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A low resolution solution structure of the cytokine interleukin-1f, a 153 residue protein of
molecular weight 17,400, has been determined on the basis of 446 nuclear Overhauser effect
(NOE) derived approximate interproton distance restraints involving solely NH, C*H and
CPH protons, supplemented by 90 distance restraints for 45 hydrogen bonds, and 79 ¢
torsion angle restraints. With the exception of 27 C*H-C*H NOZEs, all the NOEs were
assigned from a three-dimensional *"H-'H NOE >N~'H heteronuclear multiple quantum
coherence (HMQC) spectrum. The torsion angle restraints were obtained from accurate
3June coupling constants measured from a HMQC-J spectrum, while the hydrogen bonds
were derived from a qualitative analysis of the NOE, coupling constant and amide exchange
data. A total of 20 simulated annealing (SA) structures was computed using the hybrid
distance geometry-dynamical simulated annealing method. The solution structure of IL-15
comprises 12 f-strands arranged in three pseudo-symmetrical topological units (each
consisting of 5 anti-parallel f-strands), joined by turns, short loops and Jong loops. The core
of the structure, which is made up of the 12 B-strands, together with the turns joining
strands T and TI, strands VIII and IX and strands X and XI, is well determined with a
backbone atomic root-mean-square (r.m.s.) distribution about the mean co-ordinate
positions of 1-2(£0-1) A. The loop conformations, on the other hand, are poorly determined
by the current data. A comparison of the core of the low resolution solution structure of
IL-18 with that of the X-ray structure indicates that they are similar, with a backbone
atomic r.m.s. difference of only 1-5 A between the co-ordinates of the restrained minimized
mean of the SA structures and the X-ray structure.

Interleukin-1§ (IL-18%) is a member of the
cytokine family of proteins that play a central role
in the immune and inflammatory responses. IL-1f is
composed of 153 residues, has a molecular weight of
17,400, and possesses a wide range of specific bio-
logical activities that include, amongst others,
stimulation of B-lymphocyte proliferation and fever

+ Abbreviations used: IL—18, interleukin-14; n.m.r.,
nuclear magnetic resonance; 3D etc., three-dimensional
ete; NOE, nuclear Overhauser effect; NOESY, nuclear
Overhauser enhancement spectroscopy; SA, simulated
annealing; r.m.s. root-mean-square;

HMQC, heteronuclear multiple quantum coherence;
g 15N NOESY-HMQC, 3D 'H-'H-NOESY-'*H-'H
HMQC spectroscopy.
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induction (for reviews, see Dinarello, 1984, 1988;
Oppenheim et al., 1986; Moore, 1989). In two recent
papers we presented the complete 'H and '°N
assignment of the polypeptide backbone of IL-18
and the delineation of elements of regular secondary
structure using principally three-dimensional (3D)
ISH-'H heteronuclear nuclear magnetic resonance
(n.m.r.) spectroscopy {(Driscoll et al., 1990a,6). We
showed that IL-18 is composed of 12 f-strands, six
of which form a pB-barrel. In addition, we showed
that IL-18 displays an internal 3-fold pseudo-
symmetry comprising three topological units, each
of which is made up of five anti-parallel p-strands.
These results were in agreement with two high
resolution X-ray studies (Finzel et al., 1989; Priestle
et al., 1989) that were carried out independently and
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Table 1
Summary of NOE restraints wused in structure
calculations

Sequential Medium range Long range

(fe—jl=11 (A<fi—jl<5) (li—j>5)
NH@E-NH@G) 69 12 25
C*H(3)-NH(j) 142 23 56
CPH(:)-NH() 88 4 0
C*H(5)-C*H(j) 0 2 25
Total 299 41 106

With the exception of the 27 C*H-C*H NOEs that were
assigned from a 'H~'H NOESY spectrum recorded in 2H,0, all
the NOEs were derived from a 3D '>N-'H NOESY-HMQC
spectrum recorded in H,0. The NOESY mixing time used for the
2 experiments was 100 ms.

at approximately the same time as the n.m.r. analy-
sis. In this paper we present the determination of a
low resolution structure of T1.-1f in solution on the
basis of NOE derived approximate interproton
distance restraints involving only the NH, C*H and
C"H protons. Thus, the structure is based on a very
small subset of the total number of potentially
assignable NOEs, and represents an initial structure
that will be refined at a later stage after a larger
number of restraints have been identified and
extracted from a variety of heteronuclear 3D and
4D (Kay et al., 1990) n.m.r. experiments. It never-
theless permits the delineation of the overall poly-
peptide fold, as well as an initial comparison
between solution and X-ray structures.

All' the NOEs were derived from a single
100 millisecond mixing time 3D !’N-'H
NOESY-HMQC spectrum recorded on a 17 mm
sample of uniformly !*N-labeled IL-18 in
100 mm-sodium dj-acetate (pH 54) and 959, H,0/

5% *H,0 at 36°C, with the exception of 27
C“H—C“H NOEs that were assigned from a 2D
"H-'H NOESY spectrum recorded in 2H,0 (with a
100 ms mixing time). Examples of the quahty of the
3D data are provided by Driscoll et al. (1990a,b).
The 446 NOEs used in the structure calculation
comprised solely interresidue NH-NH, C*H-NH,
C*H-NH and (*H-C*H NOEs, and a breakdown of
these is presented in Table 1. The NOEs were classi-
fied into strong, medium and weak, corresponding
to distance restraints of 18 to 2:7, 1'8 to 35 and 1-8
to 50 A, respectively (1 A=01nm). The NOE

van der Waals’ radii set to 08 times the standard values used in
the CHARMM empirical energy function (Brooks ef al., 1983).

§ B ;is the Lennard-Jones van der Waals’ energy calculated
with the CHARMM empirical energy function (Brooks et al.,
1983). Tt is not included into the target function for simulated
annealing.

|l The improper torsion terms serve to maintain planarity and
chirality; they also maintain the peptide bond of all residues in
the trans conformation with the exception of the Tyr90-Pro91
peptide bond, which is maintained in the c¢is conformation on
account of characteristic C*H-C*H sequential NOEs and 3C
chemical shifts of the C# and C" atoms of Pro91 (G. M. Clore ef al.,
unpublished results).

Table 2
Structural stotistics
<SA> (84),
Deviations from expt
Distance restraints (&)
All (536) 0099140012 0070
Sequential (Ji—ji=1) (299) 0086+ 0014 076
Medium (1< [i—j|<5) (41) 0098 +0-043 0131
Long (li—j|>5) (106} 0122 4+ 0-055 ¢-029
H-bond (90)% 0-091 4 0044 0035
Deviations from expt
¢ torsion angle restraints
(deg.) (79) 12406 13
Fror (keal mol“‘)j: 276 +103 13t
F¢ (keal rad 4 80-+87 84
Fre, (keal mol~1)t 68+20 81
B\, (keal mol=1)§ —356+20 —348

Deviations from idealized covalent geometry

Bonds (A) (2460) 0-006 1 0-0006 0-006
Angles (deg.) (4462) 1-954 £ 0-010 2406
Impropers (deg.) (929} 0-597 £ 0-039 0611

The notation of the structures is as follows: <8A > are the 20
final dynamical SA structures; SA is the mean structure obtained
by averaging the co-ordinates of the individual 20 SA structures
best fitted to each other using residues ecomprising the
12 B-strands and the turns/loops connecting strands I and IT,
strands VIII and IX, and strands X and XTI (i.e. residues 5 to 21,
25 to 31, 39 to 47. 56 to 63, 66 to 72, 78 to 85, 99 to 115, 120 to
136 and 140 to 150); (SA), is the restrained minimized mean
structure obtained by restrained minimization of the mean struc-
ture SA. The number of terms for the various restraints is given
in parentheses. The force constants for the covalent geometry
terms are maintained at constant high values during the entire
course of the dynamical SA calculations (600 keal mol~! 42 for
the bond term and 500 keal mol~' rad~2 for the angular terms
(1 cal=4-184 J)). The simulated annealing protocol proceeds in 4
stages: (1) 200 cycles of Powell minimization with the force
constant for the NOE (kyop) and ¢ torsion angle (k,,, restraints
set to zero and the force constant k.4, for the van der Waals’
repulsion term set to 1072 keal mol~! A~* (with the scale factor
for the hard-sphere van der Waals’ radius set to 1-0) to regunlarize
the peptide bonds; (2) 3-75 ps of dynamies at 1000 K, during
which time £,q4, is increased from 103 to 0-25 keal mol~! rad—*
by multiplying its value by 1-125 every 75 fs (with the van der
Waals’ radius scale factor set to 140), and kyop and k,, are
increased from 0-5 to 50 kcal mol~!. A=2 and from 05 to 200 keal
mol~! rad =2, respectively, by doubling their values every 75 fs;
(3) 1’6 ps of dynamics, during which time the temperature is
reduced from 1000 K to 300 K in steps of 25 K every 50 fs; the
values of kyog and &, are maintained at their values reached at
the end of step (2), but the value of k4, is increased to 4 keal
mol~! A% and the van der Waals’ radius scale factor is reduced
to 0-8. The minor differences between this protocol and that
published by Nilges et al. (1988) concern the lower starting value
of k.4, and the use of ¢ backbone torsion angle restraints in the
present protocol. The final values of the force constants have
been chosen empirically to ensure that the experimental
restraints are satisfied within the errors of the data, the devia-
tions from idealized covalent geometry are very small, and the
non-bonded contacts are good (Nilges ef al., 1988).

t There are 2 distance restraints for every hydrogen bond
identified on the basis of a qualitative interpretation of the NOE,
coupling constant and amide exchange data: ryy o =18 to 23 &
and v o=28 to 33 A. A total of 45 hydrogen bonds were
unambiguously identified in this manner (Driseoll ef al., 1990b).

I The values of the square-well NOE and torsion angle poten-
tials (cf. eqns (2) and (3) of Clore ef al. (1986)) are calculated with
force constants (F) of 50 kcal mol™ A~2 and 200 kecal mol~!
rad ™2, respectively. The value of the quartic van der Waals’
repulsion term (cf. eqn (5) of Nilges ef al. (1988)) is calculated
with a force constant of 4 keal mol ! A~#, with the hard sphere
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Table 3
Backbone (N, C*, C) atomic root-mean-square differences

Backbone atomic r.m.s. difference (A)

All residues (1-153)

Residues 5-21, 25-31, 3947, 56-63, 66-72,
78-85, 99-115, 120-136 and 140-150%

<SA > versus SA 1994023
<SA> versus (SA), 2124025
(SA), versus SA 075
<SA> versus X-ray 374 +025
SA versus X-ray 317
(SA), versus X-ray 327

1-1194+0-12
1274012
043

1-90+0-17
1-50
1-48

The notation of the structures is given in Table 2, and “X-ray’ is the refined 2 A resolution crystal

structure of Finzel ef al. (1989).

1 These residues represent the core of the molecule and comprise the 12 f-strands together with the
turns joining strands I and II, strand VIII and IX, and strands X and XI.

restraints were supplemented by 90 restraints for 45
hydrogen bonds (ry.o=28 to 33 A, rygo=18 to
2:3 A) identified unambiguously on the basis of the
NOE data involving the NH and C*H protons, the
3 Juny coupling constants and the NH exchange data
{(Driscoll et al., 1990b). In addition to distance
restraints, ¢ backbone torsion angle restraints
derived from *Jyy, coupling constants were also
employed. Of the 111 3Jyy, coupling constants
(Driscoll et al., 1990b) that could be measured from
a 'H-'N HMQC-J spectrum (Kay & Bax, 1990;
Forman-Kay et al., 1990), 27 had values <6 Hz and
52>8 Hz. The latter were converted to loose ¢
torsion angle restraints of —10° to —90° and —70°
to —170°, respectively (Pardi et al., 1984).

The structures were calculated using the hybrid
distance geometry—dynamical simulated annealing
(SA) method of Nilges et al. (1988). Briefly this
involves two stages. In the first stage, a set of
substructures comprising about a third of the total
number of atoms is embedded from n-dimensional
distance space into Cartesian co-ordinate space,
without checking the triangle inequalities using the
program DISGEO (Havel, 1986). These substruc-
tures are very crude but have approximately the
correct polypeptide fold. The remaining atoms are
then added, with the side-chains placed in an
extended conformation, and the resulting structures
are subjected to the protocol of dynamical SA
described by Nilges ef al. (1988), with a few minor
modifications as described in the footnotes to
Table 2, using the program XPLOR (Briinger,
1988). This particular protocol is designed to over-
come large energy barriers along the path towards
the global minimum region of the target function
and during the early stages of the calculation
permits chains to pass through one another. The
target function that is being minimized comprises
quadratic harmonic terms for bonds, angles and
improper torsion angles (i.e. planes and chirality
restraints), a quartic van der Waals’ repulsion term,
and quadratic square-well potential terms for the
interproton distance and torsion angle restraints

(Nilges et al., 1988). It should be noted that no
electrostatic, hydrogen  bonding or 6-12
Lennard-Jones van der Waals’ potential terms are
used in the calculations. The total computational
time required to compute each structure is parti-
tioned into 3-5 hours for the initial substructure on a
MicroVax 3500 workstation and 2-8 hours for the
SA protocol on a Stellar GS 1000 workstation.

A total of 20 SA structures was computed, and
the structural statistics and atomic r.m.s. differences
are summarized in Tables 2 and 3, respectively. All
the structures satisfy the restraints within the errors
specified, exhibit very small deviations for idealized
covalent geometry, and display good non-bonded
contacts. The co-ordinates will be deposited in the
Brookhaven Protein Data Bank. A best fit super-
position of the 20 SA structures is shown in
Figure 1. It is readily apparent from Figure 1(a)
that, in general, the loops connecting the strands, as
well as the N (residues 1 to 4) and C (residues 151
to 153) termini, are very poorly determined. This is
a direct result of the complete absence of long-range
NOE restraints for the loops. Indeed, all the long-
range NOE restraints were those derived from the
initial analysis of the regular secondary structure
elements (Driscoll et al., 1990b) and comprise
C*H-C*H, C*H-NH and NH-NH NOEs across the
sheets. The core of the structure, however, shown in
Figure 1(b) and, comprising the 12 f-strands
together with the turns connecting strands I and II,
strands VIIT and IX, and strands X and XI, is
reagsonably well determined, with a backbone
atomic r.m.s. distribution about the mean
co-ordinate positions of 1:2(+0:1) A (Table 3).
Indeed, this backbone atomic r.m.s. distribution is
comparable to small protein structures (<100
residues) obtained without the use of stereospecific
assignments (for reviews, see Wiithrich, 1986; Clore
& Gronenborn, 1987, 1989). Thus, the present low
resolution IL-1f structure is equivalent in quality
to first-generation n.m.r. solution structures.

While the low resolution structure determination
was in progress in our laboratory, the co-ordinates
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Figure 1. Best-fit superposition of the 20 SA structures of IL-1J for (a) all residues and (b) the core of the structure.
The core comprises 12 f-strands, the turns connecting strands I and 11, strands VIIT and IX, and strands X and XT.
Strand I is formed by residues 5 to 13, strand II by residues 15 to 21, strand III by residues 25 to 31, strand IV by
residues 41 to 47, strand V by residues 56 to 63, strand VI by residues 66 to 72, strand VII by residues 78 to 85, strand
VIII by residues 100 to 106, strand IX by residues 109 to 115, strands X by residues 120 to 125, strand X1 by residues
130 to 136 and strand XII by residues 145 to 150. These strands are connecting by turns, short loops and long loops that

make up the rest of the structure.

of the refined 2 A resolution X-ray structure were
kindly provided to us by Dr Barry Finzel. Figure 2
shows two views of a best-fit superposition of the
restrained minimized average structure, (SA),, with
the X-ray structure. It is clear that the agreement is
respectable, with a backbone atomic r.m.s. differ-
ence of 1'5 A. Both views clearly show that the
p-barrel is made up of six anti-paralle] f-strands in
which strand XII (residues 145 to 150) is hydrogen
bonded to strand T (residues 5 to 13), strand 1 to IV
(residues 41 to 47), strand IV to V (residues 56 to
63), strand V to VIII (residues 100 to 106),
strand VIII to IX (residues 109 to 115), and finally
strand IX back to XII. The three topological units
can also be discerned in the view shown in

Figure 2(a) and (b). In particular, one topological
unit is seen in the top half of the view and comprises
strands IV, V, VI (residues 66 to 72}, VII (residues
78 to 85) and VIII. The other two units are seen in
the bottom half of the view, with the unit
comprising strands VIII, IX, X (residues 120 to
125), X1 (residues 130 to 136) and X1IT in front, and
that comprising strands I, IT (residues 15 to 21}, 111
{residues 25 to 31), IV and XIT behind.

It is interesting to note that the X-ray structure
satisfies the interproton distance restraints approxi-
mately as well as the SA structures. One might
therefore wonder why the backbone atomic r.m.s.
difference for the IL-1§ core between the X-ray
structure and the mean SA structure (1-5 A} is



Communications

815

(b)

Fig. 2.

slightly larger than the backbone atomic r.m.s.
distribution of the individual SA structures about
the mean co-ordinate positions (1-2 A). This differ-
ence does not reflect a genuine difference between
the structure in solution and in the crystal, and the
explanation for this phenomenon is subfle but
obvious. In particular, the exact backbone confor-
mation in the crystal structure depends on specific
packing interactions, which are determined in turn
by the interactions between individual side-chain
conformations. The side-chain conformations in the
SA structures, on the other hand, are essentially
random, since the only interproton distance
restraints employed in the calculations involve the
NH, C*H and C’H protons, and there are no side-
chain restraints, other than those imposed by the

van der Waals’ repulsion term, which prevents
atoms coming closer together than approximately
the sum of their van der Waals’ radii. Consequently,
the probability of generating either an individual
structure or an average structure identical with the
X-ray structure is infinitessimally small.

Despite the fact that the current structure repre-
sents an initial low resolution structure of TL-1§ in
solution, the present study has a number of impor-
tant implications. First, it shows that the algo-
rithms employed for converting interproton
distances into 3D structures are easily capable of
handling proteins of around 150 residues, which is
approximately 509 larger than any other protein
structure determined by n.m.r. Second, it clearly
demonstrates, at least in the case of f-sheet pro-
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(d}

Figure 2. Two views showing a best-fit superposition of the restrained minimized average structure (SA), (thick lines;
and the X-ray structure (thin line), for the core of the molecule comprising the 12 fi-strands, and the turns conpecting
strands I and IT, strands VIII and IX and strands X and XI. One view is displayed in (a} and {b), and another in (¢} and
(d). The N, C* and C backbone atoms are shown in (a) and (c), while smoothed backbone representations are shown in (b)

and (d) to help to guide the eye.

teins, that the global fold can be established with
confidence on the basis of relatively few NOEs, and
in particular of NOEs involving only the NH, C*H
and C*H protons. These NOEs are the easiest ones
to assign and usually fall directly out of the sequen-
tial assignment procedure and secondary structure
analysis. (In the case of a-helical proteins, it is clear
that a few backbone-side-chain andjor side-chain—
side-chain NOEs would also be required to deter-
mine the relative orientations of the helices.) Third,
although the present structure is obviously of low
resolution and contains no information whatsoever
on the side-chain conformations, it is sufficient to

delineate the polypeptide fold and to provide a basis
for developing rational strategies involving. for
example, site-directed mutagenesis to probe strue-
ture—function relationships and locate the active
site (which in the case of TL-1§ is still unknown).
Thus, the structure not only establishes the 3D
protein architecture, but also provides evidence to
distingnish befween those residues located at the
surface from those within the interior of the protein,
and reliably identifies loop regions from regions of
regular secondary structure.

Naturally, we plan to extend the accuracy and
precision of the solution structure of IL-15. To this
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end we have succeeded in obtaining complete T
and '3C side-chain assignments by means of 3D
'H-13C-13C-'H correlation (via 'Jc couplings) and
total correlation (with isotropic mixing of !3C
magnetization) experiments (Clore et al., 1990). This
will enable us to identify a large number of NOEs
involving side-chains using a variety of 3D and 4D
(Kay et al., 1990) heteronuclear edited NOESY
experiments, thereby permitting the determination
of a high resolution structure of IL-1f in solution.
Thus, it is hoped that complete high resolution
solution structures of proteins up to M, 20,000 will
soon be within the reach of present n.m.r.
technology.

We thank Dr Barry Finzel for the co-ordinates of the
2 A resolution X-ray structure of IL-18, and Dr Ad Bax
for useful discussions.
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