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Abstract: The peptide backbones of disordered proteins are routinely characterized by NMR with
respect to transient structure and dynamics. Little experimental information is, however, available
about the side chain conformations and how structure in the backbone affects the side chains.
Methyl chemical shifts can in principle report the conformations of aliphatic side chains in
disordered proteins and in order to examine this two model systems were chosen: the acid
denatured state of acyl-CoA binding protein (ACBP) and the intrinsically disordered activation
domain of the activator for thyroid hormone and retinoid receptors (ACTR). We find that small
differences in the methyl carbon chemical shifts due to the y-gauche effect may provide
information about the side chain rotamer distributions. However, the effects of neighboring
residues on the methyl group chemical shifts obscure the direct observation of y-gauche effect. To
overcome this, we reference the chemical shifts to those in a more disordered state resulting in
residue specific random coil chemical shifts. The '3C secondary chemical shifts of the methyl
groups of valine, leucine, and isoleucine show sequence specific effects, which allow a
quantitative analysis of the ensemble of y,-angles of especially leucine residues in disordered
proteins. The changes in the rotamer distributions upon denaturation correlate to the changes
upon helix induction by the co-solvent trifluoroethanol, suggesting that the side chain conformers
are directly or indirectly related to formation of transient a-helices.
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conformational ensemble; denatured state; hydrophobic packing

Introduction
The conformational properties of disordered proteins
are studied for two reasons: first, intrinsically disor-
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dered proteins (IDPs) are abundant and perform
many important functions in nature.! Second, the
denatured state of a folded protein may provide
insight into the initial steps in protein folding.? Due
to their heterogeneity, these two kinds of disordered
proteins pose similar challenges to the traditional
methods of structural biology. NMR spectroscopy is
a powerful technique for characterization of tran-
sient structure in disordered proteins. By NMR spec-
troscopy the conformational ensembles can be
probed in detail by chemical shifts,®> paramagnetic
relaxation enhancement,*® and residual dipolar cou-
plings.” Even though these methods provide a
detailed picture of the peptide backbone,”
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comparatively little experimental information is
available about the side chains
proteins.*2

In disordered proteins, the NMR signals of the
side chains are less dispersed than those from the
backbone.'>* The lack of chemical shift dispersion
shows that the side chains of a given residue type
experience a similar time-averaged environment.
The side chain conformations can be determined
experimentally using coupling constants that allow
determination of the populations of each of the three
staggered y;-angles.’® Discrepancies between experi-
mentally determined coupling constants from dis-
ordered proteins and those predicted from coil libra-
ries compiled from loop regions of structured proteins
suggest the formation of transient hydrophobic clus-
ters.!>%16 The y,-angle distributions of disordered
proteins can also be probed using residual dipolar cou-
plings.'2 This method shows only small differences in
the side chain conformations within a side chain type
and these variations are thus difficult to interpret.
The interpretation of small differences in the rotamer
distributions is complicated by the effects of neighbor-
ing residues, which may be larger than the effects of
transient structures.

The most precisely measured NMR parameter is
the chemical shift. In side chains, the *C chemical
shifts depend on y-angles of the side chains!” at
least partly due to the y-gauche effect. The y-gauche
effect is an upfield shift of the 3C resonances caused
by heavy atom y-substituents in a gauche conforma-
tion.181% Accordingly, a 2C atom that is gauche to a
single carbon vy-substituent will have a chemical
shift that is approximately 5 ppm lower than an
equivalent atom in a trans conformation. The y-sub-
stituents vary between the different kinds of methyl
groups in proteins, and their conformational depend-
ence thus needs to be considered separately for each
kind of methyl group. The 'C chemical shifts of the
two methyl groups of leucine have a particularly
simple conformational dependence as the two C?
atoms have a single y-substituent: the C* The con-
tributions from the y-gauche effect can be isolated
by subtracting the chemical shifts of the two gemi-
nal methyl groups, and this chemical shift difference
thus measures the conformation of the side chain
more precisely.!”!® Due to steric repulsion, leucine
side chains primarily populate the two staggered yo-
angles that position one methyl group gauche and
one methyl group trans relative to C*. As only two
rotamers are significantly populated, their popula-
tions can be estimated from a linear dependence of
the 3C chemical shifts.!® The chemical shift of the
isoleucine C® obeys a similar conformational depend-
ence as that of leucine and the yo distribution can
similarly be estimated as a linear combination of the
two most populated ys-angles.?° The '3C chemical
shifts of y-methyl groups depend on the yi-angle,

of disordered
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however, since all three rotamers are usually popu-
lated it is not possible to extract the populations
from the chemical shifts alone. The methyl groups of
alanine, threonine, and methionine will not be con-
sidered in the following as the *CP of alanine is pri-
marily sensitive to the secondary structure of the
backbone, the 3C? of threonine is perturbed by co-
solvents'? and the '3C® of methionine is extremely
flexible.

For proton chemical shifts, the conformational
dependence of the methyl signals is less clear than
that of the '3C chemical shifts.2! In folded proteins,
the dominant source of proton chemical shift disper-
sion for methyl groups is the ring current effect
caused by aromatic rings,?? as the ring current effect
of a nearby aromatic group can cause an upfield
shift of more than 1 ppm.? In protein folding stud-
ies, the disappearance of upfield shifted methyl pro-
ton signals have been used to demonstrate dynamics
in the hydrophobic core of partially folded states
such as molten globules.?* When the source of the
ring current can be identified, the upfield shift can
thus be used to probe hydrophobic interactions.
Recently, a specific ring current effect on methyl
groups was used to demonstrate specific hydrophobic
packing in a native molten globule.?®

In the following, the methyl chemical shifts of
two disordered systems with transient structure
have been analyzed: The intrinsically disordered
activation domain of the activator for thyroid hor-
mone and retinoid receptors (ACTR) and the acid
denatured state of bovine acyl-CoA binding protein
(ACBP). The activation domain of ACTR binds to the
nuclear coactivator domain of CREB binding protein
and forms three o-helices in the complex.2® In the
free state, the activation domain of ACTR is disor-
dered,?” but it has transient o-helices especially in
the region that corresponds to the first helix formed
in the complex.24?° ACBP is a four helix bundle®°
that has been investigated as a model system for
protein folding.3%32 At low pH, ACBP forms a dis-
ordered state that has transient, native-like o-heli-
ces that correspond to the four helices in the folded
structure.®®®*  The acid denatured state of
ACBP forms transient long-range native-like inter-
actions®®3¢ that can be perturbed by single-site
mutations suggesting a set of specific hydrophobic
and transient interactions between the helices in the
denatured ensemble.?”

Transient secondary and tertiary structure is
common in disordered proteins as is amply demon-
strated by numerous NMR studies.>?%3849 Tran-
sient a-helices are often amphipatic, suggesting that
an important factor in secondary structure forma-
tion in disordered proteins is burial of hydrophobic
side chains. Similarly, long range tertiary interac-
tions in disordered proteins can be disrupted by re-
moval of hydrophobic side chains,®” implying that

Side Chain Conformations in Disordered Proteins
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Figure 1. Constant time 'H-'3C HSQC spectra of the methyl regions of acid denatured ACBP (A) and ACTR (B). The
experiment was run without urea (black) and in the presence of 6M urea (red).

these interactions are in part driven by hydrophobic
interactions as well. Even though hydrophobic side
chains are important determinants of residual struc-
ture in disordered proteins, little is known about
whether formation of secondary and tertiary interac-
tions affect the conformations of the side chains. In
the following, we explore the usefulness of methyl
chemical shifts for probing the conformations of ali-
phatic side chains in disordered proteins. We use
methyl chemical shifts to show that formation of
transient helical structure leads to changes in the
rotamer ensembles of hydrophobic side chains an
order of magnitude smaller than the populations of
the transient o-helices.

Results

Assignment of the methyl signals

The methyl signals in the 'H-'3C HSQC are found
in groups according to their amino acid types in
both ACBP and ACTR (Fig. 1). As expected, the
clustering shows that the hydrophobic side chains
have ensemble distributions close to those of a sta-
tistical coil. The methyl group resonances can be
unambiguously assigned by correlation to the back-
bone amide resonances of the following residue
using H(CCO)NH and (H)C(CO)NH spectra®! (Sup-
porting Information Fig. 1). A combination of these
two experiments allowed the unambiguous assign-
ment of all methyl groups from leucine, isoleucine,
and valine residues in ACBP and ACTR in the pres-
ence and absence of 6M urea (Supporting Informa-
tion Tables 1 and 2). The chemical shifts are site-
specific suggesting that the individual methyl
groups experience slightly different average environ-
ments. When urea is added to the sample, the site-
specific chemical shift dispersion remains approxi-
mately the same, even though the chemical shifts
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are perturbed for several resonances. The difference
in urea sensitivity suggests that the site-specific dis-
persion originates from the combined effects from
nearest neighbors and residual structure.

Precision of chemical shift measurements

As the chemical shift dispersion in disordered pro-
teins is small, it is worthwhile to consider the preci-
sion of the measurements beforehand. The precision
of chemical shift measurements depend on the sig-
nal-to-noise ratio and the line width*? and can be
estimated to 1w/2SN.*® For '3C chemical shifts, the
precision of the chemical shift measurements depend
on whether the peaks are resolved in the constant
time HSQC spectrum as is indicated in the Support-
ing Information Tables 1 and 2 for each resonance.
The line widths in the constant time HSQC are on
average 15 Hz (12-18 Hz), while the line widths in
C(CO)NH experiment are approximately 72 Hz (64—
79 Hz). With a signal-to-noise ratio of approximately
1:50, this translates into measurement uncertainties
of 0.8 ppb and 3.6 ppb. For the 'H chemical shifts,
the line widths are similar in the H(CCO)NH experi-
ment and the HSQC and have measurement un-
certainties of approximately 0.5 ppb. In practice,
however, the error associated with the measure-
ments may be larger due to slight phase distortions
or overlap, so we will not consider secondary chemi-
cal shifts below 10 ppb for 2C and 1 ppb for H to
be significant. For leucines residues, this translates
into an uncertainty of the jys-distribution of 0.2%
from the chemical shift measurement alone.®

3C methyl chemical shifts probe the individual

side chain conformations in disordered proteins
In the two model proteins, the chemical shifts of
the geminal methyl groups in the leucine residues
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Figure 2. Correlation between chemical shifts from the
geminal methyl groups of Leu side chains of ACBP and
ACTR with and without urea. The 'H® chemical shifts are
correlated (R = 0.85) (A) and the "3C?® chemical shifts (B)
are anticorrelated (R = —0.62). The anticorrelation of the
3C chemical shifts is better for ACTR alone (R = —0.74).
The anticorrelation of the '3C chemical shifts suggests that
variations in the y»-distributions affect the methyl chemical
shifts.

correlate as shown in Figure 2. For the protons, this
correlation suggests that the chemical environment
affects the protons of the two methyl groups simi-
larly. Correlated chemical shift changes could, for
example, be caused by electrostatics or ring currents
from nearby aromatic groups. In contrast, the '°C
chemical shifts of the geminal methyl groups are
weakly anticorrelated [Fig. 2(B)] more for ACTR
than for ACBP (R = —-0.74 vs. R = —0.54). This
difference most likely reflect the absence of aromatic
residues in ACTR and hence the absence of corre-
lated shift perturbations ring
currents. The anticorrelation is not significantly per-
turbed by denaturation with urea (both proteins
with urea: R = —0.7, without urea R = —0.66), sug-
gesting that it is a result of factors intrinsic to the
amino acid sequence rather than transient second-
ary or tertiary interactions. Anticorrelated changes
in the 'C chemical shifts is most likely due to the v-
gauche effect and changes in the rotamer distribu-
tion, as the two dominant ys-rotamers of leucine
side chains have one methyl group gauche and one

chemical from
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methyl group trans relative to C*'° Redistribution
between these two rotamers will thus lead to an
increase in the y-gauche effect for one methyl group
and a decrease for the neighboring methyl group.
The anticorrelation of the '3C chemical shifts of
geminal methyl groups suggests that small differ-
ences between the side chain rotamer ensembles
contribute to the dispersion of methyl chemical
shifts in disordered proteins. This implies that the
13C methyl chemical shifts may be used to probe the
individual side chain conformations in disordered
proteins.

Trifluoroethanol titration of ACTR

To test whether methyl chemical shifts are affected
by helical structure stabilization in the backbone,
ACTR was titrated with trifluoroethanol (TFE). TFE
stabilizes helices in disordered proteins through a
mechanism that is not fully understood,** and is
accordingly expected to increase the populations of
the transient helices in ACTR. The helical popula-
tions were monitored using the backbone chemical
shifts, C* and C’, that are most sensitive to the tran-
sient secondary structure. Upon addition of TFE, the
13C backbone chemical shifts only increase in the
regions that form transient helices in the disordered
state [Fig. 3(A,B)1.2%2° TFE thus induces helicity
specifically in regions with an intrinsic propensity
for helix formation. Simultaneously, the side chain
populations of the individual leucines were moni-
tored using 3C methyl chemical shifts, which allow
determination of the population of ¢trans rotamers
based on the difference in 2C chemical shifts
between the geminal methyl groups.!® The methyl
chemical shifts suggest that the side chains en-
sembles change with increasing TFE concentration
[Fig. 3(C)]. The chemical shift changes may be both
positive and negative depending on which -
rotamer is more stable in the helical conformation.
The methyl chemical shift changes are largest in the
regions where helical structure is induced in the
backbone [Fig. 3(D)], suggesting that the side chain
conformational distributions are connected to tran-
sient secondary structure in the backbone.

Secondary chemical shifts for methyl groups

Secondary chemical shifts are ubiquitously used to
probe the backbone conformations of disordered pro-
teins. Here, we examine how side chain secondary
chemical shifts may be useful for defining the side
chain conformations. The secondary chemical shift is
calculated by subtracting a statistical coil chemical
shift from the experimentally determined chemical
shift. The statistical coil values are typically deter-
mined in small unstructured peptides. In this study,
we have measured the methyl chemical shifts of two
peptide series with the sequences Ac-GGXGG-NH,
and Ac-QQXQQ-NHy (Table I), which have both

Side Chain Conformations in Disordered Proteins
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Figure 3. TFE titration of ACTR suggests interplay between backbone and side chain conformations. ACTR was titrated with
the helix inducing co-solvent TFE, which results in increasing populations of the transient helices as demonstrated by C* (A)
and C’ (B) chemical shifts. The side chain distributions in the disordered state changes approximately linearly with increasing
TFE concentration (C). The largest changes are roughly in the regions where transient helices are formed (D) suggesting that
there is an interplay between the backbone and the side chain conformations. The populations of the trans rotamer P; is
calculated based on the difference in '3C chemical shifts between the two geminal methyl groups.'® At the highest TFE
concentrations, the chemical shifts in the helical segments are missing due to exchange broadening, suggesting formation of

relatively long-lived interactions stabilized by TFE.

recently been used to determine the backbone statis-
tical coil chemical shifts.*>*® The Ac-GGXGG-NH,
peptide series is similar to most of the random coil
peptide series in the literature and is commonly
used for backbone chemical shift analysis.*"*® It has
recently been proposed that the Ac-QQXQQ-NH,

Table I. Random Coil Chemical Shift of Methyl
Groups in Two Peptide Series

Ac-GGXGG- Ac-QQXQQ-
NH, NH,
Atom H B¢ H B

Ala B 1.421 19.16 1.406 19.05
Ile % 0.939 17.46 0.908 17.38
) 0.888 13.04 0.873 12.71

Leu 31 0.944 24.95 0.945 24.86
52 0.892 23.30 0.884 23.35

Met € 2.118 16.92 2.106 16.91
Thr % 1.226 21.52 1.222 21.66
Val v1 0.963 21.06 0.938 21.07
v 2 0.960 20.28 0.962 20.69

Kjaergaard et al.

peptides have more representative conformational
distributions than the glycine containing peptides.*®
The methyl chemical shifts of these two peptide se-
ries are similar except for the *C chemical shifts of
Val and Ile where differences of 0.3-0.4 ppm are
seen. These differences suggest neighbor dependent
changes in the conformational distributions of the
side chains.

The statistical coil chemical shifts in Table I
were used to calculate secondary chemical shifts of
the methyl groups for all leucine, isoleucine, and va-
line residues of ACBP and ACTR (Supporting Infor-
mation Figs. 2 and 3). These secondary chemical
shifts have large variations, but neither of the pep-
tide random coil datasets result in secondary chemi-
cal shifts that correlate to regions of known struc-
ture in the backbone. This could be due to the
effects of sequential neighbors that are known to
have a large effect on the statistical coil chemical
shifts of backbone nuclei.*® If the neighboring resi-
dues affect the side chain chemical shifts as well,
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this would obscure the detection of transient second-
ary or tertiary structure. To examine this effect a
model system study was performed.

The effects of neighboring residues on the
statistical coil chemical shifts

To investigate the effect of neighboring residues on
the chemical shifts, we examined a series of peptides
containing an isoleucine preceded or succeeded by
either a small hydrophilic residue (S), a negatively
charged residue (D), a positively charged residue
(R), an aliphatic residues (L), or one of the three aro-
matic residues (F, Y, W). Isoleucine was chosen as
the invariant residue as it contains both a y- and a
d-methyl group. For proton chemical shifts, the
neighbor effect is small for all non-aromatic residues
[Fig. 4(A)]. The aromatic residues, however, have a
significant impact on the proton chemical shifts of
the methyl groups in the neighboring residues. This
is in accordance with the neighbor effects observed
for backbone nuclei*® and is caused by a ring current
from the aromatic side chain. The methyl group
neighbor effects of the aromatic side chains are of
the same magnitude as the upfield shifts seen for
the methyl groups in acid denatured ACBP (Fig. 1).
For the '2C chemical shift, the neighbor effect is
more complicated. The individual neighbor effects
are of approximately the same magnitude as the
chemical shift dispersion observed in the two dis-
ordered proteins (Fig. 1). If this neighbor effect is
not taken into account, it will dominate the side
chain secondary chemical shifts.

2028  PROTEINSCIENCE.ORG

For protons, the neighbor effect was generally
larger for the y-methyl than the 5-methyl, whereas
for 13C the effect was largest for the §-methyl group.
The two types of nuclei report on different aspects of
the local structure as the protons primarily report
on the magnitude of the ring current, where the car-
bons report on the yi/yo distribution. The y-methyl
is only affected by y; averaging and is thus less
dynamic than the 6&-methyl, which is affected by
both y; and yo averaging. The rotational freedom of
the side chain is consistent with the buildup of a
larger ring current effect on the less flexible
v-methyl, and a larger perturbation of the side chain
rotamer distribution for the more flexible 5-methyl.
To compare the effect of the preceding and the
following residue, the isoleucine was placed
both before and after the variable residue. For 'H
resonances, the upfield shift was larger when the
aromatics were placed after the isoleucine, suggest-
ing that an aromatic side chain exerts a larger ring
current effect on the preceding residue. For 2C, the
neighbor effect varies considerably dependent on the
residue type. There is not, however, an immediately
apparent connection between the structure of the
neighbor and the size of the neighbor effect. Deter-
mination of neighbor correction factors like those
reported for the backbone nuclei*® would require a
large peptide library and is not practical, which
suggests that another method has to be adopted to
correct for the neighbor effects.

To probe whether more distant residues affect
the methyl chemical shifts, we designed a peptide

Side Chain Conformations in Disordered Proteins
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based on work from Ref. 46.

series containing an isoleucine and a phenylalanine
separated by a flexible linker consisting of up to six
glycine residues. The ring current from the aromatic
group allows detection of even a slight interaction.
Figure 4 reveals that the perturbation of the chemi-
cal shifts of the methyl groups is small when the
two hydrophobic residues are separated by one or
more glycines. Unless medium or long range interac-
tions bring residues into close contact, effects beyond
the nearest neighbor can thus safely be ignored. A
small, but significant, distance-dependent change of
secondary chemical shift can be seen for protons
even at larger separations. The secondary chemical
shifts have a small, positive maximum at two inter-
vening residues, suggesting that at this separation
the isoleucine methyl groups are more likely to be in
the plane of the aromatic ring than above or below
the ring. At longer separations, the secondary chem-
ical shift decreases as the length of the intervening
linker is increased as expected for an unspecific
hydrophobic interaction. The small magnitude, how-
ever, suggests that the two hydrophobic residues
only interact in a small fraction of the ensemble,
implying that they are unable to bury sufficient
hydrophobic surface area to compensate for the loss
of conformational entropy associated with the forma-
tion of a medium range hydrophobic interaction.

Urea titration of ACTR

In backbone secondary chemical shift analyses, the
neighbor effects can be removed by using a highly
disordered state of the same protein as a reference,
which gives clean secondary chemical shifts.2%34
Many studies of chemically disordered proteins have
demonstrated that even under highly denaturing
conditions transient structure can still be ob-
served.®3849-51 Therefore, it is necessary to study
the urea dependence of the secondary structure pro-
pensity. A urea titration series was recorded for

Kjaergaard et al.

ACTR from 0 to 6M urea, where the transient helic-
ity was monitored by C' and C* chemical shifts.
Figure 5 shows the secondary chemical shifts of resi-
dues from the helix 1 as a function of urea concen-
tration. The secondary chemical shifts decrease most
rapidly at low urea concentrations, but do not reach
zero even at 6M urea. This is consistent with the
numerous studies demonstrating transient helicity
in chemically denatured states. At high urea concen-
trations, the chemical shift change levels off but is
not constant similar to what have been observed for
ACBP previously.®* To be consistent with previous
studies, we will use a urea concentration of 6M in
the following.?®3* The protein is not fully disordered
in this state, but since intrinsic random coil refer-
encing compares relative structural propensities it
only requires that the protein is significantly more
disordered than the native state.

Secondary chemical shift analysis by intrinsic
statistical coil referencing

We used the urea unfolded state as the intrinsic sta-
tistical coil chemical shifts for the methyl chemical
shifts of ACBP and ACTR (Fig. 6) to obtain the
sequence specific random coil chemical shifts of the
residue types of valine, leucine, and isoleucine. The
magnitudes of the secondary chemical shifts are sig-
nificantly smaller when referenced to the urea dena-
tured state compared to those referenced to peptide
derived random coil chemical shifts (Supporting In-
formation Figs. 2 and 3) consistent with the removal
of contributions from sequential neighbors.

For ACBP, the valine and leucine residue '*C
methyl group secondary chemical shifts range from
—50 to 450 ppb and the separation between the
shifts of the intraresidue methyl groups between
—100 and up to 250 ppb. For the isoleucine y2 and &
methyl groups, secondary chemical shifts between
—200 and 100 ppb were observed. Most of these
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Figure 6. Methyl secondary chemical shifts were determined by intrinsic statistical coil referencing for ACBP (A,C) and ACTR
(B,D). The chemical shifts determined for the highly disordered state in 6M urea are used as the intrinsic statistical coil
chemical shifts and are subtracted from the chemical shifts of the partially folded states to give secondary chemical shifts.
V77 has a particularly large 'H secondary chemical shift, which suggests a ring current effect. The insert shows the
conformations of V77 and Y73 the NMR structure of ACBP (PDB:1NTI). The cylinders show the locations of the a-helices in
the folded state of ACBP® and the complex between ACTR and CBP.2® The shading of the cylinders represents the
approximate populations of the helices in the free state with fully formed helices being solid black.

residues are located in the segments of the protein
that form the four helices in native ACBP. Having
eliminated the contribution from neighboring resi-
dues by using intrinsic statistical chemical shift
referencing, the contributions from the vy-gauche
effect is more readily available, in particular, for leu-
cines. These relatively large secondary chemical
shifts may be due to be long- or short-range interac-
tions favored by electrostatic or hydrophobic interac-
tions in association with ring current shift perturba-
tions. In the urea referenced secondary chemical
shifts, a large effect is seen for all nuclei of V77 in
ACBP. The magnitude of the proton secondary chem-
ical shifts and the correlation between the two 2C
chemical shifts suggest that the large secondary
chemical shifts are due to a ring current effect and
not just due to a change in the side chain rotamer
distribution. V77 does not have any aromatic neigh-
bors, but Y73 is one turn away in a transient helix.
In the folded state of ACBP, these side chains inter-
act and a large ring current effect would be pre-
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dicted for V77 [Fig. 6(C) insert]. In this case, the sec-
ondary chemical shifts report on a medium range,
native-like interaction between hydrophobic side
chains that forms transiently in the disordered
state. For ACTR, the intrinsic statistical chemical
shift referencing of the valine, leucine, and iso-
leucine secondary 'C methyl group shifts result in
a considerably smaller chemical shift range between
—100 and 100 ppb, and the largest secondary shifts
for the segment of residues between 1048 and 1056
coincide with the first helix in the folded form of the
protein. Most of the secondary shifts from residues
in other parts are very small.

Extracting rotamer population from >C methyl
secondary chemical shifts

For isoleucine and leucine, the populations of ys-
angles can be estimated from the '2C chemical
shifts.'%2° Figure 7 shows the difference in the pop-
ulation of the #rans rotamer between the partially
folded state and the highly disordered state in urea.

Side Chain Conformations in Disordered Proteins
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Figure 7. Perturbations of the y,-rotamer distributions
between the partially folded states and the highly
disordered state in urea for ACBP (A) and ACTR (B). The
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relationships reported previously.'2°

For ACTR, the population differences are close to
zero. A notable exception is the region from residue
1048 to 1056 where perturbations of up to *1% are
seen. This region corresponds to the first helix in
the complex between ACTR and CBP,?® which forms
transiently in the unbound state.?®?° When the
effects of sequence are removed, the °C secondary
chemical shifts show that transient helix formation
is accompanied by a small but significant change in
the side chain rotamer distribution. Figure 6 sug-
gests that 11073 of ACTR experience a larger change
of rotamer population than the helical region. While
leucine side chain populations can be estimated by
the difference between two chemical shifts, the
isoleucine rotamer population is based on just one
chemical shift. Apart from the y-gauche effect, fac-
tors affecting the chemical shifts are likely to be
similar for the two geminal methyl groups as illus-
trated by the correlation between the proton chemi-
cal shifts of geminal methyl groups. By subtracting
the two methyl chemical shifts in the leucine side

Kjaergaard et al.

chain, other contributions to the chemical shifts are
removed. This is not possible for isoleucine and
therefore the estimation of the yo-distribution is
likely to be less precise for isoleucine than for leu-
cine. It is thus not certain whether the large second-
ary chemical shift of 11073 represents changes in
the yo-distribution or small chemical shift perturba-
tions from other factors. The same consideration
applies to the isoleucine side chains of ACBP. The
only completely unfolded region in acid denatured
ACBP is the loop between helices 2 and 3. Consist-
ent with the low content of secondary structure, the
loop region has ys population perturbations that are
close to zero. The residues in the helix segments
have a shift in their y, populations up to 3% com-
pared to the urea unfolded form, which is signifi-
cantly larger than the population shifts observed in
ACTR.

If the deviations from the intrinsic statistical
coil rotamer distribution observed under native con-
ditions are due to the transient o-helices, then we
would expect to see opposite changes under helix
stabilizing conditions and denaturing conditions,
that is, TFE and urea, respectively. In Figure 8, the
change in the population of ¢rans rotamers between
TFE and buffer is correlated to the change between
buffer and urea. The changes in the rotamer distri-
butions are correlated with a correlation coefficient
of 0.76, which suggest that it is the same kind of
structural change occurring.

Discussion

We have shown that when the effect of neighbors is
removed, small secondary chemical shifts can be
measured for methyl groups in disordered proteins.
The '3C chemical shifts report primarily on the

rotamer ensemble distribution, while the 'H
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rearrangements in the side chain rotamer distributions are
mainly caused by helix formation
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chemical shifts report on a mixture of other struc-
tural factors. This prompts the question whether
these secondary chemical shifts probe local struc-
tural preferences or long-range interactions. In both
of the two model proteins used in this study, the
changes in the rotamer distribution where largest in
the regions containing transient helices, and further-
more stabilization of the helices in ACTR leads to
changes in the rotamer distributions. These observa-
tions suggest that formation of an o-helix leads to
changes in the rotamer distribution of the side
chains. These changes are, however, relatively subtle
as the population changes are an order of magnitude
smaller than the populations of the helices. In
ACBP, the secondary chemical shifts are much
larger than in ACTR, and accordingly the perturba-
tions of the rotamer ensembles are up to threefold
larger. This difference is larger than what would
have been expected from the populations in the tran-
sient helices in these two proteins. The individual
helix segments in acid unfolded ACBP have pairwise
interactions that may contribute to the secondary
chemical shifts observed®*®” explaining the larger
magnitude of the secondary chemical shifts relative
to ACTR. Furthermore, ACBP has several aromatic
residues that causes ring current effects. In the
fourth helix segment in ACBP, the interaction
between the two residues Y73 and V77 results in an
up-field shift of the methyl resonances of V77. The
methyl chemical shifts of this residue thus report on
a medium-range side chain interaction in the tran-
sient helix that according to the random peptides in
Figure 4 would not be detectable in a coil structure.
This suggests that methyl secondary chemical shifts
can be a useful probe of medium- to long-range
structure in disordered proteins if the source of ring
current effects can be traced.

The transient o-helices found in both ACTR and
acid denatured ACBP are amphipathic, which means
their formation is largely driven by the burial of the
side chains on the hydrophobic side. Bunching all
the hydrophobic side chains together on one side of
a helix thus allows the side chains to interact and
are thus less exposed to the solvent. Furthermore,
hydrophobic clusters in disordered proteins are often
involved in long-range interactions suggesting that
they are also driven by burial of hydrophobic groups.
Due to these hydrophobic interactions, the rotamer
distributions of the side chains change relative to
the random coil, but the population changes are an
order smaller than populations of the structure in
the backbone. This suggests that even though the
side chains interact to become partially buried, their
rotamer distributions are only perturbed slightly,
suggesting that the interactions do not require spe-
cific hydrophobic packing. This is consistent with a
model of protein folding, where the proteins collap-
ses initially due to non-specific hydrophobic interac-
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tions, and rigid side chain packing occurs as the last
step in the protein folding pathway.

Materials and Methods

Protein preparation

15N and '3C labeled ACBP was expressed and purified
as described previously.?®®2 ACTR was coexpressed
with the nuclear coactivator binding domain of CBP
using a biscistronic expression vector.?® The bacteria
pellet resuspended in 10 mM phosphate buffer, pH
7, and heat treated at 55°C for 5 min and sonicated.
Solid urea was added to the supernatant and loaded
onto a HiTrap Q FF column. ACTR was eluted with
a gradient from 0 to 0.5M NaCl and purified by RP-
HPLC as described previously.?® The NMR sample of
ACTR contained 2 mM labeled protein, 20 mM phos-
phate buffer pH 6.5, 10% D30, 0.02% NaNj, and
1 mM DSS. The NMR sample of ACBP contained
0.75 mM labeled protein, 50 mM phosphate buffer
pH 2.4, 50 mM NaCl, 0.02% NaNs, and 50 uM DSS.
Similar samples were prepared containing 6M urea
and concentrations of 1 mM and 0.75 mM, respec-
tively, for ACTR and ACBP.

NMR spectroscopy
For all four NMR samples, a constant time °C
HSQC,*® a (H)C(CONH,*! and a H(CCO)NH*
experiment were acquired at 25°C on a Varian Unity
800 MHz spectrometer equipped with either a cold
probe or a room temperature probe. A FLOPSY8&**
mixing sequence was used to ensure maximal sensi-
tivity on the methyl signals. Chemical shifts were
referenced to internal DSS as described previously.®®
NMR data were processed using NMRPipe®® and
analyzed in CCPNMR Analysis 2.1.5.57 Assignment
of methyl resonances were performed using
(H)C(CO)NH and H(CCO)NH experiments using
previously reported backbone resonance assignments
in the absence?®®? and presence of urea.??3* For
non-overlapped peaks,
extracted from the constant time *C HSQC experi-
ment, whereas for overlapping peaks the chemical
shifts were determined from the (H)C(CO)NH and
H(CCO)NH experiments. Furthermore, TFE was
titrated into a sample containing 1 mM double la-
beled ACTR wunder similar conditions to that
described above. A N HSQC, a '3C constant time
HSQC of the methyl region, a (H)C(CO)NH, a 2D
HNCO, and a 2D HNCOCA spectrum were acquired
at 0, 2, 4, 6, 8, and 10 %(V/V) TFE. A urea titration
series was acquired by recording seven datasets con-
sisting of a N HSQC, a 2D HNCO, and a 2D
HNCOCA spectrum from 0 to 6M urea by addition
of small quantities from a protein solution contain-
ing 10.4M urea.

All peptides were purchased from KJ Ross-
Petersen ApS (Klampenborg, Denmark) and were

the chemical shifts were
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purified to more than 95% purity by reversed phase
HPLC and their identities were confirmed by mass
spectroscopy. The effect of the immediate neighbor
was investigated using two peptide series with the
sequences Ac-GGXIGG-NHy; and Ac-GGIXGG-NH,,
where X was either of (S, D, R, L, F, Y, W). The dis-
tance dependence of the neighbor effect was investi-
gated using a peptide series with the sequence Ac-
GGFG,IGG-NHjy, where the number of separating
residues, n, was varied from 0 to 6. In these peptide
series, NMR samples were prepared by dissolving
2—-3 mg peptide into 500 uL. 20 mM phosphate buffer
pH 6.5 containing 5% D,0O, 3 mM NaNs, and 1 mM
DSS. pH was adjusted to the desired pH by addition
of small quantities of HCI. Two series of random coil
peptides with the sequence Ac-GGXGG-NH, and Ac-
QQAXQQ-NHy, X = A, I, L, M, T, V) were used to
determine the statistical coil chemical shift values of
the methyl chemical shifts. The solvent conditions
were identical to previously used for determination
of random coil backbone chemical shifts on the same
peptides,*>*¢ that is, pH 6.5 20 mM phosphate
buffer, 5% D50, 3 mM NalNs, and 1 mM DSS. The
Ac-GGXGG-NH, peptides additionally contained 1M
urea and was recorded at 25°C, while the Ac-
QQXQQ-NH, peptide samples did not contain urea
and were recorded at 5°C. For all peptides, the
chemical shifts were determined from a 'H-13C
HSQC spectrum recorded at 25°C and processed as
described above.
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