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ABSTRACT: A combination of multinuclear two-dimensional N M R  experiments served to identify and assign 
the combined 'H, 13C, and 15N spin systems of the single tryptophan, three phenylalanines, three histidines, 
and seven tyrosines of staphylococcal nuclease H124L in its ternary complex with calcium and thymidine 
3'3'-bisphosphate a t  pH 5.1 ( H 2 0 )  or pH* 5.5 (2H20) .  Samples of recombinant nuclease were labeled 
with I3C or I5N as appropriate to individual N M R  experiments: uniformly with 15N (all sites to >95%), 
uniformly with I3C (all sites to 26%), selectively with I3C (single amino acids uniformly labeled to 26%), 
or selectively with I5N (single amino acids uniformly labeled to >95%). N M R  data used in the analysis 
included single-bond and multiple-bond lH-13C and multiple-bond lH-I5N correlations, 'H-I3C single-bond 
correlation with Hartmann-Hahn relay ('HI 13C)SBC-HH), and 'H-13C single-bond correlation with NOE 
relay ('H(13C1SBC-NOE). The aromatic protons of the spin systems were identified from 1H(13CJSBC-HH 
data, and the nonprotonated aromatic ring carbons were identified from lH-13C multiple-bond correlations. 
Sequence-specific assignments were made on the basis of observed NOE relay connectivities between assigned 
IHa-I3C" or 1H@-13C@ direct cross peaks in the aliphatic region [Wang, J., LeMaster, D. M., & Markley, 
J. L. (1990) Biochemistry 29, 88-1011 and IH6-l3C6 direct cross peaks in the aromatic region of the 
1H( '3C)SBC-NOE spectrum. The HisIZ' lH62 resonance, which has an unusual upfield shift (at 4.3 ppm 
in the aliphatic region), was assigned from 'H{I3C)SBC, 'Hf13C}MBC, and 'H{l5N}MBC data. Evidence 
for local structural heterogeneity in the ternary complex was provided by doubled peaks assigned to 
one tyrosine, and one phenylalanine. Measurement of N O E  buildup rates between protons on different 
aromatic residues of the major ternary complex species yielded a number of interproton distances that could 
be compared with those from X-ray structures of the wild-type nuclease ternary complex with calcium and 
thymidine 3',5'-bisphosphate [Cotton, F. A,, Hazen, E. E., Jr., & Legg, M.  J. (1979) Proc. Natl. Acad. 
Sci. U.S.A. 76, 2551-2555; Loll, P. J., & Lattman, E. E. (1989) Proteins: Struct., Funct., Genet. 5, 183-2011. 
The unusual chemical shift of HisI2' lH62 is consistent with ring current calculations from either X-ray 
structure. 

T h e  V8 variant of Staphylococcus aureus produces a nu- 
clease (nuclease HI 24L)l that contains 14 aromatic amino 
acid residues: one tryptophan, three phenylalanines, seven 
tyrosines, and three histidines (Taniuchi et al., 1967). The 
aromatic residues of this nuclease and that from the Foggi 
variant (nuclease wt),* which differs from the V8 variant by 
substitution of histidine for leucine at position 124 (Cusumano 
et al., 1968), have been the object of NMR investigation since 
the mid 1960s. Signals from the tyrosines and tryptophan were 
identified initially by selective deuteration of the aromatic 
amino acid residues (Markley et a]., 1968). Signals from 
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tyrosines 85, 1 13, and 1 15 were assigned tentatively on the 
basis of selective nitration experiments (Cohen et al., 1971). 
Recent developments in two-dimensional NMR methodology 
have permitted extensive sequence-specific NMR assignments 
in staphylococcal nucleases (Torchia et al., 1989a; Wang et 
al., 1990a,b). 
IH NMR signals from the 'H't atoms of the His rings were 

observed first at 100 MHz (Meadows et al., 1967). The initial 
assignments of the His lH'l signals (Jardetzky et al., 1972) 
were confirmed by mutagenesis studies (Alexandrescu et al., 
1988). Interest in the histidines has revived recently. Doubling 
of the His 'H NMR signals (Markley et al., 1970) provides 
a means of studying equilibria that link multiple conforma- 
tional substates of the enzyme (Fox et al., 1986; Evans et al., 
1987, 1989; Alexandrescu et al., 1988, 1989; Alexandrescu, 
1989). Separate His resonances are found for two monomeric 
forms and a dimeric form of the enzyme. The structural 
heterogeneity that gives rise to the two monomer peaks has 
been attributed to cis/trans isomerism of the L y ~ ~ ~ ~ - - P r o " '  
peptide bond (Evans et al., 1987). This heterogeneity is de- 
creased upon formation of the nuclease.Ca*+.pdTp ternary 
complex. X-ray structures of the ternary complex show the 
Ly~ ' '~ -P ro '~ '  peptide bond to be cis (Cotton et al., 1979; Loll 
& Lattman, 1989), and this result has been confirmed for the 
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ternary complex in solution (Torchia et al., 1989b). Stanczyk 
et al. ( I  988) have reported that the His'21 'H62 resonance of 
nuclease wt is split as the consequence of local conformational 
heterogeneity that is not removed upon formation of the ter- 
nary complex. 

This paper, which is the third in a series (Wang et al., 
1990a,b) on the 'H, I3C, and ISN N M R  assignments and 
solution structure of staphylococcal nuclease H124L, presents 
complete assignments of the aromatic 'H, 13C, and ISN spin 
systems of the nuclease H1 24LCa2+.pdTp ternary complex 
at pH 5.1 (for soltuions in H 2 0 )  or pH* 5.5 (for solutions in 
2H20).3 In making these assignments, we employed, in ad- 
dition to nuclease H 124L samples used previously that were 
at natural abundance or labeled uniformly with I3C and lSN 
(Wang et al., 1990b), nuclease H124L samples that were 
labeled selectively with [26% U-I3C]-~-Tyr, [26% U-I3C]-~-  
Phe, [26% U-I3C]-~-His, or [95% U-'SN]-~-His. In the course 
of this work, we found an unusual chemical shift for the His'Z' 
'Hh (slightly upfield of the water resonance at 4.3 ppm in the 
aliphatic region). The chemical shift of this proton had been 
reported earlier at 6.3 ppm (Stanczyk et al., 1988). Both the 
crystal (Cotton et al., 1979; Loll & Lattman, 1989) and so- 
lution structural results place the His'2' 'H62 adjacent to the 
middle of the aromatic ring of Tyr9'. The chemical shift of 
4.3 ppm is in agreement with ring-current calculations from 
X-ray coordinates (Cotton et al., 1979; Loll & Lattman, 1989). 
We have discovered the presence of conformational hetero- 
geneity within the ternary complex as reported by doubling 
of 'H,  I3C, and ISN resonances assigned to His46. 

I Abbreviations: 2D, two dimensional; DQF-COSY, two-dimensional 
double quantum filtered phase-sensitive homonuclear correlated spec- 
troscopy; HOHAHA, two-dimensional Hartmann-Hahn magnetization 
transfer spectroscopy; NOE, nuclear Overhauser enhancement; NOESY, 
two-dimensional dipolar correlated spectroscopy; NM, native (folded 
form of nuclease); U, unfolded form of nuclease; BC, nucleaseCa2+ 
binary complex; TC, nucleasepdTpCa2+ ternary complex; a1 , subcon- 
formation of nuclease whose relative abundance increases upon pdTp 
Ca2+ binding; a2. subconformation of nuclease whose relative abundance 
decreases upon pdTpCa2+ binding; bl and b2, subconformations of nu- 
clease identified by doubling of the Hisa IH'I resonance (in nuclease 
H 124L at pH 5.5 and 318 K, bl is defined as the form giving rise to the 
higher intensity and higher field His46 IH'I signal, and b2 is defined as 
thc form giving rise to the smaller intensity and lower field His46 'H'1 
signal); Phe? (F?) and Tyr? (Y?), unassigned extra spin systems from 
phenylalanine and tyrosine, respectively; His, or U, signal from histidine 
in unfolded (denanatured or degraded) protein; nuclease H124L, mutant 
of the nuclease from Staphylococcus aureus (Foggi strain) (EC 3.14.7) 
in  which the histidine at residue 124 has been replaced with leucine; 
[na]H I24L-TC, ternary complex prepared with natural abundance 
(unlabeled) nuclease H 124L; [26% U-I3C]H 124L-TC. ternary complex 
made with nuclease enriched uniformly with "C to 26% isotope; [95% 
U-I5N] H I24L-TC. ternary complex made with nuclease enriched uni- 
formly with I5N to >95% isotope; [26% U-13C]Phe-H124L-TC, ternary 
complex made with nuclease that contains phenylalanine enriched uni- 
formly with "C to 26% isotope; [26% U-13C]Tyr-H124L-TC, ternary 
complex made with nuclease that contains tyrosine enriched uniformly 
with 13C to 26% isotope; [26% U-I3C]His-H1 24L-TC, ternary complex 
made with nuclease that contains histidine enriched uniformly with 13C 
to 26% isotope; [95% U-15N]His-H124L-TC, ternary complex made with 
nuclease that contains histidine enriched uniformly with I5N to >95% 
isotope; pdTp, thymidine 3',5'-bisphosphate; TSP, 3-(trimethyl- 
silyl)[2H4]propionate; pH*, uncorrected pH meter reading of a 2H,0 
solution with a glass electrode standardized with H 2 0  buffers. Cross- 
peak positions in spectra are given as X,Y ppm, where X is the horizontal 
axis and Y is the vertical axis. 

By general usage, the nuclease from the Foggi strain of Sraphylo- 
coccus aureus is defined at the wild-type enzyme. Nuclease H124L 
technically is the wild-type nuclease from the V8 strain of Sraphylo- 
coccus aureus. 

The exact number of calcium ions bound in the ternary complex (one 
or two) is controversial (Tucker et al., 1979). 

EXPERIMENTAL PROCEDURES 

Protein Samples. Nine solutions of the ternary complex 
were studied, each of which provided a different pattern of 
stable isotope labeling: ( I )  [na]H124L-TC in 100% ,H20 
containing 3.5 mM protein, 10.5 mM dpTp, 21 mM CaCI,, 
and 0.3 M KCI at pH* 5.5; (2) [95% U-'SN]H124L-TC in 
100% ,H,O containing 5 mM protein, 15 mM pdTp, 30 mM 
CaCI,, and 0.3 M KCI at pH* 5.5; (3) [95% UJSN]H124L- 
TC in 90% H,O/ 10% ,H20 containing 5 mM protein, 15 mM 
pdTp, 30 mM CaCI,, and 0.3 M KCI at  pH 5.1; (4) [95% 
U-'SN] His-H 124L-TC in 100% ,H20 containing 5 mM pro- 
tein, 15 mM pdTp, 30 mM CaCI,, and 0.3 M KCI at pH* 5.5; 
(5) [95% U-'SN]His-H124L-TC in 90% H20/10% ,HzO 
containing 5 mM protein, 15 mM pdTp, 30 mM CaCI,, and 
0.3 M KCI at  pH 5.1; (6) [26% U-I3C]H124L-TC in 100% 
,H,O containing 5 mM protein, 15 mM pdTp, 30 mM CaCI,, 
and 0.3 M KCI at pH* 5.5; (7) [26% U-'3C]Tyr-H124L-TC 
in 100% ,H,O containing 5 mM protein, 15 mM pdTp, 30 mM 
CaCI,, and 0.3 M KCI at pH* 5.5; (8) [26% U-I3C]Phe- 
H 124L-TC in 100% , H 2 0  containing 5 mM protein, 15 mM 
pdTp, 30 mM CaCI,, and 0.3 M KCI at pH* 5.5; (9) [26% 
U-13C] His-H 124L-TC in 100% ,H,O containing 5 mM pro- 
tein, 15 mM pdTp, 30 mM CaCI,, and 0.3 M KCI at pH* 5.5. 

Methods described previously were used to prepare nuclease 
samples labeled with I3C and ISN (Wang et al., 1990b), to 
isolate and purify the protein samples (Alexandrescu et al., 
1988), and to prepare the ternary complexes (Wang et al., 
1990a). Uniformly 13C-labeled amino acids were prepared 
as described by Grissom and Markley (1989). The sample 
of [95% U-lSN]His used to make the selectively labeled nu- 
clease was a generous gift from M. Kainosho (Tokyo Met- 
ropolitan University). 

N M R  Spectroscopy. Homonuclear and heteronuclear 
two-dimensional 'H('H), 'H(13CJ, and 'H{lsNJ NMR data were 
collected on a Bruker AM 500 or AM 600 spectrometer at 
a temperature setting of 45 OC. As in the previous studies 
(Wang et al., 1990a,b), 'H, I3C, and ISN chemical shifts are 
quoted relative to those of internal TSP, external 10% dioxane 
in , H 2 0  (at an assumed chemical shift of 67.8 ppm relative 
to that of TMS), or 95% (1sNH4)2S0, in 90% H,0/10% ,H20 
(at an assumed chemical shift of 21.6 ppm relative to that of 
liquid ammonia), respectively. 

Two-dimensional 'H( 'H)  phase-sensitive DQF-COSY, 
HOHAHA, and NOESY spectra were acquired with [na]- 
H 124L-TC samples. I3C- or ISN-labeled H124L-TC samples 
were used in acquiring 2D 'H-detected heteronuclear corre- 
lated spectra. The 'H(I3C) data sets were collected for the 
aromatic region alone, but the 'H(I3CJSBC-NOE data covered 
both the aromatic and aliphatic regions. The 1H{15NJ data 
were acquired for the His region only. The NMR metho- 
dology and experimental parameters were as described in detail 
in the previous papers (Wang et al., 1990a,b). The figure 
legends describe essential features pertaining to the 2D NMR 
spectra shown. 

Interproton Distance Calculations. NOESY data for the 
nuclease ternary complex were obtained at three mixing times 
( T ~  = 100, 150, and 200 ms). Intensities of cross peaks in the 
aromatic region were measured, and interproton distances were 
calculated from the NOE buildup rates as described by Fejzo 
et al. (1989). I n  making these calculations, a uniform cor- 
relation time was assumed to hold for all NOES. A correlation 
time of 7 ns was determined experimentally by fitting the NOE 
buildup rates betwen pairs of protons separated by known 
distances: the intraresidue NOES between IH* and IHf of 
Phe76 (distance = 4.3 A) and the intraresidue NOES between 
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FIGURE 1 :  Two-dimensional IH(lH] correlated N M R  spectra (500 MHz) of nuclease H124L T C  in *HzO solution, pH* 5.5. (A) Aromatic 
region of the phase-sensitive DQF-COSY spectrum collected over a 6500-Hz spectral width with 5 12 increments and 128 averaged FIDs for 
cach t l  value. Shifted sine bell window functions were used in both dimensions for resolution enhancement. Double zero-filling was used to 
extend the t ,  dimension to 2048 points prior to Fourier transformation. Both positive and negative contour levels are shown in this presentation. 
(B) Aromatic region of the H O H A H A  spectrum collected as 512 increments with a mixing time of 5 5  ms and with 136 averaged FIDs per 
f ,  value. Other spectral parameters were as given above for the COSY experiment. Relayed cross peaks are  denoted by asterisks. The spin 
system of the Trp residue is indicated by dashed lines and those of Phe residues are  indicated by continuous lines. Cross peaks from His are 
labeled by the one-letter amino acid code and residue number; other cross peaks are labeled with “Ar” followed by an arbitrary number. 

‘H6 and ‘ H e  of  Tyr2’, TyrsS, and TyrIk3 (distance = 2.5 A). 
Experimental distances were determined by measuring 
cross-peak intensities as a function of mixing time, normalizing 

these against the intensities of corresponding diagonal peaks, 
and using the results to generate the NOE buildup curve. An 
initial rate approximation was used to calculate the distances. 
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FiGuRE 2: Four parts of the two-dimensional 'H(13CJSBC-NOE spectrum (500 MHz) of [26% U-13C]Phe-H124L-TC in 2H20, pH* 5.5.  The 
spectral range covered only the aliphatic region. 340 increments were collected with 304 averaged FIDs per r l  value. The mixing time used 
for thc NOE buildup was 250 ms. Shifted sine bell filtering was used in r l ,  and a Gaussian function was used in r2 .  Zero-filling to 2048 points 
was applicd i n  the t l  dimension. The NOE relay cross peaks are indicated by asterisks. Single-bond correlation cross eaks are labeled by 

pcaks. (B) Region containing Phe 'H@,p-'3C@ direct cross peaks and 'Ha-I3C@ NOE relay cross peaks. (C) Region containing Phe 1H1-13Cu 
NOE rclay cross peaks. (D) Region containing Phe IH69t-13CB NOE relay cross peaks. 

the one-letter amino acid code and residue number. (A) Region containing Phe IHo-13Co direct cross peaks and IH@,P-l P Ca NOE relay cross 

The standard deviation of the fit was on the order of IO-20%. 
Ring-Current Calculations. Ring-current calculations ac- 

cording to the current-loop model of Johnson and Bovey (1958) 
were carried out by use of the FORTRAN program R C U R ~  
adapted from Perkins ( 1  982) to run on a Silicon Graphics Iris 
4D/220GTX workstation (A. M. Krezel and C. L. Kojiro, 
unpublished data). Input data for the ring-current calculations 
were derived by adding hydrogens to the heavy atom coor- 
dinates obtained from the Protein Data Bank with the MOLEDIT 
routine of the INSIGHT software package (Biosym Technologies, 
Inc.). The FORTRAN program DIST2 (A. M. Krezel, un- 
published data) was used to extract interproton distances from 
the structure. 

RESULTS 
Assignment Strategy. Aromatic amino acid residue as- 

signments are based, most commonly, on the separate iden- 
tification of the aromatic and aliphatic components of each 
spin system followed by their linkage on the basis of intrare- 
sidue NOEs between aromatic IH6 and aliphatic 'Ha and IHBP 
protons. According to the amino acid composition of nuclease 
H 124L, one expects to find a maximum of 19 cross peaks in 
the aromatic region of the COSY map. Twelve strong and 
several weak cross peaks were observed in the DQF-COSY 
spectrum collected in 2 H 2 0  (Figure 1A). The spin systems 
of the single tryptophan and one phenylalanine were identified 
readily by comparison of DQF-COSY and HOHAHA (zHzO) 
data (Figure 1, solid and dashed lines, respectively, for Phe 
and Trp). However, spectral ambiguities interfered with 
further spin system identifications. In order to obtain rigorous 
assignments, it was necessary to make use of uniform and 
selective I3C and I5N labeling in conjunction with multinuclear 
2D NMR spectroscopy. The present assignments relied 
heavily on 'H-detected, I3C- or lSN-correlated, 2D NMR 
experiments (Markley, 1989). 

The sequence-specific backbone assignments established in 
thc previous papers (Wang et al., 1990a,b) included those from 
all aromatic residues. The 'Ha assignments of the aromatic 
residues provided starting points for the full assignments of 
their spin systems. 'H(13C)SBC and 1H(13C)SBC-HH data 
were used to elucidate the aromatic and aliphatic portions of 
the proton and carbon spin systems. 1H('3C}SBC-HH spec- 
troscopy of the aromatic region was of particular importance 
in identifying the ring proton spin systems of each aromatic 
rcsidue. The 'H(13C)SBC-HH experiment as tailored for the 
aromatic region provided a reliable approach for distinguishing 
Tyr and Phe spin systems. Intraresidue NOEs between IHaJ 
and IH6,' provided the links between the aliphatic and aromatic 
portions of the spin systems of each amino acid. IH{I3C)- 
SBC-NOE spectroscopy proved essential for site-specific as- 
signments of aromatic ring proton and carbon resonances. 
Multiple-bond H-13C correlations were used to assign qua- 
ternary carbon resonances. Single-bond and multiple-bond 
lH-15N correlations were used to assign nitrogen resonances. 
All of the assignments are summarized in Table I .  

Assignment of the Aliphatic A M X  Proton Spin Systems 
and Their Associated Carbon Spin Systems. The IHa-13Ca 
dircct cross peaks of Tyr and Phe, respectively, were identified 
in 1H(13CJSBC spectra of [26% U-13C]Tyr-H124L-TC or [26% 
U-13C]Phe-H 124L-TC. Further comparison of these spectra 
with 'H('3C)SBC-NOE spectra of the same selectively labeled 
complexes allowed us to assign 'H@-l3CP direct cross peaks 
for each aromatic residue. Figure 2 shows the 'H(I3C)SBC- 
NOE spectrum of [26% U-13C]Phe-H124L-TC. The pairs 
of 1HB-q-13Ca NOE relay cross peaks in the region 
2.30-3.70.55.5-60.5 ppm (Figure 2A) and the three IHa-I3CB 
NOE relay cross peaks in the region 4.0-5.10,38.0-41 .O ppm 
(Figure 2B) established connectivities between the 1Ha-13Ca 
and IH@-I3CB direct cross peaks. 

By selective labeling of the tyrosines so as to eliminate 
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FIGURE 3: Combined presentation of 1H(13C)SBC (600 MHz)  and 1H113CJSBC-NOE (500 MHz)  spectra of [26% U-I3C]H124L-TC in 2H,0 .  
The 'H{13C1SBC spectrum consisted of 512 blocks recorded with 96 averaged FIDs per value. The 1H(13CJSBC-NOE spectrum consisted 
of 460- blocks recorded with 160 averaged FIDs per t l  value; the mixing time for N O E  buildup was 250 ms. Additional spectral parameters 
and data processing procedures were as described above (Figure 2).  Single-bond correlation cross peaks are labeled by the one-letter amino 
acid code and residue number; N O E  relay cross peaks are indicated by asterisks. (A) Region containing IHa-13Ca direct cross peaks and 'H@-I3Ca 
N O E  relay cross peaks of aromatic amino acid residues. (B and C)  Region containing IH"-I3CB N O E  relay cross peaks. (D and E) Region 
containing IH@-I3CB direct cross peaks of 'H(I3C}SBC spectrum. (F) Region containing 1H63f-'3C" NOE relay cross peaks. (G) Region containing 
1H6-13C@ N O E  relay cross peaks. 
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4248 

interfering cross peaks from other aromatics in the IH{13C}SBC 
spectrum. the 1H"-13Cu direct cross peak of Tyr54, whose 
fingerprint region 'Ho-'HN cross peak was not identified 
previously (Wang et al., 1990a), was assigned a t  4.39,54.7 
ppm. N O E  relay cross peaks were identified (Figure 3B) that 
connect 1Hu-13Co and lHB-I3Cfl direct cross peaks from Tyr2', 
TyrS5. and Tyr1l5; these included an NOE relay cross peak at 
3.19,55.2 ppm (Figure 3A), which provided further support 
for the Tyr2'spin system assignment. The Tyr91 1H"-13C" 
direct cross peak was linked to the 'H8-I3Cfl direct cross peak 
of the same residue through an NOE relay cross peak at 
3.40,56.2 ppm. This NOE cross peak overlaps a direct cross 
peak from TyriI3 plus that from another residue. The 
IHB.f-I3C8 direct cross peaks of Tyr1I3 are not shown in Figure 
3E; however, their positions are indicated by a pair of h O E  
relay cross peaks a t  (2.57,2.97),55.9 ppm in Figure 3A. 
Although no NOE relay cross peaks were observed for Tyr54 
and T4r93 in Figure 3A,B, NOE relay cross peaks (Figure 
3F.G) from Tyr93 1H6,f-13C"-@ and from Tyr54 1H'-13Cos@ could 
be used to l ink  the iH"-'3Cu and lHfl-I3Cfl direct cross peaks 
as indicated by the solid lines. 

The aliphatic proton AMX spin systems of the His and Trp 
residues were assigned through comparisons of 1H['3C}SBC 
and 1H('3CJSBC-NOE spectra of [26% U-I3C]H124L-TC in 
'H,O. The 'H@-I3Cfl direct cross peak pairs from Hiss, His46, 
HisI2'. and TrpI4O in the 'H{13C}SBC spectrum (Figure 3D) 
were assigned on the basis of NOE connectivities (Figure 3C) 
to the iH"-'3C* direct cross peaks (Figure 3A) of these res- 
idues. The iH@-13C" NOE relay cross peaks in the 
2.3&3.80,5 1.0-54.0 ppm region of Figure 3A provided further 
support for these assignments and extended them to the 
IH$--l3CB direct cross peaks as is indicated in Figure 3E. 

Identification and Assignment of Aromatic Portions of the 
Spin Systrnzs. The use of selectively labeled samples, [26% 
L-I3C]Tyr-H 124L-TC, [26% U-I3C]Phe-H124L-TC, or [26% 
U-l3C] His-H 124L-TC, facilitated the identification of the spin 

tems of these residues. The aromatic spin systems of Tyr 
and Phe were identified by comparing 'H{I3C}SBC and IH- 
{13C}SBC-HH data recorded selectively for the aromatic region 
so a s  to increase spectral resolution. Figure 4A shows the 
direct cross peaks of the Tyr rings. The 1H*-13C6 cross peaks 
are centered in the 6.6&7.40,130.&133.0 ppm region. whereas 
the 1H' - '3Cf  cross peaks a r e  located in the 
6.50-7.0,115.0-1 17.0 ppm region. In the 1H{13C}SBC-NOE 
spectrum, the Tyr aromatic connectivity pattern forms a 
rectangle with the IH*-l3C* and 1H'-13Cf direct cross peaks 
at two diagonally opposite corners and the IH6-I3Cf and 
1H'-13C* NOE relayed cross peaks at the two other corners. 
Seven such rectangular connectivity patterns were observed 
(solid lines in Figure 5B). The one labeled "Y?" (Figure 5) 
has chemical shifts of 'H* = 7.13 ppm and IH' = 6.8 1 ppm 
that correspond to those of a cross peak in the HOHAHA 
(2H20)  spectrum (circled peak in Figure IB). 

All the direct cross peaks of the phenylalanines are con- 
centrated in the 6.60-7.80,127.0-132.0 ppm region (Figure 
4B) .  The I3C chemical shifts of the Phe lH6-13C*, IHf-I3Cf, 
and 1Hf-13Cf direct cross peaks are located respectively around 
130.4. 179.9. and 128.3 ppm. The aromatic connectivity 
pattern for Phe forms two rectangles with a single common 
corner located at the position of the iH'-13Cf direct cross peak. 
The corners diagonally opposite this common corner corre- 
spond to 1H6-'3C* and 1Hf-13Cfdirect cross peaks. Four Phe 
aromatic connectivity patterns were found in Figure 5B as 
indicated by dashed lines. One of these spin systems, that with 
'H* = 7.23 ppm, 'Hf  = 7.34 ppm. and IHr = 7.28 ppm, was 
not observed in the aromatic regions of the DQF-COSY 
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FIGURE 5: Two-dimensional NMR spectra (600 MHz) of [26% 
U-l3C]HI24L-TC in 2H,0, pH* 5 . 5 .  (A)  'H(13C)SBC spectrum 
recorded as 512 blocks with 44 averaged FlDs per t1 value. (B) 
1H{13CJSBC-HH spectrum recroded as 512 blocks with 48 averaged 
FlDs per t I  value and a 30-ms spin-lock mixing time. Data processing 
parameters were identical with those given above. Direct cross peaks 
a rc  labeled by the  one-letter amino acid code and residue number; 
Hartmann-Hahn relay cross peaks are indicated by asterisks. The 
letter U stands for histidine of unfolded or degraded protein. 

(Figure I A) or HOHAHA (Figure 1 B) spectra. 
The connectivity pattern for the single Trp was determined 

by comparing the aromatic regions of the 1H{13C}SBC (Figure 
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FIGURE 6 :  Regions of the 500-MHz ' H ( ' H }  phase-sensitive NOESY spectrum of H124L-TC in 2H,0 solution. 512 data blocks were recorded 
with 172 averaged FlDs per r ,  value. The NOE mixing time was 200 ms. The solid lines indicate connectivities between aromatic ring &proton 
resonances and the aliphatic n8B'spin systems of each aromatic residue. (A) Region showing KOE cross peaks between 'H6 and 'H-8 resonances. 
( B  and C)  Regions containing YOE connectivities between 'H" and 'HO. The intraresidue NOES between 'H" and 'H8 protons of each aromatic 
residues are  indicated. The positions of the 1H0-1H3 COSY cross peaks from each aromatic residue are  boxed. 

5A) and 'H{I3CJSBC-HH (Figure 5B) spectra of [ 2 6 7  6- 
I3C] H 124L-TC. The Trp connectivity pattern is indicated by 
dots and dashes in Figure 5B. We were unable to distinguish 
the indole 6,-proton of Trp in the ' H  DQF-COSY (Figure 1 A) 
or HOHAHA (Figure iB) spectrum. However, the 
TrplH*~-'~C*l direct cross peak was assigned readily from 
lH(I3C} 2D data (Figure 5 ) .  

'H(I3C)SBC-NOE rela! connectivities linking direct cross 
peaks from the aromatic and aliphatic portions of each amino 
acid spin sqstem provided the information needed to match 
up the two parts. Panels C and D of Figure 2 show 1H6,e-13Cn,3 
NOE relay cross peaks from the three Phe residues that l ink 
assigned 1H0-'3Ca or 1H8-13CB direct cross peaks in the ali- 
phatic region to IH*-l3C6 or 'H'-'3C' direct cross peaks in the 
aromatic region. These provided assignments for Phe34. Phe6', 
and Phe76 (Figure 5). A fourth Phe spin slstem. which has 
lower intensity than the others, was observed only in the 'H- 
(13CJSBC spectrum; it has a Hartmann-Hahn connectivit!, 
pattern very similar to that of Phe6' (Figure 5B) and is denoted 
by "F?" in Figure 5 .  

Previously assigned 'Ha-I3Ca direct cross peaks (Figure 3A) 
were linked to 1H*.c-13Ca NOE relay cross peaks of Tyr2'. 
TyrS4, TyrX5. Tq.r93. Tyr113. Tyr"'. and Trp140 (Figure 3F). 
Figure 3G shows IH6.f-13C3 NOE relay cross peaks assigned 
to the above six tyrosines. An KOE relay cross peak from the 
seventh tyrosine. Tqr9', was not observed in Figure 3F.G. 
However, 'HI 'H) 2D data provided the missing information. 

Figure 6 shows three portions of the 'HI'H} KOESY (2HrO) 
spectrum of [na]H 124L-TC. The solid lines indicate con- 
nectivities from each aromatic ring ( 'H6) to aliphatic protons 

(I Ha. 'HBq 'Hf) of phenylalanines, tyrosines, and tryptophan. 
All of these connectivities are consistent with those observed 
i n  the 'H{I3C]SBC-NOE spectrum (Figure 3). Figure 6A 
shows a weak NOE cross peak a t  7.15,3.40 ppm which is 
assigned to 'H*-'Ho of Tyr9'. Furthermore, the 'H( 'H} 
HOHAHA spectrum (Figure IB) shows a weak cross peak 
at 6.58,7.15 ppm that overlaps with the Tyr1I5 cross peak. This 
ueak cross peak was assigned to IH'-'H* of Tyrgl. 

The imidazole spin systems of the His residues were iden- 
tified on the basis of 'H{ 'H]  DQF-COSY (Figure IA). 
HOHAHA (Figure IB), and 1H{'3C)SBC (Figure 5 )  data. 
'H{ 'HJ  NOESY data (Figure 6) established clear NOE con- 
nectivities between one ring proton (lH62) and aliphatic protons 
( 'Ha. 'H8. 'HT) of Hisa and His46. Similar cross peaks for 
Hisi2' were not observed in the aromatic region. The reason 
is that the HisI2' 'H62 resonance is located upfield of water 
in the aliphatic region. The 'HII3C}SBC spectrum of [26R 
U-I3C] His-H I24L-TC (Figure 7B) shows one direct cross peak 
at 4.32,l 17.8 ppm which is assigned to 'H62-13C62 of His12'. 
This assignment comes from 'H{l3C]MBC data (Figure 7C,D) 
that show cross peaks at 4.32,130.8 and 4.32,136.4 ppm as- 
signed to 1H*2-13C7+l (two and three bond) connectivities. The 
tuo circled NOE cross peaks at 4.32 ppm, which link the 'H'2 
to the 'Hfllso2 of Hislzl (Figure 6B), confirm the above as- 
signments. These connectivities. as well as similar ones for 
His8, are seen more clearly i n  the 'H{I3C]MBC spectrum 
(Figure 7C,D) of the selectively labeled complex, [U-I3C]- 
His-H I24L-TC. Inexplicably, the ' H ' I - ~ ~ C * ~  and 'HE~-I3C7 
multiple-bond cross peaks were not observed for His46. 

Assignment of Nonprotonated Carbons. The quaternary 
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F I G U R E  7: Heteronuclear two-dimensional N M R  spectra of [26% 
U-13C]His-H 124L-TC in 2H 0, which provided unambiguous as- 
si nments of the His ' H  and 33C spin systems. (A)  600-MHz 'H-  

FlDs per f ,  value. Direct cross peaks are labeled by the one-letter 
amino acid code, residue number, and atom type. (B)  500-MHz 
1H{'3C\MBC spectrum obtained as 190 blocks with 256 averaged FIDs 
per f l  value. Multiple-bond cross peaks are labeled by the one-letter 
amino acid code. residue number, and atom t lpe,  Nonsuppressed, 
undecoupled single-bond correlation cross peaks of His8, 1Hfl-13Cflq 
and lH62-I3C62 are  indicated by asterisks. The letter U stands for 
histidine or unfolded or degraded protein. Data processing was as 
described above. 

B CJSBC spectrum obtained as 182 data blocks with 248 averaged 

carbons of the aromatic residues from each residue, I3CC 
from Tyr, 13C62 and l3Cc2 from Trp) were identified on the basis 
of two- and three-bond correlations observed in IH(I3C)MBC 
spectra. Tyrosine I3CY resonances (centered around 129.5 
ppm) and Tyr I3Cf resonances (centered around 155.5 ppm) 
occur in isolated regions. For Tyr, all expected two- and 
three-bond correlations to I3CC ( IH6st-I3 C q  were resolved, but 
only t h e  three-bond correlations to I3CY (1H'-13CY) were ob- 
served (Figure 8).  Assignments were obtained for the side- 
chain quaternary carbons of Tyr2', Tyr54, Tyr85, Tyrg3, Tyr'I3. 
Tyr1I5, and Tyr? (Figure 8, Table I ) .  The Phe I3C7 resonances, 
which also fall in  an isolated spectral region, were matched 
by virtue of 'H'-')CY (three-bond correlation) cross peaks to 
the assigned 'H'  resonances of Phe34. Phe6'. Phe76, and Phe? 
(Figure 8, Table 1) .  

The l 3 C y  of Trp was assigned from the IH6l-I3Cy cross peak 
located at  the extreme high-field side of the aromatic I3C 
region (Figure 8). The I3C resonance that showed three-bond 
coupling with indole protons lH61, IHC2, and IHf3 was assigned 
to TrpI4O 13C62; the I3C resonance that showed three-bond 
coupling with indole protons 'H61, IHc3, and 'HV was assigned 
to TrpI4O I3C12 (Figure 8 ) .  

The His I3CY resonances are located in a relatively crowded 
region. A IH62-I3C7 two-bond correlation cross peak in the 
spectrum of the uniformly I3C-labeled complex (Figure 8) 
identified the quaternary carbon of Hiss, but selective labeling 
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FIGLRE 8: 500-MHz two-dimensional 1H('3CIMBC spectrum of [26% 
U-I3C] H 124L-TC recorded selectively for the aromatic resonances. 
The delay time for suppressing one-bond correlations was 2.78 ms. 
and the delay time for optimizing two- and three-bond correlations 
was 70 ms. 372 increments were acquired with 160 averaged FIDs 
per i I  value. The spectrum is presented in the mixed mode. Cross 
peaks are labeled by one-letter amino acid code, residue number 
[except for peaks from Trpl4 (labeled W) and the extra, unassigned, 
Phe (F?) and Tyr (Y') spin systems], and atom type. Three-bond 
corrclation cross peaks. iHf3~fs-'3Cf~~f3 and 1H62366'3C66362, of tyrosines 
2nd phenylalanines are indicated by asterisks. 
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F I G U R E  9: Two regions ( A  and B) of the 600-MHz 'H{I5N]MBC 
bpectrum of [95% U-1SN]H124L-TC in *H20.  Data were recorded 
selectively for the His region in the I5N dimension. 212 blocks were 
collected with 256 averaged FlDs per t l  value. The delay time for 
suppressing single-bond correlations was 5.56 ms. Assigned cross peaks 
in both spectra are labeled with the one-letter amino acid code, residue 
number, and atom type. The letter U stands for histidine of unfolded 
or degraded protein. 

was required in order to identify the analogous quaternary 
carbon signals from His46 and His'*' (Figure 7B). 

Assignment of Resonances f r o m  Histidine Imidazole Ni-  
trogens. The imidazole nitrogen assignments were deduced 
from 1H{15NIMBC data, which were acquired with [95%# 
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U-15N] H 124L-TC in 2H20, as extensions of the imidazole lH62 
and IH'I assignments reported above. The His imidazole 

nectivity patterns, shown by solid lines in Figure 9, provided 
assignments of the 15N61 and 15Nr2 of His* and HisM in the b2 
conformational substate (see below). The His121 I5N61 and 
15Nf2 show intraresidue two-bond correlations to 'H'I (Figure 
9A) and three- or two-bond correlations, respectively, to 'H62 
(Figure 9B). It is unclear why HisG in the bl conformational 
substate gave rise to only one resolved multiple-bond IH-I5N 
cross peak: that from the 1H62--15N'2 (two bond) correlation 
(Figure 9C). A 'H( '5N)MBC spectrum of [95% U-I5N]- 
His-H 124L-TC in 'H20 confirmed these results (data not 
shown). 

I Hb-l5Nht2, 1 H ~ I - I ~ N ~ I . ( ~ ,  and lHB-I5N61 multiple-bond con- 

DISCUSSION 

Detection and Characterization of Conformational Sub- 
states. Previous studies of conformational heterogeneity in 
staphylococcal nuclease have relied exclusively on observations 
of the His imidazole IH resonances (Markley et al., 1970; Fox 
et al., 1986, Evans et al., 1987, 1989; Alexandrescu et al., 1988, 
1899; Alexandrescu & Markley, 1989; Wilde et al., 1988). 
The present results demonstrate that conformational substates 
also can be detected through I3C or 15N resonance heterog- 
eneity. 

A variety of unligated and ligated states of staphylococcal 
nuclease have been detected by physical techniques. It is useful 
to consider these in  terms of "macroscopic states" and 
"conformational substates". A macroscopic state is defined 
as a form having a particular protein-ligand molecular com- 
position and global fold (folded or unfolded). Examples in- 
clude ( 1  ) the unligated nuclease monomer (NM) and dimer 
(ND), (2) the binary nuclease.Ca2+ complex (BC),3 (3) the 
binary nucleaseepdTp complex (BN), (4) the ternary nu- 
clease.pdTp.Ca2+ complex (TC), and (5) unfolded nuclease 
( U ) .  Conformational heterogeneity detected within these 
macroscopic states is denoted here by a subscript? Two kinds 
of conformational heterogeneity have been characterized so 
far in the native nuclease monomer: 

( I )  A conformational equilibrium between two substates (a1 
and a2) is linked to pdTp binding. Both the NM,, and NMa2 
forms bind Ca2+ and pdTp, but the association constant is 
higher for the al  form so that the TCaI species predominates 
over the TCa2 species (Alexandrescu et al., 1989). Magne- 
tization-transfer experiments (Evans et al., 1987, 1989) have 
demonstrated single-step equilibria linking each substate of 
the unligated folded protein and one substate of the unfolded 
protein. Thus NMaI  is linked to Ua1 and NMa2 is linked to 
Ua2. The (a1 = a2) conformational equilibrium leads to 
doubling of the IH'I resonances of His8, and His124 
(Evans et al., 1987, 1989; Alexandrescu et al., 1989) as well 
as many other resonances throughout the protein molecule 
(Alexandrescu, 1989; J .  Wang, S .  N. Loh, and J. L. Markley, 
unpublished results). 

(2) A conformational equilibrium between two other sub- 
states (bl and b2) is not perturbed by complexation with Ca2+ 
or pdTp. This heterogeneity persists in the BC and TC forms. 
Thus far the (bl = b2) equilibrium has been observed only 

The following definitions equate previous nomenclature used in this 
laboratory (Alexandrescu et al., 1988, 1989) with the nomenclature 
introduced here for conformational substrates (old designation = new 
designation): N = NM,,; N' = NM,,; N" = ND; U = Ual; U* = Ua2. 
The new nomenclature is needed in order to describe the increased com- 
plexity of conformational heterogeneity identified here. 
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as a doubling of the His spin system (IH, I3C, and I5N reso- 
nances) of His46 (see below). 

Since two conformational equilibria (a1 = a2 and bl = b2) 
are present, the protein actually exists as a mixture of four 
states: a l  b l ,  a l  b2, a2bl, and a2b2. Present results have not 
provided a way to distinguish the mixed states. The spin 
system of HisG does not discriminate between states a lb l  and 
a2bl or between states a lb2 and a2b2, and those spin systems 
that are responsive to the a1 = a2 equilibrium do not dis- 
criminate between states a l  bl and al  b2 or between states a2bl 
and a2b2. This suggests that the structural consequences of 
the two equilibria are localized and to some extent nonover- 
lapping. Resonances affected by both transitions, should they 
be found, should map onto the boundary between the two 
regions of structural change. 

Comparison with Previous Assignments. The assignments 
of the 'H'I and 'H62 resonances of His6 and His4 (bl and b2) 
and the 'H'I resonance of determined here by the se- 
quential NMR assignment method are all consistent with those 
deduced previously for nuclease wt on the basis of mutagenesis 
(Alexandrescu et al., 1988; Alexandrescu, 1989). The results 
reported here are in general agreement with the less extensive 
aromatic residue assignments of Torchia et al. (1989), who 
identified resonances from only one conformational state of 
nuclease wt TC at pH 7.4. 

Our assignment of the IH62 resonance of His121 differs from 
that reported previously for the unligated (NM) and ternary 
complex (TC) forms of nuclease wt (Stanczyk et al., 1988). 
The assignment strategy used by these authors was to deuterate 
the aromatic ring protons of Tyr, Trp, and Phe but not those 
of His. Their deuteration procedure did not extend to the 
aliphatic region where our results show the lH62 resonance of 
HisI2' to be located (4.3 ppm). We have shown that the 
difference in chemical shift is not explained by the H124L 
mutation (Hinck et al., 1990). Thus it appears that Stanczyk 
et al. ( 1  988) misassigned two small resonances around 6.9 ppm 
in nuclease wt and nuclease wt TC to Hislzl 'Hh. These peaks 
probably correspond instead (Table I)  to residual protonated 
aromatic residues (e.g., TyrS4, Tyr113, or Phe34). Since the 
heterogeneity of the peaks around 6.9 ppm was not removed 
on formation of the ternary complex, the authors claimed that 
this provided evidence for the existence of a new type of 
structural heterogeneity in nuclease. We have found, however, 
that both the 'H'I and IH62 resonances of report the a1 
= a2 conformational equilibrium in nuclease wt and in mutants 
(Hinck et al., 1990). Thus, as with His8 and His'24 (Alex- 
andrescu, 1989), single signals are observed for the His'21 spin 
systems (IH, I3C, or 15N) in the ternary complex. A number 
of single-site mutations have been found to shift the equilib- 
rium between the a l  and a2 forms in unligated nuclease 
(Alexandrescu et al., 1989; Alexandrescu, 1989; Alexandrescu 
& Markley, 1989). Such mutations were found to alter the 
a 1 /a2 ratios of both the 'H'I and IH62 resonances of in 
a coordinate fashion (Hinck et al., 1990). 

The present results reveal a dual spin system for His4, which 
dcfines conformational substates bl and b2. The doubled 
proton peaks are assigned unambiguously to His, since they 
appear in lH{13C] spectra of nuclease samples labeled selec- 
tively wi th  [I3C]His (Figure 7; Alexandrescu, 1989) and in 
a 1H{'5N) spectrum of a nuclease sample labeled selectively 
with [I5N] His (data not shown). Sequence-specific assignment 
of the two peaks to His46 is supported by the fact that both 
peaks are missing in the spectrum of a mutant (H46Y-TC) 
that lacks His46 (Alexandrescu, 1989). The bl /b2 heterog- 
eneity is visible in 1H('3CJSBC (Figure 7A), 1H('3C}MBC 
(Figure 7C), and 'H(I5N)MBC (Figure 9A,B) spectra. Dif- 



4252 Biochemistry, Vol. 29, No. 17, 1990 Wang et al. 

I I ' I ' I ' I ' I ' I ' I  ' 1 ' 1 ' 1 '  
1 PPm 

7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 
PPm 

F I G U R E  I O :  Aromatic region of the 500-MHz 'HI'HJ phase-sensitive NOESY spectrum obtained with H124L-TC in 2 H 2 0  solution. The figure 
does not include the His region of the spectrum. The spectrum was acquired as 5 12 blocks with a mixing time of 150 ms and 132 averaged 
FlDs per r I  value. N O E  cross peaks are denoted by asterisks. Intraresidue NOE cross peaks are labeled by the one-letter amino acid code 
and residue number. lnterresidue NOE connectivities of aromatic ring protons are indicated by solid lines. The empty rectangular boxes indicate 
the positions of NOESY cross peaks observed in the left part of this spectrum (denoted by asterisks) and in a spectrum recorded with a longer 
h 0 E  mixing time (200 m). 
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F I G U R E  1 1 :  500-MHz 1H(i3CJSBC-NOE spectrum of [26% U-  
' )C]H 124L-TC in 'H,O recorded selectively for the aromatic region 
as 244 increments with 184 averaged FIDs per t l  value. The mixing 
time used for the NOE buildup was 250 ms. Spin system connectivities 
of tyrosines and phenylalanines are represented respectively by solid 
or dashed lines. The N O E  relay cross peaks are indicated by the 
one-letter amino acid code and residue number. 

fcrences in the environment of the His46 side chain in the bl 
and b2 states affect I3C and 15N chemical shifts as well as IH 
chemical shifts (Table I ) .  In unligated nuclease wt or H124L, 
the His46 'He! signal appears as a broad singlet at 318 K, but 
separate signals from the bl and b2 states shift apart at lower 
temperature (S. N .  Loh, unpublished data). Doubled His46 

peaks are observed in the BC and TC states, but the bl /b2 
ratio appears to be unaffected by ligand binding. Doubled 
His46 'He! peaks also have been observed in spectra of mutant 
nucleases (A. P. Hinck and S. N.  Loh, unpublished data). The 
lifetimes of the bl and b2 states are on the order of 25-1000 
ms, since magnetization transfer between the two separate 
His46 IH'l peaks has been demonstrated (Alexandrescu, 1989; 
S. N .  Loh, unpublished results). 

The data reported here for the ternary complex (H124L- 
TC) show the presence of extra spin systems for one His (His" 
or U),  one Phe (Phe'), and one Tyr (Tyr') (Figures 1, 5 ,  and 
I I ). The origin of these peaks is under continued investigation. 
The histidine spin system resembles that of unfolded nuclease 
(Alexandrescu, 1989), and no intraresidue NOES were ob- 
served for the ring protons assigned to Phe' or Tyr' (Figures 
1 1  and 10). The resonances may arise from denatured or 
degraded protein. 

Comparison of the Solution and Solid-state Structures. 
The IH('HJ NOESY (2H20) data provide NOE connectivities 
(dashed lines i n  Figure 6) that locate the His'21 ring adjacent 
to the Tyr91 ring. They link the cy- (5.47 ppm), P- (2.35 ppm), 
p'- (3.28 ppm), and 6,-protons (4.3 ppm) of His12' and an 
t-proton (6.58 ppm) of Tyr91. This result is in agreement with 
the X-ray structures of the nuclease wt ternary complex, which 
place the HisI2' &-hydrogen adjacent to the middle of the Tyr91 
ring. Ring-current shift calculations from either the Cotton 
et al. ( 1  979) or Loll and Lattman (1989) X-ray coordinates 



Conformational Heterogeneity in Staphylococcal Nuclease 

predict an upfield shift of about 3.2 ppm for the Hislzl 'H62 
from the anisotropy of the Tyrg' ring. The ring-current effect 
fully explains the unusual chemical shift observed for this 
proton, The large (0.93 ppm) chemical shift difference be- 
tween the two His1*' @-protons results from one of the HisI2' 
@-protons (the p r o 3  lH@) experiencing a larger ring-current 
shift than the other (the pro-R 'HP). 

Evidence for slow (on the NMR time scale) flipping of the 
Tyrg' ring is provided by separate resonances for hydrogens 
and carbons on either side of the ring. Two peaks observed 
in the 'H('3C]SBC spectrum at (1 16.6,118.1),6.58 ppm (Figure 
SA) are assigned to IHt13Cf direct cross peaks of Tyrgl. Weak 
cross peaks observed at  6.58,(7,15,7.46) ppm in 'H('HI 
HOHAHA (Figure IB) and NOESY (Figure 10) spectra are 
assigned to 'Hf-(]H6l,IH62) of Tyrg'. Our failure to observe 
the 1H6196~13C61362 1H(13C)SBC direct cross peaks may have been 
a consequence of exchange broadening. Rotation of the Tyrgl 
ring may be hindered by the steric proximity of the HisL2' 'H62. 
Similar slow ring flipping of the Tyrgl ring protons of nuclease 
wt TC was described by Torchia et al. (1989). 

lnterresidue NOE cross peaks observed in the aromatic 
region of the NOESY spectrum (Figure 10) indicate the 
presence of short contact distances ( d  < 5 A) between pairs 
of ring protons of several aromatic amino acids. N O B Y  data 
sets were collected at  three different mixing times (100, 150, 
and 200 ms). A number of these distances were evaluated 
quantitatively by fitting the initial buildup rate of NOES ac- 
cording to a procedure described by Fejzo et al. (1989). These 
distances are compared (Table 11) with the corresponding 
distances derived from the two available X-ray structures of 
the nuclease wt.pdTpCa2+ ternary complex. The NMR 
distances agree within experimental error with those from the 
more refined structure (Loll & Lattman, 1989) but not with 
scveral distances from the less refined structure (Cotton et al., 
1979). 
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