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m m  n e  p m c e  and location of bund internal water molecules in the solution structure of interleukin ' 
1 @ have been investigated by means of threedimensional 'H rotating-frame Overhauser lH-l5N multiple 
quantum coherence sp t roscopy  (ROESY -HMQC). In this experiment through-space rotating-frame 
Overhauser (ROE) interactions between NH protons and bound water separated by 53.5 A are clearly 
distinguished from chemical exchange effects, as the cross-peaks for these two prmesses are of opposite 
sign. The identifiation of ROES between NH protons and water is rendered simple by spreading out t he  
spectrum into a third dimension according to the "N chemid shift of the directly bonded nitrogen atoms, 

and assignment of ROE p k s  between NH protons and water in a 2D W ' H  ROESY spectrum of a large 
protein such as interleukin 18, namely, extensive NH ckemicaI shift degeneracy and ROE peaks obscured 
by much stronger chernid exchange peaks, are completely circumvented. We demonstrate the existence 
of 15 NW protons that are close to bound water molecules. From an examination of the crystal structure 
of interleukin 18 [Finzel, B. c., CIancy, L. L., Holland, D. R., Muchrnore, S. W., Watenpaugh, K. D., & 
Einspahr, H. M. (1  989) J.  Mol. Bioi. 209,77%79 11, the results can be attributed to 11 water molecules 
that are involvd jn interactions bridging hydrogen-bonding interactions with backbone amide and carbonyl 
groups which stabilize the 3-foId pseudosymmetric topology of interleukin l@ and thus constitute an integral 
part of the protein structure in solution. 

i By this means, the problems that prevent, in all but a very few limited cases, the interpretation, identifiation, 

B o u n d  water molecules are invariably present in bigh-re- 
olution X-ray structures where they m y  be found either within 
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the interior of the protein or on the surface (Deisenhofer & 
Steigemann, 1475; Blunddl & James, 1976; Finney, 1979; 
James & Sielecki, 1983; Edsall & McKenzie, 1983; Baker & 
Hubbard, 1984; Teeter, 1984; Wl&wer et ai., 1987). Internal 
water molecules often play a roIe in stabilizing the protein 
structure through bridging hydrogen-bonding interactions and 
additionally may be involved in catalysis (Bode & Schwager, 
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1975; Branden et al., 1975; Rea et al., 1983). Ordered surface 
waters, on the other band, tend to be clustered around polar 
groups (Carter et al., 1974; Rose, 1978; Brlnger et al., 1985). 
Evidence for water molecules bund  to proteins in solution has 
come from a number of sources, which include the demon- 
stration of a layer of hydration through magnetic relaxation 
experiments (Kvenig et al., 1978; Halle et al., 198 1; Shirley 
& Bryant, 1982) and the measurement of bound water ex- 
change with I8O tracer techniques (Tuchsen et al., 1987), I t  
is only very recently, however, that bound internal water has 
been directly observed in a small protein in solution, namely, 
bovine pancreatic trypsin inhibitor, by means of 2D' rotat- 
ing-frame Overhauser (ROESY) experiments (Otting & 
Wuthrich, 1984)- The rational behind the ROFSY experiment 
lies in its ability to distinguish interactions between protein 
protons and water arising from through-space (<4 A) nuclear 
Overhauser effects and chemical exchange, as these two 
processes give rise to cross-peaks of opposite sign (Bothner-By 
et al., 1984; Bax & Davis, 1985; Davis & B I X ,  1985). This 
contrasts to conventional 2D NOESY experiments in the 
laboratory frame where NOE and chemical exchange peaks 
are of the same sign and hence indistinguishable (Jeener et 
al., 1979). Unfortunately, the application of 2D methods to 
the identification of bound water molecules is very limited, 
because all such interactions give rise to crowpks  on a single 
trace of the 2D spectrum, parallel to the F2 axis at the F1 
frequency of the H,O resonance. This particular trace often 
shows severe base-line distortion caused by the intense H 2 0  
resonance. Moreover, extensive resonance overlap often occurs 
on this trace due to the multitude of exchange, ROE, and 
ROE-xchange (vide infra) interactions. Cmsequently, many 
of the ROES between NH protons and water m a y  be obscured 
try the presence of much stronger chemical exchange peaks 
h a t e d  at  the same frequency, effectively wiping out any 
intensity from the ROE. This is particularly so for ROES that 
involve NH protons raonating in the vicinity of sidechain 
amide and guanidino group, which invariably give rise to large 
chemical exchange peaks with water. 
In a series of recent papers we have presented the complete 

assignment of the backbone and sidechain 'H, ISN, and 
resonance of interleukin 18, a protein of 153 midues and 
molecular mass of 17.4 kDa, together with an analysis of its 
secondary structure and molecular topology using a range of 
3D double- and tripbra4onance htteronuclear NMR exper- 
iments (Marion et al., 1989a; Driscoll et al., 1990a,b; Clore 
et al., 1990a). l L l B  is itself of great interest as it is a member 
of the cytokine family of proteins, which play a central role 
in the immune and inflammatory r a p n s e s  [see Oppenheim 
et al. (1986), Dinarello (1988), and Moore (1989) for reviews]. 
RecentIy, two refined X-ray structures of IL1g at 2-A reso- 
lution have h e n  published (Finzel et al., 1989; Pride et al., 
14891, and a number of internal water molecules participating 
in stabilizing backbone interactions, particularly at the ends 
of @-sheets, have been identified (Einzel et al., 1989). In this 
paper, we make use of a noveI 3D heteronucIear NMR ex- 
periment, 3D 'H rotating-frame Overhauser 'H-'% multiple 
quantum coherence spectroscopy (ROESY-HMQC), to s p 5  
cifically identify NH protons in close proximity to bund water. 
3y separating out the ROE and chemical exchange peaks into 
a third dimension on the basis of the IsN chemical shift of 

Abbreviations: I t  18, interleukin I NOE, nuclear Overhauser 
effect; ROE rotating-€me Overhauser effect; 2D, two dimemiwal; 3D, 
three dimensional; ISN-'H ROESY-HMQC, thrdimensional IN ro- 
tating-frame Overhauser 'Wi5N multiple quantum coherence spectres- 
W Y .  

FIGURE 1. : Pulse sequenoe for the 'H-lSN ROESY-HMQC experi- 
ment. SL is a spin lock. ROESY mixing is achieved by a spin lock 
applied for 33 ms along they  axis (SL,). The two other spin-lmk 
pulses (SI+ and SLJ are applied for only 2 ms. The delay A i s  set 
to 2.25 ms, dightly less than l/(4JNH). 15N dmupling during the 
acquisition period is achieved with WALTZ modulation (Shah  et 
al., 1983). The phase cycling is as follows: & = 4(x), 4(-x) and Acq 
= 2(x,-x7-x,x). Quadrature in F, and F2 is obtained with the 
TPPI-States method (Marion et al., I989b), using = 4(x,-x), 
4Cy,-y) and g2 = Z(x,x,-x,-x), 2cyY,-y,-y) and storing data far fx 
and *y components of #[ and fi2 separately to be processed as mmpiex 
data. Each time 1, is incremented, and the receiver phase are 
increased by 180°, and similarty, each time t, is incremented, and 
the receiver phase are increased by 1 8 0 O .  

nitrogens directly bonded to protons, the limitations of the 2D 
ROESY experiment are compIetely circumvented. 

EXPERIMENTAL  PROCEDURE^ 

Uniformly la beled (>95%) [ lSN] IL- 10 was prepared and 
purified as described previously (Wingfield et al., 1986; 
Driscoll et al., 1990a). Samples for NMR contained 2 m M  
[E5N]IL-l@ in 1.00 m M  sodium acetated,, pH 5.4, dissolved 
in 90% HzO/lO% D2Q. NMR spectra were recorded at  36 
O C  on a Brukw AM600 spectrometer, operating in the reverse 
m d e .  The 3D 'H-I5N ROESY-HMQC spectrum was pro- 
cessed on a Sun Sparc station using an in-house routine for 
the F2 Fourier transform, together with the commercially 
avaihbk 2D software package mm2 (New Methods Rasearch 
Xnc., Syracuse, NY) for processing the F1-F3 planes, as de- 
scribed previously (Kay et aL, 1989). 

RKULTS AND DISCUSSION 
The pulse scheme used for the 3D 'H-I5N ROESY-HMQC 

experiment is given in Figure I.  After the evolution of '€3 
chemical shifts during the period t,, a 33-ms spin lock applied 
along they axis causes mixing of 'H magnetization through 
chemical exchange and ROE effects (as well as some Hart- 
mam-Hahn effects). At t h i  stage, proton magnetization is 
aligned along the effective field, in the yz plane, close to the 
y axis. After dephasing caused by the "N-'H J coupling 
during the time period 2A - 1/(2JNH), all magnetization 
r4ding  on 15N-bound protons is subsequently converted into 
lH-ISN multiple quantum coherence by the application of a 
I5N 90' pulse (MueIFer, 1979). Note that magnetization from 
protons not attached to particularly H 2 0  magnetization, 
remains aligned along they axis at the end of the interval 2A. 
The short 2-ms trim pulse applied along the x axis then ef- 
fectively removes this magnetization by randomization 
(Mmerle et al., 1989), avoiding the necessity for presaturation 
of the H 2 0  resonance. En this manner, water suppression is 
achieved without perturbing the observation of ROE effects 
between water and 15N-bound protons. During the evolution 
period 6, '€4 offset effects are suppressed by the 1 SOo 'H pulse, 
and multiple quantum ooherence evolves with the I5N chemical 
shift frequency. At the end of the t2 pwiod. multiple quantum 
coherence is converted back to observable magnetization in 
the standard manner (Mueller, 1979; Bax et al., 1983). To 
ensure identical amounts of 2 magnetization at the start of 
every sequence, a trim pulse is applied along the x axis im- 
mediately after data acquisition. It is important to note that 
in this type of experitynt the water magnetization is ran- 
domized and that recovery during the delay hme between sww, 
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Met-20, Leu-26, Ah-28, Leu-3 I ,  Val-40, Gh1-48~ Glu-50, 
Leu-60, Leu-69, Phe 1 12, Ala- 1 15, Gln-116, Ser- 125, Am- 129, 
and Met-130. Examination of the crystal structure of I L l S  
(Finzel et al., 1989) indicates that for 15 of these 17 NH 
protons there are no labiie sidechain protons in close proximity 
(Le., <3.5 A) so that these effects can be attributed directly 
to ROES involving bound water. In  the case of Ala-1 15 and 
Gln-116, however, the NH protons are -2.5 A away from 
the hydroxyl group of Ser-E 14 so that an alternative pathway 
involving an ROE to the OrH of Ser-I14 follawed by chemical 
exchange of the hydroxyl proton with water is possible. 

The intensity of a cross-peak between an NH proton and 
bound water depends both on the proximity of the NH proton 
to the water protons and on the lifetime of the bound water 
molecule. A rough estimate on the lower limit of the bound 
water lifetime, however, can be obtained as follows. The 
intensities of the ROE cross-peaks with bound water vary from 
3 t Q  8 times lower than the average intensity of the 
CuH(i)-NH(i+ 1) sequential ROE peaks within a &sheet, 
which corresponds to a distance of -2.2 A. As discussed 
above, the ratios of ROE crosspeak intensities at the mixing 
time (33 ms) employed still provide a good estimate of in- 
terproton distance ratios. Hence, the intensity of a RUESY 
peak between two protons is a direct reflection of the corre- 
sponding dipole-dipole relaxation rate in the rotating frame. 
This rate is  in turn directly proportional to the inverse sixth 
power of the distance andf ( rd )  = 4~~~ -t 4 ~ & / ( 1  + &T&~$, 

where T& is the effective correlation time of the interproton 
vector and w the spectrometer frequency. Ignoring internal 
motion, rem i s  given approximately by rfiml - 7R-1 + ~e3;l ,  
where r g  and rCx are the rotational correlation time of the 
protein and the lifetime of the bound water molecule, r s  
spectively. If the residence time of the bound water moIecule 
is much longer than rR, the ROE intensity, for a given in- 
terproton distance, is determined solely by the overall tumbling 
time of the protein, which in this case is 8.3 ns ( C l m  et al., 
199Ob). If, on the other hand, the lifetime is much shorter 
than T ~ ,  the ROE will be determind by 7,. If we assume 
that we could detect a cross-peak up to 20 times less intense 
than the sequential C?H(i)--NH(f+l) cross peaks within an 
antipatallel O+heet, then an RQE between an WH proton -2, 
-2.5, and -3 A away from a water proton (taking into 
amunt  the 2-fold attenuation of ROES involving water protons 
relative to those involving only protein protons, mentioned 
above) could still be observed at n mixing time of -30 ms 
providing the lifetime of the bound water molecule would be 
greater than about 0.2, 2, and 8 ns, respectively. 

Because the bound water resonances are degenerate with 
water, it is dear  that the results a n  only be interpreted in 
smcturat terms in light of a high-mlution structure of JL 16. 
Examination of the X-ray structure of IL-10 reveals the 
presence of 84 bound water molecules (Finzel et at., 1989). 
We, however, only observe R O B  involving a small proption 
of these, and in each case, the water molecule involved takes 
part in bridging backbone hydrogen bonds of the type 
NH- - -ON- - -CO. In the case of 12 of the 15 NH protons, 
the NH proton is itself hydrogen bonded to water, whereas 
in the other three cases (Val-40, Leu-69, and Asn-129) it is 
within close proximity (<3 A) of a bound water molecule. 
These interactions are summarized in Figure 3. 

The overall topology of IL-lB displays internal pudc4-fold 
symmetry (Priestle et al., 1988; Finzel et al., 1989; Driscoll 
et al., 1990b). Each topological unit is composed of five 
antiparallel @-strands (Figure 3 A Q  which we shall denote 
as A-E. These form three antiparallel &sheets in a triangular 
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FIGURE 3: Lacation of bound water molecules in IL-lb d e d u d  from 
the presence of R O E Y  crm-peaks between NH protons and water 
in the 3D lWi5N ROIESY-HMQC experiment. The molecular 
topology of IL-10, derived from Lwth WMR (Drisooll et al., 1990b) 
and crystallographic (Finzel et al., 1989) data, is depicted sche- 
matically. T h e  three repeating topological units, each composed of 
five antiparallel &strands, are shown in (AF(C), and the interface 
of the three units is shown in @). The NH protons that are involved 
in ROESY cross-peaks with water are indimtd by residue name and 
number, and the water molecules are depicted as diamonds. The 
hydrogen-bonding interactions of these water molmles, as seen in 
the crystal structure, are indimted by the arrows. 

arrangement. Thus, one sheet is formed by strands A and B 
and the Gterrninal end of E, another comprises strands D and 
C and the C-terminal end of strand B, while the third is made 
up from strands C and D and the N-terminaI end of strand 
E. Strands B and C are mnnected by a tight turn, while 
strands C and D are connected by either a turn or a longer 
loop. There are a total of 12 &strands (I-XI[), and strand 
A is equivalent to strands XII (Figure 3A), I Y  (Figure 2B), 
and VI11 (Figure 3C) in the first, second, and third topoIogiml 
unit, respectively, strand B to strands I, V, and JX, strand C 
to strands 11, VI, and X, strand D to strands 111, VlI, and XI, 
and finally strand E to strands IV, VIII, and XIE. Note that 
strand XI1 is strand A in the first unit and strand E in the 
third, strand IV is strand A in the second unit and strand E 
in the first, and strand VIII is strand A in the third unit and 
strand E in the second. The three units are linked together 
by three antiparallel @-sheets formed by the D strands of each 
topological unit (Figure 3D). 

Three of the internal molecules that we observe occur in 
approximately the same location, although not nmssarily in 
the same orientation, within mch of the three topological units 
and f m  a bridge between strands B and C (Figure 3A-C), 
Thus, a water molecule bridges Leu- 18 NH (strand IIJC) and 
Leu-10 CO (strand I/B) in the fmt unit (Figure 3A), Laud0 
NA (strand V/B) and Leu-69 CO {strand Vl/C) in the SeCMLd 
unit (Figure 3B) with the WH of Leu-69 in close proximity 
to the water molecule, and P h e l l 2  NH (strand XI/@ and 
ne-122 CQ (strand X/C] in the third unit (Figure 3C). The 
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