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Abstract

Replacement of non-exchangeable protons by deuterons has become a standard tool in structural studies of proteins
on the order of 3040 kDa to overcome problems arising from rapid 'H and 13C transverse relaxation. However,
'H nuclei are required at exchangeable sites to maintain the benefits of proton detection. Protein expression in
D,0O-based media containing deuterated carbon sources yields protein deuterated in all positions. Subsequent D/H-
exchange is commonly used to reintroduce protons in labile positions. Since this strategy may fail for large proteins
with strongly inhibited exchange we propose to express the protein in fully deuterated algal lysate medium in 100%
H;0. As a side-effect partial C* protonation occurs in a residue-type dependent manner. Samples obtained by this
protocol are suitable for complementary "HN- and 'H®-based triple resonance experiments allowing complete
backbone resonance assignments in cases where back-exchange of amide protons is very slow after expression
in D,0O and refolding of chemically denatured protein is not feasible. This approach is explored using a 35-kDa
protein as a test case. The degree of C* protonation of individual amino acids is determined quantitatively and
transverse relaxation properties of 'HN and SN nuclei of the partially deuterated protein are investigated and
compared to the fully protonated and perdeuterated species. Based on the deviations of assigned chemical shifts
from random coil values its solution secondary structure can be established.

resolution. The destructive interference of the remain-
ing dominant contributions to relaxation, IgN_I5SN
dipole-dipole coupling (DD) and 'HN or >N chemi-
cal shift anisotropy (CSA), which is exploited in [N,
'H]-TROSY (Pervushin et al., 1997) based triple-
resonance methods further enhances the advantages
of deuteration, allowing sequential resonance assign-

Introduction

Deuteration has effectively extended the size limit
of proteins amenable to structural studies by solu-
tion NMR (LeMaster, 1994; Sattler and Fesik, 1996;
Arrowsmith and Wu, 1998; Farmer II and Venters,
1998; Gardner and Kay, 1998). The elimination of

the efficient 'H-'H and 'H-!3C dipolar spin relax-
ation pathways as well as 'H-'H scalar couplings
in ZH/13C/19N-labelled proteins, in combination with
2H decoupling (Grzesiek et al., 1993; Kushlan and
LeMaster, 1993; Yamazaki et al., 1994; Farmer II
and Venters, 1995; Shan et al., 1996), results in dra-
matic improvements of amide-proton detected triple-
resonance experiments in terms of both sensitivity and
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ments of large proteins to be obtained (Salzmann et al.,
1998, 1999a, 2000; Yang and Kay, 1999a; Konrat
et al., 1999; Loria et al., 1999; Mulder et al., 2000;
Tugarinov et al., 2002).

While high deuteration levels of nonexchange-
able sites in a protein are beneficial for main chain
assignment experiments, the vast majority of pulse
sequences designed for this purpose employ proton
detection for sensitivity reasons. This requires back-
exchange of amide protons after protein expression us-
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ing DyO-based bacterial growth media. In favourable
cases this process is completed after isolation and pu-
rification of the protein taking place in H,O-based
buffers. However, amides involved in strong hydrogen
bonds or buried inside the protein and thus not acces-
sible to the solvent may remain deuterated. Unfolding
of the protein using chemical denaturants followed by
refolding in the presence of H>O can solve this prob-
lem (Venters et al., 1996; Constantine et al., 1997) but
may not always be feasible. In this situation, random
fractional deuteration (LeMaster and Richards, 1988;
Nietlispach et al., 1996) achieved by growing bacteria
in minimal media with the D,O/H;O ratio adjusted to
the desired level of deuterium incorporation, is not
a useful alternative, because the degree of protona-
tion at slowly exchanging amide sites is at most as
high as that of carbon sites, compromising the effi-
ciency of triple-resonance pulse sequences due to the
reintroduction of 'H-'H and 'H-13C DD interactions.

As an example for an unfavourable case, the
monomeric 314-residue (MW = 35 kDa) protein
diisopropylfluorophosphatase (DFPase; EC 3.1.8.2.),
which is currently being investigated in our labora-
tory (Hartleib and Riiterjans, 2001a, b; Hartleib et al.,
2001; Scharff et al., 2001), exhibits very slow D/H
exchange at a substantial fraction of its backbone
amides. This enzyme, initially isolated from the head
ganglion of the squid Loligo vulgaris, hydrolyzes di-
isopropylfluorophosphate (DFP) and a wide variety of
chemical warfare agents, including sarin, soman and
tabun, while no natural substrate of physiological role
has yet been identified. Preliminary NMR studies us-
ing a 13C/!3N-labelled protein sample revealed that the
most sensitive triple-resonance experiments, HNCO
and HNCA (Ikura et al.,, 1990; Grzesiek and Bax,
1992a), were of acceptable quality when recorded as
[N, 'H]-TROSY versions (Salzmann et al., 1998),
whereas crucial experiments involving 1*C-13C trans-
fers such as [\°N, 'H]-TROSY-HNCACB (Wittekind
and Mueller, 1993; Salzmann et al., 1999a) or [15N,
'H]-TROSY-HN(CA)CO (Clubb et al., 1992; Salz-
mann et al., 1999a) failed. Due to extensive '3C%
chemical shift degeneracies in a 314-residue protein
it is inconceivable to obtain sequential assignments
exclusively based on connectivites observed in the
HNCA. To obtain HNCACB and HN(CA)CO-type
spectra deuteration is required to improve relaxation
properties. However, as illustrated in Figure 1, a
perdeuterated sample of DFPase in 95% HxO/5%
D0 lacks approximately one third of the backbone
amide protons that give rise to 'H->N correlations
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Figure 1. Amide regions of [°N, 'H]-TROSY spectra of DF-
Pase from Loligo vulgaris demonstrating the very slow 2H/'H
exchange at many of its amide sites. Samples used were (A) [U-98%
15N]-labelled, dissolved in 95% H,0/5% D,0, (B) [U > 95% 2H;
U-98% !9NJ-labelled, dissolved in 95% H,0/5% D>O and (C)
[U-98% SN]-labelled, dissolved in 99.9% D,O. All spectra were
recorded at 800 MHz with the temperature adjusted to 28 °C. Sam-
ples B and C were stored at room temperature for approximately
eight weeks before data acquisition.



in a non-deuterated sample. Conversely, the miss-
ing amide signals can be detected in a spectrum of
non-deuterated DFPase dissolved in 100% D;O for
several weeks. Even after a period as long as one
year the number of unexchanged amide deuterons in
a perdeuterated sample still amounts to 90 (data not
shown). Unfortunately, all attempts to effect the back-
exchange of deuterated amides in the perdeuterated
sample by increasing temperature, pH or by addition
of urea or guanidinium chloride were either ineffective
or resulted in the irreversible denaturation of DF-
Pase. Therefore a different >H enrichment strategy was
pursued to enable more complete resonance assign-
ments than would be achievable with either non- or
perdeuterated samples.

Highly deuterated proteins with full protonation at
all amide sites can be prepared by culturing E. coli
in deuterated algal lysate in 100% H,O. This proce-
dure yields approximately 80% deuteration for methyl
groups while the deuteration level at C* sites is sig-
nificantly lower due to the incorporation of water
protons during biosynthesis of amino acids depleted
during bacterial growth (Markus et al., 1994). Re-
cently, a similar approach has been used to improve
the spectral quality of ‘in cell’ NMR experiments,
where back-exchange of amide protons cannot be
effected by reversible denaturation of overexpressed
proteins (Serber et al., 2001). The higher proton den-
sity compared to a perdeuterated sample involves less
favourable relaxation properties, reducing sensitivity
of "HN-directed triple-resonance experiments to some
degree. On the other hand, the presence of a-protons
provides independent means to obtain intraresidual
and sequential connectivities within the protein back-
bone. Yamazaki et al. (1997) have introduced a suite of
efficient 'H*-based triple-resonance pulse sequences
taking advantage of 'H*/!3C® multiple-quantum line-
narrowing (Griffey and Redfield, 1987) to assign the
backbone resonances of a slow tumbling protein. They
obtained a selectively 'H®-, uniformly 2H/!3C/!SN-
labelled protein using a medium containing a mixture
of correspondingly labelled, chemically synthesized
amino acids. To minimize 'H-'H DD interactions, the
sample was dissolved in D,0O. In a very simple man-
ner, the use of a fully deuterated algal lysate medium
provides similarly labelled proteins which are, how-
ever, uniformly protonated at their amide sites, irre-
spective of the solvent exchange characteristics of the
folded protein. This enables application of both HN-
and H*-based ‘out-and-back’ type triple-resonance ex-
periments as well as ‘straight through’ type sequences
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where a-protons are initially excited and amide pro-
tons finally detected. In this contribution we will use
DFPase as an example to show how this strategy can
be employed to achieve the main chain resonance
assignment of larger proteins with ‘unexchangeable’
amide protons.

Materials and methods

Sample preparations

Recombinant DFPase from Loligo vulgaris was ex-
pressed in E. coli BL21 carrying the pKKHisND plas-
mid where the sequence was encoded as a fusion to
a cleavable N-terminal His-tag. For the production of
13C/N- and PN-labelled protein, cells were grown
on M9 minimal medium containing 1 g 17! NH,4ClI
(99%) (Martek Biosciences Corp., Columbia, MD) as
the sole nitrogen source and 1 g 17! of either 13Cg
(>98%) (Martek) or unlabelled glucose as well as
2.5 g 17! of either 13C3 (99%) (Martek) or unlabelled
glycerol as carbon sources. Uniformly >H/'3C/!SN-
labelled DFPase was produced using a 2H- (98%),
13C- (97-98%) and 'PN- (96-99%) enriched algal
lysate (Bio-Express-1000-CDN, Cambridge Isotope
Laboratories, Inc., Andover, MA). The 10x concen-
trate of the medium was diluted (1:30) by 99.9%
D,0 and supplemented with 1 g 17! ?H; (> 97%),
13C¢ (> 98%) glucose (Martek) and 1 g 171 SNH,CI.
The same algal lysate was employed to obtain a
partially deuterated, '3C/!'>N-labelled DFPase. Con-
trary to the protocol for the perdeuterated protein,
the 10 x concentrated medium was diluted into H,O
(1:10) and no further carbon and nitrogen sources
added. Expression was induced by addition of IPTG
at an ODggp of 0.8, after which cells were grown
overnight at a temperature of 30 °C. The isolation
and purification of the protein was carried out as de-
scribed previously (Hartleib and Riiterjans, 2001a).
All NMR samples were dissolved in 10 mM 1,3-
bis[tris-(hydroxymethyl-)methylamino]-propane (Bis-
Tris-propane) buffer (95% H,0/5% D,0), pH =
6.5, containing 5 mM CaClp, 0.03% NaN3 and
50 pg ml~!' Pefabloc protease inhibitor. A small
amount of 3-(trimethylsilyl)-1-propanesulfonic acid
(DSS) was added as internal standard. Protein concen-
trations of 1’N-, 13C/15N-, 2H/!3C/'SN-labelled and
partially deuterated, '3C/!3N-labelled samples were
1.0, 1.6, 0.9 and 0.6 mM, respectively. Samples
were placed in Shigemi microcells with total volumes
ranging from 300 to 350 pl.
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Pulse sequences

The degree of protonation at the C* position of in-
dividual amino acid types in the partially deuterated
DFPase sample was probed as described by Rosen
et al. (1996), using a 2D [°N, 'H]-TROSY version
of a HN(CO)(CA) sequence. Briefly, two spectra were
acquired which included a fixed period of transverse
3o magnetization adjusted to 1/(21JCH). In the first
one, the 'H®-13C* scalar coupling is refocused (ref-
erence experiment), whereas in the second one the
coupling is allowed to evolve such that magnetization
of protonated '>C% nuclei is dephased and cannot be
converted into detectable magnetization in the remain-
der of the sequence (attenuated experiment). Thus
only amino acids which are deuterated at the C* posi-
tion contribute to the signal in the second experiment
and the i + 1 cross peak intensity ratio Iny/Iref is a
measure of the deuteration level at C* of residue i. In
order to improve spectral resolution a semi-constant
time (Logan et al., 1992; Grzesiek and Bax, 1993a)
ISN evolution period was employed.

Decay rates of the slowly relaxing N and 'H dou-
blet components were determined from series of [15N,
'H]-TROSY experiments including spin-echo periods
A of variable lengths (Boisbouvier et al., 1999; Kon-
taxis et al., 2000). For '°N linewidth measurements,
the A /2-180°(">N)-A/2 period preceded the evolu-
tion period of a standard ['°N, 'H]-TROSY sequence.
Amide proton linewidths were measured with a A/2-
180°('H)-A/2 period inserted prior to the acquisition
priod. The 180°('H) pulse was a 1.5-ms RE-BURP
(Geen and Freeman, 1991) pulse applied at 9.7 ppm
and flanked by a pair of pulsed field gradients. This
provides band-selective refocussing of the majority of
amide protons while leaving the magnetization of the
water and of a-protons untouched, thus decoupling
scalar interactions during the spin-echo period. Each
of the experiments was recorded in a 3D manner with
A values incremented by a constant amount, such that
linewidths could be directly extracted after Fourier
transformation along the ‘spin-echo dimension’ at the
'H and 1N peak positions of individual residues in the
regular TROSY frequency domains (Heikkinen and
Kilpeldinen, 2001).

All HN-based ‘out-and-back’ type triple-resonance
experiments employed to obtain sequential assign-
ments were recorded as [N, 'H]-TROSY versions
(Pervushin et al., 1997; Salzmann et al., 1998, 1999a),
using a gradient echo/antiecho coherence selected,
sensitivity enhanced detection scheme (Czisch and

Boelens, 1998; Pervushin et al., 1998; Weigelt, 1998)
where the number of 'H 180° pulses was minimized
(Dingley and Grzesiek, 1998). The first part of the sin-
gle transition-to-single transition polarization transfer
(ST2-PT) period was concatenated with the respective
13C— BN back transfer delay of the individual ex-
periments as described previously (Loria et al., 1999;
Salzmann et al., 1999b) in order reduce relaxation
losses. During 'H acquisition carbon spins were de-
coupled using a sequence of 3-ms WURST-20 (Kupce
and Freeman, 1995) pulses of 80 kHz sweep, resulting
in purely absorptive lineshapes and enhanced sensitiv-
ity (Yang and Kay, 1999b). Deuterium decoupling was
applied during periods involving transverse magneti-
zation of aliphatic '3C spins to eliminate the effect of
the 2H quadrupolar interaction (Grzesiek et al., 1993).
In pulse sequences applied to the partially deuterated
DFPase sample 'H-'3C couplings were refocussed
during '3C evolution times using pairs of unselective
'H 180° pulses to preserve the spin states of amide
protons, as required for the TROSY-type selection
of the slowly relaxing '>N doublet component (Fiala
et al., 2000; Lohr et al., 2000; Eletsky et al., 2001). In
all sequences water-selective 2.1-ms Gaussian-shaped
flip back pulses were employed to align the water
magnetization along the +z axis after the initial IN-
EPT (Morris and Freeman, 1979) period and before
acquisition, avoiding the saturation of fast exchanging
amide protons (Grzesiek and Bax, 1993b; Stonehouse
et al., 1994; Matsuo et al., 1996).

In addition to the TROSY-type 'HN-based ap-
proach a suite of triple-resonance pulse sequences was
applied, where the magnetization transfer pathway
begins at 'H® and where 'H%/'3C* multiplequantum
(MQ) coherences are created to make the mutual
dipolar interaction ineffective in relaxing these nu-
clei (Griffey and Redfield, 1987; Seip et al., 1992;
Grzesiek et al., 1995; Swapna et al., 1997; Ya-
mazaki et al., 1997; Kong et al., 1999). All pulse
schemes use a standard sensitivity enhanced reverse
INEPT element (Palmer III et al., 1991) in conjunc-
tion with gradient coherence selection (Kay et al.,
1992), and either a- or amide protons are finally
detected. The (HCA)CO(CA)NH experiment (Lohr
et al., 1995a) was recorded in an improved MQ ver-
sion essentially as described by Tessari et al. (1997),
the main difference involving the implementation of
the semi-constant time #; evolution period, allowing
for prolonged '3CO acquisition times. In a similar
manner, intra- and interresidual a-proton to amide g
and 15N correlations (Montelione and Wagner, 1990;



Kay et al., 1991; Boucher et al., 1992) were obtained
using the MQ-H(CA)NH pulse sequence shown in
Figure 2A. The experimental scheme is closely related
to the CTSL-HCANH sequence (Larsson et al., 1999),
substituting a 'H* for a 13C® evolution period. As in
the latter pulse sequence, transverse relaxation rates
during the relatively long delay needed for dephasing
of 13C* magnetization with respect to N are dimin-
ished by preparation of 'H*/!3C* MQ coherence, and
the dephasing due to scalar '"H-'H couplings is pre-
vented by selectively spin-locking 'H* (Grzesiek and
Bax, 1995). However, in the course of #; the duration
of the spin-lock pulse is gradually shortened to allow
'H* chemical shift evolution. Therefore the #; period
is semi-constant time with respect to homonuclear J -
couplings, while it is constant-time with respect to
relaxation. The initial free precession period Ty is ad-
justed to approximately 1/' Jcp, such that the number
of "H and 13C 180° pulses could be minimized.
Figures 2B and 2C depict modified versions of
the HCACO (Ikura et al., 1990; Powers et al., 1991)
and HCACB (Yamazaki et al., 1997) experiments,
respectively. The novel MQ-HCACO sequence com-
bines the advantages of a HMQC-type (Bax et al.,
1983; Bendall et al., 1983) Bee 13O correlation
to achieve an optimized coherence transfer function
and favourable '3C* relaxation properties afforded by
TH%/13C* multiple-quantum coherence. As described
previously (Bazzo et al., 1995; Lohr and Riiterjans,
1995b), the HMQC module makes it possible to adjust
both periods for '>C%-13CO magnetization transfers
(Te.+ Tl(’: in the scheme of Figure 2B) to 1/(2! Jcy.co)
while refocussing the passive 3C%-13C coupling by
fixing the overall duration of transverse '3C* magne-
tization (= 2(T2 + T + T&) = 4T2) at 1/'Jcq,cp-
The 'H spin-locked 'H*/'3C* multiple-quantum co-
herence warrants a sufficiently slow decay of magneti-
zation during the latter interval (Yamazaki et al., 1997,
Xia et al., 2000). In the present implementation this
period could be exploited almost entirely for constant-
time chemical shift evolution, ensuring a high reso-
lution in the '3C® frequency domain. The resolution
in the semi-constant time carbonyl dimension is how-
ever limited by the evolution of 1ch,cg couplings
and 13CO R, relaxation. The MQ-HCACB sequence
employs an ‘out-and-back’ type CC-COSY transfer
between adjacent aliphatic carbons and is optimized
to obtain 'H*-13C*-13CP connectivities. The 'H*/'3C*
multiple-quantum periods for de- and rephasing of a-
carbon magnetization with respect to '3CP are tuned
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to 1/(21JCa,C6)- The second one is used for constant-
time '3C* chemical shift labelling as a function of
1. As in the HCACO a selective 'H* spin-lock sup-
presses proton-proton scalar couplings and chemical
shift evolution during these periods. Since B-carbons
may be attached to either protons or deuterons in the
partially deuterated protein sample, both 2H compos-
ite pulse decoupling and a 'H refocussing pulse are
applied during the '3C* evolution time 7. Further
details of the MQ-HCACO and MQ-HCACB pulse
sequences are given in the Figure legend.

Both MQ-HCACO and MQ-HCACB pulse se-
quences employ a gradient-sensitivity enhancement
element (Kay et al., 1992) to transfer magnetization
back for 'H* detection. For very large proteins this
scheme may actually lead to reduced sensitivity be-
cause of fast relaxation during the addional /2" Jen)
period and additional RF pulses. In the case of DF-
Pase, increased sensitivity was observed as verified by
comparing 2D 'H,'3C-HSQC spectra recorded with
and without sensitivity enhancement. Furthermore, it
should be noted that the variable 'H spin-lock peri-
ods in MQ-H(CA)NH and MQ-HCACO experiments
may introduce f1-noise due to temperature effects.
However, since the required RF power levels are mod-
erate and the variation is limited to only 10-15 ms,
this effect is small. In fact, no such problems were
encountered in the spectra of DFPase.

Side-chain carbon to amide 'N/'H connectivi-
ties were obtained using the C(CC)(CO)NH pulse
sequence (Farmer II and Venters, 1995). Its magne-
tization transfer pathway starts with 13C polarization
and no attempt was made to utilize proton polarization
via an initial INEPT step for the protonated side-chain
carbon sites in the partially deuterated protein. How-
ever, by saturating protons during the relaxation delay,
the heteronuclear NOE was exploited to obtain sig-
nal enhancement. Isotropic mixing was achieved with
the FLOPSY-8 sequence (Mohebbi and Shaka, 1991),
applied with an RF field strength of 8.3 kHz for a
duration of 17 ms.

Data acquisition and processing

Spectra were recorded on either 600- or 800-MHz
four-channel Bruker Avance spectrometers equipped
with 5 mm '"H{!3C/'PN} three-axis gradient triple-
resonance probes. The temperature was adjusted to
28 °C in all experiments.
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The [°N, 'H]-TROSY-HN(CO)(CA) experiment
for determination of the C* deuteration level of par-
tially labelled DFPase was carried out at 600 MHz 'H
Larmor frequency. Attenuated and reference spectra
were recorded in an interleaved manner using spec-
tral widths of 34.3 and 13.6 ppm along the >N (w;)
and 'H (wy) dimensions, with the carrier position
centered at 119 and 4.75 ppm (H2O) respectively.
Time domain data consisted of 160 x 768 complex
points, corresponding to acquisition times of 76.8 ms
in #; and 94 ms in f,. A recycle delay of 7 s was
employed to ensure restoration of amide proton equi-
librium magnetization between transients, irrespective
of differential R; relaxation rates of C* protonated and
deuterated amino acids. Accumulation of 32 scans per
FID resulted in a total measurement time of 41 h.

Linewidths of the slowly relaxing (TROSY) 'H
and N doublet components were measured at
800 MHz for fully protonated (and '>N-labelled),
partially deuterated (and '3C/!>N-labelled) and fully
deuterated (and '3C/'PN-labelled) DFPase. For the
latter two samples 'H spin-echo periods A were in-
cremented from 1.6 to 151.6 ms in intervals of 10 ms,
whereas for the 19N labelled protein the longest value
was 91.6 ms. The A interval for the determination of
5N linewidths was 16 ms with a maximum duration
of 241.6 ms. In all experiments spectral widths in the
I5N and 'H dimensions were 40 and 16.9 ppm, respec-
tively, and 200 (#1) x 1024 (#;) complex points were
recorded, resulting in acquisition times of 61.3 and
75.6 ms. Four scans were recorded per FID, except
for the 'H linewidths determination in 'SN-labelled
DFPase, where eight scans were accumulated, giving
rise to measurement times of approximately 20 h for
each of the three-dimensional data sets.

Relevant acquisition parameters of all 3D triple-
resonance experiments for resonance assignments ap-
plied to the partially deuterated, '3C/!3N-labelled
sample are summarized in Table 1. The variables \
(MQ-H(CA)NH) and ¥ (MQ-HCACO) were adjusted
to 0.92 and 0.5, respectively.

Processing and spectra analysis was carried out us-
ing the NMRPipe/NMRDraw (Delaglio et al., 1995)
software. The residual water signal was eliminated
by time-domain convolution in the directly detected
dimensions (Marion et al., 1989a). Linear prediction
was applied in indirectly detected dimensions to ex-
tend time-domain data by % to % of their original
length. Prior to Fourier transformation, data were mul-
tiplied with squared-cosine weighting functions in all
dimensions. Linear prediction and apodization were

not applied in the linewidth dimensions of the 3D
linewidth-resolved [15N, I'H]-TROSY spectra. Here,
digital resolutions after zero-filling and Fourier trans-
formation along the respective 'H and >N spin-echo
dimensions were 0.78 and 0.49 Hz pt~'. Linewidths
were extracted by fitting Lorentzian lines using NMR-
LAB (Giinther et al., 2000).

Results and discussion

Obtaining resonance assignments of '3C/!>N-labelled
proteins in the 300-residue range is severely im-
peded by fast R, relaxation which makes most triple-
resonance pulse sequences ineffective and aggravates
signal overlap. Perdeuteration, commonly employed
as a remedy to reduce dipolar relaxation, must how-
ever be followed by complete back-exchange of amide
protons. As previously reported (McCallum et al.,
1999; Wang et al., 1999; Riek et al.,, 2002; Tu-
garinov et al., 2002), very slow back-exchange in
larger proteins renders significant fractions of signals
undetectable, unless the proteins can be denatured
and refolded in vitro. For the same reason, applica-
tion of a suite of HN-based ['°N, 'H]-TROSY type
triple-resonance experiments (Salzmann et al., 1998,
1999a, c; Loria et al.,, 1999; Lohr et al., 2000) to
fully H/'3C/">N enriched DFPase resulted in frag-
mentary and ambiguous sequential assignments (data
not shown). Therefore it was investigated whether
a partially deuterated sample, produced by grow-
ing bacteria on fully deuterated algal lysate in H,O
meets the requirements to completely assign main
chain resonances of a larger protein featuring nu-
merous practically unexchangeable amide hydrogens.
This approach yields protein molecules that are fully
protonated at all amide sites as opposed to fractionally
deuterated samples expressed in D, O-based minimal
media containing a non-deuterated carbon source.
Assuming identical yields the proposed labelling
scheme is more expensive than perdeuteration us-
ing minimal medium in D,0O. However, when the
perdeuterated protein must be expressed from deuter-
ated algal lysate medium in D,0O, the cost of our
labelling scheme is lower because H;O is used.

Characterization of ' H*/>H/'3 C/"> N-labelled DF Pase

Some features of a partially >H enriched sam-
ple prepared from the HO-based deuterated algal
lysate medium can already be observed in its one-
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Table 1. Acquisition parameters for 3D experiments applied to obtain resonance assignments of uniformly 13¢/I5N, partially 2H-labelled DFPase

Experiment Detected nucleus Time domain data®  Spectral widths Acquisition times ~ No. of  Total

Fi F F3  hh B3 Fi F F3 151 %) 13 scans exp.
(ppm) (ppm) (ppm) (ms) (ms) (ms) per FID time (h)

TROSY-HNCOP Bco BN THN 38 48 512 122 300 136 20.7 263 62.7 4 21
TROSY-HN(CA)COb  1Bco SN HN 33 48 512 127 300 13.6 172 263 627 16 69
TROSY-HNCACB® Bew/b 15N 1N 86 44 768 55.8  20.0 13.6 77 271 70.7 8 67
(HCA)CO(CA)NHP Bco BN IHN 38 48 512 122 300 136 207 263 627 32 88
H(CA)NH® Ige BN THN 52 64 640 40 300 13.6 162 264 588 16 84
HCACOP Bco Bex 1g* 42 88 384 150 240 85 185 243 756 16 66
HCACBP Bep Bex Ige 60 96 256 625 480 65 64 132 658 16 92
C(CC)(CO)NHP 3¢ SN 1HN 64 48 384 63.1 200 105 6.7 394 609 16 140

4Complex points.
YRecorded at 600 MHz.
“Recorded at 800 MHz.

Figure 2. MQ versions of (A) H(CA)NH, (B) HCACO and (C) HCACB experiments, described for applications at 800 MHz (A) and 600 MHz
(B and C) 'H frequency. Narrow and wide filled bars denote rectangular 90° and 180° pulses applied along the x-axis unless indicated
otherwise. Proton, deuterium and nitrogen carrier frequencies are centered at the water resonance (4.75 ppm), in the aliphatic region (3 ppm)
and in the backbone amide region (118 ppm), respectively. In the H({CA)NH experiment, the 'Y carrier is temporarily switched to 8.5 ppm
for amide proton composite pulse decoupling (CPD), which is performed with a DIPSI-2 (Shaka et al., 1988) sequence applied at an RF field
of 5 kHz. Carrier frequencies of the 13C channels are positioned at 56 ppm (sequence A), 54.2 ppm (B) and 44 ppm (C). Composite pulse
decoupling of 13C and BN spins is accomplished by GARP-1 modulations (Shaka et al., 1985), applied with RF field strengths of 1.7 kHz and
1.0 kHz, respectively. Deuterium decoupling employs a 0.8 kHz WALTZ-16 sequence (Shaka et al., 1983). ‘sl’ denotes a cw spin-lock with an
RF field of 4 kHz (3.4 kHz) at 800 MHz (600 MHz) proton frequency. In sequence A, its initial duration of A — n — Ty /2 is decremented by
Aty in the course of the IH evolution time to retain a constant period of transverse 'Hand 13C magnetization, in sequence B the duration of
the the spin-lock period is incremented as a function of 71 (see below), whereas in sequence C spin-lock periods are fixed. Rectangular carbon
pulses are applied with 18.5 kHz (15.6 kHz) RF field strengths at 800 MHz (600 MHz) spectrometers. The shaped 180° B¢ pulses in the A
and Ty periods of sequence A are G Gaussian cascades (Emsley and Bodenhausen, 1990) with durations of 200 and 300 ws, respectively,
where the first one is applied at 44 ppm using phase modulation of the RF (Boyd and Soffe, 1989; Patt, 1992). Sinc-shaped carbonyl 180°
pulses are applied at 176 ppm and have a duration of 100 ws. In sequence B, sinc-shaped 90° and 180° pulses on carbonyls have a duration of
124 ps and a cosine-modulated amplitude profile to provide two excitation maxima at & 122 ppm from the 13¢ carrier position, thus avoiding
non-resonant phase shifts on a-carbons (McCoy and Mueller, 1992). Simultaneous refocussing of 13ca/B magnetization and inversion of B
magnetization between periods Ta‘C and Tg is achieved with a single 500-pus WURST-20 (Kupce and Freeman, 1995) pulse (80 kHz sweep),
centered at 100 ppm. Sequence C employs 250 s G3 shaped 180° 13ca/p pulses except for the G3 pulse in the midpoint of the second t
period, which has a duration of 900 ps and is applied at 58 ppm through phase modulation to selectively invert a-carbon magnetization. Fixed
delays are adjusted to (A) Ty =6.1 ms, A =26 ms,n1=3ms, TN =24ms,k =54ms, t=4.6msande =0.8ms, (B)t=32msand e =
0.8 ms, (C) t =3 ms, A =Tc = 13.2 ms, ¢ = 0.8 ms. Initial durations of 13¢ evolution periods (1; = tp = 0) in sequence B are Ta‘C =6.97
ms, TCC = Tg =4.53 ms and Tlé = Té - TCC — 1(90° C’) - ©(180° C’)/2, where ©(90° C’) and t(180° C’)/2 are the widths of 90° and 180°
carbonyl pulses. Carbonyl chemical shifts evolve in a semi-constant time manner by incrementing TcC by (1 + x)t1/2 and decrementing TdC
by (1 — x)t1/2, where the factor ¥ is defined as 1 — 2TdC /11 max- Constant time 13¢® chemical shift evolution occurs in t by shifting the two
WURST-20 pulses towards the flanking rectangular 90° 3ca pulses. In addition, periods Té and Tlé are altered in the opposite direction as a
function of #; to avoid a modulation due to 13C% chemical shifts in the 13C’ domain, yielding T% = T%(tl =1ty =0)— (trp — xt1)/4 and Tlé
= T]é (t1 =t —2=0)+ (1 — xt1)/4 with tp pax = 4(Té — ¢). Pulsed field gradients are sine-bell shaped and have the following durations,
peak amplitudes and directions: (A) Gy, 0.5 ms, 10 Gem™!, z; G5, 0.5 ms, 25 Gem™!, z; G3, 1.6 ms, —19.23 Gem™1, z; G4, 0.3 ms, 4 G
cm_l, 2;Gs5,03ms,5.5G cm_l, z; Gg, 0.2 ms, 16 G cm_l, z;(B)G1,0.5ms,5G cm_l, x; G2,0.5ms,5G cm_l, y; G3,0.2ms, —39.77 G
em~ !, xyz; G4, 0.3 ms, 4 G em~ !, xy; Gs, 0.3 ms, 5.5 G em™ 1, xy; Gg, 0.2 ms, 20 G em ™!, xyz; (C) Gy, 0.6 ms, 5 Gem™ !, x; G, 0.6 ms, 5
Gem™! ,y; G3,0.2ms, —48.72 G cm™! , Xyz; G4,0.5ms, 4 G cm™! ,Xxy; G5,0.5ms,5.5G cm™! ,xy; Gg, 0.2ms, 245G cm_l, xyz. Phases
are cycled according to: (A) 1 = 2(x), 2(—=x); 2 = X, —X; $3 = 4(x), 4(—X), 4(y), 4(=y); b4 = 4(x), 4(—X); 5 =¥; drec = R, 2(—R), R;
(B) d1 =1y, —y; 2 = 4(x), 4(—=x); 3 = 8(x), 8(—=X), P4 = 2(x), 2(—X); d5 = 4(x), 4(—=X), 4(y), 4(-y); P6 =¥; brec =R, 2(=R),R; (C) ¢1 =
¥s =¥s $2 = 2(x), 2(=X); 3 = 8(x), 8(y), da =y, —y; ¢5 = 8(y), 8(=y); be = 4(x), 4(y); 7 = ¥; drec =R, 2(=R), R, where R = x, 2(—x),
x. Echo- and antiecho coherence transfer pathways are selected alternately by inverting the polarity of G3 together with pulse phases (A) ¢5,
(B) ¢ and (C) ¢7. Axial peaks are shifted to the edge of the spectrum in sequences (A) and (B) by inverting ¢4 and ¢, respectively, and the
receiver phase in every other #, increment. Sign discrimination in the Fj dimensions is accomplished by States-TPPI (Marion et al., 1989b)
applied to phases (A) b1, (B) ¢4, (C) b2, b3 and .
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Figure 3. 'H spectra of (A) 1.6 mM 3C/15N-, (B) 0.6 mM 'H%/2H/"3C/!3N- and (C) 0.9 mM 2H/'3C/!5N-labelled DFPase and aliphatic
portions of 11—1,13C—HSQC spectra of (D) 1.6 mM B3c/15N- and (E) 0.6 mM Ige21/13C/15N-labelled DFPase. All samples were dissolved in
10 mM Bis-Tris-propane buffer, pH = 6.5, containing 5% D, O. One-dimensional spectra were recorded at 800 MHz using a simultaneous 3¢
and 1N heteronuclear spin-echo difference pulse sequence to suppress the otherwise very strong buffer signal at &~ 3.8 ppm. No decoupling
was applied during acquisition. The water signal was suppressed by presaturation. Different number of scans were acquired to account for
the variation in protein concentrations. Spectra are vertically scaled to obtain an approximately equal noise level. Two dimensional HSQC
spectra were recorded at 600 MHz employing gradient coherence selection and sensitivity enhancement (Kay et al., 1992). Eight and 32 scans,
respectively, were accumulated for each FID in the experiments presented in D and E.
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Figure 4. Histograms showing the distribution of 'H (left column) and 1SN (right column) linewidths (full widths at half-height, Avy/2)

determined from 3D linewidth-resolved [15N, 1H]-TROSY spectra of (A, F) ZH/!3C/15N-, (B, G) 'HY/2H/'3C/!5N- and (C, H) > N-labelled
DFPase. In the lower two panels linewidth ratios are given between (D, I) TH*2H/13C/19N- and 2H/13C/15N- and between (E, D

THY2H/13C/15N- and 19N-labelled protein.

dimensional proton NMR spectrum. Figures 3A-
C compare 'H spectra of partially deuterated DF-
Pase with those of non-deuterated DFPase resulting
from bacterial growth in minimal medium containing
fully protonated carbon sources and of perdeuterated
DFPase prepared from a deuterated algal lysate in
D0, supplemented with deuterated glucose. It is
apparent (i) that linewidths of amide resonances grad-
ually decrease with increasing deuteration levels,
(ii) that the number of signals in the region down-
field from 8.5 ppm, containing only signals from
amide and tryptophan N®!-protons, is very similar
in the non-deuterated and partially deuterated species
but significantly lower in perdeuterated DFPase as
a consequence of incomplete proton back-exchange.
It can also be seen that (iii) the overall signal in-
tensity in the methyl region of partially deuterated
DFPase is considerably reduced when compared with

the non-deuterated protein whereas differences in the
a-proton region are smaller. The 'H incorporation can
be studied in a more detailed but still qualitative man-
ner from two-dimensional 'H-13C correlation maps.
The aliphatic regions from HSQC (Bodenhausen and
Ruben, 1980) spectra of non-deuterated and partially
deuterated DFPase are shown in Figures 3D and 3E,
respectively. Most of the 'H*-13C* correlations can
still be observed in the partially deuterated sample, but
many side-chain signals, especially those of methyl
groups, show reduced intensities or are even absent.
Compared to the spectrum of the fully protonated pro-
tein, the remaining signals are sharper in the proton
dimension. This can be attributed to the lower proton
density and the concomitantly reduced R, relaxation
rates and scalar couplings. With respect to its deuter-
ation pattern this DFPase sample is complementary to
fractionally >H-labelled proteins, produced by grow-



ing bacteria in media containing a protonated carbon
source in DO because the latter exhibits higher de-
grees of protonation in the side-chain positions than at
C®. Henceforth the partially deuterated protein sample
used in this study is designated as 'H%/>H/!3C/!>N-
labelled in analogy to Yamazaki et al. (1997), al-
though it should be noted that the preference for C*
protonation versus side-chain protonation in this sam-
ple is less pronounced than in proteins expressed in
growth media containing selectively '"H%- and uni-
formly 2H/'3C/'>N-labelled amino acids as proposed
by Yamazaki and co-workers.

Using the NMR method described by Rosen
et al. (1996) the level of proton incorporation at C*
from water in the growth medium was quantitatively
analysed on a residue-type specific basis. The exper-
iment relies on the dephasing of 3¢ magnetization
by the ! Jouno interaction in amino acids protonated
at this position, leading to a loss of signal intensity
relative to an experiment recorded with refocussing of
the scalar coupling evolution, which is proportional
to the fractional protonation level. Signal intensities
are monitored in 2D spectra at the 'H/'>N resonance
positions of sequentially following residues using a
HN(CO)CA type pulse sequence. Results obtained for
all 20 amino acid types are listed in Table 2. It should
be noted that intensity ratios in protonated and deuter-
ated amino acids are affected by the different '3C®
transverse relaxation rates during the J evolution de-
lay. Assuming 7> times of 10 ms and 60 ms for the
protonated and deuterated species, respectively, the
values in Table 2 which are not corrected for this ef-
fect, overestimate the deuteration levels by up to 7%.
Data obtained for DFPase reveal a wide distribution of
'H incorporation during bacterial growth in a medium
containing fully deuterated algal lysate, depending on
the amino acid type. While amino acids such as pro-
line, arginine and histidine remain almost completely
deuterated, very high C* protonation levels are ob-
tained for tryptophan, asparagine and aspartate. Thus
it can be anticipated that, for the first group, HN-based
‘out-and-back’ type triple-resonance pulse sequences
that include long periods of transverse '3C* magneti-
zation will perform well, whereas they will severely
suffer from fast R, relaxation rates of the protonated
a-carbons for the latter residue types. Conversely, the
efficiency of H*-based experiments is proportional to
the C* protonation level making them most suitable
for residues such as Trp, Asx or Gly, whereas they will
obviously fail to provide cross peaks for Pro, Arg and
His due to the lack of a-protons. Amino acids with in-
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termediate protonation levels might give rise to useful
correlations in both types of experiments.

To some extent the deuteration levels reported in
Table 2 reflect the relative amounts of amino acids
present in the algal lysate, because protons from H,O
are incorporated during bacterial biosynthesis when
deuterated amino acids are depleted (Markus et al.,
1994). Therefore some variation may be expected de-
pending on the algal lysate. It is less likely, however,
that the amino acid composition of a specific protein
affects the C* deuteration levels.

The efficiency of [N, 'H]-TROSY type triple-
resonance pulse sequences not only depends on R>
rates of the correlated !3C nuclei, but to a significant
degree on relaxation properties of amide protons and
nitrogens, too. To assess the impact of the different
proton densities of non-deuterated, partially deuter-
ated and perdeuterated protein samples, transverse
relaxation rates of 'H and "N TROSY doublet com-
ponents were determined. In order to match the con-
ditions relevant for relaxation during triple-resonance
pulse schemes, the signal decay was measured us-
ing simple Hahn echo modules rather than CPMG
(Carr and Purcell, 1954; Meiboom and Gill, 1958)
or Ry, (Deverell et al., 1970) techniques. Because the
pulse sequence for the measurement of 'H linewidths
employed band-selective refocussing pulses the analy-
sis was limited to amide protons resonating between
~12.0 and 7.4 ppm while no such restriction was im-
posed on the measurement of >N linewidths. Figure 4
summarizes the results obtained for DFPase. Average
proton linewidths measured for the fully deuterated,
partially deuterated and non-deuterated protein were
7.9, 9.4 and 15.2 Hz, respectively, with distributions
depicted in histograms A-C. As expected, for all
residues which could be evaluated, signals in spectra
of the partially deuterated sample are narrower than
those of the non-deuterated sample but, with very few
exceptions, broader than those of perdeuterated DF-
Pase. However, varying local proton densities within
partially deuterated protein molecules, which depend
on amino acid types in the vicinity of the observed
amide proton, result in relatively large variations,
shown in histograms D and E. Ratios for individ-
ual amide protons in partially deuterated and fully
or non-deuterated protein species cover a range from
0.93 to 1.86 (mean: 1.20) and 0.40 to 0.99 (mean:
0.63), respectively. Similar trends are apparent for N
linewidths, as can be seen in the right half of Figure 4.
They span ranges of 2.2 to 6.7, 2.6 to 8.5 and 2.9 to
9.0 Hz in fully deuterated, partially deuterated and
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Table 2. Fractional C* deuteration levels of DFPase from Loligo vulgaris expressed in E. coli using 2H-labelled algal lysate dissolved in

'H,0

Amino acid type? Pro (14) Arg (5) His (4)

Lys (14)

Ie(11)  Thr(12) Leu(13) Tyr(7)  Val(17)

Deuteration level® (%) 98.24+42 97.1+£24 96.4+2.1 942439 883+53 835+7.1 834+£66 793+7.0 73.6+6.5

Amino acid type?® Ala(12)  Ser(5) Phe (13)

Met (4)

GIx® (30) Cys(6) Glyd (17) Asx®(26) Tip (@)

Deuteration level® (%) 73.14£4.3 71.3+£7.4 589+7.1 5434+9.1 49.9+9.9 37.0+83 27.1+57 21.6+6.1 18.9+38

Number of residues employed to calculate averages given in parenthesis.

bAverage percentage deuteration (% standard deviations) determined from intensity ratios of cross peaks in a pair of 2D HN(CO)(CA)
spectra with and without 1 JcaHo dephasing. Values are not corrected for differential 3ca T, times of protonated and deuterated carbons.
©No systematic differences were found between Glu and Gln and between Asp and Asn.

dFor glycines the experiment measures the fraction of fully deuterated a-CH, groups.

non-deuterated DFPase, respectively (see histograms
F-H for distributions), with averages of 3.7, 4.3 and
5.5 Hz. In individual residues, !N lineshapes of
the 'H*/?H/'3C/"N-labelled protein are on average
1.11 times broader than those of the fully deuterated
protein but only 0.77 times as broad as those in a non-
deuterated sample. Histograms shown in sections I and
J of Figure 4 reveal somewhat narrower distributions
of N linewidth ratios compared to those found for
protons, falling in the range from 0.81 to 1.48 for
partially vs. fully deuterated and from 0.51 to 1.07
for partially vs. non-deuterated DFPase. These results
demonstrate that in the partially deuterated protein
a significant improvement of 'H and >N relaxation
properties in TROSY-type experiments compared to
the non-deuterated species is achieved, despite its rel-
atively high degree of protonation at C?, i.e., adjacent
to the amide sites.

Application of 'HN- and ' H*-based triple-resonance
experiments

Obtaining main chain resonance assignments by
triple-resonance NMR spectroscopy relies pre-domi-
nantly on the identification of sequentially neighbour-
ing amides by common correlations of 'HN and PN
chemical shifts with those of other nuclei in the scalar
coupling network, such as 13C%, 13CP, 13C" and pos-
sibly '"H*. With increasing number of amino acid
residues and thus degenerate frequencies the avail-
ability of several independent pathways for such ‘se-
quential walks’ gains more and more importance. The
success of the corresponding triple-resonance experi-
ments strongly depends on the relaxation behaviour of
the involved nucei. In this respect, a-carbons which
are either detected themselves or employed as relay
spins play a pivotal role. Considering the linewidth

variations in 'H*/?H/'3C/">N-labelled protein sam-
ples caused by non-uniform C* protonation it is im-
portant to prove that this labelling pattern is suitable
for resonance assignment along the entire backbone
of a 35-kDa protein such as DFPase. As a first ex-
ample, it will be shown to what extent the ‘carbonyl
pathway’ can provide sequential assignment informa-
tion. Interresidual IH?I -15Ni-13C£_1 connectivities are
obtained in a sensitive manner from the HNCO exper-
iment even for larger, non-deuterated proteins. Their
intraresidual counterpart (IH}\I-15N1-13C1’) is, however,
more demanding (Clubb et al., 1992). The [°N,'H]-
TROSY-HN(CA)CO sequence (Loria et al., 1999)
employed in this study contains a period of transverse
13C* magnetization as long as 28 ms (~ 1/' Jeacp).
This is acceptable for fully deuterated proteins, but
renders the experiment highly susceptible to C* proto-
nation in partially deuterated samples due to efficient
dipolar relaxation.

Slices from a HN(CA)CO experiment obtained
with a 'H%/2H/!3C/"3N-labelled sample are shown in
Figure 5. For both parts of the sequence shown in
part A, no assignments were obtained using perdeuter-
ated DFPase, because the amide protons of residues
128 through 133 and 199 through 203 were unde-
tectable due to very slow D/H-exchange. With few
exceptions pairs of '3C’ cross peak between adjacent
residues were observed throughout the sequence in
the HN(CA)CO spectrum of 'H*/>?H/'3C/!3N-labelled
DFPase. Intra- and interresidual correlations can nor-
mally be distinguished by comparing peak intensi-
ties. In the HN(CA)CO spectrum of 'H%/2H/!3C/SN-
labelled DFPase intensities of some interresidual cross
peaks are of equal or even higher intensity compared
to intraresidual ones (e.g., W131/L130, W201/L200
and D204/Y203 in Figure 5A). This is a consequence
of the residue-type dependent degree of C* protona-
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Figure 5. (A) Strip plot of a 3D ['5N, H]-TROSY-HN(CA)CO spectrum showing the sequential assignment of residues 127-133 and 198-204
of 'H*/ZH/!3C/19N-labelled DFPase. Connectivities are visualized by horizontal lines. The 13¢” resonance frequencies of K198, K199
and L200 are almost degenerate, causing severe overlap in the w; dimension. (B) Comparison of 13¢c/lH (w1/w3) strips taken from 3D
['5N,!H]-TROSY-HN(CA)CO (left panels, a) and 3D (HCA)CO(CA)NH (right panels, b) spectra of 'H*/2H/!3C/!19N-labelled DFPase. In
both experiments correlations involving glycine residues have a reversed sign due to the missing cos(nAIJCaCﬁ) dependence (A is a delay
in the pulse sequences, adjusted to 1/ 1 Jcacp)- Assignments of intra- (residue i) and interresidual (residue i — 1) cross peaks are drawn only
in (HCA)CO(CA)NH strips. Empty boxes indicate missing peaks in the HN(CA)CO. Each strip has a width of 0.15 ppm along the w3 (H)
dimension, centered around the chemical shift indicated at the bottom, and is taken at the wo (1PN) resonance position shown on top of each

slice. Solid and dashed contours represent positive and negative intensities, respectively, and are drawn on an exponential scale using a factor
of 2172,
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tion causing variable attenuation by transverse '3C*
relaxation during the PN-(13C®)-13C relay step of the
HN(CA)CO pulse sequence. Another possible reason
for reversed relative intensities would be 2JNcm_l >
! JNCai, Which can be excluded for our data (Wienk
et al., 2003). Unequivocal identification of interresid-
ual correlations was however warranted by recording
an HNCO spectrum (data not shown).

In accordance with the C* deuteration levels of
DFPase (Table 2) Asn, Asp and Trp give rise to
the lowest intensities in the HN(CA)CO spectrum. In
some cases, signals were so weak that they could not
be unambiguously identified or even absent. While
missing interresidual correlations can easily be re-
trieved from the HNCO spectrum, a missing in-
traresidual correlation is absolutely detrimental for
the sequential assignment process. For this reason a
(HCA)CO(CA)NH experiment, which provides the
same correlations as the HN(CA)CO (Lohr and Riiter-
jans, 1995a), was recorded in addition. In the used ver-
sion (Tessari et al., 1997) the sequence takes advantage
of 'H*/!3C* multiple-quantum line-narrowing to slow
down transverse '3C® relaxation during the crucial
13ce 15N coherence transfer step. Since the flow
of magnetization in the (HCA)CO(CA)NH pulse se-
quence starts at 'H®, the resulting signal intensities are
proportional to the C* protonation level. In this sense
the (HCA)CO(CA)NH experiment complements the
HN(CA)CO in an ideal manner for 'H*/2H/3C/1PN-
labelled proteins. Shown in Figure 5B are some exam-
ples where missing or very weak correlations involv-
ing Asn, Asp or Trp residues in the HN(CA)CO were
readily observed in the (HCA)CO(CA)NH despite
the lower overall sensitivity of the latter experiment,
which does not employ TROSY-type signal enhance-
ment. Note the absence of an intraresidual cross peak
for Trp217 in the HN(CA)CO. As this residue ex-
hibits very slow amide H/'H exchange preventing
its detection in the spectra of perdeuterated DFPase,
the (HCA)CO(CA)NH turned out to be essential for
avoiding a break in the ‘carbonyl pathway’.

Two additional independent pathways are provided
by the HNCACB experiment (Wittekind and Mueller,
1993), which allows one to trace adjacent amide sites
via common correlations with both a- and p-carbon
nuclei. Owing to the shorter period of transverse '3C%
magnetization (& 14 ms) the pulse sequence is less
susceptible to dipolar relaxation by directly attached
protons than that of the HN(CA)CO resulting in more
uniform signal intensities. Nevertheless, some amino
acid type dependence is observed when applied to a

TH*/ZH/'3C/"SN-labelled proteins, calling for an addi-
tional experiment to unambiguously distinguish intra-
from interresidual cross peak and, if necessary, detect
interresidual connectivies missing in the HNCACB.
For this purpose the HNCACB may be combined
with CBCA(CO)NH (Grzesiek and Bax, 1992b) or
HN(CO)CACB (Yamazaki et al., 1994) experiments.
We preferred to record a C(CC)(CO)NH-TOCSY
(Farmer II and Venters, 1995) spectrum, which yields
the same type of information and additional side-chain
carbon assignments beyond the CP position. Because
this sequence starts with carbon rather than proton
polarization there is only a moderate dependence of
cross peak intensities on protonation levels at indi-
vidual side-chain positions, caused by relaxation and
the '*C{'H}-NOE exploited in the present applica-
tion. Although this flow of magnetization results in a
comparatively low overall sensitivity, in most cases the
desired information could be readily extracted.

Figure 6 illustrates the combined use of
HNCACB and C(CC)(CO)NH-TOCSY spectra of
'H*/2H/"3C/"N-labelled DFPase to assign amino
acids Ile48 to Cys62 via the '3C%/'3CP pathway.
Again, this fragment comprises several residues (i.e.,
[le48-Ile51) that were not detectable in the perdeuter-
ated protein. In most instances of the example shown,
intraresidual correlations in the HNCAB are more
intense than their interresidual counterparts. An ex-
ception is the Asp52/1le51 link, where intraresidual
cross peaks are weaker despite Uincai > 2INCaii
(Wienk et al., 2003). As described above, the rea-
son for the change of intensities is the faster decay of
transverse |3C* magnetization in the aspartate residue
due to its high degree of protonation. Unambiguous
identification of intra- and interresidual connectivities
is possible for these residues by the C(CC)(CO)NH-
TOCSY, which contains only the latter. Some in-
terresidual cross peaks with very low intensity in
HNCACB (e.g., Gly56/Thr55 C%, Lys57/Gly56 C*
and Cys62/Ile61 C%/CP) had higher sensitivity in the
C(CC)(CO)NH-TOCSY. Moreover, the degeneracy of
the Arg50/Leu49 '3C? resonances giving rise to some
ambiguity in the HNCACB was clearly established
with the help of the C(CC)(CO)NH-TOCSY. Apart
from 13C* and '3CP the C(CC)(CO)NH-TOCSY spec-
trum provided many further side-chain carbon chem-
ical shifts that allow more reliable identification of
amino acid types and may be useful for subsequent
structural studies.

While the preceding sections dealt with correla-
tions which are in principle accessible to perdeuterated
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Figure 7. Strips from a 3D MQ-H(CA)NH spectrum showing the connectivities from two segments of DFPase. The regions from Tge/IpN
(w1 /w3) planes, taken at the 5N (w7) chemical shifts and centered around the 'HN chemical shift indicated at the top and bottom, respectively,
have a width of 0.15 ppm along w3. Positive and negative contours (level spacing factor 2172y gre represented by solid and dashed lines,
respectively. Straight horizontal lines mark sequential links via common IHY correlations. The intraresidual cross peak of Lys294 was not
detected, as indicated by an empty box. Notice that the 'HY resonance frequencies of sequential neighbours Asp100/Gly101, Glu104/Glul05

and Asn289/Asn290/Ala291 are degenerate.

molecules, the inclusion of a-protons in the resonance
assignment of larger proteins, treated in the follow-
ing, is quite unique for the "H%/?H/!3C/!3N-labelled
species. Knowledge of 'H® chemical shifts as such
is of interest for evaluation of NOESY spectra and
as an indicator of secondary structure. In addition,
they are able to supplement the '3C’ and '3C%/13CP
pathways to find sequential links between backbone
amide 'H/! N signals. A suitable pulse sequence for
this purpose is the MQ-H(CA)NH, which correlates
a-proton chemical shifts with those of amide pro-
tons and nitrogens of the same and the sequentially
following residue via IJNCOL and 2JNca couplings,
respectively. An example is given in Figure 7, show-
ing the sequential assignment of residues Val96 to
[le106 and Asn289 to Trp297 of DFPase, follow-
ing the 'H* pathway. Within these fragments, Val96,
Val97, Ala291, Val292, Trp293, Lys294, Phe295 and
Trp297 were among the residues exhibiting very slow
amide exchange with the solvent. Therefore the use of
the "H*/?H/'3C/" N-labelled sample was essential to
complete their assignment.

Figure 7 also reveals the major drawback of
the methods employing 'H® magnetization, the pro-
nounced dependence of signal intensities on amino
acid types. It should be mentioned that proline and

arginine, which have the lowest protonation level at
C? (see Table 2), were not observed in the H{CA)NH
spectrum and histidine and lysine signals are usually
weak or absent. As a consequence, some of the ex-
tracted strips contain only a single rather than a pair
of cross peaks, which may represent either the in-
traresidual or the sequential connectivity or just be
a result of accidental 'H* chemical shift degeneracy.
Therefore, additional information is required to al-
low a distinction between the three cases. To this
end MQ-HCACO and MQ-HCACB experiments were
performed, both providing intraresidual correlations
exclusively. Moreover, since the pulse sequences rely
on large ! Joy and ! Joc couplings only, their inherent
sensitivity is higher than that of the MQ-H(CA)NH,
where the crucial polarization transfer step depends
on comparatively small 3C%-IN couplings. As an
example, intraresidual correlations of Lys294, not de-
tected in the MQ-H(CA)NH, were readily observed
in MQ-HCACO and MQ-HCACB experiments (not
shown). Figure 8 demonstrates their use to lift 'H®
degeneracies of sequential neighbours which gave rise
to ambiguities in the MQ-H(CA)NH. For instance,
the w1/wy planes at w3 = 4.45 ppm contain three
pairs of sequential neighbours, which appear as well
separated signals, whereas only a single correlation
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Figure 8. Expansions of wj/w; planes from MQ-HCACB (top) and MQ-HCACO (bottom) spectra of DFPase, taken at two different I (w3)
chemical shifts, as indicated above each panel. Only positive contour levels, spaced by a factor of 2172 are drawn. Intraresidual 13CP-13¢/
connectivities of those residues discussed in the text are visualized by vertical lines.

was observed for each pair in the MQ-H(CA)NH, as
is evident for Glul04/Glul05 in Figure 7. In case
of the pairs Alal78/Vall79 and GIn149/Glul50 the
'H® degeneracy was aggravated by overlapping '3C’
and 13CP resonances, respectively. In the second ex-
ample (at o('H*) = 4.53 ppm) MQ-HCACO and
MQ-HCACSB spectra were of particular importance for
the assignment of the triplet Met182/Asn183/Asp184
which have almost identical 'H* resonance frequen-
cies, while no amide 'H signal was detectable for
Asnl83 (see below), introducing a gap in the ‘se-
quential walks’ via intra- and interresidual '3C to
amide 'H/'SN correlations. More generally, verify-
ing B/, 13c%, BCP and 'H* assignments based
on three independent I'HN-detected experiments, i.e.

HN(CA)CO (or (HCA)CO(CA)NH), HNCACB and
MQ-H(CA)NH, MQ-HCACO and MQ-HCACB spec-
tra added confidence to sequential connectivies previ-
ously identified.

Extent of resonance assignments for DF Pase

The above described combination of 'HN-based,
['>N,'H]-TROSY type and 'H%-based, 'H*/'3C* MQ
methods enabled us to perform resonance assignments
along the entire main chain of DFPase using a sin-
gle '"H*/?H/'3C/"3N-labelled sample. Only for Pro23,
Pro36 and Pro270 no assignments were obtained. Ex-
cluding prolines, 98% of the main chain amide 'H and
5N signals were sequence-specifically assigned, the
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Figure 9. Secondary 13C0, 13C°‘, 13CB and 'H® chemical shifts of DFPase. The weighted consensus value (X A83) was calculated as (A3 Bco
+ As13Ce - A313CP - 4A8THY)/mumber of assignments per residue. Negative values are indicative of backbone conformation corresponding
to B-sheets. Filled circles below the sequence numbering mark those residues that were unobservable in spectra of the perdeuterated protein due
to very slow amide back-exchange. Horizontal arrows below the consensus secondary chemical shifts denote p-strands identified in the X-ray

structure of DFPase (Scharff et al., 2001).

missing residues are Glu37, Asn41, Met148, Asnl83
and Ser271, which did not give rise to detectable
signals in 'H, 1N correlated spectra of either fully
protonated, partially deuterated or perdeuterated DF-
Pase. Possible reasons could be fast proton exchange
with the solvent or excessive line broadening due to
conformational exchange. Interestingly, Glu37 and

Ser271 are located in the putative active site of the
enzyme (Scharff et al., 2001), suggesting conforma-
tional disorder in the absence of a substrate. Likewise,
3¢ and 13CP of Asp229 as well as 13CP of Asn120
and Asnl75, also part of the active site, were not
observable. All remaining carbonyl, a- and B-carbon
and 227 (67%) of the aliphatic side-chain 3C res-



onances beyond C* could be assigned. The number
of 'H* assignments amounts to 275 (88%), where
the majority of the missing ones involves all pro-
line (20), arginine (11), 3 out of 6 histidine residues
and 3 out of 24 lysine residues. Assigned chemi-
cal shifts have been deposited at BioMagResBank
(http:/www.bmrb.wisc.edu) under accession number
5618.

A graphical overview of the extent of By, Bee,
13CP and 'H® assignments is given in Figure 9, show-
ing the deviations of the chemical shifts from random
coil values (Wishart et al., 1995). To avoid an influence
of 2H isotope effects on '3C’ and '3C* secondary shifts
the corresponding chemical shifts were extracted
from [N, 'H]-TROSY-HNCO and [°N,'H]-TROS Y-
HNCA spectra, respectively, recorded on '*C/!SN-
labelled DFPase. Differences between '2C’ chemical
shifts in fully protonated and partially deuterated sam-
ples were found to be almost negligible (< 0.1 ppm)
while they were in the range of 0.1-0.5 ppm for
8(13C%). It was not attempted to apply a correction for
13CP chemical shifts observed in the ' H*/>H/!3C/'>N-
labelled protein, based on empirical one-, two- and
three-bond isotope shifts (Venters et al., 1996; Gardner
et al., 1997), because the side-chain deuteration pat-
terns were not exactly known here. However, for some
residues 3('3CP) values from !'3C/!SN-labelled DF-
Pase were available, revealing that these resonances
are shifted upfield relative to a fully protonated sample
by up to 1.0 ppm, depending on the residue type. The
largest upfield shifts (i.e., > 0.8 ppm) were observed
for arginine, proline, leucine, isoleucine, valine and
methionine residues. Intermediate upfield shifts were
found for aromatic as well as lysine, alanine, cys-
teine and serine residues while those of Glx, Asx and
threonine residues were smaller than 0.2 ppm.

As shown by a recent crystal structure analysis
(Scharff et al., 2001) DFPase exclusively contains p-
sheets as secondary structure elements, arranged in
a B-propeller fold. Positions of individual B-strands
are in excellent agreement with the consensus sec-
ondary chemical shifts (Figure 9). Not unexpectedly,
the vast majority of residues which could not be de-
tected in spectra of perdeuterated DFPase are located
in B-sheets, implying protection of amide protons from
exchange with the solvent owing to hydrogen bonding.
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Conclusions

It has been shown that the detrimental effect of very
slow amide hydrogen exchange with the solvent for
NMR studies on a deuterated protein can be circum-
vented by the use of a fully deuterated algal lysate in
H>O as the bacterial growth medium. Although the
highest protonation levels are generally encountered
at the C* position, HN-based '3C%-relayed triple-
resonance spectra of good quality can be obtained.
Sensitivity enhancements owing to the deceleration
of transverse relaxation afforded by deuteration are
maintained to a high degree. Application of 'HN-
based, ["’N,'H]-TROSY type in combination with
'H% based, 'H*/!3C* MQ triple resonance experi-
ments made it possible to obtain essentially complete
THN, BN, B¢/, 'H®, 13C® and '3CP assignments for a
314-residue protein.
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