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ABSTRACT: The assignments of individual magnetic resonances of backbone nuclei of a larger protein, 
ribonuclease H from Escherichia coli, which consists of 155 amino acid residues and has a molecular mass 
of 17.6 kDa are presented. To remove the problem of degenerate chemical shifts, which is inevitable in 
proteins of this size, three-dimensional N M R  was applied. The strategy for the sequential assignment was, 
first, resonance peaks of amides were classified into 15 amino acid types by lH-15N HMQC experiments 
with samples in which specific amino acids were labeled with lSN. Second, the amide IH-15N peaks were 
connected along the amino acid sequence by tracing intraresidue and sequential NOE cross peaks. In order 
to obtain unambiguous NOE connectivities, four types of heteronuclear 3D N M R  techniques, lH-15N-'H 
3D NOESY-HMQC, lH-15N-'H 3D TOCSY-HMQC, I3C-lH-IH 3D HMQC-NOESY, and 13C-IH-IH 
3D HMQC-TOCSY, were applied to proteins uniformly labeled either with lSN or with 13C. This method 
gave a systematic way to assign backbone nuclei (N, NH,  CaH, and C") of larger proteins. Results of the 
sequential assignments and identification of secondary structure elements that were revealed by NOE cross 
peaks among backbone protons are reported. 

Ribonuclease H (RNase H)' is an enzyme that cleaves the 
RNA moiety of an RNA-DNA hybrid endonucleolytically. 
It degrades an RNA strand into oligonucleotides with 5'- 
phosphate and 3'-hydroxyl termini with the aid of Mg2+ but 
is inactive with respect to other structures of nucleic acids, such 
as single- or double-stranded DNA and single- or double- 
stranded RNA. This function was first recognized in extracts 
from calf thymus (Stein & Hausen, 1969) and was later found 
in various organisms ranging from prokaryotes to higher eu- 
karyotes (Crouch & Dirksen, 1982). The C-terminal domains 
of retroviral reverse transcriptases also have this function. 

In the present study, RNase H from Escherichia coli has 
been investigated; this enzyme consists of 155 amino acid 
residues and has a molecular mass of 17.6 kDa (Kanaya & 
Crouch, 1983). A series of site-directed mutagenesis exper- 
iments (Kanaya et al., 1990) revealed the active site of this 
enzyme. Recently, a three-dimensional structure was proposed 
for the RNase H on the basis of X-ray crystallography data, 
at a 1 .8-A resolution (Katayanagi et al., 1990; Yang et al., 
1990). 
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The nuclear magnetic resonance experiment has recently 
become one of the most efficient techniques for clarifying the 
structure-function relationship of proteins. For the atomic 
scale investigation of protein structures, each resonance peak 
in NMR spectra should first be assigned to a specific atom 
in the molecule. The assignment strategy for small proteins 
or peptides (< 10 kDa) has been well-established (Wuthrich, 
1986). The first step is the use of COSY to classify proton 
resonances into groups of amino acids according to the spin- 
spin coupling networks that reflect the amino acid chemical 
structures. The second step is the sequential connection of the 
classified spin systems along the primary structure. In most 
of the neighboring residues, pairs of protons, C*H(i-l)-NH(i) 
[the proton at the a-carbon of (i-1)th residue and the amide 

I Abbreviations: C", a-carbon; CuH, proton at the a-carbon; C@, 
@carbon; Co, proton at the ,!?-carbon; O H 3 ,  methyl protons at the y- 
carbon; COSY, two-dimensional correlation spectroscopy; HMQC, 
heteronuclear multiple-quantum correlation; N,  backbone amide nitro- 
gen; N', c-nitrogen; N", el-nitrogen; N'H, proton at the e-nitrogen; N'IH, 
proton at the el-nitrogen; NH, proton at the backbone amide nitrogen; 
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; 
N O S Y ,  nuclear Overhauser effect spectroscopy; RNase H, ribonuclease 
H; ROE, rotating frame NOE TOCSY, total correlation spectroscopy; 
TSP. 3-(trimethylsilyl)tetradeuteriopropionate; TMS, tetramethylsilane; 
amino acids are denoted by standard one- or three-letter codes. 
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proton of ith residue, respectively] or NH(i-1)-NH(i), are 
located close to each other. NOESY can extract these con- 
nectivities and affords the information for the individual as- 
signments of resonances at the backbone of a protein molecule 
from the N- to the C-terminus. 

As the protein size becomes larger, degenerate chemical 
shifts appear more often due to an increased number of res- 
onance peaks and their broadened line widths. When it ex- 
ceeds 10 kDa, unmanageable identification of spin-spin cou- 
pling networks and ambiguous sequential connection of reso- 
nances impair the strategy mentioned above. Note that cross 
peaks in NOESY spectra should have nondegenerate chemical 
shifts in both dimensions to be unambiguously traced. There 
have been two policies applied to remove this problem. One 
is to improve spectral resolution by increasing the applied 
magnetic field, and the other is to introduce new frequency 
axes to develop resonance peaks in the higher dimensional 
spectral space. We have employed the threedimensional (3D) 
NMR technique, which was originally introduced as a ho- 
monuclear technique (Griesinger et al., 1987a) and applied 
to biological molecules (Griesinger et al., 1987b; Vuister et 
al., 1988, 1989; Oschkinat et al., 1988). Later, it was extended 
to heteronuclear 3D NMR (Fesik & Zuiderweg, 1988). The 
advantage of heteronuclear 3D NMR is the high ability to 
distinguish between degenerate proton resonances with chem- 
ical shifts of other nuclei, I3C or 15N, to which the concerned 
protons are covalently bonded, conserving the number and 
intensities of cross peaks, compared with those of the corre- 
sponding two-dimensional (2D) NMR. 

As a quite new technique, triple-resonance 3D experiments 
specialized for the observation of sequential connection of 
backbone nuclei through direct J connectivities have been 
proposed. It is an unambiguous assigning procedure suitable 
for computer automation (Ikura et al., 1990), but it requires 
an extension of equipment. 

In  this study, a novel methodology with a combination of 
various kinds of 3D NMR was attempted at a relatively low 
field strength of 400 MHz. The standard procedure with a 
combination of COSY and NOESY 2D experiments was re- 
placed by ( I )  I5N-'H HMQC for samples in which the amino 
acids were selectively labeled with 15N, (2) IH-I5N-'H 3D 
NOESY-HMQC, IH-I5N-'H 3D TOCSY-HMQC, and 
chemical shift difference IH-l5N-'H 3D NOESY for a sample 
uniformly labeled with 15N, and (3) 13C-IH-IH 3D HMQC- 
NOESY and 13C-'H-IH 3D HMQC-TOCSY for a sample 
uniformly labeled with I3C. 

The IH-I5N HMQC experiments for the selectively labeled 
samples, in each of which amide nitrogens of a particular type 
of amino acid were labeled with I5N, were performed to classify 
amide N-NH cross peaks by the types of amino acids. In these 
HMQC spectra, only amide cross peaks corresponding to the 
labeled amino acid appear, and they can be clearly identified 
with higher sensitivity. 

The IH-I5N-lH 3D NOESY-HMQC and IH-lSN-'H 3D 
TOCSY-HMQC experiments for the sample uniformly labeled 
with I5N were performed to trace sequential connectivities. 
In  the I5N 3D NOESY-HMQC spectra, two kinds of se- 
quential connectivities, CaH-NH and NH-NH, were ob- 
tained. lntraresidue and interresidue CaH-NH cross peaks 
can be distinguished with the aid of I5N 3D TOCSY-HMQC 
spectra as has been done with COSY experiments in the 
conventional approach. On the other hand, a single I5N 3D 
NOESY-HMQC experiment suffices to resolve the NH-NH 
sequential connectivities. Applications of this kind of exper- 
iment to larger proteins have been reported (Marion et al., 
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1989a,b; Zuiderweg & Fesik, 1989a; Driscoll et al., 1990; 
Ikura et al., 1990b; Nagayama et al., 1990). When two se- 
quential amides have a degenerate chemical shift, the NH-NH 
connectivities are identified by a chemical shift difference ISN 
3D HMQC-NOESY-HMQC experiment. 

The 'H-13C 3D HMQC-NOESY and 'H-I3C 3D 
HMQC-TOCSY experiments with the sample uniformly la- 
beled with 13C have been performed to resolve degenerate 
chemical shifts of CaH protons, which have a narrower 
chemical shift dispersion than amide protons. The combination 
of these four 3D spectra can distinguish CaH-NH connec- 
tivities uniquely (Nagayama et al., 1990). In I3C 3D exper- 
iments also, amide proton resonances should be observed in 
the detection period since they are apart from the troublesome 
water signal. The order HMQC-(NOESY or TOCSY) is thus 
chosen, contrary to the experiment of (NOESY or TOC- 
SY)-HMQC for 15N 3D NMR. 

Several assignment procedures have been applied to proteins 
of a comparable size (-20 kDa) with great success by other 
groups. The labeling of proteins by specific amino acids, where 
carbonyl carbons and amide nitrogens are doubly labeled 
(Kainosho & Tsuji, 1982), provides correct information on the 
peptide connection. A combination with isotope labelings and 
isotope-edited 2D experiments gives an ability to assign proton 
resonances (Torchia et al. 1988, 1989; McIntosh et al., 1990). 
A set of isotope-edited 2D spectra obtained for many kinds 
of samples selectively labeled at various amino acid residues 
may have a similar resolving power to a 3D spectrum, but it 
is more time consuming to obtain its full set. The first report 
on assignment with 15N 3D experiments was published recently 
(Driscoll et al., 1990). In an assignment study where backbone 
amides hold a special position, 15N 3D experiments are very 
important as seen in this study. 

The new techniques to assign the resonance peaks of 
backbone protons, nitrogens, and Ca carbons are fully de- 
scribed. This method has been applied to the assignments for 
resonances of backbone nuclei of E .  coli RNase H. The 
secondary structure elements, a-helices and 0-strands, and a 
core structure with a 0-sheet identified with NOESY and 
TOCSY spectra are also reported. 

MATERIALS AND METHODS 
Protein Preparation. E .  coli N4830-1 with plasmid vector 

pPL801 controlled by the bacteriophage X PL promoter was 
utilized for the overproduction of RNase H (Kanaya et al., 
1989). At 42 OC, production of the protein was induced after 
multiplication at 30 "C. This strain required His, Ile, Val, 
and two vitamins for its growth. For isotopic labeling, min- 
imum culture medium (M9) was used. Amino acids (40 mg 
of His, Ile, and Val), vitamins (50 mg of D-Biotin and thi- 
amine), and antibiotics (100 mg of ampicillin) were added to 
1 L of culture. Growth in M9 was slightly slower than in L 
broth medium (LB), and the doubling time was 3 h. The 1-mL 
and 100-mL preculture took one day each. When the ab- 
sorbance at 600 nm became 0.7-0.9, the temperature was 
raised. After the temperature reached 42 OC, cultivation was 
continued for 4 h at this temperature. The final absorbance 
was 1.5- 1.8. Cells were then harvested by centrifugation and 
subjected to purification procedures as described previously 
(Kanaya & Crouch, 1983). About 15 mg of purified protein 
can be obtained from 1 L of culture. 

I5N and 13C Labeling. The protein sample, uniformly and 
fully labeled with 15N, was prepared by cultivation of E .  coli 
in the minimal medium with 15NH,CI (99%) as the sole ni- 
trogen source. Since [14N]His, Ile, and Val were added in the 
medium, nitrogens of His residues were not labeled, Val 
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perature). Carbon and nitrogen chemical shifts are calculated 
from the offsets; that of I3C for dioxane (with I3C ID NMR) 
and that of I5N of formamide (with I5N-'H HMQC) with an 
external lock of the same buffer were recorded and set to 67.9 
ppm (I3C, relative to TMS) and 113.3 ppm (I5N, relative to 
liquid NH3) after compensation of differences of the magnetic 
susceptibilities. 

Two-Dimensional NMR. 'H detected IsN-'H correlation 
experiments, HMQC (Bax et al., 1983), with a slight modi- 
fication to incorporate solvent suppression, were performed 
on the samples selectively labeled with I5N amino acids. Two 
kinds of solvent suppression techniques were employed. One 
was presaturation of the water signal by a DANTE pulse 
(Morris & Freeman, 1978). This technique was employed in 
the experiments for all samples. The other was filtered ob- 
servation by a 1-1 echo pulse sequence, which was previously 
reported (Griffey et al., 1985a; Sklenar & Bax, 1987). This 
experiment was applied to samples where the I5N enrichment 
was reduced by metabolic leakage. Both suppression tech- 
niques had their respectively disadvantages: the presaturation 
scheme affected not only the water signal but also resonances 
whose chemical shifts were close to that of water, and the 
saturation was transferred to others through spin diffusion; 
the 1-1 echo scheme had a narrower observation width. The 
1-1 echo scheme, however, had the advantage that peaks were 
sharp because the J splittings by NH-CaH couplings in the 
wI direction collapsed. This problem is also a major concern 
in 3D NMR. Experimental conditions were as follows: the 
carrier frequency of 'H was set to that of the water signal, 
and that of I5N was set to the center of the backbone amide 
nitrogen region; the spectral width for 'H observation was 15 
ppm (6000 Hz) and that for I5N was 50 ppm (2000 Hz); the 
resolution for 'H was 5.9 Hz and that for I5N was 7.8 Hz; the 
maximum observation of the 1-1 echo filter was set to 8.78 
ppm, which was 4.0 ppm below the carrier frequency; ac- 
quisition was repeated eight times for each t l  value, leading 
to a total experimental time of about 2 h. Under these con- 
ditions, peaks of Arg N'H protons were folded into the 
backbone amide region, but they were prevented from over- 
lapping. For the samples labeled at a low rate, ISN-Asp, Glu, 
Ser, and Phe, accumulation was continued overnight. 

Three-Dimensional NMR.  Four kinds of 3D NMR ex- 
periments were performed to obtain unambiguous sequential 
connectivities. In 1H-'5N-'H 3D NOESY-HMQC experi- 
ments, two solvent suppression techniques, presaturation and 
1-1 echo, were employed for the same reasons as mentioned 
above. The pulse sequence with the 1-1 echo is shown in 
Figure la. The phase cycling of the refocusing pulse used 
in the HMQC part of the sequence was reduced from four 
phases to two, in order to reduce the experimental time. This 
phase cycling works properly only when it is combined with 
the HMQC scheme. The pulse sequence with presaturation 
was similar to that already reported (Marion, 1989). In these 
experiments, the magnetizations of neighboring protons were 
transferred to amide protons with the frequency labels of I5N 
and 'H; and then in the 3D spectra the cross peaks, NH(i- 
1 )-NH(i), NH(i+ 1 )-NH(i), CaH( i- 1 )-NH( i), and CaH- 
(i)-NH(i), were aligned along the o, direction. For the I5N 
3D TOCSY-HMQC experiments, which detected only the 
cross peaks corresponding to C"H(i)-NH(i) J connectivities, 
the pulse sequence shown in Figure 1 b was used. The ex- 
perimental conditions were as follows: the spectral offsets for 
IH and I5N NMR were chosen to be the same as used in 
HMQC experiments; the spectral widths of the t l  ('H), t2  
(ISN), and t3  ('H) periods were set to 12 ppm (4800 Hz), 50 

Table I: Culture Conditions for Selective Labclings with 
I5N-Labeled Amino Acids and the Resultant Rates of Isotope 
Enrichments' 

I5N-labeled amino acid enrich- 
amino acid (me/L) ment cross labelings 

"N-labeled 

G H, I ,  V, L (40) 1 s, c ( l /3 ) ;  w (1/10) 

A H, 1, V, L (40) 1/3 
L H, 1, V (40) 1/3 I ( l / 5 ) ;  V, A (1/10) 

D H, 1, V, L (40) 1/10 all others (1/10) 
E H, 1, v, L (40) 1 / 8  all others (1 /8)  
F H, 1, V, L (40) 1 /4 Y (1  /4); all others 

HbsC I, V, L (40) 1 
I C  H, V, L (40) 1/2 L U p ) ;  V, A 
K H, 1, V, L (40) 1 
M H. 1. V, L (40) 1 
Tb H, 1, V, L (40) 1/2 G(1/4)  
Vc H, I ,  L (40) 1/2 A(1/4) 
C H, 1, V, L (40) 1 A(I/IO) 
E all others (100) 1/8 A, N,  D, Q. S (1/12) 

Y E (100); H, I,  1/2 F (I/4); E, Q, A, D, N 

'The "N amino acids to be labeled and the normal "N amino acids 
were added at the beginning of induction. The approximate rates of 
desired labeling and undesired cross labelings were estimated from the 
intensity ratio of peaks observed in HMQC spectra. bDL-aminO acid. 
'40 mg/L for the initial medium; 60mg/L at induction. 

(1/8) 

Sb G, C, W (100); 1/4 G ~ 4 )  
H, 1, v, L (40) 

v, L (40) (1/10) 

residues were labeled at a very low rate, and Ile and Leu 
residues were labeled partially through metabolic leakage. 

The protein sample, uniformly and fully labeled in I3C, was 
prepared in the minimal medium with ['3C]glucose (98%) as 
the sole carbon source. His, Ile, Val, and Leu residues were 
not labeled since [I2C]His, Val, Ile, and Leu had to be added 
in the medium. Though Leu was not required for growth, 
[I2C]Leu was also added to prevent the partial cross labeling 
from Val. These four amino acids were additionally supplied 
at the beginning of induction. 

A series of samples in which amino acids were selectively 
labeled with I5N was prepared in the minimal medium with 
100 mg/L of the corresponding l5N-labeled amino acids 
(95-98%), which were added at the beginning of induction. 
After 2 h of induction, the cultivation was stopped to suppress 
cross labeling, though in the case of uniform labeling the 
cultivation was continued for 4 h or more. It gave half the 
yields of uniform labeling. Protein samples labeled with 
['SN]Ala, Cys, Asp, Glu, Phe, Gly, His, Ile, Lys, Leu, Met, 
Ser, Thr, Val, or Tyr were prepared. For a few samples, 
counter I4N-labeled amino acids against cross labeling were 
deliberately added together with the I5N-labeled amino acids 
required for labeling to suppress the metabolic leakage. The 
conditions for each selective labeling are summarized in Table 
1. 

N M R  Spectroscopy. NMR experiments were carried out 
on a 400-MHz JEOL GSX400 spectrometer. The tempera- 
ture of the samples was controlled at 27 OC. The samples were 
dissolved in a 0.1 M deuteriated acetate buffer of 80% 
H20/20% D20, pH 5.5.  Exchange to the buffer solution and 
concentration were performed with a Centricon-10 (Amicon). 
Concentrations of proteins labeled with specific amino acids 
were about 1 mM, and those uniformly labeled with 15N or 
13C were about 2 mM. Sample solutions of 0.25 mL were 
placed in 5-mm NMR microtubes BMSOO5 (Shigemi 
Standard Joint Ind Co., Ltd.) (Takahashi & Nagayama, 
1988). The solutions were stable for several months at 4 OC. 

Proton chemical shifts are relative to the water signal (4.78 
ppm relative to TSP in the same buffer and at the same tem- 
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(Fesik & Zuiderweg, 1988), as shown in Figure IC for the 13C 
3D HMQC-NOESY experiments. Note that selective in- 
version by a 1-1 pulse was added to the HMQC part ( t J .  It 
worked as a 0" pulse for C" carbons and as a 180" pulse for 
C' and CS carbons. For this experiment, only presaturation 
solvent suppression was adopted. But even C"H protons just 
under the water signal did not vanish, because they were split 
by large I3C-IH spin-spin couplings (Griffey et al., 1985b). 
Spin echo pulses were added immediately before acquisition 
to avoid the transient effect of the low-pass filter (Davis, 1989). 
In this spectrum, NH(i)-CaH(i) and NH(i+l)-CaH(i) were 
aligned along the w3 direction. A "C-IH-IH HMQC-TOCSY 
experiment was also performed to distinguish intraresidue 
NH-C"H cross peaks. The pulse sequence is shown in Figure 
Id. The experimental conditions were as follows: the con- 
ditions for 'H were the same as used in the l5N 3D experi- 
ments; the carrier frequency of I3C was set to the center of 
Ca resonances, the spectral width was 50 ppm (5000 Hz), the 
number of complex points sampled with 64, and the mixing 
time was 100 and 30 ms for NOESY and TOCSY, respec- 
tively. 

Chemical Shift Difference Three-Dimensional NMR. In 
the above 3D NMR experiments, a connectivity between two 
protons was evolved by the chemical shift of the heteronucleus 
to which one of the protons was attached. Two cross peaks 
and two diagonal peaks appeared in the spectra. One of the 
two diagonal peaks and one of the two cross peaks had the 
same heteronuclear chemical shift, and the other cross and 
diagonal peaks also had another chemical shift. If the chemical 
shifts of the two protons were degenerate, the diagonal and 
cross peaks were overlapped. The information of the con- 
nectivity was lost. This situation occurred in the amideamide 
region of the 15N 3D NOESY experiment. 

A new experiment was devised to recover these connectiv- 
ities, which were essential for sequential assignment. In this 
experiment, NOE cross peaks between NH-N(i) and NH- 
NO') were evolved by three frequencies, the chemical shift of 
NH(i), that of NHG), and the difference of the chemical shifts 
of N(i) and NO'). In the spectrum, all diagonal peaks gathered 
to the central plane where the difference of chemical shifts 
of nitrogens was zero. On the other hand, cross peaks between 
two amides were scattered in 3D space in general. A cross 
peak between amides whose proton chemical shifts were de- 
generate but whose nitrogen chemical shifts were different 
from each other appeared in a different slice apart from the 
diagonal peaks. 

The pulse sequence used in this experiment consisted of five 
periods as shown in Figure 2. On both sides of the NOE 
mixing 7, period, there were 15N and 'H evolution periods 
where the signal was modulated by the chemical shifts of both 
N H  and N of both interacting amides. The 'H evolution and 
the 'H acquisition corresponded to t l  and r3,  respectively. But 
in order to obtain only differences of chemical shifts of 15N's, 
both 15N evolution times were bound to an increasing time t2. 
By a combination of pulse phases, sine or cosine modulation 
of each evolution was selected. Four different types of mod- 
ulated signals along t2,  clcj, cisj, sicj, and sisj were recorded 
[where ci = cos [w(Ni)t2J, cj = cos [w(n,)t21, si = sin [w(ni)t21, 
and si = sin [~(N,)t,l].  The signal obtained with the com- 
bination (clcj + sisi) + i(slcj - cisj) = exp[i[w(Ni) - w(N,)]t2] 
mimicked a modulation by a difference frequency of w(Ni) 
- w(Nj) in t2. The IH carrier was set to the center of amide 
proton region. The solvent signal was eliminated by presa- 
turation with DANTE. The spectral widths and data points 
were 6 ppm/64 for the t l  period, 100 ppm/32 for t2,  and 15 

.-, 

'H 
Decoupling 

td2  s td2  

'H 

FIGURE 1 : Pulse sequences of 3D NMR experiments. (a) IH-l5N-'H 
3D NOESY-HMQC. The fixed times were set as T,  (the NOE 
mixing time) = 100 ms, A[ I /(2'JNH) where ' J N H  was the coupling 
constant between N and H in Hz] = 5 ms, and 6 [ l / ( 4 ~ , ~ , )  where 
wept was the offset optimally observed with a 1-1 echo filter in Hz] 
= 156 ps. The phases of pulses were 4I = X, 42 = [4X, 4(-X)], 43 
= (2X,2Y), d4 = 2 [2( -X) ,  2(-Y)1, q 5  = (X, -23, and pa = (X, -X, 
-X, X, -X, X, X, -X) for real-real signal of the experiment. = 
Y was used for imaginary signal in the first dimension and 45 = (-Y, 

was used for imaginary signal in the second dimension. WALTZ-16 
was used for heteronuclear decoupling. (b) IH-l5N-lH 3D TOC- 
SY-HMQC. The fixed times were set as T, (the isotropic mixing 
time) = 30 ms, and others were the same as shown in (a). ROE- 
eliminated MLEV-17 with straddling spin lock pulses was used for 
isotropic mixing. The phases of pulses were 4a = (X, -X, -X, X )  and 
the others were the same as shown in (a). (c) I3C-'H-'H 3D 
HMQC-NOESY. The fixed times were set as T, (the NOE mixing 
time) = 100 ms, A[1/(2'JcH) where lJCH was the coupling constant 
between C and H in Hz] = 3 ms, 6 [(2n+1)/(2Wds) where W d s  was 
the offset I3C to be decoupled] = I25 ps. The carrier was set to the 
center of the C" resonance frequencies, and carbonyl carbons were 
inverted for decoupling. The pulse widths should be 90' in an ideal 
case, but the pulse widths and interval were adjusted for the com- 
pensation of off-resonance effect. The phases of pulses were dI = 
X, 42 = [4X, 4(-X)1,43 = (u, 2Y), 44 = [2(-X), 2(-431,45 = (X, 
-X) ,  and 4a = [2(X, -X) ,  2(-X, X)] for real-real signals of the 
experiment. 4I = -Y was used for imaginary signals in the first 
dimension and @5 = (-Y, Y) was used for imaginary signals in the 
second dimension. (d) '3C-'H-iH 3D HMQC-TOCSY. Isotropic 
mixing was made by the same composite pulse as used in ISN ex- 
periment. The phases of pulses were the same as shown in (c) except 

= (X, -X). 

ppm (2000 Hz), and 15 ppm (6000 Hz), respectively; the 
number of sampled complex points in the three directions was 
128 ( t i ) ,  32 ( t z ) ,  and 256 ( t 3 ) ;  the mixing time for NOESY 
was 100 ms, and that for TOCSY was 30 ms; TOCSY ex- 
periments with longer mixing times (60 and 90 ms) gave peaks 
only for Ala C@H3's and for protons on some mobile side 
chains. 

In the I3C 3D NMR experiments, a new problem arose. 
Since the sample was enriched uniformly and fully with I3C, 
not only C" carbons but also 8-carbons ( 0 )  and carbonyl 
carbons (C') were labeled with 13C. This brought about I3C 
homonuclear couplings and modulation of chemical shifts of 
C" carbons, causing both low resolution and poor sensitivity. 
To get rid of the difficulties, we modified the original sequence 
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them were labeled only at  the specific amino acids, but most 
of them were cross labeled at the different amino acids met- 
abolically connected through transaminations or transforma- 
tions. 

Almost no metabolic leakage was observed in Met, Lys, Cys, 
and His labelings, and these amino acid residues in the protein 
were fully enriched with IsN. On the contrary, Asp and Glu 
labeling diffused to most of the other amino acids and failed 
to distinguish themselves from others. The trick for [lsN]Glu 
labeling, where all the other 14N-labeled amino acids except 
Glu and Pro were added at the induction, improved the results, 
and Glu peaks were successfully distinguished. In the 
[15N]Phe labeling, Phe was cross labeled to Tyr at  the same 
rate, while in the Tyr labeling a difference in the peak in- 
tensities between them was observed. Both Tyr and Phe were 
then identified. The results are summarized in Table I together 
with their culture conditions. 

Peaks in the HMQC spectra of the uniformly labeled sample 
were primarily classified into the backbone amides of Ala, Cys, 
Glu, Phe, Gly, His, Ile, Lys, Leu, Met, Ser, Thr, Val, Tyr, 
other amino acids (Asp, Asn, Gln, Arg, or Trp), and the 
side-chain amides of Gln or Asn or the ring N"H-N" of Trp. 
Peaks of N'H-N'of Arg appeared in a distant area (80-90 
ppm, IsN). An HMQC spectrum with the amide identifica- 
tions is shown in Figure 3. 

RNase H has three Cys residues, but only two peaks ap- 
peared in the HMQC spectra. Various experimental condi- 
tions (7-47 OC, pH 3.5-5.5) were tested to recover the 
missing resonance, but it never appeared. We observed the 
missing peak when RNase H was partially denatured by 0.1 
M perdeuteriated dodecyl phosphocholine (purchased from 
TRC). 

Sequential Assignment. In order to assign resonances to 
individual backbone nuclei, we used NOE connectivities be- 
tween protons in neighboring residues. There are two major 
kinds of sequential connectivities. One is a strong NOE cross 
peak between C"H(i) and NH(i+l) typically seen in @strands. 
The other is an NOE cross peak between NH(i) and NH(i+l) 
typically seen in a-helices. In the statistical analysis of protein 
structures from the protein data bank, 98% of the pairs of close 
(C2.4 A) CaH protons and N H  protons were sequential ones, 
and 88% of pairs of close (C3.0 A) N H  protons were also 
sequential ones (Billeter, 1982). 

To make up for the lack of isotopic labeling of Val and His 
residues in the samples of the uniformly labeled protein, w2 
lsN-selected NOESY spectra of [ lSN] Val-labeled samples and 
[lsN]His-labeled samples were taken and added to the I5N 
3D NOESY spectrum as two extra 2D spectral slices. An w2 
I4N-selected TOCSY spectrum of the sample uniformly la- 
beled by I5N, except at  Val and His residues, was also taken 
and added to the IsN 3D TOCSY spectrum as an extra 2D 
spectral slice. An w ,  l2C-se1ected NOESY spectrum of the 
sample uniformly labeled by I3C except at His, Ile, Leu, and 
Val residues was taken and used as another slice in the I3C 
3D NOESY spectrum. The 13C 3D TOCSY spectrum need 
not be afforded by extra slices of I2C-selected TOCSY because 
those corresponding to His, Ile, Leu, and Val residues can be 
made from cross peaks observed in the ISN 3D TOCSY 
spectrum. 

The first kind of sequential assignment was performed based 
on the strong NOE cross peaks of CaH(i)-NH(i+l). A 
NH(i)-N(i)-C"H(i) cross peak in the ISN 3D TOCSY 
spectrum and a NH(i)-C"H(i)-C"(i) cross peak in the I3C 
3D TOCSY spectrum were combined; and a strong CaH- 
(i)-Ca(i)-NH(i+l) cross peak in the I3C 3D NOESY spec- 

G1501Y151 @,,' I,,,,,' I 
0112-0113 , 

Aa('bNk-15.4ppm 

9 a3 8 ppm,'H 7 
FIGURE 2: Shift difference 3D experiment. (a) Pulse sequence. The 
constant times were set as 6 [1/(21JNH)] = 5 ms and T,,, (the NOE 
mixing time) = 200 ms. The phases of pulses were = X, Cb2 = [8X, 
8(-X)1, $3 = [2X, 2(-X), 2(-Y), 2 Y I 9  44 = [2(X, -X).2(-Y, -VI, 
and 4a = [2(X, -X, -X, X ) ,  2(-X, X, X, -X) ]  for real-real signals. 
4, = (-v) for imaginary signals in the first dimension, and r # ~ ~  = [2(-Y, 
u), 2(-X, X ) )  for imaginary signals in the second dimension. (b) In 
the 3D spectrum, the first (wI) and third (a3) dimensions show 
chemical shifts of interacting amide protons and the second one (w2) 
shows differences of chemical shifts of two amide nitrogens attached 
to the interacting protons. Partial 2D spectra sliced at a positive offset 
and at the corresponding negative offset in w2 are shown. Two cross 
peaks from an NOE connectivity can be observed at the symmetrical 
positions in the slices. The G112-4113 cross peaks are very close 
to the diagonal line (indicated with the broken lines) but are not 
overlapped by diagonal peaks that fell onto the central plane ( w 2  = 
0). 

ppm/256 for t 3 .  The mixing time was 200 ms. The total 
experimental time was two days. Alternative experiments more 
sensitive but not easier to interpret have been reported by other 
groups (Ikura et al., 1990c; Zuiderweg et al., 1991). 

Data Processing. 3D spectra of "C and IsN were recorded 
and stored as sets of homonuclear 2D spectra modulated by 
heteronuclear chemical shifts. Each 2D FID was zero filled 
and Fourier transformed in both dimensions, and then a 
particular region (NH or C"H) was saved to the disk. These 
2D spectra were read as a series of 1D spectra, transposed, 
and Fourier transformed. For all 2D and 3D spectra, the 
postacquisition solvent suppression technique was applied 
(Kuroda et al., 1989). The baseline rolling caused by this 
processing was avoided by opening the receiver gate early 
enough and starting the acquisition of data at the refocusing 
point, when all signals were in the same phase. Spin echo 
sequences were suitable for this experiment. The 2D spectra 
sliced from a 3D spectrum at each heteronuclear chemical shift 
were plotted out to process the successive spectral analysis of 
spin identification, sequential connection, and so on. The data 
processing, calculation, display, and plotting were all carried 
out on a p V A X  TI (DEC) with the software extended from 
TOOLKIT (the Rawland Institute for Science). 

RESULTS 
Amino Acid Identification. A total of 16 samples labeled 

with 15 different I5N amino acids were prepared. IH-ISN 
HMQC spectra of these samples were compared with the 
spectra of the sample uniformly labeled with ISN. Some of 
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FIGURE 3: I5N-’H HMQC spectra with amino acid identifications 
for amides obtained by selective labeling. (a) Identification of 12 
amino acids, except His and Val, is shown on a 15N HMQC 1-1 echo 
spectrum of the I5N uniformly labeled sample. (b) An HMQC 
spectrum of the [15N]Val-labeled sample. Residue numbers assigned 
to the peaks from the Val residues are shown. The cross labeled Ala 
residues are also identified. (c) An HMQC spectrum of the [I5N]- 
His-labeled sample. The residue number assigned to the peaks from 
five His residues are shown. 
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trum and a strong C”H(i)-NH(i+l)-N(i+l) cross peak in 
the lSN 3D NOESY spectrum were combined. They were 
connected along the peptide backbone to the ends of these 
kinds of connectivities, Pro residues, or doubly degenerate 
chemical shifts that could not be resolved even by 3D NMR. 
Four long sequences of peaks were extracted. Their amino 
acid types, obtained with the selective-labeling experiments, 
were unambiguously matched to the specific parts of amino 
acid sequence. They were K3-Gl1, A24-G30, R31-A37, and 
K1174123. An additional 12 shorter sequences of peaks were 
also obtained. Ten of them were unambiguously assigned 
because they were uniquely matched. After the assignments 
of these segments, they were extended to longer ones according 
to the amino acid sequence. Finally, they formed five long 
and six short segments. 

L2-NI6. At first, K3-G11 was a long sequence of reso- 
nance peaks connected unambiguously by strong NOESY and 
clear TOCSY cross peaks. The pattern of amino acids ”- 
(K:Y)oVE(I:K)FToG” [“on denotes amino acids other than 
those obtianed by the selective-labeling experiments, “(x:y)” 
indicates x or y] was uniquely matched to K3-Gll.  Moreover, 
there was a short segment of connected resonances with a 
sequence “(S:T)CL(G:T)”, which was uniquely matched to 
S12-Gl5. The connectivity between G11 and S12 was not 
determined by intraresidue TOCSY and strong sequential 
NOESY cross peaks. The TOCSY peaks of G11 were too 
weak to be observed, and the sequential NOESY peaks be- 
tween C“H(G1 l )  and NH(S12) were weaker than other se- 
quential NOESY peaks. The chemical shift of one of two C”H 
protons was over 5 ppm. These were typically seen in the case 
of Gly residues in @-strands. The chemical shifts of two C*H 
protons and C” were determined by intraresidue NOESY cross 
peaks in I3C 3D NOESY, where ea’s of Gly residues had 
distinct chemical shifts. This segment was extended to N H  
of L2, though the chemical shift of C“H was same as that of 
an Ile residue. Two chemical shifts of the C”H protons of G15 
were determined by I3C 3D TOCSY, though G15 and a Thr 
residue were overlapped on the I5N-’H HMQC plane. The 
chemical shifts of NH, N,  C‘H, and C“ of N16 were deter- 
mined through strong NOESY and TOCSY peaks. 

G20-G30. A24-G30 were connected by strong sequential 
NOESY cross peaks and strong TOCSY cross peaks, had an 
amino acid sequence “AILoYoG”, and were matched uniquely 
to this part. There were three Gly residues in the preceding 
part. They had the same character mentioned above. They 
were extended from A24 up to G20 without ambiguity. The 
CaH-Ca J cohnectivity of G30 was also determined by 15N 
3D TOCSY and 13C 3D TOCSY without ambiguity. 

R31-T40. R31-A37 was also an unambiguous sequence 
with amino acids “oEKTFSA” and was uniquely matched. 
The connectivity between G30 and R3 1 was also observed in 
both manners, C”H(i)-NH(i+l) and NH(i)-NH(i+l). The 
connectivity between A37 and G38 was not distinguishable 
from an unassigned peak in I3C and I5N 3D spectra. Because 
the two NOESY cross peaks had the same N H  and C‘H 
chemical shifts and similar strengths, only one led to a Gly 
residue and it was assigned to G38. Another short segment 
with amino acids ’Y(S:T)” was uniquely assigned to Y39 and 
T40. The connectivity between G38 and Y39 was also ob- 
served in the I3C 3D NOESY spectrum. The C‘H of T40 was 
determined by 15N 3D TOCSY and I3C 3D TOCSY. These 
connectivities, R3 1-T40, are shown in the spectra stripped and 
rearranged from the four 3D spectra in Figure 4. 

E64-T69. The sequence of resonances with two amino acids 
“ST” was uniquely assigned to S68 and T69. The chemical 
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FIGURE 4: C"H(I)-NH(i+l) connectivities revealed for the sequence R31-T40 in the fingerprint region of RNase H 3D spectra. (a) ISN 
3D TOCSY-HMQC 1-1 echo and 15N 3D NOESY-HMQC 1-1 echo spectra were stripped at the chemical shifts of amide nitrogens ( w 2 )  
and amide protons (03) into slices with narrow widths in w3 and rearranged in the order of the amino acid sequence. The two spectra sliced 
from TOCSY and NOESY are aligned alternately. The strips designated with residue names are from 3D TOCSY-HMQC, and the strips 
without the names are from 3D NOESY-HMQC. The intraresidue cross peaks appearing in NOESY and TOCSY and the sequential cross 
peak appearing in NOESY for each residue were connected. A TOCSY spectrum for G38 is not shown because no cross peak was observed. 
TOCSY and NOESY spectra of A37 are from 15N 3D experiments with presaturation. (b) "C 3D HMQC-TOCSY and I3C 3D HMQC-NOESY 
spectra were stripped at the chemical shifts of a-carbons (aI) and a-protons ( w 2 )  into slices with narrow widths in w2 and rearranged in the 
order of the amino acid sequence. A TOCSY spectrum of G38 is not shown. 

shift of CaH-Ca of T69 was determined by 15N 3D TOCSY 
and I3C 3D TOCSY. Degenerate shifts at  four positions had 
to be overcome to extend this short segment. The first one 
was degeneracy of C"H's of L67 and V65, and both had strong 
sequential NOESY peaks. But they were distinguished by 
their amino acid types, and L67 was assigned. The C"H of 
I66 was degenerate again to a His residue. These were also 
resolved by their amino acid types. Next, V65 mentioned 
above was assigned. The sequential NOESY connectivities 
G 1 I-S 12 and E64-V65 were also degenerate. Here, E64 was 
assigned without ambiguity because G11-Sl2 was already 
assigned and their amino acids were different. 

H I  144123.  The sequence of resonances with seven amino 
acids "KoEoVKG" was uniquely assigned to K1174123. The 
shorter sequence with amino acids "HoI" was also uniquely 
assigned to H114-1116. There was a strong NOESY cross 

peak between I1 16 and K117. But C"H of I1 16 had the same 
chemical shift as CaH of L2. At this stage, L2 was already 
assigned and then I1 16 was assigned without ambiguity. 
C"H,-C" of G123 was also determined by I5N 3D TOCSY 
and I3C 3D TOCSY. 

There were other segments assigned by using strong se- 
quential C"H-NH cross peaks. Four residues of "EoTG" were 
assigned to E14043150 and extended to L146 whose C"H was 
overlapped by 166. CaH2-Ca of G150 was observed in 15N 
3D TOCSY and I3C 3D NOESY. R41 and T42 were as- 
signed next. This segment had a pattern of amino acids "oT". 
This pattern matched to two parts on the primary structure, 
but the alternative position of D148-T149 was already as- 
signed. C"H-Ca of T42 was observed in both 15N and 13C 3D 
TOCSY spectra. L59-H62 was assigned even though the 
sequential NOE between L59 and K60 was overlapped with 
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N44 N45 R46 M47 E48 L49 M50 A51 A52 153 V54 A55 L56 E57 A58 

amino acid residue 
FIGURE 5 :  NH(i)-NH(i+l) connectivities revealed for the sequence N44-A58 in 3D spectra. I5N 3D NOSY-HMQC spectra (with presaturation) 
were stripped and rearranged in the same manner as shown in Figure 4a. The diagonal peak, cross peak to the preceding residue, and cross 
peak to the next residue for each residue are connected. The spectrum of V54 is from w2 I5N-selected 2D NOESY. 

that between A37 and G38. W90-T92 including CaH-Ca of 
T92, V98-Nl00, and A125-Hl27 including CaH of H127 
were also assigned independently. Two short segments con- 
nected by strong NOESY peaks were left unassigned. Their 
patterns of amino acids were “To” and “KK”, which appeared 
more than once in the unassigned parts of the amino acid 
sequence. 

Five residues at the C-terminus, Y 151-V155, seemed to be 
mobile. Both strong NOESY peaks between CaH(i)-NH- 
(i+ 1) and NH(i)-NH(i+ 1) were observed. These resonances 
were easily assigned because their lines were very sharp. 

The second kind of sequential connectivities were NOESY 
cross peaks between NH(i) and NH(i+l). The first task was 
to make pairs of NH(i)-N(i)-NH(i+l) and NH(i)-NH- 
(i+l)-N(i+l) cross peaks in I5N 3D NOESY spectrum. 
Cross peaks closer than 0.2 ppm to diagonal peaks were very 
hard to recognize. Three cross peaks buried under the diagonal 
peaks were observed in the spectrum of the chemical shift 
difference 3D NOESY. They were assigned to K87-R88, 
W 104-4 105, and G 1 12-Q 1 13 as explained below (G 1 12- 
Q113 is shown in Figure 2). 

A total of 6 long and 1 1 short segments of cross peaks were 
extracted unambiguously in the I5N 3D NOESY spectrum. 
Among them, two short segments were coincident with the 
previously assigned fragments K60-E61 and G126-Hl27. The 
rest of the sequences were compared with the primary structure 
by taking the indefinite directionality of connectivities into 
account, and they were assigned if the pattern appeared only 
once. And they were extended and connected to each other 
by overcoming the degeneracy. Finally, three long sequences 
and seven short segments were assigned. CaH and Ca were 
left unassigned in the early stage of this assignment procedure. 

N44-A58. Six NH and N pairs connected by NOESY 
cross peaks that had an amino acid pattern “oooME” were 
matched only to N44-E48 and assigned. Nine NH and N 
pairs with the sequence “MAAIVAL(E:o)A” were assigned 
to M50-A58. NOESY cross peaks between NH of E48 and 
L49 and between L49 and M50 were also observed, but 
NH-N of L49 was overlapped by an amino acid residue whose 

type was not known. These connectivities, N44-A58, are 
shown in the spectra stripped and rearranged from 15N 3D 
NOESY in Figure 5. 

Five N H  and N pairs with the sequence 
“oYVoo” were uniquely assigned to 472-476, and six pairs 
of NH and N with the sequence “ooIHoo” were also uniquely 
assigned to Q80-W85. NH-NH sequential connectivities 
from 4 7 6  to G77 and from Q80 to T79 were observed, and 
both N H  and N chemical shifts of G77 and T79 were de- 
generate; a cross peak between I78 and G77 and/or T79 was 
observed. To make clear whether two cross peaks were ov- 
erlapped in 3D space or either cross peak existed, l5N-selected 
2D NOESY spectra of a [”NIGly sample and a I5N-labeled 
all-except-Gly sample were recorded. In both spectra the cross 
peaks were observed. A string of six residues “KKoGoK” 
matched to K86-K91 where W90-K91 was already assigned 
by strong C*H(i)-NH(i+l) NOESY peaks. NH-H of R88 
was degenerate to that of L49, but it was assigned before, and 
hence this connection became unambiguous. The connectivity 
between W85 and K86 was not observed because both NH 
and N chemical shifts were close. 

N l W H l l 4 .  First, a sequence of resonanm with a pattern 
“oAALGoH” was assigned to D108-Hl14 where H114 was 
already assigned. Next, a sequence with a pattern “oLoooL” 
was matched to D102-L107 or L103-D108. But they were 
assigned to D102-L107 since D108 was already assigned. The 
cross peaks between D102 and VI01 were observed overlapped 
in the NH-NH 2D plane, but they could be distinguished by 
amino acids. The connectivity could be extended to N100, 
which was already assigned. The connectivity between them 
was not recognized because L107 and E108 had closer chem- 
ical shifts of both NH’s and N’s. 

Other short segments were also assigned. Two residues of 
“KK” were assigned to K95-K96 because alternative position 
K86-K87 was already assigned, and the direction was also 
determined by a strong N O S Y  peak between CaH(K95) and 
NH(K96). Two residues of “EL” were also assigned to 
E135-Ll36 because all other possible positions were already 
assigned. Three residues of “AMo” were assigned to A141- 

Q72-K91. 
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N143 independently. Two residues of "TL" were also assigned 
to T145-L 146 where L 146 was already assigned. Four seg- 
ments of "Eo", T o " ,  and two "OA" remained unassigned at 
this stage. 

Two strong C"H(i)-NH(i+l) sequential connectivities left 
unassigned were assigned with the aid of NH-NH sequential 
connectivities. One was K95-K96 mentioned above. The 
other was T43-N44 because NH-N of N44 was assigned. 

At this stage, only 17 NH and N pairs remained unassigned. 
Among them Gly, Ser, and His residues appeared only once. 
They were assigned to G 18, S7 1, and H124, respectively, and 
according to the NH-NH NOESY peak of "Co", which was 
assigned to R132-Cl33 or C133-Dl34, C133 was assigned 
anyway. The invisible Cys resonance was assigned to C63. 
No more residues could be assigned by using the above 
characteristic NOE connectivities. The remaining 12 residues 
were assigned to fulfill short-range NOE connectivities. 

It was expected that NOE cross peaks between C"H(i) and 
NH(i+l) could be observed in most cases. From the C*H and 
C" pair of T69 already assigned through the medium strength 
of NOESY peak in I3C and I5N 3D NOESY spectra, the NH 
and N pair of D70 was assigned. From the CaH and C" pair 
of T92 through the medium strength of NOESY peak, A93 
and D94 connected by a NH-NH NOESY peak were as- 
signed. The other NH-NH NOE connectivity of "oA" could 
be assigned to A137-Rl38 or R138-Al39. In both cases 
R138 was assigned. Among three unassigned Ala residues, 
there existed only one NH-N to which a NOESY cross peak 
from CaH-Ca of R138 was observed. This was assigned to 
A 139. 

I t  was dangerous to assign the remaining parts by using 
C"H(i)-NH(i+l) NOESY cross peaks because C"H(i)-NH- 
(i+3) or C"H(i)-NH(i+4) NOESY cross peaks typically seen 
in a-helices were observed and they might lead to mistakes. 

Two Ala residues could be assigned to A137 or A140. A 
NOESY C"H(A)-NH(R138) cross peak was observed, and 
it should be interpreted as C"H(A137)-NH(R138) not as 
C"H(A140)-NH(R138). The Ala residue was assigned to 
A137; the other was assigned to A140. There were five 
possibilities for assigning the remaining segment of El 29-Dl 34 
to fulfill the amino acid types and the NH-NH sequential 
connectivities. Owing to the three facts that C"H(E131)- 
NH(R132) and C"H(E1 29)-NH(R132) connectivities existed 
and C"H(N 130)-NH(EI 29) did not exist, a single answer was 
obtained. The difficulty in assignment of these parts was 
caused by their densely crowded chemical shifts. Among them, 
the shift degeneracy of E131 and E135 backbone nuclei was 
very severe, the chemical shifts of NH protons, CaH protons, 
and C" carbons were too close to distinguish, and the chemical 
shifts of N nitrogens were also close to each other. 

A total of 65 C"H and Ca pairs were left unassigned at this 
stage even though the NH and N of the residues were assigned. 
By 15N 3D TOCSY and I3C 3D TOCSY spectra, 52 of them 
were identified unambiguously and 13 were identified with the 
help of 3D NOESY spectra. For R75, W85, A93, N100, and 
W 104, intraresidue cross peaks were observed only in the 15N 
3D TOCSY spectrum. For all except W85, intraresidue 
NOESY cross peaks were not degenerate in the 'H-'H 2D 
plane, and the chemical shifts were determined without am- 
biguity. But the chemical shifts of W85 and N84 were too 
close to distinguish, and the intraresidue NOESY peak of W85 
and C"H(N84)-NH(W85) were overlapped in the ISN 3D 
NOESY spectrum, and they corresponded to two peaks in the 
13C 3D NOESY spectrum. One was at C"(N84), and the 
other was at a position that had not been assigned to any C"H 
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and C' pair. The latter was assigned to C"(W85). Among 
the eight remainders, C"H and C" pairs of N44, N45, A51, 
V54, S7 1,182, and D108 were assigned by the clear NOESY 
cross peaks. C"H of V74 was determined by the COSY and 
relayed COSY spectra in which C"H, CBH, and CTH3 protons 
of Val and Ile residues were seen. 

To ascertain these assignments, NOESY C"H(i)-NH(i+ 1) 
cross peaks were also checked. The cross peaks were observed 
in 48 cases. For M47-E48, V74-R75,182-H83, and T145- 
L146, the NOESY peaks were not observed. The others could 
not be discussed because of degeneracy. 

The chemical shifts of C"H and C" nuclei of residues whose 
N H  protons were never observed, the N-terminus, five Pro 
residues, and C63, were determined as follows: The C"H and 
C" pairs of P17, P19, P97, P144, and C63 were assigned 
through strong NOESY cross peaks between C"H(i)-NH- 
(i+l) in the "C 3D NOESY and ISN 3D NOESY spectra. 
The C"H and Ca of N-terminus M1 were also identified by 
the sequential NOE C"H(M1)-NH(L2) with the medium 
strength of peak and led to an unassigned pair of C"H-C". 
For the last residue, P128, the sequential NOE CaH- 
(P128)-NH(E129) was very weak and observed only in the 
"N 3D NOESY spectrum. But the short-range CaH- 
(P128)-NH(E131) NOE was also weak but observed in the 
13C 3D NOESY spectrum. This was an unassigned position. 
The results of assignments for 'H, I3C, and ISN resonances 
are summarized in Table 11. 

DISCUSSION 
Secondary Structure. Short-range NOE cross peaks be- 

tween backbone protons were picked up from the 15N 3D 
NOESY and I3C 3D NOESY spectra. Even with 3D spectra, 
all the NOE cross peaks could not be assigned straightfor- 
wardly to interacting proton pairs because of the degeneracy 
of the chemical shifts. The pattern of short-range NOE cross 
peaks showed local structures. Among them, continuous 
patterns typically seen in a-helices and @-strands were ex- 
tracted. Strengths obtained from peak heights of short-range 
NOESY cross peaks and TOCSY peaks are listed in Figure 
6. 

a-Helices. Five a-helices were determined. First, four 
a-helices were determined by NH(i)-NH(i+l) and medium 
or weak C"H(i)-NH(i+l) connectivities. Short-range NOE 
C"H( i)-CBH( i+3), NH( i)-CBH( i), and CBH(i)-NH( i+ 1 ) 
cross peaks are also important for determining a-helices 
definitely. Since assignments of CPH protons were not ob- 
tained at this stage, the following restriction condition was 
added instead. The ith residue in a-helices should satisfy the 
condition that an CaH(j)-NH(j+3) (i = j ,  j + l ,  or j+2) or 
C"H(j)-NH(j+4) (i = j ,  j + l ,  j+2, or j+3) NOE connectivity 
is to be observed. These connectivities should be very weak, 
but often stronger cross peaks were observed, depending on 
the relative positions of CBH(j+3) and CBH(j+4) through 
which magnetization was transferred indirectly. This re- 
striction was too strong but safer. Because the residue W81 
did not satisfy this restriction, the second a-helix was con- 
sidered as two parts. Finally, five a-helices, N44-A58, 
472-480, 182-G89, V101-A110, and E129-M142, were 
extracted. These elements are indicated in Figure 6. 

&Strands. There were five &strands characterized by 
strong C"H-NH TOCSY peaks and strong sequential cross 
peaks between NH and CaH of the preceding residue. In these 
segments any NOE cross peak, NH(i)-NH(i+l), CaH(i)- 
NH(i+3), or CaH(i)-NH(i+4), should not be observed. For 
Gly residues, TOCSY peaks were very weak, and sequential 
NOESY peaks were also weaker. The chemical shifts of two 
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FIGURE 6: Summary of intensities of short-range crass peaks and the 
estimated secondary structure elements. From the top are shown the 
intensities of TOCSY cross peaks of NH(i)-CaH(i), NOESY cross 
peaks of CQH(i)-NH(i+l), NH(i)-NH(i+l), C"H(i)-NH(i+3), and 
CaH(i)-NH(i+4). The intensities were obtained by reading heights 
of cross peaks in 2D slices of 3D spectra. The heights of the bars 
show intensity classification of cross peaks into strong, medium, weak, 
and zero. Note that the lowest bars indicate the zero level, which 
means that the cross peak is not observed. Blanks means that no 
information is available because of degenerate chemical shifts or 
nonexistent amide protons. The secondary structure elements de- 
termined from these results with the criteria explained in the text are 
shown at the bottom, where the character "aa shows a residue in an 
a-helix and the character 'b" shows a residue in a &strand. 

CaH protons, one of which was below 4 ppm and the other 
was over 5 ppm, were also used for the decisions. Under the 
above conditions, five @-strands, Q4-Cl3, G20-Y28, R31- 
Y39, E64-S68, and H114-K122, were extracted. 

@-Sheet. If two strands make an antiparallel @-sheet, there 
are NOESY cross peaks between a-protons facing each other. 
If they make a parallel @-sheet, there are NOESY cross peaks 
between CaH and N H  facing each other. The three strands 
Q4-Cl3, G20-Y28, and R31-Y39 formed an antiparallel 
@-sheet; the strands E64-S68 and H114-K122 ran parallel 
to the strand Q4-Cl3. The relative positions of @-strands in 
the sheet and observed NOES are summarized in Figure 7. 
There was another short @-strand, L146-T149. An NOE 
CuH(Y39)-NH(L146) connectivity was also observed. 

Comparison with an X-ray Structure. The solution struc- 
ture obtained from this NMR study can be compared with 
a crystal structure recently proposed (Katayanagi et al., 1990). 
The numbers and positions of secondary structure elements, 
five a-helices and five @-strands proposed on the basis of NMR 
data (Figure 6), agree very well with the results given by X-ray 
crystallography. The topology of the @-sheet has a perfect 
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FIGURE 7: Topology of a recognized 8-sheet together with observed 
NOE connectivities. The five @-strands form the core structure of 
one 8-sheet. The outlined arrows show NOE connectivities between 
CuH protons, the broken lines show NOE connectivities between NH 
protons, and the solid arrows show directional NOE connectivities 
from CuH protons to NH's. 

coincidence in the two structures. From the result of this 
comparison, the solution structure, at  least the secondary 
structure, is well conserved in the crystals. However, there 
seems to be small discrepancies between the two structures: 
the shortness of two residues of the C-terminal end of the 
fourth a-helix ( L l l l  and G112) and the shortness of two 
residues of the N-terminal end of the fifth (H127 and P128). 
These differences might be attributed to the difference in 
utilized structural information between two studies rather than 
to the difference of structures. The NMR structural param- 
eters obtained at  this stage are never contradictory to those 
from the X-ray study. It is well known that a-helix elements 
can be identified more precisely by NOE cross peaks between 
C'H(i) and C@H(i+3). Our study in progress toward the 
assignment of side-chain nuclei will reveal a more detailed 
character of the a-helices. 

Reliability of Assignment. A total of 88% of NOE con- 
nectivities NH(i)-NH(j) were reported to result i n j  = i+l 
or j = i-1 (Billeter et al., 1982). This probability is not high 
enough to assume that all the connectivities arise from the 
sequential ones, because about 10 mistakes must occur on the 
average in the intermediate stage of assignment when this 
assumption is applied to the protein with 155 amino acid 
residues. Here, we show a new statistical result that the 
NH-NH NOE connectivity is actually safer to be assigned 
to the sequential one. In @-sheets, NOE connectivities can be 
observed not only between sequential residues but also between 
neighboring strands. To obtain new statistics, we used a new 
set of proteins (Ponder & Richards, 1987) in the protein data 
bank, instead of that used by Billeter et al. Secondary 
structure elements were defined according to the pattern 
recognition of hydrogen bonds of backbone nuclei (Kabsch & 
Sander, 1983). The results were as follows: among 1546 pairs 
of N H  protons within a 3.0-A distance, 88% were in sequential 
NH's, 10% were between @-strands facing each other, and the 
remaining of 2% were dangerous pairs. Our sequential as- 
signment procedure can be summarized then as follows: first, 
residues are identified by strong C'H(i)-NH(i+ 1) sequential 
connectivities assigned to be included in @-strands; second, 
residues are assigned to be sequential ones by NH(i)-NH(i+I) 
connectivities; and others are assigned by their respective 
evidence. 

The sequential assignment of the backbone resonances of 
RNase H has been completed by the combination of the se- 
lective and nonselective isotope-labeling techniques and five 
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Table 11: Chemical Shifts for Assigned Resonances of Backbone Nuclei, Amide Protons (NH), Amide Nitrogens (N), a-Protons (CnH), and 
a-Carbons (C") of RNase H from E. coli at 27 OC and pH 5 9  

residue N NH C" C"H residue N N H  C" C"H residue N N H  C" C"H 
MI 53.1 4.17 I53 116.5 7.94 3.13 0105 115.8 8.42 57.4 3.66 
L2 
K3 

v 5  
E6 
17 
F8 
T9 
DIO 
GI 1 
S I 2  
C13 
L14 
G I 5  
N16 
PI7 
G I 8  
PI9 
G 20 
G21 
Y22 
G23 
A24 
I125 
L26 
R27 
Y28 
R29 
G30 
R3 I 
E32 
K33 
T34 
F35 
S36 
A37 
G38 
Y39 
T40 
R4 I 
T42 
T43 
N44 
N45 
R46 
M47 
E48 
L49 
M5O 
A5 1 
A52 

4 4  

125.1 8.71 
123.8 8.73 55.1 
122.8 8.31 53.3 
121.8 8.79 
124.1 8.64 53.1 
121.8 8.60 
128.2 9.13 53.5 
109.5 8.05 58.8 
120.2 9.06 52.7 
106.7 8.70 42.4 
113.5 8.80 55.8 
123.2 8.44 56.6 
128.3 9.05 
107.6 7.82 42.8 
116.2 8.24 49.2 

61.3 
105.3 8.32 43.8 

61.3 
108.4 8.96 43.8 
106.5 9.04 44.6 
113.3 7.87 53.5 
106.2 8.99 43.4 
126.0 9.52 49.2 
120.7 9.04 
129.2 9.21 
127.1 9.98 53.1 
125.2 8.59 54.7 
126.7 9.37 55.1 
104.9 8.72 43.6 
121.0 7.95 52.9 
122.7 8.76 53.1 
125.0 9.21 53.1 
114.5 8.14 58.2 
120.6 9.31 54.5 
113.9 8.40 56.2 
120.8 6.37 50.2 
106.2 8.58 42.2 
122.8 9.69 53.9 
113.5 8.81 63.6 
119.9 7.77 55.1 
125.0 8.85 58.0 
106.5 8.53 57.0 
120.6 9.19 56.0 
116.3 8.56 53.9 
116.5 7.38 59.0 
118.2 7.71 55.5 
119.3 8.44 57.8 
116.1 7.24 
118.7 8.69 55.5 
117.0 7.72 53.3 
113.7 6.47 52.7 

4.55 
4.31 
5.13 
4.82 
4.83 
5.33 
5.67 
5.61 
5.16 
3.3915.04 
4.78 
4.96 
4.49 
3.8314.1 I 
5.06 
4.92 
3.9014.30 
4.92 
3.7615.07 
4.2215.36 
5.74 

5.89 
4.88 
5.29 
5.47 
5.06 
3.78 
3.61 14.14 
4.69 
5.43 
4.67 
5.32 
4.99 
4.58 
4.25 
3.4915.36 
5.47 
3.73 
3.88 
4.08 
5.28 
3.92 
4.03 
3.58 
4.44 
3.86 
3.96 
3.93 
3.31 
3.99 

3.9015.17 

v54 
A55 
L56 
E57 
A58 
L59 
K60 
E6 1 
H62 
C63 
E64 
V65 
166 
L67 
S68 
T69 
D70 
S7 1 
472 
Y73 
v74 
R75 
4 7 6  
G77 
I78 
T79 
480 
W81 
I82 
H83 
N84 
W85 
K86 
K87 
R88 
G89 
W90 
K9 1 
T92 
A93 
D94 
K95 
K96 
P97 
V98 
K99 
NlOO 
VI01 
D102 
L103 

116.5 8.25 3.30 
119.4 6.85 52.7 3.34 
112.8 7.57 3.76 
118.4 8.75 56.6 3.94 
119.6 7.10 51.2 4.11 
118.4 7.15 4.26 
121.8 8.59 53.9 4.38 
116.4 7.66 52.2 4.48 
119.2 8.46 4.77 

?? ? ?  57.0 5.12 
122.6 8.75 53.7 5.02 
125.6 8.82 4.70 
127.4 8.25 4.75 
134.5 8.57 4.70 
120.8 8.72 54.5 5.73 
119.7 8.50 58.6 5.11 
127.7 8.94 51.2 5.45 
115.5 8.31 56.8 4.52 
132.8 9.37 56.2 3.98 
123.6 8.72 59.3 4.48 
117.4 8.06 3.60 
117.7 7.08 57.4 2.52 
120.6 8.22 57.0 3.15 
107.1 7.82 46.1 3.1413.75 
119.9 8.40 3.73 
107.4 7.80 62.1 4.11 
117.3 7.53 55.1 4.47 
118.2 7.10 55.8 4.28 
117.9 8.48 3.49 
118.4 7.93 4.13 
117.7 7.44 53.5 4.38 
120.3 8.20 55.8 4.38 
119.0 8.12 58.2 2.70 
119.0 7.36 56.6 4.09 
116.3 7.24 53.1 4.48 
108.7 7.78 45.3 3.93 
112.8 8.56 56.2 3.42 
116.7 6.82 52.0 5.05 
109.6 8.90 59.0 4.38 
123.6 9.10 53.1 4.07 
114.0 8.00 51.2 4.64 
112.5 8.06 55.8 3.67 
119.8 7.62 51.6 4.72 

60.9 4.61 
120.7 7.57 3.44 
127.9 8.29 55.5 4.05 
115.8 9.45 53.1 4.28 
119.0 7.65 3.60 
119.0 8.59 54.3 4.09 
118.6 7.28 4.16 

W104 121.0 8.55 59.3 4.56 

Rl06 
L107 
D108 
A109 
A1 IO 
L l l l  
GI 12 
Q1 I3 
HI14 
Ql I5 
I116 
KI I7 
W118 
E l  19 
w120 
VI21 
K122 
GI23 
H124 
A125 
GI26 
H127 
P128 
E129 
N130 
E131 
R132 
C133 
D134 
El 35 
L136 
A137 
R138 
A139 
A140 
A141 
MI42 
N143 
P144 
T145 
L146 
E147 
D148 
T149 
GI50 
Y151 
4152 
VI53 
El 54 
VI55 

121.0 7.02 57.4 
121.6 8.76 
118.4 8.76 56.6 
119.1 7.88 52.9 
121.0 7.67 52.7 
117.4 8.68 
101.5 7.54 44.4 
117.2 7.52 53.5 
116.6 7.37 
120.9 8.48 52.7 
125.9 8.57 
129.8 8.81 52.7 
125.9 8.26 54.1 
126.5 8.94 52.5 
125.8 7.93 52.0 
123.6 8.03 
124.3 8.46 53.9 
111.3 8.46 43.4 
116.5 8.57 
123.5 8.14 50.8 
109.8 8.66 43.4 
118.5 8.40 

63.6 
117.8 9.37 59.0 
117.2 7.66 56.6 
120.2 7.83 57.8 
119.8 8.02 57.4 
117.8 8.10 63.2 
120.8 7.78 55.3 
118.9 7.83 57.8 
120.1 8.30 
122.7 8.35 53.5 
116.5 8.24 57.6 
120.4 7.89 52.9 
121.8 7.88 52.7 
119.2 7.79 52.7 
111.0 7.11 53.9 
117.0 7.42 49.4 

62.1 
108.4 7.49 59.3 
123.4 8.08 
117.9 8.35 52.5 
125.6 10.04 50.4 
116.6 7.88 62.5 
106.7 8.02 43.0 
121.4 7.27 56.8 
126.0 7.60 52.3 
120.6 7.86 
125.2 8.26 54.5 
125.4 7.73 

4.18 
4.12 
4.56 
4.20 
4.30 
4.10 

4.27 
5.04 
4.74 
4.54 
4.48 
4.46 
4.34 
5.62 
4.20 
4.54 
3.91 14.07 
4.64 
4.45 
3.82 
5.23 
4.39 
3.63 
4.45 
3.92 
4.09 
4.01 
4.46 
3.92 
4.02 
3.62 
3.80 
4.04 
3.98 
3.75 
4.29 
5.04 
4.10 
4.56 
4.76 
4.82 
4.88 
4.14 

4.24 
4.15 
3.84 
4.34 
4.04 

3.9514.13 

3.7314.21 

"The chemical shifts are relative to TMS for IH, TMS for "C, and liquid NH3 for I5N, respectively. The accuracy of chemical shifts of Cn's is 
f0.2 ppm, that of protons is fO.O1 ppm, and that of nitrogens is f O . l  ppm. The chemical shifts of C"'s of His, Val, Ile, and Leu residues were not 
yet obtained. NH of C63 was not observed. 

types of heteronuclear 3D NMRs and assisting 2D NMRs. 
We summarize the factors that contributed to the success of 
this approach. (1) The 3D NMRs have enough resolving 
power for a 155-residue protein. (2) The 3D NMRs have 
enough sensitivity for 2 mM samples. (3) The five 3D NMRs 
compensate for each other to complete the sequential con- 
nectivities. (4) Amino acid type identification by 15N selective 
labelings are reliable and inexpensive. 

CONCLUSION 
The assignment of resonance peaks of the backbone nuclei 

in a 155-residue protein, RNase H from E .  coli was suc- 
cessfully performed, and its secondary structure was elucidated. 
The structure determined by NMR agrees well with that 
obtained from an X-ray crystallographic study. The experi- 
mental and analytical procedures proposed in this article are 

applicable to proteins of a comparable size, even on a widely 
utilized 400-MHz machine equipped with two radio frequency 
channels. The development of multidimensional NMR ex- 
periments will make it possible to elucidate the tertiary 
structures of proteins larger than 20 kDa. 
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