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ABSTRACT. The backbone dynamics in the native state of apocytochlsmere studied using’N nuclear
magnetic spin relaxation measurements. The field (11.7 and 14.1 T) and temperatu25 (AD)
dependence of the relaxation parametdts R,, and Ri,) and the!H—N NOE established that the
protein undergoes multiple time scale internal motions related to the secondary structure. The relaxation
data were analyzed with the reduced spectral density mapping approach and within the extended model-
free framework. The apoprotein was confirmed to contain a disordered heme-binding loop of approximately
30 residues with dynamics on the sub-nanosecond time scale<(&6< 0.7, 100 ps< 7. < 500 ps).

This loop is attached to a structured hydrophobic core, rigid on the picosecond timeZ®calé.{5, 7.

< B0 ps). The inability to fit the data for several residues with the model-free protocol revealed the
presence of correlated motion. An exchange contribution was detected in the transverse relaxation rate
(Ro) of all residues. The differential temperature respons®oélong the backbone supported slower
exchange rates for residues in the loag & 300 u«s) than for the folded polypeptide chair( < 150

us). The distribution of the reduced spectral densities atthand'®N frequencies followed the dynamic

trend and predicted the slowing of the internal motions at@.0Comparison of the dynamics with those

of the holoprotein [Dangi, B., Sarma, S., Yan, C., Banville, D. L., and Guiles, R. D. (1Ri#8hemistry

37, 8289-8302] demonstrated that binding of the heme alters the time scale of motions both in the heme-
binding loop and in the structured hydrophobic core.

The dynamic nature of native protein structures is ex- topological features required of the apoproteins for efficient
pressed in a variety of internal motions ranging from local binding. Apocytochromds is selected here for its/g fold
fluctuations of atoms or side chaing, (2) to large-scale and its favorable NMR characteristics.

conformational changes associated with rigid body displace- Cytochromebs serves as an electron carrier in a number
ment of entire domains3]. The functional importance of  of physiological processes2@ 21). The water-soluble
some of these motions has been elucidated in enzymaticdomain of the membrane-bound microsomal cytochrbge
action @), ligand entry and bindingd), and protein-protein  (cyt bs)! is a globular protein whose single heme group is
(6) and proteinr-DNA recognition ), to name but a few  attached to the polypeptide chain through two—Fés
examples. The corresponding time scales range from a fewcoordination bonds. The X-ray structure of the oxidized
picoseconds (rapid fluctuations about an average structure)yovine isoenzyme2@) reveals the key elements of the cyt
to milliseconds and slower (transition between conforma- b fold (Figure 1A) @3). The heme-binding pocket (forming
tions). This broad spectrum of molecular motions can be hydrophobic core 1) is predominantiyhelical. It is adjacent
probed by'H-detected®C and**N NMR relaxation mea-  to a second hydrophobic core, core 2, formed by an irregular
surements§, 9). The most common dynamic analyses are g barrel and two terminal helices. Removal of the heme
used to investigate the amide-\W bonds. group is accompanied by partial loss of structud) and
Nonfunctional species, such as molten globules, partially thermodynamic stabilityQ5). The average low-resolution
folded proteins, and unfolded proteins, are important for NMR structure of rat liver apocylis is shown in Figure 1B
gaining insight into the determinants of protein folding and (26). In the apoprotein, core 2 remains largely intact while
stability (10, 11), but comparatively little is known about  core 1 becomes a partially disordered loop encompassing
their internal motions. In practice, these flexible states are
among the most challenging for dynamic characterizations 1 Abbreviations: apocyls, apoprotein of the water-soluble fragment
(12—-19). A special group of partially folded proteins includes hepatic Cytochroﬁms;s’cy‘f b‘; heme-containing, Water_scﬂuble
those obtained by removal of an embedded prosthetic group fragment of hepatic cytochronig; CPMG, Care-Purcell-Meiboon—
b-type hemoproteins are particularly interesting in this respect Gill; CSA, chemical shift anisotropy; CRy,, constant time off-

i i i esonance longitudinal relaxation rate constant in the rotating frame;
because of the steric properties of the heme and the umqu%D, dipole—dipole; FID, free induction decay; HSQC, heteronuclear

single-quantum coherence; HSMQC, heteronuclear single-multiple-
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Ficure 1: (A) Ribbon diagram of the X-ray structure of bovine dytin the oxidized state (1cyoR®). The heme, ligating histidines

(His-39 and His-63), and Trp-22 are shown in ball-and-stick representations. Core 1 refers to the set of hydrophobic side chains lining the
heme-binding pocket. Core 1 is part of “module 1", formed by the secondary structure eler@emt8—/;5—a4—a5. Core 2 contains

Trp-22 and side chains from1, a6, and strand@g1—54. These elements constitute “module 2". (B) Schematic representation of the
average NMR structure of rat apody(liet) (26). Little structure remains in module 1, whereas module 2 is mostly folded. The disordered
heme-binding loop extends from residue 40 to 70, and is referred to in the text as the hb loop. The figures were generated using MOLSCRIPT
(23); the 8 strands in cybs are labeled in the customary fashion according to the topology, not the primary structure.

30 residues. Surface loops in folded proteins are shorter onmotional regimes. The dynamic view of the structure allows
average. They have multiple purposes, from setting up thefor a clearer understanding of the consequences of heme
connectivity between consecutive secondary structural ele-binding.

ments to enabling biological function. The unusual length
of the apocybs loop is required for establishing a sufficient
number of heme contacts in the holoprotein.

Several properties of apoct require a dynamic study
to complement the structural determination. (i) A useful  Protein SampledJniformly **N-enriched rat liver holocyt
representation of the flexible heme-binding loop should bs was prepared with recombinant techniques as described
include its internal motions. (i) The region containing core €lsewhereZ6). The method of Teale3@) was followed for
1 (module 1) and that containing core 2 (module 2) have preparing the apoprotein. NMR data were collected in 90%
been treated as independent on the basis of structural and120/10%2H.0 at either pH 6.2 or 7.7 and between 10 and
kinetic studies 27). Yet, when the heme-binding segment 25 °C. The labeled protein concentration was estimated to
is excised from the sequence, an abridged version of thebe~1 mM by comparing one-dimensional NMR spectra of
protein is obtained which folds with low stabilitp®). The the samples of interest to those of unlabeled samples with
autonomy of the two modules and the dynamic coupling known concentrations determined by UV spectrosceps (
between them are therefore open to investigation. (i) The = 10.6 M~*cm™). Additional data were acquired on a.3
thermal unfolding of apocybs, as followed by calorimetry MM sample at pH 7.7 and 2%C.
of the rabbit protein Z5) and verified by optical probes NMR SpectroscopNMR data were acquired on a Bruker
restricted to core 2 in the rat protein (28 and this work), AMX2-500 spectrometer (11.7 T, operating dtafrequency
is modeled satisfactorily with a cooperative transition of 500.13 MHz and &°N frequency of 50.68 MHz) and a
between a native state (N) and an unfolded state (U). TheBruker DRX-600 spectrometer (14.1 T, operating aHa
temperature response of the dynamics is expected to elucidatérequency of 600.13 MHz and &N frequency of 60.81
the onset of thermal denaturation in each module. (iv) MHz). Typical acquisition parameters included 2048 complex
Addition of the heme consolidates the structure of the protein points for sampling the spectral width along the dirégt)(
in module 1 26). Comparing apocyts and cytbs data @9, dimension and 166256 real points along the indiredfi{)
30) will reveal original information about the entropic dimension. A total of 64 transients were collected for each
consequences of binding the heme. (v) Molecular dynamicst; increment. The TPPI metho83) was used for frequency
simulations of apocyis indicate conformational heterogene- discrimination in the indirect dimension. The spectral widths

MATERIALS AND METHODS

ity as well as increased mobility in module 31§. Experi- for the >N and 'H dimensions were 30 and 14 ppm,
mental data may reflect these features and validate therespectively. The center of tHéN spectral width was 119
calculations. ppm, and théH carrier was placed at the water peak.

A large portion of the backbone of apockt can be The laboratory fram&;, R, and NOE relaxation spectra

monitored by NMR spectroscopy, including the segment were recorded according to established meth@ds 35)
delineating the heme-binding site. Thus, it is a priori possible suitably modified to incorporate the WATERGATE sequence
to compare the time scale of the motions in the two regions (36) for solvent suppression. The data collected at pH 6.2
of the protein. In this first apocybs dynamics study, data  and 25°C differed in the use of a conventional low-power
are presented fdPN relaxation in the native state. Itis found pulse for solvent presaturation during the recycling delay.
that the folded and the disordered regions sample different Typically, 8—10 spectra were collected in random order with
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the variable relaxation delays ranging between 20 and 800sured for the various time points for each relaxation data
ms for R; measurements and between 7 and 150 m&for  set.
measurements. Several time points were repeated two to three Determination of the Relaxation Rate Constarithie
times to estimate the intensity errors. TRg data sets at  relaxation rate constant®; (longitudinal) andR; (trans-
14.1 T and 25°C were recorded with the delays between verse), were obtained by fitting the peak height versus time
the refocusing pulses of the CPMG pulse train set to either profiles to a monoexponential decay functi@b,(44)
1000 or 400us. Decoupling of the protons during the
inversion recovery delay in tH&, experiment was achieved l,=1,exp=Rt) + 1, 1)
with hard 180 proton pulses spaced at intervals of 5 ms.
Additional data were acquired with selective cosine-shaped In the above equatior, (i = 1 or 2) is the rate constartt,
pulses to minimize the perturbation of the solvent during is the variable relaxation delay,is the intensity measured
decoupling 87). Ry, Ry,, and R, experiments were carried ~ at timet, I, is the intensity at time zero, arid is the final
out with a 3 srecycling delay to reduce sample heating. For intensity. The uncertainty associated with the measurement
the heteronuclear NOE experiments, the recycle delay wasof peak heights was determined as the standard deviation of
4 s and includé a 3 speriod for saturation of the amide the difference in peak heights obtained for all the resolved
protons with a GARP-1 sequencgs]. peaks from duplicate spectra recorded at the lowest relaxation
1. delay, divided by 92 (44). For each residue, the adequacy
of a two-parameter fitlf andR) over a three-parameter fit
(loy 1o, andR}) was judged from the 95% confidence limits
of a y? goodness-of-fit test and df-test where necessary.
The data were fit by using the optimization routines based
g on the LevenbergMarquardt algorithm available in the
f Curvefit facility of the Modelfree 4.0 software (A. G. Palmer,
[1). The reported uncertainties in the relaxation rate constants
are those obtained from the fit and are comparable to standard
spectra were collected at eight variable spin-lock times (from deviations obtained through Monte Carlo simulations. The
7 to 275 ms). NQE was calculated as the ratio of the intensity measured
JH—15N three-dimensional (3D) NOESYHSQC andH— with and without satqrapon of the amlde .pro'tons. The
15 reported standard deviations were obtained indirectly from
N 3D TOCSY-HSQC spectra were collected at 14.1 T, he root-mean-square baseplane noise or directly from three
pH 7.7, and 25C as described previousI2§) with spectral separate measurements.
parameters adjusted for the higher magnetic fiétt-15N At pH 6.2 and 25C, R, and NOE values were determined
HSQC spectra were also recorded at pH 6.2 and at 15, 205 74 out of 92 residues at 11.7 T. Because of resonance
25, and 30°C. To determine the tautomeric state of the qffset effects in the CPMG experiment and severe line
histidines in apocybs, *H—**N HSMQC (40) spectra were  proadening, th&, values of only 54 residues were measured
recorded at 14.1 T under the following pH and temperature rgjiaply under these experimental conditions. At pH 7.7 and
conditions: pH 6.2 and 25C and pH 7.7 and 10, 25, and  25°C the three relaxation parameters were obtained at 14.1
35°C. The acquisition parameters along the two dimensions T for 61 residues, except for two residues whBsecould
were as follows:*H spectral width of 14 ppm centered at ot pe determined by the CPMG experiment owing to scatter
the water signal described by 2048 complex points@Nd i the data. The data collected at 11.7 T for the same sample
spectral width of 150 ppm centered at 225 ppm, describedyje|ded all the relaxation parameters for 60 residues.
by 256 complex points [TPPiStates quadrature detection ~ The rate constant for relaxation in the rotating fraRg)

Constant time off-resonance rotating frame relaxation (C
Ri,) data were acquired following the method of Akke and
Palmer 89). At 11.7 T, the'>N magnetization was spin-
locked with a radiofrequency field of strength 2330 Hz
applied at an offset of 46 ppm from the center of thd
spectral width (119 ppm). At 14.1 T, the data were collecte
at two different offsets (23 and 46 ppm) from the center o
the >N spectral width with a spin-lock field strength of 1560
Hz. The constant relaxation periddvas set to 300 ms, and

(41)]. For selective observation of long-rangéi—**N was obtained by fitting the measured intensities to
correlation of the histidinegdys = 6—12 Hz), the refocusing
delay in the INEPT sequence was set to 21.7 ms. I(t) = fo exp(—Ryqt) (2)

Data ProcessingThe 'H—13N correlation spectra were
processed with FELIX 97.0 (Molecular Simulations Inc., San with
Diego, CA). Typically, the raw data in the time domain were
convoluted with a Gaussian function to remove the residual Ry = (R, — Ry) sirf 6 3
solvent signal. The FIDs were corrected for the first point
and zero-filled up to 4096 points before transformation. For In eq 2,1, is given by exptRiT), whereT represents the
resolution enhancement, the data were multiplied by a sine-constant relaxation period, and in eqéjs the tilt angle
squared window function with a phase shift of*’5Minor between the reduced static field and the effective field in
baseline distortions were corrected by subtracting a zero- orthe rotating frame39). The R, values were determined by
first-order fitted polynomial function. ThEN interferograms using the measurd®.; andR; values. The standard deviation
were extended to 256 points by linear prediction before in the calculatedR, was obtained through propagation of
apodizing with a sine-squared window function phase-shifted errors.
by 75°. The size of the transformed matrix was 2042048 Reduced Spectral Density Mappinihe principal mech-
real points. Proton chemical shifts were indirectly referenced anisms of relaxation of the amideN involve dipole-dipole
to DSS through the water signal with temperature correction coupling to the attached proton and chemical shift anisotropy
(42). N chemical shifts were referenced indirectly to liquid (45). In the absence of cross-correlation effects, RaeR,,
NH4CI (43). Intensities of the individual peaks were mea- and!H—'N NOE parameters are expressed as functions of
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the spectral density(w) at five different frequencies of NMR  with
transition as indicated in eqs—8.

[

(10)

=

sl
®

1 - ri *
Ri poresa= Zdlz\lH[‘](wH — wy) + 3J(wy) + 63wy + m
where 7, is the isotropic global correlation time of the
molecule,S? and S? are the order parameters for the fast
(zs) and slow motions1), respectively, an® = S°S? is

the generalized order parameter, that is, a measure of the
degree of spatial restriction of the amide bond vector. For a
single time scale motionS? is equal to unity and eq 9
assumes the form proposed by Lipari and Sza#8).(
Calculations were performed using the Modelfree 4.0

o] + 2050, — 0% wy) (4)

1
R bprcsa = édlz\lH[4‘](o) + Iy — wy) + 3Nwy) +

6J(w,,) + 6(,, + wp)] + %wﬁ,(au — 6)243(0) +

3wl () programs. TheR; and*H—'N NOE data acquired at both
B, fields and 25°C were fit simultaneously to this model.
R, = Ry pprcsat Rex (6) The R; values measured at 14.1 T were excluded from the

the average NMR structur&d). Instead, the optimization
used a crude grid search to find a glohal (for isotropic
motion) and the dynamic parametetand< for individual
residues. These parameters served as a starting point for

subsequent refinement.

The anisotropy of the structure was evaluated by perform-
ing hydrodynamic calculations based on a bead model with
a modified Oseen tensob4). The average NMR structures

analysis because of their high uncertainty. Rsq term was
L y included in the model to reproduce the high of all the
_ 1 2 7H . . residues. The reported standard deviations associated with
NOE=1+ 4R dNHyN[GJ(wH oy = oy = ol (7) the results were obtained from the fit using the Brent method
of nonlinear optimization and are comparable to the values
hu, 1 obtained from standard deviation of 300 Monte Carlo
Oy = —ZyHyNHjD (8) simulations.
8 NH Determination of the Global Correlation Time. Fitting
the relaxation data within the MF framework requires an
In these equationsyy and wy are the Larmor frequencies initial estimate of the global correlation time for subsequent
of the *>N and 'H nuclei, respectivelyg, and oy are the  selection of the appropriate motional model of thefibond
parallel and perpendicular components of the axially sym- vector 60). In the absence of an independent estimate of
metric*>N chemical shift tensor, respectively, andyy are rotational correlation timeg,, may be extracted from they/
the gyromagnetic ratios dfN andH nuclei, respectively, R, ratio (34, 51) averaged over the entire backbone. The
his Planck’s constanyy, is the permeability of free space, limitation of this approach lies in the assumption of a rigid
andryy (1.02 A) is the N-H bond length. The numerical N—H bond vector undergoing isotropic motion. Incorrect
value of the differencer; — opn was set to—160 ppm for estimates of, are obtained if either chemical exchange or
the peptide bond an&89.6 ppm for the indole NH bond motions on the picosecond to nanosecond time scale are
(46). TheR term in eq 6 is phenomenological and accounts present and ignored in the relaxation constants. Since there
for microsecond 4s) to millisecond (ms) conformational is sufficient reason to suspect the presence of both types of
exchange contributions t@;. motions along the backbone of apody no attempt was
The reduced spectral density mapping approach assume qde to apszyFthe .mt?ldel select|onhstrat(_ag|es depen%ent on
J(w) is a constant in the frequency range defineduhy+ k;xmg tm © )d for S'r;]" ar re(?sonds, tle anisotropy could not
wn (47). Solving for the spectral densities from the three e estimated from the predicted relaxation constants using
relaxation parameters expressed as functiodémaf), J(wn),
and J(0) is then straightforward. The values d(vy) and
J(wn) were calculated from data acquired at b&hfields
and temperatured(0), which contains exchange contribu-
tions, was not used. The uncertaintyJfw) was set equal
to the standard deviation obtained from fitting 500 simulated
data sets. The estimate of the random error from the Monte
Carlo simulations of Fhe spec_tral densities is less th_an 1%, \yas hydrated to within a maximum distance of 3.5 A from
vv_hereas the uncertainty obtained by error propagation WaSthe surface of the protein by using the CHARMmM routines
higher by a few percent. of the Quanta program (Molecular Simulations Inc.). The
Model-Free Analysisin the extended model-free (EMF)  translation and rotational diffusion constants of the solvated
analysis 48, 49), J(w) is given an expression dependent on structure were calculated with the program HYDR&!)(
two time scales at least 1 order of magnitude apart. The EMFfor which the protein heavy atoms (NoCand C) and the
approach was simplified further by neglecting the contribu- water O atoms were replaced by beads assigned a radius of
tion of the fast (less than 10 ps) time scale to the spin 1.0 and 1.6 A, respectively5§). The calculations were
relaxation. The analytical form of the EMF spectral density repeated with a @-only representation of the protein (bead

function is radius of 3.5 A).
UV—Vis Spectroscopy.he thermal denaturation of apocyt
s, s’ 1 - ng)f's bs was monitored by UVvis spectroscopy on an AVIV
J(w) = + 9 14DS UV-vis spectrophotometer. The samples, contained

2 "2
1+ (w7y) 1+ (w7) in 1 cm path length cuvettes, were 0.024 mM protein in 20
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1.0 IH—15N NOE,*™N R;, and >N R, Relaxation Measure-
1 4 ments.Figure 3 illustrates the field and temperature depen-
0.8 dence of theH—N NOE, R, andR; values measured at
pH 7.7 along the backbone of apody. At 11.7 T, the
o 06 standard deviation obtained from the fits to the intensity-
u_% 1 versus-time profiles was typically 19R{), 5% [R.), and 8%
0.4 (*H—'5N NOE). Comparable numbers were obtained at the
higher B, field. The standard deviations from the fits
0.2 4 underestimate the actual errors by a few percent because of
1 " the broad lines and pulse lengths. All values are listed in
00 ++———"T——— T Tables S1 and S2 of the Supporting Information.
0 20 40 60 The heteronucleatH—'N NOE is most sensitive to
Temperature (°C) backbone dynamics for proteins with a global correlation
FIGURE 2: Plot of the apparent fraction of unfolded protefff) time on the nanosecond time scedd)( Thus, a rigid amide

vs temperature derived from thermal denaturation experiments. N—H bond vector tumbling isotropically with a correlation
Sarrépges@ V)Vefedoé)glf;ﬂ\/_lrﬁpo@gﬁmgo mM phOSph&l{e bléffetr 2}35 time of 5 ns is characterized by an NOE of 0.75, whereas
pH 8. and 6. . The absorbance was monitored a i : i
nm. The lines represent a two-state fit using the parameters "stedunrestrlcted motions result in a Vall.Je 68.62. In apocyt
in the text. bs, the average NOE values for residuesd4® and 76-84

is 0.71 at pH 7.7 and 28C (Figure 3A). Systematically lower

mM phosphate buffer adjusted to pH 6.2 or 8.0. Spectra were NOE values are obtained for the unstructured loop formed
collected between 260 and 320 nm ever§Q between 5 by residues 4670 (hb loop) and the termini. This observa-
and 69°C, with a 5 min interval between scans for thermal tion is consistent with a dynamic hb loop and termini attached
equilibration. Returning the sample to the starting temper- 0 intacta/f secondary structure elements in module 2.
ature and comparing initial and final spectra led to a  The longitudinal relaxation rate constant at 5 senses
reversibility of better than 95%. Data were fitted to a two- the motions of the termini and to a lesser extent those of the
state model of denaturation to obtain an estimate of hb loop (Figure 3B). At 10°C, the NOEs were found to

thermodynamic parameter28g, 56). increase for all residues compared to the values measured
at 25°C (Figure 3A), with the largest increase in the loop.
RESULTS AND DISCUSSION In contrast, theR, values decrease at lower temperatures,

Temperature and pH Dependence of the MatState. and the decrease is minimal in the loop and the termini

Relaxation measurements were performed at pH 6.2 and 7.AFigure 3B).
and 25, 15, or 10°C. The backbone amidé&H and 1°N For the holoprotein, the correlation time is between 5 and
chemical shifts at pH 6.2 and 2%5C are as previously 6 ns, and the averag®, value is 8 s* at 14.1 T 80) as
published 26). At pH 7.7, the'H—1N HSQC spectrum was  expected for an 11.2 kDa proteis4). The R, values of
reassigned by usintH—>N NOESY-HSQC and'H—N apocytbs (Figure 3C) are uniformly higher. This is indicative
TOCSY—HSQC data. The persistence of thé—H NOE of the loss of phase coherence through chemical exchange
connectivity patterns demonstrates that no major conforma-as expressed in eq 6. Often, the identification of a non-zero
tional rearrangement is caused by the change in pH. A few Rex term relies on detectable line broadening for selected
minor differences in chemical shifts were observed that could residues. The situation is not obvious if all NH correlation
be attributed to the proximity of a titrating histidine side peaks are similarly affected. For apody, relaxation by
chain. The cross-peaks at 10 were assigned by following  chemical exchange on intermediate (microsecond to mil-
the chemical shift as a function of temperature in a series of lisecond) time scales appeared to involve the entire backbone.
HSQC spectra collected between 25 and°C0 Conformational exchange is not surprising in the flexible
One of the concerns for the interpretation of the NMR loop but requires confirmation in the folded regions of the
data is the structural integrity of the apoprotein under variable protein. The prospect of a monomeatimer or multimer
sample conditions. The resistance to thermal and pH-inducedequilibrium with a millimolar dissociation constant was
denaturation of the apoprotein was investigated by absorptionconsidered. Association is often revealed by changes in
spectroscopy. The reversible transition between native (N) chemical shift or line width upon dilutior6@, 63). No such
and unfolded (U) states can be fitted with a two-state model spectroscopic evidence was detected in apbgyto probe
and yielded thermodynamic parameters that agree with thosethis further in relationship to dynamic properties, the
obtained by monitoring the loss in secondary structure by relaxation rate&; andR, were compared at 1 and 0.3 mM
CD spectroscopy 28). The standard Gibbs energy of apoprotein. The response is consistent with a slight decrease
unfolding at 25°C changes from Z& 1 kJ mol? at pH 6.2 in viscosity and incompatible with a large shift in overall
to 54 1 kJ mol* at pH 8.0. The fraction of unfolded protein  correlation time. Ultracentrifugation data for the rat protein
at pH 6.2 and 8.0 is plotted as a function of temperature in (0.2 mM, in the presence of 0.1 M NacCl, data not shown)
Figure 2. Approximately 95% of the protein is native at pH and the calf protein [0.045 mM, in the presence of 0.1 M
6.2 and 25°C. At pH 8.0, 87% of the protein is folded at 25 phosphateZ4)], along with size-exclusion chromatography
°C and 92% at 10C. Therefore, the native protein is the and differential scanning calorimetry data for the rabbit
predominant species under the chosen experimental condiprotein @5), suggest that the highly conserved hb loop does
tions, and a small fraction of unfolded protein is always not promote association in the sub-millimolar concentration
present according to the two-state model. range. The state of aggregation of the unfolded protein in
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Residue Number

Ficure 3: 15N relaxation parameters as a function of residue number for afe@ttpH 7.7. The rat sequence starts at resieideand
ends at residue 94 for alignment reasons: 4)-1°N NOE, (B) R; (s7%), and (C)R; (s™1). The different symbols refer to data acquired
at () 11.7 T and 25C, (®) 14.1 T and 25C, (a) 14.1 T and 1C°C, and (0) 14.1 T and 15C. Error bars are not included in the figure
for clarity. Individual values are listed in the Supporting Information.

equilibrium with the native species remains undetermined. When the exchange can be approximated with a two-site
However, its low concentration can only lead to minor mechanism, the following equations apply:
effects. Thus, the data analysis focuses on a native mono-

meric species with aR.x due to intramolecular processes. ke
This key aspect of apocyds was investigated by changing A f B (11)
the acquisition parameters and temperature.
To reduce the uncertainty in tif& measurements intro- K Pg
duced by line broadening at €, data were collected at K= E = p—A (12)

15°C. Figure 3C illustrates that temperature has a differential
effect on the response &, values. Several residues in the
hb loop and termini (52, 53, 57, 61, 62, 88, and 89) show kex = K t K (13)
an increase iR, measured at 25C (®) compared to that
measured at 1%C (). This response deviates from the trend where K is the equilibrium constantp, and pg are the
presented by the rest of the backbone, which shows afractional populations of the exchanging speciesand k:
decrease iR, with T. The interpretation of these data relies are the forward and reverse reaction rate constants, respec-
partly on the ability to distinguish the effect of temperature tively, andkex (1/7¢y) is the rate constant of exchange. The
on RexWhen superimposed on picosecond to nanosecond timeexchange rate measured in the i-experiment is given
scale motions. by

Conformational Exchange on the Microsecond to Mil-
lisecond Time Scalélechniques for the identification and (Aw)szpBTex
evaluation ofR. include changing the refocusing delay in Rex.sL= D (14)
the CPMG experiment@) or varying the amplitude of the 1+ 75 we)
spin-lock field applied to th&N magnetization in the rotating
frame 69). The off-resonance CRy, experiment§0) offers In this equationAw is the difference if®N chemical shifts
advantages over these methods in probing conformationalbetween the exchanging species ands the effective field
fluctuations on the microsecond to millisecond time scale. in the rotating frame. For a CPMG-based experimé&d),(
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FIGURE 5: Variation of the ratidR; cpudRz s @s a function of the
exchange rate simulated for a two-site process. The curves
correspond to different combinations of exchange parameters used
to generateRe according to egs 14 and 159 Aw = 3 ppm,

paps = 0.09, andR; pprcsa = 6 s%; (M) Aw = 3 ppm, paps =

0.09, andR; pp+csa = 4 % (%) Aw = 1.5 ppm,paps = 0.25, and
R2,DD+CSA: 6 S_l; (O) Aw =15 pPpPpM,paps = 0.25, and?g,DDH;SA
=4s% (0 Aw = 0.5 ppm,paps = 0.09, andR; pp+csa = 6 S°%;

and @) Aw = 0.5 ppm,paps = 0.25, andR; pp+csp = 4 s

The theoretical range of values adoptedRypnud Rz, st
was explored by calculatinBex terms with plausible sets of
exchange parameters. In these simulatiepsvc was kept
at 1 ms andw. at 2 kHz. The parametgi, was set at 0.9
(predominance of one site) or 0.5 (equal population of the
two sites), whileAw was varied from 0.5 and 3 ppm amg
from 50us to 1 ms. The exchange terms so generated were

) ) o o added to the pur& pp+csa expected of a rigid (673) or
Ficure 4: Ratio ofR; values obtained with different acquisition dynamic (4 s N—H bond vector with a, of 5 ns. The
parameters. (AR, cemdRz,siratio at 11.7 T, with acpms 0f 1 ms. tinoR R . h in Fi b
Ry.sL Was derived fronR,, data recorded with an offset of 46 ppm  '€SUltiNgRz cendRo s ratios, shown in Figure 5, are between
from the center of théN spectral width at 119 ppm. (B) The same  ca. 0.9 and 3.5.
Ro.cpmdRe s ratio at 14.1 T. (CRy,cpmdRe cpve+ ratio at 14.1 T, Figure 5 shows that several interpretations are possible

with 7cpw values of 1 msRe.cpme and 0.4 ms Re.cpucy). The for the ratio values near 1 exhibited by module 2. However,

data displayed in all three panels refer to those recorded at pH 7.7 ; i
and 25°C. Error bars were calculated by the propagation method. when Aw is larger than 1 ppm, a near-unity value can be

Data were not obtained for terminal residues because of line Obtained only if the N-H bond vectors participate in
broadening. exchange processes withrg of <150us (kex > 6000 s7).

This is likely for N—H bonds outside of the hb loop since
large Ry, cpmc Values imply a sizablAw (eq 15). Within the

hb loop, the higher ratio can be ascribed to the lower-limit
Rz.op+csa Values (which reflect sub-nanosecond dynamics,
200 ps < 7e < 900 ps) in conjunction withR.x terms
wherezcpye is the delay between the refocusing pulses of generated with @ of >300 us (kex < 3300 s7). If the

the CPMG train. This expression reproduces the exchange®XPeriment is repeated with a shortepuc (400 4s) at 25
parameters with reasonable accuracydf < 4.00 ppm and °C, the rates are s_carcely z_iffected in module 2 (Figure 4C).
kewcpms > 0.01 61). The ratio of the totalR, values The small change is reminiscent of the fast exchange effect
determined by the two methods observed in a fragment of bacteriorhodopsin, whegavas
monitored for different spin-echo periodsgj. The marked
decrease iR cpvc in the hb loop is in agreement with a
slow exchange process with rates near the maximum of the
curve described by eq 15. This experiment supports the
may therefore vary from unity in the presence of exchange. distinctly different dynamic nature of the two modules.
The experimentaR; ratios obtained for apocyts at 11.7 Further quantitative comparison of experimental and simu-
and 14.1 T are plotted in panels A and B of Figure 4, lated values would require estimates of populations and
respectively. Although the error is large for some residues, chemical shift differences.

the deviation from unity in the hb loop and the C-terminus  The variability in the exchange rates along the backbone
is significant and indicates participation in exchange pro- must be consistent with the changesRycemc With tem-
cesses. perature (Figure 3C). A8 is raised, the accelerated tumbling

the Rex term takes the following form:

2t T
Rex.cpmc™= pApB(Aw)ZTex 1-—~= tam’( CPMG) (15)
' Tcpvc 2

teX

R2,CPMG_ R2,DD+CSA+ Rex,CPMG

= (16)
RZ,SL I:QZ,DD-"-CSA + Rex,SL
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of the molecule depressBs pp+csa Via theJ(0) contribution A 8
in eq 5. In contrastRe cpmciS @ complex function of several
variables linked by the thermodynamic properties of the
exchanging system, and it may either decrease or increase
asT is raised. The functiofe cpmd T) can be cast with eq

15, rewritten to include the temperature dependence,of
derived from the Arrhenius relation. For a two-state process,

ke = A exp(— RET) + A exp{— RET) 7)

whereEs and E; are the activation energies of the forward

Rexcrma (5'1)

and backward reactions, respectively, and define the standard Bs
change in enthalpgH° (E; — E/). The fractional populations . 1 3930 Hz
of A and B vary according to eq 12 and ~ ] 5642 Hz
AGO(T) \‘{’/ 3 -
K(T) = exg — (18) g |
RT 5
%27 10791 Hz
which expresses the equilibrium constant through the stan- o
dard Gibbs energy change for the procesS?(T). Ris the 11
gas constant. Expansion &iG°(T) yields (G6) o
T 5 15 25 35 45 55 65 75
AG°(T)=AH°(T)|L —=| —
M ( m)’ T Temperature (°C)

o _ T FiGure 6: Simulated temperature dependenc®gf (A) AH® =
ACP [(Tm T) +T In(Tm)] (19) 0,AS =0, andAC,° = 0, corresponding to &independenpaps
of 0.25, and (B)AH® = 35 kJ moft andAS® = 100 J mot! K1,

. . . o o corresponding to a transition with a midpoint of A2. Exchange
whereTr, is the midpoint of the thermal transitioAH®(Tm) rates were calculated using théi° values above and the following

is the standard enthalpy changeTat andAC,° is the heat E; values (see the text):4() 61, @) 59, (a) 57, (&) 55, ) 52,
capacity difference between A and B, assumed to be (<) 50, and f) 48 kJ mof™. The numbers in panel B indicate the
independent of. kex Values at thdRey maximu.m, assumingcpMG =1 ms. In panel
The temperature response R cpuc Was simulated for A, the ke value at the maximum is 3200 sregardless of;.
various activation energies assuming the pre-exponential Two proteins for which conclusions could be reached serve
factors to be equal and approaching the Eyring limit 0f10 as extreme examples: ribonuclease H in its native skfje (
s L In all casesk was smaller thark, and Es was larger and a low-stability fragment of staphylococcal nucleds®. (
than AH°; kex was bound by a practical upper limit of 40  The ribonuclease H results are consistent with conformational
s 1. The™N chemical shift differenceXw) was set equal  fluctuations on a fast time scale leading to a decrease in
to 1 ppm andrcpuc to 1 ms. Two situations are considered Rex cpvc as the temperature is increased. The nearly equal
and shown in Figure 6. and low forward and reverse activation energies qualify the
(i) AH° =0, AC,® = 0, andk; = k. In this simple case, process as type i above. In contrast, the dynamics of the
the producipaps in eq 15 is a constant. Figure 6A displays staphylococcal nuclease fragment show an increase.in
Rex.cpmc @s a function of temperature f& values ranging as the temperature is increased. This corresponds to a slow,
between 48 and 61 kJ mdl R cpmdT) has a maximum  two-site exchange associated with the unfolding of the native
for kextcpmc Of 3.2, and consequently, inspection of the slope form.

at any temperature suffices to predict the experimektal As pointed out above, the hb loop of apodgtdisplays
with respect to the reference value of 3¢fic (3200 stin an increase in total transverse relaxation time with temper-
this case). ature (Figure 3C). The responsible increaseRi cpvc

(i) AH°® =35 kJ mot!, AC,° =0, andAS’ = 100 J K'? suggests slow exchange between two sets of conformers. The
mol~. This corresponds to a temperature-sensitive equilib- possibility that one of these sets is the unfolded form was
rium, with a maximum in the functiopapg at 77°C. Unlike inspected by simulations using the thermodynamic param-
in the previous situation, the temperature at whehcpmc eters of the thermal denaturatiofHl°(T,) = 136 kJ mot?,
reaches its highest value does not necessarily correspond t&AC,° = 4 kJ mol'! K%, and T, = 46 °C]. The Rexcpmc
a kextcpmc Of 3.2, and the time scale of exchange is not resulting from this equilibrium is small because of the low
readily derived from Bex cpmddT. For example, ifgs = 57 value of paps below 25°C (less than 0.07) and highH®
kJ mol, the maximum occurs wheR,rcpme = 4, whereas above 27°C (greater than 60 kJ mdl). The latter sets the
if Er = 52 kJ mot?, it occurs wherkexrcpme = 12. Further upper limit onke at 400 s, which would not be detectable.
complexity is introduced ifAC,° is non-zero, as observed Slow exchange rates (2000's< kex < 4000 s1) with paps
for the global cooperative unfolding transition. Therefore, approaching 0.25 can account for the magnitude and direction
estimatingkex with dRex cpmddT data requires additional — of the change irRex terms at 25°C. In contrast to the hb
information about the equilibrium, and the analysis for apocyt loop, the folded region of the protein exhibits a decrease in
bs yields only broadk, ranges. RexcpmgWith T. The response is consistent with a fast process
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FiIGURE 7: Reduced spectral density profiles in ns/rad at the frequenéyl §d(wy), A] and that of*>N [J(wy), B]. Panel C illustrates the
ratio J(wn)/J(wy). Data for apocybs at pH 7.7 and 14.1 T are shown at)(10 and @) 25 °C. Error bars are obscured by the data point
symbols.

(3000 s < kex < 10 000 s%). The ranges oke obtained follows from the conservation of the total area undev),
with the temperature response reinforce the conclusions ofwhich is proportional to the mean-squared energy of the bond
the R, ratio analysis. motions driving the various relaxation mechanisms$)(

The preceding discussion has rested on fast to intermediateTherefore, a comparison df{w) measured at high and low
exchange rates on the chemical shift time scale, as prescribedrequencies provides a quantitative measure of the breadth
by the observation of a single peak for most amides. There of the frequency distribution accessed through the spatial
is also some evidence of slow exchange giving rise to minor fluctuations of the bond and the overall tumbling of the
peaks in the spectra. The chemical identity of the exchangingmolecule. For instance, a broad distribution with significant
species has been assigned to conformational heterogeneitgontributions to the area from high frequencies would
in the C-terminal helixa6 and part of stran@#2 (64). This indicate the presence of fast internal motion on the order of
process is too slow to be detected in the CPMG experimenta few hundred picoseconds. On the other hand, a narrow
(kex < 100 s1). In summary, the variation of the relaxation distribution indicates that slow molecular tumbling is the
parameters along the polypeptide chain of apbegyeflects principal contributor ta(w). Typically for proteins with well-
picosecond to nanosecond time scale motions superimposedlefined structures, the higher intensity of the low-frequency
on temperature-activated exchange processes. The nature afomponents od(w) reflects the sensitivity of the NH vector
these dynamic processes can be explored by analyzing thdo the slow rotational correlation time on the order of a few
data within the framework of the model-free approach or nanoseconds. However, conformational averaging may alter
the spectral density mapping approach. the J(w) profile significantly and shift the dominant time

Spectral Density Mappingd-he spectral densities evaluated scale fromzy, to the sub-nanosecond regime.
at the frequency of NMR transitions reflect the range of time ~ For apocytbs at 25°C, J(wy) and J(wy) are consistent
scales sampled through the motion of theMlbond vector. with the hb loop and termini undergoing motions on the sub-
The variation inJ(wy) and J(wn) across the backbone of nanosecond time scale. The broad shapelJfar) in the
apocyt bs is displayed in Figure 7A,B and follows the mobile regions is characterized by lower-than-avei{gg)
distribution of 1— NOE andR, respectively (Figure 3A,B).  values for residues 5868 and terminal residues—9, 88,

The close correspondence between the profiles is explainedd9, and 93. This trend is partly offset Bywy), which shows
by the predominantl(w) term in the expression for the a systematic increase for residues 4, 5, 86, 88, 89, 93, and
relaxation parameteby). those between 40 and 73. The observed profiles at@5

The ability to probe the dynamics of the-¥ bond are strikingly different from those at 10C, whereJ(wy)
through the spectral densities measured at various frequencieandJ(wn) display enhanced values in the loop compared to
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A 05 disproportionately larger changesiawy) compared to those
J in J(wy) (Figure 8B). With reference to Figure 7C, thvn)/
0.4 4 J(wy) values for residues in the hb loop and termini are
| ___,__,...————*——‘_‘"_“ smaller than those in the remainder of the protein at 10 and
03 25 °C. This observation is in agreement with local sub-
g | 77-:‘—“’/4—‘ nanosecond dynamics. The steep chandgéur)/J(wn) with
=4 0.2 - / temperature in the folded portion of the backbone reflects
| predominantly the quenching of the internal motion on a time
0.1 scale faster than 100 ps. The effect of temperature is minimal
| as the limit of slow (greater than 150 ps) internal motion is
0.0 approached in the loop and termini.
: ' ' ' ' ' ' The rationale for the above arguments is also compatible
B 100 with the uniform increase id(wy) with temperature, which
1 reflects the transition to fast motion. The effect @f on
80 J(wy) is smaller than that od(wy) for comparable values
TR of & andz. and therefore not obvious from the differences
3 604 at the two temperatures. The test of the increaseniis
2 ] generally the ratio 0f)(0) values at the two temperatures;
2 404 this method is not recommended in this case because of the
% ] contribution from chemical exchange.
20 4 Model-Free CalculationsThe relaxation data were also
analyzed using the MF approach of Lipari and Szabo for
o isotropic motion. The N-H vectors participating in regular

secondary structure are characterized by I5f{0.75-0.87)
and low t, values (less than 50 ps). The average standard
T.(NS) deviation for$ andz. is less than 1 and 20%, respectively.
FiGURE 8: Simulated spectral density at tHd\l frequency and the ~ The final estimate ot was equal to 5.5 ns. Most of the
ratio of J(wn)/J(wn) as a function of the internal correlation time  residues were fitted to the simple three-variable mo8gl (
7e (ns) for the following motional parametersx) §* = 0.8 and Te, andRe,) within 95% confidence limit with the exception
o :ar?dn(ij (gz)jzo:SOéﬁdi”dim;ng ns, &) & = 0.5 andrn = 5 of residues 4, 16, 89, and 93 in the termini and-42 in
’ ' " ’ the loop. An attempt to fit these residues with the EMF
those in the remaining backbone. In additidfyy) increases  approach outlined in eq 9 failed to improve the quality of
near the termini at positions 1 and 2 and 88 and 89 and the fit. This implies a complexity of motion ignored when a
undergoes a monotonic decrease toward positie®sand single global correlation time was used.
94. The anisotropy of the apocit conformational ensemble
The dynamic model appropriate for a rigid backbone scales could yield spuriouf.x andze values. The axially symmetric
all correlation times as a function of the solvent viscosity at anisotropy derived from the hydrated NMR structure equals
different temperatures. Typically, the decreasé(iny) with 1.2 (beads centered oroCand 1.3 (beads centered on N,
temperature for al® andz. of less than 1 ns is predictedto Ca, and C). The corresponding translational diffusion
be on the order of 0.01 unit ify, is in the nanosecond time  coefficient equals 12.% 107 cn? s ™%, a value within the
scale regime@b). This decrease is smaller by a factor of 10 expected range for a molecule of this si&6)( However,
than the observed difference of 0.1 in structured regions of the eigenvalues of the rotational diffusion tensor remain
apocyt bs. It is appropriate to assume that the dominant dependent on the choice of parameters and structural model;
motion of the N-H vectors in the rigid portions of the they are unreliable unless they are calibrated against experi-
backbone is due to the molecular tumbling and reflected by mental datag4). The main limitation for a partially folded

00 01 02 03 04 05 06

the J(wn) values. To conserve the total area und(er), an system is the lack of adequate representation for the flexible
increase of 23 ns inty, brought about by the decrease in  segments.

temperature to 10C would depresd(wy) significantly by For a rigid nonspherical body, it has been demonstrated
increasingJ(0) compared to the same values atZa In through fitting simulated data th& is underestimated by

the hb loop, the alteration of the spectral density profile 20% for anisotropies;/Dn) equal to 2.0 §6). The effect
through ary, effect is also coupled to the slowing of the on the correlation time is unique to the angle between the
internal motion. The effect of the various factors on the N—H bond vector and the axis of the diffusion tensor. For
relative change of the spectral densities was explored throughmoderate anisotropies (ca. 1.3), the order parameters remain
simulation ofJ(wy) and the correlation of spectral densities insensitive to the choice of modeB®). Therefore, in the
at two frequencied(wn)/J(wy) (7) for 7, values of 5and 8  case of the average apoprotein structure, the estinf&ted
ns, and for all combinations & andz.. The results of the  values afford a reasonable view of the-N vector motions
calculations are displayed in Figure 8. The choice,pivas but ther, values may be overestimated. Individual structures
arbitrary given the absence of an estimate from an alternatehave anisotropies below 2.0 as calculated by the same
source tn, for the holoprotein is 4.5 ns). Figure 8A shows procedure. A fit to an anisotropic model (available in
the expected increase fwy) with increasingrn,. Modelfree 4.0) was not attempted because of exchange. The
The ratioJ(wn)/J(wy) is more sensitive to internal motion  combined results oR.x determination and internal motion
on the picosecond time scale<100 ps) because of the analyses are listed in Table 1.
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core 2. The limited mobility of the NH bond & = 0.88)

Table 1: Summary of Backbone Dynamics in Cytochrdme h ) : ] . )
suggests a side chain frozen into a well-defined orientation.

apoprotein holoprotein . ) ) ]
The most dynamic stretch in the folded module is restricted
hb loop 100 ps< 7. < 500 ps 7e < 50 ps . ; .
Tex > 300us Tox < 200us to the turn connecting helial and strangs4 (residues 13
module 2 Te < 100 ps 7e < 50 ps 20, corresponding to turns 1 and 2 in the holoprotein).
Tex < 150us Chemical exchange on the microsecond to millisecond time

aValues taken from Kelly et al2@) and Dangi et al.30). * Residues ~ scale broadens the amide resonances of residued97
40-70 of the heme-binding loop.Residues involved in secondary  beyond detection at pH 7.7. The onset of the slow dynamics
structure. is visible in the increase in the relaxation constants at the

) two tethered ends of these turns. The amide resonances are

pH Dependence of the Relaxation Constaite thermal  aiso broadened in turn 3 (residues-28B, connecting strands
stability of apocyths is slightly higher at pH 6.2 than at pH g4 and3), which contains His-26 and His-27. Histidine
7.7. To investigate the possible relation between the dynamicsprotonation-deprotonation equilibria are likely to contribute
and stability of the apoprotein, the relaxation constants atig the line width and mask the dynamic information.
11.7 T were measured at pH 6.2 and*Zs The range and  However, the His-26 backbone NH could be observed at 10
variation inJ(ww) a_nd_ J(wn) estimated from Fhe relaxation  oc |ts1H—15N NOE value of 0.8 suggests restricted mobility
constants were within error of those obtained at pH 7.7, o the picosecond to nanosecond time scale. His-27 could
suggesting that the motions of the backbone in the native e followed only at low pH, and ittH—15N NOE of 0.8 at
state are not influenced by the 1.5 unit chan_ge in pH. ~ pH 6.2 also points to a rigid turn. This turn (turn 3) is
_ The effect of pH on the structure and stability of proteins  gssential for positioning stran@® and4 correctly. In the
is mostly through the titration of charged side chains. The ho|oprotein, it has been assigned conformational exchange
tautomeric state of the histidines of apobytvas determined 5 time scales faster than 208 (69). More recent work

atpH 6.2 and 7.7 and 2% (67). The pattern of cross-peaks g ggests the direct involvement of at least two hydrophobic
contains information about the tautomeric state in the neutral 5jje chains. Val-23 and Leu-25 (strafd), in controlling

state via the foufJyy correlations between imidazole ring  heme reorientation3Q, 70). A rigid turn in the apoprotein
'*N and the nonexchangeable carbon-bound prot68s ( predisposes these residues in the final geometry.
Deprotonation occurs preferentially from thé Nosition and Dynamics of the Heme-Binding ModulEhe apoprotein

results in the formation of approximately 80% kautomer - . L
bp y ¢ heme-binding site has enhanced flexibility, except in irregular

at neutral pH. Of particular interest is the pH and temperature |~ . ) i
response of two helix-capping imidazoles: His-15 (a C-cap helix o2 (Thr-33-Glu-38). Conformational heterogeneity is

- . : . ifested in the transition to complex motion by the
for helix a1) and His-80 (an N-cap for helit6). Both side mani .
chains participate in stable tertiary interactions. backbone from Pro-40 to Leu-70. The bell-shaped profile

Previous NMR studies have indicated that His-80 either O.f t](wH) (Figure 7A) illustrates the diminishing effect qf the
forms a capping hydrogen bond (major form90%) or is rigid bacl_<bone as the NH vectors are farther from either
free (minor form) 64). The equilibrium between the two end Qf th's segment. The_ relaxation constants of one of the
forms is slow on the chemical shift time scale, and the two ligating histidines (His-39) could be evaluated reliably
heterogeneity is detected downstream through and (£ =0.77). The rest of the loop h&8 values between 0.60
upstream in the last residuesg#f. The major form of His- and 0'79’ ande values petween 100 and 500 ps. These values
80 (K. < 5) involves exclusively the N tautomer, a agree W|th_known motional parameters for unfold&6, 37,
consequence of hydrogen bond formation between the 71 OF partially folded {5, 18, 19) proteins.
imidazole N> and the amide proton of Asp-82. The side chain ~ The reorientation motions of peptide bonds in polymer
to main chain hydrogen bond is resistant to increased chains are characterized by the configurational paran@ater
fluctuations at higher temperatures. The minor form of His- (72) and the associated persistence lengii3s (The limiting
80 is also detectable and displays the approximate 4:1values reflect the stiffness of the chain over a short segment
equilibrium mixture of tautomeric states generally observed involving 2—10 bonds and are unique to the composition of
for free histidine groups. The major form of His-80 describes the polymer. A long polypeptide chain can be visualized as
the rigidity and structure of the N-cap af. Unfortunately, several such statistical segments linked in succession. An
the information for the C-cap interaction between the His- analogous situation is identified with the unfolded state of
15 NOH proton and the backbone carbonyl oxygen of Glu- proteins in solution, subject to the additional effect of amino
11 is lost through line broadening during the titratioik{p  acid conformational biases in tige-1 space {4). The direct

~ 8.0). measure of these effects has been demonstrated through the
Dynamics of the Folded Modul&he N-terminal segment  profile of the relaxation parameters in polypeptide chains
(f1—al—p4—p3—a2) and C-terminal segment?—o6) of with different degrees of randomness. The interpretation of
module 2 are rigid on the sub-nanosecond time scale. Thethe experimental results entails factoring the length of the
small-amplitude N-H bond librations (0.75< $ andte < chain, amino acid compositiori4), and nonlocal contacts

50 ps) are characteristic of hydrogen bond formation within (74). The length of the unstructured loop in apodgtis

the preserved secondary structural elements and an apolasufficient for a plateau to be reached where purely segmental
environment sequestered from the solvent. These motionsmotions dominate (5565). However, weak NOEs indicate
are decorrelated from the microsecond dynamics associatedhat the tip of the loop is spatially restricted with respect to
with the chemical exchange term. The indole NH of the module 2 g6). This illustrates that segmental motions (short-
single Trp of apocybs (Trp-22, Figure 1B) provides a probe range effects) are compatible with transient long-range
for monitoring the dynamics of a conserved side chain within contacts.
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The interpretation of multiple time scale dynamics in  The disordered apoprotein heme pocket displays motions
proteins generally relies on fluctuations between conforma- on multiple time scales, which do not interfere with heme
tional substates such as random coil or folded chain. Thebinding. They are only partially restrained when the pros-
continuum bracketed by these extremes is divided into athetic group is inserted [Table 29, 30, 69)] as exchange
hierarchy of states76) whose occupational probability on the microsecond time scale for several residues-$2
depends on the Gibbs energy and its relation to externaland 65-75) lining the hydrophobic pocket persists after
perturbations for a given set of experimental conditions. This consolidation of module 1. Similar flexibility, albeit on a
type of analysis is particularly relevant to the partially folded faster time scale (picosecond to nanosecond), has been
apocytbs. The N=H bond librations €50 ps) in the folded identified through MD simulations of the holoproteid2j.
module imply a single potential energy minimum with In the calculations, the increased rigidity of module 1 has
fluctuations between nearly degenerate substates. The relno apparent effect on module 2. In contrast, the experimen-
evant energies are on the order of a few kilojoules per mole tally observed microsecond exchange in module 2 of the
(76). The physical changes associated with these motionsapoprotein suggests a certain degree of cooperativity, as
are local and involve bond vibration or small displacement suggested by the loss of stability in the truncated protein
within a cage composed of solvent and protein atofs ( with the heme-binding loop replaced by a short linkas)(

On the other hand, the longer time scale motion20 ps) The key factor in the interactions of the two modules could
in the heme-binding loop illustrate jumps between discrete be the length of the hb loop, which has to be maintained in
states separated by a large activation barfiprihese slow a conformation conducive to rapid collapse into the native
jumps may reflect the substantial energy required for structure around the heme. It appears that for thdgidld,
concerted motions of the backbone when solvent and a smallthe dynamic allowances made in the heme-binding region
number of tertiary contacts offer a net resistance. These sub-compromise the stability of module 2 and its rigidity on the
nanosecond motions in the average native conformation aremicrosecond time scale through the weakening of tertiary
superimposed on the chemical exchange (microsecond tocontacts at the interface. Module 2 retains picosecond
millisecond) between states further separated in the energyfluctuations similar to those in the holoprotein, thus minimiz-
landscape~40 kJ mot? or more). The difference in these ing entropy loss through induced fit upon heme binding and
slow exchange rates parallels the difference in activation eliminating kinetic traps. This scaffold may be a minimal
energies associated with the conformational substates thatequirement for binding the large heme group and at the same
are accessible to the two modules. time optimizing function.
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