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SUMMARY

A new computer-based approach is described for efficient sequence-specific assignment of uniformly
N-labeled proteins. For this purpose three-dimensional *N-correlated ['H,'H}-NOESY spectra are divided
up into two-dimensional 'H-"H strips which extend over the entire spectral width along one dimension and
have a width of ca. 100 Hz, centered about the amide proton chemical shifts along the other dimension. A
spectral correlation function enables sorting of these strips according to proximity of the corresponding
residues in the amino acid sequence. Thereby, starting from a given strip in the spectrum, the probability of
its corresponding to the C-terminal neighboring residue is calculated for all other strips from the similarity
of their peak patterns with a pattern predicted for the sequentially adjoining residue, as manifested in the
scalar product of the vectors representing the predicted and measured peak patterns. Tests with five different
proteins containing both o-helices and B-sheets, and ranging in size from 58 to 165 amino acid residues show
that the discrimination achieved between the sequentially neighboring residue and all other residues com-
pares well with that obtained with an unguided interactive search of pairs of sequentially neighboring strips,
with important savings in the time needed for complete analysis of 3D *N-correlated ['H,'H]-NOESY
spectra. The integration of this routine into the program package XEASY ensures that remaining ambigui-
ties can be resolved by visual inspection of the strips, combined with reference to the amino acid sequence
and information on spin-system types obtained from additional NMR spectra.

INTRODUCTION

Obtaining complete sequence-specific 'H NMR assignments for a polypeptide chain opens the
avenue to three-dimensional protein structure determination in solution (Wiithrich et al., 1982;
Wiithrich, 1986). Today, two conceptually different assignment approaches for the identification
of the resonances of pairs of sequentially neighboring amino acid residues use either homonuclear

Abbreviations: 1D, 2D, 3D, 4D, one-, two-, three-, four-dimensional; NOE, nuclear Overhauser enhancement; NOESY,
nuclear Overhauser enhancement spectroscopy; COSY, correlation spectroscopy; TOCSY, total correlation spectroscopy.
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'H-'H NOEs in natural unlabeled or recombinant isotope-labeled proteins, or heteronuclear
scalar couplings in uniformly *C,"*N-doubly labeled proteins (e.g., Wiithrich, 1989; Bax and
Grzesiek, 1993). Although the sequential NOE technique (Billeter et al., 1982; Wagner and
Wiithrich, 1982) routinely relies entirely on homonuclear '"H NMR for studies of small proteins,
and has in a few cases also been used in this way for complete assignments of proteins from
natural sources that contain more than 100 residues (e.g., Rico et al., 1989; Gao and Burkhart,
1991), its general use for larger proteins has to rely on isotope labeling and heteronuclear-resolved
3D and possibly 4D experiments. In contrast to the technique using heteronuclear scalar cou-
plings, the NOE approach can be used for proteins uniformly labeled only with **N, which is of
interest in many projects. The result of the analysis of the 3D N-correlated ['H,'H]-NOESY
spectra is then usually presented in the form of a 2D, sequentially ordered array of 'H-'H strips,
each of which is centered about the amide proton shift along one frequency axis, and which are
taken from the different spectral planes separated along the "N chemical shift axis (Fig. 1)
(Driscoll et al., 1990; Wiithrich et al., 1991). To arrive at this final result, however, one has to go
through a large number of pairwise comparisons of strips. For example, under the experimental
conditions chosen for our studies of the 165-residue protein cyclophilin (Wiithrich et al., 1991;
Spitzfaden et al., 1994) there were 12 246 pairs of strips to be analyzed. This paper describes a
computer-based approach which enables automated identification of the strips corresponding to
the sequential neighbors for over 50% of all residues in proteins with up to at least 160 residues.
For nearly all of the remaining residues, our approach identifies a small number of strips (in most
instances two to four) as representing likely sequential neighbors.

SPECTRAL CORRELATION FUNCTION FOR IDENTIFICATION OF SEQUENTIAL
CONNECTIVITIES

Although similar approaches may be used for other types of 3D and 4D NMR spectra (see
Introduction), we focus here on the analysis of 3D '"N-correlated ['H,'H]-NOESY spectra. Using
the program XEASY™*, strips of the type shown in Fig. 1 are picked at the *N-HN correlation
peak of each residue. These strips extend over the entire spectral width along one "H chemical
shift axis (, ("H) in Fig. 1). The problem to be solved is for a given strip of residue s to identify
one, or possibly several, strips k that are likely to represent the sequentially neighboring residue
s+1. Thereby, strips of sequentially following residues are primarily recognized by the appearance
of sequential d,y and dyy NOE cross peaks in the strip k, and by the fact that due to the spatial
proximity of HY' and HY,, the strips of neighboring residues contain generally similar peak
patterns. However, as is described below, a reliable correlation function for the identification
of neighboring strips cannot be based directly on the measured peak intensities but requires
some intricate empirical weighting of the relative intensities of different classes of peaks in the
strips.

*XEASY is a new interactive graphics program for use on computers with the X-window system. In addition to the
capabilities of the earlier software EASY (Eccles et al., 1991), it is devised for efficient handling of three- and higher-
dimensional NMR spectra, and the presently described correlation function approach is implemented in XEASY. The
program can be obtained by writing to the authors.
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Fig. 1. Strips of the sequentially neighboring residues 21-28 of human cyclophilin in the complex with cyclosporin A,
taken from the 600 MHz 3D "N-correlated ['H,'H]-NOESY spectrum (Wiithrich et al., 1991; Spitzfaden et al., 1994).
Each strip is positioned at the amide '°N frequency in o, (listed above each strip) and centered about the amide proton
frequency in o, (listed below each strip) of the residue indicated at the top by the one-letter amino acid code and the
sequence number. The width of the strips and the direction of , are indicated at the bottom of the figure. Positive and
negative intensities are indicated with solid and dashed contours, respectively. The bold boxes in the strips contain the
intraresidual H™-H" peaks, which are explicitly modified for the calculation of the spectral correlation function (see text
and Fig. 2). Additional boxes identify the 'N-H™ peaks (N) and intraresidual peaks with side-chain protons in residue s
(assigned with Greek letters) for which corresponding sequential NOE connectivities to residue s+1 are observed (arrows).
The result of the correlation function approach is indicated at the top, where the numbers above the curved arrows
represent the ranks predicted by Eq. 1 for each residue s+1, relative to the preceding residue s (see text).

For the formulation of the spectral correlation function C(s+1,k), the peak patterns in each
strip are represented as n-dimensional vectors V = (iy,iy,..,i,), where i represents intensities derived
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Fig. 2. (A) and (B): Cross sections along ®, ('H), taken at the HY frequencies along », ("H) from the strips of Ser” and
Phe®in Fig. 1. (C) and (D): Peak patterns derived from the experimental cross sections (A) and (B), respectively, by scaling
all peak intensities according to Eq. 2. (E) Predicted peak pattern for the sequential neighbor of Ser”, ¥,,,, derived from
(A) according to Eq. 3. (F) Peak pattern for ¥, = V (Phe*), derived from (B) according to Eq. 3. The arrows in (E) and (F)
point to the peaks that were selectively scaled by the factor A in Eq. 3. The traces (E) and (F) were used in Eq. 1 to evaluate
the rank of ¥ (Phe?) = ¥,, relative to V, = v (Ser?') (see text).

from those measured in the *N-correlated ['H,'"H]-NOESY spectrum, and n is the number of data
points along w, ("H) (see Fig. 1). We then define

V 1° Vk
C(s + 1) = —"—— M
[Verr |19k
Here, V,,, represents the peak pattern predicted for the residue following residue s in the
sequence, which is compared to strips v, that are actual candidates for representing the residue

s+1. The strip v, with the highest value of C(s+1,k) is then identified as the first rank candidate
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Fig. 3. Influence of the peak pattern scaling by Eqgs. 2 and 3 (Fig. 2) on the performance of the spectral correlation function
with cyclophilin. The histograms show the peccentages of actual sequential neighbors that were attributed ranks 1-10 and
>10 with the use of Eq. 1. (A) Experimental intensities of Fig. 2A and B were used to calculate the correlation function
C(s+1,k) (Eq. 1). (B) Intensities scaled with Eq. 2 (Fig. 2C and D). (C) Intensities scaled with Eq. 3 (Fig. 2E and F).

for the sequential connectivity, and subsequent strips are ranked according to decreasing values
of C(s+1,k). In the implementation in the program XEASY, the user selects a strip s and all the
other strips in the 3D spectrum are then sorted according to the values of C(s+1,k).

Using the known sequential neighbors Ser” and Phe? in cyclophilin (Fig. 1) as an illustration,
Fig. 2 shows how we obtain the peak patterns V,,, and v,, to be used in Eq. 1. The procedure
starts with the assumption, based on the close spatial proximity of HY,, to the residue s, that the
peak pattern of residue s (Ser”! in Fig. 1) can be used in an initial approximation to represent the
predicted pattern V,,,. When the peak pattern v,,, = v, (Ser?!) and all the patterns v, are used
with the experimental peak intensities (cross sections A and B in Fig. 2), the resulting value of
C(s+1,k) is 0.018, which confers rank 14 to Phe*’. On average for all residues in cyclophilin, the
rank of the strip corresponding to the sequentially following residue found with this approxima-
tion was 14.8 (Fig. 3A), which is clearly unsatisfactory. Therefore, the correlation function was
further refined in the following two steps:

(1) Compared to earlier analyses of sequential NOEs (Billeter et al., 1982), the function in Eq.
1 gives too much weight to intense peaks. To suppress this systematic error, the individual peaks
in the strips are scaled so that all peaks have similar absolute intensities but retain the original
peak shapes. To this end, the computer identifies the data points p,, which correspond to maxima
of the absolute intensity, and for each of these maxima the nearest local minima of the absolute
intensity at low and high field, p, and p,, (an intensity maximum is identified at each data point for
which both neighboring data points have lower intensity, and a corresponding criterion is used to
identify the intensity minima). For each intensity maximum we then have the scaling function

. ij?x .
1. = =1< 2
3 | im I +ib (pl J ph) ( )

where i is the experimental intensity (Fig. 2A and B), i, the experimental intensity at p, i,
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a constant term that accounts for the noise level in the experimental spectrum (for all the spectra
used here, the standard deviation of the noise was between 90 and 140, and i, = 1500 was used in
all the applications presented in this paper), and j runs over all data points between the two
intensity minima. With this modification an impressive improvement was obtained for the rank-
ing of sequentially neighboring strips in cyclophilin (Fig. 3B): about 30% of the sequential
neighbors were identified as such (rank 1), the average rank was 6, and for about 90% of all
residues the sequentially following neighbor had a rank <10.

(2) To make sure that the correlation function accounts for the fact that the sequential d . and
dyn NOE cross peaks are the most reliable indicators of sequential proximity (Billeter et al.,
1982), the intraresidual ""N-H™ and HN-H" peaks of residue s should have high intensity in the
predicted pattern for the sequentially neighboring strip, ¥,,,. The "N-HY peak is usually the
strongest peak in a strip, so that no further emphasis is needed, but selective upscaling of the
HM-H® peak (Fig. 2E) was found to improve the results significantly. Furthermore, to reduce
possible errors arising in case of accidental overlap of the intraresidual HN-H* peak with the
sequential d,y peak, these intraresidual peaks are selectively downscaled in all strips v, (Fig. 2F).
These selective intensity scalings are implemented by replacing Eq. 2 by Eq. 3:

. jex
. A

L= N
’ I1m|+1b

P =Jj<pw 3)

with A = 4 for the intraresidual HN-H" peak in v ,;; A = 0.33 for the intraresidual HN-H® peak in
all v,; and A = 1 for all other peaks in V,,, and V,. In contrast to Eq. 2, which relies entirely on
the intensities extracted from the NOESY spectrum, this additional refinement relies on inde-
pendent knowledge of the intraresidual H* frequencies. These can be identified, for example,
using 3D "N-correlated ['H,"H]-TOCSY. With Eq. 3, the following results were obtained for
cyclophilin (Fig. 3C): 63% of the sequential neighbors had rank 1, the average rank for neighbor-
ing residues was 3.6, and for 91% of all residues the sequentially following neighbor had a rank
<5.

The performance of the correlation function can in principle be further improved by eliminat-
ing or reducing contributions from experimental artifacts, either by automated or interactive
corrections. For example, between residues with similar amide proton chemical shifts the diago-
nal N-HN peaks contribute to C(s+1,k), although they contain no information on sequential
relations. We introduced an automated correction for the case that the separation of the diagonal
peaks in v,,; and vy is smaller than Ap,. The intensities i; over the range Ap, centered over the two
diagonal peaks are then set to zero. However, using Apy = 3 data points, only very small further
improvements were obtained with the proteins of Fig. 4. Furthermore, for the case that certain
strips contain nonrandom noise patterns, the performance of the correlation function may be
improved by interactive downscaling of the intensities i; over such spectral regions in the strips ¥,
concerned. Facilities for such corrections upon visual examination of the strips are implemented
in XEASY.

RESULTS AND DISCUSSION

The overall performance of the spectral correlation method introduced in the preceding section
is illustrated in Fig. 4, where the results for five different *N-labeled proteins are shown in the
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Fig. 4. Results obtained using the spectral correlation function with Egs. 1 and 3 for sequence-specific assignments of five
different proteins. For all these proteins the same parametrization of the correlation function was used, with A as given
below Eq. 3 and i,=1500. The histograms show the percentages of actual sequential neighbors that were attributed ranks
1-10 and >10 with the use of Eq. 1. In all cases, only the *N-correlated ['H,'"H]-NOESY spectra and the chemical shift of
the intraresidual HN-H® cross peaks determined by '"N-correlated ['H,"H]-TOCSY spectra were used in the analysis. In
each histogram the number in parentheses indicates the number of residues in the protein studied: (A) '*N-labeled bovine
pancreatic trypsin inhibitor; (B) “N-labeled fragment 1-63 of the 434 repressor; (C) a *N-labeled 100-residue polypeptide
containing the fragment 195-286 of the LFBI/HNF1 transcription factor from rat liver in positions 5-96 (Leiting et al.,
1993); (D) "N-labeled human sterol carrier protein-2 (Szyperski et al., 1993); (E) *N-labeled human cyclophilin A,
complexed with cyclosporin A (Wiithrich et al., 1991; Spitzfaden et al., 1994).

form of histograms of the ranks of the C-terminal sequential neighbors. For the 58-amino acid
protein bovine pancreatic trypsin inhibitor (BPTI), which contains mostly B-sheet secondary
structure (Berndt et al., 1992), the method worked almost perfectly, with 58% of the neighboring
non-proline residues in rank 1 (Fig. 4A). The size of the protein is not critical, since the distribu-
tion obtained for the 165-amino acid protein cyclophilin is similar to that for BPTI, with 63% of
neighboring residues ranked 1 (Fig. 4E). The method works for different types of secondary
structure, as is shown by the fact that a good result, with 49% of the neighboring residues ranked
1, was obtained also for the 434 repressor (Fig. 4B), which is an a-protein (Neri et al., 1992).
Significantly poorer results were obtained for the human sterol carrier protein-2 and for a homeo-
domain-containing fragment of the LFBI/HNF1 transcription factor from rat liver (Fig. 4C and
D). These two proteins have extensive unstructured chain-terminal segments (Leiting et al., 1993;
Szyperski et al., 1993). The residues for which the spectral correlation method worked less well
are predominantly located in these disordered regions of the polypeptide chain, indicating that
conformational flexibility is the main reason for the observed reduced performance of Egs. 1 and
3 with these two proteins. For the well-structured region of residues 16—85 in LFB1, 78% of the
neighboring residues were ranked 1 and 8% had rankings >10, and for the well-structured
residues 4104 in hSCP the corresponding numbers are 65% and 4%.

Using the spectral correlation approach in practice, one will have access to additional informa-
tion besides 3D *N-correlated ['H,'H]-NOESY, similar to the situation encountered with interac-
tive assighments. In particular, corresponding 3D heteronuclear-resolved COSY and/or TOCSY
spectra will be compared with NOESY to identify intraresidual cross peaks, which is readily
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Fig. 5. A similar strip plot as in Fig. 1, taken from the 3D "N-correlated ['H,'H]-NOESY spectrum of '*N-labeled
cyclophilin complexed with cyclosporin A. The strips attributed ranks 1-13 as potential C-terminal sequential neighbors
of Glu® are shown (see also Fig. 1).

achieved with the interactive routines of the program XEASY. As an example, 3D "N-correlated
['H,'H]-TOCSY would be compared with 3D *N-correlated ['H,'H]-NOESY. For a relevant
evaluation of the results, one therefore has to compare the extent and reliability of assignments
obtained using the correlation function of Eq. 1 with those that could be obtained interactively
from the same experimental data by an experienced spectroscopist. Straightforward use of the
sequential NOE technique with globular proteins can yield unambiguous identification of the
neighboring residue in about 90% of the cases (Billeter et al., 1982; Wiithrich, 1986). In an
interactive approach the remaining ambiguities are usually removed by indirect information, such
as identification of individual spin systems combined with consideration of the small selection of
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Fig. 6. A similar strip plot as in Fig. 1, taken from the 3D “N-correlated ['H,'"H}-NOESY spectrum of '*N-labeled
cyclophilin complexed with cyclosporin A. The strips attributed ranks 1-9 as potential C-terminal sequential neighbors of
Lys*** are shown (see also Fig. 1).

unassigned residues left toward the end of the assignment process. An optimal correlation func-
tion could thus find first ranks for about 90% of all neighboring residues. It is, however, more
important that the highest possible percentage of all sequential neighbors is highly ranked, say,
1 to 5 or even 1 to 10, since the rankings obtained with Eq. 1 are in practice used as the starting
point for a drastically abbreviated interactive assignment procedure. In the following we investi-
gate the relative potentialities of the correlation function and the conventional interactive
approach for two specific residue pairs in cyclophilin.

Figure 1 contains a poor ranking for the dipeptide segment Glu?>-Leu®®. This situation is
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further analyzed in Fig. 5 by a display of all the strips for which Eq. 1 attributed the ranks 1 to
13 relative to Glu®. It is readily apparent that the failure to attribute a low rank to Leu? is due
to the absence of well-resolved sequential NOEs. In the strip of Leu® the sequential d y peak
overlaps with the strong intraresidual dy,(i,i) peak, and there is not a single peak that has its
maximum intensity at the positions of the horizontal lines drawn through the peak centers in the
strip of Glu®. Such lack of sequential NOE connectivities may generally arise from low signal-to-
noise ratio, possibly caused by slow conformational fluctuations in the protein and concomitant
line broadening, accidental overlap of peaks, or the presence of artifacts or strong noise bands. In
such cases the spectral correlation method will attribute lower ranks to any strip ¥, containing at
least one strong peak that overlaps with a peak in strip v, than to the actual sequential neighbor
(see Fig. 5). As mentioned above, in such a case the sequential connectivity cannot be established
without using additional information, independent of whether an interactive approach or the
correlation function is used.

In Fig. 6 a neighboring strip was not attributed rank 1, although both sequential NOEs d, and
dnn are represented by well-separated peaks. It should be emphasized that such cases are normal-
ly recognized as rank 1 by Eq. 1, and in all the proteins studied so far it never occurred that a strip
containing at least one well-resolved sequential peak d y or dyyx Was not identified in the first 10
ranks. In the case shown here, the imperfect rankings by the correlation function were due to the
nearly identical HY and N chemical shifts of Lys'**, His** and Lys'®!, and the fact that the
sequentially preceding residue Ser'*® has a strong dyy peak (Fig. 6). In the proteins studied so far,
sequentially preceding residues with outstandingly strong d peaks repeatedly were attributed a
lower rank than the sequentially following residue, which is due to the fact that dy connectivities
are expected for both sequentially neighboring residues (Billeter et al., 1982). This situation can
usually be rectified by reference to the amino acid sequence and additional information from the
d. and dgy peaks. We also noted that residues from adjacent B-strands are sometimes attributed
low ranks. For example, Lys™' and Lys'* in cyclophilin are located in the B-strand next to the one
containing Glu® (Fig. 5). Overall, all these adverse situations pose the same problems for assign-
ments either by an unguided interactive approach or by the correlation function, and will in both
procedures be clarified with the use of additional information on spin systems and the amino acid
sequence (Wiithrich, 1986).

CONCI.USIONS

The presently proposed correlation function yields correct identifications of sequentially neigh-
boring residues to a comparable extent as the conventional interactive approach, and with its
implementation in the software package XEASY it enables efficient resonance assignments in
"*N-labeled proteins using 3D *N-correlated ['H,'H]-NOESY combined with corresponding 3D
heteronuclear-resolved COSY- and/or TOCSY-type experiments for identification of intraresidu-
al connectivities. The method should be applicable to larger, well-structured proteins, considering
that heteronuclear-correlated ['H,'H]-NOESY spectra have good sensitivity and that the
approach is robust with regard to spectral degeneracies, since sequential connectivities are usually
established by multiple NOE peaks (see Figs. 1, 5 and 6).

Similar correlation function approaches can be implemented for computer-supported analysis
of other types of NMR spectra. For example, in HCCH-TOCSY experiments the group of strips
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originating from the different protons of a given spin system should be readily identified using a
correlation function with suitably weighted peak intensities in the individual strips.
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