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ABSTRACT: !N NOE, T}, and T, measurements have been carried out on uniformly !*N-labeled human
interleukin-4. Analysis of the results in terms of order parameters (S2) shows that although the helical core
of this four-helix-bundle protein exists as a well-defined structure with limited conformational flexibility
(8% =~ 0.9), other regions of the molecule experience substantial fluctuations in the conformation of the
main chain (S? = 0.3-0.8). These regions include both the N- and C-termini and two of the loops joining
the helices. The majority of these internal motions are fast compared with the overall rotational correlation
time (rr = 7.6 ns at 35 °C) and are localized in regions that are relatively ill-defined in the NMR structures
previously determined for this protein [Smith, L. J., Redfield, C., Boyd, J., Lawrence, G. M. P., Edwards,
R. G., Smith, R. A. G., & Dobson, C. M. (1992) J. Mol. Biol. 224, 899-904]. Other motions are on a
slower time scale and appear to be associated with two of the three disulfide bonds and the 3-sheet region
in the protein. The dynamic properties of interleukin-4 in solution have been compared with features of
the X-ray structures of other four-helix-bundle proteins. The results suggest that the dynamic properties
observed here may be general for this class of proteins and may be significant for the interpretation of both

their structural and functional properties.

We have recently reported the structure of human inter-
leukin-4 (Redfield et al., 1991; Smith et al., 1992), one of the
group of helical cytokines which modulate cell proliferation
and differentiation within the immune system. IL-4! is of
particular interest as the regulator of IgE and low-affinity
IgE receptor production and for its role in the generation of
cytotoxic T-cells (Howard et al.,, 1982; De France et al,,
1987a,b; Vercelliet al., 1989). The structure was determined
in solution using NOE and coupling constant data derived
from 2-D and 3-D NMR experiments carried out on a singly-
labeled !N sample and a doubly-labeled 13C-15N sample of
recombinant IL-4, both produced in Escherichia coli. It
comprises a four-helix bundle in a left-handed up—up~down-—
down topology and a small section of irregular antiparallel
B-sheet; the structure is shown schematically in Figure 1A.
Essentially the same structure has recently been identified in
a modified recombinant IL-4 derived from yeast (Garrett et
al., 1992; Powers et al., 1992). A closely similar structure has
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been found from X-ray diffraction studies of crystals of
granulocyte macrophage-colony stimulating factor (GM-CSF)
(Diederichs et al., 1991). Both IL-4 and GM-CSF have the
same overall helix-bundle topology as growth hormone (Abdel-
Meguid et al., 1987) but differ in the orientation of the loop
regions. Despite their similar topologies the primary sequences
of the four-helix-bundle cytokines show little homology.

A striking feature of the interleukin-4 solution structure is
that the core of the molecule is much better defined than the
loops that link the helices together (Smith et al., 1992). Thus,
the rmsd between C= positions in the family of NMR structures
is 0.56 A for the four-helix core but 1.41 A overall with values
of 2.0 A or more in the loops and termini. These large rmsd
values are primarily a consequence of the small number of
long-range NOE restraints for these regions. Whether this
arises because such effects have not yet been assigned in the
spectrum, for example, because of overlap, or because dynamic
disorder exists in these regions of the structure cannot be
deduced from the information used to define the structures.
NMR relaxation studies, however, can provide direct infor-
mation about molecular dynamics in solution. In particular,
15N NOE, T}, and T, measurements are able to probe protein
backbone motions at the level of individual residues (Kay et
al., 1989; Clore et al., 1990b). In this paper we report such
measurements for interleukin-4 and show that they provide
considerable insight into the behavior of the different regions
of the molecular structure.

MATERIALS AND METHODS

Collectionof >N NMR Relaxation Data. The preparation
of uniformly !’N-labeled human interleukin-4 was carried
out as described previously (Redfield et al., 1991). The NMR
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FIGURE 1: (A, left) Ribbon diagram of the average calculated solution structure of IL-4 showing the main-chain fold and the elements of
secondary structure. The helices and S-sheet are shown in white. The N- and C-termini and the AB1, AB2, BC, and CD loops are shown
in purple, yellow, dark blue, red, green, and cyan, respectively. The four helices are labeled. (B, right) C# trace of the backbone of IL-4.
The diameter of the balls represents the S? values found for each amino acid residue; a small ball represents a large S? value, and a large ball
represents a small S? value. Seven different diameters representing S* values of 0.30-0.39, 0.40-0.49, 0.50-0.59, 0.60-0.69, 0.70-0.79,
0.80-0.89, and 0.90-1.0 have been used. No ball is drawn for residues for which 52 was not determined. The color scheme is the same as
in (a). The diagrams were generated using MOLSCRIPT (Kraulis, 1991).

experiments were performed on two home-built spectrometers,
using GE/Nicolet software and digital control equipment,
which operate at 360.1 and 500.1 MHz for 'H and 36.5 and
50.7 MHz for SN. All NMR experiments were performed
on a 2 mM sample of protein at pH 5.6 and 35 °C.

The pulse sequences for the !N longitudinal and transverse
relaxation time measurements and the heteronuclear Over-
hauser experiment were based on the 'H-detected "N-'H
correlation experiments originally described by Bodenhausen
and Ruben (1980). The pulse sequences used to monitor the
specific relaxation process, T), T3, and NOE, have been
described previously (Kay et al.,, 1989; Boyd et al., 1990;
Palmer et al., 1992; Kay et al., 1992). Particular care was
taken to remove the effects of cross-correlation between the
twodominant relaxation mechanisms of the 1N nucleus, those
associated with dipolar coupling and chemical shift anisotropy,
which could otherwise lead toa multiexponential decay process
complicating the analysis of the restricted set of relaxation
parameters reported here (Boyd et al., 1990, 1991; Palmer et
al., 1992).

Sweep widths of 10869.56 and 1059.32 Hz were used in F>
and Fy, respectively. A total of 2K complex data points were
collected in F5. Sign discrimination in F; was achieved using
the method of States et al. (1982). The 'H carrier was
positioned on the H,O resonance, and the 1N carrier was
positioned at 118.4 ppm. Measurements of the N T and
T, values were carried out at 50.7 MHz. A series of 11
experiments with relaxation delays of 25, 75, 100, 150, 200,
300, 400, 600, 800, 1000, and 1200 ms were carried out for
the measurement of T, using the pulse sequence described by
Boyd et al. (1990). A recycle delay of 4 s was used and 96
complex | increments of 16 scans were acquired. A series of
eight experiments with relaxation delays of 8.6, 17.1, 34.2,
51.3, 68.4, 102.6, 136.8, and 205.2 ms were carried out for
the measurement of T, using the pulse sequence described by

Kay et al. (1992). A recycle delay of 2 s was used, and 128
complex t; increments of 32 scans were acquired. The delay
between 180° pulses in the CPMG sequence (27) was set to
1 ms. In both sets of experiments water suppression was
achieved using a combination of low-power solvent saturation
and trim pulses (Messerle et al., 1989). The relaxation times
T, and T, were obtained from exponential fits of the peak
height data. NOE experiments were carried out at both 36.5
and 50.7 MHz using the pulse sequence described by Kay et
al. (1989). In each case two spectra were collected, one with
the NOE and one without. A recycle delay of 3.1 s was used,
and 128 complex ¢t increments of 128 scans were acquired.
In the experiment with the NOE, the 'H spectrum was
saturated by applying a nonselective 135° pulse every 8 ms
for a period of 3 s. The solvent signal was suppressed using
trim pulses (Messerle et al., 1989) for the NOE experiment
performed at 50.7 MHz, but for that carried out at 36.5 MHz
low-power solvent saturation was necessary in addition to the
trim pulses. The NOE effect was calculated as the ratio of
peak heights in spectra collected with and without NOE.
Analysis of "N NMR Relaxation Data. The PN relaxation
data for interleukin-4 were analyzed using the formalism of
Lipari and Szabo (1982a,b). Theoretical values for the T}
and T, relaxation times and the NOE were calculated using
theappropriate expressions (Abragam, 1961; Lipari & Szabo,
1982a,b), where S2, S%, S%, 7r, 7., and 7; were used as
previously defined (Lipari & Szabo, 1982a,b; Clore et al.,
1990a). This model assumes that the molecule undergoes
isotropic tumbling; the three principal components of the
inertia tensor have been calculated from the average solution
structure of IL-4 to be in a ratio of 1.81:1.46:1.00, indicating
that IL-4 is a globular structure for which this should be a
good approximation. A value for the rotational correlation
time, Tr, was obtained from analysis of the T/ T ratios for
residues which did not show evidence of significant, fast
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Table I. Summary of the Relaxation Data Analysis for Human Interleukin-4
location
T\/T: NOE-“ S$2,,0 wlex (s7) no. of residues helix sheet loop termini
4.92 £0.29° 20.75 0.93£0.04 47 36 2 9 0
<4.63¢ 20.75 0.84 £ 0.07 14 6 2 6 0
25.214 20.75 0.90 £ 0.05 0.6-6.9 21 13 2 6 0
4,92 £ 0.29¢ <0.75 0.83+£0.10 5 1 0 2 2
<4.63 <0.75 0.60 £ 0.16 20 3 0 13 4
25.21¢8 <0.75 0.87£0.08 1.3-11.2 3 0 0 3 0
25214 <0.75 0.67 £ 0.05 3.2-5.0 3 0 0 3 0

2 These values refer to the NOE measured at 50.7 MHz. The cutoff value for the NOE at 36.5 MHz was ~0.65. ¢ All calculations were performed
with a value of 156 X 107¢ for the difference in the parallel and perpendicular components of the axially symmetric SN chemical shift tensor (o) —
o). This number is the average of several published values (Oas et al., 1987; Himaya et al., 1988; Shoji et al., 1990). An NH bond length of 1.02
A (Keiter et al., 1986) was used in all calculations. This value has been used in most !N relaxation studies of proteins (Kay et al., 1989; Clore et
al., 1990b; Schneider et al., 1992; Stone et al., 1992). The average S? value of ~0.90 observed in regions of secondary structure in IL-4 is somewhat
higher than that observed in other studies of proteins (Kay et al., 1989; Clore et al., 1990b; Schneider et al., 1992; Stone et al., 1992). An NH bond
length of 1.01 A, recently used in the study of calmodulin (Barbato et al., 1992), gives an average S2 value of ~0.87, which is more in line with that
found in other studies. It should be noted, however, that while changes in the overall value used for the NH bond length will alter the absolute values
obtained for S2, they will not alter the trends observed. < Data were analyzed using a simplified version of the spectral density function where only §?
is fitted. 4 Data were analyzed using the simplified version of the spectral density function with the addition of an extra relaxation contribution (wAex)
in the expression for T>. ¢ Data were analyzed using the more general form of the spectral density function in which both S2 and 7. are fitted. The
average value of . for this group of residues was 42.6 = 15.5 ps. / Data were analyzed using the extended model of Clore et al. (1990a) in which S?,
S%, and 7, are fitted. The average values of S%, S?;, and 7, were 0.75 % 0.14, 0.79 % 0.08, and 1.85 £ 0.73 ns, respectively. £ Data were analyzed
as in footnote e with the addition of wAex to account for exchange broadening. The average value of 7, for this group of residues was 69.5 * 46.4
ps. * Data were analyzed as in footnote f with the addition of wAex to account for exchange broadening. The average values of S%, S%, and , for

this group of residues were 0.80 % 0.05, 0.83 £ 0.02, and 0.95 £ 0.38 ns, respectively.

motional averaging or exchange broadening; this ratio was
found to be 4.92 £ 0.29 for 42 residues in helical regions,
giving a 7g of 7.56 ns. The procedures used to extract order
parameters and correlation times for internal motions from
the four measured relaxation parameters are described below
and summarized in Table I.

The specific form of the spectral density function used in
the analysis of the relaxation data for a particular residue
depended on the values of the T,/T, ratio and the NOE
observed experimentally for that residue. The simplest form
of the spectral density function which gave good agreement
between the experimental and calculated values of T, T,
and NOE for a particular residue was chosen. Residues with
T,/ T, ratios of 4.92 & 0.29 and with an NOE of greater than
0.75 at 50.7 MHz (20.65 at 36.5 MHz) were analyzed using
asimplified version of the spectral density function (eq 9, Kay
et al, 1989), which assumes that internal motions are of small
amplitude (S? = 0.7) and are characterized by a 7. that is very
much faster than 7g and, therefore, does not influence T and
T,. The relaxation data for 47 residues meet these criteria
and can be reproduced with a single parameter, S2. The
relaxation data for the 14 residues with T/ T ratios of less
than4.63 and an NOE of greater than 0.75 were also analyzed
using this simplified model. Residues with T/ T>ratios greater
than 5.21 and with an NOE of greater than 0.75 at 50.7 MHz
were analyzed using the simplified spectral density function
with the addition of an extra relaxation contribution (rAex),
modeling some form of conformational exchange broadening,
in the expression for T;; the relaxation data for 21 residues
meet these criteria. The 31 remaining residues have an NOE
of less than 0.75 at 50.7 MHz; these residues require a more
complicated form of the spectral density function. The
relaxation data for the five residues with T/ T ratios of 4.92
+0.29and an NOE of less than 0.75 can be fitted satisfactorily
using S? and 7. (eq 4, Kay et al., 1989). The relaxation data
for the 20 residues with T/ T, ratios below 4.63 and an NOE
of less than 0.75 cannot be fitted adequately using only S? and
7¢; values of these parameters which give a good fit for 77 and
T, lead to too low a value for the NOE at both 36.5 and 50.7
MHz. A similar situation has been found for a number of
residues of staphylococal nuclease and interleukin-18 (Clore

et al., 1990a). In these proteins the relaxation data could be
accounted for if two internal motions faster than rg were
assumed; one motion is very fast (r; < 10 ps) and the second
is at least 1 order of magnitude slower than 7¢ (5 = 1 ns) (eq
14, Clore et al., 1990b). Application of this model to IL-4
results in good agreement between experimental and calculated
T\, T,, and NOE values. The six remaining residues have
T,/ T, ratios of greater than 5.21 and NOE values of less than
0.75; these represent a situation where T, exchange broadening
increases the T/ T, ratio and fast internal motion probably
decreases the ratio (Clore et al., 1990b). The relaxation data
for three of these residues requires fitting three parameters,
82, 7., and 7Aex. Therelaxation data for the remaining three
residues requires fitting four parameters, $2, S%, 75, and rAex.

RESULTS AND DISCUSSION

The experimental NOE values and T/ T ratios are plotted
against amino acid sequence in panels B and C of Figure 2,
respectively. For the majority of residues, an NOE of greater
than 0.75 at 50.7 MHz and 0.70 at 36.5 MHz is observed;
these values require that any motions faster than rg are of
small magnitude. There are, however, several regions of the
protein backbone which show groups of residues with a
significantly smaller NOE; this reflects a significant degree
of rapid motion. The order parameters, S2, derived from
analysis of the relaxation data (Table I) are piotted against
amino acid sequence in Figure 2D. For the majority of residues
an order parameter of greater than 0.85 is observed. This
value is comparable to those observed for backbone amides
of compact protein structures (Kay et al., 1989; Clore et al.,
1990b; Schneider et al., 1992; Stone et al., 1992) and is similar
tovalues calculated from molecular dynamics simulations for
well-defined internal residues in proteins (Olejniczak et al.,
1984). There is, however, a substantial number of residues
(23 out of 113) which show significantly smaller values of S
(=<0.75), indicative of motions of larger amplitude. Inter-
leukin-4 appears to differ from many proteins whose dynamical
properties have been studied by !N relaxation methods in
both the number of residues showing such values and their
distribution in distinct regions of the structure. Very recently,
15N relaxation studies on calbindin Dgy (Kérdel et al., 1992)
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FIGURE 2: (A) Schematic representation of the secondary structure of IL-4. The rectangles and arrows represent helices and S-strands,
respectively. The three disulfide bridges (3-127, 24-65, and 46-99) are indicated. (B) Plot of the observed *N NOE at 50.7 MHz (®) and
36.5 MHz (%) versus amino acid sequence. (C) Plot of the observed T/T, ratio versus amino acid sequence. The horizontal line at T,/ T,
= 4.92 represents the average ratio used for the determination of the rotational correlation time. (D) Plot of the calculated S? value versus
amino acid sequence. (E) Plot of the rmsd for N atom positions versus amino acid sequence. The rmsd values are between the 10 calculated
solution structures and the restrained minimized average structure when the N, C2, and C atoms of residues 3—127 are superimposed.

and calmodulin (Barbato et al., 1992) have identified regions
of the structure which give low values of S2 characteristic of
rapid internal motions as has been found here for IL-4.
The distribution of S? values in terms of the structure of
IL-4 is shown in Figure 1B. In Table II average values of S?
for the different structural regions of the protein are shown;
these values enable the overall pattern of behavior to be seen
particularly clearly. The four helical regions of the protein
have nearly identical values of the order parameter $2; all
residues within the helices have S? values of 0.79 or more. A
larger range of S? values is observed among the residues of

the B-sheet region, and the average order parameter found is
somewhat lower than that observed for the helices. However,
the central residues in the sheet, V29 and S107, have
particularly high order parameters; these residues are involved
in a pair of hydrogen bonds (NH29-CO107, NH107-C029)
which hold the two short strands of the sheet region together.
The relaxation results reemphasize the significance of this
structural feature, first identified in IL—4, for the overall
architecture of this type of bundle.

The N- and C-terminal regions of the structure which
precede and follow the A and D helices, respectively, have
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Table II: Order Parameters (S?), Amplitude of Motions (6o, ¢s, and 0.5¢; + 8;), rmsd Values, and Angular Variations in Calculated Structures
(84y) for the Helical, 8-Sheet, Loop, and Terminal Regions of Human Interleukin-4

52 60 av s ay (0.5¢5 + 80)ay® rmsd,,® 0’
helix A4 0.89 £ 0.06¢ 13638 23.0£0.8 157 6.5 0.61£0.15 10.5%£ 7.7
helix B 0.92 £ 0.03 13.0£ 3.0 13.0£ 3.0 0.47 £ 0.11 58£2.6
helix C 0.92 £ 0.03 128 £ 3.1 128+ 3.1 0.65%0.18 85£4.3
helix D 0.93 £0.03 11829 17.8 124 £ 39 0.56 £0.10 5.6£3.3
B-sheet 0.86 £ 0.10 16774 16.7+ 7.4 0.55+0.10 138+ 8.3
N-terminal 0.56 £ 0.33 268 x6.2 53.9 40.3 £ 25.2 2.07£0.52 58.4£9.2
C-terminal 0.60 £ 0.24 23.1%5.1 51.2x0.6 358170 1.79 £ 0.87 53387
ABlI 0.78 £ 0.14 154%5.1 32134 24.6£12.3 0.71 £ 0.08 16.0£ 6.4
AB2 0.65£0.21 214£58 374+119 345£15.6 1.19 = 0.60 249 % 14.2
BC 0.87 £ 0.07 16.8 5.1 16.8 £ 5.1 1.20 £ 0.44 29.5+9.5
CD 0.73%£0.12 21.9£5.3 29.7+4.4 28.1 £10.3 1.08 £ 0.22 334+ 18.2

@ The overall amplitude of the angular fluctuations observed for a particular N-H vector is estimated to be 0.5¢; + 8o, where ¢; is the angle defining
a two-site jump and 6, is the semiangle defining diffusion in a cone. In cases where only a single fast motion is needed to model the fluctuations, ¢,
= 0.  The rmsd is calculated for the backbone nitrogen atoms of each of ten structures relative to the average structure when the backbone atoms
of residues 3-127 are superimposed to give a best fit. < ©,, is the average angle between the N—H vector in each of ten calculated solution structures
and the N-H vector in the average solution structure. ¢ Helices A, B, C, and D contain residues 5-17, 41-57, 72-90, and 110125, respectively. Residue
109 bridges the 8-strand (106-108) and helix D; here it is included in helix D rather than introducing an additional loop containing only one residue.
The §-sheet contains residues 28-30 and 106-108. The N- and C-termini contain residues 3—4 and 126-129, respectively. The AB1, AB2, BC, and
CD loops contain residues 18-27, 31-40, 5871, and 91-10S, respectively. ¢ The values given are the average + one standard deviation.

some of the smallest values of S2 found in the protein; indicating
that these residues are undergoing significant motion on a
time scale faster than the rotational correlation time. Closely
similar behavior has been observed for the terminal regions
of other proteins including staphylococcal nuclease, inter-
leukin-18, ubiquitin, and glucose permease IIA domain (Kay
et al., 1989; Clore et al., 1990b; Schneider et al., 1992; Stone
et al., 1992). It is interesting in IL-4 that this motional
behavior occurs even though the N- and C-termini are linked
by a disulfide bridge (3-127). The motions of the N- and
C-termini do not appear to be highly correlated; no NOE
effects betweenresidues 0-2 and 128-129 are seenin NOESY
spectra,

Both the AB and the CD loops, which run the length of the
helix bundle, give S? values that are significantly smaller than
those observed for the regions of secondary structure. These
two loops interact through the short region of the irregular
antiparallel 8-sheet involving residues 28—30 in the center of
the AB loop and residues 106—108 at the end of the CD loop.
This short region of 3-sheet divides the AB loop into two
segments of equal length, denoted AB1 and AB2. The AB2
loop has the lowest S? value of these three regions while the
ABI loop has the highest S2 value. The observed average
order parameter for the BC loop of 0.87, however, is
significantly higher than that observed for the other loops and
is only slightly lower than that observed for regions of regular
secondary structure.

The values of S? are sensitive to motions faster than the
rotational correlation time and follow closely the value of the
NOEs. T,valuesare, however, influenced by events on slower
time scales and most notably by chemical-exchange effects.
Conformational fluctuations on the millisecond time scale,
for example, may generate such effects, causing a decrease
in T,. This can be detected by T}/ T, ratios which are larger
than anticipated from the overall correlation time. There are
17 residues in IL-4 with T/ T ratios significantly above 5.2,
for which an exchange contribution to the line width (Aex)
of more than 0.5 Hz is required. It is striking that all these
residues are located close to either the 24—65 or 46—99 disulfide
bridges or to the S-sheet region as shown in Figure 2; the
presence of the covalent S-S bond or the 8-sheet hydrogen
bonds may serve to slow the motions of these residues, bringing
them into the time-scale range where exchange effects may
be seen. Some of these residues (22, 24, 99, 103, 104)
correspond to loop regions where large amplitude subnano-
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FIGURE 3: Plot of the average order parameter S2 versus the average
rmsd for the various structural regions of IL-4. Labels A, B, C, and
D refer to the four helices, AB1, AB2, BC, and CD refer to the loop
regions, and Nt and Ct refer to the N- and C-termini.

second motions have also been detected whereas the others
correspond to regions where this is not the case. The latter
include residues of the BC loop (59-61, 63, and 67); this
suggests that slow motions may exist even if the fast
fluctuations characteristic of the other loops are not occurring
in this region.

The rmsd values for the backbone nitrogen atoms in the
family of calculated NMR structures of IL-4 are shown in
Figure 2E. Itisimmediately evident thatthereisa correlation
between these values and the S2 values; this is shown more
directly in Figure 3. The observation of low S2 values for the
N- and C-termini and for the AB1, AB2, and CD loops suggests
that the poor definition of these regions in the calculated
structures, as reflected by large rmsd values, does arise from
the dynamic behavior in these regions rather than simply a
lack of assigned NOE effects. Itisinteresting that one region,
the BC loop, deviates particularly noticeably from this general
trend. Despite its high average S? value, this region has a
high average rmsd value (1.20 A), higher, in fact, than that
of the AB1 and CD loops. The possible significance of this
observation will be discussed below.

The rmsd values within the family of structures provide one
measure of the degree of definition of different regions of the
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calculated structure of IL-4. A second measure of the degree
of structural definition is provided by the angular variation
of the N—H vectors among the family of calculated structures
(B4v), summarized in Table II for the different structural
regions of IL-4. The smallest values of 6,, are observed for
the helical and 8-sheet regions; values of less than 10° are
observed for the majority of residues in these regions. Larger
values of ©,, are observed in the loop regions; angles varying
between 7° and 62° are seen in the AB, BC, and CD loops.
The largest values of ©,, are found for the N- and C-termini
where angles of greater than 40° are found for all residues.

The amplitude of angular fluctuations of individual N-H
vectors, implied by the S? values, can be calculated using a
fast diffusion in a cone model (Lipari & Szabo, 1980, 1981).
This model can also be used to interpret the fast time-scale
motions, defined by 2%, in the extended model of Clore et al.
(1990a). The angular fluctuations on the slower time scale,
implied by S%;, can be interpreted in terms of a two-site jump
model with equal populations (Wittebort & Szabo, 1978; Clore
et al,, 1990a). Values of the semiangle 6, derived from the
diffusion in a cone model, and of ¢, derived from the two-site
jump model, are summarized in Table II for the various
structural regions of IL-4. Within the helical core of the
protein fast fluctuations involve semiangles of approximately
13 £3°, indicating restricted motion. The semiangles cal-
culated for the loop regions are somewhat higher than those
seen in the regions of regular secondary structure with values
above 25° observed for several residues. The largest values
of 8, are observed for the N- and C-termini; however, these
values are not found to exceed 32°. Nearly all of the residues
(20 of 23) whose relaxation data have been analyzed using
the extended model of Clore et al. (1990a) are located in the
loop regions and the N- and C-termini. For the residues in
the AB1, AB2, and CD loops, values of ¢, the angle defining
the two-site jump, range from 24° to 56°. For the N- and
C-termini values of greater than 50° are found. Three of the
23 residues analyzed using the extended model are located at
the beginning of helix A and the end of helix D; these residues
have ¢ values of approximately 20°. The overall amplitude
of the angular fluctuations observed for a particular N-H
vector when the extended model is applied can be estimated
to be 0.5¢ + o; in the case of the simpler models, the overall
amplitude is 6y, since ¢ is 0. It can be seen from Table II that
the overall amplitude of motion of the N—H vector (0.5¢; +
0,) varies over a larger range of angles than the semiangle 4,
and is significantly higher for the N- and C-termini and the
ABI1, AB2, and CD loops than for the helical core of the
protein.

Despite the generally good correlation between S2 and the
rmsd of the solution structures, one region, the BC loop, is
significantly more disordered in the calculated structures than
the S2? values would suggest. This could be because the
conformational disorder involves fluctuations on a slower time
scale than those that contribute to S2, but it could also be that
the high rmsd values conceal some structural preference in
this loop region. In the BC loop, aN(i,i+3)and «B(i,i+3)
NOE effects involving residues T63 and L66 indicate a possible
helical turn. Indeed,sucha turnhas been postulated by Garrett
et al. (1992) on the basis of similar NOE effects and 13C«
secondary chemical shifts. The measured NH-aCH coupling
constant of 8.5 Hz for C65 is not, however, consistent with
such a helical turn. The BCloop is connected to the AB1 loop
by the 24-65 disulfide bridge. However, there are only two
NOE effects observed between these loops (G67-L23 and
A68-L23). Several other residues in the BC loop give long-
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range NOE’s to other parts of the protein, particularly helix
C (H59-L27, H59-L109, E60-180, L66-F73, T69-R75).
These long-range NOE effects are not, however, sufficient to
define a unique conformation for the BC loop or to define a
unique orientation of the loop relative to the well-defined helix-
bundle core. One possible reason for the difficulty in
identifying sufficient long-range NOE’s for this loop is the
particularly large line widths for several residues (59—61, 63,
67) associated with exchange processes described above.
Further analysis of the NMR data for these residues is required
in order to determine the conformational properties of the BC
loop.

The S values for the AB and CD loops indicate motions
of significant amplitude on a time scale faster than 7. The
calculated solution structures of IL-4 show no well-defined
structure in either of these loops. Examination of the NOE
patterns and coupling constant values for the loop regions
indicates, however, that these are far from expected for random
structures. In all the loops NOE effects exist which could be
characteristic of helical turns, but the NH-«CH coupling
constants and chemical shifts are not consistent with this. For
example, residues in the AB2 loop give a number of aN-
(i,i+3) and aN(i,i+4) NOE effects, but coupling constants
in the range of 6.5-8.0 Hz, not characteristic of helical
structure, are observed for residues 31, 33, 35, 36, and 38—40.
Most of the 23 residues whose relaxation data have been
analyzed using the extended form of the correlation function
(Clore et al., 19902) are located at the N- and C-termini and
in the AB and CD loops (Table I). This dynamical model
contains two rapid motions faster than g, one very fast motion
(7¢=< 10 ps) characterized by an order parameter S%, and one
somewhat slower motion (r; =~ 1 ns) characterized by S2.
The AB and CD loops give 7, values in the range of 0.5-3.2
ns and S? values of 0.49-0.87 using this model; the S% values
correspond to ¢ angles of 25-56° using a two-site jump model
with equal populations. It is interesting that all residues in
the AB and CD loops which show motions on the 0.5~3.2-ns
time scale themselves have or neighbor a residue withan NH-
aCH coupling constant which is characteristic of conforma-
tional averaging (6.5-8.0 Hz). Thus, this motion may reflect
a change in one or more backbone torsion angles, which leads
to an averaging of NMR parameters including NH~-aCH
coupling constants, chemical shifts, and NOE effects.

The observation of fast motions of significant amplitude in
the loop regions of I1L-4 may have important implications for
protein structure calculations. It is interesting to speculate
that some of the contributing conformers to the averaged
structures may have helical content, while others do not; on
the time average of the NMR experiment this would result
in a set of NMR parameters which were not appropriate for
a single ordered conformation. Additional structure calcu-
lations have been carried out on IL-4 in which the NMR
restraints for the AB2 loop have been changed. If the short-
range (i,i+2), (i,i+3), and (i,i+4) NOEs for residues 31-40
are removed, then the rmsd for the AB2 loop increases
significantly compared to previous calculations without,
however, increasing the rmsd of the four-helix-bundle core.
If these NOE restraints are included and additional helical
¢ restraints are introduced for residues 3140, then the AB2
loop is found to have helical turns and a much smaller rmsd
value. Again thestructural changes occur without disrupting
the helix-bundle core. The conformational space sampled by
the AB2 loop of IL-4 in solution may well be described best
by structures taken from both of these additional structure
calculation procedures. Preliminary structure calculations
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have in fact shown that all the other loops are sufficiently long
so to be able to have some helical character without disturbing
the four-helix bundle at the core of the structure.

The issue of the ordering or otherwise of the loops is of
particular significance in terms of crystallographic information
on other helix-bundle proteins. In the crystal structure of
GM-CSF high thermal parameters were identified for the
two parts of the AB loop (Diederichs et al., 1991). Such high
values were not evident for the CD loop, found to be flexible
in interleukin-4. This does not necessarily mean that the two
proteins differ; it is possible that the intermolecular contacts
inthe crystal are responsible for some diminution of flexibility
incertainregions. Furthermore, it has beensuggested (Bazan,
1992) that the crystal structure of IL-2 could be reinterpreted
interms of a structure much closer to IL-4 and GM-CSF than
originally proposed (Brandhuber et al., 1987). Indeed, there
is experimental NMR evidence that such similarity exists
(Mott et al., 1992). A possible explanation for the difficulty
in interpreting the crystal electron density map is that the
loop dynamics make the chain trace indistinct in these regions.

Recent crystallographic results on the 1:2 complex of human
growth hormone with its receptor indicate that both helical
and loop regions of the four-helix-bundle topology are involved
in binding (De Vos et al., 1992). Two of the human growth
hormone loops have short regions of helical structure in the
complex which are not evident in the crystal structure of
uncomplexed porcine growth hormone (De Vos et al., 1992;
Abdel-Meguid et al., 1987). Whether or not these are induced
on binding, rather than being intrinsic to the four-helix bundle
of human growth hormone, must await more detailed structural
analysis. Few details of the receptor binding regions in
interleukin-4 are currently available. Itseems likely, however,
that the conformational disorder of the loop regions of the
IL-4 molecule observed in this study would be reduced if such
regions are involved in binding to the receptor and that the
“nascent” structure detected in the unbound molecule might
thereby become well-defined.
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SUPPLEMENTARY MATERIAL AVAILABLE

A table containing experimental and calculated 77, T»,and
NOE values along with the calculated S?, S%;, S%, 7., 75, and
wAex parameters (8 pages). Ordering information is given
on any current masthead page.
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