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Abstract: A protocol for high-quality structure determination based on G-matrix Fourier transform (GFT)
NMR is presented. Five through-bond chemical shift correlation experiments providing 4D and 5D spectral
information at high digital resolution are performed for resonance assignment. These are combined with a
newly implemented (4,3)D GFT NOESY experiment which encodes information of 4D 15N/'5N-, 13Calipahtic/
15N-, and 13Caliphatic/13Caliphatic_regglved [*H,*H]-NOESY in two subspectra, each containing one component
of chemical shift doublets arising from 4D — 3D projection at w1:Q(*H) £+ Q(X) [X = 5N,13Caliphatic] The
peaks located at the centers of the doublets are obtained from simultaneous 3D *SN/*3Caliphatic/
13Ccaomatic_resolved [*H,'H]-NOESY, wherein NOEs detected on aromatic protons are also obtained. The
protocol was applied for determining a high-quality structure of the 14 kDa Northeast Structural Genomics
consortium target protein, YqgfB (PDB ID 1TE7). Through-bond correlation and NOESY spectra were
acquired, respectively, in 16.9 and 39 h (30 h for shift doublets, 9 h for central peaks) on a 600 MHz
spectrometer equipped with a cryogenic probe. The rapidly collected highly resolved 4D NOESY information
allows one to assign the majority of NOEs directly from chemical shifts, which yields accurate initial structures
“within” ~2 A of the final structure. Information theoretical “QUEEN” analysis of initial distance limit constraint
networks revealed that, in contrast to structure-based protocols, such NOE assignment is not biased toward
identifying additional constraints that tend to be redundant with respect to the available constraint network.
The protocol enables rapid NMR data collection for robust high-quality structure determination of proteins
up to ~20—25 kDa in high-throughput.

Introduction Importantly, inaccuracies in the initial fold arising from
Efficient NMR-based protein structure determinatioelies incorrectly assigned NOEs may result in the mis-assignment
on measurement of nuclear Overhauser effects (NOEs), which©f @dditional NOEs. Hence, proper convergence of the NMR
yield IH—H upper distance limit constraints. The assignment structure determination depends on obtaining an appropriately
of NOEs quite generally depends on having (nearly) complete accurate initial structure; that is, it is advantageous if the bundle
resonance assignments.However, due to degeneracy of of conformers representing the initial solution structure covers
chemical shifts, the NOE assignment remains a nontrivial task @ conformational subspace which overlaps with that of the

even when complete resonance assignments are available'€fined ensemble of conformers. This requirement constitutes

Nowadays, two approaches are routinely used to solve this key challenge for reliable automated NOE assignfnand
“NOE assignment problem”. First, proteins &Fl/13C double thus also for the development of a robust and scalable platform

labeled so that NOEs can be measured in 3N- or for higr;-throughput structure determination .in structural ge-
13C-resolved JH,*H]-NOE spectroscopy (NOES¥)Dispersing nomics: Several programs have been established to automati-
NOE signals in a third dimension, which encode&@ or a cally obtain accurate initial foldsAmong those are AutoStruc-

15\ shift, typically allows one to assign for medium-sized tureé® and CYANA both of which are widely used. Conceptually,
proteins ~15-25% of the NOEs directly based on

(4) (a) Gintert, P.Prog. NMR Spectros@?003 43, 105-125. (b) Baran, M.

chemical shift data (compared to only few percent in 2D C.; Huang, Y. J.; Moseley, H. N. B.; Montelione, G. Chem. Re. 2004

19 141 ; s ; 104, 3451-3555. (c) Huang, Y. J.; Moseley, H.; Baran, M. C.; Arrowsmith,
[ H.’ Hl NOESYl 2) S.ecor?d’ arlmltlal structgre 1S palculateq C. H.; Powers, R.; Tejero, R.; Szyperski, T.; Montelione, GMethods
which is used in conjunction with the chemical shifts to assign Enzymol.2005 394, 111-141.

e . (5) (a) Montelione, G. T.; Zheng, D.; Huang, Y.; Gunsalus, C.; Szyperski, T.
additional NOEs. Several such cycles of structure calculation Nat. Struct. Biol.2000 7, 982-984. (b) Yee A. et alProc. Natl. Acad.

and NOE assignment are usually performed iteratively until a Sci. U.S.A2002 99, 1825-1830. )
(6) (a) Moseley, H. N. B.; Monleon, D.; Montelione, G. Methods Enzymol

refined structure is obtained. 2001, 339, 91-108. (b) Huang, Y. J.; Swapna, G. V.; Rajan, P. K. Ke,
H.; Xia, B.; Shukla, K.; Inouye, M.; Montelione, G. T. Mol. Biol. 2003
(1) Withrich, K.NMR of Proteins and Nucleic Acipé/iley: New York, 1986. 327, 521-536. (c) Huang, Y. J.; Powers, R.; Montelione, G.JI.Am.
(2) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, Rratein NMR Chem. Soc2005 127, 1665-1674.
SpectroscopyAcademic Press: San Diego, CA, 1996. (7) (a) Gintert, P.; Mumenthaler, C.; Wharich, K. J. Mol. Biol. 1997, 273
(3) (a) Kainosho, MNat. Struct. Biol.1997, 4, 858-861. (b) Acton, T. B. et 283-298. (b) Herrmann, T.; Gutert, P.; Withrich, K. J. Mol. Biol. 2002
al. Methods EnzymoR005 394, 210-243. 319 209-227. (c) Guntert, P.Methods Mol. Biol.2004 278 347-372.
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AutoStructure mimics the approach an expert usually takes when
solving a structure manually. The initial fold is generated based
on (i) intraresidue, sequential, and medium-range NOEs con-
sidering NOE patterns of secondary structures, and (ii) unique
long-range packing constraints. In contrast, CYANA relies on
NOE network anchoring and a combination of (ambiguous)
upper distance limit constraints. This led Montelione efah
classify the AutoStructure and CYANA approaches as being
“bottom-up” and “top-down”, respectively. Since the two

extensive signal aliasing,and the employment of the reduced-
dimensionality (RD) approaéhhave been proposéé!’ Re-
cently, G-matrix Fourier Transform (GFT) NMR?°a gener-
alization of RD NMR? has been devised to avoid data
collection in the “sampling limited data collection regimés,

in which a large fraction of the instrument time is invested for
sampling indirect dimensions and not for achieving a workable
signal-to-noise (S/N) ratio. In GFT NMR, data acquisition is
accelerated several fold by phase-sensitive joint sampling of

programs use distinctly different algorithms, their coupled two or more chemical shift evolution periods. This results in
operation aiming at a consensus NOE assignment promises td‘chemical shift multiplets” in which additionally sampled

further increase the reliability of initial structure calculatiéns.

chemical shifts are encoded in signal splittings. The G-matrix

In the early 1990s, before the more sophisticated computa-transformation enables one to edit the chemical shift multiplets

tional techniquekalluded to above were established, researchers
devised 4D heteronuclear resolveti [H]-NOESY and ex-
plored its impact for NMR structure determination of protefins.
Such 4D NOESY represents a straightforward and robust
approach to tackle the “initial fold problem”: dispersing signals

so that each shift multiplet component, and thus each type of
linear combination, is registered in a separate subspectrum.
Detection of peaks defining the centers of the splittiig&?2
represents a straightforward concd@gt to retain the full
information of the parent high-dimensional experiment. Provided

in a fourth dimension enables one to assign the majority of thatm = K + 1 chemical shift evolution periods of aiD

NOEs directly based on chemical shift data. This may yield a
highly accurate initial structure so that fast and reliable
convergence of the structure determination can be accomplished
However, 4D NOESY suffers from two major drawbacks, which
gave a competitive edge to computational methods in recent

experiment are jointly sampled in a single GFT dimension,
central peak spectra up kih ordef? (recorded by omission of

K shift evolution periods) are required. Then, a totapaf 2™

— 1 (N-K)D subspectra define aN(N-K)D GFT NMR
experiment@Alternatively, one can record the basic spe®fra

years. First, an additional heteronuclear polarization transfer twice (in which allK + 1 chemical shift evolution periods are

needs to be inserted in the radio frequency (rf) pulse scheme.

sampled), each time with a (slightly) varied scaling factor for

This leads to additional losses arising from transverse relaxationtheK projected evolution period3:153In this case, 2 subspectra

and tends to limit the use of 4D NOESY to small and medium-
sized proteins. Second, conventional sampling of three indirect
dimensions leads to long (minimal) measurement times. Typi-
cally, several days to a week are required to collect a single
data set, even when accepting comparably short maximal
evolution times (which limits the spectral resolution). This
drawback is further exacerbated if a (minimal) radio frequency
(rf) phase cycle is employed for artifact suppression.

The first drawback of 4D NOESY, that is, its low sensitivity,
has been significantly alleviated by the commercial introduction
of cryogenic NMR probe& which routinely deliver about 3-fold
higher sensitivity compared to that of conventional probBes.
Among the various optioA3 to reduce the long minimal
measurement times of heteronuclear NOESY, simultaneous
(“time-shared”) acquisition of"N- and'3C-resolved NOES¥?

(8) For the present study, an evaluation using the program CYANA was best
suited. This is because we assigned for YqgfB all intraresidue, sequential,
and medium-range NOEs by predicting NOESY peak lists from chemical
shift data and considering information on secondary structure elements (see
Materials and Methods). Hence, a top-down algorithm appeared to be the
natural choice to complement our chemical shift-based assignment protocol.

(9) (a) Kay, L. E.; Clore, G. M.; Bax. A.; Gronenborn, A. Nsciencel99Q
249 411-414. (b) Clore, G. M.; Kay, L. E.; Bax, A.; Gronenborn, A.M
Biochemistry1991, 30, 12—18. (c) Fairbrother, W. J.; Palmer, A. G.; Rance,
M.; Reizer, J.; Saier, M. H.; Wright, P. Biochemistryl992 31, 4413~
4425, (d) Grzesiek, S.; Dobeli, H.; Gentz, R.; Garotta, G.; Labhardt, A.
M.; Bax, A. Biochemistryl992 31, 8180-8190. (e) Archer, S. J.; Vionson,

V. K.; Pollard, T. D.; Torchia, D. ABiochemistryl993 32, 6680-6687.
(f) Vuister, G. W.; Clore, G. M.; Gronenborn, A. M.; Powers, R.; Garrett,
D. S.; Tschudin, R.; Bax, AJ. Magn. Reson1993 B101, 210-213.

(10) Styles, P.; Soffe, N. F.; Scott, C. A.; Cragg, D. A.; White, D. J.; White, P.
C. J. Magn. Reson1984 60, 397—404.

(11) Monleon, D.; Colson, K.; Moseley, H. N. B.; Anklin, C.; Oswald, R.;
Szyperski, T.; Montelione, G. T. Struct. Funct. Genomic002 2, 93—
101.

(12) Atreya, H. S.; Szyperski, TMethods EnzymoR005 394, 78—108.

(13) (a) Farmer, B. T.; Mueller, L1. Biomol. NMRL994 4, 673-687. (b) Pascal,
S. M.; Muhandiram, D. R.; Yamazaki, T.; Forman-Kay, J. D.; Kay, L. E.
J. Magn. Resanl994 103 197—-201. (c) Jerala, R.; Rule, G. $. Magn.
Reson1995 B108 294-298. (d) Uhrin, D.; Bramham, J.; Winder, S. J,;
Barlow, P. N.J. Biomol. NMR200Q 18, 253-259. (e) Xia, Y.; Yee, A,;
Arrowsmith, C. H.; Gao, XJ. Biomol. NMR2003 27, 193—-203.
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represent theN,N-K)D GFT NMR experiment! Furthermore,
since chemical shifts are encoded in a redundant manner in the
multiplets, multidimensional NMR spectral information can be
obtained with increased precisiéh?°

Here, we describe a through-bond GFT NMR-based reso-
nance assignment protoédt®used in conjunction with a newly
implemented NOESY experiment combining simultanédasd
GFT920 NMR data acquisition. The experiment is named
“GFT (4,3)D [HCM/HN]-NOESY-[CH/NH]", where the un-
derlined letters denote nuclei for which the shifts are jointly
sampled. The NOESY experiment encodes in two subspectra,

(14) Morshauser, R. C.; Zuiderweg, E. R.J?Magn. Resonl999 139 232-

(15) (a) Szyperski, T.; Wider, G.; Bushweller, J. H.;'Wiich, K.J. Am. Chem.
S0c.1993 115 9307-9308. (b) Szyperski, T.; Pellecchia, M.; \tfuich,

K. J. Magn. Reson1994 B105 188-191. (c) Brutscher, B.; Simorre, J.
P.; Caffrey, M. S.; Marion, DJ. Magn. Reson1994 B105 77—-82.
(d) Szyperski, T.; Braun, D.; Fetndez, C.; Bartels, C.; Whirich, K. J.
Magn. Reson.1995 B10§ 197-203. (e) Szyperski, T.; Braun, D.;
Fernandez, C.; Wthrich, K. J. Am. Chem. Sod.996 118 8146-8147.
(f) Szyperski, T.; Banecki, B.; Braun, D.; Glaser, R. W.Biomol. NMR
1998 11, 387-405. (g) Szyperski, T.; Yeh, D. C.; Sukumaran, D. K.;
Moseley, H. N. B.; Montelione, G. TProc. Natl. Acad. Sci. U.S.£2002
99, 8009-8014.

(16) (a) Brutscher, B.; Morelle, N.; Cordier, F.; Marion, D. Magn. Reson.
1995 B109 397-404. (b) Kupce, E.; Freeman, B. Magn. Resor2004
172 330-333.

(17) Notably, rapid sampling techniques based on shortening of the relaxation
delay between scans, such as longitudinal relaxation optimiztiSare
not well-suited for NOESY; it is desirable to keejd steady-state
magnetization close to its thermal equilibrium value in order to avoid an
extensive modulation of NOE b¥y(*H) relaxation.

(18) Pervushin, K.; Vogeli, B.; Eletsky, A. Am. Chem. So2002 124, 12898~
12902.

(19) Atreya, H. S.; Szyperski, Proc. Natl. Acad. Sci. U.S.2004 101, 9642
9647

(20) (a) Kim, S.; Szyperski, TJ. Am. Chem. So003 125 1385-1393.
(b) Kim, S.; Szyperski, TJ. Biomol. NMR2004 28, 117—130.

(21) For example, the projected chemical shift evolution periods can be scaled
once withk = 1.0 and once witk = 0.9. The latter results in a compression
of the chemical shift multiplets by 10% in the second data set and enables
one to unambiguously identify all components belonging to the same
chemical shift multiplet by comparison of the two data sets (see Figure 5
in ref 12).
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the information of 4D*N/5N-, 13Calipahtig1SN. = gng3Caliphatiy NOE —
Lscaliphaticresolved fH,'H]-NOESY. Each of the subspectra
contains one component of a chemical shift doublet manifested P
along the GFT dimension at:Q(H) £ Q(X) [X = L H

15N, 13Caliphatiq - A third subspectrum, containing peaks located
at the centers of the shift doublets @t:Q2(*H), encodes the
information of 3D'5N- and3Calirhaticresolved fH,'H]-NOESY.
Preferably, central peaks are recorded in simultaneous 3D Fal
15N/13Caliphatig13caromaticresolved fH,'H]-NOESY (named here 1H
for brevity 3D [H]-NOESY-[CHI/CH2YNH]); this allows one
to detect NOEs on aromatic protons along with the desired
central peaks.

The impact of the simultaneous GFT NOESY data collection -
strategy has been explored here in detail since it is a priori not
straightforward to identify sampling-limitée? NOESY data +.™H ;
acquisition. Longer measurement times and the resulting
increased S/N ratios lead to detection of additional NOEs
corresponding to longetH—H distances. This may have
significant impact on the precision of the final NMR structure,
and the sole analysis of S/N ratio distributions (for example, of

; ; ; ; § A Figure 1. NOEs and chemical shifts are indicated which are measured in
intraresidue and sequential NOES) is not sufficient. Hence, one (4.3)D [HCHHN].NOESY-[CHA/NH], provided that central peaks are

has to assess for (4,3)D NOESY (i) the relative S‘:'jnSitiV_i.ty of getected in 3D [H]-NOESY-[CH/CH¥INH]. The proton from which the
chemical shift doublet versus central peak detection, (ii) the NOE originates and the proton on which the signal is detected are shown,
increase in the fraction of central peak NOEs that can be respectively, in dashed and bold circles. For the heteronuclei (depicted in

. . . . - black), which are attached to the detected proton, the chemical shift
asag_ned o_hrectly b_ased on cher_mcal_ shift data wh_c_en_ hgvmg the, " o cured in both (4.3)D_[HOHN]-NOESY-[CHI/NH] and 3D
additional information encoded in shift doublets, (iii) its impact  [H}-NOESY-[CHa/CHeNH]. The heteronuclei attached to the originating
on precision and accuracy ofitial NMR structures obtained  proton are shown in gray. The boxes aroufid and 13Caliphatc indicate

n chemical shift t nl iv) its val relativ that these shifts are measured in shift doublet subspectra of (4,3)D

based o . chemica .S data only, ( ) s value relative to [HCa/HN]-NOESY-[CHI/NH] (see text), thereby providing 4D NOESY
computational techniques for generatingial structures from ==

- ) information. For clarity, transposed NOEs are not indicated.
central peaks detected in 3D NOESY without reference to an

'”'téa' St.rucugii ggd (I‘I’) the ”“m?er Stf f"‘dd't'orl‘la"ﬁ. reZO'Nvﬁ(gz Implementation of GFT (4,3)D [HC/HN]-NOESY-[CH #/NH].
and assigne S allowing one to obtain a well-reline The chemical shift measurements and NOE transfers taking place in

structure. T_hese criteria are central for egtgblishing the role of gy uitaneous GFT (4,3)D [HEHN]-NOESY-[CHY/NH] are shown
(4,3)D [HCHN]-NOESY-[CH/NH] for efficient NOE-based i Figure 1. Chemical shift doublets are registered in the GFT dimension
structure determination. atwQ(H) £ k- Q(X) [X = 15N 13CaiPhaiq, wherex represents a factor
NMR experiments were performed on a 600 MHz spectrom- for scaling the projected chemical shift evolutiSaProton polarization
eter equipped with a cryogenic prdbéor the 103-residue target  is transferred to the attached heteronucleus, frequency labeled with
protein YqfB of the Northeast Structural Genomics consortium €2(X), transferred back to the proton and frequency labeled with
(NESG; http://iwww.nesg.org; NESG ID: ET99). Protein YqgB Q(*H). The latter shift is detected in quadratédrdence, withk = 0.5,
expresse® for the NMR study contained a 22-residue one has that G-matrix transformation yields two subspect_ra with peaks
N-terminal tag to facilitate purification resulting in a molecular '0¢ated €ither aR(’H) + 0.5Q(X) or at Q(*H)-0.5(X) [i.e., the
weight of 14.5 kDa (15.3 kDa witBSN/AC double labeling). peak separation matché&¥(X)]. After NOE mixing, the polarization

T h | ive f di . dis transferred to the second heteronucleus for frequency labeling and
0 ensure that results are representative for medium-sizedig o transferred back to the attached proton for signal detection. As

proteins, NMR experiments were conductedhwd 1 mM a result, polarization transfers and chemical shift measurements of
protein solution at an ambient temperature of°25 4D 15N/1SN-, 13Calipahtigisy.  gng  13Caliphatigi3Caliphatic regolyed

[*H,*H]-NOESY occur simultaneously. For detection of central peaks
located atw1:Q(*H), frequency labeling on the first heteronucleus is
NMR Sample Characterization. Uniformly (U)-'3C,*>N-labeled not required, and hence, the additional simultaneous heteronuclear
YqfB was produced as described previodslgnd provided by Drs. polarization transfer is omitted (see below). It is advantageous to detect
Arrowsmith and Yee, University of Toronto. The protein contained a central peaks in conjunction with NOEs on aromatic protons. In this
22-residue N-terminal tag with sequence MGTSH6SSGRENLYFQGH experiment, the polarization transfers of 3BN-, 13Calhaic  and
in order to facilitate purification. Thus, the polypeptide expressed for 3Caomaicresolved fH,'H]-NOESY occur simultaneously. For unifor-
NMR structural studies had a molecular weight of 15.3 and 14.5 kDa, mity of nomenclature, we name this experiment as “3D [H]-NOESY-

\
'
\
y ‘
L
4 i'
¢ b ‘
~ P -
Lo
-
g =
y ‘
N e
Ge/

[
]

plus ‘transposed’ transfers

Materials and Methods

respectively, with and withodfC/*5N double labeling. USCN YqfB [CHa/CH>9YNH]”, wherein chemical shifts are measured for nuclei
was concentrated to a1 mM solution in 90% HO/10% 2H,0 indicated in brackets.
(25 mM Na phosphate, pH 6.5, 400 mM NaCl, 1 mM DTT, 20 mM The radio frequency (rf) pulse scheme for the detection of shift

ZnCl,, 0.01% NaN). The approximate isotropic overall rotational doublets (Figure 2a) was derived from simultaneous3Qt3Caiphatic.
correlation timeg,, of the protein was determined (attd resonance resolved fH,*H]-NOESY*¢ by inserting an additional simultaneous
frequency of 600 MHz) front>N T./Ti, nuclear spin relaxation time  [*H,2*CJ/[*H,?*N]-HSQC modulé before NOE mixing. To minimize
ratios as described previousfi.ln agreement with a molecular weight  signal losses arising froffu(*H) relaxation,'H chemical shift evolution
of 15.5 kDa for UCN YqfB, 7+ ~ 7.7 ns was obtained. This is implemented in a semiconstant time madnduring the reverse
demonstrates that the protein is monomeric in solution. INEPT? To maximize intensity oftHaliPhatic_1ijaliphatic NOESs, INEPT

J. AM. CHEM. SOC. = VOL. 127, NO. 25, 2005 9087
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(a) NOE chemical shift doublets
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(b) NOE central peaks and NOEs detected on aromatic protons
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Figure 2. Radio frequency pulse schemes employed for acquisition of NOESY data. (a) Detection of shift doublets in (4,3)BNHRSOESY-[CH!/NH] and

(b) 3D [H]-NOESY-[CH!/CHaYNH]. Both schemes are derived from simultaneous!3\D13Calirhaticresolved fH,'H]-NOESY 3¢ Rectangular 90 and 18@ulses are
indicated by thin and thick vertical bars, respectively, and phases are indicated above the pulses. Where no rf phase is marked, the pulserig apdiigtpower

90° pulse lengths are: 94s forH, 17.0us for 13C, and 4Qus for >N. WURST? is used for decoupling dfC during acquisition. WALTZ16is employed to decouple
15N (rf = 1.70 kHz) during acquisitiort3C decoupling during indireéH chemical shift evolution is achieved using a {96180°,—90°,) composite pulsé SEDUCE

is used for decoupling ofC, duringt,(*H/*3C/**N) andt,(*3C/*5N) (rf field strength= 1 kHz). The duration ofH spin-lock purge pulses applied immediately after
acquisition to improve suppression of the water ifiare: S, 4.9 ms; Sk 2.6 ms. The'H rf and N carrier positions are set to 4.78 and 118 ppm, respectively.
For t,(*3C/'5N), sampling starts at 1/(3W(3C/*>N)) to ensure 180first-order phase correctichParameters specific for the individual rf pulse schemes: For (a) the
scaling factor was set to = 0.5 (see text), and thEC carrier position is set to 36 ppriH—3C INEPT rely on (90,—180°,—90°,) composite pulse3and the
1H—13C INEPT delays are set to 3.9 ms (corresponding t8caiphaic ~ 130 Hz).'H frequency labeling (at & resonance frequency of 600 MHz) is achieved in
a semiconstant time fashidwith t;2 (0) = 1.9 ms,t;° (0) = 1.0 us, t;° (0) = 2.5 ms,At;2 = 40 us, At® = 35 us, At;© = —15 us. Hence, the fractional increase of
the semiconstant time period withequalsi = 1 + At;%/At;2 = 0.63. The duration and strengths of the rectangular puideald gradients (PFGs) areG; (3 ms,

8 G/cm); G; (0.5 ms, 6 G/cm)Gs (4 ms, 30 G/cm);G, (3 ms,—20 G/cm); Gs (0.5 ms, 8 G/cm)Gs (3.0 ms, 4 G/cm)G7 (1.0 ms, 8 G/cm). The delays are:
71 = 2.0 ms,t2 = 0.4 ms,73 = 2.4 ms. The mixing time was set tg, = 70 ms. Phase cyclingp: = X, —X; ¢2 = X; ¢3 = 2(X), 2(—X); pa(receiver)= x, —x, —X, X.
Quadrature detection ia(*H/13C/*5N) andt,(13C/*5N) is accomplished by altering the phaggesndes, respectively, according to States-TPRFT NMR phase cycle

for recording the two basic spectrai = X, y. For (b): simultaneous inversion §iCaiphatic gnd 13Caromatic spins duringtH—13C INEPT? is achieved using adiabatic
180° 13C rf pulses of 1.0 ms duratichand the INEPT delay is tuned to a compromise value ofJ3/2= 3.4 ms (corresponding tflcnaiiphatic < Jcn = 150 Hz <
cHaromatid to allow simultaneous detection of NOEs on aliphatic and aromatic protonst3Chearrier position is initially set to 70 ppm and shifted to 36 ppm at the
time point indicated by the first arrow and shifted back to 70 ppm at the time point indicated by the second arrow. Bloch simulations show that Hem$itbatgf

for the aromatic signals that arise from off-resonance effects of the two rectang@lpu@s applied at &C carrier position of 36 ppm is less than30% at
600 MHz 'H resonance frequency. [At higher field strengths, it is advantageous to minimize off-resonance effects by pldéDgadneer between aliphatic and
aromatic resonances (a70 ppm) and employing time proportional phase incrementatfémo shift the3C carrier position to 36 ppm. At 900 MHz, for example,
sensitivity losses at the edges of tH€ spectral range, that is, for methyl groups and downfield aromatic resonances, are then limig&@4b The spectral widths
alongw; are: w,(1N) = 1680 Hz,w,(13Caliphatic 13Caromatig = 4300 Hz. This ensures that NOEs detected on aromatic protons are aliased zfg@girhatic 13Caromatiq

and, provided that a 18(irst-order phase correction is applied, have opposite sign than NOEs detected on amide protons to facilitate assignment. Moreover, mutual
cancellation of these two types of NOEs is avoided. The duration and strengths of the rectangulaz-peldegtadients (PFGs) areG; (3 ms, 6 G/cm)G; (3 ms,

4 G/cm); Gz (1 ms, 8 G/cm);G,4 (0.5 ms, 8 G/cm)Gs (4 ms, 30 G/cm)Gs (3 ms,—20 G/cm);G; (0.5 ms, 6 G/cm). The delays are; = 1.2 ms,7; = 0.2 ms,

73 = 2.4 ms. The mixing time was set tg, = 70 ms. Phase cyclingp: = 2(X), 2(—X); ¢2 = X, —X; ¢3 = X; ¢a(receiver)= x, —x, —X, x. Quadrature detection ta(*H)
andty(*3C/*5N) is accomplished by altering the phasgsand ¢,, respectively, according to States-TPPI.
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Table 1. Through-Bond GFT NMR Experiments for Resonance Assignment of Protein YqfB

Linear combinations meg/gzir,:;len ¢
Experiment Polarization transfer pathway” of chemical shifts time (hrs)®

observed along GFT non-GFT

(4,3)D HNNC#C®*  "HN;>*N>"C% > °CPy *Co ™ NP HN; Q(C%0)2("°C %) 25 38
@ @ @ @ Q°C)=(PCh)

(4,3)D THO, G, P00, > C > N THN Q(°C)=0(°C%) 25 38
C*C*CO)NHN ) (t) (t) (&) Q(*C%)=0("°Chy)
(5,2)D THe,>3C +3C 15N > THN, Q(°*N)+Q("°C'\.1) 0.45° 102
HACACONHN () () (B () (B +Q(C%1)£Q("H%)
(4,3)D HCCH THO»1Bc(, 130 5 1@ Q(Pc)x0('HM) 1.9/0.63° 31/2.2
aliphatic/aromatic (t) (k) () (t) Q("*c®+0(*H?)

aThei—1 andi indicate two neighboring amino acid residues along the polypeptide dhaig;andts; denote the evolution periods used for frequency
labeling of the respective spindThe minimal measurement times for GFT and parent (non-GFT) experiments were calculated by choosing the acquisition
parameters of Table 2 and assuming that a single scan per free induction decay (FID) is recorded. Spectraf@i®60 Hz;13C* 9000 Hz;13Caliphatic
9000 Hz;13Caromatic 4500 Hz;1Haromatic 1500 Hz;lHaliphatic 6000 Hz;H* 1800 Hz;15N 1600 Hz;3C' 1400 Hz. Delay between start of FID acquisitions
(recycle delays) 0.55 s for (4,3)D HNNEC®and (4,3)D @CCO)NHN; 0.95 s for (5,2)D HACACONHN, 0.39 s for (4,3)D HCCH (aliphatic), and 0.47
s for (4,3)D HCCH (aromatic). For experiments encodiqig- 1 shifts in the GFT dimension, the spectral width along this dimensiahi?°2 =Kj—o SW.
The measurement times given include the time required for recording both basic and central peak spectra. Note that the third-order centralipeak spect
of (5,2)D HACACONHN is equivalent to 2D'N,'H] HSQC. ¢ Assuming that central peak spectra are acquired by successive omission of indirect evolution
periods.

delays are tuned to B naiphaic Moreover,*3C and**N chemical shift Table 2. Acquisition Parameters of NMR Experiments

. . . . . . . Indirect dimension:

evolution in the GFT dimension is scatéttown withx = 0.5, limiting Experiment tna (Ms); Complex points; Measurement
t1maf3C/AN) to ~8 ms. This reduces the sensitivity | ising f P e (19), ZOMPISX PO, time (hrs)
1,ma - y 10Ss arising from Digital Resolution (Hz/PY°

both transversd,(*3C/**N) relaxation and passive aliphatic one-bond on(°C* °CP): 6.4: 78: 23

13C—1C scalar couplings+35 Hz). Likewise, starting from the scheme ~ (43)D HNNCC® oo(°N). 156, 26,25 50

of 3D 1N, 13CaiPhaicresolved fH,'H]-NOESY !3¢3D [H]-NOESY-[CH!/ on(°CE: G, 6.4: 78; 23

CH9INH] was implemented for acquisition of central peaks and NOEs ~ (4,3)D C**C*(CO)NHN s L 5.0

wo("*N): 15.6; 26; 25
(5,2)D HACACONHN o("N;BC®C, 'HY): 6.3; 48; 14 15°
o,("C;'H): 6.3; 95; 29

detected on aromatic protons. For completeness, the rf pulse scheme
is shown in Figure 2b.

NMR Data Acquisition and Processing.NMR spectra for reso- (4,3)D HCCH (aliphatic) (°Cy: 3.6: 16 70 4.0°
nance assignment (Table 1) and structure determination (Tables 1, 2) @2 13C‘;H" ; o',25< 2
of YgfB were recorded at 25C on a Varian INOVA 600 MHz (4,3)D HCCH (aromatic) o "CiH): 40,25, 1.4°

w("C): 3.8: 16; 62

("H): 16; 128; 15

wy("°C): 6.4; 28; 67 9.1
wy("®N): 17; 28; 25

("H): 16; 200; 24.4

Shift doublets of u)1(130/'5N): 8:200: 24.4

(4,3)D [HC*"/HN]-NOESY- 30/60°

[CH® NH] (‘data sets I/II’) (C): 6.4; 28: 67
(°N): 16.5; 28; 25

spectrometer equipped with a cryogeiit{ 13C,}>N} triple resonance
probe and processed using the program PR&3Ae cryogenic probe 3D [H]-NOESY-
used for the present study delivers a signal-to-noise ratio of 4500:1 for [CH/ CH*/NH]
the standard ethylbenzene sample (which is about 4-fold larger than
what is measured for our conventiorttl{ 13C,**N} probe). A detailed
comparison pursued for 17 kDa NESG target protein YgdK dissolved
in a 90% HO/10% 2H,0 buffer (pH 6.5) containing 100 mM NacCl
revealed that our cryogenic probe increases (on average) sensitivity by
a factor of~3 for double/triple resonance experiments and NOESY.
Due to higher salt content (400 mM NacCl), the gain in sensitivity for 2 Direct dimension:ws(*H) 64; 512; 8. All spectra were recorded with
the YqfB measurements was decreased to a facterdfHence, the  two scans per FID unless indicated differently in a separate footnote. For
NMR measurement times reported in this study (Table 2) would have recycle delays, see footnote b of Table’Includes 5 min to record a 2D
been about 4 times longer if conducted with a conventional probe. [152211':1];""’15”(3%Sﬁnaﬁéségggd-g:?zﬁgcgqgg: ge(f:'gfr:%grtéug V:’f?i(f\'l\‘vi)th our
GFT NMR_data for resonance assignment were acquired in 16.9 oo g per FID¢ Incgludes 12pmin to record :EZD constant (tqirﬁéq}H]
(Table 2), while NOESY data were recorded with a total measurement 4SQQ with tna(23C) = 28 ms.d Includes 10 min to record a 2D constant
time of 39 h; (4,3)D [H@/HN]-NOESY-[CH/NH] shift doublets were time [3C,!H] HSQC with tma(*3C) = 18 ms with four scans per FID.
acquired in 30 h (hereafter referred to as “data set I") using the pulse ®Data sets | and Il were recorded with two and four scans per FID,
scheme of Figure 2a, and central peaks were obtained from 3D respectively. Hence, the minimal measurement time is 15 h.
[H]-NOESY-[CHa/CHYNH] (Figure 2b) acquired in 9.1 h (Table 2).
For comparison, a second data set (“data set II') comprising the shift peak dispersion (and thus spectral resolution) increases when compared
doublets was acquired with twice the measurement time (60 h; with that of conventional congenérsf the same dimensionalify.
Table 2). Hence, the analysis of GFT NMR subspectra is quite generally less
Analysis of Through-Bond GFT NMR Correlation Spectra for challenging than the analysis of the conventional congeners. In the
Resonance Assignmenis a salient feature, GFT NMR affords linear  present study, the program XEA%¥was used for data analysis.
combinations of shifts encoded in chemical shift multiplets (Table 1), Importantly, XEASY can handle linear combinations of shifts by
and G-matrix transformation warrants editing of the multiplet compo- expanding chemical shift lists accordingly. This option was originally
nents into different subspectt®?® Hence, the number of peaks per introduced for analysis of RD NMR spectt&®and allows one to assign
subspectrum does not increase when increasing the number of jointlylinear combinations of shifts to peak positions. The chemical shifts
sampled indirect chemical shift evolution periods. Concomitantly, the are readily obtained from peak positions encoding the linear combina-

(22) Gintert, P.; Dasch, V.; Wider, G.; Wthrich, K. J. Biomol. NMR1992, 2, (23) Bartels, C.; Xia, T. H.; Billeter, M.; Gutert, P.; Wthrich, K. J. Biomol.
619-629. NMR 1995 6, 1—-10.

J. AM. CHEM. SOC. = VOL. 127, NO. 25, 2005 9089



ARTICLES Shen et al.

tions by use of a simple linear least-square&®fivisual inspection of GLOMSA modules of DYANA’2 The Ramachandran map statistics
matching linear combinations of shifts, either within one spectrum or of NMR structures were evaluated using the program PROCHECK.
between several spectra, was accomplished for conventional spectra Automated NOE Assignment and Structure Calculation with
by use of XEASY. Peak picking was achieved by (i) generating peak CYANA. Calculations with the program CYANA were performed
lists from averaged shifts taken from the BioMagResBank or from shifts for automated NOE assignment and structure calculation using the
that were obtained at an earlier stage of the resonance assignmenstandard protocol with seven cycles. Matching tolerances for chemical
protocol, and (ii) manual adjustment of these lists. shifts were set to 0.02 ppm f&(*H) and to 0.2 ppm fo2(*3C) and
Analysis of NOESY Data. NOESY spectra were analyzed using Q(**N). CYANA structure calculations were started with 100 random
the program XEASY 3D [H]-NOESY-[CH'/CH¥YNH] comprises conformers and 30 000 annealing steps. The 20 conformers with lowest
the central peaks of (4,3)D [HHN]-NOESY-[CH/NH] (Figure 1) target function value were selected for the next cycle of NOE
and was analyzed as described in the following. First, on the basis of assignment. In routine applications, automatically obtained NOE peak
backbone anéfC? chemical shifts, the location of the regular secondary assignments are confirmed by visual inspection of spectra. To assess
structure elements of YqfB was identifiét2s Subsequently, an initial ~ the impact of network anchorifgin a first cycle of a CYANA
3D NOESY peak list was generated that contained the expected calculation, the entire 3D NOESY reference peak lists were provided
intraresidue, sequential, and medium-range NOE peak positions. Afteras input and combined wittH—'H upper distance limit constraints
manual adjustment of peak positions and identification of other, derived from intraresidue, sequential, and medium-range NOEs (which
primarily long-range NOE peaks, all peaks were integrated. To confirm were assigned as described in the paragraph above) and chemical shift
assignments of overlapped peaks, line shapes were compared visuallyderived® dihedral angle constraints. In addition, two CYANA calcula-
The final 3D [H]-NOESY-[CH'/CHaYNH] peak list, which yielded a tions (referred to as 1 and 2 below) were performed to assess the impact
high-quality structure of protein Yqf8 (PDB ID 1TE7; see Results  of NOEs which could be assigned in (4,3)D [FIEIN]-NOESY-[CH/
section), was used as a reference peak list to evaluate the impact ofNH] using chemical shift data only. In these calculations, a peak
(4,3)D [HCY/HN]-NOESY-[CH/NH]. First, it was determined how list containing only the remaining unassigned long-range NOEs
many peaks in 3D NOESY can be assigned based on chemical shiftwas provided as input. Specifically, calculations 1 and 2 were
data only [matching tolerances: 0.02 ppm f@(*H); 0.2 ppm for performed with the following input: (i) list of unassigned peaks of 3D
Q(*N) andQ(*3C)], that is, without reference to an (initial) structure.  [H]-NOESY-[CH¥/CH¥YNH] reference peak list, (i) TALOS dihedral
Second, the spectra comprising the doublets were analyzed as describe@ngle constraint list which yielded the reference structure of YqfB
in the following. (i) The two subspectra containing the shift doublets (1TE7; see Results section), (iii) distance limit constraints representing

were assigned in a bottom-up mariferstarting from the 3D intraresidue, sequential, and medium-range NOEs (see above), and
[H]-NOESY-[CHa/CHa9YNH] peak list; for each peak in the 3D  (iv) distance constraints representing long-range NOEs that were
NOESY representing a central peak of (4,3)D f4EN]-NOESY- assigned in the 3D [H]-NOESY-[CHCH¥9NH] reference peak list

[CHaNH], the corresponding shift doublet was identified, and the based on chemical shifts and (1) the shift doublets registered in the

additionally encoded heteronuclear chemical shift was measured. It was(4,3)D [HC'/HN]-NOESY-[CH/NH] subspectra of data set | (recorded

then determined which peaks in 3D NOESY can be assigned unam-in 30 h), or (2) the shift doublet subspectra of data set Il (recorded in

biguously when having the additional, fourth chemical shift (with the 60 h).

matching tolerances indicated above). (ii) The subspectra containing Evaluation of NOE Information Content with the Program

the shift doublets were examined in order to identify new NOEs which QUEEN. The program QUEER affords quantitative evaluation of

could not be resolved and/or assigned in 3D [H]-NOESY-{Z&H>Y sets of NOEs using criteria originally developed for information theory.

NH], even with reference to a high-quality NMR structure. (iii) The We have used this program to analyze the information contdonngf

SIN ratios of a large number of peaks were measured in order to assessange NOEs assigned in (4,3)D [HHN]-NOESY-[CH'/NH] ac-

the relative sensitivity of shift doublet compared to central peak quired with 3D [H]-NOESY-[CH/CH*9NH] for central peak detec-

detection. (iv) It was determined which fraction of the NOEs detected tion. For each constraint network, the total information contkai,

and assigned in 3D NOESY was likewise observed in the subspectra(see eq 8 in ref 28), and for each individual constraint within a given

containing the shift doublets. This yielded a shift doublet detection yield network, the unique informatiom,n (eq 10 in ref 28), and the average

relative to the (more sensitive) central peak detection. information, l.ve (eq 11 in ref 28), were calculated. The long-range
NMR Structure Calculations. Cross-peak volumes measured in 3D Upper distance constraint networks derived from the following

[H]-NOESY-[CH¥/CHaINH] were converted into'H—H upper NOE peak lists were subject to such an analysis: (1) 3D [H]-NOESY-

distance limit constraints by using the program DYAR#Cross-peaks ~ [CH*/CH*YNH] reference peak list, (2) list comprising peaks assigned

overlapping in 3D [H]-NOESY-[CH/CHaYNH], but resolved in the i 3D [H]-NOESY-[CH'/CH*?/NH] based on shift data only, (3) list

shift doublet spectra of (4,3)D [H{IHN]-NOESY-[CHe/NH], were comprising peaks assigned in 3D [H]-NOESY-[€HCHINH] based

interpreted conservatively and used to derig A distance limit ~ ©n shift data only but with reference to 4D information encoded in
constraints. Residues of regular secondary structure elements wereshift doublet data set I, and (4) same as (3) but with shift doublet data
initially identified by use of the chemical shift index meth#dynd for set Il.

polypeptide segments with three or more such identified consecutive Resul d Di .
residuesg andy backbone dihedral angle constraints were derived esults and Discussion

from the chemical shifts by use ofthe_program TAL&SIo hydrogen Efficient analysis of NOESY spectra requires resonance
bond constraints were used. The final round of DYANA structure assignmenté.lnspection of the 2D1FN,1H] HSQC spectrum

calculations employing torsion angle dynamics was started with 100 %Figure 3) reveals that protein YgfB exhibits an overall good

random conformers and 30 000 annealing steps, and the 20 structuregg, *1 . e . .
with the lowest DYANA target functions were selected to represent N/*H™ chemical shift dispersion. However, the central region

the solution structure. Stereospecific assignments for calculating the Of the spectrum is crowded, partly due to peaks arisinlg fNrom a
refined reference structure were obtained using the FOUND and 22-Tesidue tag added to facilitate purification. SUéN/'H
chemical shift degeneracy poses a challenge for efficient

(24) The structural biology will be published elsewhere (Atreya, H. S.; Shen,

Y.; Yee, A.; Arrowsmith, C. H.; Szyperski, T.). (27) Laskowski. R. A.; Rullmann, J. A.; MacArthur, M. W.; Kaptein, R.;
(25) Wishart, D. S.; Sykes, B. D.; Richards, F. Blochemistryl994 31, 1647 Thornton, J. M.J. Biomol. NMR1996 8, 477—486.

1650. (28) Nabuurs, S. B.; Spronk, C. A. E. M.; Krieger, E.; Maassen, H.; Vriend,
(26) Cornilescu, G.; Delaglio, F.; Bax, A. Biomol. NMR1999 13, 289-302. G.; Vuister, G. W.J. Am. Chem. So2003 125 12026-12034.
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Figure 3. The 2D [tH,5N]-HSQC spectrum recorded for protein YgfB frofscherichia coli a target of the Northeast Structural Genomics consortium.
Peaks are labeled with their respective sequential resonance assignments using the one-letter code of amino acids and the amino acid sequence number
Negative numbers identify residues of the N-terminal tag (first residue of the tag is at pes&i)nand corresponding labels are printed with a smaller font

size. For clarity, the assignments of the crowded central region of the spectrum are shown in an insert at the upper left corner. Resonance(assignments
text) were obtained with five through-bond GFT NMR experiments (Figure 4).

backbone resonance assignment and makes YqfB an attractivénigh digital resolution (Table 2; Figure 4), yielding nearly
target for GFT NMR spectroscopy, which provides high complete resonance assignments (98% of backbone and 95%
dimensional spectral informati®®°to break shift degeneracy. of the side chain chemical shifts; BMRB ID 6207; Figure 3)
Resonance AssignmentFor obtaining (nearly) complete  with investment of 16.9 h of instrument time. Importantly, the
resonance assignments, a set of five through-bond GFT NMR availability of the highest dimensional spectral information
experiments (Table 1) were performed in 16.9 h (Table 2): ensured that data analysis is (i) robust with respect to occurrence
(4,3)D HNNCYC* and CG#C*CO)NHN for backbone ant’C’ of chemical shift degeneracies, (ii) highly reliable with respect
assignment? (5,2)D HACACONHN®%for IH* assignment, and  to assignment yield and accuracy, and (i) amenable to
aliphatic/aromatic (4,3)D HCCH, derived from RD 3D HCEH, automated protocols due to increased peak dispersion and
for side chain spin system identification. Figure 4 illustrates precision of shift measuremen&!®2° Analysis of the two
the resulting GFT NMR-based resonance assignment strategybackbone experiments, (4,3)D HNRL*/C*CHCO)NHN,
for protein YqfB. For backbone ar8C’ resonance assignment, greatly profited from (i) the intraresidué3C*—13C# shift
joint analysis of two subspectra of (4,3)D HNNC* and correlations and (ii) the doubled dispersion manifested, for
C¥CHCO)NHN proceeds conceptually as for 3D HNNCACB/  example, by peaks encodingc(13C?) instead ofQ(13C®) (see
CBCA(CO)NHNZ The analysis of (5,2)D HACACONHN Figure S12 in ref 12). Moreover, it has been shown that 4D
described previoust? involves generating 15 2D peak lists information encoded in RD 3D HCCH enables efficient assign-
from which >quintuples of chemical shifts are calculated. For ment of the aliphatic side chains of proteins with molecular
side chain assignment, analysis of each of the three subspectraveights up to at least-18 kDa?° This finding is confirmed
of (4,3)D HCCH proceeds conceptually as for conventional 3D here with the resonance assignment of YqfB using (4,3)D
H(C)CH? First, (4,3)D HCCH and 3D H(C)CH are indistin- HCCH, the GFT NMR congener of RD 3D HCCH. Taken
guishable in both the indirect carbon and direct proton dimen- together, the through-bond GFT NM¥2based resonance
sions. Secondy:Q(*C)H+Q(MH), w1:Q(*3C)-Q(*H) (chemical assignment protocol provides a suitable basis for subsequent
shift doublets) aneb1:Q(*3C) (central peaks) are detected along NOE assignment.
the GFT dimension in the three subspectra of (4,3)D HCCH NOE Peak Assignment and Distance ConstraintsA single
(Table 1), whileQ(*H) is detected along; in 3D H(C)CH. 3D [H]-NOESY-[CH/CHa9YNH] data set recorded in 9.1 h
Hence, spin system identification in (4,3)D HCCH can be (Table 2; corresponding te-1.5—2 days with a conventional
visualized as “walking” into the side chains by use of probe) provided the information of all three 3D NOESY

(i) Q(*C), (i) Q(3C+H), and (jii) Q(*3C—1H). experiments routinely acquired for structure determination of
20 i i -

. Throth_bond GFT NMR prow_ded the spectral mforma_ (29) Shen, Y.; Atreya, H. S.; Xiao, R.; Acton, T. B.; Shastry, R.; Ma, L.;

tion of one 5D and four 4D conventional FT NMR spectra with Montelione, G. T.; Szyperski, Tl. Biomol. NMR2004 29, 549-550.
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Backbone resonance assignments

a (4,3)D HNNC®C®/ C*BC*(CO)NHN (10.0 hrs) b (5,2)D HACACONHN (1.5 hr); Phe 33
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Figure 4. Resonance assignment based on GFT NMR experiments (Tables 1 and 2) exemplified for protein Y afL3@9;}3C*),ws(*HN)]-strips taken

from (4,3)D C¥C*CO)NHN (labeled with “al1”) and (4,3)D HNNEC* (labeled with “a2”). The strips were taken@$(**N) (the 1N chemical shifts are
indicated at the bottom of the strips) of residues-60 (referred to as residug and are centered alongs(*HN) about their backbon&HN shifts. Along
w1(13C%13CF), peaks are observed &X(13C*) + Q(13CYF) of residuei — 1 in “al” and of residue in “a2” (in addition, peaks originating from residue

i — 1 are observed in “a2” if transfer vinc, is sufficiently effective).Q(X) (X = 13C* 13CF) denotes the offset relative to the carrier position [during
t1(13C¥), the 13C carrier frequency is placed at 43 ppm; durin@3C%), 13C* is detected in quadrature and the carrier frequency is placed at 56 ppm; see
Figures S7 and S9 of ref 19]. The composite plot of stapghe leftwas taken from the GFT subspectrum comprising peak¥(8C*) + Q(13C%) (labeled

as 1, 3,5, 7) an@(*3C%) + Q(*3CF) (labeled as 2, 4, 6, 8), and the composite plothe rightwas taken from the subspectrum comprising peak3(&C®)

— Q(18CY) (1, 3, 5, 7) and(13C*) — Q(13CF) (2, 4, 6, 8) (the type of linear combination of chemical shifts is indicated above the composite plots). The
combined use of (4,3)D ©C*CO)NHN/HNNC*'C* yields three sequential walks along the polypeptide backbone which are indicated by dashed lines
[note: peaks af2(13C*) — Q(*3C%) on the right are all located at the carrier position (43 ppm) and do not provide connectivities]. Peaks were sequentially
assigned to th&C¥¥ shifts of Ala 57 (1, 2), Thr 58 (3, 4), Ser 59 (5, 6), and Thr 60 (7, 8) @t _1,5N;,*HN spin system identification was accomplished

in the second- and third-order central peak spectra81b of (5,2)D HACACONHN2%awhich represents (3,2)D HNNCO and thus encodes 3D HNRCO
spectral information. This is indicated in panel (b) which shows composite plots of strips taken from (5,2)D HACACONHi. (5,2)D experiment is

used to sequence specifically assitff* and 13C shifts after having obtained the sequence-specific assignmerec®f, 15N, and HN from (4,3)D
CHC*CO)NHN/HNNC¥Ce, The signals in panel (b) arise from magnetization transfer ftbifhof His 32 to*HN of Phe 33. The eight basic spectra
(labeled B1B8) encode the chemical shifts ¥f%_;, 13C%_;, 13Ci_;, and!®N; in a single GFT dimensionu(;). Due to the particular choice for quadrature
detection of'SN and central peak detectidPi combination of chemical shifts is registered @s + Q1 + Q, + Q3 with Q, = Q(**N), Q1 = Q(*3C),

Q, = Q(*3C%) and Q3 = Q(*H*). Note that the part per million scale along is defined by the type of nucleus detected in quadrattie i§ this case).

As a result, the jointly sampled chemical shifts of different types of nuéttiahd*3C in this case) are scaled up by the ratio of the gyromagnetic ratios (for
example, théH chemical shifts in ppm are scaled up 10-times on'fieppm scale). Specifically, the linear combinations observed in subspectrB®1

are: Bl po-‘l‘gl"rgz'i‘gg]; B2 [QQ-Ql+Qz+Qg]; B3 [Qo+91—92+93]; B4 [QQ—Q]_—QZ"FQ:;]; B5 [Qo+91+92—93]; B6 [Qo-Q;ﬁ-Qz-Qg];

B7 [Qo+Q1—Q,—Q3]; B8 [Qo—Q1—Q,—Q3]. To resolve potential shift degeneracies, first-order central peak spectra are acquirdsll@@Tomprising
peaks at: B9 Qo+Q1+Q7]; B10 [Qo—Q11+Q5]; B11 [Qo+R21—RQ]; B12 [Qo—RQ1—Q7], second-order central peaks (B1B14) comprise peaks at

B13 [Qo+Q1] and B14 [2p—Q4], and third-order central peaks (B15) are signals of 2B [H]-HSQC atQo. (c) Assignment of aliphatic side chains
exemplified for lle 85. On the left, two composite plots show strips taken from the basic subspectra praRi@f@+<Q(*H) (labeled B1) and
Q(BC)—Q(*H) (labeled B2) along the GFT dimensian (Table 1). On the right, a composite plot (labeled B3) shows strips taken from the central peak
spectrum of (4,3)D HCCH, providin@(*3C) alongw; [that is, 3D (H)CCH informatiofj. For aliphatic spin system identification, sums and differences of
shifts of covalently attachetfC and'H nuclei (Table 1) are delineated in B1 and B2, whif€ shifts are matched in B3 (indicated by dashed lines).
Sequence-specific assignments are inferred ftatnand13C* shifts assigned in (4,3)D HNN@CY/C¥C*(CO)NHNL and (5,2)D HACACONHNC2 as
described in the legend for panels (a) and (b). The fivg’BC;H),ws(*H)] strips were taken along,(X3C) at the shifts oft3C*,BCF,BCT, 13012, and

13Co1 of lle 85 (indicated at the bottom of the strips of B3). The peaks encode aletigear combinations of the following shiftst3C*/*H* (labeled as

1), B3CAHP (2), 13Cr12, v131qr12, ¥13 (3), 13Cr1H2 (4), and13CoY1HO! (5). (d) Identification of aromatic spin systems in (4,3)D HCCH demonstrated for
Tyr 89. On the left, two composite plots show strips taken from basic subspectra, pro@@i#@)+Q(*H) (labeled B1) and2(*3C)—Q(*H) (labeled B2).

The composite plot shown on the right (labeled B3) shows strips taken from the central peak spectrum of (4,3)D HCCH, gagt@haglong w..
Aromatic spin system identification was accomplished in a manner similar to that described in the legend of panel (c) for aliphatic spin systems, and
sequence-specific assignments were inferred from observationtraresidue NOEs. The twawp(*3C;*H),ws(*H)] strips from each of the three subspectra
were taken along),(*3C) at the shifts of3C? and=C¢ of Tyr 89 (indicated at the bottom of the strips of B3). The peaks encode alptigear combinations

of the following shifts: 13C/*H? (labeled as 1) an#C</ H¢ (2) (sinceQ(*H%) = 7.2 ppm and(*H¢) = 6.7 ppm, the separation of peaks labeled with 1 in
B1 and B2 appears to be similar to the separation of peaks labeled with 2).

13C/*>N-labeled proteins. A total of 4708 NOEs were assigned  Sensitivity of NOE Detection in (4,3)D [HC/HN]-NOESY-
(Figure 5) and yielded 1453H—'H upper distance limit  [CH2/NH]. Sensitivity of NOE detection is critical for identify-
constraints (Table 3). Out of the 280 long-range constraints, ing the optimal use of (4,3)D [HE/HN]-NOESY-[CH/NH].
only 53 (19%) involve aromatic protons. However, calculations First, the relative intrinsic sensitivity of 3D [H]-NOESY-
with the program QUEERE confirm!20 that these aromatic ~ [CHal/CH2YNH] and separatelyacquired 3D'N-, 13Caliphatic.
constraints are highly valuable for the three-dimensional and3Caromaticresolved H,'H]-NOESY is evaluated. Comple-
structure determination: 8 (27%) out of the 30 most informative menting previous assessmetislifferences in sensitivity arise
constraints with the largegf,dlwra [and 6 (40%) out of 15 most  because (i) 8°N,H sensitivity enhancement schehies not
informative] involve aromatic rings (see also Figure 7). This peen integrated in simultaneod8N,H]/[13C tH]-HSQC detec-
finding emphasizes the importance of including aromatic protons tion modules, which reduces the sensitivity of tis-resolved
into the simultaneous NOESY data acquisition (Figure 2b) to part to ~70% (~1/¢2) compared to a sensitivity enhanced
enable high-quality NMR structure determination. 15N-resolved fH,*H]-NOESY, (i) a compromise value is chosen
YqfB Reference Structure Determination A high-quality for the 13C—!H INEPT delay (Figure 2) in order to enable
NMR structure of YqQFB (PDB ID: 1TE7) was obtained with  simultaneous detection of NOEs on aliphatic and aromatic
the distance constraints derived from 3D [H-NOESY-fEH  protons, which attenuatédC—H detected signals by-5%,
CH¥INH] (Figure 5), as is evidenced (see middle column and (iii) off-resonance effects of 9af pulses ont3Caromatic
labeled PDB in Table 3) by (i) the small size and number of |eading to a sensitivity reduction to75%. Additional smaller
residual constraint violations, (i) average rmsd values relative |psses arise because (i) thé—15N INEPT2 delay (5.4 ms) is
to the mean coordinates of 20 conformers of (468.18 A for longer than thé3C—1H INEPT delay (3.4 ms), which increases
the backbone and 1.1 0.25 A for all heavy atoms, (iii) @ the signal loss for th&C-resolved part due f6,('H) relaxation
large fraction of stereospecific assignments¥anethylene and  qyring an additional period of 4 ms, and (ii) of longer maximal
the Val and Leu isopropyl moieties, and (iv) the fact that all gyg|ytion times int, for 15N frequency 16 ms) than for
¢ and y dihedral angles are located in the allowed (most 13caiphatigiscaromaticfrequency labeling¢6 ms), which requires
favored, additionally, or generously allowed) regions of the ¢ |ongitudinal two-spin ordet,C,, is present prior to and
Ramachandran map. after frequency!3C labeling leading to some signal loss for
(30) Skalicky, J. J.: Mills, J. L Sharma, S.: SzyperskiJTAm. Chem. Soc. < H-detected signals due t@i(H.C;) relaxation. Taken
2001, 123, 388-397. together, sensitivity is reduced relative to separate data acquisi-
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Figure 5. The 3D [H]-NOESY-[CH!/CHaYNH] for detection of (i) central peaks of (4,3)D [HEZHN]-NOESY-[CH/NH], and (ij) NOEs on aromatic
protons. (a) Cube with dots representing NOEs that were used for calculating the reference structure26f(FYQEBID 1TE7; blue: detected on
IHN; green: detected ohdalirhatic red: detected otHaomat9: 1373, 3094 and 241 NOEs (4708 in total, including transposed peaks) were detected on amide,
aliphatic, and aromatic protons, respectively, and assigned as described in the Materials and Methods section. (b) Skyline projeetifii pkingving
that proper adjustment of spectral width and carrier position alengFigure 2b) allows one to avoid mutual cancellation of NOEs detectetHir{blue)
andtHaromatic(yred), (c) Bar plot providing a breakdown of sequential, medium-, and long-range NOEs (note that these numbers include transposed peaks):
detected on amide protons: 494/114/104; detected on aliphatic protons: 257/145/228; detected on aromatic protons: 16/17/37.

tion to ~70% for the'>N-resolved, to~80% for thel3Caliphatic. rigid spherical protein, calculation HN, 15N, 1Haliphatic gnd
resolved, and te-65% for the'3C¥°maticresolved part. Requiring ~ 13Caliphatic (non-methyl) transverse relaxation ratésfeasible.
that the same S/N ratios are obtained in simultaneous 3D This allows one to estimate, with the transfer delays defined in
NOESY as in the separately acquired spectra, one obtains arFigure 2a, the reduction of sensitivity as a function of the
effective acceleration of data acquisition speec~iy532 correlation time for isotropic reorientation (Figure S1). For YqfB
Next, the sensitivity of central peak detection in 3D (r, ~ 7.7 ns), theor§/predicts (Figure S1) that relaxation further
[H]-NOESY-[CH/CHYNH] is compared with shift doublet  reduces S/N ratios of shift doublet components~88 and
detection in (4,3)D [HE/HN]-NOESY-[CH¥/NH]. Since the  ~28%, respectively, of the sensitivity of central peak detection
shift doublets arise from an in-phase splitting of the central after a splitting withQ(13N) andQ(*3C) is encoded. Additional
peaks, the intrinsic sensitivity of detectiegch pealof a shift smaller losses can be expected to arise from (i) signal dephasing
doublet is a priori reduced to 50% when compared with central gye to the presence of passive one-b5i@-13C, and one- and
peak detection. However, the fact that only shift doublets tyo-pond 15N—13C scalar couplings, (i) rf pulse inhomo-
represent viable signals allows one to identify peaks significantly genities, and (jii) rf pulse off-resonance effects. (Note that for
closer to the noise levé?? This compensates, at least partly, 13caliphaticresglved shift doublets, a slight gain in sensitivity
for the 2-fold loss in sensitivity. The sensitivity of shift doublet  (gjative to central peak detection in 3D [H]-NOESY-
detecti_on is further redl_J_ced du_e to the transverse relaxation[CHan/CHaro/NH] is due to the fact théC—!H INEPT delay is
occurring during the additional simultaneo&i®\,*HJ/[**C,*H]- not tuned to a compromise value; see Figure 2.) Experimentally,

HSQC module (Figure 2). This loss depends on protein size \ o ghserved that the S/N of the peaks constituting the shift
and shape, which determine the correlation time(s) for the doublets is reduced t6-30 + 5% for 5N-resolved, and to

overall rotational tumbling, as well as internal mobility. For a

(31) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.; Weissig,
H.; Shindyalov, I. N.; Bourne, P. ENucleic Acids Res200Q 28, 235~
242,

~29 + 6% (non-methyl) and~37 + 4% (methyl) for 13C-
resolved central peaks. These values are in good agreement with
the theoretical estimates (Figure S1), suggesting that these allow

(32) (a) Following these sensitivity considerations, the impact of simultaneous ONe to assess the role of (4,3)D [MEIN]-NOESY-[CH/NH]

NOESY acquisition on NMR data collection speed shall be illustrated. For
example, one can assume th&N-resolved, 13C?Phaticresolved, and
L3caromaticrespolved NOESY are acquired in 12 h each (yielding 36 h total
measurement time). About 3B5% sensitivity is lost due to simultaneous
acquisition for'>N-resolved as well as for th€Caromaticresolved part. To

compensate for these losses, the measurement time needs to be double
As a result, data collection speed is effectively increased by a factor of 1.5

(24 instead of 36 h). Notably, use of a simultaneot®l tH]/[13C H]-
HSQC detection modut® could increase the sensitivity of theN-resolved
part. (b) Sattler, M.; Maurer, M.; Schleucher, J.; Griesinger).@iomol.
NMR 1995 5, 97—-102.
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for larger systems.
Completeness of Central Peak versus Shift Doublet
Detection. The 3D [H]-NOESY-[CH/CHaYNH] was acquired

dn 9.1 h (Table 2). Considering that the sensitivity for detecting

each peak of a shift doublet is ony30% of the sensitivity for
central peak detection (see paragraph above; Figure S1),
10-fold longer measurement time (i.e., about 90 h) would be
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Table 3. Statistics of YqfB(1—103) Structure Calculations?

(O] @ @)
without SSA PDB refined
Stereospecific assignments (S8/Rp]
BCH, 34 34
Val and Leu isopropyl groups 58 58
Conformationally restricting distance constrafristween residugsand]
intraresiduei[= j] 463 454 466
sequentiali[— j = 1] 496 511 527
medium range [k |i — j| = 5] 177 208 211
longrange[i —j| > 5] 304 280 289
total 1440 1453 1493
Number of constraints per residue 15.3 15.4 15.8
Number of long-range constraints per residue 2.9 2.7 2.8
DYANA target function [£2] 1.73+0.17 1.89+ 0.16 1.72+0.20
Average pairwise rmsd [A] to the mean coordinates for residuetd4
backbone N, € C 0.97+0.22 0.65+ 0.18 0.69+ 0.16
all heavy atoms 1.58 0.24 1.19+0.25 1.25+0.21
backbonet best defined side chaits 1.05+0.15 1.00+0.11 0.79+ 0.09
Average number of distance constraint violations per DYANA conformer
0.2-05A 1.0 1.1 1.0
>0.5A 0 0 0
Average number of dihedral angle constraint violations per DYANA conformir 0 0 0
Ramachandran map statistics
residues in most favored regions (%) 71 73 73
residues in additional allowed regions (%) 23 25 25
residues in generously allowed regions (%) 5 2 2
residues in disallowed regions (%) 1 0 0

aTwenty conformers with lowest DYANA target function values out of 100 calculated for YqfB (excluding the N-terminal 22-residue tag). (1) PDB is
the reference structure deposited (LTE7) in the PD@) without SSA is the reference structure calculated with the constraint input of the PDB structure
omitting the stereospecific assignments (SSA); (3) refined is PDB structure refined with NOEs resolved in the shift doublet spectra of (@/B)R]{HC
NOESY-[CHi/ NH].  Relative to pairs with nondegenerate chemical shifi¢ote that the numbers vary for without SSA and PDB due to handling of
stereospecific assignmerits.d Best-defined side chains include residues 7, 16; 2%, 35, 3739, 52, 55-67, 71, 77, 79, 81, 8486, 93, 97, 98.

required to achieve comparable completeness of NOE detectiondirectly from chemical shift data represents a key “figure of
in central peak and shift doublet subspectra. This appears to bemerit” determining the robustness of an NMR structure deter-
inappropriately long considering that through-bond GFT NMR  mination protocof: Hence, we examined to what extent the

and 3D NOESY spectra required for structure determination of measurement of the fourth chemical shift encoded in the splitting

YqfB were recorded in 26 h (Table 2). Importantly, it may well  of the shift doublets resolve assignment ambiguities encountered
suffice to detect shift doublets only for stronger NOEs in order i, 3p NOESY (Figure 6).

to increase the fraction of assigned long-range NOEs to a level .
that an accurate initial structure can be calculated. Hence, for Among the long-range NOEs in 3D [H]-NOESY-

shift doublet data sets recorded with 30 h (data set I) and 60 h[CHa”/C_Harc_)/NH]' only 33% of the™*N-resolved and 18% of
(data set 1) of measurement time, we determined the fraction the t3CelPheticresolved NOEs can be assigned without reference

of NOEs in 3D [H]-NOESY-[CH'/CHYNH] for which a to an initial structure. When considering also the 4D information
corresponding shift doublet peak was detected. In data set | (date€ncoded in the shift doublets of data set | (data set II), these
set 1), 75% (93%) of the!SN-resolved long-range NOEs fractions increase to 74% (88%) and 71% (83%). Hence, most
(total: 104) and 64% (95%) of th&Calirhaticresolved long- shift doublets can be unambiguously assigned based on chemical
range NOEs (total: 225) were detecf8dence, the majority shifts; that is, the detection yield of shift doublets largely
of long-range NOEs were detected after 30 h measurement timedetermines the fraction of unambiguously assigned NOEs
while NOE detection approaches completeness (relative to 3D (Figure 6).

[H]-NOESY-[CH/CH¥9NH]) only when investing 66 h of Additional NOEs Resolved in Shift Doublet Subspectra.
spectrometer time. We thus propose that for proteins up 0 pye o the lower sensitivity of shift doublet detection, one

~15-20 kDa {; ~ 8-10 ns), the measurement time for shift expects to register only those NOEs as shift doublets which

doublet detection ghould be_2—3_ “”?es longer than that for _are also present in 3D [H]-NOESY-[CHCHYNH] as central
central peak detection. Considering increased losses due to spin

relaxation at longet; (Figure S1), we anticipate that3 times peaks. However, peak overlap and cases of severe chemical shift
longer measurement times are required for larger proteins in dfeggneracy q‘%'te generally prevent_ onear;‘rom completgly as-
the 20-25 kDa range; ~ 10—13 ns). signing peaks in 3D [H]-NOESY-[CHM/CHaYNH], even with

Chemical Shift-Based Unambiguous NOE Assignment. reference to a high-quality structure (for YqfB, 86% of all NOE
The fraction of NOEs which can be unambiguously assigned peaks could be assigned). Analysis of the shift doublet sub-
spectra of data set Il yielded 22 hitherto unidentified (new)

(33) Similar fractions are obtained for medium-range NOEs assigned based on15N-resolved and 193Calirhaticrespolved NOES. Hence, as long
chemical shifts in 3D NOESY/3D NOESplusshift doublet data set 1/3D . . .
NOESY plus shift doublet data set II15N-resolved NOEs (total: 114)  as the measurement times invested for shift doublet and central

219%/53%/72%; 13Calirhaticresolved NOEs (total: 90) 14%/64%/76%. iQiti imi i ; i
Moreover. we obtained 609%/100%/100% for long-rande-HN (total: peak acquisition are similar, shift doublets are primarily expected

25) and 29%/69%/83% for long-range &HCH3 NOEs (total: 29). to play a key role in assigning central peak NOEs in 3D
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same and also quite similar @, of the reference list. This
(@) 321 b2 b3 (®) 1b1 b2 b3 shows that shift doublet data set | (30 h measurement time)
2— — enables one to derive the major fraction of the fihgla,
4 0 0 predicting that an accurate initial structure can be obtained from
12 _ the thus obtained initial constraint network.
- 1:;& 2 1;:: Furthermore, a calculation of the distribution of unique
1o - =12 5 information, |, and average informatiohy,e Of the constraints
= |4 o yielding the reference structure (1TE7) confirms that chemical
2= T Q= T shift-based NOE assignment identifies constraints irrespective
s=| _| & g of their location in the Inlad plot; that is, the highly
% 4 '_-'9 2 4 Z’ informative constraints are identified with the same probability
- 2 as those with a low information content (Figure 7a). This feature
gz_ SO 22 of shift-based NOE assignment is in contrast to what can be
6 T 6 T expected for the algorithm implemented in the program
= =) g CYANA. Network anchoring® favors identification of distance
- 2. constraints with comparably lower information content since
=1 = = |s - ls the constraints with high information content are not embedded
= N = in a (dense) network which might serve for assignment. As a
= e am | result, constraints identified for calculating an initial CYANA
= structure represent less information in the context of the final
0("*N) 10 05(**C) ce (10 constraint network (Fi 7b). This might imply that, i I
[ppm 1236 [ppm] 214 con igure ). This might imply that, in general,
93 93 93 54 54 54 initial structures derived from (4,3)D NOESY may be more

og("HY)[ppm] 5("H)[ppm] accurate than those obtained with CYANA from 3D NOESY.

Figure 6. Chemical shift-based NOE assignment in (4,3)D f4EN]- Comparative NMR Structure Calculations. Comparative

NOESY-[CH/NH] acquired with 3D [H]-NOESY-[CHi/CHZINH] for structure calculations were performed to explore the impact of
central peak detection. (8N-resolved part: §1,03(*HV)] strips taken from NOEs which could be assigned directly based on chemical shift
the shift doublet subspectrum exhibiting peaksx(tH)+Q(X) along data when having shift doublet data sets | or Il along with 3D

w1 (X = 1N,13C; shown on the left and indicated as bl), from the shift ali aro) . ;
doublet subspectrum exhibiting peaks @f*H)—Q(X) along w1 (X = [HI-NOESY-[CH /CH_ /NH] (Table 4; Figure S2 and Flgure_
15\,15C; indicated in the middle as b2) and the central peak subspectrum 8). As usual, mean pairwise rmsd values were calculated relative
(3D [H]-NOESY-[CH/CH9/NH]; indicated on the right as b3). Signals  to mean coordinates in order to assess fihecision of the

were detected on the backbone amide proton of Leu 78. Four peaks areragyiting bundles of conformers. Stereospecific assignments,
shown in red which are overlapped in the central peak spectrum. These hich Iv obtained duri he | f |
peaks are well resolved and can be unambiguously assigned directly fromW _'C are mOStY obtained during the last stages of structura
chemical shifts in the shift doublet subspectra (data set | recorded in 30 h). refinement by using the GLOMSA module of DYAN&were
Assignments: NOEs betweer!'tdf Leu 78 and (1) ¥ of Leu 78, (2) not considered. Hence, precision was assessed relative to a YqfB

CHgz2of Thr 77, (3) CHf of Ala 71, and (4) H of Leu 78. (b)!3C-resolved - -
part: [wr.ws(tHAPM] strips taken from the same subspectra, Signals were structure obtained with the NOEs used for the PDB structure

detected om-proton of residue Thr 58. Two long-range NOEs are shown (1TE7) but after omission of all stereospecific assignments
in red which can be unambiguously assigned directly from chemical shifts (column 1 in Table 3, denoted “without SSA”). Accuracy was

in the shift doublet subs . i : ;
n (D) Ch of o 06, (g)eﬁg"’(‘) fmzsggmems NOEs betweeof fihr 58 assessed by calculating the rmsd values between the mean
coordinates of the resulting bundle of conformers and the mean
NOESY. Otherwise, except for small proteins, comparably few coordinates of the reference structure of YqfB deposited in the
new distance constraints are anticipated. PDB ID 1TE7 (column 2 in Table 3 denoted “PDB”). Assuming
QUEEN Analysis of NOE Constraint Networks. Depending & small number of (unavoidable) human errors for NOE
on their uniqueness, upper distance limit constraints vary in their 8ssignment (see Materials and Methods), it is certainly so that
impact on structure determination and refinement. Hence, the “true” structure is somewhere “in between” the manual
reporting the sheer number of NOEs (Table 3) provides only a Structure and the structures obtained either with reduced NOE
semiquantitative assessment of the constraint network obtainedconstraint input or with automated methods. However, NOE
with a given protocol. Recently, the algorithm and program assignments were carefully double-checked by visual line-shape
QUEEN were devised to quantify information contained in comparison, which ensured that the remaining number of
experimental NMR data by information theoretical analysis in assignment errors is very small. Clearly, automated methodology
distance space. We have used QUEEN to evaluate the |ong_relying on chemical shift data only cannot accomplish the same
range constraint networks obtained for protein YqfB when high reliability. Hence, we assumed for the present study that
recording (4,3)D [H&/HN]-NOESY-[CH/NH] acquired with the manual structure represents, in a good approximation, a “gold
3D [H]-NOESY-[CH/CHaINH] for central peak detection  standard” for benchmarking the alternative structure determi-
(Figure 7). As expected, the total informatiohyw, Of the nation protocols. A summary of rmsd values obtained from the
reference constraint list (1.577 bits/a®ns significantly higher ~ comparative structure calculations is given in Table 4 and
than I Of the constraint list derived from 3D NOESY with ~ Figure S2.
sole reference to chemical shifts (1.327 bits/afohm contrast, A. Impact on Precisionof Initial Structure. For comparison
we have that thé values of the constraint lists derived with  of precision, rmsd values were calculated for a structure obtained
reference to (4,3)D [HE/HN]-NOESY-[CH/NH] shift doublet with the NOE input (Figure 5) used for determining the reference
data sets | and 1l (1.539 and 1.547 bits/atpare nearly the YqfB structuré* (1TE7; Figure 8a), except that stereospecific
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Figure 7. [luni,Javd plot calculated with the program QUEEBNof upper distance limit constraints derived from the 3D [H]-NOESY-f{ZE&H2YNH] peak
list (see text) used to calculate the reference YqfB structure (1TE7). In (a), constraints obtained in 3D [H]-NOBEYZAHERNH] based on chemical shift
data only are depicted as green circles, additional constraints assigned with reference to shift doublet data sets | and Il of 4/EN}-NHEESY-
[CHa/NH] are shown as red and blue circles, respectively. Aromatic and other aliphatic constraints which could be assigned only with reference to an
(initial) structure are displayed as black and gray circles, respectively. The distribution of the circles shows that chemical shift basediw@ftassias
expected, not dependent on the information content of an NOE. In (b), additional constraints, which were identified by the progran® GiviAkiAirst
cycle with a probability of>85%, are depicted as red circles, while those assigned based on shifts are in green [as in ()], and others are displayed in gray.
Comparison with (a) reveals significant bias toward identification of constraints with lower information content. The ay@tageandlaydl o are 0.071
and 0.679% for the red constraints (total: 72) in (a), which were identified with chemical shift doublet data set I. The corresponding valuesifor the re

constraints (total: 40) in (b), which were assigned with CYANA, are only 0.011 and 0.254%, respectively.

Table 4. Rmsd Values of Comparative NMR Structure Calculations
rmsd? [A]
Precision® Accuracy?

structure? backbone heavy atoms backbone heavy atoms
1 reference (PDB ID 1TE7) (X) 0.65+0.18 1.19+0.25
2 reference (no SSAY) 0.97+0.22 1.58+0.24 1.28 1.62
3 3D NOESY and shifts onlym)¢ 4.02+1.03 5.00+ 0.96 3.22 3.70
4 3D NOESY and shifts- (4,3)D dataset 1@)" 1.97+0.44 2.86+ 0.46 1.58 2.27
5 3D NOESY and shifts- (4,3)D dataset [1Q)" 1.53+0.28 2.424+0.33 1.35 1.80
6 CYANA (1st cycle) @)’ 2.18+0.49 2.96+ 0.55 2.81 3.69
7 CYANA starting from (4) @)l 0.82+0.19 1.35£0.23 1.57 2.17
8 CYANA staring from (5) p)! 0.90+ 0.18 1.46+ 0.22 1.58 2.17

aRmsd values were calculated for residuesl®1 of YqfB. For a graphical representation of the values, see FigureS2nbols provided in parentheses
are those identifying the corresponding bundle in FigureRgecision was assessed by calculating the mean pairwise rmsd for the bundle of NMR conformers
relative to their mean coordinateéSAccuracy was assessed by calculating the rmsd between the mean coordinates of the bundle of NMR conformers and
the reference structuréReference structuréReference structure calculated after omission of stereospecific assignments (see text and VaitiaB).
structure calculated from NOEs assigned in 3D [H]-NOESY-f#ZEH>YNH] based on chemical shift data onfylnitial structure calculated from NOEs
assigned in 3D [H]-NOESY-[CH/CH¥YNH] based on chemical shift data only, but with reference to shift doublet datasets | and Il of (4,3}HNG
NOESY-[CH!/NH]. ! Initial structure calculated with the program CYANA in the 1st cycle using the final 3D [H]-NOESY2[@HH2"/NH] peak list used
for determining the reference struct®r¢PDB ID 1TE7).] Structures calculated with the program CYANA when starting with the constraint input yielding

the structures indicated with footnote h.

assignments were omitted. This yielded rmsd values of &.97
0.22 A (Figure 8b) and 1.5& 0.24 A for backbone and heavy

set | (or data set I), these values drop to 1499.44 A (Figure
8d) (1.53+ 0.28 A; Figure 8e) and 2.86- 0.46 A (2.42+

atoms of residues-4101, respectively (Tables 3 and 4). As 0.33 A). This shows that (i) the 4D information encoded in
expected, a structure of rather low precision is obtained when (4,3)D [HC/HN]-NOESY-[CH/NH] allows one to generate
considering solely long-range NOEs which can be assigned in quite precise initial structures, and (ii) the structure obtained

3D [H]-NOESY-[CH/CHa9YNH] based on shift data; the
corresponding rmsd values are 4821.03 A (Figure 8c) and
5.00+ 0.96 A, respectively. Evidently, if the structure refine-

with data set | exhibits rmsd values which are onl¥ A above
those of the reference structure (calculated after omission of
stereospecific assignments; Table 3). The rmsd values are

ment is to be completed using manual methods with the 3D consistent with the finding that70—75% (~80—90%) of all
NOESY data set alone, great care would be necessary to ensurbackbone and aliphatic long-range NOEs can be assigned as
proper convergence. When including also NOEs that could be central peaks in 3D NOESY (see above) when having the
assigned with reference to the shift doublets detected in datainformation of shift doublet data set | (data set Il). Furthermore,
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(a) Reference (1TE7) (b) Reference without SSA  (c) Initial structure with
shifts in 3D

(d) Initial structure with (e) Initial structure with (f) Initial structure with
shifts in (4,3)D set | shifts in (4,3)D set || CYANA (1%t cycle)

Figure 8. Survey of YqfB structures. (a) Reference structtit®DB ID 1TE7; code in Figure 8x). (b) Reference structure calculated after omission of
stereospecific assignments)( (c) Initial structure calculated with NOEs assigned in 3D [H]-NOESY-{Z&8Ha9YNH] based on chemical shift data only

(m). (d) Initial structure calculated with additional NOEs assigned in 3D [H]-NOESYa@EH2YNH] with reference to shift doublet data sets | of (4,3)D
[HCaI/HN]-NOESY-[CH/NH] (®). (e) Same as in (d), but with shift doublet data sef).((f) Initial structure calculated with the program CYAN¥(1st

cycle out of 7) with TALOS dihedral angle constraints and intraresidue, sequential, and medium-range distance constraintrgsThpl2@ DYANA
conformers with the lowest residual target function value were chosen to represent the NMR solution structures. These conformers were sdperimposed
minimal rmsd of backbone heavy atoms N, @nd C of residues 4101 and the heavy atoms of the best defined side chains (Table 3). The figure was
generated using the program Moln36l.

the major part of the precision gap to the reference structure isinitial structures are accurate enough to even have the mean
due to the fact that the shift doublet spectra do not exhibit coordinates of the reference structure located within their
aromatic NOEs; when including all aromatic constraints, the allowed conformational space.
backbone rmsd value drops to 1.410.23 A (1.12+ 0.17 A C. Comparison with CYANA's Initial Structure. To
for data set Il). This is close to the reference value of G897  compare the impact of (4,3)D [HIHN]-NOESY-[CHY/NH]
0.22 A. We thus conclude that, in agreement with information data acquisition versus an approach to automatically assign
theoretical QUEEN analysis of the constraint networks (Figure NOEs in 3D NOESY, we have performed a CYAR&alcula-
7), the measurement time invested for recording shift doublet tion. The first cycle of a CYANA calculation generates an initial
data set | (30 h) represents the most effective approach forstructure by using network anchoring and constraint combina-
obtaining a precise initial fold which ensures smooth conver- tion, that is, likewise without reference to three-dimensional
gence of the structure refinement. structural knowledgé? When providing only TALOS dihedral

B. Impact on Accuracy of Initial Structure. The 20 best angle constraints, and intraresidue, sequential, and medium-
conformers representing the PDB reference structure were usedange!H—H upper distance limit constraints as input, along
to assess accuracy and exhibit mean rmsd values of £.65 with the unassigned reference 3D NOESY peak list, the resulting
0.18 A (backbone) and 1.19 0.25 A (all heavy atoms) relative  initial CYANA structure exhibits rmsd values of 2.1&
to the mean coordinates of residues1 (Table 3). These  0.49 A (backbone) and 2.96 0.55 A (all heavy atoms) relative
rmsd values define, arguably somewhat arbitrarily, the “allowed to the mean coordinates (Table 4, Figures S2 and 8). Hence,
conformational space” associated with the reference structure.with the final peak list as input, the algorithm implemented in
We consider an initial structure as “accurate” if the confor- CYANA for solving the NOE assignment problem results in a
mational space associated with the initial structure overlaps with precision which is comparable to what is obtained with 4D
the allowed conformational space. This criterion is fulfilled if NOESY information (Table 4). However, the corresponding
the rmsd values calculated between the mean coordinates ofaccuracy after the 1st cycle turns out to be lower than the initial
initial and reference structure are smaller than the sum of the structure obtained with 4D NOESY information based on
mean rmsd values to the mean coordinates of the two structurechemical shifts only (Table 4). This may well be due to the
calculations. Root mean square deviation calculations show thatfact that employment of network anchoring may not support
initial structures derived from NOEs assigned based on chemicalthe assignment of NOEs with the highest information content
shift data are accurate (Table 4; Figures S2 and 8). In fact, the(Figure 7). This is because the high information content arises
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from notbeing embedded in a (dense) NOE network (which  with each X1-H*---H1—X2 NOE resolved at the chemical shift
may serve to “anchor” them). Moreover, it might be that use of of X1 and the corresponding to the transposed peak resolved at
a larger number of ambiguous long-range constraints simply the chemical shift of X2. Moreover, the impact of distance
leads to an overestimation of the precision of the initial structure. constraints referred to aromatic rings for structural refinement
D. CYANA Structures Derived from (4,3)D NOESY- has long been document&éwhich emphasizes the importance
Derived Initial Structures. The high accuracy of the initial  of including3Carematicresolved fH,'H]-NOESY in the scheme
folds obtained from (4,3)D [H@/HN]-NOESY-[CH/NH] for simultaneous acquisition (see also legend of Figure 5). For
(Table 4, Figure S2) allows one to reliably obtain most of the proteins comprising a large number of aromatic rings, recording
remaining NOE assignments using the program CYANA. Both of (4,3)D [HC/HN]-NOESY-[CH"]3> might be advisable. The
precision and accuracy of the obtained structures are close topresent study shows that for proteins up~tb5—20 (~20—25)
the values of the manually obtained reference structure (akDa, it is recommended to acquire the shift doublet subspectra
slightly lower accuracy compared to the manually refined with ~2—3 (~3—4) times of the measurement required for 3D
structure indicates, however, that manual intervention, such as[H]-NOESY-[CHa/CH&9YNH] (the central peak spectra). This
visual line shape comparison, would be required for finishing suffices to assign most of the stronger NOEs by detection of
the refinement). We thus conclude that the combination of shift doublets, and the thus obtainable precsel accurate
(4,3)D [HC/HN]-NOESY-[CH/NH] with automated structure initial structures ensure rapid convergence of the structure
determination protocol&? possibly a parallel consensus opera- refinement. (For smaller proteins, it can be envisaged that
tion of bottom-up and top-down protocols, represents a powerful (4,2)D [HCY/HN]-NOESY-[CH/NH] or (3,2)D [H]-NOESY-
approach to ensure fast and robust high-throughput determina{CHa/CH¥9YNH] are valuable tools to study protein structure
tion of high-quality NMR structures. and folding.) In the future, new software for efficiently
E. Refinement of YqfB Reference StructureThe reference  symmetrizing®® (4,3)D [HCY/HN]-NOESY-[CH'/NH] sub-
structure (1TE7) determined with distance constraints derived spectra about the position of the central peaks along the GFT
from 3D [H]-NOESY-[CH!/CHaYNH] (Figure 5) was further dimension will allow one to increase the effective S/N ratio of
refined by incorporating NOEs that could be resolved in the the shift doublets® This will further reduce the NMR measure-
shift doublet subspectra (data set II; Figure 6). As expected, ment time required for (4,3)D NOESY and/or increase its
the comparably few new NOEs result in only a moderate feasibility for large proteins, and combination of (4,3)D
increase in precision; only the rmsd value calculated for [HC/HN]-NOESY-[CH!/NH] with automated structure de-
backbone and best-defined side chains (that is, the moleculartermination protocols promises to be an ideal choice for high-
core) is somewhat decreased (column 3 in Table 3 denotedthroughput determination of proteins.
“refined”). This finding supports the view that shift doublet
detection in (4,3)D [HE/HN]-NOESY-[CH/NH] is primarily
a valuable tool to assign the majority of the (stronger) NOEs
directly based on chemical shift data only.
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GFT NMR enables one to “cut the Gordian knot” and  Supporting Information Available: Figure S1: relative
combine rapid NMR data collection with robust, high-quality = sensitivity of shift doublet versus central peak detection. Figure
NMR structure determination. This is pivotal for NMR-based S2: graphical presentation of the rmsd values of Table 4.
structural biology and genomics. The resonance assignment isComplete refs 3b and 5b. This material is available free of
facilitated by the fact that only five GFT NMR experiments charge via the Internet at http://pubs.acs.org.
are required, each providing 4D and 5D NMR spectral informa-
tion at high digital resolution. (4,3)D_[H&/HN]-NOESY-
[CH?/NH] acquired with 3D [H]-NOESY-[CH/CH>YNH] for (34) Koradi, R.; Billeter, M.; Wehrich, K. J. Mol. Graphics1996 14, 51—55.
central peak detection affords the information of several 3D and (35) (4,3)D [HC".HN]-NOESY-[CHrom2iq can be readily implemented by

. eliminating the second*jN,*HN-HSQC module and tuning the second
4D heteronuclear resolved NOESY spectra and enables detection [130’1H].H%QC module iZN Figuﬂe za%r aromatic CH mojeties. Except for

JA0501870

of a dense networks dH—H upper distance constraints, as IHaromatie_1HarematicNQEs, all NOEs involving aromatic protons are detected
. . . .. ! in such an experiment and allow their assignment based on detection of
required for high-quality structures. The majority of NOEs shift doublets. Considering that the spectral widtht¥gaomaicis about

i i i one-half of the spectral width dfCalirhatic the minimal measurement time
detected as shift doublets can be aSSIQned based on chemical is ~6.5 h at 600 MHz (i.e., about half of the minimal measurement time

shift data only, and assignment of the weaker NOEs, which are of the aliphatic congener; Table 2).

i i HH (36) With such software, the precision and accuracy of the initial structure
Ofte.n ”F’t det.eCtable as shift dOUb|6ts_’ is greatly facilitated by obtained with data set Il (60 h measurement time; Table 4; Figures S2 and
having in a single 3D [H]-NOESY-[CHM/CHaYNH] spectrum 8) can be expected be obtained with data set | (30 h measurement time).
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