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ABSTRACT

Assignment procedures for backbone resonances of proteins are outlined for homonuclear
and heteronuclear three-dimensional NMR spectroscopy. Phasecycling procedures in fast
3D experiments are discussed. Examples of data space reducing processing techniques
are given. A new triple resonance based assignment procedure for protein resonances is
outlined. The general advantages and disadvantages of homonuclear and heteronuclear
three-dimensional NMR spectroscopy are discussed.

INTRODUCTION (E.R.P. Zuiderweg)

The determination of the three-dimensional structures of small biomolecules
(MW <10,000) in solution by two dimensional (2D) NMR spectroscopy has
become a well established technique (for a review see ref. 1). The protocol
consists of the assignment of the resonances of the proton NMR spectrum by
scalar-correlated spectroscopy (COSY, DQF-COSY, TOCSY/HOHAHA),
followed by the identification of nuclear Overhauser effect cross peaks be-
tween the resonances of sequentially adjacent structural units (amino acids,
bases, or monosaccharides) from 2D NOE spectra. This assignment forms
the basis of the subsequent search for NOE distance constraints between
sequentially remote protons using 2D NOE spectra. The obtained NOE
constraints are then used in structure calculation programs to obtain an
ensemble of structures compatible with the NMR data.

This approach breaks down for larger systems, mainly because of the
overlap problems in the 2D data sets caused by the larger number of res-
onances. This overlap interferes with unambiguous analysis. At the time
two-dimensional NMR was developed, it was already realized that extension
of the methods into more dimensions would lead to additional resolution?;
just as two-dimensional spectra are better resolved than one-dimensional
spectra, so are three-dimensional (3D) spectra better resolved than two-
dimensional datasets. Thus, the above mentioned problem of overlapping
resonances for larger systems can in principle be resolved by three dimen-
sional (3D) spectroscopy. 3D NMR experiments are constructed by record-
ing a series of 2D experiments as a function of another 2D experiment® as
shown in Fig. 1.

The first reports on 3D NMR combined two homonuclear (proton) ex-
periments such as COSY with COSY, NOESY with COSY, COSY with J-
spectroscopy®*4t, These pioneering experiments showed that 3D NMR was
practical and that the large amount of data involved could be handled prop-
erly; early applications of these homonuclear 3D experiments (NOESY with
HOHAHAS®) on proteins were published in 1988. A second approach to 3D
NMR was demonstrated quickly thereafter, by combining a heteronuclear
correlation experiment such as HMQC with a homonuclear experiment such
as NOESY". These experiments have the advantage that only large inter-
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Figure 1. The construction of a three dimensional NMR experiment from two two-
dimensional NMR experiments. The data are acquired during t3 as a function of a matrix
of t1 and t; time variables, which are incremented independently.

actions are involved in the coherence transfer steps, which make them very
suitable for larger systems, but have the disadvantage that the biomolecules
need to be isotopically enriched. The application of heteronuclear 3D ex-
periments to proteins (1°N labeled) was demonstrated in the next year?’g.
A homonuclear 3D experiment suitable for the studies of larger proteins
(NOE-NOE) was developed in the same year'®. In the first half of 1990, the
problem of the effect of the larger linewidth for larger systems on coherence
transfer efficiency was addressed by redirecting these transfers over the *C
backbone!l12 protein NOE spectra were resolved with respect to 3C!3:14,
the first 4D experiment appeared!®, and an alternative assignment protocol
for 13C, 15N labeled proteins was described!617.

To date, 3D NMR methods have been applied to Staphylococcal Nucle-
ase, Cha, T4-lysozyme, Calmodulin, Interleukin 1 3, Rnase, Cyclophylin,
Purotoxin, pike parvalbumin, Carbohydrates and DNA fragments. These
rapid applications were possible because several problems associated with
the recording, processing and interpretation of 3D NMR data could be solved
(more versatile pulse-programmers, larger disks, faster computers, and ad-
vances in the biotechnology of isotopic labeling). The following reports de-
scribe some of these aspects, several issues that have not been solved to-date,
and give an overview of the current state-of-the-art in 3D spectroscopy.

PROTEIN SEQUENTIAL ASSIGNMENT PROCEDURES
IN HOMO- AND HETERONUCLEAR 3D NMR
SPECTROSCOPY (C. Griesinger)

Homo- and heteronuclear 3D NMR spectroscopy'® of biomacromolecules
relies mainly on the fact that the resolution due to the display of three
chemical shifts is increased compared to the resolution of 2D spectra. One
prominent application of 3D spectra so far concerns sequential assignment
of resonances. For this purpose it is of interest how the increased resolution
of 3D spectra translates into higher reliability and less ambiguity in the
sequential assignment process.
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The assignment procedure in 2D spectra can be described in the following
way. Given a chain of spins A,B,C,D,E which pairwise interact either via
scalar or dipolar coupling, we will find by recording the appropriate 2D
spectra the following cross peaks: (w1, w2) = (4, 28), (2B, L), (e,
Qp), and (p, NE). These successive cross peaks have each one chemical
shift in common. Thus they are connected in the 2D spectrum/spectra by a
one dimensional search. The procedure becomes ambiguous as soon as there
is degeneracy in the 1D spectrum.

In three dimensions, the optimal combination of 3D experiments will
produce the following chain of cross peaks: (wq, w2, w3) = (Qa, 05, Qc),
(2B, Qc, Op), (Qc, Qp, QE). Again, successive cross peaks can be con-
nected by a one-dimensional search, however now keeping two frequency
coordinates fixed when going from one cross peak to the next. Therefore
this 3D assignment procedure only becomes ambiguous if there is overlap
between pairs of resonances which is less likely than overlap between reso-
nances themselves. Thus this is the optimal 3D assignment procedure. It is
more robust against overlap than 2D assignment procedures.

Analysis of some often used 3D sequences in application for proteins
reveals the following: The homonuclear sequence NOESY-TOCSY®® can
be applied in the optimal way for sequential assignment both for 3 sheet
(relying on the strong NOE between HY /NH;; and the intraresidual NH, H,
coupling) or a helical (relying instead on the NH;, NH;y; NOE) secondary
structures. The chain of cross peaks is constituted for 3-sheet by: (w1, w2,
w3) = (NH;, H*,, NH;_1), (H{,, NH;, HY), (NH;41, H§,NH;) and for a-
helix by: (w1, we, w3) = (NH;, NH;_y, HY,), (NH;_q, NH;, H), (NHiyq,
NH; H).

For heteronuclear sequences” 18 like NOESY-hetero-COSY and TOCSY-
hetero-COSY with >N /13C enriched proteins the situation is more compli-
cated. If 1°N enrichment alone is used, only for a-helical secondary struc-
tures the optimal assignment procedure can be applied: (w;, w2, w3) = (NH;,
15N;_y, NH;_1), (NH;_q, ®N;, NH;), (NH;4q, 1°N;, NH;). This is demon-
strated by a chain of three cross peaks substantiating the Val54-Glu55-Ala56
moiety contained in one of the a-helices of ribonuclease A in Fig. 2. If het-
eronuclear sequences should be applied, 8-sheet secondary structures need
for the ideal assignment procedure in addition to 1°N labeling also 3C labels
at least in the C,-positions to get the following chain of resonances from
the altogether four combinations of NOESY or TOCSY with C,H-hetero-
COSY or N,H-hetero-COSY: (w1, wq, w3) = T(HZ, NH;, N H;), T(HZ,
13C;, NH;), N(HZ, 19C;, NHipa), N(HE, ¥Niga, NHigr), T(Hgy, PNHip,
NH;41). (TOCSY peaks are designated with a T, NOESY peaks with an N).
These experiments have been successfully carried out for Ribonuclease H'®.
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Figure 2. The sequential walk through the tripeptide mqiety V3154-G11;555—Ala56 of r%agxg;
clease A by a one-dimensional search is demonsttatc.ed in a NOESY- N,H_-hetero- 3
experiment. 15N planes are shown together. The as§1gnment of the respective cross p?hs
is given by a bar connecting the three correlated spins on the‘ top of each spect'rum. e
NH resonance assignment is given in the spectra. Rect'angles in the spectra deslinate It):])_
sitions of the type (NH;, '*N;, NH;_1) which are obta.u.led. by reflection of the observable
(NH;-1, 15N;, NH;) peaks at the w1 = w3 plane (C. Griesinger).
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DISCUSSION OF DR. GRIESINGER’S PAPER
(E.R.P. Zuiderweg)

The general question of the sensitivity of homonuclear 3D NMR spectroscopy
as compared to heteronuclear 3D NMR spectroscopy was raised by the mod-
erator. The workers who co-authored the first (homonuclear) 3D experi-
ment on a small protein (Drs. H. Oschkinat, C. Griesinger and G. M. Clore
(ref. 5)), indicated that despite the relatively high concentration (6.8 mM),
the NOESY-HOHAHA 3D spectrum of the small purotoxin protein was not
entirely complete.

HOMONUCLEAR 3D NMR OF BIOMOLECULES (R. Boelens)

Structure determination of biomolecules by NMR relies strongly on the ob-
servation of proton-proton NOE’s!. First, they are essential in the so-called
sequential assignment methods where neighbouring proton spin systems (of-
ten derived from proton J-coupling networks) are connected via unique
NOE’s at the polymer backbone. Secondly, most NMR methods for struc-
ture determination are based on proton-proton distance constraints, which
can be derived from the NOE intensities. However, for large molecules (with
a molecular weight above 10 kDa) the overlap of cross peaks in 2D NOE spec-
tra even at high magnetic fields is already considerable, which complicates
the assignment process and reduces the amount of observable distance con-
straints. Recently, both homo- and heteronuclear 3D NMR methods have
been proposed to increase the resolution of the NMR spectrat=920, An ad-
vantage for the homonuclear technique is that no special isotope labeling of
the biomolecular material is required. This makes it suitable for a broad
range of biomolecules. Furthermore a single homonuclear 3D experiment
can in principle contain all information required for both sequential and
structural analysis. However, a clear disadvantage is that the mixing pro-
cesses of homonuclear 3D, i.e., homonuclear J -coupling and cross relaxation,
can cause inefficient magnetisation transfer. In addition, sequential assign-
ment strategies based on only the proton-proton NOE can be ambiguous.
Previously applications of homonuclear 3D NMR with proteins, oligosac-
charides and DNA fragments have been given?! and sequential assignment
procedures based on 3D NOE-HOHAHA spectra have been developed??:23,

A Non-Selective Homonuclear 8D Ezperiment

For homonuclear 3D 'H NMR it seems very logical to combine a NOE and
a HOHAHA experiment, since two important proton-proton interactions
are now measured in one experiment. Fig. 3a shows the 3D NOE-HOHAHA
pulse sequence, where the FID in the time domain #3 is recorded as a function
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Figure 3. Pulse sequence for a 3D NOE-HOHAHA (a) and a 3D NOE-NOE experiment
(b). MLEV-17 indicates the HOHAHA mixing sequence and 7, corresponds to the NOE
mixing time. Usually experiments with rf pulses with different phases are added (R. Boe-
lens).

of two variable times t; and t,. After Fourier transformation in the three
dimensions a 3D spectrum is obtained with three independent frequency
axes. A cross peak in this spectrum arises when magnetization of one proton
is transferred in the first (NOE) mixing period to a second proton and then
in the second (HOHAHA) mixing period to a third one. Since both the ¢
and t, time domains have to be incremented independently, a large number
of FIDs are recorded in order to obtain a sufficiently high resolution for
these two domains. In order to reduce measuring times and the amount of
collected data it has been proposed to use semi-selective pulses which limit
the spectral width to be sampled for the evolution domains®?°. However,
in many cases such semi-selective or ‘soft’ pulses require additional phase
cycling on a 180° echo pulse in order to obtain absorptive spectra. In that
case a non-selective 3D NMR experiment which samples the full proton
spectral width in all domains can be obtained in almost the same tin_le_and
is therefore to be preferred. Measuring times can be reduced by minimal
phase cycling schemes for reduction of artifacts. The HOHAHA Tnixjng does
not require any phase cycling to select the proper magnetization t'ransfer
and is therefore very suitable for 3D NMR. The NOE mixing requires no
special phase cycling either, at least if a homospoil pulse can be given in the
mixing time without interference with the spectrometer stability. If not, a
choice must be made for SQC suppression (in a two-step phase cycle and
generally sufficient for large biomolecules) or additional DQ'C suppressio.n
(in a four-step phase cycle). Suppression of axial peaks which develop in
the evolution periods, can be accomplished by inversion of the first rf pulse
combined with receiver switching. Often, imperfections of the instrument
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demand dummy scans and additional phase cycling. In many cases these
phases can be combined with the coherence suppression scheme. Thus, one
FID in the 3D NOE-HOHAHA experiment can be recorded with one to 8
phases plus zero to two dummy scans. With 256 increments of both the ty
and ¢; period and with a repetition rate of 1 s, this results in 18.2 to 182 hrs
of measuring time.

A Single-Scan 3D NOE-NOE Ezperiment

The miminal amount of scans per FID required for a non-selective 3D exper-
iment is one. In order to test this we recorded a non-selective 3D NOE-NOF
experiment of the protein parvalbumin (109 a.a.) in 'H,0 with only a single
scan. Coherences were suppressed by homospoil pulses in both NOE mixing
times of 150 ms. The last rf pulse of the NOE-NOE pulse sequence was a
semi-selective 45-7-45 pulse, which would not excite the 1H,0 resonance.
The quadrature image was eliminated from the 3D spectrum by positioning
the rf carrier to the left of the amide region and discarding one half of the
spectrum. Axial peaks were not suppressed, but there was sufficient space
between the carrier and the spectrum to eliminate overlap. The loading of
our instrument’s pulse programmer together with the storage of the FID
on disk caused an effective relaxation delay of 2.3 s. With 160*256 incre-
ments this resulted in 30 hrs measuring time. Fig. 4 shows a cross section
perpendicular to ws through this 3D spectrum at 10.33 ppm. Comparison
with a more traditional 3D NOE-NOE experiment recorded with 8 scans
per FID and phase cycling, indicated that many 3D cross peaks can still be
observed in this shorter experiment cf. Fig. 6). In fact, the S/N ratio was
surprisingly good, probably due to limited sampling of t;/t; noise in the
short experimental time.

Analysis of Sequential and Medium Range Connectivities of a Protein
by 8D NOE-HOHAHA and 3D NOE-NOE Spectroscopy

Recently, we have analyzed the amide w; cross sections of the 3D HOHAHA-
NOE spectrum of the protein parvalbumin in 'H,0 and compared the se-
quential and medium range connectivities, which can be obtained from the
3D spectrum, with those extracted from 2D spectra?3. The 3D spectrum
allowed the observation of 455 3D cross peaks involving short and medium
range NOE’s, on which the assignment of 108 amino acids could be based.
For the sequential contacts this is comparable to what was obtained previ-
ously from a whole series of 2D NOE spectra. In general, there were less
dnnN based NOEs observed, first because of the lower digital resolution which
makes closely resonating protons indistinguishable and secondly because of
the short Ty and T, relaxation times of amide protons in the mixing and evo-
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Figure 4. Cross section perpendicular to ws; of a one-scan 3D NOE-NOE experiment
of parvalbumin at the NH frequency of Gly 56 (ws = 10.33 ppm ). The spectrum was
recorded at 500 Mhz with a 3D NOE-NOE sequence (cf. Fig. 3b) with a semi-selective 45-
7-45 detection pulse and the rf carrier positioned to the left of the spectrum (R. Boelens).

lution periods which makes 3D cross peaks involving two amide protons most
vulnerable. Fig. 5a summarizes the sequential and medium range connectiv-
ities which could be observed in a 3D HOHAHA-NOE experiment recorded
with a ‘clean’ MLEV17 sequence?* which gives a more efficient HOHAHA
magnetization transfer. The 3D dataset allowed even a better definition of
the secondary structure than was previously possible with 2D, since a series
of new medium range NOE’s were observed, mainly because the medium
range dop and doy NOEs can be detected in non-overlapping regions. Fur-
thermore, a preliminary analysis of the 3D ‘clean’ HOHAHA-NOE spectrum
demonstrated that most long range NOE connectivities as obtained from 2D
spectra could be found in the 3D spectrum as well (A. Padilla and R. Boe-
lens, unpublished results). Of course, it should be realized that the analysis
of the 3D HOHAHA-NOE spectra of parvalbumin was not an ab initio as-
signment, but was based on previous assignments obtained from 2D spectra.
Until now we only showed that one 3D HOHAHA-NOE spectrum in princi-
ple contains all the information needed for assignment, secondary structure
analysis and probably tertiary structure determination.

For large proteins the HOHAHA magnetization transfer in the 3D HO-
HAHA-NOE experiment could become inefficient in case of weakly coupled
protons. Therefore, we have explored the feasibility of a homonuclear 3D
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Figure 5. (a) Sequential and medium range NOEs in parvalbumin obtained from a ‘clean’
3D HOHAHA-NOE spectrum ( ) and those obtained from a set of 2D NOE spectra
AR )

technique that uses only NOE mixing periods?®. We recorded a 3D NOE-
NOE spectrum of parvalbumin in 'H50. Fig. 6 shows the corresponding cross
sections from Ser 55 to Phe 57 in a 3D ‘clean’ HOHAHA-NOE spectrum and
in a 3D NOE-NOE spectrum, demonstrating that sequential connectivities
can be observed in both type of experiments. In fact most 3D connectivities
identified in the 3D NOE-HOHAHA spectrum (Fig. 5a) can also be found in
the 3D NOE-NOE spectrum (Fig. 5b). Although more complex for analysis,
the 3D NOE-NOE spectrum can be used also for unraveling NOE patterns,
as encountered in the sequential assignment of protein spectra. Since for
large molecules cross relaxation becomes increasingly more efficient, the 3D
NOE-NOE technique seems very suitable for large molecules.

136

B 10 20 30
p A-A-K-D-L-L-K{A-D-D-T-K=K-A-L-0-A}V-K-A-E-G-S-F-N[H-K=K=F-F -A=L[}V-G-L-K-A-N-
NN B —
oN —_— e = = - - — _
dBN B
dnii+2) p— Y ¢ o —
By —_—
. 2B
daN("Hs) NN e 216 e ﬂ--y—- 2 m—
e
ﬂ_
40 50 60 70
S-A[N-D-U-K-K-U-F-K-A- | -D}A-D-A-S-G-F-1-E{E-E-E-L-K}F-V-L-K-S-F-A-A-D-G-R-D-
dnn - - -
aN — — — __ __
dBN i
d n(i+2) Np—— 5 f —
ﬁ_—
d_(ii+3) P—
o B pr =——— YB.N
Na2,y43
Y
N,B,
ﬂYB’N .
By 5
80 90 100
L-T-D-AfE-T-K-A-F-L-K-A-A-D}K-D-G-D-G-K-1-G{I=D-E-F-E-T-L-U-H-E-A]
dnn —
G = =
BN
daN(i,i+2) 2a: 20
d o (ii+3) ﬂ'B—— 18
B m— p——
y — B
Npty* == N——B——
g (rg— Y —
B

Figure 5 (continued). (b) Sequential and medium range NOEs in parvalbumin obtained
from a 3D NOE-NOE spectrum (R. Boelens).

DISCUSSION OF DR. BOELENS’ PAPER (E.R.P. Zuiderweg)

It was re-emphasized that the first 2D spectrum of the single scan 3D NOE-
NOE spectrum contained hardly any peaks, while the sensitivity of the re-
sulting 3D spectrum was quite acceptable. This illustrates the multiplexing
procedure in 3D NMR, very nicely; the sensitivity of the experiment is deter-
mined by the total number of scans. Furthermore, it was emphasized that it
is therefore hazardous to compress data before all processing is done; when
doing so information can be discarded by that process.
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Dr. Boelens indicated that the protein concentration used for the non-
selective homonuclear 3D experiments is around 5 mM.

Dr. Boelens made the general point that the labeling necessary for het-
eronuclear NMR is expensive, and that in many cases it is not a straightfor-
ward process. Especially in eukaryotic systems, where post-processing may
be necessary, the labeling becomes even more of a challenge. Dr. Boelens
also indicated that very good homonuclear 3D NMR spectra were obtained
from DNA and carbohydrates; labeling of such systems is extremely difficult.

A general discussion developed about molecular weight limitations for
NMR structure determination. Dr. Kay indicated that the question revolves
around the necessity of experiments; if one can do without correlated infor-
mation through the backbone, very high molecular weight proteins may be
tackled; it is too early to come to a conclusion on these matters. Dr. Jardet-
zky made the comment that larger systems have been successfully studied
with NMR (Trp repressor). Trp repressor dimer is over 25 kDa and has been
studied using selective deuterium labeling. Dr. Jardetzky anticipated that
much larger systems can be studied if these labeling methods are combined
with heteronuclear 3D NMR.

Smaller systems may also benefit from 3D NMR and isotopic label-
ing since much overlap occurs in the spectra of such molecules as well.
Dr. Zuiderweg indicated that a large amount of overlap became apparent in
the 3D spectrum of Cba (a small protein, 8.5 kDa) once it was labeled with
!°N. It was also brought up by Dr. Kay that a project involving a 39 a.a.
protein fragment would have been easier if >N labeling would have been
available.

Dr. Boelens was asked how one could tell that cross peaks in the 3D
NOE-NOE spectra are due to sequential interactions. Dr. Boelens indicated
that a statistical approach is needed to do a reliable assignment from NOE-
NOE spectra, and that work along those lines is in progress.

Figure 6. Cross sections through a ‘clean’ 3D HOHAHA-NOE and a 3D NOE-NOE
spectrum of parvalbumin. Corresponding cross sections are shown from Ser 55 to Phe 57.
Solid lines indicate the spin system (NH,C*H,CPH frequencies) linked to the NH frequency
of the cross section. Dashed lines indicate frequencies of neighbouring (sequential and
medium-range) spin systems. The 3D HOHAHA-NOE spectrum was recorded with 4
scans at 500 MHz with a ‘clean’ HOHAHA pulse sequence of 44 ms including trim pulses
and a NOE mixing time of 150 ms. The 3D NOE-NOE spectrum was recorded with 8 scans
and 2 dummy scans at 500 MHz with two identical mixing times of 150 ms (R. Boelens).
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NOESY-HMQC HMQC-NOESY
> .
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Figure 7. Comparison of the experimental artifacts observed in the NOESY-HM
] -HMQC and
HMQC-N OESY experiment. In NOESY-HMQC, the magnetizations, beared by any kind
of protons (during t1) are transferred by n.O.e. to the NH (detected during ¢ ), after it
15N labelling during #,. In HMQC izations, identified during fr.
L g during ?;. In QC-NOESY, the NH magnetizations, identified during t;,
are I\L labelled gunng t2, gnd then transferred to all protons. The regions of interest
(NH-C H, NH—C H correlation are shown as a black rectangle, and the noise artifacts
during to the‘mtens'e water correspond to the hatched area. In this respect, the NOESY-
HMQC experiment is more suitable for protein studies. Furthermore, a frequency-selective

excitation such as a 1-1 pulse (lower part of the figure) can be ¢ i i
for this option (D. Marion). ure) enveniently implemented

PRACTICAL CONSIDERATIONS FOR OPTIMIZING 1N
NOESY- OR HOHAHA-HMQC SPECTRA (D. Marion)

Optimization of Spectral Windows

3D experiments are made up from the combination of two 2D pulse se-
quences: for instance, in '*N-resolved NOESY or HOHAHA 3D experiments
a homonuclear experiment is merged with a HMQC. As aresult, two schemes,
can be devised, with either the HMQC or the homonuclear part (NOESY
or HOHAHA) at the beginning of the sequence”®26, Whereas NOESY-
HMQC and HMQC-NOESY are theoretically strictly equivalent, they differ
in practice with regard to the location of various experimental artifacts, such
as (11, t2) noise and water residual signal. In fact, 1>N-resolved N OEéY or
HOHAHA spectra of '5N-labelled proteins can only be recorded in H,0

and one has therefore to cope with the suppression of the large water sig-,
nal. For these reasons, the optimal compromise for recording these spectra
make use of the NOESY- or HOHAHA-HMQC pulse sequence, where the
amide proton chemical shift is sampled during the t3 detection period (cf
Fig. 7). '
. .Wherea,s this choice permits the easy observation of NH to C4H connec-
tivities in an artifact-free area of the spectrum, it exhibits severe drawbacks
as far as digital resolution is concerned. During ¢3 (where a increase of the,
digital resolution is almost free of charge), only a limited range of chemical
shift (say from 5.5 to 10.5 ppm) has to be detected, as opposed to t; where
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the entire 'H shift range has to be sampled. Consequently, various tricks
have been implemented in order to maximize the digital resolution. During
the t; period, the carrier has to be in the middle of the proton spectrum,
and during the t3 period, in the middle of the NH region. This carrier shift-
ing can be achieved either by an actual change of the synthesizer frequency
(with phase coherence) or by more sophisticated NMR tricks. If the TPPi
method?” is used for the quadrature detection during ¢, the usual /2 phase
increment can be changed into a different value, leading to a shift not equal
to SW/2. For hypercomplex data?®, the same result can be achieved using
a linear time-dependent phase correction of the free induction decay, before
FT. Moreover, the second solution is more convenient, because the amount
of shift can anyhow be adjusted after the data collection, as opposed to the
TPPi case.

These methods make it possible to center the spectral windows during ?;
and t3 independently, and the spectral width can be squeezed to a maximum.
Let us point out an additional way of increasing the digital resolution, only
for hypercomplex data: If the first increment in 5 (the 15N dimension) is set
in order to yield a 180° linear phase correction across the spectral width, the
folded resonances will appear with opposite phase relative to the unfolded
one making them easily identified. However, use of extensive folding may
lead to signal cancellation of resonances with opposite sign. This method is
not advisable in any of the proton dimensions, since baseline distortion will
show up due to the immense diagonal peaks.

Processing of 8D NMR Spectra

Using spectrometers designed for 2D NMR, a 3D data set appears as sev-
eral files (typically 64 or 128) recorded with different timing. For instance,
for each ty value, a pair of (t, t3 ) files are collected for a NOESY-HMQC
3D spectrum. Therefore, a straightforward manner of processing these data
can rely on any commercially available software, for the F; and F3 Fourier
transform, supplemented by additional software for the F; FT. A prereq-
uisite for this simple approach is an adequate format for the data storage.
A software package has been written in a modular form by Kay, Marion,
and Bax?® for the Fy Fourier transformation, as well as for the pre- and
post-processing routines: all manipulations, that would normally be applied
to a single data point in a one dimensional process, have been converted for
plane processing.

The very first step involves the windowing of the data — each (1, t3)
plane is scaled by a constant factor — and the window function is de-
signed to avoid too low a weighting factor for the last ¢; increments, at
the expense of a rather small increase of truncation artifacts. Zero-filling
is merely achieved by the creation of files, which only contain zeroed data
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points. The Fourier transform is a modified version of the 1D FFT for a
set of N points, where N is a power of two. During its first step (the bit
reversal routine), the reshuffling amounts to renaming the planes, without
moving the data. The second step (the so-called butterfly algorithm) is a
series of linear combination of planes: two planes are loaded from the disk,
combined and then written again. As a result, the FT is done in place and
the file structure (dictated by the choice of commercial software) is pre-
served.

Due to their size, 3D data cannot be interactively phased. In fact, with
the exception of the detection dimension (¢3) where the hardware interferes
with the phase problem (the zero order term originates from hardware phase
shift, and the first order from filter time response), the required phase cor-
rection can be easily computed from the pulse sequence timing. The linear
phase corrections are exclusively due to the finite duration of the pulses,
during which the spins start processing. As a matter of fact, during a 90°
pulse, the spins exhibit the same dephasing as during a delay of 2/7 of its
duration®. This simple rule can be used in order to compute the first-order
term of the phase correction (the zero-order, as defined in the center of the
spectrum, is zero). Let us point out that the time-domain phase correction
(for carrier shifting) must be taken into account for computing the phase
correction parameters. Here again, the t¢; phase correction amounts to a
combination of planes, and is performed in place. The flexibility of this
software has been shown recently on 4D NMR, where the 2 additional di-
mensions have been processed with no modification: files have to be renamed
between the two processings.

Display of 3D NMR Data

15N-resolved NOESY or HOHAHA spectra are conveniently displayed as 1H-
'H contour plots, since the 1°N chemical shift is of no major concern, except
for resolving overlaps. In fact, due to the large number of planes, there is a
need for automation, and a laser printer can be used overnight for plotting
the data. Handling of 64 or 128 sheets of paper for data interpretation
is rather tedious, although most of the information is contained in rather
limited areas of the spectrum. The 3D data can be compressed back into
a 2D spectrum, by extracting strips along F; at the various chemical shifts
of the amide pairs (F3 ='H and F; =1°N) (see Fig. 8 and Driscoll et al.29).
Once the strips have been sequentially ordered, this data representation
permits to back up the assignment by comparison of the peak patterns,
principally of the C? protons.
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Figure 8. Data reduction for 3D NMR. Once the 15N and 'H frequencies of each amide
group have been tabulated, strips running parallel to F1 can be extracted by software in
order to build a 2 spectrum. The strips are ordered arbitrarily before assignment and
according the sequence after assignment (D. Marion).

DISCUSSION OF DR. MARION’S PAPER (E.R.P. Zuiderweg)

The question was raised how maximum entropy processing compared with
linear prediction. Dr. Marion indicated that in his hands maximum entropy
processing was more robust, and that he successfully applied it to process
the indirect proton domain in a 3D NOESY-HMQC experiment.

The techniques described by Dr. Marion are geared towards minimizing
the required data space. The question was raised by the moderator whether
the acquisition of more data points at a higher sampling rate during de-
tection (oversampling®) would not be advantageous (for dynamic range).
Dr. M. Delsuc, co-author on a paper on this subject, indicated that the
impact of oversampling is dependent on the make of the spectrometer and
that it has to be determined case-by-case whether it is worth the burden of
additional data.

Data table compression was discussed. Dr. Marion indicated that he
processed with MEM only the (proton) columns containing signal for the
last transform of the NOESY-HMQC data. This could be done because the
diagonal shows where the cross peaks are to show up.

A NOVEL APPROACH FOR SEQUENTIAL ASSIGNMENT OF
LARGER PROTEINS: TRIPLE RESONANCE THREE-
DIMENSIONAL NMR SPECTROSCOPY (L.E. Kay)

Complete assignment of the backbone proton resonances of proteins forms
the basis for both detailed structural and dynamical studies by NMR. Tra-
ditionally, this is carried out by relying on both through-space and through-
bond connectivities provided by homonuclear NOESY and HOHAHA /TOC-




SY spectral. While feasible for small proteins (< 10 kD), this approach does
not yield unambiguous assignments for larger molecules due to extensive
overlap and decreasing sensitivity of experiments relying on through bond
proton magnetization transfer.

The limitations described above can be overcome by novel 3D heteronu-
clear triple resonance experiments which exploit the relatively large one-
bond J couplings between the backbone 3C and 5N nuclei and between
the backbone protons and the 1°N and '3C nuclei to which they are directly
attached!®!7. The new experiments yield spectra almost free of overlap that
provide sufficient information to obtain complete sequential backbone res-
onance assignments in a manner completely independent of the secondary
structure of the protein under investigation. Because magnetization trans-
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NH and '®N chemical shifts with the intra-residue C* chemical shift. In
addition, a correlation between the NH and !5N spins and the C* spin of :
the preceeding residue is often observed due to the two-bond *N-13C* cou- @)
pling. In these favorable cases, a second source of sequential connectivity
information is obtained. The third experiment, HCACO provides informa-
tion relating to intra-residue connectivity by correlating the H*, C* and
C’ chemical shifts. Finally, the HCA(CO)N experiment provides sequential
connectivity information by relating the H* and C* shifts with the 13N shift
of the subsequent residue.

Analysis of a HOHAHA-HMQC3! spectra can also be extremely useful :
in the sequential assignment process. When combined with the HNCA ex- N DECOUPLE
periment, the HOHAHA-HMQC experiment firmly establishes intraresidue :,
correlations between pairs of 1°N-NH and C*-H® backbone resonances, de- d
spite significant overlap present in the 1D 15N, 13C and 'H spectra. Once .
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particular residue are subsequently linked using the HCA(CO)N and HNCO
spectra together with the HNCA spectrum in those cases where a sequential
correlation is observed.

Fig. 10 illustrates the resolution and sensitivity that can be obtained by
these methods. Several slices from five separate 3D NMR spectra recorded
for the protein calmodulin (MW 16.7 KD) are presented. Fig. 10A is a
region of the (C’,NH) slice taken from the HNCO spectrum at an '*N fre-
quency of 117.4 ppm, establishing a correlation between the NH and 1N
chemical shifts of Lys-21 and the C’ shift of Asp-20. Fig. 10B is part of
the corresponding slice of the HNCA spectrum, identifying the Lys-21 C
chemical shift. The corresponding slice from the N HOHAHA-HMQC
spectrum identifies the H* chemical shift of Lys-21 (Fig. 10C). A knowl-
edge of the H* and C* chemical shifts establishes the intra-residue C’ shift
using the HCACO spectrum shown in Fig. 10D. The ®N chemical shift of
the subsequent residue, Asp-22, is obtained from the HCA(CO)N spectrum
(Fig. 10E). Finally, a knowledge of the C’ chemical shift of Lys-21 and the
15N shift of Asp-22 enables the assignment of the HN shift of Asp-22 from
the HNCO spectrum of Fig. 10F. In this fashion all of the backbone res-
onances of Lys-21 have been assigned and the connection between Lys-21
and Asp-22 is thoroughly established. Note that the slice of Fig. 10G shows
a weak two-bond connectivity between the Asp-22 amide nitrogen and the
C% carbon of Lys-21, providing yet another confirmation of the connectivity
between Lys-21 and Asp-22.

The sequential assignment approach outlined above provides a very pow-
erful and direct method for analyzing the NMR spectra of proteins that can
be isotopically enriched with >N and '3C. The sensitivity of the new pulse
schemes presented is sufficient to permit the recording of a 3D spectrum with
a high signal to noise ratio in less than 2 days for protein concentrations in
the 1 mM range. Because the spectral regions of interest are usually rather
limited in any given dimension, data matrices are quite small, typically be-
tween 2-8 Mword, depending on the type of experiment. The approach
described, together with 4D NMR spectroscopy!®, should enable the deter-
mination of high resolution solution structures for proteins up to at least
200 amino acids in an automated fashion.

DISCUSSION OF DR. KAY’S PAPER (E.R.P. Zuiderweg)

The question was asked whether it would be desirable to go to even higher
dimensions in these experiments. Dr. Kay indicated that that depends on
the system; if lower dimensionality yields the necessary resolution, it would
be easier to pick the peaks and integrate. For systems of higher molecular
weight than 17 kDa, four-dimensional NMR may be necessary, in conjunc-
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tion with automated analysis. The problem of resolution in 4D NMR was
addressed. Dr. Kay suggested to use multiple folding of the spectra in the
different domains and to use a computed linear phase shift (180°) to be able
to distinguish between folded and non-folded resonances (see also Dr. Mar-
ion’s paper). Furthermore, it is extremely useful to use linear prediction;
in fact, Dr. Kay has been experimenting with predicting 8 complex. points
out to 16. The experience is that sometimes negative T values were cre-
ated (interferogram increases in amplitude); but that these effects were dealt
with by the apodization function and by “root reflection”. The question was
raised why it would be necessary to transform the predicted data; why is it
not sufficient to use a table of coefficients. Dr. Kay indicated that that was
a very interesting possibility. However, the approach of transforming was
chosen because it would then be possible to go back and inverse transform
another indirect dimension and repeat the linear prediction process.

Upon question, Dr. Kay indicated that it was necessary to have at least
three channels on a spectrometer which can be phase cycled independently.
More channels would give more capacities (C=0 treated independently from
the rest of the carbon spectrum), and the number of experiments would
certainly be expanded.

SUMMARY AND SOME UNDISCUSSED POINTS
(E. R. P. Zuiderweg)

The contributors to the session have addressed several aspects of 3D NMR.
It was shown that homonuclear 3D experiments can be quite powerful for
solving assignment problems in not too large proteins. The cost and avail-
ability aspect of heteronuclear 3D NMR was brought forth, but consensus
was that the applicability of these experiments is such that people, time
and money investments for the labeling are well worth it. It was indicated
that not all labeling can be easily carried out in E. coli; plasmid rejection
in minimal media as well as folding problems of proteins in these organisms
necessitate the development of labeling procedures in other organisms.
Consensus was that the novel heteronuclear techniques would in principle
enable biomacromolecules up to 25,000 kDa to be studied successfully; for
larger systems additional dimensions (with a concommitant loss of approxi-
mately a factor of two in sensitivity per dimension when transfers are 100%
effective) or additional selective labeling need to be considered to handle the
broader lines. More dimensions or higher resolution in 3D NMR, imply that
hardly any phase cycling can be done per indirect time increment combina-
tion. The feasibility of that approach is demonstrated in Dr. Boelens paper.
In order for these fast experiments to work properly, very high standards of
rf reproducibility are required from the current and future equipment, and

the unavailabilty of time for phase cycling of e.g., 180° pulses necessitates
short pulses. Clearly, many channels are needeq on the.new spe.ctrometers
and a need for faster and/or higher resolution digitizers is emerging to cope
with the large dynamic range associated with the spectra of 'lar.ge mc.>l<'ecules.
3D NMR is also useful for the study of smaller molecules; it is antfape?ted
that a significant increase in the precision of 3D structur.e determinations
can be achieved for such molecules when overlap problems in the spectra are
resolved by 3D NMR for such systems as well. No consensus was reached on
the best protocol for the NMR study of larger systems. Homonud(.ear exper-
iments as NOE-HOHAHAS®, NOE-NOE!°, heteronuclea; e}l(gerlments as
15N and 13C resolved NOESY and HOHAHA7-913,1431, }/ C-13C coherence
transfer'112, as well as the through-bond assignments'®17 are all useful.
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ABSTRACT

Computer-supported analysis of two-dimensional correlation spectra encounters a number
of obstacles which are due, in the simplest case, to insufficient digital resolution, and,
in more severe cases, to fundamental ambiguities in multiplet patterns. In this paper,
we discuss various strategies involving selective two-dimensional experiments that are
designed to circumvent these limitations and lift ambiguities.

INTRODUCTION

Computer-supported analysis of multiplets in two-dimensional correlation
spectra can yield a great deal of information about the networks of coupled
spins under investigation!=®. The strategy used in our MARCO POLO
program’ (multiplet analysis by reduction of cross peaks and ordering of
patterns in an overdetermined library organization) does not use any prior
knowledge about the type of molecule under investigation, i.e., it can be ap-
plied even if we do not know a priori whether we are dealing with a peptide,
a nucleic acid, an alkaloid, etc. This “open-mindedness” of our strategy has
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