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ABSTRACT: This paper describes the use of novel two-dimensional nuclear magnetic resonance (NMR)  pulse 
sequences to provide insight into protein dynamics. Tbe sequences developed permit the measurement of 
the relaxation properties of individual nuclei in  macromoleculess, thereby providing a powerful experimental 
approach to the study of local prorein mobility. For isotopically labeled macromolecules. thc sequences 
enable measurements of heteronuclear nuclear Overhauser effects (NOE) and spin-lattice (Ti)  and spin-pin 
(T,) IsN or relaxation times with a sensitivity similar to those of many homonuctear 'H  experiments. 
Because T I  values and heleronuclear 3OEs are sensitive to high-frequency motions ( ~ 0 8 - 1 0 ' *  s-'> while 
T, values are also a function of much slower processes, il i s  possible to explore dynamic events occurring 
over a large time scale. We have applied these techniques to invatigate the backbone dynamics of ihe  protein 
staphylDcocca1 nuclease (S. Nase) complexed with thymidine 3',5'-bisphosphate (pdTp) and Caz+ and labeled 
uniformly with 15N- Ti, T2, and NOE values were obtainsd for over 100 assigned backbone amide nitrogens 
in the protein. Values of the order parameter (3, characterizing the extent of rapid 'H-I5N bond motions, 
have been determined. These results suggesl rhar there is  no correlation between thee rapid small amplitude 
motions and secondary strucrure for S. Nase. In contrast, 15N line widths suggesl a possible correlation 
between secondary structure and rnoiions on the millisecond lime scale. In particular, the loop region between 
residua 42 and 56 appears IO be considerably more flexibk on this slow rime scale than the rest of the protein. 

NMRI relaxation studies can provide deza~led inrorrnation 
pertaining IO the internal dynamlcs occurring in  proreins. 
Interest in measuring relaxat~on parameters has, in  part, 
srenirned from molecular dynamics studies of several protein 
syslems (Levy et al., 1981; Oiejniczak et ai.. 1984; Brunger 
el al., 1981; LeMaster et ai., 1988). These investreations have 
shown that, despite the close packing in globular proteins. there 
are subs~antial fluctuations on the picosecond time scale. 
Moreover, differences in cross-peak intensities in iwo-dimen- 
sional homonuclear and heteronuclear N MR experiments 
suggest that in proteins there is  a wide range of low-frequency 
motions (millisecond time scale). In addition to providing a 
more complete description of the  system studied than is 
available from a static structure, knowledge o f  motional 
properties may be important for understanding functional 
aspecis (Brunger et a]., 1987). 

The measurement of I5N or I3C relaxation r3\es is partic- 
u!3~1y useful for oblaining dynamic inforn~a~ion since fhc 
rclcihalion of Lhese nuclei is governed predominantly by the 
d i p l a r  inicraction with directly bound protons and io a much 
mGillcr exlent by ihc chemical sh f r  anisoirap) mcchaiw,in 
O l ~ l c r h a n d  et al., 1971~) .  These intefactions h a l e  been n c l l  
cti:Ir;lc-ierixd by studies on model sq'stems ( K u h l m a n n  ct 31 . 
1970: Hiy;lnia e l  al , 1988) and can be lnierpreted ~n tcrms 

0 1  d j  iiiiiiiic Iisolecular properties wit1:uur a dcial led undcr- 
5t;rriding or the Strucrural properties of the systenl in qucsiion 
1 - h ~  t i t i l i t !  of I3F and  ''N relaaation >ludic> for obrainlng 

( 1 )  t i t i i n k  ;Iruprrrtich d ni;icromulcculca i t a h  rtcognizcd earl) 

on by Allerhand and co-workers (AIlerhand et al., 1971b; 
Glushko e1 a]., 19721, who measured spin-latiice relaxation 
times ofcarhnyl  and aliphalic carbons at natural abundance 
in ribonuclease; by Roberts and mworkers (Gust et a].. 19751% 
who measured ISN T,s and nuclear Overhauser enhancements 
(NO&) a i  natural abundance for severa! biopolymers. and 
by Hawkes and co-workers (Hawkes et al , 19751, who re- 
poried on a natural abundancc I3C and I5N NMR relaxation 
study of the cyclic decapeptide gramacidin S. Since the 
mid- 1970s a Iarge number of papers have appeared dealing 
with the extraction of dynamic mdecular properties from I3C 
OJ I5N relaxation studies (Norton et a]., 1977; Llinas et a].. 
1978; London, 1980; Richarz el al., 1980; Fuson et al., 1983; 
Henry et a]., 1986: McCain et a!., 1986, 1988: Smith et al., 
1987; Bogusky et a]., 1987; Schiksnis et a]., 1989; Dellwo & 
Wand, 1989). These sludies have involved direct observation 
o f  '3C/'5N, using one-dimensional N M R  techniques. Un- 
fortunately, the low sensitivity of these heteronuclei leads to 
rhc requirement of large amounts of sample and long n-leas- 
uring limes, while the lack of resolution in one-dimensional 
N M R  specIra limits the measurements IO the extraction of 
bulk rclaxalinn times or rdaxaiion mliies of onlj  a small 
number of selectively labeled spins. Thew problems can bc 
laryely circumvented by using one- and two-dimensional pulse 
schemes t h a t  enable indrrecr me3suremcnt of thc relaxatlon 
propcrriec of insensitive nuder {Kay et al., 1987: Sklenar et 
a1 . 19x7; Nirrnala & Wagner. 1988. ISSSr). 
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i n  this paper we present a "N NMR relaxation study or 
the backbone dynamics of the protein staphyloamxl nuclease 
( S .  Nase) complexed with thymidine 3'.5'-bisphosphate (pdTp) 
and Gal+, having a total molecular mass of 18 kDa. Because 
nearly complete assignment of the I5N backbone atoms has 
keen obtained for S .  Nase, i t  provides an ideal target for 
investigating Imal motional dynamics by 15N NMR. 

METHODS 

Profpin Purificarion and "ly Lnbeling. The uniformly 
W-enrich& nuclease sample was obtained from tramformed 
Escherichia coli containing art expression plasmid, pNJS. that 
encoded for the prduction of the wild-type ( 1  49 residues) 
enzyme. The cell growth conditions and protein purification 
p r d u r e s  have been described previously (Hibler et al., 1987; 
Torchia et al., 1989). 

N M R  Spectroscopy. Schemes a and b of Figure I show 
the pulse ssquences used to record 'H-"SN correlation spectra 
for measuring ISN T, and TI relaxation rates. The experiments 
are variations of a sequence originally proposed for the re- 
ad ing  of ' H - W  correlation spectra (Bodenhausen & Ruben, 
1980). In order to measure T I  or T, relaxation rates of the 
hetermpin, net magnetization transfer between the proton(s) 
and the coupled heteroatom must occur, requiring slightly 
more complicated pulse sequences than necessary for a normal 
single quantum heteronuclear correlation experiment. Two 
rerocused INEPT-type sequences (Morris & Freeman, 1979; 
Bururn & Emst, 1980) are employed to transfer magnetization 
rrom the directly bound protons to the low y heteronudeus 
and back to protons for detection. In this way the detected 
signal intensity is independent of the gyromagnetic ratio (y) 
of the heteroatom, providing an approximately 30-fold increase 
in sensitivity relative to 'H-I5N correlations remrded with I5N 
detection @ax et al.. 1989a). TI or T,  values are extracted 
in a straightforward fashion by measuring the intensities of 
cross-peaks in 2D maps as a function of a relaxation deIay, 
T. 

Figure IC illustrates the new purse sequence developed to 
record correlation spxxra for measuring 'H-I5N NOES. 
Spectra are recorded in the presence and absence of 'H sat- 
uration. Since the Iongitudinal magnetization of the heterc- 
atom is io be measured for calculating the heteronuclear NOE, 
magnetization must originate on the '5N spin. Magnetization 
is subsequently transferred via a refocused WEPT sequence 
to the directly coupled N H  proton for observation. 

All spectra were recorded with a sample of 1.5 mM S. Nase 
in 90% H,O-10% D,O complexed pdTp (5 m M )  and Ca2+ 
(10 mM) at pH 6.4 and at a temperature of  35 "C. T I  spectra 
were recorded at 270 MHz on a NT270 spectrometer, at 500 
MHz OR a Bruker AM500 spectrometer. and a t  600 MHt  on 
a Bruker AM600 spectrometer T2 and NOE data sets were 
recorded at SO0 MHz an a Bruker AM500 spectrometer. 

I n  order to obtain quadrature i n  F , .  data were recorded at 
270 MHz according to the method of States et aI. (1982). 
Two-dimensional spectra consisting of 128 complex I ,  points 
and 256 complex I ?  points were acquired with  256 scans per 

point. TO obtain T, relaxation rates, four T delays of 55, 
122, 190, and 245 ms were employed. On the Bruker spec- 
trometers, Fl quadrature was achieved with TPPI (Marion 
&k Wuthrich, 1983). A 512 X 1024 rcal dara matrix was 
acquired for each duration T, with 32 S C ~ I ~ S  per r ,  increment. 
TI valucs werc obtaincd by using six T delays of 50. 190, 330, 
470,610, and 750 rns at500 Mf47. and 50. 210. 370,530,690, 
and 850 rns at 600 MHz. TI values wccc rccorded at 500 
MHz by using six delay values. 4.8, 24.0. 43  2, 62.4, 86.4, 
and 105.6 ms. NQE data scts wcrc rccordcd :IS 5 12 x I024 

Biochemistry. Vol. 28. No. 23. 1989 8973 

a 

b 

t-T- 

G 

FIGURE I: Schemes for the measurements of X spin Ti (a), TI (b}, 
and iH-X NOE values (c) with 'I+ detection. For the case where 
spactra are recorded in H 2 0  (ie., where X = W), effective water 
suppression is achieved with the use of an off-resonance DANTE 
sequence described previously (Kay et al.. 1989). The value of A is 
slightly tess than 1/(4JxH) (2.3 ms For 15N) to minimize relaxation 
losses. Because the transverse relaxation times for backbone '5N spins 
are long, the value of r is set to L/(4&+,) (2.75 ms). For spectra 
recorded in  A@, water saturation during the relaxation period Tis 
achievd by the use DANTE pulses. The phase cycling employed 

2(x), 2(-x); Acq = x, -x, -x. x ,  -x. x, x, -x. The receiver phase 
is inverted every eight scans. A composite 180' pulse (90,180,9OX) 
is applied in the center of the evolution period. The effect of the 
phase 3lterMtiOn of $3 is to alternatcly store magnetization along the 
+ Z  axis and -Z axis so that magnetization relaxes as exp{-T/T,). 
In chis way a nonoprimal delay between scans will only affect the 
sensitivity OF the experiment without mtrmlucing systematic errors 
(SkIeoir et ai., t987). Quadrature in F, is achieved by incrernenting 
the phase of $il by 90' lor each successive point, time propOrtionaE 
phase incrementation (TPPI) (Marion & Wuthrich. 1983). For 
sequence b, 7 must be set to 1/(4JXH) (-2.75 ms for I5N) so that 
aII X rnagnetizatjon is in phase a i  the start of the CPMG portion of 
the sequence. For T, spxtra recorded in water. application of a 180" 
'H pulse in the middle of the relaxation period f1.e.- at Tf2) inverts 
the water magnetization so that at the end of the relaxation deIay, 
T,  very littte net water recovery along the 2 axis has occurred. The 
phase cycle employed for ( b )  is = 2(x). 21-x), @ 3  = 
4(x),  4(-x), and = 8(x). 8( -x) :  ACQ = x, -x, -x . x. 21-1, x ,  x ,  
-XI, x, -x. -1, x.  Aher 16 scans. the  phase of the  first 1 8Q0 pulse 
on X after theevolution period. ti. i s  inverrcd without changing the 
receiver phase. This pulse and thc pulse at the center of \he evolution 
period are a m p s i t e  180' pulses. Quadrature in F1 IS achieved via 
a TPPI o f  #+ In order 10 measure IH-l5N NO&, data sets with and 
without 'H saturation are recorded Scheme c indicales the sequence 
used for the a 5 e  of 'H saturation I H saturation is achieved by the  
application or 120' pulses spaced at 20-ms Intervals for 3 s prior to 
the first 'IN pulse [not to scale in ( c ) ]  (Markleyel a].. 1971). Wakr 
suppression is achieved with the use or an off-resonance DANTE 

'sequence (Kay et al., 1989) during this rime period For the data 
set recurdad without the NOE. water suppression Is achieved in a very 
short period oF approximarely 100 ms in order to minImizc spin 
diffusion IO thc rest of the prolein. The phase cyde employed for 
(c) is  $, = x ,  -x and & = y . ~ ' .  -y. -v: Acq = i, - Y >  -.r. 1. Quadraturc 
in PI i s  achieved by a TPPI of 9, 

for (a) is 91 = 8Q). g(-pt), 61 = 4(x)+ 4f-x). Q+ = -y, Y. and $4 = 

= y ,  -y, 

rcal matrjccs with TPPI Lo achicve quadraturc in f, with 71 
scans per 1 ,  point For the spectrum rccorded w ~ t h  the NOE 
and 32 scans per I ,  point for the spectrum recorded without 
the NOE. The T , ,  T,, and NOE data sets were prwesseci with 
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software provided by Ncw Melhods Research (Syracuse, NY). 
lntensities or cross-peaks were obtained from peak-picking 
routines provided in the software package. 

Analysis of TI and T, Relaxation Times and NOE En- 
honeemem. The TI  and Tz relaxation rates and the NOE 
enhancement of an amide I5N spin relaxed by dipolar coupling 
to a directly bonded proton and by chemical shift anisotrapy 
are given by (Abragam, 1961) 
] /TI  = 

d2]J(w,  - wx> -I- 3J(w,) + 6J(wAf  wx>l  + c2J(wX) ( i 1 
l / T l  = 0.5&(4J(O) f J(w* - w X )  + ~ J ( o , )  + ~ J ( w , )  + 

6J{w, 1- %)I + 7 6 4 3 J ( ~ x )  + 4JtO)t (2)  

and 

NOE = 1 + [(TA/Tx)&J(wA -t WX) - J(w, - 4 l T f 1  
(3) 

with dz = 0 . 1 y , z y x 2 h 2 / ( 4 ~ 2 ) { I / r ~ x ~ 2  and c2 = 12/ 
1 5>rx2H$(0a - u1I2. In eq. 1-3 A = ‘H,  X = ”N, y, is the 
gyromagnetic ratio of spin i ,  H is Planck’s conslant, rAx is the 
internuclear ‘H-W dismnce, Ho is the magneiic field strength, 
uil and uI are the parallel and perpendicular companenls of 
the axially symmetric 15N chemical shift tensor. and J ( w J  IS 
the spectral density function. The assumption of an axially 
symmetric chemicaE shift tensor has been shown IO be valid 
for peptide bonds. with uII - uI = -1 60 ppm (Hiyama et a[.. 
1938). 

For a protein in solution J(q) depends on both the  overall 
motion of the rnacromolecuk as a whole and  on the  internal 
motions of the  IH-”5N bond vector. The analysis of  he re- 
laxation data in terms of the minimum number of unique 
motional parameiers is  most easily achieved by using the 
formalism of Lipari and Szabo (1982a,b). These authors 
express J ( q )  according to 
J(q)  = S2Tm/{l f (w,7,)2] + ( 1  - Sl)T/Il + ((.,.)2] (4)  

where S is an order parameter measuring the degree or spatial 
restriction of the motion, T,,, is the correlation lime for I he 
overall motion, and 1 / ~  = 1 / ~ ,  + I/.,, where T~ is an effecrive 
correlation time describing the rapid internal motions. Implicit 
in  this model is that the overalI tumbling of the macromolecuie 
is isotropic. As will be discussed later, this is a reasonable 
assumption for S. Nase. The parameters S and T~ described 
above are defined in a model-independent wdy but can be 
easily interpreted within the framework of some physically 
reasonable model (Lipari & Szabo, 1982a,b; Brainard & 
Szabo. 1981). 

In order to gain physical insight inlo the effects of 7,, 7,. 

and S2 on the measurables T, ,  T,, and NOE, II is convenieni 
to recast eq 1-3 to 
I J T ,  = SZ(1 /Tl),sm[l +. (10 f 6) / (3  + 6) x 

t(l - s*l/s21(T,/7,)IWX7”,)Zj (3 
1 / 7 ;  = S2(1/Td,,o~Il  + {IO + ( 7 / 4 ) 6 i / I 2  + (2/3363 X 

lil - ~2))/S’K7c/7,)l ( 6 )  
N Q E  = 

where the subscnpr kot refers lo the  value in  ihe absence of 
Internal motions and d = The value oC d is 0 67 Cor 
‘3. “N resonance frcquency of 50.7 MIi7 This correspond> 
lo a contribution 10 the ISN qxn-I:ittice relaxation ofX2T and 
18% from Ihc. ’I4-”N dipolar and  CSA rc1;ix:ition I ~ I F C I I : I -  
nisnis. rcspcctwcly Equalions 5-7 ha\ L‘ been dcrivcd wlih thc 
assvnlptions t h a i  ](wA f w X ) ~ , l 2  << 1 ,  (W~T,)’ >> 1 .  arid ((wn 
f W X ) ~ ~ ] ’  >> ( W ~ T , ) ~  It is readily sccn that ihc NOE 15 

N Q L ,  - 5 Q / / 3  + S)[l(l - S2)/S2~17t/7,)(~X~,)SJ (7.) 

Acmlciated Pubtications 

1 I 
11 lQ 9 B 7 

-!%I(%) 

FIGURE 2: Plots of log (TAi = 1.21) and ‘W-*SN NOE vs log (T,,,) 

for ”N relaxed by ’H-”N dipoh and CSA interactions at a nitrogen 
frequency of 50.7 M H z  An N-H bond vector tumbling isotropidly 
with 9 = 1.0 and a bond length of 1.02 8. was assumed A value 
of ul - nI = -160 ppm was used. 

approximately 5 and 30 times more sensitive to internal dy- 
namics than 1 /TI and I /TI,  respectively, for molecules the 
size of S .  Nase with wxr,  - 3. For example, for = 0.9 
and 7, = 9.0 ns, ihe value of the NOE varies from 0.80 to 
0.66 as T, i s  increased from 0.0 to 0.1 ns. In contrast, 1/T, 
changes by onIy 3% over the Same range of 7* values. 

figure 2 shows plots of the I5N TJ and T2 reIaxation rates 
and the 1H-’5N NOE at a I5N frequency of 50.7 MHz as a 
function of correlation time, T,, assuming isotropic overall 
motion and the absence OT internal motions. We have included 
the effects of ]H-I5N dipolar interactions as well as contri- 
butions from chemical shift anisotropy. The NOE can very 
from -3.6 for wxrm << 1 to 4-0.82 for %T, >> 1 .  If the dipolar 
interaction is considered exclnsively, the NQE varies from -3.9 
10 +0.78. In this context, we indicate that in the calculation 
of relaxation properties for coupled spins of oppositely signed 
magnetic moments both the sign of the gyromagnetic ratio and 
the sense of the angular precession of the spins must be taken 
into account (Werklow, 1987). This implies that, for a t s N -  
‘ H  pair, (wA f ox) < (wA - ox) and J{aA + w x )  > J(wA - 
wx). The literature value of 0.88 for the ratio of ’’Pl signal 
intensities in the presence and absence of proton saturation 
in the slow limit (Gust et al., 1975; Hawkes et al., 1975) is 
incorrect since the opposite sense of precession of the *I+ and 
ISN spins has been ignored. 

For the case of IsN relaxation, the spectral density function 
described by eq 4 c a n  be simplified considerabty. An average 
NOE value of 0.77 with a standard deviation of 0.07 was 
obtained on the basis of measuring iSN intensities i n  the 
presence and absence of proton saturation for 101 residues in 
5. Nase. Residues showing negative intensities in the presence 
of ’ H  saturation were excluded before averaging. I n  addition, 
Leu-7 and  His-8 were also excluded from the average since 
The NOE values associated with these residues are also sig- 
nificantly decreased by internal motion. As mentiand above, 
Cor rigid proteins tumbl~ng  isotropically the maximum NOE 
possible is +0.82 On :he basis of an average measured NOE 
of 0.77, the internal motions contribute, therefore, no more 
than 6% to the measured NOE for S. Nase. Equations 5 and 
7 indicate t h a t  neglect of the effects of the second term in eq 
4 in this case will coniribute no more than a 1% error IO 1 /TI. 
on average. Even lor the few cases where the measured NOE 
value is one standard deviaiion below the average, the con- 
rribution 10 1/T, duc to this term i s  only -2% W e  hare. 
thererorc. neglectcd thc effects of 7* in the interpretation of 
the 7, and T? data in  lerms of moiional paramcters for all 
residues cxcepl ihose Tor which a small positive or a negative 
N O E  indicates t h a t  such a sirnpliricxtion IS not warranted. 
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This situation is  LO be contrasted with the case of I3C relax- 
ation. where rapid internal rnOIiOd can makc a measurable 
contribution to the spin-lattice relaxation rare. For example, 
increases in 15N longitudinal relaxation rates by 3% due to 
rapid internal motions translate inta increases of about 20% 
for 13C spin-lattice relaxation rates. assuming identical 
motionat parametcrs in both cases. 

Since, for S .  Nase, the expressions for the I5N T ,  and T2 
relaxation rates are essentiaily independent of T ~ ,  the  overall 
correlation time rrn can be extracted on a residue by residue 
basis according to the expression 

T , / T z  - [&'(wA - + 3J'[w,) + 6J'(wA + w x ) }  i- 
c~,'~wX)]/[O.S~~~~,'~O) f J'(w, - w X ~  f ~ J ' ( w , )  + 
~J'(w,)  I- ~ J ' ( w A  + W X ) ~  + 116~~{3.f'(wx) t- 4J'(O)]J ( 8 )  

where T ,  and TI are the measured Ti  and TI relaxation rates 
for each W spin. In eq 8, J'(w,) is a simplified spectral density 
function of the form: 

( 9 )  J'(w,) = S2T,/[1 + ( q r m ) 2 ]  

Equation 8 is independent of SEI and T ,  is readily obtained 
by a computer minimization of the difference between the left- 
and right-hand sides o f q  8 fur each T,/T, ratio. The value 
For S2 at each 15N site can then be obtained from either eq 
1 or eq 2 by using an average value of T ,  

RESULTS AND DISCUSSION 

In the interpretation of the relaxation data presented herein, 
we have assumed that the relaxation properties of the lSN spins 
are governed soEely by the 'H-ISN dipolar interaction and the 
CSA interaction. These two interactions are. however, not 
the only ones that can affect I5N retaxation rates, For ex- 
ample, chemical-exchange processes can influence T, sates 
considerably (Kaplan & Fraenkel, 1980). These processes 
include exchange between several conformers occurring in 
specific regions of the protein, as will be discussed for the 
particular case oF5. Nase in more detajl below. In  addition, 
the transverse I5N relaxation rate is affected strongly by zero 
quantum magnetization exchange (spin flips) beetween the 
coupled N H  proton and Its proton neighbors. This latter 
contribution can be considered as scalar relaxation of the 
second kind (Bax et a!., 1989b). Care. must be exercised in 
the design of pulse schema that measure transverse relaxation 
rates SO that the effects of chemical exchange and zero 
quantum rnagnetizaiian exchange are minimized. By use o f  
the well-known Carr-Pu~cell-Muboorn-Gil~ (CPMG) pulse 
train (Carr & Purcell, 1954; Meiboom & G111, 1958) during 
the transverse relaxation time Tin the sequence of Figure lb, 
these effects are substantially reduced. OnIy exchange pro- 
cesses occurring on a time scale iasicr ih<tn t h e  time belween 
the refocusing pulses in thc CPMG sequtnLe w ~ l l  remain I f ,  
instead OF the CPMG schcmc. 't 1 KO" refticuring pulse had 
been employed in the middle of 7'(Nrrrnata & Wagner 1989). 
[he contribution of scalar relaxawn or the second kind to thc 
measured I5N line widths would be about 3 5 8  ( B a y  et al., 
1989b1, leading to a S ~ I - I O U S  ovcrcsiiniatc of ihc overall cor- 
relation rime of the protern. The rclative cfrect or scalar 
relaxation of the second klnd o n  "C line width< is somewhat 
smaller smce the magnitude of  the "C--'fI dipolar interaction 
IS larger rhan for I5N-'Ii p ~ i r s  Fur c.t;itripIe, for '1 "Cmf j  
group in S.  Nase the "C Iinc w d t h  would include ii contri- 
burIan of - 15% from this rct,ix:iiion prc-xh\ Although w1:iIl~ 
errors of this magnitudc are rignilicani ;IL tt ic lcvcl of : iccur;q 
reported in this study. 

Figure 3 shows SIX subspectra of 'H - IFN correlation plot? 
recorded 31 600 MH7 with thc scyucncc 0 1  I:rgure !;I :IS il 

function of increasing values of T. , I s  expected, the intensities 
of the cross-pcab dmeasc with increasing T. The raolution 
afforded by ihese experiments is significantly improved in 
comparison with the more commonly used heteronuclear 
multiple quantum correlation experiments (HMQC) (Bendall 
et al., 1983; Bax ei al., 1985). More than IO0 Ti and T, values 
for ISN spins have been extracted despite the traditional overlap 
prohterns associaled with proteins the size o f  S .  Nase. 

Figure 4 shows "N dwoupled one-dirnensionaI ' H  spectra 
recorded with the sequence of Figure fc  with f ,  = 0 in the 
presence and absence of the 'H-ISN NQE. The absence of 
signal intensity for nearly all residues in the difference spec- 
trum (Figure 4c) indicates that the bulk of the residues in the 
protein are immobile and undergo reorientation with the whole 
molecule. The negative signab in the difference spectrum arise 
from a few residues with rapid large-arnpiitude internal 
motions. Unfortunately. the resolution is not sufficient in the 
onedimensional spectra to assign any of the highly mobile 
resonances. The situation is improved dramatically in Figure 
5 where positive (a) and negative (b) contour b e t s  of a portion 
of the IH--ISN correlation spectrum recorded with the 1H-I5N 
NOE are illustrated. The highly mobile rmnancts in Figure 
5b are now easily assigned. 

It should be emphasized that the interpretation of IH-15N 
NOE data in a quantitative manner requires caution. As 
indicated by Smith et a!. ( I987), the iong Ti of water irnplis 
that if the recyck time is  not sufficiently long, an NOE can 
be produced as a result of chemical exchange between the 
water and amide protons. This has the effect of artificially 
decreasing the measured NOES. for example. we have 
measured the watw T ,  to be 2.4 s in our sample. With a 
recycle time of 3 s approximately 20% of the water is saturated 
at the start of the experiment. giving rise to measured ISN 
intensities for rapidly exchanging, highiy mobile N H  groups 
that are close to zero in  spectra recorded without the 
NOE. For this reason, w t  have chosen not to interpret the 
NOES in a quantitative scnje, but to USE them, quaiitatively 
to determine those residues for which the effects of T~ must 
be included i n  the interpretation or ir, and TI data and to 
justiFy the neglect of these effects for the majority of the 
residues in S .  Nase. The VOE data indicate that Leu-7, His-8, 
Ala-145, and Gly-148, as welt as several resdues that have 
only been identified by amino acid type, are a l l  highly mobile. 
I n  parricular, Ala- 145 and GI!- 1.18 have intense negative 
NO&, sugg&ng significant contributions from rapid internal 
motions. I n  addition. the loop rcsidues GI!-50. Val-5 1 ,  and 
Glu-52 show SOEs lower ( - 0 . 6 )  rhan any  of the other 
nonterminal residues. 

Figurc 6 shows bar g r a p h  o f  'jN T': ;ind 'r, values recorded 
a! 500 Mi-lz for amide \pins uf S .Ynse. .+ Is  can be seen, 
effects of inlcrnat niotion W I I  7-'i 311d T I  & [ a  are in some cases 
quite diffcrcni for rhc i ~ m c  ~ I I T ~ I I I I J  iicid. This i s  a result of 
the fact t h a t  7, and 7; t.,iluc.\ iirc j e r l s i t i ve  10 different 
moiional frequemics. T i  rctaution timcs providc information 
aboui motional propcrtiej u-i~ii ;I I'rquuency of approximately 

' 1O8.-IO'' s-'< while 7 ,  vnlvc.;. i n  addiiion IO depcnding on 
moiions occurring at thcsc high rrquzncies. arc also Sensitive 
IO dynamics o n  the n-ticr4.i- Llild miIliwcurd Iiinr: scale. By 
measuring both Ti a n d  7 ,  r c l ~ \ a i i c l n  tirncs. 11 thcrcfore is 
possiblc lo obtain dynamic irifortir:iIiLm ovcr  ;+ largc motional 
rcginic. Particularly s l r i k i i q  ;ire ihc. 7, rcsulrs obiaincd fur 
G l u - 5 2  and Cys-53. Tlic 155. linc nidth.; of thcsc I n ~ 3  residucs 
irre about 2.5 times largcr thi tn  \hc average 'IN line width 
obraincd from t h c  rcrnaindcr of ~ h c  assign& rcsonances. 
This is mosl likcly thc result a i  I r~cal  cnnrorm;itionnl averaging 
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FIGURE 3: Contour plots of B small region of the IH-l5N correlation map of S. Nase recorded at 600 MHz with the sequence of Figure la.  
In (a-f) the values of T used are 50,210,370,530, 690, and 850 ms. Thc peak intensities vary as exp(-T/TJ The data sets were processed 
identically with Lorentian to Gaussian weighting functions in  r, and with a 70' shifted sinebell function in t , .  Two zero fillings were employed 
in cach dimension prior to Fourier transformation, giving final spectra with I-Hz digital resolution in each dimension. 
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FiGuRE 4: One-dimensional 'H-detected lsN-decoupled spectra in 
the presence (a) and absence (b)  of the 'H-lSN NOE. A total of 
I024 scans were acquired per spectrum with a recycle time of 3 s (a) 
and 5 s (b). In (c) the differenoe $@rum [(a) - 0 8 X (b)] is shown. 

at  a rate comparable to the chemical shift differences of the  
various conSormationa1 forms. Amino acid Glu-52, fur ex- 
ample, is at the end of a long disoidered loop according to the 
X-ray structure (Loll & Lattrnan, 1989), and N M R  studies 
o f  S Nase (Torchia et al., 1989) have shown tha1 the region 
from Pro-42 10 Glu-57 is even more flexible and disordered 
in solution than in :he crystal. Thr-22 and Val-23 also show 
significantly larger than average line widths, suggesting that 
i n  solution thcre is considerable flexibility of the @-bulge ob- 

served in the X-ray structure (Loll & Lattrnan, 1989). Since 
the line widths were measured with a CPMG sequence using 
a I -2-ms delay between successive 180" pulses, a lower bound 
on the exchange rate between copformers is about 100 s-'* 
assuming a two-site model. 

As has been discus+d previously, the relaxation data in this 
study have been anayzed by using a moddei which assumes 
isotropic motion. This assumption is  quite reasonable for S. 
Nase. I3C relaxation studies of Markley and co-workers 
(McCain et al., 1988) involving several gtycine residues in S. 
Nase labeled in the C*H position strongly suggested isotropic 
rotation of the protein. Moreover, correlation times, s,, 
calculated in the present study for each individual I5N nucleus 
from the T,/T2 ratios are similar throughout the protein 
backbone, again suggesting isotropic motion. On the basis of 
the 1.65-A X-ray structure of S. Nase (Loll & Lattrnan, 
1 SSS), the three principal components of the inertia tensor are 
calculated to be in the ratio of 1 .OQ 1.3 1: 1.39, again supporting 
the assertion that S. Nase behaves isotropically in solulion. 
The average value of T~ caIculated in this study from T i  and 
T, dala, 7, = 9.1 $: 0.5 ns, is in good agreement with values 
reported previously (McCain et a!., 1988). This value was 
obtained by averaging all the values of 7, calculated from 
measured TI  and T, values at 500 and 600 hlHt for 101 
residua in S. Nase, using eq 8. Values of T, caiculated For 
Thr-22, Val-23, Glu-52, and Lys-53 were excluded from this 
average since, 3s discussed above, a large contribution to the 
line width of these residues is due to conf'orrnarional exchange 
broadening. In addition, the amino-[crminal residues, Leu-7 
and His-8, as well as the C-terminal residue, Gly-148, were 
excluded from the calculation since the assumption o f  negli- 
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Table I: and tine Width vs Secondary Siruciure i n  S. Nase 
secondary no. of residues 
StrUClure SI4 line width" averaged 

a-helix 0.86 (0.03) 3.7 (0.2) 30 
@-sheer 0.86 (Q.04) 3.4 (0.6) 35 
I M m S  0.86 (0.M) 3.7 ( 1 . 1 )  27 
loop (P42-E57) 0 86 (0.04) 5.5 ( 2  5 )  6 

OThe values in parenihem correspond IO the standard deviations 

recorded a t  higher fields. However, once the correlation time 
is known, i n  principle, accurate values ofS2 can be extracted 
that are relatively insensitive to errors in 7,. Unforiunaiely. 
the uncertainty in the T I  values recorded a i  270 M H z  IS 

considerably greater rhan at 500 and 600 M H t  due to the 
poorer quality of the correlation maps obtained We have 
therefore not used these data in a quantitative manner 

The order parameters presented in Figure 7 were calculated 
by using an N-H bond distance of 1.02 A obtained [Tom 
neutron diffraction (Keiter, 1986). Since, in diffraction, LII- 
trafasr bond-stretching motions average the internuclear 
distances via ( r } ,  whereas for N M R  retaxation the average 
is { I J 7 3 ) .  an N-H value of I .02 A may not be compleiely 
accuraie for the data considered here. It is important to bear 
in mind, iherefore, that ihe absolute values of the order pa- 
rarnelers reported in this study may have 10 be scaled ap- 
propriately. For example, an increase in the N-H hrid length 
o f  0.0 1 8, increases S2 by -6%. The relative values of the  
order parameters should be correct. however, under rhe as- 
sumption of equal N-H bond lengths throughour the protein. , 

The values of Ti and S2 presented in  Figures 6 and 7 do 
no1 show any correlation with tempemure faciors ( B  factors) 
calculated from the X-ray analysis of S .  Nase (Loll & 
Lartman, 1989). One of the reasons for the differences be- 
tween the NMR and X-ray derived measurements of internal 
motions is that the B factors are sensitive IO both fast and  S I Q W  , 

time-scale dynamics, whereas the values of S2 are a function 
of rapid motions only. In this regard it is interesting to note 
lhat the largest temperature factors in S. Nase are found in 
rhe region of Gly-50 that, on the basis ofthe TI data, is close 
to lhat portion of the sequence appearing to be in conforma- 
tional exchange. h l i  et al. (1985) and Nirrnala and Wagner 
(1988) have also found little correlation between T, s of the 
a carbons and the B factors for cyclosporin A and  BPTI, 
respectively. 

A comparison of 9 YS T, data indicata that there does nut 
appear to be a correlalion between high- and low-frequency 
fluctuations in S. Nase. For example, Thr-22, Val-23, Glu-52, 
and Lys-53 all have line widths l h a r  suggest localized con- 
tormarionat averaging OR a millisecond time scale The values 
o f  S2 calculated for these Four residues (0 8 1 + 0.04, 0 R9 & 
0.01. 0.8 1 f 0.02, 0.89 L& 0.03)- however, are not far from the 
average value of S2 (0.86) calculated for the whole mo1ec;le. 
Consistenr with these resulls, Wuthrich and co-wrkers  have 
observed a lack of correlation berween I3C TI values and 
rhermal stability in comparing I W O  forms of BPTI (Rlcharz 
ct a!., 1980) Despite the fact that the two forms had  diT- 
ferences in denaturation temperaiures'of over 20". srrnilar I3C 
7, values were obtained for many of the measured resonances 

A particularly interesting question that can bc addressed 
rrom thc presenl study is how thc order parameters change 
u irh drrrercnr m o n d a r y  structures in proicins Tablc I s h v ~ s  
Ihc  values o f  S2 t h a t  have been obrained R S  3 funcilon o f  
rccunda r y  slruclure determined from ltie X-r:iy result\. As 
u n  bc sccn, IO within ihe  accurac! of the d;ji,#. ilic v;11ucs of 
the order pararncter arc completel!: tndependcnr of secoridarj 
slrucl ure 

A comparison of the I5N line width wiih sccondary structure 
in Table 1 indicates that thc loop in the pmlein, which includes 
residues 42 through 56, appears lo be more flexible on a 
millisecond time scale than the rest of the protein. The large 
increase in average line widrh of the loop region relative to 
other secondary structure rnatifs results from residues 52 and 
53. It is  interesting to note that Val-51 and  Tyr-54 do not 
show an increase in I5N line width despire the Facr t h a t  the 
conformational heterogeneity in thc loop region alrnosi cer- 
lainly inciudes these residues as well However. the NE) line 
width of Tyr-54 is particularly broad (Torchia et ai., 1989). 
The apparent discrepancy between ihe and NH line widrhs 
of Tyr-54 may be explained by the F ~ C I  thai  a significant 
chemical shift difference between the two exchanging CQn- 
formers is required for exchange broadening to be manifest 
(Kaplan & Fraenkel, 1980). Another p i n t  of inreresr is tha t  
the data indicate a very narrow distribution of  line widths 
far a-helices, sIightly broader for &sheets and  still broader 
for turns and loops. It will be interesting to see wheiher these 
trends are  also fbund for other proteins. 

I n  summary, we have demonsIraled the use of several new 
pulse schemes for the measurement or residue-specific back- 
bone I5N T,, T,, and NOE values. Unlike previous methods 
tha t  have fmused on the extraction of bulk relaxation times, 
or concentrated on the measurement of' relaxation rates from 
a select number of labeled sites, the pulse schemes presented 
beran enable site-specific measurement of relaxation properti6 
of macromolecules uniformly labeled wi th  I!C or I %  It is 
therefore possible to obtain dynamic information pertaining 
IO each residue in proteins havmg molecular masses as large 
as 20 or 30 kDa. In the present study. accurate vahes of the 
order parameter have been extracted for 106 backbone amide 
I5N nitrogens i n  S .  Nase, providing a detaikd measure ofthe 
extent of high-frquency motions in Lhe proiein backbone This 
information will ultimately provide a more compleie picture 
of proreins than has been previously accessible from static 
siructures. 
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