatured protein states will further improve

taking place on the slower time scalas In the precedin the understanding of the local interactions responsible for
gp : P 9 ' the formation of native and nonnative structure as well as
analysis based on eq 7, the slow motion was assumed t

correspond also to internal motion, which would also explainothe c_onf(_)rmationa_l fle_xibility! \.NhiCh are esgential factors
. ' . ..._contributing to thein vivo activity of these biomolecules.
the averaging effects observed for secondary chemical shifts
and'H—H NOEs. Alternatively, the main origin of thg CONCLUSION
time-scale effects could be strong tumbling anisotropy for
the molecular fragments as mentioned above. The internal This study demonstrates that the partial unfolding of a
motions responsible for averaging the secondary chemicalprotein by solvent interactions not only leads to enhanced
shifts and the!tH—'H NOEs would then have to occur on local mobility but also can induce altered secondary structural
time scales slower than the deduced valuedbut faster elements. The N-terminal half retains the structural features
than milliseconds, since no exchange broadening is observedf the natives-sheet and of the central helix B but shows
for all but a few residues. On the basis of the present data,significantly increased internal mobility. In the C-terminal
we cannot rule out this second interpretation. half, methanol induces a transition from the nafivstrand-

T4, T2[ns]
o
Cal
Ny
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rich region to an elongated segment with high helical

propensity (helix A). These segments were identified on the

basis of characteristic CO and €econdary chemical shifts,
!H—!H NOE connectivities, and CD data, and they coincide
well with the segments found in tHéN relaxation data. All

Brutscher et al.

Clore, G. M., Szabo, A., Bax, A., Kay, L. E., Driscoll, P. C., &
Gronenborn, A. M. (1990)J. Am. Chem. Soc. 112989-4991.
Cox, J. P. L., Evans, P. A., Packman, L. C., Williams, D. H., &

Woolfson, D. N. (1993)J. Mol. Biol. 234 483-492.
Deverell, C., Morgan, R. E., & Strange, J. H. (197pl. Phys.
18, 553-559.

three segments are involved in dynamic equilibria between Di Stefano, D. L., & Wand, A. J. (198Biochemistry 267272~

flexible structural elements as is reflected by tH

backbone order parameters, by the secondary chemical shifts

and by the absence of*H-HV13 NOEs in both helical
segments A and B. Th&N relaxation data measured at

three magnetic field strengths reveal enhanced multiple-time-

scale backbone mobilities, which markedly differ from the

dynamics of the native state. This structural and dynamical

7281.

Ecker, D. J., Butt, T. R., Marsh, J., Sternberg, E., Shatzman, A.,

' Dixon, J. S., Weber, P. L., & Crooke, S. T. (198PBiol. Chem.
264, 1887-1893.

Farrow, N. A., Muhandiram, R., Singer, A. U., Pascal, S. M., Kay,
C. M., Gish, G., Shoelson, S. E., Pawson, T., Forman-Kay, J.
D., & Kay, L. E. (1994)Biochemistry 335984-6003.

Farrow, N., Zhang, O., Forman-Kay, J. D., & Kay, L. E. (1995)
Biochemistry 34868—-878.

picture of the A state of ubiquitin represents a phenotype of Farrow, N., Zhang, O., Forman-Kay, J. D., & Kay, L. E. (1997)

partially unfolded proteins, which is characterized by a

Biochemistry 362390-2402.

combination of native and nonnative secondary structural Feng, Y., Sligar, S. G., & Wand, A. J. (199¥gt. Struct. Biol. 1

elements with high internal mobility, connected by flexible
linkers.
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SUPPORTING INFORMATION AVAILABLE
Two tables, containing the™I N, CO, and € chemical

shift assignments of the methanol-induced A state of ubi-

quitin and the">N relaxation dataTi, T, NOE) of ubiquitin
A state measured at 400, 600, and 800 MBgHield strength,
and five figures with pulse sequences f6N relaxation
experimentsTy, T, NOE) on'3C'®>N-labeled samples, pulse

sequences and 2D spectra of the inter- and intramolecular

H NOESY experiments, and experimertt—H chemical
shielding anisotropydipolar cross-correlated rate constants
for the A state of ubiquitin (11 pages). Ordering information
is given on any current masthead page.
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