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by N Relaxation Measurements

Bruce L. Grasberger, Angela M. Gronenborn and G. Marius Clore

FLaboratory of Chemical Physics, Butlding 2
National Institutes of Diabetes and Digestive and Kidney Diseases
National Institutes of Health, Bethesda, MD 20892, 7 .S.A.

( Received 30 September 1992, accepted 17 November 1992)

The backbene dynamics of the oytokine interleukin-B, a symmetric homeodimer of overall
molecular mass 16 kDa, has been investigated at pH 52 by means of '*N relaxation
measurements using heteronuclear two-dimensional inverse detected *H-*"N spestroscopy.
YN T;, T, and NOE data were obtained for 66 ont of a total of 87 backbone amide groups.
The overall correlation time is 9-10{+0-05) ns at 26:6°C. All residues exhibit very rapid
motions onh a time-scale of <20 ps. These very rapid motions alone can account for the 1SN
relaxation behaviour of 30 residues, The "N relaxation data for another 21 residues can
only be accounted for by the inclusion of an additional internal motion on a time-scale
ranging from 0-5 to 3-5 ns. These residues are clustered at the N and C termini, and in the
loop regions connecting elements of secondary structures. Finally, the **N relaxation data
for another 15 residues could only be accounted for by the presence of chemical exchange on
a time-scale ranging from ~170ns to 2-25ms. In addition, the inclusion of chemical
exchange improved the fit to the experimental data for 10 of the 30 residues whose '°N
relaxation hehaviour could be accounted for by very fast motions alone. The residnes
exhibiting chemical exchange line broadening clusler at the interface of the long C-terminal
¢-helix and the underlying f-sheet. Tt is snggested that this clustering is indicative of
concerted rather than independent motions in regions of secondary structure, with motjon
at any one residue being propagated to neighbouring residues in van der Waals contact.
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Protein mobility plays a key role in protein—

IL-8 is a 16kDa homodimer,

each subunit

ligand interactions and protein-protein recognition
(Ringe & Petsko, 1985). One method of studying
protein motion involves the analysis of nuclear mag-
netic resonance (NMRT) relaxation processes (Lipari
& Bzabn, 1982). With the advent of inverse detec-
tion metheds, it has now become possible to analyse
the backbone dynamics of proteins on a residue by
residue hasis by means of 15N relaxation measure-
ments {Kay et al., 1988a; Clore o ol., 1990a.b;
Barbato el af., 1992; Kordel « al., 1992; Powers et
al., 1992; Stone e al_, 1992), Tn this communieation
we present an analysis of the backbone dynamics of
the cytokine interlenkin-8 (TL-8), a proiein whose
structure we have previously solved by bath NMR
and X-ray crystallography (Clore et al., 1990¢;
Baldwin et al., 1991; Clore & Gronenborn, 1991a.},
1992).

1 Abbreviations used: NMR, nuclear magnetic
resonance; IL-8, interleukin-8; NOE, nuclear Overhauser
cnhancement; 5.0., standard deviation; r.m.s., root-
mean-square; r.m.s.d.. ront-mean-square difference.
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comprising 72 residues, released from several cell
types in response to an inflammatory stimulns and
is assoeiated with the selective capacity to attract
neutrophils, basophils and T cells (Malsushima &
Oppenheim, 1939). The overall structure of TL-8
consists of two anti-parallel «-helices, scparated by
about 15 4 (1 A =01 nm), lying on top of a six-
stranded anti-parallel B-sheet, with a topology
{Clore et al.. 1990¢) reminiscent of that of the al/a2
domains of the HLA cluss T histocompatibility
antigen {Bjorkman ef al., 1987). Recent studies
employing synthetic analogues (Clark-Lewis et al.,
1981), mulagenesis (Hebert e of, 1991) and
molecular modelling (Clore & Gronenborn, 1991a.b,
1992; Gronenborn & Clore, 1991) have suggested
that the N terminus, the loop {rom residues 31 to 36
and possibly the cleft between the two helices are
involved in reccptor binding. The analysis of the
dynamic behaviour of free I1.-8 may therefore yield
insights into understanding its binding to and
activation of its cell surface receptors. In addition,
[1,-8 provides the first example of a **N relaxation
study on a dimer.

© 1993 Academic Press Limited
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Figure 1, A 600 MHz '*N-'H NOE correlation spectrum of IL-8, The negative NOE peaks for Lys3 and Glu4 are
shown as filled-in contours. The NOE peaks for Ala2 and Leu5 are near zero and hence cannot be observed at the contour
evel plotted; their location, however, is indicated. Recombinant human IL-8 was expressed in Fscherichia coli as
described (Furuta ef al., 1989). Uniform (>959%,) '°N labelling was achieved by growing the bacteria in minimal medium
containing '*NH,Cl as the sole nitrogen source. The protein was purified from inclusion bodies as follows: after breaking
he cells, the lysate was centrifuged and the pellet was washed with 19 (v/v) Triton X100, 0-75 m-urea and resuspended
mn 6 M-guanidine. TL-8 was refolded by sequential dialysis against 50 vol. of 3 M-urea, 2 M-urea, and finally 20 mm-
NaHPQ, (pH 6:5). The precipitates were collected and redissolved in guanidine for greater recoveries. The refolded
protein was purified on a Mono-8 FPLC (Pharmacia) column, followed by high pressure liquid chromatography on a ¢4
column. The sample for NMR contained ~ 15 mm-IL-8 in 909, H,0/109 *H,0 (pH 52). All NMR data were collected
at 26:6°C on a Bruker AM600 spectrometer operating in reverse mode. The 3N assignments were made on the basis of
the previously assigned 'H resonances (Clore ef al., 1989) and three-dimensional '*N-separated Hartman-Hahn (Marion
et al., 1989) and ROESY (Clore ef al., 1990d) spectra. The '*N relaxation data were measured using pulse sequenees
described previously (Kay et al., 1989¢; Clore ef al., 1990a) appropriately modified in the case of the SN T, and T,
experiments te eliminate cross-relaxation between dipolar and chemical shift anisotropy relaxation mechanisms (Boyd et
ol., 1990; Kay ef al,, 1992; Palmer ¢f al., 1992). The '*N T, and T, experiments were recorded with a sweep width of
5000 Hz in the 'H F; dimension, with the carrier set to the centre of the amide N'H region and the water resonance on
the right-hand edge of the spectrum, using low power DANTE-style off resonance irradiation (Kay et al., 19895) to
suppresy the water resonance. The 1*N-'"H NOE experiments were recorded with a sweep width of 10,000 Hz in the 'H
5 dimension using conventional low power irradiation to suppress the water resonance located in the centre of the
spectrum. A total of 256 £, increments, each of 1024 data points for the '*N T, and T, experiments, and 2045 data points
for the 'H-'*N NOE experiments, were recorded, giving a total acquisition time in ¢, of 404 ms and a spectral width of
1582 Hz in the >N F, dimension. 32 transients/increment were recorded for the >N T, and T, experiments and 136
transientsfincrement for the 'H-'*N NOE experiments. The recycle time was 12 s for the 15N T, and T, experiments and
#s for the "H-'’N NOE experiments. 1N T, data were obtained for 9T delays of 121, 20-2, 363, 84-8, 1656, 327-2,
5202 7312 and 10543 ms, and '*N T, data for 7T delays of 144, 287, 57-5, 114-9, 1724, 2299 and 237-3 ms. All NMR
data were processed using NMR2 software (New Methods Research, Syracuse, NY, U.8.A.) and analysed with the
programs PIPP and CAPP (Garrett ef al., 1991) running on a Sun Sparc workstation. In the F, dimension, a linear
baseline correction was applied for the 1*N T, and T, data and a polynomial baseline correction of order 3 for the NOE

- cata. The decay of eross-peak intensities with time in the "N T, and T, experiments is exponential within experimental
error, and the decays were fit to a single exponential by non-linear least-squares Powell minimization using the program
PACSTMILE (Chance ef af.. 1979; Clore, 1983). The errors in the T, and T, values were obtained from conventional
analysis of the variance-covariance matrix generated by the non-linear least-squares optimization routine {Chance et al.,
1979; Clore, 1983). Out of the 66 amide groups for which T and T, values were obtained, 63 T, values had errors <59, 2
T, values (Thrl2 and Tle40) had errors between 5 to 109, and 1 T, value (S8erl4) had an error of 139; 54 T, values had
an error of 5%, 11 T, values (Ala2, Tyrl3, Serl4. Lysl15, Hisl8, Val27, Gly31, Cys34, Gluls, Tled9 and ITled40) had
errors of 5 to 10Y%,, and 1 T, value had an error of ~ 129, (8er30). The error in the experimental measurement of the
'H->N NOE was of the order of +0-1. It should be noted that there is also a potential systematic error in the
measurement of the 'SN-'H NOE arising from chemical exchange with water; for a T, of ~2:5 s for water and a recyele
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The ‘°N relaxation data were measured using
pulse sequences described previously (Kay et al.,
1989a; Clore et al., 1990a) taking care to eliminate
cross-correlation between dipolar and chemical shift
anisotropy relaxation mechanisms (Boyd et al.,
1990; Kay et al., 1992; Palmer et al, 1992). >N T,
and T, data were obtained for all backbone amide
nitrogen atoms with the exception of (Gin20 (for
which the cross-peak was too weak to obtain reliable
relaxation times), and '*N NOE data were obtained
for all backbone amide groups. The 'H-'*N NOE
correlation spectrum is shown in Figure 1, and the
N T,, T, and NOE values are plotted as a function
of residue number in Figure 2A to C.

The overall rotational correlation time, Ty, was
calculated from the T,/T, ratios, excluding those
residues with a T,/T, ratio outside one standard
deviation of the mean, as described by Clore et al.
{(1990a). The mean T,/T, ratio for the amide
nitrogen atoms of IL-8 was 852(x1-62) with a
maximum of 10-85 for Hisl8 and a minimum of 3-05
for Glut. Ala2, Lys3, Glu4, Leub, Argh and Ser72
have T,/T, ratios of <690, implying a significant
degree of internal motion. Hisl8, Asp52, Val6l and
Val62 have T,/T, ratios of >10-14, indicative of
chemical exchange line broadening. The average
T,/T; of the remaining 56 residues is 859(+154),
and the caleulated 1g obtained by fitting the T,/T,
ratios  of these residues simultancously s
9-10{+ 0-05) ns.

Of the 51 residues which did not require any
contribution from chemical exchange to account for
their '°N relaxation data, the T; and T, data of 30
residues, all with NOE wvalues >07, could be
adequately fitted (i.e. within +1 s.p.) by the simpli-
fied spectral density function of Lipari & Szabo
(1982):

J{w;} = 81 /(1 + 07 13), (1)

in which terms containing the internal correlation
time 7, are neglected (i.e. 1, is <20 ps and hence
makes a negligible contribution to T, and T,}. The
order parameter S? for these 30 residues is =08,
indicating restricted internal motion. The remaining
21 residues in this group either had NOE values
<07 or their '*N T, and T, data could not bhe
accounted for by equation (1} (i.e. the caleulated T,
and/or T, values lie outside 1 s.p. of the corre-
sponding experimental values). The N T,, T, and
NOF relaxation data for these 21 residues could not
be fitted by the complete Lipari & Szabo (1982)

model free spectral density function:

J(w) = St j(1+witdy+ (1 - 8Hr, /(1 +wiTh), (2)

where T, =1y7,/(tg +7,). Specifically, equation (2)
predicted significantly smaller NOE values than
observed (see Clore et al., 1990a.b). As in previous
examples (Clore et al., 1990a.b, Powers ot al., 1992;
Barbato et al., 1992), the !°N relaxation data for
these residues could only be accounted for by the
extension of the Lipari & Szabo (1982) model
described by Clore ef of. (19904) in which the
internal motions inside (fast) and outside (slow) the
extreme harrowing limit are distinct with rates for
the two regions differing by at least an order of
magnitude (i.e. 7p < 20 ps, 200 ps < 7, < 1g). This is
described by the spectral density function:

J{w;) = 8%t/ (1 +wita) +SH1—SHe (1 +w? ), (3)

where 87 and 82 are the order parameters for the
fast and slow motions, 1, is the internal correlation
time for the slow motions (with 7, = Ty 7, /(g + T))-
¢, the internal correlation time for the fast motions,
is assumed to be <20 ps so that terms containing t;
are neglected. The values obtained for 7, and &7
range from (45 to 35 ns and from 0-2 to (9, respec-
tively, while S7 is >0-8.

The relaxation data for the other 15 residues
conld only he accounted for by including an
exchange line broadening term Aex for Tj:

1/T;(obs) = |jT; + nAex. (4)

The lifetime for the chemical exchange processes can
be estimated to lie between 170 ns and 2:25 ms
(Powers et al., 1992). The '*N relaxation data for all
but two of these residues could then be accounted
for by equation (1). The '*N relaxation data for
Thr37 and Arg68, however, could only be accounted
for by equation {2) and chemical exchange. The
internal correlation times 7, for these two residues
{51 and 68 ps, respectively} indicate that in addition
to a slow chemical exchange process, their NH
vectors undergo some motions that are slower than
the ubiquitous fast thermal motions described by
equation (1), but still located in the extreme
narrowing limit. In addition, there were another ten
residues whose '°N relaxation data could be fitted
slightly better to equation (1) plus chemical
exchange than to equation (1) alone.

The results of the analysis of the relaxation data
are shown in Figure 2 and the location in the three-
dimensional structure of IL-8 of the residues
exhibiting the various types of relaxation behaviour
is depicted in Figure 3.

Excluding the residues 2 to 6 and 72 at the N and
C termini, respectively, the average value of the
overall order parameter S% is 0-87(+0-06) with a

time of 3 s, this effect may result in a systematic increase of at most 209, in the absolute vakue of the '’N-"H NOE (Clore
et al., 1990a) and probably accounts for the observation that in a few cases the measured '*N-'H NOE value was greater
than the theoretical maximum of 0-82. In such cases, a value of 0-82(+(+1) was assumed for fitting the data to various
spectral density functions. (It should be noted that the 5 unlabelled cross-peaks between 6'°N =126 to 128 parts per
million probably represent folded peaks arising from interactions #ie 2-bond J couplings between the nitrogen atoms and
non-exchangeable protons of the imidazole ring of the 2 histidine residues; they were not observed in the regular
2-dimensional 'H-'*N Overbodenhausen correlation spectrum, in the !N T, and T, experiments, or in the 3-dimensional

5N-separated HOHAHA and ROESY spectra.)
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range spanning from 0-70 to 0:99, indicating that
IL-8 is a fairly rigid molecule. The average value for
&7 (which is equal to 82 in the case of those residues
whose relaxation data can be fitted to egn (1)) is
(0-88(£0-05), which is equivalent to free diffusion
within an axially symmetric cone of semiangle
¢or=174(+43)°. All these values are comparable
t> those found in previous studies {Clore et al.,
1990a).

Residues whose relaxation behaviour can be
accounted for by the simplified Lipari & Szabo
{1982) correlation function (eqn (1)) alone are, in
general, located in regions of hydrogen bonded
soraciure (e.g. the single 3, helical turn from

residues 19 to 22, which is also stabilized by a

hydrogen bend from the backbone amide group of
Lys20 to the N°! imidazole atom of Hisl8, the turn
eomprising  residues 30 to 33, which connects
f-strands 1 and 2 and is stabilized by 2 hydrogen
bonds, residues 47 to 50 located in f-strand 3 in the
vicinity of the disulphide bond between Cys9 and
Cysb0, and residues 59, 60, 69 and 70 in the
("-terminal helix).

The residues at the N and C termini exhibit a high
degree of mobility with the overall order parameter
82 ranging from 0-2 to 0-6. These residues all require
the presence of two internal motions (i.e. eqn (3)).
Interpreting the order parameter 82 for the slow
notions in terms of a two-state jamp model on the
nanosecond time-scale (Clore ef al., 1990q) yieids an
angle @, between the NH vectors in the two states
ranging from 48° to 83°. A number of other residues,
located either at the N terminus (residue 7), the C
terminus (residue 71), in loop regions (residues 10 to
12 and 14), in turng connecting f-strands (residues
31 to 36 between f-strands 2 and 3, and residues 42
a1d 44 to 46 between f-strands 3 and 4) or in the
turn connecting f-strand 4 to the C-terminal helix
(residues 54 to 55, reveal the presence of slow

internal motions on a time-scale ranging from 1 to
35 ns and display lower than average overall order
parameters 82 The lack of secondary structure
allows these residues to move more independently
since they are located on the surface of the molecule
and are not restricted by packing within the hydro-
phobic core.

It is interesting to note that in the long series of
N-terminal residues whose relaxation data s
described by equation (3). a break occurs at residues
8 and 9. The internal motions in this short stretch
are, in all likelihood, restricted by the interaction
between the backbone amide proton of GIn8 and the
imidazole ring of His33 (Clore ef al., 1990¢) and by
the disulphide bridge between Cys® and Cys50
{located in the middle of f-strand 4). This contrasts
with the situation at the second disulphide bond
formed by CysT and Cys34, where both residues
exhibit the additional slow internal motion, presum-
ably due to the fact that Cys34 is located in a loop
region.

A comparison of the erystallographic atomic root-
mean-square (r.m.s,) displacements for the back-
bone nitrogen atoms derived from the B-factor
values (Fig. 2F), the root-mean-square difference
(r.m.s.d.} of the caleulated NMR structures about
their mean co-ordinate positions (Fig. 2G), and the
overall order parameter 82 (Fig. 2H) indicates some
degree of correlation between these three para-
meters. This is also depicted by the correlation plot
and regression analysis shown in Figure 4. Not
surprisingly, the correlation between S2 and the
NMR r.m.s.d. {correlation coefficient = —0-86) is
significantly better than that between S2 and the
X-ray atomic r.m.s. displacements (correlation
coefficient = —(0-69). This is mainly due to the fact
that, although the mobility of residues 4 to 6 in the
X-ray structure is higher than average, they are still
relatively well ordered on account of a salt bridge

Figure 2. Plots as a function of residue of: A, "N T;; B, '°N T, (displayed as linewidth = 1/(zT,)): C, '>’N-"H NOE
vilues measured at 600 MHz; D, values caleulated from the data of 7, for residues fit to eqn (3): E, the exchange
linewidth for residues fit to egns {1) and (4) {filled circles, or open circles for those residues that can also be fit to eqn (1)
alone) and for residues fit to eqns {2) and (4) (open squares); H. the overall order parameter 82 (filled circles for residues
fitting egns (1) or {2) with or without exchange line broadening; filled triangles for residues fitting eqn (3)): I, the fast 87
(vircles) and slow 87 (triangles) motion order parameters. In J, the values of the 0, (circles) and @, (triangles) angles
given by 87 =(0-5cos 8, (1 +cost,.)? and 8= (1+3cos® g,}/4, respectively, are displayed for residues whose
relaxation behaviour is described by eqn (3); in this interpretation of the motions described by the spectral density
funetion eqn (3). the slower motion is represented by a jump between 2 states, { and j, while the faster motion is
represented as free diffusion within 2 axially symmetric cones centred about the 2 states. i and j; f, is the semi-angle of
the cone, while ¢, is the angle between the NH vectors in the 2 states, { and j (Clore ef al_, 1990a). Also shown are F, the
crystallographie atomic r.m.s, displacements. (#*>'2. for the backbone nitrogen atoms caleulated from the Debye-
Waller B-factor values ({r?>! ? = (38/87%)17) (Baldwin ef al., 1991); and (. the average r.m.s, difference of the backbone
nitrogen atoms of the 30 individual caleulated NMR struetures about the mean eo-ordinate positions {(Clore et al., 1900c),
Thre FACSIMILE program (Chance et al., 1979; Clore, 1983} was used to analyse the relaxation data as described
previously (Clore ef af.. 1990« .b). The fitting procedure takes into aceount the experimental errors in the '*N relaxation
data, and the errors in the values of the optimized parameters are obtained from analysis of the variance-covariance
matrix. In fitting the experimental relaxation data to various functions, a fit to a given function is considered inadequate
w1en 1 or more of the calculated relaxation parameters (i.e. Ty, T, or NOE) lies outside +1s.n. of the corresponding
experimental value. The standard deviations of the experimental T, and T, data and of the calculated motional
perameters are indicated by vertical bars, It should be noted that the errors for the calevlated order parameters (82, §2
ared 82). which range from (01 to 29,. with the majority being less than 0-59,. are smaller than the symbols. {The same is
also true for some of the caleulated values of Aer). A schematie representation of the secondary structure is shown at the
hottom of the Figure.
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Figure 3. Ribbon diagram of the solution structure of
the IL-8 dimer (Clore et al., 1990c). The residues that fit to
the spectral density function given by eqn (3) (ie. 2
internal motions, 1 very fast and 1 slow) are indicated by
white spheres. Residues that fit to either the simplified
(eqn {1)} or full (eqn (2}) Lipari & Szabo (1982) spectral
density functions in the presence of chemieal exchange
(eqn (4)) are indicated by grey and black spheres,
respectively. This diagram was created using the program
MOLSCRIPT (Kraulis, 1991). As the algorithm for
generating the ribbon is based on the C* atom
co-ordinates, the spheres are positioned for clarity at the
C* atom, rather than the backbone N atom positions.

between the carboxylate group of Glud of one sub-
unit and the N°H? of Lys23 of the other subunit
(Clore & Gronenborn, 1991a). In contrast, residues 4
to 6 are disordered In the solution NMR structures,
consistent with the absence of non-sequential
'H-'H NOEs (Clore et al., 1989, 1990c; Clore &
Gronenborn, 1991a) and the very low overall order
parameters.

Tt should be emphasized, however, that the
observed correlation between the overall order para-
meter S and the r.m.s.d. of the calculated NMR
structures is an indirect one, as the latter is directly
related to the number and density of the 'H-'H
NOE derived interproton distance restraints,
Clearly, the density of short (<5 A} interproton
distance contacts in exposed regions of the protein,
such as loops, will be reduced, resulting in a higher
NMR rm.s.d. Consequently, even if such a loop
region were rigid, for example due to stabilization
by a salt bridge, it is likely that its NMR r.m.s.d.
world be high. Moreover, it should be borne in mind
that the NMR r.m.s.d. is also related to the degree
of refinement, and thus any inference of mobility
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Figure 4. Correlation plot and least-squares regression
analysis of (a) the generalized order parameter S% versus
the rms.d. of the individual calculated NMR structures
about their mean co-ordinate positions (filled ecircles,
correlation coefficient = —(0-86) and the X-ray atomic
rm.s. displacements of the backbone nitrogen atoms
{open circles, correlation coefficient = —0-69), and of {(b)
the r.m.sd. from the NMR structures versus the X-ray
atomic o (R displacements {correlation
coefficient = 0-64). The r.m.s.d. values for the caleulated
NMR  struetures and the X-ray atomic r.m.s.
displacements are from Clore ef al. {1990c) and Baldwin et
al. (1991). respectively.

should be restricted to high resolution fourth
generation NMR structures in which over 909%, of
the structurally useful NOEs have been assigned
(Clore & Gronenborn, 19915).

Residues that exhibit exchange line broadening
cluster in regions of secondary structure, especially
f-strands 2 and 3, the long C-terminal a-helix and,
in particular, those residues that make contact
between the helix and the underlying B-sheet (Figs
2K and 3). Line broadening arises from the existence
of at least two distinct species with different
chemical shifts. Since these residues have mutually
stabilizing hydrogen bonds and buried hydrophobic
side-chains, the grouping suggests a concerted
movement of the residues between two or more
conformations.

Many of the residues whose 5N relaxation data
can be accounted for by the simplified Lipari &
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Szabo (1982) correlation function {eqn (1)), together
with chemical exchange {(eqn (4)), are in van der
Waals contact (Fig. 3}). In f-strands 2 and 3, the
backbone amide and carbonyl groups of Val41l and
Leud9 are hydrogen-bonded and, in addition, there
are contacts between the side-chains of Val4l and
Leudl and between Leud® and Leud3. The side-
chain of Val38 in the long C-terminal =-helix
contacts the side-chain of Leudl and the backbone
amide group of Asps2 in f-strand 3. Contacts
between residues in f-strand 1 and the overlying
helix include Leu25 to Phe6s, Val27 to Phe6s’ (of
the other subunit), and Glu29 to Phe6d’ and Arg6s’.
In addition, the side-chain of Leu25 in #-strand 1
contacts the side-chain of Val4l in f-strand 2. Many
of these contacts involve the burying of hydro-
phobic side-chains. Tt is interesting to note that the
oily residue in f-strand 1 that does not exhibit
exchange line broadening is Arg26. This residue is
lccated at the 5 symmetry axis of the dimer, and
therefore at the pivot point of any potential motion
of the dimers relative to each other with respect to
this axis. This could arise, for example, from a
change in the angle between the long axes of the two
central strands (i.e. strands 1 and 1) of the f-sheet
al. the dimer interface. Consequently, it is likely to
experience only very small (if any) '*N chemical
shift differences between different conformational
states. That this type of motion may, indeed, occur
is evidenced by the fact that the difference in the
gquaternary arrangement of the subunits between
the solution and crystal structures can be directly
aitributed to a rigid body rotation of the two sub-
units about the '; symmetry axis as a result of a
change in the angle between the two central strands
from approximately 168° in the solution structure
to approximately 179° in the crystal structure
{Clore & Gronenborn, 1991a).

Although both Lysl5 and Hisl8 exhibit exchange
line broadening, they are not located in secondary
structure elements. However, the adjacent residues,
P-016 and Prol9, respectively, are in van der Waals
contact with Trp57 and Phe65 in the long helix,
hoth of which exhibit exchange line broadening.
Motions of these nearby aromatic side-chains may
cause changes in the '*N chemical shifts of these
residues. Other residues that exhibit exchange line
broadening and are in contact with Prol9 inelude
the side-chains of Val61l and Lys64 in the long helix.

Finally, there are two residues, Thr37 and Arg68,
wiose '°N relaxation behaviour can only hbe
accounted for by both chemical exchange and a
significant contribution from internal motion (i.e.
egns {2) and (4)). While hoth these residues are in
close  proximity to other residues exhibiting
exchange line broadening, they are located at the
boundaries of secondary structure elements, namely
at the beginning of f-strand 2 (Thri37) and at Lhe
end of the C-terminal helix (Arg68). Hence, it is
perhaps not surprising that, in addition to chemical
exchange, these two residues may participate in
some of the same type of motions that the more
mobile residues display.

The pictorial deseription of the !'*N relaxation
data of IL-8 presented in Figure 3 makes it strik-
ingly obvious that the ordered secondary structure
elements exhibit a qualitative difference in dynamic
behaviour from the more irregular loops and turns.
Thus, whereas the residues located in the latter can
move more freely and independently, a number of
residues in the f-sheet and a«-helices undergo
motions on a time-scale longer than the rotational
correlation time. The latter are in all likelihood
concerted in nature since (1) the residues involved
form a three-dimensional cluster, (2) both the six-
stranded f-sheet and the two overlying helices in
IL-8 are mutually stabilized by hydrophobic inter-
actions at their interface {Clore et al., 1990a), and
(3) structural changes in proteins tend to be highly
co-operative. It therefore seems probable that any
motion in one structural unit will be propagated to
the other wia interacting residues, such that
compensatory conformational changes will ensure
optimal arrangements of these elements in terms of
interaction energies. Such motions can involve
concerted intra-domain local motions as well as
rigid body motions of the two subunits relative to
each other.
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