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ABSTRACT: The backbone dynamics of uniformly 15N-labeled interleukin- 1 @ are investigated by using 
two-dimensional inverse detected heteronuclear 15N-'H N M R  spectroscopy. 15N T1, T2, and N O E  data 
a t  a spectrometer frequency of 600 MHz are obtained for 90% of the backbone amide groups. The data 
provide evidence for motions on three time scales. All the residues exhibit very fast motions on a time scale 
of ,520-50 ps that can be characterized by a single-order parameter with an average value of 0.82 f 0.05. 
For a model comprising free diffusion within a cone, these residue-specific order parameters translate to 
an average cone semiangle of 20.7 f 3.3'. Thirty-two residues also display motions on a time scale of OS-4 
ns, slightly less than the overall rotational correlation time of the protein (8.3 ns). These additional motions 
must be invoked to account for the discrepancy between experiment and the simplest theoretical formulation 
in which the internal motions are described by only two parameters, a generalized order parameter and 
an effective correlation time [Lipari, G., & Szabo, A. (1982a) J .  A m .  Chem. SOC. 104, 4546-45591. In 
particular, while the simple formulation can account for the 15N T1 and T2 data, it fails to account for the 
I5N-'H NOE data and yields calculated values for the NOES that are either too small or negative, whereas 
the observed NOES are positive. With the introduction of two internal motions that are faster than the 
rotational correlation time and differ in time scales by at least 1-2 orders of magnitude [Clore, G. M., Szabo, 
A., Bax, A,, Kay, L. E., Driscoll, P. C., & Gronenborn, A. M. (1990) J.  A m .  Chem. SOC. 112,4989-49911, 
all the relaxation data for these 32 residues can be fitted by two order parameters and an effective correlation 
time for the slower of the two internal motions. A simple model for these two motions is one in which the 
very fast motion involves axially symmetric diffusion within a cone, while the slower motion comprises jumps 
between two different orientations of the N H  vector. For such a model the jump angle (excluding the 
C-terminal residue) ranges from 15' to 69' with a mean value of 28.6 f 14.0'. Another 42 residues are 
characterized by some sort of motion on the 30-ns-10-ms time scale, which results in I5N line broadening 
due to chemical exchange between different conformational substates with distinct 15N chemical shifts. In 
general, the motions on both the 0.5-4-ns and 30-ns-10-ms time scales are localized in surface-accessible 
loops and turns connecting the @-strands, as well as at the beginning and end of strands. In addition, some 
of the residues whose I5N line widths are exchange broadened are directly involved in backbone hydrogen 
bonding with bound internal water molecules or are in close proximity to residues that are. Finally, the 
kinetic and equilibrium properties of a slow conformational equilibrium between a major and a minor species, 
involving at least 19 residues and located on one contiguous face of the molecule, are characterized by using 
IH-15N correlation spectroscopy, lH-I5N heteronuclear multiple quantum coherence-nuclear Overhauser 
enhancement spectroscopy, and 'H-lH nuclear Overhauser enhancement spectroscopy. 

R o t e i n  function is inextricably linked with atomic motion 
[see, e.g., Careri et al. (1975), Campbell et al. (1978), De- 
brunner and Frauenfelder (1982), Wodak et al. (1987), and 
Williams (1989) for reviews]. For example, the recognition 
process involved in protein-receptor, antigen-antibody, and 
enzyme-substrate interactions must involve protein flexibility 
in order to permit both fast recognition and fitting and to 
enable the appropriate conformational changes required for 
function to take place (Bennett & Huber, 1983; Ringe 8c 
Petsko, 1985; Brooks et al., 1988). Even such simple reactions 
as the binding of oxygen and carbon monoxide to myoglobin 
involve a large number of conformational substates (Austin 
et ai., 1975; Ansari et al., 1985). Examples of the types of 
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motion that may occur include local side chain and segmental 
movements, movement of helices relative to other helices and 
sheets, hinge movements, and swinging arm motions. 

Hormones constitute a classic example of proteins and po- 
lypeptides that exert their effects by interacting with other 
proteins, namely cell surface receptors. One class of hormones 
is a family of proteins known as cytokines, which play a central 
role in the immune and inflammatory responses. The topic 
of the present study is the cytokine interleukin-l/3 (IL-l@),l 
a protein of 153 amino acids with a molecular mass of 17.4 
kDa. The specific activities of IL-l/3 all involve its interaction 

I Abbreviations: IL-IS, interleukin-lg; NMR, nuclear magnetic 
resonance; T I ,  spin-lattice relaxation time; T2, spinspin relaxation time; 
CSA, chemical shift anisotropy; CPMG, Carr-Purcell-Meiboom-Gill; 
NOE, nuclear Overhauser enhancement; NOESY, two-dimensional nu- 
clear Overhauser enhancement spectroscopy; HMQC, heteronuclear 
multiple quantum coherence; SD, standard deviation; rms, root mean 
square. 
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with a cell surface receptor and include stimulation of B- 
lymphocyte proliferation, thymocyte proliferation via the in- 
duction of interleukin-2 release, prostaglandin and collagenase 
release, induction of acute-phase protein synthesis by hepa- 
tocytes, and fibroblast growth factor activity [see Dinarello 
(1984, 1988), Oppenheim et al. (1986) and Moore (1989) for 
reviews]. In  two recent papers, we presented the complete 
resonance assignment of the polypeptide backbone of IL-1P 
and the determination of its secondary structure and molecular 
topology, using primarily three-dimensional IH-I5N hetero- 
nuclear NMR spectroscopy (Driscoll et al., 1990a,b). The 
structural conclusions derived from the NMR data were found 
to be in complete agreement with two independently solved 
high-resolution X-ray structures (Finzel et al., 1989; Priestle 
et al., 1989). 

Intramolecular motion can be studied by using a number 
of experimental and theoretical approaches. Examples of the 
former include techniques such as NMR spectroscopy [see 
Jardetzky and Roberts (1981), Wagner (1983), Karplus and 
Dobson (1986), and Williams (1989) for reviews], fluorescence 
quenching and lifetime measurements (Lakowicz & Weber, 
1973,1980; Levy & Szabo, 1982; Gratton & Lankowicz, 1985; 
Bucci & Steiner, 1988; Merola et al., 1989; Bismuto et al., 
1989a,b), isotope exchange (Woodward & Hilton, 1979; 
Englander & Kallenbach, 1983; Wagner, 1983), Mossbauer 
spectroscopy (Parak et al., 1981, 1982; Bauminger et al., 1983; 
Parak & Knapp, 1984; Nadler & Schulten, 1984), neutron 
scattering (Cusack et al., 1988; Dorster et al., 1989) and X-ray 
crystallography (Frauenfelder et al., 1979; Artymiuk et al., 
1979; Hartmann et al., 1982). Theoretical methods generally 
involve the application of molecular dynamics simulations [see 
Karplus and McCammon (1981, 1983) and Brooks et al. 
(1988) for reviews] and normal mode analysis (Brooks & 
Karplus, 1983; Go et al., 1983; Levitt et al., 1985). Of the 
various experimental methodologies, only NMR and X-ray 
crystallography can provide a comprehensive picture of motion 
of the atomic level. I5N and I3C NMR relaxation measure- 
ments provide a powerful means of obtaining such information 
on fast motions, generally less than the rotational correlation 
time of the protein (London, 1980; Lipari & Szabo, 1982a,b; 
Lipari et al., 1982). To date, most of the heteronuclear re- 
laxation data on proteins has been fragmentary and limited 
by the use of one-dimensional techniques (Allerhand et al., 
1971; Glushko et al., 1972; Gust et al., 1975; Hawkes et al., 
1975; Norton et al., 1977; Howarth, 1978; London & Avita- 
bile, 1978; Llinas & Wuthrich, 1978; Wittebort et al., 1980; 
Richarz et a]., 1980; Jardetzky et al., 1980; James, 1980; 
Henry et al., 1986; McCain & Markey, 1987; McCain et al., 
1988; Smith et al., 1987; Bogusky et al., 1987; Schiksnis et 
al., 1987; Dellwo & Wand, 1989). With the advent of new 
two-dimensional techniques for measuring heteronuclear re- 
laxation (Kay et al., 1989a; Nirmala & Wagner, 1988, 1989), 
it has now become possible to obtain a detailed and compre- 
hensive picture of these fast motions in proteins. 

In this paper we present an analysis of the backbone dy- 
namics of IL-I@ using inverse detected lH-15N 2D NMR 
methods. I5N TI, T2, and NOE data were obtained for 90% 
of the backbone amide groups (128 out of a total of 144). We 
show that all measurable residues exhibit very fast motions 
on a time scale of 520-50 ps. In addition, 32 residues display 
a second motion of significant amplitude on a time scale of 
0.5-4 ns, which is less than an order of magnitude smaller than 
the overall rotational correlation time (8.3 ns), while another 
42 residues are characterized by an additional motion on the 
30-ns-10-ms time scale, which leads to I5N T2 exchange line 
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broadening. Finally, the kinetic and equilibrium properties 
of a slow conformational equilibrium between a major and a 
minor species, involving at least 18 residues, are characterized 
by using lH-15N correlation spectroscopy, IH-I5N HMQC- 
NOESY, and 'H-IH NOESY. 

EXPERIMENTAL PROCEDURES 
Sample Preparation. The preparation and purification of 

des-Ala'-IL- 10 was as described previously (Wingfield et al., 
1986; Gronenborn et al., 1986; Driscoll et al., 1990a). This 
form of IL-ID rather than IL-ID purified from the wild-type 
gene construct was used, as the latter exhibits N-terminal 
heterogeneity and comprises a 3:2 mixture of unprocessed and 
des-Alal forms (Driscoll et al., 1990a,b). Uniform I5N labeling 
(>95%) was carried out by growing cells in minimal medium 
containing 15NH4CI as the sole nitrogen source. Samples for 
NMR contained -2 mM protein in 100 mM sodium ace- 
tate-d3 buffer, pH 5.4, in 90% H20/10% D20. 

NMR Spectroscopy. All NMR experiments were carried 
out at 36 "C on a 600-MHz Bruker AM600 spectrometer 
operating in "reverse" mode. 

The 'H detected I5N-lH correlation experiment used a pulse 
sequence that incorporates a double INEPT transfer of 
magnetization from IH to I5N and back again, known as the 
"Overbodenhausen" experiment (Bodenhausen & Ruben, 
1980; Marion et al., 1989; Bax et al., 1990). The pulse se- 
quence for this experiment is 
'H 90,-A-I 80~-A-90~-2~/2-18O~-2~/2-9Ox-A- I80,-A-Acqx 
I5N 180, 9 0 ~ 1  90Q2 180, Dec 

The delay A is set to 2.3 ms, slightly shorter than 1 /(4JNH) 
to minimize relaxation losses. The pulse in the center of the 
evolution period for this experiment, as well as in the T I ,  T2, 
and NOE experiments described below, is a composite 180" 
IH pulse (90,-180,,-90,). Time-proportional incrementation 
(TPPI; Marion & Wuthrich, 1983) is applied to the phase 41 
to achieve quadrature detection in F I .  The phase cyling em- 
ployed was as follows: $1 = x, -x, -x, x; 42 = x, x, -x, -x; 
and x = x, -x, x, -x. I5N decoupling in F2 was carried out 
by using GARP (Shaka et al., 1985) phase modulation. 

The pulse sequences used to measure the I5N T, and T2 
relaxation times, as well as the lH-I5N NOE, have been de- 
scribed in detail by Kay et al. (1989a). They are based on 
the Overbodenhausen experiment and for the sake of clarity 
are summarized below. 

The sequence used to measure 15N Tl's is 
'H 90,-3-180,-4-90,1-r-l 80,-~-11/2-1 80.-1,/2- -7-1 80,-~-90,-3-1 80,-3-Acqx 
"N 180, 90,, 180, 90,,-7-90, 180, 90, 180, Dec 

Quadrature detection is achieved by TPPI of 43, and the phase 
cycling is as follows: 41 = 8b), 8(-y); 42 = 4(x), 4(-x); 43 
= -y, y ;  44 = 2(x), 2(-x); and x = x, -x, -x, x, -x, x, x, -x, 
-x, x, x, -x, x, -x, -x, x. T is set to 1/(4JNH) = 2.75 ms. 
Phase alternation of 43 results in the magnetization being 
stored alternately along the +z and -z axis so that the 
magnetization relaxes as exp(-T/ Tl). During the relaxation 
period T,  water saturation is also carried out by using off- 
resonance DANTE pulses. Note that in this pulse sequence, 
unlike that of Nirmala and Wagner (1988), 'H decoupling 
is not used during the interval T. This has no influence on 
the measured T,'s. 

The sequence used to measure I5N T2's is 
'H 90,-A-180,-4-90,,-7- I80,-r- -1 80,- -11/2-1 80,-1, /2-~-18O,-r-90,j-A- 18O,-A- Aq, 
"N 180, 90,> 180, 7 / 2  T/2 180, 90,, 180, Dec 

A I5N CPMG pulse train (6/2-180,2-6/2)N is applied during 
the transverse relaxation time T, which minimizes any effects 
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due to chemical and zero quantum magnetization exchange 
(i.e,, scalar relaxation of the second kind; Ernst et al., 1987). 
The interval 6 between the refocusing pulses in the CPMG 
train is 1.2 ms. The 'H 180° pulse applied at T/2 inverts the 
water magnetization so that water recovery along the z axis 
at  the end of the period Tis negligible. Quadrature in FI is 
achieved by TPPI of $5 and the phase cycling is as follows: 

16(-x); 45 = 8(x), 8(-x); and x = x, -x, -x, x,  2(-x, x, x, 
-x), x, -x, -x, x. The 1 pulse is a composite 180' pulse. 

The pulse sequence used to record a lH-I5N correlation 
spectrum with 'H-I5N NOE is 

I H sat 
"N go0, 180, 90,, 180, Dec 

'H saturation is achieved by application of 120' pulses spaced 
at 20-ms intervals for a duration of 3 s prior to the first 15N 
90' pulse. During the 20-ms intervals, water suppression is 
carried out by using an off-resonance DANTE sequence. To 
record the correlation spectrum without 'H-"N NOE, no 'H 
saturation is used and water suppression is achieved in a very 
short period of 100 ms to reduce spin diffusion to the rest of 
the protein. Quadrature in F, is achieved by TPPI of $1 ,  and 
the phase cycling employed is 41 = x, -x; 42 = 2 b ) ,  2(-y); 
and x = x, -x, -x, x. 

All four experiments described above were recorded with 
a sweep width of 4166.67 Hz in the F, dimension with the 
carrier set to the center of the amide N H  region of the 
spectrum and the water signal on the right-hand edge. Low- 
power DANTE-style off-resonance irradiation was used to 
suppress the solvent resonance (Kay et al., 1989b) and, except 
for the NOE experiments (see above), was applied for 1.7 s. 
A total of 5 12 increments, each of 2K data points, were re- 
corded, giving a total acquisition time of 61.44 ms and a sweep 
width of 2083.3 Hz in the F1 dimension. Twenty-four tran- 
sients per t ,  increment were recorded for the TI and T2 ex- 
periments, 48 for the NOE experiments, and 32 for the cor- 
relation experiment. T I  values were obtained by using six T 
delays of 48, 120, 240, 408, 624, and 888 ms, while T,  values 
were obtained by using six T delays of 5.36, 26.8,48.24,69.68, 
96.48, and 11 7.92 ms. 

To examine chemical exchange between major and minor 
forms of IL-I@, a HMQC-NOESY spectrum (Gronenborn et 
al., 1989a,b) was recorded with a 50-ms mixing time 7,. The 
sequence for this experiment is 

$1 = Y ,  -Y; $2 = 2 ( ~ ) ,  2 ( - ~ ) ;  $3 4 ( ~ ) ,  4 ( - ~ ) ;  $4 = 1 6 ( ~ ) ,  

-rI/2-1 8O,-?, / 2-7- 1 80,-r- 90,-A-l IO,-A-Acq, 
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volumes were measured by using the Bruker UXNMR software 
running on a Bruker X32 computer. In the case of the TI  and 
T2 experiments, the decay of cross-peak intensity with time 
T was found to be exponential within experimental error. 
These experimental decays were best fitted to a single expo- 
nential by using Powell's method of nonlinear least-squares 
minimization (Powell, 1965). The time dependence of the 
chemical exchange peaks in the NOESY spectrum was best 
fitted by numerical integration of the coupled differential 
equations describing a two-state model with the program 
FACSIMILE (Chance et al., 1979; Clore, 1983) operating on a 
MicroVax 111. FACSIMILE employs Curtis' ( 1  979) modified 
version of Gear's (1967) backward difference method for 
numerical integration and Powell's (1965) method of opti- 
mization, which does not require the computation of partial 
derivatives. The FACSIMILE program was also used to analyze 
the 15N relaxation data. 

IH 90,-A- -tI/2-1 80,2-r,/2- -A-90,-~,-90,-A~q, 
1SN 9001 9003 

The delay A is set to 4.5 ms [slightly less than 1/(2JNH)], 
quadrature in F, is obtained by TPPI of $ 1 ,  and the phase 
cycling is as follows: $1  = x, -x; $2 = 2(x), 2(-x); $3 = 
16(x), 16(-x); $4 = 4(x), 4 b ) ,  4(-x), 4(-y); and x = 2(x, 

2 b ,  -y). This spectrum was recorded with a sweep width of 
8333 Hz, with the water resonance in the center of the 
spectrum. Water suppression was achieved in this case by 
weak phase-locked coherent irradiation. A total of 256 t l  
increments, each of 128 scans and 2K points, were recorded, 
giving a total acquisition time of 33.28 ms and a sweep width 
of 1923 Hz in F , .  

Finally, chemical exchange between major and minor forms 
of IL-I@ was also investigated by means of 'H NOESY 
(Jeener et al., 1979; Macura et al., 1981) recorded at mixing 
times of 10, 20, 30,40, 50,65, 80, 100, 130, 165, and 200 ms. 

Polynomial base-line corrections of order 3 were applied to 
all the transformed spectra in each dimension. Cross-peak 

- X I ,  2 b ,  -Y), 2(-x, x), 2(-Y, Y ) ,  2(-x, XI ,  2(-Y, Y ) ,  2(x, -XI, 

RESULTS 
I5N T, ,  T2, and NOE Relaxation Data. Figure 1 illustrates 

a set of three subspectra from the I5N TI and T2 data recorded 
at 600 MHz. As is evident, the resolution is excellent and we 
were able to obtain quantitative data for 128 out of a total 
of 144 backbone amide groups (i.e., 90%). Analysis of the 
remaining 16 backbone amide groups was precluded due to 
cross-peak overlap. Figure 2 illustrates the time dependence 
of the intensities of selected residues covering the full range 
of I5N T I  and T2 values, together with best-fit curves for 
single-exponential decays. The decay in intensity for all 
residues was found to be strictly exponential for both the 15N 
T ,  and T2 data, and the standard deviations of the best-fit 
values were all less than 5% and in the majority of cases less 
than 2% for the I5N T1 data. The IH-15N NOE correlation 
spectrum is shown in Figure 3. Of greatest interest is that 
there is only a single residue, namely Ser-153, with a negative 
NOE. The I5N TI, T2, and NOE values are plotted as a 
function of residue number in Figure 4, and their values and 
errors are included in the supplementary material. 

The TI and T2 relaxation times and the NOE enhancement 
of an amide 15N spin relaxed by dipolar coupling to a directly 
bonded proton and by chemical shift anisotropy are given by 
(Abragam, 1961) 

1/TI = 
d z [ J ( W H  - WN) + 3J(W,) + 6J(oH + WN)] + c 2 J ( W ~ )  (1) 

1/T2 = 0.58[4J(O) + J(WH - W N )  + 3J(W,) + 6J(W,) + 
6J(wH + WN)] -k C2[3J(0~) + 4J(0)]/6 (2) 

NOE = 1 + T I ( Y H / T N ) ~ [ ~ J ( W H  WN) - J(WH - WN)l  
(3) 

where 

dz = 0.1 yH2yN2h2( rHN-3)2 

c2 = (2/15)wN2(all - al) 

(4) 

and 

( 5 )  

ti is Planck's constant divided by 27r (1.054494 X ergs); 
yH and yN are the gyromagnetic ratios of 'H and I5N (2.6753 
X lo4 and -2.71 X lo3 r addQ- ' ,  respectively); wH and WN 
are the nuclear lH and 15N Larmor frequencies (27r X 600.13 
X lo6 and 27r X 60.8 X lo6 Hz, respectively, at a spectrometer 
frequency of 600 MHz); rHN is the NH bond length (1.02 A 
from neutron diffraction; Keiter, 1986); ull and ul are the 
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FIGURE 1 :  Contour plots of a small region of the 600-MHz IH-ISN correlation map of IL-lj3 obtained for the ISN T, (A) and T2 (B) experiments 
at  different interval times T.  
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FIGURE 2: Comparison of the experimental lSN TI  and T2 data (0) of selected residues of IL-lj3 spanning the full range of TI and T2 values 
with the single-exponential least-squares best-fit curves (-). 

parallel and perpendicular components of the axially symmetric T ~ .  Assuming that the overall and internal motions are in- 
15N chemical shift tensor and (a,, - uI) = -160 X lo4 dependent, the total correlation function C(t)  for a macro- 
(Hiyama et al., 1988); and J(wi )  is the spectral density molecule undergoing isotropic tumbling with a rotational 
function. correlation time TR is given by 

In the model-free formalism of Lipari and Szabo (1982a), 
the internal motions are described by two parameters: a 
generalized order parameter S and an effective correlation time 

C(t)  = e+RC1(t) (6) 
[Note that, from the X-ray structure of IL-lB (Finzel et al., 
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FIGURE 3: Positive- (A) and negative- (B) level contour plots of the 600-MHz IH-I5N NOE correlation spectrum of IL-Io. The only backbone 
amide with a negative NOE is Ser-153. The four peaks in the negative contour plot around 11 2(F1)/7.5(F2) ppm arise from side-chain amide 
protons. Both spectra are plotted on the same contour intensity scale. 

1989), the three principal components of the inertia tensor are 
calculated to be in the ratio of 1.00:0.77:0.93, indicating that 
IL- 10 is a globular, almost spherical, protein that should be- 
have isotropically in solution.] The correlation function C,(t) 
for internal motions is in turn given by 

C,(t) = S2 + (1 - S2)e-'/Te (7) 

and the corresponding spectral density function has the form 

J(wi )  = s2TR/(1 + wFTR2) + (1 - s2)T/(1 + w;T2) (8) 

where T = TRT, / (TR + 7,). 

Under conditions where T, < 100 ps, T~ > 1 ns, and T2 is 
not significantly shortened by chemical exchange, it is easily 
shown that the I5N TI/T2 ratio is independent of both S and 
T,, allowing a direct determination of the overall rotational 
correlation time T~ (Kay et al., 1989a). The mean T1/T2 ratio 
is 8.02 f 2.68 with a span ranging from 2.61 for Ser-153 to 
27.6 for Lys-63. It can be concluded that T, makes a sig- 
nificant contribution to T1 and/or T2 for those residues with 
a Tl/T2 ratio G . 3 4  (mean minus 1 SD; seven residues, G22, 
G33,434, E50, E51, S52, and S153), while chemical exchange 
results in a significant shortening of T2 for those residues with 
TI/ T2 > 10.7 (mean plus 1 SD; nine residues, K63, E64, K65, 
N66, L67, D76, V85, 1143, and D145). The former are 
generally manifested by NOE values less than 0.7 and the 
latter by T2 values 580  ms. As T~ must clearly be the same 
for all residues, we excluded from the calculation of T~ the 
sixteen residues that had T1/T2 ratios outside one standard 
deviation of the mean. The TI/T2 ratios for the remaining 
113 residues (mean value of 7.68 f 0.78) were then fitted 
simultaneously by optimizing a single value of T ~ .  This yielded 
a value of T~ of 8.3 f 0.05 ns, which was used in all subsequent 
analysis. (It should be noted that the rotational correlation 
time obtained when no residues are excluded is only slightly 
different, with a value of 8.5 f 0.15 ns.) 

Our approach to the analysis of the relaxation data was to 
fit the I5N TI and T2 data for each residue simultaneously, 
using a single value of 8.3 ns for the rotational correlation time 
T R ,  by optimizing the order parameter S2 and, where appro- 

priate, the effective correlation time for internal motion 7, or 
an exchange term to account for chemical exchange contri- 
butions to T2. In the latter case, the observed T2 is given by 

1/T2(obs) = 1/T2 + aAex (9) 
where T2 is given by eq 2 and Aex is the increase in line width 
due to a chemical exchange process. 

The I5N T1 and T2 data of 54 residues could be fitted by 
using the simplified spectral density function: 

J(wi) = s2TR/(1 + wFTR2) (10) 
by varying S2. (A comparison of calculated and observed 
relaxation data for these residues is given in the supplementary 
material.) This clearly confirms that IL-lP behaves isotrop- 
ically in solution and indicates that the internal motions of 
these residues have small amplitudes (S2 > 0.7) and occur on 
a time scale << 100 ps, such that the contribution of the second 
term of the spectral density function given by eq 8 to TI  and 
T2 is negligible. This is further supported by the observation 
that all these residues have NOE values of 20.7, which puts 
an upper limit of -20 ps on the time scale of the internal 
motions. 

In the case of 42 residues that had larger than average I5N 
TI/T2 ratios with concomitantly larger line widths, the I5N 
TI and T2 data could be fitted by using the simplified spectral 
density function given by eq 10 in conjunction with an ad- 
ditional chemical exchange term aAex for T2 (cf. eq 9). (A 
comparison of calculated and observed relaxation data for these 
residues is given in the supplementary material.) It should 
be noted that the values of S2 obtained in this manner are the 
same as those that would be obtained if the Tl data alone were 
fitted by using eq 10. Thus, these residues exhibit internal 
motions on two distinct time scales, one shorter and the other 
longer than the overall rational correlation time T ~ .  Like the 
52 residues whose T I  and T2 data could be fitted solely by 
using eq 10, these residues also have NOE values 20.7 and 
are characterized by very fast small amplitude (S2 2 0.7) 
internal motions on a time scale of 5 2 0  ps. As the time 
interval between the refocusing pulses of the CPMG sequence 
used in the T2 experiment is 1.2 ms, the upper limit for the 
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FIGURE 4: Plots as a function of residue number of I5N T I ,  T2 [displayed as line width = 1/(7rT2)] and NOE values measured at 600 MHz, 
together with various parameters calculated from the data. In the case of 52 of the residues, the relaxation data could be fitted by using the 
simplified spectral density function given by eq 10. For another 42 residues, the relaxation data could be accounted for by eq 10 in conjunction 
with eq 9 to account for exchange broadening of 15N line widths. For the remaining 32 residues, the I5N TI and T2 data could be fitted by 
using the single-internal-motion model (eq 8, referred to as Model 1) but there are large discrepancies between calculated and observed IH-ISN 
NOEs (cf. panel c and solid squares in panel g). When a two-internal-motion model (eq 14, referred to as Model 2) is used for these 32 residues, 
all the experimental relaxation data, including the IH-I5N NOEs, can be accounted for (cf. panel c and solid circles in panel 9). The errors 
associated with the overall order parameter S2 are shown as vertical bars. The locations of the 12 strands, as determined by NMR (Driscoll 
et al., 1990b), are indicated below the figure. 

lifetime of the chemical exchange process is about 10 ms (Kay 
et a]., 1989a). The lower limit depends on the chemical shift 
difference between the exchanging species. Assuming a 
maximum ISN chemical shift difference of 10 ppm between 
two equally populated species and a minimum detectable in- 
crease in line width of 0.1 Hz, the minimum value of the 
exchange lifetime T,, is calculated to be about 30 ns. 

For the remaining 32 residues, the ISN T l / T 2  ratios are 
below average and require the use of the full spectral density 
function given by eq 8 to account for the ISN T I  and T2 data. 
However, while eq 8 can account for the ISN TI and T2 data, 
it fails to account for the IH-ISN NOE data. In particular, 
the calculated values for the NOE are either too small or 
negative, whereas the observed ones are all positive with the 
exception of that for Ser-153 (cf. Figures 3 and 4). For 
example, the calculated NOE values for Gly-22 and Met-138 

are -1.2 and -0.02, respectively, whereas the corresponding 
observed NOEs have values of +0.32 and +0.59, respectively. 
In this regard, it ought to be pointed out that although the 
measurement of the NOEs may be subject to small systematic 
errors and is clearly not as accurate as that of the T I  and T2 
data, there is no ambiguity in the distinction between positive 
and negative NOEs. The possible systematic errors in the 
measurement of the NOEs arise from chemical exchange 
between water and labile N H  protons, which may give rise 
to an NOE if the recycle time is not sufficiently long relative 
to the T I  of water (Smith et al., 1987; Kay et al., 1989a). 
Given a water T I  of -2.5 s for our sample, and a repetition 
rate of 3 s, approximately 20% of the water is saturated at  the 
start of the experiment recorded without IH-l5N NOE. For 
a rapidly exchanging amide proton, the intensity Zobs of the 
IH-I5N correlation peak in the experiment recorded without 
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NOE will therefore be reduced relative to its true intensity 
I by an amount 0.2/( 1 - NOE). Thus, the effect of rapid NH 
exchange will be to increase the absolute magnitude of the 
NOE while preserving its sign: for example, the observed 
NOE values corresponding to true NOEs of -0.2,0.2,0.6, and 
0.8 would be -0.26, 0.24,0.65, and 0.83, respectively. These 
errors are clearly not sufficient to account for the differences 
between calculated and observed NOEs, even in those cases 
where the calculated NOEs are positive. For example, the 
smallest difference between observed and calculated NOEs 
is found for Ile- 106, where the observed and calculated NOEs 
have values of 0.76 and 0.52, respectively. 

The solution to this apparent discrepancy between the sim- 
plest model-free formulation for internal motions and exper- 
iment, which has been observed not only in the case of IL-IP 
but also for a few residues in staphylococcal nuclease, has 
recently been put forward by Clore et al. (1990). It involves 
expanding the internal correlation function to a two-expo- 
nential decay given by 

Biochemistry, Vol. 29, No. 32, 1990 

CI(t)  = S2 + (1 - Sfz)e-‘/rr + (Sfz - S2)e-‘/’s (11) 

The time scales for the two classes of internal motions with 
correlations times of Tr and 7, must differ by at least 1-2 orders 
of magnitude, otherwise eq 11 effectively approximates to eq 
8 as far as the NMR relaxation data are concerned. This is 
because NMR can only monitor CI(t)  at a few time points at 
best, and the dissection of closely spaced relaxation processes 
requires a technique with very high time resolution, such as 
fluorescence anisotropy decay measurements (Gratton & 
Lankowicz, 1985). (Of course, the latter suffer from the fact 
that only very few locations in the molecule can be sampled.) 
In addition, both internal correlation times must be shorter 
than the rotational correlation time. S2 is still the total gen- 
eralized order parameter for internal motions, while Sfz is the 
generalized order parameter for the faster of the two internal 
motions. If it is assumed that the fast internal motions are 
axially symmetric (in which case Sfz = Sfz, where Sr is the 
usual order parameter) and independent of the slow motions, 
then one can decompose the total generalized order parameter 
as 

s2 = S$S,2 (12) 

A diagrammatic representation of the time dependence of CI(t)  
is shown in Figure 5, which shows that Cl(t) reaches an in- 
termediate value of Sfz before finally leveling off at S2. 

The spectral density function corresponding to eqs 11 and 
12 is 

J(wj )  = s$S;TR/(1 + wj%R2) + (1 - sfz)/(1 + w:7;2) + 
S t ( 1  - S;)/(l + w?T,”) (13) 

where 7,’ = ?j7R/(TR + T ~ ) ,  i = f, s. Under conditions where 
7f < IO ps, eq 13 reduces to 

J(wj)  = s:s27~/(1 + ~ ? T R ’ )  s$(1 - s?)/(1 w , ’ T ; ~ )  

(14) 

If  S$ = I ,  eqs 13 and 14 reduce to eq 8; if Sfz = S2 (Le., SS2 
= I ) ,  eq 13 reduces to eq 8 and eq 14 to eq 10. 

It is clear that we have insufficient data to be able to de- 
termine Tf in eq 13. [It should be noted that collecting data 
at several spectrometer frequencies would not help in this 
respect, as the field dependence of T, and T2 can be accounted 
for by the simple two-parameter internal motion formulation 
(Clore et al., 1990).] It is therefore instructive to examine 
the effect of different values of Tf on the best-fit values obtained 
for the other three parameters, S$, Ss2, and T,, as well as S2. 

Clore et al. 

0 I 
time 

FIGURE 5 :  Diagrammatic representation of the internal correlation 
function CI(r) that can be approximated by a two-exponential decay 
(eq 1 1 )  with lifetimes differing by at least 1 order of magnitude (solid 
line). Note the plateau at C,(r) = S;. For comparison, the internal 
correlation function that can be approximated by a single-exponential 
decay (eq 7)  is shown as a dashed line. 
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3 (PS) 

FIGURE 6 :  Effects of different values of Tf (from 0 to 50 ps) on the 
fits and parameters ( S t ,  S:, S2, and TJ  obtained by best fitting the 
15N TI, T2, and NOE data of Gly-22 by using eqs 12 and 13. The 
experimental T,,  T2, and NOE values are shown as straight lines and 
have values of 784 * 7 ms, 210 * 11 ms, and 0.32, respectively. 
Calculated values are shown as solid circles. When TI exceeds 50 ps, 
there is an abrupt phase transition and the experimental data can no 
longer be fitted. 

This is illustrated in Figure 6 for the data on Gly-22. Providing 
Tf is less than 50 ps, the T I ,  T2, and NOE data can be fitted 
by using eq 13. As TI is increased from 0 to 50 ps, Sf2 decreases 
and S,Z and 7, increase. The product SfzS2 = S2, however, 
remains constant up to Tf - 30 ps and thereafter decreases. 
For 30 ps C 7f 5 50 ps, the relaxation data can still be fitted 
within the experimental errors of the measurements; however, 
the calculated values of the NOE are systematically under- 
estimated. As Tf increases beyond 50 ps, there is an abrupt 
“phase transition” and the data can no longer be accounted 
for by eq 13. 

To obtain the simplest description consistent with the 
available data on the 32 anomalous residues, we assumed that 
Tf is sufficiently small (510  ps) so as to make a negligible 
contribution to the relaxation parameters and proceeded to 
fit the I5N T I ,  T2, and NOE data simultaneously with eq 14 
by varying S$, S;, and 7,. All the relaxation data is fully 
accounted for and the results are included in Figure 4. (A 
comparison of the observed relaxation data for these residues 
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from the intensities of the correlation and chemical exchange peaks in the HMQC-NOESY spectrum. The connectivities between the correlation 
and exchange peaks are indicated by the rectangles with the labels at the position of the correlation peaks. 

with the best-fit values obtained by using both eqs 8 and 14 
is given in the supplementary material.) It should be noted 
that the values of the overall order parameter S2 = S@,2 
obtained in this manner are the same as those obtained for 
the generalized order parameter S2 when the I5N T ,  and T2 
data alone are fitted by using the single-internal-motion 
spectral density function given by eq 8.  Further, the values 
of S: (0.79 f 0.05) for the anomalous residues are comparable 
to those of S2 (0.83 f 0.05) for the "normal" residues, which 
lends further support to our assumption that the time scale 
and physical basis for the faster motion characterizing the 32 
anomalous residues is the same as that of the fast internal 
motion observed for all the other residues. Finally, the com- 
puted values of TI and T2 at different spectrometer frequencies 

are the same from the single- and two-internal-motion for- 
mulations, a prediction that has been verified experimentally 
in the case of staphylococcal nuclease (Clore et al., 1990). 
Thus, the only difference between the results from eqs 8 and 
14 lies in the calculated NOE values. 

The effect of the spectral density function given by eq 14 
on the calculated NOE values is easily understood by noting 
that the values of 7, obtained from fits to the TI  and T2 data 
with eq 8 are approximately an order of magnitude smaller 
than those for T~ obtained from fits to the T I ,  T2, and NOE 
data with eq 14 (see Figure 4). Simulations indicate that, for 
a TR value of 8.3 ns, the NOE reaches a minimum value at  
an internal correlation time of -0.25 ns (Clore et al., 1990). 
Thus, the shift in internal correlation time to larger values that 
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accompanies the two-internal-motion formulation results in 
larger values of the NOE while leaving the calculated TI and 
T, values unaffected. 

It should be noted that, in principle, cases may exist where 
both T2 exchange broadening and motions on the 0.5-4-ns time 
scale coexist in a single residue. Because the former increases 
the T l / T 2  ratio, while the latter decreases it, these two effects 
will compensate each other with regard to the measured re- 
laxation parameters. It is clear that such a case cannot be 
ascertained from measurements taken at  only a single spec- 
trometer frequency, as there are only three measured param- 
eters ( T I ,  T,, and NOE) and four unknowns (two order pa- 
rameters, an effective correlation time for the OS-4-ns time 
scale motion, and an exchange term for the T2 exchange 
broadening). In principle, measurements at several spec- 
trometer frequencies may be able to resolve such situations, 
as the T I  values will exhibit a much larger frequency depen- 
dence than the T,  values. However, because of the absolute 
necessity of very high signal-to-noise ratios in order to obtain 
sufficiently accurate T I ,  T2, and NOE values, the range of 
spectrometer frequencies amenable for these sorts of experi- 
ments is currently limited to the 400-600-MHz range, which 
is too small a range to be able to discriminate with any degree 
of confidence between cases with only one of these two pro- 
cesses versus cases where both are present. We have therefore 
made the simplifying assumption that only one of these two 
processes can occur for a single residue. 

Slow Conformational Exchange between Major and Minor 
Forms of IL-16. In our previous paper on the secondary 
structure of IL-16 (Driscoll et al., 1990b), we noted that a 
number of residues clustered on one face of the IL-10 structure 
comprising portions of strands I, IV, V, VI, and VI1 exhibited 
conformational heterogeneity between a major and a minor 
species characterized by an exchange rate that is slow on the 
NMR chemical shift time scale. We have now extended these 
observations to the quantification of its equilibrium and kinetic 
properties. Using the IH-IsN Overbodenhausen correlation 
and HMQC-NOESY spectra (Figure 7),  we were able to 
assign the ISN and N H  chemical shifts of the major and minor 
forms for eight residues, namely Ser-5, Met-44, Tyr-68, 
Gln-81, Lys-88, Asn-89, Tyr-90, and Lys-94. The equilibrium 
constant obtained from the ratio of the cross-peak intensities 
in the IH-ISN correlation spectrum was 15 f 1. The rate 
constants for the exchange process were obtained by best fitting 
the intensities of the correlation peaks and corresponding 
exchange peaks observed in a single 50-ms HMQC-NOESY 
experiment (Figure 7) and by fitting the time dependence of 
the exchange peaks in a series of IH-IH NOESY spectra 
recorded over a mixing-time range of 10-200 ms (Figure 8) 
by using the simple two-species model: 
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P 
(15) 

P A  
-1-11- 

kl l  

where I and I1 are the major and minor species, respectively; 
k , 2  and k21 are the rate constants for interconversion between 
the two species, with an equilibrium constant K given by 
k 2 1 / k 1 2 ;  and p is the total spin-lattice relaxation rate of the 
relevant backbone amide proton, which, for simplicity, is as- 
sumed to be the same for the two species. The differential 
equations describing the time development of magnetization 
in such a system are given by (McConnell, 1958) 

(16) 

In the case of the 50-ms HMQC-NOESY spectrum, the value 
of p is not critical so it was kept constant at 8 s-l, and only 

dMi/dt = -Mdp + k12) + k21M11 
dM,,/dt = -MII(p + kz l )  + h 2 M I  
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FIGURE 8: Time dependence of the exchange peaks between the major 
and minor species measured from regular 'H-'H NOESY spectra 
recorded with a series of different mixing times ranging from 10 to 
200 ms. The location of the exchange peaks was previously identified 
in HOHAHA spectra (Driscoll et al., 1990b). The experimental data 
are represented by solid circles, while the lines represent the best fits 
obtained by integration of the differential equations give in eq 16. 
All the data were fitted simultaneously by varying the larger of the 
two rate constants and the individual total spin-lattice relaxation rates, 
with the equilibrium constant held fixed at  the value obtained from 
the Overbodenhausen IH-I5N correlation spectrum. The rate constants 
for the interconversion obtained in this manner are k,, = 25 i 4 s-I 
and k I 2  = 1.7 f 0.5 s-l. 

k2, was varied together with a scale factor (which is propor- 
tional to the intensity of the major correlation peak at t = 0). 
We were only able to measure the intensities of both the major 
and minor correlation peaks and the exchange peaks for Ser-5, 
Met-44, and Lys-88. These data yielded a value of k,,  of 25 
f 4 s-l and a corresponding k , ,  value of 1.7 f 0.5 s-l. In the 
case of the NOESY data, we were able to measure the time 
dependence of the exchange cross-peaks for six other residues, 
Arg-4, Leu-6, Tyr-90, Lys-92, Lys-93, and Glu-96. Accurate 
measurement of the intensities of other exchange cross-peaks 
was precluded due to very small differences in N H  chemical 
shifts between the major and minor forms. The time depen- 
dences of all these exchange cross-peaks were fitted simulta- 
neously by optimizing the value of k z l ,  a single scale factor 
(which is proportional to the intensity of the individual diagonal 
peaks at t = 0 and is assumed to be the same for all residues), 
and the values of p for each residue. The value of k21 obtained 
in this manner was 23 f 5 s-l with a corresponding k l z  value 
of 1.5 f 0.5 s-l, and the values of p ranged from 6.7 s-I for 
Tyr-90 to 16.7 s-I for Glu-96 (Figure 8). Thus, the data from 
the HMQC-NOESY and NOESY experiments are in  
agreement, and the observation that the data for the nine 
residues can be fitted by using the same equilibrum and kinetic 
constants strongly suggests that a single common process is 
involved. 

DISCUSSION 
We have demonstrated the existence of dynamic processes 

occuring over four distict time ranges. There are motions that 
occur on time scales less than 20-50 ps, motions in the range 
0.5-4 ns, motions involving species with distinct chemical shifts 
that can potentially occur over a time range from 30 ns to 10 
ms, and finally there is a slow conformational process between 
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F ~ G U R B  9: Comparison of the backbone nitrogen atomic rms mean displacements derived from X-ray crystallography (Finzel et al., 1989) 
with the generalized order parameter S2, the order parameter St for motions on a time scale of 520-50 ps, the semiangle Bof for diffusion 
within a cone derived from St by using eq 17, and the jump angle cps derived from S: by using eq 22 for the motions on the 0.5-4-11s time 
scale. Note that S2 and S$ are plotted on different scales and with the excepfion of the 32 residues that exhibit two distinct internal motions 
on a time scale shorter than the rotational correlation time, St = S2. The locations of the 12 @ strands, as determined by NMR (Driscoll 
et al., 1990b), are indicated below the figure. 

a major and a minor species. We discuss each of these pro- by eq 10, the generalized order parameter S2 is equivalent to 
cesses in turn. the order parameter Sfz in the complex spectral density 

Very Fast Motions 520-50ps. All the residues exhibit very function given by eq 14 with S,2 = 1. For the 32 anomalous 
fast internal motions on a time scale <20-50 ps, and the residues that exhibit two distinct internal motions with effective 
variation in the order parameter S$ for this motion is depicted correlation times shorter than the rotational correlation time, 
in Figure 9. For those residues whose 15N T I  and T2 data the values of Sb are calculated on the assumption that Tf 5 
can be fitted by the simplified spectral density function given 10 ps. This seems perfectly reasonable, as the magnitude and 
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physical basis for the very fast internal motions are likely to 
be similar for all residues. Indeed, the effective correlation 
time for those residues whose TI and T2 data can be fitted by 
using eq 10 must be less than 20 ps to account for their ob- 
served NOES, which have values 20.7. Second, the values of 
S: for the anomalous residues are comparable to those of S2 
for the remaining residues. If 7 f  were larger than IO ps, S t  
would be significantly smaller (cf. Figure 6). 

The mean value of S t  is 0.8 16 f 0.052, with 5% and 95% 
confidence limits of 0.712 and 0.920, respectively. Four 
residues (Ala- 1 15, Ser- 125, Gly- 139, and Ile- 143) have values 
of S t  above the 95% confidence limits, and all but one of these 
(Gly-139) are involved in backbone NH- - -0 hydrogen bonds 
associated with slowly exchanging NH protons (Driscoll et al., 
1990b). Four residues (Gly-22, Glu-5 1, Asp-54, and Ser-153) 
have Sfz values below the 5% confidence limits. Gly-22 is 
located in a turn between strands I1 and 111, Glu-51 and 
Asp-54 are in a long loop connecting strands I V  and V, and 
Ser-153 is at the C-terminus. In addition, these four residues 
are associated with a slower motion on the 0.5-4-ns time scale 
(see below). It should be noted, however, that the 28 other 
residues that also exhibit motions on the 0.5-4-11s time scale 
do not possess unusually small or large values of S t .  

Overall, there is little correlation of the variations in ex- 
change kinetics of protected hydrogen-bonded amide protons 
(Driscoll et ai., 1990b) with the measured S t  values. This 
is perhaps not very surprising, as the dynamic processes leading 
to amide exchange probably occur on a much slower time 
scale. 

The simplest model for the very fast motions is free diffusion 
within a cone of semiangle Bop In this case, the order pa- 
rameter S: is simply given by (Lipari & Szabo, 1980, 1981) 

(17) 

The mean value of tlof is 20.7 f 3.3', and a plot of dor as a 
function of residue is given in Figure 9. 

An alternative, but approximately equivalent, representation 
is to consider that variations in S? arise from variations in 
effective bond length rem The physical equivalence arises from 
the fact that the effective bond length depends not only on 
harmonic and anharmonic vibrations but also on librations 
(bond bending), such that the trajectory of the NH vector 
arising from these motions essentially constitutes diffusion 
within a cone (Lipari & Szabo, 1980). For the case of di- 
poldipole interactions with the coordinate system chosen such 
that the equilibrium bond vector lies along the z axis, it is 
readily shown that (Henry & Szabo, 1985) 

r,ff - R + [ (A, )  - 2(Az2)/R1 + K ( A 2 )  + ( A > ) ) / W  

Biochemistry, Vol. 29, No. 32, 1990 

Sfz = [OS cos do, (1 + cos d O f ) l 2  

(18) 

where R is the equilibrium internuclear separation (i.e., the 
distance at  the minimum of the potential well), and Ax, Ay, 
and Az are the instantaneous displacement vectors in the x, 
y ,  and z directions. The term in square brackets arises from 
the vibrational averaging of the intrinsic coupling constant (i.e. 
( r-3)-1/3), while the terms in braces arise from averaging of 
the orientation of the internuclear vector (Le., librations). The 
harmonic vibration term 2(A>)/R always tends to reduce r e ,  
while the anharmonic vibration term A, and the libration (bond 
bending) terms always tend to increase refp From eqs 4, 8, 
and 14 we obtain 

S? - (R/ref f )6  (19) 

The value of R that was used throughout is 1.02 8, and was 
obtained from neutron diffraction data (Keiter, 1986). Ex- 
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State i State j 

" 
N 

F I G U R E  IO:  Model of the motions for residues with two internal 
motions on time scales <20-50 ps and 0.5-4 ns. The slower motion 
is represented by a jump between two states i andj, while the faster 
motion is represented as free diffusion within two axially symmetric 
cones centered about the two states i and j .  OOf is the semiangle of 
the cone, while q, is the angle between the NH vectors in the two states 
i and j .  

cluding the C-terminal residue Ser- 153, reff would then range 
from 1.088 8, for Gly-22 and Asp-54 to 1.025 8, for Ser-125, 
which corresponds to increases in effective bond length of 6.6% 
and 0.5%, respectively. In the case of Ser-153, the relative 
increase in effective bond length would be -9.8%. 

Fast Motions on the 0.5-4-ns Time Scale. The relaxation 
data for 32 residues can only be accounted for if two internal 
motions faster than the rotational correlation time T~ are taken 
into consideration. One of the motions, discussed above, is 
very fast, with a time scale that must be less than 50 ps and 
in all likelihood is less than I O  ps, while the other is at least 
1-2 orders of magnitude slower and has a lifetime of 0.5-4 
ns. One residue (Ser-153) is located at the C-terminus, 21 
are in turns or loops at the surface of the protein, and the 
remaining 10 are at the very beginning or end of a strand. The 
amplitudes of these motions are described by S: in eqs 12 and 
14; the largest amplitudes are found in the turn connecting 
strands I 1  and 111 (Gly-22) and in the loops connecting strands 
111 and IV (Gin-32-Met-36) and strands IV and V (Phe-46- 
Ile-56). 

A simple model for these motions is depicted in Figure IO. 
We consider that the two motions associated with the order 
parameters Sf and S, are totally independent. The very fast 
motion is assumed to involve axially symmetric diffusion within 
a cone, while the slower motion is depicted as a two-state jump 
model. These two motions can be pictured as representing the 
fast random thermal motions and the rare discrete transitions 
typically observed in theoretical molecular dynamics simula- 
tions (Karplus & McCammon, 1979, 1983; Levitt, 1983; Elber 
& Karplus, 1987; Brooks et al., 1988; Levitt & Sharon, 1988; 
Post et al., 1989). Because the two sets of motions are in- 
dependent, the NH vector, which is located anywhere within 
the first cone, can jump to any position within the second cone. 
The exact internal correlation function for this model, which 
precisely corresponds to the spectral density function given by 
eq 14, is 

C,(t)  = Sf2(Cs(m) + [C,(O) - Cs(m)]e-(ku+k~~)r) (20) 

where C,(O) = 1, C,(m) = S:, and k,  and kji are the rate 
constants for jumps between the two states i and j with kij + 
kji = 1 / ~ , .  SS2 is then given by (Wittebort & Szabo, 1978) 

S,Z = Cs(m) = C C ~ e q ( i ) ~ q o ' ) P 2 ( ~ 0 ~  vij) (21) 
i J  

where p,( i )  and p,G) are the probabilities for residency in 
states i andj, with p,(i) + p,u) = 1 and p,(i)/p,(j) = kji/kii, 
and !',(cos cp,) is a second-order Legendre polynomial given 
by P2(cos (os) = (3 cos2 p, - 1)/2, where ps is the angle between 
the NH vector in states i and j .  For the simplest case where 
p,( i )  = p,O) = 0.5, we have 

s,2 = (1  + 3 cos* (p,)/4 (22) 
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with a minimum value of 0.25 when (ps = 90'. In the case 
of Ser-153, the measured value of S,2 is very close to 0.25. For 
the other 31 residues, S: ranges from 0.35 for Ser-52 to 0.95 
for Ile- 106 and Met- 130, which corresponds to a range of (ps 
from 69O to 15O. The mean value of cps, excluding Ser-153, 
is 28.6 f 14.0°, and a plot of co, as a function of residue 
number is shown in Figure 9. 

Motions Causing 15N T2 Exchange Broadening. There are 
42 residues that exhibit some type of motion on a time scale 
ranging from 30 ns to 10 ms, which causes exchange broad- 
ening of the 15N line widths. As these motions must involve 
at least two species with different chemical shifts, the simplest 
model is once again a two-state jump model. However, as the 
chemical shift differences are unknown, no estimation of the 
rates of these processes can be ascertained. Further, the ex- 
perimental data afford no information on the magnitude of 
these motions. 

The largest line broadening effects are seen in the turn 
connecting strands V and VI (residues 63-66) and at the 
beginning of strand 12 (residue 145). Some residues (72,73, 
74, and 76) in the loop connecting strands VI and VI1 are also 
exchange broadened, as are many residues a t  the beginning 
and end of strands. One exception to this is seen for strand 
I, where the central residues (8-1 1) are exchange broadened. 

Examination of the refined high-resolution 2.0-A X-ray 
structure (Finzel et al., 1989) of IL-lB reveals the presence 
of eight tightly bound internal water molecules involved in 
hydrogen bonding with the backbone amide and carbonyl 
groups. It is interesting to note that a number of the residues 
whose I5N resonances are exchange broadened are directly 
involved in these hydrogen bonds. These include Leu-IO, 
Met-44, Phe-112, Ser-125, and Val-151. Further, a number 
of other exchange-broadened residues are in close proximity 
to residues directly involved in hydrogen bonding with water. 
For example, Ile- 143 and Asp- 145 are adjacent to Thr- 144, 
Cys-8 and Ser-45 are adjacent to Asn-7 and Met-44, re- 
spectively, and Val-41 is close to Ser-43. Thus, the exchange 
line broadening seen for these 15N resonances most likely arises 
from exchanging bound water molecules that are involved in 
secondary structure stabilization, such as bridging backbone 
hydrogen bonds. 

Slow Conformational Heterogeneity between a Major and 
a Minor Species. From the data presented in this paper as 
well as the previous paper (Driscoll et al., 1990b), we have 
been able to identify a total of 19 residues that exist in two 
interchanging conformations, comprising a major and a minor 
species. These are Val-3, Arg-4, Ser-5, Leu-6, Met-44, Phe-46, 
Gly-49, Glu-50, Tyr-68, Gln-81, Leu-82, Val-85, Asp-86, 
Lys-88, Asn-89, Tyr-90, Lys-92, Lys-93, and Glu-96. We have 
been able to characterize the equilibrium and/or kinetic 
properties of the exchange process for 13 of these and have 
found them to be identical within the errors of the data, 
suggesting that a single common process is involved. This 
process is superimposed on other motional characteristics. 
Thus, four of these residues (44, 68, 85, and 86) also exhibit 
some sort of motion on the 30-ns-10-ms time scale, which 
results in broadening of "N line widths, while seven of the 
residues (5 ,  46, 49, 50, 88, 93, and 96) exhibit two distinct 
motions that are faster than the rotational correlation time. 

All of the above residues are located in one distinct region 
of the molecule, at the corner of the approximately tetrahedral 
protein structure where the loop (residues 86-88) connecting 
strands VI1 and Vlll meets the N-terminus. This loop is 
considerably longer (1 4 amino acids) than the equivalent ones 
at the junction of either strands 111 and IV (9 amino acids) 
or strands XI and XI1 (8 amino acids) in the three pseudo- 
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symmetric @@/3L@ units (Finzel et al., 1989; Driscoll et al., 
1990b) that make up the protein, thereby allowing a larger 
degree of conformational flexibility for this segment of poly- 
peptide chain. This possible conformational freedom, in 
conjunction with the fact that the @-sheet structure in this 
corner involves the N-terminal strand, could well account for 
the two distinct conformations observed for this part of the 
protein. The precise origin of these two conformations is not 
clearly established at the present time. The possibility of a 
cis-trans isomerization involving Pro-91 can be ruled out 
because the interconversion rates between the two species are 
2 orders of magnitude faster than the highest rates observed 
for cis-trans proline isomerization (Evans et al., 1989). Thus, 
it seems more likely that two conformational species arise from 
slightly different arrangements of the 86-99 loop. 

Correlation with Crystallographic B-Factors. There has 
been considerable interest in the literature in using crystal- 
lographic B-factors to analyze intramolecular motion in pro- 
teins and correlate it with function (Frauenfelder et al., 1979; 
Artymiuk et al., 1979; Sternberg et al., 1979; Hartmann et 
al., 1982; Westhof et al., 1984; Tainer et al., 1984). The 
Debye-Waller B-factors provide a measure of the mean square 
displacement of the atoms in the crystal through the rela- 
tionship (x2) = ( 3 B / 8 ~ ~ ) ' / ~  (Willis & Pryor, 1975), and a 
plot of the rms atomic displacements for the backbone nitrogen 
atoms of IL-la is shown in Figure 9. The X-ray data, however, 
provide no information on the time scale of the motions. 
Further, deconvolution of the B-factor into its individual 
components comprising vibrations, conformational fluctuations, 
and lattice disorder is difficult. Nevertheless, it is instructrive 
to compare the X-ray and NMR data. 

In addition to the N- and C-termini, the X-ray data reveal 
10 regions in  the polypeptide backbone with unusually large 
atomic rms displacements, which are located in the turns and 
loops connecting the &strands (Figure 9). In general, these 
are correlated with either the presence of motion on the 0.5- 
4 4 s  time scale superimposed on a very fast motion (time scale 
620-50 ps) or by motion on the 30-ns-10-ms time scale. The 
high B-factors in the turn connecting strands I1 and 111, and 
in the loops connecting strands 111 and IV, and strands IV and 
V are thus correlated with unusually low values of the gen- 
eralized order parameter S2 and the presence of large-scale 
amplitude motion on the 0.5-4-11s time scale, manifested by 
low values of S,2 and concomitant large jump angles pS (Figure 
9). Likewise, the high B-factors in the loops connecting strands 
VI1 and VIII, VI11 and IX, X and XI, and XI and XI1 are 
associated with the presence of residues exhibiting smaller scale 
amplitude motions on the 0.54ns time scale. The two regions 
where motions on the 30-ns-10-ms time scale result in the 
largest increases in T2 line width, namely in the regions con- 
necting strands V and VI (residues 61-69) and strands IX and 
XI1 (residues 135-147), are also correlated with large B-factors 
(cf. Figures 4 and 9). However, not all those residues that 
are exchange broadened are associated with above average 
B-values. For example, residues 8-1 1, 15, 29, 30, 41,44,45, 
83,99, 102, 112, 124, 125, 135, 136, 145, and 147 all display 
increases in 15N line widths due to an exchange contribution 
to T2, and yet they exhibit among the smallest backbone at- 
omic rms displacements in the crystal structure, being located 
in the troughs of the B-factor curve. 

The lack of perfect correlation between the NMR and 
crystal data on atomic mobility is not surprising and may be 
due to a number of factors. First, motion that does not result 
in reorientation of the N H  vector with regard to the magnetic 
field will not be manifested in the 15N NMR relaxation data. 
Second, some motion in the crystal may be reduced as a result 
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of crystal contacts. Thus the turns connecting strands I and 
11, V and VI, IX and X, and X and XI, as well as the loop 
joining strands VI1 and VIII, are all involved in contacts with 
adjoining molecules in the crystal lattice and exhibit E-values 
somewhat lower than the other turns and loops that are not 
involved in such contacts. In contrast, the largest effects on 
T2 line broadening are associated with the turn connecting 
strands V and VI. Third, some regions that are mobile in 
solution and sample a range of conformations may be locked 
in a single conformational state upon crystallization. 

Concluding Remarks. In conclusion, the picture of protein 
backbone motion that we obtain from the present study is one 
in which very fast motions occur throughout the protein and 
are superimposed in certain regions on slower motions. The 
fast motions probably represent local oscillations. The slow 
ones, which can occur on widely ranging time scales from 
nanoseconds to milliseconds, arise from transitions between 
different conformational substates and are generally located 
in surface-exposed turns and loops. 
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SUPPLEMENTARY MATERIAL AVAILABLE 
One table giving the values and errors of the experimental 

I5N T I ,  T,, and NOE relaxation data together with the best-fit 
values for the calculated relaxation data and the optimized 
values of the order parameters, effective correlation times, and 
T, line broadening parameters (24 pages). Ordering infor- 
mation is given on any current masthead page. 
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