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G-matrix Fourier transform NMR spectroscopy
for complete protein resonance assignment
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A G-matrix Fourier transform (GFT) NMR spectroscopy-based strat-
egy for resonance assignment of proteins is described. Each of the
GFT NMR experiments presented here rapidly affords four-, five-,
or six-dimensional spectral information in combination with pre-
cise measurements of chemical shifts. The resulting high informa-
tion content enables one to obtain nearly complete assignments by
using only four NMR experiments. For the backbone amide proton
detected “out-and-back’” experiments, data collection was further
accelerated up to ~2.5-fold by use of longitudinal 'H relaxation
optimization. The GFT NMR experiments were acquired for three
proteins with molecular masses ranging from 8.6 to 17 kDa,
demonstrating that the proposed strategy is of key interest for
automated resonance assignment in structural genomics.

In an era of “big science,” efforts to establish NMR-based
structural genomics (1-3) paralleled with improvements in
spectrometer sensitivity (e.g., ref. 4), fast collection of multi-
dimensional spectra has emerged as a subject of broader scien-
tific interest in structural biology and pharmacology (5-8).
Recently, we introduced G-matrix Fourier transform (GFT)
NMR spectroscopy to meet this demand (9, 10).

GFT NMR allows one to acquire multidimensional FT NMR
spectral information rapidly, thus avoiding “sampling limita-
tions” (3) without compromising on the precision of chemical-
shift measurements. Sampling limitations arise in higher-
dimensional FT NMR because measurement times increase
steeply with the number of spectral dimensions: typical 2D, 3D,
and 4D spectra can be acquired within minutes, hours, or days,
respectively, whereas recording 5D and 6D spectra would take
too long to be feasible. As a result, the signal-to-noise ratios
registered in higher-dimensional FT NMR may be exceedingly
large; that is, instrument time is “wasted” to sample indirect
dimensions. This is aggravated further when protein structures
are determined, because this requires recording of several
multidimensional spectra. Moreover, high dimensionality in FT
NMR is generally associated with low spectral resolution in the
indirect dimensions, which severely limits the precision of the
chemical shift measurements and hampers automated data
analysis (11). GFT NMR affords increased precision for shift
measurements, thus enabling both fast and precise acquisition of
high-dimensional information. This opens opportunities to es-
tablish rapid and automated protein structure determination
(11) and accurately investigate dynamic phenomena with un-
precedented time resolution.

GFT NMR s based on phase-sensitive joint sampling of several
indirect dimensions of a multidimensional FT NMR experiment
(9). Therefore, the dimensionality of an ND experiment can be
reduced to N — K by sampling of K + 1 chemical shifts in a single
“GFT dimension.” The components of the resulting chemical shift
multiplets (9) are separated into different spectra through G-matrix
transformation, resulting in 28+ — 1 (N — K)D FT NMR spectra.
These constitute an (N, N — K)D GFT experiment providing the
same information as the ND experiment. The overdetermination
associated with 25871 — 1 peaks encoding linear combinations of the
K + 1 chemical shifts warrants the increased precision of the shift
measurements (9, 10).
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Nearly complete resonance assignments are generally consid-
ered a necessity for NMR-based protein structure determination
(e.g., refs. 11 and 12). Here we describe a strategy for complete
protein resonance assignment based on GFT NMR experiments
affording accurate 4D, 5D, and 6D spectral information. Appli-
cations are presented for proteins with molecular masses ranging
from 8.6 to 17 kDa.

Materials and Methods

NMR Spectrometer and Protein Samples. All measurements were
performed at 25°C on Varian INOVA 600 and 750 MHz
spectrometers, equipped with conventional 'H/13C/N triple-
resonance probes, by using ~1 mM solutions in 95% H,O0/5%
ZH,0 [20 mM 2-(N-morpholino)-ethanesulfonic acid/100 mM
NaCl/10 mM DTT/5 mM CaCl,/0.02% NaN3, pH 6.5] of two
protein samples of the Northeast Structural Genomics Consor-
tium pipeline, i.e., the proteins encoded in Escherichia coli gene
YgdK (17 kDa; isotropic rotational correlation time measured as
described (3), Trot =~ 8.5 ns; Northeast Structural Genomics code,
“ER75”) and Pyrococcus furiosus gene PF0455 (13 kDa; Tyt ~
8 ns; “PfR13”), as well as a 2 mM solution of ubiquitin (8.6 kDa;
Trot =~ 4.5 18) in 95% H,0/5% *H,0 (50 mM K-PO,, pH 5.8).

GFT NMR Experiments. Three groups of GFT NMR experiments
were implemented as described in the following (underlined
letters indicate nuclei for which the chemical shifts are jointly
sampled in the GFT dimension).

Group I. (4,3)D C*FC*(CO)NHN/HNN(CO)C*fFC%, (5,3)D
HePC*EC*(CO)NHN, and (6,3)D H**C“FC*CONHN sequen-
tially correlate the chemical shifts of C'-C*H-CPH moieties of
residue i — 1 and the NH group of residue i.

Group II. (4,3)D HNNC*EC provides intraresidue correlations of
13Ce, 13CB, and 'HN shifts of residue i.

Group III. (5,3)D HCC-CH and (4,2)D HCCH correlate two
proton and two carbon shifts. Combinations of experiments
selected from groups I-1II allow one to obtain nearly complete
protein resonance assignments.

(N, N — K)D GFT experiments yield 2X “basic” spectra delin-
eating the linear combinations of K + 1 chemical shifts (Table 1).
The measurement of combinations involving only K, K — 1,..., 1
shifts has been named “central peak detection” (9, 13) and is
generally required to retain the full information of the parent
ND spectrum. To facilitate data analysis, experiments presented
here are designed so as to provide matching peak patterns along
the GFT dimension of basic and/or central peak spectra of
different experiments (Table 1).

Radio-Frequency Pulse Sequence Design. The radio-frequency pulse
schemes for the GFT NMR experiments are shown in Figs. 7-11,
which are published as supporting information on the PNAS
web site. Except for C*# shift evolution in HNN(CO)C*FC*/

Abbreviations: FT, Fourier transform; GFT, G-matrix FT.
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Table 1. Linear combinations of shifts and reduction of measurement time in GFT NMR experiments

Minimal Reduction in
Group* Experiment® Linear combinations of chemical shifts* measurement time, h$ measurement timeT
110 (4,3)D C*PC*(CO)NHN and Qo(13C ) = O4(13C ) 37 14
(4,3)D HNN(CO)CFC Qo(13CE,) + O4(13CE)
1.2l L-(4,3)D HNN(CO)ChC« asinl.1 1.5 14
[.3%* (5,3)D H*BC*AC (CO)NHN Qo(3C7 ) £ (3¢ 4) = Qa("H ) 12.7 75
Qo(13C24) = O4(13C8 ;) = Qu('HE ) .
1.4rt (6,3)D H*PC*FC*CONHN Qo(3C7q) = 0(B3CL4) = Qo(THE ) = Q3(13CE4) 29.0 600
Qo(13C1 ) = 0q(13CE ) = Qx(THE) = Q3(13C)
1110+ (4,3)D HNNCACx Qo(13C) = O04(13C)) 3.7 14
Qo(13CH) = Q4(13CH)
1.2/ L-(4,3)D HNNC*ECe asinll.1 1.5 14
111.188 (5,3)D HCC-CH 0p(13CQ) = 04(13C@) = O,("HD@) ““diagonal peak” 24.0 423
0o(13C@) + Q4(13CM) = Q("HM) “cross peak’” :
11279 (4,2)D HCCH asin .1 0.3 30

*The roman number indicates the group of the experiment (see text).

TNuclei for which (i) shifts are sampled in a single GFT dimension are underlined, (ii) shifts are measured in a separate indirect dimension are italicized, and (iii)
shifts are not measured are given in parentheses. The nucleus for which the shift is detected in quadrature in the GFT dimension is shown in bold type.
Longitudinal "H relaxation optimization is indicated as "'L-."”

*Linear combinations are measured in the GFT dimension of the respective basic spectra, with Qg being the chemical shift detected in quadrature. The lines of
the chemical shift multiplets are centered about this shift, and subscript /i — 1 and i indicate two neighboring amino acid residues. Linear combinations measured
in first-order central peaks are obtained by omitting the right-most shift of a given linear combination, e.g. Q,('H) for (5,3)D H*¥C*,C*(CO)NHN. Accordingly,
linear combinations measured in higher-order central peak spectra are obtained by successive omission of shifts (9).

SMinimal measurement times are calculated for the radio-frequency pulse schemes shown in Figs. 7-11, assuming that the experiments are recorded at 600-MHz
'H resonance frequency with the following acquisition parameters: 0.7-s relaxation delay between scans, one scan per free induction decay with 0.05-s
acquisition time each, and t1max(GFT) = 6.5 ms or 4.2 ms for aromatic (4,2) HCCH (l11.2). Spectral widths and maximal evolution times of other indirect dimensions
are provided in the footnotes of the individual experiments.

TThe reduction in minimal measurement time is given relative to the parent ND experiment. The value given for each experiment corresponds to the ¢ value
defined in ref. 9 and represents the ratio of the number of free induction decays of the parent experiment divided by the number of free induction decays of
the GFT experiment.

INo first-order central peak detection is required (see text). SW(GFT) = 12,000 Hz; tymax('°N) = 12 ms, SW('*N) = 2,000 Hz.

**SW(GFT) = 15,000 Hz; tymax('>N) = 12 ms, SW('>N) = 2,000 Hz.

TTSW(GFT) = 16,500 Hz; tamax('>N) = 12 ms, SW('>N) = 2,000 Hz.

**First-order central peak detection is not required (see text). Only correlations arising from one-bond scalar couplings are considered; smaller two-bond Z/yc,

scalar couplings (14) give rise to additional sequential signals as detected in I.1.

$85The chemical shifts of HNC(M-C@H®@ moieties are correlated. The carbons indicated in bold and italic type represent the same nucleus (see text). Therefore,

second-order central peak detection is not required. SW(GFT) = 25,000 Hz; tymax('3C) = 4.5 ms, SW('3C) = 9,000 Hz.

MThe chemical shifts of HNC(M-C@H®@ moieties are correlated. SW(GFT) = 11,000 Hz.

HNNC*C«, indirect chemical shift evolution periods are incor-
porated in a (semi)constant-time manner (14). Thus, line widths
registered in the GFT dimension become independent of K and
do not increase with additional shifts being sampled. This is
pivotal for obtaining increased precision for the shift measure-
ments (9). Moreover, constant time-frequency labeling avoids
additional sensitivity losses caused by transverse relaxation with

then a second time only with Q('3C®). Inspection of linear
combinations of shifts in (4,3)D C*PC*(CO)NHN (Table 1)
reveals that a direct correlation is introduced between the '3C®
and '3CP shifts, rendering spin-system identification unambigu-
ous in cases of Q(°N;)/Q('HN;) degeneracy. Moreover, central
peak information (9, 13) is obtained from Q('3C%) + Q;(13C%)
[= 2:Q("3C%)] so that recording of 3D HNN(CO)C® is not

increasing K.

Group 1. (4,3)D C*PC*(CO)NHN (K = 1), (5,3)D
HeFCFC4(CO)NHN (K = 2), and (6,3)D H**C*FC*CONHN
(K = 3) are derived from C**(CO)NHN (15) by successively
introducing 13C%, 'H*#, and 1*C’ chemical shift evolution periods
(Fig. 7). The magnetization transfer and frequency labeling is
summarized as:

IH?—Bl - 13C?—Bl - lsczq—l -

(4,3)D C**C*(CO)NHN t) (t)
(5,3)D H**C**C*(CO)NHN  (t;) t) )
(6,3)D H**C*FC*CONHN t) (t) (t)
l’jcir_l N 15Ni N IHNi
() (t3)
(t) y WM
t) (t) (t5).

A salient feature is a “double-frequency labeling” of the transfer
amplitude with Q(*3C®), first simultaneously with Q('*CP) and

Atreya and Szyperski

necessary. For the (5,3)D and (6,3)D experiments, '°C¢ steady-
state magnetization is preferably used to detect central peaks if
the basic spectra are acquired with at least two scans per
increment (9). Otherwise, central peaks can be acquired
by omitting the 'H*F shift evolution. Notably, (6,3)D
H*PC*PC*CONHN constitutes a paradigm of a GFT NMR
experiment wherein all delays required for magnetization trans-
fer are likewise used for frequency labeling; that is, the number
of shift correlations obtained from such an experiment reaches
its theoretical maximum.

(4,3)D HNN(CO)C*FC« (K = 1) is derived from out-and-back
HNN(CO)C*? (16) and provides the same shift information as
(4,3)D CFC4(CO)NHN:

IHNi — ISN,- - ]SCILI - BC;il -

13Clt::l31 - 13Cz{il - 13Ci’71 - ]SNi - lHNi [2]
(t1) (1) (t2) (t3).
Importantly, the exclusive use of amide proton polarization

allows one to implement a longitudinal 'H-relaxation-optimized
version (17) referred to as L-(4,3)D HNN(CO)C*,C« (Fig. 8).
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Group II. (4,3)D HNNC*AC« (K = 1) is derived from out-and-back
HNNC*# (18) by introducing double-frequency labeling of 13C«:

lHNi - lSNi - 13Cia - ISC;-]B N 13Cl_a - 15Ni - 1HNi
(t1) (1) (t2) (13).
[31

The advantages of such frequency labeling are as discussed
above for (4,3)D C*BCe(CO)NHN, and L-(4,3)D HNNCeBCe
was implemented (Fig. 9).

Group Ill. (5,3)D HCC_CH (K = 2) and (4,2)D HCCH (K = 2)
are derived from HCCH (14) and correlate the shifts of HOCM-
C®H® moieties. In both experiments, magnetization is trans-
ferred first from 'H® to 3CM and then to *C® (Figs. 10 and
11), and 'H®, BCM), and BC® shifts are sampled jointly. In
(4,2)D HCCH, the magnetization is subsequently transferred to
'H® and detected, whereas in (5,3)D HCC-CH, a second
frequency labeling with Q['3C®)] is introduced before signal
detection on 'H®):

(4,2)D ECH 1H(1) N 13c(1) N 13c(2) N lH(2)
(t1) (t1) (t1) (t2)

(53)D HCC-CH 'H" — BC" — 1C® — BC? — 'H?
(t) () () (%2) (t3).

[4]

The HCC module provides linear combinations of three chem-
ical shifts (Table 1), and *C() steady-state magnetization can be
used to detect first-order central peaks (9, 13). In (5,3)D
HCC-CH, the second frequency labeling with Q,['3C®)] en-
hances spectral resolution and simultaneously provides second-
order central peak information [i.e., 2D ('3C,'H) correlations].

Assignment Strategy. The assignment of polypeptide backbone
and B—CH moieties is obtained by combining one of the exper-
iments of group I with (4,3)D HNNC*fC* (group II). Three
linear combinations of shifts [Table 1; Q(!3C%) = Q('*CPF) and
Q(3CY) + Q13CY)] yield sequential connectivities. Because
directly correlated 1*C and '3CP chemical shifts are used, this
strategy represents an extension of the widely used protocol
based on C*¥(CO)NH/HNNC<F (14, 15, 18).

A group I experiment is used in conjunction with (5,3)D
HCC-CH for sequence-specific assignment of aliphatic side
chains. (5,3)D HCC-CH comprises the same peak pattern along
the GFT dimension as (5,3)D H*“FC*PC*(CO)NHN, whereas
those observed in the first-order central peak spectra of (5,3)D
HCC-CH match the pattern of (4,3)D C**C*(CO)NHN. Be-
cause aromatic protons quite generally exhibit good chemical-
shift dispersion and relatively fewer aromatic spins are present,
(4,2)D HCCH is the first choice for identification of aromatic
spin systems. Aliphatic and aromatic HCC experiments can be
recorded so that the aromatic '3C” chemical shifts, being derived
from 13C steady-state magnetization, are measured in first-order
central peak spectra. These shifts can be used to (7) link aromatic
and aliphatic spin systems and (ii) identify the type of the
aromatic residue (19). Moreover, NOESY is used whenever
aromatic rings need to be assigned for structure determination
and is an effective way to obtain through-space connectivities for
their sequence-specific assignment (12, 14).

Results and Discussion

Sequential Polypeptide Backbone and B-CH Assignment. (4,3)D
HNNC*EC« and (4,3)D C**C*(CO)NHN were acquired for 13
kDa PfR13, enabling complete assignment of "HN, N, and C*#
shifts by matching three intraresidue and sequential peak posi-
tions (Fig. 1; measurement time, 16 h each; peak detection yield,
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Fig. 1.  [w1('3C% 13C*F), w3("HN)] strips taken from (4,3)D C*fC*(CO)NHN
(labeled ""a’") and (4,3)D HNNC®*fC (labeled “’b"’) recorded for PfR13. The strips
were taken at wy("°N) (indicated at the bottom) of residues 58—-61 and are
centered about their backbone 'HN chemical shifts. Positive and negative
peaks are shown with solid and dotted contour lines, respectively. The strips
on the left are taken from spectrum B1, comprising peaks at Qo('3C%) +
041(13C%) (labeled 1, 3, 5, and 7) and Qo('3C%) + Q4('3CP) (labeled 2, 4, 6, and 8),
and those on the right are taken from spectrum B2, comprising peaks at
0o(13C%) — 04(13C¥) (labeled 1, 3, 5, and 7) and Qo('3C%) — Q4('3CAB) (labeled 2,
4, 6, and 8). These peaks have been assigned to the '3C8 shifts of Tyr-57 (1 and
2), Asn-58 (3 and 4), Ser-59 (5 and 6), and Phe-60 (7 and 8). Sequential
connectivities are indicated by dashed lines [peaks at Qo('3C?) — Q4('3C%) in B2
are at the carrier position and do not provide connectivities].

99%; completeness of C*# assignment, 100%; for spectral pa-
rameters see Table 2, which is published as supporting informa-
tion on the PNAS web site). For ER75, (4,3)D HNNC*fC«/
HNN(CO)C*EC« data acquisition was longer (measurement
time, 58 h each; peak detection yield, 93%; completeness of C*#
assignment, 99%), whereas the minimal measurement time
(Table 1) was achieved for ubiquitin (measurement time, 3.7 h
each; peak detection yield, 100%; completeness of C*# assign-
ment, 100%). A comparison with 3D HNNC*/C**(CO)NHN
illustrates how 13C* or 13CP shift degeneracies can be resolved by
using (4,3)D HNNC*EC*/C*FC*(CO)NHN (Fig. 12, which is
published as supporting information on the PNAS web site).
Three equations (Table 1) can be used to calculate the 3C* and
13CP shifts with approximately \/3 increased precision (9, 10).

For ubiquitin, (5,3)D H*“PC*C*(CO)NHN (measurement
time, 22 h each; peak detection yield, 98%; completeness of C*#
assignment, 100%) and (6,3)D H*FC*PC*CONHN (Fig. 2; 14.2 h
for basic spectra; peak detection yield, 98%; completeness of C*#
assignment, 100%) were acquired. When used together with
(4,3)D HNNC*AC®, the (6,3)D experiment can provide complete
assignment of backbone and B-CH moieties (representing,
respectively, 68%, 79%, and 70% of all 'H, ’N, and '3C spins in
a protein with average amino acid composition) based on 6D
spectral information (Fig. 2).

Longitudinal 'H-Relaxation-Optimized “L-GFT" NMR. L-optimization
(17) is based on “flip-back”™ of aliphatic proton magnetization
along the z axis and enhances longitudinal relaxation of 'HN. Fig.
13, which is published as supporting information on the PNAS
web site, shows the signal-to-noise ratio divided by the square
root of the measurement time as registered in first [w;('°N),
o2("HN)] planes of (4,3)D HNNC®AC« as a function of the
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z
/|
~ |

Bl B2 B3 B4 B5 B6 B7 BS
3
Q| = o . [0
O D -
: | O : : )
2 = h - =9
o =
; o
Lsp O
[ ) 2 s g
.| & o| 9| =
& 3 a
©lo Ty
Q| 1
2 .
L 1 ~
» 2 3
L 2| O 2
. o
Olo
- O 3 @,(**N)
3 . - — 1128.5 ppm

73 73 13 73 13 13 73 13
@,("HN) [ppm]

Fig. 2.  [w(3C 13Ceh, THeB, 13C'), w3("HN)] strips taken from the eight basic
spectra (labeled B1-B8) of (6,3)D H*AC“AC*CONHN recorded for ubiquitin. The
strips were taken at w,('°N) of lle-6 (indicated at the bottom on the right) and
comprise peaks (Table 1) at: B1, Qo(3C%) + Q1(X) + Qa2(Y) + Q3(2); B2, Qo('3C%)
+ 04(X) + Qa(Y) — Q3(2); B3, Qo("3C%) + Q1(X) — Qa(Y) + Q3(2); B4, Qo("3C) +
01(X) — Qa(Y) — Q3(2); B5, Qo('3CY) — O4(X) + Q) + Q3(2); B6, Qo('3C) —
Q1(X) + Qa(Y) — Q3(2); B7, Qo("3C%) — 01(X) — Qa(Y) + Q3(2); and B8, Qo(3C) —
Q1(X) — QaY) — Q3(2), with (X, Y, 2) = (13Ce, TH*, 13C’) (for peaks labeled 1),
(X, Y,2) = ("3CB, "HE2,13C’) (for peaks labeled *'2"), or (X, Y, 2) = (13CB, THF3,13(C’)
(for peaks labeled "3").

relaxation delay between scans. The data show that the relax-
ation enhancement allows one to use relaxation delays around
0.35 s without loss (or in favorable cases even some gain) of
intrinsic sensitivity. Hence, L-optimization can be used to in-
crease the sampling speed of out-and-back (14) GFT NMR
experiments by a factor of ~2.5; L-(4,3)D HNN(CO)C~FC?/
HNNC*BC* were recorded for ubiquitin in 1.5 h each (Fig. 14,
which is published as supporting information on the PNAS web
site, and Table 2).

Assignment of Peripheral Aliphatic Spins from CH*-CHE Shifts. (5,3)D
HCC-CH was acquired for ubiquitin (24 h; yield of peak
detection, 99%; yield of shifts assigned, 100%) and exhibits the
peak pattern of (5,3)D H*PC*FC*(CO)NHN along the GFT
dimension (Fig. 3), which facilities interactive analysis. For
automated assignment based on matching of shifts, it is of key
importance that up to four (H*® and C*F) or five (if two
nondegenerate B-protons are present) mutually correlated shifts
serve as a starting point to assign the long aliphatic side chains.
For ER75, first-order central peak spectra of (5,3)D HCC-CH
(see below) were used in conjunction with (4,3)D
CeBC*(CO)NHN.

Precision of Shift Measurements in HCC Experiments. In HCCH, the
chemical shifts of HOC(W-CAH® moieties are linked by match-
ing Q[BCO/Q['HD] with Q[3CP]/Q['H®)]. Both pairs of
shifts are “detected” on 'H® and 'H®), giving rise to cross and
diagonal peaks (14). The efficiency of this procedure depends on
the precision of shifts, which defines the “matching tolerance”
(11). GFT NMR warrants increased precision, because shifts are
obtained from an overdetermined system of equations (9). In
HCC experiments, overdetermination is increased further com-
pared with triple-resonance experiments: both “cross” and “di-
agonal” peaks are observed, and the polarization transfer is
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Fig.3. [w1("3CY 13C*8,THeR), w3('HN)] and [wq('3CY; 13CR,THeF), w3('H)] strips

taken from the basic spectra (pairs of strips labeled B1-B4) of (5,3)D
HeBCBC*(CO)NHN (strips labeled “a”) and (5,3)D HCC-CH (labeled "b"), re-
spectively, recorded for ubiquitin. [wi('3C% 3C%), w3("HN)] and [wi('3C%;
13CeP), w3("HY)] strips taken from the first-order central peak spectra (pairs of
strips labeled C1 and C2) are shown on the right. The strips were taken along
w; at the >N shift of Ser-57 and the '3Cshift of Leu-56, respectively (indicated
at the bottom of the strips). Basic spectra comprise peaks (Table 1) at: B1,
0Qo("3C%) + Q1(X) + Qa2(Y); B2, Qo(3C) + Q4(X) — Qa(Y); B3, Qo(13C) — Qq(X) +
0,(Y); and B4, Qp(13C%) — Qq(X) — Qa(Y), with (X, Y) = (3C%,"HY) (peaks labeled
1), (X, Y) = (3CB, "HP?) (peaks labeled "“2""), or (X, Y) = ('3CF, "HP3) (peaks
labeled *'3"). The first-order central peak spectra comprise peaks at: C1:
00("3CY) + O4(X); and C2: Qo("3C*) — Q4(X), with (X) = ('3C) (peaks labeled "“4"")
or (X) = ('3CP) (peaks labeled *'5").

bidirectional. The additional peaks yield additional equations to
calculate the shifts.

The mean absolute differences, AQ('H) = [Nos(1HY) —
Qdia(lHK)D and AQ(BC) — mcross(BCK) _ Qdia(l?)CK)D were
measured at w;(H¥) and w1(**C¥) of cross and diagonal peaks for
various atom types (k = «, B, 7y, yl, y2) in conventional 3D
H(C)CH/(H)CCH (14). The same differences then were calcu-
lated for (5,3)D HCC-CH, with the shifts being obtained from
a least-squares fit to the system of equations representing the
shift linear combinations (Table 1 and Fig. 4). The expected
increase in precision (9, 10) was registered; use of (5,3)D
HCC-CH leads to a reduction of AQ('H) and AQ('3C) by factors
of 2.1 = 0.3 and 3.6 = 0.7, respectively. These numbers are in
agreement with previous statistical considerations (9) and imply
that automated assignment protocols (11, 20) can be used,
respectively, with ~2- to 4-fold reduced matching tolerances.

304 &
=)
=
g 15 :
0- 13Ca 13CP BCY 1BCH BCR  IHs IR THR/6 (THY), (THY),
Fig. 4. Mean values of AQ('H) = Moss('Hx) — Qdia('Hx)Oand AQ(13C) =

[neross(13¢x) — Qdia(13Cx)(k = a, B, v, 1, y2) obtained from conventional 3D
HCCH (black bars) and (5,3)D HCC-CH (gray bars) recorded for ubiquitin (see
text; see also Fig. 5).
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Fig.5. Aliphatic(5,3)D HCC-CH recorded for ER75. (a) [w1('3C; 3C,"H), w3('H)]
strips taken from the basic spectra (labeled B1-B4; each spectrum is repre-
sented by a set of four strips). (b) [w1('3C; '3C), w3('H)] strips taken from the
corresponding first-order central peak spectra (labeled C1 and C2; each com-
prising a set of two strips) are shown below. The four strips of a given spectrum
were taken along w; at the shifts of '3Ce, 13C#, 13C?, and '3C° (indicated on top
of the strips of B4 and C2) of Pro-4. For simplicity, only one strip (corresponding
to "HE2, TH*2, and "H%?) is shown for each of the methylene protons with
nondegenerate shifts. Peaks (Table 1) are at: B1, Qo['3C@] + Qq['3C?] +
OL['H@] (diagonal peak) and Qo['3C@] + O[3 + Q,['HM] (cross peak); B2,
Qo[3CA] + O4[3C@] — Q,["H@] and Qo[3C@)] + 04[13CM] — Q,['HM]; B3,
Qo[13CA] — )[13C@] + Qp["HA] and Qo[13C@] — O4[3¢M] + Q,['HY]; B4,
Qo[3CA] — )4[3C@] — Q,["H@] and Qo[3C] + O04[13CM] — Q,['HM]; C1,
o[13CA] + O4[13C@] and Qp["3C@] + O4[3C]; and €2, Qo['3C] — O4[13¢C@)]
and Qo['3C@] — O4['3CM]. Specifically, the peaks labeled 1-10 in basic and
central peak spectra are assigned to the following linear combinations of
shifts: 1, Qo(13C%) + Q(3C%) = Qy("H®) (B1-B4) and Qo('3C%) + Q4(13C%) (C1-C2)
(in B1, the peak has a chemical shift of 102.3 ppm and is not shown); 2,
Qo(13C%) = O4("3CP) = Q,("HAZE3) (B1-B4) and Qo('3C%) + Q4('3CP) (C1-C2); 3,
Qo(13CA) = 04(13C%) = Qy("H?) (B1-B4) and Qo('3CP) = O4(3C%) (C1-C2); 4,
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Fig. 6. [w1('3C '3C,"H), w,('H)] strips taken from the basic spectra (labeled
B1-B4; each spectrum is represented by two strips) and first-order central peak
spectra (labeled C1 and C2) of aromatic (4,2)D HCCH recorded for ER75. The
strips are centered about the "H? and "H® chemical shifts of Tyr-59. The spectra
comprise peaks along w; at positions as listed for (5,3)D HCC-CH in the Fig. 5
legend. Specifically, the peaks labeled 1-8 correspond to: 1, Qo('3C% =+
(1300 = Q("HY) (B1-B4) and Qo(13C%) = O4('3C%) (C1-C2); 2, Qo('3CY) =
() = Qy(1H?) (B1-B4) and Qo(3C%) + 04(13C%) (C1-C2); 3, Qo(13CY) =
Qq(13C%) = Q,("HY) (B1-B4) and Qo(3C%) = O4(13C%)(C1-C2); and 4, Qo('3C) =
04(13C®) = Q("He) (B1-B4) and Qo(13C#) + 04(13C#) (C1-C2). In first-order central
peak spectra, dashed lines sketch how connectivities between attached CH
moieties can be established (see the Fig. 5 legend). The first-order central peak
spectra were derived from '3C steady-state magnetization and thus contain: 5,
0o(13C%) = O4(13CY); and 6, Qo(13C) = 04('3C7) (that is, peaks that are derived
from 13CY and '3C" magnetization encoding the shifts of the quaternary
carbons).

Clearly, this holds also for (4,2)D HCCH, in which the same peak
pattern are detected in the GFT dimension. Considering that 4D
HCCH information suffices to identify spin systems of medium-
sized proteins (21), the large reduction of matching tolerances
suggests that this also can be achieved for proteins up to ~20 kDa
using (5,3)D HCC-CH.

HCC GFT NMR-Based Spin-System Identification. For ER75, we
acquired aliphatic (5,3)D HCC-CH (Fig. 5; measurement time,
96 h; peak detection yield, 93%; completeness of resonance

Oo(13CR) = 0q(13CR) = Q,("HAZE3) (B1-B4) and Qo(13CP) + Q4(13CP) (C1-C2); 5,
Qo(13Ch) = 04(13CY) = Qy("HY?73) (B1-B4) and Qp('3CP) = 04("3CY) (C1-C2) (in B1,
the peak has a chemical shift of —5.8 ppm and is not shown); 6, Q('3C?) =
Oq(13C%) = Qy("H¥/83) (B1-B4) and Qo('3CY) = 04('3C%) (C1-C2); 7, Qo('3C) =
Oq(13CP) = Q,("HAZB3) (B1-B4) and Qo(13CY) = Q4(13CP) (C1-C2); 8, Qo(13CY) =
OQq(13CY) = Q("HY23) (B1-B4) and Qo('3CY) = Q4(13CY) (C1-C2); 9, Qo(13C%) =
01(13C%) = Q("H/%3) (B1-B4) and Oo('3C%) = Q4('3C% (C1-C2); and 10,
Qo(13C%) = Oq(13CY) = Q,("HY73) (B1-B4) and Qo(13CP) + 04(13CY) (C1-C2). Inthe
first-order central peak spectra, dashed lines indicate connectivities that can
be readily established. In C1, diagonal and cross peaks encode the sum of the
shifts of two coupled '3C spins. This allows one to “walk” as in conventional
HCCH. In C2, differences of shifts are encoded, and differences between peak
positions need to be matched. The peaks in C1 and C2 allow unambiguous
grouping of shift multiplets in the basic spectra B1-B4. The dashed line in C1
indicates the spectral range of the cross section shown in c. (c) Cross sections
taken along w1('3C; 13C) from the central peak spectrum shown (Left) and the
central peak spectrum recorded by using a cryogenic probe (Right), demon-
strating that comparable sensitivity is achieved in 96 and 6 h, respectively, of
measurement time (Table 1; see text).
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assignment, 95%; Table 2) and aromatic (4,2)D HCCH (Fig. 6;
measurement time, 12 h; peak detection yield, 90%; complete-
ness of resonance assignment, 90%). The spectral width of GFT
dimensions increases when additional chemical shift evolution
periods are introduced, whereas the number of peaks per
spectrum after G-matrix transformation remains invariant (9).
Consequently, spectral resolution in (5,3)D HCC-CH is signif-
icantly better than in 3D (H)CCH/H(C)CH (Fig. 15, which is
published as supporting information on the PNAS web site),
which is routinely used for large systems (e.g., ref. 22). Hence,
primarily sensitivity considerations remain to judge on feasibility
(see below). Spin-system identification in the first-order central
peak spectra can be pursued by matching peak positions and
separation of peaks (Figs. 5 and 6), whereas the use of basic
spectra requires that shifts are first calculated from the respec-
tive systems of equations (Table 1). Sampling of (5,3)D HC-
C—CH can be accelerated by 25% when central peaks in HC-type
experiments are derived from 'H magnetization (10). When
using cryogenic probes, this may become a viable option even for
larger systems: central peaks detected in 96 h from steady-state
magnetization at 750 MHz and in 6 h from 'H magnetization at
600 MHz by using a cryogenic probe exhibit quite comparable
signal-to-noise ratios (Fig. 5c¢).

Sensitivity Considerations. Because the additional Q(3C®) fre-
quency labeling in C*C« experiments is achieved during delays
required for polarization transfer (Figs. 7-9), signal attenuation
caused by transverse relaxation remains the same as in the
conventional schemes (15, 16, 18). Because of signal splitting
arising from the additional frequency labeling, sensitivity, how-
ever, is a priori reduced 2-fold in the GFT implementations.
Similarly, 4D HCCH is 2 and 2-\/2 times, respectively, more
sensitive than (4,2)D HCCH and (5,3)D HCC-CH (see ref. 9).
However, the symmetry of peak pattern in GFT NMR allows one
to identify signals closer to the noise level (9), which compen-
sates partly for the loss in sensitivity. Moreover, cryogenic probes
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exhibit 3-fold increased sensitivity (Fig. 5c¢) in routine biological
NMR applications (4). Taken together, we have demonstrated
feasibility of GFT NMR-based resonance assignment for pro-
teins in the range from 8.6 to 17 kDa when using conventional
probes, and the data acquired for 17-kDa ER75 by using a
cryogenic probe (Fig. 5¢) indicate feasibility for systems of at
least 20 kDa.

Conclusions

GFT NMR is a powerful technique for protein resonance
assignment. Four experiments forming a ‘“core” set [e.g.,
L-(4,3)D HNNC*PC*/HNN(CO)C*;PC®, aromatic (4,2)D
HCCH or (4,3)D HCCH (3), and aliphatic (5,3)D HCC-CH or
(4,3)D HCCH (3)] can be recorded within ~1 day. The associ-
ated precise shift measurements are of particular value for
automated (side-chain) assignment. For smaller systems,
[L-](4,2)D HNNC*C*/HNN(CO)C*FC« and (4,2)D HCCH for
both aliphatic and aromatic spin systems can be recorded in 40
min, and sensitive L-(4,2)D HNN(CO)C**C® (minimal mea-
surement time, 3.5 min) might be considered for 4D-type
chemical shift perturbation screening. If high-shift degeneracy is
encountered, the core set can be complemented by GFT NMR
experiments delineating "H® and/or '3C’ chemical shifts (10, 23).
Moreover, heteronuclear-resolved ['H,'H]-nuclear Overhauser
effect GFT NMR spectroscopy will allow one to also accelerate
the collection of through-space nuclear Overhauser effect con-
nectivities required for determination of 3D structures.
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