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ABSTRACT: The backbone hydrogen bond (H-bond) network of the partially folded A-state of ubiquitin
(60% methanol, 40% water, pH 2) has been characterized quantitatively byh3JNC′ H-bond scalar couplings
between the15N nuclei of amino acid H-bond donors and the13C carbonyl nuclei of the acceptors. Results
on h3JNC′ couplings and the amide proton (1HN) chemical shifts for the A-state are compared quantitatively
to the native state. Theh3JNC′ correlations of the A-state show intact, nativelike H-bonds of the firstâ-hairpin
â1/â2 and theR-helix, albeit at lower strength, whereas the H-bonds in the C-terminal part change from
a pureâ-structure to an allR-helical HN(i)fO(i-4) connectivity pattern. A residue-specific analysis reveals
that the conformations within the conserved secondary structure segments are much more homogeneous
in the A-state than in the native state. Thus, the strong asymmetry ofh3JNC′ couplings and1HN chemical
shifts between the interior and exterior sides of the native stateR-helix vanishes in the A-state. This
indicates that the bend of this helix around the native state hydrophobic core is released in the homogeneous
solvent environment of the A-state. Similarly, an irregularity in the behavior of H-bond I3fL15 in hairpin
â1/â2, which results from strong contacts to strandâ5 in the native state, is absent in the A-state. These
findings rationalize the behavior of the1HN chemical shifts in both states and indicate that the A-state is
in many aspects similar to the onset of thermal denaturation of the native state.

Many proteins adopt partially folded states under certain
non-native conditions such as extremely low or high pH,
high salt concentration, high temperature or by the addition
of denaturants or organic solvents. These dynamic structures
are usually characterized by an intermediate volume between
the native and a completely unfolded state, the presence of
a significant fraction of nativelike secondary structure, high
flexibility, and the lack of stable tertiary contacts (1-4).
Besides a general interest in the understanding of interactions
responsible for protein stabilization, the research of partially
folded states is motivated by the finding that certain of these
destabilized structures represent equilibrium analogues of
kinetic folding intermediates (2, 5). Therefore, their char-
acterization may also give insights into natural protein folding
pathways.

A partially structured, stable state of the protein ubiquitin
exists at room temperature in a 60%/40% methanol/water
mixture at pH 2 (6). This so-called A-state has been
intensively characterized by a variety of methods such as
circular dichroism (CD) (6, 7), hydrogen exchange (8, 9),
NMR (10-12), calorimetry (13), and molecular dynamics
simulations (14, 15).

The characterization by CD (6) and NMR (11, 12) of the
A-state has converged to the following conclusions about
its residual average structure (see also Figure 1). A stable
hydrophobic core is absent, and the overall shape is less

globular than the native state. Nevertheless, certain secondary
elements can be clearly detected. In the N-terminal part, the
first antiparallelâ-hairpin â1/â2 (residues M1 to V17) and
the centralR-helix R (residues I23 to G35) of the native state
preserve their secondary conformation in the A-state. The
C-terminal part beyond residue 35 undergoes a dramatic
change from an allâ-structure in the native state to a helical
structure for residues Q40-R74 (helix R′) in the A-state.
The structural conservation of the antiparallelâ-hairpinâ1/
â2 and of helixR under changed solvent conditions suggests
that the folding of these secondary structure elements may
be independent from the rest of the protein. In fact, a peptide
consisting of only the first 17 residues adopts a similar
â-hairpin structure as this part of the entire protein in the
A-state (16), and a peptide comprising the first 35 residues
forms a structure that is similar to theâ-hairpin and the
centralR-helix of the A-state (7).

The dynamical behavior of the A-state has been character-
ized by 15N-relaxation data acquired at multiple magnetic
fields (12). An interpretation of these data on a residue-by-
residue basis using a generalized model-free approach
indicates that the effective rotational correlation times are
very different for the different protein segments. The shortest
correlation times (4.5-6.5 ns) are found in the sheet and
the longest ones (12-14 ns) in the C-terminal helix. This
differential behavior and the particularly low{1H}-15N NOE
values around residues S20 and G35 suggest that the different
segments are connected by flexible linkers. The N-H order
parametersS2 for most amino acids in all three segments
have values (∼0.4-0.6) that are substantially lower than in
folded globular proteins, and significant amounts of internal
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motion are detected for these residues on the nanosecond
time scale. These results are partially reproduced by molec-
ular dynamics simulations of the A-state (14, 15), which
show the loosely coupled nativelike secondary elements of
the N-terminal part and the disappearance of the native
structure in the C-terminal part.

Scalar couplings across hydrogen bonds (H-bonds) make
it possible to directly observe the H-bond networks of
biomacromolecules in COSY experiments (17). In the
backbone of smaller proteins, the canonical N-H‚‚‚OdC
H-bond can be usually detected via H-bondh3JNC′ scalar
couplings that connect the15N nucleus of the amino acid
donor to the carbonyl13C nucleus of the acceptor (18, 19).
By their dependence on the overlap between hydrogen and
acceptor orbitals (20, 21), which results in a strong depen-
dence on H-bond distances and angles (18, 21-24), the
couplings provide a very sensitive measure for the structure
and dynamics of H-bonds and their changes under different
conditions (25). In the present investigation, we have
characterized the H-bond network of ubiquitin’s A-state by
h3JNC′ scalar couplings in an effort to understand the forces
contributing to its stability. These data are compared
quantitatively with ubiquitin’s native state. Consistent with
the earlier findings, theh3JNC′ correlations of the A-state show
intact H-bonds of the firstâ-hairpinâ1/â2 and theR-helix,
albeit at lower strength, whereas the H-bonds in the C-
terminal part change to anR-helical HN(i)fO(i-4) connectiv-
ity pattern. A residue-specific analysis of the couplings and
the1HN chemical shift reveals that the H-bond conformations
within the conserved secondary structure segments are much
more homogeneous in the A-state than in the native state.

MATERIALS AND METHODS

Sample Preparation.Preparation of uniformly2H/15N/13C-
labeled ubiquitin with deuteration levels larger than 85% was
performed as described previously (26). An NMR sample
of 0.7 mM A-state ubiquitin was prepared by lyophilizing
350µL of 1 mM triply labeled protein stock solution, pH 7,
and dissolving it into 500µL of a 40%/60% H2O/CD3OH
(Cambridge Isotope Laboratories) mixture. The pH was then
adjusted to 2. Note that a 0.7 mM concentration of A-state
ubiquitin represents the upper limit for long-term sample
stability, since higher concentrations lead to gelation after
several weeks (12).

NMR Experiments.All NMR experiments were carried out
at 25 °C on Bruker DRX600 or DRX800 spectrometers
equipped with triple resonance pulse field gradient probe-
heads. The spectrometers were locked on the CD3OH signal.
Since the methanol hydroxyl protons resonate at a frequency
very close to the water protons, solvent suppression was
easily achieved by the normal WATERGATE (27) and water
flip-back (28) schemes.

h3JNC′ Trans Hydrogen Bond Scalar Couplings.Theh3JNC′
trans hydrogen bond scalar couplings were determined in
the A-state of ubiquitin as described previously by long-
range water flip-back 3D-HNCO experiments using TROSY
detection of the slowly relaxing components of the1H-15N
doublet (29). Two sets of cross and reference 3D spectra
were recorded at 800 MHz1H frequency as data matrices of
83*(tCO) × 1024*(tHN) × 28*(tN) data points (n* is the
number of complex points) with acquisition times of 39 ms

(tCO), 110 ms (tHN), and 25 ms (tN). The experimental times
for cross and reference experiments were 31 h. Theh3JNC′
couplings were calculated from the intensity ratio of the
hydrogen bond cross-peaks (HNi, C′j, Ni) to the reference
peaks (HNi, C′i-1, Ni) (18). To evaluate the reproducibility,
a set of six 2D long-range H(N)CO experiments was also
recorded at 600 MHz1H frequency with the same acquisition
parameters (measuring time 22 h per experiment). The
reported values forh3JNC′ couplings and their errors refer to
means and standard deviations derived from these indepen-
dent determinations. As judged by these standard deviations,
a very high reproducibility of the scalar coupling values (on
average better than 0.015 Hz) was achieved.h3JNC′ couplings
of the native ubiquitin were taken from a previous study at
25 °C, pH 6.5 (25).

Other NMR Parameters.13CR, 13Câ, and13C′ chemical shift
assignments were obtained from regular HNCA, HNCACB,
and HNCO experiments.1HN-1HN NOEs were determined
from a 3D 15N-edited NOESY with a mixing time of 360
ms.

RESULTS

Comparison of the H-Bond Network in the A-State and in
the NatiVe State.The transition from the native state to the
A-state leads to a very striking reshuffling of the H-bond
network in ubiquitin, which can be followed in detail by the
h3JNC′ scalar correlations between H-bond donor and acceptor
amino acids (Figure 1). These correlations clearly show that
the H-bond patterns of the first antiparallelâ-sheet and of
the centralR-helix are very similar under native state and
A-state conditions. In contrast, theh3JNC′ correlations in the
C-terminal part indicate numerous parallel and antiparallel
â-sheet H-bonds in the native state, which switch toR-helical
H-bonds in the A-state.

Figure 2A shows the size of the measuredh3JNC′ couplings
in the native state and A-state as a function of donor residue
number. The change to the A-state increases the total number
of detected backbone H-bonds (39 versus 32 in the native
state), which have, however, weaker and more uniformh3JNC′
values. This trend is reflected in the average|h3JNC′| value
and its standard deviation, which are both smaller in the
A-state (0.27( 0.10 Hz) than in the native state (0.50(
0.17 Hz). Neglecting angular dependencies and assuming a
fixed geometry, smaller|h3JNC′| values correspond to longer
donor-acceptor distances (18, 22). For the transition from
the native state to the A-state, such an average lengthening
of H-bonds is expected since a much larger fraction of
H-bonds isR-helical in the A-state, and H-bonds are on
average 0.1 Å longer inR-helices than inâ-sheets (30).
However, even within the conserved secondary structure
elements (â1, â2, R), a clear reduction of theh3JNC′ values
can be observed for many H-bonds (Figure 2A).

We attribute the reduced coupling size in the conserved
structural elements to increased internal motions of the
A-state. Since only single resonances are observed in the
A-state, the internal motions are fast on the chemical shift
time scale, i.e., faster than milliseconds. In fact, the reduced
generalized order parameter extracted from15N-relaxation
data by Brutscher and co-workers (12) indicates that the
amplitudes of the pico- to nanosecond internal motions are
larger than in the native state. However, the experimentally
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observed H-bond couplings could also be affected by
motions, which are slower than the time scale of15N-
relaxation experiments, because they represent time averages
up to a time that is determined by the inverse of the coupling
constants and the total time used for magnetization transfer,
i.e., about 0.1-1 s. As their size depends exponentially on
the H-bond distance (21, 22) as well as on a number of
H-bond angles (21, 23, 24), the time average of H-bond
couplings corresponds to an average over these multivariate
geometric dependencies. However, for larger amplitude
motions the strong exponential distance dependence is
expected to play a dominant role. Thus to a first approxima-
tion, the decrease in H-bond coupling size could be inter-
preted as an increase of the motional average of the H-bond
length.

To compare the behavior of H-bonds in more detail, we
describe in the following the changes inh3JNC′ values between
both states separately for the different secondary structure
elements.

Hairpin â1/â2. Strandsâ1 andâ2 of native ubiquitin are
connected by a “5-residue turn” (T7-K11) to form a twisted
â-hairpin structure consisting of residues M1 to V17 (Figure
1). Apparently this structure forms independently from the
rest of the protein (16), and it has been suggested that its
formation constitutes an early event in ubiquitin’s folding
pathway (31, 32). The conservation of this part of the
secondary structure in the A-state is already evident from
the deviations of the13CR and13C′ chemical shifts from their
random coil values (12). Panels B and C of Figure 2 show
these secondary shifts for the13CR nuclei of the A-state and
native state in comparison with theh3JNC′ data in Figure 2A.
Negative values of the13CR secondary shifts, corresponding
to a â-sheet conformation (33, 34), are found for residues
Q2-T7 and I13-E18 in both the native state and A-state.
However, in the A-state, the secondary shifts have reduced
absolute values. A similar observation was made for the13Câ

secondary shifts in thisâ-sheet region (data not shown) where
stronger positive values are found in the native state than in

FIGURE 1: Hydrogen bond topologies as derived by detectedh3JNC′ H-bond correlations for ubiquitin in the native state (A) and in the
A-state (B). Top: two-dimensional maps representing the detectedh3JNC′ scalar correlations (filled diamonds). Secondary structure elements
are indicated as filled arrows forâ-strands, solid wavy lines forR-helices, dashed wavy lines for 310-helices, and open boxes forâ-turns.
For the native state (A) open diamonds represent H-bonds, which were not detected byh3JNC′ correlations but which are present in the
ubiquitin crystal structure (1UBQ) (47) with dOH <2.5 Å and NH‚‚‚O angles>120°. Bottom: H-bond topology diagrams derived for the
two states based on detectedh3JNC′ correlations. The H-bonds are depicted by a dotted line between the amide proton donors (filled hexagons)
and the oxygen acceptors (open hexagons).
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the A-state. The reduction of the13CR secondary shifts has
been interpreted previously as the result of the higher degree
of internal dynamics of the A-state (12). The effect is also
apparent in the average absolute size of theh3JNC′ scalar
couplings (Figures 2A and 3A), which drops from a value
of 0.63( 0.07 Hz (N ) 5) in the native state to 0.48( 0.07
Hz (N ) 5) in the A-state (omitting H-bond I3fL15, which
has a particular behavior; see below). If interpreted as an
H-bond length change (25), the ∼24% decrease in the
couplings corresponds to an average lengthening (∆r/Å )
-1/4∆h3JNC′/h3JNC′) of about 0.07 Å. A strong correlation has
been found between theh3JNC′ couplings and the1HN

chemical shifts (18, 25), where large absolute-sizeh3JNC′
couplings correspond to strong1HN downfield shifts, which
are well-established indicators of short H-bond distances (35).
This correlation is also evident from a comparison ofh3JNC′
couplings and1HN chemical shifts of H-bonding amino acids
in the native state and A-state of ubiquitin (Figures 3 and
4). For theâ1/â2 hairpin (Figure 3A), the reduction in the
size of the h3JNC′ couplings corresponds to an average
decrease in the amide proton chemical shift of about 0.4 ppm.

A particular behavior is found for the H-bond I3fL15 in
the â1/â2 hairpin (Figure 3A). Whereas on average the
H-bond strengths decrease considerably within this hairpin
under A-state conditions, the NMR parameters for this
H-bond remain virtually unchanged. Theh3JNC′ value for this
H-bond drops only slightly from-0.45 to-0.44 Hz, and
the 1HN chemical shift shows even a slight increase. In a
previous study on the temperature dependence of the H-bond
properties of native ubiquitin (25), this H-bond also showed
a very particular behavior: despite a strong temperature-
induced decrease in the strength of the H-bond couplings
and 1HN chemical shifts for residues in its direct vicinity,
i.e., E64, M1, Q2, L15, and V17, the strength of theh3JN3C′15

coupling and the V31HN chemical shift increased with

increasing temperature from 5 to 65°C. In native ubiquitin,
the particularly strong H-bond E64fQ2 connects to the Q2/
I3 amide group and coincides with a twist of the backbone
conformation around residue I3 (Figure 1A). Apparently, the
E64/Q2 contact exerts strain on residue I3, such that the latter
is pulled away from its H-bond partner V15 toward residue
E64. This is evidenced by a reduction of theh3JN3C′15 coupling
as well as of the V31HN chemical shift in the native state
(Figure 3A). At higher temperatures, theh3JN64C′2 coupling
shows a particularly strong decrease, consistent with a
pronounced weakening of the E64/Q2 contact (25). This
reduces the strain on residue I3 such that it can move closer
toward V15. As a consequence, theh3JN3C′15 coupling as well
as the V31HN chemical shift increases slightly and becomes
more equal to the neighboring H-bonded residues.

The behavior of theh3JNC′ couplings and1HN chemical
shifts within theâ1/â2 hairpin of the A-state provides strong
additional evidence for this mechanism. In the A-state, the
E64fQ2 H-bond is absent, and the E64/Q2 contact cannot

FIGURE 2: Comparison ofh3JNC′ coupling constants and13CR

secondary shifts in ubiquitin’s native state and A-state. (A)
Experimentalh3JNC′ coupling constants versus donor residues in the
native state (open circles) and in the partially folded A-state (filled
circles). Error bars correspond to rms deviations of at least two
independent experiments. In the A-state, filled circles connected
to dotted lines indicate upper limits for|h3JNC′| derived from the
signal to noise ratio of the reference spectrum in cases where no
H-bond cross-peaks could be detected (17). Secondary structure
elements are indicated at the top for the native state and the A-state.
13CR secondary shifts are indicated in (B) for the native state and
in (C) for the A-state.

FIGURE 3: Comparison ofh3JNC′ constants and1HN chemical shifts
in the conserved secondary structure elements of ubiquitin’s native
state (open circles) and A-state (filled circles). Data are arranged
according to the secondary structure topology. (A) Hairpinâ1/â2.
(B) R-Helix R. Filled circles connected to dotted lines indicate upper
limits for |h3JNC′| in cases where no H-bond cross-peaks could be
detected (see Figure 2).

FIGURE 4: Comparison ofh3JNC′ constants and1HN chemical shifts
in the nonconserved part of ubiquitin’s secondary structure in the
native state (open circles) and A-state (filled circles). Filled circles
connected to dotted lines indicate upper limits for|h3JNC′| in cases
where no H-bond cross-peaks could be detected (see Figure 2).
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distort the backbone conformation around residue I3. This
leads to uniformh3JNC′ constants and1HN chemical shifts
across the entireâ-sheet with no exceptional values for the
I3fV15 H-bond (Figure 3A). On average, however, the
h3JNC′ constants and1HN chemical shifts are reduced relative
to the native state because of the destabilizing environment
of the acidic methanol/water phase. Thus, the behavior of
the â1/â2 H-bonds in the A-state seems very similar to the
onset of thermal unfolding in the native state. This onset is
characterized by a global weakening of H-bond coupling
constants and starts specifically by the destabilization of the
E64fQ2 connection for temperatures above 60°C (25).

The Central R-Helix. The h3JNC′ connectivities of the
A-state (Figure 1A) show that all amide groups of residues
I23 to E34 are bonded in HN(i)fO(i-4) H-bonds. This
confirms that the native centralR-helix (residues T22 to G35)
is largely conserved. The positive13CR secondary shifts are
consistent with the helical structure of this region in the
native state (Figure 2B) and A-state (Figure 2C). However,
similar to hairpinâ1/â2, the strongly reduced absolute size
of the secondary shifts in the A-state indicates enhanced
flexibility. Likewise, this effect is also visible in the reduction
of the H-bond couplings (Figure 3B) with average|h3JNC′|
values of 0.35( 0.15 Hz (N ) 10) in the native state but
0.20( 0.04 Hz (N ) 7) in the A-state. Assuming again linear
H-bond geometries, such a decrease corresponds to an
average increase of donor-acceptor distances of about 0.11
Å in helix R ïf the A-state.

A closer inspection of individualh3JNC′ scalar couplings
and amide proton chemical shifts (Figure 3B) shows that
the behavior of the H-bonds within theR-helix is by no
means uniform. In native ubiquitin, very strong couplings
(-0.4 to-0.7 Hz), associated with strong proton downfield
shifts, are found for H-bonds K27fI23, I30fV26, Q31fK27,
and E34fI30. These H-bonds are located on the face of the
R-helix that is directed toward the hydrophobic core.
Respectively, weaker couplings (-0.2 to-0.3 Hz) and more
upfield proton chemical shifts are observed for H-bonds
located at the exterior, water-exposed face of the helix. This
leads to a pronounced periodicity of the1HN chemical shifts,
which is often found for amphipathic helices (36, 37). On
the basis of numerous observations of bent helices in crystal
structures (38, 39), it had been suggested that such period-
icities are caused by different H-bond lengths on opposite
helix sides, although an experimental proof from NMR data
was missing (36). Clearly, ubiquitin’sR-helix is amphipathic
with hydrophobic residues (I23, V26, I30) at the interior and
hydrophilic residues (E24, K29, K33) at the exterior side.
From the observed periodicity inh3JNC′ values and1HN

chemical shifts, we concluded previously that indeed the
H-bonds are shorter on the interior side and that ubiquitin’s
R-helix is bent around the hydrophobic core by about 9° (25).

In strong contrast to the native state, no such large
periodicities inh3JNC′ couplings and1HN chemical shifts are
observed in the A-state. This is the consequence of a strong
reduction inh3JNC′ size for the strong H-bonds K27fI23 and
E34fI30 of the native state (∆h3JNC′ ) 0.31 and 0.52 Hz,
respectively) and of much weaker reductions of about 0.1
Hz for the weaker H-bonds. As a result, allh3JNC′ couplings
of this R-helix fall into a narrow range,-0.16 to-0.26 Hz,
in the A-state. Similar changes are found for the1HN

chemical shifts, where the maximal variation around the

average drops from(0.74 ppm in the native state to(0.22
ppm in the A-state. Thus bothh3JNC′ couplings and1HN

chemical shifts indicate that the H-bonds have comparable
strengths across the entire helix and that the bend of the helix
in the native state is largely released in the A-state.
Apparently, the replacement of the strongly asymmetric
hydrophobic/hydrophilic contacts on both sides of the helix
by a homogeneous methanol/water environment leads to a
more straight and symmetric structure of the helix.

The Elongated C-Terminal Helical Segment.The h3JNC′
correlations in the C-terminal part of ubiquitin’s A-state
structure (Figure 1) yield a large number of H-bond con-
nectivities. These clearly confirm the helical nature of this
segment as it was derived from CD (6, 7), heteronuclear
chemical shift, and short-range NOE data (11, 12) but had
not been detected in the early homonuclear NMR work (8,
10). Despite the high internal flexibility of the long C-
terminal helix with a nanosecond order parameterS2 of about
0.6 (12), almost all amide groups for residues I44 to R74
yield observable HN(i)fO(i-4) h3JNC′ correlations (Figures
1 and 4). Thus theh3JNC′ data unambiguously establish that
the helix hasR-helical periodicity, a fact which could not
be derived earlier due to the absence of indicative, medium-
range HR

i-HN
i+3/HN

i+4 NOE contacts (12).
The transition from the nativeâ-sheet structure of the

C-terminal part of ubiquitin to the extendedR-helical
structure in the A-state causes a strong reduction in the
average size and dispersion ofh3JNC′ values (Figure 4).
However, the total number of detected backbone H-bonds
involving a donor or an acceptor group in the C-terminal
part increases from 16 to 26 (Figure 1). This is consistent
with the fact that helical conformations usually have a larger
number of intramolecular backbone H-bonds thanâ-sheet
structures. The behavior of theh3JNC′ values is mirrored in
the 1HN chemical shifts, which show a similar reduction in
size and dispersion. Both quantities are rather uniform across
the entire C-terminal helix with average values of-0.24(
0.05 Hz forh3JNC′ and 8.07( 0.13 ppm that are very similar
to the values in the centralR-helix (Figure 3B).

A certain variation within this uniform segment is evident
for donor residues G53 to D58 (Figure 4). In this region,
the |h3JNC′| values are below 0.2 Hz, and the13CR and 13C′
secondary chemical shifts for acceptor residues around D52
are reduced (Figure 2C and ref12). In addition, HN

i-HN
i-3

NOEs fori ) D52 and G53 are observable in the long-range
15N-edited NOESY (data not shown). Only minor variations
were found for this region in the15N-relaxation data (12). It
is therefore possible that this part of the helix is either
statically distorted or that a dynamic destabilization occurs
on a time scale, e.g., submicrosecond, which does not
strongly affect the15N-relaxation measurements.

DISCUSSION

The hydrogen bond network of the partially folded A-state
of ubiquitin has been compared to the native state by a
detailed analysis of the trans hydrogen bondh3JNC′ scalar
couplings and1HN chemical shifts. Despite the large flex-
ibility of the A-state, most of theh3JNC′ couplings could be
measured with high precision and reproducibility. In the
A-state, the average size ofh3JNC′ couplings is reduced, but
a larger number of backbone H-bonds can be detected due
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to the higherR-helical content. The data clearly show the
conservation of hairpinâ1/â2 and the centralR-helix,
whereas the C-terminal part is transformed into a long, purely
R-helical segment. The reduced size ofh3JNC′ couplings in
the conserved parts of the ubiquitin structure coincides with
the decrease of the13CR and 13C′ secondary shifts and is
attributed to motional averaging.

To our knowledge, partially folded states have only been
characterized byh3JNC′ couplings for the case of the TFE-
induced folding of the small 22 amino acid S-peptide (40).
In this case, the fast exchange between unfolded and folded
conformations together with the strong dependence on the
H-bond N-O distance (18, 21, 22) justifies the approxima-
tion thath3JNC′ values are proportional to the population of
closed H-bonds. This was verified by the close correlation
betweenh3JNC′-derived populations and predictions of the
Zimm-Bragg (41) and Lifson-Roig (42, 43) theories of the
coil to R-helix transition. In the case of A-state ubiquitin,
this approximation seems more problematic, because the
equilibrium is closer to the folded state such that small
variations in the average N-O distance play a larger role.
Neglecting this complication, one could also assume a simple
two-state model of closed and open H-bonds for ubiquitin.
In this picture, the reduction inh3JNC′ of the A-state would
then correspond to a reduction of the probability to find
individual H-bonds in a closed state, rather than assuming
that the average H-bond length is increased.

A large body of literature exists on the characterization
of partially folded states by hydrogen-exchange (HX) experi-
ments (44, 45). However, no close correlation between HX
rates and H-bond coupling constants was found in an
extensive study on the temperature dependence of H-bond
parameters in ubiquitin (25). This absence of correlation is
not really surprising since both parameters report on different
molecular properties. In the usual exchange models, it is
assumed that HX occurs from an open H-bond but that the
exchange can be hindered by the surrounding molecular
structure (46). Thus the exchange rates report on the
combined effect of H-bond opening and solvent accessibility.
In contrast, the H-bond scalar couplings report the average
of the H-bond geometry. For the current study, HX rates
were also determined for A-state ubiquitin. However, no
noteworthy features could be detected besides that exchange
is stronger in the loop regions than in theR-helical and
â-sheet parts of the structure (data not shown).

The observed changes inh3JNC′ couplings in all parts of
the A-state structure strongly correlate to changes in1HN

chemical shifts. In general, the size of theh3JNC′ couplings
and1HN chemical shifts is much more homogeneous across
the different secondary structure elements in the A-state than
in the native state. Strong heterogeneities in the size of these
parameters had been observed previously in native state of
ubiquitin for residue I3 within hairpinâ1/â2 and for the
interior side of the centralR-helix (25). These anomalities
had been interpreted as a distortion around residue I3 due to
a very strong I64/Q2 contact and as a bend of the amphip-
athic central helix around ubiquitin’s hydrophobic core. No
such heterogeneities are observed in theâ1/â2 hairpin and
the centralR-helix of the A-state. Thus the heterogeneities
in the native state are caused by tertiary interactions to other
parts of the protein, and a replacement of these contacts by
the homogeneous environment of the 40%/60% water/

methanol mixture leads to very uniform H-bonds and regular
secondary structure conformations. In many aspects, this state
is similar to the onset of thermal denaturation observed at
temperatures above 60°C (25). In summary, this combined
analysis of H-bond correlations and chemical shifts provides
a detailed and rational picture of the dynamic interactions
that distinguish a partially folded from a completely folded
protein state.
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