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ABSTRACT: The conformational analysis of non-native states of proteins remains one of
the most difficult problems in structural biology, because such states are represented by a
superimposition of several states that are rapidly interconverting. Hence, model building of
the conformational ensemble remains challenging, although many different biophysical
observables can be determined in non-native states of proteins. Here, we present a com-
prehensive analysis of non-native states of wild-type and mutant forms of the model
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protein lysozyme by nuclear magnetic resonance spectroscopy. Relaxation rates, chemical A
shifts, backbone and side chain coupling constants, residual dipolar couplings, diffusion rate [ udom
constants, and small-angle scattering data merged with computational approaches, such as T Sem\\
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flexible meccano and ASTEROIDS, allow the description of the non-native state of hen egg
white lysozyme in unprecedented detail.

F or decades, the biophysical investigation of unfolded states white lysozyme (HEWL). HEWL contains four disulfide brid-

of proteins has significantly enhanced our understanding ges formed by eight cysteines. An unusually large number of
of protein folding and misfolding.l Among the repertoire of tryptophans (W28, W62/63, W108, W111, and W123) can be
biophysical methods, multidimensional nuclear magnetic reso- found in lysozyme. In its disulfide-reduced state, the protein is
nance (NMR) spectroscopy on uniformly "*C- and '*N-labeled unfolded even in the absence of denaturants.>™> For the
samples in solution is particularly powerful in determining confor- investigation of the non-native states of HEWL, we replaced all
mational and dynamical properties within ensembles representing cysteines with alanines following a similar strategy applied
the unfolded state of proteins.” Both global and residue-specific earlier for the investigation of unfolded states of a-lactal-
parameters can be measured to describe non-native states of bumin.®~® After removal of the disulfide bridges by cysteine-to-
proteins (Figure 1) over a broad range of time scales. To analyze alanine replacement (WTA®), the lysozyme polypeptide chain is
the properties of the global ensemble, diffusion-ordered spectros- unfolded even in the absence of denaturants as evidenced by
copy (DOSY) and small-angle X-ray scattering (SAXS) measure- the small chemical shift dispersion in the "H—'"N correlation

ments can be performed, reporting on the hydration radius (R;)
and the radius of gyration (Rg), respectively. Residue-specific
backbone flexibility and structural preferences can be deduced
from heteronuclear '"H—"°N relaxation rates and residual dipolar
couplings (RDCs). Several scalar coupling constants can be used
to obtain preferences for backbone and side chain torsions.

In this study, we are advancing the detection limits for resi-

spectra (Figures S1—S6 of the Supporting Information).
Structural and dynamic phenomena in non-native states of
hen egg white lysozyme are linked to the presence of six hydro-
phobic clusters that correlate with the hydrophobicity of its
polypeptide chain (Figure 2).
A second important aspect of the work is probing
nonrandom structure and dynamics on various time scales. It

dual nonrandom structure in non-native states of proteins is a unique aspect of NMR that differences in the time scales of

combining 'H and ’C chemical shift deviations, an extensive averaging are directly observable in the experimental data and
set of coupling constants reporting on protein torsion angles ¢, need to be taken into account for the prediction of random-coil
Y, and y,, relaxation rate analysis, mutational analysis, residual NMR parameters. While '*N relaxation rates are sensitive to
dipolar couplings, ensemble compaction by DOSY and SAXS,
and computational approaches. Received: February 17, 2012

One aspect of the study is further investigation of the local Revised:  March 30, 2012
and global nonrandom structure in the model protein hen egg Published: April 2, 2012
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Figure 1. Schematic representation of data acquired for the non-native
state of lysozyme. The unfolded state is represented by a random-coil
structure that is rainbow color-coded for the sake of clarity. Global
parameters are colored green; residue-specific coupling constants are
colored red, and heteronuclear relaxation rates, hetNOEs, and RDCs
are colored blue. Some atoms and bonds were omitted for the sake of
clarity. Rigid peptide planes are colored gray.

motions faster than the overall tumbling time (z.) in the
subnanosecond time regime, structure persisting on supra-z,
time scales can be monitored by chemical shifts (5), scalar
coupling constants (J), and residual dipolar couplings (RDCs).
Chemical shifts and ] couplings reveal a unique dependence on
local conformational properties and are thus sensitive indicators
of nonrandom structure in unfolded polypeptide chains.
Residual dipolar couplings are affected by local conformational
properties and by the global reorientation of the protein relative
to the alignment tensor. | couplings, chemical shifts, and RDCs
are averaged over time ranges up to milliseconds.

Different approaches have been applied for the prediction of
RDCs in unfolded protein states. Numerical random-flight chain
models that treat the polypeptide chain as a homopolymer have
been introduced; smaller values at the termini of the polymer
and a leveling off in the center of the polypeptide chain are

characteristics of such homopolymers.” Numerical models
typically do not describe residue-specific modulations and do
not take into account excluded volume effects.'’ Because the
time scale for RDCs is much larger than for relaxation rates, the
use of a model that treats the polymer as a heteropolymer is
essential. Such an approach is often realized by the generation
of conformational ensembles.'""* The flexible meccano
algorithm generates statistical ensembles of coil conformations
from databases of ¢ and y, and average sequence-specific values
are calculated over these ensembles. The detailed interpreta-
tion of deviations from these predicted values is still difficult;
however, deviating RDCs have been detected and are inter-
preted in terms of residual structure, and correlations with con-
formational ensembles by molecular dynamics simulations can
be obtained."*™'¢ Utilizing such methodologies, residual
structure and dynamics have been identified in a number of
chemically or biochemically denatured proteins,>”"*~** reveal-
ing that non-native states of proteins can vary widely in terms
of the sampled conformations and dynamics. Only a few
systems in which both relaxation rates and RDC data have been
measured exist.'”">* To the best of our knowledge, only for
ACBP a joint analysis of relaxation data and RDC data has been
published.

In this study, we cross-validate our NMR experimental find-
ings with structural information derived from SAXS. From the
joint analysis of the experimental data over six different single-
point mutants of the protein, utilizing these two fundamentally
different approaches, a decreasing degree of global compactness
from WTA" to the most unstructured mutant, W62G**, can be
ascertained. Single-point mutations have substantial effects on
local and long-range structure and dynamics in the unfolded
states. They bias the ensemble supporting the notion of their
impact on the rate of productive folding and unproductive mis-
folding as well as aggregation.”

B MATERIALS AND METHODS

Cloning, Expression, and Purification of the Mutants.
Gene sequences encoding the mutants W28G*E, W62GAR,
WI108G"®, W111G™? and W123G*® were generated by site-
directed mutagenesis of the WT** gene sequence”® using the
QuickChange Site-Directed Mutagenesis Kit (Stratagene). All
genes exist as part of a pET1la expression plasmid. Gene
sequences were verified by DNA sequencing (Scientific
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Figure 2. Hydrophobicity of HEWL. (A) Distribution of hydrophobicity according to the approach of Leo and Abraham®* with a window size of 7.
Data are normalized from 0 to 1 and fit by Gaussian clusters. The position of hydrophobic clusters is indicated. (B) Hydrophobic scale values
mapped onto the structure of HEWL. Tryptophan residues are shown and indicated. Structures were generated using PyMOL (Protein Data Bank

entry 6LYZ).
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Research and Development GmbH, Oberursel, Germany).
“N-labeled protein was expressed in Escherichia coli strain
BL21(DE3) (Novagen). Cells were grown in M9 minimal
medium with '’N-labeled ammonium chloride ['*NH,CI
(Martek)] as the sole nitrogen source. At an ODggy, of 0.8,
induction of protein expression was initiated by addition of
1 mM IPTG. After being induced for 3 h, the cells were harvested
by centrifugation (6500g for 20 min). All HEWL mutants were
produced by inclusion body purification: The cells were
resuspended in 50 mM Tris-HCI, 25% sucrose, and 1 mM
EDTA (pH 7.5), and cells were disrupted by sonication. After
centrifugation (10000g for 30 min), the supernatant was dis-
carded and the pellet was resuspended in 20 mM Tris-HCI, 1%
Triton X-100, and 1 mM EDTA (pH 7.5). After centrifugation
(10000g for 30 min), the supernatant was discarded and the
pellet, which contains the inclusion bodies, was dissolved in
20 mM Tris-HCI, 50 mM NaCl, 5 mM EDTA, and 8 M urea
(pH 7.5). After centrifugation (10000g for 30 min), the
supernatant was loaded onto a CM-Sepharose (Sigma-Aldrich)
ion exchange column, which was equilibrated with S0 mM Tris-
HCI, 50 mM NaCl, 1 mM EDTA, and 4 M urea (pH 7.5). The
protein was eluted with a linear gradient between buffer A
[SO mM Tris-HCL, 50 mM NaCl, 1 mM EDTA, and 4 M urea
(pH 7.5)] and buffer B [50 mM Tris-HCI, 300 mM NaCl,
1 mM EDTA, and 4 M urea (pH 7.5)]. Fractions with matching
bands on a sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis gel were pooled and dialyzed against water (pH 2) for
several days (tubular membrane 3500 molecular weight cutoff,
ZelluTrans, Roth). After purification via HPLC with a reversed
phase Vydac Grace column, TFA buffer, and a linear water/
acetonitrile gradient, the protein was freeze-dried. For NMR
measurements, the protein was dissolved in sterile H,O
with 10% (v/v) D,O at pH 2. All sample concentrations
were 300 yM, determined by UV light absorption at 280 nm
using the extinction coefficient calculated from the amino acid
sequence (calculated via ExPASy, Swiss Institute of Bioinfomatics);
for WT™%, the extinction coefficient (&) is 37470 M~! cm™, and
for single tryptophan-to-glycine mutants, the extinction coefficient
(e) is 31970 M~ cm™".

Backbone Assignment and Measurement of '°N
Relaxation Rates. The backbone assignment of all mutants
was facilitated by the existing chemical shifts for wild-type
WTAE, Therefore, measurements of "N HSQC*’ together with
three-dimensional (3D) N NOESY-HSQC*** were suffi-
cient. The 3D NOESY-HSQC spectrum was recorded with
2048 points in the 'H dimension, 128 points in the '°N dimen-
sion, and eight scans. Typically, the following maximal evolu-
tion times were deployed: £, = 122 ms, and ;™ = 71.25 ms.
The mixing time () was 175 ms. All NMR relaxation experi-
ments were conducted under identical conditions: 600 MHz
(Bruker, DRX 600, probe, S mm TXI HCN xyz-gradient),
293 K, “N-labeled sample concentration of 300 uM (H,O/
10% D,0O, pH 2). NMR data were processed using TopSpin 2.1
(Bruker Biospin) and analyzed with Sparky (SPARKY 3,
University of California, San Francisco, CA) and CARA®
(http://www.nmr.ch). For the determination of R, rates, the
SN CPMG-HSQC spectrum was recorded as a pseudo-three-
dimensional spectrum with nine increments ranging from 17
to 306 ms, including three repeats in an interleaved manner.
For R, rates, 10 increments were measured ranging from 20 to
250 ms with two repeats. For the R rates, eight different relaxa-
tion times have been used, ranging from 0.01 to 2 s, with two
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repeats. The SPARKY routine was used to extract relaxation
rates from peak heights. R, relaxation rate profiles were fit by

N
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where R, is the intrinsic relaxation rate, which depends also on
temperature and viscosity, 4, is the persistence length of the
polypeptide chain (in terms of numbers and residues), N is the
total chain length, x ... is the position of the cluster, A, is
the cluster width, and R, is the rate. The first term char-
acterizes the baseline, whereas the second term fits clusters
yielding the deviation from the baseline relaxation profile.

CPMG relaxation experiments®' yielded pseudo-three-
dimensional spectra that were analyzed with TOPSPIN 2.0. A
set of 16 experiments were performed with different CPMG
field strengths ranging from 25 to 750 Hz, including three
repeats. All spectra were recorded at 293 K with 128 real points
and a sweep width of 22 ppm in the '*N dimension at a protein
concentration of 300 uM. For data analysis, the resulting effec-
tive relaxation rates (RST) were plotted against the CPMG field
strength.

Measurements of 'J(N,C%), 2J(N;C%_,), 3J(HY,H?), 3J(H*H),
and 3J(CO,H)). All NMR experiments for J-modulated spectra
were conducted on a 600 MHz spectrometer (Bruker, Avance
II). The spectra were recorded at 293 K at a protein
concentration of 300 M (in H,0/10% D,O, pH 2). For the
determination of 'J(N,C%) and *J(N,C%_,) coupling constants,
a series of J-modulated "H—""N HSQC spectra were measured
with 15 increments (z = 1—-300 ms). To extract peak intensi-
ties, we used the SPARKY routine. The intensities were fitted
with

cluster

exp __
INC“ -

A cos(]1) cos(mJt) X e /T ()

where I”? values are the experimental peak heights (Figure S16
of the Supporting Information), A is a fitting factor, 'J and ?J
are the couplings from N; to C% and C%(_), respectively,”” T,
is the transverse relaxation rate, and 7 is the mixing time. For
the determination of *J(HNH®) and 3J(H*H’) coupling
constants, a 3D "N HNHA spectrum and a 3D HN(COCA)-
HAHB spectrum were recorded, respectively. The magnitude
from relative peak intensities was calculated with*

? = —tan2(2n]HHt)

1ag

®)
where Ig,, and I, are the intensities of diagonal peaks and
cross-peaks, respectively, and 7 is the ] evolution delay. This
analysis can be directly transferred for the *j(CO,H”) couplings.
They were measured with a 3D "N—"C HN(CO)HB experi-
ment>* in which diagonal peaks represent the '*C’ peak and the
cross-peak represents the coupled H”.

RDC Measurements and Simulations. The proteins were
aligned in stretched 7% polyacrylamide gels (acrylamide:bisa-
crylamide ratio of 37.5:1)*>3¢ at a concentration of 300 uM
(in H,0/10% D,0, pH 2) to compare them to the isotropic
samples in solution. The equipment for the preparation of the
anisotropic samples was purchased from Newera Enterprises
Inc. The HDO quadrupolar splitting was measured from the
quadrupolar splitting that could be observed in the *H one-
dimensional spectrum. RDCs were measured on a 600 MHz
spectrometer (Bruker, DRX 600, probe head, 5 mm TXI HCN
xyz-gradient) via the standard Bruker implementation of a
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two-dimensional (2D) N IPAP-HSQC®” extracting the sum
of JJ(HNN) and 'D(HV)N). J(HY)N) values were measured
using the same experiments for unaligned samples. For RDC
simulation, 500000 structures were calculated for the wild type
WTA" and each mutant using the flexible meccano approach as
described previously.'> RDCs were calculated from these
ensembles using PALES.*® For WT*?, the radius of gyration
and the radius of gyration for a subset of 10000 structures were
calculated using HYDRPRO.*

Chemical Shift Analysis and Secondary Structure
Propensity. Secondary structure propensities (SSPs) were
calculated from 'H? *C% and *C” chemical shifts as described
previously.*” A seven-residue weighted averaging was used.
Chemical shift deviations from random-coil values () were
calculated by Ad = 0 — § with cutoffs for chemical shift
indexing as described previously.*"** The values for AGH* and
ASHN were rounded using value 0 ranging from —0.049 to
0.049, value 0.1 ranging from 0.05 to 0.149, value 0.2 ranging
from 0.15 to 0.249, etc. A’ J(HNH*), A%(N,C%), and
A'J(N,C%) were determined according to AJ = J*P — J=
Random-coil coupling constants (J*) were calculated from a
database of ¢ and y angles derived from random-coil regions of
Protein Data Bank high-resolution structures as described
previously.' ">

Diffusion-Ordered Spectroscopy (DOSY). Translational
diffusion measurements** were recorded in D,O at pH 2 with
protein concentrations ranging from 300 to 100 uM. A S-fold
molar excess of dioxane was used as an internal standard. The
standard Bruker pulse sequence for DOSY measurements was
used where the lengths of all pulses were held constant while
the strength of the diffusion gradient was varied between 5 and
95%. The spectra were recorded with 256 scans for 300 uM
protein and up to 512 scans for 100 uM protein in 32
experiments. The one-dimensional spectra were optimized to
give a signal decay of 85—90% and, thus, a stimulated echo of
150 ms; a diffusion gradient pulse of 6.0 ms was used. Data
analysis was conducted using Topspin 2.0. Hydrodynamic radii
were calculated by

Rlllarotein — Ddioxane Rgioxane

4)

with a known dioxane radius R¥™* of 2.12 A. Dy ,... and
Dyrotein are the decay rates, and Rpe'" js the hydrodynamic
radius of the protein.**

Small-Angle X-ray Scattering (SAXS). The SAXS
measurements were recorded on the ID14-3 BioSAXS beamline
at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). The sample—detector distance was 2.6 m;
an X-ray wavelength of 0.931 A was used (13.32 keV). Fifty
microliters of each protein solution (as well as corresponding
buffers) was loaded in a flow-through quartz capillary cell at
20 °C. The total exposure time was 100 s per sample. The 2D
diffraction patterns were normalized to an absolute scale and
azimuthally averaged to obtain the intensity profiles I(q), within
BSxCuBE (ESRF beamline data collection software). Solvent
contributions (buffer backgrounds collected before and after
every protein sample) were averaged and subtracted from the
associated protein sample using PRIMUS.* Small-angle X-ray
scattering was performed using protein concentrations from
300 to 100 M in water at pH 2. For data analysis, two ﬁttin%
routines were used, EOM (ensemble optimization method)*
and the Porod-Debye relation.*”*® EOM is based on averaging

protein
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the individual scattering from every conformer in the con-
formational ensemble. Thereby, a pool with random con-
formers is generated, and only those were selected fitting the
experimental data. The intensity of a set of conformations I(s)
with N conformers is given by

L
I(s) = — I(s
(s) Ngn() »

ASTEROIDS Calculations. Flexible meccano calculations
were performed as described previously.”> The ASTEROIDS
calculations included two iteration steps where ¢ and y
distributions of individual residues were obtained followed by a
selection of entire structures.*’ In the iteration steps, 5 X 200 ¢
and y angles were selected for each residue on the basis of C%
C’, and C' chemical shifts as well as the scalar couplings
JHNHY), 'J(N,C%), and YJ(N,C%_,). Karplus parametriza-
tions for the scalar couplings were taken from Pardi et al.>° and
Wirmer et al.*> The chemical shifts of aspartic acids, glutamic
acids, and histidines were not included in the calculations
because of the influence of the protonation states on the
chemical shifts at low pH. The final selection of entire
structures was done on the basis of chemical shifts, scalar
couplings, and 'H-""N RDCs from a pool of structures
obtained by combining conformers from both iteration steps
(15K conformers in total). RDCs were calculated for each
structure in the pool using PALES*® employing the local
alignment window (LAW) approach with a window size of 15
amino acids.’* Seven dummy residues (alanines) were added
at each end of the lysozyme sequence to allow calculation of the
RDC:s for all residues. A baseline corresponding to the length of
lysozyme was imposed on the RDCs as described previously.>®
An ensemble of 200 structures was selected on the basis of C%
C’, and C’ chemical shifts (0.1 ppm), 3J(HYH?) (0.3 Hz),
1(N,C*) (0.15 Hz), and *J(N,C%_,) (0.15 Hz) scalar
couplings, and 'H-""N RDCs (0.5 Hz), the numbers in
brackets indicating the uncertainty in the experimental values
used in the ASTEROIDS selection. For regional analysis, the
five clusters [1 (residues 7—13), 2 (residues 28—34), 3(N)
(residues 53—59), 3(C) (residues 60—66), 5 (residues 107—
113), and 6 (residues 120—126)] were analyzed in terms of
mean differences and evaluated by ——, —, 0, +, and ++,
depending on the size of the deviation. Cluster 3 was split into
N-terminal [3(N)] and C-terminal [3(C)] portions.

B RESULTS AND DISCUSSION

Backbone Dynamics of WT*? As Evidenced by "°N Relaxa-
tion. To characterize the non-native states of lysozyme
in terms of dynamics and nonrandom structure, a compre-
hensive analysis of dynamics at various time scales is required.
We first measured and analyzed heteronuclear (‘H—'""N) R;
and R, relaxation rates, heteronuclear NOEs (hetNOEs)
(panels A—C, respectively, of Figure 3), and relaxation
dispersion rates (Figure S7 of the Supporting Information) to
determine dynamics on the subnanosecond time scale and the
chemical exchange contribution to R, relaxation rates. R, and
R, relaxation rates and hetNOE data all showed similar
sequence dependence: low values were found at the termini of
the protein, while the central portion formed a plateau value
from which deviations toward higher values are observed. The
most pronounced deviations were found around hydrophobic
residues, in cluster 3 around W62 and W63 with a shoulder
toward IS6 and also in cluster S around W108 and W111.

dx.doi.org/10.1021/bi300222f | Biochemistry 2012, 51, 3361-3372
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Figure 3. Relaxation and RDC data of WTAR: (A) N R, relaxation rates, (B) >N R, relaxation rates, (C) 'H—='SN heteronuclear NOEs, (D)
spectral density mapping, (E) experimental NH RDCs, and (F) predicted NH RDCs from the flexible meccano approach. Color coding in panels
A—E: red for amino acids with high rates (rigid regions) and green for amino acids with low rates at the N- and C-termini (flexible regions). The
black line in panel D represents the spectral density function (dynamics limited to a single motion for which J(@) = J(0)/{1 + 6.25 [@](0)]*}),%° and
gray circles indicate data of native hen egg white lysozyme for comparison. All experiments were performed at a field strength corresponding to a 'H
frequency of 600 MHz, using 300 uM “N-labeled protein at pH 2 and 293 K.

In both clusters, high R, relaxation rates and positive hetNOE
values were also observed. Large deviations in R, relaxa-
tion rates and hetNOE values were also found in cluster 2 from
residue 24 to 36 around W28. Medium-sized deviations were
observed in cluster 1 around A10 and in cluster 6 around W123.

In folded states of proteins, the dynamics of a given N—H or
C—H bond can be deduced from analysis of relaxation data
using the Lipari—Szabo model because overall and internal
motions can be separated.** Such an approach is not feasible for
unfolded proteins where overall and internal motions occur on
similar time scales. However, spectral densities can be
extracted,® and such analysis (Figure 3D) revealed three
different regimes of motion found in unfolded hen lysozyme:
(a) very flexible residues at the termini of the protein where
motions are governed by internal motions (colored green), (b)
residues with substantial contributions of the overall motions to
relaxation found in the central part of the protein (colored red),
and (c) residues in which motions are determined by both
internal and overall motions (colored black).

Heteronuclear relaxation rates reflect both the time scale and
spatial restriction of stochastic motion of the active relaxa-
tion mechanism of the NH bond vector in addition to fluc-
tuations of the "N chemical shift anisotropy. While the
relaxation behavior of the terminal residues and the majority of
the residues of the protein (black) could be predicted on the
basis of homopolymer models for chain dynamics, some
residues exhibited more rigidity than expected for an unfolded
polypeptide (red) and had R, values much higher than those
of the remainder of the protein. From relaxation dispersion
experiments (Figure S7 of the Supporting Information), we
found no evidence that these higher rates were caused by
slow chemical exchange phenomena. Therefore, we concluded
that these values resulted from even more restricted local
sampling and report on enhanced conformational order at
these sites. In addition, local conformational order at the
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centers of hydrophobic clusters was transmitted through the
polypeptide chain, leading to Gaussian-type clustering of relaxa-
tion rates.

Backbone Structure and Dynamics of WTA® from '°N
RDCs. Relaxation rates report only on motional tumbling that
is faster than the global correlation time 7. of the protein, while
RDCs are influenced by longer time scale motions as well as
local conformational preferences. A comparison of relaxation
rates and RDCs therefore allowed us to determine whether
motional restriction persists on a time scale longer than 7.
Experimental RDCs as a function of the protein sequence are
shown in Figure 3E. Positive values were found in the regions
of hydrophobic clustering (clusters 1—3, S, and 6), and positive
RDC values were observed, indicating a significant presence of
structure in these clusters. Interestingly, while RDC values
were positive in the C-terminal part of cluster 3, RDCs in the
N-terminal part were negative. Positive RDCs indicate turnlike
or helical structures, whereas negative RDCs could arise either
from extended structures or from disorder. The hetero-
geneity of cluster 3 showed that high relaxation rates can be
caused by different structural preferences of the polypeptide
chain. Residual structure on the N-terminal part of cluster
3 thus either was extended or did not persist on the millisecond
time scale, while dynamical restrictions on the nanosecond
time scale were observed. Residual structure detected by
relaxation data in at least five clusters of the protein was
also observed in the RDCs; residual structure therefore persists
from the subnanosecond time regime to the millisecond time
regime.

Predicted RDCs generated by the flexible meccano'® approach
are shown in Figure 3F. Predicted RDC values deviated sig-
nificantly from the experimental data. Apparently, and in line with
relaxation rates and chemical shift and J coupling data (vide infra),
the non-native states of lysozyme significantly deviated from
random-coil prediction.

dx.doi.org/10.1021/bi300222f | Biochemistry 2012, 51, 3361-3372
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Backbone and Side Chain Residual Structure of WTA”
from Chemical Shifts and Scalar Coupling Constants. To
gain more insight into the nature of local polypeptide chain
rigidity, chemical shifts and coupling constants were utilized.
Secondary structure propensities (SSPs) obtained from C* and
C? chemical shifts,* 'HN and 'H® chemical shift differences
from random coil, and ¥J(HNH®), *J(N,C%), and J(N,C%)
coupling constants are shown in Figure 4. The pattern of WTA?
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Figure 4. Residual secondary structure in WTA?, Secondary struc-
ture propensities (SSPs), ASHY, AGH?, A¥J(HY,H"), A%(N,C%), and
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performed at 600 MHz with 300 uM protein at pH 2.0 and 293 K.

mostly exhibited positive SSP values, with an average of 14.5%,
indicating a slight propensity for sampling of a-helical space in
the unfolded protein, which agreed remarkably well with the
helical propensity of 14.4% determined previously for the
S-methylated variant using CD measurements.” In regions of
residues 5—12 (cluster 1), 24—36 (cluster 2), 53—67 (cluster 3),
79—96 (cluster 4), and 103—113 (cluster 5) and around residue
120 (cluster 6), helical structure propensities of >0.2 were detected.

Backbone deviations from random-coil structure and modula-
tion of local properties have to be correlated with side chain
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conformational properties of the polypeptide chain. We therefore
tried to assess this correlation by probing side chain con-
formational preferences from 3J(CO,H’) and 3J(H%H’)
coupling constants that report on y,.>° 3J(H*H”) couplings
and even more *J(CO,H”) couplings of WT*" were on average
slightly lower than predicted random-coil coupling constants
(Figure S and Figure S8 of the Supporting Information). For
aspartate (D), deviations in both coupling constants were
observable, presumably because of changes in the backbone
side chain interactions caused by low pH. Residues F, H, and R
exhibited deviations mainly in the 3J(H%H”) couplings, whereas
3J(CO,H”) couplings for residues S and T exhibited larger
deviations. The measured coupling constants report on angular
distributions of the three rotamers of side chain angle y; and
can be modeled by a Pachler-type analysis (Table 1).°” The
random-coil model developed by Schwalbe et al. predicted a
preference for the y = —60° rotamer for all amino acids but V,
S, and T.® For long aliphatic amino acids (here E, R, Q, and I),
the experimental preference was not as pronounced as
predicted: while the random-coil model predicted populations
of 56—65% for the y; = —60° rotamer, we found averaged
X1 = —60° populations of 45—48%. Residues of D and N
showed large deviations from random-coil behavior: while the
model predicted a very slight preference for the —60° con-
former, the experimental data showed the 60° rotamer to be the
most populated one.

As predicted in the model, the 180° rotamer was preferred in
our experimental data for V. This preference was not as pro-
nounced as predicted, an observation that differs from previous
measurements of ubiquitin, protein G, and oxidized lysozyme in
8 M urea.’® For amino acids containing hydroxyl groups, S
and T, the random-coil model predicted a preference for the
1 = 60° rotamer of 46% for serine and 60% for threonine, most
likely caused by polar interactions between the side chain and
the backbone. In the data measured here, the preference was
similar for the 60° angle, with 43% for S and 70% for T;
however, the populations of the 180° and —60° conformers
varied significantly. On average, significant deviations for serine
and threonine residues were also observed in previous data®*>’
and thus might be a general feature at acidic pH. Values for
aromatic residues differed around 20% for almost every rotamer
from the random coil. For histidine (H), the —60° and 60°
rotamers were equally populated; in the case of phenylalanine
(F) and tyrosine (Y), the populations of all three rotamers were
similar. Most drastically, in tryptophan (W108 and W63), the
180° rotamer was clearly preferred over the other two
rotameric states. Similarly, deviations from the random-coil
model were also observed for the tryptophan residues in urea-
denatured oxidized HEWL,®® but not for urea-denatured
protein G and ubiquitin® with little residual structure.>>%
Thus, the deviations observed here emphasize the importance
of aromatic residues, in particular tryptophans, for the forma-
tion of nonrandom residual structure.

Modulation of Nonrandom Structure and Dynamics
in Single-Point Mutations. Further insight into long-range
interactions within the ensemble of unfolded conformations
was obtained by characterization of nonconservative single-
point mutations as previously reported for other variants of
lysozyme.” Here, the following tryptophan-to-glycine mutants
were analyzed: W28G*®, W62G*®, W108G**, W111G**, and
WI123G*, The correlation of the HY chemical shifts from
WT*® and its mutants revealed significant differences in the HV
chemical shifts around the mutation site because of nearest

dx.doi.org/10.1021/bi300222f | Biochemistry 2012, 51, 3361-3372
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Table 1. Populations of Different y; Angles in WTA* and
Random Coil (rc)”

WTAR rc
—60° 60° 180° —60° 60° 180°
E (1) 45 12 42 6 17 26 al
I1(3) 47+ 9 29 + 8 24 +2 64 25 11 al
Q1) 48 17 36 65 13 22 al
R (4) 45+ 7 35+11 20+ 16 62 15 23 al
D(2) 41+12 66+15 —-8+35 41 27 32 Asx
N(@4) 33+5 42 +14 25+ 10 48 22 30  Asx
S (1) 18 43 38 31 46 23 OH
T@Q) 29 70 1 30 60 10 OH
V(@) 27+3 20 +2 S4+5 26 9 64 Val
H(1) 4 41 18 57 20 23 ar
F (1) 39 30 32 62 13 25 ar
W(2) 28+3 38+3 3B+ 52 17 31  ar
Y (1) 31 24 42 60 14 27 ar

“Numbers in parentheses in the first column indicate the num-
bers of amino acids for which the populations have been cal-
culated. Abbreviations: al, aliphatic residues; Asx, Asx-type resi-
dues; OH, residues with a side chain OH; Val, valine; ar, aromatic
residues.
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neighbor effects (Figure S9 of the Supporting Information).
In addition, only the W108G** mutant showed deviations in
H chemical shifts at Gly71 and Ser72, indicating long-range
interactions of the cluster around W108 with the cluster around
G71 and S72. More pronounced changes were observed in the
RDC and R, profiles of these mutants (Figure 6). We first
analyzed the overall behavior of the polypeptide chain by
analyzing the distribution of residual dipolar couplings and
relaxation rates of WTA® and its mutants (Figure 6, right
panels). The observed distributions for RDCs and R, values of
all mutants were asymmetric, with a tail toward higher values
reflecting residual structure within these mutants. The center of
the RDC distribution for all mutants fell within the range of
the data obtained for the random-coil ensemble generated by
the flexible meccano approach (Figure S10 of the Supporting
Information). In contrast, R, values were significantly higher
than the values expected for a random coil, with the center of
the distribution outside the range expected for a random coil.
This deviation reflected a high degree of residual structure
persisting on the subnanosecond time scale, while the degree
of residual structure is further averaged on the millisecond time
scale. For the W62G*® mutant, the distributions were rather
narrow. Broader RDC and R, distributions were observed for
all other variants. The degree of residual structure was thus

dx.doi.org/10.1021/bi300222f | Biochemistry 2012, 51, 3361-3372
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Figure 6. SN R, rates and residual dipolar couplings (RDCs). 'D('H,"N) values for WTA? and mutants W28GA"®, W62G**, W108G**, W111G**,
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strength corresponding to a 'H frequency of 600 MHz, using 300 uM protein at pH 2 and 293 K.

reduced in the W62G*" mutants, while differences between SAXS®! measurements were performed to obtain the radius of
WTA" and the other mutants were less pronounced. hydration (Ry,) as well as the radius of gyration (Rg) (Figure 7).

Sequence-specific analysis of RDC and R, data (Figure 6, left A hydrodynamic radius (R;) of 31.8 + 0.5 A was obtained for
panels) revealed that mutations lead to changes both within WTAR, The observed value was considerably (14%) smaller
the local, perturbed cluster and within remote clusters distant than that observed for strongly reduced and methylated hen
from the mutation site, indicating long-range interactions between lysozyme in 8 M urea (R, = 34.6 A), as expected for a urea-
the clusters. In W28G*?, the cluster around the mutation site had denatured protein.44 In WTA2 an Ry of 35.67 A was obtained.
vanished; cluster 3 is attenuated, while the other three clusters There was no general correlation between R, and Ry; however,
remained unchanged by the mutation. Only minor changes were an empirical linear correlation between 1/Ry and 1/R, of 10000
observed in W123G**: while this cluster becomes less structures from the flexible meccano approach was obtained
pronounced and minor changes were observed in the neighboring [Ry = 0.021 + 0.043R; ' (Figure S11 of the Supporting
cluster around W108 and W111, the remainder of the protein Information)]. The degree of residual structure in W123GAR
remained unchanged. was only slightly reduced compared to that in WT", Residual

To further complete the description of the unfolded state secondary structure and overall compaction as indicated by Ry,

of lysozyme, additional NMR diffusion measurements** and (31.0 A) and R, (38.84 A) remained similar to those in WTAR,
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In W28G"", the Ry, (30.9 A) was the same as that of WTAR
while the R, was significantly larger (41.02 A).
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Figure 7. R, values from NMR diffusion measurements of WT** and
five mutants (highlighted as black dots) plotted vs their Ré values
obtained from SAXS measurements (data fit done with EOM*"). Gray
circles represent an ensemble of 10000 structures of WTA® from
flexible meccano simulations; the black line indicates a regression of
these simulation data. R;, values were from DOSY measurements.

The residual structure around W28 was thus not important
for the overall stabilization of the protein but was stabilized by
the clusters around W111G** and W108G*" as seen in the
additional mutants investigated. Both mutants (W111G™® and
W108G**) were less compact than WTA* with an R, of 32.5 +
1.0 A for W111G**® and an R, of 35.4 + 0.6 A for W108G"?,
while the R, values of both variants could not be obtained
because of the apparent aggregation visible in the SAXS results.
In both mutants, dynamics increase around the mutation site
and in the neighboring cluster. Structure and dynamics on the
millisecond time scale as monitored by the RDCs around W28
were significantly altered. Furthermore, in the W108GAR
mutant, residual structure and dynamics in cluster 4 were
affected as seen by R, rates and analysis of chemical shift
differences. The most flexible mutant was the W62G*"* mutant
with an Ry, of 35.7 + 0.9 A and an R, of 40.80 A; both RDC and
R, values were closest to random-coil values.

Combining experimental and computational approaches, to
gain more precise insight into which structural preferences exist
in the polypeptide chain on a residue-specific level, we per-
formed an ASTEROIDS*3%%3 gelection targeting the C% C/,
and C? chemical shifts, coupling constants 3J(HN,HY),
'T(N,C%), and *J(N,C%_,), and RDCs to select a subensemble
in agreement with the experimental data. From a pool of 15000
structures generated by the flexible meccano algorithm, a subset
of 200 structures was sufficient to reproduce the experimental

’

data. Differences among experimental chemical shifts (C% C/,

FM ensemble
ASTEROIDS selection
=== Diff. (select-FM), Ap,=mean value

. A o o i YA o i
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Figure 8. Selected ASTEROIDS populations of secondary structure elements [(A) S-sheet, (B) polyproline II (PPy), (C) ag-helix, and (D) a; -helix]
of WT* (without residues D, E, and H): red for the flexible meccano-generated ensemble (15000 structures), blue for ASTEROIDS selection for
WTAR (200 structures), gray bars for the differences between selected structures and the flexible meccano ensemble, and Apg for the mean difference

values (calculated by Aps = Diffiecied — Diffgecmec)-
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and C’), coupling constants [}J(HYH®), 'J(N,C%), and
2J(N,C%_,)], RDCs, and calculated data by ASTEROIDS were
in a small range (Figures S12 and S13 of the Supporting
Information). The H” chemical shifts were not included in the
ASTEROIDS selection for the populations (Figure 8), and a com-
parison between experimental and back-calculated H* chemical
shifts offered a reasonable validation of the selected ensemble.
Globally, the ASTEROIDS selection was shifted toward a
higher content of PP (Apg = 0.10) and a; -helix (Apg = 0.05),
was considerably diminished in f-sheet content (Ap;z= —0.14),
and was unchanged in ag-helical content (Apg = —0.01) com-
pared to the flexible meccano-generated ensemble. Although the
difference in agy-helical content was small, substantial regional
fluctuations were observed. A closer analysis, where each of the
clusters (1—3, 5, and 6) was examined (Table 2), showed that

Table 2. Regional Preferences of the ASTEROIDS-Selected
Ensemble”

cluster P-sheet PPy ag-helix o -helix
1 - 0 ++ 0

2 - ++ 0 0
3(N) — ++ 0 -
3(C) — 0 0 ++

N - - ++ 0

6 - 0 0 +

“Clusters 1-3, 5, and 6 were analyzed in terms of mean differences
and evaluated by ——, —, 0, +, and ++, depending on the size of the
deviation. Cluster 3 was split into an N-terminal portion [3(N)] and a
C-terminal portion [3(C)].

for each cluster a different subset of populations can be
deduced. All clusters revealed a decreased f-sheet population.
This decrease in f-sheet population was shifted toward dif-
ferent conformations (ag, @, and PPy;) in the different clusters.
Clusters 1 and S exhibited a higher ag-helical content; addi-
tionally, cluster 5 was also diminished in PPj; content. Clusters
2 and 3(N) showed high PPy, content, whereas clusters 3(C)
and 6 showed high a; -helical content. This analysis showed that
structural preference in hydrophobic clusters can be versatile. The
unique combination of chemical shifts, coupling constants, and
RDCs combined with flexible meccano and ASTEROIDS allowed
the detailed description of structural preferences in clusters of
non-native states of lysozyme.

The analysis of ensemble compaction of flexible meccano-
generated ensembles and ASTEROIDS-selected ensembles
(Figures S14 and S15 of the Supporting Information) revealed
that ASTEROIDS-selected ensembles were shifted toward a
higher level of compaction compared to flexible meccano-
generated ensembles.

B CONCLUSIONS

Using WT" as a model, we present here a number of novelties
in the analysis of unfolded protein ensembles. The use of
'J(N,C*) and ?J(N,C”) coupling constants is an additional
method for identifying residual secondary structure other than
chemical shifts only, because the coupling constants show a
dependence on the angle (). Only this dependence allows us
to differentiate between negative and positive y values.

Scalar side chain couplings in unfolded proteins reveal
information about the side chain angle y,, which is influenced
by the overall compaction of the protein. Further insight into
the overall behavior of unfolded proteins can be obtained by
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the analysis of R, and RDC distributions as shown here. The
distribution analysis allows identification of changes in the
structure and dynamics of protein mutants, even if no chemical
shift assignment can be obtained. A more detailed analysis is
possible using a J(wy)/J(0) correlation readily allowing dif-
ferentiation between residues whose motions are governed by
internal, overall motions, or both can be made by this analysis
in addition to the identification of chemical exchange.

We show that both the analysis of R, and RDC data in a joint
manner and introduction of single-point mutants can be used
to identify regions within the proteins with differential
stabilities. To complete these findings, ASTEROIDS calcu-
lations further narrow the picture of the degree of residual
structure and compactness of unfolded states of hen lysozyme
by combining chemical shifts, ] couplings, and RDCs. Evidence
of helical propensity has been provided through different time
scales of averaging; SAXS measurements confirm dynamical
characteristics obtained from DOSY diffusion experiments and
reveal concentration-dependent aggregation processes in the
wild type and single-point mutants.

Given the small energetic differences between ensemble
members of the unfolded states of proteins, it is remarkable that
NMR spectroscopy can detect very subtle differences in popula-
tion shifts as well as local and global differences in polypeptide
chain dynamics. Modeling approaches have now reached a state
where both random-coil properties and conformational biases
as small as 10%, presumably corresponding to energetic shifts
of the order of kT, can be detected. Providing a comprehensive
experimental data set for a well-characterized model protein will
allow benchmarking of different algorithms for the prediction of
structure and dynamics in unfolded and non-native states of
proteins. Such characterization provides precious information
about intrinsically unstructured proteins and the effects of
single-point mutants and may form the basis of the structural
code underlying folding and misfolding of proteins.
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