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ABSTRACT: Human type-a transforming growth factor (hTGFa) is a small mitogenic protein containing 
50 amino acids and three disulfide bonds. It has both sequence and structural homology with epidermal 
growth factor (EGF). While the three-dimensional structures of hTGFa and other EGF-like proteins 
have been studied extensively, relatively little is known about conformational dynamics of these molecules. 
In this paper we describe nuclear relaxation measurements which probe the molecular dynamics of hTGFa 
in aqueous solution at neutral pH. In order to characterize conformational dynamics of hTGFa on both 
the fast (i.e., sub-nanosecond) and intermediate nitrogen-15 chemical-exchange (Le., microsecond) time 
scales, we measured nitrogen-15 relaxation parameters at pH 7.1 f 0.1 and a temperature of 30 f 0.5 "C. 
Measurements of nitrogen- 15 longitudinal (R1) and transverse (R2) relaxation rates, and 'H- 15N 
heteronuclear NOE effects, were then interpreted using an extended Lipari-Szabo analysis [Lipari, G., & 
Szabo, A. (1982) J. Am. Chem. SOC. 104, 4546-4559; Clore, G. M., Szabo, A., Bax, A., Kay, L. E., 
Driscoll, P. C., & Gronenbom, A. M. (1990) J. Am. Chem. SOC. 112, 4989-49911 to provide estimates 
of the locations and amplitudes of fast internal motions and the locations of nitrogen-15 chemical-exchange 
line broadening. These results demonstrate that, under conditions of pH and temperature at which it is 
tightly bound by the EGF receptor, hTGFa is a highly dynamic molecule. Indeed, some 40% of the 
backbone amide groups of hTGFa, including many at the interface between the two subdomains, exhibit 
significant nitrogen- 15 chemical-exchange line broadening indicative of interconversions between multiple 
protein conformations on the microsecond time scale. The distribution of these sites on the three- 
dimensional protein structure suggests that these dynamic fluctuations are due to (i) partial unfolding of 
the core p-sheet, (ii) hinge-bending motions between the N- and C-terminal subdomains, andor (iii) disulfide 
bond isomerization in the solution structure of hTGFa at neutral pH. 

Human type-a transforming growth factor (hTGFa)' is a 
small mitogenic protein containing 50 amino acids and three 
disulfide bonds (Roberts et al., 1980; Marquardt et al., 1983; 
Derynck et al., 1984). It has both sequence and structural 
homology with epidermal growth factor (EGF) (Simpson et 
al., 1985; Campbell & Bork, 1993), competes with EGF for 
binding the same membrane-bound receptor (Carpenter et 
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al., 1983), and acts synergistically with other growth factors, 
including type$ transforming growth factor (TGFB), to 
induce phenotypic transformation in certain cells lines 
(Roberts et al., 1981; Anzano et al., 1983; Guerin et al., 
1989). TGFa and other EGF-like proteins also play central 
roles in the molecular basis of wound healing (Burgess, 1989; 
Jyung & Mustoe, 1992) and in the etiology of some human 
cancers (Burgess, 1989; Guerin et al., 1989). 

NMR solution structures have been described for hTGFa 
(Brown et al., 1989; Kohda et ai., 1989; Montelione et al., 
1989, Tappin et al., 1989; Kline et al., 1990; Harvey et al., 
1991; Moy et al., 1993) and for several homologous proteins 
including human EGF (hJ3GF) (Carver et al., 1986; Cooke 
et al., 1987; Hommel et al., 1992), murine EGF (mEGF) 
(Montelione et al., 1986, 1987, 1992; Kohda & Inagaki, 
1988, 1992a; Kohda et al., 1988), micelle-bound mEGF 
(Kohda & Inagaki, 1992b), rat EGF (Mayo et al., 1989), and 
the EGF-like domains from bovine coagulation factor X 
(Selander et al., 1990; Ullner et al., 1992), human factor IX 
(Huang et al., 1991; Baron et al., 1992), human tissue-type 
plasminogen activator (Smith et al., 1994), and human 
urokinase-type plasminogen activator (Hansen et al., 1994). 
X-ray crystal structures of the EGF-like domains of human 
E-selectin (Graves et al., 1994; Weis, 1994) and human factor 
Xa (Padmanabhan et al., 1993) have also been determined 
recently. All of these EGF-like molecules or domains have 
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backbone structures similar to that first described for mEGF 
(Montelione et al., 1986), with an antiparallel P-sheet in the 
N-terminal two-thirds of the molecule (Le., the N-terminal 
subdomain) and a small "double-hairpin" structure in the 
C-terminal third of the molecule (i.e., the C-terminal sub- 
domain). Over 300 EGF-like sequences have been identified 
as domains of larger proteins (Campbell & Bork, 1993), and 
many of these probably have chain folds similar to those of 
EGF and TGFa. 

The structure of hTGFa (Kline et al., 1990; Harvey et 
al., 1991; Moy et al., 1993) at pH 6.5 consists of two 
overlapping subdomains: the N-terminal subdomain (resi- 
dues Val-1 -His-35) containing the A (Cys-8-Cys-21) and 
B (Cys-16-Cys-32) disulfide loops and the C-terminal 
subdomain (residues Cys-34-Ala-50) containing the C (Cys- 
34-Cys-43) disulfide loop. Both subdomains contain side- 
chain residues that appear to be involved in receptor 
recognition (Campbell & Bork, 1993). 

While the three-dimensional structures of hTGFa and other 
EGF-like proteins have been studied extensively, relatively 
little is known about conformational dynamics of these 
molecules. At pH 3.5, all of the hydrogen-bonded amide 
protons of hTGFa exhibit ' W H  exchange half-lives of < 1 
h (Brown et al., 1989; Montelione et al., 1989), while under 
identical conditions of pH and temperature many of the 
corresponding amide protons of mEGF have IWH exchange 
half-lives of many weeks (Montelione et al., 1987, 1988). 
These differences in amide proton exchange rates have been 
attributed to partial unfolding of hTGFa at low pH, which 
accompanies titration of salt-bridge-stabilized hydrogen 
bonds between residue His-18 in the N-terminal subdomain 
and residue His-35 in the C-terminal subdomain (Tappin et 
al., 1989; Moy et al., 1993). 

At neutral pH conditions at which hTGFa is biologically 
active there are other indications of backbone conformational 
dynamics. For example, in all of the NMR structures of 
hTGFa (Kline et al., 1990; Harvey et al., 1991; Moy et al., 
1993) atomic positions for polypeptide backbone segments 
Val- 1 -Cys- 16 and Leu-48-Ala-50 are much more poorly 
defined than the rest of the polypeptide backbone. In 
particular, the polypeptide loop of residues Cys-8-Cys- 16 
is poorly defined in all of these hTGFa NMR structures 
while it is reasonably well-defined in the corresponding 
portions of the NMR structures of human and mouse EGF 
(Cooke et al., 1987; Montelione et al., 1987, 1992; Kohda 
& Inagaki, 1988, 1992a; Kohda et al., 1988). hTGFa also 
exhibits broad proton resonance line widths for some 
backbone residues in polypeptide segments His- 12-Phe- 15 
and Tyr-38-Glu-44 (Moy et al., 1993), which are in close 
proximity in the three-dimensional structure. In addition, 
many tertiary NOE's observed between the N- and C- 
terminal subdomains of mEGF are not observed between the 
corresponding protons of hTGFa at pH 6.5 (Moy et al., 
1993). These features lead to the suggestion that inter- 
subdomain NOE's in hTGFa are quenched or significantly 
line broadened by inter-subdomain hinge-bending motions 
(Moy et al., 1993). Low-frequency hinge-bending motions 
between subdomains are the dominant normal modes pre- 
dicted for dynamic fluctuations in mEGF (Ikura & Go, 1993). 
Polypeptide segments His- 12-Phe- 15 and Ala-4 1 -Cys-43 
in hTGFa contain several side chains that are essential for 
biological activity (Defeo-Jones et al., 1988, 1989; Engler 
et al., 1990; Campbell & Bork, 1993), and such hinge- 

A 

B 

. .  

C 

X Y 6 1  Y 

PFG 

t *1m lcll 
FIGURE 1: Pulse sequence used for measurement of I5N (A) TI ,  
(B) T2, and (C)  IH-I5N HNOE. The delays A are all turned to 
1/4[1J(15N-1H)]. The phase cycling used for the TI experiment was 
41 = 4(x), 4(-x), 4 2  = x, -x, 43 = 2(y), 2(-y), and receiver = 
x, -x, -x, x. For the T2 experiment, the pulse phases were cycled: 
41 = 16(x), 16(y),42 = 16(y), 16(-x), 43  = 2 6 ,  y, y, y, -Y, -Y, 
-y, -Y), 2(-x, -x, -x, -x, x, x ,  x, XI, 44 = 8 . k  -XI, 8(y, -Y), 
45 = 4(x, x, -x, -x), 4(y, y ,  -y, -y) ,  and receiver = 2(-x, x, x, 
-4 x, -x, -x, x), 2(-y, y, y, -y, y, -y, -y, y ) .  For the TI and T2 
experiments quadrature detection in 01 was achieved by time- 
proportional phase incremention (Marion & Wuthrich, 1983). 
Homospoil and trim pulses were used as indicated to improve 
solvent suppression. The lengths of trim and homospoil pulses were 
typically 0-4 and 1.5-5 ms, respectively. The phase cycling used 
for the PFG-HNOE experiment was 41 = y, -y and receiver = 
x, -x. Three z-gradient pulses (G1 , G2, and GS) are applied during 
the A periods. The ratio of gradient areas Gl:G2:G3 was ap- 
proximately - 1 .O: 1 .O:fO.  1985. Quadrature detection, in the 01 

dimension was done by recording two gradient data sets (N- and 
P-peaks) differing in the phase of final gradient pulse (G3) and 
then combining these by the method of Nagayama (1 986). The PFG 
amplitudes were 28 G cm-l, and the gradient pulse lengths were 
2.6 ms for G1 and G2 and 0.52 ms for G3. Heteronuclear 
decoupling was carried out during detection using GARP (Shaka 
et al., 1985) in all three experiments. 

bending motions would affect the relative positions of atoms 
in the N- and C-terminal subdomains thought to comprise 
the binding epitope for the EGF receptor. These dynamics 
could also contribute an important entropic component to 
the free energy of binding. 

In this paper we describe nuclear relaxation measdrements 
which probe the molecular dynamics of hTGFa in aqueous 
solution at neutral pH. In order to characterize conforma- 
tional dynamics of hTGFa on both the fast (i.e., sub- 
nanosecond) and intermediate nitrogen- 15 chemical-exchange 
(ca. microsecond) time scaies, we measured nitrogen- 15 
relaxation parameters at pH 7.1 f 0.1 and a temperature of 
30 f 0.1 "C. Measurements of nitrogen-15 longitudinal (R1) 
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and transverse (R2) relaxation rates, and IH-I5N hetero- 
nuclear NOE effects, were then interpreted using an extended 
Lipari-Szabo analysis (Lipari & Szabo, 1982a,b; Clore et 
al., 1990) to provide estimates of the locations and amplitudes 
of fast internal motions and the locations of nitrogen-15 
chemical-exchange line broadening. These results demon- 
strate that, under conditions of pH and temperature at which 
it is tightly bound by the EGF receptor, hTGFa is a highly 
dynamic molecule. Indeed, some 40% of the backbone 
amide groups of hTGFa, including many at the interface 
between the two subdomains, exhibit significant nitrogen- 
15 chemical-exchange line broadening indicative of inter- 
conversions between multiple protein conformations on the 
microsecond time scale. 

MATERIALS AND METHODS 
NMR Spectroscopy. Samples for NMR spectroscopy were 

prepared in aqueous solutions containing 2 mM [I5N]TGFa 
protein concentration at pH 7.1 f 0.1 and 1 mM NaN3. 
Samples were prepared by dissolving the protein directly in 
90% 'H20/10% 2H20. All NMR experiments were carried 
out at 30 "C on a Varian Unity 500 spectrometer. Proton 
and nitrogen- 15 resonance assignments for hTGFa at neutral 
pH have been reported elsewhere (Moy et al., 1993). 

Pulse sequences used for measuring the I5N TI and TZ 
relaxation times and 'H-I5N heteronuclear NOE (HNOE) 
are shown in Figure 1. During the relaxation period T of 
the TI measurement (Figure lA), proton decoupling with 
GARP (Shaka et al., 1985) was used to eliminate effects of 
cross-correlation between dipolar and chemical shift aniso- 
tropic (CSA) relaxation mechanisms (Boyd et al., 1990; 
Stone et al., 1992). In the TZ measurements, I5N spin-locking 
was carried out using the Carr-Purcell-Meiboom-Gill 
(CPMG) spin-echo sequence (Carr & Purcell, 1954; Mei- 
boom & Gill, 1958) during the transverse relaxation period 
T (Figure IB). This CPMG spin-echo sequence was 
modified to minimize cross-correlation effects, as described 
elsewhere (Kay et al., 1992; Palmer et al., 1992). Proton 
180" pulses were applied every 6.2 ms at the peak of the 
fourth even spin echo of the CPMG sequence in order to 
invert the 'H spin state rapidly compared to the fastest 
decaying component of the 15N doublet. This allowed 
determination of the average relaxation rate of the two 15N- 
'H multiplet components. Sample heating was minimized 
by using a duty cycle of less than 10% during the I5N CPMG 
sequence. The delay 2 t  between successive I5N 180" pulses 
applied during the CPMG sequence (Figure 1B) was adjusted 
to 720 p s  (z = 360 ps), and the delay z' is set so 2t' + 'H 
180" pulse width = 2t. Under these conditions, the value 
of z is much less than 142 x ~JNH), minimizing the 
contributions of antiphase relaxation pathways to the mea- 
sured values of Tz. 

All TI, T2, and HNOE experiments were recorded in 
duplicate. For TI measurements, seven T delays of 50,. 100, 
200,300,500,700, and 900 ms and nine T delays of 20,50, 
90, 150, 220, 300, 450, 600, and 800 ms for the two data 
sets, respectively, were used, while for T2 measurements T 
delays of 12, 31, 55,  80, 104, 153, and 196 ms and 12, 31, 
55,  80, 104, 135, 166, and 196 ms for two data sets, 
respectively, were used. The total recycle times were 2.3 
and 3.3 s for the TI and Tz measurements, respectively. 

Heteronuclear IH-l5N NOE's (HNOE's) were measured 
using the pulsed-field gradient HNOE pulse sequence (Li & 

Step 2. Relaxation parameters R,, R2 and HNOE of 
each residue are flt to SIX motlonai models. 

Li and Montelione 

4- 

I Step 1. %-Init is estimated uslno the -1 average ratlo G R ~ R I > .  

1 

1 
Step 3. The best-fit model wlth lowest &SE> 

Is identifled for each amlde a b .  

Step 4. The motional parameters and overall 
rm are optlmlzed slmutaneously. 

1 Step 6. The optlmlzed motlonal parameters R,, are 
used as correctlon factors to recalculate 
the average ratio . rR, /R,r .  

FIGURE 2: Flow chart showing the strategy used for estimating 
the global value of q,, and for optimization of extended Lipari- 
Szabo motional parameters. 

Montelione, 1994) shown in Figure 1C. Water suppression 
was achieved using heteronuclear coherence selection with 
two gradient pulses (G1 and G2) during the first delay period 
2A and a final gradient pulse (G3) 100 pus prior to beginning 
signal detection. A long recycle delay (15 s, approximately 
 TI of water) was used to provide complete relaxation of 
solvent magnetization between each experiment, avoiding 
saturation-transfer effects which result from partially satu- 
rated H20 magnetization present at the end of the HNOE 
experiment (Li & Montelione, 1993, 1994). Amide proton 
saturation (> 99%) during the NOE period was achieved 
using GARP decoupling (Shaka et al., 1985) for 3.7 s, 
approximately   TI of the longest backbone amide I5N nucleus 
(except that of Ala-50), to ensure generation of steady-state 
HNOE. 

All experiments described above were recorded with a 
sweep width of 3499.6 Hz in the 0 2  dimension with the 
carrier set to the center of amide proton region of the 
spectrum. A total of 180 TPPI increments, each of 1024 
complex data points, and a sweep width of 3200 Hz in the 
01 dimension were recorded in the TI and TZ experiments. 
A total of 90 hypercomplex increments, each of 1024 
complex data points, and a sweep width of 3200 Hz in the 
wi  dimension were recorded in PFG-€€NOE experiments. 
Sixty-four transients per ti increment were recorded for TI 
and TZ experiments and 36 transients for the HNOE experi- 
ments. No baseline or ridge corrections were required. 

Data Analysis 

Calculation of TI, T2, and HNOE. Relaxation rate 
constants and HNOE' s were calculated from cross-peak 
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Table 1: Expressions for Spectral Density Functions Used in 
Analysis of ISN Relaxation Data 

model spectral density functions optimized parameters 
1 J ( o )  = ?/5[s?rm/(i + w2rm2)] s? 
2" J ( o )  = 2/5[9rm/(l + 02tm2) + 9, re 

3 J(w) = ?/5[s?rm/(l + 02rm2)] 9, Rex 
(1 - 9)r,'/(l + 02r,'Z)] 

l/TZ(obs) = ~ / T z  + Rex 
4 J(w) = ?/5[s?rm/(l + 02rm2) + P, re, Rex 

(1 - s?)zl/( 1 + ~ ? r , ' ~ ) ]  
I/T?(obs) = 1/T2 Rex 

5b J ( o )  = 2/5[9rm/(1 + 02tm2) + S?, S,2, re 
- S,2)r,'/(l + ~ ~ r , ' ~ ) ]  

6 J(w)  = 2/5[s?tm/( 1 + oZrmZ) + 
S?( 1 - S,2)r,'/( 1 + W ~ Z , ' ~ ) ]  

S?, S?, ts, Rex 

1/TZ(obs) = 1/T? + Rex 

tl = rmtd(rm + re). r,' = rmrs/(sm + r8); s? = S?S,Z. 

heights in the IH-l5N correlation spectra. The longitudinal 
relaxation times, T I ,  were obtained by a three-parameter (I-, 
lo ,  and T I )  nonlinear least squares fit of eq 1 to the 
experimental data. 

Z(t) = I, - ( I ,  - Io) exp(-t/T,) (1) 

The transverse relaxation times, T2, were obtained by a two- 
parameter ( l o  and 7'2) nonlinear least squares fit of eq 2 to 
the experimental data. 

Z(t) = lo exp(-t/Tz) (2) 

where l o  and I ,  are the initial and final cross-peak heights, 
respectively. Curve fitting was done using the Levenburg- 
Marquardt algorithm (Press et al., 1986) in SigmaPlot 
Scientific Graphing System software (Jandel Corp.). Steady- 
state IH-I5N HNOE's were calculated from two data sets 

HNOE = (3) 

in which Zsat and les are the peak intensities in the spectra 
recorded with and without saturation of protons during the 
NOE delay period. The relaxation rate constants, RI  = UTI, 
RZ = 1/T2, and HNOE values for order parameter calculations 
were taken from the mean values of the fitting results of 
two independent measurements. 

Calculation of Extended Lipari-Szabo Motional Param- 
eters. For a two-spin 15N-'H system, the relaxation rates, 
R I ,  R2, and steady-state HNOE can be expressed as (Abrag- 
am, 1961; Becker, 1972) 

Rl = (dNH2/4)[J(WH - WN) + 3J(ON) + 6J(W, + ON)] + 
(W2/3)(oll - ~~> 'J (WN) (4) 

Rz = (dN:/8)[4J(O) + J(OH - UN) + 3J((ON) + 
~ J ( w , )  + ~ J ( w ,  + ON)] + (0,2/18)(0~~ - 0~)~[4J(0) + 

3J(wN)l + ( 5 )  

and 

which includes both dipolar and chemical shift anisotropic 
(CSA) relaxation mechanisms. The rate Re, is the additional 

contribution to R2 due to slow conformational exchange, and 

(7) 

where h is Plank's constant, YH and YN are the gyromagnetic 
ratios of 'H and 15N, OH and WN are the Larmor frequencies 
of 'H and 15N, respectively, and po is the permeability of 
free space. The value "H is the N-H bond length (0.102 
nm), and ql and 01 are the parallel and perpendicular 
components of the I5N chemical shift tensor [ql - 01 = 
-160 ppm; (Hiyama et al., 1988)l. The J(w)'s are spectral 
density functions which depend on overall tumbling of the 
macromolecule and on the intemal motions of the IH-l5N 
bond vector. 

The three principal components of the inertia tensor have 
been calculated from the solution structure of hTGFa (Moy 
et al., 1993) to be in aratio of 1.37:1.15:1.00. Accordingly, 
the structure of hTGFa can be modeled as a prolate ellipsoid, 
with an axial ratio of 1.37:1.00, defined as the ratio of the 
long to the short semiaxes of the ellipsoid. Relative 
rotational correlation times for reorientation about these axes 
were determined using standard expressions (Cantor & 
Schimmel, 1980). Values of ta/tsphere = 1.13 and tdtsphere 
= 0.99 were calculated for these two rotational correlation 
times, relative to that of a sphere of equal volume, for 
reorientation about the short and long semiaxes, respectively. 
These calculations demonstrate that the hydrodynamic 
properties of hTGFa are reasonably approximated by models 
which assume isotropic tumbling. For isotropic overall 
reorientation of I5N-'H vectors, the spectral density func- 
tions can be represented using the formulation of Lipari and 
Szabo (Lipari & Szabo, 1982a,b) 

J(w) = (2/5)[S2tm/(l + w%,~)  + 
(1 - Sz)t,'/(l + ~'t,'~)] (8) 

where SZ is the generalized order parameter. The value tm 
is the overall isotropic rotational correlation time of the 
molecule, and re' = t,tJ(t, + re), where re is a single 
effective correlation time describing the internal motion. This 
spectral density function can be simplified to eq 9 if the re 
is extremely small (i.e., < 10 ps). 

J(w) = (2/5)[S2t,/(1 + w22,2)] (9) 

For bond vectors with more complex internal dynamics, the 
Lipari-Szabo formalism can be empirically extended (Clore 
et al., 1990a) to include two different time constants for 
internal motions. 

J(w) = (2/5)[S2t,/( 1 + u2tm2) + 
(S,' - S2)ts'/(l + W22s'2)] (10) 

in which S- = S?Ss2, S? is the generalized order parameter 
for faster motion, and S,2 is the generalized order parameter 
describing the slower motion. In eq 10, t: = t s t m / ( t m  + 
ts), ts is the effective internal correlation time describing 
internal motions on the slower of the two time scales, and 
the fast internal motion, tf, is assumed to be very small (i.e., 

Strategy for Optimization of Extended Lipari-Szabo 
Motional Parameters. As the analysis of nitrogen-15 
relaxation data for hTGFa is complicated by significant 

< 10 ps). 
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FIGURE 3: Contour plots of a small region of the 'H-15N correlation spectra of hTGFa at pH 7.1 and 30 "C obtained for the 15N TI (A) 
and T2 (8) experiments at different interval times, T. 

contributions from chemical-exchange line broadening, the 
following strategy (outlined in Figure 2) was used for 
calculations of order parameters and internal correlation 
times: 

Step 1. An initial value of the overall rotational correlation 
time, rm-init, was calculated from the ratio (RdRl), as 
explained below in the Results section. 

Step 2. For each 15N-'H spin system, the relaxation rates 
R I ,  R2, and HNOE were fit to each of the six models shown 
in Table 1. The overall rotational correlation time was kept 
fixed at Zm-init, and optimized order parameters and internal 
correlation times were obtained by minimization of the 
following target function (Palmer et al., 1991; Stone et al., 
1992) 

SSE = ( R ,  - R l * ) 2 / ~ 1 2  + (R2 - R2*)'/u; 4- 
(HNOE - HNOE*)'/U~~: (1 1) 

in which R1, R2, and HNOE are the experimental values of 
relaxation parameters, U I ,  u2, and UHNOE are the uncertainties 
in these relaxation parameters, and R I * ,  R2*, and HNOE* 
are the corresponding theoretical values computed for each 
of the six models outlined in Table 1. 

Step 3. For each residue a "best-fit" model having the 
minimum value of the target function (eq 11)  was selected. 
When the results of several models (Table 1) were similar, 
the simpler one was chosen over any more complex models. 
The criteria for these selections were based on the values of 
S? in models 5 and 6 and Re, in models 4 and 6. When the 
value of S? in a model using two intemal motions was larger 
than 0.95 unit, simpler model 2 or 4 was selected rather than 

complex model 5 or 6, respectively. Similarly, where the 
optimized value of Rex was less than 0.1 Hz in models 4 or 
6, the corresponding simpler models 2 and 5 ,  respectively, 
were selected instead. 

Step 4.  Once a model of internal motion which best fit 
the data was determined for each 15N-'H spin system, the 
global value of zm and internal dynamic parameters of all 
residues were optimized simultaneously. The global value 
of rm was optimized using the constraints 0 5 SZ I 1, 0 I 
re I Zm, and 0 I Rex and a quadratic interpolation routine 
(Press et al., 1986) while SZ, re, and Rex were optimized for 
each residue using the Levenburg -Marquardt algorithm 
(Press et al., 1986). The resulting value of zm was then 
defined as zm-opt. 

Step 5. The entire process (steps 2-4) was repeated using 
this final value of Zm-opt as the initial value Zm-init. 

Step 6. This analysis allowed identification of 15N-'H 
sites with significant contributions of chemical-exchange line 
broadening to the 7'2 line width. These sites were then 
excluded from a recalculation of the (RdR1) ratio (as 
explained in the Results section), and the entire process (steps 
1-5) was repeated. 

Error Analysis 

Uncertainties in Estimates of RI,  R2, and HNOE. Uncer- 
tainties in estimates of relaxation rates and HNOE values 
were determined by 

0 = [ (R,  - &an)' + (Rb - Rmem)'I1'' (12) 

where u is the uncertainty in the relaxation parameters, R, 
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and Rb are the two independently measured experimental 
values, and R,,, is the mean value of R, and Rb. The mean 
values and uncertainties, a, of relaxation parameters were 
used as input in the dynamic analysis (eq 11) and in error 
estimates described below. 

Uncertainties in Extended Lipari-Szabo Parameters. 
Uncertainties in the best-fit values of motional parameters 
(9, S?, S,', re, and Rex) were estimated by Monte Carlo 
simulations, using methods developed by Palmer and co- 
workers (Palmer et al., 1991). In short, values Rlk, Rzk, 
and HNOEbC were back-calculated from the best-fit values 
of P, S?, S?, re, and Rex. Gaussian distributions of Rlerr-est, 
R z ~ ~ - ~ ~ ~ ,  and HNOEerr-est values were then generated with 
mean values corresponding to Rlk, RzbC, and HNOEbc, 
respectively, and standard deviations corresponding to the 
estimated uncertainties in experimental values (i.e., the a's 
from eq 12). Five hundred sets of Rlerrest, R z ~ ~ - ~ ~ ~  , and 
HNOEeILest were then generated randomly from these 
distributions and used to compute 500 sets of extended 
Lipari-Szabo motional parameters. The resulting distribu- 
tions of motional parameters were considered to provide good 
estimates of uncertainty if the biases of the motional 
parameter 9, re, and Rex were within 15%, 30%, and lo%, 
respectively, of the corresponding best-fit value. For each 
motional parameter, the bias is defined as the average 
difference between the best-fit value and the mean of the 
simulated distribution, divided by the best-fit value. For 
complex motional models (models 5 and 6 in Table l), values 
P are computed as the product (Clore et al., 1990a,b) 

s2 = s;s; (13) 

and standard error estimates a, on P were determined by 
error propagation (Harris & Kratochvil, 1981) 
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where ad and a,, are standard deviations in Sf2 and S?, 
respectively, obtained from the simulations described above. 

RESULTS 

15N TI,  T2, and HNOE Relaxation Data. Complete 
quantitative data were obtained for 36 out of a total of 47 
(Le., 77%) backbone secondary amides. For most residues, 
the nitrogen-15 TI and T2 values lie in the ranges 350-550 
ms and 110-200 ms (1.6-2.9 Hz), respectively. The 
remaining 11 backbone amides did not yield quantitative data 
either because of insufficient signal-to-noise ratios or partial 
overlap between two or more peaks in the I5N-'H fingerprint 
region (Moy et al., 1993), or because their nitrogen-15 
assignments have not been determined unambiguously (Moy 
et al., 1993). A set of three spectra from each of the I5N TI 
and T2 data sets are shown in Figure 3. Representative data 
showing decays of cross-peak intensities for several reso- 
nances in TI and TZ measurements are plotted against time 
in Figure 4 and fitted by a three-parameter exponential decay 
(eq 1) and two parameter exponential decay (eq 2), respec- 
tively. 

Standard deviations of the R1 and RZ rate parameters were 
obtained from two independent measurements using eq 12. 
These standard deviations were used in eq 11 as uncertainties 
in the order parameter calculations. Most of the standard 
deviations in R1 and RZ estimates are less than 10% (Table 
2). 

I 
OD 0.2 0.4 0.6 0.8 1 .O 

Time (s) 

.. 
0.0 0.1 0.2 0.3 

Time (s) 

FIGURE 4: TI relaxation curves (A) and Tz relaxation curves (B) 
for Cys-8 (m), Thr-13 (e), His-35 (0), and Cys-43 (A). The TI 
and TZ curves were obtained by fitting cross-peak intensities 
recorded in the TI and T2 experiment to eqs 1 and 2, respectively. 

The IH-l5N PFG-HNOE experiments were collected with 
and without 3.7 s of amide proton saturation with GARP. 
For most residues the measured values of HNOE's are in 
the range 0.44-0.66 unit. The cross peaks of Leu-48, Leu- 
49, and Ala-50 have negative intensities in the PFG-HNOE 
spectrum when the remaining peaks are plotted with positive 
intensities. As the HNOE experiments were recorded using 
PFGs and long recycle delays to avoid saturation-transfer 
effects (Li & Montelione, 1994), it was possible to measure 
steady-state IH-I5N HNOE's for 41 residues using eq 3. 
Standard deviations for 80% of the HNOE measurements 
were smaller than 5%. Only residue His-12 has a uncertainty 
larger than 10% (Table 2). These I5N R I ,  R2, and HNOE 
values are tabulated in Table 2 and plotted as a function of 
residue number in Figure 5. 

Estimates of Initial Value of z,. The initial value of the 
overall rotational correlation time, zm, was calculated from 
the mean ratio (RdR1). Assuming a small value of re (i.e., 

100 ps), the R ~ R I  ratio is essentially independent of 9 and 
can be used to determine the overall rotational correlation 
time, tm, directly (Kay et al., 1989). However, this ap- 
proximation also assumes negligible contributions from 
chemical-exchange line broadening to the measured RZ 
values. As will be demonstrated below, in hTGFa many 
backbone nitrogen- 15 nuclei exhibit significant line broaden- 
ing due to chemical exchange on the microsecond time scale 
between multiple conformational states. In order to over- 
come this complication, three different approaches were used 
for making initial estimates of zm. In cycle A, we excluded 
from the calculation of ratios (R*/Rl) nine residues (Le., 
Asp-7, Cys-21, Arg-22, Phe-23, Leu-24, Val-39, Leu-48, 
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Table 2: I5N Relaxation Parameters for hTGFa at pH 7.1 and 30 "C 
residue R I  (s-') R2 (s-') HNOE" RzIRI RzcorrlRlb 

Phe-5 0.28 f 0.01 
Asn-6 2.61 f 0.71 5.53 f 0.58 0.44 f 0.03 2.12 f 0.62 2.12 f 0.62 
Asp-7 1.96 f 0.17 6.22 f 0.75 0.46 f 0.02 3.18 f 0.48 2.21 f 0.43 
CYS-8 2.13 f 0.01 5.70 f 0.52 0.60 f 0.01 2.68 f 0.25 2.26 f 0.25 
Asp-10 0.59 f 0.03 
Ser-11 0.59 f 0.01 
His- 12 0.46 f 0.11 
Thr-13 2.69 f 0.08 7.04 f 0.21 0.58 f 0.03 2.62 f 0.1 1 2.25 f 0.1 1 
Phe-15 2.84 f 0.43 7.73 f 0.49 0.62 f 0.01 2.72 f 0.44 2.58 f 0.42 
CYS-16 2.78 f 0.27 8.15 f 0.79 0.62 f 0.01 2.93 f 0.40 2.26 f 0.36 
Phe-17 2.53 f 0.23 6.26 f 0.52 0.56 f 0.01 2.47 f 0.30 2.12 f 0.28 
His- 18 2.32 f 0.30 6.09 f 0.40 0.53 f 0.05 2.63 f 0.38 2.23 f 0.33 
Gly-19 2.81 f 0.09 5.95 f 0.51 0.62 f 0.01 2.12 f 0.19 2.12 f 0.19 
Thr-20 2.71 iz 0.18 6.32 f 0.56 0.63 f 0.01 2.33 f 0.26 2.26 f 0.25 
cys-21 2.99 f 0.87 9.46 f 0.61 0.61 f 0.04 3.16 f 0.94 2.13 f 0.65 
Arg-22 2.85 f 0.16 10.95 f 0.73 0.64 f 0.01 3.85 f 0.34 2.24 f 0.29 
Phe-23 2.62 f 0.10 8.44 f 0.62 0.58 f 0.01 3.22 f 0.27 2.25 f 0.25 
Leu-24 2.72 f 0.21 8.93 f 0.65 0.53 f 0.03 3.29 f 0.35 2.23 f 0.30 
Val-25 2.87 f 0.37 8.65 f 0.47 0.49 f 0.01 3.01 f 0.42 1.96 f 0.30 
Gln-26 2.75 f 0.13 6.82 f 1.46 0.51 f 0.03 2.48 f 0.55 2.15 f 0.54 
Glu-27 2.66 f 0.40 6.78 f 0.33 0.46 f 0.02 2.55 f 0.41 2.18 f 0.35 
Asp-28 2.64 f 0.38 5.92 f 0.50 0.51 f 0.01 2.24 f 0.37 2.22 f 0.37 
Lys-29 2.78 f 0.15 8.27 f 0.36 0.50 f 0.01 2.98 f 0.21 2.05 f 0.17 
Ala-3 1 2.50 f 0.22 5.36 f 0.29 0.62 f 0.01 2.14 f 0.22 2.14 f 0.22 
cys-32 2.66 f 0.26 7.40 f 0.57 0.61 f 0.02 2.78 f 0.35 2.26 f 0.31 
Val-33 2.96 f 0.29 8.28 f 0.69 0.61 f 0.03 2.80 f 0.36 1.93 f 0.30 
cys-34 2.86 f 0.11 6.06 f 1.19 0.63 f 0.05 2.12 f 0.43 2.12 f 0.43 
His-35 2.85 f 0.05 5.49 f 0.46 0.61 f 0.01 1.92 f 0.16 1.92 f 0.16 
Ser-36 2.92 f 0.61 6.21 f 0.74 0.63 f 0.02 2.13 f 0.51 2.09 f 0.51 
Tyr-38 2.83 f 0.23 5.85 f 0.59 0.63 f 0.01 2.07 f 0.27 2.07 f 0.27 
Val-39 2.51 f 0.01 8.96 f 0.81 0.63 f 0.01 3.58 f 0.32 2.26 f 0.32 
Gly-40 2.53 f 0.12 6.98 f 0.40 0.60 f 0.02 2.76 f 0.21 2.25 f 0.19 
Ala-41 0.65 f 0.03 
cys-43 2.98 f 0.12 6.33 f 0.44 0.62 f 0.01 2.12 f 0.17 1.91 f 0.17 
Glu-44 3.18 f 0.19 6.73 f 0.68 0.67 f 0.01 2.12 f 0.25 2.07 f 0.25 
His-45 2.89 f 0.29 6.86 f 0.50 0.61 f 0.01 2.38 f 0.29 2.19 f 0.28 
Ala-46 2.68 f 0.06 5.19 f 0.62 0.60 f 0.02 1.94 f 0.23 1.94 f 0.23 
ASP-47 2.49 f 0.02 5.37 f 0.48 0.48 f 0.01 2.16 f 0.19 2.08 f 0.19 
Leu-48 1.94 f 0.24 3.37 f 0.46 -0.19 f 0.01 1.73 f 0.32 1.73 f 0.32 
Leu-49 1.77 f 0.36 2.56 f 0.42 -0.48 f 0.01 1.45 f 0.37 1.45 f 0.37 
Ala-50 1.18 f 0.22 1.35 f 0.36 -1.12 f 0.02 1.15 f 0.38 1.15 f 0.38 

Where error bars smaller than 40.01 were observed, the error is reported as fO.01. The error bars represent the standard devivation (a) 
computed using eq 12. Rzcorr = RZ - Rex. 

Leu-49, and Ala-50) that have ratios (R2/R1) outside one 
standard deviation (f0.58 unit) of the mean value. One of 
these residues (i.e., Asp-7) has an unusually high TI value, 
and five of the nine residues have very small T2 values (Le., 
Cys-21, Arg-22, Phe-23, Leu-24, and Val-39) which appear 
to be affected by nitrogen-15 chemical-exchange line broad- 
ening (Table 2). Three residues (Leu-48, Leu-49, and Ala- 
50) located at the C-terminus of the protein exhibit high 
mobility on the sub-nanosecond time scale (see Figure 5) 
and were also excluded in the initial Z, estimate. The 
average ratio (R2/R1) for the remaining 27 residues was then 
used to estimate an initial value of tm-init = 4.39 f 0.05 ns. 

In cycle B, a total of 13 residues were excluded from the 
estimate of tm-init from RdR1 ratios. In addition to the nine 
residues excluded in the cycle A analysis, residues Cys-16, 
Val-25, Lys-29, and Val-33 having best-fit values of Re, > 
1.5 Hz (Table 2, cycle A) were also excluded in calculating 
the (RdRl) ratio. The average ratios (RdR1) for the remaining 
23 residues were then used to estimate rm-init = 4.25 f 0.05 
ns. Once again, the best of six motional models (Table 1) 
was identified for each residue, and then r,,, was optimized 
simultaneously with the model-free parameters (Figure 2). 

In both cycles A and B, the value r,-,pt was smaller than 
the initial estimate r,-,,it. This is because many amide 

protons in hTGFa have significant contributions to R2 from 
chemical-exchange line broadening (Table 3), resulting in 
overestimates of Zm-init from RdR1 ratios. We attempted to 
better correct for these errors in estimating rm-init in cycle 
C. For the amide groups of hTGFa which exhibit nitrogen- 
15 chemical-exchange linebroadening in cycle B, the value 
Rzcorr = R2 - Re, was computed, using the Re, parameter 
obtained in cycle B. Having made this correction, the mean 
ratio (RdR1) was determined by excluding nine sites with 
R2coJR1 ratios outside one standard deviation of the mean 
value (Table 4) and used to estimate Zm-init = 3.96 f 0.05 
ns. Steps 2-5 of Figure 2 were then repeated, optimizing 
first the motional model (Table 1) and parameters with fixed 
overall rotational correlation time and then simultaneously 
optimizing the motional parameters and overall correlation 
time for the best model. 

Values of r,-init and r,,,-opt and values of the target function 
(eq 11) summed over all residues (ESSE) at the end of cycles 
A, B, and C are presented in Table 4. The optimized value 
of the summed target function ESSE became smaller as 
improved estimates of z,-~~~ were made. For hTGFa at pH 
7.1 and a temperature of 30 OC, the minimum value of the 
target function was obtained for an overall rotational cor- 
relation time r,,, of 3.76 ns. Larger values of the summed 
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overfitting the available data. In these measurements, three 
experimental relaxation parameters ( R I ,  Rz, and HNOE) are 
determined for each residue. Models 1-5 in Table 1 consist 
of three or fewer adjustable parameters per residue, while 
model 6 includes four adjustable parameters per residue. For 
hTGFa at pH 7.1, nearly all of the backbone amide sites for 
which data are available could be fit using models 1-5. 
However, for the amide of residue Asp-47, the relaxation 
data was best fit to a complex motional model with a small 
amount of chemical-exchange line broadening (Le., model 
6 with Re, w 0.4 Hz). Considering that only three relaxation 
parameters were measured for this residue and that the 
apparant chemical-exchange line broadening is within the 
uncertainty level, these data were subsequently forced to fit 
complex model 5 with no chemical-exchange line broadening 
(Le., cycle D for Asp-47 in Table 3). The values of s? and 
ze obtained from this final fit to model 5 for Asp-47 were 
almost identical to those obtained for model 6 .  

Most of the amide sites for which data are available could 
be fit using simple Lipari-Szabo analysis (eq 8), with or 
without chemical-exchange line broadening. Of the 36 sites 
analyzed, only three in the C-terminal tail of hTGFa (Le., 
Asp-47, Leu-49, and Ala-50) required fitting to more 
complex models. For 25 of these sites, optimal fitting 
required the inclusion of a I5N chemical-exchange line 
broadening term. The order parameters s? and chemical 
exchange terms Rex for these sites are plotted in Figure 6. 
Most sites have order parameters in the range 0.8-0.95 unit, 
with uncertainties generally less than f0.05 unit. 

Distribution of Fast Internal Motions of Backbone Amides 
in hTGFa. The distribution of amide sites with motional 
order parameters 9' in the ranges 0.8-1.0,0.6-0.8, and <0.6 
unit is summarized on the solution NMR structure (Moy et 
al., 1993) in Figure 7A. Sites exhibiting order parameters 
indicative of larger amplitude sub-nanosecond motions (9' 
< 0.8 unit) include Asp-7 and Cys-8, located in a bend in 
the N-terminal polypeptide segment of hTGFa, and Leu- 
48, Leu-49, and Ala-50 in the C-terminal polypeptide 
segment. In addition, values of 9' indicative of internal 
motions are also observed for the chain reversals at Phe- 
17-His-18 (s? < 0.8 unit), Glu-27-Asp-28 (9' 0.8 unit; 
Figure 6A), and Val-39-Gly-40 (s? x 0.8 unit; Figure 6A). 
Residues Phe-23 and Ala-3 1, which are opposite one another 
in the central ,!%sheet, also exhibit lower than average order 
parametes (i.e., s? 0.85 unit). 

Estimates of Correlation Times for Internal Motions. 
While the SZ and Rex parameters could be measured reliably, 
estimates of ze were much less precise, exhibiting values of 
20- 1400 ps and uncertainties of 20%- 100% (Table 3). The 
precision in estimates of re depended strongly on the values 
of s?: for s? 5 0.8 unit, the uncertainties in ze are generally 
less than 25%, while for sites with s? > 0.8 unit the 
uncertainties were generally larger. Long re values (> 500 
ps) are generally associated with complex motional models 
(Stone et al., 1992; Clore et al., 1990b; Powers et al., 1992; 
Kordel et al., 1992; Akke et al., 1993b), as is observed for 
residues Leu-49 and Ala-50. In some cases, unusually long 
re values were observed for simple motional models using 
methods A or B for estimating rm but were fit best to one of 
the simpler Lipari-Szabo motional models (i.e., models 1-4 
in Table 1) with smaller ((500 ps) values of re once z, 
converged in cycle C. However, several sites were fit to 
the final models with values te as large as 800-1400 ps 
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Residue Number 
FIGURE 5: (A) R1, (B) R2, and (C) HNOE values for hTGFa 
measured at pH 7.1 and a temperature of 30 "C using a 500-MHz 
Nh4R spectrometer, plotted as a function of residue number. R I ,  
R2, and HNOE values are the average of the two data sets. The 
uncertainties shown represent the range of values obtained in the 
two measurements. 

target function CSSE were obtained using values of rm <3.7 
ns. 

Optimization of Extended Lipari-Szabo Motional Param- 
eters. Optimized values of motional parameters for hTGFa 
at pH 7.1 and 30 "C at the ends of each of the three cycles 
described above are summarized in Table 3. For 29 amide 
sites, the best-fit models were the same at the end of each 
cycle and independent of the initial estimate of z,. However, 
for the remaining seven sites it was found that as the initial 
choice of z, improved, the optimum motional model 
changed. Generally, converging on z, by reiterate analysis 
results in more simplified descriptions of the internal motion. 
For example, residue Ala-46 fits best to a multiexponential 
relaxation process (i.e., model 5 )  when tm was estimated by 
the procedure of cycles A and B, while the same data fit 
best to a single-exponential model (Le., model 2) when z, 
was reiteratively optimized in cycle C. Similar results were 
obtained for other amide sites (e.g., Ala-31, Cys-32, Ala- 
46, and Leu-48). On the other hand, residues Asp-28 and 
Ser-36 fit best to a more complex single-exponential model 
with chemical-exchange line broadening (model 4) once tm 
was optimally determined. The best-fit order parameter s? 
was also generally independent of the initial z, estimate, 
although the precision of the 9' estimate generally improved 
in each cycle. However, for amides of residues Val-25, Ala- 
46, Asp-47, and Leu-48, the optimized value of s? did depend 
on the initial estimate of rm (Table 3). 

It is generally easier to fit experimental data to models 
with more adjustable parameters, and care was taken to avoid 
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Table 3: Lipari-Szabo Motional Parameters for hTGFa at pH 7.1 and 30 OC 

6 A" 
6 B" 
6 Cy 
7 A  
7 B  
7 c  
8 A  
8 B  
8 C  
13 A 
13 B 
13 C 
15 A 
15 B 
15 C 
16 A 
16 B 
16 C 
17 A 
17 B 
17 C 
18 A 
18 B 
18 C 
19 A 
19 B 
19 C 
20 A 
20 B 
20 c 
21 A 
21 B 
21 c 
22 A 
22 B 
22 c 
23 A 
23 B 
23 C 
24 A 
24 B 
24 C 
25 A 
25 B 
25 C 
26 A 
26 B 
26 C 
27 A 
27 B 
27 C 
28 A 
28 B 
28 C 
29 A 
29 B 
29 C 
31 A 
31 B 
31 C 
32 A 
32 B 
32 C 
33 A 
33 B 
33 c 

2 
2 
2 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
2 
6 
4 
4 
4 
4 
2 
2 
2 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
2 
4 
4 
4 
4 
4 
5 
5 
2 
6 
4 
4 
4 
4 
4 

0.71 f 0.16 
0.76 f 0.16 
0.83 f 0.06 
0.62 f 0.05 
0.61 f 0.05 
0.60 f 0.05 
0.69 f 0.01 
0.69 f 0.01 
0.68 f 0.01 
0.87 f 0.03 
0.86 f 0.03 
0.85 f 0.03 
0.91 f 0.01 
0.90 f 0.01 
0.91 f 0.01 
0.91 f 0.01 
0.90 f 0.01 
0.89 f 0.01 
0.86 f 0.01 
0.71 f 0.06 
0.80 f 0.02 
0.75 f 0.06 
0.74 f 0.07 
0.73 f 0.08 
0.84 f 0.09 
0.91 f 0.01 
0.91 f 0.01 
0.89 f 0.01 
0.88 f 0.02 
0.87 f 0.02 
0.91 f 0.07 
0.92 f 0.07 
0.91 f 0.06 
0.91 f 0.01 
0.91 f 0.01 
0.92 f 0.01 
0.85 f 0.01 
0.84 f 0.01 
0.83 f 0.01 
0.83 f 0.02 
0.86 f 0.02 
0.85 f 0.02 
0.65 f 0.12 
0.74 f 0.04 
0.85 f 0.01 
0.80 f 0.23 
0.79 f 0.13 
0.86 f 0.02 
0.76 f 0.02 
0.79 f 0.03 
0.82 f 0.01 
0.81 f 0.06 
0.83 f 0.01 
0.83 f 0.01 
0.66 f 0.23 
0.76 f 0.03 
0.86 f 0.01 
0.72 f 0.19 
0.79 f 0.10 
0.83 f 0.03 
0.79 f 0.14 
0.86 f 0.03 
0.85 f 0.03 
0.58 f -b 
0.67 f - 
0.91 f 0.06 

1184 f. - b  

930 f - 
520 f 426 
58 f 15 
55 f 14 
52 f 13 
3 6 f  1 
3 2 f  1 
2 8 f  1 

158 5 123 
132 f 96 
108 f 67 
171 f 15 

1046 f 39 
122 f 12 
177 f 50 
135 f 46 
101 f 27 
162 f 18 

0.89 f 0.07 0.80 f 0.01 1390 f 96 
84 f 15 
77 f 61 
71 f 7 7  
64 f 86 

1801 f 941 
148 f 41 
118 f 30 
115 f 31 
93 f 28 
72 f 20 

718 f - 
727 f - 
996 f - 

1134f  116 
1197 f 118 
1271 f 132 
122 f 15 
106 f 12 
88% 11 

945 f 154 
200 f 105 
162 f 97 

1844 f 636 
1354 f 254 
626 f 54 

1061 f - 
1124 f 793 
211 f 167 

1025 f 102 
846 f 201 
198 i 76 
977 f 367 
170 f 22 
144 f 19 
1828 f - 

1278 f 223 
570 f 128 

0.87 f 0.04 0.83 f 0.18 1866 k - 
0.86 f 0.03 0.92 f 0.09 795 f - 

55 5 15 
0.93 f 0.08 0.85 f 0.08 1467 f 902 

93 f 45 
75 f 50 

3939 f - 
3488 i - 
941 f - 

1.89 f 0.81 
2.07 f 0.82 
2.28 f 0.82 
0.90 f 0.51 
1.10 f 0.52 
1.34 f 0.52 
0.99 f 0.27 
1.24 f 0.27 
1.54 f 0.27 
1.44 f 0.31 
1.55 f 0.48 
1.92 f 0.30 
1.85 f 0.43 
2.1 1 f 0.48 
2.43 f 0.52 

1.10 f 0.64 
1.10 f 0.40 
0.90 f 0.54 
1.12 f 0.60 
1.38 f 0.61 

0.18 f -b 

0.44 f 0.36 
0.75 f 0.43 
3.07 f 0.58 
3.25 f 0.53 
3.50 f 0.56 
4.56 f 0.74 
4.73 f 0.74 
4.93 f 0.74 
2.54 f 0.46 
2.79 f 0.48 
3.08 f 0.51 
2.92 f 0.65 
3.11.f 0.46 
3.41 f 0.53 
3.21 f 0.53 
3.11 f 0.49 
3.03 f 0.48 
0.94 f 1.07 
'1.12 * - 
1.25 f - 
1.09 f 0.34 
1.15 f 0.34 
1.44 f 0.34 

0.27 f - 
0.56 f 0.30 
2.78 f 0.55 
2.68 f 0.38 
2.61 f 0.28 

1.62 f 0.76 
1.63 f 0.46 
1.93 f 0.50 
2.58 f 0.78 
2.57 f 0.71 
2.32 f 0.59 
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Table 3 (Continued) 

residue model s2 S? S? re (PS) Rex (s-') 
34 A 2 
34 B 2 
34 c 2 
35 A 2 
35 B 2 
35 c 2 
36 A 2 
36 B 4 
36 C 4 
38 A 2 
38 B 2 
38 C 2 
39 A 4 
39 B 4 
39 c 4 
40 A 4 
40 B 4 
40 C 4 
43 A 4 
43 B 4 
43 c 4 
44 A 4 
44B 4 
44C 4 
45 A 4 
45 B 4 
45 c 4 
46 A 5 
46 B 5 
46 C 2 
47 A 6 
47 B 6 
47 c 6 
47 D 5 
48 A 5 
48 B 5 
48 C 2 
49 A 5 
49 B 5 
49 c 5 

50 A 5 
50 B 5 
50 C 5 

0.85 f 0.20 
0.90 f 0.17 
0.92 f 0.07 
0.76 f 0.08 
0.82 f 0.06 
0.91 f 0.01 
0.91 f 0.01 
0.90 f - 
0.91 f 0.30 
0.90 f 0.01 
0.90 f 0.01 
0.91 f 0.01 
0.82 f 0.01 
0.81 f 0.01 
0.81 f 0.01 
0.83 f 0.04 
0.82 f 0.04 
0.81 f 0.04 
0.80 f - 
0.91 f 0.06 
0.91 f 0.04 
0.95 f 0.01 
0.95 f 0.01 
0.96 f 0.01 
0.82 f 0.06 
0.90 f 0.01 
0.89 f 0.02 
0.56 k 0.23 
0.63 f - 
0.85 f 0.02 
0.64 f 0.02 
0.68 f 0.02 
0.77 f 0.02 
0.77 f 0.02 
0.37 f 0.04 
0.39 f 0.04 
0.49 f 0.01 
0.16 f 0.05 
0.18 f 0.06 
0.20 f 0.05 
0.01 f - 
0.01 f - 
0.10 f 0.04 

0.91 f 0.03 
0.91 f 0.03 

0.91 f 0.01 
0.90 f 0.01 
0.90 f 0.01 
0.90 f 0.01 
0.85 f 0.07 
0.86 f 0.07 

0.85 f 0.10 
0.85 f 0.10 
0.84 f 0.10 
0.66 f 0.10 
0.66 f 0.10 

0.61 f 0.23 
0.69 f 0.24 

0.70 f 0.01 
0.75 f 0.01 
0.85 f 0.01 
0.85 f 0.01 
0.44 f 0.01 
0.45 f 0.01 

0.19 f 0.04 
0.21 f 0.04 
0.24 f 0.03 
0.02 f 0.04 
0.02 f 0.04 

1608 f - 
1050 f - 
135 f - 

2379 f 694 
1899 f 611 
155 f 32 
154 f 48 

1201 f - 
1330 f - 
113 f 22 
113 f 22 
108 f 24 
61 f 5  
5 3 f 5  
43 f 4 
81 f 52 
71 f 4 0  
59 f 27 

2229 f - 
935 f 853 

1093 f 575 
773 f 19 
932 f 30 
121 f 25 

1799 f 584 
901 f 103 

1210 f 301 
3488 f - 
3040 f - 

87 f 24 
1416 f 30 
1168 f 18 
303 f 2 
295 f 3 
738 f 22 
714 f 21 
181 f 8 

957 f 74 
933 f 68 
892 f 54 
840 f 93 
844 f 93 

0.61 f 0.09 0.16 f 0.04 633 f 67 

0.01 f - 
0.22 f - 

3.28 f 0.81 
3.53 f 0.81 
3.81 f 0.81 
1.27 f 0.48 
1.51 f 0.48 
1.80 f 0.48 
0.01 f 0.50 
0.13 f - 
0.36 f 0.34 
0.14 f 0.45 
0.33 f - 
0.64 f 0.57 
0.75 f 0.48 
0.70 f 0.47 
0.95 f 0.49 

0.31 f - 
0.37 f 0.36 
0.37 f 0.36 

a Results are presented for three cycles of reiterative estimates of rotational correlation times, cycles A, B, and C of Table 4. Error bars are not 
reported when the bias between best-fit and back-calculated values, as defined in the text, was > 15%, >30%, and > 10% for the motional parameters 
P, re, and Re,, respectively. 

(i.e., amides of Cys-21, Arg-22, Val-33, Ser-36, Cys-43, and 
His-45). Control experiments carried out with the same pulse 
sequences and analysis procedures with 15N-enriched bovine 
pancreatic trypsin inhibitor (BFTI) exhibit few re values '50 
ps and no re values > 170 ps except for two residues in the 
highly flexible C-terminal polypeptide segment (Li and 
Montelione, unpublished results). It is possible that some 
of the amide sites in hTGFa which fit best to simple motional 
models and large re values actually represent amide protons 
which have both slow and fast sub-nanosecond motions, with 
small amplitudes for the slower motional component. 

Distribution of Slow Intemal Motions of Backbone Amides 
in hTGFa. Twenty-three backbone amide sites were best 
fit in cycle C with significant (>0.5 Hz) nitrogen-15 
chemical-exchange line broadening (Figure 6B). Uncertain- 
ties in these values were generally on the order of f0.3- 

0.5 Hz. The distribution of these amide sites in the three- 
dimensional structure of hTGFa (Moy et al., 1993) is 
summarized in Figure 7B. Sites exhibiting nitrogen-15 
chemical-exchange line broadening greater than 0.5 Hz 
include amides of polypeptide segments Asp-7-Cys-8, Thr- 

40, and Glu-44-His-45. Control experiments carried out 
with the same pulse sequences and analysis procedures with 
a sample of I5N-enriched BPTI revealed relatively little 
nitrogen-15 chemical-exchange line broadening except in the 
vicinity of the Cys-14-Cys-38 disulfide bond (Li and 
Montelione, unpublished results). The extensive chemical- 
exchange line broadening observed for approximately half 
of the backbone amides of hTGFa at neutral pH is very 
unusual and indicates interconversion between multiple 
protein conformations on the microsecond time scale. 

13-His-18, Thr-20-LYS-29, CYS-32-Val-33, Val-39-Gly- 
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experiments provide useful information for characterizing 
internal motions. In order to evaluate this, and to provide 
another view of the distributions of relaxation processes in 
hTGFa, we compared (Figure 8) three different measures 
of internal flexibility along the polypeptide sequence: 1 - 
s', Rl-max  - Rt, and HNOE,,, - HNOE, where R I - , , , ~  and 
HNOE,,, were computed from the overall rotational cor- 
relation time Zm = 3.76 ns assuming s' = 1. Both Rl-ma - 
R I  and HNOE,, - HNOE show good correlations with 1 
- P, even in polypeptide segments which exhibit significant 
chemical-exchange line broadening (Figure 8). Indeed, the 
measure R I L , ~  - RI shows an extraordinarily good correla- 
tion with 1 - 9. An excellent correlation between R I - , ~  
- RI  and 1 - s' was also observed in nitrogen-15 relaxation 
studies of BPTI (Li and Montelione, unpublished results). 
These observations demonstrate that the distributions of sub- 
nanosecond backbone motions in hTGFa can be described 
reliably using R1 measurements alone, even in the presence 
of significant nitrogen- 15 chemical-exchange line broaden- 
ing. 

It was also useful to compare values of local root-mean- 
squared deviations (rmsd's) of the polypeptide backbone with 
the relaxation parameters. Backbone atoms (N, Ca, C') for 
15 energy-refined structures of hTGFa (Moy et al., 1993) 
were superimposed in five residue segments, and these local 
rmsd values were compared with 1 - s', R t - m u ,  - Rt, and 
HNOE,,, - HNOE (Figure 8). For the polypeptide seg- 
ments Phe5-Asp-7 , Val-39-Gly-40, and Asp-47-Ala-50, 
structural disorder in the ensemble of NMR structures 
corresponds to portions of the molecule which exhibit internal 
motions on the sub-nanosecond time scale. However, the 
disorder in polypeptide segment Cys-8-Phe-15 of the 
solution NMR structures cannot be attributed to internal 
motions on the sub-nanosecond time scale. Although RI  data 
are not available for most residues in this surface loop of 
hTGFa because of saturation-transfer effects, with the 
exception of site His-12 the PFG-HNOE data indicate no 
more fast internal motions in segment Cys-8-Phe-15 than 
in the rest of the hTGFa structure (see Figures 5C and 8D). 
However, several residues in this loop (e.g., Thr-13 and Phe- 
15) do show significant nitrogen-15 chemical-exchange line 
broadening (Figure 6B) attributed to slower time-scale 
motions. The lack of sufficient homonuclear NOE data in 
this surface loop of hTGFa appears therefore to be due to 
the combination of chemical-exchange line broadening and 
saturation-transfer effects. Accordingly, the poorly defined 
structure of polypeptide segment Cys-8-Phe- 15 at neutral 
pH (Moy et al., 1993) can probably be improved using PFG- 
based NOESY experiments designed to minimize saturation- 
transfer effects. 

Overcoming Artifacts in HNOE Measurements Due to 
Solvent Saturation-Transfer Effects. Measurements of 'H- 
I5N HNOE can suffer from certain systematic errors (Kay 
et al., 1989; Li & Montelione, 1994). Sources of these errors 
include amide proton saturation periods insufficiently long 
for steady-state HNOE and experiment recycle times insuf- 
ficiently long to provide equilibrium polarization of I5N 
nuclei at the beginning of the pulse sequence used to record 
the reference spectrum. Both of these artifacts are due to 
the long longitudinal relaxation times of I5N and generally 
are avoided by using a long (>51'?) amide proton satura- 
tion period in the HNOE experiment and by using a 
sufficiently long recycle delay to allow full I5N relaxation 

0 0 0 0 0 .  0 0 0 0  0 . 0 .  ... 0 .  0 0 .  ..... 
. '  ' I  

T 

Table 4: ( R d R J ,  Overall Correlation Time (t,,,), and Total 
Minimium Value of the Target Function, SSE, for hTGFa at pH 7.1 
and 30 "C 

cycle (RdR I )  tm-init (ns) t m - m  (ns) ESSE 
A 2.42" f 0.33 4.39 f 0.05 4.17 f 0.05 6.70 
B 2.33*f 0.27 4.25 f 0.05 3.99 f 0.05 4.60 
C 2.18'f 0.07 3.96 f 0.05 3.76 * 0.05 3.93 
"The average ( R J R I )  is obtained from 27 residues, excluding 9 

residues (Le., D7, C21, R22, F23, L24, V39, L48, L49, and A50) that 
had R ~ R I  ratios outside one standard devivation (0.58) of the mean 
value. In addition to the nine residues omitted in cycle A, another 
four residues (Le., C16, V25, K29, and V33, having Re, > 1.5 Hz after 
analysis by method A) are also excluded in the calculation of the mean 
( R ~ R I )  ratio. In cycle C, Rzco,, is obtained from back-calculation: Rzcorr 
= R2 - Re,, where the Rex parameter was obtained from analysis method 
B. Having made this correction, (R*/Rl) is obtained by excluding the 
nine remaining residues (i.e., F15, V25, V33, H35, C43, A46, L48, 
L49, and A50) with (R2corr/R~) ratios outside one standard devivation 
(0.14) of the mean values. 
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FIGURE 6: Plots as a function of residue number of (A) the Lipari- 
Szabo order parameter (P) and (B) exchange line broadening (Rex) 
values larger than 0.5 Hz. Data were obtained by fitting the 
relaxation data at pH 7.1 and 30 "C to models 1-5 and selection 
of the best fitting model based on minimum values of the target 
function and criteria described in the text. Amide sites for which 
reliable estimates of all three dynamic parameters could not be 
obtained are indicated by open circles in both panels. Sites that 
were best fit without chemical exchange line broadening (or with 
Re,  < 0.5 Hz) are indicated by closed circles. 

DISCUSSION 

Relaxation Parameters RI ,  R2, and HNOE. The charac- 
terization of internal motions from nitrogen- 15 relaxation 
measurements generally involves determination of at least 
three relaxation parameters per residue, R I ,  Rz,  and HNOE 
(Kay et al., 1989). In some cases, additional relaxation 
parameters may also be determined (Peng &Wagner, 1992). 
However, it is useful to know if any one or two of these 
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FIGURE 7: (A, left) Ribbon diagram of the solution structure of hTGFa (Moy et al., 1993) showing the polypeptide backbone color-coded 
according to local values of the Lipari-Szabo order parameters, s2, at pH 7.1 and 30 “C. Backbone polypeptide segments are colored blue 
(0.8 I s2 I l), yellow (0.6 5 4 < 0.8), and red (s” < 0.6), according to the estimated value of the order parameter. (B, right) Schematic 
representation of the solution structure of hTGFa showing backbone polypeptide segments with chemical exchange line broadening, Rex, 
greater than 0.5 Hz. The polypeptide backbone segments are colored blue (no Rex contribution or Re, < 0.5 Hz), yellow (0.5 I Rex I 2 Hz), 
and red (Rex > 2 Hz), depending on the amount of chemical exchange line broadening indicated by the relaxation measurements. Polypeptide 
segments for which order parameters and other motional parameters could not be determined are shown in gray. 

in the reference data set. 
Another important artifact arises from saturation-transfer 

effects (Kay et al., 1989; Grzesiek & Bax, 1993; Li & 
Montelione, 1993, 1994). For protein solutions at neutral 
pH, chemical exchange between the amide protons and water 
is often sufficiently fast and the R ,  relaxation rate of amide 
protons sufficiently slow that saturated solvent protons can 
exchange into amide proton sites during the preparation 
period and reduce longitudinal IH magnetization. The 
resulting nonequilibrium polarization of amide protons results 
in IH-l5N HNOE in the reference experiment recorded 
without direct amide proton saturation (Kay et al., 1989). 
These artifacts can be minimized by using heteronuclear 
coherence selection with pulsed-field gradients for solvent 
suppression together with a recycle delay sufficiently long 
for the magnetization of water and any perturbations to I5N 
polarization to relax back to equilibrium values during the 
preparation period (Li & Montelibne, 1993, 1994). Alter- 
natively, it is possible to flip the transverse water magnetiza- 
tion back onto the +Z axis with properly phased frequency- 
selective flip-back pulses (Grzesiek & Bax, 1993). Such flip- 
back pulses, however, may not efficiently convert aZZ 
transverse water magnetization back into longitudinal mag- 
netization and also attenuate HNOE signals from amide 
protons with frequencies near to the water resonance. 
Although the use of long recycle times in the PFG-HNOE 
experiment (Li & Montelione, 1994) is costly in terms of 
instrument time, this procedure ensures circumventing 
artifacts associated with residual water saturation, offset 
effects associated with flip-back pulses, and incomplete 
nitrogen- 15 longitudinal relaxation in these measurements. 

Rapid Amide Proton Exchange. When amide protons in 
the reference spectrum are partially saturated by solvent 
saturation-transfer effects, the apparent HNOE (HNOE,,,) 
is given by (Li & Montelione, 1994) 

HNOE,,, = HNOE/(l + aq) 
where the quantity r is the HNOE enhancement, which for 
I5N nuclei is always KO, HNOE is the steady-state value of 
the heteronuclear NOE, and a is the fraction of HNOE 
enhancement (11) in the reference spectrum due to partial 
saturation of the amide proton. The value a varies between 
0 (no perturbation of I5N polarization due to partial saturation 
of the amide proton) and 1 (when the amide proton is fully 
saturated and results in a maximum HNOE to nitrogen). As 
partially saturated amide protons are relaxing while the 
HNOE in the reference spectrum develops, these a values 
reflect a time-averaged effect of partially saturated amide 
protons on the nitrogen-15 polarization rather than a direct 
measure of the fractional saturation of the amide proton. 
Nonetheless, they provide useful qualitative information 
about fast amide proton exchange and surface accessiblity 
(Li & Montelione, 1994). 

Apparent HNOE’s (HNOEapp) measured with and without 
weak solvent presaturation are summarized in Figure 9A, 
and values of a computed from these data using eq 15 are 
shown in Figure 9B. As expected, increased HNOEapp 
amplitudes are seen in the data recorded with weak solvent 
presaturation. Interestingly different amide protons exhibit 
different degrees of saturation-transfer effect on HNOE. For 
example, amide nitrogens of the surface polypeptide loop 
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FIGURE 9: Plots of IH-l5N HNOE versus residue number. (A) 
Comparison of IH-l5N HNOE of hTGFa recorded with (cross- 
hatched 0) and without (.) weak water presaturation in the 
reference data set without explicit amide proton saturation. Pre- 
saturation of the HzO solvent signal was carried out for 600 ms 
using a power corresponding to a decoupling modulation frequency 
of 900 Hz. (B) Survey of the saturation-transfer effects a as a 
function of residue number. The backbone amide protons of the 
residues involving hydrogen bonds in the NMR solution structures 
of hTGFa at pH 6.5 (Moy et al., 1993) are indicated by open circles. 
Hydrogen bonds were identified using the Sybyl molecular graphics 
program (Trips, Inc). The criteria for identifying a hydrogen bond 
between an amide donor and an acceptor atom were as follows: 
(i) the minimum angle formed by the donor and acceptor is 120°, 
and (ii) the maximum and minimum distances between the 
hydrogen-bonded donor and an acceptor are 2.8 and 0.8 A, 
respectively. Fifteen energy-refined structures of hTGFa were 
analyzed, and amide protons were assigned as hydrogen-bonded if 
these criteria were met for more than 50% of the structures analyzed. 

Moreover, the relaxation behavior of these residues in the 
C-terminus is best described by models with multiple intemal 
correlation times (e.g., model 5 of Table 1). These results 
indicate that the C-terminal polypeptide segment of hTGFa 
is very dynamic on the sub-nanosecond time scale. Con- 
formational flexibility in this region of hTGFa was suggested 
from the three-dimensional solution NMR structure (Moy 
et al., 1993), in which the coordinates of these residues are 
poorly defined (see panel E of Figure 8). 

Slow Intemal Motions in hTGFa: Lifetimes of C o n f o m -  
tions Associated with Slow Intemal Motions. In the final 
analysis 23 residues exhibit I5N exchange broadening greater 
than 0.5 Hz (Figures 6B and 7B). The observed increase in 
line width is directly proportional to the lifetime rex of the 
exchange process and the differences in chemical shifts 
between the various states (Becker, 1972). Assuming two 
equally populated states, the observation that the chemical- 
exchange line broadening is not refocused in time interval 
2 t  = 720 ,us between 180" pulses of the CPMG sequence 
indicates an upper limit for the lifetime of the chemical- 
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FIGURE 10: Stereo diagram of the NMR solution structure of hTGFa showing backbone polypeptide segments color-coded according to 
nitrogen-15 exchange line broadening, Rex. Polypeptide segments are colored red (Rex 2 0.5 H z )  or blue (no Rex contribution or Rex < 0.5 
H z )  depending on the presence or absence of chemical exchange line broadening in the extended Lipari-Szabo analysis. Backbone nitrogens 
for which dynamic parameters could not be calculated reliably are colored white, except for the polypeptide segment Val-1 -Asn-6, which 
is colored blue-green to highlight the fact that it contains the first strand of the N-terminal P-sheet. Polypeptide segment Val-I - A m 6  is 
thought to be in dynamic equilibrium between a conformationally disordered state and a conformation in which it is hydrogen-bonded to 
the central P-strand (Moy et al., 1993). Side chains are shown for three residues, Phe-17 (lavender), Arg-42 (green), and Glu-44 (green). 
Approximate residue locations are labeled on the structure. 

exchange process of -2.5 ms (Bloom et al., 1965; Deverell 
et al., 1970; Clore et al., 1990; Orekhov et al., 1994). For 
the same model, and assuming a maximum 15N chemical 
shift difference of 10 ppm between the two exchanging states 
and a minimum detectable increase in line width of 0.5 Hz, 
the lower limit for the exchange lifetime z,, is calculated 
from standard line-shape analysis (Becker, 1972) as - 1.25 
ps. Efforts to obtain more precise estimates of the lifetimes 
and populations of these conformational states of hTGFa 
from analysis of the effects of different CPMG spin-locking 
field strengths on the measured values of transverse relax- 
ation rates are now in progress. 

Structural Interpretation of Slow Internal Motions in 
hTGFa One significant shortcoming of Lipari- Szabo 
analysis is that the resulting interpretation does not provide 
an atomic model of the underlying motions. While these 
relaxation time measurements provide definitive evidence 
for slow internal motions in hTGFa, they do not provide an 
molecular description of the structural dynamics. In an 
attempt to rationalize the distribution of nitrogen- 15 chemi- 
cal-exchange line broadening in the molecule, we examined 
the three-dimensional structure for potential sites of dynamic 
structural variations relative to the positions of strongly 
shielding functional groups such as charged and aromatic 
side chains (Figure 10). 

Several studies (Kline et al., 1990; Harvey et al., 1991; 
Moy et al., 1993) have suggested that there may be a dynamic 
equilibrium in binding the first @-strand (Phe-5-Asn-6) of 
the core /?-sheet with the second @-strand (Gly-19-Val-25) 
at neutral pH. While weak interstrand NOE’s are observed, 

the amide hydrogen-deuterium exchange rates of these 
interstrand hydrogen bonds are much faster than for other 
interstrand hydrogen bond donors in hTGFa. Moreover, at 
acidic pH no NOE’s are observed between these two 
@-strands, and the polypeptide segment Val-1 -Cys-8 is 
highly disordered, while the major hydrogen-bonded P-sheet 
structures involving polypeptide segments Gly- 19-Cys-34 
and His-35-Asp-47 are not disturbed. Accordingly, the 
large chemical-exchange line broadening effects seen in 
polypeptide segments Asp-7 -Cys-8 and Cys-21 -Val-25 (see 
Figure 10) are consistent with a slow dynamic equilibrium 
between bound and free forms of the first (Phe-5-Asn-6) 
and second (Gly-19-Val-25) @-strands. 

Another kind of internal segmental motion, hinge-bending 
between the two subdomains of hTGFa, has been suggested 
(Moy et al., 1993) from analysis of tertiary NOE’s and 
comparisons of the distributions of these NOE’s with those 
observed in mEGF. Many more tertiary NOE’s between the 
N- and C-terminal subdomains are observed for mEGF than 
for hTGFa, resulting in three-dimensional structures which 
are somewhat different with respect to the relative orienta- 
tions of these domains (Moy et al., 1993). It has been 
proposed that the relevant inter-subdomain NOE’s in hTGFa 
are quenched or significantly line-broadened by inter- 
subdomain hinge-bending motions (Moy et al., 1993). 
Hinge-bending motions between the two subdomains are also 
predicted by normal mode analysis for mEGF (Ikura & GG, 
1993). As can be seen in Figures 7B and 10, many residues 
(Phe-15, Cys-16, Phe-17, His-18, Cys-32, Val-33, Val-39, 
Gly-40, Glu-44, and His-45) at the interface between the two 
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subdomains of hTGFa exhibit significant nitrogen- 15 ex- 
change line broadening, consistent with hinge-bending mo- 
tions between the two subdomains on the microsecond time 
scale. In addition to the nitrogen-15 chemical-exchange 
broadening described here at pH 7.1, unusually broad proton 
line widths are observed for backbone protons of polypeptide 
segments Phe-15-Gly-19 and Tyr-38-Glu-44 at pH 6.5 
(Moy et al., 1993). Nitrogen-15 exchange broadening in the 
polypeptide segment Phe-15-His-18 can be attributed to 
chemical shift differences arising from fluctuating electric 
fields at these sites from the Arg-42-Glu-44 salt bridge 
(Figure 10) and partially charged His-45 imidazole in the 
different conformational states of the inter-subdomain mo- 
tion. Similarly, different ring current shifts from residue Phe- 
17 in these dynamic conformational states of the hinge- 
bending motion provide an explanation for the nitrogen-15 
exchange line broadening in polypeptide segment Glu-44- 
His 45 (Figure 10). 

Inspection of Figure 10 suggests also a third mechanism 
for the slow conformational processes in hTGFa, disulfide 
bond isomerization. Isomerization between ~3 = f90"  low- 
energy states of disulfide bonds involves an activation energy 
barrier of some 6 kcaymol (Fraser et al., 1971) and has been 
observed to result in chemical-exchange line broadening of 
nearby backbone amide nitrogens in the solution structure 
of BFTI (Otting et al., 1993; Szyperski et al., 1993; Li and 
Montelione, unpublished results). In hTGFa, the backbone 
amide nitrogens in nearly all of the residues flanking the 
Cys-8-Cys-21 and Cys-16-Cys-32 disulfide bonds, includ- 
ing those of polypeptide segments Asp-7-Cys-8, Phe-15- 
Phe-17, Thr-20-Arg-22, and Cys-32-Val-33, exhibit sig- 
nificant chemical-exchange line broadening (Figure 10). 
While all three of these explanations for the slow confor- 
mational dynamics are consistent with the experimental data, 
additional studies will be required to demonstrate the relative 
contributions of #?-strand dissociation, subdomain hinge- 
bending motions, and disulfide bond isomerization to the 
slow exchange processes in hTGFa. 

Implications for  Understanding the Molecular Recognition 
Process. Comparisons of the backbone dynamics of free 
and bound macromolecular complexes can provide crucial 
information for understanding the energetics of the molecular 
recognition process (Akke et al., 1993a,b). Our dynamic 
analysis of free hTGFa provides evidence for internal 
motions on both sub-nanosecond and microsecond time 
scales. These motions are localized in several regions of 
the protein, including polypeptide segments Thr- 13-His- 
18 and Val-39-Glu-44. In the native structure at neutral 
pH (Moy et al., 1993), these portions of hTGFa pack against 
one another to form an interface between the two subdo- 
mains. This interface includes two residues, Phe-15 and Arg- 
42, known from site-directed mutagenesis studies to be 
essential for receptor recognition (Defeo-Jones et al., 1988, 
1989; Engler et al., 1990). This region of the related EGF 
molecule also includes one of its proposed receptor-binding 
epitopes [for a review, see Campbell and Bork (1993)l. As 
there is significant conformational flexibility of this putative 
binding region (Le., polypeptide segments Phe-15-His-18 
and Val-39-Glu-44) in the free hTGFa molecule, it is likely 
that changes in these internal motions make an important 
contribution to the. free energy of EGF-receptor binding by 
hTGFa. However, further studies by titration calorimetry 
and NMR will be required in order to fully understand the 

role of the internal dynamics described in this paper in the 
molecular recognition process. 
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