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We demonstrate for the first time a complete small protein characterization with the projection-
decomposition approach, including full assignments as well as determination of the 3D fold. In TOCSY-
and NOESY-type 4D experiments, pairing of signals from hydrogens and from their respective heavy
atoms in decompositions represents a new problem. An approach, referred to as ‘‘DIADECOMP” (diagonal
decomposition), is introduced to solve this problem; it consists of two separate decompositions of the
input projections, differing in a 45� rotation of the spectral axes. While DIADECOMP requires a somewhat
complex formulation, in practice it results in observing signals in the rotated decompositions that corre-
spond to sums or differences of frequencies. When applied to a small protein, human defensin b6, the
analysis of a HCC(CO)NH-TOCSY with DIADECOMP results in largely unambiguous assignments of the ali-
phatic side chain groups. Furthermore, DIADECOMP applied to a 15N-HSQC-NOESY-15N-HSQC provides all
expected short distances between amide groups (defined as all HN-HN distances <3.5 Å in a reference
structure). It is worth noting that short HN-HN distances unambiguously define a-helices, the alignment
of b-strands in sheets, as well as the presence of b-bulges. This approach of using a minimal amount of
NMR data, namely four projection experiments recorded in �2.5 days, resulted for the human defensin
b6 in complete assignments and a backbone fold with a RMSD of the non-flexible structure of 0.6 Å.
Uniqueness of decompositions specifically from TOCSY- and NOESY-type 4D experiments is discussed.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Projection spectroscopy (reviewed in [1]) combined with
decompositions provides an efficient way for both resonance
assignments in protein NMR spectra as well as structure character-
izations of proteins [2–4]. For the present purpose, the approach
can be summarized as follows [5,6]. All projections are 2-
dimensional (2D) and have a common, directly detected dimen-
sion, which for simplicity we assume to describe resonances of
the amide protons HN. For all indirect dimensions the same num-
ber M of points is recorded. For projected dimensions, sampling of
the indirect time axes is coupled as follows. A first, arbitrary time
domain axis (labeled h) has sampling points at times th(i),
i = 1 . . .M. The other axes (labeled l) are coupled to the first one
in one of three possible ways: (a) the axis l is not sampled, i.e.
tl(i) = 0 8 i, (b) the axis l is coupled to the first axis via the relation
tl(i) = th(i), or (c) via the relation tl(i) = th(M � i + 1). The first case is
sometimes referred to as 0� projection, the other two cases as ±45�
projections.

Decompositions of spectral projections can be described as fol-
lows [5]. Eq. (1) is a general formulation of the projection-
decomposition relation in frequency domain, where the left side
of the equation represents the experimental input for the decom-
position in the form of a series of 2D projections Sp and the right
side is the output of the decomposition in the form of components:

Spðxp;xHNÞ �
XK

k¼1

Ha
1;pðFk

1ðx1ÞÞHHa
2;pðFk

2ðx2ÞÞ . . .
h i

ðxpÞ � Fk
HNðxHNÞ

ð1Þ
Indirect axes of the (not recorded) full-dimensional spectrum

(with N dimensions) are labeled x1. . .xN�1; xp is the indirect
dimension in a projection and xHN is the direct dimension. Each
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term in the sum over k = 1 . . . K is called a component. These are
defined by one-dimensional shapes Fi

k(xi) (i = 1. . .N � 1) and FHN
k

(xHN) [Examples of shapes are given in Figs. 2 and 3 and S2]. The
operations ‘‘⁄” and ‘‘�” are convolution and the Kronecker product,
respectively.

The index p enumerates the different projections Sp, with each
projection having a different projected (indirect) dimension xp.
The pseudo-operators Ha

i;p distinguish the different projections.
They can adopt one of three different forms that are defined by
the upper index a: (i) H0

i;p (F) = I (where the shape I is the convolu-

tion identity), (ii) H1
i;p (F) = F, and (iii) H�1

i;p (F) = F (F is the shape F
with the order of the elements reversed).

As example, consider a set of 3D projections (i.e. with two
indirect dimensions that can be coupled). If the bracket in Eq. (1)
is chosen with a = 1 for the first dimension (x1) and a = 0 for the
second dimension (x2), the indirect axis of the projection S

corresponds to the first dimension according to H1
1;pðFk

1ÞH
H0

2;pðFk
2Þ ¼ F1 � I ¼ F1, for a = 1 for both dimensions, the indirect

axis of the projection is along the diagonal of the two indirect

dimensions: H1
1;pðFk

1ÞHH1
2;pðFk

2Þ ¼ F1 � F2, etc.
Finally, the ‘‘�” sign in Eq. (1) indicates that the output of the

decomposition (right side) represents an optimal approximation
to the input (left side). Noise and artifacts typically do not follow
the model given by Eq. (1) and end up as a difference between left
and right side; this difference, called residual, is minimized by the
decomposition. Noise is thus eliminated from the components. As
shown earlier, this allows clean decompositions even when the
signal-to-noise ratio of individual projections is very low [6]. See
also Discussion and Conclusions for a further analysis of Eq. (1).

When requiring a density of 64 complex points in all indirect
dimensions, the number of FIDs of a conventional 4D is reduced
by a factor of >103 in the corresponding projection experiment,
where 13 projections are defined with the above coupling of evo-
lution times; for the 5D case the potential reduction factor
increases to �5 � 104, with a total of 40 projections. In practice, sen-
sitivity often requires a higher number of repetitions in projection
experiments, leading to a reduction of the above factors. Nonethe-
less, for small proteins 5D projection experiments for backbone
assignment were acquired in 24 h and various 4D projection exper-
iments for backbone and side chain assignment in 9 h each [3,4].

A problem in the analysis of components concerns the pairing of
signals of one shape with signals of another shape. For example, in
a 4D TOCSY the signal for Cc of a glutamine in the shape with car-
bon atoms needs to be paired with the signals for Hc in the corre-
sponding shape with hydrogen atoms. A similar situation occurs in
the analysis of NOESY-type spectra where hydrogen atoms forming
an NOE to the HN of the direct dimension need to be paired with
their corresponding heavy atoms. Here, we introduce a procedure
called DIADECOMP (diagonal decomposition) to perform this pair-
ing without need of any additional spectral data.

Our goal was to use a minimal amount of experimental (NMR)
data for protein characterization. For calculation of the 3D back-
bone fold, this was achieved by limiting structural data to the more
readily obtainable and assignable HN-HN NOEs from a 15N-filtered
NOESY. This restriction reduces the number and density of signals
dramatically, and yet it still provides a comprehensive characteri-
zation of regular secondary structures: a-helices are located with
precisely defined termini by sequential HN-HN NOEs, b-strands
are properly aligned into b-sheets by inter-strand NOEs of the
same type, and finally HN-HN NOEs identify b-bulges [7]. In general,
the fold of small proteins stabilized by disulfide bridges and with a
typical content of regular secondary structures may be well char-
acterized by only a small number of NOEs, often less than one
per residue, and the strategy presented here.
For demonstration of the DIADECOMP approach and the mini-
mal use of NMR data for secondary structures and global fold, we
used the small protein human b-defensin (hBD). Defensins are
ancestral proteins found in different complex organisms, such as
fungi, insects, plants, avian and mammals [8–9]. They are ther-
mally stable and exhibit antimicrobial activity. Their cationic and
amphipathic character is responsible for the interaction with
microbial membranes [10–11]. Defensins are the main compo-
nents of the innate immune system. They fold as a cysteine-
stabilized alpha-beta motif (CSab [12]), which is composed of a
b-sheet formed with three antiparallel b-strands and one a-
helical segment. The fold is stabilized by conserved disulfide
bridges. Human defensins contain three disulfide bridges. Human
b-defensins are small cationic proteins produced by epithelial cells.
As part of the innate immune system of mammals, they interact
with specific chemokine and toll-like receptors, and thus connect
with the adaptive immune system resulting in modulation of
immune-competent cell response to the host [9]. They are also able
to interact with components of the extracellular matrix [13]. hBDs
function as alarm molecules that stimulate the adaptive immune
system. The human b-defensin 6 (hBD6) is a monomeric defensin
that is constitutively expressed in epithelial cells from epididymis,
testis, and lung [14] and known to bind to the N-terminal sulfopep-
tide of the CCR2 receptor [13]. Its structure was previously deter-
mined from conventional NMR experimental data [15].
2. Methods

2.1. NMR experiments

13C,15N labeled human b-defensin 6 (hBD6) was expressed and
purified as described previously [9]. Four projection data sets
where recorded for hBD6: 5D HAHBCACBCONH, 4D HAHBCACBNH,
4D 13C-HCC(CO)NH-TOCSY and 4D 15N-HSQC-NOESY-15N-HSQC.
The sample concentration was initially 0.4 mM (but slowly degrad-
ing). All experiments were performed on an 800 MHz instrument
at 308 K, with 64 complex points in the indirect dimension, and
16 scans, except for the 4D HAHBCACBNH and the 4D NOESY
experiments, where 32 scans were accumulated. Only 32 projec-
tions were recorded for the 5D experiment, omitting the 8 projec-
tions where evolution occurs on all four indirect nuclei. The
following sweep widths and offsets were used: 15N: 30 and
118 ppm, 13C: 75 and 41.6 ppm, 1H: 12 and 4.78 ppm. Experiments
have been described previously [2,4]; note that the time per indi-
vidual projection is constant (assuming the same number of scans).
(We observed small shifts in peak position as a function of time,
which required manual peak matching among the 15N-HSQCs of
the backbone, TOCSY and NOESY experiments; this is described
in Supporting Information and not further addressed here.)
2.2. Backbone assignments

The first two experiments were jointly decomposed by elimi-
nating any relevant user intervention. The 15N-HSQC-type projec-
tion from the 5D experiment, which contains no side chains
signals, was automatically peak-picked using a tool from nmrDraw
[16]. For each peak, an interval centered on the peak’s HN fre-
quency was defined. The number of components K was initially
set to one for all intervals. All components resulting from decom-
position of each interval were tested using a simple criterion:
The shape for the N-nucleus was required to show exactly one sig-
nal, using a noise level of 10% of the largest peak, and this signal
was required to match the chemical shift of the 15N-HSQC peak
that was used to define the interval. If for a given interval this cri-
terion could not be met by any of the K resulting components, the



Fig. 1. Illustration of DIADECOMP. (A) Black frame: 2D (sub-)spectrum with two projected dimensions, x1 and x2. The filled circles in green and magenta represent two
signals. Two sets of axes (coordinate systems) are given: blue are non-rotated axes and red are rotated axes. Ellipses on the axes are positions of projection signals. Open black
circles are positions of back-projected peaks resulting fromwrong pairings of projection signals in the blue coordinate system. (B) Left side: shapes from decomposition based
on the blue (non-rotated) set of axes; right side: same based on the red (rotated) set of axes. (Shape signals are represented by ellipses as in Fig. 1A.) Black dashed lines
indicate the middle of the frequency ranges. Green and magenta arrows are defined in the left side panels as distances of the signals from this middle. On the right side, sums
(top) and differences (bottom) of arrows are constructed for each color. Sums of arrows with the same color match shape signals in the top panel, differences match shape
signals in the bottom panel. Combination of arrows with different colors give no match (one example is given in the top panel). Note that the arrows on the right side need to
be scaled by 0.5 with respect to the arrows on the left side (this has no influence on the DIADECOMP procedure). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).
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interval decomposition was rerun with one more component; this
was repeated until an acceptable component was found. Backbone
assignments were then obtained as described earlier [2,3].

2.3. Side chain assignments

For the side chain assignments, the same interval definitions as
for the backbone assignments were used (after corrections due to
the decaying sample as described in Supplementary Material).
Again, the number of components K was initially set to one for
all intervals, and the same criterion on the N shapes was used to
select correct components. At this point, each interval was already
assigned to a given residue type by the backbone assignment.
Therefore, only intervals assigned to non-AMX, non-Gly and non-
Ala residues needed to be further analyzed. Note that the 4D 13C-
HCC(CO)NH-TOCSY experiment couples each backbone amide
group with all the C-H moieties of the preceding residue. A special
problem when analyzing components from TOCSY-type (or
NOESY-type) projections consists of the pairing of signals in the ali-
phatic carbon shape with signals in the aliphatic hydrogen shape,
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e.g. of the Cc signal with the Hc signals. A new procedure called
DIADECOMP was developed to solve this problem, which is
described in the next section. Final resonance assignments of the
side chain 1H-13C pairs were also based on comparison with
expected shift ranges from the BMRB [17] using the average
expected value plus or minus two standard deviations.

2.4. NOESY analysis and structure calculation

Decomposition of the 4D 15N-HSQC-NOESY-15N-HSQC, includ-
ing interval definitions, followed the procedure described for the
side chain assignment. Besides the direct shape for HN and the
shape for 15N, the resulting components contain also shapes for
NOEs to other HN and their 15N. Peaks in these shapes were also
paired using the DIADECOMP approach described below. This pro-
cedure yielded unambiguously assigned short distances between
different amide groups.

The 3D structure was calculated using first TALOS+ [18] with
the sequence as well as the backbone and Cb chemical shifts from
the backbone assignment as input. The resulting torsion angle
restraints were used as input for structure calculations with
CYANA [19]. Distance restraints obtained from the analysis of the
4D 15N-HSQC-NOESY-15N-HSQC and assigned as described above
were complemented by restraints for the three disulfide bridges
of hBD6 and for hydrogen bonds describing the a-helix identified
by TALOS+. Based on preliminary structure calculations, additional
hydrogen bond restraints were derived and added to characterize
the b-sheet.

3. DIADECOMP

In the 4D TOCSY- and NOESY-type experiments used here, a
problem arises when signals of one shape need to be paired with
signals of another shape. Consider the case of the 4D TOCSY; Eq.
(1) can be rewritten with restriction to four dimensions and the
replacement of the indices 1–3 by ‘‘N”, ‘‘Ctoc” and ‘‘Htoc” for
shapes (dimensions) with resonances for 15N, aliphatic carbons
and aliphatic hydrogens, respectively:

Spðxp;xHNÞ �
XK

k¼1

Ha
N;pðFk

NðxNÞÞHHa
Ctoc;pðFk

CtocðxCtocÞÞ
h

HHa
Htoc;pðFk

HtocðxHtocÞÞ
i
ðxpÞ � Fk

HNðxHNÞ ð2Þ

The problem consists of pairing for example the signal for Ca in
the ‘‘Ctoc” shape with the signal for Ha in the ‘‘Htoc” shape, and
similar for b, c . . . nuclei. Some of the carbon and hydrogen reso-
nances can be directly assigned based on their chemical shift, for
example those of methyl groups. For the others the following
approach called DIADECOMP was used.

The projections for this 4D spectrum include, among other,

spectra with indirect dimensions for aliphatic carbons (Fk
Ctoc), for

aliphatic hydrogens (Fk
Htoc), but also ±45� projections with indirect

dimensions for Fk
CtocHFk

Htoc and Fk
CtocHFk

Htoc (note that the order of

elements in FkHtoc is reversed).
The latter can be used to define a new, rotated coordinate sys-

tem with the axes:

Fk
rotþ45 ¼ Fk

CtocHFk
Htoc ð3aÞ

Fk
rot�45 ¼ Fk

CtocHFk
Htoc ð3bÞ

Fig. 1A shows the 2D subspace of a 4D TOCSY with axes along Ctoc
and Htoc (blue lines). For two signals in this plane (filled green and
magenta circles), the projections on the blue axes are shown as blue
ellipses. The rotated coordinate system with axes along rot+45 and
rot�45 is given by red lines, together with projections of the green
and magenta signals as red ellipses. Note the wrong back-
projections (open black circles) when combining the projection of
the green signal on one axis with the projection of the magenta sig-
nal on the other axis. Fig. 1B shows the decomposition results when
using the blue coordinates system (left side) and the red coordinate
system (right side); similar to Fig. 1A, signals in the decomposition
shapes are shown as ellipses. The relation between the projections
in the two sets of shapes is illustrated by the green and magenta
arrows for the two signals in Fig. 1A. These arrows define the posi-
tions of the projected signals, measured from the center of the
shape, using the blue coordinate system (left side of Fig. 1B). Only
the correct sum and difference of arrows point at the observed pro-
jection signals when using the red coordinate system (right side of
Fig. 1B; one arrow from the lower left side panel plus or minus an
arrow from the upper left side panel). Correct means combinations
of only green arrows, or of only magenta arrows (summing of the
arrows is required for the upper right side panel, difference for
the lower side panel). Thus, the open black circles in Fig. 1A corre-
spond to erroneous combinations of both green and magenta
arrows, which can be discarded based on the analysis of Fig. 1B.
4. Results

4.1. Backbone assignments

Backbone assignments were achieved largely as described ear-
lier [2–3], but with automation of the selection of interval position
and number of components (see Section 2). After a few rounds of
increasing the number of components when necessary, good com-
ponents were available for all residues (for an example, see Fig. S2
in Supporting Information). Correlation calculations among the
shapes for a- and b-nuclei resulted in three chains that could be
properly positioned on the protein sequence using SHABBA [2].
At this point it became clear that no signals could be observed
for Asn 15 in any of the spectra used, including a regular 15N-
HSQCs, and thus the resonances for Asn 15 and the CO resonance
for Lys 14 are missing in addition to the absence of Pro 39 HN
related resonances. The three chains thus included residues 1–14,
16–38 and 40–45. Peak picking as a last step yielded near complete
and near correct assignments (Table 1).

4.2. Side chain assignments

For achieving side chain assignments using the 4D 13C-HCC(CO)
NH-TOCSY, only intervals (along the HN dimension) for non-AMX,
non-Gly and non-Ala residues needed to be analyzed. The resulting
non-rotated components contain shapes for hydrogens and car-
bons of the side chain preceding the HN-N moiety, referred to as Fk-
Htoc and FkCtoc, while the resulting rotated components contain

shapes for Fkrot+45 = FkCtoc ⁄ FkHtoc and Fkrott45- = FkCtoc ⁄ FkHtoc (see DIA-
DECOMP section above). Therefore, for each hydrogen bound to a
carbon, peaks with the following chemical shifts must be present
in these shapes: hydrogen shift in FkHtoc, carbon shift in FkCtoc, sum
of hydrogen and carbon shifts in FkHtoc ⁄ FkCtoc, difference of hydrogen

and carbon shifts in FkHtoc ⁄ FkCtoc. Peak picking in all these shapes,
using a noise level of 15% of the largest peak, and comparison of
the frequencies yielded unambiguous pairings of resonances of
hydrogens to carbons for all but two side chains. The latter were
due to problems in observing hydrogen resonances for some lysi-
nes, while the carbon was correctly observed. Fig. 2 shows exam-
ples of decompositions for various residue types; for Leu 9 the
corresponding DIADECOMP decomposition is also provided.

Next, the resonance pairs for a-nuclei and b-nuclei were dis-
carded from the peak lists, since these were already assigned dur-



Table 1
Assignments of hBD6 by projection–decomposition.

Type Total Missinga Differentb Comment

HN 44 0 – Initial 15N-HSQC peak picking defines exact shifts
N 44 0 – Initial 15N-HSQC peak picking defines exact shifts
CO 43 0 – Ref. [15] contains no CO shifts
Ca 45 0 1 (17) C17: very weak signals already in the 15N-HSQC
Cb 42 0 0
Had 48 2 (20, 40) 1 (30) S30: 0.08 ppm difference
Hbd 42 1 (33) 2 (17, 43) C17: weak; identical shifts for I43 and I44 in [15]c

CHnc 25 0 0 Only Cc observed for K5, K10
CHnd 15 0 1 (32) Unusual Cd shift for K32 in [15]e; see Fig. 2
CHne 6 0 0

a Listed are the number of residues with missing resonances; these residues are identified in parenthesis by their sequence numbers. The following resonances, which are
related to Pro 39, the invisible Asn 15 (see text) or the C-terminus, are also missing: K14 CO; N15 HN, N, Ca, Ha; Q38 CO; P39 N; D45 CO, Ca, Cb.

b Reported are difference to a Ref. [15] that exceed 0.06 ppm for hydrogens and 0.6 ppm for heavy atoms (0.6 ppm corresponds to one point in the indirect dimension).
Residues with different resonances are identified in parenthesis by sequence numbers.

c In the published assignment [15], corresponding side chain shifts of Ile 43 and Ile 44 differ by <0.15 ppm for carbons and <0.005 ppm for hydrogens. The current
assignment lists different Hb shifts for Ile 43.

d Both Ha were correctly identified in all three Gly. For other residues only one Hb was checked.
e The Cd shift reported for K32 [15] differs from the expected value from the BMRB by more than two standard deviations.

Fig. 2. Decompositions of HCC(CO)NH-TOCSY projections for different residues types. Side chain assignments are indicated by Greek letters; comma is used for degenerate
frequencies. The pairing of carbon and hydrogen resonances (lower two panels for each residue) was achieved using the DIADECOMP procedure described in the text.
Decompositions are shown for Leu 9, Glu 21, Lys 32 and Arg35. As an illustration, the result for both the non-rotated and the rotated decompositions are shown for Leu 9. The
resonances in the rotated shapes (‘‘rot+45”00 and ‘‘rot�45‘‘) correspond to the sum and difference of the carbon and hydrogen shifts as visualized in Fig. 1. Note that in the
rotated shapes all residues, including those for the two methyls, are resolved. Units on the horizontal axes are ppm except for the rotated shapes, where grid points are used;
the vertical axes show arbitrary intensity units.
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ing the backbone assignment. The remaining pairs were assigned
with the help of statistical BMRB data that indicate expected shift
ranges for each nucleus [17]. In cases where only c-nuclei remain
to be assigned (Gln, Glu, Thr), the task is trivial. Lys and Arg usually
show a good separation of in particular the carbon shifts (Fig. 2)
and indeed all side chain groups could be assigned. Ambiguities
or overlaps are expected for the two methyl groups in Leu (there
are no Val in hBD6), and for Ile. The final assignment is complete,
except for missing c-resonances for hydrogens of two lysines
(Table 1). Comparison with published assignments show only
one discrepancy, namely for the d-C of Lys 32. This resonance exhi-
bits strong and unambiguous signals in Fig. 2. Furthermore, the
chemical shift reported in Ref. [15] lies more than two standard
deviations outside the expected value reported by BMRB [17],
whereas the value obtained here is in good agreement with the
BMRB.
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4.3. Analysis of the 15N-HSQC-NOESY-15N-HSQC

NOEs were extracted from decomposition of the 15N-HSQC-
NOESY-15N-HSQC by analyzing intervals for all residues, again with
automatic adjustment of the number of components. The resulting
FkHnoe and FkNnoe shapes include each a very strong diagonal signal
together with some weaker NOEs, and noise. Despite the strong
diagonal signal, a noise level can in a very general manner be
defined by taking three times the standard deviation among the
95% weakest intensities of a shape. The same procedure was
repeated for the DIADECOMP decompositions as defined by Eqs.
(2) and (3). An example is given in Fig. 3 for Arg 35, where a long
range NOE to the HN of Glu 22 can be observed. The peaks labeled
‘‘E22” fulfill the relations that the sum and difference of the shifts
in the FkHnoe and FkNnoe shapes correspond to the positions in the
shapes for Fkrot+45 and Fkrott�45 as indicated in Fig. 3 (as mentioned
in Fig. 1, proper linear combinations require measurements of
the shifts from the center of the respective spectrum). The same
relations hold obviously also for the diagonal peaks labeled ‘‘R35”
(here a folding operation is required for Fkrott+45). The relations on
linear combinations were satisfied in components for 15 residues,
each yielding an NOE listed in Table 2 (see also the table footnote).
Notably, this set of HN-HN NOEs is complete in the sense that no
other short distances of this type exist or are expected.
4.4. Structure calculation

Structure calculations were started by applying TALOS+ [18] to
the assignments for N, HN, Ca, Ha and Cb. The output identified a
dynamic region with residues 39–45, a a-helix spanning residues
Fig. 3. DIADECOMP procedure applied to the NOESY decomposition for Arg35. The left p
the right panels show the shapes from the corresponding DIADECOMP decomposition (co
rotated shapes. In the left panel for Hnoesy, the position of the NOE peak for Glu 22 is indi
right panels for the rotated shapes. The middle of the lower left panel is indicated by b
middle. In the left panels, the addition ‘‘rot+45”, resp. subtraction ‘‘rot�45”, of this mini
positions. The same procedure holds for the diagonal signals of Arg 35 (which differ sign
required). (For interpretation of the references to color in this figure legend, the reader
4–8, and b-strands with residues 12–17, 22–27 and 32–36
(Fig. S3 in Supporting Information). The incomplete secondary
structure prediction by TALOS+ in the first b-strand is a conse-
quence of the absence of assignment for Asn 15 (see above). Other
output from TALOS+ provided restraints on the torsion angles /
and w.

A first round of structure calculations with CYANA [19] included
the following input: distance restraints derived from the NOEs of
Table 2, torsion angle restraints as determined by TALOS+, hydro-
gen bonds restraints for the a-helix, and distance restraints enforc-
ing the three disulfide bridges (6–33, 13–27, 17–34). The initial
calculations showed several structural features. The NOEs of
Table 2 clearly orient the three b-strands in an antiparallel fashion
with the strand 32–36 in the middle. The b-strands were shortened
to residues 12–14, 22–25 and 32–35 due to a b-bulge involving
residues 24–25 and due to observed turns with residues 15–16
and 29–31, all features that were already indicated by NOEs of
Table 2 and by the disulfide bridges. This leads to a final character-
ization of the b-sheet, for which hydrogen bond restraints were
defined. A final round for CYANA calculations resulted in the struc-
tures shown in Fig. 4, with no restraint violations exceeding 0.1 Å,
respectively 2.5�, and a backbone RMSD (to the mean structure) for
residues 3–28, 30–37 of 0.6 Å (Table 3). Lys 29 is exposed in a
somewhat disordered outer loop. Comparison with the published
structure (PDB code 2LWL; Fig. 4) yields a corresponding RMSD
between mean structures of 1.3 Å. A local difference is observed
in a turn including Lys 19. In the structure 2LWL this turn is of type
II, with w of Lys 19 around 120�, which is disallowed by a TALOS+
restraint for this torsion angle of �52.5� to �0.1�; this TALOS+
restraint requires a type I turn.
anels show the shapes for hydrogen and nitrogen from the normal decomposition;
mpare with Fig. 1B). Grid points are used as coordinates for the horizontal axes of the
cated by a dashed green line; this dashed line is copied to the same positions in the
lack arrows. The resonance for N of Glu 22, at 118.1 ppm, is located almost at this
mal deviation from the middle results in signals (‘‘E22”) located at nearly identical
ificantly in the ‘‘rot+45”, and ‘‘rot�45” shapes; in the former a folding operation was
is referred to the web version of this article.).



Table 2
HN-HN NOEs observed in the 15N-HSQC-NOESY-15N-HSQC for the b-sheet.a

Residue 1 Residue 2 Comment

Thr 12 Cys 34 Between b-strands 1 and 3
Lys 14 Lys 32 Between b-strands 1 and 3
Glu 22 Arg 35 Between b-strands 2 and 3
Ala 25 Cys 33 Between b-strands 2 and 3
Asn 15 Asn 16 Turn after b-strand 1
Ile 24 Ala 25 Bulge in b-strand 2
Lys 29 Ser 30 Turn between b-strands 2 and 3
Ser 30 Leu 31 Turn between b-strands 2 and 3

a For the structure calculations, all NOEs were calibrated to upper distance limits
of 3.0 Å. An additional seven sequential HN-HN NOEs were observed for the a-helix;
these were not used in the structure calculation.

Fig. 4. Resulting 3D fold for hBD6. Residues 3–37 (excluding the dynamic region
39–45) of 20 structures are shown after superposition of the backbone of residues
3–28, 30–37; one structure is depicted in ribbon-style, the others with blue lines.
The red structure represents the mean of the 20 models deposited at the PDB with
code 2LWL [15]. In this structure the bond for the torsion angle w of Lys 19 is shown
in yellow at the lower right corner. This bond defines a type II turn in the 2LWL
structure, but such a local structure is prevented by a TALOS+ [18] restraint in the
3D fold presented here. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).

Table 3
Structure statistics.

Maximal violations
Distance restraintsa 0.06 Å
van der Waals restraints 0.08 Å
Angle restraints 0.24�
CYANA target function (max) 0.015

Backbone RMSD to mean
To mean, residues 3–28, 30–37: this structure 0.6 Å
To mean, residues 3–28, 30–37: 2LWL 0.5 Å
To 2LWL,b res. 3–28, 30–37 (mean to mean) 1.3 Å

a Includes 8 NOEs (see Table 2), three disulfide bonds, 12 hydrogen bonds and 57
torsion angles.

b 2LWL is the PDB code of the earlier determined structure of hBD6 deposited
[15].
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5. Discussion and conclusions

Several novel features of the projection-decomposition
approach [2–4] allowed for a complete characterization of a small
protein. Firstly, a minor piece of new code makes now the selection
and adaptations of intervals fully automatic for all types of decom-
positions. Except for this, backbone assignments followed the pre-
viously described SHABBA [2] approach. We present for the first
time an unambiguous way for side chain assignments with the
projection-decomposition approach, which relies on the novel DIA-
DECOMP procedure for pairing resonances for hydrogens with
those for carbons. This procedure eliminates ambiguities arising
due to the use of decompositions. DIADECOMP is even more
important for the analysis of NOESY-type projections. It allows
resolving practically all ambiguities of HNOE resonances in the indi-
rect dimension. In addition, due to the use of redundant informa-
tion in the combination of non-rotated and rotated components,
small signals that are close to strong (diagonal) signals can be iden-
tified. This redundancy may also allow reliable detection of signals
that are at the signal-to-noise limit (not used here).

The DIADECOMP procedure could in most cases pair corre-
sponding signals in components obtained from the 4D spectra used
here. One reason is that the shapes with side chain signals (from
the 4D TOCSY) or NOEs (from the 4D NOESY) always contain only
a limited number of signals irrespective of the protein size: maxi-
mally five carbon and nine hydrogen signals if one analyses TOCSY
data of a lysine side chain, respectively only few short contacts
from an HN to other HNs in the NOESY data.

Other approaches based on projections such as APSY [20] or
HIFI-NMR [21] have no restrictions regarding the choice of projec-
tion angles. Also the projection-decomposition approach allows
(certain) angles differing from 0�, ±45� and 90� [6], but this intro-
duces folding operations. It seems not worth the effort: In a worst
case scenario, where two signals are on a 22.5� line with respect to
two indirect spectral axes and would be best separated by a projec-
tion along this line, the separation of the two signals in 0� or 45�
projections shrinks only by a factor of cos(22.5�) = 0.92.

One goal of the present study was to also reduce experiment
time by using minimal data from NMR experiments, in this case
by extracting NOE information exclusively from a 15N-HSQC-
NOESY-15N-HSQC. In spite of the relatively small number of NOEs
in this spectrum, it offers a full and detailed characterization of
secondary and super-secondary structures. Sequential HN-HN NOEs
identify a-helices and various types of turns, inter-strand NOES of
this type correctly align strands in b-sheets including the presence
of possible b-bulges. An independent analysis of a reference struc-
ture for hBD6 [15] revealed spatial neighborhood for exactly the
same long-range HN-HN pairs as listed in Table 2, with no addi-
tional short HN-HN distance. Thus, the list of observed HN-HN dis-
tances with the DIADECOMP procedure in the NOESY is complete
with respect to an upper limit of 3.5 Å. The present NOESY projec-
tion experiment provides a complete set of HN-HN NOEs for the
protein, in spite of the spectral neighborhood of diagonal peaks
with their comparably huge intensities. The doubled number of
scans used here with respect to an earlier application on a histone
domain [4] is easily explained by the about seven times lower con-
centration of the defensin sample.

Finally, we comment on a feature that is of particular relevance
for TOCSY-type spectra. Eq. (1) is strictly correct only when all but
one of the shapes Fik(xi) contain exactly one signal (ignoring noise).
This is true for shapes with for example HN, N, CO, Ca, Cb reso-
nances. But consider a TOCSY-type 4D spectrum with HN along
the direct dimension, and N, aliphatic 13C and aliphatic 1H along
the three indirect dimensions. After decomposition, the shape for
13C reports Ca and side chain carbons, the shape for 1H reports
the corresponding hydrogens (see for example Fig. 2, where these
shapes are labeled Ctocsy and Htocsy). For a glutamic acid (with CH2

groups at both the b- and c-position), the Ctocsy shape contains two
signals (for Cb and Cc), the Htocsy shape contains resonances for
both Hbs and both Hcs. Convolution according to Eq. (1) of these
shapes produces correct signals in the diagonal projections for
the (Cb, Hb) and (Cc, Hc) combinations, but also for (Cb, Hc) and
(Cb, Hc) combinations. Thus, no decomposition using Eq. (1) with
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exactly zero residual (left side minus right side) can be obtained
with a single component; using several components could solve
the problem, but this would mean that every CHn moiety would
require its one component. However, the relevant question here
is whether a minimization with only one component (to a non-
zero residual) still does provide a correct (or at least a not mislead-
ing) answer; a minimal requirement is that no false signals in the
shapes occur. Analysis of simple cases and simulation calculations
(not shown) indicate that indeed for the global minimum of the
residual function, the resulting shapes do not contain false reso-
nances, although this global minimum is no longer zero because
of wrong combinations in some reconstructions. One explanation
for the absence of wrong signals, even when the residual cannot
vanish, is the fact that shapes cannot have negative intensities
(due to the ‘‘fastnnls” algorithm used, see references [6,22]), thus
eliminating compensating mechanisms; false resonances in one
shape due to errors in one of the reconstructions would have con-
sequences in all other reconstructions. Indeed, all applications of
Eq. (1) described here on the 4D TOCSY show no false resonances
that exceed the noise level (see Fig. 2 and Table 1). This is further
supported by the observation that also for the 4D NOESY the
detected HN-HN NOEs correspond exactly to the expected ones.
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