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process of change in the ligation and to superposition of different 
sites. 

The effect of various solvents on the morphology of ionomers 
is a subject of great interest and has been investigated in many 
systems, including Nafion and sulfonated polystyrene (SPS). In 
the latter system the effect of thermal treatment has been detected 
in SAXS studies; heating to 165 0C seems to induce the formation 
of the ionic peak that did not appear at ambient temperatures.24 

In an extended X-ray absorption fine structure (EXAFS) study 
of SPS neutralized by Mn2+ it was not possible, however, to detect 
changes in the local structure of the cation due to heat treatment.25 

To the best of our knowledge this paper contains the first study 
that gives a detailed molecular picture of the solvation process. 
Most importantly, it is necessary to keep in mind that simply 
adding a solvent to a dry ionomer will in general not replace all 
the ligands with the most abundant solvent. 

Conclusions 
1. Cupric ions in dry Nafion soaked with CD3CN are pref

erentially solvated by the water remaining in the membranes, even 
though the following ratios have been measured: CD3CN/Cu2+ 
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Structure determination of proteins in solution by high-reso
lution NMR spectroscopy relies on nuclear Overhauser effects 
(NOEs), from which interproton distance constraints can be 
derived.1 For proteins, the NOEs are generally obtained from 
2D NOE spectra and can be observed for interproton distances 
less than about 5 A. For such an analysis it is essential to obtain 
first the sequence specific assignments of the proton resonances. 
This assignment is usually carried out with a combination of two 
types of 2D spectra, one involving / coupling and the other NOE 
transfer. However, due to overlap in 2D spectra of proteins the 
analysis remains a laborious and sometimes impossible task. 

The general idea behind the development of 3D NMR spec
troscopy is to increase the resolution by correlating the resonance 
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= 118, water/Cu2+ = 2.5. 
2. In membranes soaked with CH3CN the water ligands around 

the cation are partially replaced after one cycle of drying of the 
membranes. The isotope effect in acetonitrile seems to be due 
to a higher polarity of CD3CN, compared to CH3CN. 

3. The details on the solvation process can be followed by an 
analysis of the superhyperfine (shf) structure from 14N ligands. 
The major site detected after two cycles of drying of the mem
branes and soaking with CD3CN or CH3CN clearly indicated four 
nitrogen ligands in a tetrahedrally distorted tetragonal symmetry. 
The shf is seen on the mt = -*/2 component of the parallel signal 
and on the perpendicular signal. The resolution of the shf pattern 
in the perpendicular orientation can be significantly improved by 
computer-calculated second-derivative presentation of ESR 
spectra. 

4. Changes in the local environment of the cation at ambient 
temperature on a time scale of several weeks are detected from 
changes in the shf pattern and are thought to reflect a decrease 
in the tetrahedral distortion. 

5. No evidence for clustering of cations is detected in fully 
neutralized membranes that underwent one cycle of drying and 
soaking with CH3CN. 
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frequencies of three individual spins in three independent di
mensions. In this respect, 3D experiments turn out to be very 
promising for the NMR study of macromolecules.2,3 In the last 
few years, various homonuclear 3D experiments such as NOE-
SY-COSY4 and 3D NOE-HOHAHA (or NOESY-TOCSY)56 
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Abstract: The short- and medium-range NOEs that can be obtained from 2D NOE spectra and homonuclear 3D HOHAHA-NOE 
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Figure 1. Pulse sequence for the 3D HOHAHA-NOE experiment. RD 
and rm correspond to the relaxation delay and the NOE mixing time, 
respectively. The phase cycling used is as follows: #, = y, -y, -x, x; i2 
= -x, -x, -y, -y; $3 = y, y, -x, -x; $4 = y, y, x, x; *5 = y, -y, x, -x. 

have been developed. In these 3D spectra the chemical shift 
dispersion of the proton resonances is used to solve overlap 
problems in combination with magnetization transfer due to the 
NOE and J coupling. In addition, a 3D NOE-NOE experiment 
has recently been reported.7 The 3D HOHAHA-NOE exper-
iment8,9 can be regarded as a combination of a 2D HOHAHA 
or TOCSY for the / interaction and a 2D NOE experiment. A 
particularly promising application is the assignment of 1H spectra 
of proteins,10 since it combines the magnetization transfers due 
to both NOE and J coupling in one single experiment. 

It is also possible to use the chemical shift dispersion of the 15N 
or 13C to edit complex homonuclear 2D spectra. This is done, 
for instance, in HMQC-COSY and HMQC-NOESY11 and the 
reverse NOESY-HMQC experiment.12'13 The total number of 
cross peaks in such a heteronuclear 3D spectrum remains the same 
as in the corresponding homonuclear 2D spectrum, but the analysis 
is simplified by spreading the cross-peak information in the 
heteronuclear dimension. By contrast, in the homonuclear 3D 
spectrum the number of cross peaks may be larger, which allows 
a multiple checking of NOE interactions. 

Here we report the assignment of sequential and medium-range 
3D connectivities of the protein pike parvalbumin III. Pike 
parvalbumin III has previously been studied by 2D NMR, and 
the assignments of most of the proton resonances have been ob
tained.14 The folding of the protein has been determined by 
distance geometry on the basis of the identified NOE distance 
constraints.14 The solution structure of pike parvalbumin III shows 
a strong homology with the X-ray structures of the carp par
valbumin III15 and pike parvalbumin II.16 The general organ
ization of the secondary-structure elements, as well as the packing 
of the hydrophobic residues, is well conserved. The major sec
ondary-structure elements are six helices called A-F, which 
represent 50% of the total residues in the peptide regions 8-17, 
26-32, 41-51, 60-64, 81-90, and 99-109, respectively. A short 
antiparallel (3-sheet involves the two strands 57-59 and 96-98. 

In the present paper, the sequential and medium-range NOEs 
extracted from a 3D HOHAHA-NOE spectrum are compared 
to those obtained from 2D NOE spectra. In this analysis, cross 
sections perpendicular to the w3 axis (o>3 planes) are used, in 
particular at the amide resonance frequencies. The single-transfer 
NOE cross peaks present in the NOE plane of the 3D spectrum 
are analogous to those present in the 2D NOE spectrum and have 
not been included in this comparison. It will be demonstrated 
that a single 3D HOHAHA-NOE spectrum contains at least as 
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Figure 2. Schematic representation of cross-diagonal planes of a 3D 
HOHAHA-NOE spectrum: (a) HOHAHA plane (a>2 = w3); (b) NOE 
plane (u, = ^ 2 ) ; (c) back-transfer plane (U1 = w3). A cross section 
perpendicular to the «3 direction, also called w3 cross section, (d) has 
three intersections with the HOHAHA, NOE, and back-transfer planes, 
labeled NOE, HOHAHA, and back-transfer lines (dotted lines), re
spectively. 

much information necessary for the sequential analysis and the 
determination of secondary structure as a set of 2D N M R spectra. 
Moreover, the 3D spectrum showed that the primary structure 
of pike parvalbumin III was incorrect and that an extra alanine 
is present in the N-terminal part of the sequence. 

Materials and Methods 

The NMR sample was prepared as described previously.14 The protein 
concentration was 7 mM in a mixture of 95% 1H2O and 5% 2H2O. The 
3D experiment was recorded at 42 0C and pH 4.6. 

The pulse sequence of the 3D HOHAHA-NOE experiment is shown 
in Figure 1. The HOHAHA and NOE mixing times were 44 and 150 
ms, respectively. TPPI was applied for the I1 time domain on the first 
90° pulse and for the t2 time domain on the last two 90° pulses and on 
the receiver phase. Axial peak suppression was carried out by phase 
cycling on the first pulse and on the receiver. Water suppression was 
done by presaturation during the relaxation delay of 0.6 s as well as 
during the NOE mixing time (rm) with the same radiofrequency source 
for the decoupler and the pulse transmitter. The HOHAHA mixing was 
obtained with an (MLEV-17)„ pulse sequence of 38 ms, sandwiched 
between two 3-ms trim pulses.17'18 All pulses were given with a 10-W 
continuous-wave amplifier (7/J1 = 10.7 kHz). For each FID, four scans 
were taken without any dummy scans but with presaturation by four trim 
pulses of 1 ms each before the pulse sequence was started. The acquired 
data consisted of 246 f, x 256 t2 x 512 t} data points. The HO-
HAHA-NOE spectrum was recorded on a Bruker AM 500 spectrome
ter, equipped with an Aspect 3000 computer. The total experiment time 
was 119 h of which 58 h was spent for disk transfers and reloading of 
the pulse programmer. 

The processing was done on a ti VAX II computer with the TriTon 
software package written in Fortran77.6 Sine-bell windows shifted by 
?r/3 in f3 and ir/2 in I2 and r, were used as apodization functions. The 
data were zero-filled once in the time domains tt and t2 and Fourier 
transformed. The resulting spectrum contained 256 X 256 X 256 real 
spectral points. A third-order polynomial automatic base-line correction" 
was applied in each dimension. 

For the analysis, all a>3 cross sections at the amide resonance fre
quencies were plotted at identical contour levels, except for three planes 
that involved intense aromatic resonances. 

Analysis of 3D HOHAHA-NOE Spectra. The general features of a 
3D HOHAHA-NOE spectrum are presented in Figure 2. The two 
cross-diagonal planes, «2 = a>3 and u, = OJ2 (Figure 2a,b), contain in
formation due to single HOHAHA or NOE transfers only and are 
therefore called the HOHAHA and NOE plane, respectively. The in
tersections of these two planes with an w3 cross section (Figure 2d) yield 
the lines with single transfers by HOHAHA or NOE, the so-called 
HOHAHA and NOE lines. All other cross peaks in the 3D spectrum 
correspond to double transfers. A special case is represented by the cross 
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Table I. Intensities of 3D Cross Peaks between CH, C3H, and NH 
Resonances of Residues in a Helices and 0 Sheets 

d.s 

^NN 

4N 

4,N(/ , /+3) 

C N « N ( W + 1 
C ( ^ N ( I , / , / + 1) 

C „ N N ( ' . ' . ' + ' 
C C N N ( W - O 
C(JNN(W' + 1 
C ( J N N ( W - O 
CN<JN(W'+1 
Ca(SN(/,/,/+l) 
CflroOV,!+ 1 
CNaN(w'+3 
Cft,N(w'+3) 

I W 

wm 
i m 

m 
i wm 

wm 
i wm 

wm 
V 

) w 
wm 

(8/48) 
(37/48) 
(26/48) 
(24/48) 
(14/48) 
(13/48) 
(4/48) 
(35/48) 
(13/30) 
(3/36) 
(31/36) 

S 
WS 
W 
W 
W 
W 

wm 
wm 
V 

(4/4) 
(4/4) 
(1/4) 
(0/4) 
(0/4) 
(0/4) 
(0/4) 
0 / 4 ) 
(2/2) 

"The first column indicates the connectivities corresponding to single 
NOE transfer following the notation of Wiithrich.1 The intensities of 
3D cross peaks were calculated according to standard distances in an a 
helix and in a /3 sheet1 and are classified as w (weak), m (medium), s 
(strong), and v (variable). The numbers in parentheses correspond to 
the number of connectivities observed via 3D cross peaks versus the 
number of connectivities expected on the basis of the secondary-struc
ture elements present in pike paralbumin. The C3H resonances for 
which chemical shift equivalence has been observed have not been in
cluded in the number of expected Ce^(i,i,i+\) connectivities. 

peaks observed on the back-transfer line (intersection with the back-
transfer plane, oi, = oi3), which correspond to double transfers with 
identical first and last spins. 

The C notation used to label the 3D cross peaks in this paper is that 
introduced by Vuister et al.:10 

Clxo'WiV.k) 
or simply 

C„«cO\M) 

where x,y E |NOE, J,...), a, b, c E |N, a, 0, ...), and i,j, k are residue 
numbers. 

The x,y indication in square brackets refers to the first and second 
mixing processes in the 3D NMR experiment, respectively, i.e., NOE or 
J coupling (for HOHAHA, COSY, etc.). The spins involved (a, *, c of 
the residues ij, k) are denoted by N for NH, a for CH, 0 for C9H, etc. 
Throughout this paper an abbreviated notation will be used by omitting 
the indices [x,y], which are by default [J,NOE] for the 3D HOHAHA-
NOE spectrum. Thus, C^U J,k) will be equivalent to C[J,NOE]oic(i,-
M). 

The 3D connectivities involving CH, CH, and NH protons expected 
in U3 cross sections at the amide resonance frequencies are listed in Table 
I. The theoretical intensities of the 3D cross peaks are calculated on the 
basis of a two-spin approximation for the NOE transfer and the HO-
HAHA transfer.10 The strongest cross peak expected is the C N „ N ( W ' + 0 
in a 0 sheet. This is due to the large VaN coupling constant and the short 
daN distance in 0 sheets. The intensities of the 3D cross peaks involving 
CH protons are difficult to define since the variation in the dihedral 
angle Xi will affect both the NOE intensity and the V0(S coupling. 

Results and Discussion 
For the analysis of a 3D HOHAHA-NOE spectrum it is 

convenient to use W|, w2, or a>3 planes or any combination of them. 
Here we have chosen to use u>3 planes at the amide frequencies 
for the following reasons: First, the intensity of the noise that 
is observed in planes perpendicular to the acquisition domain (Z1/^ 
noise) is lower in the co3 planes of NH protons than in other a>3 

planes. This noise is caused by instrumental instabilities and is 
more intense in the w3 planes of the sharp and intense resonances 
such as the aromatic and aliphatic proton resonances, than in o;3 

planes of the broader NH protons. Second, most of the sequential 
and medium-range contacts can be observed in the a>3 NH planes 
(cf. Table I). We will show how these connectivities can be found 
in these planes and compare the short- and medium-range NOEs 
present in the 2D and 3D spectra of pike parvalbumin. 

The assignments of the 3D cross peaks were made by com
parison with those obtained previously from the analysis of a series 
of 2D spectra, i.e, COSY, relayed coherence transfer COSY, 2D 
HOHAHA, and 2D NOE, of pike parvalbumin III at 360, 500, 
and 600 MHz, at pH 6.1, 4.4, and 4.8 and at 62, 52, and 42 0C. 
However, even with this extensive set of 2D spectra, some cross 

peaks could not be assigned due to overlap. As an example, in 
the region 1.4-1.6 ppm/4.1-4.2 ppm, the CH-O 3 H 3 correlations 
of four alanines are present. Neither the analysis of the antiphase 
patterns expected in the COSY for these AX3 spin systems nor 
the relayed N H - C H 3 connectivities in 2D HOHAHA or RCT-
COSY experiments allowed unambiguous assignments. A similar 
situation exists in the region where the O H - C H correlations of 
lysines are located. 

The 3D cross peaks that remained unassigned after this first 
comparison between the 2D data set and the 3D spectrum were 
assigned in the following way. Every pattern of 3D cross peaks 
parallel to the HOHAHA line in an w3 cross section is potentially 
a spin system or part of a spin system. A search over the a>3 NH 
cross sections was carried out with the aim to observe the same 
pattern in other «3 cross sections. If the same set of 3D cross peaks 
had been assigned in an earlier stage, then the corresponding 
pattern can be identified. For long side-chain residues the as
signment can be difficult, since the HOHAHA transfer in such 
cases gives an extensive set of possibly incomplete correlattions. 
However, in the simpler cases such as for alanine spin systems 
this could be done as will be discussed below. 

Spin System Assignments and Correction of the Amino Acid 
Sequence. The primary structure of pike parvalbumin has been 
previously established by enzymatic and chemical cleavage and 
Edman degradation.2021 It was found that pike parvalbumin III 
has a high homology of about 60% with other parvalbumins. 
However, a significant difference was the absence of residue 
number 2. This primary sequence has been used previously to 
obtain the 1H assignments by 2D NMR at 360 MHz of the pike 
parvalbumin III.14 Seventeen alanines could be assigned se
quentially. One remaining alanine spin system could not be 
assigned and was therefore assumed to correspond to the unas
signed Ala 40. However, no sequential NOEs were observed 
between Ser 39, Ala 40, and Asn 41. Sequential connectivities 
found in more recent 500-MHz NOE spectra of parvalbumin 
indicated that Ala "40" was misassigned and in fact could cor
respond to an N-terminal alanine. 

At that stage, the assignment of the spin system of Ala 40 was 
still lacking due to overlap in the 2D spectra. The 3D HO-
HAHA-NOE spectrum allowed us to solve this problem. In the 
O)3 NH cross section of Asn 41 (Figure 3b) intraresidue cross peaks 
are observed that interconnect the NH, C H , and C3H resonances 
of Asn 41. The unlabeled 3D cross peaks in Figure 3b are con
nectivities involving the NH or Thr 82. The remaining cross peaks, 
labeled C0^N(40,40,41) and C/3aN(40,40,41), provide the connection 
to the spin system of Ala 40. The <o3 NH cross section of this 
residue is shown in Figure 3a, with the intraresidue connectivities 
indicated. The AX3 part of the spin system of Ala 40 is also 
observed in the w3 NH plane of VaI 43 via the C^oN(40,40,43) 
medium-range connectivity (Figure 3c). By 2D NMR this as
signment was not possible due to the overlap of the C H - C H 3 

cross peaks of Ala 40, Ala 31, Ala 80, and Ala 88 in the region 
1.4-1.6 ppm/4.1-4.2 ppm. Thus, all alanine cross peaks have now 
been accounted for, and the primary sequence has to be modified 
to accommodate an extra alanine in position 2. Subsequently, 
the presence of one extra alanine was confirmed by mass spec
troscopy (Adrien Cave, personal communication). The sequence 
now starts as Ala 1-Ala 2-Lys 3-etc, which makes it more ho
mologous with the other parvalbumins. 

Another example where the 3D spectrum helps to resolve 
overlap is in the identification of long side-chain resonances. For 
instance, in the 3D spectrum the correlations between C H and 
C H of lysines can be relayed to the amide proton, thus giving 
a better resolution. In this way assignments for lysines could be 
made in those cases where the chemical shift difference of C H 
and C H resonances was greater than the digital resolution (i.e., 
25 Hz/point). For instance, in the case of Lys 44 (Figure 3d) 
on the line of the C H resonances two cross peaks could be 

(20) Frankenne, F.; Joassin, L.; Gerday, Ch. FEBS UtI. 1973, 35, 
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Figure 3. Contour plots of u>3 NH cross sections of a 3D HOHAHA-NOE spectrum of pike parvalbumin III in 'H2O showing some of the sequential 
connectivities for the peptide fragment Ala 40-Lys 45. The 3D cross peaks involving sequential, daN, rfNN, and dSN, and medium-range, rfaN(i,i+3), 
NOE connectivities are labeled according to the notation introduced by Vuister et al.10 The intraresidue 3D cross peaks are indicated by the letters 
a, /3, 7, and <5 at lines corresponding with the CH, CH, CH, and C8H proton resonances, respectively. In the cases of methyl groups of valines and 
methylene groups, chemical shift equivalences are denoted by asterisks. Bold lines are used to outline 3D intraresidue connectivities. Vertical lines 
and horizontal thin lines are used to indicate the sequential connectivities and rfaN(;,/+3) 3D connectivities, respectively. 

identified as Q 7 N (44,44,44) and 0^(44,44,44) and are indicated 
by the labels /3 and y for one C^H and one CH resonance, 
respectively. The remaining CSH and C7H both contribute to 
the third strong 3D cross peak, which lies on the «* line between 
the /3 and 7 lines. 

3D Sequential Assignments. Recently, we showed how 3D 
NOE-HOHAHA and 3D HOHAHA-NOE spectra could be 
used for sequential assignments of proteins.10 The method relies 
on the possibility for multiple checking of each sequential daN, 
(ZJ3N, or </NN connectivity in various cross sections of the 3D 
spectrum. This is illustrated in Figure 3, in which a minimum 
set of W3 cross sections have been selected for the stretch Ala 40 
up to Lys 45. A more extensive set of figures is available as 

supplementary material where the assignment of the complete helix 
C of parvalbumin is shown. The sequential connectivities between 
Ala 40 and Asn 41 have been discussed above. Continuing to Asp 
42, the C?NN(42,42,41) and 0^(42,42,41) can be found in Figure 
3b, both involving the rfNN(42,41) connectivity. The spin system 
of Asp 42 can also be identified in the w} NH cross section of VaI 
43 by the 0^(42 ,42 ,43) , CaNN(42,42,43), 0^(42,42,43) , 
CNC,N(42,42,43), and the C„^N(42,42,43) connectivities, as can 
be seen in Figure 3c. In a similar way, a subset of the VaI 43 
spin system is observed in the o>3 NH cross section of Lys 44 
(Figure 3d) by the CaNN(43,43,44), CTt>N(43,43,44), CT<!N-
(43,43,44), and the Ca/3N(43,43,44) connectivities. This is also 
indicated by the vertical lines starting from the NH, CaH, and 
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Figure 4. Sequence-specific assignments for 3D cross peaks of the 1H 3D HOHAHA-NOE spectrum of pike parvalbumin III in 'H2O. The individual 
entries </oN, rfNN, and dgn correspond to short-range NOEs. The resonances involved in the HOHAHA transfers are labeled with greek letters with 
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C8H resonances of VaI 43 in Figure 3c connecting it with Figure 
3d. The 0^(45,45,44) and CaNN(45,45,44) cross peaks establish 
the next sequential link from Lys 44 to Lys 45. 

Figure 4 summarizes the 3D sequential connectivities that have 
been identified. It is clear that the information is highly redundant. 
For instance, it can be seen that the rfaN and the ^ N occur many 
times, up to six times for the d^ between residues 19 and 20. This 
improves the reliability of the assignments, since the sequential 
NOEs can now be picked up on several resonance positions. This 
is very useful for large molecules where the overlap problem is 
considerable. 

In Figure 5, the sequential NOEs found via the 3D connec
tivities are compared with those extracted from the set of 2D NOE 
spectra. In general, it can be seen that there is a large corre
spondence in the information between the 2D and 3D data sets. 
From the 3D spectrum, 67 rfNN, 86 dM, and 75 rf^ connectivities 
could be identified. From the 2D spectra these numbers were 83, 
84, and 74, respectively. Some connectivities are missing in the 
2D spectra due to overlap situations. For His 26 the NH is absent 
probably because of exchange broadening. On the other hand, 
some connectivities that were clearly observed in the 2D spectra 
are absent in the 3D spectrum. Partly, this is due to the unfa
vorable transfer efficiency that occurs as a result of the double 
transfer. Secondly, the fact that for the 3D experiment a pulse 
sequence of longer duration is used makes this experiment more 
sensitive to relaxation effects. This latter effect is of particular 
importance for the sequential connectivities involving two amide 
protons because of the relatively short T2 relaxation times of these 
protons. Another problem is the lower digital resolution per 
domain for this 3D data set, which increases the number of cases 
of chemical shift coincidence. 

NOEs corresponding to rfNN are widely seen in a-helical 
structures and lead to cross peaks of weak or medium intensity 
in the 3D HOHAHA-NOE spectrum (cf. Table I). On the basis 
of the positions of the six helices of pike parvalbumin III, as 
determined by 2D NMR, 48 of these j N N connectivities are ex
pected. Of these, 15 are lacking in the 3D spectra (Figures 4 and 

5). Overlap of the amide resonances in the 3D spectrum (at the 
digital resolution of 25 Hz/point) for pairs of neighboring residues 
accounts for five of the missing rfNN connectivities (i.e., Ala 8-Asp 
9, He 11-Lys 12, Ala 49-Ile 50, Leu 105-VaI 106, and GIu 108-Ala 
109). Another overlap situation occurs for the amide protons of 
Ala 14 and Asp 16, so that the dNN connectivities with the NH 
of Leu 15 occur in the same o>3 NH cross section. A strong 3D 
cross peak involves either CaNN(15,15,14) or CaNN(l5,15,16) or 
both, but cannot be assigned to any of the individual connectivities. 
Some of the other missing cross peaks could be due to low transfer 
efficiencies in either the HOHANA or NOE transfer steps. For 
example, this can be the case for Leu 86 and Phe 102 since they 
have weak C H - N H HOHAHA cross peaks both in the HO-
HAHA plane of the 3D spectrum and in the 2D HOHAHA 
spectrum. It should be noted that 43 of these 48 potential dNN 

connectivities were found in the 2D spectra. 
Altogether, in the 3D HOHAHA-NOE spectrum of parval

bumin, 152 3D cross peaks involving doN NOEs, 157 involving 
</NN NOEs, and 145 involving ^ N NOEs were found (cf. Figure 
4). Additional information for sequential assignments can in 
principle be found in the a>3 cross sections of C0H and C3H 
resonances through the C„Na(i,/,/-l), and CaN/9(/,/,M) connec
tivities, respectively. However, due to a higher noise level in these 
planes, which are close to the water resonance, they have not been 
used systematically. Some o>3 C"H cross sections have been 
examined in order to identify missing sequential contacts. For 
instance, the CaNa(106,106,105) connectivity in the co3 C H cross 
section of Leu 105 allowed the identification of a sequential step 
between Leu 105 and VaI 106. 

3D Correlations Involving Medium-Range NOEs. Identification 
of medium-range connectivities is essential for the determination 
of the secondary-structure elements in a protein. Most of the 3D 
connectivities that identify the rfaN(/,/'-)-2) and d„N(i,H-3) medi
um-range NOEs are of the type C^aN(/,/',('+2) and C?aN((,(',/+3). 
This is due to the efficient HOHAHA transfer between the CaH 
and C3H protons in these connectivities. In addition, NH and 
C7H resonances are found to be involved in some of the 3D 
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Figure 5. Comparison of the sequential and medium-range NOEs extracted from the 3D HOHAHA-NOE spectrum (continuous lines) and those 
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medium-range i,i+2 and Z.Z+3 connectivities (cf. Figure 5). 
Examples of C0„N(Z,Z,Z+3) connectivities are illustrated in Figure 

3 by the C^aN(40,40,43) and the 0^(41,41,44) cross peaks. The 
occurrence of these connectivities suggests that the starting residue 
of helix C is Ala 40 instead of Asn 41. Due to the structural 
symmetry of the CD and EF domains of parvalbumin, homologous 
sets of NOEs are found for the residues in these two regions. The 
C^aN(79,79,82) and C^aN(81,81,84) medium-range connectivities 
present for the N-terminal part of helix E would suggest that this 
helix could extend to Asp 79, making it more similar to helix C. 
Most of the other </aN(Z,Z+3) medium-range connectivities derived 
from the analysis of the 3D spectrum are in good agreement with 
those observed in the 2D NOE spectra. However, three medi
um-range connectivities that were seen in 2D spectra, i.e., daN-
(13,16), doN(35,38), and rfoN(105,108), could not be observed in 
the 3D spectrum because of overlap due to the lower digital 
resolution. No 3D cross peaks were observed for the daN(26,29), 
doN(47,50), and daN(106,109) based connectivities. The weak 
Vag coupling constants observed for His 26 can explain the loss 
of the 3D 0^(26,26,29) cross peaks. The rfaN(47,50) and 
tfaN(106,109) N O E S were not observed in 2D spectra either. It 
can be seen from Figure 5 that the set of rfaN(Z,Z+3) connectivities 
obtained from the analysis of the 3D spectrum is slightly larger 
(37) than the set obtained from the analysis of 2D spectra (33). 
Several </aN(Z,Z+3) could not be assigned in the 2D spectra due 
to overlap, i.e., rf„N(12,15), <4N(27,30), rf„N(40,43), c/aN(62,65), 
daN(67,70), doN(79,82), </aN(85,88), and daN(102,105). In the 
3D they have been observed by the relay to side-chain resonances. 

Loop regions and turns give rise to a small number of medi
um-range connectivities. Four </aN(Z,Z+2) NOEs had been iden
tified on the basis of the 2D NMR data sets (cf. Figure 5). Seven 
new daN(U+2) connectivities have been found in the 3D HO-
HAHA-NOE spectrum. Of these, four are located at the be
ginning of helices A, C, D, and E. 

Table I shows the ratios of the observed number of 3D cross 
peaks in the 3D HOHAHA-NOE spectrum of parvalbumin versus 
the number of expected 3D cross peaks. For a helices, the highest 
ratios are observed for the sequential C^aN(/,(,/+l), CaNN(Z,Z,Z±l), 
and the Ca^N(i,/,/+l). We also note that the medium-range 
CgaN(Z,Z,Z+3) have a high score. This is probably related to the 
fact that in a helices the favored Xi values are such that there 
is usually one C^H proton with a large 3/a/3 coupling. The steric 
restrictions do not apply to residues at the beginning of an a helix. 
In this case, the situation of two small 3/a|3 couplings is possible. 
This may be the reason for the absence of the C/3aN(26,26,29) cross 
peaks. The low occurrence of CNaN and C N ^ N can be explained 
by the relatively small 3 / a N in a helices in combination with the 
larger line width for the amide protons giving weak HOHAHA 
transfer. For /3-sheet structures the ratios of Table I are less 
statistically relevant since only four sequential connectivities are 
expected in parvalbumin. Nevertheless, all the expected CNaN-
(/,/,('+1) and C(S0N(Z,/,!+1) 3D cross peaks have been observed. 

Conclusions 

Comparison with the data available from a set of 2D spectra 
shows that the information contained in a limited part of the 3D 
HOHAHA-NOE spectrum is quite extensive. One single 3D 
HOHAHA-NOE spectrum of parvalbumin allowed the obser
vation of 455 3D cross peaks involving short- and medium-range 
NOEs on which the sequential assignment of 108 amino acid 
residues could be based. Because of the large number of 3D cross 
peaks, the sequential analysis becomes more reliable. The 3D 
HOHAHA-NOE spectrum of parvalbumin also allowed the 
correct assignment of all alanine residues including the formerly 
misassigned Ala 40 and the new Ala 2. In addition, new as
signments of lysine side-chain protons could be made. Another 
advantage of a single 3D spectrum versus a set of 2D spectra is 
that conformational changes due to pH and temperature variations 
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are avoided. One 3D spectrum in principle contains all the in
formation needed for the assignments and the secondary-structure 
analysis. The real measuring time that corresponds to both the 
pulse sequence duration and the data acquisition time was 61 h 
for this 3D HOHAHA-NOE experiment, since effects of relax
ation during data-transfer operations were suppressed by presa-
turation trim pulses. This is comparable to the time needed to 
obtain a set of good 2D NOE and 2D HOHAHA spectra. 

Despite the low efficiency due to the double transfer in a 3D 
experiment, the resulting sensitivity is still remarkably good. The 
intensities of the 3D cross peaks involving a rfNN transfer are 
strongly affected by the short T1 and T2 relaxation times of the 
NH protons. In order to obtain optimum sensitivity, both the 
values of the NOE and HOHAHA mixing times and the choice 
for the maximum length of the t, and I1 evolution periods have 
to be adjusted. The replacement of the MLEV-17 by a "clean" 
pulse sequence that compensates for ROESY effects will be an
other improvement.22 Such optimizations should be important 
for 2D spectroscopy as well but are essential in 3D in order to 
be able to observe 3D cross peaks of low intensity. 

We found in the 3D spectrum new medium-range connectivities 
that better define the secondary-structure elements than was 
possible with the 2D NOE spectra. An extension of the analysis 
of the 3D HOHAHA-NOE spectrum to cross sections other than 
those at the amide frequencies will yield additional long-range 
NOEs that are essential for determining the overall folding. Some 
of these long-range contacts were already identified in the sym
metry-related 3D NOE-HOHAHA spectrum of parvalbumin.10 

It should be realized that the present work did not entail an 
ab initio assignment of parvalbumin from a 3D HOHAHA-NOE 
spectrum but that it still referred to the assignments as they were 
obtained previously from 2D spectra. However, our results suggest 
that a 3D assignment should be possible, since all ingredients that 
were present in the 2D set and used in the previous assignment 
work could also be identified in the 3D spectrum. In fact, the 
information contained in the 3D spectrum was highly redundant 
in characterizing spin systems. For many proteins and some 
biomolecules with a limited chemical shift dispersion, such as 
oligosaccharides, the overlap of resonances is the major bottleneck 
both in the assignment procedure and in the characterization of 
the NOE cross peaks used for the 3D structure analysis. In this 
case, the redundancy of information becomes very useful, since 
it offers the possibility to check proposed assignments in a sys-

(22) Griesinger, C; Ernst, R. R. J. Am. Chem. Soc. 1988,110, 7870-7872. 

tematic way on different cross sections. A practical problem in 
the analysis is related to the size of the 3D data set. In the 3D 
HOHANA-NOE spectrum of parvalbumin, more than 10000 
cross peaks are present. Recently, computer programs have been 
developed for both bookkeeping and assignment purposes.23-26 

Such automation should be very helpful in the analysis of 3D data 
sets, which are an ideal input for such programs. 

One might ask what size of proteins can be studied by 3D 
HOHAHA-NOE. Parvalbumin contains 109 amino acids and 
gives both excellent 2D NOE and 2D HOHAHA spectra. The 
high quality of the 3D spectra is therefore not surprising. However, 
for molecules larger than about 15 kD, two problems arise: first, 
the increase in the number of resonances and, second, the increae 
of line width, which both lead to overlap of resonances. The first 
problem can be resolved by the application of 3D methods, but 
the second leads to a decrease of HOHAHA transfer efficiency 
that will reduce the cross-peak intensity in the 3D HOHAHA-
NOE spectra. In this respect, it has been shown that heteronuclear 
3D HMQC-NOESY can be applied for larger molecules due to 
the large 15N-1H coupling. Nevertheless, the assignment of spin 
systems, which is part of the conventional sequential assignment 
procedure, still relies on J interactions. Therefore, it is more likely 
that assignment strategies, which are less dependent on J coupling 
information, such as the main-chain-directed strategy,27 will be
come essential for describing the NMR spectra of large proteins, 
which benefit from both heteronuclear and homonuclear 3D 
NMR. 
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