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PREFACE

The papers in this volume are from the workshop on Protein Flexibility and
Folding held in Traverse City, Michigan from August 13 — 17, 2000. The purpose of the
workshop was to bring together diverse people interested in protein folding and flexibility
from theoretical, computational and experimental perspectives and to encourage discussion
on new approaches and challenges in the field. The workshop was held in the Park Plaza
Hotel with 43 participants, including 24 invited speakers. The small size of the group
made for easy exchanges, and many of the presentations by the invited speakers appear in
this volume. There was also a very lively poster session.

The three-day workshop was organized so that the first day covered Flexibility
and Dynamics, the second day Folding and Unfolding, and the third day Evolution and
Design. We have used these three sections to organize the present volume. This area of
science is particularly appealing as it spans a range of questions from very fundamental —
as to how proteins fold in such short times with such reliability — to applications such as
the role of flexibility in screening for new ligands to a protein. Protein flexibility and
folding have attracted the attention of scientists from many disciplines, ranging from
mathematics to molecular biology. The scientists at the workshop represented the breadth
of challenges in theory and applications that keep this field so fascinating and dynamic.

We reproduce some comments that were made during talks at the workshop,
without attribution. Scientists often feel that their work has cosmic significance. While
one speaker thought “Protein folding is like a religion”, modesty prevailed with another,
who countered, “/ am not God”. Many disciplines were represented, and some of the
comments tried to put our scientific progress in interdisciplinary context: “It’s old
chemistry — as is most of chemistry”, to a more inclusive “You re all biochemists”. While
the food at the meeting was generally good, some scientists had trouble distinguishing it
from science: “4 2000-dimensional watermelon is all rind!”. Near the end of the
meeting, one speaker mused over the exciting prospects and caveats for the future with
“You fold one protein, and you think you 're going to Stockholm...”

We would like to thank the Advisory Committee, David Case and Gerald
Maggiora, for help in selecting an insightful group of speakers, as well as Michigan State
University and Pharmacia for their financial support. Maurice Crane of the Michigan
State University Voice Library entertained us with a recorded history of events on August
15 (the evening of the banquet) as well as the actual voice of Linus Pauling, musing on his
discovery of the alpha helix during a bout of malaise. We would especially like to
thank the conference secretary, Lorie Neuman, for doing much of the organizational work
and Helen Geiger, for her help in assembling these proceedings.

Leslie A. Kuhn
Michael F. Thorpe
East Lansing, Michigan
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NMR spin relaxation methods for
characterization of disorder and
folding in proteins

Clay Bracken

Department of Biochemistry, Weill Medical College of Cornell University, New York, NY 10021, USA

The flexibility and dynamics of proteins directly influence
the processes of protein folding, recognition, and function.
NMR spin relaxation methods are used to assess the dynam-
ics and mobility of proteins, for fast ps and ns motions as
well as slower ws and ms events. The degree of protein
[flexibility and disorder as well as the changes in protein
flexibility can be assessed by NMR spin relaxation methods
at individual residues within the protein. In addition to
probing protein dynamics, the changes in the NMR-derived
order parameters can be used to estimate the entropic
contributions of order—disorder transitions. Furthermore,
kinetic processes in the ms time regime may be directly
investigated to extract the rates of conformational intercon-
version, ligand binding, and protein folding processes. We
show how a variety of dynamical information can be ob-
tained from NMR relaxation measurements. We present
examples that illustrate the use of NMR spin relaxation
analysis for investigation of folding and disorder in pro-
teins. © 2001 by Elsevier Science Inc.

INTRODUCTION

The absence of stable secondary and tertiary structure in pro-
teins was once viewed as the absence of biological function.
However, a number of globally disordered yet biologically
active peptides and proteins have been characterized recently,
suggesting that dynamics in proteins may significantly influ-
ence a number of biological processes (for a review see Wright
and Dyson)." Disorder in proteins can confer significant ad-
vantages in certain biological processes. First, the degree of
flexibility in a protein recognition or binding region will have
an impact on the thermodynamics of protein association
through the entropic cost paid for ordering the protein back-
bone and sidechains. Second, disordered regions allow vari-

Corresponding author: C. Bracken, Department of Biochemistry, Weill
Medical College of Cornell University, New York, NY 10021, USA. Tel.:
212-746-6473: fax: 212-746-8329.
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655 Avenue of the Americas, New York, NY 10010

ability in protein recognition motifs, permitting a given se-
quence to adaptively recognize multiple binding partners.
Third, flexible regions in proteins offer important handles for
modulating the in-vivo lifetime of proteins through proteolytic
degradation. Finally, a complete understanding of unfolded
protein states is necessary for elucidating the protein folding
process since any preexisting structural propensities may pos-
itively or negatively impact both protein folding rates and
protein stability.

Solution NMR spectroscopy is the most powerful biophys-
ical technique for characterizing disordered states of proteins,
assessing the degree of protein flexibility, and elucidating the
mechanism of protein folding. The utility of NMR for assess-
ing protein flexibility and disorder is a direct result of the
development of multidimensional homonuclear and hetero-
nuclear NMR methods for resolving and assigning individual
resonances frequencies to specific locations within the amino-
acid sequence.? This allows the properties of the individual
nuclei to be monitored at known sites within the protein and
serve as reporters of both structural and dynamical information.

A wide variety of solution NMR methods (See Table 1) have
been developed for analyzing residue-specific information on
disordered proteins and peptides. Of the available techniques
one of the most informative for characterizing protein flexibil-
ity is NMR spin relaxation analysis.*> The relaxation rates of
nuclei are directly tied to the motional properties of the mol-
ecule, therefore differences in nuclear relaxation rates are re-
lated to motional differences within a molecule. Here we give
an overview of "’C and "N relaxation methods for character-
izing the motional properties of proteins with specific examples
assessing protein flexibility and characterizing equilibrium pro-
tein folding through the application of heteronuclear relaxation
methods.

Relaxation of '*C and "N nuclei

The relaxation of nuclear spins to a statistical equilibrium state
occurs primarily through the coupling of the nuclear spin
transitions to the surroundings termed the “lattice.”. In solu-
tion changes in motions on the ps to ns time scale result in

1093-3263/01/$-see front matter
PII S1093-3263(00)00136-4



Table 1. NMR spectroscopic techniques for characterizing protein structure and flexibility

NMR Observable Applications

Comments

Nuclear Overhauser effect
(NOE)
Relaxation Measurements

Determination
Flexibility and Motion
Chemical Shifts Secondary Structure

Characterization
Protein stability
Hydrogen bonding
Structural characterization

Hydrogen Exchange

Dipolar Couplings

Diffusion Measurements

Paramagnetic Probes Solvent binding and protein
accessibility

Scalar couplings Secondary structure

Secondary and Tertiary Structure

Hydrodynamic characterization

Primary NMR method for generating long range
distance constraints.

Measurement of global and local correlation times,
order parameters, chemical exchange.

Backbone chemical shifts are often correlated to
the protein secondary structure.

Measurement of protection rates in protein folding.

Orientational information, local order parameters.

Global shape information can distinguish folded
and unfolded structures.

Distance constraints in proteins by paramagnetic
broadening.

Information about bond torsion angles.

observable changes in nuclear spin relaxation rates. Addition-
ally, motions on the ms to us time scale may be detected
through chemical exchange between two or more distinct
chemical environments. By monitoring the relaxation rates at
specific resonances, details of the motional dynamics within
proteins can be assessed. A variety of heteronuclear relaxation
experiments now exist to monitor 'H, “H, "*C, and "°N nuclei
allowing access to motional information at multiple locations
within the protein backbone and sidechain.’* We will focus on
selectively labeled '*C* and ""N relaxation of the backbone
resonances.

The most commonly employed NMR relaxation experiments
monitor the '°N amide resonances of the protein backbone. The
advantages of "N relaxation measurements for the study of
proteins are the low cost of the N isotope, the absence of
complex scalar homonuclear and heteronuclear couplings, the
absence of significant remote interactions with neighboring
spins, and the superior resolution of the 'H™ and >N dimen-
sions. In addition, the interpretation and methodology for ap-
plication of "*N spin relaxation experiments to proteins is well
established.”® In contrast, the applications and theory for char-
acterizing protein dynamics from '*C nuclear spin relaxation
are not as well established or widely applied as '°N spectro-
scopic methods®#. However, '*C NMR spectroscopy is partic-
ularly well-suited for investigation of conformational dynamics
of unstructured proteins or in cases were NMR dynamics are
used to monitor equilibrium protein folding processes.

Protein relaxation analysis using "*C has a number of dem-
onstrated advantages. In proteins and peptides selectively en-
riched at specific site with '*C via peptide synthesis or selective
labeling strategies, the complications encountered from '*C—
"3C scalar and dipolar couplings in uniformly '*C-labeled sam-
ples are avoided. Unlike the amide protons, in '*C the attached
protons are stable, preventing fast exchange with solvent in
unfolded or partially folded proteins that can reduce the sen-
sitivity of "N NMR spectroscopy and limits the range of
experimental conditions employed. A significant advantage of
using the alpha and carbonyl backbone carbons for relaxation
studies is that the chemical shifts are diagnostic of secondary
structural preferences, making the results more easily interpret-
able.”

4 J. Mol. Graphics Modell., 2001, Vol. 19, No. |

Established NMR pulse sequences now exist for collecting
longitudinal relaxation rates (R,), transverse relaxation rates
(R,). and heteronuclear NOE data in labeled proteins and
peptides.”® The most widely applied pulse sequences utilize
two dimensional heteronuclear correlation spectra to allow
observation of the relaxation effects of the given nucleus indi-
rectly through the attached proton. In solution, the relaxation
rates of the isolated "H-""N and '"H-""C* heteronuclear atoms
are dominated by the dipolar interaction with the attached
proton and by the chemical shift anisotropy interaction.® For
the amide '"H-'""N and selectively labeled "H-"*C* of the pep-
tide backbone, the relaxation rates are given:

Ry = (d14)[3J(@y) + 6J(wy + wy) + J(wy — wy)]
+ AJ(wy) (1)
Ry = (d*/8)[4J(0) + 3J(wy) + J(wy — wy) + 6J(wy
+ 9] + (Y6)[4J(0) + 3J(wy] + AR(1/7,) (2)
NOE = 1 + (d*4R ) (yul y)[6J(wy + wy)
— Hoy— w9l 3)

where d( oy, Y8 Nreim. ¢ = wyAal\V/3, p, is the perme-
ability of free space, h is Planck’s constant, yy is the gyro-
magnetic ratio of 'H, yy is the gyromagnetic ratio of the X
nucleus (either '*C or '°N), ryyy is the average bond length (reyy
=1.09 A and ryy = 1.02 A), Ao is the chemical shift anisot-
ropy (Ao = 25 ppm for *C* and Ao = 160 ppm for "°N),
AR,(1/7,,) is the residual chemical exchange term that accounts
for conformational exchange processes that perturb the chem-
ical shift on the ms to ps timescale and contribute to the
observed R, rate constant during the Carr-Purcell-Meiboom-
Gill (CPMG) sequence used during the R, relaxation period,
and J(w) is the power spectral density function.

The power spectral density function, J(w), defines the fre-
quency spectrum of overall and intramolecular motions that
reorient the X—H bond. The power spectral density function
describes the available energy density of motional frequencies
that create fluctuations in the local magnetic field due to the
brownian motions of the molecule. These local fluctuations in



the magnetic field induce nuclear spin transitions that restore
the system to equilibrium. The power spectral density function
for an isotropic molecule can be described using the Lipari-
Szabo model-free approach '0:'':

2 g o (1 —8)r
J(w):*[ :

2 9 s 4
501+ @? 1+ 0’7 @)

in which 7, is the isotropic rotational correlation time of the
molecule, 7 = 7, 7, /(1,, +7, ) where 7, describes internal ps
motional processes and S7 is the square of the generalized order
parameter. The relaxation rates are insensitive (o internal mo-
tions, 7,, that are substantially faster than 7,, on the sub-ps time
scale and motions significantly slower than 7,, that do not
perturb the chemical shifts. This restricts the motional infor-
mation derived by solution relaxation experiments to motions
on the ns-ps timescale characterized by 7,,, 7., and 5. Motions
on the ms to us timescale that perturb the chemical shift are
characterized by AR,(1/7,,).

Relaxation data can be analyzed by fitting to various mo-
tional models using the model-free formalism, allowing direct
extraction of overall and internal correlation times and order
parameters for each residue. The model-free formalism is most
applicable to molecules with a clear overall molecular frame of
reference. In disordered proteins, where an overall molecular
frame of referenced is unclear, reduced spectral density map-
ping can be employed for analysis.!>'¢. This approach assumes
that dJ(w)/dw” is linear between J(wy + w,) and J(wy; — )
and substitutes an average single value of J(e wy,) for the linear
combinations of J(wy + w,), J(wy), and J(wy — ®,), shown in
Equations 1-3, thereby reducing the number of variables in
Equations 1-3 to J(0), J(w,), and J(e wy), and allowing direct
calculation of the spectral densities based on the measured
relaxation parameters. The spectral density, J(0), obtained us-
ing this approach contains contributions from the exchange
term AR,(1/7,,), if present. The reduced spectral mapping
technique yields estimates of the magnitude of the spectral
densities at particular frequencies that are directly related to the
motional frequencies of the molecule.

Spectral density mapping for both '*C and "N may be
applied to proteins that display more complex dynamic behav-
ior."2-16, One approach, which is applicable to both '*C and "N
relaxation,'? assumes that J(w) = aw > + b between J(w,, —
wy) and J(wy; + wy) and substitutes a single value of J(ew,,) for
linear combinations of J(w,; + wy), J(wy). and J(wy — wy)
shown in Equations 5-7, to give:

R, = (d*8)[3J(wy) + T (e,0p)] + AT wy) (5)
R, = (d*18)[4J(0) + 3J(wy) + 13J(&30p)] + (c/6)

[4J(0) + 3J(wy)] + AR5(1/7,,) (6)

NOE = 1 — (d*/4R))[ yHIyX]5J (e, wy), (7)

in which €, €,, and €; are constants that approximate the linear
combinations of J(wy + wy), J(wy), and J(w,; — wy). For °N
the values are €, = 0.87, €, = 0.92, and €; = 0.96; for '°C the
values are €, = 1.56, e, = 1.12, and €5 = 1.06. The values of
the high-frequency spectral densities may best be obtained
using data collected at multiple magnetic field strengths allow-
ing direct measurement of the slope defining J(wy + wy),
Jwy), and J(wy — wx). In practice this is accomplished by

measuring the field dependence of the cross-relaxation rate
constants, oy, calculated from measured R, and NOE data as
shown:

axy = R{(NOE — 1)yyyy. (8)

The cross-relaxation rates constants are then related to the
spectral densities by

Oxn = — (c11/4)51(8.w,,). (9)

The cross-relaxation rates at different Bo fields are then
plotted versus Bo * and the line fitted to this function is used
to estimate additional values of J(w) needed for spectral density
mapping. Alternatively the J(€,w;,) may be approximated using
a first-order Taylor series expansion as described by Farrow et
al.!? The ability to extract motional information without invok-
ing specific models makes the spectral density mapping ap-
proach particularly attractive for the analysis of disordered and
partially folded systems.

Equilibrium Protein Folding of a2D

a,D is a de novo design protein developed as a test for the
principles of protein design. The protein consists of 36 residues
that form a helix-turn-helix motif that dimerizes to forming a
four-helix bundle, in a bisecting U motif (shown in Figure 1)."7
Prior studies have shown that the protein bears many of the
hallmarks of native proteins, adopting a single unique confor-
mation with defined core sidechain interactions and displays

Figure 1. Structure of a,D. The C* backbone of a,D is
shown as a solid tube; the leucine side chains are shown as
the superposition of the conformations observed in the ten
lowest energy NMR solution structures of a.D. The figure
was drawn from the coordinates of PDB file 1gp6 using
Insightll (MSI Research, San Diego, CA).

J. Mol. Graphics Modell., 2001, Vol. 19, No. 1 5



cooperative folding—unfolding transitions.'® To assess more
fully whether the «,D peptide resembles native proteins, four
leucine resonances, 6, 13, 25, and 32, were synthetically '*C*-
labeled, providing probes of the hydrophobic core to investi-
gate the backbone conformational dynamics.'

Relaxation rate constants were recorded at multiple static
magnetic field strengths to probe ps to ns and s to ms time
scale dynamics and assess whether chemical exchange effects
are present. The presence of exchange was assessed using the
field dependence of the parameter, I', described by Phan et al.
given below:2°

I' = (d%2)J(0) + (2y¢AcJ(0)/9 + ©,)BF  (10)

where 0, is the field-dependent chemical exchange term. I is
linearly dependent on J(0) and the slope is a function of the
chemical shift anisotropy and the chemical exchange term O,,.
In the absence of exchange effects the field dependence of the
data is dominated solely by the chemical shift anisotropy term
that causes a gradual increase in the parameter, I, as a function
of increasing field strength. The presence of chemical ex-
change, ©,, significantly increase the field dependence of I,
making apparent the presence of chemical exchange effects.
Figure 2 shows the dependence of the parameter I" for the
labeled '*C* resonances of a,D as a function of the B0 field.
The dashed line corresponds to the calculated field dependence
in the absence of chemical exchange for "“C* ., the slight
increase in I" with the field is due entirely to chemical shift

anisotropy effects. The solid lines in Figure 2 correspond to the
experimentally observed field dependence. The observed dif-
ference between the two lines indicate that significant chemical
exchange effects are present in «,D. Since «,D is a dimer, two
distinct mechanism were possible for generating these chemi-
cal exchange effects: conformational interconversion within
the dimeric molecule and monomer—dimer exchange.

The nature of the chemical exchange event in «,D was
established by measuring the relaxation rates as a function of
protein concentration using the relaxation-compensated CPMG
experiment developed by Loria et al?' The relaxation-
compensated CPMG experiment averages inphase and an-
tiphase relaxation rates, allowing the relaxation delay, 7, .
between 180° pulses to be significantly increased, thereby
probing a broader range of exchange times. During short 7,
chemical exchange is minimized or entirely quenched, while
longer 7, delays allow the effects of chemical exchange to
manifest. Figure 3 shows the a,D concentration dependence of
the relaxation rates at short and long 7, relaxation delays using
the compensated CPMG experiment. In a nonexchanging sys-
tem, short and long 7, relaxation delays yield equivalent decay
rates. a,D shows a pronounced difference in the two rates,
indicating the presence of chemical exchange. If the exchange
effects arise from conformational interconversion of the
leucine residues within the dimer, then the exchange effects
will be independent of concentration. The divergence of the
two relaxation rates as a function of concentration demon-
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Figure 2. Chemical exchange contributions to spin relaxation in a,D. Experimental values of I' calculated using Equation 8
are plotted versus B, for (a) Leu 6, (b) Leu 13, (c) Leu 25, and (d) Leu 32. The solid lines are linear least-squares fits to
the experimental data. The y-intercepts are proportional to J(0) and the slopes depend on both the magnitude of the B2 ¢sA
and on chemical exchange contributions to R,. The dashed lines show the field dependence of I predicted in the absence of
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Figure 3. The folding equilibrium causes chemical exchange in a,D. Values of Ry(1/7.,) for (®) 1., = 0.5 ms and (O) 7, =
10.0 ms are plotted versus the total monomer concentration of a,D for (a) Leu 6, (b) Leu 13, (¢) Leu 25, and (d) Leu 32. Values
of Ry(1/7,) at 7., = 10.0 ms for 2.0 mM a,D were obtained by extrapolating the relaxation dispersion curves measured for
T.p values ranging from 6.7 ms to 0.5 ms (data not shown). The decreased chemical exchange linebroadening at higher protein
concentrations identifies the folding equilibrium for a,D to be the mechanism for exchange linebroadening.

strates that the mechanism of exchange is due to a concentra-
tion dependent shift in the monmer—dimer equilibrium.

Once the mechanism of exchange is established, details
about the kinetic rates of exchange and the chemical shift
differences between the exchanging sites can be obtained. For
chemical exchange between folded dimer and unfolded or
partially folded monomer of a,D, a two-site chemical ex-
change reaction is considered:

(11)

in which [D], is the concentration of dimer and [M] is the
concentration of monomer. The equilibrium disassociation
constant for the exchange reaction K, = k,/k_,, where k is the
forward first order kinetic rate constant (off-rate), and £ _| is
the reverse second-order kinetic rate constant (on-rate). At
equilibrium, the fraction of monomeric ;D molecules is p,, =
[M]/([M]+2[D]) and the fraction of a,D molecules in dimers
is pp = 1 — p,,. Based on prior analytical ultracentrifugation
studies the monomer population, p,, is known to be small under
the conditions used for NMR studies.

A general expression for the transverse relaxation rate con-
stant for exchange between two states, R,(1/7,,), is given
by:22-24

1 1
Ry(1/7,) = 5 (RM + R, + k,, — — cosh™'[D, cosh(n;)

Tep

ot’ B COS(nf)]) (12)

in which,
ko= 2[M)k_, + k, = ki/py = 2[M]k_\Ipp (13)
a A 2 : W+ 2Aw’
DI—Z SF +@f’.+§2)llﬁ (]4)
Tep 2 N I1/2T1172
ne = [Eg+ 7+ 07" (15)
Y
Y= (Rp — Ry — ppk.. + phlke.\‘)l — A’ + 4PDP,wk3,. (16)
g = 2Aw(RD - RM - pl)ke',\ 1 pMkt'.r)- (17)

where 7., is the delay between 180° pulses in the CPMG pulse
train. The frequency difference between the chemical shifts of
the two sites is Aw = | wy, — @, | . The transverse relaxation
rate constants for the nonexchanging monomers and dimers are
R,, and R,, respectively. For the relaxation-compensated
CPMG experiments, R,, and R, correspond to the average
relaxation rates for in-phase and antiphase coherences®'. The
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Figure 4. Structure and sequence of GCN4-58. (top) Ribbon
diagram of the GCN4 bZip DNA binding domain and dimer-
ization domain complexed with DNA. The figure was drawn
from the coordinates of PBD file 1ysa using Insight II (MSI
Research, San Diego, CA).

relaxation rates R,(1/7,,) are collected as a function of the
delay 7, generating a relaxation curve influenced only by the
presence of chemical exchange shown for a,D in Figure 4.

One factor that complicates the extraction and analysis of the
chemical exchange parameters is the timescale of the exchange
regime. When the chemical exchange regime is slow (k. /Aw <
1), the contribution of chemical exchange to R,(1/7,,,) vanishes
during small values of ., However, when the exchange re-
gime is fast (k.,/Aw > 1), the chemical exchange contributes to
Ry(1/7,,) for the small 7, delay times. In «,D, establishing the
exchange regime was problematic, since the small population
of monomer at millimolar concentrations would be difficult to
observe in the slow-exchange regime and invisible under fast-
exchange conditions. Additionally, the relaxation compensated
CPMG data collected at a single field could be adequately fit to
either the fast- or slow-exchange regimes for a,D.

Millet et al.2* recently developed a method for establishing
whether exchange processes occur on a fast or slow timescale.
They have defined a parameter, «, that characterizes the static
magnetic-field dependence of R,,, which distinguishes the ex-

change regime:
e (302 - Bm) (Ra.\-z — Ry (18)
B()l o B[)I Rm?. g Re,\‘l

Table 2. Chemical Exchange Parameters for a,D

Residue R,” (s7') Pur Aw (ppm) k. (s7")

Leu6 226 =*0.5 0.038 +£0.006 0.89 = 0.11 510 % 170
Leu 13 226 =04 0.028 =0.007 1.12 = 0.15 580 % 220
Leu25 250 *0.6 0.019 = 0.002 1.31 = 0.17 940 = 310
Leu32 21.7 0.5 0.024 = 0.004 1.16 = 0.13 540 = 160
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Figure 5. Reduced spectral densities as a function of se-
quence for GCN4-58. Reduced spectral density functions
(a) J(0.87wy), (b) J(wy), and (c) J(0) for GCN4-58 at (A)
290, (O) 300 K, and (R) 310 K. (d) Values of J(O)(WT)/
(M3,0/310) are plotted to normalize for differences in tem-
perature and viscosity relative to 310 K.

in which R, and R,,, are the exchange contributions obtained
from Equation 12 for data recorded at two different magnetic
field strengths By, and B,. The parameter « is limited to
values between 0 and 2 for p,, > 0.7; for exchange that is slow
(k./Aw < 1) on the chemical shift time scale, values of o < |
are obtained; and for exchange that is fast (k,./Aw > 1) on the
chemical shift time scale, values of « > 1 are obtained.
Acquisition of NMR relaxation data at a B,;=11.7 T and B, =
14.1 T yielded « values between 0.44 to 0.82 for a,D, dem-
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Figure 6. Chemical shift deviations from random coil values and the temperature-dependent chemical shifts of GCN4-58.The
right column displays the chemical shift deviation for (a) 'H, (b) °C*, and (c) "*CO. The left column displays the chemical
shift temperature dependence of the (d) "HY, (e) °N, and (f) " CO. The chemical shift deviations from random coil values and
the temperature dependence of the chemical shifts indicate the presence of nascent helical structure in the basic region of

GCNA.

onstrating that the monomer—dimer exchange process occurs in
the slow regime.

The Ry(1/7,,) dispersion curves acquired on «,D at static
magnetic fields of 11.7 and 14.1 T were fit simultaneously to
Equation 12, allowing extraction of the independent fitting
parameters R," = pyRy, + ppRp. pupps Aw, and k... Table 2
shows the chemical exchange parameters obtained from the fit
for a,D. The average results for p,, = 0.028 *= 0.003 and £,
=540 + 100s ™' for Leu 6, Leu 13, and Leu 32 yield estimates
of Ky =27 06 uM, k; =15+ 3s L andk_, =47 =
0.9) X 10° M~ ' s~ '.19 The value of K, is in basic agreement
with prior estimates of K; = 7 = 3 puM obtained using
ultracentrifugation.

Residual Structure and Entropy in the Basic
Leucine Zipper of GCN4.

The bZip domain of the yeast transcription factor GCN4 con-
sists of a C-terminal leucine zipper and an N-terminal basic
DNA-binding region that achieves a stable structure only upon
binding DNA (Figure 4).>> The DNA-bound and -unbound
conformation of GCN4 has been studied by numerous groups
with an eye toward examining the structured regions.20-30,
However, a similar level of scrutiny has not been expended
upon understanding the conformational dynamics of the un-
bound state of GCN4, particularly the basic DNA-binding
region. Yet the conformational dynamics and preexisting struc-

tural propensities within the basic region have profound con-
sequences on the thermodynamics and recognition involved in
DNA-binding. The NMR assignments and '°N relaxation stud-
ies of GCN4-58 were undertaken to characterize the basic
DNA-binding region of the free peptide in solution and to gain
insight into the structural propensities and binding energetics of
the DNA binding site.?!

GCN4-58 is composed of a stable leucine zipper domain and
a flexible basic region making model-free analysis problem-
atic: therefore, the '°N relaxation experiments were analyzed
using spectral density mapping, with results shown in Figure
5.31 All the spectral density plots display sharp contrasts be-
tween the N-terminal basic region of the protein, consisting of
residues 1 through 24, and the dimerization region, which
consists of a stable leucine zipper consisting of residues 25
through 54. The J(0), J(wy) and J(0.87wy) rates are fairly
constant across the coiled coil. Proceeding from the N-terminus
the J(0) values (Figure 5c) increase and J(wy) values (Figure
5a) decrease, corresponding to an increase in slower motions in
the backbone resonances as they approach the coiled-coil re-
gion. The gradual nature of the transition over 20 residues
suggests that significant residual structure in the basic region is
present.

Confirmation that residual structure exists in the basic region
is observed in the temperature dependence of the J(0) data,
which is directly related to the overall correlation time of the
molecule. In static structural states the relaxation data scales
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Figure 7. Amplitudes of intramolecular motions in GCN4-
58. Shown above is the worm display of GCN4-58. The
width and color of the backbone tube are proportional to
the inverse of J(0.87wy). Values of J(0.87w,) were inter-
polated for residues for which relaxation data was not be
obtained. The figure was drawn using MOLMOL. Shown
below in register with the worm display, a graph of the
approximate order parameter S° at 310 K derived from
spectral density mapping using Equation 18 is graphed
versus amino acid sequence.

according to the Stoke-Einstein equation as a function of the
n/T where 7 is the intrinsic viscosity and T is the temperature
in kelvin. In cases where interconverting conformers are shift-
ing their equilibrium population, the relaxation data no longer
scale with /T but display deviations. After corrections for
differences in temperature and viscosity effects, the normalized
J(0) values, shown in Figure 5d, display distinctive differences
only in the disordered basic region of the protein, indicating
temperature-dependent conformational change.

The temperature dependence of the chemical shifts (Figure
6) in conjunction with the temperature dependence of the NMR
relaxation parameters confirms both the formation and identity
of secondary structure in the basic region.’'3* The chemical
shifts '*C* and '*CO are good indicators of secondary struc-
ture, while the temperature dependence of the chemical shifts is
often strong in regions undergoing structural interconver-
sion.”*35 Whereas in fully structured regions and in random-
coil regions the temperature dependence of these resonances
are generally small.** In GCN4-58 the deviations in the regions
mapped by the both temperature-dependent NMR dynamics
measurements and temperature-dependent chemical shifts
strongly indicate the presence of nascent helical structure; the
direction of the chemical shift change indicates helical forma-
tion as the temperature is lowered.

Further information about the basic region may be obtained
by analyzing the order parameters, S, describing the degree of
correlation to the overall molecular tumbling. For well-ordered
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sites in a macromolecule a local overall rotational correlation
time, Ty, is obtained from the spectral density functions as

_,(J(m - J(wN)> i

M= Om J(wy)

(19)

Once a value of 7, has been determined, the amplitude of
intramolecular motion of the N—H bond vector in a molecular
reference frame is approximated by's

5(3(0) = Ho))(1 — wimhy)

2 ol 5
S zwlsz:'lI . (20)

The parameter S of Equation 20 is an approximation to the
square of the generalized order parameter that appears in the
model-free spectral density function.!' Provided that 7, can be
estimated, Equation 20 provides a good approximation to S* for
effective internal correlation times up to 1 ns. Figure 7 displays
the values of S? obtained for GCN4 using the spectral density
mapping approach, with a worm diagram (top of figure) lined
up in register to graphically depict the changes in S°.

Estimates of S obtained using either the model-free or
spectral density mapping approach allow estimation of the
extent to which the reduction of conformational space acces-
sible to partially folded or disordered proteins contributes to the
thermodynamics of protein folding. This was first demon-
strated by Akke et. al. for estimating the configurational back-
bone entropy from changes in order parameter in the calcium
binding protein calmodulin in both the presence and absence of
calcium.?¢ For very low-order parameters, which are generally
observed in disordered proteins, the use of the linearized ap-
proximation to the partition function and a specific model
potential must be assumed.**7 The change in conformational
entropy of the peptide backbone going from a disordered to an
ordered state is given by?¢

3—(1+ ss.)_,)“l}
s (1)

AS = — kg 2 In {—3 ST Es"

in which kg is Boltzmann's constant, S, ; is the value of S in
a bound or folded state, and S, is the value of S* derived from
Equation 20 for a disordered protein or peptide. The index
refers to the ith spin in the polypeptide. This equation allows
estimation of the backbone configurational entropy for changes
in 87 due to ligand binding, folding, and other structural per-
turbations that affect the motions of proteins. By making the
assumption that the DNA-bound conformation of GCN4 adopts
a stable backbone conformation, the values of S* can be fixed
to values commonly observed in folded proteins, S* = 0.86.
Applying Equation 21 to the data for S in Figure 7 yields
AS = —0.6 k] K~' mol™ '3

Extant data for the estimation of AS_,, for GCN4 gives a
total AS_.r = —1.2 k] K ' mol ' is based on calorimetric
data.”® Monte Carlo and MD simulations and examinations of
the distribution of side chain rotamers in protein structures
indicate that ~40-45% of the total conformational entropy
loss associated with folding a random peptide arises from the
peptide backbone chain entropy??3?; the remainder arises from
ordering of the side chains.**~+2. Therefore, the fraction of the
experimental AS_ predicted to arise from backbone confor-
mational effects is approximately —0.5 kJ K~' mol~'. The
agreement between independent measurements of the back-
bone conformational entropy of binding by NMR spin relax-



ation and by theoretical analysis of calorimetric data implies
that the approach has merit. This suggests that the backbone
dynamics in the basic region measured by NMR spectroscopy
accounts for a significant fraction of the conformational en-
tropy determined calorimetrically. Consequently, NMR studies
will permit dissection of the entropic contributions to DNA
recognition by bZip and protein binding events at an atomic
level.

CONCLUSIONS

The variety of relaxation methods for examining disorder in
protein conformations continues to grow. In recent years no-
table advances have occurred in NMR relaxation data collec-
tion and analysis that allow access to motional regimes from
the ms to ps time scales. Most notable are the expansion of
methodologies for obtaining conformational exchange rates
and for the estimation backbone configurational entropy. The
recent development of novel NMR relaxation methods prom-
ises to offer additional means of assessing dynamics at multiple
locations throughout the entire protein providing,site-specific
analysis of the equilibrium folding-unfolding kinetics of pro-
teins. This expansion in relaxation methodology is coupled
with the development of new pulse sequences and protein
labeling techniques that are opening investigations to larger
and more complex protein systems.
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