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S U M M A R Y  

3J~//coupling constants and complementary nuclear Overhauser data on the intraresidue C~H-C/~H distan- 
ces form an essential part of the data needed to obtain stereospecific assignments offl-methylene protons in 
proteins. In this paper we show that information regarding the magnitude of the 3j,p coupling constants can 
be extracted from a semi-quantitative interpretation of relative peak intensities in a 3D ~SN-separated I H-I H 
Hartmann-Hahn t H-15N multiple quantum coherence (HOHAHA-HMQC) spectrum. In addition, we de- 
monstrate that reliable information on the intraresidue C~H-Ct~H distances, free of systematic errors arising 
from spin diffusion, can be obtained from a 3D 13C-separated ~H-'IH rotating frame Overhauser effect IH-13C 
multiple quantum coherence (ROESY-HMQC) spectrum. The applicability of these experiments to larger 
proteins is illustrated with respect to interleukin- lfl, a protein of 153 residues and 17.4 kDa molecular weight. 

INTRODUCTION 

It has recently been demonstrated that the precision and accuracy of  three-dimensional protein 
structures determined by NMR is significantly improved by making use of  stereospecific assign- 
ments offl-methylene protons and 2'1 side-chain torsion angle restraints (Driscoll et al., 1989a, b; 
Kraulis et al., 1989; Giintert et al., 1989; Qian et al., 1989: Clore et al., 1990a, 1991: Omichinski 
et al., 1990; Dyson et al., 1990: Forman-Kay et al., 1991 ). These can be obtained from an analysis 

Abbreviations." IL-lfl, interleukin-lfl; NOE, nuclear Overhauser effect: ROE, rotating frame Overhauser effect: HOHA- 
HA, homonuclear Hartmann-Hahn spectroscopy: NOESY, nuclear Overhauser enhancement spectroscopy: ROESY, ro- 
tating frame Overhauser spectroscopy: HMQC, heteronuclear multiple quantum coherence spectroscopy. 
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of 3j:q, coupling constants and intra-residue nuclear Overhauser effects (NOEs) involving the NH, 
C~H and C/;H protons (Wagner et al., 1987). This procedure works most efficiently and reliably 
when combined with a systematic conformational grid search, particularly if the above data are 
supplemented by 3JIIN: ~ coupling constants and interresidue sequential NOEs involving the NH, 
C=H and CPH protons (Kraulis et al., 1989: Giintert et al., 1989; Nilges et al., 1990). For proteins 
of iess than 100 residues these parameters can readily be derived from 2D E.COSY type spectra 
(Griesinger et al., 1982: Mueller, 1987) and NOESY (Jeener et al., 1979) spectra. The application 
of such 2D methods to larger proteins is rendered problematic on two counts. First, it is often dif- 
ficult to measure the 3j:q, couplings and NOE intensities from 2D spectra owing to extensive spec- 
tral overlap. Second, the determination of correct relative intraresidue distances between the C~H 
and C/JH protons which yields information complementary to the 3J:q I couplings, may be obscured 
by spin diffusion. 

In this paper we demonstrate that information regarding the relative magnitude of the 3J:q / cou- 
pling constants, which is all that is required for the purposes of stereospecific assignments, can be 
extracted from a semi-quantitative interpretation of relative peak intensities in a 3D ~SN-separa- 
ted ~H-~H Hartmann-Hahn (HOHAHA) spectrum. Second, we show that reliable estimates of re- 
lative distances involving the C=H and C//H protons can be derived from a 3D 13C-separated IH- 
~H rotating frame Overhauser (ROESY) spectrum. These experinaents are applied to interleukin- 
lfl (IL-lfl), a protein of 153 residues and 17.4 kDa, which plays an important role in the immune 
system (Oppenheim et al., 1976). 

EXPERIMENTAL 

Sample preparation and NMR spectroscopy 
IL-1/3 was produced and purified as described previously (Wingfield et al., 1986: Gronenborn et 

al., 1986). Uniform ( > 95%) ISN and/or 13C labeled protein was obtained by growing the Escheri- 
chia coli strain on minimal medium with tSNH4CI and/or 13C6-glucose (MSD Isotopes) as sole ni- 
trogen and carbon sources respectively (Driscoll et al., 1990a: Clore et al., 1990b). Two samples 
were used: one uniformly labeled with 15N, the other with both ISN and J3C. All experiments were 
recorded on 1.7 mM protein in 150 mM phosphate buffer pH 5.2 at 3 6 C  in either 90% H20/10% 
D20 (for the 3D IH-15N HOHAHA-HMQC experinaent) or 99.996% D20 (for the 3D IH-13C 
ROESY-HMQC experiment). The 3D spectra were obtained on a Bruker AM-600 spectrometer, 
operating in 'reverse' mode. 

In both 3D heteronuclear separated experiments described in this paper, IH chemical shifts 
evolve during the evolution period t~ and are detecked during the acquisition period t3. Heteronuc- 
lear multiple quantum coherence (Mueller, 1979: Bax et al., 1983) is generated during the period 
t2 and subsequently converted back into transverse ~H magnetization so that at the end of the t2 
period ~H magnetization is modulated by the shifi of its directly attached heteronucleus (t3C or 
15N depending on the experiment). 

The pulse sequence for the 15N-separated HOHAHA-HMQC spectrum is as follows: 

1H 90~1 _ tl _ TPy. [DIPSl_2x. 60yln. TPy. 90x .-t - 9%1 - A - 180 x A- Acq 

15N Dec 90ttt2 - t2/2- -t2/2 - 90~2- Dec (1) 
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with phase cycling ~r I = x, - x; 02 = 2(x), 2( - x); 4) 1 = 4(x), 4(y), 4( - x), 4( - y); Acq = x, 2( - x), 

x, - y ,  2(y), - y ,  - x ,  2(x), - x ,  y, 2 ( - y ) ,  y. The delay r was set to half the DIPSI-2 mixing time 
to mininaize ROE effects (Marion et al., 1989a); and the delay A was set to 4.5 ms, slightly less 
than 1/(2JNH). The duration of  the DIPSI-2 mixing time was 30.7 ms. The trim pulse TP was set 
to 800 /is. 15N decoupling (Dec) during the tl evolution period and the acquisition time was 
achieved with random G A R P  modulation (Shaka et al., 1985). Water suppression was achieved 
by weak coherent presaturation during the relaxation delay. The spectrum was recorded with 128 

complex (tl) x 32 complex (t2) x 1024 real (t3) points. The spectral widths in the ~H(FI), 15N(F2) 
and IH(F3) dimensions were 11.26, 26.0 and 13.89 ppm, respectively, and the incremental delays 
Atl and At, were 148 and 632 lts, respectively. The IH and 15N carrier frequencies were placed at 
4.67 and 121 ppm, respectively. The field strengths for the tH and 15N pulses were 9.43 and 3.97 
kHz, respectively, and the field strength used for 15N G A RP  decoupling was 1 kHz. 

The pulse sequence for the 13C-separated ROESY-HMQC spectrum is as follows: 

1H 90gtl - tl/2 - - tl/2 - SLy2 - A - 180~03 A - Acq 

13C 180d~ 1 90~2 - t2/2 - - t2/2 - 90 x - 90x90~4Dec (2) 

with phase cycling: WI = 4(x), 4(y); ~2 = x, - x :  01 = 4(x), 4( - x ) ;  02 = 4(y), 4 ( - x ) ,  4 ( - y ) ,  4(x): 
03 = 2(x), 2(y), 2 ( - y ) ,  2(x), 2 ( - x ) ,  2 ( - y ) ,  2(y), 2 ( - x ) ;  04 = 8(x), 8 ( - x ) :  Acq =.x, 2 ( - x ) ,  x, y, 
2 ( - y ) ,  y. The 13C 180o~ pulse is a composite 18ff pulse of the type 90~180y90x. The delay A was 
set to 3 ms, slightly less than l/(2JcH). 13C decoupling during the acquisition period was achieved 
using coherent G A R P  decoupling, and the J3C 90x9004 pulse pair, at the beginning of  acquisition 
prior to the start of  decoupling, reduces the intensity of  modulation side bands (Bax et al., 1990). 
The ROESY spin lock SL was applied for 22 ms. The spectrum was recorded with 128 complex 
(tl) x 32 complex (t2) x 1024 real (t3) points. The spectral widths in the IH(Ft), 13C(F2) and 
IH(F3) dimensions were 8.78, 20.71 and 18.11 ppm, respectively, and the incremental delays Atl 
and At2 were 190 and 320/Ls, respectively. The IH and 13C carrier frequencies were placed at 7 and 
43 ppm, respectively. The IH carrier was placed to low field of  the C~H resonances to avoid any 
artifacts arising from Har tmann-Hahn transfer between C~H and C/~H protons in cases where the 
matching for this process is near perfect (i.e. when the two resonances have equal but opposite off- 
sets from the carrier frequency). Therefore, carrier shifting in Fi was required when using an 8.78 
ppm Ft spectral width. This was achieved by applying a linear phase shift correction of 18386 '~ to 
the time domain data in t2 during processing, thereby shifting the carrier in Fi to 3.5 ppm (this 
phase correction is given by (Av/SW) x number of complex points x 360 ,  where SW is the spec- 
tral width and Av is the required carrier shift, Bax et al., 1983; Bothner-By and Dadok, 1987). The 
field strengths for the IH and 13C pulses were 8.33 and 14.5 kHz, respectively, and the field 
strength used for 13C GARP decoupling was 3.85 kHz. 

Quadrature detection in the indirectly detected dimensions was achieved using the TPPI-States 
method (Marion et al., 1989b). This involves incrementing the phases ofgtl and ~2 independently 
by 90 ~ to generate complex data in the tt and t2 dimensions, respectively. In addition, every time 
tl is incremented the receiver phase and ~1 are also incremented by 180", and similarly for the re- 
ceiver phase and ~2 in the case of  the t2 dimension. 

The spectra were processed on a Sun Sparc Workstation using simple in-house routines (Kay et 
al., 1989) for the Fourier transform in F2, together with the commercially available software pack- 
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age NMR2 (New Methods Research Inc., Syracuse, N.Y.) for processing the F~-F3 planes. Zero- 
filling (once in each dimension) was employed to yield final absorptive spectra of 256 x 64 • 1024 
data points. A regular 60~'-shifted sine bell window function was applied in the Fi and F 3 dimen- 
sions, while a doubly shifted sine bell function, shifted by 60" at the beginning of the window and 
10'- at the end of the window was used in the F2 dimension (Kay et al., 1989). 

RESULTS AND DISCUSSION 

Analysis of extensively refined high-resolution X-ray structures in the Brookhaven Protein 
Data Bank has shown that 95% of all ZI side-chain torsion angles lie within + 15 of the staggered 
rotamer conformations (60 ~, -60"  and 180'~), and that improvements in refinement go hand in 
hand with more and more ZI angles approaching the ideal staggered rotamer conformations 
(Ponder and Richards, 1987; McGregor et al., 1987: Nilges et al., 1990). Although at present there 
is not an equal number of solution structures available which could be used as a data base for a 
similar analysis, the high-resolution solution NMR structures determined to date indicate that 
two situations are predominantly observed. The side-chain is either well ordered, in which case the 
Zt angle is also close to one of the three staggered rotamer conformations, or it is disordered 
(Wagner et al., 1987; Kraulis et al., 1989: Clore et al., 1990a, 1991; Forman-Kay et al., 1991 ). The 
latter also includes cases where two or three of the staggered rotamer conformations coexist in 
rapid equilibrium. If both 3j,/j coupling constants are small ( < 4 Hz), Zl must lie around 60 .  If 
one of the two 3J~[ t coupling constants is large ( > 10 Hz), then the other must be small ( < 4 Hz), 
and ZI has a value close to either - 6 0  ~ or 180. The latter two possibilities can then be distingu- 

�9 ished on the basis of either the relative intensities of the intraresidue NH-C/JH NOEs (Wagner et 
al., 1987) or the size of the heteronuclear 3JN//couplings (Bystrov, 1976). Finally, if the side-chain 
is disordered, the 3j#r couplings are approximately equal with values ranging from 6-8 Hz, as are 
the approximate relative intensities of the various NOEs involving the two fi-methylene protons. 
Given these observations, it follows that a qualitative estimate of the magnitude of the 3j,/j cou- 
pling constants is sufficient for the purposes of stereospecific assignment, particularly when syste- 
matic conformational grid searzh procedures are used (Giintert et al., 1989: Nilges et al., 1990). 

In small proteins, 3j,/j coupling constants can be measured most accurately from the displace- 
ment caused by the passive J coupling in well-resolved C~H-C/JH cross peaks in correlated spectra 
with reduced multiplets, such as E.COSY (Griesinger et a!., 1982), fi-COSY (Bax and Freeman, 
1981 ), PE.COSY (M ueller, 1987: Bax and Lerner, 1988) and z.COSY (Oschkinat et al., 1986). For 
larger proteins, the increased line width together with extensive spectral overlap may frequently 
make it impossible to extract these couplings with,~onfidence. Although in principle one might ex- 
pect that 13C-separated 3D E.COSY-type spectra could alleviate at least the overlap problem, in 
practice, the introduction of ~3C severely broadens the IH resonances and makes this type of ap- 
proach impractical. Other approaches, using eitherlong range heteronuclear couplings (Cowburn 
et al., 1983) or passive couplings measured in isotopically enriched proteins can also be used for 
this purpose (Montelione et al., 1989; Wider et al., 1989) but have not yet gained widespread po- 
pularity for a number of technical reasons. Fortunately, as will be shown below, a qualitative 
knowledge of the relative sizes of the 3J~l s couplings can be readily derived from the intensities of 
the well-resolved HN-C/~H cross peaks in a 3D 15N-separated HOHAHA-HMQC spectrum re- 
corded with a short mixing period. 
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Cross-peak intensities in isotropic mixing experiments depend on the rate at which magnetiza- 
tion flows through a J-coupled spin system during the mixing period. This rate depends not only 
on the topology of  the spin system and on the size of  the pertinent J couplings, but also on the 
quality of  the isotropic mixing scheme used. For the newer isotropic mixing schemes of  the DIPSI 
variety, off-resonance effects are minimal, and near-ideal mixing can be obtained over a substan- 
tial bandwidth (Shaka et al., 1988; Rucker and Shaka, 1988). Cross-peak intensities also depend 
on the relaxation rates of  the originating and destination protons, as well as on the other proton 
spins involved in the transfer pathway. These relaxation rates are generally only known with a low 
degree of accuracy, and may vary substantially for amino acids of the same type at different loca- 
tions in the protein. This diversity in relaxation rates makes it difficult to fit in a rigorous manner 
the cross-peak intensities observed in H O H A H A  type spectra to magnetization transfer curves 
that can be calculated for each of the  amino acids (Cavanagh et al., 1990). However, a good estim- 
ate of  the relative size of the J coupling between the C~H and C/~H/C/~3H protons can be obtained 
from relative intensities of  the HN-C/t-~H and HN-C/~3H cross peaks, assuming that the two fl- 
methylene protons have similar relaxation times. Since relaxation of the fl-methylene protons is 
typically dominated by their geminal dipolar interaction, this assumption is perfectly reasonable. 
Thus, if only the relative amount  of  HN-C/~2H and HN-C/~3H magnetization transfer is of  interest, 
the magnetization from the HN to the C/~H protons may be calculated neglecting relaxation, since 
relaxation of the HN and C~H protons has the same effect on both magnetization transfers. 

Figure I shows the transfer of  magnetization from the HN to the C/JH protons as a function of 
mixing time for a residue with two non-equivalent C/~H protons. The curves are calculated with 
coupling constants of 3JHN:~ = 5 Hz or 10 Hz, 3j:q/3 = 4 Hz a n d  3J~112 = 11 Hz. As e~tpected, it is 
seen that for short mixing times transfer to the CI~2H proton is much larger than transfer to the 
C/~3H proton. Figure 2 plots the ratio of  the two cross-peak intensities as a function of  mixing 
time. This ratio can be slightly reduced if there are other protons coupled to the C/~H protons. The 
dashed lines in both Figs. I and 2 correspond to a "worst cfise scenario" where a single C;'H proton 
has a large coupling (11 Hz) to C;~-'H and a small coupling.(4 Hz) to C/S3H. As can be seen in Fig. 
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Fig. [. Fraction of magnetization, A transferred from the HN to the CtP-H and C;C~H protons as a function of the duration 

ofisotropic mixing for (A) UH~, = 10 Hz and (B) U,~., = 5 Hz. For both cases 2Jtr162 = - 14 Hz. Ideal isotropic mixing is 

~,ssumed and the fractions are calculated in the absence of relaxation. Relaxation attenuates the HN--*Ctn-H and 

HN--*CII~H magnetization transfer to the same extent. The solid lines correspond to a spin system without C;H protons; 

the dashed lines corresponds to a spin system with a single C~H proton with ~J~ = 11 Hzand ~Jt~3~ = 4 Hz. 
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2, this reduces the cross-peak ratio slightly for short mixing times ( < 35 ms), although the abso- 
lute HN-C/JH cross-peak intensities can be affected quite significantly (Fig. 1 ). 

Distinguishing between amino acids with free rotation about the C~-C p bond and amino acids 
wi th  the XJ = 60~ rotamer that puts both methylene protons in gauche positions with respect to 
the C=H proton, requires a comparison of  the HN-C~H and HN-C/JH cross-peak intensities. Be- 
cause the transverse relaxation r~tes of the C=H and CPH protons may differ substantially, this 
type of  semi-quantitative interpretation of  cross-peak ratios is less straightforward than the case 
discussed above. In the case of a fixed rotamer with ZI = 60_+ 30 ~ both 3j,p couplings are less than 
about 4 Hz, whereas in the case of free rotation, the couplings are between 6 and 8 Hz. Thus, 
stronger HN-CPH cross peaks are expected for the free-rotation case relative to a fixed 2'z ~ 6 0  
rotamer. These cross-peak intensities, however, also depend strongly on the size of  the 3JHN, cou- 
pling. Figure 3 shows the ratio of  the intensities expected for the HN-CPH and HN-C~H cross 
peaks for both 4 Hz and 7 Hz 3j~/j couplings, assuming identical relaxation times for all spins in- 
volved. In the case of  free rotation, the relaxation time of  the CPH protons is expected to become 
longer relative to the case of a fixed rotamer, which would increase the CPH/HN:C'H/HN cross- 
peak ratio to an even larger value compared to tile fixed ZI ~ 60' rotamer. The CI~H/HN:C'H/ 
HN cross-peak ratios shown in Fig. 3 are drawn for the 3JHN = coupling of  7 Hz but depend only 
weakly on the size of  this coupling provided it is in the 4-10 Hz range. 

Figure 4 illustrates the HN-C 'H  and HN-CPH cross peaks for some typical residues obtained 
for the 3D J SN-separated H O H A H A - H M Q C  spectrum of IL- lfl recorded with a duration of 30.7 
ms for the DIPSI-2 mixing sequence. In the case of)fl = - 6 0  ~' (Fig. 4A) or ZJ = 180~' (Fig. 4B), 
it is generally the case that only one of the two possible HN-CPH cross peaks is observed, cor- 
responding to the CPH proton with the larger 3j,p coupling (i.e. C/~-H in the case ofxi  = - 60 ~ and 
CP3H in the case ofxi  = 180~'). Occasionally both HN-CPH cross peaks can be observed (e.g. Asp- 
142 in Fig. 4A), but in such cases one of  the cross peaks is much stronger than the other. For those 
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Fig. 4. Composite of amide strips taken from the 3D ~SN-sepa- 
rated HOHAHA-HMQC spectrum of '~N labeled IL-Ifl re- 
corded with a 30.7 ms mixing time showing NH-C'H and NH- 
C/tH cross peaks for a number of residues. Examples of res- 
idues with Z, = -60 , 180 and 60'" are shown in (A), (B) and 
(C), respectively, while residues with disordered Z. conforma- 
tions are shown in (D). The strips were extracted from the 3D 
spectrum as described by Driscoll et al. (1990a). The assign- 
ments are from Driscoll et al. (1990a) and Clore et al. (1990c). 

residues with Z] = 60~ (Fig. 4C), where both 3j,/j coupl ings are small, no relayed HN-CPH cross 

peaks are observed. Final ly,  for those residues with disordered ZI confo rma t ions  (Fig. 4D), both 

HN-C/~H cross peaks are seen with approximate ly  equal intensity.  It is also impor t an t  to point  out 

that the qual i ta t ive results ob ta ined  from this spectrum are in complete agreement  with the quan-  

titative 3j~/~ coupl ings  measured from a 2D PE.COSY spectrum for all residues where the C~H - 

C/~H cross peaks were sufficiently resolvable. 

In principle, the C~H-C/~H NOE cross-peak intensities recorded with a short mixing time prov- 

ide in fo rmat ion  that  is of  the same na ture  as the 3j~/~ coupl ings discussed above. A ro tamer  with 

one of  the C/~H pro tons  t rans relative to the C ' H  pro ton  is expected to show a much stronger 

N O E  to the gauche C/~H pro ton  than to the trans one, thus al lowing Z~ = 60~' and  Zt = - 6 0 ~  or 

180  to be dist inguished.  In practice, it is difficult to obta in  a 3D 13C-separated N O ES Y  spectrum 

with a short  enough mixing time to avoid spin diffusion. Such 3D spectra recorded with very short  

mixing times have intense d iagonal  resonances with substant ia l  a m o u n t s  of h-noise  associated 

with these intense resonances,  thus obscur ing  many  of the weaker cross peaks (unpubl i shed  obser- 

vations).  Here we demons t ra te  that  a 13C-separated ROESY experiment  is a feasible technique 
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and a useful alternative to the short mixing time NOESY. In the rotating frame, the Overhauser 
effect (ROE) is positive for all values of the molecular correlation time rc (Bothner-By et al., 
1984). Therefore, indirect ROE contributions are of opposite sign relative to direct ROE effects in 
the case of one intervening spin (Bax et al., 1986). Positive indirect effects involving an even 
number of intermediate spins are generally unobservable because positive and negative contribu- 
tions tend to cancel one another. Thus, ROESY spectra recorded with reasonably long mixing pe- 
riods still give a faithful representation of internuclear distance both for small proteins and oligo- 
nucleotides (Bauer et al., 1990) and for larger proteins such as IL-1//(Clore et al., 1990c). When 
setting up the ROESY experiment, we determine the approximate average value of the spin- 
locked relaxation time Tit,, and use this value for the mixing time duration in the ROESY experi- 
ment, thereby optimizing the signal-to-noise ratio. For our present example, namely IL-1//, this 
duration was 22 ms. Diagonal resonances recorded with this mixing time are attenuated signifi- 
cantly, and reasonably strong cross peaks can be readily observed. As a consequence of the short 
mixing time, however, interproton distances larger than about 3.5 ,~, do not give rise to observable 
ROE cross peaks. 
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Fig. 5. Two IH( F0-nH(FO planes at different IsC frequencies of the 3D I~C-separated ROESY-HMQC spectrum of '~C tSN 

labeled IL-lfl recorded with a 22 ms mixing time. (A) ROEs to the C'H protons of Ash-7, Asn-102 and Met-130 tit 

~$L3C = 51.4 ( _+ nSW) ppm (the spectral width SW is 20.71 ppm). Only positive levels are shown and diagonal resonances 

are therefore not observed. In the case of Asn-7 and Ash-102, Z~ - - 6 0  , while for Met-130 we were unable to make the 

distinction between Z~ ~ - 60 and Z~ - 180 . Note, however, that for Met- 130, a ROE between the C'H proton and only 

one of the two C/JH protons, namely the low-field Ca"H, is observed, indicative of an ordered conformation with Zn 

- 6 0  or - 1 8 0 .  (B) ROEs to the C'H protons of Pro-2, Pro-57, Pro-91, Pro-131 and Val-132 at r = 61.9 (_+nSW) 

ppm. Note that in addition to intraresidue ROEs, a number of both short and long range interresidue ROEs are observed 
in both slices. The assignments are from Clore et al. (1990c). 
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Figure 5 illustrates some typical IH(FI)-IH(F3) slices at different 13C(F2) frequencies of  the ~3C- 
separated ROESY-HMQC spectrum of  IL-Ifl. In the case o fz i  = - 6 0 "  or 180 ~ (e.g Asn-7, Asn- 
102 and Met-130 in Fig. 5A) it is clear that one of the C'H-C/~H ROEs is much stronger than the 
other, while for 2'~ = 60 ,  the two ROEs are strong and of approximately equal intensity (data not 
shown). In addition, the relative distances between the C~H and C/~H protons in proline residues 
where Z~ = - 3 0  to + 30 ~, is readily ascertained. This provides unambiguous data on the stereo- 
specific assignment of the C/JH methylene protons of proline, as the C~H-C/nH distance is usually 
shorter and can never be longer than the C~H-Cfl2H distance (Clore et al., 1986). This is clearly 
seen in Fig. 5B which displays ROEs involving the C~H and CflH protons of four proline residues, 
Pro-2, Pro-57, Pro-91 and Pro- 131. For these four proline residues (as well as for all the other pro- 
lines in IL-Ifl), either only a ROE to a single C,qH proton is observed (e.g. Pro-91), or the ROE to 
one of the C,'r protons is much stronger than that to the other C/~H proton (e.g. Pro-2, Pro-57 
and Pro- 131 ), making the distinction of the C/;3H and C/t2H resonances simple. Also of interest in 
the 3D ~3C-separated ROESY spectrum is the observation of a number of interresidue ROEs both 
short range (e.g. between Met-130 C 'H and Pro-131 C'~H in Fig. 5A and between Pro-57 C~H and 
Val-58 C:'H in Fig. 5B) and long range (e.g. between Ash-7 C~H and Set-43 C~H, Pro-57 C 'H and 
Asn-102 C~H, Pro-131 C~H and Lys-27 C~H, Pro-131 C~H and Lys-27 C;H, Val-132 C~H and 
Thr- 124 C 'H,  and Val-132 C 'H and Thr- 124 C;'H). 

Using the data from spectra such as those described above, together with 3JuN ~ couplings ob- 
tained by Driscoll et al. (1990b) from an HMQC-J spectrum (Kay and Bax, 1989), and relative 
distance restraints for the intra- and sequential interresidue C~H-NH and C/JH-NH NOEs derived 
from a short-mixing-time 3D 15N-separated NOESY spectrum, we were able to obtain, using the 
conformational grid search program STEREOSEARCH (Nilges et al., 1990), stereospecific as- 
signments and r V and ZI torsion angle restraints for 81 of  the 121 residues (i.e. 67% of the resi- 
dues) in IL-lfl with C fl methylene protons (Clore et al., 1991). For the remainder, either 2'1 = - 
60 could not be distinguished from Z~ = 180~, or the fl-methylene protons have degenerate shifts, 
or the S TER EOS EARCH program was unable to find a combination of~,  ~ and ZJ angles com- 
patible with the NMR data. The latter is indicative of multiple side-chain orientations. In this re- 
spect, it is interesting to note that nearly all of  the residues for which no stereospecific assignments 
could be made are located on the protein surface. 
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